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CHAPTER 3

Ongoing massive star formation in NGC 6041

NGC 604 is the second most massive H region in the Local Group, thus an important
laboratory for massive star formation. Using a combinationof observational and analyt-
ical tools that includeSpitzerspectroscopy,Herschelphotometry,Chandraimaging and
Bayesian Spectral Energy Distribution (SED) fitting, we investigate the physical condi-
tions in NGC 604, and quantify the amount of massive star formation currently taking
place. We derive an average age of 4± 1 Myr and a total stellar mass of 1.6+1.6

−1.0 × 105 M⊙
for the entire region, in agreement with previous optical studies. Across the region we
find that the X-ray field destroys small aromatic molecules and excites the emission of
[Si ]. Within NGC 604 we identify several individual bright infrared sources with diam-
eters of about 15 pc and luminosity weighted masses between 103 M⊙ and 104 M⊙. Their
spectral properties indicate that some of these sources areembedded clusters in process
of formation, which together account for∼8% of the total stellar mass in the NGC 604
system. The variations of the radiation field strength across NGC 604 are consistent with
a sequential star formation scenario, with at least two bursts in the last few million years.
Our results indicate that, while NGC 604 is a more evolved H region as compared to its
largest sibling 30 Doradus, star formation in NGC 604 is still ongoing, triggered by the
earlier bursts.

1Based on: J.R. Martı́nez-Galarza, D. Hunter, B. Groves and B. Brandl, 2012, Submitted to ApJ
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3 Ongoing massive star formation in NGC 604

3.1 Introduction

Despite their importance in the structure and evolution of galactic systems, via strong
radiative and mechanical input into the surrounding interstellar medium (ISM), our un-
derstanding of massive star formation regions remains poor, both on observational and
theoretical grounds. From an observational point of view, anumber of reasons make the
study of massive star formation a challenging topic in astrophysics, as pointed out in the
comprehensive review on the issue by Zinnecker & Yorke (2007). Regions of massive
star formation are highly embedded in thick layers of dust during the crucial early stages
of their existence. In addition, these early stages are short-lived, leaving little time for
the study of their evolution. Another problem is the lack of spatial resolution in the ob-
servations. Most of extragalactic giant star forming regions are often contained within a
single pixel. Finally, most massive stars form in close proximity to each other, and their
mutual influence via gravitational interaction, powerful outflows, supernova events and
strong winds contributes to the complexity of the problem.

Observations of nearby star forming regions provide an excellent laboratory for the
study of a particular aspect of this interaction, namely thetriggering of new star forma-
tion events by gas compression resulting either from a ionization shock front created by
the radiation field of a previous generation of stars, or by the supersonic shocks of a su-
pernova event. In the classical theory by Elmegreen & Lada (1977), an ionization front
compresses an adjacent layer of molecular gas and heats it, producing a gravitational in-
stability that will eventually result in a new generation ofstars. In order to test this and
other theories of triggered star formation, it is importantto unequivocally determine and
quantify the amount of currently ongoing star formation in Giant H Regions (GHRs),
and its relation to the ionizing radiation from previous generations of stars.

After 30 Doradus, NGC 604 is the second most massive GHR in the Local Group.
Located in the Traingle Galaxy (M33) at a distance of 0.84 Mpc(Freedman et al. 1991),
it harbors several associations of massive stars distributed across an area of about 200 pc
on the side, dominated by a cluster containing∼ 200 OB stars (Hunter et al. 1996).
These associations have excavated a complex system of filaments and cavities of ionized
material surrounded by photon-dominated regions (PDRs) and molecular gas (see, for
example Relaño & Kennicutt 2009,for a discussion on the spatial distribution of emission
in the region). Optical studies reveal an age of the region between 3 and 5 Myr (Hunter et
al. 1996, González Delgado & Pérez 2000) and a total stellar mass of (3.8±0.6)×105M⊙.
Individual CO molecular clouds have been detected with sizes between 5 and 29 pc and
with masses of between 0.8 × 105 M⊙ and 7.4× 105 M⊙ (Miura et al. 2010). Relaño &
Kennicutt (2009) have carried out a photometric multi-wavelength study of NGC 604 and
derived an average extinction in the line of sight towards NGC 604 ofAV = 0.30 and a
stellar mass of about (5.7±0.4)×105M⊙ for the region, not too far from the mass estimate
of Eldridge & Relaño (2011).

Several attempts have been made to quantify the total amountof ongoing massive star
formation in NGC 604. Using near-infrared (NIR) observations with theHubble Space
Telescope(HST), Barbá et al. (2009) identify several sources that coincide spatially with
radio-peak structures, and argue that this is suggestive oftheir star-forming nature. More
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3.2 Data reduction and ancillary datasets

recently, Fariña et al. (2012) report the discovery of sources with near infrared excess
within the infrared-bright ridges surrounding the ionizedgas, and associate them with
Massive Young Stellar Objects (MYSO). Relaño & Kennicutt (2009) argue that the re-
denning observed towards some prominent sources in the region can be explained by
the existence of foreground molecular material, but they donot rule out the possibility
of those sources being embedded sites of star formation. Theuse of infrared spectropho-
tometry combined with physical modeling provides a powerful tool to distinguish between
foreground extinction and embedded star formation, which complements the photometric
methods that use near-infrared colors as discriminators between the two cases, and could
be.

In this chapter we perform a comprehensive analysis of the physical conditions in
NGC 604 in the context of its evolutionary status, and investigate the presence of ongo-
ing massive star formation in the region. We use infrared spectral and photometric data
from theSpitzerandHerschelSpace Telescopes, complemented with archival X-ray and
optical data, as well as a set of analytical tools to interpret them. We report the discovery
of individual infrared knots whose derived masses are consistent with them being stellar
cluster in process of formation. This is also supported by Bayesian fitting of the Spectral
Energy Distribution (SED) of the region, which points to thepresence of a significant
component of embedded objects in the region. We derive line emission and continuum
maps of NGC 604 and use them to assess the variations in radiation field strength, ioniza-
tion levels and extinction across the GHR, and find that our results are consistent with
a sequential star formation history in the last∼ 4 Myr. We also discuss some additional
findings regarding the role of X-ray emission in the enhancement of both [Si] atomic
emission and 17µm PAH emission.

The chapter is structured as follows. In§3.2 we present the IRS data and describe
the data reduction to obtain the maps and the spatially integrated spectrum of NGC 604.
§3.3 describes the resulting maps and spectra, as well as the tools used to extract physical
information from the observations. In§3.4 we discuss the results of our analysis in terms
of the current evolutionary stage of NGC 604 and the presenceof ongoing star formation
in the region. We conclude with a summary of our main results in §3.5.

3.2 Data reduction and ancillary datasets

Most of our analysis will be based onSpitzerInfrared Spectrograph (IRS) (Houck et
al. 2004) data of a region encompassing the bulk of infrared emission from NGC 604.
However, to provide more robust constraints on the physics of the region, we also use
complementary photometry from theSpitzerInfrared Array Camera (IRAC) (Fazio et
al. 2004) and from theHerschel Space ObservatoryPhotodetector Array Camera and
Spectrometer (PACS) (Poglitsch et al. 2010). Additionally, we use archivalHubble Space
Telescope-Wide Field and Planetary Camera 2and Chandra X-ray Observatory-ACIS
images.
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3 Ongoing massive star formation in NGC 604

3.2.1 IRS data

The SpitzerInfrared Spectrograph (IRS) provides unprecedented spatial resolution and
sensitivity as compared to any previous mid-IR spectroscopic observations of the NGC 604
region. The spectral resolving power ranges fromR∼ 60 at short wavelengths toR∼ 120
at the long-wavelength edge. The sensitivity is about 100 times better than that of the
spectrometer onboard theInfrared Space Observatory(ISO), while the spatial resolution
is a factor of 10 larger. The wavelength coverage of the IRS ranges from about 5µm to
about 38µm.

IRS observations of the NGC 604 region were obtained in January 2006 using the IRS
mapping mode for spectroscopy, which consists of the acquisition of slit spectra using a
grid of positions around a central target. These observations were part of the program
Comparative Study of Galactic and Extragalactic H Regions(P. I. J. Houck). Only the
low resolution modules short-low (SL1, SL2) and long-low (LL1, LL2) of the IRS were
used for this set of observations. For the SL modules, 12 slitpointings were made with
each of the two spectrometer orders covering an area on the sky of about 55′′×40′′, which
corresponds to a physical scale of about 225 pc× 160pc at the distance of NGC 604 (see
Fig. 3.1). The slice width for the SL modules is 3′′.6, corresponding to a pixel scale of
1′′.85px−1 (7.5 pcpx−1). For the LL modules, the slice width is 10′′.5, which corresponds
to a pixel scale of 5′′.08 px−1 (20.5 pc px−1) and 6 pointings were made with each order
to cover an area of about 720 pc× 205 pc.

In addition to the spectral map with the IRS low resolution modules (lores data here-
after), we also use IRS staring mode observations of three specific locations within the
region using the high resolution modules of the spectrometer (hires data here after). For
these modules the wavelength coverage is shorter (between 9.9and38.0 µm), but the re-
solving power is significantly higher (R ≈ 600). The locations of the staring mode ob-
servations are within the area of the spectral map and correspond approximately to the
positions of the peaks of 8µm emission, associated with PAH emission, as discussed
later. The high resolution slits are wider than their low resolution counterparts (4′′.7 and
11′′.1 for the short-high and long-high orders respectively) andtherefore their spectral
apertures are also larger than the spatial resolution elements of the spectral maps.

Extraction of the spectra

For the staring mode data, the Spitzer Science Center Tool IRSCLEAN was used to re-
move cosmic rays and then SMART v.8.0 was used with the full aperture mode for ex-
tended sources, based on the size of the slits compared to thesource NGC 604, which
is large enough to be considered extended. The observation cycles were co-added and
the sky background removed using an additional off-source background exposure taken
as part of the campaign. We have applied a scaling factor to the fluxes extracted in the
long-hig (LH) module to match the overlap region in the short-high (SH) module. This is
an aperture correction to account for the larger size of the LH slit with respect to the SH
slit. The scaling factors for the LH spectra towards fields A,B an C are 0.28, 0.41 and
0.41 respectively (see Fig. 3.2).
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3.2 Data reduction and ancillary datasets

Figure 3.1 The target and background slit pointings superimposed on the IRAC 8µm
image of NGC 604. The green structure near the H region is part of the spiral arm
structure of M33. See text for a discussion on the flux levels.

For the spectral map, we extracted the spatially integratedspectrum of the region for
all four IRS orders using a extraction aperture corresponding to the SL coverage of the
map (see Fig. 3.2), which includes the bulk of the IR emissionof NGC 604. Some of
the extended filamentary structure of the region, which is one order of magnitude dim-
mer than the peaks of emission, is left outside this area. Thelow surface brightness of
these filaments and the bubble-like geometry that we will assume when modeling the re-
gion implies that this will be unimportant for the purposes of the present analysis. The
background subtraction was performed using the order of theSL and LL modules that
was not centered at the source during the corresponding exposure. The software package
CUBISM (Smith et al. 2007) performs the data cube build-up once the background and
the correct slit pointings have been provided. The background levels are not exactly the
same for the low resolution and high resolution modules. Thereason is that the orienta-
tion of opposite orders of the slit is different for different modules. In the case of the low
resolution modules, the background picks up some emission from M33’s spiral arm (See
Fig. 3.1). This is our best estimate for the sky levels in the SL modules. For reference, the
measured IRAC 8µm flux levels on the spiral arm (∼ 10 MJy sr−1) are only 20% higher
than the sky level outside the arm (∼ 8 MJy sr−1), and correspond to about 7% of the peak
of 8 µm emission in the region.

Spectra can be extracted from each spatial pixel of the resulting data cube. The spa-
tially integrated spectrum over the entire aperture is obtained by summing up the individ-
ual spectra of all resolution elements. We use the same extraction area for all modules
and orders using the tools provided by CUBISM to make sure that the final spectrum for
each order corresponds to the same physical region.
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3 Ongoing massive star formation in NGC 604

In addition to the spectrum of the integrated region, we haveextracted the lores spectra
of individual sources that we discuss in§3.3.1. For this extraction we use an aperture of
a single SL pixel (1′′.85). The CUBISM software allows us to extract the spectra inthe
LL spectral module with this small aperture, by scaling downthe fluxes of the larger LL
pixels to the SL sizes. This is equivalent to applying a scaling factor to match the different
orders of IRS spectra, and introduces additional flux uncertainties in the long wavelength
modules, where the PSF is not well sampled. Nonetheless, we consider this scaling a
good approximation of the actual fluxes at smaller scales, since the SL pixels are not
sufficiently small to resolve the sources, and the LL pixels are not large enough to include
more than one source.

By selecting a single pixel aperture, we have chosen to loosesome spatial information
on the individual sources, because a single pixel samples only half of the PSF FWHM, and
in exchange we avoid off-source flux contamination. More important than a full sampling
of the PSF for our analysis, are the variations of the PSF withwavelength, that might intro-
duce artifacts in the measured spectral features. Using calibration data, Pereira-Santaella
et al. (2010) characterized the PSF variations with wavelength for the IRS reconstructed
PSFs. Apart from an ondulating behavior of the PSF size with wavelength, that they
attribute to alignment issues and to the reconstruction algorithm used, they compute vari-
ations of less that 10% on the PSF FWHM for the SL module. This is, as we will see in
§3.2, below the observational errors in our data. The PSF of the LL module is affected by
fringing and is difficult to characterize.

3.2.2 IRAC photometry

As part of the same Spitzer program, IRAC maps of the NGC 604 region were obtained
with the camera filters with nominal wavelengths at 3.6µm, 4.5µm, 5.8µm and 8µm.
The pixel scale for these maps is 1.2 arcsec px−1, and they cover an area of about 5′ × 9′,
several times larger than the area covered by the spectral map. For the purpose of this
chapter we have extracted the integrated flux of each map within a rectangular aperture
area equal to the extraction area of the IRS spectral map. We perform this extraction using
the FUNTOOLS package for the SAOds9software. The sky background is estimated
from the map by measuring the flux in a box of the same size as themap, but shifted to the
west, to an area where no source emission is observed. In Table 3.1 we list the measured
photometry. The listed uncertainties correspond to absolute flux calibration uncertainties
(∼ 3%), which are derived for point sources taking several systematic effects into account,
as described in Reach et al. (2005).

The IRAC maps provide a sharper view of the region at specific wavelengths, and will
allow the identification of interesting sources.

3.2.3 PACS photometry

Imaging maps of the host galaxy M33 have been obtained with the Herschel PACS in-
strument using the green (100µm) and red (160µm) filters as part of the HERM33ES
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3.3 Analysis

Wavelength [µm] Flux [Jy]
3.6 0.067(0.002)
4.5 0.062(0.002)
5.8 0.322(0.010)
8.0 0.922(0.028)

Table 3.1 Integrated IRAC photometry of NGC 604.

Herschel key project (Kramer et al. 2010). The maps were obtained with a slow scan
speed of 20 arcsec s−1, and cover a total area of about 70′ × 70′. Here we use the inte-
grated photometry of an area of the PACS maps equivalent to the size of the IRS spectral
maps (bottom panel of Fig. 3.2). The pixel sizes are 3′′.2 for the green band and 6′′.4 for
the red band, or about 2 and 4 times the IRS-SL pixel size. The obtained fluxes, integrated
over the entire area of the map, areF100µm = 39.7±4.0 Jy andF160µm = 30.1±3.0Jy. The
10% uncertainty comes from a combination of absolute calibration errors, uncertainties
associated with differences in the PSF at 100µm and 160µm and different pixel sizes in
the two bands that lead to aperture uncertainties. The rms noise levels of the PACS maps
are 2.6 mJy px−2 and 6.9 mJy px−2.

3.2.4 HST-WFPC2 F555W data

We use the optical images obtained at 0.55µm with theHubbleWFPC2 using the F555W
filter, described in Hunter et al. (1996). At angular resolutions of 0′′.1, this optical map
reveals the location of the massive ionizing clusters that provide the radiative input for the
NGC 604 system.

3.2.5 Chandra X-ray Observatory-ACIS data

We use archival data from theAdvanced CCD Imaging Spectrometer(ACIS) onboard
the Chandra X-ray Observatory. The data were taken as part of the Chandra proposal
“The Giant Extragalactic Star-Forming Region NGC 604” (Proposal ID 02600453, P.I.
F.Damiani), and consist of a soft (0.5-1.2 keV) X-ray image of the entire nebula, with an
exposures time of 90 ks. The pixel scale is 1′′ px−1.

3.3 Analysis

We analyse the multi-wavelength observations described above using a set of analytical
and statistical tools that are based on physical models of the region, and that we will
describe shortly. The models compute the radiative transfer of the UV radiation as it
traverses the ionized gas and molecular material around theH  region. They also compute
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3 Ongoing massive star formation in NGC 604

the dynamical evolution of its the expanding H region. We use these tools to derive
physical properties of the region, such as dust temperatures, total stellar mass, hardness
of the radiation field and ionization state of the gas. In thissection we present the obtained
maps and spectra and describe the analytical tools that we use.

3.3.1 Distribution of the emission

Overall distribution

In Fig. 3.2(a) we show a three-color map of NGC 604 composed from the 3.6µm and
8.0 µm IRAC channels together with the WFPC2 image at 0.55µm. The blue channel
shows the photospheric emission from young massive stars, most of which belong to the
dense clustered structure labelled as “cluster A” by Hunteret al. (1996). Other, more
spread stellar associations are seen next to the bright lobes of infrared emission. The
8 µm emission traces warm dust and the 7.7µm PAH feature, and hence the location of
the PDRs, while the 3.6µm traces a combination of the 3.3µm PAH feature, very hot dust
and photospheric emission from stellar populations older than 10 Myr. The filamentary
and shell-like structure of the region observed at optical wavelengths is also visible in the
mid-infrared.

Relaño & Kennicutt (2009) have shown that the 8µm emission delineates the Hα
shells in the boundaries between cavities. Most of the infrared emission in our maps
comes from two lobes oriented in a SE-NW direction and that constitute the bulk of the
emission at the IRAC bands. These lobes coincide with the edges of two main cavities
observed in the region (cavities B1 and B2 in Tüllmann et al.(2008)), with diameters of
approximately 50 pc each (see Fig. 3.2). They also coincide with the position of bright ra-
dio knots identified by Churchwell & Goss (1999). Within these cavities sits the majority
of the luminous stars observed by HST (blue stellar sources in Fig. 3.2). An exhaustive X-
ray study of the region carried out by Tüllmann et al. (2008)showed that the distribution
of high energy photons inside these cavities is consistent with them being shaped by the
mass loss and radiative pressure of about 200 OB stars. The eastern portion of NGC 604,
on the other hand, seems to be an older part of the system, withX-ray emission consistent
with a more evolved population.

The two lobes have similar surface brightness at 8µm, but they show differences in
their morphology. At the IRAC wavelengths, the SE lobe showsa series of subconden-
sations, some of which are notably brighter at 3.6µm, while the NW lobe shows a more
uniform distribution of emission. CO maps of the region reveal several molecular clouds
in the region, with a CO-bright cloud peaking near the SE infrared lobe and extending
southwards, and a dimmer and smaller cloud peaking near the NW lobe (Wilson & Scov-
ille 1992). A number of MYSO candidates have been identified along these two lobes
as sources with NIR excess (see, for example Fariña et al. 2012). By combining obser-
vational and SED modelling tools, in this chapter we will provide additional evidence
that supports the star formation scenario, and quantifies its contribution to the total stellar
mass in the region.
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3.3 Analysis

(a)

(b)

Figure 3.2(a) Three-color Hubble/Spitzer map of NGC 604. The IRAC 8µm band traces
the PDR material, while the 3.6µm band traces both PAH and photospheric emission
from young stars. The WFPC2 image shows the location of the hot massive stars.(b)
the same map with superimposed apertures of the IRS slits andlabels for seven sources
of interest based on their IRAC colors. We discuss these sources in the text and indicate
their location in the map. The yellow rectangle correspondsto the extraction window for
the IRS map and for the photometry, while the smaller magentaboxes show the location
of the IRS SH slit for the high resolution observations. North is up, east is to the left.
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3 Ongoing massive star formation in NGC 604

Source RA Dec
Src 1 1h34m33.43s +30◦46′48.50′′

Src 2 1h34m33.67s +30◦46′51.01′′

Src 3 1h34m33.70s +30◦46′54.86′′

Src 4 1h34m33.43s +30◦46′57.11′′

Src 5 1h34m33.56s +30◦47′03.00′′

Src 6 1h34m32.73s +30◦47′09.32′′

Src 7 1h34m31.99s +30◦46′59.95′′

A 1h34m33.6s +30◦46′51′′

B 1h34m33.6s +30◦46′58′′

C 1h34m32.4s +30◦46′59′′

Table 3.2 Coordinates of the sources with extracted lores.

Individual sources.

In Fig. 3.2(b) we show again the three color map of with the superimposed extraction
area for the lores spectral map and the location of the short-high IRS slits for the hires
observations listed in Table 3.2. The extraction area for the spectral map includes the bulk
of the emission in the IRAC bands and the stellar cluster. We have selected 7 individual
sources of interest in the spectral map, including the well defined subcondensations that
are visible in the IRAC images. These sources are indicated in Fig. 3.2(b), with their
positions listed in Table 3.2. Sources A and B of the hires observations coincide with
selected sources of the lores map. Specifically, source A includes sources 1 and 2, while
source B includes source 4. Source C does not include any of the selected lores targets,
but belongs to the NW infrared lobe, and is close to source 7. Also, sources A, B and
C correspond to radio sources B, A and C, respectively, of Churchwell & Goss (1999),
while source 6 is slightly shifted from the cluster A of Hunter et al. (1996).

We have fitted Gaussian profiles to the flux distribution of theobserved subcondensa-
tions to investigate their spatial extension of the PAH emitting regions. Our fits reveal that
they have projected diameters of about 3′′.6 at 8µm as measured from the FWHM of the
Gaussian fits. The diffraction-limited resolution of the IRAC camera at this wavelength is
1′′.71, and hence we conclude that the subcondensations are spatially resolved at 8µm,
having a diameter of at least two IRAC resolution elements. At the distance of NGC 604,
their projected sizes correspond to physical diameters of about 15 pc, and hence they are
comparable to the size of a typical giant molecular cloud.
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3.3 Analysis

Source F15µm F30µm F15µm/F30µm
[MJy sr −1] [MJy sr −1]

Src 1 102.8(10.3) 432.1(43.2) 0.238(0.034)
Src 2 65.4(6.5) 310.4(31.0) 0.211(0.030)
Src 3 95.8(9.6) 582.8(58.3) 0.164(0.023)
Src 4 95.9(9.6) 447.5(44.8) 0.214(0.030)
Src 5 25.8(2.6) 258.5(25.9) 0.100(0.014)
Src 6 10.1(1.0) 99.2(9.9) 0.101(0.014)
Src 7 113.5(11.4) 493.9(49.4) 0.230(0.033)

NGC 604 16.8(1.7) 100.93(10.1) 0.166(0.023)

Table 3.3 Continuum slopes of the SED for all seven sources and the region as a whole.

3.3.2 Infrared spectra

Extracted spectra

In Fig. 3.3 we show the IRS spectra of the integrated region and the selected sources of
Table 3.2. The vertical axis is in units of flux density (νFν), and we have scaled them for
the purpose of direct comparison. The integrated spectrum of NGC 604 has prominent
PAH emission and some of the nebular lines detected are from species such as [Ar],
[Ne ], [Ne ], [S ], [S ] and [Si]. The thermal continuum increases monotonically
in the IRS range.

Fig. 3.4 shows the high resolution spectra of the staring mode targets. The wavelength
coverage of the hires modules is smaller than the lores case,from ∼ 10µm to∼ 37µm,
but the higher spectral resolving power allows the resolution of lines not seen in the lores
spectra, such as the lines resulting from pure rotational transitions of molecular hydrogen,
H2S(2) at 12.3µm and H2S(1) at 17.0µm. These lines are usually hard to detect on top of
a strong continuum, due to the fact that they arise from quadrupolar rotational transitions,
which are intrinsically weak.

Continuum emission

In order to characterize the spectral slope of the thermal continuum, we measure the flux
densities at 15µm and 30µm using a range of wavelengths around the corresponding
central wavelength containing about 20 resolution elements (14.75µm -15.25µm for the
15µm measurement and 29.5µm -30.5µm for the 30µm measurement), and we calculate
the ratio F15µm/F30µm for each source as well as the integrated spectrum. The spectral
slopes give an indication of the dust temperature. Higher values of F15µm/F30µm are
associated with a hotter component of the dust, whereas lower values of this ratio indicate
colder dust temperatures. We list the measured slopes in Table 3.3.
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3 Ongoing massive star formation in NGC 604

Figure 3.3 IRS spectra of the integrated NGC 604 region and the individual sources listed
in Table 3.2. The position of some prominent mid-infrared fine structure lines are indi-
cated, as well as the location of the PAH bands. The small feature seen at∼20 µm in
sources 3 and 5 is an artifact from the data reduction.
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3.3 Analysis

Figure 3.4 High resolution spectra of the three locations labeled A, B and C in Fig. 3.2.
The prominent nebular and molecular hydrogen lines are indicated.
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3 Ongoing massive star formation in NGC 604

PAH emission

We have measured the strengths of the individual PAH features using the PAHFIT tool
(Smith et al. 2007), which decomposes the IRS spectrum in individual contributions from
dust thermal continuum, PAH features and fine-structure lines, as well as rotational lines
of molecular hydrogen. In Table 3.4 we list the measured continuum-subtracted strengths
of the different PAH components. The 7.7µm strength was obtained by adding the PAH-
FIT 7.4µm 7.6µm and 7.8µm features. Similar combinations of the 11.2µm and 11.3µm
strengths for the 11.3µm feature and the 16.4µm, 17.0µm, 17.4µm and 17.9µm for the
17µm feature were performed.

In general, the ratios between PAH features remain constantfor all sources. An inter-
esting exception is the ratio of the PAH17µm feature to the sum of all other PAH features,
ΣPAH (ΣPAH = PAH6.2µm + PAH7.7µm + PAH8.6µm + PAH11.3µm). This ratio peaks
strongly towards source 3, which is also a local peak of soft X-ray emission. In Table 3.5
we list the PAH17µm/ΣPAH ratio and the Chandra-ACIS soft X-ray fluxes for our sources.
For the ACIS fluxes we assume a nominal 20% uncertainty, basedon Chandra catalogues
of point sources such as Servillat et al. (2008).

Nebular line emission

Fine-structure emission lines are an important diagnosticof the physical conditions in
star-forming region. Their strengths and ratios constrainphysical parameters such as the
hardness of the radiation field, gas density, or the presenceof shocked gas. In the mid-
IR, several forbidden lines are observable from species such as [Ne], [Ne ], [S ] and
[S ]. In Table 3.6 we list the continuum-subtracted nebular line strengths in NGC 604,
as measured with the PAHFIT tool, which performs Gaussian fits to the nebular lines.

We have also measured the continuum-subtracted line strengths in the hires data for
targets A, B and C in the right panel of Fig. 3.2. We have fitted Gaussian profiles to the
lines, this time using the built-in tool for that purpose included in the SMART software.
We show the resulting line strengths in Table 3.7.

Two of the most prominent lines are [S]10.5µm and [Ne]12.8µm. Fig. 3.5 shows
continuum-subtracted maps of these two lines, and illustrates the regions from where
the line emission originates. At the resolution of the maps there is spatial coincidence
between the peaks of line emission and the infrared sources we have identified. Sources
of particularly bright line emission are sources 1, 4 and 7. The localized nature of the
emission allows investigations of the physical conditionsin the individual sources.

3.3.3 Electron density

The ratio of two lines of the same ionization state of a singlespecies, emitted from levels
with similar excitation energies, can be used as a tracer of the electron densityne (Rubin
et al. 1994). We use the [S]18.7µm/[S ]33.6µm to investigate the electron densities in
the NGC 604 region, based on the lores line ratios. We use the lores data rather than the
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Source PAH6.2µm PAH7.7µm PAH8.6µm PAH11.3µm PAH17µm
10−6 W m−2 sr−1 10−6 W m−2 sr−1 10−6 W m−2 sr−1 10−6 W m−2 sr−1 10−6 W m−2 sr−1

Src 1 2.56(0.10) 7.96(0.54) 1.28(0.12) 1.33(0.16) 0.85(0.26)
Src 2 1.76(0.07) 5.49(0.38) 0.87(0.09) 1.07(0.11) 0.73(0.17)
Src 3 1.24(0.07) 2.82(0.33) 0.51(0.09) 0.83(0.14) 1.15(0.24)
Src 4 1.51(0.07) 4.25(0.35) 0.64(0.09) 0.76(0.13) 0.88(0.23)
Src 5 0.93(0.03) 2.42(0.19) 0.50(0.04) 0.52(0.05) 0.24(0.07)
Src 6 0.14(0.01) 0.48(0.03) 0.06(0.01) 0.11(0.01) 0.06(0.03)
Src 7 1.64(0.08) 5.14(0.41) 0.91(0.10) 1.04(0.14) 0.26(0.07)

NGC 604 0.40(0.02) 1.16(0.09) 0.19(0.02) 0.25(0.03) 0.11(0.04)

Table 3.4 PAH feature strengths.
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3 Ongoing massive star formation in NGC 604

(a)

(b)

Figure 3.5 Continuum-subtracted line emission in NGC 604, in units of MJy sr−1. (a)
[S ]10.5µm emission has well defined peaks near sources 1, 4 and C.(b) [Ne ] peaks
near source 7. The white contours are IRAC 8µm emission.
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Source PAH17µm/(ΣPAH) FXsoft [10−9 erg cm−2 s−1]
Src 1 0.065(0.020) 0.84
Src 2 0.079(0.019) 1.37
Src 3 0.213(0.047) 3.70
Src 4 0.123(0.033) 2.50
Src 5 0.055(0.016) 1.64
Src 6 0.076(0.038) 1.65
Src 7 0.030(0.002) 0.91

NGC 604 0.055(0.020) -

Table 3.5 Ratio of PAH 17µm to the sum of all other PAH features.

hires data because the two [S] lines are measured at similar spatial resolutions in the
lores data, while for the hires data they are measured in two different apertures ([S]18.7
falls on the SH module, while [S]33.6 falls in the LH module).

The [S]18.7µm/[S ]33.6µm ratios calculated from Table 3.6 are very uniform in
the region, varying from 0.51 to 1.02, with the highest valuenear source 7, in the NW
infrared lobe. These values are very close to the low densitylimit discussed in Dudik
et al. (2007) (their Fig. 9), and hence our data provide only upper limits for the electron
densities. Using the Dudik et al. (2007) diagram, we derive upper limits for the electron
densities between logne = 1.5 cm−3 and logne = 2.5 cm−3 in the region.

3.3.4 Hardness of the radiation field

We investigate the hardness of the radiation field in the region by looking at the line ratio
[S ]10.5µm/[Ne ]12.8µm. The use of these two lines has an observational motivation.
The two lines are within the SL wavelength range and hence have the same spatial scale
and pixel size, which is not the case for the [Ne]/[Ne ] ratio. The ionization potential
required to produce [Ne] is only 21.6 eV, while it takes 34.8 eV to ionize [S] to obtain
[S ]. Hence, the ratio between these two ionic species traces the hardness of the radiation
field, which can be interpreted in terms of stellar ages, with[Ne ] tracing star formation
activity during the last 10 Myr and [S] tracing massive stars born in the last 4-6 Myr. In
Fig. 3.6 we show the corresponding line ratio map obtained from the spectral cube. Note
that the color scale of the map is in logarithmic units.

The mid-IR line ratios do not only depend on the hardness of the radiation field.
They also depend on the ionization state of the gas, that can be parametrized using the
ionization parameterQ (the ratio of the ionizing photon density to gas density). In
Martı́nez-Galarza et al. (2011) (MG11 hereafter) we have used the hires line ratios as
derived from the measurements done in Lebouteiller et al. (2008), and combined them
with the radiative transfer models in Levesque et al. (2010)using the interactive IT-
ERA software (Groves & Allen 2010), to break the degeneracy between age and ion-
ization parameter in the particular case of the 30 Doradus region. We found in that
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Source [Ar ]6.9µm [Ar ]8.9µm [S ]10.5µm [Ne ]12.8µm
10−7 Wm−2sr−1 10−7 Wm−2sr−1 10−7 Wm−2sr−1 10−7 Wm−2sr−1

Src 1 0.58(0.19) 2.05(0.33) 3.07(0.42) 4.61(0.64)
Src 2 0.60(0.17) 0.58(0.16) 0.84(0.14) 2.89(0.40)
Src 3 0.59(0.14) 0.90(0.34) 1.54(0.28) 3.18(0.39)
Src 4 0.48(0.16) 2.05(0.31) 4.02(0.53) 3.39(0.52)
Src 5 0.51(0.08) 0.47(0.09) 0.32(0.06) 1.85(0.19)
Src 6 0.15(0.02) 0.35(0.04) 0.25(0.03) 1.28(0.11)
Src 7 0.93(0.21) 2.59(0.35) 2.68(0.45) 6.80(0.86)

NGC 604 0.17(0.04) 0.29(0.06) 0.34(0.04) 1.04(0.11)

Source [Ne]15.5µm [S ]18.7µm [S ]33.7µm [Si ]34.8µm
10−7 Wm−2sr−1 10−7 Wm−2sr−1 10−7 Wm−2sr−1 10−7 Wm−2sr−1

Src 1 4.83(0.67) 6.41(0.91) 6.64(1.13) 2.54(0.76)
Src 2 2.81(0.40) 3.53(0.54) 4.29(0.76) 1.74(0.53)
Src 3 3.84(0.47) 5.66(0.83) 7.90(1.40) 3.29(0.96)
Src 4 4.08(0.48) 5.37(0.79) 6.52(1.13) 2.57(0.76)
Src 5 1.15(0.13) 2.21(0.23) 4.37(0.72) 1.90(0.47)
Src 6 1.02(0.11) 1.65(0.01) 2.34(0.01) 0.90(0.01)
Src 7 7.02(0.94) 9.10(1.30) 8.90(1.11) 3.15(0.74)

NGC 604 1.04(0.10) 1.57(0.01) 1.90(0.01) 0.77(0.01)

Table 3.6 Fine structure line fluxes as extracted from the lores data.

study that the [Ne]15.5µm/[Ne ]12.8µm and the [S]10.5µm/[S ]18.7µm ratios in
30 Doradus are compatible with starburst ages≤ 3.0 Myr and ionization parameters
8.0 cm s−1 ≤ log Q≤ 8.6 cm s−1.

We perform a similar analysis for NGC 604. In Fig. 3.7 we plot the ratios computed
from Table 3.6 as compared to a set of Levesque et al. (2010) models with the sub-solar
metallicity of NGC 604 (Z = 0.4Z⊙) and low electron density (ne = 10 cm−3), in accor-
dance with the low density regime inferred from the line ratios. The overall line ratios are
indicative of an age of between 4 and 4.5 Myr. Differences in age and ionization parameter
between the sources can be inferred from the plot. Sources 1 and 4 have larger ioniza-
tion parameters and older ages, while sources 2,3 and 7 have line ratios consistent with
younger ages. The IRS map resolution is not enough to resolvethe sources individually,
and hence some confusion between the emission line from different sources is expected.
Nevertheless, the trend towards younger ages inferred fromFig. 3.7 for the brightest IR
sources is a good indication of recent star formation activity in those locations.

Using the hires line fluxes we also measure the strength of theradiation field in sources
A, B and C with the parametrization of Beirão et al. (2006), which uses the [Ne]/[Ne ]
to estimate the strength as the product of the field intensityand the field hardness:
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Source [S]10.5µm [Ne ]12.8µm [Ne ]15.5µm [S ]18.7µm [S ]33.7µm [Si ]34.8µm
10−20×W cm−2 10−20×W cm−2 10−20×W cm−2 10−20×W cm−2 10−20×W cm−2 10−20×W cm−2

Src A 1.63(0.36) 3.71(0.14) 4.24(0.08) 4.54(0.12) 5.54(0.07) 1.85(0.09)
Src B 2.24(0.22) 4.24(0.24) 5.52(0.12) 5.49(0.12) 9.03(0.09) 2.76(0.09)
Src C 2.60(0.46) 5.77(0.24) 6.63(0.02) 7.29(0.18) 10.08(0.09) 2.71(0.11)

Table 3.7 Fine structure line fluxes as extracted from the hires data.
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3 Ongoing massive star formation in NGC 604

Figure 3.6 The log([S]10.5µm/[Ne ]12.8µm) ratio in NGC 604 as derived from the
spectral map. For reference, the IRAC 8µm contours (white) are superimposed. We
use the measured ratios to estimate the hardness of the radiation field towards specific
locations (see text).

(

F[Ne II]12.8µm + F[Ne III]15.6µm

)

×
F[Ne III]15.6µm

F[Ne II]12.8µm
(3.1)

We get a radiation field strength of 9.1×10−20 W cm−2, 12.7×10−20 W cm−2 and
14.25×10−20 W cm−2 for sources A, B and C respectively.

3.3.5 [Si ] emission

Most of the lines listed in Table 3.6 are from regions with ionized hydrogen gas. The
exception is [Si], which originates in a variety of environments including H regions,
but also X-ray dominated regions (Maloney et al. 1996), highdensity PDRs (Kaufman
et al. 2006) and regions of shocked gas, where heavy elementsare returned to the gas
phase. It is in general hard to pin down the physical mechanism for the emission of [Si].
We investigate this in NGC 604 by looking at a possible correlation between the ratio
[Si ]/[Ne ] and the ratio of PAH emission at 17µm to all other PAH features together.
We plot the relation between these two ratios in Fig. 3.8. In§3.4.2 we discuss this finding
in the context of several possible scenarios for the emission of [Si ].
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Figure 3.7 Comparison of the line ratios in NGC 604 with the Levesque et
al. (2010) models. The [Ne]15.5µm/[Ne ]12.8µm ratio is plotted versus the
[S ]10.5µm/[S ]18.7µm ratio. Data points from Table 3.6 are overplotted to the grid of
models, that cover a range of ages from 4 Myr (blue) to 4.5 Myr (cyan) and a range of
ionization parameters from 4× 107 cm s−1 (yellow) to 4× 108 cm s−1 (red). The line ratio
for the integrated map is indicated by “N”.

3.3.6 H2 emission

Additional diagnostics on the physical conditions in NGC 604 come from the molecu-
lar hydrogen lines arising from pure rotational transitions at 12.27µm (0-0 S(2)) and
17.03µm (0-0 S(1)), which we detect (although marginally in the case of the 12.27µm
line) in the hires modules of the IRS in sources A, B and C. Using the same procedure as
for the nebular lines, we fit Gaussian profiles to the H2 rotational lines and estimate their
strengths. In Table 3.8 we list the measured line strengths.

H2 temperatures can be calculated from the ratio of the two detected line strengths
listed in Table 3.8, using a general method (see, for examplethe Appendix of Brandl et al.
2009). This method holds under the following assumptions:(i) the gas is in local thermo-
dynamic equilibrium (LTE);(ii) the hydrogen rotational lines are optically thin;(iii) the
critical densities for the lines are< 103 cm−3 and(iv) the two states of the H2 molecule,
ortho-H2 and para-H2, exist in a ratio of 3 to 1. From the Boltzmann statistics thatde-
scribe the distribution of energy states for the H2 molecule and the relation between the
line strength and the H2 column density, it can be shown that the excitation temperature
is given by:
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3 Ongoing massive star formation in NGC 604

Figure 3.8 The [Si]/[Ne ] ratio plotted against the ratio of PAH17µm strength to the
strength of all other PAH features, for our sources. Error bars in both quantities are
shown.

Source H2 S(2)12.27µm H2 S(1)17.03µm Tex

[10−20×W cm−2] [10−20×W cm−2] [K]
Src A 0.19(0.15) 0.20(0.01) 520
Src B 0.13(0.15) 0.13(0.02) 540
Src C 0.16(0.04) 0.14(0.01) 490

Table 3.8 H2 rotational lines.

Tex =
E2 − E1

k ln
(

Cλ1
λ2

F1
F2

) (3.2)

whereE1 andE2 are the energies of the involved levels,k is the Boltzmann constant,C
is a constant dependent on the ratio of Einstein coefficients and statistical weights,λ1 and
λ2 are the rest-frame wavelengths of the observed lines, andF1 andF2 their respective
integrated line fluxes. We list the computed temperatures inTable 3.8.

3.3.7 SED modeling

In MG11 we have presented a Bayesian fitting tool to study the infrared SEDs of star-
forming systems. The tool is based on a grid of the Dopita & Groves models (D&G
models hereafter), which are thoroughly described in a series of papers (Dopita et al.
2005, 2006b,c, Groves et al. 2008). Here we briefly describe the tool and then apply it to
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the observed infrared SED of NGC 604 in§3.4.2, including both the IRS spectrum and
the PACS photometry, to derive statistically meaningful values for the following physical
parameters of the region: cluster age and stellar mass, compactness, fraction of total mass
contained in embedded objects and fraction of the luminosity arising in photon-dominated
regions.

Physics

The D&G models combine stellar synthesis, radiative transfer, dust physics and self-
consistent dynamical evolution of individual H regions to simulate the UV to sub-
millimeter spectral energy distributions (SEDs) of star-forming regions, including thermal
emission from dust and PAHs, and nebular line emission. Using all the available spec-
tral information, for a given metallicity (Z) and ambient interstellar pressure (P0/k), the
fitting tool computes probability distribution functions (PDFs) for key model parameters
such as stellar cluster age (tcl), cluster mass (Mcl), compactness (C), fraction of the total
luminosity arising in the PDRs (fPDR) and the mass contribution from a component of
young embedded objects that we model as Ultra Compact H Regions (Memb).

We have defined these parameters in Chapter 2. Of relevance here is the definition of
C. This parameter is proportional to the productM3/5

cl (P0/k)2/5, and sets the evolution of
dust temperature with time. IfL∗ is the luminosity of the cluster andR2

HII is the radius
of the H region, thenC parametrizes the incident heating flux,L∗/R2

HII and controls
the position of the far-IR bump of the SED for a given value ofP0/K. Intuitively, the
compactness provides a measure of how close the dust particles are to a stellar heating
source of certain luminosity. It is important to realize that, for a given compactness,
different physical diameters of the sources are expected, depending on the luminosity of
the central cluster. This parameter is thus only weakly related to the physical size of the
sources.

Priors

Bayesian inference allows to include any previous evidenceon the values of the model
parameters in the calculation of the posterior probabilitydistribution (the PDF). Here we
use flat, bounded priors for all the model parameters, with boundaries set by observational
and theoretical studies of star-forming regions, as discussed in MG11. We assume solar
metallicity and adopt a thermal pressure of the surroundingISM of P0/k = 105 K cm−3.

The assumption on ISM pressure is supported by measurementsof far-IR line ratios
from the ISO satellite on a sample of star-forming galaxies (Malhotra et al. 2001). The
metallicity of NGC 604 has been measured to be about half-solar (Magrini et al. 2007).
However, our experiments show that only the solar metallicity models in our grid are able
to reproduce the observed ratio of PAH strength to continuumemission at 100µm in
NGC 604. The discrepancy is most likely due to the specific PAHtemplate used in the
D&G models, which is an empirical template based on observations of starburst galax-
ies. The choice of metallicity does not only affect the PAH emission strength. At far-IR
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wavelengths, the change in dust column and mechanical luminosity of the starburst with
metallicity produces a slight shift and a broadening of the far-IR bump. While this implies
an additional degeneracy with the compactness parameter, the additional errors introduced
in the determination ofC are smaller than our chosen step size for the compactness grid,
which is 0.5.

χ2 Weighting

In MG11 we have included a discussion of the observational uncertainties involved in
measuring the IRS fluxes, which include absolute and relative flux calibrations and sys-
tematic errors due to specific observing conditions. Based on that discussion, for fitting
purposes we have adopted a uniform uncertainty of 10% acrossthe IRS wavelengths,
which also implies a uniform weighting for all data points inthe fitting.

Theχ2 minimization procedure described in MG11 has been slightlymodified here to
ensure that theχ2 minimization is not dominated by the IRS range, which has many more
resolution elements, as compared to only two data points at 100 µm and 160µm from
PACS. Each bin contributes to theχ2 with a weight that is proportional to the bin size in
the logarithmic wavelength space. The bin size is set by the resolution of the models in
the IRS range and by the wavelength separation between data points for the PACS data.
This results in a weighting function that increases uniformly in the IRS range so that the
bins at the short wavelength end (around 5µm) have about half the weight of those at
35µm and about 0.25 times the weight of the PACS bins. In section§3.4.2 we apply this
tool to the observed SED of NGC 604.

Color correction of PACS photometry

The D&G models compute the monochromatic flux densities for each wavelength bin.
However, the flux densities measured by the PACS filters at 100µm and 160µm are not
monochromatic. They are the integrated flux densities over certain wavelength ranges,
as modulated by the filter response function. Before we compare the model fluxes to the
observed PACS photometry, it is necessary to evaluate the errors introduced by this dif-
ference. To do so, we adopt the method described in da Cunha etal. (2008) to predict the
flux density of a source when observed using a given filter. According to their approach,
the flux density for any filter is:

Fλ0
ν =

λ2
0

c
Cν0

∫

dλ Fλ λRλ
∫

dλ Cλ λ Rλ
(3.3)

where

λ0 =

∫

dλ λ Rλ
∫

dλ Rλ
(3.4)

is the effective wavelength of the filter responseRλ, c is the speed of light andCλ is a
calibration spectrum that depends on the photometric system used for the calibration. In
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the case of the PACS photometer, the calibration spectrum isconstant (Cλλ = constant),
which simplifies the calculations. Using this method, and the filter response curves avail-
able at the Herschel Science Center, we have computed effective wavelengths for the
PACS filters atL100

0 = 102.6µm andL160
0 = 167.2µm, and we estimate that the difference

between the monochromatic and filter fluxes in the models are< 1% for the PACS green
filter (100µm) and∼ 9% for the PACS red filter (160µm). These uncertainties are within
the 10% observational errors.

3.4 Discussion

3.4.1 Notable sources

The most striking morphological characteristic of the sources labelled 1-7 in Fig. 3.2 is
that most of them (sources 1-5) are well defined, individual infrared-bright knots. Sources
1, 2, 7 and 4 are, in that order, the strongest sites of PAH emission, as shown in Table 3.4.
They are also associated with less steep continuum slopes, as shown in Table 3.3. This
implies a component of emission from warm (300 K) dust that peaks at about 15µm, in
the vicinity of sources with strong 8µm emission. These regions are the locations where
most of the MYSO candidates have been identified by Fariña etal. (2012) using NIR
photometry.

Source 2

This source, located in the SE lobe, is bright in all IRAC bands but has no optical, Hα
or FUV counterpart. In addition, it has one of the strongest silicate absorptions at 10µm
as shown in Fig. 3.3, and it is very close to the peak of one of the CO clouds reported
in Wilson & Scoville (1992). Using HST data, Maı́z-Apellániz et al. (2004) derived an
extinction map for the region. They found a strong peak of extinction at the location
of source 2, which is consistent with its relatively strong silicate absorption. Compared
with all the other sources, nebular emission towards this source is weak (Table 3.6). Its
high optical extinction, bright PAH emission and spatial coincidence with a reservoir
of molecular gas makes of source 2 a very good candidate for a site of embedded star
formation.

Source 5

From the F15µm/F30µm ratios listed in Table 3.3, we infer that Source 5 has the coldest dust
temperature among our sources. Its [S]10.4/[S ]18.7 and [Ne]15.5/[Ne ]12.8 line
ratios derived from Table 3.6 are both the lowest among our sources and the PAH features
listed in Table 3.4 are weaker towards this source, comparedwith all the other well defined
IR knots. The combination of cold dust, low ionization state, soft radiation field (as traced
by the line ratios), and weak emission from PDRs are indicative of a more evolved stage
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for this particular source. In fact, source 5 is located nearthe boundary between the
active star-forming western and quiescent and older eastern hemisphere of NGC 604, as
catalogued by Tüllmann et al. (2008). Source 5 is also brighter than all the other sources
at 3.6µm. This band traces the 3.3µm PAH feature, very hot dust and photospheric
emission from stellar populations older than 10 Myr, but since the continuum slope is
not indicative of hot dust and the PAH emission is weak towards this source, the most
plausible explanation for the excess at 3.6µm is the presence of stars older than 10 Myr.

Source 7, Source 4 and Source 1

Source 7, located in the NW infrared lobe, shows the strongest nebular line emission
among our sources (Table 3.6). This source is very close to a bright ridge of photospheric
optical emission from a nearby group of young stars (see Fig.3.2). The higher electron
density near the NW lobe is consistent with the strong nebular lines measured near source
7 and with the enhanced Hα emission observed in this same area of NGC 604 (see, for
example, Fig. 2 in Relaño & Kennicutt (2009)), and implies ahigher ionization state.
This source is most likely the location of the youngest main sequence stars of the cluster.
This is supported by our measurements of the radiation field strength in the neighbouring
source C, where we have measured a stronger radiation field using Eq. 3.1, relative to the
other sources.

The [S]/[Ne ] ratio map of Fig. 3.6 peaks at source 4, which has a relatively weaker
radiation field. This suggests an enhanced radiation filed hardness near this location,
where we have also measured a warm dust component from the spectral continuum slope
(Table 3.3). Another location with relatively hard radiation field is source 1. The Relaño
& Kennicutt (2009) study of the region reveals enhanced Hα emission in sources 1, 4 and
7. However, the eastern part of NGC 604, where sources 1 and 4 are located, has a higher
optical extinction traced by the Balmer optical thickness (τBal ∼ 1.2), as compared with
the surrounding average extinction (τBal = 0.2− 0.3) (Maı́z-Apellániz et al. 2004). The
[S ]10.5µm falls on the broad silicate absorption feature near 10µm, and this leads to
an underestimation of the [S]/[Ne ] ratio in regions of high extinction. Although this
does not affect our general picture about the radiation hardness, larger [S ]/[Ne ] ratios
and hence younger ages might be expected in sources 1 and 4 from extinction corrected
[S ]/[Ne ] ratios.

Finally, the [S]10.5µm/[Ne ]12.8µm ratio is sensitive not only to the cluster age,
but also to the gas density. However, at the relatively low electron densities measured
in the region (logne ≈ 1.5− 2.5 cm−3), we do not expect the measured line ratios to be
significantly affected.

3.4.2 The evolutionary stage of NGC 604

Fig. 3.9 shows the best fit to the observed integrated SED of NGC 604 (IRS+PACS) using
the Bayesian tool described in§3.3.7. Also, in Fig. 3.10 we show the resulting PDFs,
covering the totality of our parameter space, and in Table 3.9 we list the associated best
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Parameter Best fit value Eldridge & Relaño (2011)
tcl (Myr) 4.0+1.0

−1.0 > 4

logC 5.5+0.5
−0.5

fPDR 0.5+0.3
−0.2

Mcl (105 M⊙) 1.6+1.6
−1.0 (3.8± 0.6)× 105

Memb (104 M⊙) 1.2+1.3
−0.1

femb 0.075

Table 3.9 Best fit to the integrated spectrum of NGC 604. Parameters listed are, from
the top: the cluster age, the compactness, the fraction of total luminosity arising in PDR
regions, the stellar mass of the cluster, the mass containedin embedded objects, and the
ratio of embedded to stellar mass.

fit parameters and uncertainties, with the values fortcl andMcl determined independently
by Eldridge & Relaño (2011) using several methods, including optical SED fitting. We
also includefemb, the ratio of mass contained in young embedded objects (Memb) to stellar
mass in the cluster (Mcl). This Bayesian fit, as well as the other spectral features discussed
above, provide a wealth of information about the physics andthe evolutionary stage of
NGC 604.

A remarkable fact is highlighted by a comparison between thePDFs shown in Fig. 3.10
and those obtained for 30 Doradus and shown in in Fig. 2.7. Thedistribution of probability
over the parameter space considerable shrinks in the case ofNGC 604. In particular, the
PDFs of Fig. 3.10 do not show the bi-modal degeneracies that are evident in Fig. 2.7. The
improvement is related to the inclusion of theHerscheldata in the analysis. Far-infrared
observations greatly help constraining model parameters such as the compactness, thus
breaking this degeneracy. Nevertheless, as we have seen in Chapter 2, in the degener-
ate case the Bayesian tool chooses the solution that better represents the conditions in a
regio, using the information from the nebular lines. Therefore, although data at longer
wavelengths further constrain the model parameters, the best fit parameter obtained using
mid-IR data only remain practically unchanged.

Dust temperature and compactness

The thermal continuum, PAH emission and line emission are well reproduced by the
best fit. The combined IRS and PACS data are consistent with a far-IR SED peaking at
approximately 70µm, which indicates an effective dust temperature of∼ 40 K. Using
multi-wavelength photometry of a sample of H regions in the Magellanic Clouds, Law-
ton et al. (2010) show that the infrared SEDs of most of these regions peak at 70µm. Our
result indicates that this average dust temperature is not unique of “local” H regions, but
also applies to at least one relatively more distant region.

We have stated that the compactness parameter controls the incident heating flux
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3 Ongoing massive star formation in NGC 604

Figure 3.9 Best fit model to the integrated SED of NGC 604. The IRS and PACS data are
shown as red diamonds, and the IRAC photometry as blue diamonds. The solid line is the
best fit model. Also shown are the contributions from pure H region emission (dashed
blue), PDR (solid blue), embedded population (dotted blue)and photospheric emission
from stars older than 10 Myr (dashed red). Residuals are shown in the bottom panel.

L∗/RHII as a function of age of the H region. From our given set of best fit parame-
ters it is then possible to derive an incident heating flux (see Fig. 3 in Groves et al. 2008).
We obtain an incident flux of log(L∗/RHII ) = 0.65 erg s−1 cm−2 for our best fit values
of compactness and age. The bolometric luminosity of the cluster can be obtained from
integration of the best fit SED, and gives approximately 6.0× 1041 erg s−1, which allows
us to solve for the effective radius of the H region. We obtainRHII ∼ 120 pc. This value
corresponds to the scale of the larger filaments observed in NGC 604 (Fig. 3.2). This
agreement between a model-derived quantity and a measurable observable demonstrates
the capabilities of our Bayesian approach to obtain valuable physical information when
applied to unresolved star forming regions.

Stellar mass

The total stellar mass of 1.6+1.6
−1.0 × 105 M⊙ that we estimate with the SED fitting is in

agreement with the value derived by Eldridge & Relaño (2011) and indicates a total stellar
mass similar to that of the 30 Doradus region, for which we finda total stellar mass of
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(a) (b)

(c)

Figure 3.10 Two-dimensional PDFs for selected pairs of parameters covering the totality
of the parameter space. The pairs shown are:(a) logC - tcl, (b) log Memb - log Mcl and(c)
fPDR - log Mcl. The grey scale contours indicates the normalized probability. The cross
symbols mark the best-fit values while the white contour lines indicate the 1-σ and 90%
confidence levels.

0.63+0.37
−0.23×105 M⊙ in MG11. In general, the total stellar mass in 30 Doradus is larger than

in NGC 604. Our result indicates a slightly lower mass for 30 Doradus which may be due
to the fact that the physical projected area covered in our 30Doradus map is smaller than
the projected area of the map presented in this chapter.

We observe in Fig. 3.10(c) the same degeneracy between cluster mass and fraction
of the total luminosity from PDRs that we found for 30 Doradusin Chapter 2. We have
argued that the reason for this degeneracy is the fact that both the the PDR and the pure
H  region spectra contribute to the dust thermal continuum. Anincrease in PAH from
emission is accompanied by an increase in the overall infrared luminosity. This also
renders the additional far-infrared data insufficient to solve this degeneracy. At optical
wavelengths, where the emission from PDR is significantly different from that of an H
region, are needed to settle the issue. Nevertheless, the degeneracy betweenMcl and fPDR

implies that the the Bayesian fitting tool based on the D&G models can find solutions that
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3 Ongoing massive star formation in NGC 604

fit both the optical and infrared mass estimates found by Eldridge & Relaño (2011) and
Relaño & Kennicutt (2009) respectively.

Age of the region

The fraction of total mass contained in embedded objects measured here for NGC 604
( femb ∼ 0.08) is smaller than that measured for 30 Doradus in MG11 (femb ∼ 0.53). This
is a clear suggestion of an evolutionary difference between these two regions, and points
towards 30 Doradus being younger that NGC 604.

Additionally, the age of∼ 4−5 Myr derived with our fitting method is consistent with
the study of the line ratios that we presented in§3.3.4 and agrees well with the studies by
Eldridge & Relaño (2011) and Hunter et al. (1996). Statistically, and assuming that the
majority of the stars in NGC 604 were born in a single star formation event, our result
also supports the generally accepted view that NGC 604 is a more evolved star-forming
region than its more luminous counterpart 30 Doradus, for which we have derived an age
of ∼ 3 Myr using the same method in MG11.

PDR content

Although the fraction of total luminosity arising in PDRs isdegenerate with the total
cluster mass, as shown in Fig. 3.10, our result from SED fitting suggests that at least
half of the energy output from NGC 604 is generated in PDRs, the other half arising in
ionized regions closer to the cluster stars. The presence ofa luminous PDR in NGC 604 is
consistent with the findings of Heiner et al. (2009), who find considerably high amounts of
atomic hydrogen (NHI ∼ 2.0× 1021 cm−2), and associate them with the photodissociation
of H2 in a dense (n ∼ 500 cm−3) PDR.

Molecular hydrogen in NGC 604

The H2 temperatures calculated using Eq. 3.2 and the measured strengths for sources A,
B and C are all close to 500 K. Due to the large uncertainties inthe H2 line fluxes we
do not study in detail the temperature variations. We only take these values as indicative
of the average temperature of the warm gas. For a given value of the molecule angular
momentum, the total number of hydrogen molecules is proportional to the strength of the
line. Our results on the H2 S(1) line, which has smaller error bars (Table 3.8), indicate that
warm molecular hydrogen is more abundant towards source A, which has the strongest
H2 lines. Source A is near to the peak of CO emission reported in Wilson & Scoville
(1992).

Despite some disagreements on the specific conversion factor that should be used, it
is generally assumed that CO is a good tracer of cold molecular hydrogen. Our results
hence support the co-existence of a warm and a cold phase of molecular hydrogen near
source A. The warm component is usually associated with regions heated by interstellar
shock waves (Gautier et al. 1976). These regions emit a rich spectrum of rovibrational
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and pure rotational H2 emission. Although these emissions are only marginally detected
in the present work, the improved sensitivity of the Mid-Infrared Instrument (MIRI) for
JWST will allow a better estimation of the amount of shocked gas in star-forming regions.

Selective destruction of small PAHs

The 17µm PAH feature is generally associated with out-of-band bending modes of large
PAH molecules, containing≈ 2000 C-atoms (Van Kerckhoven et al. 2000). Table 3.5
shows that the relative strength of this feature scales withthe X-ray flux. If we adopt the
PAH size argument, this implies that it is the ratio of large to small PAH molecules that
scales with the X-ray field. In fact, Fig. 3.11 shows that source 3, which shows the largest
enhancement of the 17µm PAH feature among our sources, coincides with a peak of soft
X-ray emission. Soft X-ray emission from massive stars can be associated with shocked
stellar winds or magnetically confined gas near the wind base, near the stellar coronae
(Cassinelli & Swank 1983).

The dissociation of PAH molecules by X-rays has been discussed in Micelotta et al.
(2010). They argue that not all X-ray photon absorptions by PAH molecules lead to
photodissociation and estimate that after a second electron has been ejected by the PAH
molecule via the Auger effect, the molecule is left with an internal energy of 14-35 eV,
enough to dissociate small (50 C-atoms) PAHs, but possibly insufficient to dissociate
larger molecules. They leave the question of large PAH survival open. Our observations
suggest that, at least in the particular case of source 3, X-ray emission from massive stars
may be responsible for the dissociation of small PAH molecules, creating an enhancement
of the 17µm feature.

The origin of the [Si ] emission

Fig. 3.8 is suggestive of a correlation between the enhancement of [Si] and the enhance-
ment of 17µm PAH emission at scales of tens of parsecs. Despite the relatively large
uncertainties in both the PAH ratio and the [Si]/[Ne ] ratio, the figure indicates clearly
that the enhancement of the PAH 17µm feature scales with the relative strength of the
[Si ] emission, with the exception of source 5, which lies outside this correlation. This
result suggests a common underlying physical mechanism forthe enhancement of both
features. We have shown in Table 3.5 that the regions of strongest 17µm PAH emission
also correspond to regions of enhanced X-ray emission. Based on the triple correlation
between PAH17µm emission, [Si] emission, and soft X-ray flux, we argue that absorption
of ambient X-rays may be linked to both the destruction of small PAH molecules and the
excitation of [Si], and produces the correlation observed in Fig. 3.8

As we have pointed out, source 5 is an outlier of this correlation: it shows a relatively
large [Si]/[Ne ] ratio, but very moderate PAH17µm/ΣPAH ratio. It also lies in a region
of low X-ray flux, near the edge between the western, active star-forming hemisphere
of NGC 604 and the quiescent eastern region where most of the Wolf-Rayet stars are
located (Drissen et al. 2008). In this part of NGC 604, the X-ray luminosity is most likely
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3 Ongoing massive star formation in NGC 604

Src 3

Figure 3.11 Soft X-ray emission in NGC 604. The black and white image is the IRAC
8µm emission. The line contours correspond to the ACIS image. Source 3 coincides with
a local peak of X-ray emission, with a flux of 3.7× 10−9 erg cm−2 s−1.

powered by the SNe activity of an older event of star formation Tüllmann et al. (2008).
Based on these facts, we speculate that the [Si]/[Ne ] ratio for this source is enhanced
due to the presence of shocked gas rather than X-ray induced.Although no supernova
remnants (SNRs) have been identified in the eastern hemisphere, this is not surprising,
since such objects expanding into a low-density gas are hardto detect (Chu & Mac Low
1990).

3.4.3 Ongoing and triggered star formation in NGC 604

Until now, a clear-cut answer on whether or not there is ongoing massive star formation
in NGC 604 has been lacking. Although there has been suggestive evidence of embed-
ded star formation in NGC 604 (Fariña et al. 2012, Relaño & Kennicutt 2009) from IR
excess studies, a reliable measure of its contribution to the total cluster mass has not been
obtained.

In §3.4.1 we have discussed the IR-bright subcondensations that we detect in the IRAC
maps. At the distance of NGC 604 it is unlikely that they are individual massive young
stellar objects. A fit to their SEDs (shown in Fig. 3.3) using for example the D&G models,
reveals that they are consistent with stellar masses between 103 M⊙ and 104 M⊙, given the
uncertainty in the determination of the stellar mass shown in Fig. 3.10(b). This implies
that all together they account for at least a few percent of the stellar mass in NGC 604.
We have pointed out that the line ratios measured towards some of those clumps, namely
sources 2, 3 and 7, are consistent with younger ages than the rest of the sources. Although
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the timescales for the dissipation of dusty envelopes around star-forming clusters can be
as long as 10Myr in regions of high density, the low electron density that we have inferred
in §3.3.3 implies that NGC 604 is a rather diffuse region. Consequently, we do not believe
that sources 2, 3 and 7 are evolved clusters. The presence of these young, massive, IR-
bright clusters, some of which have deep silicate absorption features, is a clear indication
of significant massive star formation currently taking place in NGC 604.

Additional evidence that supports this scenario comes fromour SED fitting analysis.
We have shown in Fig. 3.9 and Table 3.9 that a warm (T ∼ 300 K) component of dust
arising in MYSO (that in the D&G frame we model as Ultra Compact H  Regions) is
necessary to reproduce the observed SED of NGC 604 at mid-IR wavelengths. As we have
pointed out, the required fraction of mass in embedded objects is considerably smaller
that that derived for 30 Doradus in MG11, and comparable to the individual sum up of
the cluster masses.

In an evolutionary context, sequential star formation in NGC 604 is a plausible sce-
nario to explain our observations. This idea has been explored by other authors before.
Based on submillimeter observations of the CO (J = 3−2)/CO (J = 1−0) ratio, Tosaki et
al. (2007) report the existence of a dense ridge of moleculargas that surrounds the main
cluster in NGC 604 and extends in the SE-NW direction, closely following the location of
our bright IR lobes. To explain their results, they adopt an scenario in which the compres-
sion of molecular gas by the mechanical input from the main cluster (the first generation
of stars) has triggered a second generation of stars near theNW infrared lobe. The strong
radiation field that we observe close to sources C and 7, wheremain sequence stars are
clearly observed, supports the existence of this second generation of highly ionizing stars.
Furthermore, the results discussed in this subsection indicate that massive star formation
is currently taking place within the SE lobe of NGC 604, even further away from the
main cluster, where we have identified the IR-bright subcondensations of Fig. 3.2, some
of which are heavily enshrouded by dust (e.g., source 2). This suggests the existence
of a third generation of stars forming in the region, the lastchapter in a sequential star
formation process that started∼ 4 Myr ago.

3.5 Conclusions

We have investigated the physical conditions and quantifiedthe amount of ongoing mas-
sive star formation in the star forming region NGC 604. We used a combination of ob-
servational and modeling tools, including infrared spectrophotometry and Bayesian SED
fitting of Spitzer and Herschel data. Here are our main findings:

1. We have identified several individual bright infrared sources along the luminous
PDRs that surround the ionized gas in NGC 604. These sources are about 15 pc in
diameter and have luminosity weighted masses between 103 M⊙ and 104 M⊙.

2. The deep 10µm silicate absorption feature, mid-IR continuum slope and atomic
line ratios towards some of these sources indicate that theyare young embedded
systems, and most likely the sites of ongoing massive star formation in NGC 604.
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3 Ongoing massive star formation in NGC 604

Some of them (i.e. source 2) are also associated with gas reservoirs as traced by CO
maps. This is in agreement with previous studies that found evidence of embedded
star formation in the region.

3. This massive star formation scenario is supported by Bayesian fitting of the inte-
grated spectrum (lines+continuum) of NGC 604 constructed fromSpitzer-IRS and
Herschel-PACS observations. Our results indicate that embedded star formation
can account for up to 8% of the total stellar mass in NGC 604.

4. The spectral fitting also implies an age of 4.0±1.0Myr for the region, a total stellar
mass of∼ 1.6× 105 M⊙ and an average dust temperature of∼ 40 K. These results
are in agreement with independent measurements of these quantities using optical
broad band photometry.

5. We measure a stronger than average radiation field near oursources 7 and C. This
result is consistent with the sequential star formation scenario adopted in Tosaki et
al. (2007), in which a second generation of main sequence stars has formed near
this sources, triggered by the mechanical input from the first generation, 4 Myr old
main cluster.

6. We find a positive correlation between the strength of the 17 µm PAH feature, the
enhancement of the [Si]/[Ne ] emission and the strength of the X-ray field to-
wards our sources. We propose that X-rays are responsible for both the excitation
of [Si ] and the enhancement of the 17µm feature via selective destruction of large
PAH molecules.

7. Our detection of molecular hydrogen in the region indicates gas excitation temper-
atures of∼ 500 K in NGC 604, and a slightly larger abundance of H2 near source
A, which correlates well with the location of a bright CO cloud reported in Wilson
& Scoville (1992).

8. The physical parameters derived for NGC 604, such as its age and fraction of total
mass contained in embedded objects indicate that this region is a more evolved H
region, as compared to its its larger sibling 30 Doradus, that we have studied in
MG11 using the same Bayesian method employed here. Nevertheless, star forma-
tion in NGC 604 is still ongoing, triggered by the earlier bursts.
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