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ABSTRACT

The massive star-forming region W3 was observed with the faint object infrared camera for the SOFIA telescope as
part of the Short Science program. The 6.4, 6.6, 7.7, 19.7,24.2,31.5, and 37.1 uwm bandpasses were used to observe
the emission of polycyclic aromatic hydrocarbon (PAH) molecules, very small grains, and big grains. Optical depth
and color temperature maps of W3A show that IRS2 has blown a bubble devoid of gas and dust of ~0.05 pc radius.
It is embedded in a dusty shell of ionized gas that contributes 40% of the total 24 um emission of W3A. This
dust component is mostly heated by far-ultraviolet, rather than trapped Ly« photons. This shell is itself surrounded
by a thin (~0.01 pc) photodissociation region where PAHs show intense emission. The infrared spectral energy
distribution (SED) of three different zones located at 8”, 20", and 25” from IRS2 shows that the peak of the SED
shifts toward longer wavelengths, when moving away from the star. Adopting the stellar radiation field for these
three positions, DUSTEM model fits to these SEDs yield a dust-to-gas mass ratio in the ionized gas similar to that
in the diffuse interstellar medium (ISM). However, the ratio of the IR-to-UV opacity of the dust in the ionized shell
is increased by a factor of ~3 compared to the diffuse ISM.
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1. INTRODUCTION

At early stages of their lives, massive stars are deeply
embedded in their native clouds. These stars process their
environment with energetic radiation and stellar winds, creating
H1u regions and stellar wind-driven bubbles (Weaver et al.
1977). Overpressure of these regions drives their expansion
into the molecular cloud and the Hu region changes from
hypercompact to ultracompact to compact. Eventually, the
ionized gas breaks out, creating a so-called champagne flow
that disperses the molecular cloud. The interaction between
massive stars and their natal cloud controls the star formation
process by compressing gas clumps through shocks—triggering
subsequent star formation; photoionizing and photoevaporating
envelopes around low-mass protostars in the cluster; creating
prominent globules, fingers, and proplyds; and dispersing gas
in ionized and neutral gas flows. This evolution of the region is
accompanied by a processing of the cloud material. Specifically,
dust coagulates and this has major influence on the absorption
properties (Ossenkopf & Henning 1994; Ormel et al. 2011).

The radiation from the powering massive stars is absorbed
by the surrounding gas and dust cloud. Only long wavelength
(mid-IR to cm) emission from the ionized gas, dust grains,
and molecules, and molecular emission can escape and be
used to study the properties of the newly formed stars and
the early evolution of the region. In the 3-20 um region,
strong and broad emission features at 3.3, 6.2, 7.7, 8.6, and
11.3 um dominate the spectra (Peeters et al. 2002) due to
polycyclic aromatic hydrocarbon (PAH) molecules (Tielens
2008). These broad emission features are perched on a mid-
IR continuum due to transiently heated very small grains (VSG)
whose nature is not well understood (Desert et al. 1990). At

longer wavelengths (~30 um), emission by big grains (BG)—in
radiative equilibrium with the radiation field—take over (Desert
et al. 1990). Each of these emission components has been
“calibrated” as a star formation rate indicator on regions of
star formation in nearby galaxies (Calzetti et al. 2007) but these
empirical validations have no general theoretical underpinning.
Here, we present mid-IR observations of the deeply embedded
OB star cluster in the W3 main region obtained by faint
object infrared camera for the SOFIA telescope (FORCAST)
on SOFIA in order to understand the interrelationship of the
different mid-IR emission components, their carriers, and their
evolution in regions of massive star formation. W3 main is
a star formation region located toward the Perseus arm at a
distance of 1.95 =+ 0.04 kpc, accurately measured using maser
kinematics (Xu et al. 2006; Hachisuka et al. 2006). Infrared and
radio observations have detected a number of bright sources
in the W3 main cloud (Harris & Wynn-Williams 1976; Wynn-
Williams et al. 1972; Tieftrunk et al. 1997). These objects span a
range in evolutionary history with deeply embedded protostars,
ultracompact and compact H1 regions, all associated with a
newly forming cluster containing some 15 OB stars (Ojha
et al. 2004; Bik et al. 2012). A large, embedded population
of intermediate- to low-mass stars coexists with the OB stars
(Megeath et al. 1996). In this paper, we focus on W3A, a shell-
like compact H 11 region, powered by IRS2, a2-3 Myr old 06.5V
star (Ojha et al. 2004; Bik et al. 2012) that provides a classic
example of a wind-driven bubble H 11 region in an early stage.

2. OBSERVATIONS AND DATA

W3 main was observed by SOFIA during the Short Science
flight series on 2010 December 4 and 8 at an altitude of ~43,000
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Figure 1. Color image of W3 main region, colors are blue 7.7 um, green 19.7 um, and red 37.1 um. Sources have been identified following Wynn-Williams et al.
(1972) and Tieftrunk et al. (1997). The locations of the four embedded OB stars in W3A are indicated by crosses and are IRS2c, IRS2, IRS2a, and IRS2b (left to
right). The rectangular box indicates the direction of the cross cut for which the photometry is shown in Figure 3.

feet. We acquired images at 6.4, 6.6, and 7.7 um in single
channel mode and 19.7, 24.2, 31.4, and 37.1 um using the
dichroic beam splitter in dual channel mode. The field of view
of the instrument is the same for all the images, ~3/4 x 32,
and the pixel size is (7768. The point-spread function has an
FWHM of 2”8 at wavelengths up to 20 um and is diffraction
limited at the longer wavelength filters (Herter et al. 2012). We
used a chop throw of ~5’ and a chop frequency of ~5 Hz. The
integration time for each chop pair was ~30 s. The data were
processed and calibrated using the pipeline described in Herter
et al. (2012). The processed images were aligned and averaged
using an iterative sigma rejection algorithm to produce images
with effective integration times of 150 s for 6.4 and 6.6 um, 270 s
for 7.7 um, 240 s for 19.7 um, 150 s for 24.2 and 31.4 um, and
330 s for 37 um. The scale size and orientation of the resulting
images have been checked against Spitzer IRAC images (Ruch
et al. 2007) and agree well. The estimated 30 uncertainty in the
calibration due to variations in flat field, water vapor burden,
and altitude is approximately +=20%. A false color image of the
whole W3 main region is shown in Figure 1 and a zoom in on
W3A is presented in Figure 2(a).

The FORCAST photometry was checked against the
W3-IRSS5 spectrum obtained by the Short Wavelength Spec-
trometer (SWS) on board of the Infrared Space Observatory
(ISO; Boogert et al. 2008). W3 IRSS is a point source in our
images and is isolated even within the large SWS beam. At all
wavelengths, the two agree to within the absolute calibration
error of 20%. W3A was also observed with SWS/ISO (Peeters
et al. 2002). We integrated the emission over the FORCAST
filters in the relevant apertures of the SWS spectrum and found
an excellent agreement in flux (~20%) at all wavelengths ex-
cept for the 6.4 um band where the FORCAST flux is a factor
of 1.9 larger. Given that SWS calibration of extended sources
is quite challenging, we deem this agreement excellent. Strong
[S 1] and [Ne 11] lines are present in the SWS spectrum, but the
flux contribution of these lines to the FORCAST 19.7, 31.5, and
37.1 bandpasses is less than 6%. We show cross cuts toward the
north in the different FORCAST images in Figure 3.

W3A was also observed with the ISOCAM circular variable
filter (CVF). We use the Highly Processed Data Products from

the ISO archive (Boulanger et al. 2005). Comparison shows that
the FORCAST fluxes, Fgs4 and F7 7, are dominated by the PAH
6.2 um and 7.7 um features and the Fg¢ traces the underlying
plateau (Peeters et al. 2002). By subtracting the Fg ¢ contribution
from the Fg4 and F77 bandpasses, we derive the “pure” PAH
emission.

3. RESULTS
3.1. Observational Analysis of W3A

Figure 1 shows a false color image of W3 main, combining
three mid-infrared bands tracing the PAHs and warm dust. All
the well known, bright infrared and radio sources are visible in
the map, including the deeply embedded protostars associated
with W3 IRSS5, the ultracompact H 11 regions W3B, W3C, and
W3E, and the compact Hir regions, W3A, W3B, W3D, and
W3H. In all, some 10 regions powered by bright O or early B
stars are discernable in the mid-infrared. The W3 OB cluster
of sources is embedded in low-level PAH emission in the deep
8 um IRAC images. However, rather than UV photons leaking
out of the confines of the (ultra)compact sources, this emission
may be powered by distributed B stars in a more extended
cluster, postulated on the basis of the extended [Cu] 157 um
emission (Howe et al. 1991).

In the radio, the compact Hur region, W3A, shows a clear
shell-like structure to the north (Wynn-Williams et al. 1972;
Tieftrunk et al. 1997). At mid-IR wavelengths, W3A shows a
very similar structure (Figure 2) and the Fj9 4, F>4, brightness
distribution tracks the radio emission well (cf. Figure 3). W3A
seem to be a classic example of a wind-driven bubble expanding
and sweeping up the surrounding cloud material (Weaver et al.
1977). The radio emission and the Fj94 and F»4, warm dust
emission originate from the swept up dense ionized gas. This
shell is surrounded by a dense photon-dominated region (PDR;
at ~20” from IRS 2) traced by the PAH emission (Figure 3). The
sharpness and the large relative variations of the PAH emission
imply that the PDR is very thin (~1"; 0.01 pc) and unresolved.
The shell-like structure of this region produces strong limb
brightening and the residual Fjg4, F>4, emission inside the
cavity and the PAH emission seen within the ionized zone reflect
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Figure 2. Left: spectral energy distributions derived from the FORCAST observations (red crosses) and ISOCAM-CVF spectra (red line) in the three positions marked
with squares in 2a. For a clearer comparison, the contributions from the ionized gas emission lines have been subtracted from the CVF spectra. Best-fit DUSTEM
models are shown as black lines. The green lines show the separate contributions from PAH molecules, very small grains, and big grains (peaking left to right). Right:
(a) false color image of the W3A compact H 11 region. The three squares indicate three positions where spectral energy distributions have been obtained, and crosses
mark the position of IRS2¢, IRS2, IRS2a, and IRS2b from left to right. (b) Color temperature map, the peak in emission is located at the north of IRS2 (Section 3.1).

(c) Optical depth map at 37.1 um.

this geometry. The inner cavity is presumably filled with hot
gas and devoid of dust. However, there is no evidence for X-ray
emission from the gas (Hofner et al. 2002) possibly due to the
effect of mass loading from embedded clumps (Redman et al.
1998). We deem the alternative model—*leakage” of the hot
gas into the surroundings (Harper-Clark & Murray 2009)—less
likely in view of the thin, dense shell enwrapping the ionized
shell in the IR images.

We used the F3;5 to Fs7; flux ratio to derive color dust
temperatures (Tpys) and optical depths at 37 um (t37), assuming
a modified blackbody for the dust (ks ~ v# with 8 = 1.8;
Abergel et al. 2011). Total dust column density maps have
been derived from 737 using the extinction curve taken from
Draine (2003) with Ry = 4 (Figure 2). Results are summarized
in Table 1. For Ry = 3.1 (5), the column density decreases
(increases) by a factor of 0.92 (1.1). Color temperatures and
optical depths derived using different filter combinations show
substantially the same global structure but the absolute values
increase by 20% (Fy4,—F37.1) and 30% (F9.4—F>4.2). We prefer
the F315—F37; color combination because this emission is
expected to originate from the same dust population (i.e., BG; cf.
Figure 2). We note that Tp, peaks at the ionized gas shell rather
than at the IRS2 position, which likely reflects an increase in
the relative importance of emission by the cold dust in the PDR

Table 1
Physical Properties Derived from the Observational Analysis (Section 3.1) and
the DUSTEM Model (Section 3.2)

Parameters Hu PDR Mol. Cloud
(0.08 pc) (0.2 pc) (0.25 pc)
F, (ergs~'ecm™2) 247 27 7
Observational results
737.1 0.06 0.24 0.55
Npust (107% gecm=2) 211 830 1921
Ny (10°! cm™2) 7.8
Teolor (K) 72 64 50
Dust-to-gas mass ratio 0.012
DUSTEM results
Tpust (100 nm)(K) 78 55 44
Lpan/Lir (1072) 0.97 3.74 ...
Ay 2.1 32 61
Ry 4.2 4.0 4.3

as compared to the warm dust in the ionized shell for sightlines
traversing the cavity (see Section 3.3).

The 6.2 and 7.7 um PAH emission and the 19-24 yum emis-
sion observed in W3A are associated with the neutral PDR and
ionized gas, respectively. It is well established that the PAH
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Figure 3. (a) Cross cuts along the rectangle in Figure 1 as a function of projected distance from IRS2. All values have been normalized to the maximum along the
cross cut. Fé‘f + F7lf$e (black); Fi97, Fra, (red); and F3; 5 + F37.1 (blue). (b) Derived color temperature and optical depth at 37 um (see text for details), along with
the 2 cm emission from Tieftrunk et al. (1997). (c) Schematic plot of W3A, the relative emission from the PDR increases as line of sights are farther away from IRS2.

emission in compact Hi1 regions peaks in the PDR (Tielens
et al. 1993; Berné et al. 2009). The Spitzer/MIPSGAL and
GLIMPSE surveys have shown that many H 11 regions present
bright MIPS 24 um emission associated with the ionized gas
and are surrounded by a shell of bright 8 um PAH emission
(Anderson et al. 2011; Carey et al. 2009). With this in mind,
we recognize that the star W3 IRS2b is also surrounded by a
shell of PAH emission (Figure 2) while bright 19 and 24 um
emission is present in the ionized gas. We thus surmise that
this star is still embedded in its own H 11 region, separate from
W3A. Perusal of JHK images of W3A (Bik et al. 2012) also
suggests that the emission from IRS2b is separate from that of
the main Hu region. IRS2 has already “swallowed” the H1t
region associated with IRS2a and IRS2c and likely the region
around IRS2b is next on the menu. We consider that the ridge
of bright emission toward the south of IRS2a is still a remnant
of the earlier, isolated H 11 regions phase of this star.

From the FORCAST data, the region associated with IRS2b
(08V) has a 640 um luminosity of 1 x 10° Ly in good
agreement with the estimate based on near-IR photometry and
spectroscopy (Bik et al. 2012). The whole W3A region has a
6—40 m luminosity of 4.1 x 10° L. Subtracting IRS2b, the
observed 640 pwm luminosity of W3A is ~3 x 10° L. Based on
the spectral type of Bik et al. (2012), and using Martins et al.’s
(2005), we estimate that IRS2 (06.5V), IRS2a (08.5V), and
IRS2c (BO.5V) emit 1.6 x 103 L, 6.6 x 10* L, and 4 x 10* L,
respectively. The total luminosity of the stars associated with
W3A is thus ~3 x 10° L. We note that the FORCAST-derived
luminosity is just a lower limit to the total infrared luminosity,
because far-IR photometry is lacking. Nevertheless, it seems that

the luminosity of the known OB stars is sufficient to explain
the observations and no major contribution from embedded
young stellar objects is required, consistent with Ojha et al.
(2004). The 6—40 um luminosity associated with the ionized
gas shell is 1.1 x 10° L. Hence, we estimate that the (radial)
UV (absorption) optical depth of the dust in the ionized gas is
tyy = —In(Le—o/L.) = 1.

3.2. Dust Spectral Energy Distribution

To study the dust characteristics in W3 A, three zones were se-
lected to extract spectral energy distributions (SEDs) in 6” x 6”
apertures: At 8" north of IRS2 inside the H1 region; at 20”
north of IRS2 in the PDR, and in the molecular cloud at 25”
north of IRS2 (Figure 2). These SEDs show a pronounced shift
of the peak emission toward longer wavelengths when moving
from the H 11 region to the PDR and on to the molecular cloud.
The DUSTEM model (version 3.8; Compiegne et al. 2011) was
used to fit these SEDs, adopting the grain size distribution for
the diffuse high galactic latitude model. We adopt an O6V the
closest to the spectral type of the central star and used the ap-
propriate solar metallicity model (Kurucz 1993) scaled to match
the number of ionizing photons (Tieftrunk et al. 1997), modified
to our adopted distance of 1.95 kpc. We have evaluated these
stellar fluxes at the projected distances of the zones. For the H1ut
region position, we included the FUV and EUV stellar emis-
sion, while for the PDR and molecular cloud zones only FUV
is included. In addition, the molecular cloud radiation field has
been attenuated by a radial optical depth of tyy = 1. Finally,
IR fluxes for each of the DUSTEM model components (PAH,
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VSG@G, and BG) are adjusted to fit the observations. Resulting fits
are shown in Figure 2 and derived parameters are summarized in
Table 1. The results illustrate that the 31.5 and 37.1 wm emission
originates from BG, which also dominate the 24 um emission
from the ionized shell. The 24 um emission in the PDR has
an important contribution from VSG. The good agreement be-
tween the model results and observation for the long wavelength
emission (i.e., BG) demonstrates that the adopted radiation
fields—the main free parameters—are reasonable.

3.3. Lya Dust Heating

The dust temperature peaks on the ionized gas shell and this
is very reminiscent of Ly heating. From the radio observations
(Tieftrunk et al. 1997), we derive the Lyo luminosity of
3.2 x 10* L, or only 30% of the observed 6-40 :m luminosity
associated with the ionized gas shell. In general, the contribution
of trapped Lya photons to the dust heating (I',) relative to
the stellar radiation (I',) is approximately given by I', /T, =
(r/Rs)? x 1/tyy (Tielens et al. 2005) with r the distance from
the star (0.12 pc), Ry the Stromgren radius of the region (0.2 pc),
and tyy ~1 the radial optical depth of the dust (see above). In
the middle of the ionized gas shell, Ly heating contributes
~25% of the dust heating.

We used Cloudy version 10.00 (Ferland et al. 1998) to
model the W3A Tp, distribution and study the heating due to
trapped Ly photons. Assuming an O6 star with a luminosity of
2 x 10° L, and a shell density of 5000 cm~3, the model shows
that only for tyy < 0.2 (a factor of five less than observed) dust
heating is dominated by Ly« and the temperature distribution
tracks the density structure. Hence, both the observed luminosity
and the observed optical depth imply that stellar radiation
dominates the temperature distribution. We attribute the rather
constant dust temperature in the ionized shell to the morphology
of the region. Specifically, the absence of a rise of the dust
temperature toward the central star reflects the presence of
an inner dust-free cavity. The geometry of a dust-free cavity,
surrounded by a dusty ionized gas shell and PDR (Figure 3(b)),
will tend to give a rather constant color temperature with
projected distance from the star, because the observed SED
is a superposition of all emission components (ionized shell and
PDR) along the line of sight.

3.4. Dust-to-gas Ratio

The H-nuclei column density was calculated from the radio
(Tieftrunk et al. 1997), assuming a shell-like geometry, to be
Ny = 7.8 x 10?! cm~2. The dust column density derived with
DUSTEM results then in a dust-to-gas mass ratio of 0.012, close
to the diffuse interstellar medium (ISM) value. In contrast, the
radial UV optical depth derived from the observed 6—40 um
luminosity (tyy = 1, Section 3.1) translates into a dust-to-gas
mass ratio of 0.035 using the Draine (2003) Ry = 4.0 model.
While this difference seems small, we consider it significant.
To phrase this differently, adopting dust properties appropriate
for the diffuse ISM, the radial absorption optical depth by dust
in the ionized gas would be tyy =~ 4 and only ~2% of the
number of ionizing photons emitted by the central star would be
used to ionize the gas (Petrosian et al. 1972). This would imply
an enormous ionizing photon luminosity that is incompatible
with the observed properties of the ionizing stars in this H1r
region and the observed IR luminosity of the dust. This is a
well-known issue, dating back to the earliest IR studies of H1t
regions (Tielens & de Jong 1979), and it seems that the dust
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properties in the ionized gas have to be different from those in
the diffuse ISM. This may reflect either the selective destruction
of PAHs and VSGs in the ionized gas—which are important
contributors to the FUV dust extinction—or more generally an
increase in grain size during the preceding molecular cloud
core phase driven by coagulation (Ossenkopf & Henning 1994;
Pagani et al. 2010; Ormel et al. 2011).

This work is based on observations made with the
NASA/DLR Stratospheric Observatory for Infrared Astron-
omy (SOFIA). SOFIA science mission operations are conducted
jointly by the Universities Space Research Association (USRA),
Inc., under NASA contract NAS2-97001, and the Deutsches
SOFIA Institut (DSI) under DLR contract 50 OK 0901. Finan-
cial support for FORCAST was provided to Cornell University
by NASA through award 8500-98-014 issued by USRA. Stud-
ies of interstellar PAHs at Leiden Observatory are supported
through advanced-ERC grant 246976 from the European Re-
search Council and through the Dutch Astrochemistry Network
funded by the Dutch Science Organization, NWO.
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