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CHAPTER 2

The physical conditions in starbursts derived from
Bayesian fitting of mid-IR SEDs: 30 Doradus as a
templaté

To understand and interpret the observed Spectral Energlyilditions (SEDs) of star-
bursts, theoretical or semi-empirical SED models are rsacgsYet, while they are well-
founded in theory, independent verification and calibratid these models, including
the exploration of possible degeneracies between thedmpaters, are rarely made. As
a consequence, a robust fitting method that leads to unicpieepmoducible results has
been lacking. Here we introduce a novel approach based oesizayanalysis to fit the
Spitzer-IRS spectra of starbursts using the SED modelsoseapby Groves et al. (2008).
We demonstrate its capabilities and verify the agreememtdsn the derived best fit pa-
rameters and actual physical conditions by modelling ttaxine well-studied, giant H
region 30 Dor in the LMC. The derived physical parametershsas cluster mass, cluster
age, ISM pressure and covering fraction of photodissamiattgions, are representative
of the 30 Dor region. The inclusion of the emission lines ia thodelling is crucial to
break degeneracies. We investigate the limitations andntaiaties by modelling sub-
regions, which are dominated by single components, witBiD8r. A remarkable result
for 30 Doradus in particular is a considerable contributimiits mid-infrared spectrum
from hot (¢ 300 K) dust. The demonstrated success of our approach \aWals to
derive the physical conditions in more distant, spatialiyasolved starbursts.

1Based on: J.R. Martinez-Galarza, B. Groves, B. Brandl, éSMéssiéres, R. Indebetow and M. Dopita,
2011, Astrophysical Journal
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2 The physical conditions in starbursts derived from Bayesian fitting of mid-IR SEDs:
30 Doradus as a template

2.1 Introduction

In theory, the spectral energy distribution (SED) of a ggleontains a wealth of informa-
tion about both its evolutionary history and current coiedis. However, extracting this
information is dificult and requires the use of physically based models. Nevieds,
SED fitting is a necessary process as many high redshift igalagmain unresolved by
our current instruments and any attempts to characterizedhditions and processes that
lead to their starburst activities rely almost exclusivetytheir spatially averaged prop-
erties. These models of the integrated SEDs of galaxiegiotlyrcover a wide range of
galaxy types, but are particularly dominated by models aflstrst galaxies (Galliano et
al. 2003, Siebenmorgen & Kriigel 2007, Takagi et al. 20028t al. 1998, Dopita et
al. 2005, 2006b,c, Groves et al. 2008). The ultraviolet (W/Jar infrared (FIR) SED
of theseStarburstds dominated by the energetic photons emitted by massive wfith
typical lifetimes of less than 10 Myr.

In particular, the mid-infrared portion of the SED contaseseral important diagnos-
tics that probe the physical conditions of starbursts.@fagions of a set of marginally
resolved starburst galaxies with the Spitzer Space Tgbessbow a broad range of mid-
infrared properties, including fierent strengths of the polycyclic aromatic hydrocarbon
(PAH) bands, thermal continuum slopes, depth of the sdieatsorption features at ith
and 18um and intensity of nebular emission lines (Brandl et al. 2@#rnard-Salas et
al. 2009). All these signatures have contributions froffedent spatial regions, depend-
ing on the geometrical distribution of gas and dust with ee$po the ionizing stars. For
example, Beirdo et al. (2009) reported on the presence mpaot star forming knots
around the nucleus of the starburst galaxy Arp 143, and airstar forming knots have
been reported near the nucleus of NGC 253 (Fernandez&oset al. 2009). In other
galaxies, such as M51, star formation spreads more unijook@r the galactic disk. The
different distributions of gas, dust, and stars in galaxfBecathe shape of the spatially
integrated SED. Inversely, a sophisticated and well caldat SED model should be able
to recover the information on the local starburst condgifmom the integrated SED.

A considerable amount of SED model libraries can be founéaent literature (see
e.g. Walcher et al. 2011, for a comprehensive review on SEDg)t These models gen-
erally make assumptions on the internal physics of galaiespredict the output SED
as a function of certain model parameters, such as star famrates (SFRs), metallicity
(2), and the interstellar medium (ISM) pressure, densityl #mperature, among many
others. SED fitting refers to the process of choosing fronraquéar library the model so-
lutions that best reproduce the data. While finding the biestedel via, for an example,
ay? minimization provides an estimate of the parameters, tieithod alone is ingficient
to provide absolute parameter uncertainties. In ordertaiolbobust parameter estimates,
including uncertainties, it becomes necessary to explwavhole parameter space and
perform a statistical study of their correlations. We hight four aspects that make this
task dificult. First, the sensitivity of photometric and spectrgacostudies is limited
not only by instrumental constraints, but also by more funeatal constrains such as
shot noise in the case of weak sources. Hence, the robusth8&D fitting depends on
the data quality and on flicient data coverage. Second, degeneracies between model
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2.2 The 30 Doradus region

parameters are common, especially when limited to a narpawstsal window (e.g., the
mid-infrared). Third, independent determinations (frobservations or theory) of the
physical parameters against which we can confront our medellts are rare for most
starburst, hence making itfficult to calibrate the models. And last but not least, no ro-
bust fitting routine that leads to reproducible results heanbestablished so far for the
specific case of starburst spectra.

In this chapter we present a Bayesian fitting routine for tig-imfrared (5— 38 um)
spectra of starbursts that can be extended to other wavhkengVe derive probability
distribution functions (PDFs) for the model parameters, stndy the implications on the
physics of starbursts. To calibrate this routine we appty ithe mid-infrared spectrum
of the 30 Doradus region in the Large Magellanic Cloud. THedd®n of this nearby
starburst as a calibrator is natural, since its proximityp@ pc) allows us to dierentiate
spatially resolved sub-regions of the giant iegion, and study their spectra separately.
The well studied stellar populations, ionized gas, and dastent provide the necessary
independent measurements to compare with SED fitting sesult

Current spatial resolutions achieved with the mapping naddie Infrared Spectro-
graphon board the Spitzer Space Telescope are of the order of arés@w@nds at pm
corresponding to a scale of about one parsec at the distar@@ Doradus. Even the
next generation spectrometer operating at these wavélgrngeMid Infrared Instrument
(MIRI), on board the 6.5 m James Webb Space Telescope, wilbeable to resolve
typical giant Hi regions in galaxies located at distances larger than alibM@& at a
nominal wavelength of 1pm. This highlights the importance of understanding the-inte
grated SEDs of these objects.

This chapter is structured as follows. §8.2 we describe some general aspects of the
30 Doradus region, focusing on its stellar content and itsjglal properties, as obtained
from HST and Spitzer observations, and we discuss the $pR&spectral data that we
model. In§2.3 we give a brief overview of the models we use to generategnd of
synthetic SEDs. 11§2.4 we introduce our fitting routine and discuss the assumiedsp
and involved uncertaintie$2.5 presents the results of applying our fitting routine to 30
Doradus, discuss the implications of the model parametat$tee physical interpretation
of the mid-infrared SEDs. Finally, i2.6 we summarize our main findings.

2.2 The 30 Doradus region

Our choice of 30 Doradus as a calibrator relies on three galverasons:(i) it is the
largest giant Hi region in the Local Groug(ii) it is well studied across the whole elec-
tromagnetic spectrum, ariii) it is close enough to be well resolved into individual com-
ponents. In this section we describe the general prop@fti@d Doradus and the spectral
data that we model.
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2 The physical conditions in starbursts derived from Bayesian fitting of mid-IR SEDs:
30 Doradus as a template

2.2.1 Properties of the 30 Doradus region

30 Doradus is the most massive giant kegion in the Local Group. Itis located 23kpc
away (Feast & Catchpole 1997), in the north-east part of thgé Magellanic Cloud
(LMC) and includes the stellar cluster NGC 2070, the cloubnized gas created by the
ionizing radiation from NGC 2070 and dominated by its contpaatral core R136,and
the photon-dissociated regions and molecular materialczsted with the star forming
region. We show the complexity of the region in Fig. 2.1.

Figure 2.1 The 30 Doradus region imaged in the 4 Spitzer-IRA&hnels. The filamen-
tary structure and bubble-like cavities are evident. Tizied gas illuminated by R136
(green) is confined to a thin layer next to the PDR (red), whiegd®’AH emission is found.

R136 is the most dense concentration of stars in the localpgneith an estimated
stellar mass of % 10* M, contained within the innermost 5 pc (Hunter et al. 1995). The
associated H region has an b luminosity of 15 x 10 erg s* (Kennicutt 1984) and a
far-infrared luminosity of 4 107 L, (Werner et al. 1978). Stellar winds, supernovae, and
radiation pressure from the central cluster have excawateekpanding ionized bubble
and created a complex filamentary structure (Fig. 2.1). Bhisble, and other similar
cavities in the region are filled with X-ray emitting gas anfgeratures ot 10° K, as
revealed by observations with the Chandra Space Obsey@mwnsley et al. 2006). A
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2.2 The 30 Doradus region

recent study of the optical emission lines shows no evidehaenization by supernova-

driven shocks found by a recent study(Pellegrini et al. 20&8d hence the dominant
excitation mechanism in the 30 Doradus region is photoation by the UV photons

produced mainly in R136. This was corroborated by a comparié$ observed IRS line

fluxes with models of the mid-infrared lines (Indebetouwle2809).

Figure 2.2 Multi-wavelength view of the 30 Doradus regionedR IRAC 8um image
showing the PAH emission from the PDR region (c.f. 2.1). @ré81v]10.5um emission
line map, constructed from the spectral map describ§&.i2.2, tracing the distribution of
highly ionized gas. Blue: Red continuum image showing thllatcontinuum emission.
White circles mark the positions of the individual spectiscdssed ir§2.2.3, and their
sizes correspond to the size of one resolution element ofiketral map. The magenta
square outlines the full IRS spectral map explored in thagptér. North is up and east is
to the left.

Using HST spectroscopy, Walborn & Blades (1997) identifeksal non-coeval stel-
lar populations in the 30 Doradus region, and classified thsnfollows: (i) a core-
ionizing phase (R136), with an age of 2-3 Myii) a peripheral triggered phase, with
an age of< 1 Myr (this population has also been identified using neamaneid excess
measurements, e.g. Maercker & Burton 204} a phase of OB supergiants with an
age of 6 Myr;(iv) the Hodge 301 cluster; W of R136, with an age of 10 Myr, and
(v) the R143 OB association, with ages between 4-7 Myr.

An interesting aspect of 30 Doradus is its structure of behind filaments. Obser-
vations of galactic and extragalacticiHegions have revealed expanding structures of
ionized gas driven by stellar winds and supernova activiyfthe OB stellar population.
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2 The physical conditions in starbursts derived from Bayesian fitting of mid-IR SEDs:
30 Doradus as a template

In the particular case of 30 Doradus, expanding superdielis been detected with diam-
eters between 2 and 20 pc and expansion velocities of 108480 (Chu & Kennicutt
1994).

The metallicity of 30 Doradus and of the LMC in general is sattar € = 0.4 Z,)
(Westerlund 1997). Due to this low metallicity environmehte dust-to-gas ratio in the
LMC is about 30% lower than in the Milky Way (see review by Dmi2003,and refer-
ences therein), and the system allows us to investigatefibet ef UV radiation in lower
metallicity environments as compared to our own galaxy.

For simplicity, in this chapter we refer to 30 Doradus as tbgion of ~ 100 pc=
4.1 arcmin in diameter in projection centered in R136.

2.2.2 The integrated mid-IR spectrum of 30 Doradus

The Spitzer-IRS spectral data that we model here has beensixtly discussed in Inde-
betouw et al. (2009), as part of the Spitzer General Obs@ngranStellar Feedback on
Circumcluster Gas and Dust in 30 Doradus, the Nearest S@par-Clustey (PID 30653,
P. I. R. Indebetouw). It consists of four data cubes obtamethapping the 30 Doradus
region with the two low-resolution slits of the IRS (“shdotv” and “long-low”) in each
of their two spectral orders. For reference, the first ordén®short-low (SL1) map cov-
ers an area of 116 pB4 pc, and includes a significant portion of the 30 Doradussia
nebula. The wavelength coverage is between pr8&vith a resolving poweR = 1/A4,
varying from 60 at the short wavelength end to about 110 atahg wavelength end.
Exposure times were of the order of 150 s per slit position.

Spectra of chosen regions are extracted using the CUBISiWad package (Smith
et al. 2007). Once the sky subtraction has been performedxwact individual spectra
using a resolution element of322 SL1 pixels for all orders. This corresponds to an
angular resolution of 3 arcseconds, and a physical spatial resolution of rougiply 4t
the distance to the LMC. To create the spatially integrapedsum of 30 Doradus, we co-
add the spectra of all individual resolution elements with area of about 64 pc63 pc
(the magenta square in Fig. 2.2). We show the resulting iated spectrum in Fig. 2.3.
The integrated spectrum is dominated by emission from @ebines and the thermal
continuum, while the PAH emission is generally weak in thgae.

Here we express all fluxes &, in units of erg st. To convert from the MJy st
units from the IRS pipeline, we multiply the fluxes by the dpes area of 13.7 arcs&c
and assume a distance to 30 Doradus (LMC) of 53 kpc (Feast &h@ale 1997).

2.2.3 Individual sources

In Fig. 2.2 we have indicated four locations defined in Table &f which we show their
respective spectra in Fig. 2.3. These locations includecssuof diferent nature and
were chosen to cover a broad range of physical conditionspéctral shapes. We model
their spectra separately to study the validity of the modwlenvironments which are
dominated by either highly ionized gas or by embedded stars.
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2.2 The 30 Doradus region
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Figure 2.3 Integrated mid-infrared spectrum of 30 Doradcus spectra of sources de-
scribed in§2.2.3 as labelled. All spectra are normalized to the flux at/®0and are
shifted one decade in flux for comparison. The main spectedlfes are labelled.

Source 1 corresponds to the location of the young OB clusi®6R The emission
here is dominated by UV and optical photons and shows litifeared emission from
PAHSs.

Source 2 is a YSO candidate selected from IRAC colors (Kim.&0#07), according
to the criterion suggested by Allen et al. (2004), about tnémate southwest of R136, at
the ionized southern edge of the main bubble-like structura region with significant
[S1v]10.5um emission. Its spectrum has a smooth thermal continuum mathkign of
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2 The physical conditions in starbursts derived from Bayesian fitting of mid-IR SEDs:
30 Doradus as a template

Object RA Dec Remarks
Sourcel 538"423% -69 06 03.0” R136

Source2 B538"497° 69 06 427" YSO candidate
Source3 B38"565° -69° 04 169" High extinction ¢10,m ~ 0.60)
Source4 838M4830° -69 04 412" Protostar, [S$v] emission

Table 2.1 Localized sub-regions in the 30 Doradus Spectegl.M

PAH emission, but with the typical nebular lines [&2.81um, [Nem]15.56um, and
[Sm]18.71um.

Source 3 is a bright infrared source outside of the main kol the north-west
of the cluster. Its spectrum shows prominent PAH emissiatufes and a deep silicate
absorption feature at Jom.

Source 4 is an infrared source identified as a protostell@coby Walborn & Blades
(1987), just outside the main bubble, north of R136. It cmias with a strong peak
of [S1v] emission and is also an X-ray source. Lazendic et al. (2@98hn consider
this source to be a supernova remnant, but also point todtsehiHy/Hg ratio and the
possibility of it being an Hi region with an extinction higher than average.

In general, we observe that emission from all PAH bands ikw@a&ards 30 Doradus
as compared to other starburst systems (see, for exampégatimirst SED template in
Brandl et al. (2006)). In particular, the &ih PAH complex generally associated with out-
of-band bending modes of large neutral PAH grains (Van Keogkn et al. 2000, Peeters
et al. 2004) is only marginally detected in our spectra. Aagkable result regarding
this point is that the 1Zm complex is weaker towards source 3 than expected from the
proportionality relations that have been empirically ded between dierent PAH bands
(Smith et al. 2007). This proportionality implies that imiurst galaxies the equivalent
width of the 11.3um feature is about twice the equivalent width of the 7 feature
(Brandl et al. 2006). If this were to hold also for our sour¢ev@ would expect a flux
density of the 1Zm 20% higher than the thermal continuum at this wavelengtiwéver,
our data indicates an upper limit for the @m emission of only 2% above the continuum
level.

This suppression of the J#n band can have several interpretations. A possibility is
that the PAH molecules are not neutral in this region of 30ddas. However, source 3 is
outside of the main ionized bubble shown in Fig. 2.2, and beve do not expect a high
ionization state of the PAHSs in this region. Metallicity iatfons could also account for a
change in the relative strength of the Am feature (Smith et al. 2007), but even in very
low metallicity environments an extremely weak i would also imply a weak 11/8n
feature, which we do not observe. We are left with the explanaf grain size fects.
As mentioned, emission features betweeprfnd 2Qum are associated with large PAH
grains, typically containing: 2000 carbon atoms (Van Kerckhoven et al. 2000). Wether
the conditions in 30 Doradus are unfavorable for the foramatif large PAH grains is the
matter of a subsequent paper.
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2.3 Modelling the SEDs of starbursts

2.3 Modelling the SEDs of starbursts

2.3.1 Literature on SED modelling

The simplest Spectral Energy Distribution models considstarburst as a single spher-
ical Hu region surrounding a central ionizing cluster, use staljathesis for the stellar
radiation and solve the radiative transfer for dust and gagpherical geometry. These
semi-empirical attempts use observations of specific ¢hjsach as star-forming dwarf
galaxies (Galliano et al. 2003) or nuclear starbursts @ieiprgen & Krigel 2007) to
constrain the model parameters. They are successful indeping the photometry, and
to some extentthe IR spectra of these objects, but are tirtota narrow range of physical
conditions (e.g., only two orders of magnitude in dust dgiskully theoretical models,
such as the ones proposed by Takagi et al. (2003), make sasgamptions on geometry,
dust properties and stellar synthesis, and cover a broadgerof physical properties to
model a larger sample of starburst galaxies, but ignorésdpariations of the parameters.

More sophisticated models consider the starburst as actiotkeof individual Hu
regions with diferent ages and environments, whose SEDs add up to produtatdhe
galactic SED. In the GRASIL models, for example, each ofé¢hedividual Hu regions
is assumed to haveftirent physical properties (Silva et al. 1998). Unfortulyateey do
not allow for the dynamical evolution of the expanding shig&k structures such as the
ones we have described§2.2.1. In the expanding mass-loss bubble scenario, the time
dependentradius and external pressure of thedgjion are controlled by the mechanical
luminosity from the newborn stars (Castor et al. 1975), aadtla strong influence on the
shape of the SED, as they control the gas and dust geomewyég6&et al. 2008).

None of the existing starburst models simultaneously atisofor both the multi-
plicity of Hu regions in a starburst system and their time evolution awiohaal Hn
regions evolve as mass-losing bubbles. However, the madsisribed in the series of
papers Dopita et al. (2005), Dopita et al. (2006b), Dopital ef2006c) and Groves et al.
(2008) (D&G models hereafter), represent a step forwarduintioeoretical description
of starburst systems, by including these two aspects infacerkistent way. Although
these models have been successfully applied to the SEDsavfetyvof objects, such as
brightest cluster galaxies (BCGs) (Donahue et al. 20113ystematic study of the model
degeneracies have been presented. In the remainder odthisrswe briefly describe the
underlying physics of the D&G models, emphasizing the aspttat are relevant for
our discussion, and connect this description to the cdirtgpmodel parameters. For a
detailed description of the model, we refer the reader t®ibygita & Groves paper series.

2.3.2 The physical concept behind the model

The D&G models compute the SED of a starburst galaxy as thecafume SEDs of
individual expanding hi regions, averaged over ages younger than 10 Myr. By this age,
over 95% of the total ionizing photons produced during thénnsaquence stage of the
massive stars have been emitted (e.g. Dopita et al. 2008khamon-ionizing UV flux is
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2 The physical conditions in starbursts derived from Bayesian fitting of mid-IR SEDs:
30 Doradus as a template

rapidly decreasing as the OB stars evolffatloe main sequence into supernovae. Here we
will test the applicability of the individual ki regions that constitute the building blocks
of the models. Each individual giantiHegion evolves in time as a bubble expanding into
the surrounding ISM, driven by the stellar winds and supearfoom the central cluster.
The dynamical evolution is controlled by the equations ofioroof the expanding bubble
(Castor et al. 1975) and provides the instantaneous destainihie ionization front, dust
and molecular gas with respect to the central cluster. The-tlependent expansion of
this mass-loss bubble controls the temperature of the chasthee ionization state of the
gas in the Hi region, altering the shape of the SED.

The stellar synthesis code Starburst99 (Leitherer et &9,19azquez & Leitherer
2005) provides the stellar radiation field for a populatidrstars at a given age and
metallicity. The energy output is normalized to a templatsster, whose mass is a free
parameter of the models and can be scaled to any desired Viddeestellar mass in the
cluster is distributed according to a Kroupa IMF with a loweetof at 0.1 M, and an
upper cutdf of 120 M, (Kroupa 2002). The photoionization code MAPPING&5roves
2004) provides a self consistent treatment of both the dugips (photoelectric heating,
dust absorption and emissivity properties, etc.) and tié p8ysics, returning both line
and continuum emission. The dust surrounding the clustmrisidered to have contribu-
tions from three components: a population of carbonacemmisgwith a power law size
distribution; a population of silicate grains with the sasiee distribution; and a popula-
tion of polycyclic aromatic hydrocarbon (PAH) molecule$age emission is represented
by a template based on IRS observations of NGC4676 and NGCTi28h interacting
galaxies with strong PAH emission (Groves et al. 2008). Isdstic heating is taking into
account, and the maximum grain size of the distributicayig = 0.16 um.

The radiative transfer is calculated for two physical ditrgs. The first one considers
the Hu region only and follows the UV photons as they traverse thedwilown bubble,
heat the dust and ionize the atomic hydrogen until the baynofathe ionization front.
The second one assumes a covering photo-dissociatiomrégizR) around the H re-
gion, with a hydrogen column density of Idf{(H) = 22.0 (cnT?) (anAy ~ 1 - 2 at solar
metallicity). The individual model SEDs are calculated @iscrete set of ages between
0 and 10 Myrs, with a resolution of 0.5 Myrs, and the final iméegd SED is calculated
as the age-averaged energy output of the process.

In §2.5 we will use both the integrated models and the singterégjion models to
interpret the observed integrated spectrum of 30 Doradhis. i equivalent to assuming
two different approaches for the star formation history (SFH) ofélggon: an instanta-
neous burst of a given age, and a constant SFH over the lastr$08D Doradus, although
dominated by the single star formation event that creat&bR% neither morphologically
nor spectroscopically a “single” kregion, and hence both of these simplifying assump-
tions should be tested to encircle the problem.

28



2.3 Modelling the SEDs of starbursts

2.3.3 Model parameters

The global parameters that represent the general assurapfithe D&G models and that
remain fixed by construction are those describing the olvgeaimetry, the stellar IMF,
the dust properties, and the PAH molecules. In the followwegdescribe the parameters
that are free to vary in the D&G models. To reduce our paransgtace and focus our
analysis, in our fitting process we will keep a few of theseap@aters constant based on
previous knowledge of the region. The free parameters heesthrburst metallicity (2),
the ISM thermal pressurd>(k), the cluster massMg), the compactnes£], the PDR
fraction (fppr), and the mass contained in embedded objédts.f).

Metallicity

We fix the value of this parameter # ~ 0.4 Z;, which we consider a good average of
several estimates using, for example, VLT observationsRflLRrae star and Cepheid
variables (Gratton et al. 2004) or modelling of chemicalratances in the LMC (Russell
& Dopita 1992). Metallicity variations are expected for ettextragalactic starburst en-
vironments, but the well established sub-solar metaflioftthe LMC helps reducing the
parameter space here.

ISM pressure

This parameter describes the ambient ISM pressure thatseppgbe expansion of the
mass-loss bubble. From a comparison between FIR line riateosample of star-forming
galaxies measured with the Infrared Space Observatory) @B8@PDR models by Kauf-
man et al. (1999), Malhotra et al. (2001) derived thermasguees of the order of 2Rcm3.
The spatial resolution achieved by ISO implies that, in ntases, this value corresponds
to the thermal pressure averaged over the entire galaxy.lewilé acknowledge that
Po/k = 10° K cm™ seems high for the average pressure of the LMC, we consider it
reasonable estimate near 30 Doradus, where gas densitebden boosted up by earlier
star formation events. On the high pressure &dk is constrained by the pressure of the
ionized X-ray emitting gas inside the bubble excavated lyatéoon pressure near R136,
which has been estimated to be of the order df K@m™3 (Wang 1999). We thus fix
Po/k = 10° K cm=3 in our models.

Cluster mass

The model SEDs scale in flux according to the total stellarsntastained in the star
clusters. For an age-averaged model, averaged over th€dddyr, the scaling relates
to the total mass of stars formed during that period of tinmel, lkence the derived mass
is interpreted as a star formation rate (SFR, ig Wi™1), while for a model of a single
cluster with a given age (our test case), the scaling refate cluster mas$j. For all
cases, however, it is assumed that stochaitects within the IMF are limited, and that
the stellar population samples the full range of stellarsaas
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Compactness parameter

The D&G models introduce the compactness parameteesulting from the combina-
tion of the ISM ambient pressuf® and the cluster maddly. This dimensionless pa-
rameter characterizes the distribution of the ISM with ezsfo the ionizing stars and
is based on a constant heating flux input to the stars. Imélytiit describes how close
the dust is distributed to the ionizing stars as a functiothefcluster mass and hence
it controls the temperature distribution of the dust andftrdR shape of the SEDC

is proportional to the time-averaged cluster luminositg &versely proportional to the
time-averaged square of the swept-up bubble radius. Asitbeddn D&G, we can define
the compactness as:

P/k ) 2.1)

3 M) 2
logC = 5 Iog( M@) + z Iog(cm_3 K
whereMg is the cluster mass, is the ambient ISM pressure akds the Boltzmann
constant. The pressure paramd?¢k relates to the ambient thermal pressure (or equiva-
lently, the density) of the surrounding ISM.

PDR fraction fppr

As mentioned above, the D&G models explore two cases: a &xdfyosed Hi region
(i.e. the ISM ends at the ionization front), and an kgion that is completely covered by
the PDR in projection, with lodl(H) = 22 (cnT?). In reality, a star forming region will
have a mix of both PDR emission and direcit mission, which we approximate by the
combination of the two extreme cases, parametrized by #otidin fppg:

FHIPDR _ £, 0FPDR | (1 — fopg) FHI! (2.2)

IR

whereF! ! +PDPR s the monochromatic flux arising from the star forming regiehile
FPPRandF!! correspond respectively to the fluxes calculated for the fDIR covered
case and the H region-only casefppr = 0.0 implies that there is no PDR material left
around the ionized region, whilepr = 1.0 implies a fully PDR-covered H region.
In this fully-covered case, the PDR absorbs all of the naniziog UV continuum and
re-radiates it at mid-infrared wavelengths.

Contribution from embedded objects

We expect a considerable contribution from a populationa$sive protostars to the mid-
infrared SED of Hi regions and starbursts, due to triggered and ongoing Stawatn.
At the early stages of star formation, the young objectsraagarotostar or Ultra-Compact
Hu phase, deeply buried in dust envelopes. From an obserahfammnt of view, and
given the age resolution of the models, these two types @fotdbjre indistinguishable.
To account for them, the models include a population of URdI(Dopita et al. 2006a).
In terms of the SED, these models add a component of hot dasbahd 25:m. We
parametrize this contribution by scaling it to the desirexbgMemp.
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2.3.4 Attenuation by diffuse dust

The models include an attenuation factor to account fortamfdil absorption of UV light
by foreground diuse dust. This factor is important in the modelling of stasbgalaxies,
where there is significant fluse material along the line of sight but not associated with
the star-forming regions. The adopted extinction curveeisveéd by Fischera & Dopita
(2005) and resembles a Calzetti extinction law, which isomemtial. The incoming flux
is corrected for extinction a¥F = Foe™*7at, wherep is the column density of dust that
gives a certaiy, ando 4 is the dust attenuation cross section. Based on radio aontin
observations, Dickel et al. (1994) find an extinction/gf = 1.1 mag towards the 30
Doradus region. In a recent paper, Haschke et al. (2011) firdidening towards 30
Doradus of E(V-I}> 0.43 mag, corresponding to a similar extinction. We expeaviddal
sources to have higher extinction values within 30 Doradith) individual protostars
having values of\, up to 4.0 magnitudes. Hence for consistency we use here aagg/e
value of Ay = 2.0.

2.4 Fitting routine

We introduce here a Bayesian fitting routine for the midénéd SED of a starburst, either
individual starbursts such as 30 Doradus, or entire statigaaxies. This routine can be
easily extended to include other wavelength ranges, andearsed for any observed
spectrum that is expected to be within the defined paramptares We consider each
model parameter as a random variable with an associatedfgititypdistribution function
(PDF). Rather than just minimizing the value to find the best fitting model, we solve
for the probability distribution function of each of the medgharameters.

In recent years, Bayesian analysis has been used in a nuhb#fesent fields of
astrophysics, where an attempt was made to reproduce &dirainount of data with
multi-parameter models. Some of the applications of Bayesnethods in the deter-
mination of best fit parameters include photometric redsi{ivolf 2009), observational
cosmology (Kilbinger et al. 2010) and dusty tori around RetGalactic Nuclei (AGN)
(Asensio Ramos & Ramos Almeida 2009).

2.4.1 Probability Distribution Functions

We fit the integrated spectrum of 30 Doradus and the indivitheations in Table 2.1
using a grid of the D&G models parametrized by the quantidiescribed in§2.3. In
determining the best fit we ugé-minimization, where the reduced is given by

(Fi — f(po, 41))?
Xred - Z DOFXO' 4 (2.3)

with the sum performed over all wavelength biis The size of these bins is fixed
by the wavelength resolution of the modeis.is the measured flux for each wavelength
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Parameter Range Resolution Remarks
Age 0- 10 Myr 0.5 Myr
logC 35-65 0.5
fepR 00-10 0.05
Mstars 2 orders of magnitude 0.13dex  Adjusted to total flux density

Memb 0.8 orders of magnitude 0.05dex  Adjusted to total flux dgnsit

Table 2.2 Values adopted by the model parameters.

bin, f is the model-predicted flux at certain wavelengttor a given set of parameters
Po, i is the observational error fdf;, and DOF is the number of degrees of freedom,
namely the total number of wavelength bins minus the numbfree parameters in the
model. Minimizingy? gives us the best fit values for the parameters, but tells ns ve
little about the uncertainties in the model and the paranmisgeneracies. However, by
exploring they? surface over the range of parameters we can explore theseeegies
and the robustness of the returned parameters.

If the errors in the parameters can be described using a @audistribution, the
Bayes theorem states that the probability distributiorcfiom (PDF) for a given parameter
or group of parametergg) can be recovered from the reduggddistribution:

P(po) = ) 2¥es, (2.4)
P#Po

The resulting distribution, called thgosteriordistribution for that parameter, is the
product of thelikelihood distribution and a modulating probability distributiorathin-
cludes any available a priori knowledge about the paramgitat comes from previous
observations, theory, or the experimental setup. This hatidg probability distribution
is called theprior distribution. We refer to the adopted prior distributiosstlae priors of
our study.

2.4.2 Model priors

Initially, we introduce bounded uniform priors for all pamaters of the D&G model.
The bounds introduced in our priors are predominantly cairstd by theory, with some
constraints from observations. We use a grid of B0 model outputs to cover the broad
range of physical conditions in starbursts. Table 2.2 surm@sithe resulting sampling
for this study, the parameter ranges and their resolutions.

The range of ages is constrained by the typical main sequdatime of an early
type star. For the compactness paramg@tire limits are related to our knowledge of star-
forming regions: values below lag = 3.5 would imply very difuse o ~ 10*/T) ISM
or stellar clusters, far lower than expected for starbuegians, while values exceeding
logC = 6.5would lead to very compact and massive clusters. The vafigtsllar mass in

32



2.4 Fitting routine

the clusterM, and the mass contribution from embedded objédts,, are selected on a
logarithmic scale depending on the total mid-infrared flaxreeasured in the spectra. The
fraction of PDR materialfppr, ranges from a completely PDR-free starbufspg = 0.0)

to a situation where the Hregion is completely hidden by the PDR:fr = 1.0).

2.4.3 Uncertainties and model resolution
Sources of observational error

There are three types of errors contributing to the totakbuainty of the measured flux
densities:

e The absolute flux calibration. Using model stellar atmose$ieDecin et al. (2004)
find that the & uncertainties on the absolute IRS flux calibration-a@0% for the
SH and LH modules and 15% for the SL and LL modules. With regard to the
modelling this error is similar to an uncertainty in the diste to the object, and
affects mainly luminosity-based estimates, such as the @ae8#R or stellar mass.

e The relative flux calibration. This refers to response @ within the given
spectral range, often from one resolution element to théorex and is the equiva-
lent of a “flat field”. From the typical dierences between spectra of high signal-to-
noise, taken at two fierent locations within the same slit, we estimated this unce
tainty to be about 5%. With regard to the modelling this eliraits the weight that
can be given to individual spectral features, and is thusddmental limitation to
the achievable accuracy.

e Systematic errors due to the specific observing conditiofsis uncertainty in-
cludes observational jitter, drifts and source (de-)aémge which may lead to a
wavelength dependent change in the overall SED slope dimdtudes the amount
of radiation that is external to the source of interest bok@d up by the slit, e.g.,
from the difuse interstellar radiation field or another nearby source.

Flux calibration of a slit spectrum can assume that the goigra point source, and
multiply by the fraction of the point source outside of thig s¥hich corresponds to
a wavelength-dependent “slit loss correction factor”. efiately one can assume
that the intrinsic distribution of emission is spatiallytflao the same amount of
light is lost from the slit as re-enters it from a neighbogrpoint on the skyCU-
BISM assumes the latter. Neither extreme is correct, and itteeBub systematic
flux uncertainty that scales nonlinearly with brightness.

In addition, many adjacent spectral features, measurduthgtlow resolution IRS
modules, will be blended together. This is most evident figr blending of the
[Nen]12.81um line and the 12.zm PAH feature. Some of these systematic uncer-
tainties vary in time, location on the slit and wavelengtsg are extremely hard
to quantify. Hence, we do not attempt to quantify them but wechto keep these
additional uncertainties in mind.
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Furthermore, many distinct spectral features, such asdhbelar emission lines, con-
tain information on the physical conditions of the ISM whishcomplementary to the
information that can be derived from the dust continuum. @mght thus consider as-
signing these distinct wavelengths a larger weight (imalier error) in the fitting with
respect to the more numerous continuum bins. However, tiresdluxes are diicult
to model very accurately, and a larger weight combined watmes mismatch between
observed spectrum and model may dominate/fheinimization routine and lead to an
incorrect local maximum in the PDF.

One could alos consider a very sophisticated fitting procedinere each resolution
element gets its unique uncertainty (i.e., weight) asslgteking all the above mentioned
error contributions. However, we consider this approacttiically impossible to reach
our main goal, namely the provision of a reliable modellinggedure that yields repro-
ducible results. From the above arguments it is evidentahgtotal uncertainty (which
will be used as weight in the? fitting) has to be larger than the error in the relative flux
calibration, but will likely be smaller than the absolutexfluncertainty. Our tests have
shown that a flux uncertainty of 10% for all IRS resolutiomedmts leads to meaningful
and robust results. Hence, we adopt an error of 10% per IRfButes element.

However, the above stated values only hold for the Brightr&uimit (BSL) of the
IRS, which corresponds to gi$ratio of about 10IRS Instrument HandbodkFor dim
sources with 8N < 10 , statistical variations in the number of detected phetome.,
shot noise) dominate the uncertainties, and our 10% unicgrestimate no longer holds.
Other noise sources, such as noise from the detector reahdwtark current come into
play, and we need a more conservative error estimate. Fepedtral resolution elements
with /N < 10 we use the RMS variations of the spectrum between adjaosittons in
the spectral map. For each location we extract the spectiteedbur nearest resolution
elements. From these five locations we calculate the avara)BMS deviations for each
spectral resolution element, and replace our standard He#riainty for the BSL by the
RMS value for that spectral element.

Data rebinning

There is a dierence between the wavelength bin size of the models and#odution
element of the Spitzer-IRS. The resolving power of the IR®jes between 60-110, and
hence a typical resolution element is of the order ofifril In contrast, for the models
we have a wavelength step size that increases logarithgnweigth wavelength, and varies
from 0.05um at 5um to 1um at 40um, but includes local variations to resolve important
line features. Therefore, we have re-binned the IRS sgeatata to match the lower
spectral resolution of the models, by averaging the fluxeb@flata bins corresponding
to the same model bin. The uncertainty of the resulting bimsthe other hand, are
calculated as the square root of the quadratic additionentiticertainties of the original
IRS resolution elements. This propagation of error with tirening also prevents the
uncertainties in the long-wavelength bins to dominate the fi
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Figure 2.4 Measured mid-infrared nebular line ratios oleted on a grid of starburst
models from Levesque et al. (2010) that include a singleréjion only. The parameters
of the model are the age of the stellar cluster, and the itinizparameter, Q (the ratio of
ionizing photon density to gas density), as labelled on terebars to the right.

2.5 Results

In this section we present and discuss the results of oundittbutine applied to the
integrated spectrum of 30 Doradus, and subsequently alseléated subregions within
30 Dor. The latter have been added (see also sections 2.3 3t probe the validity

and limitations of our starburst models on regions whosetspare dominated by one
type of source (e.g., an OB cluster or a protostar).

In the following subsection we compare the results on thegirstted starburst spec-
trum of 30 Dor, using three fferent approachegi) fitting all resolution elements of the
entire 5— 38um spectrum(ii) fitting the continuum bins only, i.e., excluding the fine-
structure emission lines, ar{idi) deriving the stellar ages from the IRS high resolution
lines only. We will show how sensitive the results dependtangpectral information
provided. We then compare the best fit results on the intedi2@ Dor spectrum with the
results on the subregions. Finally, we discuss how thetewduld change if we would
not assume a single age burst but an age averaged model.
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2.5.1 Nebular lines ratios as age diagnostics.

The collection of emission lines in the mid-infrared wavejth range of the IRS are
sensitive diagnostics of ages of massive OB stars and tatigmass of the radiation field.
They have the advantage offfring little from obscuration and hence allow us to probe
the conditions of deeply buried regions. In particular, fNe m]15.5um/[Nen]12.8um
and the [Sv]10.5um/[Sm]18.7um line ratios are good diagnostics of the ionization state
of the gas, and hence provide a good constraint on the age ainizing cluster through
measuring the hardness of the radiation field (see e.g. Gena. 2008).

By using the ratios of the nebular emission lines, we canigeowseful constraints on
the ionization state and age of the central cluster, anditesk the present degeneracies.
In the particular case of 30 Doradus, we have measuremettig ¢ifie fluxes with both
the low resolution orderddreshereafter) and the high resolution ordensds hereafter)
of the IRS. The lores lines have a larger flux uncertainty, laggce a good consistency
check is to compare the results we get from the routine wihlte derived from the hires
lines.

We use the hires nebular line fluxes presented in Leboutetilal. (2008) as a refer-
ence for the estimation of cluster age and ionization paransd compare the results
with what we obtain from the SED fitting for the four individusources of Table 2.1.
These line ratios are plotted in Fig. 2.4 superimposed orgtideof models by Levesque
et al. (2010) (created using the ITERA program of Groves &AlIR010). These are es-
sentially the same as the D&G models, and use both the S&#9Buand MAPPINGf
codes with similar assumptions about the gas. However,¢hedque et al. (2010) models
use a much simpler geometry (namely plane-parallel instéapherical), demonstrat-
ing much more clearly how the degeneracy between the hadifake radiation field
(i.e. stellar cluster age) and the ionization parameteth® ratio of the ionizing photon
density to gas density), is broken using four strong midairédd emission lines. The de-
pendence of the line ratios on these two parameters hasedsonote by Morisset et al.
(2004). Our comparison between the measured line ratioshangdredictions from the
Levesque models indicate ages between 2.0-2.5 Myr for aflfositions.

The sample of sources in Lebouteiller et al. (2008) inclddesmore locations in the
30 Doradus region, apart from our four selected sourcesursg) that the measured
line fluxes in these sources are representative of the dweraditions in the cluster, we
estimate the line ratios for the whole region from the lunsibpweighted average line
fluxes: logg[Nem]/[Nen]sopor = 0.75 and logy[S1v]/[Smi]30per = 0.005. We also plot
this average value in Fig. 2.4. The result indicates an agexdfiyr.

In Table 2.3 we list the ages derived from the Lebouteillealetires line ratios as
compared to the ages derived from the SED fitting in two ca@ditting the emission
lines and(b) excluding the emission lines. The reason to perform the fitguthe con-
tinuum only is two-fold. First, we want to check the consigtg of the results for our
individual sources, which can not be treated as isolatedddions, since their ionization
states areféected by other external sources. Second, as we have alrzdely, svhile the
line ratios can be reasonably estimated by the models, the &xjuivalent widths of the
lines are predicted with a lower degree of accuracy by the D&dsglels.
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Source SED fit SED continuum  Line ratios
with lines [Myr] [Myr] [Myr]
1 7.5 2.0 2.0-25
2 10.0 2.5 1.5-2.0
3 8.0 2.5 2.0-25
4 0.5 2.0 2.0-25
30 Dor 3.0 5.0 2.5

Table 2.3 Ages of individual sources

The results show that for the individual sources, the agasatktfrom the continuum-
only fit are consistent with the high resolution measures&oim Fig. 2.4 and with the
independent measurements of the overall age of the regioth®other hand, including
the unresolved lines in the fit for these individual soureeslk to age estimates which are
in disagreement with all the other methods, with a tendenoyerestimate the ages.

The lowres line ratios imply age estimates that are not Bagmitly different from
the hires results and hence the mentioned disagreemeritidteinterpreted in terms of
the limitations of the integrated idregion D&G models to reproduce the continuum and
the line emission foindividual sources. Nonetheless, for the integrated spectrum, the
derived age from the emission line fit is consistent with tighmesolution measurements
and with the literature, as expected for a self-containgabrefor objects of which class
the models were intended.

Based on this results, for the integrated spectrum of 30 Borum the fitting routine
including the emission lines. For the individual sourcesyéver, we do not attempt to fit
the low resolution lines and fit only the continuum. Also foe individual sources, to in-
clude the information contained in the high resolution iineasurements, we modify the
prior probability distribution for the ages from those didtin Table 2.2 to use a Gaussian
distribution centered a 2.5 Myrs with a dispersion of 1.5 BMyFhis suppresses weights
solution with older ages down, further constraining theapaeters.

2.5.2 Integrated spectrum
Best fit

We show the resulting best fit from our code to the integrapegisum of 30 Doradus in
Fig. 3.9, with the residuals of the model fit to the observatishown in the lower panel.
The quality of the fit is remarkable, with most of the spectealtures in the mid-infrared
spectral range successfully reproduced. This is a signifitaprovement from broad
band photometry SED fitting, where only a few data points wited to constrain an
equal number of parameters.
The individual contributions from the unobscured kegion, the PDR, and embedded

populations are explicitly plotted in Fig. 3.9. The resitdua the bottom panel indicate

37



2 The physical conditions in starbursts derived from Bayesian fitting of mid-IR SEDs:
30 Doradus as a template

that the model fits the observations within the uncertasribemost of the IRS wavelength
range, but underestimate the fluxes neauftb This feature is most likely due to an
overabundance of small silicate grains within the assunustimodel, and is dominated
by the embedded star model.

The sulphur lines at 10,8m and 18.3um appear as underestimated by our best fit
model. This could be possibly due to abundance@ngressure variations (see Dopita
et al. 2006¢), and we can only argue here that for the assulm@mlances and ISM
pressure, the fitin Fig. 3.9 represents the best case inédécpion of line ratios. The mid-
infrared continuum is dominated by the embedded populatispecially fora > 10um
with the PDR contributing mainly to the PAH fluxes and the amnim slope at the long
wavelength end of the spectral range. The tegion and PDR are responsible for most
of the emission lines.
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Figure 2.5 Best fit to the integrated IRS spectrum of 30 DosadRed Observed spec-
trum rebinned to the model resolution with error bars forhebio. Black best fit SED.
Dashed blue“Naked” Hiu region contributionSolid blue PDR and obscured Hregion
contribution.Dotted blue Embedded object contribution. The best fit values and redluc
x? are indicated. Residuals are shown in the lower panel, isahee logarithmic units.

Interpretation of the results for the integrated spectrum

The normalized PDFs for the model parameters are shown in2keg for the priors as
listed in Table 2.2 (dotted lines), and for the modified phality distribution of ages
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Parameter  Age-unconstr. Age-constr. Literature
Age(Myr) 3.0°52 3012 ~ 3 (Hunter et al. 1995)
logC 5.03:8 5.0t(1):g
fror O.6i8;‘1‘ O.6i8;‘1‘
log Mci (Mo) 4897 4892 4.7 (R136) (Hunter et al. 1995)
IOg Memb (M o) 4'47t8:8§ 4-47t8:82

Table 2.4 Best fit to the integrated spectrum of 30 Doradus

described earlier (dashed lines). The best fit values markeartical lines and thed
uncertainties indicated by the horizontal line pattern. IMfethe best-fit values, with the
uncertainties corresponding to each case, in Table 2.4.

From the dark-shaded and dotted PDFs in Fig. 2.6 it is evithetitseveral of the pa-
rameters appear to be very broad or even unconstrainede@bern for this can be clearly
seen when we plot 2D PDFs for selected pairs of parameterg i (i.e. collapsing
the y? space down to two parameters). These show degeneraciesdmetartain model
parameters, indicating that, at least in the IRS wavelerayiye, these parameterf$emt
the SED shape in a similar way. If one or both of these parametn be constrained
using other information, such as from other wavelengths,1h PDFs should become
narrower, and the parameters better constrained.

In order to understand these degeneracies we need to loskiibaat the 2D proba-
bility maps and link the resulting distributions to thi#eet that each parameter has on the
spectrum. There is an age-compactness-cluster mass dagerevealed by two dierent
set of parameters that provide a good fit to the observed SE&fifist panel of Fig. 2.7
clearly shows the resulting two-peak distribution on thebability distribution for the
total cluster mass-age subspace. These two parameters)laswompactness, have a
similar dfect on the mid-infrared continuum as they vary across thé dginiey scale the
continuum flux by certain multiplicative factor.

The age-mass component of this degeneracy is not surprasngpompared to a clus-
ter of certain mass and age, a less massive cluster is dintrgitaer wavelengths, but
the same holds true for an older cluster. IRS continuum djtéilone is incapable of dis-
tinguishing between these two parameters, as can be seathfedwo-peak distribution.
However, we have more information contained in the nebitasl In particular, older
clusters show less nebular emission, as the ionizing iadiatrongly decreases with age.
Including the lines in the fit breaks the age-mass degenemdyenables us to select,
between the two possible solutions, the one that best rapestthe measured line ratios.
The best fit in Fig. 3.9 corresponds to this best solution.

The two peaks of the compactness-age degeneracy are dearlyin the PDF maps,
as shown in the second panel of Fig. 2.7. This degeneracyemfilat both a young
cluster with small compactness or an old cluster with higinpactness lead to similar fits
of the observed spectra, provided that the cluster massd|ssts. This is shown in the
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Figure 2.6 Probability distribution functions of the mogelrameters when fitted to the
integrated spectrum of 30 Doradus, for two cadestted line uniform priors described
in Table 2.2.Dashed line Modified prior distribution for age, as defined§2.5.1. The
shaded areas correspond to the integrated probabilities, while the vertical lines indi-
cate the best-fit values.
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central panel of Fig. 2.7. In this case, the emission linedess sensitive to the variations
of the two parameters together, since both the age of théeclasd the compactness
affect the line ratios. However, once the age has been deteatrfriom the line ratios,

the compactness probability distribution also shrinks sgldcts only one of the possible

solutions for compactness.
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Figure 2.7 Two-dimensional PDFs for selected pairs of patars showing the model de-
generacies. The grey scale contours indicates normalizdgpility. The cross symbols
mark the best-fit values while the white line contours intliche 1e- and 90% confidence
levels.

Panel (c) of Fig. 2.7 shows a degeneracy between clusterand$3DR fraction. The
two strips correspond to the two peaks of the age-mass-attmgss degeneracy, while
the smooth diagonal variation corresponds to the PDR fradatluster mass degeneracy.
This degeneracy arises from the fact that the PDR regiorcthatrs the Hi region con-
tributes mostly PAH emission, but also adds thermal dusticoum that in the models
scales up with the PDR fraction. The emission lines are ngtedit help in breaking this
degeneracy, since their relative fluxes are almost inge@sd variations in PDR content
and total mass. In this particular point, thus, we can onlipekter if we include data from
other wavelengths.
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Figure 2.8 Two-dimensional PDFs for selected pairs of patams, when only the contin-
uum has been fitted. The grey scale contours indicates niaedairobability. The cross
symbols mark the best-fit values while the white contourdimalicate the Xr and 90%
confidence levels.

To assess the importance of the line ratios in the constgiof the parameters and
the break of the age-compactness-mass degeneracy, in.&igye2lot the PDFs for the
same parameter pairs, but this time after only the continbambeen fitted. A quick
comparison between the two cases reveals that the incloéithre lines not only selects
one of the two degenerate peaks, but also helps the bestfés/tl converge towards the
absolute maximum of the PDF. This is particularly evidemttfee mass-age degeneracy,
where the continuum-only fit favors an older age solutionjlevthe inclusion of the

lines shifts the probability maximum to an age that is in agrent with independently
measured values.

42



2.5 Results

38

37 37

. ’ Age = 2.0 Myr 5

log vF, (erg s™")
log vF, (erg S“)

36 EEE 1w 36 ¥ & Age =-2:5Nyr
F log C = 3.5 g i __-'"""Tlog C = 3.
feor = 0.00 ] fopr—="0.10
Mg = 1.26402 My ] i Mg = 3.26401 Mg
Memy = 5.3E+00 Mo ] sk ) Memp = 1.4E+01 Mg
= (R S =
AT . . [[*3 ~04E, . . . . . 3
10 15 20 25 30 35 10 15 20 25 30 35
Wavelength (um) Wavelength (um)
(a) Source 1-R136 (b) Source 2 - Protostar candidate

38F
38F
37F

37 RS U

Age =270 My(

log vF, (erg s™")
log vF, (erg 541)

38\“*\]‘. T - Age = 2.5 Myr
Foats Log C = 3.5 ] § P L, kogC =45
fopr = 0.25 ] 36E [ i " [Pt fope = 0.80 ]
f My = 1.7E+02 Mg ] Eobwn w0 - Mg = 1.2E+02 Mg
f Moy = 4.1E4+00 Mo ] Eobonno My = 2.7E+01 Mg
35¢L : : , f , hi TR , | , h
0 3 04F E|
0.0 |, P 3 0.0 fpdeamn, J"r Fq” -
wap T , 15 —sf T . , , , 3
10 15 20 25 30 35 10 15 20 25 30 35
Wavelength (um) Wavelength (um)
(c) Source 3 - Highly extincted source (d) Source 4 - Protostar candidate

Figure 2.9 Best fit models for the individual positions, extihg the emission lines from
the fit and with the age distribution constrained by the litgoranalysis. The color code
is the same as for Fig. 3.9.

2.5.3 Individual sources

As noted before, any complex starbursting system is likelyolver a wide range of object
types and physical conditions, from individual protostansl luminous UCHIIRs to OB
clusters, loose stellar associations, PDRs and fffies#i ISM. To investigate the range of
conditions for which our starburst models still yield acterresults, we have chosen four
subregions that probe these “extreme” cases where onesgf tioenponents is expected to
dominate the mid-infrared spectrum, based on detectiofonéxample, infrared excess
or X-ray emission. These sources are the OB cluster R136littlthdust obscuration,
an Hu region which shows high extinction along the line of sighiyse 3), and two
compact objects, which are luminous protostellar cand&lgtources 2 and 4).

We fit the continuum spectra of those subregions and inclieernission line ratios
as a modified probability of the ages, as describegli’s.1. While we do not expect to
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Sourcel Source?2 Source3d Source4

t(Myn) 20720 2520 2575 20773

logC 3.511):8 3.5f8:g 3.5t8:8 4.5f8:g
fPoR 00055 010755 025735 0.807535

log Mg (Mo) 21799 1552 2.2702 2.1704
logMemb(Mo) 073933 1.13'537  0.61793¢  1.437012

Table 2.5 Best fit parameters for individual positions in 3@ D

get a very good fit on these types of sources with the genenddsst models, we want
to verify that the crucial parameters are qualitativelyf stnstrained within reasonable
limits, according to the respective physical conditiontd by the individual sources.

Best fits to the spectra of individual sources

We have seen that in the case of the integrated spectrumg fitte emission lines along
with the continuum greatly helps in breaking the model degacies. However, as dis-
cussed in§2.5.1 and summarized in Table 2.3, this is not the case fointieidual
sources, where the fitting of unresolved lines leads to atima&®s which are in dis-
agreement with the continuum-only fit and with the line ratiwlysis, for reasons that
are described i§2.5.1. Hence, we do not include the emission lines in the SEDJi
of the individual sources. Furthermore, we modify the agergo include only ages
that are consistent with the high-resolution line ratioshin the uncertainty limits set by
the comparison of the line ratios and the Levesque modelsath case, instead of the
uniform prior distribution of probability for the age, weaia Gaussian PDF centered at
2.0 Myr with an uncertainty of 1.5 Myr.

The resulting best-fit SEDs are shown in Fig. 2.9. The rasyltiest fit parameters
and 1e ranges derived from the PDFs are shown in Table 2.5.

Interpretation of the results for individual sources

All of our spectra show significant flux densities in the & range. This continuum
emission is indicative of hot dust @t~ 300 K, which is typically associated with proto-
stars, but not exclusively. It may also include emissiomfrdust close to slightly more
evolved stars, as well as hot dust in between stars of a glastd dense clumps in the
Hu region that cannot be modelled by the simple uniform tgion model of D&G.
We account for all these contributions by what we have cahecembedded component.
Fig. 3.9 shows that this component dominates the emissidf Boradus at mid-infrared
wavelengths.

In fact, our attempts to fit the integrated spectrum of 30 Bosawithout including
this embedded component have proven unsuccessful, ané,hief one of our main
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results that this component of “embedded objects” is necgds fit the observed spectra
for A > 10um. Qualitatively, this interpretation looks quite plausibthe two positions
that coincide with the location of YSO candidates (sourcaa@4) have the higher rel-
ative mass contribution from the embedded component, Wit and 20% of the total
mass contained in embedded objects, respectively. Thesgmnding contributions from
embedded mass in R136 and the highly extincted source aren892%, respectively
(Table 2.5). However, we need to keep two issues in mind:

First, while we associate this component with a recentlyniedt star, strictly speaking
it is not entire due to protostars and UCHIRs, for the reagiven above. Hot dust in
starbursts may also be found in other environments and ghéme amount of “embedded
objects” derived from our fits can only be considered as@er limiton the amount of
protostars and UCHIRSs.

Second, the contribution of this embedded component todta émission afl >
10um may be surprisingly high but is not unreasonable. Thidustitated in Figs. 2.9(a)
and 2.9(b), which show the fits to source 1 (R136, the mairt@ijand source 2 (a pro-
tostar, or group of protostars). Whil, (stars+ Hn region+ PDR ensemble) is at least
one order of magnitude larger in the case of R136 than in thHeedded region, the con-
tribution of the embedded component is much higher for tieségstar in comparison, and
so are the observed flux densities over most of the IRS speatrge. While R136 con-
tributes most of the stellar mass, much less massive compodescribed as “embedded
objects” contribute the majority of the mid-IR flux.

In other words, the fact that the integrated flux in 30 Doradugominated by this
embedded component does not imply that there is a similas e@ribution from this
embedded component. In fact, our derived mass contribofiembedded objects to the
stellar mass of 30 Doradus is about 35%. Furthermore, ae#ipit uncertainty in the
nature of the embedded component, we will show in sectiontatthe star formation
rate in 30 Dor derived from our modelling approach does overestimate the “true”
star formation rate as derived from integrated panchran&Ds that include the far-IR.
Additionally, the application of our routine to starbural@xies shows that this component
of embedded objects does not dominate the mid-infraredsémnigor these galaxies, as
it does for 30 Doradus.

Our results in Table 2.5 indicate that source 4 has a highepeotness as compared
to the other individual sources. High values of d@re expected in compact starbursts
with high surface brightness, where dust is in close praxitoiintense UV fields. Source
4 is a very bright and compact source ofifB.0.5um, indicating the presence of highly
ionized gas probably near a hard UV source, and, as pointdd §R.2.3, is also a bright
X-ray source that has even been considered as a supernovamrecandidate. No other
location in our spectral map shares these characteristias andividual source. On the
other hand, low compactness is derived for sources whersittigdtaneous presence of
bright stars and dust can be inferred, as it is the case o€ssdr, 2 and 3.

We conclude that, even though our models are not intendeattehthese individual
sources, we can nonetheless learn from the compactnessgiaraas defined i§2.3.2,
by comparing the results of the routine applied to them. Thaime is capable of con-
straining the proximity of luminous sources and hot dust. haee derived a relatively
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high compactness for 30 Doradus itself with ©g= 5.0, which is consistent with the
luminous cluster in its center surrounded by nearby riddetsist.

A comparison of the values fdppg in Table 2.5 with the spectra in Fig. 2.3 indicates
that, as expected from the construction of the models, addgéring fraction is generally
associated with strong PAH features. We show here thate@nehere a YSO has been
identified via infrared excess, has little associated PAli$sion, whereas source 4, which
also shows infrared excess and has been associated with asti@s significant PAH
emission. The presence of PAH emission in the line of sighaitds embedded objects
might depend on the evolutionary stage of the YSO, i.e., eroftical thickness of the
envelope. If UV photons from a young, massive protostar mat@aescape the embedded
region and create a PDR around the YSO, then we expect ta @ételeemission. In some
cases, like source 3, where the deep silicate feature tyfpica highly embedded objects
is accompanied by high line ratios indicative of an ioniziogirce, the PAH emission can
even dominate over the embedded component. No significaRtétBission is inferred
from the fit to R136. This is consistent with the expected abser low abundance of
PDR material very close to the ionizing cluster.

There are two important caveats that we must consider inrtegpiretation of the
PDR covering fraction. First, we have not included here smsfrom difuse dust, not
associated with the starburst (i.e. heated by the intéasteldiation field); this adds both
cold dust and PAH emission. Second, there exists a deggnleetween the covering
fraction of PDR material and the cluster mass in the midairgd (right panel of Fig. 2.7),
due to the fact that PDR regions not only add PAH emissionalsgtcontinuum emission
at longer wavelengths. This translates in the apparent ai@nbetween the PDFs and
the best fit values for these two parameters in Table 2.5.

2.5.4 Age averaged case

The degeneracy found for the integrated spectrum of 30 Msrétht leads to the two
possible solutions of an old, massive cluster or a youngetusith a smaller mass is
indicative that not even 30 Doradus can be considered agle sioeval stellar population.
As described in the introduction, a number of spectros@ilyicdentified populations
have been identified in 30 Doradus, and the fact that thermawmtn is compatible with two
different sets of parameters leads us to the conclusion thatpdesisingle-age approach
might be inaccurate even for our benchmark té¢gion. Thus we also carry out the SED
fitting using an age-averaged model.

We have fitted the integrated spectrum of 30 Dor using theazgeage model de-
scribed in§2.3.2, where the SED is integrated over the 0—-10 Myr lifetohithe ionizing
stars. In this case, the cluster age is no longer a free madatyeter, and we can interpret
the absolute flux scaling as the SFR instead of a single closiss. We keep the ISM
pressureR/k) and the metallicity Z) fixed to the same values as for the single age case.
The best fit parameters we calculate in this way must be ireegg as average values
over the time span covered by the models. Fig. 2.10 showg#udting best fit to the data
with the age-average model, and Table 2.6 lists the bestfitrpeters with the associated
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Parameter Best fit
logC 50709
frpR 1 00+0 00
log SFRg (Mo yr'h)  —2. 05+g §g
femb 3.20°8%

Table 2.6 Best fit to the integrated spectrum of 30 Doradus age-average model.

uncertainties derived from the PDFs.
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Figure 2.10 Best fit to the integrated IRS spectrum of 30 Dasadsing the age-average
model. The color code is the same as in Fig. 3.9.

Here we use the parameti,, instead ofMegmp. It refers to the ratio of mass con-
tained in embedded objects to the mass of main sequencdatatgects younger than
10 Myr, and hence itis related to the amount of currently amgyetar formation. In other
words, femp gives the fraction of embeddadiCHII luminosity-weighted contribution that
we have to add to the SED to fit the observed spectruf = 0.0, there is no current
star formation happening, whereaddf,, = 1.0, half of the massive stars formed over the
last million year are still in a embedded state. Since thigrifoution is integrated over a
period of 1 Myr only, adding embedded objects also implied the average SFR has to
be modified according to:
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SFRg = SFR+ %’SFR (2.5)
At

where SFRy is the dfective SFR that accounts for the additional population of em
bedded objects, antl; is the ratio of the total time over which the starburst hasbee
modelled (10 Myr) and the estimated duration of the embegiede (1 Myr). For our
best fit case, we get SFR0.007 M, yr~* and femp = 3.2, which implies that among the
stars younger than 1 Myr, there are about three times moree@aeld objects than main
sequence objects. Hence, tieetive SFR is SFR = SFR+0.32xSFR= 0.009M,yr1.

The LMC has a SFR of 0.1 Myr~* (Whitney et al. 2008). Keeping in mind that
this is only a lower limit estimate, given the incompletenesany YSO catalogue, our
result implies that between 3% and 10% of the star formingyiaciof the LMC takes
place in the 30 Doradus region. To see how this comparesitoass of the SFR in 30
Doradus from single photometric measurements, we compar&iAS flux at 25m for
the entire LMC to the 64 p63 pc area from which we have extracted the spectrum of
30 Dor. The total flux density from the LMC at 2Bn is 7520+ 1100 Jy (Israel et al.
2010). From our integrated spectrum (Fig. 2.3), we deriveoaagchromatic flux density
of 1739+ 174 Jy for the same wavelength, which corresponds to 24%eaffoital LMC
flux density. Assuming this wavelength directly traces 8tamation, it suggests that our
value is close, but may be underestimated by a factor of two.

The compactness and fraction of PDR results are consistéoth the single age case
and the age average case.

2.6 Summary and conclusions

Significant progress in our understanding of starbursesysthas been made over the past
decades, both on the observational and theoretical sideigg Bmount of spectral data
on star forming regions and starburst galaxies has beeacted with 1SO, Spitzer and
the Herschel Space Telescopes, complemented by a cordalboaary of SED models
that predict the energy output of starbursts as a functiavavtlength.

However, SED fitting of starburst has mainly focused on maxmiikelihood meth-
ods, which generally overlook degeneracies between pliysézameters and lead to re-
sults that are not unique. Furthermore, these ad hoc agmsaiften depend on some
hidden assumptions that make the results reproduciblehisnchapter, we presented a
routine to fit the SEDs of starbursts based on the models peapbm the series of pa-
pers Dopita et al. (2005), Dopita et al. (2006b), Dopita e{(2006c) and Groves et al.
(2008). We verified the accuracy and limitations of our apptoby comparison between
the model fit results and the known properties of the welthstd, prototypical giant ki
region 30 Doradus. Our main findings are:

e Our modelling procedure is able to fit a broad range of contimglopes, PAH in-

tensities, and emission lines. Although we have only usedrttd-infrared spectra
for the calibration, the method can be easily expanded teratavelength ranges.
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¢ We have verified the validity of our approach by comparisotinuhe well studied
30 Doradus region. The derived physical parameters, sucluater mass, clus-
ter age, ISM pressure and PDR content, are in good agreenignthg known
properties of this nearby starburst.

¢ We have provided a detailed study of the model degeneratigeimid-infrared
window of the spectrum, and have shown that the best fit vatudse continuum
shape are driven by a triple luminosity-age-compactnegsriiracy that, in gen-
eral, leads to multiple “best fits”.

e The inclusion of emission lines in the analysis breaks tligetheracy. It is ex-
pected that the addition of other wavelength ranges woutthéu constrain the
model parameters. In particular, the precise location efpisak of the dust emis-
sion in the far-infrared is crucial to constrain the compass parameter. Herschel
spectroscopy, as well as MIPS and PACS photometry, play poritant role here.

e We provided meaningful results to the model-defined conmeesst parametet,
introduced by Groves et al. (2008), and linked them to theipmity of ionizing
sources and hot dust.

¢ We have shown that modelling the SED of a typical starbuggbrerequires a com-
ponent of heavily embedded objects (massive YSOs and UGHWRich dominate
the mid-infrared continuum slope. The derived mass fractibthis embedded
component can be interpreted as an upper limit to the amdentent star forma-
tion, since there are other dust heating mechanisms natdadlin the models.

e We found a degeneracy between the total stellar mass anéléteye amount of
PDR material fppr, as both will contribute to the dust continuum. This degangr
may lead to uncertain mass estimates and can only be reseitleddditional data
at longer wavelengths, e.g. from Herschel.

e Generally, two critical assumptions in all starburst mgdek the age and duration
of the burst. Our “local” template 30 Doradus nicely illegts the typical com-
plexity of a starburst with both, the presence of a luminaosyal cluster (R136),
and strong evidence for continuous star formation acrosgdhion. Hence, we
have also used an age-average model of continuous startformfiar comparison.
This model delivers values for compactness and PDR cotiibthat are consis-
tent with those derived from the single age models. For 3Cabas we derive a
contribution of approximately 10% to the total SFR of the LMC

Now with a robust and well-tested modelling and fitting raetin hand, we plan to
apply this approach to more distant gianit fegions and starburst galaxies. The lack of
spatially resolved data on e.g., more distant ULIRGs anesilibmeter galaxies requires
reliable and well calibrated models to derive the physicalditions in these starbursts.
The novel fitting procedure presented in this chapter cnstthe next step in starburst
modelling and puts such studies on solid grounds.
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