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A LARGE, MASSIVE, ROTATING DISK AROUND AN ISOLATED YOUNG STELLAR OBJECT∗

Sascha P. Quanz
1,2

, Henrik Beuther
2
, Jürgen Steinacker

2,3
, Hendrik Linz

2
, Stephan M. Birkmann

4
, Oliver Krause

2
,

Thomas Henning
2
, and Qizhou Zhang

5
1 Institute for Astronomy, ETH Zurich, Wolfgang-Pauli-Strasse 27, 8093 Zurich, Switzerland; quanz@astro.phys.ethz.ch

2 Max Planck Institute for Astronomy, Königstuhl 17, 69117 Heidelberg, Germany
3 LERMA, Observatoire de Paris, 61 Av. de l’Observatoire, 75 014 Paris, France

4 ESA/ESTEC, Keplerlaan 1, Postbus 299, 2200 AG Noordwijk, The Netherlands
5 Harvard-Smithsonian Center for Astrophysics, Cambridge, MA, USA

Received 2010 February 15; accepted 2010 May 10; published 2010 June 17

ABSTRACT

We present multi-wavelength observations and a radiative transfer model of a newly discovered massive
circumstellar disk of gas and dust which is one of the largest disks known today. Seen almost edge-on, the disk is
resolved in high-resolution near-infrared (NIR) images and appears as a dark lane of high opacity intersecting a
bipolar reflection nebula. Based on molecular line observations, we estimate the distance to the object to be 3.5 kpc.
This leads to a size for the dark lane of ∼10,500 AU but due to shadowing effects the true disk size could be smaller.
In Spitzer/IRAC 3.6 μm images, the elongated shape of the bipolar reflection nebula is still preserved and the bulk
of the flux seems to come from disk regions that can be detected due to the slight inclination of the disk. At longer
IRAC wavelengths, the flux is mainly coming from the central regions penetrating directly through the dust lane.
Interferometric observations of the dust continuum emission at millimeter wavelengths with the Submillimeter
Array confirm this finding as the peak of the unresolved millimeter-emission coincides perfectly with the peak of
the Spitzer/IRAC 5.8 μm flux and the center of the dark lane seen in the NIR images. Simultaneously acquired CO
data reveal a molecular outflow along the northern part of the reflection nebula which seems to be the outflow cavity.
An elongated gaseous disk component is also detected and shows signs of rotation. The emission is perpendicular
to the molecular outflow and thus parallel to but even more extended than the dark lane in the NIR images.
Based on the dust continuum and the CO observations, we estimate a disk mass of up to a few solar masses
depending on the underlying assumptions. Whether the disk-like structure is an actual accretion disk or rather a
larger-scale flattened envelope or pseudodisk is difficult to discriminate with the current data set. The existence of
HCO+/H13CO+ emission proves the presence of dense gas in the disk and the molecules’ abundances are similar to
those found in other circumstellar disks. We furthermore detected C2H toward the objects and discuss this finding
in the context of star formation. Finally, we have performed radiative transfer modeling of the K-band scattered
light image varying a disk plus outflow two-dimensional density profile and the stellar properties. The model
approximately reproduces extent and location of the dark lane, and the basic appearance of the outflow. We discuss
our findings in the context of circumstellar disks across all mass regimes and conclude that our discovery is an ideal
laboratory to study the early phases in the evolution of massive circumstellar disks surrounding young stellar objects.
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1. INTRODUCTION

In recent years, significant progress has been made in our
understanding of young stellar objects (YSOs) and the formation
of stars. Still, there remain unanswered questions and problems
that have to be solved observationally and theoretically. In
particular, while the formation of low-mass and intermediate
mass stars by accretion of material via a circumstellar disk
is well established (e.g., Watson et al. 2007), for massive
stars (M � 8 M�) not only the theory of the star formation
process (e.g., Stahler et al. 2000) but also the observations are
challenging (e.g., Beuther et al. 2007; Zinnecker & Yorke 2007)
and yield partly contradictory results (e.g., Chini et al. 2004;
Sako et al. 2005; Steinacker et al. 2006; Nürnberger et al.
2007). Conceptually, the problem arises from the fact that at

∗ Based on observations made at the Calar Alto Observatory. This work is
based in part on data collected at Subaru Telescope, which is operated by the
National Astronomical Observatory of Japan, and on observations made with
the Spitzer Space Telescope, which is operated by the Jet Propulsion
Laboratory, California Institute of Technology under a contract with NASA.

least in the spherically symmetric case the strong radiation
pressure of a hydrogen burning young massive star with a mass
�8 M� would prevent any further gas infall and would thus
halt the formation of a more massive object. Two competing
theories overcoming this problem were intensively discussed
in the recent past. They explain the formation of massive stars
either by the so-called competitive accretion and merging model
(Bonnell & Bate 2006) or by fragmentation during a large-scale
collapse in turbulent cores (McKee & Tan 2003). The latter
model resembles the formation process of low-mass objects
and consequently relies on circumstellar disks around young
massive stars to build up the final objects (see, also, Krumholz
et al. 2009).

Today, there is ample evidence for the existence of “disk-
like” structures around massive YSOs with masses/sizes being
higher/bigger compared to typical low-mass circumstellar disks
(e.g., Cesaroni et al. 2007; Schreyer et al. 2006; Chini et al.
2004; Beltrán et al. 2004; Patel et al. 2005; Jiang et al. 2005,
2008). While for early B-stars these structures appear to be
indeed rather disk-like, for O-stars they appear to have more of
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a toroidal shape. In most cases large, flattened structures were
detected using high spatial resolution molecular line data in the
(sub)millimeter regime. Typically, at shorter wavelengths, the
dense envelope surrounding the massive protostar causes too
much extinction and prevents a direct detection of the source in
the mid- or near-infrared. Indications for rotation in the flattened
gaseous structures supported the hypothesis that these objects
are massive circumstellar disks. However, the question whether
these objects are indeed the high-mass counterpart to the well-
established low-mass protoplanetary accretion disks directly
feeding the central source or whether they are (remnants of)
the rotating and infalling molecular envelopes (e.g., Beuther
et al. 2009) or “pseudodisks”6 (Galli & Shu 1993; Allen et al.
2003) is unclear. In particular, it appears likely that at least
some of the observed massive gaseous “toroids” around stars of
10–20 M� are unstable and have comparatively short lifetimes
(Cesaroni et al. 2007) while low-mass disks typically persist for
several Myr.

In addition to (sub)millimeter data, only for very few massive
objects mid- or near-infrared (MIR/NIR) data exist that support
the existence of an extended dusty disk component. Chini et al.
(2004) presented an NIR image of an assumed accretion disk
surrounding a presumably massive protostar in M17, but their
interpretation was challenged by Sako et al. (2005). A detailed
radiative transfer modeling of the K-band image of this source
was performed in Steinacker et al. (2006) showing that the
underlying structure has a disk shape with a mass around a
few M�. Using NIR polarimetric images, Jiang et al. (2005,
2008) found elongated polarized signatures around massive
YSOs suggesting the presence of polarization disks. Sridharan
et al. (2005) claimed the detection of a silhouette edge-on disk
around IRAS 20126+4104 based on NIR images in the K, L′,
and M ′ filters. More recently, however, De Buizer (2007) derived
from MIR images at 12.5 and 18.3 μm a much more complex
structure of the inner regions of the same source and suggested
that the data could also be interpreted as having a tight young
stellar cluster in the center. Based on MIR images, Chini et al.
(2006) reported the detection of a remnant disk around a young
massive star, and Nielbock et al. (2007) reported on evidence
for a disk candidate surrounding a hypercompact H ii region in
M17 based on NIR data. These authors also provided a radiative
transfer model for the disk seen in the Ks-band image. Finally,
very recently Okamoto et al. (2009) published the detection of
a flared circumstellar disk around the 10 M� Herbig Be star
HD200776 also using MIR imaging data.

Here, we report the direct detection of a large and massive
circumstellar disk of dust and gas surrounding a young stellar
source. The object is named CAHA J23056+6016 as it was first
identified in NIR images taken at the Calar Alto Observatory
(CAHA). Currently, we cannot say whether the disk is an
actual accretion disk or rather a “pseudodisk” or a flattened
envelope and we use the more general term “circumstellar disk”
or simply “disk” throughout the paper to avoid any possible
misinterpretation. The morphology shows a bipolar nebula
intersected by a dark lane. Multi-wavelength data including
NIR/MIR images as well as dust continuum and molecular line
data are used to constrain the physical properties of this object.
We derive a distance of 3.5 kpc to the source, find a radius for
the disk of several thousand AU and a mass, depending on the
underlying assumptions, of up to several solar masses. The K

6 A “pseudodisk” is a flattened disequilibrium structure created during the
collapse of a magnetized cloud core by strong magnetic pinching forces
deflecting the infalling gas toward the equatorial plane (Galli & Shu 1993).

band and the millimeter image are analyzed with a disk/outflow
model using radiative transfer calculations to derive scattered
light images.

In Section 2, we describe the observations and data reduction
and present the results of the data in Section 3. Results from the
radiative transfer model are presented in Section 4. A discussion
about the nature and properties of CAHA J23056+6016 in the
context of star formation is given in Section 5. Finally, we
summarize our findings and conclude in Section 6.

2. OBSERVATIONS AND DATA REDUCTION

2.1. Omega2000 NIR Wide-field Images

CAHA J23056+6016 was detected in a deep NIR survey
in 2003 October with the wide-field NIR camera Omega2000
on the 3.5 m telescope in Calar Alto (Spain).7 The camera is
equipped with a 2048 × 2048 pixel HAWAII-2 detector, has a
pixel scale of 0.′′45 pixel−1 and an effective field of view of ∼15′.
Images were taken in the three NIR filters J, H, and Ks with
central wavelengths at 1.21, 1.65, and 2.15 μm, respectively.
The observations followed a pre-defined dither pattern of 20
positions around a defined image center. On each position 20
frames with an integration time of 3 s were taken, summing up to
1 minute integration time per dither position. After co-addition
of all images, the total integration time amounted to 20 minutes
per filter.

Flat fielding, bad pixel correction, and co-addition of the
images were done with standard IRAF

8 routines. Furthermore,
we used the drizzle routine to reduce the pixel scale of the
final images to half of its original value, i.e., to 0.′′225 pixel−1.
Astrometry was applied by comparing the positions of detected
Two Micron All Sky Survey (2MASS) point sources to those
listed in the 2MASS Point Source Catalog (PSC; Cutri et al.
2003). On average, the precision of the astrometry is better than
0.′′25 with respect to the known 2MASS positions.

The photometric calibration of CAHA J23056+6016 and its
nebula (see Section 3.1) was done using six 2MASS sources in
the immediate vicinity of CAHA J23056+6016 as reference
stars (for the J-filter image seven reference sources were
available). The IDL routine atv.pro was used to carry out
aperture photometry and derive count rates of the sources
in the Omega2000 images. The 2MASS magnitudes of the
objects were then converted to mJy using the Magnitude-to-
Flux Density converter provided by the Spitzer Science Center.9

Plotting flux density versus count rate for all reference objects
and fitting an error-weighted line though the data allowed us to
derive the relation between counts pixel−1 and mJy pixel−1. For
each filter, this relation was used to calibrate our Omega2000
images. As a cross-check, we performed aperture photometry
on the calibrated images to re-derive the flux density for the
reference sources. For each filter, the results were within the
error bars from the 2MASS photometry giving us confidence in
our photometric calibration.

2.2. Subaru IRCS High-resolution NIR Images

In 2008 June high-resolution H- and K ′-band images were
obtained with the Infrared Camera and Spectrograph (IRCS)
at the Subaru telescope. IRCS is equipped with a 1024 ×

7 http://w3.caha.es/CAHA/Instruments/O2000/index2.html
8 http://iraf.noao.edu/
9 http://ssc.spitzer.caltech.edu/warmmission/propkit/pet/magtojy/
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1024 pixel ALADDIN III detector and we used the high-
resolution camera providing a pixel scale of ∼20 mas pixel−1. In
each filter, seven sets of nine dither positions were observed. On
each dither position five exposures of 5 s were taken resulting
in a total integration time of 1575 s (= 26.25 minutes) per filter.
The data processing and photometric calibration was done in the
same manner as we did for the wide-field images. We reached a
5σ limiting magnitude of ∼22.7 mag in H and ∼23.1 mag in K
in the 2MASS photometric system.

2.3. Spitzer IRAC Images

Spitzer IRAC data were downloaded from the Spitzer data
archive (AOR-Key: 18917120). The data were taken in 2007
February and serendipitously covered CAHA J23056+6016.
As the observing parameters were not optimized for
CAHA J23056+6016 but rather for bright, nearby H ii re-
gions, the integration time per pixel was only 1.2 s. Hence, for
CAHA J23056+6016, the data are of modest signal to noise and
only data from channel 1, 2, and 3 (at 3.6, 4.5, and 5.8 μm,
respectively) are used in our analyses. We used MOPEX10 to
carry out the basic data reduction steps (outlier rejection, mo-
saicking) and create the final images. In this process, the pixel
scale was changed to 0.′′6 pixel−1 in all channels instead of the
default value of 1.′′2 pixel−1. To convert the flux densities from
the initially given unit of MJy sr−1 to μJy pixel−1 (similar to the
NIR data), we adopted the value provided by the Spitzer Science
Center11 to the new pixel scale:

1 MJy sr−1 ≈ 8.46161 μJy pixel−1. (1)

2.4. Millimeter Wavelength Observations

2.4.1. SMT

Following the initial discovery of CAHA J23056+6016 in
2003, we obtained first radio data at the 10 m Sub-Millimeter
Telescope (SMT) on Mount Graham in 2004 December. Molec-
ular line measurements of CO(3–2) (beam size ∼22′′) were
obtained at 345 GHz. We used the facility receivers and reduced
all spectra with the CLASS software.12 The atmospheric trans-
mission was τ225 GHz ≈ 0.2 and W75N was used as calibration
source. The estimated pointing error is 3′′ and the radiometric
accuracy is 15%.

2.4.2. IRAM 30 m Telescope

In 2006 June, we were granted Director’s Discretionary Time
at the IRAM 30 m telescope on Pico Veleta (Spain) to observe
CAHA J23056+6016 in millimeter dust continuum with
MAMBO1 in on–off mode. The MAMBO1 bolometer works at
1.2 mm, has 37 pixels and a pixel spacing of 20′′. The half-power
beam width (HPBW) is ∼10.′′5. The total on-source integration
time amounted to 40 minutes. Cep A and NGC7538 served as
calibration sources. The data reduction was done using standard
routines from the MOPSIC software package.

Furthermore, the IRAM 30 m telescope was used to ob-
tain spectra of CAHA J23056+6016 in the molecular lines
HCO+(1–0) at 89.189 GHz and its isotopologue H13CO+(1–0) at
86.754 GHz. These observations took place between 2009 Au-
gust 20 and 24. The EMIR receiver E90 was utilized in combina-
tion with the VESPA backend. Position switching was employed

10 http://ssc.spitzer.caltech.edu/dataanalysistools/tools/mopex/
11 http://ssc.spitzer.caltech.edu/irac/iracinstrumenthandbook/
IRAC_Instrument_Handbook.pdf
12 http://www.iram.fr/IRAMFR/GILDAS

with on-source times of 120 s and 840 s for HCO+(1–0) and
H13CO+(1–0), respectively. The spectral resolution was 40 kHz
per channel, which corresponds to roughly 0.135 km s−1. The
data were first calibrated to the antenna temperature scale us-
ing the common chopper-wheel method and then converted into
main beam brightness temperatures using the forward and main
beam efficiencies provided by the observatory.13 The achieved
rms noise levels (in Tmb) are 0.043 K for HCO+(1–0) and
0.018 K for H13CO+(1–0), respectively.

The C2H(1–0) transitions were observed in 2009 July at the
IRAM 30 m telescope with the new receiver system EMIR. All
hyperfine structure lines near 87.4 GHz were observed (Bel &
Leroy 1998) with a spectral resolution of ∼0.13 km s−1. System
temperatures at 3 mm wavelengths were 88 K. The 1σ rms of the
final smoothed spectrum with 0.27 km s−1 spectral resolution is
25 mK.

2.4.3. SMA

CAHA J23056+6016 was observed with the Submillime-
ter Array (SMA)14 on 2007 October 7 with eight antennas
at 1.3 mm in the compact configuration with projected base-
lines up to 53 kλ. The phase center was 23h05m37.s4 in R.A.,
and 60◦15′45.′′6 in decl. (J2000.0) with a tuning frequency
of 230.537970 GHz in the upper sideband and chunk 14
(vlsr = −49.6 km s−1). The spectral resolution was 0.406 kHz
channel−1 corresponding to ∼0.55 km s−1 velocity resolution.
The weather was intermediate with zenith opacities τ (225 GHz)
around 0.15 measured by the National Radio Astronomy Ob-
servatory (NRAO) tipping radiometer operated by the Caltech
Submillimeter Observatory (CSO). Passband and flux calibra-
tion were derived from 3C111 and Ganymede observations,
and the flux density scale is estimated to be accurate within
20%. Phase and amplitude were calibrated with regularly inter-
leaved observations of the quasar 0102+584. We applied dif-
ferent weightings for the continuum and line data resulting in
synthesized beams of 4.′′3 × 3.′′7 for the millimeter-continuum
emission and 3.′′8 × 3.′′3 and 4.′′0 × 3.′′5 for the C18O(2–1) and
12CO(2–1) emission, respectively. The rms noise of the line and
continuum images are 1.4 mJy beam−1 and 150 mJy beam−1

per 0.6 km s−1 wide channel. The initial flagging and calibration
was done with the IDL superset MIR originally developed for
the Owens Valley Radio Observatory (Scoville et al. 1993) and
adapted for the SMA.15 The imaging and data analysis were
conducted in MIRIAD (Sault et al. 1995).

3. RESULTS

3.1. NIR Images

3.1.1. The Large-scale Environment

Figure 1 shows a color composite of the Omega2000 NIR
images with CAHA J23056+6016 lying at the image cen-
ter (R.A. (J2000): 23h05m37.s52, decl. (J2000): +60◦15′45.′′8).
A bipolar, cone-shaped nebula and an intersecting dark
lane are clearly visible. In the extended surroundings of
CAHA J23056+6016, there is evidence for ongoing star for-
mation: the large H ii complex in the lower right corner of the

13 http://www.iram.es/IRAMES/mainWiki/Iram30mEfficiencies
14 The Submillimeter Array is a joint project between the Smithsonian
Astrophysical Observatory and the Academia Sinica Institute of Astronomy
and Astrophysics, and is funded by the Smithsonian Institution and the
Academia Sinica.
15 The MIR cookbook by Charlie Qi can be found at
http://cfa-www.harvard.edu/∼cqi/mircook.html
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Figure 1. NIR color composite consisting of J (blue), H (green), and KS (red) filter images obtained at Calar Alto with Omega2000. The bipolar nebula intersected
by a dark lane at the image center is CAHA J23056+6016 (north is up, east to the left).

(A color version of this figure is available in the online journal.)

Figure 2. Contours of the NIR images: J-filter (left), H-filter (middle), and K ′-filter (right). In the J band, the S/N is lower than in the other filters and the five contour
levels start at 5σ and go up to 13σ in equidistant steps. The lowest level corresponds to ∼2.75 × 10−4 mJy pixel−1. In the H- and K ′-filter images the S/N is higher
and the flux density levels of the contours are identical for better comparison. Here, the lowest contour equals ∼2.0 × 10−4 mJy pixel−1 corresponding to ∼7σ in H
and ∼6σ in K ′. The contours increase by 2.0 × 10−4 mJy pixel−1 reaching thus ∼6.0 × 10−4 mJy pixel−1 in the third level (maximum level in the H image) and
∼1.0 × 10−3 mJy pixel−1 in the fifth level (maximum level in the K ′ image). The triangle, the square, and the cross in the H and K ′ image denote the position of the
flux peak of the IRAC 3.6 μm, 5.8 μm, and SMA 1.3 mm emission, respectively. The point-like structure seen in H and K ′ ∼ 1′′ north of the image center has very
red colors and is presumably a background source shining through the nebula.

(A color version of this figure is available in the online journal.)

image is IC 1470 (alias IRAS 23030+5958 or S156) with a dis-
tance of ∼3.′6 from CAHA J23056+6016, and the bright star
in the lower left corner is WRAM17 (distance ∼2.′7) which is
assumed to be the exciting source of BFS 17, a compact H ii re-
gion in its immediate vicinity (Russeil et al. 2007). Furthermore,
IRAS 23033+5951, another compact high-mass star-forming re-
gion, is lying ∼7.′7 south of CAHA J23056+6016.

3.1.2. Source Morphology—An Almost Edge-on Disk

Figure 2 focuses directly on the detailed structure of CAHA
J23056+6016 in the NIR. While the J-filter image was taken
at Calar Alto, the H- and K ′-filter images were obtained with
Subaru and superior spatial resolution. The contours give an idea
of the different observed flux levels and the achieved signal-to-

noise ratio (S/N) in each filter. Assuming that the flux is mostly
scattered light from a dusty surface (see below), the fact that the
nebula appears brighter at longer NIR wavelengths is surprising
as the scattering efficiency increases for shorter wavelengths for
typical interstellar medium (ISM) dust grains. However, line-
of-sight extinction toward the source causes higher absorption
at short wavelengths and could explain the difference in the
apparent brightness of the nebula.

The high-resolution images in the middle and right-hand
panel in Figure 2 clearly resolve the bipolar nebula. The nebula
is rotated in the plane of the sky by roughly ∼10◦ from north
to the west and stretches over ∼12′′ in the north–south and >6′′
in the east–west direction. The northern and southern cones
of the nebula are asymmetric in size and brightness, with the
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Figure 3. Contours of the IRAC images: 3.6 μm (left), 4.5 μm (middle), and 5.8 μm (right). The lowest contour of the 3.6 μm image denotes a 6σ detection
corresponding to ∼0.0144 mJy pixel−1. The contour levels increase in 2σ steps yielding a 12σ level for the highest contour. For the 4.5 μm image, the contours start
also at the 6σ level corresponding to ∼0.0168 mJy pixel−1 but then increase in 3σ steps with a maximum of 18σ . Finally, in the 5.8 μm image the emission is rather
strong, possibly enhanced by diffuse PAH emission. The contours denote 33σ at the lowest level equaling ∼0.099 mJy pixel−1 and increase in 3σ steps to a maximum
level of 45σ .

northern part being more prominent in size and luminosity.
Assuming an intrinsic symmetry of the structure, this can be
explained if the northern part is tilted toward the observer
compared to the southern part (see also Sections 3.2 and 3.3.3)
and if forward scattering from dust grains is the main source
of brightness of the nebula in the NIR. Forward scattering and
the suggested orientation would also explain the rather smooth
brightness distribution and the position of the brightest regions
in the nebula. For the scattering to work, an internal luminosity
source must be present illuminating its dusty, cone-shaped
surroundings. The central source, however, is not detected in
the NIR images directly but is presumably hidden behind the
flattened structure of high extinction intersecting the northern
and southern part of the nebula. As can be seen in Figure 2,
the degree of extinction of this intersecting lane depends on
the wavelengths as would be expected if dust was the main
source of extinction: Even if the J-band image has a lower
S/N than the other images, the gap between the northern part
of the nebula and the southern part appears much wider. Going
to longer wavelengths, the apparent size of the gap decreases
in H, and with the chosen contour levels the gap is no longer
apparent in the K ′ image. However, as can be nicely seen in the
K ′ band, the contours suggest a layered structure of extinction
having its maximum in the middle and then slowly decreasing
toward the north and the south. Putting all this together,
CAHA J23056+6016 shows a striking similarity to edge-on
circumstellar disk systems found around young low-mass stars
with a characteristic bipolar nebula and an intersecting dark dust
lane (e.g., Padgett et al. 1999; Brandner et al. 2000). However,
as mentioned above, due to the asymmetry and rotation of the
nebula the disk of CAHA J23056+6016 appears to be slightly
inclined and tilted.

The apparent size of the dark lane at the base of the northern
part of the nebula is ∼3′′. This translates into ∼10,500 AU for an
assumed distance of 3.5 kpc (see Section 3.3.1 for details on the
derivation of the distance). However, the dark lane is caused by

the extinction of scattered light in the disk and what we observe
could actually be not the disk itself but rather its shadow on the
surrounding nebula (Pontoppidan & Dullemond 2005). Hence,
in this case, we cannot derive the disk size directly from the
images and, as described in Section 4.1, the actual disk size
may indeed be a bit smaller.

The nebula in Figure 2 has a physical size of ∼42,000 ×
21,000 AU or ∼0.2×0.1 pc and appears to be more than 1 order
of magnitude larger than those detected for edge-on systems in
nearby star-forming regions (e.g., Padgett et al. 1999; Brandner
et al. 2000).

3.2. IRAC Images—Peaking through the Dust Lane

Going to slightly longer wavelengths, Figure 3 shows Spitzer/
IRAC images of CAHA J23056+6016. As mentioned in
Section 2.3. no optimized pointed observations were carried
out but CAHA J23056+6016 was rather serendipitously imaged
during a larger mapping program. Hence, the S/N is limited,
especially in the images at 3.6 and 4.5 μm (see figure caption
for details).

At 3.6 μm, the morphology of the emission still slightly
resembles the overall morphology in the NIR. The emission is
elongated in the north–south direction and appears to be rotated
slightly westward. At this moment, we do not know whether
the observed flux at this wavelength is mainly coming from
polycyclic aromatic hydrocarbon (PAH) emission or whether
it is caused by scattering. At 4.5 μm, the emission already
becomes more compact and the rotation of the elongated
structure is gone. As mentioned above, the emission in the third
channel at 5.8 μm is rather intense and, similar to channel 2, the
morphology no longer resembles the NIR images. Two things
are noteworthy regarding the IRAC images: (1) comparing the
peak of the emission in each channel one finds that it apparently
changes its position. Coming from 3.6 μm, the emission peak
moves slightly southward at 4.5 μm and then further to the west
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Table 1
Results from Gaussian Fits to Molecular Lines Detected Toward CAHA J23056+6016

Line Transition Rest Frequency Line No. Line Position Line Width Tmb
a Line Intensity Telescope

(GHz) (km s−1) (km s−1) (K) (K km s−1)

CO (J = 3–2) 345.795990 1 −45.54 ± 0.12 1.95 ± 0.28 2.30 SMT
2 −49.28 ± 0.07 2.22 ± 0.16 8.39
3 −51.30 ± 0.07 1.54 ± 0.16 6.24
4 −52.96 ± 0.04 0.97 ± 0.09 −4.93

HCO+ (J = 1–0) 89.188523 1 −48.92 ± 0.05 1.00 ± 0.10 0.21 0.23 ± 0.02b IRAM 30 m
2 −51.48 ± 0.02 1.00 ± 0.05 0.59 0.63 ± 0.03b

H13CO+ (J = 1–0) 86.754288 1 −51.44 ± 0.05 0.72 ± 0.11 0.10 0.07 ± 0.01b IRAM 30 m
C2H (J = 1–0) 87.316925 1 −51.47 ± 0.04 0.69 ± 0.15 0.30 0.22 ± 0.03b IRAM 30 m

Notes.
a Main beam brightness temperature.
b For a main beam efficiency of 0.85 that already includes the forward efficiency.

at 5.8 μm. The overall shift between IRAC 1 and 3 is shown
in Figure 2 and appears to be > 0.′′8. This is significantly more
than the expected astrometric accuracy of post-BCD16 IRAC
data which is better than 0.′′3 (see Spitzer webpage17). Without
emphasizing too much the derived numbers we believe that at
least the trend is real. (2) Compared to the maximum emission
in the NIR which was confined to the nebula, the maximum
emission in the IRAC channel 2 and 3 is centered directly on
the dark lane.

Building upon the dust disk hypothesis from the NIR images,
these findings can be interpreted as follows. At longer IRAC
wavelengths, the disk is no longer opaque and one starts to detect
the inner regions of the object potentially combining emission
from the inner disk regions and the central source.

The offset in the emission peak at 3.6 μm compared to 5.8 μm
can be explained if one assumes, as laid out in Section 3.1.2., that
the disk is not seen edge-on but slightly inclined and rotated in
the plane of the sky. The maximum flux at 3.6 μm would then not
come from the central source because the opacity of the disk is
still too high to directly “see” through the disk at this wavelength.
Rather, the emission presumably traces the heated inner disk
rim and those parts of the disk surface that are tilted toward the
observer and are subject to less extinction. In Figure 2, it can be
seen that the emission peak at 3.6 μm is located at a position
of higher luminosity and thus less extinction than the emission
peak at 5.8 μm. Figure 4 shows a color composite of H, K ′, and
IRAC 4.5 μm where the different regions of maximum emission
become nicely evident.

3.3. SMT, IRAM, and SMA (Sub)millimeter Data

3.3.1. Distance Estimate

To derive further information about CAHA J23056+6016 and
to probe the properties of dust and gas in its vicinity, additional
observations at even longer wavelengths were carried out. In
Figure 5, we show the result for the CO(3–2) molecular line
observations at the SMT with the 345 GHz receiver. Several
lines are detected suggesting the existence of multiple gaseous
components toward the direction of CAHA J23056+6016.
The strongest emission line is seen at a velocity of rest of
−49.3 km s−1 and a slightly weaker line at −51.3 km s−1

(Table 1). The velocity of the second peak compares very well
to the velocity we find for C18O emission in our SMA data (see
below). Thus, we believe that CAHA J23056+6016 is associated

16 Post Basic Calibrated Data.
17 http://ssc.spitzer.caltech.edu/irac/

Figure 4. Color composite of H (blue), K ′ (green), and IRAC 4.5 μm (red).
While the bipolar nebula is only seen in scattered light in the H and K ′ band,
the flux in the IRAC filter nicely traces the disk intersecting the nebula.

(A color version of this figure is available in the online journal.)

with emission at this velocity of rest and we assign a value of
−51.3 ± 0.2 km s−1 to the object. Using the galactic rotation
model of Brand (1986)18 one finds a corresponding kinematic
distance to the source of ∼5.1 kpc. The detected velocity is
fairly consistent with those of the nearby H ii regions mentioned
in Section 3.1.1: for IC 1470 and IRAS 23033+5951, Bronfman
et al. (1996) found velocities of −53.1 and −52.1 km s−1,
respectively. Wouterloot et al. (1989) found for the later region
a velocity of −51.8 km s−1. Even if both H ii regions lie ∼3.′6
and ∼7.′7 away from CAHA J23056+6016, one can assume that
all belong to the same molecular cloud complex. In particular,
Russeil et al. (2007) concluded that their star-forming complex
named “110.1+00” (based on its galactic coordinates) has a
velocity of −52.0 km s−1 and is comprised of several H ii regions
including IC 1470 and also BFS 17, the third H ii region close to

18 The model assumes a distance from the sun to the galactic center of 8.5 kpc
and a velocity of the sun of 220 km s−1.

http://ssc.spitzer.caltech.edu/irac/
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Figure 5. Main beam brightness temperature of CO(3–2) transition line emission
toward CAHA J23056+6016 measured with the 345 GHz receiver at the SMT.
The parameter for Gaussian fits to the different lines are given in Table 1.

(A color version of this figure is available in the online journal.)

CAHA J23056+6016 as mentioned in Section 3.1.1. However,
these authors also revise the distance to individual H ii regions
based on the spectral type and magnitudes of the exciting sources
of the regions. For IC 1470 and BFS 17, they derive distances
of 2.87 ± 0.75 kpc and 3.66 ± 1.7 kpc, respectively, which
is significantly less than the 5.1 kpc derived above from the
galactic rotation model. Furthermore, for IRAS 23033+5951
Reid & Matthews (2008) give a distance of 3.5 kpc which they
assume for the whole Cepheus star-forming complex. To be in
agreement with the most recent estimates for the other regions,
we adopt a distance of 3.5 kpc for CAHA J23056+6016.

3.3.2. Disk Mass Estimate from Dust Continuum

Additional millimeter observations were carried out with
MAMBO1 at the IRAM 30 m telescope and finally with
the SMA. The MAMBO1 observations at 1.2 mm continuum
yielded a flux of 12.9 ± 1.0 mJy with a beam FWHM of ∼10.′′5.
Hence, the beam covered not only the dusty disk in the center but
also the nebula. During interferometric follow-up observations
with the SMA with a synthesized beam of ∼4′′, we measured a
flux of 11.1 mJy beam−1 at 1.3 mm. The almost identical flux
levels of the single dish and the interferometric observations
show that by far the bulk of the dust emission is coming from
the central regions of the object, i.e., the disk. Since we did
not resolve CAHA J23056+6016 with our SMA observations
this emission comes from within the inner 4′′. Figure 6 shows
an overlay of the SMA millimeter data on the H-band Subaru
image. The peak of the millimeter dust emission coincides very
well with the IRAC 5.8 μm flux and the dark lane seen in the
NIR images (Figure 2). Hence, the millimeter data confirm that
the dark lane is indeed a dusty disk. Since the disk is not resolved
in our SMA data, we can only give an upper limit on its size
based on the millimeter observations. For a distance of 3.5 kpc,
we find the radius of the dust disk to be � 7000 AU.

Assuming an optically thin configuration, we obtain for the
dust mass

Mdust = F1.3 mm · d2

κ1.3 mm · B1.3 mm(Tdust)
, (2)

where F is the integrated flux, d is the distance, κ1.3 mm is the
dust opacity in cm2 g−1 at 1.3 mm, and B1.3 mm(Tdust) is the

Figure 6. Overlay of millimeter continuum and molecular line observations
on the H-filter image. Black contours are 1.3 mm continuum emission, green
contours blueshifted CO(2–1), red/blue are C18O(2–1). The continuum contours
start at 3σ and increase in 1σ steps corresponding to 1.5 mJy beam−1. The green
contours show the integrated CO(2–1) emission between −58 and −54 km s−1.
They start at 3σ and increase in 1σ steps corresponding to 66 mJy beam−1.
The blue and red contours are centered on −51.6 and −51.0 km s−1 in velocity
space, respectively, and each velocity channel has a width of 0.6 km s−1. The
lowest contour again shows the 3σ level and the contours increase in 1σ steps
corresponding to 144 mJy beam−1.

(A color version of this figure is available in the online journal.)

Table 2
Estimated Disk Masses in Units of Solar Masses for Different Values for the

Dust Opacity κ and Different Dust Temperatures

κ at 1.3 mm Tdust = 20 K Tdust = 50 K Ref. for Opacity

1.0 cm2 g−1 2.7 M� 0.9 M� Ossenkopf & Henning (1994)
2.3 cm2 g−1 1.2 M� 0.4 M� Andrews & Williams (2005)

Note. A gas-to-dust ratio of 100 was assumed.

Planck function at 1.3 mm for an assumed dust temperature
Tdust. Since we do not know the temperature of the dust disk,
nor the correct opacities for the grains, we estimate the total
disk mass for a set of different parameters in Table 2. Here, we
always assume a flux of 11.1 mJy beam−1 and a distance of
3.5 kpc. The two values we use for the opacity correspond to
that for dust grains with ice layers (Ossenkopf & Henning 1994)
and that assumed for circumstellar disks around low stars, where
in general some dust processing is assumed to have happened
(Andrews & Williams 2005). Furthermore, to derive the total
disk mass (gas and dust) from the dust mass, we multiply the
values computed with Equation (2) with the classical value for
the gas-to-dust ratio of Mgas/Mdust = 100, although a factor
of ≈190 has been derived as the median gas-to-dust ratio of
nearby galaxies by Draine et al. (2007). The estimated range of
disk masses reaches from Mdisk = 0.4 M� to Mdisk = 2.7 M�,
reflecting the uncertainties for mass estimates if dust opacities
and temperatures are not well constrained.
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3.3.3. Molecular Outflow and Hints for Gas Rotation

In addition to the millimeter-continuum data, CO(2–1) molec-
ular line observations were carried out at the SMA simul-
taneously. In Figure 6, the green contours show the inte-
grated CO(2–1) emission between −58 and −54 km s−1. This
blueshifted elongated emission overlays nicely with the north-
ern part of the nebula suggesting that the latter one is a cavity
created by the molecular outflow. The fact that the line emis-
sion is blueshifted supports the hypothesis that the northern part
of CAHA J23056+6016 is slightly tilted toward the observer.
A red counterpart to this blueshifted emission is not detected
in the SMA data. This supports indirectly the hypothesis that
the additional CO emission lines seen at lower velocities in the
SMT spectrum in Figure 5 are caused by foreground material
and are not directly related to CAHA J23056+6016 because the
emission is filtered out in the interferometric observations with
the SMA.

C18O(2–1) emission is overplotted in blue and red contours
in Figure 6. Although only detected in two adjacent velocity
channels, there is a clear spatial offset between the two peaks
roughly in the east–west direction and thus parallel to the dusty
disk and perpendicular to the outflow mentioned above. These
data, thus, seem to probe the gaseous counterpart to the dusty
disk and the shift of the peak in velocity space can be interpreted
as a sign of rotation within the gas. It is interesting to note that
the gaseous disk component appears to have a larger physical
extent than the dusty component probed in the continuum
observations. However, there are certainly limitations to the
current data set and the interpretation: while the red component
of the emission appears elongated as expected for a rotating
disk, the blue component is in addition much more extended
in north–south direction. Furthermore, the peak emission in the
red and blue component is not perfectly aligned with the dark
lane seen in the NIR images. Still, the C18O(2–1) data support
the picture of an object that is surrounded by a gaseous, rotating
disk even if observations with higher sensitivity and spectral/
spatial resolution are certainly eligible.

3.3.4. Disk Mass Estimate from C18O Emission

The C18O(2–1) emission can also be used to estimate the
related H2 column density and from this the related gas mass, if
the distance to the object is known. Wilson et al. (2009) derive
the H2 column density via

N (H2) = 2.65 × 1021
∫

T dv = 2.65 × 1021 · I (cm−2), (3)

where I is the integrated emission in K km s−1. In the
Rayleigh–Jeans approximation, we find I = 6.86 K km s−1

which translates into

N (H2) ≈ 1.82 × 1022 cm−2. (4)

The mass of the gas can then be computed using

Mgas = N (H2) · A · mH · μ (g) (5)

with A being the size of the emitting region, mH being the
atomic mass unit, and μ is the mean molecular weight of the
gas. To estimate the size of the emitting region, we averaged
the sizes of the blue and red contours in Figure 6 and found
∼40 arcsec2. Furthermore, we use mH = 1.66 × 10−24 g and

Figure 7. Main beam brightness temperature of the HCO+(1–0) and
H13CO+(1–0) emission lines toward CAHA J23056+6016. The fit results (with
set weight sigma) are summarized in Table 1.

(A color version of this figure is available in the online journal.)

μ = 2.7 to account for roughly 35% helium in the gas. With
1 M� ≈ 1.99 × 1033 g, we derive

Mgas ≈ 4.5 M� . (6)

This figure is at least a factor of 2 larger than the values
we derived for the disk mass from the dust continuum data
in Section 3.3.2. However, as mentioned above and seen in
Figure 6, the gas emission is also more extended than the
compact and unresolved dust continuum emission. Together
these estimates show that up to a few solar masses of gas and
dust are confined in the immediate circumstellar environment
of CAHA J23056+6016.

Although frequently done in the literature, we refrain from
estimating the enclosed dynamical mass of the system by
equating the gravitational force with the centrifugal force with
the latter one being based on the observed rotation velocity and
radius of the gaseous disk. This method implicitly assumes a
Keplerian rotation of the disk which is no longer valid if the
disk mass is not negligible compared to the central mass, which
could be the case for CAHA J23056+6016. In addition, there are
examples of massive, rotating disk-like structures that explicitly
show non-Keplerian rotation (e.g., Beuther & Walsh 2008).

3.3.5. HCO+/H13CO+ Excitation Temperature,
Column Densities, and Abundances

With the IRAM 30 m telescope, we searched for HCO+/
H13CO+ signatures which are known to trace regions of higher
density. The critical density for the (1–0) transition at a temper-
ature of 10 K is roughly 2 × 105 cm−3 (Evans 1999). Figure 7
shows that both lines, HCO+(1–0) and H13CO+(1–0), were de-
tected. At the HCO+(1–0) frequency, we find two lines sepa-
rated by ca. 2.5 km s−1. The stronger component is centered
roughly at the velocity found for C18O in our SMA data. The
much weaker H13CO+(1–0) line coincides also with the stronger
HCO+(1–0) line at around −51.5 km s−1. The nature of the
weak HCO+ emission at −49 km s−1 is unclear. Its relation
to CAHA J23056+6016 is unknown, and it might be a fore-
ground contribution from material not directly associated with
CAHA J23056+6016. Since we have not mapped the emission,
we cannot further investigate this hypothesis at this point, but
also in the CO(3–2) spectrum there are additional emission com-
ponents (see Figure 5). The −51.5 km s−1 emission on the other
hand is most likely related to CAHA J23056+6016 and demon-
strates that dense molecular gas is associated with the object.
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The line strength ratio of the two isotopologues (∼ 6:1) indi-
cates that the HCO+(1–0) emission is optically thick as typically
the abundance ratio between 12C and 13C is in the order of 60:1.
Noteworthy are the narrow line widths of 0.7–1.0 km s−1. Hence,
the level of turbulence (potentially causing much broader lines)
seems to be moderate at best.

Following Purcell et al. (2006), we calculate an excitation
temperature Tex for both lines and afterward the column density
for the optically thin H13CO+ emission. Assuming that the
HCO+ line is optically thick (1 − e−τ ≈ 1), as suggested from
the line ratios, we can calculate the corresponding Tex according
to

Tex = hνu

k

[
ln

(
1 +

(hνu/k)

Tr + Jν(Tbg)

)]−1

(K). (7)

Here, h is the Planck constant, k is the Boltzmann constant,
and νu is the rest frequency of the transition (see Table 1).
Furthermore, Tr is the beam corrected brightness temperature
for HCO+

Tr = Tantenna

ηb · f
(K) (8)

with Tantenna being the antenna temperature (0.5 K), ηb being
the beam efficiency (0.85), and f being the assumed beam filling
factor (0.05).19 Finally, we have

Jν(Tbg) = hνu

k

1

ehνu/kTbg − 1
(9)

with Tbg as the temperature of the background radiation
(2.73 K). Plugging in the corresponding numbers, we find for
the excitation temperature

Tex ≈ 13.8 K (10)

and probably we can assume that the HCO+ and H13CO+

emission arises from the same gas and have hence the same
excitation temperature.

Knowing the excitation temperature, we can estimate the
optical depth of the optically thin line emission of H13CO+

and also the column density of the molecule. The optical depth
can be derived via

τthin = −ln

[
1 − Tr

Tex − Jν(Tbg)

]
, (11)

where Tr is now the beam corrected brightness temperature for
H13CO+ for which Tantenna = 0.08 K. Beam efficiency and filling
factor are the same as above. We find

τthin ≈ 0.15. (12)

Assuming LTE conditions the total column density N can be
estimated using

N = Nu
Q(Tex)

gu

1

e−Eu/kTex
(cm−2), (13)

where Nu is the column density of the upper state, gu the
degeneracy of the upper state, Eu the energy of the upper

19 Based on the extent of the C18O emission in Figure 6, we assume that the
HCO+ emission comes from within 6.′′5. With a beam size for the HCO+

observations of roughly 29′′, we obtain a filling factor of 0.05.

state, and Q(Tex) the partition function. The upper-state column
density can be computed via

Nu = 8πkν2
u

hc3Aul

∫ ∞

−∞
Tbdν (cm−2) (14)

with, again, k and h being the Boltzmann and the Planck
constant, respectively, Aul being the Einstein coefficient of the
transition in s−1, c being the speed of light, and νu and

∫ ∞
−∞ Tbdν

being the transition frequency and the measured line intensity,
respectively (see Table 1). The partition function Q(Tex) for
linear rotators can be approximated by

Q(Tex) ≈ kTex

hB
(15)

(Purcell et al. 2006) where B is the rotational constant, i.e.,
43,377 MHz for H13CO+ (Schmid-Burgk et al. 2004). Plugging
in the derived value for Tex and using gu = 2J + 1 = 3,
Aul = 3.8534 × 10−5 s−1, and Eu = 4.16 K we derive

N (H13CO+) ≈ 7.0 × 1010 cm−2 (16)

for the H13CO+ column density yielding N (HCO+) ≈ 4.2 ×
1011 cm−2 assuming an abundance ratio of 60:1 for 12C/13C.

To get an estimate of the overall HCO+ and H13CO+ abun-
dance, we need to derive the H2 column density. In Section 3.3.4,
we already estimated the H2 column density based on the inter-
ferometer data. For a direct comparison with the HCO+/H13CO+

IRAM 30 m observations it is, however, more appropriate to de-
rive the column density also from single dish data. This can be
done using the dust continuum emission we observed with the
IRAM 30 m telescope as here the beams of the dust continuum
and the HCO+/H13CO+ observations are the most comparable.
It holds

N (H2) = F · Rg/d

Ω · Bν(Tdust) · κν · mH · μ
(cm−2) (17)

(see, e.g., Vasyunina et al. 2009), where F is the dust continuum
peak emission, Rg/d is the assumed gas-to-dust ratio, Ω is the
solid angle (in steradians) covered by the beam, Bν(Tdust) is the
Planck formula for the assumed black body emission of the dust
at frequency ν and temperature Tdust, κν is the dust opacity, mH
is the atomic mass unit, and μ is the mean molecular weight
of the gas. For F we use 12.9 × 10−26 erg s−1 cm−2 Hz−1

(see Section 3.3.2). Furthermore, we use Rg/d = 100 and
κν = 1.0 cm2 g−1. mH and μ are the same as in Section 3.3.4.
The beam solid angle can be computed via

Ω = 2π
(

1 − cos
ω

2

)
(sr) (18)

with ω being the beam size in radian.20 Although the beam size
for the IRAM30 dust continuum observations was ∼10.′′5, we
again have to take into account the assumed size of the H13CO+

emission. Thus, to be consistent, we use an effective beam size
of 6.′′5. Based on Equation (17), we hence derive a hydrogen
column density of

N (H2) ≈ 1.32 × 1022 cm−2 (19)

20 1 rad ≈ 206,265 arcsec.
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Figure 8. Main beam brightness temperature of the C2H(1–0) emission line
toward CAHA J23056+6016. The fit parameters are summarized in Table 1.

(A color version of this figure is available in the online journal.)

yielding an abundance ratio for H13CO+ of

X = [H13CO+]

[H2]
= N (H13CO+)

N (H2)
≈ 5.3 × 10−12. (20)

We will discuss these results below in Section 5.5 but note
already that the H2 column density derived here is in gen-
eral agreement with the value based on the C18O SMA data
(Section 3.3.4).

3.3.6. Detection of C2H

In Figure 8, we show the C2H(2–1) emission line toward
CAHA J23056+6016 detected with IRAM30. The line is weak
and very narrow (Table 1) but clearly detected and the observed
velocity agrees with the assumed velocity of rest of CAHA
J23056+6016 of −51.3 km s−1. The possible origin and the
interpretation of the emission will be further discussed in
Section 5.5.

4. RADIATIVE TRANSFER MODELING

The central illumination source in CAHA J23056+6016 is
obscured in the NIR and MIR by the circumstellar material, so
that radiative transfer calculations are necessary to analyze the
radiation that we receive from the dust particles near the source.

Due to the scattering integral in the radiative transfer equation
and the complex geometry of the dust configuration around
the source, calculations of NIR scattered light images are time
consuming. Given the many free parameters that are necessary
to describe the disk distribution, the radiation source, and
the outflow, an automated fitting procedure, and an extensive
exploration of the parameter space are therefore prohibitive.

Moreover, the IRAC images, especially at 5.8 μm, are
expected to be influenced by PAH emission which opens up
an even wider parameter space.

For this paper, reporting on the detection of the new large,
massive disk, we restrict the analysis to a simple model based
on a two-dimensional density distribution for the disk and the
reflection nebula.

From the images, it is obvious that a two-dimensional
modeling will not able to reproduce the warping of the disk
and the H- and K-band flux maximum in the left part of the
nebula over the dark lane. The model was chosen to estimate
the disk and envelope parameters that are needed to reproduce
the dark lane and the overall flux pattern in the reflection nebula.

The models make use of the constraints derived from the
SMA image analysis, namely, a total disk mass between 0.4 and
2.7 M� (see Table 2), and a radial disk extent � 7000 AU (see
Section 3.3.2.). For the density distribution of the dust in the
disk, we use a parameterized disk model with a radial power-
law profile and an exponential disk atmosphere (e.g., Pascucci
et al. 2004) of the form

n(r, z) = n0

(
r

r0

)α

exp

[
−

( z

rh

)2
]

. (21)

This dust number density is normalized by n0, assumes a clear
inner zone around the central object up to the inner radius r0, a
truncation at the outer radius r1, the radial power-law exponent
α, and the e-folding scale height ratio h = H/R (H is the z-value
for which the density has dropped by 1/e for a given radius).
The disk may be inclined with respect to the edge-on view by
the angle i, and rotated by δ in the plane of sky relative to the
north.

To obtain a reasonable description of the boundaries of the
reflection nebula, we normalized the H and K image equally
and added them, rotated the resulting image to achieve a vertical
symmetry axis, and added the image parts left and right from the
axis. In this image, the border line of the nebula was fitted with
a fourth-order polynomial. Figure 9 shows the resulting image
as an inlet and the contour plot with the fitting polynomial.

For the density structure in the envelope, we have used several
model types including a thin sheet at the nebula border and a
density distribution filling the entire cavity. The distribution
finally used has a maximum at the nebula border and a linear
decrease toward the symmetry axis down to a constant density,
as well as a linear decrease along this axis. The distributions
were attached at a height over the disk where the nebula border
line height is equal to the disk scale height for the outer radius.
The dust particles were assumed to be 0.1 μm-sized spherical
silicate grains using the optical properties described in Draine
(2003).

We have varied the luminosity of the central source to
cover the range from young, intermediate mass objects (Herbig
Ae/Be stars, Herbig 1960) to massive stars. The radiative
transfer calculations were performed using a ray-tracing code
(Steinacker et al. 2006).

4.1. Disk Properties

Figure 10 shows the observed K-band image (left) and the
synthetic image based on a disk density model (right) with a dust
number density of 106 m−3 at the inner disk radius r0 = 20 AU,
a density power-law index of 1.8, a disk inclination of 10◦, a
nebula tilting of 10◦ in the plane of sky, an outer radius of
4000 AU, and a disk scale height ration of 0.2. The outer radius in
the model indicates that the true disk size is indeed smaller than
inferred from the NIR images and that shadowing effects may
play a role. The model was chosen by comparing the resulting
image with the model images of about 400 other models varying
the disk parameters. We have restricted the modeling to the
K-band image which shows the best S/N.

It reproduces the position, tilting, extent, and thickness of the
dark lane. The asymmetric darkening in the right part of
the disk is not reproduced within the two-dimensional model.
The images are not sensitive to changes in the inner or outer disk
radius since the disk is seen almost edge-on and the outer disk
parts are shadowed by the inner parts. The images are sensitive
to the disk inclination since a larger inclination amplifies the
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Figure 9. Upper reflection nebula borders derived from a convolution of the H
and K images assuming symmetry. The inlet shows the convolved image, the
contour plot contains the fit of the border by a polynomial as thick line.

(A color version of this figure is available in the online journal.)

scattered light flux from the upper disk part in disagreement with
the observed flux pattern. Moreover, for inclinations > 15◦, the
disk lane has a stronger bend than observed. The model images
also failed to reproduce the K-band image when the disk scale
height deviated by more than 0.1 from the value 0.2. There was
no strong dependence on the radial spectral index.

Since the outer disk parts do not modify the images strongly
as long as the disk is kept almost edge-on, a variation in the disk
mass with otherwise unchanged disk properties was possible
within the mass range determined from the SMA data without
changing the images in their overall appearance.

The image shows stronger scattered light flux from the upper
disk atmosphere compared to the flux from below the dark lane
due to the inclination of the disk.

A clear difference between the observed and the synthetic
image is the lower part of the reflection nebula which is
much weaker than the upper part in the observed flux while
the theoretical image shows comparable fluxes in the outer
nebula parts. We have investigated if forward scattering or disk
inclination could cause this effect. The scattering phase function

Figure 10. K-band image (left) and scattered light model image (right) of the
reflection nebula produced by a radiative transfer calculation based on a two-
dimensional disk plus nebula density model.

is too homogenous to reduce the flux in such a way, and a
stronger disk inclination will produce too much flux from the
upper reflection nebula. Since this part also shows a stronger
deviation from rotational symmetry in the observed image, we
speculate that outer material may cause extinction patches which
reduce the flux of the lower nebula.

4.2. The Central Source

A determination of the parameters of the central source is
hindered by the ambiguity in the explanation of the scattered
light flux from the nebula. The same flux value can be obtained
when the stellar flux is decreased but the column density
within the nebula is increased. Moreover, the dust opacities are
poorly known, and will add another factor of 5 of uncertainty
to the stellar properties determined from the scattered light
measurements.

5. DISCUSSION

5.1. Disks Around Young Stars—Masses and Sizes

Putting the results from the previous sections in context
with other young objects, the circumstellar disk surrounding
CAHA J23056+6016 appears quite exceptional in two ways:
(1) it is fairly large with an outer radius � 7000 AU and (2) it is
fairly massive with a mass in the order of up to a few M� (see
Sections 3.3.2 and 3.3.4). In particular for the second point, we
emphasize that our SMA observations probe almost exclusively
emission from the disk and at least the millimeter-continuum
data are not contaminated by additional flux from a remnant
envelope.

Circumstellar disks around young, low-mass stars (TTauri
stars) typically have masses in the order of a few times
10−3–10−2 M� and they have a maximum radial extent of
a few hundred AU (e.g., Beckwith et al. 1990; Koerner &
Sargent 1995; Andrews & Williams 2005). In these systems,
the disk-to-star mass ratio is roughly 0.5%–1% although the
ratio is certainly larger at earlier evolutionary stages when mass
is continuously fed to the disk by a circumstellar envelope. For
instance, Eisner & Carpenter (2006) found in a millimeter survey
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in the Trapezium cluster the mean circumstellar disk mass to
be on the order of the minimum-mass solar nebula (∼0.005–
0.01 M�), but they found a few sources with disk masses
between 0.13 and 0.39 M� (with at least a factor of 3 uncertainty)
for which it seems likely that they are in an earlier evolutionary
stage.

For young Herbig Ae/Be stars, the derived disk masses range
from values also comparable to the minimum-mass solar nebula
(e.g., Mannings & Sargent 1997; Thi et al. 2004; Alonso-Albi
et al. 2009) to slightly higher masses, i.e., ∼10−1 M� (e.g.,
Henning et al. 1998). The sizes of these disks appear to be in
the same range as those around lower mass stars or only slightly
larger (e.g., Mannings & Sargent 1997; Dutrey et al. 2007;
Schreyer et al. 2008; Alonso-Albi et al. 2009). There are at
least two noteworthy exceptions, though: the first one is the disk
around the pre-main-sequence A-type star IRAS 18059−3211
where the gas disk extends out to 1800–3000 AU and where
the disk mass is estimated to be in the order of 0.3–0.9 M�
as derived from dust continuum data (Bujarrabal et al. 2008,
2009). Unfortunately, the distance to this source is not extremely
well constrained leaving these numbers with comparatively high
uncertainties. In addition, an applied disk model predicts a disk
mass that is an order of magnitude lower than the values cited
above. The second one is the heavily discussed circumstellar
disk in M17 (e.g., Chini et al. 2004; Sako et al. 2005; Steinacker
et al. 2006; Nürnberger et al. 2007; Nielbock et al. 2008). Most
recent results suggest that the central object is an intermediate
mass star between 3 and 8 M� (Nielbock et al. 2008), but the
disk was not detected with the SMA and its mass and actual
extent depend strongly on modeling assumption (Steinacker
et al. 2006).

For high-mass stars (�8 M�), as mentioned already in
Section 1, the existence of circumstellar disks has not been fully
established although there is growing observational evidence
that they exist (e.g., Cesaroni et al. 2007; Reid & Matthews
2008; Jiang et al. 2008; Beuther et al. 2009). For example,
Schreyer et al. (2006) found evidence for a rotating ∼1.5 M�
disk structure around the 8–10 M� object AFGL 490 based on
interferometric observations of C17O line emission. However,
more often than not the main problem is the lack of spatial
resolution which would help to disentangle rotating “disk-like”
structures, “pseudodisks” (Galli & Shu 1993), and gaseous tori
(possible remnants from the parental molecular cloud core) from
real accretion disks surrounding and feeding material to the
young massive star. But even with sufficient spatial resolution,
e.g., using MIR interferometry around 10 μm where dusty
disks are bright, so far the existence of large and/or massive
circumstellar disks around massive YSOs could not be proven
(Linz et al. 2009; de Wit et al. 2009). Only recently, Okamoto
et al. (2009) found direct evidence for a flared disk around
the 10 M�, young star HD200775 from direct MIR images.
This radius of the disk extends out to 1000 AU, but the mass,
derived from unresolved emission at 350 GHz, is only a few
10−2 M�, with the exact value depending on the assumed dust
opacities and temperature. Indirect evidence for accretion disks
around young objects of similar mass has been found by Boley
et al. (2009) and Davies et al. (2010) for S 235 B and W33A,
respectively. Resolved images of the latter two disks have not
yet been obtained.

This shows that CAHA J23056+6016 is a good candidate
for being among the largest and most massive circumstellar
disks detected and resolved on multi-wavelengths observations.
However, one should keep in mind that it has not yet been shown

that the disk is indeed an accretion disk from which matter is
transferred onto the central object while angular momentum
is transported outward. The initial concept of “pseudodisks”
actually predicts gaseous, flattened structures with sizes at least
comparable to what is observed here (Galli & Shu 1993).
Interestingly, however, with the current instrument sensitivities
the dusty disk component of CAHA J23056+6016 appears to
be more compact than the detected gaseous disk component
(Section 3.3.3, Figure 6). It would be interesting to check
observationally for signs of accretion coming from a compact
inner accretion disk that is embedded in a somewhat larger
flattened molecular structure.

5.2. Mass of the Central Object

Our current data do not allow us to constrain the mass of
the central source empirically. Only indirectly, by comparing
the derived disk mass to those of other systems as done
above, can we speculate that most likely the central source of
CAHA J23056+6016 is at least an intermediate mass object with
several solar masses. Trying to derive the spectral type of the
central source from NIR spectroscopy of the scattered light in
the reflection nebula could possibly be a means of getting more
direct information of the object.

5.3. CAHA J23056+6016—An Evolved Object?

Up to now it was assumed that CAHA J23056+6016 is
a YSO. But what makes us believe that it is indeed young
and not evolved? At first glance, the NIR morphology of
CAHA J23056+6016 is not only compatible with a young
object but does also resemble that of protoplanetary nebulae
(PPNe), i.e., post-asymptotic giant branch (post-AGB) stars
(e.g., see Meakin et al. 2003, for high-resolution, NIR Hubble
Space Telescope (HST) images of OH 231.8+42). In addition,
also for the intermediate mass, pre-main-sequence object IRAS
18059−3211 (already mentioned above) Ruiz et al. (1987)
initially suggested that the object is an evolved source and not a
pre-main-sequence star.

We note that despite the apparent similarities in the mor-
phology compared with evolved stars, CAHA J23056+6016 is
lacking some crucial properties of older objects. (1) Meakin
et al. (2003) found a very filamentary sub-structure in the bipo-
lar cones surrounding the PPNe OH 231.8+42. This structure
is caused by material that is ejected from the central source.
This mass loss is, however, neither constant nor homogenous in
space or time and leading to knots and filaments in the bipolar
cones. Such a sub-structure is not seen in the nebula around
CAHA J23056+6016 (Figure 2). The nebula around CAHA
J23056+6016 appears rather smooth and its brightness distri-
bution can be very well explained with an illuminated outflow
cavity with small dust grains scattering the light coming from
the central source. (2) The mass loss of evolved stars is typically
accompanied by high-velocity molecular outflows and jets (e.g.,
Sánchez Contreras & Sahai 2004) and the observed outflow ve-
locities of PPNe typically exceed several tens of km s−1 with
respect to the system’s velocity of rest (Bujarrabal et al. 2001).
But, again, we do not find any evidence for a collimated jet
or a high-velocity outflow component for CAHA J23056+6016,
neither in the NIR images (where shock-induced hydrogen emis-
sion could show up in the K ′-band image) nor in the CO data.
(3) Finally, evolved objects also show expanding molecular tori
lying in the disk plane (e.g., Hirano et al. 2004; Meakin et al.
2003). In the case of CAHA J23056+6016, however, the molec-
ular gas that we see in our C18O data is well confined to a small
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velocity regime making the interpretation of a rotating, disk-like
structure much more likely compared to an expanding torus.

Based on these findings we are confident that CAHA
J23056+6016 is indeed a young and not an evolved object.

5.4. An Isolated Massive Circumstellar Disk

In one way, CAHA J23056+6016 appears to be different
compared to the majority of young intermediate mass and
higher mass objects. Most of the young, sources mentioned
above happen to be in young clusters or star-forming regions
(e.g., M17, HD200775, S 235 B, W33A, as well as the lists
of massive protostellar disk candidates in Reid & Matthews
2008 and Cesaroni et al. 2007). For massive stars, Smith et al.
(2009, among others) claim that they can only form in cluster
environments and that it is the overall evolution of the cluster
which leads to the formation of massive objects in the center
eventually. Examples for this can be found in Figure 1, where
one can see nicely how the young, more massive stars in the
H ii regions are surrounded by a noticeable group of additional
objects. The sizes of these clusters are in very good agreement
with the findings from Lada & Lada (2003) who found the
typical size of young stellar cluster to be in the order of 0.5–1
pc which corresponds to roughly 0.5–1′ in Figure 1 for a
distance of 3.5 kpc. In this context, it is even more striking that
CAHA J23056+6016 is rather isolated while in other regions of
the same molecular cloud complex star formation occurs in a
cluster mode.

One interesting exception to the rule appears to be the
intermediate mass, pre-main sequence star IRAS 18059−3211,
which, as noted above, was initially classified as an evolved and
not a young source. Indeed, the vicinity of CAHA J23056+6016
looks very similar to that of IRAS 18059−3211 as there is no
direct evidence for a surrounding young cluster (Figures 1 and
4). Based on comparison with models for stellar evolution of
low-mass stars (Baraffe et al. 1998), we estimate that in our
deep NIR images we are able to detect objects with masses
below 0.1 M� for an assumed age of 1–5 Myr at a distance
of 3.5 kpc even if we assume a line-of-sight extinction of
AV = 15 mag. However, we do not find direct evidence
for a (tight) cluster of young sources of lower mass. Also,
the reddish nebula south of the brightest star lying west
of CAHA J23056+6016 in Figure 4 does not harbor any
young embedded source: we did not detect this object in
direct millimeter-continuum observations with the IRAM 30 m
telescope carried out in the same night as the observations of
CAHA J23056+6016 (see Section 2.4.2). We rather assume
that the nebula is reflective in nature and associated with the
brighter star lying north of it. This star and the bright object
east of CAHA J23056+6016 in Figure 4 are the brightest NIR
source in the direct vicinity of CAHA J23056+6016. Based on
their NIR colors (Cutri et al. 2003), we estimate their spectral
types to be K2-K4 (Ducati et al. 2001) which would make them
foreground objects compared to CAHA J23056+6016. Thus,
even if we cannot exclude the possibility that multiple low-mass
sources may be hidden behind the dusty disk and/or the nebula
around CAHA J23056+6016, we currently have no indications
for a young cluster within 0.5–1 pc (the typical cluster size) of
CAHA J23056+6016. If this was the case, a solid determination
of the central mass would be crucial. As mentioned above, in
one theory more massive objects are thought to form mostly
(if not solely) in company with other objects (Bonnell & Bate
2006; Smith et al. 2009). The detection of CAHA J23056+6016,
if it was a massive object, would argue very much in favor for

a star formation process for massive stars that is very similar to
that for low-mass object (McKee & Tan 2003; Krumholz et al.
2009): single objects can form from the collapse of a molecular
cloud core, and to reach its final mass an object accretes material
from a surrounding circumstellar disk.

5.5. Chemical Abundances

5.5.1. H13CO+ and HCO+

In Section 3.3.5, we derived an H13CO+ abundance of roughly
5.8 × 10−12 which yields an HCO+ abundance of 3.5 × 10−10

assuming a 13CO/12CO ratio of 60:1. These values can be
compared to those found in young cores and envelopes and
also circumstellar disks.

For two massive embedded protostars in the IRAS
18151−1208 region Marseille et al. (2008) found an H13CO+

abundance of 3–8 × 10−11. Similarly, Zinchenko et al. (2009)
found for their census of regions of massive star formation val-
ues between 5 × 10−11 and 3 × 10−10. Interestingly, for the
envelopes of low-mass protostars van Kempen et al. (2009)
found values that are roughly 2–3 orders of magnitudes higher
(2–8 × 10−8). Thi et al. (2004), however, found for the solar-
mass protostar IRAS 16293–2422 an H13CO+ abundance of
∼2 × 10−11 which is similar to the values mentioned above for
high-mass protostars. The same authors provide also H13CO+

abundances for circumstellar disks around low-mass stars. Here,
the values appear to be even lower, although a large dispersion
exists. For three low-mass disks, values between ∼3 × 10−13

and ∼3 × 10−11 were found. In addition, for two disks around
Herbig Ae/Be stars Thi et al. (2004) give HCO+ abundances of
1 × 10−10 and ∼8 × 10−12.

Given the large spread in these values, it seems difficult to
derive any firm conclusion about the scientific meaning of the
abundances we find for CAHA J23056+6016. In addition, the
production and depletion of the molecules depend strongly on
the environment (Thi et al. 2004). HCO+ is mainly produced
by H+

3 + CO → HCO+ + H2 in a gas phase reaction and
here the formation is, among other parameters, dependent on
the surrounding ionization degree. For the depletion, there
are in general different mechanisms possible, e.g., dissociative
recombination (HCO+ + e− → CO + H), reaction with water
(HCO+ + H2O → H3O+ + CO), or charge transfer with low
ionization potential elements such as Na or Mg (Nikolic 2007).
Again, these reactions depend on the environmental conditions.

Despite all these uncertainties, we can note at least two things:
first, the abundances derived for CAHA J23056+6016 lie in
the same range as those found in circumstellar disks around
young, low-mass or intermediate mass stars, but seem lower than
the values found in (high-mass) protostars. Second, using the
derived abundances as a lower limit for the ionization fraction
in the disk, we find that the value is high enough to cause
magnetorotational instabilities in the disk which then drive
turbulence and mixing (e.g., Balbus 2009). Hence, we can expect
a certain amount of disk dynamics to occur and possibly also
accretion if the central source features a magnetic field that
suffices to reach and tap the ionized parts of the disk.

5.5.2. C2H

As seen in Section 3.3.6, we detected C2H emission toward
CAHA J23056+6016. The detection of this molecule and its
interpretation in the astrophysical context of star formation is
the subject of very recent publications in the literature.
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Beuther et al. (2008) found that C2H was present in a
larger sample of massive star-forming regions covering various
evolutionary stages in the star formation process. They suggest
that the molecule could potentially be used to trace the initial
conditions of massive star formation, as in the earliest phases
its abundance remains high due to constant replenishment of
elemental carbon from CO being dissociated by the interstellar
UV photons. In later stages, the molecule is transformed into
other species in the dense protostellar core regions and might
only remain traceable in the outer core regions where it is excited
by external UV radiation.

In circumstellar disks, there is only evidence of C2H in three
cases (DM Tau, LkCa15, and MWC 480; Henning et al. 2010,
submitted). However, the detection of the molecule in the disk
around the Herbig Ae star MWC 480 was very weak. From
their observations and modeling of the chemical evolution of
the disks, the authors concluded that C2H is indeed a sensitive
tracer of the UV radiation field and that the stellar UV luminosity
affects the evolution of C2H in the disk globally, while X-ray
radiation appears to be more important in the inner disk regions
close to the star. In this way, the lack of C2H in the Herbig Ae
disk compared to the TTauri disks is explained with the higher
UV flux from the central source.

In this context, we suggest that the C2H we detect toward
CAHA J23056+6016 might be another hint for the young age of
the source. However, the current observations lack the required
spatial resolution to conclude where the emission is coming
from. Apart from emission from the disk itself, it seems possible
that the C2H flux is coming from the outer and thus externally
illuminated parts of the disk/nebula system and not necessarily
from the inner regions. In this case, the nearby H ii regions
(Figure 1) could be the source of the required UV photons to
excite the emission.

6. SUMMARY AND CONCLUSIONS

In this paper, we presented a new large and massive cir-
cumstellar disk (named CAHA J23056+6016) presumably sur-
rounding a YSO. Our findings can be summarized as follows:

1. The disk is seen almost edge-on and was detected in
high-resolution NIR images where it caused a dark lane
intersecting a bipolar nebula that is most likely illuminated
by a young stellar source. The dark lane stretches over ∼3′′
which, for an assumed distance of 3.5 kpc, translates into
∼10,500 AU, but due to shadowing effects the true physical
disk size is probably smaller (see also last point).

2. CAHA J23056+6016 appears to be one of the largest
circumstellar disks known today but at the moment we
have no empirical evidence whether it is an actual accretion
disk or a “pseudodisk” resulting from the collapse of a
moderately magnetized rotating molecular cloud core or a
flattened remnant envelope.

3. The young stellar source residing behind the disk is not
detected in the NIR images as the optical depth through the
disk is too high.

4. In Spitzer IRAC images the object is also detected and at
5.8 μm one starts probing directly through the disk and
detects flux mainly coming from the central disk regions.

5. This finding is supported by the fact that the peak of the
emission seen in different Spitzer IRAC filters is shifting
with wavelength and that at the longest available IRAC
wavelength (5.8 μm) the emission peak coincides with the
center of the dark lane seen in the NIR images.

6. In interferometric millimeter dust continuum observa-
tions with the SMA, we detected but did not resolve
CAHA J23056+6016 at the 11.1 mJy beam−1 level. This
sets the upper limit for the disk radius to � 7000 AU.

7. The millimeter dust emission again peaks nicely on the dark
lane seen in the NIR images and coincides perfectly with
the IRAC 5.8 μm emission. From the unresolved continuum
data, we estimate the disk mass to be in the order of 1 M�
making it one of the rare cases where a massive disk is
resolved in NIR images.

8. We found a molecular outflow in CO(2–1) coinciding
perfectly with the northern part of the bipolar nebula seen
in the NIR images. In addition, we found indications for a
gaseous disk component in C18O data, with the emission
being perpendicular to the outflow and showing signs for
rotation. The gaseous disk is even larger than that derived
from the NIR images or the dust continuum observations
and yields a mass of ∼4.5 M�.

9. We also detected H13CO+ and HCO+ line emission from
CAHA J23056+6016 which arises from regions of higher
density. The derived abundances are comparable to those
found in other circumstellar disks but lower compared to
protostellar sources.

10. The detection of C2H supports a young age for the object.
We suggest that the emission could either arise from the
disk itself or could be emitted from externally illuminated
regions of the disk/envelope system that are subject to high
UV radiation fields from nearby H ii regions.

11. The current data do not allow us to constrain the mass of the
central object directly but, based on the derived disk mass,
we speculate that it could have up to several solar masses
as well.

12. Interestingly, we find no signs of a young cluster around
CAHA J23056+6016 within the typical cluster size of
0.5–1 pc. If the central source is rather massive as well
then we have found a rare case of isolated massive star
formation.

13. Using a simple two-dimensional dust density profile for the
disk and the reflection nebula, the radiative transfer mod-
eling of the K-band image could constrain the inclination
of the disk to be 5◦–15◦ from an edge-on view. The scale
height ratio of the disk ranges from 0.1 to 0.3 to be consis-
tent with the extent of the dark lane. The radial power-law
index was not as well constrained as the inner and outer
radius of the disk, where the latter parameter is found to be
∼4000 AU.

The disk of CAHA J23056+6016 is extremely large and very
massive and the fact that we have spatially resolved information
at a variety of wavelengths makes this object an ideal laboratory
to study the properties of a disk surrounding a young presumably
intermediate mass or even massive star. Our finding argues for
a star formation process that is functioning over a wide mass
range, ranging from sub-stellar objects (e.g., Zapatero Osorio
et al. 2007; Quanz et al. 2010) to, as it appears, at least several
solar masses. In addition, as higher mass stars seem to process
their circumstellar disks faster than low-mass objects (e.g.,
Alonso-Albi et al. 2009), CAHA J23056+6016 provides the
opportunity to study an early stage of disk evolution where the
disk is still massive.

For future observations of CAHA J23056+6016, it might be
interesting to aim at an even higher spatial resolution of the
dust continuum emission to eventually resolve the disk. Filling
in the SED in submillimeter and MIR wavelengths could in
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addition help to even better characterize the disk geometry and
dust properties. In parallel, observations of the gaseous disk
component with higher spectral resolution will shed additional
light on the detected rotation signatures. Finally, it might be
worthwhile to obtain an NIR spectrum of the reflection nebula.
This might allow us to search for spectral features that constrain
the spectral type of the central source and possibly bear signs of
accretion processes.

S.P.Q. kindly acknowledges initial support from the German
Friedrich-Ebert-Stiftung. We are extremely grateful to the staff
at Calar Alto Observatory, SMT, Subaru telescope, and the SMA
for the great support during the observations. In particular, we
thank Thorsten Ratzka, Carlos Alvarez, Miwa Goto, and Usuda
Terada for their help during the preparation and execution of the
observations. J.S. thanks Christian Fendt, Bhargav Vaidya, and
Laurent Pagani for helpful discussion. We thank the referee for
valuable comments and suggestions. This research has made use
of the SIMBAD database, operated at CDS, Strasbourg, France.

Facilities: CAO:3.5m, SMA, Spitzer, IRAM:30m

REFERENCES

Allen, A., Li, Z., & Shu, F. H. 2003, ApJ, 599, 363
Alonso-Albi, T., Fuente, A., Bachiller, R., Neri, R., Planesas, P., Testi, L., Berné,
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