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ABSTRACT

Context. The distance to the wellknown bipolar nebula S106 and its associated molecular cloud is highly uncertain. Values
between 0.5 and 2 kpc are given in the literature, favoring a view of S106 as an isolated object at a distance of 600 pc as
part of the ‘Great Cygnus Rift’. However, there is evidence that S106 is physically associated with the Cygnus X complex
at a distance of ~1.7 kpc (Schneider et al. 2006). In this case, S106 is a more massive and more luminous star forming site
previously thought.

Aims. We aim to understand the large-scale distribution of molecular gas in the S106 region, its possible association with other
clouds in the Cygnus X south region, and the impact of UV radiation on the gas. This will constrain the distance to S106.
Methods. We employ a part of an extended *CO and C'*O 1—0 survey, performed with the FCRAO, and data from the MSX
and Spitzer satellites to study the spatial distribution and correlation of molecular cloud/PDR interfaces in Cygnus X south.
The 2MASS survey is used to obtain a stellar density map of the region.

Results. We find evidence that several molecular clouds including S106 are directly shaped by the UV radiation from
members of several Cygnus OB clusters, mainly NGC 6913, and are thus located at a distance of ~1.7 kpc in the Cygnus X
complex. The definition of OB associations in terms of spatial extent and stellar content in the Cygnus X south region is revised.
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1. Introduction

The Hi1 region S106 in Cygnus is famous for its bipolar
emission nebula (e.g., Oasa et al. 2006). The nebula is ex-
cited by the O-star S106 IR and embedded in a molecular
cloud which was studied in different molecular line tracers
at various angular resolutions. Observations using lower-.J
CO lines at a resolution of ~1' (Lucas et al. 1978; Bally
& Scoville 1982; Schneider et al. 2002) revealed a cloud
with an extent of ~20'x25" and two emission peaks, sep-
arated by ~3', centering S106 IR. The eastern peak has
the shape of a ‘lane’ that is devoid of radio continuum
emission, which is interpreted by some authors (Bally &
Scoville 1982; Ghosh et al. 2003; Qin et al. 2005) as a mas-
sive disk or torus around S106 IR. The western peak is
also seen in NHj3 emission (Stutzki et al. 1982). It is more
diffuse and has an emission distribution elongated north-
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south blocked by the lobes of the H 11 region. A secondary
site of star formation ~5' south of S106 IR was detected
as a peak in CO emission containing an embedded clus-
ter (Rayner 1994) seen also with 2MASS! (Schneider et
al. 2002). See also the chapter ‘S106’ by Hodapp in the
‘Handbook of star formation’ (Reipurth 2007) for more
information on S106.

The majority of the observations, however, concen-
trated on mapping the dense gas immediately around
S106 IR at higher angular resolution in various atomic
and molecular tracers (e.g., Churchwell & Bieging 1982;
Little et al. 1995; Schneider et al. 2002, 2003) and the
continuum (Richer et al. 1993; Vallée et al. 2005; Motte et
al. 2007). Optically thick molecular lines revealed strong

! The Two Micron All Sky Survey (2MASS) is a joint project
of the University of Massachusetts and the Infrared Processing
and Analysis Center/California Institute of Technology, funded
by the National Aeronautics and Space Administration and the
National Science Foundation.
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outflow emission close to S106 IR. This star also powers a
bright photon dominated region (PDR) as seen in atomic
Far-infrared (FIR) lines ([C11] 158 pm, [C1] 809 and 370
pum, Schneider et al. 2003) and emission lines of Bry and
H, 1-0 S(1) (Hayashi et al. 1990).

The range of distances given in the literature for
the S106 complex is broad. Early estimates using the
kinematic information of S106 give values >2 kpc (e.g.,
Reifenstein et al. 1970; Maucherat 1975). However, S106
is located at Galactic longitude ~76.5° where the local
Galactic arm, the Perseus arm, and the outer Galaxy are
found along the same line of sight, covering distances be-
tween a few hundred pc and 8 kpc. In this direction, radial
velocities of nearby clouds are close to zero and thus do not
provide reliable distance estimates. Distances derived with
other methods (Eiroa 1979; Staude 1982; Rayner 1994) are
smaller (500 to 600 pc). These values are commonly used
for the S106 region.

In this paper, we study the spatial and kinematic dis-
tribution of molecular gas in S106 and place this cloud in
the context of other objects in the Cygnus X region. To
date, extrinsic influences on S106 (shock-compression, ra-
diation pressure, and winds from external OB-stars) have
not been considered or studied because S106 was seen
as an isolated object in the quiescent ‘Cygnus Rift’ at
~600 pc distance. We investigate whether the UV radia-
tion of the Cygnus OB1 and OB9 associations and their
sub-associations, such as NGC 6913 (M29) and Ber87, af-
fect the S106 molecular cloud and other molecular gas
in this region. For this, we compare *CO emission line
maps taken with the FCRAO? with mid-IR emission data
from MSX?. Data from 2MASS are used to determine stel-
lar densities of the brightest stars in order to obtain an
overview of the distribution of the star clusters that influ-
ence the molecular gas. It is important to constrain the
distance to S106 since a larger distance implies that the
molecular cloud is more massive and the exciting star S106
IR has an earlier spectral type than previously thought
and thus powers a more luminous PDR.

Observational details are given in Sect. 2. Large- and
small-scale overlays of 13CO onto mid-IR MSX data are
shown in Sect. 3, the observed molecular line maps are
presented and some cloud properties are determined from
the CO data. In the discussion (Sect. 4), we briefly review
existing distance estimates for S106, discuss the ‘Cygnus
Rift’, and finally propose a new scenario for S106, which is,
in our view, closely associated with the Cygnus X molec-
ular cloud complex at a distance of ~1.7 kpc (Schneider
et al. 2006). Section 5 summarizes the paper.

2. Observations
2.1. FCRAO CO observations

Coverage
We use data from an extensive molecular line survey of the
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whole Cygnus X region taken with the FCRAO 14m tele-
scope. An area of 35 deg? was observed in '>*CO and C'30
1—0 using the 32 pixel “Second Quabbin Optical Imaging
Array” (SEQUOIA) in an On-the-Fly (OTF) observing
mode. The data were obtained between 2003 December
and 2006 January and will be presented in more detail
in Simon et al. (2007, in prep.). In the current paper, we
concentrate on '3CO 1—0 emission from an area of 3x3
deg? covering the molecular clouds in the south-western
part of the survey (named ‘Cygnus X south’ in Schneider
et al. 2006), and in '*CO and C'80 1—0 emission from a
region of 40’ x40’ extent, centered on S106.
OTF-mapping

The Cygnus X data were assembled from individual OTF
maps (footprints) of 20'x10’ size. The integration time
was 1 s for each of the 64 simultaneously recorded spec-
tra, 32 in '*CO and 32 in C'80, as the telescope moved
continuously across the sky. One OTF footprint map thus
took ~30 minutes including overheads. The maps were ob-
served with some overlap to compensate for the less dense
sampling at the edges of the footprint maps and allow for
uniform noise in the final, merged data set. Due to the
OTF observing mode, the resulting grid of spectra is very
dense and highly oversampled. The spectra were gridded
on a 22".5 raster before being merged into the final data
set. The FWHM of the FCRAO at the observed frequen-
cies is ~46". The spectra have a mean 1o rms noise level
of ~0.2 K on a T% antenna temperature scale, i.e., not
corrected for the main beam efficiency of ~0.48 at 110
GHz.

Backend

The receiver was used in combination with a dual chan-
nel correlator (DCC), configured to a bandwidth of 25
MHz, 1024 channels, and a velocity sampling of 0.066 km
s~!. With this correlator, two independent intermediate
frequencies (IFs) could be processed for each of the 32
pixels, and therefore, 32 spectra could be observed simul-
taneously at 110 and 109 GHz (*3*CO and C!80).
Pointing and Calibration

Pointing and calibration were checked regularly at the
start of the Cygnus LST interval and after transit of
Cygnus (no observations were performed at elevations
higher than 75°). Pointing sources were SiO masers of
evolved stars, i.e., x-Cyg, R-Leo and T-Cep, depending
on LST-time. The calibration was checked regularly on
the position of peak emission in DR21 and found to be
consistent within 10%.

3. Results and analysis

3.1. Large-scale correlation of molecular line and
mid-IR emission

Figure 1 shows a part of the '3CO 1—0 FCRAO survey
of the Cygnus X region overlaid as contours on a color
image of mid-IR emission at 8.3 ym (MSX Band A with
an angular resolution of 20"”). The CO emission is inte-
grated over a velocity range of —10 to 20 km s~ ! so that
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Fig. 1. Overlay of **CO 1—0 emission in the velocity range —10 to 20 km s~ (white contours) on an 8 pm image of MSX in the
Cygnus X south region containing S106. The map shows about 25% of the FCRAO survey area (Simon et al. 2007, in prep.) the
boundary of which is indicated by a short-dashed line. Contours are from 4 to 36 km s * in steps of 4 km s~ !, the color scale is
(0.05-1.0)x107% W m~2 sr~'. The large black ellipses represent the extent of the OB8, OB9 and OB1 associations and crosses
are their center. Yellow, small circles show known clusters, i.e., NGC 6913, NGC 6910, Ber86, Ber87, as well as Cl02-7 (Le
Duigou & Knédlseder 2002). Small circles with numbers indicate known H1I regions DR4,5,6,9,12, and 13 (Downes & Rinehart

1966). The long-dashed circle encloses a cavity largely devoid of mid-IR emission.

all molecular clouds seen in Cygnus X (Schneider et al.
2006) are included. The molecular cloud associated with
5106 is located at 1=76.4° and b=-0.7°.

The emission at 8 um is a tracer of PDR~interfaces be-
cause the UV radiation from massive stars heats small
grains and polycyclic aromatic hydrocarbons (PAHs)
which re-radiate part of their energy at this wavelength.
The point-like sources are either (clusters of) young mas-
sive and bright stars or embedded red objects that are
usually massive protostars. The most prominent feature
seen in the MSX image is a large-scale circle (indicated
by a long-dashed line in Fig. 1) of bright mid-IR emission
approximately centered on NGC 6913. The circle is not
closed, but shows a lack of emission towards the cluster
Ber86 and the center of Cyg OB1. The star-forming re-
gions within the molecular clouds are found to be arranged
on this circle. Some contain identified star clusters (Cl02—
5, C107 after the nomenclature of Le Duigou & Kndodlseder
2002, and Ber87), others show strong mid-IR emission due
to embedded clusters (e.g., at 1=76.2°, b=0.1°) and/or due

to external excitation. The most prominent examples for
the latter case are found at 1=76.8°, b=2.1° (Cloud A),
at 1=77.5°, b=1.8° (Cloud B), and S106. They are bright-
rimmed, globular-shaped molecular clouds with a tail of
emission in mid-IR and CO pointing away from the circle
center and are discussed in more detail in the next section.

There are, however, two examples where CO emission
and mid-IR emission do not correspond well, i.e., towards
an extended, diffuse area south-east and east of NGC 6913,
and a region of rather compact clouds south of CI07. The
non-correlation with mid-IR emission does not imply that
these clouds are not correlated with the Cygnus X clouds
since they can be slightly displaced in the fore- or back-
ground with respect to the bulk emission. However, they
can also be related to the ‘Cygnus Rift’. We will come
back to this point in Sect. 4.2.

The large scale distribution of mid-IR/CO emission
suggests that the center of excitation for the PDR cloud
surfaces is located close to the circle center. Obviously,
the open cluster NGC 6913 is the first candidate to be the
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exciting source. It is seen as one of the nuclei of OB1 and
contains around 100 stars (Wang & Hu 2000) even though
only 2 OB-stars were identified (Wang & Hu 2000; Boeche
et al. 2004). Other nuclei of OB1 are Ber86 and Ber87 close
to NGC 6913. At this point, we only state that a source
of UV radiation close to the location of NGC 6913 may
have created the observed cavity in mid-IR emission and
the circle of PDR emission where the ionization fronts hit
the (molecular) gas.

3.2. Small-scale correlation of molecular line and
mid-IR emission

Figure 2 shows the prominent PDR interfaces of S106 and
two other clouds in detail (Cloud A and B in Figure 1)
to illustrate the effect of stellar winds/UV radiation that
are shaping the molecular clouds. In addition, we show
position-velocity cuts in '*CO to illustrate the velocity
structure.

In Cloud A (Fig. 2a), two mid-IR point sources are
located at the tip (~2 pc separation, assuming a distance
of 1.7 kpc) of the dense molecular cloud. Around these
sources, a ring-like structure in mid-IR emission is ob-
served that corresponds to VdB130, a single star or small
star cluster in a reflection nebula, similar to ‘Cloud B’
(see below). The H11 region DWB34 listed in the catalog
of Dickel et al. (1969) is indicated in the plot. The tail
(~10 pc length) of the cloud is more dispersed in CO and
mid-IR emission and cleary points away from the cavity
(compare with Fig. 1). The position-velocity cuts (lv-cuts)
go along the two main flow directions of the gas. Only a
small velocity gradient can be identified for Cut 2. Cut 1,
however, shows a strong, clearly defined gradient in veloc-
ity (+0.5 km s~!/pc). Similar values are found in much
smaller molecular ‘globules’ (sizes of typically 0.5 pc for
the head and 1.5 pc for the tail, see, e.g., White et al.
1997). However, the mechanisms at work that are respon-
sible for the observed large-scale gas flows in Cloud A are
most likely the same, i.e., influence of UV-radiation and
stellar winds of OB stars.

The structure of mid-IR and '*CO emission around
Cloud B (Fig. 2b) is very complex and we observe sev-
eral, overlaying features. The large scale emission in both
tracers shows a similar distribution as for Cloud A with a
dense clump of molecular gas, facing the UV field, and a
more dispersed tail. Embedded in the main CO peak, an
MSX point source corresponds to Mol121 (Molinari et al.
1998). This is an ultra-compact H 11 region which contains
a small cluster of stars seen in near-IR by Deharveng et
al. (2005). The same authors identified a nearly circular
H1r1 region (their source 'X’ and marked as such in the
plot) that was not listed in the DWB-catalog of optically
visible H1r regions. The edge of the main CO peak is lit
up by UV radiation, as seen in the bright, narrow rim of
MSX emission. Extending to the right and left of the CO
peak, a bow-shaped feature in CO and mid-IR emission
is seen, suggesting that here we also observe compressed,

UV illuminated, dense gas. This structure is clearly visible
in the lv-cut 2 (between 7' and ~10'), covering a veloc-
ity range of ~6 km s~ ! that is much larger than a typ-
ical internal velocity dispersion of a quiescent molecular
cloud. Cut 1 goes along one of the main tail axes. The out-
flow from Mol121 is seen at ~8'. The CO emission in the
tail is complex, suggesting on first sight a second outflow
source around 18'. However, a careful analysis of the spec-
tra shows that the large range of velocities observed (-3 to
4 km s~ ') is mainly caused by several overlapping cloud
components and a high internal velocity dispersion of the
gas. The existence of an outflow source can not be ruled
out, but requires higher angular resolution molecular line
observations.

In Cloud A and B, the mid-IR emission is clearly
shifted towards the edge of the clouds and the center of
the cavity. This stratified distribution of CO and mid-IR
emission together with the globular shape of the clouds is
strong evidence that the origin of the exciting UV photons
is inside the large-scale circle.

The lower intensity mid-IR emission in S106 forms
a bow-shaped feature with two diffuse tails pointing away
from the center of the circle in Fig. 1. This shape is clearly
caused by external UV radiation from inside the large-
scale cavity. The CO emission has a similar distribution
but is more concentrated to the inside of the bow-shaped
mid-IR emission, suggesting that the molecular cloud is
embedded in a larger cocoon of heated gas, visible in
mid-IR emission. The high-intensity mid-IR emission is
the well-known bipolar nebula S106 whose orientation is
nearly orthogonal to the low-intensity mid-IR emission.
The exciting UV source is the OB-star S106 IR. Though
this star creates a bright PDR in its immediate environ-
ment, the UV flux decreases rapidly from a few 10° G,
at the position of S106 IR down to 10> G, in 2’ distance
(Schneider et al. 2003). Cut 1 and 2 show a velocity gradi-
ent that is smaller (~0.3 km s~'/pc) than for Cloud A. It
seems that the gas here is less dynamic than along Cut 1
in Cloud A and in the shock-compressed region of Cloud
B. Strongly visible in both cuts is the outflow emission
caused by S106 IR.

In the next section, we discuss in more detail the
molecular line emission of the prominent source S106.

3.3. Molecular line maps of S106

The results of our molecular line mapping of S106 in the
13C0O and C'80 1—0 transitions are shown in Figs. 3 and
4. In Fig. 3, the "*CO map is overlaid on a color image of
4.5 pm emission obtained from the Spitzer space telescope
archive. Figure 4 shows the line integrated *CO and C*®0
1—0 maps separately.

Significant '>CO emission is found in the velocity range
v= -9 to 6 km s~! while the C'®0 1—0 emission is re-
stricted to the velocity range v= -4 to 2 km s~'. Both
line maps show the characteristic two-lobe emission dis-
tribution east and west of S106 IR (indicated as a star
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Fig. 2. Top: Cloud A (a), B (b) and S106 (c) in *CO 1—0 emission (contours) overlaid on mid-IR emission (8 pm from MSX).
The bold lines indicate two position-velocity cuts shown in the bottom figures. An offset of 0’ indicates the lower latitude

starting point of the cuts. Particular sources are labeled.

in the plot). The lobes of ionized gas from the H 11 region
are nearly orthogonal to the CO emission. This morphol-
ogy is due to the impact of the radiation and the ionizing
wind of S106 IR that created the bipolar lobes which are
probably collimated by a very small disk (Persson et al.
1988; Bally et al. 1998). The very turbulent layer between
ionized and molecular gas in the lobes becomes visible in
Hea images taken with the Hubble Space Telescope (Bally
et al. 1998). Beyond these lobes, the cooler molecular gas
wraps around the H 11 region, visible as the bulk emission
of the cloud between —3 and 3 km s~'. The strong CO peak
southeast of S106 IR is due to outflow emission where the
molecular gas is swept up from the cavity walls. It is this

part of the S106 molecular cloud that was frequently ob-
served in molecular lines and discussed so we do not go
into more detail here. See Schneider et al. (2002) and ref-
erences therein, as well as a recent publication by Vallée
& Fiege (2005).

The '*CO J=1-0 line traces rather low gas densities
around 3x10% cm™? and thus gives an overview of the
total gas distribution of the S106 molecular cloud. The
emission extends more than 20’ to the south, separated
into two tails each showing a (weak) peak of emission at
its end. The average intensity is a factor ~3 lower than
for the two regions of peak emission close to S106 IR. In
contrast, the C'*O map shows almost no emission features
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IR-color range from 0 to 1.6x10° MJy/sr. The exiting star
S106 IR is marked by a star and a peak of NH3 emission by a
triangle. Several secondary star formation sites are indicated,
including S106 south and south-east.

from the two tails but traces on the more shielded, denser
core of molecular gas.

Higher-density tracers such as CS 2—1 and NoH' 10
show the same emission distribution (Schneider et al. 2007,
in prep.). The *CO (C'80) 1—0 main beam brightness
temperatures vary between a few K (<1 K) in the halo
region and the two cloud tails and rise up to ~15 K (~4
K) in the bright eastern and western lobes close to S106
IR.

The Spitzer 4.5 pm data reveal more clearly than
the MSX image (Fig. 2) the secondary star formation
sites in S106. The S106 south cluster, first deteced by
Rayner (1994) and seen in 2MASS images (Schneider
et al. 2002), is still embedded in the bulk emission
of BCO and is located at a peak of C'® (O emission.
At 1=76.4°, b=—0.83° and at 1=76.35°, b=—0.68° rather
strong sources are detected but since we do not observe
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Fig. 4. Maps of the line integrated '*CO 1—0 (top) and C'*O

1—0 (bottom) emission in the velocity range v=-9 to 6 km

s™! and v=-4 to 2 km s™", respectively. Contours go from 2

(30) to 46 K km s~ in steps of 4 K km s~* for *CO and 2

(30) to 8 K km s~ ! in steps of 1 K km s™* for C'*0.

extended emission around these objects, they may well be
foreground stars. In contrast, the source in between shows
extended emission and may constitute a small cluster of
stars. Conforming to the nomenclature in Schneider et al.
(2002), we call this source ‘S106 south-eastq’. It is, how-
ever, not associated with a prominent peak in CO emis-
sion. All objects are too far separated in projected distance
to be attributed to the cluster of fainter stars detected by
Hodapp & Rayner (1991) which has a 1.7" radius for the

lo-level of the stellar density distribution.

3.4. Physical properties of the S106 molecular cloud

We decomposed the *CO 1—0 map into clumps with a
Gaussian density and velocity distribution, using the al-
gorithm Gaussclumps. See Stutzki & Giisten (1990) and
Kramer et al. (1998) for more details on the program and,
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e.g., Schneider & Brooks (2004) and Simon et al. (2001) for
its application. The clump masses were then calculated as-
suming optically thin emission and LTE (local thermody-
namic equilibrium) as outlined in Schneider et al. (1998).
We assume a distance of 1.7 kpc for our mass calculation
(see Sect. 4). The total mass of the cloud is then deter-
mined to be the sum of all decomposed clumps (98% of
the fitted total intensity, 581 clumps in total) which is
7620 M. The average density within the clumps is then
10? cm 3. The mass is consistent with former estimations
when scaled up, with a distance of 1.7 kpc. Bally & Scoville
(1982) determined 9710 Mg, based on FCRAO ¥CO 1-0
data, and Lucas et al. (1978) estimated a mass of 12000
Mg using 3CO 1—0 observations from the MWO 5 m
telescope.

A fit to the clump-mass distribution (the number of
clumps dN within the mass interval dM, described by
the power-law dN/dM o« M~%, see Kramer et al. 1998)
gives @=1.62. This is in accordance with values around
1.7 determined from former CO observations at different
angular scales (Schneider et al. 2002).

4, Discussion
4.1. Distance estimates for S106

The commonly used distance for S106 is <1 kpc. Early
kinematic distances gave much larger values, i.e., 2.3 kpc
(Reifenstein et al. 1970; Pipher et al. 1976), and 5.7 kpc
(Maucherat 1975). Since local clouds in the direction of
S106 have radial velocities close to zero (see Sect. 1), kine-
matic distances are not reliable. Eiroa et al. (1979) deter-
mined a distance of 500 pc with IR-photometry of the
exciting star S106 IR. This method, however, requires a
source model for S106 IR and does not give a single solu-
tion. In their paper, the best fit for the energy spectrum
of S106 was obtained with a BO-O8 main sequence star
at A,=21". Staude et al. (1982) derived a distance of 600
pc using UBVI photometry of 8 stars which already repre-
sents a very low number statistic. They observed a sudden
increase by two magnitudes of A, starting at a distance of
600 pc and attribute that to extinction due to the ‘Cygnus
Rift’, an extended area of gas at that distance. This, how-
ever, does not imply that the molecular cloud of S106 is
located at the distance of the rift; it could well be further
away. Due to these uncertainties, the distances derived by
the methods outlined above were long disputed. Neckel
(1990, priv. communication) favors a distance of 2 kpc on
the basis of a larger number of foreground stars seen on
Palomar Observatory Sky Survey Plates. Rayner (1994)
determines a distance of at least 1.2 kpc by using J-H
versus H-K diagrams, equally based on a large number of
star counts.

Another argument to place S106 at a distance of <600
pc could be that the Hir region is partly visible in the
optical and must thus be located in front of or within the
‘Cygnus Rift’. However, in the following section, we give
arguments against this scenario.

4.2. 5106 and the ‘Cygnus Rift’

The ‘Cygnus Rift’ is a large area of obscuration in opti-
cal images of the Cygnus X region and is probably part
of the ‘Gould Belt’, an extended (~700x1000 pc) cloud
structure of low-density gas inclined 20° to the Galactic
plane (Guillot 2001). An H, image and extinction map
presented in Schneider et al. (2006, their Fig.1) illustrate
the large-scale distribution of this feature. The distance to
the Cygnus Rift was determined by photometric studies,
concluding that the first reddened stars appear at 430 pc
(Straizys et al. 1993, North America Nebula at 1=84°) and
800 pc (Ikhsanov 1961, IC 1318 b/c at 1=78°). Towards
S106, Staude et al. (1982) noticed a jump in A, of around
600 pc. Figure 5 shows the southern part of the H, image
and an extinction map with A, up to 10™ (the maximum
value is A,=32") with contours of IRAS 100 pm emis-
sion overlaid on both images. Comparing both plots, it
becomes obvious that the overall large-scale extinction is
low and varies across the region. The Hir region IC 1318
b/c is clearly visible in the optical image though its dis-
tance is around 1.5 kpc (see Schneider et al. 2006 and
references therein). The visual extinction in this direction
is a few magnitudes (<5™). S106 appears in the optical
image even more obscured than IC 1318 b/c. Its extinc-
tion averaged over the 2’ 2MASS resolution is 11™. Both
IC 1318 and S106 are located at the edge of the large-scale
smooth, yet low level, extinction of the Cygnus Rift.

However, since one has to distinguish between the dif-
fuse extinction due to the rift and the extinction due to
dust within the molecular clouds of Cygnus X (associated
with the Cyg OB2 association at a distance of 1.7 kpc) or
clouds located further away, we overlaid channel maps of
12C0 1-0 emission taken from the CfA CO survey (Dame
et al. 1987) on the optical image. The only velocity range
matching approximately the region of obscuration is found
between 6 and 20 km s~!. This component was already
tentatively identified with the rift emission by Schneider
et al. (2006) and Piepenbrink & Wendker (1988). Overlays
with our FCRAO #CO 1—0 data did not conclusively re-
veal the rift, which implies that the column density of
the molecular gas in the rift is very low so that the 13CO
line emission is weak. This interpretation is supported by
the 100 pm emission that is due to cold dust mixed with
molecular gas. As can be seen in Fig. 5b, the 100 ym emis-
sion traces much more clearly the dense molecular clouds
than the diffuse rift emission. That again implies a low
column density of the absorbing material in the rift.

To better separate the extinction due to molecular
clouds and the rift, we arbitrarily distinguish the two fea-
tures by a (blue) A, =5™ contour line. (Though one has
to be aware that the rift extinction also covers part of
the Cygnus X clouds). This value is justified since the rift
extinction is estimated to be not more than a few magni-
tudes (Dickel & Wendker 1978). However, not all emission
within the A, >5™ contour, including S106, necessarily
arises from one coherent cloud complex at the same dis-
tance. The situation is much more complex due to possible
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Fig.5. a) Inverted H, image (courtesy of William McLaughlin) of the Cygnus X south region. Overlaid are white contours of
TRAS 100 gm emission (levels 50,300,500,2000,4000,5000 MJy/sr) and red contours of '*CO 1—0 emission (levels 0.5,1.5,3,5,7,9
K km s~ in the velocity range 6 to 20 km s™') taken from the Center for Astrophysics CO-survey (Dame et al. 1987). b)
Extinction map of the same region in grey scale (A,=0 to 10™). This map was obtained from the reddening of J-H and H-K
colors using 2MASS data (Bontemps et al., 2007, in prep.). The A, =5 contour is outlined in bold blue. Overlaid are the same
white contours of IRAS 100 pm emission. The dashed light blue polygon indicates the Hir region IC 1318 b/c. Known star

clusters are indicated in yellow in both plots.

background features. For example, Boeche et al. (2004)
noticed that extinction towards NGC 6913 occults part of
the cluster and assigned that to a ‘thick interstellar cloud’
in the foreground. Figure 5 shows that the obscuration of
NGC 6913 is in fact partly due to the low-density Cygnus
Rift but we also detected significant '2CO and '*CO 1—0
emission (Fig. 1) in that direction and in direction Berkely
87 at velocities between —10 and 6 km s~ !. These emission
features are not prominent in mid-IR emission, implying
that they are possibly background clouds and not associ-
ated with Cygnus X.

We suggest now that the high extinction values ob-
served towards S106 are due to its molecular cloud, which
is linked to other cloud complexes in the Cygnus X south
region through an observed common influence of UV ra-
diation on the clouds. Therefore, S106 is not an isolated
object in front of or within the Cgynus Rift, but it is part
of the large-scale cloud complexes of the Cygnus X region
at the distance of the OB clusters, i.e., larger than 1 kpc.

4.3. 5106 as part of the Cygnus X star-forming region

In Sect. 3.1, we presented clear evidence that the UV
radiation of the Cygnus OBI1 association and its sub-
associations such as NGC 6913 (M29) and Ber86 affect
the S106 molecular cloud and at least two other regions
(Cloud A and B). The distance to Cyg OB1 is determined
to be 1.25-1.83 kpc (from a compilation of several refer-

ences in Uyaniker et al. 2001). The distance to NGC 6913
is quoted as between 1.1 and 2.4 kpc (see Boeche et al.
2004 and references therein). The three molecular cloud
regions discussed in detail in this paper are part of a ring-
like structure (or a ’bubble’ if extrapolated to 3D) which
is prominent in mid-IR and molecular line emission and
shows several active sites of star formation (Clusters Cl2-
5 and 7, DR5, 9, and 13). Clouds A and B are linked to
the molecular cloud complex of ‘Group IV’ in the ‘Cygnus
X south’ region (classification from Schneider et al. 2006).
It has been noted that this massive (420 000 Mg,), homo-
geneous complex with emission between —5 and 3 km s~ !
is influenced by the Cyg OB2 cluster from the eastern side
and the Cyg OB1/0B9 associations from the western side
(in equatorial coordinates), and that the molecular clouds
are located in between. The bulk emission from the S106
molecular cloud is seen in the same velocity range and to-
gether with the fact that S106 is shaped by UV radiation
and is found on a circle of star-forming sites, we see S106
now as a part of Group IV at the same distance of ~1.7
kpc. This value, however, remains approximate since all
clouds in Cygnus X were given this common distance due
to their correlation with Cyg OB2. Moreover, S106 lies on
a 'bubble’ created by Cyg sub-OB1 association, thus its
distance must be within the distance limits of this cluster
(1.25-1.83 kpc).

What remains now is to identify more clearly the major
source(s) of UV radiation/stellar winds which shape the

4l
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molecular clouds on the star-forming circle. For that, we
investigate in the following section the properties of the
Cyg OBI1 cluster and its sub-clusters as well as the general
distribution of the Cygnus X OB associations.

4.4. 5106 and the Cygnus OB associations

Originally, OB associations were recognized from cata-
logs of hot stars observed spectroscopically in the optical
(Blaauw 1964; Ruprecht et al. 1981; Humphreys 1978).
The distances to these stars can be derived (though with
large uncertainties) from the calibration of absolute mag-
nitudes with spectral types on the main sequence, In the
direction of Cygnus X, 9 OB associations have been de-
fined by Humphreys (1978). These early works are very
sensitive to extinction since obscured stars could not be
included. The large uncertainties on the individual dis-
tances to each star hamper any attempt to get precise
distances for groups of stars. In addition, the distance un-
certainties make it difficult to recognize coherent groups,
especially in crowded regions such as Cygnus.

The distribution of bright 2MASS sources now pro-
vides a way to recognize compact (and therefore young)
clusters of OB stars. The extinction is less in the near-
IR, and from the near-IR colors (J-H and H-K) of the
stars, one can roughly estimate the visual extinction to-
ward each star and therefore correct the observed mag-
nitudes to recognize the intrinsically brightest stars. We
have derived the stellar density of the brightest K-band
sources (magnitude brighter than 10™) using this extinc-
tion correction (see Bontemps et al. 2007, in prep., for
details). The resulting contour map overlaid on the MSX
image is displayed in Fig. 6. The positions and sizes of the
4 OB associations in the S106 region from the catalog of
Uyaniker et al. (2001) are indicated as well. A comparison
with the contours of stellar density shows that Cyg OB2
at 1=80° is the richest and best defined association and
corresponds to the former definition. Towards lower longi-
tudes along the Galactic plane (b~0.5°), the stellar densi-
ties are still high but less consolidated. Within the ellipse
characterizing Cyg OB9, a rather compact nucleus can be
identified. Towards NGC 6913, two peak regions appear
which we name sub1-OB1/9 and sub2-OB1/9. They are
not identical with the center of the Cyg OB1 and/or OB9
associations but rather form sub-clusters. Inside the Cyg
OBI1 region, Ber87 shows a detectable cluster of bright
stars but in addition, several higher stellar density regions
are found.

Mel'nik & Efremov (1995) proposed that OB1, OBS,
and OB9 could actually be a single association centered
at 1=76.8°, b=1.4° at a distance of 1.4 kpc. Inside these
associations, several nuclei have been recognized: Ber 87,
NGC 6913, and 1C4996 for Cyg OB1, and NGC 6910 for
Cyg OB9. Altogether, however, only a few tens of optical
hot stars are known (119 stars in OB1-8-9 in Mel'nik &
Efremov 1995).

The full scenario is probably more complicated and
will be discussed in more detail in an upcoming paper
(Bontemps et al. 2007, in prep.). However, it becomes ob-
vious that the definition/classification of OB associations
in the Cygnus X region needs to be revised. In any case, we
can identify sub1-OB1/9 and sub2-OB1/9 (NGC 6913) as
the main center of UV radiation for Cloud A, B, and S106.
The common effect of both sub-clusters is most likely cre-
atind the cavity in mid-IR emission. It is clearly visible
that the highest levels of stellar density fill up the bub-
ble devoid of molecular gas. The circle of compressed gas
as we see it in CO and mid-IR emission (Fig. 1) marks
the maximum extent of the ionization front created by
the sub-clusters. If we consider an expanding ionization
front with a velocity of 10 km s~! and assume a radius
of 30 pc (approximately what we see around NGC 6913),
the age of the cluster must be 3x10% yr. In the literature,
we find values between 0.3-1.75x10% yr and 10x10°® yr
(see Boeche et al. 2004 and references therein). An older
age would fit in the scenario that NGC 6913 is not very
compact but already dispersed.

4.5. The central star S106 IR

The existence of a bright, highly reddened point source
near the center of the S106 dark lane, identified as the ion-
izing source and generally referred to as S106 IR, has been
known since the first infrared studies of the region (Sibille
et al. 1975; Allen & Penston 1975). Based on visible near-
IR and broad-band photometry, Eiroa et al. (1979) de-
rived for S106 IR an approximate distance of 600 pc and
a spectral type between B0 and O8. This distance has been
adopted in most subsequent studies, but it is important
to keep in mind that it was indirectly derived using stel-
lar data, and ionization fluxes, based on estimates which
have been superseded by further observations and models.
The same applies to the estimate by Staude et al. (1982)
which relies on the detection of a relatively small (Ay ~
2.5™) extinction jump at d~ 600pc (most probably the
well known Cygnus rift) which does not prove that the
S106 cloud is associated with it.

It thus seems timely to reassess the determination of
the distance to the ionizing star responsible for the ioniza-
tion of S106 using the results from state-of-the-art mod-
els. We use the infrared photometry in the 2MASS cat-
alog, which is largely free from the uncertainties due to
resolution and aperture corrections in the early literature
based on single-element observations. The 2MASS colors
of S106 IR, (J — H) = 1.54, (H — Kg) = 1.08, are normal
for an early stellar photosphere significantly reddened by
foreground extinction. Using the extinction law of Rieke
& Lebofsky (1985) and the intrinsic infrared colors of mid-
to late-O type stars, we derive A x=1.86"", approximately
corresponding to Ay =16.6".

Visible spectroscopy of the nebula, which can be used
to constrain the temperature of S106 IR, has been pre-
sented by Solf (1980) and Staude et al. (1982). These
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Fig. 6. Contours of stellar densities for stars brighter than A x=10™ overlaid on a grey scale plot of mid-IR emission taken with
MSX. Red, bold contours are 1.1,1.2,1.3, the green contour is 0.9, and the blue contour 0.7. The extent of the Cyg OB 1,2,8
and 9 associations are marked as dashed ellipses and known stellar clusters are indicated in the plot.

latter authors measured the [Stu] A6731 / [St] A6717
ratio indicative of a high density (~ 10* cm~3) consis-
tent with the compactness of the nebula, whereas the
[O111] A5007 / HP ratio corresponds to a temperature in
the range 34,000 K < T < 36,000 K according to the
single ionizing star models of Stasiniska & Schaerer (1997)
based on the CoStar stellar atmosphere models of Schaerer
et al. (1996). The spectral types yielded by those mod-
els are in general between one and two spectral subtypes
later than those obtained with more recent atmosphere
modeling (Martins et al. 2005). Based on the latter, the
temperature interval given above roughly translates into
a spectral type 08.5-0O7.

Independent support for a temperature near the upper
end of the estimated range has been reported by van den
Ancker et al. (2000) based on mid-infrared spectroscopy
obtained by ISO, from which these authors derive a tem-
perature of 37, 000 K, corresponding to a spectral type O7
in the Martins et al. (2005) calibration. On the other hand,
the main-sequence absolute magnitudes My given by
Martins et al. are relying on an empirical calibration based
on emerged O stars, which produces brighter magnitudes
than the zero-age main sequence (ZAMS) CoStar models.
We have thus used the CoStar temperature-absolute mag-

nitude relationship as being more adequate for an object
suspected to be very near the ZAMS such as S106 IR. In
this way, we estimate —3.4 > My > —3.8 for S106 IR, or
—2.57 > Mg > —2.90 using the intrinsic (V — K) colors
of O stars from Martins & Plez (2006). Used in combina-
tion with Kg = 9.49 measured by 2MASS and the esti-
mated extinction listed above, we obtain a distance mod-
ulus 10.20 < DM < 10.53, with a preference of the upper
limit based on the ISO spectroscopy. The corresponding
distance lies between 1.1 kpc and 1.3 kpc, somewhat be-
low our proposed distance of 1.7 kpc (DM = 11.15) for
the 5106 region but clearly above the 600 pc (DM = 8.9)
proposed in earlier studies.

An earlier spectral type for S106 IR implies that more
UV photons are produced, creating a more intense UV
field which is responsible for the illumination of a bright
PDR. Supposing S106 IR is an O8 star, a UV field of
1.5x10% G, at a distance of 5" = 0.04 pc or 1.3x10° G,
at a distance of 17" = 0.13 pc is generated. These val-
ues are consistent with the results for the UV field close
to S106 IR obtained from observations of FIR-PDR lines
(Schneider et al. 2003). One can also directly estimate the
ionising flux of S106 IR from the total radio flux of the
H 11 region. We took the flux at 4.8 GHz from Wendker et
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al. (1991), of 13.02 Jy which corresponds, for d = 1.7 kpc,
to an emission measure EMy of 1.29x10% cm~2 in the
optically thin case. Using the typical recombination rate
of 2.7x10713 cm®/s (Spitzer 1978), this EMy requires a
Lyman flux of 3.5x10%®s~!. On the ZAMS, this ionising
flux corresponds to an O7 star (Meynet et al. 1994) which
is fully consistent with the above estimates of the spectral
type of S106 IR.

Though we are confident in our new distance estimate
for S106, the ultimate answer could be given by VLBI par-
allax measurements of the H,O maser in S106 FIR. Furuya
et al. (1999) observed this maser using VLBA during 4
monthly periods which can already serve as a starting
point. The future ESA astrometric space mission GATA
will also give the parallax of a large number of at least the
OB stars of the region.

5. Summary

By comparing the emission distribution of the 13CO 1—0
line, observed with the FCRAQO, with a mid-IR image (8
pum), taken with MSX, in the Cygnus X south region, we
reveal the large-scale distribution of molecular gas and
how it is influenced by UV radiation. Our prime target
was the well-known bipolar nebula S106, which so far in
the literature is widely considered as being part of the
‘Great Cygnus Rift’ at a distance of around 600 pc.

In this paper, we show that several star-forming re-
gions, including S106 and our Clouds A and B, are ar-
ranged on a large-scale circle of diameter ~80 pc seen in
both radio and mid-IR wave lengths. From their globu-
lar shape and the stratified distribution of 8 ym and CO
molecular line emission we conclude that the S106 molec-
ular cloud in the south and two other star-forming regions
in the north of the circle are directly shaped by UV radi-
ation from inside the cavity.

The cavity was probably created by radiation and/or
stellar wind compression from the massive stars of the
OB (sub)-clusters in the Cygnus X region. To identify the
main sources for UV radiation, we used the 2MASS survey
to obtain a stellar density map of Cygnus X south with
stars brighter than magnitude 10 in K-band. We identify
the OB (sub)-clusters Cyg OB1,9, and NGC 6913 as the
main sources for UV radiation. The distribution of these
bright and massive stars shows that the definition of OB
associations in terms of spatial extent and stellar content
in the Cygnus X south region needs to be revised.

The two clouds on the northern edge of the cavity are
part of the ’Cygnus X south’ cloud complex (Schneider et
al. 2006), which is clearly influenced by members of the
Cyg OB1 and OB2 associations. From the large-scale mor-
phology and the fact that the clouds in ‘Cygnus X south’,
Clouds A and B, and S106 are also tightly associated kine-
matically, we conclude that S106 and Clouds A and B are
associated with the large molecular cloud complex form-
ing the *Cygnus X south region’ and have to be within the
distance limits of the OB1/2 clusters, i.e., around 1.7 kpc.

Due to this revised larger distance, the S106 molec-
ular cloud is more massive (~7600 Mg) than previously
thought. The spectral type of the exciting star (S106 IR)
must be earlier than 09, which is indicated independently
by a high [O111]/Hg ratio in the visible spectrum of S106
IR (Solf 1980).
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