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ABSTRACT

Aims. Within the framework of the Herschel M 33 extended survey HerM33es and in combination with multi-wavelength data we
study the spectral energy distribution (SED) of a set of H1I regions in the Local Group galaxy M 33 as a function of the morphology.
We analyse the emission distribution in regions with different morphologies and present models to infer the He emission measure
observed for H1I regions with well defined morphology.

Methods. We present a catalogue of 119 HII regions morphologically classified: 9 filled, 47 mixed, 36 shell, and 27 clear shell
H11 regions. For each object we extracted the photometry at twelve available wavelength bands, covering a wide wavelength range
from FUV-1516 A (GALEX) to IR-250 pm (Herschel), and we obtained the SED for each object. We also obtained emission line
profiles in vertical and horizontal directions across the regions to study the location of the stellar, ionised gas, and dust components.
We constructed a simple geometrical model for the clear shell regions, whose properties allowed us to infer the electron density of
these regions.

Results. We find trends for the SEDs related to the morphology of the regions, showing that the star and gas-dust configuration affects
the ratios of the emission in different bands. The mixed and filled regions show higher emission at 24 um, corresponding to warm
dust, than the shells and clear shells. This could be due to the proximity of the dust to the stellar clusters in the case of filled and mixed
regions. The far-IR peak for shells and clear shells seems to be located towards longer wavelengths, indicating that the dust is colder
for this type of object. The logarithmic 100 pm/70 pum ratio for filled and mixed regions remains constant over one order of magnitude
in He and FUV surface brightness, while the shells and clear shells exhibit a wider range of values of almost two orders of magnitude.
We derive dust masses and dust temperatures for each H1I region by fitting the individual SEDs with dust models proposed in the
literature. The derived dust mass range is between 102—10* M, and the cold dust temperature spans Toq ~ 12—27 K. The spherical
geometrical model proposed for the Ha clear shells is confirmed by the emission profile obtained from the observations and is used
to infer the electron density within the envelope: the typical electron density is 0.7 + 0.3 cm™3, while filled regions can reach values
that are two to five times higher.

Key words. galaxies: individual: M 33 — galaxies: ISM — Local Group — dust, extinction — HII regions — ISM: bubbles

1. Introduction

The interstellar regions of hydrogen ionised by massive stars are
normally called H 11 regions. The classical view of an HTI region
is a sphere of ionised gas whose radius is obtained by the ba-
lance between the number of ionisation and recombination pro-
cesses occurring in the gas. In a general picture the HII region
components are the central ionising stars, a bulk of ionised gas
that can be mixed with interstellar dust, and a photodissociation

* Appendices are available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

region (PDR) surrounding the ionised gas cloud and tracing the
boundaries between the H1I region and the molecular cloud (e.g.
Osterbrock & Ferland 2006).

The properties of HII regions can be described by the na-
ture of the stellar population that ionises the gas and the physi-
cal conditions of the interstellar medium (ISM) where the stars
are formed. Based on these two aspects, we find HII regions
with a broad range of luminosities, shapes, and sizes: from small
single-ionised regions to large ensembles of knots of star forma-
tion intertwined with ionised gas filling the gaps between knots.
The morphology of the regions, described by the appearance in
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He images, can therefore vary significantly from small concen-
trated Ha distributions to more diffuse shell-like structures.

The physical properties of HII regions have been exten-
sively studied observationally using Ha images, in order to
obtain luminosity functions, mean electron density, and radii
(e.g. Kennicutt 1984; Shields 1990); optical spectroscopy to ob-
tain electron density and temperature, metallicity, and extinction
(e.g. McCall et al. 1985; Vilchez et al. 1988; Oey et al. 2000;
Oey & Shields 2000); or broad-band images that allow us to
study the content of their stellar population (e.g. Grossi et al.
2010). All these different approaches can be combined to gain a
better general picture of HII regions.

Since the recent launch of the Spitzer telescope, a new wave-
length window has been opened to analyse the physical proper-
ties of HII regions. Numerous observational studies have been
performed in nearby HII regions where the spatial resolution
of the Spitzer data allows us to differentiate between the emis-
sion distribution of the polycyclic aromatic hydrocarbon (PAH)
features, described by the 8 um Spitzer band and the emission
of very small grains (VSG) given by the 24 um Spitzer band
(among others, for Galactic HII regions, Watson et al. 2008;
Paladini et al. 2012, for the Large Magellanic Cloud, Meixner
et al. 2006; Churchwell et al. 2006, and for H 11 regions in M 33,
Relafio & Kennicutt 2009; Verley et al. 2009; Martinez-Galarza
et al. 2012). Churchwell et al. (2006) reveal the existence of
322 partial and close ring bubbles in the Milky Way using in-
frared images from Spitzer, and they argue that the bubbles are
formed in general by hot young stars in massive star-forming re-
gions. In M 33, Boulesteix et al. (1974) presented a catalogue of
369 H1I regions over the whole disk of the galaxy and showed
there are some ring-like H I regions in the outer parts of the disk.
These authors propose that these regions are late stages in the
lives of the expanding ionised regions. HI observations of M 33
(Deul & den Hartog 1990) reveal HI holes over the disk of the
galaxy: the small (diameters <500 pc) HI holes correlate well
with OB associations and, to a lesser extent, with HII regions;
however, the large holes (diameters >500 pc) show an anti-
correlation with HII regions and OB associations. Expanding
ionised Ha shells have been found in a significant fraction of
the H1II region population in late-type galaxies (Relafio et al.
2005). This can be interpreted in terms of an evolutionary sce-
nario where the precursors of the HI holes would be the expand-
ing ionised He shells (Relafio et al. 2007, and see also Walch
et al. 2012).

The high-resolution data from Herschel instrument (Pilbratt
et al. 2010) cover a new IR-wavelength range that has not been
available before. The combination of data from UV (GALEX)
to IR (Herschel) offers us a unique opportunity to study the
SEDs of HI regions with the widest wavelength range cur-
rently available. Using new Herschel observations, recent stud-
ies of a set of Galactic HII regions with shell morphology have
already been performed (Anderson et al. 2012; Paladini et al.
2012). Within the Key Project HerM33es (Kramer et al. 2010),
a set of HII regions has been recently shown in the northern
part of M 33 to have an IR emission distribution in the Herschel
bands that clearly follows the shell structure described by the
Hea emission (Verley et al. 2010). While there is no emission in
the 24 ym band in these regions, cool dust emitting in the 250,
350, and 500 pm is observed around the Ha ring structure. The
24 um emission distribution for these objects is very different
from the distribution presented in large H1I complexes where a
spatial correlation between the emission in the 24 ym band and
Hea emission has been observed (e.g. Verley et al. 2007; Relafio
& Kennicutt 2009).
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Recently, a study of the star-forming regions in the
Magellanic Clouds has analysed the relation of the amount of
flux at the different wavelengths using SED analysis (Lawton
et al. 2010). These authors find that the H 11 region SEDs peak at
70 um, and they have obtained a total-IR (TIR) luminosity from
the SED analysis for each H1I region. Unfortunately, this study
does not cover the optical and ultraviolet (UV) part of the spec-
trum, which is crucial for studying the amount of stellar radiation
that can heat the dust.

We study here the dust emission distribution, as well as the
dust physical properties, in a large sample of HII regions in
M 33, looking for trends with morphology. M 33, one of the disk
galaxies in the Local Group with a significant amount of star
formation, is the most suitable object to perform such as multi-
wavelength study. The spatial resolution for the bands cover-
ing from UV (GALEX) to IR (Herschel, key project HerlM33es,
Kramer et al. 2010) allows us to study the interior of the HII re-
gions in this galaxy and to extract the SED of individual objects.
The analysis will help us to better understand the interplay be-
tween star formation and dust in different H II region types.

The paper is organised as follows. In Sect. 2 we present the
data we use here, from UV (GALEX) to far-IR (FIR) (Herschel).
Section 3 is devoted to explaining the methodology applied to
select and classify the HII region sample and to obtaining the
photometry of the objects. In Sect. 4 we present the SEDs for
each HII region and draw conclusions on the SED trends re-
lated to the morphology of the objects, and in Sect. 5 we study
the physical properties of the dust for H1I regions with differ-
ent morphology. Section 6 is devoted to analysing the emission
distribution of each band within the individual regions and to de-
riving the electron density for a set of the regions with different
morphologies. In Sect. 7 we discuss the results, and in Sect. 8
we summarise the main conclusions of this paper.

2. The data

In this section we describe the multi-wavelength data set that has
been compiled for this study. A summary of all the images used
here, along with their angular resolutions is given in Table 1.

2.1. Far and near ultraviolet images

To investigate the continuum UV emission of M 33, we used the
data from GALEX (Martin et al. 2005), in particular the data
distributed by de Paz et al. (2007). A description of GALEX ob-
servations in far-UV (FUV, 1350-1750 A) and near-UV (NUV,
1750-2750 A) relative to M 33 and of the data reduction and
calibration procedure can be found in Thilker et al. (2005). The
angular resolution of these images is 4”74 for FUV and 574
for NUV.

2.2. Ha images

To trace the ionised gas, we used the narrow-line Ha image
of M 33 obtained by Greenawalt (1998). The reduction pro-
cess, using standard IRAF' procedures to subtract the contin-
uum emission, is described in detail in Hoopes & Walterbos
(2000). The total field of view of the image is 1.75 x 1.75 deg?

! IRAF is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.
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Table 1. Summary of the multi-wavelength set of data.

Telescope  Instrument Wavelength PSF
GALEX FUV 1516 A 4.4
GALEX NUV 2267 A 5.4
KPNO Ha 6563 A 6.6
Spitzer IRAC 3.6 um 2.5
Spitzer IRAC 4.5 ym 29
Spitzer IRAC 5.8 um 3.0
Spitzer IRAC 8.0 um 3.0
Spitzer MIPS 24 um 6.3
Spitzer MIPS 70 um 16.0
Spitzer MIPS 160 um 40.0
Herschel PACS 100 pum 7.7
Herschel PACS 160 um 11.2
Herschel SPIRE 250 um 21.2

(2048 x 2048 pixels with a pixel scale of 2703) with a 676
resolution.

The Ha image from the “Survey of Local Group Galaxies”
(Massey et al. 2006) is used here to check for the existence
of shells and to revise the morphological classification (see
Sect. 3.1), because it has a much better angular resolution (07 8)
and pixel scale (0727). Unfortunately, this image is saturated in
the central parts of the most luminous H II regions, therefore the
photometry has been extracted from the Ha image by Hoopes &
Walterbos (2000).

2.3. Infrared images

Dust emission can be investigated through the mid-IR (MIR)
and FIR data of M 33 obtained with the Spitzer Infrared Array
Camera (IRAC) and Multiband Imaging Photometer (MIPS;
Werner et al. 2004; Fazio et al. 2004; Rieke et al. 2004). The
complete set of IRAC (3.6, 4.5, 5.8, and 8.0 um) and MIPS (24,
70, and 160 um) images of M 33 is described in Verley et al.
(2007, 2009): the Mopex software (Makovoz & Khan 2005) was
used to gather and reduce the basic calibrated data (BCD). We
chose a common pixel size equal to 1”2 for all images. The im-
ages were background subtracted, as explained in Verley et al.
(2007). The spatial resolutions measured on the images are 275,
29, 370, 370 for IRAC 3.6, 4.5, 5.8, 8.0 um, respectively; and
6”3, 1670, and 4070 for MIPS 24, 70, and 160 um, respec-
tively. The complete field-of-view observed by Spitzer is very
large and allows us to achieve high redundancy and a complete
picture of the star-forming disk of M 33, despite its relatively
large extension on the sky. The Herschel observations of M 33
were carried out in January 2010, covering a field of 1.36 square
degrees. PACS (100 and 160 um) and SPIRE (250, 350, and
500 pm) were obtained in parallel mode with a scanning speed of
20" s~!. The PACS reduction has been performed using the map-
making software Scanamorphos (Roussel 2012) as described in
Boquien et al. (2011). The SPIRE reduction has been done us-
ing the Herschel data processing system (HIPE, Ott 2010, 2011),
and the maps were created using a “naive” mapping projection
(Verley et al. 2010; Boquien et al. 2011; Xilouris et al. 2012).
The spatial resolution of the Herschel data are 77 and 1172
for PACS 100 ym and 160 um and 2172, 2772, and 46”0 for
250 pum, 350 um, and 500 um, respectively. Due to the signifi-
cant improvement in spatial resolution of the PACS images, we
use here the PACS 100 ym and 160 um images rather than the
MIPS 70 pm and 160 pm.

3. Methodology

In this section we explain how the sample of HII regions was
selected and how we performed the photometry that allowed us
to obtain the SED for each object.

3.1. Sample of Hi regions

We visually selected a sample of HII regions and classified them
to fulfil the following criteria: filled regions are objects showing
a compact knot of emission, mixed regions are those presenting
several compact knots and filamentary structures joining the dif-
ferent knots, and shells are regions showing arcs in the form of a
shell. We added another classification for the special case where
we saw complete and closed shells, these objects are called clear
shells. We used the Ha image from Hoopes & Walterbos (2000)
to select the regions and classify their morphology. In a further
step, we checked for the classification with the high-resolution
Ha image of Massey et al. (2006). From the 119 selected H 11 re-
gions, 9 are filled, 47 are mixed, 36 are shell, and 27 are clear
shell H1I regions.

In Fig. 1 we show the continuum-subtracted He image and
the location of our HII region sample. A colour code was used
to show the different morphological classes: blue, green, yellow,
and red stand for filled, mixed, shell, and clear shell H1I regions,
respectively. An example of H1II regions for each morphology
can be seen in Fig. 2, and the WCS coordinates, aperture size,
and classification are presented in Table B.1.

The H1I region sample is by no means complete, since we
chose a set of objects isolated enough to distinguish morpholo-
gy. Therefore, we did not attempt to derive any results based on
the completeness of the H1I region population of the galaxy, we
instead inferred conclusions from the comparison of the SED be-
haviour of HII regions with different He morphologies. Our
sample of HII regions presents common objects with previous
M 33 source catalogues given in the literature. Using a toler-
ance of 120 pc, the 119 sources of the present study overlap with
45 H1 regions in Hodge et al. (1999), 7 star clusters in Chandar
et al. (2001), 16 star clusters in Grossi et al. (2010), 67 sources
selected at 24 um Verley et al. (2007) and 38 Giant Molecular
Clouds in Gratier et al. (2012). The main location difference with
Hodge et al. (1999) and Verley et al. (2007) is that the present
study have more objects towards the outskirts of the galaxy be-
cause we are selecting isolated H1I regions for which clear mor-
phological classification can be carried out. The star clusters in
common with Grossi et al. (2010) show ages between 1.5 and
15 Myr. In Fig. 3 we show the Her (left) and 24 um (right) lumi-
nosity distribution of our sample. The luminosities span a range
of more than two orders of magnitude in He and 24 ym bands.
The covered luminosity range of our sample is typical of the
H1I regions of spiral galaxies (e.g. Rozas et al. 1996).

We defined the photometric apertures for each HII region
using the Ha image from Hoopes & Walterbos (2000) in order
to include the total emission of the region. We also compared
these apertures with the 24 um image to ensure that the emis-
sion in this band was also included in the selected aperture. It is
important to note that the H1I regions were selected in a visual
way, choosing those that are isolated and have clear morphology.
Therefore, the photometric aperture size is in some way arbitrary
and defines what we think an H 11 region is by showing one of the
morphological types analysed in this study. The selected photo-
metric apertures should not be confused with the actual sizes of
the HII regions. A histogram of the aperture radii of the classi-
fied HII regions is shown in Fig. 4. There is a relation between
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Fig. 1. Location of the HII region sample on
the continuum-subtracted He image of M 33
from Hoopes & Walterbos (2000). The radii
of the regions correspond to the aperture radii
used to obtain the photometry. Colour code is

36m00.00s  35m00.00s  34m00.00s  33m00.00s  1h32mO00.00s as follows: filled (blue), mixed (green), shell

RA (J2000)

Filled

Filled

the photometric aperture size and the morphology of the regions:
while most filled regions have radii smaller than ~150 pc, the
mixed ones are larger, followed by the shells with radii up to
250 pc. Clear shell regions have much larger radii, up to 270 pc.
The large mixed H1I region with 280 pc radii is the largest star-
forming region in M 33, NGC 604.

There is a relation between the location of the regions on the
galaxy disk and the morphological classification. Most of the
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(yellow) and clear shell (red) regions.

Clear shell

Clear shell

Clear shell

.
-

Fig.2. Examples of HII regions for each clas-
sification (see Sect. 3.1 for details on how the
classification was performed). The circles cor-
respond to the aperture used to obtain the pho-
tometry. The aperture radii are given in Col. 4 of
Table B.1.

100 pc

clear shells are seen in the outer parts of the galaxy (see e.g. the
northern and western outer parts of Fig. 1). However, to check
whether we are biased by the crowding effects near the centre
of the galaxy while defining our sample, we created a set of ten
fake shells with different radii and luminosities in our Ha image
and redid the morphological classification. We were able to re-
cover only one of the fake inserted shells. This simple exercise
shows that our selection has been done to create a clear defined
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Fig. 3. Histograms of the Ha (left) and 24 um (right) luminosities of our H1I region sample and the aperture sizes used to perform the photometry.

classification to study the trends of the SED with the morphol-
ogy, rather than to attempt a study of the complete HII region
population of M 33.

3.2. Photometry

Owing to the spatial resolutions and pixel scales of the differ-
ent images, we performed some technical steps before obtaining
the photometry of the regions in each band. We first subtracted
the sky level in each image when this task was not originally
done by the instrument pipelines. Since the angular resolution
of the SPIRE 350 and 500 ym maps are 272 and 4670, respec-
tively, we decided to discard them and used the SPIRE 250 ym
as our reference map, degrading all the other maps of our set
to a resolution of 2172, the SPIRE 250 um spatial resolution.
Keeping a final resolution to better than 21”2 is important in this
project since we want to be able to disentangle the structure of
shells, which would disappear if we degrade our maps to a lower
resolution. We also registered our set of images to the SPIRE
250 um image, with a final pixel size of 6.0”. Although we still
could perform an analysis of the SEDs without the 250 um data,
the flux at this band is necessary in order to estimate the dust
mass and dust temperature for the individual HII regions (see
Sect. 5).

The photometry was performed with the IRAF task phot.
The total flux within the visually defined aperture of each source
was measured in all the bands. To eliminate the contribution of
the diffuse medium to the measured fluxes, we subtracted a local
background value for each region. The local background is de-
fined as the mode value of the pixels within a ring whose inner
radii is located five pixels away from the circular aperture and
with a five-pixel width. The mode was obtained after rejecting
all the pixels with values higher than two times the standard de-
viation value within the sky ring. We chose different widths and
inner radii to define the sky annulus and find differences in the
sky values of ~5-20%. The regions with absolute fluxes lower
than their errors were assigned an upper limit of three times the
estimated uncertainty in the flux. Those regions with negative
fluxes showing absolute values higher than the corresponding

14

filled
mixed
shell

clear shell

12

ponn

Number of sources

100 150 200 250 300
Photometry Radius [pc]
Fig. 4. Histogram of the HII region photometric aperture radii of the
classified object sample in M 33. The photometric aperture was defined
using the Ha image from Hoopes & Walterbos (2000) (see Sect. 3.2 for
more details).

errors are discarded from the study. In Table B.2 we show the
fluxes for each band, together with the corresponding errors.

4. Spectral energy distributions

We obtained the SEDs for each HII region in our sample. The
result is shown in Fig. 5: in the left-hand panel we represent the
total flux versus the wavelength, and in the right-hand panel we
show the surface brightness (SB). The regions corresponding to
each morphology are colour-coded: blue, green, yellow, and red
correspond to filled, mixed, shell, and clear shell, respectively.
The thicker lines correspond to the SEDs obtained using the me-
dian values at each band for all the H1I regions in each morpho-
logical sample. When calculating the median value at each band,
the upper limit fluxes (see Sect. 3.2) were discarded.

Several trends can be seen in these figures showing the dif-
ference in behaviour between the filled-mixed H1I regions and
the shell-like objects. The H I regions classified as mixed are the
most luminous in all bands, which reflects that these H II regions
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are formed by several knots of Ha emission and correspond to
large HII region complexes (see left panel of Fig. 5). However,
in the right-hand panel of Fig. 5 we see that the filled and mixed
regions are the ones with higher SB. Interestingly, the IR flux for
filled, shells, and clear shells are very similar, but the SB of the
shells and clear shells is lower than SB of filled and mixed re-
gions. This could be interpreted by a pure geometrical argument
because shells and clear shells cover a larger area than filled re-
gions. Because the fluxes between the filled, shell, and clear shell
regions is very similar (left panel of Fig. 5), but the SBs change
(filled and mixed regions show similar SB, while the shells and
clear shells show lower SB than the filled and mixed ones, see
right panel of Fig. 5), we suggest that the filled regions could be
the previous stages of the shell and clear shell objects. The expla-
nation is that the total flux would be conserved in all the regions,
but when the region ages and expands the SB lowers (as is hap-
pening for the shells and clear shells). Mixed regions would also
fit in this picture as they are typically formed by several filled
regions. Their total flux should be higher than the filled regions,
but the SB should be the same as the filled regions.
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Another interesting point that the SB SEDs show is the low
SB at 24 um for shells and clear shells (right panel of Fig. 5). The
mixed and filled regions show higher emission of hot dust than
the shells and clear shells, which may be due to the proximity
of the dust to the power sources in the filled and mixed regions.
Besides this, the slightly steeper slopes for the shells and clear
shells between 24 ym and 70 ym imply that the relative fraction
of cold and hot dust could be higher for shells and clear shells
than for filled and mixed regions.

The SED trends in the IR part of the spectrum are empha-
sised when we normalise the SEDs to the 24 um fluxes (left
panel of Fig. 6). Filled and mixed regions follow the same pat-
tern and have the similar normalised fluxes in the MIPS, PACS,
and SPIRE bands, while shells and clear shells have in general
higher fluxes for these bands. In the right-hand panel of Fig. 6 we
show the SED normalised to the FUV flux from GALEX. Filled
regions show the highest FIR fluxes in this normalisation. This
shows that in the filled regions the dust is so close to the cen-
tral stars that it is very efficiently heated, while shells and clear
shells present less fluxes in this normalisation because the dust is
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Fig.7. Ha (left) and FUV (right) surface brightness as a function of P,4. Colour code: red corresponds to shells and clear shells, blue to filled and

green to mixed regions.

in general distributed farther away from the central stars. Also,
in right-hand panel of Fig. 6 we see that the FIR peak for shells
and clear shells seems to be located towards longer wavelengths,
indicating that the dust is colder for this type of object. In a sam-
ple of 16 Galactic H1I regions Paladini et al. (2012) found that
the SED peak of the H1I regions is located at ~70 um, while
the SEDs obtained with larger apertures including the PDR peak
at ~160 um. Indeed the SEDs of shells and clear shells might
include a higher fraction of PDR, and thereby shifting the peak
towards longer wavelengths. In a study of the SEDs for a set of
H1I regions in the Magellanic Clouds, Lawton et al. (2010) also
conclude that most of the SEDs peaks around 70 yum. Here we
show that the peak of the IR SEDs is closer to the 100 um band
than to the 70 um one. The behaviour of the SED in the IR part
of the spectrum is studied in more detail in Sect. 5.2.

5. Dust physical properties

In this section we apply models from (Draine & Li 2007, here-
after DLO7) to study the contribution of the interstellar radiation
field (ISRF) to the heating of dust for each HTI region type and
to estimate the dust mass for each individual H1I region.

5.1. Analysis of the stellar radiation field

The ratio of the surface brightness in different IR bands may
bring information about the dust properties. We devote this sec-
tion to studying the properties of the dust for our objects and
investigating possible relations between the dust properties and
the region’s morphologies. To compare the emission of the dust
in the IR bands, we subtracted the stellar emission in the 8 um
and 24 ym bands. We used the 3.6 um image and the prescription
given by Helou et al. (2004) to obtain a pure dust (non-stellar)
emission at 8 um (F}°(8 um)) and at 24 um (F}°(24 um)).

F*(8 um) = F,(8 um) — 0.232F,(3.6 um);
F™(24 ym) = F,(24 pum) — 0.032F,(3.6 um).

ey
@)

DLO7 suggest three ratios to describe the properties of the
dust (see Egs. (3)—(5)). In these equations, 1) Pg corresponds
to the emission of the PAHs; and 2) P,4 traces the thermal
hot dust. These quantities are normalised to the vF,(71 um) +
vF,(160 um), which is a proxy of the total dust luminosity in
high-intensity radiation fields. 3) The ratio Ry, is sensitive to the

temperature of the dust grains dominating the FIR, and therefore
is an indicator of the intensity of the starlight heating the dust:

vEF)S(8 yum)
Pg = (3)
vF,(71 um) + vF,(160 um)
vF)* (24 um)
Py = a @)
vF, (71 um) + vF, (160 um)
vF,(71 um
Ry = DL 5)
vF, (160 um)

In Fig. 7 we show Ha (left) and FUV (right) SB versus P4 for
H1I regions with different morphologies. P4 seems to correlate
with the SB(Ha) better than with SB(FUV). This seems plausi-
ble since Py4 traces the hot dust, which is related to a younger
stellar population, hence to Ha emission. However, an extinc-
tion effect that is higher for FUV than for Ha might also be af-
fecting both diagrams. The mixed regions occupy the top-right-
hand part of the diagram in the left-hand panel, corresponding to
higher SB(Ha) and higher P,4, while the shells and clear shells
show low values of SB(Ha) and P»4.

To understand better how the dust behaves in regions of dif-
ferent morphologies we applied the DLO7 models to our set of
H 11 regions. Their models reproduce the emission of the dust ex-
posed to a range of stellar radiation fields. The models separate
the emission contribution of the dust in the diffuse ISM, heated
by a general diffuse radiation field? (Upin), from the emission of
the dust close to young massive stars, where the stellar radiation
field (Unmax) is much more intense. The term (1 — y) is the frac-
tion of the dust mass exposed to a diffuse interstellar radiation
field, Unin, while y would be the corresponding fraction for dust
mass exposed to Unax. The models are parameterised by gpam,
the fraction of dust mass in the form of PAHs, along with U pyip,
Unax» and Y-

In Fig. 8 we show P4 (top) and Pg (bottom) versus R7; with
models from DL0O7 over-plotted. The right-hand column shows
the models with a fraction of dust mass in PAHs, gpay, of 4.6%,
while the fraction is 0.47% in the left-hand column. The fraction
gean = 4.6% represents a low limit for our data: most of the
regions show a higher PAH fraction than 4.6% (see bottom right

2 The values given here for the radiation field are scaled to the inter-
stellar radiation field for the solar neighbourhood estimated by Mathis

etal. (1983), ul™"*3) The specific energy density of the star is taken to
be u, = Uu(VMMP 83 with U a dimensionless scaling factor.
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panel of Fig. 8). Since there are no DLO7 models with gpay >
4.6%, a comparison with our data for higher PAH fraction cannot
be carried out, so we proceed the comparison using a fraction of
dust mass of 4.6% (see Sect. 5.3).

In Fig. 8 (top right) we show Py4 versus R7; for gpag = 4.6%.
The plot shows that a typical fraction of a maximum of ~6%
(i.e. values of 7y less than 0.06) of the radiation field heating the
dust in the shells and clear shells corresponds to young stars.
There are some regions showing higher fraction of the radiation
field heating the dust because of young stars (values of y higher
than 0.10), these are mixed or filled regions. This would show
the effect of the relative location of the dust and stars in heating
the dust: in filled regions the ionised gas and the dust is very
close to the stars that can heat the dust, while in the shells the
gas and the dust are located farther away from the stars. In the
latter case, the stars are less able to heat the dust located at farther
distances, while in the former case the stars are more efficient to
heat the dust located nearby. Therefore, thanks to the dust-gas
and star configuration, a low fraction of radiation field coming
from young stars is expected to heat the dust in regions with
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a shell morphology. Likewise, the shell and clear shell regions
have larger radii and therefore extend in general over a larger
area in the disk than filled regions (see Fig. 4), so they can be
affected by a higher fraction of general diffuse radiation field.

The mixed regions and the majority of filled regions can be
described well by a relatively constrained value of Uy, ~ 0.5-2
(see Fig. 8, top right), showing that the radiation field coming
from the diffuse part of the galaxy that corresponds to an older
stellar population, is low for these regions. However, for shell
and clear shell regions when we move down in the diagram (cor-
responding to lower values of gamma and therefore higher frac-
tions of radiation field coming from the diffuse medium), we
see a spread in the distribution of data. The explanation for this
spread for the shell and clear shell regions is that these low-
luminosity objects are very affected by the conditions of the
ISRF in their surroundings.

We would like to mention here that the comparison of DLO7
dust models with the observations of our set of HII regions pre-
sented here is merely qualitative. Our intention is to find general
differences in the dust-heating mechanisms in each classification


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201220073&pdf_id=8

M. Relafio et al.: Spectral energy distributions of HII regions in M 33 (HerM33es)

1.0t
—  0.5F
g
I
o
=
E)
g oor
(=
(=]
=
5
=~ -0.5
-1.0f e shell & clear shell |{
e mixed
o filled
_15 . . . . "
6.0 -5.5 -5.0 —-4.5 -4.0 -3.5 -3.0
log[SB(Ha)]

15

1.0t
—  0.5F
g
I
o
=
E)
g oor
(=
(=]
=
5
=~ -0.5
-1.0f e shell & clear shell |4
e mixed
o filled
15 . . . " "
=5.0 —-4.5 -4.0 -3.5 -3.0 -2.5 -2.0
log[SB(FUV)]

Fig. 9. Left: the 100 um/70 pum ratio versus the Ha surface brightness for the H 11 region sample. Colour code is the same as in Figs. 7 and 8. Right:

the 100 pm/70 pm ratio versus the FUV surface brightness.

that can help us perform a more detailed study for each individ-
ual region. Detailed models of individual HII regions with dif-
ferent morphology are in progress (Relafio et al., in prep.).

Using the plots in Fig. 8 we are also able to constrain the
fraction of the total radiation field corresponding to the old stel-
lar population of the galaxy disk. We find an upper limit of
Unin = 5. For the case of the radiation field coming from young
stars (Unax), the constraint cannot be applied since the models
are degenerated for values higher than U,y ~ 10°-107. The be-
haviour of the P4 versus R7; diagram is expected because M 33
is a galaxy with a moderate SFR (~0.5 M, yr~!, Verley et al.
2009). For a more passive galaxy with a lower SFR, we would
have data in the lower part of Fig. 8 (top-right) and lower U g
would be needed to explain the data, while for a starburst galaxy
higher values of Uy,.x would be required.

5.2. Morphology and dust colour temperature

The dust temperature can be estimated using the ratio of bands
close to the peak of the IR SED. The ratios 100 um/70 um,
160 um/70 pm, or 100 um/160 um usually trace the tempera-
ture of the warm dust emitting from 24 um to 160 um, while the
cold dust is traced by wavelengths larger than 160 um. With the
new window opened by the Herschel observations, the tempera-
ture of the cold dust can be estimated using 250 ¢m/350 um and
350 um/500 pm ratios (e.g. Bendo et al. 2012). In a sample of
disk galaxies, Bendo et al. (2012) find that the 70 um/160 um
ratio for individual locations across the galaxy disk shows a
correlation with Ha emission: 70 um/160 um ratio is increas-
ing at high He surface brightness. A similar result was shown
in Boquien et al. (2010, 2011) for star-forming regions and for
individual locations within the disk of M 33, respectively. This
would indicate that the dust would be hotter at more intense ra-
diation fields, which would be the case if the radiation coming
from the stars within the HII regions were the dominant fac-
tor to consider when describing the heating of the warm dust.
However, at low Ha surface brightness, a higher dispersion in
the correlation is found, showing that in this regime other mech-
anisms besides the radiation coming from the stars are affecting
the heating of the warm dust.

In Fig. 9 we show the logarithmic 100 xm/70 um ratio ver-
sus the logarithmic He (left) and FUV (right) surface brightness.

In general, the same correlation as the one found by Bendo
et al. (2012) and Boquien et al. (2010, 2011) is seen in these
figures. However, the logarithmic 100 gm/70 pm ratio remains
constant for filled and mixed regions over one order of magni-
tude in surface brightness, and therefore, the warm dust tem-
perature tends to be constant for filled and mixed HII regions.
For shells and clear shells the logarithmic 100 gm/70 um ratio
shows a wider range of values of almost two orders of magni-
tude. This could mean that for filled and mixed objects, the dust
is so close to the stars within the regions that it is very efficiently
heated and reaches a very well defined, narrow range of temper-
ature, independently of the radiation field intensity. For shells
and clear shells, other parameters may affect the dust-heating
mechanism. It could probably be the location of the dust rela-
tive to the stars or the evolutionary state of the stellar population
within the region that may lead to a dispersion in the correlation
at low-intensity radiation fields.

5.3. Dust mass

We estimate the dust mass for the H 11 regions fitting DLO7 mod-
els to the SED of each individual H1I region. Since the combi-
nation of radiation fields suggested by DLO7 does not seem to
represent the radiation field heating the dust within the individ-
ual H1I regions well (see Fig. 8), we decided to use a single radi-
ation field U to describe the stellar field of the region. The PAH
fraction was fixed to the highest value provided by the models,
gpan = 4.6%. We only used bands with wavelengths longer than
8 um, because the PAH features, traced by IRAC 3.6 ym-8 pm,
do not strongly influence the derivation of the dust mass (see
Aniano et al. 2012). Since we are interested in deriving the
dust mass and compare it with the dust temperature traced by
250 um/160 um ratio, we only fitted the H1I regions with reli-
able fluxes in the 160 ym and 250 um bands (see Sect. 3.2).

In Fig. 10 we show some examples of the fit performed for
the individual HII regions. In general the models fit even the
IRAC bands that were not included in the fit procedure rela-
tively well. We find dust masses in the range of 10>~10* Mg
(see Fig. 11), which are consistent with dust mass estimates for
the most luminous HII regions in other galaxies using DLO7
models (NGC 6822, Galametz et al. 2010). The dust masses de-
rived here correspond to the total dust mass included within the
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Fig. 10. SED for a sample of HII regions fitted with DLO7 dust models. Values for the reduced chi-square are: 0.84, 0.72, 0.53, 1.07 for H1II re-

gions 1, 24, 22, and 76, respectively.

aperture chosen to extract the photometry. At the spatial resolu-
tion provided by Herschel data we cannot infer whether the dust
is completely or partially mixed with the ionised gas within the
region.

In Fig. 11 we show the logarithmic 250 um/160 um ratio
versus the dust mass for our H1I region sample. The logarithmic
250 pum/160 pum ratios are within the range —0.5 to 0.5, which
corresponds to a dust temperature range of 10-30 K (see Eq. (6)
in Galametz et al. 2012). This range of dust temperature agrees
with the range of temperatures shown in the map of M 33 in
Braine et al. (2010) derived using the 350 um/250 um ratio and a
modified blackbody fit. The range also agrees with the estimates
of the cold dust temperature provided by Xilouris et al. (2012)
for individual locations in M 33 and by Paladini et al. (2012) for
Galactic HII regions using a combination of two modified black-
bodies describing the warm and cold dust temperature. Using
250 um/160 um as an estimator of the dust temperature we show
in Fig. 11 that the shell and clear shell regions tend to have lower
dust temperature than the filled and mixed regions. In Table B.3
we show the dust mass derived for each HII region with reli-
able 250 um and 160 um fluxes. We also present an estimate
of the dust temperature provided by the models using the rela-

tion given in Galametz et al. (2012): Teoa(K) = 17.5 x UM°,
where in our case Up, corresponds to the single radiation field,
U, used in the fit. The cold dust temperature is within the range

of Tcold ~12-27 K.
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6. Multi-wavelength profiles of Ha shells

We analyse the observed distribution of the multi-wavelength
emission along the observed profiles (Sect. 6.1). We propose a
three-dimensional model for the clear shells that is validated by
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the distribution of the Ha emission in the envelope (Sect. 6.2);
finally, based on this geometrical model, we are able to estimate
the electron density (Sect. 6.3) in the envelope of the shells and
compare it with the electron density measured in filled regions.

6.1. Profile analysis

We performed a multi-wavelength study of the emission dis-
tribution in the HII regions in each morphological classifica-
tion. The idea was to look for trends in the spatial distribution
of the emission at each wavelength to infer the location of the
different gas, dust, and stellar components in the regions. From
UV-GALEX to the 250 um from Herschel, we obtained profiles
into two directions for each H1I region: horizontal (east-west)
and vertical (north-south), encompassing the centre of the se-
lected H1I region. Each profile corresponds to the integration
of 4 pixels (~24"”) width. In Figs. A.1 and A.2, we show the
emission line profiles of two of the HII regions classified as
clear shells and in Figs. A.3 and A.4 of two examples of filled
H1I regions.

Several trends are clearly seen from the set of analysed pro-
files and the examples shown here are representative of these
trends. The Ha profiles of the clear shells show the characteris-
tic double peak of the shell emission when the shell is spatially
resolved at the 21”72 resolution of our set of images. The typical
sizes of the resolved shells (marked as the spatial separation of
the two peaks) are ~300 pc (~75”) while the unresolved shells
(those regions classified as clear shells but not spatially resolved
are classified as shells because they show shell structure in the
high-resolution Ha image of Massey et al. 2006) have typical
sizes of ~100 pc (~25”). The sizes of the Ha shells agree with
the vertical scale length of 300 pc obtained for the ionised gas
disk from a Fourier analysis by Combes et al. (2012). Indeed,
these authors find that the ionised gas lies in a thicker layer
than do stellar (=50 pc) or neutral gaseous (=100 pc) disks. The
Fourier transform analysis results in one single mean value for
the break scale at any given wavelength, but it is probable that
the flaring of the ionised gas disk confines the ionised gas in a
thinner layer towards the centre of the galaxy and in a thicker
layer towards the outskirts. Through a wavelet analysis of the
Ha map of M 33, Tabatabaei et al. (2007) find that shells can be
as large as 500 pc. This agrees with our study and could explain
why the shells and clear shells, as a mean, could reach larger
radii at large galactocentric radius. This confirms the trends in
larger H 11 region radii at larger distance from the M 33 nucleus,
shown by Boulesteix et al. (1974).

In the lower panels of Figs. A.1 and A.2 we show the dust
emission distribution in the shells. The emission in all IR bands
clearly follows the Ha shape of the shell. At 24 yym and 250 ym
the emission decays in the centre of the shell, and it is clearly
enhanced at the boundaries (see Fig. A.2). The same trend is seen
for 70 um, 100 um, and 160 um, but is not as clear as for 24 um
and 250 ym emissions. The emission of the old stars (3.6 um
and 4.5 um) usually follows a different distribution with their
maxima generally displaced from the Ho maxima (see middle
panel of Fig. A.1). The emission of the PAH at 8 yum is marked
by the location of the shell boundaries.

The emission distribution at all wavelengths (FUV/NUV and
dust emission) for the filled regions follows the Ha emission
quite clearly. The typical size of the filled regions is 20", corre-
sponding to the spatial resolution. However, we know that these
are filled HII regions and not shells because the classification
was checked with the high-resolution He images of the Local
Group Galaxies Survey (Massey et al. 2006). The Ha emission

line profiles show the same functional form as those modelled by
Draine (2011) when assuming that the radiation pressure is act-
ing on the gas and dust within the HII region. He parameterises
the existence of the cavity depending on the value of Qgnms,
which is the number of ionising photons times the electron den-
sity of the region. That we already see the cavities in the Ha
emission line profiles at values much lower of Qo than model
predictions shows that the radiation pressure is not the only ef-
fect acting here, as is the case of the Galactic H1I region N49
(Draine 2011).

6.2. Geometrical models of clear shells

Most of the shells and clear shells that can be observed in M 33
appear as circular in projection onto the plan of the sky, while
the galaxy presents an inclination of 56° (Regan & Vogel 1994).
Using a simple geometrical argument, one can infer that their
geometrical shape, in three dimensions, is spherical: if this was
not the case, one would expect the projection to change from
shell to shell and that statistically, most of the shells would ap-
pear in projection as ellipses or any other form depending on the
particular conditions of the shell and its surrounding ISM.

Following this assumption, we tried to reproduce one of the
clearest shells in our sample, lying away from the grand design
structures of the galaxy that may add noise to the data by arti-
ficially increasing or decreasing some background emission and
breaking the symmetry. We constructed our model in order to
reproduce the clear shell 87 as closely as possible, located in
the northern part of the galaxy, at about 67 kpc from the M 33
centre. The Ha horizontal profile of this shell is presented in
Fig. A.1 (upper left panel). The data shows that the maxima of
the Ha emission are located at a radius of about 120 pc from the
centre of the shell and that the width of the shell is about 60 pc.
Pure geometry (see Fig. 12) in the optically thin limit tells us
that the locations of the maxima (about 120 pc in this example)
would trace the inner boundary limit of the shell, while the outer
boundary is given by the full width of the two horns (a radius of
about 180 pc in the present case).

To test this hypothesis, we performed simple geometri-
cal models, beginning with the simplest assumption: an empty
sphere bounded by a spherical shell of constant width and den-
sity. The profile of constant density is shown in Fig. 13 (left pro-
file). The centre of the envelope is set at a radius of 150 pc from
the centre of the shell, and its full width is 60 pc. In the opti-
cally thin case, the profile obtained by a slit placed in front of
the centre of the shell is shown in the upper panel of Fig. 14,
where the profile has been normalised to its maximum intensity.
The first striking result is how well this very simple model repro-
duces the main features observed in the data (see the upper panel
of Fig. A.1). In particular, the central dip feature, a decrease of
roughly 50% with respect to the peaks, seen in the model is also
seen in all the shells and clear shells in our catalogues. This is a
direct consequence of the spherical assumption for the geometry
of the shell and envelope, and it is the first time that this has been
proved on such an amount of shells and clear shells.

Nevertheless, this first result shows that the assumption of
a constant density profile is only an approximation. Indeed, the
two horns of the profile show very steep departures at the loca-
tions of the outer boundaries of the envelope, as well as very
sharp turnarounds at the maxima, i.e. the location of the in-
ner boundary of the envelope. Both features are due to the dis-
crete form of the function used for the constant density pro-
file. To reproduce more physical shells, these very sharp edges
for the envelope need to be smoothed. For instance, a density
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Fig. 12. Model of one clear shell. The clear shell is modelled by a pure
sphere (central blue sphere in the figure; the width of the shell is not
represented for sake of clarity). The projection of the shell on the sky
will always appear as circular, independently of the galaxy inclination
(represented by the circle projected on the plane on the sky, between
the observer and the modelled shell). The density profile obtained by
collecting the light through a slit placed in front of the circular pro-
jection and encompassing its centre is also represented (see the pro-
jected 2D profile in the bottom of the figure, placed here also for sake
of clarity).

profile following a Gaussian (normal) distribution could be more
appropriate and realistic. This Gaussian function reads as

_

e 22 (6)

1
_x =

" e
where parameter u is the mean (location of the peak, at a radius
of 150 pc from the centre of the shell) and o, 15 pc, is the stan-
dard deviation (i.e. a measure of the full-width at half-maximum
of the distribution is FWHM = 2V2In2 o = 35 pc). The central
profile in Fig. 13 shows its density distribution. The profile ob-
tained by a slit placed in front of the centre of the shell is shown
in the middle panel of Fig. 14. Qualitatively, the observed profile
is similar to the previous one, but the profile looks more like the
real one, showing a smoother distribution. However, in the pro-
file obtained from the data, the outer boundaries of the envelope
still appear less sharp, displaying two very well marked wings
that are not reproduced well by the Gaussian density distribution.

To reproduce this feature, while keeping the smooth pro-
file obtained with the Gaussian density profile, we can use a
Cauchy-Lorentz distribution, which reads as

1
fx) == [ 4 (7

7| (x = xp)? + 9?2

where x is the location parameter specifying the location of the
peak of the distribution (a radius of 150 pc from the centre of
the shell), and y is the scale parameter that specifies the half-
width at half-maximum (i.e. 15 pc) in Eq. (7). Following the
Cauchy-Lorentz profile, this translates into a full width of 60 pc
at a level of 20% of its maximum, where 80% of the flux is en-
closed. The larger extension of the Lorentz distribution succeeds
in reproducing the wings seen in the integrated profile (see the
bottom panel of Fig. 14). A side effect of the large extension of
the wings is that more matter also accumulates towards the cen-
tre of the shell, and as a consequence, the centre of the profile
reaches a level of 50% of the peaks, while it was 42% for the
Gaussian distribution.
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Fig. 13. Density distribution of the shells. The left (grey) profile is
used for the model of constant density. The central (blue) profile
follows a Gaussian distribution. The right (green) profile follows a
Cauchy-Lorentz distribution. The three profiles are artificially shifted
along the abscissa for the clarity of the plot.

We have to note that the images have been degraded to the
Herschel SPIRE 250 um resolution, so the observed profiles only
indicate of the general behaviour of the density distribution. We
verified that the degradation to a lower resolution did not sig-
nificantly change the loci of the shell boundaries and maxima.
In fact, examining the highest resolution images currently avail-
able in He (see Fig. 15, Local Group Survey, from Massey et al.
2006) shows that the envelope is composed of lots of filaments
superimposed on the underlying distribution that we have mod-
elled. In almost all the other shells, while looking at high reso-
lution, we can distinguish various envelopes with different radii
and generally centred on the same UV stellar clusters. The ubig-
uity of these features could indicate that clusters of new stars pe-
riodically trigger new generations of star formation in envelopes
around them, but more detailed models are needed to corroborate
this hypothesis.

6.3. Electron density of clear shells and filled regions

Since we have shown in the previous section that the geometry
of the clear shells can be well represented by a spherical shell,
we can exploit this feature in order to infer more physical condi-
tions about the shells. For instance, because we know the length
of the emission distribution, we can infer the electron density in
the envelope. To do so, we selected only the five clear shells that
had a good enough homogeneous and projected circular shape
to be able to reasonably estimate the size of the emission distri-
bution along the line of sight. The emission measure (EM) was
measured in the very centre of the clear shell, and the size of the
emitting regions was estimated by adding the two thickness of
the clear shell in the outer west and east parts, and we obtained
the electron density, n., using a constant and a Cauchy-Lorentz
profile. We list in Table 2 the constant electron density, ¢ const.
as well as the maximum of the Cauchy-Lorentz distribution of
the electron density, 7. max, for five clear shells.

Unlike for the shell study, we do not know the size of emis-
sion distribution along the line of sight for filled regions. Since
it is not possible to directly measure the linear size of the line
of emission, we concentrated on filled, circular regions and
added the hypothesis that the HII region is spherical in three
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Fig. 14. Model of clear shell number 87. The profiles obtained by a slit
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The stamps are 800 pc wide.

11'00.0"

30.0"
~ 10'00.0" i
(=]
o
o
S
3z 30.0"
j7)
a
09'00.0"

+31°08'30.0" g

1h34m08 00s

16.00s.

20.00s 12.00s

RA (J2000)

Fig. 15. Ha image of clear shell number 87 (Massey et al. 2006).

dimensions. The full extent from west to east will thus provide
us an estimation of the linear size of the emission along the line
of sight. This hypothesis has already been widely used in previ-
ous studies (Magrini et al. 2007; Esteban et al. 2009). In Table 3,
we list the obtained electron density of 11 filled regions.

The electron densities for filled and clear shell HII re-
gions are comparable. Nevertheless, the electron density in filled
H1I regions may be two to five times higher with respect to the
envelope of the shells. This may be expected in the sense that

Table 2. Electron density of clear shells.

Source L Emission measure 7 congt. Me max. Ne spec.
number  [pc] [pccm™®] [cm™] [em™] [em™]
87 120 13 0.3 0.4 -
48 110 40 0.6 0.8 -
32 105 26 0.5 0.7 <30
66 100 50 0.7 1.0 -
116 85 14 0.4 0.6 -

Notes. The constant electron density, 7. const, @S Well as the maximum
of the Cauchy-Lorentz distribution of the electron density, nepmax, are
shown in Cols. 4 and 5, respectively. Electron density upper limits in the
last column (71 gpec,) are from spectroscopic data (Magrini et al. 2007).

Table 3. Electron density of filled regions.

Source L Emission measure e Tle spec.
number  [pc] [pccm™®] [em™3]  [em™]
23 175 970 2.4 <20
35 220 83 0.6 -
59 160 42 0.5 -
77 180 222 1.1 <10
47 180 411 1.5 -
102 175 156 0.9 <10
57 170 222 1.1 -
34 185 100 0.7 -

5 190 211 1.1 <10

Notes. Electron density upper limits in the last column (71, gpec.) are from
spectroscopic data (Magrini et al. 2007).

filled regions are more compact than the shells for which the
large space covered may have decreased the electron density.

We compared our results with other works on the same
galaxy that employed different methods (using mainly spec-
troscopic data) and obtained consistent results. Magrini et al.
(2007) obtained spectroscopically the electron density for
72 emission-line objects, including mainly H II regions. We have
five HII regions in common with their work. Although they
could only give upper limits for the majority of their regions,
we find that our results are statistically compatible (they found
that the majority of their HII regions have n. < 10), and in par-
ticular, we are able to give the electron densities for five regions,
in agreement with the upper limits given by Magrini et al. (2007)
for these five sources. The five HII regions in common are the
filled regions number 23, 77, 102, 5, and the clear shell num-
ber 32, which correspond to their sources CPSDP 194, VGHC 2-
84, BCLMP 717b, BCLMP 238, and M33SNR 25, respectively.
The upper limits they obtained are listed in Tables 2 and 3 for
the corresponding sources.

Esteban et al. (2009) derived the electron density for the
bright H1I regions NGC 595 and NGC 604, from Keck I spec-
trophotometric data. For NGC 595, they find electron densities
of 270 + 180 from [N1], 260 = 30 from [O11], 700 = 370 from
[Clma], and less than 100 from [S1I]. For NGC 604, they find
electron densities of 140 = 100 from [N 1], 270 + 30 from [O11],
490330 from [Clm], and less than 100 from [S11].

We note that the spectroscopic values for the electron den-
sities in the works by Magrini et al. (2007) and Esteban et al.
(2009) are not directly comparable to the electron densities ob-
tained from our photometric data. The electron density derived
from spectroscopic observations corresponds to the density of
the clumps within the region. Here, we derive a mean value
for the electron density (rms density) for the whole envelope.
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Moreover, in a photometric sample of HII regions in the galaxy
NGC 1530, Relafio & Beckman (2005) find mean electron den-
sities for the shells of typically 10 cm™, one order of magnitude
higher than the ones obtained in M 33. The difference comes
from the size considered for the envelope. While we consider
the full extension of the envelope, Relafio & Beckman (2005)
take only the size of the brightest filaments into account, 4.5 pc.
The compact and clear shell regions follow the size-density rela-
tion for extragalactic HII regions described by Hunt & Hirashita
(2009) and Draine (2011) for dust HII regions. With a diameter
of the order of 100 pc and densities of the order of 1 cm™3, the
H 11 regions considered in the present study are among the largest
and least dense within the dynamical range displayed in Fig. 2 of
Hunt & Hirashita (2009) and in Fig. 11 of Draine (2011). Indeed,
they more particularly match the zone defined by the H1I regions
of nearby galaxies studied by Kennicutt (1984).

7. Discussion

H1I regions are formed of hydrogen that has been ionised by
the radiation coming from the central massive stars. During their
short life, massive stars are able to generate the radiation that
ionises the hydrogen (Vacca et al. 1996; Martins et al. 2002), but
they also emit stellar winds that interact with the gas surrounding
them (Dyson 1979; Dyson & Williams 1980; Kudritzki 2002).
The effect of the stellar winds in the region is to create a cavity
or shell structure, sweeping the gas around the stars with typical
expansion velocities of around ~50 kms ~' (Chu & Kennicutt
1994; Relafio & Beckman 2005). There is also evidence that the
ionised shells are related to shell structures in the IR bands that
trace the emission of the dust (e.g. Watson et al. 2008; Verley
et al. 2010), and in some cases the compression of the inter-
stellar gas surrounding the shell can produce new star formation
events called triggered star formation (McCray & Kafatos 1987;
Scoville et al. 2001). Observational evidence of triggered star
formation based on data from Herschel has been recently found
in Galactic H1I regions (e.g. Zavagno et al. 2010a,b).

The mass-loss rate of the massive stars increases at ~3 Myr
and is maintained at a high rate until ~40 Myr, when it decays
very strongly (Leitherer et al. 1999). During this time, super-
nova explosions can occur, adding more kinetic energy to the
previously formed shell. In this scenario, in a young and al-
ready formed H1I region, the central stars will be ionising the
gas around them, but their stellar winds have not had time to pro-
duce a shell of swept gas. In this case the H I region would look
like a filled knot of ionised gas emitting at Ha. After ~3—4 Myr,
the bubble will be created by the stellar winds, and a shell of
ionised gas will expand into the ISM. The size and the expan-
sion velocity of the shell will depend on the amount of kinetic
energy provided by the central stars, and the evolution will de-
pend on the physical conditions of the ISM surrounding it. If the
gas in the ISM is tenuous and the pressure low, then the shell will
be able to expand more easily, and large shell structures could
be created. Whitmore et al. (2011) have recently suggested there
is a relation between the region morphology and the age of the
central cluster. Very young (less than a few Myr) clusters would
show the Ha emission of the ionised gas coincident with the
cluster stars, clusters ~5 Myr would have the gas emission lo-
cated in small shell structures around the stars, and in still older
clusters (=5-10 Myr) the Ha emission would show even larger
shell structures. If no Ha emission is associated with the cluster
this should be older than ~10 Myr.

We can give an estimate of the age of the clear shells based
on the kinematics of the ionised gas. Using Ha Fabry-Perot
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spectroscopy, Relafio & Beckman (2005) find that the Ha emis-
sion line profiles of the HII region populations of three late-type
spiral galaxies show evidence of a shell of ionised gas expand-
ing in the ISM with expansion velocities ranging from 40 to
90 kms ! and mean values of ~50—60 km's ~!. Assuming an ex-
pansion velocity of ~50 kms ~! for the ionised shells and taking
a typical radius for the observed shells of ~200 pc into account
(see Fig. 4), we derive a kinematic age for the cluster of ~4 Myr,
which agrees with the timescale provided by Whitmore et al.
(2011).

We also find evidence of a secondary generation of stars
within the shells. In the top left-hand panel of Fig. A.1, we see
the emission distribution of He and FUV for one example of a
clear shell: Ha tracing the boundary of the shell with the two
horns of emission and a centred peak of FUV (and also NUV)
corresponding to the stellar clusters. However, we also see a knot
of FUV (and NUV) in the right peak of Ha emission, which
would correspond to the emission of newborn stars within the
shell. This H1I region might be old enough to have triggered star
formation within the swept shell, and therefore part of the shell
is being ionised by this secondary generation of stars. This phe-
nomenology is observed in 12 clear shells. Some cases are very
clear, while others (7 out of 12) are marginal detections. The
marginal detections depend on both the geometry of the clear
shell, since not all the clear shells are completely spherical, and
the exact location where the profiles have been extracted.

8. Summary and conclusions

We select 119 H1I regions in the Local Group spiral galaxy
M 33, and classify them according to their morphology: filled,
mixed, shell, and clear shell HII regions. Using a multi-
wavelength set of data from FUV (1516 A) to IR (SPIRE
250 pum), we study their SED, the influence of the stellar ra-
diation field, and their intensity profiles. Here are our main
conclusions.

— An analysis of the SED of each region shows that re-
gions belonging to one group show roughly the same fea-
tures. Besides, these features are different from one classi-
fied group to another, showing that the dominant physical
processes vary among the different morphologies. The SED,
normalised to the emission at 24 um, shows that the FIR peak
for shells and clear shells seems to be located towards longer
wavelengths, indicating that the dust is colder for this type of
object. In the SED normalised to the FUV flux filled regions
present the highest FIR fluxes, which shows that in these re-
gions the dust is so close to the central stars that it is very
efficiently heated, while shells and clear shells present less
flux in this normalisation because the dust is in general dis-
tributed farther away from the central stars in these regions.

— The warm dust colour temperature traced by the 100 um/
70 pum ratio shows that two regimes are in place. The filled
and mixed regions show a well constrained value of the log-
arithmic 100 um/70 um ratio over one order of magnitude in
Ha and FUV surface brightness, while the shells and clear
shells show a wider range of values of this ratio of almost
two orders of magnitude. The spatial relation between the
stars and dust could have an effect on the heating mechanism
of the dust in the H I regions.

— We estimate the dust mass fitting DL0O7 models to the SED of
each individual region. We find dust masses within the range
102-10* M., consistent with those derived for HI regions
in other galaxies using the same models. The 250 ym/160 um
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ratio, an estimator of the temperature of the cold dust, shows
that shells and clear shells tend to have lower cold dust
temperatures than mixed and filled regions. An estimate of
the cold dust temperature for each HII region using the
same dust models gives a range of Tcqq ~ 12—27 K for the
whole sample.

— For all the wavelength bands available in this study we ex-
tract east-west and north-south profiles of each HII region
individually. For filled regions the emission at all bands oc-
curs at the same location. In contrast, clear shell regions gen-
erally show the two horns describing the shells. For some
cases, we find evidence that current star formation takes
place within the envelope (possibly due to triggered star
formation processes).

— Concentrating on the Ha emission, we propose that the clear
shells that appear circular on the plane of the sky are the
result of the line-of-sight projection of three-dimensional
spherical shells. We find that the density within the en-
velope of the shells follows a Cauchy-Lorentz distribu-
tion more closely rather than constant or Gaussian den-
sity distributions. Nevertheless, high-resolution images show
that this averaged density distribution is in fact the result of
lots of high- and low-density filamentary structures.

— Knowing the real He structure in three dimensions allows
us to measure the electron density in the clearest shells be-
cause we are able to estimate the length of the emission dis-
tribution. From five clear shells, the mean electron density
is ne = 0.7 + 0.3 cm™>. The electron density in the clear
shells is thus comparable to the one we obtained from eleven
filled regions, although some filled regions could reach elec-
tron densities two to five times higher than the one found in
the envelope of clear shells. Since we are using photometric
data, these electron density estimations are only global aver-
ages because the bright filaments within the envelope would
result in higher electron densities with respect to the faintest
zones in between. Nevertheless, our estimations are compat-
ible with spectroscopic work done in the literature (Magrini
et al. 2007; Esteban et al. 2009) for H1I regions in M 33.
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Appendix A: Two-dimensions multi-wavelength projected profiles of Hil regions
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Fig. A.1. Emission line profiles for HII region 87 classified as clear shell in the horizontal (leff) and vertical (right) directions. For clarity, the
profiles are separated into three panels (top: Ha, FUV, NUV; middle: 3.6 um, 4.5 um, 5.8 um, 8.0 um; bottom: 24 pum, 70 ym, 100 ym, 160 pm,
250 pm). The small box in top left corner in each panel shows the location of the profile overlaid on the region, the images correspond to Ha,
4.5 pum, and 250 pum for the top, middle, and bottom panels, respectively. All the profiles are normalised to their maxima. The Ha profile is depicted

in grey in all the panels for reference.
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M. Relafio et al.: Spectral energy distributions of H1I regions in M 33 (HerM33es)
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Fig. A.2. Same as Fig. A.1 for HII region number 48 classified as clear shell.
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M. Relafio et al.:

Spectral energy distributions of HII regions in M 33 (HerM33es)
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Appendix B: Tables

Table B.1. Selection of HII regions.

Notes. Column 1: identification number, Cols. 2 and 3: WCS coordinates, Col. 4: aperture radius (') used to perform the photometry, with aperture
defined using the Ha image of Hoopes & Walterbos (2000) to include the total He emission of the region (see Sect. 3.1 for more details), Col. 5:

morphological classification.
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ID RA Dec(J2000) Radius  Classification
J2000 J2000 [”]

1 01:32:32.330  +30:35:03.97 48.5 Mixed

2 01:32:34.685  +30:30:27.45 40.7 Mixed

3 01:32:34.687  +30:27:29.01 44.8 Mixed

4 01:32:37.566  +30:40:08.76 53.2 Clear Shell
5 01:32:44.823  +30:34:58.75 29.5 Filled

6 01:32:44.903  +30:25:10.88 60.0 Clear Shell
7 01:32:45.500  +30:38:55.18 47.6 Mixed

8 01:32:46.135  +30:20:25.64 30.3 Clear Shell
9 01:32:51.918  +30:29:54.64 454 Clear Shell
10 01:32:52.458  +30:34:57.00 32.5 Shell

11 01:32:52.578  +30:38:17.46 19.5 Clear Shell
12 01:32:53.934  +30:23:18.05 36.1 Mixed
13 01:32:56.280  +30:40:34.37 39.4 Shell
14 01:32:56.655 +30:27:25.20 374 Shell

15 01:32:58.381 +30:35:58.24 28.5 Shell
16 01:32:59.261  +30:44:20.36 38.3 Mixed
17 01:33:00.968  +30:30:53.08 39.4 Shell

18 01:33:03.079  +30:11:22.52 40.1 Mixed
19  01:33:07.361  +30:42:40.20 34.7 Mixed
20 01:33:08.571  +30:29:54.02 343 Mixed
21 01:33:10.283  +30:27:24.12 41.1 Clear Shell
22 01:33:11.174  +30:23:20.86 39.0 Mixed
23 01:33:11.303 +30:45:15.32 31.7 Filled
24 01:33:12.083  +30:48:56.26 46.3 Shell
25 01:33:12.188  +30:38:47.14 37.6 Mixed
26 01:33:12.251  +30:34:17.32 35.0 Mixed
27  01:33:14.743  +30:32:32.25 27.9 Mixed
28  01:33:15.673  +30:56:40.94 60.0 Mixed
29 01:33:15.870  +30:53:24.88 67.5 Mixed
30 01:33:15912 +30:44:57.64 46.5 Shell

31  01:33:18.702  +30:27:05.01 40.5 Shell
32 01:33:22.130  +30:26:20.43 44.1 Clear Shell
33 01:33:23.026  +30:50:23.31 60.0 Mixed
34 01:33:24.625  +30:30:47.45 27.8 Filled
35  01:33:24.933  +30:25:23.95 31.3 Filled
36 01:33:25.453  +30:47:32.94 20.6 Shell
37  01:33:26.787  +30:38:58.10 48.2 Shell

38 01:33:27.523  +31:00:35.30 43.2 Shell
39  01:33:27.549  +30:45:52.35 38.0 Shell
40  01:33:28.248  +30:52:49.29 60.0 Shell

41 01:33:29.375  +30:31:46.36 39.7 Mixed
42 01:33:29.626  +30:40:31.43 37.0 Mixed
43 01:33:30.975  +30:59:36.18 38.0 Shell
44 01:33:33.209  +30:41:40.99 48.9 Mixed
45 01:33:33.863  +30:37:38.97 21.5 Shell
46 01:33:34.840  +30:48:35.30 40.3 Shell
47 01:33:35.078  +30:37:03.04 20.4 Filled
48  01:33:35.110  +31:00:54.44 60.0 Clear Shell
49  01:33:35.786  +30:39:32.81 37.5 Shell
50 01:33:36.596  +30:50:42.94 33.7 Shell

51  01:33:36.742  +30:20:06.00 35.2 Mixed
52 01:33:39.232  +30:32:43.33 23.4 Mixed
53 01:33:39.542  +30:38:06.13 29.9 Mixed
54 01:33:42.539  +30:22:52.11 45.1 Shell
55 01:33:44.164  +30:44:43.52 36.6 Mixed
56  01:33:44.499  +31:02:04.51 60.0 Shell
57 01:33:45.360  +30:21:38.68 30.4 Filled
58 01:33:45.466  +30:36:29.63 52.3 Mixed
59 01:33:46.951 +30:27:21.04 353 Filled
60 01:33:47.819  +30:50:50.74 30.0 Shell




Table B.1. continued.

M. Relafio et al.: Spectral energy distributions of HII regions in M 33 (HerM33es)

ID RA Dec(J2000) Radius  Classification
J2000 J2000 ["]
61 01:33:49.944  +30:51:39.58 34.7 Mixed
62 01:33:50.889  +30:56:35.44 343 Shell
63 01:33:53.066  +30:39:06.70 42.2 Mixed
64 01:33:54.197  +30:33:03.51 34.6 Mixed
65 01:33:54.236  +30:35:28.30 329 Mixed
66 01:33:55.314  +30:43:24.04 333 Clear Shell
67 01:33:55.680  +30:45:24.51 33.0 Mixed
68 01:33:56.002  +30:19:54.11 27.6 Mixed
69 01:33:56.417  +30:27:36.58 53.7 Clear Shell
70 01:33:56.659  +30:32:02.44 41.9 Clear Shell
71 01:33:57.505  +30:42:15.57 39.4 Mixed
72 01:34:01.742  +30:46:32.53 235 Clear Shell
73 01:34:02.462  +30:36:27.67 34.6 Mixed
74 01:34:02.764  +30:38:44.53 39.2 Mixed
75 01:34:02.958  +30:51:26.34 27.8 Mixed
76 01:34:03.753  +30:54:55.31 35.0 Mixed
77 01:34:06.329  +30:48:54.82 26.2 Filled
78 01:34:06.817  +30:41:45.58 39.8 Clear Shell
79 01:34:07.340  +30:47:31.72 39.2 Clear Shell
80 01:34:07.549  +30:33:58.71 24.3 Shell
81 01:34:09.071  +31:02:00.48 43.3 Shell
82 01:34:10.018  +30:31:56.11 31.8 Mixed
83 01:34:10.505  +30:21:52.11 59.2 Clear Shell
84 01:34:10.891  +31:03:17.44 36.5 Mixed
85 01:34:11.082  +30:36:10.08 39.4 Shell
86 01:34:12.803  +30:52:26.74 29.2 Shell
87 01:34:13.301  +31:09:14.58 60.0 Clear Shell
88 01:34:14.241  +31:04:44.77 34.6 Shell
89 01:34:15.273  +31:10:46.66 38.9 Shell
90 01:34:15.776  +30:37:10.75 50.9 Mixed
91 01:34:17.115  +30:51:51.83 354 Mixed
92 01:34:20.140  +30:44:18.73 36.5 Mixed
93 01:34:21.962  +30:45:46.91 45.6 Mixed
94 01:34:24.461  +30:31:13.03 22.5 Clear Shell
95 01:34:24.519  +30:54:50.28 30.2 Mixed
96 01:34:28.949  +30:53:33.18 41.9 Shell
97 01:34:30.665  +30:57:20.07 422 Mixed
98 01:34:33.060  +30:47:01.71 74.2 Mixed
99 01:34:33.726  +31:00:31.15 61.1 Clear Shell
100 01:34:33.890  +30:35:23.66 25.7 Mixed
101 01:34:35.593  +30:42:26.99 52.9 Shell
102 01:34:37.343  +30:34:52.93 324 Filled
103 01:34:38.019  +30:57:28.13 60.0 Clear Shell
104 01:34:38.868  +30:44:03.03 26.7 Shell
105  01:34:39.091  +31:02:27.84 39.1 Shell
106 01:34:39.813  +30:41:49.57 30.3 Mixed
107 01:34:41.427  +30:28:00.16 54.0 Clear Shell
108  01:34:41.641  +30:37:29.54 29.8 Clear Shell
109 01:34:42.835  +30:31:44.95 29.0 Shell
110 01:34:49.060  +31:07:47.26 68.5 Clear Shell
111 01:34:49.718  +30:54:49.90 323 Mixed
112 01:34:50.644  +30:36:16.59 40.2 Clear Shell
113 01:34:54.748  +30:41:15.45 332 Shell
114 01:34:56.466  +30:36:34.42 23.7 Clear Shell
115  01:35:00.940  +30:38:16.81 39.1 Clear Shell
116 01:35:03.775  +30:37:08.86 37.1 Clear Shell
117 01:35:04.603  +30:40:52.88 47.6 Shell
118  01:35:06.822  +30:41:55.06 28.6 Shell
119 01:35:10.605  +30:45:24.21 394 Clear Shell
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M. Relafio et al.: Spectral energy distributions of HII regions in M 33 (HerM33es)
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Table B.3. Dust properties of H1I regions.

M. Relafio et al.: Spectral energy distributions of HII regions in M 33 (HerM33es)

ID  Radius Dust mass ~ Dust temperature
[parsecs] [M] [K]
1 194 1100 + 50 21.0+5.6
2 163 1750 + 50 18.0+5.6
3 179 350 £ 50 150+5.6
5 118 19200 + 50 18.0+5.6
6 240 4000 + 50 13.0+£5.6
7 191 9100 + 50 16.0 £5.6
8 121 1950 + 50 18.0+5.6
9 181 1500 + 50 15.0+5.6
10 130 11500 + 50 120+£5.6
11 78 850 + 50 18.0+5.6
12 144 6100 + 50 18.0+5.6
13 158 850 + 50 18.0+5.6
14 150 4650 + 50 20.0+5.6
15 114 2600 + 50 18.0+5.6
16 153 11550 + 50 21.0+5.6
17 158 7950 + 50 20.0+5.6
18 160 16100 + 50 23.0+5.6
19 139 2750 + 50 18.0+5.6
20 137 4400 + 50 12.0+5.6
21 164 14000 + 50 15.0+5.6
22 156 3650 + 50 150+5.6
23 127 2700 + 50 21.0+5.6
24 185 1800 + 50 20.0+5.6
25 150 1200 + 50 150+5.6
26 140 6700 + 50 120+5.6
27 112 3350 + 50 150+5.6
28 240 900 + 50 21.0+5.6
29 270 5700 + 50 16.0£5.6
30 186 4900 + 50 18.0+5.6
31 162 3450 + 50 21.0+5.6
32 176 1650 + 50 18.0+5.6
33 240 6300 + 50 16.0£5.6
34 111 11900 + 50 20.0+5.6
35 125 12350 + 50 21.0+5.6
36 82 2800 + 50 20.0+5.6
37 193 48300 + 50 27.0+5.6
38 173 1050 + 50 21.0+5.6
39 152 7900 + 50 18.0+5.6
40 240 4450 + 50 18.0+5.6
41 159 7700 + 50 21.0+5.6
42 148 2600 + 50 23.0+5.6
44 196 7900 + 50 150+5.6
45 86 1900 + 50 20.0+5.6
46 161 11400 + 50 23.0+5.6
47 82 10950 + 50 20.0+5.6
48 240 8350 + 50 23.0+5.6
49 150 13200 + 50 18.0+5.6
50 135 9800 + 50 27.0+5.6
51 141 19800 =+ 50 26.0+5.6
52 94 6850 + 50 23.0+5.6
53 120 7000 + 50 25.0+5.6
54 180 5700 + 50 23.0+5.6

Notes. Column 1: identification number; Col. 2: radius of the aperture
photometry (parsecs); Col. 3: dust mass derived using the DLO7 models,
the errors correspond to the grid step of 50 M, used to fit the data;
Col. 4: dust temperatures derived using DLO7 models and the relation

provided by Galametz et al. (2012) (Teqa(K) = 17.5 x U/®

min

correspond to an uncertainty of 0.5 in Uy, in the models.

). The errors

Table B.3. continued.

ID Radius Dust mass ~ Dust temperature
[parsecs] [Mo] [X]
55 146 15450 + 50 20.0+5.6
56 240 8150 + 50 23.0+5.6
57 121 2600 + 50 20.0+5.6
58 209 8200 + 50 21.0+5.6
59 141 9750 + 50 21.0+5.6
60 120 25000 + 50 21.0+5.6
61 139 2300 + 50 21.0+5.6
62 137 17450 + 50 23.0+5.6
63 169 5200 + 50 21.0+5.6
64 138 550 =50 23.0+5.6
65 132 7000 + 50 23.0+5.6
66 133 16200 + 50 20.0+5.6
67 132 7450 + 50 20.0+5.6
68 110 11150 + 50 23.0+5.6
69 215 1350 + 50 20.0+5.6
70 168 24500 + 50 13.0+£5.6
71 158 3200 + 50 18.0+5.6
72 94 5250 + 50 18.0+5.6
73 138 2350 + 50 20.0+5.6
74 157 13950 + 50 20.0+5.6
75 111 4550 + 50 20.0+5.6
76 140 8500 + 50 21.0+5.6
77 105 10000 + 50 20.0+5.6
78 159 2700 + 50 18.0+5.6
79 157 5700 + 50 18.0+5.6
80 97 500 + 50 27.0+5.6
81 173 6200 + 50 18.0+5.6
82 127 4500 + 50 23.0+5.6
83 237 9450 + 50 20.0+5.6
84 146 4500 + 50 15.0+5.6
85 158 4300 + 50 18.0+5.6
86 117 4300 + 50 20.0+5.6
87 240 6100 + 50 18.0+5.6
88 138 10050 + 50 21.0+5.6
89 156 6900 + 50 20.0+5.6
90 204 3950 + 50 18.0+5.6
91 142 2350 £ 50 21.0+5.6
92 146 2700 + 50 18.0+5.6
94 90 4300 + 50 27.0+5.6
95 121 3750 + 50 23.0+5.6
96 168 4200 + 50 23.0+5.6
97 169 1500 + 50 17.0+5.6
98 297 9150 + 50 16.0£5.6
99 245 2250 + 50 23.0+5.6
100 103 8950 + 50 160 £5.6
101 211 1750 + 50 18.0+5.6
102 130 3450 + 50 21.0+5.6
103 240 1450 + 50 23.0+5.6
104 107 8100 + 50 18.0+£5.6
105 156 12000 + 50 20.0+5.6
106 121 6400 + 50 18.0+£5.6
108 119 1800 + 50 21.0+5.6
109 116 1150 + 50 21.0+5.6
111 129 9100 + 50 250+5.6
113 133 850 + 50 20.0+5.6
114 95 2150 + 50 17.0+5.6
115 156 3800 + 50 120+£5.6
117 191 2100 + 50 18.0+5.6
118 114 3650 + 50 170+ 5.6
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