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ABSTRACT

With the PACS instrument on Herschel, 134 low mass members of the Taurus star-forming region spanning the M4-L0 spectral type
range and covering the transition from low mass stars to brown dwarfs were observed. Combining the new Herschel results with
other Herschel programs, a total of 150 of the 154 M4-L0 Taurus members have observations, and we have added an additional
3 targets from Spitzer to form the 153-object TBOSS (Taurus Boundary of Stellar/Substellar) sample, a 99% complete study. Among
the 150 targets, 70 µm flux densities were measured for 7 of the 7 Class I objects, 48 of the 67 Class II objects, and 3 of the 76 Class III
objects. For the detected Class II objects, the median 70 µm flux density level declines with spectral type; however, the distribution of
excess relative to central object flux density does not change across the stellar/substellar boundary in the M4-L0 range. Connecting
the 70 µm TBOSS values with the results from K0-M3 Class II members results in the first comprehensive census of far-IR emission
across the full mass spectrum of the stellar and substellar population of a star-forming region, and the median flux density declines
with spectral type in a trend analogous to the flux density decline expected for the central objects. Spectral energy distributions (SEDs)
were constructed for all TBOSS targets covering the optical to far-IR range and extending to the submm/mm for a subset of sources
with longer wavelength data. Based on an initial exploration of the impact of different physical parameters on the Herschel flux
densities, geometrical factors such as inclination and structural parameters such as scale height and flaring have the largest influence
on the flux densities in the PACS bands. From the 24 µm to 70 µm spectral index of the SEDs, 5 new candidate transition disks
were identified. Considering the previously known and new candidate transition disks, the spectral indices over longer wavelengths
(≥70 µm) are not distinct from those of the full Class II population, suggesting that the outer regions of the transition disks are similar
to Class II disks. The steep 24 µm to 70 µm slope for a subset of 8 TBOSS targets may be an indication of truncated disks in these
systems, however additional measurements are required to establish the outer radii of these disks conclusively. From existing high
angular resolution companion search observations, two examples of mixed pair systems that include secondaries with disks were
measured in the Herschel data. Finally, comparing the TBOSS results with a Herschel study of Ophiuchus brown dwarfs reveals a
lower fraction of disks around the Taurus substellar population with flux densities comparable to the Ophiuchus disks.
Key words. brown dwarfs – stars: pre-main sequence – protoplanetary disks

1. Introduction
Disks are critical structures in the star and planet formation process, as they provide a conduit to channel material onto the
central object (e.g., Hartmann 1997) and supply a reservoir of
dust and gas to form planets (e.g., Pollack et al. 1996; Boss
1997). Variations in the frequency, lifetimes, and structure of
disks as a function of central object mass have important implications for formation models (e.g., Bate et al. 2003; Reipurth
& Clarke 2001) and the viability of future planet formation.
?

Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia, and with important participation from NASA.
??
Appendices are available in electronic form at
http://www.aanda.org
???
Tables 1, 2, 4, 5, and A.1–A.4 are only available at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/570/A29

Infrared and mid-infrared observations of young brown dwarfs
(e.g., Luhman 2006; Luhman et al. 2010; Guieu et al. 2007)
have enabled the identification of inner disks. This common
presence of disks around stellar and substellar objects has been
used to argue for a common formation mechanism (Scholz &
Jayawardhana 2008; Haisch et al. 2010), while other observations hint at possible differences in the dynamical history of low
mass stars/brown dwarfs compared to higher mass stars (Thies &
Kroupa 2007). Formation scenarios for brown dwarfs also have
implications for the properties of brown dwarf disks, and a number of possible mechanisms have been proposed, including ejection of stellar embryos (e.g., Bate et al. 2003; Reipurth & Clarke
2001), erosion of star-forming clouds by radiation from massive
stars (Whitworth & Zinnecker 2004), gravitational instabilities
in the early stages of disks (e.g., Stamatellos & Whitworth 2011;
Basu & Vorobyov 2012), and gravitational collapse of clouds
analogous to the formation of stars (e.g., Padoan et al. 2005;
Hennebelle & Chabrier 2008).

Article published by EDP Sciences

A29, page 1 of 34

A&A 570, A29 (2014)

Trends in the population of exoplanets orbiting low mass
stars have suggested intriguing differences compared to the planetary systems around more massive stars and observations of
protoplanetary disks around low mass objects are required to investigate possible origins of the distinct populations. Analysis
of the Kepler planet candidate statistics shows a steep increase
in the occurrence of planets with the smallest radii as host star
mass declines (Howard et al. 2012). By contrast, the frequency
of hot Jupiters around M-stars is lower than that for higher mass
stars (e.g., Johnson et al. 2010). The detection of brown dwarfs
with directly-imaged planetary mass companions (Chauvin et al.
2004; Song et al. 2006) indicate that at least some substellar
objects are associated with planet formation early in their history. The overall exoplanet population frequency remains unclear around brown dwarfs. By detecting and characterizing the
disks around young M-stars and brown dwarfs, it is possible to
investigate the origins of the exoplanet populations.
As one of the nearest regions of star-formation (∼140 pc;
Kenyon et al. 1994; Bertout et al. 1999; Torres et al. 2009),
Taurus represents an important population of young stars and
brown dwarfs for which detailed investigations of disk frequencies and properties are possible. The stellar density of the Taurus
region is exceptionally low compared to other star-forming regions based on a calculation from the most recent membership
studies and a consistent approach (King et al. 2012a,b). This
low density enables isolating the individual objects and avoiding
confusion within the beam of longer wavelength observations.
Large-scale surveys of Taurus members have identified the presence of disks based on excess emission above the photosphere
out to 24 µm with sensitive Spitzer measurements (e.g., Luhman
et al. 2010), but these wavelengths do not probe the cooler material in the disk that covers the portions of the spectral energy
distributions (SEDs) over which the emission transitions from
optically thick to optically thin, and is strongly influenced by
factors such as flaring, scale height, and settling. The Spitzer
survey of Taurus at 70 µm (Rebull et al. 2010) detected a large
population of the earlier spectral type members, but did not have
the sensitivity to measure disk emission from the lowest mass
stars and brown dwarfs. In Taurus, ∼50% of the known members have spectral types later than M3 (Luhman et al. 2010),
making the existing far-IR measurements fundamentally incomplete and resulting in a biased view of the early stages of star and
planet formation. As pre-Main Sequence stars contract onto the
Main Sequence, their effective temperatures increase and a spectral type of M4 in a star-forming region corresponds to ∼M2 at
an age of 1 Gyr (e.g., Chabrier et al. 2000), comparable to the
ages of the stars in the Solar Neighborhood. Among the nearest
stars, the majority are M-dwarfs (e.g., Reid & Gizis 1997; Henry
1998), again highlighting the importance of understanding the
environments of low mass stars to develop a comprehensive disk
population study.
To obtain a nearly complete census of far-IR emission
across the full population of Taurus, we have performed a
large-scale survey of low mass stars and brown dwarfs with
Herschel, targeting the M4-L0 members – the Taurus Boundary
of Stellar/Substellar (TBOSS) Survey – to extend the exploration
of disk mass and structure into the substellar regime with a sensitivity that was not possible prior to Herschel. The nearly complete sample for this study is defined in Sect. 2, followed by the
new Herschel PACS observations in Sect. 3. The data analysis
including the measurement of far-IR flux densities and construction of the SEDs for each target in the full sample is described
in Sect. 4. The results for the members of each evolutionary
class, a comparison with Spitzer data, the detection rates, and
A29, page 2 of 34

spatially extended and multiple sources are reported in Sect. 5.
In Sect. 6, the discussion covers a number of topics including the
dependence of the results on spectral type and companions, the
SEDs for different types of targets such as transition disks, and
a comparison of the Taurus substellar disks with the population
in Ophiuchus. Finally, Sect. 7 summarizes the conclusions.

2. Sample
The target sample was selected to provide a comprehensive
census of far-IR disk emission from Taurus members spanning
both sides of the stellar/substellar boundary. The demarcation
of the substellar boundary occurs at a spectral type of M6.25
at the age of Taurus (e.g., Luhman et al. 2005), and the spectral type range of the TBOSS sample is M4-L0. From a Spitzer
3.6–24 µm study of the Taurus population (Luhman et al. 2010),
152 M4-L0 members were included, which represented 99%
of the currently known membership, with the remaining 1% of
the known Taurus population comprised of objects with spectral
types earlier than M4. Of the newest Taurus members identified
in a Spitzer study including 70 µm data (Rebull et al. 2010), all
but 2 with spectral types of M4 and later were included in the
Luhman et al. (2010) study. Of the 154 M4-L0 members listed
in the combination of the Spitzer studies, Herschel Photodetector
Array Camera and Spectrometer (PACS; Poglitsch et al. 2010)
70 µm or 100 µm and 160 µm flux densities or detection limits
are reported for 150 objects.
The large majority of the Herschel observations, covering 134 targets, were performed as part of our program
(OT1_patienc_1). PACS photometry for 12 targets were drawn
from the literature – 4 targets from Harvey et al. (2012) from
the program GT1_pharve01_2, and 8 targets from Howard
et al. (2013) from the program KPOT_bdent_1 as part of the
Gas Survey of Protoplanetary Systems (GASPS; Dent et al.
2013). Another 4 targets were observed as part of the guaranteed time key program, KPGT_pandre_1, and for these targets PACS photometry measurements were made from the reduced archive maps. For the 4 targets not observed by Herschel,
far-IR Spitzer measurements exist for J04251550+2829275,
J04355760+2253574, IRAS S04414+2506 (Rebull et al. 2010),
but no measurements exist for XEST 26-052. Table 1 reports the
2MASS name, alternate name, evolutionary class and spectral
type of each of the 154 M4-L0 Taurus members. The 153-object
TBOSS sample consists of the known 154 Taurus members with
either Herschel or Spitzer far-IR photometry, and is comprised
of 7 Class I, 69 Class II, and 77 Class III members, and 63 of the
targets are brown dwarfs (M6.25-L0). The spectral types have
been compiled from the original reference (noted in Table 1),
and for the targets with more than one spectral type measurement reported, the most recent result was adopted for this study.
Figure 1 shows the distribution of the TBOSS sample across the
Taurus molecular cloud.

3. Observations
Of the 153 targets in the TBOSS sample, 150 were observed
with the Herschel PACS instrument. PACS records two wavelengths simultaneously, and the observations of 146 include both
70 µm data from the blue channel and 160 µm data from the red
channel. Amongst the 146 targets, 8 targets were also observed
with the PACS blue channel operating at 100 µm. Observations
of the remaining 4 targets of the 150 total were carried out with
PACS operating at 100 µm and 160 µm. For majority of the sample, the 134 targets observed under our Herschel PACS program
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Fig. 1. Left panel: spatial distribution of the TBOSS sample across the Taurus molecular cloud (shown in the map of extinction from Dobashi et al.
2005). Black squares indicate Class I objects, blue circles indicate Class II objects, and red crosses indicate Class III objects. Top right panel:
distribution of the TBOSS sample with Herschel PACS detections. Bottom, right panel: distribution of the TBOSS sample with Herschel PACS
upper limits.

(OT1_patienc_1), the mapping strategy involved obtaining two
scan maps per target, with each map at a different orientation
(70◦ and 110◦ ). The cross scans are designed to reduce the stripping effect of the 1/f noise and, consequently, to provide more
homogeneous and higher redundancy coverage of the map area.
The medium mapping scan speed (2000 /s) was employed with
scan leg lengths of 3.0 0, cross scan steps of 4.00 0, and a total of 8
scan legs per orientation. Each map was centered on the target
and the field-of-view was typically 30 × 70 . The pointing accuracy of Herschel is 0.00 81 , and the beam size is 5.00 6 in the 70 µm
maps, 6.00 8 in the 100 µm maps and 11.00 3 in the 160 µm maps.
The integration time between the PACS channels is the same,
and the total on-source integration time was 180s for all but 5 targets for which the integration time was 240 s. Table 2 reports the
Herschel scan and cross scan ID numbers along with the observation date, observation duration and total on-source integration
time for each target in the OT1_patienc_1 program. Table 3 summarizes the program ID, scan ID numbers, observation date, and
observation duration per target for the 16 targets not observed in
the OT1_patienc_1 program.

1

http://herschel.esac.esa.int/twiki/bin/view/Public/
SummaryPointing

For the 3 targets of the 153-object TBOSS sample with
Spitzer Multiband Imaging Photometer (MIPS; Rieke et al.
2004) measurements only, the observation details are reported
in Rebull et al. (2010).

4. Data analysis
4.1. Measurement of PACS flux densities

The Herschel program OT1_jpatienc_1 data were reduced using the Herschel Interactive Processing Environment (HIPE; Ott
2010) software version 9.0.0. For each target, the scan and corresponding cross scan were pre-processed using the standardized
routines given in the PACS Data Reduction Guide (version 7,
June 2011), and the calibration employed the PACS calibration
file set version 48. The initial map was used to identify any bright
sources that needed to be masked prior to performing the multiresolution median transform (MMT) de-glitching routine and
applying a high pass filter to each data set. The location of any
point source with a signal stronger than three times the standard
deviation of the initial map was masked.
Depending on the brightness and size of the source in the
initial map, a different number of frames were used in the high
pass filtering, as suggested in the data reduction guide. For the
A29, page 3 of 34

A&A 570, A29 (2014)
Table 3. Observing log for the TBOSS sample observed with Herschel PACS under other programs.
2MASS

Other name

Scan
ID

Cross scan
ID

UT
date

Total
duration (s)

J04131414+2819108

LkCa 1

J04150515+2808462

CIDA 2

J04233539+2503026
J04233573+2502596
J04242646+2649503
J04292071+2633406

FU Tau A
FU Tau B
CFHT 9
J1-507

J04292971+2616532

FW Tau A+B+C

J04300724+2608207
J04305718+2556394
J04312382+2410529

KPNO 6
KPNO 7
V927 Tau A+B

J04313613+1813432

LkHa 358

J04315844+2543299

J1-665

J04321786+2422149
J04323028+1731303

CFHT 7
GG Tau Ba+Bb

J04330945+2246487
J04353536+2408266

CFHT 12
IRAS 04325+2402 C

1342216513
(1342216515)
1342216529
(1342216531)
(1342227304)
(1342227304)
1342227059
1342227979
(1342227981)
1342227987
(1342227989)
1342227012
1342227999
1342227055
(1342227057)
1342228928
(1342228930)
1342228001
(1342228003)
(1342228005)
1342228940
(1342228942)
1342227013
(1342228005)

1342216514
(1342216516)
1342216530
(1342216532)
(1342227305)
(1342227305)
1342227060
1342227980
(1342227982)
1342227988
(1342227990)
1342227013
1342228000
1342227056
(1342227058)
1342228929
(1342228931)
1342228002
(1342228004)
(1342228006)
1342228941
(1342228943)
1342227014
(1342228006)

2011 Mar. 21
2011 Mar. 21
2011 Mar. 21
2011 Mar. 21
2011 Aug. 24
2011 Aug. 24
2011 Aug. 21
2011 Sep. 04
2011 Sep. 04
2011 Sep. 04
2011 Sep. 04
2011 Aug. 21
2011 Sep. 04
2011 Aug. 21
2011 Aug. 21
2011 Sep. 19
2011 Sep. 19
2011 Sep. 04
2011 Sep. 04
2011 Sep. 04
2011 Sep. 19
2011 Sep. 19
2011 Aug. 21
2011 Sep. 04

552
552
552
552
21222
21222
2690
552
552
552
552
3140
3140
552
552
552
552
552
552
39224
552
552
3140
39224

Program
ID
KPOT_bdent_1
KPOT_bdent_1
KPOT_bdent_1
KPOT_bdent_1
KPGT_pandre_1
KPGT_pandre_1
GT1_pharve01_2
KPOT_bdent_1
KPOT_bdent_1
KPOT_bdent_1
KPOT_bdent_1
GT1_pharve01_2
GT1_pharve01_2
KPOT_bdent_1
KPOT_bdent_1
KPOT_bdent_1
KPOT_bdent_1
KPOT_bdent_1
KPOT_bdent_1
KPGT_pandre_1
KPOT_bdent_1
KPOT_bdent_1
GT1_pharve01_2
KPGT_pandre_1

Notes. Targets are ordered by RA. The observations listed were performed with the PACS photometer blue1 channel (70 µm) and the red channel
(160 µm). For the scan ID numbers within parenthesis, observations were performed with the PACS photometer blue2 channel (100 µm) and the
red channel (160 µm).

9 brightest and/or resolved targets, a high pass filter radius corresponding to 51 frames in the blue channel and 71 frames in the
red channel was used; for the 125 fainter point sources, increments of 31 frames in the blue channel and 51 frames in the red
channel were used to filter the thousands of frames involved in
the scans of each target. After filtering, each scan and cross-scan
was re-processed and the final map for each target was formed
by a co-addition using the photProject() task.
The target flux densities were measured using aperture photometry, with the aperture size determined by the observation
wavelength and object size. Among the 146 targets observed
at 70 µm and 160 µm, 141 are unresolved point sources and 5
are spatially resolved. For the point sources, the aperture radii
of 5.00 5 at 70 µm and 10.00 5 at 160 µm recommended by the
Herschel Science Center2 were used to measure the target flux
densities. For the extended sources, the flux densities were measured within a 3σ contour, derived from three times the standard deviation of the map noise. The source flux density error
was calculated as the standard deviation of the flux density in
nine comparison apertures of the same size as the target aperture
and distributed in the high coverage area of each map. Upper
limits were determined by three times the standard deviation of
the nine comparison apertures. Finally, aperture corrections defined in a Herschel Science Center technical note2 were applied
to the source flux densities and upper limits. Additional absolute flux calibration uncertainties of 2.6% at 70 µm and 4.2%
at 160 µm as reported in the technical note2 are not included
in the uncertainties reported here. For the 4 targets observed as
2

Technical note: PICC-ME-TN-037
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part of the KPGT_pandre_1 program, 3 targets were unresolved
point sources and 1 target was spatially resolved. For the point
sources, flux densities were measured from aperture photometry
of the level 2.5 processed maps3 ; an aperture of 5.00 6 was used
for the 100 µm data. For the resolved target, the flux density was
measured within a 3σ contour from the level 2.5 processed map.
For the 12 targets observed as part of the GT1_pharve01_2 and
KPOT_bdent_1 programs, the flux densities were obtained from
the literature (Harvey et al. 2012; Howard et al. 2013).
4.2. Construction of spectral energy distributions

Spectral energy distributions were constructed for all targets of
the TBOSS sample. The details of the source photometry included in the SEDs from non-Herschel observations are given
in this section, and the resulting SED plots are presented and
discussed in Sect. 6. In addition to the Herschel PACS photometry, the SEDs include photometry from optical to millimeter
wavelengths when available.
The optical photometry measurements consist of RC and IC
band measurements compiled from the literature. The original
measurements were in the RC and IC filters for those targets
reported in Kenyon & Hartmann (1995), whilst all other compiled literature studies transformed the measured photometric
value into the Cousins system (Guieu et al. 2007, 2006; Luhman
2000, 2004; Luhman et al. 2003a; Briceño et al. 1999, 2002;
Martín et al. 2001). For targets with more than one photometric
3

Here level 2.5 maps are the products of calibrated and combined
PACS scan and cross-scan data.
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measurement, the median value was adopted. Uncertainties were
not reported in up to half of the the literature sources, therefore,
to account for both source variability and the uncertainties in
the photometric transformation to the Cousins system, adopted
common values for the RC and IC uncertainties were used (e.g.,
Briceño et al. 2002; Mayne et al. 2012). The error adopted for
RC was 0.8 mag, and the error adopted for IC was 0.3 mag.
Magnitudes were converted to flux densities using zero-points
of 3080 Jy and 2550 Jy for RC and IC , respectively (Bessell
1979). The RC and IC flux densities, and literature references
are listed in Table A.1.
In the near-infrared, JHKS magnitudes for all targets were
extracted from the Two Micron All Sky Survey (2MASS) point
source catalog (Skrutskie et al. 2006) and were converted into
flux densities using zero-points of 1594 ± 28 Jy, 1024 ± 20 Jy
and 667 ± 13 Jy (Cohen et al. 2003) for J, H, and KS , respectively. The 2MASS JHKS flux densities and uncertainties are
listed in Table A.1.
In the mid-IR, with the Spitzer Infrared Array Camera
(IRAC: 3.6, 4.5, 5.8 and 8.0 µm; Fazio et al. 2004), and at 24 µm
with the Multiband Imaging Photometer for Spitzer (MIPS;
Rieke et al. 2004), magnitudes were compiled from Luhman
et al. (2010) and Rebull et al. (2010). The mean-weighted magnitudes were calculated for targets in which multiepoch observations are reported. Magnitudes were converted into flux densities
using the zero-points of 281 ± 4 Jy, 180 ± 3 Jy, 115 ± 2 Jy and
65 ± 1 Jy at 3.6, 4.5, 5.8 and 8.0 µm respectively (Reach et al.
2005), and 7.2 ± 0.1 Jy at 24 µm (Engelbracht et al. 2007).
Additionally, the Wide-field Infrared Survey Explorer (WISE)
All-Sky Data Release (Cutri & et al. 2012) was used to extract
photometry for all targets measured in the four WISE channels.
The WISE magnitudes were converted into flux densities using
the zero-points of 310 ± 5 Jy, 172 ± 3 Jy, 31.7 ± 0.5 Jy and
8.4 ± 0.1 Jy at 3.4, 4.6, 12 and 22 µm respectively (Wright
et al. 2010). The IRAC, WISE flux densities and uncertainties
are given in Table A.2. The MIPS-1 flux densities and uncertainties are given in Table A.2.
In the far-IR, Spitzer MIPS-2 (70 µm) measurements were
compiled from Rebull et al. (2010), using the zero-point of
0.78 ± 0.01 Jy (Gordon et al. 2007). In addition to the new
Herschel PACS observations presented here, a subset of the
TBOSS sample 70 µm, 100 µm and 160 µm PACS measurements were compiled from Harvey et al. (2012) and Howard
et al. (2013). All far-IR flux densities and uncertainties are given
in Table A.2.
The submillimeter and millimeter measurements consist of
observations at 350–1200 µm, and were compiled from the following studies: Klein et al. (2003); Young et al. (2003); Andrews
& Williams (2005); Bourke et al. (2006); Andrews et al. (2008);
Bouy et al. (2008); Francesco et al. (2008); Harris et al. (2012);
and Mohanty et al. (2013). At 1.3 mm and 2.6 mm, measurements were compiled from the following studies: Beckwith et al.
(1990); Osterloh & Beckwith (1995); Motte & André (2001);
Scholz et al. (2006); Schaefer et al. (2009); Phan-Bao et al.
(2011); Ricci et al. (2013) and Andrews et al. (2013). All flux
densities and uncertainties for the submillimeter and millimeter
data are given in Table A.4.
In addition to the observed photometry, the SEDs for each
target also show the underlying best-fit stellar atmospheric
model. The two parameters that define the model atmosphere are
effective stellar temperature (Teff ) and surface gravity (log(g));
metallicity was assumed to be Solar. The atmospheric model
temperature was fixed based on the adopted spectral type of
each target and using the temperature-spectral type conversion

from Luhman et al. (2003b). The value of log(g) and the initial
value of stellar radius (Rstar ) was set from the 1 Myr evolutionary
models of Baraffe et al. (1998) for targets with Teff > 2700 K
(≤M8) and the models from Chabrier et al. (2000) for targets
with Teff < 2700 K. The model atmosphere flux is scaled by Rstar
and extinction before plotting on the SED. The values of Rstar
and visual extinction (AV ) were used as free parameters in the fitting process, since the atmospheric models, set by target spectral
type, resulted in poor fits for some cases. The initial extinction
estimate for each target was scaled to AV from the reported AJ
or AH , following the extinction law of Mathis (1990). For targets
with no reported extinction, the initial AV was estimated using
AV = 9.44 × E(J − H), derived from the extinction law of Mathis
(1990), where E(J − H) = (J − H) − (J − H)0 and is the excess
with respect to the expected stellar photosphere. The intrinsic
(J − H)0 colors were taken from Luhman et al. (2010). The visual extinctions compiled from the literature and those derived
in this paper are given in Table 4.
The best-fit atmospheric model for each target was obtained
by minimizing the χ2 value, summed over the 2MASS JHKS
bands where detections are reported. Varying the value of AV
also accounts for the cases in which there is a disk excess affecting the photometry. AV and Rstar were typically constrained
to vary from no extinction to twice the reported AV values and
from 0.4 to 2 times the derived stellar radii values. The reported
AV and Rstar values for each target, and the corresponding best-fit
SED values are listed in Table 4 and are also shown in Fig. 2.
The SEDs show the PHOENIX-based (Hauschildt et al. 1999),
“BT-settl” models (Allard et al. 2003, 2011) for targets with
Teff > 2700 K and the “AMES-Dusty” models (Allard et al.
2001) for targets with Teff < 2700 K. The redding law from
Mathis (1990) with the optical total-to-selective extinction ratio
of Rv = 3.1 was applied to the stellar atmospheric models.
For the multiple systems with angular separations in
the range ∼5–1100 – FU Tau A+B, GG Tau Ba+Bb,
IRAS 04191+1523 A+B, and IRAS 04325+2402 AB+C
(Luhman et al. 2009b; Duchêne et al. 2004) – emission longward of the mid-IR is unresolved. For these systems, the combined system photometry were compiled, and the underlying
best-fit spectra displayed on the SEDs was combined from the
spectral types of both the primary and secondary components.
The best-fit extinctions and stellar radii for these four multiples systems are given in Table 4. Furthermore, for the specific case of GG Tau Ba+Bb, with an angular separation of
10.00 75 from the primary system Aa+Ab (Kraus & Hillenbrand
2009b), emission is resolved with both Herschel PACS at 70 µm
(Howard et al. 2013) and the SMA at 1.3 mm (Harris et al. 2012).
The SED for GG Tau Ba+Bb was constructed with photometry from the secondary system, and the underlying best-fit spectrum was combined from both the spectral types of the Ba and
Bb components.

5. Results
Of the 150 TBOSS targets observed with Herschel, 58 were detected, 2 have unresolved emission from earlier spectral type
companions, and 90 have upper limits. The PACS photometry compilation for these 150 targets is reported in Table 5.
The spatial distribution of the full TBOSS sample is shown
in Fig. 1, along with the corresponding subset of detections
and upper limits. The Herschel results for each evolutionary
class are reported in Sect. 5.1 (Class I), 5.2 (Class II), and
5.3 (Class III). After the summary of Herschel results, the PACS
flux densities are compared with Spitzer MIPS flux densities in
A29, page 5 of 34
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5.2. Class II population

The majority (>70%) of the Class II TBOSS targets are detected
with the PACS blue channel at either 70 µm or 100 µm, with
a large range of flux densities spanning three orders of magnitude. Approximately half of the Class II TBOSS sample also
have PACS 160 µm flux densities. Furthermore, several of the
detected Class II targets have flux densities comparable to the
Class I targets. Table 5 reports the flux densities and upper limits. The angular resolution degrades at longer wavelengths, and
the source JH 112 B, is undetected at 70 µm, but a long wavelength detection is due to contamination from emission associated with an earlier spectral type primary. Additionally, the
100 µm emission witnessed for IRAS 04325+2402 C (shown
in Fig. 5) is unresolved emission from an earlier spectral type
primary, and is further discussed in Sect. 5.6. The maps of the
detected Class II sources are given in Appendix B.
5.3. Class III population

Fig. 2. Comparison plots of the SED best-fit values of AV (top) and Rstar
(bottom) against those reported in the literature. Literature AV values are
compiled from the references listed in Table 4. Rstar values are derived
from the spectral types reported in the literature, using the temperature conversion of Luhman et al. (2003b) and the 1 Myr evolutionary
models of Baraffe et al. (1998) and Chabrier et al. (2000). Squares indicate Class I objects, circles indicate Class II objects, and crosses indicate Class III objects. The dotted lines represent fits that are 0.4, 1
and 2 times that of the literature values.

Sect. 5.4. Combining the Herschel and Spitzer results, the overall 153-object TBOSS sample far-IR detection rates are calculated in Sect. 5.5. Although the Herschel beam size corresponds
to >750 AU in Taurus, several TBOSS targets are spatially extended, and these cases are reported in Sect. 5.6.
5.1. Class I population

All of the seven Class I targets within the TBOSS sample
are detected in both PACS blue (70 µm or 100 µm) and red
(160 µm) channels. The Class I targets include the brightest targets amongst the TBOSS sample observed with Herschel, although the two brightest Class I sources – IRAS 04191+1523 B
and IRAS 04248+2612 – are unresolved binaries, as noted in
Table 5. The flux densities of the isolated Class I substellar objects range from ∼270 mJy to >4 Jy, larger than nearly all of the
Class II sources and indicate that a substantial amount of dust
is present around brown dwarfs in the early stage of evolution.
The maps for the spatially extended Class I targets are given in
Sect. 5.6 and the maps of the remaining unresolved Class I targets are given in Appendix B.
A29, page 6 of 34

Only a small subset (<5%) of Class III TBOSS targets are detected at one or more wavelengths in the Herschel data. Although
the overall frequency of detected disks is low for Class III targets, the measured flux densities of the few Class III detections
are larger than some Class II targets of equivalent spectral type.
One of the detected Class III targets – XEST 08-033 – is unusual,
since it is the only source with a non-detection at 70 µm and a
longer wavelength detection uncontaminated by a more massive
primary. The 160 µm map for XEST 08-033 shows two sources
unlike most of the detected targets. The source at the coordinates of XEST 08-033 is unresolved as expected for a circumstellar disk. Maps of the one detected Class III target in which
the emission is spatially extended – XEST 17-036 – is given in
Sect. 5.6, and the maps of the remaining detected Class III targets are given in Appendix B.
5.4. Comparison with Spitzer MIPS

Among the TBOSS targets detected at 70 µm with the Herschel
PACS maps, 21 sources have existing 70 µm detections with
Spitzer MIPS data (Rebull et al. 2010). A plot of the PACS 70 µm
flux densities as a function of the corresponding MIPS 70 µm
flux densities for these 21 sources are shown in Fig. 3. For the
sources with flux densities <1 Jy, the agreement between the
two values is typically within the MIPS absolute flux calibration uncertainty (<10%). For the six sources brighter than 1 Jy,
the discrepancy between the PACS and MIPS fluxes range from
25–40%, and the Herschel PACS flux is systematically higher.
As noted in a Herschel Science Center technical note4 , the processed PACS data are affected by the high pass filter width,
source masking, drizzling, and aperture sizes used in the photometry. The contribution of these factors is expected to have an
impact on the final flux densities by only a small percent and
cannot explain the full discrepancy between the larger systematic offset. The most likely cause is due to the impact of nonlinearity for MIPS data compared to PACS; the PACS detector is
linear up to flux density levels well above the brightest TBOSS
target, while the MIPS detector is non-linear for flux densities
above ∼1 Jy5 .
4

Technical note: PICC-ME-TN-037.
https://nhscsci.ipac.caltech.edu/sc/index.php/Pacs/
AbsoluteCalibration
5
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Fig. 3. Relation of PACS 70 µm and corresponding MIPS 70 µm flux
densities (Rebull et al. 2010) for the TBOSS targets detected with both
instruments. Non-linearity of the MIPS detector at ∼1 Jy is the likely
cause of the 25–40% flux discrepancy seen for the targets >1 Jy, measured with PACS.

is extended along the binary axis and two peaks are visible in
the map. IRAS 04325+2402 also extended along the binary axis
and only one peak is present in the map. In these two wider systems, the TBOSS target is the secondary component. For the remaining resolved binary IRAS 04248+2612, both components
are M4+, only one peak is present, and a large extension to
the northwest direction ∼45◦ to the binary axis is evident. The
two additional spatially extended source are the Class I target
L1521F-IRS and the Class III target XEST 17-036. In both systems, the emission is largely symmetric. The Class I emission
may result from an envelope of dust, however the origin of extended emission in the Class III source is difficult to explain.
Within the 70 µm map of the faintly detected brown dwarf
J04141188+2811535 is the earlier spectral type object V773 Tau
which also appears to be spatially extended, as shown in Fig. 6.
The FWHM of V773 Tau is 6.00 5, while the FWHM of ten targets with similar brightness is 5.00 5 ± 0.00 2. Follow-up interferometric imaging should be able to resolve the disk structure and
determine which component or components harbor the disk. In
addition to the wide separation TBOSS brown dwarf companion to V773 Tau, the primary is a multiple system that includes
many components, within an 0.00 3 radius, there are at least four
stars (Boden et al. 2007, 2012). The spatially extended Herschel
emission indicates that there may be a circumbinary distribution
to the dust.

6. Discussion
5.5. Far-IR detection rates for Taurus members

6.1. Far-IR emission as a function of spectral type

Histograms of the TBOSS sample observed with Herschel PACS
are plotted in Fig. 4 with detections indicated. By combining results from the TBOSS far-IR observations with similar Herschel
PACS (Howard et al. 2013) and Spitzer MIPS (Rebull et al.
2010) measurements of the earlier spectral type Taurus members, a comprehensive accounting of the detection rates above
and below the stellar/substellar boundary is calculated and given
in Table 6. The detections rates at 70 µm of Class I and Class II
targets of any spectral type are 93% and 84%, respectively. 73%
of Class I targets were detected at both 70 µm and 160 µm, and
52% of observed Class II targets were similarly detected at both
wavelengths. The detection rate declines for later spectral types,
however even the substellar (M6.25-L0) Class II members exhibit disk emission at 70 µm in the majority (>50%) of systems.
For the Class III members detected at 70 µm, and both 70 µm
and 160 µm, the detection rate is systematically low ranging
from ∼5% for K0-M6 stars to 0% for M6.25-L0 brown dwarfs.
Direct comparisons of the far-IR emission between the substellar
members of Taurus and other star-forming regions are not possible, since the TBOSS survey represents a uniquely sensitive and
complete study.

The large number of PACS 70 µm detections in the TBOSS
Class II sample defines the upper boundary of far-IR emission.
Connecting the TBOSS population flux densities with previous
measurements of earlier spectral type Class II Taurus members
reported in the literature (Howard et al. 2013; Rebull et al. 2010)
provides the first nearly complete census of 70 µm emission for a
full population of a star-forming region. Figure 7 plots the 70 µm
flux densities and upper limits as a function of spectral type
spanning K0-M9 for 159 Taurus Class II members, representing 89% of all objects of this evolutionary class. Although the
Spitzer and Herschel GASPS programs targeting earlier spectral
types had shallower detection limits than the TBOSS observations, the detection rates for the early spectral types is nearly
100% as shown in Fig. 8, indicating that the trends seen in the
flux density as a function of spectral type are not due to an
observational bias. As shown in Fig. 8, the Class II disk frequency based on a 70 µm flux density detection declines moderately from nearly 100% for the earliest spectral types (K0-K7)
to ∼80% to the latest stellar spectral types (M4-M6). Below the
stellar limit (spectral types M6.25-M9), the frequency of Class II
disks drops significantly to ∼50%.
The overall shape of the flux density distribution in Fig. 7
exhibits a systematic decline with later spectral types, and the
slope of the decline is shallower for K- and early-M stars
than for mid- to late-M dwarfs. For comparison with the disk
flux density trend, the stellar bolometric luminosity predicted
from the 1 Myr evolutionary models of Baraffe et al. (1998),
that span the spectral types K7 to ∼M8 (i.e., Teff ∼ 4100–
2300 K), is displayed in the lower panel of Fig. 7. For the
TBOSS Class II objects detected at 70 µm, bolometric luminosities were calculated from the best-fit stellar radii derived in
the SED fitting procedure described in Sect. 4.2. For the Taurus
Class II population outside the TBOSS sample (<M4), bolometric luminosities were supplemented from those reported in

5.6. Spatially extended targets

Although the Herschel PACS 70 µm and 160 µm beam sizes are
5.00 6 and 11.00 3 – which translate into spatial scales of >750 AU
at the distance of Taurus – five TBOSS targets exhibit extended
structure in the PACS maps shown in Fig. 5. Amongst the 5 spatially extended targets 3 have been imaged for companions –
IRAS 04191+1523, IRAS 04248+2612, and IRAS 04325+2402.
These three resolved sources are binary systems for the which
the angular separations are listed in Table 7 (Duchêne et al.
2004). The components for two of these systems are separated
by an angle larger than the 70 µm beam size. IRAS 04191+1523
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Number

PACS Blue detections
PACS Red detections

40

Class II

20

TBOSS sample

15
10

30
Number

5
0
20

Number

20

10

Class III

15
10
5
0

0
M4

M5

M6

M7
SpTy

M8

M9

M4 M5 M6 M7 M8 M9 L0

L0

SpTy

Fig. 4. Histogram of spectral type for the TBOSS sample observed with Herschel PACS. The full observed sample and the number of PACS blue
channel (70/100 µm) detections and red channel (160 µm) detections are shown on the left. The Class II and Class III observed sample, and PACS
blue and red detections are shown in the top and bottom plots on the right respectively.
Table 6. Detection rates.
70 µm
Detection rate

160 µm
Detection rate

Class/
SpTy

Total

Observed

Class I

33

27

93 +2
−8 % (25)

22

73 +7
−11 % (16)

K0-K7
M0-M3
M4-M6
M6.25-L0

18
8
4
3

13
8
4
2

100 +0
−12 % (13)
75 +9
−20 % (6)
100 +0
−31 % (4)
100 +0
−46 % (2)

10
6
4
2

80 +7
−17 % (8)
33 +22
−13 % (2)
100 +0
−31 % (4)
100 +0
−46 % (2)

Class II

178

156

84 +3
−3 % (131)

138

52 +4
−4 % (72)

K0-K7
M0-M3
M4-M6
M6.25-L0

37
72
44
25

32
60
43
21

97 +1
−7 % (31)
87 +3
−6 % (52)
84 +4
−7 % (36)
57 +11
−10 % (12)

26
48
41
23

81 +5
−10 % (21)
50 +7
−7 % (24)
63 +7
−8 % (26)
4 +9
−1 % (1)

Class III

128

117

4 +3
−1 % (5)

114

4 +3
−1 % (5)

K0-K7
M0-M3
M4-M6
M6.25-L0

24
26
43
35

22
20
41
34

5 +9
−1 % (1)
+10
5 −2 % (1)
7 +6
−2 % (3)
0 +5
−0 % (0)

20
18
41
35

5 +10
−2 % (1)
6 +10
−2 % (1)
7 +6
−2 % (3)
0 +5
−0 % (0)

Observed

Notes. The detection rates for the K0-K7, and M0-M3 bins have been tabulated from the Spitzer MIPS observations reported in Rebull et al. (2010)
and the Herschel PACS observations reported in Howard et al. (2013). The detection rates for the M4-M6, and M6.25-L0 bins have been tabulated
from the Herschel PACS 70 µm and 160 µm observations reported here and are supplemented with results from the literature (Harvey et al. 2012;
Howard et al. 2013).

Andrews et al. (2013). The similarity in the shapes of the stellar bolometric luminosity function and the disk flux density data
suggests that the excess flux density fraction from the disk is
similar across the full population of Taurus. For the TBOSS sample, the disk excess fraction is plotted as a function of spectral
type in Fig. 9. There is no distinction across the stellar/substellar
boundary and a Kolmogorov-Smirnov (K-S) test indicates that
the stellar and substellar TBOSS samples are drawn from the
same parent distribution.
A29, page 8 of 34

At any given spectral type, there is a significant spread in the
far-IR emission, typically over an order of magnitude, as seen
in Fig. 7. To investigate possible origins of the large dispersion
in disk flux density, we generated a series of model SEDs with
the radiative transfer code MCFOST (Pinte et al. 2006, 2009)
and considered the range of 70 µm flux densities in the model
SEDs. Rather than creating an exhaustive multi-parameter grid
search on any given target, we varied individual disk parameters
about a reference disk defined by the following parameters: inner
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Table 7. Multiplicity of the different categories of disk type objects identified within TBOSS sample.
2MASS
(1)

Other
name
(2)

Class

SpTy.

(3)

(4)

Companion
name
(5)

ρ
(00 )
(6)

PACS
Blue det.
(7)

6.09
4.55
8.15

y-contam?
y-contam
y-contam?

5
5
5

...
...
...
...
0.77
...
0.62
0.08
2.36
...
0.04

y
y
y
y
n
y
y
y-contam
y-contam
y
y

9
6
4
9
4
6
6
13
11
9
6

26.21
SBb
0.12
0.26
...
...
...
8.4c

y
y-contam?
y-contam?
y-contam?
y
y
n
n

8
2
3
3
9
9
7
1

0.23
12.81
0.10
6.31

n
y
y
n

Ref.
(8)

Extended disk objects
J04220007+1530248
J04275730+2619183
J04353536+2408266

IRAS 04191+1523 B
IRAS 04248+2612
IRAS 04325+2402 C

I
I
II

M6–M8
M4.5
M6–M8

IRAS 04191+1523 A
IRAS 04248+2612 B
IRAS 04325+2402 ABa

Transition disk objects
J04144730+2646264
J04161210+2756385
J04190110+2819420
J04202555+2700355
J04210934+2750368
J04213459+2701388
J04284263+2714039
J04292971+2616532

FP Tau
...
V410 X-ray 6
...
...
...
...
FW Tau A+B+C

II
II
II
II
II
II
II
III

M4
M4.75
M4.5
M5.25
M5.25
M5.5
M5.25
M4

J04322210+1827426
J04403979+2519061

MHO 6
...

II
II

M4.75
M5.25

...
...
...
...
J04210934+2750368 B
...
FW Tau A–B
FW Tau A–C
...
J04403979+2519061 B

Truncated disk objects
J04141188+2811535

...

II

M6.25

J04174965+2829362
J04265732+2606284
J04321606+1812464
J04432023+2940060

V410 X-ray 1
KPNO 13
MHO 5
CIDA 14

II
II
II
II

M4
M5
M7
M5

V773 Tau
V773 Tau A(ab)
V773 Tau A–B
V773 Tau A–C
...
...
...
J04432023+2940060 B

Mixed pair systemsd
J04414565+2301580

...

III

M4.5

J04554757+3028077

...

III

M4.75

J04414565+2301580 Aa - Ab
J04414489+2301513
J04414489+2301513 Ba - Bb
J04554801+3028050

10
8
12
8

Notes. Column (1) 2MASS identifier. Column (2) Other name. Column (3) Spectral evolutionary class. Column (4) Spectral type. Column (5)
Companion name. Column (6) Projected companion separations. Column (7) Targets with PACS blue channel (70 µm or 100 µm) detections are
designated “y”, and targets with upper limits are designated “n”. “y-contam” indicates detected emission that is contaminated due the companion
listed, and “y-contam? ” indicates contamination due to the listed companion that is of a spectral type earlier than that of the TBOSS sample
(<M4). Column (8) Reference of companion separation. (a) IRAS 04325+2402 AB is a speculated binary (Hartmann et al. 1999). (b) Spectroscopic
binary (SB). (c) HST WFC3 archive data was inspected for candidate companions. (d) For the mixed pair systems, the primary component name
and properties are listed in Cols. 1–4.
References. (1) This work; (2) Boden et al. (2007); (3) Boden et al. (2012); (4) Cieza et al. (2012); (5) Duchêne et al. (2004); (6) Konopacky et al.
(2007); (7) Kraus et al. (2006); (8) Kraus & Hillenbrand (2009b); (9) Kraus & Hillenbrand (2009a); (10) Kraus et al. (2011); (11) Kraus et al.
(2014); (12) Todorov et al. (2014); (13) White & Ghez (2001).

and outer radius (Rin , Rout ), minimum and maximum grain size
(amin , amax ), surface density exponent (p), scale height (H0 ), flaring exponent (β) and disk mass (Mdisk ). As shown in Fig. 10,
disk properties such as Rin , Rout , amin , amax , p, and Mdisk do not
have a large impact on the 70 µm flux density relative to other
wavelength regimes, and the PACS data do not constrain these
parameters. In contrast, variations in geometrical and structural
factors such as disk inclination, H0 (equivalent to disk opening
angle), and β, can individually account for variations up to nearly
an order of magnitude. Following on from this assessment, properties for a canonical disk model were used to generate a grid of
model SEDs, across spectral types ranging from K0-M9, in order to investigate the effect that disk inclination alone can have
in the spread of 70 µm flux density for objects with the same
spectral type. The input stellar properties (Teff , Rstar , and Mstar )

were set based on the 1 Myr evolutionary models of Palla &
Stahler (1999) for spectral types <K7, Baraffe et al. (1998) for
spectral types K7-M8, and those from Chabrier et al. (2000) for
spectral types ≥M8. Six of the eight input disk parameters were
fixed in accordance to typical values reported in the literature;
amin = 0.03 µm, amax = 1000 µm, H0 = 10 AU at a reference
radius of 100 AU, β = 1.125, p = –1.0 and Rout = 100 AU. The
two remaining disk parameters were scaled in accordance to the
properties of the central object; Mdisk was set at 1% of the stellar
mass (e.g. Scholz et al. 2006; Andrews et al. 2013) with a standard gas to dust ratio of 100:1, and Rin was set at the sublimation
radius for dust grains at Tsub = 1500 K. The SED models were
generated for disk inclinations at; face-on (0◦ ), 60◦ , and edgeon (90◦ ), from which the 70 µm flux densities were extracted
and are shown in Fig. 7. Between the face- and edge-on disk
A29, page 9 of 34
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70 𝛍m

IRAS 04191+1523 B
M6-M8 (I)

IRAS 04248+2612
M4.5 (I)

V773 Tau
K3 (II)

J04141188+2811535
M6.25 (II)
L1521F-IRS
M6-M8 (I)

XEST 17-036
M4 (III)

100 𝛍m

Fig. 6. PACS blue channel (70 µm) map of the faintly detected brown
dwarf J04141188+2811535 (black star). The earlier type companion
V773 Tau (yellow triangle) is also seen within the map and is spatially
extended. Target name, spectral type and evolutionary class for each
component of the system are indicated on the map. The map is 6000 in
size along each axis. The beam size is represented by the yellow circle
in the bottom, right-hand corner. Contour levels are plotted at 3, 5, 7, 20,
50 and 100σ. The scale bar shows the intensity of the map in mJy/pixel.

160 𝛍m

IRAS 04325+2402 C
M6-M8 (II)
IRAS 04191+1523 B
M6-M8 (I)

IRAS 04248+2612
M4.5 (I)

L1521F-IRS
M6-M8 (I)

XEST 17-036
M4 (III)

Fig. 5. PACS blue channel (70 µm and 100 µm) and red channel
(160 µm) maps of the five spatially extended TBOSS targets. Target
name, spectral type and evolutionary class are labeled in the top, lefthand corner of each map. The 70 µm and 160 µm maps are 6000 in
size along each axis, and the 100 µm maps are 12000 in size along
each axis. Beam sizes are represented by the blue circles in the bottom, right-hand corner of each map. The scale bar shows the intensity of each map in units of mJy/pixel. 2MASS coordinates of the
TBOSS targets are represented by the black stars. For binary systems, the position of the companion star are indicted with yellow
triangles in the 70 µm and 100 µm maps, and by green triangles
in the 160 µm maps. Contours levels begin at 3σ in all maps and
extend up to 500σ, 400σ, 150σ, 40σ and 300σ in the blue channel maps of IRAS 04191+1523 B, IRAS 04248+2612, L1521F-IRS,
XEST 17-036 and IRAS 04325+2402 C respectively, and up to 50σ,
60σ, 70σ and 10σ in the red channel maps of IRAS 04191+1523 B,
IRAS 04248+2612, L1521F-IRS and XEST 17-036 respectively.
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inclinations, over an order of magnitude spread in flux density is
seen across the majority of the spectral range, and 73% of the observed population is bounded between these two models. Direct
observations of disks around brown dwarfs, and constraints from
SED modeling results reported in the literature, suggest that the
outer disk radius is typically in the range ∼10–40 AU for these
low mass objects (e.g., Scholz et al. 2006; Luhman et al. 2007;
Ricci et al. 2013). In order to ensure that the canonical value
Rout = 100 AU does not bias the model results for objects in the
brown dwarf regime, a second grid of SEDs were generated in
which Rout was scaled as M1/2
star (keeping the density across the
area of the disk constant across the spectral range) and bound at
10 AU for an object of spectral type M9. No significant change
in the 70 µm flux density was seen between the these two grid of
models. Whilst the disk model 70 µm flux densities from faceto edge-on exhibit a spread of over a magnitude, and encompass the majority of the observed population, an equivalent trend
and spread is seen in the observed bolometric luminosities in the
lower panel of Fig. 7. In addition to the 1 Myr isochrone shown
in Fig. 7, the isochrones for 0.4 and 2 times that of the model
stellar radii are also displayed, and selected based on the results
of the SED fitting of the TBOSS sample. To distinguish whether
or not the stellar properties alone are the underlying cause of
the observed trend and spread in disk flux densities, the TBOSS
data points in Fig. 7 are plotted with a size corresponding to
the best-fit stellar radii. The random scatter of large (>1.5 times
the model radii) and small (<0.5 times the model radii) best-fit
model radii throughout the population indicates that the spread
seen in the 70 µm disk excess cannot be solely explained due
to the range of fluxes of the central source. This further reinforces the requirement for detailed modeling of the disk properties across the full population, and is the subject of a forthcoming
paper.
6.2. Spectral energy distributions of the TBOSS sample

Spectral energy distributions were constructed for each target of
the TBOSS sample by combining the new Herschel far-IR photometry with literature photometry measurements from optical –
submm/mm wavelengths. The underlying stellar photosphere is
also plotted on each SED. For 65 of the 148 TBOSS targets, the
Herschel data represents the longest wavelength measurement.
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Fig. 8. Taurus Class II, 70
µm detection rates for objects of spectral
types K0-M9. The M4-M6 and M6.25-M9 detections rates are compiled from the TBOSS sample observed with Herschel PACS. The K0K7 and M0-M3 detections rates are compiled form the Herschel PACS
observations reported in Howard et al. (2013) and the Spitzer MIPS observations reported in Rebull et al. (2010).

Fig. 7. Top: 70 µm flux density shown as a function of spectral type for
the Taurus Class II population, with spectral types spanning early K to
late M. The vertical dotted lines mark the boundaries of the TBOSS
sample (targets of spectral types M4+) and the stellar/substellar limit
(M6.25). Flux densities measured from PACS and MIPS are represented
by the black and gray points respectively. Additionally, for the detected
TBOSS targets, the large blue points correspond to best-fit stellar radii
of >1.5 times that of the evolutionary model values, and the small
red points correspond to best-fit stellar radii of <0.5 times that of the
evolutionary model values. Downwards arrows represent the 3σ upper
limits. The dashed lines represent the 70 µm flux densities extracted
from a test grid of model SEDs, generated with the radiative transfer
code MCFOST and represent the flux densities for disk inclinations of
face-on (0◦ ; purple dashed-line), 60◦ (blue dashed-line) and edge-on
(90◦ ; red dashed-line). Bottom: bolometric luminosities of the Taurus
Class II population, with spectral types spanning early K to late M. The
luminosities of the TBOSS sample are derived from the best-fit stellar
radii. The luminosities for targets of spectral type <M4 are from those
reported in Andrews et al. (2013). The 1 Myr isochrone from Baraffe
et al. (1998) is represented with the blue solid line and the corresponding isochrones are shown for values of 2 and 0.4 times that of the model
stellar radii (purple and red solid lines respectively).

The SEDs for all Class I targets are given in Appendix C.
The PACS flux densities are at or near the peak power point for
these embedded sources.
Among the Class II targets, 75% of the sample is detected in
at least one of the Herschel channels, and the SEDs for the majority of these sources are given in Appendix D, Figs. D.1–D.4.
Owing to to the difficulty in interpreting the SEDs for targets
with unresolved companions, the SEDs for that category of target are plotted separately in Fig. D.1. The SEDs of the smaller

Fig. 9. 70 µm disk excess fraction shown as a function of spectral type
for the detected Class II objects within the TBOSS sample.

number of undetected Class II targets are shown in Fig. D.4.
Based on the Herschel PACS data, a subset of the detected
Class II targets are identified as candidate transition disk and
candidate truncated disk objects; the SEDs for those targets are
presented in Sects. 6.3 and 6.4, respectively.
In order to compare the shapes of the SEDs for different spectral types of the detected Class II targets, the median SED for each spectral type is shown in Fig. 11, and
the median SEDs are scaled by the J-band flux density. As
a result of the characteristic SED shape of Class II objects
with edge-on disks (similar in appearance to Class I objects), targets with known edge-on disks – IRAS 04248+2612,
J04381486+2611399, J04442713+2512164, and ZZ Tau-IRS
(Padgett et al. 1999; Andrews et al. 2008; Luhman et al. 2007;
Bouy et al. 2008; White & Hillenbrand 2004) – are not included
in the calculated median SEDs. Overall, the relative flux density at longer wavelengths declines as a function of spectral
type, though there is no discontinuity at the stellar/substellar
boundary.
Only four Class III targets have Herschel PACS detections,
and the SEDs for these four sources are discussed further in
Sect. 6.3. The remaining Class III targets with Herschel upper
limits are shown in Appendix E.
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Fig. 10. SED visualization showing the impact that individual disk parameters have on excesses at 70 µm, the wavelength of which is highlighted
on the SEDs with the open circle symbols. The SEDs were generated with the 3D radiative transfer code MCFOST (Pinte et al. 2006, 2009).
In each individual panel, 3 models of SEDs were generated (black, blue and red lines), by varying one of the the eight disk parameters with
values that are displayed in each panel. From left to right and top to bottom, the disk parameters are: minimum grain size (amin ), maximum grain
size (amax ), disk mass (Mdisk ), scale height (H0 ) at a reference disk radius of 100 AU, disk flaring exponent (β), inner radius (Rin ), outer radius
(Rout ), and surface density exponent (p). The SEDs were generated for a star of spectral type M4, and the stellar properties were set based on the
temperature conversion of Luhman et al. (2003b) and the 1 Myr evolutionary models of Baraffe et al. (1998), i.e., Teff = 3300 K, Rstar = 1.65 R ,
Mstar = 0.29 M . The model SEDs are shown at disk inclinations of 18◦ , 32◦ , 41◦ , 49◦ , 57◦ and 63◦ (where 0◦ is for a face-on disk inclination), for
each value of the varied disk parameters. Disk geometry; inclination, H0 and β are seen to have the largest impact on the emission at 70 µm.

6.3. Candidate transition disks

Transition disks represent a more advanced stage of disk evolution in which material in the disk has dissipated, either marked
by an inner hole (e.g., Calvet et al. 2005), or a homologous depletion (Currie et al. 2009). A number of physical processes
have been suggested to clear disk material, including photoevaporation (Alexander et al. 2006), disruption from companions
(Artymowicz & Lubow 1994), and grain growth (Dullemond &
Dominik 2004). The shape of the SED – specifically spectral indices between pairs of wavelengths – or spectral line features,
or the absence of gas have been used to identify transition disks
and later stage debris disks (Muzerolle et al. 2010; Kim et al.
2013). Within the TBOSS sample, 4 transition disks are known
(Currie & Sicilia-Aguilar 2011; Cieza et al. 2012), along with 2
debris/photoevaporative disks (Currie & Sicilia-Aguilar 2011).
Details of the previously known TBOSS transition disk and debris disk objects are listed in Table 8.
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Fig. 11. Median SEDs of the Class II TBOSS targets detected with
Herschel PACS. The median SEDs are normalized by the J-band flux
density, and shown per spectral type for M4-M8. The normalized SED
of the one, M9 detected target (KPNO 6; Harvey et al. 2012) is shown
and represented by the purple, dashed line.

J. Bulger et al.: Disk emission across the stellar/substellar boundary in Taurus
Table 8. Transition disks within the TBOSS sample.
2MASS
J04144730+2646264
J04190110+2819420
J04161210+2756385
J04322210+1827426
J04202555+2700355
J04210934+2750368
J04284263+2714039
J04403979+2519061
J04213459+2701388
J04292971+2616532
J04295422+1754041
J04332621+2245293
J04354203+2252226

Other name
FP Tau
V410 X-ray 6
...
MHO 6
...
...
...
...
...
FW Tau A+B+C
XEST 17-036
XEST 08-033

Class
2
2
2
2
2
2
2
2
2
3
3
3
3

Sp Ty.
M4
M4.5
M4.75
M4.75
M5.25
M5.25
M5.25
M5.25
M5.5
M4
M4
M4
M4.75

Transition disk type
Homologously depleted
Giant planet-forming
Candidate
Candidate
Candidate, (PD/IH)a
Grain-growth dominated
Grain-growth dominated
Debris disk
Candidate
Photoevaporating/Circumbinary
Candidate
Candidate
Candidate

Ref.
(1)
(2)
(3)
(3)
(3), (1)
(2)
(2)
(2)
(3)
(2)
(3)
(3)
(3)

Notes. (a) The evolutionary status for this target, previously reported in the literature was identified as inconclusive, being either a primordial disk
(PD) object or a transition disk object with an inner hole (IH).
References. (1) Currie & Sicilia-Aguilar (2011); (2) Cieza et al. (2012); (3) this work.

ν)
A series of spectral indices (α = − dlog(νF
dlog(ν) ) as a function of effective temperature calculated over wavelength ranges
from the 3.6–8.0 µm IRAC bands to the 160–1300 µm bands
are plotted in 7 panels in Fig. 12 for the full Taurus Class II
and Class III population with detections. Over the 3.6–8.0 µm
wavelength range, the known transition disk SEDs have steeply
declining slopes and occupy the region at the extreme of the
Class II distribution and overlapping with Class III members.
The transition disks again have a distinct distribution in the
SED power law index over the 24–70 µm range; the majority of the slopes are flat to rising. Based on the 24–70 µm
spectral index, we have identified a new population of 7 additional transition disk candidates with rising slopes, and these
new systems are noted in Table 8. Amongst these 7 transition
disk candidates, J04202555+2700355 was previously investigated (Currie & Sicilia-Aguilar 2011) and an inconclusive evolutionary status (primordial disk or transition disk with inner
hole) was reported based on SED modeling results. XEST 17036 and XEST 08-033 are considered to be debris disks based
on their α3.6−8.0 µm values that are consistent with those of
previously reported debris/photoevaporative disks in the literature. Furthermore, XEST 17-036 – is remarkable in that it is
among the few spatially resolved targets. Our selection criteria and classification for the targets that we identify to be candidate transition/debris disks is highlighted in the spectral index plot shown in Fig. 13. Based on conservative estimates
of transition and debris disk objects reported in the literature,
targets with α24−70 µm > 0, and −2 <
∼ α3.6−8.0 µm <
∼ −1 are
identified as candidate transition disk objects, and targets with
α3.6−8.0 µm <
∼ –2.5 are identified as debris disk objects. The SEDs
of the known and candidate transition disks are shown in Fig. 14.
The 5 new transition disk candidates have spectral types ranging
from M4-M5.5.
From the total number of transition disk objects, it is possible
to determine the typical statistical lifetime for this evolutionary
stage. The estimated transition disk lifetime of ∼0.45 Myr for
targets of spectral types K5-M5 was calculated from the ratio of
the number of transition disk objects to that of primordial disk
objects, and assuming that the average primordial disk lifetime is
∼3 Myr (Luhman et al. 2010). Following the same procedure we
obtain a ratio of 9/52 (accounting for the 4 Class III objects that
are detected at 70 µm and/or 160 µm), and an estimated lifetime

of ∼0.5 Myr for targets of spectral types M4-M9, similar to the
K5-M5 value.
6.4. Candidate truncated disks

A total of 15 Class II targets with 24 µm flux densities were not
detected with the Herschel 70 µm PACS maps, including one
target not observed with Herschel, that is undetected at 70 µm
with Spitzer MIPS. The non-detections are not simply the latest
spectral type targets, but include examples extending to M4.25.
To estimate the average flux density for this small subset of undetected Class II members, all the maps were combined to form
a single 70 µm map shown in Fig. 15, and the flux density of the
faint combination source was measured as 3.0 ± 0.5 mJy. This
exercise was repeated for the 160 µm maps in which a 3σ upper limit of 14 mJy was measured in the combined map. Both
the individual detection limit and these estimates of the average
flux densities at 70 µm and 160 µm are plotted on the SEDs
for the 17 Class II targets that are not detected at far-IR wavelengths with either Herschel PACS or Spitzer MIPS (presented
in Appendix D.4). For 3 of the these targets – CIDA 14, MHO 5
and J04322415+2251083 – the individual limit alone indicates
that the slope of the SED has a power law index (α24−70 µm ) of
–2.0 or steeper. Considering the lower value of the combined flux
from all the non-detected targets, 5 Class II targets with 24 µm
detections and 70 µm upper limits have slopes steeper than –2.0.
One possible explanation for the shape of the Class II targets
with exceptionally steep far-IR SED slopes is truncation of their
disks. An example of a likely truncated disk in the  Cha moving group around ET Cha was identified from a similarly steep
SED index (α24−70 µm = −1.4) over wavelengths extending to the
PACS bands combined with a non-detection of the CO(3–2) line
(Woitke et al. 2011). In addition to the 3 Class II non-detected
sources, there are 5 Class II targets with 70 µm detections that
also define a slope as steep as that of ET Cha – CFHT 12,
FR Tau, KPNO 13, J04141188+2811535, and V410 Xray 1 –
resulting in a total of 8 candidate truncated disks. The SEDs of
these candidate truncated disk targets are presented in Fig. 16.
Follow-up high sensitivity CO spectral line observations of these
steep slope SED targets could provide further evidence of truncated disks around these 8 Taurus targets.
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Class II
Class III

+

Literature TD
Candidate TD

Fig. 12. Series of spectral index plots shown as a function of stellar effective temperature, merging the known Taurus Class II (filled circles)
and Class III (crosses) members with; mid-IR emission (IRAC, MIPS and WISE), far-IR emission (PACS and MIPS), and 1.3 mm emission (for
those targets not with no reported 1.3 mm observations, the nearest submm/mm observation was scaled to 1.3 mm assuming Fν ∝ ν2 ). Symbols
leftwards of the vertical dotted lines, plotted at T eff = 2963 K and T eff = 3270 K, indicate the substellar (≤M6.25) members and members of the
TBOSS sample (≤M4), respectively. Blue squares enclose the targets identified in the literature with transition disks and green squares enclose the
candidate transition disks objects identified within this paper.
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Debris

Candidate TD

TBOSS Class II (≥M4)
TBOSS Class III (≥M4)

+

Taurus Class II (<M4)
Literature TD
Candidate TD / Debris

Amongst the transition disk objects identified within the
TBOSS sample, 10 of 13 targets possess high resolution imaging data, from which a binary disk fraction of 40+16
−13 %, and sin+13
gle disk fraction of 60−16 % is calculated. Similarly, amongst the
truncated disk objects identified within the TBOSS sample 5 of
8 targets possess high resolution imaging data, from which a bi+16
nary disk fraction of 40+22
−16 %, and single disk fraction of 60−22 %
is calculated. There is no significant difference between the binary and single star disk fractions for the transition disk and truncated disk objects.
6.6. Mixed pair systems

Fig. 13. Spectral index plot showing the Taurus Class II and
Class III members with mid-IR and far-IR excess. The spectral indices;
α3.6−8.0 µm and α24−70 µm are used to identify candidate targets with transition disks (TDs; points bounded by the horizontal and vertical dashed
lines) and debris disks (points bounded by the horizontal dashed and
vertical dotted lines). Targets identified in the literature with TDs, and
the candidate TD/debris disks reported here, are enclosed by blue and
green squares respectively. J04295422+1754041 (red cross) was unobserved with IRAC and MIPS, and the spectral indices are calculated
from the WISE 3.4 µm and 12 µm flux densities, and the WISE 22 µm
and PACS 70 µm flux densities. XEST 08-033 (red cross with downward arrow) was only detected with PACS at 160 µm, and the 24–70
spectral index shown is calculated from the 70 µm upper limit.

6.5. Impact of companions

Many of the 154 M4+ TBOSS sample have been observed by
infrared direct imaging from the ground (Duchêne et al. 2004;
Luhman et al. 2009a), high resolution imaging employing spacebased measurements with HST (White & Ghez 2001; Kraus
et al. 2006; Todorov et al. 2014), ground-based speckle imaging
(Kohler & Leinert 1998; Konopacky et al. 2007), and aperture
masking or AO imaging (Kraus & Hillenbrand 2009b; Kraus
et al. 2011). The results of the PACS observations presented here
therefore provide the opportunity to assess the similarity or difference in the frequency or typical flux density level of disks for
targets with and without companions. Whilst the comprehensive
analysis of multiplicity and completeness for those TBOSS targets with existing imaging data will be addressed in a forthcoming coming paper, the subset of known and candidate transition
disk and candidate truncated disk objects represent interesting
cases in which to initially assess the multiplicity rate, since the
inner holes of misidentified transition disks may be due to the
presence of a companion that gravitationally truncates the inner
radii of a circumbinary disk (e.g., Ireland & Kraus 2008). For
binary systems with semi-major axis a, the outer edges of the
circumstellar disk(s) are expected to be truncated to disk radii
of ∼0.2−0.5 a (Artymowicz & Lubow 1994). Details of the targets for which imaging observations have been investigated for
companions are given in Table 7, along with the corresponding
literature reference. The binary systems that were detected with
the PACS blue channel (70 µm or 100 µm) among the categories
of transition, truncated, mixed pairs, and extended objects are
given in Table 7.

Mixed pairs form an interesting subset of multiple systems
comprised of one component with a disk and one component
without a disk. Studies of spatially resolved binary systems in
Taurus investigating inner disk signatures such as Hα emission and near-IR excesses reveal that mixed pair systems are
rare, representing ∼15–20% of the population (e.g., Prato &
Simon 1997; Duchêne et al. 1999; Hartigan & Kenyon 2003;
Monin et al. 2007). Furthermore, considering these inner disk
diagnostics, the component with the disk is equally likely to
be the primary or secondary (Monin et al. 2007; Daemgen
et al. 2012). With interferometric submm/mm observations sensitive to the bulk of the disks in Class II binaries in Taurus
and Ophiuchus (Jensen & Akeson 2003; Patience et al. 2008;
Harris et al. 2012), 19 pairs have been spatially resolved, consisting of 14 systems with only a circumprimary disk, 3 systems of both circumprimary and circumsecondary disks, and
2 systems with only a circumsecondary disk. In each of the
systems with only a circumsecondary disk in the submm/mm,
the primaries are actually close binary pairs with separations
of ∼5–45 AU (Kraus et al. 2011). Among the TBOSS sample, two examples of Class II/Class III mixed systems
are identified – J04414565+2301580/J04414489+2301513 and
J04554757+3028077/J04554801+3028050. The PACS maps
and SEDs of these systems are shown in Fig. 17. In each
case, the secondary is the disk-bearing component based on
the far-IR emission from the Herschel data. Based on high
resolution imaging, both the primary and secondary of the
J04414565/J04414489 system posses close companions, while
neither the primary nor secondary of the J04554757/J04554801
system has a close companion (Kraus et al. 2011; Todorov
et al. 2014). The angular separations of the two mixed pair systems, and the additional separations for the close companions of
the J04414565/J04414489 system are listed in Table 7. In the
J04414565/J04414489 system, the host of the secondary disk is
a very low mass M8.5 (∼20 MJup ) brown dwarf approaching the
planetary mass regime.
6.7. Candidate proto-brown dwarfs in Taurus

Proto-brown dwarfs are cores of substellar mass, at the Class 0
or Class I stage of low mass star-formation (Adams et al. 1987;
Andre et al. 1993; Pound & Blitz 1993). Observable diagnostics, revealed in characterizing the earliest stages of brown dwarf
evolution, can be used to distinguish between the number of different brown dwarf formation scenarios such as embryo ejection
(Bate et al. 2002), disk fragmentation (Stamatellos & Whitworth
2011) or photoionization from nearby massive stars (Whitworth
& Zinnecker 2004). It is also noteworthy that the first discovery of a pre-brown dwarf core – a self-gravitating starless core
of dust and gas with a mass in the brown-dwarf regime – is
located in the dense Ophiuchus L1688 cloud (André et al. 2012),
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Fig. 14. SEDs showing the targets with transition disks (TD) previously reported in the literature (top panel) and the new candidate targets with
TDs identified in this paper (bottom panel). Additionally, J04202555+2700355 for which the evolutionary status was previously reported as
inconclusive (Currie & Sicilia-Aguilar 2011), is identified as a candidate TD here. For those targets identified in the literature the TD types,
compiled from Currie & Sicilia-Aguilar (2011) and Cieza et al. (2012), are displayed on each SED. The candidate TDs are identified by the rising
spectral index from 24–70 µm (α24−70 µm > 0). In addition to the positive α24−70 µm indices for XEST 17-036 and XEST 08-033, the α3.6−8.0 µm
indices are typical for those of Class III (debris disk) objects. The target name, spectral type, and spectral class are labeled in each SED. The
observed broadband photometry (see also Appendix A) is compiled from optical (RC , IC ), and near-IR (2MASS; JHKS ) wavelengths (black
points), the mid-IR (IRAC and WISE; green and purple open circles respectively), the far-IR (MIPS, PACS blue and red channels; green open
circles, blue and red points respectively) and submm-mm wavelengths (black points). 3σ upper limits are represented by the downwards triangles.
The best-fit atmospheric model are displayed for each target.

indicating that these objects can form in environmental conditions denser than Taurus. Given the divergence of possible formation models, it is important to identify the youngest population of proto-brown dwarfs. Among the Taurus population, only
A29, page 16 of 34

two Class 0 objects are known, and none have spectral types in
the M4-L0 TBOSS range, however, there are several candidate
proto-brown dwarfs among the Class I TBOSS range, and each
case is described below.

J04141188+2811535
M6.25 (II)
J. Bulger et al.: Disk emission across the stellar/substellar boundary in Taurus

Fig. 15. PACS blue channel (70 µm) combined map of the undetected
Class II objects. The map is 3000V773
in size
Taualong each axis. The beam size
is represented by the yellow circle
in the bottom, right-hand corner and
K3 (II)
the black star marks the peak position in the map. Contour levels are
plotted at 4, 5 and 6σ. The scale bar shows the intensity of the map
in mJy/pixel.

J04141188+2811535

Three sources within
M6.25the
(II) TBOSS sample may be considered as proto-brown dwarf candidates – [GKH94] 41,
IRAS 04191+1523 B, and L1521F-IRS. [GKH94] 41 has been
identified to be a disk-dominated source based on IRS spectra
(Furlan et al. 2011), and is therefore at a more evolved stage than
the Class I classification that has been adopted here (Luhman
et al. 2010). The accretion rate for L1521F-IRS is estimated to
be low and likely towards the end of its main (Class 0) accretion phase (Bourke et al. 2006). IRAS 04191+1523 B is the secondary component of a 6.00 1 binary (Duchêne et al. 2004), making
the data at wavelengths longer than 8 µm contaminated by the
primary emission. Given the quiescent phase of accretion and the
bolometric temperature consistent with M6-M8 (Luhman et al.
2010), L1521F-IRS and IRAS 04191+1523 B will remain substellar unless a large amount of material is added to the central source. From the SED of L1521F-IRS, this candidate protobrown dwarf appears heavily embedded and the slope over the
160 µm to 1.3 mm range is α = −1.8, which is markedly shallower than the other isolated Class I TBOSS targets (α typically
ranging from −3.4 to −2.7). The SED slope of L1521F-IRS is
similar to ISM grains and may indicate that this target has only
recently transitioned from a Class 0 to Class I object.
6.8. Comparison with other star-forming regions

Comparison of the results of large-scale disk population studies performed in different star-forming regions and in young
clusters can provide an indication of the impact of environmental factors and evolutionary trends. From IR observations
over the J- to L-band of young populations spanning the 0.3–5
Myr age range, a typical disk lifetime of <
∼3 Myr was inferred
from the decline in IR excess frequency (Haisch et al. 2001).
From longer wavelength Spitzer observations of Taurus extending to 24 µm, the disk fraction (defined by the ratio of Class II
to Class II+III members) as a function of central object mass
was similar to Chameleon I, but higher than IC 348, and the
lower stellar density of Taurus and Chameleon was suggested
as a possible explanation (Luhman et al. 2010). Submillimeter
population studies comparing Taurus and Ophiuchus measured
similar disk fractions and average disk masses for both regions (Andrews & Williams 2005, 2007). These existing IR and
submm population studies mainly focus on the earlier spectral
type members outside the TBOSS sample range.
Given the unique sensitivity and scope of the TBOSS survey, it is difficult to compare the Taurus M4+ far-IR disk results

with those of other star-forming regions. The most analogous
study is a recent Herschel investigation of 43 brown dwarfs
(taken as objects with M6+ spectral types) in the L1688 cloud of
Ophiuchus, for which a disk fraction of ∼0.3 at 70 µm is revealed
(Alves de Oliveira et al. 2013). Considering the M6+ targets in
the TBOSS sample, the detected disk fraction is also ∼0.3 (22
of 67 targets), however the sensitivity of the TBOSS observations is much deeper. Restricting the TBOSS M6+ disks to those
that could have been detected in the Ophiuchus study (>
∼25 mJy)
yields a lower disk fraction of ∼0.15, suggesting that the average disk flux density for a Taurus member at or below the stellar/substellar boundary is lower than for an equivalent object in
Ophiuchus.

7. Summary
Of the 154 total M4-L0 members of the Taurus star-forming region, we report new 70 µm and 160 µm flux densities or upper limits for 134 targets and combine the results with other
Herschel and Spitzer programs to compile the PACS measurements for 153 targets comprising the TBOSS sample. For the
148 TBOSS targets not contaminated by emission from unresolved earlier spectral type primaries, the detection rates at
70 µm with PACS and MIPS were calculated for the different evolutionary classes and spectral type ranges. Considering
all M4-L0 TBOSS targets, 100% of Class I, 75% of Class II,
and 4% of Class III TBOSS targets were detected. Dividing the
Class II targets into M4-M6 members above the substellar limit
and M6.25+ brown dwarfs, the far-IR detection rate is significantly higher for the lowest mass stars relative to brown dwarfs.
Although the disk frequencies are different, the distributions of
disk-to-central-object far-IR flux density are indistinguishable
above and below the substellar limit for disk targets, based on
a K-S test.
To obtain a benchmark first census of far-IR disk emission across the full stellar and substellar population of any starforming region, the TBOSS results were combined with Spitzer
and Herschel surveys of the earlier spectral type members. The
70 µm flux density as a function of spectral type declines with
a trend similar to the decline in flux density of the central object, and the range of flux density at a given spectral type span at
least an order of magnitude. Using the radiative transfer code
MCFOST to model the range of Herschel flux densities, the
dominant parameters influencing the PACS bands was found to
be the disk inclination, scale height, and flaring index. The majority of the detected Taurus Class II population can be constrained with flared disks (β = 1.125), with scale heights of
10 AU at a reference disk radius of 100 AU (equivalent to an
opening angle of 5◦ ), and with disk inclinations from face- to
edge-on.
For all TBOSS targets, the SEDs were constructed by joining
the far-IR data with results from optical to mid-IR surveys and
submm/mm flux densities when available. Based on the spectral
indices over the 24 µm to 70 µm range, 5 new candidate transition disks were identified. While the new and known transition
disks have a distinct distribution in the slope over the 24 µm
to 70 µm range, the spectral indices for these objects at longer
wavelengths are indistinguishable from the values for the general Class II population. Another set of 8 targets have very steep
SED slopes over the 24 µm to 70 µm range, possibly indicating
truncated disks such as has been suggested for the disk around
ET Cha (Woitke et al. 2011). Two other unusual targets are diskbearing secondary components of mixed systems. Finally, the
overall Taurus substellar disk frequency is similar to that of the
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Fig. 16. SEDs of the eight candidate targets with truncated disks, identified from the steeply declining spectral index from 24–70 µm
(α24−70 µm < −1.4). The target name, spectral type, and spectral class are labeled in each SED. The observed broadband photometry (see also
Appendix A) is compiled from optical (RC , IC ), and near-IR (2MASS; JHKS ) wavelengths (black points), the mid-IR (IRAC and WISE; green
and purple open circles respectively), the far-IR (MIPS, PACS blue and red channels; green open circles, blue and red points respectively) and
submm-mm wavelengths (black points). 3σ upper limits are represented by the downwards triangles. The best-fit atmospheric model are displayed
for each target.

Fig. 17. PACS blue channel (70 µm) maps (left) for the two mixed
pair systems identified within the TBOSS sample; J0441489+2301513/
J04414565+2301580 and J04554801+3028050/J04554757+3028077,
and the corresponding SEDs (right). The black stars in the maps show
the 2MASS positions of the detected Class II secondaries (J0441489
and J04554801), and the yellow triangles mark the 2MASS positions
of the undetected Class III primaries (J04414565 and J04554757).
Contours are plotted at 3, 4, 5 and 6σ and the PACS 70 µm beam size is
represented by the yellow circle in the bottom, left corner of each map.
Target name, spectral type, and spectral class are displayed in the SEDs.
Broadband photometry, compiled from optical-mm wavelengths and the
underlying best-fit atmospheric models are displayed in the SEDs.

brown dwarfs in Ophiuchus, but the average disk flux density
for a Taurus M6+ target is lower than for a comparable object in
Ophiuchus.
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Appendix A: Compilation of literature flux densities
The compilation of flux densities from optical-millimeter wavelength of the known 154 M4-L0 Taurus members is given in
Tables A.1–A.4. Table A.1 lists the RC , IC , and 2MASS JHKS flux densities. Table A.2 lists the Spitzer IRAC, MIPS-1, and
WISE All-Sky Data release flux densities. Table A.3 lists the Herschel PACS, and Spitzer MIPS-2 flux densities. Table A.4 lists
the submillimeter and millimeter (350 µm–2.6 mm) flux densities. The tables are only available at the CDS.

Appendix B: Herschel PACS maps
The Herschel PACS maps of the detected targets observed under this program shown in Figs. B.1–B.7, and are displayed in order
of spectral class and type. Target name and spectral type are labeled in the top left-hand corner of each map. Both the blue channel
(70 µm) and red channel (160 µm) maps are 6000 in size along each axis. In each map the black star indicates the 2MASS position
of the target. The 2MASS positions of known multiple companions are indicted by yellow triangles in the blue channel maps, and
green triangles in the red channel maps. The scale bar shows the intensity of each map in units of mJy/pixel. Contour levels begin
at 3σ in all maps and are plotted at intervals depending on the source brightness. The PACS beam size is represented by the blue
circle in the lower, right-hand corner of each map.
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Fig. B.1. Class I objects with PACS blue and red channel detections.
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Fig. B.2. Class II objects with PACS blue and red channel detections.
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Fig. B.3. Class II objects with PACS blue and red channel detections.
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Fig. B.4. Class II objects with PACS blue and red channel detections.
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Fig. B.6. Class II objects with PACS blue channel detections only.
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Fig. B.7. Class III objects with PACS blue and/or red channel detections.
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Appendix C: SEDs of the TBOSS sample – Class I objects
The SEDs for Class I objects of the TBOSS sample are shown in Fig. C.1. As IRAS 04191+1523 B is unresolved from
IRAS 04191+1523 A with Herschel PACS, the SED(s) for this category of system(s) is shown in Fig. D.1.

Fig. C.1. SEDs of the TBOSS of the Class I objects. The target name, spectral type, and spectral class are labeled in each SED. The observed
broadband photometry is compiled from optical (RC , IC ), and near-IR (2MASS; JHKS ) wavelengths (black points), the mid-IR (IRAC and WISE;
green and purple open circles respectively), the far-IR (MIPS, PACS blue and red channels; green open circles, blue and red points respectively)
and submm-mm wavelengths (black points). 3σ upper limits are represented by the downwards triangles. The best-fit atmospheric model are
displayed for each target.

Appendix D: SEDs of the TBOSS sample – Class II objects
The additional SEDs for the Class II objects of the TBOSS sample are shown in Figs. D.1–D.4. Figure D.1 shows the targets that are
in multiple systems of which are unresolved with Herschel PACS. Figures D.2 and D.3 shows the SEDs the Class II objects that are
detected with Herschel PACS. Finally, Fig. D.4 shows the SEDs of the Class II objects that were undetected with Herschel PACS.

Fig. D.1. SEDs of the four known TBOSS Class I and/or Class II multiple systems for which the system broadband photometry and the combined
atmospheric models of each system component are shown. The system name, component spectral types, and spectral classes are labeled in each
SED. The observed broadband photometry is compiled from optical (RC , IC ), and near-IR (2MASS; JHKS ) wavelengths (black points), the mid-IR
(IRAC and WISE; green and purple open circles respectively), the far-IR (MIPS, PACS blue and red channels; green open circles, blue and
red points respectively) and submm-mm wavelengths (black points). 3σ upper limits are represented by the downwards triangles. The best-fit
atmospheric model are displayed for each target.
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Fig. D.2. SEDs of the detected Class II objects with spectral types M4-M5.5. The target name, spectral type, and spectral class are labeled in
each SED. The observed broadband photometry is compiled from optical (RC , IC ), and near-IR (2MASS; JHKS ) wavelengths (black points), the
mid-IR (IRAC and WISE; green and purple open circles respectively), the far-IR (MIPS, PACS blue and red channels; green open circles, blue
and red points respectively) and submm-mm wavelengths (black points). 3σ upper limits are represented by the downwards triangles. The best-fit
atmospheric model are displayed for each target.
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Fig. D.3. SEDs of the detected Class II objects with spectral types M5.6-M9. The target name, spectral type, and spectral class are labeled in
each SED. The observed broadband photometry is compiled from optical (RC , IC ), and near-IR (2MASS; JHKS ) wavelengths (black points), the
mid-IR (IRAC and WISE; green and purple open circles respectively), the far-IR (MIPS, PACS blue and red channels; green open circles, blue
and red points respectively) and submm-mm wavelengths (black points). 3σ upper limits are represented by the downwards triangles. The best-fit
atmospheric model are displayed for each target.
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Fig. D.4. SEDs of the undetected Class II objects with spectral types spanning M4.25-M9. The target name, spectral type, and spectral class are
labeled in each SED. The observed broadband photometry is compiled from optical (RC , IC ), and near-IR (2MASS; JHKS ) wavelengths (black
points), the mid-IR (IRAC and WISE; green and purple open circles respectively), the far-IR (MIPS, PACS blue and red channels; green open
circles, blue and red points respectively) and submm-mm wavelengths (black points). 3σ upper limits are represented by the downwards triangles.
The best-fit atmospheric model are displayed for each target. The gray cross shows level of the artificial detection generated from combined
Class II (70 µm) upper limit maps, and similarly the gray downward arrow shows the 160 µm upper limit from the combined maps.

A29, page 30 of 34

J. Bulger et al.: Disk emission across the stellar/substellar boundary in Taurus

Appendix E: SEDs of the TBOSS sample – Class III objects
The SEDs for the Class III objects of the TBOSS sample that are undetected with Herschel PACS are shown in Figs. E.1–E.4.

Fig. E.1. SEDs of the undetected Class III objects with spectral types spanning M4-M5. Additionally, the known M4.5 member – XEST 26-052 –
for which no far-IR observations exist, is also included within the panel. The target name, spectral type, and spectral class are labeled in each SED.
The observed broadband photometry is compiled from optical (RC , IC ), and near-IR (2MASS; JHKS ) wavelengths (black points), the mid-IR (IRAC
and WISE; green and purple open circles respectively), the far-IR (MIPS, PACS blue and red channels; green open circles, blue and red points
respectively) and submm-mm wavelengths (black points). 3σ upper limits are represented by the downwards triangles. The best-fit atmospheric
model are displayed for each target.
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Fig. E.2. SEDs of the undetected Class III objects with spectral types spanning M5-M6.25. The target name, spectral type, and spectral class are
labeled in each SED. The observed broadband photometry is compiled from optical (RC , IC ), and near-IR (2MASS; JHKS ) wavelengths (black
points), the mid-IR (IRAC and WISE; green and purple open circles respectively), the far-IR (MIPS, PACS blue and red channels; green open
circles, blue and red points respectively) and submm-mm wavelengths (black points). 3σ upper limits are represented by the downwards triangles.
The best-fit atmospheric model are displayed for each target.
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Fig. E.3. SEDs of the undetected Class III objects with spectral types spanning M6.25-M7.75. The target name, spectral type, and spectral class
are labeled in each SED. The observed broadband photometry is compiled from optical (RC , IC ), and near-IR (2MASS; JHKS ) wavelengths (black
points), the mid-IR (IRAC and WISE; green and purple open circles respectively), the far-IR (MIPS, PACS blue and red channels; green open
circles, blue and red points respectively) and submm-mm wavelengths (black points). 3σ upper limits are represented by the downwards triangles.
The best-fit atmospheric model are displayed for each target.
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Fig. E.4. SEDs of the undetected Class III objects with spectral types spanning M7.75-L0. The target name, spectral type, and spectral class are
labeled in each SED. The observed broadband photometry is compiled from optical (RC , IC ), and near-IR (2MASS; JHKS ) wavelengths (black
points), the mid-IR (IRAC and WISE; green and purple open circles respectively), the far-IR (MIPS, PACS blue and red channels; green open
circles, blue and red points respectively) and submm-mm wavelengths (black points). 3σ upper limits are represented by the downwards triangles.
The best-fit atmospheric model are displayed for each target.
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