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Why Longer Wavelengths?
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What are arrays?
Angular resolution ~ 1.22 λ / D
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Millimeter and 
Submillimeter Arrays

Berkeley-Illinois-Maryland Association (BIMA) Array

Submillimeter Array (SMA)



How do stars form?
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Massive Stars



number of red young stars are also seen around IRS 5 that are
presumably embedded in the molecular core (see x 4.3).

4.2. Photometric Analysis

4.2.1. CC Diagram

We obtained photometric data of 986 sources in the J band,
1236 in the H band, and 1512 in the Ks band. The drastic drop
in the number of sources detected at the shorter wavelengths
in spite of greater sensitivity gives the first indication of the
extremely high interstellar extinction around the W3 Main
region. Figures 3a and 3b show the J!H versus H!K CC
diagrams of the W3 Main star-forming region and the refer-
ence field, respectively, for the sources detected in the JHKs

bands with a positional agreement of less than 300 and with
photometric errors in each color of less than 0.1 mag. The ref-
erence field is also used for the correction of field star con-
tamination from the raw Ks-band luminosity function (KLF)
of W3 Main (see x 4.4). In Figures 3a and 3b the solid and
thick dashed curves represent the unreddened main-sequence
and giant branches (Bessell & Brett 1988), and the paral-
lel dashed lines show the reddening vectors for early- and

late-type stars (drawn from the base and tip of the two
branches). The dotted lines indicate the locus of T Tauri stars
(Meyer et al. 1997). We have assumed that AJ=AV ¼ 0:282,
AH=AV ¼ 0:175, and AK=AV ¼ 0:112 (Rieke & Lebofsky
1985). As can be seen in Figure 3a, the stars in W3 Main are
distributed in a much wider range than those in the reference
field (Fig. 3b), which indicates that a large fraction of the ob-
served sources in W3 Main exhibit NIR excess emission. We
classified the sources into three regions in the CC diagram (see,
e.g., Tamura et al. 1998; Sugitani et al. 2002). ‘‘F’’ sources are
located between reddening vectors projected from the intrinsic
color of main-sequence stars and giants and are considered to
be unreddened and reddened field stars (main-sequence stars,
giants), or Class III /Class II sources with small NIR excess.
‘‘T’’ sources are located redward of region F but blueward of
the reddening line projected from the truncated point of the
T Tauri locus of Meyer et al. (1997). These sources are consid-
ered to be classical T Tauri stars (Class II objects). ‘‘P’’ sources
are those located in the region redward of region T and are most
likely Class I objects. In Figure 3a a gap is seen between the
reddened stars and unreddened stars (located near the main-
sequence locus: H!K # 0:4, J!H #1:0). By dereddening the

Fig. 2.—JHKs three-color composite image of the W3 Main star-forming region (J: blue; H: green; Ks: red ) obtained by SIRIUS mounted on the University of
Hawaii 2.2 m telescope. The field of view is #4A9 ; 4A9. North is up, and east is to the left.
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are marked in the Ks-band image. The Ks-band image shows the
highest density of stars around the IRS 5 molecular clump,
whereas the density enhancement vanishes in the J-band image.

Figure 2 shows a composite JHKs color image (J: blue;
H: green; Ks: red ) of the W3 Main star-forming region. The
image shows bright nebulosities toward the compact H ii
regions W3A, W3B, and W3D. We also detect a faint nebu-
losity around the ultracompact H ii regions W3C, W3E, W3F,
and W3G. W3H, W3J, and W3K are more diffuse and dis-

persed H ii regions. The bright blue massive stars of spectral
types O and B (TGC97) are the ionizing sources of the com-
pact and diffuse H ii regions. Dark filaments extending from
northwest to southeast can be seen between the diffuse nebu-
losity found throughout the whole image. Note the very red
object near the center of the image, W3 IRS 5 [(! ; ")J2000:0 ¼
(2h25m40:s76; þ62#05052B5)], a deeply embedded infrared
source that has been detected only in the Ks band. We see a
dense cluster of embedded stars surrounding IRS 5. A large

Fig. 1.—J-, H-, and Ks-band images of the W3 Main star-forming region displayed in a logarithmic intensity scale. The circle of radius 3000 (0.27 pc) marked in
the H-band image shows the cluster region around W3 IRS 5. The locations of the individual H ii and ultracompact H ii regions and the embedded IR sources are
marked in the Ks-band image. North is up, and east is to the left. The abscissa and the ordinate are in the J2000.0 epoch.
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Fig. 1. A gray-scale representation of a 6 cm continuum image of W3,
with a FWHM beam size of 3.′′38 by 2.′′72. Continuum components
have been labeled following the scheme introduced by Wynn-Williams
(1971) and Harris & Wynn-Williams (1976).

Thus, one has to keep in mind that the VLA may record signifi-
cantly less flux for the extended H ii regions at 2 cm and 1.3 cm.
Observations by Wood & Churchwell (1989) show that, on the
average, ultracompact H ii regions become optically thick for
λ >∼ 6 cm.

Table 2 lists the continuum optical depths τc, the peak emis-
sion measures EM, source diameters d, peak and mean electron
densities ne, excitation parameters U, the mass of ionized gas
M(H ii) and the number of Lyman continuum photons NLyc.
The estimated zero-age main-sequence (ZAMS) spectral type
of the exciting stars, assuming ionization by a single star and
no absorption of ionizing photons by dust Panagia (1973), are
also given. The electron temperatures, T∗

e , of the H ii regions
are taken from Roelfsema & Goss (1991) and our own H66α
recombination line data. Data with good signal-to-noise ratios
were obtained only toward the regions with highest electron
density, namely W3 B, C and F. Our results are given in brack-
ets. The only significant discrepancy for T∗

e is found for W3 F;
we calculated the resulting source parameters using both elec-
tron temperatures. Source properties have been estimated us-
ing the formulae of Panagia & Walmsley (1978) and Turner &
Matthews (1984) for a distance of 2.3 kpc.

3.2. H66α radio recombination line emission of W3
at 22.369 GHz

Together with the continuum emission at 22.5 GHz, we im-
aged the entire W3 core at 22.369 GHz, the wavelength of the
H66α recombination line emission. For those regions with good
signal-to-noise ratios, we determined electron temperatures un-
der the assumption of local thermodynamic equilibrium (LTE).

Table 1. Radio continuum flux densities at 6, 2 and 1.3 cm for the
compact and ultracompact H ii regions

W3 peak intensity and flux density at
4.885 GHz 14.965 GHz 22.485 GHz

[ mJy
beam ] [Jy] [ mJy

beam ] [Jy] [ mJy
beam ] [Jy]

A 11.242 27.198 12.968 16.893 6.127 8.677
B 20.350 7.610 32.433 6.962 20.117 6.864
C 12.462 0.800 17.044 0.669 8.050 0.448
D 3.593 3.189 4.029 2.442 1.820 0.760
E 1.419 0.062 2.021 0.408 1.088 0.017
F 7.248 0.155 8.458 0.106 4.396 0.076
G 0.997 0.128 1.456 0.130 0.972 0.086
H 0.807 1.450 . . . . . . . . . . . .
J 1.110 3.828 . . . . . . . . . . . .
K 0.894 7.796 . . . . . . . . . . . .

Shaver (1980) had proposed that there is a relationship between
the emission measure of an H ii region and the frequency of the
recombination line emission at which the derivation of the elec-
tron temperature Te based on the assumption of LTE conditions
is valid, i.e. T∗

e = Te. For the H66α recombination line emission
this corresponds to an EM of 6×106pc cm−6 for the H ii regions.
Shaver (1980) finds Te/T∗

e≈ 1.2 for regions with EM an order
of magnitude higher than this limit. From the EMs measured
toward W3 this indicates that, for the H ii regions observed,
stimulated effects are not large. Thus the LTE approximation is
valid and T∗

e is close to the the actual electron temperature, Te.
For W3 B, C and F we find T∗

e values of ≈ 7000 K, 8000 K,
and 10000 K. The value for W3 F is significantly higher than
the previous value determined by Roelfsema & Goss (1991).

Fig. 2 shows images of the H66α recombination line emis-
sion observed toward W3 B for individual velocity channels.
Emission toward the filamentary tail extending to the NW is
clearly associated with thermal ionized gas. From the first-
moment image (intensity-averaged line-center velocity) and the
position-velocity cut along the axis shown in the 6 cm image,
the filamentary structure has a more positive velocity. The com-
pact object IRS 3a (Megeath et al. 1995) is associated with the
double-peaked brightness distribution (N to S) in the southern
bulge of W3 B.

In Fig. 3, we show images of the H66α recombination line
emission observed toward W3 C for individual velocity chan-
nels. As toward W3 B, we detect a double-peaked brightness
distribution (NE to SW). A position-velocity diagram shows the
velocity for the brightened edges of the teardrop-shaped emis-
sion (R.A. offset−43.′′5 and−46′′) to be 20 km s−1 blue-shifted
in respect to the center’s emission (−44.′′5).

In Fig. 4, we analyze the H66α recombination line data
of W3 F associated with the compact source IRS 7. Here, we
present the peak vlsr of spectra along the axis indicated. From
this presentation we see that the bright rim of W3 F appears to be
moving −5.5 km s−1 relative to the tail region. Measurements
of C18O show that the ambient molecular gas has a vlsr of −39
km s−1. Thus, the ionized gas in the head of W3 F is moving

W3 Main
Ojha et al. 2004



Observational test
Accretion vs Coalescence

Accretion or Infall

Isolated, noninteracting 
cores

Collimated outflow

Stable IR

Coalescence or Mergers

Clustered, interacting 
cores

Wide-angle outflow

Flaring in IR or radio
Bally & Zinnecker 2005
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Table 1. Infrared flux densities of IRAS 07427–2400.

Wavelength (µm) Flux density (Jy) Fitted size Beamsize Telescope

8.3 0.635 ± 0.032 52′′ × 31′′ ∼24′′ MSX/SPIRITIII

12 1.96 ± 0.08 – – IRAS/PSC

12.1 2.20 ± 0.07 33′′ × 23′′ ∼25′′ MSX/SPIRITIII

14.7 3.67 ± 0.15 25′′ × 21′′ ∼25′′ MSX/SPIRITIII

20a 20 – 2.5′ × 10′ FIRSSE

21.3 31.2 ± 1.9 27′′ × 22′′ ∼26′′ MSX/SPIRITIII

25 64 ± 2 46′′ × 25′′ 48′′ × 23′′ IRAS/HIRES

27a 69 – 2.5′ × 10′ FIRSSE

40a 142 – 4.0′ × 12′ FIRSSE

60 613 ± 25 67′′ × 47′′ 68′′ × 39′′ IRAS/HIRES

100 780 ± 55 91′′ × 87′′ 96′′ × 75′′ IRAS/HIRES

352 119 ± 36 20′′ × 19′′ 12′′ CSO/SHARC

a Data from Gezari et al. (1993); Seal & Shivanandan (1989) (FIRSSE #223).

Fig. 2. Flux density distribution of IRAS 07427–2400 with a family of
one-component greybody models. As listed in Table 1, solid squares
are from IRAS, open squares are from MSX and the triangle is from
SHARC (this paper). The solid line marks the best fit to the 60, 100
and 350 micron flux densities (with zero degrees of freedom). The
eight dashed lines describe models which pass through the 1-sigma
uncertainties of the flux densities. The corresponding range of fitted
values and derived physical properties are listed in Table 2. The curve
that comes closest to the mid-infrared data is the one most like a black-
body (i.e. β = 0.09).

In Fig. 3 we show the 350µm continuum emission,
C18O emission map and HIRES processed IRAS 12µm map
overlaid on the H2 image. These tracers arise from the dense
core of a star forming region. The 350 µm emission that largely
traces the cold dust in dense cores is found to be uniformly dis-
tributed on IRAS 07427–2400 and also encloses the H2 emis-
sion feature. The C18O emission is concentrated in a central

Fig. 3. HIRES processed IRAS 12 µm emission (thin contours) over-
laid on the H2 grey scale image. Thick contours represent 350 µm
emission with levels from 30 Jy/beam to 110 Jy/beam increasing in
steps of 20 Jy/beam. Dashed contours show integrated C18O emis-
sion with levels plotted from 2 K km s−1 to 7 K km s−1 increasing
in steps of 1 K km s−1. The star symbol represents the position of
IRAS 07427–2400.

ellipse of 20′′ × 33′′ (0.64 pc × 1.07 pc). The major axis of
the C18O core is roughly aligned with that of the H2 feature.
A position–velocity (PV) diagram along this axis is shown in
Fig. 4. It can be seen that the eastern and western edges of
the C18O core are doppler shifted to red and blue respectively
from Vlsr = 67.5 km s−1, implying a rotating core. Further,

G240.31+0.07

FIR

Kumer et al. 2003, A&A, 412, 175
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Global Collapse toward W3(OH)
HCO+ (1-0)


