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2. Observations and Data Reduction

2.1. CO and13CO�J�= �2–1; CO J�= �3–2

Molecular-line observations were made with the Heinrich
Hertz Submillimeter Telescope8 on Mt. Graham, Arizona, at an
elevation of 3200 m. The telescope is operated by the Arizona
Radio Observatories, a division of Steward Observatory at the
University of Arizona.

TheJ�= �2–1 rotational transitions of the two most abundant
isotopologues,12C16O (hereafter CO) and 13C16O (hereafter

CO13 ), were observed with the sideband-separating mixer
receiver(ALMA band 6) described by Lauria et al.(2006). The
observing procedures were identical to those described in
Bieging et al.(2014). The cloud to be mapped was divided into
10��× �10��“ tiles,” which were observed with the on-the-� y
(OTF) method, and the resulting images were combined to
make data cubes of brightness temperature on the sky in a
series of spectral channels for each CO isotopologue. The
main-beam brightness temperature scale was calibrated by
observations of the compact molecular source W3(OH), as
described in Bieging & Peters(2011).

The spectrometer had two� lter banks, one with
256�× �1 MHz wide � lters and a second with 64�× �0.25 MHz
wide � lters. The resulting image cubes were slightly spatially
smoothed to give identical angular resolutions for CO and

CO13 , with an effective FWHM of 38� �(corresponding to
0.13 pc atd�= �700 pc). The velocity axes were resampled to
give identical velocity sampling for the two isotopologues to
facilitate further analysis. The� nal data cubes covered the
velocity ranges� 90 to + 50km s 1- �with a resolution of
� 1.3km s 1- �for the 1 MHz� lters and� 30 to+ 10km s 1- �with
a resolution of 0.325km s 1- �for the 0.25 MHz� lters.

The J�= �3–2 transition of CO(but not CO13 ) was mapped
with a 64-beam focal-plane array receiver, described by
Kloosterman et al.(2012). The calibration and observing
procedures were the same as those described in Bieging et al.
(2016). Because of observing time constraints and differences
in procedures, the mapped� eld was not identical to that of the
J�= �2–1 transition but extended over a larger range in decl. The
range of R.A. was further west than in theJ�= �2–1 maps, but
not as far to the east, so that the main Cep B region was well
covered while the Cep C cloud had less coverage inJ�= �3–2
on the eastern extremity than theJ�= �2–1 map. After modest
spatial smoothing, the� nal J�= �3–2 map had a spatial
resolution of 31� �(FWHM), corresponding to a spatial resolu-
tion of 0.11 pc atd�= �700 pc. The velocity resolution was
0.233km s 1- �spanning� 30 to + 10km s 1- �(LSR). The inten-
sities were calibrated in main-beam brightness temperature as
described in Bieging et al.(2016). The rms noise in the
smoothed maps was 0.235 K for line-free channels.

2.2. Extinction Map fromJHKS Photometry

We obtained NIRJHKS-band images of the Cep OB3 region
on 2011 August 5–7 with the Omega2000 instrument(Kovacs
et al. 2004) at the 3.5 m telescope of the Calar Alto
Observatory. The Omega2000 camera provides a 154�×
15 4 � eld of view with a 0 45 pixel scale. The observations
were conducted in seven partly overlapping� elds that covered
an � 90��× �15� region. The exposure times of each� eld were

about 35, 41, and 18 minutes for theJ, H, and KS bands,
respectively. The weather conditions during the observations
were clear, and seeing was between 09 and 1 5.

The data reduction followed the typical NIR data reduction
scheme including dark subtraction,� at � elding using twilight
� ats, sky subtraction using a mean of temporally neighboring
frames, and image registration. The steps were performed with
the IRAF9 software package. The images were registered onto
the world coordinate system via comparison to the positions of
the 2MASS stars in the� elds using IRAF packageimwcs. We
performed source detection and aperture photometry of the
sources in the� eld using the SExtractor software(Bertin &
Arnouts1996).

We used theJHKS-band data in conjunction with the color-
excess mapping technique NICEST(Lombardi2009) to derive
the dust extinction through the observed� eld. For a detailed
description of the technique, see Lombardi(2009). In general,
the observed colors of stars shining through a molecular cloud
are related to the dust extinction via the equation
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where Ei� j is the color excess,Aj is the extinction, and
m mi j 0á - ñ is the mean intrinsic color of stars, i.e., the mean
color of stars in a control� eld that can be assumed to be free
from extinction. The ratioτi/ τj describes the wavelength
dependence of reddening, for which we adopt coef� cients from
Cardelli et al.(1989):
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Note that the last conversion to visual extinctions is not
needed in deriving the extinction map(which is measured in
the NIR), but it is needed to estimate gas column densities
using the map. Observations in theJHKS bands yield two
color-excess measurements toward each star. In the NICEST
technique, these color-excess measurements toward individual
stars are� rst combined using a maximum-likelihood technique,
yielding an estimate of extinctionAV* toward each detected
source. These measurements are then used to produce a
regularly sampled map by computing the mean extinction in
regular intervals(map pixels), using as weights the variance of
each extinction measurement and a Gaussian spatial weighting
function. The spatial resolution of the map is set by the width
of the weighting function. In this work, we chose to use a
FWHM width of 36� .

Ideally, only stars that are located behind the cloud with
respect to the observer should be included in the extinction
mapping. In practice, some(small) fraction of stars are located
between the cloud and the observer, i.e., in the foreground of
the cloud. Also, because the Cep OB3 region is actively
forming stars, some stars are embedded in the cloud. Both the
foreground sources and cloud members should be removed
from the extinction mapping. In the case of Cep OB3
(D�� �700 pc), the fraction of foreground sources is expected
to be small, and we useσ-clipping(Lombardi & Alves2001) to
remove stars from the data that have extinction values
signi� cantly lower than their nearby stars(and hence are
probably in the foreground). We apply a 3σ threshold for the

8 See http:// kp12m.as.arizona.edu/ smt_docs/ smt_telescope_specs.htmfor
technical speci� cations.

9 IRAF is distributed by the National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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σ-clipping. To remove the cloud members from the extinction
mapping, we used the catalogs of X-ray and mid-infrared
identi� ed cloud members by Getman et al.(2006) and Getman
et al. (2009), respectively.

Figure1 shows the resulting dust extinction map of the Cep
OB3 cloud. The map spans extinction values up toAV�� �35 mag
at the chosen resolution. Because we made relatively long
exposures compared to 2MASS, for example, we are able to
achieve a� ner angular resolution than has been typical with the
NICER method(e.g., Lombardi & Alves2001) while maintain-
ing suf� cient stellar density in each pixel. Only a few pixels in
the region are too opaque to have any sources detected in them.
The noise properties of this map arising from source counts are
similar to most extinction-mapping studies in the literature(e.g.,
Lombardi & Alves2001). The uncertainty is about 0.3 mag at
low AV and 1 mag at the highest measurableAV.

The � nal NIR extinction map was used to estimate total
hydrogen column density,N(H). This was done by� rst adopting
a conversion from NIR extinction to visual extinction(given
above) and then adopting a conversion from visual extinction to
total hydrogen column density(Bohlin et al.1978):

N N N AH 2 H H I 1.9 10 cm mag .V2
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2.3. Identifying YSOs

We examined archival data from theSpitzer IR satellite,
including the four bands of the IRAC instrument and the 24μm
MIPS camera, theWISE all-sky survey catalog, and the
Herschelfar-IR satellite, to� nd and classify potential YSOs
within the region mapped in CO andCO13 .

In another program subsequent to but separate from the Calar
Alto observations described above, we also obtained deep
JHKS�images with the Canada–France–Hawaii Telescope
(CFHT) observatory on Maunakea and extracted point-source
� uxes, which were employed with the longer-wavelength
archival data to select YSOs and classify them in the standard
evolutionary sequence of Class I, Class II, and� at-spectrum
transition disk objects.

The observations were conducted in queue-scheduled
observing (QSO) mode between 2012 August and 2012
November with the WIRCam instrument on the CFHT.
WIRCam is a NIR mosaic imager with four 2048�× �2048
CCDs, yielding a� eld of view of� 21��× �21��with a plate scale
of 0 306 pixel� 1. We observed 33� elds covering in total an
area of� 4 deg2 toward the Cep OB3 molecular cloud in theJ,
H, and Ks bands. Each� eld was imaged with the dithering
pattern mode. The individual exposure time was 60 s in theJ
band, 15 s in theH band, and 23 s in theKs band. The total

integration times of theJ, H, andKs bands for each� eld were
360, 150, and 138 s, respectively.

Individual images were processed by the CFHT‘I’ iwi
pipeline(the IDL Interpretor of the WIRCam Images, version
2.1.1), which includes dark subtraction,� at � elding, non-
linearity correction, cross-talk removal, and sky subtraction.
Absolute astrometry was performed on each single frame by
comparing the image with the 2MASS reference catalog
(Skrutskie et al.2006) with SCAMP (Bertin 2006). Based on
the accurate astrometry, the dithered individual exposures were
combined into the stacked images with the software SWARP
(Bertin et al.2002). Point-source detection and point-spread
function (PSF) photometry were performed on the mosaic
images via PyRAF, which is a command Python scripting
language for running IRAF tasks. Photometric zero points and
color terms were calculated by comparison of the instrumental
magnitudes of relatively isolated, unsaturated bright sources
with the counterparts in the 2MASS Point Source Catalog
(Skrutskie et al.2006). For the point sources, we reach limiting
magnitudes of� 20.5, 19.5, and 19(� 5σ) in the J, H, andKs
images, respectively.

The process of YSO identi� cation is mainly based on the
YSO classi� cation schemes presented by Gutermuth et al.
(2009) and Koenig & Leisawitz(2014). We also combine
several color criteria from Robitaille et al.(2008), Veneziani
et al. (2013), and Saral et al.(2015) to isolate the asymptotic
giant branch (AGB) stars. The classi� cation method is
explained in greater detail in Zhang et al.(2018). The catalog
of YSOs will be presented in a separate publication.

The limiting factor in YSO identi� cations is the sensitivity of
the archivalSpitzerdata. TheJHKS data from the CFHT cover
a signi� cantly larger area but with a relatively short exposure
time compared to the observations at Calar Alto(Section2.2),
which were designed speci� cally for extinction mapping.
Therefore, including the Calar Alto data for YSO identi� cation
would have a minimal effect on our catalog completeness.

3. Results

3.1. Global Spectra

The direction to the Cepheus molecular cloud also includes
lines of sight to more distant molecular gas associated with the
Perseus and“Outer” spiral arms. Figure2 shows the 1 MHz
� lter-bank spectrum averaged over the entire mapped� eld. The
strongest feature is at LSR velocities that place it in the Local
Spiral Arm, consistent with a distance of 700 pc. Three other
weaker features are evident as well, at velocities that place
them on the inner and outer parts of the Perseus Arm and Outer
Arm. These velocity components have distinctly different

Figure 1. Map of extinction derived from NIR images, expressed asAV magnitudes. Pixels are blanked where high extinction results in limited star counts and
therefore uncertain quantitative values. Effective resolution is 36� .
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less important than chemical fractionation in enhancing the
CO13 �abundance and thereby affecting the inferred total gas

mass. The effect is consistent with the conclusions of Ripple
et al. (2013) that total gas mass may be underestimated by as
much as a factor of 2.

One other assumption of importance is the gas-to-dust ratio.
Although this does not directly affect our LTE analysis of the
CO lines, the adopted standard extinction curve to convert IR
colors to visual extinction(Section2.3) could be in error for
some lines of sight in the cloud. In effect, we have assumed
the Galactic average ratio of total to selective extinction
(AV/ EB� V�= �3.1). This value probably applies over the bulk of
the Cep C cloud but may be affected in the vicinity of Cep B by
the H�II region Sh2-155. The optical-IR extinction curve can
differ from the Galactic average for dust in the vicinity of H�II
regions(e.g., Whittet2003; Draine2011). Along such lines of
sight, the conversion fromK-band to V-band extinction is
systematically in error; therefore, so is the gas column density
derived from theAV�map(Figures1 and10). Such a systematic
error might account, in part, for the anomalous points in
subregions B1 and B2 in Figure13, which is a scatter plot of
N(H2) derived from the CO LTE analysis, versus the visual
extinction from the stellar IR colors analysis(Section2.3).
Some points lie above the nominal relation between gas
column density and visual extinction shown by the red line. If
AV is underestimated at these pixels due to a nonstandard
reddening law, those points could be shifted to the left of the
line, in contrast to almost all the other subregions, where
deviations place points below the nominal line.

5.2. Cloud Structure and Variation of Properties with Position

From our LTE analysis, the total molecular mass of the Cep
B and C clouds is� 2000Me . Allowing for the effects of CO-
dark gas in surrounding PDRs and possible CO depletion onto
cold grains in dense interior regions, the actual mass may be a
factor of 2 higher. As Sargent(1977) � rst noted, the Cepheus
molecular cloud complex consists of several distinct compo-
nents(or clumps, to use a commonly applied term). The total
mass of the whole complex was estimated by Heyer et al.
(1996) to be at least 18,000M�: , so the Cep B and C clumps
contain about 25% of the total. The largest gas surface densities
are less by a factor of� 5 than the peak surface densities we
have found in other GMCs with substantially larger masses,
e.g., Sh2-235(Bieging et al.2016), or for Orion A (Lada
et al. 2013). The lack of high surface density regions is
consistent with the observation that the fractional projected area
of a cloud with surface density� � gas is a sharply declining

function of � gas (Lada et al.2013; Bieging et al. 2016).
For a relatively low-mass cloud(or clump), then, only a
very small fraction of the surface area is likely to have
� gas�> �200M�: pc� 2.

Despite their modest total mass, the Cep B and C clouds
exhibit a range of properties with position. The channel maps
of CO and CO13 �have a complex structure, with a negative
gradient in temperature from Cep B on the west end eastward
to the extreme tip of Cep C. Cep B abuts the Cep OB3
association and its concentrated cluster of YSOs(Figure18),
and there is clear evidence that massive stars have recently
formed in the interior of the Cep B cloud, speci� cally in
subregion B1(Felli et al.1978; Kun et al.2008; Nikoghosyan
2013). This distribution of massive young stars has been
attributed to a triggering process driven by the effects of the
recently formed members of Cyg OB3. To the west, the Cep C
cloud is systematically colder and shows much less evidence
of current star formation compared to Cep B. The main
concentration of YSOs is on an elongated section of high
column density in subregion C7.

The differences in molecular excitation between the two
extremes of B1 and C7 are illustrated in Figure18, which plots
points at the observed peak brightness temperatures of

CO13 �and CO in theJ�= �2–1 lines for all pixels within these
two subregions for values of brightness temperature> 5σ, or
0.5 K. The loci of constant excitation temperature(assumed to
be the same for both isotopologues) are shown as the red
curves. The green curves show the loci of constant CO optical
depth under LTE conditions. The left panel, for subregion B1,
shows that the range of excitation temperature(and therefore of
gas kinetic temperature) is very broad, from� 8 to 50 K, while
the peak CO optical depths range from� 5 to 50, with only a
few pixels at higher optical depths. The wide range in
temperatures must re� ect the enhanced heating effects of the
nearby OB stars and the embedded massive stars in the B1
subregion. In contrast, region C7(right panel) shows a tight
clustering of points between 10 and 20 K excitation temper-
ature, with very few pixels at higher temperatures. The range of
CO optical depths is larger than that in B1, with pixels up to
τ�= �100, twice the upper envelope of optical depths for
subregion B1. The distribution of pixels in this excitation
parameter space implies that the molecular gas in C7 is cold
and has areas of high gas column density, conditions that
should be conducive to current star formation activity. This
expectation is con� rmed by the presence of many YSOs
located along the high-extinction core whereAV�� �10 mag
(Figure 16), a grouping that suggests this is a small stellar
cluster in formation.

Figure 14.Map of sonic Mach numbers derived from LTE analysis. The color wedge is truncated atMs�= �10; pixels in white may have second velocity components
that distort the CO13 �velocity dispersion.
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In their study of the Orion A and B GMCs(which employed
observations and analysis similar to ours, except that they
observed theJ�= �1–0 line of CO), Ripple et al.(2013) divided
their maps into sections by galactic longitude and found
signi� cant variations between sections. We can also examine
the correlations(or lack thereof) between some of the measured
and derived properties, taken as spatial averages over the 11
subregions(B1–B3 and C1–C8), from values listed in Table2.
In Figure 19, we plot several correlations of averaged
quantities. The trends are broadly consistent with the conclu-
sions of Ripple et al.(2013) despite the considerable
differences in cloud masses between Orion and Cep B/ C.
The three columns in Figure19 show correlation plots versus

CO13 �mean optical depth and CO mean excitation temperature,
both derived from our LTE analysis, and versusAVá ñ derived
from the IR colors of background stars(Section2.3). The top
row of plots shows the quantityN ACO V

13á ñ( ) , which would be
a constant if all gas on each line of sight were molecular with a
constant CO13 / H2 abundance ratio and the gas/ dust ratio were
constant, as well as the dust extinction curve. The vertical
spread in each of the top three panels must result from
deviations from these conditions. As Ripple et al.(2013) found,
for low extinction regions(AV�< �3 mag), the gas is dominated
by a PDR where CO andCO13 �are dissociated relative to H2.
The trend in the top center panel appears to be consistent with

this effect. Likewise, the bottom center panel shows the
nominal gas/ dust relation(red line), and all points lie well
below it. At low extinction,N(H2) is very low, likely because
of dissociation of CO13 �in a PDR. At A 5Vá ñ ~ mag, the large
spread in mean molecular column density may re� ect a range
of freeze-out of CO andCO13 �in cold, dense interiors. The right
column of panels shows that most of the Cep C region has
mean temperatures fairly tightly clustered between 12 and
15 K. The two regions with the highest mean excitation
temperature are B1 and B2, where the molecular column
densities are highest, and there are clear signs of recent and
ongoing massive star formation.

Evidently, the variation in the mean properties of the
molecular clouds re� ects or results from the degree of recent
star formation activity as a function of position in the cloud.
Cep B has been actively forming stars, including massive ones,
but Cep C so far has not formed OB stars, though some lower-
luminosity YSOs are identi� ed within it. It is not clear that
there is suf� cient gas at high column densities in Cep C to do
so, unless future turbulent processes create more mass within
high-density cores. Also, the appearance of Cep B and C
suggests an elongated morphology where“ triggering” might
proceed from west to east. These two clouds are part of a larger
complex, with six regions designated Cep A ... Cep F by
Sargent(1977). Of these, Cep A has been well studied and

Figure 15.Distribution of sonic Mach numbers derived from LTE analysis for each of the 11 subregions shown in Figure16 and the entire mapped� eld. Numbers at
the upper right give the number of pixels in the histograms.
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shows evidence of vigorous massive star formation. A
triggering process of sequential star formation may be at work,
though the observational evidence is perhaps not entirely
compelling.

5.3. The COX-factor

The integrated intensity of the COJ�= �1–0 line,W(CO), has
been used to derive total H2 molecular column densities,N(H2),
and from that, the masses of clouds by many authors. The so-
calledX-factor, de� ned asX(CO)�� �N(H2)/ W(CO), gives the
number of H2 molecules cm� 2 per Kkm s 1- �of CO integrated
line intensity. Essentially, all of these determinations use the
J�= �1–0 line of CO, which has the greatest coverage of clouds
in the Galaxy. The column density of H2 has been obtained by
various means, including the total dust extinction,AV�
(e.g., Paradis et al.2012), and the� ux of γ-rays produced by

cosmic-ray interactions with hydrogen nuclei(Bloemen et al.
1986; Strong & Mattox1996).

We have examined a form of theX-factor de� ned for the CO
J�= �2–1 transition using our observations of CO and our
extinction map derived from IR colors of background stars. The
observational de� nition is X(CO 2–1)�� �N(H2)/ W(CO 2–1),
where we takeN AH 9.43 10 V2

20= ´( ) cm� 2�assuming the
standard gas-to-dust ratio(Draine2011) and that all the gas is
molecular. We calculated the value ofX(CO 2–1) at each
(unblanked) map pixel for the subregions B1–C8 shown above
and the entire image. In Figure20, we show histograms of each
subregion, the mean value from the averages over each subregion
( X A WCO 2 1 9.43 10 CO 2 1V

20á ñ = ´ ´ á ñ á ñ( … ) ( … )), and the
mean value ofX(CO) from Paradis et al.(2012) derived for
molecular gas in the solar vicinity using observations of the CO
J�= �1–0 line. If the COJ�= �2–1 and 1–0 lines are optically thick
and in LTE, the integrated line intensities should be nearly the
same for a given line of sight. If this assumption is not strictly
true, then comparing the value ofX(CO 2–1) with that derived
from the J�= �1–0 line would require a correction factor that
depends on the radiative transfer for each transition, which would
depend on the detailed cloud geometry and spatial properties.
Lacking this information, we assume here that the correction is
of order unity.

In any case, the histograms in Figure20 show that the
distributions ofX-factors vary signi� cantly between different
subregions, mostly showing a well-de� ned peak within a
factor of 2 of the Paradis et al.(2012) value of 1.67´
10 H cm K km s20

2
2 1- -( ) but with a broad tail to larger

values. These tails may contain� 20%–40% of the total pixels.
The peaks of the distributions are generally lower than
the Paradis et al.(2012) average but vary from 1�× �1020 to
2 10 H cm K km s20

2
2 1´ - -( ). Taking an average ofAV andW

(CO 2–1) over each sub� eld, the ratio gives an(intensity-
weighted) averageX(CO 2–1) for each sub� eld that agrees with
the Paradis et al.(2012) Galactic average to within about 20%.
The distribution for the entire� eld, labeled“All, ” has a peak
close to the Paradis et al.(2012) value but with a signi� cant
spread. This range of variation with location in the cloud is
similar to the variation noted by Ripple et al.(2013) in the
Orion A and B molecular clouds. They used maps of the
J�= �1–0 transitions of CO and CO13 and extinction maps
derived from 2MASS sky survey data using the same algorithm
that we used, though with less-deep IR photometry.

The spread in the histograms ofX(CO 2–1) probably re� ects
the existence of signi� cant amounts of molecular gas that is
“CO-dark” in the outer PDR layers of the cloud, with

Figure 16.Positions of identi� ed YSOs compared with total molecular gas surface density derived from LTE analysis(see Figure10). Crosses mark YSOs of Class I
(magenta) and Class II(cyan). The mass surface density color wedge is inM�: pc� 2 with logarithmic stretch. The cloud of points at the upper right is within the Cep
OB3 association.

Figure 17. The YSO surface density averaged over bins in molecular gas
surface density. Bins are at 50–100, 100–150, 150–200, etc.,M�: pc� 2. Only
the lowest three bins have suf� cient YSO content for statistically meaningful
averages. Error bars show the fractional uncertainty asN N, whereN is the
number of YSOs in each bin. The crosses mark bins with only one or two
YSOs and are not statistically meaningful. The solid line shows a� t to the three
leftmost points. The dashed line(with a slope of 1.63) shows the� t derived by
Bieging et al.(2016) for the giant molecular cloud associated with the H�II
region Sh2-235.
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