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2. Observations and Data Reduction about 35, 41, and 18 minutes for thle H, and Kg bands,
3 _ i _ respectively. The weather conditions during the observations
2.1.CO and™COJ= 2-1; COJ= 3-2 were clear, and seeing was betweéf and 1'5.

Molecular-line observations were made with the Heinrich The data reduction followed the typical NIR data reduction
Hertz Submillimeter Telescopen Mt. Graham, Arizona, atan  scheme including dark subtractiorat elding using twilight
elevation of 3200 m. The telescope is operated by the Arizona ats, sky subtraction using a mean of temporally neighboring
Radio Observatories, a division of Steward Observatory at theframes, and image registration. The steps were performed with
University of Arizona. the IRAP software package. The images were registered onto

TheJ = 2-1 rotational transitions of the two most abundant the world coordinate system via comparison to the positions of
isotopologues!?C®0 (hereafter CQ and **C'®0 (hereafter  the 2MASS stars in theelds using IRAF packagenwcs We
13C0O), were observed with the sideband-separating mixerperformed source detection and aperture photometry of the
receivefALMA band 6) described by Lauria et d2006. The sources in the eld using the SExtractor softwa(Bertin &
observing procedures were identical to those described inPArnouts1996.

Bieging et al(2014). The cloud to be mapped was divided into ~ We used thedHKg-band data in conjunction with the color-
10 x 10 “tiles;” which were observed with the on-thg- excess mapping technique NICE@&Dbmbardi2009 to derive
(OTH method, and the resulting images were combined tothe dust extinction through the observesld. For a detailed
make data cubes of brightness temperature on the sky in @escription of the technique, see Lombd&fl09. In general,
series of spectral channels for each CO isotopologue. Thehe observed colors of stars shining through a molecular cloud
main-beam brightness temperature scale was calibrated bgre related to the dust extinction via the equation
observations of the compact molecular source(Q¥3, as

described in Bieging & Pete(2011). Ej=M-m)—(m— fo = A(l — 1),

The spectrometer had two lter banks, one with n
256x 1MHz wide lters and a second with 64 0.25MHz = where E; ; is the color excessd is the extinction, and

wide lters. The_ re;ulting image cubes were slightly spatially (m — m)o is the mean intrinsic color of stars, i.e., the mean
fgrgoothe_d to give identical angular resolutions for CO and oy of stars in a controleld that can be assumed to be free
O, with an effective FWHM of 38(corresponding to from extinction. The ratio i/ ; describes the wavelength

0.13 pc atd = 700 pg. The velocity axes were resampled to . ) .
give identical velocity sampling for the two isotopologues to dependence of reddening, for which we adopt atiefits from

facilitate further analysis. Thenal data cubes covered the Cardelli et al(1989:

velocity ranges 90 to +50kms!with a resolution of 7« =064x 1y = 0.40x 13 = 0.11x 7 .
1.3km s 1 for the 1 MHz Iters and 30 to+ 10km s 1 with ) . L .
a resolution of 0.32Em s for the 0.25 MHz lters. Note that the last conversion to visual extinctions is not

The J = 3-2 transition of CO(but not13CO) was mapped needed in derjvipg the extinction.maphich is measured ir.1.
with a 64-beam focal-plane array receiver, described bythe_: NIR), but it is needed' to estimate gas colurr_m densities
Kloosterman et al(2012. The calibration and observing USing the map. Observations in thelKs bands yield two
procedures were the same as those described in Bieging et af°lor-excess measurements toward each star. In the NICEST

(2016. Because of observing time constraints and differencestéchnique, these color-excess measurements toward individual
in procedures, the mappeeld was not identical to that of the stars are rst combined using a maximume-likelihood technique,

J = 2-1 transition but extended over a larger range in decl. TheYi€lding an estimate of extinctioAy toward each detected
range of R.A. was further west than in the 2-1 maps, but ~ SOUrce. These measurements are then used to produce a
not as far to the east, so that the main Cep B region was welf€gularly sampled map by computing the mean extinction in
covered while the Cep C cloud had less coveragkdn3—-2 ~ regular intervalgmap pixel3, using as weights the variance of
on the eastern extremity than the: 2-1 map. After modest each extinction measurement and a Gaussian spatial weighting
spatial smoothing, the nal J= 3-2 map had a spatial function. The spatial resolution of the map is set by the width
resolution of 31 (FWHM), corresponding to a spatial resolu- ©f the weighting function. In this work, we chose to use a
tion of 0.11pc atd= 700 pc. The velocity resolution was FWHM width of 36. _ _
0.233km s * spanning 30 to +10km s * (LSR). The inten- Ideally, only stars that are located behind the cloud with

sities were calibrated in main-beam brightness temperature a€SPect to the observer should be included in the extinction
described in Bieging et al2016. The rms noise in the Mapping. In practice, sonfsmal) fract|o_n of stars are located
smoothed maps was 0.235K for line-free channels. 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
2.2. Extinction Map frondHKg Photometry foreground sources and cloud members should be removed

. . . from the extinction mapping. In the case of Cep OB3
onvggfff&giiylgmvviﬁgt%aengg]ne%%ezsoggtihnestcrjr?]e(()rh?jvraec%lon (D 700 pqg, the fraction of foreground sources is expected
et al. 2009 at the 3.5m telescope of the Calar Alto to be small, and we usechppmg(Lombardl&AIve_sZQO]) o
Observatory. The Omega2000 camera provides ‘& 45 remove stars from the da_lta that have extinction values
15’4 eld of view with a @45 pixel scale. The observations sign! can'gly lower than their nearby statand hence are
were conducted in seven partly overlappimdds that covered probably in the foregroupdWe apply a 3 threshold for the
an 90 x 15 region. The exposure times of eaokld were 3

IRAF is distributed by the National Optical Astronomy Observatories,

which are operated by the Association of Universities for Research in
See http// kpl2m.as.arizona.etlsmt_docssmt_telescope_specs.htfor Astronomy, Inc., under cooperative agreement with the National Science
technical specications. Foundation.
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Figure 1. Map of extinction derived from NIR images, expressedasnagnitudes. Pixels are blanked where high extinction results in limited star counts and
therefore uncertain quantitative values. Effective resolution is 36

-clipping. To remove the cloud members from the extinction integration times of thd, H, andKg bands for eacheld were
mapping, we used the catalogs of X-ray and mid-infrared 360, 150, and 138 s, respectively.

identi ed cloud members by Getman et(@006 and Getman Individual images were processed by the CFHwi

et al. (2009, respectively. pipeline (the IDL Interpretor of the WIRCam Images, version
Figure 1 shows the resulting dust extinction map of the Cep 2.1.1), which includes dark subtractionat elding, non-

OB3 cloud. The map spans extinction values ufato 35 mag linearity correction, cross-talk removal, and sky subtraction.

at the chosen resolution. Because we made relatively longAbsolute astrometry was performed on each single frame by
exposures compared to 2MASS, for example, we are able tacomparing the image with the 2MASS reference catalog
achieve a ner angular resolution than has been typical with the (Skrutskie et al200§ with SCAMP (Bertin 2006. Based on
NICER methode.g., Lombardi & Alve®001) while maintain- the accurate astrometry, the dithered individual exposures were
ing suf cient stellar density in each pixel. Only a few pixels in combined into the stacked images with the software SWARP
the region are too opaque to have any sources detected in thenfBertin et al.2002. Point-source detection and point-spread
The noise properties of this map arising from source counts ardunction (PSH photometry were performed on the mosaic

similar to most extinction-mapping studies in the literaterg., images via PyRAF, which is a command Python scripting
Lombardi & Alves200]). The uncertainty is about 0.3 mag at language for running IRAF tasks. Photometric zero points and
low A, and 1 mag at the highest measurakje color terms were calculated by comparison of the instrumental

The nal NIR extinction map was used to estimate total magnitudes of relatively isolated, unsaturated bright sources
hydrogen column densiti{(H). This was done byrst adopting with the counterparts in the 2MASS Point Source Catalog

a conversion from NIR extinction to visual extincti@given (Skrutskie et al2006. For the point sources, we reach limiting
above and then adopting a conversion from visual extinction to magnitudes of 20.5, 19.5, and 19 5 ) in theJ, H, andKg
total hydrogen column densifdohlin et al.1978: images, respectively.

The process of YSO identiation is mainly based on the
N(H) = 2N(Hp) + N(H1) = (1.9 x 1¢* cm2 mag) A . YSO classication schemes presented by Gutermuth et al.

(2009 and Koenig & Leisawitz(2014. We also combine
. several color criteria from Robitaille et §2008, Veneziani
2.3. Identifying YSOs et al. (2013, and Saral et a(2015 to isolate the asymptotic

We examined archival data from ti®pitzerIR satellite, ~ giant branch (AGB) stars. The classtation method is
including the four bands of the IRAC instrument and the®4 ~ explained in greater detail in Zhang et(@018. The catalog
MIPS camera, theWISE all-sky survey catalog, and the ©Of YSOs will be presented in a separate publication.
Herschelfar-IR satellite, to nd and classify potential YSOs The limiting factor in YSO identications is the sensitivity of
within the region mapped in CO aRCO. the_arthvalSpnzerdata. TheJHKs data from the CFHT cover

In another program subsequent to but separate from the Cala® Signi cantly larger area but with a relatively short exposure
Alto observations described above, we also obtained deegime compared to the observations at Calar fftection2.2),
JHKsimages with the CanadBranceHawaii Telescope  Which were designed specally for extinction mapping.
(CFHT) observatory on Maunakea and extracted point-source herefore, including the Calar Alto data for YSO ideaition

uxes, which were employed with the longer-wavelength Would have a minimal effect on our catalog completeness.
archival data to select YSOs and classify them in the standard
evolutionary sequence of Class |, Class Il, aadispectrum 3. Results
transition disk objects.

The observations were conducted in queue-scheduled 3.1. Global Spectra
observing (QSO mode between 2012 August and 2012  The direction to the Cepheus molecular cloud also includes
November with the WIRCam instrument on the CFHT. lines of sight to more distant molecular gas associated with the
WIRCam is a NIR mosaic imager with four 20482048 Perseus anlOutef spiral arms. Figur@ shows the 1 MHz
CCDs, yielding a eld of view of 21 x 21 with a plate scale Iter-bank spectrum averaged over the entire mapeletd The
of 07306 pixel 1. We observed 33elds covering in total an  strongest feature is at LSR velocities that place it in the Local
area of 4ded toward the Cep OB3 molecular cloud in the Spiral Arm, consistent with a distance of 700 pc. Three other
H, and Kq bands. Each eld was imaged with the dithering weaker features are evident as well, at velocities that place
pattern mode. The individual exposure time was 60 s ifdthe them on the inner and outer parts of the Perseus Arm and Outer
band, 15s in théd band, and 23 s in th&g band. The total ~ Arm. These velocity components have distinctly different
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Figure 14.Map of sonic Mach numbers derived from LTE analysis. The color wedge is truncMed at0; pixels in white may have second velocity components
that distort thé*CO velocity dispersion.

less important than chemical fractionation in enhancing thefunction of 4,5 (Lada et al.2013 Bieging et al.2016.

13C0 abundance and thereby affecting the inferred total gasFor a relatively low-mass clouor clump, then, only a

mass. The effect is consistent with the conclusions of Ripplevery small fraction of the surface area is likely to have

et al. (2013 that total gas mass may be underestimated by as y,s> 200M. pc 2

much as a factor of 2. Despite their modest total mass, the Cep B and C clouds
One other assumption of importance is the gas-to-dust ratioexhibit a range of properties with position. The channel maps

Although this does not directly affect our LTE analysis of the of CO and3CO have a complex structure, with a negative

CO lines, the adopted standard extinction curve to convert IRgradient in temperature from Cep B on the west end eastward

colors to visual extinctiorfSection2.3) could be in error for  to the extreme tip of Cep C. Cep B abuts the Cep OB3

some lines of sight in the cloud. In effect, we have assumedassociation and its concentrated cluster of Y@&gure 18),

the Galactic average ratio of total to selective extinction and there is clear evidence that massive stars have recently

(AV/ Eg v = 3.1). This value probably applies over the bulk of formed in the interior of the Cep B cloud, spegzilly in

the Cep C cloud but may be affected in the vicinity of Cep B by subregion BI(Felli et al. 1978 Kun et al.2008 Nikoghosyan

the H1l region Sh2-155. The optical-IR extinction curve can 2013. This distribution of massive young stars has been

differ from the Galactic average for dust in the vicinity ofiH  attributed to a triggering process driven by the effects of the

regions(e.g., Whittet2003 Draine2011). Along such lines of  recently formed members of Cyg OB3. To the west, the Cep C

sight, the conversion fronk-band to V-band extinction is  cloud is systematically colder and shows much less evidence

systematically in error; therefore, so is the gas column densityof current star formation compared to Cep B. The main

derived from theh, map(Figuresl and10). Such a systematic  concentration of YSOs is on an elongated section of high
error might account, in part, for the anomalous points in column density in subregion C7.

subregions B1 and B2 in Figut, which is a scatter plot of The differences in molecular excitation between the two
N(H) derived from the CO LTE analysis, versus the visual extremes of B1 and C7 are illustrated in Figl@ewhich plots
extinction from the stellar IR colors analyi@ecuon 23) points at the observed peak brightness temperatures of

Some points lie above the nominal relation between gasl3coand CO in thel = 2-1 lines for all pixels within these

column density and visual extinction shown by the red line. If o subregions for values of brightness temperate, or

Ay is underestimated at these pixels due to a nonstandarg) 5 K. The loci of constant excitation temperat(@ssumed to

rgdde_ning law, those points could be shifted to th_e left of thepe the same for both isotopologhese shown as the red

line, in contrast to almost all the other subregions, wherecyrves. The green curves show the loci of constant CO optical

deviations place points below the nominal line. depth under LTE conditions. The left panel, for subregion B1,
shows that the range of excitation temperatanel therefore of

. . . . gas kinetic temperatyres very broad, from 8 to 50 K, while
5.2. Cloud Structure and Variation of Properties with Position ¢ peak CO optical depths range frorf to 50, with only a

From our LTE analysis, the total molecular mass of the Cepfew pixels at higher optical depths. The wide range in
B and C clouds is 2000M, . Allowing for the effects of CO- ~ temperatures must rect the enhanced heating effects of the
dark gas in surrounding PDRs and possible CO depletion ontorearby OB stars and the embedded massive stars in the B1
cold grains in dense interior regions, the actual mass may be §ubregion. In contrast, region Giight pane) shows a tight
factor of 2 higher. As Sargefit977 rst noted, the Cepheus clustering of points between 10 and 20K excitation temper-
molecular cloud complex consists of several distinct compo-ature, with very few pixels at higher temperatures. The range of
nents(or clumps, to use a commonly applied tgrifhe total CO optical depths is larger than that in B1, with pixels up to
mass of the whole complex was estimated by Heyer et al. = 100, twice the upper envelope of optical depths for
(1996 to be at least 18,004 ., so the Cep B and C clumps subregion Bl. The distribution of pixels in this excitation
contain about 25% of the total. The largest gas surface densitieparameter space implies that the molecular gas in C7 is cold
are less by a factor of 5 than the peak surface densities we and has areas of high gas column density, conditions that
have found in other GMCs with substantially larger masses,should be conducive to current star formation activity. This
e.g., Sh2-235Bieging et al.2016, or for Orion A (Lada expectation is corrmed by the presence of many YSOs
et al. 2013. The lack of high surface density regions is located along the high-extinction core whekg 10 mag
consistent with the observation that the fractional projected aredFigure 16), a grouping that suggests this is a small stellar
of a cloud with surface density 4,5is a sharply declining  cluster in formation.
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Figure 15.Distribution of sonic Mach numbers derived from LTE analysis for each of the 11 subregions shown id&-andé¢he entire mappeceld. Numbers at
the upper right give the number of pixels in the histograms.

In their study of the Orion A and B GMQwhich employed this effect. Likewise, the bottom center panel shows the
observations and analysis similar to ours, except that theynominal gasdust relation(red ling, and all points lie well
observed thd = 1-0 line of CO, Ripple et al(2013 divided below it. At low extinctionN(H.) is very low, likely because
their maps into sections by galactic longitude and found of dissociation ofCO in a PDR. At(A,;) ~ 5 mag, the large
signi cant variations between sections. We can also examinespread in mean molecular column density mayece a range
the correlationgor lack theregfbetween some of the measured of freeze-out of CO antfCO in cold, dense interiors. The right
and derived properties, taken as spatial averages over the 1dolumn of panels shows that most of the Cep C region has
subregiongB1-B3 and C+C8), from values listed in Tabl2 mean temperatures fairly tightly clustered between 12 and
In Figure 19, we plot several correlations of averaged 15K. The two regions with the highest mean excitation
guantities. The trends are broadly consistent with the conclutemperature are B1 and B2, where the molecular column
sions of Ripple et al.(2013 despite the considerable densities are highest, and there are clear signs of recent and
differences in cloud masses between Orion and CEP. B  ongoing massive star formation.

The three columns in FigurE9 show correlation plots versus Evidently, the variation in the mean properties of the
13C0 mean optical depth and CO mean excitation temperaturemolecular clouds reects or results from the degree of recent
both derived from our LTE analysis, and veréfig) derived star formation activity as a function of position in the cloud.
from the IR colors of background stg&ection2.3). The top Cep B has been actively forming stars, including massive ones,
row of plots shows the quantitil *3CO) /A, ), which would be but Cep C so far has not formed OB stars, though some lower-
a constant if all gas on each line of sight were molecular with aluminosity YSOs are idented within it. It is not clear that
constant3CO/ H, abundance ratio and the gdsst ratio were  there is sufcient gas at high column densities in Cep C to do
constant, as well as the dust extinction curve. The verticalso, unless future turbulent processes create more mass within
spread in each of the top three panels must result fromhigh-density cores. Also, the appearance of Cep B and C
deviations from these conditions. As Ripple e{2013 found, suggests an elongated morphology whdregering might

for low extinction regiongA, < 3 mag, the gas is dominated proceed from west to east. These two clouds are part of a larger
by a PDR where CO anHCO are dissociated relative to,H complex, with six regions designated Cep A ... Cep F by
The trend in the top center panel appears to be consistent witlsargent(1977). Of these, Cep A has been well studied and
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Figure 17. The YSO surface density averaged over bins in molecular gas
surface density. Bins are at-8M0, 108150, 156200, etc.,M. pc 2 Only

the lowest three bins have safent YSO content for statistically meaningful
averages. Error bars show the fractional uncertaintyNasN, 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 showsathe three
leftmost points. The dashed lifwith a slope of 1.68shows the t derived by
Bieging et al.(2016 for the giant molecular cloud associated with tha H
region Sh2-235.

2.6

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 entirel
compelling.

5.3. The COX-factor

The integrated intensity of the CO= 1-0 line, W(CO), has
been used to derive totabholecular column densitie(H.),

cosmic-ray interactions with hydrogen nudBloemen et al.
1986 Strong & Mattox1996.

We have examined a form of thefactor 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 denition is X(CO2-1) N(H,)/ WCO 2-1),
where we takeN(H,) = 9.43 x 1G%A, cm ? assuming the
standard gas-to-dust rai{Draine 2011 and that all the gas is
molecular. We calculated the value ®{CO 2-1) at each
(unblankedl map pixel for the subregions BL8 shown above
and the entire image. In Figu?®, we show histograms of each
subregion, the mean value from the averages over each subregion
(X(CO2.1)= 9.43x 1€° x (A/)/(W (CO 2.})) 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= 1-0line. If the COJ = 2-1 and 10 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 X{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 Fig2® show that the
distributions ofX-factors vary signicantly between different
subregions, mostly showing a well-deed peak within a
factor of 2 of the Paradis et a(2012 value of 1.67 x

10°° H, cnm?2/(Kkm sY) but with a broad tail to larger

values. These tails may contair20%-40% of the total pixels.
The peaks of the distributions are generally lower than
the Paradis et a(2019 average but vary from & 10°° to

2 x 10%° H, cnt2/( K km s'%). Taking an average @, andwW
y(CO 2-1) over each suleld, the ratio gives arfintensity-

weighted averageX(CO 2-1) for each subeld that agrees with
the Paradis et a{2012 Galactic average to within about 20%.
The distribution for the entireeld, labeled'All,” has a peak
close to the Paradis et 42012 value but with a signicant
spread. This range of variation with location in the cloud is

and from that, the masses of clouds by many authors. The sosimilar to the variation noted by Ripple et €013 in the

called X-factor, dened asX(CO) N(H,)/ W(CO), gives the
number of B molecules cm? per Kkm s1 of CO integrated

Orion A and B molecular clouds. They used maps of the
J = 1-0 transitions of CO and3®O and extinction maps

line intensity. Essentially, all of these determinations use thederived from 2MASS sky survey data using the same algorithm
J = 1-0 line of CO, which has the greatest coverage of cloudsthat we used, though with less-deep IR photometry.

in the Galaxy. The column density of, Has been obtained by
various means, including the total dust extinctioky,
(e.g., Paradis et a2012, and the ux of -rays produced by

19

The spread in the histogramsX{CO 2-1) probably re ects
the existence of signcant amounts of molecular gas that is
“CO-dark in the outer PDR layers of the cloud, with





