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Abstract. From medium-resolution radio images, DR 16 was suspected to be a large cometary nebula. To test this suggestion
we obtained a higher resolution ()5VLA continuum map. We also analyzed data from the Canadian Galactic Plane Survey

in continuum, H line, and IR. These data were supplemented by published near-infthrdd K) stellar photometric results

and MSX 8.28:m data. We suggest that DR 16 is théae Hit region of an ongoing star formation site at a distance of about

3 kpc. The complicated radio picture arises from the superpositionffosdi Hix with the remains of a giant bipolar outflow.

The outflow was generated by a probable Herbig AeBe star, and the lobes are the remnants of its working surfaces. Additional
ring-like features are discussed. DR 16 is part of a larger volume of space in the local spiral arm where star formation is an
ongoing process.
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1. Introduction [ R R

In the direction of Cygnus X our line of sight is tangential to the 1
local spiral arm, and the superposition of many objects makes 10
the region one of the most complex in the sky. Although the

radio emission in Cyg X is mainly thermal in origin, individual
sources reveal a surprisingly rich spectrum of properties, with4° oo -
objects in diferent stages of evolution occupying volumes of
space with very dierent star formation histories. Uncoverin 1
the nature of individual objects and establishing their distancgs
demands extensive and thorough observations. The most regent
radio continuum surveys (Wendker et al. 1991, Paper XVIIT)

showed that a resolution of about Begins to resolve many 407 C
sources, so that observations of higher resolution will be ef-

fective in imaging their structure and uncovering their true na-

ture. We have already studied the peculiar supernova remnant *°]
G76.9+1.0 (Landecker et al. 1993) and the ring G79%:296 1
around a suspected LBV (Higgs et al. 1994). Another interest- ] ?
ing feature is DR 16 (Downes & Rinehart 1966) — G82®B  ** 2

‘H\‘Hw‘H‘\HH\HH\HH\HH
— and its surroundings. Images at 408 MHz (Paper XVIII) and 20" 347 2o <8195o> 30
4.8 GHz (Wendker 1984, Paper XV) showed a cometary neb-
ula. Recombination line observations at 6 cm (Piepenbrink f&9- 1. 408 MHz map of the DR 16 area extracted and enlarged from
Wendker 1988, Paper XVII) gave nearly the same radial veldhe map in Paper XVIII. The coordinates are B1950. The contours are
ity at three positions, suggesting that the feature is one physilfaftePs of 40 KTy beginning at 140 K.
object, with a pronounced head and an impressive flaring tail

about 057 in length. Figure 1 clearly conveys this Impress'OrNevertheIess, in Paper XVIII we labelled the feature as a ridge
Send gprint requests toH. J. Wendker, (CXR 10). Optically only the northern part of the tail is visible
e-mail:hjwendker@hs.uni-hamburg.de in Ha (filaments DWB 155 and DWB 157 in the catalogue of
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Dickel et al. (1969, Paper V)). Visual extinction in front of theTable 1. Parameters of VLA observations.

head rises to more thaf'§Dickel & Wendker 1978, Paper XI),

totally obscuring it. Field centre:
The physical picture commonly associated with the term  @(B1950) 20 30745
“cometary nebula” is an object moving through its surround- 6(B1950) 4337
. . . . Frequency 1.5149 GHz
ings and producing some sort of wake. Supersonic motion pro- ) .
d b hock obi di imolied in thi Sj Date @D configuration 1988 May 17
uces a bowshock o ject, and is notllr.nple in this case. Since Date D configuration 1088 August 22
sub-sonic or mildly supersonic velocm.es (less than 10 1'&?1 S On-source time @ 39.7 min
do not produce large extensions, a tail of lengf dmmedi- On-source time D 19.7 min
ately implies a very nearby object, or an exceptionally large Calibrators:
one. flux density 3C 286; 14.39 Jy
In this paper we present a new VLA 20-cm image with phaS_e _ 2050364
resolution 18 which reveals that the apparent head of the polarization 3C 138
comet (which we now label DR 16) has a dumbbell structure. ~ Synthesized beam 15 15"
Furthermore, little evidence remains of a connection between ~ Fi€ld of view (HPW) 29.22
Synthesized map size 21/2621.28

the head and the other parts of the ridge (which we now refer to

Surface brightness conversion  Yhlyame 2368 K

as the tail). We also present new observations from the database
of the Canadian Galactic Plane Survey (the CGPS; see Taylor

etal. 20(_)3) and collect other published observations for a Cof¥st, because the “western ear” has become detached from the
prehensive study of the source. In Sects. 2 to 5 we describe g of the tail and the “eastern ear” seems to be part of a long
observatlon_s at rad[o and mfrarec_i wavelengths and present{[jg/eq ridge. The head of the cometary nebula shows complex
rgsults. A distance is sugg_ested in Sect. 6. In Sects. 7 to 9%’%-structure, as seen in the detailed contour map of Fig. 3.
discuss the source properties and suggest a source model aRgRyugh the outer contours are nearly circular, with an overall
source history. size of ~5' the source has a dumbbell shape with some su-
perimposed small-scale features. DR 16 is apparently placed
2. Observations asymmetrically on the tail, which runs north-south. These com-
Inspection of Fig. 1 showed that new observations with resoliex gradients make it ficult to separate DR 16 and its com-
tion considerably better thari ould be needed to resolve theponents from the background structure.
head of the apparent cometary nebula, with a substantial field
of view needed to reveal the complete picture. In this secti : :
we will describe targeted VLA observations and the new CGF%Z' CGPS 21 cm continuum and line
data products at 1420 MHz in continuum and 21-cm line. Wehe CGPS observations include the Cyg X region. One of
also summarize results from other publicly available datasetthe outstanding properties of the Survey is the coverage of a
large part of the northern Galactic hemisphere at a number of
wavelengths with a resolution of arountidr slightly worse,
21.AVLAmap at 1.5 GHz covering the radio and infrared regimests “backbone” is
The observations at 1.5149 GHz were obtained with the NRA®ovided by the 21-cm continuum and line observations from
Very Large Array (VLAY in the @D and D configurations. the Synthesis Telescope of the Dominion Radio Astrophysical
Concurrent observations of other sources of interest in CygQbservatory (DRAO). A description is given by Taylor et al.
have been described by Landecker et al. (1993) and Higgs ef003), and here we present only those parameters relevant to
(1994). Instrumental parameters are summarized in Tablethie DR 16 area in Table 2. The mosaic has short-spacing infor-
The phase centre was not set on the maximum of the headmation added, with continuum data taken from thgeBberg
several arcmin to the north in order to achieve better coveragygvey of Reich et al. (1990), and line data from the DRAO 26-
of the whole object. The two VLA configurations were comm Telescope survey of Higgs & Tapping (2000).
bined and CLEANed using standard procedures. The map unitsThe CGPS continuum image of the area is presented in
were expressed in brightness temperafyr&Ve used the polar Fig. 4, intended to show the very complex environs of the al-
diagram corrected map as several components appeared te@ed cometary nebula by using the scaling to emphasize faint
too extended to allow a simple post-integration factor to be ag@mission. The area is criss-crossed by filamentary structures,
plied. No short-spacing information was added. First, the heaihich could be anything from fragments of shock fronts to
with its size of~5" was adequately covered. Second, the overalinall bubbles: none is yet identified or explained. The “west-
structure is better depicted in the CGPS image discussed bel@t. ear” is now seen as a brightness enhancement on a filament
Figure 2 shows a gray scale image of the whole field, wigpparently unconnected with DR 16, and should be discussed
a grayscale chosen to emphasize the fainter large-scale stiti@nother context. Such a conclusion is notimmediately possi-
ture. The overall impression of a cometary nebula has bdelg for the “eastern ear”, but it seems unavoidable that we must

abandon the picture of a cometary nebula. In this image DR 16
! The US National Radio Astronomy Observatory is operated by

Associated Universities Inc., under contract with the National Sciencé The CGPS data are available to the astronomical community at
Foundation. http://www.cadc.hia.nrc.gc.ca
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Fig. 2. VLA map of DR 16 at 1515 MHz. The gray scale is non-linear in order to emphasize the large-scale structure of the fainter emission
and brightness increases from black to white.

appears as a fairly compact source. Whether the “tail” is phy&able 2. Parameters of the DRAO CGPS data.

ically connected to DR 16 remains an open question, to which
we will return later. CGPS mosaic MN2 (release April 2002)

The CGPS 21-cm line data reveal a bewildering array of gen:_re frequency Slt'4k20 IGHZ
. : ontinuum: OKes
structure around. DR 16. However, two points emerge. First, Synthesized beam 715 49,7, PA—36.2
there are no emission structures that can be easily related to Ims noise 40 MK

DR 16. Second, we see that the source is strongly absorbed, ;.o synthesized beam 85.4 58.6', PA —36.0

even though its continuum brightness temperature is not partic- 15 noise 25K

ularly high. We will use these observations for a new discussion Radial velocity coverage 164 +58 km s

of the distance to DR 16. Channel spacing 0.82446 kts
Velocity resolution 1.32 kmd

2.3. Other observations

Within the frame of the CGPS there are other datasets whitlkese and other publicly available data in Table 3. Sadly, ad-
yield additional information on the DR 16 area. We summarizagjuate observations of the molecular gas are not available.
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Fig. 3. Enlargement of the DR 16 area proper from Fig. 2. The contours adin The contours are in steps of 2 K up to 8 K, in steps of 4 K
up to 24 K, and in steps of 6 K up to 60 K. The solid, dotted or dash-dotted contours are assigned in order to enhance clarity.

The work of Cong (1977) and Dobashi et al. (1994) and the caliternative of defining a complex background and integrating
lection of CO survey results of Leung & Thaddeus (1992) dbe excess emission. However convenient the technique, we do
little more than tell us that molecular gas exists in the generadt mean to imply that the source consists of actual Gaussian
DR 16 area. Their lack of resolution gid coverage prevent components. It is clear from Figs. 1 to 4 that the form of the
examination of details. The NRAO VLA Sky Survey (NVSShackground and the number of Gaussians will be strongly res-
(Condon et al. 1998) covers the source area. Due to its lovedution dependent. At a given frequency we started with a num-
resolution and insensitivity to extended structure our VLA mdper of components estimated by eye, and added or deleted
contains more fine structure. Near infrared (from 2MASS) amdmponents by using thg? discriminator calculated by the
optical (POSS) images will be referenced later. routine. The results of this exercise for the available radio data
are collected in Table 4. The sum of the components at each
frequency should be a good measure of the total flux density
of DR 16. However, the spectrum constructed from these sums

To establish the nature of DR 16 we began by deriving radi¢as rather ragged. We supect that the combination of angu-
and infrared spectral indices. Thefitiulty was the complex- 1ar resolution and frequency dependent backgroufetts are

ity of the background emission. For a convenient and unifori® blame. For these reasons we excluded componen{2,151
approach at all frequencies we used the “fluxfit” routine fro#082, and 151B4. The resulting total flux densities of DR 16
the DRAO Export Software Package, which fits a Gaussi@foper are plotted in Fig. 5. The firm conclusion from this ex-
source component and a twisted-plane background simultafécise is that the radio emission of DR 16 is optically thin ther-
ously. With the present data this method was preferable to 1@l emission above 1 GHz with a gradual transition to higher

3. Spectral energy distribution
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Fig. 4. CGPS 1420 MHz grayscale image of DR 16 and surrounding region. The grayscale is non-linear, chosen to emphasize the large-scale
structure of the fainter emission. Brightness increases from black to white.

optical depth at lower frequencies. The optical depth of mo%t 21 cm continuum absorption
parts exceeds unity at 151 MHz.

The set of contour maps in the four IRAS passbands Ti1¢ CGPS H data cube contains no emission features clearly
Fig. 6 reveals a general absence of structure in the source indfgociated with DR 16. On the other hand it is quite obvious
infrared. The background is relatively faint and smooth, and Weat there is absorption of continuum emission by local gas to
used the “fluxfit” routine on these data, just as at radio wav@e used for foreground and distance discussions. The optical
lengths. The resulting flux densities, together with one obtain@@Pth.7, and the spin temperaturés, of the absorbing neu-
in the same way from the 8.28m MSX data, are plotted in tral hydrogen column can be derived. For a discussion of the
Fig. 5. problems and of the equations we refer to Wendker & Wrigge

There is obviously a non-negligible amount of cold dust 4996, Paper XX).
the location of DR 16. There is no indication that the IR flux The optical depth is connected to three observed quantities
density turns down at 100m towards the Planck maximum,via
implying a dust temperature below 25 K, but an actual valu¢RV) = —In(1 — (Ther(RV) — Toon(RV))/Tc)
cannot be derived; we will assignus: ~ 20 K at a later point. whereTy o, Thon andT, are the expected emission line bright-
Dust within Hir regions is substantially warmet40 K), and ness temperature, the directly measured line temperature and
consequently the radio and infrared parts of the spectral enettggy continuum brightness temperature, respectively. The vari-
distribution must represent two quiteffidirent environments. able RV is radial velocity referred to the local standard of rest
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Table 3. Other data sets used in this paper.

Frequency or  Telescope Angular Reference
wavelength resolution
151 MHz CLFST 102 x 70", PACF Vessey & Green (1998)
327 MHz WSRT 78 x 54", PAC Rengelink et al. (1997)
408 MHz DRAO SRT 312 x 210, PAC  Paper XVIII
4800 MHz MPIfR 100 m-RT 161x 153’,PAC  Paper XV
100um IRAS-HIRES 132 x 102’ Cao et al. (1997)
60um IRAS-HIRES 102 x 60" Cao et al. (1997)
25um IRAS-HIRES 66 x 34" Kerton & Martin (1997)
12um IRAS-HIRES 67 x 33’ Kerton & Martin (1997)
8.28um MSX 20" x 20" Price (1995), IRSA
Table 4. List of sources from Gaussian decomposition. The source o000 ‘ meSwmw T T
notation (Col. 1) is frequengyomponent number. g 1
Source a é Flux Observed i y ]
(B1950) (B1950) density size i )
20" 30" 43 [mJy] 1000l i
1511 40.F 2933 1584+375 2.41x1.36 - F ]
1532 49.0 27 56 1242691 5.79x1.20 < r ]
3271 33.1 30 13 75% 32 2.62x1.50 g 3 1
3272 33.9 3301 29931 250x1.458 3 r * 1
3273 42.9 31 03 132241 3.04 x 2.00 ol |
4081 37.6 30 58 3232327 5.50x4.04 F ]
4082 48.8 33 33 1538468 11.6x3.72 . 1
14201 316 32 16 27& 18 2.82x1.18 i X |
14202 32.6 30 19 84419 2.52x 157 {(‘h\
14203 42.3 31 09 210528 3.64x2.17 N L o
15151 31.1 31 31 7&5 1.38x0.42 107! 100 10! 102 103 10* 102
15152 317 3028 107810 243x1.28 Frequency [ore)
15153 34.5 29 52 193 0.56 x0.3r Fig.5. Radio and infrared spectral energy distribution of DR 16. The
15154 37.3 32 45 1202 16 2.92 x 2.40 radio flux densities have been shifted upwards by a factor of 10. The
15155 38.3 30 41 9k 8 0.67 x0.40 broken line through the radio flux densities is for illustrative purposes;
15156 41.9 31 36 165 14 1.34 % 0.68 the high frequency part has a slope-d@f.1. The gradient in the IR is

15157 435 30 14 1812 17 3.28x 2.57 —1.7 and is also shown for illustrative purposes.

15158 44.8 31 02 12313 0.98x0.86
15159 47.0 31 32 425 1.74x0.33

48001 38.9 31 03 3805 210 4.35x 4.08 believe it is plausibly at the same distance. Continuum emis-

sion from the tail and from the CMB will therefore not confuse
the absorption calculations. From the data of Fig. 4 we estimate
that the dffuse Galactic component could be as large as 12 K,
(LSR). DR 16 is partially resolved in both continuum and linevhich could be entirely in the foreground. However, it is more
images. We ignore the slightféirence in angular resolutionreasonable to assume that it is spread uniformly along a 10 kpc
between the CGPS continuum and line mosaics (Table 2). line of sight through the disk. For a distance of 3 kpc to DR 16,
A detailed continuum map is shown in Fig. 7 where threfle foreground contribution would be only 3.6 K. Another way
on-source areas are marked. Nine-pixel averages of theseofestimating the foreground is to associate it with the faint ex-
eas are (from bottom to top).; = 65.0 K, Tc, = 59.0 K, tended Hi region connected with the Cyg OB2 association, as
Tez = 56.7 K. The rms scatter of these averages K, but discussed by Huchtmeier & Wendker (1977, Paper IX). Their
the greatest uncertainty arises from separation into foregrodddcm brightness 0£0.8 K translates to 3.2 K at 1420 MHz.
emission which is not absorbed and source emission whichGgansidering the vastly fferent assumptions, the two estimates
Other than DR 16 itself there are at least three contributionsagree quite well. We will subtract 3 K from the continuum
consider: a remnant brightness (about 5 K) from the extendetightness temperatures mentioned above, note that the uncer-
ridge (which constituted the tail of the supposed cometary ndbinty in this number will subsequently dominate the absolute
ula), a difuse Galactic component, and the cosmic microwaggror budget, and we will formally use a 4% error Tt
background (CMB). Although we will subsequently argue that The channel maps show that the scale of theekhission
the “tail” is not generated by the “head”, we neverthelesslarger than the continuum source, with emission features on
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Fig. 6. Contour maps of the 4 infrared passbands from IRAS. Contour units ifskédyare: (12:m) 20, 25, 30, 40, 50, 60, 70, 80, 90; (2&)
30, 40, 50, 60, 80, 100, 150, 200, 250; (@h) 200, 250, 300, 400, 500, 600, 900, 1200, 1500; (LY 600, 700, 800, 1000, 1200, 1500,
1800, 2100. Dashed contours indicate a first approximation to the background.

average-10'. A typical channel map is shown in Fig. 8. Fromvariation in emission gradients, and we formally set this to 5 K
inspection of this figure and Fig. 7, thé&-@pectrum should be for a signal of~70 K, or 7%. The uncertainty in theffesource
derived beyond the 100 K line contour and below the 30 K cospectrum is at least the scatter around the average, and we as-
tinuum contour. Trials with various ring sizes showed hardkign a further 7% to this. Conservatively adding these contri-
any diference betweenflbspectra obtained at fiierent radii, butions linearly brings us close to 20%, which translates to an
and for convenience we chose the one closest to the soutoeertainty in optical depth of 0.2. We therefore regard all val-
The on-source spectra for the three areas and fthsoarce ues ofr < 0.2 as not meaningfully measured. Looking at the
spectrum are shown in Fig. 9. scatter between the three individual areas we see no significant
We now obtain optical depths and spin temperaturégfeground fluctuations over DR 16 and find very good agree-
Figure 10 shows 4 curves far. the results for the individ- ment _between the areas. We therefore use the averaged curve
ual areas and their mean (solid line). The error budget in fifgderiver andTs.
continuum brightness temperatures is dominated by the separa¥irst we interpret these results in velocity space. Continuum
tion of foreground from background, and we estimate this to ésorption becomes noticeable arowt® kms?! where the
~4% (which may be optimistic). The uncertainty in on-sourcemission rises to the point whefg > 30 K. r reaches a first
line temperatures comes from noise (receiver plus sky) améximum of nearly 0.5 a+16.5 kms?, with Ts just below
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Fig. 7. Contour map of DR 16 from the 1420 MHz CGPS continuum
data. Contours range from 14 K to 28 K in steps of 2 K and from 28 Kig. 9. The selectedfB-sepctrum is plotted as a dashed curve; it is the
to 64 K in steps of 4 K. The dashed squares enclose tkePBpixels average of 72 spectra from points in a ring between 10 and 11 pixels
used for averaging in the continuum absorption discussion (centred@way from the geometric centre. The thre@atient 3x 3 pixel av-

the asterisks). The outer quite regular elliptical contours are usedeta@ges (on-spectra — dash-dotted) are shifted downward by 20 K for

define the geometric centre dgh) = (82035, 2.325). clarity. Their average is indicated by an (unshifted) solid line.
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Fig. 8. Brightness temperature map of the three-channel average cen- . . i
tred onRV = —0.64 kms®. The area is somewhat larger than iﬁg'g' 10. Optical depth versus the radial velocity interval for the local

. . . aﬁas. The three dashed-dotted lines are for the individual areas and the
Fig. 7 to show that the assumption of smooth emission on large sc R4 line represents their mean

is justified. A 30 K depression due to continuum absorption can ge P '
recognized (dashed contours). The dotted squares and asterisks have

th i in Fig. 7. . . .
© same meaning as in Fig dilute the changes inandTs). After dropping back to 200 K,

Tsdoes not vary significantly out te5 km s, although difer-
200 K. This HI must be the closest neutral layer in the Cygnuent absorbing structures can be identified by the variations in
Rift. 7 drops slightly at+12 km s with an increase ifTs to  This faint anticorrelation betweenand Ts plausibly fits into
around 300 K, possibly corresponding to a neutral but warime standard picture where higher optical depth means higher
outer layer of the Rift (there will be some overlap in velocrolume density, which in turn implies lower temperature be-
ity space of gas at distinctly fierent distances, and this coulccause of greater coolingfeciency. The peak im at 0 kms*
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probably marks the densest part of the local Rift gagaches ] !
afinal peak at-6 kmst, after which it quickly drops to unreli- 3 3 5
able levels. We intepret this as the last layer of neutral hydroger 1 -
in front of DR 16, which we place at7 km s in radial veloc-

ity space.

We also computed absorption spectra for the two contin-
uum maxima of the tail. Absorption is detectable at both max-
ima with roughly similar optical depths, but the scatter rises
dramatically because the continuum temperature is much loweio
(~35 K) and df-spectra must be derived from regions parallel <
to the ridge but quite far removed. Nevertheless, the results ar& :
very consistent with those for DR 16 proper, and from the fact P
that continuum absorption is visible out & kms™* we con- = ]
clude that the tail must be at the same distance. 28"

The column density of neutral hydrogen can be deduced by ] . .
summing the relevant channels of the corrected emission line 27'?i /'u L> / 3
profile up to the continuum source. Using the standard rela- LT e T Mg
tion, a channel containsy = 1.823x 10%- Tg(RV) - 7(RV) - O ST ASCENSION (g)] 950) 20
ARV whereARV = 0.82446 is the channel spacing. We ob-
tain Ny = 6 x 10%cm2. Using another standard relatiorfig. 11. Grayscale image of the MSX 8.28n map overlaid with ra-
(N = 5.9x 10%L. Ep_v) we derive a total visual extinction dic_n contour_s from the VLA o_bservations from Fig. 3. The infrared
of 3" towards DR 16 which is about half the value deducedjdNtness increases from white to black.
in Paper V. We suspect that a substantial contribution to the

extinction not represented by neutral hydrogen is connected to o )
two molecular clouds which were seen inGD (Paper XVIl) The two remaining entries (MSX5C G082.032%2.3247 and

at—0.7 and+3.4 km s where the above relation does not hold!SX5C G082.008702.3024, later referred to as MSX8-1 and

Piepenbrink & Wendker (Paper XVII) estimate that the intd/SX8-2) appear to be pointlike. MSX8-2 has an optical coun-

grated @ect of the HCO containing clouds represents morkerPart in both the blue and red POSS images, and we regard
than 2" of extinction, which would close the gap. it as a foreground star; its high brightness in the near-infrared

photometry of the 2MASS survey argues for a very late type
star. MSX8-1 seems to have a core-halo structure, and coin-

5. Near infrared and optical data cides with the central VLA source (15/H6n Table 4). We dis-
cuss its nature and identification in a later section.

33 3

32' ]

N (B1950)

T T

31 g

30 ]

5.1. MSX

In discussing the spectra! energy distri_bution we remarked tt}fb_ J, H, K photometry
the IRAS maps do not give us much information on the dust
distribution. The spectral index derived in that section impligégvo (observationally) dferent surveys of the DR 16 area in the
that there is a large amount of cold dust, but also some warrmstandard near-infrared bandk H, K) are available. Comer
dust. We cannot tell whether the warm and cold components &d&orra (2001) observed at the Observatorio del Teide and
mixed (usually not the case) or the location of the warm duflutra & Bica (2001) extracted a dataset from the 2MASS
This can be remedied to some extent by looking at the MS¥ata base. Both concluded from the images that a stellar over-
data (referenced in Table 3). The absolute calibration of thensity is present at the DR 16 radio position and derived
MSX data is somehat uncertain, and the good fit of the MSlour-magnitude diagrams (CMDs) and distances for the cen-
flux density with the IRAS spectrum may be a coincidenctral parts of the proposed clusters. In view of the rather dissim-
However, the MSX image is quite useful. If we consider thigar distance estimates (1.8 kpc and 2.7 kpc) we obtained and
wavelength of 8.2&m to represent predominantly warm duse¢xamined both data sets. Plotting both photometry and astro-
(say 40 K), then Fig. 11 shows that, besides a compact concewtric positions it became apparent that the photometric values
tration coinciding with the central radio point source, filament$o agree within the mutual errors very satisfactorily. The main
of warm dust lie just outside the radio filaments. The pictufferences are, first, a somewhat fainter catalogue limit for the
which immediately comes to mind is one in which the radi®MASS data, and, second, the assignment of a quiferdit
structures (ionized hydrogen) are photo-dissociation regionsanea to the new cluster (in each case determined by eye). For
the edges of dust clouds. We will return to this interpretatidhe first reason we decided to use the 2MASS data to have an
later. independent third look. A greyscale image of the cluster area is
The MSX Archive Point-Source Catalogue contains nirgiven in Fig. 12 for illustrative purposes.
entries over the area enclosed by the low contours of the MSX We first produced a map of the stellar density distribution in
and VLA images. Seven of them coincide with extended strute Ks band (the band leasffacted by extinction) by counting
tures, and are probably not real point sources, although vehjects in 0.75 arcmicircles. The central density enhance-
faint point sources might be buried in the extended emissianent was well fitted by a Gaussian, giving a geometric centre
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s = == T and an axial ratio of 1.6, with the major axis at a position

* “ o - angle of 118. The existence of a star cluster above a back-

% e - - . ground of about 8 stars per arcrfiis beyond doubt. The peak
. e . . . is off centre because of the hole already mentioned. The to-
e e i ‘ L tal extent is 3’ along the major axis. The ellipticity may be

, Ya : ) [ more pronounced in the outer parts than we have assumed, as

may be seen in Fig. 12. Subtracting a background level of 7.7

. stars per arcmihfrom the total of 93 stars inside this ellipse

. e © * * | (6.01arcmif) leaves about 47 stars in the cluster. Only 6 stars

S » « [ areneededtofill the central depression, and the stars in the sec-
: ond ring appear to be the most heavily reddened. The central

minimum is then probably the result of additional extinction,

(B1950)

DECLINATION

4. oo W - B
h = - but the existence of two substructures cannot be ruled out.
* » * : The placement of a reddened zero-age main sequence on
) ] g . - acluster in a near infrared CMD is highly ambigious. The
T . I reddening vector is nearly parallel to the colour axis ima
W @ R\é’;T A’s'“'cmé%N 338‘195%; w e aw vs. (J — Ks) CMD for the upper main sequence, and the dis-

tance modulus is parallel to the apparent magnitude axis. Dutra
Fig. 12.Ks band image of the DR 16 area from the 2MASS data. Th& Bica (2001) used a template method which assumes that
ellipse encloses the area which is considered the extent of the clustgf. a small young cluster the tenth brightest star has an ab-
DR 16: stor coumte in BVASS K- ban solute magnitude close to™0(spectral type about AQ). The
/0 L I B templatedusteris NGC6910fr0mtheOptICal photometry
by Delgado & Alfaro (2000). However, for the ninth bright-
est star of their member list we infer from the BDA database
(Mermilliod 1995) a spectral type of B1V. Therefore the Dutra
& Bica (2001) assumption does not seem to be well justified.

A theoretical unreddened zero-age main sequence was reac
from the tables given by Cox (2000) for the vs. (J — K)
CMD. The tables have limited coverage of spectral range, only
from O9 to M5, but seem to be the best available. From the
parametrization of the extinction law by Cardelli et al. (1989)
and values given by Mathis (1990) we calculated the redden-
ing vector to beE;_x = 0.168- Ay whereAy is the total
visual extinction to be used. The unreddened zero-age main
sequence shifted to a distance modulus dF 19 plotted in
Fig. 14. It will give some indication which stars may be unred-
dened foreground objects and we see that three of the brighter
stars belong to this group. As they are also visible on the POSS
plates with optical colourB -V ~ 1.5™ they are indeed late
type foreground stars. For the brighter stars there is quite a
ol e U 01 gap in colour between the unreddened sequence and the sus
i T 4 pected cluster stars. The minimum reddening is thef in4

J - K, corresponding to about™8of Ay. The scatter for stars

Fig. 13. Stellar density in stars per arcrfiiplotted against the length with a redder colour indicates that substantial clustey@nd
of the major half-axis of elliptical rings with an axial ratio of 1.6:1jcumstellar reddening occurs. In the absence of knowledge
for th.??K.s band. The adopted background level of 2 0.7 stars per o tha spectral type of any of the stars it seems impossible to
Z(r;cttrgld |iI:(;h?h?Z;afn?eotfriilIc\gtl;zsisbgi)\//zr;dinl.tﬁztiéitmdlcated by a “fix" a number so that a distance can be inferred. The only

' ' conclusion permitted by the CMD is that the data are consis-

tent with any distance between 1 and 4 kpc. We will illustrate

of (B1950: 2130™36.4%, 43°31'01”) and a (Gaussian) size ofthis with one numerical exercise. Assume a distance modu-
1.6/ x 1.1’ at a position angle of 125(We do not imply that lus of 12.5" (3 kpc); the star 2MASS J20322$434107 with
the real distribution is Gaussian.) The central position lies in th#Ks) = 9.74™ and J — Kg) = 1.60 then has;_, = 1.76"
middle of a small hole, whose significance is not obvious (steerresponding tdAy = 10.5™. Shifting it to the unreddened
tistical fluctuation, additional patch of extinction, or divisiorsequence leads tdyx, = —3.9™ which in turn corresponds to
into two sub-structures come to mind). The centre is abott 58 spectral type of O9V. Its extinction therefore occurs mostly
north-west of the central VLA source (1555. in the foreground, and the additiondl df extinction could ei-

Figure 13 shows stellar density within elliptical ringgher be circumstellar or local to DR 16. For such a star the ex-
around the cluster centre. The rings have a width of 'Q.2pected apparent visual magnitude is aboutT8But the star is

30

20

star number

o
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6. On the distance of DR 16

Two different approaches are available to determine the dis-
tance to the DR 16 complex. On the one hand we can use
spectral-line data for a kinematic distance. Three published re-
combination line observations are availablg, kms? from
H11Qv (Paper XVII) for DR 16 proper~5.2 kms?! (also
Paper XVII) for the tail, and-5.1 kms?! from H87x by

F Lockman (1989) but with an angular resolution that enclosed
~ DR 16 and at least part of the tail. From our continuum ab-
sorption study we now add5 to -7 kms? as a very well

| determined distance in radial velocity space. Using the rotation
| curve of Fich et al. (1989) this leads to a distance range of 2.5
to 3.5 kpc. Although kinematic distances are notoriously uncer-
tain at the Galactic latitudes under consideration, DR 16 seems
firmly placed behind the Cyg OB2 association and its related
features.

On the other hand we have the two recent attempts to
prove the existence of an open cluster connected to DR 16
using near infrared photometrydK bands) and thereby de-
rive a distance with the help of a colour-magnitude diagram
(CMD). As we showed above, the Dutra & Bica (2001) value

m(K)
J
%

. | of 1.8 kpc is very uncertain because the notion of a mean clus-
L e M AL B U I ter reddening from the scatter in the bottom part of the CMD
-05 00 05 10 15 20 25 30 35 40 may be too optimistic. Comen & Torra (2001) obtained
(K 2.7 kpc using a dierent estimator (a sort of Zanstra method).

Fig. 14. Them vs. (J — K) CMD of all objects inside the elliptical However, we found that the star with the brightegK) value,
area assigned to the DR 16 star cluster. The most leftmost line is HdASS J2032250434014 (see Fig. 14), was not taken into
theoretical unreddened zero-age main sequence shifted to a dist@@gount because it lies outside the area considered to be the
modulus of 10", spanning spectral types O9V to M5V. The other linesluster area. Adding this star into the Come®: Torra (2001)
represent the same sequence shifted to a distance modulus 8f 12dmalism leads to a value of 0.8 kpc, indicating the fragility of
and successively reddened Y, 927, 15" and 18" of visual extinc-  this method. Furthermore, the brightest cluster members, which
tion Ay. contribute most of the ionizing photons, mostly have large cir-
cumstellar extinctions. Clearly the methodological problem of
dust absorbing such photons has not been properly solved for
DR 16.
In spite of the diligent forts in the near infrared the
strongest constraint remains the radial velocity distance of
-5 kmst. We maintain that this means that DR 16 is situated
visible on the red POSS plate with a magnitude arourll 1pehind the Cyg OB2 cluster and is physically unrelated to it.
(GSC) and is just visible on the blue plate! And if we shiffe will use a distance of 3 kpc from this point, a choice which
the distance modulus by"lin either direction we still obtain will appear quite plausible after we have discussed the nature
equally plausible and meaningful numbers. This exercise caid origin of the emission. However, we note that the infrared

be carried through for all stars abowgKs) ~ 135", of which  data are even better compatible with a larger distance.
the vast majority are not, and should not be, visible on the

POSS plates, confirming that they are highly reddened stars,
not intrinsically faint ones. Below this value a distinction be7. Nature of the objects

tween slightly reddened foreground and highly reddened CILEﬂ the data presented in preceding sections of this paper are

ter stars can no longer be made, which explains the widely Sct?éh"npatible with the idea that DR 16 proper is an isolated clus-
tered band at the bottom of the CMD. The same arguments :
make it highly likely that at least the brighter stars in the arggr of very young stars. The brightest members can be assumed

are cluster members and not field stars. Picking some sort %]be a group of Iatg O to early B stars gapable of producing
. . enough Lyman continuum photons to ionize the observed H
mean reddening from the CMD is not easy.

However, the large number of stars with substantial circum-
In the end, the star cluster is only well defined by the pratellar extinction creates afficulty. Why are no ultracompact
jected number density distribution. Its visual foreground e¥ 11 regions (UCHIIR) detected? If any exist they must be so
tinction is quite large (8 to 9™) and is most probably producedcompact that they can be observed only at higher frequencies.
by the Cygnus Rift at a distance of only 600 pc, although a diShis would then rule out any substantial leakage of Lyman
tance of around 3 kpc or more is supported by the CMD.  continuum photons. Furthermore, UCHIIR should be seen as
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point sources at infrared wavelengths (e.g. Wood & Churchwéllis also the only one to coincide with a near-infrared source
1989), which is not the case. The dust distribution seen in tfgee Figs. 3 and 11; #5). Working through the same exercise as
infrared seems to be ratheffitise, except for the warm dustabove, (hx = 117", Ay = 104™ - Mx = -1.9" - type
which may be concentrated in filaments on the outskirts. B2V My = -2.4) we calculate an expected apparent red mag-
The ease with which the VLA map can be decomposettude of 178™. This appears to be compatible with the GSC
into Gaussian components could indicate that there are multipdgl brightness of 18™, given the roughness of the calcula-
ionization centres. Indeed, each small component needs ontjoms. We conclude that #5 has not yet reached the main se-
middle B type star and the largefiilise emission a single O9Vquence and thus qualifies as a HAeBe star. In addition we in-
one. However, we would then expect to see these stars morgéeopret the coincidence with a small-scale radio source and the
less centred on the small radio components. The fact that odlymbbell shaped structure in the radio map as an indication of
one such identification appears from a careful overlay, namalgentral source plus jet. The radio lobes are then remnants of a
VLA 1515/5 with 2MASS J2032218434056 (which we re- giant bipolar outflow. Lower mass stars in a less photoionizing
fer to together as #5) argues against this geometry. We suggestounding often produce Herbig-Haro objects (HH) in such
that the radio structures seen are density fluctuations, with tieeumstances. The projected outflow length on either side is
execption of #5. about 1 or not quite 1 pc. In this interpretation we assume that
A first estimate of the number of Lyman continuum phathe difuse Hir and the dumbbell are projected onto each other
tons required for the ionization of thetHregion DR 16 can be without physical interaction at the present time, but both are
made using features of the star formation event of DR 16.
N, = 4761x10%.7.04.,01.5(y).D? s1. It is one thing to make this qualitative interpretation, but to
This relation (Mezger 1972) is valid only for an optical deptimake it more quantitative is quite another. In the following dis-
less than unity, which appears to be the case. Using an elaession we take properties and relations for HAeBe stars from
tron temperature of K, an average frequency of 1.45 GHzthe review of Waters & Waelkens (1998) and for HH objects
a total observed flux density of 3.3 Jy, and a distance bm that of Reipurth & Bally (2001).
3 kpc we obtainN,, = 2.3 x 10°® s71. Since we will subse-  The requirements for classification as a HAeBe star are
quently suggest that the three Gaussian components, #5 @hby partially met. Although it seems certain that this is a B star,
central VLA source), 1518, and 1518, which define the we lack a suitable spectrum to test the emission line require-
central dumbell appearance of DR 16, are a HerbigB&e ment; we need a high-resolution spectrum of a fairly faint star.
(HAeBe) star with a giant bipolar outflow, this value repre©n the other hand, the infrared excess is definitely there. The
sents an upper limit. We now inspect the brightest cluster stasdstence of a point source in the MSX & band and its
to see whether they can deliver so many Lyman continuurnsibility at other MSX wavelengths (Fig. 11) is a strong indi-
photons. The two stars brightest in apparemt magnitude cator. Both the radio source and its near-infrared counterpart
(2MASS J2032258434014 and 2MASS J203212834103) are definitely elongated in the direction of the alleged jet struc-
are also heavily reddened by circumstellar material (Fig. 14yre but hardly perpendicular to it. This is best measured in the
This additional extinction amounts to 8'%&nd 13", respec- radio domain by the sizes of the fitted Gaussian: the major axis
tively. Although their position in the CMD makes them latés 40’ and the minor axis less than’20However, some sort
O-type stars, they will not contribute to ionization of the difef core-halo geometry is equally compatible with the observa-
fuse Hir, since we consider that they are still within their pations. We emphasize that the data do not have enough angu-
ent molecular cocoons. The absence of UCHIIR around théan resolution to separate emission from the (extended) atmo-
supports this suggestion — the UCHIIR are still too small argphere of the star, from the remaining natal disk, or from the
our frequency is too low. The third brightest cluster membeolar jet. Similarly, we cannot really say whether a jet connects
is 2MASS J2032214434107, already used as an example iime central source and the bipolar plumes. Bipolar outflows are
Sect. 5 and shown to be most likely a BO.5V star. Its Lymaoften detected from their CO emission, and we have already
continuum photon production is & 10*” s7! (Vacca et al. lamented the lack of adequate observations of this kind. We
1996). This star is marginally adequate, and, if supplementaaygest that the radiation from the emergent star has mostly
by the next ranked B stars (type B2), would account for thenized the outflow plumes. The warm dust, visible at @13
ionization of the difuse Hi1. The star lies near the centre ofs positioned at the outside of theiHas seen from the star
the object, making it plausible that DR 16 is an ionizatiofvividly portrayed in Fig. 11) and we suggest that this large
bounded Hi region. Remarkably, increasing the distance modurface is the working interface between the outflow and the
ulus to 13" (4 kpc) inverts problem, providing too many phofemaining cold interstellar medium from the parent molecular
tons (which of course could be absorbed by dust). cloud.
The two next brightest stars (2MASS J20322434107
and 2MASS J203219734129) should have™and 6" of cir- g
cumstellar (or local) extinction according to the CMD and ar% Remarks on the "tail
consequently invisible or barely visible on the POSS. H1 absorption of the continuum emission from the tail is de-
The seventh brightest (2MASS J20322¥34056) star de- tected albeit very weak out to the same radial velocity as for
serves special attention. It is the only one which coincidE®R 16 (see Sect. 4). Recombination lines were found at similar
with one of the radio components, the small Gaussian compelocities (Sect. 6). Landecker (1984) detected a kilkhte
nent 151% fitted to the central point source in the VLA mapwith a 0.6 beam indicating that widespreadiHvith slightly
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negative radial valocities must be present. Cong (1977) foucohstrained by the properties of the stellar cluster and the far
a molecular cloud extending 44y 20 with a radial veloc- one by the radial velocity of the H region. This distance
ity of about—2.5 kms?. All these data provide circumstantialis large enough that physical interaction between DR 16 and
evidence that the tail should lie at about the same distanceCyg OB2 seems quite implausible.
DR 16, but none imply any physical interaction. Despite having many new observations, the lack of ade-
In the original low-resolution image (Fig. 1) the sourcguate CO data impedes interpretation. Cong (1977) estimated
flares out considerably. It is apparent from Fig. 4 that this infhat there is about 85 000, of molecular material in the area
pression is created by long filaments with varying brightnegscaled by us for distance). What is required is a fully sampled
which do not cross DR 16 implying that they are not part a0 map with a resolution of Tor better. We predict that such
it. The western arc is narrow with a radius of at least0iS a map would show much small-scale structure.
outline is lost in the genel’al confusion in the area. A work- The internal structure of the DR 16 IHregion is rather
ing hypothesis is that a shock of distant origin ran into thgnooth, with only minor density fluctuations after the compo-
denser medium of the DR 16 complex, producing the filameRents 1518, 15153 and 151% are subtracted. These three
tary structure. For the tail itself, we suggest that it is part @gmponents together define the structure we have called the
a ring-like feature with a radius of about (Figs. 2 and 4), dumbbell. We have shown that enough ionizing photons are
well defined by emission from half of its perimeter, and by agyailable from stars on or near the main sequence to produce
apparent central hole with a linear extend of about 10 pc. 3 classical Hi region. The lack of UCHIIR around those stars
More striking than the ring itself is the point source afjith substantial circumstellar material could be an afjec.
aqeso) = 20"31M40.82%, d1950 = 43°4334.7”, very close to This idea is supported by the recent considerations of Keto
its centre. However, the point source seems to be non-thermghp2) who has argued that in the beginning the ionization
with flux densities of 117 1 mJy at 1515 MHz, 113 6 mJy  front will stall at a very short distance from the star for a rather
at 1420 MHz, 249+ 15 mJy at 327 MHz and 872 202 mJy  |ong time.
at 151 MHz, indicating a spectral index of arou@.8. This —  Thjs leaves the dumbbell as the most interesting individual
would be compatible with an extragalactic source such as &ect. Furthermore, it has an early type star within its cen-
AGN or a quasar. . tral radio source. That the dumbbell is a single physical ob-
While examining the optical appearance of the arga:is not necessarily obvious. The best evidence is perhaps in
we noticed that the three stars brightest ik are all g 11 where the two outer components appear to be confined

about 1 south of the centre of the ring (at B1950 positiongy the only two well-defined substructures in the dust distri-
of 20'31"40.85/43°4222.0", 20'31"45.3F/43°4211.7",and p tion, Furthermore, the central radio source is definitely elon-

20'31m39.35/43°41'43.1"). Their colours indicate heavy red-gated in the direction of the lobes. Together these clues suggest

dening. From the magnitudes given in the USNO-B andyinoiar outflow (keep in mind that the torus required for the
2MASS catalogues they could be O5 to B1 stars at 3 kpc digs\ is normal to the dumbbell axis).

tance with a reddening of6™, just the amount of foreground
reddening for the DR 16 cluster. The ring may have been cre-
ated by the action of the stellar winds of these stgrs on th%_ Conclusions
surroundings, but we have not proved any connection.
Part of the following conclusions are based on two review pa-
pers, one on UCHIIR by Churchwell (2002), and one on Herbig
Ae/Be stars by Waters & Waelkens (1998). Massive stars pro-
We began this study with the idea that we were seeing an objdate UCHIIR which are dispersed after the stars reach the main
which seemed to be a very large cometary nebula. In summaeguence. The oldest, most massive stars in the DR 16 cluster
the higher resolution data have revealed that we were lodiave nearly all reached this state and can now provide the ion-
ing at a complex of dferent objects. The main radio continization of the dispersed filuse gas. The younger ones are far
uum source, now identified as DR 16 proper, is the commenough from the main sequence that their small UCHIIR are
H 1 region of an open star cluster. The cluster is small, withot observable. As the lines corresponding to stellar evolution
a total mass of a few hundred solar masses, and a substautia to decreasing circumstellar extinction are nearly parallel
fraction of the low-mass stars have yet to reach the main se-the CMD we have available (see Fig. 14), we cannot pro-
guence. On the other hand, the fact that at least some of tlige any more details of this picture. The lower mass limit for
O stars have shed their natal envelopes and are ionizing a cgaing stars to which this picture applies is usually put around
mon Hit envelope points to an age of some hundred thousah@M, (or spectral type B0.5). Less massive pre-main-sequence
years. However, DR 16 is not an isolated group. We have foustdrs are usually called HAeBe stars and develop more slowly
several signs of interaction with surrounding material. One tdwards the main sequence, but can shine through their natal
the neighbouring features, in our original picture the “tail” ofloud much sooner since their accretion disks are less massive.
the cometary nebula, lies at roughly the same distance an®isbably as a consequence of this, outflows are less vigorous
probably interacting with the same molecular cloud as DR 16énd hardly observed at stages near the main sequence. Images
We used various methods to estimate the distance to tfehe thermal radio emission portray the average electron den-
complex and derived a best value of 3 kpc. The uncertairtify along the line of sight, and this can smooth out small-scale
on this number is probably 0.5 kpc, with the near distanstructures. Remains of old UCHIIR and of bipolar outflows,

9. Summary and discussion
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