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ABSTRACT

Context. Difterent studies have reported the so-called temperature problem of the narrow line region (NLR) of active galactic nuclei
(AGNS). Its origin is still an open issue. To properly address its cause, a trustworthy temperature indicator is required.

Aims. To determine the temperature of an emission line plasma, the [O I11] (14363A/15007A) line ratio is typically used. However,
in the case of the NLR of AGNS, this ratio is not reliable when the electron density extends much above 10° cm™ as collisional
deexcitation strongly affects this ratio independently of the temperature. To verify the density regime, we need a density diagnostic
that applies to high excitation plasma.

Methods. We propose that the weak [Ar1v] 114711,40A doublet is the appropriate tool for evaluating the density of the high excitation
plasma. We subsequently made use of the recent S7 survey sample to extract reliable measurements of the weak [Ar1v] doublet in
16 high excitation Seyfert 2s. As a result we could derive the plasma density of the NLR of our Seyfert 2 sample and compared the
temperature inferred from the observed [O 1] (/143631&//150071&) ratios.

Results. It was found that 13 Seyfert 2s cluster near similar values as the [O 111] (/1436310\//150071&) ratio, at a mean value of 0.0146 +
0.0020. Three objects labeled outliers stand out at markedly higher [O 111] values (>0.03).

Conclusions. If for each object one assumes a single density, the values inferred from the [Ar1v] doublet for the 13 clustering objects
all lie below 60 000 cm™3, indicating that the [O 11T (/14363A//150071°%) ratios in these objects is a valid tracer of plasma temperature.
Even when assuming a continuous power-law distribution of the density, the inferred cut-off density required to reproduce the observed
[Ar1v] doublet is in all cases <10>! cm™. The average NLR temperature inferred for the 13 Seyfert2s is 13000 + 703 K, which
photoionization models have difficulty reproducing. Subsequently we considered different mechanisms to account for the observed
[O 1] ratios. For the three outliers, a double-bump density distribution is likely required, with the densest component having a density

>10°cm™.

Key words. line: formation — plasmas — galaxies: active — quasars: emission lines — galaxies: Seyfert

1. Introduction

Prevailing models of the narrow-line region (NLR) of active
galactic nuclei (AGNs) consider a distribution of photoion-
ized clouds that extends over a wide range of cloud densities
and ionization parameter values, whether the targets are Type I
AGNs (Baldwin et al. 1995; Korista et al. 1997; Baskin & Laor
2005) such as quasars1 (QSO 1s), Seyfert 1s and broad-line radio
galaxies, or alternatively TypeIl objects (Ferguson et al. 1997;
Richardson et al. 2014) which consist of Seyfert 2s, QSO 2s and
narrow-line radio galaxies (NLRGs).

T Deceased.
' The term “quasar” is used to refer to Type I AGNss.

A concern when modeling the AGNs emission lines is the
handling of the plasma density, a parameter that can impact for-
bidden line ratios and affect temperature estimates. AGN-driven
outflows are believed to play a crucial role in galaxy evolution by
curtailing star formation in massive galaxies, thereby suppress-
ing the high-mass end of the galaxy luminosity function (e.g.,
Croton et al. 2006). Accurately estimating outflow mass rates
and energetics is therefore critical in understanding precisely
how these outflows regulate star formation across cosmic time.
Constraining these parameters requires knowledge of the plasma
density gradient toward the nucleus, as this is needed to mea-
sure the ionized gas mass, which is in turn essential in evaluat-
ing mass outflow rates and wind energetics (e.g., Nesvadba et al.
2008).
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At densities above the critical density n. of a particular for-
bidden line transition, collisional deexcitations from the excited
states begin to dominate over radiative deexcitations, reducing
the strength of the corresponding emission lines (Osterbrock
1989). In the particular case of the [O 1] (14363A/15007A)
ratio (hereafter Royy), in order to reliably determine the plasma
temperature of the high ionization emission regions, we must
quantify to which extent this ratio is affected or not by col-
lisional deexcitation. For this purpose, we rely on the weak
[Ar1v] /1/14711,4010\ doublet, which is a “direct” density indi-
cator appropriate to high ionization plasmas (Wang et al. 2004;
Kewley et al. 2019).

This work is a follow up of the Binette et al. (2022, here-
after BVM) paper which studied the Seyfert2 sample of Koski
(1978, hereafter Kos78), which had the particularity of pro-
viding reliable measurements of the [ArIV] doublet in seven
objects. The average NLR temperature BVM inferred from Royy
assuming a power-law density distribution was 13 500 K, which
standard single-density photoionization models cannot repro-
duce, underscoring the so-called “temperature problem” (here-
after TE problem), that is, where single-zone low density pho-
toionization models underpredict the observed Ropy ratios, as
reported in various NLR studies (Storchi-Bergmann et al. 1996;
Bennert et al. 2006a; Villar-Martin et al. 2008; Dors et al. 2015).
In the current work, we determined the NLR densities and cor-
responding plasma temperatures using a larger sample consist-
ing of 16 Seyfert2s from the S7 survey (Dopita et al. 2015;
Thomas et al. 2017), which present reliable measurements of the
weak [Ar1v] doublet. We subsequently explored possible expla-
nations to account for the larger temperatures observed with
respect to standard photoionization calculations.

Following the introduction of Sect. 1, we compare in Sect. 2
various methods for determining the NLR densities and in partic-
ular the advantage of using the [Ar1v] 14711,40A doublet lines.
In Sect. 3 we describe the S7 survey and the procedure adopted
for the extraction of the [ArIV] doublet while in Sect. 4, using
the [O 1] (/143631&//15007,&) lines, we determine the tempera-
ture characterizing the Seyfert2 galaxies of our sample taking
into account the densities we inferred from the [Ar1v] doublet.
In Sect. 5 we look at the implication of the densities encountered
in the determination of outflow kinematics. The plasma temper-
atures we derive are higher than those predicted by the standard
photoionization models as indicated in Sect. 6, while in Sect. 7
we review alternative explanations such as a double-bump ion-
izing energy distribution, the predominance of matter-bounded
photoionized components, the presence of temperature fluctua-
tions, and finally the possibility of a non-Maxwellian electron
energy distribution. Throughout this paper, the adopted cosmo-
logical parameters are Hy = 67.4kms™' Mpc™' and Q,, = 0.315
(Planck Collaboration VI 2021).

2. Studies of the NLR and ENLR of active galactic
nuclei

2.1. Contrast between Type | and Il narrow line regions

In the NLR of TypeI AGNs, significant collisional deexcitation
of the [O 1] /1/14959,50071& lines? takes place, as corroborated
by the work of Baskin & Laor (2005, hereafter BL0O5) who com-
pared the Romn (/14363;%//150071&) ratios observed in 30 quasars
from the Boroson & Green (1992) sample. The measured ratios
extended from 0.02 to 0.2. On the other hand, as pointed out

2 From level 'D;, to levels >P; and 3P,.
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by BVM, the Type Il AGNs from the Kos78 sample show Royy
similar to those observed in the spatially resolved extended NLR
(hereafter ENLR) where the densities encountered are moderate,
typically <10° cm™3. Although some level of collisional deexci-
tation might be present in the Kos78 sample, BVM concluded
that its impact on the observed [O1I1] lines fluxes was not sig-
nificant given that the densities they inferred from the [Ar1v]
doublet were all below 10* cm™3. The explanation they proposed
for their Seyfert2s to share a similar Ropy ratio that does not
extend to the higher values commonly observed in quasars is
the orientation of the AGN ionizing cone with respect to the
observer.

As suggested earlier on by Nagaoetal. (2001, here-
after NMT), the geometrical set up behind the AGN uni-
fied model (Antonucci 1993) might apply not only to the
BLR but to the inner denser parts of the NLR which pos-
sibly becomes partly obscured in Typell objects. NMT for
instance found that Typel Seyferts show a statistically higher
Rom than Type II Seyferts. Meléndez et al. (2008a) favor a
similar interpretation with respect to the mid-infrared coro-
nal lines by pointing out that the mean [O1]A5007A line
luminosity is 1.4dex smaller in Seyfert2s than in Seyfert s
while in the case of the mean luminosity of the far-
infrared [O1V] A25.89 um line, the difference between the
two subgroups is only 0.2dex. This corroborates the ear-
lier works of Jackson & Browne (1991), Cameron et al. (1993),
Mulchaey et al.  (1994), Keeletal. (1994), Rhee & Larkin
(2005), Netzer et al. (2006) who pointed out that a much higher
dust extinction affects the NLR of Seyfert2s in comparison to
Seyfert 1s. Interestingly, Kraemer et al. (2011) found that among
AGNs with strong inclinations (i.e., with b/a > 0.5), a com-
parison of the Roy and [OTII]/[O1V] (/15007A/28.59 um) ratios
among their sample reveal that Seyfert 2’s tend to present lower
values of both ratios with respect to Seyfert 1s, which they pro-
posed is indicative that more extinction of the NLR emission is
present in Seyfert 2s.

The ENLR densities inferred from the red [S 11] 116716,3 1A
doublet by Bennert et al. (2006a,b) appear in most cases to
be increasing toward the nucleus. If this gradient extended
inward toward the supermassive black hole (SMBH), the result-
ing densest NLR sections might be expected to become hidden
in Seyfert2s although not in Seyfert Is. A graphical descrip-
tion of such geometry is illustrated in Fig. 2 of Bennert et al.
(2006¢). Further information concerning the plasma densities
inferred from the [S II] doublet is given in Appendix A.

2.2. Densities characterizing the spatially resolved ENLR

By ENLR we emphasize that we specifically refer to emission
from plasma components that are spatially resolved. For the
Seyfert 2s of our sample, this implies any plasma localized at a
projected radial distance rgy (from the SMBH) higher than 1.5
times the seeing size. In brighter objects such as QSO 2s, how-
ever, this minimum distance has to be larger since the central
source can dominate the emission up to several times the see-
ing size due to atmospheric blurring, causing a mixing of the
unresolved nucleus emission with the foreground ENLR emis-
sion (Villar-Martin et al. 2016). For observations taken with the
Hubble Space Telescope (HST), since no seeing is present, the
ENLR initiates closer to the SMBH, at a projected radius rgy
equals to the slit width. Incidentally, ground-based adaptive optics
measurements such as obtained with VLT MUSE offer a spatial
resolution approaching that of HST (e.g., Winkel et al. 2022).
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With HST observations, owing to the high spatial resolution,
the ENLR can be resolved down to a smaller radial distance of
typically ~0.2” from the SMBH. For instance, while ground-
based observations of Royyy of the nucleus of NGC 1068 indicate
a value comparable to that observed in other Seyferts 2s (BVM),
the HST-FOS measurements analyzed by Kraemer et al. (1998)
show emission from two knots situated at distances rgy from
the nucleus of 0.7 and 0.2”, respectively (i.e., at 57 and 16 pc,
respectively), which are superposed to a diffuse background
emission. The spectra of these knots are consistent with a radial
increase of Ropp toward the spatially unresolved nucleus where
it reaches its highest value (see position of the three knot Roy
measurements in Fig. 1 of BVM). The diffuse plasma emission
surrounding the knots and the nucleus presumably dominates
in luminosity since ground-based observations of the nuclear
region do not show an unusual integrated Royy ratio. The gra-
dient in the Royy ratio across the knots and the unresolved inner
nucleus might be the result of an increase in temperature due to
shock excitation, or more likely, to collisional deexcitation, as
was proposed by BLOS5 for the NLR of their quasar sample.

To confirm when collisional deexcitation of [O IIT] is present
or not, a reliable option to evaluate the densities consists in using
the [Ar1v] (14711A/24740A) doublet ratio. Using the Magellan
Echellette spectrograph mounted on one of the Magellan Tele-
scope, Congiu et al. (2017) succeeded in measuring the radial
behavior of the [Ar1v] doublet ratio within the ENLR of two
Seyfert 2s, IC 5063 and NGC 7212. The densities they inferred
were all below 10* cm™3, except at the nucleus on the north side
of IC 5063. Using the VLT X-shooter spectrograph, Holden et al.
(2023) obtained deep observations of IC 5063 where the [Ar1V]
doublet measured in the nucleus implied a density in log;, of
3.79* 018 em 3.

2.3. Prior studies of NLR densities in Seyfert2s

Evidence of collisional deexcitation of Royy ratio is presented
by Komossa & Schulz (1997) who addressed the TE problem by
exploring a wide range of parameters in their photoionization
calculations. Five of the 36 Seyfert2 of their sample indicated
Romn ratios above 0.03. Single density matter-bounded mod-
els with n, > 10° cm™> and a high ionization parameter could
reproduce the observed high Royy ratios. However, in order to
reproduce the line ratios of other ionic species ([N1I], [OT1],
[O11], [Ne1I] etc), the authors had to adopt a multicomponent
approach that combines photoionization models of four differ-
ent densities (logn = 2, 3,4, 5) independently distributed at four
galactocentric radii. These components shared the same weight
in HB luminosity (30%), except the densest (10% for logn =
5). In conclusion, the models that Komossa & Schulz (1997)
favored assume subsolar metallicities and an ionizing SED con-
sisting of a thermal bump superposed to a steep ayy = —2 power
law. This procedure lead to a reasonable match to the behavior
of the selected line ratios although the highest observed values
of Romn ~ 0.03 could not be reproduced.

Another version of multicomponent calculations consists
of the Locally Optimally emitting Clouds (LOC) models of
Richardson et al. (2014, hereafter Ril4) and Ferguson et al.
(1997, hereafter Fg97) who calculated an extensive grid of mod-
els where each calculation integrates the line fluxes over a wide
range of both radii from the ionizing source and of cloud den-
sities at each radius (up to 10'° cm™>). The abundances adopted
corresponded to 1.4 Z;. To model the high excitation Seyfert 2s,
their target ratios consisted of the subset a41, which represents

a weighted average of different optical lines derived from the
Sloan Digital Sky survey (SDSS) survey by Ril4 after apply-
ing the Mean Field Independent Component Analysis (MFICA)
tool (see also Allen et al. 2013) to their SDSS sample consist-
ing of ~10* Type Il emission line galaxies in the redshift range
0.1 < z < 0.12. Given the wide distribution of the densities cov-
ered by LOC models, collisional deexcitation is fully taken into
account and it allowed their models to reproduce the Royy ratio
of the a41 subset as well as the bulk of the other line ratios con-
sidered. As pointed out by BVM, however, no direct evidence
was found that the densities of the observed NLR in Seyfert 2s
extended beyond 10°cm™, even after assuming a power-law
density distribution that extended up to a density cut-off con-
sistent with the observed [Ar1v] doublet ratio, which suggests
that the much denser NLR observed in Type I AGNs (see BL0S5)
might generally be hidden in Seyfert 2s. In the current study we
apply a similar approach but to a larger sample.

2.4. An approach based on the [Ar1v] 114711,40A
diagnostic

The [Ar1v] doublet is a direct density diagnostic well suited to
studies of high excitation plasma (see Kewley et al. 2019). It has
traditionally been used in the context of planetary nebulae (PNe).
Since the ion Ar*? is located in the high ionization plasma, the
densities inferred are more directly related to the [OIII] emis-
sion regions than those derived from the [S IT] red doublet, which
originates from the low ionization plasma. Its relative weakness,
however, has hampered its use in AGNs studies. For instance,
out of the 2153 Seyfert2s extracted from the SDSS-DR7 data
release by Vaona et al. (2012), the [Ar1v] doublet could be mea-
sured in only seven objects while the [O111] 14363A line was
measured in 86 objects and the Fe Vi1 16086A line in 96 objects.
Interestingly, the densities inferred by Vaona et al. (2012) from
the [Ar1v] doublet assuming a temperature of 10* K were on
the order of 10°cm™ (for their seven Seyfert2s) while those
they inferred using the [SII] doublet in 2300 objects showed a
median value of 250 cm™ and only in 97 objects were the den-
sities found to be higher than 10° cm™. The aim of the current
study is to extend to a larger sample the analysis of BVM who
disposed of only seven high excitation Seyfert 2s with measured
[Ar1v] (14711A/24740A) ratios.

Assuming a 14000K plasma, the critical densities® for
the upper levels of the [Ariv] A4711A and 14740A lines
are 1.69 x 10* and 1.52 x 10° cm™ while for the Royp tem-
perature indicator, the critical densities of the upper levels
of the [O1m] A5007A and A4363A lines are 7.67 x 10° and
2.79 x 107 cm™3 respectively. These results were derived using
the PYNEB library version 1.1.18 (Luridiana et al. 2015). The
atomic data for [ArIV] used by default in PYNEB are taken
from Rynkun et al. (2019) and Ramsbottom et al. (1997), and for
[O 1] from Storey et al. (2014), Storey & Zeippen (2000) and
Froese Fischer & Tachiev (2004). The effect of atomic data on
the densities determined from a given diagnostic line ratio can be
important (Morisset et al. 2020). We have explored all the com-
binations of atomic data for [ArIV] published after 1980, which
are available in PYNEB, and obtain very similar values. The same
applies for the critical densities obtained for [O III] where very
similar results are also obtained, regardless of the atomic data
used.

3 In accordance to the definition of critical density from Osterbrock
(1989).
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Table 1. High excitation Seyfert 2s from the S7 survey with reliable measurements of the [ArIV] doublet.

(D 2 3 4 (&) O (7@
Index Object name  Aperture Redshift Ay [O1T]/HB He1i/HB

# (arcsec) z % %

1 NGC 5506 1”7 0.0061 2.85 7.08+0.10 0.15+0.014
2 NGC 1320 1”7 0.0093 1.84 9.43+0.11 0.34+0.012
3 NGC 5643 1” 0.0040 0.00 11.1+0.11  0.23+0.009
4 Mrk 573 4" 0.0172 1.11 10.2+0.04 0.30+0.004
5 NGC 3281 4” 0.0107 1.72 8.19+0.08 0.33+0.007
6 ESO 137-G34 4” 0.0091 1.84 9.56+0.05 0.22+0.005
7 NGC 4939 4” 0.0104 1.62 10.2+0.06  0.30 +0.006
8 NGC 3393 1” 0.0125 1.16 9.04+0.07 0.24 +0.006
9 NGC 7682 1” 0.0171 1.30 9.75+0.11 0.18+0.010
10 IC 5063 4" 0.0114 2.39 8.47+0.05 0.11+0.004
11 NGC 5728 47 0.0093 1.21 8.70+£0.06 0.18+0.007
12 1C 4995 1” 0.0161 0.83 123+0.13  0.30+0.010
13 1C 2560 17 0.0098 0.60 11.6£0.15 0.28+0.012
Outliers Averages: 9.67 0.243 +0.072
a ESO 138-GO1 4” 0.0091 0.87 8.44+0.029 0.27+0.003
b Mrk 1210 4" 0.0135 1.00 9.38 +£0.040 0.20+0.004
c NGC 4507 4”7 0.0118 1.15 8.06+0.021 0.17+0.002

Notes. “Line ratios were corrected for reddening assuming a Balmer decrement of 3.1.

3. The Seyfert2 sample extracted from the S7
survey

3.1. The S7 survey data release

Our sample was originally extracted from the final data release
(Dopita et al. 2015; Thomas et al. 2017) of the Siding Spring
Southern Seyfert Spectroscopic Snapshot Survey*. The S7 sur-
vey was performed over 2013-2016 using the Wide Field
Spectrograph (WiFeS) on the ANU 2.3m telescope at Sid-
ing Spring Observatory (Dopita et al. 2015). The sample con-
sists of 131 galaxies where most have been selected from the
Véron-Cetty & Véron (2006, 2010) catalogs of AGNss.

Among the 122 galaxies of the S7 sample with reliable mea-
surements of the [O III] A4363A line, we excluded objects clas-
sified as Seyfert s, or starbursts or having hybrid nuclei. As in
the BVM study, we only considered objects where the [Ar1v]
(1471 1&//14740;\) ratio is satisfactorily measured. This allows
us to evaluate to what extent the optical [O IIT] emission lines are
affected by collisional deexcitation, which is frequently observed
to be the case in the NLR of quasars (Baskin & Laor 2005). We
only considered high excitation Seyfert2s, that is objects with
a dereddened [O)/HB (15007A/14861A) ratio >7.0. It was
not possible to define an excitation sequence of Seyfert2 spec-
tra since there were too few objects of lower excitation with a
detectable [Ar1v] doublet. One advantage is that we are avoiding
possible degeneracies due to a mixture of ionization mechanisms
and/or to a wide range of ionization parameter, U. Our sam-
ple represents objects of comparable excitation that likely share
the same excitation mechanism, that is photoionization from the
AGN nuclear accretion disk.

Our final sample consists of 16 high excitation objects as
listed in Table 1. Their redshift covers the range 0.004 < z <
0.0171. After we excluded the three outliers (labelled a, b, ¢)
with anomalous Roj ratios (as discussed in Sect. 3.5), the aver-
age [O1I]/HB (15007A/14861A) ratio is 9.67, which is com-

* Currently available at https://docs.datacentral.org.au/s7/
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parable to the high excitation subset a41 from Richardson et al.
(2014) with [O 1I]/HB = 8.6.

3.2. New emission line extraction

The flux of the blended [ArIV]+ A4711A line’ is on average
three times weaker than the [O III] A4363A line; as a result, accu-
rate density estimates using the [ArI1v] doublet ratio require high
S/N spectra. Visual inspection of the [Ar1V] fits provided in the
official S7 data release showed them to be unreliable in a large
fraction of galaxies due to their faintness and prominent stellar
absorption features. We therefore opted to use a bespoke emis-
sion line fitting procedure to obtain more accurate fluxes.

3.2.1. Emission line fitting procedure

Most galaxies in our sample exhibit complex emission line pro-
files due to AGN-driven winds and outflows, or strong jet-ISM
interactions, as in the case of IC 5063 (Morganti et al. 2015). As
a result, multi-Gaussian component fits are required to accu-
rately capture the fluxes of strong lines such as [O111] A5007A
and HB. However, fitting multiple Gaussians that target the much
weaker blended lines such as He1 24713A or [Ne1v] A4T15A
cannot be justified at the comparatively low S/N of these com-
ponents. Furthermore, this could introduce systematic errors due
to possible mismatch of the stellar templates that are being fit.
For this reason we adopted the following consistent approach to
derive accurate measurements of the emission line fluxes.

First, the blue and red datacubes were spliced together to
create a single “combined” datacube spanning 3500-7000 A.
This was achieved by spectrally convolving the higher-resolution
R7000 cube with a Gaussian kernel in wavelength to the same
resolution as the B3000 cube before splicing them together.

The aperture spectra were extracted from the B3000 and
combined data cubes using the galaxy center coordinates given

5 The appended + symbol denotes the presence of line blending.
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Fig. 1. Observed spectrum of Mrk 573 (black solid line). The LZIFU emission line fit (red) is superimposed to the dashed line which represents the

stellar continuum fit.

in table S7_DR2_Table_2_Catalogue except for 12 galax-
ies® for which visual inspection showed the supplied values
to be off-center. Center coordinates for these galaxies were
taken to be the brightest pixel in a white-light image com-
puted by collapsing the combined cube in wavelength. Spec-
tra were corrected for foreground Galactic extinction using
the dust map of Schlafly & Finkbeiner (2011) together with
the Fitzpatrick & Massa (2007) extinction curve with R(V) =
Ay/E(B-V)=3.1.

Emission lines were fitted using the IDL package LZIFU’
(Ho et al. 2016). To extract accurate emission line fluxes, LZIFU
first uses PPXF (Cappellari & Emsellem 2004; Cappellari 2017)
to fit and subtract the stellar continuum by computing the lin-
ear combination of template spectra that best fits the data. We
used the Gonzdlez Delgado et al. (2005) stellar templates due to
their high spectral resolution. After subtraction of the stellar con-
tinuum, the emission lines are fit simultaneously using one or
more Gaussian components, where the line-of-sight velocity and
velocity dispersions are constrained to be the same for all emis-
sion lines within each component. Optional Legendre polynomi-
als may be included during the stellar continuum and emission
line fits to account for stellar template mismatch and/or flux cal-
ibration errors.

The nuclear emission lines were extracted from both the 1”
and 4" apertures. Although a larger aperture yields higher S/N, it
also results in greater contamination from the stellar continuum,
which has a variety of complex absorption features in the vicinity
of the [Ar1Vv] lines, as illustrated by the spectra of Mrk 573 in
Fig. 1. The final aperture chosen for each object was selected
based on the balance between emission line S/N and the severity
of systematic errors in the stellar continuum fit.

For red lines fluxes, including Ha 16563A and He 1 15876A,
we performed one, two and three component fits to the combined
spectrum, where the optimal number of components was evalu-
ated using the likelihood ratio test with a critical threshold of
0.01 (e.g., Ho et al. 2016). A Sth-order additive polynomial was
included in the stellar continuum fit to correct for flux calibration
errors. We then repeated this process on the B3000 spectrum
in order to obtain [O111] 15007A, HB 14861A, Hy 14340A and
[O11] 4363A fluxes. For these fits, a 12th-order additive poly-
nomial was included in the stellar continuum fit to correct for
flux calibration errors, and a 12th-order additive polynomial was

6 NGC424, NGC 1052, ESO 362-G18, MCG-01-24-012, NGC 3281,
NGC3 783, NGC 3831, NGC 4593, ESO 339-G11, NGC 6860, IC 5063
and NGC 7590.

7 https://github.com/hoiting/LZIFU

included during the emission line fit to compensate for residuals
due to stellar template match.

Visual inspection revealed significant stellar template mis-
match in some objects in the wavelength range encompass-
ing the [ArTv] doublet lines. We therefore ran a series of
tailored fits to obtain fluxes for these weak lines. Due to the
low S/N of these lines, they were fitted with only a single
Gaussian component to avoid introducing additional system-
atic errors. We first attempted to obtain [ArIv] fluxes from
the 1-component fits to the B3000 spectra discussed in the
paragraph above, where visual inspection was used to assess
the quality of the fits. If they were deemed unsatisfactory, we
ran a second fit on a smaller wavelength range encompass-
ing the [Ar1Vv] lines, including 3rd-order polynomials during
the stellar continuum and emission line fits, where the order
was reduced from 12 to compensate for the smaller wavelength
range.

There was a subset of nine objects for which visual inspec-
tion of the [ArIV] fits from both methods described above was
not adequate. In these galaxies, the structure of the noise and/or
the continuum shape underneath the [Ar1v] doublet and/or the
faintness of the [Ar1v] lines (in particular 1471 1A) led to severe
systematic errors in the LZIFU fits. For these objects, we man-
ually measured the flux of each [ArIv] line by fitting a sin-
gle Gaussian to each line, and by requiring the two doublet
lines to have consistent FWHM within the errors. As an addi-
tional test, we measured the fluxes simply by integrating the
flux underneath each line profile after subtracting the stellar
continuum fit generated by LZIFU. The continuum level and
shape were also defined separately for each individual emis-
sion line. Because in these objects the shape and level of the
continuum are the main source of uncertainty, in particular
due to the undulating stellar contribution, different assump-
tions had to be made. The reported flux errors in these affected
objects account for the dispersion of the flux values from both
methods.

3.2.2. Extinction correction of the measured line fluxes

All emission line fluxes were corrected for extinction intrinsic
to the AGNs using the Ha and HB fluxes. The internal galaxy
Ay was computed using the Fitzpatrick (1999) extinction curve
with R(V) = 3.1 and assuming an intrinsic Balmer decrement
Ha/HpB of 3.1, as is appropriate for regions dominated by the
hard ionizing spectra of AGNs (Dopita et al. 2015; Thomas et al.
2017).
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Table 2. NLR temperatures derived using the reddening-corrected ratios for our sample extracted from the S7 survey.

(1 2@ 3) @® ) (OK @) ®9  ©© 1P an
Index Object name Rou [ArTv]+ Rue/Ar Hel o [Nervl/[Ar1v]  fYeV [Ariv] Nsng Tom:
¢ iy g i B e @
1 NGC 5506 0.0161 £0.0031 1.27+0.21 523+0.856 0.185 - - 1.07 2428 13803
2 NGC 1320 0.0116+0.0012 0.85+0.08 0.84+0.090 0.040 - - 0.82 6038 12073
3 NGC 5643 0.0117+0.0009 0.85+0.13 1.06+0.157  0.050 - - 0.81 6194 12108
4 Mrk 573 0.0171+0.0004 0.82+0.04 1.02+0.047 0.051 - - 0.78 7226 14030
5 NGC 3281 0.0118+0.0016 1.08+0.10 1.30+0.120 0.068 0.45+0.30 0.38 0.75 7698 12115
6 ESO137-G34  0.0145+0.0007 0.79+0.10 1.84+0.151 0.099 - - 0.72 8527 13086
7 NGC 4939 0.0146+0.0008 0.90+0.07 1.06+0.056 0.058 0.22+0.14 0.19 0.72 8705 13125
8 NGC 3393 0.0127£0.0007 0.75+0.11 1.60+0.170  0.091 - - 0.69 9375 12426
9 NGC 7682 0.0172+0.0011  0.71+0.12 1.47+0.169 0.088 - - 0.65 10990 13987
10 IC 5063 0.0154+0.0010 0.68+0.07 1.46+0.133  0.091 - - 0.63 11794 13343
11 NGC 5728 0.0150+£0.0009 0.50+0.18 2.24+0432 0216 - - 0.41 26626 12910
12 IC 4995 0.0165+0.0008 0.44+0.06 0.79+0.076 0.076 - - 0.41 26966 13409
13 IC 2560 0.0155+0.0011 044+0.04 0.62+0.059 0.088 0.22+0.05 0.49 0.28 53903 12589
Outliers Average: 0.0146 +0.0020 (Tom): 13000+ 703K
a ESO138-GO1  0.0366+0.0004 0.69+0.02 2.57+0.075 0.238 - - 0.43 27919 19928
b Mrk 1210 0.0462+0.0006 0.52+0.07 227+0.163 0.207 - - 0.43 28404 23268
c NGC 4507 0.0485+0.0004 0.51+0.05 2.75+0.127 0.268 - - 0.41 32147 23918

Notes. @The list follows a descending order in the deblended [Ar1v] (14711A/14740A) doublet ratio (Col.9). ®Observed blended [Ar1v]+

(A4711A+/24740A) line ratio. ©Estimated fractional contribution fe!

blend
fractional contribution fg:nldv

of the He 1.14713A line to the observed [ArIV]+ 44711A line. @Estimated
of the [Ne1v] A14715A line (when detected) to the observed [ArIV]+ A4711A line. ©Target deblended [Ar1v]

(14711A/24740A) ratios after applying the blending correction(s) to the observed ratios of Col. 4. "Density values inferred from the deblended
[Ar1V] doublet ratio. (-")Temperature values deduced from the Royy ratios assuming a single density ngy,.

3.2.3. Deblending of [Ar1v] 14711A due to weak He1
A4713A and [Ne1v] 114715A lines

Following the dereddening of line ratios, the next step consisted
of deblending the observed [ArIv]+ A4711A line’, which is
blended with the much weaker He 1.14713A line, as pointed out
by Kewley et al. (2019), as well as with the [NeTV] A4715A
line. We note first that, in our LZIFU fits, we did not separately
fit the weak He 1 A4713A and [Ne1v] /10/14715A lines, which are
blended to the dominant [ArIV] A4711A line. The reason is that
in the majority of galaxies in our sample, the magnitude of the
stellar template mismatch exceeds the amplitude of these very
faint lines. Additionally, at the resolution of the B3000 spectra,
given the width of the line profiles, the [Ne V] 114715A lines
are fully blended with the [Ar1v] 1471 1A line and as a result,
the fluxes of both lines would be poorly constrained were they
to both be included in the fit. This is the reason for adopting
the deblending procedure described in Appendix B, which relies
on measurements of the He I/[Ar1V] (élS 8761&/44740A) ratio as
well as of the [Ne IV]/[Ar1V] (114725A/14740A) ratio when the
[Ne1v] A14725A doublet is detected. Neither deblending cor-
rections are sensitive to the plasma temperature. Visual inspec-
tion of the spectra revealed that five objects (ESO 138-GOl,
IC 2560, NGC 3281, NGC 4939 and NGC 5506) showed promi-
nent [NelV] A4725A emission. In these galaxies, the [NelV]
AA4725A fluxes (or upper limits, when the S/N was poor) were
estimated by manually fitting a single Gaussian profile as done
for the [Ar1v] A4740A line in or(oler to estimate the level of con-
tamination of the [Ar1v] A4711A flux by the [Ne1v] A14715A
doublet. Examples of the LZIFU fits in the region of the Hell
A4686A and [Ar1v] doublet lines are shown in Fig. 2 for six
objects.
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3.2.4. Line ratios from the high excitation S7 Seyfert2
sample

In Table 1, we indicate for each object the aperture that was
selected (Col. 3), the object redshift (Col. 4), the extinction val-
ues Ay (Col.5) inferred from the observed Balmer decrement,
and finally the reddening corrected ratios of [O111] (15007A/
A4861A; Col. 6) and He 1I/HB (14686A/14861A; Col. 7).

In Table 2, we subsequently list the dereddened ratios of
[O11] (14363A/25007A; Col. 3), [Ar1v]+ (A4711A+/24740A;
Col. 4), Rye/ar (15876A/A4740A; Col.5) and [NeIV]/[Ar1v]
(A24725A/A4740A; Col. 7). The subindex + refers to blending
being present in the [ArIv] A4711A line measurement due to
the unresolved Hel 14713A and [Ne1v] A14715A lines. The
adopted procedure for deblending [ArIv]+ (14711A+/14740A)
is described in Sect. 3.2.3 using the HeT A5876A and [Ne1v]
AA4725A lines, respectively. This correction is relatively minor
since the inferred intensity of the HeT (/147131&) line turns out
typically to be only ~12 + 5.3% of the (deblended) [ArIV]
A4711A line flux. Finally, the deblended [ArIv] ratios that
were used to constrain the NLR densities are listed in Col.9
of Table 2.

In Fig. 3 we present, as a function of the aperture D (in units
of kpc) projected on the sky, the distribution of the following
four quantities from Tables 1 and 2: the dust extinctions Ay and
the three dereddened ratios of Romr, [O 1] (15007A/14861A)
and [Ar1v]+ (/14711A+//l47401&). The red dots correspond to
the three objects identified as outliers due of their anomalous
Roqn ratios (see Sects. 3.3 and 3.5). No significant correlation
was found between Ay or the line ratios with the aperture size,
as indicated by the Pearson correlation coefficients (P), which
are all negligible (<0.5). We concluded that the use of distinct
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Fig. 2. Spectra showing the [Ar1v] doublet lines of six Seyfert2s (black solid line) from our sample after subtraction of the stellar and AGN
continuum fit. From left to right: NGC 5643, Mrk 573, ESO 137-G34, NGC 3393, IC 2560 and Mrk 1210. The LZIFU emission line fit (magenta

line) is superimposed to each spectrum.

aperture sizes did not have any significant impact on the results
presented in this work.

3.3. Distribution of Royyy ratios among S7 high excitation
Seyfert2s

The dereddened ratios of [O III] (/150071&//1486110\) versus Romr
of our S7 survey sample are illustrated in Fig. 4a. Unlike
quasars which extends over a wide range in Ropy (light-gray
open squares), our S7 sample of 13 Seyfert 2s (blue dots) cluster
around a similar Ropyy value. A navy colored circle (labeled S7)
represents their average Rop of 0.0146 + 0.0020. The circle’s
radius oy = 0.057 dex represents the sample dispersion of the
Ronn ratios. The three objects labeled “outliers” in Tables 1 and
2 stand out at much higher Ropy values, beyond seven times the
sample dispersion 5. Some of their characteristics are discussed
in Sect. 3.5.

It is noteworthy that a similar clustering takes place among
the seven high excitation Seyfert 2s studied by BVM?® using mea-

8 The S7 and BVM samples have one object in common: Mrk 573.

surements from Kos78. Their average Ropy is represented by
the red circle centered at Rop = 0.0168 and whose radius of
0.088 dex represents the sample’s RMS dispersion.

Interestingly, other samples show similar trends. For instance
the average of the four Seyfert2s studied by Bennert et al.
(2006Db, hereafter BeO6b), which is represented by the small red
open circle with dispersion bars representing the RMS disper-
sion. A much larger sample of Seyfert2s is represented by the
red open diamond which corresponds to the high excitation sub-
set a41 extracted from the SDSS survey by Ril4. Unfortunately,
only the [Ar1v] 4471 1A line was extracted by Ril4.

To illustrate the effect of collisional deexcitation on the Royy
ratio, the blue horizontal arrow in Fig. 4b represents the Royy
ratios of a 13000K isothermal plasma in which the density
successively takes on values that increase from 10?cm™ up to
10%° cm™3. For NLR densities above 10° cm™, we can expect
the Ropp ratios to take on much higher values as is indeed
observed among Typel AGNs from the BLO5 quasar dataset,
which are represented in Fig. 4b by light-gray open squares. On
the other hand, for the S7 Seyfert2s, the measured [Ar1vV] dou-
blet ratios from Table 2 show evidence that the observed NLR
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Fig. 3. Pearson correlation coefficients for our sample of high excita-
tion Seyfert2s from the S7 survey. From bottom to top panel, the V
band extinction in magnitudes Ay and the extinction corrected values of
observed [Ar1v]+ (14711A+/44740A), [O 1] (15007A/14861A) and
Rom line ratios (Tables 1 and 2) versus the aperture D (in kpc) used
to extract the spectra. The value of the Pearson correlation coefficient
(P) is indicated in each panel. The red points identify the three outliers
discussed in Sect. 3.5.

have densities <10° cm™>, in which case we can trust the Royy

ratio as a direct temperature estimator.

3.4. Comparison with ENLR observations

Superposed in Fig. 4b are the ratios observed from the spa-
tially resolved emission component of AGNs, the ENLR. They
are represented by three light-green filled symbols which were
extracted from the following samples: (i) the average of two
Seyfert 2s and two NLRGs (filled dot) from Binette et al. (1996,
hereafter BWS), (ii) the long-slit observations of the Seyfert 2
IC5063 by BeO6b (pentagon), and (iii) the average of seven
spatially resolved optical filaments from the radio-galaxy Cen-
taurus A (filled square) from Morganti et al. (1991, hereafter
Mo91).

A remarkable feature is the near superposition of the Rop
ratios from ENLR measurements with those of the NLR of
Seyfert 2s. Detailed modeling with photoionization calculations
(e.g., Tadhunter et al. 1994; Bennert et al. 2006a,b) indicated
that the ENLR emission occurs at low plasma densities (n, <
1500 cm™3). The simplest interpretation for the coincidence in
position in Fig. 4b of the Royy ratios from the ENLR and the
NLR data sets is that in both cases the emission corresponds to
relatively low densities in which collisional deexcitation is not
significant. Interestingly, the six quasars from the BLO5 sample
with the lowest values in Royy; share positions relatively close to
that of the NLR and ENLR measurements. We would propose
that the accumulation of AGNs at a similar position on the left
is most likely representing a floor AGN temperature where col-
lisional deexcitation of Royyy is not significant.
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3.5. The three outliers

The three Seyfert2s labeled outliers (yellow filled dots in
Fig. 4) correspond to the galaxies ESO 138-G01, Mrk 1210 and
NGC 4507. Although the densities inferred from the [Ar1v] dou-
blet are comparable to the other sample objects, their Royyy values
are significantly higher than the average of the other nuclei. They
depart from the averaged blue dots position in Fig. 4a by more
than seven times the cluster dispersion in Royyy. This could sug-
gest that their plasma is much hotter (~20000 K), possibly as a
result of fast shocks (Binette et al. 1985; Sutherland et al. 2003),
or alternatively could be caused by a dual-density distribution
where some plasma components might possess densities above
210%cm™ as was considered by BVM to account for the high
Ron values encountered in 3 luminous QSO 2s where they had
measurements of the [ArIv] doublet. Among the optical [O II1]
and [Ar1Vv] lines, the only one not affected by collisional deex-
citation in this case is the [OIII] A4363A line since its critical
density is much higher, at 4.5 x 107 cm™. With a dual-density
distribution where a very dense component is present, the inte-
grated [Ar1v] doublet ratio would be relatively unaffected by
such high density component.

Interestingly, a polarized BLR component has been detected
in Mrk 1210 (Tran et al. 1992; Tran 1995; Storchi-Bergmann
et al. 1998) and NGC 4507 (Moran et al. 2000). They were clas-
sified as S1h by Véron-Cetty & Véron (2010, 2006). They possi-
bly represent borderline cases between Type I and IT AGNs. With
respect to ESO 138-G01, the detailed analysis of Alloin et al.
(1992) reveals a strong stratification of the emitting gas clouds
that correlates with the density as well as with the presence of
high ionization Fe species.

Mrk 1210 presents a very rich coronal line spectrum
that includes [SiX], which is a very high excitation line
not frequently detected (Mazzalay & Rodriguez-Ardila 2007).
ESO 138-GO01 is also a strong coronal line emitter. It was clas-
sified as a “coronal-line forest active galactic nuclei” (CLIFF
AGNSs), which are characterized by strong very high ion-
ization lines, in contrast to what is found in most AGNs
(Cerqueira-Campos et al. 2021).

Mazzalay et al. (2010) studied NGC 4507 as part of a sam-
ple of Seyferts selected on the basis of previous detection
of coronal lines. It was originally classified as a Seyfert2
(Durret & Bergeron 1986), but later reclassified as Slh (i.e.,
Seyfert 1.9) by Véron-Cetty & Véron (2006) because of the
presence of a weak broad He in its spectrum.

Using observed IRAS mid-infrared and far-infrared contin-
uum fluxes at 25 and 60 um, Meléndez et al. (2008b) derived the
spectral indices ass_go of 98 Seyfert nuclei. The average index
values reported were azs_¢9p = —1.5 = 0.1 for Seyfert2s and
azs—¢0 = —0.8 £ 0.1 for Seyfert 1s. Interestingly, for the two
outliers’ Mrk 1210 and NGC 4507, the average index is —0.46,
indicating that the continuum emission originates from dust that
is hotter than in typical Seyfert 2s.

4. A combined temperature-density diagnhostic

The utility of “diagnostic” line ratios such as Ry, [Ariv]
(A4711A/24740A) or [St] (16716A/A6731A) is that they are
independent of metallicity since they involve ions of the same
species. The [ArIv] density diagnostic for instance depends on
density and negligibly on temperature while the Roy diagnostic

9 To determine the a,s_qo index, the fluxes were taken from
Meléndez et al. (2008b) and from NED (Helou & Madore 1988).
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Fig. 4. Dereddened NLR ratios of [O IIIJ/HB versus Rom. Left panela: blue dots represent the line ratios of 13 Seyfert 2s from the S7 survey
sample which are listed in Table 1. Their average Rom ratio is 0.0146 + 0.0020, which is represented by the navy colored circle whose radius of
0.057 dex corresponds to the dispersion of the measurements. The yellow filled dots identifies the three outlier Seyfert 2s: ESO 138-G01, Mrk 1210
and NGC 4507 (labeled a, b, c in Table 1). Three complementary Seyfert 2 samples are represented by red open symbols: (1) the average of seven
Seyfert 2s from Kos78 studied by BVM (large red circle), (2) the average of four Seyfert 2s from BeO6b (small open circle with dispersion bars),
(3) the high excitation Seyfert2 subset a41 from Richardson et al. (2014; open red diamond). The light-gray open squares represent the ratios of
Type I AGNs measured by BLOS5. Right panel b: a similar graph but with an expanded scale in order to cover the full range of ratios observed by
BLOS among 30 quasars. The light-gray open triangles represent the four narrow-line Seyfert 1 galaxies observed by RA00. Both BLOS and RA0O
subtracted the BLR profile component from Hp before deriving the [O 11]/Hp ratio. The light-green filled symbols represent the spatially resolved
ENLR measurements from three studies: (1) the average of two Seyfert2s and two NLRGs (small light-green dot) from BWS, (2) the integrated
long-slit spectrum of the Seyfert 2 IC 5063 from Be06b (pentagon), (3) the average of seven spatially resolved optical filaments of the radio-galaxy
Centaurus A (light-green triangle) from Mo91. The blue segmented arrow at the top describes the effect of collisional deexcitation on the Ropy

ratio for a 13 000 K isothermal plasma whose density is increased to successively larger values, from 10? to 10%° cm

ratio depends on both except in the low density regime (n, <
10° cm™; Osterbrock 1989) where it varies according to tem-
perature. Therefore, in order to reliably measure the NLR tem-
perature, a handle on the plasma density is required, which is
our motivation for focusing on data sets where the [ArIv] dou-
blet is observed. A concern is that while the Ropy ratio remains
a valid temperature indicator up to densities of ~10% cm™ the
[Ar1v] doublet ratio saturates and becomes progressively insen-
sitive to the density beyond 10° cm™3. Hence, in situations where
the observed Ropyr ratio represents the emission from multiple
density components that extend beyond >10° cm=3, the [Ar1v]
doublet would not detect the higher densities while the Royyy ratio
would increase as a result of collisional deexcitation, whether
or not the temperature remains the same across the different
components.

Our goal is to determine the temperature of the observed
NLR by combining the Roy and [ArIV] diagnostics and requir-
ing that the inferred temperature and density simultaneously
reproduce the dereddened [ArIv] (14711A/14740A) and Rom
ratios of the S7 survey sample. First, we consider in Sect. 4.1
the simplest case of a single density isothermal plasma. The
algorithm OSALD as described in Appendix C of BVM proceeds
iteratively using a nonlinear least squares fit method to deter-
mine which temperature and density are required to simulta-
neously reproduce the Ropy and [Ar1v] ratios. Subsequently in
Sect. 4.2 we assume a power-law distribution of the density that
extends up to the density ng, which is determined iteratively
using OSALD.

-3

4.1. Temperatures inferred from the single density case

In Tables 1 and 2, the Seyfert2 sample follows an ascending
order in the densities that were inferred from the [ArIv] dou-
blet. These extend from 6000 up to 54000cm~>. The aver-
age temperature for the sample of 13 Seyfert2s is (TJ5) =
13000 + 703K (that is, +£0.023 dex). We find remarkable that
the S7 Seyfert2s clustered over such a narrow range in tem-
perature values. The average temperature inferred is comparable
to the value of 13480 + 1180 K derived by BVM for the seven

Seyfert 2s observed by Kos78.

4.2. OSALD algorithm: A power-law density distribution

The algorithm'® OSALD was developed to explore the effect of

collisional deexcitation on the [O III] and [ArIV] lines when the
densities extend over a wide range of values from 10?> cm =3 up to
a cut-off density, n¢y. The intention is to implement the case of
NLR densities that increase radially toward the ionizing source
as was observed in ENLR studies (e.g., Bennert et al. 2006b).

4.2.1. Transposition to a simplified spherical geometry

The algorithm consists in integrating the line emission mea-
sures'! of an isothermal multi-density plasma (hereafter MDP)

10 The algorithm OSALD is a routine of the code MAPPINGS I. Both soft-
ware share the same atomic database.
1 Defined as the line emission coefficient times the electronic density.
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Table 3. Changes in NLR temperatures assuming a power-law density
distribution.

(D 2 3@ ® 5
Index Object Neut Mwei AT,
# name (em™)  (cm™3) (K)

1 NGC 5506 4075 2428 -11
2 NGC 1320 10534 6228 +3

3 NGC 5643 10821 6373 -11
4 Mrk 573 12715 7487 +2

5 NGC 3281 13548 8022 -2

6 ESO 137-G34 15086 8795 -6

7 NGC 4939 15476 9000 -19
8 NGC 3393 16789 9868 -19
9 NGC 7682 19767 11590 -23
10 1C 5063 21240 12420 =22
11 NGC 5728 51920 30490 -88
12 1C 4995 52592 31200 -90
13 1C 2560 114000 66700 =221

(TPLy: 12961 711K

Notes. YOSALD fits of the Rop and [Ar1v] doublet ratios assuming a
density distribution which extends from 10? cm™ up to the cut-off den-
sity nqy. The weight applied to the emissivities follows a density power-
law of index € = +0.6. ®Weighted average plasma density taking into
account the increase of the covering factor with density. © Temperature
difference between T2 of the power-law density case and T}, of the
single density case of Table 2.

of uniform temperature 7. The calculations can be transposed
to the idealized geometry of a spherical (or conical) distribu-
tion of ionization bounded clouds whose densities n decrease as
r~2. The clouds can be visualized as being radially distributed
along concentric shells of negligible covering factor. The weight
attributed to each plasma density component is set proportional
to the covering solid angle'> Q(n) subtended by each plasma
shell. In the case of photoionization models, such a cloud dis-
tribution would result in a constant ionization parameter U,
and the integrated columns Nx, of each ion k of any cloud
would be to a first order constant. For the sake of simplicity,
to describe Q(n) we adopt a power law (n/n0y )¢, Which extends
from 7110 = 102 cm™ up to ney. If we transpose this to a spher-
ical geometry where both U, and Q are constant (i.e., € = 0),
the area covered by ionization-bounded emission clouds would
increase as 72, thereby compensating the dilution of the ioniz-
ing flux and the density fall out (both o« r~2). In this case, the
weight attributed by OSALD to each shell is the same, otherwise
when € # 0 the weight is simply proportional to Q(n). MDP
calculations are not a substitute to photoionization calculations.
They serve as diagnostics that could constrain some of the many
free parameters that characterize multidimensional NLR models,
including the option of a nonuniform dust distribution where the
opacity correlates with density, that is with r, as was explored by
BVM. The line ratios used as target in their diagnostics were not
dereddened but were part of the simultaneous modeling of the
[O1], [Ar1v], HeI and HI Balmer lines. In the current work,
we only consider reddening corrected line ratios and assume a
distribution of densities that extends up to a sharp cut-off. The
latter is a free parameter, which is constrained through line ratio
fitting using OSALD.

12.Q(n) = A(n)/4rr* where A is the area of a shell of density n exposed
to the ionizing source at a distance r. For definiteness we set the electron
density equal to that of H: n = n, = ny.
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To guide us in the selection of €, we followed the work of
Be06b who determined that, for a spectral slit radially posi-
tioned along the emission line cone, the surface brightness of
the spatially resolved ENLR is seen decreasing radially along
the slit as 7 (with § < 0), where r is the projected nuclear dis-
tance on the sky. From their [O1I1] A5007A and He line obser-
vations of Seyfert2s, BeO6b derived average index values of
oo = —2.24 £ 0.2 and 6y, = —2.16 £ 0.2, respectively. Let
us assume that such gradient extends inward, that is, crosswise
the unresolved NLR. For our assumed spherical geometry where
the Ha luminosity across concentric circular apertures behave as
r2€ eis given by —(1 + 0)/2. Hence the value inferred for €,
which describes how the covering factor varies with density, is
+0.6 in order that a long slit projected onto our assumed spher-
ical geometry reproduce the d;ony; value reported by Be0O6b. To
derive the optimal values for the selected input parameters that
would reproduce as closely as possible the [O I1T] and [ArIV] tar-
get line ratios, OSALD proceeds iteratively via a nonlinear least
squares fit method as described in Appendix C.5 of BVM.

4.2.2. Temperatures inferred from a density stratified plasma

The cut-off densities n, inferred from the algorithm OSALD for
the case of a power-law density distribution are given in Col. 3
of Table 3. These extend from 4075 up to 1.14 x 10° cm™. What
governs the integrated line ratios, however, are the mean plasma
densities. The luminosity weighted densities 7iyej, in Table 2
(Col. 4), range from 2430 up to 66 700 cm™>. The average tem-
perature for the whole sample, (T5t), is 12961 + 711 K, which
is essentially the same value as the single density case of Table 2.
The main reason is that the Ropy ratio varies relatively little
across the density interval covered. For instance, for the densest
object, IC 2560, the shell densities of the fitted power law cover
the range 10% to 1.14 x 103 cm™ and the Royy ratios calculated
by OSALD across the different shells span over the range 0.01252
to 0.01547.

As shown by the differences in temperature ATis, (Col.5)
between the values derived from OSALD and those of the single
density case, the temperatures T(I;ILH for the first 10 objects are
essentially the same as those derived assuming a single density
Ty For the most part AT, is negligible and likely represents
numerical noise from the iterative procedure, except possibly for
the last three objects labeled 11-13.

5. Comparison with densities inferred from outflow
studies

AGNs outflows are inhomogeneous and they extend over a
large range of densities and geometries. Consequently the out-
flow rates, gas masses and kinematics that are inferred depend
strongly on how the gas densities are estimated. We now review
some of the techniques used.

5.1. The use of trans-auroral and auroral lines

Evidence that the densities inferred from the red [S1I] dou-
blet are not representative of the plasma observed in the NLR,
or even the ENLR plasma, has been demonstrated in stud-
ies of outflows observed in Typell AGNs where the emis-
sion line profile was fitted using a central component to
represent the stationary plasma and one or more velocity
shifted profiles that fitted the asymmetric component, the latter
being interpreted as out-flowing winds. A technique developed
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by Holtetal. (2011) to determine NLR densities in Type Il
AGNs made use of the trans-auroral and auroral [ST] and
[O1] lines. The [S1I] (114069,76A/116716,31A) and [O11]
(xlxl3726,29A/Axl7320,31A) ratios are sensitive to densities up to
106 cm™ and when both ratios are combined, one can simul-
taneously determine the plasma density and the intervening
dust extinction. The densities inferred by Rose et al. (2018)
and Spence et al. (2018) for the outflowing plasma'® compo-
nent in ten Type II ULIRGs ranged from 10° to 10*% cm™. For
the ULIRG Pks B1345+12, the densities inferred by Holt et al.
(2011) from the intermediate and very broad NLR profile
components were 10*2 and 1033cm™, respectively, while for
the AGN Pks B1934-63 the densities inferred by Santoro et al.
(2018) for the corresponding components were 10*® and
10°cm™3, respectively.

Davies et al. (2020, hereafter Da20) similarly used the trans-
auroral and auroral [S1I] and [O1I] lines to evaluate the den-
sities of eight Type Il objects'4. They calibrated their density
diagnostic diagram using photoionization calculations that took
into account differences in temperature and ionization of the
regions which emit the trans-auroral and auroral lines. The
densities encountered ranged from 10°° to 10*¢cm™. The
median density for the sample was 1900 cm™3, which is more
than five times higher than the median density inferred from
the [S1I] /1/16716,3IA doublet measurements from their sam-
ple. After comparing how the red [S 1] 146716,31A doublet and
[O1I]/HB ratios varied across their respective profiles, Da20
found no evidence in their sample of an emission component
that could be specifically associated to the systemic velocity (as
defined by the stellar absorption lines). They commented that
the multiple Gaussians from their profile fits do not represent
distinct outflow components and for this reason they use the full
integrated line fluxes in their analysis of the outflow densities.

5.2. The ionization parameter estimation method

In objects where no reliable density diagnostic is available,
Baron & Netzer (2019) proposed a method which they labeled
“ionization parameter estimation”. By comparing the [O III]/HB
(15007A/24861A) and [N 11]/He (16583A/16563A) ratios with
the predictions of photoionization calculations, one can attribute
a value to the ionization parameter U. The plasma density n,
is then derived from the expression n, ~ ngy = Qu/Uc 47rr§mi
where Qy is the photon luminosity rate from the ionizing source,
which is determined by estimating the AGN bolometric lumi-
nosity assuming a standard SED. To determine n,, this tech-
nique is only applicable to spatially resolved measurements as
it requires knowledge of the distance rey,; separating the point
source nucleus from the position of the line measurement (along
the slit or at a given IFU). However, a novel technique to esti-
mate ey Within the unresolved nuclear NLR was proposed by
Baron & Netzer (2019). It consisted in evaluating the mean loca-
tion of the dust responsible for the mid-infrared excess emission
from the outflows, which were measured using the 2-Micron
All-Sky Survey (Skrutskie et al. 2006). For their sample of 234
ionized outflows in Type II AGNs extracted from the ALPAKA
catalog (Mullaney et al. 2013), the mass-weighted average dust
location, rqyst, was ~200 pc £0.25 dex (Fig. 6 of Baron & Netzer
2019). The mean density that characterized their whole sample

13 As measured using the “broad/intermediate” line profile fits, see
nomenclature of NLR profiles defined by Holt et al. (2008).
!4 Tt included one object confirmed as Type 1.8 and another as Type 1.9.

was 10*3 cm™2, that is more than an order of magnitude above
the values inferred from the [S 11] /1/16716,3110\ doublet.

The density method of Baron & Netzer (2019) based on the
estimated ionization parameter was incorporated to the Da20
study mentioned above and applied to 11 Type I AGNs of their
sample. For their sample which integrated the emission of the
nucleus with an IFU of 1.8” x 1.8”, they estimated the projected
size of the nucleus distance as corresponding to half the IFU size,
that is 0.9”. The effect of projection was subsequently taken into
account by multiplying the projected radius (in pc) by a factor of
1.4, which corresponds to a disk inclination of 45°. The densities
they encountered extended from 10?° to 10*8 cm=3. The median
density for the whole sample is 4800 cm ™3 while the correspond-
ing value using the trans-auroral lines method discussed above is
1900 cm=3. As recognized by Da20, this method is most suited
to spatially resolved data, where one can obtain measurements
at a known projected distance rep; from the AGN nucleus. Since
their dataset consisted of spatially integrated nucleus measure-
ments, Da20 recommended one should make use of the derived
densities in a statistical sense rather than focusing on individual
values.

5.3. Benefits of high spatial resolution HST observations of
outflows

Reaching much smaller projected nucleus distances rem; iS pos-
sible by using observations from the Space Telescope Imag-
ing Spectrograph (STIS), as shown by Revalski et al. (2021).
Spatially resolved observations are essential for localizing
AGN feedback and determining accurately the wind kine-
matics. Observations of the [ArIv] doublet was reported by
Revalski et al. (2018) in only one object, Mrk 573. In their study,
the authors combined with varying weights three different pho-
toionization models corresponding to a high, intermediate and
low U values at each location along the STIS slit observations
as well as of the DIS long-slit from the Apache Point Observa-
tory (APO). The line ratios with respect to HB at each radial
location were generally well reproduced (their Fig. 9) across
the whole ENLR except for the two [O1I] optical lines and the
two [ArIV]/Hp ratios, although it had relatively little impact on
their determination of the peak outflow velocity as well as other
global wind kinetics. At only two positions along the HST-STIS
slit do we suggest a distinct interpretation concerning the den-
sities inferred, that is at +0.05”” and —0.05” from the nucleus,
where their intermediate U model favored densities of 10°! and
1033 cm™ with a relative flux weight of 50% in both cases with
respect to the high and low ionization models. Because of likely
optical blurring within the 0.2” slit width, it is not possible in our
opinion to confirm the value of 7., on which the model densi-
ties so close to the nucleus are based. Using OSALD, the densities
we infer at the corresponding positions from the [Ar1v] doublet
ratios of Re18 are 22 600 and 4220 cm™>, which are values sig-
nificantly lower. The corresponding temperatures inferred from
the Ropy ratios are 16 600 and 13 800K, respectivelyls.

More recently, for six Seyfert 2s, Revalski et al. (2022) com-
pared the densities derived from their multicomponent pho-
toionization models to other techniques that involve more
assumptions about the gas physical conditions, but require
less data and modeling (Revalski et al. 2022). For instance,
the three ionization parameter values assumed (logU =

" To deblend the [Ar1v] doublet ratio of Mrk 573, we used the Hel
(13889A/14740A) ratio since neither the He T A5876A nor the 14471A
line were reported.
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[-1.5,-2.0,-2.5]) were the same at each radial location for all
six objects. A good match of the observed line ratios along the
slit was obtained although the assumed r.y,; values at the posi-
tion of the nucleus remained unconstrained and the caveat men-
tioned above by Da20 concerning the densities inferred from a
spatially unresolved rep; value would still apply to their analysis,
as acknowledged by Revalski et al. (2021). If we exclude those
calculations positioned at the closest distance from the SMBH,
the densities inferred at the other radii, among their sample of
six Seyfert 2s, all fall below 10° cm~3 except Mrk 3.

6. Standard photoionization calculations

Having shown that collisional deexcitation of the [O1II] opti-
cal lines is relatively insignificant among a large fraction of
Seyfert2s from the S7 sample, we first illustrate the difficulty
in reproducing the typical Ropy ratio observed in Seyfert 2s and
subsequently explore in Sect. 7 possible solutions.

6.1. Standard input parameters for MAPPINGS Ig
calculations

Most model parameters share similar values across the calcula-
tions presented below and in Sect. 7. With respect to the plasma
metallicities, it is generally accepted that gas abundances of
galactic nuclei are significantly above solar values. The values
we adopted below correspond to 2.5Z; as in BVM, a value
within the range expected for galactic nuclei of spiral galaxies
as suggested by the Dopita et al. (2014) landmark study of the
Seyfert 2 NGC 5427 using the Wide Field Spectrograph (WiFeS:
Dopita et al. 2010). High metallicity values are shared by other
observational and theoretical studies that confirm the high metal-
licities of Seyfert nuclei (Storchi-Bergmann & Pastoriza 1990;
Nagao et al. 2002; Ballero et al. 2008). Our selected abundance
set is twice the solar reference set of Asplund et al. (2006), that
is, with O/H = 9.8 x 1074, except for C/H and N/H which reach
four times the solar values owing to secondary enrichment. We
can expect the enriched metallicities of galactic nuclei to be
accompanied by an increase in He abundance. We followed a
suggestion from David Nicholls (priv. comm., ANU) of extrap-
olating to higher abundances the metallicity scaling formulas
that Nicholls et al. (2017) derived from local B stars abundance
determinations. At the adopted O/H ratio, the proposed scaling
formula described by Eq. (A1) in Appendix A.c of Binette et al.
(2023, hereafter BK23) implies a value of He/H = 0.12, which is
mildly higher than the ratio of 0.103 adopted by Ril4. Our calcu-
lations are dustfree and assume a simple slab geometry in which
the plasma is radiation-bounded and exposed to ionizing radia-
tion emitted by the accretion disk assuming an ionization param-
eter defined as U, = ¢o/cny), where ¢y is the ionizing photon flux
impinging on the photoionized slab, nf; the hydrogen density at
the face of the slab and c the speed of light.

6.2. Thermal ionizing continuum

The ionizing radiation from the nucleus was assumed to origi-
nate from thermal emission by gas accreting onto a supermassive
black hole. Although thermal in nature, the spectral energy dis-
tribution (SED) is broader than a blackbody since the continuum
emission is considered to take place from an extended disk that
covers a wide temperature range. In their photoionization mod-
els, Fg97 and Ril4 assumed a SED where the dominant ionizing
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Fig. 5. Ionizing SEDs in vF, units: (1) the SED adopted by Fg97 for
their LOC calculations using Ty, = 10%° K (black long-dash line), (2)
the optimized SED of Ril4 with T, = 10°%>K (black dotted short-
dash line), (3) the double-bump distribution La3 with ayy = +1.0
(cyan continuous line) as defined in Sect. 7.1, and (4) the accretion disk
model derived from the OPTXAGN routine (light-green dashed line).
All SEDs convert in the X-rays to a power law F, o v"''0 with an aox
index of —1.35. The red dotted line represents a fit to the Lal2 UV
bump at 12 eV. The magenta line corresponds to the average soft excess
component observed with XMM-Newton by Pi05.

continuum corresponds to a thermal distribution of the form

F, oc v exp(—hv/kT ) (D
where ayy is the low-energy slope of the “big bump”, which is
typically assumed to be ayy = —0.3, and T is the temperature

cut-off. The values for T, adopted by Fg97 and Ril4 are 1050
and 1032 K, respectively. Both distributions are shown in Fig. 5
(black dashed lines). The thermal component dominates the ion-
izing continuum up to the X-ray domain where a power-law of
index —1.0 takes over. For each SED hereafter considered, we
impose an apx of —1.35.

6.3. Standard photoionization models

Assuming the Fg97 SED, a sequence of isochoric (i.e., con-
stant density) photoionization models was calculated with the
code MAPPINGS Ig (see updates in BK23, BVM and Appen-
dices B and C of current paper) are shown in Fig. 6 (magenta
line) where U, increases in steps of 0.33 dex, from 0.01 (the gray
dot) up to 0.46. In each model, the same frontal'® plasma den-
sity of nf; = 10%> cm™ is assumed. A square identifies models
with U, = 0.1. The whole sequence predicts Rop values sig-
nificantly lower than observed in the S7 survey (navy circle) or
the Kos78 dataset (red circle) or the high excitation subset a41
from Ril4 (red diamond). The softer Ril4 SED shown in Fig. 5
results in even lower Roy values, as shown by the yellow line
sequence in Fig. 6. Either sequence illustrates the TE problem
reported by various authors (e.g., Storchi-Bergmann et al. 1996;

16 The density at the illuminated face of the photoionized gas shell.
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Bennert et al. 2006a; Villar-Martin et al. 2008; Dors et al. 2015,
and BVM).

7. Possible solutions to the TE problem

Finding the cause of why model calculations predict values of
Royn ratios significantly lower than observed is the next step.
Except for the three outliers, where a high density NLR compo-
nent is likely present, we considered that collisional deexcitation
of the [OTII] optical lines is unlikely the cause as discussed in
Sect. 5, at least among the current sample of 13 Seyfert 2s where
we could measure the [Ar1v] doublet as well as for the seven
Seyfert 2s from the Kos78 dataset (BVM). We present below a
few alternative solutions but do not rule out the existence of alter-
native interpretations that should eventually be explored. The
calculations presented below all assume the same metallicities of
2.5Zy and, except in Sect. 7.1, the same ionizing SED of Fg97
with Tey = 1050 K.

7.1. Double-bump continuum distributions

As pointed out by Lawrence (2012, hereafter Lal2), AGNs seem
to show a universal near-UV shape, reaching a maximum in
vF, at a wavelength of around 1100 A, regardless of luminosity
or redshift (cf. Zheng et al. 1997; Telfer et al. 2002; Scott et al.
2004; Binette et al. 2005; Shang et al. 2005). To address the
TE problem, Lal2 explored the possibility that a population
of internally cold very thick (Vg > 10?* cm=2) dense clouds
(n ~ 102 cm™>) covers the accretion disk at a radius of ~30 R,
from the black-hole, where R, is the Schwarzschild radius. The
cloud’s high velocity turbulent motions blur its line emission as
well as reflect the disk emission, resulting in a double-peaked
SED superposed to the reflected SED. The first peak at ~1100 A
represents the clouds reprocessed radiation while the second cor-
responds to the disk radiation reflected by the clouds, which
Lal2 positioned at ~40eV. The main advantage of this distri-
bution is its ability to account for the “universal knee” observed
at 12eV in quasars. As shown by BVM, however, the result-
ing SED did not significantly increase the temperature of the
photoionized plasma. The authors argued that the second peak
must be shifted to much higher energies in order to reproduce
the observed Rojy ratio and thereby resolve the TE problem.

To achieve this, BK23 proceeded as follows. First, they
extracted a digitized version of the published Lal2 SED and
to eliminate the 40 eV peak they extrapolated the declining seg-
ment of the first peak, as represented by the red dotted line in

Fig. 5. For the second peak, F fk2(v), they adopted the formula,
v exp(—hv/kToy) (i-e., Eq. (1)). All the double-bump SEDs
which they explored were obtained by simply summing both dis-
tributions:

Fy = Flih,0) + R 52 v exp (~hv/KTew)

@)

where R = F, fﬂz(vpkl)/ FP kz(vpkl) is the renormalization factor
which we define at hvy, = 12€V, the energy where the first
peak reaches its maximum in vF,. The position and width of the
second peak depend on both parameters apyy and T, while its

intensity is set by the parameter rgfz. After experimenting with
different shapes and positions for the second peak, it was found
that the presence of a deep valley at ~35¢eV increased the heat-
ing rate due to He* photoionization, hence generating a higher
plasma temperature (i.e., a higher Royy ratio).

After comparing the plasma temperatures reached when dif-
ferent combinations of the parameters Ty, apyy and rgfz were
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Fig. 6. Dereddened NLR ratios of [O111]/HB versus Royy for the same
observational dataset as in Fig. 4. Two ionization parameter sequences
of isochoric photoionization calculations with a frontal density of nf} =
10? cm™ are overlaid which assume either the Fg97 (magenta) or Ril4
(yellow) SED. A square identifies the U, = 0.1 model. The third ioniza-
tion parameter sequence (black dotted line) assumed the double-peaked
La? SED described in Sect. 7.1. Overlaid are two density sequences of
isochoric photoionization models along which the density nf; increases
in steps of 0.5 dex, both having the same U, = 0.3 value but assuming
either the La} SED (cyan solid line) or the accretion disk SED (light-
green dashed line) from the OPTXAGN routine.

considered, BK23 concluded that the optimal position for the
second peak is *200eV in order that the Royy ratio from pho-
toionization models reach the observed values. Moving it to
higher values was not an option as it generated an excessive flux
in the soft X-rays that is not observed in TypeIl AGNs. The

height of the peak is set by the scaling parameter rgfz. For a

given value of apyy, an increase of rgfz or T, favors higher val-
ues of Ronr. However, the optimization of the SED parameters
must ensure that it does not generate an excessive flux beyond
500 eV in the soft X-rays.

The first SED described by BK23, labeled Lai, assumes
the value arpyy = +0.3, which is similar to the standard
Shakura-Sunyaev accretion disk model'” (Shakura & Sunyaev
1973; Pringle 1981; Cheng et al. 2019) with apyy = 1/3. The
optimized values of the other parameters were Ty = 1.6 10°K
with a scaling factor rgfz = 0.08. Increasing apyy resulted in
a narrower second peak, which prevents having a conflict with
the soft-X ray observational limits. The second SED proposed
by BK23, Lai, assumed a much larger apyy of +3. In order that
the second peak occurred at essentially the same energy as in the
previous SED, the parameter T, had to be reduced to 0.5 10°K

with a scaling parameter rgfz of 0.001.

17 In BK23, this value was erroneously qualified as equivalent to the
ayv assumed by Ril4 and Fg97, which is apyy = —0.3.
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7.1.1. Calculations using the double-bump SED La3

For the current work, we opted for an intermediate case where
aryv = +1.0. The resulting SED is labeled Lai in Fig. 5 (cyan
solid line). The optimized values for the other parameters are

Teut = 1.0 10° K with a scaling factor rgfz = 0.03. These param-
eter values ensured that the predicted flux beyond 500eV did
not exceed the soft X-rays measurements. For illustrative pur-
poses, we show in Fig. 5 the average soft excess component
observed with XMM-Newton (magenta line) by Piconcelli et al.
(2005, hereafter Pi05). It corresponds to the best-fit average of 13
quasars with z < 0.4 using the parameters from Table 5 of Pi05,
as described in Haro-Corzo et al. (2007). It has been rescaled so
as to reproduce an apx of —1.35 with respect to the first bump.
We note that the dotted section below 600 eV is speculative as it
is not reliably constrained by the X-ray measurements.

Using MAPPINGS I, we calculated an ionizing parameter
sequence assuming a constant density of 10> cm=3 and the same
metallicities as defined in Sect. 6.1. The models are represented
by the black dotted line in Fig. 6, which shows that the double
bump SED has the potential of reproducing the observed Ropy
ratios. The He 1I/HB ratio from this sequence is 0.27, which is
close to the mean value of 0.24 from the S7 sample in Table 1.

In order to extend our models to TypeI AGNs (open gray
symbols), we calculated a density sequence along which the
density increases in steps of 0.5dex, from n}; = 10? up to

107 cm™3. These calculations are represented by the cyan solid
line in Fig. 6. We selected U, = 0.3 in order that the models
cover the upper envelope of the quasar [O II]/Hp ratios. Among
quasars, the vertical dispersion in the observed [O IIT]/Hp ratios
is significant. It suggests a significant range in plasma excita-
tion, which can be accounted for using lower values of U, or
dual-density models as explored by BLOS.

7.1.2. Possible origin of the double-peak SED

Given that a double-peak SED can solve the [O 1] TE problem,
it is worth exploring how such a distribution might actually arise
in the central regions of quasars. The pertinence of a second peak
to describe the harder UV component is provided by studies that
attempt to explain the soft X-ray excess in AGNs. Two different
processes have been proposed to explain this feature.

The first one postulates the presence of relativistic blurred
reflection by ionized plasma (e.g., Ross & Fabian 2005). We note
that this mechanism is exactly the same one as proposed by Lal2,
producing a second peak near 40 eV. However, in this case, the rel-
ativistic clouds reflecting the disk emission need to be much hot-
ter, with a high degree of ionization, in order to extend its blurred
reflection all the way up to the soft X-ray band. As such, these
models have the potential to explain at the same time the presence
of a second peak near 200 eV, and the soft X-ray excess.

The second mechanism besought to explain the soft X-ray
excess proposes comptonization of the accretion disk seed pho-
tons by a dual-coronal system (e.g., Done et al. 2012). In this
self-consistent accretion model (referred to as OPTXAGN), the
primary emission from the disk becomes partly comptonized by
an optically thick warm plasma, forming the extreme EUV as
well as the soft excess. An example of an OPTXAGN model
is represented in Fig. 5 by the light-green dashed curve (see
BK23 for more details). The OPTXAGN SED can successfully
reproduce the observed Royy ratio, as shown by the light-green
dashed line in Fig. 6, which is a density sequence of isochoric
photoionization models similar to the previous La? calculations.
There are other sets of parameters in the OPTXAGN model that
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can match our double-peak SEDs, however, they require extreme
accretion rates (L/Lgqq > 1) that are not proper of Type II objects
discussed in this work.

Despite these drawbacks, we note the striking similarity of
the OPTXAGN SED with that of La3, considering that they
were built independently and with completely different scientific
motivations. Overall, we find it remarkable that the two most
popular mechanisms to explain the presence of the soft X-ray
excess (blurred reflection or warm comptonization) might also
produce in a natural way the double-peak SED needed to explain
the observed Ropyy ratios.

7.2. High ionization matter-bounded clouds

Another possibility which benefits from photoionization of He*
consists in high ionization matter-bounded clouds (hereafter
MB) as was proposed in the modeling of the NLR and ENLR
spectra by BWS, Stasiriska (1984), Viegas & Prieto (1992) and
Morganti et al. (1991). In their models, BWS truncated the pho-
toionization models at a depth close to the position where most
photons with energies above the ionization potential of He*
(54.4 eV) have been absorbed. They considered an ionizing con-
tinuum consisting of a power law with F, o v~'3. In the cur-
rent work, we adopt the thermal distribution of Fg97 with T, =
10 K (long-dash line in Fig. 5). Similarly to BWS, our photoion-
ization models were truncated at a depth which is defined by
the fraction Fyp of the ionizing photons that has been absorbed.
We found that calculations with Fg = 0.45 can reproduce the
observed Royy ratios of the S7 sample as indicated below.

7.2.1. Radiation pressure stratified MB component

Rather than assuming an isochoric or isobaric density profile for
the MB component, we considered the effect of radiation pressure
on the high ionization regions. As shown in Binette et al. (1997),
Binette (1998), Dopita et al. (2002), radiation pressure exerted
by the progressive absorption of the ionizing photons can induce
a density gradient within the photoionized slabs. Binette et al.
(1997) have indicated that for high U, values, the density aver-
aged ionization parameter U across the photoionized slab tended
asymptotically toward a constant value where the integrated line
ratios to a first order became insensitive to U,. One important
parameter that must be defined is Fyp, the fraction of ioniz-
ing photons absorbed within MB clouds. Our selected value was
inferred from the nf; = 10’ cm™ MB calculation by determin-
ing at which depth (Fyp) the integrated Royy ratio reached 0.015,
the average ratio observed among the S7 Seyfert2 sample. We
found that the truncation of the MB component should take place
at Fyig = 0.45, a similar value to that of BWS of 0.40.

The resulting MB component is represented by the blue con-
tinuous line in Fig. 7 along which the frontal density nf; suc-

cessively increases in steps of 0.5 dex, starting at 10> cm™3. The
gray dotted line shows the calculated line ratios if the same pho-
toionization models were ionization-bounded rather than MB. In
this case, the Royy ratios are significantly lower than the S7 blue
circle positioned at 1071836, except for the high density models
owing to collisional deexcitation.

The matter-bounded component cannot account for the lower
excitation emission lines and an additional emission compo-
nent is required. BWS explored the possibility of combining
the emission spectra from both a matter-bounded (MB) and an
ionization-bounded (IB) component. The relative proportion of
both components is set by the parameter Awy . As in BWS,
we hypothesized that the radiation which photoionizes the
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Fig. 7. Dereddened NLR ratios of [O 1T]/HB versus Royy for the same
observational dataset as in Fig. 4. The blue solid line represent the
sequence of MB models in which the frontal densities varied from
ng, = 10% up to 107 cm™, in steps of 0.5dex, assuming in all cases
U, = 0.1. The gray dotted line represents photoionization models that
assumed the same parameters as the MB sequence except that the mod-
els are ionization-bounded. In both sequences the cloud internal density
is stratified due to the pressure exerted by absorption of the ionizing
continuum. The purple line represents the density sequence for the IB
component in which the ionizing continuum consisted of the radiation
(further diluted by a factor 20) which leaks out from the back of the
MB clouds. In all calculations, the assumed ionizing continuum cor-
responded to the thermal distribution of Fg97 with T, = 10°K. The
eight (near vertical) short-dash lines correspond to a linear combination
of the MB model of density 7, with the IB model with density 10 ;.
The proportion between the two components was set by the parameter
Awy1, which successively took on the values of 10, 3, 1, 0.3 and 0.1. A
circle identifies models with Ay;; = 3. To avoid confusion due to the
close superposition of the low density sequences, the Ay sequences
with n{, = 10% and 10*3 cm™ were left out.

ionization-bounded clouds corresponds to the UV radiation
which escapes unabsorbed from the MB component, which lies
closer to the ionizing source.

For the IB clouds, we assumed a frontal density larger by a
factor ten (i.e., 10 X nf; from the MB model) and a smaller geo-
metrical dilution factor of 5 x 1072 for the ionizing radiation that
escapes the MB component. This is equivalent to having the IB
clouds at a larger radial distance from the AGN by a factor of
V20 with respect to the MB clouds. Since the radiation pressure
exerted on the IB component is negligible, we assumed the iso-
baric prescription. The line ratios behavior as a function of the
outer density np; of the IB component is represented by the pur-
ple dashed line in Fig. 7. Because the IB component generates
relatively little [O IIT] emission, the integrated Ropy ratio comes
out primarily from the MB component.

7.2.2. Models that combine the MB and IB components

In our approach, the relative proportion of MB and IB clouds is
determined by the parameter Ay 1, which represents the ratio of
the solid angle subtended by the MB clouds, as seen from the
ionizing source, to the solid angle subtended by the IB clouds.

Theiline rgtio Réeq for any line i along an Ay sequence is
obtained using the formula:

i RlIB + CM/I AM/I Ri\/IB

seq —

3
1+ CM/I AM/I

where R}, and Ri; are the line ratios relative to HB from the MB
and IB components, respectively. By convention, the value of the
scaling parameter Cyy1 is such that at Ayp = 1, the MB and IB
components contribute in equal proportions to the HB luminos-
ity. In Fig. 7, the near vertical short-dash lines illustrates how the
line ratios behave as one varies the Ay parameter, which takes
on successive values of 10, 3.0, 1.0, 0.30 and 0.10, from top to
bottom. A dot identifies each Ay, value while an open circle dis-
tinguishes the Ay;1 = 3 model in each sequence. To avoid con-
fusion, the Any1 sequences with nf; = 102 and 10%° cm™ were
left out as they partially overlay the leftmost sequences. The
two sequences with nj; = 103 (light-cyan) and 10*> cm™ (light-
green) are those that best reproduce the S7 average Royy ratio,
assuming Ay;r = 3 as required to fit the observed [O1IT]/HS
ratio. The MB component in this case is reprocessing ~75% of
the absorbed ionizing radiation.

The Romp ratios observed among the S7 survey Seyfert2s
favor MB models with n"H < 1033 cm™3 where collisional deex-
citation is not significant, which allows us to directly infer the
plasma temperature. By comparison, the Type I AGNs measure-
ments of BLO5 and RAOO (open circles and triangles) imply
much larger densities, above 10° cm™ in most cases. A posi-
tive aspect of the MB+IB sequences is that the integrated [Ar1V]
(A4711A/A4740A) ratios of the Ayiy = 3 models with n, =

10® and 1033 cm™3 resulted in values of 1.0 and 0.68, respec-
tively, which is within the range of observed values among the
Seyfert 2s of Table 2 (Col. 9). Furthermore, the temperature sen-
sitive [N1I] (15755A/46583A) ratio was calculated to be 0.013
and 0.021 for the same two models, while the mean ratio value
for our Seyfert 2 sample is 0.020 + 0.006 according to the mea-
surements of Thomas et al. (2017).

One objection to the proposed MB+IB calculations is the
predicted He 1I/HB ratio which was calculated to be He 1I/HB =
0.65 while the average observed ratio among the S7 sample of
Table 1 is 0.243 + 0.072. This was not an issue for the MB+IB
models of BWS, essentially because the assumed ionizing SED
consisted of a power law of index —1.3 rather than the ther-
mal SED of Fg97, which peaks at 60 eV. Another concern is the
required fine tuning of some parameters such as Fyg, the den-
sity of the IB emission component or the dilution factor of the
ionizing radiation reaching the IB component.

7.3. Temperature inhomogeneities within the NLR

In Planetary Nebulae and HIl-regions, the plasma tempera-
tures inferred from the [O1II] (14363A/15007A) ratio are sig-
nificantly higher than the values inferred from recombination
lines of O*2. For instance, the measurements of these lines
in 20 PNe by Peimbert et al. (2014) indicate that the tempera-
tures inferred from the Ropy ratio were ~28% higher on aver-
age than the temperatures that were inferred from the ratio
of the observed O V1 integrated multiplet'® with respect to

18 The O V1 multiplet consists of eight recombination emission lines
at the wavelengths of 4651, 4673, 4638, 4462, 4696, 4642, 4676 and
4649 A, respectively. The integrated luminosity of the whole multiplet is
insensitive to the electronic density (Peimbert et al. 2014; Storey et al.
2014).
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the [O1II] 114959,5007A lines. This phenomenon was ascribed
to the existence of temperature fluctuations (that is, inhomo-
geneities) permeating the nebulae. Using the nomenclature of
Peimbert (1967, 1995), the mean nebular temperature Ty of a
nebula characterized by small temperature fluctuations > can be
defined as:

f, n2Tdv

0= ’ (4)
fv nzdv

where n, is the electronic density, T the electronic temperature

and V the volume over which the integration is carried out. The

rms amplitude ¢ of the temperature fluctuations is given by

o J, ni(T - To)de. )
T2 [, n2dv

The values of 7> derived by Peimbert et al. (2014) from their
PNe sample covered the range of 0.035-0.128. In the case of
AGN, the detection of recombination lines from O*? so far has
not been possible owing to the weakness of the lines in rela-
tion to the bright underlying AGN continuum. For the PNe
studied by Peimbert et al. (2014), the integrated luminosity of
the O V1 multiplet was rather weak, typically <0.2% of the
[O 1] 5007A line. For plasma densities <10% cm™3, the multi-
plet fluxes are distributed (although nonuniformly) among the
eight O1I recombination lines, which may explain why they
so far have not been detected in AGNs. As an exercise, we
have explored the possibility of having temperature fluctuations
within the NLR and analyzed whether they may be related to
the TE problem described in Sect. 6. Assuming that the tem-
perature fluctuations as inferred by various authors in the case
of HIl-regions (e.g., Peimbert et al. 1995; Esteban et al. 1998;
Rola & Stasifiska 1994) were caused by an additional albeit
unknown heating agent, we proceeded to quantify the energy
contribution required from this heating process in order that the
observed Royy; values could be reproduced.

As described in Binette & Luridiana (2000, hereafter BL0O),
the code MAPPINGS I offers the option of calculating the impact
of temperature fluctuations on the emission lines from a pho-
toionized nebula. In photoionization calculations, it is customary
to define and use at every point in the nebula a local equilibrium
temperature, Ty, which satisfies the condition that the cooling
by radiative processes equals the heating due to the photoelectric
effect. In our hot spots scheme, by construction, T4 corresponds
to the temperature floor above which take place all the fluctu-
ations. It defines the null energy expense when calculating the
extra energy emitted as a result of the small scale hot spots. The
procedure consists first in defining a mean temperature T, which
is derived from the computed local equilibrium temperature 7.
The following expression was adopted by BLOO
To = Teg[1 +y(y — DF?/2]71/7. (6)
The simulation of the temperature fluctuations adopted by BLOO
and shown in their Fig. 1 favored a value of y = —15 , which
is the appropriate value for any distribution of fluctuations that
resembles those depicted in BLOO. Subsequently, each emission
line was calculated using Tq and multiplied by a correction fac-
tor due to the fluctuations. In the case of recombination lines the
intensity, .., of a given line is affected by a factor

Liec o T3 [1 + @ — 1)i?/2]. (7)
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Fig. 8. Dereddened NLR ratios of [O111]/HB versus Royy for the same
observational dataset as in Fig. 4. The gray dotted line consists of
radiation pressure stratified ionization-bounded models with U, = 0.1
assuming the Fg97 SED with T,,, = 10° K. The frontal density along
the sequence varies from ng, = 10> up to 107 cm™, in steps of 0.5 dex,
as in Fig. 7. The blue continuous line corresponds to a similar density
sequence but assuming the presence of temperature fluctuations at the
level of > = 0.15. The light-green arrows describe the change in Roy
ratios for the models with frontal densities of n% = 10*° and 10*° cm™,
respectively.

This expression, which can be used to compute individual
recombination line intensities in the presence of small fluctu-
ations, is equivalent to calculating the intensity (which is pro-
portional to T%) using the effective temperature Ty, rather than
Teq

Tree = (T = To[1 + ale = /21", ®)

As shown by Peimbert (1995, and references therein), tem-
perature fluctuations have in general much less impact on recom-
bination than on collisional processes which are usually gov-
erned by the exponential factor. For this reason, we adopted the
simplification of considering a single value of @ = —0.83 for all
recombination processes (such « is the appropriate value for the
Hg line at 10 000 K). This approximation allowed us to use a sin-
gle temperature T, when solving for the ionization balance of
H, He and all ions of metals.

To calculate the forbidden line intensities, we solve for the
population of each excited state of all ions of interest, assuming
a system of five or more levels according to the ion. In the case
of intercombination, fine structure and resonance lines, we treat
those as simple two level systems. More specifically, when eval-
uating the excitation (e 7 Bij exp[—AE;;/kT]) and deexcitation
(< TPit) rates of a given multilevel ion, each rate ij (population)
or ji (depopulation) is calculated using Ty (instead of Teq) and
then multiplied by the appropriate correction factor, either

2 - ..
Cf?}w' =1+ %[(ﬂij - 1)(ﬁij + ZA—%]) + (i—?:)z]

KTy ©))
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in the case of excitation, or

2

>
in the case of deexcitation. These factors result in general in
an enhancement of the collisional rates in the presence of tem-
perature inhomogeneities. They are adapted from the work of
Peimbert (1995) and were applied to all collisionally excited
transitions. If we consider a similar distribution of the fluctua-
tions as assumed by BL0O, the mean recombination temperature
T e derived using Eq. (8) lies slightly below Tj. Inspection of the
line ratios calculated with MAPPINGS I using Ty and the above
correction factors confirmed that the higher is AE;; the higher
the line intensity enhancement (at constant 12). It can be shown
on the other hand that the far infrared lines (or any transition for
which exp[—-AE;;/kT] ~ 1) are less affected by the fluctuations,
similarly to the recombination lines.

Assuming a metallicity of 2.5Z; and the thermal ionizing
distribution of Fg97 with T, = 10° K (long-dash line in Fig. 5),
we explored the impact of varying the fluctuations amplitude >
until the observed Rop of 0.015 in Seyfert2s could be repro-
duced. We found that a value of > ~ 0.15 was required, as shown
by the solid blue line in Fig. 8. Interestingly, it coincides with
the upper end value inferred by Méndez-Delgado et al. (2023) in
their study of extragalactic H1I regions.

We evaluated the extra energy required to generate the tem-
perature fluctuations and found that the integrated cooling rate of
the plasma with 2 = 0.15 was 50% higher than when the equi-
librium temperature Teq is assumed!®, which is an uncomfort-
ably large fraction. To confirm the hypothesis of small scale NLR
temperature inhomogeneities would in any case require observa-
tions of the weak recombinations lines of O II as was achieved in
PNe and H1I regions. A possibility could be deep spectroscopy
of the radially distant ENLR associated to radio-galaxies such
as in Pks 2152-69 (Tadhunter et al. 1987) where the underlying
stellar emission is weak and only a dust-reflected AGN contin-
uum is present.

Cf 5 =1+ (Bji — 1) (10)

7.4. Non-Maxwellian energy distributions

Another possibility to reach higher Ropp values is to consider a
k-distribution of the electron kinetic energy rather than the stan-
dard Maxwell-Boltzmann (hereafter M-B) energy distribution.
One advantage of this approach is that it does not require an addi-
tional heating mechanism as was the case with the temperature
fluctuations considered in Sect. 7.3. What is needed, however, is
a mechanism that could account for the distortion of the kinetic
energies of the electrons.

7.4.1. Context of kappa versus M-B distributions

The assumption that the velocity distribution of the free elec-
trons in gaseous nebulae are described by a M-B distribution
is based on the electron thermalization timescale. It is usu-
ally assumed that free electrons share their energy with the
neighbouring medium so rapidly that they become thermalized
before they excite any emission line. This is assumed because
the energy redistribution through elastic collisions of electrons
occurs faster than any other process (e.g., Draine & Kreisch
2018). However, if energetic electrons are injected into the gas
continually and sufficiently quickly that the particle distribution

19 This corresponds to a [, value of 0.5 as defined by Eq. (12) of
BLOO.

does not have time to relax to a classical equilibrium distri-
bution, then k-distributions may arise. Although «-distributions
were initially criticized for lacking a theoretical justification,
Tsallis et al. (1996) showed how these distributions can appear
using entropy considerations and it has also been shown that they
can arise from Tsallis’s non-extensive statistical mechanics (e.g.,
Leubner 2002; Livadiotis & McComas 2009). For a review on «-
distributions and on the mechanisms proposed to generate them
in space plasmas, see Pierrard & Lazar (2010).

Nicholls et al. (2012) proposed various mechanisms that
could induce and maintain a «-distribution within photoion-
ized regions. These include the injection of a population of
energetic electrons by acceleration mechanisms such as mag-
netic reconnection and development of inertial Alfvén waves,
shocks, and the injection of high-energy electrons through the
photoionization process. Energetic electrons can be produced
by the photoionization of dust (Dopita & Sutherland 2000), and
X-ray or EUV photoionization (Shull & van Steenberg 1985;
Petrini & da Silva 1997). Active galactic nuclei are regions
where shocks, winds, and turbulence are known to be present
(e.g., Baring 1991; Humphrey et al. 2008, 2010; Zhang et al.
2013; Silva et al. 2018), and these processes may also be suf-
ficient to accelerate particles and generate a «-distribution of
electron energies. Several other processes, which are plausi-
bly associated with AGN activity, may also be responsible
for deviations from equilibrium, such as ionization by cosmic
rays (Giammanco & Beckman 2005), and dissipative turbulence
internal to the gas clouds (Mignoli et al. 2019).

7.4.2. Calculations assuming a «-distribution

Electron «-distributions have been directly measured in sev-
eral solar system plasmas. They are present in the solar wind
(e.g., Gloeckler et al. 1992; Maksimovic et al. 1997), in the outer
heliosphere and the inner heliosleath (e.g., Decker & Krimigis
2003; Heerikhuisen et al. 2008), in planetary magnetospheres,
including magnetosheath (e.g., Gloeckler & Hamilton 1987;
Krimigis et al. 1983, 1986; Olbert 1968), and in magnetospheres
of planetary moons (e.g., Jurac et al. 2002; Moncuquet et al.
2002).

Although it is apparent that k-distributions are prevalent
in solar system plasmas, but not until recent years has the
possibility of «-distributions in extrasolar gaseous nebulae
been significantly explored. This possibility was investigated
by Nicholls et al. (2012, hereafter Nil2), Binette et al. (2012)
and Dopita et al. (2013) in the context of stellar-ionized gas.
Morais et al. (2021) have recently compared photoionization
models assuming a «-distribution with the observed line ratios
from a sample of 143 Type2 AGNs. They found that for 98
objects, k-distributions provide a better fit than M-B distribu-
tions.

In order to calculate the impact of a k-distribution on our
photoionization models, we used the analytical treatment devel-
oped by Ni12 and subsequently implemented in MAPPINGS I (see
Binette et al. 2012 for details). Apart from taking into account
the increased excitation rates of the atomic levels and the recom-
bination rates of ionized species, MAPPINGS 1 also calculates
the enhancement of collisional ionization that can result from
k-distributions.

Using the same metallicity as in previous models, we cal-
culated a density sequence of ionization-bounded photoioniza-
tion calculations assuming U, = 0.1 and the thermal distribution
of Fg97 with T, = 10°K as ionizing continuum. The density
sequence calculations assuming « = 7 for the electron velocity
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Fig. 9. Dereddened NLR ratios of [O 111]/HB versus Royy for the same
observational dataset as in Fig. 4. The gray dotted line consists of
radiation pressure stratified ionization-bounded models with U, = 0.1
assuming the Fg97 SED with T, = 10°K. The frontal density along
the sequence varies from n% = 10% up to 10’ cm™, in steps of 0.5 dex
(as in Fig. 7). The black line represents a similar density sequence but
assuming a non-Maxwellian «-distribution of electron kinetic energies
with ¥ = 7. The light-green dashed arrows describe the change in Ry
ratios resulting from the selected «-distribution with x = 7.

distribution (see Eq. (1) in Ni12) is represented by the black solid
line in Fig. 9 while the gray dotted line corresponds to the same
density sequence of M-B ionization-bounded models from Fig. 7
(i.e., k = 00). In both sequences the clouds internal density is
stratified due to the progressive absorption of the ionizing con-
tinuum (see Sect. 7.2.1).

The three light-green dashed arrows in Fig. 9 illustrate the
change in line ratios for specific models of the M-B sequence
(gray dotted line) when one assumes a k-distribution with k = 7.
The frontal densities of these models correspond to ngl = 102,
10*% and 10°° cm™3, respectively. They result in an [Ar1v]
471 11&//1474010%) line ratio of 1.13, 0.87 and 0.54, respectively,
which are representative of the observed ratios among the S7
Seyfert2s (Col. 9 in Table 2).

Owing to radiation pressure, the mean densities of the zones
which emit the [Ar V] lines is ~5xn{). Interestingly, even though
the integrated H Balmer line luminosities are not affected by «
(as they only depend on the flux of impinging ionizing photons
¢o) the integrated columns of ionized H* in the three models
with k = 7 turned out 25% lower because the H* recombination
rates are 25% higher than with the M-B models.

To conclude, the models with k ~ 7 and densities ”?1 <
10* cm™ can reproduce the observed [Ar1v] and Royy ratios.
Also, owing to the higher cooling efficiency of the models that
assume «-distributions, the average plasma temperature for the
n?, = 10° cm™ model is actually lower, by about 1100K, than
the same model assuming a M-B distribution (i.e., k = o0).
Morais et al. (2021) have performed a more detailed compari-
son of the M-B distribution models with those that assume a «-
distribution. Their analysis consisted in exploring different val-
ues for the ionization parameter, the continuum spectral index,
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the plasma density and its metallicity. For a majority of objects
from their 143 Type II AGNs sample, their analysis favored the
k-distribution approach.

We consider that «-distributions have the potential of resolv-
ing the TE problem. We must emphasize, however, that if «-
distributions applied to the NLR, the observed Royy ratio can
no more serve as temperature indicator. The three x = 7 models
with densities similar to those inferred from the S7 sample show
an average plasma temperature of ~10300 rather than the pre-
viously inferred value of 13 000K (Sect. 4) based on a standard
M-B distribution.

8. Summary and conclusions

Following a brief review of previous studies about the densi-
ties encountered in both the NLR and ENLR emission regions
(Sect. 2), we are proposing the utilization of the [ArIV]
(471 IA//14740A) doublet ratio to evaluate to what extent the
temperatures derived from the [O 1I1] (14363A/25007A) ratios of
the NLR are affected by collisional deexcitation. Our Seyfert 2
sample was originally extracted from the final data release
(Dopita et al. 2015; Thomas et al. 2017) of the Siding Spring
Southern Seyfert Spectroscopic Snapshot Survey. Since our
analysis centers on measurements of very weak lines, we found
necessary to repeat the line extraction and line fitting procedure
to ensure that the stellar spectral features surrounding the [Ar1v]
AA4711,40A lines were properly subtracted and also to deter-
mine which aperture provided the best S/N ratio for the extracted
lines (i.e., 1" or 4”).

We extracted reliable NLR measurements of the [Ar1v] dou-
blet in 16 high excitation Seyfert 2s of the S7 survey. The [Ar1V]
A4711A line fluxes were subsequently corrected for blending
due to the weaker He1l A4713A and [Ne1v] AA4715A lines.
Among our sample, 13 Seyfert 2s cluster at a similar Royy ratio
of 0.0146 + 0.0020 while three objects labeled outliers show sig-
nificantly higher values (>0.03). The plasma densities inferred
from the [Ar 1v] doublet for the 13 Seyfert 2s group span over the
range 2.4103 to 5.410* cm™3 in the single density case (Table 2).
The average temperature derived from Royyy for the 13 objects is
13000 + 703 K. Alternatively, when for each object a decreasing
power-law density distribution is assumed that extends up to a
cut-off density n., the averaged values of the plasma densities
that we infer for each object all turn out lower than 6.7x10* cm™3
(Table 3). The average temperature derived from Ropy in this
case is 12961 + 711K, which is similar to the single density
case.

Assuming the thermal SED of Fg97 with T = 100K
(Fig. 5) and a gas metallicity of 2.5 Z;, which is within the range
expected for galactic nuclei of spiral galaxies, the photoioniza-
tion models assuming low densities calculated with MAPPINGS I
could not reproduce the observed Royy ratios, which we labeled
the TE problem. We subsequently addressed this issue by explor-
ing alternative mechanisms that could account for the observed
Romr ratios while assuming plasma densities that encompassed
those inferred from the [Ar1v] doublet. For instance, in order
to reproduce an Royy ratio close to the observed mean value of
0.015, we considered four mechanisms as follows. In Sect. 7.1,
we explored the possibility of a double-bump SED where the
second peak occurs near 200 eV. One advantage of this method is
that it can also account for the soft X-ray excess observed by the
XMM-Newton satellite. In Sect. 7.2, we explored the possibility
of high ionization matter-bounded clouds. Although a promis-
ing solution, the calculated He 1I/HS ratio was much higher than
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observed, by a factor 2.4. In Sect. 7.3, following the approach
of BLOO, we hypothesized the existence of significant temper-
ature inhomogeneities within the NLR clouds. To confirm this
proposition would require the detection of the O V1 multi-
plet. Finally, in Sect. 7.4 we considered the possibility of a «
electron energy distribution, with k = 7. One advantage of this
approach was that it did not require an additional heating mech-
anism although the immediate cause of the distortion of the M-B
electron velocities remained indeterminate. We note that if the
k-distribution mechanism was confirmed, the Ropy ratio would
no more serve as a direct temperature diagnostics.

Independently of the origin of the TE problem, the fact
remains that TypeI and Type II AGNs reveal significant differ-
ences insofar as the optical [O1II] lines are concerned. There is
a clear demarcation in the [O III] (/14363A//15007A) versus Romr
diagram of the Seyfert2’s from the S7 survey with respect to
quasars and narrow-line Seyfert 1 galaxies. The most likely inter-
pretation is that collisional deexcitation is significantly affecting
the line emission of Typel nuclei where we have full view of
the inner NLR and possibly systems at an intermediate orienta-
tion as might be the case for the few outliers of the S7 survey.
The classical AGN unified model, which proposes that the NLR
should be isotropic, is clearly an incomplete picture.
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Appendix A: Plasma densities inferred from the
[S11] doublet

Density diagnostics of the NLR typically rely on the [STI]
(16716A/A6731A) doublet ratio, which originates from the low
ionization plasma. In Seyfert galaxies, the study of Bennert et al.
(2006a,b) for instance reveals densities of the spatially resolved
ENLR that are typically < 10°cm™ and in most cases both
the electron density and the ionization parameter appear to be
decreasing with radius. More recently, Freitas et al. (2018), who
used the Gemini multiObject Spectrograph Integral Field Unit
(IFU) on the Gemini North Telescope, created two-dimensional
electron density maps of the central part of five bright nearby
Seyfert nuclei. These authors found electron density (n.) val-
ues, inferred from the [S 11] (16716A/A673 1A) line ratio, ranging
from ~100 up to ~2500 cm™> along the AGN radius. The spatial
resolution quoted in their Table 1 implies a seeing of ~0.6”. A
complementary work is that of Kakkad et al. (2018) who gen-
erated IFU electron density maps for an AGNs sample issued
from the S7 survey which consisted of seven Seyfert2 galaxies.
The electron densities they inferred for the ENLR showed a pos-
itive gradient toward the nucleus, which was fitted with an expo-
nential profile that initiated at a radius beyond the seeing size
to avoid atmospheric blending. The density values they inferred
covered the range of 50 to 2000 cm™. As argued in App. A of
BVM, for the ENLR these density values are probably not far-
off from those characterizing the higher excitation lines such as
[O 11]. However, the situation is very different in the case of the
unresolved NLR of Type I AGNs as shown by BLOS (see Fig. 4b)
who presented clear evidence of strong collisional deexcitation
of the Ropyy ratio.

Appendix B: Correcting the [Ar1v] doublet from line
blending

The observed [Ar1V]+ lineo at 24711 Aconsists of a blend with the
much weaker HeTI 14713A and [Ne1V] 114725Alines. In order
to properly determine the plasma densities, one must deblend the
[ArIv]+ (1424711,13,15A/24740A) ratio of each object. As in
BVM, the deblended [Ar1V] (14711A/A4740A) ratio is obtained
by subtracting, from the measured doublet [ArIV]+ ratio, the
fractional contribution from the He 1 14713A line (£4¢!.) and the

blend
[Ne1v] A44715A line (f°V), that is:

Hel __
blend

NelV

[Ar1v] = (1 - NelVy 5 [ArIV]+

with each blending correction evaluated as follows.

B.1. Blending of the He1 14713A line

One characteristic of ratios involving recombination lines of
the same ion is their limited sensitivity to either temperature
or density. A valid prediction of the Hel 14713A line inten-
sity can therefore be derived from the measurement of the HeT
(15876A line) (alternatively, one can use the He I A4471A line).
Our deblending procedure is as follows. First, we derive the
Case B Hel (14713A/15876A) ratio, which we label Rye, via
interpolation of the emissivities from the supplemental Table

of Porter et al. (2013). For a 10*cm™ plasma at a tempera-
ture of 12000K, the Ry, ratio turns out to be only 4.78% of
He1 15876A. Temperature variations of 2000 K would cause

a change in this ratio of *7-"3%, respectively, while adopting

density values in the interval 10% to 10’ cm™ would result in
Ry ratios between 0.0429 and 0.0489, respectively. Second, by
defining Rye/ar as the observed He I/[ArIV] (15876A/14740A)

ratio, the product (Rpe X Rie/ar) defines our estimate of £/,

which is the contribution from Hel 14713A blending to the
“measured” [Ar1vV]+ doublet ratio. The f/ values for the
S7 survey assuming a single density are shown in Col.6

of Table 2.

B.2. Blending of the [Ne1v] 114715A line.

The [NeIlv] optical lines consist of a quadruplet at
A4714.36, 14715.80, 14724.15 and 14726.62A, respectively
(Garcia-Rojas et al. 2015). To simplify the notation, we refer
to the quadruplet as consisting of two doublets: the observed
[Ne1v] 114725A doublet and the potentially blended [NeIV]
AA4715A doublet. At typical NLR densities and temperatures,
the observed [NeIv] A14725A doublet turns out to be ~ 35%
brighter than the blended [Ne 1v] 114715A doublet. The depen-
dence of this ratio on temperature and densities is relatively
minor. Within the S7 survey, we could detect the AA4T15A
doublet only in a few objects. To correct the measured [ArIv]+
ratio from [Ne IV] blending, we first calculate at the appropriate
density and temperature the [NeIV] (/1/14715A//l/l47251°\)
ratio, which we label Rye. By defining Rne/ar as the observed
[NeIV]/[Ar1V] (114725A/A4740A) ratio, the product (RyeX
Rye/ar) defines our estimate of fY¢/Y which is the contribution

blend
from [Ne1V] blending to the “meagrlllred” [Ar1v]+ doublet ratio.

Appendix C: Recent updates to the code
MAPPINGS Ig

We incorporated the following recombination emission line pro-
cesses to the version Ig of MAPPINGS 1.

C.1. Emission resulting from recombination of N*2, O3, O*?
and S*3 to metastable levels

Based on the work of Pequignot et al. (1991), the recombination
rates from N*2, O*3 and O*? to the corresponding metastable
levels 'Sy and 'D, of [N11] and [O11] and levels 2P and 2D
of [O11], respectively, have been incorporated in the calcula-
tion of the corresponding emission line intensities. In the case
of the 'S level of [O 1], we added the missing contribution
from dielectronic recombination (Christophe Morisset, private
communication). As for the S*2 and S*? ions, we estimated their
recombination rates to metastable levels by extrapolation from
the O*2 and O*3 ions as follows: we assumed that the fraction,
&, of the total recombination rate (ag;; or ag;), which populates
metastable levels of Sulfur is the same fraction as found for Oxy-
gen. For instance, for a 10 000 K plasma this fraction, é:(S)(I)H’ in the

case of level 'Sy of O III (causing emission of the [O111] A4363A

line), is 2.2% of a(jj, .
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