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ABSTRACT

Coronal-line forest (CLiF) active galactic nuclei (AGNs) are characterized by strong high-ionization lines, which contrasts with
what is found in most AGNs. Here, we carry out a multiwavelength analysis aimed at understanding the physical processes in the
narrow-line region (NLR) of these objects, and at discovering whether they are indeed a special class of AGNs. By comparing
coronal emission-line ratios we conclude that there are no differences between CLiF and non-CLiF AGNs. We derive physical
conditions of the NLR gas and we find electron densities in the range of 3.6 x 10? to 1.7 x 10* cm™3 and temperatures of
3.7 x 10% to 6.3 x 10* K, suggesting that the ionization mechanism is associated primarily with photoionization by the AGN.
We suggest an NLR dominated by matter-bounded clouds to explain the high-ionization line spectrum observed. The mass of
the central black hole, derived from the stellar velocity dispersion, shows that most of the objects have values in the interval
107-10% Mg,. Our results imply that CLiF AGNs are not in a separate category of AGNs. In all optical/near-infrared emission-line

properties analysed, they represent an extension to the low/high ends of the distribution within the AGN class.
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1 INTRODUCTION

Coronal lines (CLs), or forbidden high-ionization emission lines
(FHILs), originate from forbidden fine structure transitions excited
by collisions in highly ionized species (ionization potential, IP >
100 eV). Because of their very high IP, they are considered to be
a reliable signature of the presence of an active galactic nucleus
(AGN) in galaxies (Penston et al. 1984; Prieto & Viegas 2000;
Prieto, Garcia & Espinosa 2002; Reunanen, Kotilainen & Prieto
2003; Satyapal et al. 2008; Goulding & Alexander 2009). However,
they are also produced in supernova remnants (SNRs; Oliva et al.
1999; Smith et al. 2009), planetary nebulae (Pottasch, Bernard-
Salas & Roellig 2009) and Wolf-Rayet stars (Schaerer & Stasinska
1999). Typical CL luminosities in these latter objects are low,
~103'—10% ergs™' (Dopita et al. 2018). Thus, several thousands
of these might be necessary to produce detectable CL emission if
an AGN origin is ruled out, in which case the sources need to be
forming stars very actively. Moreover, in SNRs, CLs vary strongly
with time. Komossa et al. (2008, 2009) and Wang et al. (2011)
have shown that, in these objects, they fade on time-scales of a few
years.
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The presence of CLs in the spectra of AGNSs is attributed to
the existence of highly energetic processes associated with nuclear
activity. Some of these lines are conspicuous and their emission
region can be extended to scales of up to a few hundred parsec
(Prieto, Marco & Gallimore 2005; Rodriguez-Ardila et al. 2006;
Mazzalay, Rodriguez-Ardila & Komossa 2010; Miiller-Sénchez et al.
2011). Usually, [Ne V] 13435 A (IP = 100 eV) and [Fe viI] 16087 A
(IP = 100 eV) are the most prominent CLs in the optical region
(Murayama & Taniguchi 1998) while [Si vi] 1.963 um (IP = 166 eV)
is the strongest CL in the near-infrared (NIR). However, CLs up to
x =505eV ([S x1] A7609 A) have been reported in AGNs (Mazzalay
etal. 2010). The observed luminosities of such lines cover about three
orders of magnitude, from 10°® up to 10*' ergs~' (Rodriguez-Ardila
etal. 2011).

Although CLs are frequent in AGN spectra, not all AGNs display
them. Riffel, Rodriguez-Ardila & Pastoriza (2006), using a sample of
47 AGNs in the NIR, found thatin 67 per cent of the objects, one CL is
identified. They showed that the lack of CLs in the remaining 33 per
cent of objects is genuine and not driven by sensitivity detection
issues. In their analysis, the faintest [Si Vi] coronal luminosity was
~10% ergs™!, measured in NGC 4051 at a redshift z = 0.00234.
More distant sources, such as Ark 564 (z = 0.0247) or PG 14484273
(z = 0.065) display a [SiVvi] luminosity nearly 2 dex higher. All
objects were observed with a similar signal-to-noise ratio (S/N).
Similar results are also found by Lamperti et al. (2017). In the optical
region, CLs of iron (i.e. [Fe vii] and [Fe X]) are usually observed,
but no quantitative studies of its frequency have been made yet.
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Table 1. Sample of CLiF AGNs as defined by Rose et al. (2015a) and employed in this work. Column 9 lists the classification into AGNs of Type I or II accoris
correctding to Rose et al. (2015b) while the last column lists the classification based on results obtained from this work (see Section 4.1).

Galaxy Redshift  Telescope/instrument Date E(B— V) Airmass  Exp.time PA° Classification  Classification
(2) (yyyy.mm.dd) (mag) (s) (Eof N) (Roseetal.2015b)  (this work)
() (@) 3 “ (5) (6) (N ® C)] (10)
ESO138-G001 0.0091 SOAR/Goodman 2017.03.11 0.176 1.13 3 x 900 279 Type II Type I
Blanco/ARCOoIRIS 2017.04.07 1.16 16 x 180 0.0
SDSS J164+43 0.2210 Gemini/GNIRS 2017.02.15 0.01 1.24 16 x 180 90 Type II Type I
11 zZw 77 0.0342 IRTF/SpeX 2015.04.12 0.09 1.08 18 x 180 338 Type I Type I
MRK 1388 0.0213 IRTF/SpeX 2015.05.04 0.03 1.00 8 x 200 300 Type II Type I
SDSS J124-+44 0.0420 0.02 Type I Type I
2MASX J113+16 0.1740 Gemini/GNIRS 2017.02.20 0.03 1.25 12 x 160 90 Type II Type I
NGC 424 0.0118 SOAR/Goodman 2014.08.07 0.01 1.02 4 x 900 60 Type I Type I
Blanco/ARCoIRIS 2016.09.19 1.02 12 x 180 270

Despite its importance, these lines tend to be weak. [Fe vii] 6087 A,
which is the brightest CL in the 3500-7500 A region, is usually 1—
10 per cent of the strength of [O 1] 5007 A (Murayama & Taniguchi
1998).

Recently, a new class of AGNs, called coronal-line forest (CLiF)
AGNs, have been introduced in the literature (Rose, Elvis &
Tadhunter 2015a; Rose et al. 2015b; Glidden et al. 2016). Among
several interesting properties, CLiF AGNs are characterized by:
(i) the emission-line flux ratio [Fevi] A6087/HB > 0.25; (ii)
[Fe x] A6374/HB > 0.2; (iii) [Ne V] A3426/HB > 1; (iv) the fact
that CLs are not blueshifted with respect to the low-ionization lines
(Av < 100 kms™"); (v) the fact that the velocity widths of CLs
are narrow and similar to those of low-ionization lines (FWHM
< 300 kms~!) using single Gaussian fits. Optical luminosities of
these CLs are found to be between 10*° and 10*' ergs™! (see
Section 4.4). These values are well within the interval of the CL lumi-
nosities reported by Gelbord, Mullaney & Ward (2009) in a sample
63 AGNSs.

Another peculiar characteristic identified by Rose et al. (2015a,
hereafter RET15) in CLiF AGNss is the high value of the Ho/Hg ratio,
which in all objects studied was between 3.8 and 6.6 (taking into
account the limits of the error bars). This is higher than the Balmer
decrement assuming case B for low-density gas. They interpreted
this result as due to high-density gas in the narrow-line region (NLR)
instead of being attributed to dust extinction because the values found
for Hy/Hp are consistent with the intrinsic case B value of 0.47
(Osterbrock & Ferland 2006).

The results obtained by RET15 suggest that most of the Hox
emission is produced in the same region of the coronal-line forest,
enhancing the flux ratio Hw/HB. The gas density they obtained by
modelling the NLR is in the range 10°—107 cm~3, much higher than
that expected for typical NLR conditions (<10* cm™3; Osterbrock &
Ferland 2006).

RET1S5 classified only seven CLiF AGNs from an initial sample
of ~5000 AGN spectra from the Sloan Digital Sky Survery (SDSS).

Here, we carry out the first NIR study of CLiF AGNSs in the
literature along with a re-analysis of the optical spectra of these
objects. We detail in Section 2 the sample and observations. Our
additional data widen the number and species of CLs suitable
to derive the physical conditions of the CL region anis correctd
NLR in these interesting sources (Sections 3 and 4). Stellar and
gas kinematics properties are derived in Section 5. We also derive
additional properties of CLiF AGNSs, such as the mass of the
supermassive black hole (SMBH), in order to construct a more
complete picture of these sources. Our main conclusions are drawn in
Section 6.

2 SAMPLE, OBSERVATIONS AND DATA
REDUCTION

The sample chosen for this analysis consists of the seven CLiF AGNs
already identified by RET15, observed using optical (3400 < A <
7500 A) and NIR (7800 < A < 25000 A) spectroscopy. Table 1 lists
the basic properties of the objects as well as the log of observations.
Details about telescope set-up and data reduction according to the
wavelength interval are given below. Note that we did not collect
optical spectra for 2MASX J113111.054162739 or NIR spectra for
SDSS J124134.254-442639.2.

2.1 Optical spectroscopy

Optical spectra for SDSSJ124134.254442639.2, MRK 1388,
IIZw 77 and SDSSJ164126.91+432121.5 were obtained from the
SDSS Data Release 7 (DR7) data base (Abazajian et al. 2009). These
spectra have already been published by RET15. Below, we detail the
observations and data reduction procedure for ESO 138-G001 and
NGC424.

2.1.1 Goodman/SOAR observations

Optical spectra of ESO 138-G001 and NGC 424 were obtained with
the 4.1-m Southern Observatory for Astrophysical Research (SOAR)
Telescope at Cerro Pachon, Chile. The observations were carried
out using the Goodman spectrograph (Clemens, Crain & Anderson
2004), equipped with a 400 1 mm™' grating and a 0.8-arcsec slit
width, giving a resolution R ~ 1500. In addition to the science
frames, standard stars (Baldwin & Stone 1984) were observed for
flux calibration. HgAr arc lamps were taken after the science frames
for wavelength calibration. Daytime calibrations include bias and
flat-field images.

The data were reduced using standard IRAF' tasks, including
subtraction of the bias level and division of the science and
flux standard star frames by a normalized master flat-field image.
Thereafter, the spectra were wavelength-calibrated by applying the
dispersion solution obtained from the arc lamp frames. Finally, the
spectra of standard stars were extracted and combined to derive the
sensitivity function, later applied to the science one-dimensional
(1D) spectra. The final products are wavelength- and flux-calibrated
optical spectra.

VIRAF is distributed by the National Optical Astronomy Observatories, which
are operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation.
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Figure 1. Optical spectra obtained by Goodman/SOAR. In the bottom panel, for both spectra, a zoom around the continuum level is displayed to show the
faintest lines identified. The ions belonging to CL transitions are given in red.

In all cases above, the final spectra were corrected for Galactic 2.2 NIR spectroscopy
extinction using the extinction maps of Schlafly & Finkbeiner (2011)
(see column 6 of Table 1) and the Cardelli, Clayton & Mathis (1989)
law. The final reduced spectra are shown in Fig. 1.

The NIR spectra of the sample listed in Table 1 were obtained at three
different observatories: Cerro Tololo Inter-American Observatory
(CTIO), Gemini North and the NASA Infrared Telescope Facility

MNRAS 500, 26662684 (2021)
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(IRTF). In all cases, a cross-dispersed spectrograph, providing
simultaneous coverage of the 0.8-2.4 pum region was employed.
Below, we provide basic descriptions of the observations and data
reduction procedure for each set of data.

2.2.1 GNIRS/Gemini spectroscopy

The NIR spectra of SDSS J124134.254+442639.2 and
SDSS J164126.91+432121.5 were obtained in queue mode
with the 8.1-m Gemini North telescope atop Mauna Kea (Program
ID = GN2017A-Q40). The Gemini NIR spectrograph (GNIRS;
Elias et al. 2006) in the cross-dispersed mode was employed.
It allows simultaneous z + J-, H- and K-band observations,
covering the spectral range 0.8 —2.5 um in a single exposure.
The GNIRS science detector consists of an ALADDIN 1k x 1k
InSb array. The instrument set-up includes a 32 1 mm™' grating
and a 0.8 x 7 arcsec slit, giving a spectral resolution of R ~
1300 (or 320 kms~! FWHM). Individual exposures were taken,
nodding the source in a ABBA pattern along the slit. Right after
the observation of the science frames, an AO 'V star was observed at
a similar airmass, with the purpose of flux calibration and telluric
correction.

The NIR data were reduced using the XDGNIRS pipeline (v2.0),
which delivers a full reduced, wavelength- and flux-calibrated, 1D
spectrum with all orders combined (Mason et al. 2015). Briefly,
the pipeline cleans the two-dimensional (2D) images from radiative
events and prepares a master flat constructed from quartz IR lamps to
remove pixel-to-pixel variation. Thereafter, the s-distortion solution
is obtained from daytime pinhole flats and applied to the science
and telluric images to rectify them. Argon lamp images are then
used to find the wavelength dispersion solution, followed by the
extraction of 1D spectra from the combined individual exposures.
The telluric features from the science spectrum are removed using
the spectrum of an AQ V star. Finally, the flux calibration is achieved
assuming a blackbody shape for the standard star (Pecaut & Mamajek
2013) scaled to its K-band magnitude (Skrutskie et al. 2006). The
different orders are combined in a single 1D spectrum and corrected
for Galactic extinction using the Cardelli et al. (1989) law and the
extinction maps of Schlafly & Finkbeiner (2011). The spectra are
shown in Fig. 2.

2.2.2 IRTF/SpeX data

NIR spectra of Il Zw 77 and Mrk 1388 were obtained at the NASA 3-
m IRTF using the SpeX spectrograph (Rayner et al. 2003) in the short
cross-dispersed mode (SXD; 0.7-2.4 um). The detector consists of a
Teledyne 2048 x 2048 Hawaii-2RG array with a spatial scale of 0.10
arcsec pixel-1. A slit of 0.8 arcsec x 15 arcsec, providing a spectral
resolution, on average, of 320 kms™!, was employed.

Observations were carried out nodding in two positions along
the slit. Right before or after the science target, a telluric star,
close in airmass to the former, was observed in order to remove
telluric features and to perform the flux calibration. CuHgAr
frames were also observed at the same position as the galaxies
for wavelength calibration. The spectral reduction, extraction and
wavelength calibration procedures were performed using SPEXTOOL
V4.1, an IDL-based software developed and provided by the SpeX
team for the IRTF community (Cushing, Vacca & Rayner 2004).
The removal of telluric features and flux calibration were done

2Based on the Gemini IRAF packages
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using XTELLCOR (Vacca, Cushing & Rayner 2003), another software
package available from the SpeX team. The different orders were
merged into a single 1D spectrum from 0.7 to 2.4 pum using
the XMERGEORDERS routine. After this procedure, the IDL routine
XLIGHTLOSS, also written by the SpeX team, was employed. It
corrects an input spectrum for slit losses relative to the standard
star used for flux calibration. This program is useful if either the
object or the standard star were not observed with the slit at the
parallactic angle. Differential refraction is, indeed, the main source
of uncertainty in flux calibration and it was minimized following
the above procedure. Finally, the spectra were corrected for Galactic
extinction using the Cardelli et al. (1989) law and the extinction
maps of Schlafly & Finkbeiner (2011). The spectra are shown in
Fig. 3.

2.2.3 Blanco/ARColRIS data

The NIR spectra of ESO 138-G001 and NGC 424 were obtained
using the ARCOoIRIS spectrograph attached to the 4.1-m Blanco
Telescope (Schlawin et al. 2014). The science detector employed is
a 2048 x 2048 Hawaii-2RG HgCdTe array with a sampling of 0.41
arcsec pixel™'. The slit assembly is 1.1 arcsec wide and 28 arcsec
long. The delivered spectral resolution R is ~3500 across the six
science orders. Similar to the IRTF/SpeX data, telluric standards
were observed close to the science targets to warrant good telluric
band cancellations and flux calibration.

Data reduction was carried out using SPEXTOOL v4.1 with some
modifications specifically designed for the data format and charac-
teristics of ARCoIRIS. The procedure follows the same steps and
recipes as for SpeX. The final data product consist of a 1D spectrum,
wavelength- and flux-calibrated with all individual orders merged to
form a continuous 0.9-2.4 pm spectrum. We then corrected these
data for Galactic extinction using the Cardelli et al. (1989) law and
the extinction maps of Schlafly & Finkbeiner (2011).

In order to verify the quality of the flux calibrations in the
NIR spectra, we compared our data with the Two-Micron All-Sky
Survey (2MASS) photometric points. The only data that required a
calibration adjustment were those taken with ARCoIRIS (ESO 138-
G001 and NGC 424). In order to rescale the flux level to that of the
2MASS, a third-degree polynomial function was applied using the
Python LMFIT routine (Newville et al. 2016). The spectra are shown
in Fig. 4.

3 CONTINUUM EMISSION ANALYSIS

In this section, we describe the modelling of the continuum emission
in the optical and NIR in order to remove the effects of both the
underlying stellar population of the host galaxy and the continuum
emission attributed to dust heated by the AGN. The first component
is observed in both spectral regions while the second is restricted to
the NIR.

3.1 Optical continuum

A rapid inspection of the optical spectra of the CLiF sample (see fig.
1 of RET15 and Fig. 1 in this paper) reveals the presence of strong
absorption lines, showing evidence of the contribution of the stellar
population from the host galaxy to the observed integrated spectra.
It is not of interest in this paper to study the stellar population,
but to model and subtract this contribution to obtain suitable flux
measurements for the gas in the central region. This procedure

MNRAS 500, 26662684 (2021)
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Figure 2. NIR spectra obtained by GNIRS/Gemini. The shaded area represents the region of low atmospheric transmission. Lines located in these regions were
not employed in the analysis. In the bottom panel, for both spectra, a zoom is displayed to identify the faintest lines. CLs are identified with red labels.

particularly affects the measurements of the Balmer decrement
and the flux of lines that are partially absorbed by the stellar
continuum.

In order to remove the stellar contribution, we used the penalized
pixel-fitting (pPXF) software developed by Cappellari & Emsellem

MNRAS 500, 26662684 (2021)

(2004) and updated by Cappellari (2017). This routine uses maximum
penalized likelihood estimation with the principle of searching for the
best spectral fit by combining stellar spectra from a library of simple
stellar populations. Here, the templates that were used to generate
the pPXF fits are those of Bruzual & Charlot (2003). Fig. 5 shows
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Figure 3. Same as Fig. 2 but for the IRTF/SpeX spectra.
the fits carried out for the galaxy sample and the resulting nebular 3.2 NIR continuum

emission after subtraction of the stellar component. In addition,
PPXF also estimates the stellar velocity dispersion, which will be
employed in the determination of the mass of the black hole (see

Section 5.2).

Accepting the unified model to describe the different types of
AGN:ss, the presence of a dusty torus leaves a spectroscopic signature
that starts to show up in the NIR. Dust absorbs a fraction of the
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optical/ultraviolet continuum from the central source and radiates it
back at longer wavelengths, from 1 pm up to the far-infrared.
Observational evidence corroborates models describing the NIR
continuum in AGNs from 1 to 10 um as being predominantly or
entirely dominated by hot dust (Edelson & Malkan 1986; Barvainis

1987).
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Figure 4. Same as Fig. 2 but for the Blanco/ARCOoIRIS spectra.

Rodriguez-Ardila & Mazzalay (2006) confirmed this scenario in
the Seyfert 1 AGN Mrk 1239 by adjusting the excess of the NIR
continuum over the power law extrapolated from the optical region, as
due to dust emission. They employed a simple blackbody function at
atemperature of 1200 K. This is close to the sublimation temperature
of dust grains (~1500 K).
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Figure 5. Modelling of the stellar contribution for CLiF AGNss in the optical region. In all panels, the observed spectrum is in black, the stellar continuum is in
red and the nebular emission obtained after subtraction of the stellar continuum is in blue.

Thus, to fit the continuum of our sample of CLiF AGNs in the
NIR, in addition to the stellar population templates, a function that
represents the hot dust emission should be employed. For the former
component, the IRTF library of stellar spectra (Rayner, Cushing &
Vacca 2009) was used to fit the data. It is composed of 296 spectra
in the wavelength range 0.8-5.0 um, with a resolving power of
approximately 2000. The SpeX/IRTF spectrograph was used for the
observation of that library.

For the latter component, blackbody templates at the temperatures
of 700, 1000, 1300 and 1500 K were included following the
procedure outlined in Riffel et al. (2009). Dust emission at that
temperature interval is expected for the innermost region of the
torus and should leave a spectroscopic signature in the form of an
excess of continuum emission over the power law, peaking at about
2 um. The results are shown in Fig. 6. It can be seen that except in
SDSS J164+43, where no evidence of stellar population was found,
the NIR continuum consists of the contribution of stellar light plus
the hot dust component.

4 MEASUREMENT OF THE EMISSION-LINE
FLUX

After subtraction of the stellar and hot dust contribution, the resulting
spectra consist of emission lines produced by the gas from the nuclear

and circumnuclear regions of the galaxies. In order to measure
the flux of the lines, we modelled the observed profiles with a
suitable function that best represents them and then integrated the flux
under that function. For this purpose, we employ the LINER routine
(Pogge & Owen 1993). This software performs a least-squares fit
of a model line profile (Gaussian, Lorentzian or Voight functions)
to a given line or set of blended lines to determine the flux, peak
position and FWHM of the individual components. Typically, one
or two Gaussian components were necessary to represent the NLR
lines. For permitted lines with a clear broad component associated
with the BLR, a third Gaussian function was added. Figs 7-11
show examples of the deblending procedure carried out for the most
important emission lines in the sample. Tables A1-A6 and B1-B6
in the online appendices list the peak position (column 2), ionization
potential (IP, column 3), FWHM (column 4) and integrated flux
(column 5) measured for all lines identified in each CLiF AGN, in
both the optical and the NIR.

4.1 Detection of hidden broad lines in Type II CLiF AGNs

Rose et al. (2015b) employed the colour index [W2-W4] derived
from the Wide-field Infrared Survey Explorer (WISE) to verify the
inclination angle of the torus relative to the observer. From their
analysis, they found that the [W2—-W4] index in CLiF AGNs was

MNRAS 500, 26662684 (2021)
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Figure 6. Fits of the continuum emission in the NIR. In all panels, the observed spectrum is in black, the stellar template in magenta and the hot dust in orange.
After subtraction of the continuum contribution, the residual consists of the nebular gas emission, shown in cyan.

intermediate between objects classified as Type I and Type II AGNs.
This result was consistent with the hypothesis that the torus in CLiF
AGNs is observed at intermediate inclination angles. However, as can
be seen in the last column of Table 1, only one out of the seven CLiF
AGNs is a genuine Type II object. In most targets, broad components
in the permitted lines were observed, even in those objects previously
classified as Type II AGNs. This result shows that the majority of
CLiF AGNs are indeed Type I AGNs.

The classification of MRK 1388 is ambiguous. It displays a broad
component in the Balmer lines with FWHM of 1040 km s~!. This
would tentatively classify it as a narrow-line Seyfert 1 (NLSI).
However, a similar broad component is also detected (in blueshift)
in the [O 1] lines (see Fig. 11), which suggests the presence of an
outflow rather than a genuine BLR. Previously, Doi (2015) classified
MRK 1388 as an NLS1 because of the strong featureless continuum
observed in that source, although the optical spectrum does not
display evidence of broad components in the permitted lines. He
suggested that this galaxy has a heavily obscured BLR.

Regarding our NIR spectrum of MRK 1388, a similar broad
component as the one detected in [O111] is also found in [S 11] (see
Table B4). It suggests that this object, indeed, displays evidence
of an outflow. Notice that no broad NIR HTI line was found.
As the optical and NIR spectra are not contemporaneous, it is
possible that variability between both sets of data might explain
the lack of a broad HI component in the NIR. Reports of such

MNRAS 500, 26662684 (2021)

extreme variability are frequently found in the literature and are
exemplified by so-called changing-look AGNs. These objects show
extreme changes of emission-line intensities, with sometimes almost
complete disappearance and reappearance of the broad component
(e.g. Lyutyj, Oknyanskij & Chuvaev 1984; Kollatschny & Fricke
1985; Denney et al. 2014; Oknyansky et al. 2019). Although the
variability of CLs has been detected previously in some sources (e.g.
Landt et al. 2015a, b), the results show that they vary differently as
the permitted lines.

In the light of the evidence presented above, we keep the classifi-
cation of MRK 1388 as an NLS1 galaxy.

In summary, the optical and NIR spectroscopy presented here
reveal that just one (SDSS J124+4-44) out of the seven CLiF AGNs
displays spectral characteristics typical of Type II objects. This is at
odds with the model presented in Glidden et al. (2016) to explain
CLiF AGNs, as it applies only to sources optically classified as
Type 11

4.2 Extinction of the NLR in CLiFs

In their optical study of CLiF AGNs, RET15 found that the deviation
from the intrinsic Balmer decrement Ho/HB = 3.1 derived for their
sample was attributed to high-density gas in the region where the
Ho line is formed. However, the lack of subtraction of the stellar
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Figure 7. Multicomponent Gaussian fit for the NIR of some H1 lines in the
CLiF AGN ESO 138-G001. In each panel, observations are in black, narrow
components in blue, broad components in green and the total fit in red. The
magenta dotted line shows the residuals after subtracting the total fit. It is
possible to notice that the broad component is hidden for the less intense
hydrogen lines.

continuum may hide part of the HB emission. This is because part
of the line is within the absorption dip produced by the stellar
population. As a result, the line ratio Ha/HB is overestimated
relative to their theoretical value, even in the absence of dust
extinction.

In this work, because of the increase in the wavelength coverage by
including NIR spectra, we have expanded the number of diagnostic
lines sensitive to extinction, allowing us to investigate this interesting
issue in more detail. For this purpose, we determined the extinction
affecting the gas by comparing observed to predicted Case B
recombination emission-line flux ratios, assuming the Cardelli et al.
(1989) extinction law for Ry = 3.1. To obtain E(B — V), we employed
the fluxes Fp.g, Fpay, Fras and Fgpy,, which represent, respectively,
the hydrogen line fluxes Pag, Pay, Pa§ and Bry. The expressions
of Rodriguez-Ardila et al. (2017a) were employed for this pur-
pose. In addition to these NIR HTI lines, we also determined the
extinction by means of the Balmer decrement He/Hp in the optical
region.

Finally, we also employed [Fe11] lines in the NIR to determine
E(B — V). This is because the transitions leading to the [Fe11] 1.257-
pm and 1.644-pum lines originate from the same upper level. In the
optical thin case, the ratio of their intrinsic line fluxes is simply given
by the ratio of the corresponding spontaneous emission coefficients,
which is constant and in principle known. Therefore, they are suitable
diagnostics of extinction caused by dust due to the large wavelength
separation between the lines. The intrinsic value of the ratio [FeTr]
1.257 um/1.644 um is estimated to be 1.25 with an uncertainty of 20
per cent (Bautista et al. 2015). In order to determine E(B — V) using
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Figure9. Same asFig. 8 butfor HB (left panel) and He (right panel) observed
in SDSS J164126.914+432121.

this ratio, we employed the expression derived by Rodriguez-Ardila
et al. (2017a).

Riffel et al. (2006) and Rodriguez-Ardila et al. (2017a) have
already shown that the ratio of the [Fe 11] lines 1.257 pm/1.644 pm is
in accordance with the extinction obtained using the PaS/Bry ratio
and can be reliably applied to Seyfert 1 and 2 galaxies.

The values of E(B — V) obtained using the five different dust-
sensitive line ratios are listed in columns 2—6 of Table 2. Column 7 of
the same table shows the final extinction for each galaxy, determined
after averaging out the individual entries of the different indicators.

MNRAS 500, 26662684 (2021)
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observed in MRK 1388.

The overall very good match between E(B — V) found from
different indicators for the same galaxy indicates the consistency
of our approach. Although some discrepancies are noted at some
specific line ratios, differences of less than ~0.3 mag between the
minimum and maximum values of E(B — V) were usually observed.
We found that CLiF AGNs display extinction values similar to those
found in samples of non-CLiF AGNs. For instance, Malkan et al.
(2017) measured an average E(B — V) of 0.49 &£ 0.35 for type 1
and 0.52 £ 0.26 for type 2 Seyferts in their study of emission-line
properties of Seyfert galaxies. They used a sample of 81 Seyfert 1
and 104 Seyfert 2 galaxies that comprise nearly all of the IRAS 12-

Table 2. E(B — V) (in mag) obtained for line ratios.

pwm AGN sample. Thus, in terms of intrinsic extinction, CLiF AGNs
are similar to their non-CLiF counterparts.

Because all dust-sensitive NIR flux ratios employed here point
towards small to moderate amounts of extinction, we conclude that
the CLiF AGNs are affected, to some extent, by reddening in the
nuclear region. Moreover, our values of the Ha/HB ratios were,
in general, smaller than those of RET15 because of the subtrac-
tion of the stellar component. Indeed, the presence of the stellar
population should affect the Balmer decrements, as the apertures
employed to extract the spectra cover region sizes of the order of
kiloparsecs.

This effect was already expected as the continuum emission
displayed by the galaxies showed strong evidence of an underlying
stellar population. In this scenario, HB tends to be more absorbed
than Her, increasing the flux ratio Ha/Hg artificially. It is also worth
mentioning that the values of E(B — V) found here are low enough
so that the Hy/Hp ratio is not significantly affected. It tends to be
close to the theoretical value, as the separation in wavelength of the
above two lines is small.

In Table 3 we list the Ha/Hp ratios obtained by RET15 and the
ratios we have obtained after removing the stellar population using
PPXF. Because of the consistency of our results when using a larger
number of diagnostic lines, throughout this work we consider that
deviations from the intrinsic H1 or [Fe 11] 1.257 wm/1.644 pm ratios
are due to extinction rather than to density effects. Thus, the emission-
line fluxes for each galaxy were corrected by the corresponding E(B
— V) listed in the last column of Table 2.

4.3 Spectroscopic properties of CLiF AGNs and comparison
with other AGNs

One of the most important characteristics of CLiF AGNs is the
strength of the CLs, quantified by means of the emission-line flux
ratios [Fe viI] A6087/Hp, [Fe X] A6374/Hp and [Ne v] A3425/Hp. In
CLiF AGNs, the above ratios should be larger than 0.25, 0.2 and 1,
respectively. In all cases, HB corresponds to the flux of the narrow
component if the AGN is of Type 1.

As shown in the previous section, HS may be strongly diluted by
the presence of an underlying stellar population. Therefore, it is im-
portant to verify if the values of the above three line ratios still hold in
CLiF AGNS after removing the stellar continuum. Moreover, if dust
is present, correction by extinction will decrease [Fe vii] A6087/Hp
and [Fe X] A6374/Hf and increase [Ne V] A3425/Hp.

Table 4 lists the line ratios between the most prominent CLs,
normalized to the HB narrow component after subtraction of the
stellar population and corrected by extinction. The flux values
employed are listed in Tables A1-A6 in the online appendix. Overall,
the derived ratios are close (within the uncertainties) to those defined
by Rose et al. (2015a), which means that the limits established by
them can be considered as guidelines to select sources with similar

Galaxy E(B — V)pay/Br, E(B — V)pa, /Br, E(B — V)pas/r, E(B — V)[Fem E(B — V)u,/H, (E(B—V))
ESO 138-G001 0.76 £0.12 0.47 +0.04 0.46 +0.03 0.68 £+ 0.04 0.46 £ 0.01 0.57 £ 0.05
SDSS J164+43 - - - - 0.22 +£0.01 0.22 £0.01
11 Zw 77 0.23 £ 0.06 0.52 +£0.13 0.38 + 0.06 1.16 £ 0.67* 0.17 £0.01 0.33 +£0.05
MRK 1388 0.32 £0.26 0.10 £ 0.05 0.16 £ 0.06 0.00 £ 0.00 0.00 £ 0.00 0.12 £ 0.07
SDSS J124+44 - - — — 0.27 £0.01 0.27 £ 0.01
NGC 424 0.27 £ 0.08 0.29 £ 0.06 0.13 £0.03 0.02 £ 0.01 0.45 £+ 0.03 0.23 £0.04

4 This value is not taken into account, on average.

MNRAS 500, 26662684 (2021)
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Table 3. Comparison between values measured by RET15 (REF) and after the star population subtraction (Pop. Sub.)

in our analysis.

Galaxy (E(B - V) Ho/HBRER Ho/HBpop. sub. Hy/HBrer Hy /HpBpop. Sub.
ESO 138-G001 0.49 + 0.05 4.25 +0.10 4.92 +0.05 0.48 +0.02 0.33 +0.01
SDSS J164+43 0.22 +0.01 5.38 £0.19 3.72+0.43 0.40 +=0.03 0.37 + 0.06
11 Zw 77 0.33 £ 0.05 4.15+0.13 3.49 +£0.39 0.34 + 0.04 0.47 + 0.09
MRK 1388 0.19 £ 0.05 3.95+0.12 2.71 £ 0.90 0.49 +0.03 0.53 +0.03
SDSS J124+-44 0.27 £ 0.01 6.36 +0.21 3.90 £+ 0.35 0.47 + 0.04 0.45+0.11
2MASX J113+16 - 5.00 £0.17 - 5.00 +0.17 -
NGC 424 0.29 + 0.03 5.77 £ 1.00 4.85 +0.37 0.48 4+ 0.05 0.42 + 0.04
Table 4. Most relevant optical line ratios that define a CLiF AGN after
subtraction of the stellar population and correction by extinction. 50%/- =
Galaxy [Ne VI/HB [Fe vii]/HB [Fe X]/HB 20% |
ESO 138-G001 0.58 £ 0.05 0.21 £ 0.01 0.07 £ 0.01 5‘
SDSSJ164+43 5.13+£0.38 0.38 + 0.07 0.11 +£0.01 -
111 Zw 77 - 0164002 008 %001 @ 30%[ B
MRK 1388 - 0.33 £ 0.01 0.14 £ 0.01 g.
SDSS J124+44 - 0.54 + 0.07 0.18 = 0.04 O 20% L
NGC424 1.96 £+ 0.09 0.27 + 0.04 0.08 4+ 0.02 II
10% ~
3.5} M % .
S 3o | | L 30 40 41 39 40 41 39 40 41
2.5F ‘ I T ' [Fe ViI] [Fe X] [Fe Xi]
L 2.0F T T :
= 1.5} - . . . _
- Py Figure 13. Histogram of luminosity values (log erg s~ 1) for [Fe vii], [Fe X]
o 1.0 X I —— and [Fe X1] for CLiF AGNs (in blue). For comparison, measures obtained by
= 0.5I Gelbord et al. (2009) (in orange) were used.
0.0 . 1 . 1 . 1
3.0 -
— 2.5k in the above-mentioned three iron emission lines. This is because,
x - _ in some cases, upper limits are driven by spurious residuals left
& 2.0 { after telluric correction or bad sky subtraction. Thus, to warrant
e - —+—i
=1.5} T - 'TET ) meaningful values in the derived ratios, only fluxes detected at 3o
- oy : T - 1 t were employed. The results are shown in Fig. 12. It is important to
e 1'0__ - = % T highlight that Gelbord et al. (2009) selected the 63 AGNs of their
0.5 B - sample based on the 30 detection of the [Fe X] A6374 line. Of these,
[ 1 . 1 . 1 . 1 55 spectra included the spectral region containing [Fe X1] although
0. 1.0 1.5 2.0 2.5

[Fe X1/[Fe VII]

Figure 12. Observed [Fe x1]/[Fe vii] (top panel) and [Fe X1]/[Fe X] (bottom
panel) versus [Fe X]/[Fe vii] ratios for the CLiF AGNs (magenta points). For
comparison, the grey points are taken from Rodriguez-Ardila et al. (2006)
and black points from Gelbord et al. (2009).

characteristics. However, in order to study the physical properties of
these objects, the removal of the stellar continuum or the correction
by reddening must be carried out first.

At this point, it is interesting to examine the relative strength of
CLs in CLiF AGNs and to compare the results with values derived in
the literature for other AGNSs. For this purpose, we calculated the line
flux ratios [Fe X] A6374/[Fe vii] A6087, [Fe X1] 17890/[Fe X] A6374
and [Fex1] A7890/[Fe vii] A6087 in our sample of CLiF AGNs.
Moreover, data from Rodriguez-Ardila et al. (2006) and Gelbord
et al. (2009) were used for comparison purposes. We refer hereafter
to the data taken from the literature as the comparison sample. For the
present study, we included only galaxies that had a secure detection

it was detected (30) in only 37. Therefore, [Fe Xi] was observed
in 65 per cent of the sample. In our sample of CLiF AGNSs, four
objects included the region of [Fe X1] and in all of these that line was
detected.

Fig. 12 shows that CLiF AGNs (full magenta triangles) and non-
CLiF AGNS (full black circles and full grey squares) display similar
values in the line ratio [Fe X]/[Fe vii], plotted on the x-axis of both
panels. Likewise, the two ratios plotted on the y-axis, [Fe X1]/[Fe X]
(bottom panel) and [Fe x1]/[Fe viI] (upper panel), are comparable
in CLiF AGNs and non-CLiF AGNs. Under the assumption that
the ratios depicted on the y-axis measure the ionization state of the
CL gas, CLiF AGNs do not represent an extreme case within the
AGN class. Therefore, we can safely state that when line flux ratios
between optical CLs are considered, CLiF AGNs are not a separate
class of AGNs.

We also derived the luminosity of the most prominent optical CLs
in CLiF AGNs and compared these values to those found in the
comparison sample. The results are shown in Fig. 13, where the
luminosity distribution of [Fe vii] (left panel), [Fe X] (central panel)
and [Fexi] (right panel) is presented. The shaded blue histogram

MNRAS 500, 2666-2684 (2021)
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Figure 14. Histograms of the observed [Fe ViI]/H,, [Fe X]/Hy and [Fe X1]/H,,
for the CLiF AGN:ss (in blue). For comparison, measures obtained by Gelbord
et al. (2009) (in orange) were used. It is possible to verify that there is no
great distinction between our sample and non-CLiF AGNs.

is for CLiF AGNs while the orange histogram represents non-CLiF
AGNES. It can be seen that all three lines are distributed in a narrow
interval of luminosity (10 —10* ergs~') but CLiF AGNs tend to
occupy the high end of the three distributions.

Moreover, we study the distribution of the ratios between CLs and
H1 lines for the above three iron lines in CLiF AGNs and non-CLiF
AGNSs. The main goal here is to compare if the values observed in
the former are indeed extreme within the AGN class. The results,
presented in Fig. 14, show precisely the opposite. The values of the
ratios [Fe vii]/HB, [Fe X]/Ha and [Fe X1]/Ha found in CLiF AGNs
are just part of a wider interval of values displayed by the comparison
sample.

The availability of NIR spectra allowed us to study, for the first
time in the literature, the spectroscopic properties of CLIF AGNs in
this spectral region. Our main goal is to explore how these sources
behave in the NIR when compared with non-CLiF AGNs.

A close examination of Figs 2—4 reveals that, in the NIR, optically
classified CLiF AGNs display strong CLs of aluminium, calcium,
iron, silicon and sulphur. A comparison of our sample spectra with
the classical AGNs presented in Rodriguez-Ardilaetal. (2011) shows
the same ionization species. However, two important facts deserve
mention here.

First, each CLiF AGN of this work displays all CLs already
identified in previous samples in the interval 0.8-2.4 um. In contrast,
Rodriguez-Ardila et al. (2011) reported that it was in only three
(NGC 1068 and 4051, and Ark 564) out of 54 AGNs that all CLs
considered here were simultaneously detected. Moreover, they report
that the four most prominent CLs in the NIR, [Si vi], [Six], [S vii]
and [S 1X], showed up all together in just 30 per cent of their sample. In
a later work with a larger number of targets (104 AGNs), Lamperti
et al. (2017) found that in just 18 per cent of their sample, more
than two CLs were detected in the same spectrum. We ruled out
sensitivity issues for the non-detection of CLs in most of the sources
employed for comparison. However, in some cases, the spectral
regions containing the lines are out of the filter bandpasses or severely
affected by atmospheric transmission. In this work, the above four
lines appeared in all six CLiF AGNs. Second, the [Fe XI111] doublet
at 1.074, 1.0798 wm was detected in all CLiF AGNs here while
it was identified in just 15 per cent of the non-CLiF AGN sample
of Rodriguez-Ardila et al. (2011) and in 5 per cent of objects in
Lamperti et al. (2017).

Following the optical analysis, we compare the relative intensity
of CLs in CLiF AGN:s to that of non-CLiF AGNs in the NIR. For this,
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Figure 15. Observed [Si VI]/[Si X] versus [S viI)/[S 1X] ratios for the CLiF
AGNs (magenta points). Black and grey points are for Type I and II AGNs,
respectively, taken from Rodriguez-Ardila et al. (2011).

Frequency

20%[ B

10%f~

[H, .

38 39 40 41 39 40 41 39 40 38 39
[Si V] [S Vi [Si X] [S IX]

40

Figure 16. Histogram of the line luminosity distribution (log erg s~!) for
[Sivi], [Svi], [SiX] and [S1X] for CLiF AGNs (in blue). For comparison,
data obtained by Rodriguez-Ardila et al. (2011) for non-CLiF AGNs (orange)
were used.

we determined the line ratios [Si VI]/[Si X] and [S viI]/[S 1X] from the
fluxes listed in Tables B1-B6 in the online appendix and we compare
them with the values reported in Rodriguez-Ardila et al. (2011). Only
30 detections were employed. Note that each ratio is independent of
the gas metallicity. The results, shown in Fig. 15, suggest that CLiF
AGNs have little scatter in both ratios, being concentrated mostly in
the region with values of [SivI]/[SiX] and [S vi]/[S 1X] of ~1. The
scatter observed in non-CLiF AGNs is indeed larger, with most points
distributed in the intervals 0.3—2.2 and 0.2—2 for [Si vI]/[Si X] and
[S vi)/[S1X], respectively. From this comparison, we verify that,
regarding CL ratios, no clear distinction between CLiF AGNs and
non-CLiF AGNs is observed.

We also derive the luminosity of the above four NIR CLs and
compare the distribution of values to that of non-CLiF AGNs. The
results, shown in Fig. 16, confirm the trend already observed in
the optical region. The values of CL luminosity in CLiF AGNs are
preferentially located in the upper end of the distribution shown by
non-CLiF AGNs. Indeed, CLiF AGNs occupy a very narrow range
of values in luminosity: 10%0—10* erg s~! for [Sivi], [Svm] and
[Six] and ~10%*—10% ergs™! for [S1x]. Non-CLiF AGNs stretch
over a luminosity range of 2—3 dex, between 10* and 10* ergs~!.

Finally, we also constructed the emission-line flux ratios
[Sivi]/Bry, [Svm]/Pag and [SiX]/PaB to assess whether CLiF
AGNs tend to display larger values in these ratios than in non-
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Figure 17. Histograms of the observed [SiVil/Br,, [Svi]/Pag and
[SiXx]/Pag ratios for the CLiF AGNs (in blue) and non-CLiF AGNs (orange).
Data for the later sample are from Rodriguez-Ardila et al. (2011).

CLiF AGNSs. Fig. 17 shows the corresponding histograms. It can
be easily seen that [SiVI] and [SiX] tend to be brighter relative to
low-ionization lines in CLiF AGNs.

The results presented in the preceding paragraphs show that,
regarding the relative strength of the most important CLs in the
optical and NIR, CLiF AGNs are not distinguished among other
AGNSs. However, high-ionization lines in CLiF AGNs are usually
confined to the upper-half of the luminosity distribution presented by
AGNSs in general. This tendency is also observed when ratios between
CLs and HI1 lines are examined. CLiF AGNs tend to occupy the
upper bins of the distributions when compared with the general AGN
population. We are aware, though, that the small number of objects
that comprise our CLiF AGN sample precludes a more conclusive
statement. However, it is clear from our analysis that CLiF AGNs,
by no means, represent a separate class of AGNs.

One possible scenario to enhance the high-ionization spectrum
relative to that of a lower-ionization spectrum is to consider that
the NLR is dominated by matter-bounded clouds. This hypothesis
was proposed by Viegas & Prieto (1992) and Binette, Wilson &
Storchi-Bergmann (1996) while trying to understand the nuclear and
extended NLR emission of a sample of AGNs. They showed that
the inclusion of photoionized matter-bounded clouds of sufficiently
high excitation (high-ionization parameter) successfully reproduces
the high-excitation lines. The low-excitation lines were accounted
for by a population of low-ionization parameter, ionization-bounded
clouds exposed to the ionizing radiation spectrum that leaks from
the matter-bounded clouds. Variation of the relative proportion of
the two types of clouds was found to have a similar effect on the
combined emission-line spectrum to varying the ionization parameter
in a traditional ionization parameter sequence.

This model was later applied by Binette etal. (1997) to the Circinus
Galaxy, a Type II AGN widely known for its outstanding coronal
emission-line spectrum. In order to explain the CLiF AGNs under this
scenario, the number of matter-bounded clouds should largely exceed
that of ionization-bounded clouds. Thus, the resulting spectrum
is dominated by that emitted by the matter-bounded component.
Although making a detail modelling of CLiF AGNs is out of the
scope of this paper, in the next section we examine the physical
properties of NLR gas. This will allow us to further constrain this
scenario and to see whether it can be applied to our sample of AGNs.

Another mechanism that can enhance the high-ionization lines is
shocks, driven by the interaction of a radio jet and the NLR gas
or by nuclear outflowing material. The combined effect of nuclear
photoionization and shocks strongly influences the strength of the

A study of CLiF AGNs —1 2679
CLs (Contini & Viegas 2001). This hypothesis was successfully
applied to a local sample of AGNs in Rodriguez-Ardila et al. (2006),
where evidence of high-ionization outflows was detected. According
to the models of Contini & Viegas (2001), shock velocities of V >
500 kms~! are necessary in order to produce very high ionization
lines such as [Fe X] or [Si X]. Although the gas kinematics is discussed
in Section 5, we anticipate that evidence of CL-driven shocks in
the CLiF AGN sample exists but it cannot be applied to all targets
studied here. For instance, broad components in the forbidden lines
are observed in some of the sources, mainly in the [S1i] line. In
NGC 424, broad features are also observed in the CLs. However, in
ESO 138-G001, Mrk 1388 and J124134.25+442639.2, no evidence
of broad CLs was found. Although we do not discard the presence
of shocks as an additional mechanism to enhance the CL emission,
it is not be the main driver of the rich CL spectrum that characterizes
CLiF AGNs.

At this point, we also highlight the identification of [S x11] 7611 A,
whose IP of 504.8 eV is the highest among all NIR and optical CLs
examined here. Osterbrock (1981) had already noted the presence
of an unidentified feature at 7613.1 £ 2.8 A in Il Zw 77 but he
did not associate it with any particular emission line. Kraemer &
Crenshaw (2000) were the first to attribute the line at 7611 A detected
in NGC 1068 to [S x11]. Here, we confirm the identification of [S XII]
in [IIZw 77 and MRK 1388. In the remaining CLiF AGNs, the region
containing that feature is outside the spectral coverage of the data.
Note that, to the best of our knowledge, [SX11] 7611 A has been
identified in just one extragalactic object. Therefore, we increased
by a factor of 3 the number of sources where such a line is detected.

4.4 Physical conditions of the NLR in CLiF AGNs

In order to estimate the physical conditions of the NLR gas (electron
density n, and temperature 7,) several diagnostic line ratios were em-
ployed. Previously, all measured fluxes for the NLR were corrected
for reddening, as derived in the previous section. The gas density was
evaluated using two diagnostics: the [S11] 6716/6730 A and [Ar1V]
4711/4740 A emission-line flux ratios. The former is suitable for gas
density below 10* cm™ as the line ratio saturates when 7. is above
that value. The latter is suitable for mapping gas of higher density
(<10° cm™3) because the lines involved have larger critical densities
and IP than those of [S 11]. Note that both diagnostics are insensitive to
electron temperatures within a very large interval. In this calculation,
we followed the procedure and relationships outlined in Proxauf,
Oettl & Kimeswenger (2014), assuming always a temperature of
10* K. Varying the temperature by a factor of 3 up and down has
very little effect on the results.

Electron temperatures were determined using single-ion emission
pairs of lines that have excitation levels with a considerable difference
in energy. A good example is the emission-line flux ratio [O111]
(4959 4 5007)/4363 A.

Other  temperature-sensitive ~ line  ratios  are [N11]
(6548 + 6583)/5754 A, [Su] (6716 + 6730)/4068 A and
[S 1] (0.906 4+ 0.953) um/6312 A. The simultaneous detection of
all these lines in the spectra of CLiF AGNs allowed us to compare
the physical conditions resulting from different diagnostics. For
[O11], we used the expressions derived by Proxauf et al. (2014)
assuming an electron density of 10* cm™3. The gas temperature
from the three latter ratios we determined using the TEMDEN task
included in the STSDAS version 3.18.3 package of IRAF. The results
obtained from the electron density and temperature diagnostics are
shown in Table 5.
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Table 5. Density and temperature values for the NLR determined from sensitive emission-line flux ratios.

Galaxy Density (cm™3) Temperature (K)

[Su] [Ar1v] [O 1] [N11] [Su] [S ]
ESO 138-G001 449 3382 16396 7490-10074 4350-6133 Does not converge
SDSS J164+43 - - 63021 - - -
1 zw 77 384 - 33620 11539-18097 4598-10520 19221-20752
MRK 1388 964 16753 - 13 187-22055 6214 13 187-22055
SDSS J124+44 652 - Does not converge - - -
NGC 424 542 2588 17499 7773-10563 3679-6215 -

Our results evidence 7, in the interval 10°~10* cm 3, in agreement

with values found by other authors (Bennert et al. 2006; Kakkad et al.
2018) in samples with non-CLiF AGNs. This implies that the bulk
of the NLR in CLiF AGNs is dominated by gas with density very
similar to that found in other AGNs. The enhancement of CLs seen
in these objects must be due to other physical properties.

Regarding the temperature, it can be verified that all values derived
from [O111] suggest T, ~ 1.5—6 x 10* K. The other three sensitive
temperature diagnostics show values in the interval (1—2) x 10* K.
This result further supports our hypothesis of a matter-bounded
dominated NLR. According to Binette et al. (1997), the temperature
in the matter-bounded clouds, where most of the [O11] and CLs
would be produced, exceeds by at least 5000 K the temperature
of ionization-bounded clouds, where the bulk of [N11], [S1] and
other low-ionization species are produced. Moreover, according to
Yan (2018), temperatures around 10* K are associated with the gas
photoionized by the central source while values as large as 10° K
are typically associated with the shocked gas. No evidence of such
high 7., was found here. Thus, our results suggest that the NLR gas
of CLiF AGNs is primarily photoionized by the AGNs although the
presence of shocks is not discarded. Similar results were found by
Rodriguez-Ardila et al. (2011) in the study of the CL region in a
sample of non-CLiF AGNs.

We should note at this point that the physical conditions derived
for the NLR can be extended to the CL region under the assumption
that both regions share the same kinematics, chemical composition
and physical extension, and are illuminated by the same ionizing
continuum. Otherwise, our results here do not necessarily reflect
the conditions of the gas producing the CLs. The lack of sensitive
diagnostics of gas temperature involving high-ionization lines hin-
ders the correct characterization of the CL region. In this regard, the
observation of CLiF AGNs using adaptive optics (AO) and higher
spectral resolution, at least for the closest sources, is fundamental
to set firm constraints on the size and physical properties of the
region emitting the CLs in these objects. Non-CLiF AGNs observed
at spatial scales of ~0.15 arcsec with AO systems and/or space-based
observatories (i.e. the Hubble Space Telescope) show CL emission
co-spatial with [O111], [S1I] and HI gas in the inner portions of the
NLR (Mazzalay et al. 2010; Miiller-Sanchez et al. 2011; Rodriguez-
Ardila et al. 2017b; May et al. 2018). These results warrant that, on
a first approximation, the values of electron density and temperature
derived for the NLR can be extended to the CL region.

5 KINEMATICS

5.1 Gas kinematics

Earlier studies using integrated long-slit spectroscopy found that
CLs tend to be broader than forbidden low-ionization lines and their
centroid position blueshifted relative to the systemic velocity of the
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galaxy (Wilson 1979; Pelat, Alloin & Fosbury 1981; Evans 1988).
Furthermore, the presence of correlations between the width of the
lines and the corresponding IP and/or critical density of the transitions
were taken as evidence of a stratification in the ionization state of the
gas, in the sense that the high-ionization gas would be located in the
inner portions of the NLR with low-ionization gas farther out. The
discovery of blue asymmetries, split line profiles and gas kinematics
largely departing from rotation in the CLs suggested that at least part
of the coronal gas is associated with outflowing material from the
NLR (Erkens, Appenzeller & Wagner 1997; Rodriguez-Ardila et al.
2002, 2006; Miiller-Sanchez et al. 2011; May et al. 2018).

However, not all AGNs with CLs display such extreme properties.
Rodriguez-Ardila et al. (2011) found that the positive correlation
between FWHM and IP was detected in 10 out of 54 galaxies
examined. In some objects of their sample, no dependence at all
between these two quantities was found while in some others, CLs
have widths comparable to or even smaller than those displayed
by low-ionization lines. Similar results were previously reported by
Knop et al. (1996).

In CLiF AGNs, RET15 did not identify a correlation between
FWHM and IP in any of the galaxies examined. In all cases, the
distribution of FWHM values tends to be similar for low and high IP
lines. Because of the availability of lines of higher IP in the NIR and
the larger spectral resolution of our data compared with those of the
SDSS, we revisited this issue.

Fig. 18 plots the FWHM versus IP for the seven CLiF AGNs of
the sample. Even with the addition of new lines of high IP, there
is no clear distinction between the FWHM of CLs and that of the
low IP lines, confirming the previous results of RET15. Indeed, the
distribution of values of FWHM found in CLiF AGNSs is similar
to that measured by Rodriguez-Ardila et al. (2011) for non-CLiF
AGNSs. Fig. 18 shows that NIR CLs display FWHM from 250 km s~
(ESO 138-G001 and Mrk 1388) up to values larger than 1000 km s~
(SDSS J1644-43 and NGC 424). This same range in linewidth is also
observed in low-ionization lines. This suggests that the velocity field
of the NLR in CLiF AGNs and non-CLiF AGNs may be intrinsically
the same.

Our data also confirm the lack of any trend between line shifts from
the systemic velocity, AV, and the IP reported by RET15. Column 3
of Tables A1-A6 and B1-B6 lists AV (in kms~") for each emission
line detected in the sample. It can be seen that the measured shift of
the forbidden and permitted lines fluctuates regardless of the IP of
the line. Also, no trend is detected between AV and FWHM.

Our results suggest that the region where the CLiF AGN is
produced shares the same kinematics as the gas responsible for the
emission of low-ionization lines. Under the assumption of a virialized
velocity field and a stratification in the ionization state of the gas, in
the sense that high-ionization lines would be produced closer to the
central source (i.e. the torus) and lower-ionization lines outwards, we
would expect a positive correlation between FWHM and IP, which is
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Figure 18. FWHM versus IP of the emission lines identified in the sample of CLiF AGNs. The blue dots represent the measurements for optical lines while
brown dots are for NIR lines. The vertical dashed line represents the boundary for a line to be considered as coronal (IP > 100 eV). The horizontal dashed line

is the average value of the FWHM for each source.

not observed. The lack of such correlation, however, does not make
CLiF AGNs special, as similar results were previously related in
many other non-CLiF AGNs (Knop et al. 1996; Rodriguez-Ardila
etal. 2011).

We highlight that extended emission from the NLR was not
detected in any of the sources examined here. In all cases, the NLR
was restricted to sizes <2 arcsec in the spatial direction of the slit.
For the closest objects (ESO 138-G001, NGC 424, Mrk 1388 and
II1Zw 77), it translates to scales down to ~400 pc. Therefore, the
NLR of these objects should be very compact. If no stratification in
gas ionization exists and the velocity field is not virialized, under
seeing-limiting conditions, no correlation between FWHM and IP is
expected. In order to confirm this scenario, we need observations of
CLiF AGNs with telescopes equipped with AO systems that allow
us to resolve angular scales down to tens of parsecs and at spectral
resolutions of R > 4000. These data would allow us to put firm
constraints on the kinematics and likely location of the CL region in
such objects.

5.2 Stellar velocity dispersion and determination of black hole
mass

Some of the spectroscopic properties displayed by CLiF AGNs can
be explained if the mass of the central black hole is small (Mpy < 107
Mp). Assuming that the CL region is photoionized by the continuum
emitted primarily by the accretion disc, AGNs with smaller mass
black holes will have hotter discs. In such a case, the peak of the
spectral energy distribution is shifted towards higher energies. Under
this scenario, CLs will be favoured because of the large supply of
photons with energies in the X-ray domain. This idea was explored
by Cann et al. (2018), who propose that intermediate mass black

hole galaxies (103 < Mgy < 5 x 10®) M, can be found by using the
detection of bright CLs in the NIR and MIR region.

In this work, we determine Mgsypu from the stellar velocity
dispersion o, obtained from the stellar population fit in the optical
and NIR using pPXF. The relationship proposed by Kormendy & Ho
(2013) was employed.

In order to measure o, in the NIR, we employed the Gemini
NIR late-type stellar library (Winge, Riffel & Storchi-Bergmann
2009), which contains 60 individual stellar spectra with spectral
types ranging from F7III to M5 III, observed in the K band with a
resolution of ~3.2 A (FWHM). For the optical spectra, the region
containing the Call triplet was employed. In this case, we used
the stellar templates of Cenarro et al. (2001), which contains 706
stellar spectra with 1.5 A (FWHM) spectral resolution. These spectra
are part of the medium-resolution Isaac Newton Telescope library
(MILES; Sanchez-Blazquez et al. 2006).

The fits carried out with pPXF for the region of the CO and CaT
absorption are shown in Figs 19 and 20, respectively. Table 6 displays
o obtained and the corresponding mass of the SMBH (Msypy) for
each galaxy. When two measurements of ¢ were available, we took
the average of both values and the result was employed to determine
Mgyl - From our sample of seven galaxies, we were able to measure
the mass of the central black hole in six of them. Note that we do
not employ the virial relationship because the strength of the broad
component in HB or even in He was weak and this could introduce
a bias in the Msypy determination.

Table 6 shows that CLiF AGNs display values of Msypy over a
very narrow interval of Mgygy, between 107 and 10 M. NGC 3786,
4151 and 5548 are among bona-fide Type I AGNs with Mgyvpy in
the above range (Bentz & Katz 2015). They display a very rich CL
spectrum, in both the optical and the NIR (Evans 1988; Knop et al.
1996; Rodriguez-Ardila et al. 2011). Therefore, the CLiF nature of
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Figure 20. The same as Fig. 19 but for the region around the CaT absorptions.

our sources cannot be ascribed to a mere effect of the central black
hole mass. It is certainly worth exploring other properties, such as
bolometric luminosity, Eddington ratio and accretion rate, for CLiF
and non-CLiF sources in order to detect any trend that could explain
the peculiar properties of the former. We leave this analysis for future
work as it is first mandatory to expand the number of sources with
CLIiF properties for meaningful statistics.

6 FINAL REMARKS

In the contemporary scenario, the study of forbidden high-ionization
lines in AGNSs is of great importance in order to gather crucial
insights about the most energetic processes in the inner portion of
the NLR. Here, we have carried out a multiwavelength analysis
of a selected group of AGNs known to display a prominent CLiF
spectrum. In addition to optical data, we include the first report of NIR
spectroscopy on these objects in the literature. The combination of
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optical and NIR spectroscopy aims to improve our understanding of
the physical processes at work in the central parsecs of these objects
and to unveil whether CLiF AGNs are indeed a special class of AGNs.
The main results gathered from this work are summarized as follows.

(i) The optical and NIR continuum emission in CLiF AGNs
observed under seeing-limited conditions is strongly affected by the
underlying stellar population of the host galaxy. Thus, in order to
study the gas emission, it is first necessary to model and subtract
that component. In the NIR, in addition to the stellar contribution, a
continuum emission due to dust heated at temperatures between 700
and 1500 K by the AGN is also present. It dominates the H-band
continuum and redwards.

(i1) The analysis of the emission-line spectrum showed the pres-
ence of broad components with FWHM > 2000 kms™' in the
permitted lines in three out of four galaxies previously classified
as Type II AGNs. This result points out that the sample of CLiF
AGN:s is dominated by Type I objects instead of Type II.

(iii) Because of the increase in wavelength coverage by including
NIR spectra, we employed five different diagnostics of extinction to
assess if dust is present in the NLR. We found that CLiF AGNs are
affected by reddening in the nuclear region, with values in the range
0.12 < E(B — V) < 0.57. In this determination, the subtraction of
the stellar population proved to be critical, as HB may be strongly
diluted by the presence of that component.

(iv) We derived the emission-line flux ratios [Fe X1] A7890/[Fe X]
16374 and [FeX] A6374/[Fevi] 16087 in the optical and
[Sivi] 1.963 um/[Six] 1.43 pum and [S viI] 0.991 pm/[S1X] 1.251
pm in the NIR for the CliF AGNs. They were compared with those
measured in normal AGNs with CL emission. The analysis showed
that the two groups of AGNs are not distinguished regarding the
relative strength of these CLs. However, it is interesting to note that
CLiF AGNs display simultaneously all CLs previously identified in
other AGNs. This strongly contrasts with what is found in samples of
non-CLiF AGNSs, where less than 5 per cent of the galaxies display
lines such as [Fexi] or [S X1]. Moreover, CLiF AGNs display a
conspicuous forest of [Fe V], [Fe vi] and [Fe vi1] lines in the optical
region, rarely seen in classical AGNs.

(v) The remarkable CL spectrum displayed by CLiF AGNs and
their strong intensity relative to low-ionization lines suggests that
these sources have an NLR dominated by matter-bounded clouds.
Such clouds are responsible for the emission of high-excitation
lines. Ionization-bounded clouds, where the low-ionization lines are
emitted, should be outnumbered by the former.

(vi) Temperature and density diagnostics were employed to char-
acterize the physical state of the NLR in the CLiF AGN sample.
We found values of T, in the range 10*—6.3 x 10* K, measured
from the [O 1] and [S 11] lines. Temperature diagnostics using low-
ionization lines ([N11] and [S1]) suggest smaller T, of ~10* K.
This result further supports our hypothesis of a matter-bounded
dominated NLR. Values of gas density (n.) using sulphur and argon
lines indicate values close to 500 cm™ and up to 1.6 x 10* cm™3,
respectively. Overall, the NLR ionization mechanism is associated
with photoionization by the central source although the presence of
shocks is not fully discarded.

(vii) The kinematics of the NLR show that the CL gas shares
similar characteristics to that emitting low-ionization lines. For
instance, no trend between FWHM and IP is observed, even after
considering several lines with IP >100 eV and up to ~500 eV. Thus,
it is not possible to assess if the gas responsible for the coronal
emission is located in the inner portion of the NLR. However, the
lack of extended NLR emission in all CLiF AGNs suggests that
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Table 6. Values of o in units of km s~! and the values obtained for the masses of the SMBHs (M) by means of the
M-o ratio (Kormendy & Ho 2013).

Galaxy oco ocaT o MsmBH

ESO 138-G001 124.90 % 7.01 131.03 + 14.30 127.96 + 7.96 437105 x 107
SDSS J164-+43 - - - 2.7£04 x 1072
I Zw 77 166.99 £ 14.72 161.59 £ 10.17 164.29 & 12.44 1317010 x 108
MRK 1388 160.41 £ 20.55° 112.95 + 8.30 112.95 + 8.30 2.5371:0% x 107
SDSS J124-+44 - 119.97 + 18.43 119.97 + 18.43 3.297785 x 107
NGC 424 - 146.65 £ 12.76 146.65 £ 12.76 7.947785 x 107

2 For this object, it is not possible to identify stellar absorption signatures. The power law that describes the AGN emission
has a greater influence on the continuum (see Figs 5 and 6). Thus, we employed the virial relation of Vestergaard &
Peterson (2006), which relates the black hole mass to the brightness of the AGN emission continuum at 5100 A and the
width of the BLR hydrogen lines.
b As can be seen in Fig. 19, the K-band spectrum does not have well-defined CO absorptions, so this value was not used

in the analysis.

the bulk of the NLR gas is nuclear, and subjected to our angular
resolution, presumably within the inner 500 pc.

(viii) We determined the mass of the SMBH, using the M—o
relationship and the virial scaling using the FWHM of HB and the
continuum luminosity at 5100 A. All masses were found to be in a
very narrow range of values, between 107 and 10% M. This result
rules out the hypothesis that the CLiF AGNs are due to a very hot
accretion disc (i.e. that produced by a small black hole mass AGN).

We conclude that CLiF AGNs are not a separate class of AGNs due
to the enhancement of the forbidden high-ionization line spectrum.
However, when compared with non-CLiF AGNSs, they usually occupy
the high end of the distribution either in CL luminosity or when a
line flux ratio between a given CL and HI lines is considered. It
is fundamental to identify a larger number of sources with similar
characteristics to elaborate more definitive conclusions about the
properties of the NLR in these objects. Moreover, observations of
existing sources, at least the closest ones, at larger angular resolutions
will strongly help to put firm constraints on the size of the NLR and
of the CL region.
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