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ABSTRACT

We present spectroscopic observations of the type 2 quasar SDSS J11311.054+162739.5 (z =
0.1732), which has the richest spectrum of forbidden high-ionization lines (FHILs, e.g. [Fe vi],
[Fex], [Fexi] and [Nev]) yet reported for an active galactic nucleus (AGN), as well as
unusually strong [O 1] A4363 emission. The study of this object provides a rare opportunity
to investigate the physical conditions and kinematics of the region(s) emitting the FHILs. By
comparison with photoionization model results, we find that the FHIL region has high densities
(10°3 < ng < 103% cm™3) and ionization parameters (—1.5 < log [U] < 0), yet its kinematics
are similar to those of the low-ionization emission-line region detected in the same object
(full width at half-maximum ~360 % 30kms~'), with no evidence for a significant shift
between the velocity centroid of the FHILs and the rest frame of the host galaxy. The deduced
physical conditions lie between those of the broad-line (ng > 10° cm™3) and narrow-line
regions (ng < 10% cm™3) of AGNs, and we demonstrate that the FHIL regions must be situated
relatively close to the illuminating AGN (0.32 < rpgr. < 50 pc). We suggest that the inner
torus wall is the most likely location for the FHIL region, and that the unusual strength of the
FHILs in this object is due to a specific viewing angle of the far wall of the torus, coupled with
a lack of dust on larger scales that might otherwise obscure our view of the torus.
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1 INTRODUCTION

Most Seyfert galaxies show some spectral lines from forbidden
transitions of highly ionized ions in their spectra, for example,
[Fe vir], [Fe x], [Fe x1] and even [Fe x1v] (Penston et al. 1984). These
emission lines are often blueshifted with respect to the rest frame
of the active galactic nucleus (AGN), and have velocity widths
which are between those of the narrow-line region (NLR) and the
broad-line region (BLR, Penston et al. 1984; Appenzeller & Wagner
1991; Mullaney et al. 2009). In some rare cases, many forbidden
high-ionization lines (FHILs) of relatively high equivalent width
(EW) have been detected. Examples include III Zw 77 (Osterbrock
1981), Tololo 0109-383 (Fosbury & Sansom 1983) and ESO 138 G1
(Alloin et al. 1992).

The physical mechanisms and conditions that allow strong FHILs
to be produced have been debated for some time: whether there
is a continuity from the photoionization processes which produce
the lower ionization lines in the NLR (Korista & Ferland 1989;
Ferguson 1997), or there is an entirely different mechanism for
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their formation (e.g. collisional excitation in a high-temperature
gas; Nussbaumer & Osterbrock 1970).

Given that the transitions associated with many of the FHILs
have high critical densities (n. > 10° cm™3), it has been suggested
that they may originate in the innermost torus wall facing the illu-
minating source. Studies of the high critical density [Fe vi] 26086
emission line across Seyfert galaxies from types 1 and 2, includ-
ing intermediate types, find that its strength increases relative to the
low-ionization lines from type 2 to type 1. This can be interpreted in
terms of the orientation-based division between Seyfert types (e.g.
Antonucci 1993): as the Seyfert type gets closer to a Seyfert 1, more
of the emission from the inner torus becomes visible to the observer
(see Murayama & Taniguchi 1998; Nagao, Murayama & Taniguchi
2001). Therefore, the high critical density lines that are preferen-
tially emitted by the torus are likely to be stronger in type 1 objects,
as observed. However, to date the idea that the [Fe vi] emission
lines are associated with the torus has not been thoroughly tested
using detailed emission-line ratios that measure physical conditions
accurately.

Although it seems plausible that at least some of the FHIL emis-
sion arises in the torus, the causes of the diversity in both the
relative strength and the kinematics of the FHILs remain uncertain.
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One possibility is that the unusually strong FHILs observed in some
objects are symptomatic of a recent energetic occurrence which is
able to illuminate the region that produces these lines (Komossa
et al. 2009); suggestions for such events include the rapid accretion
of material from the interstellar medium, the tidal disruption of a
star by the supermassive black hole (SMBH), gamma-ray bursts and
supernovae (Komossa et al. 2009).

The unusual strength of the FHILs in objects such as III Zw
77, Tololo 0109-383 and ESO 138 Gl provides us with a rare
opportunity to study the nature of the region of the AGN which
emits them, and thus helps us to better understand the structure of
AGNs in general.

This paper reports an investigation of the object SDSS
J11311.054162739.5 (hereafter Q11314-16), which has the rich-
est spectrum of FHILs yet reported for an AGN. Q1131416 was
discovered in the 2MASS survey and was classified as a Seyfert 2
galaxy with a redshift of 0.174. It belongs to a sample of quasar-like
objects identified on the basis of their red near-infrared (near-IR)
colours [(J/ — K) > 2.0)] in the 2MASS (Cutri 1995). In this pa-
per, we present deep optical and IR spectra of Q1131416 and use
these to deduce the physical conditions and kinematics of the FHIL
emission lines, with the aim of investigating their origin. The cos-
mological parameters used throughout this paper are adopted from
the WMAP: Hy = 71kms™", Qy = 0.27 and Q, = 0.73 (Spergel
et al. 2003), resulting in a spatial scale of 3.46 kpc arcsec™!.

2 OBSERVATIONS AND DATA REDUCTION

2.1 ING ISIS observations

Low-resolution optical spectroscopic observations of Q1131416
were taken on 2007 February 9 with the ISIS dual-arm spectrograph
on the 4.2-m William Herschel Telescope (WHT) on La Palma as
part of a spectroscopic survey of a representative sample of red,
quasar-like objects. The full sample for this survey comprised of
a complete right ascension limited subsample of 24 objects with
near-IR colours (/ — K) > 2 and z < 0.2 selected from the list
of Hutchings et al. (2003), which is itself representative of the
population of red, 2MASS-selected quasars. The unusually strong
FHILs in Q1131416 were discovered serendipitously in the course
of this survey.

In the red the R158R grating was used with the REDPLUS CCD,
while in the blue the R300B grating was used with the EEV12 CCD.
A dichroic at 5300 A was employed to obtain spectra with the useful
wavelength ranges ~3250-5250 A in the blue and ~5200-9500 A in
the red. To reduce the effects of differential refraction, all exposures
were taken when Q1131416 was at low airmass (sec z < 1.1), and
with the slit aligned close to the parallactic angle. The seeing for the
night of the observations varied from 0.8 to 1.3 arcsec (full width
at half-maximum, hereinafter FWHM).!

Sets of three 600-s exposures were taken on both arms simulta-
neously, giving a total exposure time of 1800 s. The data were taken
with a 1.5-arcsec slit along a position angle (PA) 315°. To elimi-
nate the contamination from the second-order emission, a GG495
blocking filter was introduced into the ISIS red arm.

The data were reduced in the standard way (bias subtraction,
flat-fielding, cosmic-ray removal, wavelength calibration, flux cali-

! Unfortunately, due to a lack of suitable imaging observations, an accurate
seeing estimate does not exist for the exact time of the WHT observations
of Q1131+16.
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bration) using packages in IRAF.> The 2D spectra were also corrected
for spatial distortions of the CCD. To reduce wavelength calibration
errors due to the flexure of the telescope and instrument, arc spectra
were taken at the position of the object on the sky; the estimated
wavelength calibration accuracy is 0.1 A in both the blue and the
red (however, this may be an underestimate at the extreme edges
of the spectra). The atmospheric absorption features were removed
by dividing by the spectrum of a telluric standard (BD+17 2352),
taken close in time and airmass to the observations of Q1131+16.
The spectral resolution, calculated using the widths of the night sky
emission lines, was 6.11 % 0.74 A in the blue and 10.96 & 0.83 A
in the red (measured in the observed frame of the spectrum). The
spatial pixel scales of the 2D spectra are 0.4 arcsec in the blue
and 0.44 arcsec in the red, and the relative flux calibration uncer-
tainty — based on 11 observations of eight flux standard stars taken
throughout the run — is estimated to be £5 per cent.

The spectra were extracted and analysed using the Starlink pack-
ages FIGARO and DIPSO.

2.2 Gemini GMOS observations

In order to test the possibility that the emission lines of Q1131+16
are variable, a follow-up spectrum was taken using the GMOS on
the Gemini south telescope at Cerro Pachon.

Spectroscopic and imaging observations using the GMOS were
taken on 2010 February 21 during the Gemini queue observation
time as part of the programme GS-2009B-Q-87. The spectral ob-
servations comprised three 600-s exposures using a central wave-
length 5000 A at an airmass of 1.46, and a 1.5-arcsec slit aligned
along PA = 163° — close to the parallactic angle for the centre of the
observations. This resulted in a spectrum with a useful wavelength
range ~3700-6450 A. The observations of the flux standard star,
Feige56, had the same set-up but with an exposure time of 10 s,
taken at an airmass of 1.61 and with a 5-arcsec slit. Deep GMOS
images were also taken using an 7’ filter at an airmass of 1.56. Each
exposure of the imaging observations had an exposure time of 250 s,
and the data were taken in a four-point dither pattern, resulting in
a total exposure time of 1000s. The seeing was estimated to be
0.75 4+ 0.02 arcsec (FWHM), based on measurements of stars in
the GMOS image.

The spectra were extracted and analysed using the Starlink pack-
ages FIGARO and DIpso, and the IRAF packages GEMINI and NoAO. An
analysis of the night sky lines implies a wavelength calibration
uncertainty of 0.50 + 0.06 A for the spectrum. The spectral reso-
lution, calculated using the widths of the night sky emission lines,
was 7.12 = 0.11 A in the observed frame of the observations, and
the spatial pixel scale is 0.147 arcsec pixel~!.

Comparisons between the WHT and Gemini spectra demon-
strate that the fluxes of the stronger emission lines (e.g. [O ]
AA4363,4959,5007, [Ne v] A3426, [Fe vii] A 3759) and continuum
agree within 20 per cent between the two sets of observations. This
is remarkable considering that the two sets of observations were
taken with different instruments, at different slit PAs and under
different seeing conditions.

The GMOS image was reduced using the standard Gemini
pipeline reduction software. The photometric calibration used the

2 [raFis distributed by the National Optical Astronomy Observatory, which is

operated by the Association of Universities for the Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation
(http://iraf.noao.edu/).
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zero-point magnitude for the # filter advertised on the GMOS south
website, taking the full account of the airmass and exposure time of
the observations.

2.3 ING LIRIS observations

On the night starting on 2010 March 2, we obtained a 1.388-
2.419 pm spectrum of Q1131416 using the HK grism in the LIRIS
(Manchado et al. 1998) on the 4.2-m WHT on La Palma. The spec-
trum has a dispersion of 9.7 A pixelfl, and a 1-arcsec slit was used,
giving a spectral resolution of ~40 A. The seeing was approxi-
mately 2 arcsec and the night suffered from heavy cirrus. A total
exposure time of 88 min was obtained over airmasses ranging from
1.0 to 2.2. The total exposure was divided into 240-s subexposures
and the telescope was nodded in the standard manner to aid sky
subtraction. A random jitter of 10 arcsec was added to the default
nod positions to limit the impact of bad pixels. Observations of the
A5V star BD+16 2325 were also taken to correct for the effects of
telluric absorption and to provide a relative flux calibration. Both
stars were observed with a slit PA of 0°. For a more detailed descrip-
tion of the reduction process, see Ramos Almeida, Pérez Garcia &
Acosta-Pulido (2009).

3 RESULTS

3.1 Spatial distribution of the emission lines

While our 2D spectra show that all the emission lines are strongly
concentrated in the nucleus of the host galaxy, we detect spatially
extended line emission in [Ou] A3727 (see Fig. 1), HB, [Ou]
AA5007,4959 and the He+[N 1] blend. The emission lines have
a maximum extent of 9 arcsec in the north—south direction (29 kpc)
in the Gemini spectrum (PA = 163°) and 15 arcsec in the north-
west—south-east direction (47 kpc) in the WHT spectra (PA =315°),
corresponding to the spatial extent of the galaxy disc visible in our
Gemini ' image (see Section 3.5).

In order to investigate the nuclear spectrum, we extracted aper-
tures of size 1.5 x 1.5 arcsec’? from the 2D WHT and Gemini
spectra. The apertures were centred on the nucleus.

Spatial

To determine the spatial distributions of both the emission lines
and the continuum along the slit, spatial slices were extracted
from the 2D WHT spectrum over the wavelength ranges given in
Table 1. The continuum slices were extracted with similar wave-
length ranges to their nearby emission lines so that the continuum
could be accurately subtracted from the slices containing the emis-
sion lines. The pipso Starlink package was then used to measure
the centroid and spatial FWHM of the flux distribution of each
slice, by fitting a single-Gaussian profile to the central cores of the
emission.

Overall, the centroids measured for each emission line and con-
tinuum slice in Table 1 are all consistent within their uncertainties,
implying no spatial offset between any of the emission lines indi-
vidually, nor between the emission lines and the continuum.

The spatial FWHMs of all the emission lines — with the exception
of [Ou] A3727 — are consistent with the seeing on the night of the
observations (see Section 2.1), suggesting that their spatial distri-
butions are unresolved in the observations. Therefore, the spatial
distributions of the high-ionization lines provide an indication of
the true seeing of the WHT observations (1.1 < FWHM < 1.35 arc-
sec). As expected, there is evidence that the seeing degrades towards
shorter wavelengths, since the two shortest wavelength FHILs have
significantly larger spatial FWHMs than their longer wavelength
counterparts. Moreover, the fact that the spatial FWHM measured
for all continuum slices significantly exceeds the estimated seeing
demonstrates that the continuum emission is spatially resolved in
the nuclear regions.

The spatial FWHM of the [O 1] 23727 emission line is signif-
icantly broader than the other FHILs at similar wavelengths in
Table 1 and this line is clearly resolved in the 2D spectrum (see
Fig. 1). The combination of the large spatial extent and spatially
resolved nuclear emission of [O 1] makes this emission line ideal
for the study of the emission-line kinematics across the host galaxy
Q1131416 presented in Section 3.6.

3.2 Line identifications

The optical spectra of Q1131416 are shown in Figs 2-5. What
makes the spectrum of Q1131+16 special is not only the large

[Fe VII]

Figure 1. A section of the 2D WHT spectrum along PA = 315° showing [O 1] 23727 and [Fe vii] 13759. Note that [O 1] is extended 6.9 arcsec above and 8.1
arcsec below the continuum of Q1131416 and is well resolved. The spatial direction of the slit is indicated along side the plot. In addition, a nuclear velocity
gradient in [O 11] can be seen from the fact that its profile is slanted when compared to that of [Fe vi].

© 2011 The Authors, MNRAS 414, 3360-3380
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Table 1. Centroid positions and spatial extents of selected emission lines and the continuum
at different wavelength intervals, as measured from the 2D WHT spectrum. The centroids
(measured in pixels) and the FWHM (measured in arcseconds) were determined using
single-Gaussian fits to the bright cores of the spatial distributions of the emission lines
along the slit.

ARest (A) Range (A) Centroid + FWHM (arcsec) +
Blue arm
[Ne v] 3425 35 98.34 0.01 1.35 0.01
Continuum 3392 35 98.23 0.04 1.71 0.04
[O1] 3727 45 98.39 0.08 1.56 0.06
Continuum 3690 45 98.21 0.07 1.78 0.06
[Fe vir] 3759 45 98.32 0.07 1.28 0.05
[Ne m] 3868 45 98.32 0.01 1.24 0.01
Continuum 3923 45 98.33 0.06 1.81 0.07
HS 50 98.49 0.05 1.04 0.05
Continuum 4147 50 98.25 0.06 1.74 0.06
Hy 35 98.33 0.04 1.09 0.04
[O 1] 4363 35 98.35 0.05 1.14 0.02
Continuum 4466 35 98.38 0.05 1.73 0.07
Red arm

He 11 4686 50 89.82 0.12 1.25 0.15
Continuum 5545 50 89.84 0.04 1.74 0.05
HpB 50 89.74 0.04 1.09 0.04
[O 1] 4959,5007 130 89.75 0.01 1.18 0.01
Continuum 5093 130 89.85 0.04 1.74 0.05
[Fe vir] 6086 65 89.83 0.02 1.19 0.02
Continuum 6139 65 89.80 0.04 1.87 0.05
Ho 145 89.81 0.01 1.09 0.02
Continuum 6435 145 89.81 0.04 1.71 0.05
[Fe xi] 7892 40 89.76 0.10 1.18 0.11
Continuum 7927 40 89.84 0.06 1.80 0.07

number of emission lines, but also their rich variety. In particu-
lar, the detected FHILs include [Fev] A13839,3891,4181, [Fe vi]
AA5146,5176,5335, [Fevn] AAr3759,4893,5159,5276,5720,6086,
[Fex] A6375, [Fexi] A7891 and [Nev] A13346,3426.3 As well
as the FHILs, lower ionization species which are not typically
detected in quasar spectra are found in the spectrum, including
[Fe1v] AA2829,2836,4903,5236, along with Bowen resonance flu-
orescence lines of O 11, such as O m A3133. Also detected are more
typical AGN emission lines such as Ha, HB, Heu 14686, [O1]
AA3726,3729 and [Om] AA4363,4959,5007. However, the FHILs
are unusually strong with respect to the latter lines, with [Ne v]
213426 comfortably exceeding the strength of the [O 1] 13727 dou-
blet and [Fe vii] 16086 of comparable strength to HB. Also no-
table is the unusual strength of [O ] 14363 compared to Hy and
[Om] A5007 ([Om] (A5007/4363) = 5.86 = 0.21 in the WHT
spectrum), as well as the relatively modest ratio of [O 1] 15007
to HB ([Om]/HB=5.27 £ 0.16), given the strength of the other
high-ionization lines.

The strongest emission lines in this object have relatively large
EWs, including a large number of FHILs with EWs compara-
ble to other typical lower ionization emission lines. Indeed, the
EWs of the FHILs in Q1131416 are larger than those of any
other AGN with published spectra, including other objects with
unusually strong FHILs such as III Zw 77 (Osterbrock 1981) and

3 In this study, we define a FHIL as an emission species with an ionization
potential greater than or equal to 54.4 eV (that of He ).
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Tololo 0109-383 (Fosbury & Sansom 1983). Moreover, the [O11]
emission-line luminosity of Q1131416 [(4.6 &+ 0.1) x 10® Lol
would lead to its classification as a type 2 quasar object according
to the criterion of Zakamska et al. (2003). Overall, the rich variety
of emission lines, and their relatively large EWs, allow for a thor-
ough investigation of the physical conditions of the FHIL emission
region.

A full list of line identifications made from these spectra is pre-
sented in Table 2. All the line identifications have been determined
by fitting single Gaussians to the emission features in both the WHT
and Gemini spectra. The rest-frame wavelength ranges that were fit-
ted for Q1131416 are 2700-4600 and 4600-8000 A in the WHT
spectra, and 3100-5450 A in the Gemini spectrum. Table 2 gives
the line flux ratios relative to HB for both spectra. The fluxes of the
emission lines have not been corrected for intrinsic reddening for
reasons that will become clear in Section 3.8. In addition, it appears
that there is no need of a Galactic extinction correction, since the
IRSA extinction tool in the NASA/IPAC Extragalactic Database
(NED) gives a reddening of only E(B — V) = 0.031 (Schlegel,
Finkbeiner & Davis 1998).

The majority of line identifications have been confirmed in other
astrophysical objects such as AGNs and planetary nebulae (e.g.
Kaler 1976; Osterbrock 1981; Fosbury & Sansom 1983; Alloin
et al. 1992). However, there are several emission lines in Table 2
which have been identified using the National Institute of Stan-
dards and Technology (NIST) spectral line data base (see reference
4 in Table 2). An emission line was only regarded as a secure ID
if its line centre was within 1.5¢0 of the wavelength predicted for
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Figure 2. WHT nuclear spectrum of Q1131416 taken on the ISIS blue arm. Unresolved blends are indicated by an ‘/’, while resolved blends are indicated by
an ‘&’. The flux scale is measured in units of 10716 erg s~ A= cm™2. Note the strength of high-ionization lines such as [Ne v] and [Fe vi] relative to [O 1],
and of [Om] A4363 relative to HS. For reference, we also show a scaled version of the night sky spectrum extracted from the 2D frames at the bottom of the

plot.
1.8 — .
o z
1.6 | - X 1
3
)
1.4 -
7
o
— 1.2 - -
~
<
E 1.0 |- i
<
g
© —
P osl ! 4
w o
2N Sl
b \
V)
o6 |
o}
3
[
0.4 =]
[
T
0.2 - ‘
0 1 1 1 1 1 1 1
5000 5500 6000 8500 7000 7500 8000
Rest Wavelength(A)
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that particular emission line based on the mean redshift, and if its redshift, yet their S/N exceeds 3. Note that, due to its higher S/N,
signal-to-noise ratio exceeded 3.0. As well as the 66 identified emis- the Gemini spectrum reveals a large number of faint lines that were
sion lines, there are 37 emission lines which remain unidentified (see not detected in the original WHT spectrum (see Tables 2 and 3).
Table 3), in the sense that there are no IDs for them in the NIST Interestingly, although there are many iron FHILs in the spectrum
spectral line data base that give redshifts within 1.5¢0 of the mean of Q1131+16, there is no clear evidence for the [Fexiv] A5303
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Figure 5. Nuclear spectrum of Q11314-16 taken using the GMOS on the Gemini South telescope. The flux scale has been narrowed here to highlight how rich

the spectrum is in emission lines. The flux scale is measured in units of 107!

CCD chips in the GMOS instrument.

emission line. The identification of this emission feature at ~5300 A
has been controversial in the past: it has been debated whether it is
[Fe x1v] 15303 or [Ca v] A5309 (e.g. Oke & Sargent 1968; Weedman
1971). When this feature is fitted in our WHT spectrum, if only the
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6ergs™! A='em™2. The gaps in the spectrum are due to the gaps between the

[Cav] A5309 identification is considered, the individual redshift
of the emission line (0.17319 £ 0.000 11 for the WHT spectrum)
agrees within the uncertainties with the average redshift of all the
lines (0.173 25 4 0.000 01, see Section 3.6). However, if the feature
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3368 M. Rose et al.

Table 3. Unidentified emission lines across both spectra. The flux ratios are relative to HB. All presented wavelengths
are measured in the observed frame. A notes key is included in Table 2.

awnr (A) AGemini (A) (FIF)ng (WHT) (F/F)np (Gemini) Notes Suggested ID
3344.0 £ 1.09 - 0.141 £ 0.034 - 2 [Arv]
3488.9 £+ 0.91 - 0.055 % 0.008 - 2 [Nev]
3661.9 £ 0.52 3662.9 £ 0.61 0.072 £ 0.027 0.091 % 0.007 2 [Om]

- 3747.9 £ 1.10 - 0.079 = 0.009 - ?
3924.7 £0.51 3925.1 £0.52 0.420 £+ 0.016 0.434 £+ 0.034 - Om/[Nev]

- 3963.2 £ 0.56 - 0.023 = 0.004 2 ?
4040.4 % 0.66 4039.4 £+ 1.50 0.122 £+ 0.033 0.099 % 0.036 - Oom

- 4108.1 £ 1.50 - 0.029 = 0.004 1 ?

- 4174.6 £ 0.60 - 0.017 £ 0.002 2 ?
4208.3 £0.51 4208.9 £ 0.58 0.164 £ 0.017 0.242 £ 0.012 - [Fe vu]

- 4326.5 £ 0.52 - 0.006 + 0.002 2 Hi

- 4336.2 £0.52 - 0.008 = 0.002 2 Hi
4426.3 + 1.24 4425.3 + 1.45 0.010 % 0.002 0.008 + 0.001 - Hi

- 4438.4 £ 1.40 - 0.017 £ 0.004 2 ?

- 4863.6 % 0.60 - 0.034 % 0.006 - He1

- 4904.1 £ 0.52 - 0.040 = 0.006 - [Fev]

- 4933.8 +0.70 - 0.030 + 0.006 - ?
4979.8 + 0.57 4979.7 £ 0.55 0.091 % 0.022 0.080 = 0.009 - ?
50302 £ 1.13 5029.6 % 0.66 0.072 £ 0.027 0.047 £ 0.014 - ?

- 5066.6 % 0.50 - 0.056 % 0.007 - [On]

- 5291.0 & 2.40 - 0.009 + 0.002 - [Nm]
5301.8 £ 0.59 5302.1 & 1.60 0.056 % 0.027 0.030 % 0.004 1 ?

- 5443.5 £ 1.10 - 0.024 % 0.006 - [N

- 5544.5 £0.76 - 0.048 = 0.009 - ?

- 5561.1 £ 0.63 - 0.045 % 0.009 - ?

- 5649.8 & 0.52 - 0.034 % 0.006 - ?

- 5915.6 % 0.60 - 0.025 + 0.006 1 [Sin]

- 6122.5 £ 0.60 - 0.010 =+ 0.002 2 ?

- 6171.4 £ 0.81 - 0.018 + 0.004 - ?

- 6238.3 £ 5.90 - 0.025 % 0.007 - ?

- 6309.3 £ 0.78 - 0.029 + 0.006 - ?

- 6350.1 £ 0.52 - 0.036 % 0.004 - Hen
6481.8 + 1.42 - 0.023 £ 0.003 - - ?
6495.8 + 1.15 - 0.044 £ 0.019 - - ?
6588.3 +2.17 - 0.024 % 0.008 - ?
6605.3 £ 2.18 - 0.239 £+ 0.016 - - [Fe vi]
6748.5 + 2.94 - 0.046 £ 0.010 - 2 [N
8403.8 £ 3.14 - 0.062 £ 0.013 - - ?

is identified with [Fe xiv] A5303, the individual redshift becomes
0.174 55 £ 0.000 11, which is significantly higher (>100) than the
mean redshift.

A further interesting feature of the spectrum is that the Hoe +[N 1]
emission blend shows tentative evidence for a broad base of the
rest-frame width 11500 £ 2200kms~' (FWHM, see Figs 4 and
6). This is consistent with the presence of a scattered (Antonucci
& Miller 1985), or directly observed, BLR component. Spectropo-
larimetry observations will be required to confirm the scattered BLR
possibility.

3.3 Infrared spectrum

In order to further understand the nature of this object, we made
spectroscopic observations of Q1131416 at near-IR wavelengths.
The observed wavelength range (1.4-2.4 um) was selected in order
to simultaneously detect both Pac and Pag.

The K-band near-IR spectrum of Q1131416 taken using the
LIRIS is presented in Fig. 7. Due to its relatively low S/N, this
spectrum does not show the abundance of emission lines seen at

Downl oaded from https://academ c. oup. com mras/articl e-abstract/414/4/3360/ 997726
by University of Sheffield user
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optical wavelengths. Although weak narrow Pac and Paf* emis-
sion lines are detected, there is no sign of any broad Pax and Pag
components, implying that the BLR is enshrouded by dust. A single-
Gaussian fit to the Pax line shows that it is unresolved within the
uncertainties for the resolution of our observations, and its redshift
(z=10.17314 £ 0.000 11) is consistent with those of the optical
emission lines.

Any quasar nucleus component present in this system must be
highly extinguished; the relatively red near-IR colours of this source
measured by the 2MASS do not appear to be due to a moderately
extinguished quasar component that becomes visible at the longer
near-IR wavelengths. Therefore, this object cannot truly be de-
scribed as a ‘red quasar’.

3.4 Spectral fitting model

The emission lines in the spectrum of Q1131416 were initially fit-
ted with single-Gaussian profiles, but such fits did not provide an

4 The Pag emission line is on the blue edge of the H-band near-IR spectrum;
because of this any measured emission-line fluxes are inaccurate.

© 2011 The Authors, MNRAS 414, 3360-3380
Monthly Notices of the Royal Astronomical Society © 2011 RAS
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Figure 6. The broad component centred on the He +[N 1] emission blend. The telluric feature is fitted as well as the various emission components from

QI1131+16.
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Figure 7. The K-band LIRIS spectrum of Q1131416. The rest-wavelength range shown here is 17000-20 500 A. The only significant feature is the Pac

emission line.

entirely adequate fit to the wings of the stronger lines (see Fig. 8). To
overcome this, a double-Gaussian model was fitted to the spectral
lines. This model is based on the fit of the [O 1] AA5007,4959 lines,
because they are particularly strong emission features. To produce
the model, both broad and narrow Gaussians were fitted to the Gem-
ini [O ] line profiles, where the centres, widths and intensities of

© 2011 The Authors, MNRAS 414, 3360-3380

each Gaussian were free parameters. The widths (FWHMs) of the
narrow components for the [O 1] emission lines were found to be
consistent with the instrumental width of the Gemini spectra (7.1 A)
at 6.9 & 0.2 A. We therefore use the instrumental width to fit the nar-
row components in the model fit to other lines, varying this to take
into account the resolution of the different spectra. The measured
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Figure 8. Fits to the [O m] A15007,4959 emission lines. Top panel: single-Gaussian fit to both [O 1] A5007 and [O ] A4959. The overall fit does not fit the
wings of the emission lines well. Bottom panel: the double-Gaussian fit to the [O 1] 25007 and [O m] A4959 emission lines from the Gemini data. Here the
model has had more success in fitting the wings of the emission lines when compared to that above. The individual components of the fit are included in the
plot; the components of [O 1] A5007 are drawn with a dotted line and the components of 14959 are fitted with a dot and a dashed line. The overall line profile
is fitted with a dashed line. The model throughout this investigation is based on the [O m] 15007 emission line. The flux is measured in 1075 ergs™! A=! cm™2

and the wavelength is in units of A.

FWHM of the broad component [14.1 £ 0.6 A (FWHM), corre-
sponding to a rest-frame velocity width of 720 & 30kms~'] was
used to obtain an intrinsic velocity width for the broader component
by correcting its FWHM in quadrature using the instrumental width.
In addition, the broad component is redshifted by 1.8 & 0.1 A from
the narrow component, corresponding to a velocity shift of 92 +
6 km s~! in the galaxy rest frame. The double-Gaussian [O 1] model
was then fitted to all other emission lines, in order to derive the line
fluxes listed in Tables 2 and 3.

Fig. 8 shows the spectral fit to the [O m] 25007 emission line used
to determine the spectral fitting model. The overall fit in the bottom
panel of Fig. 8 is significantly better than that shown in the top
panel, where the emission lines are fitted with a single-component
free fit. The parameters from the double-Gaussian [O 1] fits were
used to fit the emission lines throughout the spectrum. In general,
these fits were extremely successful. There is, however, a minority
of lines — indicated by notes (1) and (2) in Tables 2 and 3 — which are
not fitted well by both components of the [O ] model. These lines

© 2011 The Authors, MNRAS 414, 3360-3380
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QI1131+16: a clear view of the inner torus? 3371

10"

Figure 9. GMOS ' image of the host galaxy Q1131+16. Indicated are the north and east axes as well as the slit PA of each spectroscopic data set.

are generally weak, and many are in blends with other emission
lines.

The [N1u] AA6548,6584 doublet is blended with the Ho emis-
sion line and therefore was modelled using constraints provided by
atomic physics (i.e. same FWHM, 1:3 intensity ratio and line centre
of 16548 fixed to the centre of A6583). This is true of other doublet
blends, for example, [O1] A16300,6364 (blended with [S ] 26312
and [Fe x] A6375).

3.5 Host galaxy morphology

Fig. 9 presents our Gemini ’'-band image of Q1131+416. The galaxy
morphology appears consistent with a late-type spiral classification
(Sb or Sc), with a moderate degree of asymmetry in the sense that
the spiral arms are more extended to the west than to the east of the
nucleus. However, we do not find evidence for the ‘large-scale and
clear tidal disturbance’ reported by Hutchings et al. (2003). Clearly,
a more detailed analysis of the morphology and kinematics of the
host galaxy is required in order to determine the true interaction
status of this system.

Based on aperture photometry, the total magnitude of the host
galaxy was estimated using a circular aperture of diameter 23 arcsec
(57 kpc), giving an r’-band magnitude of 17.11 4 0.26 — consistent
with the Petrosian r-band magnitude for this object listed on the
SDSS website. Note that this estimate represents an upper limit on
the brightness of the stellar component of the host galaxy since no
correction has been made for AGN components, such as emission
lines and scattered light.

3.6 Emission-line kinematics and redshift

The median redshift determined using all of the securely identified
emission lines is z = 0.17325 &£ 0.000 01. From only the securely
identified FHILs (ionization potential > 54.4 eV) the redshiftis z =
0.17323 +£ 0.00002, while for the low-ionization lines, we find
7z =0.17326 £+ 0.00001. These values are consistent within their
uncertainties, as emphasized by Fig. 10, where estimated redshifts
of all the lines are plotted.

In order to check whether the mean emission-line redshift repre-
sents that of the host, the [O 1] A3727 emission-line blend was fitted
as a function of position across the galaxy for both Gemini and WHT

© 2011 The Authors, MNRAS 414, 3360-3380
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!
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Figure 10. Individual redshifts of the emission lines of Q1131416 as mea-
sured for the WHT data. The triangles indicate the low-ionization emission
lines and neutral species emission and the black circles indicate the FHILs.
All points lie within 1.5¢ of the mean redshift; however, the longer wave-
length emission lines ([O 1] A17320,7330, [Ar1v] 17868 and [Fe x1] 17892)
do not. This is likely due to larger wavelength calibration errors at the
long-wavelength end of the spectrum.

spectra. Fig. 11 presents the results. The velocities were determined
relative to the median redshift of all the emission lines of the sys-
tem (z=0.17325 4 0.00001), assuming a rest-frame wavelength of
3727.4 A for the blend — representing the flux-weighted wavelength
of the [O 1] A13726,3729 blend for a density of 10°> cm™3. For both
PAs, the central region (£1.2 arcsec, =4 kpc) shows a velocity field
that resembles a rotation curve; the velocity gradient of the [O1]
A3727 emission in the nucleus can also be clearly seen in Fig. 1.
This component of emission may correspond to an inner disc of
the galaxy, implying that the [O 1] 23727 emission component in
Q1131416 is resolved in the nucleus. However, the two data sets
differ significantly at larger radii; such differences are likely due to
the different slit PAs, given that each slit intersects different regions
of Q1131416 (see Fig. 9): while the slit for the Gemini data is

Downl oaded f MSIRIRPliges pbe Royabmstronomisal Secisty: ©.201h RA5s360/ 997726

by University of Sheffield user
on 03 Novenber 2017



3372 M. Rose et al.

r \ ]

r x——8E 7
?200 - m——S B
! i
E L 4
\'&/ L 4
@ L i
£ 100 - x X -
gl W Il E F
R L = J
i | X i
&£ ok = "E . ,
g [ L |
I AT R
2100 s
! fa ]
Ea ' :
0200 [ % s
> r ]

£ - ! ! ]

-5 0 5
Distance from the Centre in arcsec

Figure 11. The rotation curves for Q1131+416. The crosses (WHT, PA =
315°) and filled squares (Gemini, PA = 163°) are the measured velocity
shifts determined at different spatial locations along the slit of the long-
slit spectrum. The directions of the slits are indicated in the upper left-
hand corner. Velocity shifts are determined from the difference between the
measured redshift of [O 1] on each pixel and the average redshift of the
emission lines. The horizontal line indicates the bisector of the flat parts of
the rotation curves at large radii along PA = 315°.

within ~20° of the minor-axis of the host galaxy, that for the WHT
is offset for the minor-axis by ~50°.

The rotation curve derived from the PA = 315° WHT data ap-
pears flat at large radii. However, the velocities of the flat parts
of the velocity curves are asymmetric about the host redshift mea-
sured from the nuclear spectrum: the rotation velocity ranges from
+90 £ 5kms~! for the region moving away from the observer to
—176 £ 5kms~! for the region moving towards the observer in
the WHT spectrum. This asymmetry can be explained by either
the uncertainty in the electron density assumed in determining the
rest wavelength of the [Ou] blend (n, is likely to differ between
the nucleus and the disc of Q1131+416), or the uncertainty in the
wavelength calibration of the spectrum. Both of these aspects can
systematically shift the curve in Fig. 11, leading to an asymmetric
appearance. However, despite the apparent asymmetry, the bisector
of the two flat parts of the rotation curve is within 50 kms~' of the
rest frame of the host galaxy estimated on the basis of the median
redshift derived from the nuclear spectrum. Thus, our data provide
no evidence for high-velocity outflows in the nuclear emission-line
regions.

On the other hand, the rotation curve derived from the PA =
163° Gemini data appears more complex: outside the inner rapidly
rotating region, the velocities drop significantly at intermediate radii
(1.2 < r < 2.5 arcsec) on either side of the nucleus, before rising
again at larger radii. It is possible that the inner rapid rotation along
PA =163° samples the seeing disc of the same inner disc component
detected in the WHT data along PA = 315°. In this case, the initial
drop in the velocities (1.2 < r < 2.5 arcsec) may be due to the slit
sampling the outer disc close to the minor-axis where the (projected)
rotation velocity amplitude is likely to be small. However, given the
complexity of the rotation curve along PA = 163°, non-circular gas
motions cannot be ruled out.

Our double-Gaussian [O ] model fits the majority of the lines
well in the nuclear spectrum, suggesting that the velocity widths of
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Figure 12. Rest-frame linewidth (FWHM) versus critical density for the
emission lines of Q1131+16. The linewidths have been determined from
single-Gaussian free fits to the emission lines and have been corrected for
the instrumental profile.
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Figure 13. Rest-frame linewidth (FWHM) versus ionization potential for
the emission lines of Q1131+ 16. The linewidths have been determined from
single-Gaussian free fits to the emission lines and have been corrected for
the instrumental width.

the FHIL and low-ionization emission lines are similar. The median
rest-frame velocity width of the emission lines, based on single-
Gaussian fits, is found to be 361 £ 29km s~! (FWHM).

Figs 12 and 13 also show that there is no correlation between
the widths of the emission lines as measured by single-Gaussian
fits and their critical densities and ionization potentials. Again this
suggests that the kinematics of the FHILs and the low-ionization
lines are similar.

3.7 FHILs in ‘typical’ Seyfert galaxies

FHILs are detected in the spectra of all types of Seyfert galax-
ies (Penston et al. 1984). These emission lines have been studied
rigorously in the past (e.g. Penston et al. 1984; Nagao, Taniguchi

© 2011 The Authors, MNRAS 414, 3360-3380
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Table 4. Line flux ratios for Balmer recombination emission lines for both
the WHT and the Gemini observations. Ratios are relative to HB. The last
three columns in the table are the expected ratios for Case B recombination
at different temperatures at a typical NLR density (10* cm™3, Osterbrock
1978).

Species WHT Gemini 10000 K 20000K
Ho 4.99 £0.17 - 2.85 2.74
Hy 0.44 £ 0.02 0.45 +0.03 0.47 0.48
Hé 0.24 £ 0.02 0.24 £ 0.01 0.26 0.26

& Murayama 2000; Mullaney & Ward 2008) and several common
properties have been identified. It is therefore important to highlight
the differences between the spectrum of Q1131416 and the spectra
of ‘typical’ Seyfert galaxies.

One of the most notable features of the FHILs in typical AGNs is
that the velocity widths (FWHMSs as measured by single-Gaussian
fits) tend to be intermediate between those of the NLR and BLR
(in the range of 500 < FWHM < 1000kms~', Appenzeller &
Ostreicher 1991). However, the FHILs in Q1131416 and other
similar objects (e.g. IIl Zw 77, Tololo 0109-383, etc.) do not share
this property. In the case of Q1131+16, Figs 12 and 13 show no
significant variation in the velocity width (FWHM) with the critical
density and ionization potential.

For typical AGNs, itis also found that FHILs are blueshifted with
respect to the host galaxy rest frames. In fact, the blueshift correlates
with the observed velocity FWHM (Mullaney et al. 2009). There is
no evidence for this in the spectrum of Q11314-16. The individual
redshifts from single-Gaussian fits of each emission line are plotted
in Fig. 10. From this it is clear that there is no tendency for the
FHILSs to be blueshifted with respect to the average redshift of the
low-ionization lines; the points representing the FHIL redshifts are
scattered about the average redshift of the low-ionization species.

Finally, the FHILs of Q1131416 and similar objects have larger
EWs when compared with those of other ‘typical’ Seyfert galaxies.

3.8 Balmer decrements

In order to derive accurate physical conditions, it is important to
correct for any intrinsic dust extinction. The most common way to
achieve this for optical spectra is to use Balmer line recombination
ratios.

Table 4 presents flux ratios for the Balmer recombination lines
measured from the Gemini and WHT spectra. The Hy/HB and
H4/HPB ratios in both spectra agree with their theoretical Case B
values within the uncertainties, assuming conditions typical of the
NLR. This suggests that there is no need for an extinction correction
for the spectrum of Q1131+16. Note that, because of the large
EWs of the Balmer lines, uncertainties due to underlying Balmer
absorption lines from young stellar populations in the host galaxy
are not a serious issue for Q1131+416.

Another interesting feature of the spectrum of Q11314-16 is that
its Ho flux is high when compared to other Balmer lines in the se-
ries. The Ha/Hp ratio is not consistent with Case B recombination
(Ha/HB =4.99 £ 0.17) (see Section 4.2 for a detailed discussion).
Given the potential for the collisional excitation of the Hu line (see
Section 4.2; Gaskell & Ferland 1984), we ignore the Ho/HpB ra-
tio when assessing the level of extinction in Q11314-16. Therefore,
since the high-order Balmer line ratios for this source provide no ev-
idence for significant reddening, we make no reddening correction
of the line ratios.

© 2011 The Authors, MNRAS 414, 3360-3380
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Table 5. Diagnostic line intensity ratios measured for the nuclear regions
of Q1131+416, as derived from the WHT data. The values in brackets are
the ratios given by the Gemini data. Potentially, the [Fe vii] 16086 line may
suffer from some contamination by [Cav] A6087. However, the fact that
the [Fe vii] (5720/6086) ratio is within 1o of the value predicted by atomic
physics ([Fe vi1 (5§720/6086) = 0.617: Nussbaumer & Storey 1982) indicates
that any such contamination is modest.

Species Ratio +

[On] (37264-3729)/(7317+7330) 5.02 1.19
[Om] (5007/4363) 5.86(6.84) 0.21(0.32)
[Om] (5007/HB) 5.27(5.74) 0.16(0.16)
[Su] (6717+6731)/(4069+4076) 7.51 1.46
[Fevi] (5176)/[Fev] (3891) 0.267(0.176) 0.076(0.008)
[Fe vi] (6086/3759) 1.18 0.076

[Fe vi] (5159/6086) 0.208 0.067

[Fe vi] (5720/6086) 0.667 0.067

[Fe x] (6375)/[Fe vii] (6086) 0.473 0.074
[Fexi] (7892)/[Fe vi] (6086) 0.317 0.046

[Ne v] (3426)/[Fe vii] (6086) 2.04 0.207

4 DISCUSSION

4.1 Physical conditions implied by the FHILs

To investigate the physical conditions implied by both the low- and
high-ionization species, the photoionization model code cLouDY?
(Ferland 1998) was used to create single-slab photoionization mod-
els for the emission lines of Q1131+16. The ionization param-
eter was varied over the range —3.0 < log[U] < 0, in steps of
log [U] = 0.5, and the hydrogen density was varied over the range
3.0 < log(ny/cm™3) < 8.0 in steps of log (ng/cm™>) = 0.5. The
rest of the properties of the model were kept constant: an ionizing
continuum power-law index of —1.2 was assumed,® and we only
considered radiation-bounded models that are optically thick to the
ionizing continuum. In terms of abundances, Solar 84 was used (see
Grevesse & Anders 1989; Grevesse & Noels 1993). Also no grains
were included. This was so that the cLouDy results were not affected
by the depletion of iron due to condensation on to dust grains. Na-
gao et al. (2003) have demonstrated for a large sample of AGNs that
the observed FHIL ratios’ cannot be reproduced in cLoupy models
that contain grains, but can be successfully reproduced with models
not containing grains.

The ratios measured for each of the main diagnostic ratios used in
this study are given in Table 5. The WHT ratios are used in this in-
vestigation because the WHT spectrum has the greatest wavelength
range.

Considering first the low-ionization lines, we plot the transauro-
ral [On] (3726+3729)/(7317+7330) and [Su] (671746731)/
(4069+-4076) ratios against each other in Fig. 14. By comparison
with the models, the ratios are consistent with hydrogen densities
in the range 3.5 < log (nu/cm~3) < 4.5 and ionization parameters
—3.0 < log[U] < —2.0. The densities and ionization parameters
found for these low-ionization ratios are typical of those found for
the NLR of AGNs in general (e.g. see Peterson 1997; Osterbrock
& Ferland 2006).

3 The version of cLoupy used in this investigation is c08.00.

6 When testing power laws between —1.5 and —0.8, this power law was
found to be the most successful at modelling the observed He 1 A4686/Hp
ratio compared to the FHIL ratios.

7 The ratio used in Nagao et al. (2003) was [Fe vii] A6086/[Ne v] 13426.

Downl oaded f MSIRIRPliges pbe Royabmstronomisal Secisty: ©.201h RA5s360/ 997726

by University of Sheffield user
on 03 November 2017



3374 M. Rose et al.

12

—_
o
T

@
T

[S 1] (6717+6731)/(4069+4076)

0 2 4 6 8 10
[0 11] (3726+3729)/(7317+7330)

Figure 14. Diagnostic plot showing the measured [Su] (6717+6731)/
(4069+4076) and [On] (3726+3729)/(731747330) transauroral ratios
(filled point), compared with photoionization model results for different
densities and ionization parameters. Equal densities are connected by the
solid lines (as labelled) and the ionization parameters are connected by the
dotted lines (as labelled).
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Figure 15. Diagnostic plot showing the measured [Om] (5007/4363) and
[Fe vi] (6086/3759) ratios (filled point), compared with photoionization
model results for different densities and ionization parameters. Equal densi-
ties are connected by the solid lines (as labelled) and the ionization param-
eters are connected by the dotted lines (as labelled).

On the other hand, the high-ionization species show markedly
different results. In Fig. 15, the [Fe vii] (6086/3759) ratio is plotted
against the [O m] (5007/4363) ratio. These ratios are consistent with
hydrogen densities 6.0 < log (ng/cm~®) < 6.5 and ionization pa-
rameters in the range —1.5 < log [U] < 0. Similarly, Fig. 16 shows
the results found by comparing the [Fe vu] ratios of (6086/3759)
and (5159/6086). These ratios are consistent with hydrogen densi-
ties 5.5 < log (ny/cm™3) < 7.0 and ionization parameters —1.0 <
log [U] < 0. The densities and ionization parameters indicated by
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Figure 16. Diagnostic plot showing the measured [Fe vi] (6086/3759) and
[Fe vii] (5159/6086) ratios (filled point), compared with photoionization
model results for different densities and ionization parameters. Equal densi-
ties are connected by the solid lines (as labelled) and the ionization param-
eters are connected by the dotted lines (as labelled).
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Figure 17. Diagnostic plot showing the measured [Om] A5007/HB and
[Fe vii] (6086/3759) ratios (filled point), compared with photoionization
model results for different densities and ionization parameters. Equal densi-
ties are connected by the solid lines (as labelled) and the ionization param-
eters are connected by the dotted lines (also labelled).

the latter ratios are much higher than those implied by the low-
ionization emission lines.

Asmentioned previously, the [O 1] A5007 emission-line intensity
is surprisingly low relative to HB for an AGN with a high-ionization
emission-line spectrum. Fig. 17 illustrates that such a low ratio is
possible at high densities. The [Om] A5007/HS emission ratio is
consistent with hydrogen densities 6.5 < log (ny/cm™) < 7.0 and
ionization parameters in the range —1.5 < log[U] < 0. At such
densities, above the critical densities of the [Om] AA5007,4959
transitions, the [O 1] emission lines are suppressed relative to HB;
this explains the relatively low [O m] A5007/Hg ratio.

© 2011 The Authors, MNRAS 414, 3360-3380
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Figure 18. Diagnostic plot showing the measured [Fe vi] (6086/3759) and
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parameters are connected by the dotted lines (as labelled).
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Figure 19. Diagnostic plot showing the measured [Ne v] A3426/HB and
[Fe vii] (6086/3759) ratios (filled point), compared with photoionization
model results for different densities and ionization parameters. Equal densi-
ties are connected by the solid lines (as labelled) and the ionization param-
eters are connected by the dotted lines (as labelled).

FHILs with lower ionization potentials, such as [Fe vi] 15176,
are also consistent with the results found using the [Fe vi] ratios. In
Fig. 18, the [Fe vii] (6086/3759) ratio is plotted against the [Fe vi]
A5176/[Fe v] A3891 ratio. These ratios are consistent with hydrogen
densities 6.5 < log (ny/cm™>) < 7.0 and ionization parameters in
the range —1.5 < log [U] < 0.

Similarly, FHILs which are not from iron ions are consistent with
the results found using the [Fe vi] ratios. Fig. 19 shows the [Ne v]
A3426/[Fe vii] A6086 ratio plotted against the [Fe vii] (6086/3759)
ratio. This diagram is consistent with hydrogen densities 5.5 <
log (ny/cm™) < 6.5 and ionization parameters —1.0 < log [U] <

© 2011 The Authors, MNRAS 414, 3360-3380
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Figure 20. Diagnostic plot showing the measured Hen 14686/HS and
[Fe vii] (6086/3759) ratios (filled point), compared with photoionization
model results for different densities and ionization parameters. Equal densi-
ties are connected by the solid lines (as labelled) and the ionization param-
eters are connected by the dotted lines (as labelled).

—0.5. Therefore, the high densities and ionization parameters found
for the FHILs are not limited to iron ions.

The Hen A4686/Hp ratio is relatively insensitive to the density of
the emission region, but more sensitive to the shape of the ionizing
continuum spectrum (e.g. Penston & Fosbury 1978), and whether
the emitting regions are matter bounded (Robinson et al. 1987).
Therefore, this ratio can be used to check whether the emission
clouds are radiation bounded ‘as assumed’ and also whether the
assumed ionizing continuum shape is appropriate. The measured
Hen A4686/Hp ratio is found to be 0.21 4 0.05 and 0.23 £ 0.01 for
the WHT and Gemini spectra, respectively. Fig. 20 shows this ratio
plotted against the [Fe vii] (6086/3759) ratio. The densities and ion-
ization parameters implied by this diagram are consistent with those
deduced from other diagnostic diagrams involving the FHILs [5.0 <
log (ng/em™) < 7.0, —1.5 < log [U] < 0]. In this case, the con-
sistency between the data and the models, as well as the results for
other high-ionization line ratios, supports the assumption of opti-
cally thick models with an ionizing continuum spectral index of
—1.2.

Although the models can successfully reproduce the FHIL line
ratios in Table 5, the emission-line ratios involving lines with
the highest critical densities (e.g. Ha/HpB, [Fe x]/[Fe vii]) cannot
be successfully modelled using the range of physical conditions
and ionization parameters that successfully reproduce the [Fe vii]
and [O m] line ratios. Indeed, the higher critical density line ratios
can only be reproduced at higher densities (ny > 107 cm~?) using
cLoupy. Fig. 21 shows the Ho/Hp ratio plotted against the [Fex]
A6374/[Fe vui] A6086 ratio. In this case, hydrogen densities of 7.5 <
log (ny/cm™) < 8.0 and ionization parameters —1.5 < log [U] <
—1.0 are required to reproduce the data. This suggests that some
regions in Q1131416 have even higher densities than implied by
the [Fe vii], [Fe vi] and [O ] diagnostic ratios.

To summarize, most of the key high- and low-ionization di-
agnostic ratios are consistent with the radiation-bounded pho-
toionization models. While the low-ionization lines require low
densities [3.5 < log (ny/cm™) < 4.5] and ionization parameters
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Figure 21. Diagnostic plot showing the measured Ha/HB and [Fex]
A6374/[Fe vui] A6086 ratios (filled point), compared with photoionization
model results for different densities and ionization parameters. Equal densi-
ties are connected by the solid lines (as labelled) and the ionization param-
eters are connected by the dotted lines (also labelled).

(=3.0 < log[U] < —2.0), the higher ionization lines imply much
higher densities [6.0 < log (ng/cm™>) < 8.0] and ionization parame-
ters (—1.5 <log [U] < 0). However, it is important to emphasize that
our approach assumes that the lines contributing to a particular ratio
are emitted by a single cloud with a single density and ionization
parameter; the reality is likely to be more complex. In particular,
some of the low-ionization lines (e.g. [Su] 24072, [Ou] A7330)
may have contributions from the high-density/high-ionization re-
gions, while some of the higher ionization lines (e.g. [O ] A5007,
Hp) will have contributions from the low-density/low-ionization
region. Therefore, the differences deduced between the conditions
in the high-and low-density regions may be even more extreme than
implied by our simple analysis.

4.2 Explaining the high He/Hp ratio

The Ha/HP ratio gives an unusual result in Q1131+16. This may
be due to the high density of the FHIL region in this object coupled
with an extended partially ionized zone (Gaskell & Ferland 1984).
Such high densities can lead to significant collisional excitation of
the neutral hydrogen atoms in the partially ionized zones of clouds
in the FHIL region. This results in an enhanced Hoe emission, but
no further enhancement in the other Balmer series emission lines,
which have lower cross-sections for collision, as well as higher
excitation temperatures (Gaskell & Ferland 1984; Osterbrock &
Ferland 2006). Such a process could explain the high He/Hg ratio
measured in the spectrum of Q1131+16, since there is likely to be
a major contribution from the FHIL region to the line flux of He.

The Ha/HpB flux ratio was investigated using cLOUDY, as described
in Section 4.1. The ratio indicated by the WHT data could only
be reached at the highest densities (ng > 107 cm™: see Fig. 21)
and is not consistent with the conditions implied by the [Fe vi]
and lower iron species ratios. Note that high He/Hp ratios would
also be favoured by lower metal abundances and a harder ionizing
continuum than we have assumed in our modelling (Gaskell &
Ferland 1984).

4.3 Location of the FHIL region

The presence of FHILs in the spectra of the majority of active
galaxies has led to a number of studies on their nature, kinematics
and location in AGNSs (e.g. see Mullaney et al. 2009). One of the
most credible suggestions for the origin of the FHIL emission is
the inner torus wall (see Murayama & Taniguchi 1998 and Nagao
et al. 2001). The FHIL emission is rich in iron lines, which can
be enhanced (relative to the classical NLR) by the evaporation of
dust grains in the inner torus wall, releasing the iron locked up in
the grains (Pier & Voit 1995). Moreover, studies of the molecular
emission from the circumnuclear molecular clouds of the centres of
the Milky Way and other galaxies (hypothetically the torus) reveal
densities in the range ny, ~ 10°-10°cm~> (e.g. Paglione et al.
1998), similar to the densities deduced for the FHILs.

In the case of Q1131+16, our results are consistent with the idea
that the FHILs are emitted by the far wall of the torus, observed
with our line of sight at a relatively large angle to the torus axis.
‘We emphasize that such a geometry is consistent with the relatively
narrow linewidths and small velocity shifts of the FHIL, since the
circular velocities associated with the torus, and any out-of-the-
plane gas motions, would then be directed close to perpendicular
to the line of sight. In this case, our results imply that the torus is
dynamically cold, with velocity dispersion that is small relative to
its circular velocity.

Itis difficult to entirely rule out the idea that the FHILs are emitted
by an infalling molecular cloud or a clump of the torus which has
broken off from the rest of the torus and is falling towards the AGN.
However, in such cases, we might expect to see a larger velocity shift
between the FHIL emission lines and the host galaxy rest frame,
unless the cloud happens to be falling perpendicular to the line of
sight.

Therefore, the FHIL emission is most likely to originate from the
inner torus wall of the AGN, supporting the original suggestion of
Murayama & Taniguchi (1998) and Nagao et al. (2001).

4.4 The radial distance to the FHIL region

The idea that the FHIL region is located in the torus can be further
investigated by determining its radial distance from the AGN (ry).

First, we estimate 7y based on the spatial information given in
Section 3.1 and the parameters determined in Section 4.1. The
ionizing luminosity (Lion) of the illuminating source is related to
the radial distance of the emission region from the ionizing source
(r) and the ionization parameter (U) by

Lion = 47TVZU"HC (hvYion » (D

where ny is the hydrogen density, (hv)i,, is the mean ionizing
photon energy® and c is the speed of light. Then, solving for the
radial distance of the low-ionization/density region, we get

_ Lion
T AnUpnkc (hv)ion

r.? 2
and similarly for the high-ionization/density emission region we
have

) Lion
4rtUgnBe (hv)ion

©)

ru

8 We assume a value of 56eV for (hv)ion, which is based on an ionizing
power law of —1.2, with the photon energy limits of 13.6eV and 5keV.
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By combining equations (2) and (3), we obtain an equation which
allows us to determine the relative radial distances of the high- and
low-density regions from the AGN:

|:rH:|2 _ U]_}’llIfI

ry Uﬂng

“

Using the densities and ionization parameters estimated in
Section 4.1, we find that the radial distance of the FHIL emission re-
gion ranges from 0.0002 to 0.03 of that of the low-ionization region.
As mentioned in Section 3.6, the [O 1] A3727 emission is resolved in
the 2D spectrum of Q11314-16, and the half width at half-maximum
measured for the central peak of this emission line is found to be
0.53 & 0.05 arcsec (corrected for the seeing). This corresponds to
r. = 1.7 & 0.2 kpc, implying that the radial distance of the FHIL
region from the AGN is in the range 0.30 < rg < 50 pc — consistent
with recent observational estimates of the size of the torus in nearby
AGNS, based on IR interferometry and high-resolution molecular
line observations (e.g. Haschick, Baan & Peng 1994; Chou 2007;
Tristram et al. 2007). However, we emphasize that this argument
assumes that the [O 1] emission-line region is solely ionized by the
AGN, which may not be true if stellar photoionization is significant
at a kpc scale. Also, if the contrast between the conditions in the
low- and high-ionization regions is larger than assumed here (see
discussion in Section 4.1), the radial distance of the FHIL region
from the AGN will be correspondingly lower. Overall, it is likely
that this analysis, based on estimates of U and ny, overestimates the
true radial distance of the FHIL region.

If the ionizing luminosity (Lion) is known, then it is also pos-
sible to estimate the radial distance of the FHIL region from the
AGN using equation (1) directly. Ljon can be estimated from the
bolometric luminosity (Lgor), which itself can be determined from
the [O m] A5007 emission-line luminosity (Lo;) by manipulating
equation (1) from Dicken et al. (2009)° to give

100
LBOL = 7L[Ou|]7 (5)
CNLR

where Cyir is the NLR covering factor. Assuming typical NLR
covering factors in the range 0.02 < Cyir < 0.08 (Netzer & Laor
1993), we estimate a bolometric luminosity in the range 3 x 10% <
Lgo. < 10¥ W [Correction added after online publication 2011
May 24: Lgor range amended].

Alternatively, we can use our knowledge of the likely geometry
of the FHIL to estimate an upper limit on the covering factor of the
FHIL region and a lower limit on LgoL. Assuming that the FHILs
are emitted by the inner wall of the torus on the far side of the AGN
(see Section 4.3), we see a maximum of 25 per cent of the total
area of the inner wall of the torus (with the rest obscured). A typical
torus with an opening half-angle of 45° has a fotal covering factor
of Cyorys = 0.7. Therefore, for our assumed geometry, an upper limit
on the covering factor of the FHIL region is Cppp. = 0.7 x 0.25 =
0.175. Substituting this into equation (5), we obtain the following
lower limit on the bolometric luminosity: Lgop > 103 W.

We convert Lgor, to Lion using the relationship given in Elvis
et al. (1994) (LgoL A 3.1Lion), which leads to 3 x 10%7 < Ligy <
10% W. Then, using equation (1) and the model parameters from
Section 4.1, we estimate the radial distance of the FHIL region from
the AGN to be in the range 0.3 < ry < 10 pc. For comparison, based
on our estimates of the AGN bolometric luminosity, the sublimation

9 Assuming Lo = 5.5Lyp rather than Loy = 12Lyg.
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radius of the dust grains in the torus'® is 0.26 < rg, < 0.52pc —
consistent with the lower end of the range of our estimates of ry.
This consistency supports the idea that the FHILs are emitted by
the inner torus wall.

4.5 The unusual strength of the FHIL

It is also important to consider why the FHILs are so much stronger
in Q1131416 and other similar objects than in more typical AGNs.
First, we must consider the possibility that, rather than an AGN,
the spectrum of Q1131416 is the result of a supernova, in partic-
ular a Type IIn supernova. Type IIn supernova are a subclass of
supernovae for which it is believed that the supernova progenitor
has undergone mass stripping of its outer layers in the late stages of
its life. This process introduces a dense hydrogen gas in the circum-
stellar medium surrounding the progenitor. The shockwave from
the supernova interacts with the material, heating it. This results in
a rich spectrum of narrow emission lines, which has some similar
characteristics to the spectrum of Q1131416 (Smith et al. 2009).
It is notable that early observations of the [Fe vii] emission lines in
one such supernova, SN 2005ip (see Smith et al. 2009), indicate
electron densities of 10% cm™ and higher (Smith et al. 2009).

One argument against this suggestion is that the [Om] 25007
Iuminosity of Q1131416 exceeds that of the hottest known Type
IIn supernova by three orders of magnitude (Smith et al. 2009). Also
the line emission from a supernova is expected to be variable. In the
case of the Type IIn supernova considered by Smith et al. (2009),
[Om] L5007 increased eight-fold after 100 d and then faded to half
this intensity after 3 yr. The [Fe vii] 15720 emission line decreased
four-fold in intensity after 100d, but after 3 yr, this intensity had
increased to half its original intensity. As for the [Fe vi] 16086
emission line, this decreased in intensity by half after 100d and
then varied over 3 yr around half its original intensity. However, in
Q1131416 there is no evidence for emission lines fading in the 3 yr
between the WHT and Gemini spectra. This lack of variability rules
out any supernova component.

The lack of variability in the emission lines of Q1131+16 also
provides strong evidence against the idea that its unusual FHILs are
due to an illumination flare caused by the tidal disruption of a star by
the SMBH (Komossa, Zhou & Lu 2008). In the well-studied case of
SDSS J095209.56+214313.3 (Komossa et al. 2009), FHILs, such
as [Fe vii] AA3759,5159, were seen to dramatically vary over a time-
scale of 3yr: the [Fevi] A3759 line'' by 36 per cent in intensity
over 3 yr, the [Fe vii] A5159 line by 79 per cent and the Heu 14686
line by 65 per cent. In contrast, the same lines in Q1131416 did
not vary significantly over a similar 3-yr time-scale. Moreover, the
Balmer lines in Q11314-16 lack the variable, multipeaked profiles
observed in SDSS J095209.56+214313.3 (Komossa et al. 2008;
Komossa et al. 2009).

Rather than an illumination event, an explanation for the unusual
strength of the FHILs may by provided by the inner torus wall being
viewed at a specific orientation at which the inner wall on the far
side of the torus can be seen by the observer, but the quasar itself
remains hidden, because the torus is being viewed at a relatively
large angle to its axis (see Section 4.3). In this case, the visible
area of the torus wall is large enough that the FHILs are strong,

10 We calculate the sublimation radius using the expression for the AGN
sublimation radius given in Elitzur (2008).

"' Here all ratios are relative to [Om] A5007. In SDSS J095209.56+
214313.3, the [O m] flux varies very little between the spectra (see Komossa
et al. 2009).
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Figure 22. (a) Schematic displaying an edge-on view of the possible observed orientation of the AGN in Q1131+-16. (b) Schematic displaying the visible area
of the inner torus wall of Q1131416 as viewed by the observer. This special geometry will maximize the observed emission-line flux of the inner wall of the
torus yet still obscure the central quasar, thus lowering the underlying continuum, and hence resulting in FHILs with large EWs.

but the direct quasar continuum emission does not dilute the torus
line emission (see Fig. 22). Therefore, the FHILs are observed with
large EWSs. Viewed at smaller angles to the axis of the torus, the
luminous quasar nuclear emission would become directly visible,
substantially reducing the EWs of the FHILs.

In this context, we note that, despite the unusually large EWs of
its FHILs, the measured ratios of the FHILs to lower ionization lines
(e.g. [Fe vu]/[Om], [Fevul/[Su], [Fevu]/[O1] and [Fe x]/[O1]) for
Q1131416 fall well within the ranges measured for typical broad-
line AGNs (Seyfert 1, Seyfert 1.5, narrow-line Seyfert 1) in the
sample compiled by Nagao et al. (2000). Therefore, viewed from
a direction closer to the torus axis, we would expect Q1131416 to
display a normal quasar/Seyfert 1 spectrum, but the multitude of
fainter FHILs would be difficult to detect because of the dilution by
the bright quasar continuum and broad-line emission.

However, it is more challenging to explain why the FHILs are sig-
nificantly stronger relative to the low-ionization lines in Q1131416
than in typical Type 2 AGNs (Nagao et al. 2000). Given the geome-
try in Fig. 22, we would expect to observe significant FHIL emission
over a range of viewing angles, even if the quasar nucleus itself is
obscured; rather than a sharp cut-off, for this simple geometry, the
strength of the FHIL would gradually diminish as the orientation
of the axis of the torus to the line of sight is increased (i.e. the
torus becomes more edge-on). Therefore, although the particular
geometry shown in Fig. 22 would maximize the FHIL emission, it
is unlikely that a specific geometry alone can explain the rarity of
objects like Q1131+416. We now discuss three further factors that
might lead to the FHIL appearing relatively strong compared with
the general population of Type 2 AGNs.

(1) A lack of conventional NLR emission. If the emission from a
‘conventional’ NLR on a scale of ~0.1-1 kpc were strong, then this
would dilute the FHIL emission and the overall spectrum would
not appear unusual relative to other Type 2 AGNs. Therefore, the
conventional NLR emission must be relatively weak in the case
of Q1131416 and other similar objects. Weak NLR emission can
arise if the covering factor of the NLR is relatively small or if
the illuminating AGN has only recently been triggered (within the
last 100-1000 yr), so that the ionizing radiation has not had time
to traverse the scale of the NLR. However, while the lack of a
conventional NLR might help to explain the unusual emission-
line ratios, it would not explain the unusually high EWs measured

for many of the emission lines in Q1131+16. Indeed, if this was
the dominant factor, then we would expect the emission lines in
Q1131416 to have lower EWs than most other Type 2 AGNs,
which is clearly not the case.

(ii) A lack of obscuration by large-scale dust structures that are
not coplanar with the torus. Along with a compact torus on a scale
of 1-100 pc, many active galaxies show evidence for larger dust
lane structures on a scale of 100 pc—5 kpc. If the dust lanes are not
exactly coplanar with the torus structures (e.g. thicker or different
orientation), then they will make it more difficult to observe the in-
ner face of the torus, thus reducing the strength of the optical FHIL
emission and narrowing the range of angles over which the FHIL
would appear strong. While the lack of such large-scale dust struc-
tures would certainly increase the chance of observing unusually
strong FHILSs, their presence would in any case reduce the range of
viewing angles over which the FHIL would be visible.

(iii) A recently triggered AGN. If the AGN has only recently been
triggered, then not only might this result in reduced emission from
the conventional NLR (see above), but also the inner wall of the
torus itself might not yet have reached an equilibrium radius set by
dust sublimation. In this case, the clouds close to the AGN are likely
to be in the process of evaporation by the strong AGN radiation field
(Pier & Voit 1995) and, depending on the density gradient, might
have a higher ionization parameter than clouds at the sublimation
radius, leading to relatively strong FHIL. The problem with this
explanation for Q1131416 is that the radius of the FHIL emission-
line region is similar to the estimated sublimation radius of the torus
(see Section 4.4), suggesting an equilibrium situation. However, it
is possible that future refinement of the physical conditions of the
FHIL in Q1131416 and the bolometric luminosity of its AGN might
lead to a revision of this picture.

Overall, while a specific viewing angle is likely to provide an impor-
tant part of the explanation for the unusual spectrum of Q11314-16,
one or more of the other factors discussed above may also be sig-
nificant.

4.6 Q1131416 in relation to other similar objects

As mentioned previously, there are a few similar objects in which
the FHILs are unusually strong (III Zw 77, Tololo 0109-383 and
ESO 138 G1). The key properties of these objects, as derived from

© 2011 The Authors, MNRAS 414, 3360-3380
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Table 6. Table comparing key properties determined for the FHIL regions of Q1131+16,
IIT Zw 77 (Osterbrock 1981), Tololo 0109-383 (Fosbury & Sansom 1983; Murayama &
Taniguchi 1998) and ESO 138 G1 (Alloin et al. 1992).

Object Density Velocity width [Om] (5007/4363)
(cm™3) (FWHM, kms—1)
Q1131+16 108 > ng > 10° 361 + 29 5.86 & 0.21 (WHT)
11 Zw 77 ne > 10° ~400¢ 11.48 £ 0.02
Tololo 0109-383 ne > 100 ~330 21.50 + 0.46
ESO 138 G1 ne > 10° ~1000 30+£2

“Shows a systematic in line width increase from low- to high-ionization lines.

their FHILs, are presented in Table 6. In particular, we note that
the densities derived from the FHILs are consistently high. Also
all the objects show a particularly low [O m] (5007/4363) line ratio
when compared to ‘typical’ Seyfert galaxies (although in this re-
spect Q1131+16 is the most extreme). Finally, all the objects show
relatively modest FHIL linewidths (FWHMs), with the exception
of ESO 138 G1 whose linewidths are larger.

Because there are relatively few objects with such unusual fea-
tures, it is entirely plausible that the properties of all these objects
can be explained in a similar way, for example, with a specific view-
ing angle of the torus that maximizes the observed emission area of
the torus whilst still obscuring the central engine, consistent with
the scheme described by Murayama & Taniguchi (1998), Nagao
et al. (2001) and Nagao et al. (2000).

5 CONCLUSIONS

Q1131416 has a remarkable spectrum which displays a multitude
of FHILs of relatively high EWs, as well as the more common
emission lines expected of an AGN spectrum.

An in-depth study of the spectrum of Q1131416 has revealed:

(1) emission-line ratios for the FHIL region that are consistent
with high densities (10>° < nyg < 108° cm™) and ionization pa-
rameters (—1.5 < log [U] < 0);

(i) similar velocity widths (FWHMs) for the low- and high-
ionization lines, and a lack of evidence for substantial velocity
shifts of the FHILs relative to the galaxy rest frame; and

(iii) a small radial distance from the AGN for the region emitting
the FHILs (0.30 < rpgp, < 50 pc).

Based on the high densities and relatively quiescent kinematics
implied by our observations, itis likely that the FHILs in Q11314-16
are emitted by the torus wall, with the inner wall on the far side of the
torus viewed directly by the observer, but the quasar itself remaining
hidden. This geometry is also consistent with the relatively small
radial distance found for the FHIL region.

These results demonstrate the potential of the FHILs for probing
the circumnuclear obscuring regions in AGNs.
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