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What drives the Coronal Lines?

Resolving the forbidden, high-ionization emission regions in a sample of AGNs
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Abstract. Emission-line studies in the active galactic nuclei (AGNs), particularly those utilizing high spatial resolution, provide
the most accurate method to determine critical quantities of the central engine and of the gas a few tens of parsecs away. Using
seeing-limited data with spectroscopy, we have explored the extended narrow-line region for a sample of active galactic nuclei
(AGNs) with strong, forbidden emission lines that have high-ionization potentials (IP > 100 eV). We have studied the optical and
near-infrared spectra for these AGNs, extracted and compared their spectral energy distributions, and put constraints on the physical
conditions of the region producing the coronal lines. We have realized a novel black hole mass scaling relation with one such
prominent coronal line - [Si vi] 1.963um, over the 10° - 108 My, interval, that suggests photoionization by the continuum produced
by the accretion disk is the primary physical process at play here. We perform a detailed parameter space study to optimize the
emission from these coronal lines in terms of fundamental black hole parameters and test predictions that can be used to measure
the kinematics of the extended X-ray emission gas. With the successful launch and first light of the JWST, we are well-poised to
refine our findings using the superb angular resolution of the telescope that will allow us to map the inner few parsecs to the central
supermassive black holes. This opens up the study of the higher ionization lines that will be spatially resolved by JWST, expanding
our sample to tens of hundreds of AGNs, and putting firmer constraints on the physical conditions in the coronal line region.

Resumo. Estudos de linha de emisséo nos nicleos ativos de galdxias (AGNs), particularmente aqueles que utilizam alta resolugéo
espacial, fornecem o método mais preciso para determinar quantidades criticas do motor central e do gds a algumas dezenas de parsecs
de distincia. Usando dados de espectroscopia limitada por seeing, exploramos a regido estendida de linhas estreitas em uma amostra
de AGNs com fortes linhas de emissdo proibidas que tém alto potencial de ionizacéo (IP > 100 eV). Estudamos espectros no dptico e
no infravermelho préximo para esses AGNs, extraimos e comparamos suas distribui¢cdes espectrais de energia e colocamos restrigdes
nas condicdes fisicas da regido que produz as linhas coronais. Percebemos uma nova relagdo de escala para a massa de buraco negro
com uma dessas linhas coronais proeminentes - [Si vi] 1.963um, no intervalo de 10° - 103 M. Esse resultado sugere a fotoionizagdo
pelo continuo produzido pelo disco de acre¢do como o processo fisico primdrio dominante. Realizamos um estudo detalhado do
espaco de parametros que otimizam a emissdo dessas linhas coronais em termos de propriedades fundamentais de buracos negros
e previsdes de modelos que podem ser usadas para medir a cinemdtica do gds de emissdo de raios-X estendido. Com o lancamento
bem-sucedido e a primeira luz do JWST, estamos bem posicionados para refinar nossas descobertas usando a excelente resolucao
angular do telescépio. Isso nos permitird mapear os parsecs mais internos dos buracos negros supermassivos centrais. Nossos
resultados abrem caminho para o estudo das linhas de mais alta ionizacdo que serdo resolvidas espacialmente pelo JWST, expandindo
nossa amostra para dezenas de centenas de AGNs e colocando vinculos mais firmes nas condicdes fisicas na regifo da linhas coronais.

Keywords. (Galaxies:) quasars: emission lines — Methods: observational — Techniques: spectroscopic — Methods: data analysis —
Accretion, accretion disks — Radiation mechanisms: thermal

1. A brief introduction to coronal emission lines in AGNs

Coronal lines (CLs) spread over the X-rays, optical and IR
spectrum. Although often fainter than the classical medium-
ionization lines used for photoionization diagnosis, high angular
resolution in nearby AGNs has shown that CLs particularly in
the near-IR are among the most conspicuous features in active
galaxies (Rodriguez-Ardila et al. 2006; Miiller-Sanchez et al.
2011; Rodriguez-Ardila et al. 2017; Cerqueira-Campos et al.
2021).

2. A novel black hole mass scaling using coronal lines
in Type-1 active galaxies

Objects in our work presented in Prieto et al. (2022) are selected
on the basis of having black hole (BH) masses determined by

reverberation mapping and single epoch optical and/or near-IR
spectra with accurate CL measurements. The CLs used in the
analysis are - [Fe vi] A16087A in the optical and [S vi] 0.991um,
[Six] 1.432um and [Sivi] 1.964um in the near-IR. They are
among the strongest CLs in AGNs (Reunanen et al. 2003;
Rodriguez-Ardila et al. 2011; Lamperti et al. 2017) and span a
wide IP range, 100-350 eV. In addition, H1 lines of HB, Pag and
Bry are employed. The whole set samples the ionizing contin-
uum over the 13.6-351 eV range. An exemplary NIR spectrum
from our sample is shown in Figure 1f for a high accreting, low
mass BH (Ark 564, ~ 10%% M,). Using bona-fide BH mass es-
timates and the line ratio [Sivi]/Bryp.q as a genuine tracer of
the AGN ionizing continuum, a BH-mass scaling relation for a
BH mass range 10° - 10% My, is found for a sample of 21 re-
verberation mapped AGNs (see Figure 1a). The dependence fol-
lows a linear regression in log-scale: log Mgy = (6.40+0.17) -
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Ficure 1. Collage of the various published and soon to be published works from our group focused on the study and analysis of
the coronal emission in active galaxies. (clockwise from the upper left panel:) (a) observed [Si vil/Brypraa VS. Mpy correlation;
(b) CLOUDY predictions for [Si vi]/Brypoaa VS Mpy using a standard disk ionising continuum for a range of physical param-
eters. Observed data points are shown using black squares; (c) Emission maps of the Circinus (left panels) and IC 5063 (right

panels), [Fe vii] 16087 A (top) and [Fe x] 16375 A (bottom); (d,

left) CLOUDY photoionization model predictions for the frac-

tional abundances of relevant ionization states of iron and silicon and H- and He-like oxygen and neon. (right) Density histogram
for [Fe vii] 16087 A, referenced to the incident continuum at 5100A; (e) Generic AGN ionizing continua (with and without warm
comptonization). All curves are normalised to 10% of the Eddington limit; and (f) NIR spectra of Ark 564 (obtained using GNIRS).

The shaded areas mark regions of bad atmospheric transmission.

(1.99+0. 37)><10g( éf;vﬂ ) with a dispersion in BH mass of 0.47

dex that is already contesting the classical Mpy - o, relation
(the latter has a scatter ~0.44 dex). With the assumption of a ge-
ometrically thin, optically thick accretion disk as the dominant
component of the ionizing continuum (Figure le), and a suit-
able range of local cloud densities, 7, ~ 10*°% cm™ and cloud
distances, 0.3 pc < r < 30 pc, for the survival of CLs, photoion-
ization models using CLOUDY, (Ferland et al. 2017) provide
a fair representation of the Myy and [Si vi]/Bryproag correlation
(Figure 1b).

3. Extended coronal emission as a kinematical tracer of
the X-ray gas

We report the first characterization of an extended outflow of
high ionized gas in the Circinus Galaxy and in IC 5063 (Figure
1c) by means of the CLs [Fe vir] 16087 A and [Fe x] 16375 A. In
both cases, the [Fe vii] emission is located within the ionization
cone already detected in the [O 1] 45007 A line and is found
to extend up to a distance of ~700 pc (Circinus) and ~1.2 kpc
(IC 5063) from the center. Correspondingly, the [Fe x] 46375 A
emission extends up to ~400 pc (Circinus) and ~700 pc (IC
5063). The physical conditions of the gas show that the extended
coronal emission is likely the remnant of shells inflated by the
passage of a radio jet. This scenario is supported by extended
X-ray emission, which is spatially coincident with the morphol-
ogy and extension of the [Fe vii] and [Fe x] gas (see Rodriguez-
Ardila & Fonseca-Faria 2020, for more details).

4. Photoionization modelling of the coronal line
emission - predictions for JWST

From the theoretical viewpoint, we use photoionization models
to predict the physical conditions of high-ionization footprint
emission lines in the optical and near-IR that can be used to ac-
curately trace the kinematics and physical conditions of active
galactic nucleus-ionized, X-ray emission-line gas (following the
prescription of Trindade Falc@o et al. 2022). The footprint lines

252

are formed in gas over the same range in ionization state as the
H- and He-like of O and Ne ions, which are also the source of X-
ray emission lines. The footprint lines can be detected with opti-
cal and IR telescopes, such as the Hubble Space Telescope/STIS
and JWST/NIRSpec, and can potentially be used to measure the
kinematics of the extended X-ray emission gas (Figure 1d-left).

5. Onto the future

A direct extension of these published works is to realize a com-
prehensive database of coronal lines (see e.g., Figure 1d-right)
in diverse population of active galaxies which in turn would aid
to the detection of newer AGNss, especially at the higher redshift
regime with the upcoming JWST. An important aspect of the us-
age of these coronal lines’ diagnostics would be in the search
and discovery of the accreting black holes that belong to the in-
termediate mass range, i.e. the Intermediate Mass Black Holes
(IMBHs). With the successful deployment of the JWST, we are
well poised to test these predictions for the coronal line emission
and their imminent connection with the central accreting BH.
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