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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

2



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.

10-95""' . LR LR L | ) LR L L | T LB R LA | . LR AL | E
F  ULIRG (CFRS 14.1139) x 10° ]
10" 3
10 ]
= 3 Starburst (M 82) 3
£ X ]
E 1012 -
- Disk (M 101) 3
= + ]
1073 3
/ E
10™E Elliptical (NGC 5018) 3
15 Laaaal il PP il M VPR
10775 1 1 10 100 1000
Wavelength A (um)

Lagache, G et al. 2005
Annu. Rev. Astron. Astrophys. 43: 727-68

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.

4



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).

5



1 Introduction

Diffuse ISM

OB stars
$

2
e

Wind-blown
Bubble

Photo-Dissociated Region

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-

6



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

7
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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
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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

11
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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

12



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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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

20



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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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

27



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.
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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
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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
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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.
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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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2.6 Summary and conclusions

¢ 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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CHAPTER 3

Ongoing massive star formation in NGC 604

NGC 604 is the second most massiva kegion in the Local Group, thus an important
laboratory for massive star formation. Using a combinatibobservational and analyt-
ical tools that includespitzerspectroscopyerschelphotometryChandraimaging and
Bayesian Spectral Energy Distribution (SED) fitting, wedstigate the physical condi-
tions in NGC 604, and quantify the amount of massive star &ion currently taking
place. We derive an average age af 4 Myr and a total stellar mass ofet}§ x 10° M,

for the entire region, in agreement with previous opticatlss. Across the region we
find that the X-ray field destroys small aromatic moleculed excites the emission of
[Sin]. Within NGC 604 we identify several individual bright ifred sources with diam-
eters of about 15 pc and luminosity weighted masses betw@fMd and 1G M. Their
spectral properties indicate that some of these sourcesnalbedded clusters in process
of formation, which together account fel8% of the total stellar mass in the NGC 604
system. The variations of the radiation field strength acMSC 604 are consistent with
a sequential star formation scenario, with at least twotbunghe last few million years.
Our results indicate that, while NGC 604 is a more evolvadreigion as compared to its
largest sibling 30 Doradus, star formation in NGC 604 id stilgoing, triggered by the
earlier bursts.

1Based on: J.R. Martinez-Galarza, D. Hunter, B. Groves arigr&ndl, 2012, Submitted to ApJ
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3 Ongoing massive star formation in NGC 604

3.1 Introduction

Despite their importance in the structure and evolution afgtic systems, via strong
radiative and mechanical input into the surrounding inédiex medium (ISM), our un-
derstanding of massive star formation regions remains, gmmgh on observational and
theoretical grounds. From an observational point of viemumber of reasons make the
study of massive star formation a challenging topic in g@tysics, as pointed out in the
comprehensive review on the issue by Zinnecker & Yorke (20®R&gions of massive
star formation are highly embedded in thick layers of dusirdythe crucial early stages
of their existence. In addition, these early stages aretdied, leaving little time for
the study of their evolution. Another problem is the lack pésal resolution in the ob-
servations. Most of extragalactic giant star forming regiare often contained within a
single pixel. Finally, most massive stars form in close proty to each other, and their
mutual influence via gravitational interaction, powerfultftows, supernova events and
strong winds contributes to the complexity of the problem.

Observations of nearby star forming regions provide an lleeaboratory for the
study of a particular aspect of this interaction, namelyttigggering of new star forma-
tion events by gas compression resulting either from a aiiin shock front created by
the radiation field of a previous generation of stars, or leyshpersonic shocks of a su-
pernova event. In the classical theory by Elmegreen & Lad&7}, an ionization front
compresses an adjacent layer of molecular gas and heatsdygng a gravitational in-
stability that will eventually result in a new generationstérs. In order to test this and
other theories of triggered star formation, it is importemtinequivocally determine and
guantify the amount of currently ongoing star formation ila@ Hu Regions (GHIRS),
and its relation to the ionizing radiation from previous geations of stars.

After 30 Doradus, NGC 604 is the second most massivaiBlih the Local Group.
Located in the Traingle Galaxy (M33) at a distance of 0.84 Nffreedman et al. 1991),
it harbors several associations of massive stars distthatross an area of about 200 pc
on the side, dominated by a cluster containin200 OB stars (Hunter et al. 1996).
These associations have excavated a complex system offffilaaued cavities of ionized
material surrounded by photon-dominated regions (PDRd)maolecular gas (see, for
example Relafio & Kennicutt 2009,for a discussion on théialpdistribution of emission
in the region). Optical studies reveal an age of the regidwéen 3 and 5 Myr (Hunter et
al. 1996, Gonzalez Delgado & Pérez 2000) and a total steles of (3B8+0.6)x 10°M,,.
Individual CO molecular clouds have been detected withssizween 5 and 29 pc and
with masses of between®x 10° My, and 74 x 10° M, (Miura et al. 2010). Relafio &
Kennicutt (2009) have carried out a photometric multi-wamgth study of NGC 604 and
derived an average extinction in the line of sight towardsON&®4 of Ay = 0.30 and a
stellar mass of about (B+ 0.4)x 10°M,, for the region, not too far from the mass estimate
of Eldridge & Relafio (2011).

Several attempts have been made to quantify the total anebongoing massive star
formation in NGC 604. Using near-infrared (NIR) observatiavith theHubble Space
TelescopgHST), Barba et al. (2009) identify several sources thaicide spatially with
radio-peak structures, and argue that this is suggestitreeafstar-forming nature. More
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3.2 Data reduction and ancillary datasets

recently, Farifia et al. (2012) report the discovery of searwith near infrared excess
within the infrared-bright ridges surrounding the ionizgals, and associate them with
Massive Young Stellar Objects (MYSO). Relafio & Kennic@@9) argue that the re-
denning observed towards some prominent sources in therregin be explained by
the existence of foreground molecular material, but theydbrule out the possibility
of those sources being embedded sites of star formationu3éef infrared spectropho-
tometry combined with physical modeling provides a powdal to distinguish between
foreground extinction and embedded star formation, whishglements the photometric
methods that use near-infrared colors as discriminatdredas the two cases, and could
be.

In this chapter we perform a comprehensive analysis of thysipal conditions in
NGC 604 in the context of its evolutionary status, and ingasé the presence of ongo-
ing massive star formation in the region. We use infraredspkand photometric data
from the SpitzerandHerschelSpace Telescopes, complemented with archival X-ray and
optical data, as well as a set of analytical tools to interitrem. We report the discovery
of individual infrared knots whose derived masses are stersi with them being stellar
cluster in process of formation. This is also supported byeBan fitting of the Spectral
Energy Distribution (SED) of the region, which points to thiesence of a significant
component of embedded objects in the region. We derive limission and continuum
maps of NGC 604 and use them to assess the variations inicedfi@id strength, ioniza-
tion levels and extinction across the @GR, and find that our results are consistent with
a sequential star formation history in the las#t Myr. We also discuss some additional
findings regarding the role of X-ray emission in the enharex@nof both [Sii] atomic
emission and 1Zm PAH emission.

The chapter is structured as follows. §8.2 we present the IRS data and describe
the data reduction to obtain the maps and the spatiallyriated spectrum of NGC 604.
§3.3 describes the resulting maps and spectra, as well asdlsaused to extract physical
information from the observations. §8.4 we discuss the results of our analysis in terms
of the current evolutionary stage of NGC 604 and the presehorgoing star formation
in the region. We conclude with a summary of our main resul§3i5.

3.2 Data reduction and ancillary datasets

Most of our analysis will be based dBpitzerinfrared Spectrograph (IRS) (Houck et
al. 2004) data of a region encompassing the bulk of infraratsgion from NGC 604.
However, to provide more robust constraints on the physidh@region, we also use
complementary photometry from ti&gpitzerinfrared Array Camera (IRAC) (Fazio et
al. 2004) and from théderschel Space ObservatoBhotodetector Array Camera and
Spectrometer (PACS) (Poglitsch et al. 2010). Additionally use archivaHubble Space
Telescope-Wide Field and Planetary Camerar®di Chandra X-ray Observatory-ACIS
images.
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3 Ongoing massive star formation in NGC 604

3.2.1 IRS data

The Spitzerinfrared Spectrograph (IRS) provides unprecedentedapatolution and
sensitivity as compared to any previous mid-IR spectrosapservations of the NGC 604
region. The spectral resolving power ranges fiem 60 at short wavelengths ®~ 120

at the long-wavelength edge. The sensitivity is about 18@si better than that of the
spectrometer onboard thefrared Space ObservatoySO), while the spatial resolution
is a factor of 10 larger. The wavelength coverage of the IRgea from about xm to
about 38um.

IRS observations of the NGC 604 region were obtained in Y3306 using the IRS
mapping mode for spectroscopy, which consists of the aitguiof slit spectra using a
grid of positions around a central target. These obsemsaticere part of the program
Comparative Study of Galactic and ExtragalactiaiiRegiongP. I. J. Houck). Only the
low resolution modules short-low (SL1, SL2) and long-low.{L. LL2) of the IRS were
used for this set of observations. For the SL modules, 1pagilittings were made with
each of the two spectrometer orders covering an area onyraf about 55 x 40", which
corresponds to a physical scale of about 225 @d60pc at the distance of NGC 604 (see
Fig. 3.1). The slice width for the SL modules i§.8, corresponding to a pixel scale of
1”7.85px ! (7.5 pcpx?). For the LL modules, the slice width is 13, which corresponds
to a pixel scale of .08 px* (20.5 pc px?) and 6 pointings were made with each order
to cover an area of about 720 p@05 pc.

In addition to the spectral map with the IRS low resolutiondules (lores data here-
after), we also use IRS staring mode observations of threeifgplocations within the
region using the high resolution modules of the spectron{btees data here after). For
these modules the wavelength coverage is shorter (betw8and38.0 um), but the re-
solving power is significantly higheR(~ 600). The locations of the staring mode ob-
servations are within the area of the spectral map and gonesapproximately to the
positions of the peaks of Bm emission, associated with PAH emission, as discussed
later. The high resolution slits are wider than their lowolaion counterparts (47 and
11”.1 for the short-high and long-high orders respectively) thratefore their spectral
apertures are also larger than the spatial resolution elsnoéthe spectral maps.

Extraction of the spectra

For the staring mode data, the Spitzer Science Center T&CLEAN was used to re-
move cosmic rays and then SMART v.8.0 was used with the fidiape mode for ex-
tended sources, based on the size of the slits compared totinee NGC 604, which
is large enough to be considered extended. The observatadesovere co-added and
the sky background removed using an additiorfidlsource background exposure taken
as part of the campaign. We have applied a scaling factoretdliies extracted in the
long-hig (LH) module to match the overlap region in the sktogh (SH) module. This is
an aperture correction to account for the larger size of tieslit with respect to the SH
slit. The scaling factors for the LH spectra towards field8fan C are 0.28, 0.41 and
0.41 respectively (see Fig. 3.2).
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3.2 Data reduction and ancillary datasets

Figure 3.1 The target and background slit pointings sugeosged on the IRAC &m
image of NGC 604. The green structure near the fidgion is part of the spiral arm
structure of M33. See text for a discussion on the flux levels.

For the spectral map, we extracted the spatially integrsppedtrum of the region for
all four IRS orders using a extraction aperture correspunth the SL coverage of the
map (see Fig. 3.2), which includes the bulk of the IR emissibNNGC 604. Some of
the extended filamentary structure of the region, which is order of magnitude dim-
mer than the peaks of emission, is left outside this area. IGesurface brightness of
these filaments and the bubble-like geometry that we williaeswhen modeling the re-
gion implies that this will be unimportant for the purposésh® present analysis. The
background subtraction was performed using the order oSthand LL modules that
was not centered at the source during the correspondingarporl he software package
CUBISM (Smith et al. 2007) performs the data cube build-upeothe background and
the correct slit pointings have been provided. The backguidevels are not exactly the
same for the low resolution and high resolution modules. rEason is that the orienta-
tion of opposite orders of the slit isfiierent for diferent modules. In the case of the low
resolution modules, the background picks up some emission f33’s spiral arm (See
Fig. 3.1). This is our best estimate for the sky levels in ther®dules. For reference, the
measured IRAC &m flux levels on the spiral arm~(10 MJy sr?) are only 20% higher
than the sky level outside the arm 8 MJy srt), and correspond to about 7% of the peak
of 8 um emission in the region.

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

In addition to the spectrum of the integrated region, we lexteacted the lores spectra
of individual sources that we discuss§8.3.1. For this extraction we use an aperture of
a single SL pixel (2.85). The CUBISM software allows us to extract the spectrénén
LL spectral module with this small aperture, by scaling daha fluxes of the larger LL
pixels to the SL sizes. This is equivalent to applying a scglactor to match the ffierent
orders of IRS spectra, and introduces additional flux uaggrées in the long wavelength
modules, where the PSF is not well sampled. Nonethelessonsider this scaling a
good approximation of the actual fluxes at smaller scalesesthe SL pixels are not
suficiently small to resolve the sources, and the LL pixels atdarge enough to include
more than one source.

By selecting a single pixel aperture, we have chosen to Isos® spatial information
on the individual sources, because a single pixel samplgdaif of the PSF FWHM, and
in exchange we avoidffsource flux contamination. More important than a full sangpl
of the PSF for our analysis, are the variations of the PSFwitielength, that might intro-
duce artifacts in the measured spectral features. Usiilgratbn data, Pereira-Santaella
et al. (2010) characterized the PSF variations with wayglefor the IRS reconstructed
PSFs. Apart from an ondulating behavior of the PSF size wilelength, that they
attribute to alignmentissues and to the reconstructioordlgn used, they compute vari-
ations of less that 10% on the PSF FWHM for the SL module. Tias we will see in
§3.2, below the observational errors in our data. The PSFeofthmodule is &ected by
fringing and is dfficult to characterize.

3.2.2 IRAC photometry

As part of the same Spitzer program, IRAC maps of the NGC 6Qibnewere obtained
with the camera filters with nominal wavelengths at @6, 4.5um, 5.8um and 8um.
The pixel scale for these maps is 1.2 arcsec pand they cover an area of about&9’,
several times larger than the area covered by the spectgal fFar the purpose of this
chapter we have extracted the integrated flux of each maprvathectangular aperture
area equal to the extraction area of the IRS spectral map.evflerm this extraction using
the FUNTOOLS package for the SAGs9 software. The sky background is estimated
from the map by measuring the flux in a box of the same size an#pe but shifted to the
west, to an area where no source emission is observed. Ia 3abive list the measured
photometry. The listed uncertainties correspond to abesdlux calibration uncertainties
(~ 3%), which are derived for point sources taking severaksystic €fects into account,
as described in Reach et al. (2005).

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

3.2.3 PACS photometry

Imaging maps of the host galaxy M33 have been obtained witerschel PACS in-
strument using the green (1@@n) and red (16Qum) filters as part of the HERM33ES
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Wavelength [um] Flux [Jy]

3.6 0.067(0.002)
4.5 0.062(0.002)
5.8 0.322(0.010)
8.0 0.922(0.028)

Table 3.1 Integrated IRAC photometry of NGC 604.

Herschel key project (Kramer et al. 2010). The maps wereimdxdawith a slow scan
speed of 20 arcsec’s and cover a total area of about’ 2070. Here we use the inte-
grated photometry of an area of the PACS maps equivalenetsitie of the IRS spectral
maps (bottom panel of Fig. 3.2). The pixel sizes df&3or the green band and &l for
the red band, or about 2 and 4 times the IRS-SL pixel size. Btared fluxes, integrated
over the entire area of the map, &'ggm = 39.7+4.0 Jy andF16q,m = 30.1+3.0Jy. The
10% uncertainty comes from a combination of absolute calibn errors, uncertainties
associated with dlierences in the PSF at 10fh and 16Qum and diferent pixel sizes in
the two bands that lead to aperture uncertainties. The rigs fevels of the PACS maps
are 2.6 mJy px and 6.9 mJy px.

3.2.4 HST-WFPC2 F555W data

We use the optical images obtained at Q.&bwith theHubbleWFPC2 using the F555W
filter, described in Hunter et al. (1996). At angular resiolus of 0’.1, this optical map
reveals the location of the massive ionizing clusters thatige the radiative input for the
NGC 604 system.

3.2.5 Chandra X-ray Observatory-ACIS data

We use archival data from thiedvanced CCD Imaging Spectrome(&CIS) onboard

the Chandra X-ray ObservatoryThe data were taken as part of the Chandra proposal
“The Giant Extragalactic Star-Forming Region NGC 604" (fusal ID 02600453, P.I.
F.Damiani), and consist of a soft (0.5-1.2 keV) X-ray imafj¢he entire nebula, with an
exposures time of 90 ks. The pixel scale fsgk 2.

3.3 Analysis
We analyse the multi-wavelength observations describedeabsing a set of analytical
and statistical tools that are based on physical modelseofegion, and that we will

describe shortly. The models compute the radiative trarsff¢he UV radiation as it
traverses the ionized gas and molecular material arourid tiregion. They also compute
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3 Ongoing massive star formation in NGC 604

the dynamical evolution of its the expandingiHegion. We use these tools to derive
physical properties of the region, such as dust tempemttotal stellar mass, hardness
of the radiation field and ionization state of the gas. In$listion we present the obtained
maps and spectra and describe the analytical tools thateve us

3.3.1 Distribution of the emission
Overall distribution

In Fig. 3.2(a) we show a three-color map of NGC 604 composaah fihe 3.6um and
8.0 um IRAC channels together with the WFPC2 image at u6b The blue channel
shows the photospheric emission from young massive starst, ofi which belong to the
dense clustered structure labelled as “cluster A’ by Huateal. (1996). Other, more
spread stellar associations are seen next to the brighs lobafrared emission. The
8 um emission traces warm dust and the @7 PAH feature, and hence the location of
the PDRs, while the 3:6n traces a combination of the 3u8n PAH feature, very hot dust
and photospheric emission from stellar populations oldantl0 Myr. The filamentary
and shell-like structure of the region observed at opti@lelengths is also visible in the
mid-infrared.

Relafio & Kennicutt (2009) have shown that the/® emission delineates theaH
shells in the boundaries between cavities. Most of the liafta&mission in our maps
comes from two lobes oriented in a SE-NW direction and thastitute the bulk of the
emission at the IRAC bands. These lobes coincide with thegd§two main cavities
observed in the region (cavities B1 and B2 in Tullmann e{2008)), with diameters of
approximately 50 pc each (see Fig. 3.2). They also coincittette position of bright ra-
dio knots identified by Churchwell & Goss (1999). Within thesvities sits the majority
of the luminous stars observed by HST (blue stellar sourcEgji. 3.2). An exhaustive X-
ray study of the region carried out by Tullmann et al. (208&)wed that the distribution
of high energy photons inside these cavities is consistéhttvem being shaped by the
mass loss and radiative pressure of about 200 OB stars. Steregortion of NGC 604,
on the other hand, seems to be an older part of the systemXwik emission consistent
with a more evolved population.

The two lobes have similar surface brightness atg but they show dferences in
their morphology. At the IRAC wavelengths, the SE lobe shavegries of subconden-
sations, some of which are notably brighter at @6, while the NW lobe shows a more
uniform distribution of emission. CO maps of the region edseveral molecular clouds
in the region, with a CO-bright cloud peaking near the SEardd lobe and extending
southwards, and a dimmer and smaller cloud peaking near\ttiécoe (Wilson & Scov-
ille 1992). A number of MYSO candidates have been identified@these two lobes
as sources with NIR excess (see, for example Farifia et &2)2By combining obser-
vational and SED modelling tools, in this chapter we will yice additional evidence
that supports the star formation scenario, and quantifeittribution to the total stellar
mass in the region.
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3.3 Analysis

(b)

Figure 3.2(a) Three-color Hubbl&pitzer map of NGC 604. The IRAC8n band traces
the PDR material, while the 3 6m band traces both PAH and photospheric emission
from young stars. The WFPC2 image shows the location of thenassive stars(b)

the same map with superimposed apertures of the IRS slittabets for seven sources
of interest based on their IRAC colors. We discuss thesecestin the text and indicate
their location in the map. The yellow rectangle correspdndke extraction window for
the IRS map and for the photometry, while the smaller magleoxas show the location
of the IRS SH slit for the high resolution observations. Kastup, east is to the left.
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Source RA Dec
Srcl 1h34m33.43s +30°46'48.50"
Src2 1h34m33.67s +30°r46'51.01"
Src3  1h34m33.70s +30°46'54.86"
Src4  1h34m33.43s +30°46'57.11”
Src5 1h34m33.56s +30°4703.00”
Src6  1h34m32.73s +30°4709.32"
Src7 1h34m31.99s +30°46'59.95"

A 1h34m33.6s +30°46'51”
B 1h34m33.6s +30°46'58”
C 1h34m32.4s +30°46'59”

Table 3.2 Coordinates of the sources with extracted lores.

Individual sources.

In Fig. 3.2(b) we show again the three color map of with theesumpposed extraction
area for the lores spectral map and the location of the dhight1RS slits for the hires
observations listed in Table 3.2. The extraction area fesgectral map includes the bulk
of the emission in the IRAC bands and the stellar cluster. Welselected 7 individual
sources of interest in the spectral map, including the wafingd subcondensations that
are visible in the IRAC images. These sources are indicatdelg. 3.2(b), with their
positions listed in Table 3.2. Sources A and B of the hiresnlaions coincide with
selected sources of the lores map. Specifically, source l&des sources 1 and 2, while
source B includes source 4. Source C does not include anydelected lores targets,
but belongs to the NW infrared lobe, and is close to source [80,/50urces A, B and
C correspond to radio sources B, A and C, respectively, ofr@iwell & Goss (1999),
while source 6 is slightly shifted from the cluster A of Hungé al. (1996).

We have fitted Gaussian profiles to the flux distribution ofdhserved subcondensa-
tions to investigate their spatial extension of the PAH &ngtregions. Our fits reveal that
they have projected diameters of abotifg3at 8um as measured from the FWHM of the
Gaussian fits. The firaction-limited resolution of the IRAC camera at this wargdth is
17.71, and hence we conclude that the subcondensations aia@lgpasolved at &m,
having a diameter of at least two IRAC resolution elementghA distance of NGC 604,
their projected sizes correspond to physical diameterbafial 5 pc, and hence they are
comparable to the size of a typical giant molecular cloud.
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Source Fisum Faom Fis.m/Fzqm
MIysr=11 [MJysr
Src1 102.8(10.3) 432.1(43.2) 0.238(0.034)
Src 2 65.4(6.5)  310.4(31.0) 0.211(0.030)
Src 3 95.8(9.6) 582.8(58.3) 0.164(0.023)
Src 4 95.9(9.6)  447.5(44.8) 0.214(0.030)
Src5  25.8(2.6) 258.5(25.9) 0.100(0.014)
Src6 10.1(1.0)  99.2(9.9)  0.101(0.014)
Src7  113.5(11.4) 493.9(49.4) 0.230(0.033)
NGC 604 16.8(1.7) 100.93(10.1) 0.166(0.023)

Table 3.3 Continuum slopes of the SED for all seven sourcéstanregion as a whole.

3.3.2 Infrared spectra
Extracted spectra

In Fig. 3.3 we show the IRS spectra of the integrated regiehthe selected sources of
Table 3.2. The vertical axis is in units of flux density¢), and we have scaled them for
the purpose of direct comparison. The integrated spectfuNzC 604 has prominent
PAH emission and some of the nebular lines detected are fpaties such as [An],
[Nem], [Neu], [Stv], [Sm] and [Sin]. The thermal continuum increases monotonically
in the IRS range.

Fig. 3.4 shows the high resolution spectra of the staringentaets. The wavelength
coverage of the hires modules is smaller than the lores fase ~ 10um to ~ 37 um,
but the higher spectral resolving power allows the resofudif lines not seen in the lores
spectra, such as the lines resulting from pure rotatioaakitions of molecular hydrogen,
H2S(2) at 12.3im and B S(1) at 17.um. These lines are usually hard to detect on top of
a strong continuum, due to the fact that they arise from quaalar rotational transitions,
which are intrinsically weak.

Continuum emission

In order to characterize the spectral slope of the thermatimaum, we measure the flux
densities at 1%xm and 30um using a range of wavelengths around the corresponding
central wavelength containing about 20 resolution eleméht.75um -15.25um for the
15um measurement and 295 -30.5um for the 3Qum measurement), and we calculate
the ratio k5,m/Fsq.m for each source as well as the integrated spectrum. Therapect
slopes give an indication of the dust temperature. High&resaof Fs,m/Fsqm are
associated with a hotter component of the dust, whereas laliges of this ratio indicate
colder dust temperatures. We list the measured slopes Ie Beh
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3 Ongoing massive star formation in NGC 604
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Figure 3.3 IRS spectra of the integrated NGC 604 region améhtltividual sources listed
in Table 3.2. The position of some prominent mid-infraree fatructure lines are indi-
cated, as well as the location of the PAH bands. The smallifeateen at+20 um in
sources 3 and 5 is an artifact from the data reduction.
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Figure 3.4 High resolution spectra of the three locatiobgled A, B and C in Fig. 3.2.
The prominent nebular and molecular hydrogen lines areated.
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3 Ongoing massive star formation in NGC 604

PAH emission

We have measured the strengths of the individual PAH featusing the PAHFIT tool
(Smith et al. 2007), which decomposes the IRS spectrum imighehl contributions from
dust thermal continuum, PAH features and fine-structueslias well as rotational lines
of molecular hydrogen. In Table 3.4 we list the measuredinantn-subtracted strengths
of the diferent PAH components. The 7uh strength was obtained by adding the PAH-
FIT7.4um 7.6um and 7.8&:m features. Similar combinations of the 1 4@ and 11.3:im
strengths for the 11.,8m feature and the 164m, 17.0um, 17.4um and 17.9um for the
17 um feature were performed.

In general, the ratios between PAH features remain confaatl sources. An inter-
esting exception is the ratio of the PAJim feature to the sum of all other PAH features,
*PAH (ZPAH = PAHﬁlgﬂm + PAH7.7ﬂm + PAHS_@lm + PAH]_]_gﬂm). This ratio peaks
strongly towards source 3, which is also a local peak of sefa)Xemission. In Table 3.5
we list the PAH7,m/XPAH ratio and the Chandra-ACIS soft X-ray fluxes for our sestc
For the ACIS fluxes we assume a hominal 20% uncertainty, bas&handra catalogues
of point sources such as Servillat et al. (2008).

Nebular line emission

Fine-structure emission lines are an important diagnastitie physical conditions in
star-forming region. Their strengths and ratios constphiysical parameters such as the
hardness of the radiation field, gas density, or the presehskocked gas. In the mid-
IR, several forbidden lines are observable from speciels as¢Neai], [Nem], [Sm] and
[Stv]. In Table 3.6 we list the continuum-subtracted nebulag Btrengths in NGC 604,
as measured with the PAHFIT tool, which performs Gaussiandithe nebular lines.

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

Two of the most prominent lines are {1810.5um and [Neai]12.8:m. Fig. 3.5 shows
continuum-subtracted maps of these two lines, and illtestréhe regions from where
the line emission originates. At the resolution of the mdyesd is spatial coincidence
between the peaks of line emission and the infrared souredsame identified. Sources
of particularly bright line emission are sources 1, 4 and fe Tocalized nature of the
emission allows investigations of the physical conditiomthe individual sources.

3.3.3 Electron density

The ratio of two lines of the same ionization state of a sisglecies, emitted from levels

with similar excitation energies, can be used as a tracdreoélectron densitge (Rubin

et al. 1994). We use the [£18.7um/[Smi]33.6um to investigate the electron densities in
the NGC 604 region, based on the lores line ratios. We useotes Hata rather than the
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Source PA"%zﬂm PAH 7.7uM PAHg,eﬂm PAH 11.3uM PAH 17um
105Wm=2sr? 10°Wm=2sr! 105Wm=2sr! 10°Wm=2srt 105Wm=—2srt
Src 1 2.56(0.10) 7.96(0.54) 1.28(0.12) 1.33(0.16) 0.8HD.
Src 2 1.76(0.07) 5.49(0.38) 0.87(0.09) 1.07(0.11) 0. 23(D.
Src 3 1.24(0.07) 2.82(0.33) 0.51(0.09) 0.83(0.14) 1.7,
Src 4 1.51(0.07) 4.25(0.35) 0.64(0.09) 0.76(0.13) 0.23.
Srcs 0.93(0.03) 2.42(0.19) 0.50(0.04) 0.52(0.05) 0.24p.
Src 6 0.14(0.01) 0.48(0.03) 0.06(0.01) 0.11(0.01) 0.@D.
Src 7 1.64(0.08) 5.14(0.41) 0.91(0.10) 1.04(0.14) 0.ZH(D.
NGC 604 0.40(0.02) 1.16(0.09) 0.19(0.02) 0.25(0.03) @1K)

Table 3.4 PAH feature strengths.
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3 Ongoing massive star formation in NGC 604
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Figure 3.5 Continuum-subtracted line emission in NGC 604yrits of MJy stt. (a)
[S1v]10.5um emission has well defined peaks near sources 1, 4 aflg) (Nen] peaks
near source 7. The white contours are IRA@N emission.
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3.3 Analysis

Source  PAH7,m/(EPAH) Fx_, [10°ergcm?s ]

Src1 0.065(0.020) 0.84
Src 2 0.079(0.019) 1.37
Src3 0.213(0.047) 3.70
Src 4 0.123(0.033) 2.50
Src5 0.055(0.016) 1.64
Src 6 0.076(0.038) 1.65
Src7 0.030(0.002) 0.91

NGC 604 0.055(0.020) -

Table 3.5 Ratio of PAH 1zm to the sum of all other PAH features.

hires data because the tworf$lines are measured at similar spatial resolutions in the
lores data, while for the hires data they are measured in itkerent apertures ([i5]18.7
falls on the SH module, while [&]33.6 falls in the LH module).

The [Sm]18.7um/[Sm]33.6um ratios calculated from Table 3.6 are very uniform in
the region, varying from 0.51 to 1.02, with the highest vahgar source 7, in the NW
infrared lobe. These values are very close to the low detisity discussed in Dudik
et al. (2007) (their Fig. 9), and hence our data provide oplyau limits for the electron
densities. Using the Dudik et al. (2007) diagram, we derjweau limits for the electron
densities between loge = 1.5 cnT2 and logne = 2.5 cnT2 in the region.

3.3.4 Hardness of the radiation field

We investigate the hardness of the radiation field in theoregy looking at the line ratio
[S1v]10.5uny/[Nen]12.8:m. The use of these two lines has an observational motivation
The two lines are within the SL wavelength range and hence tie/same spatial scale
and pixel size, which is not the case for the [iMg¢[Neu] ratio. The ionization potential
required to produce [Ng is only 21.6 eV, while it takes 34.8 eV to ionize fig to obtain
[S1v]. Hence, the ratio between these two ionic species traedsatuness of the radiation
field, which can be interpreted in terms of stellar ages, {ithn] tracing star formation
activity during the last 10 Myr and [$] tracing massive stars born in the last 4-6 Myr. In
Fig. 3.6 we show the corresponding line ratio map obtainechfthe spectral cube. Note
that the color scale of the map is in logarithmic units.

The mid-IR line ratios do not only depend on the hardness efrtdiation field.
They also depend on the ionization state of the gas, that egratametrized using the
ionization parametef (the ratio of the ionizing photon density to gas density). In
Martinez-Galarza et al. (2011) (MG11 hereafter) we hawduke hires line ratios as
derived from the measurements done in Lebouteiller et 8082, and combined them
with the radiative transfer models in Levesque et al. (201$ihg the interactive IT-
ERA software (Groves & Allen 2010), to break the degenerastyvben age and ion-
ization parameter in the particular case of the 30 Doradg®mne We found in that
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3 Ongoing massive star formation in NGC 604

Source [Aru]6.9um [Ar m]8.9um [S1v]10.5um [Nen]12.8um
107Wm=2srt  10"Wm=2srt 107 Wm=2srt 107 Wm2srt

Src 1 0.58(0.19) 2.05(0.33) 3.07(0.42) 4.61(0.64)
Src 2 0.60(0.17) 0.58(0.16) 0.84(0.14) 2.89(0.40)
Src 3 0.59(0.14) 0.90(0.34) 1.54(0.28) 3.18(0.39)
Src 4 0.48(0.16) 2.05(0.31) 4.02(0.53) 3.39(0.52)
Src5 0.51(0.08) 0.47(0.09) 0.32(0.06) 1.85(0.19)
Src 6 0.15(0.02) 0.35(0.04) 0.25(0.03) 1.28(0.11)
Src 7 0.93(0.21) 2.59(0.35) 2.68(0.45) 6.80(0.86)
NGC 604  0.17(0.04) 0.29(0.06) 0.34(0.04) 1.04(0.11)

Source [Nem]15.5um [Sm]187um [Sm]33.7um [Sin]34.8um
10°Wm=2srt 107Wm=2srt 107Wm=2srt 107 Wmsr!

Src 1 4.83(0.67) 6.41(0.91) 6.64(1.13) 2.54(0.76)
Src 2 2.81(0.40) 3.53(0.54) 4.29(0.76) 1.74(0.53)
Src 3 3.84(0.47) 5.66(0.83) 7.90(1.40) 3.29(0.96)
Src 4 4.08(0.48) 5.37(0.79) 6.52(1.13) 2.57(0.76)
Src5 1.15(0.13) 2.21(0.23) 4.37(0.72) 1.90(0.47)
Src 6 1.02(0.11) 1.65(0.01) 2.34(0.01) 0.90(0.01)
Src 7 7.02(0.94) 9.10(1.30) 8.90(1.11) 3.15(0.74)
NGC 604  1.04(0.10) 1.57(0.01) 1.90(0.01) 0.77(0.01)

Table 3.6 Fine structure line fluxes as extracted from thesldata.

study that the [Nei]15.5um/[Nen]12.8um and the [S$v]10.5umy[Sm]18.7um ratios in
30 Doradus are compatible with starburst age$.0 Myr and ionization parameters
80cms!<logQ<86cms?t

We perform a similar analysis for NGC 604. In Fig. 3.7 we plua tatios computed
from Table 3.6 as compared to a set of Levesque et al. (2010¢Imwvith the sub-solar
metallicity of NGC 604 Z = 0.4Z,) and low electron densityng = 10 cnt?), in accor-
dance with the low density regime inferred from the lineosatiThe overall line ratios are
indicative of an age of between 4 and 4.5 MyrffBiences in age and ionization parameter
between the sources can be inferred from the plot. Sources # &ave larger ioniza-
tion parameters and older ages, while sources 2,3 and 7 in@vetios consistent with
younger ages. The IRS map resolution is not enough to reffsdveources individually,
and hence some confusion between the emission line fréereint sources is expected.
Nevertheless, the trend towards younger ages inferred figm3.7 for the brightest IR
sources is a good indication of recent star formation agtinithose locations.

Using the hires line fluxes we also measure the strength o&thation field in sources
A, B and C with the parametrization of Beirao et al. (200&)jei uses the [Neai]/[Nen]
to estimate the strength as the product of the field inteasitythe field hardness:
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Source  [Siv]10.5um [Neu]128um  [Nem]155um [Sm]187um [Sm]33.7um [Sin]34.8um
100xWem=2  102%Wcem=2  102%Wcem=2  100xWem™2  102°%xWcem=2  10729%xW cm—2

SrcA 1.63(0.36) 3.71(0.14) 4.24(0.08) 4.54(0.12) 5. 5. 1.85(0.09)
SrcB 2.24(0.22) 4.24(0.24) 5.52(0.12) 5.49(0.12) 9.aHp. 2.76(0.09)
SrcC 2.60(0.46) 5.77(0.24) 6.63(0.02) 7.29(0.18) 10.@B(0 2.71(0.11)

Table 3.7 Fine structure line fluxes as extracted from thestdata.
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3 Ongoing massive star formation in NGC 604
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Figure 3.6 The log([$/]10.5um/[Nen]12.8«m) ratio in NGC 604 as derived from the
spectral map. For reference, the IRAGu8 contours (white) are superimposed. We
use the measured ratios to estimate the hardness of theisadiald towards specific
locations (see text).

FiNe 1115 .6um

X (3.1)
FiNe 1112.8um

(F[Ne m12.8:m + F[ne III]15‘6;1m)

We get a radiation field strength of %1072° W cm™2, 12.%102° W cm™2 and
14.25¢1072°W cm2 for sources A, B and C respectively.

3.3.5 [Sin] emission

Most of the lines listed in Table 3.6 are from regions withimmu hydrogen gas. The
exception is [Sii], which originates in a variety of environments including: lHegions,
but also X-ray dominated regions (Maloney et al. 1996), ldghsity PDRs (Kaufman
et al. 2006) and regions of shocked gas, where heavy eleraent®turned to the gas
phase. Itis in general hard to pin down the physical mechafos the emission of [Si].
We investigate this in NGC 604 by looking at a possible catieh between the ratio
[Sin]/[Neu] and the ratio of PAH emission at L to all other PAH features together.
We plot the relation between these two ratios in Fig. 3.83m.2 we discuss this finding
in the context of several possible scenarios for the emmgsi¢Sin].
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Figure 3.7 Comparison of the line ratios in NGC 604 with thevdsmue et
al. (2010) models. The [Na]15.5un/[Neu]12.8:m ratio is plotted versus the
[S1v]10.5uny/[Smi]18.7um ratio. Data points from Table 3.6 are overplotted to thd gfi
models, that cover a range of ages from 4 Myr (blue) to 4.5 Myaf) and a range of
ionization parameters fromx10’ cm st (yellow) to 4x 10° cm s (red). The line ratio
for the integrated map is indicated by “N”.

3.3.6 Hjy emission

Additional diagnostics on the physical conditions in NGCl&®me from the molecu-
lar hydrogen lines arising from pure rotational transiicaat 12.27um (0-0 S(2)) and
17.03um (0-0 S(1)), which we detect (although marginally in theecabthe 12.27um
line) in the hires modules of the IRS in sources A, B and C. Y#ire same procedure as
for the nebular lines, we fit Gaussian profiles to therétational lines and estimate their
strengths. In Table 3.8 we list the measured line strengths.

H, temperatures can be calculated from the ratio of the twoctiddine strengths
listed in Table 3.8, using a general method (see, for exathpl&ppendix of Brandl et al.
2009). This method holds under the following assumptidilghe gas is in local thermo-
dynamic equilibrium (LTE){ii) the hydrogen rotational lines are optically th{iii) the
critical densities for the lines are 10° cmi™3 and(iv) the two states of the #molecule,
ortho-H, and para-H, exist in a ratio of 3 to 1. From the Boltzmann statistics tihat
scribe the distribution of energy states for thg Holecule and the relation between the
line strength and the Hcolumn density, it can be shown that the excitation tempeegat
is given by:
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Figure 3.8 The [Si]/[Nen] ratio plotted against the ratio of PAlim strength to the
strength of all other PAH features, for our sources. Errasba both quantities are
shown.

Source M S(2)12.2Zm  H, S(1)17.08m  Te
[10%%W cm™] [102%xW cm™2] [K]

SrcA 0.19(0.15) 0.20(0.01) 520
SrcB 0.13(0.15) 0.13(0.02) 540
SrcC 0.16(0.04) 0.14(0.01) 490

Table 3.8 H rotational lines.

E;-E;

B kin(C )

(3.2)

ex

whereE; andE; are the energies of the involved levédss the Boltzmann constarg,
is a constant dependent on the ratio of Einsteirfibtcents and statistical weights; and
Ay are the rest-frame wavelengths of the observed linesFarahd F, their respective
integrated line fluxes. We list the computed temperaturdsive 3.8.

3.3.7 SED modeling

In MG11 we have presented a Bayesian fitting tool to study tifirmied SEDs of star-
forming systems. The tool is based on a grid of the Dopita &vw&somodels (D&G

models hereafter), which are thoroughly described in aesesf papers (Dopita et al.
2005, 2006b,c, Groves et al. 2008). Here we briefly deschibédol and then apply it to
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3.3 Analysis

the observed infrared SED of NGC 604§8.4.2, including both the IRS spectrum and
the PACS photometry, to derive statistically meaningfuliea for the following physical
parameters of the region: cluster age and stellar mass,axingss, fraction of total mass
contained in embedded objects and fraction of the lumipasising in photon-dominated
regions.

Physics

The D&G models combine stellar synthesis, radiative tramsdust physics and self-
consistent dynamical evolution of individualiHregions to simulate the UV to sub-
millimeter spectral energy distributions (SEDSs) of stamfiing regions, including thermal
emission from dust and PAHs, and nebular line emission. dJalhthe available spec-
tral information, for a given metallicityZ) and ambient interstellar pressuf,(k), the
fitting tool computes probability distribution functionBFs) for key model parameters
such as stellar cluster agig), cluster massNl.), compactnesg]), fraction of the total
luminosity arising in the PDRsfgpr) and the mass contribution from a component of
young embedded objects that we model as Ultra CompadRegions Memp).

We have defined these parameters in Chapter 2. Of relevaneéstbe definition of
C. This parameter is proportional to the produtgli/5(Po/k)2/5, and sets the evolution of
dust temperature with time. If, is the luminosity of the cluster ari,, is the radius
of the Hu region, thenC parametrizes the incident heating f|lJ_Xh/RE”| and controls
the position of the far-IR bump of the SED for a given valuePgfK. Intuitively, the
compactness provides a measure of how close the dust partict to a stellar heating
source of certain luminosity. It is important to realize tthfmr a given compactness,
different physical diameters of the sources are expected, diegern the luminosity of
the central cluster. This parameter is thus only weaklytedl#o the physical size of the
sources.

Priors

Bayesian inference allows to include any previous evidancéhe values of the model
parameters in the calculation of the posterior probabdisgribution (the PDF). Here we
use flat, bounded priors for all the model parameters, witmbdaries set by observational
and theoretical studies of star-forming regions, as dsstisn MG11. We assume solar
metallicity and adopt a thermal pressure of the surrountBijof Po/k = 10° K cm3.
The assumption on ISM pressure is supported by measurewofeiaisIR line ratios
from the 1SO satellite on a sample of star-forming galaxMalbotra et al. 2001). The
metallicity of NGC 604 has been measured to be about hadfrgMagrini et al. 2007).
However, our experiments show that only the solar metaflitiodels in our grid are able
to reproduce the observed ratio of PAH strength to contingamssion at 10«m in
NGC 604. The discrepancy is most likely due to the specific R&dplate used in the
D&G models, which is an empirical template based on obsenvatof starburst galax-
ies. The choice of metallicity does not onlffect the PAH emission strength. At far-IR
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3 Ongoing massive star formation in NGC 604

wavelengths, the change in dust column and mechanical asitynof the starburst with
metallicity produces a slight shift and a broadening of eirelR bump. While this implies
an additional degeneracy with the compactness parantetexdtlitional errors introduced
in the determination of are smaller than our chosen step size for the compactneks gri
which is 0.5.

¥? Weighting

In MG11 we have included a discussion of the observationaétainties involved in
measuring the IRS fluxes, which include absolute and reldhix calibrations and sys-
tematic errors due to specific observing conditions. Basethat discussion, for fitting
purposes we have adopted a uniform uncertainty of 10% at¢hestRS wavelengths,
which also implies a uniform weighting for all data pointgfe fitting.

They? minimization procedure described in MG11 has been slightigified here to
ensure that the? minimization is not dominated by the IRS range, which hasymaare
resolution elements, as compared to only two data point®@jufn and 160um from
PACS. Each bin contributes to thé with a weight that is proportional to the bin size in
the logarithmic wavelength space. The bin size is set bydhelution of the models in
the IRS range and by the wavelength separation between dais for the PACS data.
This results in a weighting function that increases unifigrim the IRS range so that the
bins at the short wavelength end (aroungdrB) have about half the weight of those at
35um and about 0.25 times the weight of the PACS bins. In segtBoh.2 we apply this
tool to the observed SED of NGC 604.

Color correction of PACS photometry

The D&G models compute the monochromatic flux densities &mhewvavelength bin.
However, the flux densities measured by the PACS filters ajh®@nd 16Qum are not
monochromatic. They are the integrated flux densities oggin wavelength ranges,
as modulated by the filter response function. Before we coenhe model fluxes to the
observed PACS photometry, it is necessary to evaluate thesentroduced by this dif-
ference. To do so, we adopt the method described in da Curstha(2008) to predict the
flux density of a source when observed using a given filter.ofdiag to their approach,
the flux density for any filter is:

2 - [diF AR,

o= 2C—————— 33
"¢ P [d1CiaR, 59
where
[diaR,
dg= (3.4)
[daR,

is the dfective wavelength of the filter responBg c is the speed of light an@, is a
calibration spectrum that depends on the photometric syaged for the calibration. In
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3.4 Discussion

the case of the PACS photometer, the calibration spectrworistantC,4 = constant),
which simplifies the calculations. Using this method, arelftller response curves avail-
able at the Herschel Science Center, we have computedtige wavelengths for the
PACS filters at. 3% = 1026 um andL}®® = 167.2um, and we estimate that thefidirence
between the monochromatic and filter fluxes in the modelsdré for the PACS green
filter (100um) and~ 9% for the PACS red filter (16@m). These uncertainties are within
the 10% observational errors.

3.4 Discussion

3.4.1 Notable sources

The most striking morphological characteristic of the sesrlabelled 1-7 in Fig. 3.2 is
that most of them (sources 1-5) are well defined, individofaaired-bright knots. Sources

1, 2,7 and 4 are, in that order, the strongest sites of PAHstomisas shown in Table 3.4.
They are also associated with less steep continuum slope$ioavn in Table 3.3. This
implies a component of emission from warm (300 K) dust thatkseat about 1xm, in

the vicinity of sources with strong@m emission. These regions are the locations where
most of the MYSO candidates have been identified by Farife. 2012) using NIR
photometry.

Source 2

This source, located in the SE lobe, is bright in all IRAC babdt has no optical, &
or FUV counterpart. In addition, it has one of the stronggisiate absorptions at 10m
as shown in Fig. 3.3, and it is very close to the peak of one ®GB clouds reported
in Wilson & Scoville (1992). Using HST data, Maiz-Apeliaret al. (2004) derived an
extinction map for the region. They found a strong peak ofnexibn at the location
of source 2, which is consistent with its relatively strorlgcate absorption. Compared
with all the other sources, nebular emission towards thiscgois weak (Table 3.6). Its
high optical extinction, bright PAH emission and spatialncidence with a reservoir
of molecular gas makes of source 2 a very good candidate fite @fsembedded star
formation.

Source 5

From the ks,m/Fsq.m ratios listed in Table 3.3, we infer that Source 5 has theesildust
temperature among our sources. 1t3y}30.4[Sm]18.7 and [Neau]15.5[Nen]12.8 line
ratios derived from Table 3.6 are both the lowest among ources and the PAH features
listed in Table 3.4 are weaker towards this source, compaitaall the other well defined
IR knots. The combination of cold dust, low ionization stateft radiation field (as traced
by the line ratios), and weak emission from PDRs are indieaif a more evolved stage
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3 Ongoing massive star formation in NGC 604

for this particular source. In fact, source 5 is located ritkarboundary between the
active star-forming western and quiescent and older eabemisphere of NGC 604, as
catalogued by Tullmann et al. (2008). Source 5 is also beigthan all the other sources
at 3.6um. This band traces the 3;8n PAH feature, very hot dust and photospheric
emission from stellar populations older than 10 Myr, butsithe continuum slope is
not indicative of hot dust and the PAH emission is weak towahils source, the most
plausible explanation for the excess at @8 is the presence of stars older than 10 Myr.

Source 7, Source 4 and Source 1

Source 7, located in the NW infrared lobe, shows the strangesular line emission
among our sources (Table 3.6). This source is very close tmhthiidge of photospheric
optical emission from a nearby group of young stars (seeFR). The higher electron
density near the NW lobe is consistent with the strong nellinkas measured near source

7 and with the enhanceddHemission observed in this same area of NGC 604 (see, for
example, Fig. 2 in Relafio & Kennicutt (2009)), and impliekigher ionization state.
This source is most likely the location of the youngest maiuence stars of the cluster.
This is supported by our measurements of the radiation fisdthgth in the neighbouring
source C, where we have measured a stronger radiation fielgl Bg. 3.1, relative to the
other sources.

The [Siv]/[Neu] ratio map of Fig. 3.6 peaks at source 4, which has a relgtivebker
radiation field. This suggests an enhanced radiation filedriess near this location,
where we have also measured a warm dust component from toeamontinuum slope
(Table 3.3). Another location with relatively hard radéatifield is source 1. The Relafio
& Kennicutt (2009) study of the region reveals enhanceddrission in sources 1, 4 and
7. However, the eastern part of NGC 604, where sources 1 arelldcated, has a higher
optical extinction traced by the Balmer optical thickness,(~ 1.2), as compared with
the surrounding average extinctiorg{ = 0.2 — 0.3) (Maiz-Apellaniz et al. 2004). The
[S1v]10.5um falls on the broad silicate absorption feature nean and this leads to
an underestimation of the [§]/[Neu] ratio in regions of high extinction. Although this
does not &ect our general picture about the radiation hardness,l§sge]/[Ne ] ratios
and hence younger ages might be expected in sources 1 anch£ftnction corrected
[Swv]/[Nen] ratios.

Finally, the [Siv]10.5uny[Neu]12.8:m ratio is sensitive not only to the cluster age,
but also to the gas density. However, at the relatively loactebn densities measured
in the region (loge ~ 1.5 - 2.5 cnT3), we do not expect the measured line ratios to be
significantly dfected.

3.4.2 The evolutionary stage of NGC 604
Fig. 3.9 shows the best fit to the observed integrated SED & B@! (IRS+ PACS) using

the Bayesian tool described §8.3.7. Also, in Fig. 3.10 we show the resulting PDFs,
covering the totality of our parameter space, and in Talfler# list the associated best
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3.4 Discussion

Parameter Best fit value  Eldridge & Relafio (2011)

to (Myr) 4.079 >4
logC 5508
froR 0.5703
Mei (10° Mo) 1618 (3.8+0.6)x 10°
Memb (104 M@) 12té§
femb 0.075

Table 3.9 Best fit to the integrated spectrum of NGC 604. Patars listed are, from
the top: the cluster age, the compactness, the fractiortalfltoninosity arising in PDR
regions, the stellar mass of the cluster, the mass containemibedded objects, and the
ratio of embedded to stellar mass.

fit parameters and uncertainties, with the values§andM, determined independently
by Eldridge & Relafio (2011) using several methods, inelgdiptical SED fitting. We
also includefemp, the ratio of mass contained in young embedded objétisy) to stellar
mass in the clusteM). This Bayesian fit, as well as the other spectral featursidsed
above, provide a wealth of information about the physics thedevolutionary stage of
NGC 604.

Aremarkable fact is highlighted by a comparison betwee®BEs shown in Fig. 3.10
and those obtained for 30 Doradus and shown in in Fig. 2.7 digtebution of probability
over the parameter space considerable shrinks in the ca@©f604. In particular, the
PDFs of Fig. 3.10 do not show the bi-modal degeneracies teaadent in Fig. 2.7. The
improvement is related to the inclusion of tHerscheldata in the analysis. Far-infrared
observations greatly help constraining model parametenis as the compactness, thus
breaking this degeneracy. Nevertheless, as we have seemtet 2, in the degener-
ate case the Bayesian tool chooses the solution that beftexsents the conditions in a
regio, using the information from the nebular lines. Theref although data at longer
wavelengths further constrain the model parameters, thifibparameter obtained using
mid-IR data only remain practically unchanged.

Dust temperature and compactness

The thermal continuum, PAH emission and line emission ark neproduced by the
best fit. The combined IRS and PACS data are consistent witin-ERf SED peaking at
approximately 7Qum, which indicates anfiective dust temperature ef 40 K. Using
multi-wavelength photometry of a sample ofitlegions in the Magellanic Clouds, Law-
ton et al. (2010) show that the infrared SEDs of most of theg®ns peak at 70m. Our
result indicates that this average dust temperature ismque of “local” Hu regions, but
also applies to at least one relatively more distant region.

We have stated that the compactness parameter controladitent heating flux
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Figure 3.9 Best fit model to the integrated SED of NGC 604. Rf® &nd PACS data are
shown as red diamonds, and the IRAC photometry as blue didsadme solid line is the

best fit model. Also shown are the contributions from punerdgion emission (dashed
blue), PDR (solid blue), embedded population (dotted b&re) photospheric emission
from stars older than 10 Myr (dashed red). Residuals are slmthe bottom panel.

L./Run as a function of age of the idregion. From our given set of best fit parame-
ters it is then possible to derive an incident heating flue (Sg. 3 in Groves et al. 2008).
We obtain an incident flux of log(/Ryy) = 0.65 erg st cm? for our best fit values
of compactness and age. The bolometric luminosity of thetefucan be obtained from
integration of the best fit SED, and gives approximate®»610* erg s*, which allows
us to solve for the féective radius of the H region. We obtaifRy; ~ 120 pc. This value
corresponds to the scale of the larger filaments observeda@ B04 (Fig. 3.2). This
agreement between a model-derived quantity and a measwbbérvable demonstrates
the capabilities of our Bayesian approach to obtain vakighlysical information when
applied to unresolved star forming regions.

Stellar mass
The total stellar mass of.&'1'5 x 10° M, that we estimate with the SED fitting is in

agreement with the value derived by Eldridge & Relafio (3@hH indicates a total stellar
mass similar to that of the 30 Doradus region, for which we &ridtal stellar mass of
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Figure 3.10 Two-dimensional PDFs for selected pairs ofpatars covering the totality
of the parameter space. The pairs shown @pglogC - tg, (b) log Memp - log M and(c)
feor - log M. The grey scale contours indicates the normalized prababllhe cross
symbols mark the best-fit values while the white contourdimalicate the 1r and 90%
confidence levels.

0.63'931x 10°M,, in MG11. In general, the total stellar mass in 30 Doradusrgeiathan
in NGC 604. Our result indicates a slightly lower mass for 20dlus which may be due
to the fact that the physical projected area covered in old@@dus map is smaller than
the projected area of the map presented in this chapter.

We observe in Fig. 3.10(c) the same degeneracy betweerecchnsiss and fraction
of the total luminosity from PDRs that we found for 30 Doradu€hapter 2. We have
argued that the reason for this degeneracy is the fact thhttbe the PDR and the pure
Hu region spectra contribute to the dust thermal continuum.indnease in PAH from
emission is accompanied by an increase in the overall idréwminosity. This also
renders the additional far-infrared data ifistient to solve this degeneracy. At optical
wavelengths, where the emission from PDR is significantfiedent from that of an H
region, are needed to settle the issue. Nevertheless, ¢leaedemcy betweeM and fppr
implies that the the Bayesian fitting tool based on the D&G et®dan find solutions that
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3 Ongoing massive star formation in NGC 604

fit both the optical and infrared mass estimates found byidder& Relafio (2011) and
Relafio & Kennicutt (2009) respectively.

Age of the region

The fraction of total mass contained in embedded objectsuned here for NGC 604
(femp ~ 0.08) is smaller than that measured for 30 Doradus in MGidds(~ 0.53). This

is a clear suggestion of an evolutionaryfeience between these two regions, and points
towards 30 Doradus being younger that NGC 604.

Additionally, the age of 4 -5 Myr derived with our fitting method is consistent with
the study of the line ratios that we presented313.4 and agrees well with the studies by
Eldridge & Relafio (2011) and Hunter et al. (1996). Stat#ty, and assuming that the
majority of the stars in NGC 604 were born in a single star fation event, our result
also supports the generally accepted view that NGC 604 isra ewmlved star-forming
region than its more luminous counterpart 30 Doradus, fackvive have derived an age
of ~ 3 Myr using the same method in MG11.

PDR content

Although the fraction of total luminosity arising in PDRs dggenerate with the total
cluster mass, as shown in Fig. 3.10, our result from SED djtdinggests that at least
half of the energy output from NGC 604 is generated in PDRs other half arising in
ionized regions closer to the cluster stars. The presere&ofinous PDR in NGC 604 is
consistent with the findings of Heiner et al. (2009), who findsiderably high amounts of
atomic hydrogenNy, ~ 2.0 x 107 cm2), and associate them with the photodissociation
of H, in a denserf ~ 500 cnT®) PDR.

Molecular hydrogen in NGC 604

The H, temperatures calculated using Eq. 3.2 and the measuredttsefor sources A,
B and C are all close to 500 K. Due to the large uncertaintiehénH, line fluxes we
do not study in detail the temperature variations. We oritg these values as indicative
of the average temperature of the warm gas. For a given vdltree anolecule angular
momentum, the total number of hydrogen molecules is prapaatto the strength of the
line. Our results on the HS(1) line, which has smaller error bars (Table 3.8), indithat
warm molecular hydrogen is more abundant towards sourcehighahas the strongest
H, lines. Source A is near to the peak of CO emission reportedilsow & Scoville
(1992).

Despite some disagreements on the specific conversion taetioshould be used, it
is generally assumed that CO is a good tracer of cold moletyidrogen. Our results
hence support the co-existence of a warm and a cold phaseletutar hydrogen near
source A. The warm component is usually associated wittonsgheated by interstellar
shock waves (Gautier et al. 1976). These regions emit a gebteum of rovibrational
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3.4 Discussion

and pure rotational pHlemission. Although these emissions are only marginallgatet
in the present work, the improved sensitivity of the Midrhred Instrument (MIRI) for
JWST will allow a better estimation of the amount of shockesd i star-forming regions.

Selective destruction of small PAHs

The 17um PAH feature is generally associated with out-of-band bepohodes of large
PAH molecules, containing 2000 C-atoms (Van Kerckhoven et al. 2000). Table 3.5
shows that the relative strength of this feature scales thihX-ray flux. If we adopt the
PAH size argument, this implies that it is the ratio of largesinall PAH molecules that
scales with the X-ray field. In fact, Fig. 3.11 shows that selu8, which shows the largest
enhancement of the J#n PAH feature among our sources, coincides with a peak of soft
X-ray emission. Soft X-ray emission from massive stars aaassociated with shocked
stellar winds or magnetically confined gas near the wind basar the stellar coronae
(Cassinelli & Swank 1983).

The dissociation of PAH molecules by X-rays has been digzliss Micelotta et al.
(2010). They argue that not all X-ray photon absorptions A Pnolecules lead to
photodissociation and estimate that after a second efehtxs been ejected by the PAH
molecule via the Augerfect, the molecule is left with an internal energy of 14-35 eV,
enough to dissociate small (50 C-atoms) PAHSs, but possitdyticient to dissociate
larger molecules. They leave the question of large PAH saldipen. Our observations
suggest that, at least in the particular case of source ay)emission from massive stars
may be responsible for the dissociation of small PAH molestreating an enhancement
of the 17um feature.

The origin of the [Sin] emission

Fig. 3.8 is suggestive of a correlation between the enhaaneof [Siu] and the enhance-
ment of 17um PAH emission at scales of tens of parsecs. Despite thévedatarge
uncertainties in both the PAH ratio and the [B[Nen] ratio, the figure indicates clearly
that the enhancement of the PAH jiih feature scales with the relative strength of the
[Sin] emission, with the exception of source 5, which lies owddtuis correlation. This
result suggests a common underlying physical mechanistihéenhancement of both
features. We have shown in Table 3.5 that the regions of gé&sirl 7um PAH emission
also correspond to regions of enhanced X-ray emission. BBaséhe triple correlation
between PARL,m emission, [Sii] emission, and soft X-ray flux, we argue that absorption
of ambient X-rays may be linked to both the destruction oflsPfsH molecules and the
excitation of [Sii], and produces the correlation observed in Fig. 3.8

As we have pointed out, source 5 is an outlier of this con@tatt shows a relatively
large [Sin]/[Nen] ratio, but very moderate PAf4,m/ZPAH ratio. It also lies in a region
of low X-ray flux, near the edge between the western, acti@efstming hemisphere
of NGC 604 and the quiescent eastern region where most of tiieRiEyet stars are
located (Drissen et al. 2008). In this part of NGC 604, thea}{uminosity is most likely
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3 Ongoing massive star formation in NGC 604

Figure 3.11 Soft X-ray emission in NGC 604. The black and eimtage is the IRAC
8 um emission. The line contours correspond to the ACIS imagarc 3 coincides with
a local peak of X-ray emission, with a flux of’3x 10°% erg cnt? s2.

powered by the SNe activity of an older event of star forrmafidillmann et al. (2008).
Based on these facts, we speculate that the][Bien] ratio for this source is enhanced
due to the presence of shocked gas rather than X-ray indusigtbugh no supernova
remnants (SNRs) have been identified in the eastern hemespthés is not surprising,
since such objects expanding into a low-density gas aretbatdtect (Chu & Mac Low
1990).

3.4.3 Ongoing and triggered star formation in NGC 604

Until now, a clear-cut answer on whether or not there is omgonassive star formation
in NGC 604 has been lacking. Although there has been suggestidence of embed-
ded star formation in NGC 604 (Farifia et al. 2012, Relafo&hkicutt 2009) from IR
excess studies, a reliable measure of its contributiongédtal cluster mass has not been
obtained.

In §3.4.1 we have discussed the IR-bright subcondensationsédetect in the IRAC
maps. At the distance of NGC 604 it is unlikely that they amividual massive young
stellar objects. A fit to their SEDs (shown in Fig. 3.3) usingéxample the D&G models,
reveals that they are consistent with stellar masses bat@@d/, and 18 M, given the
uncertainty in the determination of the stellar mass shawhig. 3.10(b). This implies
that all together they account for at least a few percentefstkllar mass in NGC 604.
We have pointed out that the line ratios measured towarde sdtihose clumps, namely
sources 2, 3 and 7, are consistent with younger ages thaeshefthe sources. Although
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the timescales for the dissipation of dusty envelopes atatear-forming clusters can be
as long as 10Myr in regions of high density, the low electrensity that we have inferred
in §3.3.3implies that NGC 604 is a rathefidise region. Consequently, we do not believe
that sources 2, 3 and 7 are evolved clusters. The presenhesa# young, massive, IR-
bright clusters, some of which have deep silicate absarféatures, is a clear indication
of significant massive star formation currently taking plat NGC 604.

Additional evidence that supports this scenario comes fwanSED fitting analysis.
We have shown in Fig. 3.9 and Table 3.9 that a wafim~( 300 K) component of dust
arising in MYSO (that in the D&G frame we model as Ultra Conpidar Regions) is
necessary to reproduce the observed SED of NGC 604 at mickVlangths. As we have
pointed out, the required fraction of mass in embedded tbjscconsiderably smaller
that that derived for 30 Doradus in MG11, and comparable ¢aridividual sum up of
the cluster masses.

In an evolutionary context, sequential star formation inQN&4 is a plausible sce-
nario to explain our observations. This idea has been esg@lby other authors before.
Based on submillimeter observations of the QJO=(3-2)/CO (J = 1-0) ratio, Tosaki et
al. (2007) report the existence of a dense ridge of molegaarthat surrounds the main
clusterin NGC 604 and extends in the SE-NW direction, ciog#lowing the location of
our bright IR lobes. To explain their results, they adopt@msirio in which the compres-
sion of molecular gas by the mechanical input from the maistel (the first generation
of stars) has triggered a second generation of stars nebivthiafrared lobe. The strong
radiation field that we observe close to sources C and 7, whame sequence stars are
clearly observed, supports the existence of this seconerggon of highly ionizing stars.
Furthermore, the results discussed in this subsectionatelihat massive star formation
is currently taking place within the SE lobe of NGC 604, evartifer away from the
main cluster, where we have identified the IR-bright subemsdtions of Fig. 3.2, some
of which are heavily enshrouded by dust (e.g., source 2)s $hggests the existence
of a third generation of stars forming in the region, the sipter in a sequential star
formation process that started4d Myr ago.

3.5 Conclusions

We have investigated the physical conditions and quantifiedamount of ongoing mas-
sive star formation in the star forming region NGC 604. Weduaeombination of ob-
servational and modeling tools, including infrared spmuittotometry and Bayesian SED
fitting of Spitzer and Herschel data. Here are our main finsting

1. We have identified several individual bright infrared sms along the luminous
PDRs that surround the ionized gas in NGC 604. These soureedbaut 15 pc in
diameter and have luminosity weighted masses betwegMi@nd 16 Mo,

2. The deep 1@m silicate absorption feature, mid-IR continuum slope atwinéc
line ratios towards some of these sources indicate thataheyoung embedded
systems, and most likely the sites of ongoing massive stardtion in NGC 604.
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3 Ongoing massive star formation in NGC 604

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

3. This massive star formation scenario is supported by 8awpditting of the inte-
grated spectrum (linesontinuum) of NGC 604 constructed froBpitzerIRS and
HerschelPACS observations. Our results indicate that embeddedataation
can account for up to 8% of the total stellar mass in NGC 604.

4. The spectral fitting also implies an age dd4 1.0 Myr for the region, a total stellar
mass of~ 1.6 x 10° M, and an average dust temperature-cf0 K. These results
are in agreement with independent measurements of thesétegsausing optical
broad band photometry.

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

6. We find a positive correlation between the strength of therh PAH feature, the
enhancement of the [8]/[Neu] emission and the strength of the X-ray field to-
wards our sources. We propose that X-rays are responsibtmtb the excitation
of [Siu] and the enhancement of the 4 feature via selective destruction of large
PAH molecules.

7. Our detection of molecular hydrogen in the region indisajas excitation temper-
atures of~ 500 K in NGC 604, and a slightly larger abundance gfrig¢ar source
A, which correlates well with the location of a bright CO ctbreported in Wilson
& Scoville (1992).

8. The physical parameters derived for NGC 604, such as @&saad fraction of total
mass contained in embedded objects indicate that thisrrégapmore evolved k
region, as compared to its its larger sibling 30 Doradug, weahave studied in
MG11 using the same Bayesian method employed here. Nelesshstar forma-
tion in NGC 604 is still ongoing, triggered by the earlier &gt
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CHAPTER 4

Outlook: Recent star formation in nuclear
starbursts

In this outlook chapter we carry out a pilot study on the mtwglof spectral energy dis-
tributions (SEDs) of unresolved starbursts in the LocaMerse. We apply our Bayesian
SED fitting tool to the MIR spectra of a small sample of stastaigalaxies, in order
to investigate dferences in their physical properties and recent star foomatstories
(SFHs). Our robust method finds significanffeiences in the recent SFHs of the studied
objects. For example, we find that in our small sample of targhe most massive, re-
cently formed clusters were born in regions with compaedyiless intense SFRs, where
the molecular gas is depleted. Moreover, we find that thesegpgar systems show the
largest contribution from very recent (1 Myr) massive star formation, which might be
indicative of positive feedback from the inferred massiltesters, at the end of a more
quiescent period of star formation in these systems. Ouot ptudy is encouraging, al-
though the small size of the sample does not yet allow for thefilation of general
trends. We thus propose a systematic study of a large sarhgtigrburst SEDs, using the
present method, to corroborate our findings.

1J.R. Martinez-Galarza, B. Groves, B. Brandl, in preparati
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4 Qutlook: recent star formation in nuclear starbursts

4.1 Introduction

A considerable number of nearby galaxies show increased Wt star formation per
unit of stellar mass, as compared to the Milky Way. Their bwdtric luminosities are
dominated by the UV radiation field of young massive starsnfmt within the last 10:
Myr, the product of a fast gas depletion process. Tistabursts(\Weedman et al. 1981)
are often related to galactic mergers, but their nature agdering mechanism has not
been fully established. Since massive star formation @dowegions heavily enshrouded
by dust, starburst have very high infrared luminosities, ghoduct of the processing of
stellar UV light by dust particles in the interstellar medi@ilSM). The incidence of these
star formation-powered, very luminous galaxies increas#ls cosmic distance and at
redshifts beyona ~ 1, the most luminous members of this class account for ma$ieof
cosmic star formation rate (SFR) density (Elbaz & Cesargl3B2. Furthermore, infrared
emission from dust accounts for about half of the bolomédmginosity of the Universe
(Dole et al. 2006). Thus, the study of the infrared propsrtiestarbursts, both near and
far, and its relation to their internal physics, is crucrattie understanding of massive star
formation throughout cosmic history.

Fitting the observed integrated SEDs of starbursts usiadiptions from theoretical
models is an elegant way to relate measured observables totétnal physics of these
systems. A systematic application of a reliable fitting no€ltko a selection of starburst
galaxies can provide clear answers to the questions of wiggets starbursts and how
they relate to the internal physics and local condition$ieflSM. This information is in-
strumental on the interpretations of distant systems fackvbnly unresolved information
is available. The MIR portion of the starburst SEDs is of jgatar relevance for several
reasons. First, for distant, obscured objects only dataidtimirared and far-infrared
wavelengths are available. Also, thieets of extinction are much less significant at in-
frared wavelengths and allow a more accurate determinafi@FRs, in contrast with
ultraviolet (UV) determination methods, which requireipgtion corrections of a factor
of ~ 10, as pointed out in Sargsyan & Weedman (2009). The samerauiave shown
that infrared discovered starbursts are not dustier thembststs discovered using other
wavelength regimes, thus minimizing selectidfeets.

SED fitting has another advantage over monochromatic SFghdsics: it does not
only quantify recent star formation in galaxies, but it atemstrains the plausible values
of other physical parameters involved in the process offetanation. While monochro-
matic, MIR diagnostics have been successful in measurm&HERs in galaxies (Calzetti
et al. 2005, Relafio et al. 2007, Alonso-Herrero et al. 280éke et al. 2009), they have
provided little insight into the reasons for the enhancadfsirmation in starbursts. How-
ever, SED fitting should be applied with care, because of thaynmdegeneracies that
arise both from observational errors and intrinsic intepehdencies of the model param-
eters. Also, a successful method should use as much inframmags possible from the
integrated SEDs, including the nebular line fluxes that mas&rimental in the determina-
tion of physical conditions such as ionization state of the gnd the ISM pressure. So
far, a statistically robust method for fitting the SEDs ofagaés, including both thermal
continuum and nebular lines, has been lacking.
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4.2 Sample of galaxies

In this outlook chapter we investigate the physics of stemftion in a small selection
of starburst galaxies from Brandl et al. (2006) (BO6 herxaftwith diferent morpholo-
gies and infrared luminosities. For this purpose we appéyfitting tool presented in
Chapter 2 to the MIR spectra of the nuclear regions of thetaxigs to obtain robust
constraints of the SFRs, compactness, ISM pressure, andrdrabcurrently ongoing
massive star formation in these galaxies, in a similar wayesdid for the NGC 604 star
forming region in Chapter 3. 1§4.2 we present the basic parameters of the selected galax-
ies and discuss their morphologies. We continue with a gagam of their mid-infrared
spectra and the results of the fitting proces§4rB3. In§4.4 we discuss our results and
show our main findings in terms of theffdirences in the recent SFHs of the starbursts in
the sample. We summarize our result§4n5.

4.2 Sample of galaxies

4.2.1 Selection criteria

The sample of starburst galaxies presented in BO6 includtés‘pure” starbursts as well
as objects with a weak contribution to the dust heating frativa galactic nuclei. They
also cover a broad range of metallicities, from sub-solaugara-solar metallicities. Ad-
ditionally, while most of them show evidence of mergers anedype of interaction with
near companions, at MIR wavelengths some of them appeargls siuclei, while others
clearly show the presence of more than one nucleus, and dherofappears as a circum-
nuclear star-forming ring. For the present study, we halected a sub-sample of this
group of starbursts, composed of five objects that complly b selection criteria(a)
the contribution from an AGN to the luminosity of the nuclésisonexistent or marginal,
and(b) their metallicities are close to the solar valuB@) < Z < 1.4Z;). The second
criterion helps us reduce the parameter space investigéatecur models and allows
us to focus on specific parameters such as compactness, &dupe, and amount of
embedded star formation.

The variations of MIR spectral properties with metalliditgve been studied by several
authors, both from observations and theory. For exampkesindy of the SINGS sample
of galaxies (Kennicutt et al. 2003), Draine et al. (2007)éhaweasured the PAH index
OraH (the percentage of dust mass contributed by PAHSs) as a imotetallicity, and
found a bi-modal distribution of thgpans values, withgean ~ 1% for galaxies 12+
l0g;4(0O/Hgad < 8.1, andgpan ~ 3.5% for galaxies 12- log,o(O/Hgad > 8.1. This
reflects in stronger PAH features in metal-rich galaxiesnirthe point of view of physical
modelling, we expect metallicity tofiect the MIR spectra of starbursts in several ways
(Groves et al. 2008). First, there is an intrinsic changédedtellar radiation field with
metallicity. Also, diferent metal abundances result in variations in the temyreraind
line emission from ionized regions, and of course, therdse a change in the grain
composition with metallicity, which results infiérent €fective dust temperatures and a
resulting change in the MIR and FIR thermal continuum.

By selection, none of the galaxies has an AGN contributiotihér internal energy.
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4 Qutlook: recent star formation in nuclear starbursts

Although B06 do not find a systematicfidirence between “pure” starbursts and galaxies
with a weak contribution from AGNs for most of their galaxie®me dfferences are
expected. The high energy photons and strong radiation ffigdéded to dust and gas
heating by an active nucleus prevent the formation of PAHemdkes or destroy them
rapidly, and hence these features tend to be weak in AGN daadrgalaxies. Also, the
spectral slope can be used as a discriminator between stegland AGN activity, as
first noticed using IRAS data (e.g. Wang 1992). In the follogvsubsections we briefly
describe some general properties of our sample galaxies.

4.2.2 Basic properties

In Table 4.1 we list the basic properties of the galaxiesistlidere. We want to emphasize
the fact that, even though they all have similar infraredihosities, they are dlierent in
many other aspects, such as their molecular gas contenfughdor star formation),
surface brightness, and galactic host morphology. Theglarelocated at a broad range
of distances, which directlyffects their surface brightness and also the fraction of tiaé to
flux that falls within theSpitzerIRS spectrometer slit in the BO6 study. This also means
that not in all cases the measured spectra corresponds toithear region only. For the
more distant objects, the larger structure of the host gdiidésc within the spectrometer
slit. The selected galaxies are shown in Fig. 4.1 as theyatenid-IR wavelengths

0.20 kpc 0.80 kpc 1.55 kpc

IC 342 NGC 1097 NGC 1222

(a) IC 342 (b) NGC 1097 (c) NGC 1222

455 1.85 kpc

NGC 4676 NGC 7714
(d) NGC 4676 (e) NGC 7714

Figure 4.1 IRAC &m images of our selected galaxies, with the IRS short-lotoster-
imposed for comparison.
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Table 4.1 Properties of sample galaxies.

Name @ o D2  log(Lr)? Z° Mot SFR'  log(M.)®
Mpc]  [Lo]  [Z]  [Mo]  [Moyr’] [Mg]
IC 342 34648.51 +680546.0 4.6 10.17 0.80 .ax 107 1.87 7.0
NGC 1097 24619.08 -301628.0 16.8 10.71 1.383x110° 5.0 9.0
NGC 1222 30856.74 -025718.5 32.3 10.60 1.07< 10° 6.8 5.1
NGC 4676 1246 10.10 +304355.0 94.0 10.88 1.17 .®x10° 15.8 ~7.0
NGC 7714 233614.10 +020918.6 38.2 10.72 117 <10 6.0 6.9

a Distances and IR luminosities taken from BO6.

b Metallicities are taken from Lebouteiller et al. (2011)cept for IC 342 and NGC 1097, whose metal-
licities have been taken from Crosthwaite et al. (2001),2arb et al. (2008), respectively.

¢ Molecular gas masses taken from Israel & Baas (2003), Geérh €1988), Chini et al. (1992), Yun &
Hibbard (2001) and Smith & Struck (2001), respectively.

d Star formation rates taken from the KINGFISH website, Hurhateal. (1987), Brandl et al. (2006),
Mineo (2011) and Gonzalez-Delgado et al. (1995).

€ Stellar masses taken from Schinnerer et al. (2008), Quéileth (1995),(Beck et al. 2007), de Grijs et al.
(2003), and Gonzalez Delgado et al. (1999).
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4 Qutlook: recent star formation in nuclear starbursts

4.2.3 Morphologies

Although they are all classified as nuclear starbursts, #iexges in our sample have a
variety of morphologies and luminosities. For most of thiagis, the morphology is due
to ongoing or recent mergers or galactic collisions. Thefstaning ring in the nucleus
of NGC 1097 is clearly resolved at8n while in the other galaxies the IR emission is
more compact. The scaling of the orders has been perfornoeddicgly, as described in
B06. Here we are interested in studying if there is a cleation between the nucleus
morphology, the measured spectra, and the underlying phg$istar formation.

4.2.4 Measurements from the literature
IC 342

The face-on late-type barred spiral IC 342 belongs to th&dii&roup of galaxies and
harbors a nuclear starburst powered by the infall of mobaagihs via the spiral bar. The
inner 400 pc of IC 342 have roughly the same infrared lumiyasid stellar mass as the
inner 400 pc of the Milky Way (Lebron et al. 2011). Early COdd€1] measurements
showed that the molecular gas is strongly concentrateckinticleus of this galaxy, with
surface gas densities 6f70 My, pc? (Israel & Baas 2003). These authors also report that
at least half of the molecular gas is associated with hotghdominated regions (PDR)
in the nuclear region. Negative feedback from the nucleabstst on the star formation
has been reported in Schinnerer et al. (2008), who claimtitieadficiency of gas inflow
towards the nucleus via the bar is reduced by fifiect of stellar winds and supernovae.
This is in agreement with the recent detection of depleteg dense gas near the sites of
recent star formation (Meier et al. 2011), which indicatdghlstar formation ficiency.
Using X-ray data, Mak et al. (2011) have recently detectggemwva remnant activity
near the nuclear starburst.

NGC 1097

NGC 1097 is a barred spiral galaxy with a weak active nuclBadl{ps et al. 1984). It has
been known for several decades now that there is a star+igrrmg-like structure with
a diameter o~ 1 kpc that surrounds the nuclear region. This ring is rich olenular
gas, and has a sub-structure of azimuthal, very compacipduhat are bright at infrared
wavelengths, with estimated masses of the order 6KMLO(Walsh et al. 1986). Models of
the star formation activity in the ring indicate that it idtee explained by an instantaneous
burst of star formation that occurred 6-7 Myr ago (Kotilaingt al. 2000). Recent star
formation has also been detected at very small distarc&8 pc) from the active nucleus
(Storchi-Bergmann et al. 2005), but evidence has been gthibat even in this very
central region star formation, rather than the central magis responsible for the dust
heating (Mason et al. 2007). More recently, Herschel olat&ms have shown that more
than 60% of the FIR thermal emission from dust in NGC 1097 cofmem the central
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4.2 Sample of galaxies

ring (Sandstrom et al. 2010), which has a total moleculasoés 1.3x 10°M,, (Gerin et
al. 1988). FIR cooling lines are indicative of ionized gassies between 150-400 ¢y
and a strong radiation field near the ring clumps (Beiraol.e2@10). Although such
star-forming rings are common to many galaxies, it is notcjear what the triggering
mechanism is for such structures.

NGC 1222

NGC 1222 is a spheroidal galaxy with a nuclear starburst @ISR is about 4 times that
of the host galaxy (Petrosian & Burenkov 1993). This objexs heen recognized as a
peculiar galaxy due to its bright MIR nebular emission liaesl spectral properties, that
resemble those of a dwarf metal-poor galaxy. In fact, NGCltzas the highest deduced
upper limit for the stellar mass in solar-metallicity gaks between 40 Mand 100 M,
(Beck et al. 2007). Another peculiarity has to do with its lo@ntent of molecular mass,
for which only upper limits have been detected (Elfhag et@96). Beck et al. (2007) also
speculate that the peculiarities of this galaxy are due toubl merger with two nearby
companions. The ionization state of the gas in the nuclesomes compatible with a
stellar population containing4.x 10° O stars, that are contained within a region of size
< 500 pc. The starburst is characterized by a high ISM gas tefisgn = 4.1 cnT3),
compared to other starbursts, as determined using FIR iemisses (Malhotra et al.
2001).

NGC 4676

This interacting pair of galaxies has been popularly know/ftlae Mice”, and it is clas-
sified as an early stage merger in the Toomre sequence (Td@#r@. Here we analyze
the spectrum of the northern galaxy (NGC 4676A), which cimstenost of the PAH and
CO emission in the system. In fact, NGC 4676A shows a pecudidation of the PAH
feature ratios, with a PAFy,m/PAH;113,m decreasing toward the nucleus, indicating a
deficit of ionized PAHSs in the center with respect to neutraHB (Haan et al. 2011).
This is even more surprising given the fact that no weak agtivcleus has been identi-
fied in the central region of this galaxy. Using NIR spectogsg Chien et al. (2007) find
evidence for a youngq{ 6 Myr) stellar population in the nucleus of this northernayai
which is indicative of a recent starburst. This is in agreetméth starburst-driven galac-
tic winds outflowing along the minor axis of the galaxy, ase&ed byChandraX-ray
observations (Read 2003). The nuclear region is charaetthy a compacR < 2 kpc)
molecular complex that contairs 20% of the total molecular mass, which is estimated
to beMpo ~ 5 x 10° M, and have a density &y, ~ 6 x 10°2 cm? in the central region
(Yun & Hibbard 2001).

NGC 7714

This peculiar spiral was the first galaxy to be designated starburst(\WWeedman et al.
1981), and has since become a prototype for these systerhas B nearby interacting
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4 Qutlook: recent star formation in nuclear starbursts

post-starburst companion (NGC 7715) with which it had aelaff-center encounter
between 100 and 200 Myr ago (Struck & Smith 2003). Its stamfdion activity is
heavily concentrated in the nucleus, though it also shoarsfetming regions across the
deformed galactic disk. The strong nuclear Eimission, bright PAH features and weak
silicate absorption features (Gonzalez-Delgado et a5 1B@andl et al. 2004) suggest that
the nuclear activity is powered by an unobscured starbuitBtastotal mass ot 10’ Mo,
while the weak [Fa] emission (Matsuoka et al. 2011) and strong star formattiggered
bipolar winds traced by X-ray observations (Taniguchi etl@i88) seem to rule out the
presence of an AGN in the nucleus of the galaxy. Like NGC 1##2 galaxy also shows
strong forbidden lines, compatible with a population~oR x 10* O stars (Smith et al.
1997). Modelling of the UV spectrum gives an age of 5 Myr foe thuclear starburst
(Gonzalez Delgado et al. 1999), but evidence for an oldpufaion (15-50 Myr) in the
same region has also been found (Lancon et al. 2001). Telmigtial. (1988) estimate a
total mass of ionized gas ofdx 10° M.

4.3 Results

4.3.1 MIR spectra of the selected galaxies

Fig. 4.2 shows the IRS spectra of our sample galaxies. A cehgmsive description
and analysis of the spectral features, including PAH emissiebular lines and thermal
continuum can be found in B06. Of relevance here is the fattrtht all the wavelength
range shown in the figure is covered by a single order (andeéhky@ single slit) of the
spectrometer, and hence a scaling factor is necessary thra orders together. As
discussed in the B06, the IRS short-low (SL) fluxes were scafeto match the IRS
long-low (LL) slit fluxes, which are measured with a larget @nly the small SL slit is
shown in Fig. 4.1). The motivation for this choice, in theeads the nuclear starbursts
discussed here, is that the mismatch is due to some nuclganifised by the SL slit, and
not to unrelated extended flux. Hence, scaling the SL fluxescapunts for this missing
nuclear flux, and the resulting spectra represent the ttegriated starburst flux. We will
discuss this further i§4.4

The selected galaxies sample a fair range of spectral shapmsmost remarkable
differences have to do with the relative strength of the PAH featwith respect to the
thermal continuum, the depth of the 9um silicate absorption feature and the intensity of
the nebular lines. NGC 4676 has by far the strongest PAH émissd also the deepest
silicate absorption, in contrast with NGC 7714, which hdatieely weak PAHs and very
little silicate absorption. These two objects only seenmefmresent the extremes between
a heavily obscured and an unobscured starburst, althowyhatte both the product of
an interaction and have a similar age (5-6 Myr). The ionaratf higher atomic states
in the gas, as traced by the strength of the filyl£5.5um and [Siv]10.5um nebular line
emission, is high in NGC 1222 and undetected in IC 342 and NG&7 1 The slope of
the dust thermal continuum, measured in BO6 usind-agm/Fsq.m ratio, is steeper for
NGC 4676, and decreases in the following order: NGC 7714, NGg2, IC 342 and
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4.3 Results

Figure 4.2 Mid-infrared spectra of our selected galaxieB.spectra are normalized to
the flux at 30um and shifted one decade in logarithmic flux for comparisohe main

spectral features are labelled.
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4 Qutlook: recent star formation in nuclear starbursts
4.3.2 Bayesian fitting of the spectra
General remarks

In order to investigate if there are fundamentafetiences in the physics of the inter-
stellar medium between the galaxies in our sample, we apfitie Bayesian fitting tool
described in Chapters 2 and 3 to the spectra shown in FigT4&tool provides a fit to
the spectra, and robust constraints for the physical paemen the models. We have
used the age-averaged version of the galactic SEDs, whathrees a constant SFH over
the last 10 Myr, as described$2.5.4 of this thesis. Our assumption of a constant star for-
mation history rather than an instantaneous burst of staxdtion is supported by several
facts. First, while the SFR of the systems studied here arérdiied by recent starbursts,
there is also evidence for an age spread in the systems, aawsesben ir§4.2. Rather
than one or a few instantaneous star formation bursts, ancants enhanced SFR over
the last million years seems a more physical explanatiothtbage spread. Second, since
the fixed size of the IRS slit translates intdfdrent physical scales at the distances of the
galaxies, we cannot guarantee that, although dominatigemission from the nuclear
region is the only component of the spectra. Finally, we lsaen in Chapter 2 that not
even a single Giant l Region such as 30 Doradus can be modelled assuming a single in
stantaneous burst, and hence a time-averaged approachseeenreasonable for distant
counterparts of 30 Doradus.

The physical parameters studied here are the SFR, the cemegad), the fraction
of the total luminosity emitted in PDR region§fg), the ISM ambient pressur®¢/k)
and the mass contribution of young, embedded objdgtg)( that accounts for very re-
cent star formation in the systems. Additionally, it is gbksto account for variations in
the extinction, which at MIR wavelengthfacts the depth of the 94fn silicate absorp-
tion feature. We have described these paramete$.8.3. Here we will only remind
the reader that in the age-averaged models used in the posmter, these parameters
represent the physical conditions in individuai ifegions within the starbursts, averaged
over the last 10 Myr. We have seen in Chapters 2 and 3 that ffeeaeneters are well
constrained, and their derived values and uncertainteesadoust. More importantly, we
have shown that their values are related to the evolutiostaigye of the hk regions, and
hence they provide information on the physics that regula¢estar formation in star-
bursts. By relating the derived parameters to the morplyodogl observables of these
systems, we will learn about the local conditions in indivatiHu regions and the overall
star formation characteristics of the starbursts.

Far-infrared photometry has been obtained for some of tiexigs in our sample
using the Photodetector Array Camera and SpectrometergP&Strument onboard the
Herschel Space Observatoyut it is unfortunately not yet publicly available. Never-
theless, as we have seeng§B.4.2, while theHerscheldata provides better constrains
to the parameters, the best-fit estimates obtained withamirémain unchanged when
far-infrared data are included.
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4.3 Results

Name logC frDR femb SFR logPo/k
Moyrt Kem™

IC342 6500 >080 09470 07477  >70

NGC 1097 50798 >090 02501 51897 575
NGC 1222 60792 >080 140701 46518  >50
NGC 4676 5092 >090 <020 212338 575
NGC 7714 €092 >075 17698 7.38282  >65

Table 4.2 Best fit values for the model parameters in the gaample. The uncertainties
as derived from the Probability Distribution Functions B)are indicated.

Best fit parameters and uncertainties

In Fig. 4.3 we show the best fit models after applying the Bayew®ol to the spectra
shown in Fig. 4.2, and in Table 4.2 we list the best fit paransetad their derived uncer-
tainties.

The uncertainties are obtained from the-Tcontours of the derived posterior proba-
bility distribution functions (PDFs), in the same fashiathey were derived in Chapters
2 and 3. The best fits shown in the figure emphasize the variatithe contributions
from different components to the integrated spectra of our sampgigal In particular,
the contribution from hot dust arising near the embeddedat®j modelled here as Ul-
tra Compact Hi Regions (dotted blue line in the figure) varies considerédolyn galaxy
to galaxy. The galaxy spectra are dominated by the PDR coergpaver the pure H
component, that contributes very little in all cases, altjfothe uncertainties are larger
for IC 342 and NGC 7714. The derived SFRs range from a Milky Walye for IC 342
up to 20 times the galactic value in NGC 4676, the northeraxgabf the Mice. For the
ISM thermal pressure we can only establish lower limitscaithe mid-IR spectrum is
not very sensitive to this parameter. Only the nebular liv@sstrainPq/k, which falls
near the high pressure end for most of our galaxies, thogetiv lowest limits being
NGC 1222 and NGC 7714.

An interesting fact is that galaxies with weak PAH emissguh as NGC 1222 and
NGC 7714 do not necessarily imply a small contribution frodRregions. In fact, as we
have noticed, all galactic spectra are dominated by a PRéetbmponent and the best fit
model givesfppr close to unity for all but one of the galaxies. An increaséhmlevel of
the MIR thermal continuum, for example by adding the embeddaenponent, can result
in a relatively weaker PAH emission. However, the derivedartainties do show that the
lower limits to the PAH contribution tend to be smaller fotayaes that show weak PAH
emission.

Another important dterence has to do with the depth of the Qi silicate absorption
feature, which is a measure of the extinction towards thesexges. As we have men-
tioned, this can be related to the inclination at which weeobs the galaxy, or simply to
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Figure 4.3 Best fit to the IRS spectra of our selected galax@wwn are the IRS data
(red), best fit SED (solid black), and thdfgrent contributions of the resulting SED: the
Hu region (dashed blue), the PDR region (solid blue), and thkeeldied populations

(dotted blue). The residuals are indicated in the lower pane

96



4.4 Discussion

the total column density of dust between us and the sourcacdount for the variations
on the extinction we adjust the value of the dust column dgnsjus, to reproduce the
shape of the silicate absorption feature. For all galaxdesmlue ofpqust corresponding
to an optical extinction oA, = 1.0 gives a good fit to the silicate feature, except for
NGC 4676, for which a higher value of extinctioA( = 4.0) in needed to reproduce the
spectra.

Fig. 4.3 and Table 4.2 indicate that spectrdlatences in the MIR translate into vari-
ations in the physical conditions in starbursts of similatallicities. In B0O6, the authors
showed that in spite of the spectraffdrences, some average properties are common to
all starburst galaxies, and produced an average “temptdeturst spectrum. Here, we
adopt a diferent perspective. We quantify thdfdrences in the spatially unresolved spec-
tra of the nuclear regions and relate them to variationserdbal physical conditions of
the ISM. This will allow us to investigate what physical paeters have an impact on the
star formation activity of starbursts.

4.4 Discussion

Although the galaxies in our sample are all nuclear statbunsgth no significant contribu-
tions from AGNs, our results indicate that they have a breade of physical conditions.
Some of the observedfiierences may be related to geometri¢édets unresolved by the
spectrometer slit, such as orientation (mainly galaxyiiration) and size. However, it is
unlikely that the pronouncedfliérences seen in the MIR spectra of these galaxies is re-
lated to inclination &ects, because very high optical depths would be necessafietd

the MIR emission in these objects. In a theoretical studydmsdon et al. (2010), using
the same physical models on which our Bayesian tool is bakedauthors show that
the dfect of galactic inclination on the MIR SED is very small, witle only noticeable
effect being a change in the Qu silicate absorption feature for very inclined galaxies.
Moreover, we have also discussed§i.3 the fact that the spectra have been scaled to
match the flux of the entire region contained within the Llt.sBince the galaxies are
located at dierent distances, this region is not always restricted t@#iactic nucleus.
Nevertheless, we assume that in all our objects the obsepectrum is dominated by
the central starburst.

We are therefore confident that the measuréi@dinces in the spectral shapes of these
objects are related to the physics of the stars and the ISMerstarbursts, with only a
small dependence in geometry. In the following we interpretfindings in terms of the
relation between the observed trends in the best fit parasatel the overall character-
istics of the starbursts.

4.4.1 Star formation rates

In general our estimates for the SFRs agree with the litexatalues listed in Table 4.1.
The galaxies with the most intense star formation activitpir sample are NGC 4676
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and NGC 1097. Although we derive a SFR of onl@ ™M, yr~! for the latter, it is worth
remembering that the IRS LL slit only covers a fraction of thipc star-forming ring,
and hence our estimation is only a lower limit. Assuming gami star formation az-
imuthaly distributed in the ring, the actual SFR for thisrktast might be two or three
times larger, and hence comparable to that of NGC 4676. Tiwesgalaxies have the
highest nuclear molecular gas masses in the sample, anthicéses the nuclear molec-
ular mass accounts for at least 20% of the total moleculaingidie host galaxies. In the
remaining galaxies the molecular masses are at least oee @frchagnitude lower, and
in the cases of NGC 1222 and NGC 4676 only upper limits hava Hetected.

Our estimate of the SFR is based on the integrated luminosthe best fit SED, and
as a pan-spectral diagnostic, it is more accurate thanataration diagnostics that use
a single feature (e.g., the PAH emission at /), to estimate the total luminosity. The
resulting SFRs, are correlated with the total molecularsaaseasured towards the nu-
clei. This agrees well with the star formation laws in whiblk SFR scales proportionally
to the molecular gas content (Kennicutt 1998), and doesawtdo depend much on the
geometry of the nucleus. By far, IC 342 is the starburst nugcleith the lowest SFR. The
amount of molecular gas in this galaxy has been estimated cOb< 10’ M, lower in
comparison with NGC 1097 and NGC 4676. However, it hosts & bancentration of
molecular gas in the central region (Israel & Baas 2003).4€i8 the only galaxy on the
sample that is not visiblyféected by interactions with nearby companions. Our result of
more intense starbursts in interacting systems would stippgcenario in which galactic
collisions are moreféicient than other mechanisms in bringing the starburst gese®|
together.

4.4.2 Pressure, compactness and their relation to mas-
sive clusters

We have discussed in previous chapters the relevance obthpartness paramet@rin
controlling the dust temperature iniHegions as a function of time, and its corresponding
impact on the SED. This arises from the fact that, as therégion evolves, the cluster
mass M) and the ISM external pressuiRg/k combine to set the temporal evolution of
the heating flux, as parametrized by the cluster luminosiigdd by the square of the id
region radiusl¢/Ry,2. From equation 2.1, we know that the compactness paranseter i
proportional to the product &f* Po/k%%. This implies that to keep compactness constant,
an increase in the cluster mass must be counteracted bye@adedn ISM pressure.

Our results in Table 4.2 point to an inverse correlation leefwthe measured com-
pactness and pressure for our sample galaxies. Those emlaith higher compactness
are also those with lower values Bf/k, and vice-versa. If this trend is confirmed in a
larger sample of objects, it would have implications in aterpretation of the compact-
ness. According to the definition of the compactness, to keleighC at their low ISM
thermal pressures, NGC 1222 and NGC 7714 should have a sartlfi higher average
cluster mass as compared to NGC 1097 and NGC 4676, which also dignificantly
higher SFRs over the last 10 Myr. Altogether, this indicdked, even if NGC 1222 and
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NGC 7714 are not forming the largest amounts of stars, thegphniie forming the most
massive star clusters. Interestingly, as discusséd.i, and shown in Fig. 4.2, these two
galaxies show strong nebular lines that indicate the presehparticularly massive stars.

Let us speculate in the context of the possible scenariakhéformation of massive
stars. If the presence of very massive stars in the stasbwistre we infer the largest
average cluster masses is confirmed, this would supportearago of competitive ac-
cretion, which requires massive stars to form in clustemdrenments. The reason is
that competitive accretion predicts an explicit relatia@ivibeen the mass of a cluster and
the most massive star in that clustemfy), with Mg o« mt3, (Bonnell et al. 2004). In
contrast, the core accretion model of star formation alltmvanassive stars to form in
relative isolation. Our method can thus be combined wittabé diagnostics of the pres-
ence of very massive stars in clusters to test proposed sofialassive star formation.
Because of the small sample size of this pilot study, howetes is a very speculative
statement, and further evidence is needed, part of whictbvearbtained by applying the
present method to a larger sample of starbursts.

4.4.3 Molecular gas content and feedback in starbursts

NGC 1222 and NGC 7714 are also peculiar in their low moleagdarcontent, with only
upper limits detected. IC 342 also has molecular gas massriters of magnitude below
NGC 1097 and NGC 4676. Their low molecular content is alssistent with the lower
upper limits that we have derived for their luminosity cdamition from PDR regions.
While this correlates well with their comparatively loweFiSs (in fact, IC 342 has the
lowest SFR in the sample), the reason for the depletion ofoutéir gas in these starbursts
is not clear. Negative feedback has been reported as a [@sailse for this depletion by
some authors in the particular case of IC 342 (Meier et al128thinnerer et al. 2008).
According to these authors, dense gas in IC 342 gets disparske presence of an ex-
panding Hui region, and the influence of the negative feedback procesbesuch that
it considerably diminishes the gas flow from the bar that §a¢bd star formation activity,
thus quenching further star formation. Negative feedbagknfthe massive clusters in-
ferred in NGC 1222 and NGC 7714 can explain their low gas atat@ot only from the
expansion of Hi regions, but also aided by the strong stellar winds from wmasgars,
and supernova activity.

However, a striking characteristic is that both NGC 1222 Bi@IC 7714 have the
largest inferred contribution from young embedded objesith fomp being at least 6
times larger for these systems than for NGC 1097 and NGC 4tattid 4.2). We have
described the interpretation for this parameteyarb.4. Briefly, it refers to the mass ratio
of embedded to non-embedded stars that are younger than 1fMy, = 0.0, embedded
objects no longer exist in the clusters, whereakif, = 1.0, half of the massive stars
formed over the last million year are still in a embeddedest@ur results indicate that
in NGC 1222 and NGC 7714, about 60% of the youradl(Myr) massive stars are still
in an embedded phase, while only 25% of the stars of similaraag still embedded in
NGC 1097, and even less in NGC 4676. For IC 342 the fractiobdsie50%.
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4 Qutlook: recent star formation in nuclear starbursts

Does this apparent enhanced activity of recent massivéastaation in NGC 1222
and NGC 7714 contradict their low molecular mass content? riegessarily, for two
main reasons. First, the CO surveys on which the molecukdggermination is based
do not necessarily trace the very dense regions where mastsivs form, which have
column densities of the order of 4cm2. Second, the timescales for gas depletion in
the nuclear regions are longer than the adgiedince between the young embedded stars
and the massive main sequence stars formed over the last A OThrefore, even if gas
has been depleted over periods longer than 10 Myr, very tesemts of star formation
are possible (via triggering, for example) from the samenprdial molecular gas cloud
that formed the ionizing sources. Once again, this is anag@ethat requires a more
significant statistical sample of galaxies before any gfrmonclusions are drawn.

4.5 Summary and outlook

The MIR spectra of starbursts contain a wealth of infornratibout recent star forma-
tion activity in galaxies, in particular in those with nuatestarbursts. In the pilot study
presented in this chapter we have applied our Bayesian Stigfibol to the MIR spec-
tra of a small sample of galaxies whose star formation dgtigidominated by nuclear
starbursts. We have chosen a sample of objects with solalioities, in order to in-
vestigate metallicity-independentfidirences in their physical properties. Our Bayesian
method gives robust best fit values and uncertainties toltlgsigal parameters of these
starbursts.

Overall, starbursts share some common spectral featumemttiude PAH emission,
silicate absorption at 9,4m, strong thermal continuum and nebular forbidden linemfro
atomic species, as discussed in B06. Our results show esptjtd these general similar-
ities, significant diferences in the recent star formation histories of nucleabststs can
be derived from their MIR spectra, and related to their opraperties. Our exploratory
study points to a relation between the star formation rae gas content, and the pres-
ence of massive stars in these systems. While the SFRs ituitied starbursts correlate
well with the measured mass of molecular gas, the starbuittsthe highest SFRs in our
sample do not host the most massive derived star clustestealah, in our sample the most
massive clusters that formed during the last 10 Myr are frtarbarsts with less intense
SFRs, where the molecular gas is depleted, like NGC 1222 &1@ R714. This relation
requires further confirmation. Interestingly, we also findttthese gas-poor systems show
the largest contribution from very recert ( Myr) massive star formation. Further evi-
dence needs to be collected to investigate if feedback frenirtferred massive clusters
is responsible for the triggering of these new events offstanation.

We have shown in the preceding chapters the power of Bay&dnhfitting in the
interpretation of spectral observations at MIR and FIR vevgths. We have calibrated
our tool using the well known nearby massive star formatiegions 30 Doradus and
NGC 604, and then applied it to the spectra of a small sampdtaoburst galaxies. We
have shown the potential of the tool in the interpretatiotheke starburst spectra. Our re-
sults provide the first hints to interesting trends in theqitgl parameters of these systems
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4.5 Summary and outlook

and their relation to the condition of the ambient ISM. Thiesgs can be at the base of
our understanding of starbursts, but require further comafiion. The next step is to apply
the Bayesian tool to a larger sample of galaxies in orderdwige statistical significance
to these trends. A natural candidate sample is the Greatr@disries All-Sky LIRG
Survey (Armus et al. 2009,GOALS), which includes imaging apectroscopy data from
several space-based observatories, and is unique regdingifarge number of observa-
tions and their wavelength coverage. In particular, it adoreSpitzerIRS spectroscopy
of a sample of 202 galaxies including many Luminous Infraéadbaxies (LIRGs), many
of which also have availablderscheldata. A systematic study of these objects with our
method will provide some answers to the long-standing dgurestegarding the nature of
starbursts.
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CHAPTER 5

Mid-infrared IFU spectroscopy from space:
wavelength calibration of JWST-MIRI

In 2018 a new integral field unit (IFU) spectrometer will flygpace onboard thiames
Webb Space TelescofBVST), as one of the components ofM&-Infrared Instrument
(MIRI). With an approximate wavelength coverage fropmd to 29um and a field of view
ranging from 37 x 3.7 to 7.9 x 7.9” depending on the wavelength, this medium res-
olution spectrometer (MRS) will study the infrared sky aatal scales 10 times smaller,
sensitivities 100 times larger and spectral resolutionrie§ better than its natural pre-
decessor, thénfrared SpectrograplfiRS) onboard thé&pitzer Space Telescapkn this
chapter we present a method for the ground wavelength atibbrof the MRS. We test
our method using data collected during testing of the Vatiis Model (VM) of the
instrument, and obtain a first calibration of one of the smageter sub-channels. We
compare our results with predictions from optical models emmbine them with a study
of the fringing pattern created within the detector sultetreo verify some of the spec-
troscopy requirements set by JWST’s science goals. We demada the reliability of
our method and show compliance with the spectral resolugqnirements for the stud-
ied sub-channel. In Chapter 6 we apply our method the thevaielength range of the
Flight Model of the instrument.

partially based on: J.R. Martinez-Galarza, A. M. GlauseHernan-Caballero, R. Azzollini, A. Glasse, S.
Kendrew, B. Brandl and F. Lahuis, 2010, SPIE Proceedings D8ego.
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5 Mid-infrared IFU spectroscopy from space: wavelength calibration of JWST-MIRI

5.1 Introduction

The powerful capabilities of th8ames Webb Space Telescq@é/ST) at mid-infrared
wavelengths (;xm-29um) have been widely recognized by the astronomical communit
Practically all of the JWST science themes will greatly Hgfisom observations extend-
ing into the thermal infrared. For example, at redshifts nghthe first light sources in
the history of the Universe are expected to foun>(8), several spectral features from
evolved stellar populations have shifted into wavelenghysond the JWST near infrared
instruments, making it necessary to observe at MIR wavéhsny distinguish between
real “first light” sources and sources with older stellar plagions. Before JWST, obser-
vations in this spectral range have been limited to apestoeéow 1 meter, and to spectral
resolving powers oR ~ 600, both limits imposed by the capabilities of Bgitzer Space
Telescope As we have have pointed out in Chapter 1, the larger apestaecof JWST
(6.5 m) implies a sensitivity 100 times larger than Spitzethie wavelength range/on-
10um.

As the only mid-infrared instrument onboard the JWST, MIRIl wrovide multiple
configurations that include wide-field imaging and photametoronagraphy between
10um and 27um, low-resolution (R 100) slit spectroscopy betweems and 1Qum and
medium resolution integral field spectroscopy with a vejogsolution of~ 100 km st
(R = 1000- 3000) between &xm and 28.5um. The instrumental requirements for all
these capabilities are set by the science goals of the missid can be separated into
two main aspects: firaction limited image quality and high sensitivity. With aaim
aperture of 6.5 m, JWST hadfitaction limits at 1Qum and 2Qum of 0”.317 and 0.645
respectively, with a pixel size on the MIRI detectors ¢f1L. This guarantees a fully
sampled diraction limit forA > 7 um, which has not been achieved by previous observa-
tories at the same wavelengths. As for the sensitivity, thed 3 to ensure that the noise
level is set by the thermal infrared background from cosmigrses, and the telescope
itself. This requires high photon conversidfigency and, of particular relevance for the
present chapter, spectral and spatial resolutions thatmtia¢ potential scientific targets.

The sensitivity requirements can only be achieved with atriment that operates at
very low temperatures, an hence MIRI is the only one of the TWStruments that is
cooled to a temperature of 7 K, considerably lower than thk d4perational temperature
of the telescope. The MIRI cooler is hybrid, and uses a Joulemson adiabatic cooler
precooled by a multi-stage Pulse Tube Cooler (Banks et &I8R0This configuration
allows remote cooling, which is necessary to place theunsént far from the warm parts
of the cooling system. Because of this low-temperatureatfmer, MIRI has to be tested
in a cryochamber that simulates the operational conditions

In this chapter we present spectral data obtained durirtingesf the Verification
Model (VM) of the instrument, an almost exact copy of therastent that will actually
fly with JWST in 2018. We design a method to perform the wavgieralibration of
the MRS, and apply it to the test data for one of the instrunsebtbands. We derive
a wavelength range and spectral resolution for this sulthband compare them with
predictions from optical models of the instrument. We desti@ie that our method is
reliable and able to provide wavelength calibration witthie required uncertainties, even
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5.2 MIRI: an overview

within the limitations of the VM hardware. The method praasédus with a powerful tool
to measure the wavelength calibration of the MRS acrosatheéivelength-range, once
the Flight Model (FM) becomes available. We perform the fudlvelength calibration in
Chapter 6.

The chapter is structured as follows.§ib.2 we introduce the medium resolution spec-
trometer (MRS), and indicate some generalities of its fiametiity. In §5.3 we describe
the spectrometer setup during VM testing, and present thatieg measurements. Since
the wavelength calibration is tightly related to the sgatitormation of the IFU, we start
§5.4 with a description of the algorithms for the reconstiarcbf the datacubes. We also
describe the method used to perform wavelength calibradiod its application to chan-
nel 1C. Finally, we discuss fringing, resolving power anglithstrumental line shape. We
summarize our results i§b.5.

5.2 MIRI: an overview

5.2.1 The MIRI field of view on the sky

The field of view of MIRI on the sky is divided in fferent regions, each dedicated to one
of the instrument functionalities. It has a’7% 113’ field of view for the imager, a 30x

30” field of view with a Lyot coronagraph that operates aj28 three 4-Quadrant Phase
Mask Coronagraphs, each with a field of view of’2424” and operating at 10.4m,
11.4um, and 15.5um, a 8’ x 0”.6 slit for low resolution spectroscopy and four nested
fields of view for the IFU spectrometer. These afiset from the field of view containing
the imager, coronagraphs and low resolution slit, as we sh&ig. 5.1. We also show in
Fig. 5.1 how the focal plane looks like on the three MIRI d&tex:

5.2.2 Integral field spectroscopy with MIRI

The MRS is composed of two main optical components. The spmeter pre-optics
(SPO) (Wells et al. 2004) separate the incoming beam in 4tisgpethannels by the use
of dichroics, and divide the field of view of each channel gssticing mirrors. The
spectrometer main-optics (SMO) (Kroes et al. 2010), comsithree sets of diraction
grating mechanisms that divide each MRS channel in thredanlds (short, medium and
long wavelengths) and record the resulting spectrum on tikSMetectors (Ressler et al.
2008). In Table 5.1 we list all the nominal sub-bands of theSVIRith their respective
nominal wavelength ranges and the number of MRS slices.

Each of the two MRS detectors registers the dispersed spectf two channels si-
multaneously. In Fig. 5.2 we show schematically how a paldicfield of view is divided
by the slicing mirrors for each channel and, and then diggkirsto the detector. In Ta-
ble 5.2 we provide some relevant numbers regarding the $iteed-OV and the spatial
sampling for each channel.
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Low Resolution

Spectrometer
5 x 0.6 arcsec

Imager
75 x 113 arcsec field -

0.11 arcseconds/pixel
Nyquist sampled at 7 um

It is not possible to
simultaneously observe the
same field with imager and
spectrometer

R ~ 3000, 4 Channel /
Integral Field
Spectrometer

Channels 1and 2

~ |Three 4QPM Coronagraphs
24 x 24 arcsec

Lyot Mask 23um
30" x 30"

Figure 5.1 The MIRI FOV on the sky and on the detectors. Thessif the diferent fields
of view is indicated. Courtesy of the MIRI European Congorti

For the MRS, specific requirements to accomplish the prapssience include a field
of view of at least 3 arcseconds and the capability of imagenstruction within 10% of
the ditraction limit. On the spectral side, the MRS is required teeha resolving power
R > 2400 for 5um < A < 10 um, R > 1600 for 10um < A < 15um andR > 800 for
15um < A < 27 um, and the wavelength determination accuracy should be %f th@
size of the resolution element at all wavelengths. Also¢cBpeghosts are expected to be
of less than 1% measured as the brightness of an unresohefitted to a ghost image
relative to the brightness of the primary line. Finally, whngth stability is expected to
the level of 5% of the resolution element size.

5.3 Setup and measurements

5.3.1 The MIRI Telescope Simulator (MTS)

To provide the Verification Model with an input signal, a MIRElescope Simulator
(MTS) (Belenguer et al. 2008) has been developed by INTAmi$N purpose is to pro-
vide a test beam for MIRI similar to the one that will be detiv@ by JWST under flight
conditions. Light from a 800 K blackbody is collimated andsged through a variable
aperture system and then trough the desired filter beforffusdr spreads the beam and
makes the illumination uniform. A 1Q6n pinhole on the extended source target provides
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5.3 Setup and measurements

Subchannel Wavelength Rangem No. of Slices FOV arcset

1A 4.87-5.82 21 I x 3.7
1B 5.62-6.73 21 I x 3.7
1C 6.49-7.76 21 I x 3.7
2A 7.45-8.90 17 Hbx 4.7
2B 8.61-10.28 17 Hx 47
2C 9.94-11.87 17 Hx 4.7
3A 11.47-13.67 16 a4x6.2
3B 13.25-15.80 16 4x6.2
3C 15.30-18.24 16 4x6.2
4A 17.54-21.10 12 Bx7.7
4B 20.44-24.72 12 Bx77
4C 23.84-28.82 12 Bx77

Table 5.1 Nominal characteristics of the MRS subchannels

Channel Acrossslice Along Slice Across slice Along Slice
sampling sampling Inst. FOV Inst. FOV

[arcsec] [arcsec] [arcsec] [arcsec]
1 0.18 0.20 3.7(21) 3.7
2 0.28 0.20 4.5 (17) 4.7
3 0.39 0.25 6.1 (16) 6.2
4 0.64 0.27 7.9 (12) 7.7

Table 5.2 The spatial sampling and instantaneous FOVs &R channels. The third
column indicates in parenthesis the number of slices infvthie FOV is divided.

the point-source capabilities. This point source can barsdacross the MIRI FOV. An
imaging subsystem then sends the light to the MIRI FOV thhoaiget of focusing and
folding mirrors.

The MTS was meant to project a point source onto the FOV of MéRIwell as an
extended uniform illumination. Due to some mechanicalésstduring the manufactur-
ing of the MTS, it was not possible to properly focus the paatirce, and hence its
Point Spread Function (PSF) was significantly distorteddifional mechanical issues
prevented us to illuminate the entire MIRI field of view withetextended source mode.
Unfortunately, the non-illuminated area includes the F@¥she four MRS channels.
The MTS is also equipped with several narrow-band filter@pes to provide synthetic
spectral lines in the full range, and a mask to produce daages. It also has two cufo
filters, a long wavelength pass (LWP) and a short wavelenagh (SWP) filter. The MTS
etalons are Fabry-Perot interferometers that producenstintspectral lines at specific
wavelengths by interference of two reflected wave frontse péattern of this etalon lines
can be resolved by the MRS.

109



5 Mid-infrared IFU spectroscopy from space: wavelength calibration of JWST-MIRI

10 arcseconds
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Figure 5.2 IFU spectroscopy. The slicing of the FOV is perfed by the spectrometer
pre-optics and arranged in an output format, for each ofdheriested FOVs (left). Light
is dispersed by first-order gratings and forms a spectrurh@detector (right).

5.3.2 Measurements

Using the setup described in the previous section we havent8dRS spectra of the
etalon lines for the dierent available subchannels. Since full illumination &f MRS
field of view was not possible, we used the out-of-focus psiirce to illuminate two
regions of the MRS field of view. Full illumination of the MRSOW will be possible
during FM testing. For each of those etalon exposures wetatdoa background image
by moving the point source out of the image field and taking grosure of the same
duration. Additionally, for each of the two point source piosis we took exposures
using the MTS LWP filter, and the 800 K blackbody continuunthwit any filters. The
LWP exposures are crucial to fulfil our goal, since the filtetoff provides an absolute
wavelength reference for the calibration. This dbiteavelength falls within the range of
channel 1C, and hence we use this channel for the presegsanal

The MIRI detectors have two standard readout patterns: ade and Slow Mode.
Fast Mode reads the full array every 2.775 seconds, and SlodeNderforms the same
operation every 27.105 seconds. The slow mode is prefesréoifg exposures{(~ 10s),
in order to reduce the data volume. The exposure paramestedsmithe present study are
listed in Table 5.3.

Fig. 5.3 shows the resulting detector signal for channelad€2C for an etalon ex-
posure. The slices into which the FOV has been divided aemgead along the horizontal
axis, while the vertical direction corresponds to the disjgmn axis. Each of the vertical
'slices’ on the detector plane is then the spectrum of onéiadpsice of the FOV. The
etalon lines are clearly visible as dots more or less equaliced along the dispersion
axis. They are not present in all the spatial slices, sin¢aihthe FOV was illuminated,
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NFrames 40
NInt 1
Readout SLOW
Int. Time 120 sec
VAS % 100

Table 5.3 Exposure parameters.

as mentioned. Optical distortions within the MRS are evigena curvature of the spec-
trum. We expect these distortions to produce an observaliation in the position of
eaual: points as we move in the alona-slice (spatial) directions.

1000
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Figure 5.3_eft: An etalon exposure using the MRS for channels 1C and 2C. Ttiedm
tal axis corresponds to the spatial along-slice directidile the vertical axis corresponds
to the dispersion direction. The slice numbers are indéicalRght: Detail of the same
etalon exposure. Etalon lines appear as little blobs atigiheng the dispersion axis.

5.4 Analysis

5.4.1 Cube reconstruction

In an IFU spectrometer like the MRS, the spectral and spafi@atmation are closely re-
lated, because the FOV of each channel is optically sli@dligned, and then dispersed
by the gratings to generate the image spectra of Figs. 83r@ 6.6. Hence, although
the main focus of this and the following chapters is the wewgth calibration, a brief
discussion on the datacube reconstruction algorithm iesseey before we describe the
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analysis in detail. The algorithm builds the datacube fromftat-fielded slope image,
and it has been implemented in the DHAS software. The reguttube has two spatial
dimensions, corresponding to sky coordinates, and a wagtlelimension.

In Fig. 5.4 we illustrate the basic concept of the cube reitanoson. The IFU level
3 data shows close-to-parallel stripes that corresponide@pectra of each of the slices
in which the FOV is divided. The three dimensions of the cuteetlae along-slice direc-
tion, (@), the across-slice directiop, and the wavelength direction, Because of the
optical distortions as the light traverses the spectronugtscs, this reconstruction is not
straightforward.

Along slice direction T

Y

@
@

Along wavelength direction
@
o W
\ambda {microns)

Channel 1 Channel 2

Figure 5.4 A schematic view of the cube reconstruction fram tFU data. The two-
dimensional information from the raw data (left) is trarrsfied into the three-dimensional
structure (right).

The earlier stage of the calibration is based on the opticalets that trace the rays
between the astronomical object in the sky plane and theipasion the detector, as a
function of wavelength. Using these models, a map is pradibetween the corners of
each of the 1024« 1024 detector pixelsx(y), and the sky coordinates,(3) and wave-
length Q). These maps are a first guide to rebin the detector pixeldtirt cube space.

These transformation maps also allow for global variationghe alignment of the
slices between the optical model and the as-built instraptieat will result in variations
of the @ coordinate as a function ¢gf. Using test images of the focal plane obtained
during testing, it is possible to measure thefisais by determining the slice center in
these images from the slice edges, and then compare thenthsitmodel predictions.
Fig. 5.5 shows and explains the principle of this correction

This method is not perfect, because it relies on the assompfisymmetric edges
of the slices, an hence additiondfsets of the observed coordinate with respect to the
models were observed during the testing. These additidfsdts were corrected using
the totality of the dataset to measure the spatial distostibut this is outside the scope
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Figure 5.5 Correction of the slice-to-slicfigets of thex-coordinate: The top left panel
shows the input plane of Channel 1. Along each red line theasifipr each slice is ex-
tracted and normalized (right top panel). The centre oflibe ¢blue stars) is determined
by using the relative signal strength (40%) as a discrinoinfatr the slice. The slice cen-
tres are then compared with the slice centres of the optiode(bottom left panel) and
adjusted correspondingly (bottom right).

of this chapter. Of relevance to us is that after the comestithe resulting reconstructed
PSFs were very stable all over the FOVs for all subchannels.

5.4.2 Etalon analysis

From the MRS exposures that we have described in the preg®3s2 we can recon-
struct the image of the point source on the FOV dliedént wavelengths using the cube
reconstruction algorithm, to obtain the 3D datacubes.

We start our analysis with the resulting datacubes, pradifroen from background-
subtracted exposures. We use the following coordinatesy$br the data cubewx is
the space coordinate in the along-slice directipis the space coordinate in the across-
slice direction andimegel is the wavelength. Bothy andB are measured in arcseconds
and are referred to the center of the FOV, while the wavelengte in microns and their
absolute value comes from the optical model. Here we will gara the optical model
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wavelengthsimegel With the wavelengths resulting from our etalon and LWP measu
ments and analysis. We refer to the measured wavelengthgasto differentiate them
from the theoretical wavelengths.

The dimensions of the cube are 25 pixels indfdirection, 21 pixels in thg direction
and 1225 wavelength bins. It is important to note that each@®1 pixels in the across
slice direction ) is associated with one of the 21 slices shown in Fig. 5.3. Sgadial
sampling is 0.18 arcsecs in thadirection and 0.17 arcsecs in tAélirection. This results
in an efective FOV size of #48” x 3.56".

The left panel of Fig. 5.6 shows a layer of the data cube forréiqudar value of
Amode  The original exposure corresponds to a continuum 800 Kkblady exposure.
The resulting image shows the point source near one of theeroof the FOV, with an
elongated PSF due to the focusing problem of the MTS that we heentioned before.
The right panel of Fig. 5.6 shows a background exposure wiverbave indicated the
pixels where we have measured the etalon lines with enogghldo noise to perform this
analysis, and where we also have a good measurement of ttielaan and filter spectra.
These areas of the FOV correspond to twdedent pointings of the point source, and are
intended to cover as many pixels as possible. We will usesthedl separated regions to
study the variation of the wavelength properties and réisglpower with position of the
point source on the FOV.

Across—slice position [arcsec]
Across—slice position [arcsec]

= -1 0 1 2 ) -1 0 1 2
Along—slice position [arcsec] Along—slice position [arcsec]

Figure 5.6Left The reconstructed point source at a particular wavelefgta elongated
shape is due to focusing problems of the MTS. The horizondial @orresponds to the
along-slice spatial coordinate, while the vertical axis corresponds to the across-slice
spatial coordinate3. Right The areas of the MRS field of view where enough signal to
noise ratio was achieved for this analysis, and where LWRcantinuum exposures were
also taken.

The method works as follows: for each availahied) position we extract the spec-
trum of the etalon lines exposure and that of the LWP filterosxpe. Provided that we
know the wavelengths of the etalon lines, they provide aivelavavelength calibration
along the full wavelength axis for channel 1C. On the otherdh#he cutéf wavelength
of the LWP spectrum provides an absolute wavelength rederéar a single point in the
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wavelength axis. We combine the information from this abtoieference with the rela-
tive information from the etalon lines to obtain a final warejth scale. The uncertainty
of our method depends on the accuracy with which we are abigetttify the etalon
line peak positions and the shape of the filter lustope. This accuracy is of course a
function of the signal-to-noise (8) ratio at which the spectra are detected. Otlfkaats,
such as line undersampling, also have to be taken into atcoun

The left panel of Fig. 5.7 shows a segment of the extractddretgpectrum for¢ =
—-0.269 andB8 = —-0.170). Lines are well detected with @\sratio of about 15, and the
separation between them is well resolved, as expectedddvRS resolving power. The
pixel sampling of the etalon line profiles adds an uncenyaimbur determination of line
peaks. Therefore, we fit Gaussian profiles to the lines inrdalebtain a more accurate
estimate of the peak position. We will discuss the shape efitte profile later in this
paper.

The error in the line position associated with the Gausstans &f the order of 0.02
resolution elements. This is, as we will see later, belowitis&rument requirement for
wavelength accuracy. However, the fact that the lines adersampled and the presence
of other sources of noise such as electronics, cosmic rdyadpixels make the absolute
determination of the line positions somewhat more unaetten the error derived from
the Gaussian fit. We expect these lines to be unresolved,arzkhwhile their centroid
positions will provide us with a way to calibrate the wavejtrs, their width will give us
information about the resolving power of the instrument.
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Figure 5.7Left The extracted etalon spectrum for a particulard) value. Signal-to-
noise ratio for the etalon lines is about 15. Lighter gregditmre Gaussian fits to the data,
which is shown as a solid black lin®ight The transmission profile of the LWP filter.
The lighter grey line is the calibrated curve, while the klhge is the measured data. We
fit the two curves to find an absolute reference in wavelength.

The peak positions of the etalon lines must be related to agéhs obtained in-
dependently with high accuracy. For this purpose, we us@l tesolution R ~ 10°)
spectrum of the etalon transmission pattern measured émdigmtly at the Rutherford
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Appleton Laboratory, in the United Kingdom. This measuraet@ovides the relative
wavelengths of the etalon lines with an accuracy of the ooldi0 angstroms, i.e., far
beyond our instrument requirement. Now we only need an absoéference, and for
that we use the cufbslope of the LWP filter spectrum.

The right panel of Fig. 5.7 shows the LWP fit for a particulasition in the FOV. The
cutdfis clearly visible as a fading slope of the flux between 6.5&i@dm. This spectrum
is the product of the continuum emission from the 800 K sownee the transmission
curve of the filter. To obtain an uncalibrated transmissiorve from our measurements,
we divide the LWP spectrum obtained with the MRS by the 800 Ktiomum spectrum
at the samed, B) position. We fit the resulting curve to the previously measduilter
profile that samples the transmission as a function of thibreaéd wavelength wp. Itis
important to note that this fit does not represent the fingdetision relation yet, but only
a first order approximation to find the wavelength of a singte bligher orders are not
so relevant at this stage, since the accuracy of the detetiminof the reference bin has
to be lower than the separation between etalon lines ontyute®014um at 6.6um).

In the final step we use the position of the etalon line cedsraind the wavelength
of the reference bin to create a grid of bin number vs. wawglealong the full range
of channel 1C. We fit a second order dispersion relation ®dhid and apply it to the
full set of bins for each availablex(B) position. In this way we obtain a calibrated set
of wavelengths for the cube bins which are illuminated. Twévelengths {mead are
independent from the theoretical wavelengthsge:

Fig. 5.8 shows the flierence betweeRmedel aNd Ameas for different slice numbers,
in units of the measured resolution element (see section Jtds difference increases
linearly as we go to longer wavelengths, and there is a ratieeshift in the dierence
as we move from one slice to another. The vertical red lindv@nplot represents half
the separation between etalon lines, and hence the minimmamvee should expect from
effects of line misidentification. The slice to slice variatame are observing are smaller
than this minimum error, and hence must arise froffedent causes. Th&neas— Amodel
difference spans a range of approximately 8 resolution elerferdgjiven slice number,
while the dfset diference from one slice to another is about 0.2 resolutionezi¢sn

The diference plotted in Fig. 5.8 is a measure the deviations bettreedesigned
and the built spectrometer. For instance, the zero ordlectds due to alignmentffsets
of the detectors or the gratings. The first ordffeet could be partially explained by a
small tilt in the detector, while the second orddieets are the result of fierences in
the optical distortion between the as-build and the asgdesi instrument. Obviously,
the uncertainty in the knowledge of the LWP cfiitalso adds to this flierence. The first
order d@fect seems to dominate thdfgrence in this wavelength range.

5.4.3 Fringing
The modulation in intensity along the dispersion axis knagnfringing is a common

feature in infrared spectrometers and is due to the inemfsr of wavefronts reflected
by different layers of the detector. Several de-fringing algorgthave been developed
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Figure 5.8 . Dfference between modelled and measured wavelength fferetit slice
numbers, for a particular along-slice position. The leraftthe vertical grey line is half
the separation between etalon lines.

for infrared detectors of étierent characteristics. We can use the information cordaine
in the fringing pattern in one of the following ways: eitheewse the wavelengths of
the maxima and minima as compared to the predictions frompitieal model to derive
accurate detector features such as thickness, refraoties,etc., or we assume a model
of the detector and use the distortions in the phase anddefithe fringes to obtain a
wavelength calibration of the instrument. Here we will atfe this latter option.

We assume that the detector has perfectly plane-paraifelces. Under this assump-
tion, the period of the fringes should be constant in the wawgber k) domain, and
deviations from this condition can be used to correct theelemgth. More specifically,
if k is the correctwavenumber for each wavelength bin in the cube, then theiéegy of
the fringes is constant iy and we should observe a linear increase of the phagth k,
with proportionality factow:

¢ — ¢o = w(k — ko) (5.1)

We can use this relation to find the wavelength calibrationaf@articular spatial
location in the detector:

k=k0+m
w

(5.2)
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provided thaky andw are known. From the assumed detector thickness we can obtain
the separation between fringds-(Ky), which corresponds to a phasédience of 2, and
hence we obtaiw. As for the absolute reference wavelenggghwe find it again using
the LWP filter cutdf wavelength. However, unlike the etalon analysis that uskdive
differences between etalon lines, in this case the absolubeat#in relies completely on
the fit to the cutff slope of the filter.

The fringes are obtained from VM exposures using the MIRbeation source, which
provides uniform illumination over the full FOV. Fig. 5.9@hs the resulting fringes for a
particular value ofr andg. A sinusoidal function is fitted to the baseline-correctatigrn
and the position of the fringes maxima is compared with tleeljptions from the detector
model, both in frequency and phase. Deviations are tragtslato wavelength dierence
With Amedel, &S described.
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Figure 5.9 Measurement of the phase of the fringes. The lilaekepresents the counts
in the datacube as a function of wavenumber for a giveB. The blue line is the low-
frequency oscillation obtained through FFT filtering, ahd ted line is the cosine of the
phase calculated for eakhcosg), after scaling to match the amplitude of the fringes and
addition of the low-frequency oscillation. Heneandg refer to the spatial bin number
and the slice number, respectively.

The left panel of Fig. 5.10 shows the correction in wavelbagtith respect tdmode
derived using the fringes for all the 21 slices. The shap&efshift varies smoothly as
a function of the slice number (i.e., as a function of theesliosition on the detector
plane). The U-shape of the shift for some of the slices mightlle to variations in the
detector thickness that are not accounted for in the dataaidel. But they could also be
due to optical distortions in the MRS itself. This result de¢o be corroborated during
the etalon lines calibration, once the full FOV can be illoated with the MTS extended
source.

We compare the results obtained with the two methods for tfferént slices in the
right panel of Fig. 5.10. This comparison is only relativiace the strong dependence
of the fringing method on the absolute reference makes asglai® comparison mean-
ingless. The dference is significant. The dependence with slice positionush more
dramatic when the fringes are used. Also, second orffects seem to dominate the
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Figure 5.10Left Shift with respect tolmedel that needs to be applied to each slice as
calculated using the fringing analysis. Hegerefers to the slice numbeRight Rela-
tive difference in the corrections to the model wavelengths whemyukmtwo methods
described. Solid lines correspond to the etalon analysidewdashed lines correspond
to the fringing analysis. We compare two positions on the MRS: Ngjice = 13 (black
lines), and\Nsjice = 18 (lighter grey lines). The origin of theaxis is arbitrary.

fringing analysis, while the dlierence withinoge are close to linear with wavelength in
the etalon analysis. The smooth variation in the shape ottinees shown in the left
panel of Fig. 5.10 might be an indication that th&elience between the two methods
might arise from wrong assumptions about the detector ptiege For instance, thick-
ness variations (deviations from plane-parallel geometfyhe detector would produce
additional distortions on the phase and frequency of tmgés. Whether this is the case,
or there are other issues about the wavelength calibrataimte are ignoring in the etalon
analysis is a question that will have to wait until we havéyfaharacterized FM detectors
and better BN data.
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5.4.4 Line shape and resolving power

The etalon lines are not resolved by the MRS. This is showhénéft panel of Fig. 5.11,
where we have plotted the high resolution measurement obbithe etalon lines together
with the corresponding line as measured with the MRS duhiegésts. The width of the
unresolved lines provides information about the resolyioger of the instrument. We
have determined the widths of the measured etalon linestingfiaussians to the line
profiles and using their full width at half maximum (FWHM). &ssociate the FWHM
of the lines (in pixels) to the resolution element (in um), we use the derivative of the
dispersion relation that we have obtained from the etal@tyais. \WWe compute the reso-
lution element at the positions of the lines and plot theltdeua particular &, 8) in the
right panel of Fig. 5.11, where we have also fitted a straigietio the set of datapoints.
The linear fit gives a resolving poweR (= 1/A1) between 2800 (at short wavelengths)
and 3400 (at long wavelengths) for the derived wavelengtiyeg6.43-7.66im). De-
viations inR from the straight line are of about 500. The instrument nequent for
resolving power states that between 5 and:fi0) the resolving power should be greater
than 2400. The goal, however, is to provide 3000 at these wavelengths.
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Figure 5.11Left One etalon line as seen by the MRS (solid black line) and byhigh
resolution measurements (solid grey line). The dottedslame Gaussian fits to the data.
Right Resolving poweR for the MRS subchannel 1C. The asterisks are the measured
values at the line centroids, and the solid line is a linedofihe data.

There is a spread in the measurement of the resolving pewéabout 500. Instii-
cient SN in the measurement of the etalon lines, which causes i@r&ih the parameters
of the Gaussian fits from line to line, may be part of the caos¢his dispersion. In gen-
eral, any source of noise in the original exposures déactthe shape of the lines, but
we expect the flat-fielding to be the main source of error. EighiN again is desirable
to achieve a narrower dispersion in the resolving powemedés. During FM testing,
studies of the stability of the line shapes is essential¢esswhat is the magnitude of the
variation in resolving power we should expect from one measent to the other.

The etalon lines as measured by the MRS are the convolutibe @fitrinsic line shape
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Figure 5.12Left:: Overplotted etalon lines with their Gaussian centroidsted at the
origin, for position &, 8)= (-0.269 —0.170). The cross symbols correspond to the MRS
data, while the solid grey line is a Gaussian fit to the resgltet of data. The residuals
of the fit are shown at the bottom of the plot. The pixel sizdde indicated Right Same

as (a), but for positiona, )= (0.986,0.679)

with the slit width of the spectrometer, which has a respahatwe can approximate by
a Gaussian. For resolving power issues, we are more inderigstjetting the instrument’s
response urfiected by this convolution, and hence we want to deconvokertbasured
profile with the intrinsic line shape. The derivation of tirinsic line shape would re-
quire detailed modelling of the reflecting layers of the@tadevice mounted on the MTS.
Instead, we use the high resolution measurement of thendtakes as a good approxima-
tion of the intrinsic line shape. Fig. 5.12 shows the GaumsBia to the unresolved etalon
line measured by MRS and the fit to the high resolution measen¢ for the same line.
The theory of convolution of Gaussians states that the widfltwo convolved Gaussian
add in quadraturer? = o3 + 05

From the two measurements we obtain with our Gaussian fitstte@xpression
above, we obtain an estimation of the line width, once it hesnbdeconvolved with
the intrinsic shape. We find that the deconvolved widths boeia10% smaller as com-
pared with the MRS measurements. Since the width of the @Gauissproportional to
the resolution element, this decrease in the width traesliat an equivalent increase of
the resolving power. This increment brings us above our gbRl> 3000 at these wave-
lengths.

Line shape

Perhaps more important than an absolute wavelength cadibrat this point, the study of
the unresolved line shapes across the FOV is crucial. [fitieei$ not symmetric, future
dynamical studies using spectral lines might fe@ed by a purely instrumentaffect.

For instance, near the edge of the detector, internal rigftecinight cause additional line
peaks or bumps. It is flicult to judge the symmetry of the etalon lines given the lefel
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pixel sampling we have in the data. With FWHMs of between 2 apikels, the lines
might appear asymmetric, but they hardly provide a defiaiéimswer.

In Fig. 5.12 we have overplotted 12 normalized neighboriia¢pa lines with wave-
lengths near 7 4m with their Gaussian centroids all located at the origintfim different
positions of the FOV. The plots show a statistical line shiaeis well fitted by a Gaus-
sian, within the errors shown in at the bottom of the plotg. badh positions, the FWHM
of the fitted Gaussians is of about 1.9 pixels.

As mentioned before, undersampling reduces the accurabywhich the line cen-
troids can be determined. Although geometrical ray trapireglicted line widths of less
than one pixel, our measurements in Fig. 5.12 show that ttualine widths are close
to Nyquist sampling, at least in the wavelength range stldéeze.

5.5 Summary and outlook

We have studied the wavelength properties of the MIRI MedRewolution Spectrometer.
Using input from optical modelling and an analysis of thethgtic etalon lines produced
with the telescope simulator, we have designed a tool tombtavavelength calibration

from MIRI test data. The wavelength calibration of the instent before launch is of
crucial importance for the development of the reductiovearfe and for the planning of

commissioning and science observations that will requieespectroscopic capabilities
of JWST.

Even though we were restricted by the quality of the datackvhie expect to improve
during the testing of the Flight Model of MIRI, theftirent methods seem to provide the
necessary accuracy to verify the instrument requiremémgmrticular, even at a moderate
SN ratio of about 15, the etalon line analysis provides wawgtle references with an
accuracy below a tenth of the resolution element. An abselaielength calibration will
require smaller uncertainties in the determination of asoalie reference using the LWP
filter. But even with our 8N restrictions, the #ect of a wrong matching of the etalon
lines with their actual wavelengths is not bigger than thgasation between two etalon
lines, and this should be improved with FM data. Fringingvides an interesting way
of checking the results, but it might be more useful to studsiations in the detector
properties such as substrate thickness. The resolutigted line shapes are well fitted
by Gaussians and have FWHM larger than one pixel, minimitirgeafect of a wrong
calibration due to undersampling.

The analysis has been carried out for channel 1C of the detediere we can estab-
lish an absolute reference with the LWP filter diitwavelength. However, this method
can be extended to other channels by finding an absoluteereferfor those channels
where a filter cutff is not available. This reference can be, for example, theepactre-
ated by synthetic lines from fierent etalon filters that overlap in some portions of the
different subchannels. In this way, once we have obtained aefutifsiata with the FM,
an absolute wavelength calibration can be achieved foutheévelength range of MIRI.
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CHAPTER 6

The spectral properties of JIWST-MIRI: calibration
of the Flight Modet

MIRI is the mid-infrared instrument for JWST. The instrunhéas been fully assembled
and tested in the United Kingdom by an international comsartand now awaits integra-
tion with the rest of the JWST observatory. In this chapterdascribe the functionality
and the performance of the MIRI integral field spectrométising the method described
in 5, we obtain the wavelength calibration of the spectr@médr its full wavelength
range. This is the only calibration of the instrument av@éabefore in-orbit measure-
ments are performed. We measure the wavelength ranges stithleands, estimate the
resolving power of the instrument, and investigate the shathe unresolved spectral
lines. We are able to verify compliance with most of the imstent requirements. In par-
ticular, the spectral resolving power of MIRI is well abohe tvalues required to perform
the planned science.

partially based on MIRI FM test reports by J.R. Martineda@a, A. Glauser, E. Schmalzl, F. Lahuis, J.
Morrison
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6.1 Introduction

The Mid-Infrared Instrument (MIRI) onboard JWST is the neitestone in space-based
mid-infrared astronomy. It will provide imaging, specttopy and coronagraphy at wave-
lengths of 5um to 28um. An international partnership between the Jet Propulsadn
oratory and a nationally funded consortium of Europearitirtsss, worked together to
design, assemble, and test MIRI. Today, MIRI is the firstrimsient that has been fully
tested and is ready to be sent to the United States for iritegravith the rest of the
JWST observatory. MIRI will be a crucial instrument for adufr of the primary science
themes for JWST, namelya): the discovery of the “first light”(b): the assembly of
galaxies: history of star formation, growth of black holpmduction of heavy elements;
(c): the understanding of how stars and planetary systems fardh(d: the evolution
of planetary systems and conditions for life.

During the summer 2011, the Flight Model (FM) of the MIRI inshent was thor-
oughly tested both in performance and functionality at thRrford Appleton Labora-
tory near Oxford, in the United Kingdom, building up on theyibus experience with
the Verification Model (see Chapter 5). The purpose was tdyvell instrumental re-
qguirements set by the MIRI science goals using the flight\so#. A large portion of the
test campaign was dedicated to observations with the ialtégld spectrometer, a crucial
component of the instrument. We have obtained test MRS daiatlo point and extended
sources and used them to perform a full calibration of thetspmeter, both spatially and
spectrally, which allows for a reconstruction of the 3-ditsi@nal information from as-
tronomical sources. The calibration includes a measurenfethe spectrometer field
of view (FOV) on the sky, the measurement of the spectralearagnd resolving power
for each channel, and the reconstruction of the resultitgcdide. These measurements
are all crucial for the verification of the instrument regmrents and predictions on the
science that will be possible with MIRI.

In Chapter 5 we have presented a method for the wavelengtiratédn of the MIRI
spectrometer, and successfully applied it to VM data for ohthe spectrometer sub-
bands. In this chapter we use the method to provide a fulltsgdezalibration of the
instrument, for its entire wavelength range. This provithesonly reference to the spec-
tral properties of MIRI before any on-flight calibrationscoene available. We use the
calibrated datacubes and our calibration method to measy@tant spectral properties
such as wavelength coverage and spectral resolving poweeth®# compare the results
with the instrumental requirements set by the MIRI sciehieg6.2 we present a descrip-
tion of the observational setup, the observations perfdrared the reduction pipeline
used. In§6.3 we present the analysis tools and methods that we haddaperform the
wavelength calibration. We discuss our result§ém4 and compare them with the instru-
mental requirements to verify their compliance. We finigh thapter with a summary of
our main findings ir§6.5.
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6.2 Observations

6.2.1 The test campaign and the observational setup

The MIRI Flight Model Test Campaign was carried out in the suenof 2011. The in-
strument was inside a cryogenic chamber that kept it clotfeetoperational temperature
of 7 K. A revised version of the MIRI Telescope Simulator (MTas used to provide
the incoming beam, both for extended and point sources. Mheovements of the MTS
with respect to the VM version included a sharper point seuosing pinholes of either
25um or 100um in diameter) and a full illumination of the MIRI FOV with trextended
source, including both the imager and MRS fields of view. MERéquipped with a Con-
tamination Control Cover (CCC) that blocks any incomindntigf necessary. For dark
exposures, the CCC was kept closed.

On board calibration sources were employed to provide flltsfifor both the MIRI
imager and the MRS. The MTS was also equipped with solid statens and edge filters
that provided the synthetic etalon lines and absolute veagth references used for the
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Figure 6.1 The transmission spectrum of the MTS solid stttomrs, calibrated at high
resolution prior to the test campaign. The color code is devis. Cyan: Etalon 1A,
Blue: Etalon 1B,Yellow: Etalon 2A,Red: Etalon 2B. The boundaries between channels
are indicated by the solid lines, while sub-bands for ea@nnbl are separated by the
dashed lines.
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wavelength calibration of the spectrometer. A total of 38118 of exposure time were
employed for the performance tests of MIRI, of which abou¥®kere dedicated to the
MRS. Most of the MRS exposure time was used for L@®pinhole observations, and a
considerable part was used for extended source obsersation

For all the observations the MTS blackbody (BB) source waa tgmperature of
800 K, and the 10@m pinhole was used to produce test point sources, with a éygn
Variable Aperture System (VAS). Exposures were made wighstbw readout mode for
the MRS detectors.

6.2.2 Test data

To perform a full wavelength calibration of the four speateter channels, a large amount
of observations were performed, including both extendeldmint sources. The extended
source was used to fully illuminate the MRS FOV, and used tA&Molid state etalon
filters (see Chapter 5) to generate a synthetic spectrunméoiull MRS range. We also
took etalon exposures with the 1Qfn point source, to study variations of the resolving
power with position of the source in the FOV.

Extended source observations

The wavelength calibration is achieved by measuring thiipos of the unresolved spec-
tral lines produced by the MTS etalon filters on the recomrstai cube. There are four
of these etalon filters (1A, 1B, 2A, 2B), each optimized foe@pecific MRS channel.
In Fig. 6.1 we show the coverage of each etalon within the MRSelength range, as
measured prior to the test campaign.

We have measured the full MIRI spectrum for each of the sditksetalons whose
transmission is shown in Fig. 6.1. For each etalon, threesxes were taken to cover the
full 5 um-29um wavelength range, one exposure for each grating configaré&@ HORT
(A), MEDIUM (B) and LONG (C). Each exposure takes the cormgting sub-spectrum
for all four channels simultaneously. The final spectrumefach etalon is thus composed
of 12 sub-spectra. We have also obtained additional spetthe long wavelength pass
(LWP) and short wavelength pass (SWP) filters of the MTS Filttheel (FW), which
provide absolute reference wavelengths for sub-bands d@Buwith cutdf wavelengths
at 6.6um and 21.5um respectively), as well as the spectrum of the unfilterediktiady,
which allows us to measure the instrumental response to Bisggctrum. Table 6.1
summarizes the combinations of etalons and grating pasifar which we have obtained
data.

To minimize the MTS FW movements, we first selected the destalon and then
took three exposures corresponding to the three sub-gspdeach of these exposures is
followed by a background exposure. Only then we move on toéhe etalon. After the
etalon exposures are taken, we take the LWP, SWP and BB comtiexposures, with
their respective backgrounds.
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MTS Filter Gratings A GratingsB Gratings C

1A Yes Yes Yes

1B Yes Yes Yes

2A Yes Yes Yes

2B Yes Yes Yes

LWP No No Yes
SWP No Yes No

BB Continuum Yes Yes Yes

Table 6.1 Combinations of MTS filter positions and gratingftgurations for which we
have obtained data.

Early exposures during the test campaign using etalon 1Atkedlichroics set to
LONG (hence, sub-band 1C), showed that our original appré@cthe exposure using
32 slow framegntegration and 4 integratiofexposure producedS ratios well beyond
the necessary values, and hence for the rest of the campaigeduiced our exposures to
24 framegintegration, 4 integratioriexposure, which provided'S above 50 for most of
the MRS wavelength range. The instrument requirement &gsddo this measurement
states that the wavelengths should be determined to anaagcaf at least 10% of the
resolution element when the etalon lines are detected wah af 50.

In order to investigate the temporal and mechanical wagthestability, additional
etalon exposures with the extended source were taketterefit epochs of the test cam-
paign, but given the limited test time, only etalons 1A andv#ére used. The ferent
epochs were separated by at least one week. The first epocyid 912011, followed by
epochs on June 21, and July 10. On July 21, an additional repéze etalon exposure
was performed to check for stability after the grating mei$im had been configured.

Point source observations

For the point source etalon observations, we have perfoamadter scan with the point
source with five symmetric pointings with a step size &F &f the slice width across the
slice for two of the slices in each channel. These two slicesdentified as Field 1 and
Field 2 in each case. The origin of the 5-pointing rasterguatis at the nominal dither
position. Fig. 6.2 shows the scan positions for all 4 chasnel

The exposure times were adjusted to guarantee a peak to pse 300 for the
reconstructed PSF. The resulting exposures were of 32 §artegration, 2 integra-
tiongexposure, in slow mode.

6.2.3 Data reduction

The data reduction consists on the following stef)s: Creation of slope images from
raw data registered on the two MRS detectdii¥; Subtraction of the background and
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Figure 6.2 Field positions for the point source etalon expes (small horizontal grey
marks). Each channel is shown only once, but the pointingsepeated for all sub-
bands.

flat-fielding of the resulting slope images, &fiij: Reconstruction of the datacube.

The following steps were performed on the raw data in prejmardor the analysis.
Version 5.0.7 of théata Handling and Analysis Systd®HAS) software* was used for
all the datasets.

e The measured charge ramps on the detector are convertestdptovalues for each
frame. The process involves correction of bad pixels, cosays, as well as non-
linearity corrections in the ramps. The average slope isutatled over multiple
integrations. The resulting slope images are in countsqumarsl (DNs) and called
level 2 data.

e Optionally, darks, pixel flats and fringe flats can be applgethe level 2 data. The
fringe correction is customary in infrared detectors, liseamultiple reflections
within the detector substrate create a Fabry-Perot fropgattern.

e Spectral pixel flat fields are obtained from the spectrum eBB extended source
for all sub-bands. The flats are background subtracted amdated by fringing.

1The DHAS software has been developed by Jane Morrison, tsiyef Arizona.
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We divide our slope images by these flats.

¢ No fringe flats were applied to the level 2 data, since notradtk flats were avail-
able by the time of the analysis. Our tests show that at tNedBtained, not in-
cluding the fringe flats does noffact the measured centroids of the etalon lines by
more than a few percent of the resolution element. The iegultata are level 3
files.

e Data cubes are built from the resulting MRS level 3 data. Tiheedsions of the
resulting cubes are the along-slice spatial coordinatehe across-slice spatial
coordinatep (related to the slice numbékjice shown in Figs. 6.3 and 6.4), and the
wavelength derived from the optical modgl.qer We discuss the details of the
image reconstruction i§5.4.1.

e Background cubes are subtracted from the etalon, filter antirium cubes, in a
bin by bin basis. We perform the wavelength calibration @resulting datacubes.

6.2.4 Reduced data

Extended source

In Figs. 6.3 and 6.4 we show slope images of the extendedsMRS spectra for all four
channels in sub-band 'A’ (each figure shows one of the MRSctlatg). We also show
a zoomed view of the etalon lines for each channel in Fig. Blaese figures illustrate
how the spectrum of an extended source looks like on the tetepace, prior to the
reconstruction of the datacube.

The etalon lines are detected with a signal-to-noise wallatihe required value of
50, over the full MRS wavelength range. An exception is saheb4C, which has a low
throughputresulting from an inaccurate manufacturingpefgrating. The low throughput
for this sub-band reflects in g% of only a few for etalon lines on the long-wavelength
end of the detector array. Nonetheless, etalon lines onhbe-wavelength end of the
detector (about a third of the pixels) are also detected ®ith over 50. For most of
the other sub-bands thgNsis well above a value of 50 (about 900 in the middle of the
spectral range). The high/I$ in the etalon lines located on the regions of maximum
transmission guaranteesfBcient SN in other regions of the etalon transmission range,
in the overlapping regions with lines fromftérent etalons (See Fig. 6.1). The resulting
overlap pattern will be used later as an absolute refereawelength for those sub-bands
where no wave-pass filter was available.

Point source
For the point source etalon observations, the etalon lireze wetected with a/N varying

from about 120 in Channel 1 to about 20 in Channel 4. The lati&re is below the
required &N of 50, but for the long wavelength sub-bands where th¢ iS lower, the
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Figure 6.3 The slope image of the etalon 1A spectrum of ameleig source, as registered
on the SW detector for sub-bands 1A (left half of the detgand 2A (right half of the
detector).

etalon line profiles are better sampled on the detector, FitMHs of about 3 pixels. In

Fig. 6.6 we show and example of how the spectrum of a pointcgolmoks like on the

detector array after the flat fielding has been applied. A @apn of this spectrum with
the spectrum shown in Fig. 6.3 shows the reduced spatiah&xie of the point source
as compared to the extended source. The etalon lines appeaas small dots, while
in the case of the extended source they appear as horiziosl Adjacent slices on the
detector do not correspond to neighbouring pixels in the E®the respective channel.
This is the reason for the detection pattern observed ondteztbr.
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Figure 6.4 The slope image of the etalon 2A spectrum of amebig source, as registered
on the LW detector for sub-bands 4A (left half of the detectord 3A (right half of the
detector).

6.3 Analysis

6.3.1 Wavelength characterisation

Up to this point, the resulting cubes have been constructied the wavelengths resulting
from the optical models, and hence these are the 'as-mallel&velengths. The purpose
of the wavelength calibration is to update those wavelengththe cube and detector
space, to account foffects in detector and grating alignment, incidence angleslight,
and other #ects in the as-built spectrometer that modify the predietadelengths. We
now describe how this calibration was performed. The methaldis on the experience
obtained with VM data (see Chapter 5), but benefits from themfetter data quality of
the data obtained with the FM hardware.
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Figure 6.5 Detail of the unresolved etalon lines as registen the detector, for the dif-
ferent MRS channels.

Extraction of the spectra

We extract the spectrum of each, () pixel in the cube along the direction, for each of
the 12 sub-bands. We end up with a spectrum for each spatillipithe FOV, and the
image reconstruction algorithm relates each cube coaelingg, 1) to a position &, y)
on the detector array. This is a one-to-one relation. Theetibn is made using a single
pixel aperture to avoid any potential smear of the line wddbly combining dferent
pixels. This is possible because we have an extended sdwatéutly illuminates the
FOV. A different approach is used for the extraction of a point soureetgm.

In Fig. 6.7 we show a single wavelength “slice” for each tharfoubes resulting
from an exposure with a particular grating configuratione Bibserved horizontal lines
(particularly visible in sub-band 3A) that divide the FOVtwo regions with diferent in-
tensities are due to an uncorrected sky flat used in our asalise sky-flats are intended
to correct for throughput variations in both the alongeiie) and the across-slicéétg
directions, but they were not properly measured at the tihoeipanalysis.

Gaussian fit to the etalon lines

In Fig. 6.8 we show a part of the extracted etalon spectrura faarticular &, 8) position.
Shown are two dferent sub-bands 1A and 4A. We fit Gaussian profiles to thetezgi$
spectral lines to measure the position of their centroidisthair widths. The Gaussian fit
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Figure 6.6 The slope image of the etalon 1A spectrum of a Buntce, as registered
in the SW detector for sub-bands 1A (left half of the detécamd 2A (right half of the
detector).

was performed in the bin space of the dispersion axis of tihe 1), and not in wave-
length space derived from the optical models, since thosg@acisely the wavelengths
that we intend to derive and correct. By working on the bincepave made no assump-
tions about the wavelengths. The fits provide a measure afeh&oid of each line and
their full width at half maxima (FWHM). Both quantities areeasured in units of the
cube bin.

The Gaussian fits provide an accurate measurement of tlom dited centroids in the
cube space. Using the transformation describebid.1 for the cube reconstruction, we
can locate those centroids also in the detector space. WétBignal to noise achieved,
the accuracy in the line centroids is of the order of 2% of #solution element for each
sub-band. The wavelengths of the peaks are known to an agcofa few Angstroms
from a previous high resolution measurement of the etalamsmission (se§6.3.2 for
a discussion on the associated errors). These high remolwgasurements were carried
out using a IR spectrometer at the Rutherford Appleton Latooy, at temperatures of
~ 77K (cryogenic) and- 77K (room), to study the centroid variations with temperature.

With the information of the line centroids and a set of rekatieference wavelengths
from the high resolution measurements, we only need an aiesebvelength reference
in order to associate each centroid with its actual wavetenghis will be the base of a
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Figure 6.7 Single wavelength layers of the reconstructeys for the four MRS chan-
nels, with the gratings in 'A’ configuration (short wavelé¢hs). The pixel scale has been
modified in each case to match the spatial dimensions.

dispersion relation between cube bins and wavelengths.

Absolute wavelength references

Building up on the experience from VM testing, we used the wawe-pass filters to ob-
tain an absolute reference wavelength for those sub-baheetheir cutff wavelengths
are registered. For FM testing, the much better quality eftbtectors, as well as the pos-
sibility of longer integrations with the extended sourcsuleed in a better measurement
of the LWP filters response. Also, since the long-waveleulgtiector for channels 3 and
4 is now available, we can also measure the response of thefiggvP

The transmission curve of both filters has been charactipiser to the test campaign
at room temperature (295 K) and at a cryogenic temperatur@ &f. At this cryogenic
temperature, the LWP filter has a cfitwavelength near 6. 6m (sub-band 1C), while the
SWP has a cutbwavelength near 21.pm (sub-band 4B). According to the telemetry
data obtained during the test, the operating temperatutieeof WP and SWP filters is
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Figure 6.8 Gaussian fits to the etalon lines for two of thelsabes. The black lines is the
MRS spectrum, and the lighter grey lines are the Gaussian fits

about 34 K. A simple extrapolation from the transmissiornvesrat room and cryogenic
temperatures allowed us to conclude that the shift in theftutavelength from a fur-
ther decrease in temperature (to the operational 34 K) sstlem the relative separation
between etalon lines. This is important, since it meas thately on the much better
accuracy of the centroid positions rather than the accuradiie cutd wavelength.

We obtained a measured transmission curve from the extrapiectra of the wave-
pass filters and the blackbody continuum taken during thepaggn. A comparison with
the calibrated curves provided the absolute reference we aiming for. The measured
spectra of the LWP and SWP filters is the product of the actitett fiesponse and the BB
continuum, and hence we divide the measured spectra by theurezl BB continuum.
We correlate the resulting response curve with the referénansmission curve for each
spatial position ¢, 8) in the FOVs of sub-bands 1C and 4B and in this way we obtain
an absolute reference wavelength in the center of theficsimpe. Fig. 6.9 shows the
resulting correlations for a particular spatial coordéat

For those sub-bands where no wave-pass filter is availatd@ absolute reference,
we used a dferent approach to calibrate the wavelengths. The tranemis§the etalon
filters is optimized for but not limited to one MRS channel.atimplies that for a given
sub-band, etalon lines from more than one etalon filter atexctid in diferent exposures.
Therefore, for most of the sub-bands, we measure etalos finen diferent etalons, that
overlap with each other. The performance test was desigmé¢las these overlapping
etalon lines were detected with A\Bof at least 50. The resulting overlapping or beating
pattern of the etalon lines for each sub-band is used as atuddseference for wave-
length. We use these overlaps for all remaining sub-bands.

For sub-band 4C the situation is more tricky. FM testing leasaled that the through-
put for this sub-band is not optimal, and the etalon lines etect in 4C have low /Bl
ratio, specially in the long wavelength end. Also, we haviy detected lines from etalon
2B in this sub-band, and hence no overlap pattern was olikéethen looked for spec-

137



6 The spectral properties of JWST-MIRI: calibration of the Flight Model

0.6

i e 05
08} o

Transmission
Transmission

041 i ] 02 \1‘\ 3
1 i ] Y
0.2~ / i b 0.1 El
[ A ] \\
00 —/—/ K ‘ R ‘ e
6.4 6.6 68 7.0 205 210 215 220 25
Apyp (um) Apyp (um)
(a) LwP (b) SWP

Figure 6.9 The measured transmission curves of the (&YAnd SWP(b) filters (black
lines) correlated with the reference curves (lighter giegd). The éect of fringing is
more pronounced in sub-band 4B, where the SWPfttats. The dashed lines indicate
the separation between two adjacent etalon lines.

tral features that could serve as wavelength referencesei$ia broad absorption feature
near the long wavelength end of this sub-band. While thitifearemains unidentified,
the fringe analysis showed that the feature is internal tBIMIf we use the wavelengths
predicted by the Zemax model, this feature can be assod@mgedavelength of 27.8m

as shown in Fig. 6.10. We use this feature as our “absolufetence, but we are aware
that it is model-dependent. While this might lead to an inecirabsolute calibration, it
allows for a relative calibration of this sub-band.
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Figure 6.10 The broad absorption feature seen in sub-bandt&pproximately 28.7
microns, for the calibration source and the continuum ofMfieS blackbody at dterent
temperatures. The axis is the Zemax wavelength (ym). We use this feature as a
wavelength reference for sub-band 4C.
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Dispersion relation and unresolved line widths

We have fitted a second order polynomial to the resultingyasfacube bins vs. wave-
length for eachd, B) position in the field of view for each of the sub-bands. Dégraof

the data with respect to polynomials of higher orders woadimaller than the required
precision for this measurement. In Fig. 6.11 we show theadl&pn relation as derived in
this way for a particular FOV position in 2 of the sub-band®nfy they axis, instead of
the absolute wavelength, we have plotted thEedeénce between the derived wavelengths
and the Zemax wavelengths, in units of the resolution elérfereach sub-band. The
dispersion slightly deviates from linear relations.
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Figure 6.11 The dference between the modelled and measured spectrogragsilisp
as a function of the Zemax wavelengths. The asterisks markibasured centroids of
the etalon lines, and the solid black line is the polynomtal fi

We used the same approach as in VM testing to estimate thivirespower. The
FWHM of the unresolved etalon lines is a good estimate of iteaf the resolution ele-
ment at the particular wavelengths of the line centroidenfthe Gaussianr parameter
(the Gaussian width) in our fits, we obtained the FWHM in unftsube bins using:

FWHM = A1=2 V2in2o (6.1)

Using the derivative of the polynomial dispersion relatibat we have fitted, we
converted the FWHM to microns, and then we calculd®ed 1/AA for the full MRS
range and for the totality of the field of view.

The conversion from the measured FWHMSs in units of cube hibs equivalent
FWHMs in detector pixels is not straightforward, because d¢hbe spectral bin size is
constant in wavelength and the size of the binning corredpapproximately to the de-
tector pixel size at the shortest wavelength of each subretla That means that, for a
particular sub-band, a wavelength bin projected onto theatier has approximately the
same size as a detector pixel only at the short wavelength &nthe long wavelength
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end, its size is smaller than the detector pixel by approtéiy20%. The reason for this
change has to do with the binning method used for the cubastrtmtion.

To assess the impact of thiffect, we adopted two fferent approaches to calculate
the FWHMs of the unresolved lines in pixels. In the first agmiy we assumed a linear
conversion between cube bins and detector pixels, simpiynbliplying the measured
FWHMSs in cube bins byNyin/Npix, the ratio between total cube bins for the respective
cube and the total number of detector pixels in the array énvthivelength dimension.
This will slightly overestimate the size of the pixels in tlo@g-wavelength end of each
sub-band. In the second approach, we assumed a uniformadedire the size of the
pixel relative to the bin as we move towards longer wavelesigh such a way that at the
wavelength of the first (shortest wavelength) etalon lihe,gixel is 95% the size of the
bin, while at the position of the last (longest wavelength)an line, the pixel is 85% the
size of the bin.

6.3.2 Uncertainties
Absolute and relative centroids of the etalon peaks

There are several sources of uncertainty involved in thergenation of the dispersion
relation as described in the previous section. Here we atatheir impact on our results.

The first source of error comes from the uncertainty in theresfce etalon peak po-
sitions, measured at high resolution before the testinge Adsitions of the peaks were
measured at a resolution Bf~ 10° before testing at RAL at two fferent temperatures:
room temperature~ 295 K) and at a cryogenic temperature {7 K). However, as re-
vealed by the telemetry data acquired during testing, tleeatjpnal temperature of the
etalon filters in close to 34 K during the whole campaign. Tiaéom thickness and hence
the positions of the etalon lines changes with temperatiue to the thermal properties
of the material of which the etalons are made (ZnSe for etaldy) 1B and 2A and CdTe
for etalon 2B). In order to estimate the shift in positiontu# tine centroids from the mea-
sured 77 K to the 34 K operational temperature, we have extaitgrl the etalon thickness
at 34 K by using available literature data on the thermal exjuan codicient @inerma) Of
the mentioned materials (Browder & Ballard 1969, 1972, 8m&itwWhite 1975). In order
to perform the extrapolation, we used the thicknesses aK28id 77 K, as derived from
the etalon equation that gives the separation between peaks

1= /173
2nlcosf)

wheren is the refractive index of vacuunm (= 1), | is the etalon thickness angis
the incidence angle of the light on the etalon filter (we assym 0). Fig. 6.12(a) shows
the literature data used for the thermal expansionffmdent of ZnS, and Fig 6.12(b)
shows the resulting extrapolation of the etalon thickn&ds. conclude that the shift in
wavelengths of the peaks from 77 K to 34 K is negligible forploeposes of our analysis:
a fraction of 2-4% of the resolution element for all sub-band

(6.2)
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Thermal exp@mswom coefﬂcwemt for ZnSe
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Figure 6.12(a) The thermal expansion cfiient (@mema) for ZnSe, from the literature

(Browder & Ballard 1969, 1972, Smith & White 197%h) The extrapolated value of the
etalon thickness fof < 77 K.

The combined fect of this wavelength shift with the uncertainty introdd sy fitting
the etalon lines with Gaussian profiles is stillL% of the resolution element. Although
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we have not done a similar analysis for the position of thefEutavelengths of the LWP
and SWP filters, we do not expect a major change in their positi 34 K. Nevertheless,
the accuracy needed for the cfitwavelengths is set by the separation between neigh-
bouring etalon lines, which is much larger than any shift tueemperatureféects.

Another source of error for the wavelength calibration cerftem the deviations of
the measured line centroids with respect to the derivedskooder polynomial disper-
sion relation. We have measured the standard deviatioredtttit between the measured
line positions and the value of the derived dispersioniaiaicross the wavelength range,
for all FOV positions in each sub-band. We then constructstoggram with the values of
the measured absolute shifts, in units of microns. Fig. 8ht8vs the resulting histograms
for two of the sub-bands.
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Figure 6.13 Observed standard deviations from a seconel-dispersion relation across
the FOV for sub-bands 1&) and 3B(b).

The figures imply that, on average, the deviation betweerémroid positions and
the derived dispersion relation is of the order of 1A, or al@84 of the resolution element
for all sub-bands. This is the dominant error in our analyesigl it is at least one order of
magnitude larger than the errors derived from Gaussianditf the lines and temperature
variations. We thus consider that we know the wavelengttiseodlerived data cubes with
uncertainties of 0.02 times the spectral resolution elémen

An additional source of error is the fringing pattern asatad with multiple reflec-
tions within the detector. As we have stated, we did not @b g fringing for the dataset
in study. Although we were not able to quantify it for all cimats, a comparison between
the measured line positions before and after fringe cdoedédr channel 1 revealed that
applying such correction does not change the line centtmidsore than our 2% of the
resolution element, and hence our uncertainties are stiflidated by the polynomial fit.

Resolving power

The observed etalon line profiles are the convolution of thenisic line shape and the
spectral response of the MRS. The resolving power calalitz¢es using only the FWHM
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Figure 6.14 Deconvolution of the observed etalon linesdigyavith the intrinsic line
profile obtained from the high resolution observations €pldor sub-bands 14a) and
3A (b). The result is the instrument spectral response (blackiswilie have convolved
again with the intrinsic profile to check the deconvolutidhe recovered profile is shown
in red.

of the unresolved etalon lines is thus jeopardized by ffextof the intrinsic line profiles.
In order to estimate the errors introduced by thiget on the calculation of the resolv-
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ing power,R, we have deconvolved the observed line shapes with thasitrshape of
the lines, that we obtain from the high resolution measurdgmef the etalon transmis-
sion performed at RAL prior to testing. For this purpose, wedithe IDL procedure
max_entropy, which deconvolves the two profiles using the maximum entropyhod.
Fig. 6.14 shows the result of the deconvolution for two of MRS channels.

The profile of the instrument spectral response, as obtdinatdthe deconvolution, is
narrower than the observed unresolved profile. This impliasthe resolution calculated
from the FWHM is an underestimate. We studied tfiea of the deconvolution on the
line widths across the full wavelength range of the MRS, gitfire method described. We
conclude that the enhancement in resolving power resuftorg the correction for the
intrinsic line shape is between 10% and 20%. For a given sutatbthere is a smooth
increase in this enhancement with wavelength. Also, thewecdment is larger in the
long wavelength channels, where the intrinsic widths oflithes start to be comparable
with the resolving power of the instrument.

6.4 Results and discussion

6.4.1 The resolving power of the MRS

In Table 6.2 we list the wavelength ranges and resolving peiat we have calculated
for each of the MRS sub-bands using the methods describagabor each sub-band,
we list a nominal value for the resolving pow&;, corresponding to its measured value
at the center of each band. We also list the size of the résnlatement for each band,
in detector pixels, using the two methods that we have desdrat the end 0§6.3.1.

In both methods, the uncertainties are dominated by thati@ni of the line width with
wavelength. The second method overestimates the pixelrsite longer wavelength
sub-bands, where the spectral bins are smaller. Table §o2shlows the approximate
sizes (in detector pixels) of the overlapping regions betwthe corresponding sub-band
and the following sub-band.

A crucial aspect of the MRS performance has to do with the $ampf unresolved
spectral features. Zemax models predicted an undersagnpiithe unresolved etalon
lines for channel 1, below the Nyquist frequency. More sfieadly, modelling has shown
that the FWHM of an unresolved spectral line, as providedieydptical system, is sam-
pled by less than the two required detector pixels. In theetiog), this applies to most
sub-spectra. For channels 1, 2 and 3 spectral lines arecpeddd have a FWHM of about
0.9 pixels for point sources, and 1.4 pixels for extendedcesi Table 6.2 indicates that
the lines are well sampled with at least the 2 pixels, withekeeption of sub-band 1A,
where the resolution element is slightly smaller than 2 Igixe

Overlapping regions of 100 pixels or larger are desirabteafooptical matching of
the diterent sub-bands during the science extraction of the spekable 6.2 shows that
this is the case for most of the overlapping regions, withesemnceptions (sub-bands 1C,
3B, 3C), where the overlapping region is smaller. Nevees®lthe full wavelength range
from 4.9um to 28.4um is fully covered and well sampled.
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Sub-band  Amin [um]  Amax [um] R A1 [px] AAx[px] Overlap [px]

1A 4.91 579 3200 1.9(0.2) 1.9(0.2) 180
1B 5.60 6.62 3200 2.0(0.2) 2.0(0.2) 150
1C 6.46 7.63 3100 2.0(0.2) 2.0(0.2) 80
2A 7.55 891 2800 2.2(0.2) 2.2(0.2) 140
2B 8.71 10.34 2700 2.2(0.2) 2.2(0.1) 275
2C 9.89 11.71 2750 2.2(0.2) 2.3(0.2) 105
3A 11.50 1359 2500 2.4(0.2) 2.5(0.2) 170
3B 13.19 1558 2000 3.1(0.3) 3.4(0.4) 65
3C 15.40 18.14 2200 3.0(0.3) 3.0(0.3) 70
4A 17.88 21.34 1500 3.3(0.3) 3.7(0.3) 170
4B 20.69 2468 1600 3.6(0.3) 4.3(0.1) 165
4C 23.83 28.43 1400 4.1(0.1) 7.2(1.1) -

Table 6.2 The spectral properties of the MRS sub-bands. rthiages are indicated in
parenthesis.

Fig. 6.15 shows the measured resolving power for the fullelength range. The
calibrated wavelengths are shown on thaxis, and the resolving power on thexis.
We plot these values for all the positions within the FOV. Thiek black areas are the
pile-up of individual black solid lines corresponding®i) calculated at dferent spatial
(a, B) coordinates in the FOV. They give an indication of the \#oizs of the resolving
power with position on the IFU. The solid red lines are thetigfig averaged values dk.

The instrumental requirement for resolving power statasMiRI shall provide inte-
gral field spectroscopy with spectral resolving poRer 2400 between am and 1Qum
R > 1600 from 10um through 15um andR > 800 from 15um through 27um. Our
results indicate that we are well above these requirements.

6.4.2 Variations of R with wavelength and position in
the field

In general, for a particular sub-band the resolving powengases with wavelength. There
is a dispersion in the measured valudRdfom the widths of individual unresolved lines
of the order of 10%. Noise in the data and thEeet of fringing can be responsible for
this dispersion. Nevertheless, we can estimate the regpbawer for an extended source
with 10% uncertainty. Although lines at channel 4 are degatith less 3\, they are
sampled by more pixels in the detector, and hence the dispérsthe line-to-line width
does not increase dramatically.

We now investigate the variation in the resolving power wifith position of the point
source in the field. More specifically, we want to study HRwhanges as we move the
point source across a spatial slice in the cube, and alsodtiomto slice. For this we use
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MIRI MRS Wavelength Coverage and Resolving Power
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Figure 6.15 The Resolving Power of the MRS. The wavelengtbgea for each sub-band
are indicated. Red lines correspond to the spatially aesraglues oR. Some relevant
mid-IR nebular lines are indicated.

the point source observations that we have describg@.2. In Fig. 6.16 we show the
reconstructed image of the point source for one of the prsitshown in Fig. 6.2, for two
of the sub-bands: 1A and 4A. Unfortunately, the PSF of the fi(inhole point source
has some structure and does not allow for a detailed studyedPSF size as a function
of wavelength. However, our purpose here is not the chaiaat®on of the PSF, but the
study of spatial variations dR.

Using the same method as with the extended source, we hawairedahe spectral
resolving power as a function of position of the source. Eifj7 shows the linear fit to the
line widths for the three grating positions of channel 1,hesgoint source moves across
the slice for the two dferent field positions shown in Fig. 6.2. Variations in reguiv
power when the point source moves across the slice are ofdee of 1% and are within
the error bars of the individual line widths. On the otherdharariations associated with
placing the point source in filerent slices are of the order of 5% as seen in the Fig. 6.17.
In sub-band 1A, the resolving powerfidirence is larger for shorter wavelengths, while
for the other sub-bands, thefidirences remains about the same for the sub-band range.
Although close-by in the MRS FOV, the two fields are far aparthie detector space,
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Figure 6.16 The reconstructed point source at a specificleagth for sub-bands 14a)
and 4A(b), for a particular position of the raster scan.

and hence the variations seen in Fig. 6.17 should give us d gstimate of the spectral
resolution variations across the full FOV.

6.4.3 Line shape and spectral ghosts

We used the extended source observations to look for spghwats in the spectra and to
study the profile shape of the measured etalon lines. To atymeasure the average
line shapes across the wavelength range of each sub-barsthjftez all lines in a given
sub-spectrum using the Gaussian parameters, so that thelyaaé the same centroid
and baseline, in a similar way as we did§5.4.4 with VM data. We have previously
dubbed this method “superresolution”. For the FM data, thgelength range used to
perform the superresolution extraction equals about tifieeseparation between etalon
lines, centered on the common line centroid for each sulgkban

Fig. 6.18 shows the superresolution data for all sub-bails. do not detect any
unexpected spectral features along the spectra, apartifrmmost perfectly Gaussian
profile of the etalon lines. We have performed the same pugesibr several random
positions in the FOV with similar results. Any spectral ghassing in the gratings is
below the rms noise of the resulting superresolution etéfan which varies between
0.5% and 1.5% of the line peak. The plots of Fig. 6.18 also stiawthe line shape is
very symmetric for all sub-bands, only deviating slighttgrh a perfect Gaussian in the
wings, specially for the longer wavelength sub-bands.

6.4.4 Wavelength stability

We investigated the temporal wavelength stability of theSA®/ looking for variations
in time of either the etalon line centroids, or the Fabrye®P&inging pattern over periods
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Figure 6.17 The variations in resolving power in sub-bantigd), 1B (b) and 1C (c).
Lines of the same color indicate the same field, or positioth@nFOV, as indicated in
Fig. 6.2. Field 1 is in black, while Field 2 is in grey.

of time of several weeks. The science goals of MIRI requireraptoral wavelength
stability better than 2% of the size of the resolution eletndio verify if we are within
the requirements, we used the extended source etalon ergdbat we have obtained at
different epochs of the test campaign, as describ§6.i2.2, as well as fully illuminated
BB exposures, with the fringe pattern.

Time variations in wavelength

Fig. 6.19 shows the fierence in sub-band 1B etalon line positions for thedént
epochs, with respect to the reference epoch, May 19. Thé redicates that the overall
shift in the etalon line positions from epoch to epoch iséarhan the overall line-to-line
spread. The diierences are in general larger than the instrument require@¥% of the
resolution element. In fact, for June 21 and July 10 the sghitfi respect to the reference
positions reach about 8% of the resolution element size. Some additional facts bet
interpretation of this result.

148



6.4 Results and discussion

E 1of 3 oF - 1
1 b [ {| G — E L b T z s ]

. 1 ; ]
. A

3 ol ' E 0iE 3
00 A 00
E W1k : E iy E

0.005 0.000 0.005 002 -0.01 0.00 001 002 -0.005 0.000 0.005
Wavelength Relative to Centroid (um) Wavelength Relative to Centroid (um) Wavelength Relative to Centroid (um)

Normalized DN/s

T
Normalized DN;
T
2
L
Normalized DN/
T

(a) Sub-band 1A (b) Sub-band 1B (c) Sub-band 1C

L X ] 10F ; b l;’ |
A ; i
5 E F jk B £ oaf ;y E
4 ; El Fe H B 02F E
J N s : & _J k

i 01F 3 01F E|
00 00 i 00
01F i 3 O01E i k| 01 i 3

0015 0010 -0005 0000 0005 0010 001 002 001 000 001 002 002 001 000 001 002
Wavelength Relative to Centroid (m) Wavelength Relative to Centroid («m) Wavelength Relative to Centroid (um)

(d) Sub-band 2A (e) Sub-band 2B (f) Sub-band 2C

FWHM = 316 pises B 2 0gF 1t i FWHM = 300 pixcls 1

/ AT
A

Normalized DN/s.

P = 2aspies 2 o8k

rmalized DN;

z
a
E
z

nnﬁ_,_,,.____ﬁaWuA b _/W\ o W
01k ! E| 01E ! | 01E ! E|
Wavelength Relative to Centroid (um) Wavelength Relative to Centroid (um) Wavelength Relative to Centroid (m)
(g) Sub-band 3A (h) Sub-band 3B (i) Sub-band 3C
1 12 1

B 1of j
P FWHM = 3.2 pinels 3 % o0sf

| 4
J o h N L

01f E| 01F E| 01f E|
00 e 00 i 00
0.1E k| 01f : E| 01f : E|

0.00 005 010

Ja—
I
&
o

lized DN

005 005
Centroid («m) w

() Sub-band 4A (k) Sub-band 4B () Sub-band 4C

Wavelength Relative to Centroid («m)

Figure 6.18 Spectral line shapes. The etalon lines in aquéati field position shifted to
have a common centroid. The grey line is a Gaussian fit to thdtheg data. Residuals
of the Gaussian fit are shown in the individual lower panetstar pixel size and FWHM
of the line are indicated.

Two thermal cycles of the instrument took place between tszovation epochs, on
May 19 and June 21. We can not rule out that the observed ahéthe result of changes

in the external conditions between these thermal cycléberdghan limitations on the
stability of the spectrometer optics. Between June 21 ahdlluthere were no power
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or thermal cycles of the instrument and at least one of theeiqpmsures taken on June
21 shows dferences in line positions that are within the required 2%hefresolution
element. According to our results, the most dramatic shifpasition within a single
thermal cycle is related to the reconfiguration of the grptitneel mechanism. This shift
is of about 5% of the resolution element as illustrated byligiet grey and dark grey
diamonds in Fig. 6.19.
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Figure 6.19 Shifts in the measured sub-band 1B line cergrwith respect to the centroids
on the reference epoch, May 19, in units of cube bins. Dark di@nonds are for June
21, light gray diamonds for the same date after reconfiguhagrating mechanism and
black diamonds are for July 10. The dashed line correspandsdiference with the
reference epoch of 2% of the resolution element, while thteddine corresponds to 5%
of the resolution element.

Variations with field position

Fig. 6.20 shows the variation of the shift in centroid pasit for sub-band 1B, as a
function of time and field position. The data points corregpto the mean value of the
shift across the entire wavelength range of sub-band 1Bhfee diterent field positions,
corresponding approximately to the center of the FOV anddiagonal corners. The
temporal variations in the position of the centroids is ficatly the same for all three
field positions. This suggests that the shift is uniform asrie entire field of view. The
change in position for the lines measured after reconfigaadf the grating wheel on
June 21 is of about 5% of the resolution element.

In particular, the shift in the etalon positions after thatgrg wheel mechanism is
reconfigured is approximately the same across the field of.viBuring the period of
time between the two exposures on June 21, temperaturé¢ions@f the etalons did not
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exceed 0.1 K, according to telemetry data. This is far toollssm&ause any noticeable
changes in the peak positions. As a reference, our thermd¢lnof the etalons indicate
the a change of temperature in 1 K would only produce a chai@®% of the resolution
elementin the line positions.
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Figure 6.20 Mean shift in the line centroid positions as acfiom of epoch and field
position. Data points correspond to the center of the FOslcfbdiamonds), the bottom
left corner (light grey diamonds) and upper right cornerkaaey diamonds).

Variations with grating wheel configuration

If the shift in line centroids is due to mechanical reprodility in the grating wheel,
we expect a random behavior in the line shifts from sub-barglib-band, rather than a
similar behavior for all sub-bands. The reason is that therlgituation would indicate
a variation on the conditions from epoch to epoch, rathem tha random mechanical
variations in position of the gratings after several requnations.

We have used data taken for all three grating wheel posifioickannel 1 to study
the sub-band to sub-band variations. Additionally, we hraeasured the positions of the
lines for the four epochs in sub-band 2A. For channel 3B, we liata available on May
19 and July 12. Fig. 6.21 shows the mean variations with gpeviay 19 for the sub-
bands for which we have data. The mean centroid positions measured at a particular
location in the field of view, namely the FOV center. Thereasenidence of a uniform or
monotone increase in the positiorffdrences with epoch. Instead, the behavior appears
random from sub-band to sub-band, which favors mechar@pabducibility as the reason
for the shifts.

We should expect shifts in the position of the spectra aasetiwith hardware dif-
ferences between the optics of the various gratings. Howvexewould not expect to
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measure a shift between two spectra obtained with the saatigyrafter a reconfigu-

ration has been performed. Unless, of course, these shiftduee to mechanical repro-
ducibility. Our measurements made on June 21 indicatefthrad)l measured sub-bands,
reconfiguration of the wheel introduced noticeable shifts,smallest one being for sub-
band 2A, close to 2% of the resolution element. Once agais pibints to mechanical

reproducibility as the source of the shifts.

The relative grating-to-grating tolerances of the asgtesil grating hardware when
all degrees of freedom are considered (translation aloagzthxis and rotation about
all three spatial axes) have error budgets that translédeshifts in position of spectral
features of about 2.5 detector pixels. As we have mentidhede errors are repeatable to
accuracies beyond what we can measure and thereforekilg that diferences between
the positions of the lines after the grating wheel mechanhiasbeen reconfigured are due
to errors in the wheel mechanism itself.

Fringe stability

So far we have studied stability relying only on the etalored. However, we can not
rule out that the shifts that we have measured are relatewbdity issues in the filters
or conditions of the telescope simulator itself, rathenttfee MRS opto-mechanics. The
Fabry-Perot fringe pattern formed due to multiple reflawiwithin the detector substrate
is independent of the MTS, and thus an ultimate diagnostievéivelength stability. We
have performed an analysis of the fringe stability to confifrine shifts measured in
the etalon line centroids are due to MIRI mechanical repsiitiaissues, or if they arise
already in the MTS.
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Figure 6.21 Mean shift in the line centroid positions as afiom of epoch and grating
wheel configuration. Data points correspond to the centeh@fQOV. The 2% of the
resolution element requirement is shown as the two dashesl.li
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Figure 6.22 Distribution of relative shifts of the fittedrfge pattern at dierent epochs for
all MRS channels.

We have studied the stability of the MRS over multiple epagtiag fully iluminated
blackbody observations. The analysis was done for a rediarparticular detector slice
(or a small area of the FOV), for all channels. We extract tiregé spectra at several
epochs, and fit a model spectrum to each of them. We then detrelative spectral
shifts from these fits using the IDL routi@®RREL_OPTIMIZE, which finds the &ective
shifts (in pixels) between two arrays. Fig. 6.22 shows aithistion of the observed shifts
in resolution elements (assuming a FWHM of 1.9, 2.2, 3 angBé&ls for the respective
MRS channels, from Table 6.2). The data show that the pixtissdre in general less that
0.02 resolution elements), which implies compliance wiih instrument requirement.

These results implies that the shifts observed in the etalercentroids over dierent
epochs, which are of the order of 5% of the resolution elepaeige in the etalons them-
selves, and not in the MRS. If the shift was produced insidRMihen we would have
observed a similar shift in the fringe pattern.

6.5 Summary

We have performed the wavelength calibration of the Fligloidel Integral Field Spec-
trograph of the MIRI instrument, which will fly onboard tiames Webb Space Telescope
in 2018. We have described the data cube reconstruction fasndata, and used the
synthetic unresolved etalon lines and wave-pass filteraltorate the wavelength ranges
and resolving powers for all 4 instrument channels. We hhesva that the instrument
complies with the instrumental requirements in resolviog/er and wavelength stability
that are set by the MIRI science goals. Here is a summary afaim findings.

1. After ground data processing and application of the catiibn data, we have mea-
sured the wavelengths of the MRS spectra within 2% of the alizbe resolution
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element, using unresolved etalon lines that are measutbdighal to noise ratios
well above 100.

. The shortest wavelength registered by the MRS is grBland the maximum reg-

istered wavelength is 28.48n. Within a tolerance of about 3 resolution elements,
we are thus compliant of the instrumental requirement iggrwavelength cov-
erage. Absolute calibration of sub-band 4C was made baséiieafemax model
of the instrument.

. Band overlaps between sub-bands span a range of at lepstel€ This allows

for a smooth matching of thefiiérent sub-spectra to produce a final science result
with continuous coverage of the full wavelength range.

. The resolving power of the MRS between 5 ang:fi®is greater than 2400. From

15um to 28um, the resolving power is always larger than 1200. If we antéor
the intrinsic shapes of the etalon lines, we see an incredbke resolving power of
between 10% and 20% with respect to these values.

. The spectral resolution element of the MRS is sampled Hgeast two detector

pixels for the full range of the spectrometer, except for-bahd 1C, where the
resolution element is 1.9 pixels wide.

. Variations of the resolving power across an individua¥/Flice are are below the

level of uncertainty introduced by the error in the statistividth of the etalon lines
(about 1%), while changes of 5% Rare produced by moving the point source
from slice to slice.

. The MRS wavelengths are stable to a level below 2% the ditleeoresolution

elements, both over long periods of time { week) and after reconfiguring the
grating wheel mechanism.
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Veel van de spectaculaire sterrenkundige afbeeldingeretangchappelijke tijdschriften
en documentaires, recentelijk verkregen met professiotedscopen, vinden hun oor-
sprong in natuurkundige processen die betrekking hebbdrebfeven van sterren. Dit
omvat zowel hun geboorte te midden van dichte wolken vanstehlair gas en stof dat
tot massieve sterclusters leidt, als ook hun spectacudaiice in grootse explosies, su-
pernovae genaamd, die voor korte duur zo helder als een helklviegstelsel kunnen
worden. De fysica achter deze fenomenen zijn niet alleemeeisschitterend, maar ze
bevatten ook de geheimen over hoe het leven van sterrennahds met de evolutie van
het Universum in zijn geheel.

Dit proefschrift onderzoekt een specifiek aspect in dezepiexe relatie in het bij-
zonder: de invloed die de straling geproduceerd door joragsiave sterren heeft op het
interstellaire medium (ISM) uit waar ze zijn geboren, adiguit waarnemingen gemaakt
met infraroodtelescopen. In dit boekje ontwikkelen we eaowkeurige en krachtige
methode om infraroodwaarnemingen van intensieve steimgsgebieden te combineren
met theoretische voorspellingen. Het doel is om een betgibt krijgen van wat de in-
teracties tussen massieve sterren en het ISM ons kan leeed@¥ysica achter massieve
stervorming in het Universum.

Massieve sterren en hun relatie met het ISM

De meeste sterren in een melkwegstelsel vormen zich uit emfitafionele ineenstort-
ing van een enorme moleculaire wolk (GMC; vertaald uit hegéls: giant molecular
cloud). Deze ineenstorting doet zich voor op tijdschalem kanderd tot duizend jaar.
Eén van de mogelijke gevolgen van dit proces, misschiené@elvan de meest spec-
taculaire, is het ontstaan van sterclusters en assocragé®en massa in de orde van
honderd tot duizend keer die van onze zon. De meest mass@versin deze clusters
kunnen ieder wel 100 keer zo zwaar zijn als onze zon. Dezeievassterren hebben
sterke stralingsvelden en sterwinden die actief wissédaremet het overgebleven gas en
stof uit de oerwolk waaruit ze zijn gevormd. Het massievevsteningsgebied, bekend
als de Tarantula nevel (ook wel als 30 Doradus), dat we in #iiak 2 bestuderen, is een
indrukwekkend voorbeeld van deze wisselwerking (zie Fidyu
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Figure 1 Het massieve stervormingsgebied 30 Doradus, inrdee®agelhaense Wolk,
gefotografeerd met de Ruimtetelescoop Hubble (AfbeeldiadNASA).

Een gedeelte van de straling uitgezonden door deze stemeeert het nabije gas,
daarbij kleurrijke aanblikken producerend die met onzesebpen zijn vastgelegd, in
zogenoemde H gebieden die gevuld zijn met heet geioniseerd waterstain &nder
gedeelte van de straling wordt geabsorbeerd door stofeledit het ISM die daarbij
verhit worden en in het infrarood licht beginnen te gloeiendat met onze telescopen
kan worden waargenomen. Vervolgens, drukken de mechanéscik uitgeoefend door
de straling van de sterren en de heftige supernova explbsteESM samen waardoor
de ineenstorting van naburige moleculaire wolken verddraardt, leidend tot nieuwe
periodes van stervorming. Al deze processen modificereratietische omgeving en
beinvioeden de latere ontwikkeling van de melkwegstelselarin ze plaatsvinden. Eén
van de grootste uitdagingen in de moderne sterrenkunde éleamprocessen te begrijpen
en te kwantificeren. Het is ook één van de belangrijkstéstieléngen in dit proefschrift.

Massieve sterren en recente stervorming

De sterren die stellaire associaties zoals die in Figuur Yatt@n, zijn bijna allemaal
tegelijkertijd geboren en hebben een breed bereik in iddide stellaire massa’s. Niet-
temin, alleen die sterren met een massa gelijk aan een paadieevan onze zon hebben
een aanzienlijk #ect op het ISM. In feite, in gebieden waar deze associatiesrgel
worden, komst het meeste van het waargenomen licht afkgwesti deze massieve ster-
ren; hoewel minder in aantal zijn ze wel vele malen heldedderhun lage-massa tegen-
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hangers. Het zijn deze massieve sterren die de energieaabirr stervormingsgebieden
domineren. Aan de andere kant, de meest massieve stemevokijdiegene met de ko-
rtste levensduur, waarbij ze al na een paar miljoen jaar donmbrandstof heen zijn, een
kort leven vergeleken met de enkele miljarden jaren dat &grzeals onze zon kan leven.
Daarom, door in een afzonderlijk gebied van een melkweggtélet geioniseerde gas
en het stof te bestuderen dat verhit wordt door het licht vaméssieve sterren, kun-
nen we objecten onderzoeken die minder dan 10 miljoen jdadge gevormd zijn (i.e.
een Kkorte tijdschaal in een kosmologisch perspectief) eéoeode kunnen we de recente
stervormingsgeschiedenis in dat gebied bestuderen.

Starbursts

Het is mogelijk om kwantitatief vast te stellen hoe snel miewsterren worden gevormd
in specifieke gebieden. Om dit te doen kunnen we bijvoorbdeltioeveelheid infra-
rood licht meten, dat wordt uitgezonden door opgewarmd ‘stoDok kunnen we het
licht meten dat wordt uitgezonden door atomaire deeltjesgdiionizeerd zijn door het
stralingsveld van jonge sterren. De hieruit voortkomeneleédérheden kunnen worden
geinterpreteerd als fysisch meer intuitieve groothed&®a kunnen bijvoorbeeld de in-
frarode helderheid van een stervormingsgebied zien alsgédglelde moleculaire massa
die wordt omgezet in sterren per jaar. Nogmaals, aangeeea sterren slechts een zeer
korte levenscyclus hebben, kunnen we hieruit schatten m@esterren worden gevormd
in bepaalde gebieden van het universymdit momentWe kunnen bijvoorbeeld afleiden
dat in onze Melkweg sterren worden gevormd met een snellaidongeveer 1 zons-
massa per jaar. Anders gezegd, elk jaar wordt gemiddeldngem@en enkele ster met
een massa gelijk aan onze Zon geboren in ons melkwegstelsel.

We kunnen de stervormingssnelheid (star formation rat®)$f verscheidene ge-
bieden van ons universum afleiden door het infrarode lichmgten dat wordt uitgezonden
door nabije en verre melkwegstelsels. Astronomen hebliegedaan en leiden daaruit
af dat niet alle melkwegstelsels sterren vormen met dezdafelheid. Een belangrijk
deel van deze stelsels hebben SFRs die tientallen, homdefdelfs duizenden malen
groter zijn dan die van onze Melkweg. Dit betekent dat dezeaten grote infrarode
helderheden hebben. Sterker nog, als we verder weg gaamgam@kwegstelsel om
verder weg gelegen gebieden in ons universum te bestudirewalt op dat het aandeel
van objecten met een hoge SFR, die we 'starbursts’ noemeenahaar toeneemt. Tot
op de dag van vandaag is het nog niet helemaal duidelijk waaere starbursts zulke
hoge stervormingssnelheden hebben. We weten dat om ditlijkdgemaken, grote ho-
eveelheden moleculair gas verplaatst moeten worden nasiefleine gebieden in een
melkwegstelsel binnen korte tijd. Echter, de processedlitligansport mogelijk maken,
alsmede het proces waarmee opeenvolgende stervorming vesorzaakt door vooraf-
gaande stervorming, moeten nog steeds afdoende worddnatetk

1Aangenomen moet worden, uiteraard, dat andere warmtetmadie niets van doen hebben met stervorm-
ing relatief onbelangrijk zijn voor dit proces.
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Figure 2 De kern van het melkwegstelsel NGC 1097 heeft eensigve starburst ring,

zichtbaar op deze afbeelding genomen in het infrarood de@pidtzer Space Telescope.
Dit is een van de stelsels die we bestudereHaofdstuk 4. (Afbeelding geproduceerd

door NASA)).

Spectroscopie van stervormingsgebieden in het infrarood

Om antwoorden te vinden op sommige van deze vragen rondofer@nheen van star-
bursts zijn astronomen in de afgelopen twee a drie decémtiafrarode universum gaan
bestuderen. Er zijn verscheidene redenen om dit golflerbted te kiezen. Allereerst,
zoals gezegd, schijnen stervormingsgebieden sterk iarmdd licht vanwege thermische
straling van opgewarmd stof. Bovendien vindt de meest giwe stervorming plaats
achter dichte lagen van gas en stof, waar zichtbaar lichbulze ogen kunnen zien niet
doorheen komt, terwijl het infrarode licht er juist wel uibrkit. Dus het licht dat wordt
opgevangen door onze infrarode telescopen schijnt doooagacte lagen van gas en
stof en bereikt ons vanuit de zeer diepe gebieden waar nieawege sterren worden ge-
boren. Naast de digitale afbeeldingen gemaakt door dettspeciaal ontworpen om
infrarood licht te zien, die de structuur van het stof en roolair gas tonen, bestuderen
we tegenwoordig starbursts met infrarood spectroscopien-van meest geavanceerde
technieken van dit moment.

Om te begrijpen wat infrarood spectroscopie is, kunnen vsele aan de kleuren van
de regenboog. Net zoals we een prisma kunnen gebruiken dintdap te breken in de
kleuren van de regenboog (het spectrum van het zichtbéut licinnen we, met de juiste
instrumenten, ook het spectrum van het infrarode lichtezitgnden door astronomische
lichamen opvangen. In het specifieke geval van stervorrgitgieden zijn infrarode spec-
tra essentieel om de energieverdeling van de verschilleesianddelen van het interstel-
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laire medium te kunnen waarnemen. Dit biedt aan degeneredirlijke spectra kunnen
interpreteren de mogelijkheid om een precieze beschgjvan de fysische toestanden
van deze gebieden te geven. Sommige van deze bestanddelbarkéenbaar zijn aan
hun infrarode straling zijn atomair gas, stofdeeltjes, en leepaald soort moleculen dat
karakteristiek is voor stervormingsgebieden, genaamytyolische aromatische koolwa-
terstdfen (PAHs). De analyse van infrarode spectra maakt het niogeti belangrijke
fysische gegevens af te leiden van deze gebieden, zoalsmershingssnelheid, de gas-
druk waartegen de straling van sterren zich voortplantediabeveelheid jonge sterren die
nog verborgen zijn in het dichte gas en de stofsluiers whdezie gevormd werden.

Infrarode spectra worden gemeten door speciale instriamagginstalleerd in mod-
erne telescopen. Om deze spectra op de juiste wijze te kuntexpreteren en om er
een fysische betekenis aan toe te kennen in de context varsténg en hoe dit alles
zich verhoudt tot het interstellaire medium, moeten we dpeetra vergelijken met theo-
retische modellen die de sterkte en de energieverdelingeaiitgezonden straling voor-
spellen. Dit is verre van eenvoudig, omdat verschillendgcfye omstandigheden kunnen
leiden tot vergelijkbare spectra, wat leidt tot tegenddsten misleidende conclusies.
Bovendien zijn de meeste starbursts zo ver weg dat we ddstinervan niet kunnen on-
derscheiden, zelfs niet met de grootste telescopen. Daakdonen we de verschillende
bestanddelen, zoals sterren, gas en stof, niet herleitieerschillende componenten van
de spectra. Een nauwkeurige en robuuste methode is nodigtioulvbare waarden toe
te kennen aan de fysische parameters van verafgelegenrstarken om de ware toes-
tanden van de materie in deze objecten te kunnen onderzoeken

Een Bayesiaanse methode om infraroode spectra te nterpretn

In het eerste deel van dit proefschrift (Hoofdstukken 2, 34grontwikkelen we een
nieuwe methode om infrarode spectra van starbursts teneteren. Deze methode geeft
nauwkeurige en betrouwbare waarden voor fysische parasned® deze objecten en
berekent kwantificeerbare en statistisch-toepasselijizekerheden. Deze methode ge-
bruikt Bayesiaanse statistiekéom de waarschijnlijikheid dat zekere fysische parameters
bepaalde waarden hebben te schatten (bijvoorbeeld deosténgssnelheid). Bayesi-
aanse statistiek maakt het mogelijk om nieuwe kennis ovpademeters (observationeel
of theoretisch) op te nemen in de bepaling van hun waardigktijaden. Intuitief gezien
betekent dit dat de onderzoeker op elk moment de mate wapoifef) een zeker resultaat
als betrouwbaar inschat kan bijwerken door nieuwe gegewertste nemen. De meth-
ode is reproduceerbaar en biedt betrouwbaardere resuttatewat behaald kan worden
uit een direkte vergelijking tussen modellen en waarnestingn dit proefschrift passen
we deze nieuwe methode toe op spectra van starbursts germtmoede Spitzer Space
Telescope. Hier volgt een korte beschrijving van de hootdsin.

Hoofdstuk 2
In dit hoofdstuk introduceren we onze methode en de kaldbddarvan met het grote

2Genoemd naar Thomas Bayes (1701-1761), een Engelse paastgskundige die deze statistieken voor
het eerst formuleerde.
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ster-vorming gebied 30 Doradus (Figuur 1). Dit gebied haefte eigenschappen die
het extra geschikt maken voor de kalibratie: 30 Doradus)igl(Yaak en in groot detail
bestudeerd door andere auteurs, en (2) ligt zo dichtbij @ahet ruimtelijk op kunnen
lossen met onze telescoop. Dit stelt ons in staat om de logserdelen van het systeem
(massieve sterren, gas, stof, etcetera) van elkaar tesaidden en in verband te brengen
met bepaalde onderdelen van het infrarode spectrum van GDe. Onze methode kan
de eigenschappen van 30 Doradus goed reproduceren. Weiktetat we de onzekerhe-
den in het bepalen van zekere parameters significant kurerkleinen door het gebruik
van spectrale lijnen in onze analyse. Dit zorgt ervoor daieamethode meer robuuste
resultaten oplevert in vergelijking met andere methodammsibtte beschrijven we onze
ontdekking dat het infrarode spectrum van 30 Doradus varéllkan worden met de aan-
wezigheid van een significant aantal jonge sterren die regfdstomsloten zijn door de
stof- en gas-wolk waaruit ze geboren zijn. Dit is een aanagjzlat 30 Doradus een actief
stervormend gebied is.

Hoofdstuk 3

NGC 604 in het driehoekssterrenstelsel is het op één-<ctahijzijnde grote stervorm-
ing gebied. In dit hoofdstuk combineren we waarnemingenreinimfrarood, optisch en
Rontgenstraling met onze Bayesische methode om de eiygpen van NGC 604 te
bestuderen. Ons belangrijkste resultaat is de ontdekkingnassieve infrarode wolken.
Deze wolken zijn erg warm en compact, en binnenin deze wollkasden massieve ster-
ren gevormd. Een intrigerende verklaring voor deze ontitekls dat de stervorming
in deze wolken geactiveerd is door een eerdere episode garoshing tijdens welke
de meeste nu zichtbare sterren in NGC 604 gevormd zijn. Oesdtaten suggeren
bovendien dat NGC 604 in een verder geevolueerd stadiumtearosming is dan zijn
grotere broer 30 Doradus, maar dat dit niet noodzakelijlelmgte van actieve stervorming
betekent.

Hoofdstuk 4

In dit hoofdstuk gebruiken we onze methode van interpetan infrarood spectra op
grotere maar verder weg gelegen stervormingsgebieder. didsieden liggen in het cen-
trum van een paar sterrenstelsels in het nabije universuet. del in hoofdstuk 2 en 3
opgedane ervaring kunnen we overeenkomsten vinden in dassbappen van deze re-
latief kleine groep stercluster vormingsgebieden. Wijdén bijvoorbeeld aanwijzingen
voor het feit dat de stervormingsgebieden met de grootstedwdheid aan moleculaire
brandstof (en dus met de hoogste stervormingssnelheé altijd de grootste sterclusters
vormen. De grootste groepen lijken in tegenstelling gevbtenworden in de stervorm-
ingsgebieden met de laagste stervormingssnelheid. Wéuztaren ook dat de stervorm-
ingsgebieden met de grootste sterclusters een relatitf gijdrage ondervinden van erg
jonge sterren die nog door een dikke envelop van stof omgeeeden. Een meer kom-
pleet onderzoek van de spectra van stervormings gebiedeodzakelijk om definitieve
conclusies te trekken over het verband tussen de eerdsdegivan stervorming tijdens
welke de ster-groepen gevormd zijn, en de huidige periodestervorming.
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Figure 3 JWST zal stervormingsgebieden in ongekend dedaih destuderen. Hoofd-
stukken 5 en 6 zijn gewijd aan de spectrometer die gekoppeldn deze grote telescoop
(Afbeelding via NASA).

Hoofdstukken 5 en 6

Ondanks de ontwikkeling van steeds betere analyse methealett de nauwkeurigheid
van onze resultaten nog steeds erg beinvioed door de téchniafmetingen van de
telescopen die we gebruiken. Dit toont het belang aan vareigren betere telescopen
voor het verder ontwikkelen van onze kennis van stervorsgebieden. Tegen het einde
van dit decennium zullen de ruimtevaartorganisaties uietenigde Staten, Europa en
Canada een nieuwe grote en geavanceerde infrarood tefedeaaimte in sturen. Deze
telescoop gaat de "James Webb Space Telescope” (JWST )dreterdt, met een spiegel
van 6.5 meter in diameter, de grootste infrarood telesc@opat in de ruimte is geplaatst.
Eén van de instrumenten die aan boord zal zijn van de JWS#&tidMhd-InfraRed In-
strument” (MIRI). MIRI bestaat uit een camara en een speutter, en hiermee kunnen
we stervormingsgebieden en andere gebieden in ons hedl@amengekend detail en
gevoeligheid bestuderen.

De laatste twee hoofdstukken van dit proefschrift zijn gewvaian MIRI. Dit instru-
mentis gebouwd in Europa en Nederland heeft hierbij eeratotvuciaal belang gespeeld.
De auteur van dit proefschrift heeft gewerkt aan de kalibreain MIRI bij het Ruther-
fort Appleton Laboratorium in Oxford, Engeland. In het twleadeel van dit proefschrift
beschrijven we de functionaliteit van MIRI en de kalibrgii®cessen van de spectrom-
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eter. Meer specifiek beschrijven we €én van de belantgijkalibraties van de spec-
trometer - die voor de golflengte kalibratie. We passen omtibriatiemethode ook toe
op gegevens die zijn verzameld tijdens de testfase. Hieasitluderen we dat MIRI

infrarood spectra kan verzamelen met een resolutie dieitesten10 keer hoger is dan
die van zijn voorganger, de infrarood spectrometer aandean de Spitzer ruimte tele-
scoop. MIRI aan boord van de JWST betekent dus een grote atavaarts in de nabije
toekomst voor het bestuderen van de vorming van massiaverste
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Muchas de las espectaculares imagenes obtenidas hog pordbs grandes telescopios
profesionales, que nos deslumbran en las paginas de latasegientificas y en los doc-
umentales de television, tienen su origen en procesasioelados con las vidas de las
estrellas. Desde su nacimiento en medio de densas nubes g@glo interestelar que
dan lugar a masivos cimulos de estrellas, hasta sus isatads finales en explosiones
colosales llamadas supernovas, que en lapsos de tiempa géltaunos cuantos dias
pueden llegar a ser tan brillantes como galaxias enteraqrticesos fisicos detras de
estos fenbmenos no sb6lo agregan belleza a las imagemneséasicas, sino que ademas
esconden los secretos sobre como la vida de las estraba®kionada con la evolucion
del Universo como un todo.

Esta tesis indaga sobre un aspecto particular de este gorapteamado: la influencia
que la radiacion proveniente de jovenes estrellas nmtizae en el medio interestelar a
partir del cual se forman, tal como se deduce de las obsenagxhechas con telescopios
infrarrojos. En las paginas de esta tesis, ideamos undoé&grtero y robusto para combi-
nar observaciones infrarrojas de regiones de formaci@teeson predicciones tebricas.
El objetivo es avanzar hacia la comprension de como laantédn entre las estrellas y
el medio interestelar puede ensefiarnos acerca de la fisida formacion de estrellas
masivas en el Universo.

Estrellas masivas y su reladn con el medio interestelar

La mayoria de las estrellas en una galaxia se forma a paiticalapso gravitacional
de una gigante nube de gas molecular, que sucede en escdiasipe de cientos de
miles de afios. Uno de los posibles resultados de este procéd vez uno de los mas
espectaculares, es el surgimiento de asociaciones estelayas masas son del orden de
cientos de miles de veces la masa de nuestro Sol. Las estnelia masivas en estas
jovenes aglomeraciones pueden contener individualmanteasa de 100 soles juntos,
y emitir intensos campos de radiacion y vientos estelavesimferactiian notablemente
con el gas y el polvo restantes en la nube primigenia de laseu@rmaron. La region de
formacion estelar conocidad como la Nebulosa Taranoud® Oorado), que estudiaremos
en elCapitulo 2, es un ejemplo impresionante de esta interaccion. (Ver&idy).
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Figure 1 La region de formacion estelar masiva 30 Doraglusa Gran Nube de Magal-
lanes, fotografiada con el Telescopio Espacial Hubblel{m&ASA).

Una parte de la radiacion emitida por dichas estrellaszéoei gas cercano, pro-
duciendo la viva gama de colores capturada por los telese@pi las llamadas regiones
Hu de hidrogeno ionizado. Otra parte de la radiacion es aikmmpor particulas de
polvo en el entorno, que se calientan y brillan en luz inGjargue podemos detectar con
telescopios modernos. Ademas, la presion mecanicaraeliiacion estelar, asi como las
violentas explosiones en las que estrellas mas grandesgsm@ngevas encuentran su
fin, comprimen el material interestelar, y pueden inclusmdpcir el colapso de nubes
moleculares vecinas, iniciando un nuevo episodio de foinaestelar. Todos estos pro-
cesos modifican el entorno galactico, y tienen una infleeacila subsiguiente evolucion
de las galaxias donde tienen lugar. Entenderlos y cuamtifgcas por tanto uno de los
grandes retos de la astronomia actual, y uno de los olgadw@sta tesis.

Estrellas Masivas y Formacon Estelar Reciente

Las estrellas que hacen parte asociaciones estelares aatadd Figura 1, nacen todas
de manera casi simultanea y con diversas masas indivalUsile embargo, sélo aquellas
estrellas cuya masa es unas cuantas veces la masa del Sad)(digrien una influencia

notable en el medio interestelar. De hecho, en las regiomededse forman estas aso-
ciaciones, casi toda la luz que detectamos proviene ddlestneasivas, que aunque son
mucho menos numerosas que las estrellas de baja masa, ssndmiVeces mas lumi-

nosas, y por tanto dominan el presupuesto energético. €2gae estrellas masivas son
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también las primeras en morir, pues agotan su combustibiaresb6lo unos pocos mil-
lones de afios, en comparacion con los miles de milloneside gue puede vivir una
estrella de baja masa como el Sol. Por lo tanto, al estudigasionizado y el polvo
calentado por la luz de estrellas masivas en una regioicplar de una galaxia, esta-
mos sondeando objetos que se formaron hace menos de 10awitlerafios (una etapa
de tiempo corta en términos cosmicos), y por lo tanto essaimvestigando la historia
reciente de formacion estelar en dicha region.

Starbursts
Podemos cuantificar el ritmo con el cual se forman estreflasa region particular mi-
diendo por ejemplo la cantidad de luz infrarroja emitida @igrolvo calienté. También
podemos medir la cantidad de luz emitida por atomos que idananizados por el in-
tenso campo de radiacion de las estrellas jovenes. Dadrgilades de luz (o luminosi-
dades) pueden ser interpretadas en terminos de cantifisidasente mas intuitivas. Por
ejemplo, podemos interpretar la luminosidad infrarrojaxa region de formacion estelar
en téerminos de la cantidad promedio de gas molecular qualbasnvertida en estrel-
las cada afio. Puesto que las estrellas masivas respandabtmlentamiento del polvo
tienen periodos de vida muy cortos, esta medida nos da eaal®l ritmoactualcon el
que se forman estrellas en una region del Universo. Pompdgemuestra galaxia, la Via
Lactea, forma estrellas a un ritmo aproximado de 1 masagotafio. En otras palabras
cada afio, en promedio nace una nueva estrella con la maSald# nuestra galaxia.
Podemos inferir estRata de Formacion EstelalRFE) en varias regiones del Uni-
verso midiendo la luz infrarroja emitida por distintas g#&a. Al hacerlo, rapidamente
notamos que no todas las galaxias forman estrellas al migmm tUna considerable can-
tidad de objectos tienen RFE de decenas, cientos, e inclilsoade veces la RFE de nues-
tra galaxia, lo cual se traduce en altismas luminosidadesriojas. De hecho, a medida
gue nos alejamos de nuestra galaxia, y estudiamos regiciesdistantes del Universo,
vemos que la fraccién de objetos con alta formacion esigle llamamostarbursts es
cada vez mayor. En la actualidad no esta totalmente clargui® estos starbursts for-
man estrellas a ritmos tan altos. Sabemos que para que esttasgrandes cantidades
de gas deben ser transportadas, en periodos de tiemps,crtegiones relativamente
pequefias de una galaxia. Sin embargo, los procesos queasible este transporte no
tienen una explicacion definitiva, como tampoco la tierangtapas de formacion estelar
sucesivas que pueden desencadenarse por la interac@étrelas jovenes con el medio
interestelar.

Espectroscopia Infrarroja de Regiones de Formadin Estelar

Para intentar encontrar algunas respuestas al fenomelos dearbursts, en las Gltimas
dos o tres décadas los astronomos han comenzado a esludimverso en longitudes de
onda infrarrojas. Son varias las razones por las cualediastos regiones de formacion
estelar usando este tipo de luz. Primero, dichas regiomebritantes en el infrarrojo

1Asumiendo, por supuesto, que otros procesos que puedetacatepolvo, y que no estan relacionados con
formacion estelar, son marginales.
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Figure 2 El nlcleo de la galaxia NGC 1097 contiene un intemsito starburst, visible en
esta fotografia infrarroja obtenida con el Telescopiodesgd Spitzer. Este es uno de los
objectos que estudiamos enGapitulo 4. (crédito NASA).

debido a la emisién térmica del polvo, como hemos disoutilero ademas, las densas
regiones de polvoy gas detras de las cuales ocurre el grdedermacion estelar, opacas
para la luz normal, son transparentes para la luz infrarfega lo tanto, la luz detectada
por nuestros telescopios infrarrojos logra atravesardagpactas cortinas de gas y polvo,
y alcanzarnos desde las zonas profundas donde nacen nstedla® Ademas de las
fotografias digitales obtenidas con detectores espreitk disefiados para registrar luz
infrarroja, y que revelan la estructura fisica de la distcion de polvo y material molec-
ular (ver Figura 2), una de las técnicas mas sofisticadadasspor los astronomos hoy en
dia es la espectroscopia infrarroja.

Para entender de qué se trata, podemos imaginar los cdilrascoiris. De la misma
manera en que podemos tomar un prisma y descomponer la ll&otleh los colores
del arcoiris (el espectro de la luz visible), es posible t@mlobtener un espectro de la
luz infrarroja proveniente de los cuerpos astronémicesado instrumentos apropiados.
En el caso particular de las zonas de formacion estelagdpsctros infrarrojos son de
gran utilidad, ya que revelan la distribucion de energia la cual los componentes del
medio interestelar emiten su radiacion, ofreciendo, paran pueda interpretarlos, una
descripcion de las condiciones fisicas en dichas regioAtgunos de los componentes
gue emiten luz infrarroja y pueden ser identificados en ed@sp son el gas atomico, las
particulas de polvo y algunas moléculas basadas en aarbipitas de estos ambientes,
llamadas hidrocarburos aromaticos policiclicos (PAHE) analisis de estos espectros
permite derivar importantes parametros fisicos de lébregales como la RFE, la presion
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del gas contra la cual trata de abrirse paso la radiaci@iaesb la cantidad de estrel-
las jovenes que aln estan cubiertas por los gruesosteriwelde gas de los cuales se
formaron.

Los espectros infrarrojos son obtenidos con instrumergpsaales abordo de los
telescopios. Para interpretarlos correctamente y asaman significado fisico en el
contexto de la formacion estelar y su relacion con el méauberestelar, los espectros
deben ser comparados con modelos tetricos que predicetessidad y distribucion de
energia. La labor no es facil, pues condiciones fisicisahtes pueden dar lugar a es-
pectros muy semejantes, generando interpretacionessamndcontradictorias. Ademas,
la mayoria de starburst son objetos lejanos en cuya esteutd podemos diferenciar las
estrellas masivas del gas ionizado y el polvo, pues tod@apanuy junto en las imagenes
obtenidas. Un método robusto y preciso es necesario pgreasalores confiables a los
parametros fisicos de starburst lejanos, y asi invastis verdaderas condiciones de la
materia en estos objetos.

Un método Bayesiano para interpretar espectros infrarrojos

En la primera parte de esta tesis (Capitulos 2, 3 y 4) ddkanms un nuevo método para
la interpretacion de espectros infrarrojos de starbugsts arroja resultados inequivocos
para los parametros fisicos de estos objetos, y les asigagidumbres cuantificables y
estadisticamente apropiadas. El método usa estadBaigesianapara estimar la prob-
abilidad de que ciertos parametros (el ritmo de formaeiételar, por ejemplo), tengan
un valor determinado. El método Bayesiano permite in@aifa evaluacion de las prob-
abilidades cualquier nueva evidencia obtenida (expeiah@ntebricamente) sobre los
parametros fiscios. Intuitivamente, lo que esto quiergrdss que el investigador puede
actualizar en cualquier momento el nivel de conviccion goa cree en el resultado de
un modelo, al incluir nueva evidencia en su analisis. Bloai@ ofrece resultados repro-
ducibles y muchos menos confusos que aquellos obtenidasopguaracion directa del
espectro con las predicciones. En esta tesis aplicamostedma espectros obtenidos
principalmente con el Telescopio Espacial Spitzer. A car@cion describimos breve-
mente los capitulos del presente trabajo.

Capitulo 2

Presentamos nuestro método y lo calibramos usando ur@nrggjante de formacion
estelar: 30 Dorado, en la cercana Gran Nube de Magallangsré1). Esta region
ofrece dos ventajas: ha sido estudiada en detalle por vadtmses y ademas esta lo
suficientemente cercana para identificar componentesdudiles del sistema (estrellas
masivas, gas, polvo, etc.) y relacionarlas con caratiteésparticulares del espectro
infrarrojo. Este primer capiitulo arroja varios resutiadPrimero, reportamos el éxito de
nuestro método en reproducir las condiciones fisicaddb@ado. Ademas, mostramos
gue al incluir en nuestr analisis las lineas espectralesrgelas a causa de la absorcion de
luz estelar por gases atbmicos en el medio interesteuci@os las incertidumbres de

2Nombrada en honor de Thomas Bayes (1701-1761), un clérigatgmatico inglés que la formuld por
primera vez.
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varios parametros, logrando resultados mas precisosauetros métodos. Finalmente,
también descubrimos que el espectro de 30 Dorado es cdnepaiin la presencia de una
componente considerable de jovenes estrellas aln ¢aswel sus nubes primigenias.
Esto indica una gran cantidad de formacion estelar sueddiactualmente en esta region.

Capitulo 3

Luego de 30 Dorado, la mas cercana region gigante de foomastelar es NGC 604, lo-
calizada en la galaxia del Triangulo. En este capitulodéatnos sus condiciones fisicas
usando nuestro método, combinado con varias observacioferojas, opticas, y de
rayos-X. El resultado principal es el descubrimiento deivoasimulos infrarrojos com-
pactos y calientes, donde se estan formando actualmeatasestrellas, lo cual sug-
iere que episodios anteriores de formacion estelar haandadenado nuevos eventos en
épocas muy recientes. Ademas nuestro método indica lgstarburst NGC 604 esta
en un estado evolutivo mas avanzado que su hermana maybgrado, lo cual no es
impedimento para que siga formando estrellas activamente.

Capitulo 4

En este capitulo usamos nuestro método en la interpbetde los espectros infrarrojos
de starbursts mas grandes y lejanos, ubicados en las zaclaames de algunas galaxias
en el Universo Local, como el de la Figura 2. La experiencigmida en los capitulos
precedentes nos permite identificar ciertas tendenciassezphdiciones fisicas de estos
starbursts. Por ejemplo, encontramos evidencia prelindiague los starburst con mayor
combustible de gas molecular, y que por tanto tienen RFEalas, no son necesaria-
mente los que forman las aglomeraciones estelares magamabior el contrario, estas
Ultimas parecen formarse en zonas con baja RFE. Encorgrimmdien que los starbursts
con aglomeraciones estelares mas grandes tienden a eoutenmayor contribucion por
parte de estrellas muy jovenes, aln envueltas en densasda polvo. Sin embargo, sblo
con un estudio mas extenso seria posible inferir unaitelamntre episodios anteriores de
formacion estelar, y estos eventos recientes.

Capitulos 5y 6

Aln cuando nuestros métodos de analisis se hacen cadaeyers, seguimos limitados
en este tipo de investigaciones por la sofisticacion y ehfenale nuestros telescopios. Por
lo tanto, sblo mejores observatorios nos permitiran iseg@nzando en la comprension
de la formacion de estrellas masivas en el Universo. Al fileaksta década, un nuevo
y poderoso telescopio infrarrojo sera enviado al espagidgs agencias espaciales de
Estados Unidos, Europa y Canada. El Telescopio Espaciasli/ebb tendra un espejo
principal de 6.5 m d diametro, y sera por lo tanto el masdeaelescopio infrarrojo con-
struido hasta la fecha. Uno de los instrumentos que beadrdrdo sera el espectrometro
del infrarrojo medio, o MIRI, que se compone de una camana gpectrometro. MIRI
estudiara los starbursts y otras regiones de formaci@faeson un detalle y sensibiidad
nunca vistas.
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Figure 3 EIl Telescopio Espacial James Webb (JWST) estudagiones de formacion
estelar con un detalle nunca visto. L@apitulos 5 y 6estan dedicados al espetrometro
infrarrojo abordo de JWST. (crédito NASA).

La segunda parte de esta tesis, que contiene los dos Uktapdtsilos, esta dedicada
a MIRI. Este instrumento ha sido construido en Europa, aanparticipacion crucial
de los Paises Bajos. El autor tomd parte activa en la ealitn final del instrumento,
que fue realizada en el Laboratorio Rutherford AppletonOaford, Reino Unido. En
esta parte de la tesis se describe el funcionamiento delimshto y la calibracion del
espectrometro. Especificamente, se describe el métiidado para la calibracion de la
longitud de onda y se aplica este método a los datos obtedigtante las pruebas real-
izadas al instrumento. Los resultados indican que MIRldaguna resolucion espectral
al menos diez veces mejor que su predecesor, el espeatooaherdo de Spitzer. Esto
significa un gran avance en nuestras capacidades obser@®sipy una nueva ventana
para estudiar la formacion de estrellas masivas en undfigncano.

175






Curriculum Vitae

| was born in the capital of Colombia on September 13, 1984 stime year in which
personal computers were introduced to the market, the AliRS was first reported, and
Pope John Paul Il was shot in the middle of a crowded St. ReS§gare in Rome. |
spent my early years playing with my brother David and miglitousins in the corridors
of the big family house in Soacha, near Bogota, from whereathessed with similar
astonishment the flicult years of a country subjugated by the intolerance ankknez
of the drug tr#ficking lords, and the beauty of the sky decorated with the stigj&il of
comet Halley.

In 1990 my parents, Fanny and Ricardo, tooks us to live in &ypt®use in the
outskirts of Bogota, and after a few years at the Colegion@fegnat, | started high
school at the Centro Educativo Integral Colsubsidio, fronere | graduated in 1998 with
the highest score in my class for the state exams. By thatltiwvas already convinced
that | wanted to do astronomy, with the only problem that | \a® convinced that |
wanted to become a writer. It was only my math professor whyetil the scales in favor
of science, and so | enlisted to study physics at the Natidnalersity in Bogota, a place
that is famous for having a square named after “Che Guevlawaglso for producing the
best professionals in the country. There, | obtained myekegr physics in 2005.

Shortly before, when | was about to give up my astronomicpirasons due to the
lack of research done on this field in Colombia, | was lucky ®etrDr. David Ardila,
under whose advice | enrolled in the Summer Student Progtahe&pace Telescope
Science Institut¢STScl) in Baltimore, where | worked with Dr. Inga Kamp on iopt
spectroscopy of chemically peculiar stellar atmosphérkis work evolved into a project
that took me to the dry mountains of the Atacama desert ineGind to the hot plains
of southern Arizona, where | worked for a few months with Pif. George Rieke and
Dr. Kate Su in what was going to become my first scientific mation: a study of the
mid-infrared excess arountdBootis stars. It was then that infrared light first shone for
me.

| landed in the Netherlands in early 2006, and over the lasyesars living here, |
have learned a lot about astronomy and also about life. Al #iden Observatory |
obtained my MSc degree in 2007 with a thesis on observataspacts of filamentary star
formation in Ophiuchus, supervised by Dr. Michiel Hogejtiei Afterwards, my interest
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in both star formation and infrared observations and imsé&nts were met by a kindier

by Dr. Bernhard Brandl to do a PhD thesis on infrared spectiog of starbursts and the
calibraton of the next generation space-based infraredtrgpeeter, to fly onboard the
James Webb Space Telescap2018. The booklet that you are holding now is the result
of this PhD work.

| have presented my work at several international instihgiand academic events,
including the Far Infrared Meeting at the University Colldg London, the SPIE instru-
mentation meeting in San Diego, California, and the Genksabmbly of the Interna-
tional Astronomical Union in Rio de Janeiro, Brazil. | havstspent some time working
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