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Abstract

Low-Ionization Nuclear Emission-Line Regions (LINERs) represent the low luminosity

end of Active Galactic Nuclei (AGN). The main power source of LINERs is the subject of

considerable debate in the scientific community today, despite the fact that some LINERs

show features of mass accretion into a super massive black hole (SMBH). Optical line-

ratio diagrams are not conclusive diagnostic tools as they can be explained by different

mechanisms, including shocks (Dopita et al. 1997[8]) and photoionization accompanied

by outflow resembling accretion (Sabra et al. 2003[23]). This dissertation will examine the

possibility of an Advection Dominated Accretion Flow (ADAF) as the main power source

behind LINER emissions. I focus on a sample of LINER 1.9s that show Narrow Line

Region (NLR) emissions with a signature of mass accretion: the broad Hα emission line.

The scarcity of available observational data of UV spectra for this sample prompted us to

look into IR line-ratios as an additional diagnostic. I compare IR emission line measures

adopted from (Dudik et al. 2009[9]) for a set of LINER 1.9s and Optical and UV spectra

for NGC 1052 (Dopita et al. 2015[7]) with sets of simulations of a single phase cloud

excited by an ADAF source. The models are formed by varying the values of the photoion-

ization parameter and the cloud density using Cloudy (c17.01, Ferland et al 2017[11]). I

observe that line-ratios originating from the same element (Carbon and Neon) best fit in an

area bounded by column densities ranging between 1022 to 1023 cm´2 and photoionization

parameters ranging between logpUq “ ´2.5 to ´2. Line-ratios involving Carbon versus

Helium in the UV or Oxygen versus Neon in the IR are best fit inside these bounded areas,
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but only within a dusty metal-depleted model. I note that the [O III]5007 / Hβ line ratio of

NGC 1052 diverge from the best fit scenario by about 1.2 dex. Optical and UV observa-

tions from a larger set of LINER 1.9s are required to better understand this deviation.

Keywords: AGN - LINER - ADAF - LINE RATIO DIAGNOSIS
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Résumé

Les régions de ligne d’émission nucléaire á faible ionisation (LINER) représentent l’extrémité

de faible luminosité des noyaux galactiques actifs (AGN). La principale source d’énergie

des LINER fait l’objet d’un débat considérable dans la communauté scientifique aujourd’hui

bien que certains LINER présentent des caractéristiques d’accrétion de masse dans un trou

noir super massif (SMBH). Les diagrammes de rapport de ligne optique ne sont pas des

outils de diagnostic concluants car ils peuvent être expliqués par différents mécanismes, y

compris les chocs (Dopita et al. 1997[8]) et la photionisation accompagnée d’un écoulement

ressemblant à l’accrétion. (Sabra et al. 2003 [23]). Cette thèse examinera la possibilité

d’un flux d’accrétion à dominance d’advection (ADAF) comme principale source d’énergie

derriére les émissions LINER. Nous nous concentrons sur un échantillon de LINER 1.9

qui montre les émissions de la région de restreinte (NLR) avec une preuve d’accrétion de

masse: la large ligne d’émission Hα. La raretè des données d’observation disponibles des

spectres UV pour cet échantillon nous a incités à examiner les ratios de raies IR comme

diagnostic supplémentaire. Nous comparons les mesures des raies d’émission infrarouge

adoptées de (Dudik et al. 2009[9]) pour un ensemble de LINER 1.9 et de spectres optiques

et UV pour NGC 1052 (Dopita et al. 2015[7]) avec des ensembles de simulations d’un

nuage monophasé excité par une source ADAF. Les modèles sont formés en faisant varier

les valeurs du paramètre de photoionisation et la densité des nuages en utilisant Cloudy

(c17.01, Ferland et al 2017[11]). Nous observons que les ratios linéaires provenant du

même élément (carbone et néon) correspondent le mieux à une zone délimitée par des
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densités de colonnes comprises entre 1022 à 1023 cm´2 et les paramétres de photo ionisa-

tion compris entre logpUq “ ´2, 5 à ´2. Les rapports linéaires impliquant le carbone et

l’hélium dans les UV ou l’oxygéne et le néon dans l’IR sont les mieux adaptés à l’intérieur

de ces zones délimitées, mais uniquement dans un modéle poussiéreux appauvri en métal.

Nous notons que le rapport de ligne [O III] 5007 / Hβ de NGC 1052 s’écarte du scénario le

mieux ajusté d’environ 1, 2 dex. Des observations optiques et UV à partir d’un ensemble

plus large de LINER 1.9 sont nécessaires pour mieux comprendre cette déviation.
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Chapter 1

Introduction

Galaxies with cores that exhibit higher luminosities compared to nearby galactic nuclei, or

spectral energy distributions (SED) that cannot be accredited solely to stars, are called Ac-

tive Galaxies and their compact central sources are called Active Galactic Nuclei (AGN).

While it is easy to pinpoint high luminosity AGNs that have a range of luminosities between

several orders of magnitude greater than their host galaxies to luminosities that completely

outshine their host, the lower spectrum of AGNs is more difficult to identify. Unlike H

II regions which are predominantly excited by star formation, AGNs are believed to be

powered by mass accretion into a super massive black hole (SMBH). The high luminosity

over a range of the electromagnetic spectrum, the emission of strong broad lines like that

of Hβ and [O III], or the existence of jets are all indicators of excitation through accretion.

But as core luminosities decrease and as emission lines from weakly ionized atoms such as

[O II] and [N II] become more dominant over strongly ionized atoms such as [He II] and

[O III], the excitation mechanism behind such observations becomes more and more vague.

Low-Ionization Nuclear Emission-line Regions (LINERs) that were first defined by (Heck-

man 1980[16]) show dominance in line emissions of weakly ionized atoms over strongly

ionized ones. LINERs show Hα luminosities ranging between 1038 and 1040 erg s´1, mak-

ing them more similar to giant H II regions than other AGNs. But the presence of a compact
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UV or X-ray core, broad Hα emission lines or radio jets in some LINERs show evidence

of some sort of accretion into SMBH; thus LINERs are categorized in the lower luminosity

end of AGNs. Despite the fact that a variety of possible excitation mechanisms, ranging

from shock waves to hot new stars, were introduced in an attempt to explain the cause of

LINER emission, a conclusive scenario was never put forward.

This dissertation will examine the possibility of an Advection Dominated Accretion Flow

(ADAF) as an excitation mechanism behind the LINER phenomenon.

1.1 The Unified Model of AGNs

As shown in Figure 1.1, the SED of an AGN is best described by a power law Fν 9 ν´α

where α, called the spectral index, is consistent with frequencies in the same spectral band

with a typical range of 0.5 ď α ď 2. A common feature of all AGNs is the Big Blue Bump,

which is the signature for mass accretion into a super massive black hole. The smaller

IR bump is due to thermal processes. It is also clear that AGNs can be classified into two

types: radio loud and radio quiet. Over a frequency range between ν1 and ν2 the total power

Ppν1,ν2q received is:

Ppν1,ν2q “

ż ν2

ν1

Fνdν “

ż ν2

ν1

Cν´αdν

“
C

1´ α
pν1´α2 ´ ν1´α1 q pα ‰ 1q

“ C ln

ˆ

ν2
ν1

˙

pα “ 1q

Even though all AGN SEDs are best fitted by a power law, the different features of AGNs

determine their classification into various classes and sub-classes. Such features can in-
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Figure 1.1: A sketch of the continuum observed for many types of AGNs. It is generally believed
that the Big Blue Bump is due to accretion disk and the Infrared bump due to thermal processes.
(Figure adapted from ’An Introduction to Modern Astrophysics’ by B.W.Caroll and D.A.Ostlie)

clude continuum luminosity, variability, radio emission, emission line width and line prop-

erties (e.g. allowed/forbidden lines, low/high ionization lines), and the presence of radio

lobes or jets. In fact, the idea for a unified model for the AGN phenomena proposed by

(Urry and Padovani 1995[27]) was not thought about until recently. The primary reason

for this delayed understanding of the unified model is likely due to the fact that two major

classes of AGNs were first discovered using different methods.

The first optical spectrum of an AGN was observed at Lick Observatory by Edward E.

Fath in 1908 while studying the spiral galaxy NGC 1068. In 1943, Carl Seyfert was the

first to report that several resolved galaxies show a stellar appearing core with high surface

brightness and unusual emission-line characteristics (Seyfert 1943[24]). This class of active

galaxies is now known as Seyfert Galaxies and are sub-classified into two types:

• Type 1 Seyfert Galaxies show “narrow-line” emissions in their SEDs that include

both allowed and forbidden lines - a characteristic of low-density ionized gas - super-

posed with “broad-line” emissions lacking forbidden lines - a characteristic of high
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density ionized gas.

• Type 2 Seyfert Galaxies show only “narrow-lines” in their SEDs and a continuum

that is significantly less luminous than Seyfert 1s

Meanwhile in the late 1950s, the first radio sky surveys revealed a more violent celestial

object: a quasi-stellar radio source, which became known as a Quasar. When first detected,

the star-like compact object displayed broad emission lines, hence the name quasi-stellar

radio source. Quasars are now sub-classified as radio-loud and radio-quiet Quasi-stellar

Objects (QSOs). QSOs are related to high redshifts and have large UV flux.

The AGN family also includes Radio Galaxies (AGNs that expose large radio fluxes in

their core, halo or as forms of jets or lobes), Blazars (AGNs with high variability and high

degree of polarization at visible wavelength), Altraluminous Infrared Galaxies (ULIRGs),

Low Luminosity AGNs (LLAGNs), and Low Ionization Nuclear Emission-line Regions

(LINERs).

Figure 1.2 summarizes the unified model of AGNs: the different classes of AGNs that are

observed are not caused by intrinsic physical differences, but rather by the orientation of

our line of sight. The central power source of AGNs are obscured by thick circumnuclear

matter. A thin disk accretion into a SMBH ionizes its vicinity. A Broad Line Region (BLR)

closer to the accretion disk with high velocity and a high density profile is the origin of the

broad emission lines. A less dense Narrow Line Region (NLR) is the origin of forbidden

narrow emission lines. A more face-on view will allow observers to see emissions from

both BLR and NLR, thus classified as type I, and a more edge-on view will obscure emis-

sions from the BLR and show only narrow forbidden lines, thus classified as type II. For a

full face-on point of view, Blazars are observed as the observer is looking at jets directed

into his point of view.
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Figure 1.2: The unified model of Active Galactic Nuclei (AGNs). Credit: (Beckmann and Shrader
2012[5]).



6

1.2 Excitation Mechanism of LINERs

LINERs were first identified by (Heckman 1980[16]) as a class of AGNs that show optical

line-emission spectra that broadly resembles that of Seyferts, but are characterized by the

strength of line emissions from weakly ionized atoms such as [O II] and [N II], which are

weaker in Syeferts. In contrast Seyferts show line emissions from strongly ionized atoms

such as [He II] and [O III]. Heckman defined LINERs as nuclei having emission-line flux

ratios that satisfy the relations [O II]λ3727/[O III]λ5007 ą 1 and [O I]λ6300/[O III]λ5007

ą 1/3.

A more detailed classification was done by (Ho et al.1997[18]), where galactic nuclei were

classified into “pure” LINERs, H II regions and transition nuclei that show line character-

istics between LINERs and H II regions. Table 1.1 sums up the criteria of classification

proposed by (Ho et al. 1997[18])

Table 1.1: Criteria for Spectral Classification

Class rO IIIsλ5007{Hβ rO Isλ6300{Hα rN IIsλ6583{Hα rS IIsλλ6716, 6731{Hα

H II nuclei Any ă 0.08 ă 0.6 ă 0.4
Seyfert nuclei ě 3 ě 0.08 ě 0.6 ě 0.4
LINERs ă 3 ě 0.17 ě 0.6 ě 0.4
Transition nuclei ă 3 ě 0.08,ă 0.17 ě 0.6 ě 0.4

Note: Line ratios are dereddened values. Hα and Hβ indicate the narrow component of those lines. (Ho
et al. 1997[18]).

LINER emissions are very common in galactic nuclei as they make up around 30% of

nearby galaxies and the bulk p1{2´3{4q of the AGN population (Ho et al. 1997[18]). Most

LINERs are of early-type E/S0/Sa galaxies.

The main power source of LINERs is the subject of considerable debate in the scientific

community today, despite the fact that some LINERs show features of mass accretion into
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a super massive black hole. Other possible power sources include fast shocks (Heck-

man 1980[16]), photoionization by hot stars (Filippenko & Terlevich 1992[13]; Shields

1992[25]), or photoionization by old, metal-rich stellar populations (Taniguchi et al. 2000[26]).

Advection Dominated Accretion Flow (ADAF) was first introduced by Ichimaru (1977)[19]

when he stated that in some accretions the energy dissipated by viscosity can go into heat-

ing the matter in the flow rather than being radiated away. After finding the solution for

such flows, numerical models were soon established and studies about ADAF character-

istics were put forward (Abramowicz et al. 1996[1]) (Narayan et al. 1997[20]). Having

sub-Eddington accretion, ADAFs are very radiatively inefficient, geometrically extended,

similar in shape to a sphere (or a “corona”) rather than a disc, and very hot (close to the

virial temperature). Because of their low efficiency, ADAFs are much less luminous than

the Shakura-Sunyaev thin discs. ADAFs emit a power-law, non-thermal radiation, often

with a strong Compton component[2].

This dissertation examines the possibility of an ADAF as an excitation mechanism behind

the LINER phenomenon by plotting ratios of emission line strength of different atoms gath-

ered from observations and comparing them to ratios calculated by models. These diagrams

are called BPT diagrams. These diagrams were first introduced as techniques to probe ex-

citation mechanisms by Baldwin, Phillips and Terlevich in 1981[3], hence their given name.

Figure 1.3 shows an example of a BPT diagram. In a BPT diagram, observational data of

line ratios are plotted and analyzed for certain tendencies and to look for clusters of emis-

sion regions that have the same type of power source to investigate the properties of those

regions. Simulated models can be computed and their results compared to observations as

a means of testing the validity of the model.



8

Figure 1.3: An Example of a BPT Diagram[3] For certain emission lines, observations are gathered
from different types of objects (e.g. HII regions, AGNs) and their strength ratios are plotted to
investigate their general properties.
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Chapter 2

Simulations and Data Collection

2.1 Photoionization Simulations

For the simulations, I use Cloudy (c17.01, Ferland et al 2017) to emulate the photoioniza-

tion caused by an ADAF source on different clouds. Cloudy is a spectral synthesis code

designed to simulate conditions in interstellar matter under a broad range of conditions. I

choose a cloud with solar abundances, varying its hydrogen column density and the pho-

toionization parameter for each model. Because this study examines extragalectic regions,

the hydrogen column denisty is considered as the measure of the approximate amount of

matter in the vicinity of the AGN: more precisely it constrains the size of the cloud near the

NLR. The ionization parameter U is defined as the ratio of ionizing photon density to hy-

drogen density U “
nγ
nH

and it constrains the dimensionless intensity of ionizing radiation.

For the Hydrogen column densities, I use five different values of 1020, 1021, 1022, 1023

and 1024 cm´2 and I set up a grid of a photoionzatation parameter running from ´4.0 to

`4.0 in steps of 0.5 dex to be performed with each Hydrogen column density value. I

note that some simulations gave a null value to certain emission lines, so these lines were

deducted from the diagrams below.
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I use an ADAF SED determined through observation by (Nemmen et al.2014[21]). Figure

2.1 shows the ADAF SED in black compared to a thin disk SED. The main distinction

between an ADAF SED to a thin disk one is that it is flatter over a range of frequencies and

lacks the Big Blue Bump.

Figure 2.1: The blue line is a thin disk SED and the black line is the ADAF SED taken from
(Nemmen et al. 2014[21]). They are normalized at 10 Ryd, the vertical scale is arbitrary.

2.2 The LINER 1.9 Sample

To compare the photoionization simulations to observable data, I choose a sample of 22

LINER 1.9s, a sub-class of LINERs that show broad Hα lines. The decision to reduce the

sample to LINER 1.9s was made to test whether the emission lines can be explained by

an ADAF source continuum for LINERs with a signature of black hole powered accretion

(the broad Hα lines).

2.3 Available UV Spectra for the LINER 1.9 Sample

During my research, I found that the UV spectra available for the LINER 1.9 sample above

is outdated and almost all IUE spectra are either not usable for UV spectral line extraction

or do not have the required spectral coverage. The only accessible spectra for data retrieval
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was an FOS observation done on NGC 1052. (Gabel et al. 2000[14]) performed a detailed

analysis of NGC 1052. Table 2.1 shows the results of the flux strength of different UV and

Optical lines extracted by (Gabel et al. 2000[14]) after being dereddened.

Table 2.1: Measured and Dereddened Emission-Line Ratios Relative to Hβ Provided by
Gabel et al 2000[14]

Line EpB ´ V q “ 0.02 EpB ´ V q “ 0.44
C IV λ1549 0.14p˘0.04q 0.75p˘0.64q
He II λ1640 0.16p˘0.05q 0.80p˘0.66q
C IIIs λ1909a 0.35p˘0.08q 2.00p˘1.73q
C IIs λ2326b 0.58p˘0.08q 3.80p˘3.51q
rO IIs λ3727 2.77p˘0.31q 3.98p˘0.81q
rO IIIs λ5007 2.85p˘0.32q 2.72p˘0.32q
Hβ λ4861 1c 1d

a Line deblending procedure required for flux measurement.
b Contains rO IIIλ2321 and Si IIsλ2335 emissions.
c FHβ

“ 2.65p˘0.13q ˆ 10´14ergs s´1 cm´2

d FHβ
“ 1.1p˘0.7q ˆ 10´14ergs s´1 cm´2

A more recent observation on NGC 1052 was made using the Wide Field Spectrograph

(WiFeS; Dopita et al. 2010[6]) at the ANU 2.3 m telescope at Siding Spring Observatory.

This study adopted the data reduction by (Dopita et al. 2015[7]) where nuclear line fluxes

were derredened by Av “ 1.05. The final extracted line fluxes relative to Hβ are shown in

Table 2.2.

Table 2.2: Measured and Dereddened Emission-Line Ratios Relative to Hβ Provided by
(Dopita et al.[7])

λpAq Line ID Obs. Fluxa(Hβ = 100)
1548, 51 C IV 72˘ 12
1640 He II 74˘ 9

1907, 09 C III] 129˘ 7
2326, 35 C II] Si II] 107˘ 13
3726, 29 [O II] 403˘ 8
5007 [O III] 241˘ 4

a Absolute dereddened flux in aperture: F pHβq “

9.04ˆ 1014perg cm´2 s´1q
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2.4 Available IR Spectra for the LINER 1.9 Sample

The IR spectroscopic data is adopted from (Dudik et al. 2009[9]), in which a comprehen-

sive mid-infrared spectroscopic investigation was conducted for 67 LINERs using archival

observations from the high-resolution modules of the Infrared Spectrograph on board the

Spitzer Space Telescope. The following table summarizes the LINER 1.9 data available in

that study.

Table 2.3: Mid-IR Line Fuxes adopted from (Dudik et al. 2009[9])

Galaxy Name rNe IIs 12µm rNe IIIs 15µm rNe V s 14µm rNe V Is 24µm rO IV s 26µm
NGC 1052 21.03˘ 0.3 12.4˘ 0.2 0.54˘ 0.15 2.5˘ 0.4 2.1˘ 0.5
NGC 2681 8.5˘ 0.5 3.4˘ 0.2 ă 0.1 ă 0.27 2.3˘ 0.4
NGC 2787 1.5˘ 0.1 1.0˘ 0.1 ă 0.03 ă 0.12 ă 0.3
NGC 3226 2.0˘ 0.2 1.9˘ 0.1 ă 0.14 ă 1.4 ă 1.4
NGC 3642 9.8˘ 0.4 2.3˘ 0.1 ă 0.07 0.90˘ 0.17 1.2˘ 0.3
NGC 3884 2.1˘ 0.1 1.1˘ 0.1 ă 0.04 ă 0.11 ă 0.1
NGC 3998 12.2˘ 0.1 7.8˘ 0.2 ă 0.10 ă 1.8 ă 1.5
NGC 4036 5.1˘ 0.1 3.0˘ 0.1 ă 0.02 0.90˘ 0.16 0.9˘ 0.2
NGC 4143 3.2˘ 0.1 2.3˘ 0.1 ă 0.04 ă 0.15 0.6˘ 0.2
NGC 4203 1.8˘ 0.1 2.1˘ 0.1 ă 0.03 ă 0.30 ă 0.5
NGC 4278 5.6˘ 0.1 4.0˘ 0.1 ă 0.03 0.70˘ 0.14 1.6˘ 0.1
NGC 4438 22.2˘ 0.8 8.6˘ 0.5 ă 0.21 1.1˘ 0.19 3.5˘ 0.5
NGC 4450 3.8˘ 0.9 2.5˘ 0.6 ă 0.71 ă 1.46 1.8˘ 0.7
NGC 5005 41.8˘ 0.7 13.3˘ 0.7 ă 0.14 ă 0.39 ă 0.8

Note: Line fluxes are given in units of 10´21Wcm´2.
3σ upper limits are reported for nondetections. (Dudik et al. 2009[9]).
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Chapter 3

Interpretation of the Diagrams

3.1 General Notes

Various inputs affect spectral line strengths, including the ionization parameter, hardness

of the radiation source, and the properties of the surrounding cloud (e.g. chemical com-

position, thickness, geometry and density, to mention a few). The simulations performed

in this study examine the effects of the photoionization parameter and cloud density on

the spectral line strengths by varying the inputs for each of these two variables only. Other

variables, such as chemical composition and cloud geometry, are excluded from the first set

of simulations, by selecting, for example, an isotropic single phase cloud with solar metal-

licity; however, in the analysis of the BPT diagrams that follow, chemical composition is

taken into account and proves to be a key factor in adjusting the models in order to meet the

observed data. Cloud geometry, on the other hand, may significantly impact line strengths

of some elements, like the optical rOIIIs λ5007 line, but will be only briefly addressed in

this dissertation and will be the subject of future examination to improving the models.

Lines originating from higher ionized atoms of the same element generally tend to be

strengthened with the increase in the value of the photoionization parameter. This is also

clear within the simulations when increasing the photoionization paramter, but a cutoff oc-
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curs at logpUq “ ´1 where all IR lines null down to zero. UV lines undergo a substantial

decrease at logpUq “ ´1 and disappear directly afterwords. A photoionization parameter

of a value lower than logpUq “ ´4 also results in the absence of IR lines. Therefore, for

the purpose of having a more expanded picture of the relevant data, the values of logpUq in

the diagrams range between -4 and -1.5 for both IR and UV spectral lines.

In the diagrams bellow, each color represents a cloud with a specific Hydrogen column

density, ranging from 1020 cm´2 (orange) to 1024 cm´2 (blue). The different photoioniza-

tion parameter values are represented by the colored circles. The first circle of each colored

curve in all the diagrams (always starting on the bottom left) begin with photoionization

parameter logpUq “ ´4, while the successive circles on the same colored path (generally

moving diagonally to the upper right) represent a sequence of increasing photoinization pa-

rameter by 0.5 dex. For clarity of the positions of the observed line ratios in the diagrams,

some of the higher photoionization parameter values are not shown. For the same reason,

the first circle on the bottom left of Figure 3.1 represents a photoionization parameter value

of logpUq “ ´2.5

The following sections present an analysis of the BPT diagrams resulting from the pre-

viously mentioned simulation data, taking into account the available observational line

spectra. First, I analyze emission line diagrams involving the IR lines, then lines involving

the optical and UV, and finally ratios involving UV lines only. LINER emission-line ratios

that are adopted from (Dudik et al. 2009[9]) measurments are represented by black stars,

except for NGC 1052, which is represented by a red star since it is the only LINER which

has observational spectral line data in both IR and UV and allows comparison of line ratios

in both IR and UV diagrams.
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3.2 IR Diagrams

My study is limited by the scarcity of the observed data; therefore, the IR line ratio di-

agrams involve only two elements: Neon and Oxygen. In my analysis, I can group the

diagrams into two parts: one involving only Neon lines and the other involving both Neon

and Oxygen. The reason behind this grouping is the fact that line intensities are generally

very dependent on element abundances and can be affected by the metallicity of the cloud.

Therefore, when examining emission lines originating from the same element within this

study, I reduce line strength correspondence to metallicities and depletion.

The first group of diagrams, that are the ones involving only Neon lines, rNe IIs 12µm,

rNe IIIs 15µm and rNe V s 14µm (Figures 3.1, 3.2 and 3.3), show a strong linear correla-

tion for simulations having the same column density given different values of the photoion-

ization parameter. As the photoionization parameter increases, the line intensity of higher

ionized Neon lines increase relative to the lower ionization lines. Furthermore, the set of

simulations with different column densities show a compact, almost predictable trend.

For this set of diagrams, the measured line strengths of the lines rNe IIs 12µm, rNe IIIs 15µm

and rNe V s 14µm of the LINER 1.9 sample fits perfectly between the boundaries of the

simulations. The comparison also shows that the observational data lie between the curves

corresponding to the column densities of 1021 and 1023 cm´2 and for photoionization pa-

rameter ranging between logpUq “ ´2.5 and logpUq “ ´2. The segment correspond-

ing to a column density of 1022 cm´2 and photoionization paramater ranging between

logpUq “ ´2.5 and logpUq “ ´2 passes through the middle of the scattered observa-

tional data. It is important to note that LINERs are often considered as an extension of

Seyferts with a lower ionization parameter of about logpUq “ ´3.5 (Ferland and Netzer

1983[12]), but as shown here, an ADAF ionization source can explain the observed relative
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line strength of Neon with ionization parameters equivalent to that of Seyfert 2.

The line ratios corresponding to the result of the simulation with a higher ionization pa-

rameter value of logpUq “ ´1 and column density of 1024 cm´2 also overlap the bulk of

the line ratios of the observed data. But to assign such high values to both column density

and ionization parameter is not suggested by any previous study and is probably unlikely to

result in a realistic model. The validity of a model with these characteristics can be further

investigated by analyzing diagrams with different line ratios

Figure 3.1: [Ne V] 14.32/[Ne II] 12.81 versus [Ne V] 14.32/[Ne III] 15.55
Each colored circle represents a Cloudy simulation for a different Hydrogen column

density in cm´2 (check legend) with photoionization parameter starting from
logpUq “ ´2.5 (bottom left) and increasing in steps of 0.5 dex along the colored curve.
The black stars represent the LINER1.9 emission data from Tabel 2.2 except for NGC

1052 represented in red.
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Figure 3.2: [Ne V] 14.32/[Ne II] 12.81 versus [Ne III] 15.55/[Ne II] 12.81
Same as Figure 3.1 with the exception of starting with a photoionization parameter value

of logpUq “ ´4

Figure 3.3: [Ne III] 15.55/[Ne II] 12.81 versus [Ne V] 14.32/[Ne III] 15.55
Same as Figure 3.1 with the exception of starting with a photoionization parameter value

of logpUq “ ´4
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On the other hand, the second group of diagrams, the ones involving the rNe V Is 24µm

and rO IV s 26µm, (Figures 3.4, 3.5 and 3.6), do not show a specific pattern and the re-

sults of the simulations with different inputs often closely overlap, especially for moderate

photoionization parameter values close to logpUq “ ´2.5. The results diverge only for

higher or lower values. This will make it hard for any observational data to be specified

into a certain boundary, thus defining values for photoionization parameter or column den-

sity will be more difficult. It is noticeable that there is no clear pattern for the ratio of

rNe V Is 24µm to rO IV s 26µm. For column densities 1024 and 1023 cm´2 the rela-

tive strength of rNe V Is 24µm decreases as the photoionization parameter increases to a

threshold where rO IV s 26µm becomes increasing more dominant. This is not the case for

the other column densities where the ratios zigzag for different inputs. This shows that the

line ratios of different elements might be dependent on many factors and not predominantly

dependent on photoionization parameter and column density values.

The predominant feature of this set of diagrams is the over estimation of the rNe V Is 24µm

to rO IV s 26µm ratio by the models. If we consider the results of the BPT diagrams with

Neon lines above and take the segment corresponding to a column density of 1022 cm´2

and photoionization parameter ranging between logpUq “ ´2.5 and logpUq “ ´2 as a

possible scenario, we notice that the mean core of the observational data show a lower

rO IV s 26µm to rNe V Is 24µm emission ratio than the predicted simulation by approxi-

mately 0.8 dex. This result may be due to different factors. One of the factors that was not

taken into consideration by this simulation is the depletion of elements due to dust grains.

The existence of dust in the narrow line region (NLR) of AGNs was suggested before by

(Heckman et al. 1981[17]) and (Ferguson et al. 1997a[10]) and can be a possible explana-

tion for the obtained result. The high extinction found in NGC 1052 E(B-V)=0.44 (Gabel

et al. 2000[14]) or the relatively lower E(B-V)= 0.33 (Dopita et al. 2015 [7]) also suggest

that a large amount of interstellar gas exists in the nuclear region, which may be due to a
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Figure 3.4: [Ne V] 14.32/[Ne II] 12.81 versus [Ne V] 24.21/[O IV] 25.88
Same as Figure 3.1 with the exception of starting with a photoionization parameter value

of logpUq “ ´4

dusty accretion flow. Noble gasses like Neon and Helium are not expected to be effected

by such depletion, and thus the relative abundances of such elements may increase in these

regions.

It is clear, after a basic analysis of the first IR line ratio diagrams, that constraints on

the photoionization parameter strength and cloud density alone are not enough to form a

model that can offer a more complete understanding of the medium and power source of

line emissions. Simulations should consider other variables including metallicity, depletion

and existence of dust grains in order to form a more reliable model to be compared with ob-

servations. Thereupon, factors like depletion and grains are introduced into the simulations

within this study and the results are discussed in Chapter 4.
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Figure 3.5: [Ne III] 15.55/[Ne II] 12.81 versus [Ne V] 24.21/[O IV] 25.88
Same as Figure 3.1 with the exception of starting with a photoionization parameter value

of logpUq “ ´4

Figure 3.6: [Ne V] 14.32/[Ne III] 15.55 versus [Ne V] 24.21/[O IV] 25.88
Same as Figure 3.1 with the exception of starting with a photoionization parameter value

of logpUq “ ´4
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3.3 Optical-UV Diagrams

As mentioned above there is no set of LINER 1.9s with spectral observations over the re-

quired range for Optical - UV BPT line diagnostics. Comparing the simulated results to the

data available for NGC 1052 can give us an idea about the emission line intensity ratios.

However, a conclusive analysis is not possible given the lack of observational data.

Here again, as the photoionization parameter value increases, the strength of the higher

ionization lines increase relative to the lower ionization lines. But what is distinguishable

is the behavior of the line ratio rOIIIs / Hβ for column densities of values 1023 cm´2 and

less, where it is always maximum for logpUq “ ´2. It is unclear why a photoionization

parameter of value logpUq “ ´2 would maximize the rOIIIsλ5007 emission, especially

because I do not see such a trend emerge for column densities of values above 1023 cm´2

where the rOIIIs / Hβ ratio keeps on increasing with the increase of the photoionization

parameter.

If we consider the cloud with column density value of 1022 cm´2 and photoionization pa-

rameter ranging between logpUq “ ´2.5 and logpUq “ ´2 as a possible simplification of

the NLR of LINER 1.9s, then the ADAF model again fits the ratios that involve emission

lines from the same element, in this case CIV 1549/CIIIs1909 (Figure 3.8); however, the

model fails to emulate the observed data with regards to two areas: the over estimation of

CIV 1549/HeII1640 line ratio and the under estimation of the rOIIIs / Hβ line ratio.

The case of over estimation, as in the IR line ratios involving Oxygen and Neon, can be

explained by the absence of depletion in the simulations. Like Neon, Helium is a Nobel gas

and is not effected by depletion into dust grains unlike Carbon; therefore, adding depletion

to the simulations may also explain the discrepancy.
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On the other hand, the case of rOIIIs / Hβ optical line ratio underestimation by the model

requires a more comprehensive investigation. In attempting to explain the results of the

optical line ratios, a comparison with research on NLR of Seyfert II may be insightful. The

OIIIs / Hβ line ratios among Seyfert IIs show a variation of about 0.8 dex (Groves and

Dopita 2003 [15]). This is still much less than the 2 dex difference between observation

and the results of the possible simplified scenario shown in Figure 3.7, but greater than the

difference in Figure 3.8 where this deviation drops to about 0.5 dex. I should note here

that I am using a single phase cloud model, while all models created in an attempt to ex-

plain optical observed line ratios of Seyfert IIs consisted of more than one photoionization

component with complex geometries (Netzter 1990 [22]) (Groves and Dopita 2003 [15]).

Another important element in rOIIIs line strength is the geometry of the narrow line re-

gion. Baskin et al. 2005 [4] shows that the strength of rOIIIs5007 is mostly modulated

by the covering factor of the NLR gas to a greater extent than its density and ionization

parameter. The lack of data from different LINER 1.9s also contribute to the problem by

making it difficult to look for a pattern among a set of LINER 1.9s or to investigate in

any peculiarity in NGC 1052, including the given observation and the correction for red-

dening. Another, very different suggestion is that the high ionization lines come from the

interstellar medium of the host galaxy.(Netzter 1990 [22])
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Figure 3.7: [O III] 5007/Hβ versus C IV 1549/He II 1640
The colored circles represent the Cloudy simulations for different Hydrogen column

density in cm´2 (check legend) with photoionization parameter starting from
logpUq “ ´4 (bottom left) and increasing in steps of 0.5 dex along the colored curve. The

red star represents the NGC 1052 emission data adopted from Gabel et al.

Figure 3.8: [O III] 5007/Hβ versus C IV 1549/C III] 1909
Same as Figure 3.7
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3.4 UV Diagrams

I treat diagrams involving only UV line ratios the same way as the diagrams involving only

IR lines according to two different categories: diagram line ratios from one element only

(here Carbon instead of Neon) and diagrams from two different elements (Carbon and He-

lium instead of Oxygen and Neon).

When dealing with the diagram involving lines emitted from Carbon only that is CIIs2326

, CIIIs1909 and CIV 1549, the position of the NGC 1052 observation data lies in be-

tween photoionization parameter values of logpUq “ ´2.5 and logpUq “ ´2 for column

density of 1022 cm´2, reassuring the results of the IR line diagrams. The high ionization

logpUq “ ´1 high density 1024 cm´2 scenario, which was valid as an explanation in the

IR line ratio diagrams, is discarded here since the simulation results do not match with the

observed data to a significant degree.

Figure 3.9: C III] 1909]/C II 2326 versus C IV 1549/C III] 1909
Same as Figure 3.7
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The other three diagrams show line ratios with HeII1640 , CIIIs1909 and CIV 1549. It

is apparent in the simulations that the line strengths of Carbon lines increase relative to He-

lium as the photoionization parameter increases; furthermore, a trend similar to the results

of the Optical diagrams involving rOIIIs / Hβ is also exhibited in the IR diagrams. For

column densities that have values of 1023 cm´2 and lower, the strength of Carbon lines

relative to HeII1640 is maximized at logpUq “ ´2, while for denser models the strength

of Carbon lines keeps on increasing in accordance with the increase of the photoionization

parameter. The models overestimate line ratios of Carbon versus Helium compared to the

observations on NGC 1052. Here, values in the diagrams can also be explained by metal

depletion. Like Neon, Helium is also a Noble gas and would not be effected by depletion,

unlike Carbon.

Figure 3.10: C IV 1549/He II 1640 versus C III] 1909/He II 1640
Same as Figure 3.7
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Figure 3.11: C III] 1909]/He II 1640 versus C IV 1549/C III] 1909
Same as Figure 3.7

Figure 3.12: C IV 1549/He II 1640 versus C IV 1549/C III] 1909
Same as Figure 3.7
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Chapter 4

Diagrams with Metal Depletion

When excluding the diagrams involving the Optical O III emission lines, we notice that the

model with a column density of 1022 with ionization parameter log(U) between -2.5 and

-2 best fits line ratios originating from the same element; however, it over estimates ratios

involving noble gases. The fact that noble gasses are not effected by depletion led me to

consider a metal depleted NLR. A metal depleted NLR will also result in the formation of

dust grains. As mentioned above, the existence of dust in the NLR of AGNs was suggested

before by (Heckman et al. 1981[17], Ferguson et al. 1997a[10]) and the high extinction

found in NGC 1052 E(B-V)=0.44 (Gabel et al. 2000[14]) or the relatively lower E(B-V)=

0.33 (Dopita et al. 2015[7] also suggest a large amount of interstellar gas exists in the

nuclear region, which may be due to a dusty accretion flow. Therefore a more consistent

simulation should consider a dusty metal depleted cloud.

This chapter re-examines the BPT diagrams above, taking into consideration metal deple-

tion and formation of dust grains. The new simulations use the default depletion suggested

by Cloudy (c17.01): in specific, the depletion factor for Carbon and Oxygen are 0.4 and

0.6, respectively. I also add grains to the cloud simulation, because formation of dust grains

should be taken into consideration when elements are depleted from the environment. Here

also I use the default grains added by Cloudy (c17.01) code.
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In the section that follows, I consider each set of diagrams and discuss the major changes

in the results of the simulations and the fitting of the observed data.

Figures 4.1, 4.2, 4.3: These diagrams involve Neon IR emission lines. After adding metal

depletion and dust grains, the overall line ratio results by the simulations do not change

significantly, except that the result of the model with column density 1024{; cm´2 with

logpUq “ ´1 moves away from the bulk of the observations. The observational data fit an

area bounded by column densities ranging between 1022 to 1023 cm´2 and photoionization

parameters ranging between logpUq “ ´2.5 to ´2, which I will describe as the best sce-

nario.

Figure 4.1: [Ne V] 14.32/[Ne II] 12.81 versus [Ne V] 14.32/[Ne III] 15.55 Metal Depleted
Each colored circle represent a Cloudy simulation for a different Hydrogen column

density in cm´2 (check legend) with photoionization parameter starting from
logpUq “ ´2.5 (bottom left) and increasing in steps of 0.5 dex along the colored curve.
The black stars represent the LINER1.9 emission data from Tabel 2.2 except for NGC

1052 represented in red.
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Figure 4.2: [Ne V] 14.32/[Ne II] 12.81 versus [Ne III] 15.55/[Ne II] 12.81 Metal Depleted
Same as Figure 4.1 with the exception of starting with a photoionization parameter value

of logpUq “ ´4

Figure 4.3: [Ne III] 15.55/[Ne II] 12.81 versus [Ne V] 14.32/[Ne III] 15.55 Metal Depleted
Same as Figure 4.1 with the exception of starting with a photoionization parameter value

of logpUq “ ´4
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Figures 4.4, 4.5, 4.6: These diagrams involve Neon and Oxygen IR emission lines.

After adding metal depletion and dust grains, the overall line ratio results differ by having

more of zigzag results rather than steady change in the line ratios as a function of both the

photoionization parameters of cloud density. The bulk of the observational results vary by

about 0.5 dex from the best fit scenario in contrast of about 1.5 dex in the diagrams without

depletion.

Figure 4.4: [Ne V] 14.32/[Ne II] 12.81 versus [Ne V] 24.21/[O IV] 25.88 Metal Depleted
Same as Figure 4.1 with the exception of starting with a photoionization parameter value

of logpUq “ ´4
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Figure 4.5: [Ne III] 15.55/[Ne II] 12.81 versus [Ne V] 24.21/[O IV] 25.88 Metal Depleted
Same as Figure 4.1 with the exception of starting with a photoionization parameter value

of logpUq “ ´4

Figure 4.6: [Ne V] 14.32/[Ne III] 15.55 versus [Ne V] 24.21/[O IV] 25.88 Metal Depleted
Same as Figure 4.1 with the exception of starting with a photoionization parameter value

of logpUq “ ´4
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Figures 4.7, 4.8: These diagrams involve the optical line ratio [O III]λ5007/Hβ versus

ratios of Carbon and Helium UV emission lines. In contrast to the original diagrams, these

two diagrams show a consistency in the discrepancy of the optical [O III]λ5007/Hβ , where

it is underestimated by the model with the best fit scenario by about 1.5 dex. Even though

this is a large divergence, the consistency of the variation in both diagrams can be indication

that the source of the [O III] line may be due to an additional emission from the host galaxy.

Figure 4.7: [O III] 5007/Hβ versus C IV 1549/He II 1640 Metal Depleted
The colored circles represent the Cloudy simulations for different Hydrogen column

density in cm´2 (check legend) with photoionization parameter starting from
logpUq “ ´4 (bottom left) and increasing in steps of 0.5 dex along the colored curve. The

red star represents the NGC 1052 emission data adopted from Gabel et al.
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Figure 4.8: [O III] 5007/Hβ versus C IV 1549/C III] 1909 Metal Depleted
Same as Figure 4.7

Figures 4.9: This diagram involves the UV Carbon lines only. We notice that the model

with the best fit scenario still fits the observational data very well.

Figure 4.9: C III] 1909]/C II 2326 versus C IV 1549/C III] 1909 Metal Depleted
Same as Figure 4.7
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Figures 4.10, 4.11, 4.12: These diagrams involve the UV lines emitted from Carbon and

Heium. After metal depletion and grains are added, the results of the simulations change as

a new pattern emerges. As the photoionization parameter increases, Carbon line strength

increases relative to Helium until it reaches logpUq “ ´2.5, after which the increase in

the value of the photoionization parameter intensifies Carbon lines in high density clouds,

whereas it intensifies Helium lines in low density clouds. Here again, and after adding

metal depletion and dust grains, the model with the best fit scenario meets the observation

data of NGC 1052 very well.

Figure 4.10: C IV 1549/He II 1640 versus C III] 1909/He II 1640 Metal Depleted
Same as Figure 4.7



35

Figure 4.11: C III] 1909]/He II 1640 versus C IV 1549/C III] 1909 Metal Depleted
Same as Figure 4.7

Figure 4.12: C IV 1549/He II 1640 versus C IV 1549/C III] 1909 Metal Depleted
Same as Figure 4.7
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Chapter 5

Conclusion

I have compared the ratios of available observation emission line strength in the IR, Optical

and UV of a number of LINER 1.9s to simulation models of a single phase cloud excited

by an ADAF SED. The results can be summarized as following:

• Emission line ratios from the same element are best described by a model bounded

by column densities ranging between 1022 to 1023 cm´2 and photoionization param-

eters ranging between logpUq “ ´2.5 to ´2. In contrast to the general belief that

LINERs are a lower extension of Seyfert with lower photoionization parameter val-

ues, this shows that LINERs may have an equally strong photoionization parameter,

but the accretion is better described by an ADAF rather than a thin disk flow.

• This same model also fits observations of ratios involving noble gasses if metal de-

pletion and dust grains are added to the simulation. Thus if we consider a dusty NLR,

we will have a more consistent agreement between the updated model and observa-

tions.

• The [O III]λ5007 emission line is the only line underestimated by this model. But

a dusty NLR model unifies the discrepancy to a 1.2 dex in both Optical diagrams,
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which suggests the possibility that the excess [O III]λ5007 might be originating from

a different source (for example, star formation), or might be a byproduct of a factor

that has not been examined by this dissertation, such as cloud geometry. This dis-

agreement is compared to the line strength observed in NGC 1052 (known to be a

star formation region Fernández-Ontiveros et al. 2010), which is the only LINER1.9

with available Optical line data. Thus, more observations are needed in order to

investigate this variance.
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