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ABSTRACT
Edge-on protostars are valuable for understanding the disk and envelope properties of embedded
young stellar objects, since the disk, envelope, and envelope cavities are all distinctly visible in resolved
images and well constrained in modeling. Comparing 2MASS, WISE, Spitzer, Herschel, APEX, and
IRAM photometry and limits from 1.25 to 1200 µm, Spitzer spectroscopy from 5 to 40 µm, and highresolution Hubble imaging at 1.60 and 2.05 µm to radiative transfer modeling, we determine envelope
and disk properties for the Class I protostar HOPS 136, an edge-on source in Orion’s Lynds 1641
region. The source has a bolometric luminosity of 0.8 L⊙ , a bolometric temperature of 170 K, and
a ratio of submillimeter to bolometric luminosity of 0.8%. Via modeling, we find a total luminosity
of 4.7 L⊙ (larger than the observed luminosity due to extinction by the disk), an envelope mass of
0.06 M⊙ , and a disk radius and mass of 450 AU and 0.002 M⊙ . The stellar mass is highly uncertain
but is estimated to fall between 0.4 and 0.5 M⊙ . To reproduce the flux and wavelength of the nearinfrared scattered-light peak in the spectral energy distribution, we require 5.4 × 10−5 M⊙ of gas
and dust in each cavity. The disk has a large radius and a mass typical of more evolved T Tauri
stars in spite of the significant remaining envelope. HOPS 136 appears to be a key link between the
protostellar and optically revealed stages of star formation.
Subject headings: Stars: formation — Stars: protostars — circumstellar matter — Infrared: stars
1. INTRODUCTION

From the early example of HH 30 (Burrows et al.
1996), the Hubble Space Telescope (HST) has enabled
dramatic advances in the study of edge-on circumstellar disks associated with young stellar objects (YSOs).
In this favorable geometry, the distribution of light
scattered by the disk allows good estimates of several
disk properties that are not easily discernible from the
modeling of spectral energy distributions (SEDs) alone
(Watson et al. 2007). Edge-on systems are especially
valuable at the protostellar stage when an envelope is
present, since the disk, envelope, and bipolar envelope
cavities can appear as distinct features, making it easier to disentangle their contributions to the scatteredlight emission. Some investigators, e.g., Padgett et al.
(1999), Gramajo et al. (2010), and Tobin et al. (2008,
2010), have modeled images and multiwavelength photometry of edge-on protostellar systems in the relatively
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nearby Taurus-Auriga region (at a distance of 140 pc;
Bertout & Genova 2006) to determine their disk, envelope, and cavity properties.
Here we bring the superb angular resolution of HST to
an edge-on source in the more distant Orion star-forming
region, taken to be at 420 pc based on high-precision parallax studies of non-thermal sources in the Orion Nebula region (Sandstrom et al. 2007; Menten et al. 2007;
Kim et al. 2008). The source was discovered in a Spitzer
Space Telescope survey of the Orion A and B molecular
clouds (Megeath et al. 2012). At α = 5h 38m 46s .54, δ =
−7◦ 05′ 37′′ .4 (J2000), it is an isolated object in the Lynds
1641 (L 1641) region of Orion A (Allen & Davis 2008). A
search of the literature reveals no previous imaging studies of the object, although it is source 1224 in the study of
Fang et al. (2013), who analyzed its 2MASS and Spitzer
magnitudes in a study of over 1000 YSOs in L 1641.
We refer to it here as HOPS 136, its number in the target catalog for HOPS, the Herschel Orion Protostar Survey (Fischer et al. 2013; Manoj et al. 2013; Stutz et al.
2013). HOPS was a 200-hour open-time key program
with the Herschel Space Observatory13 (Pilbratt et al.
2010) to obtain imaging, photometry, and spectroscopy
of Orion protostars between 55 and 210 µm, where their
SEDs are expected to peak, with PACS, the Photodetector Array Camera and Spectrometer (Poglitsch et al.
2010).
In addition to the Herschel data, HOPS features imaging and spectroscopy from near-infrared to millimeter
wavelengths. Imaging of HOPS 136 with the Near Infrared Camera and Multi-Object Spectrometer (NIC13 Herschel is an ESA space observatory with science instruments provided by European-led Principal Investigator consortia
and with important participation from NASA.
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MOS) on board HST revealed bipolar nebulosity divided
by a dark lane, confirming its edge-on orientation. Here
we model the 1.2 µm to 1200 µm SED and near-IR
images of the source with the radiative transfer code
of Whitney et al. (2003b). Combined image and SED
modeling breaks degeneracies common in the modeling
of SEDs alone, in particular that a system with a tenuous envelope seen through an edge-on disk can have
a similar SED to a system with a dense envelope seen
closer to pole-on (Whitney et al. 2003a) or to a transition disk with an inner hole (Ribas et al. 2013). Based
on our modeling, we find a low-mass protostellar envelope (0.06 M⊙ ), a large, low-mass disk (radius 450 AU,
mass 0.002 M⊙ ), and a small amount of cavity material
(5.4 × 10−5 M⊙ per cavity) for the source.
The paper is organized as follows: Section 2 discusses
the target selection and the acquisition of multiwavelength imaging, photometry, and spectra, Section 3
presents an initial characterization of the source, Section 4 describes the model and inferred disk, envelope,
and cavity properties, Section 5 contains discussion, and
Section 6, our conclusions.
2. TARGET SELECTION AND OBSERVATIONS

In 2008 August and September, we acquired images
of 72 objects in the HOPS catalog at 1.60 and 2.05 µm
with NICMOS. Extended nebulosity and previously unknown companions are frequently detected (M. Kounkel
et al., in preparation). Five of the 72 sources have bipolar
nebulosity divided by a dark lane, indicating an edgeon geometry. From among these, we chose HOPS 136
for detailed modeling due to the full availability of photometry from 1.2 µm to 1200 µm and its almost exactly
edge-on orientation (Section 3). The combined 1.60 µm
and 2.05 µm images of HOPS 136 appear in Figure 1.
The full set of images from the NICMOS survey and its
extension with Wide Field Camera 3 (WFC3) will be presented by J. Booker et al. in a future publication. Below,
we provide details of the HST imaging, multiwavelength
photometry, and Spitzer spectroscopy. Table 1 contains
the photometry for HOPS 136, and Figure 2 shows its
SED.
2.1. HST Imaging

We used NICMOS to map a field containing HOPS 136
on 2008 August 22. We used the NIC2 camera, which has
256 × 256 pixels at 0.075′′ on a side for a 19.2′′ field of
view, about 8000 AU at the distance of Orion. The spatial resolution is about 80 AU. The source was imaged
with the F160W (1.60 µm) and the F205W (2.05 µm)
filters. In addition to the pipeline processing, we subtracted a median-combined image of a blank field to remove a spatially variable glow from the detector and telescope as well as variable offsets among the four detector
quadrants.
2.2. 2MASS, WISE, and Spitzer Photometry
We obtained photometry at J, H, and Ks from the
Two Micron All Sky Survey (2MASS; Skrutskie et al.
2006), which observed HOPS 136 on 1998 March 30. The
source is flagged as extended, so we report fluxes within
a circular aperture of radius 5′′ as given in the extended
source catalog. We also obtained photometry at 3.4, 4.6,

Figure 1. Annotated two-color 1.60 µm (cyan) and 2.05 µm
(red) NICMOS image of HOPS 136. Offsets are from the Spitzerdetermined J2000 position of the object (α = 5h 38m 46s .54, δ =
−7◦ 05′ 37′′ .4).

12, and 22 µm from the Wide-field Infrared Survey Explorer (WISE; Wright et al. 2010), which observed the
source on 2010 March 9–10.14
Photometry at 3.6, 4.5, 5.8, 8.0, and 24 µm for
HOPS 136 was obtained as part of a joint survey of
the Orion A and B molecular clouds by the Infrared
Array Camera (IRAC; Fazio et al. 2004) and Multiband Imaging Photometer (MIPS; Rieke et al. 2004) on
board Spitzer. A detailed accounting of the Spitzer observations, data reduction, and source extraction can
be found in Kryukova et al. (2012) and Megeath et al.
(2012); here we summarize the most important details.
The IRAC observations of L 1641 were taken as part
of Guaranteed Time Observation program 43 and were
obtained in two epochs, one on 2004 February 17–19 and
the other on 2004 October 8 and 27. IRAC photometry
was obtained at 3.6, 4.5, 5.8, and 8.0 µm using an aperture of radius 2.4′′ with a sky annulus extending from
2.4′′ to 7.2′′ and corrected to infinity by dividing by aperture corrections: 0.824, 0.810, 0.725, and 0.631 in order
of increasing wavelength. Photometric zero points and
zero-magnitude fluxes for the IRAC bands can be found
in Megeath et al. (2012) and Reach et al. (2005), respectively. The error estimate is dominated by calibration
uncertainties, which we estimate to be 5% in all channels.
The MIPS observations of L 1641 were taken as part
of Guaranteed Time Observation program 47 on 2005
April 2–3. MIPS photometry was obtained at 24 µm
by fitting a point-spread function (Kryukova et al. 2012).
The error estimate is dominated by a 5% calibration uncertainty.
14 Archival 2MASS and WISE photometry are available at
http://irsa.ipac.caltech.edu/.
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Table 1
Photometry for HOPS 136
λ
(µm)

Fν
(mJy)

σFν
(mJy)

Instrument

Date

1.2
1.7
2.2
3.4
3.6
4.5
4.6
5.8
8.0
12
22
24
70
100
160
350
870
1200

0.872
4.37
9.23
8.90
8.83
8.77
10.9
7.16
4.51
4.20
59.9
64.6
1670
2030
2110
423
34.0
< 36

0.152
0.221
0.281
0.246
0.443
0.440
0.270
0.361
0.229
0.259
3.20
3.33
83.8
108
115
169
6.81
···

2MASS
2MASS
2MASS
W ISE
IRAC
IRAC
W ISE
IRAC
IRAC
W ISE
W ISE
MIPS
PACS
PACS
PACS
SABOCA
LABOCA
MAMBO

1998 Mar 30
1998 Mar 30
1998 Mar 30
2010 Mar 9–10
2004 Feb 17–Oct 27
2004 Feb 17–Oct 27
2010 Mar 9–10
2004 Feb 17–Oct 27
2004 Feb 17–Oct 27
2010 Mar 9–10
2010 Mar 9–10
2005 Apr 2
2010 Sep 28
2011 Apr 11
2010 Sep 28
2010 Aug 18
2010 Oct 22
1999 Feb

Figure 2. Photometry and IRS spectrum of HOPS 136 with
model fit. The triangle indicates an upper limit. The total model,
discussed in Section 4, is shown as well as its decomposition into
scattered-light and thermal components, which dominate the short
and long wavelength peaks, respectively.

2.3. Herschel/PACS Photometry
With Herschel we observed a 5′ square field centered on
HOPS 136 on 2010 September 28 (observing day 502; observation IDs 1342205242 and 1342205243) in the 70 µm
and 160 µm bands available with PACS, which have angular resolutions of 5.2′′ and 12′′ , respectively. We observed our target field with homogeneous coverage using
two orthogonal scanning directions and a scan speed of
20′′ s−1 . Each scan was repeated six times for a total
observation time of 481 s per scan direction. For photometry, the Herschel data were processed with the highpass filtering method described by Fischer et al. (2010)
and discussed in detail by Popesso et al. (2012), using
version 8.0, build 248 of HIPE, the Herschel Interactive
Processing Environment (Ott 2010).
HOPS 136 is unresolved at both PACS wavelengths.
We obtained aperture photometry using a 9.6′′ radius at
70 µm and a 12.8′′ radius at 160 µm with subtraction
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of the median signal in a background annulus extending from the aperture limit to twice that value in both
channels. The results were divided by measurements of
the encircled energy fractions in these apertures provided
by the photApertureCorrectionPointSource task in
HIPE (Lutz 2012), adjusted for the fact that our close-in
sky subtraction removes 3%–4% of the flux in each pointspread function. These aperture corrections are 0.733 at
70 µm and 0.660 at 160 µm. The error estimate is dominated by calibration uncertainties (Balog et al. 2013),
which we estimate to be 5% at both wavelengths.
To supplement the far-IR SED coverage, we also include a 100 µm measurement from the Herschel Gould
Belt Survey (André et al. 2010). From the Herschel Science Archive15 , we obtained two orthogonal scans of a region containing HOPS 136 (observation IDs 1342218553
and 1342218554), and we reduced them with the same
high-pass filtering method we used for the 70 and 160 µm
data. We obtained aperture photometry for HOPS 136
using a 9.6′′ radius with subtraction of the median signal
in a background annulus extending from 9.6′′ to 19.2′′ ,
the same as at 70 µm, and we divided by an aperture correction of 0.694, again accounting for removal of some of
the point-spread function by sky subtraction. We assume
the same 5% error floor as for the other PACS bands.
2.4. (Sub)millimeter Photometry
In 2010, we observed HOPS 136 with APEX, the Atacama Pathfinder Experiment. We acquired a 350 µm
image on August 18 with SABOCA, the Submillimetre
APEX Bolometer Camera (Siringo et al. 2010), and we
acquired an 870 µm image on October 22 with LABOCA,
the Large APEX Bolometer Camera (Siringo et al.
2009). Details of the reduction and calibration can be
found in Fischer et al. (2012) and Stutz et al. (2013), and
the data will be discussed in more detail by T. Stanke et
al. (in preparation). As in Fischer et al. (2012), for photometry we report the flux densities without background
subtraction in circular apertures of diameter equal to the
FWHM of the instrument beam (7.3′′ at 350 µm and 19′′
at 870 µm). The flux calibration is accurate to within
40% for SABOCA and 20% for LABOCA.
A dust continuum map of the HOPS 136 region at
1.2 mm was obtained in 1999 February with the 37 channel MAMBO bolometer array at the IRAM 30 m telescope. The data were reduced with standard procedures
for bolometers as described in Stanke & Williams (2007).
At this wavelength, HOPS 136 was undetected, and we
present an upper limit.
2.5. Spitzer/IRS Spectroscopy
We observed HOPS 136 (target 8469384-7093; AOR
key 20856320) on 2007 April 16 with the Spitzer Infrared
Spectrograph (IRS; Houck et al. 2004). The observations
were made with the two low-spectral-resolution IRS modules (short-low from 5.2 to 14.5 µm and long-low from
14.0 to 38.0 µm; λ/∆λ = 60 − 120) in staring mode.
The spectrum was generated from the Spitzer Science
Center (SSC) S18.7 pipeline basic calibrated data with
the IRS instrument team’s SMART software package
15 The Herschel Science Archive can be accessed online at
http://herschel.esac.esa.int/Science_Archive.shtml.
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(Higdon et al. 2004). To prepare the data for extraction, we first replaced the permanently bad and “rogue”
pixels’ flux values with those interpolated from neighboring functional pixels. For the short-low module and the
first order of the long-low module, sky emission was removed by subtracting the extracted profiles of off-nod or
off-order data. The sky emission in the second and third
orders of the long-low module was removed by subtracting a degree-zero polynomial that was fit to the emission
profiles.
The spectra were extracted with the advanced optimal
extraction method (AdOpt; Lebouteiller et al. 2010).
We then used AdOpt again to extract the spectra of three
spectral calibrators: Markarian 231, α Lac, and ξ Dra.
Template spectra of these three calibrators were divided
by their extracted spectra at the two nod positions to
create relative spectral response functions (RSRFs). We
then multiplied the extracted orders of HOPS 136 at both
nod positions by the RSRFs. The resulting nod-position
spectra were averaged to obtain the final spectrum, and
the spectral uncertainties are estimated to be half the difference between the two independent spectra from each
nod position.
3. SOURCE CHARACTERIZATION

Here we present some initial characterization of HOPS
136 before applying radiative transfer modeling. Figure 1
shows how the elements of a protostar except for the
central source are all visible in scattered-light imaging of
an edge-on system, with the dark disk midplane, bright
upper disk layers, disk shadow, envelope, and cavities all
denoted.
The near-IR morphology confirms an edge-on line of
sight, and the brightness ratio of the two sides of the
nebula is sensitive to the exact inclination (Watson et al.
2007). To avoid complications from the complex envelope morphology, we measured the brightness in two
boxes that allow a comparison of the upper and lower
halves of the disk. The boxes have widths of 31 pixels
(980 AU) and extend above or below the central dark
lane with heights of 8 pixels (250 AU). The top box is
19% brighter than the bottom box at 1.60 µm and 4%
brighter than the bottom box at 2.05 µm. In the model
adopted below, a system even 1◦ from edge-on has 24%
more flux in the upper box at 1.60 µm and 22% more
flux at 2.05 µm. While inclination is not the only factor
that influences the brightness ratio, this finding suggests
that the inclination of HOPS 136 is greater than 89◦ . In
the modeling below, we fix the inclination at 90◦ .
We treat the SED as static due to the lack of significant
variability in mid-IR photometry and spectra acquired
in 2004, 2005, 2007, and 2010. The bolometric luminosity and temperature derived from a protostellar SED
characterize its evolutionary state (Myers & Ladd 1993).
For HOPS 136, the bolometric luminosity Lbol , found by
trapezoidal integration of the SED and assuming a distance of 420 pc to the Orion region, is 0.83 L⊙ . The
bolometric temperature Tbol , the temperature of a blackbody with the same mean frequency as the SED, is 174 K.
This places HOPS 136 squarely in the observational category Class I, with 70 K < Tbol < 650 K (Chen et al.
1995). Class I is believed to correspond, generally, to
the evolutionary category Stage I (Dunham et al. 2013),
where the envelope material is in the process of falling

onto a circumstellar disk but the stellar mass exceeds the
remaining envelope mass. The ratio of submillimeter to
bolometric luminosity, Lsmm /Lbol, where the APEX data
are used to calculate Lsmm , is 0.8%. This is greater than
the 0.5% upper limit for Class I sources (André et al.
1993), implying a less evolved envelope, but in Section
5.3 we conclude that this is due to the edge-on inclination
of the source rather than an atypically dense envelope for
Stage I. (The 1.2 mm MAMBO limit was ignored in these
calculations, but treating it otherwise affects the results
at a level far below the quoted precision.)
Analyzing the slope of the SED over various wavelength intervals, where
αλ1 −λ2 = log (λ1 Sλ1 /λ2 Sλ2 ) / log (λ1 /λ2 )

(1)

and Sλi is defined as the flux density at wavelength
λi , we find α2.2−24 = −0.2, typical of the flat-SED
sources (Greene et al. 1994). These can be modeled as
young stellar objects with envelopes (Calvet et al. 1994).
Fang et al. (2013) drew the same conclusion about HOPS
136 (their object 1224) from α3.6−24 = 0.05. In the system developed by McClure et al. (2010) for IRS spectra,
α5−12 = −1.6 and α12−20 = 3.7, which would classify
HOPS 136 as a transition disk, a post-protostellar object in which the protoplanetary disk has an inner hole.
Due to the deep local minimum centered near 10 µm
but affecting fluxes across the Spitzer range, it is necessary to compare the near-infared to the far-infrared to
find the rising SED typical of Class I sources. We find
α2.2−70 = 0.5 for HOPS 136, consistent with its Class I
status.
The source is in an isolated environment, with minimal
nebular background and only three 70 µm point sources,
all at least ten times fainter, detected within 5 × 104 projected AU. Further, HOPS 136 does not appear to be
driving a jet. While the cavities visible in the NICMOS
images suggest outflow at some level, there are no affiliated Herbig-Haro objects, there are no outflow lines in its
Spitzer spectrum, and an outflow is only marginally detected in a CO 3 → 2 map of this region (J. Di Francesco,
priv. comm.). This source provides an opportunity to
study the formation of an isolated protostar, allowing a
comparison to standard models.
The NICMOS images do show a faint point source 6.6′′
(projected separation 2800 AU) to the southwest of the
protostar (Fig. 1). This source, undetected by 2MASS,
has NICMOS magnitudes 19.441 ± 0.026 in F160W and
18.527 ± 0.032 in F205W. While this is likely a background star, if it is a physical companion, its magnitudes
are consistent with those of an early L dwarf behind
AV ∼ 5 mag of extinction, according to the BT-Settl
models for an age of 1 Myr (Allard et al. 2012). The
scattered-light nebulosity is less extended in this direction, raising the possibility that the faint source influences the morphology of the HOPS 136 envelope.
4. RADIATIVE TRANSFER MODELING

To gain a more precise understanding of the HOPS
136 envelope, disk, and central star, we used the Monte
Carlo radiative transfer code of Whitney et al. (2003b)
to fit the source SED and images. The code features a
central star and flared disk, which emit photons that can
then be scattered or absorbed and re-emitted by dust in
either the disk or an envelope. The envelope density is
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defined by the rotating collapse solution of Ulrich (1976)
plus a bipolar cavity that can contain dust and gas with
a power-law density distribution.
We first attempted to fit the SED of HOPS 136 with
the Robitaille et al. (2007) online tool, which finds the
best match to an input SED in a pre-computed grid of
over 20,000 Whitney et al. models observed at 10 viewing angles (Robitaille et al. 2006). Of the ten best-fit
SEDs, three have viewing angles > 80◦ , consistent with
the edge-on morphology of the NICMOS images. These
SEDs match the 1.2–1200 µm photometry except for a
mild underprediction of the flux near the 10 µm minimum in the IRS spectrum. However, the near-IR peak
in all of these models is due to direct stellar flux, not
scattered light. In these models, the view toward the
protostar skims the upper edge of the disk, allowing the
near-IR flux of the central star to escape to the observer
with little attenuation. Since the Robitaille grid does not
include images, we generated our own with the parameters of the best-fit SEDs. These images contain a bright
point source at the center of the system, not the dark
dust lane observed toward HOPS 136. No model in the
Robitaille grid fits both the SED and the image well.
For subsequent fitting, we used the version of the Whitney et al. code with release date 2008 April 7. For the
disk, envelope, and cavity dust, we use a model from
Ormel (2011) for a 2:1 mixture of ice-coated silicates and
bare graphite grains, where the depth of the ice coating
is 10% of the particle radius. The particles are subjected
to time-dependent coagulation; we choose a time of 0.3
Myr. The particle size distribution at this time ranges
from a = 0.1 to 3 µm with the number at each size
roughly proportional to a−2.3 . The opacity and scattering laws for the ensemble are density-weighted averages
of laws for particles of different sizes. We assume a gasto-dust ratio of 100. The adopted model is shown in
black in Fig. 3. We favor this model because it contains
both scattering and absorption properties across the full
range of wavelengths required by the radiative transfer
code, its mid-IR properties resemble those determined
by McClure (2009) for star-forming regions (blue curve
in Fig. 3; this is also what we use to add foreground
reddening to the model) and those used by Tobin et al.
(2008) for modeling an edge-on protostar, and its midto-far-IR opacities resemble those of the frequently cited
OH5 opacities (Ossenkopf & Henning 1994; red dashed
curve in Fig. 3).
The adjustable input parameters in the Whitney et al.
code were initially set to those of the “Class I” model
from Whitney et al. (2003a), which are typical values
for low-mass protostars, and the inclination was set to
90◦ due to the morphology of the NICMOS images.
This model yields a double-peaked SED, with a nearto-mid-infrared peak consisting of stellar and accretiongenerated photons that have been scattered by the disk
and envelope and a far-infrared peak consisting of photons from the same initial sources that have been reprocessed to long wavelengths by cold disk and envelope
dust. It also yields an image with two roughly parabolic
nebulae separated by a dark lane.
The SED is most sensitive to the total luminosity L,
which controls the overall flux in the SED, and the envelope density, parameterized here by the reference density
ρ1 , the density at 1 AU in the limit of no rotation, which
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Figure 3. Dust properties. Black curves show the adopted model
from Ormel (2011), with a dashed curve for absorption, a dotted
curve for scattering, and a solid curve for their sum. For comparison, the dashed red curve shows the IR “OH5” opacity from
Ossenkopf & Henning (1994), and the solid blue curve shows the
McClure (2009) mid-IR extinction for AK < 1. (McClure tabulates Aλ /AK ; for presentation, we scale this to match the Ormel
opacity at 5 µm.)

controls the wavelength and flux of the far-infrared peak
(Kenyon et al. 1993). These are not set explicitly in the
Whitney et al. code but are functions of the infall and
accretion rates and the stellar parameters.
The luminosity is the sum of the stellar luminosity L∗
and the accretion luminosity Lacc , where L∗ ∝ R∗2 T∗4
and Lacc is a function of the stellar mass M∗ , the stellar
radius R∗ , the inner radius of the dust disk Rmin,disk ,
the inner radius of the gas disk Rtrunc , and the rate at
which matter accretes from the disk onto the star Ṁdisk .
Since reprocessing by the disk and envelope erases the
distinction between luminosity from the central source
and luminosity due to accretion, we simplify the fitting
by fixing the stellar luminosity at 1 L⊙ and adjusting the
total luminosity only via the disk-to-star accretion rate.
The envelope density is proportional to Ṁenv , the rate
at which matter falls from the envelope onto the disk. For
the adopted density profile, Kenyon et al. (1993) showed
that the reference density ρ1 can be written as
!
−1/2
M∗
Ṁ
env
−15
ρ1 = 7.5 × 10
10−6 M⊙ yr−1
0.5 M⊙
g cm−3 .
(2)
As the density increases, the far-IR flux first increases
and then shifts to longer wavelengths. The first step in
fitting was to coarsely adjust L and ρ1 to get an approximate match to the observed SED.
To fit the images, we compared the height and width
of the contours at 1, 10, and 35% of the peak emission
in the model to those in the observations. These contours track the width and depth of the dark lane, the
extent of the adjacent bright concentrations of scattered
light, and the morphology of the envelope structure on
a scale of ∼ 1000 AU, respectively. Since our code is axisymmetric, we do not attempt to reproduce even fainter
emission at larger scales, which is irregular in HOPS 136
and protostars in general (Tobin et al. 2010).
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Figure 4. Left: Two-color 1.60 µm (cyan) and 2.05 µm (red) NICMOS image of HOPS 136. Offsets are from its Spitzer-determined
J2000 position (α = 5h 38m 46s .54, δ = −7◦ 05′ 47′′ .46). Right: Model image of HOPS 136 with the same color scheme. The model output
is convolved with a gaussian beam of FWHM = 0.2′′ and then centered and rotated to match the orientation of the observed nebulosity.

After obtaining coarse fits to the SED and images by
adjusting L and ρ1 , we built grids of models to cover
small ranges of parameters around the coarsely determined values. We ranked the SED models with the R
statistic (Fischer et al. 2012; E. Furlan et al., in preparation). This statistic measures the logarithmic deviation of the observed SED from the models in units of the
fractional uncertainty, where
R=

N
X

[wi |ln (Fλi ,o /Fλi ,m )|] /N.

(3)

i=1

Here N is the number of data points, Fλi ,o is the observed flux at each wavelength λi , Fλi ,m is the model
flux at each wavelength λi , and wi is the inverse of the
approximate fractional uncertainty in each data point,
taken to be 5% at wavelengths less than 350 µm, 40%
at 350 µm, and 20% at 870 µm. Models that violate
the 1200 µm upper limit were discarded. Each model
can be shifted slightly in luminosity and modified with
foreground reddening under the law of McClure (2009) to
improve the fit (Section 4.1). The models with R . 4 are
qualitatively good fits, and we chose the one in this range
that provides the best match to the image contours; it
has R = 3.31.
We compare the preferred model SED to the photometry and spectrum in Figure 2, and we compare the model
images to the NICMOS images in Figure 4. To get adequate signal in the image and the millimeter-wavelength
portion of the SED, 8×107 photons were run through the
Monte Carlo code. The code generates output for multiple apertures; the plotted SED shows the result from
the 5′′ aperture in the 2MASS regime and the 20′′ aper-

ture (which captures the entire simulation box) at longer
wavelengths, with an interpolation scheme to bridge the
change of aperture. Counting all the flux in the simulation box is a good approximation to the observed
non-2MASS fluxes, which are either measured in small
apertures and corrected to a total flux via aperture corrections or determined by fitting a point-spread function.
We present the well constrained parameters of the
adopted model and their uncertainties in Table 2. For
reproducibility, we include a comprehensive list of other
input parameters in Table 3. Both tables include italicized quantities of interest that are not directly specified
but are instead derived from the input parameters, such
as the total luminosity of the system. Finally, the density
and temperature distributions for the adopted model are
presented in Figures 5 and 6. In the following subsections, we discuss the well constrained parameters.
4.1. Luminosity and Foreground Extinction
The overall system properties that are well constrained
are the inclination, the luminosity, and the amount of
foreground extinction. As discussed in Section 3, the
inclination appears to be nearly edge-on, 90 ± 1◦ .
For an edge-on protostar, the intrinsic luminosity is
generally larger than the observed luminosity due to extinction by the disk and by foreground dust. In contrast to the observed luminosity of 0.8 L⊙ , the best-fit
model has an intrinsic luminosity near 5 L⊙ when all
viewing angles are accounted for. To optimize the luminosity and extinction, we assume that for small differences in luminosity, SEDs differ by only a multiplicative constant. This is reasonable given the finding of
Kenyon et al. (1993) that the wavelength of the peak flux
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Table 2
Well Constrained Properties of the Best-Fit Model
Property

Description

Mdisk (M⊙ )
h100 (AU)
Rmax,disk (AU)
ρ1 (g cm−3 )
ρ1000 (g cm−3 )
Menv (M⊙ )
θcav (◦ )
γcav
Mcav (M⊙ )
L (L⊙ )
i (◦ )
AK (mag)

Disk mass
Disk scale height at 100 AU
Outer disk radius
Envelope density at 1 AU in the limit of no rotation
Envelope density at 1000 AU in the limit of no rotation
Envelope mass inside 10,000 AU radius
Cavity opening angle
Cavity opening exponent
Mass in each cavity
System luminosity
Inclination angle
Foreground extinction at K

Value
(2 ± 0.5) × 10−3
12 ± 2
450 ± 25
(4.5 ± 0.5) × 10−15
(1.4 ± 0.2) × 10−19
0.060 ± 0.005
10 ± 2
2 ± 0.5
(5.4 ± 0.8) × 10−5
4.7 ± 0.1
90 ± 1
0.55 ± 0.02

Note. — Italicized properties are derived from the input parameters rather than specified directly.

Table 3
Other Input Parameters of the Best-Fit Model
Property

Description

Value

R∗ (R⊙ )
T∗ (K)
M∗ (M⊙ )
Rmin,disk (R∗ )
h0 (R∗ )
α
β
Ṁdisk (M⊙ yr−1 )
Rtrunc (R∗ )
fspot
Rmin,env (R∗ )
RC (AU)
Rmax,env (AU)
Ṁenv (M⊙ yr−1 )
ηcav
ρ0,cav (g cm−3 )
z0,cav (AU)
ρamb (g cm−3 )

Stellar radius
Stellar temperature
Stellar mass
Inner dust disk radius = dust sublimation radius
Disk scale height at R∗ (disk does not actually extend to R∗ )
Disk radial density exponent
Disk scale height exponent
Disk accretion rate
Inner gas disk radius
Fractional area of accretion hot spots
Inner envelope radius = dust sublimation radius
Envelope centrifugal radius
Outer envelope radius
Envelope infall rate
Cavity density exponent
Density of cavity at R∗ (cavity material does not actually extend to R∗ )
Offset of cavity base from midplane
Ambient density

2.09
4000
0.5
14.8
0.02
−2.20
1.20
6.7 × 10−7
3.0
0.01
14.8
450
10,000
6.0 × 10−7
−1.5
2.0 × 10−13
0
0

Note. — These properties are tabulated for reproducibility and do not, by themselves, have a significant effect on the SED and image,
although they may appear in the derivation of italicized properties in Table 2 that are well constrained. Italicized properties are derived
from the input parameters rather than specified directly.

from an optically thick envelope scales as the luminosity
to only the −1/12 power. We then write the observed
SED Oλ as
Oλ = ℓMλ 10−0.4Aλ
= ℓMλ 10−0.4AK kλ ,

(4)

where Mλ is a model SED, ℓ is a small multiplicative
constant that allows the luminosity to differ slightly from
that of the best-fit model, Aλ is the foreground extinction
in magnitudes as a function of wavelength, AK is the
extinction in the K band, and the extinction law is kλ =
Aλ /AK . We use the extinction law of McClure (2009),
plotted in Figure 3. Rearranging terms,
2.5 log (Mλ /Oλ ) = AK kλ − 2.5 log ℓ.

(5)

This equation is linear in kλ . The plot of 2.5 log (Mλ /Oλ )
versus kλ can then be fit with a line having slope AK and
intercept −2.5 log ℓ. Following this procedure, we find a
luminosity 4.7 ± 0.1 L⊙ for the system and a foreground
extinction of AK = 0.55 ± 0.02 mag.

4.2. Disk Properties
According to Watson et al. (2007), the properties of
an edge-on disk best constrained by modeling are the
mass-opacity product of the disk and the effective scale
height of dust in the outer disk. The mass-opacity product is constrained rather than the mass alone, since the
mass density and the opacity per unit mass appear as
a product in the scattering equations. We quote a disk
mass of (2 ± 0.5) × 10−3 M⊙ for HOPS 136 with the
understanding that it can be compared most directly to
modeling done with similar opacity laws; we have chosen
dust properties similar to widely used tabulations. With
a larger disk mass, the central lane in the image is too
dark, as measured by the separation of the contours at
35% of maximum brightness, and the 10 µm minimum
in the SED is too deep. The opposite problems arise for
smaller disk masses.
The scale height at large radius controls the morphology of the bright nebulae just above and below the dark
lane, which we track with the image contours at 10% of
maximum flux. We quote a scale height at 100 AU of
12 ± 2 AU. A larger scale height makes the 10% con-
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Figure 5. Density distribution for the adopted model. From left to right, panels are scaled to emphasize the envelope, disk, and inner
region. Contours are at 10−21 , 5 × 10−20 , 10−18 , 5 × 10−17 , and 10−15 g cm−3 .

Figure 6. Temperature distribution for the adopted model. From left to right, panels are scaled to emphasize the envelope, disk, and
inner region. Contours are at 10, 20, 30, 50, 100, and 200 K.

tours too high and the dark lane too wide; the opposite
problems arise for a smaller scale height.
Watson et al. (2007) caution that the radius corresponding to the edge of the scattered light from the disk
is merely a lower limit to the disk radius. From this approach, we find a disk radius of 450 ± 25 AU. While this
may be a lower limit, we note that it is already larger
than most known protostellar disks. We discuss this in
further detail in Section 5.2.
4.3. Envelope Properties

As discussed above, the SED and images respond to
the overall envelope density, which can be quantified in
various ways. We quote a reference density (Eqn. 2) of
ρ1 = (4.5 ± 0.5) × 10−15 g cm−3 for comparison with
literature studies but note that densities as large as ρ1
do not actually occur anywhere in the envelope. To give a

sense of a typical envelope density, ρ1000 = ρ1 ×1000−1.5,
the density at 1000 AU in the limit of no rotation (E.
Furlan et al., in preparation), is (1.4±0.2)×10−19 g cm−3
for HOPS 136. Larger envelope densities are ruled out
because they yield a far-IR SED peak that is too red and
near-IR images in which too little scattered light escapes
the envelope. Smaller envelope densities are ruled out
because they yield a far-IR SED peak that is too weak
and near-IR images in which the contours of the scattered
light at 1% of maximum emission are too concentrated
toward the disk.
We assume the centrifugal radius RC , where the dependence of the density on the stellocentric radius r transitions from r−0.5 when r ≪ RC to r−1.5 when r ≫ RC ,
is the same as the disk outer radius.
Given the Ulrich (1976) density law, our best-fit envelope falls to a density typical of the larger molecular
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cloud, ∼ 103 molecules cm−3 , at ∼ 10,000 AU. We adopt
this as the outer radius of the envelope. Accounting for
the reference envelope density ρ1 , the centrifugal radius
RC , and the cavity parameters described below, we calculate an envelope mass inside a 10,000 AU radius of
0.060 ± 0.005 M⊙ .
4.4. Cavity Properties

In Figure 1, the northern cavity is better defined than
the southern one. We measured the apparent (half)
opening angle of the cavity at 2000 AU above the dark
lane to be 21◦ . The cavity shape near its base is curved,
suggestive of a parabola. A parabolic cavity with an
opening angle of 21◦ at 2000 AU corresponds to a 10◦
opening angle at the 10,000 AU envelope radius. We
thus quote an opening angle of 10 ± 2◦ for the cavity and
an opening exponent of 2 ± 0.5.
An unusual aspect of the HOPS 136 SED (Fig. 2) is
the redness of the short-wavelength peak (near 2.2 µm)
and the relatively small ratio of the long-wavelength peak
to the short-wavelength peak, 5.5 in λSλ space. For
comparison, in the SED generated by adopting the reference Class I parameters from Whitney et al. (2003a)
and using the dust opacities described above, the shortwavelength peak is at only 1.7 µm and the ratio of the
long-wavelength peak flux to the short-wavelength peak
flux is 15. These unusual characteristics of the HOPS 136
SED can be replicated by adding material to the envelope
cavities. This is parameterized by setting the density at
R∗ to 2.0 × 10−13 g cm−3 , diminishing with radius to
the −1.5 power. In the model, no dust exists inside the
sublimation radius (14.8 R∗ ), so the largest density encountered in the cavity is (3.3±0.5)×10−15 g cm−3 . The
total mass in each cavity is (5.4 ± 0.8) × 10−5 M⊙ , and
the optical depth at 2.2 µm through the cavity along the
polar axis is τ2.2 = 0.38 ± 0.06. Along the cavity wall,
the cavity is always much less dense than the adjacent
disk or envelope, consistent with cavity dust of a reasonably low mass and density. This cavity dust shifts
the near-IR peak to the requisite longer wavelength and
larger relative flux.
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would deplete the modeled envelope mass of 0.06 M⊙ in
less than 105 yr. The current disk accretion rate is also
unlikely to be significantly larger than this, as HOPS 136
shows no evidence of the well studied accretion outbursts
in young stellar objects (e.g., Reipurth & Aspin 2010).
First, the estimated maximum envelope infall rate and
modeled envelope density place a rough upper limit on
the mass of the central object. Equation 2 shows that,
for a known envelope density, the envelope infall rate
scales as the square root of the central mass. An overly
massive central star would cause the envelope to fall in
implausibly quickly. Substituting our finding of ρ1 =
4.5 × 10−15 g cm−3 and our estimate of Ṁenv ≤ 6 × 10−7
M⊙ yr−1 into Equation 2, we find M∗ ≤ 0.5 M⊙ . The
total modeled luminosity of 4.7 L⊙ is also indicative of
a low-mass star.
Second, the estimated maximum disk accretion rate
and total modeled luminosity place a rough lower limit
on the mass of the central object. The total modeled
luminosity is the sum of stellar luminosity L∗ (due to
contraction toward the main sequence) and accretion luminosity Lacc . (This neglects luminosity due to external
heating, but this is expected to be insignificant in an
isolated source such as HOPS 136.) Essentially, our estimate of a low disk accretion rate suggests a relatively
small accretion luminosity and a relatively large stellar
luminosity, ruling out the least massive stars.
The total luminosity is
L = L∗ + Lacc = L∗ + ǫ GM∗ Ṁdisk /R∗ ,

(6)

where ǫ is the fraction of the potential energy that is
radiated away, and G is the gravitational constant. In
accreting young stars, ǫ is commonly assumed to be 0.8
due to the truncation of the accretion disk at a few stellar
radii by the stellar magnetic field (Gullbring et al. 1998),
a value we adopt here. Rearranging and substituting,
Ṁdisk = 3.2 × 10

−8



R∗ /R⊙
M∗ /M⊙

≤ 6 × 10−7 M⊙ yr−1 .



L − L∗
L⊙

 
1
M⊙ yr−1
ǫ

(7)

5. DISCUSSION

Working from the center of the system outward, we
discuss the central star, the disk, and the envelope and
cavity of HOPS 136.

Further rearranging terms, replacing L and ǫ with our
favored values, and using solar units, we find

5.1. Estimating the Central Source Mass

M∗
+ 0.067 L∗ ≥ 0.31.
R∗

Without a measurement of Keplerian rotation, the
properties of the central source are uncertain in a protostellar system. The weak flux in the optical and near-IR
and the veiling of photospheric lines in these regions by
accretion processes prevent spectral typing. SED modeling alone is not useful, as one cannot distinguish between
the intrinsic luminosity of the central star and the luminosity due to accretion, and, in our adopted model for the
envelope density, the envelope infall rate and the mass of
the star are degenerate.
Nonetheless, we can combine the results of SED fitting
with envelope and stellar evolution models to estimate
a plausible mass for the central source. Averaged over
a long period, the envelope infall rate for HOPS 136 is
unlikely to be greater than 6 × 10−7 M⊙ yr−1 , as this

This condition can be compared to models of pre-mainsequence stars, since the small remaining envelope mass
suggests the main accretion phase is over. Although the
model age to assign to HOPS 136 is a source of ambiguity, inspection of the Siess et al. (2000) models for small
ages reveals that the left-hand side of this condition generally increases with M∗ , exceeding the right-hand side
at about 0.4 M⊙ for a model age of 104 yr after the end of
the main accretion phase. We thus adopt a lower stellar
mass limit of ∼ 0.4 M⊙ . With the upper limit of 0.5 M⊙
from Equation 2, we estimate that HOPS 136 contains
a star of ∼ 0.4 − 0.5 M⊙ . This is typical of low-mass
protostars but substantially in excess of the 0.06 M⊙ remaining in the envelope.

(8)
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Table 4
Disk Properties

Reference
J09
J09
E12
CD
G10
A05
A05
A05
CD
HOPS 136

Class

Mdisk (M⊙ )

Menv /Mdisk

Rdisk (AU)

0
I
I
I
I
I
FS
II
II
I

0.089
0.011
0.008
···
0.010
0.030
0.004
0.003
···
0.002

19
4
12
···
10
···
···
···
···
30

···
···
310
190
120
···
···
···
110
450

References. — (J09) Jørgensen et al. 2009; (E12) Eisner
2012; (G10) Gramajo et al. 2010; (A05) Andrews & Williams
2005; (CD) Catalog of Circumstellar Disks
Note. — Results from compilations are medians. FS refers to
flat-SED sources.

5.2. The Disk of HOPS 136 in Context

The mass and radius of the HOPS 136 disk can be
compared to those of large samples of disks from Class
0 to Class II. Table 4 compares findings from several
studies to our results for HOPS 136. Jørgensen et al.
(2009) observed 20 Class 0 and I protostars between 850
µm and 1.3 mm. Eisner (2012) imaged ten Class I objects in Taurus at 1.3 mm, detecting eight single sources
and one binary, and modeled these images in concert
with 0.9 µm images and broadband SEDs from the literature. (Table 4 excludes the binary.) Gramajo et al.
(2010) took an approach similar to ours, modeling the
0.55 to 1300 µm SEDs and near-to-mid-IR images of
eight Class I objects in Taurus. Focusing on later
stages, Andrews & Williams (2005) presented masses for
16 Class I, 9 flat-SED, and 64 Class II disks in Taurus
based on 850 µm fluxes. Finally, the online Catalog of
Circumstellar Disks16 (Watson et al. 2007) lists diameters for 16 Class I objects (category YSO) and 54 Class II
objects (category TT).
By several observational diagnostics (Section 3) and
our modeling (Section 4), HOPS 136 is a Class I object, corresponding to the stage of protostellar evolution
in which an envelope is still falling onto a circumstellar
disk. However, its disk mass of 0.002 M⊙ is more typical of Class II objects, where the envelope has essentially
dissipated. Its mass is below the median mass of the
Andrews & Williams (2005) Class II disks, in the 40th
percentile. Its envelope mass is small for Class I, but
its ratio of envelope mass to disk mass, 30, is large compared to the median ratios of the Jørgensen et al. (2009),
Eisner (2012), and Gramajo et al. (2010) embedded samples.
The radius of the disk, 450 AU, is large for disks at
any stage. It exceeds the median radius for the Eisner
(2012) sample and is equal to those of its two largest
disks. It is also larger than those of all objects in
the Gramajo et al. (2010) sample except the “Butterfly
Star” IRAS 04302+2247, a similarly edge-on protostar
with a disk radius of 500 AU. In the Catalog of Circumstellar Disks, HOPS 136 is in the 80th percentile of the
Class I radius distribution and the 90th percentile of the
Class II distribution.
16

http://www.circumstellardisks.org/

To summarize, the mass of the HOPS 136 disk is typical of Class II objects, but consistent with its classification as a Class I protostar, there is a substantial reservoir of mass remaining in its envelope. Its radius is large
(but not unprecedented) for either a Class I or a Class II
system, suggesting that the infalling envelope may have
imparted a large amount of angular momentum to the
disk. It appears to be an example of a system in transition from the protostellar stage to the T Tauri stage.
5.3. HOPS 136: Approaching the End of Envelope Infall

We showed in Section 3 how, from its near- and mid-IR
photometry and spectrum alone, one might draw alternative conclusions about the evolutionary state of HOPS
136. The slope of the SED across the Spitzer/IRAC
range and the K to 24 µm slope both indicate that HOPS
136 is a flat-SED source. The Spitzer/IRS classification
scheme of McClure et al. (2010) identifies HOPS 136 as
a transition disk. The SEDs of edge-on protostars and
face-on transition disks are similar in that both have midIR deficits. In transition disks, optically thick material
with the requisite temperatures for mid-IR emission is
not present, while in edge-on protostars, this material is
hidden from view by the cold outer regions of the disk.
With far-IR photometry and HST imaging, HOPS 136
is revealed to retain a protostellar envelope. It has
α2.2−70 = 0.5, making it a Class I source, and the imaging shows light scattered by the inner envelope. Calculating α2.2−70 for the best-fit model to HOPS 136 (as
opposed to the observed photometry) has the advantage
that we can estimate the dependence of this quantity on
inclination angle. The near-to-far-IR slope of the model
SED is consistent with Class I sources (α2.2−70 ≥ 0.3)
when the inclination is closer to edge-on than 70◦ and
consistent with flat-SED sources (−0.3 ≤ α2.2−70 < 0.3)
when the inclination is closer to pole-on than 70◦ . This
is evidence that flat-SED and some Class I sources may
be objects in a similar evolutionary state viewed from
different angles.
The inclination dependence of Lsmm /Lbol is also a clue
to the evolutionary state of HOPS 136. The observed ratio is 0.8%, which indicates a dense Class 0 envelope under the original André et al. (1993) definition. However,
this ratio is enhanced by the edge-on inclination. As the
inclination of the best-fit model varies from edge-on to
pole-on, Lsmm increases by only 7%, but Lbol increases by
nearly 700%. This is because the disk attenuation that
so strongly affects the edge-on SED predominantly reduces the fluxes at wavelengths less than 160 µm. Thus,
Lsmm /Lbol is greater than the André et al. (1993) Class I
upper limit of 0.5% only for inclination angles greater
than about 80◦ , again pointing to a protostellar envelope in the later stages of evolution.
5.4. The Origin of the Cavity Material

Simultaneously fitting the SED and near-IR images of
HOPS 136 requires a small amount of dust and gas in the
cavity. While Whitney et al. (2003a) set a constant cavity density of 1.67 × 10−19 g cm−3 in their Class I model,
which would correspond to 0.014 M⊙ of material in each
of the adopted HOPS 136 cavities, this low density has an
undetectable effect on our model SED and images. Our
prescription for the cavity density adds negligible mass
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(5.4 × 10−5 M⊙ per cavity); rather, the improved SED
fit is due to the concentration of cavity material near the
disk plane. The density averaged over the inner 1 AU of
each cavity is 2.9 × 10−16 g cm−3 , three orders of magnitude larger than the constant density of Whitney et al.
(2003a) and comparable to the constant cavity density
used by Gramajo et al. (2010) to model the Butterfly
Star. (This is the only one of the eight embedded objects
modeled by Gramajo et al. 2010 that requires cavity dust
of sufficient density to affect the SED, which weakly constrains the frequency of this phenomenon.) Our 1/r1.5
density law yields the desired behavior in the SED without requiring a substantial increase in the cavity mass.
Zhang et al. (2013) showed how, in massive stars, a
disk wind in the style of Blandford & Payne (1982) or
an X-wind in the style of Shu et al. (1994) could carry
disk dust into an outflow cavity. The same process may
be at work in HOPS 136.
6. CONCLUSIONS

In Spitzer and Hubble images of the L 1641 region in
the Orion A molecular cloud, we discovered an isolated
edge-on protostar and designated it HOPS 136 in the target catalog for the Herschel Orion Protostar Survey. In
NICMOS 1.60 and 2.05 µm images, the object is almost
exactly edge-on and shows all of the hallmark features
of an embedded protostar: a dark dust lane and bright
scattered light from the disk, diffuse scattered light from
an infalling envelope interrupted by a disk shadow, and
bipolar cavities presumably evacuated by past outflow.
We used the Whitney et al. (2003b) radiative transfer code to model the HST images and the 1 − 1200 µm
SED of the source, which combines photometry and spectra from 2MASS, WISE, Spitzer, Herschel, APEX, and
IRAM. From the modeling, we conclude that the protostar is of moderate luminosity (L = 4.7 L⊙ ) and envelope mass (0.06 M⊙ inside 10,000 AU). Its disk has mass
0.002 M⊙ and radius 450 AU, and there is 5.4×10−5 M⊙
of material in each envelope cavity concentrated near the
disk plane. With pre-main sequence models, we estimate
a central source mass between 0.4 and 0.5 M⊙ .
By the observational diagnostics Tbol and α2.2−70 ,
HOPS 136 is a Class I source. With modeling, we find
the envelope mass to be much less than the stellar mass
but not zero, confirming that it is approaching the end
of envelope infall. Its disk mass, however, is less than
the median for T Tauri stars, and from most inclination
angles, HOPS 136 is expected to resemble a flat-SED
source. HOPS 136 appears to be an example of a system
in transition from the protostellar stage to the T Tauri
stage, when disk conditions are being established that
later determine the architectures of planetary systems.
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