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Resumo

Frequentemente associados a regulacao da formagao estelar nos niicleos galacticos ativos
(AGN), os buracos negros supermassivos (SMBH) desempenham um papel fundamental
na evolugdo das galdxias através de seus efeitos de feedback (retro-alimentacdo). Para
investigar o impacto deste feedback no modo radiativo — causado por fétons energéticos
durante o processo de acre¢cdo de matéria — analisamos, em um trabalho anterior, imagens
de banda estreita obtidas com o Hubble Space Telescope (HST) de uma amostra de nove

! no qual encontramos

AGNs do tipo II com luminosidades bolométricas Lpg > 10%° erg s~
que o gas emissor de linhas estreitas (ENLR) se estende além do corpo da galaxia, sugerindo
um feedback poderoso do AGN através da ejecao de gas a grandes distancias do nicleo. No
entanto, para verificar se ha mesmo ejecao de gas nesses objetos, e quantificar o seu efeito
sobre a galdxia, precisamos mapear a cinematica do gas, e assim calcular a taxa de ejecao
de massa e a sua poténcia cinética. Para isto, observamos parte de nossa amostra usando
observagoes de espectroscopia de campo integral com o instrumento Gemini GMOS-IFU,
num total de oito objetos. A cinemética do gas foi obtida através do ajuste de componentes
Gaussianas aos perfis das linhas de emissdao do géas ionizado. Em geral, além de uma
componente larga (broad), foram necessarias mais de duas componentes estreitas (narrow)
para representar os perfis da NLR. Encontramos que a cinematica das componentes
narrow é bem complexa, condizente com a presenca de interagoes com galaxias vizinhas,
previamente observado nas imagens do HST. Associamos a componente broad ao gés em
outflow: esta componente possui valores de dispersao de velocidade de até 850kms™!, o
que reforca a identificagao dessa componente com o gas perturbado em eje¢ao. Utilizando
apenas a componente broad, calculamos a taxa de massa de gas ionizado em outflow

M, , encontrando valores de até 10 Mgy yr—!'. A poténcia cinética do outflow (E,.;
oY

L o que corresponde a eficiéncias de feedback

atinge valores méaximos entre 10%! e 10*3 ergs™
de ~0.001 —0.1% da Lp,. Estes valores estao abaixo dos encontrados em simulacgoes e
modelos analiticos que reproduzem os efeitos da cessagao da formagao estelar durante
a evolucao das galaxias. Entretanto, nossos calculos consideram somente a contribuicao
ao outflow do gés ionizado, que representa apenas uma fragao da energia liberada pelo
feedback. Investigamos também a relagao de M,y e E,u com L Bols € 0 efeito das incertezas
em algumas grandezas — como a densidade e a massa total do gas ionizado em outflow —

nos valores finais de M, ; € E,,;.

Palavras-chave: Galaxias Ativas. Quasares. Retro-alimentagao. Linhas de emissao. Bura-

cos Negros Supermassivos.



Abstract

Often associated with the regulation of star formation in active galactic nuclei (AGN),
supermassive black holes (SMBH) play a fundamental role in the evolution of galaxies
through their feedback effects. To investigate the impact of this feedback in the radiative
mode — caused by energetic photons during the process of accretion of matter — we analyzed,
in a previous work, narrow-band images obtained with Hubble Space Telescope (HST)
of a sample of nine type II AGNs with bolometric luminosities Lpy > 10*° ergs~!. There,
we found that the gas emitting narrow lines (ENLR) extends beyond the body of the
galaxy, suggesting a powerful AGN feedback through gas ejection to large distances from
the nucleus. However, to check if there is even an outflow in these objects, and to quantify
its effect on the galaxy, we need to map the gas kinematics, and then calculate the mass
outflow rate and its kinetic power. For this, we observed part of our sample using integral
field spectroscopy observations with the Gemini GMOS-IFU instrument, for a total of eight
objects. The gas kinematics was obtained by fitting Gaussian components to the profiles
of the emission lines of the ionized gas. In general, in addition to a broad component,
more than two narrow components were required to represent the NLR profiles. We found
that the kinematics of the narrow components are quite complex, consistent with the
presence of interactions with nearby galaxies, previously observed in the HST images.
We associate the broad component with the gas in outflow: this component has velocity
dispersion values up to 850 kms~!, which reinforces its identification with the disturbed gas
in the outflowing winds. Using only the broad component, we calculate the mass outflow
rate (Mout), finding values of up to 10 My yr~!. The outflow kinetic power (Eout) reaches

043 ! which corresponds to feedback efficiencies

maximum values between 10* and 10%3 ergs™
of ~0.001 —0.1% of Lpy. These values are below those found in simulations and analytical
models in order to quench star formation during the evolution of galaxies. However, our
calculations consider only the contribution from the ionized gas to the outflow power,
which represents only a fraction of the total power released by the feedback. We also
investigated the relationship of M, and E,,; with L Bol, and the effect of uncertainties on
the values of some quantities — such as the electron density and the mass of the ionized

gas in outflow — to the final values of M, and E, ;.

Keywords: Active Galaxies. Quasars. Feedback. Emission Lines. Supermassive Black
Holes.
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1 Introducao

1.1 Nidcleos Ativos de Galaxias

Galaxias sao compostas por estrelas, poeira, gas e matéria escura. A presenca,
quantidade e distribuicdo desses ingredientes permitem a classificagao das galaxias em
diferentes tipos: espirais, elipticas, perturbadas, etc. Podendo também estar presentes, os
Nicleos Ativos de Galéxias (AGN, de Active Galactic Nuclei) sao regides compactas que
emitem radiacao nao estelar existentes no centro de algumas galaxias, descobertos entre as
décadas de 1940 e 1960 (Seyfert, 1943; Schmidt, 1963). Outras caracteristicas (Peterson,
1997) sao:

© A regiao emissora da radia¢do do continuo é muito compacta (r < 1pc), sendo
que apenas recentemente observagoes dedicadas obtiveram sucesso em resolvé-la
espacialmente (Event Horizon Telescope Collaboration et al., 2019). Para os objetos

mais luminosos, essa radiagao ¢ mais intensa que o emitido pelo restante da galaxia.

¢ A radiacao emitida pode possuir alta variabilidade de fluxo em varios comprimentos
de onda. Flutuagoes observadas na ordem de dias sugerem escalas espaciais da ordem
de ~ 107 3s.

¢ Linhas de emissao estreitas, cujas larguras nos perfis sugerem a origem em um gas
perturbado, com velocidades de 10> — 10*kms~!. Em comparacao, a velocidade
orbital das estrelas no potencial da galdxia é da ordem de ~ 10?kms™!. A baixa
densidade eletronica desse gds (n, ~ 10> — 10° cm™3) permite a observacio de linhas
proibidas, ausentes em regides mais densas (onde seriam de-excitadas colisionalmente).
Dizemos que essa radiagao provém da Regiao de Linhas Estreitas (NLR, de Narrow

Line Region).

¢ Alguns objetos possuem linhas de emissao alargadas, chegando a dispersoes de
velocidades de ~ 10*km s™t. Com densidade elevada (n. ~ 108 — 10 cm™3), o gés
emissor origina-se de regides com raios tipicos inferiores a 1 pc, chamadas de Regioes
de Linhas Largas (BLR, de Broad Line Region).

o Jatos radio, produzidos por particulas/ions viajando a velocidades relativisticas,

provenientes do ntcleo.

Esses fenomenos sao consequéncias da acre¢do de matéria ao Buraco Negro Supermassivo
(SMBH, de SuperMassive Black Hole) no centro das galdxias. A energia surge da conversao

de energia gravitacional de matéria capturada pelo SMBH em radiacdo e energia cinética,
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ocorrendo durante a acrecao de gas até as regides centrais. Durante esse processo, radiagao
pode ser liberada através de um disco de acrecao, devido a sua viscosidade. A partir
das bordas internas do disco também podem ser gerados jatos de particulas ionizadas
resultantes de um campo magnético intenso local. Esse disco é circundado por um toro
de poeira, que bloqueia parte da radiacao oriunda do niicleo. A Figura 1 esquematiza a

composicao de um AGN no “modo radiativo” (mais detalhes abaixo).

A presenca do toro de poeira causa uma restricdo nas possiveis dire¢oes pelas quais
os fétons podem escapar do AGN, resultando em uma assimetria na distribuicao do gas
por ele ionizado. Desta forma, conforme o dngulo de visada, nao conseguimos observar a
radiacao emitida pelo disco de acrecao e pela BLR. Isso leva a classificio de AGNs em: tipo
I, onde observamos a BLR, pois nossa linha de visada em dire¢do ao niicleo nao é obstruida
pelo toro; e tipo 11, onde nao detectamos a BLR, devido ao bloqueio pelo toro. Entretando,
o toro nao é uma estrutura continua, mas sim um aglomerado de poeira e gias com ‘buracos’
por onde a radiagdo pode escapar (Nenkova et al., 2008; Ramos Almeida; Ricci, 2017;
Audibert et al., 2017). Dessa forma, existe uma probabilidade nao nula (Elitzur, 2012) de

observamos um AGN tipo I, temporariamente como tipo II, e vice-versa.

A classificagao em tipos I e IT é a base do Modelo Unificado dos AGNs (Antonucci,
1993), a forma mais simples de tentar explicar diferentes classes de AGNs. Todavia,
atualmente existem propostas mais elaboradas de modelos, que visam explicar uma gama

maior de fendmenos. Netzer (2015) apresenta dois “modos de funcionamento”:

© Modo radiativo (radiative mode): caracterizado por uma alta eficiéncia na conversao
de energia gravitacional em radiagdo (> 1%). A acregdo ocorre através do disco de
acrecao, circundado pelo toro de poeira — como descrito acima. Apesar de menos
frequente, o jato em radio (descrito no modo jato, abaixo) pode estar presente. Neste
caso, dizemos que o AGN ¢é radio-loud, e radio-quiet, caso contrario. Esse modo é
frequentemente observado em galdxias com maior disponibilidade de gés frio (em
geral galdxias espirais), que alimenta o SMBH e frequentemente também formagao

estelar em regioes circumnucleares.

o Modo jato (jet mode): possui baixa eficiéncia (< 1%) em rela¢do ao modo radiativo.
Neste modo, o gés (aquecido) chega ao SMBH, sem passar pelo disco fino. Um toroide
de ions se forma, facilitando a producao de jatos de particulas relativisticas — que
produzem os jatos em radio. Este modo ocorre principalmente em galdxias massivas,

em geral elipticas ou lenticulares, onde ha pouco gas frio e pouca formacao estelar.

Podemos também separar os AGNs em diversas categorias — principalmente por
razoes histéricas — conforme propriedades especificas de cada grupo. Por exemplo, conforme

a sua luminosidade, podemos dividir AGNs no modo radiacao em: Seyferts, com lumino-

1

sidades Lagn abaixo de ~ 10¥ ergs™!, e quasares, com luminosidades acima. Também
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pode-se aumentar a classificagao, conforme outras propriedades (e.g., razoes de linhas de
emissao e variabilidade temporal no fluxo), resultando em um niimero maior de categorias,
como LINERs e Blazares. Em especial, neste trabalho analisaremos uma amostra de

quasares de tipo II.

Jato

Disco de acrecdo

Buraco Negro

Figura 1 — Esquema da composigdo de um AGN no modo radiativo (imagem adaptada de B. Saxton
NRAO/AUI/NSF). O disco de acre¢do de matéria (disco em azul) é circundado por um toro
de poeira (nuvens marrons/laranja). Um jato de particulas (amarelo) também pode estar
presente em alguns casos. A radiagdo da BLR tem origem em regides préximas ao disco de
acrecao, enquanto a NLR surge mais externamente, chegando a ser observada a kpcs de
distancia do nicleo. Observando o AGN ao longo eixo de ionizacao, detectamos a radiagao
da BLR (AGN tipo I). No entanto, ao observé-lo de perfil (tipo II), a estrutura de poeira
bloqueia a radiacao nuclear. Os dngulos de visadas correspondentes estdo destacados com
setas vermelhas na figura.

1.2 Feedback

Nas ultimas décadas, o nimero de estudos sobre o papel dos AGNs na evolugao
das galdxias cresceram consideravelmente (Heckman; Best, 2014; Fabian, 2012). No amago
do assunto estdo os eventos de retro-alimentacao (feedback) de AGNs, que agem sobre
a galdxia hospedeira, podendo limitar o seu crescimento ao cessar (ou diminuir) a taxa
formacao estelar local. Essa regulacao ocorre como consequéncia da energia liberada pelos
nicleos ativos durante o processo de acregao (Storchi-Bergmann; Schnorr-Miiller, 2019).
Sua implementacao em simulagoes hidrodindmicas cosmoldgicas (e.g. Schaye et al. (2015),
Nelson et al. (2019)) e modelos semi-analiticos (e.g., Croton et al. (2016), Gonzalez-Perez
et al. (2014)) é necesséaria para a reproducao de propriedades observadas no Universo,
como a frequéncia de galdxias massivas no Universo local, que é menor do que a previsao
de modelos sem feedback (Silk; Mamon, 2012). No entanto, diferentes implementagoes

sdo capazes de reproduzir essa e outras propriedades (Somerville; Davé, 2015). Assim, é
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preciso saber como o feedback de AGNs atua e qual o seu grau de influéncia na evolucao
de galaxias em comparagao com outros fendmenos, como colisoes entre galaxias (mergers)

e explosoes de supernovas (Man; Belli, 2018).

Algumas correlagoes entre propriedades dos AGNs e suas galaxias hospedeiras
estao entre os fatores seguidamente citados como evidéncia de feedback de AGNs. Entre
as mais conhecidas, estao a relacido entre a massa do SMBH e a dispersao de velocidades
estelar em bojos classicos (Ferrarese; Merritt, 2000, Mgy — 0,) e com a massa estelar dos
mesmos (Marconi; Hunt, 2003, Mgy — M,). No modo jato, existem evidéncias diretas de
feedback (e.g. Ciotti, Ostriker e Proga (2010)), onde fons/particulas relativisticos depositam
energia no meio interestelar/galatico. Neste caso, o gas aquecido nao colapsa num disco,
desfavorecendo a formagao estelar. Contudo, AGNs com feedback intenso neste modo sao
raros (Heckman; Best, 2014), o que indica que outros processos de regulagao também podem
ser importantes. Por outro lado, AGNs no modo radiagao sao mais abundantes. Neste
caso, a radiacao produzida no disco de acre¢ao transfere energia e momentum para o gas,
podendo gerar um fluxo de matéria para regides mais externas (outflows). Esses outflows
sdo observados diretamente no Universo local (e.g. Schnorr-Miiller et al. (2014), Lena et
al. (2015)). Para esses AGNs, que sao menos luminosos, os outflows possuem extensoes
< 1kpc, pequenas em comparagao com a escala de tamanho das galaxias (~ 10 — 10% kpc).
Entretanto, para AGNs mais luminosos (QSOs), existem evidéncias de outflows com
extensoes 2 10kpc (Liu et al., 2013).

Para investigar e quantificar a influéncia do feedback no modo radiativo, é necessario
estudar as propriedades dos outflows — como suas extensoes e energias liberadas — em
AGNs com diferentes luminosidades. Isto pode ser estimado através de fotometria de alta
resolugao espacial (Bennert et al., 2002; Schmitt et al., 2003a). Em particular, nosso estudo
anterior (Storchi-Bergmann et al., 2018) apresentou uma correlagao entre a extensao da
regiao ionizada pelo AGN e a sua luminosidade, atingindo ~ 20 kpc para luminosidades
bolométricas de ~ 10" ergs~!. No entanto, a auséncia de informacao espectral resolvida,
impede a determinacao de qual a porcentagem desse gas ionizado realmente esta em
outflow. Uma técnica de andlise adequada para isto ¢ a utilizagdo de Espectroscopia de
Campo Integral (IFS, de Integral Field Spectrocopy), que permite explorar a informacao
espacial e espectral de AGNs em um tnico cubo de dados. Varios estudos utilizam esta
estratégia para estudar o gds em outflow (e.g. Harrison et al. (2014), Karouzos, Woo e
Bae (2016), Husemann et al. (2016)). Esses estudos comegaram a desvendar o impacto
dos AGN'’s nas suas galaxias hospedeiras, revelando a presenca de outflow nao apenas
em gés ionizado mas também em outras fases como a molecular e atomica (e.g. Feruglio
et al. (2015)). Entretanto, devido a diferentes métodos de calculos das propriedades de
interesse, como taxas de ejecao de massa e poténcia do outflow, os valores obtidos por

autores distintos para objetos semelhantes podem variar bastante (Harrison et al., 2018).
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Tentando normalizar as estimativas, Fiore et al. (2017) compilaram dados da
literatura com célculos para o gas em diferentes fases (ionizado, molecular e em raio-X).
Esses autores encontraram correlagoes positivas entre a luminosidade do AGN e as taxas
de ejecao de massa e poténcia do outflow. Isso indica que AGNs mais luminosos podem
ser suficientemente poderosos a ponto de ejetar quantidades consideraveis de matéria da
galaxia, assim influenciando a sua evolugao. No entanto, os calculos exigiram diversas
hipoteses simplificadas, de modo a permitir a sua aplicacao a diferentes dados da literatura.
Desta forma, também ¢é importante realizar computagdes mais precisas, para verificarmos

se as hipoteses utilizadas em diversos estudos sao satisfatorias.

1.3 Objetivos

Este trabalho é um desdobramento de nosso estudo anterior (Storchi-Bergmann et
al., 2018), onde analisamos uma amostra de nove quasares tipo II — com luminosidades entre
10% < Ly < 104 ergs™! e redshifits 0.1 < z < 0.5, utilizando imageamento em bandas
estreitas, centradas nas linhas de emissao [OTII]A5007 e Ha, obtidas com o Telescépio
Espacial Hubble. Foram estudados AGNs tipo II, pois o espectro possui uma contribui¢ao
pequena (ou nula) da BLR, facilitando o estudo do gas proveniente da NLR. Essa faixa de
luminosidades, por sua vez, permite analisar objetos mais luminososos em comparagao com
estudos similares anteriores (Schmitt et al., 2003b; Bennert et al., 2002). Como resultado,
encontramos regices vastas de gas ionizado pelos AGNs (ENLR), com raios de até 18 kpc,
como é o caso de J135251, como ilustrado na Figura2. A ENLR estendia-se além da regiao
ocupada pelas estrelas da galaxia hospedeira, caso houvesse gas disponivel nesses locais,

que nestes casos ocorria principalmente por eventos recentes de mergers.

No entanto, embora a radiacao proveniente do disco de acrecao possua grande
alcance — o que poderia representar indicios de um feedback intenso — nao é possivel afirmar
qual a porcentagem do gas ionizado esta realmente em outflow. Para tanto, é vital obter

dados que nos permitam estudar a cinematica do mesmo.

Nossos objetivos neste trabalho foram:

e Obter dados de Espectroscopia de Campo Integral (IFS, Integral Field Spectroscopy)

para poder obter, de forma espacialmente resolvida, parametros das linhas de emissao;

e A partir das intensidades das linhas de emissao, obter as massas de gas correspon-

dentes;

e Com a cinematica, obtida a partir dos perfis das linhas, combinadas com a massa do

gas ionizado, obter a taxa de ejecao de massa e a poténcia do outflow;
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Figura 2 — J135251.21+654113.2. Imagens em bandas estreitas do HST, centradas no continuo estelar
(topo, & esquerda), [O11] (topo, a direita) e [NI[][+Ha (embaixo, & direita). O mapa de
excitagdo (embaixo, & esquerda), obtido da razao [O111] /([N 11]+Ha), traca a fonte de ionizagao:
valores mais elevados (dentro do contorno) representam regides ionizadas pelo quasar. Esse
gas se estende por até ~ 17 kpc em raio, para além da regido do continuo estelar (~5kpc).

e Comparar a poténcia do outflow com a luminosidade do AGN para verificar se esta
poténcia atinge valores de 0.5-5%, que indicam se outflow é poderoso o suficiente
para impactar a evolucao da galaxia hospedeira, segundo simulagoes e modelos

analiticos.

e Comparar com resultados prévios da literatura para AGNs de luminosidade seme-
lhante, e avaliar a influéncia dos diferentes métodos de calculo nas taxas de ejecao

de massa e poténcia obtidas.

Desta forma, observamos parte da nossa amostra — oito QSOs tipo II — com o
instrumento GMOS-IFU (Gemini Multi-Object Spectrographs — Integral Field Unit) dos
Telescépios Gemini (Norte e Sul). Apés modelarmos os perfis das linhas de emissao
observadas, calculamos grandezas relacionadas as propriedades dos outflows. Com as
intensidades obtidas, comparamos nossos resultados com dados da literatura, de modo a
verificar a influéncia dos diferentes métodos de calculo e de suas incertezas nos valores
obtidos e assim identificar o possivel impacto destes quasares na evolucao da galaxia

hospedeira.

Nos Capitulos 2 e 3 detalhamos a nossa amostra e o processo de reducgao de
dados, enquanto que nos Capitulos 4, 5 e 6, apresentamos as metodologias e os resultados,
acompanhados de uma discussao sobre os mesmos. Estes capitulos, de 2 a 6, estao redigidos

em Inglés pois fazem parte de um artigo cientifico que serda submetido em breve para
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publicacao. Por fim, no Capitulo 7 apresentamos nossas conclusoes, redigidas em Portugués,

assim como a Introducao.
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2 Sample

Our sample consists of 7 type IT QSOs from our original 9 objects (Storchi-Bergmann
et al., 2018), which were drawn from the Reyes et al. (2008) sample. They were originally
selected for having luminosities Lo jras007 above 10*2ergs™!, and redshifts in the range
0.1 < z < 0.5: luminous objects that could still be resolved by HST imaging observations.
We added 1 similar object (J120041) from Fischer et al. (2018), to enable the total usage
of the acquired observation time of the proposal, since its sky position were less disputed
by other observers in comparison with the originally proposed object. Incidentally, most of
these galaxies have signs of mergers (see discussion in Storchi-Bergmann et al. (2018)), as
seen in the HST continuum maps (Fig. 3), which agrees with previous findings that a high
incidence of mergers is correlated with strong nuclear activity (e.g. Treister et al. (2012)),

using Lo rry) as a proxy for Lpg.

Some basic information of the sample objects is presented in Table 1, that contains
their short name identifications (full name in Table 2), systemic redshifts (z, see 4.4),
[OTIT]A5007 luminosity, angular scales and luminosity distances (Dy). We also identify, in
the last column, the work from which the objects were drawn. The angular scale was used
to convert spatial distances from arcsec to kpc, and D, to obtain luminosities from fluxes.
These two quantities were derived from the redshift, using the cosmological calculator of
Wright (2006), after the redshfits were corrected for the CMB dipole model (Fixsen et al.,
1996).

Tabela 1 — Sample

Name z Liorrn Scale Dy Ref
(1) (2) (3) 4) () (6)
J082313 0.4331739  25.0 5.46 2310 a
JO84135 0.1107256 5.4 1.95 498 a
JO85829 0.4539375  11.6 5.61 2450 a
J094521 0.1284013 6.47 2.22 583 a
J123006 0.4070136  21.8 5.26 2149 a
J135251 0.2065747  18.8 3.26 980 a
J155019 0.1429503  4.83 2.42 653 a
J120041 0.1158399  8.33 2.04 524 b

(1) galaxy short name (full name in Table 2); (2) redshift; (3) [O IIIJ]A5007 luminosity (in units of
10%2 ergs™1); (4) spatial scale (in kpe/arcsec); (5) luminosity distance (in Mpc); (6) original sample: (a)
Storchi-Bergmann et al. (2018), (b) Fischer et al. (2018).
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3 Observations and data reduction

3.1 Observations

Observations were undertaken with the Integral Field Unit (IFU, Allington-Smith
et al. (2002)) of the Gemini Multi-Object Spectrographs (GMOS) available in both Gemini
telescopes. The details of the observations are displayed in Table 2. The GMOS-IFU
field-of-views are shown as green rectangles over HST narrow images in Fig. 3, and the
spectra of the sample — integrated over a 2kpc radius aperture in the IFU data cubes —

are displayed in Fig. 4.

The instrument offers two configurations. The one slit mode (identified as IFU-R in
the table) with 500 fibers covering a field-of-view of 5” x 3.5”, and other 250 dedicated to
the sky. The other mode — two slit (IFU-2) — has 1000 fibers covering 5” x 7, with other 500
for the sky, and a smaller wavelength range. For our observations, we opted for the one-slit
mode because it enables the observation of more emission lines: HB, [OTI11]AN4959,5007,
Ha, [NTI]AN6548,84 and the pair [STI] AA6718,31. In order to cover these lines and still
have an adequate spectral resolution, R400 and B600 gratings were the best choices. When
necessary, filters were used to block second-order contamination of the spectra. For each
object, several expositions were performed, aiming to: achieve a signal-to-noise ratio (S/N)
above 3 at mid distances between the nucleus and regions at the borders of the IFU FoV;
fill the spectral gaps (caused by the gaps between the CCDs) and the spatial holes (caused
by dead lenslets/fibers), by means of dithering (offsetting) the observations in the spectral
and spatial dimensions, respectively. The total exposure of the combined observations
is also shown in the table, along with the reference of the published results of the data

collected from Gemini Archive.

The archival data — used for J085829 and J094521 — does not match all the above
requirements of our own observations (see Fig. 4). J085829 observations used the two-slit
mode (IFU-2), resulting in a much smaller wavelength range, covering only HS and [O111].
In the case of J094521, the use of the B1200 grating, which has a higher resolution, and
consequently smaller spectral coverage, also results in a spectrum with only these three

emission lines.
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Figura 3 — HST narrow-band images of our sample. The colormaps are tracing the [O ITI]flux
distribution of the galaxies, with its continuum superposed as white contours.
The GMOS-IFU field-of-views are highlighted as green rectangles.
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Figura 4 — Spectra of the galaxies of our sample, integrated over a 2 kpc radius aperture
in the data cube. Not corrected for redshift.



Tabela 2 — Observations

Name Full name Observation ID Grating Filter Mode Exptime Ref
(1) (2) (3) (4) (5) (6) (7) (8)
J082313 SDSS J082313.50+313203.7 GN-2018B-Q-207 R400_ G5305 GG455 G0305 IFU-R 6240 -
JO84135 SDSS J084135.04+010156.3 GS-2018B-Q-110  B600_G5323 open IFU-R 8920 -
JO85829 SDSS J085829.58+4-441734.7 GN-2010B-C-10  R400 G5305 i G0302 IFU-2 3600 c
J094521 SDSS J094521.34+173753.3  GS-2010A-Q-8  B1200_G5321 open IFU-R 5202 d
J123006 SDSS J123006.79+394319.3 GN-2019A-Q-228 R400 G5305 GG455 G0305 IFU-R 4800 -
J135251 SDSS J135251.214654113.2 GN-2019A-Q-228 R400_G5305 open IFU-R 3450 -
J155019 SDSS J155019.95+243238.7 GN-2018A-Q-206 R400 G5305 open IFU-R 5400 -
J120041  FIRST J120041.44314745 GN-2019A-Q-228 B600_G5307 open IFU-R 3735 -

UOLIONPIL DIDP PUD SUOLIDALISQ() & OZTL;Z/’Ld’DO

(1) and (2) galaxy short and full name; (3) Gemini observation ID; (4) and (5): gratings and filters full names; (6) IFU-R is one-slit and IFU-2 is two-slit mode; (7) total
exposure time (in seconds); (8) references of the published results, when the IFU data were taken from Gemini Archive: (c¢) Liu et al. (2013), (d) Harrison et al. (2014).

44é
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3.2 Data reduction

The IFS data reduction was carried out with the Python package GIREDS!. This
software automatizes the process, applying the recommended steps — which include the
reduction of both the standard star and the science files — using the IRAF’s (Tody, 1986)
packages provided by Gemini. However, some steps had to be done interactively. The
wavelength calibration — performed by the GSWAVELENGTH task — failed to find a solution
for some objects, in which cases we did it interactively. We also opted to execute the
flux calibration of all objects interactively, using the standard task GSSTANDARD, which
improved the automatic solution. After the calibration, the software creates a data cube
file for each science observation of each galaxy. We over-sampled the final pixel scale:
instead of using the diameter of the fibers (~0.2"), we choose a scale of 0.1”/pixel. During

the last step, the data were corrected for differential atmospheric refraction.

At this step, each galaxy has a set of data cubes spatially offsetted from each other.
Using the instrumental offsets (listed in the header), we combined all observations into a
final data cube, containing the calibrated flux and its uncertainties (propagated from the

Poission statistics of the uncalibrated data).

3.3 Complementary data

Along with the integral field spectroscopy data, we made use of the available HST
data from Storchi-Bergmann et al. (2018). It consists of narrow-band images centered
on [O11] and Ha emission lines, and in the continuum between these two lines (used to
subtract its contribution from the emission line images). We also used the analogous HST
[O111] data of J120041 from Fischer et al. (2018). The applied data reduction procedure is
described in Storchi-Bergmann et al. (2018).

L <https:/ /bitbucket.org/danielrd6 /gireds>


https://bitbucket.org/danielrd6/gireds
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4 Methodology

4.1 Emission line fitting

In order to retrieve the ionized gas kinematic and excitation information, we
proceeded to model the emission lines with multiple Gaussian function. A Gaussian profile
is characterized by three parameters: the radial velocity (v) that corresponds to the bulk of
motion of the gas clouds in a given position in the sky; the velocity dispersion (o), where
higher values usually can be associate with a more disturbed gas; and the amplitude (A),
that along with the other two parameters enables us to calculate the total flux (F') of the
line. When using multiple Gaussian profiles to fit an emission line, we are considering that
each component is measuring the properties of a group of clouds along the line-of-sight in
that pixel. In our fits, we used up to four Gaussians to model each emission line, with the

same number of components for all pixels of a given object.

Considering that outflows disturb the gas kinematically, we assumed that one of
the components is modelling this disturbance: the broad component. To implement this,
we impose that, for a given pixel, this component always has a larger . The remaining
components are called narrows (e.g. narrow 1) and, in principle, are originated in clouds
that are not in outflow. However, in our sample, the majority of the galaxies have signs of
interactions: HST continuum images (see contours in Fig3) show a perturbed distribution
of the continuum flux, and in some cases, the presence of an interaction companion. Hence,
the narrow components are not only modelling the less disturbed gas in the disk of the
galaxy, but also the gas from the different objects involved in the interaction, with initial
non-zero relative velocities. Because of this, we needed to use more than one narrow
component in almost all of our galaxies, because there were regions where we couldn’t

model it using only one narrow and one broad component (see Fig.5).

When present, we fitted simultaneously the following emission lines, using the
same number of narrow and broad components for each one: HB, [OTIT]AA4959,5007, He,
INTIJAN6548,84 and [SIIJAN6718,631. We force the narrow and broad components to have
the same kinematic properties for all emission lines: v and ¢ (in units of kms™') of the
broad components of all lines is the equal, and equivalently for each one of the narrow
components, individually. Some objects have signal-to-noise ratios (S/N) high enough in
other emission lines (e.g. [OTI1]A\4362 and H~) that can help to constrain the properties of
the gas. We fitted these lines with a maximum of two Gaussians (without distinguishing
it in narrow or broad) because we are only interested in its total flux (summed between

components) and its lower S/N does not enable the clear separation into more components.
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Figura 5 — Fitting result of one spectrum from J135251 in the region of [OIITjemission
lines. Three components were needed: 2 narrows and 1 broad.

To decrease the number of fitting parameters, we fixed the ratios between emission
flux lines (Osterbrock; Ferland, 2006, approximated from Table. 3.12): [O TIT]AA5007 /4959 =
3 and [NII]AN6584/6548 = 3. We also added the following flux constraints, to avoid
non-physical solutions: Ha/HB > 2.74 (intrinsic recombination value for T, = 2x10* K
and n, = 10%cm™3, as displayed in Table4.4 in the above reference); and 0.436 <
[S TIIAN6718/6731 < 1.496 (Proxauf; Ottl; Kimeswenger, 2014, asymptotic values for high
and low densities). Each one of these bounds/constraints was applied to each component

(e.g. narrow 1) individually.

The fitting procedure was performed using the software IFSCUBE'. This program
uses SCIPY implementations of non-linear minimization and permits the addition of
constraints and bounds to the parameters. Initially, a guess to the parameters of an initial
pixel — one of the brightest ones — is given. Then, the program fits the rest of the pixels,
updating the initial guess based on the successful fits of the neighbour spectra. First,
this procedure was done only for the [OTIT]AA4959,5007 emission lines, because of their
high S/N. After we became satisfied with the initial guess and the number of components
needed, we repeated the fitting process for all lines of interest. An example of a fit is
shown in Figh, where we can see that we needed to deblend each emission line into
three components: narrow 1 (nl), narrow 2 (n2) and broad (b). More examples of fits are

displayed in Fig11-18, showing the complexity of the emission line profiles.

4.2 Gas temperature, density and reddening

It would be ideal to obtain the electron density and the reddening for the broad

and narrow components individually. However, the poor S/N of the broad component of

1 <https://github.com/danielrd6 /ifscube>


https://github.com/danielrd6/ifscube
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the emission lines involved in the calculations (Ha, HS and [STI]) makes it not suitable to
obtain these parameters over a large extent. Therefore, we used the sum of its fluxes (e.g.

Fuo = Frap + Frani + -.) to obtain these properties with the equations below.

Nebular line diagnostic is an important tool used in Astronomy to constrain the
properties of the gas in galaxies. As an example, the ratio between the pair of lines
[STIJAN6718,31 gives a measure of the electron density (n.). Therefore, assuming the
typical NLR electron temperature in AGNs of T, = 10*K, we obtained n, with the formula,
from Proxauf, Ottl e Kimeswenger (2014).

To measure the extinction caused by the dust in the galaxies, we compared the
observed ratio of hydrogen Balmer emission lines with its intrinsic recombination value for
a given electron temperature and density. The color excess E(B — V) is given by Revalski
et al. (2018):

_ 25 log (i)
Ryo — Rup

where the reddening values Ry, and Rys are from Savage e Mathis (1979). The intrinsic

recombination values (Ha/Hp); are from Osterbrock e Ferland (2006) (case B, in their

Table 4.4), where we interpolated between the values of the tables, to match the density

E(B-V) (4.1)

and temperature in the pixel. To correct the flux from a given emission line, we used
(Revalski et al., 2018):

Fpi=F,,-10-exp[0.4- E(B—V)- (R, — Rus)], (4.2)

with F, , and F,; being the observed and the corrected (in relation to Hj) flux of a given
emission line (z), while R, is the reddening value at the wavelength of the line being
corrected for extinction. For J094521, we used the ratio H3/H~, because its spectra do
not cover the Haregion (see Fig.4). We don’t apply an extinction correction for J085829,

since its spectrum only covers one Balmer line.

4.3 lonized gas mass

The mass of the ionized gas (Myy) can be obtained from the luminosity of HII
emission lines. We choose to use Ha, since it has the highest S/N and hence covers the
largest spatial extent. However, we used HS for JO85829 and J094521, since their spectra
do not cover this emission line (see Fig.4). Ignoring the small contribution from ions other

than H1I to the total gas mass, we can use the formula (Storchi-Bergmann et al., 2018):

my, L(H3)

MHII =
Ne ai}cg (h yHﬁ)7

(4.3)

where m,, is the proton mass, L(H () is the Hfluminosity (calculated from its flux and

Dy, from Table1), hvyg is the energy of the transition, (x;fg is the effective recombination
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coefficient of Hf3, and n, is the electron density. Using the intrinsic emissivities ratio
JHa/jug, we can convert Ha into HS luminosity, when it was the case. This ratio was
obtained from Osterbrock e Ferland (2006), interpolating between the values of their Table

4.4, to match the particular electron temperature and density derived from each spectrum.

4.4 Outflow velocity

We made the hypothesis that the broad component is modelling the outflow.
Therefore, following Rupke e Veilleux (2013) and Fiore et al. (2017), we define the outflow
velocity (vgyt) as:

Vout = |vp — 204, (4.4)

where v, is the centroid velocity (velocity shift relative to the galaxy systemic velocity) of
the broad component, and o, its velocity dispersion. In this equation, we are signing a
value of velocity at the blue side of the broad component as representative of the outflow

velocity.

For two galaxies (J085829 and J135251), the systemic velocity was determined
from the [NaID] absorption lines: median velocity of vy, 1p; over the field-of-view. In
other cases, for which the [NaID] absorption lines had a poor S/N ratio, it was adopted

as the median velocity of the narrow component having a clearer rotation pattern.

The fitting process imposed that all broad components of a given spectrum have
the same kinematics, hence we could use any emission line to calculate v,,;. Therefore, we
choose [OTI]A5007, since its higher S/N ratio (in relation to the other lines) allows its

measurement up to larger distances from the nucleus.

4.5 Outflow properties

In order to trace the outflow, we are interested in the corresponding mass outflow

rate (M,y:) and the outflow power (F,,;). Following Shimizu et al. (2019), we define:

_ Myuu(r) vour(r)

Mout (7“) (57” )

(4.5)

V(1) 02 (7), (1.6

where 07 is the width of an annular aperture, at a given radius () with origin in the nucleus.

Eout (T) -

The position of the nucleus was adopted to correspond to the peak of the continuum
emission, while ér equals the size of 2 pixels (the cube has 0.1”/pix, and its scale is
displayed in Table 1). We integrated My (r) over all pixels inside the annulus, and the

Vout (1) is the average value inside the region.The My, of Eq.4.5 was calculated using
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L(Ha) from the broad component, since we consider that it corresponds to the ouflowing

gas.

The use of the above equations 4.5 and 4.6 imply that we are observing the velocity
of the outflow component crossing each radius r, but we are actually measuring only the

line-of-sight component of the velocity, that ideally should corrected for projection effects.

4.6 Signal-to-noise ratio

The value of the noise (N) has been adopted as the standard deviation in the
continuum close to each emission line. For each component, we only used pixels in which
the peak flux (S) emission has S/N > 3. Although this makes us discard some data and
therefore limit the extent of the components measurements, it also leads to an increase in
the confidence of the remaining data. However, each emission line has different S/N and
consequently covers a different extent. For example, there are regions in which [OTIT]A5007
is strong, but the density cannot be determined. In such cases, we have used the median
density values of the good S/N neighboring pixels to cover the regions that have no data.
The reason for this is that we need n, and vjo ;7 to obtain Mout, and we want to use the

maximum number of pixels in the calculation.
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5 Results

5.1 Emission-line fitting

In Figs. 5 and 19-24, we present some examples of the results of the fitting process
applied to the emission-lines of each galaxy, with the Gaussian profiles superimposed
on the original spectra. Different rows correspond to different positions (pixels) in the
field-of-view, with the columns being a zoom-in in the emission lines of H3, [O111], [N1I],
Ha and [STI]. We choose to show pixels with different characteristics, highlighting the fact
that the number of components needed to model the emission lines may vary inside the
field-of-view. We can also observe that the need of more than one narrow component is
visible in different emission lines — e.g., the presence of double peaks in the profiles. This

increases our confidence that the number of components used was indeed required.

5.1.1 Broad Line Region (BLR)

Even though our sample consists of QSOs classified as type II (Reyes et al., 2008),
one of them — J082313 — showed signs of a weak BLR contribution (only visible in the
Haprofile). To model it, we first integrated the spectrum over a 1” aperture, covering
the the region where there were spectra with signs of BLR emission. Then, we applied
the fitting process (Section4.1) to this integrated spectrum, using 1 broad and 3 narrow
components to model the NLR gas, along with a broader Gaussian representing the BLR.
The best fit result has vgrr = —150km s and oprp = 1270kms~!. After determining
the profile parameters for the BLR component, in order to reproduce the smearing effect
of the atmospheric seeing on this componen, we fixed the vgrr and ogpr at the above
values, letting the amplitude be the only free paramenter of the BLR component. In
Fig 11, it is possible to see the weak contribution the BLR in some of the fitting results.
Using ASTROPY’s modeling module, we fitted a two-dimensional Gaussian over its flux

distribution (Fig. 6), resulting in a FWHM of ~ 0.57”, corresponding to the seeing.

5.2 Maps

In this section, we present the result of the fitting process as maps of the model
parameters. The maps are displayed in Fig. 7, and Figs. 19-25 in the Appendix A.2. In the
first row, from left to right, we show maps of the galaxy continuum flux, the gas reddening,
and the electron density maps, obtained from the integrated profiles. The other rows

below display maps of the parameters of each component of [OTIT]A5007: the left column
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Figura 6 — HaBroad line region flux distribution of J082313, along with the 2D Gaussian
fit (white contours). North is up and East is to left.

accounts for the flux of each component; the central, its radial velocity, and the right
column shows its velocity dispersion. The last row refers to the broad component, that
is adopted as being due to the outflow. The remaining middle rows refer to the narrow
components. We choose to show the maps for [OIIIJA5007 because it has the highest S/N,
but the kinematics of the other emission lines are the same — as imposed by the fitting

procedure (Section 4.1).

5.3 Radial profiles of M,,; and E,;

Using Egs. 4.5 and 4.6, we obtained radial profiles of M,,; and E,; from the broad
component of the galaxies of our sample, by calculating medium values for these properties
along each ring and plotting then as a function of the medium radius, as displayed in
Fig. 8. In these profiles, we have used only the luminosity of the broad component of HA

(Lug) to calculate My, in order to only include the contribution of the mass in outflow.
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Figura 7 — Maps of J135251, result of the fitting process. In the first row, we show
the continuum map around rest wavelength A5600A, the gas reddening, and
the electron density maps. The remaining rows display the parameters of
each component of [OII]A5007: the left column accounts for the flux of each
component; the center column, for the radial velocity; and the right column,
the velocity dispersion. The second and the third rows refer to the two narrow
components, while the last one refers to the broad component.
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6 Discussion

6.1 Maps

The maps, presented in Fig. 7 and Figs. 19-25 in the Appendix A.2, display diverse
and complex scenarios for the flux distributions and kinematics of the ionized gas in our
sample galaxies. Besides the broad component, 5 QSOs needed more than one narrow
Gaussian in order to model its emission line profiles (see Section4.1). This could be a
consequence of the high incidence of mergers in our objects: from Storchi-Bergmann et al.
(2018, see Table 1) sample, only J082313 and J123006 do not show clear signs of interaction
in the HST continuum map (see Fig. 3 and the discussion in the original paper). In the
case of JO85829, the only signature of an interaction seems to be a second continuum peak,
close to the nucleus (~1.1kpc to the southeast), indicating that the gas could already
be settled in the disk. J120041, from the Fischer et al. (2018) sample, has a continuum
blob at ~ 10kpc to the southwest of the nucleus (assuming the same redshift), that could
indicate a recent interaction. The superposition of the gas with a possible origin in different
galaxies — that originally have a relative velocity — and their perturbation from the merger,

can lead to more than one narrow component.

6.1.1 Broad component

We made the hypothesis that the broad component is tracing the ionized outflow.
The velocity dispersion maps of this component show o values reaching a maximum of
700-850 km s~ for J094521, J120041 and J135251, while J084135 reaches 400 kms~!, and
the remaining galaxies achieve maximum o values between 450 km,s~! and 650km s,
which indicate different degrees of disturbance for each object. Half of the sample has a
predominance of negative values in their radial velocities maps, which may be a consequence
of dust extinction, since the observed radiation coming from the receding part of the wind
travels through a higher amount of dust from the disk (in comparison with the approaching
part). However, the other half have a mix of positive and negative velocities, which could
indicate that the outflow has larger angle relative to our line-of-sight. Another explanation

is that, in these cases, the broad profile is unintentionally tracing gas disturbed by mergers.

Regarding the extent of the outflow, the broad component maps show that the
region affected by the outflow is more compact than the total region ionized by the AGN.
We discuss below the extent of the outflow together with the radial profiles of the mass

outflow rates M,,; and power of the outflow FE,,: obtained from the broad component.



Capitulo 6. Discussion 33

6.2 Radial profiles of M,,: and E,,;

To explore the outflow strength, we plotted M, (left) and Eou (right) radial
profiles in Fig. 8. The values of M,,; within the inner few hundred pcs range from 0.1 to
10 M yr~!, while the maximum values reach 1 to 10 Mg yr~! at radii of 1 to 4kpc. The
outflow powers range from 10%*° to 10*3 ergs~! in the inner few hundred pes with maxima,
between 10* and 10*3 ergs~'. The cases with the lowest M,y and E,,; values at few
hundred pcs show an increase up to 1-2kpc and then decrease. Three quasars — J082313,
J085829 and J094521 — show the most flattened profiles, with variations between the central
and most external value lower than a factor of 10. As discussed in Section 6.1, J082313 is
not a merger system and J085829 has signs of being a more settled one. Therefore, the
absence of interactions could be the reason for an outflow more radially homogeneous.
Additionally, JO85829 and J094521 are QSOs whose ionization and outflow axes seem
to have a higher alignment with our line-of-sight, since their broad component velocity
field shows more blueshifts than those of the other sources, and their corresponding flux
distributions seem to show a more spherical geometry. The other QSOs present stronger
radial variation, with values of Mout and Eout varying over ~ 2 decades, which could

indicate a recent peak in its released energy, as expected for interacting systems.

From the radial profiles, we also observe that the outflows reach ~5.5-9.5kpc in
extent (see Table3). The exception is J094521 — with an extent of only ~2kpc — that,
as we suggested above, has its outflow more directed towards the observer. However, the

other object with this characteristic — JO85829 — shows an outflow extent of 8 kpc.

6.3 Outflow properties

The maximum values of M,,; and E,,, are listed in Table 3, together with the
values of the AGN Bolometric lumionosity (Lpg,), feedback efficiency (g,) and the radius of
the outflow (Ryy). In order to compare our data with previous results from the literature,
we plotted the maximum values of M, (left) and Fowt (right) as a function of Lpg,,
reproducing the Fig. 16 from Shimizu et al. (2019). We used the maximum values instead
of an integration over the radius, since rate measurements do not add up radially: they
refer to quantities crossing some defined area (spherical shells in our case). The uncertainty
bars refer to the difference in the results when using different methods and assumptions
(see discussion in Section6.3.1 and Fig. 10). In order to calculate Lp,, we used the
relation from Trump et al. (2015) (Equation 9), with Lio rrnas007 from Table 1, after being
corrected for reddening (Lamastra et al., 2009, Equation 1). The results for our objects
are displayed in Fig. 9, along with previous results for other objects from the literature:
type II AGNs from Baron e Netzer (2019) and the compiled data by Fiore et al. (2017)
and Shimizu et al. (2019). The orange dashed line is the best fit of Fiore et al. (2017) to
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Tabela 3 — Outflow properties

Name 1Og(LBol) log(Mout> log(Eout) lOg(ﬁf) Rout
(1) (2) (3) 4 ()6
J082313 46.68 0.35 41.84 -4.8 9.48
J084135 45.89 0.29 41.43 -4.5 5.76
J085829 46.28 0.79 42.37 -3.9 7.64
J094521 45.82 1.16 43.14 -2.7 2.13
J123006 46.61 0.18 41.20 -4.5 7.13
J135251 46.63 1.06 42.53 -3.3  5.60
J155019 45.71 0.18 41.20 -4.5 7.13
J120041 45.82 1.06 42.53 -3.3 5.60

(1) Galaxy short name; (2) Bolometric luminosity (in units of ergs™!);(3) Mass outflow rate (in Mg yr—1);
(4) Outflow power (in ergs™1);(5) Feedback efficiency e = Eoyut/Lpor-; (6) outflow radius (in kpc).
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the AGN Bolometric luminosity. Our data are presented as blue stars, with
the uncertainties corresponding to the variation in the results due to different
methods and assumptions (see Fig. 10). Orange circles are the ionized outflows

compiled by Fiore et al. (2017); brown circles, the data from Shimizu et al.

(2019), and green circles the data from Baron e Netzer (2019). The dashed
orange lines are the best fit correlations from Fiore et al. (2017), while the

dotted and dashed black lines correspond to outflow feedback efficiencies of
0.5% and 5%, respectively.

their ionized outflows data. Our sample has average values of M,,, = 6.1 + 4.8 My yr~!

and o, = (3.2 4+ 4.2)x10* erg s

As shown in Fig. 9, our QSOs consistently fall below the Fiore et al. (2017) best fit

relations (orange dashed lines). This is not necessarily an inconsistency, as our 8 objects

are still approximately located in the plots within the scatter observed for the points used
to obtain the fit (orange circles). The location of the Shimizu et al. (2019) (brown) and
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Baron e Netzer (2019) (green) points are also displaced relative to the trend lines, being
respectively above and below the relation, on average. However, the calculation methods
of M,,; and E,;, for the different works cited above are not equal: Fiore et al. (2017) used
homogeneous assumptions to redo the calculations of their retrieved data from literature;
(Shimizu et al., 2019) compiled low-luminosity quasars data from literature, that have
varied methods of analysis; (Baron; Netzer, 2019) use a different method, involving SED

fitting and SDSS single spectra measurements.

6.3.1 Influence of different calculation methods and assumptions

In Fig. 10, we tested the influence of different methods/assumptions in the calcula-
tion of M,,; and E,,. First, we tested the effect of some of the differences between our
method and that of Fiore et al. (2017). In our case, we used the luminosity of the broad
component to obtain the mass of the ionized wind (Myy,), while Fiore et al. (2017) use the
total flux. Hence, we recalculated the outflow properties (Eqgs. 4.5 and 4.6), with a mass
My, (Eq.4.3) obtained from the integrated flux of all components (broad + narrows),
and plotted the results as red diamonds in Fig. 10. Since both M,y and E,u depend
linearly on My, their values became higher, in better agreement with the trend line
(orange), with higher average values M, = 18 +11 My and Ey = (8.6+9.3)x 102 ergs—'.
We then tested the effect of a constant density, repeating our calculations using a va-
lue of n, = 200cm™3, as used by Fiore et al. (2017). The outcome (black triangles)
did not differ much from our original results (blue stars), having similar average values:
M,y =5.6+51Mg and E,, = (2.5 % 2.4)x10%2 ergs~!. This can be explained by the
fact that the average density of our sample (n, = 240 4+ 60 cm™3) is close to the fixed value
adopted by Fiore et al. (2017).

Recently, many studies started to point out problems with the use of [STI|AA6718,31
to obtain the density of the outflowing ionized gas (Harrison et al., 2018), suggesting this
diagnostic results in smaller values of n. than the values typical of the outflows. (Rose et
al., 2018), using trans-auroral lines of [OI]AA7319,31 and [STIJAAN4068,76 found densities
between 1034 — 10%® cm =3, one to two orders of magnitude higher than the values obtained
from [S1I]. Using a method that involves the extent of the outflow and the ionization

6em™3. One

parameter U, Baron e Netzer (2019) obtained values in the range n, ~ 10* — 10
of the reasons for this discrepancy is that the [STI]AAN6718,31 ratio is only sensitive to n. in
the range of 10 — 10* cm =3, with high uncertainties at the extreme values. Another problem
is that the ionization potential of [STI] (10.36¢eV) is lower than that of [OIII|(35.1eV),
a line frequently used as a tracer of the gas in outflow. Therefore, [STI] may originate
from other regions in the galaxy, since the source of ionization may not be the same.
A possible solution is the use of [ArIV]AA4011,40 emission lines — that have a potential

energy [Ar I1I] — [Ar IV] of 40.7¢eV (Proxauf; Ottl; Kimeswenger, 2014). However, its
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small S/N ratio is an obstacle. In order to evaluate the effect of a higher electron density,
we recalculated the outflow properties, using the average value obtained by Baron e Netzer
(2019): n, = 105 ecm™3. The result is plotted as grey circles in Fig. 10, and its average
values are My, = (3.6 £ 3.3)x1072 Mg and E,,; = (1.5 + 1.5)x10% ergs~". Since both
quantities have a inverse dependence on n. (see Egs.4.3-4.6), it was expected that the

values would decrease by two orders of magnitude (10%° cm™/240 cm ™3 ~ 10?).

Due to projection effects — from the possible varying orientations (7) of the outflow
in the plane of the sky — the velocities and distances measurements are biased, resulting
in smaller observed values. The deprojected quantities (vy and Arg) are obtained by:
Vo = Uops/sin(i) and Arg = Arys/cos(i), where vy and Ary, are their observed values.
We recalculate M,,; and Eout, applying these corrections for v,,; and ér with ¢ = 30, 45
and 60°, and added the results to Fig. 10 as purple crosses (i = 45°) with errorbars referring
to the differences obtained for ¢ = 30 and 60°. We deprojected dr because we wanted to
keep the 2 pixel width of the annulus. Since the deprojected width increases, the time
taken to cross it (t = vy /) also increases, decreasing M. We could also compute the
outflow properties using the original projected value of ér in kpc. In this case, the width
of the annulus would remain the same, although we would need to lower the number of
pixels used. Therefore, deprojecting both quantities, their values gain a dependence of:
Moy X Ugus /01 o [cos(i)/sin(i)] and Euy o< v3,/6r o [cos(i)/sin®(i)]. Consequently,
M.,,; decreases for i > 45° and increases for values below, reaching M, =10+0.8 Mg,
for i = 30°. For E,y, the turning point happens at i ~ 55°, resulting in an average value
of Fpy = (2.1 +£2.9)x10% ergs~!, for i = 30°.

6.3.2 Feedback efficiency

In studies about the impact of AGNs in their host galaxies, the feedback efficiency
(ef = Eyus /Lpo) is often obtained, since it has been suggested that its value may define if
the power of the outflow is high enough to affect the evolution of the host galaxy. Using
simulations of galaxy mergers as triggers of AGNs, Di Matteo, Springel e Hernquist (2005)
found that a value of ey = 5% reproduces the Mpy — o, relation. Other authors (Hopkins;
Elvis, 2010), assuming that the feedback only needs to drive winds on the hot gas, that
subsequently affects the cold part, found £; = 0.5%, an order of magnitude lower. We
added both efficiency thresholds in Fig.9, as black lines (Eout = €f Lpy). We can see
that only part of the most luminous quasars (Lgy = 10%° ergs™!) are able to achieve the
required efficiency from Hopkins e Elvis (2010). In particular, our entire sample is below

Er = 0.5%.

Finally, we would like to point out that feedback from AGN do not comprise only
ionized gas outflows. As pointed out previously by Harrison et al. (2018), e determined

from ionized outflows only, may not reproduce the simulations, since only a fraction of the
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Figura 10 — Variation in the outflow energetics, based on different assumptions. The blue
circles are the method used in this work, where only the broad component
was used to obtain the My, involved, and a constant electron density was
assumed. The black triangles and grey circles were obtained for a constant
ne = 200cm™ and n, = 10*5cm™3. respectively. The red diamonds are
the resulting values for method , using both narrow and broad components
instead. The purple crosses are the effect of deprojection for an inclination of
1 = 45°, with uncertainties being the result of ¢ = 30 and 60° values.

energy deposited in the ISM by the AGN may actually induce outflow dynamics. Other

forms of feedback may be present, such as the feedback from radiation. In addition, the

ionized phase is only a fraction of the gas present: Fiore et al. (2017) found that molecular

winds contribute more to the energy released in the feedback, although ionized winds

increase its impact for higher Lpg,. Hence, these effects may explain our lower efficiencies

in comparison to the predicted by models.
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7 Conclusoes

Através de uso de técnicas de Espectroscopia de Campo Integral (IFS), é possivel
estudar propriedades relacionadas ao feedback de Nicleo Ativos de Galaxias (AGN). Neste
trabalho, utilizamos esta técnica para analisar uma amostra de 8 quasares tipo II, através
do instrumento GMOS-IFU do Telescopio Gemini. Esses objetos possuem redshifts no
intervalo 0.1 < z < 0.5 e e luminosidades bolométricas entre 10% < Lp, < 1047 ergs™t.
Utilizamos entre 1 e 4 gaussianas para modelar os perfis de densidade de fluxo das linhas
de emissao provenientes da NLR. Definimos uma componente — chamada de broad — como
a que possui a maior dispersao de velocidades. Por tras desta defini¢do, esta a hipdtese de
que essa componente representa o gas em outflow, visto que a sua dispersao de velocidade
indica que este é o gas mais perturbado cinematicamente, consistente com o que e esperado
de um outflow. As outras componentes (narrow 1, narrow 2, etc) representam o gas em
6rbita no disco da galdxia e/ou remanescente de uma interacao — prévia ou em andamento
— com uma galdxia vizinha. As Figuras 11-18 mostram os resultados dos ajustes. Os

principais resultados foram:

o O uso de até 3 gaussianas narrow em alguns objetos sinaliza que estamos vendo o
gas proveniente de mais que uma galdxia, que com a pertubacao causada, resulta em
mais que uma componente estreita. Os mapas (Figuras 7 e 19-25) mostram cendrios
complexos para a distribuicao do fluxo e para a cinematica do gas, resultantes desta

superposicao de diferentes componentes.

o A dispersio de velocidade do gds em outflow atinge maximos de ~850kms~! para
alguns objetos, condizentes com a hipotese de que este gas esta perturbado por

outflows que contribuem para o feedback dos AGNs.

o As extensoes do gas ionizado em outflow variam entre ~ 5.5-9.5kpc, com excegao do
quasar J094521, com ~ 2kpc (Figura 8). As extensoes dessas componentes broad sao
sempre menores que as narrow, sugerindo que os ventos nao atingem as extremidades

das regides ocupadas pelo gas ionizado.

© A partir das massas de géds obtidas da luminosidade da componente broad de Ha,
calculamos a taxa de massa em outflow (M,y,) em funcdo do raio (Figura 8), e
obtivemos valores entre 0.1 e 10 M, yr~! para até 4kpc do niicleo. Para distancias

maiores, as taxas decaem, chegando a valores entre 1 e 1072 My yr—1.

o Calculamos a poténcia cinética do outflow (E,,) e obtivemos valores maximos

entre 10*! e 10¥ ergs™! para até 4kpc do nucleo (Figura 8). Correspondendo a
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~0.1—=0.001 % de Lp,;, estes valores estao abaixo de 0.5-5 % (Hopkins; Elvis, 2010; Di
Matteo; Springel; Hernquist, 2005): valores usualmente considerados como necessarios
para associar o feedback dos AGNs com efeitos de supressao de formagao estelar na

evolucao das galaxias.

o Tanto of valores de M,,; como de Eout, quando comparados com Lpg,; (Figura 9), ficam
dentro da dispersao apresentada pelas relagoes encontradas por Fiore et al. (2017),
muito embora os valores médios — Mout =6.1£4.8 My e Eout = (3.2£4.2)x 10*2 erg st

— fiquem sistematicamente abaixo da relagao.

o Investigamos o papel de diferentes hipéteses adotadas no célculo de M, como
de F,u (Figura 10), e mostramos que, ao considerarmos a hipdtese de que todo
o gas estd em outflow (como adotado em trabalhos anteriores), e ndo somente a
componente broad, os valores se aproximam mais da relagdo de Fiore et al. (2017).
Por outro lado, se considerarmos que a densidade do gas em outflow deve ser maior
que a adotada, conforme estudos recentes (Baron; Netzer, 2019, por exemplo), os

valores destas quantidades diminuem por duas ordens de magnitude.

¢ Finalmente, levantamos o ponto de que o feedback obtido através do gas ionizado é
somente parte do total produzido pelos AGNs. Outras fases do gas, como a molecular
e neutra, estao presentes. Além disso, a energia liberada pode se manifestar de outras
formas — além da energia cinética do outflow. Exemplos sao a radiacdao que ionizada
grande parte do gés presente (Storchi-Bergmann et al., 2018), e o trabalho gasto

para superar o potencial gravitacional (Harrison et al., 2018).

Perspectivas futuras: Para complementar a avaliagdo do feedback de AGNs, futu-
ramente desejamos mapear e estudar este feedback do gas na fase molecular, visto que
muitos autores argumentam que esta € a fase que mais contribui para o feedback mecanico,
na forma de energia cinética dos outflows. Isto pode ser feito através de observagoes
em radio com o Observatéorio ALMA (Atacama Large Millimeter/submillimeter Array).
Possuimos também interesse em obter espectroscopia de alta resolu¢ao e S/N para os
nossos objetos ou uma amostra semelhante com um maior S/N em regides espectrais que
possuam linhas sensiveis para altas densidades. Ou seja, que sejam menos enviesadas — do
que as linhas de [STI| que utilizamos — para valores de densidade mais baixa, que podem
nao ser representativas dos outflows. Instrumentos como o MUSE do VLT (Very Large

Telescope) poderiam ser adequados para este estudo.
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APENDICE A - Additional figures

Additional material which would interrupt the flow of the main paper.

A.1 Examples of emission-line fitting results

Examples of the fitting results for the QSOs of our sample.

A.2 Maps of flux distributions and gas kinematics

Maps of the parameters obtained in the emission-line fitting process. They are

analogous to Fig. 7.
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Figura 11 — Fitting results for a few spectra of J082313. Each line of the figure corresponds
to a different position, which has its value relative to the nucleus identified in
the upper left corner of the first column panels.
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Figura 19 — Maps of J082313, similar to Fig. 7. In the first row, we have the continuum
around the rest wavelength A5600A, the gas reddening, and the electron
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[OTI]A5007: the left column accounts for the flux of each component; the
middle, for the radial velocity; and the right column, the velocity dispersion.
The last row refers to the broad component, that is modelling the outflow.
The remaining middle columns refer to the narrow components.
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Figura 21 — Same as Fig. 19 but for J085829.
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Figura 22 — Same as Fig. 19 but for J094521.
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Figura 23 — Same as Fig. 19 but for J123006.
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