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Abstract

The study of the high redshift (high-z) Universe is one of the great challenges of modern
observational astrophysics. Using survey data we begin to learn about the nature of galaxies
in the early Universe, approaching redshift 6, when the Universe was ~ 10 % of its current
age. However, limited observations hamper the application of the methodology developed
for local galaxies to the distant ones.

This thesis is an attempt to study high-z objects using their line emission, which is
interpreted with photoionization models. The observational part, inspired by the discovery
of the prototype object — the Lynx arc, contains the analysis of several galaxies which show
clear N 1v] A\1486 emission, which is rarely detected in astronomical objects. The analysis of
N 1v]-emitting galaxies brings interesting conclusions on the nature of their ionizing source,
as well as on the properties of their diffuse gas. The favored thermal ionizing source must
be very hot (~ 80,000 K), which implies a young age and a very low metallicity of the
stellar population, while the gas needs to be slightly polluted with metals.

In the theoretical part I present the study of the UV part of the spectrum of very
metal-poor starbursts. The environment that is studied is representative of the one we
expect for the first luminous objects that appeared in the Universe. The analysis is focused
on the Ly« line, the 2 continuum and the He1r A1640 line emission. This study will serve
as a theoretical framework for the interpretation of high-z sources and has been performed
without applying the common assumption of case B recombination. An enhancement of the
Ly« line as well as the 2y continuum emission is obtained. Additionally, the He 11 A1640 line,
considered a sign of very metal-poor environment (or the presence of Wolf-Rayet stars),
is analysed. Its equivalent width can decrease due to the ionization parameter dependence
and/or due to the influence of the underlying enhanced 2+ emission.

It is beyond our current possibilities to provide a detailed scenario of the evolution
of N1v]-emitting galaxies. Detailed future studies and the access to more UV emission
lines will allow us to infer the nature of the ionizing source, and perhaps this line will
help to identify sources that are candidates of primordial star formation sites. This will
be possible with JWST and E-ELT IR spectroscopy and ALMA millimeter observations
of cooling lines.

Our theoretical predictions are of relevance in the context of searches and interpretation
of Lya-emitting galaxies at high-z and of the future observations of the first objects that
appeared in the Universe.






Zusammenfassung

Die Untersuchung des Universums bei hoher Rotverschiebung ist eine der grofiten Her-
ausforderungen der modernen beobachtenden Astrophysik. Himmelsdurchmusterungen er-
lauben das Studium von Galaxien im jungen Universum bis zu einer Rotverschiebung von
z = 6, als das Universum nur ein zehntel seines heutigen Alters hatte. Jedoch ist es mithilfe
der (vergleichsweise) beschréankten Beobachtungsdaten nicht moglich, die Methoden, die
anhand lokaler Galaxien entwickelt wurden, auf die entfernten Objekte anzuwenden.

Diese Arbeit beschreibt den Versuch, hochrotverschobene Objekete anhand ihrer Emis-
sionslinien zu untersuchen, welche mit Hilfe von Photoionisationsmodellen interpretiert
werden. Der Beobachtungsteil wurde durch die Entdeckung des prototypischen Lynx Arc
angeregt, und beschreibt die Analyse mehrerer Galaxien, die eindeutig die in astronomi-
schen Objekten selten auftretende N1v] A1486 Emission zeigen. Die Analyse von N1v]-
emittierenden Galaxien erlaubt interessante Schlussfolgerungen, sowohl iiber ihre ionisie-
renden Quellen, als auch iiber Eigenschaften ihres diffusen Gases. Die wahrscheinlichste
Quelle der ionisierenden thermischen Strahlung muss sehr heiss sein (~ 80,000 K); dies be-
deutet, dass die Sternpopulation sehr jung und metallarm sein muss. Das Gas muss leicht
mit Metallen verunreinigt sein.

Im theoretischen Teil dieser Arbeit stelle ich eine Untersuchung des UV-Spektrums sehr
metallarmer Starbursts vor. Diese Umgebung ist reprasentativ fiir eine Umgebung, die wir
fiir die Zeit annehmen, zu der sich die ersten leuchtenden Objekte im Universum formten.
Die Analyse konzentriert sich auf die Ly« Linie, das 2y Kontinuum sowie die He 11 A1640
Linienemission. Diese Studie dient als theoretischer Rahmen fiir die Interpretation hoch-
rotverschobener Objekte und nimmt nicht, wie sonst iiblich, case B Rekombination an. Wir
erhalten eine Verstarkung der Lya Linie sowie die 27 Kontinuumsstrahlung. Desweiteren
wird die He1r A1640 Linie, welche als Zeichen einer sehr metallarmen Umgebung (oder der
Gegenwart von Wolf-Rayet Sternen) interpretiert wird, analysiert. Ihre Aquivalentbreite
kann durch Abhangigkeit von den Ionisationsparametern oder den Einfluss der verstarkten
2~ Emission verringert werden.

Es liegt derzeit noch ausserhalb unserer Méglichkeiten, ein detailliertes Szenario N1v]-
emittierender Galaxien zu beschreiben. Kiinftige, detailliertere Untersuchungen und der
Zugang zu weiteren UV-Emissionslinien werden es moglich machen, auf die Natur der
ionisierenden Quellen zu schliessen, und vielleicht hilft uns diese Linie, Kandidaten fir
primordiale Sternentstehung zu identifizieren. JWST und E-ELT IR-Spektroskopie sowie
ALMA Beobachtungen von Kiihlungslinien im Millimeterbereich werden dies erméoglichen.



Unsere theoretischen Vorhersagen haben Bedeutung im Zusammenhang mit der Su-
che nach und Interpretation von hoch-rotverschobenen Lya-emittierenden Galaxien sowie
kiinftigen Beobachtungen der ersten Objekte im Universum.



Chapter 1

Introduction

In the ACDM scenario, structures in the Universe form “bottom-up” i.e. hierarchically,
which means first on small scales. The formation of the first stars is followed by galaxy and
galaxy cluster formation. Numerical simulations predict that the first stars were formed in
dark matter minihaloes with masses ~ 10¢ M, at redshifts z ~ 50 - 10. Already in the late
sixties [Partridge & Peebles (1967) predicted the nebular emission from young galaxies in
the early Universe and proposed that they should emit a strong Ly« line in the first stages
of their formation.

With the advent of 4 meter telescopes in the 1970’s and 1980’s began the search to
discover the era of galaxy formation. Stellar synthesis models at that time predicted that
the present-day passive systems could have formed at high-z via a luminous initial burst
(Tinsley [1980). Therefore, they should be detectable at z ~ 2-3 at magnitudes B ~ 22-
23 and produce a population of blue galaxies (Ellis 2008). However, the first searches for
luminous Lya emitters were unsuccessful (Pritchet [1994).

The development of theoretical models in the 1980’s changed our thinking about prime-
val galaxies. Dark-matter based predictions emphasized the gradual assembly of massive
galaxies implying their much reduced number at z ~ 2-3. Additionally, it was realized
that the flux limits had been optimistically bright. Only with the advent of ground-based
optical /infrared 8-10 meter telescopes, like Keck, and the Hubble Space Telescope in the
1990’s did the era of collecting high-z galaxy data start.

Since then surveys, like GOODS, have observed thousands of objects, including some
with redshifts 6 and beyond, mainly due to the possibility of using multi-object spec-
trographs. Two main techniques are used to identify objects at high-z. The broadband
technique (or drop-out) relies on the detection of the characteristic break in the spectrum
at rest-frame wavelengths shorter than 1216 A (Lyc line) produced by the absorption of
the Lyman continuum by neutral hydrogen and the Ly« forest. It selects the so-called
Lyman Break Galaxies (LBGs). The ones with Lya emission can be also identified with
the narrowband technique. In this case two filters are used (the spectral range observed
should not be affected so much by the night sky) where one searches for the flux excess
due to Ly« line at a certain redshift in one filter with respect to the other which measures
the continuum around the line.
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Although Lya can be considered a sign of ongoing star formation, it is not trivial
to draw any conclusion on the nature of the source from this line itself. Several effects
affect the intrinsic Lya flux (and therefore also its equivalent width, EW) and its profile,
including scattering and destruction by dust grains. That can result in only part of the
Lya flux escaping from the galaxy which is defined by Ly« escape fraction.

Apart from the Lya line itself, multi-wavelength data are also used to interpret the
nature of the observed sources. Large number statistics allowed the studies of stellar mass
assembly and the discovery of the “downsizing” effect (Cowie et all [1996), morphology
and star formation history and their dependence on the environment, AGN activity, dust
properties, luminosity functions etc. from only 1 Gyr after the Big Bang (z ~ 6) until now.

The galaxy observations are usually interpreted by comparing them to the stellar pop-
ulation synthesis models, where one of the most popular are those of Bruzual & Charlot
(2003). The models are constructed based on observed stellar spectra. The luminosity,
colours and spectrum of the stellar population as a function of age is obtained by sum-
ming up the individual stellar templates after weighting them by the initial mass function
(IMF). The most commonly used is the Salpeter IMF (Salpeter 1955, see the comparison
of popular IMFs in Fig. [T]) which is a pure power law with slope x = 1.35. Additionally,
a certain star formation history is used. These kinds of models are treated as templates
to be compared to the observed galaxy spectral energy distribution (SED). The observed
SED is composed of a number of photometric magnitudes in different filters over a wide
wavelength range and can be treated as a very low resolution spectrum. The SED fitting
technique gives as output a number of best-fitting parameters characterising the galaxy.
With the best-fitting template SED one obtains the age, metallicity, star formation history
(SFH), star formation rate (SFR), extinction E(B-V) and also the photometric redshift.

The same models are used to interpret high-z observations. However, at high redshifts
we approach the era of early star formation where the first generation of stars was formed.
The nature of the objects is unclear. A number of simplifications/assumptions commonly
used might not be appropriate for application in this case.

For example, due to the lack of knowledge on the early IMF, it is normally assumed
to be the Salpeter one. However, if it is top-heavy (mainly massive stars), as suggested
by simulations, the stars have very high effective temperatures and a large number of
ionizing photons is produced per second. Ionizing the gas around such stars produce ionized
“bubbles” (nebulae). If the ionizing spectrum is approximated by a black body (which is
justified in this case), only the Rayleigh - Jeans tail part remains not absorbed in the
surrounding gas. The entire emission observed in this case would be dominated by the
nebular contribution. This effect is shown in Fig. [CL2, where the dotted lines are the black
body ionizing spectra with different temperatures, the dashed lines represent the nebular
continuum emission and the solid lines are the sum of the attenuated (so emitted beyond
the nebula) black body continua and the nebular continua. In this case it becomes difficult
to analyse the nature of the underlying stellar population since we do not observe any
stellar light longward of the Lyman limit. Therefore, the standard SED fitting technique
cannot be applied since one does not know the amount of the nebular emission contributing
to the observed SED. Not including nebular flux in the SED fitting can cause serious
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Figure 1.1: Comparison of popular IMF's (from Ellid M), the Salpeter one is shown with
the red dotted line.

errors in the whole procedure and can be a reason of confusion. For example, in the low
metallicity regime, the [O111] AAN4959,5007 lines are the dominant coolants and if they
become very strong they can influence the SED shape. Chapter Bland Schaerer & de Barros

) discuss the influence of the nebular emission lines on the overall SED, especially
on the calculation of the galaxy age. Recently, several authors have attempted to include
the nebular emission in the SED fitting procedure (ISﬂhaﬂeLM.LB.aLmd 2010; [Ono et al!
M) They assume the standard case B theory which is not necessarily suitable for a
hot ionizing source and very low nebular metallicity. In particular, those conditions might
result in enhanced 27y continuum emission (to be discussed in detail in Chapter Bl) in the
rest-frame UV, changing the shape of the SED in that spectral region.

The same stellar population synthesis models were used to calibrate the SFR indicators.
One of them is the UV (A = 1250 — 2500 A) luminosity. It measures the SFR because
in the UV the integrated spectrum is dominated by young stars, therefore SFR scales
linearly with luminosity. It is longward of the Lya forest region as well as shortward of

the possible region contaminated by older stellar population radiation (IKQU_U_]QJ_‘[ZJ |]_99ﬁ)
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The contamination from or the dominance of the nebular continuum, particularly strong
27 continuum in the UV, would invalidate this SFR indicator, since it is based on the
assumption of stellar radiation.

Another problem, perhaps the most important one, is the measurement of the galaxy
metallicity. When the nebular emission is not included in the templates used for the SED
fitting, the metallicity effect on the SED can be confused with the effect of age and /or dust.
When the nebular contribution is included, it is assumed to be equal to the stellar one for
modelling purposes and the abundances of elements are scaled solar abundances. Then in
the fitting procedure the metallicity is like other parameters obtained based on the shape
of the SED. To really measure the gas phase metallicity/ elemental abundances we need
to observe emission lines. The Lynx arc (to be discussed in Section [[3)) is one of the few
examples of high-z objects where we have the data available over a wide wavelength range
and can observe (thanks to lensing) many emission lines and measure the abundances of
elements. An example of determining the nebular (gas phase) metallicity for high-z galaxies
is the work of Maiolino et all (2008) where the authors study the mass-metallicity relation
at redshift ~3.5 with VLT SINFONI [I. For this redshift, H (centered at 1.65 pm) and K
(centered at 2.2 pm) bands contain redshifted [O11] A3727, HG and [O111] AA4959,5007
emission lines which allows the use of R23 method (to be explained in Section [[2) to
determine the metallicity. At even higher redshifts (> 3.5) we can usually see only Lya
redshifted to the optical regime, making impossible the proper metallicity estimate.

The observation of metal emission lines at high-z is particularly interesting since we
approach the era of early star formation where we believe that the metals observed are the
ones produced by the underlying stellar population (the gas was not much metal-enriched
before). Therefore, we could be observing some of the first stellar nucleosynthetic products
in the Universe.

Emission lines carry information on the diffuse gas where they have been formed and,
combined with the shape of the continuum / multi-wavelength SED, give some information
on the ionizing source. Many lines that are commonly used as nebular parameter diagnostics
are not accessible for observations in the case of high-z galaxies since they are shifted
to the infrared, therefore it is difficult to detect them from the ground. However, the
access to the rest-frame UV part of the spectrum for galaxies at z >2.5 with current
observing facilities opens the possibility of detecting emission lines in the UV. In most of
the cases only the Ly« line is observed. Hot stars and low metallicity nebular gas produce a
richer UV emission line spectrum. Therefore, it is important to understand this part of the
spectrum especially before the era of large telescopes like E-ELT and JWST to anticipate
the expected properties of the objects which are going to be detected like the nature of the
ionizing sources, early chemical evolution and mixing processes in the first galaxies. That
pushes the investigation of metal enrichment process and the searches for very first, very
metal-poor stellar populations that appeared in the Universe to higher redshifts.

ISINFONT is near-IR (1.1 - 2.45 um) integral field spectrograph installed at the Cassegrain focus of
VLT UT4.
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Figure 1.2: Black body ionizing spectra for different temperatures (dotted lines), corre-
sponding nebular continuum emission (dashed lines) and the synthetic (total) continuum
emission (solid lines) for each of the cases including attenuated part of the black body
spectra and the nebular contribution. Notice that for the hottest black bodies the nebular
emission is the dominant one. The nebular line emission is not shown.

1.1 Population III stars and transition to Population
11

The first stellar population (Population III, hereafter Pop III stars) that appeared in the
Universe, and preceded known Population II and I, is believed to be formed out of the
primordial gas. Its mechanical, radiative and chemical feedback on the surrounding medium
is being studied by simulations. The first stars are believed to form between redshifts ~50
and 10 and to light up (reionize) the Universe after the so called “dark ages” that started
at z ~ 1000 (last scattering surface) and finished around z ~6 when the reionization is
completed. Their feedback strongly depends on the IMF', which might have favored massive
stars i.e. > 100 Mg (Bromm et all [1999; [Abel et all 2000). The argument that supports
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massive star formation at high-z is that the metals are observed in quasar spectra at
redshifts corresponding to only 10% of the current age of the Universe. Therefore, they must
have been synthesized, released and distributed in the intergalactic medium (IGM) within
the first billion years. The supernovae of short lived massive stars are known to provide such
an enrichment mechanism (Abel et _al!2002). High effective temperature, T.;; ~ 10° K for
stellar masses M > 100 Mg, (almost independent on mass; [Bond et _all|{1984; Bromm et al.
2001)) makes the stars efficient in ionizing hydrogen and helium. Therefore, we expect to
observe bubbles of ionized gas - emission nebulae, where most of the radiation emitted
longward from Lyman limit (912 A) is the stellar radiation absorbed by the gas and then
reemitted at longer wavelengths in the form of nebular continuum and line emission.

The chemical feedback is dependent on the final fate of the star, which in case of being
very massive, can end its life either directly becoming a black hole, without any metal ejec-
tion into the IGM, or as pair instability supernova (PISN, [Heger et all 2003a). There is a
narrow range of initial stellar masses when the latter is supposed to happen: 130 — 260 M,
and only they contribute to the pollution of the IGM. The metal yields from those objects
are given by Heger & Woosley (2002) as a function of the initial stellar mass. However,
another source of metal pollution might be stellar winds. While metal-free non-rotating
hot stars are unlikely to develop winds (Krticka & Kubat 2006), Meynet. et all (2006) show
that the very metal-poor ones due to strong internal mixing show large mass loss. Rotation-
ally enhanced winds are largely enriched with CNO cycle products, particularly abundant
primary nitrogen.

Until now we have not found a single clear example of Pop III object but the models
have been developed predicting their intrinsic properties like spectral energy distributions
and nebular emission (Schaerer 2002, 2003), the radiative transfer processes and the ob-
servable properties like the redshift evolution of the colours (Tumlinson et all2003) of those
stars/stellar populations. Due to high effective temperatures in the case of a small escape
fraction of the Lyman continuum photons the overall resulting spectrum of Pop III star-
burst contain only a small fraction of the stellar continuum, which has not been absorbed
by the gas and is dominated by the nebular emission (continuum and lines). Therefore,
the methods of finding them rely on searching for some nebular emission features. The
most likely signature of Pop III starburst is a strong Lya and HeIT A1640 A emission line.
Therefore, there have been searches conducted in order to identify such “dual emitters”,
but none has been found at high-z (Nagao et _all 2008). However, there have been inter-
esting discoveries related with this topic, i.e. IQuchi et all (2009) have identified a giant,
extended Lya emitter at redshift z=6.595, [Prescott et all (2009) have found spatially ex-
tended Lya + Helr (with weak C1v A1549 and C111] A1909 lines) emitter at z=1.67. The
nature of those objects still remains unclear.

Theoretical findings suggest that the early mode of star formation could continue
until quite low redshift. [Tornatore et all (2007) based on the numerical simulations of
Pop IIT — Pop II transition find Pop III star formation until z ~ 2.5 (Fig. [3]) due to the
fact that pockets of primordial gas continue to exist because of inefficient metal mixing.
Jimenez & Haiman (2006) find a similar conclusion. Consequently the metal distribution
in the enriched gas becomes inhomogeneous. Also Mori & Umemura (2006) performed
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Figure 1.3: Star formation rate and metallicity as a function of redshift (from
Tornatore et all 2007). Solid and dashed lines show the redshift evolution of Pop II and
Pop III stars respectively. Dot-dot-dashed line presents the evolution of metallicity. Differ-
ent colours correspond to 3 different simulation runs and the observational points are the

measurements as listed in [Hopkins (2004).

ultra-high-resolution simulations of galaxy formation and studied the star formation, gas
dynamics and chemical enrichment. Their simulation shows that the mixing of metals
from exploding SNe with the ISM is inhomogeneous on the kpc scale in the first 108 years,
therefore the quickly enriched regions in the SN vicinity coexist with the primordial gas.
Numerical simulations show that PISNe, possibly the first source of metals in the Uni-
verse, enriched the surrounding gas up to metallicity Z ~ 107*Z, (ISgb.n.eJd.eJ‘_e.Lal] |20.Qﬂ),
the critical metallicity when the formation of < 1 Mg, stars occurs. Studying the abun-
dance patterns in different kind of objects may reveal the imprint of the early mode of star
formation. The detectability of the nucleosythetic pattern of Pop III depends on the epoch
when star formation occured, stellar IMF, efficiency of enrichment processes and mixing.
In our Galaxy in ESO/Hamburg survey data, very metal-poor stars have been found (in
terms of iron abundance Fe/H), HE0107-5240 (Christlieb et all 2002) and HE1327-2326
(Frebel et all R005) with iron abundances [Fe/H] ~ -5.3 B. However, we have not found
yet objects showing a PISN nucleosynthetic pattern of abundances. [Karlsson ef. all (IZO_OS)
construct a theoretical model of the chemical enrichment of the Galaxy, particularly by
PISNe. They argue that the fact that we have not observed very metal-poor stars in the
galactic halo that show abundance pattern characteristic for PISN is due to a selection
effect, i.e. the PISN sign is to be found in star samples of higher metallicity than those

*[A/X] = 1og(Na/Nx) - log(N4/Nx)o
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where the most metal-poor stars have been found.

Alternatively, at high-z, the studies of abundance patterns of Lya forest examine the
metal content of the IGM (Ellison_et. all 2000; Songaila 2001). This is difficult because
only a limited number of elements is available and the ionization correction [ is unknown.
Scannapieco et all (2003) discuss another possible detection method — studying the enrich-
ment of the intracluster medium (ICM).

1.2 Emission lines

This section is based partially on the lectures “What can emission lines tell us” (Stasinska
2007) and on the book “Astrophysics of gaseous nebulae and active galactic nuclei”
(Osterbrock & Ferland 2006).

Depending on the redshift, different emission lines can be detected in the spectra.
Emission lines arise in the diffuse gas and carry the information on the regions where
they have been formed. The main production mechanisms are recombination, collisional
excitation and fluorescent excitation. The most commonly observed recombination lines are
those of hydrogen and helium. Roughly two thirds of recombinations lead to deexcitation
onto excited levels which is followed by cascade. The recombination line intensities increase
with decreasing electron temperature. Collisionally excited lines (CELs) arise once the
thermal electrons collide with atoms and lead to excitation of low energy levels. It is
therefore dependent on the electron temperature of the gas whether a certain level of
the atom can be collisionally excited. The highest electron temperatures are needed in
order to produce UV collisionally excited lines, “typical” nebular electron temperatures
(~ 10,000 K) are enough to give rise to optical lines. CELs are divided into forbidden, semi-
forbidden (intercombination) and permitted lines depending on the spontaneous transition
probability. The critical density is reached when the collisional and radiative deexcitation
rates are equal.

Emission lines can be used to determine:

e clectron temperature (T,)

In the low density limit (collisional deexcitation is negligible) the line ratios of colli-
sionally excited lines of a certain element will depend only on the atomic transition
probabilities and electron temperature. The most commonly used temperature sen-
sitive line ratio is [O111] AA4959,5007 /2\4363.

e clectron number density (n)

Can be measured by observing the effects of collisional deexcitation, by comparing
the line intensities of two lines arising from levels with the same excitation energy.
The ratio of line intensities will depend on the density if those two levels have dif-
ferent radiative transition probabilities or collisional deexcitation rates. Commonly

3lonization correction — factor accounting for the fact that not all the ionization stages of a certain
element have been observed.
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Figure 1.4: Evolution of zero metallicity stars. Massive/very massive stars can end their
life either directly becoming a black hole with no remnant or exploding as pair instability
supernova enriching the IGM with metals which happens for initial stellar masses between

130 and 260 M, (from [Heger et all 2003H).

used line ratios are [O11] A3729/A3726 and [S11] A6716/\6731. Electron tempera-
tures determined in that way might not always be representative for the entire neb-
ula. In higher density environments also the ratio of forbidden and semi-forbidden
lines can be used where the density dependence will reflect the different critical den-

sities for those transitions. In the UV, the electron densities can be derived from
[Cra] A1907/C1m] A1909, [N1v] A1483/N1v]| A1487, [St] A1883/Stii] A1892 line
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Figure 1.5: Electron number density dependence on the UV line ratios of forbidden and

semi-forbidden emission lines (from Osterbrock & Ferland 2006).

ratios (Fig. [LH).

e metallicity /ionic and elemental abundances

direct method: the abundance of a certain ion or the total abundance of an element is
determined based on line intensity and electron temperature (T.), electron number
density (n.) and ionization correction factor;

statistical methods: in other words “strong line methods”. They can be used when
the determination of T, or/and n, is impossible and have been calibrated using pho-
toionization models for other objects. The most popular is the method based on the
oxygen lines, so called R23 or 023 introduced by [Pagel et. all d]ﬂg), later refined
to account for the ionization parameter. It determines the oxygen abundance (O/H)
from the ([O11] A3727 + [O111] AA4959,5007)/Hf line ratio. However, this method
does not give unique solution, which is due to the fact that at low metallicities the
ratio increases with increasing metallicity (oxygen abundance), but at high metallic-
ities it decreases since the cooling by infrared lines becomes more efficient. Other line
ratios must be checked in order to decide whether the object is in the low or high
metallicity regime.

tatlored photoionization modelling: the procedure is to run the photoionization models
with an appropriate code after defining the input parameters which can be derived
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from the available observations and iterate until the observations are reproduced.

comparison with a grid of models: building the grid of models and comparing the
observations with them might be useful for statistical purposes when one deals with
a large samples and tailored model fitting is impossible.

e dynamics

Doppler shifts and line profiles carry information on radial velocities, i.e. about the
dynamics of the object, particularly interesting is the opportunity of using integral
field (IFU) spectroscopy which provides also the spatial information, therefore allows
the study of velocity gradients.

e the nature of the ionizing source

It was proposed already in 1981 by Baldwin, Phillips & Terlevich (Baldwin et al.
1981, thus called BPT diagram following the first letters of the authors’ names) to
use emission line ratios as a diagnostics to distinguish normal star forming galaxies
from active galactic nuclei (AGN). In case of AGNs the optical collisionally excited
lines are brighter with respect to the recombination lines than in the case of H1r
regions (ionization by massive stars) due to the fact that the ionizing photons carry
higher energies. An example of the BPT diagram is shown in Fig. [C

e star formation rate (SFR)

Can be determined from recombination lines as well as from forbidden lines (Kennicutt
1998).

In the case of the recombination lines, it is assumed that every ionizing photon is
absorbed by the gas (therefore these lines can be used as indicators of the number
of ionizing photons) and based on the evolutionary synthesis models the conversion
factors between the ionizing flux and SFR can be determined. In the review article
on star formation [Kennicuttl (1998) writes:

SFR [Mgyear '] = 7.9 x 10 L(Ha) [ergss™!] = 1.08 x 107 Q(H) [s7!], (1.1)

the calibration being obtained using case B recombination theory for T, = 10,000 K,
where L(Ha) is the luminosity of Hoa emission line and Q(H) is the hydrogen number
of ionizing photons. Similar equations can be written for other recombination lines.

SFR has also been calibrated using the forbidden [O 11] A3727 line, because it can be
observed at larger redshifts than Ha and HS . However, it is risky to use it due to
its dependence on the metallicity and the ionization parameter. In [Kennicuttl (1998)
the following calibration is given:

SFR [Mgyear '] = (1.44 0.4) x 107" L([O11)) [ergss™], (1.2)

where L([O11]) is the luminosity of the [O11] A3727 line.
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Figure 1.6: An example of the BPT diagram used to distinguish normal star forming

galaxies from AGN hosts (from [Kanffmann et all 2003).

e redshifts

More reliable than the photometric ones, spectroscopic redshifts are usually inferred
from strong emission lines (along with the characteristic breaks in the spectra).
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1487, C1v AA1548,1551, Hemt A1640, O 111] AA1661,1666 and C1r1] AA1907, 1909.

1.3 Lynx arc

Although no clear example of a Pop III object has been found, the real motivation for
this project was the discovery of a very peculiar 2=3.357 lensed galaxy with an unusual
rich emission line spectrum (Figs. [C7, [C8 [CH), the so called Lynx arc

). The Lynx arc shows very flat continuum and large equivalent widths of emission
lines. This is consistent with a continuum dominated by nebular continuum emission and
[Fosbury et all (IZODE’) conclude that there is no evidence for any underlying stellar con-
tinuum visible longward of Lya. They infer high Lyman continuum luminosity, implying
large number of massive stars in the cluster. They also analyse the chemical composition
of the gas concluding that it has been already contaminated until metallicity Z=0.05 Z fH

4Here the metallicity is defined by scaling solar abundance pattern which means that the solar number
densities of all the elements have been scaled by factor 0.05.
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Figure 1.8: Lynx arc spectrum (H-band) - part II (from [Foshury et all 2003). Spectrum
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The rest frame wavelengths of the lines marked are [O11] A3727 and [Ne111] AA3869,3969.

However, the stellar effective temperature must be high in order to produce high electron
temperature, i.e. emission lines of highly ionized species in the UV. The Lynx arc is well
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modelled by the black body ionizing source with high effective temperature (~ 80,000 K),
high ionization parameter (logU = -1), mentioned Z=0.05 Zx nebular metallicity and low
nebular gas number density (n, = 50 cm™?). Therefore, it is similar to the very metal-poor
stellar population but with the gas already polluted with some metals, perhaps implying
different stellar and nebular metallicity.

Particularly interesting is the nitrogen spectrum, i.e. Nv A1240, N1v] A1486 and N 111
A1750 emission lines, which can be used to investigate the nature of the ionizing source
and determine its effective temperature. Luckily, all those lines are accessible in the Lynx
arc spectrum. Figs. [LT0O and [CTT show how the nitrogen lines behave for the case of the
ionizing spectrum being a black body with different 7}, and a power law with different
slopes. Strong NV emission would imply either an extremely hot black body or a power
law. The dominance of N1v] A1486 and no detection of Nv A1240 suggests the thermal
ionizing source with T, = 80,000 4+ 10,000 K.

Additionally, an argument against the AGN (power law) ionization is the lack of any
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X-ray or radio emission.

Fosbury et all (2003) have calculated that to provide the required amount of ioniz-
ing photons and produce the observed emission line spectrum 10° massive stars must be
embedded in the cluster.

The possibility of Wolf-Rayet (WR) stars being the source of ionizing radiation has
been studied by Villar-Martin et all (2004). They study individual ionic and elemental
abundances using a direct method (after deriving the electron temperature from [O111]
AA1661,1666/A5007 ratio) and using a grid of photoionization models. They find a nitrogen
overabundance with respect to other elements ([N/O]~2-3x[N/O]). That scenario can
reproduce the observed line ratios. However, they overproduce the stellar continuum, which
significantly reduces the observed equivalent widths of emission lines.

Binette et all (2003) discuss the possibility of an obscured QSO being the ionizing
source, they find that while this scenario is able to produce the observed line ratios (relative
to HB) of N1v], C1v, O 111] and He1r, it overproduces the UV lines: N v A\1240, O vi A1035,
[Nev] A3426, Mgt A2800 and C11] A2326, as well as the optical lines [O1] A6300 and
[St1] A6731.

The black body scenario is the only one that reproduces the observations. The most
puzzling issue is the gas enrichment. Is it possible that exploding SNe would rapidly enrich
the surrounding gas until Z=0.05 Zs while the other stars would be still forming from
unpolluted gas ? Perhaps that would happen in case of PISNe produced by very massive
stars. This kind of episode in the galaxy evolution must be very short lived since the massive
stars live just a few million years. Therefore, the detection of such sources is statistically
unlikely.

1.4 GOODS survey

GOODS (Great Observatories Origins Deep Survey) His a multiwavelength, public survey
combining the deepest data over the widest wavelength range. It covers two fields centered
around the Hubble Deep Field North (HDF-N) and the Chandra Deep Field South (CDF-
S), each one 150 arcmin? large. Here I will describe the second one where ESO telescopes
have been involved. The following ESO observations are available for CDF-S:

e imaging:

— VIMOS U and R band (Nonino et all 2009),
— ISAAC in J,H and Ks imaging (Retzlaff et all 2010);

e spectroscopy:

— FORS2 (observed wavelength range: 5500-10000 A) containing 1635 spectra of
1236 targets (Vanzella et all 2008) for redshifts until z=6.3,

Swww.stsci.edu/science/goods/

Www.es0.0rg/sci/activities/projects/goods/
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Figure 1.10: Nebular nitrogen line spectrum for black body ionizing source shown for
different Ty, and normalized at the N1v] flux for the T}, = 80,000 K case.

— VIMOS low resolution blue (observed wavelength range: 3500-6900 A) contain-
ing 3634 spectra of 3271 targets d]ﬂzmssgﬁ_a.l] I2@QQ) for redshifts 1.8< z <3.5,

— VIMOS medium resolution (observed wavelength range: 4000-10000 A) contain-

ing 1418 spectra of 1294 targets (Balestra et all 201() for redshifts z <1 and
z >3.5.

Additionally, Hubble Space Telescope imaging in B, V| i and z filters and Spitzer IRAC 3.6,
4.5, 5.8, 8 um and MIPS 24 um as well as the X-ray Chandra imaging are available. The
combination of the UV /optical /IR data with the 24 um and X-ray data helps to investigate
the nature of the sources, i.e. identify the AGNs. The photometric catalog which consists of
magnitudes in all the bands from U band until 24 ym is published by Santini_et. all (IZDD_Q)

In this thesis the GOODS imaging and spectroscopic data will be used in Chapter Bl
Section Bl and Chapter
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1.5 This thesis

Studying chemical evolution of the early Universe is one of the challenges of modern
astrophysics. Metal emission lines arising from the gas surrounding the primordial /very
metal-poor stellar clusters expected at high-z gives an insight into the first nucleosynthetic
products. The discovery of the Lynx arc (Foshury et all[2003) which might be one of the
first objects found containing very hot (very metal-poor) stars justifies the searches for
those sources in already existing data. It is also motivated by simulations suggesting the
existence of primordial material until quite low redshifts (z ~3-2). However, until now only
a few of objects like this have been found.

In this thesis I will show that already nowadays, before the era of extremely large
telescopes (ELTs) and JWST, we can use some of the existing observations in order to
access the measurements of nebular/stellar metallicity in the high-z galaxies and therefore
get some hints on the chemical enrichment.
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The UV lines are our interest here since they are what we can possibly detect in the
existing optical spectra of high-z galaxies from large surveys. The metal UV lines are
important because they require a hot ionizing source i.e. with a bulk of ionizing photon
energies emitted between 20 - 54.4 eV which produces a large fraction of ions in the triply
ionized stage producing strong lines of for example C1v and N1v] (Binette et all 2003).
Most of this thesis will be concentrated on the rest frame UV part of the spectrum described
from the observational as well as the theoretical point of view.

Since the most commonly observed line is Lya and there have been scenarios employing
top-heavy IMF and/or Pop III in order to explain some of the observations (namely large
equivalent widths of Ly« line found for some high-z Lya emitters) it is important to
understand by means of models what observational characteristics of the first stars/galaxies
we expect, i.e. the hydrogen and helium emission.

In this thesis I will concentrate on the analysis and discussion of the galaxies which
are not AGNs. I will focus on nebular emission, so it will be biased towards very young
objects.

This thesis is organized as follows: Chapter Pl presents the description of the tools I have
used i.e. the stellar population synthesis models and the photoionization code; Chapter
presents the modelling of the hydrogen and helium emission (nebular emission lines and
continuum) from starbursts galaxies; Chapter Hl presents the analysis of the peculiar N 1v]
emitting galaxy and the consequences of the strong nebular emission in the context of a
sample of high-z Ly« emitters from the GOODS-S field; Chapter B presents other N1v]
emitters found and their analysis; Chapter @ describes several observing attempts (ESO
proposals) aimed to study objects with strong nebular emission; Chapter [ contains the
conclusions and future prospects.






Chapter 2

Tools

2.1 CLOUDY photoionization code

CLOUDYH is a photoionization code commonly used by astronomers. It calculates the
synthetic spectrum of the ionized nebula given the parameters of the star(s) and of the
diffuse gas as well as its thermal, ionization and chemical structure. The luminosity (or
other parameters that allow to infer it) and the shape of the ionizing continuum, as well as
the particle density and the chemical composition of the gas must be defined. One can use
the black body shape as the ionizing continuum or define a certain shape based on the stellar
population synthesis predictions. Additionally, the geometry of the gas must be defined.
A schematic illustration of open and closed spherical geometries is shown in Fig. 21l The
geometry can be either density (matter)-bounded or ionization (radiation)-bounded. The
first case corresponds to the optically thin nebula and non-zero escape fractionfl and may
be defined by setting the outer radius, the second case corresponds to the situation where
the H 11 region is optically thick to the hydrogen ionizing continuum and all of it is absorbed
in the gas (escape fraction = 0).

Once the conditions in the cloud are defined, its resulting emission-line spectrum is
calculated in a self-consistent manner i.e. by simultaneously solving the equations of statis-
tical and thermal equilibrium which balance ionization-neutralization and heating-cooling
processes respectively. Once the incident continuum is defined, the synthetic spectrum pre-
dicted by the code (Figure 222)) consists of the transmitted (attenuated) incident continuum
(the part of the incident continuum that is not absorbed by the gas), diffuse continuum
(coming from the gas), reflected continuum (only in case of the open geometry) and emis-
sion lines.

Definitions used by the code:

e density: ny or n(H), is the total hydrogen number density per cm?;

e metallicity / chemical composition: the metallicity of the gas might be defined by

lwww.nublado.org

2Escape fraction — fraction of Lyman continuum photons that escape from the nebula to the IGM.
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scaling the solar abundance pattern of the elements (CLOUDY contains the elements
from hydrogen to zinc). By default abundances are defined by number relative to
hydrogen. Also the abundance of each element can be defined separately. Similarly,
the abundances of the dust grains along with the depletion factors can be defined;

e ionization parameter: U, is a dimensionless ratio of hydrogen ionizing photon to total
hydrogen density.

Open Geometry
Closed Geometry

i
b

Inner Radius r,

Quter Radius

Depth Ar
—>

Figure 2.1: Open and closed spherical geometry used by CLOUDY (m M)

2.2 Structure of HII region

CLOUDY calculates the thermal and ionization structure of the ionized cloud. The example
case (T, = 100,000 K, logU = -1, ng = 103 cm™3, primordial abundances of elements in
the nebula) is presented in Figs. and 241 which show the distribution of the electron
temperature and the ionization fractions for hydrogen and helium species respectively.

In the work presented in this thesis I used constant hydrogen number density, however
that is only a simplification, since in the real nebula denser and sparser regions might
coexist. That is easier to conclude when one observes many emission lines which provide
density diagnostics, i.e. in the Lynx arc two line doublets give a hint of different densities.
The lines might have been formed in different regions in the nebula. This kind of detail
could provide some information on the mixing processes and help for example to identify
denser and more enriched gas in the inner parts of the nebula (where the mixing processes
happened). Since for high-z objects this kind of detail is not available, one is forced to
simplify the problem and use constant density.
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Figure 2.2: Continua being calculated by CLOUDY (Ferland 2008).

The electron temperature can be determined from certain emission lines as mentioned
in the previous chapter. In this work the electron temperature in the models is not defined,
but rather is a consequence of defining other parameters. It is not constant throughout the
nebula (Fig. Z3) but changes (decreases) in the outer parts. The thermal equilibrium is
defined by heating and cooling processes (Osterbrock & Ferland 2006):

G=Lr+ Lpr+ L¢, (2.1)

where G is the energy input by photoionization, Lg — energy loss by recombination, Lgp —
energy loss by free-free radiation and L¢ — by collisionally excited lines. When the collisional
deexcitation becomes important, the cooling rate due to collisionally excited lines decreases.

The size of the modelled HII regions is not set, it changes depending on the radia-
tion field, particle density and the recombination coefficient which is electron temperature

dependent.

2.3 Stellar population synthesis models

In this thesis the evolutionary stellar population synthesis models used are the ones pre-
sented in Schaered (2002, 2003). They include zero metallicity and very low metallicity
population spectra for different ages, IMFs and SFHs.
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Figure 2.3: Example case: distribution of the electron temperature throughout the ionized
cloud.

The model ingredients are the atmospheric models (accounting for the non-LTE and
mass loss effects), stellar tracks, evolutionary synthesis models additionally adapted to the
metal-free case. What defines the particular model is the IMF, metallicity, age and SHF'.
They also predict H and He nebular continuum and line emission from the ionized diffuse
gas, assuming case B recombination (Chapter Bl presents the results for nebular emission
for case B and the discussion as well as the comparison with the results obtained without
this simplification). For higher metallicity models Wolf-Rayet (WR) stars are included.
The characteristics of the models for all available metallicities are presented in Figure
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Figure 2.4: Example case: distribution of the ionization fractions of H and He throughout
the ionized cloud.
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Figure 2.5: Mean ionizing photon energy (in Rydbergs) — P, the hardness of the Lyman
continuum @Q(He™)/Q(H) and the effective stellar temperature (calculated from P, see
later) for all metallicities available in Schaerer’s models as a function of age. The models
presented here are with Salpeter 1-100 My IMF and SFH="“instanteneous burst” (black
solid line) and “constant star formation” (red solid line). The peaks that appear for all of
those parameters at around log(age) = 6.5 are due to the presence of WR stars for higher
metallicity models.
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3.1 Introduction

Over the last decade, the execution of deep multi-band imaging surveys like GOODS
(Vanzella_et_al. 2005, 2006, 2008, 2009; [Popesso et_all 2009; Balestra et all 2010) has re-
sulted in catalogues of significant numbers of galaxies with photometric redshifts greater
than five when the Universe was only a little over a Gyr old. In some cases, these red-
shifts have been spectroscopically confirmed by the detection of Ly« in emission and/or
the presence of an identifiable Lyman break. The availability of an increasing sensitivity in
the NIR, notably with the newly-installed WFC3 camera in the HST and with the JWST
in the near future, opens the possibility of selecting high quality candidates up to and
beyond a redshift of 10. This is the epoch where it can be expected that stellar populations
have a very low metallicity, which may result in an excess of hot, high mass stars radiating
strongly in the Lyman continuum.

To provide appropriate spectral templates for such metal-poor star-forming galaxies
and to predict the observable properties of starbursts with primordial and more evolved
chemical compositions ISchaered (2002, 2003) has computed new evolutionary synthesis
models and has demonstrated the importance of nebular emission (lines and continua) at
low metallicity. These and other studies (see e.g. [Tumlinson & Shull 2000; [Tumlinson et al.
2001; Bromm_et._all2001) have in particular highlighted the use of strong Ly« emission and
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nebular He 11 emission to search for objects containing Population III (hereafter Pop III)
stars. Since then, various searches for the He 11 A1640 signature from Pop III have been
undertaken at different redshifts, yielding so far non-detections and interesting upper limits
on the Pop III star-formation rate density (see Schaerel 2008; [Nagao et all 2008, and ref-
erences therein). Furthermore, among the numerous surveys for Lya emitters at different
redshifts, some studies have found objects with apparently usually strong Lya emission
(high equivalent widths), which could be indicative of very metal-poor (even Pop III) stel-
lar populations or unusual IMFs (see e.g. Malhotra & Rhoadd 2002; [Yamada. et all 2005).
Other groups have invoked “unusual” IMFs, extremely metal-poor stellar populations,
and/or leakage of Lyman continuum radiation to explain the apparently very blue UV
slopes found for some very high redshift (z ~ 7) galaxies (Bouwens et all201(0). However,
the significance of these results is questionable, and the present data does not require such
“non-standard” assumptions (Schaerer & de Barrod 2010; [Finkelstein et all 2010). In any
case, it is of interest to examine how reliable some of the major observables predicted by
standard evolutionary synthesis are.

Indeed, a shortcoming of evolutionary synthesis models such as the ones mentioned
above is that they calculate nebular emission in an approximate manner assuming sim-
plified physics, such as case B recombination theory (cf. [Osterbrock & Ferland 2006), and
constant emissivities for adopted constant values of the electron temperature and density in
the H 11 region surrounding the starburst. In fact, as demonstrated in this paper, significant
departures from case B are expected at low metallicities leading to stronger Lya emission,
and the strength of nebular He 11 emission predicted by full photoionization models can be
reduced with respect to simple recombination theory. Indeed these physical effects, related
to an increased importance of collisional effects at low metallicity due to lower radiative
cooling and harder ionizing spectra — for Lya — and due to competition between H and He
for ionizing photons — for the intensity of He 11/H — have been known for a while in stud-
ies of metal-poor H 11 regions (cf. [Davidson & Kinman [1985; Stasinska & Schaerer [1999;
Luridiana et all2003) and planetary nebulae (Stasinska & Tylenda [1986). [Panagia (2002,
2005) has recently explored photoionization models for primordial nebulae. However, the
importance of the above effects for the UV emission lines has so far not been thoroughly
examined, in particular in the context of metal-poor and distant starburst galaxies and us-
ing up-to-date evolutionary synthesis models. The photoionization models presented here,
combined with our evolutionary synthesis models, are intended to provide a framework
within which to improve our knowledge of primeval galaxies and related objects.

Another limitation of the synthesis models of [Schaerer (2002, 2003) concerns the initial
mass function (IMF). For simplicity, three different choices of the IMF were adopted for the
bulk of the calculations in these papers. However, different IMFs have been suggested in
other studies related to Pop III and early stellar generations, and considerable uncertainties
remain on the true shape of the IMF in the early Universe and its dependence (or not) on
physical parameters. To enable the examination of the effects of a broader choice of IMF's
on the expected observable properties of starbursts, we here extend the calculations of
Schaeren (2003) to eight different IMFs. The resulting model grids, available in electronic
format, should provide state-of-the-art predictions for the interpretation of high redshift
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galaxies, to estimate their contribution to cosmic reionization, and for other topics.

The paper is structured as follows. In Sect. we describe the input physics and the
model calculations with our evolutionary synthesis code and with the photoionization code
CLOUDY. The predictions from the synthesis models concerning the UV continuum, the
ionizing flux, Lya and He 11 A1640 emission are presented in Sect. B3 In Sect. B4 we
discuss the results from the photoionization models using black body spectra, explain the
deviations from case B and provide simple formulae to describe these effects on Lya. In
Sect. we show how to connect realistic SEDs with results from photoionization models
using black body ionizing spectra. Our results and several implications are discussed in
Sect. Bl The main results are summarised in Sect. B

3.2 Modelling techniques

3.2.1 Synthesis models

We have used the evolutionary synthesis code of [Schaerer & Vacca (1998) with the physical
ingredients (stellar tracks, atmospheres, and prescriptions for nebular line and continuum
emission) from Schaerer (2003). In particular these models allow us to predict the integrated
properties of stellar populations at all metallicities from zero (Population III) to “normal”,

solar-like metallicity. The computations have been done for the same metallicities as in
Schaerer (2003).



Table 3.1: Summary of IMF model parameters. Model ID is the label used in the Figures, colour code the colour and
linestyle. Note: the definition of M, and o is as in [Tumlinson (2006). In particular sigma is the variance in In(m), not

log(m)!
Model ID colour code Miow  Myp a M, o reference/comment ID in files
Salpeter  black 1 100 2.35 A in Schaerer (2003) S
B green, dashed 1 500 2.35 B in Schaerer (2003) B
C cyan, dashed 50 500* 2.35 C in Schaerer (2003) C
Scalo blue 1 500® 2.7 Scalo (1986) Sc
TA red 1 500* 10. 1.0 A in Tumlinson (2006) TA
TB magenta 1 500* 15. 0.3 B in Tumlinson (2006) TB
TE yellow 1 500° 60. 1.0 E in Tumlinson (2006) TR
L05 blue, dashed 1 100 5. Larson (1998) 10

® For metallicities Z > 0.0004 = 1/50Z, we adopt My, = 120M, the maximum mass for which Geneva stellar

evolution tracks are available.

b Power-law exponent for M > 2M.

0€

sorxeresd jsanqgJaels 1ood-[erouwr AI1vA jo sorpredoad AN podIpald ¢



3.2 Modelling techniques 31

Stellar initial mass function

The main extension presented here with respect to the calculations of Schaeren (2003)
concerns different assumptions regarding the stellar IMF. A wide range of IMFs has been
considered, including power-law IMFs, such as the Salpeter or [Scala (1986) IMFs, log-
normal IMFs; and the [Larson (1998) IMF. The corresponding parameters are summarised
in Table Bl The stellar mass range is defined by the lower and upper mass cut-offs,
Miow and My, respectively. a being the slope of the power-law. The log-normal IMFs are
described by the characteristic mass M. and its dispersion o. The cases computed here
correspond to the cases A, B, and E in the chemical evolution study of Tumlinson (2006).
The ILarson (1998) IMF is described by a single parameter, its characteristic mass M.. We
have computed one such case, assuming the same value of M, as |Ciardi et all (2001) in
their reionization calculations. Note, that at Z > 0.0004 = 1/50Z, the upper mass cut-off
is set to M, = 100 or 120M, for all IMFs, since tracks for more massive stars are not
available. The quantities discussed here are insensitive to assumptions on the IMF at low
masses. Our absolute quantities may therefore simply be rescaled to other IMFs including
e.g. an extension below 1 M.

Current knowledge suggests that the IMF for massive stars is close to Salpeter with
an upper limit of M,, ~ 100-120 Mg from solar metallicity down at least to ~ 1/50 Zg,
and that a qualitative shift of the IMF towards higher characteristic masses occurs below
a critical metallicity of the order of Z. ~ 107517, (Schneider et all 2002, 2003).

Star formation histories

For each metallicity Z and IMF we have computed evolutionary synthesis models for the
two limiting cases of 1) an instantaneous burst, and 2) constant star formation (CSFR).
Results for other star formation histories can be derived from the electronic files for the
simple stellar population (burst) models (see Sect. B2Zl). In both cases the calculations
have been carried out with a small timestep (0.1 Myr) to ensure the accuracy of the time
integrated quantities for the CSFR case. The calculations have to be carried out up to
ages of 1 Gyr. This covers the allowed ages and of galaxies at redshifts z > 5.8, of interest
here, as well as sufficiently long star formation timescales to reach equilibrium in various
observable properties (cf. below).

Nebular emission

To include nebular emission (recombination lines and continuum processes) in our synthesis
models we initially make the following “standard” simplifying assumptions (see Schaerer
2002, 2003): ionization bounded nebula, constant electron temperature and density (7,
n.), and case B. case B in particular assumes that the recombinations to the ground-state
immediately yield locally another ionization, and that photoionizations occur only from
the ground-state. As we will see below, the latter may not be true in very metal-poor
nebulae, leading to significant changes in the predicted spectrum of hydrogen. With these
assumptions both the H and He recombination lines as well as nebular continuum emission
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(including free-free and free-bound emission from H, neutral He, and singly ionized He,
and two-photon emission of H) are fully specified and their luminosity is proportional to
the ionizing photon flux @) in the appropriate energy range. To reflect to first order the
changes of the conditions in the H 11 regions with metallicity, the value of the line luminosity
coefficient and nebular continuous emission coeffiencents at metallicities Z/Z, < 1072 are
changed as in Schaerer (2003). More precisely we adopt T, = 30 (20) kK for lines (continua)
Z/Zs < 1072 and T,=10 kK for higher metallicities, and a low ISM density n, = 100 cm 3.
For the Lya luminosity we have, with the assumptions just spelled out:

eff

LB(Lya) = (1 - fesc)Q<H> X h'VLya X 02—:) (31)

where the index ‘B’ stands for case B, ap = a$i, + aggfs is the total case B recombina-
tion coefficient, and f.. is the escape fraction of ionizing photons out of the H 11 region
(or galaxy). In all Figs. shown in this paper we assume fo. = 0. In typical conditions
oS, /ap &~ 0.6-0.7. In other words approximately 2/3 of the Lyman continuum photons
give rise to the emission of a Lya photon, the assumption commonly made. Similar re-
lations also hold for other recombination lines, such as He 11 A1640, which is of special
interest here. In our “standard” synthesis models we simply assume

Lp(Lya) = Q(H) x ¢, (3.2)
Lp(He IIN1640) = Q(He™) x c, (3.3)

with ¢; = 1.04 x 107" erg, and ¢y = 5.67 x 1072 (6.04 x 107'?) erg for Z < 1/50 Zg
(> 1/50 Zy), and for fe. = 0. The atomic data is from Hummer & Storey (1995) for low
densities (cf. [Schaeren 2003), and Q(H) and Q(He™) are the ionizing photon flux (in photon
s71) above 13.6 and 54 eV respectively.

Continuous nebular emission including free-free and bound-free emission by H, neutral
He, He", and He*2, as well as the two-photon continuum of hydrogen is included as de-
scribed in Schaeren (2002), assuming T, = 20 kK for Z/Z; < 5. x 107 and T, = 10 kK
otherwise.

As we will show below (Sect. B4l), a proper treatment of all relevant processes leads
to significant deviations from case B at very low metallicities, increasing in particular the
Lya luminosity, L(Lya). In this case the L(Lya) can be rewritten as

f~coll
2/3’

L(Lya) = Lp(Lya) x P x (3.4)
where P and fcoll are terms describing the mean photon energy in the Lyman continuum,
and accounting for for collisional effects at high density. To compute the Lya equivalent
width W (Lya) we proceed as in |Schaeren (2002, 2003), where we use the continuum flux
at 1215.67 A obtained from linear interpolation of the total (stellar 4+ nebular) continuum
(in log) between 1190 and 1240 A, chosen to avoid underlying stellar Lya absorption and
other absorption lines if present. The predicted stellar Ly« absorption is small compared to

the emission, except for “post-starburst” phases (see e.g. Fig3. in [Schaerer & Verhamme
2008).
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Figure 3.1: Relative output of hydrogen ionizing photons to UV continuum light, measured
at 1500 A restframe, Qg /L1500, as a function of metallicity for constant star formation over
1 Gyr (left panel) and very young bursts (right panel). Qg /L1500 is given in Ly units on the
left side of each panel, and in L, units on the right. Results for different IMFs are shown
using the colour codes and labels summarised in Table Bl The shaded area indicates the
critical metallicity range where the IMF is expected to change from a “normal” Salpeter-
like regime to a more massive IMF (see text).

Model output

Our evolutionary synthesis code predicts a large variety of observable and related quan-
tities derived from the detailed synthetic spectra. Here we focus on mostly on quantities
describing the spectrum in the Lyman continuum, the UV (rest-frame) spectrum, as well
as the Lya and He 11 A1640 emission lines. The full set of model results, including also
numerous other quantities not discussed in this paper, are available in electronic format

upon request to one of the authors (DS), on http://obswww.unige.ch/sfr, or via the
CDS.

3.2.2 Photoionization models

To predict more accurately the nebular emission from starbursts and to investigate possi-
ble departures from the simplified assumptions made in our synthesis models we use the
photoionization code CLOUDY version 08 (Eerland et all [1998). The models we consider
are ionization-bounded with a closed, spherical geometry and constant density. These as-
sumptions imply in particular that all ionizing photons are absorbed in the H 11 region, i.e.

12

10
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fese = 0. In certain circumstances, especially in high redshift galaxies, a fraction of the Ly-
man continuum photons are expected to escape (see e.g. (Gnedin et all 2008; [Wise & Cen
2009; Razoumov & Sommer-Larsen 2009). To first order the results obtained in this paper
can simply be rescaled to such cases, as discussed below. The main input parameters of
our models are: the spectral energy distribution (SED) of the ionizing source, the nebular
density (given by ng, the hydrogen number density), the ionization parameter (U), and
the nebular metallicity (Zyep). For the SED we adopt black-body spectra described by Ty,
and SEDs from our evolutionary synthesis models. The ionization parameter (at the inner
edge of the cloud) is defined as:

o Q)

- 2
Amri, X ng X ¢

(3.5)

where 7y, is the inner radius of the nebula which has been kept constant in our models (107
cm) and c is the speed of light. The small inner radius used in our calculations results in a
sphere-like (not shell-like) geometry of the nebulae. The ionization parameter can change
throughout the nebula (decrease towards outer parts).

First, we have calculated the grid of photoionization models using the photoionization
code CLOUDY covering log(U) = -4, -3, -2, -1; Ty, = 40,000 — 150,000 K; log(ny) =1, 2,
3, 4 cm~? for a primordial nebula and a number of higher metallicities. In total 192 models
were computed for each metallicity. In order to keep the same ionization parameter while
changing the density of the gas, we adapt the number of ionizing photons (keeping the
shape of the SED). The metallicity is defined by scaling the solar abundance pattern.

Note that the electron temperature is neither constant nor fixed in our models. Its
spatial distribution results from the computation of each photoionization model and it is a
function of depth in the nebula. In practice it depends on all the parameters that are being
investigated (Tpy, ng, U, Zney). For the coolest primordial model (the coolest black body,
the lowest density and the lowest ionization parameter) the temperature in the inner part
of the cloud is around 12,000 K and for the hottest ones it reaches ~ 38,000 K.

Selected models were subsequently computed using the SEDs from the synthesis models
described above.

3.3 Predicted UV properties from synthesis models

We now present and discuss one-by-one the main predictions of our synthesis models for
different IMFs (see Table Bl), for metallicities from zero (Pop III) to solar, and for two
different limiting star-formation histories (bursts and SFR=const). Since properties of stars
below Z < 1079 (i.e. Z/Z, < 10773) essentially converge to those of metal-free stars we
assign this metallicity value to Pop III stars, as in |Schaered (2003).

Note that all UV continuum predictions from the synthesis models described in this
Section are based on the simplified assumptions spelled out above to compute nebular
emission. This implies in particular that at low metallicities the contribution from the
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two-photon continuum process should be higher, increasing thus e.g. the predicted UV
luminosity at 1500 A, for the reasons discussed in Sect. B2l

3.3.1 Ionizing photon production

A quantity of interest, e.g. to determine the contribution of galaxies to cosmic reionization,
is the the relative output of hydrogen ionizing photons to observable UV light. Here we
provide Qp /L1500, where the Lyman continuum flux @y is expressed in units of photon
s~1, and the UV restframe luminosity at 1500 A is Lz in Ly (erg s™* A=') or L,, (erg s
Hz™!) units [, Alternatively, to derive the Lyman continuum output per unit stellar mass
(or per baryon), Qp/Lis0 discussed here can be combined with the ratio SFR/Li509 given
below, or can directly be derived from the available data files.

time evolution for bursts/CSFR models and different IMFs
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Figure 3.2: Temporal evolution of Q) /Lis00 for selected IMFs (Salpeter, TB, TE, colour-
coded as in previous Figs.) and metallicities (Pop III, Z, labeled). The solid curves show
the time evolution for constant SFR models towards their equilibrium value, the dashed
curves instantaneous burst models. See text for discussion.

In Fig. Bl we show Qg /Lis00 as a function of metallicity for constant star formation
over 1 Gyr (CSFR, left panel), and very young (g 0-4 Myr) populations (right panel). As
expected Qg /L1500 increases with decreasing metallicity, since the ionizing flux depends
very strongly on the effective stellar temperature and hence increases more rapidly than the
UV luminosity. The IMF dependence also behaves as expected, with the IMFs favouring

IThe transformation is log(Qz /Lx(15004)) = log(Q /L, (15004)) — 12.12.
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the most massive stars showing also the highest the @y /L1500 ratios, since @y increases
more rapidly with stellar mass than the UV luminosity. Notable is actually the increase
of Qg /Lisoo from Zg to ~ 10717, where no major change of the IMF is expected (and
a Salpeter IMF is favoured). For CSFR and for a fixed IMF, the increase of the relative
ionizing power from solar metallicity to Pop III is typically ~ 0.4-0.5 dex, i.e. a factor 2 to
3. When considering an IMF change from Salpeter to a massive IMF (i.e. all cases except
Salpeter and Scalo) the increase of Qg /Lisq is larger, approximately 0.6 to 1 dex between
solar and zero metallicity. Only for the “TB” IMF, a narrow, log-normal mass function
peaked at M = 15M, we find a more extreme dependence on metallicity. This is precisely
due to the fact that this IMF singles out a narrow mass range, instead of averaging the
metallicity dependence of stellar properties over a larger interval in mass.

The right panel of Fig. Bl shows a narrower range of Qp/Lisoo for zero age or very
young (< 0-4 Myr) populations. This is natural, since in this case no “average” is made
over populations of very different stellar ages and hence over strong variations of stellar
parameters. More important is the fact that higher values of Qg /Liso0 are obtained for
young populations. This is mostly due to the fact that such populations emit a lower UV
luminosity per unit SFR since a longer timescale is needed to reach the “equilibrium value”
of the UV output (cf. below). The ZAMS values shown here correspond to the maximum
of Qp /L1500 expected for stellar populations of different ages and SF histories.

To illustrate this dependence on the SF timescale, Qp/L1500(t) is shown in Fig.
for selected IMFs and metallicities. These curves show the smooth transition from the
predicted “ZAMS” to the CSFR values over timescales from ~ 107 yr for massive IMFs
(e.g. TE, TB) to ~ 0.4-1 Gyr for the Salpeter IMF. Note also that the timescale for
UV properties to reach equilibrium increases with decreasing metallicity, due to the higher
effective temperatures on the ZAMS at low Z. In short, we caution that the relative ionizing
photon to UV ratio Qg /L1500 may be uncertain by a factor of ~ 4 depending on the SF
timescale (for constant SF), or even more for bursts.

Finally, it should be noted that at low metallicity the contribution of the two-photon
continuum may be larger, as shown later in Sect. B4, leading to somewhat lower values of
Qn/Lis00- For constant SF this amounts to a decrease of Qg /L1500 by ~ 0.2 dex for Pop 11
and the most extreme IMFs (TE, C), and smaller changes otherwise. For zero metallicity
populations on the ZAMS Qg /L1500 should be reduced by ~ 0.15-0.3 dex for all IMFs,
and less at higher metallicity.

3.3.2 Properties of the ionizing spectra

The properties of the ionizing spectra, such as their hardness, detailed shape and others
have already been discussed inSchaerer (2003) and shall not be repeated here. For example,
the hardness Q(He™)/Q(H), measured by the ratio of He™ (> 54 eV) to hydrogen ionizing
(> 13.6 €V) photons, we predict from our new models are already bracketed by the the
values predicted in Schaerer (2003) (see their Fig. 5) for the Salpeter and the “C” IMF.
An interesting quantity describing the ionizing spectra is the average energy of the
photons emitted in the Lyman continuum E(Q(H)) (see definition in Eq. B). This quantity
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Figure 3.3: Mean ionizing photon energy in units of 13.6 eV as a function of metallicity,
shown for SFR=const (thick lines) and for the ZAMS (thin lines). Results for different IMF's
are shown using the same colour codes as in Fig. Bl (cf. Table Bl). Lined and labels on
the left indicate the corresponding black body temperatures. Z..; shows the approximative
metallicity limit below wich collisional effects lead to significant departures from case B.

and its dependence on metallicity and IMF is plotted in Fig. for constant SF (thick
lines) and for the ZAMS (thin lines). The corresponding black body temperatures Ty, with
the same mean ionizing photon energy are also shown for illustration. Typically E(Q(H))
is found to ~ 1.5-2.5 times 13.6 eV, the ionizing potential of neutral hydrogen, and its
behaviour with IMF, metallicity, and age behaves as expected. These values correspond to
a range of black body temperatures from ~ 50 to 120 kK for the hardest spectra.

On this Figure we also indicate the approximate metallicity limit Z.,;, below which col-
lisional effects lead to significant departures from case B, as shown below. In this metallicity
range E(Q(H)) can also be used to compute more accurately the intrinsic Lya emission
line strength (see Eq. BY).

3.3.3 SFR calibrations from the UV continuum

Figure B4 illustrates the variation of the UV luminosity for CSFR as a function of metallic-
ity and for the different IMF's. Plotted is the conversion factor ¢, defined by SFR= ¢ x L,,
where L, is the UV luminosity in units of erg s=* Hz™!, and SFR is the star formation
rate in My yr!. As expected, our model with Salpeter IMF agrees well with the widely
used calibration from Kennicutt (1998) at Zg after rescaling the latter by a factor 2.55 to
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Figure 3.4: Dependence of the SFR(UV) calibration on metallicity and IMF. Shown is the
SFR per unit UV luminosity at 1500 A in units of Mg yr~! per (erg s=' A1) on the left
y-axis, or in Mg, yr~! per (erg s7! Hz™1) on the right y-axis. Same symbols and colours as in
previous Figures (cf. Table Bl). These values assume constant SF over 1 Gyr. The dotted
horizontal line show the value of the Kennicutt (1998) SFR(UV) calibration rescaled to a
Salpeter IMF with M., = 1M, for comparison. Above/below this line the SFR deduced
from the UV luminosity is higher/lower.

account for our adopted value for the lower mass cut-off (Mo, = 1M@)ﬁ. This Fig. clearly
shows that in most cases the use of the Kennicutt calibration at low metallicity may overes-
timate the SFR, given the higher intrinsic UV output of such stellar populations. However,
this may not be realistic since it relies on the assumption of CSFR over a long timescale
(gtrsim10%3-9 yr). In younger populations the UV luminosity per unit SFR is lower, and
hence ¢ and the determined SFR higher (e.g. Schaerer 2000).

In fact, the non-monotonous behaviour of SFR/ L1500 with metallicity observed in Fig.
B4 is due to the dependence of the stellar contribution to the total UV output at this
wavelength. Indeed, the stellar UV output increases with decreasing Z down to ~ 1/50
Z/Zs, due to the decrease of the average temperature of stars over their lifetime. At even
lower metallicities, however, their UV output (per unit SFR) decreases since the bulk of
their flux is emitted at < 1500 A (cf. Fig. 2 in Schaeren 2003). This implies, for a fixed
IMF, a re-increase of SFR/Lis500 at Z/Zs < 1/50, which is only somewhat moderated by
the increasing nebular contribution. Indeed, the latter contributes typically ~ 10-40% of

2More explicitely the Fig. shows log ¢, where log SFR = log ¢ + log L1500 + log cas, and cpr = 2.55 for
the IMF adopted by Kennicutt (Mjow = 0.1 Mg), or ¢y = 1 for Moy = 1 Mg,



W(Lya) [A]

3.3 Predicted UV properties from synthesis models 39

SFR=const @ 1 Gyr ZAMS values
2000 ‘ T T T ‘ T ‘ i

3000

1500

— 2000
1000

W(Lya) [

500 1000

log(Z/Z) log(Z/Zy)

Figure 3.5: Predicted Lya equivalent width as a function of metallicity for constant star
formation (left panel) and very young (< 1-2 Myr) bursts (right panel). Note the different
vertical scales on the two plots. Thin lines show our “standard” predictions, thick lines
the predicted W (Lya) accounting to first order for departure from case B following Eq.

38 (assuming low density, i.e. foon = 2/3, and neglecting the increase of the two-photon
continuum), leading to an increase by up to a factor ~ 1.5-2.5 at low metallicities (Z <

Zeon)- Results for different IMFs are shown using the same colour codes as in Fig. BI (cf.

Table 1)

the flux at 1500 A at SF equilibrium (see Fig. BH). In other words neglecting the nebular
continuum would lead to differences of ~ 0.05-0.15 dex in the SFR calibrations. At low
metallicity the contribution of the two-photon continuum may be larger, as shown in Sect.
B4 leading to somewhat lower values of SFR/Lj500 than shown in Fig. B4l For Pop III
and the most extreme IMFs (TE, C) this implies a downward revision of ~ 0.2 dex.

3.3.4 Predicted Lya emission

The Lya equivalent widths predicted by our standard models (using Eq. B2) for all IMFs
and metallicities are shown with thin lines in Fig. for constant star-formation (left
panel) and for the ZAMS (right), the latter representing the maximum of W (Ly«) for each
IMF. The dependences of W (Ly«) are as expected from Qg /L1500 and the values shown
here bracket those already presented in [Schaerer (2003) (with more limited variations of the
IMF). To illustrate the departure from case B found at low metallicity from photoionization
models (see Sect. B4l), we also show W (Lya) computed from Eq. B4 in the low density
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Figure 3.6: Fraction of the Lya luminosity to the total bolometric luminosity, L(Lya)/Lyo
for SFR=const as a function of metallicity and IMF. Results for different IMFs are shown
using the same colour codes as in Fig. Bl (cf. Table Bl). Thin lines show results using our
“standard” Ly« predictions; thick lines the improved results accounting for departures from
case B at very low metallicity. Note the resulting strong increase of our revised L(Lya)/ Ly
values from solar to very low metallicity!

regime (i.e. for foon = 2/3, thick lines). Here, the equivalent widths are a factor ~ 1.5-2.5
higher than our “standard” predictions (cf. Fig. B3), since we assume that the continuum
close to Ly« is unchanged by this departure from case B.

A few words of caution about W (Ly«) are appropriate. First, note that for our compu-
tations of W (Lya) we use the continuum flux at 1215.67 A obtained from linear interpola-
tion of the total (stellar + nebular) continuum (in log) between 1190 and 1240 A, chosen
to avoid underlying stellar Lya absorption and other absorption lines if present. While
W (Lya) is well defined theoretically, comparisons with observations require some caution,
given the possible complexity of the continuous spectrum shortward (due to the IGM in
particular) and longward of Ly« (due to non-monotonic shape of the nebular continuum),
and given different choices of broadband filters (see e.g. the simulations of Hayes & Ostlin
(2006)).

How much of the total radiative energy from the starburst is emitted in the Ly« line? For
constant star-formation the fraction of the Ly« to the bolometric luminosity, L(Lya)/Lyo,
is shown in Fig. BA for all metallicities and IMFs. At solar metallicity and for a Salpeter
IMF we obtain the well-known estimate of L(Ly«a)/Lypo ~ 3-6 % found in the first papers
promoting Lya searches at high redshift (e.g. Partridge & Peebles 1967). The fraction of
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Figure 3.7: Predicted He 11 A\1640 equivalent width as a function of metallicity for constant
star formation (left panel) and very young (< 1-2 Myr) bursts (right panel). Note the
different vertical scales on the two plots. Results for different IMFs are shown using the
same colour codes as in Fig. Bl (cf. Table Bl). Note that photoionization models predict
generally fainter He 11 A1640 emission, hence lower equivalent widths, except for high ISM
densities (see Sect. BA3)).

luminosity emitted in Ly« increases with decreasing metallicity, due to the higher ionizing
photon flux output per unit stellar mass. When case B departures at low metallicity are
taken into account, we find that L(Lya)/Lye can reach up to ~ 20-40% depending on
the IMF, i.e. up to 10 times more than expected from earlier calculations! The highest
values are comparable to those from the photoionization models of [Panagia (2002) using
very hot black body spectra. For younger populations L(Ly«)/ Ly is less dependent on
the IMF than for SFR=const shown here; values of L(Ly«a)/Lyo ~ 0.15-0.20 (0.35-0.40)
are obtained at low Z with our standard (departure from case B) assumptions.

3.3.5 He 11 line emission from very metal-poor starbursts

Our standard predictions for He 11 A1640 (using Eq. B3]) for constant star-formation and
young bursts are shown in Fig. B They complement our earlier predictions in [Schaerer
(2003), and show the expected behaviour. Clearly, strong nebular He 11 A1640 emission
from starbursts is only expected at very low metallicity and for IMFs producing enough
massive stars. As we will show below, the predicted intensity of He 11 A1640 (and other He™
recombination lines) depends, however, also on the ionization parameter and on the ISM
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density to some extent. Complete photoionization models predict generally fainter He 11
A1640 emission, as discussed in Sect. B4l
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Figure 3.8: Contribution of nebular continuum emission to the total emission in the rest-
frame UV at 1500 A as derived from our evolutionary synthesis models. Shown are model
for constant star formation (left panel) and very young (< 1-2 Myr) bursts (right panel).
Results for different IMFs are shown using the same colour codes as in Fig. Bl (cf. Table

B1I).

3.3.6 Importance of the nebular continuum

Figure shows the contribution of nebular continuous emission to the total UV light
at 1500 A for all metallicities, IMFs, and for the usual limiting cases of star-formation
histories. Whereas for ‘normal’ metallicities and IMF's the contribution is relatively small
(< 5% for SFR=const), the importance of the nebular continuum is larger for young bursts
and/or low metallicity, as already stressed by ISchaerer (2002) and [Schaerer (2003).

Since the nebular continuum at 1500 A is generally dominated by the two-photon
continuous emission process, departures from case B will lead to stronger nebular emission
than shown here at very low metallicity (see Sect. B4l). To first order, the total two-
photon emission is then enhanced by a factor P for low ISM densities, increasing thus the
contribution of the nebular continuum to the total (stellar + nebular) emission. At high
density, the two-photon emission tends to zero. However, since the shape of the nebular
continuum depends on the detailed conditions in the nebula (density, temperature, etc.)
which are not constant as assumed in the synthesis models, it is not possible to predict
more accurately how departures from case B affects the nebular continuum, without resort
to photoionization models.
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3.3.7 Predicted UV slope

From our synthesis models we also measured the slope of the UV continuum with and
without nebular emission (cf. Schaerer & Pelld 2005). In Fig. we show a condensed
overview of various (-slopes for very young populations (ZAMS), representing the steepest
slopes, i.e. the minimum for (3, predicted from models. As before, the predictions are shown
for all IMFs and metallicities. Thick (thin) lines show Bis50 (B2000), defined as the slope
between 13001800 (1800-2200) A respectivelyﬁ. The upper set of lines shows the ( slopes
of the total spectrum, including stellar and nebular continuum, the lower lines using the
pure stellar spectrum.

Clearly, the UV slope is strongly affected by nebular emission, leading to a significant
flattening of the spectrum (cf. Figs. 2 in |Schaerer 2003). While the stellar SED becomes
steeper with decreasing metallicity, the total spectrum exhibits the opposite behaviour. If
we assume a varying contribution of the nebular continuum we may obtain any interme-
diate value of 3 between the “stellar+nebular” and “pure stellar” cases. This fact and the
dependence of 3 on the star-formation history and age (see e.g. Fig. 1 in [Schaerer & Pelld
2007), shows that the UV slope cannot be used to determine metallicity. For constant
star-formation (not shown here), the bulk of the models show equilibrium values of § ~
-2.6 to -2, quite independently of metallicity and IMF.

Fig. also shows a difference of the order of 0.2-0.3 between 31500 and [oggg. Such
differences may be relevant for comparisons of the UV slope estimated from broad-band
filters. Last, but not least, the precise shape of the nebular continuum is determined by
the detailed nebular structure (i.e. its detailed temperature and density structure) and can
be affected by departures from case B, as the case of the two-photon continuum discussed
in depth below.

3.4 Nebular predictions using photoionization models

For low metallicity nebulae ionized by very hot stars, the conventional case B predictions
for line and continuum emission are not good approximations to the appropriate nebular
astrophysics. In this Section we present the predictions of detailed photoionization mod-
elling for such nebulae with metallicities ranging from zero (primordial = Pop III) to solar,
explain the origin of departures from case B, and present a parameterisation of the results
than can be readily employed for the interpretation of low metallicity nebulae. For simplic-
ity, we first use black body spectra as ionizing sources and discuss later how to compare
these with stellar SEDs. We have examined the nebular emission as a function of the stellar
(black body) temperature Ti,;, the hydrogen number density ny, the ionization parameter
(U), and the nebular metallicity (Z,ep), using the models described above (Sect. B2ZZ2).

Our analysis will focus mainly on the Ly« line and the associated two-photon continuum
emission, on nebular He 11 emission, and on the global nebular continuum.

3 We use the standard definition Fy o< A2,
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Figure 3.9: Predicted UV slopes Bi500 and fagg9 for all IMFs and metallicities. The values
are shown for very young (ZAMS) populations, which correspond to the bluest possible
slopes (i.e. minimal 3 values). The upper set of lines shows the UV slopes of the total
spectrum (stellar + nebular continuum), the lower lines using the pure stellar spectrum.
Results for different IMFs are shown using the same colour codes as in Fig. Bl (cf. Table

5.

3.4.1 Lya line and two-photon continuum emission

In Fig. we show the deviation of the Ly« (black symbols) and 2+ emission (red) and
other quantities as predicted from photoionization models with primordial composition
and different densities with respect to their case B values. To calculate case B luminosities
we adopt Eq. and assume L(27v) = 0.5¢;Q(H) for the luminosity in the two-photon
continuum. The numerical factor 0.5 ~ ozggfs/ oS, is appropriate for low densities. For
simplicity we always compare the results to the low density limit case B predictions.

At low density, the luminosity of both Ly« and 2 emission are increased by a factor of ~
1.3 to 3 over the black body temperature range considered here. The physical reason for this
strong departure from case B is due to collisional effects, which increase the population of
the n = 2 level of hydrogen from which additional ionizations can take place, leading overall
to an increased ionization rate in the nebula. In equilibrium, this implies an increased
recombination rate and higher Ly« and 2+ luminosities. Collisional excitation is significant
in (very) low metallicity nebulae with hot ionizing sources because radiative cooling is
reduced, leading to higher electron temperatures. Photoionization from excited states (here
from n = 2), in particular, is not taken into account under case B assumptions.
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To describe quantitatively the effect of enhanced photoionization rates, including ion-
ization from the excited n = 2 state, it is sufficient to consider the mean energy of the
ionizing photons in units of the ionization potential of hydrogen, P, given by

E o (flo??6 eV FVdV
ff§6 eV %dij

P=ro—e= ) /(13.6 V), (3.6)

where E is the average ionizing photon energy in the Lyman continuum in units of eV.
Indeed, as Figure shows, the enhancement of the Lya and two-photon continuum
emission, which both measure the effective recombination rate, scales very accurately with
P at low density. This scaling shows that the available energy of the Lyman continuum
photons — which is in excess of the necessary minimum of 13.6 eV — is “optimally” used to
maximise the number of photoionizations, leading to an effective increase of the ionization
rate from o< Q(H) to o« P x Q(H), and hence to the same increase in the recombination
rates, i.e. also in the Lya and 2+ luminosities.

The effect of “boosted” Lya and 27 emission just discussed depends on the nebular
metallicity. This is because more metals are present and more efficient cooling results in
cooler gas than in the primordial metallicity case, decreasing the collisional effects for H.
The range over which these effects take place is discussed below.

Density effects

Figure also shows that Ly« is further enhanced at high densities at the expense of
two-photon emission, the sum of the two luminosities being essentially constant if all other
parameters are kept fixed. Collisional mixing of the relative populations of the n = 2 levels
between 225 and 22P of hydrogen alters the relative importance of the rates of Lya and
two-photon transitions resulting in increased line emission relative to the 2y continuum.

To correct for this effect under case B assumptions, [Panagia (1973, see also [Stiavelli
2009) writes L(Lya) = Q(H) x hl/Lya X feon (cf. Eq. Bl), where

1+axn,

- 3.7
1.5+bxn, (3.7)

fcoll ~

with @ = b = 1.35 x 107*, and where n,, is the proton density. In this way the factor fen
ranges from 2/3 ~ a$i,/ap for low densities to feon = 1 for high densities. Under these
assumptions, the two-photon continuum luminosity is L(2y) = Q(H) x hI/Ly& X (1= feon)-

To derive the corresponding numerical factor from our detailed photoionization models
and to separate the density effect from the enhancement factor P found above, we define
fcou through:

L(Lya) = (1 — fuc)QH) x hvp g, x P x feoll. (3.8)

The corresponding values of fcou, obtained for our grid of models for primordial nebulae
are plotted in Figure .11l as a function of the input hydrogen density. Also shown is, for
comparison, Panagia’s expression (Eq. B7) assuming n, = ny. Notice that f.on presented
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here is not derived from the Lya and 27 luminosities (which ranges from 2/3 to 1 as in
Panagia’s formula) but it is the fitting formula which has been calculated by comparing
the right hand side of equation with our CLOUDY results.

For convenience, we derive the following 3-parameter fit:

l+axng

e 3.9
b+c X ng (3.9)

Jeon &
with @ = 1.62 x 1073, b = 1.56 and ¢ = 1.78 x 1073. The coefficients obtained here differ
from those of [Panagia (1973) due to the fact that we have used a suite of photoionization
models covering a wide range of T1;, and U resulting in different T, and a different balance
between processes in the nebula. However, the change in fcon has little effect on the values
of L(Lya) for low density. We use fcou defined in this way for convenience since it allows
us to reproduce the CLOUDY results. As Fig. Bl shows, our fit formula allows us to
describe density effects with an accuracy of +£10% at high density and somewhat better at
low ng.

The black dashed lines in Figure B10, showing P x fcoll / fcon(log(nH = 1)), show how
well our analytical prediction for Lyc, including also density effects, works at primordial
metallicity.

Applicable metallicity range

The effect of collisional excitations, allowing for photoionization of H from excited states,
depends on the electron temperature of the nebula, and hence on its metallicity. To find
the range of nebular metallicity where our analytic expressions for L(Lya) holds, we have
computed model grids at different metallicities. We can then ascertain how much our fit
to the primordial case deviates from CLOUDY models as a function of metallicity.

The critical metallicity where the luminosity obtained by our fit deviates on average
(for the entire grid of models) by 10 % from the correct one is Z.o; & 0.03 Zg. At higher
metallicities, cooler nebulae are produced and hence collisional effects play a smaller role in
boosting hydrogen emission. However, the effect only decreases gradually for higher metal-
licities and depends on the detailed condition of the gas. For instance, in our simulations for
Znev = 0.05 Z, the average deviation of the results obtained with our formula (primordial
case) with respect to the CLOUDY results is 13%, while for Z,, = 0.1 Zg, it is 20%. The
value of the “transition” metallicity Z.on =~ 0.03 Zs below which Lya (and the 2+ contin-
uum) are significantly boosted (modified) by departures from case B should therefore only
be taken as an indicative value. Tailored photoionization models are necessary for more
accurate predictions.

3.4.2 Other H lines

The luminosities of other hydrogen lines are close to their case B predictions as is shown in
Figure B0 for Har (green symbols) and HS (blue symbols). They are basically independent
of U.



3.4 Nebular predictions using photoionization models 47

These lines are used to calculate the Balmer decrement which is conventionally used to
measure the extinction. The Balmer decrement (Ha/Hf3) obtained from our grid of models
for log(U) = —1 is shown in Figure It increases towards higher T3, and exceeds the
values commonly used, for example 2.86 for n, = 10> cm™ and 7, = 10 kK (Dopita &
Sutherland 1996). The reason for the enhanced Ha/Hf ratio is the collisional excitation
of hydrogen, one of the contributors to enhanced Ly« and 27 emission. This effect (see
Osterbrock 2006) occurs when photoelectrons carrying enough energy when colliding with
H atoms, excite higher levels followed by radiative cascade. Enhanced Ha emission increases
the Balmer decrement which must be accounted for when calculating the extinction. An
enhanced Balmer decrement was already found, e.g. in tailored photoionization models
for the metal-poor galaxy I Zw 18 (Davidson & Kinman [1985; [Stasinska. & Schaerex [1999)
and other giant H 11 regions (cf. [Luridiana et all 2003), and has also been addressed by
Luridiana (2009).

3.4.3 He 11 lines

The He 11 1640 A line is of a particular interest since it has been considered as one of the
signatures of Pop III or very metal-poor stars, which are expected to have a very hard
ionizing spectrum emitting copious He™ ionizing photons. Figure BI0 (orange symbols)
shows He 11 1640 A emission line luminosities relative to their case B values, calculated for
the same T, and n, as the hydrogen lines. For lower ionization parameters, the line becomes
weaker. This is due to an effect already discussed by [Stasinska & Tylenda (1986) in the
context of planetary nebulae. Photons with sufficient energy to ionize He™ are also able to
ionize hydrogen. When calculating the luminosity of He 11 in synthesis models, it is assumed
that every photon with an energy >54 eV ionizes one He™ ion. The absorption of some
high energy photons by H atoms results in a decrease in the number of photons available
for producing He 11 emission. The effect becomes significant at low ionization parameters
since then the He®/H° fraction decreases and the probability of the high energy photon
being absorbed by a H atom rather than by He™ is higher. This means that the synthesis
models give an upper limit for the He 11 luminosity. We have not found a simple analytical
prescription to account for the effect of this process on the He 11 luminosity.
The behaviour of the equivalent width of He 11 is discussed in Sect. B4

3.4.4 Nebular continuum emission

Nebular emission arising in H 11 regions can contribute significantly to the measured spec-
trum. The total nebular continuum is the sum of the free-free, free-bound and 2+ continua
of hydrogen and helium. Several nebular parameters affect its shape. It depends on the
electron temperature, ionization parameter, nebular metallicity and particle density in the
gas, as e.g. illustrated by Bottorff et all (2006).

In Figure B.T4 we show the density dependence of the nebular continuum, which mainly
affects the 2y emission and hence also the shape of the continuum between Lya and the
Balmer jump. Figure shows the dependence on the nebular metallicity. For higher
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metallicities, the increased cooling lowers the total emission in the nebular continuum, and
its shape is altered as expected from atomic physics (see Bottorff et all 2006) due to the
decrease of the average electron temperature at higher metallicity. Evolutionary synthesis
models such as ours, cannot properly describe the variety of shapes and strengths of the
nebular continuum shown here, since they rely on simple assumptions such as constant
nebular density and temperature. Again, tailored photoionization models are necessary for
more accurate predictions.

3.5 Photoionization models for realistic SEDs

In this Section we show how to relate realistic SEDs obtained e.g. from evolutionary syn-
thesis models with the results from the photoionization models discussed above, which used
black body spectra. Finally, we show the updated predictions for the equivalent widths of
Lya and He 11 A1640 lines obtained from our CLOUDY models.

3.5.1 How to connect realistic SEDs with black body calculations

Since the number of H ionizing photons and their mean energy are the main parameters
determining the luminosity of the H recombination lines and of the 2y continuum, Q(H)
and P suffice to compute these quantities from arbitrary SEDs. To account also for density
effects, Egs. and can be used to yield the correct Lya luminosity. Numerical tests
using SEDs described in Sect. show the validity of this result, typically within 2-3 %.
For black bodies the relation between P and Ty, is given by

Tin[kK] = —53.42 + 69.85 P (3.10)

to a good approximation. The black body temperature Ti,,(P) corresponding to the more
realistic SED is thus easily determined.

For other quantities, such as the He 11 line luminosity, the correspondence between
black bodies and other SEDs is different. For example, since the relative line ratios of
He 11/H lines depend to first order on the relative number of He™ /H ionizing photons, the
black body with the same hardness Q(He™)/Q(H) is the most appropriate. For black body
spectra one has, to a good approximation:

Tip[KK] = 314.6 + 382.4x + 268.7x> +
+103.32° +20.12 2% + 1.545 2°. (3.11)

where z = log(Q(He™)/Q(H)). Again, we have tested a number of models and confirmed
that one can get the same luminosity (within a few %) using SEDs and corresponding
black body models, for otherwise identical nebular parameters. Differences of ~ 10% can
appear in case of significantly (several eV) different values of P. In principle not only the
stellar Q(He')/Q(H) ratio determines the He 11 emission, but also the conditions in the
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gas. Since P establishes the electron temperature, significant differences in P result in
different luminosity coefficients (recombination rates and emissivities).

In Fig. B10 we show such a comparison between a realistic SED from our synthesis
models (Pop III, Salpeter IMF 1-100 My, at zero age, instanteneous burst) and the appro-
priate black body, chosen such as to reproduce the correct H line luminosities and nebular
continuum. Here the average photon energy in the Lyman continuum is £ = 30.033 eV,
hence Ty, = 102 kK. The input spectra, shown on the left panel, are scaled to the same total
Lyman continuum flux Q(H). The nebular parameters are log(ng) = 1 cm ™3, log(U) = —1,
and primordial composition.

Several interesting points are illustrated with this figure. First, as the left panel shows,
it must be remembered that realistic SEDs show a Lyman break due to the hydrogen
opacity in the atmosphere of the hot stars responsible for the flux. For young ages this
break corresponds typically to a flux increase by ~ 0.2-0.3 dex at 912 A, as discussed e.g. by
Schaerer (QOOH)E. In consequence, calculations relying on black body spectra underestimate
the observable UV continuum, as shown in the right panel of Fig. B3 leading to non-
negligible differences e.g. for equivalent widths predictions of emission lines (cf. below). In
Fig. (right panel) we also show the stellar 4+ nebular SED predicted by our synthesis
models assuming constant nebular density and temperature and case B (green line). The
differences between this and the full CLOUDY model are mainly due to the boosting of
the 2v continuum discussed earlier, and to varying n, and T,.

3.5.2 Lya equivalent width predictions

The measurement of the equivalent width of Ly« is both observationally and interpreta-
tionally difficult, since the continuum around it is affected on one side at high redshifts by
Ly« forest absorption and on the other by an unknown combination of 2v continuum and
starlight. Furthermore, when not measured from spectroscopy, it is common practice to
measure W (Lya) via a line to continuum ratio with the continuum estimated at another
(usually longer) wavelength Acon, €.g. Wy = Lyye/F)..,.. Different methods to measure
W (Lya) have been reviewed by [Hayes & Ostlin (2006). To illustrate the possible impact
or uncertainty related to the way the continuum is estimated we subsequently plot Ly«
equivalent widths predicted from the CLOUDY models using the continuum at both 1240
and 1500 A as a reference.

Figure B8 shows the predictions for W (Lya) from all CLOUDY models for primor-
dial composition, as a function of T}, , ionization parameter and hydrogen density. Black
symbols show the predictions using black body spectra and accounting for the nebular
continuum; red symbols the same but neglecting the nebular continuum. Blue symbols
show the results from CLOUDY models using SEDs from our Pop III synthesis models for
zero age populations, plotted at the corresponding Ty, (P) value (see above). Pink symbols

4The amplitudes of the Lyman break, 912 /9127, given in|Schaerex (2003) for very low metallicities are
correct, but misleading. Indeed, with the definition adopted there, the 9127 flux average (over 1080-1200
A) includes strong absorption from the He1r A1084 line. This leads to values of 912 /912~ < 1 despite
the fact that all models show a Lyman break in absorption.
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show W (Lya) predicted from our standard synthesis models neglecting the boost of Lya
(case B departure).

Overall W (Ly«) increases with the Ty, or equivalent since the Lya luminosity (oc
Q(H) x P) increases more rapidly than the continuum flux close to Lya. For very hot mod-
els and if 1500 A is taken as a reference for the continuum, W (Lya) tends to a maximum
value (here ~ 2000 A, as shown in col. 2) since line emission and the dominating nebular
continuum scale in the same manner. For the reasons discussed above (absence of the Ly-
man break), predictions based on black body spectra (black and red symbols) overestimate
W (Lya) compared to models including more realistic stellar SEDs (in blue). Differences
between black body models including or neglecting the nebular continuum (black and red)
decrease with increasing ISM density, because of the decrease of the 2y continuum. This
also explains the decreasing difference between W (Lya) using 1240 and 1500 A as a refer-
ence, when ny increases. Last, but not least, W (Ly«) predicted by our standard synthesis
models for the ZAMS (pink symbols) fall below the more accurate CLOUDY predictions
(blue), since the latter account for case B departures. Once applying the simple correction
given by Eq. B4 one obtains the result which takes into account the increase in Ly« line
flux. However, that is only the first order correction which does not include the difference
coming from the continuum, mainly a similar increase in the 2y continuum. In cases when
the continuum is measured around Lya (1240 A) stellar flux is dominant so the correction
described above gives a good estimate of the correct W (Lya) value (see Fig. BIT).

3.5.3 He 11 \1640 equivalent width

The right column in Fig. BI6 shows the predicted He 11 A1640 equivalent widths for the
same CLOUDY models except that Ty, (z) from Eq. Bl is used here. The nebular con-
tinuum predicted at 1640 A is included in all calculations of 1/ (1640). In contrast to Lya,
the He 11 equivalent width depends on the ionization parameter, since the line luminosity
changes due to the “Stasinska-Tylenda effect”. For high ISM densities W (1640) increases
due to the decrease of the nebular continuum. Differences between models assuming black
body spectra (black symbols) and realistic SEDs (blue) are minor for W (1640) as long the
nebular continuum dominates at these wavelengths. This is true for sufficiently hot spec-
tra (> 80 kK). Compared to predictions from our standard evolutionary synthesis models
(pink symbols) the He 11 A\1640 equivalent widths predicted by CLOUDY are significantly
lower for Ty, > 100 kK. This is due to two effects, the Stasinska-Tylenda effect reducing
the line flux, and the increase of the 2y nebular continuum. At lower Ty, , case B pre-
dictions give an upper limit (corresponding to our highest ionization parameter case) for
He 11 A\1640. Only for a high ionization parameter and/or high density do photoionization
models predict W (1640) values as high as those given by ISchaerei (2003).
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3.5.4 Summary: correction of evolutionary synthesis model re-
sults for departures from case B

In this Section we give a recommended step-by-step procedure which allows the correction
of the synthesis models for the departures from case B in ionization bounded regions (i.e.
with no leakage of Lyman continuum photons), relevant especially for the case of very hot
stars and very low metallicities.

For L(Lya):

e Take the SED (function of age, IMF, ...).

e Get (or compute) the mean energy of Lyman continuum photons, P, in units of 13.6
eV.

e Compute the “collisional” factor fcou from our fit formula (Eq. B).
e Multiply the synthesis model result L(Lya) by P * feon/(2/3) (Eq. B4).

For W(Lya): divide the equivalent width obtained by the synthesis model of interest by 2/3
and multiply it by P x fcou- This provides the first order correction for W (Lya), neglecting
the increase of the nearby nebular continuum. An example following this procedure is
shown by the green symbols in Fig. B 11

For He 11 recombination lines: no simple correction is possible. Synthesis models give an
upper limit for the luminosity, an upper limit for equivalent width up to log(Q(He™)/Q(H)) ~
—1.2 for the primordial metallicity case and overestimate it for the highest Q(He™)/Q(H)
cases (low density) due to the lack of accounting for enhanced 2+ emission.

3.6 Discussion and implications

3.6.1 Dependence on model assumptions

All our CLOUDY models have been computed for ionization bounded nebulae correponding
to no escape of Lyman continuum photons, i.e. fo. = 0. For density (or matter) bounded
cases with f.. > 0, quantities such as hydrogen recombination line luminosities and the
luminosity of the nebular continuum longward of Lya can be rescaled to first order by
scaling with (1 — f.s), as already introduced in Eq. B8 Such a scaling is appropriate since
the corresponding emissivities are approximately constant across the nebula. However, since
He™ recombination lines (if present) are emitted only in the innermost parts of the nebula,
He 11 line luminosities will not be reduced in density bounded regions, as long the radius of
the He™ sphere remains smaller than that of density bounded H 11 region. These behaviours
are also expected in non-spherical regions, as demonstrated e.g. by Llohnson et all (2009).
In consequence, both L(Lya) and W (Ly«) will decrease with increasing Lyman continuum
escape (although the latter not proportionally with fes.), whereas the opposite will be true
for W(He 11 A1640) and for other He 11 lines, where the underlying continuum is mostly
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of nebular origin. In other words, the decrease of W (He 11 A1640) found in this paper
due to competition with H ionizing photons, may be mitigated in objects with significant
leakage of Lyman continuum radiation, leading again to higher He 11 equivalent widths (cf.
Schaerer 2002, 2003). For other effects of “leaking”, i.e. star-forming galaxies with density
bounded H 11 regions, see the photoionization models of Inoud (2010).

We shall now discuss some implications of our modelling for the interpretation of the
hydrogen and helium emission lines and the nebular continuum observed in high redshift
emission line galaxies.

3.6.2 Lyman continuum output

As metallicity decreases, the Lyman continuum output of the stellar population, both rel-
ative to the observed stellar UV continuum longward of Lya and per unit stellar mass,
increases. The amount of this increase depends obviously also on the detailed shape of
the IMF. For example, for a Salpeter IMF with a uniform upper mass cut-off of 100
Mg, the ionizing photon rate per unit UV luminosity, @y /L1500, increases by a factor 3
approximately between solar an zero metallicity. For the most extreme IMF considered
here this increase is up to a factor 10 (see Fig. Bl). The effect of this is to increase the
line and nebular continuum emission relative to any observable stellar continuum. In ex-
treme cases (e.g., Raiter et all 201(0) the nebular emission may completely dominate the
UV /visible/NIR spectrum. Also, if low metallicity objects and/or different IMFs are rele-
vant for the sources of cosmic reionization, their intrinsic Lyman continuum flux, generally
estimated from UV restframe observations, may need to be revised accordingly.

3.6.3 SFR(UV)

The estimation of SFR from the level of the UV continuum (cf. [Kennicuttl [1998) is based
on evolutionary synthesis models assuming “standard” stellar populations and IMFs. At
metallicities below solar, the output of observable UV continuum radiation (i.e. typically
at 1500 A restframe) per unit stellar mass increases somewhat, due to the increasing av-
erage temperature of the stars (cf. Fig. B4). A maximum in Lysq0 is typically reached at
Z/Zs ~ 1/100. Below this, the average spectrum shifts more strongly into the Lyman
continuum, leading to a decrease of stellar radiation in the observable UV, which is, how-
ever, compensated by increasing nebular emission. The net result, illustrated in Fig. B4
for constant SFR, is that star-formation rates derived from the UV may need to be revised
downward at low metallicities with respect to the “standard” calibration of [Kennicutt
(1998), but typically by less than a factor 2.

3.6.4 Ly«

One of the main findings of our study is the enhancement of Lya emission at low metallic-
ities with respect to the commonly used case B value. This departure from case B occurs
even at moderately low metallicity, say Z/Z. < 1/10, and becomes more important for
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lower Z. In consequence, higher intrinsic Ly line luminosities relative to the UV con-
tinuum (to Lpo, SFR, or to another measure of the rate of massive star-formation) are
expected and higher Lya equivalent widths. Even higher values of W (Lya) can be ob-
tained in regions with a high ISM density, where Lya emission can further be “boosted”
at the expense of the 2-photon nebular continuum (see Fig. BI0).

With respect to our earlier predictions (cf. Schaeren 2003), W (Ly«) is increased by
a factor 2-2.5 for Pop III objects, and by more than 70% at moderately low metallicity
(Z]Zs < 1/20, cf. Fig. BH), for a given IMF. This increase of Lya may help to understand
objects with large Lya equivalent widths found in some surveys, without the need for
recourse to unusual IMF's or to a clumpy ISM (cf. Malhotra & Rhoads 2002; [Dawson et al.
2004; [Finkelstein et all 2008).

Finally, the enhanced Ly« emission found here should represent good news for searches
for very distant/early galaxies, since the intrinsic Ly« emission of metal-poor objects is
shown to be considerably higher than previously thought, reaching up to 20-40% of Ly in
Pop III dominated objects. Of course, the intrinsic Ly« emission (and hence also W (Ly«))
will be lower in objects, having a non-zero escape of flux from the Lyman continuum.
Furthermore, several processes exist (e.g. dust absorption, scattering out of the line-of-
sight in the ISM and/or IGM), which will reduce the Ly« emission on the way from the
source to the observer.

3.6.5 He 11 emission

The reduced He 11 emission found in this paper, compared to our earlier predictions as-
suming simple case B recombination, may indicate that ongoing searches for signatures
of Pop III stars using this feature (see e.g. review by ISchaered 200&) could be more dif-
ficult than anticipated so far. The corresponding upper limits of Pop III star-formation
rate density derived e.g. from the survey of Nagao et all (2008) need then to be revised
upwards.

The detection of the He 11 A1640 line indicates a significant number of high energy
photons in the ionizing spectrum. This line has therefore been sought, but not detected
so far at high-z (Nagao et all 2008). [Prescott et all (2009) have detected this line from
a z=1.67 spatially extended nebula (or Lya blob) but have not been able to determine
the nature of the ionizing source. We find that the line (and therefore the equivalent
width) could be fainter than expected previously, due to its dependence on the ionization
parameter. This suggests that deeper observations will be needed to detect it. Additionally,
another difficulty comes from the fact that for the hottest (the highest Q(He™)/Q(H) ratio)
stars the strongest enhancement in 2+ continuum is predicted which further decreases the
measured W (1640). However, if Pop III stars are present in objects with significant escape
fractions in the Lyman continuum, the He 11 A1640 equivalent width may again be stronger,
due to the reduced nebular continuum (cf. Sect. B6.T]).
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3.6.6 Nebular continuous emission

The overall nebular continuum emission is dependent on several nebular parameters and
can result in a variety of spectral shapes (Fig. and BI4). Note that our simulations
have been carried out in the absence of dust which would add another parameter affecting
the shape of the continuum.

Proper photoionization modelling shows the importance of the 2y continuum produced
in a nebula ionized by very hot stars. At low ISM density and primordial /low metallicity,
it is boosted in the same way as Lya and can completely dominate the nebular emission at
1216 — 1600 A. This can affect the broadband flux measurements and reduce the equivalent
widths of UV emission lines, particulary He 11. The strength of the nebular continuum
and the expected variations of its spectral shape also indicate that measurements of the
Lya equivalent width from photometry may be more uncertain than naively expected (cf.
Hayes & Ostlin 2006).

As can be seen from Fig. BTH the slope of the UV continuum between ~ 1300 — 2000
A obtained from our CLOUDY model is very similar to that predicted by the evolutionary
synthesis models assuming the same case B assumption, constant electron density and
temperature. When the 2 continuum is included, one cannot obtain significantly steeper
slopes than found for this Pop III simulation, since the electron temperature which affects
the shape of 2+ emissivity (cf. Bottorff et all2006) becomes lower as metallicity increases.

3.7 Conclusions

Building on the earlier calculations of [Schaerer (2002, 2003), we have computed evolution-
ary synthesis models for a wide range of metallicities from Pop III (zero metallicity) to
solar metallicity covering a wider range of IMFs — including power laws and log-normal
IMF's with different characteristic masses — than before. Using these synthesis models, we
present the expected UV properties of star-forming galaxies, including their Lyman con-
tinuum fluxes, UV luminosity, and properties of the continuum (e.g. F-slopes), as well as
properties of important emission lines such as Lya and He 11 A\1640 (see Sect. B3).

To investigate possible departures from the simple case B recombination theory assumed
in many synthesis models, including ours, we have then computed large grids of CLOUDY
photoionization models for zero and low metallicity nebulae, using both black-body spectra
and the SEDs predicted by our synthesis models (Sects. B4 and B.H).

Our main conclusions from the photoionization models are the following:

e Due to departures from case B (collisional excitation and ionization from excited
levels) both Lya and 27y continuum emission can be significantly enhanced at low
nebular densities. Their strengths is found to scale with the mean photon energy of
the ionization source in the Lyman continuum.

e The equivalent width of Ly« can be larger than expected from case B calculations due
to the line flux enhancement. The measurement can also be affected by 2v emission
if the continuum is measured at longer wavelength.
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e Further enhancement of Ly« at the expense of 2 emission can occur due to collisional
mixing between the hydrogen 225-22P levels at higher densities.

e He 11 emission line fluxes (and consequently their equivalent widths) can be signif-
icantly decreased due to their dependence on the ionization parameter. This could
make searches for the He 11 A1640 line at high-z more difficult.

e The enhancement of the 2+ continuum and its dependence on nebular parameters
can result in reduced equivalent widths of the UV emission lines and also change the
UV restframe colours of high-z galaxies.

Our results are of relevance to searches for, and interpretation of observations of metal-
poor and/or high-z galaxies which may host the first stars that appeared in the Universe.
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Figure 3.10: Lya (black), 27 (red), Ha (green), H3 (blue), He 11 1640 A (orange) luminosi-
ties over their predicted case B luminosities for the primordial nebula. The black solid line
shows P (Eq. BH), the dashed lines show P X foon/ feon(log(ng = 1)) (cf. Eq. B2). Different
symbols represent different ionization parameters, namely open diamonds correspond to
log(U) = —1, stars to log(U) = —2, open squares to log(U) = —2, and open triangles to
log(U) = —4. It can be seen that Ly« and 2 luminosities scale with P at low densities and
Lya is further enhanced at higher density. Case B values have been calculated using lumi-
nosity coefficients for 7,=30,000 K and ng=10% cm ™ from [Schaerer (2003). For simplicity
we always compare the results to the low density case B limit.
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Figure 3.11: f.,n factor accounting for the density effects. The red line represents the
3-parameter fit obtained on the basis of the photoionization modelling ( fcou) to be used
in formula to calculate L(Lya). At each density, vertical lines show the spread in fcon
values arising from the different Ty, and U models used: models with higher Ty, and lower
U have higher fcon values. The fit has been made for primordial nebular abundances and
the black dotted line is f.on from [Panagia (1973).
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Figure 3.12: The Balmer decrement as a function of 7}, and ny for primordial metallicity
case. Note that Ha is boosted for high Ti,, due to collisional excitation of hydrogen.
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Figure 3.13: Continuum of Ty,=100,000 K models as a function of the nebular metallicity
for a constant density and ionization parameter. The red solid line represents the trans-
mitted stellar (black body) continuum. The thin lines are nebular only contributions to
the continuum. The thick lines are the total continuum emission (stellar 4+ nebular). The
first model is normalized at 1240 A and the rest rescaled accordingly.
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Figure 3.14: Continuum of T;,=100,000 K models as a function of the hydrogen number
density at the primordial metallicity and constant ionization parameter. The red solid line
represents the transmitted stellar (black body) continuum. The thin lines are only nebular
contributions to the continuum. The thick lines are the total continuum emission (stellar
+ nebular). At higher densities 27 continuum gets destroyed due to collisions. First model
normalized at 1240 A and the rest rescaled accordingly.
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Figure 3.15: Left: Comparison of input stellar spectra for photoionization models showing a
realistic SED (blue line; Pop 111, Salpeter IMF 1-100 M, at zero age) and the corresponding
black body spectrum (red line) with the same average photon energy (E = 30.033 eV) in
the Lyman continuum. The SED model is normalized at 1240 A and the rest rescaled
to match the same ionizing flux Q(H). Right: Input stellar spectra (dash-dotted, same
colours as left panel) and predicted nebular and total continua from our CLOUDY models
for log(n(H)) = 1 em™3 and log(U) = —1 (solid lines, using same colours as in left panel;
cf. also inset for symbols). The green solid line shows the total (stellar 4+ nebular) SED
from our evolutionary synthesis model assuming costant nebular density and temperature
and case B. Notice the difference between case B and the CLOUDY result due to enhanced
27 emission.
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Figure 3.16: Equivalent widths (W) of Lya at 1240 (column 1) and 1500 A (column 2)
and He 11 A\1640 (column 3) for a primordial metallicity nebula at different densities and
ionization parameters (marked with different symbols as defined in the inset). The red
symbols show an upper limit for W) (Ly«) since they are calculated using only stellar
(black body) continuum. Blue symbols — the most realistic predictions — show the results
obtained for the corresponding stellar population SEDs (models with the same P in the
case of Lya and with the same log(Q(He™')/Q(H)) for the He 11 analysis, for simplicity only
models with log(U) = —1 are shown) and the pink ones their case B predictions. Notice
the dependence of the He 11 A1640 equivalent width on the ionization parameter and the
discrepancy between its case B and photoionization model predictions for real SEDs.
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Figure 3.17: Equivalent widths (W) of Lya at 1240 A (first column, second row of Fig.
BI6). All the symbols as in Fig. BI0. Additionally, the green symbols show the case B
SED results (pink symbols) corrected using our formula (first order correction; only the
enhancement in the line flux is taken into account, there is no correction for the continuum).
The difference coming from not correcting for the nebular continuum enhancement is visible
for the hottest model.






Chapter 4

Lya emitters in the GOODS-S field:
The powerful pure nebular SED with

N 1v] emission at 2=5.563
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4.1 Introduction

The Lya emission line is a beacon that can be recognised from the ground in objects with
redshifts larger than about 1.8. When seen on its own, its interpretation is complicated
by radiative transfer effects both within the emission region itself and in the intervening
Lyman forest. With the detection of other emission lines and/or a recognisable continuum,
a spectrum can however provide a rich source of information about physical conditions and
chemical composition. Of particular interest for the identification of primordial starforming
objects are the so-called “dual-emitters”: sources that emit both Lya and the Helr line at
1640 A (Dawson_et. all 2004; Nagao et all 2005; lOuchi et all[2008) which are interpreted as
very metal-poor nebulee ionized by massive, hot and presumably metal-free stars. So far,
intermediate band imaging surveys have not been very successful in discovering genuine,
stellar-ionized H/He1l dual emitters (Nagao et _all [2008).

The Great Observatories Origins Deep Survey (GOODS) spectroscopic observations in
the Chandra Deep Field South (Vanzella_et_all 2005, 2006, 2008, 2009; [Popesso et all2009)
have accumulated, using the FORS2 and VIMOS instruments on ESO’s Very Large Tele-
scope, spectroscopy of essentially all accessible sources. The source GDS J033218.92—275302.7
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(hereafter GDS18.92—02.7) was selected for the spectroscopic programme as a Vgo-band
dropout and has a blue i775-2850 colour due to a strong Lya emission line falling in the
i77s-band. It was subsequently studied in the context of SED fitting by [Stark et all (2007)
and by IWiklind et_all (2008) who both conclude, on the basis of its apparently large Balmer
break, that it is a high mass, old stellar population. Since the rest-frame UV images ob-
tained with the ACS on HST show a very small angular size, the implication is that this is
an example of an ultradense spheroid at a very early epoch. A significant fraction of other
Lya emitters from GOODS, showing apparent Balmer breaks, have also been interpreted
as evolved, massive stellar populations (Pentericci et all 2009).

The presence of strong emission lines in the UV spectrum carries implications about
the effect of nebular emission processes on the rest of the observable SED. There are
circumstances in which the combination of nebular continuum from bound-free and two-
photon emission together with emission lines can influence the appearance of, or even
completely dominate, an underlying stellar population throughout the UV, optical and
NIR spectrum. In this paper, we exploit the presence of a second emission line, identified
as the [N1v], N1v] intercombination doublet at 1483, 1486 A, to estimate the implied SED
and compare with the extensive GOODS photometry of this object.

The presence of significant N 1v] emission is rather rare in known astronomical objects.
At low redshifts it is seen in some compact planetary nebulse and in peculiar very hot
stars such as n Carinae (Davidson et all [1986). It is also sometimes detected in AGN and
quasar spectra but with an intensity that is low with respect to lines such as C1v and N v,
although there are rare examples of “Nitrogen Loud” quasars that exhibit unusually strong
nitrogen lines, e.g. Baldwin et all (2003). At a redshift of 3.4, the Lynx arc (Fosbury et al.
2003, hereafter F03), is known to show N1v] with a strength comparable to other UV
intercombination lines such as O 111] and C111] and the resonance doublet C1v. This object
is interpreted as an H1I region ionized by very hot stars (1o ~ 80 kK) with a nebular
metallicity a few per cent of solar. In this case, the entire observed SED is nebular in origin
and the stellar emission is not detected longward of Lya. |Glikman et _all (2007) report two
N1v] emitting low luminosity ‘quasars’ one of which, DLS 1053—0528 at z = 4.02, has an
intensity ratio of N1v]/ C1v = 1.9, a weak continuum and an SED which is considerably
bluer than a typical quasar. This object has relatively narrow lines and may be more closely
related to the Lynx arc than to an AGN.

In this paper we examine a sample of Ly« emitters from the GOODS spectroscopic data
with redshifts spanning the range 3.5 < z < 5.9 and present new photometric measurements
from the most recent releases of the HST, VLT and Spitzer imaging data. For our selected
N1v] emitter, we use a photoionization modelling code to investigate the range of model
nebulee that will produce the observed N1v] emission flux. Given the GOODS broad-
band photometric measurements that extend from the U-band to the Spitzer MIPS 24 ym
channel, we calculate the contribution of the nebular line and continuum emission to these
bands in order to constrain the nature of any non-nebular light that may contribute. In
addition to modelling the SED of this one object, we address the possibility that nebular
emission may contribute significantly to other sample members, a possibility that has
already been suggested by Zackrisson et al! (2008). Our conclusions are of relevance to
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the interpretation of the SEDs of other high redshift Lya emitters, where the emission
line strength suggests that the nebula may be a significant contributor to the spectrum
longward of the Lya line. We adopt a cosmology with 2, = 0.7,y = 0.3 and Hy =
70 km s~ Mpc~!. The AB magnitude system is used throughout.

Ch1l Ch2

Figure 4.1: Image cutouts of GDS18.92—02.7 from HST/ACS (top-row) and Spitzer/IRAC
(bottom-row). The ACS stamps are 5 arcsec on a side and the IRAC stamps are 25.6 arcsec.

4.2 Data

4.2.1 Sample

We have spectroscopically selected a sample of Lya emitters from the publicly avail-
able data for the southern field of the Great Observatories Origin Deep Survey (see
Dickinson & GOODS Legacy Team 2001; (Giavalisco et alll2004, for a review of the GOODS
project). The multi-wavelength observations provide us with information on the U (VLT),
Byss Veos 775 and zg50 (HST), Js, H, Ks (VLT), 3.6, 4.5, 5.8, 8.0 and 24 pum (Spitzer)
bands. Many other observations have been carried out, including deep integrations in the
X-ray and radio domains from Chandra and the Very Large Array, respectively.

The spectroscopic observations carried out with the ESO VLT FORS2 instrument yield
a wavelength coverage from approximately 0.55—1 pm with a resolving power of R & 660.
This programme has produced about one thousand redshift determinations between red-
shift 0.5 and 6.2, with more than one hundred Lyman break galaxies confirmed at redshifts
beyond 3.5 (Vanzella et _all 2005, 2006, 2008).

From the GOODS data product archive http://www.eso.org/science/goods, we
used the FORS2 online engine to select all the gf (quality flag) = A ‘emission’ objects
at z > 3.5. A few objects were excluded because of spectral contamination, one because
it showed no Lya emission and one because of positional uncertainty. This process yielded
23 objects from which an additional five were excluded due to large photometric errors in
some passbands.
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4.2.2 Photometry

Due to the different telescopes in use, the GOODS images are characterised by a large
range in point spread function (PSF) dimension. An unbiased estimate of the colours is
essential for analysis of the SED. We have used a PSF-matched photometric technique to
obtain the AB magnitudes of each object in each band in a given aperture size. In the
presence of potential contamination by neighbouring objects, we have used an optimum
circular aperture which maximises the S/N of each object in all passbands simultaneously.
For example, in the case of the match between ACS and groundbased K's or IRAC images,
components may be clearly resolved by ACS but be merged in IRAC, or very red objects
may be detected at the longer wavelengths but show no counterpart in the optical images.
A curve-of-growth analysis yielded the optimum uncontaminated aperture.

Each source was examined in a 12 x 12 arcsec? cutout and a Monte-Carlo method used
to estimate the background. The photometric measurements were made with Sextractor
(Bertin & Arnouts [1996), where the background used was consistent with Monte-Carlo
simulations. Finally, by selecting some bright but unsaturated stars near each galaxy, we
computed the convolution kernel required to match the PSF of all the images to that with
the largest. We generated about 200 PSF kernels of stars in different filters in order to find
the best kernel using a x? minimisation method. All magnitudes were corrected to a 6 arcsec
circular aperture. The results for all bands appear in Table EE4l We also use Sextractor to
measure the “half-light” (or “effective”) radius of each galaxy in the zgso-band (also listed

in Table E4)).

4.2.3 The N1v] emitter

Of the 18 Ly« emitters in our sample, only one shows a clearly detected second emission
line. Galaxy GDS18.92—02.7 with 2g50=24.5, was selected as a Vgog—band dropout and has
been confirmed to be at redshift 5.563 (redshift of the Ly« line uncorrected for absorption).
The spectrum, included in Figure and shown in detail in Figure B4l was extracted from
several individual FORS2 multi-object masks and corresponds to a total exposure time of
14.4 ksec (Vanzella et all 2006). Detailed measurements of the spectrum of this object
are presented in [Vanzella et all (2010) and the parameters relevant to our modelling are
summarised in Table BTl

The main spectral features are the Ly« emission line (rest-frame equivalent width (EW)
~60 A), the break of the continuum just blueward of the line, and the intercombination
emission doublet [N1v], N1v] 1483.3, 1486.5 A, whose intensity ratio can be used to esti-
mate electron density (see Figure Z4l). We note that there is no clear detection of Si1v 1394,
1403 A in absorption or emission nor of Nv 1239, 1243 A in emission by Vanzella et al.
(2010) who also note that the object is extremely compact but marginally resolved in the
ACS images.
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Table 4.1: Summary of the physical quantities derived from the optical spectral features of
GDS18.92—02.7 taken from [Vanzella et all (2010).

Quantity Value Comment

z ( Lya peak) 5.563 no abs. correction
L( Lya ) 3.840.3x10" erg sec™!

EWo( Lya)  59739° A (rest-frame) 89 A with Ctmype
z (N1v]) 5.553 (1486.5 A) high-density limit
L(N1v]) 1.3703%x 10" erg sec™!

EWy(N1v]) 22768 A (rest-frame) 33 A with Ctmype
L(Si1v) < 0.11 £ 0.07 x 10%%erg sec!  (1393.8, 1402.8 A)
L(NV) < 0.11 £ 0.06 x 10%%erg sec!  (1238.8, 1242.8 A)

Equivalent width values are also given using the continuum level derived from the
photometry (Ctmyppot)-

4.3 SED modelling

In this chapter, we first discuss the modelling of GDS18.92—02.7. We then use a grid
of similar photionization models in order to assess the potential importance of nebular
emission for interpreting the SED of the other sources in our sample.

4.3.1 GDS J033218.92-275302.7

Two previous studies have attempted to fit the SED of GDS18.92—02.7 using the ap-
parently large Balmer break to resolve the age-extinction degeneracy. Stark et all (2007),
using ID=32_8020, and Wiklind et all (200§), as BBG 5197, both obtain an age of 0.9 Gyr,
a stellar mass of close to 10'*M and zero extinction. The latter authors, who use the two
longer wavelength IRAC channels, 5.7 and 8.0 pum, note that their fit is worsened by a
deviant 5.7 um point.

Our nebular modelling is motivated by the realisation that a source with such strong
emission lines in the FUV will necessarily have nebular contributions at longer wavelengths.
Also, by analogy with the Lynx arc at the lower redshift of 3.4, it is possible that the
significant jump in brightness between the K-band and the IRAC 3.6 um filter could be
caused by strong [O1m1] 4959, 5007 A emission lines producing an apparent, but false
Balmer break signal. The nature of the photoionizing source can be inferred from the
strength of N1v| and the non-detection of NV which also lies in a favourable region of
the FORS2 spectrum. Again, by analogy with the arguments already used for the Lynx
arc (F03; Binette et all 2003; Villar-Martin et all2004), the limit on this line ratio can be
used to argue for a hot black body-like source rather than the hard power law spectrum
associated with an AGN. The absence of detectable radio (Kellermann et all 2008) or X-
ray (Giacconi et all2002) emission from the source at very low flux levels is also evidence
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against an AGN interpretation.

Since our modelling is designed to provide a “proof of concept” rather than a detailed
SED fit, we use a set of blackbodies ranging from 60 to 120 kK as ionization sources.
The use of hot stellar models having low or zero metallicity would have little effect on the
gross properties of the predicted spectrum although they would be required to fit indi-
vidual emission line fluxes if more observations were available. The effective temperature
(the tempterature of the black body which produces the same bolometric luminosity) of
such stellar models would be somewhat lower (by ~ 10 — 15 kK) than the black body
temperatures we use here.

The principal requirement of a model is to produce the observed luminosity of the N 1v]
doublet. The combination of density and ionization parameter, U (defined at the inner
edge of the nebula) is constrained by the measured upper limit on the source size:

Q)

- 2
4Amri nyc

where QQ(H) is the rate of hydrogen ionizing photons radiated by the source, ry, is the inner
radius of the cloud, ng is the hydrogen number density of the cloud and c¢ is the speed
of light. Since, for all of our models, the depth of the ionized gas is small compared with
the observed size of the source, we associate ry, approximately with the PSF-corrected
measurement from the zg59 ACS image of 7. (Table E4l) which corresponds to 580 pc. The
observed wavelength of N1v|, compared with that of the blue-absorbed Ly« line, suggests
that the doublet is emitted from a region that is in the high density regime (show an
enlarged plot of the spectrum of this region [Vanzella et all 2010) with n, > 10*® cm™3,
see: [Osterbrock & Ferland (2006). We note, however, that in the Lynx arc, the density
derived from N1v] doublet is significantly higher than the value of < 3000 cm™ derived
from those of C111] and Sit] (Villar-Martin_et. all 2004) .

We use the photoionization code CLOUDY version 08.00 (Eerland et all [1998) to cal-
culate the models of H1I regions exposed to the black body radiation. We assume an
ionization bounded spherical geometry (i.e., the outer radius of the cloud is not defined)
which means that the ionizing photon escape fraction is zero. The nebular gas is assumed
to have constant density. From the output of the CLOUDY models, which includes both
nebular continuum and line emission, we compute the theoretical magnitudes for all the
photometric filters to compare with the GOODS observations.

We have calculated a grid of models exploring the parameter space of T, of the black
body, the ionization parameter (U) and the nebular metallicity (Zp), investigating how
the changes in these parameters affect the N1v] luminosity and the observed SED. We
have assumed the solar relative abundances (as defined in CLOUDY) with the realisation
that this is unlikely to be entirely appropriate at this epoch. In practice, this means that
our calculated magnitudes will be affected by the abundance-dependent strength of lines

IBut note that, for the observed line ratio, the N 1v] density in this paper should be 10° cm~3, according
to the method presented in [Keenan et all (1997), rather than the quoted 2x10* cm™3.
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Table 4.2: Parameters of the fiducial photoionization model.

Parameter Value Unit
Top 100 kK
log(U) -1

Zneh 0.05 Z,

Q(H) 3 x10%® g7t
nH 1029 cm ™3
Tin 102! cm

from individual ions. The most important of these is the [O111] 4959, 5007 A doublet that
is included in the IRAC1 band. Note that, with the range of abundance considered here,
oxygen is not the dominant coolant and so this emission line strength is proportional to
abundance. Consequently, our principal assumption regarding abundances is that of a so-
lar N/O ratio. Guided by the example of the Lynx arc, we have performed our modelling
assuming that dust is not present. However, given the conclusions of the Ly« profile mod-
elling discussed by [Vanzella_et all (2010), we do later examine the possibility of some dust
extinction being present.

In addition to their fluxes, the emission line equivalent widths (EW) are an important
constraint because of their dependence on the strength of the continuum. In our models,
the continuum under the N1v] line is dominated by hydrogen two-photon emission which
becomes collisionally de-excited above an electron density of ~ 10* cm™3. The observed
EW (Table E]) provides an additional constraint on Ty, , U, n. and Zep.

Guided by the results of x? testing of our model grid against the observed photometry
and N 1v] emission line flux, we choose a “fiducial” model that represents our best estimate
for the model parameters (see Figure EE6). Because of our spectroscopic observation, high
weight is accorded to the luminosity and the equivalent width of the N1v] doublet. This
gives the parameters shown in Table

It is significant to note that this is very close to the set of parameters as derived for the
Lynx arc (F03) based on the fitting of many individual emission lines. There are differences
in the assumed geometry and the particle density but these have only minor effects on the
emitted spectrum. We have used a higher density in order to keep the nebula small enough
to be consistent with the imaging data. The SED derived from this fiducial model is shown
in Figure and the luminosities of some principal emission lines in Table 23l This model
produces an HII region with an ionization structure and electron temperature distribution
that results in an radially-averaged electron temperature of 23 kK.

In this model, the K's band samples mostly nebular continuum while IRAC1 is dom-
inated by very strong [O111] line emission resulting in a jump of 1.3 magnitudes between
rest-frame wavelengths of 0.33 and 0.54 um. The IRAC2 band is significantly influenced by
Ha and IRAC4 by Hel 10830 A, this latter line becoming stronger at higher density (see the
third panel of Figure Lf]). Examination of Figure L6l (which has 3-¢ error-bars) shows that
our fiducial model falls below the low signal/noise data from the IRAC3 and IRACA filters
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Table 4.3: Fiducial model emission line spectrum.

Arest log(L [erg s™']) /Iy
Ovi 1035  40.984 0.007
Simmn 1207 41.589 0.026
Lya 1215 44.724 36.011
Nv 1240  42.229 0.115
Sitv 1397 42.564 0.249
O1v 1402 42.416 0.177
N1v] 1486  42.938 0.590
C1v 1549 44.054 7.698
Herr 1640  43.026 0.7217
Crm] 1909  42.985 0.657
[Om] 3727  41.411 0.018
Herr 4686  42.127 0.0911
[O111] 5007  43.936 5.865
Ha 6563 43.625 2.867

Note that no resonance line absorption is accounted for in these values. For the
doublets, including [O 111] 4959, 5007 A, the number represents the sum of the two
lines.

(see Figure ITl). The IRAC3 band in our model is dominated by bound-free continuum
and is little affected by changing model parameters within the range we have considered.
Although the TRAC4 band model also falls below the data, the amount can be lessened
significantly by changing the density or adding a higher density component. Given the
marginal formal significance of these two discrepancies we do not consider it justified to at-
tempt to add an additional source that would contribute flux at these wavelengths without
destroying the fit at shorter wavelengths. In order to provide enough light from stars, the
population would need to be old, massive and significantly reddened. [Vanzella et _all (2010)
have examined SED fits using both single and fixed stellar population models. These both
require an old, > 700 Myr for a single and ~ 400 Myr for a mixed, massive, ~ 10 Mg,
population in order to provide the light seen in the IRAC bands. Such an addition would
completely change the nature of the young, low-mass model we are proposing.

In addition to the requirement to explain the strength of the N1v]| line, an important
constraint is to not over-predict other emission lines within the FORS2 spectrum. The ab-
sence of N'v 1243 A has already been used to argue against an AGN-like ionizing continuum
but it also limits the temperature of the black body to < 100kK. The O1v/Si1v complex
from 1394-1413 A increases in strength at the higher temperatures and is still predicted
to be significant in our fiducial model (see Table E3]). It is not seen in our data but, since
we have no a priori information about the abundance of silicon, we do not consider this
to be sufficient grounds for rejecting the model. The C1v resonance doublet is very close
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to the long wavelength limit of the observed spectrum and its detection is dependent on
the effective redshift which can be influenced, like Lyca, by absorption. If it has the same
redshift as N 1v], the observational limit is below the prediction of our fiducial model by a
factor of nearly 20 while if it is at the redshift of Ly« it would be undetected (as discussed
by [Vanzella et _all 2010).

4.3.2 Sample modelling

The source GDS18.92—02.7 is the only member of our sample that contains a clearly
detected second emission line in the FORS2 spectroscopy. There is, however, one source
with groundbased IR spectroscopy that allows the measurement of [O11], [O111] and Hf
line strengths. This is object CDFS 6664 (GDS J033233.33—275007.4) at a redshift of 3.791
from the AMAZE programme (Maiolino et all 2008).

The presence of significant [O11] emission (i.e., comparable to Hf) rules out the high
temperature and high ionization parameter models that we need to explain strong N1v]
emission. Since all of the spectra reported by Maiolino et all (2008) do show [O11], their
use of the locally calibrated Ro3 parameter and other line ratios to estimate metallicity
is justified although it would not be for a N1v]-emitter, since it was not designed for the
high ionization parameter cases. While we might expect the higher redshift sources to show
evidence of hotter ionizing stars, the Lynx arc is at a similar redshift to the AMAZE sources
but shows no [O11] and strong [O 111] and N1v] lines. From Figures B2 and 3], we see that
most of our sample exhibit the rather flat spectra in f, that is a characteristic of the nebular
models. However, without the evidence provided by emission line measurements in addition
to Lya, it is not possible for us to disentangle the stellar and nebular contributions. The
relative importance of starlight and nebular emission in high redshift starforming galaxies
has been discussed by [Zackrisson et al! (2008) who model the effect of individual strong
emission lines on multi-band SED observations. As we have confirmed, both with the Lynx
arc and with GDS18.92—02.7 the [O111] lines can carry enough flux to affect significantly
the magnitudes in even rather broad photometric bands and it is in the regime where its
strength is proportional to oxygen abundance. The presence of a significant excess flux in
the band that includes these lines can be a hint that we are dealing with an SED with a
significant nebular component.

4.4 Discussion

The model we employ for GDS18.92—02.7 is clearly rather rudimentary and is not expected
to produce a detailed match to even the somewhat modest data set that we have. Simply
summing models with a range of model parameters, notably density, would be more realistic
and would tend to produce a better match to the observed SED at the longer wavelengths.
However, the general properties of this kind of model are clear: the nebular continuum
is approximately flat in f, and is modulated by the presence of strong lines in particular
photometric bands.
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Although there appear to be no low redshift analogues of GDS18.92—02.7, the recent
discovery of “Green Peas” by the Galaxy Zoo project (Cardamone et all2009) does, how-
ever, show that there exists a population of compact, strong [O 111] emitting sources with
high specific star formation rates, low metallicities and low reddening in the local Universe.
These sources demonstrate that vigorously star forming galaxies can exhibit SEDs with
very significant nebular contributions to broad-band photometric measurements.

Arguments for thermal rather than non-thermal (AGN) photoionization were given
in Section B3l It should also be noted that the upper limit on the MIPS 24 um flux
(Table A and Figure EEX) excludes the steeply-rising SED from warm dust typical of
AGN of types 1 and 2 (Miley & De Breuck 200&8). Upper limits (30) are available also on
the MIPS 70 and 160 pum fluxes of 2,500 and 33,000 uJy respectively (Dickinson, M., priv.
comm.; |Coppin et all (2009)) but these values are, unfortunately, not strong discriminants.
The source DLS 1053—0528 at z = 4.02 discussed by IGlikman et all (2007) appears in a
list of low luminosity type 1 AGN because its emission lines have a broad component
with a FWHM > 1000 km s~!. However, aside from this characteristic, this object shares
emission line and SED characteristics more closely with GDS18.92—02.7 and the Lynx arc
than with typical AGN, notably the great relative strength of the nitrogen line with N1v]/
Civ > 1.

The lower limit on the baryonic mass for our fiducial model is the sum of the masses
of the ionizing stars plus the mass of the ionized nebula. To estimate the first of these
components we use the zero metallicity models of |Schaerer (2002) which give a value of
Q(H) per star. We choose his T,z = 85 kK model since it produces a similar ionization
structure to our fiducial model. Such stars have a mass of 50 M, and Q(H) =~ 3 x 10%
photons s~!. Given the Q(H) required for our model of 3 x 105 photons s™!, we need a
million stars with a total mass of 5 x 107 Mg. The mass of ionized gas from the fiducial
CLOUDY model is 2.7 x 10® M, giving a total minimum mass of 3.2 x 10 M, more than
two orders of magnitude smaller than the stellar masses estimated by IStark et all (2007)
and [Wiklind et all (2008).

The need to properly include the nebular emission in high redshift starforming galaxies
is not a new idea, e.g., Schaeren (2002); [Zackrisson et all (2008); Schaerer & de Barros
(2009), but we believe that the Lynx arc at redshift 3.4 (F03) and GDS18.92—02.7 at
z = 5.6 are the only such objects known where the entire observed SED longward of Ly«
may be contributed by nebular emission. The implication of this is that most of the stellar
flux is emitted in the Lyman continuum. As shown by FO03, a stellar population with a
normal IMF that produces sufficient ionizing photons to produce the observed emission line
fluxes would be easily detected in the rest-frame UV. Unless we have a mechanism, such as
a dust screen, that selectively absorbs this starlight in our line of sight, we are forced to the
conclusion that we have a large population of stars with an effective temperature close to
100 kK. The absence of light from cooler stars implies that the cluster is either very young
or has an intrinsically top-heavy IMF. The latter is an expectation for Population III stars.
While we have no direct method to measure the stellar metallicity in these two objects, we
do have estimates of the nebular metallicity of ~ 5% solar. This may seem high compared
with normal estimates for a Pop III environment (Bromm et _all2001) but we need to better
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understand the rate of self-pollution within a cluster of a million stars in a deep potential
well with temperatures around 80-100 kK and lifetimes of just a few million years.

Our modelling has been carried out without the inclusion of dust reddening. It is pos-
sible, however, to maintain a reasonable fit with the same model parameters other than an
increased intrinsic luminosity (and total mass) by including E(B — V') < 0.1 of Galactic
dust for a screen model or E(B — V) < 0.2 for a mixed model. The presence of some dust
may be necessary to explain the Ly« profile (Vanzella et all2010).

Once the need for a hot, thermal photoionization source is identified, it is natural to
associate this solely with the presence of massive stars. Other sources of thermal radiation
could be present, e.g., from shocks associated with a high supernova rate but, even if the
entire kinetic luminosity of a core-collapse supernova ~ 10°! erg (Woosley & Weaver [1986)
could be converted to Lyman continuum photons, this falls far short of the ~ 10°* erg of
ionizing radiation emitted by a massive star during its lifetime (Schaeren 2002).

4.5 Conclusions

The possibility of starforming galaxies at high redshift, where very hot ionizing stars are
expected, having rest-frame UV through MIR SEDs containing significant nebular contri-
butions has been discussed for the last decade. The detection of emission lines in addition
to Lya provides, by using photoionization models, a way of quantifying this contribution.
Compact objects containing very hot ionizing stars capable of producing lines such as
N1v] and Henr will also emit strong nebular continuum which we show can dominate the
Rayleigh-Jeans tail from the ionizing stars. The presence of other strong lines falling within
a photometric band can result in SED features than can be confused with jumps such as
the Balmer break in conventional stellar population models. It is important to realise that
the detection of a luminous emission line such as N1v| necessarily implies a substantial
nebular contribution to the overall SED and therefore effectively excludes models which
use purely stellar continuum contributions. The large equivalent widths of the emission
lines can be used to limit the contribution of stars significantly cooler than 100 kK to the
SED and so constrain the age of the cluster or its stellar IMF.

These highly ionized nebulee appear very different from the majority of HII regions
in the local Universe due to the higher temperature stars and higher ionization parame-
ters. The rest-frame UV spectrum is rich with emission lines such as the intercombination
doublets of C, N, O and Si which can be used for reliable abundance determinations.

Determined efforts with large groundbased telescopes equipped with efficient red and
NIR spectrographs may allow us to observe some of the first stellar nucleosynthesis products
from the young Universe.
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Figure 4.2: FORS2 spectra and photometric SED — part 1 (redshifts 3.6-4.8). The pho-
tometric points are: Byss Vgos i775 and zgso (HST), Js, H, Ks (VLT), 3.6, 4.5, 5.8, 8.0
(Spitzer). The sources are presented in order of increasing redshift and so can be cross-
referenced to Table EAl The (red) + ‘plusses’ for each SED represent the wavelengths of
Lya, the 4000 A Balmer break and the [O111] 5007 A line. The photometric error bars are

lo.
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Figure 4.3: FORS2 spectra and photometric SED — part 2 (redshifts 4.8-5.9).
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Figure 4.4: FORS2 spectrum of source GDS18.92—02.7 showing the Ly« and N 1v] emission
lines and the ACS and VIMOS filter passbands. The expected positions of the Nv, O1v

and Si1v lines are also marked.
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Figure 4.5: Observed and modelled SED of GDS18.92—02.7. Top panel: the computed
nebular spectrum from the fiducial model, the Rayleigh-Jeans tail of the ionizing black
body spectrum and the GOODS filter passbands. Bottom panel: the observed and computed
photometric SED. Additionally VIMOS R (VLT) and MIPS 24 pum (Spitzer) magnitudes
are included in the SED (Santini et all 2009). The observed points have 1o error bars or
are 1o upper limits. The points below Lya have been corrected for IGM absorption. Our
model does not model the Ly« radiative transfer and so the 7775 point is really an upper
limit. Note that the K's band samples almost pure nebular continuum.
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Figure 4.6: As Figure but showing the effects of varying the four model parameters:
upper panel: Ty, , second panel: log(U), third panel: log(ny) and lower panel: Z,q,. Note
the effect of metallicity on the IRACI band (due to [O111]) and the effect of the density
on IRAC4 due to changes in the He1 10830 A line. To improve visibility in this plot, note
that the error bars (but not the upper limits) are 3o.



Table 4.4: Photometry (AB magnitudes) of sample sources in the GOODS passbands with their 1o errors.

GDS-id Te(”) z IRAC4 IRAC3 TIRAC2 TIRAC1 Ks H J z i 4 B
J033229.14-274852.6 0.138 3.597 -24.54 -24.40 24.15+0.21 24.32£0.15 24.20£0.10 24.56£0.13 24.60+0.13 24.40+0.03 24.48+0.03 24.89+0.02 26.25+0.09
J033201.84-274206.6 0.169 3.603 23.32+0.14 23.59+0.11 23.77+0.08 25.21+0.18 -25.90 25.00+0.06 25.06+0.05 25.14+0.03 27.16£0.37
J033217.13-274217.8 0.127 3.617 -24.50 -24.50 24.80+0.27 25.04£0.22 25.04+£0.15 24.67£0.13 25.72+0.22 24.98+0.05 25.03+0.04 25.12+0.03 26.92+0.17
J033233.33-275007.4 0.138 3.791 -24.44 -24.96 25.03+0.30 25.21+0.23 24.99+0.15 24.81+0.14 24.62+0.13 24.70+0.04 24.724+0.03 24.99+0.02 27.35+0.12
J033236.83-274558.0 0.153 3.797 -23.97 -24.57 24.11+0.24 24.10+£0.16 24.55+0.13 24.57+0.13 24.55+0.13 24.54+0.02 24.62+0.02 25.16+0.02 27.50£0.14
J033240.38-274431.0 0.111 4.12 -24.48 -24.82 25.10+0.37 24.59+0.21 24.93+0.15 24.59+0.13 25.38+0.19 24.99+0.04 25.07+0.03 25.64+0.04 -28.70
J033234.36-274855.8 0.251 4.138 -23.91 23.70+0.40 23.47+0.15 23.34+£0.10 23.63£0.08 24.03£0.10 24.294+0.11 24.10+0.02 24.25+0.02 25.23+0.03 28.00£0.29
J033248.24-275136.9 0.146 4.374 -24.54 -24.54 25.00+0.31 24.46+0.14 24.93+0.15 25.82+0.25 24.75+0.13 24.81+0.04 24.91+0.03 25.78+0.05 -28.51
J033257.17-275145.0 0.173 4.76 -24.55 -24.54 24.87+0.25 24.32+0.13 24.36£0.11 24.77+0.14 25.224+0.17 24.54+0.03 24.53+0.03 25.79+0.06 -28.60
J033229.29-275619.5 0.156 4.762 21.31+0.24 22.52+0.25 23.05+0.12 23.00£0.08 24.86+0.05 25.124+0.04 26.93+0.14 -28.86
J033210.03-274132.7 0.112 4.811 -24.5 -24.60 24.46+0.31 24.27+0.16 25.25+0.18 24.54+0.13 25.02+0.19 24.94+0.05 25.12+0.05 26.78+0.12 -28.61
J033221.30-274051.2 0.155 5.292 -24.5 -24.29 25.15+0.32 25.68+0.29 25.32+0.18 25.71+0.22 25.14+0.08 25.13+0.10 28.33+0.25 -29.50
J033245.43-275438.5 0.190 5.375 -24.5 -24.50 24.02+0.19 24.71+£0.18 24.86+0.14 24.94+0.15 24.88+0.14 25.00+0.05 25.70+0.07 -28.97 -28.76
J033237.63-275022.4 0.263 5.518 -24.24 -24.24 24.57+0.30 24.69+0.24 25.40£0.31 24.60£0.20 25.82+0.25 25.71+0.10 26.28+0.22 -29.50 -29.50
J033218.92-275302.7 0.109 5.563 23.15+0.20 23.70+0.31 23.37+0.08 23.20£0.07 24.45+0.11 24.96+0.14 24.73+0.11 24.53+0.04 25.18+0.05 27.48+0.03 -28.75
J033225.61-275548.7 0.110 5.786 -24.61 -24.60 24.45+0.19 24.04£0.11 25.04£0.15 24.81+0.14 24.61+0.12 24.42+40.04 26.32+0.17 27.67+0.23 -29.51
J033246.04-274929.7 0.120 5.787 -24.49 -24.49 25.65+0.39 26.10£0.32 25.49+0.19 25.66+£0.21 25.85+0.22 26.26+0.14 27.83+0.45 -29.08 -29.21
J033240.01-274815.0 0.120 5.828 -24.6 -24.80 24.48+0.20 24.49+0.14 25.32+0.17 25.00+0.13 25.07+0.15 25.21+0.06 26.52+0.15 -29.65 -29.46

Negative numbers indicate upper limits. Also given are the half-light radii and the redshift measured from Lya.



Chapter 5

Analysis of other examples of N 1V]
emitters

5.1 J033217.22-274754.4

This source is another N1v] emitter found in the GOODS-S field in the FORS2 spectro-
scopic sample. The spectrum is shown is Fig. B.Il The spectroscopic redshift of the source
is 3.652 and it shows N1v]| line emission with L(N1v]) = (1.89 £0.14) x 10*? erg/s and
EW = 11.32 4+ 1.48 A. This source was at first classified as ‘qf = B’ and that is why
it was not included in Raiter et all (2010) sample. However, in [Vanzella_et all (2009) the
quality flag has been changed to ‘A’. Therefore, it is another source of this type and we
have carried out a similar analysis of the N1v] line and the modelling of the resulting
observed SED. In this case the GOODS magnitudes have been taken from MUSIC v2 cat-
alogue (Santini et all 2009). This is a new updated version of the MUSIC catalogue. The
difference between this catalogue and its first version (Grazian et all200€) is mainly in the
IRAC bands and additionally the MIPS 24 pm magnitudes are included.

The SED is modelled in the same way as for the GDS18.92—02.7 source. Figure
shows the SED and overplotted a number of photoionization models for different Ty, , U, ngy
and Zye,. The models are again calculated using black bodies as the ionizing sources and all
the same assumptions on the nebular gas. For this galaxy the number of ionizing photons
has been calculated from H band flux, which is dominated by the nebular continuum
emission, however with around 0.3 magnitude contribution from emission lines.

Using the spectroscopic redshift from the catalog we get Lyman break at 4242 A (B
band), Lya at 5652 A (V band), 2 continuum (1200 - 1600 A) at ~ 5580 - 7445 A (V and
I bands), [O111] AA4959,5007 lines at 23069 and 23296 (K band), Her 1.0830 um at 50381
A (IRAC 3). In this case [O111] AA4959, 5007 lines fall in the Ks ISAAC filter, however on
its edge so they don’t have such a big impact on the calculated model magnitude.

There is an almost constant offset of around 1 magnitude in all IRAC bands. After
examining HST ACS images we have noticed a nearby galaxy (with photometric redshift
3.76, MUSIC v2) only around 1 arcsec away from our source, therefore not resolved on
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Figure 5.1: FORS2 spectrum of J033217.22-274754.4 source showing N 1v] detection. Wave-
length shifted to the rest-frame.

IRAC images. It could be a possible source of contamination. Both SEDs are plotted in
Figure

We analyse the models in terms of magnitudes as well as of the luminosity and the EW
of the N1v] line. After checking the grid of photoionization models (where the hydrogen
number of ionizing photons is fixed in the way that the observed H band flux is produced
by each model) we conclude that the observed measured luminosity of N1v| (considered
as total luminosity of both lines in the doublet) and the SED can be reproduced the best
by the model with logU = -1, ny = 10? ecm ™3, Zye, = 0.05 Ze, and T3, = 80,000 K. That
model gives L(N1v]) = 1.78 x 10% erg/s which is within the errorbar measured from the
spectrum. That value of nebular metallicity also produces the right K band flux (which
includes [O111] lines).

Interestingly, for this source due to its lower redshift (compared to GDS18.92—02.7)
a wider wavelength range is observed in the rest-frame UV, from ~1200 till ~2080 A.
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Figure 5.2: Observed SED of J033217.22-274754.4 source at z=3.652 (black symbols) along
with the photoionization models for different Ty, , U, ny and Z,e, overplotted.
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Figure 5.3: Observed SED of J033217.22-274754.4 source (black symbols) and the nearby
source at z=3.76 (red symbols) which might be contaminating the measured magnitudes.

However, besides N1v] no other emission lines are detected. This allows putting upper
limits on line fluxes/luminosites.

The following lines have been considered: N v AA1239, 1243; Sitv AA1394, 1403; C1v
AA1549, 1551; Hemr A1640; O111] AA1661, 1666; N1 A1750; Sit] AA1883, 1892; Ciii]
AA1907, 1909. Although the N1v] line shows only its longer wavelength component of the
doublet, which implies higher density (see Fig. [[H), low density has been kept in order to
reproduce the [O111] lines, which would get destroyed by collisional deexcitations if higher
density was used. For this reason in the models considered here the luminosity of the doublet
is compared to the measured luminosity of the longer wavelength component of N1v]. To
determine the upper limits for all the other lines I have checked the exact wavelength
in the atomic data and have considered #+ 10 A region around each line/component of
the multiplet, excluding N111] line since it has several components. For simplicity all the
components of this line are considered together. The luminosities have been inferred from
upper limits for fluxes and assumption of Gaussian line profiles. The corresponding line
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widths o’s that would allow line detections are assumed, they are usually very low i.e.
< 100 km/s. This number seems reasonable since measured ¢’s of metal emission lines
in the UV for the Lynx arc are 80, 35, 30 km/s for C1v AA1549, 1551, O111] A1666 and
C 1] A1907, respectively. Also for GDS18.92—02.7 the o of N1v] A1486 is ~150 km/s. By
analogy, the lines are expected to be narrow. The inferred o’s are used to integrate over
the line profile to calculate the total line luminosities.

The grid of models has been constructed where the model parameters are fixed to be
the ones that produce the right N1v] flux (including the low density), i.e. Ty, = 80,000 K,
logU = -1 and ng = 10? cm ™3 and fixed number of ionizing photons, except the nebular
metallicity which is a parameter being varied within the range from 1072 till 1 solar. In
the grid all the elemental abundances are being varied together. The luminosities obtained
consist of all the components of the doublets/multiplets, therefore I sum up the measured
upper limit luminosities in order to compare them with those models. That would be
precise if the lines were not resolved. In the FORS2 spectrum they would be resolved,
however due to density dependence of some and the fact that the density is kept constant
due to the reason mentioned above, this comparison seems reasonable. N v A\1239+1243,
SiTV AA1394+4-1403, O 1] AA1661+1666 and N 111] A1750 lines are always below their upper
limits. C1v AA1549+1551 line is overproduced (even by more than order of magnitude) by
almost all the models, except the lowest and the highest metallicity ones. He 11 A1640 line is
overproduced by all the models by ~1.5 factor. C111] AA190741909 line is overproduced by
models with Z,, from ~ 0.02 till ~ 0.8 Zs. This supports the conclusion that C abundance
needs to be reduced as expected from the analysis of C1v lines, i.e. if the lack of C1v lines
would be only due to the fact that they are formed in less ionized regions, we could expect
to observe C111] lines, which is not the case.

The above analysis is simplified, i.e. all the abundances are being varied together. Es-
pecially the oxygen lines which are the main coolants affect the strengths of other emission
lines, i.e. if the oxygen abundance would be varied separately and other abundances would
be kept constant some lines would become stronger for lower oxygen abundance.

However, I have attempted to find the model which would show by how much the
abundances, especially the carbon one, must be changed in order to not exceed the upper
limits for luminosities found for the UV emission lines. After analysing a number of models
where carbon and silicon abundances are changed and nitrogen and oxygen abundances are
kept constant (0.05 solar), I have found that once 0.05 solar oxygen and silicon abundances
are acceptable (also in terms of producing enough [O 111] AA4959, 5007 line fluxes to account
for the K band magnitude), the carbon abundance must be reduced by a factor of around
20 (with respect to the initially assumed 0.05 solar), i.e. should be ~ 0.25 % of the solar
value. This implies an upper limit for the abundance ratio C/N = 5 % (C/N).

It is difficult to talk about exact abundance analysis in this case, when only upper limits
for line luminosities are available. Additionally, they are calculated by assuming certain
shapes of the lines. However, it is striking that the C/N ratio must be reduced significantly
compared to the solar value.

Different densities implied by [O111] and N1v] lines suggest that there are regions with
different physical conditions within the nebula and the lines have been produced in the
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gas of different densities. High spatial resolution would be required in order to study the
structure and dynamics of the gas. This level of detail is not available at the moment for
high-z galaxy observations with current observing facilities.

It is striking that He1r A1640 line is always too strong in the grid of analysed models.
The explanation of this problem might be the fact that I have used always black body shape
of the ionizing continuum. This implies larger Q(He™)/Q(H) ratio compared to population
synthesis models for the same fixed number of H ionizing photons.

On the other hand, we have looked also at the EW of the N 1v] line and compared it with
the models (see Appendix). The photoionization models where the population synthesis
spectra are used as the ionizing source do not produce as large EW(N1v]) as measured for
this source, no matter the age, metallicity, density of the gas or ionization parameter. That
large EWs can be produced by photoionization models with black body ionizing sources
under certain conditions (high temperature >80,000 K, high ionization parameter and few
% solar nebular metallicity) due to less stellar continuum in the rest-frame UV.

5.1.1 IRAC bands fluxes

While modelling J033217.22-274754.4 source with the nebular models the same problem as
in the case of GDS18.92—02.7 source occurs with IRAC band fluxes. They are always quite
significantly underestimated, by around 1 magnitude each one. One explanation of this
problem might be the low resolution of the images, i.e. the objects are not resolved, therefore
there might be some contaminating flux from a neighboring galaxy causing erroneous
magnitude measurements.

Although the errors on the magnitudes are large, it is worth considering other possible
sources of radiation in those bands.

In the IRAC3 band (for GDS18.92—02.7 source in IRAC4) there is the He1 1.083 pum
line, whose influence on the model SED can be noticed in Fig. in the panel showing
different ny photoionization models. Since it becomes stronger for higher density, it is
another hint (along with the N1v] lines) suggesting higher density regions existing in the
galaxy.

It has also been suggested and discussed in Chapter Hll (and in detail for GDS18.92—02.7
source in Vanzella_et_alll2010), that the light in the IRAC bands comes from the old stellar
population, which is supported by standard SED fitting method. However, to produce
the observed N1v]| lines in case of both sources the young (hot) stars are required. The
co-existence of very young and very old stellar population in one compact galaxy would
perhaps be an explanation, but then the rest-frame UV continuum flux is too strong, due
to stronger underlying stellar continuum, and large observed emission line EWs cannot be
achieved.

The explanation of this problem remains unclear.
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Figure 5.4: The observed spectrum of DLS 1053—0528 at z = 4.02 clearly showing N1v]
and C1v emission lines and no detection of N v, |Glikman et all (2007).
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Figure 5.5: Rest-frame SED of DLS 1053—0528 (filled triangles) compared to the SDSS
quasar composite spectrum (solid line) and unobscured starburst template with low ex-
tinction (dashed line), IGlikman et all (2007).
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5.2 DLS 1053—-0528

As already mentioned in Chapter B, DLS 1053—0528 is the source at z = 4.02 described
in |Glikman et all (2007). Although classified as QSO, it clearly does not have the QSO-
like SED (see Fig. BH). It shows N1v] A1486 and C1v A1549 emission lines with fluxes
(1.048 £ 0.08) x 1071¢ and (0.55 + 0.02) x 107! erg/cm? /s, corresponding to luminosities
(1.63 & 0.01) x 10" erg/s and (8.56 £ 0.31) x 10%? erg/s, respectively. This gives the line
ratio N1v]/C1v = 0.52. The rest-frame EWs of the lines are 280 and 91 A and the o’s 344
and 469 km/s, respectively. The spectrum and the SED are presented in Figs. B4 and
and the zoom of N1v] line in Fig. B0

Having only measured the nitrogen and carbon line fluxes available, in order to find a
model producing observed C/N ratio and get some hint on the abundances, I assume the
ionization parameter and Ty, the same as for J033217.22-274754.4, which is reasonable
since only the N 1v] line is observed and the NV is not detected. I also assume low density
and check the sum of the lines in the doublet from the models. I use the nebular metallicity
of 0.05 Z, particularly nitrogen and oxygen abundances are equal to 0.05 of the solar values.
Those abundances are somewhat arbitrarily chosen and cannot be treated as accurate
values, however it seems reasonable to assume N abundance of few % solar, since it is
around this value where N 1v] becomes strong. The carbon abundance is a free parameter
and I have run the optimization method built-in in CLOUDY code which based on the
x? test searches for the best fitting model. The luminosities of the lines and the line ratio
are reproduced with good accuracy when the carbon abundance is ~0.18 % solar, which
implies the abundance ratio of C/N ~ 0.035 (C/N)g ~ 3.5 % (C/N)g. Although it is far
from being accurate, the same conclusion as for J033217.22-274754.4 source is derived - C
abundance is significantly lower than the N abundance with respect to their solar values.

Interestingly, the EWs are again very large, especially the one of N1v]. That large EW
of N1v]| line is impossible to obtain with any photoionization model that uses realistic
population synthesis spectra as ionizing source. For C1v the observed value of EW can be
produced by models with few % metallicity (stellar and nebular), which is much above the
carbon abundance that has been derived from the line ratio. Large values are possible if the
black body ionizing source is used in the models. Does this suggest a different (top-heavy)
IMF? Or large extinction in the continuum? However, the Lynx arc, based on the emission
lines, is concluded to be extinction-free.

5.3 GOODS-N source

Another source has been found in the GOODS-North spectroscopic data (courtesy: D.
Stern) at z ~ 3.55. The spectrum is very noisy, however the N 1v] and C1v lines are detected
above 30 level (C1v shows both components of the doublet). There is no detection of Nv
lines (Fig. B1). The nitrogen and carbon lines are shown in Figs. and respectively.
Their measured line ratio is N1v]/C1v = 0.637 & 0.087 (the lines have been fitted with
Gaussian profiles).
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Figure 5.6: N1v| emission line (only high density component is detected) in the spectrum
of DLS 1053—0528, A in rest-frame, (Glikman et all (2007).

Since no public photometric catalog is available, we are only able to use the measured
line ratio in order to build some model. Again, the model is searched by analogy to other
sources, since the N 1v] emission is clearly detected and there is no N v emission. logU = -1,
ng = 102 cm~3and Ty, = 80,000 K, Z,ep, = 0.05 Ze, have been assumed in the modelling.
The nitrogen abundance is fixed to be 0.05 solar and the carbon abundance is treated as
free parameter. Since all the conditions as well as the line ratio are similar to the ones
for z = 4.02 source, a very similar model is obtained from optimization driver run, where
carbon abundance is ~ 0.22 solar, implying C/N ~ 0.044 (C/N)s = 4.4 % (C/N)g. Again,
the model might be different for different oxygen abundance.

I have not attempted to analyse the line EWs due to low S/N.

5.4 Conclusions

Several additional sources similar to GDS18.92—02.7 have been discussed. All of them show
N1v] emission. Although a proper abundance analysis is impossible, we have attempted to
determine C/N ratios under reasonable assumptions. In all the cases carbon is significantly
depleted compared with nitrogen with respect to their solar values. The exact amount is
difficult to obtain having only two lines observed. Particularly, no hint about the electron
temperature is available, which would allow the use of the direct method in order to
determine the abundances.

It is worth comparing those results with the Lynx arc abundance analysis, where many
more lines are available. Interestingly, for this source the carbon lines are stronger than
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Figure 5.7: Ly« line and no detection of N v in the spectrum of the GOODS-N source (flux
in arbitrary units, A in observed frame).

nitrogen lines. Since clear absorption features are observed in C1v line profiles, the flux
has been absorption corrected, resulting in ~ 6 times stronger intrinsic flux obtained. Even
then the photoionization model with Z,., = 0.05 Zs , where solar abundance pattern is
used to determine the nebular metallicity, overestimates the C1v/H/f ratio by factor of
~ 2.

Villar-Martin et all (2004) have attempted to study individual element abundances in
the Lynx arc with the direct method assuming the electron temperature T, = 16,000 K
(17,000 K). They obtain C/N ~ 0.6 (C/N)s = 60 % (C/N)y (C/N ~ 0.59 (C/N)y =
59 % (C/N)g). It is significantly more than what is calculated for the sources discussed
above. While the z = 4.02 source does not show any absorption features in the carbon C1v
line profile, for z = 3.652 we have only an upper limit for the line flux and in the case of
the GOODS-N source the spectrum is noisy, so it is difficult to study the line profile. In
case there was any absorption in the line, that has attenuated the observed flux, for those
two sources the carbon line fluxes (and therefore the abundance ratios) should be treated
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Figure 5.8: N1v] line in the spectrum of the GOODS-N source (flux in arbitrary units, A
in observed frame).

only as lower limits.

The possible scenario explaining objects with significantly depleted carbon is rather
unclear. Meynet. et all (2006) present the wind and SN yields of very metal-poor stars (with
metallicities 1078 and 107°) for models with and without rotation. Although the CNO cycle
products are always enhanced for rotating models, interestingly, only the most metal-poor
model with rotation including only wind yields produces nitrogen much enhanced with
respect to carbon. However, an additional issue is the mixing of the elements with the gas
in the galaxy/H 11 region, which might also affect the observed spectrum.

More lines should be observed in order to build more accurate photoionization models
and study the gas phase abundances. A number of lines are important since they are the
main cooling agents, particularly [O 111] AA4959,5007 not observed for the sources analysed
above. Their strengths might affect the strengths of other lines.

It is worth noticing that for the N1v]-emitting sources discussed here, the N1v] line
shows only the high density component. Expected strong [O111] lines require lower density
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Figure 5.9: C1v lines in the spectrum of the GOODS-N source (flux in arbitrary units, A
in observed frame).

gas. Therefore, probably in those nabulae different density regions coexist. One scenario
that could produce high density filaments is the interaction of stellar winds.

It is important also to notice that the abundance ratios discussed above are relevant only
for the regions where the detected lines have been formed. Regions of different physical
conditions might contain elements not observed in the analysed spectra. Lines of those
elements might be then observed at different wavelenghts, e.g. carbon cooling line at 157
pum (rest-frame). This possibility will be discussed in more details in Section G2

Strikingly similar properties of the objects discussed above suggest that a new class of
objects can be defined. It will need detailed studies with future facilities.



Chapter 6

Observational attempts to study
objects with strong nebular emission

Hot stars, producing ionized nebulae, can be observed through the nebular emission. A
number of observational characteristics have been discussed including: enhanced 2+ con-
tinuum, enhanced Lya emission, flat continuum (in F,), rich rest-frame UV emission line
spectrum, strong [O111] AA4959,5007 emission lines with large EWs in case of the nebula
contaminated with some metals (few % solar metallicity) possibly influencing the SED
shape. This Chapter presents several observational ideas (ESO proposals) to study objects
dominated by the nebular continuum/line emission.

6.1 GDS J033218.92-275302.7 — X-shooter follow-up

Subsequently, as a follow-up observation, we have submitted a proposal to observe the
N1v] emitter described in Chapter Bl

6.1.1 X-shooter

X-shooter (Vernet & Mason 2010) is a single object spectrograph mounted on the VLT
UT2 telescope at the Cassegrain focus. It produces simultaneously the spectrum in the
ultraviolet (UVB), visual (VIS) and near-infrared (NIR). This splitting maximizes the
sensitivity in the spectral range. X-shooter provides intermediate resolution spectra (R =
4000 — 14000 depending on the slit width and wavelength) and operates in the slit as well
as in the IFU mode. It was commissioned in November 2008 and January, March and May
2009 and started the operations in ESO Observing Period 84.

6.1.2 The proposal

based on the ESO X-shooter proposal
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“A Lya- NIV] emitter at z=5.56 — prospects for measuring the first stellar
nucleosynthesis episodes”
PI: A. Raiter, Cols: R. Fosbury, E. Vanzella
ESO Observing Period 84

Since the photoionization model for this object described in Chapter B predicts other
emission lines of highly ionized species in the rest frame UV of the spectrum, namely
C1v 1549 A, Herr 1640 A, O 1) 1665 A, N1u] 1750 A, C1i1] 1909 A, we have decided to
utilize the possibilities of the new ESO instrument, X-shooter, and try to detect them.
That would allow the determination of abundances of several elements and the verification
of our photoionization model which due to lack of any hints simply assumes the solar
abundance pattern. Additionally, the possible detection of the He1r line would help to get
some information on the nature of the ionizing source.

We submitted a short proposal (total requested time < 10 hours) in the ESO Observ-
ing Period 84. We used the X-shooter Exposure Time Calculator (ETC) version 3.2.8 to
calculate the exposure time. We based our calculation on the N1v] line which is resolved
in FORS2 spectrum, we measured its full width at half maximum (FWHM=1.7 nm) and
the integrated line flux (0.4 x107! erg s7* cm™2) and calculated the S/N per spectral bin
assuming seeing=0.8" and airmass = 1.2 and 1x2 binning (binned in spectral direction).
The other intercombination lines from our photoionization modelling are expected to have
similar fluxes. For the N1v] line we predicted S/N = 3.27 (0 days after the new Moon),
so we expected after further binning S/N~8 per spectral bin (assuming 5 pixels/FWHM).
We got that using 53 exposures x 600 s, adding overheads (pointing + acquisition + slit
setup = 570 s + readout time (slow) = 53 x 48 s = 2544 s + telescope offsets = 53 x 15
= 795 s) gives in total 10 hours.

6.1.3 Observations

The observations were executed in visitor mode (observer: A. Raiter) on 17/18 and 18/19
December 2009. The slit width in the VIS and NIR was 0.97. We prepared the second
phase of the proposal using ESO tool p2pp, we decided to use slit mode with 57 nodding
and a random jitter within 17 box. This allows better sky subtraction.

We took a special care about the accurate offset from the reference star since our
source is very compact and invisible on the pre-images. We obtained in total 42 frames in
each UVB, VIS and NIR arms. The seeing was always good (only in 2 cases around 1.5,
otherwise less). The Ly« line was visible on the single raw spectrum (10 minutes), which
allowed the verification of the positioning during the observations.

6.1.4 Data reduction

The data have been reduced using X-shooter pipeline version 1.0.0 (Modigliani 2010) fol-
lowing all the necessary steps of echelle data reduction. The UVB part of the data is not
used.
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In the VIS part each frame has been reduced in the stare mode. The position of the
object on the slit has been first determined by looking at Lya emission for each frame.
Master flat field and master bias frames have been prepared by combining a number of
frames from both observing nights. Bad pixels are negligible in the VIS arm, cosmic ray
hits have been removed in 10 iterations. All the reduced frames have later been stacked.

In the NIR part the data has been reduced in the nodding mode using the master flat
field frame and the prepared bad pixel map. Since the observations consist of 10 ABBA
sequences (where A and B are positions on the slit) + 1 AB sequence (giving in total 42
frames), the pipeline has been run for each sequence separately. Since in the NIR the sky
emission lines contamination is much worse than in the VIS part, this procedure of using
nodding mode of the pipeline should improve the sky subtraction.

6.1.5 Results

The results are shown in Figures and for the VIS part and in Figures &3, B4 B0
6.0, for the NIR part.

6.1.6 Conclusions

Our observations proved the presence of N1v| emission in the spectrum of this source.
Due to the much larger spectral resolution the Lya profile is more detailed than the one
presented before and obtained with FORS2 instrument. The comparison of the Ly« line
profile with the simulated lower resolution (close to the FORS2 one) profile in shown in
Fig. 6l Interestingly, the redshift measured from the Ly« peak is slightly different (lower)
than the one measured previously from the FORS2 spectrum. It is equal to 5.557, while
the FORS2 one was 5.563 (partially explained by the more accurate identification of the
Lya peak due to the higher resolution).

Possibly we detect the longer wavelength component of the C1v line, as shown in Fig.
B3 However, it is below 30 significance level. There is also a “blob” at A ~ 10800.5 A
which might be an emission line as shown in Fig. 4], but assuming that it is indeed He11
line and using its rest-frame wavelength to calculate the redshift of the source, we obtain
quite a different redshift 2=5.5857.

Unfortunately, no clear detection of any emission line in the observed NIR part is found.
More sensitive instruments/deeper observations are necessary to obtain this kind of data.
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Figure 6.1: VIS X-shooter results: Lya (rest-frame wavelength 1216 A). Notice how the
higher (than in FORS2 spectrum) spectral resolution makes the line profile more detailed.



6.1 GDS J033218.92-275302.7 — X-shooter follow-up

99

counts

X—shoater, NIV]

300

600

400 :

200

A-ghocter spectrum -
2% lower resolution ————
paints € 7sigmd == == ===
avglbkg) + 3cigmy === ==

Figure 6.2: VIS X-shooter results: N1v] (rest-frame wavelength 1486 A).

9720

9740
A A




*—shooter, CIV

180ar

100 6. Observational attempts to study objects with strong nebular emission

A—shooter spectrum

2% lawer resolution

points < Vsigmao = = =
avqlbka) + 38igmo == = == --

avgibkg) + Zsigmg == == ===

— I s

g B =
mnd e

i i - -
- .voln..ln.|'||.s_.|...u..r.nﬁ..Y1

B e s o

ol
|l|“1l|.ﬂ|lﬂ|\l.-..lﬂ..(l.nv:|l..naljhvi.n;||1u
4
iw

T
ei..s.u‘!rl.\mwﬂr -
e e

gl e
el e e et e e el
kaﬁﬁﬁﬂ&ﬁdﬁh&h_@“
bl

e = it

o=
R e .

g
i
= = e

hﬁ.«ﬁi.:l&]...}a!ml

g .Hw..n_
3

]

-

i
. \?-.1[ " i....llu.loﬁ[h?.l

S e

| e
e i e
L = =l
inlh]u.ul.....l?io..lﬁyl...wu.....!_ _
s\nilu..lp.\.‘.?!ﬂr.nnl.. &

et o
e et}

]
p——" iy e ey
i s
L
e i et
E i

1600

1400~

12001

1000

800 [
600 [
400
200

gjuUnNGo

1.016x10* I 5 B 1.018%x10* s e

1.015x10*
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Figure 6.4: NIR X-shooter results: He 11 (rest-frame wavelength 1640 A). The red line marks
the expected position of the line assuming the redshift obtained from Ly« peak (2=5.557).
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Figure 6.5: NIR X-shooter results: O111] (rest-frame wavelength 1661, 1666 A). The red
lines mark the expected positions of the lines assuming the redshift obtained from Ly«
peak (2=5.557).
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Figure 6.6: NIR X-shooter results: N111] (rest-frame wavelength 1750 A). The red line
marks the expected position of the line assuming the redshift obtained from Ly« peak
(2=5.557).
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6.2 GDS J033218.92-275302.7 — APEX follow-up —
FIR [C11] cooling line

based on the ESO APEX(] proposal
“The [C11] 157 micron cooling line from massive star formation at z = 5.558”
PI: R. Fosbury, Cols: A. Raiter, C. De Breuck, D. Schaerer, P. Caselli, R. Maiolino, L.
Testi
ESO Observing Period 85

After being allocated (384.A-0886(A)) X-shooter time for further studies of J033218.92-
275302.7 source from the GOODS field, we submitted the proposal whose objective was
the detection of far infrared fine structure cooling line of [C11] 157 microns of this source
shifted to ~1 mm.

There is evidence that dust reddening in such sources must be low. In the two objects
we have studied so far, the Lynx arc and J033218.92-275302.7 there is no detection of
a FIR continuum. At such an early phase, it would not be surprising if little dust had
formed and that the carbon remained in atomic form. It is possible, therefore, that the
starbursting region is surrounded by an extensive photodissociation region (PDRE) that
would be cooling via the [C11] 157 micron fine structure line. The detection of this line in
our source would open a new exciting possibility of observing a range of other fine structure
cooling lines with ALMAH in sources where the first products of stellar nucleosynthesis are
present. Measurements of the relative abundances of C, N and O would give an insight into
the nature of early nucleosynthesis processes. Detection of the fine structure lines also gives
direct measures of the amount of neutral gas that is available for further star formation.

Figure presents the measurements of Licy/Lpmr (Maiolino et all 2005), where Lpg
is the luminosity emitted in the far infrared. It can be noticed from the studies of the local
Universe (black points) that there is a class of galaxies where the ratio is lower (HyLIRGs
- hyperluminous infrared galaxies are galaxies with Lpr > 10! Lg) which is due to
the fact that [C11] line is a less efficient coolant in the most powerful FIR sources than in
other galaxies. Observations show also that those objects at high-z (dashed red line in Fig.
ER) have Licny /Lpr ratios enhanced by about an order of magnitude compared with the
local ones (black solid line). Maiolino et all (2009) have detected a very strong [C11| line
in gravitationally lensed quasar at z=4.43 that has a FIR luminosity lower by an order
of magnitude compared to previous high-redshift detections which seems to confirm the

'APEX - Atacama Pathfinder Experiment - is a 12-metre diameter millimetre and submillimetre tele-
scope, located on the Chajnantor plateau on the Atacama desert in Chile.
http://www.eso.org/public/teles-instr /apex/index.html

2PDR - region surrounding H1I region (Stromgren sphere) produced by lower energy photons which
ionize and excite atoms and molecules.

SALMA - Atacama Large Millimeter/submillimeter Array - is millimetre-/submillimetre-wavelength
interferometer array telescope being built by ESO and other institutes on the Chajnantor plateau in the
Chilean Andes, it will consist of 50 x 12-metre antennas plus 12 x 7-metre and 4 x 12-metre antennas in
the Atacama Compact Array.
http://www.eso.org/public/teles-instr/alma.html
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offset found for local galaxies. Therefore, observations of high-z sources less luminous in
FIR may have a double boosting factor in [C11]: high-z enhancement and because of the
more efficient cooling in [C11] comparing with LIRGs.

In GDS J033218.92-275302.7 [C11] 157 microns line is redshifted to 1.034 mm (290.03
GHz). Although the expected emission is highly uncertain, we have based our calculation of
the exposure time on the photoionization model published inRaiter et all (2010). The lower
limit on the bolometric luminosity of the source is that of the population of massive, hot
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Figure 6.8: Ljcy/Lrr as a function of Lpr (from IMaiolino et all 2009). Black points
correspond to the local galaxies and red points to the high-z ones. Black solid line is a fit
to the local LIRGs (luminous infrared galaxies), i.e. with Lpig > 10 L), red dashed line
is the fit to the detections at high-z.
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stars needed to produce 3 x 10° ionizing photons per second predicted by the model which
corresponds to log[Lpe /L] = 11.7. We take it as an estimate of Lpg assuming that there
is sufficient amount of dust to intercept significant fraction of the stellar radiation. This
value for Lpig is at least an order of magnitude smaller than the current observed upper
limit (a flux of 3 mJy) at 850 microns for this source (De Breuck, private communication).
The conversion into Licy) is done on the basis of Fig. B8, from which we actually take
Licuj/Lpm ratio for the LMC (Licy/Lrmr(LMC) = 0.013) which we consider to be a local
analogue of GDS J033218.92-275302.7 source. Low metallicity and reduced dust abundance
implies low attenuation of the UV photons and therefore results in the CT-emitting regions
being larger because the photo-dissociating photons can traverse a larger volume of the
molecular cloud as in the case of LMC (Rubin_et. al![2009). This results in a [C11] line peak
of 23 mJy assuming a line-width of 350 & 60 km s~! derived from the FORS2 spectrum of
the N1v| line. We use exposure time calculator version 3.2. By setting the channel width
to 100 km s~! and aiming for a 40 detection in each of three channels covering the line,
we use our flux estimate of 23 mJy (=0.14 mK) to derive a total integration time of 34
hours including all overheads. The proposal was accepted and executed in August 2010.
Preliminary analysis shows a possible detection. More detailed data reduction and analysis
in the near future will be done to confirm the detection and perform the modelling.

If successful the detection of [C11] in GDS J033218.92-275302.7 would demonstrate the
presence of an extensive PDR and open the possibility of observing it in other fine structure
lines.

6.3 The effect of [O111] lines for z ~ 3.5 galaxies

based on the ESO DDT (Director’s Discretionary Time) SINFONI proposal
“Searching for primordial star clusters at redshift ~ 3.5”
(PI: A. Raiter, Cols: R. Fosbury, P. Rosati)

As shown in Chapter B [O 111] A\4959,5007 can significantly influence the colours of
z ~6 galaxies. That effect is worth investigating at other redshifts. Particularly interesting
seems the case of z ~3.5 sources where those lines redshifted to the K band region might
be observed by current instruments. There is only limited number of observations where
[O111] lines have been observed at such a high redshift (Maiolino et all 2008).

Our aim is to test a spectroscopic/photometric search technique for very high temper-
ature stellar clusters that could be candidates for first generation star formation. For high
colour temperature stellar clusters the stellar continuum is too weak to be detected in the
observable Rayleigh-Jeans UV tail. Once the surrounding material becomes polluted by
supernova ejecta, emission lines from C, N and O will begin to make an appearance and
become quite strong (and due to little underlying continuum have large equivalent widths)
even at metallicities of one hundredth of solar. The search of that kind of objects at lower
redshifts is justified by the theoretical and observational findings. This is distinct from

4This proposal although accepted, could not be executed.
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Figure 6.9: Normalized (to J band) total flux in U, B, V, i, z, J, K and 3.6, 4.5, 5.8, 8
pum (shown for rest frame wavelength) bands shown for the whole sample of Lya emitters
(indicated by thick solid line) and 3 chosen candidates with the strongest K band flux
excess.

some current searches for the joint emission of Lya and Hell expected from primordial
stars and nebulae since it relies on the H 11 region already being polluted by supernovae in
the cluster.

We seek to develop the technique of finding sources similar to the Lynx arc and
GDS J033218.92-275302.7 (i.e. very hot, massive stars, Tz~80,000 K, in conjunction with
a significantly polluted H1I region) at redshift ~3.5 in deep, multi-band GOODS photo-
metric and spectroscopic catalogues. The idea is to anticipate that the nebula surrounding
a primordial cluster will very rapidly become polluted with metals which will produce
characteristically strong intercombination and forbidden emission lines in the rest-frame
UV and optical spectrum. The lines would affect the measured photometric fluxes. An
archetype Lynx arc has indeed the K band flux dominated by the [O111] nebular lines.
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Figure 6.10: Figure similar to Figure but showing the results for the models. Lines
intensities assumed to be intrinsic. No extinction assumed, no IGM absorption assumed
due to Ly« forest effect.

For this purpose we have built a sample of strong Ly« emitters (with good quality flags
for spectroscopic redshift determination) from the FORS2 and VIMOS GOODS spectro-
scopic programmes, choosing a redshift range that would place the [O111] line in the K
band, i.e. z~3.5, with no AGN characteristics. We have found 15 candidates with single
photometric matches (i.e. no confusion): 7 from FORS2 and 8 from VIMOS. For these 15
sources the calculated average SED obtained from the multi-band GOODS photometric
catalogue is shown in Fig. along with the SEDs of 3 chosen candidates whose photom-
etry suggests strong [O111] AA4959,5007 emission lines in the K band (with the strongest
K band flux excess).

We can now compare those observations with the models. Fig. shows the same
as Fig. relative fluxes but for 5 theoretical cases: 3 photoionization models with hot
black body ionizing source and contaminated by metals nebular gas with Z,., = 0.001,



110 6. Observational attempts to study objects with strong nebular emission

1000.00 ‘ T

T TTTTT
. [ve)

Ly alpha Jo— e

100.00

[ollI] 5007

10.00 H alpha

H beta

arbitrary units

1.00

T \\HH‘

0.01
107

(@]
&)

observed wavelength [A]
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for redshift z=3.42 (average redshift of the sample) with B, V, i, z, J, K filter response
curves overplotted. No extinction, no absorption in IGM assumed.

0.01, 0.1 Zs, (“polluted Pop III” models) and 2 stellar population synthesis models from
Bruzual & Charlotl (2003) with no nebular emission for 1 and 10 Myrs. Only models with
the nebular metallicity of few % solar produce strong K band excess due to strong [O 111]
lines. The CLOUDY spectrum for the last case is shown in Fig. for the average
redshift of the entire sample 2=3.42 with the GOODS optical and NIR filter passbands
superimposed. The behaviour with redshift of the J-Ks colour of the models is shown in
Fig. 612

Remarks

It is clear that the significant K band flux excess for sources at z ~3.5 can be produced
by strong [O 111] emission in the case when the hot ionizing source is surrounded by slightly
contaminated (until few % solar metallicity) diffuse gas. From Fig. it can be noticed
that J-K colour becomes very red in that case, and there is not many objects occupying
that region of the plot (z = 3.5) taking into account the entire galaxy population from the
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Figure 6.12: Evolution of J - Ks colour with redshift for 3 stellar population synthesis
models with different ages and 3 CLOUDY models with different nebular metallicities.
Lines intensities assumed to be intrinsic. No extinction assumed. Small black dots are data
from MUSIC catalog.

MUSIC catalogue. Fig. shows for comparison also one ‘older’ model, with age of 100
Myrs. In that case the colour is also red which might be the reason of confusion, similarly
to z ~6 galaxies (Schaerer & de Barros 2009). Our 3 candidates were selected by requiring
the excess in K band only, i.e. K band flux was in excess comparing with shorter as well
as longer wavelength band fluxes. Perhaps, if one wants to perform an automatic selection
of possible candidates, also K-3.5 pum (or other longer wavelength band) colous should be
added as a second criterion.

An advantage of obtaining the spectra for those sources would be that for this redshift
range we have the possibility of detecting also the H and He 11 A4686 emission which would
provide some initial spectroscopic diagnostics. While the measurement of Ly« and [O 111]
alone does not conclusively demonstrate the high stellar temperatures expected for such
clusters, the presence of a high [O ITI]/H ratio and a weak continuum will mark an excellent
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candidate for further spectroscopic study.
In this Section I have presented the possible selection method for finding candidates of
first generation star formation at lower redshifts. It still remains to be tested.

6.4 Low redshift analogs ? - “Green Pea” galaxies
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Figure 6.13: SED of an example “Green Pea” galaxy, [Cardamone et_all (IQDD_EI)

This Section describes a class of compact starforming galaxies at redshifts ~0.1-0.4
recently discovered (Iﬂam.a.man_@_e.t_al.l |2D.O.d) in the “Galaxy Zoo” project which might be
the low-z analogues of high-z emission nebulae being discussed in this thesis.

Due to small sizes and unusually large equivalent widths of [O 111] AA4959,5007 they
appear as green peas in SDSS colour images. They show a weak continuum and strong
nebular emission lines (see a typical spectrum in Fig. BT3, lower panel). In addition to
hydrogen Balmer series lines and very strong [O111] AA4959,5007 lines a number of other
emission lines are detected in the SDSS DR7 spectra, including [Ne1t1], [O11], [O 111] A\4363
[O1], [N11] and [S11]. These objects have SFRs reaching ~ 30 My, /yr and low masses (me-
dian mass of the sample is 10°° Mg). That implies very high specific star formation rates
(SSFRs), i.e. star formation rates per unit mass, amongst the highest in the local Uni-
verse. They have low reddening E(B - V) < 0.25 and relatively low metallicities. Their
mean metallicity is close to solar: log(O/H)+12 ~ 8.7, calculated using [N11]A6584/[O11]
AA3726,3729 vs log(O/H)+12 calibration from M;L&Jllmiﬂ (2002). However, the di-
rect method which takes into account the calculation of the electron temperature gives low
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metallicities, ~20 % solar, i.e. log(O/H)+12~8 (Amorfn et all 2010). They reside in low
density environments. The distribution of the EWs of “Green Pea” galaxies is shown in
Fig. E14 along with the EWs for other galaxy samples for comparison. It is possible to
reproduce those high EWs with photoionization models (where all contributions to the un-
derlying continuum are properly accounted for) when one considers very young starbursts
(see Figures in Appendix for line EWs, Fig. [ T1l), however from the observational point of
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Figure 6.14: [O111] A5007 equivalent widths distribution: “Green Peas” (green-lined his-
togram), ~10 000 comparison SDSS galaxies at the same redshift range (red-lined his-
togram) and local UV-luminous galaxies (UVLG) sample (SDSS DR3, blue solid his-
togram), (Cardamone et all (2009).
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view they are very unusual in the local Universe.

Having a relatively low mass, low metallicity, very high [O111] EWSs, a high SSFR and
residing in low density environments, these objects appear to be the closest analogues
in the local Universe to vigorously starforming objects at early epochs and makes them
similar to the Lya—N 1v] emitting galaxies at high-z which contain very hot stars: Lynx arc
(Fosbury et _all 2003), GDSJ033218.92-275302.7 (Raiter et _all 2010). Consequently, they
are the only currently available laboratories to study extreme star forming environments.

Remarks

It would be worth performing a detailed spectroscopic study of a sample of “Green
Peas” in order to obtain a clearer understanding of the physical properties and evolutionary
status of this class of objectsﬁ. Such an understanding would create a firmer foundation
for the impending campaigns, with JWST, ALMA, E-ELT and other facilities, to trace
the earliest star formation episodes to occur in the Universe and to elucidate the nature
of the first post Big Bang nucleosynthesis processes. Wide wavelength coverage spectra in
conjunction with photoionization modelling capabilities could be used to model the nebular
spectrum, both lines and continuum, to establish the properties of the photoionizing stars
and measure the abundance distribution; measure emission line widths and, where possible,
gradients to estimate dynamical masses; using a suitable binning, determine the shape of
the continuum and, in conjunction with the modelling, distinguish the stellar from the
nebular continuum; utilise the wide wavelength coverage to quantify the dust reddening
separately for the lines and continuum.

5We have submitted an ESO X-shooter proposal “The connection between “Green Peas” and high-z Lya-
emitters” (PL: A. Raiter, Cols: R. Fosbury, R. Kennicutt, H. Taimoorinia, C. Cardamone, B. Venemans)
for ESO observing Period 86 aimed to observe 4 selected “Green Peas” at redshifts z = 0.304, 0.165,
0.1621, 0.261, however it was not accepted.



Chapter 7

Conclusion and future prospects

In this thesis I have attempted to study the rest-frame UV spectrum of high-z sources in
order to search for very hot stars and provide the background for future observations. It is
relevant in the context of searches for the first objects that appeared in the Universe, Pop
[T stars/primordial star formation sites, sources that reionized the Universe, as well as of
the interpretation of already existing observations of high-z galaxies.

Theoretical properties of very metal-poor starburst galaxies in the early Universe have
been discussed. Particularly, if the ionizing source is hot and the nebular metallicity is low,
an enhancement of the 2y continuum emission is expected with respect to the standard
population synthesis + case B predictions. This is a feature that can be searched for in
existing observations. This enhancement can affect (decrease) the EWs of UV emission
lines, especially it can decrease the He1r A\1640 EW which is expected to be visible in
these cases. The decreased EW of Hell can be also a result of its ionization parameter
dependence. Therefore, this line can be more difficult to detect at high-z than previously
expected. Similar enhancement is found for Ly« line emission, the only line observed in
high-z galaxy spectra. Lya line and 2y continuum luminosity enhancement is caused by
the departures from case B recombination, which occur when the very low metallicity gas is
ionized by very young and very low metallicity sources, i.e. the energies of ionizing photons
significantly exceed the minimum hydrogen ionization energy (13.6 eV). Our analysis adds
one more scenario that might help to explain large EW of Ly« line found in galaxy surveys
and usually interpreted as a sign of top-heavy IMF or clumpy ISM. Further enhancement
of Lya at the expense of 2+ luminosity appears at higher nebular densities, as already
predicted by case B recombination theory.

The observations of high-z metal UV emission lines analysed here are rather limited.
However, several objects that have been found reveal similar properties, particularly the
emission of N1v] line at 1486 A (rest-frame), which indicates high stellar effective tem-
perature. Therefore, a hot thermal ionizing source is favoured. As discussed, an AGN
photoionization seems to be excluded due to the different UV spectrum expected from the
models and lack of X-ray and radio emission from those sources. One could also consider
shock produced by exploding SNe providing the ionizing energy. However, the kinetic en-
ergy output from one exploding supernova type IT (10°! ergs) available for shock ionization
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is around 2 orders of magnitude less than the energy available for ionization from a single
star (for a star with Q(H)= ~ 3 x 10*, M, = 50M, and T,z = 85 kK as deduced in
Section Bl over its lifetime (assumed to be 3 Myrs). The nature of the ionizing source
still remains an open question.

A number of other parameters characterising those galaxies have been analysed. The
density of the gas might be quite high as indicated by the detection of longer wavelength
N1v] component. Possibly different density regions coexist.

The required effective stellar temperature based on the presence of N1v] emission im-
plies very low metallicity population. Interestingly, this scenario suggests that the nebular
gas metallicity is different (higher) than the stellar one. The analysis of element abundances
is very difficult at the moment with so few lines available. From the analysis presented it
turns out that in the region where the observed lines have been formed, carbon is signif-
icantly depleted compared to nitrogen with respect to their solar abundance ratio. High
density regions (as suggested by the nitrogen line doublet ratio) might be the regions
of stellar wind interactions. Perhaps, carbon might be located in the regions with differ-
ent physical conditions (PDR) and possibly could be observed in a different part of the
spectrum. This issue needs to be further investigated when more lines are available for ob-
servations. Detailed abundance studies will allow the tracing of nucleosynthesis products
and their mixing with the ISM, which in the case of very high-z galaxies will give us an
insight into the first stellar nucleosynthetic episodes in the Universe.

Apart from large emission line EWs being a result of a very weak nebular radiation-
dominated continuum, the properties of the overall shape of the SED have been analysed.
The shape of the flat (in F,) continuum is modulated in the presence of strong nebular
emission lines. In this context, a particularly interesting feature is the presence of strong
[O 111] AX4959,5007 lines, which in the broad-band photometry dominating the flux in one
of the bands, can mimic the Balmer break of an old stellar population. This causes the
confusion in the determination of the age of the population, and therefore an old galaxy
with a strong Balmer break can be inferred instead of a very young starburst.

Not including the nebular radiation (continuum and lines) in the standard SED fitting
procedure, commonly used to infer the properties of galaxies, can cause confusion. At
high-z the longer wavelength spectrum is not available, therefore it is difficult to infer the
nature of the source having only the UV part of the spectrum. Consequently, it is valuable
to study similar sources at low-z. The so-called “Green Pea” galaxies reveal very similar
properties, however it remains a subject for future investigations, whether they are low-z
analogs of high-z rapidly star forming Lya emitters.

The scenario of evolution of N1v]-emitting galaxies is not clear. Are they just a very
short-lived phase in early galaxy evolution ? That would explain the very small number
of sources found. Assuming the mass found for the z=5.56 source, the number of galaxies
implied by the galaxy mass function obtained from the GOODS-S data implies the proba-
bility of finding N 1v]-emitting source between redshift 3 and 4 (where one source has been
found) of ~ 2x 10~ (assuming that all the galaxies have gone through N 1v]-emitting phase
in this redshift interval). This corresponds to a very short duration of this phase of galaxy
evolution. Pockets of pristine material are expected to exist until quite low-z (~ 2.5) as
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shown by numerical simulations. Are N1v] emitting galaxies remaining lower-z primordial
star formation sites with unusual (top-heavy) IMF ? It remains an open question for future
studies.

The observations of more emission lines, IR spectra of high-z sources at higher spatial
resolution and higher sensitivity will allow more detailed studies, as well as the discovery of
more sources of this kind. Future facilities will also push the observations to higher redshifts
reaching the epoch when truly primordial galaxies can be observed. In a few years JWST,
E-ELT and ALMA will greatly improve the ability to study objects at very high-z and
start delivering exciting discoveries. I'm looking forward to learning more about the early
Universe using those telescopes and hope to continue my work on this exciting topic!!!






Appendix

Equivalent widths of 11 emission lines are shown as calculated based on CLOUDY pho-
toionization models. Schaerer’s evolutionary stellar population synthesis models with Salpeter
IMF 1-100 Mg and SFH = “instentaneous burst” (for simplicity one IMF and one SFH)
are used to define the ionizing source. The nebular metallicity is assumed to be equal to
the stellar one and defined by scaled solar abundances. “Total” indicates that the sum of
line fluxes in case of doublets/multiplets has been taken into account.
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