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Abstract

The light emitted by galaxies encloses important information about their formation
and evolution. The spectral energy distribution of this light across the electromag-
netic spectrum contains a myriad of details about the stellar, nebular and dust com-
ponents of galaxies. To interpret these features in terms of constraints on physical
parameters, we require sophisticated models of the spectral emission from galaxies.

In this thesis, we present a new approach to assess the relative merits of different
types of observations to constrain galaxy physical parameters, such as stellar mass,
star formation rate, metal enrichment of the gas and optical depth of the dust. To
this goal, we build a comprehensive library of galaxy spectral energy distributions
by combining the semi-analytic post-treatment of a large cosmological simulation
with state-of-the-art models of the stellar and nebular emission and attenuation by
dust. Using this library, we build a set of galaxy pseudo-observations by convolving
spectral energy distributions of models with known parameters with different in-
strument response functions and then adding artificial noise. This approach allows
us to quantify the accuracy and uncertainty to which physical parameters can be
extracted from different types of observations. A main novelty of our approach is the
ability to interpret simultaneously the stellar and nebular emission from galaxies,
even at low spectral resolution.

We present three applications of our approach to the interpretation of spec-
troscopic and photometric observations of galaxies at different redshifts. We first
analyze the medium-resolution, rest-frame optical spectra of a sample of ~ 13,000
nearby star-forming galaxies extracted from the Sloan Digital Sky Survey (SDSS).
We show that the analysis of the combined stellar and nebular emission of these
galaxies using our approach provides likelihood distributions of stellar mass, gas-
phase oxygen abundance, total effective optical depth of the dust and specific star
formation rate similar to those obtained in previous separate analyses of the stellar
and nebular emission at the original (twice higher) SDSS spectral resolution.

Then, we apply our approach to the analysis of combined photometric and spec-
troscopic observations of a sample of galaxies at redshifts between 1 and 3. We ex-
plore the relative advantages and the complementarity of ultraviolet-optical-infrared
photometry and rest-frame ultraviolet and optical spectroscopy to constrain the
physical parameters of these galaxies.

Finally, we use our approach to simulate observations of primeval galaxies with
the NIRSpec instrument onboard the future James Webb Space Telescope (JWST).
We achieve this by feeding model spectra, calibrated using the deepest available
photometric observations, into a preliminary version of the NIRSpec instrument
performance simulator. We explore with particular attention the ability to interpret
the rest-frame ultraviolet properties of primeval galaxies using our approach. This
work will be valuable to quantify the improvements that low- and medium-resolution
spectroscopy with JWST /NIRSpec will bring compared to currently available pho-
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tometric datasets when exploring the physical parameters of the very first galaxies
that formed in the early Universe.

The approach developed in this thesis can be used to extract valuable information
from any kind of galaxy observation across the wavelength range covered by spectral
evolution models as well as to plan for future galaxy observations.



Résumé

La lumiére émise par les galaxies contient des informations importantes sur leur
formation et leur évolution. La distribution spectrale d’énergie de cette lumiére &
travers le spectre électromagnétique contient elle méme une myriade de détails sur
les composants stellaire, nébulaire et de la poussiére des galaxies. Pour interpréter
ces caractéristiques en termes de contraintes sur certains paramétres physiques, nous
avons besoin de modéles sophistiqués de I’émission spectrale des galaxies.

Dans cette thése, nous présentons une nouvelle approche pour évaluer les mérites
relatifs des différents types d’observations pour contraindre certains paramétres
physiques des galaxies tels que la masse stellaire, le taux de formation stellaire,
I’enrichissement en métaux du gaz et la profondeur optique de la poussiére. Pour
cet objectif, nous construisons une bibliothéque compléte de distributions spec-
trales d’énergie des galaxies en combinant un traitement semi-analytique d’une
grande simulation cosmologique avec des modéles de pointe de ’émission stellaire
et nébulaire et de 'atténuation par la poussiére. En utilisant cette bibliothéque,
nous construisons un ensemble de pseudo-observations de galaxies par convolu-
tion des distributions spectrales d’énergie des modéles, dont nous connaissons les
paramétres physiques, avec des fonctions de réponse de différents instruments, puis
en ajoutant du bruit artificiel. Cette approche nous permet de quantifier la préci-
sion et 'incertitude a la quelle les paramétres physiques peuvent étre extraites de
différents types d’observations. Une principale nouveauté de notre approche est la
capacité d’interpréter simultanément 1’émission stellaire et nébulaire des galaxies,
méme & faible résolution spectrale.

Nous présentons trois applications de notre approche pour linterprétation
d’observations spectroscopiques et photométriques de galaxies & différents redshifts.
Nous analysons d’abord des spectres optiques (rest-frame) en résolution moyenne
d’un échantillon de ~ 13,000 galaxies a proximité extraites du Sloan Digital Sky
Survey (SDSS). Nous montrons que 'analyse de la composante stellaire combinée a
la composante nébulaire de ces galaxies en utilisant notre approche fournit des dis-
tributions de probabilité de la masse stellaire, de 'abondance de 1’oxygéne en phase
gazeuse, de la profondeur optique de la poussiére et du taux spécifique de formation
stellaire similaires & ceux obtenus dans des analyses séparées des composantes stel-
laire et nébulaire a la résolution spectrale originale du SDSS, qui est deux fois plus
élevée.

Ensuite, nous appliquons notre approche & ’analyse combiné des observations
photométriques et spectroscopiques d’un échantillon de galaxies a redshift entre 1
et 3. Nous explorons les avantages relatifs et la complémentarité de la photométrie
ultraviolet, optique et infrarouge et de la spectroscopie ultraviolet et optique pour
contraindre les paramétres physiques de ces galaxies.

Enfin, nous utilisons notre approche pour simuler des observations de galax-
ies primitives avec I'instrument NIRSpec & bord du future télescope spatial James
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Webb (JWST). Nous réaliserons cela en utilisant des spectres, extraits de notre
bibliothéque et calibré & 'aide des plus profondes observations photométriques
disponibles, dans une version préliminaire du simulateur des performances de
I'instrument NIRSpec. Nous explorons en particulier la capacité a interpréter les
propriétés des longueurs d’onde ultraviolets (reste-frame) de galaxies primitives en
utilisant notre approche. Ce travail sera trés utile pour quantifier les améliora-
tions que la spectroscopie de faible et moyenne résolution avec JWST / NIRSpec
apporteront par rapport & des données photométriques actuellement disponibles en
explorant les paramétres physiques des toutes premiéres galaxies qui se sont formées
dans 1’Univers primordial.

L’approche développée dans cette thése peut étre utilisée pour extraire des in-
formations précieuses & partir de n’importe quel type d’observation de galaxies sur
toute la gamme de longueurs d’onde couvertes par les modéles d’évolution spectrale
ainsi que pour planifier de futures observations de galaxies.
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CHAPTER 1

Introduction

"A Nebula is a celestial object, often of irreqular form and brightness, appearing like
a mass of luminous fog. ... Among elliptic nebulae, the signal object is the great
nebula in Andromedae. ", New Astronomy, Todd [1906].

1.1 The Universe

At the beginning of the 20th century, the measured distances towards objects in the
sky were quite uncertain and the Milky Way was believed to be the only system
in the Universe. In 1925, Edwin Hubble discovered that certain objects, called
nebulae, were too far away to be part of the Milky Way. He suggested that the
Universe extended much beyond our Galaxy and that those nebulae had intrinsic
sizes similar to the Milky Way. The evidence that changed the vision of the Universe
was that the light reaching us from distant galaxies is shifted to the red compared
to what is seen in laboratories. This redshift is defined as
)\obs - )\em
z = T (1.1.1)
where Aep, is the wavelength at which light is emitted by a distant galaxy and Agpsg
is the wavelength at which this light is detected by the observer. Hubble observed
a correlation between the redshift and the distance of these galaxies, known as the
Hubble law
cz = Hyd, (1.1.2)

where cz is the recession velocity! of the galaxy, d is the distance to the galaxy and
Hj is the Hubble constant. Redshift can therefore be used as a measure of distance
to a galaxy. Hubble concluded also that extragalactic objects are moving away from
the Milky Way [Hubble, 1929] and that the Universe is expanding.

The expansion of the Universe can be understood in the framework of Fried-
mann’s solution to Einstein field equations of general relativity?. In the standard
model of Big Bang cosmology, the Universe expanded and cooled from a hot and
dense initial state about 13.7 Gyr ago. It cooled sufficiently to allow energy to
be converted into various subatomic particles which then combined to form atoms.

!This is based on the Doppler effect, AX/A = v/c and is valid for non-relativistic objects
(# < 1). This relation can be extended in special and general relativity, and be applied to objects
with z > 1.

2Einstein field equations describe gravitational interactions as a result of spacetime being curved
by matter and energy.
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Recent observations of the cosmic microwave background radiation and of distant
supernovae suggest that this expansion is accelerating (see for example, Spergel
et al. 2003, Lamarre et al. 2003, Riess et al. 1998) under the influence of a mysteri-
ous dark energy. This component can be formalized with the cosmological constant
A in Einstein equations?.

The other main component that appears to be driving the evolution of the
Universe is dark matter. Dark matter neither emits nor scatter light. It interacts
only gravitationally and thus cannot be observed directly. The dark mass component
revealed by the rotational curve of galaxies and by gravitational lensing looking
through galaxy clusters are evidences of the presence of this dark matter.

In the standard model, cold (i.e. non-relativistic) dark matter accounts for ~ 23
percent, while dark energy constitutes ~ 72 percent of the mass-energy density of
the Universe. Only the remaining 5 percent is in the form of visible baryonic matter
(stars, gas and dust). The general idea is that dark matter structures grow from
weak density fluctuations present in the homogeneous and rapidly expanding early
universe. These fluctuations are amplified by gravity, turning into the structures
that we observe today.

Although many cosmological simulations have been developed to describe the
evolution of the baryons in these dark-matter structures, the complexity of the
physical processes involved (gas cooling mechanisms, feedback, the process of star
formation) has prevented the full understanding of the formation and evolution of
the galaxies we see today.

Progress in this area has come mainly from the advent of deep sky observations
at the end of the 20th century. In fact, because of the finite speed of light, the
light reaching us from distant galaxies provides images from the past. Therefore,
observations of large samples of galaxies at various redshifts should help us better
understand the formation and evolution of galaxies in a hierarchical Universe.

1.2 Galaxies

Over the past two decades, the advent of large ground-based and space-based ob-
servatories has largely improved our knowledge of galaxies. These observatories
have allowed us to probe the light emitted by galaxies at different energies or wave-
lengths, from v-rays to radio. Figure 1.1 provides an overview of the current and
future instruments enabling the collection of galaxy lights across the electromag-
netic spectrum. In this thesis we focus on the observation of galaxies at ultraviolet,
optical and near-infrared wavelengths. We now recall a few basic concepts about
the interpretation of galaxy observations.

3The cosmological constant was first proposed by Albert Einstein as a modification of his original
theory of general relativity to achieve a stationary universe. Einstein abandoned the concept after
Hubble discovered the expansion of the Universe. The discovery of a cosmic acceleration has
recently renewed interest in A.
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Figure 1.1: A broad view of the most important telescopes and the wavelength
ranges they cover. The atmospheric absorption coefficient is also shown.

1.2.1 Galaxy morphologies

A wide variety of galaxy shapes and colors can be observed in the Universe. Hubble
compiled a classification of galaxies based on morphology [Hubble, 1926]. In this
scheme, galaxies are divided into ellipticals (E), lenticulars (S0), spirals (Sa, Sb,
Sc, ...), barred spirals (SBa, SBb, SBc, ...) and irregulars (Irr). Ellipticals and
lenticulars are also referred to as early-type galaxies, while spirals can be of either
early type (Sa) or late type (Sc, ...). The morphology of galaxies tends to correlate
with the color*. Early-type galaxies generally look red, contain little gas and host
negligible star-formation. Late-type galaxies contain more gas and dust and host a
larger amount of young blue stars. Strateva et al. [2001] noted that local galaxies
exhibit a bimodal distribution in color space: a red peak is populated mainly by
non-star-forming galaxies of morphological type earlier than Sa; a blue peak is pop-
ulated primarly by star-forming galaxies of morphological type later than Sb. At
high redshift, morphological studies are more difficult because galaxies have smaller
apparent sizes.

1.2.2 Galaxy spectral energy distributions

Stars and the interstellar medium in galaxies emit radiation across the full electro-
magnetic spectrum. As an example, Figure 1.2 shows images of the galaxy NGC1512
observed in different bands from the ultraviolet to the infrared. The ultraviolet light
reflects the emission from the youngest stars and is preferentially absorbed by in-

4The color of a galaxy is defined as the ratio of the flux observed in a long-wavelength band
and the flux observed in a short-wavelength band.
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INFRARED

ULTRAVIOLET

Figure 1.2: Photometric images of the galaxy NGC1512 in different bands. Clock-
wise from left to right: far ultraviolet (~ 2000A), near ultraviolet (~ 3000A), optical
(~ 5000A), Hor emission (6563A), near infrared (~ 1pm), mid infrared (~ 10um)
and far infrared (~ 100um). Credit: NASA.
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terstellar dust. Older stars radiate mainly at longer wavelengths (near-infrared).
The emission by gas is characterized by narrow emission lines (such as, Ha line
at 6563A). Dust absorbs and scatters the ultraviolet and optical light emitted by
stars and gas, and reradiates this at mid- an far-infrared wavelengths (note that in
Fig. 1.2 optical and infrared images are almost complementary).

The light emitted by galaxies at different wavelengths therefore contains valuable
information about the properties of the stars, gas and dust within them. This light
can be probed by means of different types of observations: integrating the flux
through broad- and narrow-band filters (photometry), or dispersing the light in
wavelength at different spectral resolutions (spectroscopy).

Figure 1.3a shows an example of spectral energy distribution of a galaxy at
optical wavelengths. Overlaid are the five filter response functions, u g r ¢ z, of the
Sloan Digital Sky Survey (SDSS, York et al. 2000). The flux gathered through filters
of this type is generally expressed in magnitudes. In this thesis, we always compute
magnitudes in the AB system:

mag = —2.5logo f, — 48.6, (1.2.3)

dv
7 Z/FI/
/hI/S

dv
/ hw

is the mean photon weighted flux through the filter, expressed in erg per second

where

fv= (1.2.4)

per square centimeter per hertz, and .S, is the filter response function. Broad-band
photometric observations are usually characterized by good signal-to-noise ratio.
They can trace the main features of galaxy spectral energy distributions.

More refined information about galaxy spectral energy distributions, such as
strong emission- and absorption-line features, can be obtained using narrow-band
photometry (~ 100A band-width). For example, the equivalent widths of strong
emission lines can be estimated by combining narrow-band and broad-band obser-
vations. The equivalent width of a line is defined as®

A Fy =Gy
9y

EW = dA

(1.2.5)
A F

where A1 and A9 define the wavelength range sampled by the line, F) is the observed
flux per unit wavelength (that can be probed by narrow-band imaging) and C) is
the flux per unit wavelength of the continuum under the line (whose mean value can
be estimated from broad-band imaging). An accurate flux calibration is not crucial
when measuring equivalent widths, since they involve only flux ratios.

More detailed information about the emission and absorption features in
galaxy spectral energy distributions can be gathered by appealing to spectroscopy
(Fig. 1.3b). A disadvantage is that spectroscopy requires far more telescope time

®We take the convention of positive equivalent widths for emission lines.
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Figure 1.3: Panel (a): spectral energy distribution of a galaxy at optical wavelengths
(black line) overlaid are the five filter response functions of the SDSS. Panel (b):
same spectral energy distribution as in panel (a) (black line), with the strongest
emission lines labeled; the red line shows the stellar continuum underneath the
lines. Panel (c): the same spectral energy distribution as in panel (a), computed at
a 10-times lower resolution; red points mark the binning. Note that the ordinate
scale in panel (c) is enlarged.
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than photometry to reach similar signal-to-noise ratio. In this contest, low-resolution
spectroscopy represents an interesting trade-off between broad-band photometry and
high-resolution spectroscopy. As shown in Figure 1.3c, emission and absorption fea-
tures in this case are still detectable, although disentangling these features from
the stellar continuum becomes problematic. A major contribution of this thesis
is to develop a new approach to extract valuable information from low-resolution
spectroscopic observations of galaxies.

1.3 Outline

In this thesis we investigate the relative merits of different types of observations to
constrain the stars, gas and dust content of galaxies. Our main motivation is to
extract the best constraints from the large amount of high-quality data that are
being gathered on galaxies at various redshifts using modern telescopes, as well as
to help plan for future galaxy surveys. To this aim, we develop an original approach
to characterize physical properties of galaxies, e.g. stellar mass, star formation
history, gas-phase metallicity, based on the combined interpretation of the stellar and
nebular emission. A main feature of our approach is the high level of sophistication
of the prescriptions used to build a comprehensive library of galaxy spectral energy
distributions.

In Chapter 2, we introduce the different tools involved in the modeling of spec-
tral energy distributions of galaxies. We show how physically motivated star for-
mation and chemical enrichment histories can be derived from the semi-analytic
post-treatment of a large-scale cosmological simulation. Also, we show how state-
of-the-art models of stellar spectral synthesis, nebular emission and attenuation by
dust can be used to describe the emission from stars and the interstellar medium in
galaxies.

In Chapter 3, we present a new approach to constrain galaxy physical parame-
ters from the combined interpretation of the stellar and nebular emission, using a
comprehensive library of model spectral energy distributions. We appeal to pseudo-
observations to assess the relative merits of photometric and spectroscopic observa-
tions, to constrain galaxy physical parameters. Then, we apply our approach to the
interpretation of a sample of ~13,000 high quality SDSS galaxies.

In Chapter 4, we further apply our approach to the analysis of a sample of 12
spectra extracted from an ongoing survey of high-redshift galaxies with the new
wide field camera on board the Hubble Space Telescope (3D-HST, PI Dr. Pieter
van Dokkum). The sample consists of star-forming galaxies at z ~ 2, observed in the
optical rest-frame at low resolution and low signal-to-noise ratio. We compare our
estimates of stellar mass and specific star formation rate with estimates derived using
a photometric approach. This analysis is part of a project started in November 2011
with Dr. Elisabete da Cunha and Prof. Hans-Walter Rix, and it is to be concluded
in summer 2012.

In Chapter 5, we apply our approach to the analysis of a sample of galaxies at
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even higher redshifts selected among the deepest photometric observations in the
Hubble Ultra Deep Field. The sample consists of 55 galaxies in the redshift range
2 < z < 8 observed at optical and near-infrared wavelengths. We focus in particular
on the correlation between the shape of the rest-frame ultraviolet spectral energy
distribution and the optical depth of the dust.

In Chapter 6, we summarize this work and present our conclusions.

More detail about some technical points can be found in Appendices A and B.
The photometric data used in Chapter 5 are listed in Appendix C.

Figure 1.4 shows a schematic representation of our approach.
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CHAPTER 2
Modeling galaxy spectral energy
distributions

The modeling of the light emitted by the different constituents of galaxies (stars,
gas and dust) is required to interpret multi-wavelength observations in terms of
constraints on physical parameters, such as star formation rate, metallicity and
dust content. In this Chapter, we introduce the different types of techniques that
have been developed to model the spectral energy distributions of galaxies, with
the goal to constrain the histories of star formation and chemical enrichment. In
Section 2.1, we introduce different approaches to study the star formation history of
galaxies. In Section 2.2, we describe models of the emission from stellar populations,
and in Section 2.3, models of the emission from the gas heated by young stars. The
effects of dust on the light emitted by stars and gas are addressed in Section 2.4.
At the end (Section 2.5), we also mention the necessity to account for absorption
by the intergalactic medium when modeling the emission from distant galaxies.

2.1 The star formation history of galaxies

The star formation history is the evolution of the rate of star formation as a func-
tion of galaxy age. The light arising from a galaxy should reflect the past episodes
of star formation it underwent, through the spectral signatures of different stellar
generations and the implied enrichment of the interstellar medium. Dissecting the
integrated light of an individual galaxy into components of different ages is a com-
plicated process. If one considers the galaxy population as a whole, a more direct
way to gain at least some clues on the global star formation history of the Universe
is to explore the star formation rate density at different cosmic epochs. This can be
achieved because measurements of the current rate of star formation at any cosmic
epoch through the emission from bright young stars is less challenging than inter-
preting the spectral signatures of old stars in the spectra of today’s galaxies. To
interpret, instead, the evolution of individual galaxies, requires more complicated
models of the history of star formation. In this Section, we first briefly recall the con-
clusions that can be drawn from analyses of the global star formation rate density
of the Universe at various cosmic epochs and the different sources of uncertainty
affecting these analyses. Then, we describe in more detail the models that have
been developed to follow the star formation and chemical enrichment histories of
individual galaxies, in the framework of a hierarchical universe, and the successes
and limitations of such models.
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2.1.1 The star formation history of the Universe

The study of the star formation history of galaxies through the assessment of the star
formation rate density at different epochs has been pioneered by Lilly et al. [1996]
and Madau et al. [1996], combining observations from the local Universe to z ~ 3—4.
Hopkins [2004] and Hopkins and Beacom [2006] have improved the statistics out to
z ~ 6 and have analyzed the various sources of uncertainties that can contribute
to the normalization of the star formation rate density. More recently, Cucciati
et al. [2011] have investigated the star formation rate density from z ~ 0.05 to
z ~ 4.5 using data from a single galaxy redshift survey (VIMOS-VLT Deep Survey,
VVDS, Garilli et al. 2008, Le Févre et al. 2004, Le Févre et al. 2005), to avoid
merging different datasets. In their work, they assess also the various sources of
uncertainties, and in particular, the treatment of dust attenuation.

In Figures 2.1 and 2.2, respectively, we present the original and the most recent
determinations of the evolution of the star formation rate density of the Universe
as a function of redshift. Despite the inhomogeneity of the galaxy samples used
in these studies and the differences in the adopted star-formation-rate indicators
(far ultraviolet, far infrared, Ha emission line luminosity, radio observations), the
Universe appears to have undergone a phase of most active star formation around
z ~ 1 — 2. Other uncertainties affect this measurement, leading to large error
bars. For example, the correction for attenuation by dust at ultraviolet and optical
wavelengths and the interpretation of dust emission at infrared wavelengths can
alter estimates of the star formation rate. Moreover, the lack of statistics beyond
redshift of 2-3 precludes the interpretation of the decline of star-formation at cosmic
epochs earlier than z ~ 1.

Although the evolution of the star formation rate density gives us important
clues about the global history of star formation of the Universe, the interpretation
of the results of Figures 2.1 and 2.2 is very limited. To gain more insight into the
evolution of different types of galaxies, we thus need to investigate in more detail
the star formation history of individual galaxies.

2.1.2 The star formation history of individual galaxies

Constraining the star formation history of individual galaxies requires models that
can describe the spectral evolution implied by different scenarios of star formation
and chemical enrichment. By comparing such models with observations, one can
infer the most likely scenario for the evolution of individual galaxies. In practice,
even idealized representations of the star formation history can reproduce reasonably
well the colors of nearby galaxies. Here, we first briefly describe different idealized
representations of the star formation history of individual galaxies. We then describe
more sophisticated approaches based on detailed cosmological simulations.
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Figure 2.1: Fig. 9 from Madau et al. [1996], showing on the left the Universal metal
ejection density, pz, and on the right the total star formation rate density, gy, as a
function of redshift. Triangle: Gallego et al. [1995|. Filled dots: Lilly et al. [1996].
Filled squares: lower limits from Hubble Deep Field images.
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Figure 2.2: Fig. 5 from Cucciati et al. [2011], showing the total dust-corrected UV-
derived star formation rate density as a function of redshift from the VVDS sample
(red filled circles). The black dashed line is the star formation rate density as a
function of z implied from the stellar mass density in Ilbert et al. [2010]. Other data
sets are overplotted and labeled on the figure. All data have been converted into a
star formation rate density with the scaling relation from Madau et al. [1998].
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2.1.2.1 Simple idealized models of star formation history

Galaxy star formation histories have been traditionally approximated by simple
analytic functions: single bursts of star formation, constant star formation rate, ex-
ponentially declining star formation rate or a combination of these three. Figure 2.3
shows 3 templates of star formation histories and the corresponding spectral en-
ergy distributions, computed using the latest version of Bruzual and Charlot [2003]
for fixed solar metallicity, with a Chabrier initial mass function [Chabrier, 2003].
Emission lines are computed consistently following the prescription by Charlot and
Longhetti [2001]|. Attenuation by dust is neglected in this example. A constant star
formation history (panel a) gives a relatively blue spectral energy distribution (panel
e). A single burst of star formation at early times (panel b) does not include the
emission from any young stars, resulting in a fairly red spectral energy distribution
(panel e). In panel (c), we show an exponentially declining star formation history,
with e-folding time 2.5 Gyr, and the corresponding spectral energy distribution is
shown in panel (f).

Previous studies (e.g. Kauffmann et al. 2003a, Brinchmann et al. 2004, da
Cunha et al. 2008) have shown that these simplistic formulations of star formation
histories are able to reproduce the colors of low-redshift galaxies. For example,
Kauffmann et al. [2003a] show that exponentially declining star formation histories,
with random superimposed bursts of star formation, reproduce reasonably well the
colors of a representative sample of galaxies from the SDSS at redshift 0.03 and 0.11,
once corrected for dust attenuation (see Figure 2.4). We note that these authors
also correct the SDSS colors for the contamination by emission lines. We will return
in Chapter 3 (Figure 3.7) on the non-negligible influence of nebular emission lines
when interpreting the observed colors of star-forming galaxies.

Wuyts et al. [2009] specifically investigate the limitations arising from the in-
terpretation of complex star formation histories of galaxies using idealized repre-
sentations of the type shown in Figure 2.3. Their approach consists of 2 steps: 1
— building ‘realistic’ galaxy spectral energy distributions based on star formation
histories derived from a sophisticated simulation of galaxy formation (they adopt a
simulation based on a smoothed-particle-hydrodynamic code, see Section 2.1.2.2);
2 — comparing the colors of these galaxies with colors of model galaxies computed
using simplistic star formation histories. They consider the spectral evolution over
a period of only 2 Gyr, as they focus on studies of high-redshift galaxies. Wuyts
et al. [2009] show that the spectral energy distributions of galaxies derived from a
cosmological simulation are better represented by exponentially declining star for-
mation histories with e-folding time of 300 Myr than by single-burst and constant
star formation histories. They also find that, in the case of starburst galaxies, age
and mass are systematically underestimated when adopting simple exponentially
declining star formation histories. They show that models allowing for secondary
bursts of star formation on top of an exponentially declining star formation history
allow for larger total stellar masses, providing a better match for blue objects than
without secondary bursts (see also Papovich et al. 2006, Erb et al. 2006, Wuyts
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Figure 2.3: Idealized star formation histories (panels a, b, ¢) and the relative spec-
tral energy distributions (panels d, e, f). The model spectral energy distributions
are computed using the latest version of Bruzual and Charlot [2003| at fixed so-
lar metallicity, with a Chabrier initial mass function [Chabrier, 2003]. Emission
lines are computed consistently following the prescription by Charlot and Longhetti
[2001]. The attenuation by dust is neglected in these examples.
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Figure 2.4: Fig. 10 from Kauffmann et al. [2003a]|. Observed g —r versus r — i colors
of a representative sample of SDSS galaxies (black points) for 2 particular redshifts
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an attenuation law of the form 7y, o< A7%7. The red arrow shows the predicted
reddening vector.



2.1. The star formation history of galaxies 17

et al. 2007). In any case, the results of Wuyts et al. [2009] suggest that sophisti-
cated simulations of galaxy formation can help us better constrain the history of
star formation in galaxies than simple idealized models.

2.1.2.2 History of star formation in a hierarchical universe

In recent years, sophisticated star formation and metal enrichment histories of galax-
ies have been modeled by appealing to the combination of cosmological N-body sim-
ulations (to trace the evolution of dark matter haloes) with semi-analytical recipes
or gas-dynamics codes (to simulate the behavior of baryons in the dark-matter
structures). In this Section, we first present a few simulations of the evolution of
dark-matter particles. Then, we describe possible treatments for the baryonic com-
ponent. For simplicity, we analyze these two components separately, although often
single codes follow their evolution simultaneously.

Cosmological N-body simulations rely on the standard cosmological scenario
that structures grow from weak density fluctuations present in the otherwise homo-
geneous and rapidly expanding early Universe. These fluctuations are amplified by
gravity, turning into the structures we observe today.! The evolution of these fluc-
tuations is a highly non-linear process, which can be assessed most readily through
numerical simulations. In this framework, cold dark matter is assumed to be made
of elementary particles which interact only gravitationally. The representation of
this fluid as an N-body system is a good approximation, which improves as the size
of the simulation increases (in number of particles and size of the simulated box).

The first N-body simulation used 300 particles [Peebles, 1970]. Cosmological
simulations have since improved in size and resolution. Cosmological simulations
built to study the large-scale structure of the Universe tend to favor large size and
low resolution. In contrast, simulations designed to study galaxy formation tend
to favor resolution over size. One of the most widely used simulations today is the
Millennium Simulation [Springel et al., 2005|. It is one of the largest existing sim-
ulations, with sufficient mass resolution to obtain good statistical samples of rare
objects, such as massive cluster haloes. The possibility to sample large volumes
is required to build mock catalogues for future galaxy surveys. Kim et al. [2009]
hold so far the record of the largest simulation (the Horizon Run) with 69.9 billion
particles and a box of 6.6 Gpc on a side, but with low mass resolution compared to
the Millennium. Smaller volumes with higher mass resolution (much more compu-
tationally demanding) can improve the understanding of galaxy formation tracing
the evolution of low-mass galaxies. An example which fulfills this requirement is the
Millennium IT simulation [Boylan-Kolchin et al., 2009]. Among the other N-body
cosmological simulations that have been run more recently, we can cite the Hori-
zon simulation by Teyssier et al. [2009] and the most recent Bolshoi simulation by

!The validity of this model is supported by the observation of the cosmic microwave background
with WMAP (Bennett et al. 2003, Spergel et al. 2003) and PLANCK [Lamarre et al., 2003], along
with the observation of the apparent acceleration of the cosmic expansion inferred from studies of
distant supernovae (Riess et al. 1998, Perlmutter et al. 1999).
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Simulation and reference Size N of part. Part M z N steps Cosmological parameters

(h_1 Mpc) (h_1 Mg) (Qm  Qa h 0g)

[Gottlober et al., 2001] 60 1.7x 10" 1.1x 10° 10 25 0.30 0.70 0.70 1.00

[Hatton et al., 2003] 150 1.7x 10"  55x10% 3559 100  0.33 0.67 0.67 0.88

Millennium Simulation [Springel et al., 2005] 500 ~ 1010 8.6 x 108 127 64 0.25 0.75 0.73 0.90
Millennium-II [Boylan-Kolchin et al., 2009 100 ~ 100 6.9 x 105 127 68 025 0.75 0.73 0.90
Horizon Simulation [Teyssier et al., 2009] 2000 6.87 x 1019 7.7 x 10° 40 737 024 076 0.73 0.77
Horizon Run [Kim et al., 2009] 6592 6.99 x 101 296 x 101 23 6 026 0.74 0.72 0.77
Bolshoi [Klypin et al., 2011] 250 8.0x10° 1.35x10% 80 180 027 0.73 0.70 0.82

Table 2.1: Basic characteristics of the most recent N-body cosmological simulations. We cite Gottlober et al. [2001], Hatton et al.
[2003], the Millennium Simulation by Springel et al. [2005], the Millennium-II simulation by Boylan-Kolchin et al. [2009], the Horizon
simulation by Teyssier et al. [2009], the Horizon Run by Kim et al. [2009] and the most recent Bolshoi simulation by Klypin et al.
[2011]. For these simulations we report: the size of the box in A~! Mpc, the number of dark matter particles, the mass of the single
particle in h~! solar masses, the redshift where the initial conditions are created, the number of timesteps for which data are saved,
and the cosmological parameters (omega matter, {);,,, omega lambda, 25, the Hubble constant at redshift 0 in units of 100 km s~!
Mpc~!, h, and the root mean squared amplitude of linear mass fluctuations in 82~ Mpc spheres at z = 0, o3g).
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Figure 2.5: Fig. 2 from De Lucia and Blaizot [2007|. The merger tree of a dark
matter halo of ~ 9x 10'* M. The area of the symbols scales with the mass. Circles
represent haloes that are part of the friends-of-friends group, while triangles show
haloes that have not joined yet the friends-of-friends group. The halo which contains
the main branch is marked in green. The trees on the right-hand side, which are
not linked to the main halo, correspond to the other substructures identified in the
friends-of-friends group at z = 0.

Klypin et al. [2011]. These simulations were all run in the framework of a ACDM
Universe, with slightly different parameter variants. Their main characteristics are
given in Table 2.1.

The formation and evolution of galaxies in the framework of dark-matter N-body
simulations is dictated by the merger history of dark-matter haloes, which baryons
follow. We show in Figure 2.5 an example of merger tree of a dark-matter halo
computed with the Millennium Simulation (from Fig. 2 of De Lucia and Blaizot
[2007]). In this example, the halo has a mass of about 9 x 104 Mg at z = 0 and
lies on top of the plot, with all the progenitors plotted downward as a function of
lookback time. The green branch represents the main branch, which follows the
evolution of the main progenitors of the final halo. In this framework, the evolution
of the halo can be drawn as a series of accretion events. The other progenitors are
shown in orange: circles indicate haloes which belong to the same friends-of-friends?
group, while triangles mark haloes which have not yet joined the friends-of-friends
group. The trees on the right-hand side, which are not connected to the main
branch, are substructures which have not merged into the main halo.

2 friends-of-friends is a simple algorithm [Davis et al., 1985], which links two particles in the same
group if their distance is less than a certain linking length. This distance can be also expressed as
a density and in general friends-of-friends algorithms pick up structures with density = 200 times
higher than the mean density of the system.
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Within the hierarchy of haloes produced by dark-matter N-body simulations, the
evolution of the baryons can be followed using different approaches: semi-analytic
models (SAM), smoothed-particle-hydrodynamic techniques (SPH), adaptive mesh
refinement methods (AMR) and the latest moving-mesh code AREPO. We briefly
summarize below the main characteristics of these 4 approaches (in Chapter 3 in
this thesis we focus on the first one).

Semi-analytic models (see for example Bower et al. 2006 and references therein)
are a simple and powerful approach to describe the evolution of baryons in a cosmo-
logical context, without computing the hydrodynamic evolution of the gas. These
models can be performed through a post-treatment of dark-matter N-body simula-
tions, thus they are computationally efficient. The design of semi-analytic models
requires the specification of a few key parameters, defined using empirical relations
(feedback from supernovae, AGN, stellar winds). It is worth pausing here to de-
scribe in slightly more detail the characteristics of the Croton et al. [2006] model,
which we will be using in Chapter 3.

Croton et al. [2006] (see also De Lucia and Blaizot 2007) propose an approach to
study the formation and evolution of galaxies in the framework of the Millennium
N-body Simulation [Springel et al., 2005, see Table 2.1]. The full dataset from the
dark-matter simulation is stored in 60 time steps between z = 20 and z = 0 and four
more steps at z = 30, 50,80 and 127. The merger trees do not have to be re-run to
explore the parameter space. At z ~ 0 the time resolution is of approximately 300
Myr. The code produces a friends-of-friends group catalogue, saving only haloes with
at least 20 particles (~ 1.7 x 101° M). At z = 0 this procedure identifies 17.7 x 10°
friends-of-friends groups, down from a maximum of 19.8 x 10% at z = 1.4, when
groups are more abundant but of lower mass on average. Once the resulting merging
history is stored, it is possible to perform the semi-analytic treatment. Croton et al.
[2006] follow the standard paradigm by White and Frenk [1991], as adapted for
implementation into high-resolution N-body simulations by Springel et al. [2001]
and De Lucia et al. [2004]. This assumes that when a dark-matter halo collapses,
the baryons in it collapse as well. Baryons are initially in the form of diffuse gas
of primordial composition. They transform into stars and heavy elements during
the evolution of the halo. When the gas collapses on to a central object (which
is assumed to be a cold gas disk), episodes of star formation, either quiescent or
in a burst, are ignited. The prescription for quiescent star formation is based on
Kennicutt [1998], while starbursts arise in merger events, between the central galaxy
of a halo and a satellite galaxy. When the mass of the satellite is small compared to
the central galaxy, the event is called minor merger and the stars of the satellite are
added to the bulge of the central galaxy, causing a minor starburst. When the two
masses are comparable, the starburst is more significant, with the merger destroying
the discs of both galaxies to form a spheroid in which all stars are placed. Croton
et al. [2006] find that galaxies are better represented when accretion and cooling are
inefficient. Active galactic nuclei and supernova feedback have an important role
in suppressing cooling flows. In particular, supernova events inject gas, metals and
energy into the surrounding medium, reheating cold-disc gas and possibly ejecting
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gas from the surrounding halo. This process prevents the gas from cooling down
and also contributes to the metal enrichment of the gas.

In contrast to the semi-analytic model described above, the other approaches
(smoothed particle hydrodynamics, adaptive mesh refinement and moving mesh) run
in parallel to N-body dark-matter simulations. Smoothed particle hydrodynamics
methods (see for example Katz et al. 1996, Springel et al. 2001) are called Lagrangian
methods. They discretize mass, using a set of fluid particles to model the flow.
They are particularly suited to follow the gravitational growth of structures and
resolution is automatically increased in the central regions of galactic haloes, with
no discontinuous jumps. The main disadvantage is that they appear to suppress
fluid instabilities and thus they have to rely on artificial viscosity.

Adaptive-mesh-refinement codes follow an Fulerian approach (see for example
Cen and Ostriker 1992, Teyssier 2002). In this approach, space is discretized and
fluid variables are represented on a mesh. The building blocks of the mesh are
rectangular patches of various sizes. The position and dimension of the patches
depend on speed and memory constraints. AMR codes are faster than smoothed
particle hydrodynamics codes and do not need artificial viscosity. Usually, individual
galaxies are poorly resolved and only a very fine mesh can allow the code to reach
the resolving power of an SPH code. Moreover, the results may change when a
velocity field is applied to the system (no Galilean invariance).

The approach proposed by Springel [2010] combines the advantages of La-
grangian and Eulerian methods by letting the mesh itself move. This is the basic
principle of the new code AREPO. The mesh is defined as a set of discrete mesh-
generating points, which move freely. AREPO allows the continuous adjustment of
resolution and it is Galilean invariant when the mesh is moved along with the flow.
It inherits the geometric flexibility of smoothed-particle-hydrodynamic codes and
also the absence of artificial viscosity of adaptive-mesh-refinement codes.

Scannapieco et al. [2011] show that when SPH, AMR or AREPO codes are run
on the same initial conditions, the differences in the codes themselves and the dif-
ferent treatments for cooling, star formation and feedback cause large variations in
the resulting stellar mass, size, morphology and gas content of the galaxies at the
end of the evolution. For example, the stellar mass in AREPO and in adaptive
mesh refinement codes is typically twice as high as that in smoothed particle hydro-
dynamics simulations. All three codes tend to produce too many massive galaxies
compared to theoretical expectations and also to observations. The peak of star
formation is predicted to arise at redshifts around z ~ 4 with basically insignificant
star formation in recent times. This as well does not match with observations (see
Section 2.1.1). The codes differ also in the gas fraction at z = 0: AREPO predicts
a larger gas fraction compared to smoothed particle hydrodynamics methods, while
adaptive-mesh-refinement codes tend to predict gas fractions intermediate between
these two.

A general limitation of all the approaches mentioned above is that they tend to
produce a too large fraction of quiescent galaxies, along with too small spirals (see
for example Weinmann et al. 2006, Guo et al. 2010).
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2.2 Emission from stellar populations

In this Section, we describe the techniques used to model the emission from the
primary component of galaxies: stellar populations. Stellar population synthesis
models have been developed for over 40 years to interpret the light from galaxies in
terms of physical parameters. The first attempts to model and interpret spectra of
galaxies relied on trial and error analyses (|Spinrad and Taylor, 1971, Faber, 1972,
O’connell, 1976, Turnrose, 1976, Pritchet, 1977|). In this technique, one reproduces
the spectral energy distribution of an observed galaxy with a linear combination
of individual stellar spectra of various spectral types and luminosity classes taken
from a comprehensive library. The solution is found by minimizing numerically the
difference between models and data and by invoking additional constraints such
as positive star numbers, increasing number of stars with decreasing mass on the
main sequence and consistent numbers of evolved red giant stars and main-sequence
progenitors. This technique was abandoned in the early 80’s because the number
of free parameters was too large to be constrained by typical galaxy spectra. More
recent models are based on the evolutionary population synthesis technique (see
Guiderdoni and Rocca-Volmerange 1987, Bruzual and Charlot 1993, Leitherer and
Heckman 1995, Maraston 1998, and references therein). This technique is based
on the property that stellar populations can be expanded in series of instantaneous
starbursts, called simple stellar populations (SSPs). The main adjustable parameters
are the stellar initial mass function, the star formation rate and the rate of chemical
enrichment as a function of time.

We describe below the main ingredients required to perform this modeling: 1 —
a prescription for the mass distribution of newly born stars; 2 — a theory for the
evolution of stars of given initial mass and chemical composition; 3 — a library of
stellar spectral energy distributions to describe the emission from any single star.

2.2.1 Stellar initial mass function

Stars of different initial mass evolve differently, thus the observed properties of a
simple stellar population at any time depend on the stellar initial mass function.
Salpeter [1955] proposes a simple parametrization of the initial mass function from
counts of main-sequence stars in the solar neighborhood. This representation is
a single power law which has long been considered universal [¢p(m) = dN/dm
o) with o =~ 1.35]. Ouly later in the Seventies, a few studies started to
reveal discrepancies from this simple form when observing different samples of stars

mf(

(for example from globular clusters or the Magellanic Clouds) and improving the
statistics for very low-mass stars. Scalo [2005] reviews different prescriptions for
the initial mass function and suggests that the main problems in the computation
of the initial mass function arise from the possible incompleteness of the data, the
uncertainties in the evolution of massive stars and the corrections of star counts for
extinction by dust.

The currently most popular analytic representations of the stellar initial mass
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Figure 2.6: Stellar initial mass faction normalized to solar units. Salpeter [1955],
blue line. Miller and Scalo [1979], magenta line. Kroupa [2001], green line. Chabrier
[2003], dashed line.

function are:
e Salpeter [1955]
e Miller and Scalo [1979]
e Kroupa [2001]
e Chabrier [2003].

We plot the four functions in Figure 2.6, all normalized to the same value at 1 Mg,.
The initial mass function by Salpeter [1955] (blue line) is expressed as

P[log(m)] oc m 135 (2.2.1)
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In Figure 2.6, the Miller and Scalo [1979] stellar initial mass function (magenta line)
is defined as

m=%  for 0.1 <m/My<1.0
Pllog(m)] < ¢ m=15  for 1.0 <m/Mgs < 10 (2.2.2)
m=23  for 10 < m/Mg .

In the stellar initial mass functions favored by Kroupa [2001] and Chabrier [2003]
the high-mass slope (stars more massive than 1 M) is similar to the one found by
Salpeter [1955]. The improved observational constrains in low-mass stars allowed
a better characterization of the stellar initial mass function for m < 1Mg. The
Kroupa [2001] stellar initial mass function (green line in Figure 2.6) is defined by

m07 for 0.01 < m/Mg < 0.08
dllog(m)] x ¢ m=%3  for 0.08 < m/Mg < 0.50 (2.2.3)
m~t3  for 0.50 < m/Mg,

while the Chabrier [2003] initial mass function (dashed line) is defined by

202
o[log(m)] (2.2.4)
m-13 for 1.0 <m/Mg,

exp [_M for 0.1 <m/Mg < 1.0

where m. = 0.08 and o = 0.69.

The shape of the low-mass end of the stellar initial mass function is extremely
important. Even if these stars are very faint, they contribute significantly to the
mass of a galaxy. Figure 4 of Bruzual and Charlot [2003] shows the differences
in the evolution of the colors and mass-to-light ratios of simple stellar populations
(see Section 2.2.4) computed for different initial mass functions. Basically, a stellar
initial mass function which predicts a higher number of stars at low mass [Salpeter,
1955] causes systematically higher mass-to-light ratio, compared to the other forms.
In all applications in this thesis, we always adopt the Chabrier [2003] initial mass
function. We must also define lower and upper mass limits. The lower mass limit
usually corresponds to the minimum mass required to ignite hydrogen burning in the
stellar core, i.e. about 0.1M¢ (we note that the stellar initial mass function can be
extended down to lower masses to include brown dwarfs; e.g. Kroupa [2001]). The
upper limit is less well defined, with a conventional value around 100 M. Roughly,
above this value, a star cannot radiate energy fast enough to remain stable.

2.2.2 Stellar evolutionary tracks

Stars of different initial masses burn their fuel at different rates, thus they evolve
through different paths in the Hertzsprung-Russell (H-R) diagram. In this diagram,
shown in Figure 2.7, luminosity is plotted as a function of effective temperature of a
star. The position of a star in the H-R diagram depends on chemical composition,
mass and age. A star is on the zero-age main sequence (black line) when thermonu-
clear reactions have begun in the core and it has reached hydrostatic equilibrium.
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Figure 2.7: The Hertzsprung-Russell diagram (H-R) shows the evolutionary stages
of stars in terms of their luminosity and temperature. Different evolutionary paths
for stars of different initial masses are plotted in different colors. The zero-age main
sequence is shown as a black solid line. The labels indicate the main stages of the
evolution.

A main-sequence star burns hydrogen in the core, converting it into helium. The
higher the initial mass of the star, the higher the energy required to remain in
hydrostatic equilibrium, balancing the gravitational force. The higher the energy
produced, the brighter the star, which, in this way, burns all the hydrogen in the
core faster than a low-initial-mass star. As a consequence, the lifetime of a star with
high initial mass is shorter than that of a low-initial-mass star.> We can summarize
the different evolutionary paths of stars of different initial mass as follows (the
numerical values below correspond to stars with solar metal composition).

Objects with mass m < 0.08 Mg never reach the temperature required to
burn hydrogen in their core. Such objects slowly contract until free electrons

3L « E/t, where L is the luminosity of the star, F is energy and t is time. Inverting this
relation, t o< E/L o M/L oc M/M?® o< M~%® where M is the mass of the star. L oc M?>*® is an
empirical relation which applies to main-sequence stars.
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become degenerate and the surface temperature reaches an equilibrium with the
surrounding interstellar radiation field (brown dwarfs).

Very low-mass stars (0.08 Mgy < m < 0.30 M) can ignite hydrogen-burning
processes, but the core temperature always remains below the temperature required
for helium ignition. A star of this type never leaves the main sequence, it becomes
degenerate and cools down after the end of the hydrogen-burning phase, becoming
a white dwarf.

Low-mass stars (0.3 Mg < m < 2.0 Mg) leave the main sequence when hydro-
gen in their core is completely exhausted. The helium core contracts, converting
gravitational potential energy into thermal energy. Then, hydrogen starts burning
in a shell around the core, causing the outer layers of the star to expand. The radius
gets larger and the surface temperature lower. These stars are called red giants. The
helium core increases in mass because of the infall of helium produced in the outer
shell. At this point, electrons in the core become degenerate, the core contracts
and the star starts burning helium. This increases the temperature in the core,
enhancing the rate of helium-burning reactions (helium flash). The temperature
in the core keeps increasing until the gas becomes non-degenerate and can cool
down. The outer layers contract and the star steadily burns helium in the core and
hydrogen in the outer shell. The star settles down in this regime until all the helium
in the core has been converted into carbon and oxygen. At this stage, helium starts
burning in an outer shell and the star expands evolving toward the asymptotic giant
branch (AGB, green track on Figure 2.7). This phase can be broken into two parts:
early AGB (E-AGB) and thermally pulsing AGB (TP-AGB) [Iben and Renzini,
1983]. In the early-AGB phase, the hydrogen-burning shell is extinct, and the
helium-burning shell accounts for most of the emission by the star. The duration
of this phase is roughly 10 Myr, although this depends on mass and composition of
the star. When helium in the inner shell is nearly exhausted, hydrogen is reignited
in a thin outer shell and the star begins to thermally pulse. Expansion is caused
by the energy liberated by violent burning processes occurring in the helium shells.
This happens because helium is highly sensitive to temperature changes. The star
contracts when helium cools down. The duration of the thermally-pulsing AGB
phase is essentially determined by the mass-loss rate and ranges between 0.2 and
2 Myr |Vassiliadis and Wood, 1993, Table 1|. Eventually, the strong stellar winds
provide enough energy for the outer layers to be ejected, forming a planetary
nebula. When helium in the shell is also exhausted, the envelope collapses and the
electron gas in the core becomes degenerate. At this point, the star never reaches
high enough temperatures to ignite carbon and thus becomes a white dwarf.

Intermediate-mass stars (2 Mo < m < 8 Mg) evolve like low-mass stars but
have sufficient mass for quiet helium ignition in their core. Helium burns at a higher
rate compared to low-mass stars, and the evolution is faster. An intermediate-mass
star evolves towards the asymptotic giant branch and passes the thermally-pulsing
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AGB phase, ejecting the outer envelop in the interstellar medium (planetary
nebula). The lower and upper mass limits of this category of stars strongly depend
on metallicity and other model details. This issue is discussed by Marigo [2001],
who suggests that the maximum initial mass for a star to develop a degenerate
helium-core (helium-flash phase) is comprised between 1.7 and 2.5 M. The upper
limit instead is defined as the critical stellar mass over which carbon ignition occurs
and is comprised between 5 and 8 M. It is interesting to note that, without mass
loss, the mass of the carbon-oxygen core in these stars would easily reach ~ 1.4
Mg, the effective Chandrasekhar limit, at which point carbon ignition (carbon-flash
phase) would lead to a supernova explosion. The rate of supernova explosions in
our Galaxy is much smaller than the amount of intermediate-mass stars [Iben,
1991], thus it is evident that not all intermediate-mass stars evolve to a supernova
stage. If the temperature in the core is too low to undergo a carbon flash, the star
loses its outer envelop and cools down as a white dwarf.

High-mass stars (m > 8 Mg) are extremely bright and hot on the zero-age
main sequence. Hydrogen burns very fast. As soon as it is completely converted
into helium in the core, hydrogen keeps burning in a shell and the temperature
starts decreasing (blue track on Figure 2.7). Unlike for low- and intermediate-
mass stars, helium is ignited in a non-degenerate core and hydrogen burns in
an outer shell. A star of this type becomes a blue supergiant. When helium is
exhausted in the core, the temperature and density are high enough to start
quiet carbon ignition, and the star goes through all nuclear burning phases until
an iron core is formed. A star with mass higher than 40 M, loses mass at a
high rate (Wolf-Rayet star, see purple track on Figure 2.7). A high-mass star
ends its life when the iron core collapses to form a neutron star or a black hole,
after a supernova explosion has ejected the outer shells into the interstellar medium.

The fate of a star depends not only on initial mass, but also on the chemi-
cal composition of the gas from which it formed. Figure 2.8 [Heger et al., 2003|
summarizes the evolution of stars in different mass groups at solar (top panel) and
zero (bottom panel) metallicity. The blue line represents the mass of the remnant
after the helium-burning phase. The departure from the black dotted line shows
the mass loss caused by stellar winds. The red line shows the mass of the remnant
after the asymptotic-giant-branch phase (for low- and intermediate-mass stars) or
the supernova explosion (for high-mass stars). The mass of metals returned to the
interstellar medium is highlighted in green. Zero-metallicity stars can reach higher
initial masses than solar-metallicity stars and loose less mass. Their evolution is
typically very fast compared to that of solar-metallicity stars.

Hence, we have seen that stars with different initial masses follow different evo-
lutionary tracks in the Hertzsprung-Russell diagram, more massive stars evolving
faster than low-mass stars. For a set of stars all born at a given time (single-age
stellar population), the line joining the loci of luminosity and temperature of stars of
different masses at a later time ¢ is called an isochrone. The number of stars in each
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position along the isochrone can be inferred from the stellar initial mass function.
To build the spectral energy distribution emitted by a simple stellar population of
this type, we require a library of individual stellar spectra spanning complete ranges
of stellar parameters.

2.2.3 Library of stellar spectra

To describe the observable properties of a star at any point in the Hertzsprung-
Russell diagram, we require a library of individual stellar spectra encompassing a
full range of stellar fundamental parameters: bolometric luminosity, Ly, radius,
R, effective temperature, Tog, mass, m, and surface gravity, g. Lpol, R and Teg are
related by the Stefan-Boltzmann law,

Lol = 47 R%0Tog* (2.2.5)

where o = 5.6708 - 107 erg cm™2? K% s~ ! is the Stefan-Boltzmann constant. The
radius is related to the mass and the surface gravity through

g= C;—? ) (2.2.6)
where G = 6.67 x 1078 is the gravitational constant. A stellar spectrum can usually
be approximated as a black-body spectrum.? The general shape of the stellar spec-
trum is driven by the effective temperature.> The temperature can be estimated
from particular features of the stellar spectrum, such as the Balmer discontinuity
(this feature is caused by the variation with wavelength of the bound-free cross-
section of hydrogen in the stellar atmosphere). Furthermore, at fixed temperature,
the strengths of absorption features in the stellar spectrum, which depend on the
surface gravity, can help determine the luminosity class (i.e. whether the star is a
dwarf or a giant).

Libraries of stellar spectra can be either empirical (i.e. observed) or theoretical.
A main advantage of theoretical spectra is that they can be computed over complete
ranges of stellar types and wavelengths. However, a disadvantage is that even the
most state-of-the-art model atmospheres, used to produce theoretical stellar spectra,
do not account for all possible atomic and molecular transitions (and the parameters
of the models, such as line wavelengths, energy levels and oscillator strengths, are
also uncertain). Empirical stellar spectral libraries have their own limitations. They
usually rely on observations of nearby stars, thus tied to the specific chemistry and
star formation history of the Milky Way and the Magellanic Clouds. For example,
empirical spectral libraries do not include massive, low-metallicity stars, which are

“When this is the case, a temperature can be estimated by computing the ratio of fluxes at
different wavelengths. This is very close to the effective temperature and is called the color tem-
perature.

5According; to Wien’s law, Amax = b/T, where Amax is the peak wavelength, T is the absolute
temperature of the black body, and b is a constant of proportionality called Wien displacement
constant, equal to 2.898 x 1073 m K.
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Name Type Wavelength range FWHM  Reference

BaSeL T 91A - 160um ~20A  Westera et al. [2002]
Pickles E 1150A - 2.5um 11A Pickles [1998]

STELIB E 3200-9300A 3A Le Borgne et al. [2003]
MILES E 3500-7430A 2.3A  Sanchez-Blazquez et al. [2006]
ELODIE E 4100-6800A < 0.55A  Prugniel and Soubiran [2001]

T = theoretical, E = empirical

Table 2.2: Examples of theoretical and empirical stellar libraries. We report name,
type, wavelength range, FWHM around 5500 A and reference.

expected to be present in large numbers at high redshift. Thus, empirical spectral
libraries do not sample the full range of fundamental stellar parameters (temper-
ature, mass, radius, surface gravity, metal composition). Another disadvantage of
such libraries is that they are usually assembled by patching together observations
obtained with different telescopes in different wavelength ranges (and often at dif-
ferent resolving powers). Even so, observed stellar spectra do not generally cover
the full wavelength range, and theoretical models are required to complement the
spectral energy distributions. We list in Table 2.2 the main characteristics of a few
widely used stellar spectral libraries.

2.2.4 Modeling the spectral energy distribution of stellar popula-
tions

The spectral energy distribution of a simple stellar population at any age is the
superposition of the individual spectra of stars at all points along the isochrone,
weighted by the initial mass function. Several codes have been developed to compute
the spectral evolution of stellar populations as a function of the star formation and
chemical enrichment histories, using the principles described in the previous sections:
PEGASE [Fioc and Rocca-Volmerange, 1997, Le Borgne et al., 2004], GALAXEV
[Bruzual and Charlot, 2003], and the codes of Maraston [1998] (see also Maras-
ton 2005, Maraston and Strombéck 2011) and Vazdekis [1999] (see also Vazdekis
et al. 2010) differ in the algorithms used to compute the evolution of stars in the
Hertzsprung-Russell diagram and in the prescriptions adopted for stellar evolution
and stellar spectra; the GALEV evolutionary synthesis model [Kotulla et al., 2009|
has been designed specifically to follow the chemical enrichment of the gas associated
with stellar populations; Starburst99 [Leitherer et al., 1999] is optimized to model
the spectral evolution of young stellar populations; BPASS |binary population and
spectral synthesis; Eldridge and Stanway, 2009] has been developed to explore the
influence of massive binary stars on the evolution of stellar populations.

We describe here in slightly more detail the GALAXEV code |Bruzual and Char-
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lot, 2003], which we will use in Chapter 3. In this code, the spectral energy distri-
bution at time ¢ of a composite stellar population can be written as

Lnstans(t) = /0 St — ) Syt 2t — 1) (2.2.7)

where ¥ (t — t') is the star formation rate at time ¢t — ¢ and S\[t', Z(t — t')] is the
luminosity emitted per unit wavelength per unit mass by a simple stellar population
of age t' and metallicity Z (¢t —t'), assuming that the initial mass function is constant
in time [e.g. Chabrier, 2003|. The code allows one to compute the evolution of stellar
populations at ages between 1 x 10° and 2 x 101°
0.005 and 4 Zg. In the version of the model used in this thesis, the stellar evolution

prescription (see Section 2.2.2) relies on the calculations of Bertelli et al. [2008] for

years and metallicities between

stars with masses between 0.15 and 2.5 M, and Bertelli et al. [2009] for stars of mass
between 2.5 and 20 M. The evolution of stars more massive than 20 M, is the same
as in Bruzual and Charlot [2003]|. These tracks are extended with the prescription
of Marigo et al. [2008] to describe the evolution of stars through the AGB phase and
using calculations from various sources to describe the subsequent evolution down
to the white-dwarf cooling sequence (see Bruzual and Charlot 2003 for details). For
reference, we show in Figure 2.9 (top panel) isochrones derived from the original
Bertelli et al. tracks, at ages between 0.5 and 12 Gyr (solid lines). Dashed lines
represent other models at young ages from the Padova database [Bertelli et al.,
1994]. The bottom panel shows a zoom-in of the yellow region in the top panel,
which includes isochrones for the E-AGB and TP-AGB phases from Marigo et al.
[2008]. All phases until the end of the E-AGB are drawn in green, while blue and
red colors distinguish the O-rich and C-rich phases, respectively, on the TP-AGB.
In this example, the isochrones are plotted at ages between 0.06 and 16 Gyr. The
version of Bruzual and Charlot [2003] model used in this thesis also includes the
MILES library of observed stellar spectra from Sanchez-Blazquez et al. [2006]. As a
result, at wavelengths between 3525 and 75004, the stellar population spectra have
a native spectral resolution of 2.3A (full width at half-maximum), corresponding
to a resolving power R =~ 2200 at 5000A (the resolution is coarser outside this
wavelength range), and the signal-to-noise ratio is around 95. Dust attenuation
can be included in the computation of the composite spectral energy distributions,
using the prescriptions by Charlot and Fall [2000] and da Cunha et al. [2008] (see
Section 2.4 below).

2.3 Nebular emission

Stars form in gas-rich environments. When this gas is ionized by the radiation from
young massive stars, it emits light (nebular emission), which contributes to the
spectral energy distribution of galaxies. The inclusion of nebular emission in the
spectral analysis of galaxies should improve estimates of the parameters pertaining
to the interstellar medium and the young stars ionizing the gas. In this Section, we
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Figure 2.9: Top panel: isochrones from Bertelli et al. for different ages at solar
metallicity, solid lines; isochrones from other models in the Padova database at
solar metallicity, dashed lines. Bottom panel: zoom of the yellow region in the top
panel, showing isochrones (ages between 0.06 and 16 Gyr) form Marigo et al. [2008]
(Fig. 1) for pre-TP-AGB phase in green, and O-rich and C-rich configurations of
the TP-AGB phase respectively in blue and red.
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Description Phase T (K) n (cm™3)
Cold molecular Ho ~15 > 100
Cool atomic Hi ~80 ~30
Warm atomic Hr 104 ~0.5
Diffuse ionized Hix 10° 1072
Hot ionized H 11 region 104 103 — 10*

Table 2.3: Average temperatures and densities of the gas in the interstellar medium
in different phases.

first describe the different phases of the gas in the interstellar medium of galaxies,
focusing on the origin of ionized gas. Then, we briefly summarize the main features
of nebular emission, and at the end, we present different approaches to include
nebular emission in the modeling of galaxy spectral energy distributions.

2.3.1 The interstellar medium

The interstellar medium in galaxies presents a variety of phases. These phases
are characterized by the state of hydrogen — the most abundant element — within
them. McKee and Ostriker [1977] define three phases of the interstellar medium (see
below): cold and dense clouds filled mainly by He molecules; diffuse clouds (either
cool or warm) filled mainly by H1; and hot ionized gas, which can be divided into a
diffuse component and a dense component. These three phases are in rough pressure
equilibrium, because the interchange of material among them is fairly rapid, of the
order of 10 years. The properties of interstellar gas are described by the pressure,
p, the number density, n, and the temperature, T'. For an ideal gas,

p=nkT, (2.3.8)

where k is the Boltzmann constant. Typical values of these parameters in the
interstellar medium are given in Table 2.3 and represented in Figure 2.10. The
volume of the interstellar medium is mostly filled by the diffuse hot component,
while the mass is dominated by the cooler and denser atomic and molecular phases,
i.e. the clouds. We now describe the main features of the three phases of the
interstellar medium.

Molecular (or dense) clouds

Typical molecular clouds range from small, not very massive clouds (~ 1 pc,
< 50 Mg) to giant molecular clouds (~ 50 pc, ~ 10% Mg). The density in these
clouds is greater than 10 cm™3. At such densities, the formation of Hy is allowed
on dust grains (see Section 2.4.1). Molecules of heavier elements can also be
detected in these clouds, such as CH, CH' and CN (identified by absorption lines
between 3000 and 4000 A [McKellar, 1940]) and OH and HoO (detectable in the

radio). These molecules form by hydrogenation or oxidation reactions on grain
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surfaces. One of the most abundant molecules, CO, is actually easier to identify
than Hs. Since CO molecules are excited by collisions with Hs, radio observations
of CO are generally used to trace Ho. Other molecules called polycyclic aromatic
hydrocarbons (PAH, benzene rings, with sizes ~ 1 nm) are detected in dense clouds,
through their characteristic vibrational modes in the infrared [Omont, 1986]. The
transition zone between molecular and atomic gas is called the photodissociation
region [Hollenbach and Tielens, 1997].

Atomic (or diffuse) clouds

Diffuse clouds are characterized by moderate densities (n ~ 1 ecm™3) and
contain mainly neutral hydrogen. They may typically have sizes around 5 pc and
masses around 30 My. Neutral hydrogen can be detected through observations
of the 21-cm line, which corresponds to the transition between the two hyperfine
levels of the fundamental state of H1 (i.e. the change in the spin configuration of
the electron and proton from parallel to antiparallel). In diffuse interstellar clouds,
neutral hydrogen is cool in the inner parts and warm in the outer parts. This
outer part is partially ionized by the hard ultraviolet photons of the interstellar
radiation field. Along with hydrogen, neutral heavy elements can also be found
in diffuse clouds, especially oxygen and carbon, which are important cooling sources.

Hot ionized gas

Tonized gas can be found either in the form of diffuse intercloud gas, or in
the form of H1I regions. The diffuse component is particularly hot, but it has
extremely low density. As suggested by McKee and Ostriker [1977], the state of the
interstellar medium is likely to be regulated by supernova explosions, which sweep
out the gas, disrupting existing clouds and maintaining the intercloud medium in a
hot ionized state.

H11 regions

When gas in molecular clouds cools down and condensates, star formation is
ignited. The newly formed O- and B-type stars emit photons at wavelength shorter
that the hydrogen Lyman limit (912 A), which corresponds to the energy required
to remove a ground state electron from H1. A cloud (nebula) is said to be ionized
when the hydrogen in it is nearly completely ionized. The properties of the ionized
gas depend on the ionizing source. When the source is a star (or several stars) of O
or B type, the ionized gas cloud is called an HII region.

Two different types of HII regions can be defined: ionization-bounded and
density-bounded. If the cloud is sufficiently large to absorb all the ionizing radia-
tion emitted by the central source, the H 11 region is surrounded by a shell of neutral
atomic gas (H1) and is said to be ionization-bounded. If the cloud is not large enough
to absorb all the ionizing radiation, the region is said to be density-bounded. In
this case, some ionizing photons can escape into the interstellar medium. Ionization-
bounded H 11 regions are usually fainter than density-bounded H 11 regions (see Beck-
man et al. 2000 and references therein).
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Figure 2.11: A schematic representation of an HII region. The ionizing source
is shown in the center. The region occupied by the ionized hydrogen (Stromgren
sphere) is shown in blue. The region filled by the neutral hydrogen is shown in pink.
(Figure from http://www.astro.cornell.edu/academics/)

Figure 2.11 shows a schematic representation of an ionization-bounded H1I re-
gion, with the ionizing source at the center and a shell of neutral hydrogen in the
outer parts. The effective temperature of stars in the center of an H 11 region ranges
typically between 30,000 and 50,000 K. The hotter the stars, the higher the level
of ionization of the cloud. The temperature in the nebula, instead, is set by the
equilibrium between heating through photoionization and cooling through recombi-
nation and radiation. This temperature ranges between 7000 and 25,000 K, with
a typical value around 10,000 K. Typical densities in the ionized part of the neb-

ula range around 10?2 cm™> and can reach up to 10* cm™3.

The region where all
ionizing photons are absorbed and the total number of recombinations equals the
total number of photoionizations is called the Stromgren sphere. The Stromgren
radius ranges typically between 30 and 150 pc for O- and B-type stars with surface

temperature between 30,000 and 50,000 K.

2.3.2 Spectral features of the nebular emission

The spectrum of an HII region is characterized by strong emission lines and a
continuum component. This characteristic light arises from recombination processes
and the radiative cooling of collisionally excited gas.

Three processes contribute to the continuum radiation: free-bound (recombina-
tion), free-free (bremsstrahlung) and two-photon emission processes. The emission
coeflicients for free-bound and two-photon processes for hydrogen are shown in Fig-
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Figure 2.12: Frequency variation of the free-bound continuous-emission coefficient
~,(T') for hydrogen (black solid line) and for helium (black thin solid line). Frequency
variation of the two-photon-process coefficient (grey solid line). All lines correspond
to a low-density regime at 7" = 10,000 K. Figure from Osterbrock and Ferland
[2006].

ure 2.12. Free-bound continuum radiation (black solid line) is produced by recom-
bination of free electrons with hydrogen ions. The shape of the continuum radiation
as a function of wavelength depends on the distribution of electron energies and
the cross-section for the capture of electrons. Free-free emission is generated by the
interaction between an electron and a proton or another ion in the gas. It increases
with the cube of the wavelength and so dominates the continuum in the infrared and
radio regions. The two-photon process (grey solid line) involves transitions from the
n =2, L = 0 level of hydrogen to the n =1, L = 0 ground state. This is forbidden
for a single photon (which would contribute to a Lyman-a line) because angular
momentum would not be conserved, but it is allowed if two photons are emitted.
As the energy can be divided in any way between the two photons, the spectrum is
continuous at all wavelength larger than the wavelength of Lyman-« (0.1216 um).
Emission-line radiation can be caused by recombination of ions and radiative de-
excitation of collisionally excited molecules, atoms and ions. Recombination lines of
hydrogen are emitted when protons capture electrons onto exited levels and these
electrons cascade by downward radiative transitions to the ground level. These
lines are identified in series, depending on the level reached by the electron (Lyman:
n = 1, Balmer: n = 2; Paschen: n = 3; etc.). Direct recombinations to the
ground state produce ionizing photons, which can be reabsorbed elsewhere in the
nebula. The on-the-spot approximation |Osterbrock and Ferland, 2006| consists in
neglecting the possible spatial separation between the emission and reabsorption of
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Figure 2.13: Typical spectrum of an HII region with the strongest lines labeled.
(htp://frigg.physastro.mnsu.edu)

such photons, so that they have no net effect on the ionization balance. If the cloud is
optically thin, all photons issued from recombination can escape the nebula (case-
A recombination). Otherwise, all Lyman-line photons issued from recombination
cascades to the ground state are immediately reabsorbed by a neutral atom, so that
all downward transitions to the n = 1 level can be ignored (case-B recombination).
In this case, every recombination must eventually yield a Balmer photon (transition
to the n = 2 level) at optical wavelengths. In case-B recombination, the luminosity
ratio between the Ha line (transition n = 3 — 2) at 6563 A and the HS line
(n =4 — 2) at 4861 A is 2.87 for a nebula of temperature T = 10, 000. The variation
of this ratio, called Balmer decrement, is widely used to quantify the presence of
dust in the ionized clouds (see Section 2.4).

The other main source of emission-line radiation in H1I regions is the radiative
de-excitation of collisionally excited ions, such as O, O™, NT and S*. Some
strong optical transitions are shown in Figure 2.13. The most prominent ones are
[O11]AA3727, [O111]A5007, [N 11]A6548, [N11]A6584 and [S11]AN6716,6731. In the
limit of low density, every collisional excitation is followed by the emission of a pho-
ton. If the density is high,% ions can also be efficiently de-excited through collisions,
and the radiative cooling rate is reduced. In laboratory (i.e. high-density) condi-
tions, the excited levels corresponding to the ionic transitions in Figure 2.13 would
be collisionally de-excited before radiative decay could take place. This is the reason
why these lines are said to be forbidden. The luminosity ratios of the strong emission
lines in Figure 2.13 provide valuable insight into the properties of the ionized gas,
such as metal content and ionization parameter [i.e. the ratio of ionizing-photon to
gas densities; e.g., Charlot and Longhetti, 2001, Brinchmann et al.; 2004, Dopita

SCollisional de-excitation is effective at densities > n* cm™, Loeb et al. [2008].
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et al., 2006a).

2.3.3 Nebular emission models

Two main approaches have been adopted to include nebular emission in the spectral
modeling of galaxies: the adoption of empirical relations and the use of photoion-
ization codes.

The simplest way to account for the nebular emission in spectral models of
galaxies is to compute the ionizing rate implied by the emission from young stars
and then derive analytically the intensifies of the nebular continuum and hydro-
gen emission lines, assuming photoionization equilibrium [Osterbrock and Ferland,
2006|, for given values of the temperature and hydrogen density. Then, empirical
relations may be used to compute the intensities of helium, carbon, nitrogen, oxy-
gen and sulphur emission lines relative to those of H-Balmer lines (see Anders and
Fritze-v. Alvensleben 2003). In this approach, therefore, the absolute strength of
the continuum and line emission depends primarily on the total number of Lyman
continuum photons. This varies with metallicity, since stars of different metallicities
have different temperatures [e.g. Krueger et al., 1995|. This approach has been used,
for example, in PEGASE [Fioc and Rocca-Volmerange, 1997] and by Schaerer and
de Barros [2009].

The other way to model nebular emission in galaxy spectra is to appeal to a
sophisticated photoionization code. We describe here the approach developed by
Charlot and Longhetti [2001], which we will use in Chapter 3. In this approach,
the luminosity produced by stars and the ionized gas in a galaxy is expressed, by
analogy with Equation 3.2.1, as

t
L stars+neb(t) :/O dt' (it —t") SA[t', Z(t — )Ty (. 1), (2.3.9)

where ¥ (t — t') is the star formation rate at time t — ¢ and S\[t/, Z(t — t')] is the
luminosity emitted per unit wavelength per unit mass by a simple stellar population
of age t’ and metallicity Z(t—t'). Ty (t,t) is the transmission function of the ionized
gas, defined as the fraction of the radiation, produced at wavelength A at time ¢ by
a generation of stars of age t’, that is transferred by the ionized gas. T;r (t,t") will
be close to zero at wavelength blueward of the Lyman limit if the H1I regions are
assumed to be ionization bounded. It will be greater than unity at wavelengths
where the ionized gas radiates (continuum and line emission). One may assume for
simplicity that the transmission function depends only on the age ¢’ of the ionizing
stars, and not on the age t of the galaxy, since the nebular emission depends only
on the current gas content of the galaxy. Moreover, only the ionization by O-
and B-type stars is significant. Combining these two assumptions, the transmission
function can be written as

Ty (tt)=1 for ¢ >top
(2.3.10)
Tyt t)=Ty () for ¢ <top.
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The lifetime of OB stars, top, can range between 1 and 100 Myr. Charlot and
Longhetti [2001] adopt a typical value of 10 Myr, corresponding to the age by which
the production of ionizing photons by an evolving stellar population drops by over
99 percent. They compute the transmission function using the standard photoion-
ization code CLOUDY [Ferland, 1996]. This simultaneously solves the equations
of thermal and statistical equilibrium for a model nebula, including ionization and
recombination processes. The code requires input parameters to describe the proper-
ties of the gas in the nebula. Charlot and Longhetti [2001] adopt effective parameters
to describe the ensemble of H1I regions and the diffuse gas ionized by young stars
in a galaxy:

e the effective ionization parameter, defined as the ratio of ionizing-photon to
gas densities. This depends on the distance r from the ionizing source and the
age t’ of the central stars, U (t',7), and can be simply parameterized in terms
of a zero-age effective ionization parameter (see below).

e the effective metallicity of the gas

e the effective dust-to-heavy element ratio, defined as the fraction of heavy ele-
ments locked into dust grains in the ionized gas, &4

The effective ionization parameter is a function of the effective rate of ionizing
photons, Q(t'), and the effective hydrogen density, ny. It can be expressed as

Ut',r)= Qi) (2.3.11)

~ drr?nge’

where ¢ is the speed of light and

- M, [
Q') = / dAAAS\[Y, Z(t —)]. (2.3.12)
hc 0

In this equation, M, is the effective mass of the ionizing star clusters in the galaxy
and Ay, is the Lyman limit. The ionized gas is described as a spherical shell around
the ionizing source, with innermost radius rj,. The Stromgren radius fixes the
ionization profile of the gas and it is defined by
3Q

RE=—%* . 2.3.13
S 4#&%15043 ( )

where £ is the effective volume-filling factor, i.e. the ratio of the volume-averaged
hydrogen density to the effective hydrogen density ny. In the approximation of
rin < Rg, the geometry is truly spherical and

(UY(#") ~ 3U(', Rg) . (2.3.14)
Combining 2.3.11, 2.3.13 and 2.3.14, we obtain

N oZ/? [3Q(t’)€2ﬁH]

(Ot ~ =& e (2.3.15)
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The reason for parametrizing nebular emission in terms of the ionization parameter
is that different combinations of Q, & and 7y can give rise to similar values of (U).
It is convenient also to fix M, and hence Q(t' ) and use as a variable the zero-age
effective ionization parameter, (Uy) = (U)(0). In this case, a grid of models can
be computed for different values of log<Ug), e.g. —3.5,-3.0,—2.5,—2.0 and —1.5.
The second main input model parameter is the effective metallicity of the gas, Z.
This affects both the rate of ionizing photons from young stars and the relative
strengths of different emission lines. Charlot and Longhetti [2001] adopt the default
cosmic abundances of CLOUDY at solar metallicity, except for the following element
abundances (by number relative to hydrogen): (N/H) = 5x1075, (O/H) = 6.6x1074
and (S/H) = 1.3 x 107°. These choices were motivated in part by the desire to
match the observations of nearby galaxies and H 11 regions. A grid of models can be
computed at different values of the metallicity between 0.02 and 3 times Zg. The
third main input model parameter is the effective dust-to-heavy element ratio. It
is a measure of the fraction of refractory elements depleted onto dust grains in the
ionized gas. It is convent to compute a grid of modes for at least three values of éd,
e.g. 0.1, 0.3 and 0.5.

Dopita et al. [2005, 2006b,a| propose an alternative model to compute the nebular
emission from star-forming galaxies, which is based on the MAPPINGSIII photoion-
ization code [Dopita et al., 2002, Groves et al., 2004]. The main difference with
CLOUDY is that MAPPINGSIII includes the dynamical evolution of HII regions. In
this model, HII regions expand until the internal pressure caused by stellar winds
exceeds the ambient pressure of the interstellar medium. When this happens, the
H11 region is assumed to stop growing and fade. In this framework, the ionization
parameter is not a free variable, but it is replaced by a parameter tracing the ratio
of the star-cluster mass to the pressure in the surrounding interstellar medium. This
ratio is expressed as
M/ Mg

Ly

(2.3.16)
where M is the mass of the star cluster inside an H1I region and Py/k is the
pressure in the interstellar medium (% is the Boltzmann constant). Although this
model should be more appropriate than models with static H I regions, it does not
completely agree with observations of local H1I regions. In particular, interstellar
clouds tend to expand too much, presumably because of a too high internal pressure.
Dopita et al. [2005] suggest that their one-dimensional model many not be accurate
enough to describe evolving H 11 regions. Considering the dynamics of star cluster
and the hydrodynamics of both the ionized and the molecular gas might lead to
better results.

2.4 Attenuation by dust

Dust absorbs and scatters radiation from stars and gas and reemits this radiation
mainly at infrared wavelengths. Several prescriptions have been proposed to imple-
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ment absorption and scattering by dust grains of the light emitted by stars and gas
in galaxies. Differences among these prescriptions arise primarily from uncertainties
in the composition and optical properties of dust grains, the way in which dust is
distributed in the various phases of the interstellar medium, and the treatment of
geometric effects.

In this Section, we first provide an overview of the general properties of inter-
stellar dust. Then, we present different prescriptions which have been proposed to
model the effects of dust on the emission from stars and gas, both in our Galaxy
and in external galaxies.

2.4.1 General properties of interstellar dust

Dust grains are solid particles composed of elements heavier than hydrogen. As seen
in Section 2.2.2, heavy elements are produced in thermonuclear reactions during the
evolution of stars. Stellar winds and supernova explosions cause these metals to be
spread into the interstellar medium, where they condense to form dust grains. The
main observational evidence for the depletion of heavy elements onto dust grains is
that the gas-phase abundances of metals are generally lower in interstellar clouds
than in stellar atmospheres (where hydrogen and heavy elements are in the gas
phase).

The elements contributing the most to the mass of interstellar grains are carbon,
nitrogen, oxygen, magnesium, silicon and iron. Grains can be divided into graphitic
grains, ices and silicates [Whittet, 2003]. Graphitic (carbon) grains are particularly
small in size (< 2um). They produce a strong absorption feature in the ultraviolet
(the bump at 2175 A, see Section 2.4.2 below). Ices refer to any volatile molecular
solid composed of primarily the CHON group of elements. They require high den-
sities to condense and survive and produce strong emission features by vibrational
transitions in the near-infrared (~ 3pm). At longer wavelength (~ 10 — 20pm),
emission and absorption features are generally attributed to silicate grains, which
have a wide range of possible chemical compositions based on SiO,4 units.

Dust grains mix with the interstellar medium and experience chemical and iso-
topic changes through interactions with the gas and radiation in interstellar space.
For this reason, different types of dust grains form and survive in different regions
of the interstellar medium. Ices tend to form in dense molecular clouds (see Sec-
tion 2.3.1), where they contribute to the formation of Hy.” Graphitic grains and
silicates instead can form in both low-density and high-density environment.

2.4.2 Modeling attenuation by dust in galaxies

The ability to constrain galaxy physical parameters (e.g. stellar mass, star formation
rate, mean stellar age) largely depends on the accuracy to which the effects of

TAt the typical densities of molecular clouds, H atoms are trapped onto dust grains. When two
hydrogen atoms recombine, the binding energy is partly absorbed into the grain lattice and the
resulting molecule is ejected from the surface and returned to the gas (grain surface catalysis).
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interstellar dust on the light emitted by stars and gas can be estimated.

In the next paragraphs, we first briefly review the basics of extinction of radiation
by dust grains and mention measurements of the extinction curve in our Galaxy and
the Magellanic Clouds. Then, we describe how attenuation by dust can be quantified
and modeled in external galaxies. In this thesis, we follow the general convention
that extinction refers to the combined effects of absorption and scattering by dust
grains along single lines of sight. The term attenuation refers to the net, angle-
averaged absorption of photons emitted in all directions by all stars within a galaxy
(and eventually scattered before they are absorbed).

2.4.2.1 Basics of interstellar extinction

Extinction occurs when radiation propagates through a medium containing small
particles. Such particles absorb and scatter light, reducing the intensity of the
radiation. In the approximation that dust grains are small particles with cross-

section ai’“, we can write

dly

= —nqo$X*dL, (2.4.17)
I

where I, is the intensity of radiation at a particular wavelength A\ and ngq is the
number density of dust grains in a cylindrical column of length L. Integrating along

the column length, we obtain
[ xt
A TN (2.4.18)
Ip x

where Iy ) is the initial intensity at L = 0 and 7‘§Xt is the optical depth of extinction

at wavelength \ caused by dust.® The total extinction expressed in magnitudes is
I

Ay = —25log <I> = 1.086 75" . (2.4.19)
0,

Ay /Ay is the absolute extinction or extinction curve (as a function of \).

2.4.2.2 The extinction curves of the Milky Way and the Magellanic
Clouds

Observationally, the extinction curve of the Milky Way can be determined by com-
paring the colors of stars of identical spectral type and luminosity class, but unequal
reddening. The apparent magnitude at a particular wavelength is defined as the ab-
solute magnitude, M ()), scaled with the distance, d, and increased with the total
extinction

myx = My+5logd+ Ay . (2.4.20)

Since stars of identical spectral type and luminosity class have the same absolute
magnitude, differences in apparent magnitude can be attributed to distance and

87_§xt — T;bs + Ticatt.
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extinction. If we assume that one of the stars has negligible extinction (i.e. A; ) =
Ay and Ay ) = 0), we can write

Amy = 510g(d1/d2) + Ay (2.4.21)

The dependence on distance can be removed by computing the magnitude difference

at two different wavelengths (extinction curves are commonly normalized to the
value in the B or V band),

E)\,V = Am)\ — Amv = A)\ - Av. (2.4.22)

E\_v is the color excess and is a measurable quantity once the intrinsic colors of
stars of different spectral types are known. In the Johnson system, the color excess
in the B and V bands and the total extinction, Ay, are related by Ry, the total-
to-selective visual extinction:

Epy = >V, (2.4.23)

The total-to-selective visual extinction depends on the chemical composition and
physical properties of dust grains. It is also a proxy for the average grain size: low-
Ry lines of sight have smaller grains than high-Ry ones [Noll and Pierini, 2005]. On
average, Ry = 3.05+0.15. This value has been empirically derived [Whitford, 1958,
Johnson, 1968]| for the diffuse interstellar medium of the Milky Way. Normalizing
2.4.22 to Eg_v and combining with 2.4.23, we can write the expression for the
empirical extinction curve:

Ay 1 By

Ay Ry Ep_v

+1. (2.4.24)

Measuring F,_v along different lines of sight towards stars in the Milky Way has
been the first step in the analysis of the effects of interstellar dust. Cardelli et al.
[1989] propose an empirical measure of an average extinction curve of the Milky
Way from the ultraviolet to the infrared. More recent studies have shown that the
extinction curve in the Magellanic Clouds (derived applying the same method) is
different from the average extinction curve in our Galaxy. Gordon et al. [2003]
present a comparison of different extinction curves (i.e. measured along different
lines of sight) of the Small and Large Magellanic Clouds with the average extinction
curve in the Milky Way. The results reveal quite different behaviors, especially in
the ultraviolet.

We plot in Figure 2.14 the average extinction curves of the Milky Way (red
line), Small Magellanic Cloud (short-dashed line) and Large Magellanic Cloud (long-
dashed line). Although the slopes of these extinction curves are different, the general
trend is the same: the extinction is stronger in the ultraviolet than in the infrared.
Light at a certain wavelength \ is strongly absorbed by grains with cross section
of the order of A\. In the interstellar medium, there is an appreciable number of
grains with sizes between 0.1 and 1 pm, thus light emitted at ultraviolet and optical
wavelengths is the most absorbed. The extinction curves of the Milky Way and
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Figure 2.14: Extinction curves (A) /Ay ) as a function of wavelength in the ultraviolet
and optical rest-frame ranges. The red line shows the average extinction curve of
the Milky Way as in Cardelli et al. [1989] (Ry = 3.1). The short-dashed line shows
the extinction curve of the Small Magellanic Cloud bar, while the long-dashed line
shows the average extinction curve of the Large Magellanic Cloud, both as in Gordon
et al. [2003]. The blue line represents the extinction curve by Calzetti et al. [2000]
and the green line shows a curve of the form A~%7 normalized at 5500A.
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the Large Magellanic cloud are also characterized by a prominent feature in the
ultraviolet, the 2175 A bump. This feature is not observed in the Small Magellanic
Cloud, suggesting a different composition of the dust. It is worth mentioning that
the 2175 A bump is purely an absorptive feature and is mainly detectable in lines
of sight with Eg_y > 0.05. Graphitic grains of dimensions < 0.01um are the most
likely cause for this absorption. To a good approximation, a fit of this feature is
obtained with a Drude profile, as suggested by Fitzpatrick and Massa [1986]:

3}2

(12 _ .%‘(2]>2 + ,}/21.2 ’

D(z) = (2.4.25)

where x = AL 9 = )\61 sets the central wavelength and 1/ is the width of the
feature (FWHM). The strength of the bump, Apumyp, is defined as the area under the
profile in the extinction curve. The central wavelength tends to be fairly constant
in observations through different lines of sight. Instead, v and Ay, vary. In
particular, dense molecular clouds are characterized by broad bumps, with a large
range in strength. Diffuse regions more likely produce strong bumps, while hot
ionized regions tend to have weak and narrow bumps.

2.4.2.3 The attenuation curve in nearby galaxies

When observing the integrated light from distant galaxies, a few complications arise
in the estimates of attenuation by dust: the definition of templates of dust-free
galaxies; the way in which dust grains are distributed in the interstellar medium;
and the role of geometric (and orientation) effects. Empirically, the attenuation
curves of distant galaxies can be derived in a similar way to the extinction curve
of the Milky Way, by comparing spectral energy distributions of galaxies of similar
intrinsic type, but attenuated in different ways. The difficulty is that the spectral
energy distribution of a galaxy results from the emission by several stellar genera-
tions, and hence, the notion of intrinsic spectral type is not straightforward. Large
samples of galaxies are required to average the properties of galaxies with similar
spectral energy distributions and overcome this complication. This approach, de-
scribed in Kinney et al. [1994], has been applied by Calzetti et al. [1994] to measure
the attenuation by dust in nearby starburst galaxies. Calzetti et al. [1994] (see
also Calzetti 1997, Calzetti et al. 2000) suggest that the attenuation curve in these
galaxies is grayer than that observed in the Milky Way, with no 2175 A-bump de-
tection. For reference, the curve is represented by the blue line in Figure 2.14. The
assumption behind this empirical curve is that extended regions of nearby starburst
galaxies can be characterized by an average geometrical distribution of dust.
Another complication in the description of attenuation by dust in distant galaxies
is the unknown distribution of dust grains. The discrepancy between the attenuation
derived from Balmer lines and from the ultraviolet stellar continuum in nearby
starburst galaxies suggests that, in reality, the dust is not uniformly distributed (see
Fanelli et al. 1988, Calzetti 1997). The finite lifetimes of the H 11 regions can account
for this discrepancy [Charlot and Fall, 2000]. In practice, line photons produced in
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the H1I regions and the non-ionizing continuum photons emitted by young stars are
absorbed in the same way by dust in the thick envelopes of molecular clouds and the
diffuse interstellar medium. The non-ionizing ultraviolet and optical photons from
stars that live longer than H1I regions are absorbed only by the diffuse interstellar
medium. This is one of the features of the model by Charlot and Fall [2000]. We
now describe this two-component dust model in slightly more detail, as we will use
it in the next chapters.

In the Charlot and Fall [2000] model, the interstellar medium is represented by
two main components: giant molecular clouds, in which new stars form and ionize
H 11 regions (birth clouds); and a diffuse interstellar component. The stellar birth
clouds have a finite lifetime tpc = 10 Myr (see Section 2.3.3), after which they are
dispersed. The transmission function of this medium can be written as

V) =TETSM  for ¢ < tpe,
(2.4.26)
() =TM for ¢ > tpc,

where T/}\3C and T )I\SM are the transmission functions of the birth clouds and the
ambient interstellar medium, respectively. The transmission function can also be
expressed in terms of the ‘effective absorption’ (= attenuation) optical depth of the
dust, 75(t'),

T(t') = exp[—7a(t)]. (2.4.27)

The quantity 7)(¢') depends both on the optical properties and on the spatial distri-
bution of the dust. Similarly, one can define the effective absorption optical depths
in the birth clouds and in the ambient interstellar medium,

TP° = exp(71),

(2.4.28)
TISM — exp(—#15M)
Charlot and Fall [2000] show that observations of starburst galaxies favor 715M o

A~%7 in the ambient ISM. For simplicity, they adopt the same wavelength depen-
dence for 7BC .9 Tt is important to note that, even with these choices, the wavelength
dependence of 7(¢') in Equation 2.4.27 is a function of time (see figure 5 of Charlot
and Fall [2000]). Wild et al. [2007] and da Cunha et al. [2008] suggest that a wave-
length dependence %)]?C x A3 may be more appropriate for stellar birth clouds,
which can be assimilated to optically thick foreground screens around newly born
stars (the slope of —1.3 corresponds to the middle range of the optical properties
of dust grains between the Milky Way, the Large and the Small Magellanic Clouds;
see Charlot and Fall 2000). In this thesis we write the attenuation optical depths
in the stellar birth clouds and the ambient interstellar medium as

78C = (1 — )7y (A /5500) 713 (2.4.29)

9The dependence of 7B€ on wavelength is not well constrained by observations, because stellar
birth clouds tend to be optically thick, and hence, stars in these clouds contribute very little to
the emergent radiation (except in the emission lines).
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FSM — (A /5500) 7" (2.4.30)

where p = #5M /(7M1 28C) is the fraction of the total effective V-band absorption
optical depth contributed by the dust in the ambient interstellar medium. We
consider a range of slopes n in the ambient interstellar medium. This two-component
model agrees remarkably well with observations of nearby galaxies.

To end this Section, it is worth mentioning that a recent empirical study by
Wild et al. [2011] has revealed systematic variations of the dust attenuation curve
with galaxy spectral type and orientation. This was achieved by comparing the
ultraviolet, optical and near-infrared spectral energy distributions of pairs of nearby
galaxies with fixed specific star formation rate, gas-phase metallicity, axial ratio
and redshift but different dust contents (as measured from the Balmer decrement).
The galaxy pairs were extracted from a sample of 23,000 galaxies at a median
redshift of 0.07, with available photometry from GALEX, SDSS and UKIDSS.
An interesting outcome of this work is the evidence for the 2175 A bump in the
ultraviolet attenuation curves of these low-redshift galaxies'?. A main result is that
the optical attenuation curve appears to vary strongly with galaxy inclination, in
the sense that it is steeper in face-on than in edge-on galaxies. Such a variation
is supported by the models of Rocha et al. [2008| (see also Tuffs et al. 2004 and
Pierini et al. 2004). In these models, the effects of dust on the emission from
galaxies is analyzed by coupling the Monte Carlo radiative transfer code SUNRISE
[Jonsson, 2006 with hydrodynamic galaxy simulations. The models predict that
the dependence of attenuation on inclination can be described by a quadratic
law (edge-on galaxies having larger optical depth than face-on ones) and that the
attenuation curve flattens when the optical depth increases (see also Chevallard et
al. in preparation).

2.4.2.4 Dust in intermediate- and high-redshift galaxies

Galaxies at intermediate redshifts (z ~2-3) present a wide variety of dust contents,
often similar to local starburst galaxies [Reddy et al., 2012|. Accurate spectroscopic
observations of ultraviolet-luminous galaxies at z = 2 suggest that the most massive
galaxies are also the most metal-rich and dusty [van Dokkum et al., 2003, Noll and
Pierini, 2005]. Noll and Pierini [2005] and Noll et al. [2009] find that galaxies at
intermediate redshifts exhibit attenuation curves similar to the extinction curves
of the Milky Way and the Magellanic Clouds, with in some cases a strong 2175 A
bump. The strength of this bump does not seem to depend on metallicity, but rather
on the spatial distribution of interstellar dust.

At even higher redshift, little is known about the attenuation curve of the dust.
Galaxies at z > 4 tend to have fairly blue spectral energy distributions (see for
example, Erb et al. 2010; Bouwens et al. 2011). This is usually interpreted in terms

'0This has also been detected in a different sample of low-redshift galaxies by Conroy et al.
[2010a).
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of a dominant population of young and low-metallicity stars, combined with an
almost dust-free environment. Although this interpretation can be reasonable when
observing the Universe at very young ages, selection effects and uncertainties in the
photometric measurements could bias these results [Dunlop et al., 2012].
Theoretical expectations are also quite uncertain. In recent simulations of
Lyman-alpha emitters at 3 < z < 5, Garel et al. [2012] introduce a redshift de-
pendence of the dust-to-gas ratio in galaxies. Following Hatton et al. [2003] (see
also Guiderdoni and Rocca-Volmerange 1987), they write the attenuation curve as

(A 7\ 1:35 Ny
(@), (7)) Gew)e e

where (A)/Ay) Zs 18 the extinction curve for solar metallicity from Mathis et al.
[1983], Z is the metallicity of interstellar gas, Ny is the H1 column density and
f(z) = (1 4+ 2)~'/2 is the scaling of the dust-to-gas ratio with redshift. This pre-
scription however is speculative.

2.5 Absorption by the Intergalactic Medium

The intergalactic medium is filled by a gas composed mainly of hydrogen at very low
density (of the order of 0.1 atoms m™3, Tytler et al. 2004). Throughout the epoch
of structure formation, this gas becomes clumpy and can be attracted and captured
by the gravitational fields of clusters and galaxies. Matter from galaxies can also
be returned to the intergalactic medium (by stellar winds, supernova explosions or
galaxy interactions), contributing to the enrichment of this gas.

The ionizing radiation emitted by stars and active galactic nuclei in galaxies
causes the intergalactic medium to be mainly ionized. This ionized component can-
not be observed directly, because the emitted radiation is too weak. In contrast,
the minor neutral component of the intergalactic medium, which still remains, can
be detected because it contributes to the obscuration of galaxies at cosmological
distances. The main evidence for a clumpy and neutral intergalactic medium is
the presence of absorption features in the far-ultraviolet spectra of distant quasars.
These features correspond to Lyman-a absorption in the rest frame of intervening
clouds (absorbers) of the redshifted ionizing spectrum of the background quasar
(photons emitted by the source at Aemy < A, are redshifted to the Lyman-a wave-
length for clouds along the line of sight). Since these clouds are distributed at
different distances along the line of sight, the absorption features are detected at
different redshifts.

There are two broad populations of absorbers: Lyman-« forest clouds and metal-
line systems. The optical depth of these systems depends on the distribution of
the absorbers in column density and redshift (see Madau 1995 for details). The
combined effect of many absorption lines produces a characteristic staircase profile in
the transmitted spectral energy distribution. We show in Figure 2.15 3 examples of
the transmission coefficient, exp(7es), at redshifts 3.0, 4.5 and 6.0. At each redshift,
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Figure 2.15: Trasmission coefficient in the intergalactic medium at three different
redshifts: z = 3.0 (red line), z = 4.5 (green line), z = 6.0 (blue line). Dotted lines
represent the Lyman limit (912A) at the three different redshifts.

the dotted line indicates the Lyman limit (912A). This cosmic Lyman break is a
powerful tool to identify high-redshift galaxies.

2.6 Summary

In this Chapter, we have introduced the different tools involved in the modeling of
the spectral energy distributions of galaxies.

In Section 2.1 we presented different approaches to compute star formation and
chemical enrichment histories of galaxies. There are two main approaches:

e drawing idealized representations of star formation histories at fixed metallic-
ity (single bursts of star formation, constant star formation rate, exponentially
declining star formation rate);
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e drawing physically motivated star formation histories and the consistent evo-
lution of the metal content. This can be achieved by combining cosmological
N-body simulations (to trace the evolution of dark matter haloes) with either
semi-analytical recipes or gas-dynamics codes (to simulate the evolution of
baryons in the dark-matter structures).

An advantage of cosmological simulations is the treatment of gas physics. Feedback
from supernovae and AGNs is included to regulate gas cooling and the star forma-
tion. A disadvantage is that even the most sophisticated simulations present some
limitations, such as a too large predicted number of red, non-star forming galaxies.

In Section 2.2, we described the techniques used to model and interpret the emis-
sion from stellar populations. The most widely used one is evolutionary population
synthesis, which is based on the property that stellar populations can be expanded
in series of instantaneous starbursts, called simple stellar populations. The main
ingredients required for the modeling of stellar populations are:

e a prescription for the mass distribution of newly born stars;
e evolutionary tracks of stars of given initial mass and chemical composition;

e libraries of stellar spectra, to describe the emission from each star in the H-R
diagram.

The light produced by stars interacts with gas and dust in the interstellar
medium before escaping from the galaxy. To fully interpret the multi-wavelength
emission from galaxies, we thus need to also model the influence of gas and dust on
the emergent spectral energy distribution. In Section 2.3, we described the different
phases of the interstellar medium and in particular the signatures of ionized gas
(mainly H1I regions) in the spectral energy distributions of galaxies. To model this
nebular emission we include two components:

e the nebular continuum, which arises from free-bound and free-free interactions
between electrons and ions in the ionized gas;

e the nebular emission lines, which are produced in

— cascade transitions after recombinations of ions and electrons on excited
levels,

— cascade transitions after collisional excitation of metal ions.

In Section 2.4, we described the influence of dust on the spectral energy dis-
tributions of galaxies. Dust grains absorb and scatter the ultraviolet and optical
radiation from stars and gas and reradiate this in the infrared. The main uncertain-
ties in the modeling of the effects of dust in spectral models of galaxies arise from
the unknown composition and spatial distribution of dust grains. We described:

e the extinction curves of the Milky Way and the Small and Large Magellanic
Clouds, addressing in particular
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— the different ultraviolet slopes,

— the presence or absence of the ultraviolet 2175 A bump;

e the attenuation law in distant galaxies, addressing the main sources of uncer-
tainties;

e dust in intermediate- and high-redshift galaxies.

Finally, in Section 2.5, we addressed the influence of the intergalactic medium
on the spectral energy distributions of distant galaxies. Neutral hydrogen in the
intergalactic medium absorbs the high-energy photons emitted by stars and active
galactic nuclei. These characteristic absorption features depend on the column-
density and redshift distributions of absorbing clouds and can be used as a tool to
identify high-redshift galaxies.



CHAPTER 3

Relative merits of different types
of rest-frame optical observations
to constrain galaxy physical
parameters

This Chapter is extracted from the paper Relative merits of different types of rest-
frame optical observations to constrain galaxy physical parameters by Camilla Paci-
fici, Stéphane Charlot, Jérémy Blaizot and Jarle Brinchmann, published in the
Monthly Notices of the Royal Astronomical Society.

3.1 Introduction

The light emitted by stars and the interstellar medium in galaxies contains im-
portant clues about the physical processes that drive galaxy evolution. Different
strategies have been adopted to survey the spectral energy distributions of large
samples of galaxies to gather these clues. High-quality photometry from surveys
such as the Sloan Digital Sky Survey (SDSS, York et al. 2000), the Canada-France-
Hawaii Telescope Legacy Survey (CFHTLS, Goranova et al. 2009) and the Cosmic
Evolution Survey (COSMOS, Scoville et al. 2007) has brought important informa-
tion about the rest-frame optical emission from millions of galaxies out to redshifts
of a few. This is supplemented by medium-resolution spectroscopy of over a mil-
lion local galaxies from the SDSS and the Two-degree Field Galaxy Redshift Survey
(2dFGRS, Colless et al. 2001), and low- and medium-resolution spectroscopy of tens
of thousands of galaxies at higher redshift from surveys such as the VIMOS VLT
Deep Survey (VVDS, Le Fevre et al. 2005) and the Deep Extragalactic Evolution-
ary Probe (DEEP2, Davis et al. 2003). The interpretation of the high-quality data
gathered by these surveys has triggered the development of sophisticated models of
galaxy spectral evolution (e.g., Bruzual and Charlot 2003, Gonzalez Delgado et al.
2005, Maraston 2005, Coelho et al. 2007, Walcher et al. 2009, Vazdekis et al. 2010,
Thomas et al. 2011; see also Charlot and Longhetti 2001, Kewley and Dopita 2002).
These models can help us constrain the star formation and chemical enrichment
histories of galaxies through the analysis of different types of photometric and spec-
troscopic observations. So far, however, the relative merits of different observational
approaches to constrain basic physical properties of galaxies have not been quanti-
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fied in detail.

Recent studies have brought important insight into the efficiency of different
types of observations to constrain physical quantities such as star formation history,
metallicity and dust content from observations of the rest-frame optical emission of
galaxies. Multiband photometry has proved valuable to constrain galaxy redshifts
and basic quantities such as stellar mass-to-light ratio (provided a stellar initial mass
function; hereafter IMF) and, when combined with rest-frame ultraviolet and near-
infrared constraints, star formation rate and attenuation by dust (e.g., Bell and de
Jong 2001, Salim et al. 2005, 2007, Ilbert et al. 2006, Schaerer and de Barros 2010;
but see Wuyts et al. 2009, Conroy et al. 2010b). Medium-resolution spectroscopy
allows separate analyses of nebular-emission and stellar-absorption features, and
hence, more accurate constraints on the star formation history, stellar and interstel-
lar metallicities, attenuation by dust and nuclear activity (e.g., Kauffmann et al.
2003a, Brinchmann et al. 2004, Heckman et al. 2004, Tremonti et al. 2004, Cid Fer-
nandes et al. 2005, Gallazzi et al. 2005, Panter et al. 2007, Wild et al. 2007). At low
spectral resolution, the difficulty of distinguishing between the signatures of nebular-
emission and stellar-absorption features, especially around H-Balmer lines, renders
analyses more complicated [e.g., Lamareille et al., 2006]. This difficulty could be
overcome with the ability to interpret simultaneously the stellar and nebular emis-
sion from galaxies. In this case, the relative merits of multiband photometry and
low- and medium-resolution spectroscopy to constrain galaxy physical parameters
would need to be reexamined.

In this Chapter, we develop a new approach to interpret the combined stellar and
nebular emission from galaxies in wide ranges of multi-wavelength observations. To
achieve this, we appeal to a set of state-of-the-art models of galaxy star formation
and chemical enrichment histories, stellar population synthesis, nebular emission
and attenuation by dust. We use these models to generate a comprehensive library
of several million galaxy spectral energy distributions. This library can be used to
retrieve probability density functions of physical parameters from the Bayesian anal-
ysis of any observed spectral energy distribution. We focus here on the constraints
set by 5-band wugriz photometry and low- and medium-resolution spectroscopy at
rest wavelengths A=3600-7400 A on a few basic physical parameters of galaxies: the
observer-frame absolute r-band stellar mass-to-light ratio (M, /L, ); the fraction of
a current galaxy stellar mass formed during the last 2.5 Gyr (fspn); the specific star
formation rate (1¢g); the gas-phase oxygen abundance [12 + log (O/H)]; the total
effective V-band absorption optical depth of the dust (7y); and the fraction of this
arising from dust in the ambient interstellar medium (hereafter ISM; u). These pa-
rameters cannot be known a priori for any galaxy sample. To assess the accuracy to
which they can be retrieved from different types of observations, we therefore simu-
late ‘pseudo-observations’ by convolving the spectral energy distributions of models
with known parameters with appropriate instrument responses and then applying
artificial noise to mimic true observations. This approach allows us to make accu-
rate predictions for the optimistic case in which the models we rely on are good
approximations of true galaxies. A most notable outcome of our study is that the
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combined analysis of stellar and nebular emission in low-resolution (50 A FWHM),
high-quality (median signal-to-noise ratio per pixel W = 20) galaxy spectra pro-
vides valuable constraints on all the physical parameters mentioned above. We also
explore how the constraints from different types of photometric and spectroscopic
observations depend on signal-to-noise ratio and the inclusion of nebular emission
in the analysis. Our main results are summarized in Table 3.2 (Section 3.5).

We describe our approach to constrain galaxy physical parameters from the com-
bined analysis of stellar and nebular emission in Section 3.2 below. In Section 3.3, we
investigate the accuracy to which the parameters M, /L., fsru, ¢s, 12 + log (O/H),
7y and p can be constrained from different types of photometric and spectroscopic
observations. Then, in Section 3.4, we compare the constraints derived from the
analysis of the medium-resolution spectra of 12,660 SDSS star-forming galaxies us-
ing our approach with those obtained in previous separate analyses of the stellar
and nebular emission. We also investigate the influence of the prior distributions of
physical parameters on the retrieved probability density functions. Our conclusions
are summarized in Section 3.5. Throughout this Chapter, we adopt the standard
cosmology I = 0.3, Qp = 0.7 and h = 0.7.

3.2 Modeling approach

In this section, we describe our approach to assess the retrievability of galaxy phys-
ical parameters from the combined analysis of stellar and nebular emission in wide
ranges of multi-wavelength observations. We first build a comprehensive library of
star formation and chemical enrichment histories of galaxies (Section 3.2.1). We ap-
peal to state-of-the-art models of spectral evolution to compute the emission from
stars and gas and the attenuation by dust in these galaxies (Section 3.2.2). This
allows us to assemble a large library of galaxy spectral energy distributions (Sec-
tion 3.2.3), which we can use to retrieve likelihood distributions of physical parame-
ters from the Bayesian analysis of any type of observed spectral energy distribution
(Section 3.2.4).

3.2.1 Library of star formation and chemical enrichment histories

We build a comprehensive library of galaxy star formation and chemical enrichment
histories by performing a semi-analytic post-treatment of the Millennium cosmo-
logical simulation of Springel et al. [2005|. This large-scale cosmological simulation
follows the growth, interaction and merging history of dark matter haloes from red-
shift z = 127 to the present time.! We adopt the simple semi-analytic recipes of De
Lucia and Blaizot [2007, see also Croton et al. 2006] to follow star formation and
the associated metal production by gas falling into these dark matter haloes. We

'In the Millennium simulation, dark matter is represented as a set of about 10'° point particles,
which interact gravitationally in a cubic region of side 500h~' Mpc. Individual particles have a
mass of 8.6 x 108~ My, and the detection threshold for a dark matter halo is 20 particles, i.e.
about 1.7 x 10'°A~' My, [see Springel et al., 2005, for detail].
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Figure 3.1: Example of galaxy star formation and chemical enrichment histories in-
ferred from the semi-analytic post-treatment of the Millennium cosmological simula-
tion: (a) star formation rate, ¢, and (b) interstellar metallicity, Z, plotted as a func-
tion of look-back time, for a galaxy with a present-day stellar mass of 1.5 x 10190/,
The vertical dashed line marks the evolutionary stage at which the galaxy is looked
at in Fig. 3.3 (corresponding to a galaxy age of 8.4 Gyr).

compute in this way the star formation and chemical enrichment histories of 500,000
galaxies with present-day stellar masses comprised between M, ~ 5 x 10°A~ 1M
(corresponding roughly to the mass resolution of the simulation; Blaizot et al. 2004)
and 5 x 10"*h~1 M. Figure 3.1 shows an example of star formation and chemical
enrichment histories of a galaxy with present-day stellar mass 1.5 x 10'°M. The
spikes in both curves reflect the various episodes of interactions and mergers that
shaped the evolution of the galaxy. As shown by Wild et al. [2008], star formation
histories computed in this way account well for the observed properties of galaxies at
different redshifts in the VVDS (0.5 < z < 1) and SDSS (0.05 < z < 0.1) samples.

About 35 percent of the 500,000 galaxies generated from the semi-analytic post-
treatment of the Millennium simulation do not form stars at z = 0. These contain
a negligible amount of interstellar gas and correspond to the population of present-
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day early-type galaxies. The remaining galaxies span a relatively narrow range of
star formation properties. Their specific star formation rates peak around g =
0.1 Gyr—!, with a dispersion of only a factor of 2. Furthermore, the interstellar
metallicity Z in these galaxies correlates significantly with g, in the sense that the
most metal-poor galaxies form stars most actively. The galaxies also have roughly
similar recent histories of star formation, as quantified by the star formation history
parameter fspp, which we define as the fraction of the current galaxy stellar mass
formed during the last 2.5Gyr (this time lag corresponds to the main-sequence
lifetime of A-F stars with strong Balmer absorption features). This parameter has
a narrow distribution centred on fspp & 0.15, with a dispersion of only 0.1. The
distributions of ¥g and fspy are compatible with roughly constant (overall) star
formation over the past 2.5 Gyr in galaxies more massive than 5 x 10°2~ 1M, given
that 40 percent of the stellar mass formed during this period is returned to the
ISM in the form of winds and supernovae [e.g. Bruzual and Charlot, 2003]. The
above distributions of g, Z and fspy are consistent with the observed properties
of nearby, star-forming SDSS galaxies [e.g. Kauffmann et al., 2003a, Brinchmann
et al., 2004, Tremonti et al., 2004].

The relatively limited ranges of star formation histories and interstellar metal-
licities described above, while appropriate to interpret observations of nearby SDSS
galaxies more massive than 5 x 1091 M, could bias statistical estimates of vg,
Z and fspy in galaxies drawn from other samples or in different mass ranges (e.g.
Weinmann et al. 2006; see also Section 3.4.2 below). To avoid such biases, we
broaden the original prior distributions of these parameters predicted by the semi-
analytic recipes of De Lucia and Blaizot [2007] in 2 ways. Firstly, we widen the
range in fspg by randomly drawing the evolutionary stage (i.e. galaxy age) at
which a galaxy is looked at in the library. In practice, we draw this stage uniformly
in redshift between z = 0 and 1.7, i.e. the upper limit beyond which fsrp reaches
unity for a substantial fraction of the galaxies (Fig. 3.4b below; this resampling
makes the proportion of early-type galaxies drop from 35 to about 10 percent in the
library). Secondly, for galaxies with ongoing star formation at the selected stage, we
broaden the distributions of the current star formation rate and the current interstel-
lar metallicity, as follows (we define here as ‘current’ the average of a quantity over a
period of 10 Myr before a galaxy is looked at). We redistribute the specific star for-
mation rate over the interval —2 < log(1g/Gyr~!) < 1 using the probability density
function p[log(ys/Gyr™1)] = 0.05[1.5° — [log(ys/Gyr™') + 0.5|5], which is approxi-
mately uniform over the logarithmic range from 15 = 0.03 to 3 Gyr~! and drops to
zero at g = 0.01 and 10 Gyr~! (Fig. 3.4c). We redistribute the current interstellar
metallicity Z logarithmically between 0.1 and 3.5 times solar (Zg = 0.017).

The random resampling of g and Z for star-forming galaxies in the library is
justified in part by the stochastic nature of star formation and chemical evolution in
hierarchical scenarios of galaxy formation. Also, since the changes impact only the
last 10 Myr of evolution, they have a negligible influence on the global star formation
and chemical enrichment histories derived from the semi-analytic post-treatment
of the Millennium simulation. In return, the use of wider and uncorrelated prior
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distributions of 1g and Z, together with the broader sampling in galaxy age (and
fsrr), greatly enhances the usefulness of the model library to explore and interpret
the spectral properties of observed galaxy populations.

3.2.2 Galaxy spectral modeling

We now describe the way in which we compute the emission from stars and gas and
the attenuation by dust in the model galaxies generated in the previous section.
The luminosity per unit wavelength L) (t) emerging at time ¢ from a galaxy can be
expressed as [see, e.g., Charlot and Longhetti, 2001]

La(t) = /0 Cd Bt — ) S\t Z(t — Y] Ta(t, 1), (3.2.1)

where 1 (t—t') is the star formation rate at time t—t', S)[t/, Z(t—t")] is the luminosity
emitted per unit wavelength and per unit mass by a stellar generation of age ¢’ and
metallicity Z(t — t'), and Ty(t,t') is the transmission function of the interstellar
medium, defined as the fraction of the radiation produced at wavelength A at time
t by a generation of stars of age t’' that is transferred by the ISM. Following Charlot
and Longhetti [2001], we write T)(t,t’) as the product of the transmission functions
of the ionized gas, T;r (t,t'), and the neutral ISM, T(¢,t),

Ty(t, ') = Ty (1, )Ty (¢, 1) (3.2.2)

In the next paragraphs, we describe the prescriptions we adopt for the functions Sy,
Ty and TY.

3.2.2.1 Stellar emission

We compute the luminosity Sy (¢, Z) emitted per unit wavelength and per unit mass
by a stellar generation of age t and metallicity Z using the latest version of Bruzual
and Charlot [2003] stellar population synthesis code (Charlot & Bruzual, in prepara-
tion). This code predicts the spectral evolution of stellar populations at wavelengths
from 91 A to 160 pm and at ages between 1 x 10° and 2 x 10'9yr, for different
metallicities (from about 0.005Z5 to 4Z), initial mass functions and star forma-
tion histories. We use the most recent version of the code, which incorporates a
new library of observed stellar spectra [Sanchez-Blazquez et al., 2006] and new pre-
scriptions for the evolution of stars less massive than 20 Mg [Bertelli et al., 2008,
2009] and for the thermally pulsating asymptotic giant branch (TP-AGB) evolution
of low- and intermediate-mass stars |[Marigo et al., 2008]. The main effect of the
revised TP-AGB prescription is to improve the predicted near-infrared colours of
intermediate-age stellar populations |e.g., Gonzalez-Lopezlira et al., 2010]. In all
applications throughout this Chapter, we adopt the Galactic-disc IMF of Chabrier
[2003].
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3.2.2.2 Nebular emission

A main feature of our study is that we account for the contribution by ionized gas
to the emission from galaxies. We follow the prescription of Charlot and Longhetti
[2001] to compute the transmission function Ty (¢,¢') of the gas photoionized at
time ¢ by stars of age t' in a galaxy. This consists in adopting effective (i.e. galaxy-
wide) parameters to describe the ensemble of H 11 regions and the diffuse gas ionized
by young stars throughout the galaxy. The main adjustable parameters are the
interstellar metallicity, Z, the zero-age ionization parameter, Uy (which characterizes
the volume-averaged ratio of ionizing-photon to gas densities at age ¢’ = 0), and the
dust-to-metal (mass) ratio, &g (which characterizes the depletion of metals on to
dust grains) of the photoionized gas.?

Following Charlot and Longhetti [2001], we neglect the contribution by stars
older than 10 Myr to nebular emission, i.e., we write

TS (tt) =1, for ' > 10Myr. (3.2.3)

We use the standard photoionization code CLOUDY [Ferland, 1996] to compute the
transmission function at earlier ages, assuming that galaxies are ionization bounded.
For t' < 107yr, therefore, T; (t,t') is close to zero at wavelengths blueward of the H-
Lyman limit and greater than unity at wavelengths corresponding to emission lines
(we record the luminosities of the 109 most prominent emission lines at all wave-
lengths; we also include the recombination continuum radiation). When computing
Ty (t,t') in equations (3.2.1)-(3.2.2), we take the metallicity of the photoionized gas
to be the current metallicity Z(t) of the galaxy. We randomly draw the dust-to-metal
ratio from a uniform prior distribution between &4 = 0.1 and 0.5, and the zero-age
ionization parameter from a logarithmic prior distribution between log Uy = —3.5
and —1.5. We fix all other parameters of the photoionization code at the standard
values favored by Charlot and Longhetti [2001, see their paper for detail].

In Fig. 3.2, we compare the luminosities of prominent optical emission lines
obtained in this way for galaxies with different Z, Uy and &4, with high-quality ob-
servations of a sample of 28,075 star-forming galaxies from the SDSS Data Release 7
[DR7; Abazajian et al., 2009|. The different panels show the relations between differ-
ent luminosity ratios constructed with the [O 11]AA3726, 3729 (hereafter |O 11]A3727),
Hp, [O111]A5007, He, [N 11]JA6584 and [S11]AN6716, 6731 lines. We selected the star-
forming galaxies of Fig. 3.2 from the SDSS DR7 by requiring high signal-to-noise
ratio (S/N > 10) in all lines and excluding galaxies in which the emission could be
contaminated by an active galactic nucleus (AGN; we applied the conservative crite-
rion of Kauffmann et al. 2003b to reject AGNs from the standard Baldwin et al. 1981
line-diagnostic diagram reproduced in Fig. 3.2a). The excellent agreement between
models and SDSS observations in Fig. 3.2 is similar to that obtained by Brinchmann
et al. [2004] using the original Charlot and Longhetti [2001] models. This allows the
derivation of independent constraints on Z, Uy and &4 from the different line lumi-
nosity ratios. For simplicity, in what follows, we adopt a fixed intrinsic line velocity

These effective parameters were denoted by Z, (Up) and £ in Charlot and Longhetti [2001].
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dispersion of 100kms~! (typical of SDSS star-forming galaxies; e.g. Brinchmann
et al. 2004) when computing the contribution by ionized gas to the emission from
galaxies.

3.2.2.3 Attenuation by dust

The attenuation by dust of the emission from a galaxy depends on several factors,
including the amount and structure of the interstellar gas, the metallicity and phys-
ical conditions of this gas and the orientation of the galaxy. Two galaxies with
identical star formation and chemical enrichment histories but different sizes (and
hence different total gas masses), ISM structures and orientations can have widely
different dust attenuation optical depths, even though their dust-free spectral en-
ergy distributions are the same (modulo a mass scaling factor). We assume here for
simplicity that the dust attenuation optical depth of a galaxy does not depend on
other global galaxy parameters, such as the age ¢, the specific star formation rate
1g and the gas metallicity Z. We therefore write the transmission function of the
neutral ISM in equations (3.2.1)—(3.2.2) as simply a function of stellar age ¢/,

T(t,t') = TY(t). (3.2.4)

In the ISM, stars are born in giant molecular clouds, which dissipate on a time-
scale of the order of 10 Myr [e.g., Blitz and Shu, 1980, Kawamura et al., 2009]. Thus
the emission from stars younger than this time-scale and from the photoionized gas
is more attenuated than that from older stars. We account for this effect using the
simple dust model of Charlot and Fall [2000], who express the transmission function
of the neutral gas as®

TY(t) = exp [-A(t)] . (3.2.5)

Here 7)(¢') is the ‘effective absorption’ (or attenuation) optical depth of the dust
seen by stars of age t/. This represents the average absorption of photons emitted
in all directions by stars in all locations within the galaxy, including the effects of
scattering on the path lengths of the photons before they are absorbed. Following
Charlot and Fall [2000], we write

{ #PC 4+ #5M for ¢ < 10Myr, (3.2.6)

FSM for t' > 10Myr,

where %)]\3

C and %/I\SM are the effective absorption optical depths of the stellar birth
clouds and the ambient (i.e. diffuse) ISM, respectively. We note that, since the
intrinsic spectral energy distributions of young and old stars evolve in time, equa-
tion (3.2.6) implies that the global attenuation curve of a galaxy containing several
generations of stars is complicated function of galaxy age, even though 7, is a simple

function of ¢’ (see, e.g., fig. 5 of Charlot and Fall 2000).

3The function denoted here by T9(t') is equivalent to the function T)(¢') defined by equation
(6) of Charlot and Fall [2000], for f = 0.0 in their notation.
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Figure 3.2: FEmission-line luminosities of galaxies computed using the models
described in Section 3.2.2.2 (lines), compared with high-quality observations of
a sample of 28,075 star-forming galaxies from the SDSS DR7 (black dots). The
models assume constant star formation over the past 10 Myr. The data are
corrected for attenuation by dust as described in Brinchmann et al. [2004]. (a)
L([O11]A5007)/L(HB) versus L([N11]A6584)/L(Ha). (b) L(]O111]A5007)/L(Hp)
versus  L([S1]AN6716,6731)/L(Ha). (¢) L(JOm)A5007)/L(HB)  ver-
sus  L([N11]A6584)/L(|O 11]A3727). (d)  L(JO11]A5007)/L(HB)  versus
L([O1]A3727)/L(]O111]A5007).  In each panel, lines of different colours refer
to models with different zero-age ionization parameter log Uy (cyan: —1.5; red:
—2.0; green: —2.5; magenta: —3.0; blue: —3.5). At fixed log Uy, the lower dashed
line corresponds to models with dust-to-metal ratio &g = 0.1, the solid line to models
with g = 0.3 and the upper dashed line to models with £ = 0.5. Along each line,
dots mark the positions of models with different gas metallicity Z (0.10, 0.20, 0.50,
0.75, 1.00, 1.50, 2.00 and 3.00 times Zg, from left to right; only low-metallicity
models are considered for logUpy = —1.5). In (a), the gray long-short-dashed line
shows the Kauffmann et al. [2003b] criterion to separate star-forming galaxies from
AGN:s.
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We must also specify the dependence of %)1\30 and %/I\SM

on wavelength. For stellar
birth clouds, we adopt a simple power-law of index —1.3 appropriate for optically
thick clouds with dust properties in the middle range of the Milky Way, the Large
and the Small Magellanic Clouds [da Cunha et al., 2008]. In the ambient ISM, the
shape of the effective absorption curve is more uncertain, as the spatial distribution
of dust relative to the stars can vary widely from galaxy to galaxy. Also, while ?)I\SM
represents an average optical depth along rays emanating in all directions from all
stars, in practice, the attenuation will depend to some degree on the angle under

which a galaxy is observed. Thus we write

#0¢ = (1 — p)#y (A/5500) "% (3.2.7)

FSM — 3 (A/5500) 7™ . (3.2.8)

In these expressions, 7y = %‘]?C+7°‘I/SM is the total effective V-band absorption optical
depth of the dust seen by young stars inside birth clouds, and pu = %‘I/SM/(%‘];C+7:‘I/SM)
is the fraction of this contributed by dust in the ambient ISM. A value of u around
0.3 and a typical slope n = 0.7 in equation (3.2.8) account remarkably well for several
observed mean relations between the ultraviolet, optical and infrared properties of
nearby galaxies (Charlot and Fall 2000, Kong et al. 2004, Salim et al. 2007, da Cunha
et al. 2008; Wild et al. 2011a). More refined investigations using sophisticated dust
models suggest that, in detail, the attenuation curve should flatten when the optical
depth increases [Pierini et al., 2004, Tuffs et al., 2004, Rocha et al., 2008]. This
is supported by the typically greyer optical attenuation curves observed in nearby
edge-on galaxies compared to face-on ones (Wild et al. 2011b). A recent analysis
shows that the trend favored by current models and observations can be reasonably
well approximated by a simple expression of the slope of the attenuation curve of
the form
2

ne~ 3.2.9
1+ puty ( )

with a scatter of about 20 percent at fixed pu7y (Chevallard et al., in preparation).

To compute TY (¢, ') in equations (3.2.1)-(3.2.2), we therefore proceed as follows.
We first draw 7y between 0.01 and 4 from the probability density function p(7y) =
0.18 arctan[5(4—17y )], which is approximately uniform over the range from 7, = 0.01
to 3 and drops to zero at 7y = 4 (see Fig. 3.4e below). We further draw p from a
uniform prior distribution between 0.1 and 0.7, and we draw n uniformly over an
interval An = 0.3 centred on the mean value predicted by equation (3.2.9). Then,
we report the selected 7y, p and n in equations (3.2.4)—(3.2.8). This prescription
accounts for a much broader range of plausible dust attenuation laws than the simple
recipes usually adopted in galaxy spectral analyses [e.g., Kauffmann et al., 2003a,
Brinchmann et al., 2004, Cid Fernandes et al., 2005, Panter et al., 2007, Wuyts et al.,
2009]. We therefore expect larger typical uncertainties arising from attenuation by
dust than in these previous studies.
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3.2.3 Library of galaxy spectral energy distributions

We use the library of star formation and chemical enrichment histories described in
Section 3.2.1 and the spectral models described in Section 3.2.2 to simulate a large
library of galaxy spectral energy distributions. This will be used in the remainder of
this Chapter to assess the retrievability of galaxy physical parameters from various
types of observations. To ensure that all kinds of spectral energy distributions are
properly sampled, for each of the 500,000 star formation and chemical enrichment
histories in the original library, we draw 10 different realizations of the evolutionary
stage (and hence of the parameter fspp) and, for star-forming galaxies, of the current
physical properties (parameters g, Z, log Uy, &q, Ty and p), as summarized in
Table 3.1. The final library therefore contains 5 million models, which we can use
to generate catalogs of galaxy spectra.



Table 3.1: Prior distributions of the current (i.e. averaged over the last 10 Myr) physical properties of star-forming galaxies in the
library of star formation and chemical enrichment histories assembled in Sections 3.2.1 and 3.2.2.

Par. Description Range Probability Density Function
g Specific star formation rate —2 < log(tps/Gyr~1) <1 0.05 {1.55 - ‘log(ws/Gyr_l) + ().5‘5J
Z Metallicity of the star-forming gas —1<log(Z/Zs) < 0.54 uniform

log Uy Zero-age ionization parameter —3.5<log Uy < —1.5 uniform

&q Dust-to-metal ratio in the ionized gas 0.1 <& <05 uniform

TV Total V-band attenuation optical depth of the dust 001 <7y <4 0.18 arctan [5(4 — 7v)]

7 Fraction of 7y, contributed by dust in diffuse ISM 0.1 <pu<0.7 uniform

n Slope of the attenuation curve in the diffuse ISM 1.6 <n(l+piy) <24 uniform
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In the present study, we focus primarily on the rest-frame optical properties of
galaxies. Our main goal is to compare the constraints that can be derived on galaxy
physical parameters from different types of observations in this wavelength range.
At wavelengths between 3525 and 7500 A, the stellar population spectra computed
using the models presented in Section 3.2.2.1 have a native spectral resolution of
2.3A (full width at half-maximum, hereafter FWHM), corresponding to a resolving
power R ~ 2200 at 5000 A (the resolution is coarser outside this wavelength range).
This allows us to investigate the retrievability of galaxy physical parameters from 4
different types of observations at optical wavelengths:

o Medium-resolution spectroscopy (A=3600-7400 A ). We adopt a fiducial reso-
lution of 5 A FWHM, corresponding to R = 1000 at A = 5000 A, and a fixed
pixel size of 2.5 A.

e Low-resolution spectroscopy (A=3600-7400 A ). We adopt a fiducial resolution
of 50 A FWHM, corresponding to R = 100 at A\ = 5000 A, and a fixed pixel
size of 25 A.

o FEquivalent-width measurements of strong emission lines. We also investi-
gate the constraints set purely by the equivalent widths of the following
emission lines, at both low and medium spectral resolution: [O I1JA3727;
Hp; [O111]A4959, [O111]A5007; [N 11]A6548; Hey; [N11JA6584; [S11]A6716 and
[S11]A6731. An advantage of equivalent widths is that they can provide useful
information even in spectra which are not flux-calibrated.

e Broadband photometry. We adopt the SDSS ugriz filter response functions.

As an example, Fig. 3.3 shows the spectral energy distribution of the same model
galaxy as in Fig. 3.1 at the age of 8.4 Gyr (with current physical parameters resam-
pled using the distributions in Table 3.1), computed alternatively at medium (panel
a) and low (panel b) spectral resolution and convolved with the SDSS ugriz filter
response functions (panel c).

3.2.4 Retrievability of galaxy physical parameters

The galaxy spectral library generated in the previous section can be used to assess
the retrievability of physical parameters from different types of observations. To
achieve this, we first draw a random subsample of 10,000 spectral energy distribu-
tions from the library, to which we apply artificial noise to mimic true observations.
For low- and medium-resolution spectroscopy, we apply noise independent of wave-
length (i.e. white noise), parametrized in terms of the median S/N per pixel, S/iN
We consider the cases S/N =5 and 20 (for reference, the stellar population spectra
computed using the models presented in Section 3.2.2.1 have a native S/7N of about
95). For multiband photometry, instead, we take the signal-to-noise ratio to be the

same in all wavebands (S/N = 10 or 30). In the following, we refer to this subsam-
ple of 10,000 noisy spectral energy distributions as ‘pseudo-observations’, and to the
4,990,000 remaining spectral energy distributions in the library as simply ‘models’.
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Figure 3.3: Spectral energy distribution of the same model galaxy as in Fig. 3.1
at the age of 8.4 Gyr, computed using the models described in Sections 3.2.1 and
3.2.2. (a) At a spectral resolution of 5 A FWHM (R = 1000 at 5000 A). The black
portion of the spectrum (A=3600-7400 A) is that used to retrieve galaxy physical
parameters at this resolution. (b) Same as in (a), but at a spectral resolution of
50A FWHM (R = 100 at 5000A). (¢) Same as in (a), but convolved with the
SDSS wugriz filter response functions (shown at the bottom). The model galaxy has
fsrr = 0.3 and current parameters (resampled using the distributions in Table 3.1)
g = 0.08Gyr~!, Z = 0.4Zy, logUy = —2.8, & = 0.3, 7y = 1.0, u = 0.6 and
n = 0.7. In (a) and (b), the adopted pixel size is half the size of a resolution
element.
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We use a Bayesian approach to quantify the accuracy to which several phys-
ical parameters of these pseudo-galaxies can be retrieved from different types of
observables. The likelihood of the jth model, noted M}, given the spectral energy
distribution of a pseudo-galaxy can be written

In P(M;|{0;}) = - > <O]M]> : (3.2.10)

2 - ;3

T

where O; and M,; are the spectral energy distributions (i.e., either the spectral

flux density at the i th wavelength, or the equivalent width of the i th emission line,

or the flux in the ith photometric band; see Section 3.2.3) of the pseudo-galaxy

and the jth model, respectively, o; is the uncertainty in O; corresponding to the
adopted signal-to-noise ratio, and

1

w; = (Z Ol?fﬂ) [Z (“ﬁ:’)j _ (3.2.11)

7 g )

is the model scaling factor that maximizes P(M;[{O;}) (this parameter is unity
in the case of scale-free equivalent widths). In practice, in the case of medium-
resolution spectroscopy, the summation on the right-hand side of expression (3.2.10)
extends over 1520 wavelength points and hence generally yields values greater than
2000, even for a good-fit model.* The absolute likelihood in this case cannot be
evaluated numerically, as it is always rounded to 0. For medium-resolution spec-
troscopy, therefore, we rather compute the probability of the jth model relative to
the best-fitting model, noted My,

In P(M;{0:}) = In P(M;{O,}) — In P(Mol{O3}) (3.2.12)

We have checked that in the case of low-resolution spectroscopy, where both
P(M;|{0;}) and P(M;|{O;}) can be evaluated numerically, the likelihood distri-
butions of galaxy physical parameters obtained using equations (3.2.10) and (3.2.12)
are similar.

In this Chapter, we focus on the retrievability of 6 physical parameters from the
observed spectral energy distributions of galaxies:

e the observer-frame absolute r-band (stellar) mass-to-light ratio, M, /L,. This
is the ratio of the galaxy stellar mass to the absolute luminosity in the observed
r band;

4We note that only a small contribution to these high values arises from our neglect of intrinsic
correlations between spectral pixels in equation (3.2.10). A detailed investigation (see Appendix A)
reveals that such correlations are significant only for pixels associated with emission lines, which
reflects the fact that all emission lines arise from the same ionizing radiation. We have used a
test sample of 3000 pseudo-galaxies to check the effect of accounting for pixel-to-pixel correlations
on the calculation of model likelihoods. This requires the introduction of the covariance matrix
in equation (3.2.10) and is computationally very demanding. The result is a negligible effect on
the computed model likelihoods. Hence equation (3.2.10) should be appropriate to compute model
likelihoods.
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e the fraction of the current galaxy stellar mass formed during the last 2.5 Gyr,
fswm;

e the specific star formation rate, g;

e the gas-phase oxygen abundance in units of 12 + log (O/H), where O/H is
the abundance by number of oxygen relative to hydrogen. In the models of
nebular emission adopted in Section 3.2.2.2, the gas-phase oxygen abundance
corresponding to solar metallicity (Z = Z) is 8.81, 8.73 and 8.63 for dust-to-
metal ratios £g = 0.1, 0.3 and 0.5, respectively.

e the total effective V-band absorption optical depth of the dust, 7y (Sec-
tion 3.2.2.3);

e the fraction of 7y arising from dust in the ambient ISM, u.

Fig. 3.4 shows the prior distributions of these parameters in the galaxy spectral
library generated in Section 3.2.3. In each panel, the shaded histogram shows the
distribution including all galaxies, while the solid histogram shows the contribution
by star-forming galaxies alone. Galaxies without star formation have typically high
M,/L, in Fig. 3.4a and fspg =~ 0 in Fig. 3.4b. These galaxies are off scale (at
log s = —o0) in Fig. 3.4c. They do not contribute to the histograms in Figs 3.4d-f,
which pertain to interstellar parameters. As emphasized in Sections 3.2.1 and 3.2.2,
the prior distributions of Fig. 3.4 are as flat as possible to avoid unwanted biases
in the retrieval of physical parameters from observed spectral energy distributions
of galaxies. This choice is motivated by the desire to make the spectral library
appropriate for the analysis of galaxies in wide ranges of physical properties (we
note that the finite extent of the prior distributions in Fig. 3.4 could still bias
analyses of galaxies with extreme parameters). Alternative prior distributions can be
designed to help reduce the uncertainties in the parameters derived for galaxies with
known specific physical properties (e.g., actively star-forming, early-type, metal-
poor). We return to the influence of prior distributions on parameter determinations
in Section 3.4.2 below, where we investigate the results obtained using the library of
galaxy star formation and chemical enrichment histories derived from the original
semi-analytic recipes of De Lucia and Blaizot [2007] .

In Fig. 3.5, we show examples of the probability density functions (likelihood dis-
tributions) of physical parameters retrieved, using equations (3.2.10)—(3.2.11) and
the prior distributions of Fig. 3.4, from the low-resolution, high-S/N spectrum of
a pseudo-galaxy in our library. This pseudo-observation was obtained by adding
artificial noise (S/N = 20) to the model spectrum of Fig. 3.3b. We take the ‘best
estimate’ of each parameter in Fig. 3.5 to be the median of the retrieved probability
density function and the associated ‘uncertainty’ to be half the 16th—84th percentile
range (this would be equivalent to the 10 range in the case of a Gaussian distribu-
tion). To quantify potential biases in the retrieved likelihood distribution, we further
define the ‘accuracy’ as the absolute difference between the retrieved best estimate
and true parameter value. In this example, all the parameters are well retrieved.
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Figure 3.4: Prior distributions of selected physical parameters of the 5 million galax-
ies in the spectral library generated in Section 3.2.3: (a) observer-frame absolute
r-band stellar mass-to-light ratio, M, /L,; (b) fraction of current stellar mass formed
during the last 2.5 Gyr, fsrm; (¢) specific star formation rate, 1g; (d) gas-phase oxy-
gen abundance, 12 + log (O/H); (e) total effective V-band absorption optical depth
of the dust, 7y; (f) fraction of 7y arising from dust in the ambient ISM, p. In each
panel, the shaded histogram shows the distribution for all galaxies, while the solid
histogram shows the contribution by star-forming galaxies alone. Non-star-forming
galaxies are off scale (at logig = —o0) in panel (¢) and do not contribute to the
distributions of interstellar parameters in panels (d)—(f).
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Figure 3.5: Probability density functions of the same physical parameters as in
Fig. 3.4 retrieved, using the Bayesian approach described in Section 3.2.4, from the
pseudo-galaxy spectrum shown at the top. The spectrum was obtained by adding
artificial noise with S/N = 20 to the R = 100 model spectrum of Fig. 3.3b. In each
panel, the black triangle indicates the true value of the parameter of the pseudo-
galaxy, the solid line the best estimate (50th percentile of the retrieved likelihood
distribution) and the dashed lines the associated 68-percent confidence interval (16th
and 84th percentiles).
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The success in recovering the fraction fgpy of intermediate-age stars (Fig. 3.5¢) and
the interstellar parameters 12 + log (O/H), 7y and p (Figs 3.5e-3.5g) is remarkable.
It is the first illustration of the power of our approach to exploit strong absorption-
and emission-line signatures in noisy, low-resolution spectra. We examine this prop-
erty in detail in Section 3.3.2 below.

It is important to stress that the approach adopted here to assess the retrievabil-
ity of galaxy physical parameters from different types of observations, while ideal-
ized, is as realistic as can be achieved using modern techniques. Pseudo-observations
are required to test the retrievability of physical parameters from observables, be-
cause the physical parameters of observed galaxies cannot be known a priori. The
fact that we draw pseudo-observations from the same spectral library as the models
used to analyze them makes the constraints derived on the retrievability of physical
parameters optimistic: our results correspond to the best possible case in which the
models are a realistic representation of true galaxies. In Section 3.4 below, we also
illustrate the constraints that can be derived by applying our approach to interpret
a sample of observed galaxy spectra.

3.3 Constraints on galaxy physical parameters from dif-
ferent types of observations

In this section, we use the modeling approach described in the previous section to
quantify the accuracy to which physical parameters of galaxies can be retrieved from
different types of observations. We focus on the retrievability of the 6 parameters
introduced in Section 3.2.4: the observer-frame absolute r-band stellar mass-to-light
ratio, M, /L,; the fraction of the current galaxy stellar mass formed during the last
2.5 Gyr, fsru; the specific star formation rate, 1g; the gas-phase oxygen abundance,
12 + log (O/H); the total effective V-band absorption optical depth of the dust, 7y;
and the fraction of 7y arising from dust in the ambient ISM, u. In Section 3.3.1
below, we first examine the constraints set on these parameters by multi-band pho-
tometric observations. We consider the influence of several factors, such as the
signal-to-noise ratio, the number of photometric bands, the contamination of broad-
band fluxes by nebular emission lines and the uncertainty introduced by the lack
of redshift information. We find that photometric observations can provide useful
constraints mainly on M, /L, and tg. Then, in Section 3.3.2, we quantify the im-
provement that can be achieved in the constraints on all parameters by appealing
to different types of spectroscopic observations.

3.3.1 Constraints from multi-band photometry
3.3.1.1 Nearby galaxies

We first explore the extent to which physical parameters of nearby galaxies can
be constrained using 5-band wgriz photometry. We extract 10,000 spectral en-
ergy distributions from the library assembled in Section 3.2.3 to compute pseudo-
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Figure 3.6: Average probability density functions of the same 6 physical parame-
ters as in Fig. 3.4 retrieved, using the Bayesian approach described in Section 3.2.4,
from 5-band ugriz photometry with S/N = 30 of a sample of 10,000 pseudo-galaxies
(standard case). Each panel corresponds to a different parameter |from left to right:
M, /Ly, fsru, ¥s, 12 4 log (O/H), 7y and pl. In each case, average probability den-
sity functions in 50 narrow bins of true parameter value were obtained by coadding
and then renormalizing the probability density functions retrieved for the 10,000
pseudo-galaxies (see Section 3.3.1.1 for detail). Grey levels locate the 2.5th, 12th,
16th, 22nd, 30th, 40th, 60th, 70th, 78th, 84th, 88th and 97.5th percentiles of the
average likelihood distribution in each bin. The solid line locates the associated me-
dian (best estimate) and the 2 dashed lines the 16th and 84th percentiles (68-percent
confidence interval). For reference, 3 dotted lines indicate the identity relation and
deviations by a factor of 2 (+0.3dex) between the retrieved and true parameter
values.

observations of galaxies in these bands, as described in Section 3.2.4. We adopt
for the moment a signal-to-noise ratio S/N = 30 in all bands and place all spectral
energy distributions at z = 0. The rest of the 5 million models in the library allow
us to retrieve likelihood distributions of M, /L,, fsru, s, 12 + log (O/H), 7y and
w for each of these 10,000 pseudo-galaxies, by means of equations (3.2.10)—(3.2.11).
In the following, we refer to this setting as the ‘standard’ case.

Fig. 3.6 summarizes the constraints that can be set on the physical parameters of
nearby galaxies using high-quality, 5-band ugriz photometry. For each parameter,
we plot the average probability density function retrieved from the above analysis
as a function of true parameter value. This average was obtained by coadding and
then renormalizing the probability density functions retrieved in narrow bins of true
parameter value for the 10,000 pseudo-galaxies in our sample. The solid line in each
panel of Fig. 3.6 locates the median (i.e. best estimate; Section 3.2.4) of the average
likelihood distribution in each bin, the dashed lines the 16th and 84th percentiles
(68-percent confidence interval) and the outer edges of the lightest grey level the
2.5th and 97.5th percentiles (these would correspond to the +20 levels in the case of
a Gaussian distribution). For reference, 3 dotted lines indicate the identity relation
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and deviations by a factor of 2 (£0.3 dex) between the retrieved and true parameters.

Fig. 3.6 shows that the r-band stellar mass-to-light ratio of nearby galaxies
can be reasonably well constrained using 5-band ugriz photometry. The retrieved
best estimate is in excellent agreement with the true parameter value over most of
the explored range, and the associated uncertainty, defined as half the 16th—84th
percentile range (Section 3.2.4), is only about 0.19 dex (this number would be larger
if we allowed for IMF variations). At the extremities of the range, the relative
deficiency of galaxies with very small and very large M, /L, in the spectral library
(Fig. 3.4a) slightly biases the retrieved likelihood distributions toward intermediate
M, /L, values. Fig. 3.6 also shows that, in contrast to M,/L,, the fraction fsrp
of stellar mass formed in the past 2.5 Gyr cannot be well retrieved from 5-band
ugriz photometry. This is because the strong absorption features of intermediate-
age stars have a negligible influence on broadband fluxes. The signatures of fspp
on broadband colours are otherwise difficult to disentangle from those of stellar
metallicity and attenuation by dust.

The constraints on specific star formation rate from 5-band ugriz photometry
in Fig. 3.6 are meaningful only for actively star-forming galaxies, i.e. for ¥g >
1Gyr~!, and the associated uncertainty is at best 0.30dex. In such galaxies, the
contamination of broadband fluxes by strong emission lines produces identifiable
signatures (|O11] in the u band; HB and [O111] in the g band; He, [N11] and [S11]
in the r band). Even then, the similar colours of galaxies with both low g and 7y
and those with both high g and 7y give rise to long tails toward low g in the
retrieved likelihood distributions. This degeneracy is illustrated by the overlap of
galaxies with different g in Fig 3.7a, which shows the g — ¢ versus u — g colours
of a subset of 50,000 models in the spectral library. Together with the fact that,
even in galaxies with strong emission lines, broadband colours do not allow the
distinction between different line ratios, this also implies poor constraints on the
gas-phase oxygen abundance and the dust parameters 7y, and g in Fig. 3.6. The
retrieved likelihood distributions of these parameters are largely driven by the prior
distributions of Fig. 3.4.

The results of Fig. 3.6 are consistent with those of Wuyts et al. [2009], who
explored the recovery of physical parameters from broadband spectral energy dis-
tributions of model galaxies taken from hydrodynamical merger simulations. Our
study differs from theirs in that we consider much wider ranges of star formation
and chemical enrichment histories and dust properties to retrieve likelihood distri-
butions of physical parameters. Also, Wuyts et al. [2009] neglect the contribution by
nebular emission to broadband fluxes and include 11 bands to sample the rest-frame
spectral energy distributions of galaxies over a wide range of wavelengths, between
roughly 0.15 and 3 um. Finally, they analyze galaxy simulations in the redshift
range 1.5 < z < 2.9, which span a much narrower range of stellar population ages
than the pseudo-galaxies in our sample. For all these reasons, Wuyts et al. [2009]
find smaller typical uncertainties in the retrieved stellar mass (~ 0.10 dex) and star
formation rate (~ 0.31dex) than can be inferred from the constraints on M, /L,
and vg in Fig. 3.6. They also find much tighter constraints on the dust attenuation
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Figure 3.7: (a) g—i colour plotted against u — g colour for a subset of 50,000 models
from the galaxy spectral library assembled in Section 3.2.3. The models are colour-
coded according to specific star formation rate, as indicated. (b) Same as (a), but
without including the contribution by nebular emission to broadband fluxes.
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optical depth (~ 0.31). Wuyts et al. [2009] note that using simple (single-burst,
constant and exponentially declining) star formation histories to fit the results of
more realistic hydrodynamical merger simulations can induce significant deviations
between the retrieved maximum-likelihood and true parameters values. Our adop-
tion of the sophisticated galaxy spectral library assembled in Section 3.2.3 should
minimize this type of limitation when applying our approach to the interpretation
of real observations (Section 3.4).

We now return to our investigation and examine the sensitivity of the results of
Fig. 3.6 to the adopted signal-to-noise ratio, the photometric wavelength coverage
and the inclusion of nebular emission when interpreting broadband observations of
galaxies. To quantify potential differences in the retrieved likelihood distributions
relative to the standard case, we define the improvement factor as the ratio

uncertainty in the standard case
I, = Y : . (3.3.13)
uncertainty

This quantity can be computed for any true parameter value. It exceeds unity when
the constraints are tighter (i.e. the uncertainty smaller) than in the standard case.
We further define the gain in accuracy as the difference

A = (accuracy in the standard case) — (accuracy) . (3.3.14)

This quantity is positive when the retrieved best estimate is more accurate (i.e. the
absolute difference between the retrieved best estimate and true parameter value
smaller) than in the standard case. In Fig. 3.8, we show the analog of Fig. 3.6 for 3
distinct alternatives to the standard case: adopting a signal-to-noise ratio S/N = 10
instead of 30 (top row); removing the constraints from the reddest 2 photometric
bands, ¢ and z (middle row); and not including nebular emission in the model
library used to analyze pseudo-observations (bottom row). In all cases, we show at
the bottom of each panel the improvement factor I, and the gain in accuracy A as
a function of true parameter value.

Fig. 3.8 (top row) shows that reducing the signal-to-noise ratio from S/N = 30
to 10 makes the uncertainty in the retrieved M, /L, larger by about 15 percent and,
at the extremities of the explored range, the accuracy between 10 and 25 percent
worse. A more dramatic difference relative to the standard case arises from the loss
of the emission-line signal for actively star-forming galaxies. This causes a sharp
drop in I, at high g, implying poor constraints on the specific star formation rate
over the entire explored range. Interestingly, Fig. 3.8 (middle row) shows that the
effect of removing the i- and z-band constraints at S/N = 30 is very similar to that
of lowering the signal-to-noise ratio of 5-band ugriz photometry. This is because
the signatures of dust attenuation can be less well delineated from those of star
formation from the ugr colours alone, even if the contamination of these broadband
fluxes by strong emission lines can in principle be detected at high S/N (Fig. 3.6).
As expected, the other parameters, fspy, 12 4 log (O/H), 7y and u, can be even
less well retrieved than in the standard case when the signal-to-noise ratio is lowered
and when the i- and z-band constraints are removed.
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It is also of interest to quantify the importance of including nebular emission
when interpreting broadband observations of galaxies. A comparison between the
top and bottom panels of Fig. 3.7 shows that the contribution by [O11] emission
to the w-band flux and that of HS and [O111] emission to the g-band flux can
change the broadband u — g and g — 4 colours of galaxies with g > 1Gyr~! by
several tenths of a magnitude. In Fig. 3.8 (bottom row), we show the results of
attempting to interpret the same pseudo-observations as in Fig. 3.6 (which include
the contribution by nebular emission to the ugriz fluxes) using a spectral library
which neglects nebular emission. This spectral library was constructed in the same
way as that assembled in Section 3.2.3, but ignoring the prescription for nebular
emission in Section 3.2.2.2. The retrieved M, /L, in this case is very similar to that
obtained in the standard case, except for the slightly worse accuracy (A < 0) at very
low M, /L,, consistent with the contamination of the r-band flux by He, [N 11] and
[S 11] emission in actively star-forming galaxies. As anticipated from Fig. 3.7, models
without nebular emission do not sample broadband colours well enough to allow
the retrieval of meaningful constraints on g for actively star-forming galaxies. The
other parameters, fspi, 12 + log (O/H), 7y and pu, are as poorly constrained as in the
standard case. We conclude from Fig. 3.8 that high S/N, good wavelength coverage
and accounting for nebular emission are all important to tighten the constraints
on specific star formation rate from broadband observations of galaxies, while the
inclusion of nebular emission is less crucial to constrain stellar mass-to-light ratio.

3.3.1.2 Galaxies at unknown redshift

We have tested so far the retrievability of physical parameters from 5-band ugriz
photometry only for nearby galaxies. We now wish to explore the constraints achiev-
able for galaxies at unknown redshift. Ilbert et al. [2006] have shown that redshift
can be best estimated from 5-band ugriz photometry out to z ~ 1.5. Photomet-
ric redshift measurements of more distant galaxies require observations at longer
wavelengths [e.g. Ilbert et al., 2009], which are beyond the scope of the present
Chapter (see Pacifici et al., in preparation). We therefore restrict ourselves here to
the retrievability of physical parameters of galaxies from 5-band ugriz photometry
at redshifts in the range 0 < z < 1.

We use an approach similar to that described in Section 3.2.3 to generate a new
library of 5 million spectral energy distributions of galaxies at random redshifts be-
tween 0 and 1. For each of the 500,000 star formation and chemical enrichment
histories in the original library of Section 3.2.1, we first draw an observation red-
shift zohs between 0 and 1. Then, we proceed as outlined in Section 3.2.3 and
draw 10 different realization of the evolutionary stage (i.e. galaxy age) at which
the galaxy is looked at (uniformly in redshift between zos and z = 1.7, to better
sample the parameter fsp; see Section 3.2.1) and, for star-forming galaxies, of
the current parameters v, Z, log Up, &4, 7y and p (using the distributions in Ta-
ble 3.1). The resulting spectral library contains about 8 percent early-type galaxies,
i.e. slightly less than the 10 percent in the z = 0 library assembled in Section 3.2.3.
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Figure 3.8: Same as Fig. 3.6, but for 3 distinct alternatives to the standard case:
(top row) adopting a signal-to-noise ratio S/N = 10 instead of 30; (middle row) using
constraints from only the ugr photometric bands instead of ugriz; and (bottom row)
not including nebular emission in the model library used to analyze the sample of
10,000 pseudo-galaxies. In all cases, the improvement factor I, and the gain in
accuracy A (equations 3.3.13-3.3.14) are shown as a function of true parameter
value at the bottom of each panel to quantify differences in the retrieved likelihood
distributions relative to the standard case of Fig. 3.6.
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Figure 3.9: Prior distributions of the same physical parameters as in Fig. 3.4 for the
5 million galaxies at redshifts between 0 and 1 in the spectral library assembled in
Section 3.3.1.2. In each panel, the shaded histogram shows the distribution for all
galaxies, while the solid histogram shows the contribution by star-forming galaxies
alone. Non-star-forming galaxies are off scale (at log g = —o0) in panel (¢) and do
not contribute to the distributions of interstellar parameters in panels (d)—(f).

Fig. 3.9 shows the prior distributions of the physical parameters M, /L,, fsrm, ¢s,
12 +1og (O/H), 7y and p in this library. As in Fig. 3.4, in each panel, the shaded
histogram shows the distribution including all galaxies, while the solid histogram
shows the contribution by star-forming galaxies alone. The prior distribution of the
observer-frame absolute r-band stellar mass-to-light ratio in Fig. 3.9a reaches larger
values than in Fig. 3.4a because of the contribution by (dusty) high-redshift galaxies
with large K corrections. The early evolutionary stage of high-redshift galaxies also
implies a larger typical fspg in Fig. 3.9b than in Fig. 3.4b. By construction, the
distributions of the current physical parameters g, 12 4+ log (O/H), 7y and u are
the same in Figs 3.4 and 3.9 (from Table 3.1).

By analogy with Section 3.3.1.1, we generate pseudo-observations in the ugriz
photometric bands of 10,000 galaxies in the new library. These pseudo-observations
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sample different wavelength ranges of the rest-frame spectral energy distributions
of galaxies at different redshifts, from roughly 3000-10,000 A at zgs = 0 to 1500~
5000 A at zg,s = 1. We consider both high-quality (S/N = 30) and low-quality
(S/N = 10) observations. Using the rest of the 5 million models in the library, we
can retrieve likelihood distributions of z,ps for each of the 10,000 pseudo-galaxies,
as well as likelihood distributions of M,/L,, fsru, vs, 12 + log (O/H), 7y and p.

In Fig. 3.10a, we plot the distribution of the difference between the retrieved
best estimate (i.e. median) and true value of zgpg, in units of 1+ zps, for the 10,000
pseudo-galaxies in our sample. The results for S/N = 30 (shaded histogram) are
in remarkable agreement with the o = 0.03 Gaussian uncertainty in this quantity
quoted by Ilbert et al. [2006], who analyzed CFHTLS (S/N 2 30) u*¢'r’i’z" photom-
etry of about 3000 galaxies with spectroscopic redshifts between 0.2 and 1.5 (dashed
line). For S/N = 10, the retrieved best estimate of zyps in Fig. 3.10a remains in
good general agreement with the true value (solid histogram). To better illustrate
the origin of the histograms in Figs 3.10a, we show in Figs 3.10b and 3.10c the
detail of the average retrieved probability density functions as a function of zpg for
S/N = 30 and 10, respectively.

The retrieved probability density functions of the other physical parameters of
interest to us are difficult to interpret when averaged over galaxies at all redshifts
between 0 and 1, because of the different effects impacting the recovery of parameters
in different redshifts ranges. For this reason, it is more instructive to explore the
retrievability of M, /L,, fsrmu, ¥s, 12 + log (O/H), 7y and u for galaxies in different
redshift ranges, for example, 0.2 < zps < 0.4 and 0.6 < zgps < 0.8. We redraw
10,000 spectral energy distributions in each of these redshift ranges from the new
galaxy spectral library, which we use to generate pseudo-observations in the ugriz
photometric bands, for S/N = 30. As before, we assume that the redshift zps
of a galaxy is unknown a priori and use all models at redshifts between 0 and 1
in the spectral library to retrieve likelihood distributions of physical parameters.
According to Fig. 3.10b, z.hs can be retrieved with an uncertainty of roughly 0.05
in both redshift ranges at the adopted signal-to-noise ratio.

Fig. 3.11 shows the average probability density functions of physical parame-
ters retrieved in this way for galaxies at redshifts 0.2 < zg,s < 0.4 (top row) and
0.6 < zobs < 0.8 (bottom row). At low redshift, the constraints are similar to those
obtained in Fig. 3.6 for galaxies at z = 0. The main difference is the extension
of the M, /L, probability density functions to larger values, induced by the tail of
high-redshift galaxies with large K corrections in the prior distribution (Fig. 3.9a).
This tends to worsen the typical uncertainty in M, /L, (from 0.19 to 0.22 dex) over
the range sampled by Fig. 3.6, i.e. for log[(M./L,)/(Ms/Lye)] < 0.4, while at
larger M, /L,, the smaller number of models implies a significant bias in the re-
trieved likelihood distribution. Another noticeable difference caused by the absence
of redshift information between Fig. 3.11 (top row) and Fig. 3.6 is the slightly worse
uncertainty and bias in the retrieved specific star formation rate of actively star-
forming galaxies. Fig. 3.11 (bottom row) also shows that, at higher redshift, the loss
of Ha information further worsens g estimates in these galaxies. The constraints
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Figure 3.10: (@) Distribution of the difference between the retrieved best estimate
(i.e. median) and true value of zypg, in units of 14 zops, for a sample of 10,000 pseudo-
galaxies at redshifts between 0 and 1 observed in the ugriz photometric bands. The
shaded and solid histograms show the distributions obtained for S/N = 30 and
S/N = 10, respectively. For reference, a dashed line indicates the o = 0.03 Gaussian
accuracy quoted by Ilbert et al. [2006], who analyzed CFHTLS (S/N > 30) u*¢'r'i'2’
photometry of about 3000 galaxies with spectroscopic redshifts between 0.2 and 1.5.
(b) Detail of the average retrieved probability density function plotted against zops,
for S/N = 30. The lines and shading have the same meaning as in Fig. 3.6. (¢)
Same as (b), but for S/N = 10.
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Figure 3.11: Average probability density functions of the same 6 physical parameters
as in Fig. 3.9 retrieved, using the Bayesian approach described in Section 3.2.4, from
5-band ugriz photometry with S/N = 30 of samples of 10,000 pseudo-galaxies at
random redshifts: (top row) drawn in the redshift range 0.2 < zgps < 0.4; and
(bottom row) drawn in the redshift range 0.6 < zops < 0.8. In each case, the redshift
Zobs Of a galaxy is assumed not to be known a priori, and the probability density
functions are computed using models at all redshifts between 0 and 1 in the spectral
library assembled in Section 3.3.1.2. In all panels, the lines and shading have the
same meaning as in Fig. 3.6.
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on M, /L, are similar to those for low-redshift galaxies. In both redshift ranges in
Fig. 3.11, the parameters fgpy, 12 + log (O/H), 7y and p are as poorly constrained
as for z = 0 galaxies in Fig. 3.6.

We conclude that high-quality photometry in the ugriz bands can provide useful
constraints on the mass-to-light ratio and specific star formation rate of galaxies,
especially at low redshift, but less so on the recent history of star formation and
the enrichment in metals and dust of the interstellar medium. The lack of redshift
information can significantly weaken these constraints.

3.3.2 Spectroscopic constraints

We now investigate how the constraints obtained above from multi-band photometry
on the parameters M, /L,, fsru, ¥s, 12+ log (O/H), 7y and u can be improved by
appealing to different types of spectroscopic observations. In Section 3.3.2.1 below,
we first show that the equivalent widths of strong optical emission lines alone can
provide useful clues about the specific star formation rate and enrichment of the
interstellar medium in star-forming galaxies. Then, in Sections 3.3.2.2 and 3.3.2.3,
we explore in detail the constraints retrievable from low- and medium-resolution
spectroscopy, exploiting the ability with our approach to interpret simultaneously
the stellar and nebular emission from galaxies. Throughout this section, we as-
sume that the galaxies have well-determined spectroscopic redshifts and perform
all calculations at rest-frame wavelengths in the range between 3600 and 7400 A
(Fig. 3.3).

3.3.2.1 Equivalent widths of strong optical emission lines

The equivalent widths of optical emission lines reflect the ratio of young stars, which
produce ionizing radiation, to older stars, which dominate the optical continuum
radiation. These equivalent widths should therefore provide valuable information
about the specific star formation rate and, if several lines are available, the gas-phase
oxygen abundance and dust attenuation optical depth in star-forming galaxies. Since
line equivalent widths do not provide any information about the absolute stellar
continuum emission, they cannot be used to constrain the parameters M, /L, nor
fsrr. Similarly, line equivalent widths should not provide any useful constraint on
the dust attenuation optical depth in the ambient ISM, u7y/, which affects in similar
ways emission lines emerging from stellar birth clouds and the continuum radiation
from old stars (equation 3.2.8). We therefore focus here on the retrievability of
the parameters 1g, 12 + log (O/H) and the dust attenuation optical depth in stellar
birth clouds, (1 — u)7y, from observations of the equivalent widths of strong optical
emission lines in star-forming galaxies.

To proceed, we select a sample of 10,000 spectral energy distributions from the
library assembled in Section 3.2.3 to compute pseudo-observations of the net emis-
sion equivalent widths of the following emission lines: [O11|A3727; H/3; |O 111]A4959;
[O 11| A5007; [N 11]A6548; Hey; [NI11JA6584; [S11]A6716 and [S11]A6731. We con-
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sider both the cases of low (50 A FWHM; R = 100 at A = 5000 A) and medium
(5A FWHM; R = 1000 at A = 5000 A) spectral resolution and fix the median
signal-to-noise ratio per pixel at S/N = 20. In the case of low spectral reso-
lution, we treat as single emission features the line blends: [O 111]AN4959, 5007,
[N 11]A6548 + Ha + [N 11]A6584 and [S1I|AN6716,6731. We also require that, at a
given spectral resolution, the net emission equivalent widths of all features be mea-
sured at better than the 3¢ level.’> We apply the same requirement to the model
spectra used to compute likelihood distributions of 1g, 12 + log (O/H) and (1 —p)7y
for each pseudo-galaxy. These requirements are filled by roughly 2.7 million out of
the 5 million original models at low resolution, and 1.7 million models at medium
resolution (where lines are not blended).

Fig. 3.12 shows the average retrieved probability density functions of g,
12 +log (O/H) and (1 — p)7y for the 10,000 star-forming pseudo-galaxies in our
sample, for low (top row) and medium (bottom row) spectral resolution. We find
that, as expected, the equivalent widths of strong optical emission lines set tight
constraints on the specific star formation rate, 1. The uncertainty in the retrieved
best estimate is only slightly worse at low (0.23dex) than at medium (0.18 dex)
spectral resolution. An advantage of medium spectral resolution is the possibility
to constrain g in more quiescent star-forming galaxies than at low spectral reso-
lution, for fixed S/7N According to Fig. 3.12, for S/iN = 20, the limit under which
the equivalent widths of all lines of interest cannot be measured at the 3o level is
g ~ 0.1 Gyr~! at R =100 and ¢g ~ 0.04 Gyr~! at R = 1000.

Fig. 3.12 (bottom row) further shows that, at medium spectral resolution, the
equivalent widths of optical emission lines provide tight constraints on the gas-phase
oxygen abundance in star-forming galaxies. The uncertainty in the retrieved best
estimate of 12 + log (O/H) is only 0.02 at the high-metallicity end. It reaches 0.17 at
low 12 + log (O/H), because the rise in intrinsic emission-line intensity with decreas-
ing metallicity [e.g., figure 4d of Charlot and Longhetti, 2001] allows the inclusion of
more dusty galaxies in the likelihood distributions. At low spectral resolution, the
blending of the Ha and [N 11| lines worsens considerably these constraints (Fig. 3.12,
top row). Moreover, the drop in emission-line intensity with increasing metallicity
implies that 12 4+ log (O/H) can be retrieved in more metal-rich galaxies at medium
than at low spectral resolution, for fixed S/N. The constraints on the dust atten-
uation optical depth in stellar birth clouds in Fig. 3.12 are also much tighter at
medium than at low spectral resolution. At low spectral resolution, the median
retrieved uncertainty in (1 — p)7y is only about 20 percent larger than at medium
spectral resolution, but the best estimate is much more severely biased toward the
prior expectation.

®To compute net emission equivalent widths in low-resolution (medium-resolution) spectra, we
measure the continuum level as follows. We first de-spike the spectrum with a 9-pixel (11-pixel)
median smoothing. We then mask 5-pixel-wide (9-pixel-wide) regions centred on the emission lines,
through which we interpolate the spectrum. Finally, we smooth the spectrum again and adopt the
result as the continuum level.
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Figure 3.12: Average probability density functions of the specific star formation
rate, 1g, gas-phase oxygen abundance, 12 + log (O/H), and dust attenuation optical
depth in stellar birth clouds, (1 — u)7y, retrieved, using the Bayesian approach
described in Section 3.2.4, from the equivalent widths of optical emission lines in a
sample of 10,000 star-forming pseudo-galaxies. The sample was extracted from the
library of galaxy spectral energy distributions assembled in Section 3.2.3, assuming
a median signal-to-noise ratio per pixel S/iN = 20 and requiring 3¢ measurements
of all line equivalent widths. (Top row) using the equivalent widths of [O 11]A3727;
Hp; |O 111]AN4959, 5007; [N 11]A6548 + Hav + [N 11]A6584; and [S 1I]AN6716,6731 at a
spectral resolution of 50 A FWHM (R = 100 at A = 5000 A). (Bottom row) using
the equivalent widths of [O 11]A3727; H/3; [O 111]A4959; [O 111]A5007; [N 11]A6548; Hav;
[N 11]A6584; [S11]A6716 and [S1I|A6731 at a spectral resolution of 5 A FWHM (R =
1000 at A = 5000 A) In all panels, the lines and shading have the same meaning as
in Fig. 3.6.
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3.3.2.2 Low-resolution spectroscopy

We now turn to one of the most innovative parts of the present study enabled by
the approach developed in Section 3.2: the retrieval of physical parameters from
the simultaneous interpretation of strong absorption and emission features in low-
resolution spectral energy distribution of galaxies over the entire rest-wavelength
range from A\ = 3600 to 7400 A. As before, we extract 10,000 spectral energy distri-
butions from the library assembled in Section 3.2.3 to compute pseudo-observations
of galaxies at the resolution of 50 A FWHM (R = 100 at A = 5000 A) in this wave-
length range. We adopt for the moment a median signal-to-noise ratio per pixel
S/N = 20. We use the rest of the 5 million models in the library to retrieve likeli-
hood distributions of physical parameters for each of these 10,000 pseudo-galaxies.

Fig. 3.13 (top row) shows the average retrieved probability density functions of
M,/L,, fsru, ¥s, 12+ log (O/H), 7y and p for the 10,000 pseudo-galaxies in our
sample. Also shown at the bottom of each panel are the factor of improvement in
the retrieved uncertainty, I,, and the gain in accuracy, A, relative to the standard
case of Fig. 3.6 (equations 3.3.13-3.3.14). Fig. 3.13 (top row) reveals that a ma-
jor improvement of low-resolution spectroscopy over rest-frame ugriz photometry is
the ability to retrieve meaningful (i.e. unbiased) constraints not only on the stellar
mass-to-light ratio and the specific star formation rate, but also on the recent star
formation history (fspp) and the enrichment of metals and dust in the interstellar
medium of galaxies [12 + log (O/H), 7y and, to a lesser extent, p|. The gain in accu-
racy (A) reaches up to 30 percent of the explored dynamic range for 12 + log (O/H),
15 percent for 7y and p and up to 20 percent for fepy. This results from the ability
to detect and interpret, even at low resolution, the strong Balmer absorption fea-
tures of intermediate-age stars and the emission-line signatures of interstellar gas.
The median uncertainty in the retrieved fraction of current stellar mass formed in
the last 2.5 Gyr amounts to about 0.23, that in 12 + log (O/H) about 0.28 and that
in the total dust attenuation optical depth, 7y, about 0.64. For M, /L, and g, al-
ready constrained in a meaningful way by multiband photometry, the improvement
in uncertainty relative to the standard case amounts to a factor (I,) of between 1.5
and 3.

A more in-depth investigation reveals that, in all panels in Fig. 3.13 (top row),
the largest uncertainties pertain to galaxies with emission lines too weak to allow a
distinction between the signatures of star formation history, metallicity and dust in
the spectra. These are mainly galaxies with low specific star formation rate, high
metallicity and strong attenuation of emission lines by dust in stellar birth clouds.
In this context, it is interesting to explore how much the constraints tighten if we
restrict the sample to low-resolution galaxy spectra exhibiting unambiguous emission
lines. We appeal again to the library assembled in Section 3.2.3 to generate a sample
of 10,000 pseudo-observations of low-resolution galaxy spectra, for S/iN = 20, with
the requirement that the net Ha-+[N 11| emission equivalent width be greater than
5A (throughout this Chapter, we adopt the convention of positive equivalent widths
for emission lines). Fig. 3.13 (bottom row) shows that, in this case, the constraints
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Figure 3.13: Average probability density functions of the same 6 physical parameters
as in Fig. 3.4 retrieved, using the Bayesian approach described in Section 3.2.4, from
low-resolution optical spectra of a sample of 10,000 pseudo-galaxies. The spectra
cover the wavelength range from A = 3600 to 7400 A at the resolution of 50 A FWHM
(R =100 at A = 5000 A) with median signal-to-noise ratio per pixel S/N = 20. (Top
row) for a sample of 10,000 pseudo-galaxies extracted randomly from the spectral
library assembled in Section 3.2.3. The improvement factor I, and the gain in
accuracy A (equations 3.3.13-3.3.14) are shown as a function of true parameter
value at the bottom of each panel to quantify differences in the retrieved likelihood
distributions relative to the standard case of Fig. 3.6. (Bottom row) for a sample of
10,000 star-forming pseudo-galaxies extracted from the same spectral library, with
the requirement that the net Ha+[N11] emission equivalent width be greater than
5A. In all panels, the lines and shading have the same meaning as in Fig. 3.6.
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Figure 3.14: Same as Fig. 3.13, but: (top row) adopting a median signal-to-noise
ratio per pixel S/N = 5 instead of 20; (bottom row) not including nebular emission
in the model library used to analyze the sample of 10,000 pseudo-galaxies. In both
cases, the improvement factor I, and the gain in accuracy A (equations 3.3.13—
3.3.14) are shown as a function of true parameter value at the bottom of each
panel to quantify differences in the retrieved likelihood distributions relative to the
standard case of Fig. 3.6.

on the interstellar parameters 12 + log (O/H) and 7y improve significantly. The
corresponding median uncertainties both drop by about 20 percent. The constraints
on 1g improve mainly at the low end of the explored range (the uncertainty dropping
by about 15 percent at 1g < 0.1 Gyr~!), where the omission of galaxies with weak
emission lines is most significant. The improvement is only marginal for M, /L,,
fsrr and p, which are constrained primarily by stellar continuum and absorption-
line features rather than by nebular emission lines.

The ability with our approach to exploit strong absorption and emission features
in low-resolution galaxy spectra depends critically on the quality of the observations.
To illustrate this, we show in Fig. 3.14 (top row) the analog of Fig. 3.13 (top row)
when adopting a median signal-to-noise ratio per pixel S/iN =5 instead of 20. The
reduced ability to interpret spectral features at W = 5 makes the median un-
certainties in the different retrieved parameters increase by 30 percent (for M, /L,,
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fsFH, 1) up to 90 percent (for 9g) relative to the case S/N = 20. It also intro-
duces substantial biases in the retrieved likelihood distributions. A comparison of
Fig. 3.14 (top row) with Fig. 3.6 reveals that, in fact, low-resolution spectroscopy
with S/7N = 5 over the wavelength range from A = 3600 to 7400 A provides hardly
better constraints on the different parameters than high-quality ugriz photometry
(as confirmed by the fact that I, is close to unity and A close to zero in Fig. 3.13,
top row). The constraints on g and 12 + log (O/H) are somewhat tighter because
of the influence of actively star-forming galaxies with strong emission lines on the
average retrieved probability density functions. The star formation history param-
eter is only slightly better constrained, as even strong Balmer absorption lines are
difficult to interpret at low S/iN The constraints on 7y are as poor as inferred
from multiband photometry, reflecting the inability to extract useful information
from the Ha/Hp ratio in low-quality spectra. In Fig. 3.14 (top row), the constraints
on M, /L, are actually weaker and more severely biased at the extremities of the
explored range than those obtained from rest-frame ugriz photometry in Fig. 3.6.
This suggests that high-quality photometry including the near-infrared iz bands can
better constrain galaxy stellar masses than low-resolution optical spectroscopy with
S/N = 5.

The inclusion of nebular emission also has a crucial influence on the ability
to constrain galaxy physical parameters from low-resolution optical spectroscopy.
Fig. 3.14 (bottom row) shows the results obtained when attempting to interpret the
same pseudo-observations as in Fig. 3.13 (top row; which include nebular emission)
with the library of models not including nebular emission already used in Fig. 3.8
(bottom row).% In this case, the average retrieved likelihood distributions of all
parameters are severely degraded relative to Fig. 3.13 (top row). In fact, for most
parameters, the constraints are worse than those derived in Fig. 3.6 from high-quality
ugriz photometry when accounting for the effect of nebular emission on photometric
fluxes. Fig. 3.14 (bottom row) shows that, for example, using models which neglect
the contamination of the r-band flux by Ha+[N11| and [S11| line emission biases
M, /L, estimates upward for star-forming galaxies. Moreover, ignoring the contam-
ination of stellar Balmer absorption features by nebular emission in low-resolution
spectra causes systematic underestimates of fegpy in star-forming galaxies. For ac-
tively star-forming galaxies, the constraints on g in Fig. 3.14 (bottom row) are
weaker than the rough constraints derived in Fig. 3.6 from the influence of nebu-
lar emission on ugriz photometric observations. Not surprisingly, models without
nebular emission do not allow the extraction of useful constraints on the interstellar
parameters 12 + log (O/H), 7y and p from low-resolution galaxy spectra.

Hence, we find that important constraints can be obtained on the stellar and in-
terstellar parameters of galaxies from low-resolution spectra at optical wavelengths.

5 To avoid artefacts in the resulting probability density functions, we remove prominent emission
lines from the pseudo-galaxy spectra before computing the likelihood of models without nebular
emission (equation 3.2.10). To achieve this, we first measure the continuum level across the whole
range from A\ = 3600 to 7400 A, as described in footnote 5. Then, we reset to the continuum level
the flux of every pixel exceeding the continuum flux by more than 5 times the noise level.
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This however requires high-quality observations as well as the inclusion of nebular
emission in the spectral analysis.

3.3.2.3 Medium-resolution spectroscopy

Medium-resolution spectroscopy should provide even more insight into the physical
properties of galaxies than low-resolution spectroscopy, because composite features
such as the [O111] doublet, the Ha+[N11| blend and the [S11] doublet can be re-
solved into individual emission lines. To investigate this, we extract 10,000 spectral
energy distributions from the library assembled in Section 3.2.3 and compute pseudo-
observations of galaxies at the resolution of 5A FWHM (R = 1000 at A\ = 5000 A)
over the wavelength range from A = 3600 to 7400 A. We adopt a median signal-to-
noise ratio per pixel S/iN = 20. As before, we use the rest of the 5 million models
in the library to retrieve likelihood distributions of physical parameters for each of
these 10,000 pseudo-galaxies.

In Fig. 3.15 (top row), we show the average probability density functions of
M, /Ly, fsru, ¢s, 12+1og (O/H), 7y and u retrieved from the medium-resolution
spectra of the 10,000 pseudo-galaxies in our sample. The factor I, and the gain A
quantifying the improvements in the retrieved uncertainty and accuracy relative to
the standard case of Fig. 3.6 (equations 3.3.13-3.3.14) are also shown at the bottom
of each panel. A comparison of Fig. 3.15 (top row) with Fig. 3.13 (top row) shows
that an increase in spectral resolution by a factor of 10 produces significantly tighter
constraints on all parameters. The improvement is most significant for the specific
star formation rate, the gas-phase oxygen abundance and the total dust attenuation
optical depth, for which the median retrieved uncertainty drops by about 45 percent
from low to medium spectral resolution. The gain is more modest, of the order of
25 percent, for M, /L,, fspu, and pu. The refined spectral information available at
medium resolution also help reduce some biases in the retrieved best estimates of
fsru (for young galaxies), s (for quiescent star-forming galaxies) and p (across
most of the explored range) in Fig. 3.15 (top row) relative to Fig. 3.13 (top row).

By analogy with Fig. 3.13, we further show in Fig. 3.15 (bottom row) the average
probability density functions obtained when selecting a sample of 10,000 pseudo-
observations of medium-resolution galaxy spectra, for S/7N = 20, with the require-
ment that the net Ho emission equivalent width be greater than 5 A. The retrieved
likelihood distributions of 12 + log (O/H) and 7y are significantly narrower than
when including also galaxies with weak emission lines in the sample, with median
retrieved uncertainties of about 0.08 for 12 + log (O/H) and 0.30 for 7y,. As at low
spectral resolution, restricting the sample to galaxies with prominent emission lines
reduces the uncertainties in ¢¥g mainly at the low end of the explored range. Changes
in the retrieved likelihood distributions of M, /L,, fsrg and p are marginal, because
these parameters are constrained primarily by stellar continuum and absorption-line
features.

We have also investigated how the constraints obtained in Fig. 3.15 from the
analysis of medium-resolution galaxy spectra depend on the assumed signal-to-noise
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Figure 3.15: Average probability density functions of the same 6 physical parameters
as in Fig. 3.4 retrieved, using the Bayesian approach described in Section 3.2.4,
from medium-resolution optical spectra of a sample of 10,000 pseudo-galaxies. The
spectra cover the wavelength range from A = 3600 to 7400 A at the resolution of
5A FWHM (R = 1000 at A = 5000 A) with median signal-to-noise ratio per pixel
W = 20. (Top row) for a sample of 10,000 pseudo-galaxies extracted randomly
from the spectral library assembled in Section 3.2.3. The improvement factor I,
and the gain in accuracy A (equations 3.3.13-3.3.14) are shown as a function of
true parameter value at the bottom of each panel to quantify differences in the
retrieved likelihood distributions relative to the standard case of Fig. 3.6. (Bottom
row) for a sample of 10,000 star-forming pseudo-galaxies extracted from the same
spectral library, with the requirement that the net Ha emission equivalent width be
greater than 5A. In all panels, the lines and shading have the same meaning as in
Fig. 3.6.
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ratio of the observations and the inclusion of nebular emission in the modeling (not
shown). We find that adopting a median signal-to-noise ratio per pixel S/7N =
5 instead of 20 for the 10,000 pseudo-galaxy spectra makes the median retrieved
uncertainties in most parameters increase by 30 to 50 percent (only 15 percent for
M, /L;) relative to Fig. 3.15 (top row). The biases in the retrieved best estimates are
less severe than found in Fig. 3.14 (top row) at low spectral resolution. As expected
from Fig. 3.14 (bottom row), accounting for nebular emission also has a critical
influence on the retrievability of the specific star formation rate and the interstellar
parameters from medium-resolution galaxy spectra. It is worth pointing out that,
at medium (and high) spectral resolution, prominent nebular emission lines can be
excised from the spectra and analyzed separately from the stellar continuum and
absorption-line signatures if no tool is available to analyze the stellar and nebular
emission simultaneously [e.g., Kauffmann et al., 2003a, Brinchmann et al., 2004,
Gallazzi et al., 2005]. This is not the case at low spectral resolution, where the
analysis of the stellar and nebular emission must be combined to obtain meaningful
constraints on galaxy physical parameters.

3.4 Application to a real sample

The conclusions drawn in the previous section about the retrievability of galaxy
physical parameters from different types of observations at optical wavelengths rely
on sophisticated simulations of galaxy spectral energy distributions. As emphasized
in Section 3.2.4, such pseudo-observations are required to test the retrievability
of physical parameters from observables, because the physical parameters of real
galaxies cannot be known a priori. In this section, we apply our approach to the
interpretation of observed medium-resolution spectra of galaxies from the SDSS
DR7. We compare the results obtained through the simultaneous interpretation
of stellar and nebular emission (at the resolving power R ~ 1000 considered in
Section 3.3.2.3) with results obtained for the same galaxies from previous separate
analyses of nebular emission-line and stellar absorption-line features (at the native
resolving power R ~ 2000 of the SDSS observations). We also investigate the
influence of the adopted prior distributions on the retrieved physical parameters of
the galaxies.

3.4.1 Physical parameters of SDSS galaxies

The SDSS DR7 contains about 1 million galaxy spectra covering the wavelength
range from 3800 to 9200 A (observer frame) at a spectral resolution of roughly 3 A
FWHM. Of these, we extract a subsample of 12,660 star-forming galaxies with
high-quality spectra as follows. We first reject any duplicate spectrum of a same
galaxy, all spectra of merger candidates (i.e. corresponding to spatial separations
less than 1.5” and redshift separations less than 200kms~!) and all galaxies at
redshift less than z = 0.03 (to ensure that the spectrum includes the [O11]A3727
doublet) from the original sample. Among the remaining 829,570 galaxies, we select
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all emission-line galaxies with signal-to-noise ratio greater than 10 in [O 11]\3727,
Hp, [O111]A5007, Hey, [N 11]A6584 and [S11]A6716. We reject AGNs by applying the
conservative criterion of Kauffmann et al. [2003b] in the standard Baldwin et al.
[1981] line-diagnostic diagram (see Fig. 3.2a above). The resulting 28,075 star-
forming galaxies have a mean redshift of 0.08 + 0.05. We exclude all galaxies at
redshift z > 0.15 to keep the sample homogeneous and further select galaxies with
median signal-to-noise ratio per pixel in the range 5 < S/iN < 25. This leaves 23,213
spectra of galaxies at a mean redshift of 0.07+0.03, all of which have net Ha emission
equivalent widths greater than 5A. We identify 12,660 galaxies in this sample for
which good measurements of stellar mass, star formation rate, gas-phase oxygen
abundance and dust attenuation optical depth are available from previous studies
(see next paragraph). For the purpose of illustrating the usefulness of our approach
to interpret galaxy spectra, we focus on the galaxy physical properties probed by the
3-arcsec-diameter SDSS fibers and do not consider any photometry-based aperture
correction.

Estimates of star formation rate, gas-phase oxygen abundance and dust at-
tenuation optical depth are available for the 12,600 SDSS galaxies in this sample
from the work of Brinchmann et al. [2004] and Tremonti et al. [2004]. These esti-
mates were obtained by fitting the fluxes of the |O11]A3727, Hj3, |O 111]A5007, Hey,
[N 11]A6584 and [S11JA6716 emission lines (measured to high precision by adjust-
ing a stellar population model to the spectral continuum) with a large library of
Charlot and Longhetti [2001] nebular emission models. In addition, stellar-mass
estimates are available for all galaxies from the work of Gallazzi et al. [2005], who
fitted the strengths of the 4000 A break and the H3, Ho4+H~4, [MgFe] and [Mg, Fe|
absorption-line features with a large library of Bruzual and Charlot [2003] stellar
population synthesis models. The combination of these stellar-mass estimates with
the star-formation-rate estimates of Brinchmann et al. [2004] provides estimates of
the specific star formation rate probed by the SDSS fiber.

The above physical parameters were derived from spectral analyses at the orig-
inal SDSS resolution of about 3 A FWHM. To exemplify the power of the approach
developed in Section 3.2, and for the purpose of comparison with the results of Sec-
tion 3.3.2.3, we degrade the SDSS spectra to a resolution of 5 A FWHM, adopting as
before a fixed pixel size of 2.5 A. Also, we focus on the rest-frame wavelength range
from 3700 to 7400 A, which does not extend as much in the ultraviolet as that con-
sidered in Section 3.3.2.3 (Fig. 3.3a), but which does include the [O 11]A3727 emission
doublet. By analogy with the analysis of pseudo-observations in Section 3.3.2.3, we
use the 5 million models in the spectral library assembled in Section 3.2.3 to retrieve
likelihood distributions of physical parameters from the simultaneous analysis of the
stellar and nebular emission (equations 3.2.10-3.2.12) for each SDSS galaxy in the
sample. We note that, when computing likelihood distributions for a given galaxy,
we exclude from the library all models older than the age of the Universe at the
redshift of that galaxy.

In Fig. 3.16, we show how the probability density functions of stellar mass, gas-
phase oxygen abundance, total V-band attenuation optical depth of the dust and
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Figure 3.16: Estimates of physical parameters retrieved from the spectra of 12,660
SDSS star-forming galaxies (degraded to a resolution of 5A FWHM) using the
Bayesian approach described in Section 3.2.4 plotted against estimates of the same
parameters from different sources, as indicated. (a) Stellar mass, M,. (b) Gas-phase
oxygen abundance, 12 + log (O/H). (c¢) Total V-band attenuation optical depth of
the dust, 7y. (d) Specific star formation rate, ¥s. In each panel, the likelihood
distributions from previous studies were reconstructed from the published 16th,
50th and 84th percentiles and combined with the likelihood distributions obtained
in this work to generate 2D probability density functions. The contours depict the
normalized co-added 2D probability density function including all 12,660 galaxies
in the sample (on a linear scale 25 levels, the outer edge of the lightest grey level
corresponding to the 96th percentile of the 2D distribution). The solid line is the
identity relation.
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specific star formation rate retrieved from our analysis compare with those obtained
in previous separate studies of the stellar and nebular emission at higher spec-
tral resolution. Fig. 3.16a shows that, for example, our estimates of M, (obtained
by multiplying M, /L, by the absolute galaxy luminosity in the observed r band)
agree well with those derived by Gallazzi et al. [2005] from the analysis of selected
absorption-line indices. The slightly lower values derived here (~ 0.1dex) are at-
tributable to the updated stellar population synthesis prescription (Section 3.2.2.1).
We also find good agreement in Fig. 3.16b between our estimates of 12 + log (O/H)
and those obtained by Tremonti et al. [2004] from the analysis of selected emission-
lines luminosities. The discrepancies at 12 4 log (O/H) < 8.7 are consistent with the
uncertainty expected at low metallicity from interpretations of medium-resolution
galaxy spectra (Fig. 3.15, bottom row). In Figs 3.16¢ and 3.16d, the likelihood
distributions retrieved from our analysis favor systematically lower 7y, and g than
derived by Brinchmann et al. [2004] from the analysis of emission-line luminosities.
This is because Brinchmann et al. [2004] adopt a shallower dust attenuation curve
(7x o< A~%7 both in stellar birth clouds and in the ambient ISM) than that resulting
typically from equations (3.2.7)—(3.2.9). This makes the inferred dust optical depth
and the correction for obscured star formation smaller at fixed observed reddening.

Fig. 3.16 therefore shows that the likelihood distributions of M,, 12 + log (O/H),
7y and g retrieved using our approach agree well (modulo some understood off-
sets) with those obtained in previous separate analyses of the stellar and nebular
emission of SDSS galaxies at twice higher spectral resolution. Such an agreement is
expected in part from the fact that these previous analyses rely on earlier versions of
the same stellar population synthesis code and nebular emission models as adopted
here (Bruzual and Charlot 2003, Charlot and Longhetti 2001; see Sections 3.2.2.1
and 3.2.2.2). What is most remarkable is the demonstrated ability with our ap-
proach to interpret simultaneously the stellar and nebular emission from galaxies
without having to excise nebular emission lines from noisy spectra. As shown in Sec-
tion 3.3, this ability extends to low-resolution galaxy spectra and even to multi-band
photometry.

It is of interest to see how the fraction of the current stellar mass formed
during the last 2.5 Gyr, which has not been investigated previously, relates to
the other physical parameters of SDSS galaxies retrieved using our approach. In
Fig. 3.17, we show the 2D probability density functions of fgpy versus log M,,
log s, 12 4+ log (O/H), 7y and p for the 12,660 SDSS star-forming galaxies in our
sample. The Spearman rank correlation coefficients (evaluated using the median
estimates of the different parameters) are ry = —0.27 for the relation between fspp
and log M, and +0.59 for that between fspp and logg. For this sample size, both
correlations are significant at better than the 50 level. In contrast, none of the
interstellar parameters 12 + log (O/H), 7y and u correlates significantly with fepy
(we note in passing that the required high-S/N detection of 6 emission lines tends
to select galaxies with low 7y and high ). Taken at face value, the results of
Fig. 3.17 would suggest that the least massive galaxies, which are the most actively
star-forming ones today, have also formed the largest proportion of stars over the
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Figure 3.17: Two-dimensional probability density functions of the fraction of the
current stellar mass formed during the last 2.5 Gyr, fspu, versus stellar mass, M,,
specific star formation rate, 15, gas-phase oxygen abundance, 12 + log (O/H), total
V-band attenuation optical depth of the dust, 7y, and fraction of 7y arising from
dust in the ambient ISM, u. All parameters were retrieved from the spectra of the
same 12,660 SDSS star-forming galaxies as in Fig. 3.16 (degraded to a resolution
of 5A FWHM) using the Bayesian approach described in Section 3.2.4. In each
panel, the contours depict the normalized co-added 2D probability density function
including all 12,660 galaxies in the sample (on a linear scale of 25 levels, the outer
edge of the lightest grey level corresponding to the 96th percentile of the 2D dis-
tribution). All physical quantities pertain to the regions of galaxies probed by the
3-arcsec-diameter SDSS fibers.

last 2.5 Gyr. Such a trend would be consistent with the general expectation that,
as galaxies grow through star formation, the exhaustion of the gas supply makes
the rate of star formation drop gradually (see also, e.g., fig. 22 of Brinchmann et al.
2004). However, this conclusion must be taken with caution, as the present sample
is not complete and the SDSS fibers probe only the inner parts of galaxies.

3.4.2 Influence of the prior distributions of physical parameters

The constraints derived above on the stellar and interstellar properties of SDSS
galaxies, along with the analyses of pseudo-observations carried out in Section 3.3,
rely on the adoption of the prior distributions of galaxy physical parameters in
Fig. 3.4. As outlined in Section 3.2.4, these distributions are designed to be as
flat as possible to make the spectral library appropriate for the retrieval of physical
parameters from observed spectral energy distributions of galaxies in wide ranges
of physical properties. To illustrate the importance of this choice, we examine
here the results obtained when adopting different prior distributions reflecting more
specific properties of the galaxy population. As an example, we consider the prior
distributions of galaxy physical parameters derived from the original semi-analytic
recipes of De Lucia and Blaizot [2007].

In Section 3.2.1, we used the semi-analytic recipes of De Lucia and Blaizot [2007]
to generate the star formation and chemical enrichment histories of 500,000 galaxies
extracted from the Millennium cosmological simulation of Springel et al. [2005].
The parameters M, /L,, fsrm, ¥s and the interstellar metallicity Z are computed
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by default in this procedure. De Lucia and Blaizot [2007] do not provide any recipe
to compute the gas-phase oxygen abundance nor the ionization parameter of the
gas heated by young stars. Also, while attenuation by dust is included using the 2-
component model of Charlot and Fall [2000, adopting a fixed attenuation curve 7
A7%7 both in stellar birth clouds and in the ambient ISM], we find that the recipe
used by De Lucia and Blaizot [2007] to relate the V-band dust optical depth to the
galaxy gas mass, metallicity and orientation produces typically much lower 7y, than
observed in SDSS galaxies. To compute prior distributions of interstellar parameters
associated to the original semi-analytic recipes of De Lucia and Blaizot [2007], we
therefore proceed as follows. For each of the 500,000 galaxies in the library, we draw
10 different realizations of log Uy, &g and u from the distributions in Table 3.1. We
also draw 10 different realizations of 7y from a Gaussian distribution centred on 1.2
with a standard deviation of 0.6. This roughly represents the global properties of
SDSS galaxies for a fixed attenuation curve 7y oc A7 in stellar birth clouds and
in the ambient ISM [Brinchmann et al., 2004]. The new spectral library contains 5
million models, which we can use to interpret observations of galaxy spectral energy
distributions in the same way as the library assembled in Section 3.2.3.

Fig. 3.18 shows the prior distributions of M,/L,, fsru, ¥s, 12+ log (O/H), 7y
and g in this library at the mean redshift z = 0.07 of the SDSS sample of Sec-
tion 3.4.1. In each panel, the shaded histogram shows the distribution including
all galaxies, while the thin solid histogram shows the contribution by star-forming
galaxies alone. As noted in Section 3.2.1, 35 percent of the galaxies in the original
library of De Lucia and Blaizot [2007] do not form stars at low redshift, while the
distributions of ¥g and fspyg for the remaining galaxies are narrow and character-
istic of quiescent star formation (Figs 3.18b and 3.18¢c). As a result, most galaxies
have relatively large M, /L, (Fig. 3.18a). In Fig. 3.18d, the narrow distribution of
12 +log (O/H) arises from the correlation of the interstellar metallicity Z with g
for star-forming galaxies in this library. Also shown as thick solid histograms in
Fig. 3.18 are the distributions of the best estimates of M., /L,, 1g, 12 4 log (O/H)
and 7y from Gallazzi et al. [2005], Brinchmann et al. [2004] and Tremonti et al.
[2004] for the 12,660 SDSS star-forming galaxies of Section 3.4.1. The required de-
tection of 6 emission lines with S/N > 10 in these galaxies implies that they are
typically more actively star-forming (and hence have lower M, /L,) and less dusty
than the bulk of SDSS galaxies the Millennium cosmological simulation is expected
to represent. This is the origin of the differences between the shaded and thick solid
histograms in Fig. 3.18.

In Fig. 3.19, we show the analog of Fig. 3.16 obtained when using the prior
distributions in Fig 3.18, instead of those in Fig. 3.4, to retrieve the probability
density functions of M,, 12 + log (O/H), 7y and vg for the 12,660 SDSS star-forming
galaxies in our sample. The upward bias in the prior distribution of M, /L, relative
to the observed sample (Fig. 3.18a) causes the estimates of M, in Fig. 3.19a to be
systematically larger than those derived by Gallazzi et al. [2005]. In Fig. 3.19d, the
retrieved g is about 60 percent smaller than that estimated by Brinchmann et al.
[2004], as in Fig. 3.16d. The offset in this case results from the downward bias in
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Figure 3.18: Prior distributions of the same physical parameters as in Fig. 3.4 for
the 5 million galaxies in the spectral library generated in Section 3.4.2. These
distributions are those arising, at the mean redshift z = 0.07 of the SDSS sample
of Section 3.4.1, from the original semi-analytic post-treatment of the Millennium
cosmological simulation of Springel et al. [2005] by De Lucia and Blaizot [2007, see
text for detail]. In each panel, the shaded and thin solid histograms have the same
meaning as in Fig. 3.4. In panels (a), (¢), (d) and (e), the thick solid histograms
show the distributions of the best estimates of M. /L., 1g, 12 +log (O/H) and 7y
from Gallazzi et al. [2005], Brinchmann et al. [2004] and Tremonti et al. [2004] for
the same sample of 12,660 SDSS star-forming galaxies as in Fig. 3.16.



Chapter 3. Relative merits of different types of rest-frame optical

98 observations to constrain galaxy physical parameters

= [@ £ ®)

o =

: 2 90t

= 10 =

S S

2 <)

= = 8.5

g 8 &

8 9 10 11 8.5 9.0
log(M./Mg) [Gallozzi et al. 2005] 12+log(0/H) [Tremonti et ol. 2004]
() ¥ (d)

o

— z

D 1 £ 9 |

H =

o [ =

2 3 ;

= &

< 13 17 1
=
o
o

1 2 -1 0

7y [Brinchmann et al. 2004] log(¥s/Gyr™) [Brinchmann et al. 2004]

Figure 3.19: Same as Fig. 3.16, but using the prior distributions in Fig 3.18 instead of
those in Fig. 3.4 to retrieve the probability density functions of M,, 12 + log (O/H),
7y and g for the 12,660 SDSS star-forming galaxies in the sample.

the prior distribution of ¢g (Fig. 3.18c) rather than from differences in the dust
attenuation curve, which is assumed to be the same by De Lucia and Blaizot [2007]
and Brinchmann et al. [2004]. Meanwhile, the upward bias in the prior distribution
of 7y (Fig. 3.18e) causes estimates of this parameter in Fig. 3.19c¢ to be systematically
larger than those derived by Brinchmann et al. [2004]. In Fig. 3.19b, the estimates
of 12 + log (O/H) retrieved using the prior distribution of Fig. 3.18d agree well with
those derived by Tremonti et al. [2004].

The results of Figs 3.16 and 3.19 illustrate the importance of the choice of ap-
propriate prior distributions when applying the Bayesian approach described in Sec-
tion 3.2.4 to retrieve physical parameters from observed spectral energy distributions
of galaxies. While the prior distributions of Fig. 3.18 are expected to be representa-
tive of the SDSS sample as a whole, adopting these distributions to analyze subsam-
ples of galaxies with properties different from the bulk can induce unwanted offsets
in the retrieved physical parameters. In cases where some specific physical prop-
erty of the observed galaxies can be known in advance (e.g., actively star-forming,
early-type, metal-poor), the use of appropriate restrictive prior distributions can
help reduce the uncertainties in the retrieved parameters. When no advance in-
formation is available, it is preferable to appeal to flat (maximum-ignorance) prior
distributions encompassing wide ranges of galaxy physical properties.



Table 3.2: Summary of the constraints on galaxy physical parameters retrieved from different types of optical observations using
the method developed in Section 3.2. For each parameter and each type of observation, the quoted uncertainty (defined as half
the 16th-84th percentile range of the retrieved likelihood distribution) and accuracy (defined as the absolute difference between the
retrieved best estimate and true parameter value) are median quantities determined from the analysis of 10,000 pseudo-observations
in Section 3.3.

Parameter Constraint ~ Photometry® Net emission-line EWs? Spectroscopy”
rest-frame ugriz R = 100 R =1000 R =100 R =1000
All¢ SF¢ SFk€ Alle  SFf  Alle SF9
log[(M./L,)/(Ms/Ly»)] Uncertainty 0.19 . e 0.13 0.14 0.10 0.11
Accuracy 0.04 e . 0.01 0.01 0.00 0.00
fsFH Uncertainty 0.36 .. e 0.23 0.23 0.17 0.19
Accuracy 0.17 e e 0.056 0.05 0.02 0.03
log(1s/Gyr1t) Uncertainty 0.67 0.23 0.18 024 0.22 0.12 0.12
Accuracy 0.15 0.12 0.05 0.01 0.00 0.00 0.00
12 + log (O/H) Uncertainty  0.50 0.23 0.05 0.28 0.21 0.13 0.08
Accuracy 0.33 0.11 0.03 0.04 0.03 0.00 0.00
v Uncertainty  0.91 0.48" 0.41" 0.64 0.52 0.35 0.30
Accuracy 0.21 0.57" 0.14" 0.05 0.00 0.00 0.00
I Uncertainty  0.20 e e 0.16 0.15 0.10 0.10
Accuracy 0.10 e e 0.04 0.02 0.00 0.00
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3.5 Summary and conclusion

We have developed a new approach to constrain galaxy physical parameters from
the combined interpretation of stellar and nebular emission in wide ranges of pho-
tometric and spectroscopic observations. Our approach relies on the simulation of a
comprehensive library of 5 million galaxy spectral energy distributions using a set of
state-of-the-art models of star formation and chemical enrichment histories, stellar
population synthesis, nebular emission and attenuation by dust. This library can
be used to retrieve probability density functions of physical parameters from the
Bayesian analysis of any type of multi-wavelength galaxy observation. We focus in
this Chapter on the retrievability of the observer-frame absolute r-band stellar mass-
to-light ratio (M, /L,), the fraction of a current galaxy stellar mass formed during
the last 2.5 Gyr (fsrn), the specific star formation rate (ig), the gas-phase oxygen
abundance [12 + log (O/H)], the total effective V-band absorption optical depth of
the dust (7y/) and the fraction of this arising from dust in the ambient ISM (u) from
different types of observations at optical wavelengths: 5-band ugriz photometry;
equivalent-width measurements of strong emission lines; low-resolution spectroscopy
(50A FWHM over the wavelength range A=3600-7400 A); and medium-resolution
spectroscopy (5 A FWHM over the same wavelength range).

Since we cannot know the true properties of any sample of observed galaxies,
assessing the retrievability of galaxy physical parameters from these different types
of observations requires the simulation of pseudo-observations. We therefore simu-
late pseudo-observations by convolving the spectral energy distributions of models
with known parameters with appropriate instrument responses and then applying
artificial noise to mimic true observations. For each type of photometric or spec-
troscopic observation, we simulate 10,000 pseudo-observations in this way and use
the other ~ 5 million models in the library to retrieve likelihood distributions of
M, /Ly, fsru, s, 12+1log (O/H), 7v and p for each pseudo-galaxy (using equa-
tions 3.2.10-3.2.11). Table 3.2 summarizes the main conclusions of our study. For
each parameter and each type of observation, we list the median retrieved uncer-
tainty (defined as half the 16th-84th percentile range of the retrieved likelihood
distribution) and accuracy (defined as the absolute difference between the retrieved
best estimate and true parameter value) determined from the analysis of the 10,000
pseudo-observations in Section 3.3.

Several interesting conclusions can be drawn from Table 3.2.7 We find that,
for example, rest-frame ugriz photometry can provide roughly 50-percent uncer-
tainty on M, /L, measurements, i.e. almost as tight as the 25- to 35-percent uncer-

"a) For fixed signal-to-noise ratio S/N = 30 in all bands. b) For median signal-to-noise ratio
per pixel S/N = 20 across the wavelength range A=3600-7400 A. ¢) Averaged over all galaxy
types. d) For greater-than-3¢ detections of [O11]A3727; HB; [O111]AA4959, 5007; [N 11]A6548 +
Ha + [N11]A6584; and [S11]AA6716,6731. e) For greater-than-3c detections of [O11]A3727; Hp;
[0 111]A4959; [0 111]A5007; [N 11]A6548; Hey; [N 11JA6584; [S11]A6716 and [S11|A6731. f) For galaxies
with net Ha-+[N 11] emission equivalent width greater than 5 A. g) For galaxies with net Ha emission
equivalent width greater than 5A. h) Constraint on the birth-cloud component of the attenuation

only (i.e. 72 and not 7v/).
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tainty provided by medium- and low-resolution optical spectroscopy (photometric
constraints worsen somewhat if the galaxy redshift is not known; see Fig. 3.11).
Meanwhile, optical spectroscopy is required to constrain fspy through the strong
absorption-line signatures of intermediate-age stars. Table 3.2 also shows that obser-
vations of the net emission equivalent widths of prominent optical lines are sufficient
to constrain g to within 50-70 percent (depending on the spectral resolution) and
12 +log (O/H) to within 0.05-0.23 in star-forming galaxies. Optical spectroscopy
can help reduce these uncertainties and the potential small offsets in the retrieved
best estimates of g and 12 + log (O/H). In addition, spectroscopy is required to
constrain both parameters in quiescent star-forming galaxies with weak emission
lines (g < 0.07 Gyr~!: see Fig. 3.12). Medium-resolution spectroscopy provides
the best constraints on dust parameters in Table 3.2, with uncertainties of typically
0.35 in 7y and 0.10 in g (these include uncertainties in the optical properties and
spatial distribution of the dust as well as in the orientation of the galaxy; see Sec-
tion 3.2.2.3). At lower spectral resolution, the less distinct signatures of emission
lines make the uncertainty in 7y rise by about 80 percent, while the equivalent
widths of optical emission lines at any spectral resolution constrain only the part of
the attenuation arising from stellar birth clouds.

We stress that the constraints in Table 3.2 rely critically on the ability with our
approach to interpret simultaneously the stellar and nebular emission from galaxies.
In the case of low-resolution spectroscopy, no reliable constraint can be obtained on
any of the physical parameters in Table 3.2 (except for the mass-to-light ratio of
early-type galaxies) when nebular emission is not included in the analysis (Fig. 3.14).
The same is true at medium spectral resolution, although if the resolution is high
enough, prominent nebular emission lines can be excised from the spectra and ana-
lyzed separately from the stellar continuum and absorption-line signatures. We find
that the likelihood distributions of M,, 12 + log (O/H), 7y and g retrieved from
the combined analysis of stellar and nebular emission in the spectra of 12,660 SDSS
star-forming galaxies (degraded to a resolution of 5 A FWHM) using our approach
agree well (modulo some recent model improvements) with those obtained in previ-
ous separate analyses of the stellar and nebular emission of these galaxies at twice
higher spectral resolution [Brinchmann et al., 2004, Tremonti et al., 2004, Gallazzi
et al., 2005, see Fig. 3.16]. Accounting for nebular emission is less crucial when
deriving constraints on M, /L, from ugriz photometry (Fig. 3.8, bottom row).

Another important factor we can investigate in a straightforward way using our
approach is the influence of signal-to-noise ratio on the retrieval of galaxy physical
parameters from different types of observations. For multiband photometry, we find
that lowering the signal-to-noise ratio from S/N = 30 to 10 makes the uncertainty
in the retrieved M, /L, in Table 3.2 larger by about 15 percent (Fig. 3.8). For
spectroscopy, adopting a median signal-to-noise ratio per pixel S/7N = b instead
of 20 makes the median uncertainties in the different retrieved parameters increase
by about 30 to 90 percent and introduces substantial biases in the retrieved like-
lihood distributions (Fig. 3.14). The ability to make such assessments is valuable
as it can help decide between different strategies when designing an observational
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campaign. For example, as noted in Section 3.3.2.2, low-resolution spectroscopy
with S/7N = 5 over the wavelength range from A = 3600 to 7400 A provides hardly
better constraints on the different parameters in Table 3.2 than high-quality ugriz
photometry (Figs 3.6 and 3.14). In contrast, the constraints from low-resolution
spectroscopy with S/iN = 20 over the same wavelength range are generally far supe-
rior to those obtained from multiband photometry (Table 3.2).

It is important to keep in mind that the results reported in Table 3.2 about
the retrievability of galaxy physical parameters from different types of observations
correspond to the optimistic case in which the models we rely on are good approxi-
mations of true galaxies (Section 3.2.4). We have ensured this in the best possible
way by appealing to state-of-the-art models including the most recent progress in
galaxy spectral modeling to generate the library of spectral energy distributions
on which our approach is based. With this in mind, the tool we have developed
should be useful not only to interpret existing galaxy datasets, but also to design
future observations. In principle, such observations can be of any photometric or
spectroscopic type (or a combination thereof ) across the wavelength range covered
by spectral evolution models. We have focused in this Chapter on a few examples
of photometric and spectroscopic observations at rest-frame optical wavelengths. In
future work, we will present applications of our approach to the interpretation of
the ultraviolet and infrared emission from galaxies at various redshifts. The tool we
have developed is intended to be made available to the general astronomical com-
munity. In the meantime, we encourage colleagues interested in the application of
our approach to the interpretation of specific galaxy observations to contact us.



CHAPTER 4

Constraining the physical
properties of 3D-HST galaxies
through the combination of
photometric and spectroscopic
data

4.1 Introduction

Studies on the evolution of the cosmic star formation density have revealed that
the Universe has undergone a peak of star formation activity at redshifts between
z ~ 1 and z ~ 2 (see Section 2.1.1). Ironically, this redshift range has long been
referred to as the redshift desert. This is because in this range, the strong rest-
frame optical lines allowing redshift determinations are shifted into the infrared and
blocked by Earth’s atmosphere, while the strong rest-frame ultraviolet features are
not redshifted enough to be observable at optical wavelengths. Space observatories
have opened a crucial window on this important cosmic epoch.

We present here the first steps of an analysis aimed to illustrate the power
of the approach described in Chapter 3 to interpret combined photometric and
spectroscopic observations of galaxies at redshift z ~ 1 — 3. For the galaxies we
consider, photometric data are available in a wide range of wavelengths from the
FIREWORKS catalogue (rest-frame ultraviolet to infrared; Wuyts et al. 2008),
while spectroscopic information is available only in a narrow spectral window from
grism spectroscopy of the 3D-HST Treasury Survey (rest-frame optical; van Dokkum
et al. 2011). Both datasets are described in detail in the next Section. Our goal
is to maximize the constraints on the physical parameters of these galaxies through
the simultaneous interpretation of the emission from stars and dust, which domi-
nates photometry, and nebular emission, which produces characteristic emission-line
features.

For the preliminary analysis presented in this Chapter, we select a sample of 12
galaxies with 3D-HST and FIREWORKS data. A full analysis will require that we
interpret all data (including the infrared photometry from FIREWORKS) using the
models presented in Chapter 3. However, we have not yet combined these models
with the dust emission models of da Cunha et al. [2008| to compute simultaneously
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the ultraviolet, optical and infrared emission from stars, gas and dust. Moreover,
the 3D-HST and FIREWORKS data have not been properly inter-calibrated yet.
For this preliminary analysis, therefore, we will compare the constraints on physical
parameters derived by interpreting, on the one hand, 3D-HST optical spectroscopy
using the models of Chapter 3, and on the other hand, FIREWORKS ultraviolet-
to-infrared photometry using the models of da Cunha et al. [2008| (which do not
include nebular emission and are based on a slightly older version of the Bruzual
and Charlot [2003| models than that adopted in this thesis). We also describe how
we will incorporate dust emission in our existing models to interpret both datasets
simultaneously.

We present the 3D-HST and FIREWORKS datasets in Section 4.2. In Sec-
tion 4.3, we describe the spectroscopic and photometric approaches to fit the galaxy
spectral energy distributions. In Section 4.4, we compare the estimates of stellar
mass and specific star formation rate obtained using the two approaches. We discuss
these results in Section 4.5. Finally, in Section 4.6, we outline the next steps of the
project.

This project started in November 2011, when I visited Dr. Elisabete da Cunha
and Professor Hans-Walter Rix at MPIA (Heidelberg). The results presented here
are preliminary. I will be spending five months at MPIA over the summer of 2012
to complete the project.

4.2 The data

We select 12 star-forming galaxies at redshifts in the range 1 < z < 3 from the 3D-
HST database, a near-IR spectroscopic survey (248-orbit HST Treasury program)
performed with the Wide Field Camera 3 (WFC3) on HST. The 12 spectra were
obtained in the GOODS-South field using the WFC3 G141 grism, which provides
spatially resolved spectra covering the observed wavelength range 0.9 ym-1.9 ym
with point-source spectral resolving power R ~ 130 and a fixed pixel size of 22A.
The median signal-to-noise ratio per pixel of the continuum is around 2. Since the
spectra are spatially resolved, any particular spectrum may be contaminated by
overlapping spectra of neighboring objects. This contamination is quantified in the
reduction process and can be corrected for. To select the 12 spectra, we require:

e at least one emission line in the observed range;

e good signal-to-noise ratio of the emission line (S/N ~ 5);

e less than 10 percent contamination by neighboring objects;
e extended nebular emission, to avoid AGNs;

e a counterpart in the FIREWORKS photometric catalogue.

The FIREWORKS catalogue includes 4 HST/ACS filters (Buss, Vsos, i775, 2850), D
ESO filters (Uss, B, V, R, I), 3 VLT /ISAAC filters (J, H, K;), 4 Spitzer/IRAC
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ID (FIREWORKS) ID (3D-HST)  Zgrism

1586 308 1.784
1705 422 1.377
1876 501 1.377
1799 675 2.210
5689 95 1.052
4013 61 1.314
5548 187 1.668
5434 271 1.215
5349 320 1.991
0341 355 1.218
5209 451 1.018
5134 545 1.008

Table 4.1: ID and spectroscopic redshifts of the galaxies in the sample described in
Section 4.2.

filters (3.6, 4.5, 5.8, 8.0 um) and the Spitzer/MIPS-24 um filter. In a few cases,
Herschel /PACS photometry (60-85 pm, 85-125 um and 125-210 pm) is available too.
For the 12 galaxies in our sample, spectroscopic redshifts, zgism, estimated using
emission lines are available from the 3D-HST catalogue. We report these in Ta-
ble 4.1.

In Figure 4.1, we plot the G141 spectrum of one of the galaxies in the sam-
ple. The spectrum extends from 0.9 to 1.9 um (red dotted line), but noise and
contaminations are strong below 1.1pym and above 1.6pum. We thus consider only
the spectrum inside this range (blue line) for the analysis (for every galaxy in the
sample). One of the main current issues with 3D-HST data is spectral calibration,
which does not always match with the calibration of FIREWORKS photometry.
The consortium is working actively on resolving this issue. To ensure at least a
consistent overall absolute calibration between 3D-HST and FIREWORKS data for
the galaxies in our sample, we decide to rescale the 3D-HST spectra based on the
J-band photometric flux from FIREWORKS. The VLT /ISAAC J-band filter is the
only one falling in the range sampled by the WFC3/G141 grism. We therefore com-
pute the median flux of the 3D-HST spectrum in a square band of 0.1 ym width
centered on the effective wavelength of the J-band filter (1.253 ym, magenta line).
We then rescale uniformly the spectrum by multiplying it by the ratio between the
FIREWORKS J-band flux and the estimated median spectroscopic J-band flux.
We list the scaling factors for the 12 galaxies in our sample in Table 4.2.
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log[F,/(erg ecm-2 st A-1)]

Figure 4.1: Galaxy #1705. The G141 spectrum (red dotted line), the part of the
spectrum used in the analysis (1.1 < A < 1.6um, blue solid line), J-band effective
wavelength (magenta dashed line) and square band of 0.1 um width (magenta solid
line).

ID (FIREWORKS) J-band scaling factor

1586 2.212
1705 0.934
1876 0.914
1799 0.883
5689 1.329
4013 0.781
5548 1.407
5434 0.867
5349 0.975
5341 1.012
5209 1.243
5134 2.735

Table 4.2: Scaling factors of the galaxies in the sample defined as the ratio between
the median flux in a square band of 0.1pum width, centered on the J-band effective
wavelength, and the FIREWORKS mean flux in the J-band.
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4.3 Fits of the spectral energy distribution

In this Section, we describe the separate analyses of the 3D-HST spectra and the
FIREWORKS photometry to constrain key physical parameters of the 12 galaxies
in our sample.

4.3.1 Photometric approach

We interpret the FIREWORKS photometric data using MAGPHY'S, a model pack-
age to interpret observed spectral energy distributions of galaxies in terms of galaxy-
wide physical parameters. The approach is described in da Cunha et al. [2008|. The
analysis of the spectral energy distribution of an observed galaxy is done in two
steps:

1. the assembly of a comprehensive library of model spectral energy distributions
at the same redshift and in the same photometric bands as the observed galaxy;

2. the build-up of the marginalized likelihood distribution of each physical param-
eter of the observed galaxy, through the comparison of the observed spectral
energy distribution with all the models in the library.

The library of spectra is assembled by combining a library of optical spectra (de-
scribing the ultraviolet, optical and near-infrared emission from stellar populations)
and a library of infrared spectra (describing the mid- and far-infrared emission from
dust). The spectra in the optical library are computed using the stellar popula-
tion synthesis code of Bruzual and Charlot [2003]. They include the effects of dust
attenuation as prescribed by Charlot and Fall [2000]. More specifically, each star
formation history in the library is parameterized in terms of an underlying contin-
uous model with exponentially declining star formation rate, on top of which are
superimposed random bursts. The models are distributed uniformly in metallicity
between 0.2 and 2 times solar. The attenuation by dust is randomly sampled by
drawing the total effective V-band absorption optical depth (7y) between 0 and 6,
and the fraction of this contributed by dust in the ambient ISM (1) between 0 and
1. In the infrared library, the spectra are computed using the prescription of da
Cunha et al. [2008], which includes wide ranges of dust temperatures and fractional
contributions by different dust components to the total infrared luminosity (see the
original paper of da Cunha et al. 2008 for more details on the prior distributions of
these parameters). The optical and infrared libraries are linked together by requir-
ing consistency between the total energy absorbed by dust in stellar birth clouds
and in the interstellar medium, and the re-distribution of this energy at infrared
wavelengths.

The fitting procedure is very similar to that described in Chapter 3. It consists
in comparing the observed FIREWORKS fluxes with the fluxes of all models in the
combined optical+infrared library to build likelihood distributions of 7 key physical
parameters:
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e the fraction of total dust luminosity contributed by the diffuse ISM, f,;
e the total optical depth seen by young stars in birth clouds, 7v;

e the optical depth seen by stars in the diffuse ISM, pry;

e the star formation rate, 1;

e the stellar mass, M,;

e the specific star formation rate, g = ¥ /M,;

e the total dust luminosity, L.

Figure 4.2 shows, as an example, the fit of the spectral energy distribution of
the galaxy #1799 using this approach. The top panel shows the FIREWORKS
photometric data (red dots) and best-fit model spectral energy distribution (black
line), together with the corresponding unattenuated model (cyan line). The middle
panel shows a zoom of the (observer frame) optical and near-infrared wavelength
range. Also plotted for reference is the 3D-HST spectrum (green line) with error
bars (in grey). The 7 panels at the bottom show the probability density functions
of the retrieved physical parameters for this galaxy.

4.3.2 Spectroscopic approach

The approach we adopt to interpret the 3D-HST grism spectra is very similar to that
presented in Chapter 3. In brief, we perform a semi-analytic post-treatment of the
Millennium simulation to build a library of star formation and chemical enrichment
histories. We sample uniformly the redshift of observation in the range between
0.7 and 3.4 appropriate for 3D-HST galaxies. By analogy with our approach in
Chapter 3, we resample the current star formation rate and interstellar metallicity
using broad distributions of these parameters (as before, we define as current the
average of a quantity over a period of 10 Myr before a galaxy is looked at). This
resampling removes unwanted correlations between specific star formation rate, gas-
phase oxygen abundance and total effective optical depth of the dust in the original
library. For the present analysis, we consider gas-phase oxygen abundance down
to 124 log (O/H) = 7, i.e. lower values than considered in Chapter 3, to account
for the potentially low metallicities of high-redshift galaxies (see e.g. Pettini et al.
1997). We use the same prescriptions as in Chapter 3 to describe the stellar and
nebular emission from galaxies. We also use the same prescription for dust atten-
uation, but we remove the correlation between effective optical depth and slope of
the attenuation curve for dust in the ambient interstellar medium, which was cali-
brated using low-redshift data. Instead, we account for orientation effects on dust
attenuation by varying randomly and uniformly the slope of the attenuation curve
in the ambient interstellar medium in the range 0.4 < n < 1.0 (keeping a fixed slope
of 1.3 for the attenuation curve in the birth clouds). We resample the total effective
optical depth of the dust in the range 0.01 < 7y < 3.0, with a probability density
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Figure 4.2: Top panel: MAGPHYS fit (zgrism = 2.21 is the input redshift) to the
FIREWORKS photometry (red dots) of galaxy #1799; the black spectrum is the
best-fit model and the blue spectrum is the pure stellar spectrum (i.e. unattenuated
by dust) corresponding to this best-fit model. Middle panel: zoom of the observed-
frame wavelength range from the ultraviolet to the near-infrared; FIREWORKS
photometry (red dots), MAGPHYS best-fit model spectrum (black line), 3D-HST
spectrum (green line) with error bars (grey). Bottom panels: histograms showing
the likelihood distributions of the fraction of total dust luminosity contributed by
the diffuse ISM, f,, the total optical depth seen by young stars in birth clouds, 7,
the optical depth seen by stars in the diffuse ISM, ury, the star formation rate, v,
the specific star formation rate, g, the stellar mass, M,, and total dust luminosity,
Liot,
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Figure 4.3: Prior distributions of selected physical parameters of the 2,500,000 galax-
ies in the spectral library: (a) rest-frame absolute V-band stellar mass-to-light ra-
tio, M, /Lss; (b) fraction of the current galaxy stellar mass formed during the last
Gyr, fsrm; (c) specific star formation rate, 1g; (d) gas-phase oxygen abundance,
12 + log (O/H); (e) total effective V-band absorption optical depth of the dust, 7y;
(f) fraction of 7y arising from dust in the ambient ISM, . In each panel, the shaded
histogram shows the distribution for all galaxies, while the solid histogram shows
the contribution by star-forming galaxies alone. Non-star-forming galaxies are off
scale (at log(1)s) = o00) in panel (c¢) and do not contribute to the distributions of
interstellar parameters in panels (d)—(f).
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function of the form 0.18 arctan [5(3 — 7y/)]. This does not extend to values as high
as 7y = 4.0, as in the library in Chapter 3, because the galaxies in our sample are
all optically bright. We include attenuation by the intergalactic medium following
the prescription of Madau [1995, see also Section 2.5 of this thesis|.

We consider a library of 2,500,000 different model spectral energy distributions.!
Only about 1 percent of these models correspond to galaxies currently not-forming
stars. Figure 4.3 shows the prior distributions of six physical parameters in the
model library. Panel (a) shows the distribution of the rest-frame absolute V-band
(BSOOA) stellar mass-to-light ratio. This spans a range of 1.5 dex, with the majority
of galaxies lying around —0.5. Panel (b) shows the fraction of the current galaxy
stellar mass formed during the last Gyr. The (resampled) distributions of specific
star formation rate, gas-phase oxygen abundance, total optical depth of the dust
and fraction of this contributed by the dust in the interstellar medium are shown in
panels (c), (d), (e) and (f).

As in Chapter 3, we use a Bayesian approach to constrain the likelihood dis-
tributions of redshift and of the physical parameters shown in Figure 4.3 for each
of the 12 galaxies in our sample. This consists in comparing each observed spec-
trum with all the spectra in the library. The spectra are compared pixel-per-pixel
in the observer frame to exploit the entire information from the stellar continuum
and nebular lines simultaneously. Since the spectra are spatially resolved, emission
lines appear broader than would be expected for a point source at a resolving power
of 130. In practice, the median FWHM of emission lines in our sample is roughly
200 A (observed) at all redshifts. To fit the observed 3D-HST spectra with our mod-
els, therefore, we convolve all model spectral energy distributions in the observer
frame with a gaussian smoothing function of FWHM= 200 A. Then, we resample
the spectral energy distributions using 22 A-wide bins corresponding exactly to the
observed wavelengths.

Figure 4.4 shows the result of this resampling for the same galaxy #1799 as
shown in Figure 4.2. The original spectrum is plotted in red, while the best-fit
model and the respective parameters are plotted in blue. Even without a redshift
input, the code is able to recognize three emission lines ([O11], HS and [O111]) and
recover an estimate of redshift in agreement with zgism = 2.21 (Table 4.1). The
panels at the bottom show the retrieved probability distributions of M., fsrm, ¥s,
12 +log (O/H), 7v and =.

4.4 Results from photometric versus spectroscopic fits

We compare here the estimates of key physical parameters of the 12 galaxies in our
sample obtained through independent fits of FIREWORKS photometry and 3D-
HST spectroscopy, as described above. Our ultimate goal will be to combine the

'This is half as large as the library described in Chapter 3. In the case of low resolution
spectroscopy, a few million models are enough to reach convergence in the uncertainty and accuracy
of the retrieved parameters. Using 2,500,000 models instead of 5,000,000 speeds up the fitting
procedure by a factor of 2, without biasing the results.
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Figure 4.4: Spectral fit of galaxy #1799, using this thesis approach, with no prior
information on redshift. Top panel: the red line is the observed 3D-HST spectrum,
and the blue line is the best-fit model spectrum. Medium panel: residuals between
the observed and the best-fit model spetra. Bottom panels: histograms showing
the likelihood distributions of stellar mass, fraction of stellar mass formed in the
last Gyr, specific star formation rate, gas-phase oxygen abundance, total effective
optical depth of the dust and redshift.
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Figure 4.5: Comparison between the redshift estimates obtained with our spectro-
scopic approach, with the redshift provided in the catalogue (zgism). Green dots
represent the median estimates when redshift is treated as a free parameter. Blue
crosses represent the median estimates obtained fitting each galaxy only with models
in the range zgrism £ 0.3. Error bars are the 16 and 84 percentiles in the likelihood
distributions.

two datasets to improve the constrains on physical parameters. In the meantime,
it is important to understand the potential differences and biases between the two
approaches. MAGPHYS requires an input redshift, unlike the approach we have
developed in Chapter 3. Thus, in what follows, we first compare the redshifts
retrieved from our spectroscopic fits with the value of zgism provided in the 3D-
HST spectroscopic catalogue. Then, we compare the estimates of mass and specific
star formation rate derived independently from the photometric and spectroscopic
fits of the 12 galaxies in our sample.

4.4.1 Redshift

We plot in Figure 4.5 the redshift derived from our spectroscopic fit against the
redshift zgrism provided in the 3D-HST catalogue (green dots). In some cases, the
spectroscopic fit favors two possible redshifts. The likelihood distribution exhibits
two distinct spikes, and the median of the distribution usually corresponds to one of
the two spikes, with a large uncertainty towards the second. This happens when a
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single emission line is detectable across the observed wavelength range, which can be
interpreted either as an oxygen ([O11] or [O111]) or a hydrogen (He) transition. To
avoid this problem, we can restrict the parameter range by including only models
with redshifts within 0.3 of zgism in the library. The results are shown by blue
crosses in Figure 4.5.

Figure 4.6 and 4.7 show two spectroscopic fits of the same galaxy (#5434) ob-
tained when no constraint is applied on the redshift and when the redshift is con-
strained to be within 0.3 of zgism, respectively. In each figure, the rightmost panel
at the bottom shows the likelihood distribution of redshift. When the redshift is
unconstrained (Figure 4.6), the single observable emission line can be interpreted as
either an [O 111] or a Ha transition. These different interpretations cause the redshift
likelihood distribution to be divided into two spikes, at z ~ 1.2 and 2z ~ 1.9. This
uncertainty affects also the constraints on the other parameters. When the redshift
is constrained to be within 0.3 of Zgism (Figure 4.7), the uncertainties in M, and
1g improve by about 0.1 dex, while the uncertainty in fgpp improves by 50 percent.

4.4.2 Mass and specific star formation rate

We now want to compare our estimates of mass and specific star formation rate
with the ones obtained from FIREWORKS photometry using MAGPHYS. Since
MAGPHYS requires an input redshift, the comparison of MAGPHYS estimates
with our estimates will be more meaningful if we constrain the redshift to be within
0.3 of zgrism in the spectroscopic fits.

We are primarily interested in the comparison of the constraints on stellar mass
and specific star formation rate, because these two parameters should be the most
easily retrievable by both approaches. Figure 4.8 shows a comparison of M, and
1g retrieved from the spectroscopic and photometric fits. As expected, the uncer-
tainty in the spectroscopic estimate for both parameters is smaller when including
information about the redshift (blue crosses) than when not including it (green
dots). Figure 4.8 shows that, intringuingly, the stellar mass retrieved from 3D-HST
spectroscopy is systematically larger, by a factor of 0.5 dex, than that retrieved
from FIREWORKS photometry, with a scatter of about 0.2 dex. The specific star
formation rate is systematically lower by roughly the same amount, with larger scat-
ter and errors than for stellar mass. We note that the error bars are much larger
for spectroscopic than for photometric estimates, because the observed wavelength
range used in the constraints is much narrower. We explore in the next Section the
possible causes for the important discrepancies revealed by Figure 4.8.

4.5 Possible causes of discrepancy between photometric
and spectroscopic estimates

There are at least two possible origins of the differences in the estimates of stellar
mass and specific star formation rate obtained from the photometric and spectro-
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Figure 4.6: Same as Fig. 4.4. Spectral fit of galaxy #5435, using the approach
developed in this thesis. No constraint is applied on the redshift.
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Figure 4.7: Same as Fig. 4.4. Spectral fit of galaxy #5434, using the approach
developed in this thesis. The redshift is constrained to be within 0.3 of zgrism.
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Figure 4.8: Left panel: comparison between stellar mass estimates obtained with
our spectroscopic approach and the ones obtained with MAGPHYS. Right panel:
comparison between specific star formation rate estimates obtained with our spectro-
scopic approach and the ones obtained with MAGPHYS. In both panels, green dots
represent the median estimates when redshift is treated as a free parameter. Blue
squares represent the median estimates obtained when the redshift is constrained to
be within 0.3 of zgsm. Error bars represents the 16th and 84th percentiles of the

likelihood distributions.

MAGPHYS This thesis
Star formation Exponentially declining SAM on Millennium
history with random bursts Simulation
Metal enrichment Fixed for all stars Enrichment history

in a given galaxy

Stellar population Bruzual and Charlot [2003],

synthesis model version of 2007
Nebular emission Not included
Dust attenuation Fixed slope in ISM
Dust emission Included

from simulation

Bruzual and Charlot [2003],
the most recent version

Included
Range of slopes in ISM

Not included

Table 4.3: Differences in the prescriptions adopted in MAGPHYS and in the spec-

troscopic approach described in this thesis.
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Figure 4.9: Top panel: MAGPHYS fit (zgrism = 1.02 is the input redshift) to the
FIREWORKS photometry (red dots) of galaxy #5209; the black spectrum is the
best-fit model and the blue spectrum is the pure stellar spectrum (i.e. unattenuated
by dust) corresponding to this best-fit model. Middle panel: zoom of the observed-
frame wavelength range from the ultraviolet to the near-infrared; FIREWORKS
photometry (red dots), MAGPHYS best-fit model spectrum (black line), 3D-HST
spectrum (green line) with error bars (grey). Bottom panels: histograms showing
the likelihood distributions of the fraction of total dust luminosity contributed by
the diffuse ISM, f,, the total optical depth seen by young stars in birth clouds, 7y,
the optical depth seen by stars in the diffuse ISM, ury, the star formation rate, v,
the specific star formation rate, g, the stellar mass, M,, and total dust luminosity,
Lt
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scopic fits described above.

1. Differences in flux calibration between FIREWORKS photometry and 3D-
HST spectroscopy. This is suggested by the fact that the slope of the con-
tinuum in the 3D-HST spectra of some galaxies differs significantly from that
inferred from J- and H-band FIREWORKS photometry. We show in Fig-
ure 4.9 (middle panel, green spectrum compared to black best-fit model) the
case of largest discrepancy, where the spectroscopic estimate of mass is 0.7
dex larger than the MAGPHYS estimate. Despite the imposed agreement in
J-band flux (see above), the two slopes are largely different. Updates of the
flux calibration should be available next summer, when this project will be
concluded.

2. Differences in the model prescriptions used in the two approaches. Table 4.3
summarizes the differences in the models used in MAGPHYS and in the ap-
proach developed in this thesis. At first sight, none of these differences appears
sufficient to account for large offsets in the estimated stellar mass and specific
star formation rate. A thorough analysis of the influence of each of the differ-
ences in Table 4.3 on the results will be performed next summer. A first test
will consists in fitting FIREWORKS photometry using our library of spec-
tral energy distributions (i.e. without including emission by dust in the mid
and far infrared, but still including the ultraviolet, optical and near-infrared
photometric constraints).

4.6 Summary and next steps

In this Chapter, we have started to investigate the differences in the constraints
derived on the physical properties of galaxies at redshifts in the range 1 < z < 3 from
the separate analyses of FIREWORKS photometry (using the MAPGPHYS model
package) and 3D-HST spectroscopy (using the models developed in Chapter 3). In
Section 4.2, we have presented the characteristics of these two datasets:

e 3D-HST near-infrared grism spectra sample the optical rest frame of the galax-
ies;
e FIREWORKS photometry includes 17 bands ranging from ultraviolet to far-

infrared wavelengths.

In Section 4.3, we have described the separate photometric and spectroscopic fits of
the galaxies:

e using the MAGPHYS model package to analyze FIREWORKS photometry,
including emission by dust in the infrared;

e using the approach developed in Chapter 3, which is best suited to extract
information from the combined stellar and nebular emission in low-resolution
ultraviolet and optical spectra.
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In Section 4.4, we have compared the estimates of stellar mass and specific star
formation rate inferred separately from the two approaches. We found that the
stellar masses inferred from the spectroscopic fits are significantly lower (and specific
star formation rates significantly larger) than those derived from the photometric
fits. In Section 4.5, we have shown that possible causes for these discrepancies could
be:

o differences in the flux calibration between the FIREWORKS and 3D-HST
data;

e differences in the model prescriptions used to fit the data.

This project is intended to be concluded over the summer 2012. The first step
will be to understand the differences between the photometric and spectroscopic
estimates of stellar mass and specific star formation rate shown in Figure 4.8. Once
this is settled, we will estimate the stellar masses, star formation rates and dust
attenuation optical depths of the largest possible sample of FIREWORKS+3D-
HST galaxies. Meanwhile, we will combine the models developed in Chapter 3
with the dust emission models of da Cunha et al. [2008| to compute simultaneously
the ultraviolet, optical and infrared emission from stars, gas and dust. This will
allow us to extract the most reliable measurements of physical parameters from the
combination of FIREWORKS and 3D-HST data.



CHAPTER 5

ACS and NICMOS photometry in
the Hubble Ultra Deep Field

5.1 Introduction

This thesis work is part of the European project ELIXIR (EarLy unlverse eXplo-
ration with nIRspec). ELIXIR is a Marie Curie Initial Training Network funded by
the Seventh Framework Programme (FP7) of the European Commission to prepare
for the exploration of the early universe with the NIRSpec near-infrared spectro-
graph on board the James Webb Space Telescope (JWST). In this framework, we
have started a collaboration with Bernhard Dorner and Dr. Pierre Ferruit, who are
responsible for developing the NIRSpec instrument performance simulator.!

The aim of this study is to use models of the type described in Chapter 3 to
simulate observations of high-redshift galaxies as will be achievable with JWST.
Using such pseudo-observations, we wish to compare the constraints on physical
parameters that can be derived from low- and medium-resolution spectroscopy to
those that can be inferred from currently available photometric observations of high-
redshift galaxies. To generate pseudo-galaxies with the most realistic colors, the
idea is to select model spectral energy distributions that best reproduce existing
photometric observations of the Hubble Ultra Deep Field (HUDF).

In this Chapter, we present preliminary results from this analysis. In Section 5.2,
we describe the HUDF photometric sample of distant galaxies that will be used to
create pseudo-observed scenes for JWST /NIRSpec.? In Section 5.3, we generate
a library of model spectral energy distributions tailored to studies of high-redshift
galaxies. In Section 5.4, we use this library to assess the extent to which the physical
parameters of HUDF galaxies can be retrieved from the analysis of available photom-
etry. We also show a first example of pseudo-observed scene generated using model
spectral energy distributions and a preliminary version of the JWST /NIRSpec in-
strument performance simulator. We discuss the results obtained from the analysis
of HUDF photometry in Section 5.5 and summarize our conclusions in Section 5.6.

This project is intended to be concluded and submitted for publication as soon as
the NIRSpec instrument performance simulator is ready. Our study will quantify the

!The NIRSpec instrument performance simulator is a software for studies of the instrument
performance, optical and geometrical effects, as well as the creation of realistic calibration and
science exposures to develop and test data analysis tools

2In the instrument performance simulator, the spatial distribution of pseudo-galaxy spectra on
the detector is referred to as a pseudo-observed scene.
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value of low- and medium-resolution spectroscopy with JWST /NIRSpec to explore
the physical parameters of the very first galaxies that formed in the early Universe.

5.2 The data

We select galaxies from the HUDF catalogue of Coe et al. [2006], which contains B
Vi’ 27 J H photometry and photometric redshifts for 8042 galaxies detected at the
10-0 level. B V ¢’ and 2’ data were obtained with the Advanced Camera for Surveys
(ACS) on board HST. J and H data were obtained with the Near Infrared Camera
and Multi-Object Spectrometer (NICMOS) on board HST. We show the 6 filter
response functions in Figure 5.1: B in blue, V in magenta, ¢’ in cyan, 2z’ in green,
J in orange and H in red. Also plotted in grey are examples of spectral energy
distributions extracted from the model library of Section 5.3. Flux is expressed
in AB magnitudes at observed wavelengths between 0.3 to 2 ym. The five model
galaxies are computed at five different redshifts to show how the position of the
Lyman break® changes in observations between z ~ 2 and z ~ 7.

We select 29 galaxies with both ACS and NICMOS data and another 26 with
ACS data alone. The selection derives from the following constraints:

e requirement that the listed photometric redshift be between 2 and §;
e cither 2z’ or J magnitude (when available) brighter than 27 in AB system,;

e observational requirements imposed by the NIRSpec microshutter array.

We list all 55 objects along with photometric redshifts, magnitudes and errors in
Appendix C. The colors are plotted in Figure 5.2. In both panels, dots represent
model galaxies in different ranges of redshift: z < 3.5 black, 3.5 < z < 4.5 red,
4.5 < z < 5.5 yellow, 5.5 < z < 6.5 green, 6.5 < z < 7.5 magenta. Grey squares
with error bars represent the selected HUDF galaxies. Panel (a) shows V —4’ versus
i’ — 2’ colors. This plot is commonly used to select V-dropout galaxies at z = 5:
objects with redshift greater than z = 5.5 do not have reliable photometry in the
V band, which falls blueward of the Lyman break. This is the likely reason why
three galaxies with uncertain photometry (at redshift z = 5.53, 5.715 and 6.336) fall
outside the model range in Figure 5.2a. Panel (b) shows ¢ — 2’ versus 2z’ — J colors,
used to identify 7'-dropout galaxies at z = 6. In this case, the three high-redshift
objects overlap reasonably well with the range of colors spanned by the models.

5.3 Modeling

In this Section, we generate a library of model spectral energy distributions specif-
ically tailored to studies of high-redshift galaxies. We appeal to prescriptions of

3The Lyman break denotes the drop in flux of distant objects blueward of the Lyman limit
(912A rest frame) caused by absorption by neutral hydrogen in the intergalactic medium (the
break can also occur blueward of the Lyman-« line, at 1215 A rest-frame, for the most distant
objects; see Section 2.5).
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Figure 5.1: ACS and NICMOS filters: B in blue, V in magenta, i’ in cyan, 2z’ in
green, J in orange and H in red. In gray, five model galaxies at redshifts 2.15, 3.55,
4.40, 5.78 and 6.72. Flux is expressed in AB magnitudes in the observed-range
between 0.3 and 2 um. The increasing effect of the IGM absorption with redshift is
visible blueward of the Lyman-« line.
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Figure 5.2: Panel a: V — 4’ versus ¢/ — 2’ colors. Panel b: i’ — 2’ versus 2/ — J
colors. In both plots, dots represent model galaxies in different ranges of redshift:
z < 3.5 black, 3.5 < z < 4.5 red, 4.5 < z < 5.5 yellow, 5.5 < z < 6.5 green,
6.5 < z < 7.5 magenta. Grey squares with error bars represent the selected HUDF
galaxies. Photometric redshifts from the catalogue by Coe et al. [2006] label a few
high-redshift galaxies to identify the outliers in panel (a) and check their position
in panel (b).

star formation and chemical enrichment histories, stellar and nebular emission and
attenuation by dust similar to those described in Chapter 3, but with some key
specificities for studies of the (esp. ultraviolet) emission from high-redshift galaxies.

5.3.1 Library of spectral energy distributions

We perform a semi-analytic post-treatment of the Millennium simulation analogous
to that described in Chapter 3 to build a library of star formation and chemical
enrichment histories of high-redshift galaxies. In this case, we stop the simulation
at z = 2 instead of z = 0. To generate a model library that matches the properties
of the observed HUDF sample, we randomly sample the redshift of observation
between z = 2 and z = 8. In practice, the fraction of galaxies decreases slightly at
the highest redshifts in the library (Figure 5.3, panel b), because some models do
not start forming stars before redshifts smaller than z = 8. By analogy with our
approach in Chapter 3, we resample the current star formation rate and interstellar
metallicity using broad distributions of these parameters (as before, we define as
current the average of a quantity over a period of 10 Myr before a galaxy is looked
at). This resampling removes unwanted correlations between specific star formation
rate, gas-phase oxygen abundance and total effective optical depth of the dust in the
original library. In particular, we extend the range of specific star formation rates
up to the limit where all stars were formed in the last 10 Myr (log[ts/Gyr™1] = 2;
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see Figure 5.3, panel c¢) and the range of gas-phase oxygen abundances down to
12 +1og (O/H) = 7 (see Figure 5.3, panel d). These choices are motived by the
results of recent observations of high-redshift galaxies characterized by very high
specific star formation rates and very metal-poor gas [e.g. Erb et al., 2010, Bouwens
et al., 2010|.

To compute model spectral energy distributions, we include stellar and nebular
emission using the same prescriptions as in Chapter 3. We include attenuation by the
intergalactic medium following the prescription of Madau [1995, see also Section 2.5
of this thesis|. Attenuation by dust is computed as in Chapter 4, except at ultraviolet
wavelengths. At these wavelengths, we explore the potential influence of the 2175 A-
bump feature on the attenuation curve of high-redshift galaxies (Section 2.4.2.2).
This feature has been detected recently in observations of low-redshift galaxies (e.g.
Conroy et al. 2010a, Wild et al. 2011). To describe the 2175 A bump, we introduce
a Drude profile in the attenuation curve of the ambient interstellar medium in our
models. The profile is parameterized by the central wavelength, the width and
the strength of the bump. We keep the central wavelength and width constant, as
suggested by observations through different lines of sight in the Milky Way. We
randomly vary the strength of the bump between 0 and the average value in the
Milky Way (i.e. Apump = 5.17, see below). We can thus write the attenuation curve
in the ambient interstellar medium as

AN " ¢
™=puv | ——= —D 3.1
=it (sg) D@ (5:3.)

72

(932 _ $3)2 + 721;2 ’
where z = (A/um)~t. Following Whittet [2003], xo = (0.2175)~! characterizes the

central wavelength and 1/ = 0.99um™! the FWHM of the feature. In the Milky
Way, the coefficient c is related to the strength Ay, of the bump by

D(z) =

(5.3.2)

& me
Abump = / cD(z)dx = — =5.17. (5.3.3)
0 2y
In our models, the quantity ¢/ Ry spans values between 0 and 1.07. The total effec-
tive V-band optical depth, 7y, is sampled randomly between 0.01 and 3 (Figure 5.3,
panel e), and the fraction of this contributed by dust in the ambient interstellar
medium, p, is sampled randomly between 0.1 to 0.7 (Figure 5.3, panel f).

We draw in this way a library of 500,000 model spectral energy distributions
sampling comprehensive ranges of properties of high-redshift galaxies.* We note
that the observer-frame H-band stellar mass-to-light ratio in Figure 5.3 (panel a)
spans almost 2 orders of magnitude, i.e. far more than the r-band mass-to-light
ratio in the library used in Chapter 3. This is because the H band filter samples a
wide range of rest wavelengths in the present library, from optical wavelengths at
z ~ 2 to far-ultraviolet wavelengths at z ~ 8.

“We show in Appendix B that a few hundred thousand models are enough to reach convergence
in the uncertainty and accuracy of the retrieved parameters.
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Figure 5.3: Prior distributions of selected physical parameters of the 500,000 galaxies
in the spectral library: (a) observer-frame absolute H-band stellar mass-to-light
ratio, M, /Lp; (b) redshift, z; (c) specific star formation rate, 1g; (d) gas-phase
oxygen abundance, 12+ log (O/H); (e) total effective V-band absorption optical
depth of the dust, 7y; (f) fraction of 7y arising from dust in the ambient ISM, u. In
each panel, the shaded histogram shows the distribution for all galaxies, while the
solid histogram shows the contribution by star-forming galaxies alone. Non-star-
forming galaxies are off scale (at log(¢s) = o0) in panel (c) and do not contribute
to the distributions of interstellar parameters in panels (d)—(f).
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Figure 5.4: Left panel: rest-frame ultraviolet spectral energy distribution of a galaxy
(z = 3.41) extracted form the model library (black) and the associated power-law
best fit (green). The wavelength windows used to perform the fit are highlighted
in cyan. Right panel: distribution of the rest-frame ultraviolet slope in the model
library for all galaxies (shaded histogram) and for galaxies with negligible 2175A
bump only (solid histogram).

5.3.2 The ultraviolet spectral slope

Optical and near-infrared observations of high-redshift galaxies sample the rest-
frame ultraviolet light. It is thus important to investigate the dependence of the
ultraviolet light on galaxy physical parameters. For example, the slope of the ultra-
violet spectral energy distribution will depend on the age and metallicity of the stars
dominating the light, as well as on attenuation by dust [Meurer et al., 1999, Dunlop
et al., 2012]. Recently, different authors have debated the steepness of this ultravio-
let slope in high-redshift galaxies. Some studies support the idea that high-redshift
galaxies are characterized by very steep rest-frame ultraviolet spectral energy dis-
tributions [Bouwens et al., 2011|, while others suggest that such steep slopes are
caused by biases in the data reduction process [flux boosting; Dunlop et al., 2012].

We adopt here the definition of Calzetti et al. [1994] to measure the rest-frame
ultraviolet slope of model spectral energy distributions. This amounts to fitting a
power law of the form Fy oc A2 to the spectrum sampled in 10 narrow wavelength
windows, chosen to avoid strong stellar and interstellar absorption features and the
2175 A bump (see also Section 5.3.1). Figure 5.4 (left panel) shows an example
of model spectrum (in black) and the associated power-law fit (in green). The
wavelength windows used to perform the fit are highlighted in cyan. In Figure 5.4
(right panel), the shaded histogram shows the distribution of ultraviolet slopes of
all the galaxies in the model library. For reference, the solid histogram shows the
same distribution when including only galaxies with negligible ultraviolet bumps
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(¢/Ry < 0.1).> We note that the strength of the bump in our library is not correlated
to any other galaxy parameter, such as age, stellar metallicity and optical depth of
the dust. Thus, the galaxy populations contributing to the two histograms are
comparable. In this context, the fact that galaxies with significant bumps have
significantly steeper ultraviolet spectra (by A ~ 0.4) than galaxies with negligible
bumps in Figure 5.4 (right panel) indicates that the selected narrow wavelength
windows do not entirely remove the dependence of 3 on the 2175 A dust feature.

5.4 Fitting procedure

In this Section, we use the model library built in Section 5.3.1 to estimate physical
parameters of HUDF galaxies extracted from the photometric catalogue described
in Section 5.2. We also select the model spectral energy distributions that best fit
these HUDF galaxies to generate a pseudo-observed scene for JWST /NIRSpec with
a preliminary version of the instrument performance simulator.

5.4.1 Estimates of the physical parameters

To constrain the physical parameters of HUDF galaxies using the model library
built in Section 5.3.1, we first compute the photometric properties of the models
by convolving the (observer-frame) spectral energy distributions with the response
functions of the four ACS filters and the two NICMOS filters. Galaxies at z 2 4
are not detected in the ACS bands that fall blueward the redshifted Lyman break.
When this is the case, we assign a photometric flux equal to 0 in these bands and
adopt the same error as in the ACS z band (the errors are typically roughly the
same for all detected ACS bands and a factor of 10 larger for NICMOS photome-
try). Then, we use a Bayesian approach similar to that described in Chapter 3 to
compare the observed fluxes of each HUDF galaxy with the fluxes of all the models
in the library. This allows us to compute marginalized likelihood distributions of six
physical parameters for each HUDF galaxy: stellar mass, M., specific star formation
rate, 1)g, gas-phase oxygen abundance, 12 + log (O/H), total effective optical depth
of the dust, 7y, rest-frame ultraviolet slope, 5, and redshift, z.

We note that, when the redshift is determined (photometrically), the rest-frame
ultraviolet slope can be measured directly from the observed colors in the bands
redward of the Lyman break (see Hathi et al. 2008 for galaxies at z =4 —5—6
and Dunlop et al. 2012 for galaxies at z = 7 — 8). Finkelstein et al. [2011] show
that deriving the rest-frame ultraviolet slope from the best-fit model spectrum is
more accurate than a single-color method. For this reason, and also because in our
sample the Lyman break does not always fall in the observed wavelength range, we
include the rest-frame ultraviolet slope, 8, among the parameters that we retrieve
using the Bayesian approach.

5The two histograms are normalized differently. The first is normalized to the total number of
models in the library. The second is normalized to the number of models with ¢/Ry < 0.1 (about
10 percent of the entire library).



5.4. Fitting procedure 129
ID05299
20 T T T | T T T T
| — fit ACS + NICMOS i

25 -
2 I
z I

30 _ ® ACS _

@® NICMOS 1

residuals

PDF

8 10
log(M,)

-10 1
log(¥%) 12+log(0/H)

8

9 1

Figure 5.5: ID 5299. Top panel: ACS observed magnitudes (magenta dots), NIC-
MOS observed magnitudes (red dots), ACS and NICMOS magnitudes of the best-fit
model galaxy (blue squares), best-fit model spectrum when fitting both ACS and
NICMOS magnitudes (black line), best-fit model spectrum when fitting ACS data
alone (green line). Middle panel: residuals between best-fit model magnitudes and
data (crosses). Bottom panels: probability density functions retrieved for stellar
mass, specific star formation rate, gas-phase oxygen abundance, total effective op-
tical depth of the dust, rest-frame ultraviolet slope, redshift. In each panel, the
shaded histogram was derived by fitting both ACS and NICMOS data, while the
solid histogram was derived using ACS data alone. In the redshift panel, the vertical
red line shows the photometric redshift listed in the Coe et al. [2006] catalogue.



Chapter 5. ACS and NICMOS photometry in the Hubble Ultra Deep
130 Field

Figure 5.5 shows an example of a fit of a HUDF galaxy in our sample and the
associated constraints on physical parameters. In the top panel, the dots represent
the ACS (magenta) and NICMOS (red) data. Blue squares represent the ACS and
NICMOS magnitudes of the best-fit model galaxy. The corresponding best-fit model
spectrum is plotted in black. Also shown in green is the model spectrum that best
fits the ACS data alone, i.e. when NICMOS observations are ignored. The crosses
in the middle panel show the residuals between best-fit model magnitudes and data.
In the bottom panels, we show the probability density functions retrieved for (from
left to right) stellar mass, specific star formation rate, gas-phase oxygen abundance,
optical depth of the gas, rest-frame ultraviolet slope and redshift. In each panel, the
shaded histogram was derived by fitting both ACS and NICMOS data, while the
solid histogram was derived using ACS data alone. In the redshift panel (far right),
the vertical red line shows, for reference, the photometric redshift listed in the Coe
et al. [2006] catalogue. As expected, all the parameters are less well constrained (i.e.
the likelihood distributions are wider) when only the ACS data are used. For this
particular galaxy, neglecting NICMOS constraints causes the rest-frame ultraviolet
slope and the stellar mass to be both overestimated.

We return to the physical properties of HUDF galaxies in Section 5.5 below,
where we pay particular attention to the accuracy of photometric redshift estimates
and the correlation between rest-frame ultraviolet slope and dust attenuation.

5.4.2 Preliminary pseudo-observed scene

We use the best-fit model spectral energy distributions of HUDF galaxies derived in
Section 5.4.1 to generate a pseudo-observed scene with the JWST /NIRSpec instru-
ment performance simulator. To present the scene, we first need to briefly describe
the design of NIRSpec. NIRSpec is a near-infrared multi-object dispersive spec-
trograph, which will be capable of simultaneously observing more than 100 sources
over a field-of-view larger than 3’ x 3’. Targets will normally be selected by opening
groups of shutters to form multiple apertures in a micro-shutter array. Over 62,000
such micro-shutters are arranged in a waffle-like grid on the array. Six gratings pro-
vide high-resolution (R = 2700) and medium-resolution (R = 1000) spectroscopy
over the wavelength range 1 — 5 pum, while a prism yields lower-resolution (R = 100)
spectroscopy over the range 0.6 — 5 ym.%

Our simulation of a pseudo-observed scene for JWST /NIRSpec is still prelimi-
nary. So far, each galaxy is assumed to be point-like and placed exactly ‘behind’ a
micro-shutter. We show in Figure 5.6 the multi-object spectrograph (MOS) scene
obtained in this way with a typical exposure configuration of a NIRSpec deep-field
observation. Each light-blue ‘line’ is a galaxy observed through 3 vertically-adjacent
micro-shutters with the low-resolution prism (the galaxy is placed behind the central
micro-shutter, while the adjacent shutters provide an estimate the sky background).”

SNIRSpec also includes fixed slits and an integral field unit, which provide high-contrast spectra
of point-like sources and of extended objects, respectively.
"In this example, some of our 55 best-fit spectral energy distributions are used more than once
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Figure 5.6: Example of the multi-object spectrograph (MOS) scene obtained by
placing different point-like galaxies ‘behind’ different micro-shutters. Light is dis-
persed using NIRSpec low-resolution prism (R = 100).

In this broad overview, all galaxies look very similar to each other because the dom-
inant feature is the background radiation of the Zodiacal light. Zooming closer
(Figure 5.7), we can discern a continuum radiation slightly above the background
level and some peaks of emission lines.

Once the instrument performance simulator is fully operational, we will be able
to mimic spectroscopic observations of spatially-extended galaxies with the low-
resolution prism and the medium-resolution gratings. Then, we will use an ap-
proach similar to that described in Section 5.4 to derive constraints on the physical
parameters of these pseudo-observed galaxies using a comprehensive library of model
spectra (generated using the library of spectral energy distribution of Section 5.3.1).
This will allow us to quantify the power of JWST/NIRSpec observations relative
to currently available photometric observations to explore the physical properties of
primordial galaxies.

5.5 Discussion

In this Section, we return to the physical properties of HUDF galaxies derived from
the photometric analysis described in Section 5.4. We first compare our estimates

to fill the scene with ~ 70 galaxies. The 5 wide spectra in the center of the scene in Figure 5.6
correspond to the fixed slits used to detect the Zodiacal background.
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Figure 5.7: Zoom of the scene presented in Figure 5.6. In correspondence of every
galaxy, 3 vertically-adjacent micro-shutters are open. In each case, the radiation of
the Zodiacal light dominates the background in the upper and lower micro-shutters.
The continuum emission from the galaxies and some emission lines (red isolated
pixels) can be detected in the central micro-shutter.
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of redshift with the photometric redshifts listed in the original Coe et al. [2006]
catalogue. Then, we explore the relation between rest-frame ultraviolet spectral
slope and total effective optical depth of the dust, which has strong implications for
estimates of the star formation rate and dust attenuation in galaxies [e.g., Meurer
et al., 1999, Charlot and Fall, 2000].

5.5.1 Comparison of redshift estimates

The photometric redshifts listed in the original Coe et al. [2006] catalogue were
derived using an updated version of the Bayesian photometric redshift software BPZ
[Benitez, 2000]. The template library used by Benitez [2000]| includes templates
of E, Sbe, Scd and Im galaxies from Coleman et al. [1980], two starburst-galaxy
templates from Kinney et al. [1996] and two young (5 and 25 Myr old) stellar-
population templates from [Bruzual and Charlot, 2003]. These last two templates
were included to conform the library to the large population of blue galaxies observed
in the HUDF.

In Figure 5.8, we compare our estimates of redshift with the photometric red-
shifts provided by Coe et al. [2006]. Gray dots pertain to galaxies for which both
ACS and NICMOS photometry is available, while black dots refer to galaxies with
ACS photometry alone. For each measurement, the error bar indicates the sum
of the 16th—84th percentile range of the likelihood distribution retrieved from our
analysis and the 1-sigma uncertainty in the Coe et al. estimate (=~ 0.3). The red
dotted line marks the location of perfect agreement between the two redshift esti-
mates. At z < 3, the median redshift retrieved from our analysis appears to be
slightly larger (by Az ~ 0.3-0.5) than that listed by Coe et al. [2006], while for
3 < z <4, it is smaller by a similar amount. At greater redshifts, discrepancies are
smaller (Az ~ —0.15), and the values favored by our analysis are in good general
agreement (within the errors) with those listed by Coe et al. [2006]. Figure 5.8
therefore illustrates the substantial uncertainties affecting photometric redshift esti-
mates, especially when the Lyman break cannot be detected with the ACS filters, i.e.
for z < 4. JWST spectroscopic observations of these galaxies will largely improve
redshift estimates by sampling strong rest-frame ultraviolet and optical (absorption
and emission) features.

5.5.2 Correlation between ultraviolet spectral slope and optical
depth of the dust

The rest-frame ultraviolet spectral slope is sensitive to stellar age, stellar metallicity
and attenuation by dust. Young, metal-poor stellar populations tend to have steeper
slopes than old, metal-rich ones. In this context, observations of high-redshift galax-
ies with very steep slopes have attracted much attention over the past few years, as
these are suggestive of extremely young, metal-poor, dust-free primordial galaxies
(see for example, Wilkins et al. 2011, Finkelstein et al. 2010, Bouwens et al. 2010).

In Figure 5.9, we plot rest-frame ultraviolet spectral slope, 5, against total effec-
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Figure 5.8: Differences in redshift estimates between our fits and the values reported
in Coe et al. [2006] catalogue. Gray squares represent the fits using ACS and
NICMOS magnitudes. Black dots represent the fits when ACS magnitudes alone are
available. For each measurement, the error bar indicates the sum of the 16th—84th
percentile range of the likelihood distribution retrieved from our analysis and the
1-sigma uncertainty in the Coe et al. estimate (= 0.3). The red dotted line marks
the location of perfect agreement between the two redshift estimates.
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Figure 5.9: Estimates of rest-frame ultraviolet slope, 3, versus total effective optical
depth of the dust, 7. Grey dots: 50,000 random galaxies from the model library.
Red (z < 4) and magenta (z > 4) squares: median estimates fitting both ACS
and NICMOS data. Green dots: median estimates fitting ACS data alone. The
black dashed line shows the relation derived by Meurer et al. [1999] for nearby,
ultraviolet-selected starburst galaxies (see text for details).
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tive optical depth of the dust, 7y, for different samples. Gray dots show the proper-
ties of 50,000 galaxies extracted randomly from the model library of Section 5.3.1.
Red and magenta squares show the median properties retrieved from our analysis
for HUDF with both ACS and NICMOS data at redshifts smaller and greater than
z = 4, respectively. Green dots show the median properties of HUDF galaxies with
ACS data only. For each estimate, the error bar indicates the 16th—84th percentile
range of the likelihood distribution retrieved from our analysis. Finally, the heavy
dashed line is the relation derived by Meurer et al. [1999] for nearby, ultraviolet-
selected starburst galaxies,

At00 = 4.43 + 1,995, (554)

where A1gp0 = 1.086 T1600 and 600 = 2.46 7 for a Calzetti et al. [1994] law.

The large magenta horizontal error bars in Figure 5.9 indicate that the attenua-
tion optical depth of the dust is not well constrained in objects at redshift above 4.
At those redshifts, the Lyman break falls redward of the V' band, and thus galaxies
are detected only in 2 or 3 bands. This is not sufficient to tightly constrain the opti-
cal depth of the dust. The retrieved 7y in this case corresponds to the median of the
prior distribution (Figure 5.3f). Also, the large green error bars (both horizontal
and vertical) in Figure 5.9 show that ACS data alone do not allow us to tightly
constrain the total effective optical depth of the dust and the ultraviolet spectral
slope of galaxies at any of the considered redshifts. At low redshift (z < 4), our
estimates of 7y and B8 for HUDF galaxies are roughly consistent with the Meurer
et al. local relation. It is interesting to mention that all HUDF galaxies in our
sample are generally best fitted by models with a negligible bump feature in the
rest-frame ultraviolet attenuation curve.

A main result of this analysis is that the selected galaxies seem to be charac-
terized by low dust content. This may be a consequence of our requirement to
select only galaxies with 2’ or J magnitude brighter than AB =27, implying that
the selected galaxies tend to be bright and not strongly attenuated by dust. Deeper
observations would likely bring more dusty galaxies into the sample.

5.6 Summary and next steps

This work is part of a project to prepare for the exploration of the early Universe
with the NIRspec near-infrared multi-object spectrograph on board the James Webb
Space Telescope (JWST). In this framework we have started a collaboration with
Bernhard Dorner and Dr. Pierre Ferruit, who are responsible for the development
of the NIRSpec instrument performance simulator. We have set for this project the
following goals:

1. the creation of pseudo-observed scenes for the JWST /NIRSpec simulator using
our model galaxy spectral energy distributions;
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2. the quantitative assessment of the improvement in the estimates of galaxy
physical parameters from future JWST /NIRSpec observations, relative to the
constraints derived from current deep photometric observations.

Our results are still preliminary. So far, we have used the approach developed in
Chapter 3 (and summarized in Section 5.3) to build a sophisticated library of spectral
energy distributions tailored to studies of high-redshift galaxies. We have used this
library to generate input spectra for the JWST/NIRSpec instrument performance
simulator, by selecting model spectral energy distributions that best reproduce ex-
isting HUDF photometric observations of high-redshift galaxies. We have presented
a first simulation of a pseudo-observed MOS scene, in which galaxies are treated as
point sources and observed in the low-resolution mode of the NIRSpec instrument.

As soon as the instrument performance simulator is finalized, we will be able to
use more realistic pseudo observations of this type to assess the accuracy and un-
certainty to which physical parameters can be derived from future JWST /NIRSpec.
This will allow us to quantify the improvement that JWST will bring compared to
currently available photometric observations of the high-redshift Universe.

We have also analyzed in this Chapter the constraints that can be derived on
the physical parameters of high-redshift galaxies from available HUDF photometry.
We find that, not surprisingly, photometric redshift estimates are particularly un-
certain when the Lyman break is not bracketed by any of the available ACS filters
(i.e. for z < 4). Spectroscopic observations sampling strong ultraviolet and opti-
cal (absorption and emission) features with JWST /NIRSpec will greatly improve
these constraints. For the small sample of ~ 20 HUDF galaxies with both ACS
and NICMOS data at redshift z < 4 we have analyzed, the relation between rest-
frame ultraviolet spectral slope and attenuation optical depth of the dust is similar
to that observed by Meurer et al. [1999] in nearby ultraviolet-selected starburst
galaxies. The fact that the galaxies in our sample are generally found to have low
dust content and a weak 2175 A-bump feature may result from the relatively bright
magnitude limit (2’ or J brighter than AB = 27).

The preliminary results presented here already provide valuable hints on how
future large samples of spectroscopic observations with JWST /NIRSpec will help
constrain the physical parameters of high-redshift galaxies. As soon as the instru-
ment performance simulator is ready, we will be able to complete this study and
optimize the design of future observations.






CHAPTER 6

Conclusions

In this thesis, we have seen that the light emitted by galaxies at different wavelengths
encloses important information about the past history of star formation and chemical
enrichment. Constraining the physical properties of galaxies from the analysis of
this light requires a consistent model of the radiation emitted by stars and gas
and of the effect of dust on this radiation. To this goal, we have developed a new
approach to constrain galaxy physical parameters from different types of multi-
wavelength observations. A main novelty of our approach is the ability to interpret
simultaneously the stellar and nebular emission from galaxies. To achieve this, we
rely on a comprehensive library of spectral energy distributions, assembled using
state-of-the-art models of

e star formation and chemical enrichment histories from the semi-analytic post-
treatment of cosmological simulations;

e stellar population synthesis, nebular emission and attenuation by dust.

This library enables us to estimate galaxy physical parameters from the Bayesian
analysis of different types of observations in a wide range of redshifts. The spectra
in the library extend from ultraviolet to near-infrared wavelengths and span broad
ranges in all physical parameters. The distribution of priors has been designed to
avoid unwanted biases in the sampling of the parameter space. This distribution
can be tailored to the study of galaxies with specific physical properties (e.g., ac-
tively star-forming, early-type, metal-poor). In this thesis, we focus on estimates
of redshift, stellar mass, specific star formation rate, gas-phase oxygen abundance
and total effective optical depth of the dust. We also explore a new parameter, the
fraction of a current galaxy stellar mass formed in the past 2.5 Gyr, which provides
information about the recent history of star formation.

The powerful approach we have developed to extract key physical parameters
from multi-wavelength galaxy observations also allows us to quantify how the reli-
ability of such estimates depends on the type of observation employed. To achieve
this, we simulate pseudo-observations by convolving the spectral energy distribu-
tions of models with known parameters with appropriate instrument responses and
then applying artificial noise to mimic true observations. This approach allows us
to make accurate predictions for the optimistic case in which the models we rely on
are good approximations of true galaxies. Pseudo-observations allow us to assess
the retrievability of physical parameters in terms of accuracy and uncertainty. This
allows us in turn to identify how to best constrain physical parameters using differ-
ent spectral resolutions and signal-to-noise ratios, which is crucial to design future
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observations. We have simulated both photometric and spectroscopic observations,
obtaining the following results:

e rest-frame wugriz photometry can provide roughly 50-percent uncertainty on
mass-to-light ratio measurements; meaningful constraints can also be obtained
on the specific star formation rate for actively star forming galaxies (¢pg > 1
Gyr™h);

e cquivalent-width measurements of prominent optical emission lines ([O 11], HS,
[O111], [N11], Hey, [S11]) probe the specific star formation rate and to some
extent the gas-phase oxygen abundance and the optical depth of the dust seen
by young stars in giant molecular clouds;

e pixel-by-pixel analysis of low-resolution (50 A FWHM) spectral energy distri-
butions of galaxies at wavelengths 3600-7400 A enables us to extract valuable
information from the most prominent emission and absorption features. This
approach (in a regime of median signal-to-noise ratio per pixel around 20) is
sufficient to constrain the observer-frame absolute r-band stellar mass-to-light
ratio to within 0.13 dex, the fraction of a current galaxy stellar mass formed
during the last 2.5 Gyr to within 0.23, the specific star formation rate to within
0.24 dex, the gas-phase oxygen abundance to within 0.28, the total effective
V-band absorption optical depth of the dust to within 0.64 and the fraction
of this arising from dust in the ambient interstellar medium to within 0.16;

e pixel-by-pixel analysis of medium-resolution spectral energy distributions (5 A
FWHM) at wavelengths 3600-7400 A enables us to de-blend emission lines and
thus improve the constraints on specific star formation rate, gas metallicity
and dust optical depth by a factor of about 2 relative to low-resolution spec-
troscopy, while the constraints on other parameters improve by 20-30 percent.

We find that the retrievability of physical parameters is very sensitive to signal-to-
noise ratio. Photometric measurements are generally gathered with good signal-
to-noise ratio. Spectroscopy, instead, requires long exposure times to attain good
signal-to-noise ratio. The ability with our approach to interpret simultaneously the
stellar and nebular emission from galaxies allows us to show that low-resolution spec-
troscopy actually represents an excellent trade-off between photometry and medium-
resolution spectroscopy.

The tool we have developed is useful to interpret currently available datasets
and plan for future observations. We have tested our approach on the analysis of
a sample of ~13,000 SDSS spectra of nearby galaxies at a spectral resolution of
5A FWHM. We find that we can infer likelihood distributions of stellar mass, gas-
phase oxygen abundance, total effective optical depth of the dust and specific star
formation rate similar to those obtained in previous separate analyses of the stellar
and nebular emission at the original (twice higher) SDSS spectral resolution.

We have also started to analyze the spectral energy distributions of a sample of
galaxies at redshifts between 1 and 3 (collaboration with Dr. Elisabete da Cunha
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and Prof. Hans-Walter Rix, MPIA). This project consists in exploiting our models
to interpret a combination of spectroscopic and photometric observations to best
constrain galaxy physical parameters, such as stellar mass, specific star formation
rate, gas-phase oxygen abundance and dust content. Photometric observations have
been extracted from the FIREWORKS catalogue and span a wide wavelength range,
from the rest-frame ultraviolet to the infrared. Spectroscopic observations have been
extracted from the 3D-HST database and have the advantage to probe the narrow
emission and absorption features at rest-frame ultraviolet and optical wavelengths.
So far we have been working on understanding the differences in the constraints
derived from the separate analyses of FIREWORKS and 3D-HST data. The combi-
nation of photometric and spectroscopic approaches will require the inclusion of the
da Cunha et al. [2008] prescription for dust emission by in our model library. This
should be achieved over the summer of 2012, when this project will be concluded.

This thesis is part of an effort to explore of the formation and evolution of
the first galaxies in the early Universe with the NIRSpec near-infrared multi-object
spectrograph on board the future James Webb Space Telescope (JWST). In this
framework, we have started a collaboration with Bernhard Dorner and Dr. Pierre
Ferruit, who are responsible for the development of the NIRSpec instrument per-
formance simulator. The aim of our study is to create a pseudo-observed scene of
NIRSpec using our model galaxy spectral energy distributions. Pseudo-observed
scenes of this type will allow us to precisely simulate NIRSpec observations and
quantify the improvement in the estimates of galaxy physical parameters relative to
the constraints derived from current photometric observations of the deep Universe.
In fact, the ability with JWST/NIRSpec to gather high-quality spectra of the rest-
frame ultraviolet and optical emission from primeval galaxies must be exploited as
best as possible.

Our results are still preliminary. So far we have used our approach to analyze
a sample of galaxies selected among the deepest photometric observations in the
Hubble Ultra Deep Field (2 < z < 8) and to generate input spectra with the most
realistic colors for the NIRSpec instrument performance simulator. In this analy-
sis, we are giving particular attention to the features of the rest-frame ultraviolet
radiation. The shape of a galaxy spectral energy distributions in this wavelength
region depends on the age and metallicity of the stars dominating the light as well
as on the presence of dust. Our preliminary results indicate that the galaxies in
our sample have generally low dust content and a weak 2175A-bump feature. This
result could likely derive form the relatively bright magnitude limit of this sample.

We are planning a few extension of our models. As mentioned above, we will
first extend the spectral domain of the model library out to mid- and far-infrared
wavelengths using the prescription of da Cunha et al. [2008]. We are also planning
to extend our models to account for the contribution by active galactic nuclei to
the line and continuum emission from galaxies. These improvements will help us
derive more reliable constraints on the physical properties of both quiescent and star-
forming galaxies from low up to very high redshifts. This should have important
implications for our understanding of galaxy formation and evolution.






APPENDIX A
Intrinsic correlations between
spectral pixels

In Chapters 3, 4 and 5 we apply a Bayesian approach to compute likelihood dis-
tributions of physical parameters of galaxies from different types of observations.
We write the likelihood of the jth model, noted M;, given the spectral energy
distribution of a galaxy, as

1 O; —wiM;;\?
In P(IM,;[{O;}) = —= - A.0.1
RPOI0)) = 5 37 (T ) (20.0)
where O; and M;; are the spectral energy distributions (i.e., either the spectral
flux density at the ¢ th wavelength, or the equivalent width of the ¢ th emission line,
or the flux in the ¢ th photometric band) of the pseudo-galaxy and the jth model,

respectively, o; is the uncertainty in O; corresponding to the adopted signal-to-noise
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is the model scaling factor that maximizes P(M;|{O;}) (this parameter is unity in
the case of scale-free equivalent widths). This formulation is valid when the measure-
ments are not correlated with one another. Correlated measurements contain the
same information and thus do not add constraints to the fit, but instead may cause
large x? values. Correlations may derive from particular noise conditions (frequency
dependent noise) or from an oversampling of the spectral energy distribution.

To analyze this issue in the case of medium-resolution spectral energy distribu-
tions, the best is to compute the mean pseudo-observational error covariance matrix
of medium-resolution spectra. Pseudo-observations are preferable over real observa-
tions (SDSS) here because they allow us to investigate physical correlations between
spectral pixels without contamination by the response function of the SDSS spec-
trograph. To proceed, we must consider a large sample of N pseudo-observations
and express every pseudo-observed spectrum (Oy;, where k ranges between 1 and
N and i is the index of the wavelength) as the sum of a best-fit model spectrum
(MZZSt) and a residual spectrum (Ry ), i.e.,

Opi = MRS + Ry (A.0.3)

The residual spectra computed for this large sample of pseudo-observations will
allow us to build the mean pseudo-observational error covariance matrix.
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In practice, we select a sample of N = 3000 spectral energy distributions from the
library of 5 million models assembled in Chapter 3 to compute pseudo-observations
at resolving power R = 1000 and a median signal-to-noise ratio per pixel S/iN =
20 (the features of the mean pseudo-observational error covariance matrix already
converge with N = 2000). To select the best-fit model Mzeﬁ corresponding to each
pseudo-observed spectrum Oy, ;, we compute the likelihood of every model spectrum
M ; in the library given Oy ; as in Equations A.0.1 and A.0.2. For each of the 3000
pseudo-galaxies in the sample, we compute the residual spectrum

best
Ry = Op; — M5 (A.0.4)
The mean pseudo-observational error covariance matrix can be expressed as

Covi v = (1/N) > [(Rii — Ri)(Riio — R)] (A.0.5)
K

where 4 and i’ are any 2 spectral pixels, and

Ri=(1/N)) Ry, (A.0.6)
k

is the mean residual spectrum. It is actually most convenient to investigate correla-
tions between spectral pixels using the mean pseudo-observational error correlation

matrix, defined as
COU,‘J‘/

\/Cov; ;Covy

Each element of the mean pseudo-observational error correlation matrix can take

007’7’1”2‘/ = (AO?)

values between Corr; y = —1 (maximum anti-correlation) and +1 (maximum cor-
relation), with 0 corresponding to no correlation at all between the spectral pixels 4
and /. All elements on the diagonal are unity, i.e., Corr;; = 1.

Figure A.1 shows a representation of mean pseudo-observational error correlation
matrix Corr; . The only cases (outside the diagonal) where Corr; ; takes values
close to unity are when i an i’ are neighboring pixels of the same emission line
(creating small dark squares of ~ 5 pixels on the side around the diagonal). Pixels
belonging to different emission lines also correlate with one another, since they are
produced by the same HII regions, but to a lesser extent (at the level of ~ 30
percent). Figure A.1 also reveals some very weak anti-correlations (at the level of
~ 1 percent) between emission-line and continuum fluxes, which presumably result
from slight imperfections in the fits of emission-line strengths (dark horizontal and
vertical lines). For all other spectral pixel pairs in Figure A.1, the correlations
are below 1 percent. Hence most of the correlation signal in Figure A.1 is carried
by emission-line pixels, which represent only ~ 7 percent of the entire spectral
energy distribution. The information provided by these pixels is important, as the
relative strengths of different emission lines provide important constraints on the
star formation rate, gas-phase metallicity and dust content of the observed galaxies.

We now check that pixel-to-pixel correlations may have non-negligible influence
on the calculation of model likelihoods. To quantify this, we rewrite Equation A.0.1
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Figure A.1: Representation of the mean pseudo-observational error correlation ma-
trix Corr; i (equation A.0.7) across the wavelength range from 3600 to 7400 A, de-
rived as described in the text from the residuals of the fits of 3000 pseudo-observed
spectral energy distributions with the library of 5 million models assembled in Chap-
ter 3. The color scale is indicated at the top.
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including the mean pseudo-observational error correlation matrix (and omitting the
pseudo-galaxy index k introduced above),

1 O; — wjM;; —1 (Or —wiMw

In P(M;[{O}) = 3 Z <<n~ Corry, ) (A.0.8)
Here C’orri_z} is the “pseudo-inverse" of the mean pseudo-observational error correla-
tion matrix, which contains the weights of the different elements contributing to the
likelihood (correlated pixels having less weight than uncorrelated ones). A pseudo-
inverse matrix must be used here because, as is generally the case for matrices so
large that some rows (or columns) are likely to be linear combinations of the others,
—1
i,
we appeal to a single-value-decomposition algorithm, which performs the inversion

the Corr; # matrix has zero determinant (i.e. it is singular). To compute Corr

of a singular matrix by means of 2 orthogonal matrices and a diagonal matrix with
positive or zero elements (the singular values). The difficulty in this procedure is
that some level of arbitrariness is introduced by the fact that, to perform the inver-
sion, the algorithm must cut out near-zero singular values (i.e. with inverse tending
to infinity). Typically, the more conservative this cut, the smaller the elements of
;4> and hence, the larger the likelihood given by equation (A.0.8).

To explore the influence of this choice on the computation of model likelihoods,

Corr

we have calculated the pseudo-inverse of the mean error correlation matrix using
different cuts of near-zero singular values. We find that, when using a conservative
cut (e.g. keeping all singular values larger than 0.1), the computation is extremely
heavy and the results are nearly identical to those obtained using Equation A.0.1.
That is, the likelihoods are generally rounded to zero, we must appeal again to
relative rather than absolute likelihoods, and the constraints on physical parameters
are similar. Non-zero absolute likelihoods can be obtained only if we use a much less
conservative cut, i.e., by rejecting all singular values smaller than at least 2. This
however causes the elements C’orr; ; of the pseudo-inverse matrix to be extremely
small, of the order of ~ 0.01 on the diagonal and close to 0 everywhere else. The
implied drop in the weights of correlated pixels (corresponding to emission lines)
makes retrieved physical parameters, such as star formation rate, gas-phase oxygen
abundance and optical depth of the dust, deviate strongly from their true values.

We conclude from all this that Equation A.0.1 provides a reasonable way of com-
puting model likelihoods and that neglecting intrinsic correlations between spectral
pixels has a negligible influence on our results.



APPENDIX B
Number of model galaxies in the
library

In previous studies, galaxy physical parameters have been usually derived using
libraries assembled with about 50,000 model galaxies. Such libraries have always
been considered large enough to make estimates of physical parameters converge.
We address here the issue related to the minimum number of models required to
make estimates of stellar mass-to-light ratio and specific star formation rate converge
when fitting medium-resolution spectral energy distributions.

In our study, the inclusion of emission lines expands the parameter space signif-
icantly. Because of this, in our approach, 50,000 models are not enough to obtain
meaningful constraints on physical parameters, as we would not properly sample the
parameter space. We need to sample a comprehensive range of stochastic star forma-
tion and chemical enrichment histories extracted from galaxy formation simulations
(which probe a much larger range of galaxy spectral energy distributions than most
previous studies of this type) and variations in 3 parameters to describe nebular
emission (metallicity of the gas, zero-age ionization parameter and dust-to-metal
ratio in the ionized gas) and in 3 parameters to describe the attenuation by dust
(total V-band attenuation optical depth of the dust, fraction of this contributing by
dust in the diffuse interstellar medium and slope of the attenuation curve in the dif-
fuse interstellar medium). When fitting simultaneously the continuum and nebular
emission from a galaxy, all possible combinations of these parameters must be taken
into account to build the probability density functions of physical parameters. This
requires a library containing at least a few million models.

To illustrate this, we show in Figure B.1 how the uncertainty and accuracy
(defined as in the caption of Table 3.2) of the stellar mass-to-light ratio M, /L, and
specific star formation rate ig retrieved from 2 types of spectral fits depend on the
number of spectral energy distributions in the model library. Panels (a) and (b)
show the uncertainty and accuracy in M, /L, (black) and g (blue) retrieved from
medium-resolution spectroscopy. Panels (¢) and (d) those retrieved form multi-band
photometry (note that the vertical scales are different from those in Panels a and
b). Figure B.1 illustrates once again that medium-resolution spectroscopy provides
tighter and more accurate constraints than multi-band photometry on M, /L, and
1g. It also demonstrates that a few million models are required to reach these
performances. In the case of multi-band photometry, a few hundred thousand models
are enough to reach convergence in the uncertainty and accuracy of the retrieved
parameters.
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Figure B.1: Uncertainty and accuracy (defined as in the caption of Table 3.2) of
the stellar mass-to-light ratio M, /L, (black curves) and specific star formation rate
g (blue curves) retrieved from 2 types of spectral fits, plotted against number
of spectral energy distributions in the model library. (a) & (b) As retrieved from
medium-resolution spectroscopy. (c¢) & (d) As retrieved form multi-band photometry
(note that the vertical scales are different from those in Panels a and b).



APPENDIX C

UDF data

In the following pages, we report the photometric data of the 55 UDF galaxies used
in Chapter 5.



ID

Ztab

Vv

-

7

7

z

J

H

41066
41271
32408
3398
3317
8664
7352
2422
197
3620
6135
148
401
56445
3148
5181
2750
259
5299
7675
4860
97117
7957

7.125
6.336
5.859
5.715
5.530
4.924
4.866
4.518
4.484
4.448
4.395
4.266
4.122
4.116
3.841
3.777
3.641
3.587
3.559
3.556
3.549
3.544
3.540

29.878 £ 0.437

30.108 £ 0.467

30.368 £ 0.528
29.149 £ 0.333
29.777 £ 0.369
29.082 £ 0.195
29.354 £0.174
27.958 £0.103
27.991 £ 0.100
28.169 £ 0.090
28.547 £0.143
27.018 £ 0.068
25.730 £ 0.041
27.169 £ 0.050

30.007 £ 0.490

30.396 £ 0.297
29.162 £0.174
28.721 £0.099
28.765 £ 0.105
29.223 £0.141
27.899 £+ 0.049
28.150 £ 0.049
27.877 £0.038
27.608 £ 0.034
26.309 £ 0.019
27.112 £0.027
26.754 £0.017
27.768 £ 0.029
26.397 £ 0.017
26.326 £ 0.015
26.715£0.017
26.856 £+ 0.022
25.689 £0.014
24.316 £ 0.008
25.848 +£0.010

30.220 £ 0.624
29.144 £0.151
28.287 £ 0.053
27.915 £ 0.064
26.845 £ 0.021
26.786 £ 0.020
27.894 £ 0.048
26.660 £ 0.018
26.982 £0.019
26.995 £ 0.019
26.727 £0.017
25.382 £ 0.009
26.140 £ 0.011
26.085 £ 0.010
27.206 £ 0.019
26.051 £0.014
25.778 £0.010
26.377 £0.014
26.295 £ 0.015
25.326 £ 0.011
24.049 £ 0.007
25.431 £ 0.008

29.531 £0.318
28.062 £ 0.205
27.340 £ 0.060
26.788 £ 0.027
26.752 £ 0.040
26.774 £0.036
26.764 £ 0.034
27.925 £ 0.087
26.649 £ 0.031
26.978 £ 0.034
27.154 £0.040
26.697 £ 0.030
25.222 £0.015
25.834 £0.015
25917 £0.017
27.319 £0.039
26.053 +0.024
25.708 £ 0.018
26.240 £ 0.022
26.180 £ 0.024
25.260 £0.018
23.977 £0.013
25.428 £0.014

27.509 £ 0.234
27.307 £0.470
26.471£0.174

26.908 £ 0.154

27.142 £ 0.250

27.406 £ 0.499
26.321 £ 0.143

25.918 £0.135
25.857 £ 0.117
25.316 £ 0.088

26.760 £ 0.189
26.912 £ 0.384
26.337 £0.176

26.522 £ 0.146

26.709 £ 0.223

26.605 £ 0.340
25.972 £0.141

25.231 £0.135
25.263 £ 0.118
24.851 £0.094
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Ztab

B

Vv

-

7

7

z

J

H

53090
9185
5006
9349
5346
5322
5856
7151
4450
9676
4047
7874
4267
6504
8354
9853

53643

383
6082
9312
7658
5964
8322

3.531
3.486
3.448
3.446
3.368
3.360
3.354
3.352
3.320
3.291
3.262
3.191
3.149
3.147
3.140
3.128
3.121
3.110
3.068
3.047
2.975
2.666
2.637

28.407 £ 0.100
27.715 £ 0.059
27.305 £ 0.035
27.906 £+ 0.080
28.136 = 0.067
28.890 £ 0.123
26.993 £ 0.030
28.030 £0.078
27.962 £ 0.091
27.080 £ 0.043
27.761 £ 0.052
27.556 £ 0.044
25.469 £ 0.020
27.515 £0.041
27.519 £0.048
27.306 £ 0.054
26.533 £ 0.083
28.185 £ 0.093
23.216 £ 0.003
26.851 £ 0.030
27.638 £ 0.052
26.348 £0.024
27.967 £ 0.049

26.999 £ 0.019
26.511 £0.014
26.218 £ 0.009
26.795 £ 0.021
27.074 £0.017
27.906 £ 0.036
25.967 £ 0.008
27.020 £ 0.022
26.963 £ 0.025
26.113 £0.012
27.106 £ 0.020
26.715£0.014
24.626 £ 0.007
26.727 £0.014
26.699 £ 0.016
26.578 £0.019
25.889 £ 0.030
27.025 £0.022
22.577 £0.001
26.132 £0.011
26.874 £0.018
26.008 £ 0.012
27.634 £0.025

26.690 £ 0.015
26.152 £ 0.011
26.157 £ 0.009
26.420 £ 0.016
26.833 £0.015
27.517 £0.028
25.734 £ 0.007
26.720 £ 0.018
26.762 £ 0.023
25.953 £0.012
27.042 £0.021
26.636 = 0.014
24.454 £ 0.006
26.546 £ 0.013
26.622 £ 0.016
26.348 £ 0.018
25.715£0.029
26.715£0.019
22.486 £ 0.001
25.972 £0.011
26.786 £ 0.019
25.976 £0.013
27.666 £+ 0.029

26.698 = 0.028
26.145 £ 0.020
26.259 £0.019
26.341 £ 0.029
27.011 £0.032
27.573 £0.053
25.802 £0.014
26.804 £ 0.036
27.022 £0.051
25.994 £ 0.022
27.184 £0.042
26.713 £0.028
24.422 £0.010
26.634 £ 0.025
26.649 +£0.030
26.389 £0.033
26.008 £ 0.067
26.587 £0.031
22.546 £ 0.003
25.970 £0.019
26.746 = 0.033
25.968 £ 0.023
27.695 £ 0.054

25.860 + 0.160
26.141 £0.128
26.222 £ 0.181
27.029 £0.184
27.225 £ 0.208
25.843 £0.132

26.922 £0.174
26.607 £ 0.159

26.698 £ 0.149

22.470 £ 0.060

26.694 £ 0.252
25.959 £0.114
27.317 £0.222

26.052 £ 0.197
25.997 £0.133
26.162 £ 0.189
26.835 £ 0.186
26.924 £ 0.199
25.707 £0.138

27.107 £0.197
26.176 + 0.162

25.995 £ 0.141

22.497 £0.071

26.061 £ 0.196
25.444 £0.119
26.946 £ 0.201
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B

Vv

-

1

7

z

J

H

7758
9385
1738

841
3205

533
9706
7681
3060

2.606
2.574
2.563
2.526
2.440
2.419
2.343
2.202
2.114

27.341 £0.040
27.274 £ 0.046
26.298 £ 0.015
26.517 £ 0.018
27.308 £ 0.034
25.610 £ 0.013
26.124 £ 0.027
25.831 £0.015
26.344 £ 0.019

27.059 £ 0.021
26.992 + 0.025
26.267 £ 0.010
26.381 £0.011
27.115 £ 0.019
25.516 £ 0.008
25.618 £ 0.012
25.677 £ 0.009
26.478 £0.015

27.144 £0.025
26.997 £ 0.028
26.366 £ 0.012
26.479 £0.013
27.119 £0.022
25.519 £ 0.009
25473 £0.011
25.597 £ 0.009
26.603 £ 0.018

27.206 £ 0.048
26.944 £+ 0.047
26.565 £ 0.026
26.503 £ 0.023
27.057 £0.036
25.539 £ 0.015
25.405 £0.019
25.498 £ 0.015
26.738 £0.036

26.859 £0.144
26.585 £ 0.138

26.736 £ 0.156
25.303 £0.135

25.032 £ 0.096
26.790 £0.136

26.501 £0.144
26.168 £ 0.138

26.369 £ 0.154
24.784 £0.126

24.597 £0.103
26.218 £0.128
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