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RESUMO

Nucleos Galacticos Ativos (AGN) sao regides compactas no centro de galaxias capazes de
gerar grandes quantidades de energia, de tal forma que ndo podem ser explicadas por fusdo
termonuclear pelas estrelas da galaxia, mas sim por acregdo de matéria por um buraco negro
supermassivo. Além de serem laboratérios para o estudo de fisica em condigbes extremas,
acredita-se que AGNs sao fundamentais para o entendimento da evolugao das galaxias. Nesta
dissertacao apresentamos uma analise espacial e temporal do AGN presente na galaxia Seyfert
em interacdo NGC 2992 usando observacoes em diferentes comprimentos de onda. Primeira-
mente, utilizando dados de Espectroscopia de Campo Integral do Telescédpio Gemini, fomos
capazes de resolver espacialmente as populacdes estelares, 0s mecanismos de ionizacdo e a
cinematica do gas ionizado. Utilizando sintese de populag¢des estelares, nés mostramos que a
populacgéo estelar é principalmente composta por estrelas velhas e ricas em metais, mas tam-
bém por uma fragédo consideravel, de até 30% da luz, por estrelas jovens e pobres em metais.
A cinematica da Regido de Linhas Estreitas (NLR) apresenta duas principais componentes:
uma do gas orbitando o disco da galaxia e outra por uma ejecgao (outflow) de gas, relacionada
a emissao em radio. Mostramos que apesar de a ionizacao pelo AGN ser o principal dos me-
canismos, ionizagao por estrelas jovens e por choques também contribuem para as razbes de
linhas encontradas. Depois, apresentamos uma analise do histérico do espectro de emissao
da galaxia em raios-X e no 6ptico. Mostramos que ela apresenta varias transicoes em sua
classificacao Seyfert, do tipo 2 para tipos intermediarios, perdendo e readquirindo sua Linha
de Emissao Larga (BEL) em Hx diversas vezes, portanto classificando-o como um ‘Changing
Look’ AGN. Em raios-X, a fonte apresenta grande variabilidade com sua luminosidade corrigida
por absorcao variando por um fator de ~ 35. Mostramos que a presenca (e o fluxo) da BEL em
Hx esta diretamente correlacionada com a taxa de acregdo: com um valor minimo 2.0*23% na
razdo de Eddington sendo necessario para a deteccao da componente larga. Dois cendrios sao
possiveis para explicar as transigées de clasificagdo: 0 aumento (diminui¢cdo) da luminosidade
do continuo do AGN, que aumenta (diminui) a quantidade de fétons disponiveis para excitar
0 gas na Regido de Linhas Largas (BLR), ou o desaparecimento da estrutura da BEL em si
ocorre quando a baixa taxa de acrecao nao é capaz de suportar a taxa de fluxo de nuvens
necessaria. Este trabalho evidencia o papel das galaxias préximas no estudo dos fendbmenos
AGNSs, nos quais as estruturas da escala parsec podem ser resolvidas e observagdes publicas
em multiplos comprimentos de onda e épocas estdo disponiveis.

Palavras-chave: Astrofisica. Galaxias. Nucleos Galacticos Ativos.



ABSTRACT

Active Galactic Nuclei (AGN) are compact regions at the center of galaxies that can generate
large amounts of energy, such that it can not be explained by thermonuclear fusion in stars,
but instead by accretion of matter onto a supermassive black hole (SMBH). Besides being a
laboratory to study Physics in extreme conditions, AGNs are also believed to be fundamental
for understanding galaxies’ evolution. This dissertation presents a multi-wavelength spatial and
temporal analysis of the AGN in the interacting Seyfert galaxy NGC 2992. First, using data
taken with Gemini Multi-Object Spectrographs (GMOS), with the Integral Field Unit mode, from
the inner 1.1 kiloparsecs of the galaxy, we were able to spatially resolve the stellar populations,
the ionization mechanism, and kinematics of ionized gas. From full spectral synthesis, we found
that the stellar population is primarily composed of old metal-rich stars with a smaller, but
considerable, contributing of up to 30% of the light, from young and metal-poor populations.
The Narrow Line Region kinematics presents two main components: one from gas orbiting the
galaxy disk and another from a blueshifted outflow, correlated with the radio emission. We show
that even though the primary ionization mechanism is the AGN radiation, ionization by young
stars and shocks may also contribute to the emission line ratios found. Later, we present an
analysis of the historical X-rays and optical spectra of the galaxy. We show that the nucleus of
the galaxy presents multiple Seyfert type transitions from type 2 to intermediate-type, losing
and regaining its Hx Broad Emission Line (BEL) recurrently, hence being a ‘Changing Look’
AGN. In X-rays, the source shows large intrinsic variability with the absorption corrected 2-10
keV luminosity varying by a factor of ~ 35. We show that the presence (and flux) of the Hx BEL
is directly correlated with the accretion rate: a minimum Eddington ratio (Azqy = Lpoi/LEgq) Value
of 2.0j$:g% is necessary for the broad line detection. Two possible scenarios for type transitions
are still open: either there is a dimming (brightening) of the AGN continuum luminosity, which
reduces (increases) the supply of ionizing photons available to excite the gas in the Broad Line
Region (BLR), or the disappearance of the BLR structure itself occurs as the low accretion
efficiency is not able to sustain the required cloud flow rate. This work evidences the role of the
nearby galaxies in the study of the AGN phenomena, in which the parsec scale structures can
be resolved and public multi-wavelength and multi-epoch observations are available.

Keywords: Astrophysics. Galaxies. Active Galactic Nuclei.



RESUMO EXPANDIDO

Introducao

A interpretacao de que os objetos luminosos e distantes descobetos por Schmidt (1963) eram
buracos negros super massivos (SMBH) no centro de galaxias foi primeiramente dada por
Lynden-Bell (1969). Nesse modelo, quando matéria da galaxia hospedeira perde momento
angular e é transportada para sua regiao nuclear, seu SMBH pode comegar um processo co-
nhecido como acrec¢ao, através do qual um disco (de acrec¢ao) é formado. O material no disco
de acrecao irradia energia devido as altas temperaturas atingidas pelo efeito da viscosidade do
mesmo (SHAKURA; SUNYAEV, 1973). Esse processo define a existéncia dos chamados Nu-
cleos Galacticos Ativos (AGN), onde energia potencial gravitacional do material é transformada
em energia térmica e radiagdo, dessa forma o AGN é capaz de influenciar o meio interestelar
da sua galéaxia hospedeira.

Além de serem laboratérios para o estudo da fisica em condigdes extremas, o paradigma
tedrico atual de evolugdo das galdxias ndo somente atribui um papel fundamental aos AGNs
na evolugdo de suas galaxias hospedeiras, mas também que ambas evolucdes, dos SMBHs
e das partes centrais (bojos) das galaxias, sejam reguladas pelos mesmos processos. Tal
co-evolucao é suportada observacionalmente pela existéncia de correlagdes fortes entre suas
propriedades, por exemplo, a correlagéo entre a massa dos SMBHs (Mgy) e a disperséo de
velocidades das estrelas do bojos, o, (e.g., FERRARESE; MERRITT, 2000; GULTEKIN et al.,
2009). Esse cenario se fortalece devido ao fato que ambos o crescimento dos SMBHs (medido
pela taxa de acrecdo) e o das galaxias (medido pela taxa de formacgao estelar) sdo similares na
histéria do universo (BULLOCK; BOYLAN-KOLCHIN, 2017), ambos com maximo em redshift
(2) ~ 2.

Objetivos

Embora o efeito dos AGNs em suas galaxias tenha sido maior no universo distante, as infraes-
truturas observacionais disponiveis atualmente ndo conseguem atingir as resolu¢des da ordem
de parsecs necessarias para resolver espacialmente as estruturas internas das galaxias em
altos redshifts. Nesse sentido, o estudo de andlogos locais ainda € necessario para o com-
pleto entendimento do fendmeno dos AGNSs, particularmente para estudo de sua variabilidade,
devido ao fato de essas galaxias estarem sendo observadas por diversos instrumentos de
diversos comprimentos de onda, a décadas. Neste trabalho, analisamos tanto as propriedades
espaciais da regiao nuclear da galaxia Seyfert em interagcao NGC 2992, quanto sua variabili-
dade de longo periodo.

Metodologia

Para resolver espacialmente as propriedades da regido circum-nuclear da galaxia utilizamos
dados de Espectroscopia de Campo Integral obtidos com Telescépio Gemini Sul. Aplicamos
sintese de populagdes estelares, para recuperar a histéria de formagao estelar da galaxia, além
disso, modelamos as linhas de emissao mais proeminentes a fim de estudar a cinematica e
0s mecanismo de ionizagao do gas da galaxia. A andlise da variabilidade da galaxia se deu



pela revisao de toda a literatura sobre a fonte, incluindo todos os espectros 6pticos e em raio-X
publicados, do final dos anos 1970 até os mais recentes, focando na correlacéo entre a pre-
senga/auséncia de BEL em Hx e a luminosidade em raios-X (usada como um indicador da
taxa de acrecao do SMBH).

Resultados e Discussao

Nesse trabalho conseguimos mostrar que a emissdo do continuo da regido circum-nuclear
embora dominada por estrelas velhas e ricas em metais, tém uma fracdo consideravel de luz
emitida por estrelas jovens e pobres em metais, o que pode indicar um surto de formagéo
estelar causado pela interacdo de NGC 2992 com sua companheira NGC 2993. Mostramos
que a Regiao de Linhas Estreitas (NLR) apresenta duas componentes cinematicas, uma que
€ bem descrita pelo gas orbitando o disco da galaxia em orbitas Keplerianas, e outra devido
a ejecao (outflow) de gas, possivelmente relacionada com a emissao em radio da galaxia.
Mostramos ainda que a galaxia possui diferentes mecanismos de ionizacao, € que embora a
ionizagao pelo AGN seja a dominante no kiloparsec central, ionizagdo por estrelas jovens e
por choques também contribuem para as razdes de linhas encontradas. Em maiores escalas,
a dominéncia do AGN deve diminuir em relagdo aos outros dois mecanismos. O estudo da
variabilidade revelou que a fonte apresenta varias transicoes em sua classificacao espectral,
de Seyfert do tipo 2 para tipo intermediario, perdendo e readquirindo sua BEL em Hx em um
periodo de alguns anos, portanto sendo classificado como um ‘Changing Look’ AGN (CL-AGN).
Em raios-X a fonte também apresenta alta variabilidade, com sua luminosidade intrinseca na
banda 2-10 keV variando por um fator maior que 30, de 4.9x10*! ergs~'até 1.7x10*3 erg s7'.
Mostramos que a presenca e o fluxo da componente larga da linha em Hx esté diretamente
correlacionada com a luminosidade em raios-X: um valor minimo de Lo_19 ~ 4x10*' ergs™'é
necessario para deteccao da componente. Valor esse que se traduz a uma razéo de Eddington
(Lboi/LEda = Aeag) de 2.0729%, se supormos Mgy = 3x107 Me. A detecgdo da componente
larga em HpP s6 é possivel a taxas de acrecao ainda maiores, Aggg ~ 5-8%. Dois cenarios para
as transi¢coes sao possiveis: 0 aumento (diminuicao) da luminosidade do continuo do AGN,
aumenta (diminui) a quantidade de fétons disponiveis para excitar o gas na Regido de Linhas
Largas (BLR), ou o desaparecimento da estrutura da BEL em si ocorre quando a baixa taxa de
acrecao ndo é capaz de suportar a taxa de fluxo de nuvens necesséria de acordo com modelos
de vento-disco (disk-wind) para a BLR.

Consideracoes Finais

Esse trabalho mostra a importancia e o papel das galaxias do universo local no estudo do
fendmeno dos AGNSs, nas quais estruturas na ordem de parsecs podem ser espacialmente
resolvidas, e para as quais varios dados em diversos comprimentos de onda e diversas épocas
estao publicamente disponiveis. Nele adicionamos evidencias mostrando a influéncia do AGN
em sua galaxia hospedeira e adicionamos mais um objeto na lista de CL-AGNs, em particular,
um dos poucos em que a dependéncia entre as transigdes de classificagao e a taxa de acregao
€ mostrada explicitamente. Por fim, mencionamos possiveis trabalhos que podem ser realiza-
dos baseados nesse sistema de galaxias em interagdo ou utilizando-se de métodos similares
aos empregados aqui.
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1 ACTIVE GALACTIC NUCLEI

1.1 An Historical Overview

The history of Active Galactic Nuclei (AGNs) started at the beginning of the last century.
Fath (1909) undertook a series of observations aimed at understanding the nature of “spiral
nebulae”, some of the most enigmatic sources at the time. In fact, astronomers were trying to
understand whether these objects were nearby gaseous objects similar to the Orion nebula or
very distant collections of unresolved stars. Fath found continuous spectra with stellar absorption
lines for most objects, which indicated emission from unresolved solar-type stars. However,
for one object, NGC 1068, he found a peculiar spectrum, showing both bright emission and
absorption lines, similar to what had been observed in gaseous nebulae. This result was later
confirmed by Slipher (1917) and by Hubble (1926), who found evidence of this behavior also
in the spectra of NGC 4051 and NGC 4151. The first systematic study of galaxies showing
nuclear emission lines was performed by Seyfert (1943), who studied the spectra of NGC 1068,
NGC 1275, NGC 3516, NGC 4051, NGC 4151, and NGC 7469. He found that while objects like
NGC 1068 had forbidden and permitted lines with roughly similar profiles and widths of ~ 1000
kms™, objects like NGC 4151 showed narrow forbidden lines and very broad (~ 7000 kms™)
hydrogen lines. In the following years, the AGN study developed mostly on the radio, an energy
band that had started to be explored by astronomers. Later, it led to the discovery of emission
from a discrete source in Cygnus, which was then called Cygnus A (HEY et al., 1946), and later
from several other sources (BOLTON; STANLEY, 1948). In the following years, many more radio
sources were discovered and their positions accurately estimated, thanks to surveys like the
Third Cambridge survey (3C, EDGE et al., 1959). A few years later, the breakthrough came from
observations of the very bright quasar 3C 273 by Hazard et al. (1963). In the same year, based
on optical observations Schmidt (1963) discovered the presence of redshifted emission lines in
3C 278, which were attributed as being due to Hubble expansion (GREENSTEIN; SCHMIDT,
1964). The luminosity obtained and the cosmological distance excluded the possibility that
these objects were highly variable stars. Later, Sandage et al. (1965) reported the discovery of
a large number of radio-quiet objects that resembled quasars. These objects had been found
as a characteristic population examining color-color (U — B, B — V) diagrams of stars. They
showed a strong “ultraviolet excess”, which is now well known to be one of the most important
characteristics of AGN. Since then, a large number of AGN were discovered and classified
according to their main properties. Today we know that many galaxies harbor AGNs, radio-quiet
objects, as the galaxies discovered by Carl Seyfert (and today called Seyfert galaxies) can
usually be found in spiral galaxies, while radio-loud objects (as 3C 273) are usually hosted by
elliptical galaxies (VERON-CETTY; VERON, 2001).

The presence of supermassive black holes (SMBHSs) in the center of AGNs was first
proposed by Lynden-Bell (1969), and later largely confirmed by several observational evidences.
From the short time scales variations (~ 1 hour) observed in AGNs, it is possible to obtain an
upper limit on the size of the central source, which, together with mass estimates, points towards
very high densities the order of magnitude of those expected in black holes. A rapidly rotating
disk of ionized gas has been detected by Hubble Space Telescope (HST) observations of M87,
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in agreement with a disk being Keplerian rotating around a black hole Ford et al. (1994), the
existence of the supermassive object in M87 was recently undoubtedly confirmed by the Event
Horizon Telescope Collaboration et al. (2019). Moreover, the luminosities observed in AGN can
be easily explained by accretion onto a supermassive black hole (see section 1.2.2), and no
serious alternative explanation to this mechanism exists, although theories involving starburst
have long been debated (e.g., TERLEVICH et al., 1992).

In the following, | will first illustrate the several components that constitute an AGN
(section 1.2), then | will introduce the classification and the unified model (section 1.3), while in
section 1.4 | will discuss the role of the AGNs in the evolution of the galaxies. The main object
(NGC 2992, section 1.5) and the overview of this work are further presented (section 1.6).

1.2 Anatomy of an AGN

AGN are thought to be constituted by several components, all of them very likely intrinsi-
cally related to the supermassive black hole lying at their nucleus, and driving their growth and
evolution. In the following, | will discuss the most important components usually found in AGN.
The supermassive black hole is discussed in section 1.2.1. The Ultraviolet(UV)-Optical emitting
regions: the accretion disk, the broad line region and the narrow line region are discussed from
section 1.2.2 to 1.2.4, while the X-ray emission by the corona and the radio jets are discussed,
respectively, in sections 1.2.5 and 1.2.6.

1.2.1 The Supermassive Black Hole

The existence of black holes was predicted by Penrose (1965) as an interpretation to the
Schwarzschild (1916) solution to Einstein (1916) formulation of General Relativity. However, it
was not until 1972 that evidence for the existence of black holes was found through observations
of Cyg X-1 (WEBSTER; MURDIN, 1972; BOLTON, 1972).

The role of the surface for a black hole of mass M is played by the sphere with a radius
corresponding to the Schwarzschild radius (ry = 2GM/c?). The Schwarzschild radius is the
distance from the singularity at which a body cannot escape anymore from the gravitational
attraction and is bound to fall inside the black hole. The metric of space-time around a non-
rotating black hole is given by the Schwarzschild (1916) solution to Einstein’s general relativity.
From the metric one can deduce the last stable circular orbit around a non-rotating black hole is
r = 3ry. So for r < 3ry no stable orbit exist, and for r < ry particles rapidly fall in the singularity.
The more general solution for a rotating black hole was discovered by Kerr (1963), for a Kerr
balck hole the table circular orbit is 0.5 Ry.

SMBH’s masses range from 10 M.,— most found in dwarf galaxies — with the massive
ones — usually found in massive elliptical galaxies — as massive as 10 M,,. Although over the
past few decades, observational work indicates that most, if not all, massive galaxies with a
spheroidal component have a SMBH at their center (e.g., KORMENDY; RICHSTONE, 1995;
MAGORRIAN et al., 1998), the origin of these SMBHSs is still unknown. Several scenarios have
been proposed, among it the collapse of supermassive population Il stars or the collapse of
massive primordial clouds (DOKUCHAEYV et al., 2007; VALIANTE et al., 2017).
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Figure 1 — The Mgy - o, relation for galaxies with dynamical measurements. The symbol indi-
cates the method of Mgy mass measurement: stellar dynamics (pentagrams), gas
dynamics (circles), masers (asterisks). The color of the error ellipse indicates the
Hubble type of the host galaxy: elliptical (red), SO (green), and spiral (blue). The line
is the best fit relation to the full sample: Mgy = 1082 (5,/200 kms™1)*24. Figure
taken from Giiltekin et al. (2009).

Measuring SMBH masses

The high angular resolution of HST and ground-based adaptive optics supported tele-
scopes has enabled the determination of the masses of nuclear black holes; for the first time, the
dynamics of stars and gas in the nuclei of nearby galaxies could be studied on scales smaller
than the black hole radius of influence, Rgy = GMpy/02, where Mgy is the SMBH mass, o, is
the velocity dispersion of the stars in the host galaxy bulge.

There are direct and indirect methods of measuring Mgy. Direct measurements are
those where the mass is derived from the dynamics of stars or gas accelerated by the black
hole itself. These methods include stellar and gas dynamical modeling (e.g., GHEZ et al., 1998;
GENZEL et al., 2003) and reverberation mapping (e.g., PETERSON; HORNE, 2004). Indirect
methods are those where the black hole mass is inferred from observables that are correlated
with the black hole mass. These includes masses based on correlations between black hole
masses and host-galaxy properties, such as the velocity dispersion of bulge stars, i.e., the Mgy -
o, relationship (Figure 1, FERRARESE; MERRITT, 2000; GEBHARDT et al., 2000; GULTEKIN
et al., 2009; WOO et al., 2013), the bulge luminosity, i.e., the he Mgy - Lpyge relationship
(KORMENDY; RICHSTONE, 1995; MAGORRIAN et al., 1998), or even the X-ray variability time
scales, given by the Mgy - 03”7, relation (GIERLI NSKI et al., 2008; PONTI et al., 2012) .

One of the most common ways to measure the mass of Mgy is through the width of their
broad emission lines (see section 1.2.3), more specific by reverberation mapping. This technique
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exploits the fact that emission lines variations are lagged with respect to the continuum (see
section 1.2.2), from which one can calculate rg; g, the distance of the broad emission line region
to the central black hole, by taking into account the light travel time. Using the following equation
one can estimate the SMBH mass (PETERSON et al., 1995):

2
Mgy = Trer (AV) (1)

where AV is the velocity of the gas in the broad line region (as measured by the width of
the emission lines). It is also common to distinguish among ‘primary’,'secondary’ and even
‘tertiary’ methods for the the mass determination, based on the number of assumptions and
model dependence. Reverberation mapping is an interesting example: it is a direct method
as it is based on observations of gas that is accelerated by the gravitational potential of the
central black hole, but, as generally practiced, it is also a secondary method because absolute
calibration of the mass scale depends on another method (the f scale parameter in equation 1,
PETERSON; HORNE, 2004).

1.2.2 The Accretion Disk

Before the 1970s, the importance of accretion in astrophysics was poorly understood.
With the discovery of the first X-ray binaries, it was soon realized that the only mechanism that
could produce the luminosities observed in many of these sources was accretion onto compact
objects.

To have a qualitative idea of the amount of energy produced by accretion processes,
one can consider the gravitational potential energy released by the free fall of a mass mon a
body of mass M and radius R:

AEqe= MG (2)

where G is the gravitational constant. To compare it with nuclear processes, the maximum
amount of energy per gram released by nuclear fusion of hydrogen into helium is:

AEne = 0.007 mc? (3)

where c is the speed of light. Considering, for example, the values typical for a neutron star
(radius of R ~ 10 km and M ~ M), the quantity of energy released by accretion would be
larger than that of nuclear fusion. The energy released AE,.c depends on how compact the
accreting object is (Ezcc o< M/R), thus one can expect that black holes are the sources that
exploit best this source of energy. The luminosity of an accreting black hole can be expressed
as (FRANK et al., 2002):

Lace o mc? (4)

n is the efficiency of the conversion of rest energy of the accreting matter into radiation, and
m is the accretion rate. In the case of a non-rotating spherically symmetric black hole, the last
stable orbit is r; = 3ry = 6GM/c?, which results in a binding energy that is ~ 6% of the mass of
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the particle. In the case of rotating black holes, where r; = 0.5ry = GM/c? , up to 42.3% of the
rest energy of the material can be released as it spirals into the black hole.

Eddigton luminosity

Accretion is limited by the radiation pressure. At high accretion rates the luminosity
increases and so does the outward force exerted by the radiation (F,,4). On a free electron this
force is:

Lacc or
= 5
rad 4nric ( )

where o1 = 6.65 x 10%° cm? is the Thomson cross-section. The radiation pressure balances
the gravitational force (Fg = GMmy/r?, where my, is the mass of the proton) at the so called
Eddington luminosity. For a fully ionized medium in a spherically symmetric geometry such a
luminosity is:

M
Legg = FEGMmpc 45 4008 (&”’) erg s, (6)
oT ©

An accretion disk’s power output across all wavelengths is called its bolometric luminosity.
The ratio between the bolometric luminosity of an object and its Eddington luminosity is called
the Eddington ratio:

Lpoi _ @)

AEdd =

Although this derivation of the Eddington luminosity is limited by the spherical symmetry
approximation, which does not represent the physical situation of an accreting disk, it still
provides a useful approximation of the limit luminosity for an accreting system.

The Shakura-Sunyaev accretion disks

Matter falling onto a compact object from infinity acquires kinetic energy as its gravi-
tational potential energy decreases. To conserve the angular momentum, the matter cannot
fall directly into the compact object, but it is commonly believed to form an accretion disk. The
simplest case of accretion disks is the thin accretion disks described by Shakura and Sunyaev
(1973). In this picture, the matter is supposed to form a geometrically thin and optically thick
disk and follows Keplerian orbits at any radius. Angular momentum is transported outwards due
to viscosity produced by turbulent effects and magnetic instabilities (FRANK et al., 2002). The
heat energy produced in the disk is then radiated in the form of multi-temperature blackbodies,
each of them having a temperature
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Figure 2 — Multicolor blackbody emission from geometrically thin optically thick Shakura and
Sunyaev (1973) accretion disks with different values of the temperature of the inner
layer T;,. Figure taken from Ricci (2011).

where R is the radius at which it is emitted, R, is the radius of a body of mass M, accreting at a

rate M, and T, is given by:
i\

Between frequencies corresponding to the minimum (r;) and maximum (rmax) distance from the
accreting object, the spectrum of the accretion disk is given by:

I(v) < v (10)

at frequencies less than that corresponding to the temperature of the disc at rpax, the spectrum
tends towards a Rayleigh-Jeans spectrum, /(v) oc v2, while it shows a cutoff in the inner parts,
I(v) < exp(=hv/kTj,), where T, is the temperature of the innermost layers of the thin accretion
disc. An example of the spectrum expected from an accretion disk (for different values of Tj,,
SHAKURA; SUNYAEV, 1973) is shown in Figure 2. Observationally this is seems as is show
in Figure 3, and the optical portion is well fitted by a power-law, Flux(A) oc A~%, with o« usually
ranging from 0.5 to 2.5.

The maximum temperature of a thin accretion disk around a Schwarzschild black hole
occurs at r = 49/36 ry (SHAKURA; SUNYAEV, 1973), and is:

: /4 ~1/4
] N\ M
_ 5
Tmax = 1.4 %10 (0-1MEdd> <0.08> <107M@> K an

where Mggy = Legg/mc?. For parameters typical of a Seyfert galaxy, one obtains an energy of
kTmax = 12 eV, where k is Boltzmann’s constant. From this value one can already see that

the disk alone cannot account for the X-ray emission observed in AGN, we will discuss X-ray
emission in section 1.2.5.
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Figure 3 — Composite optical/UV spectra of an AGN. Taken from Vanden Berk et al. (2001).

Alternative accretion scenarios

The Shakura and Sunyaev (1973) model is today believed to be a precise model for
the accretion disks in X-ray Binaries (stellar-mass black holes). However, the predictions by
a simple scaled-up version of the model to SMBHs do not seem to fit well AGN observations.
Given that for AGN scales (where the model still predicts the existence of a geometrically
thin disk), the viscous time scale of the disk is in the order of 10* to 10° years, significantly
exceeding the timescales over which AGN varies. Even more to the transitions of so-called
“Changing Look” AGN’s (CL-AGNS, see section 3.1) where abrupt variations are know to occur
in few years time scales. This incompatibility was noticed long ago (e.g., KORATKAR; BLAES,
1999; ANTONUCCI, 2013), however, just recently, some modification or alternatives to the
application of Shakura and Sunyaev (1973) model to AGNs have been proposed in order to
explain the increasing number of the discovery of these highly variable sources.

For example, Dexter and Begelman (2018) propose that alternatively AGN accretion
discs are vertically supported by magnetic pressure, which makes it geometrically thick (height/radius
between 0.1 and 1.0) at all luminosities. Using three dimensional radiation magneto-hydrodynamic
simulations, Jiang and Blaes (2020) show that, for a 5 x 108 M., mass black hole, the Rosseland
mean opacity is expected to be larger than the electron scattering value, and the iron opacity
bump then causes the disk to be convectively unstable. This results in strong fluctuations in
surface density and heating of the disk, the opacity drops with increasing temperature, and con-
vection is suppressed, the disk then cools down, and the whole process repeats. This causes
strong oscillations of the disk scale height and luminosity variations by more than a factor of ~
3 — 6 over a few years’ timescales. They argue that since the iron opacity bump will move to
different locations of the disk for black holes with different masses and accretion rates, this is a
physical mechanism that can explain the accretion rate variability of AGN with a wide range of
amplitudes over a time scale of years to decades.

The above-described scenario of an accretion disk seems not to apply for very Low
Luminosity AGNs (LLAGNS). At very low (Agqg < 0.01) accretion rates, the low-density, tenuous
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material is optically thin and cannot cool efficiently. Rather than settling into a classical radiatively
efficient disk — the normal configuration for luminous AGNs — the accretion flow puffs up into
a hot, quasi-spherical, radiatively inefficient distribution, whose dynamics may be dominated
by advection, convection, or outflows. The existence of radiatively inefficient accretion flows
(RIAFs, XIE; YUAN, 2012; YUAN; NARAYAN, 2014), or conversely, the absence of a standard
disk extending to small radii (a few rs), is suggested by the weak luminosities of LLAGNSs, by
their low Eddington ratios, and especially by their low inferred radiative efficiencies. The great
disparity between the available fuel supply and the observed accretion luminosity demands that
the accretion flow’s radiative efficiency be much less than n = 0.1. The predictions for RIAF’s
spectral energy distribution seems to fit well the broad-band spectrum of a number of LLAGNS,
including NGC 4258 (LASOTA et al., 1996), M81 and NGC 4579 (QUATAERT; NARAYAN, 1999),
NGC 3998 (PTAK et al., 2004), and NGC 1097 (NEMMEN et al., 2006).

1.2.3 The Broad Line Region

Broad emission lines are one of the dominant characteristics of AGN spectra. These
lines are assumed to be Doppler-broadened and are thought to be produced in a region close
to the black hole, generally referred to as the Broad Line Region (BLR). The broad emission
lines of AGN are a useful probe of the central engine. In fact, the bulk motions in the BLR are
regulated both by gravity (due to the black hole) and by the radiation pressure (from the accretion
disk). The widths of AGN broad lines span over two orders of magnitudes, and range from a
minimum Full Width at Half Maximum (FWHM) of 800 km s~'to FWHM up to 10* kms™, with
typical values of FWHM ~ 5000 km s~'. The strongest lines observed in the typical spectrum of
an AGN are the hydrogen Balmer-series lines (Hx, HB3, and Hy), the hydrogen Ly, and lines
from abundant ions (Mg II, C 1ll], and C IV), for an example see Figure 4.

The absence of forbidden lines such as [O 111]] A5007 gives a lower limit to the ion density
of ~ 108 cm™ (NETZER; BLANDFORD, 1990). The BLR mass can be calculated from the
luminosity of C IV and is negligible compared to that of the SMBH. Even for the most luminous
AGN, it is estimated at Mg g ~ 10 M. The distance of the BLR from the central black hole
can be inferred by studying the delay of the broad emission lines with respect to the continuum
(reverberation mapping, see section 1.2.1), and it is found to vary with the luminosity, Rg; g oc L%
(KASPI et al., 2000). The average values found are 0.01-0.1 pc for local AGN and up to ~ 1 pc
for bright quasars.

1.2.4 The Narrow Line Region

The narrow-line region (NLR) is the most extensive AGN component and the only one
which can be resolved by optical and infrared observations. Unlike the BLR, the electron density
in the NLR is low enough that many forbidden transitions are not collisionally suppressed. Some
of the most prominent narrow lines are Lyax A1216, C IV A1549, [O 111] A4959, [O 111] A5007, [N 1]
A6584, [S1I] A6717 and [S11] A6731. The FWHM for narrow emission lines lies in the range 200
kms~to 900 km s~', with most of the lines having values of 350-500 km s~'. Analogous to the
BLR, the distance of the NLR to the central engine also scales with luminosity (Ry gz o< L%9),
and in Seyfert galaxies has sizes of ~ 100-300 pc, while it might reach diameters of up to few
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Figure 4 — UV/Optical spectrum of the Seyfert 1 galaxy NGC 5548. The spectrum highlights
some of the most important features produced in the BLR. Figure from Mehdipour
et al. (2015).

kpc for bright quasars. The NLR mass is several orders of magnitude larger than that of the
BLR, although the amount of line emission produced is often comparable for the two regions.
This is because recombination lines’ emissivity is proportional to the ion density, which makes
the BLR more efficient than the NLR.

The NLR is typically found to be axisymmetric rather than spherically symmetric. One
of the most interesting features of AGN are the “ionization cones” which are clearly detected
in maps of high-excitation lines as [O 111] A5007. These cones have a [O I11J/Hx flux ratio higher
than one, which is characteristic of low-density gas ionized by the AGN continuum (see section
1.3). Outside the cone, the ratio is instead lower than unity, which implies that the gas is mostly
ionized by starlight. Figure 5 panel b shows clearly this distinction between the ionization cone,
ionized by the AGN, and the galaxy bar, ionized by the stars.

1.2.5 The Corona

X-ray variability time scales indicate that the X-rays in AGN are produced in a small
region located close to the black hole. The possibility that the disk is responsible for the X-
ray emission can be discarded on the basis that even very warm disks are not supposed to
exceed a few hundred eV (see section 1.2.2 and Figure 2). It is now widely accepted that the
X-ray emission of AGN is produced by Comptonization of optical-UV photons produced in the
accretion disk by a corona of hot electrons. Inverse Compton upscatters to higher energies
photons when their mean energy ((E)) is smaller than the thermal energy of the electrons (of

temperature Te): % < ¢ For hv < mec? the gain rate of the photon field is:

dE 4

9t "3 o7¢ Urad (V2/6%) v? (12)
where o7 is the Thomson cross-section, U,,4 the energy density of the photon field, and y =
V1 —v2/c2. The spectrum created by this process depends on the Compton parameter y, given
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Figure 5 — (a) Three-color optical image of NGC 1365 combining observations performed
through three different filters (B, V, R). (b) Two-color image of [O111] (green) and
Hx (red) stellar subtracted integrated emission, showing the distinction between the
AGN ionization cone (green) and the stellar ionized bar-like structure (red). Figure
adapted from Venturi et al. (2018).

by:

kK Tete
" mec?

(13)

where T, is the optical depth of the corona. If the electron gas is optically thin, it can be shown
(see Shapiro et al. (1976) for deduction) that the spectrum is a power-law with a photon index
given by:

1 9 4
=—§+ Z+; (14)

As the photons’ energy becomes comparable to the electrons’ thermal energy, the power-law
emission declines in a cutoff at E; ~ 3kT.. The origin and geometry of the hot corona are
still debated. A popular explanation for the heating of the electrons in the corona, is related
to the presence of flares above the accretion disc, similarly to what is observed in the solar
corona. Although the physical details are somewhat unclear, magnetic flares are a reasonably
working hypothesis to model X-ray spectra and variability of AGN (e.g., HAARDT et al., 1994;
GOOSMANN et al., 2006). In this scenario, the magnetic flares heat the electrons, which then
Comptonize the UV photons from the disk, upscattering them into the X-rays.

The X-rays spectrum of AGNs

Comptonization of low energy seed photons in the hot corona plasma produces a power-
law continuum. Such a power-law continuum that extends from the lowest observable X-ray
energies to a cutoff energy somewhere after ~ 100 keV is consistent with X-ray observations of
Seyfert galaxies. The flux as a function of the energy of the power-law continuum is given by:

F(E) = AE™" photons cm™2s™" keV~" (15)
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Figure 6 — Effect of photoelectric absorption and Compton scattering on a power law with a
photon index of I' = 1.95 in the X-rays for different values of the column density Ny.
Figure taken from Ricci (2011).

where A is the normalization of the power-law at 1 keV, T" is the photon index (equation 14).

Another important component of AGN X-ray spectra is absorption. Absorption manifests
itself through two processes in the X-rays: photoelectric absorption (boundbound and bound-
free transitions), and Compton scattering (free-free transitions). To model the effect of absorption
one has to take into account both effects. The photoelectric cross section op, has a strong
dependence on the energy, and can be approximated according to the analytic formulae of
Morrison and McCammon (1983):

opn(E) = (Co + C1E + C.E?) E™® x 1072* em2, (16)

where Cp, C; and C; are constants. Compton scattering depends on the Thomson cross section
(o7), and does not vary with the energy, it becomes significant only for column densities higher
than o7' (1 x 102* cm2), and sources with the column density (Ny) higher than o7 are called
Compton-thick. The Effect of photoelectric absorption and Compton scattering on a power law
with a photon index of I = 1.95 is shown is Figure 6 for different values of Ny.

An important feature observed in the X-ray spectra of AGN is the reflection component,
produced by Compton scattering of the primary emission in some Compton thick material close
to the X-ray source. Reprocessed emission from neutral material is commonly observed in AGN
through the iron (Fe) K« emission line. The Fe K« line is now known to be often constituted
by two components, a narrow and a broad one. The widths of the narrow line core component
usually are of the order of a few thousand kms™', values which are consistent with the line
originating in the BLR (e.g., YAQOOB et al., 2001; KASPI et al., 2002). However, the lack of
a correlation between the width of the narrow Fe K« line and the HB width or the black hole
mass (NANDRA, 2006) suggests that a significant fraction of the narrow Fe K« line is produced
in some other region, possibly in the outer part of the accretion disk. This would explain the
rapid (tens of ks) variability observed in some objects (e.g., PETRUCCI et al., 2002). Most of



Chapter 1. Active Galactic Nuclei 27

Counts s ke " oo

%107

{data-modeljemar

2
Energy (keV)

Figure 7 — Top: Four 0.2-10 keV X-ray spectra of NGC 2992, showing the power law corona
emission and the 6.4 keV Ku lines. Bottom: Residual between equation 17 model
and data. Figure taken from Marinucci et al. (2018).

the reflected emission is, in fact, nowadays believed to originate in the accretion disk, where
the broad relativistic component is also thought to arise (e.g., NANDRA et al., 2007), while the
narrow portion arises in the outer disk and the broader arrises near r,.

In the simplest case, the X-ray spectra for a Compton-thin AGN (where reflection by
Compton scattering is negligible) can be written as:

F(E) = 6om(ENG x [gomENi x AET 4+ G(E) (17

where the term e ?(E)NJ represents the Galactic photoelectric absorption, by a NS Galactic
column density in the line-of-sight, e=°(E)Nu the photoelectric absorption by a Ny column
density in the AGN. AE™" is the primary power-law corona emission and G(E) a Gaussian profile
to fit the 6.4 keV Fe k« (if both narrow and broad components are present, other Gaussian
profiles can be added). Several other physical components can also be found in AGN X-ray
spectra, e.g., the soft excess and the reflection hump; however, they will not be taken into
account here, because they are not present in NGC 2992 spectra. In Figure 7 four X-ray spectra,
taken in different dates, of NGC 2992 are shown as an example.

1.2.6 The Jets

AGNs can be divided in two classes related to their radio emission, Radio-Loud (RL)
and Radio-Quiet (RQ) AGNSs. For the RL the radio emission is typically 10° times brighter than
that in RQ ones. However, a sharp separation between RL and RQ is hard to set, as AGN show
a large variety of radio properties and morphologies, with sources exhibiting compact cores,
jets, knots, and extended diffuse emission in a wide range of strengths and sizes ranging from
sub-pc up to kpc and even Mpc scales.
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Figure 8 — Combination of images using data from the VLA (radio) and HST (optical) from the
Radio Hercules A galaxy, showing the radio jet extending greater distances from the
nucleus than the galaxy itself. Figure taken from O’Dea et al. (2013).

For the RL the radio emission is due to the synchrotron radiation generated in the rela-
tivistic jets, as well as the Radio lobes resulting from the interaction of the jets with intergalactic
medium, sometimes present in these objects (see Hercules A, in Figure 8, for a example of the
radio emission). The production, acceleration and collimation of jets is still poorly understood.
Some of the most popular models are based on magneto-hydrodynamics (BLANDFORD, 2001),
and involve the presence of strong electromagnetic fields that convert the rotational kinetic
energy of a rotating black hole into an outflow through coupling with differential rotation. The
Radio emission in RQ AGNs is thought to have distinct origins, e.g., star formation, accretion
disc winds, expanding plasma bubbles, low-power short jets' or a combination of them.

1.3 AGN Selection, Classifications and Models

1.3.1 The BPT Diagram

AGN can be distinguished from normal non-active galaxies in several different ways.
Apart from its ubiquitous X-ray emission, one of the most commonly used diagnostics are the
so-called BPT diagrams (BALDWIN et al., 1981), which show the ratios of several lines (e.g.,
[O}/HB vs [NN/He, [O1J/HB vs [S1T}/Hx, and [O 111[/HB vs [O 1)/H«, see Figure 9).

Limiting regions based on empirical or theoretical models are used as a division between
distinct ionization sources in the BPT diagram. The Kewley et al. (2001) curve, red in Figure 9,
traces the theoretical upper limit of regions ionized by pure star formation, and therefore all spec-
tra lying above the Kewley et al. (2001) line must include ionization mechanism more energetic
than star formation. The dashed blue curve on the [N 11}/Hx vs. [O 111//H diagnostic diagram

' Here we use the ‘jet’ term to indicate an outflow that becomes collimated, whereas a ‘wind’ is an uncollimated
outflow. Both transport outwards mass, energy and angular momentum.
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Figure 9 — Three BPT diagrams showing the classification of galaxies using emission-line ra-
tios. The Kewley et al. (2001) extreme starburst classification line (red solid), the
Kauffmann et al. (2003) pure star-formation line (blue dashed), and the Seyfert and
“LINER?” line (blue solid) by Kewley et al. (2006) are used to separate galaxies into H 11
region-like (star formation), AGN and LINERs (but not only, also shocks and retired
galaxies ) ionization and composite types. Figure taken from Kewley et al. (2006).

shows the Kauffmann et al. (2003) empirical classification line, which traces the upper boundary
of the Sloan Digital Sky Survey (SDSS, STRAUSS et al., 2002) star formation sequence.

The full blue curve on the [S1I)/Hx vs. [O}/HR and [O ])/HB vs [OI1]/Hx diagnostic
diagrams traces the Kewley et al. (2006) empirical classification line, which separates high
ionization spectra associated with Seyfert (AGN) and intermediate ionization mechanisms. This
region is often referred to as being the Low-ionization nuclear emission-line region (LINER)’s
region — a class of LLAGNS — however, besides AGNs and LINERSs, several excitation mecha-
nisms can also increase the collisional excitation rate, enhancing the ratios of the forbidden to
recombination lines, among them shock excitation and evolved stellar populations (pos-AGB).
Particularly, Cid Fernandes et al. (2011) proposed another classification diagram that uses the
Equivalent Width of Hx (Wy) versus [N 11)/Hx (WHAN diagram), to distinguish from LINERs
and Retired Galaxies with Diffuse Gas (DIG) lonized by pos-AGB stars, the later having Wy, <3

o

A (STASINSKA et al., 2008; CID FERNANDES et al., 2011).

Starburst-AGN mixing

The original BPT and its application to SDSS data (previous section and Figure 4) were
based on spectra taken using a single large aperture, and therefore accounting for the emission
lines in the entire or most of the central portion of the galaxies. However, using spatially resolved
spectroscopy (Longslits or Integral Field Unit), it is possible to resolve the internal structures in
the ionization mechanism of galaxies. In particular, the spatially resolved BPT of some AGNs
show an interesting feature — known as Starburst-AGN mixing (e.g., DAVIES et al., 2014b,
2014a; D’AGOSTINO et al., 2018) — in these galaxies the nuclear spectra are located above
Kewley et al. (2001) line, but they cross the line continuously, as the radius increases, towards
Kauffmann et al. (2003) line, and end up, at the outer radius, below the line, at the pure-starburst
region. Figure 10 illustrates this feature in NGC 5728 as an example.
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Figure 10 — Resolved BPT diagram showing the Starburst-AGN mixing for NGC 5728. Figure
taken from Davies et al. (2016).

1.3.2 AGN Classes and the Unified Model

Radio-quiet AGNs are divided into low luminosity Seyfert galaxies (the most common
AGN in the local universe) and high luminosity quasars. The division between the two classes
is usually set to Mg = —-23 mag, where Mg is the absolute magnitude in the B band. Historically,
Type 1 AGNs are those showing both broad (section 1.2.3) permitted emission lines and narrow
(section 1.2.4) forbidden lines in their optical spectra; while Type 2 AGNs lack Broad Emission
Lines (BEL). Intermediate AGN types were added by Osterbrock (1981), including types 1.8
and 1.9, classified according to the presence of a weak (type 1.8), or absent (type 1.9), H BEL,
while retaining an Hx BEL. Type 1 AGN spectra usually present a power-law like featureless
continuum (FC) emission from the accretion disk (section 1.2.2), while Type 2 usually lack this
feature.

The presence of intermediate objects between Seyfert 1s and Seyfert 2s was firstly
explained by differences due to varying amounts of absorbing material along the line of sight.
This led to introducing a dust shell with any possible geometry, from a 47 shell with varying
thickness to an angle-dependent axisymmetric structure or a patchy distribution of dust. The
discovery of polarized BELs in the spectrum of the Seyfert 2 galaxy NGC 1068 by Antonucci and
Miller (1985, see original plot in Figure 11) led to the idea that a torus-like distribution of matter
surrounds AGNSs. In this scheme the broad lines observed in the polarized spectrum of NGC
1068 are produced by the reflection of the radiation emitted in the BLR. According to the unified
model of AGN, all the objects have a dusty torus extending from 1 to 100 pc from the center, and
in this frame, Seyfert 1s are observed pole on (see Figure 12) so that the observer can look at
both the BLR and the NLR at the same time, whereas Seyfert 2s are observed edge-on so that
the BLR is obscured and one can see only the NLR (ANTONUCCI, 1993; URRY; PADOVANI,
1995).

The Unified Model has been conceived to explain the large zoo of different AGN with a
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Figure 11 — The original spectro-polarimetric observation of NGC 1068 by Antonucci and Miller
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single physical object. However, while it is well recognized that it works for unifying the so-called
“Hidden Broad Line Region Galaxies”(HBLR), i.e., those galaxies for which either polarization
or near-IR spectra show BELs, with the AGN type 1, it cannot be generalized to all AGN
types. At least three main observational evidence goes against the Unified Model in some way
(SPINOGLIO; FERN ANDEZ-ONTIVERQOS, 2019):

* It seems so far that no strong observational evidence of tori with the needed characteristics
to block BLR, collimate radiation, and let AGN feeding has yet been found, on the other
hand, there seems to have more evidence for models where the tori has a more patch-like
structure (e.g., NENKOVA et al., 2008; ELITZUR, 2012).

» The recently discovery of several CL-AGNs (more on this in section 3).

* The existence of galaxies which does not have BELs even in polarized spectrum, the
so-called ‘True’ type 2 Seyfert galaxies, or even non-HBLR (e.g., TRAN, 1995, 2003;
LUMSDEN; ALEXANDER, 2001; MARINUCCI et al., 2012).

1.3.3 The ‘True’ Type 2 and the Disk-Wind BLR Models

The existence of these AGNs that do not have a BLR, in particular the fact that these
AGN are all accreting at very low Eddington Ratio (Aggy < 0.01, MARINUCCI et al., 2012) and
that a simple orientation-based unification model can not explain this effect, has led to the de-
velopment of complementary, or even alternative, models in order to explain these phenomena.

Several authors have proposed models that posit different accretion rates as a cause
of the differences between observed AGNs. Elitzur and Ho (2009) suggests that the BLR and
the “torus” are inner (ionized) and outer (clumpy and dusty) parts of the same disk-driven wind
and that this wind is no longer supported at low accretion rates (NICASTRO, 2000; ELITZUR;
SHLOSMAN, 2006; ELITZUR; HO, 2009; ELITZUR et al., 2014). Based on this disk-wind BLR
model, Elitzur et al. (2014) proposed that the intrinsic spectral sequence Seyfert 1— Seyfert
1.8/Seyfert 1.9— Seyfert 22 is a true evolutionary sequence, reflecting the evolution of the BLR
structure with decreasing accretion rate onto the central black hole and that this evolution is
regulated by the Lbo,/MzB/E, variable (which behaves similarly to Ag4y). These models have been
successfully used to explain the existence of ‘True’ Type 2 Seyferts as shown by Marinucci et al.
(2012) as well as have been used, recently, as possible scenario for the transitions in CL-AGNS.

1.4 The Role the AGNs in the Evolution of Galaxies

The strong relation between the SMBH masses and their host galaxies’ properties (e.g.,
Mgy — 0., see Figure 1, section 1.2.1 and references therein) has generated intense interest
in connecting the growth of SMBHs with the formation of galaxies, thus creating a research
subfield, which tries to understand and quantify such a connection.

The presence of these correlations suggests a causal link between the formation of the
spheroid and the central black hole, or that a common cause regulates the evolution of both.
Another piece of evidence also suggests such a link, the evolution, and growth of both SMBH

2 Referring here only to the “True” Type 2 Seyferts, therefore excluding those which have hidden Type 1 nucleus.
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Figure 13 — The cosmological growth of SMBH and stellar mass in the universe. Figure taken
from Shankar et al. (2009).

(as traced by AGN accretion rate) and galaxies (as traced by star formation rate) is surprisingly
similar during the history of the universe. There seems to have a sharp increase in the density
star formation rate (SFR) and the SMBH growth rate at about a factor of 10, at0 <z < 1, a
broad maximum at both rates at z ~ 2-3 and then a relatively sharp decline in higher redshifts
(see Figure 13). At least for the last ~ 11 billion years (Gyr) the ratio between the growth
of both SMBHs mass and stellar mass has remained approximately constant, in the order of
1073. Somehow the growth of both has been kept in synchronized (HOPKINS; BEACOM, 2006;
FARDAL et al., 2007; SHANKAR et al., 2009).

Although such relationships exist, AGNs’ exact role in the evolution of galaxies is not yet
fully understood. It is known that the energy released by AGN feedback in the form of radiation,
winds, or radio-plasma jets has a significant impact on the interstellar medium of the host galaxy.
However, the exact role of feedback is still a matter of debate (feeding and feedback mechanism
will be further discussed in section 2.1). However, hydrodynamic simulations of galaxy formation
are not able to reproduce the observed galaxy mass function if no AGNs feedback mechanism is
inserted in the simulations (SPRINGEL et al., 2005; SILK; MAMON, 2012; BULLOCK; BOYLAN-
KOLCHIN, 2017), where these processes are responsible for suppressing the growth of more
massive galaxies heating up and/or expelling the gas that would form more stars, thus limiting
the growth of very massive galaxies. Figure 14, as an example, shows the mass function for
dark matter, expected by numerical simulations, and the observed mass function of galaxies,
it is clear that there is a significant discrepancy between the two functions for galaxies more
massive than 10" M, indicating the need for some kind of AGN feedback effect. There is also
a discrepancy in the number of dwarf galaxies, which can be explained only by stellar winds
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Figure 14 — The filled black curve shows the global mass function for dark matter. The dot-
ted curve shows the same function shifted to the left, representing the fraction of
baryons for each dark matter halo. This is compared to stars’ observed mass func-
tion in galaxies (blue dots and purple stars). The red circle shows the absence of
very massive galaxies as expected by the simulations, showing the need for mech-
anisms that prevent the formation of galaxies with these masses. Figure adapted
from Bullock and Boylan-Kolchin (2017).

and supernovae feedback.

1.5 NGC 2992

NGC 2992 is an interacting Seyfert galaxy which is part of the merger system Arp 245.
The system is composed of two spiral galaxies, NGC 2992 and NGC 2993 and is in an initial
stage of interaction but already has strong morphological disorders. In addition to the two main
galaxies, the prominent tidal tale north of NGC 2992 hosts a candidate Tidal Dwarf Galaxy
(TDG), called Arp 245 North (A245N), see Figure 15 and Duc et al. (2000).

The system as a whole was studied in detail by Duc et al. (2000), where the main
goal was to understand the interaction process and the formation of TDGs, the authors used
observations — i.e., optical and infrared photometry, optical spectroscopy and neutral hydrogen
mapping using the 21 cm line — as well as numerical simulations of the interaction. HI maps
show long tidal ranges, see Figure 16, which are even more extensive than in optical images, a
gas bridge between the two galaxies, and also clearly shows a gas reservoir in the north tail at
the same location as A245N. The simulations suggests that the system is in an initial phase of
the interaction, ~ 100 million years (Myr) after the first perigalactic passage and 700 Myr before
final coalescence. The Figure 17 shows the snapshots of simulation whose initial parameters
better reproduce the system; more details of the simulations and choice of parameters can be
seen in section 3 of Duc et al. (2000).

NGC 2992 is seen almost edge-on (i =~ 70°, MARQUEZ et al., 1998) at a distance,
as measured using the Tully-Fisher relation and corrected for proper motions, of 38 Mpc
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Figure 15 — LRGB image composition of Arp 245 from Block (2011). North is up and east is left,
NGC 2992 is the reddish galaxy.

(THEUREAU et al., 2007), which translates into a projected angular scale of ~ 150 pc per
arcsec. The galaxy nuclear activity has been the subject of several studies, partly due to its
variability as seen both in X-rays (GILLI et al., 2000; MARINUCCI et al., 2018) and in the optical
(TRIPPE et al., 2008b), even leading to changes in spectral classification (these will be fully
explored in chapter 3).

In the radio, the galaxy is a RQ AGN, however its 6 cm radio observations show a double
lobe 8-shaped structure of about 8 arcsec (~ 1 kpc) extension to the northwest and Southeast
of the galaxy, along position angle (PA) of —26° (ULVESTAD; WILSON, 1984). From IR observa-
tions, Chapman et al. (2000) suggest the best interpretation is that this structure is related to
expanding plasma bubbles, possibly carried by internal jets from the AGN. More recently, using
radio polarimetry, Irwin et al. (2017) found another double-lobed radio morphology within its
spiral disc, which was revealed in linearly polarized emission but not in total intensity emission.
This second structure by Irwin et al. (2017) is much more extended than the one found by
Ulvestad and Wilson (1984) reaching several kpcs from the nucleus, being interpreted by the
authors as a relic of an earlier episode of AGN activity. The X-ray properties of the galaxy will
be fully explored in chapter 3.

NGC 2992 gas kinematics is complex as found by several long slit spectroscopy studies
(e.g., MARQUEZ et al., 1998; VEILLEUX et al., 2001) as well as by several IFU data (GARCA-
LORENZO et al., 2001; FRIEDRICH et al., 2010; MULLER-SANCHEZ et al., 2011). These
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Figure 16 — H 1 distribution in Arp 245. H 1 lines contours are superimposed on an image in the
V band, taken from Duc et al. (2000). The contours are 1, 2, 3, 5, 10, 15 and 20 x
1020 cm2.

observations show, at most slit positions, the presence of a double component line profile. While
one component follows the galaxy rotation curve, the other is interpreted as outflowing gas by
the authors. Using The Multi Unit Spectroscopic Explorer (MUSE, BACON et al., 2010) at the
Very Large Telescope (VLT) Mingozzi et al. (2019) show the presence of a kpc-scale, bipolar
outflow with a large opening angle.

1.6 This Work

The peak of star formation and SMBH growth in the universe was between redshift 3 and
2 (Figure 13), and therefore the effects of both AGN feedback and mergers were more critical
to galaxy evolution at that time than they are in the local universe. However, the high redshift
universe is only now becoming accessible, and the observational facilities can not yet reach the
pc scales resolution need to resolve the internal structures of these galaxies. Therefore, nearby
galaxies, such as NGC 2992, are still essential laboratories to study these processes, not only
due to the high physical spatial resolution that can be reached but also because this sources
have been followed-up since the early ’50s by distinct instruments in several wavelengths.

The following sections are the result of two independent works in which we apply distinct
methods and techniques to probe distinct physical regions of the AGN in NGC 2992:

+ In chapter 2, we explore the feeding and feedback process that may operate in the cir-
cumnuclear region of this galaxy as it is both an interacting galaxy and an AGN, therefore,
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Figure 17 — Time evolution of the numerical model of the system Arp 245 by Duc et al. (2000).
In each panel, it is shown the projected distribution of the stars (color scale) and
that of the gas (green contours). Each panel is 140 h™' kpc on a side, and the labels
give the elapsed time after the start of the simulation in units of 0.1 Hubble times
(or 0.98 h~" Gyr). The model is shown in the plane of the sky and the orientation is
the same as in Figure 15.

being one of the nearest probes of the so-called AGN-Merger connection. We do so by
using optical Integral Field Unit (IFU) spectroscopic observations, using the GMOS instru-
ment at the Gemini South Telescope, of the galaxy’s inner kpc to spatially resolve both
the stellar populations and the properties of the ionized gas as well as the effect of the
radio-emitting structure in the interstellar medium.

* In chapter 3, we use time-domain astronomy to probe the central engine of the AGN,
since it can not be spatially resolved. We analyze all historical (1978 to 2019) optical and
X-ray spectra of the source in order to investigate its long-term variability and the singular
physics of this source, which is an example of a rare ‘Changing Look’ AGN.
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2 THE CIRCUMNUCLEAR REGION OF NGC 2992

This chapter is fully based on the following paper, of which | am the lead author, and therefore
is not intended as an original work:

“Exploring the AGN-Merger Connection in Arp 245 I: Nuclear Star Formation and Gas Outflow
in NGC 2992”, Guolo-Pereira, M., Ruschel-Dutra, D., Storchi-Bergmann, T., Schnorr-Mdller,
A., Cid Fernandes, R., Couto, G., Dametto, N, Hernandez-Jimenez, J. A., 2021, MNRAS, 502,
3618.

2.1 Introduction: Feeding and Feedback

As discussed in section 1.4 AGNs may have had an important role in the evolution of
galaxies. The energy released by the AGN in the form of radiation, winds, or radio plasma jets
is known to impact the interstellar medium of the host galaxy. However, it is still the subject
of an ongoing debate about such AGN feedback’s exact role. Some studies indicate that the
shocks resulting from the interaction between the jets and interstellar medium may trigger
star formation (e.g., OOSTERLOO; MORGANTI, 2005; ISHIBASHI; FABIAN, 2012; ZINN et
al., 2013; SILK, 2013). On the other hand, as exemplified by Figure 14, feedback may be an
important factor in the quenching of star formation, mainly at late stages of galaxy evolution (e.g.,
DI MATTEO et al., 2005; CROTON et al., 2006), in which these processes are responsible for
suppressing the growth of most massive galaxies, by heating and expelling that gas that would
form stars. Observationally, feedback in the form of large scales gas outflows are observed
in very energetic forms (e.g., RUPKE; VEILLEUX, 2011; GREENE et al., 2012) reaching up
to 1000 km s, those being usually produced by the interaction between the ionized gas and
strong magnetic fields (BISNOVATYI-KOGAN; LOVELACE, 2001), but also in the less energetic
forms, in nearby galaxies, with velocities as low as ~ 100 — 200 kms™', with mass outflow
rates averaging at a few solar masses per year (e.g., RIFFEL; STORCHI-BERGMANN, 2011;
CRENSHAW et al., 2015; REVALSKI et al., 2018, see Figure 31 for more examples).

In order for a passive SMBH to be activated, the interstellar medium (ISM) or even
intergalactic medium (IGM) material has to lose angular momentum and by some dynamical
mechanism be transported from regions in galactic scales (kpc) to nuclear regions (sub-pc)
in order to feed the central object. Two types of feeding process are proposed: environmental
mechanism and secular mechanism (STORCHI-BERGMANN; SCHNORR-MULLER, 2019, for
arevision in the feeding mechanisms). Secular mechanisms are those internal to the host galaxy,
which can lead its gas to lose angular momentum. Theoretical studies and simulations show that
non-asymmetric potential wells may efficiently promote gas inflow towards the nuclear regions of
the galaxy (e.g., SHLOSMAN et al., 1990; ENGLMAIER; SHLOSMAN, 2004; KNAPEN, 2005).
Using IFU observations, several authors were able to detect gas inflows in nuclear bars as
well as in small-scale nuclear spiral arms, in both ionized and molecular gas (e.g., STORCHI-
BERGMANN et al., 2007; RIFFEL et al., 2008; SCHNORR MULLER et al., 2011; COMBES
et al., 2014).

Environmental mechanisms are those in which external factors to the host galaxy are
responsible for driving the inflows; between them, mergers may be the most efficient ones.
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Theoretical studies suggest large scale events like major mergers are the dominant processes
leading to SMBH growth at high masses (MENCI et al., 2014). At high redshifts (z > 2), ma-
jor mergers have also been proposed as fuelling mechanisms of the fastest-growing SMBHs
(TREISTER et al., 2012). A major merger can destabilize large quantities of gas due to tidal
forces, driving, therefore, massive inflows towards the nuclear region of galaxies and triggering
bursts of star formation and nuclear activity (HOPKINS; ELVIS, 2010; BLUMENTHAL; BARNES,
2018). Many studies have found that the most luminous AGN are preferentially hosted by galaxy
mergers (e.g., SCHAWINSKI et al., 2010; GLIKMAN et al., 2015; FAN et al., 2016). At lower
luminosities, several studies have found a higher incidence of galaxies with signatures of inter-
actions in AGN hosts as compared to control samples (KOSS et al., 2010) and particularly in
close galaxy pairs (ELLISON et al., 2011; SATYAPAL et al., 2014) suggesting kinematic pairs
are conducive environments for SMBH growth.

The inflow of gas, by either secular or environmental mechanism, drives the simultane-
ous growth of the stellar mass (by triggering star formation) in the nuclear region and of the
SMBH, this may be a possible explanation to the existence of the relations between bulge’s
and SMBH'’s properties (as described in 1.2.1 and Figure 1). Observationally, Seyfert galaxies
have younger nuclear stellar populations than those present in normal (non-active) galaxies. In
fact, young stars seem to commonly coexist with AGNs in nuclear regions of active galaxies,
as shown by several stellar populations analyses (e.g., STORCHI BERGMANN et al., 1990;
STORCHI-BERGMANN et al., 2000, 2002; DELGADO et al., 2001; CID FERNANDES et al.,
2004; RIFFEL et al., 2007). Kauffmann et al. (2003), for example, have studied a sample of
more than twenty-two thousand AGN host galaxies from the SDSS and concluded that luminous
AGNs are commonly found in bulges with younger stellar populations. Recently, Mallmann et al.
(2018) explored the spatially resolved stellar populations of 62 AGNs with the Mapping Nearby
Galaxies at APO (MaNGA, BUNDY et al., 2015) Survey and found a higher fraction of young
stars (t < 4 x 107 years) in the central regions (R < 0.5R,) of luminous AGNs (L[O 111] > 10%1-25
ergs/s) when compared with the control sample.

To explore these multiple scenarios and possibilities, in this section, we use spatially
resolved optical spectroscopy data to probe both the stellar populations and the ionized gas
properties of NGC 2992’s circumnuclear region.

2.2 Observations and Data Reduction

This chapter’s work is mostly based on data obtained with the Integral Field Unit (IFU)
of the Gemini Multi Object Spectrograph (GMOS) at the Gemini South telescope on the night
of February 15, 2018 (Gemini project GS-2018A-Q-208, P.I. Ruschel-Dutra). The observations
consisted of two adjacent IFU fields (covering 5” x 3”5 each). The fields are slightly offset, both
in Right Ascension (RA) and Declination (Dec), in order to increase the field of view (FoV) and
cover a larger portion of the galaxy plane. For each IFU field, there are six exposures, with an
integration time of 560 seconds each. Each science observation is accompanied by a 5" x 1775
sky observation for atmospheric lines removal.

The reduction procedures were performed using the Gmos Ifu REDuction Suite (GIREDS) .

' GIREDS is a set of python scripts to automate the reduction of GMOS IFU data, available at GitHub.


https://github.com/danielrd6/gireds
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The process for each of the 12 observations comprised the usual following steps:

 Bias subtraction: Essentially, all detectors have non-zero counts on 0-second exposure;
these counts are called bias. In order to remove this signature from the instrument, the
bias counts are subtracted from the science files.

« Flat-field correction: A flat field is the response of the telescope/camera system to a source
of uniform illumination. A flat field frame is basically an image of a uniformly illuminated
field. Since the image of the flat field contains differences in illumination due to variations
within the optical system, dividing the science image by the normalized flat field frame
corrects the scientific image for these instrumental variations.

» Removal of cosmic rays: cosmic rays are highly energetic particles that generate a high
number of counts when reaching the CCD, which can be identified as the black dots
randomly scattered in the images. Their removal is done using the routine L.A.Cosmic
(VAN DOKKUM, 2001)

» Wavelength calibration: a spectrum obtained from observation does not have associated
wavelength values. One needs to use a calibration based on a spectrum with known lines,
which is obtained by inserting a calibration lamp in the optical path of the spectrograph, in
this case, a Copper-Argon (CuAr) lamp.

 Flux calibration: consists of associating flux values to each wavelength of the observed
spectrum. This is done by comparing the instrumental counts per unit of time from a known
source, a standard star, with the science spectral counts.

Finally the registering and combination of the 12 individual exposures was done. The
final cube was built with a spatial sampling of 0”1 x 0”1, resulting in a FoV with =~ 2800 spaxels.
After cropping the borders and superimposing the FoVs, it results in a total useful combined FoV,
with total angular coverage of 29 arcsec? around the nucleus. The spatial resolution was limited
by the seeing, which was at 0’8 during the observations (as measured from the field stars in
the acquisition image), corresponding to 120 pc at the galaxy. The observed spectra covered
a range from 4075 to 7285 A with an instrumental dispersion o/ ~ 40 kms™, obtained from
the CuAr arc lamp lines.

Many Gemini data cubes show certain “instrumental fingerprints”, in the form of vertical
stripes in the reconstructed data cube. Such features also have specific spectral signatures. In
order to identify and remove these instrumental features, we use a technique based on Principal
Component Analysis (PCA, MENEZES et al., 2014). The fingerprint removal is fundamental
for the stellar population synthesis because its effect is more apparent for lower instrumental
counts. The data cube spectra were corrected for Galactic extinction using the Cardelli et al.
(1989) extinction curve (CCM), and a R, =3.1, for an Ay = 0.166 (SCHLAFLY; FINKBEINER,
2011) and by Doppler effect using the radial velocity of 2345 km s~ (see section 2.4).

We show in the upper panel of the Figure 18 an LRGB image of the Arp 245 system (Left)
and the acquisition image taken with a r’ filter (Right). In the middle panel we show a zoomed
version of the acquisition image superimposed with the the (ULVESTAD; WILSON, 1984) figure
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Figure 18 — Top Left: LRGB image composition of Arp 245 from Block (2011). Top Right: GMOS
r’ band acquisition image of NGC 2992. Middle Left: Zoomed acquisition image, and
the Ulvestad and Wilson (1984) radio emission in purple (contours : 3, 6, 9, 15, 30,
50, 70, 90 percent of the peak of 7.2 mJy). The dashed rectangles show the two IFU
FoV’s. Middle Right: IFU continuum mean flux in the combined FoV. Bottom, from
top to bottom: Spectra corresponding to the regions marked as A, B, and C, with
spectral flux density in units of 107'° erg s cm™ A" North is up and East to the
left in this and all figures of this chapter. The black cross represents the continuum
nuclear position in all figures of this chapter. All maps of this section were smoothed
using a Gaussian kernel with FHWM with half of the spatial resolution, see section
2.2.
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of 8-shaped radio emission of the galaxy (Left) and the mean continuum flux in the IFU’s FoV
(Right), while in the bottom panels we show three sample spectra from representative regions
marked, respectively from top to bottom, A, B and C. The prominent dust lane seen in the
acquisition image, and in the stellar continuum image from the IFU, has a reported Ay greater
than 3 (COLINA et al., 1987; SCHNORR-MULLER et al., 2016a). Spectra from this region of
high extinction have no measurable stellar component above the noise level, as exemplified by
the spectrum extracted from C. The nuclear spectrum shows a broad Hx component, and a
faint broad Hp is also present.

2.3 Stellar Populations

In order to obtain the spatially resolved star formation history (SFH), and to fit the
gas emission features, free from the stellar population contamination, we performed stellar
population synthesis on the data cube by employing the starlight full spectra fitting code
(CID FERNANDES et al., 2005a). Briefly, starlight fits an observed stellar spectrum O, with
a model M, built from a linear combination of N spectral components. Dust attenuation is
treated as if due to a foreground screen and parametrised by the V-band extinction Ay. Stellar
kinematics is modelled with a Gaussian line-of-sight velocity distribution centred at velocity v,
and with a dispersion o.,.

Besides the model spectrum M,, the code outputs the corresponding values of Ay, v,
o,, and a population vector X containing the percentage contribution of each base population
to the flux at a chosen normalisation wavelength A, which in our fits was chosen as Ag =
5500 A. The code minimises the x2 of the fit, though a more convenient and intuitive figure of
merit to assess the quality of the fit is through adev parameter, defined as the mean value of
|Ox — M| /O, over the fitted wavelengths.

We note that, while there are many different spectral fitting codes and techniques avalil-
able, cross-comparison of these various techniques have shown to yield rather consistent results
(e.g. KOLEVA et al., 2008; FERR E-MATEU et al., 2012; MAKSYM et al., 2014; MENTZ et al.,
2016; CID FERNANDES, 2018). Therefore, rather than trying different fitting codes, we chose
to maintain starlight and investigate the differences introduced by the choice of models and
stellar libraries, which are known to produce variations in the recovered properties (e.g. MARAS-
TON; STROMBACK, 2011; CHEN et al., 2010; WILKINSON et al., 2017; BALDWIN et al., 2018;
DAMETTO et al., 2019).

2.3.1 Evolutionary Models, Stellar Libraries and Featureless Continuum

This section discusses the stellar population models and stellar libraries used in this
work, and how we can account for the contribution of a featureless continuum due to the AGN
in NGC 2992.

The key ingredients in the stellar population synthesis method are the spectral base
elements, i.e. those spectra available to the fitting code to combine in order to recover the
galaxy properties. The base elements are, usually, Simple Stellar Population (SSP), i.e. a
collection of stars with same age and metallicity, taken from an evolutionary model which are
constructed using a stellar spectra library and an Initial Mass Function (IMF).
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Table 1 — SSPs used in the stellar population synthesis.

Model BCO03 M11
Spectral Library STELIB MILES
Metallicity 0.2 \ 1.0 \ 2.5 0.5 1.0 2.0
0.007, 0.008,
0.009, 0.01,

0.001, 0.003, 0.005, | 0.055,0.065, | 0.015,0.025, | 0.1,0.15,
0.01, 0.025, 0.04, 0.075, 0.085, | 0.04, 0.055, 0.3, 0.6,

Ages(Gyr) 0.1,0.3, 0.6, 0.9, 0.1,0.15, | 0.065,0.075, | 0.9, 1.5,
1.5, 3.0, 5.0, 0.3, 0.6, 0.085,0.1, | 3.0,5.0,
11.0,13.0 0.9 0.15,0.3,0.9, | 11.0, 13.0
1.5, 3.0, 5.0
11.0, 13.0

In this work we have used SSPs from two models: Bruzual and Charlot (2003, here after
BCO03), which uses the STELIB (LE BORGNE et al., 2003) spectral library, and Maraston and
Stromback (2011, hereafter M11), which employs the MILES (S ANCHEZ-BL AZQUEZ et al.,
2006) spectral library. For both models/libraries we use the same Chabrier (2003) IMF and
instantaneous star formation bursts. We found varying the IMF produces only minor variations
in the recovered SFH when compared to the changes introduced by using distinct models. The
former is outside the scope of this work, and we refer the reader interested in this particular
effect to Chen et al. (2010), Ge et al. (2019) and references therein. From the SSPs provided by
BCO03 we choose a set of 45 representative elements divided into three metallicities (0.2, 1.0,2.5
Z) and an age range covering from t(Gyr) = 0.001 to t(Gyr) = 13. From those available by M11
with the MILES library we chose a set of 40 SSPs with age and metallicity coverage as similar
as possible to the BC03 ones: three metallicities (0.5, 1.0,2.0 Z5) and ages ranging from t(Gyr)
= 0.007 to t(Gyr) = 13. The complete list of SSPs used from each model is shown in Table 1. It
is important to mention that the MILES Library does not provide metal-poor stars (Z = 0.5 Z,)
younger than 55 Myr (0.055 Gyr), and neither metal-rich stars (Z = 2.0 Z.) younger than 100
Myr (0.1 Gyr), while BCO3/STELIB provide the same age range for the three metallicities (see
Table 1).

We define a reduced population vector with three age ranges: t < 100 Myr; 100 Myr
< t<1.4Gyr;and t > 1.4 Gyr, to obtain a more robust description of the SFH than that obtained
with the full population vector (see, e.g. CID FERNANDES et al., 2005a), as well as to facilitate
the visualisation of the spatially resolved fit results. The population vector components are
denoted by xy, x; and xp, where Y, | and O stands for young, intermediate and old respectively.
The division in a reduced population vector has been used in several works in stellar population
synthesis (e.g. CID FERNANDES et al., 2005a; RIFFEL et al., 2010a; CID FERNANDES et al.,
2013; GONZALEZ DELGADO et al., 2015; MALLMANN et al., 2018), while the range values
may be slightly distinct from one another, the ones adopted here are the most common. Also,
for the young population the cutting value of 100 Myr is the estimated age of the pericentre
passage between NGC2992 and its companion (section 1.5).

When dealing with stellar populations in Seyfert galaxies, a power law (Fy < A™%)
featureless continuum (FC) should be added to the spectral base (KOSKI, 1978) to account for
the AGN emission. Values for « are between 0.5—-2.0 (OSTERBROCK; FERLAND, 2006), with
many authors working with large samples of galaxies assuming a general value of « = 1.5 (e.g.,
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RAIMANN et al., 2003; KAUFFMANN et al., 2003; CID FERNANDES et al., 2004; MALLMANN
et al., 2018). Since this work is focused on a single object, we propose a method to specifically
fit the « index for the optical spectrum of NGC 2992. We extracted two integrated spectra: an
inner one, hereafter S(A), defined as the sum of spectra within a circular region with radius of
0”4, and an external one, E(A), in an annulus with inner radius of 1”and outer radius of 1”4,
both centred at the peak of continuum emission. We model the S(A) spectrum as a combination
of E(A) and a power law FC , both reddened by the same factor and normalized in the same
wavelength, Ay = 5500 A, as follows:

(se) = 107 (20) +"<AA0>_(X] X 10D (18)

where Sp(A) is the model spectrum, p is the fraction contribution of the FC, 6Ay is the difference
in extinction between the S(A) and E(A) regions. The values which minimise the residuals
between S(A) and Sp,(A) are p = 0.23, Ay =2.2 and « =1.7.

It should be noted we are over-simplifying by assuming that S(A) is the combination of
E(A) and an FC, i.e. the stellar spectrum of both are the same. However, we argue this is just
a method to get a data-based value for «, instead of just assuming a fixed value which is even
less physically justified. Also, no further interpretation will be given in this regard besides the
adoption of this « value to produce the FC base element.

2.3.2 Spatially Resolved Stellar Populations Synthesis

In order to perform the spatially resolved stellar synthesis with enough signal to noise
ratio (S/N) we employed the Voronoi tessellation technique (CAPPELLARI; COPIN, 2003) in
our data cube, with a S/N target set to 20. Results from Cid Fernandes et al. (2005a) show
at this level starlight is able to reliably recover input parameters. Some spectra, however,
failed to reach the desired S/N, even when combining several tens of spaxels, specifically those
obscured by the galaxy’s dust lane. Henceforward we will just analyse and show the results for
those voronoi zones which the combined-spectra has S/N > 10, relying again on Cid Fernandes
et al. (2005a) tests that show it to be the minimum value to the reliability of the code.

In order to be able to explore both the effects of the FC component and the change of
model/library, we run the starlight code in the spaxels of the binned cube using three distinct
spectral bases:

» BCO03: Only stellar SSP components from the BCO3/STELIB models, see Table 1 for ages
and metallicities.

« BC03+FC: Same as BC03 stellar SSPs, with the addition of an FC component (F, o A™"-7)
to the spectral base.

* M11+FC: Stellar SSP components from M11/MILES, see Table 1 for ages and metallicities,
in addition to the FC component.

Since the effects of the presence/absence of FC component can be tested comparing BC0O3
with BC03+FC, and the change of model/library is explored comparing BC03+FC with M11+FC,
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we did not find necessary to test the synthesis using M77 without FC, therefore we kept our
analyze within these three configurations.

The FC component is available for starlight only in the spaxels of the inner 1.1 arcsec?,
which equals 3¢ of the Gaussian point spread function. The reason for not allowing the FC to
be used throughout the field is that there is a high level of degeneracy between the FC and a
young reddened population (further discussion in Cid Fernandes and Gonzlez Delgado (2010)
and the next section), and also because there is no physical reason to have an FC emission
outside the nucleus since it is emitted by the spatially unresolved accretion disk. We will call the
percentage contribution of the FC to total light of a spaxel as x5gn. During the synthesis all the
emission lines were masked (see Figure 19), the mask is the same in all spaxels with exception
to the central ones (r < 1.1”) where HB and [N 11] +Hx masks are broader. The sum of xy, X,
X0, Xagn Values is always 100% for all spaxels.

The maps of the recovered properties from the three distinct bases are shown in Fig-
ure 39, Figure 40 and Figure 41 at the Appendix A.1. These figures show the maps for xy, x;,
X0, Xagn, Av, the light-weighted stellar mean age (/og t.) defined as:

Ne' x: log(t;
(log t.) = w (19)
j=1%

where x; are the elements of the population vector X, i.e. the fraction contribution of each
component to the total light, ¢ is the ages of j-th component, and N, is the number of stellar
spectra in the base (SSPs). The figures in Appendix A.1 also shows the light-weighted stellar
mean metallicity (Z) for each reduced population vector component xy, x; and xp, respectively
(Z)y, (Z); and (Z), defined as:

S %7

Z)="0 © 2 (20)
@ Z/Zto X

where { and f; are respectively the lower and upper age limit of the reduced population vector
components as defined in the previous section.

The upper panel of Figure 19 shows an example fit for a spaxel at r = 0”6, the residuals
between the observed and the fitted spectra and the emission line mask. At the bottom panels
the age/metallicity/FC decomposition for the three syntheses are shown as an example of the
small differences resulting from the change of spectral base (see sections 2.3.3 and 2.3.4).

In Figure 20 we show the radial profiles of xy, X;, Xo, Xagn and (log t.), in bins of 0745 (~
70 pc), with points representing the median, and the colored region represents the 25 and 75
percentiles of the azimuthal distribution for the given radial bin. In Figure 21 we show the values
of (Z) for each one of the bases integrated over the entire FoV.

In general terms the presence of a large contribution of old metal-rich SSPs and a
smaller, but significant, contribution of young metal-poor stars seems to be independent of the
presence of an FC component, or the change of model/library. The detailed analyses of the

2 The radius(r)= 0.0 is set as the peak of the continuum emission.
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Figure 19 — Example of stellar population synthesis fit. Top: Observed (black) and synthetic (red)

spectra both in units of 1075 ergs™ cm2A'in a spaxel at radius equal to 0'6.
Middle: Residual between the observed and synthetic spectra, masked emission
lines are shown in purple. Bottom: Age/metallicity and FC decomposition for the
three synthesis, BC03, BCO3+FC and M11+FC. The dashed lines show the division
between xy, x; and xp SSPs.

differences caused by the distinct spectral bases available to the code will be better explored in
the sections below.

2.3.3 The FC Component Usage: Comparing BC03 and BC03+FC

As shown by Figure 20, the differences in the BC03 and BC03+FC synthesis are seen
only at the inner spaxels and are linked to the presence of the FC component in the spectral
base. For the external spaxels (r > 171), where only BCO3 stellar components are used in both
synthesis, the recovered properties are identical, as one would expect. In the external spaxels,
the xp values range between 75% and 85%, with all spaxels having super-solar mean metallicity,
(Z)o > 1.5 Z, and the majority of them being close to the upper limit of the models, (Z), ~ 2.5
Zs. The xy values are between 15% and 25%, with most spaxels having a sub-solar mean
metallicity, (Z)y < 1.0 Z, with a considerable portion of them at the lower limit of the model, i.e.
(Z)yy = 0.2 Z,. Some properties are identical in all runs even at the inner spaxels, Ay is very
high in the innermost spaxels (Ay > 3 mag) declining rapidly to Ay ~ 2.5 mag and reaching
1.5 mag at the border spaxels (A, map shown at Appendix A.1). Similarly, the contribution from
intermediate SSPs, xj, is null at most spaxels and reaches a maximum value between 10 and
20% in very few regions.



Chapter 2.

The Circumnuclear Region of NGC 2992

100

Xagn [%] Xy [%] X, [%] Xo [%]

(log t«) [yr]

Figure 20 — Radial profiles of the recovered properties for BCO3 (gold), BCO3+FC (red) and
M11+FC (blue) in bins of 0745 (~ 70 pc). From top to bottom:% contribution to
the total light from young (xp), intermediate (x;) and old (xy) SSPs, from the FC
(Xagn) and the light-weighed mean stellar age ((/og t.)). Xagn is null for BCO3 by
definition. The x; values for BC0O3 are not shown, however they are exactly the
same as BCO3+FC.
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Comparing the inner spaxels of BCO3 and BC03+FC, we see that the presence of an FC
component in the base causes a decrease in xp by just a few%. Larger differences, however, are
seen in the contribution from young stars, especially where an FC component is not available
(BCO3).

In this case, there is a sharp increase in xy from a steady 20% at r > 1”to more than
40% at the centre. On the other hand, the (BC03+FC) base produces a roughly constant xy
at r < 1.0”, while xagn increases from ~0% at 1.0"to ~20% in the innermost spaxels. This
effect is caused by the above-mentioned degeneracy between an FC spectrum and a young-
reddened SSP (CID FERNANDES et al., 2004; CID FERNANDES; GONZLEZ DELGADO,
2010). As shown by Cardoso et al. (2017), fitting a spectrum that contains an AGN power law-
like continuum with only stellar components causes the solution to have an excess of young
populations, which leads to a drop in the (log t.) (see the bottom panel of Figure 20). Although
such degeneracy can cast some doubts in the exact values of the xy and x,g, decomposition
in BCO3+FC, the fact that the solution at the center has xy values compatible with the ones of
the external regions of the FoV, and that the FC component contribution follows a radial profile
compatible with an unresolved source (i.e increasing from Xxagn ~ 0% t0 Xagn ~ 20% at the
continuum peak) is strong evidence in favour of the existence of an FC emission in NGC 2992.

2.3.4 Decomposition Stability: Comparing BCO3/STELIB and M11/MILES

In this section we discuss differences in the recovered properties between BC0O3+FC
and M11+FC bases and their derivations. We do not intend to make a detailed analysis of the
models and its derivations, nor to suggest one is a better choice than the other for use with this
type of data. Such discussions can be found in other studies, e.g. Riffel et al. (2015), Baldwin
et al. (2018) and Ge et al. (2019). Instead, we merely want to test the stability of the inferred
stellar properties with changes in models.

Besides the distinct stellar libraries used in these model libraries, they also employ
different evolutionary prescriptions (see CONRQY, 2013, for a review on stellar evolutionary
models). BC03 is constructed using the isochrone synthesis approach, while M11 uses the
fuel consumption theory. The treatment of the thermally pulsing asymptotic giant branch (TP-
AGB) phase is also a major topic of disagreement between different models. For example,
Dametto et al. (2019) found a relative excess of young populations and lack of intermediate-age
components when Near-Infrared (NIR) stellar populations synthesis are performed with BC03
SSPs, favoring results achieved with the M11 models. Nevertheless, these effects are much
more important when modelling stellar populations in the NIR, being significantly less relevant
in the optical.

Both xa9n and Ay are very similar to those obtained with BCO3+FC, but the population
vectors have notable differences. For instance, xp values for M11+FC are systematically lower
by ~5 to 10% than those recovered with BCO3+FC, while at the same time both xy and x; are
conversely higher for M11+FC. Given the increase of both xy and x; and the decrease in xp, the
light-weighted mean stellar age (log t.) for M11+FC is systematically lower than for BCO3+FC
by ~ 0.05 to 0.1 dex, as show in the bottom panel of Figure 20.

Although there are small differences in age decomposition, the metallicity general pattern
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Figure 21 — Values of (Z) vy, (Z) ; and (Z) o integrated over the entire FoV for each base, from
left to right, respectively, BC03, BCO3+FC and M11+FC. Points are the median
values, and the coloureds bars are the 25 and 75 percentiles. The dashed black
lines show the metallicity limit for each of the models.

seems to be maintained. As can be seen in Figure 21, the old populations have a super-solar
mean metallicity, close to the upper limit of the model (1.5 Z, < (Z)p < 2.0 Zy) and the
young populations have a solar to sub-solar mean metallicity ((Z)y < 1.0 Zy), as shown in
the middle panels of Figure 21. However, while the values of (Z)y in BCO3+FC are mostly
sub-solar ((Z)y < 1.0 Z;) the values in M11+FC are all solar ((Z)y = 1.0 Z5). This discrepancy
is probably caused by the fact that the MILES library does not contain SSPs with a sub-solar
metallicity younger than 55 Myr (see Table 1). For instance, in the example of Figure 19, while
BCO03 and BC03+FC recover its young populations as a combination of three SSPs with ages
of 1 Myr, 5 Myr and 10 Myr, the two first with sub-solar metallicity (Z = 0.2 Z5) and the later with
solar metallicity (Z = 1.0 Zy), the M11+FC recovers it as both 9 Myr and 10 yr solar metallicity
SSPs, and the fitting code would not be able to fit such a young component with lower metallicity
precisely because MILES library does not provide an SSPs with Z = 0.5 Z;, younger than 55
Myr. Therefore, we can see these (Z)y = 1.0 Z;, values in the synthesis using M11+FC base
as an upper limit for the young population metallicity.

As mentioned, above, we do not claim any of the three syntheses to be the one that better
describes the data. In fact, there are no significant differences in the adev parameters among
the bases: adev values range from 3% at the inner spaxels up to 8% at larger radius. Recovered
properties produced with the distinct models present the same general trend (see section 2.3.2).
However, we argue the bases which include an FC component are more physically justified.
Both the large decrease in (log t.) in the inner spaxels, when this component is ignored, and
the fact that the FC components fluxes have a spatial profile characteristic of a point-like source
(FWHM = 0”8, see Figure 24) are strong evidence of the existence of an FC like emission
in NGC 2992. It is worth mentioning even though we are not discussing results for the stellar
kinematics, we have made sure all the three decompositions were kinematically consistent
with each other, and no non-physical value was fitted to v., o. parameters, which would cause
an incorrect subtraction of the continuum used in emission line fitting procedures of the next
sections.
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2.4 Gas kinematics

2.4.1 Emission Lines Fitting

In order to fit the emission lines in NGC 2992 we use the IFSCube package. IFSCube is a
python based software package designed to perform analysis tasks in IFU data, mainly focused
on the fitting of spectral features, such as atomic lines. It allows for multiple combinations of
Gaussian and Gauss-Hermite functions, with or without constraints to its parameters. Stellar
continuum subtraction, as well as pseudo continuum fitting if necessary, are performed internally.
In this case, we used the residual spectra from the stellar population synthesis performed with
starlight. Initial guesses for the parameters are set for the first spaxel, usually, the one with
the highest S/N, and all subsequent spectra use the output of neighboring successful fits as the
initial guess.

When dealing with complex emission, the standard approach is to model the line profile
with a combination of Gaussian functions. Visual inspection of our IFU shows distinct velocity
components, evidenced by large asymmetries in the line profiles, in over one-third of the spectra
in the FoV. As a result, we decided to model these components separately and to investigate
whether they possessed any meaningful physical information, following previous works (e.g.
VILLAR-MARTIN et al., 2011; MCELROQY et al., 2015; FISCHER et al., 2018).

For every fitted emission line, we determined if the multi-component model was statisti-
cally justified, and not a better fit purely by virtue of the extra model parameters, by performing
a series of f-tests. The f-test is a standard statistical test to gauge whether a higher order model
is preferable to a simpler model when fitting a particular data set. We set the false rejection
probability for the lower order model to 10°. The higher this threshold is set, the harder it is
to justify a more complex model and the more likely it is to be over-fitting noise. The reader
interested in more detailed analyses and a step-by-step deduction of the application of f-test in
astrophysics emission line fitting is referred to Freund (1992) and statistical references therein.

As an Intermediate-type Seyfert nucleus, NGC 2992 presents both BLR (section 1.2.3)
and NLR (section 1.2.4) emission. The BLR emission lines (Hx and H{3) are blended with some
NLR emission lines (He, [N 11] A6548, [N 11] A6583 and Hf), leading to degeneracies if both NLR
and BLR emission lines are fitted, spaxel by spaxel, at the same time with all parameters free.
Fortunately, the fact that the BLR is not spatially resolved, i.e. its kinematics and its Balmer
decrement (Ha/H) can not vary spatially, can be used to decrease this degeneracy. Our chosen
methodology consists on first fitting an integrated spectrum to fix the BLR emission line profile
(kinematics and Balmer decrement), and later using this BLR spectrum as a fixed component,
except for the flux, on the spatially resolved NLR fits.

We extracted a spectrum centered at the continuum peak, using a virtual aperture of
30 = 1”1 (o refers to the Gaussian point spread function). In this spectrum we fitted [N 1]
A6548, [N 11] A6583, H (both BLR and NLR) and Hf (both BLR and NLR), adding Gaussian
components to the emission lines until the addition of a new component does not increase
the fitting quality, as measured by the f-test described above. The final fit has shown that two
Gaussians are necessary to fit each one of the BLR Balmer emission lines. This resulting profile,
meaning the superposition of two Gaussian functions, hereafter called as BLR Component, can
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be seen in panel (1) of Figure 22.

In order to resolve the kinematics of the NLR and obtain maps of emission line ra-
tios, we fitted the following eight strongest emission lines present in the data cube: HB, [O111]
A4959,05007, He, [N 11] A6548,A6583 and [S 11]] A6716,A6731. Each emission line was modeled
with a set of Gaussian functions. The central wavelength of the Gaussian functions was al-
lowed to vary by up to +£400 km s~'and the velocity dispersion up to 400 km s~'(FWHM = 1000
kms™). We added one more set of Gaussians to the fit, meaning that each emission line is
modeled by up to two Gaussian components®. To reduce the number of free parameters, each
set of Gaussians was required to have the same velocity and velocity dispersion (meaning their
relative wavelengths were fixed), while their fluxes were allowed to vary. The reason for this is
each component represents a kinematically distinct part of the gas, meaning that they may have
different ionization states determined by their relative fluxes. This means that, for example, the
single-component set of Gaussians fit to the eight emission lines instead of having twenty four
(eight lines x three parameters) free parameters, only had nine (a single velocity, v, and velocity
dispersion, o, amplitudes of Hx, Hf3, the two [S11] and the stronger [N 11] and [O 111], while the
amplitudes of the weaker [N 11] and [O 111]] were set fixed as 1/3 of the stronger ones, as given
by their Quantum Mechanics’ probabilities (hereafter we call [O 111] A5007 as [O 111], [N 11] A6583
as [N 1], and the [S 1] A6716,A6731 as [S 11]). As described in the previous paragraph, the BLR
Component was also included in the fit with only the amplitude as free parameter.

To estimate the uncertainties in the parameters, we performed Monte Carlo simulations,
in which Gaussian noise was added to the observed spectrum. One hundred iterations were
performed and the estimated uncertainty in each parameter was derived from the standard
deviation in all the iterations. The uncertainty maps are presented in Appendix A.2.

We then applied the f-test to each one of the NLR emission lines, spaxel by spaxel, in
order to assess if the simple model (single-Gaussian) is enough to fit the data or the more
complex model (two Gaussians) is required. The f-test results in spatially contiguous regions
of the required number of components for each emission line. The maps for [N 1] and [O 1]
emission lines are shown in Figure 22 and Figure 23. The figures also show spectral and
emission line fits in selected regions of the FoV.

The maps are not exactly equal for all emission lines. The size of the region in which
two components are needed depends on the line S/N*. Therefore the size is maximum for [O 111]
(Figure 23) and Ha (Figure 28), a little bit smaller for [N 11] (Figure 22) and the [S 11] doublets (not
shown) and much smaller for the low S/N line, HB (not shown). However, the general pattern
is the same for all emission lines: the data are well fitted by a single-Gaussian in most of the
FoV, but in a region, from the nucleus to the end of the FoV in the northwest (NW) direction two
Gaussians are needed.

As can be seen in both figures, for those spaxels in which the emission lines are well
behaved and symmetric, a single-Gaussian function, which we will call Component 1, is enough
to fit the data. However, in the spaxels where two components were statistically significant, the

3 Given that usually the NLR emission lines are some times not well fitted by a simple Gaussian profile, due to the

presence of multiple kinematical components in the line of sight, e.g. gaseous disk rotation, gas outflows and
inflows (e.g. ZAKAMSKA et al., 2016; SCHNORR-MULLER et al., 2017).

4 Because the f-test detection is sensible to how much the second component, the more complex model, stands
out from the noise. Therefore in low S/N lines, it is less likely the f-test will require a complex model.
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Figure 24 — Top: Spatial distribution of the BLR Component. Middle: Radial projection of the
BLR Component profile, vertical axis units of 1073 erg s~ cm™. Both show the
point-like source emission of the BLR, with a FWHM =~ 0”8 given by the spatial
resolution of the observation. Bottom: Radial projection of the FC components
fluxes (see section 2.3), also presenting a point-like source emission.

profiles show an asymmetry in the form of a blueshifted wing (see panels (1) and (2) in Figure 22
and Figure 23) requiring the addition of a second Gaussian, which we will call Component 2.
In Figure 24 we show the spatial and radial profile of the BLR Component. As expected
for an unresolved structure, this component is detected just in the innermost spaxels, with a
spatial distribution of a point-like source, equal to that of the stars in the acquisition image
(FWHM = 08, see section 2.2); at radii larger than 3o (1.1 arcsec) it is almost undetectable.
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Table 2 — Best Fitting Parameters Bertola et al. (1991) Model.

Parameters Values
Vsys 2345+ 5[kms™]
A 132 £ 4 [ kms™]
p 14
Co 3.5 4+ 0.1 [arcsec]
Vo 32° 4+ 1°
i 70° £1°

2 In the model the parameters p is allowed to vary between 1 and 1.5, the fitted value was equals to 1 in all the
Monte Carlo iterations.

2.4.2 Rotational and Non-Rotational Components in the NLR

Let us now discuss the spatially resolved properties of the NLR Components 1 and
2 and their possible physical interpretation. Component 1 is present in the entire FoV. In the
top panels of Figure 25 we show, from left to right, [O 111] flux, velocity dispersion (o), already
corrected by instrumental dispersion. In the middle left panel, we present the radial velocity (v).
We show the [O 111] flux as an example of the morphology of this component, which is similar
to the continuum morphology, with the peak of the emission shifted by only ~ 0”2 to southwest
(SW), with a steep decrease (up to 2 dex) towards the dust lane region. The o values range
from 50-100 km s~'and show a very disturbed pattern. The radial velocity map shows values
from -130 to 120 km s~'and although it presents some disturbance, a rotation pattern is clearly
discernible, with the SW portion receding and the northeastern (NE) approaching. We have
considered the west side of the galaxy is the near one, following the literature (e.g. MARQUEZ
et al., 1998; VEILLEUX et al., 2001); this explains why the emission is seen mainly to the east
and less to the west where it is attenuated by the dust lane in the line-of-sight.

In order to quantify how much the velocity field deviates from a pure rotation and to
derive both the major axis PA and the inclination of disk we fit the (BERTOLA et al., 1991)
model. The model assumes a spherical potential with pure circular orbits, in which the observed
radial velocity at a position (R, V) in the plane of the sky is given by the relation:

AR cos( —1g) sinO cosP i

V(R ) = Veys +
{F»’2 [sinQ(w —1g) + cos?(YP —wo)} +C3 cosQi}

o (21)

where vsys is the systemic velocity, / the inclination of the disk (with / = 0 for a face-on disk), A is
the amplitude of the curve, ¢ is the concentration parameter and 1 the line of nodes PA. The
parameter p defines the form of the rotation curve, varying in the range between 1 (logarithm
potential) and 1.5 (Keplerian potential). To avoid the degeneracy between the parameters,
we restricted the disk inclination to have values of i=70+10 (based on DUC et al., 2000,
photometric analyses) and we assumed the kinematical center to be co-spatial with the peak
of the continuum emission. A Levenberg-Marquardt least-squares minimization was performed
to determine the best fitting parameters and the uncertainties were obtained by making one
hundred Monte Carlo iterations. We show the best parameters and their uncertainties in Table 2.

The PA of the line of nodes was measured as 32+1°, in agreement with previous values
from the literature: PA = 32° (VEILLEUX et al., 2001, hereafter V01), PA= 30° (MARQUEZ et al.,
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Figure 25 — Component 1 properties. Top left: Logo Flux [O 1111 A5007 ( erg s~ em2). Top right:
Velocity dispersion o ( kms™). Middle left: Radial velocity v ( kms™). Middle right:
Modelled radial velocity (km s™), from the Bertola et al. (1991) rotation model fitting.
Bottom left: Residual between the measured and the modeled velocity field. Bottom
right: Uncertainties in the radial velocity v ( kms™). Black cross is the continuum
peak and the dashed black line is the fitted major axis PA.

1998, hereafter M98). Vs and i are also in reasonable agreement with other studies of the
galaxy: V01 found, respectively, 2335 + 20 km s~'and 68°, while M98 found 2330 km s~'and
70°. The velocity field amplitude (A = 132+4 km s™'), though, is much lower than the ones found
by both V01 and M98 (225420 km s~'and 250 km s~). This discrepancy is probably due to the
fact that both have used long-slit data in their studies, therefore being able to map the velocity
field up to several kpc. Thus having a better constraint in the behavior of the field at a larger
radius, while our data can only recover the internal portion of the velocity field.

The modeled velocity field is shown in the middle right panel of Figure 25, and the
residuals between the observed field and model are shown in the bottom left panel of the same
figure. The uncertainty map for the Comp. 1 v field, as measured by the Monte Carlo simulations
described in the section 2.4.1, is shown in the bottom right of Figure 25. While most of the field
is well represented by the disk rotation model (|v — Viyoger| < 20 kms™), there is only one region
at the eastern border with residuals up to 40 kms™.

The fainter component of the NLR (Component 2) is detected in a smaller region, orig-
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Figure 26 — Component 2 properties. Top left: Logo Flux [O 1111 A5007 ( erg s~ cm2). Top right:
Equivalent Width of [O 111]] A5007 (A). Bottom left: Velocity dispersion, o ( kms™).
Bottom right: Radial velocity, v ( kms™). Solid black lines represent our FoV. Black
cross is the continuum peak. Grey contours are the 6¢cm radio emission (ULVESTAD;
WILSON, 1984). Red dashed line is the contour of the redshifted structure found by
Garca-Lorenzo et al. (2001), at the farthest part of the radio emission major loop,
taken from Fig. 9 of their paper.

inating near the continuum peak and extending towards the NW. For the brightest line, [O 111]
A5007, the emission extends up to ~ 3", as shown by both the flux map, top left panel of Fig-
ure 26 and the P-V plot in Figure 27. In Figure 26, we show the maps of equivalent width (EW)
of [O 1], o and v for the Component 2. The v map shows only blueshifted velocities, with values
ranging from -250 to -200 km s™'. The velocity dispersion is higher than that of Comp. 1, ranging
from 200 to 215 kms™'. We also show in all the panels, the contours of the 8-shaped region
detected in the 6 cm radio emission (in grey) in which the smaller loop seems to be co-spatial
with Component 2.

The position-velocity plot along the major kinematical axis (PA = 32°) and the major axis
of the Radio emission (PA = -26°) of NGC 2992 are shown in Figure 27. It is clear that while
Comp. 1 has a rotational pattern, Comp. 2 deviates considerably from this pattern. Considering:

» Component 2 is not following the galaxy’s rotation;
* |t is co-spatial with the radio emission;

« It has higher velocity dispersion values than those of Comp. 1, o > 200 kms™;
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Figure 27 — Position-Velocity plot in virtual slits with 0”4 width. In the top panel the slit is at the
PA of the major kinematical axis, in the bottom the slit is at the PA of 8-shaped radio
emission major axis. Points are the measured velocity values, and the error bars
are the uncertainties in the velocities. Red points are the velocities of Component 1
and blue points the Component 2 ones.

« It has blueshifted velocities in the near side of the galaxy;

we are led to the conclusion that it is tracing a radio-jet driven gas outflow since all these are
well-known characteristics of this type of phenomena. In fact, this ionized gas outflow was
already reported by other IFU studies, e.g. Garca-Lorenzo et al. (2001), Friedrich et al. (2010)
and Mingozzi et al. (2019). Particularly, Garca-Lorenzo et al. (2001) interpreted this blueshifted
structure as the interaction of the minor loop of the radio-jet with the ISM. Garca-Lorenzo et al.
(2001) also found a similar, however redshifted, structure in the far side of the galaxy, co-spatial
with the farthest part of the radio emission major loop, which is mostly not visible in our FoV.
We have extracted the contours of this structure from Figure 9 of their paper and show it as
the red dashed line in Figure 26. This finding supports the scenario in which a bipolar over-
pressure relativistic plasma is expanding, accelerating and compressing the ISM gas in its
path (CHAPMAN et al., 2000). Interestingly, the only portion of this structure which falls within
our FoV is co-spatial with the largest velocity residuals seen in figure Figure 25. Although our
statistical analysis does not indicate the necessity of a separate component, the large residuals
clearly indicate a perturbation in the velocity field.

A very similar geometry was found by Riffel and Storchi-Bergmann (2011) in the galaxy
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Mrk 1157, in which non-rotational blueshifted and redshifted structures are present and co-
spatial to the two loops of a very similar nuclear 8-shaped radio emission. The authors also
interpreted these structures as the effect of the expanding radio-emitting plasma into the ionized
ISM.

2.4.3 Outflow Properties

If we consider Component 2 as ionised outflowing gas, we can measure its properties
such as mass, mass outflow rate and kinetic power. We followed the prescriptions described in
Lena et al. (2015), in which a biconical outflow geometry is assumed, even though in our case
we can see only one of the cones.

The mass outflow rate can be estimated as the ratio between the mass of the outflowing
gas and the dynamical time (time for the gas to reach the present distance from the nucleus),
My/ty. The mass of the gas in outflow (Component 2) is estimated as:

where my, is the proton mass, ne and V are the electron density and the volume of the re-
gion where the component is detected, f is the filling factor. The filling factor and volume are
eliminated by combining equation 22 with the following expression for the Hx luminosity:

L(Ho) ~ fn2jyq V (23)

With jio = 3.534 x 1072% ergcm® s™! at T = 10000K (OSTERBROCK; FERLAND, 2006). There-
fore, the gas mass can be written as:
mp L(Hx)

Mg B Ne jHoc (24)

Our estimates for ne are based on the flux ratio between [S 1] lines, as will be described in
next section. Note that the L(Hx) used here is based on the flux of Comp. 2 Hx emission only,
corrected by extinction as described in next section. The spatially resolved L(Ho) and My (i.e.
gas mass surface density, ~4) are shown in Figure 28.

The integrated gas mass is My = 3.6 £ 0.6 x 108 M,. The ty was estimated as the
ratio between the maximum extension of the outflow ~ 3"~ 450 pc (see Figure 27) to its
mean velocity, (Vour) ~ 210 kms™, which gives ty ~ 2.2 x 10 yr. Combining these values we
estimated an outflow mass rate of M,y ~ 1.6 & 0.6 M.

We also estimated the outflow kinetic power as:

Mout V2

Eout = th (25)

where v, is the radial velocity of Component 2 (Figure 26). Integrating the entire outflow we
obtained a total outflow kinetic power Eyy; ~ 2.2 + 0.3 x 10%° ergs. In section 2.6.3, we



Chapter 2. The Circumnuclear Region of NGC 2992 59

logip L(Ha) (Comp. 2) logio Zg
3
21 39 b 4.0
5 o1 |
g 35
s 01 38 1
5 -1 | 3.0
2 A 37 E 2.5
150pc
_3 T T T T T T T T T T T T T T
-3 -2 -1 0 1 2 3 -3 -2 -1 01 2 3
AX (arcsec) AX (arcsec)

Figure 28 — Left: Logarithm of Component 2 dereddened Ho luminosity in erg s~'. Right: Loga-
rithm of Component 2 surface mass density in units of M., (071)™2. Black cross is
the peak of the continuum emission.

compare these values with the ones found in the literature and those expected by outflow-AGN
relations.

2.5 lonization Mechanism and ISM properties

2.5.1 Nebular Extinction and Electron Density

In order to measure the extinction in the NLR, we adopt the Calzetti et al. (2000) atten-
uation law, and assume the case B recombination and the intrinsic Ha/Hp value for the NLR
(OSTERBROCK; FERLAND, 2006), which combined leads to the following expression to the
V-band extinction:

(26)

In order to improve the S/N and given the fact that H3 Component 2 is detected in a very
small region, we used the integrated flux (Component 1 + Component 2) of the NLR Hx and
Hp lines. The Ay map is presented in the top left panel of Figure 29, and its uncertainty in
the bottom left panel. The Ay peak at ~ 4.5 mag at the peak of the gas emission lines, and
has values > 3.5 mag in the dust lane portion of the FoV. However, this value may be even
higher as the uncertainties are up to 2 mag in this region, caused by high impression on the Hf3
flux measurement, as seen in Figure 42. Although the Ay are not the same in the continuum
Appendix A.1 and in the NLR, the spatial patterns are similar: the higher values are found the
central spaxels and towards the dust lane, and the lower towards the SE direction.

The electron density (ne) of the ionized gas in the NLR can be obtained from the ratio
between the [S11] lines, [S11] A6716/A6731 (OSTERBROCK; FERLAND, 2006). We applied the
solution of the collisional equilibrium equations given by Proxauf et al. (2014) to obtain the ne
values, as follows:
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Figure 29 — Top left and bottom left panels, shows, respectively the V-band extinction Ay, map
and its uncertainties, both in units of magnitudes. Top right and bottom right panel
show, respectively, the electron density (ne) and its uncertainties both in cm=3 units.
The black cross shows the peak of the continuum emission.

logyo(ne [cm®]) = 0.0543 tan(—3.0553R + 2.8506)
+6.98—10.6905R + 9.9186R° — 3.5442R° (27)

with R = Fg716/Fs731, the ratio between the [S11] lines. The ne map in its uncertainties are
presented, respectively, in the top right and bottom right panel of Figure 29. The maximum
value of ne is 950 cm3 reached at the peak of the emission lines, decreasing radially down to
100 cm3, another high (~ 800 cm™2) density knot is present at the south of the nucleus. Both
the values as well as the spatial profiles of both A, and n, measured here are in agreement
with the recent published analyses by Mingozzi et al. (2019) using MUSE instrument, see their
Figures A1 and B1.

2.5.2 lonization Mechanisms

Given the presence of young stars discussed in section 2.3, NLR and BLR emission
(section 2.4) which indicate AGN excitation, and the presence of radio emission that can drive
shocks (DOPITA, 2002; ALLEN et al., 2008), we used the [N 11]/Hc vs. [O111}/HB and [S 1)/Hx
vs. [O m)/Hp BPT diagnostic diagrams (section 1.3.1) to investigate which of these excitation
mechanisms are dominant in the innermost region of the galaxy.

In the bottom panels of Figure 30, we show the maps of [O 111[/HB, [N 1]/Hx and [S 1]/Hx
line ratios for the entire line profile (by summing the kinematical components; we do that to
increase the precision in the flux measurement and to avoid regions where a second component
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Figure 30 — Top: [N )/He vs. [O 11I}/HB and [S 1}/Hx vs. [O 11)/HR BPT diagrams; grey contours

are galaxies from the SDSS main galaxy sample measured by Kewley et al. (2006).
Red points are the spaxels of NGC 2992. Colored markers are the selected re-
gions of NGC 2992, as shown in the bottom panels, representing: red (Region A),
blue (B), green (C), pink (D) and cyan (E). Middle: Zoomed BPT diagrams with
shock+precursor grid models as measured with MAPPINGS V code (SUTHER-
LAND et al., 2018); the B indicates increasing magnetic field of the model (from
0.01 to 4 uG); the black numbers indicates the velocities of the shocks, ranging from
300 to 900 km s~'. Bottom: Respectively, from left to right, [O 1n1[/HpB, [N I/H, and
[S I[/Hx emission lines ratio maps; red circles show the selected regions shown in
the upper panels. In BPT diagrams the grey crosses are the typical errors in the
emission line ratios; the solid black lines are the Kewley et al. (2001) theoretical
upper limits for pure star forming galaxies. In the [N11]/Hx vs. [O 1I}/HB diagram
the dashed black line represents the Kauffmann et al. (2003) line which traces the
upper boundary of the SDSS star formation sequence. In the [S1IJ/Hx vs. [O 11)/HB
diagram the dashed-dotted black line represents the empirical division between
AGN like and low-ionization nuclear emission-line region (LINER) by Kewley et al.
(2006).
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is detected in high S/N lines, like [O 111], but not detected in lower S/N ones, like HB.) We excluded
the regions where uncertainties in the total flux, as shown in Appendix A.2, are higher than 30%.
The [O 11I[/HB shows a clear AGN signature, with its peak, up to [O 11I]/HR =~ 25, at the center of
the FoV and decreasing radially down to [O 11]/HB ~ 2 at SW corner of the FoV. The [N l//Hx
and [S 1l)/H«, however, do not show the same pattern: their maximum values are off-nuclear,
and they do not present a radial decrease as in the [O 111]/H one. This indicates a lower energy
mechanism (lower than an AGN, but higher than H i regions) can be ionizing the gas too. In
fact, shock ionized regions are characterized by having smaller [O 111]/H{ ratios and larger [S 1]
(or [N 11])/He than those ionized by AGN (VEILLEUX; OSTERBROCK, 1987; KEWLEY et al.,
2006; ALLEN et al., 2008).

We selected limiting regions in the line ratio maps and shown it in the respectively
BPT diagrams in the top panels of Figure 30. We also show some division lines: the solid
black curves on both diagnostic diagrams trace the Kewley et al. (2001) theoretical upper limit
of regions ionized by pure star formation. Several excitation mechanisms can increase the
collisional excitation rate, enhancing the ratios of the forbidden to recombination lines, among
them energetic photons from a power law-like emission (AGN); shock excitation and evolved
stellar populations can also produce line ratios along this branch of the diagram. The latter case
does not apply to the nuclear region of NGC 2992 given that it requires EW(Hx) < 3 A (see
section 1.3.1) and our entire FoV has EW(Hx) > 10 A. We also show the dashed black curve on
the [N 1)/Hx vs. [O 11)/Hp diagnostic diagram: the Kauffmann et al. (2003) empirical classification
line. The dashed-dotted black curve on the [S1iJ/Hx vs. [O 11)/Hf diagnostic diagram traces the
Kewley et al. (2006) empirical classification line. We also show as grey points in the top BPT
diagrams a collection of single-fiber emission line measurement from SDSS main galaxy sample
by Kewley et al. (2006).

Region A is the peak of the [O 11]/HB map, it shows clear AGN-like ratios, with an upper
[O ni/HPB value higher than any SDSS AGN, which corresponds to a 3”diameter aperture, and
therefore have a diluted AGN/host-galaxy emission line ratio. Region B has the lowest value
in all the maps, it lies bellow Kewley et al. (2001) showing the radial decrease in the AGN
contribution to the emission lines, and significant contributions from both star formation and
AGN excitation. Regions C, D and E display the highest values in the [S11//Hx and [N 11[/Hx
maps; however, they have lower [O 111}/Hf values than region A. Region E, in fact, crosses the
Kewley et al. (2006) line in the [S 1)/Hx diagram, which again indicates the presence of another
ionization mechanism.

In order to search for an explanation to the increase in this intermediary ionization en-
ergy lines ([N 11] and [S11]) we used the MAPPINGS V shock models by Sutherland et al. (2018).
We explored the parameter space in the pure shock and shock+precursor grids of the models.
None of the pure shock models could explain these line ratios, given the high [O 111]/Hf values.
However shock+precursor (Shock ionization in a medium already ionized by power-law like emis-
sion) with shock velocities between 300 km s~'and 900 km s~'and magnetic field (é) between
0.01uG and 4uG, with a two-solar metallicity and a pre-shock density of 1 cm™, successfully
reproduce the line ratios of regions C, D and E. In the middle panels of Figure 30 we show the
grid models in these shock velocity and magnetic field ranges superimposed with the emission
line ratios of the regions. The shocks in NGC 2992 have been extensively studied by Allen et al.
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(1999a), who conclude that shocks are the predominant ionization mechanism in the extended
NLR cones at a distance of several kpc from the nucleus.

We can conclude that a more simple Starburst-AGN mixture (section 1.3.1) in which
the maximum values of all [O 111}/HB, [N 1I]/Hx and [S 11]/Hx are located in the innermost spaxel
(location of the AGN), and all decrease radially towards the H Il ionization region of the BPT
in a straight line (Figure 10), cannot describe the ionization at the circumnuclear region of
NGC 2992. Instead, a more complex Starburst-AGN-Shocks mixture is responsible for its ion-
ization. However, the very high values of [O 111)/Hf3 indicate the most important among these
three mechanisms is AGN ionization, at least in the innermost portion (see further discussion in
section 2.6.4).

2.6 Discussion

2.6.1 Interaction-Driven Circumnuclear Star formation

In general terms, the stellar population synthesis discussed in section 2.3 shows that
stellar content in the inner 1.1 kpc of NGC 2992 is mainly composed by an old metal-rich
population, with a smaller but considerable contribution from young metal-poor stars. The pres-
ence of the latter is supported by other studies, for instance, using the Bica and Alloin (1986)
base of star clusters for stellar population synthesis, Storchi Bergmann et al. (1990) found a
predominance of old stellar populations (10'° yr) and a small contribution of at least 5% by
recent star formation in the inner 5”. Moreover, Friedrich et al. (2010) find that 10-20% of the IR
flux is attributable to a starburst, based on the emission from polycyclic aromatic hydrocarbon
(PAH) molecules. Additionally, these authors estimate the starburst to have occurred between
40-50 Myr, based on the equivalent width of the Bry line.

Major merger processes are known to be responsible for gas inflow towards the central
regions of galaxies enhancing circumnuclear star formation and possibly triggering nuclear
activity. Merger galaxies have an increase in the SFR, mainly at the nuclear regions (ELLISON
et al., 2013; PAN et al., 2019). Thus, these sources have younger nuclear populations than those
found in isolated galaxies, in which most of their recent formed stars are concentrated at the
spiral arms. Moreover, major mergers are also able to modify the metallicity gradients of galaxies
(BARRERA-BALLESTEROS et al., 2015). Galaxy simulations show that the gas, originally
located at external portions of the isolated galaxy (metal-poor regions), moves towards internal
regions (metal-rich regions) of the companion galaxy during the encounter and is capable of
cooling and forming stars.. Such processes are able to explain both the increase in the SFR
and the modifications in the metallicity gradient (DALCANTON, 2007; TORREY et al., 2012;
SILLERO et al., 2017). In fact, the pericentre passage between NGC 2992 and its companion
NGC 2993 is estimated to have occurred ~ 100 Myr ago (DUC et al., 2000). Thus, a possible
scenario is that metal-poor gas inflow has led to interaction-driven circumnuclear star formation
which can explain the presence of such young metal-poor stellar population in the nucleus.
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2.6.2 Feeding vs Feedback

We can compare the mass outflow rate, estimated in section 2.4.3, with the accretion
rate necessary to power the AGN at the nucleus of NGC 2992, calculated as follows:

- Lpor

Mgy = @n (28)
where 1 is the mass-energy conversion efficiency, which for Seyfert galaxies is usually assumed
to be n = 0.1 (FRANK et al., 2002), Ly, is the bolometric luminosity of the AGN, and c is the
speed of light. To measure Ly, we applied the bolometric correction by Marconi et al. (2004) on
the most recent X-ray luminosity measurement of NGC 2992 made by Marinucci et al. (2018).
The author used a 2015 NuSTAR observation and obtained an absorption corrected 2-10 Kev
Luminosity of 7.6 & 0.1 x 10*? ergs™ that translates to Ly = 9.1 + 0.2 x 10*3 ergs™. We use
these values to derive an accretion rate of Mgy ~ 0.02 Mo yr.

The nuclear accretion rate is two orders of magnitude smaller than the mass outflow
rate (Moyt ~ 1.6 + 0.6 My yr ', see section 2.4.3). This implies that most of the outflowing
gas does not originate in the AGN, but in the surrounding ISM, and this result supports the
scenario in which the plasma bubbles (radio loops) are expanding, pushing gas away from the
nuclear region. However, the ratio between the kinetic power of this blueshifted outflow loop
and the bolometric luminosity is ~ 0.002, which means only 0.2% of the AGN radiative power is
in this outflow. Many authors argue that such a low value is not enough to have the feedback
effects expected by cosmological simulations (SPRINGEL et al., 2005; SILK; MAMON, 2012;
BULLOCK; BOYLAN-KOLCHIN, 2017), stating that Eout/Lbo/ should be closer to 5% or above
in order to effectively suppress growth in the most massive galaxies. However, some models
show that coupling efficiencies of Eout/Lbo, ~ 0.5% (HOPKINS; ELVIS, 2010), and even 0.1%
(COSTA et al., 2018) could successfully prevent star formation.

2.6.3 AGN-Wind Scaling Relations

Comparing our outflow measurements with those from the literature we noted ours
results disagree with those presented in Muller-Sanchez et al. (2011), who reported My = 120
Mo yr' and E,u = 2.5x10%2 erg s, both almost one hundred times greater than ours. We
attribute this difference to two factors: i) they assumed the filling factor f to be constant equal
to 0.001, while we have measured the filling factor from L(Hx) and ne (see equation 23). This
assumption makes their My proportional to ne, and not inversely proportional (as in equation
24); i) they assume an electronic density of ne = 5000 cm=3, a value more than 5 times larger
than the maximum value we measured in the nuclear region of the galaxy. These two factors
combined explain their overestimation of both M,y and E,y:. We also argue these differences
cannot be due to a larger coverage of the outflow by a larger field of view, in the sense of seeing
the farthest part of the radio emission major loop and its redshifted outflow structure, given the
authors have used the OSIRIS/VLT instrument, which has an even smaller FoV than GMOS.

We can compare our values to the properties of outflows found in other previous papers
across the literature. In Figure 28, we show the Fiore et al. (2017) compilation of a set of out-
flow energetics from various studies over the years spanning a large range of AGN luminosity
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(Lpo; > 10%%), which they use to establish AGN wind scaling relations, mass outflow rate and
outflow power as a function of bolometric luminosity, together with several measurements of
nearby galaxies from individual studies compiled by us from the literature or obtained by our
collaborators: NGC 1068, NGC 3783, NGC 6814, NGC 7469 (MULLER-SANCHEZ et al., 2011),
NGC 4151 (CRENSHAW et al., 2015), Mrk 573 (REVALSKI et al., 2018), Mrk 34 (REVALSKI et
al., 2018), NGC 7582 (RIFFEL et al., 2009), Mrk 1066 (RIFFEL et al., 2010b), Mrk 1157 (RIFFEL;
STORCHI-BERGMANN, 2011), Mrk 79 (RIFFEL; STORCHI-BERGMANN, 2013), NGC 5728
(SHIMIZU et al., 2019), and NGC 3081 (SCHNORR-MULLER et al., 2014), ESO 362-G18
(HUMIRE et al., 2018), NGC 1386 (LENA et al., 2015), ESO 153-G20 (SOTO-PINTO et al.,
2019), 3C 33 (COUTO et al., 2017), including NGC 2992 measurement by Muller-Sanchez et al.
(2011). Although these estimates are made using different recipes, leading to differences be-
tween methods, they are generally similar to the one adopted here. Therefore, this comparison
with the literature may be useful at least as an order of magnitude approximation.

As we can see, the overestimated previous measurement of NGC 2992’s outflow made
this source to be an outlier in the Fiore et al. (2017) relations, while our values make the galaxy
more likely to be explained by these relations. However, the other measurements in nearby
Seyfert galaxies support the existence of a larger scatter of these relations, both in E,: and
M,ut, at lower luminosities. To confirm whether this extension is valid or not, more detailed
studies like this, mainly using IFU, are needed so that outflow properties can be properly and
systematically measured, without assuming fixed values of ne and f.

2.6.4 Multiple lonization Mechanisms

In section ?? we showed that despite being dominated by AGN excitation, star formation
and shocks cannot be excluded as ionization mechanisms in the nuclear region of the galaxy.
The existence of star formation ionization in the nucleus is confirmed by Friedrich et al. (2010) IR
emission line analyses, as mentioned in section 2.6.1. The presence of shocks is also supported
by Allen et al. (1999a) using long-slit spectroscopy. The authors also argue the dominance of
shocks increases, compared to ionization by the central source, at larger radius.

Galaxies undergoing rapid phases of evolution (through processes such as galaxy-
galaxy interactions, gas outflows and radio jets) often have multiple ionization mechanisms
contributing to their optical line emission (e.g. RICH et al., 2011; LANZ et al., 2015; RICH et al.,
2015; DAVIES et al., 2017). These multiple ionization mechanisms are also in agreement with
evolutionary scenarios in which gas inflows (driven either by secular mechanisms, like nuclear
bars or nuclear spiral arms, or environmental ones, like minor and major mergers) triggers
nuclear star formation and nuclear activity (feeding process) and then the active nucleus can
drive both ionizing photons from the accretion disk and radio jets (feedback process) that
impacts the ISM physical conditions (HOPKINS et al., 2008; HOPKINS; ELVIS, 2010).
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Figure 31 — Correlations between the mass outflow rate (M,y:, Top Panel) and kinetic outflow
power (E,u:, Bottom Panel). Blue points are the data compiled by Fiore et al. (2017)
and the black dashed lines show the best fit correlations for these points. Red
Squares are the previous measurement of NGC 2992 by Muller-Sanchez et al.
(2011), and green ones are the results of this work. Violet diamonds are compiled
from various literature sources for more modest AGN luminosities.
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3 THE LONG-TERM VARIABILITY OF NGC 2992

This chapter is fully based on the following paper, of which | am the lead author, and therefore
is not intended as an original work:

“The Eddington ratio-dependent multiple ‘changing look’ events in NGC 2992”, Guolo-Pereira,
M., Ruschel-Dutra, D., Schimoia, J., Grupe, D., Peterson, B., Nemmen, R., Storchi-Bergmann,
T., Robinson, A., under review in the MNRAS.

3.1 Introduction: ‘Changing Look’ AGNs

The AGN Unified Model (section 1.3) attribute differences in AGN type to the viewing
angle toward an axisymmetric, parsec scale obscuring structure, which can block our direct view
of the AGN central engine (ANTONUCCI, 1993; URRY; PADOVANI, 1995) and is responsible
for the lack of Broad Emission Line (BEL) in the Type 2 ones. However, a relatively small
number of AGN show transitions from one type to another in a few years (e.g., Type 1 to Type
2 or Type 1 to Type 1.9); these objects are known as ‘changing look’ (CL) AGNs. CL-AGNs
challenge the widely accepted AGN paradigm, not only in the orientation-based unified model
but also standard accretion disk models (section 1.2.2). Their extreme and fast variability has
motivated alternatives and/or modifications for both the AGN Unified Model (e.g., NICASTRO,
2000; ELITZUR; SHLOSMAN, 2006; ELITZUR et al., 2014, see also section 1.3.3) and for the
standard Shakura and Sunyaev (1973) accretion disk model (e.g., SNIEGOWSKA et al., 2020;
JIANG; BLAES, 2020)

Until recently there were only a handful of CL events reported, including NGC 3516
(ANDRILLAT; SOUFFRIN, 1971), NGC 1566 (PASTORIZA; GEROLA, 1970; OKNYANSKY et
al., 2019), Mrk 590 (DENNEY et al., 2014), NGC 2617 (SHAPPEE et al., 2014), NGC 7603
(TOHLINE; OSTERBROCK, 1976), Mrk 1018 (COHEN et al., 1986), NGC 1097 (STORCHI-
BERGMANN et al., 1993), NGC 3065 (ERACLEOUS; HALPERN, 2001) and NGC 7582 (ARETX-
AGA et al., 1999). In 2015 (LAMASSA et al.) discovered the first CL Quasar and since then
the number of known CL-AGNSs has increased rapidly (e.g., MACLEOD et al., 2016; MCELROY
et al., 2016; RUNNOE et al., 2016; YANG et al., 2018; RUAN et al., 2016; SHENG et al., 2017;
KOLLATSCHNY et al., 2018; GUO et al., 2019; WANG et al., 2019; GRAHAM et al., 2019;
KOLLATSCHNY et al., 2020); however, the number is still less than a hundred.

Some of these CL might be successfully explained via variable obscuration (e.g., MATT
et al., 2003; PUCCETTI et al., 2007; RISALITI et al., 2010; MARINUCCI et al., 2013; MARCH-
ESE et al., 2012): in models where the obscuring material has a patchy distribution (e.g.,
NENKOVA et al., 2008; ELITZUR, 2012), the dynamical movement of the dust clouds could
result in a change of classification. Transient events such as tidal disruption events (TDE) of
a star by the SMBH were also claimed as possible drivers of CL events (ERACLEOUS et al.,
1995); however, this scenario does not apply to sources presenting multiple (and quasi-periodic)
CL events.

In a third scenario, it has been argued that changes in type are expected with variations
in accretion rate. In this scenario either the BELs disappear (reappear) due to the reduction
(increase) of ionising photons available to excite the gas in the vicinity of the black hole (e.g.,
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STORCHI-BERGMANN et al., 2003; LAMASSA et al., 2015) or the BLR itself disappears, given
that in disk-wind BLR models (e.g., NICASTRO, 2000; ELITZUR; SHLOSMAN, 2006; ELITZUR;
HO, 2009, section 1.3.3) the broad line emission region follows an evolutionary sequence that
is directly related to the accretion rate of the compact source. In such disk-wind BLR models,
a low accretion efficiency is not able to sustain the required cloud flow rate responsible for the
formation of the BLR clouds which gives origin to the distinct (intrinsic) AGN types, as proposed
by Elitzur et al. (2014).

NGC 2992 was the subject of several studies and target of all major X-ray missions due
to its variability. In the hard X-rays band (2-10 keV), it steadily declined in observed flux from
1978, when it was observed by HEAO1 (MUSHOTZKY, 1982) at a flux level of about 8 x 10~
ergcm® s7! until 1994 when it was observed by ASCA (WEAVER et al., 1996) at a flux level
by about a factor 20 fainter. Then it underwent a rapid recovery: in 1997 it was observed by
BeppoSAX at a flux level somewhat higher than in 1994, while in 1998 the source fully recovered
its HEAOT1 brightness (GILLI et al., 2000). In 2003, when observed by XMM-Newton, the flux
was even higher, about 107 erg cm® s™' (SHU et al., 2010). The source was then observed by
Suzaku on November/December 2005, and found in a much fainter state, almost an order of
magnitude fainter than in the XMM-Newton observation.

The Rossi X-ray Timing Explorer (RXTE, SWANK, 2006) monitoring campaign between
early March 2005 and late January 2006 found large amplitude (almost an order of magnitude)
variability, indicating that apart from the long-term variability of the source, it also presents short-
term outbursts with variations in the order of days, while no significant variation of the primary
power-law index was found (MURPHY et al., 2007); at the end of the campaign the source was
again at a low flux state, confirmed by Suzaku, at a flux level of ~ 1 x 107" ergem® s™! (PTAK
et al., 2007; YAQOOB et al., 2007) and Chandra, at flux level of ~ 0.3 x 107'" ergem® s~ (its
historical minimum flux, MURPHY et al., 2017). In 2010, NGC 2992 was observed eight times
for ~ 40ks by XMM-Newton with a flux ranging from 0.3 x 10™"" ergem®s™ to 1.3 x 107"
ergcm® s, A further 2013 XMM-Newton observation caught the source in a higher but still low
flux state (1.6 x 107" ergem® s7). In 2015, observations performed simultaneously with Swift
and NuSTAR found a flux of 6 x 107" ergcm® s™' (MARINUCCI et al., 2018). The most recent
observations was performed again with XMM-Newton in May 2019, when the flux was again at
the highest levels seen, ranging from 6.8 to 10 x 107" ergecm® s~' (MARINUCCI et al., 2020).

The optical variability of the source was first explored by Gilli et al. (2000) who noticed
that in 1999 the Hx BEL was present again, as it was in early observations of the galaxy by
(VERON et al., 1980) at the end of the ’70s (what led to its first classification as a Seyfert
1.9), in contrast to the Type 2 spectra seen in 1994 by Allen et al. (1999b). Later, Trippe et al.
(2008a) showed that from the beginning of 2006 to the middle of 2007 the source had lost its
BEL. Recently Schnorr-Muller et al. (2016b) and Guolo-Pereira et al. (2021, chapter 2) not only
showed that the Hx BEL was detectable again but also, for the first time, a very faint H3 BEL
was claimed to be present.

Besides being a very well studied galaxy, to the best of our knowledge no study has yet
explored the entire X-ray and optical historical emission of NGC 2992, nor attempted to link the
behavior in the two wavelength bands. These are our goals in this chapter, which is organized
as follow: In section 3.2 we describe the data collection. The analysis of the data is described
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in section 3.3, while the results are discussed in section 3.4.

3.2 Data Collection

This work results from a careful re-examination of the entire literature on NGC 2992,
both X-rays and optical spectra, from its discovery as an X-ray source (COOKE et al., 1978;
WARD et al., 1980) and classification as a Seyfert galaxy (OSMER et al., 1974) to the most
recent optical and X-ray spectra published to date (MARINUCCI et al., 2020; GUOLO-PEREIRA
et al., 2021, chapter 2).

3.2.1 X-ray Spectra

The X-ray spectrum of NGC 2992 is very well fitted by an absorbed power-law which
accounts for most of the X-ray emission (spectra examples are show in Figure 7). However,
the spectrum also presents a narrow iron Ka component, which becomes more intense at
high flux levels (YAQOOB et al., 2007; MARINUCCI et al., 2018; MARINUCCI et al., 2020).
We collected the fluxes in the 2-10 keV X-ray band (F>_19) and the best-fitting parameters for
the absorbed continuum model, namely the power-law continuum photon indexes (I') and the
absorbed material column densities (Ny), as reported by the authors throughout the literature
on the source (equation 17). For the more recent spectra, where the narrow Fe Ku is detected
we also collected their measured fluxes, F(Fe K«x). In the top panel of Figure 32, we show the
historical 2-10 keV light curve. In Table 3, we show the best-fitting continuum model parameters,
the Fe K« fluxes, the observation dates, and references. The Ny are only accounting for the
absorption at the redshift of the source therefore not including Galactic absorption, Nﬁ R
5.5x10%0 cm™2 (KALBERLA et al., 2005). Errors in the X-rays parameters correspond to the
90% confidence level for the parameter of interest (Ax? = 2.7), as reported by the authors. For
the papers in which the authors reported their uncertainties in another scale, e.g., Ax? = 4.6,
the errors were re-scaled using a Python package (asymmetric_uncertainties) for treatment
of asymmetric statistical errors derived from confidence levels, which employs a combination
of the methods proposed by Barlow (2004) and Possolo et al. (2019). The method and a brief
discussion on uncertainties can be found in Appendix B.1. The propagation of the uncertainties
for the X-ray derived quantities (see section 3.1 and Table 3) is also performed with this same
method, see appendix B.1.

3.2.2 Historical Optical Spectra

To access the historical presence or absence of Hux BEL and the galaxy optical clas-
sification, we reviewed all papers that report optical spectra of the galaxy. As most of these
spectra are not available to allow inter-calibration and measurement of the BELSs flux variability,
we restrict ourselves to a binary classification of the Hx BEL, i.e., whether the component was
undoubtedly detected (D) or not-detected (N-D) by the authors. We do so by searching for a
detection/non-detection claim in the original text and by visually inspecting the published spectra.
In the middle panel of Figure 32, we show the Hx BEL detection history. In Table 4 we show the
observation dates, the references and the Seyfert Type at the time.


https://github.com/muryelgp/asymmetric_uncertainties
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Figure 32 — Top: Historical 2-10 keV light curve of the source. Middle: Historical detections (D)
and non-detections (N-D) of the broad Hx emission line. Bottom: Intrinsic (absorp-
tion corrected) 2-10 keV Luminosity (Lo_19) light curve. Each color represents a
distinct X-ray mission, and will be maintained throughout the entire paper. In the
L»_10 panel, the points without error bars have errors smaller then 3x10*' erg s71,
see Table 3 for the exact values.

In summary: the first spectra of the galaxy in the '70s (WARD et al., 1980; VERON
et al., 1980; SHUDER, 1980; DURRET; BERGERON, 1988) detected only Hx broad compo-
nents, with no counterpart in Hf3, resulting in its original classification as a Seyfert 1.9 galaxy.
Throughout mid '80s to the mid '90s several authors have reported that the BEL Hx was not
detectable anymore (BUSKO; STEINER, 1990; ALLEN et al., 1999b; MARQUEZ et al., 1998;
VEILLEUX et al., 2001), changing its classification to Seyfert 2 Type. However the broad com-
ponent was detected again from the end of the '90s to the beginning of the 2000s (GILLI et al.,
2000; GARCIA-LORENZO et al., 2001; STOKLASOVA et al., 2009). Later, Trippe et al. (2008a)
performed an 18 months long monitoring campaign from the beginning of 2006 to mid 2007 that
revealed the Hx BEL component was missing again, throughout the entire campaign. More re-
cent observations have shown that the galaxy has regained the broad Hx component (DOPITA
et al., 2015; SCHNORR-MULLER et al., 2016b; MINGOZZI et al., 2019), and for the first time,
an Hp BEL was unambiguously detected, in late 2018, by Guolo-Pereira et al. (2021, chapter
2), therefore changing its classification to a 1.8 Type Seyfert galaxy.

It is important to note the great number of data points collected: 40 in the X-rays (33 with
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Table 3 — Historical X-ray data for NGC 2992.

Obs. Date® Satellite FO, NG r F(Fe Kx)© Reference Lgé_)w
10/1977 7.40 - 13.484)80
02/1978 HEAO 1 8.38 | 16.0°85 | 1.79:0%¢ - Mushotzky (1982) 15.30*132
10/1978 7.21 - 13.09* )38
06/1979 Einstein 217 | 1437%] | 1827072 - Maccacaro etal. (1982) | 389020
06/1980 2.66 22.3:3}%;5 1 .gzzg;zé - ’ 5.25:(%_-%]6

+3. +0.. +0.
12/1983 130 [ 7.0 | 146570 - 20905
03/1984 450 | 7.8%2 | 16803 - 7.37+09
12/1984 470 | 6.01% | 164209 - 7.501018
12/1984 EXOSAT 370 | 7.0702 | 15600 - Turner and Pounds (1989) | 5.96°042
12/1984 3.00 8.6755 1.48%913 - 491088
12/1984 150 | 6.9 | 1.49:94° - 2.421028
12/1984 150 | 5.6%%5 | 1.58%03% - 2.391002
01/1985 1.60 74445 1.67931 - 2.611018
04/1990 GINGA 1.68 | 13.6753 | 1.64750% - Nandra and Pounds (1994) | 2.94*012
06/1994 ASCA 0.33 | 10.1%2% 1.700 - Weaver et al. (1996) 0.5675%
5.0 +0.13 — +0.07
fﬂ pod BepposAx | 990 | WhOue | T2 Gill et al. (2000) ks
: Y03 V0,02 — -£9.0.05
05/2003 XMM-Newton | 9.50 6503 1835058 - Shu et al. (2010) 15.37°3%¢
0.2 88131 0.05
03/2005 7.38 ) 171295 - -
05/2005 2.70 - 1.72%5 0 - -
06/2005 RXTE 1.05 - 1.757930 - Murphy et al. (2007) -
09/2005 1.23 - 1.85:013 - -
11/2005 1.25 - 1.96:012 - -
01/2006 1.35 - 1.76%0 5% - -
12/2005 SUZAKU 115 | 8.07% | 15704 3.99"0%0 Yaqoob et al. (2007) 1.88°50]
01/2010 CHANDRA | 0.36 = - = Murphy et al. (2017) -
05/2010 0.65 | 9.2710 | 1.6770% 3.5170% 108757
05/2010 0.75 8.6%10 1.6470:0% 2.96'0% 1.2410:%2
05/2010 1.35 8.4+ 1.61%504 44908 2224008
06/2010 053 | 8510 | 1.67:9% | 3.6970% 0.87:03!
112010 | XMM-Newton | 54 | g0 | 167:008 | 364103 Marinucci et al. (2018) 0.88"0%!
11/2010 0.45 8.018 1.70%5 08 3.70%032 0.74*9%1
498 2008 833 001
11/2010 030 | 81490 | 171200 3.19:0% 0.49*9!
12/2010 0.60 | 9.050 | 1.68700s 3.00%337 1.00:591
05/2013 1.65 8.1+ 1.6310:0 5.66%112 2.70°003
12/2015 NuSTAR 580 | 11.0%23 | 1.72:90% | geglse 9.89102¢
05/2019 ] 1000 | 9.07¢ | 168701 | 12,9615 I 16.59°03%
052019 | XMMNewton o | 518 | 16ge | 15967180 Marinucei etal. (2020) | 1 {503

(@) mm/yyyy. (b) in units of 107" erg cm™ s™'. (c) in units of 102! cm™. (d) in units of 107 erg cm™ s™' (e)
Absorption corrected, in units of 102 erg s7'. (f) The value was frozen in the model fitting, therefore it was excluded
in the analyses of the I parameter variability of section 3.3.1. (g) Values not provided by the authors.

reported Ny and T values) and 18 in the optical; allow us to have a quasi-contemporaneous
X-ray measurement for each optical spectrum, within less than one year for most, and less than
two years for all of them, see Figure 32.

3.2.3 Modern Optical Spectra

For four of the six recent spectra of NGC 2992, we were able to apply methods of
flux intercalibration that have been developed for reverberation mapping studies (PETERSON,
1993; VAN GRONINGE; WANDERS, 1992; PETERSON et al., 1995; FAUSNAUGH, 2017) and
measure the intrinsic flux variability of the BELs. The spectra are from:

« Trippe et al. (2008a) and taken in December of 2006 in the Cerro Tololo Inter-American
Observatory; the spectrum was obtained by private communication with one of the au-
thors;

» Dopita et al. (2015) as part of the Siding Spring Southern Seyfert Spectroscopic Snapshot
Survey (S7), taken in April of 2014 and publicly available at the S7 survey website;
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Table 4 — Historical broad Hx line and Seyfert type classification for NGC 2992.

Obs. Date® | Ha BEL® Reference Seyfert Type
07/1977 D Ward et al. (1980) 1.9
<1978 D Veron et al. (1980) 1.9
01/1979 D Shuder (1980) 1.9
05/1979 D Durret and Bergeron (1988) 1.9
03/1985 N-D Busko and Steiner (1990) 2
03/1991 N-D Marquez et al. (1998) 2
02/1994 N-D Veilleux et al. (2001) 2
03/1994 N-D Allen et al. (1999b) 2
04/1998 D Garcia-Lorenzo et al. (2001) 1.9
01/1999 D Gilli et al. (2000) 1.9
03/2001 D Stoklasova et al. (2009) 1.9
01/2006 N-D 2
12/2006 N-D Trippe et al. (2008a) 2
06/2007 N-D 2
02/2014 D Schnorr-Muller et al. (2016b) 1.8/1.9
04/2014 D Dopita et al. (2015) 1.9
02/2015 D Mingozzi et al. (2019) 1.8/1.9
02/2018 D Guolo-Pereira et al. (2021, chapter 2) 1.8

>

(a) mm/yyyy. (b) Whether the Hx BEL was Detected (D) or Non-Detected (N-D).

* Mingozzi et al. (2019) as part of the Measuring Active Galactic Nuclei Under MUSE
Microscope (MAGNUM) survey using the MUSE instrument at the Very Large Telescope
(VLT) and taken in February of 2015; the spectral data cube is public available at the VLT
archive;

» Data cube from chapter 2 (GUOLO-PEREIRA et al., 2021).

The inter-calibration, aperture/seeing corrections, and the process for emission line fitting of
these spectra will be presented in section 3.3.2.

3.2.4 Estimates of the Black Hole Mass

Precise black hole mass measurements are essential for the energetic calibrations and
scaling to come. Using stellar velocity dispersion measurements of o, = 158 kms™', Woo and
Urry (2002) estimated the black hole mass of NGC 2992 to be 5.2 x 107 M, by applying the
Tremaine et al. (2002) Mpy- o, relation. The value obtained from Gultekin et al. (2009) Mpy-
o, relation is Mgy = 4.8*39 x 107 My, using a bulge stellar velocity dispersion o, = 158 + 13
km s~/ (NELSON; WHITTLE, 1995). From the normalized excess variance o2,in the 2-10 keV
band and assuming the o2,,.- Mgy correlation from Ponti et al. (2012), Marinucci et al. (2020)
reported a Mgy = 3.0*32 x 107 M. Furthermore, we also estimate the SMBH mass using the
emission line measurements, to be described in section 3.3.2, by using single-epoch (SE Mgy
estimates. We applied Dalla Bonta et al. (2020) Msg(ong, Liyg) relation in all the four modern
spectra. We corrected extinction effects using the measured Balmer decrements and assuming
Calzetti et al. (2000) extinction law. We obtained the following values for Mg: 1.3*3-8 x 107
M, 35154 x 107 My, and 2.4*3-} x 107 M, respectively for 2014, 2015 and 2018 spectra. For
2006 spectrum, as the the Hp BEL was not detected we use the Hx BEL, assuming a Balmer
decrement of 9 (see section 3.3.2), we obtained Mgy = 0.5*]-3 x 107 M. In summary, although
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the distinct methods results in distinct Mgy values, they are all within the 0.5—-5.5 x 107 M,
range.

3.3 Data Analyses

3.3.1 X-ray Variability

In the scenario where the CL events are caused by variable absorption, two natural
consequences are an anti-correlation between the Ny and Fo_ig and a constant intrinsic
(absorption corrected) luminosity. In the top panel of Figure 33 we show log Ny as function of
F>_10: no clear anti-correlation can be seen. The Spearman rank correlation coefficient (rs) for
the two variables and its corespondent pyaye are rs = 0.19%0-13 and pyaue = 0.22:343, while the
best-fitting constant value is Ny = 22.01j8_-8§, where the errors correspond to 90% confidence
level measured by performing a thousand Monte Carlo iterations (see details in appendix B.1).

We can therefore conclude that although there were some variations in the column
density it is not anti-correlated with the X-ray flux as seen in variable absorption CL-AGNs
(e.g., PUCCETTI et al., 2007; BIANCHI et al., 2009).A further confirmation that the absorption
is not the main factor responsible for the behavior of the source can be seen by the intrinsic
(i.e., absorption corrected) rest-frame luminosity (Lo_1g). The measured L,_1¢ values, for each
observation in which a Ny value is provided, are presented in Table 3. The values range from
4.9 x 10*" ergs™to ~ 1.7 x 10*3 ergs™'. The L,_yq light curve is shown in the bottom panel
of Figure 32, and it has the same behavior as the F»_1g and this indicates/confirms that the
variations are intrinsic and not due to changes in absorption.

The Sperman rank correlation test shows that there is no monotonic correlation between
the photon index T" and the X-rays flux (or luminosity) for NGC 2992 (bottom panel of Figure 33).
The values found were rs = 0.15*012 and pyawe = 0.27*335. The existence of a correlation
between luminosity and photon index is in fact debatable, and several contradictory results have
been presented in the last years. While Dai et al. (2004) reported the existence of a positive
correlation, other works found none (e.g., WINTER et al., 2009) or a negative correlation (e.g.,
CORRAL et al., 2011). A ‘V’ shape for the T versus Lgqq relation for NGC 2992 was claimed by
Liu et al. (2019); the authors interpreted this as a change in accretion mode, similar to the ones
that occur in stellar-mass X-ray binaries (e.g., QIAO; LIU, 2013), in the AGN. We argue here that
their finding is due to selection effects, as the authors only used data from 2003 to 2013. When
the entire historical data of the source is shown (Figure 33), this effect is not seen. However,
there is a positive correlation between F,_1o and the flux of the Fe K, with rs = 0.69:397 and
Pvae = 0.01%3:33. Fitting the data by assuming a relation of the type:

log F(Fe Ka) = o+ B log Fa_1o (29)

we obtained a slope of § = 0.39 + 0.04. As the iron K« line is created by reprocessing of
the primary X-ray continuum, a tight correlation between the flux of the line and that of the
continuum is expected. For large samples of galaxies Ricci et al. (2014), found $ = 0.89 4+ 0.04,
while Shu et al. (2010) found = 0.86 + 0.01. However, NGC 2992 seems to be one of a few
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Figure 33 — Best-fitting parameters Ny (top panel) and I (middle panel) for an absorbed power-
law continuum model as function of the 2-10 keV Flux. The left top boxes show the
Spearman rank correlation coefficient (rs) for the two variables and its corresponding
Praive, s well as the best-fitting constant values. Fe K« flux as function as function
of the 2-10keV flux. The left top box show the Spearman rank correlation coefficient
(rs) for the two variables and its corresponding puvaie, B is the slope of the best fitting
line (see equation 29).

objects where this correlation is found in a single object, though with a lower slope than the
ones found in the general AGN population.

3.3.2 Modern Optical Spectra Analyses

In this section, we explore the flux variability of the BELs using four of the six most recent
spectra, namely from 12/2006, 04/2014, 02/2015 and 02/2018 (see Table 4).

Absolute calibration of the spectra

Even under the best conditions, which are not often realized, flux calibration of ground-
based spectrophotometry is no better than ~5%, which is insufficient for detailed comparisons
of variable spectra. Thus the standard technique of flux calibration, through comparison with
stars of known spectral energy distribution, is not good enough for the study of AGN variability.
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Table 5 — Emission line measurements of the modern optical spectra. Point-Source Scale Factor
(¢) is measured using Peterson et al. (1995) algorithm (described in section B.2), the
errors in @ represents the uncertainty in the centering of the virtual apertures.

Point-Source

Obs. Date Aperture Scale Factor

F(Hx) FWHM(H ) F(HB)

(mm/yyyy) 0 (10713 erg cm™2 s71) (kms™) (1073 erg cm™2 s71)
12/2006 Slit (width = 2.0”) 0.734 + 0.063 <44 2733 £ 55 —
04/2014 Circular (radius = 2.8”7)  0.972 4 0.025 275+1.4 2002 + 28 3.6+26
02/2015 Circular (radius = 3.0"”)  1.000 £ 0.011 338+ 1.5 2313 £ 17 33+22
02/2018 Circular (radius = 3.0”)  0.973 4+ 0.013 43.8 +2.2 2016 + 13 49+1.4

Instead, we use the fluxes of the narrow emission lines known to be non-variable on time scales
of tens of years in most AGN. Consequently, the bright narrow emission lines can be adopted
as internal calibrators for scaling AGN spectra (PETERSON, 1993). We assume that the flux of
the [O 111] A5007 line remains constant during the interval covered by these spectra.

We extracted the spectra using virtual apertures from the original data, making them
as similar as possible to each other in the data cubes, as shown in Table 5. The scaling of
the extracted spectra was carried out using a refinement of the method of van Groningen and
Wanders (1992), employed as a Python package (mapspec) by Fausnaugh (2017). This method
allows us to obtain a homogeneous set of spectra with the same wavelength solution, same
spectral resolution (at ~ 6300A), and the same [O 111] A5007 flux value.

Stellar component subtraction and emission-line fitting

We subtracted the host galaxy stellar continuum fitted using the starlight (CID FER-
NANDES et al., 2005b) full spectra fitting code, using a base of 45 Simple Stellar Population
(SSP) spectra, with 15 ages (from 1 Myr to 13 Gyr) and 3 metallicities (0.2, 1.0 and 2.5 Z). The
emission line fitting was performed using the IFSCube package' (RUSCHEL-DUTRA, 2020).
The code employs Sequential Least Square Programming and allows multiple components
with physically motivated constraints. In order to measure the BEL fluxes, the narrow emission
components must be separated from the broad components. This process is not straightforward
due to the fact the BELs are blended with the narrow lines, for both Hx and Hf3.

The narrow line subtraction was performed in two steps. First we fitted the narrow and
broad Hx and Hf3 simultaneously. For the narrow lines, we created a template comprised of two
Gaussian components that were based on the [S 11]] A6716 profile. This template was used to
fit the [N 11] and narrow Hox and Hf lines by adjusting its flux scaling factor only. The fits to the
broad lines were subtracted from the specitra, isolating the narrow emission; we then re-fitted
the narrow lines assuming the H1 and [N 11] lines have the same velocity dispersion and redshift
and we set the flux of [N 11] A6583 line as 2.96 times that of the [N 11]] A6548 line, in accordance
with the ratio of their transition probabilities (OSTERBROCK; FERLAND, 2006), while the Hx
and [N 11] A6583 fluxes were free parameters in the fit. Finally, we subtracted the resulting narrow
lines from the original spectrum and re-fit only broad lines using three Gaussian components, in
order to account for the known non-Gaussian profiles of the BEL. The errors were taken as the
standard deviations of one hundred Monte Carlo iterations. The resulting fits for the four spectra
are shown in Figure 34.

' http:/github.com/danielrd6/ifscube



Chapter 3. The Long-Term Variability of NGC 2992 76

6f ' "] ' ' ' '12/2006 (Trippe et al.)
L 130

120

110

M

04/2014 (Dopita et al.)

U

Z v
Ry

:

FA[107** ergcm=2 s~ A71]

)
,,,,,, VAN S . - S, G 0
:

6f ' i ' ' 02/2018 (Guolo-Pereira et al.)

130
120
110

- LN ) X, k) RS VAN 0
480 4850 4900 6450 6500 6550 6600 6650 6700 6750 6800

Wavelength (A)

Figure 34 — Fit of the emission lines for the modern optical spectra. From top to bottom: 12/2006
(TRIPPE et al., 2008a), 04/2014 (DOPITA et al., 2015), 02/2015 (MINGOZZI et al.,
2019) and 02/2018 (GUOLO-PEREIRA et al., 2021). Scaled observed spectra
(black), narrow components (green), broad components (blue) and total model (red)
are shown. Left panels show the Hf lines while right ones show the Hx, [N 11] and
[Sn] lines.
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Inter-calibration of the spectral data

The fluxes measured in the scaled spectrum described in the previous sections were
corrected for aperture and distinct seeing effects, because while the BLR is effectively a point-
like source, the NLR is an extended one. Consequently, the measured NLR flux depends on
the size of the spectrograph’s entrance aperture and the observations seeing (see PETERSON
et al., 1995, and section B.2 for more detailed discussion). In order to correct our fluxes for
these effects, we determined a point-source correction factor (), which was measured using
the procedure described in section B.2. The ¢ value represents the differences in the amount
of light from the NLR with respect to the amount of light from the BLR for each observation,
it is normalized using the largest aperture (¢ = 1.0, for 04/2015 spectrum). Then the scaled
inter-calibrated and aperture/seeing corrected BEL fluxes were measured as follows:

F(Ho)
F([OIII]A5007) | ps
where Fj5q07 is the scaling absolute flux in the [O 111]] A5007 line, described in section 3.3.2, and
the value in brackets is the broad Hx to [O 111] A5007 measured flux ratio for each spectrum as
described in section 3.3.2. The same procedure was applied to HB BEL.

The BEL Hx and Hp fluxes and the Balmer decrements (Ha/HB) are shown in Table 5
and in the right panels of Figure 35. In the 12/2006 spectrum, the Hx BEL is not unambiguously
detected (which leads to its classification as a Seyfert 2), and if it is indeed present, it is very faint,
with a maximum flux of 4.4 x 1073 erg cm® s™'. From 2014 to 2018 the broad H« flux increases
from ~ 28 x 1073 ergcm® s7" to ~ 44 x 1073 erg cm® s7'. The HP BEL flux, however, does not
increase monotonically: in the 04/2014 spectrum it had a flux of 3.6 x 1073 ergem® s, and a
lower flux, 3.3 x 1073 erg cm® s71, in 02/2015, while in 02/2018 it was measured as 4.9 x 1073
erg cm® s~ In the middle right panel of Figure 35 we also show an estimate of the detection
limit for each spectrum. The broad Hf is only well above this limit in the 02/2018 spectrum
and possibly in 02/2015. Therefore, based on these spectra, the galaxy can be classified as a
Seyfert 1.8. Within the uncertainties the Balmer decrements seems to be constant at a value of
~ 9.

F(Hx) = @ - Fasoo7 (30)

3.3.3 The Link Between the X-ray Luminosity and the BELs

Comparing the middle and bottom panels of Figure 32, one can directly see a correlation
between the intrinsic X-ray luminosity and the detection of the broad Hx component. The periods
in which the broad component is detectable are the ones where L,_1¢ shows the highest values;
the epochs when the galaxy is classified as a Seyfert 2 are those when closest available X-
ray spectra show lower Lo_q¢ values. Given that the X-ray and optical observations are not
simultaneous, in order to quantify the correlation between the BELs and the X-ray luminosity
we linearly interpolate the Lo_qo curve (bottom panel of Figure 32) and attribute a L,_1¢ value
for each historical optical spectrum. In Figure 36 we show the interpolated L,_;¢ value for each
spectrum as function of the bi-modal Hx BEL detection.

From Figure 36, the link between the BEL and the X-ray luminosity is clear: at all epochs
when an Hx BEL is detected, Ly_1g > 4 x 10*? erg s7'; conversely, when a Seyfert 2 spectrum
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Figure 35 — X-ray (left) and optical (right) properties from 2005 to 2020. From top to bottom in
the X-ray panels: Intrinsic 2-10 keV Luminosity (Lo_19), narrow Fe K« line flux, and
the column density ( Ny). From top to bottom in the optical panels: Flux of the Ho
BEL, the flux of the HB BEL, and the Balmer decrement (Ha/HR). In the optical
panels, the red lines represent a lower limit for the detection of the lines, being
measured as the flux of a line with a signal to noise ratio equal to 3.

is observed, Lo_1o < 4 x 10%? erg s™';. Moreover, from Figure 35 (top panels) and Figure 37 (top
panel) we can see that for the modern spectra (2006-2018) the Hx BEL flux increases with the
increase in the Lo_19. From the same figures, we can see that the transitions between Type 1.9
to Type 1.8 (i.e., the clear detection of the HB BEL) occurs between 10 - 15 x10*? erg s It is
possible that the oldest high Eddington Ratio optical observations did not detect the broad Hf3
due to its faintness or lower signal to noise ratio.
Under some assumptions one can convert the transitional X-ray luminosity (4 x 10*? erg
s~1) into a Bolometric luminosity (L) and than into Eddington ratio (Ag4q), as follows:
Aegg = Lpor _ [Kx(L2-10) + AKx] x La-10 (31)
I—Edd 1.3 x 1038 MBH
where Ky is the bolometric correction and AKy is uncertainty in the bolometric correction (the
intrinsic spread of the AGN population dominates this uncertainty). We use Duras et al. (2020)
correction, which assumes values of Ky(Lo_1op = 4x10%? erg s™') = 15.64 and AKx = 0.37 dex,




Chapter 3. The Long-Term Variability of NGC 2992 79

20
15

10

w
T

HB— O o GB
L1

Ly _10 [10%2 erg s71]

8

0.5

I I
Not Detected Detected

Ha BEL
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function of the detection or non-detection of the Ha BEL. Showing a clear lower
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we can therefore estimate the Eddington ratio in which the transitions occurs as being:

Mg

where (3 x 10" My / MBH) is written as a systematic scaling factor to take into account the
uncertainties in the black hole mass and the distinct values that can be considered (see section
3.2.4), since if we would have propagated it would dominate the Agqq Uncertainty.

In summary, this analysis strongly supports the hypothesis that the CL phenomenon in
NGC 2992 is caused by variations in the accretion rate and not due to changes in absorption
nor due to TDEs (which we discard due to the several repeated CL events). The idea that the
orientation-based Unification Models alone cannot explain the variety of AGNs, and that the
specific accretion rate, as given by the Eddington ratio, is as essential as obscuration in the
classification of the distinct AGN types, has been explored by several authors recently as we
discussed in section 1.3.3.

We have shown that the variability in NGC 2992 is intrinsically driven by changes in
accretion rate, and not due to variable obscuration. In this scenario, the CL events (i.e., the
disappearing and reappearing of the BELs) can be due to two distinct effects:

7
Aeag ~ 2.0729 x (3X10M@) % (32)

» Dimming/brightening of the AGN continuum, which changes the supply of ionizing photons
available to excite the gas in the immediate vicinity of the black hole and therefore the
BLR. In this case, variations in the BEL fluxes are due to changes in the ionization state
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Figure 37 — Top: flux of Hx BEL as function of Eddington Ratio (Ag4y), measured using equa-
tions 31 and 32, for each modern optical spectrum. Middle: FHWM of Hx BEL
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lines are, respectively, are the best-fitting Nicastro (2000) and Elitzur et al. (2014)
disk-wind models (see section 3.3.3 and equations 33 and 34). Bottom: FHWM of
Hax broad as function of Hx BEL flux for for each modern optical spectrum. Each
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extinction law, for distinct supermassive black hole masses ( Mgy) in the range
discussed in section 3.2.4.
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of the BLR clouds and not to change in its geometry or structure (STORCHI-BERGMANN
et al., 2003; SCHIMOIA et al., 2012; LAMASSA et al., 2015);

» The fading of the BLR structure itself as proposed by the disk-wind BLR models (see
section 1.3.3), in which a low accretion rate is not able to sustain the required cloud flow
rate (NICASTRO, 2000; TRUMP et al., 2011; ELITZUR et al., 2014), that makes up the
BLR.

The first scenario is supported in the case of the double-peaked LINER/Seyfert 1 nucleus
of NGC 1097, for which Storchi-Bergmann et al. (2003) and Schimoia et al. (2012) found an
inverse correlation between the width of the Hx broad profile and the flux of the line, as well as
for NGC 5548 by Peterson et al. (2002) and for the CL-Quasar SDSS J015957.64+003310.5
by LaMassa et al. (2015). The authors preferred explanation for this is the fact that, when the
AGN is brightest, it ionizes farther out in the BLR, reaching lower velocity clouds, and the profile
becomes narrower. When the AGN is dimmer, it ionizes only the closest regions, where the
velocities are higher and the profile becomes wider, in agreement with a virialized BLR. In our
data, there seems to be such a inverse correlation between FWHM(H«) and F(Hx), in the
modern optical spectra, as can be seen in the bottom panel of Figure 37.

However, in the second scenario, where the BLR is described as a disk-driven wind and
not as clouds orbiting in Keplerian-like orbits, this inverse correlation is also predicted. Using
distinct, prescriptions both Nicastro (2000) and Elitzur et al. (2014) show that with increasing
accretion rate (which increases Ho BEL flux) the FWHM in the BLR decreases. In the Nicastro
(2000) model, the relation between the two parameters is written as:

log (Aegq) = —3 log(FWHM) + 9.86 + log(n/«) (33)

where n/« is the ratio between the disk efficiency (n) and its viscosity («), while Elitzur et al.
(2014) use:

log (Aeqy) = —4 log(FWHM) + 3.60 + log(Mpp) + 10g(&) (34)

where ¢, is the ratio between the BLR radius (rg;r) and the dust sublimation radius (Ry) with
& < 1.0. The reader is referred to the original papers as well as to Nicastro et al. (2018) for
detailed explanation of the models and equations. In the middle panel of Figure 37, we show
both models with best-fitting parameters (n/x = 0.04 and & = 0.42) for the measured Hx BEL
FWHM and Agqy, measured from the interpolated Lo_1g (Figure 36) using the above prescription
(equations 31 and 32).

While we have successfully shown that the CL events in NGC 2992 are driven by
changes in the accretion rate, we could not determine the true nature of the BEL variability,
mainly because, as discussed, we still do not have a full understanding of the formation and
evolution of the BLRs in AGNSs. In the next section we discuss the overall state-of-art modeling
of the innermost structure of CL-AGNs as well as a proposed technique to distinguish between
the two above proposed scenario.
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3.4 Discussion

In both the scenarios discussed on previous section, quick (~ 10 years between the
maximum and the minimum activity) and large (a factor of ~ 35 in L,_yg) variations in the
accretion rate are necessary. However, the standard Shakura and Sunyaev (1973) accretion
disk model does not support such variations as we discussed in section 1.2.2.

The Eddington ratio in which the BEL transitions occurs in NGC 2992 contains the critical
value at which there is a state transition between a radiatively inefficient accretion flow (RIAF,
see section 1.2.2) and a thin accretion disk Agqy ~ 0.01 (e.g., XIE; YUAN, 2012, see also
‘Alternative accretion scenarios’ in section 1.2.2). The similarity between these values suggests
that NGC 2992 is operating at the threshold mass accretion rate between the two accretion
modes. Indeed, Sniegowska et al. (2020) proposed an explanation for the sources displaying
multiple quasi-periodic CL phenomena according to which they would be operating at a few per
cent of the Eddington limit. They argue that the outbursts are caused by the radiation pressure
instability operating in the narrow ring between the standard (SHAKURA; SUNYAEV, 1973)
thin pressure dominated outer disk and the hot optically thin inner RIAF (YUAN; NARAYAN,
2014). The corresponding limit cycle is responsible for periodic outbursts, and the timescales
are therefore much shorter than the standard viscous timescale due to the narrowness of the
unstable radial zone.

Even with the possibility of such rapid variability in the accretion rate (given some of these
alternatives to the classical accretion disk, e.g., section 1.2.2), the cause of the type transition
remains uncertain, dimming of the ionizing source or fading of the BLR structure itself. By using
radiative transfer Monte Carlo simulations to test the multiple causes of the CL phenomenon,
Marin (2017) argues that the differences between these two scenarios can only be observable
in polarized light: in the ionizing source dimming scenario, the polarization properties between
the high and low flux state should be the same, while that for the BLR fading a decrease in the
degree of polarization and a rotation in the polarization angle are expected in the low flux state.
We had access to a spectropolarimetric observation of NGC 2992 obtained in 2006 (Robinson
et al., in prep), when the galaxy was at a dim state (see Figure 32). In Figure 38 we show the
polarization angle (top panel), the polarimetric spectrum (middle panel), and polarization degree
as function of wavelength. The data shows no signs of BEL in the polarimetric spectrum (as
well as in normal flux). To test Marin (2017) predictions, we would need recent (with the AGN at
its bright state) observations. As this data is not available to us now, the exact intrinsic cause of
the CL-AGN events in NGC 2992 is still an open question. We join these authors in advocating
for systematic polarimetric observations of CL-AGN to understand their true nature fully.

In this sense, follow up observations of NGC 2992 in the next decades will continue to
help constrain the physics of AGNs. Furthermore, this source joins several others in the literature
that show that the accretion rate is a fundamental variable for any model that tries to unify the
AGN zoology and that viewing angle or obscuration effects alone cannot fully explain differences
seen in SMBH activity in galaxies. For now, in this chapter, we mapped the historical emission of
this AGN, which after this work, is one of the very few known accretion rate-dependent CL-AGN.
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Figure 38 — Top: polarization angle () as function of wavelength. Middle: Polarized spectra. Bot-
tom: Polarization degree (p) in % of the total flux as function of wavelength. Figure
kindly provided by Prof. Andrew Robinson in a private communication (Robinson et
al, in prep.).
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4 CONCLUSIONS AND FUTURE WORK

This dissertation has presented a multi-wavelength spatial and temporal analyses of the
AGN in the interacting Seyfert galaxy NGC 2992. To spatially resolve the galaxy’s circumnuclear
region, we use optical spectra obtained with the GMOS IFU on the Gemini South telescope,
with a spatial resolution of ~ 120 pc and spectral resolution ~ 40 km s~'. The main results are:

» The stellar population in the nuclear region of the galaxy is mainly composed (60%<
Xo < 80%) by an old (t > 1.4 Gyr) metal-rich ((Z)p > 2.0 Z) population with a smaller,
but considerable contribution (10% < xy < 30%) of an young (t < 100 Myr) metal-poor
((Zyy < 1.0 Zy) population. A possible scenario is that metal-poor gas inflow during
the pericentre passage of NGC 2993 has led to interaction-driven circumnuclear star
formation, which can explain the presence of such young metal-poor stellar population in
the nuclear region;

» The NLR presents two distinctly kinematical components: one that although disturbed is
well fitted by a disk model, and therefore can be identified as gas following regular orbits
in the galactic disk, with radial velocities ranging from -130 to 130 km s™'; another that we
interpreted as an outflow associated with the radio emission, with blueshifted velocities of
~ 200 kms™', a mass outflow rate of My ~ 1.6 + 0.6 M and a kinematic power of Ey
~22+0.3x10*ergs™;

* The BPT diagnostic diagrams show the galaxy posses multiple ionization mechanisms:
a mixture of AGN, star-formation and shocks, the former being the dominant one. The
[O1]/HB ratio peaks at the innermost spaxels, and is located in the upper region of the
BPT diagram. The lower values, located at the border of the FoV, decreases down to
below the Kewley et al. (2001) line, showing an increase in the star-formation ionization
compared to the AGN ionization at larger radius. Off-nuclear peaks in the [N 1I}/Hx and
[S n/Hx maps indicate the presence of another mechanism and are successfully explained
by Sutherland et al. (2018) shock+precursor models.

Regarding the source’s variability, we have explored its historical X-ray and optical spectra from
1978 to 2019, focusing mainly on its CL events. The main results are:

» The source presents large intrinsic X-ray luminosity variability, by a factor of ~ 35, ranging
from 4.9 x 104! ergs~'upto 1.7 x 103 ergs™';

» The source presents several transitions between type 2 Seyfert to intermediate-type spec-
trum, losing and regaining its Hx BEL on timescales of several years;

» We ruled out TDEs or variable obscuration as causes of the type transitions. We show that
the presence (and the flux) of the Hx BEL is directly correlated with the 2-10 keV X-ray
luminosity: a minimum value of Lo_1g ~ 4 x 10%? erg s~ is necessary for its appearance.
This value translates to a Eddington ratio of 2.0*29%, if we assume Mgy = 3 x 107 M.
Due to its faintness, the unambiguously detection of the H3 BEL was only possible in the
most recent spectrum, at even higher accretion rates of Aggy =~ 5-8%;
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* We find a correlation between the narrow Fe Ka flux and Agyy, and an anti-correlation
between full width at half maximum of Hx BEL and Agyq, as predicted by the disk-wind
BLR models.

» Two possible scenarios for type transitions are still open: either the dimming (brightening)
of the AGN continuum luminosity, which reduces (increases) the supply of ionizing photons
available to excite the gas in the immediate vicinity of the black hole or the disappearance
of the BLR structure itself occurs as the low accretion efficiency is not able to sustain the
required cloud flow rate in a disk-wind BLR model. Multi-epoch polarimetric observations
may distinguish between the two scenarios.

* We added another object to the list of CL-AGNSs, in particularly, one of the very few
known to be accretion rate-dependent. Furthermore, this study supports the idea that
the accretion rate is a fundamental variable in determining the observed AGN type, and
therefore should be included in a more complete model to unify the AGN zoology.

This work shows the importance and the role of the local universe targets to the study
of the AGN phenomena, in which the parsec scale structures can be resolved and public multi-
wavelength (we have used here, radio, optical and X-ray data) and multi-epoch observations are
available. Following, | list some ideas of studies that are being developed or can be developed
based on this galaxy (system of galaxies) or applying similar approaches:

* Modern simulations of Arp 245 system are being developed/studied by another member
of our group, focusing this time on gas inflows and interaction-driven star formation, since
those were not the focus of Duc et al. (2000) work.

IFU data of NGC 2993 would be very useful to probe the interaction’s effects in the other
object of the system, particularly with a large FoV IFU instrument such as MUSE.

* A spectropolarimetric observation of NGC 2992 at its high state, to compare with the one
presented in Figure 38, allowing us to test Marin (2017) model.

» A similar re-examination of the entire literature, as we have done in chapter 3, to others
well studied/sampled variable AGNs.
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A.1 Stellar Populations Synthesis Maps

We show the maps of the recovered properties from three spatially resolved STARLIGHT
synthesis we have performed, namely BC03, BCO3+FC and M11+FC. The top panels show,
from left to right, the per cent contribution to the total light for young, intermediate and old SSPs
(xy, x; and xp). In the middle panels the light-weighted mean stellar metallicity for the three age
groups, from left to right, (Z)y, (Z); and (Z)o. In the bottom panel the V-Band extinction (Ay),
the per cent contribution to the total light from the FC component (xgn) and the light-weighted
mean stellar age, (log t.), are shown, respectively, from left to right.

A.2 Emission Line Fitting Uncertainties

We present here the uncertainties in the parameters of the emission lines fitting de-
scribed in section 2.4.1. The uncertainties are the standard deviation over the one hundred
Monte Carlo iterations. The uncertainties in the radial velocity (V) of Component 1 was already
presented in section section 2.4. In Figure 42 we show the uncertainties in the velocity disper-
sion (o) of Component 1, the values are mostly smaller than 5 kms™, reaching a maximum
value of 15 kms™.

In the top panel we also show the uncertainties of v and o of Component 2, values are
less than 10 km s~'in most the region, reaching up to 30 kms~'in a very small region, the o
values are less then 10 kms~'in the peak of component emission and up to 30 kms~'in the
borders of the detection region. In the middle and bottom panels the percentile uncertainties
in the integrated flux (Component 1 + Component 2) of HB, [O 111]] A5007, Hx, [N 11] A6583, and
[S1]A6716,6731 are shown.

The Hp line uncertainties range from 10 per cent at the centre of the FoV, up to 45 per
cent in the dust lane region. [O 11]] and Hx values range from less than 5 per cent up to 25 per
cent at the dust lane region. [S 1] and [N 11] values range from less than 10 per cent up to 35 per
cent at the dust lane region.



APPENDIX A. Appendixes for chapter 2 105

(%)

AY (arcsec)
w N O B N W

3 2.5

2
91
2 3
50 N

1.0

> 1

2

3 0.2

3 9.6

2 —
- 9.4 %
3 1 >
] 9.2
50 s
> -1 9.0 ©
<

2 Y

8.8
-3 .5
-3-2-101 2 3 -3-2-101 2 3 -3-2-101 2 3
AX (arcsec) AX (arcsec) AX (arcsec)

Figure 39 — Maps of the recovered properties from the BC03 synthesis. Top: from left to right,
percentage contribution to the total light from young, intermediate and old SSPs
(xy, x; and xp). Middle: from left to right, light-weighted mean stellar metallicity for
the three SSP age groups, (Z)y, (Z); and (Z) . Bottom left: Ay, extinction parameter.
Bottom middle: Featureless continuum (FC) component percentage contribution to
the total light (xagn). Bottom Right: Light-weighted mean stellar age, (log t.). The
grey contour in all the maps is the continuum emission, left panel of Figure 18. The
Xagn is null in all points by definition, because there is no FC component in BCO3
synthesis spectra base.
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Figure 42 — Emission line fitting uncertainties. Top: from right to left, velocity dispersion of Com-
ponent 1 (kms™), radial velocity of Component 2 ( kms™), velocity dispersion of
Component 2 ( kms™). Middle and Bottom: percentage uncertainties in the inte-
grated flux (Component 1 + Component) of HB, [O 111]] A5007, He, [N 11] A6583, and
[S1]A6716,6731 (%). The black cross shows the peak of the continuum emission.
Each contour in the maps means a 10% variation in the uncertainties.
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B.1 Propagation of Asymmetric Uncertainties

When the underlying likelihood function of a parameter is not symmetric, the error
distribution will also be asymmetric. Different origins of asymmetry are discussed in detail
by Barlow (2003a,b) and Barlow (2004). In high-energy astrophysics it is related to the low
photon counting. In this case, the estimated parameters are usually reported in a form like
x*r. Where X is the best-fitting parameter (minimum x2) and v; and u, are draw where the Ax?
curve reaches some value, for classical 10 (68%) confidence level Ax? = 1.0, however the 90%
confidence level (Ax? = 2.7) is the most employed in X-ray astronomy (AVNI, 1976; LAMPTON
et al., 1976; YAQOOB, 1998).

Usually, one needs to calculate a function of one or more quantities, and propagate its
uncertainties. In most circumstances, well known “Error Propagation” formulas are adequate.
But there are some assumptions and approximations under the Error Propagation, and if they
fail, the method is invalid. These assumptions can be summarised as: the errors are Normally
distributed (Gaussian errors) and they are relatively small. For asymmetric errors in astronomy
any of these assumptions can be made; if the asymmetry is really small, rounding/averaging the
negative and the positive errors into a single value and making the distribution symmetric does
not change the result much. But when the values are not appropriate to do that, researchers
often tend to put two error values into quadrature separately and combine them in the result.
Actually this is not a valid method due to violation of the Central Limit Theorem (BARLOW,
2003b). Eventually more sophisticated methods are needed to use: we present here a Python-
based Monte Carlo solution for this problem, based in a combination of Barlow (2004) and
Possolo et al. (2019) derivations.

During this research we faced the problem that even with numerous of uncertainties
propagation tools publicly-available (e.g. ASTROPY.UNCERTAINTY, UNCERTAINTIES) none of them
are able to handle asymmetric uncertainties as we needed, due to the assumptions stated above.
We therefore created the ASYMMETRIC_UNCERTAINTIES Python package, the main idea of the
code is to generate a random sample from the likelihood function and use this sample in other
calculations (POSSOLO et al., 2019). The code assumes a “Variable Width Gaussian” likelihood,
which, as shown by Barlow (2004), reproduces very well the underlying likelihood of low counting
measurements, and, in contrast to, for example, a “Generalised Poisson” distribution, has a
unique and analytical solution for given values of X, u; and u, at a given confidence level (Ax?).
From this likelihood the code generates a random sample of data, that can be passed as
parameters for any type of function. Simple operations are deal internally by the code and the
more sophisticated ones can be easy performed by the user, for example: Lo_1g values in Table 3
whose uncertainties were propagated from ' and Ny uncertainties; as well as the statistical
tests (rs and pyae) in Figure 33. The resulting sample is then fitted by the code returning the
nominal value and the propagated uncertainties. The code is publicly-available at github' where
examples in how to use the code are also presented.

' https://github.com/muryelgp/asymmetric_uncertainties


https://docs.astropy.org/en/stable/uncertainty/
https://pythonhosted.org/uncertainties/
https://github.com/muryelgp/asymmetric_uncertainties
https://github.com/muryelgp/asymmetric_uncertainties
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B.2 Point-Source Scale Factor Derivation and Measurement

The fluxes of the BELs (from the BLR) measured from spectra taking from different
instruments at distinct observational conditions suffers from the effects of distinct apertures and
seeing. In this section, based on Peterson et al. (1995), we will derive the expression of the
so-called Point-Source Scale Factor (¢), which is used in the correction of these effects in AGN
variability studies.

The flux calibration of ground-based optical spectra of variable AGNs is often done by
assuming that the narrow line flux is constant with time (as done in section 3.3.2). However, at
typical ground-based resolution (generally of order one arcsec), the NLR is often not a point
source in nearby AGNs. Thus, the fraction of the total NLR flux that enters the spectrograph
aperture is not the same as the fraction recorded from a point source (such as the AGN
continuum source or the BLR), and the difference between the recorded NLR flux and point-
source flux is a function of the Point Spread Function (PSF), i.e., the seeing, as well as from the
size of the aperture.

Consider first the flux recorded from a point source. We characterize the PSF, p, by its
full width at half-maximum (FWHM), s, measured in arcseconds. In this analysis, the important
quantity will be the integral of the PSF, ®(R, s), over the projected aperture, i.e.:

O(R, s) = /R o(R’, 5)dR’ (35)

where the integral is over the projected aperture whose boundaries are specified by R. For
good quality data, the PSF is azimuthally symmetric, usually assumed to be Gaussian, and the
integral over a circular aperture of radius R centered on the source simplifies to:

R
®(R,s) = 27[/ p(r,s) rdr (36)
0

The total narrow line flux measured through the same aperture with the same PSF
is given by a similar equation, but using the observed NLR surface-brightness distribution,
ZnL(R, s), the actual surface brightness distribution convoluted with the PSF):

FnL(R, S)=/RZNL(R’,S)dR’ (37)

Flux calibration of the recorded AGN spectrum is accomplished by assuming that the
narrow-line flux is constant and known. However, one can easily see that if the NLR is slightly
more extended than the PSF, a small aperture (i.e., one that is slightly larger than the width of
the PSF) will admit a larger fraction of light from the point-like source than from the NLR. By
assuming that all of the NLR flux was recorded, one makes an error in calibration in the sense
that the point-source components appear to be brighter than they actually are, but only because
the recorded NLR flux is lower than it should be. To account for this, we define a Point-Source
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Scale Factor (¢) by the equation:

_ (R, s)

¢(R,s) = o(R.9) (38)

We normalize the correction factor ¢ to some standard aperture geometry and seeing.
The point-source (in this case the BLR) fluxes measured from the calibrated spectrum should
be multiplied by this factor to account for the fact that the observed point-source fluxes are too
high because of lesser light loss (relative to the narrow lines) at the aperture. Thus, the correct
broad-line flux is given by:

L= (R, s) Lobs (39)

where Lyps is the luminosity measured in the calibrated (assuming same narrow line
flux) spectrum, and therefore the above expression becomes equation 30.

In our case Zy; was an [O111] A5007 image, constructed using the 2015 data cube from
the MUSE instrument (see section 3.2.3), p a Gaussian function, s the spatial resolution (seeing)
of the observations, and R the apertures (see Table 5) which were than applied to equation 38
result in the ¢ values listed in Table 5.
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Attached are the two peer-reviewed papers in which chapters 2 and 3 were based on.
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ABSTRACT

Galaxy mergers are central to our understanding of galaxy formation, especially within the context of hierarchical models.
Besides having a large impact on the star formation history, mergers are also able to influence gas motions at the centre of
galaxies and trigger an Active Galactic Nucleus (AGN). In this paper, we present a case study of the Seyfert galaxy NGC 2992,
which together with NGC 2993 forms the early-stage merger system Arp 245. Using Gemini Multi-Object Spectrograph (GMOS)
integral field unit (IFU) data from the inner 1.1 kpc of the galaxy we were able to spatially resolve the stellar populations, the
ionisation mechanism and kinematics of ionised gas. From full spectral synthesis, we found that the stellar population is primarily
composed by old metal-rich stars (t > 1.4 Gyr, Z > 2.0 Z,), with a contribution of at most 30 per cent of the light from a young
and metal-poor population (t < 100 Myr, Z < 1.0 Z;). We detect Ha and HB emission from the Broad Line Region (BLR)
with a Full Width at Half Maximum (FWHM) of ~ 2000 km s~!. The Narrow Line Region (NLR) kinematics presents two main
components: one from gas orbiting the galaxy disk and a blueshifted (velocity = -200 kms™!) outflow, possibly correlated with
the radio emission, with mass outflow rate of ~ 2 Mg yr~! and a kinematic power of ~ 2 x10* erg s™! (Epue/Lpor ~ 0.2 per
cent). We also show even though the main ionisation mechanism is the AGN radiation, ionisation by young stars and shocks may
also contribute to the emission line ratios presented in the innermost region of the galaxy.

Key words: Galaxies: individual (Arp 245, NGC 2992) — Galaxies: Seyfert — Galaxies: interactions — Galaxies: stellar content
— Galaxies: kinematics and dynamics

1 INTRODUCTION the SMBH with the stellar velocity dispersion in the galactic bulge
— and the simultaneous peak between star formation rate (SFR) and

SMBH accretion rate in cosmological studies at z = 2 (Silverman

b]alcgc hole (SMBH) in ﬂ,“m cenu'es.. with a masfs Langs ij*-I 10° - et al. 2008; Madau & Dickinson 2014) are some of the indications
10°Y Mg. In some galaxies, these objects are active and emit intense . . .

s ‘ towards a causal connection between host galaxy evolution and of its
radiation due to the accretion of matter onto the SMBH through an SMBH

inner region called accretion disk (Begelman et al. 1984; Peterson
et al. 1998; Event Horizon Telescope Collaboration et al. 2019).
Active galactic nuclei (AGN) in Seyfert galaxies are classified as
type 1 and 2, depending on the presence of broad emission lines of

The vast majority of galaxies with a spheroid host a supermassive

The energy released by the AGN in the form of radiation, winds, or
radio plasma jets is known to impact on the interstel lar medium of the
> g ) host galaxy. All these processes are collectively known as feedback.
the I-:lalmcr SRRt w1th' intermediate typcs bctwcc:n these two also The role of such AGN feedback in the evolution of galaxies, however,
possible; these broad lines are produced in a region called Broad is still a subject of ongoing debate. AGN feedback may be a key

I..ir;“l:qgion (BLR). £ AGN it th Huti — - . factor in quenching star formation, mainly in the late stages of the
imporisce of A i evc.: uu(?n oL . O_St galaxy 13 host galaxy’s evolution (Di Matteo et al. 2005; Croton et al. 2006).

% colmp!eteiy gnderscood, bt thert is cvidence POing oo In fact, large scale hydrodynamic simulations of galaxy formation
‘;‘mﬁ'u@ s;g;flﬁobem&; u:;;m':;lll; MB“};‘I; rellauon&{Ferraresi are not able to reproduce observed properties of massive galaxies if
exoit 2000; Kosmendy & Ho 2013) =which telates the mass o AGN feedback models are not included (Springel et al. 2005; Bullock

& Boylan-Kolchin 2017) in which these processes are responsible

for suppressing the growth of the most massive galaxies by heating

* E-mail:muryel @astro.ufsc.br and expelling the gas that would form more stars. Powerful AGN

@ 2021 The Authors
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driven winds are a possible mechanism for preventing further growth
of the host galaxy. These winds can have outflow velocities as high
as 1000 km s"(Rupke & Veilleux 2011; Greene et al. 2012) and as
low as well ~ 100 - 200 kms™!, with mass outflow rates in nearby
galaxies averaging al a few solar masses per year (e.g. Riffel &
Storchi-Bergmann 201 1; Crenshaw et al. 2015, Revalski et al. 2018).

Theoretical studies suggest large scale events like major mergers
are the dominant processes leading to SMBH growth at high masses
(Menci et al. 2014). At high redshifts (z > 2), major mergers have also
been proposed as fuelling mechanisms of the fastest-growing SMBHs
(Treister et al. 2012). A major merger can destabilise large quantities
of gas, driving massive inflows towards the nuclear region of galaxies
and triggering bursts of star formation and nuclear activity (Hopkins
& Quataert 2010; Blumenthal & Barnes 2018). Many studies have
found that the most luminous AGN are preferentially hosted by galaxy
mergers (Schawinski etal. 2010; Glikman etal. 2015; Fan et al. 2016).
At lower luminosities, several studies have found a higher incidence
of galaxies with signatures of interactions in AGN hosts as compared
to control samples (Koss et al. 2010) and particularly in close galaxy
pairs (Ellison et al. 2011; Satyapal et al. 2014) suggesting kinematic
pairs are conducive environments for black hole growth.

One possible consequence of gas inflow is the circumnuclear star
formation (Hopkins et al. 2008; Hopkins & Quataert 2010). Such
merger-driven inflows can both increase the star formation rate (Elli-
son et al. 2013; Pan et al. 2019) and modify the metallicities gradients
of the galaxies (Barrera-Ballesteros et al. 2015). However, classical
emission-line SFR probes (e.g. Kennicutt 1998) and metallicity cal-
ibrations (e.g. Alloin et al. 1979; Pettini & Pagel 2004) cannot be
applied to active galaxies, due to the contamination of the AGN ioni-
sation to the emission lines. In this way, the use of stellar populations
synthesis, by performing full spectral fitting, can reveal clues on the
star formation history (SFH) and chemical evolution of AGN host
galaxies and its content.

In this context, we present high spatial and spectral resolution op-
tical IFU observations of the inner 1.1 kpc of NGC 2992. NGC 2992
is a nearby interacting Seyfert galaxy seen almost edge-on (i ~ 70°,
Marquezetal. 1998) at a distance, as measured using the Tully-Fisher
relation, of 38 Mpc (Theureau et al. 2007), which translates into a
projected angular scale of ~ 150 pe per arcsec. Alongside with the
starburst galaxy NGC 2993 and the tidal dwarf galaxy A245N it
forms the system Arp 245. Using hydrodynamic simulations, Due
et al. (2000) reported the system is currently at an early stage of the
interaction, about = 100 Myr after pericentre passage. Nevertheless,
tidal tails have already developed, which can be seen by optical im-
ages (Fig. 1), in CO and HI lines (Duc et al. 2000) and infrared (IR)
images (Garcia-Bernete etal. 2015).

The galaxy nuclear activity has been the subject of several studies,
partly due to its variability as seen both in X-rays and in the optical
(Trippe et al. 2008), even leading to changes in spectral classifica-
tion. Early spectra published by Shuder (1980), Veron et al. (1980),
and Ward ct al. (1980) all show the presence of a weak broad Ha
component, originated in the BLR, but no detectable correspond-
ing broad HB component, leading to its original classification as a
Seyfert 1.9. Observations from 1994 (Allen et al. 1999), however,
display no broad Her component, thus having the classification of
Seyfert 2. Gilli et al. (2000) reported a broad Her emission again, just
to disappear once again when observed in 2006 by L. Trippe et al.
(2008). More recently Schnorr-Miiller et al. (2016), after subtracting
the narrow component, were able to detect the broad HE component
for the first time, then classifying the galaxy as a Seyfert 1.8.

In the radio, 6 cm observations show a double lobe 8-shaped struc-
ture of about 8 arcsec (~ 1 kpc) extension to the northwest and South-
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east of the galaxy, along position angle (PA) of —26° (Ulvestad &
Wilson 1984). From IR observations, Chapman et al. (2000} suggest
the best interpretation is that this structure is related to expanding
plasma bubbles, possibly carried by internal jets from the AGN.
More recently, using radio polarimetry, Irwin et al. (2017) found
another double-lobed radio morphology within its spiral disc, which
was revealed in linearly polarized emission but not in total intensity
emission. This second structure by Irwin et al. (2017) is much more
extended than the one found by Ulvestad & Wilson (1984) reaching
several kpes from the nucleus, being interpreted by the authors as a
relic of an earlier episode of AGN activity.

NGC 2992 gas kinematics is complex as found by several long
slit spectroscopy studies (e.g. Marquez et al. 1998; Veilleux et al.
2001) as well as by several Integral Field Unit observations (Garcfa-
Lorenzo et al. 2001; Friedrich et al. 2010; Miiller-Sanchez et al.
2011). These observations show, at most positions, the presence of
a double component line profile. While one component follows the
galaxy rotation curve, the other is interpreted as outflowing gas by
the authors. Using The Multi Unit Spectroscopic Explorer (MUSE
Bacon et al. 2010) at the Very Larga Telescope (VLT) Min gozzi et al.
(2019) clearly show the presence of a kpe-scale, bipolar outflow with
a large opening angle.

This paper is the first in a series which will explore the possible
connection between merger and AGN in Arp 245, In this first pa-
per, we analyse both the stellar populations and the properties of the
ionised gas of NGC 2992, in order to better understand the physical
conditions of the nuclear region and the mutual role of nuclear ac-
tivity and the interaction may play. In a second paper (Guolo-Pereira
et al., in prep.. Paper II) we will observationally explore the effects
of the interaction in NGC 2993, While in the third one (Losch et al.,
in prep, Paper IIT) we will present a modern version of the hydro-
dynamics simulations by Duc et al. (2000) focusing on the possible
triggering of the AGN during the merger.

The present paper is organised as follows: in section 2 we de-
scribe the observations and data reduction; section 3 we present the
stellar populations synthesis and its spatial distribution; the ionised
gas kinematics is described in section 4; ionisation mechanisms are
discussed in section 5; section 6 presents our discussion of the main
results and their significance; and finally section 7 contains our con-
clusions.

2 OBSERVATIONS AND DATA REDUCTION

This work is mostly based on data obtained with the Integral Field
Unit (IFU) of the Gemini Multi Object Spectrograph (GMOS) at the
Gemini South telescope on the night of February 15, 2018 (Gem-
ini project GS-2018A-Q-208, P.I. Ruschel-Dutra). The observations
consisted of two adjacent IFU fields (covering 5*"x 3!'5 each). The
fields are slightly offset, both in Right Ascension (RA) and Decli-
nation (Dec), in order to increase the field of view (FoV) and cover
a larger portion of the galaxy plane. For each IFU field, there are
six exposures, with an integration time of 560 seconds each. Each
science observation is accompanied by a 5 x 1775 sky observation
for atmospheric lines removal.

The spatial resolution is limited by seeing, which was at /”8 during
the observations, corresponding to 120 pc at the galaxy. The observed
spectra covered a range from 4075 to 7285 A with an instrumental
dispersion oy, ~ 40 kms™!, obtained from the Copper-Argon arc
lamp lines.

The reduction procedures were performed using the Gmos Ifu RE-
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Figure 1. Top Left: LRGB image composition of Arp 245 from Block (2011). Top Right: GMOS ¢’ band acquisition image of NGC 2992, Middle Left: Zoomed
acquisition image, and the Ulvestad & Wilson (1984) radio emission in purple (contours : 3, 6, 9, 15, 30, 50, 70, 90 per cent of the peak of 7.2 mJy). The dashed
rectangles show the two IFU FoV's, Middle Right: IFU continuum mean flux in the FoV. The black cross represents the continuum nuclear position in all figures
of the paper. All maps of the paper were smoothed using a Gaussian kernel with FHWM with half of the spatial resolution, see section 2. Bottom, from top to

bottom: Spectra corresponding to the regions marked as A, B and C, with spectral flux density in units of 10~% ergs™! em™2 A™". North is up and East to the

left in this and all figures of the paper.

Duction Suite (GIREDS)'. The process comprised the usual steps:
bias subtraction, flatfielding, trimming, wavelength calibration, tel-
luric emission subtraction, relative flux calibration, the building of
the data cubes, and finally the registering and combination of the 12
individual exposures. The final cube was built with a spatial sampling
of 071 x 0’1, resulting in a FoV with =~ 2800 spaxels. After cropping

! GIREDS is a set of python scripts to automate the reduction of GMOS 1FU
data, available at GitHub.

the borders and superimposing the FoVs, it results in a total useful
combined FoV, with total angular coverage of 29 arcsec? around the
nucleus. The combined FoV is centred at RA = 9h45m42s and Dec
=-1499"3" while the continuum peak is shifted at ARA =0.1"and
ADec =-0.1".

Many Gemini data cubes show certain “instrumental fingerprints”,
in the form of vertical stripes in the reconstructed data cube. Such
features also have specific spectral signatures. In order to identify
and remove these instrumental features, we use a technique based
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on Principal Component Analysis (PCA, Menezes et al. 2014). The
fingerprint removal is fundamental for the stellar population synthesis
because its effect is more apparent for lower instrumental counts.
The data cube spectra were corrected for Galactic extinction using
the Cardelli et al. ( 1989) extinction curve (CCM) for an Ay = 0.166
(Schlafly & Finkbeiner 2011) and by Doppler effect using the radial
velocity of 2345 km s~ (see section 4).

We show in the upper panel of the Fig. 1 an LRGB image of
the Arp 245 system (Left) and the acquisition image taken with a
r’ filter (Right). In the middle panel we show a zoomed version of
the acquisition image superimposed with the the Ulvestad & Wilson
(1984) figure of 8-shaped radio emission of the galaxy (Left) and the
mean continuum flux in the [IFU's FoV (Right), while in the bottom
panels we show three sample spectra from representative regions
marked, respectively from top to bottom, A, B and C. The prominent
dust lane seen in the acquisition image, and in the stellar continuum
image from the [FU, has a reported Ay greater than 3 (Colina et al.
1987; Schnorr-Miiller et al. 2016). Spectra from this region of high
extinction have no measurable stellar component above the noise
level, as exemplified by the spectrum extracted from C. The nuclear
spectrum shows a broad He component, and a faint broad HS is
also present, in contrast with its original Seyfert 1.9 classification
but in agreement with its the current state, Seyfert 1.8, proposed by
Schnorr-Miiller et al. (2016).

3 STELLAR POPULATIONS

In order to obtain the spatially resolved SFH, and to fit the gas
emission features, free from the stellar population contamination, we
performed stellar population synthesis on the data cube by employing
the starLicHT full spectra fitting code (Cid Fernandes et al. 2005).

Briefly, starLiGHT fits an observed stellar spectrum O, with a
model M built from a linear combination of N spectral components.
Dust attenuation is treated as if due to a foreground screen and
parametrised by the V-band extinction Ay . Stellar kinematics is
modelled with a Gaussian line-of-sight velocity distribution centred
at velocity v,, and with a dispersion o, . Besides the model spectrum
M, the code outputs the corresponding values of Ay, va, g, and
apopulation vector ¥ containing the percentage contribution of each
base population to the flux at a chosen normalisation wavelength Ay,
which in our fits was chosen as Ag = 5500 A. The code minimises the
x?2 of the fit, though a more convenient and intuitive figure of merit
to assess the quality of the fit is through adev parameter. defined as
the mean value of |0 ; = M| /O 3 over the fitted wavelengths.

‘We note that, while there are many different spectral fitting codes
and techniques available, cross-comparison of these various tech-
niques have shown to yield rather consistent results (e.g. Koleva
et al. 2008 ; Ferré-Mateuetal. 2012; Maksymet al. 2014; Mentz et al.
2016; Cid Fernandes 2018). Therefore, rather than trying different
fitting codes, we chose to maintain STARLIGHT and investigate the
differences introduced by the choice of models and stellar libraries,
which are known to produce variations in the recovered properties
(e.g. Maraston & Stréombiick 201 1; Chen et al. 2010; Wilkinson et al.
2017; Baldwin et al. 2018; Dametto et al. 2019).

3.1 Evolutionary Models, Stellar Libraries and Featureless
Continuum

This section discusses the stellar population models and stellar li-
braries used in this work, and how we can account for the contribution
of a featureless continuum due to the AGN in NGC 2992,
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The key ingredients in the stellar population synthesis method
are the spectral base elements, i.e. those spectra available to the
fitting code to combine in order to recover the galaxy properties.
The base elements are, usually, Simple Stellar Population (SSP),
L.e. a collection of stars with same age and metallicity, taken from
an evolutionary model which are constructed using a stellar spectra
library and an Initial Mass Function (IMF).

In this work we have used SSPs from two models: Bruzual &
Charlot (2003, BC03), which uses the STELIB (Le Borgne et al.
2003) spectral library, and Maraston & Suoémbiick (2011, M11),
which employs the MILES (Sédnchez-Bldzquez et al. 2006) spectral
library. For both models/libraries we use the same Chabrier (2003)
IMF and instantaneous star formation bursts. We found varying the
IMF produces only minor variations in the recovered SFH when
compared to the changes introduced by using distinct models. The
former is outside the scope of this work, and we refer the reader
interested in this particular effect to Chen et al. (2010), Ge et al.
(2019) and references therein. From the SSPs provided by BC03
we choose a set of 45 representative elements divided into three
metallicities (0.2, 1.0, 2.5 Z) and an age range covering from t(Gyr)
= 0.001 to t(Gyr) = 13. From those available by M 11 with the MILES
library we chose aset of 40 S SPs with age and metallicity coverage as
similar as possible to the BCO3 ones: three metallicities (0.5, 1.0,2.0
Zg) and ages ranging from t(Gyr) = 0.007 to t(Gyr) = 13. The
complete list of SSPs used from each model is shown in Table 1.
It is important to mention that the MILES Library does not provide
metal-poor stars (Z = 0.5 Zy) younger than 55 Myr (0.055 Gyr),
and neither metal-rich stars (Z = 2.0 Zg) younger than 100 Myr (0.1
Gyr), while BCO3/STELIB provide the same age range for the three
metallicities (see Table 1).

We define a reduced population vector with three age ranges: t <
100 Myr; 100 Myr < ¢ < 1.4 Gyr; and ¢ > 1.4 Gyr, to obtain a
more robust description of the SFH than that obtained with the full
population vector (see, e.g. Cid Fernandes et al. 2005), as well as
to facilitate the visualisation of the spatially resolved fit results. The
population vector components are denoted by xy . x; and xg, where
¥’,*I" and "0’ stands for young, intermediate and old respectively.
The division in a reduced population vector has been used in several
works in stellar population synthesis (e.g. Cid Femmandes et al. 2005;
Riffel et al. 2010a; Cid Fernandes et al. 2013; Gonzilez Delgado
et al. 2015; Mallmann et al. 2018), while the range values may be
slightly distinct from one another, the ones adopted here are the most
common. Also, for the young population the cutting value of 100 Myr
is the estimated age of the pericentre passage between NGC2992 and
its companion (Duc et al. 2000).

When dealing with stellar populations in Seyfert galaxies, a power
law (Fy oc A7) featureless continuum (FC) should be added to the
spectral base (Koski 1978) to account for the AGN emission. Values
for ar are between 0.5 — 2.0 (Osterbrock & Ferland 2006), with many
authors working with large samples of galaxies assuming a general
value of @ = 1.5 (Storchi-Bergmannet al. 2003; Raimann et al. 2003;
Cid Fernandes et al. 2004; Mallmann et al. 2018). Since this work
is focused on a single object, we propose a method to specifically
fit the @ index for the optical spectrum of NGC 2992, We extracted
two integrated spectra: an inner one, hereafter S(A), defined as the
sum of spectra within a circular region with radius of 004, and an
external one, E(A), in an annulus with inner radius of 1”’and outer
radius of 1”4, both centred at the peak of continuum emission. We
model the S(A) spectrum as a combination of E(1) and a power law
FC (F o A™%), both reddened by the same factor and normalised in
the same wavelength, 1o = 5500 A, as follows:



Table 1. S5Ps used in the stellar population synthesis.
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Model BCO3 Ml1
Spectral Library STELIB MILES
Metallicity (Z;) 02 1.0 25 0.5 1.0 2.0
0.007, DOOS,
0.009, 0.01,
0.001, 0.003, 0.005, 0.055, 0.065, 0.015,0.025, 0.1, 0.15,
0.01,0.025, 0.04, 0.075, 0.085. 0.4, 0.055, 03, 0.6,
Ages (Gyr) 0.1,0.3,06,09, 0.1, 0.15, 0.065, 0.075, 0.9, L.5,
1.5, 3.0, 5.0, 0.3, 0.6, 0.085, 0.1, 3.0,5.0,
11.0,13.0 09 0.15, 0.3, 09, 110, 13.0
1.5, 30, 5.0,
11.0,13.0
wavelength as measured from the combined-spectra of the Voronoi
zone.
{ Sm(4) ) In order to be able to explore both the effects of the FC component
Sm(Ag) and the change of model/library, we run the STARLIGHT code in the
o ; : £
s spaxels of the binned cube using three distinct spectral bases:
O R =
0

where S, (4) is the model spectrum, p is the fraction contribution
of the FC, d Ay is the difference in extinction between the §(1) and
E(A) regions. The values which minimise the residuals between S(.1)
and Spm(A) are p =0.23,54y =22and @ =1.7.

It should be noted we are over-simplifying by assuming that §(.A)
is the combination of E(A) and an FC, i.e. the stellar spectrum of
both are the same. However, we argue this is just a method to get a
data-based value for . instead of just assuming a fixed value which
is even less physically justified. Also, no further interpretation will
be given in this regard besides the adoption of this o value to produce
the FC base element?.

3.2 Spatially Resolved Stellar Populations Synthesis

In order to perform the spatially resolved stellar synthesis with
enough signal to noise ratio (5/N) we employed the Voronoi tes-
sellation technique (Cappellari & Copin 2003) in our data cube, with
a §/N target set to 20. Results from Cid Fernandes et al. (2005)
show at this level starLigHT is able to reliably recover input pa-
rameters. Some spectra, however, failed to reach the desired §5/N,
even when combining several tens of spaxels, specifically those ob-
scured by the galaxy’s dust lane. Henceforward we will just analyse
and show the results for those voronoi zones which the combined-
spectra has S/N = 10, relying again on Cid Fernandes et al. (2005)
tests that show it to be the minimum value to the reliability of the
code. sTARLIGHT measures the S/N as the ratio between the mean
and the Root-Mean-Squared (RMS) flux in a user-selected region of
the spectrum (which should be as featureless as possible), the range
adopted here is a Al = 20 A wide window around the normalisation

2 Further validation of this approximation will be presented throughout the
paper, once the almost constant radial profiles shown in Fig. 3 is taken into
account, and the inferred stellar Ay estimates, roughly consistent with those
derived from the Balmer decrement (see also e.g. Fig. A.1 in Mingozzi et al.
(2019) for consistent results) will be presented in appendixes A and B.

e BCO3: Only stellar SSP components from the BCO3/STELIB
models, see Table 1 for ages and metallicities.

o BCO34FC: Same as BCO3 stellar SSPs, with the addition of an
FC component (Fy o 171-7) to the spectral base.

e MII+FC: Stellar SSP components from M11/MILES, see Ta-
ble 1 for ages and metallicities, in addition to the FC component.

Since the effects of the presence/absence of FC component can
be tested comparing BCO3 with BCO3+FC, and the change of
model/library is explored comparing BCO3+FC with M1I+FC, we
did not find necessary to test the synthesis using M7/ without FC,
therefore we kept our analyse within these three configurations.

The FC component is available for staruiGHT only inthe spaxels of
the inner 1.1 arcsec®, which equals 3¢ of the Gaussian point spread
function. The reason for not allowing the FC to be used thronghout
the field is that there is a high level of degeneracy between the FC and
a young reddened population (further discussion in Cid Fernandes
& Gonzilez Delgado (2010) and the next section), and also because
there is no physical reason to have an FC emission outside the nucleus
since it is emitted by the spatially unresolved accretion disk. We will
call the percentage contribution of the FC to total light of a spaxel
as xXggn. During the synthesis all the emission lines were masked
(see Fig. 2), the mask is the same in all spaxels with exception to the
central ones (r < 1.1”") where HB and [N 11] +Ha masks are broader.
The sum of xy. xJ. Xp. Xggn Values is always 100 per cent for all
spaxels.

The maps of the recovered properties from the three distinct bases
are shown in Fig. Al, Fig. A2and Fig. A3 at the Appendix A. These
figures show the maps for xy, x;, X0, Xagn. Ay . the light-weighted
stellar mean age (log t.) defined as:

N,
22y xjlog(ty)
(log1,) = ”N— (2)

j=1 Xj

where x ; are the elements of the population vector ¥, i.e. the fraction

3 The radius(r)= 0.0 is set as the peak of the continuum emission.
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contribution of each component to the total light, 1 is the ages of j-th
component, and N, is the number of stellar spectra in the base (SSPs).
The figuresin Appendix A also shows the light-weighted stellar mean
metallicity (Z) for each reduced population vector component xy,
xy and xp, respectively (Z)y, (Z); and (Z)p. defined as:

— (3)
b} _{:m &
where fp and 1 are respectively the lower and upper age limit of
the reduced population vector components as defined in the previous

section.

The upper panel of Fig. 2 shows an example fit for a spaxel at
r = 076, the residuals between the observed and the fitted spectra and
the emission line mask. At the bottom panels the age/metallicity/FC
decomposition for the three syntheses are shown as an example of
the small differences resulting from the change of spectral base (see
subsection 3.3 and subsection 3.4).

In Fig. 3 we show the radial profiles of xy, x;, xg. X4gn and
(log t.), in bins of 0745 (= 70pc), with points representing the
median, and the coloured region represents the 25 and 75 percentiles
of the azimuthal distribution for the given radial bin. In Fig. 4 we
show the values of (Z) for each one of the bases integrated over the
entire FoV.

In general terms the presence of a large contribution of old metal-
rich SSPs and a smaller, but significant, contribution of young metal-
poor stars seems to be independent of the presence of an FC com-
ponent, or the change of model/library. The detailed analyses of the
differences caused by the distinct spectral bases available to the code
will be better explored in the sections below.

3.3 The FC Component Usage: Comparing BC03 and
BC03+FC

As shown by Fig. 3, the differences in the BC0O3 and BCO3+FC
synthesis are seen only at the inner spaxels and are linked to the
presence of the FC component in the spectral base. For the external
spaxels (r > 1/"1), where only BCO3 stellar components are used in
both synthesis, the recovered properties are identical, as one would
expect. In the external spaxels, the xp values range between 75
per cent and 85 per cent, with all spaxels having super-solar mean
metallicity, (Z)o > 1.5 Zs, and the majority of them being close
to the upper limit of the models, (Z)g = 2.5 Z. The xy values
are between 15 per cent and 25 per cent, with most spaxels having
a sub-solar mean metallicity, (Z)y < 1.0 Zg, with a considerable
portion of them at the lower limit of the model, i.e. (Z)y = 0.2 Zg.
Some properties are identical in all runs even at the inner spaxels,
Ay is very high in the innermost spaxels (Ay > 3 mag) declining
rapidly to Ay = 2.5 mag and reaching 1.5 mag at the border spaxels
(Ay map shown at Appendix A). Similarly, the contribution from
intermediate SSPs, xy, is null at most spaxels and reaches a maximum
value between 10 and 20 per cent in very few regions.

Comparing the inner spaxels of BC03 and BC0O3+FC, we see that
the presence of an FC component in the base causes a decrease in x
by just a few per cent. Larger differences, however, are seen in the
contribution from young stars, especially where an FC component
is not available (BC03). In this case, there is a sharp increase in xy
from a steady 20 per cent at r > 1”’to more than 40 per cent at the
centre. On the other hand, the (BC03+FC) base produces a roughly
constant xy at » < 1.0”, while x,g, increases from ~0 per cent at
1.0"to ~20 per cent in the innermost spaxels. This effect is caused
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by the above-mentioned degeneracy between an FC spectrum and a
young-reddened SSP (Cid Fernandes et al. 2004; Cid Fernandes &
Gongzilez Delgado 2010). As shown by Cardoso et al. (2017), fitting a
spectrum that contains an AGN power law-like continuum with only
stellar components causes the solution to have an excess of young
populations, which leads to a drop in the (log r,) (see the botiom
panel of Fig. 3). Although such degeneracy can cast some doubts in
the exact values of the xy and x4, decomposition in BCO3+FC, the
fact that the solution at the centre has xy values compatible with the
ones of the external regions of the FoV, and that the FC component
contribution follows a radial profile compatible with an unresolved
source (i.e increasing from xggn = 0 per cent to xggn = 20 per cent
at the continuum peak) is strong evidence in favour of the existence
of an FC emission in NGC 2992,

3.4 Decomposition Stability: Comparing BC03/STELIB and
M11/MILES

In this section we discuss differences in the recovered properties
between BCO3+FC and MII+FC bases and their derivations. We
do not intend to make a detailed analysis of the models and its
derivations, nor to suggest one is a better choice than the other for
use with this type of data. Such discussions can be found in other
studies, e.g. Baldwin et al. (2018); Ge et al. (2019). Instead, we
merely want to test the stability of the inferred stellar properties with
changes in models.

Besides the distinct stellar libraries used in these model libraries,
they also employ different evolutionary prescriptions (see Conroy
2013, for a review on stellar evolutionary models). BCO3 is con-
structed using the isochrone synthesis approach, while M11 uses
the fuel consumption theory. The treatment of the thermally puls-
ing asymptotic giant branch (TP-AGB) phase is also a major topic
of disagreement between different models. For example, Dametto
etal. (2019) found a relative excess of young populations and lack of
intermediate-age components when Near-Infrared (NIR) stellar pop-
ulations synthesis are performed with BC03 SSPs, favouring results
achieved with the M 11 models. Nevertheless, these effects are much
more important when modelling stellar populations in the NIR, being
significantly less relevant in the optical.

Both xggn and Ay are very similar to those obtained with
BCO3+FC, but the population vectors have notable differences. For
instance, xp values for M1/+FC are systematically lower by ~5 to
10 per cent than those recovered with BCO3+FC, while at the same
time both xy and x; are conversely higher for M1/+FC. Given the
increase of both xy and x; and the decrease in x5, the light-wei ghted
mean stellar age (log t.) for M1I+FC is systematically lower than
for BCO3+FC by ~ 0.5 to 0.1 dex, as show in the bottom panel of
Fig. 3.

Although there are small differences in age decomposition, the
metallicity general pattern seems to be maintained. As can be seen
in Fig, 4, the old populations have a super-solar mean metallicity,
close to the upper limit of the model (1.5Zg < (Z)o < 2.0Zg)
and the young populations have a solar to sub-solar mean metallicity
({Z)y < 1.0 Zg). as shown in the middle panels of Fig. 4. However,
while the values of (Z)y in BCO3+FC are mostly sub-solar ({Z)y <
1.0 Z) the values in MI1+FC are all solar ((Z)y = 1.0 Zg). This
discrepancy is probably caused by the fact that the MILES library
does not contain SSPs with a sub-solar metallicity younger than 55
Myr (see Table 1). For instance, in the example of Fig. 2, while BC03
and BCO34FC recover its young populations as a combination of
three SSPs with ages of 1 Myr, 5 Myr and 10 Myr, the two first
with sub-solar metallicity (Z = 0.2 Zg) and the later with solar
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metallicity (Z = 1.0 Zy), the M{1+FC recovers it as both 9 Myr
and 10 yr solar metallicity SSPs, and the fitting code would not be
able to fit such a young component with lower metallicity precisely
because MILES library does not provide an SSPs with Z = 0.5 Zg
younger than 55 Myr. Therefore, we can see these (Z)y = 1.0 Z5
values in the synthesis using M/ /+FC base as an upper limit for the
young population metallicity.

As mentioned, above, we do not ¢laim any of the three syntheses
to be the one that better describes the data. In fact, there are no
significant differences in the adev parameters among the bases: adev
values range from 3 per cent at the inner spaxels up to 8 per cent at
larger radius. Recovered properties produced with the distinct models
present the same general trend (see subsection 3.2). However, we
argue the bases which include an FC component are more physically
justified. Both the large decrease in (log 1, ) inthe inner spaxels, when
this component is ignored, and the fact that the FC components fluxes
have a spatial profile characteristic of a point-like source (FWHM =
08, see Fig. 7) are strong evidence of the existence of an FC like
emission in NGC 2992. [t is worth mentioning even though we are
not discussing results for the stellar kinematics, we have made sure
all the three decompositions were kinematically consistent with each
other, and no non-physical value was fitted to v, o parameters,
which would cause an incorrect subtraction of the continuum used
in emission line fitting procedures of the next sections.

4 GAS KINEMATICS

Emission line structure of the central regions of AGN is very com-
plex, often possessing multiple velocity components along the line
of sight (e.g. Villar-Martin et al. 201 1 Veilleux et al. 2013; McElroy
etal. 2015). For the type-1 and intermediate-type AGNs, the presence

of both narrow and broad emission lines are seen; these emission lines
are believed to come from two distinct parts of the AGN. The first is
named the "Broad Line Region" (BLR). Its typical size, as deduced
from the broad line variability, is 10-100 light-days, therefore it is
spatially unresolved by current observations, meaning thatits spatial
profile is the same as the point spread function (PSF) of the obser-
vation. BLR emission is characterised by very broad (1000 km s~1<
FWHM < 10000 km s~!) Balmer lines and the absence of forbid-
den lines (Peterson 1997). In most cases, the line profiles strongly
deviate from a Gaussian profile, e.g. NGC 1097 (Schimoia et al.
2015). The second region is the "Narrow Line Region" (NLR) which
is much larger than the BLR since no clear variation of the narrow
emission lines is observed in objects undergoing large variations of
the AGN's featureless continuum on timescales shorter than several
years. The NLR is resolved by ground-based observations showing
dimensions of 100-1000 pc in most nearby AGNs and up to several
kpc's in higher redshift quasars (Bennert et al. 2006; Sun et al. 2017;
Storchi-Bergmann et al. 2018). The NLR emission is characterised
by both permitted and forbidden lines with lower velocity dispersion
(FWHM < 1000 kms™"), but still broader than emission lines of
normal star forming galaxies. Even the NLR emission lines are some
times not well fitted by a simple Gaussian profile, given the presence
of multiple kinematical components in the line of sight, e.g. gaseous
disk rotation, gas outflows and inflows (e.g. Zakamska et al. 2016;
Schnorr-Miiller et al. 2017).
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4.1 Emission line fitting

In order to fit the emission lines in NGC 2992 we use the IFSCuse
package* (Ruschel-Dutra 2020). IFSCusk is a python based soft-
ware package designed to perform analysis tasks in data cubes of
integral field spectroscopy. mainly focused on the fitting of spectral
features, such as atomic lines. It allows for multiple combinations of
Gaussian and Gauss-Hermite functions, with or without constraints
to its parameters. Stellar continuum subtraction, as well as pseudo
continuum fitting if necessary, are performed internally, and in this
case, we used the residual spectra from the stellar population synthe-
sis performed with sTarLIGHT. Initial guesses for the parameters are
set for the first spaxel, usually, the one with the highest §/N, and all
subsequent spectra use the output of neighbouring successful fits as
the initial guess.

When dealing with complex emission, the standard approach is
to model the line profile with a combination of Gaussian functions.
Visual inspection of our IFU shows distinct velocity components,
evidenced by large asymmetries in the line profiles, are present in
over one-third of the spectra in the FoV. As a result, we decided to
model these components separately and to investigate whether they
possessed any meaningful physical information, following previous
works (e.g. Villar-Martin et al. 2011; McElroy et al. 2015; Fischer
et al. 2018).

For every fited emission line, we determined if the multi-
component model was statistically justified, and not a better fit purely
by virtue of the extra model parameters, by performing a series of
f-tests. The f-test is a standard statistical test to gauge whether a
higher order model is preferable to a simpler model when fitting a
particular data set, We set the false rejection probability for the lower
order model to 10~5, The higher this threshold is set, the harder it
is to justify a more complex model and the more likely it is to be
over-fitting noise. The reader interested in more detailed analyses and
a step-by-step deduction of the application of f-test in astrophysics
emission line fitting is referred to Freund (1992) and statistical ref-
erences therein.

As an Intermediate-type Seyfert nucleus, NGC 2992 presents
both BLR and NLR emission. The BLR emission lines (Ha and
Hp) are blended with some NLR emission lines (Ha, [Nu]16548,
|N1]46583 and HB), leading to degeneracies if both NLR and BLR
emission lines are fitted, spaxel by spaxel, at the same time with
all parameters free. Fortunately, the fact that the BLR is not re-
solved, i.e. its kinematics and its Balmer decrement (He/Hf) can not

4 hup://github.com/danielrd6/ifscube



vary spatially, can be used to decrease this degeneracy. Our chosen
methodology consists on first fitting an integrated spectrum to fix the
BLR emission line profile (kinematics and Balmer decrement), and
later using this BLR spectrum as a fixed component, except for the
flux, on the spatially resolved NLR fits.

We extracted a spectrum centred at the continuum peak, using a
virtual aperture of 3o~ = 11 (o refers to the Gaussian point spread
function). In this spectrum we fitted [N n|16548, [N n]46583, Ha
(both BLR and NLR) and Hf (both BLR and NLR), adding Gaus-
sian components to the emission lines until the addition of a new
component does not increase the fitting quality, as measured by the
f-test described above. The final fit has shown that two Gaussians
are necessary to fit each one of the BLR Balmer emission lines. This
resulting profile, meaning the superposition of two Gaussian func-
tions, hereafter called as BLR Component, can be seen in panel (1)
of Fig. 5, and is characterised by a FWHMp; g = 2010 km s land
a Balmer decrement of (Ha/HB)g g = 24.2. These values are in
considerable agreement with the ones fitted by Schnorr-Miiller et al.
(2016), FWHMg g = 2192 kms~'and (Ha/HB)g g = 19.2, con-
sidering these authors used three Gaussian functions to model the
profile and the BLR of NGC 2992 has been shown to vary in a few
years period (L. Trippe et al. 2008).

In order to resolve the kinematics of the NLR and obtain maps
of emission line ratios, we fitted the following eight strongest emis-
sion lines present in the data cube: HB, |O m]A4959, 15007, He,
[Nm] 16548, 16583 and [S11]46716,4673 1. Each emission line was
modelled with a set of Gaussian functions. The central wavelength of
the Gaussian functions was allowed to vary by up to +400 km s~!and
the velocity dispersion up to 400 km s~ !(FWHM = 1000 kms™!).
We added one more set of Gaussians to the fit, meaning that each
emission line is modelled by up to two Gaussian components. To
reduce the number of free parameters, each set of Gaussians was
required to have the same velocity and velocity dispersion (meaning
theirrelative wavelengths were fixed), while their fluxes were allowed
to vary. The reason for this is each component represents a kinemat-
ically distinct part of the gas, meaning that they may have different
ionisation states determined by their relative fluxes. This means that,
for example, the single-component set of Gaussians fit to the eight
emission lines instead of having twenty four (eight lines x three pa-
rameters) free parameters, only had nine (a single velocity, v, and
velocity dispersion, ¢, amplitudes of He, HS, the two [S 1] and the
stronger [N11] and [O 1], while the amplitudes of the weaker [N u]
and [O 1] were set fixed as 1/3 of the stronger ones, as given by their
Quantum Mechanics’ probabilities (hereafter we call [O 1] 45007 as
[Om], [Nn|46583 as [Nu], and the [S n|16716, 16731 as [S11]). As
described in the previous paragraph, the BLR Component was also
included in the fit with only the amplitude as free parameter.

To estimate the uncertainties in the parameters, we performed
Monte Carlo simulations, in which Gaussian noise was added to
the observed spectrum. One hundred iterations were performed and
the estimated uncertainty in each parameter was derived from the
standard deviation in all the iterations. The uncertainty maps are
presented in Appendix B.

We then applied the f-test to each one of the NLR emission lines,
spaxel by spaxel, in order to assess if the simple model (single-
Gaussian) is enough to fit the data or the more complex model (two
Gaussians) is required. The f-test results in spatially contiguous re-
gions of the required number of components for each emission line.
The maps for [N u] and [Om] emission lines are shown in Fig. 5
and Fig. 6. The figures also show spectral and emission line fits in
selected regions of the FoV.

The maps are not exactly equal for all emission lines, the size
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of the region in which two components are needed depends on the
line S/N°, therefore the size is maximum for [O m] (Fig. 6) and Hor
(Fig, 11), a little bit smaller for [N u] (Fig. 5) and the [S11] doublets
(not shown) and much smaller for the low S/N line, HB (not shown).
However, the general pattern is the same for all emission lines: the
data are well fitted by a single-Gaussian in most of the FoV, but in
a region, from the nucleus to the end of the FoV in the northwest
(NW) direction two Gaussians are needed.

As can be seen in both figures, for those spaxels in which the
emission lines are well behaved and symmetric, a single-Gaussian
function, which we will call Component 1, is enough to fit the data.
However, in the spaxels where two components were statistically sig-
nificant, the profiles show an asymmetry in the form of a blueshifted
wing (see panels (1) and (2) inFig. 5 andFig. 6) requiring the addition
of a second Gaussian, which we will call Component 2.

In Fig. 7 we show the spatial and radial profile of the BLR Com-
ponent. As expected for an unresolved structure, this component is
detected just in the innermost spaxels, with a spatial distribution of
a point-like source, equal to that of the stars in the acquisition image
(FWHM = 0!'8, see section 2): at radii larger than 3o (1.1 arcsec) it
is almost undetectable.

4.2 Rotational and Non-Rotational Components in the NLR

Let us now discuss the spatially resolved properties of the NLR Com-
ponents 1 and 2 and their possible physical interpretation. Component
1 is present in the entire FoV. In the top panels of Fig. 8 we show, from
left to right, [O m] flux, velocity dispersion (o), already corrected
by instrumental dispersion. In the middle left panel, we present the
radial velocity (v). We show the [Omi] flux as an example of the
morphology of this component, which is similar to the continuum
morphology, with the peak of the emission shifted by only ~ 02
to southwest (SW), with a steep decrease (up to 2 dex) towards the
dust lane region. The o= values range from 50-100 kms™~'and show
a very disturbed pattern. The v map shows values from -130 to 120
km s~ 'and although it presents some disturbance, a rotation pattern
is clearly discernible, with the SW portion receding and the north-
eastern (NE) approaching. We have considered the west side of the
galaxy is the near one, following the literature (e.g. Marquez et al.
1998; Veilleux et al. 2001); this explains why the emission is seen
mainly to the east and less to the west where it is attenuated by the
dust lane in the line-of-sight.

In order to quantify how much the velocity field deviates from a
pure rotation and to derive both the major axis PA and the inclination
of disk we fit the Bertola et al. (1991) model. The model assumes a
spherical potential with pure circular orbits, in which the observed
radial velocity at a position (R, ¥) in the plane of the sky given by
the relation:

V(R i) = vgyst
AR cos(yr — ) sin@cosP i
{RZ [sin?(y — o) + cos (¥ — o) | + ccos?i

where vy is the systemic velocity, i the inclination of the disk (with
i = 0 for a face-on disk), A is the amplitude of the curve, ¢ is the
concentration parameter and yrg the line of nodes PA. The parameter

}pa (4)

5 Because the f-test detection is sensible to how much the second component,
the more complex model, stands out from the noise. Therefore in low S/N
lines, it is less likely the f-test will require a complex model.
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p defines the form of the rotation curve, varying in the range between

1 (logarithm potential) and 1.5 (Keplerian potential). To avoid the
degeneracy between the parameters, we restricted the disk inclination
to have values of i =70+ 10 (based on Duc et al. 2000, photometric
analyses) and we assumed the kinematical centre to be co-spatial
with the peak of the continuum emission. A Levenberg-Marquardt
least-squares minimisation was performed to determine the best fit-
ting parameters and the uncertainties were obtained by making one
hundred Monte Carlo iterations. We show the best parameters and
their uncertainties in Table 2.

The PA of the line of nodes was measured as 32+1°, in agreement
with previous values from the literature: PA = 32° (Veilleux et al.
2001, hereafter VO1), PA=30° (Marquez et al. 1998, hereafter M98).
Vsys and i are also in reasonable agreement with other studies of
the galaxy: VOI found, respectively, 2335 + 20 kms ~'and 68°, while
M98 found 2330 kms~'and 70°. The velocity field amplitude (A =
13244 kms™1), though, is much lower than the ones found by both
V01 and M98 (225+20 km s~ and 250 km s™!). This discrepancy is
probably due to the fact that both have used long-slit data in their
studies, therefore being able to map the velocity field up to several
kpc. Thus having a better constraint in the behaviour of the field at a
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Table 2. Best Fitting Parameters Bertola et al. (1991) Model.

Parameters Values

Vsys 2345 + 5 [kms™']

A 13214|kms"]
P 14

o 3.5+ 0.1 |arcsec]
Wy 32 +1°

i 70° £ 1°

< In the model the parameters p is allowed to vary between 1 and 1.5, the
fitted value was equals 1o 1 in all the Monte Carlo iterations,

larger radius, while our data can only recover the internal portion of
the velocity field.

The modelled velocity field is shown in the middle right panel of
Fig. 8, and the residuals between the observed field and model are
shown in the bottom left panel of the same figure. The uncertainty
map for the Comp. 1 v field, as measured by the Monte Carlo simu-
lations described in the subsection 4.1, is shown in the bottom right
of Fig. 8. While most of the field is well represented by the disk ro-
tation model (|v = varpdet] < 20 kms~1), there is one region at the
eastern border with residuals up to 40 kms™!. Since the maximum
uncertainty in v is 15 km s~ this deviation from pure rotation is
probably real. The same seems to be true for the o field, shown in
Fig. 9. The uncertainties in the Component 1 o are of ~5 kms™lin
the central region, and up to 15 km s™'at the borders, as shown in
Fig. B1. Therefore, the lack of structure in the o map is, in fact, real
and not due to observational artefacts5.

These types of disturbances, in the both v and ¢, are predicted by
simulations (Kronberger et al. 2007; Bois et al. 2011) and observed
(Torres-Flores et al. 2014; Hung et al. 2016; Bloom et al. 2018) in
galaxies which are, or recently were, undergoing merging processes,
as is the case of NGC 2992, and are attributed to perturbations
in the gravitational potential due to tidal forces. In PaperIl we will
investigate whether these disturbances are also present in the velocity
field of NGC 2993.

The fainter component of the NLR (Component 2) is detected in
a smaller region, originating near the continuum peak and extending
towards the NW. For the brightest line, | Oui]A45007, the emission
extends up to ~ 3", as shown by both the flux map, top left panel of
Fig. 9 and the P-V plot in Fig. 10. In Fig. 9, we show the maps of
equivalent width (EW) of [O m], ¢ and v for the Component 2. The
v map shows only blueshifted velocities, with values ranging from
250 to -200 kms™!. The velocity dispersion is higher than that of
Comp. 1, ranging from 200 to 215 kms~!. We also show in all the
panels, the contours of the 8-shaped region detected in the 6 cm radio
emission (in grey) in which the smaller loop seems (o be co-spatial
with Component 2.

The position-velocity plot along the major kinematical axis (PA
= 32°) and the major axis of the Radio emission (PA = -26°) of
NGC 2992 are shown in Fig. 10. It is clear that while Comp. 1 has a

% There is no clear evidence of the "Beam Smearing” effect too, given that
there is no increase in velocity dispersion values of Comp.1 in the central
regions, where the gradient of the velocity field is maximum. The high values
of velocity dispersion in Comp. 2, also cannot be purely due to this effect,
because itis notco-spatial with the galactic centre and shows very blueshifited
velocities from -250 to -200 km s ™!, as can be seen Fi £. 9. Furthermore when
o of both Comp. 2 and Comp. 1 are taken into account their values are
in agreement with the ones measured from Bry IR lines by Friedrich et al.
(2010).
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rotational pattern, Comp. 2 deviates considerably from this pattern.
Considering:

e Component 2 is not following the galaxy’s rotation;

e It is co-spatial with the radio emission;

o It has higher velocity dispersion values than those of Comp. 1,
o >200kms!;

o It has blueshifted velocities in the near side of the galaxy;

we are led to the conclusion that it is tracing a radio-jet driven gas
outflow since all these are well-known characteristics of this type of
phenomena. In fact, this ionised gas outflow was already reported
by other IFU studies, e.g. Garcfa-Lorenzo et al. (2001), Friedrich
et al. (2010) and Mingozzi et al. (2019). Particularly, Garcfa-Lorenzo
et al. (2001) interpreted this blueshifted structure as the interaction
of the minor loop of the radio-jet with the interstellar medium (ISM).
Garcia-Lorenzo et al. (2001 ) also found a similar, however redshifted,
structure in the far side of the galaxy, co-spatial with the farthest
part of the radio emission major loop, which is mostly not visible
in our FoV. We have extracted the contours of this structure from
Figure 9 of their paper and show it as the red dashed line in Fig. 9.
This finding supports the scenario in which a bipolar over-pressure
relativistic plasma is expanding, accelerating and compressing the
ISM gas in its path (Chapman et al. 2000). Interestingly, the only
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portion of this structure which falls within our FoV is co-spatial
with the largest velocity residuals seen in figure Fig. 8. Although
our statistical analysis does not indicate the necessity of a separate
component, the large residuals clearly indicate a perturbation in the
velocity field.

A very similar geometry was found by Riffel & Storchi-Bergmann
(2011) in the galaxy Mrk 1157, in which non-rotational blueshifted
and redshifted structures are present and co-spatial to the two loops
of a very similar nuclear 8-shaped radio emission. The authors also
interpreted these structures as the effect of the expanding radio-
emitting gas into the ionised ISM.

4.3 Outflow Properties

If we consider Component 2 as ionised outflowing gas, we can mea-
sure its properties such as mass, mass outflow rate and kinetic power.
We followed the prescriptions described in Lena et al. (2015), in
which a biconical outflow geometry is assumed, even though in our
case we can see only one of the cones.

The mass outflow rate can be estimated as the ratio between the
mass of the outflowing gas and the dynamical time (time for the gas
to reach the present distance from the nucleus), Mg/ty. The mass of
the gas in outflow (Component 2) is estimated as:

My =nempV f (5

where mp is the proton mass, n, and V are the electron density
and the volume of the region where the component is detected, f
is the filling factor. The filling factor and volume are eliminated
by combining Equation 5 with the following expression for the Her
luminosity:

L(Ha) ~ fn? jga V (6)

with jr o = 3.534 x 10725 ergem? 7! at T = 10000K (Osterbrock
& Ferland 2006). Therefore, the gas mass can be written as:

L(H
M. =P (Ha)

: (7

Ne | H o

Qur estimates for n, are based on the flux ratio between [ S ] lines, as
described in Appendix C. Please note the L(Ha) used here is based
on the flux of Comp. 2 He emission only, corrected by extinction as
described in Appendix C. The spatially resolved L(Ha) and M, (i.e.
gas mass surface density, Z,) are shown in Fig. 11.
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The integrated gas mass is My = 3.6 + 0.6 x 1{)6M0. The t; was
estimated as the ratio between the maximum extension of the outflow
~ 3 arcsec = 450 pc (see Fig. 10) toits mean velocity, (v ) =~ 210
kms~!, which gives tg ~ 2.2 x 10° yr. Combining these values we
estimated an outflow mass rate of Mou: =~ 1.6 + 0.6 Mo.

We also estimated the outflow Kinetic power as;

M"’“" vtznif

3 (8)
where vy, is the radial velocity of Component 2 (Fig. ). Integrating
the entire outflow we obtained a total outflow kinetic power Epup =
2.2+0.3x10* erg 51, In subsection 6.3, we compare these values
with the ones found in the literature and those expected by outflow-
AGN relations.

Eau 1=

5 IONISATION MECHANISMS

Given the presence of young stars discussed in section 3, X-ray
(section 1) and BLR emission (section 4) which indicate AGN ex-
citation, and the presence of radio emission that can drive shocks
(Dopita 2002; Allen et al. 2008), we used the [N i1}/Ha vs. [O m}/HB
and [S u}/He vs. [Om)/HB Baldwin et al. (1981, BPT) diagnostic
diagrams to investigate which of these excitation mechanisms are
dominant in the innermost region of the galaxy.

In the bottom panels of Fig. 12, we show the maps of [O m]/Hp,
[N 1}/He and [S n]/He line ratios for the entire line profile (by sum-
ming the kinematical components; we do that to increase the preci-
sion in the flux measurement and to avoid regions where a second
component is detected in high S/N lines, like [O1n], but not detected
in lower S/N ones, like HB.) We excluded the regions where uncer-
tainties in the total flux, as shown in Appendix B, are higher than 30
per cent. The [O m]/HpB shows a clear AGN signature, with its peak,
up to [O m}/Hp = 25, at the centre of the FoV and decreasing radially
down to [Om}/HB =~ 2 at SW corner of the FoV. The [N n]/Ha and
[Sul/He, however, do not show the same pattern: their maximum
values are off-nuclear, and they do not present a radial decrease as in
the [O1n}/HS one. This indicates a lower energy mechanism (lower
than an AGN, but higher than H u regions) can be ionising the gas
too. In fact, shockionised regions are characterised by having smaller
[O1u}/HP ratios and larger [S u] ([Nu])/He than those ionised by
AGN (Veilleux & Osterbrock 1987; Kewley et al. 2006; Allen et al.
2008).

We selected limiting regions in the line ratio maps and shown it in
the respectively BPT diagrams in the top panels of Fig. 12. We also
show some division lines: the solid black curves on both diagnostic
diagrams trace the Kewley et al. (2001) theoretical upper limit of
regions ionised by pure star formation (K01 line). All spectra lying
above the KO1 line are dominated by ionisation mechanisms more
energetic than star formation. Several excitation mechanisms can in-
crease the collisional excitation rate, enhancing the ratios of the for-
bidden to recombination lines, among them energetic photons froma
power law-like emission (AGN); shock excitation and evolved stellar
populations (pos-AGB) can also produce line ratios along this branch
of the diagram. The latter case does not apply to the nuclear region
of NGC 2992 given that it requires EW(Ha) < 3 A (Stasinska et al.
2008; Cid Fernandes et al. 2011) and our entire FoV has EW(He)
> 10 A. We also show the dashed black curve on the [Nu]/Ha vs.
[O mu]}/Hp diagnostic diagram: the Kauffmann et al. (2003) empirical
classification line (Ka03 line), which traces the upper boundary of
the Sloan Digital Sky Survey Strauss et al. (SDSS 2002) star forma-
tion sequence. All spectra lying below the Ka03 line are dominated
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Figure 12. Top: [N n}/Her vs. [O m}/HB and [S u}/Ha vs. [O m]/HB BPT diagrams; grey countours are galaxies from the SDSS main galaxy sample. red points
are the spaxel of NGC 2992, Colored markers are the selected regions of NGC 2992, as shown in the bottom panels, representing: red (Region A), blue (B),
green (C), pink (D) and cyan (E). Middle: Zoomed BPT diagrams with shock+precursor grid models as measured with MAPPINGS V code (Sutherland et al.
2018); the B indicates increasing magnetic field of the model (from 0.01 to 4 uG); the black numbers indicates the velocities of the shocks, ranging from 300 to
900 kms™!, Bottom: Respectively, from left to right, [0 m)/HB, [N u}/He, and [S 11)/Ha emission lines ratio maps; red circles show the selected regions shown
in the upper panels. In BPT diagrams the grey crosses are the typical errors in the emission line ratios: the solid black lines are Kewley et al. (2001) theoretical
upper limits for pure star forming galaxies. In the [N u}l/He vs. [O1m)/HS diagram the dashed black line represents Kauffmann et al. (2003) line which traces
the upper boundary of the SDSS star formation sequence. In the [S n]/Hea vs. [O m}/Hg diagram the dashed-dotted black line represents the empirical division
between AGN like and low-ionisation nuclear emission-line region (LINER) (Kewley et al. 2006).

by star formation. The dashed-dotted black curve on the [Su]/Ha
vs. [O m)/HgB diagnostic diagram traces the Kewley et al. (2006) em-
pirical classification line (K06 line), which separates high ionisation
spectra associated with Seyfert (AGN) and other intermediary ioni-
sation mechanisms including shock excitation. We also show as grey
points in the top BPT diagrams a collection of single-fibre emission
line measurement from SDSS main galaxy sample by Kewley et al.
(2006).

Region A is the peak of the [O m]/HS map, it shows clear AGN-
like ratios, with an upper [O m]/Hg value higher than any SDSS
AGN, which corresponds to a 3"’diameter aperture, and therefore
has a diluted AGN/host-galaxy emission line ratio. Region B has the
lowest value in all the maps; it lies below K01, showing the radial
decrease in the AGN contribution to the emission lines and significant
contributions from both star formation and AGN excitation. Regions
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C, D, and E display the highest values in the [S u]/Ha and [Nu]/Ha
maps; however, they have lower [O m)/HS values than region A.
Region E, in fact, crosses the K06 line in the [Sn]/Ho diagram,
which again indicates the presence of another ionisation mechanism.

In order to search for an explanation to the increase in this in-
termediary ionisation energy lines ([N u] and [Snu]) we used the
MAPPINGS V shock models by Sutherland et al. (2018). We ex-
plored the parameter space in the pure shock and shock+precursor
grids of the models. None of the pure shock models could ex-
plain these line ratios, given the high [Om]/Hf values. However
shock+precursor (Shock ionisation in a medium already ionised
by power-law like emission) with shock velocities between 300
km s~!and 900 km s~ !and magnetic field (ﬁ) between 0.01pG and
4uG, with a two-solar metallicity and a pre-shock density of 1 em3,
successfully reproduce the line ratios of regions C, D and E. In the



middle panels of Fig. 12 we show the grid models in these shock
velocity and magnetic field ranges superimposed with the emission
line ratios of the regions. The shocks in NGC 2992 have been exten-
sively studied by Allen et al. (1999), who conclude that shocks are
the predominant ionisation mechanism in the extended NLR cones
at a distance of several kpc from the nucleus.

‘We can conclude that a more simple Starburst-AGN mixture (e.g.
Davies et al. 2014a,b; D’Agostino et al. 2018) in which the maxi-
mum values of all [O m}/HB, [Nu]/He and [S n}/Ha are located in
the innermost spaxel (location of the AGN), and all decrease radially
towards the H 11 ionisation region of the BPT in a straight line (see
for example figure 1 in Davies et al. 2014b), cannot describe the
ionisation at the circumnuclear region of NGC 2992. Instead, a more
complex Starburst-AGN-Shocks mixture is responsible for its ioni-
sation. However, the very high values of [O m]/Hf indicate the most
important among these three mechanisms is AGN ionisation, at least
in the innermost portion (see further discussion in subsection 6.4).

6 DISCUSSION

6.1 Interaction-Driven Circamnuclear Star formation

In general terms, the stellar population synthesis discussed in sec-
tion 3 shows that stellar content in the inner 1.1 kpe of NGC 2992 is
mainly composed by an old metal-rich population, with a smaller but
considerable contribution from young metal-poor stars. The presence
of the latter is supported by other studies, for instance, using the Bica
& Alloin (1986) base of star clusters for stellar population synthesis,
Storchi Bergmann et al. (1990) found a predominance of old stellar
populations (10'? yr) and a small contribution of at least 5 per cent
by recent star formation in the inner 5. Moreover, Friedrich et al.
(2010) find that 10-20 per cent of the IR flux is attributable to a star-
burst, based on the emission from polycyclic aromatic hydrocarbon
(PAH) molecules. Additionally, these authors estimate the starburst
to have occurred between 40-50 Myr, based on the equivalent width
of the Bry line.

Major merger processes are known to be responsible for gas inflow
towards the central regions of galaxies enhancing circumnuclear star
formation and possibly triggering nuclear activity. Merger galaxies
have an increase in the SFR, mainly at the nuclear regions (Elli-
son et al. 2013; Pan et al. 2019). Thus, these sources have younger
nuclear populations than those found in isolated galaxies, in which
most of their recent formed stars are concentrated at the spiral arms.
Moreover, major mergers are also able to modify the metallicity
gradients of galaxies (Barrera-Ballesteros et al. 2015). Galaxy simu-
lations show that the gas, originally located at external portions of the
isolated galaxy (metal-poor regions), moves towards internal regions
(metal-rich regions) of the companion galaxy during the encounter
and is capable of cooling and forming stars.. Such processes are able
to explain both the increase in the SFR and the modifications in
the metallicity gradient (Dalcanton 2007; Torrey et al. 2012; Sillero
et al. 2017). In fact, the pericentre passage between NGC 2992 and
its companion NGC 2993 is estimated to have occurred ~ 100 Myr
ago (Duc et al. 2000). Thus, a possible scenario is that metal-poor
gas inflow has led to interaction-driven circumnuclear star forma-
tion which can explain the presence of such young metal-poor stellar
population in the nucleus. Such inflows could also be responsible
for triggering NGC 2992’s nuclear activity, a scenario which will be
further explored using numerical simulations in Paper IIL.

Mapping the Inner kpc of NGC 2992 15

6.2 Feeding vs Feedback

We can compare the mass outflow rate, estimated in subsection 4.3,
with the accretion rate necessary to power the AGN at the nucleus of
NGC 2992, calculated as follows:

: L
May = =22 ©)
cin

where 5 is the mass-energy conversion efficiency, which for Seyfert
galaxies is usually assumed to be p = 0.1 (Frank et al. 2002), L;, 4
is the bolometric luminosity of the AGN. and ¢ is the speed of light.
To measure Ly, we applied the bolometric correction by Marconi
et al. (2004) on the most recent X-ray luminosity measurement of
NGC 2992 made by Marinucci et al. (2018). The author used a
2015 NuSTAR observation and obtained an absorption corrected 2-
10 Kev Luminosity of 7.6 + 0.1 x 10*2 ergs™! that translates to
Lyor = 9.1 £0.2x 109 ergs~!. We use these values to derive an
accretion rate of Mgy ~ 0.02 Moyr—!.

The nuclear accretion rate is two orders of magnitude smaller
than the mass outflow rate (Mpy; ~ 1.6 + 0.6 Mg yr‘l, see sub-
section 4.3). This implies that most of the outflowing gas does not
originate in the AGN, but in the surrounding ISM, and this result
supports the scenario in which the plasma bubbles (radio loops) are
expanding, pushing gas away from the nuclear region. However, the
ratio between the kinetic power of this blueshifted outflow loop and
the bolometric luminosity is ~ 0.002, which means only 0.2 per
cent of the AGN radiative power is in this outflow. Many authors
argue that such a low value is not enough to have the feedback ef-
fects expected by cosmological simulations (Springel et al. 2005;
Silk & Mamon 2012; Bullock & Boylan-Kolchin 2017), stating that
Eout!Lpep should be closer to 5 per cent or above in order to effec-
tively suppress growth in the most massive galaxies. However, some
models show that coupling efficiencies of Eyy;/Lpy ~ 0.5 per cent
(Hopkins & Elvis 2010), and even 0.1 per cent (Costa et al. 2018)
could successfully prevent star formation.

6.3 AGN-Wind Scaling Relations

Comparing our outflow measurements with those from the litera-
ture we noted ours results disagree with those presented in Miiller-
Sénchez et al. (2011), who reported Mowt =120 Mg yr‘] and Eour
=2.5%10%2 erg 5!, both almost one hundred times greater than ours.
We attribute this difference to two factors: i) they assumed the filling
factor f to be constant equal to 0.001, while we have measured the
filling factor from L(Her) and n. (see Equation 6). This assumption
makes their My proportional to ne, and not inversely proportional
(as in Equation 7); ii) they assume an electronic density of ne = 5000
em™, a value more than 5 times larger than the maximum value
we measured in the nuclear region of the galaxy. These two factors
combined explain their overestimation of both Mg, and Egyy. We
also argue these differences cannot be due to a larger coverage of
the outflow by a larger field of view, in the sense of seeing the far-
thest part of the radio emission major loop and its redshifted outflow
structure, given the authors have used the OSIRIS/VLT instrument,
which has an even smaller FoV than GMOS.

We can compare our values io the properties of outflows found in
other precious papers across the literature. In Fig. 11, we show the
Fiore et al. (2017) compilation of a set of outflow energetics from
various studies over the years spanning a large range of AGN lumi-
nosity (Lp,; = 10%), which they use to establish AGN wind scaling
relations, mass outflow rate and outflow power as a function of bolo-
metric luminosity, together with several measurements of nearby
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galaxies from individual studies compiled by us from the literature
or obtained by our collaborators: NGC 1068, NGC 3783, NGC 6814,
NGC 7469 (Miiller-Sdnchez et al. 2011), NGC 4151 (Crenshaw
et al. 2015), Mrk 573 (Revalski et al. 2018), Mrk 34 (Revalski
et al. 2018), NGC 7582 (Riffel et al. 2009), Mrk 1066 (Riffel et al.
2010b), Mrk 1157 (Riffel & Storchi-Bergmann 2011), Mrk 79 (Riffel
et al. 2013a), NGC 5929 (Riffel et al. 2013b), NGC 5728 (Shimizu
et al. 2019), and NGC 3081 (Schnorr-Miiller et al. 2014), ESO 362-
G18 (Humire et al. 2018), NGC 1386 (Lena et al. 2015), ESO 153-
G20 (Soto-Pinto et al. 2019), 3C 33 (Couto et al. 2017), including
NGC 2992 measurement by Miiller-Sinchez et al. (2011). Although
these estimates are made using different recipes, leading to differ-
ences between methods, they are generally similar to the one adopted
here. Therefore, this comparison with the literature may be useful at
least as an order of magnitude approximation.

As we can see, the overestimated previous measurement of
NGC 2992's outflow made this source to be an outlier in the Fiore
et al. (2017) relations, while our values make the galaxy more likely
to be explained by these relations. However, the other measurements
in nearby Seyfert galaxies support the existence of a larger scatter
of these relations, both in E,,; and M,,,,;. at lower luminosities. To
confirm whether this extension is valid or not, more detailed studies
like this, mainly using [FU, are needed so that outflow properties can
be properly and systematically measured, without assuming fixed
values of ne and f.

6.4 Multiple Ionisation Mechanisms

In section 5 we showed that despite being dominated by AGN ex-
citation, star formation and shocks cannot be excluded as ionisation
mechanisms in the nuclear region of the galaxy. The existence of star
formation ionisation in the nucleus is confirmed by Friedrich et al.
(2010) IR emission line analyses, as mentioned in subsection 6.1.
The presence of shocks is also supported by Allen et al. (1999) us-
ing long-slit spectroscopy. The authors also argue the dominance of
shocks increases, compared to ionisation by the central source, at
larger radius.

Galaxies undergoing rapid phases of evolution (through processes
such as galaxy-galaxy interactions, gas outflows and radio jets) often
have multiple ionisation mechanisms contributing to their optical
line emission (e.g. Rich et al. 2011; Lanz et al. 2015; Rich et al.
2015; Davies et al. 2017). These multiple ionisation mechanisms are
also in agreement with evolutionary scenarios in which gas inflows
(driven either by secular mechanisms, like nuclear bars or nuclear
spiral arms, or environmental ones, like minor and major mergers)
triggers nuclear star formation and nuclear activity (feeding process)
and then the active nucleus can drive both ionising photons from the
accretion disk and radio jets (feedback process) that impacts the [SM
physical conditions (Hopkins etal. 2008; Hopkins & Quataert 2010).

7 SUMMARY AND CONCLUSIONS

We have analysed the stellar population, the ionisation mechanism
and kinematics of the ionised gas in the inner 1.1 kpc of the inter-
acting Seyfert galaxy NGC 2992, using optical spectra obtained with
the GMOS integral field spectrograph on the Gemini South tele-
scope, with a spatial resolution of = 120 pc and spectral resolution
~ 40 kms~!. The main results are:

e The stellar population in the nuclear region of the galaxy is
mainly composed (60 per cent< xp < 80 per cent) by an old (t >
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Figure 13. Correlations between the mass outflow rate (Mo, Top Panel)
and kinetic outflow power (E'om, Bottom Panel). Blue points are the data
compiled by Fiore et al. (2017) and the black dashed lines show the best fit
correlations for these points, Red Squares are the previous measurement of
NGC 2992 by Miiller-Sinchez et al. (2011), and green ones are the results of
this work. Violet diamonds are compiled from various literature sources for
more modest AGN luminosities.

1.4 Gyr) metal-rich ({Z)g > 2.0 Zy) population with a smaller, but
considerable contribution (10 per cent < xy < 30 per cent) of an
young (t < 100 Myr) metal-poor ({(Z)y < 1.0 Zg) population. A
possible scenario is that metal-poor gas inflow during the pericentre
passage of NGC 2993 has led to interaction-driven circumnuclear star
formation, which can explain the presence of such young metal-poor
stellar population in the nuclear region;

e The emission line analyses show the presence of both BLR
and NLR emission, confirming its classification as an intermediate-
type Seyfert galaxy. The BLR emission profile has a velocity dis-
persion of FWHMpgig = 2010 kms~'and a Balmer decrement of
(Ha/HB)gLr = 24.2. The NLR presents two distinctly kinemati-
cal components: one that although disturbed is well fitted by a disk
model, and therefore can be identified as gas in orbit in the galaxy
disk, with radial velocities ranging from -130 to 130 km s~ another
that we interpreted as an outflow associated with the radio emission,
with blueshifted velocities of ~ 200 kms™!, a mass outflow rate of
Mout = 1.6 + 0.6 Mg and a kinematic power of Eguz =~ 2.2 + 0.3 x
10%0 erg s~1

e The BPT diagnostic diagrams show the galaxy posses multi-
ple ionisation mechanisms: a mixture of AGN, star-formation and
shocks, the former being the dominant one. The [Om)/HS ratio
peaks at the innermost spaxels, and is located in the upper region



of the BPT diagram. The lower values, located at the border of the
FoV, decreases down to below the Kewley et al. (2001) line, showing
an increase in the star-formation ionisation compared to the AGN
ionisation at larger radius. Off-nuclear peaks in the [Nu]/He and
[S u}/He maps indicate the presence of another mechanism and are
successfully explained by Sutherland et al. (2018) shock+precursor
models.
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Figure A1, Maps of the recovered properties from the BCO3 synthesis, Top:
from left to right, percentage contribution to the total light from young,
intermediate and old SSPs (xy, xp and xp). Middle: from lefi to right, light-
weighted mean stellar metallicity for the three SSP age groups, (Z)y, (Z)1
and (Z)o . Bottom left: Ay extinction parameter. Bottom middle: Featureless
continuum (FC) component percentage contribution to the total light (xag,).
Bottom Right: Light-weighted mean stellar age. (log t. ). The grey contour
in all the maps is the continuum emission, left panel of Fig. 1. The xagn is
null in all points by definition, because there is no FC component in BC03
synthesis spectra base,
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APPENDIX A: STELLAR POPULATIONS SYNTHESIS
MAPS

We show the maps of the recovered properties from three spatially
resolved starLiGaT synthesis we have performed, namely BCO3,
BCO3+FC and M11+FC. The top panels show, from left to right, the
per cent contribution to the total light for young, intermediate and
old SSPs (xy, x; and xg ). In the middle panels the light-weighted
mean stellar metallicity for the three age groups, from left to right,
(Z)y.(Z)1 and (Z)p;. In the bottom panel the V-Band extinction
(Ay ), the per cent contribution to the total light from the FC com-
ponent (xggn) and the light-weighted mean stellar age, {log t4), are
shown, respectively, from left to right.

APPENDIX B: EMISSION LINE FITTING
UNCERTAINTIES

We present here the uncertainties in the parameters of the emission
lines fitting described in subsection 4.1. The uncertainties are the
standard deviation over the one hundred Monte Carlo iterations. The
uncertainties in the radial velocity (V) of Component 1 was already
presented in Fig. 8. In Fig. B1 we show the uncertainties in the
velocity dispersion (o) of Component 1, the values are mostly smaller
than 5 km ™!, reaching a maximum value of 15 kms™".
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Figure A3. Same as Fig. Al for M1 I+FC.

In the top panel we also show the uncertainties of v and o of
Component 2, values are less than 10 kms~lin most the region,
reaching up to 30 kms™'in a very small region, the o values are
less then 10 kms™lin the peak of component emission and up to 30
km s~ Lin the borders of the detection region. In the middle and bottom
panels the percentile uncertainties in the integrated flux (Component
1 + Component 2) of HB, [0 m] A5007, Ha, [N 1] 46583, and [S11]
A6716,6731 are shown.

The Hp line uncertainties range from 10 per cent at the centre of
the FoV, up to 45 per cent in the dust lane region. [0 m] and Ha
values range from less than 5 per cent up to 25 per cent at the dust
lane region. [S ] and [N n] values range from less than 10 per cent
up to 35 per cent at the dust lane region.
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Figure B1. Emission line fiting uncertainties, Top: from right to left, velocity
dispersion of Component 1 ( km s} ), radial velocity of Component 2 (
kms™1), wvelocity dispersion of Component 2 ( kms™!). Middle and Bottom:
percentage uncertainties in the integrated flux (Component 1 + Component)
of HB, [0 m1] A5007, Her, [N 1] 6583, and [S 1] 46716,6731 (%). The black
cross shows the peak of the continuum emission. Each contour in the maps
means a 10% variation in the uncertainties.

APPENDIX C: NEBULAR EXTINCTION AND ELECTRON
DENSITY

In order to measure the extinction in the NLR, we adopt the Calzetti
et al. (2000) extinction law, and assume the case B recombination and
the intrinsic Ha/Hp value for the NLR (Osterbrock & Ferland 2006),
which combined leads to the following expression to the V-band
extinction:

Ay =195 x logq (Htgff'l,ﬁ] (Ch)

In order to improve the S/N and given the fact that HB Component
2 is detected in a very small region, we used the integrated flux
(Component 1 + Component 2) of the NLR Ho and HS lines. The
Ay mapispresentedin the top left panel of Fig. Cl, and its uncertainty
in the bottom left panel. The Ay peak at ~ 4.5 mag at the peak of the
emission lines emission, and has values > 3.5 mag in the dust lane
portion of the FoV. However, this value may be even higher as the
uncertainties are up to 2 mag in this region, caused by high impression
on the HB flux measurement, as seen in Fig. B1. Although the Ay
are not the same in the continuum Appendix A and in the NLR, the
spatial patterns are similar: the higher values are found the central
spaxels and towards the dust lane, and the lower towards the SE
direction.

The electron density (n.) of the ionised gas in the NLR can be
obtained from the ratio between the [Su] lines, [S1]16716/16731
(Osterbrock & Ferland 2006). We applied the solution of the colli-
sional equilibrium equations given by Proxauf et al. (2014) to obtain
the n, values, as follows;
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Figure C1. Top left and bottom left panels, shows, respectively the V-band
extinction A, map and its uncertainties, both in units of magnitudes. Top
right and bottom right panel show, respectively, the electron density (n, ) and
its uncertainties both in cm™ units. The black cross shows the peak of the
continuum emission.

log o (e [em?]) = 0.0543 tan(~3.0553R + 2.8506)
+6.98 — 10.6905R + 9.9186R2 — 3.5442R> (C2)

with R = Fg716/Fg731 , the ratio between the [S 1] lines. The ne map
in its uncertainties are presented, respectively, in the top right and
bottom right panel of Fig. C1. The maximum value of n is 950 cm ™3
reached at the peak of the emission lines, decreasing radially down
to 100 .:-m'3, another high (~ 800 em™) density knot is present
at the south of the nucleus. Both the values as well as the spatial
profiles of both Ay and n, measured here are in agreement with the
recent published analyses by Mingozzi et al. (2019) using MUSE
instrument, see their Figures Al and B1.
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ABSTRACT

We present the analyses of the historical X-rays and optical spectra of the ‘changing look’
active galactic nucleus (AGN) NGC 2992, ranging from 1978 to 2019. The galaxy presents
multiple Seyfert type transitions from type 2 to intermediate-type losing and regaining its Ha
Broad Emission Line (BEL) recurrently. In X-rays, the source shows intrinsic variability with
the absorption corrected luminosity varying by a factor of ~ 35. We rule-out tidal disruption
events or variable obscuration as causes of the type transitions, and show that the presence (and
flux) of the broad Ha emission line is directly correlated with the 2-10 keV X-ray luminosity
(Lz-10): @ minimum value of Ly_jg ~ 4 X 102 erg s7!is necessary for its appearance, this
value translates to a Eddington ratio (Agqq = Lgo1/Lgdq) of 2.Of21'g% for the assumed black
hole mass. The detection of the HB BEL is only possible at even higher accretion rates of ~
5—-8%. We find a correlation between the narrow Fe Ko flux and Ag4q, and an anti-correlations
between full width at half maximum of Ha BEL and Aggqq. Two possible scenarios for type
transitions are compatible with our results: either the dimming (brightening) of the AGN
continuum, which reduces (increases) the supply of ionising photons available to excite the
gas in the vicinity of the black hole, or the fading of the Broad Line Region (BLR) structure
itself occurs as the low accretion rate is not able to sustain the required cloud flow rate in a
disk-wind BLR model.

Key words: galaxies: Seyfert — galaxies: nuclei — X-rays: galaxies — optical: galaxies

1 INTRODUCTION

Supermassive black holes (SMBH) at the centre of galaxies can
become active by the accretion of surrounding matter (see Storchi-
Bergmann & Schnorr-Miiller 2019, for a review on the feeding
mechanism). Such active galactic nuclei (AGN) can be identified by
features in their optical spectra - such as broad emission lines (BEL)
and/or narrow high ionisation emission lines due to the non-stellar
ionising continuum - or by their nuclear X-ray emission. Emission
lines produced by the gas orbiting in the vicinity of the SMBH are
Doppler broadener, forming the broad-line region (BLR), while the
narrow-line region (NLR) extends from a few parsecs to hundreds

* E-mail:muryel @astro.ufsc.br

© 2020 The Authors

of parsecs beyond the accretion disk. Historically, Type 1 AGNs are
those showing both broad (> 103, < 10* kms~!) and narrow (< 103
km s~!) permitted emission lines and narrow forbidden lines in their
optical spectra; while Type 2 AGNs lack BELs. Intermediate AGN
types were added by Osterbrock (1981), including types 1.8 and
1.9, classified, respectively, according to the presence of a weak, or
absent, HB BEL, while retaining an Ho BEL.

AGN unification models attribute differences in AGN type to
the viewing angle toward an axisymmetric, parsec scale obscuring
structure, which can block our direct view of the AGN central engine
(Antonucci 1993; Urry & Padovani 1995) and is responsible for the
lack of BEL in Type 2 AGNs. However, a relatively small number
of AGN show transitions from one type to another in a few years;
these objects are known as “changing look” (CL) AGNs. CL-AGNs
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have changed the widely accepted AGN paradigm, not only in the
orientation-based unified model but also standard accretion disk
models (see Lawrence 2018, for a review of the so-called Quasar
Viscosity Crisis). Their extreme and fast variability has motivated
alternatives and/or modifications for both the AGN Unified Model
(e.g. Nicastro 2000; Elitzur & Shlosman 2006; Elitzur et al. 2014)
and for the standard Shakura & Sunyaev (1973) accretion disk model
(e.g. Sniegowska et al. 2020; Jiang & Blaes 2020)

Until recently there were only a handful of CL events reported,
including NGC 3516 (Andrillat & Souffrin 1971), NGC 1566 (Pas-
toriza & Gerola 1970; Oknyansky et al. 2019), Mrk 590 (Denney
et al. 2014), NGC 2617 (Shappee et al. 2014), NGC 7603 (Tohline
& Osterbrock 1976), Mrk 1018 (Cohen et al. 1986), NGC 1097
(Storchi-Bergmann et al. 1993), NGC 3065 (Eracleous & Halpern
2001) and NGC 7582 (Aretxaga et al. 1999). In 2015 LaMassa et al.
discovered the first CL Quasar and since then the number of known
CL-AGNs has increased rapidly (e.g. MacLeod et al. 2016; McElroy
et al. 2016; Runnoe et al. 2016; Yang et al. 2018; Ruan et al. 2016;
Sheng et al. 2017; Kollatschny et al. 2018; Guo et al. 2019; Wang
et al. 2019; Graham et al. 2019; Kollatschny et al. 2020); however,
the number is still fewer than a hundred.

Some of these CL might be successfully explained via variable
obscuration (e.g., Matt et al. 2003; Puccetti et al. 2007; Risaliti et al.
2010; Marinucci et al. 2013; Marchese et al. 2012): in models where
the obscuring material has a patchy distribution (e.g. Nenkova et al.
2008; Elitzur 2012), the dynamical movement of the dust clouds
could result in a change of classification. Transient events such as
tidal disruption events (TDE) of a star by the SMBH were also
claimed as possible drivers of CL events (Eracleous et al. 1995);
however, this scenario does not apply to sources presenting multiple
(and quasi-periodic) CL events.

In a third scenario, it has been argued that changes in type are
expected with variations in accretion rate. In this scenario either
the BELs disappear (reappear) due to the reduction (increase) of
ionising photons available to excite the gas in the vicinity of the
black hole (e.g. Storchi-Bergmann et al. 2003; LaMassa et al. 2015)
or the BLR itself disappears, given that in disk-wind BLR models
(e.g. Nicastro 2000; Elitzur & Shlosman 2006; Elitzur & Ho 2009)
the broad line emission region follows an evolutionary sequence
that is directly related to the accretion rate of the compact source. In
such disk-wind BLR models, a low accretion efficiency is not able
to sustain the required cloud flow rate responsible for the formation
of the BLR clouds which gives origin to the distinct (intrinsic) AGN
types, as proposed by Elitzur et al. (2014).

NGC 2992 is a highly inclined, i ~ 70°, nearby (z = 0.00771,
Keel 1996) Seyfert galaxy. The galaxy was the subject of several
studies and target of all major X-ray missions due to its variability.
In the X-rays, it steadily declined in observed flux from 1978, when
it was observed by HEAO1 (Mushotzky 1982) at a flux level of about
8 x 1071 ergem™2 s~ luntil 1994 when it was observed by ASCA
(Weaver et al. 1996) at a flux level by about a factor 20 fainter.
Then it underwent a rapid recovery: in 1997 it was observed by
BeppoSAX at a flux level somewhat higher than in 1994, while in
1998 the source fully recovered its HEAO! brightness (Gilli et al.
2000). In 2003, when observed by XMM-Newton, the flux was even
higher, about 10710 erg cm™2 s~ (Shu et al. 2010). The source was
then observed by Suzaku on November/December 2005, and found
in a much fainter state, almost an order of magnitude fainter than in
the XMM-Newton observation.

The Rossi X-ray Timing Explorer (RXTE, Swank 2006) mon-
itoring campaign between early March 2005 and late January 2006
found large amplitude (almost an order of magnitude) variabil-

ity, indicating that apart from the long-term variability of the
source, it also presents short-term outbursts with variations in
the order of days, while no significant variation of the primary
power-law index was found (Murphy et al. 2007); at the end
of the campaign the source was again at a low flux state, con-
firmed by Suzaku, at a flux level of ~ 1 x 10~!1 ergem™2 s~ ! (Ptak
et al. 2007; Yaqoob et al. 2007) and Chandra, at flux level of
~ 03 x 10711 erg em~2 s (its historical minimum flux, Mur-
phy et al. 2017). In 2010, NGC 2992 was observed eight times
for ~ 40ks by XMM-Newton with a 2—10 keV flux ranging from
0.3 x 1071 ergem 257 1to 1.3 x 107! ergem=2s7L. A further
2013 XMM-Newton observation caught the source in a higher but
still low flux state (1.6x 10711 erg cm~2s71). In 2015, observations
performed simultaneously with Swift and NuSTAR found a 2-10 keV
flux of 6x 10711 erg em~2 s~ (Marinucci et al. 2018). The most re-
cent observations were performed again with XMM-Newton in May
2019, when the flux was again at the highest levels seen, ranging
from 6.8 to 10 x 107! erg cm 27! (Marinucci et al. 2020).

The optical variability of the source was first explored by Gilli
et al. (2000) who noticed that in 1999 the Ho BEL was present
again, as it was in early observations of the galaxy by Veron et al.
(1980) at the end of the 1970s which led to its first classification
as a Seyfert 1.9, in contrast to the Type 2 spectra seen in 1994 by
Allen et al. (1999). Later, Trippe et al. (2008) showed that from
the beginning of 2006 to the middle of 2007 the source had lost
its BEL. Recently Schnorr-Miiller et al. (2016) and Guolo-Pereira
etal. (2021) not only showed that the Ho BEL was detectable again
but also, for the first time, a very faint H3 BEL was claimed to be
present.

Besides being a very well studied galaxy, to the best of our
knowledge no study has yet explored the entire X-ray and optical
historical emission of NGC 2992, nor attempted to link the be-
haviour in the two wavelength bands. These are our goals in this
paper. The paper is organised as follow: in section 2 we describe the
data collection. The analysis of the data is described in section 3,
while the results are discussed in section 4. Our conclusions appear
in section 5.

2 DATA COLLECTION

This paper results from a careful re-examination of the entire lit-
erature on NGC 2992, both X-rays and optical spectra, from its
discovery as an X-ray source (Cooke et al. 1978; Ward et al. 1980)
and classification as a Seyfert galaxy (Osmer et al. 1974) to the most
recent optical and X-ray spectra published to date (Marinucci et al.
2020; Guolo-Pereira et al. 2021).

2.1 X-ray Spectra

The X-ray spectrum of NGC 2992 is very well fitted by an absorbed
power-law which accounts for most of the X-ray emission. How-
ever, the spectrum also presents a narrow iron K& component at
6.4 kev, which becomes more intense at high flux levels (Yaqoob
et al. 2007; Marinucci et al. 2018; Marinucci et al. 2020, see also
section 3.1), We collected the fluxes in the 2-10 keV X-ray band
(F2-10) and the best-fitting parameters for the absorbed continuum
model, namely the power-law continuum photon indexes (I')! and
the absorbed material column densities (Ny), as reported by the

! The power law index in the continuum model: F (E) < E™T.
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authors throughout the literature on the source. For the more recent
spectra, where the narrow Fe Ka is detected we also collected their
measured fluxes, F(Fe Ka). In the top panel of Fig. 1, we show the
historical 2-10 keV light curve. In Table 1, we show the best-fitting
continuum model parameters, the Fe Ko fluxes, the observation
dates, and references. The Ny are only accounting for the absorp-
tion at the redshift of the source therefore not including Galactic
absorption, Ny Gal & 5.5%1020 cm~2 (Kalberla et al. 2005). Errors
in the X-rays parameters correspond to the 90% confidence level for
the parameter of interest (A y2 = 2.7), as reported by the authors.
For the papers in which the authors reported their uncertainties in
another scale, e.g., A )(2 = 4.6, the errors were re-scaled using a
Python package (asymmetric_uncertainties) for treatment of
asymmetric statistical errors derived from confidence levels, which
employs a combination of the methods proposed by Barlow (2004)
and Possolo et al. (2019). The method and a brief discussion on
uncertainties can be found in Appendix A. The propagation of the
uncertainties for the X-ray derived quantities (see section 3.1 and
Table 1) is also performed with this same method, see appendix A.

2.2 Historical Optical Spectra

To access the historical presence or absence of Ho BEL and the
galaxy optical classification, we reviewed all papers that report op-
tical spectra of the galaxy. As most of these spectra are not available
to allow inter-calibration and measurement of the BELs flux vari-
ability, we restrict ourselves to a binary classification of the Ha
BEL, i.e., whether the component was undoubtedly detected (D)
or not-detected (N-D) by the authors. We do so by searching for
a detection/non-detection claim in the original text and by visu-
ally inspecting the published spectra. In the middle panel of Fig. 1,
we show the Ha BEL detection history. In Table 2, we show the
observation dates, the references and the Seyfert type at the time.

In summary: the first spectra of the galaxy in the *70s (Ward
et al. 1980; Veron et al. 1980; Shuder 1980; Durret & Bergeron
1988) detected only Ha broad components, with no counterpart in
Hp, resulting in its original classification as a Seyfert 1.9 galaxy.
Throughout mid *80s to the mid *90s several authors have reported
that the BEL Ha was not detectable anymore (Busko & Steiner 1990;
Allen et al. 1999; Marquez et al. 1998; Veilleux et al. 2001), chang-
ing its classification to Seyfert 2 Type. However the broad compo-
nent was detected again from the end of the *90s to the beginning of
the 2000s (Gilli et al. 2000; Garcia-Lorenzo et al. 2001; Stoklasova
etal. 2009). Later, Trippe et al. (2008) performed an 18 months long
monitoring campaign from the beginning of 2006 to mid 2007 that
revealed the He BEL component was missing again, throughout
the entire campaign. More recent observations have shown that the
galaxy has regained the broad Ha component (Dopita et al. 2015;
Schnorr-Miiller et al. 2016; Mingozzi et al. 2019), and for the first
time, an HB BEL was unambiguously detected, in late 2018, by
Guolo-Pereira et al. (2021), therefore changing its classification to
a 1.8 Type Seyfert galaxy.

It is important to note the large number of data points collected:
40 in the X-rays (33 with reported Ny and I" values) and 18 in the
optical; which allow us to have a quasi-contemporaneous X-ray
measurement for each optical spectrum, within less than one year
for most, and less than two years for all of them, see Fig. 1.

2.3 Modern Optical Spectra

For four of the six recent spectra of NGC 2992, we were able to
apply methods of flux intercalibration that have been developed
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for reverberation mapping studies (Peterson 1993; van Groninge &
Wanders 1992; Peterson et al. 1995; Fausnaugh 2017) and measure
the intrinsic flux variability of the BELs. The spectra are from:

o Trippe etal. (2008) and taken in December of 2006 in the Cerro
Tololo Inter-American Observatory; the spectrum was obtained by
private communication with one of the authors;

e Dopita et al. (2015) as part of the Siding Spring Southern
Seyfert Spectroscopic Snapshot Survey (S7), taken in April of 2014
and publicly available at the S7 survey website;

e Mingozzi et al. (2019) as part of the Measuring Active Galac-
tic Nuclei Under MUSE Microscope (MAGNUM) survey using the
Multi-Unit Spectroscopic Explorer (MUSE) at the Very Large Tele-
scope (VLT) and taken in February of 2015; the spectral data cube
is public available at the VLT archive;

e A paper recently published by our group (Guolo-Pereira et al.
2021). The spectral data cube was taken using the Gemini Multi-
Object Spectrographs (GMOS) at the Gemini South Telescope in
February of 2018.

The inter-calibration, aperture/seeing corrections, and the process
for emission line fitting of these spectra will be presented in sec-
tion 3.2.

2.4 Estimates of the Black Hole Mass and Luminosity
Distance

Precise black hole mass and luminosity distance measurements
are essential for the energetic calibrations and scaling to come.
Using stellar velocity dispersion measurements of 0. = 158
kms~!, Woo & Urry (2002) estimated the black hole mass of
NGC 2992 to be 5.2 x 107 Mg by applying the Tremaine et al.
(2002) Mpy- o relation. The value obtained from Giiltekin
et al. (2009) Mpy- o relation is Mgy = 4.83‘?1 x 107 Mg, using
a bulge stellar velocity dispersion o = 158 + 13 kms~!(Nelson
& Whittle 1995). From the normalised excess variance O'rzmsin
the 2-10 keV band and assuming the o72,,,- Mpy correlation
from Ponti et al. (2012), Marinucci et al. (2020) reported a Mpy
= 3.Ot51'§5 x 107 M. Furthermore, we also estimate the SMBH
mass using the emission line measurements, to be described
in section 3.2.2, by using single-epoch (SE) Mgy estimates. We
applied Dalla Bonta et al. (2020) Msg (0 g, L g) relation in all
the four modern spectra (section 2.3). We corrected extinction
effects using the measured Balmer decrements and assuming
Calzetti et al. (2000) extinction law. We obtained the following
values for My 1.3728 X107 M, 3.5774 x10" Mg and 2.4*5-1 x
107 Mo, respectively for 2014, 2015 and 2018 spectra. For 2006
spectrum, as the the HS BEL was not detected we use the Ho
BEL, assuming a Balmer decrement of 9 (see section 3.2.3), we
obtained Mgy = O.Si%):i x 10’ M. In summary, although the
distinct methods results in distinct Mpy values, they are all
within the 0.5 — 5.5 x 10’ M, range.

Theureau et al. (2007) found a recession velocity of 2657
kms~!for NGC 2992 (already corrected for peculiar motions),
which assuming a cosmology with Hy = 70 kms~'Mpc~!, trans-
lates to a luminosity distance to NGC 2992 equals to 38 Mpc.
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Figure 1. Top: Historical 2-10 keV light curve of the source. Middle: Historical detections (D) and non-detections (N-D) of the broad Ha emission line. Bottom:
Intrinsic (absorption corrected) 2-10 keV Luminosity (L,_;¢) light curve. Each colour represents a distinct X-ray mission, and will be maintained
throughout the entire paper. In the L,_;( panel, the points without error bars have errors smaller then 3x10*! erg s~!, see Table 1 for the exact values.

3 DATA ANALYSES
3.1 X-ray Variability

In the scenario where the CL events are caused by variable ab-
sorption, two natural consequences are an anti-correlation between
the Ny and F,_;o and a constant intrinsic (absorption corrected)
luminosity. In the top panel of Fig. 2 we show log Ny as func-
tion of F>_10: no clear anti-correlation can be seen. The Spearman
rank correlation coefficient (ry) for the two variables and its core-
spondent pyajue are rs = O.l9f%'llf1 and pyue = 0.22‘:%‘3, while
the best-fitting constant value is Ny= 22.01t8'0§, where the er-
rors correspond to 90% confidence level measured by performing a
thousand Monte Carlo iterations (see details in appendix A).

We can therefore conclude that although there were some vari-
ations in the column density it is not anti-correlated with the X-ray
flux as seen in variable absorption CL-AGNs (e.g. Puccetti et al.
2007; Bianchi et al. 2009). A further confirmation that the ab-
sorption is not the main factor responsible for the behaviour of
the source can be seen by the intrinsic (i.e. absorption corrected)
rest-frame luminosity (L,_;o). The measured L,_;( values, for
each observation in which a Ny value is provided, are pre-
sented in Table 1. The values range from 4.9 x 10*! ergs 'to ~
1.7 x 10% ergs~1. The L,_; light curve is shown in the bottom
panel of Fig. 1, and it has the same behaviour as the F,_;y and
this indicates/confirms that the variations are intrinsic and not
due to changes in absorption.

The Sperman rank correlation test shows that there is no mono-
tonic correlation between the photon index I' and the X-rays flux
(or luminosity) for NGC 2992 (bottom panel of Fig. 2). The values

found were rg = 0. ISf(())'ll% and pyajue = O.27fgg§. The existence of
a correlation between luminosity and photon index is in fact debat-
able, and several contradictory results have been presented in the
last years. While Dai et al. (2004) reported the existence of a pos-
itive correlation, other works found none (e.g. Winter et al. 2009)
or a negative correlation (e.g. Corral et al. 2011). A ‘V’ shape for
the I" versus Lgqq relation for NGC 2992 was claimed by Liu et al.
(2019); the authors interpreted this as a change in accretion mode,
similar to the ones that occur in stellar-mass X-ray binaries, e.g.
Qiao & Liu (2013), in the AGN. We argue here that their finding is
due to selection effects, as the authors only used data from 2003 to
2013. When the entire historical data of the source is shown (Fig. 2),
this effect is not seen. However, there is a positive correlation be-
tween Fy_1g and the flux of the Fe Ka, with rg = 0.69*0-97 and

-0.11
Pvalue = O.OIJ:%'%?. Fitting the data by assuming a relation of the

type:

log F(Fe Ka) = a + Blog Fy_qg €))

we obtained a slope of 8 = 0.39 + 0.04. As the iron K line is
created by reprocessing of the primary X-ray continuum, a tight
correlation between the flux of the line and that of the continuum
is expected. For large samples of galaxies Ricci et al. (2014), found
B = 0.89 = 0.04, while Shu et al. (2010) found 8 = 0.86 + 0.01.
However, NGC 2992 seems to be one of a few objects where this
correlation is found in a single object, though with a lower slope
than the ones found in the general AGN population.
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Table 1. Historical X-ray data for NGC 2992.
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Obs. Date(®) Satellite Fgli)l 0 Nl_(lc) r F(Fe Kar)@ Reference L;il 0
10/1977 7.40 - 13.48%1-40
02/1978 HEAO | 838 160780 1794009 - Mushotzky (1982) 15.30%]3
10/1978 7.21 - 13.091}%2
06/1979 217  143%0 1 gp0.14 - 3.89+0-30

Einstein 159 4 Maccacaro et al. (1982) D50
06/1980 266 2232 1927047 - 525101
3.5 0.23 0.10
12/1983 130 7.0%3 1.46j8_1 6 - 2.09*0-19
03/1984 4.50 7.8t?-§ 1.68%0-5) - 737403
12/1984 470 6.0i?: § 1.64t§<_‘§§ - 7.50t§-_%)Z
12/1984 EXOSAT 370 7005 1567000 - Turner & Pounds (1989) %603
12/1984 300 8.6%28 1A4810-211 ] - 4.91’:0:(%
12/1984 1.50 6.974 1.491%_gg - 2'42%-?’;
12/1984 1.50 56732 1.58t8‘2? - 2.39%-?g
477 3 !
01/1985 160 7470 167430 - 2617018
04/1990 GINGA 168 136733 1647008 - Nandra & Pounds (1994) ~ 2.94%0-12
06/1994 ASCA 033 101*3%7 1700 - Weaver et al. (1996) 0.56+9-02
12/1997 0.63 14000 172013 - 1.12¥0-07
BeppoSAX o0 0.3 Gilli et al. (2000) “0,9
11/1998 740 9.0%03 1.70%5:02 - 12.2970:03
052003  XMM-Newton 9.50  6.5%03  1.83%0.0 - Shu et al. (2010) 1537007
03/2005 7.38 —(g) 1.71j§1§§ - -
05/2005 2.70 - 1.72t8A ‘ - -
+0.10
06/2005 RXTE 1.05 - 1'75*8-119 - Murphy et al. (2007) -
09/2005 1.23 - 1.85‘:8: B - -
11/2005 1.25 - 1.96‘:8:(1% ] - -
01/2006 1.35 - 1764998 - -
12/2005 SUZAKU 115 80706 157900 3.99%0-80 Yaqoob et al. (2007) 1.884000
01/2010 CHANDRA 0.36 - - - Murphy et al. (2017) -
+1.0 +0.05 +0.35 +0.01
05/2010 0.65 9.27],. 1'67‘8‘82 3'51‘8-25 1.087882]
05/2010 0.75 8.6* 8 1.6418; 0 2.96181 b 1'24t8"8 \
05/2010 1.35 8.4+ 8 1 .61’:8: 0 4.49181 3 2.221818?
06/2010 0.53 8540 LeTH 3697032 0.87+0-01
- 1.0 .05 0.34 0.01
11/2010 XMM-Newton (.54 8.0% g 1'67t8*83 3.6418g . Marinucei et al. (2018) 0.88’:88]
11/2010 0.45 g.o+-0 1.70181 % 3.70j8: % 0.74+3:41
11/2010 0.30 8.1+ 1.71t8;89 3.1918-32 0.491%1,
12/2010 0.60 9.0j‘}; 0 1.6818; 8% 3.001?1 é 1'00t8"8l
05/2013 1.65 8.1+l 1.63j8- o 5.661-12 270002
2.0 X 1.92 0.26
12/2015 NuSTAR 580 11.0%3) 1727008 8.68" 03 9.89+0-28
05/2019 1000 9.0+ 1.68+0-10 12.967*1-60 16.59%0-34
XMM- -1. -0.10 —1.60 Mari i 1. (202 -0.34
05/2019 Newlon 680 g5718  1e30de  jp g6l arinucet etal. G020 jg033

(a) mm/yyyy. (b) in units of 10~'! erg cm™2 s~!. (c) in units of 10! cm™2. (d) in units of 10x10~!* erg cm™2 s~! (e) Absorption corrected, in units of
10*2 erg s~1. (f) The value was frozen in the model fitting, therefore it was excluded in the analyses of the I" parameter variability of section 3.1. (g) Values
not provided by the authors.

3.2 Modern Optical Spectra Analyses

In this section, we explore the flux variability of the BELs using
four of the six most recent spectra, namely from 12/2006, 04/2014,
02/2015 and 02/2018 (see Table 2).

3.2.1 Absolute calibration of the spectra

Even under the best conditions, which are not often realized, flux
calibration of ground-based spectrophotometry is no better than
~5%, which is insufficient for detailed comparisons of variable
spectra. Thus the standard technique of flux calibration, through
comparison with stars of known spectral energy distribution, is not
good enough for the study of AGN variability. Instead, we use the

MNRAS 000, 1-12 (2020)

fluxes of the narrow emission lines known to be non-variable on
time scales of tens of years in most AGN. Consequently, the bright
narrow emission lines can be adopted as internal calibrators for
scaling AGN spectra (Peterson 1993). We assume that the flux of
the [O 1] 45007 line remains constant during the interval covered
by these spectra.

We extracted the spectra using virtual apertures from the orig-
inal data, making them as similar as possible to each other in the
data cubes, as shown in Table 3. The scaling of the extracted spectra
was carried out using a refinement of the method of van Groningen
& Wanders (1992), employed as a Python package (mapspec) by
Fausnaugh (2017). This method allows us to obtain a homogeneous
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Table 2. Historical broad Ha line and Seyfert Type classification for
NGC 2992.

Obs. Date®  Ha BEL(® Reference Seyfert Type

07/1977 D Ward et al. (1980) 1.9
<1978 D Veron et al. (1980) 1.9
01/1979 D Shuder (1980) 1.9
05/1979 D Durret & Bergeron (1988) 1.9
03/1985 N-D Busko & Steiner (1990) 2
03/1991 N-D Marquez et al. (1998) 2
02/1994 N-D Veilleux et al. (2001) 2
03/1994 N-D Allen et al. (1999) 2
04/1998 D Garcia-Lorenzo et al. (2001) 1.9
01/1999 D Gilli et al. (2000) 1.9
03/2001 D Stoklasova et al. (2009) 1.9
01/2006 N-D 2
12/2006 N-D Trippe et al. (2008) 2
06/2007 N-D 2
02/2014 D Schnorr-Miiller et al. (2016) 1.8/1.9
04/2014 D Dopita et al. (2015) 1.9
02/2015 D Mingozzi et al. (2019) 1.8/1.9
02/2018 D Guolo-Pereira et al. (in prep) 1.8

(a) mm/yyyy. (b) Whether the Ha BEL was Detected (D) or Non-Detected
(N-D).

set of spectra with the same wavelength solution, same spectral
resolution (at ~ 6300A), and the same [O 1m1]25007 flux value.

3.2.2  Stellar component subtraction and emission-line fitting

We subtracted the host galaxy stellar continuum fitted using the
sTARLIGHT (Cid Fernandes et al. 2005) full spectra fitting code, us-
ing a base of 45 Simple Stellar Population (SSP) spectra, with 15
ages (from 1 Myr to 13 Gyr) and 3 metallicities (0.2, 1.0 and 2.5
Zo). The emission line fitting was performed using the IFSCuBE
pa(:kage2 (Ruschel-Dutra 2020). The code employs Sequential Least
Square Programming and allows multiple components with phys-
ically motivated constraints. In order to measure the BEL fluxes,
the narrow emission components must be separated from the broad
components. This process is not straightforward due to the fact the
BELs are blended with the narrow lines, for both He and HpS.

The narrow line subtraction was performed in two steps. First
we fitted the narrow and broad Ha and HB simultaneously. For
the narrow lines, we created a template comprised of two Gaus-
sian components that were based on the [S11]16716 profile. This
template was used to fit the [N 11] and narrow Ha and Hp lines
by adjusting its flux scaling factor only. The fits to the broad lines
were subtracted from the spectra, isolating the narrow emission;
we then re-fitted the narrow lines assuming the H1 and [N 1] lines
have the same velocity dispersion and redshift and we set the flux
of [N 11]26583 line as 2.96 times that of the [N 11]16548 line, in ac-
cordance with the ratio of their transition probabilities (Osterbrock
& Ferland 2006), while the Ha and [N 1]16583 fluxes were free
parameters in the fit. Finally, we subtracted the resulting narrow
lines from the original spectrum and re-fit only broad lines using
three Gaussian components, in order to account for the known non-
Gaussian profiles of the BEL. The errors were taken as the standard
deviations of one hundred Monte Carlo iterations. The resulting fits
for the four spectra are shown in Fig. 3.

2 http://github.com/danielrd6/ifscube
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Figure 2. Best-fitting parameters Ny (top panel) and I" (middle panel) for
an absorbed power-law continuum model as function of the 2-10keV Flux.
The left top boxes show the Spearman rank correlation coefficient (rg) for
the two variables and its corresponding pyapue, as well as the best-fitting
constant values. Fe Ka flux as function as function of the 2-10keV flux.
The left top box show the Spearman rank correlation coefficient () for the
two variables and its corresponding pyaue, B is the slope of the best fitting
line (see Equation 1).

3.2.3 Inter-calibration of the spectral data

The fluxes measured in the scaled spectrum described in the previ-
ous sections were corrected for aperture and distinct seeing effects,
because while the BLR is effectively a point-like source, the NLR
is an extended one. Consequently, the measured NLR flux depends
on the size of the spectrograph’s entrance aperture and the obser-
vations seeing (see Peterson et al. 1995, for a detailed discussion).
In order to correct our fluxes for these effects, we determined a
point-source correction factor (¢), which was measured using the
procedure described in Peterson et al. (1995). The ¢ value represents
the differences in the amount of light from the NLR with respect to
the amount of light from the BLR for each observation, it is nor-
malised using the largest aperture (¢ = 1.0, for 04/2015 spectrum).
Then the scaled inter-calibrated and aperture/seeing corrected BEL
fluxes were measured as follows:

F(Ha)
F([0 ] 15007)

where F 5007 is the scaling absolute flux in the [O 11]25007 line,
described in section 3.2.1, and the value in brackets is the broad Ha
to [0 111] 15007 measured flux ratio for each spectrum as described
in section 3.2.2. The same procedure was applied to HB BEL.

F(Ha) = ¢ - Fa5007 [ )

obs
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Table 3. Modern Optical Spectra. Point-Source Scale Factor (¢) is measured using Peterson et al. (1995) algorithm, the errors in ¢ represents the uncertainty

in the centring of the virtual apertures.

Obs. Date Point-Source

FHa)

FWHM(Ha) F(HB)

(mmlyyyy) Aperture Scale;actor (10713 erg em=2 571 (kms-1) (10713 erg om~2 571) F(Ha)/F(HpB)
12/2006 Slit (width = 2.0”) 0.734 + 0.063 <44 2733 £ 55 - -
04/2014 Circular (radius = 2.8") 0.972 + 0.025 275+ 14 2002 + 28 3.6+2.6 7.6+2.8
02/2015 Circular (radius = 3.0”) 1.000 + 0.011 33.8+ 1.5 2313 £ 17 33+22 10.1 £ 3.3
02/2018 Circular (radius = 3.0”) 0.973 £ 0.013 438 +2.2 2016 + 13 49+ 14 8.8+ 1.7
sF i ] i i i "12/2006 (Trippe et al.) broad He flux increases from ~ 28 x 10713 erg em 25 to

30

Fa[107% ergcm=2 s~ A1)
o

0

0 L L L \A L L L
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Figure 3. Fit of the emission lines for the modern optical spectra. From top to
bottom: 12/2006 (Trippe et al. 2008), 04/2014 (Dopita et al. 2015), 02/2015
(Mingozzi et al. 2019) and 02/2018 (Guolo-Pereira et al. 2021). Scaled
observed spectra (black), narrow components (green), broad components
(blue) and total model (red) are shown. Left panels show the HB lines while
right ones show the Her, [N 11] and [S 11] lines.

The BEL He and HS fluxes and the Balmer decrements
(Ha/HpB) are shown in Table 3 and in the right panels of
Fig. 4. In the 12/2006 spectrum, the Hao BEL is not unam-
biguously detected (which leads to its classification as a Seyfert
2), and if it is indeed present, it is very faint, with a maxi-
mum flux of 4.4 x 10713 erg cm™2 5”1, From 2014 to 2018 the
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~ 44 x 10713 ergem™2 57!, The HB BEL flux, however, does
not increase monotonically: in the 04/2014 spectrum it had
a flux of 3.6 x 10713 ergcm™2s7!, and a lower flux, 3.3 x
10713 ergem™2 571, in 02/2015, while in 02/2018 it was measured
as4.9x 10713 erg em~ 25!, In the middle right panel of Fig. 4
we also show an estimate of the detection limit for each spec-
trum. The broad Hp is only well above this limit in the 02/2018
spectrum and possibly in 02/2015. Therefore, based on these
spectra, the galaxy can be classified as a Seyfert 1.8. Within the
uncertainties the Balmer decrements seems to be constant at a
value of ~ 9.

By using this reddening value of the BLR, Ho/HS ~ 9
— Ay = 3.68 mag using (Calzetti et al. 2000) law, and the
relation Ny= 1.68 x 102! Ay ecm~2 derived by van Steenberg &
Shull (1988) for the local ISM, we estimate the column density
absorbing the BLR to be Ny~ 6.2 x 102! em~2. Comparing this
with the average value observed in the X-rays, Ny~ 1022, it may
fit with a scenario where this constant extinction/absorption is
mainly due to the host galaxy.

3.3 The Link Between the X-ray Luminosity and the BELs

Comparing the middle and bottom panels of Fig. 1, one can
directly see a correlation between the intrinsic X-ray luminosity
and the detection of the broad Ho component. The periods in
which the broad component is detectable are the ones where
L,_1o shows the highest values; the epochs when the galaxy
is classified as a Seyfert 2 are those when closest available X-
ray spectra show lower L,_;( values. Given that the X-ray and
optical observations are not simultaneous, in order to quantify
the correlation between the BELs and the X-ray luminosity we
linearly interpolate the L,_;( curve (bottom panel of Fig. 1) and
attribute a L,_;( value for each historical optical spectrum. In
Fig. 5 we show the interpolated L,_;( value for each spectrum
as function of the bi-modal Ho BEL detection.

From Fig. 5, the link between the BEL and the X-ray lu-
minosity is clear: at all epochs when an Ho BEL is detected,
Ly_10>4X% 1042 erg s—!; conversely, when a Seyfert 2 spectrum
is observed, L,_jg < 4% 1042 erg s~1;. Moreover, from Fig. 4 (top
panels) and Fig. 6 (top panel) we can see that for the modern
spectra (2006-2018) the Ho BEL flux increases with the increase
in the L,_1o. From the same figures, we can see that the tran-
sitions between Type 1.9 to Type 1.8 (i.e., the clear detection of
the HS BEL) occurs between 10 - 15 x10%2 ergs—L. Itis possible
that the oldest high Eddington Ratio optical observations did
not detect the broad HS due to its faintness or lower signal to
noise ratio.

Under some assumptions we can convert the transitional X-
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ray luminosity (4 x 10*2 erg s~!) into an Bolometric luminosity
(Lpop) and than into Eddington ratio (1g4q), as follows:

_ Lpo _ [Kx(Ly-10) + AKx] X La-10 3)

Lgaq 1.3 x 1038 Mgy

AEdd

where Ky is the bolometric correction and AKy is uncertainty
in the bolometric correction (the intrinsic spread of the AGN
population dominates this uncertainty). We use Duras et al.
(2020) correction, which assumes values of Kx(Ly_;q = 4x10%2
erg s™1) = 15.64 and AKx = 0.37 dex, we can estimate the Ed-
digton ratio in which the transitions occurs as:

2.0+2.()
Apgd ¥ ——= % “)
Mgy

where Mgy = Mpy /3% 107 Mg is writtenas a systematic scaling
factor to take into account the uncertainties in the black hole
mass and the distinct values that can be considered (see sec-
tion 2.4), since if we would have propagated it would dominate
the Ag4q uncertainty.

In summary, this analysis strongly supports the hypothesis that
the CL phenomenon in NGC 2992 is caused by variations in the
accretion rate and not due to changes in absorption nor due to TDEs
(which we discard due to the several repeated CL events).

In the last several years, the idea that the orientation-based
Unification Models alone cannot explain the variety of AGNs (see
Spinoglio & Ferndndez-Ontiveros 2019, for a review of challenges
to the Unification Model), and that the specific accretion rate, as
given by the Eddington ratio, is as essential as obscuration in the
classification of the distinct AGN types, has been explored by several
authors. For example, Trump et al. (2011) using a sample of 118
unobscured (Ng < 10?2 cm~2) AGNs show that the BELs are present
only at the highest accretion rates (Lyo/LEqq > 1072).

Several authors have proposed models that posit different ac-
cretion rates as a cause of the differences between observed AGNs
(see Ho 2008, for a review in the properties of low luminosity
AGN:Ss). Elitzur & Ho (2009) suggest that the BLR and “torus” are
inner (ionized) and outer (clumpy and dusty) parts of the same disk-
driven wind and that this wind is no longer supported at low accre-
tion rates (Nicastro 2000; Elitzur & Shlosman 2006; Nenkova et al.
2008). Based on this disk-wind BLR model, Elitzur et al. (2014)
proposed that the intrinsic spectral sequence S1 — S1.2/S1.5 —
S1.8/S1.9 — S23 is a true evolutionary sequence, reflecting the
evolution of the BLR structure with decreasing accretion rate onto
the central black hole and that this evolution is regulated by the
Lyol/ MBH 2/3 variable (which behaves like Agqq). These models
have been successfully used to explain the existence of “true” Type
2 Seyferts as shown by Marinucci et al. (2012) and are recently
being invoked to explain CL-AGNs.

We have shown that the variability in NGC 2992 is intrinsi-
cally driven by changes in accretion rate, and not due to variable
obscuration. In this scenario, the CL events (i.e., the disappearing
and reappearing of the BELSs) can be due to two distinct effects:

e Dimming/brightening of the AGN continuum, which changes
the supply of ionising photons available to excite the gas in the
immediate vicinity of the black hole and therefore the BLR. In

3 Referring here only to the “true” Type 2 Seyferts, meaning those which
do not have BELs even in polarised light, therefore excluding those which
have obscured Type 1 nucleus.

this case, variations in the BEL fluxes are due to changes in the
ionisation state of the BLR clouds and not to change in its geometry
or structure (Storchi-Bergmann et al. 2003; Schimoia et al. 2012;
LaMassa et al. 2015);

o The fading of the BLR structure itself as proposed by the disk-
wind BLR models (Elitzur & Shlosman 2006; Elitzur & Ho 2009),
in which a low accretion rate is not able to sustain the required cloud
flow rate (Nicastro 2000; Trump et al. 2011; Elitzur et al. 2014),
that makes up the BLR.

The first scenario is supported in the case of the double-
peaked LINER/Seyfert 1 nucleus of NGC 1097, for which Storchi-
Bergmann et al. (2003) and Schimoia et al. (2012) found an inverse
correlation between the width of the Ha broad profile and the flux
of the line, as well as for NGC 5548 by Peterson et al. (2002) and
for the CL-Quasar SDSS J015957.64+003310.5 by LaMassa et al.
(2015). The authors preferred explanation for this is the fact that,
when the AGN is brightest, it ionises farther out in the BLR, reach-
ing lower velocity clouds, and the profile becomes narrower. When
the AGN is dimmer, it ionises only the closest regions, where the
velocities are higher and the profile becomes wider, in agreement
with a virialized BLR. In our data, there seems to be such a inverse
correlation between FWHM(Hea) and F(He), in the modern optical
spectra, as can be seen in the bottom panel of Fig. 6.

However, in the second scenario, where the BLR is described
as a disk-driven wind and not as clouds orbiting in Keplerian-like
orbits, this inverse correlation is also predicted. Using distinct, pre-
scriptions both Nicastro (2000) and Elitzur et al. (2014) show that
with increasing accretion rate (1gqq) (Which increases Ha BEL flux)
the FWHM in the BLR decreases. In the Nicastro (2000) model, the
relation between the two parameters is written as:

log(Ag4q) = —3log(FWHM) + 9.86 + log(n/a) (5)

where 1/« is the ratio between the disk efficiency (1) and its vis-
cosity (a), while Elitzur et al. (2014) use:

log(Ag4q) = —4log(FWHM) + 3.60 + log(Mpy) + log(¢) (6)

where ¢ is the ratio between the BLR radius (rpy r) and the dust
sublimation radius (R;) with & < 1.0. The reader is referred to
the original papers as well as to Nicastro et al. (2018) for detailed
explanation of the models and equations. In the middle panel
of Fig. 6, we show both models with best-fitting parameters
(n/a = 0.04 and ¢ = 0.42) for the measured Hoe BEL FWHM
and Agyq, measured from the interpolated L,_;o (Fig. 5) using
the above prescription (equations 3 and 4).

While we have successfully shown that the CL events in
NGC 2992 are driven by changes in the accretion rate, we could
not determine the true nature of the BEL variability, mainly be-
cause, as discussed, we still do not have a full understanding of the
formation and evolution of the BLRs in AGNSs. In the next section
we discuss the overall state-of-art modelling of the innermost struc-
ture of active galaxies as well as a proposed technique to distinguish
between the two above proposed scenario.

4 RESULTS AND DISCUSSION

In both the scenarios discussed in the previous section, quick (~
10 years between the maximum and the minimum activity) and
large (a factor of ~ 35 in Ly_jg) variations in the accretion rate
are necessary. However, the standard Shakura & Sunyaev (1973)
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Figure 4. X-ray (left) and optical (right) properties from 2005 to 2020. From
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in the optical panels: Flux of the Ha BEL, the flux of the HB BEL, and the
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accretion disk model does not support such variations, given that
for AGN scales (where the model still predicts the existence of a
geometrically thin disk, H <« R ') the viscous time scale of the disk
is in the order of 10* to 107 years, greatly exceeding the timescales
over which CL transitions are known to occur. This incompatibility
was noticed long ago (e.g. Koratkar & Blaes 1999; Antonucci 2013),
but just recently some modification or alternatives to the application
of Shakura & Sunyaev (1973) model to AGNs have been proposed
in order to explain the increasing number of the discovery of these
CL sources.

The Eddington ratio in which the BEL transitions occurs in
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Figure 6. Top: flux of Ha BEL as function of Eddington Ratio (1gqq),
measured using equations 3 and 4, for each modern optical spectrum.
Middle: FHWM of Ha BEL as function of 1544 for each modern optical
spectrum. Blue and orange dashed lines are, respectively, are the best-
fitting Nicastro (2000) and Elitzur et al. (2014) disk-wind models (see
section 3.3 and equations 5 and 6). Mpy = Mgy /3 X 107 Mg is written
as a systematic scaling factor to take into account the uncertainties in
the black hole mass and the distinct values that can be considered (see
section 2.4). Bottom: FHWM of Ha broad as function of Ha BEL flux
for for each modern optical spectrum. Each dashed line represent the
Dalla Bonta et al. (2020) relation between the two parameters, assuming
a constant Balmer decrement of 9 and Calzetti et al. (2000) extinction
law, for distinct supermassive black hole masses ( Mpy) in the range
discussed in section 2.4.

NGC 2992 contains the critical value at which there is a state tran-
sition between a radiatively inefficient accretion flow (RIAF) and
a thin accretion disk (1ggq ~ 0.01; e.g. Xie & Yuan 2012). The
similarity between these values suggests that NGC 2992 is operat-
ing at the threshold mass accretion rate between the two accretion
modes. Indeed, Sniegowska et al. (2020) proposed an explanation
for the sources displaying multiple quasi-periodic CL phenomena
according to which they would be operating at a few per cent of
the Eddington limit. They argue that the outbursts are caused by the
radiation pressure instability operating in the narrow ring between
the standard (Shakura & Sunyaev 1973) thin pressure dominated
outer disk and the hot optically thin inner RIAF (Yuan & Narayan
2014). The corresponding limit cycle is responsible for periodic
outbursts, and the timescales are therefore much shorter than the
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standard viscous timescale due to the narrowness of the unstable
radial zone.

Dexter & Begelman (2018) propose that alternatively AGN
accretion discs are vertically supported by magnetic pressure which
makes it geometrically thick (H/R between 0.1 and 1.0) at all lumi-
nosities. Jiang & Blaes (2020) show, for a 5 X 108 M mass black
hole, using three dimensional radiation magneto-hydrodynamic
simulations, that under this assumption the Rosseland mean opac-
ity is expected to be larger than the electron scattering value, and
the iron opacity bump then causes the disk to be convectively un-
stable. This results in strong fluctuations in surface density and
heating of the disk. The opacity drops with increasing temperature
and convection is suppressed. The disk cools down and the whole
process repeats. This causes strong oscillations of the disk scale
height and luminosity variations by more than a factor of * 3 — 6
over timescales of few years. They argue that since the iron opacity
bump will move to different locations of the disk for black holes
with different masses and accretion rates, this is a physical mecha-
nism that can explain the accretion rate variability of AGN with a
wide range of amplitudes over a time scale of years to decades.

Even with the possibility of such rapid variability in the accre-
tion rate (given some of these alternatives to the classical accretion
disk) the cause of the type transition remains uncertain, dimming
of the ionising source or fading of the BLR structure itself. By
using radiative transfer Monte Carlo simulations to test the multi-
ple causes of the CL phenomenon, Marin (2017) argues that the
differences between these two scenarios can only be observable in
polarised light: in the ionising source dimming scenario the polari-
sation properties between the high and low flux state should be the
same, while that for the BLR fading a decrease in the degree of po-
larisation and a rotation in the polarization angle are expected in the
low flux state. We had access to a spectropolarimetric observation
of NGC 2992 obtained in 2006 (Robinson et al., in prep), when the
galaxy was at a dim state (see Fig. 1). It shows no signs of BEL
in the polarimetric spectrum (as well as in normal flux). In order
to test Marin (2017) predictions we would need a recent (with the
AGN at its bright state) observations as well. As this data is not
available to us now, the exact intrinsic cause of the CL-AGN events
in NGC 2992 is still an open question. We join these authors in
advocating for systematic polarimetric observations of CL-AGN in
order to fully understand their true nature. In this sense, follow up
observations (polarimetric or not) of NGC 2992 in the next decades
will continue to help constrain the physics of AGNs. Furthermore,
this source joins several others in the literature that show that the
accretion rate is a fundamental variable for any model that tries to
unify the AGN zoology, and that viewing angle or obscuration ef-
fects alone cannot fully explain differences seen in SMBH activity
in galaxies.

5 CONCLUSIONS

We have analysed the historical X-ray and optical observations of
the Seyfert galaxy NGC 2992, from 1978 to 2019, focusing on its
CL events. The main results are:

e The source presents large intrinsic X-ray luminosity variability
ranging from 4.9 x 104! erg s_lup to 1.7 x 103 erg s71;

e The source presents several transitions between type 2 Seyfert
to intermediate-type spectrum, losing and regaining its Ho BEL on
timescales of several years;

e We ruled out TDEs or variable obscuration as causes of the
type transitions. We show that the presence (and the flux) of the

Ha BEL is directly correlated with the 2-10 keV X-ray luminosity:
a minimum value of Ly_jg = 4 X 1042 erg s~ is necessary for its
appearance. This value translates to a Eddington ratio of 2.0i21'2 %o,

if we assume Mgy = 3 X 107 M. Due to its faintness, the unam-
biguously detection of the H3 BEL was only possible in the most
recent spectrum, at even higher accretion rates of Aggq ~ 5-8%;

e We find a correlation between the narrow Fe Ke flux and Agq4q,
and an anti-correlation between full width at half maximum of Ha
BEL and Agqq, as predicted by the disk-wind BLR models.

e Two possible scenarios for type transitions are still open: ei-
ther the dimming (brightening) of the AGN continuum luminosity,
which reduces (increases) the supply of ionising photons available to
excite the gas in the immediate vicinity of the black hole (LaMassa
etal. 2015) or the disappearance of the BLR structure itself occurs as
the low accretion efficiency is not able to sustain the required cloud
flow rate in a disk-wind BLR model (Elitzur & Shlosman 2006;
Trump et al. 2011; Elitzur et al. 2014). Multi-epoch polarimetric
observations may distinguish between the two scenarios.

o This study supports the idea that the accretion rate is a funda-
mental variable in determining the observed AGN type, and there-
fore should be included in a more complete model to unify the AGN
zoology.
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APPENDIX A: PROPAGATION OF ASYMMETRIC
UNCERTAINTIES

When the underlying likelihood function of a parameter is not sym-
metric, the error distribution will also be asymmetric. Different
origins of asymmetry are discussed in detail by Barlow (2003a,b)
and Barlow (2004). In high-energy astrophysics it is related to the
low photon counting. In this case, the estimated parameters are
usually reported in a form like ﬁtﬁﬁ Where £ is the best-fitting
parameter (minimum )(2) and u; and u; are the draw where the
A XZ curve reaches some value, for classical 1o~ (68%) confidence
level A y2 = 1.0, however the 90% confidence level (A y2 = 2.7) is
the most employed in X-ray astronomy (Avni 1976; Lampton et al.
1976; Yaqoob 1998).

Usually, one needs to calculate a function of one or more quan-
tities, and propagate its uncertainties. In most circumstances, well
known “Error Propagation” formulas are adequate. But there are
some assumptions and approximations under the Error Propaga-
tion, and if they fail, the method is invalid. These assumptions can
be summarised as: the errors are Normally distributed (Gaussian
errors) and they are relatively small. For asymmetric errors in as-
tronomy any of these assumptions can be made; if the asymmetry
is really small, rounding/averaging the negative and the positive er-
rors into a single value and making the distribution symmetric does
not change the result much. But when the values are not appropri-
ate to do that, researchers often tend to put two error values into
quadrature separately and combine them in the result. Actually this
is not a valid method due to violation of the Central Limit Theorem
(Barlow 2003b). Eventually more sophisticated methods are needed
to use: we present here a Python-based Monte Carlo solution for
this problem, based in a combination of Barlow (2004) and Possolo
et al. (2019) derivations.

During this research we faced the problem that even with
numerous of uncertainties propagation tools publicly-available
(e.g. astropy.uncertainty, uncertainties) none of them
are able to handle asymmetric uncertainties as we needed,
due to the assumptions stated above. We therefore created the
asymmetric_uncertainties Python package, the main idea of
the code is to generate a random sample from the likelihood func-
tion and use this sample in other calculations (Possolo et al. 2019).
The code assumes a “Variable Width Gaussian” likelihood, which,
as shown by Barlow (2004), reproduces very well the underlying
likelihood of low counting measurements, and, in contrast to, for
example, a “Generalised Poisson” distribution, has a unique and an-
alytical solution for given values of £, uj and u; at a given confidence
level (A Xz). From this likelihood the code generates a random sam-
ple of data, that can be passed as parameters for any type of function.
Simple operations are deal internally by the code and the more so-
phisticated ones can be easy performed by the user, for example:
L,_¢ values in Table 1 whose uncertainties were propagated from
I' and Ny uncertainties; as well as the statistical tests (rs and pyajue)
in Fig. 2. The resulting sample is then fitted by the code return-
ing the nominal value and the propagated uncertainties. The code
is publicly-available at github* where examples in how to use the
code are also presented.

This paper has been typeset from a TEX/I&TEX file prepared by the author.

4 https://github.com/muryelgp/asymmetric_uncertainties
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