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1 INTRODUCTION

ABSTRACT

We use high-spectral resolution (R > 8000) data covering 380013 000 A to study the physical
conditions of the broad-line region (BLR) of nine nearby Seyfert 1 galaxies. Up to six broad H1
lines are present in each spectrum. A comparison — for the first time using simultaneous optical
to near-infrared observations — to photoionization calculations with our devised simple scheme
yields the extinction to the BLR at the same time as determining the density and photon flux,
and hence distance from the nucleus, of the emitting gas. This points to a typical density for
the H1emitting gas of 10'" cm™ and shows that a significant amount of this gas lies at regions
near the dust sublimation radius, consistent with theoretical predictions. We also confirm that
in many objects, the line ratios are far from case B, the best-fitting intrinsic broad-line Ho/H B
ratios being in the range 2.5-6.6 as derived with our photoionization modelling scheme. The
extinction to the BLR, based on independent estimates from H1 and He 11 lines, is Ay < 3 for
Seyfert 1-1.5s, while Seyfert 1.8—1.9s have Ay in the range 4-8. A comparison of the extinction
towards the BLR and narrow-line region (NLR) indicates that the structure obscuring the BLR
exists on scales smaller than the NLR. This could be the dusty torus, but dusty nuclear spirals
or filaments could also be responsible. The ratios between the X-ray absorbing column Ny and
the extinction to the BLR are consistent with the Galactic gas-to-dust ratio if Ny variations are
considered.

Key words: dust, extinction—galaxies: active — galaxies: ISM — galaxies: nuclei — galaxies:

Seyfert.

intermediate-type AGN in which at least some broad lines are seen
(Osterbrock 1970), are the most direct tracers of the activity and

The broad emission lines observed in the spectra of type 1 immediate environment of accreting supermassive black holes.
active galactic nuclei (AGNs), including the partially obscured However, despite the prominence of these lines, their use in deriving

*E-mail: allan.schnorr@ufrgs.br

the physical conditions of the broad-line region (BLR) proved
troublesome until the development of the locally optimally emitting
cloud (LOC) model by Baldwin et al. (1995). In this concept, the
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BLR comprises gas clouds covering a wide range of physical con-
ditions; and line emission may arise from different regions of the
ensemble according to where it is most optimally generated. The gas
‘clouds’ in the LOC model do not necessarily correspond to actual
clouds, but may simply be packets of gas within a cloud that itself
comprises gas with variety of properties. As such, the more phys-
ically motivated models of the BLR, such as the radiation pressure
confinement (RPC) model (Baskin, Laor & Stern 2014), can also be
considered LOC models. The most general set of LOC models has
been explored and compared to reverberation mapping results by
Korista & Goad (2000, 2004) and applied to quasars by Ruff et al.
(2012). Crucially, the generic models allow one to test the physical
models such as RPC — by indicating which part of the density
versus photon-flux parameter space is consistent with the observed
line emission, and comparing this to the specific prediction made
by the physical model. Problems remain, however, in doing this be-
cause the intrinsic line ratios are not known a priori (the assumption
of case B recombination as used for stellar photoionization does
not apply, primarily due to the high densities, high incident UV
ionizing fluxes, and optical depth of the emitted lines), and because
of the intrinsic variability of the line emission on time-scales of
days to months.

If the BLR is totally unobscured, then the observed line ratios
are the same as the intrinsic line ratios. In this context, La Mura
et al. (2007) selected 90 Seyfert 1 galaxies from the Sloan Digital
Sky Survey (SDSS) in which all broad lines from He to H 6 could
be measured — since this implied negligible extinction to the BLR.
They derived (Ho/H B) = 3.45 £ 0.65, implying a wide range of
intrinsic ratios, which they explored as a function of the linewidth.
With a similar aim, Dong et al. (2008) selected 446 Seyfert 1s
from the SDSS which had blue optical continuum, which implies
low extinction to the accretion disc. They found the distribution of
Ha/H B which could be well described by a log-Gaussian distribu-
tion peaking at 3.06 and with a standard deviation of only 0.03 dex
(corresponding to £0.2 in the ratio). This much tighter range of
ratios led Dong et al. (2008) to suggest that one could adopt 3.06
as the intrinsic Ha/H B and hence derive the extinction to the BLR.
Recently, Gaskell (2015) analysed a sample of low-redshift AGNs
with extremely blue optical spectral indices and found that these
objects have a mean ratio of 2.72 £ 0.04. They interpreted this re-
sult as an indication that case B recombination is valid in the BLR,
and that even the bluest 10 per cent of SDSS AGNs still have sig-
nificant reddening. On the other hand, Baron et al. (2016) analysed
5000 SDSS type 1 AGNs at z =~ 0.4 and while they found that the
majority of the objects in their sample are reddened, in unreddened
objects the mean Ha/H B ratio is &3 with a broad distribution in
the range 1.5—4, which suggests that simple Case B recombination
cannot explain the ratio in all sources. Despite these results, signifi-
cant uncertainties remain. These include the impact on the observed
Ha/H B ratio of low continuum fluxes in unreddened AGN (Oster-
brock 1981; Rudy, Cohen & Ake 1988; Trippe et al. 2008) and also
of even low extinction to the BLR (Goodrich 1989; Tran, Oster-
brock & Martel 1992; Goodrich 1995; Dong et al. 2005; Trippe
et al. 2010).

Ideally, one would like to derive the intrinsic line ratios and
extinction simultaneously. Ruff et al. (2012) took a step in this di-
rection, using observations of optical and near-infrared (NIR) broad
lines in four optically selected quasars — although these were not ob-
tained simultaneously. These authors then compared the observed
ratios to a grid of photoionization models, in order to derive the
best-fitting density and photon flux. By focusing on ratios involving
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NIR lines (Paa, Pa 8, Pay) as well as He, the impact of extinction
could be reduced.

In this paper, we present high-resolution spectra of Seyfert 1s
obtained simultaneously across the optical and infrared (IR) bands.
For the first time, we are able to analyse ratios involving up to 6
broad Hilines (H y, H 8, Ho, Pa 8, Pa y and Pa §) in order to derive
both the intrinsic line ratios and the extinction for individual objects,
by comparison to a grid of photoionization calculations. By using
so many lines, we are also better able to account for the narrow-
line emission superimposed on the broad lines, in order to more
robustly estimate the broad-line fluxes. And by focusing here on
the hydrogen recombination lines, for which the physical process
is in principle relatively simple, we avoid complications due to,
for example, metallicity (Ruff et al. 2012). We note that additional
problems associated with Lya (Netzer et al. 1995) are not relevant
here since we do not make use of this line.

In Section 2, we describe the observations and data reduction. In
Section 3, we describe the fitting of the broad and narrow emission
lines, the photoionization calculations and the extinction measure-
ments. Then, in Section 4, we discuss the results, and in Section 5,
we present our conclusions.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Sample selection

The Seyfert 1 galaxies studied in this work are part of LLAMA
(Local Luminous AGN with Matched Analogues), a study using
Very Large Telescope/Spectrograph for Integral Field Observations
in the Near Infrared (VLT/SINFONI) and VLT/Xshooter of a com-
plete volume-limited sample of nearby active galaxies selected by
their 14-195 keV luminosity. The rationale for the selection of
the LLAMA sample is described in detail in Davies et al. (2015).
Briefly, these authors note that the accretion rate, traced by the
AGN luminosity, is a crucial parameter that is often ignored, es-
pecially in AGN samples selected via line ratios. They argue that
low-luminosity AGN can, in principle, be powered by a very local
gas reservoir on scales of <10 pc; and it is only at higher luminosi-
ties that (observable) coherent dynamical mechanisms are required
to drive sufficient gas inwards from circum-nuclear scales of 100—
1000 pc. If one wishes to study such mechanisms, the target galaxies
must be near enough that these scales can be very well spatially re-
solved. While there are many tracers that can be used to select
local AGN based on luminosity, the very hard X-rays (>10 keV)
are widely accepted to be among the least biased with respect to
host galaxy properties. The all-sky Swift BAT survey at 14—-195 keV
therefore provides an excellent parent sample for the selection. By
selecting appropriate luminosity and distance (redshift) thresholds
(logLis195kev [ergsfl] >42.5 and z < 0.01), one can select a com-
plete volume-limited sample from the flux-limited survey. An ad-
ditional requirement that the objects are observable from the VLT
leads to a sample of 20 AGN, of which 10 are classified as type
1.0-1.9 (Davies et al. 2015).

2.2 Observations

High spectral resolution observations were obtained using the
X-shooter spectrograph mounted at the ESO-VLT in Paranal,
Chile, between the nights of 2013 November 23 and 2015 June
16. A summary of the observations and basic properties of the
sources are presented in Table 1. X-shooter is a multiwavelength
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Table 1. Summary of the observations, Seyfert sub-types (see Section 3.4), 14—-195 keV luminosity (taken from Davies et al. 2015), X-ray absorbing
column (for objects which show Ny variations we show the smallest and largest values in the literature) and distance (taken from NED, using redshift
independent estimates). Abbreviated names: MCG-05-14-012, MCG-05-23-16 and MCG-06-30-015. References: I-Davies et al. (2015), 2.Risaliti,
Elvis & Nicastro (2002), *:Molina et al. (2009), *:Walton et al. (2014), >:Lutz et al. (2004), ®:Papadakis et al. (2008), ’:Winter et al. (2012).

Object Date(s) Exposure Airmass Seeing AGN log Li4-195 log Nu Distance
observed (s) (arcsec) Classification (erg s~ D) (cm™2) (Mpc)

2013 November 23 1920 1.012 0.61

MCGO0514 Sy 1.0 42.60 <21.9! 41
2013 December 11 1920 1.002 0.72

MCGO0523 2014 January 22 3840 1.063 1.21 Sy 1.9 43.47 22.1-22.77 35

MCGO0630 2015 June 16 1920 1.124 0.83 Sy 1.2 42.74 20.9'-22.23 27

NGC1365 2013 December 10 1920 1.022 1.34 Sy 1.8 42.39 22.0-23.44 18
2014 February 26 3840 1.302 0.72 5

NGC2992 Sy 1.8 42.62 21.6-22.2 36
2014 February 27 3840 1.342 0.72

NGC3783 2014 March 11 3840 1.428 0.81 Sy 1.2 43.49 20.5'-22.5% 38

NGC4235 2015 May 13 1920 1.203 0.73 Sy 1.2 42.72 21.20-21.3! 37

NGC4593 2014 March 10 1920 1.325 0.80 Sy 1.2 43.16 20.17-20.3% 37

NGC6814 2015 May 13 3840 1.077 0.86 Sy 1.2 42.69 21.0'-21.13 23

high-resolution spectrograph which consists of three spectroscopic
arms, covering the 3000-5595 A (ultraviolet-blue [UVB] arm),
5595-10 240 A (visual [VIS] arm) and 10 240-24 800 A (NIR arm)
wavelength ranges. Each arm consists of an independent cross-
dispersed echelle spectrograph with its optimized optics, disper-
sive element and detector (Vernet et al. 2011). The observations
were performed in (integral field unit) IFU-offset mode, with a
field of view of 1.8 arcsec x 4 arcsec. In IFU mode, the resolving
power of each arm is R ~ 8400 for the UVB arm, R ~ 13 200
for the VIS arm and R ~ 8300 for the NIR arm. The observations
of each target consisted of two observing blocks with sky obser-
vations performed after each target observation. A spectroscopic
standard star was observed on the same night as the target ob-
servation under similar atmospheric conditions. Telluric standard
star observations were performed both before and after the target
observations.

2.3 Data reduction

The X-shooter spectra were reduced within the ESO Reflex envi-
ronment (Freudling et al. 2013), using version 2.6.0 of the ESO
X-shooter pipeline in IFU/Offset mode (Modigliani et al. 2010),
in order to produce a 1.8 arcsec x 4 arcsec data cube. The reduc-
tion routine comprised detector bias and dark current subtraction,
and subsequent rectification of the spectra and wavelength calibra-
tion. Relative and absolute flux calibration of the data cube were
performed using data of a spectroscopic standard star observed on
the same night as the source. We corrected the spectra for telluric
absorption using a telluric standard star at a similar airmass and
observed either before or right after the target observation. A more
detailed discussion of the specific issues encountered when pro-
cessing these data, and of their solutions, will be given in Burtscher
et al. (in preparation).

3 DATA ANALYSIS

In this study, we make use of simultaneous observations of up to
six broad and narrow H1 lines at high spectral resolution (R >
8000) to constrain physical properties of the BLR and quantify
the obscuration to the broad-line and narrow-line regions (BLR and
NLR, respectively) in a sample of nearby Seyfert 1s. Instead of using
the whole data cube, we base our analysis on integrated spectra of
the inner 1.2 arcsec, thus sampling only the innermost part of the
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NLR and reducing host galaxy contamination. The K-band data are
of lesser quality for all objects, thus Bry is not included in our
analysis. Higher order Paschen and Balmer lines are present in the
wavelength range covered by our observations, but these are mostly
faint and only observed in a few objects, thus they are also not
included in our analysis.

Deriving the extinction from the broad H1 line ratios cannot be
done in a simple way, as photoionization models predict that the
line ratios may vary widely depending upon the conditions of the
BLR (Netzer 1975; Kwan & Krolik 1981; Korista & Goad 2004).
Previous observational studies (Zhou et al. 2006; La Mura et al.
2007; Dong et al. 2008) have measured the Balmer decrement in
samples of type 1 AGNs, by selecting them based on the presence
of a blue continuum (Dong et al. 2008) or high-order Balmer lines
such as H § and H € (La Mura et al. 2007), in order to assure
the extinction to the BLR is minimal. These studies found that
the median Ha/H B is 3.0-3.5, with moderate dispersions in the
range 0.2-0.6 (mostly without correcting the dispersion caused by
measurement errors). Nevertheless, ratios as small as 1.56 (La Mura
etal.2007) and as large as 7.8 (Osterbrock 1981) have been observed
in presumably unabsorbed AGNs. These results clearly show that
case B recombination does not apply, and that there is a significant
range of intrinsic Ha/H B ratios. For a meaningful measurement of
the extinction to the BLR, one must allow for this range of ratios. To
do so requires the use of photoionization models covering a wide
range of physical conditions, and observations of several H1 line
ratios. In this regard, the simultaneous coverage of up to six optical
and NIR broad H1 lines in our X-shooter observations provides an
ideal opportunity for a detailed analysis of the extinction to, and the
properties of, the BLR in Seyfert 1 galaxies at a level not possible
in previous studies.

The broad Hen 14686 A and Hen A10 126.4 A lines provide
an alternative mean of assessing the extinction to the BLR where
photoionization models are not needed, as the ratio of these lines is
expected to be similar to the case B prediction in the BLR spectrum
(Bottorff et al. 2002). These broad He1 lines are weak, however,
and although Hen 210 126.4 A is observed in all but one object,
broad Hen 14686 A is observed in only four objects. Neverthe-
less, we derive the extinction to the BLR, or we estimate lower
limits to the extinction if broad He i1 A4686 A is not observed, and
compare these values to the ones derived from the H1 lines. The
O1A11287/01A8446 provides another alternative for the determi-
nation of the extinction to the BLR (Rudy et al. 2000), however, as



O1 111 287 A is only observed in a couple of sources, we do not
make use of this line ratio in our analysis.

In Sections 3.1-3.3, we describe how we have measured the
broad- and narrow-line fluxes from the data, outline the photoion-
ization calculations we use, and finally discuss the properties we
can derive (extinction, photon flux, and gas density).

3.1 Emission line fitting

In order to measure the broad and narrow Balmer line ratios, the
narrow emission lines must be separated from the broad lines. Al-
though this can be a relatively simple process in the case of Pa g,
Pay and H y (although Landt et al. 2014 discuss cases where this
separation is not necessarily straightforward), it is not in the case of
Ho and H 8. Ha is observed blended with [N 1] lines, which are usu-
ally not simple Gaussians but often asymmetric and frequently have
faint extended wings at their bases. The broad H 8 profile usually
has superimposed on it an extended red wing which is not observed
in other Balmer lines (De Robertis 1985; Marziani et al. 1996); it
is believed to be formed, at least in part, by emission from weak
Fe i1 multiplets and He1 14922 A (Kollatschny et al. 2001; Véron,
Gongalves & Véron-Cetty 2002). For an accurate measurement of
the line ratios, especially in the case of weak Ho or H 8, these fea-
tures must be carefully taken into account. In Sections 3.1.1-3.1.4,
we describe the procedures we have applied in order to deblend the
broad lines from the other line profiles.

3.1.1 Feu subtraction

In the 4000-5600 A wavelength range, numerous Fe 1 multiplets are
present, blending to form a pseudo-continuum and contaminating
the continuum around H y and H 8, and in some cases, introducing
an asymmetry in the H g profile. Half of the sources presented sig-
nificant Fe i1 emission, thus in these objects, we first subtracted this
emission before fitting the emission lines. To achieve this, we per-
formed a Levenberg—Marquardt least-squares minimization using a
theoretical template (see Kovacevi¢, Popovi¢ & Dimitrijevi¢ 2010
for details) comprising five groups of Fe 1 lines. This was fitted to
the observed spectra over spectral regions where no strong emission
lines were present, namely 41504300 A, 4450-4750 A and 5100
5600 A. The template was shifted and broadened (by convolution
with Gaussians) and each of the five Fen emission groups in the
template was individually scaled. The result was subtracted from
the observed spectra.

3.1.2 Subtraction of broad He 1 24922 A

Broad Her 14922 A is observed blended with [Om] 14959 A,
which makes it difficult to accurately determine its profile. Thus,
instead of fitting Gaussians to the He 1 14922 A, we fitted the broad
He1A5876 line with a combination of three Gaussians and adopted
the resulting profile as a template for the Her 24922 A emission
line, scaling the width of the template accordingly. We proceeded to
fit the He 114922 A and [O 1] 14959 A blend with a combination of
the He 1 template (where the flux scaling of the template was the only
free parameter) and two Gaussians (which fitted the [O 1] 24959 A
profile).
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3.1.3 Narrow component subtraction

The narrow-line subtraction was performed in two steps. In the
first step, we performed a Levenberg—Marquardt least-squares min-
imization where the narrow and broad He, HB, Hy and Pg
were fitted simultaneously. For the narrow lines, we created a tem-
plate comprising two Gaussian components that was based on the
[Su] L6716 A profile. This template was used to fit the [N u] and
narrow H lines, by adjusting its flux scaling factor only. The fits
to the broad lines were subtracted from the spectra, isolating the
narrow emission lines which were then re-fitted in the second step.

In the second step, we fitted each narrow line with either one or
two Gaussians, depending on whether there are inflections or broad
wings in the [O ] profile (this way, we are sure these features
are real and not artefacts from poor broad-line subtraction). We
assumed the H1 and [N 1] lines have the same velocity dispersion
and redshift and we set the flux of [N 1] 6583 A line as 2.96 times
that of the [N 1] 6548 A line, in accordance with the ratio of their
transition probabilities (Osterbrock & Ferland 2006). The He and
[N1] 6583 A fluxes were free parameters in the fit. We tied Hy,
H B and Pa g fluxes to the Ho flux together adopting fixed intrinsic
line ratios and fitting for the extinction. The extinction is likely
to be different to that towards the BLR because the narrow lines
originates in a physically distinct and larger region. We estimate it
from Balmer and Paschen hydrogen line ratios: Hae/H 8, Hy/H B
and Ha/Pa B, adopting case B recombination line ratios assuming
a temperature of 10 000 K and an electron density of 100 cm™~3,
except for the Ha/H B ratio which we assumed is equal 3.1 due
to collisional enhancement in the NLR. We adopt a ‘screen’ dust
configuration and the Wild et al. (2011) extinction law, which has
the form:

A; _ -1.3 —0.7
Yol 0.6(A/5500) + 0.4(x/5500)""". D
%

The first term describes extinction from a compact layer of dust, for
which the exponent is set to match the extinction observed along
lines of sight in the Milky Way. The second term describes additional
attenuation caused by the intervening diffuse interstellar medium
(ISM). This law is a modification of the Charlot & Fall (2000)
law for star-forming regions, and has been successfully adapted
by Wild et al. (2011) so that it can be applied also to the narrow
emission lines from AGNs. Through a comparison of unobscured
mid-IR [Nen] A12.8 um + [Ne ] A15.5 um emission lines to He,
Wild et al. (2011) showed that this law provide a good correction to
emission line fluxes even in active galaxies with a high dust content,
motivating us to adopt this extinction law to estimate the extinction
to the narrow- and broad-line regions in this work.

We point out that the observed narrow H 1 line ratios are not well-
fitted, assuming case B recombination and adopting other extinction
laws such as the Gaskell & Benker (2007) law, the Small Magellanic
Cloud law or the Calzetti et al. (2000) law. This occurs because
Ay values derived from the Ha/H 8, HB/Hy and Ha/Pa g line
ratios differ from one another when adopting either of these laws,
although not by a large amount, while Ay values derived from these
ratios adopting the Wild et al. (2011) extinction law are consistent.
Nevertheless, differences between the different extinction curves in
the wavelength range covered in this study are not large (see fig. 2
in Lyu et al. 2014 for a comparison of these extinction curves).

After completing the second fitting step above, we subtracted the
fits to the narrow line from the spectra, isolating the broad lines.

MNRAS 462, 3570-3590 (2016)
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3.1.4 Fitting the broad hydrogen lines

It is well known that broad-line profiles are poorly represented by a
single Gaussian. In order to create a more flexible profile, but limit
the number of free parameters, we fitted the broad Ho, H 8, H y and
P B lines simultaneously with three Gaussian components (except
for NGC 4593 where four Gaussian components were necessary).
The redshift, velocity dispersion and relative flux of each Gaussian
component was assumed to be the same for all emission lines, i.e.
we assumed all broad H1 lines have the same profile differing only
by a scaling factor (except for NGC 4593, where the broad He line
was fitted separately as its profile was significantly distinct from the
other H1 lines).

We fitted Pay and Pa § separately from the other H1 lines as
both of them are strongly blended with other broad emission lines:
Her1 210 833.2 A in the case of Pay, and Hen A10 126.4 A and
Fen 119956, 9998 A in the case of Pa 8. Before measuring the
flux of the Pay line, we subtracted the broad He1 A10 833.2 A
from the spectra. This was done by adopting the fitted broad Pa
profile as a template and scaling it so that it matches the blue wing
of He1 110 833.2 A. Subsequently, we fitted and scaled the broad
Pa 8 profile to the now unblended Pa y line. In the case of Pa §,
we fitted and scaled the broad Pa g profile to the peak of broad
Pa §, subsequently subtracting the line from the spectra in order to
isolate He 1 110 126.4 A. In the case of NGC 3783 and NGC 4593,
we could not reliably separate Pa § from Hen A10 126.4 A and
Fe 11 119956, 9998 A using this technique, so we excluded this line
from our analysis of these objects.

We show the resulting fits to all the broad lines in Appendix
A. Once the broad-line fluxes had been measured, we compared
their ratios to a grid of photoionization models as described in
Section 3.2, in each case performing a minimization to determine
the best extinction as described in Section 3.3.

3.1.5 Fitting the broad helium lines

The He 144686 and He 1 A10 126.4 lines were fitted simultaneously
assuming they have the same profile. The narrow He 1 lines were
fitted by a single Gaussian, while the broad lines were fitted by a
combination of three Gaussians.

3.2 Photoionization models

‘We make use of the large grid of photoionization models of constant
cloud gas number density and solar gas abundances, similar to the
grids presented in Korista & Goad (2004) and Ruff et al. (2012),
computed with the photoionization code cLoupy (Ferland et al.
2013), release c13.03. We refer the reader to the references above
for a detailed description of the models, and give only a brief outline
below.

Calculations of hydrogen emission line strengths were generated
for a range of hydrogen number volume density (ny) values of
10’ < ny < 10 and for a range of ionizing photon flux (®y)
values of 107 < ®y < 10%*. The plane formed by these parameters
represents the range of gas densities and distances from the ionizing
continuum that are expected to exist within, and account for the
bulk of the line emission from, the BLR. For each point in the grid,
cLoupy’s standard AGN-ionizing continuum was used. A constant
number density within each cloud was assumed and a fixed column
density of Ny = 10% cm™2 was also adopted. Although a range of
column densities is expected within the BLR, the H1 emission line
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flux ratios are not strongly sensitive to the cloud column density in
the range 10?> < Ny <10?* (Korista et al. 1997).

The range of values for each of the physical parameters in our
analysis is motivated by observations and physical considerations,
following similar arguments as presented by Ruff et al. (2012).
Regarding ny, we adopt a lower limit of ny > 10° cm—3, based
on the absence of broad forbidden lines and observations of broad
[C ] A 1909 A, implying the presence of ~10° cm™ gas (Davidson
& Netzer 1979). None of the broad emission lines gives an upper
limit to the number density of the BLR, so we follow Ruff et al.
(2012) and adopt an upper limit of ny = 10 cm™3. We adopt a
lower limit on ®y of 10" cm~2 s~!, which, for a fiducial AGN
luminosity, is below that photon flux rate at the dust sublimation
radius (Nenkova et al. 2008) beyond which the line emissivity is
much lower (Netzer & Laor 1993). As the H1 line emissivity is also
low at large @y, we chose an upper limit on &y of 10** cm=2 s~
These limits yield a large range in the broad emission line region
parameter space: 10° < ny < 10" and 107 < &y < 10%*. Both
parameters were stepped at intervals of 0.25 dex.

In this work, our perspective is to directly compare the measured
broad H 1 line ratios to the grid of photoionization models described
above, instead of applying LOC models to our data. An advantage
of such approach is that we do not add model dependent constraints
to our analysis, and thus we can use the data to constrain the range
of valid grid points independent of any model for distributions of
the properties of the clouds in the BLR. In fact, in the current
analysis, our only constraint is to suppose that all the hydrogen
lines are emitted from the same clouds with certain density and
excitation conditions, which is a reasonable assumption considering
the similarity of the profile of the various H1 lines we analysed for
each object. Additionally, if more than one grid point is a good
match to the data, we adopt a simple weighting scheme where we
calculate median &y, ny and line ratios from these point. A detailed
description of our photoionization modelling scheme is given in
Section 3.3.

3.3 Extinction measurements

The extinction affecting a set of line ratios may be determined by
comparing the measured ratios with their theoretically predicted
intrinsic values.

In the case of the Hen lines, considering the
Hen 14686/Hen A10 126.4 line ratio is expected to be simi-
lar to the case B prediction even in the BLR spectrum (Bottorff
et al. 2002), we estimate the extinction to both the NLR and BLR
assuming an intrinsic Hen A4686/Hen A10 126.4 line ratio of
3.77, corresponding to the case B prediction for a temperature
of 10 000 K and a density of 10% cm™3. If broad Hen 14686 A
is not observed, we estimate a lower limit to Ay(BLR) based
on the broad Hen 110 126.4 A flux. This was done decreasing
the observed broad Heu A4686/Hen A10 126.4 ratio in steps
of 0.1, starting from the intrinsic value of 3.77, until the broad
He 11 14686 A line becomes indistinguishable from the continuum.
The lower limit to the extinction is then derived from this ratio.
In Table 2, we list Ay(NLR) and Ay(BLR) as estimated from the
Heun lines for each object. The errors in these estimates were
derived assuming an uncertainty of 20 percent in the observed
line ratios.

In the case of the H1lines, determining Ay(NLR), is a straightfor-
ward process since, as outlined in Section 3.1.3, a fixed set of intrin-
sic line ratios can be assumed. Deriving the extinction Ay(NLR) to
the NLR was done during the step of fitting and subtracting the nar-



Table 2. Extinction to the narrow-line region, Ay(NLR), and extinction
to the broad-line region, Ay(BLR), derived from Balmer and Paschen H1
line ratios and the Heu 14686/Hen A10 126.4 line ratio as described in
Section 3.3. In objects where broad He 11 A4686 is not detected, a lower limit
to Ay(BLR) was determined from broad Hen A10 126.4 A. These lower
limits are marked with an asterisk. Abbreviated name: MCG-05-14-012,
MCG-05-23-16 and MCG-06-30-015.

Object Ay(NLR) Ay(BLR)
Hi Heun Hi Heun
MCGO0514 0.7+07 02403 0.0+0.2 0.0+03
MCG0523 1.6%0¢ 1.3%03 77413 4.0
MCG0630 24107 1.5%03 2.8+04 3.0"
NGC1365 1.3%97 22104 42405 4.4*
NGC2992 2.8%07 32103 47405 4.5"
NGC3783 0.0758 - 0.1+02 -
NGC4235 25707 - 1L5£0.5 -
NGC4593 0.0708 - 0.0+0.1 -
NGC6814 1.470¢ 23104 0.4+ 0.4 0.0+03

row lines as described in that section. In Table 2, we list Ay(NLR)
as estimated from the H1 lines for each object. The errors in Ay
estimates were derived assuming an uncertainty of 20 per cent in
the observed line ratios.

The extinction to the BLR is derived in a different way, since the
H1 intrinsic line ratios are not known. To do so, we followed these
steps.

(1) We compared the measured emission line ratios to those de-
rived from photoionization calculations across the entire density—
flux plane. At each individual point in the grid, we performed an
independent Levenberg—Marquardt least-squares minimization to
derive the best-fitting Ay at that point. This results in a x2,; map
showing how well the observations can be matched by photoioniza-
tion calculations for a wide range of density and incident flux.

(2) As an estimate of the error in the broad-line fluxes mea-
surement is difficult to obtain, since it is dominated by systematic
effects, we adopted an uncertainty of 20 per cent for each line ra-
tio (corresponding to a fiducial 10 per cent uncertainty on each line
flux). From the resulting A2, values, we are able to draw in the
standard way the region corresponding to 1o uncertainty on the
derived parameters ny and ®y as shown in Fig. 1.

(3) In order to further constrain the range of valid grid points,
we apply an additional constraint that the calculated ratios must
all individually differ by less than 20 per cent from the unreddened
measured values. Grid points that did not fulfil this criterion were
discarded. If more than one grid point fulfilled it, we calculated
median values of ny, ®y, Ay(BLR) and line ratios. From here
on, we refer to the median values of the valid grid point as best-
fitting values. The best-fitting values of ny and ®y are shown in
Table 3. The best-fitting Ay(BLR) and predicted line ratios values
are listed in Table 4. We note that the median values of ny, &y and
Ay(BLR) are not significantly affected by increasing the selection
threshold to 30 per cent. It is only when we allow the calculated
and unreddened measured ratios to differ by 40 per cent or more
that the differences become significant, because at that point the
density and photon flux become poorly constrained. We also note
that the grid points fulfilling our chosen 20 per cent criterion cover
a much smaller range in the ny—®y plane than the range covered
by the 1o uncertainty contours shown in Fig. 1. Except for MCG-
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Figure 1. Ionizing photon flux &y versus hydrogen number density ny.
The points show the location of best-fitting parameters for the objects in
our sample. These are defined as the median of grid points where the differ-
ence between each model and de-reddened observed line ratios is less than
20 per cent. The extinction is optimised as a free parameter independently at
each grid point, and the resulting values are listed in Table 2. The contours de-
limit the regions corresponding to 1o uncertainty on the derived parameters
ny and ®y. Details of the procedure are given in Section 3.3. Abbreviated
name: MCG-05-14-012, MCG-05-23-16 and MCG-06-30-015.

Table 3. Best-fitting parameters &y and ny. Abbreviated name:
MCG-05-14-012, MCG-05-23-16 and MCG-06-30-015.

Object log(Py) log(ny)

MCGO0514 18.0£0.2 11.7+£0.8
MCG0523 185£05 11.8+ 1.3
MCG0630 18.0£0.3 11.5+09
NGC1365 185+ 0.7 11.24+0.9
NGC2992 182 +£0.6 112+ 1.0
NGC3783 18.0£0.3 11.7+£0.9
NGC4235 175 +£0.3 11.0£ 1.5
NGC4593 18.0£0.2 13.7£0.6
NGC6814 182+£0.8 119+ 1.3

05-23-16 and NGC 4235, where ny and &y are poorly constrained
because only three line ratios were measured for these objects,
the number of valid grid points for each object is small, eight at
most. Additionally, the range of ny and ®y values fulfilling the
criterion is small, the smallest and largest values differing by 1 dex
at most.

Considering that the extinctions to the NLR and BLR derived
from the H1 and Hen line ratios are consistent, our analysis will
focus on the Ay(NLR) and Ay(BLR) values derived from the H1
lines.

In Fig. 1, we plot the photon flux ®y versus hydrogen number
density ny for each source, together with the 1o contours as de-
scribed above. In Fig. 2, we show where these lie with respect to
contours of the He/H 8, H y/H B, Pa y/Pa B and Hx/Pa 8 line ratios
in the ®y—ny plane. The 1o uncertainty in the parameters ny, dy,
Ay(BLR) and line ratios were determined from the x;‘;d map (see
Fig. 1). The best-fitting values for photon flux ®y, density ny and
the respective 1o uncertainties are listed in Table 3. In Table 4,
we list the best-fitting parameter Ay(BLR) and the measured (m),
unreddened (u), and predicted (p) values for each line ratio.

MNRAS 462, 3570-3590 (2016)
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p
0.47 £0.07
0.54 £0.12
0.40 £ 0.07
0.57£0.18
0.53 £0.09
0.48 £0.10
0.33 £0.03
0.42 £ 0.05
0.53 £0.10

Pa §/Pap

m
0.50
024  0.56
0.29

p
0.70 £ 0.07
0.75 £ 0.09
0.63 £ 0.07
0.79 £0.13
0.76 £ 0.08
0.71 £ 0.09
0.55 £ 0.04
0.64 £ 0.05
0.75 £ 0.09

Pay/Pap

u
091
0.77

0.82

0.57
0.56
0.65
0.63

p
122 £1.93
13.9 £5.10

Ha/Pa g
u
13.5

m

27
0.74
4,

1

P
4.07 £0.76
342+ 1.61
441 £0.77
5.15£0.74
5.11 £ 1.00
4.11 £0.77
6.58 £0.99
2.49 £0.51
4.02 £0.77

Ha/H B

m
3.98

p
0.46 £ 0.05
0.47 £0.13
0.41 £0.04
0.40 £ 0.07
0.39 £ 0.06
0.47 £ 0.06
0.37 £0.04
0.49 £ 0.06
0.49 £ 0.07

Hy/Hp
m
0.40

14
(BLR)
77413
2.8+ 0.4
42405
47405

given. A comparison of the ‘u’ and ‘p’ values for each ratio in each object indicates how well the observational measurements and photoionization model predictions match. Abbreviated name:
0.1 £0.2

MCG-05-14-012, MCG-05-23-16 and MCG-06-30-015.

Table 4. Best-fitting parameter Ay(BLR) and the measured (m), unreddened (u), and predicted (p) values for each line ratio. The ‘u’ values are derived from the ‘m’ values using the extinction

MCGO0514 0.0 +£0.2

Object
MCG0523
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0.40

13.8 £ 2.60

13.7

76
34

3.98
5.35
5.01

8.85
17.8

0.40

0.27

MCG0630

040 0.63
0.29

16.4 £3.76

16.3

3.

024 043

NGC1365

0.48

0.82

0.61

15.8 £3.46

16.0

2.71

1

19.2

NGC2992

0.72

12.1 £2.10
233 +4.42

4.10 29

10.2

0.45

NGC3783

22.9

13.0

1

6.66

0.39

0.32
0.49

1.5+0.5
0.0£0.1
04+04

NGC4235

0.70
0.63

10.5 £ 1.55

0.7

2.40

NGC4593

53 055

65 0.

0.

11.0 £2.34

11.0

9.56

450 4.04

0.50 0.58

NGC6814

3.4 Seyfert sub-types

Seyfert galaxies are typically divided into two categories, depend-
ing on whether their spectra show only narrow emission lines
(Seyfert 2s), or also broad permitted emission lines (Seyfert 1s).
Some Seyferts, however, have characteristics intermediate between
these two types, so additional categories were created based on the
strength of the broad emission lines compared to the narrow emis-
sion lines (Osterbrock 1981). Various schemes have been proposed
to classify these types, based on the ratio of the [O 1] 5007 A flux to
the total H B flux. We adopt the scheme of Whittle (1992) which has
also been used by Maiolino & Rieke (1995), noting that some of the
thresholds differ slightly from those of Winkler (1992) which were
used by Burtscher et al. (2016). The intermediate classifications are
then as follows.

(i) Seyfert 1: objects showing a broad H B line with [Om1]/
HpB <0.3;

(i1) Seyfert 1.2: objects showing a broad H g line with 0.3 <
[Om]/HB < 1.0;

(iii) Seyfert 1.5: objects showing a broad H g line with 1.0 <
[Om]/H B < 4.0;

(iv) Seyfert 1.8: objects showing a broad H 8 line with 4.0 <
[Om]/H B;

(v) Seyfert 1.9: objects with no broad H 8 line but showing a
broad He line.

We classify the objects in our sample as follows.

(1) MCG-05-23-16: this object has been previously classi-
fied as a Seyfert 2 and as a NIR Seyfert 1 (where NIR, but
not optical, broad lines are seen), but a careful subtraction of
the narrow emission lines revealed a broad He line. No broad
HpB is observed, however. Thus we classify this object as a
Seyfert 1.9.

(i) MGC-05-14-012: this object is a Seyfert 1 as
[Om]/HB =0.2.

(iii) MGC-06-30-015: this object is a Seyfert 1.2 as
[Om]/HB = 0.9 (but note that in the scheme of Winkler 1992,
this object would be a Seyfert 1.5).

(iv) NGC 1365: this object has previously been classified as a
Seyfert 1.9 (Trippe et al. 2010) and a Seyfert 1.8 (Schulz et al.
1999). A broad H 8 line is present in our data and [O m]/H 8 = 11.8,
thus we classify it as a Seyfert 1.8.

(v) NGC2992: NGC 2992 was classified as a Seyfert 1.9 by Ward
etal. (1980) and more recently as a Seyfert 2 by Trippe et al. (2008).
An Ha broad component is clearly present in our observations and
after a careful subtraction of the narrow emission lines, broad H § is
also observed. [O m]/H g = 10.4 in this object and thus we classify
it as a Seyfert 1.8.

(vi) NGC 3783: [Om)/HB = 0.7 in this object and thus we
classify it as a Seyfert 1.2 (noting that based on Winkler 1992, this
object would be a Seyfert 1.5).

(vil) NGC 4235: [Om]/H B = 0.5 in this object, we classify it as
a Seyfert 1.2 (noting that based on Winkler 1992, this is borderline
between Seyfert 1.2 and 1.5).

(viil)) NGC 4593: [Om])/H B = 0.5 in this object, we classify it as
a Seyfert 1.2 (noting that based on Winkler 1992, this is borderline
between Seyfert 1.2 and 1.5).

(ix) NGC 6814: [Om]/H B = 0.4 in this object, we classify it as
a Seyfert 1.2.
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Figure 2. Ionizing photon flux ®y versus hydrogen number density ny. The diamonds indicate the location of our AGN in the plane, as shown in Fig. 1.
Upper-left panel: contours correspond to predicted Ho/H B ratio values of 2.85, 3.5, 4.5, 5.5 and 6.5. Upper-right panel: contours correspond to predicted
H y/H B ratio values of 0.3, 0.5 and 0.7. Bottom-left panel: contours correspond predicted to Pa y/Pa § ratio values of 0.5, 0.7 and 0.9. Bottom-right panel:

contours correspond to predicted Ha/Pa f ratio values of 10.0, 15.0 and 18.0.

4 DISCUSSION

In the previous section, we identified the locations in the plane of
photon flux versus density where, allowing for extinction, photoion-
ization models best match the observed broad line ratios. In doing
so, we have derived ®y, ny, and Ay(BLR) for each object. In this
section, we explore the implications of that result.

4.1 Photon flux, density, and location of the broad H1 emitting
region

The broad H1 lines in our sample objects are, with the exception of
NGC 4593, all emitted in a region with densities in the range 10! -
10'2 cm™3. For NGC 4593, the preferred density is 10"*7 cm™3.
However, the density is typically not strongly constrained and the
1o uncertainty, shown in Fig. 1, encompasses densities that high for
several objects. Ruff et al. (2012) also found high densities in the
range 10'2-10'3 cm~? for the four Quasi-stellar objects (QSOs) in
which they analysed H1 and Her1 line ratios.

However, if considered as a group, and taking into account the
overlap between the 1o uncertainty ranges, more moderate densities
of 101102 cm ™ appear to typify our sample. This is in remarkably
good agreement with RPC models (Baskin et al. 2014) which predict
a density of the order of ~210'' cm~> near the hydrogen ionization
front. The premise for these models is that if the gas pressure is

determined by the radiation pressure, then, in regions where strong
H1 emission occurs, the ionization parameter will inevitablly be
U ~ 0.1 independent of the AGN luminosity and distance to the
BLR. Detailed modelling shows that in an irradiated slab of gas,
there will be a wide range of ionization conditions, and thus high-
and low-ionization lines can be emitted from different locations
within the same cloud. Specifically, for clouds that are located half-
way to the dust sublimation radius (and for an AGN luminosity of
10% erg s1), the temperature falls to ~10* K at a column around
0.3-1 x 10% cm~? where the density is ~10'' cm~3. However, for
clouds much closer to the same AGN, the density is much higher,
~10'"* cm™3, where this temperature is reached and so collisional
effects significantly reduce the resulting H1 line strength.

The range of densities found for the H 1 emitting gas in this work
is larger, however, than the upper limit derived from observations
of [Cm] A 1909 A, which is collisionally suppressed at densities
larger than 10°° cm™>. Reverberation mapping studies of nearby
AGN found that both H and [Cmi] A 1909 A have similar time
lags, implying they are produced at similar radii, in the outer part
of the BLR (Onken & Peterson 2002; Trevese et al. 2014), thus
one might expect the H1 emitting gas and [Cui] A 1909 A have
similar densities. Regarding this issue, we note that a broad range
of densities is expected in a single cloud with Ny ~ 10** cm~2, so
a density of 10" cm ™ for H 8 and 10°° cm~ for [C ] A 1909 A
is consistent with reverberation mapping results. For an additional
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discussion on broad [Cur] A 1909 A and H B, we refer to Korista
et al. (1997) where maps of emission line equivalent widths in the
density—ionizing photon flux plane are shown. There, one can see
that the gas that is responsible for [Cm] A 1909 A contributes to
H g at a typical fraction of ~20-40 per cent of that found in gas
at densities >10'! cm™3, all else being equal (see their figs 3e and
3g). Additionally, it is important to consider that H 8 is emitted in
most gas clouds that emit [C] A 1909 A, but the reverse is not
true. So in this sense, this work is indicating that a major fraction
of the optical and NIR H1 emission lines are emitted in dense gas
(n >> 10%° cm™3).

In the RPC models of Baskin et al. (2014), both Hf and
[CIIT] A 1909 A are predominantly produced at radii close to the dust
sublimation radius, i.e. towards the outer part of the BLR (see their
fig. 5). In their canonical model (for which Lagy = 10%¥erg s71),
C++ is found at column densities through a cloud a little less than
neutral hydrogen (see their fig. 3). For clouds in the outer part of
the BLR, the range of columns corresponds to a regime in which
the volume density drops rapidly from 10'' cm™ (the density at
which the Hr emission arises) to 10° cm™ (see their fig. 2). Since
the critical density for [Cm] A 1909 A is ~10%5 cm™3, the line
emission is collisionally suppressed. Thus, the H1 lines and the
[Cm] A 1909 A line can arise in the same part of the BLR, from gas
that is at different densities in the same clouds.

The RPC model predicts, without any free parameters, not only
that the density of the gas where H1lines are produced most strongly
is ~10'" cm~3, but that the clouds with suitable conditions are
located predominantly half-way to the dust sublimation radius.

We can test this prediction using the photon fluxes listed in
Table 3. These are relatively well constrained to lie in the range
10'75-10'83 ¢m~2 s~!, comparable to the values found by Ruff
et al. (2012) for their four QSOs. Since we know the 14-195 keV
luminosities for all our targets (list in Table 1), we can calculate the
distance from the AGN at which the ionizing photon flux matches
those derived from the line ratios, for a given spectral energy distri-
bution (SED). The adopted SED is important since it determines the
extrapolation of the photon rate from 14 keV down to 13.6 eV. When
calculating the photoionization models, Korista & Goad (2004) used
an SED comprising a power law with an additional UV bump as
shown in fig. 1 of Korista et al. (1997). We prefer to adopt the SED
derived for NGC 1068 by Pier et al. (1994), since this object is
comparable to the AGN we have analysed here. However, we note
that it leads to lower extrapolated photon fluxes, and hence smaller
radii than the SED used by Korista et al. (1997). Finally, in order
to scale the results to the dust sublimation radius Rg,s, we adopt
Raust ~ 0.2 pc for an AGN bolometric luminosity of 10* erg s
as given by Netzer (2015) for graphite grains. However, as Net-
zer (2015) notes, this distance depends on the size and type of
grain as well as the anisotropy of the central radiation source, and
therefore Ry, should not be considered too strictly as being at a
fixed location.

The resulting distances are listed in Table 5. With the exception
of MCG-05-23-16, for which the photon flux is poorly constrained
as it was estimated based on only three line ratios, and NGC 4235,
which have the lowest photon flux in the sample, the distances are
consistent with a significant amount of the H1 emitting gas being
located at regions near (or even at) the dust sublimation radius. This
matches the expectations of the RPC model, and is also in agreement
with other theoretical studies which suggested broad Paschen and
Balmer lines in large part come from the outer BLR, near or at
the dust sublimation radius (Zhu, Zhang & Tang 2009; Czerny &
Hryniewicz 2011; Mor & Netzer 2012).
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Table 5. Distance from the nucleus
to the broad H1 emitting region in
terms of the dust sublimation radius
(see Section 4.1 for details).

Object b
MCG-05-14-012 1.0
MCG-05-23-16 0.5
MCG-06-30-015 1.0
NGC1365 0.7
NGC2992 0.8
NGC3783 0.8
NGC4235 1.8
NGC4593 0.9
NGC6814 0.9

4.2 Predicted line ratios

Here we compare the predicted broad-line ratios for the objects in
our study with measured line ratios in Seyfert 1/QSO samples in
previous studies.

Dong et al. (2008) measured the broad Ha/H 8 line ratio on
a sample of 446 nearby Seyfert 1 and quasi-stellar objects that
have blue continua (in order to minimize the effects of dust
extinction). The measured broad Ho/H $ line ratios range from
2.3 to 4.2, skewed towards the large ratio end. This distribution is
well described by a log-Gaussian with a peak of 3.06 and a standard
deviation of 0.03 dex (corrected for measurement errors). It is worth
noting that, although the broad He/H B ratio varies from 1 to 17
across the parameter plane of gas density and ionizing flux charac-
teristic of BLR clouds, LOC integrations over the range of cloud
parameters adopted by Korista & Goad (2004) predict He/H 8 in
this range (cf. discussions in Dong et al. 2008). La Mura et al. (2007)
measured the Hoe/H B in 90 nearby (z < 0.368) type 1 AGNs and
they obtained a median of 3.45 £ 0.65, while the measured ratios
ranged from 1.56 to 4.87. Zhou et al. (2006) measured the broad
Ha/H B line ratio in a sample of 2000 narrow-line Seyfert 1s and
they obtained an average ratio of Ho/H g = 3.03 with a dispersion
of ~0.36. In a sample of broad-line AGN with low starlight con-
tamination, Greene & Ho (2005) found a mean total (narrow and
broad) Ha/H B ratio of 3.5.

The line ratios we observe for the unreddened Seyfert 1s MGC—
05-14-012, NGC 3783 and NGC 4593 are in good agreement with
these other observational studies; as is the predicted line ratio for
NGC 6814, MCG-06-30-015 and MCG—05-23-16, the latter based
on the best fit to the Ha and Paschen lines, and for which we
derived a substantial extinction of Ay(BLR) = 7.7 mag. In contrast,
the dereddened line ratios for NGC 1365, NGC 2992, NGC 4235 are
clearly larger than the ratios measured for the objects in the Dong
et al. (2008) and La Mura et al. (2007) studies. We point out that
although these studies suggest that the median Balmer decrement
in the BLR is around ~3, much larger Balmer decrements have
been observed in unreddened AGN before, for example, Rudy et al.
(1988) measured a Ha/H B ratio of 5.0 in Mrk 609 while Osterbrock
(1981) measured a ratio of 7.8 in the same object when it was in a
low optical state.

La Mura et al. (2007) also studied the Hy/H g, obtaining
Hy/HB = 0.45 £+ 0.08. Zhu et al. (2009) analysed a sample of
74 narrow-line Seyfert 1s and found an average H y/H g ratio of
0.4. The H y/H B ratios in our objects, whether directly measured,
rereddened or predicted from the model fitted to other line ratios,
are all in good agreement with these results.



4.3 Comparison of extinction to previous studies

In this subsection, we compare our extinction estimates — both to
the NLR and the BLR as given in Table 2 — with previous estimates
available in the literature. In order to compare published values of
E(B—V) with our Ay estimates, we have adopted Ay = 3.1 E(B—V)
throughout.

(i) MCG-05-23-16: in a previous analysis of this galaxy,
Veilleux, Goodrich & Hill (1997) estimated Ay(NLR) = 0.89 from
the Ha/H B and Pa f/Ha line ratios and they estimated a lower
limit of Ay(BLR) = 7 based on the broad Pa 8 flux and the lack
of a broad Ho component in their observations, assuming case B
recombination line ratios. These results are consistent with ours.

(ii)) MCG-06-30-015: Reynolds etal. (1997) estimated Ay =2.0—
2.4 from the slope of the nuclear continuum, in agreement with our
estimate.

(iii) NGC 1365: Schulz et al. (1999) derived an extinction to
the BLR in the range of Ay(BLR) = 3.5—4 based on the compar-
ison of the observed He luminosity in the inner few arcsecs and
the intrinsic Ho luminosity estimated from modelling of narrow
emission line ratios. This estimate is consistent with our estimate
of Ay(BLR) = 4.2. Trippe et al. (2010) obtained long-slit spectra
of the inner 2 arcsec of NGC 1365 in 2009 January, covering the
3500-7000 A spectra range. They estimated Ay = 4.1, much larger
than our estimate of Ay(NLR) = 1.3. To comprehend this difference,
we compare their observations to ours: they mention that in their
spectrum, the narrow H B appears to be enhanced relative to the
[O ] lines, indicating a very strong starburst emission component.
This is not observed in our spectrum, which covers only the inner
1.2 arcsec of NGC 1365. However, within the field of view of the
IFU, we do observe an enhancement of the narrow H § relative to
the [O m] lines in a region ~21.8 arcsec distant from the nucleus, and
therefore beyond our extracted spectrum. Thus, the difference in
estimates of the extinction to the NLR are likely due to the different
spatial regions probed by our observations.

(iv) NGC 2992: Veilleux et al. (1997) estimated the extinction
to the BLR from the Pa /Br y line ratio assuming case B recom-
bination and obtained Ay = 6.5. Gilli et al. (2000) estimated the
reddening to the broad- and narrow-line regions assuming case B
recombination and found they are both similar, Ay(NLR) = 2.0 and
Ay(BLR) = 2.2. The difference to our results are partly because case
B recombination is not a valid assumption in this case. However,
Gilli et al. (2000) also reported observed ratios for Ho/Pa 8 of 3.3
and for Pa B(broad)/Pa S(narrow) of 17, both larger than our mea-
surements of 2.71 and 10.5, respectively. These differences are not
consistent with a simple change in obscuration, supporting the study
by Trippe et al. (2008) who argued that the BLR emission in this
galaxy shows variability. Trippe et al. (2008) observed NGC 2992
in 2005 and they estimated Ay(NLR) = 2.2, close to our estimate
of Ay(NLR) = 2.8. Trippe et al. (2008) did not detect broad H 8 or
Ho lines in their spectra.

(v) NGC 3783: Barr, Willis & Wilson (1983) estimated
Ay = 0.56f8§g from the UV continuum, which, like our estimates
of Ay(BLR) and Ay(NLR), is consistent with zero extinction.

(vi) NGC 4593: Ward et al. (1987) observed the 0.3—-100 um
continuum of NGC 4593 and, based on its shape, concluded that it
is a minimally reddened AGN. This matches the zero extinction we
find to both the NLR and BLR.

(vii) NGC 6814: Winkler (1997) estimated Ay = 0.65 + 0.37
for the nucleus of NGC 6814 based on a comparison of the ob-
served B—V,U—B,V—R and V—I colours of the nuclear continuum
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Figure 3. Comparison of Ay to the broad-line region versus Ay to the
narrow-line region. While six objects have similar extinctions to the BLR
and to the NLR, three objects have large extinction towards the BLR and
moderate extinction to the NLR.

to those of unreddened AGN. This is consistent with our estimate
of Ay(BLR) = 0.4 4 0.4.

4.4 Absorption to the BLR and NLR

The torus, which obscures some lines of sight to the AGN, is a
central tenet of the AGN unification scheme. As such, it is usually
assumed that all obscuration to an AGN occurs on these very small
scales; and, by extension, that Seyferts suffering intermediate levels
of obscuration are viewed through lines of sight that graze the
edge of the torus. Our sample of Seyfert 1s includes several with
intermediate obscuration, and so in this section, we discuss whether
that is necessarily the case.

In Fig. 3, we compare the extinction to the NLR to the extinc-
tion to the BLR. In three sources where the BLR is unobscured,
there is also no obscuration to the NLR (within errors), which is
expected. Three sources have Ay(BLR) >~ Ay(NLR) within errors,
which implies in these cases an obscuring structure at larger scales
than the NLR. In the Seyfert 1.8/1.9s in our sample, the extinction
to the NLR is substantially smaller: 1.9 mag smaller in NGC 2992,
2.9 mag in NGC 1365 and 6.1 mag in MGC-05-23-16. This im-
plies that the extinction to the BLR is due to dusty structures that
are more compact than the NLR. This could be the torus, and, in
fact, previous studies of the spectral variation in the broad lines and
continuum of Seyfert 1.8/1.9s (Goodrich 1989; Tran et al. 1992;
Goodrich 1995) showed that, in some of these objects, the varia-
tions were consistent with changes in reddening, and the time-scales
involved pointed to the obscuring source being close to the BLR,
i.e. the torus. On the other hand, dusty nuclear spirals and filaments
are also a possibility: in a recent study, Prieto et al. (2014) found
that dusty nuclear spirals and filaments on scales of tens of parsecs
to a hundred parsecs can cause moderate extinction to the nucleus,
in the range Ay = 3-6 mag.

Such structures can, in principle, account for the extinction to
the BLR in NGC 1365 and NGC 2992, but they cannot account
for the extinction to the BLR in MCG-05-23-16. This latter object
was one of those observed by Prieto et al. (2014), who found the
filament crossing the nucleus causes only a small amount of ex-
tinction, Ay &~ 1 mag. This implies the extinction to the BLR of
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MCG-05-23-16 occurs on a much smaller scale.The mid-IR emis-
sion in AGNs tracing the warm dust is typically located on scales
<50 pc for the AGNs in our luminosity range, and specifically
in the case of MCG-05-23-016, the half-light radius of the mid-
IR emission is &2 pc as found by interferometry (Burtscher et al.
2013). Thus, in the case of MCG-05-23-16, considering the large
difference between the extinction to the NLR and BLR, the fact that
high-spatial resolution observations showed that the dust filament
crossing its nucleus causes only a small amount of extinction (Pri-
eto et al. 2014) and the size of the half-light radius of the mid-IR
emission (Burtscher et al. 2013), we argue the torus is the structure
obscuring the BLR.

In arecent study, Heard & Gaskell (2016) estimated the reddening
to the broad- and narrow-line regions independently for 300 objects
based on the Ha/H g ratio, which they assumed to be equal to 2.9
in the NLR spectra and to 2.78 in the BLR spectra. They find that
the BLR is always reddened at least as much as the NLR and often
much more (see their fig. 3). In contrast, we find that in six of the
nine objects in our sample, the extinction to BLR and NLR are the
same within errors. We attribute this difference to Heard & Gaskell
(2016) adopting a single intrinsic broad He/H g line ratio of 2.78
for all AGN in their analysis, which will result in overestimating
the extinction to the BLR in many sources, as our analysis indicates
that the intrinsic broad Ha/H g ratio has a broad distribution and is
usually larger than this value.

4.5 X-ray absorption and optical extinction

A quantitative comparison between extinction and X-ray absorbing
column has recently been presented by Burtscher et al. (2016) —
and we refer to these authors for a discussion of other results in
the literature on this topic. They showed that when one takes into
account the variability in the X-ray absorbing column, its lower limit
is consistent with the measured optical extinction for the Galactic
gas-to-dust ratio; and they argued that deviations from this can be
explained as absorption by dust-free neutral gas within the BLR.
The extinction used by these authors was derived using the ‘dust
colour’ method of Burtscher et al. (2015), and is a measure of the
extinction to the hot (~1500 K) dust.

Because this probes nearly all the way to the BLR, it can be used
as a proxy for the extinction to the BLR. But also because of that,
we re-visit this issue here and look at whether their conclusion is
upheld when using the extinction derived directly from the broad
lines themselves.

We plot Ay(BLR) versus the X-ray absorbing columns in Fig. 4.
The thick grey curve gives the range of relations using the Galactic
gas-to-dust ratio (N/Ay)Gataciic = (1.79-2.69) x 10?! cm~2 (Predehl
& Schmitt 1995; Nowak et al. 2012). The observed range of Ny
for each object, tracing variations in X-ray absorbing column, are
indicated by dashed lines. When Ny variation is taken into account,
all objects in this study show that the lower end of their range of
Ny/Ay ratios is consistent with the Galactic gas-to-dust ratio. In
particular, we have six objects in common with Burtscher et al.
(2016), and the Ay derived here from broad-line measurements is
consistent with — and more precise than — that derived with the dust
colour method presented by Burtscher et al. (2016). As such, our
analysis confirms their result.

4.6 Seyfert sub-type and extinction to the BLR

Finally, we also look at the relation between Seyfert sub-type (as
discussed in Section 3.4) and the extinction to the BLR, which

MNRAS 462, 3570-3590 (2016)

23» T T T T T T T T T ‘v T T T T T T T T T T T T ]
r ! ]

r 'NGC1365 MCG-05-23-16
E —— b & ! 1
22ﬁrmce-os-14-o1zf b ! 3
r ! o ]
F | ' INGC2992 .
—~ [ . I ]
TOP NGC4235™7\16-06-30-015 ]
o - I ! -
= 211 NaCes14 | E
< o ! B
D o ! 4
S [ NGC3783 ‘ ]
L ]
Eo 1
20 | .
- ! -
- ! -
Lo ]
b NGC4593
1901 e ]

0 2 4 6 8 10

A, to the BLR (mag)

Figure 4. Ay to the broad-line region versus X-ray absorbing column Ny,
adapted from a similar figure by Burtscher et al. (2016). The vertical dashed
lines denote the range of absorbing columns in the literature, which indicates
the minimum variability for each object. The Ny value for MCG-05-14-012
is an upper limit. The thick grey line represents the Galactic standard gas-
to-dust ratio (Predehl & Schmitt 1995; Nowak et al. 2012).

T T T T T

10~ -

—_ 8 [ N

= F MCG-05-23-16 1

E | 1

C 6 7

— L 4
m

o r NGC2992 } 1

= r ENGCHBS‘

o 4r -

- F MCG-06-30-015 1

< |- -

2 = -

5 ENGC4235 1

i NGC6814 NGC3783 1

0 MCG—%)SJ 4-012 %3NGC4593 1 1 |

1.0 1.2 1.5 1.8 1.9

Seyfert Sub-type

Figure 5. Seyfert sub-type versus Ay to the broad-line region. Sub-types 1.0
are effectively unobscured, sub-type 1.2 is composed both by unobscured
and lightly obscured (0.5-3 mag), while sub-types 1.8-1.9 suffer substantial
obscuration in the range 4-8 mag. Given Fig. 4, this plot can be considered
equivalent to fig. 2 of Burtscher et al. (2016) which plots sub-type versus
X-ray absorbing column.

are plotted in Fig. 5. There is a clear separation between Seyfert
1-1.2s and Seyfert 1.8-1.9s: Seyfert 1-1.2s are either unabsorbed
objects or mildly absorbed objects, while Seyfert 1.8—1.9s are af-
fected by substantial obscuration to the BLR, in the range 48 mag.
Our result is consistent with earlier studies that suggested that these
intermediate-AGN categories are comprised mostly of partially ob-
scured Seyfert 1s (Goodrich 1989, 1995; Dong et al. 2005), the
remaining being objects with low-AGN continuum flux (Rudy et al.
1988; Trippe et al. 2010). And it supports the similar comparison by
Burtscher et al. (2016) between the Seyfert sub-type and the X-ray
absorbing column, which showed a clear separation between the
1.0-1.5 and 1.8/1.9 sub-types. Indeed, given the relation between



X-ray absorbing column and extinction, these two comparisons with
the Seyfert sub-type can be considered equivalent.

5 SUMMARY AND CONCLUSIONS

In this paper, we present simultaneous spectroscopic observations of
six optical (Balmer) and NIR (Paschen) broad lines from nine nearby
Seyferts that are part of our ongoing survey of LLAMA. Analysing
the H1 line ratios in the context of a grid of photoionization models
(and without assuming case B recombination), we are able to derive
the intrinsic line ratios, photon flux and density of the BLR, as well
as the extinction to it. Based on the analysis of these objects, our
main conclusions are as follows.

(i) Values of the intrinsic Ho/H B line ratio lie in the range 2.5—
6.6 (without accounting for uncertainties), confirming that case B
recombination cannot be assumed, and that a single set of excitation
properties cannot be used to represent all BLRs.

(ii) The density of the H1 emitting gas in the BLR is typically
10" cm~3 for the sample, although there may be variation between
individual sources. The ionizing photon flux is in the range ~10'7—
10'85 cm=2 57!, which implies that a significant amount of the H1
emitting gas is located at regions near the dust sublimation radius.
These values are consistent with theoretical predictions, in particular
with the RPC model.

(iii) The Seyfert sub-types, determined via the [Om]/H B line
ratio, are consistent with the extinction to the BLR, which is based
on independent estimates from the H1 and Heu lines: in Seyfert
1.0 and 1.2s, the BLR is either unobscured or mildly obscured,
while in Seyfert 1.8 and 1.9s, the BLR is moderately obscured with
extinction in the range Ay = 4-8 mag. By inference, Seyfert 2s have
Ay > 8 mag.

(iv) Inthe moderately obscured objects, the extinction to the BLR
is significantly larger than the extinction to the NLR. This may be
caused by the torus but could also be due to dusty filaments or a
nuclear spiral. In the specific case of MCG-05-23-16, the nuclear
filament cannot account for the obscuration, which is instead likely
due to the torus.
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Figure A1. Observed Ho, H 8, H y, Pa B, Pay and Pa § line profiles from an integrated spectrum of the inner 1.2 arcsec (black), fitted broad (blue) and broad
plus narrow (red) profiles lines. On the Hy panel, we show in grey a combination of the fitted H y profile and the spectrum of an inactive galaxy, in order
to illustrate that most of the differences between the observed and fitted profiles are due to the shape of the underlying stellar continuum. On the Pa y panel,
broad He1 was subtracted from the spectrum.
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Figure A2. Observed Ho, H 8, H y, Pa 8, Pay and Pa § line profiles from an integrated spectrum of the inner 1.2 arcsec (black), fitted broad (blue) and broad
plus narrow (red) profiles lines. On the H y panel, we show in grey a combination of the fitted H y profile and the spectrum of an inactive galaxy, in order to
illustrate that most of the differences between the observed and fitted profiles are due to the shape of the underlying stellar continuum. Excess emission on the
wings of the broad H y line are due to [O ] and Fe 1 multiplets. On the Pa y panel, broad He1 was subtracted from the spectrum.
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Figure A3. Observed Ha, H S, Hy, Pa g, Pay and Pa § line profiles from an integrated spectrum of the inner 1.2 arcsec (black), fitted broad (blue) and broad
plus narrow (red) profiles lines. On the H y panel, we show in grey a combination of the fitted H y profile and the spectrum of an inactive galaxy, in order
to illustrate that most of the differences between the observed and fitted profiles are due to the shape of the underlying stellar continuum. On the Pa y panel,
broad He1 was subtracted from the spectrum.
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Figure A4. Observed Ho, H 8, H y, Pa 8, Pa y and Pa § line profiles from an integrated spectrum of the inner 1.2 arcsec (black), fitted broad (blue) and broad
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Figure A5. Observed He, HB, Hy, Pag, Pay and Pa § line profiles from an integrated spectrum of the inner 172 (black), fitted broad (blue) and broad
plus narrow (red) profiles lines. On the H y panel, we show in grey a combination of the fitted H y profile and the spectrum of an inactive galaxy, in order
to illustrate that most of the differences between the observed and fitted profiles are due to the shape of the underlying stellar continuum. On the Pa y panel,

broad He1 was subtracted from the spectrum.
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Figure A6. Observed Ho, H 8, H y, Pa 8, Pay and Pa § line profiles from an integrated spectrum of the inner 1.2 arcsec (black), fitted broad (blue) and broad
plus narrow (red) profiles lines. On the H y panel, we show in grey a combination of the fitted H y profile and the spectrum of an inactive galaxy, in order to
illustrate that most of the differences between the observed and fitted profiles are due to the shape of the underlying stellar continuum. Excess emission on the
wings of the broad H y line are due to [O m] and Fe 1 multiplets. On the Pa y panel, broad He 1 was subtracted from the spectrum. Broad Pa § was not fitted as
the line could not be deblended from He i 110 126.4 A and Fe t 219956, 9998 A.
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Figure A7. Observed Ho, H 8, H y, Pa B, Pay and Pa § line profiles from an integrated spectrum of the inner 1.2 arcsec (black), fitted broad (blue) and broad
plus narrow (red) profiles lines. On the Hy panel, we show in grey a combination of the fitted H y profile and the spectrum of an inactive galaxy, in order
to illustrate that most of the differences between the observed and fitted profiles are due to the shape of the underlying stellar continuum. On the Pa y panel,
broad He1 was subtracted from the spectrum. Broad Pa §, Pa y and narrow Pa 8 were not detected in this object.

MNRAS 462, 3570-3590 (2016)



Broad-line region in local Seyferts 3589

NGC4593

Ho HB Hy
T T T T T T T 450 T T T
1000 1 600 E
400
—~ 800 1 ~ 500 E -
< < o
T T » 350
= = o
] 5} o
~ 600 9 = 400F - =
5 o 5
= x % 300
2 = =2
400 B 300F ]
250
200 1 200
1 1 1 1 1 1 1 1 1
650 655 660 665 670 480 485 490 495 500 505 510 515 425 430 435 440 445
A (hm) A (nm) A (nm)
Pap Pay Pad
120 130 T T T 120 T T T T
110
110 e
< 100 < =
o o & 100 ]
] 5} (5]
590 i P
o o o
x x x
= = 2 90
80
1
!
70 80
1 1 1 ‘ 1 1 1
1270 1280 1290 1300 1310 1090 1100 1110 1120 1000 1010 1020 1030 1040
A (nm) A (nm) A (nm)

Figure A8. Observed Ho, H 8, H y, Pa 8, Pay and Pa § line profiles from an integrated spectrum of the inner 1.2 arcsec (black), fitted broad (blue) and broad
plus narrow (red) profiles lines. On the H y panel, we show in grey a combination of the fitted H y profile and the spectrum of an inactive galaxy, in order
to illustrate that most of the differences between the observed and fitted profiles are due to the shape of the underlying stellar continuum. On the Pa y panel,
broad He1 was subtracted from the spectrum. Broad Pa § was not fitted as the line could not be deblended from Hen A10 126.4 A and Fen 219956, 9998 A.
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Figure A9. Observed Ha, H 8, Hy, Pa g, Pay and Pa § line profiles from an integrated spectrum of the inner 1.2 arcsec (black), fitted broad (blue) and broad
plus narrow (red) profiles lines. On the H y panel, we show in grey a combination of the fitted H y profile and the spectrum of an inactive galaxy, in order to
illustrate that most of the differences between the observed and fitted profiles are due to the shape of the underlying stellar continuum. Excess emission on the
wings of the broad H y line are due to [O 1] and Fe 1 multiplets. On the Pa y panel, broad He 1 was subtracted from the spectrum.
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