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ABSTRACT

A group of suspected protostars in a dark cloud northwest of the young (∼2 Myr) cluster Berkeley 59 and two
sources in a pillar south of the cluster have been studied in order to determine their evolutionary stages and
ascertain whether their formation was triggered by Berkeley 59. Narrowband near-infrared observations from the
Observatoire du Mont Mégantic, 12CO (J = 3–2) and SCUBA-2 (450 and 850 μm) observations from the JCMT,
2MASS, and WISE images, and data extracted from the IPHAS survey catalog were used. Of 12 sources studied,
two are Class I objects, while three others are flat/Class II, one of which is a T Tauri candidate. A weak CO
outflow and two potential starless cores are present in the cloud, while the pillar possesses substructure at different
velocities, with no outflows present. The CO spectra of both regions show peaks in the range vLSR = −15 to
−17 km s−1, which agrees with the velocity adopted for Berkeley 59 (−15.7 km s−1), while spectral energy
distribution models yield an average interstellar extinction AV and distance of 15 ± 2 mag and 830 ± 120 pc,
respectively, for the cloud, and 6.9 mag and 912 pc for the pillar, indicating that the regions are in the same vicinity
as Berkeley 59. The formation of the pillar source appears to have been triggered by Berkeley 59. It is unclear
whether Berkeley 59 triggered the association’s formation.
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1. INTRODUCTION

H ii regions and stellar winds from OB associations have the
potential to trigger star formation by applying sustained pres-
sure to surrounding material (Elmegreen 2009). The structures
that form from this material (which may be remnants of the
molecular cloud that produced the OB association) take on the
appearance of pillars and shells. Often, the pillars possess bright
rims that point toward the energy source, and there may be at
least one young stellar object (YSO) embedded in the structure.
The shells that delineate the edge of the H ii ionization front may
contain embedded objects, as was observed by Zavagno et al.
(2006), for example, in their study of the H ii region RCW 79;
they investigated four condensations of material at millimeter
and near-infrared wavelengths and discovered several embed-
ded massive YSOs, the formation of which appears to have been
triggered by the collect-and-collapse process first proposed by
Elmegreen & Lada’s (1977) study of OB associations, in which
winds and ionizing radiation from the first generation of mas-
sive stars disperse the remnants of the parent cloud, and once
the density of this material reaches a critical value, a new gener-
ation of stars is formed. Conversely, Koenig et al. (2012), using
Wide-Field Infrared Survey Explorer (WISE; Wright et al. 2010)
mid-IR data, analyzed several star-forming regions possessing
pillars and clouds of varying masses surrounding a central ex-
cavated cavity and found that the spatial and class distribution
of YSOs was more indicative of the radiatively driven implo-
sion (RDI) process outlined by Reipurth (1983) in a study of
cometary clouds in the Gum Nebula. In this scenario, the winds
and radiation from the first generation of stars disperse the rem-
nants of the cloud, only to reveal higher-density regions (e.g.,
pillars) that erode more slowly than the surroundings. The sub-
sequent pressure on these regions condenses the material, which
leads to the next generation of star formation. See Elmegreen
(2011) for a thorough review of the literature regarding the trig-
gering processes.

Indicators of protostellar age/evolutionary status for both
low- and high-mass protostars include the presence of carbon
monoxide (CO) outflows and Brγ and Hα emission. Curtis
et al. (2010) detected outflows toward several protostellar cores
and found that the morphology and velocity of the outflows
correlated with protostellar evolutionary stage. Brγ emission
is an indicator of the accretion of circumstellar material in
classical T Tauri stars (CTTSs; Najita et al. 1996), while the
strength of the Brγ emission line correlates with the mass
accretion rate (Muzerolle et al. 1998). Recently, Barentsen
et al. (2011) conducted an Isaac Newton Telescope Photometric
Hα (IPHAS; Drew et al. 2005) survey of IC 1396 and found
several CTTS candidates that exhibited Hα emission of varying
strengths.

Cep OB4 is a large star-forming complex that contains
several molecular clouds, the H ii region Sharpless 171, other
emission regions, and the young (∼2 Myr) star cluster Berkeley
59 (Figure 1, leftmost image). That cluster hosts an O5V
star (BD +66◦1673) and several member stars earlier than
spectral type B8 (Kun et al. 2008, and references therein).
Cep OB4 has been studied extensively, and areas of both low-
and intermediate-mass star formation have been discovered.
MacConnell (1968) studied Hα emission stars in the nebulosity
surrounding Berkeley 59 and concluded that many of them
are potential T Tauri stars, while Yang et al. (1990) surveyed
the complex in 13CO (J = 1–0) and discovered a molecular
cloud containing outflows toward two IRAS sources, the IRAS
luminosities of which indicated that they are low-mass YSOs
associated with the cloud. Pandey et al. (2008) used Two Micron
All-Sky Survey (2MASS) point-source catalog (Skrutskie et al.
2006) data and slitless spectroscopy to study several T Tauri
stars in the vicinity of Berkeley 59, while Yang & Fukui (1992)
mapped an extensive (l = 115◦–125◦, b = 0◦–10◦) region in
the J = 1–0 transition of 12CO, 13CO, and C18O surrounding
Berkeley 59 and discovered two high-density clumps that
have been compressed laterally by the radiation pressure from
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Figure 1. Cep OB4 region, as shown in the WISE W3 passband, and enlargements of the association and pillar. Left: the position of the young cluster Berkeley 59
is indicated by the black square, while the association northwest of the cluster and the pillar south of the cluster are indicated by black circles. Upper right: negative
Ks-band image of the association. Numbers refer to the identifications in Table 2. Lower right: negative Digitized Sky Survey red image of the pillar, with 2MASS
detections indicated by open circles. Numbers refer to the identifications in Table 2.

massive cluster stars. Pandey et al. (2008) claimed their results
as evidence for second-generation star formation that may have
been triggered by the massive stars in the cluster, while Yang &
Fukui (1992) suggested that second-generation star formation
may occur in the compressed clumps within the next Myr or
so, provided that the clumps do not dissipate within that time
(we have shown in this work that star formation actually has
occurred already in one of the clumps). The conclusions of
these investigations were supported by Koenig et al.’s (2012)
extensive study of star-forming regions mentioned above, which
included the Berkeley 59 region (however, they did not focus
on the objects studied here). Those authors found the YSOs to
be rather uniformly distributed about the cluster (in particular
the O-type stars; see their Figure 1(c)), and an analysis of the
distribution suggests that the YSO formation was triggered by
the cluster, as opposed to forming passively.

Despite extensive mapping of the region around Berkeley
59, two areas have been overlooked for further, detailed in-
vestigation, and which may be used in part to support one
of the triggering mechanisms. While visually inspecting Ob-
servatoire du Mont Mégantic (OMM) Ks-band images of
Berkeley 59 that were obtained for a different study, we noticed
a small association of objects lying some 12 arcmin northwest
of the cluster and a pillar located south of it. The association, at
00h00m46s, +67◦32′59′′ (J2000.0), resides in a cloud within the
clump named C2 studied by Yang & Fukui (1992). This group is
not apparent on optical images. The 2MASS point-source cata-
log lists 10 sources in the association, contained within an area

1 arcmin2, and following an elongated arrangement (Figure 1,
upper right). YSOs in embedded clusters may follow elongated
spatial distributions that often parallel structures in the parent
molecular cloud (Gutermuth et al. 2009). The cloud in which
the association resides is elongated roughly north–south, with
an eastern ridge that appears to have been formed by pressure
from the massive stars of Berkeley 59 and a western ridge that
may have been formed by pressure from a first generation of
massive stars (now dispersed) that also created the cavity ob-
served to the north of Berkeley 59 (Figure 1, leftmost image).
Several of these objects are protostellar in nature: all of them
possess infrared (IR) excesses, three were detected in all four
WISE passbands (one was detected in three of the passbands),
and two were detected by AKARI (previously known as IRIS, the
Infrared Imaging Surveyor; Ishihara et al. 2010). The clump in
which the association resides appears to be physically associated
with Berkeley 59 on the basis of velocity studies: Yang & Fukui
(1992) found that the local standard-of-rest velocity (vLSR) of
the clump (−16 km s−1) matches the velocity of Berkeley 59
(−15.7 km s−1) derived from observations of member stars (Liu
et al. 1989).

The cloud in which the association resides was searched for
other YSOs, and despite the detection of several red sources
in both the 2MASS and WISE catalogs, the mid-IR colors
suggested that nearly all of these are star-forming galaxies
([3.4]–[4.6] ∼0.5 mag, [4.6]–[12] between 3 and 5 mag; see
Section 3.1 for an explanation of this analysis technique). Only
a few additional potential YSOs were found, but since they were
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located in another part of the cloud, they were excluded from
this study.

The pillar, some 18 arcmin south of Berkeley 59 at 00h01m46s,
+67◦08′40′′ (J2000.0), exhibits a bright rim on its northernmost
edge and non-uniform structure (Figure 1, lower right). There
are several 2MASS and WISE sources present. While most
of these are reddened background sources possessing mid-IR
colors indicative of either background stars or star-forming
galaxies, two sources near the rim exhibit IR excesses whose
mid-IR colors are suggestive of YSOs; their positions are
indicated by white circles. Extensive 12CO (J = 1–0) mapping
by Leisawitz et al. (1989) indicated that the velocity range is
widespread over a large region surrounding Berkeley 59, but
since the antenna resolution of their telescope was 8.7 arcmin
and the pillar is less than 2 arcmin across in right ascension, the
pillar was not resolved. Incidentally, the pillar was not resolved
in Yang & Fukui’s (1992) maps either; the beam size of that
study was 2.7 arcmin. Note that a smaller pillar resides a few
arcmin east of this one. Gahm et al. (2006) mapped it in Hα,
12CO and 13CO (both J = 1–0), and HCO+ and found its velocity
to be vLSR = −16.4 km s−1, again in agreement with that of
Berkeley 59. It is assumed that the larger pillar’s velocity is
comparable in value, considering the proximity of both pillars
to the cluster.

It appears as if these overlooked regions, which probably
are associated with Berkeley 59 on the basis of the velocities,
contain protostars but it is not clear which stage of evolution
they currently are in, and whether their formation was triggered
by the cluster stars. A definitive result would add further insight
to the wealth of knowledge regarding triggering mechanisms.
To that end, we obtained for both regions narrowband Brγ
and continuum observations using the OMM via queue mode
observing (Artigau et al. 2010) and HARP (Buckle et al. 2009)
12CO (J = 3–2) submillimeter observations using the James
Clerk Maxwell telescope (JCMT; flexible queue observing).
The association region was also observed with the SCUBA-2
(Holland et al. 2013) continuum detector on the JCMT (flexible
queue observing). The data from WISE and the Mid-course
Space Experiment (MSX; Egan et al. 2003) were used to fill in
the wavelength range between the near-IR and submillimeter
data, for the purpose of fitting spectral energy distributions
(SEDs). Galactic plane surveys such as that conducted by the
Spitzer Space Telescope did not reach high enough in Galactic
latitude to include the association and pillar, and while the IRAS
catalog contained some detections in the point-source rejection
catalog, and there was extended emission across much of the
Berkeley 59 region, there were no point-source detections in
either the association region or the pillar. Section 2 describes the
observations, while the analysis is presented in Section 3. The
results are discussed in Section 4 and summarized in Section 5.

2. OBSERVATIONS AND DATA REDUCTION

2.1. Archived Data

The 2MASS and WISE image servers3 were used to down-
load Atlas images (sizes of 136 and 8640 arcmin2 for 2MASS
and WISE, respectively) containing the association and pillar.
Source extraction and profile-fitting photometry were performed
with DAOPHOT (Stetson 1987). Calibrations to the natural
photometric system of 2MASS were determined as follows.
For each passband, astrometric positions and catalog identifica-
tions were obtained for each detection. Uncrowded stars were
3 http://irsa.ipac.caltech.edu/

Table 1
Derived 2MASS Zero Points

Passband Association Pillar

J −4.12 ± 0.03 −4.01 ± 0.05
H −4.64 ± 0.05 −4.61 ± 0.06
Ks −4.96 ± 0.05 −4.91 ± 0.05

cross-matched with the corresponding catalog objects, and the
resulting lists were cleaned to remove blends, saturated stars,
poor-quality detections, and artifacts. Zero points were calcu-
lated by taking the means of the magnitude differences in the
sense [standard − instrumental] and applied to the instrumen-
tal photometry. Table 1 lists the zero points for the 2MASS
passbands. The WISE instrumental magnitudes were calibrated
using the pipeline’s zero points (20.5, 19.5, 18.0, and 13.0 for
W1, W2, W3, and W4, respectively), since the instrument was
very stable, and the zero points were calculated using thousands
of sources. We were unable to generate zero points of the same
quality using only the fields downloaded (especially for W3 and
W4, where there were very few calibrating sources available).

Table 2 lists the sources and their 2MASS JHKs magnitudes
(narrowband OMM results, discussed in Section 2.2, are in-
cluded as well). A letter/number ID system (A = association,
P = pillar) is introduced to avoid confusion when the objects
are discussed in the text. For completeness, magnitudes cor-
responding to undetected objects are given as 2MASS upper
limits (indicated by colons following the magnitudes). Objects
A2, A3, and A6 had 2MASS photometric quality flags of A or
B (signal-to-noise ratio of 10 or 7, respectively) for all three
passbands. The others, with the exception of A9, had quality
flags of A or B for the Ks band only. This could be an indica-
tion of protostellar evolutionary stage, given that earlier-class
objects are more deeply embedded in their parent clouds and
thus are detectible only at longer wavelengths. Note that while
A9 was reduced as a single object in the 2MASS data reduction
pipeline, it actually is a blend of two objects that was apparent
in all of the near-IR images. This has been indicated in Table 2
by the letters a and b. Quoted uncertainties are those obtained by
adding in quadrature the uncertainties from profile-fitting and
of the zero points given in Table 1.

Table 3 presents the results of the mid-IR profile-fitting
photometry. Magnitude uncertainties were obtained by adding
in quadrature the profile-fitting and zero-point uncertainties
given in the WISE documentation. Submillimeter (SCUBA-2,
discussed in Section 2.4) data for both regions are given as
well. A2 and A7 also appeared in the AKARI-IRC Point Source
Catalogue (Kataza et al. 2010). P1 was present in the MSX and
AKARI-IRC Point Source Catalogues, while P2 did not appear in
any mid-IR catalogs. Only sources for which there are both near-
and mid-IR data are considered in the subsequent analysis. The
AKARI data were not used since the passbands were not included
in Robitaille et al.’s (2007) SED fitter tool.

2.2. Narrowband Infrared Data

Continuum (λ0 = 2.255 and 2.033 μm, having widths of
Δλ = 0.10 and 0.025 μm, hereafter referred to as CONT1
and CONT2, respectively) and Brγ (λ0 = 2.165 μm, Δλ =
0.02 μm) images were obtained on 2011 September 11 and
November 8 (UT) via queue mode observing with the CPAPIR
detector mounted on the 1.6 m Ritchey–Chrétien telescope at the
OMM. This detector contains a 2048×2048 array of 0.89 arcsec
pixels, with a field of view of 30 arcmin2. Standard IR observing
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Table 2
Near-infrared 2MASS and OMM Narrowband Data

Figure ID 2MASS ID J H Ks mBrγ mCONT1 mCONT2

A1 00004441+6733225 17.66: 16.30 ± 0.38 15.04 ± 0.21 15.15 ± 0.04 15.08 ± 0.06 15.25 ± 0.06
A2 00004754+6733171 15.18 ± 0.06 12.78 ± 0.06 11.31 ± 0.06 11.47 ± 0.03 11.36 ± 0.04 11.82 ± 0.03
A3 00004651+6733159 16.20 ± 0.11 14.49 ± 0.09 13.50 ± 0.07 13.62 ± 0.03 13.45 ± 0.03 13.61 ± 0.03
A4 00004514+6733085 17.37: 15.40 ± 0.17 13.94 ± 0.09 14.03 ± 0.03 13.80 ± 0.04 14.35 ± 0.03
A5 00004588+6733063 16.98 ± 0.22 15.95 ± 0.30 14.26 ± 0.13 14.64 ± 0.04 14.42 ± 0.04 15.13 ± 0.05
A6 00004685+6733035 15.97 ± 0.11 13.40 ± 0.07 11.81 ± 0.06 11.44 ± 0.03 11.37 ± 0.05 11.78 ± 0.03
A7 00004584+6733000 17.53 ± 0.39 15.78 ± 0.28 13.63 ± 0.10 13.80 ± 0.06 13.53 ± 0.03 14.20 ± 0.11
A8 00004449+6732583 17.51: 16.25 ± 0.33 14.12 ± 0.11 14.08 ± 0.03 13.95 ± 0.03 14.60 ± 0.04
A9a 00004629+6732525 15.52 ± 0.08 13.53 ± 0.07 12.22 ± 0.06 12.22 ± 0.04 12.14 ± 0.05 12.57 ± 0.03
A9b 00004629+6732525 16.19 ± 0.14 13.87 ± 0.08 12.53 ± 0.06 12.50 ± 0.05 12.47 ± 0.04 12.97 ± 0.05
A10 00004530+6732363 17.62: 15.17 ± 0.16 12.88 ± 0.07 13.40 ± 0.04 13.14 ± 0.05 13.99 ± 0.05
P1 00014876+6708405 13.13 ± 0.05 11.39 ± 0.06 9.98 ± 0.06 9.47 ± 0.03 10.81 ± 0.25 9.69 ± 0.01
P2 00014637+6708396 16.84 ± 0.21 15.41 ± 0.20 14.00 ± 0.12 14.37 ± 0.06 14.36 ± 0.11 14.37 ± 0.09

Note. Magnitudes followed by colons refer to 2MASS upper limit magnitudes.

Table 3
Mid-infrared and Submillimeter Data

Figure WISE MSX SCUBA-2

ID W1 (3.4 μm) W2 (4.6 μm) W3 (12 μm) W4 (22 μm) A (8.3 μm) D (14.7 μm) S450 S850

(mag) (mag) (mag) (mag) (Jy) (Jy) (Jy) (Jy)

A2 9.65 ± 0.03 8.66 ± 0.04 6.19 ± 0.05 4.08 ± 0.06 · · · · · · · · · · · ·
A6 10.07 ± 0.03 9.28 ± 0.04 7.27 ± 0.05 4.74: · · · · · · · · · · · ·
A7 11.05 ± 0.04 9.03 ± 0.04 6.25 ± 0.05 2.48 ± 0.06 · · · · · · 1.19 ± 0.07 0.121 ± 0.008
A10 11.33 ± 0.03 9.42 ± 0.04 6.88 ± 0.05 4.99 ± 0.07 · · · · · · 0.55 ± 0.07 0.075 ± 0.008
P1 8.16 ± 0.03 7.22 ± 0.04 4.98 ± 0.05 1.98 ± 0.06 0.63 ± 0.03 0.89 ± 0.09 · · · · · ·

procedures were followed, with several 40 s dithered images
taken, reduced, and co-added using a data reduction pipeline
developed by the Laboratory of Experimental Astrophysics
team at the Université de Montréal. This procedure combines
the frames using a mix of median and mean, with the output
image behaving much like a straight mean in terms of noise
characteristics (É. Artigau 2011, private communication). Mean
stellar FWHM values were 1.72, 2.00, and 1.76 arcsec, and mid-
exposure air masses were 1.12, 1.13, and 1.09, for Brγ , CONT1,
and CONT2, respectively.

The source extraction, photometry, and matching to the cor-
responding 2MASS Ks detections were conducted in a simi-
lar fashion to the archived data, with least-squares regression
performed in order to obtain transformation equations (this ap-
proach yielded better results than the straight zero-point deter-
mination method employed for the other IR data). Table 4 lists
the coefficients and their uncertainties, along with the goodness-
of-fit parameter R. Equations are in the form of Y = aX + b.
Final calibrated photometry is given in Table 2. Quoted uncer-
tainties are from profile fitting; standard errors obtained from
the least-squares analysis range from 0.09 to 0.11 mag.

2.3. Submillimeter Data: HARP

12CO (J = 3–2) data were obtained via the CANSERV
observing program4 on 2011 August 11 UT using the HARP
receiver and ACSIS backend on the JCMT, in order to verify the
presence of any outflows. HARP consists of 16 receptors that
are separated by 30 arcsec; at the time of the observations the
H12 receptor was not operational. A single sub-band centered
at 345.8 GHz, with bandwidth 250 MHz and channel spacing

4 CANSERV is a service observing program that is intended for short or
urgent projects that do not initially require a full observing proposal.

30.5 kHz (corresponding to 0.026 km s−1), was used to obtain
the observations. The HARP4 jiggle pattern with default spacing
of 7.5 arcsec was used to produce maps 2 arcmin on a side.

The maps were centered on 00h00m47s, +67◦33′04′′ and
00h01m48s, +67◦08′41′′ (J2000.0) for the association and pillar,
respectively. Since there were no emission-free regions close to
the sources, the position-switch mode was employed, with the
off position located at 23h58m50s, +68◦42′00′′, determined by
examining the 12CO J = 1–0 maps constructed by Leisawitz
et al. (1989). This off position was used for both regions.

The zenith opacity at 225 GHz averaged 0.1 (weather band 3),
and total integration time was 18 minutes per region; the sources
themselves were observed for just over 11 minutes each. Data
were obtained and are presented on the antenna temperature
scale T ∗

A. The estimated receiver temperature Trx was 90 K, and
median system temperatures Tsys were 452 K and 466 K for the
association and pillar maps, respectively.

The raw time series data were processed at the Cana-
dian Astronomy Data Center with the ORAC Data Reduc-
tion (orac-dr) pipeline (Cavanagh et al. 2008), using the
smurf command makecube (with the orac-dr recipe reduce_
science_gradient) in the Starlink software package (Chapin
et al. 2013). The resulting maps were rebinned to a velocity
resolution of 0.26 km s−1 and smoothed with a Gaussian of
FWHM = 3 pixels, which yielded a final rms noise of σT ∗

A

ranging from 0.038 to 0.061 K for the association and 0.059 to
0.087 K for the pillar.

2.4. Submillimeter Data: SCUBA-2

Simultaneous 450 and 850 μm continuum observations of
the association were obtained with SCUBA-2 on 2012 August
16, 19, and 21 (UT) using the Daisy mapping pattern. The
scan velocity along the scan axis was 155 arcsec s−1, with scan
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Table 4
Results of a Least-squares Analysis of the Instrumental 2MASS and OMM Narrowband Photometry

Passband Association Pillar

a b R a b R

Brγ 1.019 ± 0.003 −0.26 ± 0.04 0.995 1.007 ± 0.003 −0.06 ± 0.03 0.998
CONT1 1.018 ± 0.004 −0.11 ± 0.06 0.989 1.061 ± 0.004 −0.71 ± 0.05 0.995
CONT2 1.009 ± 0.002 −0.11 ± 0.03 0.996 0.988 ± 0.002 −0.22 ± 0.03 0.997

spacing perpendicular to the scan axis of 0.6 arcsec. The total
area mapped was roughly 16 arcmin in diameter; final maps
were cropped as discussed below.

Six observations of the region (each consisting of 65 subscans
of 35 s duration) were obtained, for a total of close to 4 hr of
observing time (which includes object as well as dark and flat-
field scans). Currently accepted values of the half-power beam
width are 7.9 and 13.0 arcsec for the main beam, and 25.0 and
48.0 arcsec for the error beam, at 450 and 850 μm, respectively
(Dempsey et al. 2013). Zenith opacities at 225 GHz ranged from
0.034 to 0.074.

The data were processed using the smurf Dynamic Iterative
Map-Maker (dimm) in the Starlink data reduction package.
This routine pre-cleans the data and iteratively reduces the
cleaned data to produce a final map. The configuration file
config_bright_extended was used since bright sources as
well as extended emission were present in the images. The
dimm down-sampled the 450 and 850 μm data to 2 and 4 pixels,
respectively, to preserve information in the resulting maps. In an
attempt to lessen the negative bowling (dark areas surrounding
the strongest sources) present in the data, external masks were
constructed and applied to the data according to the method
described in the SCUBA-2 reduction manual.5

Initially the 450 and 850 μm maps were calibrated to the
traditional Jy beam−1 units using flux conversion factors (FCFs)
of 491 and 537 Jy pW−1 beam−1, respectively (Dempsey et al.
2013), and cropped to the central 3 arcmin. Figure 2 displays
the cropped 450 μm map (in the negative). Peak emission at the
center of the map is at a value of 900 mJy beam−1. Bowls in
the vicinity of the emission (described earlier, and appearing as
brighter regions in Figure 2) are at a value of −100 mJy beam−1.
The rms level in the map is 22.2 mJy. Association objects are
indicated by the open circles, and CO contours (discussed in
Section 3.4) are superposed. Since flux densities for the extended
sources initially believed to be associated with objects A7 and
A10 were required to anchor the long-wavelength end of the
SED, the maps were also calibrated using FCFs appropriate for
aperture photometry. Currently accepted FCF values (for a 60
arcsec diameter aperture) of 4.71 and 2.34 Jy pW−1 arcsec−2 for
450 and 850 μm, respectively, were scaled to a target aperture
of 24 arcsec diameter using the curve of growth provided in
the SCUBA-2 reduction manual. The rms levels in these maps
(cropped to the central 3 arcmin) were 0.170 and 0.007 mJy,
respectively. This procedure was followed since the sources
were extended, the aperture size encompassed the sources fully,
and the contribution from the error beam at 450 μm was taken
into account automatically (the 850 μm error beam flux outside
the aperture was not taken into account since its peak level was
less than 2% of the main beam and the correction would have
been insignificant).

The photometry was performed using the same aperture (24
arcsec diameter) for both maps, for both A7 and A10, by

5 http://www.starlink.ac.uk/docs/sc21.htx/sc21.html
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Figure 2. Cropped SCUBA-2 450 μm map, shown in the negative. The SCUBA-
2 intensities run from −100 to 900 mJy beam−1. Association objects are
indicated by the open circles. Solid dark CO contours (shown as blue in
the online version) superposed on the SCUBA-2 map indicate the extent of
the blueshifted outflow. Contours run from 1.5 to 4.3 K km s−1 in steps
of 0.4 K km s−1. Dashed white contours, running from 2 to 8 K km s−1 in
steps of 2 K km s−1, and the small core of solid contours ranging from 10.0 to
10.3 K km s−1 show the emission about the systemic velocity of the cloud as
explained in the text.

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

summing the source flux in the aperture and subtracting the
sky flux. Since there is another relatively bright source in close
proximity to A7, we were unable to use an annulus surrounding
the aperture for sky measurements (in this case the sky refers to
the faint extended emission surrounding the sources). Instead,
several measurements of the surrounding faint extended (and
variable) emission were obtained in an aperture the same size
as the object photometry aperture, averaged to obtain a mean
background for each source, and subtracted from the source
photometry measurements. The uncertainties were obtained by
adding in quadrature the uncertainty of the source flux and the
standard deviation of the mean of the sky measurements (the
non-uniformity of the background emission dominates other
sources of uncertainty). Finally, the values were multiplied by
the area of a pixel to obtain the flux densities in Jy. The resulting
values are given in Table 3.

The continuum flux density from heated dust may be con-
taminated by 12CO line emission since the J = 3–2 transition at
345.8 GHz lies within the 850 μm band. The amount of con-
tamination can range from little to a few tens of a percent de-
pending on factors such as the presence of strong CO outflows.

5
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Figure 3. Color–color diagram for 1055 stars (small black circles) in the vicinity
of Berkeley 59. Association objects are indicated by the large filled circles
(colored blue in the online version) and labeled according to Table 2 (the prefix
“A” has been omitted for clarity). Pillar objects are denoted by filled diamonds
(red in the online version). The superposed lines and arrows beside some of the
data points are described in the text.

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

Drabek et al. (2012) calculated conversion factors to convert
CO integrated-intensity maps in units of K km s−1 to maps in
units of mJy beam−1 to provide a direct comparison of flux
densities between the SCUBA-2 and HARP maps. The value of
the conversion factor depends on weather band: the appropriate
conversion factor of 0.70 mJy beam−1 per K km s−1 was ap-
plied to the HARP maps. The resulting flux densities in every
pixel of the new maps were a fraction of a percent compared
to the flux densities in the 850 μm map; thus, a correction for
CO line emission was not necessary for this part of the analysis.
As a further check, aperture photometry of the apparent sources
was also performed using a 14 arcsec diameter aperture on both
maps, corrected for the size of the beam, and the resulting val-
ues compared. Again, the HARP flux density was a fraction of
a percent of the 850 μm flux density (the values were similar
to what Drabek et al. 2012 obtained for some regions in their
study).

3. ANALYSIS AND RESULTS

3.1. Infrared Color–Color Diagrams and Reddening

Straiz̆ys & Laugalys (2008, and references therein) used data
extracted from the 2MASS, IRAS, and MSX databases to produce
color–color diagrams and search for infrared-excess objects.
They also used these data to determine the reddening line for the
regions studied. As a first step, we followed their procedure to
construct a J −H,H −Ks diagram and verify which objects (if
any) exhibit IR excesses. The 2MASS Point Source Catalogue
was searched for stars in a 1 deg2 field centered on Berkeley
59 having photometric magnitude uncertainties in J, H, and Ks
less than 0.03. The resulting color–color diagram is shown in
Figure 3. The majority of the points in the diagram are typical

field stars of various spectral classes and reddenings, while the
reddest stars are predominantly K and M giants. Also shown are
the intrinsic 2MASS relations for dwarfs and giants (solid green
and red lines, respectively, in the online version) from Straiz̆ys
& Laugalys (2009), the reddening line for the region (described
below, and indicated on the diagram by solid black lines), and the
T Tauri locus (Meyer et al. 1997), which is indicated by the black
dashed line. The association and pillar objects are denoted by
large filled (blue) circles and (red) diamonds, respectively. The
vector indicating a visual extinction of 10 mag is shown as well,
for the mean value of the slope of the reddening line (described
below). Note that A1, A4, A8, and A10 were undetectable on
the 2MASS J-band image; hence, their J−H colors are “blue
limits.” Small arrows indicating the direction in which the colors
would change for positive detections in J are shown in Figure 3.

The reddening law is typically a weighted function of the
size and metallicity of the grains across the entire sight line and
distance covered. Stars beyond foreground clouds will have a
superposition of the grain distributions. In this case, given the
Galactic location of Berkeley 59 (in the outer disk and above
the Galactic plane at 5◦), it is likely that the primary source
of dust grains affecting the extinction is associated with the
cluster. The extinction program DUST6 was used to determine
a mean color excess 〈EB−V 〉 = 5.63 ± 1.76, resulting in a
range of visual extinction AV from 12 to 23 mag. Red giant
clump stars possess intrinsic colors of (J − H )0 = 0.46 and
(H − Ks)0 = 0.09, as determined by Straiz̆ys & Laugalys
(2009) using 2MASS data; a value of AV = 12 mag results
in a minimum color J − H = 1.4. There are 15 field stars that
have colors redder than this; they were used with the intrinsic
colors to calculate color excess ratios, which were averaged
to yield E(J − H )/E(H − Ks) = 2.10 ± 0.26. This result
is similar to what V. Straiz̆ys (2012, private communication)
found for regions of the Galaxy close to this one in Galactic
longitude and latitude. The two extremes of the ratio (1.84
and 2.36) correspond to the slope of the reddening lines given
in Figure 3 as solid black lines. It should be noted that the
reddening line deviates from a straight line at large color excess
(E(H − Ks) > 1; Straiz̆ys & Lazauskaitė 2008), but since the
color excesses here were less than 1, we have not considered this
effect further, other than to use the uncertainty in the reddening
line slope to verify that the objects that possess IR excesses do
not change with the change in slope.

Most of the association and pillar objects appear to be
potential YSOs; however, it is unwise to rely solely on near-
IR magnitudes and color–color diagrams for identification of
such sources, since other highly reddened objects are found
in that region as well. Additional data are required in order
to separate actual YSOs from extragalactic objects and late-
type reddened stars. Early evidence of this was revealed by
Strom et al. (1989) in their study of the L1641 molecular cloud.
Confirmation of what they termed “positional coincidences”
between the IRAS and near-IR detections, as well as the ability
to separate true YSOs from normal stars and non-stellar objects,
was possible only when spectra of those sources also present
at optical wavelengths were combined with SEDs produced
from the optical and near-IR data. Straiz̆ys & Laugalys (2007)
noted this as well in their study of the Camelopardalis region: a
J − H,H − Ks diagram revealed extensive contamination by
non-YSOs, which were flagged only by the analysis of IRAS
colors, where available.

6 http://irsa.ipac.caltech.edu/applications/DUST/
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Table 5
Results: SED Fitting (Best-fitting Model) and Spectral/Evolutionary Class Determinations

Figure M∗ T∗ Mdisk Rmin
disk Ṁdisk Ṁenv θcavity AV d Stage α Class

ID (M	) (K) (M	) (au) (M	 yr−1) (M	 yr−1) (◦) (mag) (pc)

A2 2.3 7860 1.6E-05 0.41 9.0E-11 0 · · · 16.9 851 II/III −0.02 f (G), f/II (K)
A6 2.6 10900 1.3E-05 0.49 4.5E-12 0 · · · 16.6 977 III −0.29 f (G), II (K)
A7 1.2 4190 4.2E-02 1.85 4.4E-08 3.9E-05 18 14.7 708 I 1.55 I (G, K)
A7* 1.6 4270 5.0E-03 2.54 1.4E-08 3.3E-05 28 14.2 955 I 1.55 I (G, K)
A10 0.4 3500 5.6E-04 0.15 4.9E-08 6.9E-05 4 14.1 776 I 0.26 f (G), I (K)
P1 4.5 9090 2.4E-06 1.21 3.4E-12 6.4E-08 33 6.9 912 II/III 0.30 f (G), f/II (K)

Note. A7* refers to the model run that did not contain the SCUBA-2 data, f = flat, G = Greene, and K = Koenig.

The use of both near- and mid-IR data may alleviate some
of the difficulties mentioned above. For example, Allen et al.
(2004), Robitaille et al. (2008), and Gutermuth et al. (2009)
have shown using models and data from the Infrared Array
Camera on the Spitzer Space Telescope that it is possible
to use mid-IR color–color diagrams to distinguish between
YSOs and extragalactic/reddened Galactic objects, and that
the YSOs themselves may be separated into their different
evolutionary stages. This method was adapted by Koenig et al.
(2012), who used WISE colors and 2MASS Ks magnitudes to
classify the YSOs and set boundaries within which extragalactic
objects may be found (and thus rejected from the sample; see
Figures 7, 9, and 11 in that work).

According to the WISE colors computed from the magnitudes
in Table 3, objects A7 and A10 fall solidly into Class I, while A2
and P1 are borderline between flat and Class II and A6 is Class
II. These classifications are listed in the last column of Table 5
and denoted by “f” for flat and “K” for Koenig’s method.

A classification scheme describing the stage of evolution
of YSOs based on the slope, α, of the SED between 2.2 and
22 μm was first devised by Lada (1987) and revised by Greene
et al. (1994). In the revised scheme, Class I, flat, Class II, and
Class III sources have SED slopes of α > 0.3, 0.3 > α � −0.3,
−0.3 > α � −1.6, and α < −1.6, respectively, and correspond
to protostars possessing infalling envelopes (Class I and flat),
pre-main-sequence stars with optically thick disks (Class II),
and diskless pre-main-sequence stars (Class III). Evolutionary
class determinations and spectral index (α) values of the sources
in this work are presented in the last two columns of Table 5,
where G represents the method of Greene et al. (1994). Each
value of α was calculated using Ks and W4 (except for A6; W3
was used since the magnitude at W4 was an upper limit) and
the equation given in Greene et al. (1994). Uncertainties in the
observed and dereddened colors were calculated by adding the
individual uncertainties (magnitudes for observed colors, and
observed colors and extinctions) in quadrature. We have chosen
to calculate α using the data at 2.2 and 22 μm rather than
quoting the slope of the line corresponding to a least-squares
fit of all the data, since the former provides a unique value
for each protostar. For the most part these agree with the class
determinations obtained from the WISE colors.

3.2. Spectral Energy Distributions

Robitaille et al. (2006) developed a grid of model SEDs
to be used for fitting to data, in order to constrain the visual
extinction and distance to the source and determine various
source parameters. They found that the spectral index and color
of a YSO are not always indicative of its stage of evolution, and
therefore they adopted a different classification “Stage” scheme

that relates the physical properties of the YSO as determined
from the best-fitting SED models, rather than the slope of the
SED at IR wavelengths. Their classification scheme is used in
conjunction with the Class scheme in order to describe an object
unambiguously.

The near- and mid-IR data for A2, A6, A7, A10, and P1 were
used to construct SEDs and fit models, with the inclusion of the
450 and 850 μm flux densities for A7 and A10. The starting
range for the distance was given according to the distance
estimate of 880 ± 40 pc for Berkeley 59 by Majaess et al. (2008),
who used MacConnell’s (1968) UBV photometry to determine
the mean cluster color excess and their own BV photometry to
produce a color–magnitude diagram and corresponding ZAMS
fit. Starting extinctions were as determined in Section 3.1; thus,
in both regions the distance ranged from 0.7 to 1.0 kpc, while
the extinction ranged from 12 to 23 mag and 5 to 23 mag
for the association and pillar, respectively. The lower limit
for the pillar was altered to reflect P1’s partial visibility at
optical wavelengths. Figure 4 shows the SEDs for the objects
listed above. Note that although profile-fitting photometry was
conducted for the near- and mid-IR data used in the models, the
apertures used in the model data pertain to those used by the
2MASS and WISE pipelines in converting their profile-fitting
photometry to standard aperture magnitudes, namely, 4′′ for
2MASS, 7.′′5 for W1, W2, and W3, and 15′′ for W4, since
we had tied our photometry to those photometric systems. An
aperture of 30′′ was used for MSX.

Although there are 14 parameters used in the YSO model
fits, Table 5 contains values for those that are most applicable
to younger objects and that most affect the 1–8 μm fluxes.
Column headings pertaining to the models include the object
ID number, protostellar mass, protostellar temperature, disk
mass, the inner radius of the disk, disk accretion rate, envelope
accretion rate, opening angle of the envelope cavity carved out
by strong outflows, and the evolutionary stage as deduced from
the models. The range in values for the 10 best-fitting models is
presented in Table 6.

It should be noted that the SCUBA-2 filters have not yet been
added to the SED fitting tool. A comparison of the filter profiles
found on the JCMT Web site indicated that the 850 μm SCUBA-
2 filter is wider than its predecessor by about 15 μm, while the
450 μm SCUBA-2 filter is narrower than the corresponding
SCUBA filter by 8 μm. Both the broadband SCUBA filter
setting and the monochromatic wavelength setting (set to the
central wavelengths of the filters) were used in the fits to the
A7 and A10 data; in both cases the same best-fitting model was
chosen.

The tool uses evolutionary tracks along with stellar masses to
obtain the stellar radii and temperatures, which means that an
estimate of the protostellar age is also provided. As expected, it

7
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Figure 4. SEDs of protostars using near- and mid-IR data. In each diagram, the solid black lines refer to the best-fitting models, while the gray lines correspond to
models that fit the data equally well. The dashed line refers to the SED of the best-fitting stellar photospheric model.

Table 6
SED Fitting Results: Ranges for the 10 Best Fits

Figure ID M∗ T∗ Mdisk Rmin
disk Ṁdisk Ṁenv θcavity

(M	) (K) (M	) (au) (M	 yr−1) (M	 yr−1) (◦)

A2 2.3–3.2 6500–11300 1.6E-05–3.7E-03 0.41–1.2 9.0E-11–1.1E-08 0 · · ·
A6 2.6–3.3 7440–12300 2.2E-07–2.8E-05 0.49–0.8 4.5E-12–1.6E-10 0 · · ·
A7 0.3–4.8 3430–4870 1.2E-02–1.0E-01 0.21–9.5 1.2E-08–4.6E-06 2.5E-05–1.6E-04 17–39
A7* 0.3–1.9 3430–4300 2.0E-03–9.2E-02 0.21–2.7 3.9E-09–4.6E-06 7.2E-06–6.1E-05 17–34
A10 0.4–1.0 3500–4100 4.5E-04–6.6E-02 0.15–1.6 8.0E-09–9.7E-07 2.4E-05–2.0E-04 3–31
P1 2.8–4.5 9090–13600 2.4E-06–4.2E-02 1.2–2.9 3.4E-12–5.5E-07 0–6.4E-08 · · · (42)

Notes. Only one P1 model produced a non-zero envelope accretion rate and defined cavity opening angle, reflecting the non-zero entries above.

was found that the age correlated with evolutionary class, with
values ranging from 0.001 to over 4 Myr for the association
objects, and 0.8 Myr for P1. The tool also provides estimates of
the distance and interstellar extinction. These values are given
in Table 5.

3.3. The Emission-magnitude Diagram

As mentioned in the Introduction, the presence of Brγ emis-
sion is a characteristic of CTTSs. Several methods exist to de-
termine if objects exhibit this type of emission, including image
subtraction and the construction of an emission-magnitude di-
agram (EMD). The first technique was used by Varricatt et al.
(2010), who obtained broad- and narrowband UKIRT data to
study outflow candidates and found that some of their sources
exhibited excess Brγ emission. In this technique, a flux-scaled
continuum image is subtracted from a narrowband Brγ image.
This method is subject to difficulties involving background sub-
traction, image registration, focusing, and point-spread function
changes across the field and between images. EMDs have been
used successfully to separate Wolf–Rayet stars from ordinary
stars (Shara et al. 2009) on the basis of He i + Brγ emission lines
that appear at wavelengths covered by the narrowband Brγ fil-
ter. To our knowledge, the latter method has not yet been used
to search for CTTSs.

Initially the first technique was attempted, using the (sky-
subtracted) Brγ and CONT2 images. The images were con-
volved with a 3σ Gaussian to smooth the background variations
and examined to determine if any flux scaling was necessary
by calculating integrated fluxes in a 7 arcsec radius aperture
centered on bright, uncrowded stars in regions free from con-
tamination. Care was taken to ensure that stars exhibiting IR
excesses were not included in the list. For each of 219 stars
selected, the ratios of the CONT2 to Brγ fluxes were calcu-
lated and averaged to yield a mean ratio of 0.98 ± 0.07. Since
no flux scaling was necessary (based on the calculated ratio),
the CONT2 and Brγ images were spatially aligned and sub-
tracted. The subtracted image revealed inconsistent under- and
over-subtraction of ordinary stars, as well as a spatially off-
set subtraction that was acute for stars around the edges of the
frame, suggesting a spatial scaling/rotation issue between the
two images despite a good alignment between the images at
the image center. After unsuccessful attempts to correct for this
effect, the method was abandoned and the latter one pursued.

An EMD was constructed following the description by Shara
et al. (2009). A star having excess Brγ emission will be brighter
than the continuum measured at that wavelength. To facilitate the
comparison, a continuum magnitude at the central wavelength
of the Brγ filter was estimated by linear interpolation between

8
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Figure 5. Emission-magnitude diagram of typical field stars (open circles),
association objects (filled circles, blue in the online version), and pillar objects
(filled diamonds, red in the online version). The interpolated continuum
magnitude at the wavelength of the Brγ filter is plotted against the emission
magnitude. The determination of the error bars is discussed in the text. P1 is
located at an emission magnitude Δm of 0.89 mag.

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

the two continuum measurements. Next, the Brγ magnitude
was subtracted from this value to obtain an emission magnitude
Δm. A plot of interpolated continuum magnitude versus Δm for
ordinary stars shows data points clustering around Δm = 0.
Any outliers on the positive side of Δm are potential excess
emission objects. Since ordinary stars should have flat continua
in the wavelength range between the two continuum images, and
stars having poor photometry in one of the images could muddy
the results, only those stars having flat or nearly flat slopes in
the interpolation step were retained. These stars thus set the
magnitude of the scatter about Δm = 0. The same procedure
was followed for the association and pillar objects.

Figure 5 plots the results. The association objects are indi-
cated by filled (blue) circles, while the pillar objects appear
as filled (red) diamonds. Ordinary stars are denoted by open
circles. Error bars for the YSOs are shown as well and were de-
termined for minterp by using standard uncertainty propagation
rules with the relevant magnitudes and equations for slope and
intercept. These were added in quadrature with the Brγ photo-
metric uncertainties to obtain uncertainties for Δm. Note that the
stars deviate from Δm = 0 at brighter interpolated magnitudes.
This could be due to difficulties in the calibration of CONT1,
but since both sets of data (field and YSO) exhibited the same
deviation, it was considered to be a non-issue in the scope of
this analysis.

Shara et al. (2009) calculated the standard deviation in Δm
for each 1 mag bin of interpolated magnitude and assumed that
any object possessing a Δm 5σ from the mean of zero was a
Wolf–Rayet candidate. Since the stars here were selected on the
basis of the 2MASS photometry, and none were fainter in Ks
than about 15 mag, the dispersion in each magnitude bin did not
vary much: standard deviations of the emission magnitudes in
each 1 mag bin were 0.06, 0.06, 0.07, and 0.08 mag for the bins
11–12, 12–13, 13–14, and 14–15 mag, respectively. Figure 5
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Figure 6. CO spectra of the association. The heavy black line represents a
spatially averaged spectrum from the center of the map. The dashed (red
in the online version) and dot–dashed (blue in the online version) lines
correspond to spatially averaged spectra obtained from the northernmost and
southeasternmost, pixels, respectively. Smaller peaks, due to superposed clouds
of different velocities, are discussed in the text.

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

indicates that P1, appearing in the lower right corner, exhibits
excess Brγ emission according to the 5σ criterion, even if the
apparent trend toward larger Δm continues: at the magnitude
of P1, the value of Δm for field stars would reach ∼0.2 mag,
leading to a “corrected” Δm for P1 close to 0.7 mag. Assuming
the same standard deviation of about 0.07 mag, the emission
magnitude of P1 is still greater than 5σ . This result, as well as
a tie-in to various Hα studies as a check on the validity of the
method, will be explored in Section 4.2.

3.4. CO Emission

CO emission is pervasive throughout the Cep OB4 region,
and it was our intent to map the area immediately surrounding
the association and pillar in order to determine whether out-
flows were present. Spectra were plotted on a per-pixel basis
to identify possible outflows, and channel maps were produced
to narrow down the velocity ranges. Typical methods for deter-
mining outflow velocity ranges involve studying the extended
wings of line profiles and selecting cut-off values based on, for
example, a certain distance in velocity from the peak velocity
of the line and a certain σrms above background (Curtis et al.
2010). Since it was difficult to identify the line centers, we were
inclined to follow a more subjective approach by manually in-
specting the channel maps and spectra to select the velocity
ranges (note that position-velocity diagrams were also gener-
ated, but they were not very useful since the detected outflow
was weak and there is substantial self-absorption present in the
data). Integrated-intensity maps over the velocity range (down
to T ∗

A = 0) were produced based on the by-eye determination
of the outflow emission.

Figure 6 shows a selection of spectra of the CO emis-
sion for the association. The heavy black line corresponds
to a spectrum obtained by spatially averaging the central
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Figure 7. CO moment maps of the pillar. The integrated intensities (left map) range from 0 to 0.06 K km s−1, while the velocity field (middle map) exhibits values,
indicated by white contours in the print version, ranging from −14.9 (solid line) to −16.9 (long–short–dashed) km s−1. In the online version these are shown as
colors that range from −14.8 (green) to −17.4 (dark blue) km s−1. The velocity dispersion (right map) ranges from 0.5 (light) to 4.5 (dark) km s−1. In all three maps,
intensity contours corresponding to the WISE W3 image are shown as gray-scale solid lines (black, blue, red, and orange in the online version), ranging from 520 to
1120 data numbers (DN); the small circle denotes the position of P1.

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

25 pixels of the map in order to emphasize the blue line wing.
Some individual pixel spectra (predominantly at the northern-
most, southernmost, and eastern edges of the map) exhibited
double peaks of varying morphology. The dashed line corre-
sponds to a spectrum obtained by spatially averaging the north-
ernmost two rows of pixels. The velocity of the redward peak
remained fixed at −14.4 km s−1, while the blueward peak shifted
between −16.7 and −17.3 km s−1, depending on the pixel lo-
cation. The dip between the two peaks moved between −15 and
−16.5 km s−1. The dot–dashed line represents a spectrum ob-
tained by spatially averaging a selection of pixels in a 5 × 5
square in the southeasternmost corner of the map. This was
the only location where the dip (which remained fixed at
−15 km s−1) reached such a low antenna temperature. Line
widths for the individual pixel spectra ranged from 2 to
5 km s−1 depending on location.

Since any redshifted outflow that exists is obscured by self-
absorption, we focused on the blueshifted outflow. On the basis
of the black-line spectrum given in Figure 6 and the channel
maps, velocities spanning the range −27 to −18.6 km s−1 were
selected as limits for the generation of the integrated-intensity
map. Contours from this map are superposed on the SCUBA-2
450 μm map given in Figure 2 and indicated by solid lines (blue
in the online version). Contours run from 1.5 to 4.3 K km s−1

in steps of 0.4 K km s−1. Also plotted are white contours about
the systemic velocity, which were derived from an integrated-
intensity map spanning the velocity range −18 to −15 km s−1.
These contours run from 2 to 8 K km s−1 in steps of 2 K km
s−1 and are indicated by dot–dashed for the two lowest contours
and then short– and long–dashed for the next two. The small
cluster of solid contours runs from 10.0 to 10.3 K km s−1 and
marks the location of the peak of the spectral line at −17 km
s−1 (see Figure 6). The contours reflect the relative size of the
jiggle map footprint to the SCUBA-2 image.

12CO (J = 3–2) CO spectra of the pillar exhibit line widths of
at least 4 km s−1, with the bulk due to self-absorption in various
areas across the CO map. The line is strong, with peak antenna
temperature of just over 20 K. As with the association data,
spectra along various pixels were examined, and channel maps
produced, to narrow down any outflow ranges. It was much more
difficult to identify outflows in this region. Figure 7 presents the

moment maps of the pillar. In all three maps, the black, blue,
red, and orange contours refer to emission observed in the WISE
W3 image and range from 520 to 1120 data numbers (DN; in the
print version the contours are represented by gray-scale shades,
with DN increasing from the outermost contour to the innermost
one). The small black circle, at 2000 DN, denotes the position
of P1. The white region in the upper left corner corresponds to
the part of the map not observed because of the dead receptor.

The integrated intensity map (left) was produced by collaps-
ing the data cube in the velocity range −11 to −19 km s−1.
Map colors (gray-scale shades in the print version) range from
0 to 0.06 K km s−1. The strongest emission occurs near the
location of P1 and extends down the center of the pillar, while
the fainter emission at the edges of the pillar (as outlined by the
W3 band contours) drops into the noise outside of the pillar’s
extent. The colors in the velocity field (middle map) correspond
to velocities ranging from −14.8 (green) to −17.4 (dark blue)
km s−1. In the print version, these are indicated by white con-
tours: solid, short–dashed, long–dashed, and short–long–dashed
correspond to velocities from −14.9 to −16.9 km s−1. The ve-
locity field is not uniform and does not increase monotonically
across the map in any direction. Velocities at the pillar’s head
correspond to the systemic velocity of ∼−16 km s−1, while two
other regions exhibit velocities at −15.2 (bottom of the map)
and −14.8 (eastern edge of map) km s−1. The velocity disper-
sion (right) ranges from 0.5 (light) to 4.5 (dark) km s−1, with the
largest values corresponding to the location of the non-systemic
velocities.

In addition to the main CO emission, three other peaks occur
at approximately −8, −5, and −1 km s−1. A channel map
of the association data from −8.8 to 1.2 K km s−1, in bins of
1 K km s−1, indicates that the first peak is present over the whole
map, with integrated intensities in the first channel peaking
at 0.75 K km s−1. The second peak is generally lower in
intensity and concentrated in the southwest half of the map,
with maximum integrated intensity of 0.5 K km s−1, while
the third peak’s emission is concentrated in the southeast half
of the map. An integrated-intensity map over two channels
(ranging from −1.7 to 0.2 K km s−1) displays a peak intensity of
0.9 K km s−1. This component is present in the vicinity of the
pillar as well.
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4. DISCUSSION

4.1. The SEDs

According to Robitaille et al. (2006), Stage 0 and I objects
possess substantial infalling envelopes and may have disks,
Stage II YSOs possess optically thick disks and possibly the
last remains of an infalling envelope, while Stage III objects
possess optically thin disks. Those authors quantified their claim
by an analysis of the mass ratio and envelope accretion rate:
disks are optically thin for mass ratios Mdisk/M∗ < 10−5,
and envelopes are optically thin for envelope accretion rates
Ṁenv/M∗ < 10−6 yr−1. This section begins with a summary of
the Class evolutionary system in this context and a discussion
of the results of the SED fits. We caution that the values of the
parameters are intended to be broad constraints only; since full
wavelength coverage is lacking, it is not possible to constrain
the values further.

A summary of the properties of Class I, flat, II, and III sources
was given in Section 3.1. Class I sources also possess envelopes
with bipolar cavities carved by strong outflows, with the cavity
opening angle increasing as later Class I stages are reached;
by Class II the envelope has dispersed, according to Whitney
et al. (2003) and their radiative transfer models of protostars.
In addition, the SED models show that varying inclinations
of the disk can cause confusion between evolutionary classes.
For example, an edge-on embedded protostar (viewing angle
i = 87◦) that normally would be classified as Class I may
exhibit a negative slope between 2 and 10 μm if its SED is
dominated by either scattered light or an edge-on disk, and thus
be classified as Stage II, whereas a pole-on embedded (Stage I)
source may exhibit a flat SED, rather than a rising one (Robitaille
et al. 2006, and references therein).

Object A7 is the only target with an SED that rises sub-
stantially in the mid-IR (an argument may be made that A10’s
SED rises as well, if one considers the overall trend from 3.4 to
22 μm). These objects are embedded, possess optically thick
disks, and fall under Stage I on the basis of the model param-
eters. Their envelope accretion rates as a function of stellar
mass exceed the boundary value of 10−6 yr−1, which suggests
they also possess optically thick accretion envelopes that make
a significant contribution to the SED. The cavity opening an-
gles are the smallest for these objects. It was mentioned earlier
that the evolutionary class may not necessarily agree with the
evolutionary stage, since the object can be described differently
depending on the viewing angle of the best-fitting model. There
are no such disparities with these sources. The best 10 models
for each source all support a Stage I classification despite the
range in viewing angles (inclination i in the range 32◦–70◦ for
A7 and 18◦–63◦ for A10; Robitaille et al. 2007 caution that
even with full wavelength coverage, it is not always possible to
constrain the inclination).

Further discussion of A7’s SED is warranted. The model fit
assumed that the submillimeter emission was associated with
the suspected protostar. While the peak submillimeter emission
is not necessarily going to coincide with the location of the
object at other wavelengths, in this case the separation between
the peak emission and the 2MASS position is rather large,
at 8 arcsec. It is possible that the dust emission centered on
00:00:44.5, +67:32:55 and 00:00:42.2, +67:33:09 in Figure 2
is not related directly to A7. The YSOs in the region may be
illuminating the dust, or (a more exciting possibility) the dust
emission may be a consequence of even more deeply embedded
Class 0 objects appearing only at submillimeter wavelengths and

exhibiting no near- or mid-IR flux. If the latter is true, it indicates
that star formation is occurring in the cloud, which is resulting
in protostars spanning a broad range of evolutionary stages.
Observations at millimeter wavelengths with higher resolution
would reveal what is at the center of the dust emission, and
what might be driving the weak CO outflow. Note that if the
submillimeter data are removed from the SED and the model
rerun, the values in Table 5 all change, but the conclusions
regarding evolutionary class and stage remain the same. These
new values are flagged in the table by a star next to the ID
number.

Objects A2 and P1 possess nearly flat SEDs at IR wavelengths
and are in Stage III according to the model parameters (the
morphology of the SED suggests Stage II, hence the inclusion
of both stages in Table 5). A2’s low disk mass and zero accretion
rate indicate that the disk is optically thin and the envelope has
dissipated, implying that the object is more advanced in its
evolution than A7 and A10. A breakdown of the contributions
by the disk, envelope, and direct stellar flux reveals that the
stellar flux is the dominant component. According to the model,
P1’s disk and envelope are optically thin, which makes physical
sense if the source is evolved enough that little to no envelope
remains, it is located at the edge of the cloud, and it is partially
visible. These objects are more massive than A7 and A10, which
supports their later evolutionary stages.

A6 possesses a decreasing slope beyond the near-IR wave-
lengths, and the sheer number of gray lines (which correspond to
comparable model fits) in the top middle panel of Figure 4 indi-
cates how difficult it was to obtain a single best-fitting model to
these data, which is not surprising given that there is no anchor
at long wavelengths. Any conclusions drawn from the models
will be weak, but the downturn in the SED between 3.4 and
12 μm is greater than that for the other models; thus, the classi-
fications given in Table 5 indicate (at least tentatively) that this
object probably is the most evolved.

The distances for the association objects average 830 ±
120 pc. This value drops to 780 ± 70 pc if the distance of A6 (the
source with the least certain model solution) is omitted, which is
fully 100 pc smaller (but still within the uncertainties) than the
distance of 880 pc for Berkeley 59. Some of the discrepancy may
arise from the value of the ratio of total to selective absorption
chosen for each region. Majaess et al. (2008) found RV = 2.8 for
the cluster, while the value of 3.1 was used by T. P. Robitaille
(2013, private communication) in his SED tool. If the larger
value of RV is used with Majaess et al.’s (2008) data, the distance
to Berkeley 59 drops to just over 730 pc. Visual extinction and
distance for P1 were 6.9 mag and 912 pc, respectively, the
distance of which is substantially larger than the adjusted one
for Berkeley 59. However, based on the agreement between the
CO and cluster velocities, we are confident that the pillar is
associated with the Berkeley 59 region.

4.2. The EMD and P1

The EMD indicated that P1 is the only candidate CTTS on
the basis of excess Brγ emission. As a further check, IPHAS
was used to search for an occurrence of the source, since both
Brγ and Hα emission is present in excess in CTTSs and P1
is low enough in Galactic latitude (b = 4.◦7) to have been
included in the survey. Following the method of Barentsen et al.
(2011), who used their data to devise a method for preferentially
selecting T Tauri candidates, we selected objects in the field
of Berkeley 59 having a high probability of being stellar and
retained those whose magnitude errors were less than 0.04 and

11



The Astronomical Journal, 146:142 (14pp), 2013 December Rosvick & Majaess

0 0.5 1 1.5 2 2.5 3
r′−i′

-1

0

1

2

r′−
H

α

10 Å

60 Å

Figure 8. IPHAS color–color diagram of the field in the vicinity of Berkeley 59.
Field stars are indicated by open circles, while P1 is plotted as a filled diamond
(red in the online version). The solid, long–dashed, and short–dashed lines refer
to the (unreddened) main sequence and two different amounts of excess Hα

emission. The vector indicating the amount of visual extinction for Berkeley 59
corresponding to 〈EB−V 〉 = 1.38 is shown as well.

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

were fainter than r ′ = 13 mag. P1 was specifically selected
as well. A color–color diagram of these data is shown in
Figure 8. Field stars are indicated by open circles, while P1
is denoted by a filled diamond (red in the online version) at
r ′ − i ′ = 1.80, r ′ −Hα = 1.25. Also plotted are the unreddened
main sequence (solid line) from Drew et al. (2005) and two lines
indicating amounts of Hα emission corresponding to spectral
line equivalent widths (EWs) of 10 and 60 Å (long–dashed
and short–dashed lines, respectively). The arrow indicates the
visual extinction corresponding to the mean color excess of
Berkeley 59 (〈EB−V 〉 = 1.38), assuming RV = 3.1. Note that
P1 appeared twice in the catalog; its colors were obtained by
averaging the two values for each color.

Figure 8 illustrates that P1 is a CTTS on the basis of
its IPHAS colors. It lies well above the locus for ordinary
stars (see, e.g., Figure 6 of Barentsen et al. 2011), and if
its colors are dereddened, it falls just slightly above the line
corresponding to emission having an EW of 60 Å. The CTTS
classification is consistent with the results presented earlier
regarding evolutionary status, and consistent with the object
being faintly visible at optical wavelengths. In addition, the
dereddened 2MASS colors place it in the region occupied by
the T Tauri locus (see Figure 3).

At this point it should be stressed that while the IPHAS
color–color diagram separates CTTSs from ordinary stars ef-
fectively, it also separates other Hα emitters with equal efficacy.
This was explored in depth by Corradi et al. (2008) in their
study of symbiotic stars (they also investigated the location on
the IPHAS and 2MASS color–color diagrams of planetary nebu-
lae, Be stars, and cataclysmic variables). After dereddening P1’s
colors and plotting the object on Corradi et al.’s (2008) Figures 2
and 5 (both 2MASS color–color diagrams), it was found that P1
fell in the region occupied by D-type symbiotic stars; however,

CTTSs are also found in that region on the 2MASS diagrams.
Given the other evidence presented in this work, we are confi-
dent that P1 is a likely candidate for CTTS status, although a
spectrum of the object is required to support this conclusion.

Muzerolle et al. (1998) investigated the relationship between
Brγ emission line strength and mass accretion rate using
several known CTTSs with varying accretion rates and found
a strong correlation between accretion rate and line flux. Some
of the stars in their study possessed low accretion rates, and
accordingly the spectra exhibited no emission lines. This effect
was supported by Barentsen et al.’s (2011) results. Returning to
the EMD, line strengths in Brγ are only about 1% those of Hα
(Osterbrock & Ferland 2006; Beck et al. 2010), implying that
unless the star is a strong emitter, the EMD technique would not
be useful in selecting emission-line stars. A rough estimate of
the minimum EW required for detection may be made using P1’s
data and the observed scatter of 0.07 mag. Given P1’s EW and
Δm corrected for the trend in the EMD, and allowing for a 5σ
detection, the corresponding minimum Δm and EW are 0.35 mag
and 25 Å, respectively. Values of Δm corresponding to the scatter
of the data (0.07 mag) result in EWs of under 10 Å, implying that
weak-lined T Tauri stars could not be detected with data of this
precision. It would be instructive to produce EMDs containing
known CTTSs with emission lines of varying strengths in their
spectra, to investigate more robustly the minimum continuum
Brγ emission required for a positive detection and how precise
the data need to be.

4.3. CO Emission

Spectra at various locations across the association map
revealed a dip between two peaks that shifted between −15 and
−16.5 km s−1. The ambient cloud velocity is in this range, in
good agreement with what Yang & Fukui (1992) and Leisawitz
et al. (1989) found in their surveys that mapped 12CO, 13CO, and
C18O emission (all J = 1–0). The association map also showed
a weak blueshifted outflow that may be related to object A7, the
Class I source nearest the peak CO emission. The morphology
of the outflow is unlike those in the Perseus molecular cloud,
for example, studied by Curtis et al. (2010), and in W5, studied
by Ginsburg et al. (2011), who investigated several cometary
clouds and pillars using HARP and found dozens of outflow
candidates, most of which had low masses. While the slightly
elongated shape is similar to some outflow lobes in W5, only
the blueshifted lobe is detected. Its strength and morphology
indicate that it is more likely associated with A7 than the
nearby suspected SCUBA-2 Class 0 source, and its orientation
is toward the observer. There may be a redshifted outflow lobe,
but it is hidden, according to this scenario. A core of emission
corresponding to a velocity of −17 km s−1 is apparent and
is within 7 arcsec of the submillimeter emission that may be
associated with A7. This velocity is somewhat larger than the
systemic velocity of −16.4 km s−1, but not unreasonably so
given the width of the line (see Figure 6) and extent of the
self-absorption across the region.

Does the outflow scenario make sense with what was obtained
for the SED fit? The viewing angle and opening cavity angle of
the best-fitting model were 49◦ and 18◦, respectively. A situation
may be visualized wherein the material is being funneled
through the cavity, and given the orientation, the material would
be transported somewhat toward the viewer (which also would
account for the slightly elongated contours in Figure 2).

The optical and mid-IR images of the pillar show structure
that is reminiscent of that seen in similar pillars in the W5 region,
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for example; however, our analysis indicates that no outflows are
apparent, which is consistent with the evolutionary class of P1.
There is a case for multiple small pillars or turbulent structure,
as opposed to rotation, given the appearance of the velocity map
in Figure 7, the velocity dispersion map, and the morphology
of the pillar at optical wavelengths. We believe that the pillar is
being affected more by its surroundings than by P1.

In their study described in the Introduction, Yang & Fukui
(1992) mentioned the presence of emission features in their
maps ranging from 0 to −8 km s−1 that are ubiquitous over
their survey. They concluded that the features originate in nearby
molecular clouds, and there was no evidence in their data of a
physical connection between the −5 km s−1 component and the
cloud of interest. This component is observed in both regions
studied here, but it does not present as a component of the pillar
itself, which indicates that the pillar is in the foreground.

4.4. YSO Distribution and Triggered Star Formation

The leftmost image of Figure 1 shows a small, partially
cleared cavity surrounding Berkeley 59, itself residing near
to the southern edge of a larger shell encompassing most
of the image. The larger shell was termed the Cep Loop by
Rossano et al. (1983), who studied it in H2CO and proposed an
evolutionary scenario for the region: the formation of several OB
stars (now dispersed) first occurred near the center of what now
is the Cep Loop, and the subsequent pressure on the remaining
molecular cloud formed the shell and triggered the formation
of Berkeley 59 from the fragments of the cloud southeast of the
OB stars. Berkeley 59 in turn may be responsible for triggering
a third generation of stars.

The ability to confirm the triggering mechanism involved
in secondary star formation requires knowledge of the YSO
distribution and a timescale for the history of the region in
question. Conclusions by Koenig et al. (2012), as well as those
by Elmegreen (2000, who studied star formation in the Large
Magellanic Cloud) and Barentsen et al. (2011, who used their
IPHAS survey data of IC 1396 to establish an age gradient as
a function of distance from the triggering source), indicate that
the triggering process is a rapid one. In general, age differences
between the first and second generation of stars average 2 Myr,
for shell expansion distances of 5 pc. The pillar is located
approximately 4 pc from Berkeley 59 as seen in projection
and, at an age of ∼0.8 Myr as derived from the SED fits, is
about 1.2 Myr younger than Berkeley 59. The YSOs in the
association are approximately 3 pc from Berkeley 59 as seen
in projection and have ages ranging from 0.001 and 0.08 Myr
for A10 and A7, respectively, to over 4 Myr for A2 and A6.
In light of this, it is possible that Berkeley 59 is the trigger for
the formation of P1, but it is less clear whether it is the trigger
for the association. If the four association YSOs do in fact form
a small cluster, and assuming that the ages are approximately
correct, then Berkeley 59 is unlikely to have been the trigger
for their formation, since A2 and A6 are too old. Another
alternative is that A2 and A6 are simply background sources
given their distances and extinctions, in which case it is possible
that Berkeley 59 initiated the formation of A7 and A10.

Koenig et al. (2012) studied several clouds and pillars in
the Cep Loop, as well as in other regions, and found that the
number and distribution of YSOs appeared to scale with the
mass (or physical size) of the star-forming region: larger regions
were able to support the formation of more YSOs, while the
smallest hosted one or at most a few sources. This conclusion
applies to our results as well. The pillar in which P1 resides

is comparable in physical size to others in the Cep Loop that
contain a single source (cloud mass and density play important
roles in the number and masses of stars formed, but without this
information, a size comparison must suffice). Furthermore, the
darkest part of the cloud (as seen on optical images) in which the
association resides is comparable in size (∼1 pc) to other regions
studied by Koenig et al. (2012) that also contain small groups
of only a few YSOs each. As mentioned in the Introduction,
the RDI process is one of the main mechanisms for triggered
star formation being discussed in the literature. Those authors
found that the RDI process was best supported by their data,
given the derived surface density distribution of YSOs. There is
also support for this scenario from the morphology of the region:
several small pillars (including the one hosting P1) point directly
toward Berkeley 59, into the lower-density cavity that appears
to have been carved out by the pressure of the cluster’s massive
stars. Since the association is deeply embedded in a cloud, it
is unclear which process is responsible in that case. The cloud
appears to be undergoing a compression from both Berkeley
59 and the remnants of the original OB stars believed to have
existed at the center of the Cep Loop. Thus, it is possible that
the original massive stars, and not Berkeley 59, are responsible
for triggering the formation of the YSOs in the cloud, but the
triggering mechanism is uncertain.

5. CONCLUSIONS

We have identified a small association of YSOs in a dark cloud
northwest of the young open cluster Berkeley 59 and another
YSO at the head of a pillar located south of the cluster. A J−H,
H −Ks diagram reveals that all the sources exhibit IR excesses.
Four sources in the association and the pillar YSO appear in
most of the WISE passbands. 2MASS, WISE, and SCUBA-2
continuum data indicate that two of the association objects are
of evolutionary Class I, while two exhibit flat/Class II spectra,
which is confirmed by model fits to the sources’ SEDs: the
least-evolved sources possess substantial disks and accreting
envelopes, while the more evolved sources have considerably
smaller disk masses and in some cases no envelope. The least-
evolved objects were classified under the assumption that the
SCUBA-2 sources identified were directly associated with the
IR sources. In one case, it is possible that the SCUBA-2 source
is unrelated to the IR source and is in fact a consequence of a
more deeply embedded Class 0 object. An additional suspected
Class 0 object is nearby, in the same cloud. The YSO in the
pillar is classified as flat/Class II. An EMD using narrowband
IR and Hα IPHAS data suggest that it is a CTTS candidate.

The 12CO (J = 3–2) emission shows that both regions
are physically associated with Berkeley 59 on the basis of
their velocities: the systemic velocities of the regions are
approximately −16 km s−1, which corresponds to the velocity
of the cluster, at −15.7 km s−1. Outflows are only present
in the association region, wherein a weak blueshifted outflow
was detected. At this point it is unclear whether the outflow
is associated with object A7 or the possible embedded Class
0 source. A strong core at the velocity of −17 km s−1 is
within 7 arcsec of the submillimeter emission. The pillar exhibits
structure that is supported by a variation in velocity across its
face: the velocity field map shows two regions at a slightly
different velocity (−15 km s−1) than the head of the pillar
(−16 km s−1), and the velocity dispersion is substantial only
in these two regions.

It is likely that P1 was formed in a round of secondary star
formation instigated by Berkeley 59, according to the RDI
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process. The situation is unclear for the association objects.
We speculate that the cloud in which they reside is being
compressed by Berkeley 59 to the east and by a since-dispersed
OB association to the west that may have been responsible for
the formation of the Cep Loop and Berkeley 59 itself. Given
this and the spread in ages for the association YSOs (0.008 to
>4 Myr), it is not possible to determine whether the original
OB stars or Berkeley 59 triggered the formation of those YSOs,
or which triggering mechanism was responsible.
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