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Summary

The study of galaxy formation and evolution with data from large-scale surveys relies to a
large extent on an automated and robust application of spectral synthesis to derive physical
properties of galaxies. However, most of the state-of-the-art codes used to decompose the galaxy
optical spectrum into its elementary spectral components adopt mainly stellar ingredients.
Therefore, this work aims to quantify the impact of emission produced by an active galactic
nucleus (AGN) and excited gas on the estimation of fundamental stellar properties of galaxies
with currently available spectral synthesis. The thesis is organised as follows.

Chapter 1 briefly reviews the physical framework of spectral synthesis in an historical context.
The discussion proceeds with an overview of the state of the art regarding the spectral
contribution of AGN and nebular emission and their impact on the derived physical properties.
Moreover, it is presented a description of the structure and objectives of the thesis.

Chapter 2 describes the creation with the evolutionary spectral synthesis code Rebetiko of
purely-stellar synthetic spectra of galaxies aiming to reproduce the star formation histories of
different Hubble-type galaxies. Population spectral synthesis is then applied to these spectra
to assess the robustness of current codes in recovering fundamental stellar properties (e.g.
formation history, total mass, mean age, mean metallicity). Results show the dependence of
systematic uncertainties on the adopted base library and the star formation history of the
galaxy.

Chapter 3 focuses on the impact of an AGN continuum model in the synthetic spectra on the
estimation of stellar properties assuming different strategies of modelling the AGN. Results are
used to place an AGN detection threshold under which a population spectral synthesis code is
unable to reliably distinguish between the stellar and AGN continua. Moreover, results show
that a purely-stellar modelling approach can lead to severe systematic biases on the estimated
stellar properties, uncertainties which can be greatly attenuated when adopting an adequate
AGN modelling approach.

Chapter 4 introduces to the analysis the nebular emission produced by HII and AGN narrow-
line regions. Population spectral synthesis is again applied in order to study the impact of
nebular emission due to starlight and/or AGN on the estimated stellar properties. Results
show that a purely-stellar modelling approach can lead to severe systematic biases on the
stellar properties. A pilot study with the code Fado reveals the importance of simultaneous
modelling the stellar and nebular emission in order to derive a robust estimate of the star
formation history of star-forming galaxies.

Finally, chapter 5 summarises the main results of this work and their implication to the
interpretation of galaxy formation and evolution with state-of-the-art spectral synthesis. The
text concludes with a few remarks on promising avenues for the improvement of the physical
framework of spectral synthesis.

Keywords: galaxy formation – galaxy evolution – stellar content of galaxies – active galaxies –
star-forming galaxies
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Sumário

O estudo da formação e evolução de galáxias com dados de grandes levantamentos depende em
grande medida numa aplicação automatizada e robusta de śıntese espectral para a obtenção
de propriedades f́ısicas de gálaxias. No entanto, a maioria dos actuais códigos utilizados para
decompor o espectro óptico de uma galáxia nas suas componentes espectrais elementares
adoptam principalmente ingredientes estelares. Portanto, este trabalho procura quantificar o
impacto da emissão produzida por um núcleo galáctico activo (active galactic nucleus, AGN) e
gás excitado na estimação de propriedades estelares essenciais de galáxias com śıntese espectral
actualmente dispońıvel. A tese está organizada da seguinte forma.

O captulo 1 revê de forma sucinta o desenvolvimento f́ısico da śıntese espectral num contexto
histórico. A discussão procede com uma visão geral do estado da arte em relação às contribuições
espectrais da emissão de AGN e nebular para os espectros de galáxias e impacto destas nas
propriedades f́ısicas derivadas. Além disso, é apresentada uma descrição da estrutura e
objectivos da tese.

O caṕıtulo 2 descreve a criação de espectros sintéticos puramente estelares com o código de
śıntese espectral evolutiva Rebetiko de galáxias que procuram reproduzir as histórias de
formação estelar de diferentes gálaxias de tipo Hubble. Śıntese espectral populacional é de
seguida aplicada a estes espectros para avaliar a robustez dos actuais códigos na recuperação
de propriedades estelares fundamentais (e.g. história de formação, mass total, idade média,
metalicidade média). Os resultados mostram a dependência de incertezas sistemáticas na
biblioteca adoptada e na história de formação estelar da galáxia.

O caṕıtulo 3 foca-se no impacto de um modelo do cont́ınuo de AGN em espectros śınteticos na
estimação de propriedades estelares assumindo diferentes estragégias de modelação do AGN.
Os resultados são usados para colocar um limite de detecção de AGN sob o qual um código
de śıntese espectral populacional é incapaz de distinguir com fiabilidade entre os cont́ınuos
estelar e do AGN. Além disso, os resultados mostram que um método de modelação puramente
estelar pode levar a severos vieses sistemáticos nas propriedades estelares estimadas, incertezas
estas que podem ser significativamente atenuadas quando adoptando um adequado método de
modelação do AGN.

O caṕıtulo 4 introduz na análise a emissão nebular produzida por regiões HII e de linhas
estreitas de AGN. Śıntese espectral populacional é de novo aplicada para estudar o impacto
de emissão nebular devida à luz estelar e/ou do AGN nas propriedades estelares estimadas.
Os resultados mostram que método de modelação puramente estelar pode levar a vieses
sistemáticos severos nas propriedades estelares. Um estudo piloto com o código Fado revela
a importância de modelar simultaneamente a emissão estelar e nebular para derivar um
estimativa robusta da história de formação estelar de galáxias formando estrelas.

Finalmente, o captulo 5 resume os principais resultados deste trabalho e a implicação destes
na interpretação da formação e evolução de galáxias usando a actual śıntese espectral. O
texto conclui com algumas observaçãos sobre direcções promissoras para o melhoramento da
concepção f́ısica de śıntese espectral.

Palavras-chave: formação de galáxias – evolução de galáxias – contéudo estelar de galáxias –
galáxias activas – galáxias com formação estelar
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1
Introduction

Light of celestial bodies can reveal much about their nature. This idea crystallised over the 20th

century during the dawn of Modern Astronomy with the introduction and development of photometry and
spectroscopy. This lively branch of Natural Sciences has taken great strides towards a deeper understanding
of the Universe. The solid foundation laid along the same century on galaxy formation and evolution
marked an analogous crossover for Extragalactic Astronomy (e.g. Hubble 1926; Hubble 1929; Schmidt
1959; Faber & Jackson 1976; Tully & Fisher 1977; Tinsley 1980; Sandage 1986; Lilly et al. 1996; Madau
et al. 1996; Kennicutt 1998). However, the analysis of galaxy observations under the preview of theoretical
astrophysics remains largely an untraveled road. This realisation is both humbling and exciting.

If one were to read the lifebook of a galaxy one could learn on its first chapters the environmental
conditions upon its birth from a cosmological point of view. It could be described on the first pages how
the baryonic coalescence process induced by dark matter halos lead to the ignition of the first stars with
the collapse and fragmentation of pristine and massive gas clouds. It could also be detailed how these and
subsequent stellar populations formed, evolved and eventually died, changing in the process the chemical
composition of the interstellar medium (ISM). Following chapters could trace the morphological scars of
the galaxy in order to reconstruct the history of interactions with its closest neighbours, thus detailing
galactic merger episodes or other interactions with its environment. It might also have been that the
galaxy spent most of its life in isolation, thus serving as a prototype of secular evolution. On the one hand,
the narrative might reveal the physical details of an active galactic nucleus (AGN) phase and its role on
the matter cycle of the galaxy. On the other hand, it could also be detailed the contribution of nebular
emission (NE) to the light output of the galaxy as characterised by the ISM chemical composition. Later
chapters could reveal the inevitable end of the stellar activity of the galaxy with the description of how
the last light came to be shed by its longer-lived low-mass stars. Apart from all the complexity inherent
to the study of galaxies detailed in this idealised book, one can at least wonder about the information
that can be recovered from the study of the light emitted by a galaxy.

The understanding of galaxy formation and evolution has seen major advances over the past decades,
mostly due to the advent of large-scale spectroscopic surveys (e.g. York et al. 2000; Colless et al. 2001;
Jones et al. 2004) and a constant improvement of theoretical models of spectrophotometric and chemical
evolution (e.g. Tinsley 1980; Krüger, Fritze-v. Alvensleben & Loose 1995; Fioc & Rocca-Volmerange 1997;
Bruzual & Charlot 2003; Vazdekis et al. 2010). Indeed, important results have been brought to light
over the last decades in Extragalactic Astronomy, from which it can be highlighted: (a) star formation
in high-mass galaxies seems to have predominantly occurred at high redshifts, while a fraction of their
low-mass local counterparts still show a relatively high specific star formation rate, an observable known
as galaxy downsizing (e.g. Cowie et al. 1996; Cimatti, Daddi & Renzini 2006); (b) evidence suggests that
galaxies can be divided based on their stellar activity as blue star-forming and red quiescent galaxies, a
result commonly referred to as the galaxy colour-bimodality (e.g. Gladders & Yee 2000; Strateva et al.
2001) (c) cosmic star formation seems to have peaked at z ∼ 1, approximatively 6 Gyr ago (e.g. Heavens
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1. INTRODUCTION

et al. 2004), and (d) more massive galaxies tend to have more metals than their less massive counterparts,
a result illustrated by a tight correlation between stellar mass and gas-phase metallicity (e.g. Tremonti
et al. 2004).

Spectral synthesis (SS) has proved to be an essential tool to analyse galactic observables and interpret
important physical properties of galaxies (e.g. stellar and nebular extinctions, stellar kinematics, stellar
mass, age and metallicity) by exploiting the information encoded in spectra of galaxies. Indeed, SS can play
an important role in piecing back together the book detailing the formation and evolution even of the most
inconspicuous galaxy. This can be accomplished by creating synthetic spectra with empirically-founded
assumptions on, for example, the stellar initial mass function (IMF), star formation history (SFH) and
chemical evolution history (CEH), that can be compared to observations to recover galaxy properties.
Conversely, observed spectra can be directly decomposed into the fossil records of star-formation episodes
in order to estimate the SFH and CEH of a galaxy.

The main objective of this monograph is to provide an quantitative answer to the following question:
What is the relative impact of AGN and NE on the estimation of stellar properties of galaxies with
state-of-the-art SS? This question leads to important research topics in Modern Extragalactic Astronomy
and Astrophysics, with a particular focus on spectral modelling of galaxies with emission emitted by stars,
AGN and gas. This chapter recalls astrophysical concepts essential to this endeavour and briefly reviews
the state of the art on this subject. Section 1.1 introduces SS from an historical point of view, with its
two main approaches being presented in Subsections 1.1.1 and 1.1.2. Section 1.2 presents a summary of
the state of the art of SS regarding particularly optical-based studies of AGN and NE in Subsections 1.2.1
and 1.2.2, respectively. Finally Section 1.3 outlines the main structure and objectives of this thesis.

1.1 Spectral synthesis

The SFH and CEH of galaxies can be estimated either through direct or indirect methods. In the
former category falls, for instance, the spectral classification of stars by resolving stellar populations
in colour-magnitude diagrams (CMDs). However, the capabilities of current observing facilities and
instrumentation limit the applicability of this technique to the solar neighbourhood, a few Local Group
galaxies and its close vicinity (e.g. Sánchez-Blázquez et al. 2006). On the latter category is SS, which
allows the inference of different physical properties such as the SFH of a galaxy by decoding its spectrum
into the relative spectral contributions of its different stellar populations. Particular focus is given to the
second method in the following discussion.

The concept of viewing a galactic spectrum as a combination of stellar spectra came to be at the turn
of the twentieth century. Scheiner (1899) observed for the first time the striking similarity between the
optical spectrum of Great Andromeda Nebula and the solar spectrum. Öhman (1934) confirmed this
observation and noted that the Fraunhofer sodium doublet D1λ5896 & D2λ5890 Å of the nebula were
clearly stronger than those of the sun. This can now be interpreted as early evidence for the intrinsic
spectrophotometrical difference between individual stars and composite stellar populations.

However, extragalactic spectral synthesis studies also came into focus when Whipple (1935) analysed
photometric reductions of 38 galaxies in the Coma-Virgo cluster and formalised the idea of estimating the
relative contribution of different stellar spectral types from integrated light of a galaxy by comparing it to
standard stars located in the solar neighbourhood in a CMD. It would be Baade (1944a) who would put
this concept into practice by performing the photometric reduction of red exposures of M 32, NGC 205
and the central region of the Andromeda nebula and resolving the corresponding stellar populations on
an Hertzsprung-Russel diagram (Rosenberg 1910). Baade (1944b) then applied a similar methodology to
observations of NGC 147 and NGC 185, at the time newly found members of the Local Group of galaxies.

Morgan (1956) continued this trial-and-error approach of modelling by hand the relative contributions
of different stellar spectral types when analysing the integrated spectra of globular clusters. Moreover,
Wood (1966) used narrow-band photometry between 3400 and 7300 Å to study the stellar content of
20 galaxies by comparing their colours to those of 93 field stars. Although good agreement was found
for E to S0 galaxies, the computed mass-to-light (M/L) ratio values were found to be smaller than the
dynamic M/L values used to calibrate the synthesis. Moreover, results showed that all galaxies had
metal-to-hydrogen ratios similar to the Milky Way. These conclusions were later recognised to be due the
limitation in stellar diversity of performing SS using solely stars in the solar neighbourhood.

SS became common practice when evolutionary spectral synthesis and galactic chemical evolution
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were established by Tinsley (1968, 1972, 1980) and Tinsley & Gunn (1976). Major improvements over the
following decades lead to the transition from modelling techniques relying on fluxes, colours, equivalent
widths (EWs) of spectral absorption features and/or bandpasses (e.g. Faber 1972; Joly 1974; O’Connell
1976; Bica 1988) to a more optimal exploitation of spectral information with a full-spectrum modelling
approach (e.g. Cid Fernandes et al. 2005; Tojeiro et al. 2007; Koleva et al. 2009). The transition from
longslit and single-fiber to integral field unit (IFU) spectroscopy during the past decade proved also to be
an important step in the spatial distribution analysis of esssential galaxy physical properties (e.g. Sarzi
et al. 2006, 2010; Kehrig et al. 2012; Papaderos et al. 2013; Gomes et al. 2016a,b,c; Li et al. 2015; Belfiore
et al. 2016; Ibarra-Medel et al. 2016). Notwithstanding, the true potential of SS was revealed with the
dawn of large-scale surveys (e.g. SDSS, York et al. 2000; 2dFGRS, Colless et al. 2001; 6dFGRS, Jones
et al. 2004) and the more recent IFU-based surveys (e.g. SAURON, Bacon et al. 2001; CALIFA, Sánchez
et al. 2012; SAMI, Croom et al. 2012; MaNGA, Bundy et al. 2015), marking a perception shift of how SS
can be applied in Extragalactic Astronomy with optimal efficiency to recover in a reliable manner the
information encoded in the spectra of galaxies.

At the same time, it is important to consider that SS suffers from substantial limitations and poorly
quantified uncertainties (e.g. Conroy, Gunn & White 2009). For instance, only a few works have focused
on the particular task of accounting for the effects of dust (e.g. Charlot & Fall 2000), nebular (e.g.
Krüger, Fritze-v. Alvensleben & Loose 1995; Leitherer et al. 1999; Zackrisson et al. 2001; Anders &
Fritze-v. Alvensleben 2003; Garćıa-Vargas et al. 2013) or AGN emission to the optical spectra of galaxies
(e.g. Schmitt, Storchi-Bergmann & Cid Fernandes 1999; Cid Fernandes et al. 2004, Moultaka 2005). Indeed,
it is not yet fully clear the influence that these spectral components might have on the interpretation
of the SFH and other physical properties of galaxies using purely-stellar SS. Reviews by Walcher et al.
(2011), Conroy (2013) and Cerviño (2013) provide a detailed discussion of physical framework, historical
context, achievements and limitations of SS.

Extragalactic Astronomy saw around the 1970s the emergence of two seemingly divergent yet com-
plementary approaches for the estimation of the SFHs, CEHs and other physical properties of galaxies.
Among many terms, these methods are known as Evolutionary Spectral Synthesis (Subsection 1.1.1) and
Population Spectral Synthesis (Subsections 1.1.2). The following discussion addresses both approaches
by briefly describing the fundamental mathematical formulation behind each and by reviewing their
conception and development in an historical context.

1.1.1 Evolutionary spectral synthesis

Evolutionary spectral synthesis (ESS) allows for the inference of galaxy physical properties by comparing
spectrophotometric observables to evolutionary synthesis models. Synthetic photometry or spectroscopy is
created by considering empirically founded assumptions and/or ad hoc initial conditions on, for example,
the stellar IMF, star formation rate (SFR), gas mass fraction and stellar metallicity variations with time
(e.g. Tinsley 1968, 1972; Spinrad & Taylor 1972; Tinsley & Gunn 1976; Renzini 1981; Bruzual 1983;
Krüger, Fritze-v. Alvensleben & Loose 1995; Arimoto & Yoshii 1986, 1987; Charlot & Bruzual 1991; Fioc
& Rocca-Volmerange 1997; Vazdekis 1999; Leitherer et al. 1999; Bruzual & Charlot 2003; Le Borgne
et al. 2004; Vázquez & Leitherer 2005 Coelho et al. 2007; Kotulla et al. 2009; Mollá, Garćıa-Vargas &
Bressan 2009; Vazdekis et al. 2010; Coelho 2014; Röck et al. 2016). Evolutionary models can be compared
to observables, for instance, by applying Bayesian inference or a minimisation procedure such as the
minimum chi-squared χ2 estimation,

χ2 =
∑
λ

[(Oλ −Mλ) wλ] , (1.1)

where Oλ is the the spectral flux of the observed spectrum, Mλ is the spectral flux of the synthetic model
that closest matches Oλ, wλ is the inverse of the error of the observation and λ is the wavelength. The
synthetic model flux Mλ is usually created by linearly combining smaller building blocks such as spectra
of individually resolved stars or synthetic simple/single stellar populations, the later being an important
ingredient in current SS of galaxies.

The term simple stellar population (SSP) introduced by Renzini (1981) refers to a coeval and chemically
homogenous group of stars formed from an instantaneous burst. There are two main approaches to create
SSPs, which mainly differ in their post-main sequence treatment: (a) isochrone synthesis (Chiosi, Bertelli
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& Bressan 1988; Maeder & Meynet 1988; Charlot & Bruzual 1991) computes the stellar population flux
by assuming an IMF and integrating the flux contributions of the individual stars along an isochrone
within a given mass range, usually up to the end of the early asymptomatic giant branch, with later stages
like the thermally-pulsing of the asymptotic giant branch (AGB) being described by individual recipes
(e.g. Bruzual & Charlot 2003; Vazdekis et al. 2010), and (b) fuel consumption (Renzini & Buzzoni 1986;
Buzzoni 1989; Maraston 1998) uses the so-called fuel variable, which is the amount of hydrogen and/or
helium available for nuclear burning, to track the number of post-main sequence stars with similar ages
and chemical compositions (e.g. Maraston 2005).

Assuming the isochrone synthesis as an illustrative case, the spectral evolution of a stellar population
F SSP
λ (t, Z) of age t and metallicity Z can be determined by assuming an IMF Φ(m) (e.g. Salpeter 1955;

Kroupa 2001; Chabrier 2003) and integrating the stellar spectra along an isochrone of age t,

F SSP
λ (t, Z) =

∫ mup

mlow

Φ(m) F ?λ (m, t, Z) dm, (1.2)

where mlow and mup are the mass lower and upper limits, respectively, and F ?? (m, t, Z) is the spectrum
of a star with zero-age main sequence mass m. The flux of a composite stellar population (CSP) FCSP

λ (t)
representing the overall stellar content of a galaxy of age t can then be computed by linearly combining
SSPs of different ages and metallicities weighted by the SFR Ψ(t) = dM?/dt,

FCSP
λ (t, Z) =

∫ t

0

Ψ(t− t′) F SSP
λ (λ, t′, Z) dt′, (1.3)

where F SSP(λ, t′, Z) represents the SSP spectral library as a function of the wavelength λ, age t′ and
metallicity Z. Kotulla et al. (2009) provides a schematic yet detailed overview of the determination of SPS
and CSP models. Additional terms can be added to Equation 1.3 to include additional galaxy spectral
components (e.g. nebular and AGN emission).

The inception of ESS can be traced to works such as Tinsley (1968, 1972), Spinrad & Taylor (1972)
and Tinsley & Gunn (1976). For instance, Tinsley (1968) constructed evolutionary histories of galaxies
by regulating two main parameters: the initial rate of gas consumption during stellar formation and the
birth rate of very low-mass stars. The resulting synthetic galaxies were compared to local galaxies with
respect to colours, M/L ratios, relative mass of gas and stellar spectral types contributing to the light.
It was found a reasonably good match between the evolutionary models and observations of different
types of galaxies according to the morphological classification proposed by Hubble 1926 and expanded by
de Vaucouleurs (1959). Subsequent works such as Renzini (1981) and Bruzual (1983) introduced more
sophisticated methods to account for different stellar evolutionary stages using improved stellar theory
and observations. Tinsley (1980) provides a comprehensive review of the essential formalism of ESS.

Different efforts have been carried out in order to present a clear and consistent picture of galaxy
formation and evolution by analysing different galaxy constituents and properties. For example, Krüger,
Fritze-v. Alvensleben & Loose (1995) compared optical and infrared photometric bands of evolutionary
spectral energy distribution (SED) models including nebular continuum and emission-lines with local
blue compact dwarfs. It was shown that NE plays an important role in describing the photometric
observables of starburst galaxies such as the observed dwarf galaxies. Moreover, Fioc & Rocca-Volmerange
(1997) presented spectrophotometric evolutionary models with NE covering the ultraviolet (UV) to the
near-infrared (NIR) range from 220 Å up to 5 µm for both starburst and evolved galaxies. One of the
innovations of this study was the extension of evolutionary models to the NIR and inclusion of stellar
tracks extending to the thermally-pulsing AGB and post-AGB evolutionary phases, which are particular
relevant to the production of ionising photons in old stellar populations. Moreover, Leitherer et al. (1999)
presented an approach of including the most significant evolutionary stages of massive stars and produced
synthetic SEDs covering the important 106–109 yr stellar evolutionary stages for five metallicities in the
Z = 0.001–0.04 range. As to be expected, it was found that the stellar content of starburst galaxies are
mainly composed of young and metal-poor stellar populations.

The progress made on stellar evolution and stellar observations led Bruzual & Charlot (2003) (hereafter
BC2003) to become one of the most well-known ESS efforts in the last decades. BC2003 presented SSP
evolutionary models with ages between 0.1 Myr and 20 Gyr for six metallicities (Z = 0.0001, 0.0004, 0.004,
0.008, 0.02 and 0.05, with Z� = 0.02) covering the electromagnetic spectral range of 91–160000 Å with a
∼3 Å resolution at full width half maximum (FWHM) between 3200 and 9500 Å. The evolutionary models
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are based on the theoretical BaSeL (Bessell et al. 1989, 1991; Fluks et al. 1994; Allard & Hauschildt 1995;
Rauch 2002), observational STELIB (Le Borgne et al. 2003) and observational Pickles (Fanelli et al. 1992;
Pickles 1998) stellar spectral libraries which cover the wavelength ranges 91–1600000 Å, 3200–9500 Å and
1205–25000 Å with median resolving powers of 300, 2000 and 500, respectively. Moreover, BC2003 adopted
Salpeter (1955) and Chabrier (2003) IMFs with stellar masses in the range m ∈ [0.01–100] M� and stellar
tracks models from the Padova (Alongi et al. 1993; Bressan et al. 1993; Fagotto et al. 1994a,b; Girardi et al.
1996, 2000) and the Geneva groups (Schaller et al. 1992; Charbonnel et al. 1996, 1999). The evolutionary
tracks were complemented with models of both thermally-pulsing AGB and post-AGB stellar evolutionary
phases to grant a wide metallicity coverage and good treatment of the most important post-main sequence
evolutionary phases. BC2003 showed these models to be able to reproduce typical galaxy spectra in
the Early Data Release of the SDSS (Stoughton et al. 2002). These and similar evolutionary models
(e.g. Maraston 2005; Vazdekis et al. 2010) proved particularly impactful in studies of the mass-assembly
history of large samples of galaxies in the optical (e.g. Kauffmann et al. 2003a,b,c; Heavens et al. 2004;
Brinchmann et al. 2004; Tremonti et al. 2004) and in high-redshift studies by providing physical constraints
to the first galaxies formed in the universe (e.g. Schaerer & Pelló 2005; Schaerer & de Barros 2009).

Some of the most cited ESS codes and groups are: PÉGASE (Fioc & Rocca-Volmerange 1997; Le
Borgne et al. 2004); GALEV (Krüger, Fritze-v. Alvensleben & Loose 1995; Anders et al. 2004; Kotulla
et al. 2009); Starburst99 (Leitherer et al. 1999, 2010; Vázquez & Leitherer 2005); YGDRASIL (Zackrisson
et al. 2001); GALAXEV (BC2003); Maraston (Maraston 2005); MILES (Vazdekis et al. 2010; Röck et al.
2016); Coelho (Coelho et al. 2007; Coelho 2014), and PopStar (Mollá, Garćıa-Vargas & Bressan 2009).

1.1.2 Population spectral synthesis

Population spectral synthesis (PSS) aims to estimate the SFH, CEH and other properties of a galaxy
by decomposing its spectrum into building blocks such as SSPs and other spectral constituents (e.g.
Spinrad & Taylor 1971; Faber 1972; Joly 1974; O’Connell 1976; Bica 1988; Schmidt, Bica & Dottori 1989;
O’Connell 1996; Pelat 1997, 1998; Heavens, Jimenez & Lahav 2000; Cid Fernandes et al. 2005; Ocvirk
et al. 2006a,b; Tojeiro et al. 2007; MacArthur, González & Courteau 2009; Koleva et al. 2009). Equation
1.1 can be rewritten so that an observed continuum is decomposed into elemental spectral components
such as SSPs by finding a best-fit synthetic model that minimises χ2 in,

χ2(~x,Mλ0
, AV , v?, σ?, θ) =

∑
λ

[(Oλ −Mλ)wλ] , (1.4)

where ~x is the population vector representing either light or mass fractional contributions to the total
synthetic flux at the normalisation wavelength λ0 of each ith SSP base element, with i ∈ [1, ..., N?] and N?
being the number of elements in the base, Mλ0 is the synthetic flux at λ0, AV is the V-band extinction, v?
and σ? are the stellar shift and broadening velocities, respectively, and θ represents potential non-stellar
variables. In the case of a purely-stellar spectral decomposition, the reconstruction of the model Mλ can
be interpreted as the age- and metallicity-dating of fossil records of star formation episodes encoded in
the spectrum Oλ.

The synthetic spectrum Mλ can be explicitly written as a linear combination of N? SSPs as,

Mλ(~x,Mλ0 , AV , v?, σ?, θ) = Mλ0

[
N?∑
i=1

xi Fλ,i rλ

]
⊗G(v?, σ?) + Θλ, (1.5)

where xi is the fractional contribution in either stellar light or mass of the ith base element in ~x =
∑N?
i=1 xi,

Fλ,i is the flux of the ith element normalised at the λ0 monochromatic flux, rλ = 10−0.4(Aλ−Aλ,0) is the
reddening term and Aλ the extinction at λ, G(v?, σ?) is a Gaussian function representing a stellar velocity
distribution centred at v? and broadened by σ?, and Θλ is a generic term representing other potential
spectral components (e.g. AGN, NE). Both Equations 1.4 and 1.5 illustrate the fact that the estimated
SFH and CEH are a discretised version of their true functions, since star formation episodes are interpreted
as single bursts of star formation of different ages and metallicities.

The inception of PSS can be traced to works such as Spinrad & Taylor (1971), Faber (1972), Joly
(1974) and O’Connell (1976). For instance, Faber (1972) introduced a quadratic programming technique
to decompose the integrated colours of M 31, M32 and M 81 galaxies into stellar population components
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and estimated the mean absorption-line strengths, stellar population ages, luminosity function and M/L
ratios. Moreover, Joly (1974) compared EW measurements from the central region of M 31 to a sample
of solar neighbourhood stars classified according to their spectral type, luminosity class and metallicity.
Among other results, it was shown that the central region of M 31 is composed of super metal-rich stars,
a dwarf enriched main sequence and hot stars, thus implying a continuous star formation. Early PSS
studies also showed that it is possible to decompose galaxy observables into spectrophotometric properties
of resolved stars or stellar clusters (e.g. Bica 1988; Schmidt, Bica & Dottori 1989) in order to avoid
assuming any particular scenario for the formation of the stellar populations (e.g. IMF, evolutionary
tracks). However, this method was discontinued due to hard-to-quantify degeneracies related to the
observed age and metallicity diversity of resolved stellar clusters.

PSS has proven particularly impactful in the analysis of large samples of galaxies (e.g. Kauffmann et al.
2003a,b,c; Heavens et al. 2004; Tremonti et al. 2004). For instance, Kauffmann et al. (2003a) analysed 105

galaxies from the SDSS data release (DR) 1 (Abazajian et al. 2003) and presented a method to estimate
the SFH of galaxies based on two stellar absorption line features: the 4000 Å break strength D4000 and
the Balmer absorption-line index HδA. It was shown that the combined use of the two indices provides
constraints on the mean age of the stellar population of a galaxy and on stellar mass fractions formed in
recent bursts. Among other results, it was found that the integrated SFR sharply decreases with decreasing
redshift (Madau et al. 1996). Kauffmann et al. (2003b) then showed that, on the one hand, low-mass
galaxies have low values of D4000 and high values of HδA, indicating young stellar populations are more
numerous, and that, one the other hand, high-mass galaxies have high values of D4000 and low values of
HδA, suggesting that old stellar populations dominate in terms of light contribution. This result is also
known as galaxy downsizing (Cowie et al. 1996). Heavens et al. (2004) used MOPED (Heavens, Jimenez
& Lahav 2000) to also analyse spectra of SDSS DR 1 galaxies (Abazajian et al. 2003) and concluded
that the SFH of the universe peaked at z ∼ 1, also founding evidence indicating that massive galaxies
have their star formation peak earlier than low massive galaxies, in agreement with the downsizing effect
(Cowie et al. 1996; Cimatti, Daddi & Renzini 2006).

Despite its success, PSS was plagued in its first years by severe limitations such as the use of arbitrarily
and unquantified assumptions and inherent degeneracies between the adopted models (e.g. O’Connell
1996; Pelat 1997, 1998). Pelat (1998) tackled the so-called uniqueness of solution algebraic problem (e.g.
Wood 1966) arising when there were less EWs of absorption lines to synthesise than stars in the data base,
meaning less observables than degrees of freedom. It was shown that the existence of a solution does not
guarantee its uniqueness, although an approximation to it can in principle be made. Moreover, treatment
of noise data and degeneracies between adopted evolutionary models (e.g. Faber 1972; Worthey 1994)
are examples of important limitations of current PSS. Some of these issues were tackled and partially
solved with the refinement of the mathematical approach to the synthesis problem (e.g. Pelat 1997, 1998;
Worthey 1994), the advent of intermediate to high-resolution evolutionary models (e.g. BC2003; Vazdekis
et al. 2010) and introduction of self-consistent and robust codes (e.g. Cid Fernandes et al. 2005; Tojeiro
et al. 2007).

Some of the most cited PSS codes have slightly different goals: MOPED uses a lossless data compression
method to increase computational speed (Heavens, Jimenez & Lahav 2000; Reichardt et al. 2001);
Starlight applies a full-spectrum modelling approach combined with a mixture of Metropolis algorithm
and simulated annealing to explore the parameter space (Cid Fernandes et al. 2005, hereafter CF2005);
STECMAP/STECKMAP applies least squares while keeping stable the inversion method and applying an
optimal regularisation (Ocvirk et al. 2006a,b); VESPA aims at maximum robustness of derived parameters
(Tojeiro et al. 2007, 2009); POPSYNTH simultaneous retrieves stellar population and kinematic profiles
(MacArthur et al. 2009), and ULySS determines stellar atmospheric parameters and reconstructs the
SFHs of galaxies (Koleva et al. 2009).

1.2 State of the art

The often interchangeably use of PSS and ESS may lead to the incorrect assumption that these SS
approaches are conceptually similar. In part, this is due to the fact that PSS relies largely on advances
made in ESS results such as SSPs to quantify its robustness in recovering physical properties from galaxy
observables. For instance, there are studies that apply both SS approaches to quantify the degree of
confidence with which stellar properties are determined with PSS (e.g. Goerdt & Kollatschny 1998; Cid
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Fernandes et al. 2005). However, it is important to bare in mind that the most important distinction
between ESS and PSS is their parametric and non-parametric nature, respectively. Indeed, in ESS is
assumed a specific SFH analytical form, whereas this is not often the case in PSS.

Albeit significant improvements made in SS throughout the years, poorly explored uncertainties and
overlooked spectral ingredients (e.g. AGN emission in active galaxies, NE in star-forming galaxies)
can hinder the study of physical properties of galaxies. One of these shortcomings is known as the
age-metallicity degeneracy that arises from the inability of distinguishing between metal-rich and young
galactic spectra from metal-poor and old ones, and vice versa (e.g. Faber 1972; Worthey 1994). Moreover,
the disentanglement of the interplay between the SFH, gas excitation mechanisms and stellar kinematics
in PSS has not yet been carried out in a comprehensive manner (e.g. Pelat 1997, 1998). A strategy often
adopted to overcome these degeneracies is to perform statistical analysis with large data sets and advanced
computational methods, such as Monte Carlo simulations (e.g. Cid Fernandes et al. 2005) or Bayesian
inference, in order to reduce possible systematic biases inherent to the current SS physical framework.
One of the main objectives of this work is to quantify some of these limitations with the intension of
providing a critical assessment of current SS.

For instance, an interesting and not fully explored application of SS is to galaxies with light contributions
of non-stellar origin. Several studies have addressed the importance of modelling dust absorption and
emission (e.g. Silva et al. 1998; Draine 2003), AGN emission (e.g. Bon, Popović & Bon 2014; Hayward
& Smith 2015; Ciesla et al. 2015) and the NE that rises from reprocessing of stellar light by the gas in
interstellar medium (e.g. Zackrisson, Bergvall & Leitet 2008; Schaerer & de Barros 2009; Mart́ın-Manjón
et al. 2010; Garćıa-Vargas, Mollá & Mart́ın-Manjón 2013). The following discussion briefly describes how
AGN (Subsection 1.2.1) and NE (Subsection 1.2.2) spectral contributions modify the observed spectrum
of a galaxy and how they might impact the estimated stellar population properties.

1.2.1 AGN emission

The physical mechanism responsible for AGN activity in the majority of massive galaxies is thought
to be a matter-accreting super massive black hole (SMBH) at the centre of its host galaxy (Kormendy
& Richstone 1995; Richstone et al. 1998). The SMBH has a typical mass of M• = 106–1010M� and a
diameter comparable to that of the solar system (Lynden-Bell 1969). AGN are particular interesting
astrophysical objects since they emit across the whole electromagnetic spectrum at high bolometric
luminosities (1044–1048 erg s−1). The current favoured unification model proposes that the different AGN
types are intrinsically the same and that differences between each are mainly due to the inclination angle
between the line-of-sight of the observer and the plane of accretion onto the SMBH (Antonucci 1993;
Urry & Padovani 1995). From the different types of AGN, Seyfert galaxies (Seyfert 1943) are the most
common in the local universe and can be broadly classified as Type 1 or Type2, depending on whether
they display, in addition to narrow-line emission, signs or not of broad-line emission, respectively. The
study of AGN phenomenology is particular relevant given results mounting over the last decades that
indicate a co-evolution between galaxies and their SMBHs, as reviewed by Heckman & Best (2014).

Evidence suggests that the AGN optical continuum might result from the combined effect of synchrotron
radiation predominately detected in radio and the blackbody radiation peaking in the UV due to the
accretion disk feeding the SMBH (O’Dell 1986). The UV-to-NIR featureless continuum (FC) rising from
the accretion disk in a AGN, such as Seyfert galaxies, is usually parameterised by a power-law (PL)
as Fν ∝ ν−α (e.g. Koski 1978; Veilleux & Osterbrock 1987; Mathews & Ferland 1987; Heckman 1980;
Kauffmann et al. 2003c; Cid Fernandes et al. 2004; Hao et al. 2013). The relative contribution of the
AGN FC to the spectra of galaxies as been topic of debate for several decades (e.g. Koski 1978; Ho,
Filippenko & Sargent 1995; Ho, Filippenko & Sargent 1997; Cid Fernandes, Storchi-Bergmann & Schmitt
1998; Storchi-Bergmann et al. 1998; Schmitt, Storchi-Bergmann & Cid Fernandes 1999; Eracleous &
Halpern 2001; Ho, Filippenko & Sargent 2003; Cid Fernandes et al. 2004; Garcia-Rissmann et al. 2005;
Ho 2008; Vega et al. 2009). However, only recently first attempts were made to examine the impact of
AGN radiation to the estimation of other physical properties (e.g. Bon et al. 2014 Hayward & Smith
2015; Ciesla et al. 2015).

On the one hand, Bon, Popović & Bon (2014) created 7000 integrated synthetic spectra of Seyfert 2
galaxies and used ULySS (Koleva et al., 2009) to estimate the contribution of the stellar and PL spectral
components. This work showed that stellar populations are well estimated when the signal-to-noise (S/N)
ratio is higher than 20 and the stellar contribution to the total flux is higher than 10%. On the other hand,
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Hayward & Smith (2015) used hydrodynamical simulations and radiative transfer to test SED modelling
in the recovery of physical parameters (e.g. V-band extinction, stellar mass, dust luminosity and mass,
SFR). It was applied the SED modelling code magphys (da Cunha, Charlot & Elbaz 2008) to synthetic
SEDs between the UV and millimetre and it was found that most physical parameters are overall well
recovered. However, major merger simulations revealed that AGN contamination leads to a stellar mass
overestimation no more than ∼0.03 dex shortly after starburst peaks induced by first pericentric passage
and final coalescence.

Meanwhile, Ciesla et al. (2015) investigated properties of galaxies hosting an AGN by performing SED
modelling between the UV and submillimetre with cigale (Noll et al. 2009) of synthetic SEDs of active
galaxies based on the semi-analytic galaxy formation model galform (Cole et al. 2000). Results showed
that the exclusion of AGN models in the fit can lead to the overestimation of the stellar mass by up to
∼150% and the SFR by up to ∼300%, depending of AGN spectral type and SFH. Both overestimations
increase with the AGN overall contribution to the total infrared luminosity xIR

AGN. Moreover, the inclusion
of AGN templates in the fit can still lead to the overestimation of the AGN light fraction up to ∼100%,
depending on the AGN spectral shape and xIR

AGN. On the one hand, the recovered AGN light fraction
tends to its true value with increasing xIR

AGN. On the other hand, the estimated mass and SFR show
uncertainties up to ∼40% (∼0.15 dex) and ∼40–50 %, respectively, depending on the AGN spectral shape
and xIR

AGN.
These results highlight the importance of accounting for an AGN spectral contribution when applying

SS to estimate, for instance, the SFH of active galaxies. However, it is important to bare in mind that the
impact of the AGN continuum on the estimation of other physical properties (e.g. stellar mass, mean age
and mean metallicity) with full-spectrum PSS is still poorly understood.

1.2.2 Nebular emission

NE is composed of recombination lines of hydrogen H and helium He, continuum emission due to free-free,
free-bound and two photon emission, collisional-line emission and other emission-line mechanisms, such
as, resonance-fluorescence and di-electronic recombination (e.g. Osterbrock 1989; Osterbrock & Ferland
2006). Some of the most prominent physical structures in galaxies associated with this type of emission
are planetary nebulae or supernovae marking the life of low-mass (0.8 < M? < 8 M�) and high-mass
stars (M? > 8 M�), respectively, HII regions (HIIRs) enveloping recently formed stellar populations
and narrow- or broad-line regions (NLR and BLR, respectively) surrounding the innermost regions of
an AGN. The treatment of NE in SS can be a quiet complex task. Simplified assumptions such as case
B recombination theory (Osterbrock 1989; Osterbrock & Ferland 2006) are considered in several ESS
codes (e.g. Krüger, Fritze-v. Alvensleben & Loose 1995; Fioc & Rocca-Volmerange 1997, 1999; Leitherer
et al. 1999; Mollá et al. 2009). Moreover, several photoionisation codes allow a detailed description of the
physical state of the gas (e.g. MAPPINGS III, Sutherland & Dopita 1993; Cloudy, Ferland et al. 1998)
that enable the creation of evolutionary models with a more realistic description of NE (e.g. Zackrisson
et al. 2001, 2008; Mart́ın-Manjón et al. 2010).

Studies of NE in galaxies were greatly aided when Baldwin, Phillips & Terlevich (1981) introduced the
concept of using the emission-line flux ratios [NII]λ6583/Hαλ6563 and [OIII]λ5007/Hβλ4861 (hereafter
BPT1981 diagram) in order to characterise the nature of the radiative sources responsible for ionising
ISM gas. This tool relies on the fact that the ionising spectrum of an AGN is orders of magnitude harder
than that produced by stars. The emission-line ratios can then be compared to models, for instance,
of interstellar gas excitation by AGN, young and massive stars (e.g. Ferland et al. 1998; Kewley et al.
2001) or shocks (e.g. Dopita & Sutherland 1995, 1996) in order to characterise its main excitation source.
Veilleux & Osterbrock (1987) expanded this concept by introducing two more diagnostic tools based on the
line ratios [SII]λλ6717,6731/Hα and [OI]λ6300/Hα also coupled with [OIII]λ5007/Hβ (hereafter VO1987
diagrams). One of the key features of all of these diagnostics is that they are based on easily-measurable
optical emission lines with small wavelength separations in order to minimise reddening effects. These
tools have been extensively used to help distinguish between different excitation sources in a wide range
of galaxy studies (e.g. Kauffmann et al. 2003c; Stasińska et al. 2006, 2008; Kehrig et al. 2012; Meléndez
et al. 2014; McElroy et al. 2015).

Several studies throughout the years have shown the fundamental role of NE to optical continuum
of star-forming and active galaxies. In particular, models have shown that nebular continuum and
emission-lines can account up to ∼60 percent of the monochromatic luminosity at ∼5000 Å in AGN and
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starburst galaxies (e.g. Papaderos et al. 1998; Zackrisson, Bergvall & Leitet 2008; Papaderos & Östlin
2012) and in optical broadband photometry, specially at low metallicities (Anders & Fritze-v. Alvensleben
2003. Krüger, Fritze-v. Alvensleben & Loose (1995) found that emission lines can contribute up to ∼45%
to optical broadband photometry and that nebular continuum alone can account for up to ∼10 and 30%
of the total optical and NIR emission, respectively. Moreover, Mart́ın-Manjón et al. (2010) showed by
comparing SEDs with and without NE that the the inferred mass of young star clusters can vary up to a
factor ∼2.5. More recently, Pacifici et al. (2015) found that that SFRs can be be overestimated by up
∼0.12 dex if nebular emission is neglected in SED modelling.

Another important issue with current SS studies has to do with the impact that NE has on the
estimation of the SFH and other physical properties of galaxies. Such exercise becomes particularly
important considering that most PSS codes were conceived without taking into consideration NE as an
physical ingredient (e.g. Heavens, Jimenez & Lahav 2000; Cid Fernandes et al. 2005; Tojeiro et al. 2007;
MacArthur et al. 2009; Koleva et al. 2009), even though most of these are often applied to star-forming
and/or active galaxies.

1.3 Thesis

This monograph presents a quantitative assessment of the impact of AGN and NE on the estimation of
stellar properties of galaxies with state-of-the-art SS. This is accomplished by applying a combination of
ESS and PSS ingredients to study potential biases and trends on the estimated stellar populations (e.g.
SFH, total mass, mean age, mean metallicity) using synthetic optical spectra of galaxies. This work is
organised as follows.

Chapter 2 describes the creation of a library of synthetic CSPs for different SFHs aiming to reproduce
different Hubble-type galaxies. These synthetic spectra were subsequently fitted with a state-of-the-art
PSS to the recover the main stellar properties by decomposing the spectrum into fossil records of star
formation episodes. The analysis is focused on the impact that variations on the adopted base library
and SFH have on the estimated physical properties. The found results provide valuable insight to the
application of PSS to purely-stellar spectra that can be transposed when modelling, for instance, galaxies
without evident non-stellar spectral signatures.

Chapter 3 investigates the impact of an AGN spectral component in recovering stellar information
from synthetic active galaxies. This library of synthetic spectra was created by adding a simple AGN FC
model to the CSPs presented in Chapter 2. PSS was then applied to these spectra considering different
approaches for the handling of the AGN component. A quantitative AGN detection threshold is proposed
by analysing how a PSS code discriminates between the blue and red continua of an AGN and an evolved
CSP, respectively, in a galaxy leaking its Lyman-continuum radiation. A subsequent analysis of the PSS
results of synthetic active galaxies with different SFHs provides powerful constraints to the viability of
PSS to large samples of galaxies harbouring an AGN.

Chapter 4 explores the impact of NE originating from stellar and AGN photoionisation on the estimation
of the main stellar population properties. HIIR and NLR simulations are computed with a state-of-the-art
photoionisation code employing empirical- and theoretical-founded assumptions on the physical conditions
of the two types of nebulae. PSS is first applied to the synthetic spectra of HIIRs to isolate the impact
of NE due to photoionisation of solely starlight on the main stellar population properties. Afterwards,
PSS is applied to models containing stellar, AGN and NE in order to analyse the combined effect and
potential degeneracies between the different spectral components on the estimation of the the same
physical quantities. Finally, a conceptional overview and demonstration of the capabilities of the PSS
code Fado show the importance of a self-consistent computation of NE to a robust estimation of SFH
and CEH of star-forming galaxies.

Finally, Chapter 5 summarises the main results of this study by drawing its main implications to the
interpretation of stellar population properties of star-forming and/or active galaxies with SS. This is
particular timely at the dawn of IFU spectroscopy, which enables a more detailed analysis of the physical
structures and processes responsible for the formation and evolution of galaxies.
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2
Purely-stellar galaxy models

Purely-stellar synthetic spectra of galaxies were created with the ESS code Rebetiko. These models aim
to reproduce the spectral evolution of different Hubble-type galaxies on the basis of simply analytical
functions of their SFR as a function of time. The synthetic spectra were used to evaluate the robustness
and reliability of state-of-the-art PSS codes in determining fundamental stellar population properties (e.g.
mass, mean age and mean metallicity) from synthetic galaxy spectra. The analysis was focused on the
effect of the adopted SSP base library and the assumed SFH on the estimated physical properties.

This chapter is organised as follows. Section 2.1 presents the ESS code Rebetiko used to create a
library of purely-stellar synthetic galaxy spectra covering a wide range of SFHs in Section 2.2. Section
2.3 describes the spectral modelling of the synthetic spectra with a state-of-the-art PSS code. On the
one hand, Subsection 2.3.1 explores the impact that different SSP base libraries used in PSS have on the
estimated stellar population properties. On the other hand, Subsection 2.3.2 focuses on the influence that
the assumed SFH has on the synthesis results.

2.1 ESS code Rebetiko

The ESS code Reckoning galaxy Emission By means of Evolutionary Tasks with Input Key Observables
(Rebetiko, Papaderos & Gomes in prep.) computes synthetic spectra of galaxies including both stellar
and NE (continuum and lines) arising through the reprocessed ionising UV flux of stars. The spectral
evolution of a galaxy can be expressed as,

Fλ(t, Z) =

∫ t

0

Ψ(t− t′) F SSP
λ (t′, Z) dt′ +

γeff(Te)

αB(Te)

∫ t

0

Ψ(t− t′) qSSP(t′, Z) dt′. (2.1)

The first integral represents the sum of the SSP spectra F SSP
λ of age t and metallicity Z weighted

by the SFR Ψ(t) = dM?/dt. The second integral represents the nebular continuum determined by
multiplying the number of stellar ionising photons (λ ≤ 911.76 Å or E ≥ 13.6 eV) represented by the

term
∫ t

0
qSSP(t′, Z) dt′ by the SFR and the ratio between the effective continuous emission coefficient γeff

and the case B recombination coefficient αB. In particular, the nebular continuum is computed on the
assumption of case B recombination under typical HIIRs physical conditions, such as, low electron density
(ne ≤ 100 cm−3) and an average electron temperature of Te = 104 K (Osterbrock 1989; Osterbrock &
Ferland 2006). Moreover, γeff is computed following the standard procedure of combining the contribution
from hydrogen H and helium He atoms, which depends on the 2-photon (Nussbaumer & Schmutz 1984),
free-free and free-bound (Brown & Mathews 1970) emission. It is worth noting that other species do not
significantly contribute to the continuum emission and can be neglected (Brown & Mathews 1970 for a
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full discussion). The γeff coefficient can be expressed as,

γeff = γ(HI) + γ(2q) +
n(He+)

n(H+)
γ(HeI) +

n(He++)

n(H+)
γ(HeII), (2.2)

where γ(HI), γ(HeI) and γ(HeII) are the total emission coefficients of HI, HeI and HeII taking into account
free-free and free-bound emission processes, γ(2q) is the 2-photon emission coefficient and n(H+), n(He+)
and n(He++) are the densities of Hydrogen once ionised, Helium once ionised and Helium twice ionised,
respectively. The total recombination coefficient αB(Te = 10000 K) = 2.59 × 10−13 cm3 s−1 follows
Osterbrock & Ferland (2006). Finally, the H emission-lines fluxes are computed considering different
electron temperatures and densities (Hummer & Storey 1987) and the UV ionising output from the stellar
populations (Zanstra 1961) for radiation-bounded HIIRs. Line fluxes from heavier elements are computed
assuming the semi-empirical calibration from Anders & Fritze-v. Alvensleben (2003) as a function of
the nebular metallicity normalised to Hβ. A discretised version of Equation 2.1 suitable for numerical
implementation can be written as,

Fλ(t, 〈Z〉) ≈
∑
i

∆M(t− ti)F SSP
λ [ti, Z(t− ti)] +

γeff(Te)

αB(Te)

∑
i

∆M(t− ti) qSSP [ti, Z(t− ti)] , (2.3)

assuming small steps in time ∆t′ and Ψ(t) = dM(t′)/dt ≈ ∆M(ti)/∆ti.

The SFR function Ψ(t) in Equation 2.1 describes how the gas mass is converted into stars throughout
time and aims to approximate the SFH of different Hubble-type galaxies (Hubble 1926; de Vaucouleurs
1959). It is expected that environmental effects, such as galaxy harassment and mergers, combined with
secular evolution processes of star formation might lead to highly stochastic SFHs of galaxies residing in
high-density environments (e.g. galaxy clusters and their periphery). The stochastic nature of SFH is
indeed suggested by semi-analytic (e.g. Quillen & Bland-Hawthorn 2008) and hydrodynamical simulations
(e.g. Boquien, Buat & Perret 2014). Since the true SFHs of galaxies in these environments can be of
considerable complexity to be modelled, it is common practice to assume simple analytical formulae for
the evolution of their SFR with time (e.g. Fioc & Rocca-Volmerange 1997; Gavazzi et al. 2002; Kotulla
et al. 2009).

Figure 2.1.1 illustrates the SFR functions adopted in this work that aim to represent in a simple
parametric form the spectral evolution of galaxies of different Hubble types. The SFR allows Rebetiko
to keep track at each evolutionary time step of the relative contribution of the SSPs composing a given
CSP at the evolutionary stage t. The adopted functions normalised to total stellar mass M?=1 at t=15
Gyr can be broadly classified as:

• Exponentially declining : Ψ(t) = Ψ0e
−t/τ , where Ψ0 is the initial SFR value and τ is the e-folding

timescale regulating the sharpness of the decline. This form is commonly used to describe the SFH
of most Hubble types (e.g. Fioc & Rocca-Volmerange 1997; BC2003; Kotulla et al. 2009; Serra
et al. 2011) and tends to a continuous star formation when τ →∞ and to an instantaneous burst
when τ → 0. These limits are thought to adequately represent the formation history of stellar
populations in galactic disks and bulges, respectively. This analytical form is physically motivated
by the Kennicutt-Schmidt law (Schmidt 1959; Kennicutt 1989), which assumes that the SFR per
unit area is proportional to a power of the local H gas surface density. Functions with τ = 0.001
(TAU1), 1 (TAU2) and 3 Gyr (TAU3) are represented in Figure 2.1.1 by the magenta, red and orange
lines, respectively;
• Continuous : Ψ(t) = Ψ0, where Ψ0 is the initial and constant SFR value. A continuous SFR function

is usually assumed in disk galaxy models (e.g. Kotulla et al. 2009). A continuous SFR (CONT) is
represented in 2.1.1 by the green line;

• Delayed : Ψ(t) = Ψ0δ
4e−t/γ

[
1− e−(t/γ)3

]
, where γ = 1/(

√
2π× δ), Ψ0 is the initial SFR value and δ

defines the cosmic time of the burst (Papaderos & Gomes in prep.). This analytical form is based on
a function proposed by Papaderos et al. (1996) to fit the surface brightness profiles of BCD galaxies
that show a flattening at the central core. This function has been proposed to explain, for instance,
the delayed negative feedback from both star formation or an AGN (Quillen & Bland-Hawthorn
2008) on star formation with cosmic time. Functions with δ = 0.1 (DEL1), 0.3 (DEL2), 0.5 (DEL3), 0.7
(DEL4) and 1 (DEL5), corresponding to SFR peaks at z ∼ 1.3, 2.8, 3.9 5.9 and 9.8, are represented by
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Figure 2.1.1: SFHs adopted with the ESS code Rebetiko to assemble a library of CSPs for different
Hubble-type galaxies. Red, green and blues lines represent exponentially declining, continuous and delayed
SFHs, respectively.

dark blue to cyan lines, respectively.

Rebetiko also computes for each SFH the time evolution of several quantities of interest, such
as: (a) the SFR in units of M� yr−1 and the specific SFR defined as sSFR ≡ SFR/M? in units of
yr−1; (b) the recent SFR inferred from the Hα luminosity L(Hα) following the semi-empirical expression
SFR = 7.93× 10−42 L(Hα) erg s−1 for solar metallicity (Kennicutt 1998); (c) the currently available total
stellar mass M? in units of solar mass M�, which is the stellar mass after correcting for the returned mass
fraction to the ISM by stellar winds and supernovae; (d) the light- and mass-weighted mean stellar ages
〈log t?〉L,M and metallicities log〈Z?〉L,M ; (e) the luminosities and EWs of H emission-lines, such as, the
Hα and Hβ Balmer lines, assuming case B recombination and radiation-bounded HIIRs; (f) the D4000
defined as the ratio of the integrated flux within 4000–4100 Å and 3850–3950 Å narrowbands (Balogh
et al. 1999); (g) a measure of the Balmer jump BJ = I (3646−) /I (3646+), with I(3646−) and I(3646+)
denoting the mean flux within a window of 100 Å bluewards and redwards of 3646 Å, respectively; (h) the
absorption Lick/IDS indices that are commonly used as tracers of age and metallicity of stellar populations:
HδA, HδF , CN1, CN2, Ca4227, G4300, HγA, HγF , Fe4383, Ca4455, Fe4531, C24668, Hβ, Fe5015, Mg1,
Mg2, Mgb, Fe5270, Fe5335, Fe5406, Fe5709, Fe5782, NaD, TiO1 and TiO2 (Trager et al. 1998), and (i)
colours referring to the standard Johnson (Johnson & Morgan 1953) and Cousins UBVRI filter systems
(Cousins & Jones 1976) and SDSS ugriz photometry (Doi et al. 2010), for both the Vega standard system
(Bohlin & Gilliland 2004) and AB magnitudes (Oke 1974).

Several improvements to Rebetiko are scheduled for the near future. Specially important from these
is a chemical consistent version of the code that will allow to compute a realistic metallicity evolution of
CSPs. This will be made possible by keeping track of the stellar matter expelled during stellar evolution
to the ISM that leads to the chemical evolution of the subsequently formed SSPs. Similar to GALAXEV
(BC2003), the code shall also be able to compute SSPs for a wide range of IMFs (e.g. Salpeter 1955;
Kroupa 2001; Chabrier 2003), stellar libraries (e.g. MILES, Sánchez-Blázquez et al. 2006) and evolutionary
tracks (e.g. Padova 1994, Alongi et al. 1993; Bressan et al. 1993; Fagotto et al. 1994a,b; Girardi et al.
1996; Girardi et al. 2000; Geneva 2000, Schaller et al. 1992; Charbonnel et al. 1996, 1999).
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Figure 2.2.1: Synthetic CSP spectra normalised at λ0 = 4020 Å and other spectrophotometric quantities
computed with Rebetiko for an instantaneous burst SFH, labeled as TAU1 in Figure 2.1.1. Colour coding on
the main panel represents the CSP age t. Smaller panels from left- to right-hand side and top to bottom
display as a function t, respectively: star formation rate Ψ(t) (blue line); flux at normalisation wavelength
Fλ0 (red line); total ever formed (blue line) and currently available (red line) stellar mass M?; total (blue
line) and available (red line) half-age of all stellar populations t1/2; mean stellar age 〈log t?〉 weighted by light
(blue line) and mass (red line); mean stellar metallicity 〈Z?〉 weight by light (blue line) and metallicity (red
dashed line); predicted EWs of the Balmer emission lines Hα (red line), Hβ (blue line), Hγ (green line) and
Hδ (violet line); predicted total luminosity (full lines) and the monochromatic luminosity continuum of the
same emission lines at their respective wavelengths (dashed lines); selected Lick/IDS indices, and photometric
magnitudes for passbands of selected photometric systems.

2.2 Synthetic spectra of CSPs

A library of purely-stellar CSP evolutionary models was computed with Rebetiko assuming the first
integral of Equation 2.1. A set of 716 evolutionary models covering the full optical range between 2500 and
9000 Å was produced for each SFH with ages between 1 Myr and 15 Gyr, roughly uniformly distributed
in logarithmic scale in order to ensure a good coverage of the most important galactic evolutionary stages.
These purely-stellar models were assembled by convolving BC2003 SSPs with solar metallicity (Z� = 0.02),
Padova 1994 evolutionary tracks (Alongi et al. 1993; Bressan et al. 1993; Fagotto et al. 1994a,b; Girardi
et al. 1996) and a Chabrier (2003) IMF with the SFHs described in Section 2.1 and assuming S/N = 1000
at λ0 = 4020 Å. Dust absorption and reemission and line broadening by kinematics were neglected in
these models in order to minimise the degrees of freedom during PSS modelling.

Figures 2.2.1 and 2.2.2 show CSP spectra normalised at λ0 = 4020 Å for instantaneous burst and
continuous SFHs (labeled as TAU1 and CONT in Figure 2.1.1, respectively). Bottom panels show different
physical primary and secondary properties of the evolutionary models as a function of CSP age t, from left-
to right-hand side and top to bottom: (a) SFR; (b) monochromatic flux at the normalisation wavelength
Fλ0

; (c) total stellar mass M?; (d) stellar half-age t1/2; (e) light- and mass-weighted mean stellar age
〈log t?〉L,M and (f) mean stellar metallicity log〈Z?〉L,M ; (g) predicted H absorption-line EWs and (h)
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Figure 2.2.2: Synthetic CSP spectra normalised at λ0 = 4020 Å and other spectrophotometric quantities
computed with Rebetiko for a continuous SFH, labeled as CONT in Figure 2.1.1. Panel display configuration
and legend details are identical to those in Figure 2.2.1.

continuum and predicted emission-line fluxes of the first four lines of Balmer series; (i) magnitudes of
several spectral indices of the Lick/IDS system (e.g. Worthey & Ottaviani 1997; Worthey et al. 1994;
Trager et al. 1998; Balogh et al. 1999), and (j) magnitudes of several passbands in the modified Johnson
and SDSS photometric systems. Figures A.1.1–A.1.9 in Appendix A present similar figures for each of the
SFHs presented Figure 2.1.1.

This library of synthetic spectra containing purely-stellar emission was constructed to analyse the
impact that the addition of a non-stellar spectral component has on the estimated stellar population
properties. On the one hand, Chapter 3 focuses on the effect of an AGN FC parameterised by a power-law
Fν ∝ ν−α. On the other hand, Chapter 4 investigates the impact of NE on composite stellar and AGN
spectra using the photoionisation code Cloudy (Ferland et al. 1998). This analysis is fundamental to
understand the impact that AGN and NE spectral components have on full-spectrum PSS modelling of
galaxy spectra. The objective is to present a thorough and systematic analysis of the robustness and
reliability of state-of-the-art PSS codes on the recovery of the SFH and CEH of star-forming and/or
Seyfert galaxies. Therefore, the spectral synthesis results of the CSP models presented and discussed in
this chapter serve as a reference in the light of which the modelling analysis of more complex spectra can
be examined and better understood.

2.3 Analysis of stellar properties with PSS

Different PSS codes have been used to study galaxy formation and evolution (e.g. Heavens, Jimenez &
Lahav 2000; Cid Fernandes et al. 2005; Ocvirk et al. 2006a,b; Tojeiro et al. 2007, 2009; MacArthur et al.
2009; Koleva et al. 2009). From these, Starlight (CF2005) stands out for being a user-friendly software
which is widely used and has been applied to a plethora of different galaxy formation and evolution studies
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(e.g. Stasińska et al. 2006, 2008; Coziol et al. 2011; Vaona et al. 2012; Beńıtez et al. 2013; Papaderos
et al. 2013; Torres-Papaqui et al. 2013; Cid Fernandes et al. 2014). CF2005 showed that Starlight can
recover from synthetic spectra with S/N = 10 the stellar mass within an uncertainty of ∼0.1 dex and both
the mean stellar age and metallicity within ∼0.2 dex, which is a very good result among similar codes
(e.g. Ocvirk et al. 2006a,b; Tojeiro et al. 2007, 2009; Koleva et al. 2009). Given these considerations, the
latest public version of Starlight (version v04) was assumed in this work to be a good representative of
state-of-the-art PSS codes.

The objective is to evaluate the ability of a typical PSS code in retrieving stellar population properties
by comparing the synthesis output of Starlight with that of the input evolutionary model created
with Rebetiko. The most common stellar building blocks used with a code such as Starlight are
SSPs evolutionary models (e.g. BC2003; Sánchez-Blázquez et al. 2006; Vazdekis et al. 2010; Mollá,
Garćıa-Vargas & Bressan 2009). As with Rebetiko in Subsection 2.2, Starlight was applied in this
work using BC2003 SSPs to avoid introducing complex uncertainties that arising from the use of SSPs
with different IMFs, stellar spectral libraries or evolutionary tracks. This means that the following PSS
analysis in fact yields lower limits to the estimated stellar population properties uncertainties, since both
Rebetiko and Starlight applications consider the same basic evolutionary ingredients.

The adopted modelling procedure was as follows: (a) Starlight fits were performed between 3400 and
8900 Å in order to take advantage of the resolution of the STELIB stellar library (Le Borgne et al. 2003)
and following applications of the code to large spectroscopic data sets from SDSS (e.g. Asari et al. 2007;
Ribeiro et al. 2016); (b) stellar kinematics and AV were set to zero; (c) application to models discussed
in Chapters 2 and 3 assume no clipping method, since these do not have emission-lines or significant
noise, whereas for Chapter 4 models it was adopted a 3σ clipping method and a composite spectral mask
to avoid spectral regions with prominent optical emission lines, and (d) each input model was fitted 10
times while changing the seed numbers regulating the initial guesses in the parameter space to better
evaluate formal uncertainties. This modelling procedure reduces the number of degrees of freedom during
the parameter exploration with PSS and aims to isolate potential uncertainties of physical properties on
variations of SFH and adopted base library. This also allows in Chapters 3 and 4 to isolate the impact of
AGN and NE to the estimation of the same physical properties.

A fundamental question pertaining to PSS concerns the adopted base of elements used to decompose
the input spectrum into its spectral building blocks. At least two considerations are warranted when
composing a base library (a) how well the selected SSPs cover the age and metallicity of the input CSP,
and (b) computational time cost per fit. The distribution package of Starlight comes with two SSP base
libraries: Base N has 15 ages (t = 0.001, 0.00316, 0.00501, 0.01, 0.02512, 0.04, 0.10152, 0.28612, 0.64054,
0.90479, 1.434, 2.5, 5, 11 and 13 Gyr) and 3 metallicities (Z = 0.004, 0.02 and 0.05), and Base S comprises
25 ages (t = 0.001, 0.00316, 0.00501, 0.00661, 0.00871, 0.01, 0.01445, 0.02512, 0.04, 0.055, 0.10152, 0.1609,
0.28612, 0.5088, 0.90479, 1.27805, 1.434, 2.5, 4.25, 6.25, 7.5, 10, 13, 15 and 18 Gyr) and 6 metallicities
(Z = 0.0001, 0.0004, 0.004, 0.008, 0.02 and 0.05). Both libraries have BC2003 SSPs with Padova 1994
evolutionary tracks (e.g. Alongi et al. 1993; Bressan et al. 1993; Fagotto et al. 1994a,b; Girardi et al.
1996) and a Chabrier (2003) IMF. On the one hand, the former is typically adopted for initial test-fits to
obtain a first estimate of the SFH of the galaxy, as it takes just ∼40 seconds when modelling a Rebetiko
CSP spectrum using a single core of a Intelr CoreTM i7 CPU 870 @ 2.93GHz workstation desktop. On
the other hand, the later library is adopted when seeking to reconstruct a more detailed SFH and it takes
∼240 seconds to perform a fit to the same type of spectrum. This implies a computational time cost of
roughly 1 and 6 months to fit the 9 (SFHs) × 716 (evolutionary stages) × 10 (for statistical purposes)
purely-stellar CPS with Base N and S, respectively. Taking this into consideration, a new base library
was tailored-made for this work given the required large number of PSS spectral fits.

Base L was built with 25 ages (t = 0.001, 0.00209, 0.00316, 0.00501, 0.00661, 0.00817, 0.01, 0.01445,
0.02512, 0.04, 0.055, 0.10152, 0.1609, 0.28612, 0.5088, 0.9047, 1.27805, 1.434, 2.5, 4.25, 6.25, 7.5, 10, 13
and 15 Gyr) for 4 metallicities (Z = 0.004, 0.008, 0.02 and 0.05) with Padova 1994 evolutionary tracks (e.g.
Alongi et al. 1993; Bressan et al. 1993; Fagotto et al. 1994a,b; Girardi et al. 1996) and a Chabrier (2003)
IMF. This base has an age coverage similar to that of Base S, although without the lowest 2 metallicity
values of the later (Z = 0.0001 and 0.0004). Moreover, the SSP with 18 Gyr in Base S was substituted by
a SSP with 0.00209 Gyr in Base L to strengthen the sampling of very young stellar spectra and to have
more realistic SSP models under the current accepted age of the Universe (∼14 Gyr, Planck Collaboration
et al. 2016). Base L takes ∼110 seconds and ∼2.7 months to perform a fit to, respectively, 1 and 9 (SFHs)
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Figure 2.3.1: Starlight spectral modelling results for a CSP with 1 Myr, solar metallicity and instantaneous
burst SFH. Main panel: Red and blue lines represent the input and best-fit spectra, respectively. Top
annotations indicate the wavelength of several emission lines and bottom annotations show the wavelength
coverage of several indices in the extended Lick/IDS system and other relevant absorption features. Bottom
panel: Black line represents the residuals spectrum resulting from subtracting the best-fit from the input
spectrum. Top right-hand side panel: SFH in light fractions. Bottom right-hand side panel: SFH in mass
fractions. Blue, green, yellow and red bars represent SSPs with Z = 0.004, 0.008, 0.02 and 0.05, for Z� = 0.02.
Small vertical lines on the top x-axis represent the age coverage of the SSPs in the adopted base library.
Moreover, the grey arrows represent the light- and mass-weighted mean stellar age on the top and bottom
panels, respectively.

× 716 (evolutionary stages) × 10 (for statistical purposes) CSPs using a single core of a state-of-the-art
workstation. This is a significant reduction of the computational time cost at a satisfactory compromise
in metallicity coverage.

As an example of an application of Starlight to a Rebetiko CSP spectrum, Figure 2.3.1 shows
the average results of 10 Starlight spectral fits using Base L to a CSP with 1 Myr, solar metallicity
and instantaneous burst SFH. The input and fitted spectra are represented by the red and blue lines in
the main panel, respectively. Moreover, wavelengths of several emission lines and absorption-line indices
are labeled above and below the spectra, respectively. The residuals spectrum resulting from subtracting
the best-fit model found by Starlight from the input spectrum is represented by the black line in
the bottom panel. The estimated SFHs in light and mass fractions are displayed on the top and bottom
right-hand side panels, respectively, with metallicities Z = 0.004, 0.008, 0.02 and 0.05 being represented
by blue, green, yellow and red bars, respectively. Overall, the figure shows a very good fit with low
residuals. The estimated total stellar mass logM? = 5.74 M�, mean stellar age 〈log t?〉 ' 6.01 yr and
mean stellar metallicity log〈Z?〉 ' −1.7 are very close to input values of logM? = 5.73 M�, 〈log t?〉 = 6
yr and log〈Z?〉 = −1.70.

On the one hand, Subsection 2.3.1 compares synthesis results between Base N, S and L for the most
important stellar population properties (e.g. total mass, mean age and mean metallicity) and instantaneous
burst and continuous SFHs. On the other hand, Subsection 2.3.2 compares synthesis results for every
SFH after the selection in Subsection 2.3.1 of the base library that best minimises algebraic and physical
degeneracies of the synthetic spectra.
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Figure 2.3.2: Violin plots of the reduced chi-squared χ2
λ (top panels) and mean absolute percentage error

between input and best-fit models ∆λ (bottom panels) for instantaneous burst (left-hand side panels) and
continuous SFHs (right-hand side panels). Red, green and blue colours represent results for Base N, S and
L, respectively.

2.3.1 Dependence on the base libray

The difference between data Oλ and model Mλ in a minimisation procedure as represented in Equations
1.1 and 1.4 can be quantified for example by dividing the best-fit χ2 value by the assumed number of
degrees of freedom in the parameter space exploration. This estimate is often referred to as the reduced
chi-squared χ2

λ which, in the case of full-spectrum PSS, is the χ2 value corresponding to the optimal
linear combination of spectral elements that best reproduce the observed stellar spectrum divided by the
considered number of wavelength or flux points λ,

χ2
λ =

χ2

λ
. (2.4)

A good solution usually has χ2
λ . 1. The likelihood between data and model can also be quantified

using the mean absolute percentage error ∆λ between observation and model,

∆λ =
|Oλ −Mλ|

Oλ
× 100. (2.5)

Figure 2.3.2 shows box-and-whiskers and violin plots of χ2
λ (top panels) and ∆λ (bottom panels) for

instantaneous burst (left-hand side panels) and continuous SFHs (right-hand side panels) for Bases N

(red), S (green) and L (blue). The violin plots assume a Guassian kernel density plot and outliers are
presented by the symbol “+”. A comparison between left- and right-hand side panels shows that the
median values of χ2

λ and ∆λ for the instantaneous burst are, on average, respectively higher and lower
that those for the continuous SFH. Differences between the interquartile ranges, Guassian distribution
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Figure 2.3.3: Difference in the total stellar mass M? between Starlight (out) and Rebetiko (in) values
as a function of CSP age t for instantaneous burst (left panel) and continuous SFHs (right panel). Red, green
and blue lines represent results with Bases N, S and L, respectively. Red dots, green triangles and blues
squares represent the age coverage of the Bases N, S and L.

shapes and median values for each parameter also show that better fits are generally found using Base
S for an instantaneous burst and Base L for a continuos SFH. This can be understood considering the
following. On the one hand, the larger number of metallicities in Base S assures that lower differences
between best-fit and input spectra are found in early evolutionary stages of an instantaneous burst SFH.
On the other hand, Base L provides on average slightly better spectral fits to a continuous SFH due to its
roughly uniform age coverage in logarithmic scale. Although statistical estimators such as χ2

λ and ∆λ help
to quantify the likelihood between Oλ and Mλ, spectral synthesis results of stellar population physical
properties show that this does automatically guarantee that the estimated physical properties are closest
to their true value the lower are the inferred χ2

λ and ∆λ.

Figure 2.3.3 shows the difference in the currently available total stellar mass M? between the Starlight
(out) and Rebetiko (in) values as a function of CSP age t for instantaneous burst (left-hand side panel)
and continuous SFHs (right-hand side panel). Results with Bases N, S and L are represented by the red,
green and blue lines, respectively. Moreover, the age coverage of the SSPs in Bases N, S and L between 1
Myr and 15 Gyr is depicted as red dots, green triangles and blue squares respectively. The results show
mass overestimation peaks up to ∼0.6 and ∼0.2 dex for instantaneous burst and continuous SFHs. These
uncertainties are similar for all adopted base libraries and most seem to be correlated to a poor age
coverage by all base libraries, as they tend to be located within the ages of two successive SSPs. This can
be understood particularly for instantaneous burst SFH results considering the following. The CSPs for
the instantaneous burst SFH in Figure 2.2.1 show the largest spectral shape diversity when compared to
other SFHs (Figures A.1.2–A.1.9 in Appendix A). Indeed, CSPs in Figure 2.2.1 can be interpreted as an
approximation of the spectral evolution of the solar-metallicity BC2003 SSPs between 1 Myr and 15 Gyr
for Padova 1994 evolutionary tracks and a Chabrier (2003) IMF. Thus, it would be necessary to adopt
roughly all SSPs within this age interval in a given base library to allow Starlight to properly sample
the CSP spectral shape for this SFH before estimating the stellar mass and other physical properties. This
point becomes clearer when interpreting the mean stellar age and mean stellar metallicity for the same
set of models. Also interestingly, the mass shows an overestimation bump for the continuous SFH when
109 . t . 15× 1010 yr, which likely illustrates the degeneracies between SSPs due to the marginal change
in spectral shape over this age interval. Moreover, mass differences are overall smaller when adopting
Base L.

The SFH and CEH of a galaxy can be represented to a first order by its mean stellar age and mean
stellar metallicity. The mean stellar age and metallicity of stellar populations can be determined by
considering the ages and fractional contributions weighted by light and mass of the SSPs that compose
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Figure 2.3.4: Difference in the light-weighted mean stellar age 〈log t?〉L (top row panels) and mean stellar
metallicity log〈Z?〉L (bottom row panels) between Starlight (out) and Rebetiko (in) values as a function
of CSP age t for instantaneous burst (left-hand side panel) and continuous SFHs (right-hand side panel).
Legend details are identical those in Figure 2.3.3.

the model spectrum Mλ in Equation 1.4. The mean logarithmic stellar age weighted by light and mass
can be written as, respectively,

〈log t?〉L =

N?∑
i=1

γi . log ti, (2.6)

〈log t?〉M =

N?∑
i=1

µi . log ti, (2.7)

where ti is the age of the ith SSP element and γi and µi are its light- and mass-fractions, respectively.
Meanwhile, if Zi is the metallicity of the ith SSP element then the logarithmic mean stellar metallicity
weighted by both light and mass can be written as, respectively,

log〈Z?〉L = log

N?∑
i=1

γi . Zi, (2.8)

log〈Z?〉M = log

N?∑
i=1

µi . Zi, (2.9)

On the one hand, Figure 2.3.4 shows the difference in the light-weighted mean stellar age 〈log t?〉L
(top row panels) and mean stellar metallicity log〈Z?〉L (bottom row panels) between Starlight and
Rebetiko values as a function of CSP age t for instantaneous burst (left-hand side panels) and continuous
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Figure 2.3.5: Difference in the mass-weighted mean stellar age 〈log t?〉M (top row panels) and mean stellar
metallicity log〈Z?〉M (bottom row panels) between Starlight (out) and Rebetiko (in) values as a function
of CSP age t for instantaneous burst (left-hand side panel) and continuous SFHs (right-hand side panel).
Legend details are identical those in Figure 2.3.3.

SFHs (right-hand side panels) with the same colour coding as in Figure 2.3.3. The results show that the
estimated age and metallicity can have uncertainties peaks of up to ∼0.3 and 0.25 dex, respectively, and
that these more prominent for an instantaneous burst SFH. These peaks seem linked with evolutionary
stages not properly covered by the adopted bases. However, it is worth noting that the uncertainties in
both quantities are roughly consistent with the precision of ∼0.2 dex of Starlight (CF2005; Mateus
et al. 2006). Moreover, the mean stellar age and metallicity are closest to their true values when adopting
Base L. Overall, age underestimations seem correlated with metallicity overestimations for both SFHs,
which is particularly clear for the continuous SFH for 2 × 105 . t . 15 × 109 yr and all adopted base
libraries. This a typical example of the age-metallicity degeneracy issue (e.g. Faber 1972; Worthey 1994)
briefly mention in Section 1.2.

On the other hand, Figure 2.3.5 shows the difference in the mass-weighted mean stellar age 〈log t?〉M
(top row panels) and mean stellar metallicity log〈Z?〉M (bottom row panels) between the Starlight
and Rebetiko values as a function of CSP age t for instantaneous burst (left-hand side panels) and
continuous SFHs (right-hand side panels) with the same colour coding as in Figure 2.3.3. The results show
that the age and metallicity are estimated within an uncertainty of up to ∼2 and 0.35 dex, respectively.
These uncertainties seem again to be correlated to poorly covered evolutionary stages by the adopted
base libraries. Overall, uncertainties in mass-weighted age and metallicity are larger than those from
light-weighted determinations. This can be understood considering that (a) young stars are more luminous
than old stars and (b) small light variations of old stellar populations result in considerable mass variations
when applying the M/L ratio to recover mass-related stellar population properties with PSS.

The spectral synthesis results illustrated in Figures 2.3.2–2.3.5 show that the reduced chi-squared and
mean absolute percentage error, although important for assessing the relative goodness of the synthesis
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Figure 2.3.6: Difference in the total stellar mass M? between Starlight (out) and Rebetiko (in) values
as a function of CSP age t. Panels from left- to right-hand side and top to bottom represent the exponentially
declining, continuous and delayed SFHs displayed in Figure 2.1.1. Blues squares represent the age coverage of
the Base L.

solution, do not necessarily quantify in a reliable manner the likeness between the estimated physical
properties and their true values. This fact is particularly important when interpreting synthesis results of
real spectra for which a simple visual inspection might suggest a particularly good spectral fit. In these
cases, it is expected low values for standard measures of the goodness of the spectral fit. However, the
results obtained here show that these are not sufficient to guarantee that the derived physical properties
can be taken as reliable without a critical interpretation of the minimisation procedure or any other
method that was adopted to extract physical information from the spectrum of the galaxy.

The results presented in this section also show that Base L is best suited to reduce the uncertainties
on derived physical properties for the particular set of spectra computed with Rebetiko. Indeed, Base L

is a good compromise between computational time cost and accuracy of the estimated physical properties
when compared to the other adopted base libraries. Therefore, spectral synthesis results presented and
discussed hereafter are based solely in Base L.

2.3.2 Dependence on the star formation history

It is also important to understand how the recovery of stellar population properties using PSS depends on
the SFH and CEH of the CSPs. Although the synthesis results should still depend on the adopted base
library to a large extent, such analysis should provide valuable insight to the application of PSS to large
samples of galaxies with known morphological classification.

Figure 2.3.6 shows the difference in the total stellar mass M? between Starlight and Rebetiko
values as a function of CSP age t. Panels from left- to right-hand side and top to bottom display results for
CSPs with exponentially declining, continuous and delayed SFHs labeled according to the nomenclature
adopted in Figure 2.1.1. The age coverage of the SSPs in Base L is represented by the blue squares.
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Figure 2.3.7: Difference in the light-weighted mean stellar age 〈log t?〉L as a function of the difference in the
mean stellar metallicity log〈Z?〉L between Starlight (out) and Rebetiko (in) values colour coded according
to the CSP age t. Panel display configuration is identical to that in Figure 2.3.6. Light- to dark-grey ellipses
represent 1σ, 2σ and 3σ 2-dimensional standard deviations, respectively.

Overall, the results show that the stellar mass is estimated within an uncertainty of to ∼0.13 dex, except
for the instantaneous burst SFH, where it can reach up to ∼0.55 dex. The mass overestimation bump
of up to ∼0.13 dex when 109 . t . 15 × 1010 yr seen in Figure 2.3.3 for the continuous SFH that can
be attributed to algebraic degeneracies between the older SSPs is present roughly for each SFHs. The
instantaneous burst SFH does not present this feature but contains a maximum overestimation peak
around 2× 107 yr of ∼0.55 dex surrounded by other peaks up of ∼0.2 dex that appear to be linked to a
poor age coverage of the adopted base.

On the one hand, Figure 2.3.7 shows the relation between the difference in the light-weighted mean
stellar age 〈log t?〉L and mean stellar metallicity log〈Z?〉L between Starlight and Rebetiko values
colour coded according to the CSP age t. Panels display configuration is identical to that in Figure 2.3.6.
The results show a typical maximum uncertainty of up to ∼0.05 dex for both age and metallicity for the
majority of SFHs, with the exception being once again the instantaneous burst. For this SFH the age can
be under or overestimated by up to ∼0.12 and ∼0.08 dex, respectively, whereas the metallicity can be
under or overestimated up to ∼0.045 and ∼0.23 dex, respectively. On the one hand, age underestimation
for most SFHs is predominantly linked to evolutionary models with ages roughly in 106 . t . 107 yr,
except for an instantaneous burst where this range extends to 106 . t . 108 yr. The most significant age
overestimation is connected to models with ∼109 yr, which is particularly striking for an instantaneous
burst. On the other hand, metallicity underestimation is more prominent for 109 . t . 1010 yr and
its overestimation is most apparent at ∼106 and 108 yr. These biases are also present in Figure 2.3.4.
These results point once again to the inherent age-metallicity degeneracy issue due to the confusion of old
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Figure 2.3.8: Difference in the mass-weighted mean stellar age 〈log t?〉M as a function of the difference in
the mean stellar metallicity log〈Z?〉M between Starlight (out) and Rebetiko (in) values colour coded
according to the CSP age t. Panel display configuration is identical to that in Figure 2.3.6. Light- to dark-grey
ellipses represent 1σ, 2σ and 3σ 2-dimensional standard deviations, respectively.

metal-poor with young metal-rich galaxies. This issue is particularly clear for the instantaneous burst
SFH and is represented by the diagonal line showing an increasing metallicity with decreasing age and
vice versa.

On the other hand, Figure 2.3.8 shows the relation between the difference in the mass-weighted mean
stellar age 〈log t?〉M and mean stellar metallicity log〈Z?〉M between Starlight and Rebetiko values
colour coded according to the CSP age t. Panels display configuration is identical to that in Figure 2.3.6.
The results show that the age can be under or overestimated for most of SFHs by up to ∼0.05 and 0.3
dex, respectively. Moreover, the metallicity can be under and overestimated by up to ∼0.02 and 0.045
dex, respectively. The exception to this is trend is found for the instantaneous burst SFH, for which
the age and metallicity show overestimations of up to ∼0.25 and ∼0.2 dex, respectively, which are more
pronounced for 106 . t . 108 and 108 . t . 1010 yr, as also apparent from Figure 2.3.5. On average,
mass-weighted age and metallicity uncertainties are larger than their light-weighted counterparts.

Overall, these results show that the recovery of stellar population properties with PSS strongly depends
on the characteristics of the stellar continuum (e.g. shape, prominence of the absorption features). This
inherent caveat of PSS is aggravated by a generally non-optimal age coverage by the base library used for
spectral modelling, which can lead to significant uncertainties on mass, mean age and mean metallicity at
evolutionary stages between successive young SSPs in the base library. Moreover, degeneracies between
older SSPs in the base can lead to systematic biases on the mass, age and metallicity for each of the
considered SFHs, with the exception for an instantaneous burst. These results suggest that tailored-made
base libraries should probably be produced to model the CSPs of each SFH in order to optimally account
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2.3 Analysis of stellar properties with PSS

for the different stellar spectral characteristics and thus retrieve better synthesis results. However, although
this approach might be feasible when applying PSS to synthetic galaxies, it appears impractical and rather
unfeasible for automated PSS application to real galaxy spectra. Moreover, it is important to note that
the uncertainties found are roughly within those reported for Starlight (Cid Fernandes et al. 2005).
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3
Active galaxy models

Synthetic spectra of active galaxies (AGs) were created by adding a simple AGN FC continuum model to
CSPs. A subsequent analysis of these spectra with PSS helps defining an AGN detection threshold in a
Lyman-continuum-leaking galaxy with an evolved CSP. Moreover, an investigation of the impact of an
AGN continuum on the estimation of fundamental stellar population properties was performed with PSS
while using multiple modelling approaches to handle the AGN spectral contribution. Results show that a
purely-stellar PSS modelling approach of AG can lead to severe systematic biases on the estimated total
stellar mass, mean stellar age and mean stellar metallicity, which can be mitigated when adopting an
adequate approach of modelling the AGN continuum.

This chapter is organised as follows. Section 3.1 describes the addition of an AGN continuum defined
as a PL to CSPs. Section 3.2 presents the methodology and results after applying PSS to these synthetic
AG spectra while adopting different approaches for the handling of the AGN continuum. One one hand,
Subsection 3.2.1 details the synthesis results of synthetic spectra with a CSP with 10 Gyr and varying AGN
fractional contribution simulating an Lyman-continuum-leaking AG with an evolved stellar component.
This case study provides an AGN fractional contribution value under which state-of-the-art PSS codes do
not reliably detect a PL spectral contribution (Cardoso, Gomes & Papaderos 2016). On the other hand,
Subsection 3.2.2 explores the impact of the AGN FC continuum to the estimation of fundamental stellar
properties of galaxies with different SFHs (Cardoso, Gomes & Papaderos 2017).

3.1 Synthetic spectra of AGs

The optical AGN FC is commonly assumed to be well approximated by a PL represented as Fν ∝ ν−α ⇔
Fλ ∝ λα−2 (e.g. Oke, Neugebauer & Becklin 1970; Oke & Gunn 1974; O’Connell 1976; Koski 1978;
Ferland & Netzer 1983; Bergvall, Johansson & Olofsson 1986; Marcha et al. 1996; Kraemer & Crenshaw
2000; Hao et al. 2013; Kügler et al. 2014) with the PL index α in the range α = 0.5–2 for different types
of AGN (e.g. Oke, Neugebauer & Becklin 1970; Koski 1978; Heckman 1980; Malkan & Filippenko 1983;
Stasińska 1984a,b; Veilleux & Osterbrock 1987; Marcha & Browne 1996;; Goerdt & Kollatschny 1998;
Vega et al. 2009). This approximation is often made in spectral synthesis (e.g. Goerdt & Kollatschny 1998;
Schmitt, Storchi-Bergmann & Cid Fernandes 1999; Kauffmann et al. 2003c; Cid Fernandes et al. 2004;
Vega et al. 2009 Beńıtez et al. 2013) and photoionisation studies (e.g. Heckman 1980; Ferland & Netzer
1983; Stasińska 1984a,b; Veilleux & Osterbrock 1987). However, the nature of this FC component in radio
quiet galaxies, particularly in Seyfer 2, has been source of debate for several decades (e.g. Koski 1978;
Ho, Filippenko & Sargent 1995; Ho, Filippenko & Sargent 1997; Cid Fernandes, Storchi-Bergmann &
Schmitt 1998; Storchi-Bergmann et al. 1998; Schmitt, Storchi-Bergmann & Cid Fernandes 1999; Eracleous
& Halpern 2001; Ho, Filippenko & Sargent 2003; Cid Fernandes et al. 2004; Garcia-Rissmann et al. 2005;
Ho 2008; Vega et al. 2009). An overview of this debate is referred to Cardoso, Gomes & Papaderos (2017)
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Figure 3.1.1: AGN FCs parameterised by a PL function as Fν ∝ ν−α ⇔ Fλ ∝ λα−2 normalised at λ0 = 4020
Å (black dashed line) as a function of wavelength λ. Blue, green, yellow and red lines represent PLs with
α = 0.5, 1, 1.5 and 2, respectively.

included in Appendix B and, for the sake of conciseness, the following discussion focus only on some of
the reported fractional contributions of this optical spectral component in AGs.

Koski (1978) used spectrophotometric scans of 20 Seyfert, 3 intermediate Seyfert and 5 narrow-line
radio galaxies to study the emission-line, stellar and non-thermal spectral contributions. The stellar
continuum and absorption lines were subtracted using an elliptical galaxy spectrum as template for
the nuclear stellar populations. It was found that the typical amount of non-stellar PL continuum is
∼29% at λ4861 with α = 0.2–0.8. In turn, Heckman (1980) studied 90 bright galaxies with optical
and radio data and concluded that ∼90% of the monochromatic flux at 3600 Å was stellar in nature.
Thus, it was concluded that any blue FC in low-ionisation nuclear emission-line region (LINER) galaxies
should have a negligible contribution to the continuum. Moreover, Malkan & Filippenko (1983) studied
the nuclei of 9 Seyfert galaxies with extreme weak stellar absorption lines and found that stars could
contribute between 17% and 60% to the visual continuum. The remaining non-stellar continuum could be
approximated as a PL with α = 1.1–1.2 from the visual to 10 µm. In turn, Schmitt, Storchi-Bergmann &
Cid Fernandes (1999) investigated the contributions of AGN and stellar populations to absorption-line
EWs and continuum ratios in the 3500–7000 Å range of 20 Seyfert 2 galaxies and concluded that the
contributions of stars younger than 10 Myr and of an AGN FC should rarely exceed ∼5 %. Eracleous
& Halpern (2001) characterised NGC 3065 as a LINER with broad Balmer emission lines coming from
an accretion disk. The continuum was modelled as a linear combination of a non-stellar component and
starlight described by spectra of S0 galaxies. It was found that the spectrum of NGC 4339 when used
as a template provides an good match to the continuum of NGC 3065 without a need for a non-stellar
component. However, other galaxy templates lead to a non-stellar continuum that can contribute up to
∼10% of the continuum flux at Hα and Hβ and up to ∼15% at [OII]λ3727. Moreover, Cid Fernandes
et al. (2004) studied the stellar population properties of a sample of 79 mostly Seyfert 2 galaxies. This
was accomplished by applying full-spectrum PSS modelling with an early version of Starlight in the
spectral region 3500–5200 Å while allowing for variations of a PL spectral component in the base library.
This work found stellar populations of all ages and a PL component with a mean contribution within
∼20–30% and a maximum contribution of ∼63% to the monochromatic flux at 4020 Å, which could either
describe the scatter starlight of an hidden AGN or a young and dusty starburst. Finally, Vega et al.
(2009) analysed a sample of 64 Seyfert, 9 normal and 5 starburst galaxies with Starlight, estimated
the fractional contribution of multiple FCs with α = 1–2 and found that the PL fractional contribution
can be as high as ∼90% in Seyfert 1, ∼50% in Seyfert 2 and ∼32% in normal galaxies. The results of
these different studies show that there is no clear trend of AGN PL fractional contribution with AGN
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3.1 Synthetic spectra of AGs
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Figure 3.1.2: AG synthetic spectra created by combining a CSP with 1 Myr, solar metallicity and
instantaneous burst SFH with AGN PLs with variations on the PL index α (top panel) and fractional
contributions xAGN (bottom panel) to the monochromatic flux at λ0 = 4020 Å (black dashed line). Black
lines represent the CSP spectra and blue, green, yellow and red lines represent the spectra of AGs with
α = 0.5, 1, 1.5 and 2 for xAGN = 0.4 on the top panel and with xAGN = 0.8, 0.6, 0.4 and 0.2 for α = 1.5 on
the bottom panel, respectively.

type. Moreover, the contribution of this FC component can empirically be as high as 90% for radio quiet
galaxies such as Seyfert. This points to the importance of quantifying potential biases on the estimated
physical properties when applying PSS to AGs without a specific strategy to account for the AGN PL.

The optical AGN FC was assumed in this work to be well represented by a PL as Fν ∝ ν−α. The
AGN continuum model is fully parameterised by the PL index α and its fractional contribution xAGN to
the monochromatic flux at the normalisation wavelength λ0 = 4020 Å. It were adopted values of α = 0.5,
1, 1.5 and 2 and xAGN = 0.2, 0.4, 0.6 and 0.8 to study the impact of different AGN continua shapes and
contributions on the estimation of physical properties with PSS. Such wide range of values ensures that no
strong prior assumptions are made regarding the AGN spectral shape and fractional contribution. Figure
3.1.1 shows PLs normalised at λ0 = 4020 Å (black dashed line) with α = 0.5, 1, 1.5 and 2 represented by
blue, green, yellow and red lines, respectively. This figure shows that the PL continuum becomes bluer
with decreasing α.

Evidence has shown that several local spheroidal galaxies display signs of extreme nuclear Lyman-
continuum leakage (Papaderos et al. 2013; Gomes et al. 2016c). Indeed, Papaderos et al. (2013) analysed
IFU spectroscopy of a sample of 32 spheroidals from the CALIFA survey with Starlight and found that
the nuclear Lyman continuum escape fraction in several of these objects can be has high as ∼70–95%.
Papaderos et al. (2013) suggested that this could help reconcile the fact that many of these galaxies
display strong AGN activity in the radio and X-ray wavelengths but only weak optical emission-lines
characteristic of LINERs. The optical spectrum is expected in these cases to consist essentially of stellar
emission and an AGN FC. Indeed, the continuum should lack strong absorption features and NE in the
limiting case of complete Lyman-continuum leakage, thus superficially resembling that of a BL Lac (e.g.
Oke & Gunn 1974; Marcha et al. 1996; Kügler et al. 2014). These results motivated the creation in this
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work of synthetic AG spectra containing only stellar and AGN spectral components.

The flux Fλ of a synthetic AG normalised at wavelength λ0 is the linear combination of CSP F ?λ and
AGN FAGN

λ spectral fluxes,

Fλ
Fλ0

= x?
F ?λ
F ?λ0

+ xAGN
FAGN
λ

FAGN
λ0

, (3.1)

where x? and xAGN are, respectively, the stellar and AGN fractional contributions to Fλ0
following the

normalisation condition x? + xAGN = 1 at λ0 = 4020 Å. Equation 3.1 can be rewritten so that the stellar
flux and related stellar population properties are conserved during the addition of the AGN PL continuum,

Fλ = F ?λ +
xAGN

1− xAGN
F ?λ0

(
λ

λ0

)α−2

, (3.2)

considering FAGN
λ ∝ λα−2 and the normalisation condition at λ0. Synthetic spectra of AGs were created

following Equation 3.2 by adding 16 AGN PLs for the different values of α and xAGN to the CSPs presented
in Section 2.2 and illustrated in Figures A.1.1–A.1.9 in Appendix A.

Figure 3.1.2 shows the combination of the continuum of a CSP with 1 Myr, solar metallicity and
instantaneous burst SFH with AGN FCs with variations in α (top panel) and xAGN (bottom panel). The
purely-stellar spectra are represented by black lines. Moreover, AG spectra with α = 0.5, 1, 1.5 and 2 for
xAGN = 0.4 and with xAGN = 0.8, 0.6, 0.4 and 0.2 for α = 1.5 are represented on the top and bottom panels
by the blue, green, yellow and red lines, respectively. This figure illustrates two important facts resulting
from the addiction of the FC to a purely-stellar spectrum. On the one hand, the top panel shows that the
final spectrum Fλ becomes steeper with decreasing α, as also illustrated in Figure 3.1.1. This would be
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Figure 3.1.4: AG synthetic spectra with S/N = 1000 created with the combination of a CSP with 10 Gyr,
solar metallicity and instantaneous burst SFH with an AGN PL with α = 1.5. Colour coding represents the
AGN fractional flux contribution xAGN at λ0 = 4020 Å in xAGN ∈ [0, 1[ in steps of 0.01.

in principal similar to adding the continua of increasingly young SSPs with washed-out absorption-line
features to the purely-stellar spectrum F ?λ as a function of decreasing α (e.g. Moultaka 2005). On the
other hand, the bottom panel shows that the dilution of stellar absorption features is directly proportional
to xAGN and stronger with increasing wavelength diverging from λ0. This fact is clearer observed in
Figure 3.1.3 that shows the same AG spectra divided by their stellar spectral component. Evidence shows
that a non-stellar continuum is indeed responsible for the dilution of stellar absorption lines (e.g. Koski
1978; Serote Roos et al. 1998; Moultaka & Pelat 2000; Kauffmann et al. 2003c).

A smaller set of synthetic AG spectra was created by combining the continuum of a CSP with 10 Gyr,
solar metallicity and instantaneous burst SFH with a AGN PL with α = 1.5 and varying AGN fractional
contribution of xAGN ∈ [0, 1[ in steps of 0.01. Noise was then added to these spectra assuming S/N = 5,
10, 25, 50, 75, 100, 250, 500, 750 and 1000 at λ0. Figure 3.1.4 shows the resulting spectra for S/N = 1000.
This set of spectra was used to investigate if the AGN spectral contribution can be reliable estimated with
state-of-the-art PSS in a galaxy with an old stellar component and leaking all of its Lyman-continuum
photons.

3.2 Analysis of stellar properties with PSS

The PSS code Starlight was applied to the synthetic spectra following a modelling procedure similar to
that detailed in Section 2.3. However, the base library was modified to include different approaches for
handling an PL spectral contribution. This is particularly important since the majority of PSS studies of
the nuclear region of Seyferts often do not account for the AGN continuum as relevant spectral component
(e.g. Kauffmann et al. 2003c; Cid Fernandes et al. 2005; Coziol et al. 2011). With this in mind, it was
considered the following modelling configurations:
• npl: no AGN PL continuum is included in the base library;
• spl: an AGN PL continuum with the same value of α as the one adopted for each synthetic spectrum

is included in the base library, and
• mpl: AGN PL continua with α = 0.5, 1, 1.5 and 2 are included in the base library.
The first configuration corresponds to the worst-case scenario where no attempt is made to account for

the AGN continuum. This means that the input spectrum can only be decomposed into stellar building
blocks (e.g. Mateus et al. 2006; Stasińska et al. 2006; Cid Fernandes et al. 2011; Coziol et al. 2011). The
second approach represents the best-case scenario in which the base library contains a single PL that is
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Figure 3.2.1: Starlight spectral modelling results of a an AG with a CSP with 1 Myr, solar metallicity
and instantaneous burst SFH and an AGN PL with α = 1.5 and xAGN = 0.2 . Panel display configuration
and legend details are identical to those in Figure 2.3.1.

identical to the one embedded in the input spectrum. An approximation to this configuration setup is
in theory possible if the optical AGN continuum shape can be constrained for example with ancillary
observations in the UV and/or NIR. The third approach aims to represent a conservative scenario in
which the exact AGN continuum shape is unknown and, hence, the spectral fit is performed including
multiple AGN continua in the base library with α in a range supported by evidence (e.g. Garcia-Rissmann
et al. 2005; Mezcua et al. 2011; Roche et al. 2016). This approach bears the risk of finding an AGN
solution that includes multiple PLs, which could lead to an unphysical model of the AGN continuum. In
turn, this could introduce complex biases to the estimated stellar properties (e.g. AV , mean age, mean
metallicity). This hypothesis is tested with the spectra presented in Figure 3.1.4 assuming AV as a free
parameter between -1 and 4 when employing PSS.

As an example of an application of Starlight to a AG spectrum, Figure 3.2.1 shows the average
results of 10 Starlight spectral fits to a synthetic AG spectrum with a CSP with 1 Myr, solar metallicity
and instantaneous burst SFH and an AGN PL with α = 1.5 and xAGN = 0.2. Panel display configuration
and legend details are identical to those in Figure 2.3.1. The results show relatively large residuals
indicating that the best-fit spectral model found by Starlight differs considerably from the input
spectrum. Moreover, estimated total stellar mass logM? = 7.19 M�, mean stellar age 〈log t?〉 ' 6.64
yr and mean stellar metallicity log〈Z?〉 ' −1.99 clearly differ from input values of logM? = 5.73 M�,
〈log t?〉 = 6 yr and log〈Z?〉 = −1.70. These results show that the AGN PL is responsible for a considerable
mass and age overestimation and metallicity underestimation for this particular AG model.

On the one hand, Subsection 3.2.1 presents results synthesis for the synthetic spectra presented in
Figure 3.1.4 while adopting modelling setups spl and mpl. Presented in Cardoso, Gomes & Papaderos
(2016), this analysis was performed to place an AGN detection threshold in an AG with an old stellar
spectral component and to gain a first impression of potential biases on stellar population properties
induced by the added AGN PL component. On the other hand, Subsection 3.2.2 presents the synthesis
results as in Cardoso, Gomes & Papaderos (2017) for all modelling configurations and different SFHs,
as presented in for an instantaneous burst SFH, with synthesis results for other SFHs mentioned when
appropriate.
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Figure 3.2.2: Difference in the AGN fractional flux contribution xAGN (left-hand side panels) and fractional
error (right-hand side panels) between Starlight (out) and (in) as a function of xAGN for spl (top panels)
and mpl (bottom panels). Dark red, light red, orange, olive, light green, turquoise, cyan, blue, dark blue and
violet lines represent results for S/N = 5, 10, 25, 50, 75, 100, 250, 500, 750 and 1000, respectively. Shaded
areas represent ±1σ standard deviations around the mean computed from ten fits to each synthetic spectrum.
Vertical dash-dotted lines represent the value of xAGN for each the Gelman & Rubin (1992) convergence
criterion is satisfied.

3.2.1 Case study: Lyman-continuum-leaking AG with old stellar population

Figure 3.2.2 shows the xAGN difference (left-hand side panels) and fractional error (right-hand side panels)
between Starlight (out) and Rebetiko (in) values as a function of xAGN for spl (top row panels) and
mpl (bottom row panels). Results for S/N = 5, 10, 25, 50, 75, 100, 250, 500, 750 and 1000 are represented
by dark red, light red, orange, olive, light green, turquoise, cyan, blue, dark blue and violet lines, respectively.
Moreover, shaded areas correspond to 1σ standard deviation around each line representing the mean of
the 10 spectral fits for each input spectrum. The results on left-hand-side panels show that the accuracy
with which xAGN is recovered increases with S/N as xAGN → 0 or 1 for both spl and mpl. The xAGN is
on average underestimated by ∼0.06 and ∼0.03 and has a maximum average of up to ∼0.11 and ∼0.05 for
spl and mpl, respectively. Moreover, the uncertainty with which xAGN is estimated is larger for mpl, as
seen by the large 1σ standard deviations around the mean. Moreover, right-hand side panel results show
on average a ∼0.11 fractional error difference between spl and mpl. Assuming that the lines for each
S/N can be interpreted as analogues of independent chains in a random-walk Monte Carlo simulation,
the application of the Gelman & Rubin (1992) convergence criterion finds a variance ratio R̂ < 1.1 for
xAGN ≥ 0.26 and 0.23 (vertical dash-dotted lines) for spl and mpl, respectively. Thus, an effective AGN
detection threshold can be placed at xthreshold

AGN ' 0.26.

Figure 3.2.3 shows the difference in the total stellar mass M? between Starlight and Rebetiko
values (left-hand side panels) and V-band extinction AV estimated with Starlight (right-hand side
panels) as a function of xAGN for spl (top row panels) and mpl (bottom row panels). Legend details are
identical to those in Figure 3.2.2. The results show that the mass is overestimated roughly by ∼0.02 dex
for xAGN . 0.7 and can be underestimated by up to ∼0.7 and 1.2 dex when xAGN & 0.9 for spl and mpl,
respectively. Moreover, the mass is on average systematically underestimated with decreasing S/N and
increasingxAGN.

33



3. ACTIVE GALAXY MODELS

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

0.1

lo
g
M

ou
t−

in

0.0 0.2 0.4 0.6 0.8 1.0

xAGN

1.2

1.0

0.8

0.6

0.4

0.2

0.0

0.2
0.00

0.05

0.10

0.15

0.20

0.25

0.30

A
V

(m
ag

)

S/N =5

S/N =10

S/N =25

S/N =50

S/N =75

S/N =100

S/N =250

S/N =500

S/N =750

S/N =1000

0.0 0.2 0.4 0.6 0.8 1.0

xAGN

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Figure 3.2.3: Difference in the total stellar mass M? between Starlight (out) and Rebetiko (in) values
(left-hand side panels) and V-band extinction AV estimated with Starlight (right-hand side panels) as
a function of xAGN for spl (top panels) and mpl (bottom panels). Legend details are identical to those in
Figure 3.2.2.

Meanwhile, estimated extinction increases with decreasing S/N for both spl and mpl and roughly
with xAGN for mpl. The extinction reaches a maximum of ∼0.075 at xAGN ∼ 0.4 for spl and of ∼0.2 at
xAGN & 0.8 for mpl. The overall trend of AV in both panels looks like a rough mirrored version along
the x-axis of results found for the xAGN difference displayed on left-hand side panels of Figure 3.2.2.
This visual trend suggests that the estimation of the extinction and AGN fractional contribution are
somehow connected. This was corroborated with an alternative set of synthesis tests made with the same
synthetic spectra fixing AV to zero when applying PSS. These alternative results show that the stellar
mass is systematically overestimated ∼0.02 dex roughly for the whole xAGN range for both spl and mpl.
Moreover, results indicate that xAGN is estimated within an uncertainty of ∼0.025 for both spl and mpl

and the application of the Gelman & Rubin (1992) yields convergence of the AGN fractional error when
xAGN ≥ 0.32 and 0.13 for spl and mpl, respectively. Therefore, it can be concluded that the effective
AGN detection threshold xthreshold

AGN ' 0.26 does not depend significantly on AV for spl.

Figure 3.2.4 shows the difference in the light- (left-hand side panels) and mass-weighted mean stellar
age 〈log t?〉 (right-hand side panels) between Starlight and Rebetiko values as a function of xAGN for
spl (top row panels) and mpl (bottom row panels). Legend details are identical to those in Figure 3.2.2.
The results show a systematic age underestimation with increasing xAGN and decreasing S/N for both
spl and mpl. This underestimation can reach up to ∼3 dex and 1 dex for the light- and mass-weighted
ages, respectively. Moreover, the light-weighted age is on average underestimated by ∼0.3 and ∼0.09 dex
for spl and mpl, respectively, whereas the mass-weighted age is overestimated ∼0.02 and ∼0.005 dex for
spl and mpl, respectively.

Finally, Figure 3.2.5 shows the difference in the light- (left-hand side panels) and mass-weighted mean
stellar metallicity log〈Z?〉 (right-hand side panels) between Starlight and Rebetiko values as a function
of xAGN for spl (top row panels) and mpl (bottom row panels). Legend details are again identical to
those in Figure 3.2.2. The results show with increasing xAGN that there is a systematic overestimation of
the light-weighted metallicity for xAGN . 0.6 of up to ∼0.1 dex and a systematic underestimation for
xAGN & 0.8 of up to ∼0.4 dex for both spl and mpl. Meanwhile, mass-weighted metallicity is roughly well
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Figure 3.2.6: Difference in the total stellar mass M? between Starlight (out) and Rebetiko (in) values
as a function of CSP age t for an instantaneous burst SFH. Top, middle and bottom rows display results
adopting a base library without any AGN PL (npl), with a PL with the same index α as the input values
(spl) and with PLs with α = 0.5, 1, 1.5 and 2 (mpl), respectively. Left- to right-hand side panels represent
increasing xAGN from 0.2 to 0.8 in steps of 0.2, respectively. Black, blue, green, yellow and red points and
lines represent results for CSPs and AGs with a PL with α = 0.5, 1.0, 1.5 and 2.0, respectively.

recovered for xAGN . 0.8 and is systematically under or overestimated by up to ∼0.1 and 0.4 dex with
increasing xAGN when xAGN & 0.9 for spl and mpl, respectively. Moreover, light-weighted metallicity is
on average overestimated by ∼0.03 and ∼0.02 dex for spl and mpl, respectively, whereas its mass-weighted
counterpart is overestimated by up to ∼0.007 and ∼0.004 dex for spl and mpl, respectively.

Overall, these results show that an effective AGN detection threshold can be tentatively placed at
an AGN fractional contribution xthreshold

AGN ' 0.26. Moreover, the light-weighted mean stellar age and
metallicity can be under and overestimated at this AGN spectral contribution by as much as ∼0.3 and
∼0.03 dex, respectively, for the best-case scenario in which it is known the exact shape of AGN continuum.
Meanwhile, the total stellar mass and mass-weighted age and metallicity are well recovered within a ∼0.02
dex uncertainty at the same AGN fractional contribution.

3.2.2 Dependence on the star formation history and AGN modelling ap-
proach

Figure 3.2.6 shows the difference in the total stellar mass M? between the Starlight and Rebetiko
values as a function of CSP age t. Results for npl, spl and mpl are represented on the top, middle
and bottom row panels, respectively. Moreover, results with increasing AGN fraction fraction xAGN are
displayed from left- to right-hand side panels going from xAGN = 0.2 to 0.8 in steps of 0.2, respectively, and
synthesis results for x? = 1 (purely-stellar) and α = 0.5, 1, 1.5 and 2 are represented by black, blue, green,
yellow and red points and lines, respectively. The top row results show a systematic mass overestimation
with decreasing t that can reach a maximum of ∼3.5 dex around 4× 106 yr. This trend is accentuated
with increasing α and xAGN. Moreover, variations on α and xAGN translate into variations in mass of up
to ∼1 and 3 dex, respectively. Figure A.2.1 in Appendix A shows similar trends for the other SFHs.

The middle row results show that the mass can be overestimated up to ∼1 dex at evolutionary
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Figure 3.2.7: Difference in the light-weighted mean stellar age 〈log t?〉L between Starlight (out) and
Rebetiko (in) values as a function of CSP age t for AGs with instantaneous burst SFH. Panel display and
legend details are analogous to those of Figure 3.2.6.

stages associated with considerable mass uncertainties on purely-stellar spectra. Results in Section 2.3
showed that these are likely due to an non-optimal age coverage of the adopted base library for synthetic
spectra with an instantaneous burst SFH. Moreover, it is worth noting the existence of significant mass
overestimation peaks reaching up to ∼1 dex around 3× 106 and 2× 107 yr that increase significantly with
increasing xAGN. Results also show that variations in α have small impact on the recovery of the stellar
mass. The bottom row illustrates overall similar results. Indeed, there is an overall mass overestimation
peak around 2× 107 yr that can reach up to ∼1 dex and that increases with xAGN. Moreover, results
show a peculiar feature of mass underestimation for t & 109 yr with decreasing α and xAGN that is best
understood when analysing the synthesis results of other physical properties.

Figure 3.2.7 shows the difference in the light-weighted mean stellar age 〈log t?〉L between Starlight
and Rebetiko values as a function of CSP age t. Panels configuration and legend details are identical to
those in Figure 3.2.6. The top row results show a systematic age overestimation of up to ∼1.5 dex with
decreasing age for t . 5× 107 yr and underestimation of up to ∼2 dex with increasing age for t & 5× 107

yr. These trends are clearly accentuated with increasing xAGN and can be understood considering that the
AGN continuum dilutes the Balmer absorption lines that naturally become weaker with age, thus leading
to a stellar age overestimation for t . 5× 107 yr. Meanwhile, the same AGN continuum also dilutes the
strength of Dn(4000) that becomes stronger with age, therefore leading to an age underestimation for
t & 5× 107 yr. Results also show that the age is systematically overestimated with increasing α. This in
turn can be understood considering that Starlight has to introduce a significant fraction of old SSPs to
the best-fit solution in order to reproduce the flattening of the featureless AGN continuum with increasing
α. Figure A.2.2 in Appendix A shows similar trends for the other SFHs.

The middle row results show an age uncertainty within ∼0.2 dex, consistent with the uncertainty
found for the CSP illustrated in the black lines. However, results show a significant age underestimation
of up to ∼0.2 dex for ∼5× 107 yr that is accentuated with increasing α and xAGN. Moreover, the age is
systematic overestimated by up to ∼0.2 dex with decreasing age for t . 3× 106 yr and underestimated by
up to ∼0.15 dex with increasing age for t & 3× 109 yr. The bottom row display similar results, albeit with
a few peculiar differences. For instance, the age is systematically over and underestimation for t . 3× 106
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Figure 3.2.8: Difference in the light-weighted mean stellar age log〈Z?〉L between Starlight (out) and
Rebetiko (in) values as a function of CSP age t for AGs with instantaneous burst SFH. Panel display and
legend details are analogous to those of Figure 3.2.6.

and t & 3× 109 yr, respectively, with increasing xAGN and decreasing α. The latter trend is of particular
significance because it illustrates the degeneracy between young SSPs and an AGN with a strong blue
continuum.

Figure 3.2.8 shows the difference in the light-weighted mean stellar metallicity log〈Z?〉L between
Starlight and Rebetiko value as a function of CSP age t. Panels configuration and legend details are
identical to those in Figure 3.2.6. The top row results show a systematic metallicity underestimation of up
to ∼0.7 with decreasing t and increasing xAGN. This trend is somewhat offset by an increasing metallicity
overestimation with increasing α. It is important to note that the metallicity underestimation plateau of
∼0.7 dex for α = 0.5 and xAGN = 0.8 corresponds to lowest metallicity value in the adopted base library
which is Z = 0.004. Therefore, this result has no intrinsic physical meaning since it is due to bounding
limits of the base library. Figure A.2.5 in Appendix A shows similar trends for the other SFHs.

The middle row results show that the metallicity is recovered well within the typical uncertainties
of ∼0.2 dex found for the CSPs. Moreover, metallicity uncertainties increase with α and xAGN. The
bottom row results show metallicity uncertainties also within ∼0.2 dex which become more prominent
with increasing xAGN. These are correlated with evolutionary stages for which CSP synthesis results also
show considerable uncertainties. Moreover, there is a metallicity overestimation with decreasing α for
t & 109 yr that somewhat mirrors that of age underestimation seen in Figure 3.2.7.

Figure 3.2.9 shows the difference in the mass-weighted mean stellar age 〈log t?〉M between Starlight
and Rebetiko values as a function of CSP age t. Panels configuration and legend details are identical to
those in Figure 3.2.6. The top row results show a systematic age overestimation of up to ∼4 dex with
decreasing age and increasing α. Despite being somewhat independent of xAGN, this trend is similar
to that found for the mass illustrated on the top row panels of Figure 3.2.6. Results also show that
mass-weighted age uncertainties are larger than those found for the light-weighted age (e.g. Torres-Papaqui
et al. 2013). Figure A.2.4 in Appendix A shows similar trends for the other SFHs.

The middle row results show that the age can be overestimated by up to ∼3 dex for t ∼ 3 × 106

and t ∼ 2× 107 yr. The later peak correlates with a mass overestimation, as illustrated on the middle
row panels of Figure 3.2.6. Moreover, age uncertainties are somewhat independent of α and xAGN. The
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Figure 3.2.9: Difference in the mass-weighted mean stellar age 〈log t?〉M between Starlight (out) and
Rebetiko (in) values as a function of CSP age t for AGs with instantaneous burst SFH. Panel display and
legend details are analogous to those of Figure 3.2.6.

bottom row results show similar overall trends and uncertainties. Indeed, the age can be overestimated by
up to ∼2 dex for t ∼ 3× 106 and t ∼ 2× 107 yr.

Figure 3.2.10 shows the difference in the mass-weighted mean stellar metallicity log〈Z?〉M between
Starlight and Rebetiko value as a function of CSP age t. Panels configuration and legend details are
identical to those in Figure 3.2.6. The top row results show a systematic metallicity underestimation of
up to ∼0.7 dex with decreasing age and increasing xAGN. This underestimation reaches a plateau at ∼0.7
dex for α = 0.5 and xAGN = 0.8, as in Figure 3.2.8. Moreover, mass-weighted metallicity uncertainties are
consistently larger that light-weighted uncertainties, similarly to the results found for the mean stellar age.
Figure A.2.5 in Appendix A shows similar trends for the other SFHs.

The middle row results show metallicity uncertainties within ∼0.4 dex. Moreover, metallicity is
systematically underestimated by up to ∼0.4 for t . 107 yr with decreasing α. The bottom row results
show similar trends and uncertainties. However, results also show a metallicity overestimation feature for
t & 109 yr which increases with xAGN and with decreasing α, somewhat mirroring along the x-axis the
age underestimation seen in Figure 3.2.9.

Finally, Figure 3.2.11 shows the difference in the AGN fractional contribution xAGN between Starlight
and Rebetiko values as a function of CSP age t. Results for spl and mpl are represented on the top and
bottom row panels, respectively. The xAGN in the mpl modelling configuration is the sum the light-fractions
of each of the 4 PLs in the base library. Legend details are identical to those in Figure 3.2.6. The top row
results show a systematic xAGN underestimation of up to ∼0.06 with increasing α and decreasing xAGN.
Meanwhile, the bottom row results show that the xAGN is systematic over and underestimated for t . 108

and t & 109 yr, respectively. These trends become more accentuated with decreasing α and increasing
xAGN. Moreover, xAGN is strongly underestimated for t & 109 yr and α = 0.5 and xAGN = 0.8, which is
likely due to the degeneracy between young and blue SSPs and the AGN blue continuum for α = 0.5.
This helps explaining the mass and age underestimation bumps and metallicity overestimation bump for
these evolutionary stages seen on the bottom rows of Figures 3.2.6–3.2.10.

Figures A.2.6–A.2.11 in Appendix A show synthesis results for a continuous SFH. Results show trends
roughly similar to those found for an instantaneous burst SFH, although with considerable smaller
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Figure 3.2.10: Difference in the mass-weighted mean stellar age log〈Z?〉M between Starlight (out) and
Rebetiko (in) values as a function of CSP age t for AGs with instantaneous burst SFH. Panel display and
legend details are analogous to those of Figure 3.2.6.
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Figure 3.2.11: Difference in the AGN fractional contribution xAGN between Starlight (out) and Rebetiko
(in) values as a function of CSP age t for AGs with instantaneous burst SFH. Top and bottom rows display
results for spl and mpl, respectively. Left- to right-hand side panels represent increasing xAGN from 0.2 to
0.8 in steps of 0.2. Legend details are analogous to those of Figure 3.2.6.

uncertainties in all physical properties. Overall, these results show that the biases on stellar properties
correlate on first order with xAGN and on second order with α. This is mainly due to the combined
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effect of the dilution of stellar absorption features by the AGN continuum and degeneracies between the
continua of the AGN and the young SSPs, respectively. Moreover, results show that the estimated total
stellar mass, mean age and mean metallicity with the PSS code Starlight show uncertainties of up
to ∼2, 4 and 0.7 dex, respectively, at the AGN detection threshold xthreshold

AGN ' 0.26 when applying a
purely-stellar modelling approach. In addition, uncertainties within ∼0.8, 2.5 and 0.3 dex for the same
stellar population properties are found even when including in the base library a single of multiple AGN
continua. Therefore, it can be concluded that the adopted state-of-the-art PSS code cannot robustly
discriminate between AGN PL and stellar spectral components, at the expense of considerable biases on
the stellar properties of the galaxy.
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4
Nebular emission models

Synthetic spectra with NE were created by conducting photoionisation simulations using the CSP and
AG evolutionary models described on previous chapters. These models aim to a realistic description and
PSS modelling of galaxy spectra that consistently include NE excited by a mixture of stellar and AGN
radiation. This set of synthetic spectra was used to investigate the impact of NE on the estimation of
stellar population properties with PSS. Synthesis results show that the estimated stellar properties can be
affected by significant biases that may limit the understanding of the role of AGN feedback and NE on
the evolutionary history of galaxies.

This chapter is organised as follows. Section 4.1 details how NE was added to the CSP and AG
synthetic spectra using a photoionisation code. Subsection 4.1.1 starts by describing the main physical
ingredients in a NLR adopted as an illustrative photoionisation simulation. Subsection 4.1.2 then presents
simulations assuming typical gas physical conditions in HIIRs and NLRs in order to incorporate NE
into the CSP and AG synthetic spectra, respectively. Section 4.2 describes the methodology and results
after applying PSS to these synthetic spectra and investigates the impact of NE to the estimated stellar
properties. On the one hand, Subsection 4.2.1 focus on NE only due to the ionising starlight of a CSP.
On the other hand, Subsection 4.2.2 investigates the NE arising from the combined ionising radiation
from a CSP and an AGN and the combined impact of AGN and NE on the estimated stellar properties.
Section 4.3 presents a brief conceptional overview of the PSS code Fado and its application to synthetic
star-forming galaxies created with Rebetiko. A comparison of the synthesis results between Starlight
and Fado illustrates the importance of accounting for the nebular continuum with the latter for an
improved determination of the SFH of these galaxies.

4.1 Synthetic spectra of galaxies with nebular emission

The emission of astrophysical plasmas (e.g. planetary nebulae, HIIRs, NLRs, BLRs) can be interpreted
with the help of photoionisation codes (e.g. Sutherland & Dopita 1993; Gruenwald et al. 1997 Ferland et al.
1998). The main ingredients of state-of-the-art photoionisation codes usually are the physical properties
of a radiation field and a gaseous cloud, for which the ionisation and thermal equilibrium equations are
solved while taking into account processes such as photoionisation, recombination, free-free radiation and
collisional excitation. For example, Cloudy (Ferland et al. 1998) considers the shape and brightness of the
radiation field illuminating the cloud, the total H density and various details of the chemical composition
of the gas (e.g. abundances, dust grains), some parameters describing the geometry of the environment
(e.g. thickness of the cloud, distance between cloud and radiative source) and computes, among other
things, a detailed predicted spectrum. A subsequent comparison between simulations and observations
helps to constrain the gas excitation mechanisms and other physical characteristics of the emitting source
(e.g. electron density and temperature, ionisation parameter).
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Figure 4.1.1: SEDs NLR photoionisation simulations computed with the Cloudy assuming an AGN
radiation field as defined in Equation 4.1 and the following physical conditions: open plane-parallel geometry;
solar composition gas; no dust; constant H density of nH = 103 cm−3; ionisation parameter of logU = −3;
TBB = 5× 106 K; kTIR = 0.01 Ryd; αX = 1; αOX = 1.4, and case B recombination. Blue, yellow, green and
red lines represent αUV = 0.5, 1, 1.5, 2 and the grey lines represent the underlying incident radiation fields.

4.1.1 Illustrative photoionisation simulation of a NLR

Valuable insight on photoionisation modelling can be gathered considering as an illustrative case a NLR
simulation computed with Cloudy (version C13.03, last described in Ferland et al. 2013). For this
purpose, it was considered an AGN incident radiation field embedded in the code which is defined as,

Fν = ν−αUVe
− hν
kTBB e−

kTIR
hν +Aν−αX , (4.1)

where TBB is the cut-off temperature of the blue bump, TIR is the infrared cut-off temperature, αUV

and αX are the power-law indices in the UV and in the X-ray wavelength ranges, respectively, and the
coefficient A is adjusted to produce the correct value of the X-ray to UV ratio αOX. The hardness of this
field can be parameterised by the ionisation parameter U as,

U =
1

4πcnHr2

∫ ∞
ν0

Lν
hν

dν =
Q(H)

4πcnHr2
, (4.2)

where c is the speed of light, r is the distance between the radiative source and the illuminated face of
the cloud, Lν is the luminosity at frequency ν, h is the Planck constant, and Q(H) is the number of
H-ionising photons. Therefore, the variable U represents in a single parameter the amount of ionising
photons reaching the illuminated face of cloud per unit area. Regarding the spacial distribution, two main
geometries can be adopted in Cloudy: closed (spheric-symmetric) or open (plane-parallel). The former is
applicable to planetary nebula simulations, whereas the latter is more adequate in NLR simulations, given
that the ionising source is far from the illuminated face of the cloud (e.g. Stasińska 1984b; Mart́ın-Manjón
et al. 2010; Groves, Dopita & Sutherland 2004).

NLR models were computed assuming an open geometry, where plane-parallel slabs are perpendicular
to the incident radiation field, as well as typical NLR physical conditions: a constant H density of nH = 103

cm−3 (e.g. Ferland & Netzer 1983; Groves, Dopita & Sutherland 2004; Osterbrock & Ferland 2006;
Stasińska et al. 2006; Kewley et al. 2006) and an ionisation parameter of logU = −3 (e.g. Ferland
& Netzer 1983; Stasińska 1984a,b; Bergvall, Johansson & Olofsson 1986;VO1987; Kewley et al. 2006;
Stasińska et al. 2006). The incident radiation field follows the AGN radiation field defined in Equation 4.1
assuming the following parameter values: TBB = 5× 106 K (Bregman 1990; Meléndez et al. 2011; Roos
et al. 2015); kTIR = 0.01 Ryd, so that the cutoff is located at 10 µm; αX = 1 (Mathews & Ferland 1987);
αUV = 0.5, 1, 1.5, 2 (following the values adopted in Section 3.1), and αOX = 1.4 (Zamorani et al. 1981).
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Figure 4.1.2: Emission-line flux ratios [NII]λ6583/Hα (left-hand side panel), [SII]λλ6717,6731/Hα (central
panel) and [OI]λ6300/Hα (right-hand side panel) as a function of [OIII]λ5007/Hβ for the spectra represented
in Figure 4.1.1. Blue, green, yellow and red circles represent αUV = 0.5, 1, 1.5 and 2, respectively. Full,
dashed, dot-dashed and dotted black lines represent the demarcation lines proposed by Kewley et al. (2001),
Kauffmann et al. (2003c), Kewley et al. (2006) and Schawinski et al. (2007), respectively. Grey points
represent a sample of 5000 galaxies randomly selected from the SDSS DR 7 (Abazajian et al. 2009).

No dust obscuration was considered in this simulation in order to simplify the modelling and analysis of
gas emission characteristics. Moreover, simulations assume that the gas has solar chemical abundances
(Grevesse & Sauval 1998) and case B recombination (Zanstra 1961).

Figure 4.1.1 shows NLR emitted spectra over the whole electromagnetic spectral (left-hand side panel)
and optical ranges (right-hand side panel) as a function of wavelength λ in Å. Incident spectra are
represented as grey lines and emitted spectra for αUV = 0.5, 1, 1.5 and 2 are represented as blue, green,
yellow and red lines, respectively. Results on the right-hand side panel show that the relative strength of
the nebular continuum and line emission increases with decreasing αUV in the optical. This follows from
the increasing number of ionising photons Q(H) as the UV continuum becomes steeper with decreasing
αUV.

The physical conditions of astrophysical plasmas can be constrained by comparing the results of
simulations with observables such emission-line ratios involving optical emission lines (e.g. BPT1981;
VO1987). The main ionisation mechanism responsible for the observed emission-line strengths can then
be categorised with aid of different theoretical and empirical demarcation lines separating the different
regions in the diagrams. Some of the most widely used demarcation lines in the traditional BPT1981 and
VO1987 diagnostic diagrams are those proposed by Kewley et al. (2001, 2006), Kauffmann et al. (2003c)
and Schawinski et al. (2007). Kewley et al. (2001) proposed the following theoretical demarcation lines to
isolate star-forming galaxies located on the left-hand side and bottom corner of the BPT1981 and VO1987,

log

(
[OII]λ5007

Hβ

)
=

0.61

log([NII]λ6583/Hα)− 0.47
+ 0.19, (4.3)

log

(
[OII]λ5007

Hβ

)
=

0.72

log([SII]λλ6717, 6731/Hα)− 0.32
+ 1.30, (4.4)

log

(
[OII]λ5007

Hβ

)
=

0.73

log([OI]λ6300/Hα) + 0.59
+ 1.33. (4.5)

In turn, Kauffmann et al. (2003c) proposed an empirical line to isolate star-forming galaxies in the
BPT1981 diagram using SDSS DR 1 galaxies (Abazajian et al. 2003) defined as,

log

(
[OII]λ5007

Hβ

)
=

0.61

log([NII]λ6583/Hα)− 0.05
+ 0.13. (4.6)

The objects in the region between Equations 4.3 and 4.6 are usually referred to as composite or
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Figure 4.1.3: Emission-line flux ratios [NII]λ6583/Hα (left-hand side panel), [SII]λλ6717,6731/Hα (central
panel) and [OI]λ6300/Hα (right-hand side panel) as a function of [OIII]λ5007/Hβ for αUV = 1.5 and physical
conditions identical to those adopted in Figure 4.1.2. Light to dark blue lines represent ionisation parameter
variations of logU = −2.00, -2.25, -2.50, -2.75, -3.00, -3.25, -3.50, -3.75 and -4.00 and light to dark red lines
represent H density variations of lognH = 1, 2, 3, 4 and 5 cm−3. Remaining legend details are identical to
those in Figure 4.1.2.

transient galaxies, as it is thought that the emission of these objects can be due to ionising radiation from,
among others, young stars, AGN and/or post-main sequence stars (e.g. post-AGB stars, white dwarfs).
Later, Kewley et al. (2006) presented empirical lines to segregate Seyfert and LINERs in the right-hand
side and top corner of the VO1987 diagrams with SDSS DR 4 galaxies (Adelman-McCarthy et al. 2006)
that are defined as,

log

(
[OII]λ5007

Hβ

)
= 1.89× log(SII]λλ6717, 6731/Hα) + 0.76, (4.7)

log

(
[OII]λ5007

Hβ

)
= 1.18× log(OI]λ6300/Hα) + 1.30. (4.8)

Moreover, Schawinski et al. (2007) proposed an analogous empirical line to separate Seyfert and
LINERs in the BPT1981 diagram also using SDSS DR 4 galaxies,

log

(
[OII]λ5007

Hβ

)
= 1.05× log(NII]λ6583/Hα) + 0.45. (4.9)

Figure 4.1.2 shows the emission-line flux ratios [NII]λ6584/Hα (left-hand side panel), [SII]λλ6717,6731
/Hα (central panel) and [OI]λ6300/Hα (right-hand side panel) as a function of [OIII]λ5007/Hβ for the
spectra illustrated in Figure 4.1.1. The Kewley et al. (2001), Kauffmann et al. (2003c), Kewley et al.
(2006) and Schawinski et al. (2007) are represented by the full, dashed, dot-dashed and dotted black lines,
respectively. The emission-line ratio distribution of a sample of randomly selected 5000 galaxies from
the SDSS DR 7 (Abazajian et al. 2009) is represented as grey points. This figure shows that the spectra
presented in Figure 4.1.1 fall in the Seyfert locus and that the emission-line ratios of these models roughly
increase with decreasing αUV (e.g. Stasińska 1984a,b; Groves et al. 2004).

More insight can be gain by analysing the impact of variations on fundamental parameters such as nH

or U on the predicted emission-line ratios. Figure 4.1.3 shows emission-line ratios for logU = −2.00, -2.25,
-2.50, -2.75, -3.00, -3.25, -3.50, -3.75 and -4.00 (blue lines) and log nH = 1, 2, 3, 4 and 5 cm−3 (red lines)
for αUV = 1.5, with the remaining physical conditions and legend details being identical to those adopted
in the models of Figure 4.1.2. The results show that the emission-line ratios roughly increase with nH and
that variations in Seyfert and LINER loci are well mapped by logU & −3 and logU . −3, respectively
(e.g. Ferland & Netzer 1983; Kraemer & Crenshaw 2000; Kewley et al. 2006). The drawback of using U
as a variable in these simulations it is also its main appeal, in that in a single parameter is incorporated
the hardness of the radiation field, H density of the gas and distance between the radiative source and
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Figure 4.1.4: Emission-line flux ratio [NII]λ6583/Hα as a function of [OIII]λ5007/Hβ of CSP simulations
computed with Cloudy. Panels from left- to right-hand side and top to bottom represent the exponentially
declining, continuous and delayed SFHs displayed in Figure 2.1.1. Blue, green, yellow and red points represent
simulations with nH = 102 cm−2 and r = 1020 cm and case B recombination, r = 1020 cm and NH = 1022

cm−2, r = 1021 cm and case B recombination, r = 1021 cm and NH = 1022 cm−2, respectively. Remaining
legend details are identical to those in Figure 4.1.2.

the cloud. More realistic photoionisation simulations usually treat these as free parameters and fine-tune
them to match the observations, even at the risk of such approach being arbitrarily complex.

4.1.2 Synthetic spectra of CSPs and AGs with nebular emission

Several studies have shown that NE significantly contributes to optical photometric passbands (e.g.
Krüger, Fritze-v. Alvensleben & Loose 1995; Papaderos et al. 1998; Anders & Fritze-v. Alvensleben 2003;
Zackrisson et al. 2008; Papaderos & Östlin 2012; Pacifici et al. 2015). With this in mind, a library of
synthetic spectra with NE was computed with Cloudy to study the impact of NE on the estimated stellar
population properties using full-spectrum purely-stellar PSS. The NE is calculated considering as input
radiation fields the CSP and AG spectra presented in Sections 2.2 and 3.1, respectively, and assuming
typical physical conditions observed in HIIRs and NLRs, respectively. The number of ionising photons for
each input spectrum is computed by Cloudy considering the radiation in the range 91 ≤ λ ≤ 911.76 Å,
with 91 Å corresponding to the lower limit in the BC2003 SSP evolutionary models. The PSS analysis of
CSPs with NE was made in order to evaluate the impact of NE in the estimated properties of star-forming
galaxies when adopting a purely-stellar base library (e.g. Asari et al. 2007). Moreover, the analysis of
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AGs with NE aims to investigate potential biases on the estimated stellar properties of Seyfert galaxies
with circumnuclear star-formation. In the following is discussed typical physical conditions of HIIRs and
NLRs adopted to produce synthetic spectra with physically motivated emission-line ratios. The traditional
optical diagnostic diagrams were then employed to evaluate the validity of the assumed physical conditions.

Various studies indicate that a H density of nH = 10 cm−3 adequately represents small-to-medium
isolated HIIRs (e.g. Veilleux & Osterbrock 1987; Castellanos et al. 2002), nH = 102 cm−3 describes HII
galaxies (e.g. Hägele et al. 2008; Stasińska et al. 2006) and large circumnuclear HIIRs (e.g. Garćıa-Vargas
et al. 1997) and that nH = 103 cm−3 is commonly associated to NLRs (e.g. Ferland & Netzer 1983;
Groves, Dopita & Sutherland 2004; Osterbrock & Ferland 2006; Stasińska et al. 2006; Kewley et al. 2006).
Taking these results into consideration, it was assumed constant H densities of nH = 102 cm −3 and 103

cm−3 for the HIIR and NLR simulations, respectively. Moreover, although a spherical geometry might
be physical meaningful in simulations of stellar clusters, such a geometry does not seem appropriate for
a simulation of a galaxy as a whole. Indeed, a more realistic approach is to consider a gaseous layer
located between the ionising source and the observer. Therefore, simulations were made assuming open
plane-parallel geometry (e.g. Stasińska 1984b; Mart́ın-Manjón et al. 2010; Groves, Dopita & Sutherland
2004). The clouds are additionally assumed to have solar abundances (Grevesse & Sauval 1998). It is
important to note that the solar metallicity of Z� = 0.017 in Grevesse & Sauval (1998) differs from that
of Z� = 0.02 in BC2003. However, it can be considered as a reasonable first-order approximation that the
stellar populations and the gas have similar chemical compositions (Mart́ın-Manjón et al. 2010). Dust was
not included in these models to assure that the subsequent PSS analysis is focused on the gas emission as
the only additional spectral component.

Garcia-Vargas et al. (1995) conducted HIIR simulations with ageing stellar clusters with a fixed
distance r = 1020.84 cm between the cluster and the cloud. Moreover, Bennert et al. (2006) studied the
properties of the NLR in the Seyfert 2 NGC 1386 with photoionisation models computed with Cloudy and
considered r = 50, 100 and 250 pc (∼1.5, 3.1 and 7.7× 1020 cm) while investigating variations of different
physical quantities (e.g. ionisation parameter, metal abundances, density). Both studies showed that
these distances can adequately reproduce observed emission-line ratios in HIIRs and NLRs, respectively.
Following these results, in this work it was considered fixed distances between the radiation sources and
the inner face of the cloud of r = 1020 or 1021 cm (∼32.4 and 324 pc) for both HIIR and NLR simulations.
Moreover, simulations were performed assuming case B recombination or a H column density NH = 1022

cm−2, based on Seyfert 2 observations (e.g. Kraemer & Crenshaw 2000; Alonso-Herrero et al. 2006; Corral
et al. 2011; Meléndez et al. 2014). These different configurations were adopted to enable a comparison
between the predicted emission-line ratios based on theoretical- and empirical-founded assumptions and
to evaluate the impact of the distance on the strength of the predicted emission-lines.

Figure 4.1.4 shows results for CSP simulations on the BPT1981 diagram. Panels from left- to right-hand
side and top to bottom display results for CSPs with exponentially declining, continuous and delayed
SFHs labeled according to nomenclature introduced in Figure 2.1.1. Moreover, simulations with r = 1020

cm and case B recombination, r = 1020 cm and NH = 1022 cm−2, r = 1021 cm and case B recombination,
r = 1021 cm and NH = 1022 cm−2 are represented by blue, green, yellow and red points, a sequence of
which can be interpreted as a photoionisation evolutionary track. Black arrows represent the direction of
increasing CSP age t. The remaining legend details are identical to those in Figure 4.1.2. The results
confirm that the distance between the ionising source and the illuminated face of the nebulae strongly
affects the emission line fluxes, since an increasing distance between the source and the cloud leads to
a stronger geometrical dilution and thus to a decrease of ionising photons per unit area reaching the
nebula. Moreover, the results show that simulations with case B recombination and NH = 1022 produce
similar emission-line ratios. Moreover, photoionisation evolutionary tracks of delayed SFHs are capable
of reaching at later evolutionary stages the regions of Seyfert (DEL2, DEL3, DEL4 and DEL5) and LINERs
(DEL5). Similar results are found for the VO1987 diagrams represented on Figures A.3.1 and A.3.2 in the
Appendix A.

Figure 4.1.5 shows results of simulations of AGs in the BPT1981 diagram for r = 1021 cm, case B
recombination and continuous SFH. Results for AGs with α = 0.5, 1, 1.5 and 2 for xAGN = 0.8 and
xAGN = 0.8, 0.6, 0.4 and 0.2 for α = 0.5 are represented as blue, green, yellow and red lines on the left-
and right-hand side panels, respectively. The remaining legend details are identical to those in Figure 4.1.2.
It is apparent from both diagrams that the CSP age t roughly increases from the bottom-middle to the
top-left-hand side, as in Figure 4.1.4. The photoionisation evolutionary tracks traverse with increasing t
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Figure 4.1.5: Emission-line flux ratio [NII]λ6583/Hα as a function of [OIII]λ5007/Hβ of a AG simulations
with continuous SFH computed with Cloudy. Blue, green, yellow and red points represent α = 0.5, 1, 1.5
and 2 for xAGN on the left-hand side panel and xAGN = 0.8, 0.6, 0.4 and 0.2 for α = 0.5 on the right-hand
side panel, respectively. Remaining legend details are identical to those in Figure 4.1.2.

the star-forming, composite and Seyfert regions, respectively. Interestingly, tracks for xAGN = 0.6 and 0.8
on right-hand side panel pass through the LINER regime before reaching the Seyfert region. Results also
show that the emission-line ratios roughly increase with decreasing α and increasing xAGN, indicating an
increasing number of ionising photons. Kewley et al. (2001) illustrated this fact showing that pure-starburst
photoionisation models go from the bottom-right-hand-side tip of the extreme starburst demarcation line
(Equation 4.3) towards the AGN regime. Indeed, Kewley et al. (2001) showed that star-forming galaxies
with an AGN contributing only 20% to the optical emission would be classified as AGN-hosts in the
traditional BPT1981 and VO1987 diagnostic diagrams. This was empirically corroborated by Kauffmann
et al. (2003c) with SDSS DR 1 galaxies (Abazajian et al. 2003).

The simulations of CSPs and AGs with NE indicate that the resulting spectra are capable of reproducing
emission-line ratios of star-forming and Seyfert galaxies, respectively. This lends empirical support to the
assumptions made on the physical conditions of the HIIRs and NLRs simulations. Spectra with NE were
renormalised relative to the monochromatic flux at λ0 = 995 Å of their counterparts without NE in order
to avoid stellar absorption features and NE (continuum and lines). Figure 4.1.6 shows the normalisation
procedure considering the same spectra as in Figure 3.1.2. The CSP spectrum with 100 Myr , solar
metallicity for an instantaneous burst SFH is represented by black lines. Moreover, AG spectra with
variations of the PL index α = 0.5,1, 1.5 and 2 for fixed xAGN = 0.4 and variations of the AGN fractional
contribution xAGN = 0.8, 0.6, 0.4, 0.2 for fixed α = 1.5 are represented in the top and bottom panels as
blue, green, yellow and red lines, respectively. The underlying spectra without NE are represented by grey
lines. This renormalisation procedure ensures that the synthesis results of the synthetic spectra of CSP
and AGs with NE can be properly compared to the results obtained for their counterparts without NE
presented in Sections 2.3 and 3.2, respectively.

4.2 Analysis of stellar properties with PSS

PSS was applied to this library of synthetic spectra following a modelling procedure similar to that detailed
in Section 2.3. The only noteworthy difference is that the spectra with NE where fitted while masking
the most prominent emission lines, which is common practice in PSS applications to spectra with clear
NE (Asari et al. 2007). This was achieved by adopting a 3σ clipping method and masking the emission
lines using the composite mask that comes with the distribution package of Starlight created from the
analysis of SDSS spectra. Results obtained from PSS modelling of CSPs and AGs spectra with NE are
presented in Subsections 4.2.1 and 4.2.2, respectively. The analysis of the synthesis results for CSPs with
NE encompass the 4 simulation configurations detailed in Subsection 4.1.2, whereas those for the AGs
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Figure 4.1.6: Renormalisation procedure of synthetic AG spectra with nebular emission (NE), a CSP with
1 Myr, solar metallicity and instantaneous burst SFH (black lines) and AGN PLs with variations on α (top
panel) and xAGN (bottom panel). Blue, green, yellow and red lines represent AGs with α = 0.5, 1, 1.5 and 2
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λ0 = 995 Å.

with NE consider only the configuration with r = 1021 cm and case B recombination as an illustrative
case. However, similar trends and uncertainties were found for the remaining sets of simulations.

As an example of an application of Starlight to an AG spectrum with NE, Figure 4.2.1 shows the
average results of the 10 Starlight best-fits to a AG with NE, a CSP with 1 Myr, solar metallicity and
instantaneous burst SFH and an AGN PL with α = 1.5 and xAGN = 0.2 for r = 1021 cm and case B
recombination. It can be seen that Starlight accounts for the nebular continuum with significantly bluer
stellar continuum than the input. The results show that the estimated total stellar mass logM? = 7.88 M�,
mean stellar age 〈log t?〉 ' 7.25 yr and mean stellar metallicity log〈Z?〉 ' −2.16 are significantly different
from their input values of logM? = 5.73 M�, 〈log t?〉 = 6 yr and log〈Z?〉 = −1.70. Indeed, these results
show that the NE leads to a severe mass and age overestimation and metallicity underestimation. This
is visually represented by the SFHs that comprise a mixture of very young (t < 107 Myr) and old
SSPs (t > 1010 Gyr) accounting for the bulk of light and stellar mass, respectively, leading to a severe
age and mass overestimation. Moreover, visual inspection of the fit reveals that the fitted blue stellar
continuum has stellar absorption features dimmer than in the input spectrum, which reflects the metallicity
underestimation. More striking is arguably the inability of the best-fit model to reproduce the Balmer
and Paschen discontinuities.

4.2.1 Dependence on the star formation history and simulation models in
CSPs

Figure 4.2.2 shows the difference in the total stellar mass M? between Starlight (out) and Rebetiko
(in) values as a function of CSP age t for all SFHs. The panel display configuration and legend details are
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Figure 4.2.1: Starlight spectral modelling results of an AG model with NE, a CSP with 1 Myr, solar
metallicity and instantaneous burst SFH and an AGN PL with α = 1.5 and xAGN = 0.2. Panel display
configuration and legend details are identical to those in Figure 2.3.1.
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identical to those in Figures 2.3.6 and 4.1.4, respectively. The results show that the stellar mass can be
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Rebetiko (in) values as a function of CSP age t. Panel display configuration and legend details are identical
to those in Figure 4.1.4.

overestimated by up to ∼2 dex at 106 . t . 109 yr, which is connected to the star-formation peaks of the
different SFHs. Young stellar populations during these stages contribute with a significant amount of
ionising photons that are responsible for the nebular emission illustrated in Figure 4.1.4. Overall, similar
results are found for case B recombination and NH = 1022 for the same distance. However, larger mass
biases are found for r = 1020 cm, a fact that can be attributed to the larger amount of ionising photons
reaching the cloud, as illustrated in the emission-line rations in Figure 4.1.4. The overall low SFR values
and consequently lower NE contribution in the delayed SFH DEL1 prevent large mass biases such as those
seen, for instance, for DEL5.

Figure 4.2.3 shows the difference in the light-weighted mean stellar age 〈log t?〉L between Starlight
and Rebetiko values as a function of CSP age t for all SFHs. The panel display configuration and legend
details are identical to those in Figure 4.2.2. The results show an overall age overestimation of up to
∼0.4 at t . 3× 106 yr for which the SFHs display relative high star-formation. This is due to the fact
that the input CSP and nebular continua must be modelled with a mixture of young SSPs. However,
this trend soon is inverted with increasing t as the underlying input stellar spectrum becomes redder,
although the nebular continuum demands a significant contribution of young SSPs. This leads to a severe
age underestimation by up to ∼0.4 dex for 3 × 106 . t . 1010 yr. As with the mass biases, this age
underestimation bump occurs at the peak of star formation for each SFH.

Figure 4.2.4 shows the difference in the light-weighted mean stellar metallicity log〈Z?〉L between
Starlight and Rebetiko values as a function of CSP age t for all SFHs. The panel display configuration
and legend details are identical to those in Figure 4.2.2. The results show that the metallicity can be
underestimated by up to ∼0.6 dex when 3× 106 . t . 1010 yr, which are evolutionary stages associated
with the peak of star formation for each SFH. As shown in Figure 4.2.1, the nebular continuum leads
Starlight to fit SSPs with the lowest metallicities in an attempt to account for the slope of the input
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Figure 4.2.4: Difference in the light-weighted mean stellar metallicity log〈Z?〉L between Starlight (out)
and Rebetiko (in) values as a function of CSP age t. Panel display configuration and legend details are
identical to those in Figure 4.1.4.

spectrum around the Balmer and Paschen jumps and its overall blue continuum, thus leading to a
significant metallicity underestimation. As for the mass and age, most significant metallicity biases are
observed for configurations with r = 1021 cm.

Figure 4.2.5 shows the difference in the mass-weighted mean stellar age 〈log t?〉M between Starlight
and Rebetiko values as a function of CSP age t for all SFHs. The panel display configuration and legend
details are identical to those in Figure 4.2.2. The results show an overall systematic age overestimation of
up to ∼3.5 dex with decreasing t during the evolutionary stages near the star-formation peaks of each
SFH. The observed trend is similar to that found for the mass illustrated in Figure 4.2.2. It is interesting
to note that this trend is also similar to the one shown on the top row panels of Figure 3.2.9, for the
which the main source of bias was the AGN PL. This suggests that a PSS code such Starlight is unable
to distinguish between AGN PL and the nebular continuum when employing a purely-stellar modelling as
adopted here, even though the differences between these spectral components is quite noticeable by eye.
This fact, once again, highlights the inherent risk of adopting a purely-stellar PSS modelling approach in
an automated manner to large samples of galaxies with heterogeneous spectral components.

Figure 4.2.6 shows the difference in the mass-weighted mean stellar metallicity log〈Z?〉M between
Starlight and Rebetiko values as a function of CSP age t for all SFHs. The panel display configuration
and legend details are identical to those in Figure 4.2.2. The results show an overall metallicity overesti-
mation of up to ∼0.4 dex during evolutionary stages associated with strong star formation activity for the
each SFH. The observed metallicity overestimation is linked to a strong mass overestimations observed in
Figure 4.2.2. However, the strength of the nebular continuum overturns this metallicity overestimation
after the peak of star formation, since the blue input continuum can only be fitted with SSPs with the
lowest-metallicity SSPs, as seen in Figure 4.2.1. Thus, the evolutionary models present a metallicity
underestimation trend similar to that found in Figure 4.2.4 after the star-formation peak.
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Rebetiko (in) values as a function of CSP age t. Panel display configuration and legend details are identical
to those in Figure 4.1.4.

In summary, these results show that a strong NE contribution during star-formation activity can lead
to mass, age and metallicity systematic biases of up to ∼2, 4 and 0.6 dex, respectively, when employing a
purely-stellar modelling PSS approach. Results also show that the nebular continuum artificially increases
the total stellar mass, dilutes stellar absorption features that mimic a strongly sub-solar metallicity and
either greatly rejuvenates or ages the stellar content of a galaxy when the age is either weighted by light
or mass, respectively.

4.2.2 Dependence on the star formation history in AGs

Figure 4.2.7 shows the difference in the total stellar M? between Starlight and Rebetiko values as a
function of CSP age t for an instantaneous burst (top row) and continuous SFHs (bottom row). Moreover,
results with increasing AGN fraction fraction xAGN are displayed from left- to right-hand side panels
going from xAGN = 0.2 to 0.8 in steps of 0.2, respectively. Results for CSPs with and without NE are
presented by violet and black lines, respectively, and synthesis results of AGs with NE for α = 0.5, 1, 1.5
and 2 are represented by blue, green, yellow and red lines, respectively. The results show a systematic
mass overestimation of up to ∼3.5 dex with decreasing t and α and with increasing xAGN. This trend
is similar to the one displayed on the top row of Figure 3.2.6 for a purely-stellar modelling approach
of AGs without NE. However, nebular emission from both stellar populations and AGN accentuate the
mass overestimation for models with t . 108 yr. This is particularly noticeable at ∼3× 106 yr for the
instantaneous burst SFH at the lower xAGN values. These overestimation peaks seem to be linked to a
incomplete age coverage of the SSPs in the adopted base library, given that results for the CSPs display
uncertainties by up to ∼0.5 dex near these evolutionary stages. Results presented in Subsection 4.2.1
showed that the biases in stellar properties that are induced by the NE disappear after the decline of
star-forming activity. Notwithstanding, the ever-present AGN continuum in these spectra leads to an
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underlying NE contribution throughout the galaxy evolution. This explains the fact that larger mass
biases are found for AGs with NE than without NE. Overall, the AGN PL continuum seems to be the
main source of mass biases for all evolutionary stages and SFHs. Figure A.3.3 in Appendix A shows
roughly similar trends for the other SFHs.

Figure 4.2.8 shows the difference in the light-weighted mean stellar age 〈log t?〉L between Starlight
and Rebetiko values as a function of CSP age t. The panel display configuration and legend details are
identical to those in Figure 4.2.7. The results show that the age is systematically under and overestimated
by up to ∼1.5 and 1 dex for t . 108 and t & 109 yr, respectively. This trend is similar to the one apparent
on the top row of Figure 3.2.7 for AGs without NE. However, results show that NE leads to a systematic
age underestimation of up to ∼0.5 dex for evolutionary stages associated with strong star-formation
activity. Biases in age that primarily stem from the NE due to the AGN become increasingly prominent
with decreasing α. This trend results from the fact that the nebular continuum must be accounted for by
young low-metallicity SSPs. Regardless, the AGN continuum seems to be the main source of age biases.
Figure A.3.4 in Appendix A shows roughly similar trends for the other SFHs.

Figure 4.2.9 shows the difference in the light-weighted mean stellar metallicity log〈Z?〉L between
Starlight and Rebetiko values as a function of CSP age t. The panel display configuration and legend
details are identical to those in Figure 4.2.7. The results for the instantaneous burst SFH reveal that
the metallicity is systematically underestimated by up to ∼0.7 dex with decreasing CSP age t and α
and with increasing xAGN. This systematic metallicity underestimation increases with t in the case of an
continuous SFH. Moreover, this underestimation suffers an offset with increasing α which can lead to a
metallicity overestimation up to ∼0.1 dex for xAGN = 0.8 and α = 2. The pronounced plateau of -0.7 dex
metallicity underestimation corresponds once again to the lowest metallicity value in the adopted base
library. Overall, this trend is similar to that illustrated on the top row of Figure 3.2.8. Moreover, NE
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leads to a systematic metallicity underestimation up to ∼0.5 dex for t . 107 yr and xAGN = 0.2, a trend
which is mitigated with increasing xAGN. Figure A.3.5 in Appendix A shows roughly similar trends for
the other SFHs.
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Figure 4.2.10 shows the difference in the mass-weighted mean stellar age 〈log t?〉M between Starlight
and Rebetiko values as a function of CSP age t. The panel display configuration and legend details are
identical to those in Figure 4.2.7. The results show a systematic age overestimation of up to ∼4 dex with
decreasing t and increasing α. This bias is similar to that displayed on the top row of Figure 3.2.9 and on
Figure 4.2.5. Moreover, age is systematically overestimated by up to ∼0.5 dex for xAGN = 0.2 due to the
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NE related to star-formation activity for each SFH. However, this trend is washed out with increasing
xAGN, indicating that the underlying AGN continuum is the main source of of mass-weighted age biases.
The same conclusion is reached from the analysis of Figure 4.2.7, in which the biases induced by the NE
are mitigated with increasing xAGN. Figure A.3.6 in Appendix A shows roughly similar trends for the
other SFHs.

Finally, Figure 4.2.11 shows the difference in the mass-weighted mean stellar metallicity log〈Z?〉M
between Starlight and Rebetiko values as a function of CSP age t. The panel display configuration
and legend details are identical to those in Figure 4.2.7. The metallicity is systematically underestimated
with decreasing t and α and with increasing xAGN for the instantaneous burst SFH, whereas this bias
increases with t in the case of a continuous SFH. Overall, results are similar to those illustrated in Figure
4.2.9 for the light-weighted metallicity. However, mass-weighted metallicity can also be systematically
overestimated by up to ∼0.4 dex with increasing xAGN for both SFHs, in particular for α = 2. It is worth
noting that this overestimation plateau of ∼0.4 dex corresponds to the highest metallicity value in the
adopted base library which is Z = 0.05. Figure A.3.7 in Appendix A shows roughly similar trends for the
other SFHs.

Coupled with the findings discussed in Subsection 4.2.1, these results indicate that the stellar mass,
mean age and mean metallicity inferred from PSS can be plagued by uncertainties of up to ∼3.5, 4 and 0.7
dex, respectively. These uncertainties depend on the age of the CSP t, AGN fractional contribution xAGN,
PL index α and on the relative contribution of NE. Moreover, it is important to keep in mind that, in
some instances, the inferred properties can be biased towards the boundaries imposed by the construction
of the base library. This fact was clearly illustrated by the metallicity under and overestimation plateaus
at ∼-0.7 and 0.4 dex corresponding to the lower and upper metallicity values in the adopted base library,
respectively.

Above all, these results suggest that an unsupervised application of PSS to star-forming and/or active
galaxies can result in strong biases in the determination of fundamental stellar properties of galaxies
(e.g. mass, mean age and mean metallicity), which could in turn significantly impact the understanding
of the mass assembly history of both star-forming galaxies and those additionally hosting an AGN. As
an illustrative case, a purely-stellar PSS analysis of a star-forming AGN-host galaxy older than 1 Gyr
may readily lead to the erroneous conclusion of this system to be particularly massive and composed of
predominately old and metal-poor stellar populations. The same holds even for a star-forming galaxy
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sustaining merely moderate star formation deprived of an AGN, given that the NE excited by starlight is
in itself sufficient to lead to significant biases in the inferred stellar properties. Taken at face value, such
results could lead to the conclusion that high-mass and metal-poor star-forming galaxies are common at
high redshifts, which in turn might be taken as evidence against the hierarchical galaxy growth scenario
(Lacey & Cole 1993).

In summation, a thorough understanding of galaxy formation and evolution requires a quantitative
knowledge of biases introduced by the AGN and NE spectral contributions to the observed spectrum of a
galaxy when applying a purely-stellar PSS approach. A way to mitigate this issue would be to explore the
assembly history of galaxies with next generation PSS codes, such as Fado, that aim to account for all
relevant physical ingredients of the optical continuum.

4.3 PSS code Fado

The PSS code Fitting Analysis using Differential evolution Optimisation (Fado, Gomes & Papaderos
2017) has the ability of ensuring consistency between the best-fit population vector (i.e. SFH, intrinsic
extinction and kinematics) and the observed nebular characteristics of a star-forming galaxy (e.g. H
Balmer-line luminosities and EWs, continuum shape around the Balmer and Paschen jumps). Moreover,
the code determines emission-line fluxes and EWs, allows for the visualisation of the modelling results and
can handle up to 2000 base elements with up to 24000 wavelength elements each, which is an important
advantage towards future work with higher-resolution SSP libraries. FADO employs genetic differential
evolution optimisation (Storn & Price 1996, 1997; Price, Storn & Lampinen 2005). This optimisation
approach is specially suited for multi-objective programming over continuous spaces, automatically
adapted for parallel computation and, most importantly, reliably converging at an affordable expense of
computational time. This results in significant improvements with respect to the uniqueness of spectral
fits and the overall efficiency of the convergence schemes integrated in the code when modelling galaxies
with strong nebular emission contribution. FADO currently offers three modelling schemes:

1. full-consistency mode: spectral modelling aiming at consistency between observed and predicted
continuum (stellar plus nebular) and Balmer emission-line luminosities and EWs;

2. nebular-continuum mode: similar to the prior mode but without the requirement for consistency
between predicted and observed Balmer-line luminosities and EWs, and

3. stellar mode: spectral modelling with only purely-stellar spectral elements.
Other distinctive conceptual improvements of FADO over currently available PSS codes include: (a)

computation and inclusion of the nebular continuum contribution to the best-fit solution and identification
of the population vector (e.g. mass, age and metallicity of individual SSPs, intrinsic extinction) that best
reproduces the nebular characteristics of a galaxy; (b) automatic characterisation of the input spectrum
for the sake of optimisation of the SSP library and spectral modelling strategy using artificial intelligence;
(c) computation of uncertainties both for the information encoded in the best-fit population vector and
secondary products (e.g. light- and mass-weighted mean stellar age and mean stellar metallicity); (d)
automated spectroscopic classification based on optical emission-line ratios after correction for underlying
stellar absorption; (e) determination of the electron temperature and density of the ionised gas whenever
meaningful, and (f) computation of the intrinsic extinction in the stellar and nebular component.

A set of synthetic spectra with NE were modelled with Starlight and the first public version of Fado
(version v01) in order to evaluate the ability of the latter to robustly infer the main stellar properties in
its full-consistency mode. The synthetic spectra were computed with Rebetiko following Equation 2.1
and adopting BC2003 SSPs with Padova 1994 evolutionary tracks (Alongi et al. 1993; Bressan et al. 1993;
Fagotto et al. 1994a,b; Girardi et al. 1996) and a Chabrier (2003) IMF. The NE was computed assuming
case B recombination (ne = 100 cm−3 and Te = 1, 000 K) and assuming AV = 0 mag. Moreover, the
spectra were convolved with a Guassian kernel to simulate a line broadening due to a line-of-sight stellar
dispersion of 50 km/s. Figures A.3.8 and A.3.9 in Appendix A show the synthetic spectra of CSPs with
NE and other spectrophotometric properties for instantaneous burst and continuous SFHs, respectively.

These spectra were fitted with both PSS codes between 3400 and 8900 Å while masking the strongest
emission lines. Figure 4.3.1 shows the Starlight and Fado spectral fits for a CSP with NE, 1 Myr, solar
metallicity and instantaneous burst SFH. The input, Starlight and Fado best-fit spectra are represented
by the black, red and blue lines in the main panel, respectively. The residuals spectra resulting from
subtracting the best-fit models found by Starlight and Fado from the input spectrum are represented
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Figure 4.3.1: Starlight and Fado spectral modelling results of a CSP with NE, 1 Myr, solar metallicity
and instantaneous burst SFH. Main panel: Black, red and blue lines represent the input and fitted spectra by
Starlight and Fado, respectively. Bottom panel: Red and blue lines represents the residuals spectrum
resulting from subtracting the Starlight and Fado best-fits from the input spectrum. Top right-hand side
panels: SFH in light fractions for Starlight (top) and Fado (bottom). Bottom right-hand side panels: SFH
in mass fractions for Starlight (top) and Fado (bottom).
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Figure 4.3.2: Difference in the total stellar mass M? between Starlight/Fado (out) and Rebetiko (in)
values as a function of CSP age t for instantaneous burst (left panel) and continuous SFHs (right panel). Red
and blue lines represent results with Starlight and Fado, respectively.

by the red and blue lines in the bottom panel, respectively. Moreover, the estimated SFHs in light and
mass fractions are represented on the top and bottom right-hand side panels, respectively. The stellar
properties with Starlight were found to be logM? = 7.23 M�, 〈log t?〉 ' 7.21 yr and log〈Z?〉 ' −1.68,
which differ significantly from the input values of logM? = 5.73 M�, 〈log t?〉 = 6 yr and log〈Z?〉 = −1.70.
Meanwhile, Fado estimates logM? = 5.74 M�, 〈log t?〉 = 6 yr and log〈Z?〉 = −1.70, which are in good
agreement with the input values. This is visually corroborated by a good fit and well recovered SFHs.
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Figure 4.3.3: Difference in the light-weighted mean stellar age 〈log t?〉L (top row panels) and mean stellar
metallicity log〈Z?〉L (bottom row panels) between Starlight/Fado (out) and Rebetiko (in) values as a
function of CSP age t for instantaneous burst (left-hand side panel) and continuous SFHs (right-hand side
panel). Legend details are identical to those in in Figure 4.3.2.

Figure 4.3.2 shows the difference in the total stellar mass M? between the Starlight/Fado (out) and
Rebetiko (in) values as a function of CSP age t for instantaneous burst (left-hand side) and continuous
(right-hand side) SFHs. Synthesis results obtained with Starlight and Fado are represented by red and
blue lines, respectively. Overall, the Starlight results for both SFHs are similar to those presented in
Figure 4.2.2. Meanwhile, the results from Fado show that the mass is estimated within an uncertainty of
up to ∼ 0.2 dex for both SFHs. Moreover, Fado results show a slight mass overestimation hump of up
to ∼0.1 dex for t & 109 yr and continuous SFH. This trend seems to be analogous to that presented in
Figure 2.3.3 for the analysis of CSP with Starlight.

Figure 4.3.3 shows the difference in the light-weighted mean stellar age 〈log t?〉L (top row panels) and
mean stellar metallicity log〈 Z?〉L (bottom row panels) between the Starlight/Fado and Rebetiko
values as a function of CSP age t. The panel display configuration and legend details are identical to
those in Figure 4.3.2. The results obtained with Starlight for both SFHs are again similar to those
presented in Figures 4.2.3 and 4.2.4. However, the Fado results show that the age and metallicity are
recovered within uncertainties of up to ∼0.1. The estimated age for the instantaneous burst SFH displays
an overestimation peak of up to ∼0.1 dex for t . 2× 107 yr that is correlated with a poor age coverage
of the base library. Moreover, there is also a small age underestimation bump of up to ∼0.1 dex for
109 . t . 1010 yr for a continuous SFH. Metallicity uncertainties in Fado seem also to correlate with
poorly covered evolutionary stages by the SSPs in the base library.

Finally, Figure 4.3.4 shows the difference in mass-weighted mean stellar age 〈log t?〉M (top row panels)
and mean stellar metallicity log〈Z?〉M (bottom row panels) between the Starlight/Fado and Rebetiko
values as a function of CSP age t. The panel display configuration and legend details are identical to
those in Figure 4.3.2. The results obtained with Starlight for both SFHs show trends similar to those
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Figure 4.3.4: Difference in the mass-weighted mean stellar age 〈log t?〉M (top row panels) and mean stellar
metallicity log〈Z?〉M (bottom row panels) between Starlight/Fado (out) and Rebetiko (in) values as a
function of CSP age t for instantaneous burst (left-hand side panel) and continuous SFHs (right-hand side
panel). Legend details are identical to those in in Figure 4.3.2.

presented in Figures 4.2.5 and 4.2.6. Meanwhile, the Fado results show that the age and metallicity are
estimated within uncertainties of up to ∼0.2. Both age and metallicity results show an overestimation
bump of up to ∼0.2 dex for 109 . t . 1010 yr for a continuous SFH.

Overall, the stellar properties estimated with this preliminary version of Fado show a significant
improvement when compared to those inferred by Starlight. This fact stresses the importance of
estimating in a self-consistent manner both the stellar and nebular continuum in oder to recover a good
approximation of the true SFH of a star-forming galaxy. Evolutionary stages for which Fado displays
noteworthy uncertainties seem to be correlated with a non-optimal age coverage by the adopted base
library, as seen for mass, age and metallicity for 107 . t . 3× 107 yr and continuous SFH. Indeed, these
results are likely due to the likeness of the SSPs with t & 109 yr in the adopted library, as similar results
were found on Section 2.3 during the analysis with Starlight of purely-stellar synthetic spectra assuming
different base libraries.

62



5
Conclusion

Spectral synthesis was applied to synthetic galaxies in order to quantify the impact of AGN and NE to
the estimation of physical properties when adopting purely-stellar or more complex modelling strategies.
CSPs evolutionary models of galaxies with synthetic spectra and other spectrophotometric properties
were computed with the ESS code Rebetiko (Papaderos & Gomes in prep.) using SSPs convolved with
different SFR functions aiming to approximate the SFHs of different Hubble-type galaxies. Radiation for
an AGN and excited gas was then incrementally added to these models to recreate the optical SED of
active star-forming galaxies. These synthetic spectra were modelled with a full-spectrum state-of-the-art
PSS code in order to quantify the effect of AGN and NE to the estimation of fundamental stellar properties
(e.g. SFH, total mass, mean age, mean metallicity) encoded in the spectral continuum of galaxies.

The analysis initially focused on the estimated stellar properties when employing a purely-stellar
PSS approach to CSPs. Results showed that the estimated stellar properties strongly depend on the
age coverage of the adopted base library of SSPs and that the total stellar mass, mean stellar age and
mean stellar metallicity can be recovered within an uncertainty of up to ∼0.2 dex for different SFHs,
which is the typical value for the adopted state-of-the-art PSS code Starlight. Results suggest that
taylor-made base libraries should be adopted to model different Hubble-type galaxies in order to assure a
robust determination of their stellar properties. Although possible when dealing with synthetic spectra,
this approach might ultimately be unfeasible in a application of PSS to large samples of real galaxies.
Moreover, it is important to bare in mind that similar stellar evolutionary ingredients were used to create
the synthetic CSPs with ESS and in the subsequent decomposition of these into elementary spectral
building blocks with PSS. Therefore, the observed uncertainties for the estimated stellar properties are
lower limits of the real uncertainties when applying a similar approach to real spectra of galaxies. The
same holds for the PSS analysis of more complex spectra presented in this work.

Synthetic spectra of Lyman-continuum-evacuated AGs including a CSP and a simple AGN FC
represented by PL defined as Fν ∝ ν−α ⇔ Fλ ∝ λα−2 where then analysed with PSS. Three modelling
configurations where adopted in order to handle the AGN spectral contribution: (a) neglecting any AGN
continuum model in the base library; (b) including a single AGN PL model in the base library with the
same slope as the one considered in the input AG spectrum, and (c) including AGN PL models with
α = 0.5, 1, 1.5 and 2 in the base library. Results showed that an effective AGN detection threshold
can be placed at an AGN fractional contribution of xAGN ' 0.26 to the monochromatic flux at 4020
Å in an Lyman-continuum-evacuated AG with a CSP with 10 Gyr, solar metallicity and instantaneous
burst SFH and an AGN with α = 1.5 (Cardoso, Gomes & Papaderos 2016). Moreover, a PSS modelling
analysis for multiple SFHs under a purely-stellar spectral decomposition showed that the total stellar
mass and mean age can be overestimated by up to ∼3.5 and 4 dex, respectively, and that the mean
metallicity can be underestimated by least up to ∼0.7 dex. The biases in these stellar properties show
non-trivial correlations with CSP age, roughly increase with α and xAGN and seem independent of the
SFH of the galaxy. Moreover, a PSS modelling approach including SSPs and AGN PLs in the base
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5. CONCLUSION

library can lead to stellar mass, mean age and mean metallicity uncertainties of up to ∼1, 3 and 0.3 dex,
respectively, depending on the CSP age, α and xAGN. These results stress the importance of modelling
the AGN spectral contribution when applying PSS to active galaxies without strong NE (Cardoso, Gomes
& Papaderos 2017).

NE was then added to the CSP and AG synthetic spectra using photoionisation simulations and
assuming typical physical conditions of HIIRs and NLRs, respectively. A subsequent purely-stellar PSS
approach showed that the inferred stellar mass, mean age and mean metallicity can be plagued by
uncertainties of up to ∼3.5, 4 and 0.7 dex, respectively. These biases depend of the CSP age, α, xAGN

and on the adopted SFH, as NE during star-formation leads to significant stellar properties uncertainties.
These different results point to the fact that current PSS codes are lacking fundamental physical ingredients
needed for a robust spectral modelling of active and/or star-forming galaxies. Moreover, they also highlight
the inherent danger of an unsupervised PSS application to spectra of galaxies with significant non-stellar
spectral components. A brief analysis of CSPs with NE using the PSS code Fado (Gomes & Papaderos
2017) illustrates the importance of simultaneously estimating the stellar and nebular continua in order to
robustly estimate the SFH and other stellar properties of star-forming galaxies.

The systematic biases on fundamental physical properties of galaxies presented in this work show
above all the potential for obtaining systematically biased estimates of stellar population properties when
applying a purely-stellar PSS approach to active and/or star-forming galaxies. For instance, results showed
this approach can lead to the mischaracterisation of a star-forming galaxy older than 1 Gyr hosting an
AGN as being particularly massive, composed by a majority of old and metal-poor stellar populations. The
same is true for a star-forming galaxy or a Lyman-continuum-leaking AGN-host. Moreover, these results
can also lead to the characterisation of galaxies with roughly the age of the universe to be composed mainly
of young and metal-poor stellar populations. This interpretation in turn might lead to the conclusion that
these objects provide strong evidence against the hierarchical growth scenario for galaxy formation and
evolution. The next-generation PSS should be able to disentangle the most important spectral components
(e.g. stellar, AGN, NE and dust emission) in the different Hubble-type galaxies so to guarantee a coherent
assessment of the mass assembly history of the Universe.

Among many other avenues, the analysis presented in this thesis can be expanded by investigating
potential biases on stellar properties using currently available SS codes when considering SSPs with
different IMFs and/or CSPs with different metallicities. Indeed, it would be also interesting to apply
a chemically consistent ESS code and study the impact on the same physical properties of a realistic
metallicity evolution of the SSPs composing the stellar continuum. Moreover, an important question
not addressed in this work relates the impact of dust absorption and reemission and its interplay with
other spectral contributions to the study of galaxy formation and evolution with state-of-the-art SS. For
instance, it is to be expected to some extent a correlation between the dust model and the estimated
V-band extinction. However, it is not clear how the combined impact of AGN, dust and NE might have
on the physical properties estimated with PSS.

Recent studies show signs of the current transition towards a panchromatic full-spectrum SS approach.
For instance, Röck et al. 2016 presented the first SPS models base on empirical stellar spectra covering the
optical and infrared between 3500 and 50000 Å. These models can be particular useful in distinguishing the
underlying stellar continuum in this spectral range from the remaining relevant spectral components (e.g.
AGN, NE, dust). Moreover, López Fernández et al. (2016) presented an extended version of Starlight
which can perform spectral analysis using full-spectrum optical and UV photometric data and showed that
the inclusion of UV can help constraining the mean stellar age and mean metallicity in star-forming disk
galaxies. Meanwhile, Fado is expected to play a significant role in the self-consistent interpretation of the
SFH of star-forming galaxies by analysing both the stellar and gas characteristics encoded in their spectra.
Improvements on the treatment of the optical AGN FC are expected to play equally an important role in
advancing the current understanding of galaxy formation and evolution of active galaxies.

In summation, this work reaffirms the idea that the analysis of galaxy observations under the preview
of theoretical astrophysics remains largely an untraveled road. This realisation remains both humbling
and exciting.
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A
Additional Resources

A.1 Analysis of purely-stellar galaxy models

Figures A.1.1–A.1.9 present synthetic CSP spectra and other spectrophotometric properties of evolutionary
models created with the ESS code Rebetiko for the SFHs displayed on Figure 2.1.1.

Figure A.1.1: Synthetic CSP spectra normalised at λ0 = 4020 Å and other spectrophotometric quantities
computed with Rebetiko for the SFH labeled as TAU1 in Figure 2.1.1. Panel display configuration and legend
details are identical to those in Figure 2.2.1.
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A. ADDITIONAL RESOURCES

Figure A.1.2: Synthetic CSP spectra normalised at λ0 = 4020 Å and other spectrophotometric quantities
computed with Rebetiko for the SFH labeled as TAU2 in Figure 2.1.1. Panel display configuration and legend
details are identical to those in Figure 2.2.1.

Figure A.1.3: Synthetic CSP spectra normalised at λ0 = 4020 Å and other spectrophotometric quantities
computed with Rebetiko for the SFH labeled as TAU3 in Figure 2.1.1. Panel display configuration and legend
details are identical to those in Figure 2.2.1.
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A.1 Analysis of purely-stellar galaxy models

Figure A.1.4: Synthetic CSP spectra normalised at λ0 = 4020 Å and other spectrophotometric quantities
computed with Rebetiko for the SFH labeled as CONT in Figure 2.1.1. Panel display configuration and legend
details are identical to those in Figure 2.2.1.

Figure A.1.5: Synthetic CSP spectra normalised at λ0 = 4020 Å and other spectrophotometric quantities
computed with Rebetiko for the SFH labeled as DEL1 in Figure 2.1.1. Panel display configuration and legend
details are identical to those in Figure 2.2.1.
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Figure A.1.6: Synthetic CSP spectra normalised at λ0 = 4020 Å and other spectrophotometric quantities
computed with Rebetiko for the SFH labeled as DEL2 in Figure 2.1.1. Panel display configuration and legend
details are identical to those in Figure 2.2.1.

Figure A.1.7: Synthetic CSP spectra normalised at λ0 = 4020 Å and other spectrophotometric quantities
computed with Rebetiko for the SFH labeled as DEL3 in Figure 2.1.1. Panel display configuration and legend
details are identical to those in Figure 2.2.1.
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A.1 Analysis of purely-stellar galaxy models

Figure A.1.8: Synthetic CSP spectra normalised at λ0 = 4020 Å and other spectrophotometric quantities
computed with Rebetiko for the SFH labeled as DEL4 in Figure 2.1.1. Panel display configuration and legend
details are identical to those in Figure 2.2.1.

Figure A.1.9: Synthetic CSP spectra normalised at λ0 = 4020 Å and other spectrophotometric quantities
computed with Rebetiko for the SFH labeled as DEL5 in Figure 2.1.1. Panel display configuration and legend
details are identical to those in Figure 2.2.1.
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A. ADDITIONAL RESOURCES

A.2 Analysis of active galaxy models

Figures A.2.1–A.2.5 presents PSS results for AG synthetic spectra for the SFHs presented in Figure 2.1.1
considering a purely-stellar modelling approach. Moreover, Figures A.2.6–A.2.11 present results for CSPs
with continuous SFH similar to the Figures 3.2.6–3.2.11 displayed synthesis results an instantaneous burst
SFH, respectively.
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Figure A.2.1: Difference in the total stellar mass M? between Starlight (out) and Rebetiko (in) values
(z axis) as a function of CSP age t (y axis) and AGN fractional contribution xAGN (x axis). Panels from left-
to right-hand side and top to bottom represent the exponentially declining, continuous and delayed SFHs
displayed in Figure 2.1.1. Black, blue, green, yellow and red lines represent purely-stellar CSPs (x? = 1) and
AGs with α = 0.5, 1.0, 1.5 and 2.0, respectively.
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Figure A.2.2: Difference in the light-weighted mean stellar age 〈log t?〉L between Starlight and Rebetiko
values (z axis) as a function of CSP age t (y axis) and AGN fractional contribution (x axis). Panel display
configuration and legend details are identical to those in Figure A.2.1.
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Figure A.2.3: Difference in the light-weighted mean stellar metallicity log 〈Z?〉L between Starlight and
Rebetiko values (z axis) as a function of CSP age t (y axis) and AGN fractional contribution (x axis). Panel
display configuration and legend details are identical to those in Figure A.2.1.
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Figure A.2.4: Difference in the mass-weighted mean stellar age 〈log t?〉M between Starlight and Rebetiko
values (z axis) as a function of CSP age t (y axis) and AGN fractional contribution (x axis). Panel display
configuration and legend details are identical to those in Figure A.2.1.
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Figure A.2.5: Difference in the mass-weighted mean stellar metallicity log 〈Z?〉M between Starlight and
Rebetiko values (z axis) as a function of CSP age t (y axis) and AGN fractional contribution (x axis). Panel
display configuration and legend details are identical to those in Figure A.2.1.
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Figure A.2.6: Difference in the total stellar mass M? between Starlight (out) and Rebetiko (in) values
as a function of CSP age t for CSPs with continuous SFH. Panel display and legend details are identical to
those in Figure 3.2.6.
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Figure A.2.7: Difference in the light-weighted mean stellar age 〈log t?〉L between Starlight (out) and
Rebetiko (in) values as a function of CSP age t for CSPs with continuous SFH. Panel display and legend
details are identical to those in Figure 3.2.6.
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Figure A.2.9: Difference in the mass-weighted mean stellar age 〈log t?〉M between Starlight (out) and
Rebetiko (in) values as a function of CSP age t for CSPs with continuous SFH. Panel display and legend
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A.3 Analysis of nebular emission models

Figures A.3.1 and A.3.2 show results for CSP photoionisation simulations on the VO1987 diagrams.
Moreover, Figures A.3.3–A.3.7 presents PSS results for AGs with NE. Finally, Figures A.3.8–A.3.9 present
synthetic CSP spectra with NE and other spectrophotometric properties of evolutionary models created
with the ESS code Rebetiko for instantaneous burst and continuous SFHs.
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Figure 4.1.4.
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Figure A.3.3: Difference in the total stellar mass M? between Starlight (out) and Rebetiko (in) values
(z axis) as a function of CSP age t (y axis) and AGN fractional contribution xAGN (x axis) for AGs with NE.
Panels from left- to right-hand side and top to bottom represent the exponentially declining, continuous and
delayed SFHs displayed in Figure 2.1.1. Black and violet lines represent results of CSPs without and with
NE, respectively. Blue, green, yellow and red lines represent results for AGs with NE and α = 0.5, 1, 1.5 and
2, respectively.
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Figure A.3.4: Difference in the light-weighted mean stellar age 〈log t?〉L between Starlight and Rebetiko
values (z axis) as a function of CSP age t (y axis) and AGN fractional contribution (x axis) for AGs with NE.
Panel display configuration and legend details are identical to those in Figure A.3.3.
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Figure A.3.5: Difference in the light-weighted mean stellar metallicity log〈Z?〉L between Starlight and
Rebetiko values (z axis) as a function of CSP age t (y axis) and AGN fractional contribution (x axis) for
AGs with NE. Panel display configuration and legend details are identical to those in Figure A.3.3.
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Figure A.3.6: Difference in the mass-weighted mean stellar age 〈log t?〉M between Starlight and Rebetiko
values (z axis) as a function of CSP age t (y axis) and AGN fractional contribution (x axis) for AGs with NE.
Panel display configuration and legend details are identical to those in Figure A.3.3.
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Figure A.3.7: Difference in the mass-weighted mean stellar metallicity log〈Z?〉M between Starlight and
Rebetiko values (z axis) as a function of CSP age t (y axis) and AGN fractional contribution (x axis) for
AGs with NE. Panel display configuration and legend details are identical to those in Figure A.3.3.

Figure A.3.8: Synthetic CSP spectra with NE normalised at λ0 = 4020 Å and other spectrophotometric
quantities computed with Rebetiko for the SFH labeled as TAU1 in Figure 2.1.1. Panel display configuration
and legend details are identical to those in Figure 2.2.1.
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Figure A.3.9: Synthetic CSP spectra with NE normalised at λ0 = 4020 Å and other spectrophotometric
quantities computed with Rebetiko for the SFH labeled as CONT in Figure 2.1.1. Panel display configuration
and legend details are identical to those in Figure 2.2.1.
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ABSTRACT

Various lines of evidence suggest that the cores of a large portion of early-type galaxies (ETGs) are virtually evacuated of warm ionised
gas. This implies that the Lyman-continuum (LyC) radiation produced by an assumed active galactic nucleus (AGN) can escape from
the nuclei of these systems without being locally reprocessed into nebular emission, which would prevent their reliable spectroscopic
classification as Seyfert galaxies with standard diagnostic emission-line ratios. The spectral energy distribution (SED) of these ETGs
would then lack nebular emission and be essentially composed of an old stellar component and the featureless power-law (PL)
continuum from the AGN. A question that arises in this context is whether the AGN component can be detected with current spectral
population synthesis in the optical, specifically, whether these techniques effectively place an AGN detection threshold in LyC-leaking
galaxies. To quantitatively address this question, we took a combined approach that involves spectral fitting with Starlight of
synthetic SEDs composed of stellar emission that characterises a 10 Gyr old ETG and an AGN power-law component that contributes
a fraction 0 ≤ xAGN < 1 of the monochromatic luminosity at λ0 = 4020 Å. In addition to a set of fits for PL distributions Fν ∝ ν−α
with the canonical α = 1.5, we used a base of multiple PLs with 0.5 ≤ α ≤ 2 for a grid of synthetic SEDs with a signal-to-noise ratio
of 5–103. Our analysis indicates an effective AGN detection threshold at xAGN ' 0.26, which suggests that a considerable fraction of
ETGs hosting significant accretion-powered nuclear activity may be missing in the AGN demographics.

Key words. galaxies: active – galaxies: nuclei – galaxies: stellar content – galaxies: evolution

1. Introduction

The build-up of super-massive black holes (SMBHs) and co-
evolution with their galaxy hosts is a central question in
extragalactic astronomy. In this regard, comprehensive multi-
wavelength studies of matter accretion onto SMBHs and the as-
sociated active galactic nuclei (AGN) phenomenon are funda-
mental for elucidating the interplay between SMBH growth and
galaxy assembly history. Accretion-powered activity in galax-
ies is mostly being addressed in the optical through emission-
line ratio diagnostics, which allow distinguishing between, for
instance, gas photoionisation by an AGN and OB stars (e.g.
Baldwin et al. 1981; Veilleux & Osterbrock 1987). The diagnos-
tic power of such methods presumably vanishes, however, when
galactic nuclei are mostly evacuated of gas (e.g. permeated by
hot and tenuous plasma), thereby allowing the bulk of the Lyman
continuum (LyC) output from an AGN to escape without being
locally reprocessed as nebular emission. In those cases the opti-
cal spectral energy distribution (SED) is expected to essentially
consist of stellar emission and a featureless AGN continuum. In
the limiting case of a dominant AGN and high LyC-photon es-
cape fraction, the optical SED of a galaxy is therefore expected
to entirely lack both nebular (continuum and line) emission and
stellar absorption features and superficially somewhat resemble
that of a BL Lac (e.g. Oke & Gunn 1974; Marchã et al. 1996;
Kügler et al. 2014).

The situation of an AGN leaking LyC radiation envis-
aged here may apply to many early-type galaxy (ETG) nuclei.
Papaderos et al. (2013) have first estimated the LyC escape frac-
tion from ETG nuclei to be 70–95% (see also Gomes et al.
2016) and pointed out that LyC photon escape may constitute
a key element in understanding why many of these systems,
despite evidence of a strong AGN energy source in radio or
X-ray wavelengths, show only weak optical emission-lines typ-
ical of low-ionization nuclear emission-line regions (LINERs,
Heckman 1980). Several questions naturally arise from such
considerations. For instance, to which extent can an AGN be re-
covered from the optical SED of such LyC-leaking ETGs using
currently available spectral fitting techniques? More specifically,
do these techniques effectively place a detection threshold on
the featureless AGN continuum, and are they capable of recov-
ering its main characteristics (e.g. luminosity contribution, spec-
tral slope) simultaneously with those of the stellar component in
the host galaxy?

Spectral population synthesis (SPS, also referred to as the in-
verse or semi-empirical approach; Faber 1972) has been applied
over the past decades to optical Seyfert galaxy spectra with the
goal of evaluating the AGN power-law (PL) featureless contin-
uum and how this might affect the retrieved star formation his-
tory (e.g. Koski 1978; Schmitt et al. 1999; Cid Fernandes et al.
2004; Benítez et al. 2013). However, none of these works have
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Fig. 1. Synthetic galaxy spectra resulting from the combination of a
10 Gyr old solar-metallicity stellar population with a power-law AGN
continuum defined as Fν ∝ ν−1.5. The colour coding represents the AGN
fractional flux contribution xAGN at λ0 = 4020 Å.

attempted to quantitatively infer an AGN detectability threshold
for LyC-leaking ETGs, which is the goal of this study.

2. Method and results

The approach taken here involves computing and subsequently
modelling synthetic SEDs with an SPS code. For the first task
we computed a synthetic optical spectrum with our evolutionary
synthesis code Rebetiko (Papaderos & Gomes, in prep.) that
represents an ETG that has formed monolithically 10 Gyr ago.
For this, we adopted simple stellar population (SSP) spectra of
solar metallicity (Z� = 0.02) from Bruzual & Charlot (2003),
with a Chabrier (2003) initial mass function (IMF) between
0.1 and 100 M� and Padova evolutionary tracks (Alongi et al.
1993; Bressan et al. 1993; Fagotto et al. 1994a,b,c; Girardi et al.
1996), and zero intrinsic extinction in the V-band (AV = 0 mag).
The featureless AGN continuum, which was added to the stel-
lar SED, was parameterised by a PL defined as Fν ∝ ν−α (e.g.
Oke et al. 1970; O’Connell 1976; Koski 1978) with the canon-
ical spectral index α = 1.5 for Seyfert galaxies (e.g. Ferland
& Netzer 1983; Schmitt et al. 1999; Kauffmann et al. 2003;
Cid Fernandes et al. 2004). Afterwards, we attempted to recover
the AGN characteristics (α, light fraction) by fitting the synthetic
SEDs with the most recent publicly available version of the SPS
code Starlight (Cid Fernandes et al. 2005, public distribution
v04).

The continuum flux Fλ at the normalisation wavelength λ0
resulting from the superposition of the AGN PL FAGN

λ to the
stellar SED F?

λ can be written as

Fλ = F?
λ +

xAGN

x?
FAGN
λ = F?

λ +
xAGN

x?
F?
λ0

(
λ

λ0

)α−2

, (1)

where x? and xAGN are the fractional stellar and AGN flux con-
tributions, respectively, constrained by the normalisation con-
dition x? + xAGN = 1 at λ0 = 4020 Å. Equation (1) ensures
that the stellar physical properties (e.g. flux, mass) computed
with Rebetiko are conserved by the addition of the AGN
component.

In this work we adopted a PL index α = 1.5 and a range for
the AGN relative contribution of xAGN ∈ [0, 1[ in steps of 0.01 to
create synthetic spectra, as shown in Fig. 1. We note that SEDs
with xAGN ≥ 0.5 are only included for the sake of completeness,

given that already an xAGN >∼ 0.4 corresponds to conspicuously
featureless spectra that would normally be excluded from SPS
modelling upon visual inspection. Finally, the set of synthetic
SEDs comprises ten signal-to-noise (S/N) ratios between 5 and
103 at λ0 in order to study how the AGN recovery depends on
the quality of input spectra.

The synthetic SEDs were then fitted with Starlight using
a base with SSPs from Bruzual & Charlot (2003) for 25 ages
from 1 Myr to 13 Gyr and 4 metallicities (Z = 0.2, 0.4, 1 and
2.5 Z�) with a Chabrier (2003) IMF and Padova evolutionary
tracks. Additionally, the base contains a single PL with α = 1.5,
as the one embedded in the input SED. The spectral fitting was
performed between 3400 and 8900 Å following common prac-
tice in studies of local galaxy samples from SDSS (e.g. Asari
et al. 2007; Ribeiro et al. 2016), with AV kept as a free parame-
ter between −1 and 4 mag. Moreover, Starlight was applied ten
times for each spectrum assuming different initial guesses in the
parameter space (i.e. seed numbers in the fitting procedure) to
better evaluate formal uncertainties.

A second set of fits was computed using seven PLs in the
base with an α between 0.5 and 2 in steps of 0.25, within
the range of values commonly adopted both in spectral syn-
thesis (e.g. Goerdt & Kollatschny 1998; Schmitt et al. 1999;
Kauffmann et al. 2003; Cid Fernandes et al. 2004; Moultaka
2005; Benítez et al. 2013) and photoionisation models (e.g.
Ferland & Netzer 1983; Stasińska 1984a,b; Mathews & Ferland
1987; Veilleux & Osterbrock 1987). The motivation behind this
experiment was to check whether Starlight can choose the PL
with the correct slope, a test which is of relevance to its unsuper-
vised application to large spectroscopic data sets without a priori
knowledge of α. The allowance for multiple PLs of different α
obviously bears the risk that an eventual inclusion of more than
one PL in the best-fitting solution would lead to a non-PL distri-
bution, which in turn might affect the properties inferred for the
stellar component (e.g. AV ). These two series of fits are referred
to in the following as spl (single PL) and mpl (multiple PLs),
respectively.

For both spl and mpl, it is important to bear in mind that
the results presented below correspond to a best-case scenario
where the ingredients used to compute the input SEDs (i.e. SSPs
and PLs) are also included in the base that is subsequently used
for spectral fitting. This, and the fact that synthetic SEDs are
composed of only a single-age stellar component, instead of the
rather general case of a composite stellar population, further sim-
plifies the framework of this study and facilitates the recovery of
the AGN characteristics. Thus, the following analysis probably
yields a generous estimate on the true capability of Starlight
for recovering an AGN hosted within a LyC-leaking ETG.

The first step in our analysis is to examine to which extent
Starlight can recover the AGN contribution. Figure 2 shows
the difference between the output and input luminosity contribu-
tion xout

AGN − xin
AGN of the AGN as a function of xin

AGN for ten S/N
values (see legend for details). The accuracy on the estimation
of xAGN slightly increases with increasing AGN contribution, de-
spite several local deviations from the true value, especially for
lower-S/N (<∼25) spectra. A salient feature in both panels is that
Starlight on average underestimates the fractional contribu-
tion of the PL by ∼6.2% (∼3.0%) for spl (mpl) models, and that
this offset, even though subtle, is apparent over the entire xAGN
range.

This bias is best visible in Fig. 3, which shows the relative de-
viation (xout

AGN − xin
AGN)/xin

AGN. The AGN contribution is systemat-
ically underestimated, reaching ∼35.4% and ∼14.9% at xAGN =
0.2 for spl and mpl, respectively. Interestingly, the deviation is
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Fig. 2. Difference between output and input AGN fractional flux contri-
bution xout

AGN−xin
AGN at λ0 as a function of xin

AGN for ten S/N values. Results
obtained by fitting synthetic spectra with Starlightwith a single (spl)
and multiple (mpl) AGN power-law components in the base library are
shown in the upper and lower panels, respectively. The shaded area cor-
responds to the ±1σ standard deviation around the mean, as computed
from ten Starlight fits to each synthetic spectrum.

on average by ∼10.7% higher for spl fits, although these employ
the single PL component embedded in the input SED. Assuming
that the lines inferred for each S/N in Fig. 3 are analogues of
independent chains in a random-walk Monte Carlo simulation,
we can estimate an AGN detection threshold from the Gelman
& Rubin (1992) convergence criterion. This yields a variance ra-
tio R̂ < 1.1 for xAGN ≥ 0.26 and 0.23 (dash-dotted lines) for
spl and mpl fits, respectively. These values reflect the empiri-
cal insight from Fig. 1 that traces of a diluting AGN continuum
are barely recognisable by eye for a xAGN <∼ 0.2. Automated
application of Starlight on large spectroscopic data sets (e.g.
SDSS, 6dF, GAMA) would thus underestimate or entirely miss
the AGN contribution, potentially leading to the erroneous clas-
sification of LyC-leaking AGNs as lineless passive galaxies, in
the notation by Cid Fernandes et al. (2011). It is also notewor-
thy that the stellar mass M? is recovered in either case at a level
better than ∼10% for xin

AGN
<∼ 0.5 (shaded area in Fig. 4).

One question that arises from the foregoing is whether the
underestimation of the AGN contribution despite almost unbi-
ased M? estimates could come at the price of biases in other
quantities of relevance, such as the luminosity-weighted mean
stellar age 〈t?〉L and the intrinsic extinction AV . This is indeed
the case judging from Figs. 5 and 6, which reveal a trend for a
S/N-dependent underestimation of the age and overestimation of
AV over the considered xAGN range. Specifically, the luminosity-
weighted mean stellar age computed with Starlight is under-
estimated by ∼1.7 and 0.8 Gyr at xAGN = 0.26 and 0.23 for spl
and mpl, respectively. At the AGN detection threshold this bias
is apparently partly compensated for by an artificial reddening
by AV ∼ 0.07 mag. Indirect evidence of a coupling between ex-
tinction and age at the expense of xAGN comes from the fact that
the latter is accurately retrieved by Starlight when AV is fixed
to 0 mag.
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Thick black lines represent second-order polynomial fits for xin

AGN ≤ 0.5
and a S/N = 50.

3. Summary and conclusions

The aim of this study was to examine whether there is
an AGN detectability threshold in optical spectral synthe-
sis studies of LyC-leaking early-type galaxies (ETGs) hosting
accretion-powered nuclear activity. To address this question, we
took a combined approach that involved spectral fitting with
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Fig. 5. Difference between the output and input luminosity-weighted
mean stellar age 〈t?〉L as a function of xin

AGN for spl and mpl models
(upper and lower panels, respectively). Thick black lines have the same
meaning as in Fig. 4.

Starlight of synthetic SEDs that are composed of an instan-
taneously formed 10 Gyr old stellar component plus an AGN
power-law component providing a fraction 0 ≤ xAGN < 1 of
the monochromatic luminosity at λ0 = 4020 Å. For this set of
models, we find that Starlight recovers the stellar mass to
within ∼10%, but systematically overestimates the intrinsic ex-
tinction and underestimates the luminosity-weighted stellar age
and xAGN. Our analysis indicates an effective AGN detection
threshold at xAGN ' 0.26, which suggests that a considerable
fraction of ETGs hosting significant accretion-powered nuclear
activity may be missing in the AGN demographics.
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ABSTRACT

The effect of the featureless power-law (PL) continuum of an active galactic nucleus (AGN) on the estimation of physical properties
of galaxies with optical population spectral synthesis (PSS) remains largely unknown. With the goal of a quantitative examination of
this issue, we fit synthetic galaxy spectra representing a wide range of galaxy star formation histories (SFHs) and including distinct PL
contributions of the form Fν ∝ ν−α with the PSS code Starlight to study to which extent various inferred quantities (e.g. stellar mass,
mean age, and mean metallicity) match the input. The synthetic spectral energy distributions (SEDs) computed with our evolutionary
spectral synthesis code include an AGN PL component with 0.5 ≤ α ≤ 2 and a fractional contribution 0.2 ≤ xAGN ≤ 0.8 to the
monochromatic flux at 4020 Å. At the empirical AGN detection threshold xAGN ' 0.26 that we previously inferred in a pilot study on
this subject, our results show that the neglect of a PL component in spectral fitting can lead to an overestimation by ∼2 dex in stellar
mass and by up to ∼1 and ∼4 dex in the light- and mass-weighted mean stellar age, respectively, whereas the light- and mass-weighted
mean stellar metallicity are underestimated by up to ∼0.3 and ∼0.6 dex, respectively. These biases, which become more severe with
increasing xAGN, are essentially independent of the adopted SFH and show a complex behaviour with evolutionary time and α. Other
fitting set-ups including either a single PL or multiple PLs in the base reveal, on average, much lower unsystematic uncertainties of
the order of those typically found when fitting purely stellar SEDs with stellar templates, however, reaching locally up to ∼1, 3 and
0.4 dex in mass, age and metallicity, respectively. Our results underscore the importance of an accurate modelling of the AGN spectral
contribution in PSS fits as a minimum requirement for the recovery of the physical and evolutionary properties of stellar populations
in active galaxies. In particular, this study draws attention to the fact that the neglect of a PL in spectral modelling of these systems
may lead to substantial overestimates in stellar mass and age, thereby leading to potentially significant biases in our understanding of
the co-evolution of AGN with their galaxy hosts.

Key words. galaxies: active – galaxies: Seyfert – galaxies: stellar content – galaxies: evolution

1. Introduction

The mass assembly, star formation and chemical evolution his-
tory of galaxies are fundamental to the understanding of the
physical and spectrophotometric properties of galaxies in the lo-
cal universe. In recent decades, numerous studies have employed
spectral synthesis with the aim of addressing these issues. This
technique saw its initial realisation with the works by Whipple
(1935) and Baade (1944a,b). They have attempted to categorise
groups of stars within local galaxies according to their spec-
tral types and found that, predominantly, O and B stars were
in the disk and G, K, and M stars were in the bulge. This was
later recognised to be a signature of the different stellar popula-
tions (population I, II, and III stars) composing distinct structural
components in galaxies. These works planted the seed of the
modern concept for modelling the spectral continuum of galax-
ies as due to the linear superposition of individual star spectra or
star clusters in galaxies. Historically, spectral synthesis has fol-
lowed two main approaches: population spectral synthesis (PSS)
and evolutionary spectral synthesis (ESS).

On the one hand, also known as population synthesis or in-
version technique, PSS aims at decomposing the observed spec-
trum of a galaxy into its main elementary building blocks, such
as individual stars and/or groups of stars of a given age, metal-

licity, and stellar initial mass function (IMF). Per definition,
this technique yields a discretised approximation to the star for-
mation and chemical evolution history (SFH and CEH, respec-
tively) of a galaxy. The PSS approach saw its inception with the
works by Morgan (1956), Wood (1966), and Faber (1972) and
has over the years been subject to significant development (e.g.
Bica 1988; Pelat 1997, 1998; Moultaka et al. 2004; Heavens,
Jimenez & Lahav 2000; Heavens et al. 2004; Cid Fernandes et
al. 2005; Ocvirk et al. 2006a,b; Tojeiro et al. 2007; MacArthur
et al. 2009; Koleva et al. 2009). In the last two decades, spectral
synthesis has transitioned from the modelling of a few observ-
ables, such as colours, fluxes, and/or equivalent widths (EWs) of
absorption lines (e.g. Wood 1966; Faber 1972; Worthey 1994;
Kauffmann et al. 2003) to the more powerful pixel-by-pixel (λ-
by-λ) fitting technique that exploits the full information in cur-
rent medium- to high-resolution spectroscopic data (e.g. Cid
Fernandes et al. 2005; Koleva et al. 2009; Tojeiro et al. 2007).

On the other hand, also known as the direct approach, ESS
allows for the estimation of physical properties of galaxies, such
as the stellar mass, age, and metallicity, on the basis of em-
pirically founded assumptions on the IMF, chemical evolution,
and star formation rate (SFR). This approach was pioneered by
Tinsley (1968) and Spinrad & Taylor (1972) and since then has
been a thriving topic of research with the creation of increas-
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ingly sophisticated models (e.g. Krüger, Fritze-v. Alvensleben
& Loose 1995; Fioc & Rocca-Volmerange 1997; Leitherer et al.
1999; Zackrisson et al. 2001; Bruzual & Charlot 2003; Anders
et al. 2004; Le Borgne et al. 2004; Maraston 2005; Coelho et
al. 2007; Mollá et al. 2009; Kotulla et al. 2009; Vazdekis et al.
2010).

Whereas there is broad consensus that these techniques have
led in the past decade to a great leap forward in our understand-
ing of the assembly history of normal galaxies, their application
to active galactic nucleus (AGN) remains controversial and prob-
lematic. As a matter of fact, the chief goal of spectral modelling
of AGN spectra in the 70s and 80s has been the recovery of the
AGN emission after fitting and removal of the underlying stellar
spectral energy distribution (SED). The main assumption behind
this approach was that the underlying host galaxy was composed
solely of old and metal-rich stellar populations that are in general
well represented by an elliptical galaxy spectral template. For
instance, the original work by Koski (1978) showed, using pho-
tometric scans of a sample of Seyferts (named after Carl Keenan
Seyfert; Seyfert 1943) and narrow-line radio galaxies, that a non-
stellar component could be approximated by a featureless con-
tinuum (FC) with a power-law (PL) function Fν ∝ ν−α in the UV-
optical range with α between 0.2 and 2.8 and an average value
of 〈α〉 = 1.0 ± 0.5. In this study, the AGN was found to provide
on average ∼30% of the continuum at the Hβ wavelength.

The accuracy of these methods for removing the underly-
ing stellar SED has generally been limited by various sources
of uncertainty (as extensively discussed in Ho, Filippenko &
Sargent 1997, and more recently in Ho 2008) and, from the spec-
tral synthesis point of view, the techniques employed were not
meant to investigate, or were not capable of exploring, the SFH
and CEH of galaxies. As a consequence, it might be questioned
whether these studies could accurately retrieve the pure SED of
the AGN, in particular for galaxies where stellar emission dom-
inates. Even though more elaborate methods were developed for
the starlight removal, such as off-nuclear spectrum subtraction
within the same galaxy (Storchi-Bergmann, Baldwin & Wilson,
1993) or a linear combination of the spectra of different galax-
ies (Ho, Filippenko & Sargent, 1997, 2003; Storchi-Bergmann,
Cid Fernandes & Schmitt, 1998), they generally did not have
the reconstruction of the stellar mass assembly history of active
galaxies as prime objective.

Concerning the PL contribution, it is well-established in the
framework of the AGN unified model (Antonucci 1993; Netzer
2015) that it constitutes the dominant component in the SED op-
tical continuum of type 1 AGNs, such as quasars and Seyfert
1 galaxies. However, its relative contribution to the UV-optical
in type 2 AGN, such as Seyfert 2 and low-ionisation nuclear
emission-line region (LINER) galaxies (Heckman 1980), re-
mained controversial, largely owing to the limited capability of
current spectral fitting codes.

Indeed, even though a substantial body of work has been de-
voted to this subject, a review of the literature reveals a wide
set of discordant conclusions, in some cases drawn using similar
methods. Part of the confusion might be attributed to poorly de-
scribed or justified methodological assumptions and the assess-
ment of the propagation of uncertainties in the physical proper-
ties of both the estimated stellar and AGN contribution, besides
sample selection effects.

For example, observations of the optical stellar features, such
as the Mgb band (∼5200Å), have shown in some cases a cer-
tain degree of dilution in these regions by a PL component
(e.g. Koski 1978; Dressler 1984; Nelson & Whittle 1995; Serote
Roos et al. 1998; Cid Fernandes, Storchi-Bergmann & Schmitt

1998; Boisson et al. 2000; Moultaka & Pelat 2000; Kauffmann
et al. 2003; Garcia-Rissmann et al. 2005; Vega et al. 2009).
Conversely, it was pointed out that the EWs of the infrared Ca II
triplet (hereafter CaT at 8498, 8542, and 8662 Å) were similar
or even larger than in normal galaxies (e.g. Terlevich, Díaz &
Terlevich 1990; Nelson & Whittle 1995), as they are more suit-
able for a stellar population and kinematical analysis. Vega et
al. (2009) applied the PSS code Starlight to active galaxies and
found that Seyfert 1 galaxies have EW(CaT) between ∼1.5 and
∼7.5 Å with a median value of 4.8 Å and that Seyfert 2 lie be-
tween ∼1.5 and ∼10.5 Å with a median value of 6.5 Å. Their re-
sults suggest that Seyfert 2 show no sign of dilution of EW(CaT)
as compared to normal galaxies, even though optical absorption
lines such as the CaII K (CaK) band at 3933 Å are much weaker
than in old, bulge-like stellar populations. Evolutionary models
in an EW(CaT)–EW(CaK) diagram suggest that young stellar
populations are responsible for the dilution of optical lines in
active galaxies. However, the authors concluded that non-stellar
contributions can reach ∼85% in Seyfert 1, ∼50 % in Seyfert 2
and starburst galaxies, and ∼32% even for normal galaxies by
applying Starlight with multiple PLs with α = 1–2.

The controversy on the PL contribution to type 2 objects re-
mains until today. For example, in studies by Ho, Filippenko &
Sargent (1995, 1997, 2003) and Ho (2008) it was argued that
samples analysed by some other groups were, in general, not
large enough and unbiased, preventing an accurate separation
of nuclear from global properties. Even though other surveys,
such as SDSS (York et al. 2000), have surpassed statistically the
number of galaxies of smaller surveys (e.g. the Palomar sam-
ple; Ho, Filippenko & Sargent 1995), these larger surveys have
the disadvantage of large projected aperture sizes, where the
continuum emission in type 2 AGN could be significantly di-
luted by star formation (Kauffmann et al. 2003). This might ex-
plain why some works have found almost no PL contribution in
type 2 AGN (Cid Fernandes, Storchi-Bergmann & Schmitt 1998;
Schmitt, Storchi-Bergmann & Cid Fernandes 1999, while others
found that a PL could account for up ∼90% of the optical flux
(e.g. Koski 1978; Vega et al. 2009).

For instance, Cid Fernandes, Storchi-Bergmann & Schmitt
(1998) have studied the stellar content of active galaxies with
long-slit spectroscopy of 38 active and 4 normal galaxies with
the goal of detecting the fractional contribution of a FC rela-
tive to the stellar emission. This study detected dilution of stel-
lar absorption lines by a PL in most of the galaxies with broad-
line emission, whereas almost no PL contribution was found for
most of the type 2 Seyferts in their sample. Likewise, a follow-
up study in Schmitt, Storchi-Bergmann & Cid Fernandes (1999)
investigated the contribution by an AGN PL to the optical us-
ing flux continuum ratios and absorption-line EWs on spectra of
nuclear regions of 20 local Seyfert 2 galaxies. The conclusions
drawn was that the contribution from stars younger than 10 Myr
and a PL rarely exceeds 5% and that the high FC contribution
(up to ∼70%) found by Koski (1978) was likely overestimated
because of the use of an elliptical template spectrum for the nu-
clear stellar population.

More recently, Cid Fernandes et al. (2004) applied a λ-by-
λ spectral synthesis approach with an early version of the PSS
code Starlight (Cid Fernandes et al. 2005) to constrain the SFH
of 79 Seyfert 2 galaxies in the 3500–5200 Å range while simulta-
neously fitting an additional PL continuum with varying spectral
index α. The authors found stellar populations of all ages and a
PL mean contribution of ∼20–30% and maximum contribution
of ∼63% to the monochromatic flux at 4020 Å. Although the au-
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thors warned that the PL component might be due to scattered
light from a hidden AGN or a young and dusty starburst, its im-
portance was clearly documented in this PSS modelling study.
Likewise, Benítez et al. (2013) found that a PL component pro-
vides up to ∼30% to the monochromatic luminosity at 5100 Å by
applying Starlight on 10 nearby intermediate-type AGN from
SDSS.

Some contradictory results were also found by Eracleous &
Halpern (2001), who characterised NGC 3065 as a LINER with
broad Balmer emission lines coming from an accretion disk. The
authors modelled the continuum of that galaxy with a linear
combination of a PL non-stellar component with starlight de-
scribed by different spectra of elliptical S0 galaxies. This work
found that the SED continuum of NGC 3065 can be modelled
without the need for a PL if the spectrum of NGC 4339 is taken
as a template for subtracting the stellar contribution, whereas
other templates would imply a non-stellar component contribut-
ing up to ∼10% of the SED continuum at Hα and Hβ and <∼15%
at [Oii]λ3727.

As many of the results obtained by fitting a mixture of stellar
and PL templates to observed spectra remain divergent and the
estimation of stellar population properties with this technique is
still largely uncharted territory1, it appears to be worthwhile to
supplement existing work with modelling of synthetic composite
spectra with stellar and AGN components of known constitution
for the sake of evaluating the capability of SED fitting codes to
retrieve the input physical and evolutionary characteristics of a
galaxy (e.g. SFH, CEH, and AGN contribution). The very few
works existing in this regard (e.g. Bon, Popović & Bon 2014;
Hayward & Smith 2015; Ciesla et al. 2015; Cardoso, Gomes &
Papaderos 2016) yield a variety of conclusions.

Bon, Popović & Bon (2014) simulated a mock galaxy sam-
ple of 7000 integrated spectra of Seyfert 2 galaxies and used the
PSS code ULySS (Koleva et al. 2009) to recover the underlying
stellar contribution and PL component. Their main results show
that the stellar populations characteristics can be retrieved when-
ever the signal-to-noise ratio is higher than 20 and if the stellar
contribution is more than 10% of the total flux.

A different methodology was adopted by Hayward & Smith
(2015), where hydrodynamical simulations with full radia-
tive transfer modelling were used to create mock SEDs with
known observational and physical characteristics (e.g. photo-
metric bands, V-band extinction, stellar mass, dust luminosity
and mass, and SFR). The authors in turn applied the magphys
code (da Cunha, Charlot & Elbaz 2008) with ultraviolet to mil-
limetre photometry in an attempt to recover the stellar popula-
tion properties. Overall, results showed that most physical pa-
rameters are well estimated, although it was found that in certain
cases (e.g. major mergers) AGN contamination leads to a stellar
mass overestimation of ∼0.03 dex at AGN activity peaks.

At variance to the previous studies, a strong dependence on
the estimated stellar properties on the specifics of SED fitting
was reported by Ciesla et al. (2015). These authors fitted broad-
band photometric SEDs with cigale (Noll et al. 2009) assuming
exponentially decreasing and delayed SFHs, solar-metallicity
Maraston (2005) SSPs, Calzetti et al. (2000) dust extinction law,

1 Whether a second and dominant blue featureless continuum (FC2)
is present in type 2 AGNs due to compact starbursts (e.g. Cid Fernandes
& Terlevich 1995; Heckman et al. 1995; Tran 1995), instead of coming
only from the AGN synchrotron emission, is irrelevant to our work,
which focusses on the recovery of the stellar population properties (e.g.
SFHs and CEHs) of the host galaxy in case a PL (or AGN-like) contri-
bution is present.

and dust remission. Their results showed that exclusion of AGN
optical templates from the fit can lead to the overestimation of
the stellar mass by up to ∼150% and of the SFR by up to ∼300%,
depending on AGN spectral type and SFH. Both overestimations
increase with the AGN overall contribution to the total infrared
luminosity xIR

AGN. Inclusion of AGN templates in the fit can lead
to the overestimation of the AGN light fraction up to ∼100%,
depending on the AGN spectral shape and xIR

AGN. However, the
estimated AGN light fraction tends roughly to its true value with
increasing xIR

AGN. Quite importantly, the authors found uncertain-
ties in mass up to ∼40% (∼0.15 dex) and ∼40–50% on the SFR,
depending on the AGN spectral shape and xIR

AGN.
Our work builds upon and extends a pilot investigation of

biases in optical PSS modelling of early-type active galaxies
showing a high Lyman continuum (LyC) photon escape frac-
tion presented in Cardoso, Gomes & Papaderos (2016) (here-
after CGP16). The observational motivation behind this study
comes from the estimation of a high (>90%) LyC photon es-
cape fraction in early-type active galaxies by Papaderos et al.
(2013) and Gomes et al. (2016), which, according to our current
knowledge, host a super-massive black hole in their nuclei with
expected accretion-powered activity. More generally, it is con-
ceivable that the model framework adopted in this study is ap-
plicable to any other galaxy spheroid or spheroidal component
(e.g. classical bulges), where, in the absence of absorbing gas of
sufficient density, the bulk of the LyC radiation from the AGN
accretion disk may escape without producing in situ optical neb-
ular emission. Motivated by such considerations, the main ob-
jective of this study is to shed further light into the assembly
history of active galaxies by quantifying potential uncertainties
in the recovery of their SFHs and CEHs and characteristic stellar
population properties with state-of-the-art PSS.

This paper is organised as follows. Section 2 presents our
library of synthetic spectra with stellar and AGN components
(Subsection 2.1) and the adopted PSS modelling approach
(Subsection 2.2). Sections 3 and 4 provide an overview and dis-
cussion of our results. Finally, Section 5 summarises the main
findings and conclusions of this work.

2. Methodology

2.1. Synthetic spectra library

A library of synthetic SEDs was computed with the ESS code
Rebetiko (Papaderos & Gomes, in prep.; hereafter PG). These
SEDs are a time- and metallicity-dependent linear combina-
tion of coeval and chemically homogeneously groups of stars
known as simple stellar populations (SSPs), which is a term in-
troduced by Renzini (1981). The flux of a composite stellar pop-
ulation (CSP) FCSP

λ (t) representing the overall stellar content of
a galaxy of age t can be computed by linearly combining SSPs
of different ages and metallicities according to an assumed SFR
Ψ(t) = dM?/dt,

FCSP(λ, t,Z) =

∫ t

0
Ψ(t − t′)FSSP(λ, t′,Z) dt′, (1)

where FSSP(λ, t′,Z) represents the SSP spectral library as a
function of the wavelength λ, age t′, and metallicity Z (see e.g.
Tinsley 1980; Walcher et al. 2011; Cerviño 2013; Conroy 2013
for reviews on spectral synthesis).

This work adopts Bruzual & Charlot (2003) solar-metallicity
(Z� = 0.02) SSPs with a Chabrier (2003) IMF to create syn-
thetic CSP spectra for a fixed metallicity and a wide range of
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Fig. 1. SFR functions Ψ(t) adopted in the ESS code Rebetiko for
the assembly of purely-stellar evolutionary models. Red, green,
and blue lines represent exponentially declining, continuous, and
delayed SFR functions, respectively.

SFH parameterisations that are generally assumed to approxi-
mate those of the different Hubble types (e.g. Rocca-Volmerange
& Guiderdoni 1988; Gavazzi et al. 2002; Bruzual & Charlot
2003). Figure 1 shows the adopted SFR functions: exponentially
declining (red lines) with e-folding timescales of 0.001, 1, and
3 Gyr from left to right, respectively; continuous (green line),
and delayed (blue lines) with different star formation peaks as a
function of the look-back time (e.g. Gavazzi et al. 2002; PG).

The library comprises 716 spectra with ages between 1 Myr
and 15 Gyr for each SFH complemented with a wide range of
physical properties, such as SFHs weighted by light and mass
and CEHs with constant solar metallicity. These purely stellar
models are used in this work to provide baseline results to which
active galaxy models are compared to when applying PSS.

Another library of more complex models was created by
adding simple AGN continua models to the CSPs. The optical
AGN FC is assumed to be well represented by a PL defined as
Fν ∝ ν−α (e.g. Oke, Neugebauer & Becklin 1970; O’Connell
1976; Koski 1978). This approximation has been widely adopted
in spectral synthesis (e.g. Goerdt & Kollatschny 1998; Schmitt,
Storchi-Bergmann & Cid Fernandes 1999; Kauffmann et al.
2003; Cid Fernandes et al. 2004; Moultaka 2005) and photoioni-
sation studies (e.g. Ferland & Netzer 1983; Stasińska 1984a,b;
Mathews & Ferland 1987; Veilleux & Osterbrock 1987), in
which the PL index is commonly within α = 0.5–2.

The flux Fλ normalised at wavelength λ0 is the linear com-
bination of purely stellar model F?

λ and AGN FAGN
λ continua,

Fλ = x?
F?
λ

F?
λ0

+ xAGN
FAGN
λ

FAGN
λ0

, (2)

where x? and xAGN are the fractional contributions of stel-
lar and AGN monochromatic fluxes at λ0 = 4020 Å, respec-
tively. Equation 2 is constrained by the normalisation condition
x? + xAGN = 1 at λ0.

It is useful to rewrite Equation 2 as

Fλ = F?
λ +

xAGN

x?
F?
λ0

(
λ

λ0

)α−2

, (3)

where the total stellar flux F?
λ is unchanged and it is assumed

that FAGN
λ ∝ λα−2, following FAGN

ν ∝ ν−α. We adopted AGN PL
continua with α = 0.5, 1, 1.5 and 2 and xAGN = 0.2, 0.4, 0.6 and
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Fig. 2. Featureless PL AGN continua parameterised as Fν ∝ ν−α
normalised at λ0 = 4020 Å (dashed vertical line) as a function of
wavelength λ. Blue, green, yellow, and red lines represent PLs
with α = 0.5, 1, 1.5, and 2, respectively.

0.8 to study the effects of AGN PL index and fractional contribu-
tion variations in the estimation of stellar population properties
with PSS. These wide ranges assure us that no strong prior as-
sumptions are made concerning the AGN optical shape and rela-
tive contribution. Figure 2 shows the adopted AGN PL continua
with α = 0.5, 1, 1.5, and 2 corresponding to blue, green, yellow,
and red lines, respectively. This figure shows that the AGN PL
becomes bluer with decreasing α.

As an example, Fig. 3 shows SEDs resulting from combin-
ing an instantaneously formed stellar population with 100 Myr
and solar metallicity with AGN PLs with α and xAGN variations.
Purely stellar spectra are represented by black lines and mod-
els with AGN PLs with α = 0.5, 1, 1.5, and 2 for xAGN = 0.4
(top panel) and xAGN = 0.2, 0.4, 0.6, and 0.8 for α = 1.5 (bot-
tom panel) are represented by blue, green, yellow, and red lines,
respectively.

This figure illustrates two facts of special relevance to this
study. Firstly, the normalisation wavelength λ0 defines how the
AGN continuum shape affects the underlying stellar continuum
since Eq. 3 implies a flux increase when α < 2 larger than F?,λ0

for λ < λ0 and smaller than F?,λ0 for λ > λ0. Thus, adopting typ-
ical values of λ0 such as 4020 Å (e.g. Cid Fernandes et al. 2004)
or 5050 Å (e.g. Goerdt & Kollatschny 1998) means that the AGN
continuum approximated as a PL for α < 2 has a slope similar to
that of young SSPs. Secondly, the dilution effect of absorption-
line features due to the addition of a FC (e.g. Koski 1978; Serote
Roos et al. 1998; Moultaka & Pelat 2000; Kauffmann et al. 2003)
depends on adopted λ0, α, and xAGN.

Figure 4 illustrates this last point by presenting SEDs nor-
malised at λ0 for an instantaneous burst SFH with 100 Myr and
solar metallicity (black line) combined with AGN continua for
fixed α = 1.5 and xAGN = 0.2, 0.4, 0.6, and 0.8 (blue, green,
yellow, and red lines, respectively). This figure shows that λ0
defines a demarcation point in the spectra that separates regions
suffering from blueing or reddening. Moreover, the dilution of
the underlying stellar continuum induced by the AGN PL in-
creases with increasing xAGN.
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2.2. Application of population synthesis

Both purely stellar and active galaxy SEDs were modelled with
the latest public distribution2 of Starlight (Cid Fernandes et al.
2005) to investigate the ability of PSS to infer the SFHs and

CEHs of mock galaxies. The code Starlight is widely used (e.g.
Mateus et al. 2006; Stasińska et al. 2008; Cid Fernandes et al.
2010, 2011; Kehrig et al. 2012; Benítez et al. 2013; Papaderos
et al. 2013; Cid Fernandes et al. 2014; Stasińska et al. 2015;

2 Starlightv04: http://astro.ufsc.br/starlight/

Gomes et al. 2016) and can be regarded as a good representative
of the state of the art. It is important to bear in mind the main ob-
jective of this work is to quantify potential biases on fundamen-
tal physical properties of active galaxies estimated with purely-
stellar PSS that might rise owing to the introduction of a simple
AGN model, as in Ciesla et al. (2015).

The adopted base library comprises Bruzual & Charlot
(2003) SSPs with 25 ages (illustrated as the vertical black lines
on the top of the right-hand side panels of Fig. 5) and 4 metal-
licities (Z = 0.2, 0.4, 1 and 2.5 Z�). This library is similar to that
adopted by Asari et al. (2007) with the following notable differ-
ences: first, better coverage of the younger evolutionary stages
and, second, without the two lowest metallicities that are not ex-
pected to contribute significantly to the intrinsic degeneracies. A
base library with a finer age and metallicity coverage would in
principle help reduce uncertainties associated with poorly sam-
pled evolutionary stages, although at a high computational cost.
For instance, base libraries with 100 and 300 SSPs (i.e. the max-
imum number of base elements that Starlight can handle) take
∼110 and 1000 seconds to perform a single fit to one of these
synthetic spectra in a Intel R© CoreTM i7 CPU 870 @ 2.93GHz
workstation desktop. Thus, the adopted base library should be
regarded as a compromise between computational time and a
fine age and metallicity coverage. The spectral fitting is made
between 3400 and 8900 Å, following common practice in local
galaxy studies (e.g. Asari et al. 2007; Ribeiro et al. 2016) and to
take advantage of the wavelength coverage of the STELIB stellar
library (Le Borgne et al. 2003) adopted in the Bruzual & Charlot
(2003) evolutionary models.
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Moreover, the stellar kinematics and V-band extinction AV
were fixed to zero and no pixel clipping method was adopted.
The reason for keeping stellar kinematics and extinction fixed to
input values in the Starlight fits is to facilitate an easier com-
parison between fits to purely stellar and active galaxy SEDs and
to better isolate the potential PSS biases owing to the addition of
the AGN PL continuum.

The AGN models were processed by Starlight for three fit-
ting set-ups:

(i) without any PL contribution in the base
(ii) including in the base a single PL with same α as that embed-

ded in the input spectra
(iii) including in the base PLs with α = 0.5, 1, 1.5 and 2, leaving

to Starlight the choice to pick up the PL which best matches
the data.

Set-ups (i) and (ii) may be regarded as special cases in PSS
modelling. The former corresponds to the worst-case scenario
where fitting of an active galaxy SED is attempted with purely
stellar templates, whereas the latter represents the ideal situa-
tion of the base library containing a single PL that is identical
to that integrated in the input spectrum. Conversely, set-up (iii)
can be viewed as a conservative fitting approach in the situation
of not having prior knowledge of the AGN optical continuum
shape (e.g. Ho & Kim 2009; Roche et al. 2016). Hereafter, these
approaches are referred to as no power law (npl), single power
law (spl), and multiple power laws (mpl). In the following, fo-
cus is given to results derived for an instantaneous burst SFH.
However, similar trends are seen for the other SFHs, results for
which are discussed when appropriate.

As an example, Figure 5 shows the average results for 10
Starlight fits for npl with the best fit (blue line) to the input
synthetic active galaxy spectrum (red line) with an stellar popu-
lation instantaneously formed with 100 Myr and solar metallic-
ity (green line) and an AGN PL with α = 1.5 and xAGN = 0.2
(yellow line) in the main panel. The bottom panel presents the
residuals after subtracting the fit from the input spectrum and the
right-hand side panels show the estimated SFHs in terms of the
light and mass fraction (top and bottom, respectively).

3. Results

Figure 6 shows the ratio in the currently available total stellar
mass M? between the PSS (output) and ESS (input) values as
a function of age t, with increasing xAGN from left- to right-
hand side panels, respectively. The results from npl, spl, and
mpl are presented on the top, middle, and bottom rows, respec-
tively (subsequent figures follow a similar panel configuration,
except when explicitly stated otherwise). Moreover, PSS results
for purely stellar spectra results are represented by black lines,
while active galaxy spectra with α = 0.5, 1, 1.5, and 2 are rep-
resented by blue, green, yellow, and red lines, respectively. The
results for purely stellar models show a maximum mass overes-
timation up to ∼0.5 dex, which are likely linked to a poor age
coverage of the SSPs in the adopted base library.

The results in Fig. 6 for npl show a systematic mass over-
estimation up to ∼3.5 dex correlated with increasing α and
xAGN and with decreasing age t, with a maximum at t ∼ 10
Myr. Figure A.2 in Appendix A shows similar results for other
SFHs. Results for spl and mpl reveal local mass overestima-
tions within ∼1 dex. This overestimation increases with increas-
ing xAGN, is somewhat independent from α and becomes more

severe in models with ages where spectral synthesis of purely
stellar spectra also show considerable uncertainties.

One question of considerable interest concerns the origin
of this severe stellar mass overestimation. Results show that
Starlight has to compensate for the lack of the PL component in
the base in a purely stellar modelling configuration. This leads
to a nearly bimodal mixture of young and old stellar popula-
tions, as illustrated in the SFH panels of Fig. 5. It is to be ex-
pected that in such a modelling approach the blue AGN contin-
uum is accounted for by a non-realistic mixture of stellar pop-
ulations, where very young SSPs would always dominate the
light, whereas the contribution of old SSPs is almost negligible
in terms of light. Notwithstanding this fact, these old SSPs pro-
vide the bulk of stellar mass, thus leading to the observed mass
overestimation.

Figure 7 shows the difference in the light-weighted mean
stellar age 〈log t?〉L between PSS and ESS values as a function
of age t. The results of purely stellar models show mean stellar
age uncertainties within ∼0.1 dex. Cid Fernandes et al. (2005)
showed that both light-weighted mean stellar age and metallicity
could be recovered with Starlight within a typical uncertainty
of ∼0.2 dex using mock data with S/N=10. This uncertainty is
considered in this work to be a fiducial value.

The results in Fig. 7 for npl show a systematic age over- and
underestimation of up to ∼1.5 and ∼2 dex for young (t . 100
Myr) and old (t & 100 Myr) evolutionary models, respectively.
This trend is accentuated with increasing xAGN and originates
from an increasing dilution of stellar absorption features, as
seen in Fig. 4. Figure A.3 shows similar results for other SFHs.
Moreover, the results for spl show an age over- and underes-
timation of up to ∼0.3 dex, which appear to be correlated with
ages where purely stellar fits also show considerable uncertain-
ties. In addition, there is a clear age underestimation at ∼20 Myr
that increases with increasing α and xAGN. The results for mpl
show uncertainties and trends similar to those found for spl.
However, the age of old evolutionary models (t > 1 Gyr) can be
underestimated by as much as ∼1.5 dex. This feature becomes
more prominent with increasing xAGN for α = 0.5. The results
in Fig A.1 suggest that this trend is due to a poor estimation of
xAGN for this fitting set-up, which also explains the slight mass
underestimation for this age and AGN contribution.

Figure 8 illutrating results for mass-weighted mean stellar
age 〈log t?〉M show overall uncertainties that are larger than their
light-weighted counterparts. Synthesis results of purely stellar
models show a maximum age overestimation up to ∼2 dex.
Moreover, the results for npl show a systematic age overestima-
tion up to ∼4 dex with α and decreasing t. Figure A.4 shows sim-
ilar results for other SFHs. This trend is similar to that found in
the top row of Fig. 6. Results for spl and mpl show age overes-
timations up to ∼3 and 2 dex, respectively, in ages where purely
stellar models display considerable uncertainties, similarly to to-
tal stellar mass results in Fig. 6.

Figure 9 shows the difference in the light-weighted mean
stellar metallicity log〈Z?〉L between PSS and ESS values as
a function of age t. The results for the purely stellar mod-
els show metallicity over- and underestimations within ∼0.2
dex correlated with evolutionary ages with light-weighted age
under- and overestimations, respectively. This is likely due to
age-metallicity degeneracies that prevent a clear distinction be-
tween young metal-rich and old metal-poor stellar populations
or vice versa (Faber 1972; O’Connell 1980; Renzini & Buzzoni
1986; Bressan, Chiosi & Tantalo 1996; Pelat 1997, 1998; Cid
Fernandes et al. 2005). This problem arises after changes of
absorption line features induced by variations in both age and
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metallicity (e.g. Worthey 1994), which is aggravated in this case
by the dilution of the absorption features by the PL.

The results in Fig. 9 for npl show a systematic underesti-
mation of metallicity by up to ∼0.7 dex with decreasing α and
age t and increasing xAGN. Figure A.5 shows similar results for
other SFHs. The metallicity underestimation plateau at -0.7 dex
seen for α = 2 and xAGN = 0.8 when t < 1 Gyr corresponds
to a metallicity of 0.2 Z�, which is the lowest metallicity found
in the base. Thus, this result is due to the construction of the
base library and has no physical meaning. In addition, this result
is due to an increasing dilution of the absorption features with
increasing xAGN, which artificially makes the stellar continuum
increasingly metal poorer. The results for spl display random
metallicity uncertainties up to ∼0.15 dex predominately located
around ages where purely stellar synthesis results also show con-
siderable uncertainties. These roughly increase with increasing
α and xAGN. Moreover, the results for mpl show an increasing
metallicity overestimation up to ∼0.2 dex with increasing α and
xAGN for t & 1 Gyr, mirroring the age underestimation at the
same evolutionary stages shown in Fig. 7.

Figure 10 illustrating results for the mass-weighted mean
stellar metallicity log〈Z?〉M show that light- and mass-weighted
metallicities display similar trends with t, α and xAGN for all set-
ups. Indeed, the results for npl show again that the metallic-
ity can be underestimated by up to ∼0.7 dex. Figure A.5 shows
similar results for other SFHs. Results also show that the mass-
weighted properties tend to have larger uncertainties than their
light-weighted counterparts. The reason for this is that small
light variations translate into large mass variations when apply-

ing the mass-to-light ratio to the light fractions vector of the
SSPs to determine mass related properties.

Figures A.7–A.11 in Appendix A show plots of spectral syn-
thesis results for a continuous SFH analogous to those presented
in Figures 6–10. These results show that stellar uncertainties in-
duced by the added AGN PL component are relatively lower
for a continuous SFH than those estimated for an instantaneous
burst SFH. This happens because short phases of significant
spectrophotometric evolution in the first few hundred Myr are
largely washed out in the case of continuous star formation when
looking at the time evolution of light- and mass-weighted stel-
lar properties. With respect to an instantaneous burst of a given
age and metallicity, the SSP that best approximates this evolu-
tionary stage is not necessarily included in the base library. In
this case, and assuming the best case scenario in which there are
almost no degeneracies among the stellar populations, adjacent
SSPs in age and/or metallicity would have to be used, which un-
avoidably induces strong local deviations between the true and
estimated evolutionary quantities. Thus, results obtained for the
instantaneous burst SFH should be viewed as upper limits to the
uncertainties on the analysed stellar properties.

4. Discussion

A substantial body of work devoted to the exploration of the
assembly history of galaxies relies on automated PSS modelling
of large extragalactic data sets (e.g. Kauffmann et al. 2003; Asari
et al. 2007; Cid Fernandes et al. 2010). A common practice in
these studies is the prior exclusion from the PSS modelling of
galaxies classified as Seyfert on the basis of BPT emission-line

7

95



Impact of an AGN featureless continuum on estimation of stellar population properties

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
xAGN =0.2 xAGN =0.4 xAGN =0.6 xAGN =0.8

n
p
l

x =1

α=0.5

α=1.0

α=1.5

α=2.0

0.0

0.2

0.4

0.6

0.8

1.0

lo
g
M

o
u
t−

in

s
p
l

106 107 108 109 1010

0.2

0.0

0.2

0.4

0.6

0.8

1.0

106 107 108 109 1010106 107 108 109 1010

t (yr)

106 107 108 109 1010

m
p
l

Fig. 6. Difference in the total stellar mass M? between PSS (out) and ESS (in) values as a function of model age t for a instantaneous
burst SFH. Results adopting a base library without any AGN PL (npl), with a PL with the same index value as the input values
(spl) and with PLs with α = 0.5, 1, 1.5, and 2 (mpl) are presented on top, middle, and bottom rows, respectively. Increasing AGN
flux fractional contribution xAGN at λ0 = 4020 Å are represented from left- to right-hand side panels. Results from purely stellar
models and models with PLs with α = 0.5, 1.0, 1.5, and 2.0 are represented by black, blue, green, yellow, and red lines, respectively.

diagnostics, since both the spectroscopic characteristics of these
systems (e.g. broad emission lines and dilution of stellar fea-
tures by the featureless AGN PL) and code-specific limitations
generally hinder a reliable separation of the non-thermal and
stellar SEDs and the extraction from the latter of key physical
and evolutionary properties (e.g. stellar mass, mean stellar age
and metallicity, and SFH). However, as pointed out in Papaderos
et al. (2013) and Gomes et al. (2016) (see also CGP16), stan-
dard BPT classification diagnostics become inapplicable in the
case of virtually gas-evacuated galaxies where the bulk of the
Lyman continuum radiation from an AGN eventually escapes
without locally producing detectable optical line emission. This,
together with dilution of nuclear emission-line EWs by the stel-
lar component along the line of sight, may readily prevent de-
tection of accretion-powered nuclear activity in an early-type
galaxy (Papaderos et al. 2013; Gomes et al. 2016), which is
then classified as retired/passive and included in automated PSS
studies. The same may obviously apply to old classical bulges,
many of which show faint nebular emission despite hosting a
super-massive black hole whose accretion-powered energy re-
lease may result in significant contamination of the optical spec-
trum by an AGN PL component. Our pilot study in CGP16 has
first addressed the question of the detectability of an AGN PL
embedded within an old instantaneously formed Lyman-photon
leaking galaxy and explored the effect that this PL component
may have on optical PSS modelling studies. This analysis has
revealed that a PL contributing up to ∼26% (≡ xthreshold

AGN ) of the
monochromatic luminosity at 4020 Å generally evades detec-
tion both from visual inspection and PSS modelling of a galaxy

spectrum and introduces a substantial bias in the physical prop-
erties of the stellar component obtained through spectral syn-
thesis. Here, we extend this study by modelling with the PSS
code Starlight an extensive grid of synthetic stellar SEDs that
trace the spectral evolution of galaxies for a wide range of SFHs
over an age span between 1 Myr and 15 Gyr. A comparison of
the physical properties obtained for the stellar component from
PSS modelling with the input values constrained by the synthetic
SEDs has allowed to examine in detail potential biases in PSS
modelling for different fitting set-ups (Sect. 3).

Of special importance is the fact that, regardless of the spec-
tral index α of the PL component integrated in the synthetic
input SEDs, PSS fitting with purely stellar templates yields at
xthreshold

AGN an overestimation of stellar mass M? by up to two or-
ders of magnitude for instantaneously formed stellar populations
of age <∼ 108 yr. Even though this bias is becoming gradually
smaller with increasing age of the input SEDs, it still impacts
M? estimates by a factor of ∼2 over several Gyr of galactic evo-
lution. For the same set of synthetic SEDs, PSS fits overestimate
(underestimate) the light-weighted stellar age by up to ∼1 dex
of stellar populations younger (older) than 10 Myr, whereas the
mass-weighted stellar age is overestimated by up to ∼3 dex for
young ages and a factor ≥2 for old (∼5 Gyr) stellar populations.
As for the mass-weighted stellar metallicity, our study indicates
a systematic underestimation by a factor of ∼3 for young ages
with this bias decreasing yet still present beyond an age of ∼1
Gyr. Such biases are also well documented for SFHs involving
a prolonged star formation process (e.g. continuous or exponen-
tially decreasing), suggesting a principal trend for purely stellar

8

B. PUBLICATIONS & COMMUNICATIONS

96



Impact of an AGN featureless continuum on estimation of stellar population properties

2

1

0

1

xAGN =0.2 xAGN =0.4 xAGN =0.6 xAGN =0.8

n
p
l

x =1

α=0.5

α=1.0

α=1.5

α=2.0

0.3

0.2

0.1

0.0

0.1

0.2

0.3

〈 lo
g
t
〉 out−

in

L s
p
l

106 107 108 109 1010

1.0

0.5

0.0

106 107 108 109 1010106 107 108 109 1010

t (yr)

106 107 108 109 1010

m
p
l

Fig. 7. Difference in the light-weighted mean stellar age 〈log t?〉L between PSS and ESS values as a function of age t for an instan-
taneous burst SFH. Panel configuration and legend details are analogous to those of Fig. 6.

0

1

2

3

4

xAGN =0.2 xAGN =0.4 xAGN =0.6 xAGN =0.8

n
p
l

x =1

α=0.5

α=1.0

α=1.5

α=2.0

0.0

0.5

1.0

1.5

2.0

2.5

3.0

〈 lo
g
t
〉 out−

in

M s
p
l

106 107 108 109 1010

0.0

0.5

1.0

1.5

2.0

106 107 108 109 1010106 107 108 109 1010

t (yr)

106 107 108 109 1010

m
p
l

Fig. 8. Difference in the mass-weighted mean stellar age 〈log t?〉M between PSS and ESS values as a function of age t for an
instantaneous burst SFH. Panel configuration and legend details are analogous to those of Fig. 6.

9

97



Impact of an AGN featureless continuum on estimation of stellar population properties

0.6

0.4

0.2

0.0

0.2

0.4
xAGN =0.2 xAGN =0.4 xAGN =0.6 xAGN =0.8

n
p
l

x =1

α=0.5

α=1.0

α=1.5

α=2.0

0.10

0.05

0.00

0.05

0.10

0.15

0.20

0.25

lo
g
〈 Z〉

o
u
t−

in

L s
p
l

106 107 108 109 1010

0.1

0.0

0.1

0.2

106 107 108 109 1010106 107 108 109 1010

t (yr)

106 107 108 109 1010

m
p
l

Fig. 9. Difference in the light-weighted mean stellar metallicity log〈Z?〉L between PSS and ESS values as a function of age t for an
instantaneous burst SFH. Panel configuration and legend details are analogous to those of Fig. 6.

0.6

0.4

0.2

0.0

0.2

0.4

xAGN =0.2 xAGN =0.4 xAGN =0.6 xAGN =0.8

n
p
l

x =1

α=0.5

α=1.0

α=1.5

α=2.0

0.4

0.3

0.2

0.1

0.0

0.1

0.2

0.3

lo
g
〈 Z〉

ou
t−

in

M s
p
l

106 107 108 109 1010

0.3

0.2

0.1

0.0

0.1

0.2

0.3

106 107 108 109 1010106 107 108 109 1010

t (yr)

106 107 108 109 1010

m
p
l

Fig. 10. Difference in the mass-weighted mean stellar metallicity log〈Z?〉M between PSS and ESS values as a function of age t for
an instantaneous burst SFH. Panel configuration and legend details are analogous to those of Fig. 6.

10

B. PUBLICATIONS & COMMUNICATIONS

98



Impact of an AGN featureless continuum on estimation of stellar population properties

PSS fits to compensate for the presence of a PL spectral com-
ponent through a severely overestimated contribution from old,
low-metallicity stars.

Regarding the impact of an AGN PL on the stellar contin-
uum, stellar population biases correlate on first order with xAGN
and on second with α. These are mainly due to the combined ef-
fect of the dilution of stellar absorption features by the AGN con-
tinuum and a degeneracy between the AGN PL and young SSPs.
The addition of a PL leads to a stellar age underestimation given
the decrease of the Dn4000 Å break strength and simultane-
ously to a stellar metallicity overestimation due to the dilution of
Balmer absorption features. Moreover, Balmer absorption fea-
tures become weaker with age and their EWs are inversely corre-
lated with Dn4000 for continuous SFHs (Kauffmann et al. 2003).

A question that naturally arises in view of these modelling
biases pertains to the interpretation of the nature of evolved
Lyman-photon-leaking galaxies hosting an AGN. Taken at face
value, PSS fits might prompt the conclusion that these sys-
tems are extraordinarily massive and have assembled quasi-
monolithically early on, which would be consistent with the
much lower level of chemical enrichment as compared to lo-
cal galaxies of equal M?. A possibly significant population of
such old, ultra-massive galaxies erroneously included in galaxy
statistics could then impact determinations of the cosmic SFH.

5. Conclusions

Synthetic spectra of active galaxies for solar metallicity and mul-
tiple SFHs were created with the ESS code Rebetiko and used
to investigate how a simple AGN FC model impacts the estima-
tion of stellar population properties with the state-of-the-art PSS
code Starlight. The AGN continuum model is defined by its PL
index α and AGN fractional contribution xAGN to the λ0 = 4020
Å monochromatic flux. The stellar spectral contribution is com-
puted assuming solar metallicity SSPs from Bruzual & Charlot
(2003) in both the creation of the synthetic spectra with ESS and
the application of PSS. The accuracy of the estimated physical
properties depends on the model age, α, xAGN and, more impor-
tantly, the approach adopted for dealing with the AGN contin-
uum:

1. Excluding any PL component in the fit can lead to uncer-
tainties on stellar mass by up to ∼3.5 dex, light- and mass-
weighted mean stellar age up to ∼2 and ∼4 dex, respectively,
and on both light- and mass-weighted mean stellar metallic-
ity up to ∼0.7 dex.

2. Including a single or multiple PL components in the fit leads
to uncertainties on stellar mass overestimation up to ∼1 dex,
light- and -mass-weighted mean stellar age up to ∼1.5 and
∼3 dex, respectively, and light- and mass-weighted mean
stellar metallicity up to ∼0.2 and ∼0.4 dex, respectively.

The uncertainties on the stellar population properties esti-
mated with PSS are weakly dependent on the SFH, in particular
when no AGN model is included in the base of elements. These
results might lead to the misinterpretation that evolved Lyman-
photon-leaking galaxies hosting an AGN are particularly mas-
sive, metal poor, and formed monolithically when the universe
was still very young. Hence, these results show the importance of
accounting for AGN spectral contributions when applying state-
of-the-art PSS to active galaxies for a viable estimation of their
physical properties, such as star formation and chemical evolu-
tion histories.
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Appendix A: Additional resources

Figures A.1 and A.12 show the AGN fractional contribution
xAGN difference between PSS and ESS as a function of model
age t for models with instantaneous burst and continuous SFHs,
respectively, with increasing xAGN from left- to -right-hand side
panels. Top and bottom row panels show results for the spl and
mpl fitting set-ups (Section 2.2). On the one hand, the results for
spl show that the accuracy of the estimated xAGN increases with
α and xAGN. Moreover, there is a underestimation bump between
108 and 109 yr that is attenuated with increasing xAGN. On the
other hand, the results for mpl show a systematic xAGN under-
and overestimation for t . 108 and t & 108 yr with increasing
xAGN, respectevely. This underestimation increases with decreas-
ing α. Results for both spl and mpl show that the estimation of
xAGN is sensitive to the underlying stellar continuum shape.
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Fig. A.3. Difference in the light-weighted mean stellar age 〈log t?〉L (z-axis) between PSS and ESS values as a function of model
age t (y-axis) and AGN fractional contribution (x-axis). Panel configuration and legend details are analogous to those of Fig. A.2.
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Fig. A.4. Difference in the mass-weighted mean stellar age 〈log t?〉M (z-axis) between PSS and ESS values as a function of model
age t (y-axis) and AGN fractional contribution (x-axis). Panel configuration and legend details are analogous to those of Fig. A.2.
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Fig. A.5. Difference in the light-weighted mean stellar metallicity log 〈Z?〉L (z-axis) between PSS and ESS values as a function of
model age t (y-axis) and AGN fractional contribution (x-axis). Panel configuration and legend details are analogous to those of Fig.
A.2.
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Fig. A.6. Difference in the mass-weighted mean stellar metallicity log 〈Z?〉M (z-axis) between PSS and ESS values as a function of
model age t (y-axis) and AGN fractional contribution (x-axis). Panel configuration and legend details are analogous to those of Fig.
A.2.
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Fig. A.7. Difference in the total stellar mass M? between PSS and ESS values as a function of model age t for a continuous SFH.
Panel configuration and legend details are analogous to those of Fig. 6.
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Fig. A.8. Difference in the light-weighted mean stellar age 〈log t?〉L between PSS and ESS values as a function of model age t for a
continuous SFH. Panel configuration and legend details are analogous to those of Fig. 6.
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Fig. A.9. Difference in the mass-weighted mean stellar age 〈log t?〉M between PSS and ESS values as a function of model age t for
a continuous SFH. Panel configuration and legend details are analogous to those of Fig. 6.
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Fig. A.10. Difference in the light-weighted mean stellar metallicity log〈Z?〉L between PSS and ESS values as a function of model
age t for a continuous SFH. Panel configuration and legend details are analogous to those of Fig. 6.
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Fig. A.11. Difference in the mass-weighted mean stellar metallicity difference log〈Z?〉M PSS and ESS values as a function of model
age t for a continuous SFH. Panel configuration and legend details are analogous to those of Fig. 6.
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Fig. A.12. Difference in the AGN fractional contribution xAGN between PSS and ESS values as a function of model age t for a
continuous SFH. Panel configuration and legend details are analogous to those of Fig. A.1.
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Abbreviations & Symbols

AG active galaxy
AGB asymptotic giant branch
AGN active galaxy nucleus
BLR broad-line region
CEH chemical evolution history
CMD colour magnitude diagram
CSP composite stellar population
DR data release
ESS evolutionary spectral synthesis
EW equivalent width

FADO Fitting Analysis using
Differential evolution Optimisation

FC featureless continuum
FWHM full width at half maximum
HIIR HII region
IFU integral f ield unit
IMF initial mass function
ISM interstellar medium

LINER low ionization nuclear emission-line region
M/L mass-to-light
NE nebular emission
NIR near-infrared
NLR narrow-line region
PL power-law
PSS population spectral synthesis

REBETIKO Reckoning galaxy Emission By means of
Evolutionary Tasks with Input Key Observables

SDSS Sloan Digital Sky Survey
SED spectral energy distribution
SFH star formation history
SFR star formation rate
S/N signal-to-noise

SMBH super massive black hole
SS spectral synthesis
SSP simple/single stellar population
UV ultraviolet
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AV V-band extinction
χ2 chi-squared
χ2
λ reduced chi-squared

∆λ mean absolute percentage error
λ0 normalisation wavelength

〈log t?〉L light-weighted mean logarithmic stellar age in units of year (yr)
〈log t?〉M mass-weighted mean logarithmic stellar age in units of year (yr)
log〈Z?〉L light-weighted logarithmic mean stellar metallicity
log〈Z?〉M mass-weighted logarithmic mean stellar metallicity

γi light-fraction of the ith SSP in the base library
Mλ best-fit spectrum
M? total stellar mass in units of solar mass (M�)
µi mass-fraction of the ith SSP in the base library
N? number of SSPs in the base library
Oλ observed spectrum
σ? stellar velocity dispersion
ti age of the ith SSP in the base library
v? stellar velocity shift
~x light- or mass-weighted population vector
Zi metallicity of the ith SSP in the base library
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C., González Delgado, R.M., López-Sánchez, Á.R. & Califa Collaboration (2016b). Spectroscopic aperture biases
in inside-out evolving early-type galaxies from CALIFA. Astronomy and Astrophysics, 586, A22. (Cited on page 3.)

Gomes, J.M., Papaderos, P., Kehrig, C., Vı́lchez, J.M., Lehnert, M.D., Sánchez, S.F., Ziegler, B., Breda, I., Dos
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Warm ionized gas in CALIFA early-type galaxies. 2D emission-line patterns and kinematics for 32 galaxies. Astronomy
and Astrophysics, 588, A68. (Cited on pages 3 and 29.)

Grevesse, N. & Sauval, A.J. (1998). Standard Solar Composition. Space Science Reviews, 85, 161–174. (Cited on pages 45
and 48.)

Groves, B.A., Dopita, M.A. & Sutherland, R.S. (2004). Dusty, Radiation Pressure-Dominated Photoionization. I. Model
Description, Structure, and Grids. The Astrophysical Journal Supplement Series, 153, 9–73. (Cited on pages 44, 46
and 48.)

114



BIBLIOGRAPHY

Gruenwald, R., Viegas, S.M. & Broguière, D. (1997). A New Generation of Photoionization Codes: Three-dimensional
Models. The Bipolar Planetary Nebula IC 4406. The Astrophysical Journal , 480, 283–289. (Cited on page 43.)
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Ocvirk, P., Pichon, C., Lançon, A. & Thiébaut, E. (2006b). STECKMAP: STEllar Content and Kinematics from high
resolution galactic spectra via Maximum A Posteriori. Monthly Notices of the Royal Astronomical Society, 365, 74–84.
(Cited on pages 5, 6, 15 and 16.)

O’Dell, S.L. (1986). The optical continuum emission of active galactic nuclei. The Publications of the Astronomical Society
of the Pacific, 98, 140–147. (Cited on page 7.)
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del Olmo, A., Falcón-Barroso, J., Galbany, L., Iglesias-Páramo, J., López-Sánchez, Á.R., Marquez, I., Mollá,
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Stasińska, G. (1984b). Confrontation of a sample of Seyfert 2 galaxies with photoionized models. Astronomy and Astrophysics,
135, 341–355. (Cited on pages 27, 44, 46 and 48.)
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Strateva, I., Ivezić, Ž., Knapp, G.R., Narayanan, V.K., Strauss, M.A., Gunn, J.E., Lupton, R.H., Schlegel, D.,
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