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ABUNDÂNCIA IÔNICA DO NEÔNIO EM SEYFERT 2 BASEADAS EM LINHAS DE
EMISSÃO NO INFRAVERMELHO E NO ÓPTICO

RESUMO

O método mais confiável para determinar abundâncias químicas de elementos pe-
sados em nebulas gasosas é o método 𝑇e, que é baseado em medidas de linhas de
emissão aurorais (e.g. [O iii]𝜆4363). No entanto, este método gera abundâncias sub-
solares e irreais para regiões de linhas estreitas (NLRs) de AGNs Seyfert 2. Este
problema é chamado “problema de temperatura” e sua origem é uma questão em
aberto na astrofísica nebular. A comparação entre abundâncias baseadas em linhas
de emissão obsevadas no óptico e infravermelho podem ser usadas para obter o nível
de flutuações de temperatura eletrônica em AGNs, geralmente atribuídos à origem
do problema de temperatura. Neste trabalho, utilizamos intensidades de linhas de
emissão estreitas 36 núcleos de galáxias Seyfert 2 observadas na faixa espectral do
óptico e infravermelho compiladas da literatura e utilizadas para calcular a abun-
dância iônica do neônio duas vezes ionizado em relação a do hidrogênio (Ne2+/H+).
Esta metodologia torna possível obter o nível de flutuação de temperatura eletrô-
nica necessária para conciliar valores de abundância derivadas a partir de linhas
observadas no óptico e no infravermelho. Nós investigamos o uso do decremento
Balmer 3 → 2 (H𝛼 𝜆6563 Å) and 4 → 2 (H𝛽 𝜆4861 Å) para corrigir a extinção
em Seyfert 2 e encontramos que 𝐼(H𝛼/H𝛽) = 2, 85 produz valores de temperatura
electrônia 700 ± 30 K maiores que quando 𝐼(H𝛼/H𝛽) = 3, 10 é considerado. Nossos
resultados mostram diferenças (D) entre valores de abundância via linhas no ótico
e no infravermelho variando de 0, 1334 ± 0, 0219 a 2, 0636 ± 0, 0151 dex, com um
valor médio de 0, 6931 ± 0, 0052 dex. Este valor médio é um fator ∼ 0, 01±0, 01 dex
mais alto do que o derivado em regiões II. Nenhuma correlação entre a diferença
de abundância iônica do neônio (D) e o parâmetro de ionização (𝑈) foi encontrada
para a amostra de objetos. Nós estimamos o nível de flutuação de temperatura em
termos do parâmetro 𝑡2 no intervalo de 0,0006 a 0, 4365 ± 0, 0053 com um valor
médio de 0, 1859 ± 0, 0011. Concluímos que, se flutuações de temperatura eletrônica
estão presentes em AGNs, esta é mais predominante do que as em H ii regiões.

Palavras-chave: Galáxias: Abundâncias - Galáxias: Ativas - Galáxias: ISM: Abun-
dâncias - Galáxias: Nuclei - Galaxias: Seyfert.



ABSTRACT

One of the most reliable method to determine the chemical abundance of heavy
elements in gaseous nebulae is the 𝑇e−method, which is based on the measurements
of auroral emission lines (e.g., [O iii]𝜆4363 Å). However, this method yields unreal
and subsolar abundances in AGNs. This phenomenon is customarily referred to as
“temperature problem”, and its origin is an open question in nebular astrophysics.
Comparison between optical and infrared abundances can be used to obtain the level
of electron temperature fluctuations in AGNs, generally attributed to the origin of
the temperature problem. In this work, optical and infrared emission-line intensities
of neon from a sample of 36 Seyfert 2 nuclei compiled from the literature and
used to calculate the ionic abundance of the neon twice ionized in relation to the
hydrogen one ion (Ne2+/H+). This methodology makes it possible to obtain the level
of electron temperature fluctuation necessary to conciliate the optical and infrared
abundance values. We investigated the use of the Balmer decrement observed ratio
of intensities of the 3 → 2 (H𝛼 𝜆6563 Å) and 4 → 2 (H𝛽 𝜆4861 Å) transitions of the
hydrogen atom compared to their intrinsic intensity ratio so as to yield a relative
extinction in the Narrow Line Region (NLR) of Seyfert 2 nuclei and find that the
use of 𝐼(H𝛼/H𝛽) = 2.85 gives 𝑇e values of 700 ± 30 K higher than the 𝑇e values
derived from 𝐼(H𝛼/H𝛽) = 3.10. Our analysis show that, differences (D) between
abundance values from optical and infrared lines range from 0.1334 ± 0.0219 to
2.0636 ± 0.0151 dex, with an averaged value of 0.6931 ± 0.0052 dex. This averaged
value is approximately ∼ 0.01 ± 0.01 dex higher than the one derived in H ii regions
studies. We did not find any relation between the ionic abundance difference (D) and
the ionization parameter (𝑈), which implies D is independent from 𝑈 . We estimated
the level of temperature fluctuation in terms of the 𝑡2 parameter in the range from
0.0006 to 0.4365 ± 0.0053 with an average value of 0.1859 ± 0.0011. We conclude
that, if electron temperature fluctuations are present in AGNs, they are somewhat
more significant than in H ii regions.

Keywords: Galaxies: Abundances – Galaxies: Active – Galaxies: ISM: Abundances
– Galaxies: Nuclei – Galaxies: Seyfert.
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1 Introduction

1.1 Active Galactic Nuclei
According to available literature, Edward Arthur Fath is the first person known

to have observed an Active Galactic Nucleus (AGN). He detected strong emission lines
from the nuclei of NGC 1068 and Messier 81 while studying galaxy spectra for his PhD
dissertation (Fath, 1909). Further discoveries of the jet in Messier 87 by Curtis (1918) and
spectroscopic studies which led to the observations of the presence of unusual emission
lines in some galaxy nuclei (Slipher 1917, Humason 1932; Mayall 1934, 1939). Notably,
the NGC 1068, NGC 4051 and NGC 4151 objects were considered to be planetary nebulae
by Hubble (1926). Seyfert (1943), made a systematic study of galaxies with emission lines,
and focused on those with high excitation nuclear emission lines (NGC 1068, NGC 1275,
NGC 3516, NGC 4051, NGC 4151, and NGC 7469). The work by Jansky (1932) on sources
of static affecting trans-Atlantic radio communications brought to bare that: static from
local thunderstorms, static from distant thunderstorms, and a steady hiss type static of
unknown origin which latter seemed to be associated with the sun (Jansky, 1933). Jansky
later implied that the radiation was coming from the center of the Milky Way galaxy. Fi-
nally, Jansky (1935) concluded that the radiation came from the entire disk of the Milky
Way, being strongest in the direction of the Galactic center. Jansky’s work became a
motivating factor for Reber (1940a, 1940b) in building a 31 foot reflector and publishing
a map of the radio sky at 160 MHz showing several local maxima, including one in the
constellation Cygnus that proved important for AGN studies by Reber (1944). Detec-
tions at 160 MHz of Cygnus-A (the 2nd brightest source in the sky) with interferometry
double radio structure was confirmed by Bolton & Stanley (1948) as a discrete source.
Some earliest detected radio sources in the development of radio astronomy are, in fact,
nearby active elliptical galaxies such as Messier 87 and Centaurus A (Bolton, Stanley &
Slee, 1949) as well as Cygnus A (Hey, Parsons & Phillips, 1946; Baade & Minkowski,
1954). Double radio structure became apparent with the introduction of interferometry
(e.g. Hanbury Brown; Jennison; Gupta, McCready; Pawsey; Payne-Scott). Schmidt (1951)
obtained accurate position for Cyg-A, optically identified by Baade & Minkowski (1954).
To advance the frontiers of knowledge in astronomy led to the publications of the Third
Cambridge (3C) Catalog of Radio Sources survey at 159 MHz and its revision, the 3CR
Catalog survey at 178 MHz by Edge et al. (1959) and Bennett (1962), respectively, with
detected sources down to a limiting flux of 9 Jy1, together with the Parkes Radio Tele-
1 A jansky (Jy), named after the pioneering radio astronomer Karl Jansky, is a unit of specific flux,

simply called a “flux unit”, defined as 1 Jy = 10−26 watts m−2 Hz−1 = 10−23 erg s−1 cm−2 Hz−1.
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scope (Bolton, Gardner & Mackey, 1964) teams, originally at 408 MHz (detection limit 4
Jy) and later at 1410 MHz (to 1 Jy) and 2650 MHz (to 0.3 Jy) (Ekers, 1969). The Fourth
Cambridge (4C) survey was a more sensitive version (limiting flux 2 Jy) of the 3C, which
was also undertaken at 178 MHz (Pilkington & Scott, 1965; Gower, Scott & Wills, 1967).
The radio source was rapidly associated with an optical counterpart, an unresolved stel-
lar object of 13th magnitude. Because of their star-like appearances, these strong sources
of radio came to be called quasi-stellar radio objects, shortened as “quasar”. Schmidt
(1963) was able to obtain the quasar 3C 273 optical spectrum from a lunar occultation
accurate position (Hazard, Mackey & Shimmins, 1963), thereafter, 3C 48 was observed by
Greenstein & Matthews (1963) and Greenstein (1963).

Sandage (1965) found that most quasars are radio-quiet (blue-colour selected).
First extensive Seyfert galaxy searches through compactness was carried out by Zwicky
(1964) and Zwicky (1966) and through UV excess by Markarian (1969a) (but see also
Markarian, 1969b, 1969c, Markarian & Lipovetsky, 1971, 1972, 1973, 1974, 1976a, 1976b,
Markarian, Lipovetskii & Stepanian, 1977a, 1977b, 1979, 1980, 1981). Victor Amaza-
spovich Ambartsumian was the first to introduce “active nucleus” to astronomy in his
famous report at the Solvay Conference on Physics, Brussels 1958. In Ambartsumian’s
view, the “activity” of the galaxy nuclei manifests mainly in the forms as described (see,
Ambartsumian, 1956; Ambartsumian, 1958; Ambartsumian, 1962 ). AGN was first used
in a paper and PhD dissertation titled “nuclei that contain extensive star formation or
luminous non-thermal sources” Weedman (1974) and “Cosmic Ray Acceleration of Gas
in Active Galactic Nuclei” by Eilek (1975) at the University of British Columbia, re-
spectively. “Activity” was usually taken to mean “radio source”, although sometimes also
meant “starburst”, which came to be used to encompass “Seyfert galaxies”and “quasars”
stated as “...energetic phenomena in the nuclei, or central regions, of galaxies which can-
not be attributed clearly and directly to stars” in “An Introduction to Active Galactic
Nuclei” by Peterson (1997).

AGNs are currently known as a dense region at the center of a galaxy (compact
nucleus) that has a higher luminosity than the one in normal or peculiar galaxy consid-
ering the smallest portion of the electromagnetic spectrum (huge amount of energy up
to 104 times more than a normal galaxy emitted from a tiny region with radius < 1 pc)
which shows that the luminosity produced is non-stellar. The non-stellar nuclear bolomet-
ric luminosity ranges from ∼ 1040 erg s−1 (1 erg = 0.1 𝜇J) in nearby galaxies to ∼ 1047

erg s−1 for distant quasars. Since an AGN energy output is too strong to be related to
stellar activity and, being ∼10 times more efficient than nuclear fusion at converting rest
mass into radiation (e.g. Frank; King; Raine, 1992), gas accretion onto a super-massive
(𝑀 & 106 M⊙) black hole (SMBH) is generally proposed as the source producing the
observed power within a sufficiently small volume (Salpeter, 1964; Zel’dovich & Novikov,
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1964; Begelman, Blandford & Rees, 1984; Rees, 1984). The observation of this non-stellar
emission has been undertaken in all the seven known wavebands (Padovani, 2017). Any
galaxy serving as a host to an AGN is popularly known as active galaxy. The most lumi-
nous sources of electromagnetic radiation in the Universe are active galactic nuclei and, as
such can be used as a way of detecting distant objects, their evolution as a result of cosmic
time often places limitations on cosmological models. An AGN’s observed characteristics
depend on several properties such as the mass of the central black hole, the rate of gas
accretion on the black hole, the accretion disk orientation, the degree of dust obscuration
of the nucleus, and the presence or absence of jets. Based on their observed characteristics,
several AGN sub-classes have been defined, such as Seyfert, Quasars, Blazars, etc..

1.2 Classification of Active Galactic Nuclei
The classification for a single object can change with time due to AGN variability,

therefore, general overview of different types of AGNs and some ideas on their unification
have been discussed to somewhat details in succeeding subsections. Typically, AGNs are
divided into two categories, which are referred to as “radio-quiet” and “radio-loud” nu-
clei. Optically selected AGNs are historically divided as being radio-loud or radio-quiet
depending on the value of the radio loudness parameter R, defined as the ratio between
the monochromatic luminosities at radio and optical frequencies (i.e., 𝑅 = 𝐿5𝐺𝐻𝑧/𝐿𝐵),
where, radio-quiet objects show values of R concentrated between 0.1 to 1.0, whereas in
radio-loud sources the R values range from 10 to 100 (Kellermann et al., 1989), so that the
boundary between the two classes is normally defined at R= 10 (Visnovsky et al., 1992;
Kellermann et al., 1994). The radio-loud category corresponds to AGNs that have radio
emissions produced by both the accretion disk and the jets, thus, Quasi Stellar Radio-
source (QSR). Radio-quiet AGNs are simpler because any emission from jet is negligible,
hence, Quasi-Stellar Object (QSO). Radio-quiet AGNs are further subdivided into Seyfert
type 1 and type 2 galaxies named after Carl Keenan Seyfert who discovered the first class
of AGN (Khachikyan & Weedman, 1974).

In Table 1, a summarized description of each sub-class of AGN is presented. AGNs
with the broad permitted lines emerging from hot, high-velocity gas that is near the black
hole are Type 1 AGNs. In the radio-quiet group, these include the Seyfert 1 galaxies and
the higher-luminosity radio-quiet quasars. The radio-loud Type 1 AGN are the Broad-Line
Radio Galaxies (BLRG) at low luminosities and radio-loud quasars at high luminosities.
AGNs with only narrow emission lines are Type 2 AGNs. They have a weak continuum
and only narrow emission lines. That means either they do not have any high-velocity
gas or the line of sight to such gas is obscured by a thick torus. Radio-quiet Type 2 AGN
include Seyfert 2 galaxies at low luminosities, as well as the narrow-emission-line X-ray
galaxies. Likely candidates for their high-luminosity are the infrared-luminous IRAS AGN
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(Sanders et al., 1988; Wills et al., 1993). Radio-loud Type 2 AGNs are the Narrow-Line
Radio Galaxies (NLRG). Type 3 AGNs are the lower luminosity AGNs, which consist
of the Low-Ionization Nuclear Emission-line Regions (LINERs) in the radio-quiet version
while the radio-loud counterparts are the Weak-Line Radio Galaxies (WLRGs). Those
AGNs showing rapid variability at optical wavelengths are labelled as Type 0 AGNs.
They include Blazars and OVVs.

Table 1 – The main classification labels used for active galactic nuclei. AGNs with broad
permitted lines detected at optical wavelengths are generally known as Type 1 AGNs,
while those with only narrow emission lines are known as Type 2 AGNs. Lower luminosity
AGNs are sometimes referred to as Type 3 AGNs, while those showing rapidly variability
at optical wavelengths are sometimes labelled Type 0 AGNs.

Radio-quiet Radio-loud
Radio-quiet quasars (RQQ) Radio-loud quasars (RLQ)

Broad absorption-line (BAL) Steep radio spectrum (SSRLQ)
Flat radio spectrum (FSRLQ)

Type 1
Seyfert 1 (Sy1) Broad line radio galaxy (BLRG)

Sy 1.0.......1.9
Narrow line Sy1 (NLSy1)

Seyfert 2 (Sy2) Narrow line radio galaxy (NLRG)
NLX-ray galaxy (NLXG)

Type 2
LINERs Weak line radio galaxy (WLRG)

Type 3
Blazar: BL Lac/OVV

Type 0
Fanaroff Riley class I (FRI)
Fanaroff Riley class II (FRII)

Face-on Edge-on
Seyfert 1 FR-I

QSO NLRG
FR-II

Edge-on Face-on
Seyfert 2 BL Lac

FIR Qalaxy BLRG
Quasar

Source: Reconstructed from Tadhunter (2008)
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Baldwin, Phillips & Terlevich (BPT) diagrams show how to differentiate LINERs
from regular H ii regions and normal AGNs (Seyferts and QSOs) on the basis of their [O iii]
𝜆5007 Å/H𝛽, [N ii] 𝜆6584 Å/H𝛼, [S ii] (𝜆𝜆6716, 6731 Å)/H𝛼, and [O i] 𝜆6300 Å/H𝛼 flux
ratios (Baldwin, Phillips & Terlevich, 1981; Veilleux & Osterbrock, 1987).

Figure 1 shows the emission line intensity ratio diagnostic diagram of [O iii] 𝜆5007
Å/H𝛽 versus [N ii] 𝜆6583 Å/H𝛼 for various excitation mechanism (AGN, Starburst, shock-
heated, and planetary nebulae) of galaxies as indicated in different colours. The various
points (dotted and plus shapes) represent emission in different regions located at the
nuclei of each object. The curves represent the division between star-forming galaxies
(H ii-like objects) and AGN-like objects proposed by Kauffmann et al. (2003) and Kewley
et al. (2001). Below the pure star forming curve proposed by Kauffmann et al. (2003)
are located the Starbursts represented by the blue plus coloured indicators while green
plus coloured indicators are located in the composite zone. Above the maximum starburst
curve proposed by Kewley et al. (2001) the AGNs are located (red plus and yellow points).
Between these two curves are located the composite objects. The solid line, proposed by
Schawinski et al. (2007), separates AGNs between Seyferts and LINERs. LINERs are
distinguished from H ii regions by higher values of [N ii] 𝜆6583 Å/H𝛼, and from Seyfert
galaxies by lower values of [O iii] 𝜆5007 Å/H𝛽. Transition galaxies located between em-
pirical (Kauffmann line) and theoretical (Kewley line) demarcation lines are found to
be systematically associated with narrower line widths and weaker [O iii] 𝜆5007 Å broad
wings, as well as younger stellar populations than Seyfert galaxies (Kewley et al., 2006),
which implies that the kinematics of the emission-line gas is different in the two kinds of
objects (Wang, Mao & Wei, 2011).
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Figure 1 – A diagnostic or BPT diagram for emission-line ratio of [N ii] 𝜆6583 Å/H𝛼
(horizontal axis) versus [O iii] 𝜆5007 Å/H𝛽 (vertical axis) distinguishing AGNs, composite
objects (COMP) and star-forming galaxies . The solid curves are boundaries proposed by
Kauffmann et al. (2003) and Kewley et al. (2001) for the empirical and theoretical division
between the two classes of objects indicated (i.e., to distinguish between hard and soft
radiation, respectively). The solid line represents the division between Seyfert galaxies
and LINERs by Schawinski et al. (2007).

Source: Zajaček et al. (2019)
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1.2.1 Seyfert Galaxies

Until 1955, when NGC 1068 and NGC 1275 were observed as radio sources, Seyfert
galaxies received no further study. Afterwards, Woltjer (1959) made the first attempt to
understand the physics of Seyfert galaxies and noted the following:

• The nuclei are unresolved (size of the nucleus < 100 pc).

• The nuclear emission must last more than 108 years, because Seyfert galaxies consti-
tute about 1 in 100 spiral galaxies. This is a simple argument. One extreme scenario
is that galaxies which are Seyferts are always Seyferts, in which case their lifetime
is the age of the Universe (1010 years). The opposite extreme is one where all spirals
pass through a Seyfert phase (or phases) - since 1 spiral in 100 is currently in the
Seyfert phase, it must last of order 1010/100 = 108 years.

• If the material in the nucleus is gravitationally bound, the mass of the nucleus must
be very high. This is a simple virial argument, i.e., 𝑀 ≈ 𝑣2 𝑟/G. The velocity
dispersion is obtained from the widths of the emission lines and is of the order of
103 km s−1. We have an upper limit to the size of the nucleus (𝑟 . 100 pc) from
the fact that it is spatially unresolved. The emission lines are characteristic of a
low-density gas, which effectively provides a lower limit 𝑟 & 1 pc. Thus the mass
of the nucleus can be inferred to be in the range 𝑀 ≈ 109±1 M⊙.

The last point tells us that something very extraordinary is occurring at the center of
Seyfert galaxies. If a large value of 𝑟 is assumed, then it must be concluded that something
like 10% of the mass of the galaxy is contained in a volume ∼ 100 pc across. On the other
hand, if 𝑟 is much smaller than the upper limit set by ground-based spatial resolution, then
the problem to be faced is how to generate an extraordinary amount of energy in a tiny
volume. Figure 2 is the representation of the nucleus of a Seyfert galaxy where the central
black hole is surrounded by a luminous accretion disk. The waved lines indicate roughly
from which directions the emission is observed in the case of type 1 and type 2 Seyfert
nuclei. Broad emission lines are produced by the disk itself and perhaps in clouds orbiting
above the disk. A dense dusty torus obscures the broad-line region from the transverse
lines of sight; some continuum and broad-line emission can be scattered through the warm
electrons pervading the field into those lines of sight. In the production of the hard X-ray
continuum, a hot corona above the accretion disk can also play a role. Narrow lines are
produced farther from the central source in clouds. Seyfert galaxies account for ∼ 10 %
of all galaxies (Maiolino & Rieke, 1995; Ho, Filippenko & Sargent, 1997). In particular,
Maiolino & Rieke (1995) found that to every type 1 there are around four type 2 nuclei
according to their sub-classification scheme (Osterbrock, 1981; Meurs & Wilson, 1984;
Edelson, 1987; Osterbrock & Shaw, 1988; Schmitt & Kinney, 1996; Schmitt et al., 1997).
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Figure 2 – Illustration showing the nucleus of a Seyfert galaxy depicting the black hole
and accretion disk at the centre. Material approaching us appears bluer, while receding
gas appears redder.

Source: Tasoff (2019)

Type 1 Seyfert galaxies have both narrow and broad optical emission lines, which
imply the existence of clouds of high-density gas (𝑁e & 109 cm−3), as well as gas velocities
between 1 000 − 5 000 km s−1 near the nucleus. Osterbrock (1977, 1981) further classified
Type 1 Seyfert galaxies into the Type 1.0, 1.2, 1.5, 1.8, and 1.9 categories based on the
appearance of the Balmer lines. The subclasses were based on the spectrum’s optical
structure, with the numerically larger subclasses having poorer broad-line components
compared to the narrow lines. Type 1.9, for instance, shows only a broad component in
the H𝛼 line, not in higher Balmer line series, in type 1.8, it is possible to detect very
weak broad lines in both H𝛾 and H𝛽 lines, even though they are very weak compared to
H𝛼, whereas the strength of the H𝛼 and H𝛽 lines is comparable in type 1.5, Seyfert Type
1.2 have strong broad H𝛽 component (Osterbrock, 1981), last but not least, Seyfert 1.0s
are typical class members as defined by Khachikyan & Weedman (1971, 1974). Another
very important subset are the narrow line Type I galaxies (NLSy1) characterized by the
full width at half maximum (FWHM) of the H𝛽 broad emission line lower than 2 000 km
s−1 and the flux ratio of ([O iii] 𝜆5007 Å/H𝛽) < 3, which in recent years have undergone
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extensive research (Osterbrock & Pogge, 1985). They have much narrower lines than the
broad lines from classic Type I galaxies, steep hard and soft X-ray spectra and strong
Fe ii emission with high Eddington ratio that place them in the extreme upper right
corner of the R4570 - 𝜉Edd diagram (Boller, Brandt & Fink, 1996; Rakshit et al., 2018),
where R4570 is the Fe ii strength representing the ratio of Fe ii line flux in the wavelength
range 4434 - 4684 Å to H𝛽 flux greater than 0.01 and the Eddington ratio (𝜉Edd) defined
as the ration of bolometric luminosities to Eddington ratios (𝜉Edd = 𝐿𝑏𝑜𝑙/𝐿Edd, where
𝐿Edd = 1.3 × 1038𝑀BH/M⊙ erg s−1). Their properties suggest that NLSy1 galaxies are
young AGNs with high accretion rates, suggesting a relatively small but growing central
black hole mass (Mathur & Grupe, 2005). There are theories suggesting that NLSy1s are
galaxies in an early stage of evolution, and links between them and ultraluminous infrared
galaxies or Type II galaxies have been proposed (Komossa, 2008). Seyfert type 1 has been
reclassified by Winkler (1992) on the basis of quantitative standards as follows:

• Sy1.0 5.0 < 𝐼𝜆

• Sy1.2 2.0 < 𝐼𝜆 <5.0

• Sy1.5 0.33 < 𝐼𝜆 <2.0

• Sy1.8 𝐼𝜆 < 0.33 broad component visible in H𝛼 and H𝛽

• Sy1.9 broad component visible in H𝛼 but not in H𝛽

where 𝐼𝜆 is the intensity of the ratio H𝛽/[O iii] 𝜆5007 Å.

Type 2 Seyferts, in contrast, have narrow (forbidden and permitted) emission lines.
These narrow lines are emitted in low density gas clouds (100 . 𝑁e . 3 000 cm−3, see
Dors et al., 2012) that are at greater distances from the nucleus than BLRs, and indi-
cate more-modest gas velocities of about 500 to 1 000 km s−1. Seyfert 2 galaxies usually
have a high ratio of [O iii] 𝜆5007 Å/H𝛽; the empirical criterion for Seyfert 2 is [O iii]
𝜆5007 Å/H𝛽 & 3 (Shuder & Osterbrock, 1981; Veilleux & Osterbrock, 1987). Baldwin,
Phillips & Terlevich (1981) introduced the method popularly called BPT diagram, to di-
vide star-forming galaxies and Seyfert 2 galaxies depending on the ratios of emission lines.
Currently, the BPT diagrams with different dividing lines derived from theoretical and
empirical methods are widely used in galaxy classification (e.g., Veilleux & Osterbrock,
1987; Véron-Cetty, Véron & Gonçalves, 2001; Kewley & Dopita 2002; Kauffmann et al.,
2003; Kewley et al., 2006; Schawinski et al., 2007).

Véron-Cetty & Véron (2010) pointed to several objects which have been found
to show extreme spectral variability, changing from Seyfert 1.8 or 1.9 to Seyfert 1.0 as
a result of reddening towards the BLR or changes in ionizing flux. In some Seyfert 2
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nuclei, a broad Pa𝛽 line has been detected, indicating a highly reddened broad line region
and several Seyfert 2s have the spectra of Seyfert 1s in polarized light, these objects
are called S1i and S1h respectively (Véron-Cetty & Véron, 2010). Typical full widths at
half-maximum of the Balmer lines in Seyfert 1s lie in the range 2 000 − 6 000 km s−1;
however, there is a group of active galactic nuclei with all the properties of Seyfert 1s,
but with unusually Balmer lines narrower than 2 000 km s−1 FWHM, which are called
narrow Seyfert 1 (S1n) (Véron-Cetty & Véron, 2010). NGC 3147 (𝑧 = 0.009346: Epinat
et al., 2008) is one of the three ‘true’ Type 2 Seyfert galaxies (NGC 3147, NGC 4698,
and 1ES 1927+654) confirmed by simultaneous optical and X-ray observations (Bianchi
et al., 2008; Panessa et al., 2009; Shi et al., 2010; Tran, Lyke & Mader, 2011; Bianchi et
al., 2012). NGC 3147 is about 130 million light years away in the northern circumpolar
constellation Draco the Dragon, in good agreement with redshift-independent distance
estimates of 100 to 180 million light years. Given that and its apparent size of about
3.6 by 3.0 arcmin, it is 135 to 140 thousand light years across. In Figure 3, an image of
NGC 3147 is shown, which contains a Seyfert type 2 nuclei and is considered the best
candidate to be a “true” Type II Seyfert galaxy, which has neither a dust ring nor the
broad emission lines (Tran, 2001; Tran, 2003; Bianchi et al., 2008; Shi et al., 2010; Tran,
Lyke & Mader, 2011; Matt et al., 2012; Bianchi et al., 2017), however, recent findings
by Bianchi et al. (2019) questions the very existence of true type 2 AGNs. In Figure 4,
typical optical spectra of Seyfert 1 and 2 BLR and NLR emission lines are shown.

In general, the magnitude of H𝛼 luminosities in Seyfert 1 nuclei is higher than
in Seyfert 2 nuclei (Gu et al., 1997). From a study of the statistical differences between
Seyfert 1 and Seyfert 2 nuclei, Keel (1980), Maiolino & Rieke (1995), and Curran (2000)
found that intermediate Seyferts of type 1, 1.2 and 1.5 will occur in face-to-face galaxies
while those of type 1.8 and 1.9 will occur in edge-on cases. Altogether, these findings
provide strong support for a unified model in which Seyfert 2 nuclei contain a dusty torus
seen more edge-on than the torus in Seyfert 1 nuclei (Schmitt et al., 2001).
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Figure 3 – NGC 3147 (PGC 30019 with redshift, z = 0.009346 : Epinat et al., 2008) dis-
covered (April 3, 1785) by William Herschel and also observed (November 4, 1831) by
John Herschel. A magnitude 10.6 spiral galaxy (type SA(rs)bc) in Draco (RA 10 16 53.6,
Dec +73 24 03). Historical Identification: Per Dreyer, NGC 3147 (= GC 2024 = JH 674 =
WH I 79, 1860 RA 10 04 48, NPD 15 54.4). Based on a recessional velocity of 2 800 km s−1

and Hubble constant, 𝐻0 = 70 km s−1 Mpc−1. NGC 3147 is a Seyfert galaxy type 2 (Sy2).

Source: Hubble Space Telescope (ESA/Hubble & NASA, A. Riess et al.)

https://hubblesite.org/image/4545/gallery
https://sci.esa.int/web/hubble/-/61449-galaxy-ngc-3147


Chapter 1. Introduction 26

Since quantum mechanics had opened the door to quantitative spectral analyses
of the sun and stars, there are selection rules for many electron atoms which include the
total spin quantities L, S, and J. These are: (i) parity, defined as ∑︀𝑖 𝑙𝑖, must change,
(ii) the change in total angular momentum must be Δ 𝐿 = 0, ± 1, (iii) the change
in total angular plus spin momentum must be Δ 𝐽 = 0, ± 1, but 𝐽 = 0 → 0 is
forbidden, (iv) only one single electron wavefunction nl changes, with Δ 𝑙 = ± 1, and
(v) total spin cannot change: Δ 𝑆 = 0. Allowed transitions are those that obey all of
these selection rules. Forbidden transitions are those which violate any of the first four
rules. Semi-forbidden transitions are those that follow the first four rules, but break the
last spin rule. The allowed transitions have the largest transition probabilities and the
lifetime of excited states that decay through this process is of order 10−8 s. Forbidden
transitions have decay time-scales of the order of 1 s, whereas semi-forbidden transitions
have time-scales intermediate those of allowed and forbidden transitions. The distinction
between forbidden and semi-forbidden transitions is accomplished by denoting the former
with double square brackets (e.g., [O iii] 𝜆𝜆4959, 5007 Å) while the latter is presented
with a single square bracket (e.g., Si iv/O iv] 𝜆1400 Å, N iv] 𝜆1486 Å, O iii] 𝜆1663 Å,
N iii] 𝜆1750 Å Si iii] 𝜆1892 Å, C iii] 𝜆1909 Å, and O ii/C ii] 𝜆2323 Å).

The origin of the differences between type 1 and type 2 Seyferts is either not known
or certainly controversial. The main difference between Seyfert 1 and Seyfert 2 galaxies
originates from the optical and UV spectroscopy, where type 1s have broad permitted
lines, thus, hydrogen recombination lines including the Balmer lines (H𝛽, H𝛾, H𝛿), He ii
𝜆4686 Å and He i 𝜆5876 Å as well as Fe ii 𝜆𝜆4570, 5250 Å, in the optical, intercombination
lines – e.g., C iv 𝜆1459 Å, Mg ii 𝜆2798 Å – and semi-forbidden lines, e.g., C iii] 𝜆1909 Å
in the near UV, lines with FWHM FWHM ∼ 1 000 − 10 000 km s−1 and the full widths
at nearly zero intensity (FW0I or FWZI) of these same lines defined in the range from
5 000 to 30 000 km s−1 (Osterbrock & Shuder, 1982). However, both type 1 and type 2
have narrow permitted (e.g., H i, He i, He ii, Fe ii, Mg ii, C iv ) and forbidden (e.g., [Ne iii]
𝜆3869 Å, [O i] 𝜆𝜆6300, 6364 Å, [O ii] 𝜆𝜆3726, 3729 Å, [O iii] 𝜆𝜆4959, 5007 Å, [S ii] 𝜆𝜆6717,
6731 Å, [N ii] 𝜆𝜆6548, 6583 Å, [Fe vii] 𝜆6087 Å, [Fe x] 𝜆6375 Å, etc.) lines with widths
FWHM ∼ 500 − 1 000 km s−1.

The Balmer line strengths in Seyferts and quasars were found in the early 1980s
to form a single tight correlation with the non-stellar continuum strength, confirming a
basic link between the two: continuum emission photoionizes the broad-line region gas
which then produces line radiation. An estimate of the gas density in the broad-line
region comes from the absence of any broad components on the forbidden lines. These
forbidden emission lines cannot occur via the fast electric dipole mode. With only slower
modes of transition available (e.g. magnetic dipole), the ions are vulnerable to collisional
de-excitation in a high density gas where the mean time between collisions is small. The
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critical density above which collisional de-excitation becomes important varies widely for
different lines, so one can bracket the gas density in the broad-line region by noting which
lines have broad components and which do not. For example, while the [O iii] 𝜆4363 line
with critical density ∼ 3 × 107 cm−3 has no broad component, the semi-forbidden C iii]
𝜆1909 line with critical density ∼ 3 × 1010 cm−3 has broad component, implying a gas
density in the BLR somewhere in the range 108 − 1011 cm−3. In contrast to the forbidden
lines, the so-called ‘permitted’ lines arise from fast (∼ 10−8 s) electric dipole transitions
with correspondingly high critical densities ∼ 3 × 1017 cm−3. Therefore, permitted and
recombination lines are easily produced in the broad-line region gas. The broad-line region
electron density is estimated to be ∼ 109 cm−3, and since there is practically no direct
information on the temperature in the broad-line region, a good approximation of the
temperature is ∼ 104 K because the observed Fe ii emission shows T < 35 000 K and
would collisionally ionized to Fe iii at a higher temperature (Osterbrock & Ferland, 2006).

In the spectra of Seyferts, the narrow forbidden and permitted emission lines come
from the Narrow Line Region (NLR), a region well outside the Broad Line Region (BLR),
spanning a few tens of pc to about 1 kpc. The mere presence of forbidden lines in the
NLR indicates that gas densities are lower than in the BLR. At these lower densities the
physics of line production is simpler and line ratios may be used to estimate or characterize
physical properties of the ionized gas, such as the nature and strength of the interstellar
radiation fields, chemical abundance, local temperature and gas density. For instance, the
two typical line-ratios are [O iii](𝜆4959 Å + 𝜆5007 Å)/𝜆4363 Å and [S ii] 𝜆6717 Å/𝜆6731 Å
which yield electron temperatures in the range of ∼ 1 − 2 × 104 K and electron densities
from the observational estimations varying from 10 to 1 300 cm−3 or from the theoretical
with models input of 𝑁𝑒 = 100, 500, 1500, 3000 cm−3, respectively (see Dors et al., 2020b).
Such simple estimates must be viewed with caution, however, because they represent
weighted averages over a wide range of conditions, for instance, gas densities may probably
rise in the inner regions from ∼ 102 cm−3 on kpc scales to ∼ 106−8 cm−3. The critical
densities from the optical spectrum which shows narrow permitted and forbidden lines
are ∼ 1014 cm−3 and ∼ 104 cm−3, respectively (Osterbrock & Ferland, 2006).

There are a few clear examples where galaxies have been identified as type 2
Seyferts because the broad components of the lines have proven to be very difficult to
detect, whereas there have been cases where the broad lines in Seyfert 1 galaxies have
nearly completely disappeared (e.g., NGC 4151 see Antonucci & Cohen, 1983; Penston &
Perez, 1984 and NGC 1566 Alloin et al., 1986). Again, NGC 7582 was a prototype Sy2,
that fit all criteria to be a hidden Sy1 seen edge on until it became a true Sy1 (Halpern,
Kay & Leighly, 1998; Aretxaga et al., 1999). Apart from the temporal disappearance of
broad lines experienced by NGC 4151 and NGC 7582, three other classical Seyfert 2 nuclei
Mrk 6, Mrk 993, and Mrk 1018 developed broad lines (broad emission-line variability of
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Seyfert galaxies) in the past, which were reported by Khachikian & Weedman (1971),
Tran, Osterbrock & Martel (1992), and Cohen et al. (1986), respectively. One group of
scientists holds an entrenched position that all Seyfert 2s are intrinsically Seyfert 1s where
broad spectra peaks is unable to be seen from a particular vantage point. Antonucci (1993,
2012) proposed that the spectral types of Seyfert differ solely due to inclination of the axis
with respect to the line of sight. It is not clear, however, that this scenario can explain
all of the observed differences between the two sub-classes. Since Seyfert classifications
depend on the resolution of the spectra used and the noise in the spectra (Goodrich, 1989;
Grupe, Thomas & Leighly, 1999), further sub-classification of Seyfert 1 class into Seyfert
1.5−1.9 present a new challenge. The galaxy NGC 3147 at the center of the Seyfert debate
seems to have been settled by Bianchi et al. (2019), thus, the two types of Seyfert galaxies
are, in fact, one class of objects. However, the sub-classifications of the Seyfert galaxies
will remain until similar discoveries of all the other type 2 Seyfert have uncovered their
broad emission lines.

In Figure 4, optical spectra of three Seyfert galaxies of different types (Seyferts 1,
1.5, 2) from the Lick Observatory are shown in the three panels where the classification
focuses on the relative strength of the broad hydrogen lines, compared to the narrow
forbidden oxygen lines. The type I Seyfert galaxy spectrum in the top panel has both
broad and narrow components in the permitted lines, whereas the forbidden lines like
[O iii] have only the narrow component. For the type 1.5 Seyfert galaxy in the middle
panel the narrow lines are seen to grow stronger while the broad lines become weaker and
vanish completely in the spectra of the type II Seyfert galaxy in the bottom panel. In
fact, Seyfert types 1 and 2 are not as clear cut as they first seemed, since weak broad lines
have now been found in Seyferts previously classified as type 2. Types 1 and 2 are better
understood as extreme ends of a range of intermediate Seyfert types classified according
to the relative strengths of their broad and narrow lines. For instance, in a Seyfert 1.5,
there are broad and narrow lines but the broad lines are not as strong as those found in
type 1 Seyferts.
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Figure 4 – Optical spectra of three Seyfert galaxies that illustrate the transition from
Seyfert 1 (top) to Seyfert 2 (bottom). The classification focuses on the relative strength
of the broad hydrogen lines, compared to the narrow forbidden oxygen lines. Note that
the broad hydrogen lines (especially H𝛽) visible in Seyfert 1 appear narrower in Seyfert
2.

Source: Osterbrock (1984)
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1.2.2 Unification Scheme of AGNs

The unification scheme of AGNs dates back to, at least, near the end of 70 decade
in both optical and radio wavebands studies by Rowan-Robinson (1977) and Cohen et
al. (1977), respectively, and became popular by subsequent reviews in the mid-80s and
90s (Lawrence, 1987; Antonucci, 1993; Urry & Padovani, 1995; Urry & Padovani, 1996;
Goodrich, 2001). To answer the question how to bring all the underlying physical principle
such as orientation, time evolution, black hole mass, black hole spin, availability of fuel,
interaction ambient medium, etc., to relate the classes of AGNs into a single framework
led to the postulate for a standard model for the structure of AGNs. According to the uni-
fication scheme, all AGNs (quasars, QSOs, Seyferts, etc.) are fundamentally the same type
of objects (Rowan-Robinson, 1977; Antonucci, 1993; Urry & Padovani, 1995), but viewed
from different angles. Toroidal obscuring region (torus) equals the optically and geometri-
cally thick at optical. Type 1 with broad line region and Type 2 without broad line region
depending on the viewing angle. In effect the unification model depicts that different types
of AGNs are caused by different viewing angles (Osterbrock, 1978; Antonucci & Miller,
1985; Miller & Goodrich, 1987; Antonucci, 1993; 2012). For example, Seyfert 1 galaxies
are viewed face-on relative to the accretion disk and torus with its associated broad line
region in full view whereas Seyfert 2 galaxies are viewed edge-on with only the more ex-
tended narrow line clouds observed directly (Antonucci, 1993). The observed broad line
radiation is polarised (& 15 %), suggesting that it has been scattered, and is therefore
a reflection of the central source (Antonucci & Miller, 1985; Krolik & Begelman, 1986;
Miller & Goodrich, 1990; Heisler, Lumsden & Bailey, 1997). Traditional optical spectral
observations led to the detection of the polarized broad line region (PBLR) spectroscopic
observations in type 2 Seyfert AGNs, e.g., NGC 1068: (Antonucci, 1993; Antonucci &
Miller, 1985) and detection of the broad line radiation through IR spectroscopy (Nagar
et al., 2002; Reunanen, Kotilainen & Prieto, 2003). This result strongly supports the
unification model of Seyfert 1 and Seyfert 2 galaxies. Therefore, the origin of the Active
Galactic Nuclei (AGNs) unification model was the observation of broad hydrogen recom-
bination lines of the Seyfert 2 galaxy of NGC 1068 in an optically polarized spectrum.
Since then, a search for the hidden broad-line region (HBLR) of nearby Sy2s started, but
polarized broad lines have only been detected in ∼ 30 − 50 % of the nearby Sy2s observed
to date (Moran et al., 2001; Tran, 2001; Tran, 2003; Ramos Almeida et al., 2016). Some
studies show that the non-detection of a PBLR is due to the genuine lack of a broad line
region (Elitzur & Ho, 2009; Tran, Lyke & Mader, 2011). Complex effects of obscuration
are demonstrated in the work by Gu, Maiolino & Dultzin-Hacyan (2001), who found that
AGNs with PBLR have slightly lower column density (𝑁H) than those without PBLR.
Similarly, Lumsden, Alexander & Hough (2004) and Shu et al. (2007) showed that the
detection rate of PBLRs decreases as a function of 𝑁H, suggesting that the absorption
effect by dusty torus could play a role in the detectability of PBLRs in AGNs. Seyfert 2
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nuclei have the largest absorption columns, many of which imply the medium is Compton
thick, so that X-rays are suppressed below 10 keV (Mushotzky, 1982; Risaliti et al., 1999;
Bassani et al., 1999; Trippe et al., 2010). Seyfert 2 nuclei also have colder IR colours
than Seyfert 1 nuclei, as inferred from a sample of 10 Seyfert galaxies with ISO colours
(Perez Garcia, Rodriguez Espinosa & Santolaya Rey, 1998), where TSy2=112 – 136 K and
TSy1 ≈ 150 K, which can be explained if the torus is partially thick at MIR wavelengths.
The host galaxies of Seyfert 1 and Seyfert 2 nuclei are dominated by large bulge fractions,
and Seyfert 2 galaxies are more likely to be located in disk galaxies, whereas most Seyfert
1 galaxies are located in bulge-dominant galaxies. These results indicate that the types
of AGNs are related to their host galaxies and cannot be explained by the conventional
Seyfert galaxy unification model (Chen & Hwang, 2017).

A number of Seyfert 2 nuclei show clear anisotropy in the highly ionized emission
lines (e.g., [O iii] 𝜆5007 ) which, often, resemble a radiation cone (Pogge, 1988). The
ionization cone is “collimated” by the obscuring torus and one can readily assess that
the radiation field is anisotropic (Neugebauer et al., 1980; Wilson, Ward & Haniff, 1988;
Storchi-Bergmann, Wilson & Baldwin, 1992; Pogge & De Robertis, 1993). A comparison
between the number of ionizing photons 𝑁H𝛽 to produce H𝛽, and the number of ionizing
photons, 𝑁𝑖, inferred by extrapolation of the directly observed continuum, which yielded
(𝑁𝑖/𝑁H𝛽) < 1, suggesting that the ionization cone sees a more luminous continuum than
we do (Wilson, Ward & Haniff, 1988). There are searches for broad-recombination lines
in the NIR spectrum of Seyfert 2 nuclei, where the extinction less affects the emitted
spectrum. On the bases of a conservative estimation for the intrinsic broad-line strength,
Goodrich, Veilleux & Hill (1994) suggested that the broad emission lines will be detectable
if 𝐴𝑉 . 11 mag for Pa𝛽, 𝐴𝑉 . 21 mag for Pa𝛼, 𝐴𝑉 . 26 mag for Br𝛾 and 𝐴𝑉 . 68 mag
for Br𝛼. These searches have had moderate success of about 25% of Seyfert 2 galaxies
showing some broad component in the infrared (Veilleux, Goodrich & Hill, 1997).

The orientation-based unification models has been criticized from the beginning
of its proposal up-to-date. There are problems regarding the polarization levels as in the
most of the Seyfert 2 nuclei, the continuum is seen in direct light while the broad lines are
just seen in polarized light which can not be explained clearly with Unification Models.
Also, the continuum is polarized at a lower level compared to the broad lines (Miller &
Goodrich, 1990; Tran, 1995a). Few Seyfert nuclei change type in a very short timescale,
which is too fast to be explained by a cloud moving into our line of sight. Such events
encouraged the proposal of considering Seyfert 2 nuclei as switched-off Seyfert 1 nuclei
(Penston & Perez, 1984). It is not common to have a scattered BLR in the Seyfert 2 nuclei
(Cid Fernandes & Terlevich, 1995). But going by the unification model one expects more
frequent detection of the polarized scattered light from BLRs of Seyfert 2 nuclei. While
we see many Seyfert 2 nuclei, it is not that easy to find a narrow line QSO. This curious
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absence of radio-loud counterpart of Seyfert 2 nuclei can be explained by a modified
unification scheme of a Receeding Torus Model (Hill, Goodrich & Depoy, 1996). In the
Unification Model Scenario, we can not fit in the Weak Line Radio Galaxies (WLRGs) with
either anisotropy or beaming effect (Tadhunter, 2008). Moreover, the status of Broad Line
Radio Galaxies (BLRGs) which are the radio-loud version of Seyfert 1s and Narrow Line
Radio Galaxies (NLRGs) which are like Seyfert 2s with no broad emission lines spectra
but having a strong radio emission are not clear under this unification scheme. Moreover,
we assume that the obscuration in AGNs is by a compact torus made of gas and dust and
the distribution of Interstellar Medium (ISM) remains fixed over the complete lifetime of
an AGN. But the high resolution observation reveals much extended ISM distribution in
the form of dust lanes. Moreover, making these assumptions questionable, we have found
direct kinematic evidence for outflows in few AGNs (Nesvadba et al., 2008).

In summary, it is a strong possibility that the gas in Seyferts 2 is on all scales
intimately connected to somewhat, as far as the molecular ring (Maiolino; Rieke, 1995;
Schmitt et al., 1997; Curran, 2000; Schmitt et al., 2001), thus being in accordance with
evolutionary models of AGNs. The theory of an evolutionary difference (e.g. see Spinoglio
& Fernández-Ontiveros, 2019) is in line with Blandford (1990) and Dopita (1999), who
suggested that for AGNs in general, a critical look at the accretion rate as well as the
mass and angular momentum of the central black hole may also have to be taken into
consideration in order to provide a satisfactory scheme of unification. Alonso-Herrero,
Shastri & Singh (2008) and Singh, Shastri & Risaliti (2011) found a statistical correlation
among the X-ray luminosities (Lc

2.0−10 keV), the bolometric luminosities (LBol), the black
hole masses (MBH), and the Eddington ratios (𝜆) for types 1 and 2 Seyferts consistent
with the orientation and obscuration based on the Seyfert unification scheme. In Figure 5,
a representation of the unified model depicting the different AGN types could be the same
objects observed with different orientation is shown.

Extensive literature review of critical critique of the unification scheme by An-
tonucci (2012) led to the conclusion that uncertainties and erroneous assumptions are
made by these unification model critique proponents, and almost all their findings are
weak or erroneous. Nevertheless, the unification scheme can successfully explain many
AGN characteristics and properties even though some questions still remain unanswered
since it is still too simplified but it is the best explanation we have for developing a
common model for an AGN.
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Figure 5 – The unified model of Active Galactic Nuclei (Radio-loud & - quiet AGNs,
Seyfert I & II Galaxies).

Source: Beckmann & Shrader (2012)
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1.3 Oxygen abundance discrepancy in AGNs
Active Galactic Nuclei (AGNs) and Star-Forming regions (SFs) present in their

spectra prominent emission-lines whose relative intensities can be used to estimate the
metallicity and chemical abundances of heavy elements (O, N, Ne, S, etc.) in the gas-
phase of these objects at a wide redshift range. The metallcity 𝑍 is defined by the sum
of the abundance (in number of atoms) of all heavy elements in relation to the hydrogen
abundance:

𝑍 = 𝑁(O)
𝑁(H) + 𝑁(N)

𝑁(H) + 𝑁(Ne)
𝑁(H) + ... . (1.1)

Since it is impossible to estimate the abundance of all elements, it is usual to define an
element as 𝑍 tracer. The relative abundance of oxygen to hydrogen (O/H) is usually used
as a tracer of the total metallicity (𝑍) in galaxies hence the prominent emission-lines
from their main ionic stages are generally detected with high signal to noise ratio (S/N,
higher than 10) in the optical spectra in both SFs and AGNs. In fact, the most abundant
oxygen ions are O+ and O2+ which emit the strong optical forbidden emission lines [O ii]
𝜆𝜆3726, 3729 Å and [O iii] 𝜆𝜆4959, 5007 Å, respectively. As a good approximation the
total oxygen abundance relative to hydrogen can be obtained by,

𝑁(O)
𝑁(H) = 𝑁(O+)

𝑁(H+) + 𝑁(O2+)
𝑁(H+) . (1.2)

Recently, Dors et al. (2020b) and Flury & Moran (2020) showed that the presence of O3+

ion in the NLR of AGNs leads to a correction in the total O/H abundance of up to only
20 %. Thus, in principle, Equation 1.2 produces a good estimation of the O/H abundance.
For example, in the solar atmosphere, the solar oxygen abundance is

(︁
𝑁(O)
𝑁(H)

)︁
⊙

= 10−3.31.
The metallicity is usually defined by,

𝑍 ≡ 12 + log (O/H), (1.3)

where the value 12 has been added so that any element, even the rarest, has a positive
solar value from the expression.

In Figure 6, a histogram containing the oxygen abundance distributions of a sample
of Seyfert 2 nuclei taken from Dors et al. (2020a) is shown. These authors considered a
sample of 463 galaxies obtained from the Sloan Digital Sky Survey and derived the O/H
abundance, for each object, through the 𝑇e−method and by using the semi-empirical
calibration between the metallicity and the 𝑁2𝑂2 = log([N ii] 𝜆6584 Å/[O ii] 𝜆3727 Å)
proposed by Castro et al. (2017). Also, represented in Figure 6 is the O/H distribution
obtained from extrapolation of the O/H abundance gradients in a sample of spirals. It is
worthy to note that, the distribution based on O/H values from the 𝑇e−method developed
for SFs (see e.g., Hägele et al., 2008 and references therein) indicates that the AGNs have
lower values in comparison with the O/H values obtained via the other two methods.
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Since the extrapolation estimation is an independent method, this method does not use
the lines emitted by the AGNs. Dors et al. (2015) and Dors et al. (2020a) concluded that
the 𝑇e−method underestimates the O/H abundance, in other words, the 𝑇e−method does
not seem to work for AGNs.

Figure 6 – Histogram containing the oxygen abundance distributions for a sample of
Seyfert 2 nuclei based on the 𝑇e−method, semi-empirical calibration using photoionization
models, and extrapolation of the abundance gradient, as indicated.

Source: Adapted from Dors et al. (2020a)
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One would assume that since the 𝑇e−method2 is one of the most reliable method
for star-forming regions, O/H estimations for AGNs based on it are correct and those
obtained via photoionization models as well as inference from extrapolation method are
implicitly in error. Enumerated below are the reasons in support of the assertion that
𝑇e−method is not good for AGNs O/H abundance estimations:

1. Storchi-Bergmann et al. (1998) compared O/H abundances obtained by their theo-
retical calibrations for a sample of seven Seyfert 2 with values from O/H abundance
extrapolations. These authors found a good agreement between the estimations via
both methods (see Figure 7 taken from the work by Storchi-Bergmann et al., 1998).

2. Dors et al. (2015) confirmed the Storchi-Bergmann et al. (1998) result considering
a larger sample of Seyfert 2 (12 objects) and star-forming nuclei (33 objects; see
Figure 8 taken from the work by Dors et al., 2015).

3. Chemical evolution models (e.g. Mollá & Díaz, 2005) predict for central part of
spiral and elliptical galaxies in the Local Universe solar or over-solar metallicities.
Otherwise, O/H values based on the 𝑇e−method for AGNs are, in most part, sub-
solar values (12 + log(O/H) < 8.3).

Recently, Dors et al. (2020b) have investigated the origin of the O/H abundance
discrepancy which in principle can be attributed to three origins underscored as:

1. The standard formalism usually considered for SFs cannot be applied to AGNs in
the sense that a new relation between temperatures for the O+ and O2+ must be
considered.

2. There is a second heating or ionization source in AGNs beyond gas accretion.

3. There is a large electron temperature fluctuation in AGNs.

The diagonal line in the bottom panel of Figure 8 is the one-to-one relation and the
upper panel shows the differences between the spectral and central intersect abundances.
2 𝑇e−method: Generally, it is based on the collisional excited emission lines, and if the results derived

using recombination lines (only available to H ii regions, see Peimbert, Storey & Torres-Peimbert,
1993; Esteban et al., 2005; Peimbert, Peimbert & Delgado-Inglada, 2017, and references therein)
are taken into account, significant differences are realised. The cause of this discrepancy has been
attributed to the presence of temperature fluctuation in the gas. In principle, since the estimations
through the recombination lines are less dependent on the derived electron temperatures, the most
reliable method is the use of recombination lines. The principal downside, however, is that the metal
recombination lines are extremely weak, hence, triggering indirect methods (extrapolation and strong-
line methods) when no estimation of the temperature can be derived where strong-line methods are
consistent with the direct method if they are empirically calibrated.
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The hatched area indicates a band of 0.15 dex adopted for the oxygen abundance uncer-
tainty, while solid line shows the linear regression D = 12 ×(−0.25 ± 0.06) + log(O/H)0

+ 2.10 (±0.59) taking into account all the data considered by Dors et al. (2015).

Figure 7 – Oxygen abundance values 12 + log (O/H) for the NLR, obtained from the two
proposed calibrations, plotted against the values obtained from the H ii regions. Filled
symbols represent the Seyfert 2 galaxies, and open symbols and triangles represent the
LINERs. Bottom, first calibration, involving the line ratios [N ii]/H𝛼 and [O iii]/H𝛽; top,
second calibration, involving log ([N ii]/H𝛼) and log ([O ii]/[O iii]).

Source: Storchi-Bergmann et al. (1998)
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Figure 8 – Comparison between central intersect oxygen abundances derived from the ra-
dial abundance gradients (O/H)0 and the central abundances determined from the spectra
of the central regions from Ho, Filippenko & Sargent (1997) through the Storchi-Bergmann
et al. (1998) first calibration for the AGNs (filled squares) and through the modified coun-
terpart method (CNS method) by Pilyugin et al. (2013) for the H ii-like regions (open
circles).

Source: Dors et al. (2015)
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1.4 Motivation
Dors et al. (2020b) suggested a new formalism for the 𝑇e−method, which reduces

the difference in the O/H abundance derived with this method and photoionization mod-
els, however some issues still remain unresolved in chemical abundance determinations
of AGNs, such as the presence of a second heating/ionization source and/or electron
temperature fluctuations. Moreover, the applicability of the 𝑇e−method has some limita-
tions to AGNs studies. For instance, electron temperature can be calculated from 𝑅O3 =
([O iii](𝜆4959 + 𝜆5007)/𝜆4363) line ratio in the range of 700 & 𝑅O3 & 30 which corre-
sponds to 7000 . 𝑇e(K) . 23 000 (Hägele et al., 2008). However, 𝑅O3 values lower than
30 are derived in some Seyfert 2 nuclei (see Dors et al., 2020b and references therein),
indicating 𝑇e > 23 000 K and a limited use of the 𝑇e−method for this class of objects.

In Figure 9, bottom panel, the temperature of the electrons (in units of 104 K)
that are exciting the O2+ ions, defined by 𝑡3, derived by Dors et al. (2020b) for a sample of
Seyfert 2 by using detailed photoionization models is compared to those obtained by the
use direct estimation of the observational ratio 𝑅O3 = [O iii](𝜆4059 Å + 𝜆5007 Å)/𝜆4363
Å, i.e. using the 𝑇e−method. It can be seen that the electron temperature derived by
using the 𝑇e−method is higher than the model predictions, with differences ranging from
∼ 0 to ∼ 10 000 K. The high electron temperature values derived from the observational
ratio 𝑅O3 translate in deriving a low oxygen abundance via the 𝑇𝑒−method, as shown in
Figure 6. The presence of gas shock in the NLR of Seyfert 2 has an important contribution
to the heating and/or ionization, or high level of electron temperature fluctuations could
be the sources of the discrepancy shown in Figure 9.

In light of the above considerations, the main motivations why it is important to
estimate abundance for AGNs and to understand the physical conditions of the ionized
gas in AGNs, specifically to this work are are highlighted in the following:

1. Direct abundance estimations (values derived from the 𝑇e−method, a reliable method
for star-forming regions) for Seyfert 2 are clearly underestimated in comparison with
the ones obtained from several other methods and are clearly unreal values.

2. There is limited understanding of the difference in the electron temperature of
Seyfert 2 nuclei values found when the values of this parameter derived from obser-
vational line ratios is compared to theoretical photoionization model predictions.

3. There are published infrared emission line fluxes of Seyfert 2 nuclei in the literature
which can yield more reliable abundance estimations than those derived via optical
emission lines and photoionization models.
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4. Neon abundance comparison between values based on infrared emission-lines and
on the 𝑇e−method could give important insights about the temperature problem in
AGNs.

5. Observations carried out with future infrared satellites, for instance, Origin Space
Telescope (OST) Concepts 1 and 2 with design specifications of (i) a mid-infrared
imager/spectrograph/coronagraph instrument that could operate from 5 to 38 µm,
with resolving powers, 𝑅 ∼ 300, 1 000 − 3 000, and 20 000 − 30 000, (ii) a far-
infrared, medium-spectral resolution, direct detection spectrometer, optimized for
multi-object spectroscopy and large area mapping, spanning 30 to 600 µm, with
𝑅 ∼ 500 and 40 000, (iii) a far-infrared, high-spectral resolution, direct detection
spectrometer, spanning 20 to 300 µm, with 𝑅 ∼ 1 × 106, (iv) a far-infrared im-
ager/polarimeter operating from 35 to 500 µm, and (v) a heterodyne spectrometer
operating from 500 to 4 750 GHz with 𝑅 < 1 × 107 will make it possible to access
the far infrared AGN spectra, which present strong metal emission lines.

6. Dors et al. (2013) carried out a comparison between neon abundance derived from
infrared and optical lines emitted in H ii regions. Such analysis can easily be ex-
tended to AGN studies.

7. The level of electron temperature fluctuation in AGNs has not been established
in the literature reviewed so far, therefore, if it is found to be different from the
canonical values in gaseous nebulae of H ii regions and PNe, it may reveal major
insights in nebular astrophysics.

8. Neon abundance determinations in AGNs based on infrared lines are little dependent
on the electron temperature and could be more reliable than those obtained by
𝑇e−method or photoionization models (mainly dependent on the input parameters).



Chapter 1. Introduction 41

Figure 9 – Bottom panel: 𝑡3 values predicted by detailed photoionization models [(𝑡3)mod.]
versus those calculated through the 𝑇𝑒−method [(𝑡3)meas.] Top panel: Difference between
(𝑡3)meas. and (𝑡3)mod.. Temperature values are in units of 104 K.

Source: Dors et al. (2020b)
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1.5 Objectives

1. Understanding the low (unrealistic) metallicity values derived when the 𝑇𝑒−method
is applied to Seyfert 2 studies.

2. To investigate the possible presence of electron temperature fluctuations in Seyfert
2 nuclei.

3. To investigate the reliability of chemical abundance determinations based on infrared
emission lines of Seyfert 2 AGNs.

4. To develop a methodology to determine metallicity or chemical abundance based
on infrared emission lines of Seyfert 2 AGNs.

The aforementioned motivations and objectives make this research possible con-
temporaneously with the advent of IR space observations such as Spitzer (Werner et al.,
2004) and Herschel (Pilbratt et al., 2010), the prospect of new major spectroscopic IR
surveys with the next generation satellites like the OST Concepts, and the possibility
of observing the rest-frame FIR wavelength range in distant galaxies with groung based
millimeter/sub-millimeter observatories such as Atacama Millimeter/Submillimeter Ar-
ray (ALMA) and NOrthern Extended Millimeter Array (NOEMA) in conjunction with
Institute for Radio Astronomy in the Millimeter Range (IRAM), have fostered the inves-
tigation of MIR/FIR transitions as metallicity tracers.

This work is structured as follows: Chapter 2 presents the data set compiled from
the literature, as well as a brief description of the objects of study in this work. Chapter
3 gives an outline of the methodology use to derive elemental or ionic abundances with a
particular emphasis on the advantages and disadvantages of the present methods and the
preferable method for determining the ionic abundance of neon available in the literature.
In Chapter 4, discussions and summary of the results of this work are presented; finally,
Chapter 5 presents the conclusions and recommendations for future work.
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2 Data

2.1 Observational data
We compiled from the literature optical and infrared emission-line fluxes of Seyfert

2 nuclei. The infrared sample consists of near infrared (NIR) to mid – infrared (MIR)
spectroscopic observations of 36 Seyfert 2 nuclei:

(i) performed with the Physics and Astronomy Classification Scheme (PACS) in-
strument on board the European Space Agency (ESA) Herschel Space Ship in the short
cross-dispersed mode (R ∼ 360) covering the JHK -bands, together with an ancillary data
from

(ii) Spitzer-Infrared Spectrometer (IRS) spectroscopic survey consisting of the
short wavelengths ranging from 9.9 to 19.6 µm covered by the Short-High (SH) module in
the high spectral resolution mode (𝑅 ∼ 600) and from 8 to 2.4 µm;

(iii) The cooled grating spectrometer 4 (CGS4) on United Kingdom Infrared Tele-
scope (UKIRT), IRSPEC (Infrared Spectrometer) infrared array spectrometer (𝑅 ∼ 1 500)
at the ESO 3.6 m telescope;

(iv) Medium resolution (𝑅 ∼ 1 500) of Infrared Space Observatory Short Wave-
length Spectrometer (ISO-SWS) 2.4 − 45 µm spectra, both high-resolution (𝑅 = 1 260)
and low-resolution (𝑅 = 345 and 425) 𝐽𝐻𝐾−band spectra of 4 µm spectroscopy with
ISAAC at the European Southern Observatory Very Large Telescope array (ESO VLT);

(v) Infrared Spectrometer And Array Camera Long Wavelength (ISAAC-LW)
medium resolution spectroscopy mode covering a range from 3.93 to 4.17 µm at spec-
tral resolving power ∼ 2500;

and

(vi) NIR integral field spectroscopy of moderate resolution (𝑅 ∼ 1 000 and 𝑅 ∼
2 000) 𝐻𝐾−bands spectra, etc.

The optical data taken within the spectral range 4000 < 𝜆 (Å) < 8000 comprise
of:

(i) low-dispersion spectra using telescopes at Las Campanas, Anglo-Australian,
Lick, and European Southern observatories

and
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(ii) Faint Object Spectrograph spectroscopy (FOS) aboard Hubble Space Telescope
(HST) at a wavelength of 4000 < 𝜆 (Å) < 7000.

A summarized description of each galaxy of the sample is presented below.

NGC 3081 (IC 2529): NGC 3081 (𝑧 = 0.00795, (R1R′
2)SAB(r, nr)0/a) is a nearby Seyfert

2 galaxy with four rings comprising of the normal ring features of the outer (R1), in-
ner (r), nuclear (nr) types with the outer ring arms forming part of a classical double
ring/pseudoring R1R′

2 morphology component, and R′
2 which forms the two spiral arms

that break from the R1 component (Buta & Purcell, 1998). The 𝐽−band spectrum of
NGC 3081 showed faint narrow Pa𝛽 and [Fe ii] 𝜆 1.2567 µm emission lying on top of a
strong stellar continuum (Goodrich, Veilleux & Hill, 1994). No attempt was made to
observe NGC 3081 in the 𝐾−band because detection of a broad component to Pa𝛽 is
difficult unless the stellar continuum is very carefully removed from the data. The 𝐻−
and 𝐾−band spectra of NGC 3081 by Reunanen, Kotilainen & Prieto (2003) showed the
detection of narrow Br𝛾 and a weak [Fe ii] 1.644 µm with the Br𝛾 extended by ∼ 2 arcsec.
It has a near-IR bar aligned at P.A. = 123∘ (Mulchaey, Regan & Kundu, 1997). The
detection of broad H𝛼 in polarised light with a width of ∼ 7 000 km s−1 from the nucleus
has been reported by Moran et al. (2000).

NGC 4388 (UGC 7520/MCG 2-32-41): Infrared spectroscopy study by Blanco, Ward &
Wright (1990) and Goodrich, Veilleux & Hill (1994) showed no evidence for broad Pa𝛽

emission in NGC 4388, which was confirmed by Ruiz, Rieke & Schmidt (1994). Veilleux,
Goodrich & Hill (1997) attempted to detect a broad line in Br𝛾 and Br𝛼 but no obvious
sign of a broad component to any of these lines from the spectra were detected despite
the off-nuclear broad H𝛼 in NGC 4388 presented by Shields & Filippenko (1988). Since
both the line-to-continuum contrast and S/N of the new data are slightly lower than in
the 𝐽−band data presented by Goodrich, Veilleux & Hill (1994), the constraints on broad
Br𝛾 and broad Br𝛼 are relatively weaker than that on broad Pa𝛽 (Veilleux, Goodrich &
Hill, 1997). There was a general tendency for the amount of reddening derived from the
narrow lines in NGC 4388 to increase toward longer wavelengths, but for the color excess
derived from Br𝛾𝑛/H𝛼𝑛, which suggests the presence of an obscured source of narrow-line
emission only visible at infrared wavelengths (Veilleux, Goodrich & Hill, 1997).

NGC 4507: It has a NIR bar aligned at P.A. = 53∘ (Mulchaey, Regan & Kundu, 1997).
Schmitt et al. (2003) presented [O iii] image of this Seyfert 2 galaxy where the emission is
elongated along P.A. = −35∘ in the inner 2′′ region, becoming more circular in the outer
regions and the major extent of the emission is 3′′.5 (800 pc). The bulk of the emission
is related to the nucleus and a blob located at 100 to the NW. A strong and asymmetric
broad H𝛼 in polarised flux with a width of ∼ 10 000 km s−1 (Moran et al., 2000).

NGC 5135 (ESO 4444 G32/MCG -5 - 32- 13): NGC 5135 (SABb, 𝑧 = 0.00135) belongs
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to a group of seven galaxies (Kollatschny & Fricke, 1989) and its nucleus shows high-
excitation lines thereby being classified as a Seyfert 2 nucleus (Phillips, Charles & Baldwin,
1983). It has a near-IR bar aligned at P.A. = 123∘ (Mulchaey, Regan & Kundu, 1997).
The projected spectrum size of 2.7×5.4 kpc through the International Ultraviolet Explorer
(IUE) aperture depicted mix Seyfert and starburst characteristics (Thuan, 1984; Kinney et
al., 1993). The radio continuum map at 6 and 20 cm shows an asymmetric structure with
faint emission extended to the northeast (P.A.= 30∘) of the bright core source (González
Delgado et al., 1998). The overall linear extent is about 9′′. The H𝛼 narrowband image
shows extended emission aligned with the radio emission (Haniff, Wilson & Ward, 1988;
García-Barreto et al., 1996). The high-excitation gas mapped through the [O iii] 𝜆5007
emission line, is aligned north-south on a 2′′ scale.

NGC 5643 (ESO 272-G016): The NGC 5643 (𝑧 = 0.003999, Sturm et al., 2002) cross-
dispersed (XD) grating spectrum obtained by Winge et al. (2000) along the axis of the
optical ionization cone, which showed [S iii], He i 1.083 µm, Pa𝛽, and the tip of the Pa𝛼

emission line where only the Pa𝛽 profile was marginally resolved spatially in the central
regions, but both the Pa𝛽 line and [S iii] 𝜆9532 show a second emission feature ∼ 3 arcsec
east of the nucleus. Schmitt, Storchi-Bergmann & Baldwin (1994) confirmed a biconical
morphology for the high-excitation gas and indicated that the cone axis is slightly tilted
relative to the bar and speculate that the active nucleus is hidden and located at ∼ 3′′

from the peak of the continuum.

NGC 5728 (MCG-03-37-5): This is one of the Seyfert 2 galaxies (SAB, 𝑧 = 0.00935)
that displays prominent co-linear biconical emission line cones, separated by a dark band
(Wilson et al., 1993). X-ray observations with the Burst Alert Telescope onboard the
Swift space observatory by Cusumano et al. (2010) indicated a flux at 15-150 keV of
7.40 ± 0.54 × 10−11 erg cm−2 s−1 for this object. In the NIR, the K -band spectroscopy
has been published by Veilleux, Goodrich & Hill (1997) and Sosa-Brito et al. (2001). They
both show a spectrum dominated by molecular H2 and weak Br𝛾 emission. The composite
JHK spectroscopy by Riffel, Rodríguez-Ardila & Pastoriza (2006) reveals a poor emis-
sion line spectrum, dominated by unresolved [S iii] 9532 Å and He i 1.083 µm. Also, these
authors reported the first detection of [Si vi] 19630 Å, in the K -band, implying the ex-
istence of high-ionized gas. Moreover, [Si vi] is the only line spectroscopically resolved,
with a FWHM of ≈ 430 km s−1. The continuum emission is steep and almost featureless.
The only absorption lines detected are the CO bandheads at 2.3 µm and Na 2.207 µm in
K. Based on a J -band spectrum, NGC 5728 was classified by Goodrich, Veilleux & Hill
(1994) as a possible candidate for an obscured Seyfert 1 galaxy.

IC 5063 (ESO 187- G023/PKS 2048-57): The Seyfert 2 galaxy IC 5063 (𝑧 = 0.011348,
Sturm et al., 2002) ground-based [O iii] image shows emission extended over a region
larger than ∼ 30′′, along P.A.= −65∘ (Morganti, Oosterloo & Tsvetanov, 1998; Morganti
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et al., 1999). The line emission is aligned with the radio emission and the host galaxy
major axis. This galaxy is also known to have polarized broad emission lines (Inglis et
al., 1993). [O iii] image by Schmitt et al. (2003) confirms the ground-based results but
shows only a much smaller portion of the extended emission, owing to the field of view
of the Linear Ramp Filter. This emission can be represented by a bicone centered at the
nucleus, with opening angle of 60∘, extending by 12′′ (2640 pc) along P.A.= −65∘ and
∼ 3′′ (660 pc) along the perpendicular direction. At distances larger than 3′′ north of the
nucleus the emission seems to split on the two sides of the host galaxy major axis, giving
it the appearance of an X-shaped NLR.

IC 5135 (NGC 7130): IC 5135 was originally identified as a Seyfert 2 galaxy by Phillips,
Charles & Baldwin (1983). The spectrum size of 3.1 × 6.2 kpc through the IUE aperture
showed a mix characteristics of Seyfert and starburst emission lines (Thuan, 1993, Kin-
ney et al., 1993, see also near-IR wavelength study by Goldader et al., 1997). Shields &
Filippenko (1990) also confirmed the presence of a circumnuclear starburst through detail
study of the optical emission-line spectrum in this object while the line intensity ratios in
the nucleus are typical of Seyfert 2 galaxies. No spectrum was obtained in the 𝐽−band
and the line emission from Br𝛾 and H2 2.121 µm dominates the 𝐾−band spectrum by
Veilleux, Goodrich & Hill (1997). Both lines have similar widths, and neither shows any
obvious broad wings at low intensity levels. Any broad (FWHM ≈ 2600 km s−1) emission
at Br𝛾 must be weaker than about 3 × 10−15 erg cm−2 s−1. A number of other features
may be identified in the spectrum. The line at 2.094 µm is redshifted He i 𝜆2.058, while
the weaker features at 2.26 µm and 2.110 µm probably correspond to H2 𝜆2.223 and H2

𝜆2.073, respectively.

MRK 3 (UGC 3426/MCG 12-6-19): BLR in Markarian 3 (𝑧 = 0.013509, Sturm et al.,
2002) has been detected using spectropolarimetry (Miller & Goodrich, 1990; Tran, 1995b),
but low-resolution 𝐽−band spectra do not reveal any obvious BLR at Pa𝛽 (Goodrich,
Veilleux & Hill, 1994). Veilleux, Goodrich & Hill (1997) could not obtain high-resolution
UKIRT data of Mrk 3 because of the high declination. The strong emission lines of [Ne v]
indicate ionization of the narrow-line region by the AGN (Weedman et al., 2005).

MRK 273 (IRAS F13428+5608/A1342+56/UGC 8696/MCG +9-23-4/I Zw 71/VV 851):
Markarian 273 (𝑧 = 0.0372, Mazzarella & Balzano, 1986) galaxy was classified by Goldader
et al. (1995) as a super luminous LINER (12.07 . log(𝐿IR/𝐿⊙) . 12.14). It has been char-
acterized as a double nucleus (Wehinger & Wyckoff, 1977) or a triple-nucleus system (Ko-
rovyakovskii et al., 1981). Mrk 273 has a strongly distorted disk which is actually composed
of an extremely bright Seyfert nucleus, generally assumed to be the original nucleus of
Mrk 273, and two lesser blobs which are most likely major clumps of star formation, while
the northern companion has a strong H ii region-like emission-line spectrum (Sanders et
al., 1988). Adams (1977) first noted there may be an extension of the envelope to the east
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of the northern part of Mrk 273. The optical spectroscopy study by Koski (1978), Sanders
et al. (1988) and the 𝐾−band spectrum by Veilleux, Sanders & Kim (1999), as well as
ISO observations by Genzel et al. (1998) indicated an AGN contribution to the excita-
tion of the nuclear region of Mrk 273. The 𝐾−band spectrum presented by Goldader et
al. (1995) demonstrated the starburst nature of the nucleus, though this spectrum does
extend beyond the red nuclear region to the bluer disk (Scoville et al., 2000). Conversely,
𝐾−band spectra extracted over the central 4′′ by Sosa-Brito et al. (2001) are much redder
with apparently weaker stellar features and are consistent with the spectrum presented by
Veilleux, Sanders & Kim (1999) over a similar region. Iwasawa (1999) found that Mrk 273
contains a Seyfert nucleus at moderate luminosity through ASCA observations. Colina,
Arribas & Borne (1999) concluded that the northeastern region coincided with the op-
tical nucleus of the galaxy and displayed the spectral characteristics of low-luminosity
LINER, while [O iii] emission dominated the southwestern region and was classified as a
Seyfert 2 nucleus. Observations of the nuclear region at higher spatial resolution in the
NIR (Knapen et al., 1997, Scoville et al., 2000, U et al., 2013) and in the radio (Knapen
et al., 1997; Carilli & Taylor, 2000; Bondi et al., 2005) collectively showed the nucleus to
be composed of three separate sources, representing northern (N), southeastern (SE), and
southwestern (SW). From the two bright NIR sources (N and SW), only N was detected
in the radio. The SE nuclear source seen in the HST NICMOS image at 0′′.22 resolution
(Scoville et al., 2000) was not detected by Knapen et al. (1997). Knapen et al. (1997),
Scoville et al. (2000), Carilli & Taylor (2000), U et al. (2013), Bondi et al. (2005), and U
et al. (2013) all opined on the nature of the three sources, and came at odds conclusions.
Scoville et al. (2000), Carilli & Taylor (2000), and Bondi et al. (2005) asserted that the
northern source was a starburst, whereas Knapen et al. (1997) gave an opposing view to
the N source as being an AGN. Carilli & Taylor (2000) further detailed the H i absorption
line data from the northern nucleus as indicative of a gaseous disk in rotation, with the
inferred enclosed mass of 2 × 109 M⊙, which is in a complete agreement with the molecu-
lar gas observed by Downes & Solomon (1998). Scoville et al. (2000) and U et al. (2013)
posited that the AGN is the SW nucleus.

Using Chandra X-ray image together with the optical and NIR images from HST, Iwasawa
et al. (2011) identified the absorbed, hard X-ray source of the Seyfert 2 nucleus in Mrk 273
with the SW nucleus, which revises the previous identification to the N or northeastern
(NE) nucleus. U et al. (2013), Iwasawa et al. (2018), and Liu et al. (2019) claimed Mrk 273
to be double AGN on the basis of putative strongly absorbed X-ray source (∼ 2−10 keV)
in N but still maintained the SW to be a Seyfert nucleus. It is very clear hitherto that
the SW of Mrk 237 is a Seyfert 2 nucleus.

MRK 348 (NGC 262/UGC 499): Markarian 348 (𝑧 = 0.0151, Mazzarella & Balzano,
1986) is a CfA galaxy hosting a Seyfert 2 nucleus with strong emission lines and un-
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derlying featureless continuum in the optical (Koski, 1978). The host galaxy is an early-
type spiral galaxy which is oriented nearly face-on and has a nearby companion galaxy,
NGC 266 (Heckman et al., 1982; Simkin et al., 1987). A broad H𝛼 component has been
found in polarized light with a FWHM of 8400 km s−1 (Miller & Goodrich, 1990). Veilleux,
Goodrich & Hill (1997) did not find broad Br𝛾 in their IR spectrum but found a Br𝛾 pro-
file broader than H2 1 − 0 S(1). 𝐾−band spectrum from Sosa-Brito et al. (2001) agrees
with Veilleux, Goodrich & Hill (1997), although the lower S/N of their spectrum does not
permit more conclusive comparisons. A hard X-ray detection (Awaki et al., 1991) gives
𝑁H = 1.1 ± 0.2 × 1023 cm−2 and supports the idea that Mrk 348 harbors an obscured
Seyfert 1 nucleus. Neff & de Bruyn (1983) report that its nuclear radio source consists
of a compact core plus two knots aligned along position angle 168°, with a total size of
about 0′′.15. They also report variation at 6 and 21 cm on timescales of months. A high
resolution HST image published by Capetti et al. (1996) showed a linear structure of
narrowband [O iii] 𝜆5007 emission extended 0′′.45 at a position angle ∼ 55∘.

MRK 573 (UGC 01214/UM 363/MCG-0- 05-33): The Seyfert 2 galaxy Mrk 573 (Huchra
& Burg, 1992) is a SAB with redshift 𝑧 = 0.017259 (Sturm et al., 2002). X-ray obser-
vations with the ROSAT satellite by Tajer et al. (2005) indicated a flux at 0.1-2 keV
of 6.70 ± 0.34 × 10−13 erg cm−2 s−1 for this object. It is a well-studied AGN with two
ionization cones seen in [O iii] maps (i.e.; extended [O iii] emission, see Haniff, Wilson
& Ward, 1988; Pogge & De Robertis, 1993, 1995; Falcke, Wilson & Simpson, 1998) in
alignment with the observation of a radio triple source (Ulvestad & Wilson, 1984a). It is
also known for the bright high-ionization emission lines displayed in its optical nuclear
spectrum (Durret, 1994). The NIR spectrum of Mrk 573 presented by Riffel, Rodríguez-
Ardila & Pastoriza (2006) shows strong emission lines of [S iii], He i, and H i dominates the
J -band. Also, strong high-ionization lines were detected, including those of [S ix] 12520 Å,
[Si x] 14300 Å, and [Ca viii] 23218 Å. The line profiles are narrow, with a typical FWHM
of 400 km s−1.

NGC 1068 (M 77/Arp 37): NGC 1068 (𝑧 = 0.003829, Sturm et al., 2002) is the nearest
Seyfert 2 galaxy and has been very extensively studied. NGC 1068 has a polarized optical
spectrum similar to that directly observed in Seyfert 1 nuclei, with FWZI≈ 7500 km
s−1 for the Balmer lines (Antonucci & Miller, 1985). A compact stellar cluster has been
found by Thatte et al. (1997), and they show that its contribution to the total bolometric
nuclear (within a radius 2′′.5) luminosity is at least 7 %. They also observe that 94% of
the light in the K band in the central 1′′ originates from a compact source which they
interpreted as hot dust emission. The [O iii] line emission morphology has a conical shape
which extends 7′′.5 at P.A. ∼ 35∘ with opening angle ∼ 45∘ (Evans et al., 1991). A
ring of star formation (of outer diameter 36′′) apparently powers half of the mid-/far-IR
luminosity, while the other half comes from the Seyfert nucleus (Pogge & De Robertis,
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1993). Significant amounts of hot dense molecular gas is shown by the H2 1 − 0 S(1) line
emission extending over a region of 350 pc around the nucleus (Rotaciuc et al., 1991; Blietz
et al., 1994) and thought to be excited in the gas heated by UV radiation or by X-ray
photons from a central source (Rotaciuc et al., 1991). Weak H2 1 − 0 S(1) line emission,
possibly due to shock excitation, also extends for 10′′ along the stellar bar (Davies, Sugai
& Ward, 1998, Scoville et al., 1988). The [Fe ii] 𝜆1.644 µm forbidden line has been mapped
(Blietz et al., 1994) and compared to the structure of the radio elongated emission (Wilson
& Ulvestad, 1983). The [Fe ii] 𝜆1.644 µm and radio emission line are colinear, with the
lobes of the radio emission "faring out" at the end of the significant [Fe ii] 𝜆1.644 µm
emission. A forbidden [Si vi] 𝜆1.962 µm line has been detected (Oliva & Moorwood, 1990)
in this object, however, in our spectrum this spectral region is not covered. Elvis &
Lawrence (1988) present EXOSAT observations in the 2 - 10 keV range. They detect a
source with a flat power-law spectrum which resembles that of typical Seyfert 1 galaxies.
Within their observations they did not find evidence of variations on timescales of 30
minutes to 4 years. They use this as evidence that the direct view of the nucleus is totally
obscured and the X-ray flux observed is seen only in scattered light.

NGC 2992 (MCG - 02 - 25 - 14/Arp 245): NGC 2992 is a nearby Sa galaxy (𝑧 = 0.0077)
interacting with NGC 2993 (Gilli et al., 2000) by a tidal tail with a projected length of
2.9 arcmin and inclined about 70∘ to our line of sight, displaying a broad disturbed lane
of dust in the equatorial plane (Onori et al., 2017). The optical spectrum of the narrow-
line X-ray galaxy NGC 2992 is fairly typical of that of a normal Seyfert 2 galaxy except
for the detection of a possible weak H𝛼 broad component with no H𝛽 broad component
counterpart (Shuder, 1980; Veron et al., 1980; Ward et al., 1980). In contrast, broad
emission is clearly observed in the profile of Pa𝛽 (Rix et al., 1990; Veilleux, Goodrich &
Hill, 1997). The 𝐾−band spectrum of NGC 2992 is characterized by weak Br𝛾 emission
but relatively strong H2 emission. There is a slight excess of broad emission with FWHM
≈ 4000 km s−1 on each side of narrow Br𝛾, but it may simply reflect structure in the
underlying stellar continuum or small errors in the continuum calibration. The colour
excesses derived from the narrow lines of NGC 2992 show a tendency to decrease with
wavelengths. This result is difficult to explain unless differential slit loss, seeing, and
guiding effects are affecting the data on this object. This may be the case since the line-
emitting region in NGC 2992 is known to be extended and complex (Wehrle & Morris,
1988).

NGC 5506 (MRK 1376): Broad Pa𝛽 line in NGC 5506 (𝑧 = 0.006181, Sturm et al., 2002)
has been reported by Blanco, Ward & Wright (1990), Rix et al. (1990), and Ruiz, Rieke
& Schmidt (1994), however, Veilleux, Goodrich & Hill (1997) argued that the detection
of Pa𝛽 corresponds to the strong, highly reddened emission in the wings of the profile of
Pa𝛽. Goodrich, Veilleux & Hill (1994) found that the profile of Br𝛾 is similar to that of
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Pa𝛽 which presents a narrow core superposed on a broad base. Veilleux, Goodrich & Hill
(1997) investigated the Br𝛾 and Br𝛼 of NGC 5506 but found no presence of BLR emission
in Br𝛾 and Br𝛼. The fluxes found by Veilleux, Goodrich & Hill (1997) are significantly
larger than those obtained by Moorwood & Oliva (1988) and Kawara, Nishida & Phillips
(1989), the origin of this discrepancy could be attributed partly to differences in the
placement of the slit.

NGC 7674 (MRK 533/UGC 12608/ Arp 182/MCG-01-59-80): NGC 7674 is a SBb galaxy
with redshift 𝑧 = 0.02892 and it was observed at practically all wavelength ranges. Oster-
brock & Dahari (1983) used the Lick Observatory 3 m Shane reflector telescope to take
optical (4000 < 𝜆 (Å) < 7000) spectroscopic data of NGC 7674 and classified it as a
type 2 Seyfert galaxy. Bianchi et al. (2005) using the XMM-Newton satellite observations
derived a flux in the 2–10 keV band of 0.70 ± 0.07 × 10−12 erg cm−2 s−1. Kraemer et
al. (1994) used the International Ultraviolet Explorer (IUE) to obtain the spectrum of
NGC 7674 in the range 1200 < 𝜆 (Å) < 3200 where strong metal emission lines, such
as [C iv] and [C iii] were observed. Riffel, Rodríguez-Ardila & Pastoriza (2006) used the
NASA 3 m Infrared Telescope Facility (IRTF) and obtained near infrared spectrum of
NGC 7674 in the range 0.8 to 2.4 µm. Although, NGC 7674 is classified as Seyfert 2 from
its optical spectrum, in the NIR region it displays broad emission components in the per-
mitted lines, similar to what is observed in classical Seyfert 1s (Riffel, Rodríguez-Ardila
& Pastoriza, 2006). The profiles of both Pa𝛽 and Br𝛾 are characterized by a narrow
core superposed on a broad base blueshifted with respect to the narrow core (Veilleux,
Goodrich & Hill, 1997). However, the broad component in the profiles of both Pa𝛽 and
Br𝛾 represents emission from a NLR rather than from a genuine high-density BLR (in
which [O iii] 𝜆5007 is collisionally de-excited).

I Zw 92 (Mrk 477): I Zw 92 (𝑧 = 0.037799, Sturm et al., 2002) is a Seyfert 2 galaxy with
polarized broad H𝛼 harboring an obscured Seyfert 1 nucleus (Tran, 1995b). The appli-
cation of evolutionary population synthesis models to UV Si iv 𝜆1400 absorption feature
and the spectral energy distribution showed that star formation has occurred leading
to a significant contribution to the total bolometric luminosity (LBol ≈ 4 × 1010𝐿⊙) of
Mrk 477 in a very short period of about 6 Myr ago (González Delgado et al., 1998). No
obvious broad Pa𝛽 emission was detected in the 𝐽−band spectra (Goodrich, Veilleux &
Hill, 1994), although the relatively low resolution of the spectra undoubtedly hampered
their ability to detect a broad feature with FWHM≈ 3000 km s−1 (Tran, 1995b). The
𝐾−band spectrum of I Zw 92 by Veilleux, Goodrich & Hill (1997), presents relatively
strong, narrow H2 2.121 µm and Br𝛾 features and an apparent detection of broad compo-
nent to Br𝛾. Veilleux, Goodrich & Hill (1997) proposed that the presence of broad Br𝛾
emission combined with the lack of any broad H𝛼 or Pa𝛽 emission at the level of at least
one-fifth implies that data of higher S/N are needed to confirm the presence of broad Br𝛾.
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NGC 2110 (MCG-01-15-4): HST imaging spectroscopy of NGC 2110 (𝑧 = 0.00761 ±
0.00032, Shuder, 1980) reveals both a narrow ∼ 1′′ long jet/region of [O iii] emission
extending to the north of the nucleus and an S-shaped Ha emission region within the
inner 4′′ (Mulchaey et al., 1994). A similar S-shaped morphology is seen in the [Fe ii]
map by Sosa-Brito et al. (2001). Radio emission extends symmetrically ∼ 2′′ north and
south of the nucleus (Ulvestad & Wilson, 1983) while [O iii] and H𝛼 + [N ii] images
show more extended emission which is also elongated north-south (Wilson, Baldwin &
Ulvestad, 1985, Pogge, 1989). Hard X-ray observations of its nucleus are consistent with an
obscured Seyfert 1 nucleus (Malaguti et al., 1999). Quillen et al. (1999) observed NGC 2110
with NICMOS and find the molecular hydrogen emission to be extended. In agreement
with these data are those by Storchi-Bergmann et al. (1999), who observed NGC 2110
with a long slit in the near-IR and found extended [Fe ii] 𝜆1.257 µm and H2 1 − 0 S(1)
emission while the data by Sosa-Brito et al. (2001) lack sufficient signal-to-noise for the
observation of extended H2 1 − 0 S(1) emission. Storchi-Bergmann et al. (1999) found that
an important source of the excitation for [Fe ii] 𝜆1.257 µm may be shocks driven by the
radio jet, while the H is excited by the central X-ray source and the dynamical center is
displaced with respect to the peak of near-IR continuum where there is signatures of hot
dust emission which is consistence with the 𝐾−band spectra by Sosa-Brito et al. (2001).

NGC 5929 (UGC 9851): This CfA Seyfert 2 galaxy (Huchra & Burg, 1992) resides in a
strong interacting system and seems to share a common outer envelope with its neighbor,
NGC 5930 (Nagar & Wilson, 1999). The 𝐾−band spectroscopy for this object, published
by Imanishi & Alonso-Herrero (2004) and Ivanov et al. (2000), shows a continuum domi-
nated by CO absorption features and points out towards a moderate circumnuclear star-
burst component. The NIR spectrum of NGC 5929 displays strong [S iii] 𝜆9531 Å, He i,
and [Fe ii] emission and weak H i (Riffel, Rodríguez-Ardila & Pastoriza, 2006). Conspicu-
ous molecular hydrogen lines were detected in the 𝐾−band. No high ionization lines were
observed. The continuum is steep with strong stellar CO absorption lines in 𝐻 and 𝐾.

Mrk 463E (UGC 8850): Markarian 463 (MCG 3-36-5) (𝑧 = 0.050802, Sturm et al., 2002)
consists of two nuclei, Mrk 463W and Mrk 463E, separated by about 4′′ (Adams, 1977
see also the 𝐾−band image by Sosa-Brito et al., 2001). Without distinguishing between
the two nuclei, Lutz, Veilleux & Genzel (1999) utilized developed mid-infrared tools from
Infrared Space Observatory (ISO) to classify Mrk 463 as an AGN. Indeed, Mrk 463E is
classified as a Seyfert 2 (e.g., Shuder & Osterbrock, 1981; Hutchings & Neff, 1989) and
shows in HST direct imaging what was initially described as a 0.84 arcsec long optical
jet directed toward the south of the nucleus (Uomoto et al., 1993). The Seyfert 2 nucleus
appears as a Seyfert 1 in reflected polarized light (Miller & Goodrich, 1990), and more
recent HST imaging polarimetry has revealed that the "optical jet" is in fact a cone of
polarized light extending northward from the Seyfert 1 nucleus (Tremonti et al., 1996). In
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addition, the eastern component is seen to have broad Pa𝛼 emission (Veilleux, Sanders &
Kim, 1999; Sosa-Brito et al., 2001). Mrk 463W, on the other hand, is classified as either a
Seyfert 2 (Shuder & Osterbrock, 1981; Mazzarella et al., 1991) or as a LINER (Kollatschny
& Fricke, 1984). Although there are arguments in favour of other classifications, but Sosa-
Brito et al. (2001) adopted the Seyfert 2 classifications for both nuclei and the unresolved
nuclei seen in their 𝐾−band data shown to be unresolved at higher spatial resolution
(Mazzarella et al., 1991).

MRK 622 (UGC 04229): Mrk 622 (𝑧 = 0.0233, Mazzarella & Balzano, 1986) has a
Seyfert 2 nucleus whose optical emission-line properties have been studied in detail by
Shuder & Osterbrock (1981). Veilleux, Goodrich & Hill (1997) displayed the spectrum
of Mrk 622 near Pa𝛽 and interpolated the spectrum around 1.308 µm to get rid of a
strong cosmic ray. There was no obvious sign for a broad component to Pa𝛽, since
F(Pa𝛽b) < 1.4 × 10−14 erg cm−2 s−1 with FWHM≈ 2700 km s−1 while the width of
Pa𝛽 is slightly smaller than that of [Fe ii] 𝜆 1.2567 µm (Veilleux, Goodrich & Hill, 1997).

NGC 1386 (ESO 358 - G035): Phillips & Frogel (1980) found that the very high excitation
emission-line spectrum of NGC 1386 is that of a type 2 Seyfert nucleus. Braatz et al. (1997)
also revealed the Seyfert 2 nucleus in this galaxy by both the water maser emission and
its related FWHM as well as the strong Fe-K emission line seen in ASCA observations by
Iyomoto et al. (1997). Infrared excess observations were made in the 𝐿 and 𝑁 bands by
Sparks et al. (1986) but not in the 𝐽 , 𝐻, and 𝐾 bands. The 𝐾−band spectra by Sosa-Brito
et al. (2001) provided little support for a spectrum that dilutes the fairly strong features
of stellar absorption. Speckle H𝛼 observations showed an elongated structure ∼ 3′′ long
centered on the nucleus along a position angle of ∼ 30∘ consisting of several knots (Mauder
et al., 1992), consistence with the broadband 𝐻− and 𝐾−band maps elongation by Sosa-
Brito et al. (2001). Ulvestad & Wilson (1984b) found that the morphology of the nuclear
radio continuum is extended toward the southwest along galaxy major axis (P.A. = 55∘)
by about 400 pc. Evidence for nuclear outflow along the same axis is found by Weaver,
Wilson & Baldwin (1991).

NGC 7582 (ESO291-G016): NGC 7582 is a nearby (𝑧 = 0.005254, Sturm et al., 2002)
(R′

1)SB(s)ab member of the interacting Grus Quartet (de Vaucouleurs, 1975) as a classical
Seyfert 2 galaxy, with a well-defined [O iii] cone (Morris et al., 1985; Storchi-Bergmann
& Bonatto, 1991) and normally narrow emission lines (e.g., Cid Fernandes, Storchi-
Bergmann & Schmitt, 1998). Heisler, Lumsden & Bailey (1997) proposed that, the nucleus
itself is totally obscured, even to scattered light, by an edge-on thick torus surrounding it
because of NGC 7582 lack of broad lines in spectropolarimetric observations coupled with
a high 60 µm/25 µm flux ratio. Aretxaga et al. (1999) reported on the sudden transition
toward a type 1 Seyfert of classical Seyfert 2 galaxy NGC 7582 using ESO–La Silla with
the Danish 1.54 m and ESO 3.6 m telescopes from July 11 to October 21, 1998, with the
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H𝛼 line reaching a maximum width of ∼ 12 000 km s−1. Three scenarios were taken into
consideration in espousing the appearance of the broad lines namely; the capture of a star
by a supermassive black hole, a reddening change in the surrounding torus, and the radia-
tive onset of a Type IIn supernova (SN) exploding in a compact nuclear/circumnuclear
starburst. The first two of these scenarios deal specifically with the active nucleus and its
obscuring environment, whereas the last one is associated with stellar processes. The SN
scenario is favoured over the the first two scenarios because of reservations about recon-
ciling the first two models with the unification scheme (Aretxaga et al., 1999). BeppoSAX
observations of NGC 7582 in 1998 November revealing unseen hard X-ray component by
Turner et al. (2000) gave evidence in favour of a nuclear-based details with correlated
variability across the X-ray spectrum leading to the conclusion that a single component
dominates the 2−100 keV band. However, these variations do not seem to be at all corre-
lated with those in the optical reported observations by Aretxaga et al. (1999). The 𝐻−
and 𝐾−band spectra showed Br𝛾 as the strongest nuclear line decomposed into broad
(∼ 3 000 km s−1) and narrow (420 km s−1) components where the broad component has
an additional blue wing (Reunanen, Kotilainen & Prieto, 2003), while the 𝐾−band spec-
tra by Sosa-Brito et al. (2001) showed a broadening of the Br𝛾 line, along with a reddening
of the continuum in the seeing weighted aperture with observed Br𝛾 equivalent width for
the 1994 July ESO 2.2 m observations in fairly agreement with that obtained by Oliva et
al. (1995).

NGC 1275 (3C 84/Perseus A): NGC 1275 (𝑧 = 0.017559, Sturm et al., 2002) is a giant
elliptical galaxy at the core of the Perseus cluster, with an optically luminous nucleus, clas-
sified by Veron (1978) as a BL Lac object and currently classified as a Seyfert 1.5/LINER
by Sosa-Brito et al. (2001). Rothschild et al. (1981) observed that the active nucleus is a
hard X-ray source and it is variable on timescales of about 1 year. Intranight microvari-
ability in the optical has been observed (Pronik, Merkulova & Metik, 1999) . NGC 1275
has a jet (Marr et al., 1989; Pedlar, Booler & Davies, 1983; Pedlar et al., 1990; Dhawan
et al., 1990) and counter jet radio morphology (Vermeulen, Readhead & Backer, 1994).
NGC 1275 is also a cooling flow galaxy (see, e.g., Heckman et al., 1989). This galaxy has
been studied in the NIR by Krabbe et al. (2000), who found that its NIR properties can
best be described as a combination of dense molecular gas, ionized emission line gas, and
hot dust emission concentrated on the nucleus. Kent & Sargent (1979) studied its two ve-
locity systems and conclude that probably the high-velocity emission line system (8200 km
s−1, several arcsec northwest of the nucleus) is excited by hot stars, while the low-velocity
filamentary emission line structure (5300 km s−1, the systemic velocity of NGC 1275) can
be explained by either shocks or photoionization from the Seyfert nucleus. There is also
a central population of young massive star clusters (Holtzman et al., 1992).
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Circinus (ESO 97-G013): Circinus (𝑧 = 0.001498, Sturm et al., 2002) lies close to the
galactic plane, within a window of relatively low (𝐴𝑉 ≈ 1.5 mag) interstellar extinction
(Freeman et al., 1977). It displays several characteristics of a typical Seyfert 2 nucleus: the
observed optical line ratio (Oliva et al., 1994), an ionization cone observed in [O iii] 𝜆5007
(Marconi et al., 1994) with the corresponding countercone appearing in the line of [Si vi]
1.97 µm (Maiolino et al., 2000), narrow prominent coronal lines in its optical/near-IR
spectrum (Oliva et al., 1994), and broad (FWHM≈ 3300 km s−1) H𝛼 emission detected in
polarized light (Oliva et al., 1998). Additional indicators of the presence of an AGN include
the existence of a nonstellar source at 2.2 µm whose diameter is less than 3 pc (Maiolino et
al., 1998, though these authors see no compelling evidence for a nuclear black hole), H2O
maser activity (Gardner & Whiteoak, 1982; Greenhill et al., 1997), Fe-K fluorescent line
emission detected in its X-ray spectrum (Matt et al., 1996), and observed high-excitation
lines of Ne, S, Mg, O, and Si in the 2.5 − 45 µm wavelength range (Moorwood et al.,
1996, but see also Binette et al., 1997 and Oliva, Marconi & Moorwood, 1999). Recent
star formation in the nuclear region has been detected through the near-IR observations
by Maiolino et al. (1998), who found that the luminosity due to star formation within the
central few hundred parsecs is comparable to the AGN luminosity, though the central 14
pc (converted to our adopted distance) is dominated by the AGN luminosity, with star
formation contributing only 2% of the light.

Centaurus A (Cen A/NGC 5128): Cen A (𝑧 = 0.001828, Sturm et al., 2002) is the closest
AGN and a luminous radio galaxy, but with a nucleus completely optically obscured;
Mirabel et al. (1999) presented a mid-infrared ISO spectrum of the nucleus . This source
is resolved along the slit of the IRS, but the spectrum shown is only that of the central
nucleus within the same IRS spatial resolution as an unresolved source indicating the
presence of strong silicate absorption and emission lines where, the strength of [Ne v]
indicates ionization by the AGN (Weedman et al., 2005).

Cygnus A (3C 405/Cyg A): Cyg A (𝑧 = 0.05562 ± 0.00015, Stockton, Ridgway & Lilly,
1994) is one of the most powerful active galaxy discovered and it is an ultra-luminous
radio sources in the local universe. Ward et al. (1991) measured an improved signal-to-
noise ratio of Pa𝛼 and Br𝛾 lines fluxes mainly due to the different absolute flux calibration
and their resolution-corrected FWHM velocity of 510 ± 60 km s−1 is in good agreement
with the Balmer line widths reported by Osterbrock & Miller (1975). Concentrating on
the nuclear regions of the Cyg A galaxy, Carilli & Barthel (1996) review the evidence for
an obscured QSO and concluded that Cygnus A is anomalously radio loud. The infrared
emission in Cygnus A is a combination of heated AGN and starburst dust, with the AGN
contributing around ∼ 90 % of the luminosity (Privon et al., 2012).

MRK 266SW (NGC 5256SW): The spectra of Markarian 266 (NGC 5256) (𝑧 = 0.0281
for Sy2 and 𝑧 = 0.0277 for LINER, Mazzarella & Balzano, 1986) consists of a galac-
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tic pair of a Seyfert 2 nucleus to the southwest and a LINER nucleus to the northeast
namely MRK 266SW (NGC 5256SW) and its companion MRK 266NE (NGC 5256NE)
(Kollatschny & Fricke, 1984; Osterbrock & Miller, 1975), respectively. Kay (1994) tenta-
tively reported the detection of a broad H𝛼 line in the polarized light of Mrk 266SW. No
broad Pa𝛽 was detected in this galaxy by Goodrich, Veilleux & Hill (1994), nor is there
any evidence for broad wings to Br𝛾 in the spectrum by Veilleux, Goodrich & Hill (1997).
The reddening derived from the narrow-line ratio Pa𝛽𝑛/H𝛼𝑛 differs significantly from the
values based on Br𝛾𝑛/H𝛼𝑛 or the Balmer decrement. This apparent discrepancy may be
due to differential slit losses associated with the extended nature of the line-emitting re-
gion in this galaxy (Mazzarella et al., 1988). Slight changes in the seeing and positioning
of the slit can cause variations in the flux entering the spectrograph aperture. The differ-
ences in the profiles of [Fe ii] 1.2567 µm, Pa𝛽, H2 2.121 µm, Br𝛾, and [O iii] 𝜆5007 may
also be explained in that way. The obvious blue wing in the profile of [O iii] 𝜆5007 (Vrtilek
& Carleton, 1985) is not visible in any of the infrared line profiles. Significant structure
was detected in the red wing of Pa𝛽 (Goodrich, Veilleux & Hill, 1994), but the S/N of
the 𝐾−band data is insufficient to confirm the presence of this feature in Br𝛾.

MRK 1066 (UGC 02456): Goodrich & Osterbrock (1983) classified Mrk 1066 (𝑧 = 0.0119,
Mazzarella & Balzano, 1986) as a Seyfert 2 galaxy as a result of no visible broad-line
Balmer components. Regan & Mulchaey (1999) describe this Seyfert 2 galaxy (SAB)
as a dusty object with a single broad dust lane dominating its morphology. In the X-
ray observations presented by Cardamone, Moran & Kay (2007) indicated a flux at
2 − 8 keV of 3.92 × 10−13 erg cm−2 s−1 for this object. It is a FIR luminous galaxy con-
taining a double nucleus (Gimeno, Díaz & Carranza, 2004). The non-simultaneous 𝐽−
and 𝐾−band spectroscopy by Veilleux, Goodrich & Hill (1997) shows strong [Fe ii] and
Pa𝛽, with weak excess of emission seeing at the sides of both lines. They put stringent
constraints on the flux of broad Br𝛾 and Pa𝛽. The 𝐽𝐻𝐾 spectrum obtained by Riffel,
Rodríguez-Ardila & Pastoriza (2006) shows a flat continuum from 0.8 to 1.3 µm, where
the emission line spectrum is strong and bright. [S iii], He i, H i, [Fe ii] and H2 are the most
conspicuous emission features. Weak high-ionization lines of [Si vi] 19630 Å and [Ca viii]
23218Å were detected. The line profiles are narrow, with FWHM ≈ 400−500 km s−1 . No
evidence of broad components in the permitted lines was found. The most prominent stel-
lar absorption features are the Ca ii triplet in the blue end and the 2.3 µm CO bandhead
in 𝐾. Ramos Almeida et al. (2014) found a good match between the MIR morphology of
Mrk 1066 and the extended Pa𝛽, Br𝛾, and [O iii] 𝜆5007 Å emission, which was interpreted
that the 8.7 µm emission is probing star formation, dust in the narrow-line region, and
the oval structure previously detected in the near-infrared while the Chandra soft X-ray
morphology does not match any of the previous, contrary to what it is generally assumed
for Seyfert galaxies.



Chapter 2. Data 56

NGC 424 (TOL 0109-383): This Seyfert 2 galaxy (𝑧 = 0.011661, Sturm et al., 2002) has
been observed with HST by Malkan, Gorjian & Tam (1998). It contains a bright extended
narrow line region (ENLR) with relatively broad and strong He ii line emission detected
out to ∼ 10 arcsec (2.2 kpc) diameter. A Seyfert 1 nucleus is weakly detected at H𝛼, with
prominent coronal line emission (Dopita et al., 2015). Broad H𝛼 and H𝛽 has been detected
in polarised light from the nucleus by Moran et al. (2000) with a width of 12 000 km s−1.
The nucleus is believe to be flanked by two sets of H ii regions within a fast-rotating larger
star-forming ring (Dopita et al., 2015).

NGC 1320 (MRK 607/MCG -1-9-36): NGC 1320 (𝑧 = 0.0089, Mazzarella & Balzano,
1986) is a high-inclination galaxy which has been observed in [O iii] and [N ii] using the
Hubble Space Telescope (HST) by Ferruit, Wilson & Mulchaey (2000). It has a Seyfert 2
nucleus, compact ENLR, and active star formation largely confined to the narrow, inner
NW spiral arm. The rotation curve is regular. NGC 1320 is a “warm,”, high-ionization,
edge-on Seyfert 2 galaxy with a weak, featureless continuum and very narrow emission
lines as well as a relatively large infrared luminosity (De Robertis & Osterbrock, 1986).

NGC 1667: NGC 1667 is a fairly compact Seyfert 2 nucleus surrounded by a ring together
with spiral arms of H ii regions. These are fairly metal-rich and share the strong rotational
signature of the galaxy. It has a near-IR bar aligned at P.A. = 9∘ (Mulchaey, Regan &
Kundu, 1997).

NGC 3393: Diaz, Prieto & Wamsteker (1988) studied the optical and UV spectra of
the nuclear region of NGC 3393 (𝑧 = 0.01315, Cooke et al., 2000) and find no evidence
for internal reddening. Further, they find that the spectral type of the dominant stellar
population is sufficiently old that it does not contribute to the UV continuum, but rather
contributes & 90% of the optical continuum. Their analysis of the IRAS fluxes shows
that it can be fitted with a combination of two relatively cool components, one at 130
K and the other at 30 K. For comparison, the 𝐾−band spectrum by Sosa-Brito et al.
(2001) shows no clear evidence for hot dust emission (see also Alonso-Herrero et al.,
1998). Ferguson et al. (1997), and later Cooke et al. (2000), show optical line strengths
and ratios which clearly distinguish this galaxy as a Seyfert 2. The weak 20 − 100 keV
emission seen with BeppoSAX has been modeled by Maiolino et al. (1998), who favor a
cold reflection-dominated (Compton thick) model.

NGC 5953: The interacting pair 91 in the catalogue of galaxies by Arp (1966), NGC 5953
(with a Seyfert type 2 nucleus) and NGC 5954 (with a LINER) (Gonzalez Delgado &
Perez, 1996), surrounded by a ring of star formation with a radius of ∼ 4′′. Riffel,
Rodríguez-Ardila & Pastoriza (2006) classified NGC 5953 as the edge of a Seyfert 2/LINER.
Long-slit spectroscopy shows that in the circumnuclear region a starburst coexists with
moderate-excitation gas ionized by the active nucleus in the interacting pair but more
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conspicuous in NGC 5953 (Gonzalez Delgado & Perez, 1996). The 𝐽−band spectroscopy
by Alonso-Herrero et al. (2000) shows a spectrum with strong [Fe ii] 𝜆 1.257 µm and Pa𝛽

emission lines. The spectrum by Riffel, Rodríguez-Ardila & Pastoriza (2006) displays low-
and moderate-ionization emission lines, on top of a steep continuum with numerous stel-
lar absorption features. The Ca ii triplet in absorption dominates the blue end of the
spectrum, while strong 2.3 µm CO bandheads are observed at the red edge and the CO
absorption bands are also strong in H with [S iii] as the highest (and most intense) for-
bidden line detected in addition to [Fe ii] emission being prominent in the 𝐽 and 𝐻, but
in 𝐾, the most conspicuous emission features are from H2. Br𝛾 is rather weak, and Pa𝛼

is severely affected by telluric absorption (Riffel, Rodríguez-Ardila & Pastoriza, 2006).

NGC 7682 (UGC 12622/MCG-0-59-47/ARP 216): NGC 7682 (𝑧 = 0.01718 ± 0.00004,
Brodie et al., 1987) is a CfA Seyfert 2 (Huchra & Burg, 1992) in interaction with NGC 7683
(Arp, 1966). Ionized gas in H𝛼 + [N ii] and [O iii] 𝜆5007 Å is detected on scales of kilo-
parsecs on this object (Brodie et al., 1987; Durret, 1994). In the NIR, only 𝐾−band
spectroscopy was previously reported by Imanishi & Alonso-Herrero (2004). The spec-
trum by Riffel, Rodríguez-Ardila & Pastoriza (2006) displays conspicuous emission lines
with bright [S iii], He i, and H i. Low-ionization lines such as [C i], [S ii], and [Fe ii] as
well as high-ionization lines of [S viii] and [Si vi] were clearly detected. In the 𝐾−band,
molecular H2 and Pa𝛼 were the brightest emission features. All lines were spectroscopi-
cally unresolved or barely resolved. The continuum emission is dominated by absorption
features, including the Ca ii triplet in the blue and numerous CO in 𝐻𝐾−bands.

ESO428 - G014 (0714-2914/M4-1/MCG 5-18-2): ESO428-G14 (SA0+, 𝑧 = 0.00544, Fal-
cke et al., 1996) is a host of a Seyfert 2 nucleus (Bergvall, Johansson & Olofsson, 1986)
irrespective of its being classified earlier as a planetary nebula, PK 241-7°1 by Perek &
Kohoutek (1967), even though, the NLR of this object has been the subject of inves-
tigation because of the many individual, thin strands that are very closely related to
the radio jet and that produce a highly complex, yet ordered, structure (Falcke et al.,
1996). It also displays a two-side jet with a double helix of emission-line gas. In the NIR,
ESO428 − G014 has been studied, among others, by Veilleux, Goodrich & Hill (1997)
and Reunanen, Kotilainen & Prieto (2003). The latter authors reported bright, extended
(up to ≈ 320 pc) [Fe ii], Br𝛾, and H2 emission, parallel to the cone. The NIR spectrum
of Riffel, Rodríguez-Ardila & Pastoriza (2006), of larger wavelength coverage, shows the
strongest nuclear emission lines of [S iii] and He i and also reported the first detection of
[S viii] 9912 Å, and [Si x] 14300 Å as well as lines of [P ii], [S ii], and [Ca i] with the con-
tinuum emission smoothly decreasing in flux with the wavelength. The Ca ii triplet and
numerous CO bands (in both H and K) are clearly detected. The detection of strong [Si vi]
19630 Å is also confirmed (Reunanen, Kotilainen & Prieto, 2003; Riffel, Rodríguez-Ardila
& Pastoriza, 2006).
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We compiled from the literature flux of infrared and optical emission-lines of the
Seyfert 2 nuclei previously described. In Table 2, the IR flux of hydrogen transition lines
and the flux of the IR emission-lines of doubly ionized neon two fine structure lines
are listed. In Table 3, the optical reddening emission line intensities (relative to H𝛽 =
1.0−100) are listed. In each table, the original papers from which the data were compiled
are listed.

2.2 The hydrogen emission lines
The observed near-IR hydrogen emission lines contain transitions from the Paschen

and Brackett series. In this work selection of observational measurements of Paschen
and Brackett emission lines, namely, Pa𝛼 to Pa10 and Br𝛼 to Br13, respectively, have
been made. Although, seen in the majority of the sources, the measured second strongest
observed Brackett emission line, namely, Br𝛿 as well as Br10, Br11, Br13, and Pa8 as the
least observed emission lines in the selected objects, since they are strongly affected by
telluric absorption.

The Pa𝛼 to Pa𝛿 and Br𝛼 to Br𝛿 emission lines are not just the strongest emission
lines found in the NIR and MIR, they are also relatively free from blending features and
dust attenuation. This makes them valuable tools to derive the chemical abundances of
AGNs. The optical Balmer emission lines, although stronger, can suffer blending with
other lines (i.e., H𝛼 normally blends with [N ii] 𝜆6548, 𝜆6584 Å), and at least to some
degree, are expected to be more affected by dust absorption than Paschen emission lines.
All Paschen emission lines of higher order than Pa𝛼 and Pa𝛽 are strongly blended with
emission lines from other elements. In particular, Pa𝛾 is strongly blended with [He i]
1.0830 µm and [Fe ii] 1.0863 µm, and its red wing also with [Fe ii] 1.1126 µm. The Pa𝛿

emission line is heavily blended with the [Fe ii] 𝜆𝜆9956, 9998Å doublet on its blue side
and with [He ii] 1.0124 µm and, in objects with strong iron emission, [Fe ii] 1.0132 µm and
[Fe ii] 1.0174 µm on its red side. The strongest narrow emission line in the NIR, namely,
[S iii] 𝜆9531 contaminates the peak of emission of Pa8. Moderate to high resolution,
R > 1 000, will be reliably preferable to deblend the blended emission lines (Goodrich,
Veilleux & Hill, 1994). Independent measurements of the narrow component fluxes can
yield important constraints on the presence of dust within the line of sight which could
also affect the emitter regions of IR lines. In fact, effects of dust on hydrogen emission
line measurements are clearly observable only in the Balmer emission line ratios but they
cannot be detected at a significant level using the Paschen and Brackett emission lines
alone.
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For the NIR broad emission line region (BLR) of AGNs, Landt et al. (2008) ob-
tained the dust extinction in the order of 𝐴𝑉 ∼ 1 to ∼ 2 mag in consonance with similar
results obatined by Cohen (1983), Ward et al. (1987), and Crenshaw et al. (2001, 2002).
From this result, the effect of the dust causing the observed extinction of the narrow emis-
sion line region (NLR) on the broad components depends on the location of the dust, i.e.,
if it is mixed with the gas phase (“internal dust”) or if it is located outside the NLR, for
instance, in the host galaxy. Since the covering factor of the narrow emission line clouds is
assumed to be very small (only a few per cent), the line of sight towards the BLR will not
necessarily intercept these. However, dust external to the NLR will act as a screen and
affect also the smallest scale components such as the BLR and the continuum emitted by
the accretion disk.

Nevertheless, given these limitations, IR transitions offer the possibility of studying
the metallicity of galaxies practically without suffering from any dust extinction effects,
therefore, they should be explored and used whenever possible (Moorwood et al., 1980;
1980; Lester et al., 1987; Rubin et al., 1988; Tsamis et al., 2003). For instance, the metal-
licities of the central and obscured regions of starburst galaxies can only be accessed via
far-IR lines, while metallicities derived via optical lines are likely to only relate to the
outer, less dust-extincted part of these galaxies (Dors et al., 2013; Puglisi et al., 2017;
Calabrò et al., 2018). Reddening in Seyfert galaxies by means of NIR line ratios was per-
formed by Riffel, Rodríguez-Ardila & Pastoriza (2006), which led to the fact that Seyfert
2s tend to lie close to the locus of points of the reddening curve; with 𝐸(𝐵 − 𝑉 ) in the
interval 0.25−1.00 mag, whereas Seyfert 1s, in contrast, are predominantly populated by
broad and narrow lines, which display extinction values close to zero for the H i region.
The problems related to the extinction correction are most relevant to the optical line
fluxes, but the extinction can be considered almost negligible for infrared data.
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2.3 Reddening correction
The interstellar medium is mainly composed of dust and gas, and occupy the entire

space between the stars. Most of the gas is composed of hydrogen (≈ 90%, in number
of atoms), whereas the dust is essentially composed of graphite and silicates. The grains
composition of the dust are microscopic with dimensions smaller than a micrometer which
cause interference in astronomical observations. Dust and gas can reduce the amount
of light received from astronomical objects under observations through absorption and
scattering of electromagnetic radiation. There are three ways to discover dust, through
its thermal emission, its effect on the observed spectrum (extinction), and through light
polarisation. This study concerns the emission lines of AGNs and, consequently, the details
they provide about the physical conditions of their nuclei. Therefore, we concentrate on
the extinction and consider the other two dust properties only to the degree that they are
likely correlated with it.

Interstellar reddening is a different phenomenon from redshift, which is without
distortion the proportional frequency shifts of the spectra. Reddening typically eliminates
shorter wavelength photons from a radiated spectrum thus leaving the longer wavelength
photons (in the optical, light that is redder), keeping the spectroscopic lines unchanged.
Extinction arising from both the interstellar medium (ISM) and the Earth’s atmosphere
(wavelength regions such as X-ray, ultraviolet, and infrared) as well as circumstellar dust
around an observed object are measured with photometric systems filters (passbands) as
well as Balmer decrements from the spectroscopy. Extinction from Earth’s atmosphere
can be overcome by the use of space-based observatories. To correct extinction effect on
the observed optical emission-lines, usually, the relation below is utilized.

𝐼(𝜆)
𝐼(H𝛽) = 𝐹 (𝜆)

𝐹 (H𝛽) × 10𝑐(H𝛽)[𝑓(𝜆)−𝑓(H𝛽)], (2.1)

where 𝐼(𝜆) is the intensity of the emission line at a given wavelength 𝜆 (reddening cor-
rected), 𝐹 (𝜆) is the measured flux of the emission line, 𝑓(𝜆) is the adopted reddening
curve normalized to H𝛽, and 𝑐(H𝛽) is the interstellar extinction coefficient.

The extinction coefficient of interest is normally calculated using the line ratio
H𝛼/H𝛽 and comparing it with its theoretical line ratio, for instance, the one calculated
by Hummer & Storey (1987) for a temperature of 10 000 K and an electron density of 100
cm−3. A verification function used for transfer corrections was used by Savage & Mathis
(1979), considering reddening law and the unreddened ratio H𝛼/H𝛽 = 2.86 taking into
account Case B at electron temperature 𝑇e = 104 K and electron density 𝑁e = 102 cm−3

(Whitford, 1958; Brocklehurst, 1971; Miller & Mathews, 1972). The typical dereddening
technique is to derive the logarithmic extinction at H𝛽 and the reddening constant c,
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from the observed H𝛼/H𝛽 ratio, assuming that the intrinsic one has the theoretical value
(H𝛼/H𝛽)B predicted for Case B recombination. Observed and corrected intensities are
denoted 𝐼𝑜(𝜆) and 𝐼𝑐(𝜆) respectively, leading to the relation below.

log 𝐼𝑐(𝜆) = log 𝐼𝑜(𝜆) + 𝑐𝑓(𝜆), (2.2)

The units of 𝑓(𝜆) are chosen such that 𝑓(𝜆) = 0 for the wavelength of the H𝛽 line and
𝑓(∞) = −1. For any given nebula we define B to be the factor by which the observed
absolute H𝛽 intensity must be multiplied in order to correct the interstellar absorption.
With the units adopted for 𝑓(𝜆) we then have 𝑐 = log B. The equation below is yielded
by rearrangements of Equation 2.2.

𝑐 = log (H𝛼/H𝛽)B − log (H𝛼/H𝛽)observed
𝑓𝛼 − 𝑓𝛽

(2.3)

where 𝑓𝛼 and 𝑓𝛽 represent the values of the reddening law at the wavelengths of H𝛼 and
H𝛽 lines respectively. Therefore, for any observed line ratio (𝐹𝜆1/𝐹𝜆2)observed the reddening
corrected value (𝐹𝜆1/𝐹𝜆2)corrected can be obtained from:

log(𝐹𝜆1/𝐹𝜆2)corrected = log(𝐹𝜆1/𝐹𝜆2)observed + 𝑐(𝑓𝜆1 − 𝑓𝜆2). (2.4)

Ideally, the theoretical (H𝛼/H𝛽)𝐵 value at the right temperature can be used
in iteration after the electron temperature of the plasma has been determined. How-
ever, there are numerous problems associated with the iteration method. One of these
drawbacks is the non-universality of the extinction law. The work by Cardelli, Clayton
& Mathis (1989), shows that reddening correction depends on the ratio of total to se-
lective absorption at 𝑉 band given by the parameter 𝑅𝑉 = 𝐴𝑉 /𝐸(𝐵−𝑉 ), where 𝐴𝑉 is
the absolute extinction or total absorption in magnitudes at 𝑉 dependent on the to-
tal hydrogen column density of the material along the line-of-sight from the relation
𝑁𝐻 = (1.79 ± 0.03)𝐴𝑉 × 1021 cm−2 based on ROSAT observations (Predehl & Schmitt,
1995) and 𝐸(𝐵−𝑉 ) is the color excess given by the calibrated blue minus calibrated vis-
ible

[︁
i.e., 𝐸(𝐵−𝑉 ) = (𝐵 − 𝑉 )observed − (𝐵 − 𝑉 )intrinsic

]︁
. While the authoritative estimation

of 𝑅𝑉 as reported by Morgan, Harris & Johnson (1953) and confirmed by Hiltner &
Johnson (1956) is in the range 3 ± 0.2, the actual values are from 2.5 to 5 (Cardelli,
Clayton & Mathis, 1989; Barbaro et al., 2001; Patriarchi et al., 2001). Using a consensus
assumed value of 𝑅𝑉 = 3.1 from the literature leads to the logarithmic extinction at H𝛽,
𝑐(H𝛽) = 1.452𝐸(𝐵 − 𝑉 ) and 𝐴𝑉 = 2.13 c(H𝛽), however, the IR extinction and the value
of 𝑅𝑉 are not significantly different from galactic values (Howarth, 1983). Objects located
in the Galactic bulge suffer extinction at a low value of 𝑅𝑉 (e.g. Stasińska et al., 1992; Liu
et al., 2001). Cardelli, Clayton & Mathis (1989) ascribed such differences in extinction
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laws to the presence of systematically larger particles in dense regions between small and
large values of 𝑅𝑉 . Such 𝑅𝑉 variations have a significant effect on line ratios when inter-
acting with ultraviolet spectra. It is therefore convenient to link the optical and ultraviolet
spectra by using line ratios with known intrinsic value, such as He ii 𝜆1640/He ii 𝜆4686.
The differences seen in the VB1 component’s ratio He ii 𝜆1640/He ii 𝜆4686 indicate that,
contrary to expectations, this line ratio may not be such a good indicator of reddening
(Wamsteker et al., 1990).

Another problem is that dust is not generally positioned entirely between the
astronomical object under investigation and the observer as in the case of stars. Some
extinction may be due to dust mixed with the emitting gas. In that case, the extinction
dependency on the wavelength is distinct and highly dependent on geometry (Mathis,
1983). One way to proceed, which mitigates this problem, is to use the entire set of
hydrogen lines observed and fit their ratios to the theoretical value, which then gives an
empirical reddening law to deredden the other emission lines. However, this is still not
perfect, as the extinction of lines emitted only at the periphery of the nebula or only in
the central parts is different from the extinction of hydrogen lines emitted throughout the
entire nebular body. The problem is further complicated by the effects of scattering (see
e.g. Henney, 1998).

In giant H ii regions, where the observing slit contains stellar light, the stellar
absorption in the hydrogen lines must be corrected first. This can be achieved in an
iterative procedure, for instance the description by Izotov, Thuan & Lipovetsky (1994),
but Hägele et al. (2006) presented opposing view to this procedure and pointed out that it
is better to define a pseudo continuum in order to correct redenning in giant H ii regions.
However in the case of an AGN it is impossible to define a pseudo-continuum since the
emission lines are too broad to see the underlying absorption line wings. On the other
hand, if the effect of the underlying stellar population in the Balmer lines is visible it is
relatively small even in the presence of an H ii region (a few percent for H𝛽 and negligible
for H𝛼 although its effect depends on metallicities as pointed out by Díaz et al., 2007),
so in AGNs this effect is possibly very small and negligible. Additional problem is that,
the ratios of the intrinsic hydrogen line can deviate from the theory of case B. This is the
Case, for example, in high electron temperature nebulae (∼ 20 000 K), which could result
in a significant collisional contribution to the emissivity of the lowest order Balmer lines.
The line ratio for the hydrogen lines in this instance was corrected by adopting Case B,
1 The UBV (Ultraviolet, Blue, Visual) photometric system , also known as the Johnson system (or

Johnson-Morgan system), is a wide band, which is generally used to classify stars according to their
colours (see details by Johnson & Morgan, 1953).
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(𝐹𝜆1/𝐹𝜆1)B is related to the true line ratio (𝐹𝜆1/𝐹𝜆1)true by:

log(𝐹𝜆1/𝐹𝜆2)B − log(𝐹𝜆1/𝐹𝜆2)true = [log (H𝛼/H𝛽)B − log (H𝛼/H𝛽)true] × 𝑓𝜆1 − 𝑓𝜆2

𝑓𝛼 − 𝑓𝛽

(2.5)

In comparison with the Case B recombination value of 2.85, Halpern (1982) and
Halpern & Steiner (1983) found that H𝛼/H𝛽 is close to 3.1 in high as well as low ioniza-
tion AGN models. This contradicts Heckman (1980) preposition of an anomalously high
Balmer decrement in these objects. Therefore, intrinsic ratios H𝛼/H𝛽 = 2.85 and H𝛼/H𝛽

= 3.1 are estimations for H ii regions and AGNs, respectively (Ferland & Netzer, 1983;
Gaskell, 1984; Gaskell & Ferland, 1984; Veilleux & Osterbrock, 1987), while Dong et al.
(2008) found the intrinsic value of broad-line Balmer decrements, H𝛼/H𝛽 = 3.06 with
a standard deviation of 0.03 dex from the large and homogeneous sample of Seyfert 1
galaxies and quasi-stellar objects (QSOs) using spectroscopic data obtained in the Sloan
Digital Sky Survey (446 DR4 data). In AGNs, however, the harder photoionizing spec-
trum results in a large transition zone, or partly ionized region, in which H0 coexists with
H+ and free electrons. In this zone collisional excitation is also important in addition to
recombination collisional excitation (Ferland & Netzer, 1983; Halpern & Steiner, 1983).
The main effect of collisional excitation is to enhance H𝛼. The higher Balmer lines are less
affected because of their large re-excitation energies and smaller excitation cross-sections.

In the cases where the reddening correction was not performed in the original
works, consideration has to be given to the fact that the best way to find a consistent
value for 𝑐 is to choose a value that would at least return the unreddened ratios close to the
theoretical ones for the strong and well detected lines. The error margin in Equation 2.5
can be very big at 𝜆1, which is very different from 𝜆2, regardless of the real extinction. For
instance, a factor in the range of 1.5−2 can easily be reached for C iii] 𝜆1909/[O iii] 𝜆5007
(see Stasińska, 2002). Irrespective of the dereddening method used, it is good practice to
check that the H𝛼/H𝛽, H𝛾/H𝛽, and H𝛿/H𝛽 emission line ratios have the expected values
in comparison with the theoretical Case B ratios of 2.86 or 3.1, 0.468, and 0.259 (Halpern,
1982; Halpern & Steiner, 1983; Hummer & Storey, 1987; Osterbrock & Ferland, 2006),
respectively; if not, a similar value of, for example, [O iii] 𝜆4363 Å/𝜆5007 Å will be in
a similar margin of error. The extinction increases towards shorter wavelengths, thus
reddening the radiation flux from an emitting source is reduced according to the equation

𝐼𝜆 = 𝐼𝜆0 × 𝑒−𝜏𝜆 , (2.6)

where 𝐼𝜆0 is the unreddened intensity of the light observed at Earth, 𝐼𝜆 is the actual ob-
served intensity and 𝜏𝜆 = 𝑐𝑓(𝜆) is the optical depth at the wavelength of the observation.



Chapter 2. Data 66

It is clear hitherto that the most widely used method of estimating the dust content
is based on the relative strengths of the lower Balmer lines, H𝛼/H𝛽. When using the gas
emission lines as a dust tracer, one assumes that the gas emission comes from the same
position as the emission from the ionizing stars, which is usually not the case, because the
gas in a spiral galaxy is contained in a plane. Generally, we must admit that little is known
about the real distribution of dust in AGNs of the emission line. It seems very patchy
and irregular, so assigning a single extinction value is just a rough first approximation.
However, neglecting these uncertainties at first order the reddening effect can be written
on the reliance of the ratio H𝛼/H𝛽 as:

𝐼(H𝛼)
𝐼(H𝛽) = 𝐹 (H𝛼)

𝐹 (H𝛽) × 10𝑐(H𝛽)[𝑓(𝜆)−𝑓(H𝛽)], (2.7)

where 𝑐(H𝛽) is the measure of the amount of reddening (𝐸(𝐵 − 𝑉 ) = 0.77𝑐(H𝛽)), 𝑓(𝜆) is
the reddening curve, 𝐼(𝜆) indicates the (unreddened) intrinsic flux and 𝐹 (𝜆) is the flux
measured. Note that only the difference in optical depths at the two wavelengths enters
in this equation; so the correction depends on the form of the interstellar extinction curve
(with arbitrary normalization) and on the amount of extinction (𝑐(H𝛽)). If the Whitford
(1958) reddening curve as parameterized by Miller & Mathews (1972) is used one can thus
derive an extinction of the H𝛽 by measuring the intensity ratio H𝛼/H𝛽, and assuming an
interstellar extinction curve, as follows.

Expressing the intensity reduction in magnitudes, the total extinction at some wavelength
𝜆 is given by

A𝜆 = −2.5 log(I𝜆/I𝜆0) = m − m0, (2.8)

where m is the magnitude observed and m0 is the intrinsic magnitude,

A(H𝛼) = −2.5 log(F(H𝛼)observed/F(H𝛼)emitted), (2.9)

A(H𝛽) = −2.5 log(F(H𝛽)observed/F(H𝛽)emitted), (2.10)

A(H𝛽) − A(H𝛼) = E(𝛽 − 𝛼) = 2.5 ×
[︃
log

(︃
𝐹 (H𝛼)observed

𝐹 (H𝛼)emitted

)︃
− log

(︃
𝐹 (H𝛽)observed

𝐹 (H𝛽)emitted

)︃]︃
(2.11)

𝐸(𝛽 − 𝛼) = 2.5 ×
[︃
log

(︃
𝐹 (H𝛼)observed

𝐹 (H𝛼)emitted

𝐹 (H𝛽)emitted

𝐹 (H𝛽)observed

)︃]︃
, (2.12)
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𝐸(𝛽 − 𝛼) = 2.5 ×
[︃
log

(︃
𝐹 (H𝛼)
𝐹 (H𝛽)

)︃
observed

− log
(︃

𝐹 (H𝛼)
𝐹 (H𝛽)

)︃
emitted

]︃
, (2.13)

𝑅𝑉 = 𝐴𝑉

𝐸𝐵−𝑉

= 2.5𝑐(H𝛽) − 0.425𝐸(𝛽 − 𝛼)
0.863𝐸(𝛽 − 𝛼) , (2.14)

𝑐(H𝛽) = 0.425𝐸(𝛽 − 𝛼) + 0.863𝐸(𝛽 − 𝛼)𝑅𝑉

2.5 , (2.15)

𝑐(H𝛽) = 3.10 ×
[︃
log

(︃
𝐹 (H𝛼)
𝐹 (H𝛽)

)︃
− log

(︃
𝐼(H𝛼)
𝐼(H𝛽)

)︃]︃
. (2.16)

The intrinsic flux ratio for H ii region-like objects from the Case B Balmer re-
combination decrement 𝐼(H𝛼/H𝛽) = 2.85 for 𝑇e = 104 K and 𝑁𝑒 = 104 cm−3 is usually
adopted. For AGN we must take into account that the harder photoionizing spectrum
results in a large transition zone, or partly ionized region, in which H0 coexists with H+

and free electrons. In this zone collisional excitation is also important in addition to re-
combination collisional excitation. The main effect of collisional excitation and harder
ionizing continuum is to enhance H𝛼 (Gaskell & Ferland, 1984; Osterbrock & Ferland,
2006). The higher Balmer lines are less affected because of their large excitation energies
and smaller excitation cross sections. Again, the intrinsic H𝛼/H𝛽 ratio in most Seyfert
1 and Seyfert 2 galaxies is significantly larger than the prediction of Case B recombi-
nation 2.86 (Malkan, 1983). Also, Lu et al. (2019) investigated 554 selected AGNs from
SDSS DR7 and concluded that the best Gaussian fit estimates of BLR Balmer decrement
of H𝛼/H𝛽 = 3.16 ± 0.07 dex, and NLR Balmer decrement of H𝛼/H𝛽 = 4.37 ± 0.10 dex
with a perfect correlation between broad-line Balmer decrements and Seyfert sub-type.
Furthermore, we investigated the use of the Balmer decrement in the Narrow Line Region
(NLR) of Seyfert 2 nuclei and found that the use of 𝐼(H𝛼/H𝛽) = 2.85 gives 𝑇e values of
∼ 700±30 K higher than the 𝑇e values from 𝐼(H𝛼/H𝛽) = 3.1. Therefore, for the intrinsic
ratio of Seyfert 2 nuclei we adopt 𝐼(H𝛼/H𝛽) = 3.1 and the reddening correction at the
different wavelengths can thus be obtained from:

log 𝐼(𝜆) = log 𝐹 (𝜆) + 𝑐(H𝛽)𝑓(𝜆), (2.17)

Once 𝑐(H𝛽) is derived as represented by Equation 2.16 above, the observed emission lines
(often in units relative to H𝛽=100) are corrected for interstellar extinction by

𝐼𝜆 = 𝐹 (𝜆) × 10𝑐(H𝛽)𝑓(𝜆) (2.18)
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or

(𝐼𝜆/𝐼H𝛽)corr = (𝐼𝜆/𝐼H𝛽)obs × 10𝑐(H𝛽)𝑓(𝜆). (2.19)

The wavelength dependence in the optical domain, 𝑓(𝜆) is the reddening value for the
line derived from the curve given by Whitford (1958), defined such the 𝑓(∞) = −1 and
𝑓(H𝛽) = 0. An analytical estimation from values established by Kaler (1976) can be
expressed as:

𝑓(𝜆) = 2.5659𝜆2 − 4.8545𝜆 + 1.7545, (2.20)

with 𝜆 in the units of micrometers within the range of 0.30 < 𝜆(𝜇m) < 0.70.

The intrinsic ratio for AGNs, H𝛼/H𝛽 = 3.1 is in good agreement with the results
of photoionization models (Ferland & Netzer, 1983; Pequignot, 1984) and observational
determinations (Gaskell, 1984; Gaskell & Ferland, 1984). Therefore, it is imperative to
reiterate that the theoretical intrinsic ratio H𝛼/H𝛽 = 3.1 was compared with the observed
H𝛼/H𝛽 ratio in the literature for reddening correction in this work. The reddening cor-
rection relations used to complete Table 4 based on the effect of reddening on the ratio
H𝛼/H𝛽 are Equation 2.16, Equation 2.19, and Equation 2.20 above. In order to have
an internally consistent sample, we applied this method to each of our objects where
necessary, using only the ratio of the two strongest Balmer lines, H𝛼/H𝛽, to determine
the amount of extinction. We adopted negligible intrinsic reddening when the apparent
Balmer decrement from the original work is below 3.10 and the extinction correction
constant indicates a value of zero as shown in Table 4, thus 𝑐(H𝛽) = 0. The amount of
interstellar extinction obtained using this method generally agrees relatively well with the
amount of extinction determined using other line ratios such as He ii 𝜆3203/He ii 𝜆4686
(Shuder & Osterbrock, 1981) or [S ii] 𝜆4071/[S ii] 𝜆10320 (Wampler, 1971; Shields & Oke,
1975a; Koski, 1978). However, the problem with the latter Balmer-line method is the large
uncertainty in the measured strengths of H𝛾, H𝛿, etc., because of their intrinsic weakness
and the possibility of being affected strongly by the underlying stellar Balmer absorption
lines.

In the optical regime, [O iii]𝜆5007/H𝛽 versus [N ii]𝜆6584/H𝛼 and [O iii]𝜆5007/H𝛽

versus [S ii](𝜆6716+𝜆6731)/H𝛼 diagnostic diagrams (see Figure 10) have been used to
distinguish objects whose main ionization mechanisms are by massive stars or Planetary
Nebulae (PNe) from those that are mainly ionized by gas shocks or an active galac-
tic nucleus. In order to separate the distinct classes of objects following the standard
Baldwin-Phillips-Terlevich (BPT) diagrams (Baldwin, Phillips & Terlevich, 1981; Veilleux
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& Osterbrock, 1987), the criteria proposed by Kewley et al. (2001) where all objects with

log([O iii]𝜆5007/H𝛽) >
0.61

[log([N ii]𝜆6584/H𝛼) − 0.47] + 1.19 (2.21)

and

log([O iii]𝜆5007/H𝛽) >
0.72

[log([S ii]𝜆6725/H𝛼) − 0.32] + 1.30 (2.22)

have AGNs as their main ionization mechanism were used. Figure 10 further confirms
that the sources of ionization for the objects under consideration in this work are indeed
Seyfert 2 nuclei.

Figure 10 – Reddening-corrected diagnostic diagrams for [O iii] 𝜆5007 Å/H𝛽 versus [N ii]
𝜆6584 Å/H𝛼 (left-hand-side) and [O iii] 𝜆5007 Å/H𝛽 versus [S ii] (𝜆𝜆6716, 6731 Å)/H𝛼
(right-hand-side). The green solid lines, taken from Kewley et al. (2001), separate objects
ionized by massive stars or PNe (H ii-like objects) from those that are mainly ionized by
gas shocks or AGN-like objects.
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3 Methodology

The main goal of this work is to understand the temperature problem in AGNs,
thus, the cause of higher electron temperature values usually derived from observational
𝑅O3 ratio than those predicted by photoionization models.

In the light of the foregoing, we proposed that a comparison between the neon
abundance derived through infrared emission-lines and by using the 𝑇e−method is a better
methodology than using photoionization models, such as the oxygen abundances compar-
ison carried out by Dors et al. (2020a). This is because in photoionization model, different
assumptions are required to simulate several AGN physical parameters, typical examples
are to assume a given spectral energy distribution (SED), electron density of the gas,
ionization parameter, etc., see Dors et al. (2017). In fact, Feltre, Charlot & Gutkin (2016)
showed that the increase in certain line ratios, such as [O iii]𝜆5007/H𝛽, is mainly due to
the combination of metallicity with the ionization parameter and a secondary dependence
between the hardness of the SED and the electron density with the line ratios is also found.
In Figure 11, taken from Feltre, Charlot & Gutkin (2016), results of photoionization mod-
els built with the Cloudy code (Ferland et al., 2013) are compared with observational
data taken from the Sloan Digital Sky Survey in some diagnostic diagrams. It can clearly
be seen that different emission lines depend on different nebular parameters, which could
not be representative of real AGN parameters (see also Carvalho et al., 2020). Another
conspicuous example of this problem is the difference between the model predicted and
observed slope of the SED of AGNs, especially the power law slope. Dors et al. (2017), by
using the Cloudy code performed detailed modelling of a sample of 44 local Seyfert 2
nuclei (𝑧 < 0.1). These authors derived the slope for the SED, represented by 𝛼𝑜𝑥, values
in the range −1.6 . 𝛼𝑜𝑥 . −0.1, with an average value of −1.1. In Figure 12, a histogram
containing the distribution of observational values of 𝛼𝑜𝑥, obtained by Miller et al. (2011)
is shown, where a range of −2.1 . 𝛼𝑜𝑥 . −0.9 is derived, with an average value of −1.40.
Thus, photoionization models can predict a harder SED than the real energy distribution
of AGNs.
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Figure 11 – Diagnostic diagrams containing observational data from SDSS DR7.

Source: Feltre, Charlot & Gutkin (2016)
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Figure 12 – Histogram containing the distribution of the spectral index 𝛼𝑜𝑥 derived by
Miller et al. (2011) for about 700 radio-intermediate and radio-loud quasars.

Source: Dors et al. (2019)
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In summary, these (input) model parameters could not be representative for real
AGNs, yielding unreliable results. In fact, the presence of gas shocks and their magnitudes
or influences, for example, makes it difficult to better understand the physical processes
present in Seyfert 2 AGNs. Contini (2017), by using the suma code (Contini & Aldrovandi,
1983), built detailed photoionization models to reproduce optical emission lines of a sample
of 23 Seyfert 2. This author found the presence of gas shock with velocities ranging from
100 to 400 km s−1 in the NLRs of the objects considered. The effect of the gas shock
is to increase the electron temperature and ionization of the gas and, consequently, to
increase the emission line intensities. The analysis of temperature problem carried out
by Dors et al. (2015, 2020a, 2020b) is based on photoionization models built with the
cloudy code, which does not consider gas shock. Thus, the temperature or abundance
discrepancy found by these authors with values derived through the 𝑇e−method and from
photoionization models could be somewhat uncertain.

To circumvent the limitation in photoionization models, we adopt a comparison
between neon abundances derived through infrared and optical emission lines without
using photoionization models. Similar methodology was used in H ii region studies of
neon abundances by Dors et al. (2013) and sulphur abundances by Dors et al. (2016).
Basically, in this methodology, the ionic abundance of a given element, for instance, the
Ne2+, is calculated using the 𝑇𝑒−method, e.g.

(︃
Ne2+

H+

)︃
Op.

= 𝑓
[︂
𝑇𝑒, 𝐼

(︁
Ne2+

)︁
Op.

]︂
, (3.1)

where 𝐼 (Ne2+)Op. is the intensity (in relation to H𝛽) of an optical line emitted by the
Ne2+ ion and 𝑇e is the temperature of the free electrons that are exciting the Ne2+. In
general, 𝑇e is derived through the dependence of this parameter and the [O iii](𝜆4959 +
𝜆5007)/𝜆4363 line ratio. That is, 𝑇e is estimated using the [O iii] electron temperature
as representative one of the emitter gas region of the [Ne iii] 𝜆3868 Å emission line.
In principle, the [O iii] and [S iii] electron temperatures could be very similar (and in
general are assumed to be equal) but the relation given by Hägele et al. (2006) showed
that there are some differences depending on the temperatures of the objects. Moreover,
Binette et al. (2012) also demonstrated that the difference depends on the metallicity of
the objects and the difference could be due to the presence of temperature fluctuations
and they also considered the possibility of a non-Maxwell-Boltzmann energy distribution
(a Kappa-distribution) for the electron energies. However, in the case of neon we are
unable to calculate the electron temperature since an optical auroral emission line of
neon is not available, the only reliable assumption is the electron temperature of [O iii]
as representative of the high-ionization zone (i.e., 𝑇e([Ne iii]) ≈ 𝑇e([O iii], see Peimbert &
Costero, 1969).
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Thereafter the ionic neon optical estimations, the Ne2+ abundance is also calcu-
lated by using infrared emission lines, i.e.(︃

Ne2+

H+

)︃
IR

= 𝑓
[︁
𝑗𝜆(Ne2+), 𝐼

(︁
Ne2+

)︁
IR

]︁
, (3.2)

where 𝑗𝜆(Ne2+) is the emissivity of a given neon line and 𝐼(Ne2+)IR is the intensity (in
relation to some hydrogen infrared lines) of an infrared line emitted by the Ne2+ ion.
Abundance determinations based on infrared lines are practically independent from the
electron temperature, and therefore, in principle, they are more precise than the ones via
the 𝑇e−method. In this scenario, let us assume the (Ne2+/H+)IR abundance as real ionic
value.

In general, for H ii regions, it has been found that (Ne2+/H+)IR is higher than
(Ne2+/H+)Op. (see Dors et al., 2013 ), in other words, (Ne2+/H+)Op. is underestimated.
The origin of this underestimation can be attributed to the gas shock presence or electron
temperature fluctuation, in which lower and unreal values of (Ne2+/H+)Op. are derived.
To quantify the effects of gas shock presence or electron temperature on 𝑇e−method, we
calculate the electron temperature value to conciliate (Ne2+/H+)Op. with (Ne2+/H+)IR.
We define this value as 𝑇0 and consider it as the real electron temperature. Obviously, we
must find 𝑇e > 𝑇0. Esteban and collaborators carried out a related procedure, which over
the years measured oxygen and carbon abundances in H ii regions resulting from excited
and recombination lines (see Esteban et al., 2020 and references therein).

In the present work, we investigate the discrepancy between the aforementioned
temperature values assuming the existence of electron temperature fluctuation in the
NLRs of AGNs. A description of the methodology used in calculating the neon ionic
abundance, 𝑇e and 𝑇0 is presented in succeeding subsections.

3.1 Determination of neon ionic abundances

3.1.1 𝑇e−method

The 𝑇e−method, fundamentally, consists of deriving the electron temperature and
the electron density of the gas and using these values to derive the ionic abundance of
heavy elements (Osterbrock, 1989). The basic methodology of this method is presented
below.

The 𝑇𝑒−method basically utilizes the following relation:

𝑁(Xi+)
𝑁(H+) = 𝐼(𝜆)

𝐼(H𝛽) × 𝜖(H𝛽)
𝜖(𝜆) , (3.3)
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where 𝑁(X𝑖+) is the abundance of any ion (X𝑖+) related to H+, 𝐼(𝜆) is the intensity of the
ion emission line, 𝐼(H𝛽) is the intensity of the H𝛽 emission line, and 𝜖(𝜆) is the emission
coefficient of the ion line under study with wavelength equal to 𝜆.

In the case of collisionally excited lines, at the low density limit, the emission
coefficient is given by

𝜖(𝜆) = h 𝜈 𝑞col(𝜆) = h c
𝜆

× 8.63 × 10−6 × Ω
𝜔1

× 𝑇 −0.5
e × 𝑒−𝜒/k 𝑇e , (3.4)

where, h is the Planck’s constant, 𝜈 is the frequency, 𝑞col is the collisional transition rate,
Ω is the collision force for the observed transitions, 𝜔1 is the statistical weight of the lower
level, 𝜒 is the excitation energy, k is the Boltzmann’s constant, and 𝑇e is the electron
temperature. It can be seen that, the emission coefficient for collisionally excited lines
depends strongly on the temperature, so it is essential to calculate the ionic abundance.

The electron temperature can be estimated through, for instance, [O iii](𝜆4959Å
+ 𝜆5007Å)/𝜆4363Å and [N ii](𝜆6548Å + 𝜆6884Å)/𝜆5755Å line ratios, since the relative
excitation rates for the upper and lower levels depend strongly on the temperature. How-
ever, the [O iii] 𝜆4363 Å and [N ii] 𝜆5755 Å auroral emission lines are generally very weak,
about 20 to 100 times weaker than H𝛽 (see Hägele et al., 2006, 2008, 2012; Sanders et al.,
2016, 2020) in relatively low metallicity objects. For high metallicity objects the auroral
[O iii] 𝜆4363 Å is undetectable (see Díaz et al., 2007; Hägele et al., 2007, 2009, 2010, 2013).

Figure 13 shows an example of the optical spectrum of an H ii region. Another
distinctive characteristic of these objects is the smaller range of ionization levels compared
to Seyfert galaxies. Typical electron temperatures within the H ii regions are in order
of 10 000 K while in Seyferts are ∼ 15 000 K, with the cooler objects showing higher
abundances of heavy elements. Typical electron density values in H ii regions are of the
order of 100−500 cm−3 (Beckmann & Shrader, 2012) and in the NLRs of Seyfert 2 galaxies
100−2 000 cm−3 (Dors et al., 2012).
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Figure 13 – Spectrum of the region No.2 in NGC 2541.

Source: Zaritsky, Kennicutt Robert C. & Huchra (1994)

Hägele et al. (2008) obtained from the task temden of iraf1(De Robertis, Dufour
& Hunt, 1987; Shaw & Dufour, 1995) functions to determine electron temperatures. It
is considered that, 𝑡3 and 𝑡2 are the electron temperatures (in units of 104 K) for the
electrons that are excitating the O2+ and O+ ions in the high and low ionization zones,
respectively. We will consider only the electron temperature in the high-ionization zone
(𝑡3) determination in this work. The relation by Hägele et al. (2008) is given as:

𝑡3 = 0.8254 − 0.0002415 × 𝑅O3 + 47.77
𝑅O3

, (3.5)

where, 𝑅O3= [O iii](𝜆4959Å + 𝜆5007Å)/𝜆4363Å. This relation is valid for a range of
temperature 7 000 − 23 000 K or 700 . 𝑅O3 . 30. The equation to estimate ionic
abundance of the twice ionized neon in the optical was originally derived by Pagel et al.
1 Image Reduction and Analysis Facility (iraf) is distributed by the National Optical Astronomy

Observatories, which are operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.
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(1992) and in its current form given by Hägele et al. (2008) as:

12 + log
(︃

Ne2+

H+

)︃
Op.

= log
[︃

𝐼(3869)
𝐼(H𝛽)

]︃
+ 6.486 + 1.558

𝑡3
− 0.504 × log 𝑡3. (3.6)

In the optical spectrum of AGNs and H ii regions we can only measure the unblended neon
line [Ne iii] 𝜆3869 Å and, consequently, we are able to estimate only the Ne2+/H+ ionic
abundance. The abundance of other neon ions can only be calculated from infrared lines.
For example, in Figure 14, the optical spectrum of one object of our sample, Mrk 573,
obtained by Kraemer et al. (2010) is shown, which indicates the presence of lines from a
wide range of ionization states.

Figure 14 – STIS G430L spectrum of the central NLR knot in Mrk 573.

Source: Kraemer et al. (2010)
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3.1.2 Infrared – lines method

Infrared−lines method (hereafter, IR−method) is based on determining the abun-
dance of a given element using intensities of emission lines in the infrared spectral region.
In the case of H ii regions, emission lines in the range of 4 µm to 40 µm are generally
used. The intensity of lines in the infrared is weakly dependent on the electron temper-
ature, which makes this method advantageous since it is often difficult to determine this
parameter.

The Ne+ and Ne2+ ionic fractions can be determined using the intensities of
the [Ne ii] 12.81 µm and [Ne iii] 15.56 µm emission lines, respectively, following a simi-
lar methodology presented by Dors et al. (2013). Considering two ions X𝑖+ and H+, the
ratio of their ionic abundance is determined by:

𝑛𝑋𝑖+

𝑛H+
= 𝐼𝜆(Xi+)𝑁𝑒𝑗𝜆(H+)

𝐼𝜆(H+)𝑁𝑒𝑗𝜆(Xi+)
, (3.7)

where, 𝑛(Xi+) and 𝑛H+ are the densities of the X𝑖+ and H+ ions, 𝐼𝜆(X𝑖+) is the intensity of
a given emission line emitted by X𝑖+, 𝐼𝜆(H+) is the intensity of a reference hydrogen line,
while 𝑗𝜆(Xi+) and 𝑗𝜆(H+) are the emissivity values. In Dors et al. (2013) the emissivity values
were obtained from the IONIC routine of the nebular package of IRAF, which uses the
Ne atomic parameters from Mendoza (1983), Saraph & Tully (1994), Galavis, Mendoza
& Zeippen (1997), Badnell et al. (2006), Griffin, Mitnik & Badnell (2001), Kaufman &
Sugar (1986), Butler & Zeippen (1994), and McLaughlin & Bell (2000). In all abundance
determinations, these emissivity values are believed to be constant as they differ by less
than 5% over a wide temperature range (Simpson, 1975). Using this method, any error
in the determination of these emissivities directly translates in a systematic shift in the
derived Ne+ and Ne2+ ionic abundances. To obtain the ionic abundances with respect to
hydrogen, H+ emission nebula-associated is required and these can be derived from the
mid-infrared H i recombination lines, such as P𝛼, P𝛽, P𝛿, Br𝛾, Br𝛿, and Br10, which are
detected in most of the objects under consideration.

The calculation of the Ne2+ ion abundance can be done using the line in the in-
frared [Ne iii]𝜆15.56 µm. The emission coefficient of emission for lines in the infrared has a
weak dependence on the electronic temperature, which, in general, is disregarded. There-
fore, abundance of a given ion can be obtained directly from an emission line observed in
the infrared using a hydrogen reference line. Thus, for neon, we have

Ne2+

H+ = 𝐼(15.56 µm)
𝐼(H𝛽) × 6.323 × 10−5. (3.8)

Taking into account all the above assumptions together with the values of the hydrogen
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line emissivities relative to H𝛽 listed in Table 5 and Equation 3.8, we derive the following
relations:

Ne2+

H+ = 𝐼(15.56 µm)
𝐼(Pa𝛼) × 2.099 × 10−5, (3.9)

Ne2+

H+ = 𝐼(15.56 µm)
𝐼(Pa𝛽) × 1.024 × 10−5, (3.10)

Ne2+

H+ = 𝐼(15.56 µm)
𝐼(Pa𝛾) × 5.697 × 10−6, (3.11)

Ne2+

H+ = 𝐼(15.56 µm)
𝐼(Pa𝛿) × 3.503 × 10−6, (3.12)

Ne2+

H+ = 𝐼(15.56 µm)
𝐼(Pa8) × 2.368 × 10−6, (3.13)

Ne2+

H+ = 𝐼(15.56 µm)
𝐼(Br𝛼) × 4.919 × 10−6, (3.14)

Ne2+

H+ = 𝐼(15.56 µm)
𝐼(Br𝛽) × 2.826 × 10−6, (3.15)

Ne2+

H+ = 𝐼(15.56 µm)
𝐼(Br𝛾) × 1.739 × 10−6, (3.16)

Ne2+

H+ = 𝐼(15.56 µm)
𝐼(Br𝛿) × 1.144 × 10−6, (3.17)

Ne2+

H+ = 𝐼(15.56 µm)
𝐼(Br10) × 5.754 × 10−7, (3.18)

Ne2+

H+ = 𝐼(15.56 µm)
𝐼(Br11) × 4.401 × 10−7, (3.19)

and

Ne2+

H+ = 𝐼(15.56 µm)
𝐼(Br13) × 2.681 × 10−7. (3.20)

In Figure 15, the infrared spectrum of Mrk 573 obtained by Ramos Almeida et al.
(2008) is shown, where the Pa𝛾 and other lines have been observed.
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Figure 15 – Normalized spectrum in the 0.88 − 1.35 µm wavelength of the nuclear region
of Mrk 573 in the ZJ range. Detections of the permitted Fe ii 9200Å lines and the Fe ii
1 µm lines, together with the O i 𝜆𝜆 1.128, 1.317 narrow lines are clear.

Source: Ramos Almeida et al. (2008)

Table 5 – H i emissivity ratio values (Case B).

𝑛𝑒(104 cm−3) T(104 K)
Paschen-line intensities relative to H𝛽

𝑗P𝛼/𝑗H𝛽 0.33200
𝑗P𝛽/𝑗H𝛽 0.16200
𝑗P𝛾/𝑗H𝛽 0.09010
𝑗P𝛿/𝑗H𝛽 0.05540
𝑗P8/𝑗H𝛽 0.03745

Brackett-line intensities relative to H𝛽
𝑗Br𝛼/𝑗H𝛽 0.07780
𝑗Br𝛽/𝑗H𝛽 0.04470
𝑗Br𝛾/𝑗H𝛽 0.02750
𝑗Br𝛿/𝑗H𝛽 0.01810
𝑗Br10/𝑗H𝛽 0.00910
𝑗Br11/𝑗H𝛽 0.00696
𝑗Br13/𝑗H𝛽 0.00424

Source: Osterbrock & Ferland (2006)
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The Case B was assumed to derived the above equations. This approximation
assumes that none of the ionizing photons are expected to escape from the nebula, meaning
after many scatterings and absorptions and recombinations the photons are reconverted
into more than one photon (e.g., see Osterbrock & Ferland, 2006; Gaskell, 2017). Moreover,
as opposed to the broad-line region gas, much of the narrow-line region gas is believed
to be optically thick to the ionizing radiation, even though studies of the He ii 𝜆4686/H𝛽

ratio indicate the presence of some optically thin gas (Murdin, 2003).

The [Ne iii] 15.56 µm line is always chosen over the [Ne iii] 36.0 µm when both are
measured because the spectrum is noisier at the long wavelength end of the long high-
resolution (LH) module in the Infrared Spectrograph (IRS). Therefore, we preferred to
use the [Ne iii] 15.56 µm line flux for the abundance determination of this ion which also
has a larger transition probability and critical density.

In this study, the importance of using infrared lines when deriving chemical abun-
dances are highlighted and summarized as follows. Infrared light lies just beyond the red
portion of the visible spectrum (“below red”) with wavelengths ranging from about 0.7
to 350 microns. In near infrared light direct observations through the gas and dust to
view the stars forming within the cloud. In mid and far infrared light it is possible to
observe the glow of the dust itself, emission from cold dust, central regions of galaxies,
and very cold molecular clouds. As opposed to optical or UV lines, infrared lines are little
affected by extinction. Uncertainties in the electron temperature or temperature fluctua-
tions within the nebula are not significant when using infrared lines because they originate
from levels very close to the ground level. In addition, many ions emit in the infrared, and
the use of ionization correction factors (ICFs, not available for AGNs in the literature)
can be substantially minimized by making infrared observations. This applies especially
to neon, sulphur, and argon. Infrared observations have made it possible to access the far
infrared AGN spectra, which present strong metal emission lines, thereby fostering the
investigation of MIR/FIR transitions as metallicity tracers. Last but not least, although
not detailed in this work, dust emission in this portion of the electromagnetic spectrum
can be studied. In the study of neon, no optical or infrared observation of Ne i and Ne iv
lines have been made in the literature reviewed hitherto, because of their high excitation
energies. For the AGN objects which do not show an O iv line it is unlikely that there is
any Ne3+ because the latter requires a higher energy radiation field than the former. The
AGNs which show the O iv line a correction must be made in order to derive the total
abundance of the neon, which is out of the scope of the present work.
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3.1.3 Temperature fluctuations measure (𝑡2)

More often than not, the temperature in a gas nebulae is nonuniform, therefore
chemical abundances derived from 𝑇e−based methodology are biased. To evaluated such
biases, we utilized the mathematical formalism developed by Peimbert (1967) to ascertain
the level of temperature fluctuations in the Ne2+/H+ ionic abundances of our Seyfert 2 nu-
clei samples. This formalism is based on the Taylor expansion of the average temperature
given by

𝑇0(Xi+) =
∫︀

𝑇𝑒𝑛𝑒𝑛(Xi+)𝑑𝑉∫︀
𝑛𝑒𝑛(Xi+)𝑑𝑉

, (3.21)

and defined for each ion 𝑛(Xi+), using the root mean square (r.m.s.) temperature variation

𝑡2(𝑋 𝑖+) =
∫︀
(𝑇𝑒 − 𝑇0(Xi+))2𝑛𝑒𝑛(𝑋 𝑖+)𝑑𝑉

𝑇0(Xi+)2 ∫︀ 𝑛𝑒𝑛(Xi+)𝑑𝑉
. (3.22)

where 𝑉 , the observed volume is the product of the observed solid angle (Ω) and the
distance inside the nebula (𝑙) along the line of sight in units of parsecs, 𝑛e and 𝑛 are
the local number density of electrons and protons in units of cm−3 respectively, finally,
𝑇0 and 𝑇e are the high ionization region average and electron temperatures defined over
the entire volume under consideration. Since the variations in the density terms do not
affect the nebular auroral emission line ratios, the mean electron temperature in the high
ionization zone can be expressed as:

𝑇𝑒(O2+) = 𝑇0

[︂
1 + 1

2

(︂90 800
𝑇0

− 3
)︂

𝑡2
]︂

. (3.23)

We estimate 𝑇0 at the point where the doubly ionized neon abundances in optical
and infrared are equal. Therefore, from Equation 3.6 we obtain,

12 + log
(︃

Ne2+

H+

)︃
IR

= log
[︃

𝐼(3869)
𝐼(H𝛽)

]︃
+ 6.486 + 1.558

𝑇0
− 0.504 × log 𝑇0. (3.24)
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4 Results and discussions

Customarily, knowledge of elemental abundances originates from two complemen-
tary sciences - astronomy and cosmochemistry. Astronomy or astrophysics deals with the
studies of observations and the measurements relating to radio, microwave, infrared (IR),
visible, ultraviolet, x-ray, gamma ray, neutrino, gravity-wave studies that measure posi-
tions, brightness, spectra, structure of gas clouds, planets, stars, galaxies, globular clusters
of galaxies, superclusters, quasars, etc., or developing physical models to predict and ex-
plain the radiation detected from astronomical objects, and the application of physics to
these observations to understand and interpret them, specifically, the composition of the
sun and other stars, while cosmochemistry encompasses hands-on studies of meteorites,
interplanetary, as well as interstellar dust within the interstellar medium (ISM). These
two disciplines together make up a whole in order to validate, supplement, and optimize
solar system abundance data which are widely used as a reference composition in both
disciplines. During the 1920s, hydrogen was discovered to be predominated in the sun and
other stars, and Payne (1925a, 1925b) found the logarithm of the relative abundance of
hydrogen to be greater than 11 for the sun and equal to 12.5 for her set of analyzed stars.
Payne (1925a) defined the fractional logarithmic to the base 10 abundance of hydrogen
to be equal to 11 in her PhD dissertation. Presently, the astronomical abundance scale
uses hydrogen, the most abundant element in the sun, ISM, and other stars as reference
element. Ionic or elemental abundances are normalized to 1012 ions of hydrogen. In order
to avoid negative logarithmic values for elements of low abundance, which presented nu-
merical problems in the first computers during the last 5 decades, Claas (1951) is known
to be the first to have undertaken the normalization of abundances with hydrogen (i.e.,
the metallicity of H = 12). Therefore, the ratio of the number of ions of a given ele-
ment 𝑁(Xi+), relative to the number of hydrogen ion 𝑁(Hi+), is given in an astronomical
logarithmic abundance scale:

A
(︁
Xi+

)︁
=
[︁
log 𝑁(Xi+)/𝑁(Hi+)

]︁
+ 12. (4.1)

In Table 6, the ionic Ne2+/H+ abundance values for our sample obtained using
the IR-lines method from different H i transition lines are listed. The IR Ne2+/H+ shown
in Figure 16 are the averaged values obtained using different reference hydrogen lines as
described in the previous section (see section 2.2). In the bottom panel of Figure 16, a
comparison between the ionic abundance 12+log(Ne2+/H+) obtained using the 𝑇e and IR
methods are shown (see section 3.1). In the top panel of Figure 16, the mean differences
between the estimations are also shown.
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In Table 7, the Ne2+/H+ ionic abundance values for our sample obtained using the
𝑇e−method and the averaged values from the IR−lines method together with differences
between the optical and infrared ionic abundance estimations are listed. Also, listed in
this Table are the 𝑡3 (referred as 𝑇e), 𝑇0, and the 𝑡2 parameter values calculated from
Equation 3.23.

Table 7 – Doubly ionized neon chemical abundances. Col. (1): AGN objects names from
the literature; Col. (2): electron temperature; Col. (3): average temperature derived from
Equation 3.24; Col. (4): root mean square temperature variations, 𝑡2; Col. (5): mean neon
ionic abundances from the values listed in Table 6 derived from NIR and MIR emission
lines; Col. (6): neon ionic abundances derived from optical reddening corrected emission
lines (see subsection 3.1.1, typical error in these values is ± 0.01 dex); Col. (7): difference
(D, in dex) between the values listed in columns (5) and (6).

Object Temperature
𝑡2 Parameter 12 + log(X2+/H+) D (dex)

𝑇e (104 K) 𝑇0 (104 K) (Ne2+)IR (Ne2+)Op.

NGC 3081 1.4455 ± 0.0083 1.0543 ± 0.0099 0.1322 ± 0.0038 8.01 ± 0.01 7.55 ± 0.01 0.4612 ± 0.0196
NGC 4388 1.2994 ± 0.0065 0.8513 ± 0.0028 0.1373 ± 0.0021 9.53 ± 0.01 7.46 ± 0.01 2.0636 ± 0.0151
NGC 4507 2.1183 ± 0.0166 1.3518 ± 0.0112 0.3051 ± 0.0071 7.58 ± 0.03 7.08 ± 0.01 0.4976 ± 0.0384
NGC 5135 1.6181 ± 0.0104 1.1402 ± 0.0065 0.1689 ± 0.0040 7.67 ± 0.01 7.20 ± 0.01 0.4712 ± 0.0139
NGC 5643 1.8131 ± 0.0128 0.7194 ± 0.0019 0.3159 ± 0.0037 8.95 ± 0.00 7.40 ± 0.01 1.5561 ± 0.0116
NGC 5728 2.2386 ± 0.0182 0.7417 ± 0.0022 0.4365 ± 0.0053 8.74 ± 0.01 7.10 ± 0.01 1.6424 ± 0.0109
IC 5063 1.7492 ± 0.0120 1.1966 ± 0.0081 0.2013 ± 0.0049 7.86 ± 0.02 7.32 ± 0.01 0.5337 ± 0.0301
IC 5135 2.1409 ± 0.0170 1.6387 ± 0.0421 0.2404 ± 0.0153 7.57 ± 0.02 7.29 ± 0.01 0.2721 ± 0.0308
MRK 3 1.4638 ± 0.0087 1.1185 ± 0.0434 0.1205 ± 0.0128 8.01 ± 0.06 7.62 ± 0.01 0.3840 ± 0.0644
MRK 273 1.2136 ± 0.0057 1.0992 ± 0.0039 0.0395 ± 0.0023 7.69 ± 0.01 7.46 ± 0.01 0.2296 ± 0.0164
MRK 348 1.5351 ± 0.0093 1.0026 ± 0.0155 0.1753 ± 0.0049 8.15 ± 0.02 7.60 ± 0.01 0.5438 ± 0.0292
MRK 573 1.3053 ± 0.0068 0.9339 ± 0.0046 0.1182 ± 0.0024 8.28 ± 0.01 7.73 ± 0.01 0.5443 ± 0.0162
NGC 1068 1.3699 ± 0.0075 1.0219 ± 0.0139 0.1156 ± 0.0045 8.09 ± 0.02 7.65 ± 0.01 0.4434 ± 0.0270
NGC 2992 1.7295 ± 0.0118 1.1565 ± 0.0109 0.2042 ± 0.0050 7.86 ± 0.01 7.30 ± 0.01 0.5616 ± 0.0177
NGC 5506 1.4228 ± 0.0080 1.1969 ± 0.0212 0.0822 ± 0.0073 7.54 ± 0.02 7.31 ± 0.01 0.2384 ± 0.0290
NGC 7674 1.1789 ± 0.0052 0.8919 ± 0.0116 0.0896 ± 0.0035 8.38 ± 0.02 7.90 ± 0.02 0.4817 ± 0.0297
I Zw 92 1.8082 ± 0.0127 1.6533 ± 0.0098 0.0751 ± 0.0074 7.33 ± 0.01 7.23 ± 0.01 0.0966 ± 0.0117
NGC 2110 1.7110 ± 0.0115 0.8527 ± 0.0073 0.2631 ± 0.0038 8.43 ± 0.01 7.37 ± 0.01 1.0667 ± 0.0201
NGC 5929 2.2336 ± 0.0180 0.8775 ± 0.0147 0.4206 ± 0.0059 8.13 ± 0.03 6.85 ± 0.01 1.2803 ± 0.0346
MRK 463E 1.3251 ± 0.0068 0.7847 ± 0.0084 0.1606 ± 0.0027 8.00 ± 0.01 7.35 ± 0.01 0.6473 ± 0.0214
MRK 622 1.0413 ± 0.0039 1.0413 ± 0.0039 0.0006 ± 0.0000 7.90 ± 0.01 8.00 ± 0.02 0.1334 ± 0.0219
NGC 1386 1.5320 ± 0.0094 0.8868 ± 0.0088 0.2010 ± 0.0035 8.29 ± 0.01 7.43 ± 0.01 0.8555 ± 0.0226
NGC 7582 1.2998 ± 0.0066 0.9262 ± 0.0070 0.1186 ± 0.0028 7.66 ± 0.02 7.11 ± 0.01 0.5496 ± 0.0249
NGC 1275 2.0070 ± 0.0152 1.9165 ± 0.0310 0.0537 ± 0.0194 7.51 ± 0.01 7.46 ± 0.01 0.0536 ± 0.0181
Circinus 1.5505 ± 0.0096 0.8934 ± 0.0050 0.2053 ± 0.0031 8.06 ± 0.01 7.21 ± 0.01 0.8529 ± 0.0157
Centaurus A 1.6467 ± 0.0107 1.1216 ± 0.0034 0.1837 ± 0.0038 7.82 ± 0.00 7.30 ± 0.01 0.5211 ± 0.0118
Cygnus A 1.4331 ± 0.0082 0.8291 ± 0.0074 0.1832 ± 0.0029 8.48 ± 0.01 7.57 ± 0.01 0.9061 ± 0.0223
MRK 266SW 1.4487 ± 0.0085 1.1543 ± 0.0049 0.1048 ± 0.0033 7.94 ± 0.00 7.45 ± 0.01 0.4856 ± 0.0134
MRK 1066 1.4467 ± 0.0083 0.9741 ± 0.0071 0.1535 ± 0.0032 7.89 ± 0.01 7.32 ± 0.01 0.5785 ± 0.0179
NGC 424 1.8042 ± 0.0126 1.4402 ± 0.0234 0.1527 ± 0.0092 7.31 ± 0.02 7.17 ± 0.01 0.1390 ± 0.0235
NGC 1320 2.0774 ± 0.0159 0.8370 ± 0.0274 0.3777 ± 0.0060 8.22 ± 0.06 6.91 ± 0.01 1.3075 ± 0.0689
MRK 1667 2.1430 ± 0.0169 0.7686 ± 0.0368 0.4055 ± 0.0065 8.85 ± 0.10 7.33 ± 0.01 1.5219 ± 0.1062
MRK 3393 1.1840 ± 0.0053 0.7518 ± 0.0025 0.1266 ± 0.0016 8.55 ± 0.01 7.70 ± 0.02 0.8505 ± 0.0166
NGC 5953 1.7622 ± 0.0122 0.8197 ± 0.0086 0.2846 ± 0.0040 8.35 ± 0.02 7.17 ± 0.01 1.1784 ± 0.0240
NGC 7682 1.6744 ± 0.0111 1.2949 ± 0.0169 0.1461 ± 0.0067 7.84 ± 0.01 7.64 ± 0.01 0.1992 ± 0.0160
ESO428−G014 1.5993 ± 0.0103 0.8195 ± 0.0050 0.2355 ± 0.0032 8.52 ± 0.01 7.45 ± 0.01 1.0698 ± 0.0170
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The validity of derived abundances is based on the accuracy of the data and the
methodology used while typical uncertainty values for Ne/H are known to be in order of
0.10 to 0.25 dex with a little less for Ne/O (Stasińska, 2004).

Presented in Table 6 are the results obtained for the neon abundance twice ionized
Ne2+/H+ from the different Paschen and Brackett lines in our sample obtained using the
IR-lines method (see subsection 3.1.2). In Table 7 the mean Ne2+/H+ values for each
objects, calculated from the values listed in Table 6, are compared with those derived
by using the 𝑇e−method (see subsection 3.1.1). It must be noted that, (Ne2+/H+)IR has
higher values than (Ne2+/H+)Op. by a factor of about 5. A similar result was obtain
for H ii regions by Dors et al. (2013), who found Ne2+/H+ abundances via IR method
are higher than those via the 𝑇e−method by a factor of 4. In Figure 16, the Ne2+/H+

abundance values, listed in Table 7, are compared with each other (green points). Also,
in this plot the H ii region estimations (red points) obtained by Dors et al. (2013) are
shown. It can be noted that, the discrepancy in ionic abundances for Seyfert 2 is slightly
higher than the one found in H ii regions (∼ 0.01 dex higher), even-though there are
few outliers (NGC 4388, NGC 5643, NGC 5728, and NGC 1667) which show the highest
Ne2+/H+ abundances via the IR−method, although it must be noted that Dors et al.
(2013) also derived such a difference for one of their objects. The averaged differences for
AGNs and the one derived for H ii regions correspond to factors of 5 and 4 respectively. For
H ii regions, the abundances derived from collisionally excited lines under the assumption
of constant temperature, typically underestimate the abundances relative to hydrogen
by a factor of ∼0.30 dex in comparison to those derived from recombination lines (see
Esteban et al., 2020 and references therein).

Vermeij & van der Hulst (2002) obtained optical (by using the Boller & Chivens
spectrograph on the ESO 1.52 meter telescope) and infrared spectra (by using Short
Wavelength Spectrometer−SWS and Long Wavelength Spectrometer−LWS on board the
Infrared Space Observatory−ISO) of 15 H ii regions located in the Magellanic Clouds.
From these objects, it was possible to derive the Ne2+ ionic abundances via both IR and
𝑇e−method for 13 of them. The difference (D) between these estimations ranges from
−0.6 to +0.6, thus, for some objects the 𝑇e−method resulted in higher abundances. The
averaged value of D was about zero. Obviously, the Vermeij & van der Hulst (2002) is in
disagreement with the findings by Dors et al. (2013). In any case, the 12 + log(Ne2+/H+)
abundances via IR method for our sample are in the range of ∼7.30 to ∼9.50, while the
abundances derived by Vermeij & van der Hulst (2002) for H ii regions ranges from 6.6
to 7.8. This comparison indicates that, the Ne2+/H+ abundance in Seyfert 2 is higher
than those in H ii regions, probably due to harder radiation field existent in AGNs. This
conclusion, based on abundance determination via IR lines, is free from the uncertainties
produced by the 𝑇e−problem existence in AGNs (see Dors et al. 2015, 2020b). Additional
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studies about the total abundance of Ne/H is necessary to compare the values in the two
object class. It is worth to mention that the total neon abundance in Seyfert 2 is unknown.
We infer from Figure 16 that, Ne2+/H+ ionic abundances from the NLR of Seyfert 2 nuclei
are higher in both optical and infrared as compared to H ii regions.

Figure 16 – Bottom panel: Comparison between ionic abundance of the Ne2+/H+ derived
using Visible−lines and IR−lines methods. Yellow squares represent estimations for the
objects presented in this work and black squares are H ii region estimations by Dors et
al. (2013). Solid line represents equality of the two estimates. Dashed line is the equality
line shifted by the average of the differences between the ionic abundances. Top panel:
Difference (D = x − y) between the estimations. Black line represents the null difference,
while the average difference (< D >) is shown. The hatched area indicates the uncertainty
of ±0.1 derived in the abundance estimation.
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We have observed large uncertainties between the optical and infrared neon ionic
estimations with the mix of the Paschen and Brackett series. Separating the Paschen
and Brackett series ionic estimations with or without discriminating against the outliers
(i.e., NGC 5643, NGC 5728, and NGC 1667), we do not find any significant change in the
disparity of electron temperature trend in H ii regions and AGNs as shown in Figure 17.
We therefore find the use of either only Paschen or only Bracket series or both to be
reliable estimations of neon ionic abundance in Seyfert 2 nuclei.

Figure 17 – Bottom panel: Comparison between ionic abundance of the Ne2+/H+ derived
via IR−lines methods separating the Paschen and Brackett Series. Green and cyan squares
represent Paschen or Brackett only estimation, while yellow squares represent estimations
for both presented in this work and black squares still remain H ii region estimations
by Dors et al. (2013). Solid line represents equality of the two estimates. Dashed line is
the equality line shifted by the average of the differences between the ionic abundances.
Top panel: Difference (D = x − y) between the estimations. Black line represents the null
difference, while the average differences (< D >) are shown. The hatched area indicates
the uncertainty of ±0.1 derived in abundance estimation.
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Carvalho et al. (2020) proposed a relation between the logarithm of the ioniza-
tion parameter (𝑈) and [O iii]𝜆5007Å/[O ii]𝜆3727Å line ratio, to be applied to Seyfert 2
objects. The linear regression obtained is:

log 𝑈 = (0.57 ± 0.01 𝑥2) + (1.38 ± 0.01 𝑥) − (3.14 ± 0.01), (4.2)

where 𝑥 = log([O iii]𝜆5007Å/[O ii]𝜆3727Å). Using the optical line intensities of our sample
(see Table 4) and the relation above (Equation 4.2), we derived the 𝑈 parameter which
measures the level of ionization of the gas for the objects in our sample. In Figure 18,
the derived 𝑈 values versus the difference (D) of the ionic neon abundance (see Table 7)
are shown. It can be seen from Figure 18 that there is very little dependence of 𝑈 on
temperature fluctuations (if this is the source of D) over the whole range of D.

Figure 18 – Logarithm of the ionization parameter 𝑈 versus the Ne2+/H+ abundance
difference (D). 𝑈 values were obtained by using Equation 4.2 obtained by Carvalho et
al. (2020) and the optical intensity lines listed in Table 3. The values representing D are
listed in Table 7.
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The electron temperatures corresponding to the estimations from optical and in-
frared Ne2+/H+ are shown in Figure 19. As usual it is clear from this figure that the high
Ne2+/H+ ionic abundances are derived from lower electron temperatures and vice versa.
The temperature fluctuation parameter 𝑡2 has been estimated in this work from 𝑇0 and
𝑇𝑒 (see subsection 3.1.3 for details) in the range from 0.0006 to 0.4365 ± 0.0053 with an
average value of 0.1859 ± 0.0011.

The 𝑡2 values predicted from photoionization models by Cloudy code for Plan-
etary Nebulae (PNe) and H ii regions are in the range from 0.000 to 0.015 with a typical
value of about 0.004 (Ferland et al., 2013, 2017). Peimbert, Peña-Guerrero & Peimbert
(2012) found 0.019 < 𝑡2 < 0.120 from 37 galactic and extragalactic H ii regions with an av-
erage value of 0.044. Peña-Guerrero et al. (2012) also derived the presence of temperature
inhomogeneities in two H ii regions in the Small Magellanic Cloud (SMC) by comparing
the temperature derived using oxygen forbidden lines with the temperature derived using
helium recombination lines (RLs) and by comparing the abundances derived from oxygen
forbidden lines with those derived from oxygen RLs. These authors derived an averaged
𝑡2 = 0.067 ± 0.013 for NGC 456 and 𝑡2 = 0.036 ± 0.027 for NGC 460. From 5 H ii regions
in the LMC, Toribio San Cipriano et al. (2017) found 0.028 < 𝑡2 < 0.069 with an average
value of 0.038, and from 4 H ii regions in the SMC found that 0.075 < 𝑡2 < 0.107 with an
average value of 0.089.

According to Peimbert (1967) and Peimbert & Costero (1969), a 𝑡2 value of about
0.04 typically results in an underestimation of C/H, O/H, and Ne/H, by about 0.2 to
0.3 dex. It is therefore extremely important to ascertain whether the fluctuations in tem-
perature exist or whether they are an inherent potential errors from the techniques used.
If temperature variations exist, it is imperative to better understand their nature and
possibly derive some methodology to mitigate or reconcile them in chemical abundance
derivations. It is worthy to note that, hitherto, the 𝑡2 values available in the literature are
always indirectly based on the comparison of different methods to the estimation of 𝑇𝑒.
Only mapping the AGNs with appropriate sensitivity and spatial resolution in the temper-
ature diagnostic lines could give direct evidence of small scale fluctuations. Unfortunately,
such studies for AGNs are rare in the literature and the few studies in this direction have
found electron temperature to be almost constant along the radius of AGNs, as derived
by Revalski et al. (2018a, 2018b).
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As previously presented (refer to chapter 2), we used data from different sources
to derive the neon ionic abundances, i.e. different aperture in the slit may have been used
in the optical and infrared observations which could introduce uncertainties in the results.
However, our sample consist of objects in the redshift range (𝑧 < 0.1) and we found almost
the same difference in Ne2+ abundances like those derived in the nearby H ii regions, for
most part located in the Magellanic Clouds. Thus, this indicates that the aperture effect
has no influence on our results and that it is possible to have the same level of electron
temperature fluctuation in H ii regions and AGNs. Peimbert, Peimbert & Delgado-Inglada
(2017) expounded the possible sources of temperature inhomogeneities in gaseous nebulae
of PNe and H ii regions as: presence of shock wave, shadowed regions, spatially distributed
ionization sources, density inhomogeneities, time dependent ionization, cosmic rays, over-
estimation of the intensity of weak lines, and magnetic re-connection (see also Dors et al.,
2020b). However, the origin of the electron temperature fluctuation is an open problem
in nebular astrophysics. Observations using future class of giant telescopes (e.g. Giant
Magellanic Telescope) and data to be obtained with the James Webb Telescope could
reveal clumps of distinct temperature in NLRs of AGNs which could bring more clarity
to the problem of abundance discrepancy in AGNs.



Chapter 4. Results and discussions 93

Figure 19 – Bottom panel: Comparison between electron temperature (𝑇e) and the average
temperature (𝑇0). Points represent 𝑇𝑒 values estimated from RO3 (𝑡3; see subsection 3.1.1)
versus 𝑇0 calculated through the assumption that (Ne2+/H+)IR is equal to (Ne2+/H+)Op.

(see subsection 3.1.3). Solid line represents the equality between both estimates. Top
panel: Difference between these estimations (D=x–y) versus 𝑇e. The solid line represents
the zeroth difference between the estimations.
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5 Conclusions

We summarize the major findings from the discussions in Chapter 4 in this con-
cluding chapter and then focus on potential implications of study in this field.

5.1 Summary
We compiled from the literature infrared and optical emission lines of 36 Seyfert 2

nuclei located in the local universe (redshift, 𝑧 < 0.1). These emission lines were used to
derive the Ne2+/H+ ionic abundances through the 𝑇e−method and the IR−method. These
estimations were compared with each other and we obtained the following conclusions:

1. We investigated the use of the Balmer decrement observed ratio of intensities of
the 3 → 2 (H𝛼 𝜆6563 Å) and 4 → 2 (H𝛽 𝜆4861 Å) transitions of the hydrogen
atom compared to their intrinsic intensity ratio so as to yield a relative extinction
in the Narrow Line Region (NLR) of Seyfert 2 nuclei and find that the use of
𝐼(H𝛼/H𝛽) = 2.85 gives 𝑇e values of 700 ± 30 K higher than the 𝑇e values derived
from 𝐼(H𝛼/H𝛽) = 3.1.

2. We derived Ne2+/H+ ionic abundances using optical and IR emission lines emitted
from different Paschen and Brackett hydrogen transitions as reference lines. Differ-
ences in order of 0.6931 ± 0.0052 dex are derived from the different estimations.

3. The Ne2+/H+ ionic fractions obtained using direct optical measurements of the
electron temperature are underestimated by a factor of about 5 in comparison with
those measured by NIR/MIR emissions lines.

4. The Ne2+/H+ abundance differences derived from the comparison between the
𝑇e−method and the IR−method estimations are slightly higher than those derived
in nearby H ii regions (∼ 0.01 ± 0.01 dex higher).

5. We did not find any relation between the ionic abundance difference (D) and the ion-
ization parameter 𝑈 , therefore, there is very little dependence of 𝑈 on temperature
fluctuations over the whole range of D.

6. The derived Ne2+/H+ ionic abundance differences could be interpreted as a result of
the presence of electron temperature fluctuations in the NLRs of AGNs. Therefore,
we estimate the level of fluctuations in terms of the 𝑡2 parameter in the range from
0.0006 to 0.4365 ± 0.0053 with an average value of 0.1859 ± 0.0011.
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7. In view of the root mean square temperature inhomogeneities, we conclude that,
if electron temperature fluctuations are present in Seyfert 2 nuclei, they would be
somewhat more predominant than in H ii regions.

5.2 Future work
While we have made considerable strides, there is so much work to be done. There-

fore, we outline a few paths here we believe should be pursued in light of the findings
discussed in this study.

1. Determination of the total Ne abundance (Ne/H) of Seyfert 2 nuclei from either
optical or IR-method by taking into account the unobserved ions. This can be done
in two ways. First, estimation of ionization correction factors (ICFs), which represent
the unseen ionization stages of each ion. Since some of the neon ions such as Ne+

and Ne3+ have not been observed in the optical a significant fraction of Ne likely lies
in the Ne+ and Ne3+ states and it is impossible to obtain a direct contribution from
these states to the total neon abundance without ICF. A second way for determining
the Ne/H could be done by summing all the observed ionic species of the ionization
stages of neon, for instance, looking at the neon abundances in the sample for which
every ion from Ne+ to Ne5+ (highly possible in IR observations) has been measured
so that lines representing all important stages of ionization are found, such that
no correction for unseen ionization stages needed to be made. The latter approach
would be highly reliable than the former because miscalculation of ICF is a potential
source of abundance discrepancy.

2. Additionally, it is important to estimate the Ne/O and Ar/O abundance ratios hence
Ne and Ar are products of the late stages in the evolution of massive stars. Neon
is produced during carbon burning in the final stages of the evolution of massive
stars and on the other hand, argon, like sulphur, is produced by oxygen burning
and, therefore, neon and argon are expected to track oxygen abundance (O/H) very
closely.

3. Finally, we propose to extend this study to the NLR of Seyfert 1 nuclei in the near
future by decomposing the superimposed narrow permitted lines from the broad
emission lines. Photoionization models can be used to reproduce emission lines from
the NLRs of Seyfert 1 nuclei which will be very useful if a good agreement is found
by comparison with some observed intensities relative to permitted lines, especially
the Balmer lines for the NLRs of Seyfert 1 nuclei.
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