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CHAPTER 1

Introduction

The Spectral Energy Distributions (SEDs) of star-formiagions and starburst galaxies
are unique tracers of the star formation processes in tmgf®ements, since they contain
information on the escaping and processed photons emittatelwly formed massive
stars. Understanding these internal processes is cracialri physical interpretation of
observations of unresolved star formation in the Univers¢éhe first part of this thesis, we
study the physical conditions in resolved starburst regjigsing Bayesian fitting of their
spatially integrated infrared SEDs, including both thettha continuum and the atomic
emission lines. We then apply the method to unresolvedwtsirto learn about their star
formation physics. Our approach leads to robust consgraimiphysical parameters such
as age, compactness, and amount of currently ongoing staafimn in starburst, which
are otherwise biased by model degeneracies, and allowdink the resolved properties
of giant Hu regions to the star formation process at larger scales. esdlcond part of
this thesis, we discuss the wavelength calibration of thxinstrument to study the mid-
infrared spectral properties of starbursts, with improwesblution and sensitivity: the
mid-infrared instrument (MIRI), which will fly onboard thiames Webb Space Telescope
in 2018.



1 Introduction

1.1 Massive star formation and the history of the Uni-
verse

The process through which large amounts of gas and dust int ®alecular Clouds
(GMCs) are turned into crowded populations of stars withltatasses of betweend
and 16 M,, is a crucial problem in astrophysics. It is related to thecttre of the
Universe as we see it today, with all the complexity and beaeitealed by optical and
infrared telescopes at scales ranging from the size ofiithaif stars to the majestic struc-
tures of entire spiral galaxies. The most massive OB starsdd within these clusters
affect the structure of galaxies through their radiative andhaaical input and through
the chemical processing of the interstellar medium (ISk)stinfluencing the evolution
of the galaxy as a whole. The incidence of star formation adtolution of galaxies
was even more important at earlier times, when young gaisgataxies were in the pro-
cess of assembling (Caputi et al. 2007). In fact, deep méeared surveys indicate that
about 85% of all the baryonic mass that exists today in gatawias formed in the last
9 hillion years in massive star forming regions heavily edd® in thick layers of dust
(Marchesini et al. 2009).

These facts highlight the importance of understanding dhen&tion of massive star
clusters both in the local and distant Universe, and thailugion during the firse 10Myr
of their existence, when the bulk of ultraviolet (UV) radiet from OB stars is emitted.
Dedicated theoretical and observation@bes have been made to characterize the initial
physical conditions for the formation of large stellar ¢ars in GMCs (see the review by
Zinnecker & Yorke 2007, and references therein), and alsethly stages of embedded
clusters within these clouds (see for example Lada & Lad&82@ a comprehensive
review on embedded clusters in GMCs). As summarized in thmgews, most obser-
vational dforts have concentrated on tracing emission frd¢a): the molecular gas that
constitutes the fuel for the formation of massive star;aisubmillimeter and radio ob-
servations of tracers of dense cores, such as H@@d HCN andb): thermal emission
from dust particles heated by the intense radiation fieldgooihg stars, using infrared
imaging and spectroscopy.

In recent years, the study of the interaction between thiatiad field of young OB
stars formed within the cluster and the surrounding ISM Heasefited from new observa-
tions at mid-infrared and far-infrared observations, t@hplement previous optical and
sub-millimeter surveys. It is now possible to sample the-gplaromatic spectral energy
distributions (SEDSs) of star-forming regions, from the Ww#he far-infrared (FIR). These
SEDs are dominated by the radiation field of OB stars thaeeilscapes the birth cloud
or is absorbed and processed by the gas and dust in the sdimguSM. Because OB
stars are short-lived, the SEDs provide information on #went & 10 Myr) star forma-
tion activity in these regions. In fact, for spatially unoe&d objects, integrated SEDs are
often the only diagnostic available to study their progextiThe main goal of this thesis
is the design of a robust method to derive physical inforamafiom the integrated SEDs
of star-forming regions. Although we apply the method tasag with high specific star
formation rates, the algorithms developed here should liatde for any region whose
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1.2 Starbursts systems

luminosity is dominated by star formation.

1.2 Starbursts systems

Star formation does not occur at the same rate everywheheifotal Universe. While
most present day galaxies, including our Milky Way, have &tamation rates (SFRSs)
of ~ 1 M, yr! (Robitaille & Whitney 2010), a minority of local galaxies thisimilar
stellar masses are undergoing bursts of star formationhawd SFRs of hundreds or
even thousands of solar masses per year. While it is noegntilear yet what triggers
thesestarbursts galaxy mergers have been proposed as a possible (but npta)iause
for the enhanced star formation (Sanders & Mirabel 1996)s Ehsupported by the fact
that the total contribution from luminous infrared galaxte the cosmic SFR density is
larger at higher redshifts, where collisions between gatawere more common (Lagache
et al. 2005). Fig. 1.1 shows the SEDs dfftdient types of galaxies and provides evidence
for the pronounced infrared emission from star-formingagads with respect to normal
disk galaxies.
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Figure 1.1 The UV to FIR SEDs of fierent galaxy types, from elliptical dust-poor galax-
ies to Ultra Luminous Infrared Galaxies (ULIRGS). The cessmdicate photometry data,
while the solid lines are SED models. Figure taken from @adi (2004).



1 Introduction

1.2.1 Definition of a starburst

The termstarbursthas been used by astronomers for about 40 years. The firstmeée
in the scientific literature tburstsof star formation in galaxies comes from the seminal
paper by Searle et al. (1973). In that paper, the authomndlet transient periods of en-
hanced star formation could be one possible explanatiaiéocolors of certain galaxies,
which were observed to be bluer than expected, indicatirgag population of massive
stars. Almost a decade later, (Weedman et al. 1981) useeittmestarburstfor the first
time, referring to the intense nuclear star formation dgtimn NGC 7714, as estimated
using X-ray, optical and radio data. However, due to the thinterval of wavelengths at
which massive star formation is detected, and to the eqgspligad range of bolometric
luminosities of objects classified as starburst$ (10— 10'? L), no formal definition of
a starburst has been adopted, leading to confusion in therstiachding of their nature.

Nevertheless, it is generally agreed that if such definiisoio be adopted, it should
be related to the following three factor@): The SFR of the galaxy or regiofij): The
amount of available gas to form stars, djig: The timescale of star formation as com-
pared to the dynamical timescales of the system (e.g.,tiatatation period). A possible
definition that includes these concepts was introduced lokidan (2005). According to
this definition, a starburst is a system in which the timestigad for gas depletion is much
shorter than the Hubble time. This can be written in an eqoats

tgas = Mgas/ SFR<< 1/Hg (1.1)

whereMgasis the mass of molecular gas in the system, measured for d&arsing
radio observations of molecular tracers such as CO, SFReisttr formation rate as
estimated from optical or infrared diagnostics, &fgis the Hubble constant.

We can classify systems withfferent star formation intensities using this definition.
For the Milky Way,tgas ~ 3 Gyr, while for two well known local galactic mergers, M82
and Arp 220 (see Fig. 1.2), we have respectiv§fff ~ 20 Myr andty?*° ~ 30 Myr,
as estimated from literature values for their masses andsSHRIs indicates that the
latter two can be included in the category of starbursts. défition is not exclusive
of galaxies. A gas depletion timescale can also be used $gifylastar forming regions
within galaxies, such as the 30 Doradus region in the LarggeMianic Cloud, for which
t300or _ 10 Myr.

gas

A different approach considers the starburst bolometric luritindsg, as compared
to the luminosity of the galactic hodtg (Terlevich 1997). Bolometric luminosities are
usually measured adopting template SEDs that are scaleddtg to available measure-
ments, and then integrated within a certain wavelengtheaAgcording to this alterna-
tive definition, a galactic system is a starburst galaxysff >> Ls. This approach avoids
ambiguities arising from uncertainties in the total gas ,nbas excludes in the definition
star forming regions such as 30 Doradus.
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1.2 Starbursts systems

Figure 1.2 The starburst galaxy Arp 220 as seen byHhbble Space Telescop&he
bright blue spots are young clusters whose formation wggeried by the galactic colli-
sion. The light of many more clusters is obscured by largeuntsoof dust in the fore-
ground. Image from Wilson et al. (2006).

1.2.2 Giant H i regions as the building blocks of star-
bursts

Behind the thick layers of gas and dust in starburst systetass form inside individual
clouds with a distribution of masses set by the physical itmn of the molecular cloud
before its collapse (see, for example Motte et al. 1998). mMbst massive (OB) stars in
the resulting clusters are hot and luminous enough to idghizsurrounding gas, creating
extensive Hi regions (see, for example Shields 1990,for a review anrétions). The
ionized gas then tends to expand, dispersing the parentatmiar cloud and creating a
shock front into the surrounding neutral molecular gas. sEheo-called Giant K Re-
gions (GHuRs) are thus the building blocks of starburst systems, nigtloecause they
represent the self-contained systems of star formatiorhiéiwthe starburst is made, but
also because through their mechanical and radiative fegdb®ey alter the evolution of
the starburst, setting a limit to théieiency at which the molecular gas can be converted
into stars (Krumholz et al. 2006). In Fig. 1.3 we show an sargghematic 2D view of an
H u region.

Infrared bright clumps are usually observed in the vicifyH i regions, and this
has been generally associated with star formation trighleyghe compressed gas as the
expansion of the ionized region progresses (see ElmegfEeh and references therein).
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Diffuse ISM

OB stars
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Figure 1.3 An schematic view of a symmetriaitlegion. The hot central stars expand,
creating a cavity of shocked gas surrounded by a thing lafénized gas. Photons
with energies below the ionization potential of the hydmogm process the surrounding
molecular material, creating a photon-dominated regi@R]J? that difuses into the ISM.
Figure by Brent Groves.

Possible evidence has been found of triggered intermediass star formation in galactic
regions of massive star formation, such as the RCW 34 regithreiVela Molecular Ridge
(Bik et al. 2010). Nonetheless, not enough observatiorideece for triggering of new
massive stars has been collected, mainly due to weak ildgcat ongoing massive star
formation in galactic systems. It is in generaffiaiult to judge whether very recent star
formation events have taken place before or after the dhiahae in pressure created by an
expanding Hr region. Triggering can be responsible for a significant ibation to the
starburst activity, and hence quantifying it in the intewbstar-forming regions is crucial
in our understanding of these systems. In this thesis, weyudintify recent massive star
formation in the vicinity of GHiRs by fitting their integrated SEDs with a novel statistical
method.

Infrared Observations of GH nRs
Because massive star formation occurs in regions heaviljrended by dust, a signifi-

cant fraction of their bolometric luminosity is emitted afrared wavelengths, after UV
photons from massive stars have been absorbed by dustemditd re-emitted as ther-
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1.2 Starbursts systems

mal radiation (see Fig. 1.1). In fact, the total IR lumingsif a galaxy can be used as
a tracer of its recent star formation history (Kennicutt 8 9Galzetti et al. 2010). Apart
from the thermal continuum, several relevant features beerwved at the wavelengths
covered by recent infrared observatories including Sipitzer Space Telescopad the
Herschel Space Observatory

At mid-infrared (MIR) wavelengths (am-28um), the SEDs of starbursts are dom-
inated by pronounced and broad emission features arisimy frending and stretching
mode transitions in Polycyclic Aromatic Hydrocarbons (PAKTielens 2008). These are
molecules with carbon atoms arranged in a honeycomb steuofdused six-membered,
aromatic rings with peripheral hydrogen atoms. These PAldgeesent in the molecu-
lar photon-dominated regions (PDRs) that surroundRegions. Atomic fine-structure
emission lines from several highly ionized species inalgdAr m], [S1v] and [Nem] are
also detected in the MIR and are important tracers of gastgetesnperature and strength
of the radiation field (Dopita et al. 2006c). Additionallgetprominent [Sir] line detected
in the MIR spectrum of many galaxies traces either gas shibloksupernova explosions,
or regions dominated by the X-rays in the stellar winds of shasstars. None of these
species are present in low-mass star-forming regions,entherradiation fields are not as
intense.

Fig. 1.4 illustrates the complexity of starbursts as resgdly their MIR spectra.
Shown are the spectra of a sample of starburst galaxies teiklethe Infrared Spectro-
graph (IRS) onboar8pitzer which display a wide range in the strength of MIR features
and continuum slopes (Brandl et al. 2006). Understanding the underlying physics
of star-forming regions relate to the observed spectraufea is one of the goals of the
present work.

Observations at even longer wavelengths allow a first orpleraach to the measure-
ment of the average dust temperature and total amount o€dotined in starbursts (and
hence of their evolutionary stage), by characterizing thakpand broadness of the ther-
mal radiation bump observed at far-infrared (FIR) wavethagAlthough such physical
guantities are biased by uncertainties in the SED modefsefuence of dust emissivity
on the composition, degeneracy between the spectral ifdexi the dust temperature),
some general relations can be established between staabtivity and the overall shape
of the SED.

In a recent comprehensive paper on star-forming galaxieg ti$erscheldata, El-
baz et al. (2011) characterized the SEDs of a sample con¢ginil800 galaxies, and
concluded that they can be separated in two classes, aogdadtheir SED shapes. A
majority of “main sequence” star-forming galaxies, withR&~compared to that of the
Milky Way and infrared bumps peaking100um, and a minority of outliers whose SEDs
peak at~ 70 um that the authors associate with objects undergoing corstaburst-like
star formation. Relating their overall SEDs to the interc@hditions of their individual
GHuRs is an important step in the understanding of the physicalgsses that lead to
the formation of a starburst. In the chapters of this thesiswl show that it is possible
to constrain the average physical parameters mirégjions by fitting the integrated SED
of the starburst galaxy that hosts them.

The majority of starburst galaxies are distant and spgtiaitesolved by our current
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Figure 1.4 The MIR spectra of a sample of starburst galaxiisplaying a broad range
of variation in the PAH strength, silicate absorption, glantinuum and atomic line
emission. Some relevant MIR emission lines are indicatéglire taken from Brandl et
al. (2006).

instruments. Hence, in order to understand their interraggrties, we rely almost exclu-
sively on their integrated SEDs. Fig. 1.5 illustrates thaation, by showing the typical
size of the galaxies whose SEDs are shown in Fig. 1.4 as cedparthe size of the
SpitzerIRS slit. It is evident from the figure that most of the infedremission from these
objects is spatially unresolved. In the near future, the MiRRtrument for theJames
Webb Space Telescop®BNST) will move one step forward in resolution and senigjtiv
of mid-infrared observations (see in Chapters 5 and 6). Weweven when MIRI comes
online towards the end of the decade, resolved observaifandividual GHuRs at mid-
infrared wavelengths will not be possible at distancesdatigan about 30 Mpc. In terms
of the science presented in this thesis, this implies treatrtbthod developed here will re-
main a powerful and unigue tool to study unresolved statlnegond the Local Universe,
long after the JWST mission has been completed.

Modelling of H nRs and starbursts

From UV to submillimeter wavelengths, the emission praperof starbursts are domi-
nated by the energetic photons emitted by massive starggotiman 10 Myr formed in
OB associations and clusters (Kennicutt 1998). These patce either directly observed
as UV light or re-processed by gas and dust and re-emittebasarecombination lines
or infrared thermal continuum. From the modelling point @&w, this implies that the

8



1.2 Starbursts systems

IC 342 Mrk 52 Mrk 266 / NGC 52b NGC 660
A
/] Ll .~/,\\\‘ 5 S : /// e
/ -3 ; - ) N -
2MASS-K 2MASS-K IRAC 8prn IRAC 8ym | 2MASS-K
NGC 1097 NGC 1222 i NG’Q 1365 NGC 1614 NGC\‘21‘46
IRAC 8um | 2MASS-K IRAC 8ym \ IRAC 8um
NGC 2623 NGC 3256 NG(\: 3310 NGC 3556
.| o
= N S
IRAC 8um | IRAC 8jim IRAC 8um B O wmies 24prr; ‘
NGC4088 / [NGC4194 |NGC4676 NGC 4818 NGC4945 =~ ~
o | W A
%y / \ # ? o \X/
2MASS-K "IRAC 8um IRAC 8um | 2MASS-K OMASS-K
NGC 7252 NGC 7714
‘ . ¥ :'3“1??, —
‘ “ 'l
IRAC 8um | IRAC 8um |

Figure 1.5 Positions of th8pitzerIRS SL and LL slits overplotted on IRAC/&n, MIPS
24 um, or 2MASS K-band images for a sample of starburst galakegure taken from
Brandl et al. (2006).

SED of a starburst is constructed from the linear combinatiche SEDs of the individ-
ual GHnRs created by those clusters, and their surrounding maleeunielopes. To first
approximation, the physical modelling of such regions sdedaccount for at least three
main components:

1. The time-dependent radiation field emitted by the phdtesgs of a given popula-
tion of stars, which provides the energetic input for thaesys This is the stellar
population synthesis.

2. The physics of the interaction between the stellar ramtisind the surrounding
ISM. This is the ionization, excitation and radiative triamgpart of the analysis.

3. The dynamical evolution of the iHregions, which is driven by the competition
between the radiation pressure that expands thadgion and the external ISM
pressure that confines it.



1 Introduction

To first approximation, a galaxy is a collection of stars treatges from low-mass
stellar objects to the massive and luminous OB stars, witivengistribution of ages
and metallicities. The so-called Initial Mass Function HMdescribes the distribution
of masses with which a stellar cluster is born, and sets mapgds of its subsequent
evolution. Population synthesis is the art of creating ac¢tad SED as the sum of the
spectra of these individual stars, by parametrizing théuthem of the system either as a
function of age (Charlot & Bruzual 1991) or as a function odidable thermonuclear fuel
(Maraston 2005). Stellar synthesis models simplify thesidaf situation by assuming
ensembles of single-age and single-metallicity stellgpytations with a time-dependant
mass distribution. The output of the stellar populationtsgsis is the radiation field that
is later used as an input for the radiative transfer analysis

In order to account for the entire UV to sub-millimeter spakcenergy distribution
of galaxies, the stellar spectra are only the first step. tieisessary to account for the
absorption of stellar light by gas and dust particles preisethe ISM, and for the cooling
radiation of the gas, heated by the absorption of stellatgtsoangdor by the photoelectric
heating and collisions with the dust. Although dust and gasnasixed within the ISM,
the radiative transfer is usually done separately for efthese components, since they
have diferent absorption and emission properties. While for mastfsrming regions
the gas is assumed to be atomic, in very dense regions sudBldsdAminated galaxies
and very luminous starbursts, molecular gas can be redgeriisi significant absorption
of stellar light. Full radiative transfer codes accountiogionization and excitation such
asCLOUDY (Ferland et al. 1998) andlappingsu (Groves et al. 2008) compute the ab-
sorption of EUV photons with energiés > 13.6 eV, and their re-emission as hydrogen
recombination lines or collisionally excited forbiddends of other atomic species. Ad-
ditionally, these codes compute the absorption and emisdidust particles, which are
considered to be made of thredfdrent components: amorphous graphite grains, amor-
phous silicate grains and PAHs (Mathis et al. 1977, Drairfel20

As the stellar populations ages, the ionized tégion expands driven by the mechan-
ical input of stellar winds and supernovae in the clustersn@-dimensional approach to
compute the dynamical evolution of this expansion was pseddy Castor et al. (1975),
and refined by Oey & Clarke (1997) to account for superbubtriested by clusters of OB
stars rather than individual stars. Using their approadh,possible to derive the evolu-
tion of the Hu region radius as a function of only two parameters: the nichbenergy
from stellar winds and supernovae as a function of time, Wwiciemes from the stellar
synthesis analysis, and the density of the surrounding \&hih provides the confining
pressure against which the bubble expands. While this anerssional approach is a
simplification of the more complex geometry of these systénpsovides values that can
be directly compared with observations of expanding bublsigdhe galaxy, such as the
observed radii of such bubbles.
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1.3 SED fitting of starbursts

1.3 SED fitting of starbursts

One of the most common and wide-spread methods used in theeleasde to determine
the physical conditions of unresolved starbursts and affstaning regions in general,
is the fitting of observed SEDs using pre-calculated modieésthose described in the
last section. This has been possible given major improvésnarboth physical models
and the fitting procedures in recent years, as described ongprehensive review by
Walcher et al. (2011). By comparing the observed spectruprédicted SEDs from
models in which the physical conditions have been pararegtyione should be able to
find a set of model parameters that better reproduce the glata certain observational
uncertainties, and hence derive probability distribugiésr the model parameters. Some
of the important parameters to be constrained are the SkKfRs,campactness of the
regions, mass contribution from young embedded objectsP&R content.

1.3.1 y? minimization

Most of the fitting techniques used today are baseganinimization routines that mea-
sure the dierence between observed and predicted spectra in a bimbyabis (along
the frequency axis) and compare thigfelience to the observational error for each cor-
responding wavelength bin. It is then possible to obtainsaridution of y? values for
the model parameters by calculating this quantity acrossfuli parameters space. It
is assumed that the set of parameter values that minimizg?tidistribution is a good
representation of the actual values of the physical questit

These minimization methods assume that the model parasnaterfixed but un-
known, and that the uncertainties in their determinatia gven by thdikelihood of
measuring certain values for the parameters assuminghdatdopted models are a fair
representation of reality. If the observational errorsdistributed according to a Gaus-
sian, this likelihood probability can be calculated as tkgomential of the,? distribution
arising from the comparison between the possible outcorh#®eanodels and the ob-
served data, thevidenceln this respecty? minimization methods arequentisiin that
they assume that the probability of a given model paramedeing a certain value is
determined by the spread in the results of applying a test3ED fitting) to the measure-
ment of a fixed parameter.

An important aspect of? minimization is that in order to provide reliable results,
it requires a thorough mapping of the parameter space irr dodavoid local shallow
minima that can be misleading.

1.3.2 Bayesian approach

A more sophisticated, and philosophicallyffdrent approach assumes that the model
parameters are not fixed quantities, but random variablesevprobability distribution
functions (PDFs) are set, before any attempt of measurehasnibeen made, by the be-
lief of the scientist that the model parameters have cewualnes. These beliefs should
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be based on independent knowledge of the parameters, &iheiobservations or the-
ory, and constitute probabilitgriors for the model parameters. In Bayesian inference,
we measure thposterior probability distribution of a given parameter by updatirtg) i
assumed prior probability in the light of new evidence. Téwadence comes from new
observations (the measured spectrum of a star-formingme@or example) and enters
the calculation as the likelihood derived from tfeminimization. The Bayes’ theorem
relates the posterior PDF to the likelihood and prior pralitads according to:

posterior= likelihood x prior x % (1.2)

whereN is a normalization factor that ensures that the posterids ag to unity.

An advantage of Bayesian inference over frequentist meatimthat it allows to up-
date our previous knowledge on a particular model paramsieg any new evidence
on that particular parameter. Moreover, via the normabratonstant, it accounts for
the fact that SED fitting is nothing but a test, and as such ghindletect things that do
not exist false positivepor fail to detect things that do exidlafse negatives Bayesian
inference is, from the point of view of the author of this tiseshe right method to use
when one is trying to calculate the probabilities of modebpaeters about which enough
evidence has been collected prior to the measurements.

1.4 Future observations with the James Webb Space
Telescope

The level of detail with which we can study the MIR SEDs of dtamming galaxies is
limited by the sensitivity, angular resolution and spdateaolving power of our current
spectroscopic observations. In particular, at wavelenlgihger than um, the spectra of
star-forming galaxies located at distances larger thawaeias of Mpc are either dimmer
than the current detection limits- (1 mJy with SpitzerIRS) or spatially unresolved by
the beam size of the available imaging devicedl{.7 for SpitzerIRAC at 8 um), with
the exception of very bright objects. Moreover, the curspectral resolutions achieved
at MIR wavelengths do not exceed valuesighd ~ 600. The sensitivity and angular
resolution limitations can be overcome with a larger apertelescope optimized for
MIR wavelengths, which combined with state-of-the-artcdp@scopic techniques, can
also provide better spectral resolution.

1.41 JWST

Towards the end of the decade,.& 6 infrared-optimized telescope will be launched to
the so-called Lagrange point No. 2, located at a distanc&@fiillion kilometers from
the Earth, that fiers a privileged observing location far from the thermalatidn of the
Earth-Moon system. Thdames Webb Space Telesc@p¢/ST) is a joint &ort of three
space agencies, namely NASA, ESA, and the Canadian Spaceyaaed will constitute
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1.4 Future observations with the James Webb Space Telescope

the next milestone in space-based infrared astronomy. &Mitffective collecting area 40
times as big as that of th@pitzermain mirror, it will reach unprecedented sensitivity at
wavelengths ranging from Ogn to 29um using four observing instruments: 22< 4.4/
field near-infrared camera, a near-infrared multi-objaspérsive spectrograph with a
field of view of 34’ x3.4’, a 22’ x 2.2’ tunable filter imager and a mid-infrared instrument
that will perform imaging, coronagraphy and integral figheéstroscopy.

1.4.2 Sensitivity

The unprecedented dimensions of JWST imply that it will ble &bperform observations
two orders of magnitude more sensitive at MIR wavelengthsoaspared to th&pitzer
Space Telescope, limited only by the thermal backgrounah fitee telescope itself, and
by the IR background from galactic cirrus. In fact, the tetg®e is designed to observe
the light from the first stars that formed in the history of theiverse, at redshifts larger
thanz ~ 13 (Stiavelli 2010). To detect these sources, JWST needs &ble to measure
photometric flux densities as low as £y for a point source, at the kdlevelina 1ds
exposure. This means that the telescope has to operateramekt low temperatures,
close to 40 K, and even lower (7 K) for the mid-infrared instrument (MIRI), whose
solid state detectors require such operating temperdtuFég. 1.6 we show a comparison
in the limiting flux densities for several observatorieduging JWST (6.5 m aperture),
Spitzer (0.85m), HST (2.4 m), the Gemini Telescopes (8.2nd}tae SOFIA observatory
(2.5 m).

1.4.3 Spatial resolution

The difraction-limited beam size of JWST varies with wavelengtnfr0063” at 2um
to 0.635” at 20um. The resolution elements are optimally sampled by at dstector
pixels. For comparison, the filiaction limit for theHubble aperture is about.04” at
2 um and that of theSpitzerSpace Telescope is#B” at 24um. Observing in the MIR
thermal continuum, JWST will be able to resolve the size pidsl giant Hu regions,
such at 30 Doradus (200 pc), at the distance of the Virgoedustgalaxies.

1.4.4 MIRI spectrometry

The JWST-MIRI instrument will have integral field spectropg capabilities with resolv-
ing powers ranging frorR ~ 1000 toR ~ 4000 between pm and 29um. Four spectrom-
eter channels with nested fields of view (FOVs) will regigtes science target and the
spectrometer optics will divide the FOVs into adjacentedithat will be aligned and then
dispersed by a dedicated set of gratings. The maximum sigeedfOV is 77" x 7.9”.
Both in terms of wavelength coverage and functionality, Mi&I spectrometer will be
the natural successor to tBpitzerIRS.
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Figure 1.6 The faintest photometric flux of a point source tiam be detected at &0n a
10* s integration, for dferentinstruments observing at NIR and MIR wavelengths. TWS
will be able to characterize the dimmest objects ever oleskiv the Universe. Credit:
STScl.

1.4.5 Starbursts and MIRI

Several aspects of starbursts studies would greatly benafit the large aperture of
JWST, and from the imaging and spectroscopic capabiliiédIRI. In the Local Uni-
verse, at distances shorter than 30 Mpc, MIRI will be ablepatislly resolve physical
sizes of 45 pc (compared to about 300 pc resolved by previdteréd missions at the
same distance), hence entering the domain of very compatsarustarburst. We need
MIRI to resolve this very inner regions of galactic nuclendato separated them from
other galactic components or AGN. Additionally, MIRI wiletable to penetrate through
the dense layers of dust that obscures these nuclear strbiU spectroscopy of these
regions will reveal with unprecedented spectral and spegolution several important
features of the spectra that trace star formation, sucheaBRAlH emission, and will al-
low detailed studies of the gas kinematics. Several MIRitlibn emission lines that are
either dim or blended with other features will be readilyed¢¢d. Some of those lines,
such as the [@/]25.89um and the [N&]14.32um can be used as discriminators between
an active nucleus and a starburst nucleus.

At redshiftsz ~ 1, the rest-frame near-infrared bands shift into the MIR elength
range. MIRI will allow the measurement of stellar massesiarmediate objects, based
on their near-IR emission. The &aear-infrared line at 1.84m shifts into the MIRI
range forz > 1.7, allowing detailed kinematic studies of the ionized gakpat scales.
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All together, these facts imply that more sensitive obg#aa, with better angular res-
olutions, are needed to advance in the understanding dfustis. MIRI will be provide
these observational capabilities.

1.5 This thesis

Unveiling the physical mechanisms that trigger and maingaents of enhanced star for-
mation in galaxies along the history of the Universe is on¢hef most exciting chal-
lenges of modern astrophysics. In this thesis we will study ghysical conditions in
star-forming regions, such as age, total mass, star foomedies, PDR content, pressure,
and amount of ongoing massive star formation, using theegirated spectral energy dis-
tributions as indicators. The goal is to understand how amdhat extent specific physical
conditions #ect the infrared SEDs of these objects in order to developast’SED fit-
ting method that can be easily applied to any unresolvetutstrand, more importantly,
obtain reliable results on their physical conditions angirtihelation to star formation.
As we have seen above, even with the next generation infrastrdiments, most distant
starbursts will still be unresolved, and physical modellihus remains a crucial tool for
the near future. Hence, fart | of this thesis we develop a Bayesian approach to fit the
integrated SEDs of starbursts and their emission lines pliysical models. We apply
the resulting tool to the infrared spectra of well known lsediors, the giant star forming
regions 30 Doradus and NGC 604, before we use it to interpeetitectra of more distant,
unresolved starbursts.

There is a reason why this thesis has two parts. The nexttoriesn observational
studies of starbursts will be the launch of JWST in 2018. Weeldiscussed several as-
pects of how the improved sensitivity, angular and spectsdlution of IWST-MIRI are
needed to advance in our knowledge of these objects, botteifotal and higle Uni-
verse. MIRI observations will be directly linked to the suie and methods discussed
in this work. ThereforePart Il of this thesis is dedicated to MIRI, its performance and
ground calibration before integration with the other obatory instruments. We intro-
duces the MIRI instrument, and describe the ground caldmabf its spectral properties.
Based on test data obtained during the testing of the inginim Europe, we derive its
wavelength calibration, and compare our results to theireouents set by the science
goals of the mission.

In Chapter 2 we present our novel Bayesian tool to fit the spectra of statbuThe
fitting tool is applied to thé&pitzerspectrum of the giant HR 30 Doradus, a spatially re-
solved starburst. We find that our results are represeatatithis massive local starburst,
and calibrate our tool using the wealth of literature infation available for the region.
Moreover, the model degeneracies are investigated. Wastighe importance of includ-
ing the atomic nebular lines in the SED fitting in order to lirdzese degeneracies. We
show that emission from a significant amount of heB00K) dust is needed to reproduce
the SED of 30 Doradus.

Using a combination of observational and analytical tomisluding the brand-new
Bayesian algorithm and multi-wavelength observati@ispter 3 presents a comprehen-
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sive analysis of the physical conditions in the second mastsine star-forming region

in the Local Group after 30 Doradus, the NGC 604 region in th83Wwalaxy. Several
massive (1&M, — 10* M) embedded clusters with diameters of about 15 pc are iden-
tified within the region, most likely the early stages of veegent star formation. These
clusters account for about 8% of the total stellar mass ing@sn. Our results indicate
that, while NGC 604 is a more evolvediHegion, as compared to its largest sibling 30
Doradus, star formation in NGC 604 is still ongoing, trigegeby the earlier bursts.

We conclude the first part of the thesisG@hapter 4, an outlook chapter that presents
a pilot study showing the power of our Bayesian tool to inigege the properties of spa-
tially unresolved starbursts. We provide some encouragings about the conditions for
the formation of massive star clusters in these nucleabwtsts. If confirmed, this clues
may imply that the most massive clusters have formed in gpdeted regions. Moreover,
they may imply that the gas-poor systems where massiveectuiirm have large lumi-
nosity contributions from very recent massive star fororatiThis can be interpreted as
evidence of positive feedback from the inferred massivetehs. We propose a system-
atic study of a large sample of starburst SEDs, using theeptesethod, to corroborate
our findings.

Part Il of the thesis is dedicated to the Mid-Infrared InstrumEmtJWST. A method
for the wavelength calibration of the instrument, basedl@use of synthetic etalon
lines, fringing pattern and optical modelling is presentedhapter 5 and applied to
data collected during the testing of MIRI’s verification nebgvM). Once the method
has been calibrated and verified during VM testingChmapter 6 it is fully applied to the
Flight Model (FM) data acquired during the FM test campaig2011. This constitutes
the only spectral calibration measurements of the instnirbefore its launch on 2018.
The measured resolving power of MIRI over the entire wavgllemange confirms the
requirements and agrees with the predicted values for fiodviag power from the optical
model. Our results imply an improvement of at least one oofleragnitude with respect
to the resolving power of th8pitzerIRS spectrometer low resolution orders, and at least
a factor of 3 with respect to the resolving power of the IRShhigsolution orders.
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