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ABSTRACT

Context. Most of the optically classified low-ionisation, narrow emission-line regions (LINERs) nuclei host an active galactic nucleus
(AGN). However, how they fit into the unified model (UM) of AGN is still an open question.

Aims. The aims of this work are to study at mid-infrared (mid-IR) (1) the Compton-thick nature of LINERs (i.e. hydrogen column
densities of Ny > 1.5 X 10** cm™2) and (2) the disappearance of the dusty torus in LINERS predicted from theoretical arguments.
Methods. We have compiled all the available low spectral-resolution, mid-IR spectra of LINERs from the InfraRed Spectrograph
(IRS) onboard Spitzer. The sample contains 40 LINERs. We have complemented the LINER sample with Spitzer/IRS spectra of
PG QSOs, Type-1 Seyferts (S1s), Type-2 Seyferts (S2s), and StarBurst (SB) nuclei. We studied the AGN compared to the starburst
content in our sample using different indicators: the equivalent width of the polycyclic aromatic hydrocarbon at 6.2 um, the strength of
the silicate feature at 9.7 um, and the steepness of the mid-IR spectra. We classified the spectra as SB-dominated and AGN-dominated,
according to these diagnostics and compared the average mid-IR spectra of the various classes. Moreover, we studied the correlation
between the 12 ym luminosity, vL,(12 pum), and the 2—10 keV energy band X-ray luminosity, Lx(2—10 keV).

Results. In 25 out of the 40 LINERS (i.e. 62.5%), the mid-IR spectra are not SB-dominated, similar to the comparison S2 sample
(67.7%). The average spectra of both SB-dominated LINERs and S2s are very similar to the average spectrum of the SB class. The
average spectrum of AGN-dominated LINERs is different from the average spectra of the other optical classes, showing a rather
flat spectrum at 6—-28 um. We find that the average spectrum of AGN-dominated LINERs with X-ray luminosities Lx(2-10 keV) >
10*! erg/s is similar to the average mid-IR spectrum of AGN-dominated S2s. However, faint LINERSs (i.e. Lx(2—10 keV) < 10*! erg/s)
show flat spectra different from any of the other optical classes. The correlation between vL,(12 um) and Lx(2—-10 keV) for AGN
nicely extends towards low luminosities only if SB-dominated LINERs are excluded and if the 2—10 keV band X-ray luminosity is
corrected in Compton-thick LINER candidates.

Conclusions. We find that LINERs proposed as Compton-thick candidates at X-ray wavelengths may be confirmed according to the
X-ray to mid-IR luminosity relation. We show evidence that the dusty-torus disappear when their bolometric luminosity is below
Lyo = 10*? erg/s. We suggest that the dominant emission at mid-IR of faint LINERs might be a combination of an elliptical galaxy
host (characterised by the lack of gas), a starburst, a jet, and/or ADAF emission. Alternatively, the mid-IR emission of some of
these faint LINERs could be a combination of elliptical galaxy plus carbon-rich planetary nebulae. To reconcile the Compton-thick
nature of a large number of LINERs without dusty-torus signatures, we suggest that the material producing the Compton-thick X-ray
obscuration is free of dust.

Key words. galaxies: active — galaxies: nuclei — infrared: galaxies

1. Introduction

The emission in active galactic nuclei (AGNs) is powered by ac-
cretion onto a supermassive black hole (SMBH). AGNs are tra-
ditionally divided into two main classes based on the presence
(Type-1) or not (Type-2) of broad permitted lines (FWHM >
2000 km s7!) in the optical spectrum. The so-called unifica-
tion model (UM) proposes that both types of AGNs are essen-
tially the same objects viewed at different angles (Antonucci

* Table 1 is available in electronic form at http://www.aanda.org
** Juan de la Cierva Fellow and Tenure track at CRyA.
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1993; Urry & Padovani 1995). An optically thick dusty torus
surrounding the central source would then be responsible for
blocking the region where these broad emission lines are pro-
duced (the broad line region, BLR) in Type-2 Seyferts. The torus
must not be spherically symmetric, in order to obscure the BLR,
while at the same time allowing the emission coming from re-
gion producing the permitted narrow lines (known as narrow-
line region, NLR) to reach us from the same line of sight (LOS).

Low-ionisation nuclear emission-line regions (LINERS),
first classified by Heckman (1980), are the dominant population
of AGN in the local Universe (Ho et al. 1997). However, they
remain as one of the most captivating subsets of nuclear classes
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because their main physical mechanism is still unknown. The na-
ture of LINERs was initially sustained in their optical spectrum,
which can be reproduced with a variety of different physical
processes (e.g. photoionisation from hot stars, non-thermal pho-
toionisation, shocks, post-main sequence stars, or AGN, Dopita
& Sutherland 1995; Heckman 1980; Ferland & Netzer 1983;
Veilleux & Osterbrock 1987; Stasifiska et al. 2008; Singh et al.
2013). In fact, many authors have suggested that LINERs are
a heterogeneous class (Satyapal et al. 2005; Dudik et al. 2005,
2009). Indeed the emission mechanism dominating their opti-
cal spectrum is still under debate. Singh et al. (2013) show that
a single AGN cannot explain the radial profile of the surface
brightness Ha emission line, so a contribution of extended emis-
sion post-main sequence stars is needed at optical frequencies.
That this contribution can be seen in LINERs might be the in-
trinsic weakness of the AGNs, which would outshine these sig-
natures in more powerful AGNs. In line with that, Gonzalez-
Martin et al. (2014) show that the host-galaxy contributes a large
amount in most of the LINERs even in X-rays. Thus, the anal-
ysis of LINERs could be key to studying the interplay between
the AGN and the host galaxy.

Nowadays we know that around 75-90% of LINERs
show evidence of AGNs using multi-wavelength information
(Gonzalez-Martin et al. 2006, 2009a, 2014; Dudik et al. 2009;
Younes et al. 2011; Asmus et al. 2011; Mason et al. 2012)1.
This is also confirmed from X-ray and UV variability stud-
ies (Maoz et al. 2005; Hernandez-Garcia et al. 2013, 2014).
However, what makes LINERs different from other AGNs? How
do they fit into the UM of AGNs? Some results suggest that
they might constitute a class of AGN with a different accretion
mode (e.g. Younes et al. 2011; Nemmen et al. 2014), while some
other authors have argued that large obscuration is responsible
for their differences (e.g. Dudik et al. 2009; Gonzilez-Martin
et al. 2009b). Gonzélez-Martin et al. (2009a) found that the hy-
drogen column density, Ny, in LINERs range from the galac-
tic value up to Ny =~ 10** cm™2. This is fully consistent with
the Ny values reported for Seyfert galaxies (e.g. Panessa et al.
2006; Bianchi et al. 2012; Marinucci et al. 2012). However, us-
ing the ratio between the luminosity of the [OIII]15007 A emis-
sion line and the intrinsic hard (2—10 keV) X-ray luminosity,
L([OIM])/Lx(2—10 keV), as a tracer of Compton-thickness (i.e.
Ny > 1.5 x 10** cm™2), Gonzélez-Martin et al. (2009b) found
that up to 53% of the LINERs in their sample are Compton-thick
candidates. This percentage is two times higher than reported
for Type-2 Seyferts (Maiolino et al. 1998; Bassani et al. 1999;
Panessa et al. 2006; Cappi et al. 2006). Dudik et al. (2009) stud-
ied the emission lines in 67 high-resolution Spitzer/IRS spec-
tra of LINERs and find that the central power source in a high
percentage of LINERSs is highly obscured at optical frequencies,
consistent with the X-ray results.

Obscuring dust hampers the studies of the optical to soft
X-ray emission coming from both young hot-stars and the ac-
cretion disk. However, emission at mid-infrared (mid-IR) wave-
lengths does not suffer such high extinction. Furthermore, the
dust that absorbs the shorter wavelength emission reradiates in
the mid-IR and correspondingly produces a substantial fraction
of the bolometric flux of the object. Dissecting the detailed mid-
IR spectra of AGN can reveal the properties of the dust in the nu-
clear region (e.g. Mendoza-Castrejon et al. 2015). Subarcsecond
resolution studies claim a tight correlation between rest frame

' Most of these studies select their sources using archival X-rays ob-
servations so they might be biased by the complex selective effect that
this introduces into the sample.
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luminosities vL,(12 ym) and Lx(2—-10 keV) for Type-1 and
Type-2 Seyferts (Horst et al. 2009; Gandhi et al. 2009; Asmus
et al. 2011; Masegosa et al. 2013; Gonzalez-Martin et al. 2013).
Imaging data at mid-IR wavelengths have shown that some
Compton-thick LINER candidates might fall off this relation,
with Ly, higher than expected for their Lx (Mason et al. 2012;
Masegosa et al. 2013). The confirmation of such a trend for a
large sample might confirm the Compton-thick nature of a large
portion of LINERs.

From the theoretical point of view, Elitzur & Shlosman
(2006) show that the torus might disappear when the bolomet-
ric luminosity decreases below Ly, ~ 10*? erg/s because the ac-
cretion onto the SMBH can no longer sustain the required cloud
outflow rate. Thus, the low bolometric luminosity of LINERs
makes them important for probing this theoretical prediction.
Maoz et al. (2005) show that the fraction of variable Type-1 and
Type-2 LINERs at UV is the same. This favours the lack of a
dusty torus obscuring the central AGN in Type-2 LINERs since
the central source is what is responsible for such a variability
pattern. Miiller-Sanchez et al. (2013) also found some evidence
in favor of such disappearance using observations of molecu-
lar gas in three prototypical low-luminosity AGN (LLAGN).
The mid-IR emission shows clear signatures of the dusty torus.
In fact, clumpy torus models (Nenkova et al. 2008) have suc-
ceeded in explaining the mid-IR emission of Seyfert galaxies
(e.g. Ramos Almeida et al. 2009, 2011; Alonso-Herrero et al.
2011; Honig et al. 2010). Thus, the mid-IR spectra of LINERs
can give important clues to the existence of the dusty torus
for low bolometric luminosities. However, other contributors,
such as jet emission (e.g. NGC 1052, Ferndndez-Ontiveros et al.
2012) or optically thin dust (e.g. NGC 3998, Mason et al. 2013),
can also contribute to the mid-IR emission.

The purpose of this paper is to study (1) the Compton-thick
nature of LINERs and (2) the plausible disappearance of the
torus. We present the mid-IR Spitzer/IRS spectra of 40 LINERs.
We compare them with mid-IR Spitzer/IRS spectra of Seyferts,
PG QSOs, and starbursts (SBs) (see Sect. 2). The data reduction
and measurements are described in Sect. 3. The relatively low
spatial resolution of Spitzer/IRS spectra means that these spec-
tra are contaminated from the host galaxy emission, which is
particularly relevant for LLAGN as LINERs. Section 4 describes
a method that is able to select those mid-IR spectra with a neg-
ligible SB contribution. Section 5 studies the average spectrum
of LINERs and compares them with that of Seyferts, PG QSOs,
and SBs. Section 6 shows the analysis of the correlation between
Lx(2-10keV) and L;3 ,m for LINERs. In Sect. 7 we discuss the
implications of the main results. The conclusions of this paper
are summarised in Sect. 8.

2. Sample

Our initial sample of LINERs comes from the catalog of LINERs
observed at X-rays published by Gonzélez-Martin et al. (2009a).
This guarantees that all the LINERs have Lx(2—10 keV) mea-
surements, which is crucial for our purposes. However, we must
be aware that this sample does not constitute a complete sam-
ple. For the present analysis we have used two databases to ob-
tain the Spitzer data for an additional sample of LINERs. The
first one is the Cornell atlas of Spitzer/IRS spectra (CASSIS?).
CASSIS provides low-resolution spectra (R ~ 60-127 over
5.2 pum to 38 um) with the IRS instruments in the stare mode
(Lebouteiller et al. 2011). The second database is the Spitzer
infrared nearby galaxy survey (SINGS Kennicutt et al. 2003).

2 http://cassis.astro.cornell.edu/atlas/
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SINGS is a Legacy programme of imaging and spectroscopic
data for 75 nearby galaxies. As part of the Legacy programme,
all the one-dimensional nuclear spectra have been archived in
the infrared science archive (IRSA®). This provides uniform
5-30 um spectra in the spectral mapping mode. Most galaxies in
the SINGS sample have also been observed with Chandra, and
their main X-ray properties are described by Grier et al. (2011).

The CASSIS atlas contains 27 LINERs published by
Gonzalez-Martin et al. (2009a). We have also added NGC 3079,
which was not analysed by Gonzalez-Martin et al. (2009a), but
it was included as a Compton-thick LINER by Goulding et al.
(2012). Grier et al. (2011) included 20 LINERs (8 included in
Gonzalez-Martin et al. 2009a).

The final sample of LINER in this paper contains 40
Spitzer/IRS spectra. Among them, eight have been optically
classified as Type-1.9 LINERs (LINERI1) and 32 as Type-2
LINERs (LINER2) by Ho et al. (1997). Three of them are known
Compton-thick, 21 are Compton-thin, and 16 were classified as
Compton-thick candidates by Gonzéalez-Martin et al. (2009b).

Dudik et al. (2009) report mid-IR spectra of 67 LINERs
(13 objects in common with our sample). However, they used
the high-resolution modes of Spitzer/IRS because their work was
focused on the fine structure mid-IR emission lines. Thus, their
results are not directly comparable to ours. Sturm et al. (2006)
report a mid-IR study of 33 LINERs. They selected their sam-
ple on the basis of IR luminosity, while our sample is conformed
by objects with measured X-ray luminosities. As a consequence,
only NGC 4486 is in common with our sample.

2.1. Comparison samples

To study the possible contribution of star-formation or AGN
emission, we have selected SBs, Seyferts, and PG QSOs to be
able to compare their mid-IR spectra to those of LINERs. The
sample is not complete in any sense, but it allows us to have
a representative set of objects for each category to compare
LINERs with them:

— Seyferts. All the Type-1 and Type-2 sources are included in
Shi et al. (2006), in the Compton-thick sample described by
Goulding et al. (2012), and in the SINGS sample. In total it
contains 42 Seyferts. Among the 31 are Type-2 Seyferts (S2,
including 19 Compton-thick and 12 Compton-thin) and 11
Type-1 Seyferts (S1)*.

— Palomar Green QSOs (PG QSOs). This sample includes all
the PG QSOs in the sample defined by Veilleux et al. (2009)
with Spitzer/IRS spectra in CASSIS and redshifts z < 0.2°.
This PG QSO sample includes 26 sources.

— Starbursts. This sample is taken from Ranalli et al. (2003),
Brandl et al. (2006), and Grier et al. (2011). The SB sample
contains 21 sources. Among them NGC 3367 was classified
as a Seyfert by Véron-Cetty & Véron (2006), although it was
classified as a SB by Ho et al. (1997).

For all the classes, we have only included spectra observed with
both the short-low (SL) and long-low (LL) modules to guaran-
tee the full Spitzer/IRS coverage (at least ~5—30 ym). Moreover,
ultra-luminous infrared galaxies (ULIRGs) have been excluded

3 http://irsa.ipac.caltech.edu

4 The S1 sample contains objects classified as Type 1, Type 1.2,
Type 1.5, Type 1.8, and Type 1.9 Seyferts. The S2 sample only includes
purely Type-2 Seyferts.

5 The redshift limit has been chosen to be able to obtain rest-frame
30 um luminosities, as required for our analysis.

from the analysis because they might have a controversial source
of emission at mid-IR (Imanishi et al. 2007; Alonso-Herrero
et al. 2013). All together these samples comprise 89 sources
(129 nuclei including LINERS).

3. Data processing and analysis

CASSIS and SINGS provide flux- and wavelength-calibrated
spectra. However, the observations using data from both the
SL and LL spectral modules suffer from mismatches due to
telescope-pointing inaccuracies or due to different spatial resolu-
tions of the IRS orders. This is not corrected in the final products
given by CASSIS and SINGS. We therefore scaled each spec-
trum to the immediate prior (in wavelength range) to overcome
such effects. Thus, our flux level is scaled to the level of the
shortest wavelengths, which is the order with the highest spatial
resolution. This guarantees that the flux level is scaled to the best
spatial resolution that Spitzer can provide. Moreover, the spectra
are shifted to rest frame according to the redshift of the objects.

For each object we have measured the 12 ym and 30 um
luminosities using the Spitzer/IRS spectra. Errors were esti-
mated assuming 15% flux-calibration uncertainties, which fully
dominate other source of errors (e.g. Gonzalez-Martin et al.
2013; Ramos Almeida et al. 2011). We also measured the
fluxes and equivalent width (EW) of the polycyclic aromatic
hydrocarbon (PAH) features at 6.2 and 11.3 yum. The EW of
the PAH features were measured by integrating the emission
over the continuum in a wavelength range of 5.9-6.5 um and
11.0-11.6 um for the 6.2 and 11.3 um PAH emission features,
respectively. The continuum was estimated through a linear fit to
the 5.5-5.9 um (10.7-11.0 um) and 6.5—-6.7 um (11.6—11.9 pum)
for the 6.2 um (11.3 um) PAH feature (see e.g. Gonzdlez-Martin
et al. 2013). We also computed the strength of the silicate emis-
sion/absorption feature at 9.7 um through the apparent depth at
9.7 um, 797 ,m (e.g. Shi et al. 2006; Levenson et al. 2007):

T9.7 um = In(Feont0.7 pm/F9.7 ym) (D

where Fo 7 ym and Feon 0.7 um are the fluxes of the spectra around
9.7 um and its expected continuum, respectively. The apparent
depth at 9.7 um 797 4y is positive for absorption silicate features
and negative for emission features.

Owing to the complexity of Spitzer spectra, we have used
PAHFIT® to obtain 79 7 um €Xcept when emission silicate features
are detected (see below). PAHFIT is an IDL tool for decompos-
ing Spitzer/IRS spectra of PAH emission sources, with a spe-
cial emphasis on the careful recovery of ambiguous silicate ab-
sorption, and weak, blended dust emission features (Smith et al.
2007). PAHFIT is primarily designed for its use with the full
5-35 um Spitzer/IRS low-resolution spectra. However, PAHFIT
is not able to treat or recover silicate emission features expected
to occur in Type-1 AGN, giving 797 ;m = 0. In these cases we
computed 797 ,m by fitting the 9—14 um Spitzer/IRS spectra to a
Gaussian profile. This is a general treatment to estimate 797 ;m,
which has been proven to be a good approximation when com-
pared with PAHFIT (see Gonzélez-Martin et al. 2013).

Together with the Spitzer/IRS spectra of the sample, we also
compiled the 12 ym luminosities obtained with ground-based
telescopes. These measurements have the advantage of better
isolating the nuclear source because they come from images
with ~0.3 arcsec spatial resolution (i.e. a few tenths of par-
secs for nearby galaxies). Most of these measurements come

% http://tir.astro.utoledo.edu/jdsmith/research/
pahfit.php
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Fig. 1. Histograms of the EW of the PAH at 6.2 um (left) and at 11.3 um (right) for PG QSO (top panel, broad orange bars), S1 (fop panel, narrow
red bars), SB (middle panel, broad green bars), S2 (middle panel, narrow yellow bars), LINER1 (bottom panel, narrow purple bars), and LINER2
(bottom panel, broad pink bars). The median values and 25th—75th percentile range for each class of object are shown with large crosses (with
the same colour code as the histogram) with continuous lines for PG QSO, SB, and LINER?2 and with dashed lines for S1, S2, and LINERI. The
vertical dot-dashed line shows the limit chosen to divide the sample into strong- and weak-PAHs (see text).

from the catalogue of sub-arcsecond mid-IR images of AGN
reported by Asmus et al. (2014). It includes Subaru/COMICS,
VLT/VISIR, Gemini/MICHELLE, and Gemini/T-ReCS mid-IR
data of 253 objects.

We have also included four LINERs observed with
GTC/CanariCam as proprietary data (programme IDs GTC42-
12B and GTC35-13A). We reduced them uniformly with the
RedCan package (Gonzédlez-Martin et al. 2013). We present here
their luminosities (marked with asterisks in Col. 5 in Table 1),
whereas the full imaging analysis will be presented in a forth-
coming paper. All together we have ground-based measurements
for 61 out of the 129 sources included in this paper.

Table 1 contains the X-ray luminosities, mid-IR measure-
ments for the Spitzer/IRS spectra, and the 12 um luminosities
from Spitzer/IRS and ground-based telescopes when available.

4. AGN versus starburst contents

Spitzer has been used to study the largest samples of AGN
ever analysed at mid-IR (e.g. Shi et al. 2006; Deo et al. 2007).
However, one disadvantage of these data is their relatively low
spatial resolution. This makes Spitzer spectra often be contami-
nated by the host galaxy. It is expected to be particularly relevant
for LINERs where the AGN is faint. In this case the non-AGN
contribution might be very strong at mid-IR wavelengths, domi-
nating the entire emission (Mason et al. 2012).

Over the past decade, several diagnostics have been proposed
to quantify the contribution of star formation and AGN activity
to the infrared luminosity. These diagnostics are based on the
mid-IR continuum slope, the EW of the PAH features, the ra-
tio of [NeV] (or [OIV]) over [Nell], and the EW of the PAH
at 6.2 or 11.3 um versus the 9.7 um optical depth 79 7 ., (Genzel
et al. 1998; Lutz et al. 1998; Dale et al. 2006; Sturm et al.
2006; Spoon et al. 2007; Baum et al. 2010; Herndn-Caballero
& Hatziminaoglou 2011). In this section we use several diag-
nostics to separate those Spitzer/IRS spectra that are strongly
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contaminated by non-AGN emission; however, the SB contribu-
tion to the mid-IR spectra does not exclude the presence of an
AGN. This is an attempt to determine whether the AGN is dom-
inating the mid-IR spectrum. We have excluded the diagnostics
from the analysis based on fine structure emission lines because
they are blended with other emission lines at the spectral reso-
lution of these dataset. For more details in these diagnostics, we
refer the reader to Dudik et al. (2009), where they studied these
emission lines for a large sample of LINERs.

4.1. PAH features

The star formation activity correlates with the PAH strength,
where SB-dominated galaxies are then expected to show strong
PAH features (e.g. Peeters et al. 2004). This well-established
correlation has led to the use of PAH strength as a tracer of star
formation (e.g. Esquej et al. 2014). PAHs might be destroyed by
the presence of an AGN (Genzel et al. 1998; Wu et al. 2009).
This is particularly relevant for the PAH feature at 6.2 um that is
produced by grains with smaller sizes, and therefore, their de-
struction near the AGN is more efficient (Diamond-Stanic &
Rieke 2012). However, the 11.3 ym might not be suppressed
by the AGN (at distances as close as 10 pc) but diluted when
the AGN continuum becomes dominant (Alonso-Herrero et al.
2014; Ramos Almeida et al. 2014). Our aim is to select those
spectra where the host galaxy contribution due to star formation
does not dominate the mid-IR spectrum. The PAH strength is a
good tracer of star formation occurring far away from the AGN,
where this destruction or dilution of the PAH features is negli-
gible. Supporting this, the PAH at 11.3 um was negligible in 18
out of the 20 AGN reported by Gonzédlez-Martin et al. (2013)
with high-spatial resolution spectra, while their Spitzer spectra
showed strong PAH features. Thus, these diagnostics are still
useful in our analysis, irrespective of the dilution or suppression
of the PAH features near the AGN.
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Figure 1 shows the distributions of the EW(PAH) per class
for the PAH features detected at 6.2 um (left) and 11.3 um
(right). Upper limits on the undetected lines are not included
in these histograms. The median EW(PAH 6.2 um) for the
SB class is significantly higher than for the S1 and PG QSO
classes. Only one S1 shows an EW(PAH 6.2 um) consistent
with the SB class (NGC 5033). Moreover, only one SB shows
a limit on the EW(PAH 6.2 um) that is consistent with S1s or
PG QSOs (NGC 3184). The S2 class have objects with EW(PAH
6.2 um) overlapping with values found for S1s, PG QSOs, and
SBs. LINERs (both LINER1 and LINER?2), like S2s, also show
EW(PAH 6.2 um) spreading over a wide range of values. The
histogram of EW(PAH 11.3 um) is similar to that of EW(PAH
6.2 um). However, there is a larger overlapping between the dis-
tributions in EW(PAH 11.3 um) for SBs with S1s and PG QSOs
than in the histogram of EW(PAH 6.2 um). Moreover, the S2
class overlaps with the SB class for a larger number of objects in
EW(PAH 11.3 um) than for the histogram of EW(PAH 6.2 um)
(15 and 6 objects, respectively).

The PAH feature at 11.3 um might be strongly attenuated
by the silicate absorption feature (Brandl et al. 2006). Gonzalez-
Martin et al. (2013) estimated this attenuation to be up to ~ 40%
of the intrinsic PAH feature at 11.3 pm for 797 ;m = 1. This per-
centage can be higher for larger 797 ,;m. The EW(PAH 6.2 um)
might be a better tracer of star formation when the silicate at-
tenuation is large because it is not embedded in the silicate ab-
sorption feature. This is clearly seen in Fig. 1, where the overlap
of the S2 class (expected to be more attenuated than S1s under
the unified model) with the SBs is much higher for the EW(PAH
11.3 um) than for the EW(PAH 6.2 um). We therefore have cho-
sen EW(PAH 6.2 um) as a better tracer of the SB-dominance in
our sample.

We have defined a limit on EW(PAH 6.2 um) us-
ing the mean value and the standard deviation over this
mean value for objects classified as SBs as follows: <
EW(PAH6.2 uym) > -3 X o(EW(PAH6.2 um)) = 0.233 um
(i.e. < log(EW(PAH6.2 um)) >= -0.633). This ensures that
99.7% of SBs show EW(PAH 6.2 um) above this limit. We note
here that the limit would be EW(PAH6.2 um) = 0.247 if the
99th percentile was used. This would give a slightly less re-
strictive limit’. Above (below) this value we classified the ob-
jects as strong-PAH (weak-PAH) objects. Six out of the 31 S2s
are consistent with the strong-PAH category, and ten out of
the 40 LINERs are classified within the strong-PAH class. All
of them are LINER2s except NGC 1097.

Spoon et al. (2007) present a mid-IR diagnostic of the
AGN/ULIRG content based on 797 versus EW(PAH 6.2 um)
(see also Herndn-Caballero & Hatziminaoglou 2011). The ad-
vantage of this diagnostic is that it takes the effects of strong
obscuration of the nuclear source into account. They show
that galaxies are systematically distributed along two differ-
ent branches: (1) a horizontal line with 797 < 1 of contin-
uum AGN-dominated to PAH-dominated spectra and (2) a di-
agonal line going from deeply obscured (high 797 and low
EW(PAH 6.2 um) to PAH-dominated spectra (low 797 and high
EW(PAH 6.2 um). Seyferts and QSOs are found exclusively on
the horizontal branch with 797 < 1. The large majority of LIRGs
and ULIRGs in Spoon et al. (2007) are located in the diagonal
line. Starbursts are placed at the end of the two branches, with
large EW(PAH 6.2 um) and 797 < 1. They argue that these two

7 Only two objects will be included in the weak-PAH class if the limit
is set to EW(PAH6.2 um) = 0.247 compared to those obtained using
EW(PAHG6.2 um) > 0.233, namely NGC 7130 and NGC 3367.

branches reflect a fundamental difference in the dust geometry
in the two sets of sources. The horizontal branch could have a
clumpy structure while the diagonal might be smooth.

Figure 2 shows 197 versus EW(PAH 6.2 um) for SBs, Sls,
and PG QSOs in the left-hand panel and LINERs and S2s in
the right-hand panel. PG QSOs and S1s (197 < 1 and EW(PAH
6.2 um) < 0.228 um) are clearly distinguished from SBs
(EW(PAH 6.2 ym) > 0.233 pum). This result is fully consis-
tent with what is reported by Spoon et al. (2007). Our diagram
shows very few nuclei with deep silicate features and weak PAH
features. This is also found by Spoon et al. (2007) with only
eight over the 160 objects in their sample belonging to this cat-
egory. We have tested the use of the EW(PAH 11.3 um) in-
stead of EW(PAH 6.2 um) in this diagram, finding a similar
result. This has already been reported by Herndn-Caballero &
Hatziminaoglou (2011) in a large sample of Spitzer/IRS spectra.

There is a maximum 797 expected under the predictions of
the clumpy torus models for AGN. Higher values of 797 can
be interpreted as significant contamination from the host galaxy
(Alonso-Herrero et al. 2011; Gonzalez-Martin et al. 2013). To
investigate this issue, we computed 797 using a set of mod-
els within the libraries of CLUMPY®. These consist of a set
of spectral energy distributions (SEDs) using the AGN clumpy
torus emission described by Nenkova et al. (2008). The pa-
rameter ranges chosen are those reported by Gonzalez-Martin
et al. (2013). We have downloaded the SEDs for a width of the
toroidal distribution oo = 45°, a ratio between the outer and the
inner radii of the torus roy/rine = 200, an exponential slope of
the radial distribution of clouds ¢ = 2, an optical extinction of
the clouds in the range v = 5-150, and a number of clouds
along the equator of the torus N, = 2—-20 clouds. The number
of clouds along the LOS, N, depends on the inclination angle, i,
as N = Noe‘iz/ o* We refer the reader to Gonzalez-Martin et al.
(2013) for details on the selection of these parameters and to
Nenkova et al. (2008) for the details on the modelling.

We computed 797 for these SEDs using the same method-
ology as for the Spitzer/IRS spectra reported here. Figure 2
shows the minimum and maximum 797 found using these mod-
els (-1.13 < 197 < 1.25). Thus, objects with 797 > 1.25 are
not expected under any clumpy torus model. We use 797 >
1.25 to classify an object as a deep silicate. We also show
the range of 197 expected for face-on AGN assuming i = 0°
(-0.96 < 197 < 0.62) and for edge-on AGN assuming i = 90°
(-0.86 < 197 < 1.25). Sl1s are naturally explained within the
range of values of 797 expected under the clumpy torus models.
S2s tend to show larger 797 than S1s. Only two S2s are out of
the expected range with clumpy torus models. Only two SBs and
two LINERSs show 197 > 1.25. Following this diagram, we have
divided our sample into three categories:

— Deep-silicate: Strength of the silicate feature above the max-
imum explained by clumpy models (i.e. 797 > 1.25) regard-
less of EW(PAH 6.2 um).

— Strong-PAH: 197 < 1.25 and EW(PAH 6.2 ym) > 0.233 ym.

— Weak-PAH: 797 < 1.25 and EW(PAH 6.2 um) < 0.233 ym.

This classification is included in Table 1. Starbursts are lo-
cated mostly in the region of strong-PAH. Two of them, though,
populate the area of deep silicates. PG QSOs and S1s are placed
in the region of weak PAHs’.

8 http://www.pa.uky.edu/clumpy/
° The only exception is NGC 5033, which is located in the region of
the diagram of strong PAHs.
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Fig. 2. Silicate apparent depth at 9.7 um, 19, versus the EW of PAH at 6.2 um, EW(PAH 6.2 um), for PG QSOs, S1s, and SBs (left) and for
LINERs and S2s, (right). LINER1s, LINER2s, S1s, S2s, PG-QSOs, and SBs are shown with purple and pink circles, red and yellow squares,
orange stars, and green upside-down triangles, respectively. White circles and white stars denote known Compton-thick sources and Compton-
thick candidates, respectively. The error bars in 797 are always within the size of the symbol. In the right panel we also include PG QSOs, S1s, and
SBs with white symbols for comparison purposes. Green-dotted lines indicate the diagonal branch found by Spoon et al. (2007) for ULIRGs and
SBs. The shadowed (grey) area shows the range of values for 797 that could be explained with clumpy models (Nenkova et al. 2008). We also use
orange and yellow lines to show the expected range of values for 797 in face-on AGN (assuming i = 0°) and in edge-on AGN (assuming i = 90°)
using the models described by Nenkova et al. (2008) (see text). The short red vertical line shows EW(PAH6.2 um) = 0.228 pum, which divides into

weak and strong PAHs.

S2s tend to show larger 797 than S1s, as expected under the
unified model of AGN. Similar to S1s and PG QSOs, most S2s
are in the region of weak PAH. Only two of them are within the
area of deep silicates, and five of them are within the area of
strong PAHs. Thus, according to this diagram, only seven out of
the 31 S2s show signs of host-galaxy contamination at mid-IR.

LINERs mostly populate the area of weak PAHs. All the
LINER1s but NGC 1097 are in this area of the diagram. Among
LINERZ2s, two are in the region of deep silicates and nine in the
strong-PAHs area. If LINERs in the weak-PAH area of the dia-
gram are considered as AGN-dominated at mid-IR, then 30 out
of the 41 are AGN-dominated at mid-IR.

4.2. Steepness of the mid-IR spectra

The steepness of the mid-IR spectra characterises the relative
contribution of warm and cool dust to the mid-IR (Baum et al.
2010). We refer here to the steepness at the spatial resolutions
of the Spirzer/IRS spectra (i.e. kpc scales), while on smaller
scales (below 100 pc scales obtained with ground-based instru-
ments), the mid-IR emission is expected to be dominated from
dust heated by the AGN (Honig et al. 2011; Ramos Almeida
et al. 2011). It has proven to be a good indicator of the SB con-
tent given its correlation with EW(PAH 11.3 ym) (e.g. Wu et al.
2009; Weedman et al. 2005; Brandl et al. 2006; LaMassa et al.
2012). This steepness has been defined in several bands by dif-
ferent authors; e.g. 20—30 um (Baum et al. 2010; Weedman et al.
2005) or 15-30 um (Brandl et al. 2006; Wu et al. 2009; Nardini
et al. 2008). We present the 20 and 30 ym luminosities to pro-
duce an estimate of the steepness of the mid-IR spectra in our
sample.
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Figure 3 shows the histogram of such steepness, expressed as
log(vL,(20 um)/vL,(30 um)) (see also Table 1). PG QSOs and
S1s tend to show higher values of log(vL,(20 um)/vL,(30 um))
than SBs. However, these two distributions overlap in the
range —0.25 < log(vL,(20 um)/vL,(30 um)) < 0. S2s and
LINERs show a wide range of log(vL,(20 um)/vL,(30 um)),
overlapping with S1s, PGQSOs, and SBs, although S1s and
PG QSOs distributions are skewed toward the higher values
of log(vL,(20 um)/vL,(30 um)). Therefore, this ratio itself is
not as good a tracer of AGN dominance as it is of EW(PAH
6.2 um ) (see previous section). Although in theory it is a
good tracer of the contribution of warm and cool dust to the
mid-IR; in practice, some SB-dominated spectra can have a
log(vL,(20 um)/vL,(30 um)) ratio consistent with those of
AGN.

Following the same idea as in the previous section, we com-
puted log(vL,(20 um)/vL,(30 um)) of theoretical models ob-
tained with the Clumpy libraries. Coloured areas (Fig. 3) show
the range of steepness expected from these models for face-on
(assuming i = 0) and edge-on (assuming i = 90) tori, re-
spectively. The expected range of values found for the mod-
els of Type-1 AGN is almost identical to the range of val-
ues found for PGQSOs and Sl1s. Moreover, the steepness of
the spectra in the model of Type-2 AGN is expected to in-
clude the same range of values as Sls but extended towards
lower values. Thus, Type-2 AGN are expected to show steeper
spectra than Type-1 AGN. This agrees with our results, where
S2s tend to show lower log(vL,(20 pm)/vL,(30 um)) than
S1s. Seven out of the 20 SBs have a steepness that is fully
consistent with the model of Type-2 AGN. All the objects
below the minimum steepness predicted for Type-2 AGN
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Fig. 3. Histograms of log(vL,(20 um)/vL,(30 um)) for PG QSO (top
panel, broad orange bars), S1 (top panel, narrow red bars), SB (mid-
dle panel, broad green bars), S2 (middle panel, narrow yellow bars),
LINERL1 (bottom panel, narrow purple bars), and LINER2 (bottom
panel, broad pink bars). The mean values and one standard deviation
over the mean for each class of objects are shown with large crosses
(with the same colour code as the histogram), continuous lines for
PG QSO, SB, and LINER2, and dashed lines for S1, S2, and LINER1.
The grey area of the plot shows the range of values expected for AGN
according to the models given by Nenkova et al. (2008). The orange and
yellow vertical lines show the same ranges but for inclination angles of
i = 0°andi = 90° assuming that these values are representative of
face-on and an edge-on AGN (see text).

by the Clumpy libraries can be considered as SB-dominated
(log(vL,(20 um)/vL,(30 um)) = —0.24). However, there are SBs
above that limit. Thus, log(vL,(20 ym)/vL,(30 um)) < —0.24
indicates that the spectrum is SB-dominated, but we cannot dis-
card that spectra showing log(vL, (20 ym)/vL,(30 um)) > —0.24
might also be SB-dominated.

We have classified those showing log(vL,(20 um)/vL,
(30 um)) < —0.24 as SB-dominated spectra. Among the S2s, six
objects are therefore SB-dominated, three of them already clas-
sified as SB-dominated according to the strengths of the PAHs
and silicate features. Combining both methods together, ten out
of the 31 S2s (32%) are SB-dominated.

Thirteen out of the 41 LINERs show log(vL,(20 wpm)/
vL,(30 um)) < —0.24. Two are LINER1s) and the remaining
11 are LINER2s. Among them, eight were already classified as
SB-dominated using the strengths of PAHs and silicate features.
Interestingly, only two LINERs classified as SB-dominated with
the diagram seen in Fig. 2 are not SB-dominated using the steep-
ness of the spectra. Fifteen out of the 40 LINERs (37.5%) show
signatures of being SB-dominated once the two methods pre-
sented in this section are considered together. The fraction of
SB-dominated LINERSs is similar to that of S2s.

4.3. Goodness of the methodology to trace nuclear
properties

We have considered a mid-IR spectrum as AGN-dominated if it
obeys three criteria: EW(PAH 6.2 um) < 0.233 um, 197 < 1.25,

and log(vL,(20 um)/vL,(30 um)) > —0.24. To study the good-
ness of this method for selecting AGN-dominated Spirzer/IRS
spectra, we have plotted in Fig. 4 the 12 ym flux for the
Spitzer/IRS spectra versus the same quantity for ground-based
measurements for the 63 objects for which these measurements
are available (see Sect. 3). Ground-based and Spitzer/IRS 12 ym
fluxes show a linear relation, although the dispersion is high
(Pearson correlation coefficient of r = 0.64, P(null) = 1.6 X
1077). Moreover, the slope of the best linear fit (left panel of
Fig. 4) is flatter than the one-to-one relation.

Most of the Spitzer/IRS spectra with larger 12 um flux than
those from ground-based measurements are SB-dominated ac-
cording to the EW(PAH 6.2 ym) method (see middle panel of
Fig. 4). However, not all the SB-dominated Spitzer/IRS objects
show a 12 um flux excess in the Spitzer/IRS spectra compared
to the ground-based measurements. We rule out the explanation
of a distance effect in which more distant objects might include
more SB-contribution in the nuclear spectra, because all our ob-
jects are nearby, and no particular trend is found when com-
paring SB- and AGN-dominated sources. Alternatively, this re-
sult might have two explanations: (1) our method of selecting
SB-dominated spectra is too restrictive and could include SB-
dominated spectra that are actually AGN-dominated at 12 pm;
and (2) the Spitzer/IRS spectra do not contain extra emission
compared to the ground-based measurements and both trace a
nuclear SB-dominated spectrum.

If we select only AGN-dominated Spitzer spectra, the cor-
relation between these two quantities improves (see Fig. 4,
right panel) with a Pearson correlation coefficient of r = 0.88
(P(null) = 5.7 x 107'%). The linear fit to the AGN-dominated
sources (Fig. 4, right panel) is very close to the one-to-one re-
lation (Fig. 4, right panel). The only two outliers are NGC 4594
and NGC 5866. Thus, when the AGN-dominated spectra are se-
lected, the nuclear 12 um flux obtained with ground-based data is
very close to the value obtained by the Spitzer/IRS spectra. This
reinforces our methodology as a good tool for isolating AGN-
dominated mid-IR Spitzer/IRS spectra.

5. Average spectra

Figure 5 shows the average spectrum for each class of objects.
These average spectra were computed after normalising them to
the flux at 15 ym. The shaded regions show the standard devia-
tion over the average spectrum. We computed the mean value for
S2s and LINERSs according to our mid-IR classification (see pre-
vious section) as AGN-dominated and SB-dominated (left and
right panels, respectively).

The average spectra of Sls and PGQSOs show similar
shapes, with the silicate feature in emission and similar steep-
ness of the spectra (see left panel in Fig. 5). The relative dif-
ferences between these two classes are an enhancement of the
strength of the silicate feature in emission for PG QSOs com-
pared to S1s and a slightly steeper spectrum for S1s compared
to PG QSOs. The average SB spectrum is very different to that
of S1s or PG QSOs (see right panel of Fig. 5). The main differ-
ences are strong PAH features, a steep spectrum, and deep sili-
cate absorption features. Moreover, the classical lines associated
with AGN emission, such as [Ne V] at 14.3 um and 24.3 ym or
[O IV] at 25.9 um, are clearly detected in the average spectra
of PG QSOs and S1s but are absent in the average SB spectrum.
The association of these lines with AGN emission have been
questioned, because some are found in some SB galaxies (see
Pereira-Santaella et al. 2010).
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Fig. 5. Left: average spectra for PG QSOs (orange), S1s (red), AGN-dominated S2s (yellow), and AGN-dominated LINERSs (purple). Right: average
spectra for SBs (green), SB-dominated S2s (yellow), and SB-dominated LINERs (purple). We also show one standard deviation as a shaded region
using the same colours. Each spectrum is also marked with different symbols at 27 um for clarity of the plot: PG QSOs (orange star), S1s (red
square), SBs (green triangle), S2s (yellow square), and LINERs (purple circle). The average spectra are scaled to the flux at 15 um.

The average SB-dominated spectrum for S2s and LINERs
(right panel of Fig. 5) are very similar to that of the SBs. The av-
erage AGN-dominated (left panel in Fig. 5) and SB-dominated
(right panel in Fig. 5) spectra for S2s and LINERs are clearly
different. This supports our method as a good diagnostic of SB-
dominated mid-IR spectra. This was also suggested by Alonso-
Herrero et al. (2014), finding that the Spitzer spectra of S1s and
S2s are only similar if spectra with deep absorption silicate fea-
tures are excluded from the analysis. The [Ne V] at 14.3 ym and
[O IV] at 25.9 ym emission lines are clearly seen in the aver-
age spectra of SB-dominated S2s and LINERs. This was already
shown by Dudik et al. (2009), who find these lines in a large
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fraction of LINERs. Thus, the average SB-dominated spectra of
LINERSs and S2s might still show mid-IR signatures of AGN na-
ture, although the overall mid-IR spectra is not dominated by the
AGN.

The average S2 AGN-dominated spectrum (left panel of
Fig. 5) does not mimic S1s or PG QSOs. This average spectrum
is steeper than those of S1s or PG QSOs. It also shows the sili-
cate features in absorption, while S1s and PG QSOs show an av-
erage spectra with silicate features in emission. This is expected
since the silicate feature at 9.7 um and 18 um are predicted to
be in emission for Type-1 AGN and in absorption for Type-2
AGN (Nenkova et al. 2008). These predictions have already been
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confirmed by observations (e.g. Shi et al. 2006). On the simi-
larities, the average (AGN-dominated) S2 spectrum shows the
presence of [Ne V] at 14.3 and 24.3 ym and [O IV] at 25.9 um
emission lines.

The average AGN-dominated LINER spectrum (left panel
of Fig. 5) can be clearly distinguished from PG QSOs, S1s, S2s,
and SBs. The main characteristic of this average spectrum is the
rather flat continuum over the full 6-28 um wavelength range.
Moreover, it shows strong PAH features at 11.3 ym and 17 um.
The [O IV] at 25.9 um emission line is prominent as in Sls,
PG QSOs, and S2s. However, the [Ne V] at 14.3 yum emission
line is clearly undetected as is the [Ne V] at 24.3 um. Below
20 um this spectrum resembles that of SBs. However, it can be
clearly distinguished from SBs because the average spectrum of
LINERs do not show a steep spectrum, and it lacks the silicate
absorption features seen in SBs. Moreover, LINERs also show
the [O IV] at 25.9 um that the SBs do not show.

As explained in the introduction, the LINERS are a heteroge-
nous family of objects. To study the subclasses of LINERs,
Fig. 6 shows the average spectra for several subclassifications of
LINERs. These average spectra were computed including only
AGN-dominated spectra.

The average spectrum of objects optically classified as
LINERIs (panel a in Fig. 6) is steeper than that of LINER2s
(panel a). In fact, the average spectrum of Type-1 LINERSs is
consistent with that of AGN-dominated S2s. However, the dis-
persion in the average spectrum of LINERIs is quite large be-
cause, amongst the five AGN-dominated LINERs1, NGC 4450
shows a flat spectrum that is not consistent with the average trend
for this class.

We have also classified the AGN-dominated LINERs into
two classes attending to their Lx(2—10 keV): bright LINERs for
objects with Lx(2-10 keV) > 10*! erg s~! and faint LINERs
for those with X-ray luminosities below that limit. This is the
limit where the torus is expected to disappear at a bolometric
luminosity of Ly ~ 10%? erg s~!(Elitzur & Shlosman 2006)'°.
Amongst the AGN-dominated LINERs, seven are classified as
bright LINERs and 18 as faint LINERs. The resulting average
spectra of bright and faint LINERs (panel b of Fig. 6) are quite
similar to that of LINER1s and LINER2s. Thus, bright LINERs
show a steeper spectrum compared to faint LINERs, compati-
ble with S1s. The dispersion of the average spectrum of bright
LINERs is much lower than that of LINER1s. We investigated
whether a different morphology of the host galaxy for bright
and faint LINERs could produce the differences in their average
mid-infrared spectra. Interestingly, NGC 4450 is the only AGN-
dominated Type-1 LINER hosted in a late-type galaxy. Only four
(out of the 18) faint LINERs and 1 (out of the 7) bright LINERs
are hosted in late type galaxies (i.e. + > 1). This lack of late-
type galaxies hosting LINERs is expected since they are usu-
ally hosted in early-type galaxies (Carrillo et al. 1999). Thus, we
have not found any particular tendency in their host-galaxy mor-
phology. Indeed, the average spectrum of faint LINERs hosted
in late-type galaxies is consistent with the average spectrum of
faint LINERs (and with the average spectrum of faint LINERs
hosted in early-type galaxies).

Spectra in panel ¢ of Fig. 6 show the average spectra
for Compton-thin and Compton-thick candidates reported by

10 This assumes a conversion between the X-ray luminosity and the
bolometric luminosity of Ly, =~ 10 X Lx(2—10 keV) (Ho 2008). This
conversion factor is the most conservative value we have found (Ho
2009). Any higher value could include more objects as bright LINERs
(see also the discussion).

vF, (arbitrary units)

Wavelength (pum)

Fig. 6. Average spectra of AGN-dominated LINERs according to differ-
ent subclassifications. From top fo bottom: a) LINER1s (light magenta)
and LINER2s (dark magenta); b) bright LINERs (dark grey) and faint
LINERs (light grey); ¢) Compton-thin (light green) and Compton-thick
candidates (dark green); d) objects classified at X-rays as AGN (dark
blue) and non-AGN candidates (cyan). The average spectra for Sls
(red) and AGN-dominated S2s (yellow) are also shown for comparison
purposes.

Gonzélez-Martin et al. (2009b). Compton-thick sources are ex-
pected to be so obscured (Ng > 1.5 x 10 cm™?) that the
bulk of the X-ray continuum emission of the AGN is only seen
above 10 keV. Sources were classified according to the ratio be-
tween the fluxes of [O III]A5007 A and the 2-10 keV fluxes,
the EW of the FeKa emission line, and the hard X-ray slope of
the spectrum. Sixteen of them were classified as Compton-thin
LINERs, and nine as Compton-thick candidates. We do not find
any significant differences between the average mid-IR spectra
of Compton-thin and Compton-thick candidates.
Gonzalez-Martin et al. (2009a) classified 22 out of the
25 AGN-dominated LINERs at X-rays: 16 AGN candidates
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Fig.7. 2—10 keV luminosity versus the 12 um luminosity, both on logarithmic scale for PG QSOs, S1s and S2s a), SBs b), AGN-dominated
LINERs ¢) and SB-dominated LINERs d). The continuous red and dashed-green lines show the best fit correlations for AGN and SBs, respectively,
reported by Asmus et al. (2011). The typical error for these measurements is shown as a cross in the top left corner of panel ¢). Errors for the X-ray
luminosity are estimated as 10% of its value. The dot-dashed blue line and long-dashed light green line show the linear fit for PG QSOs, S1s, and
S2s and for SBs, respectively. Grey arrows mark objects with reported upper limits on the X-ray luminosity.

and 6 non-AGN candidates. Both average spectra are quite flat
(panel d of Fig. 6). Interestingly, PAH features and [Ne II] at
12.8 um strengths are larger for non-AGN candidates than for
AGN candidates, suggesting the dominance of the host galaxy
contribution.

6. X-ray versus mid-IR luminosities

In AGN, the X-ray emission is thought to originate in the in-
nermost regions of the accretion flow by Comptonisation pro-
cesses. The mid-IR emission is generally dominated by thermal
emission by dust at parsec-scale distances from the SMBH.
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The tight correlation found between the X-ray and mid-IR emis-
sion of AGN supports this physical connection, regardless of the
Seyfert type (Krabbe et al. 2001; Gandhi et al. 2009; Levenson
et al. 2009). Furthermore, SB nuclei also show a relation be-
tween X-ray and mid-IR luminosities, but it is offset when com-
pared to that of AGN (Asmus et al. 2011). The study of this
correlation could shed light on the dominant process involved in
LINERs.

Figure 7 shows Lx(2—10 keV) versus vL,(12 ym) for our
sample. We note that vL,(12 um) is computed using the Spitzer
spectra. S1s, S2s, and PG QSOs (panel a) follow the same re-
lation as previously found for AGN (from Asmus et al. 2011).
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The Pearson correlation coefficient for them is r = 0.82
(P(mull) = 4.7 x 107'®), and the best linear fit is very close
to what is reported by Asmus et al. (2011) using high spatial
resolution, mid-IR images. This correlation therefore holds for
most S1s, S2s, and PG QSOs even with the relatively low spatial
resolution of the Spitzer/IRS spectra. This may suggest that for
these sources, the AGN continuum dominates the Spitzer/IRS
emission. Only two S2s (NGC 3621 and NGC 4725) fall close
to the correlation found for SB nuclei (also from Asmus et al.
2011). In our study NGC 3621 was classified as SB-dominated
and NGC4725 as AGN-dominated (see Sect. 4). SB nuclei
(green upside down triangles in panel b in Fig. 7) also fall into
the expected correlation for them with a correlation coefficient
r = 0.83 (P(null) = 4.5 x 107'"). None of them are compat-
ible with the AGN correlation. Thus, this correlation seems to
be very effective for distinguishing pure AGN emission from
SB emission.

The bottom panels of Fig. 7 show Lx(2—10 keV) versus
vL,(12 um) for LINERs. We split the plot into the AGN-
dominated (panel c¢) and the SB-dominated (panel d) LINERs.
Most LINER nuclei are placed between the AGN and the SB
linear relations. The linear correlation for them is not significant
(r = 0.68 and P(null) = 8 x 107%). Low-luminosity LINERs are
near SB correlation and high-luminosity LINERs are parallel to
the AGN correlation. This could be due to an underestimation of
the X-ray luminosity (see below).

Some LINERs behave as AGN, while some others are simi-
lar to SBs (see Sect. 4). Many of the LINER nuclei classified as
SB-dominated are placed along the SB correlation (all the Type-
1 LINERs). Again, this confirms our method described in Sect. 4
as a good tool for distinguishing SB- from AGN-dominated
spectra. However, three LINER2s (NGC 3079, NGC 6240, and
NGC 7130) are placed in the AGN correlation but were classi-
fied as SB-dominated in the mid-IR. Interestingly, all of them are
known Compton-thick AGNs. This suggests that the 12 ym flux
could be AGN-dominated although the full Spitzer/IRS spec-
trum is SB-dominated. Therefore, irrespective of the mid-IR
spectral shape, the 12 ym flux is a good tracer of the AGN power
(e.g. Gonzélez-Martin et al. 2013).

The inclusion of LINERS in this correlation allows it to be
validated at lower luminosities (Lx(2—10 keV) < 10*? erg s7',
see also Mason et al. 2012). The final linear correlation for AGN-

dominated spectra is
log(Lx) = (-12.34 £ 0.05) + (1.26 + 0.01) log(vL,(12 um)), (2)

which is very significant ( = 0.92 and P(null) = 2 x 1072%),
However, the slope of this correlation is steeper (~1.26) than
previously found (~1.06, see Asmus et al. 2011). This excess
in mid-IR luminosity for faint LINERs has already been found
by Mason et al. (2012). They argue that this discrepancy could
be due to optically thin material that obscures the inner parts of
the AGN because most of them showed silicate features in emis-
sion. However, our faint LINERs do not show silicate features in
emission on average (see Sect. 5 and Fig. 6).

The most natural explanation is that the Compton-thick na-
ture of some low-luminosity AGNs results in an underestimation
of the true Lx(2—10 keV) of these sources. These Lx(2—10 keV)
estimates come from studies using the spectra of LINERs at en-
ergies below 10 keV. However, Compton-thick sources show the
bulk of the AGN power at energies above 10 keV. The intrin-
sic luminosity could be 10-70 times higher than the estimated
using only energies below 10 keV in the Compton-thick sce-
nario (Maiolino et al. 1998). Gonzalez-Martin et al. (2009b)
classified around 50% of their LINER sample as Compton-thick
candidates. Figure 8 shows the AGN-dominated objects in our
study attending to their Compton-thin (left) and Compton-thick
(middle) classification. Most of the Compton-thin sources are
close to the previously reported correlation for AGN. Compton-
thick S2s are nicely placed along the AGN correlation found by
Asmus et al. (2011). This is expected because the X-ray lumi-
nosities included for S2s are all corrected for their Compton-
thick nature (most of them included in Goulding et al. 2012),
either using X-ray measurements above 10 keV or assuming
a factor between the observed and intrinsic X-ray luminosity
for other Compton-thick AGNs (see Panessa et al. 2006, for
details in this conversion factor). Compton-thick LINER can-
didates tend to be shifted towards X-ray luminosities lower
than predicted for the AGN correlation. However, most of them
are not consistent with the SB correlation either. The double
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arrows of Fig. 8 (middle panel) show their expected locus if
the X-ray luminosity were ~10—70 times higher. Most of the
Compton-thick LINERs can be placed in the AGN correlation
if the correction is applied. The linear fit to the entire sam-
ple, once the intrinsic X-ray luminosity is corrected, results in
Lx(2—10 keV)(intrinsic) = 40 X Lx(2—10 keV)(observed) for
Compton-thick LINERs (marked as white stars in Fig. 8, right
panel), which is very close to the linear relation found for AGN.
Nonetheless, four LINERs and one S2 still remain very close to
the SB correlation.

7. Discussion

The nature of LINER nuclei has been extensively studied since
they were firstly discovered by Heckman (1980). Using multi-
wavelength information and several techniques, such as com-
pactness, hardness, and variability, we now know that a large
number of them host an AGN (Maoz et al. 2005; Gonzailez-
Martin et al. 2009a,b; Ho 2008). However, what makes them a
unique class is still unknown. Singh et al. (2013) show that post-
main sequence stars might be an important contributor to the
optical frequencies. Interestingly, they argue that this population
might be present in more powerful AGN, although it is outshone
by the AGN itself. At X-rays, several authors have pointed to ob-
scuration as one of the main ingredients for their different nature
(Dudik et al. 2009; Gonzalez-Martin et al. 2009b). Therefore,
mid-IR frequencies are key to studying this obscuration since
the emission absorbed at optical and UV frequencies is expected
to be reprocessed at those wavelengths.

We have compiled a sample of 40 mid-IR spectra of LINERs
observed with Spitzer/IRS and compared them to samples of
SBs, S2s, S1s, and PG QSOs. Although the low spatial resolu-
tion of these Spitzer/IRS spectra is a disadvantage, we have been
able to isolate SB-dominated from those that are not by using
well known mid-IR tools (see Sect. 4). We focus this discussion
on two main issues about the obscuration of LINERSs in light of
the present results: (1) Compton-thickness and (2) torus signa-
tures in LINERs.

7.1. Compton thickness

Gonzalez-Martin et al. (2009b) show that up to 50% of their
LINER sample might be Compton-thick, i.e. with such a high
obscuration that the intrinsic continuum of the AGN is fully sup-
pressed at energies below 10 keV. This was done using indirect
arguments such as the [O II1]A5007 A, the X-ray flux-ratio, or
the EW of the neutral FeKa line at 6.4 keV. However, this is not
yet confirmed with direct observations because LINERs are too
faint to be observed above 10 keV with the open X-ray instru-
mentation to the community!.

We have taken advantage of using the X-ray to mid-IR cor-
relation found for AGN to study the Compton-thick nature of
LINERs. LINERs classified as Compton-thick candidates by
Gonzdlez-Martin et al. (2009b) are systematically located be-
low the relation found for AGN (see Fig. 8, middle panel). This
is naturally explained if they are indeed Compton-thick AGN,
since their X-ray intrinsic luminosity is underestimated by a
factor of 10 or more. This has already been found by Mason
et al. (2012) for a few objects. Four additional LINERs and one
Seyfert also have lower X-ray luminosities that expected accord-
ing to their mid-IR luminosities (see Fig. 8, left panel). Thus,

' NuSTAR satellite is able to observe these faint source, but it is part
of a close collaboration.
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either they host a Compton-thick nucleus or are SB-dominated.
This suggests that the actual fraction of Compton-thick LINERs
may be even higher than previously inferred (Gonzdlez-Martin
et al. 2009b). This large amount of obscuration might explain
why post-main sequence stars dominate the optical spectrum in
LINERs (Singh et al. 2013), while the AGN completely domi-
nates the emission in powerful and/or less obscured AGN.

Observationally, a large number of AGNs in the local
Universe are obscured by Compton-thick gas (Maiolino et al.
1998; Matt et al. 2000). From the theoretical point of view, a
sizeable population of mildly Compton-thick sources is postu-
lated in all the AGN synthesis models for the X-ray background
in order to match the intensity peak of the XRB spectrum at
about 30 keV (Comastri 2004). These theoretical and observa-
tional evidence are consistent with the results of the present
paper. Furthermore, the fraction of Compton-thick Seyferts is
lower than reported in LINERs (and confirmed in this analysis).
This is fully consistent with the paradigm in which the fraction
of obscured sources increases when the luminosities decrease in
the high-redshift Universe (Ueda et al. 2001) and in the local
Universe (Shinozaki et al. 2006).

7.2. Torus in LINERs

We have found that the average mid-IR spectrum of LINERs
is markedly different from those of SBs, S1s, S2s, or PG QSOs
(see Fig. 5). The former shows a rather flat continuum from 6 um
until 28 ym. On top of this flat continuum, prominent emission
lines of [Ne II], [Ne III], [S III], and [O IV] are clearly seen. The
[O IV] emission line suggests there is AGN emission, although it
could be explained by another emission mechanism (see Pereira-
Santaella et al. 2010). The PAH features are also clearly seen.
They indicate a non-negligible contribution of star formation to
the mid-IR spectra of LINERs. However, note that star formation
cannot be the dominant process for them because the SB mid-IR
continuum is much steeper'? (see right panel of Fig. 5).

We have also found that the shape of the average mid-IR
spectrum of LINERs does not depend on its Compton-thickness
or AGN nature at X-rays (see Fig. 6). It depends on the opti-
cal type; i.e. the average mid-IR spectrum of LINERIs is dif-
ferent to that of LINER2s. However, the scatter around the
mean in LINERIs is large, indicating that probably they are
not a well-defined class. The best distinction between two sub-
classes is found for bright and faint LINERs, above and below
Lx > 1 x 10 erg/s, respectively (Fig. 6).

The mid-IR spectrum of AGN is expected to be domi-
nated by dust re-emission of optical/UV emission. In the uni-
fied model of AGNs, this dust is distributed in a dusty torus
(Antonucci 1993). This torus was first postulated as having a
smooth doughnut-like structure. However, nowadays the pre-
ferred scenario is a clumpy structure, i.e. one made of dusty
clouds within a toroidal distribution (Krolik & Begelman 1988;
Pier & Krolik 1992). Nenkova et al. (2002) developed a formal-
ism for handling radiative transfer in clumpy media and applied
it to the IR emission from the AGN dusty torus. Nenkova et al.
(2008) applied this formalism to develop a set of models for this
clumpy medium. They show that clumpy torus models are con-
sistent with current AGN observations if they contain a num-
ber of dusty clouds along the equatorial axis of N, ~ 5-15,
each with an optical depth of 7y ~ 30-100. Ramos Almeida
et al. (2011) modelled the IR SED for a sample of S1s and S2s
by Nenkova et al. (2008) dusty torus models, using a Bayesian

12 1n this discussion SB-dominated LINERs are excluded, see Sect. 4.
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Fig. 9. Best fit to clumpy models (dot-dashed light-blue line) for the
average spectra, from top to bottom, of S1s (panel a)), S2s (panel b)),
bright LINERs (panel ¢)), and faint LINERs (panel d)). Bright LINERs
are those with an X-ray luminosity above Ly > 1 x 10*' erg/s. All the
spectra are normalised to their flux at 15 ym. The shaded light-blue area
shows the lower and upper bounds obtained with the clumpy models
(see text).

inference tool called BayesClumpy (Asensio Ramos & Ramos
Almeida 2009). They find that the IR SED of both S1s and S2s
are well fitted by these clumpy torus models, although their in-
trinsic properties are different (larger covering factor for S2s
than for S1s, see also Alonso-Herrero et al. 2011).

We used the BayesClumpy tool to investigate whether
clumpy models could fit our average mid-IR spectra. The me-
dian best-fit models found for the average mid-IR spectra are
shown in Fig. 9, together with 68% confidence intervals for all
the parameters (see Ramos Almeida et al. 2009, for more details
on the modelling). As already shown by Ramos Almeida et al.
(2011), the continuum shape of S1s and S2s are very represented
well by clumpy models (panels a and b). Bright LINERSs (i.e.
Lx(2-10keV) > 1 x 10*! erg/s, panel c) can also be reproduced
by these models. However, faint LINERs (panel d) are poorly
represented by them. This may suggest that the optically thick
torus emission may no longer dominate the mid-IR emission of
faint LINERs.

In recent years, several pieces of observational evidence have
supported the scenario in which a single continuum distribution
of clouds within a wind is responsible for both the BLR and the
dusty torus (Elitzur & Shlosman 2006, and references therein).
In this scenario, the difference between the BLR and dusty torus
is just a change in the composition of this wind at the dust sub-
limation radius. An immediate consequence of the disk-wind
scenario is the prediction that the torus and the BLR disappear
at bolometric luminosities below Ly, ~ 10* erg/s (Elitzur &
Shlosman 2006). This limit is consistent with our results when
assuming a conversion factor between the bolometric luminos-
ity and X-ray luminosity of Ly, /Lx(2—10 keV) ~ 10 (see Ho
2008).

7.3. Alternative source of emission at mid-IR

If faint LINERs are no longer dominated by the torus emis-
sion, what is the mechanism responsible for the mid-IR emis-
sion? This is a question for which we do not have a clear
answer. Plausible contributors to the mid-IR emission are (1)
jet emission in the form of synchrotron radiation, (2) host
galaxy contributors; and (3) advection-dominated accretion
flows (ADAFs). We have excluded the dust shell models be-
cause we do not see emission silicate features in the average
mid-IR spectrum of faint LINERS, although it might be relevant
for some of them (e.g. NGC 3998, Mason et al. 2013). Figure 10
compares the shape of the mid-IR spectrum of faint LINERs
with several mechanisms discussed in this section. All of them
are scaled to the emission at 15 um.

7.3.1. Host galaxy contribution

We discard star formation as the dominant emission since the
SB-dominated LINERs were not considered in the analysis, al-
though it can still be present in a fraction, as suggested by the
PAH emission. Alternatively, it could be linked to the diffuse
emission coming from the galaxy. LINERs are generally found
in elliptical galaxies (see Carrillo et al. 1999). Indeed in a very
few cases, faint LINERs are hosted in late type galaxies (see
Sect. 5). To compare the mid-IR spectra of LINERs with ellipti-
cal galaxies, we chose the Spitzer/IRS spectrum of the prototyp-
ical elliptical galaxy NGC 1407'3. Although the general slope of
faint LINERs resembles that of an elliptical galaxy, it lacks PAH
features and emission lines seen in faint LINERs.

Singh et al. (2013) find that a large number of the optical
spectra of many LINERs could come from post- asymptotic gi-
ant branch (post-AGB) stars. To investigate this deeply, Fig. 10
(bottom) compares the spectrum of faint LINERs and SBs with
different stages of the AGB stars.

Our average LINER faint spectrum shows PAH features (7.7,
8.6, 11.3, and 17 um), together with emission lines (e.g. [Ne II],
[Ne III], [S III], and [O IV]). This is very different for AGB
stars (see the spectrum of an AGB star SMP SMC 18 in Fig. 10,
bottom), which show featureless continuum-dominated spectra
(Yang et al. 2004; Sloan et al. 2006). Post-AGB stars (also called
photo-planetary nebulae, proto-PNe) show some nebular emis-
sion lines and/or PAH features (see the spectrum of post-AGB
star IRAS 01005+7910 in Fig. 10, bottom). However, they show
a peak on the continuum emission above 25 ym, and they lack
the [O IV] line at 26 um seen in faint LINERs (Cerrigone et al.
2009).

The average spectrum of faint LINERs is more similar to
evolved carbon-rich PNe, where the continuum is less promi-
nent, but PAH features and highly ionised nebular lines (e.g.
[O IV]) are still present (Stanghellini et al. 2007). Figure 10 (bot-
tom) shows the comparison between the average spectrum for
faint LINERs and the prototype carbon-rich PNe SMP LMC 79.
Although less prominent, the continuum of these carbon-rich
PNe is still present. Stanghellini et al. (2012) showed that the
dust continuum of carbon-rich PNe is well fitted with a black-
body model with a temperatures ranging 7 ~ 100-160 K.
Moreover, at least 10° PNe are needed if they are the only ones
responsible for the mid-IR luminosity of faint LINERSs, since
PNe typically show IR luminosities of Lig ~ 1 x 10** erg s~!
(Stanghellini et al. 2012). Alternatively, a combination of

13 We chose NGC 1407 because it is one of the few elliptical galaxies
with full coverage of the mid-IR spectrum.
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Fig. 10. Top: Mid-IR spectrum of faint LINERs (grey continuous line), SBs (green dotted line), elliptical galaxy NGC 1407 (cyan dot-dashed line),
synchrotron emission of a jet (pink dot-dashed line), and ADAF (red dashed line). Bottom: Mid-IR spectrum of faint LINERSs (grey continuous
line), SBs (green dotted line), AGB star SMP SMC 018 (long-dashed blue line), post-AGB star IRAS 01005+7910 (dot-dashed orange line), and

PN SMP LMC 79 (short-dashed red line).

elliptical galaxies (top panel of Fig. 10) and carbon-rich PNe
could also reproduce the mid-IR average spectrum of faint
LINERs. Finally, we checked the [OI]/Ha ratio for our sub-
sample of faint LINERs, and in eight out of the 22 of them
the ratio is too high (i.e. [OI]/Ha > 0.25) to be explained by
post-AGB stars (Cid Fernandes et al. 2004). Thus, none of these
stages of AGB stars can fully accomplish this for the observed
features of faint LINERs, although a combination of several of
them can explain the mid-IR spectrum for some of these faint
LINERs.

Interestingly, a combination of carbon-rich post-AGB stars
and PNe could explain the SB-dominated spectra. Moreover, the
average spectrum of SBs SB-dominated S2s and SB-dominated
LINERs show very similar spectra (see Fig. 5). Thus, in all these
cases a combination of carbon-rich post-AGB and evolved PNe
might be relevant at mid-IR. This agrees with the findings by
Singh et al. (2013), where post-AGB stars dominate the optical
spectrum when the AGN is faint.

7.3.2. Advection-dominated accretion flows

ADAF mechanisms have been largely claimed as the main
one responsible for the SED of LINERs and LLAGN
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in general (e.g. Nemmen et al. 2014, and references therein). In
these models the accretion disk is truncated in the inner parts
and replaced by a hot, geometrically thick, optically thin accre-
tion flow (Narayan et al. 1998). This flow is radiatively inef-
ficient for accreting material to the inner parts. ADAF models
are quite complex in showing many observational parameters.
To compare our average mid-IR spectra with these models, we
chose the ADAF best fit to NGC 1097 reported by Nemmen et al.
(2014). ADAF model (see Fig. 10) fails to reproduce the slope
of the spectrum and also lacks the PAH features and emission
lines seen in faint LINERs.

7.3.3. Jet emission

LLAGN are generally radio loud according to their SED (Ho
2008). Several authors have pointed out that the full SED
could be explained as emission from the jet (e.g. NGC 1052,
Fernandez-Ontiveros et al. 2012). Mason et al. (2013) show that
jet emission is relevant for radio-loud LLAGN. To test this hy-
pothesis, we adopted a simplistic jet model based on internal
shocks adapted for AGN (see Nemmen et al. 2006, 2014, and ref-
erences therein). The parameters of the model are those used in
Nemmen et al. (2014), assuming a power-law index distribution
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with index p = 2. We have assumed that the optically thin part of
the jet is the one dominating the mid-IR emission. Jet emission
(similarly to the ADAF models) shows a spectral index that is
opposite to the one observed in faint LINERSs (see top panel of
Fig. 10). However, a combination of jet and other mechanisms
could also explain the average spectrum of faint LINERs.

In summary, the shape of the mid-IR continuum of faint
LINERs resembles that of elliptical galaxies, with a plausible
contribution of carbon-rich PNe. However, it cannot be entirely
described by any of the emission mechanisms explained above.
An AGN component might also be present at some level to ac-
count for lines like [O IV], which are sometimes suggested as
indicative of AGN activity (see Dudik et al. 2009). The emis-
sion mechanism producing the [O IV] line, however, has been
proposed as being unrelated to the AGN (Pereira-Santaella et al.
2010). Indeed it is present in the spectrum of carbon-rich PNe
(see the bottom panel of Fig. 10).

8. Conclusions

We have analysed a sample of mid-IR spectra of 40 LINERs ob-
served with Spitzer/IRS. We compared the LINER sample with
PG QSOs, Seyferts (S1 and S2), and starburst (SB). The main
results of this paper are:

— We have developed a methodology to exclude SB-dominated
mid-IR spectra based on the silicate optical depth 797 ,m, the
strength of the 6.2 yum PAH feature, and the steepness of the
mid-IR spectra. We found that 25 out of the 40 LINERs do
not show any signatures of being SB-dominated. The frac-
tion is similar to that obtained for Type-2 Seyferts.

— LINERs fall into the X-ray to mid-IR correlation for AGN
only if the Compton-thick candidates proposed in X-rays
show an X-ray luminosity around 70 times higher than com-
puted in X-rays. This is expected if they are confirmed
as Compton-thick AGN (see Sect. 6). Furthermore, four
LINERSs not previously classified as Compton-thick candi-
dates are also consistent with being Compton-thick accord-
ing to the X-ray to mid-IR relation.

— Bright LINERs (i.e. Lx(2—10 keV) > 10*! erg/s) tend to
have an average mid-IR spectrum similar to that of Type-
1 Seyferts. However, faint LINERs (i.e. Lx(2—10 keV) <
10" erg/s) show a flatter average mid-IR spectrum with
prominent emission lines. We suggest that this favours the
disappearance of the dusty torus in LINERs with bolomet-
ric luminosities below Ly, =~ 10*? erg/s, as predicted the-
oretically. Therefore, LINERs with bolometric luminosities
below Ly, =~ 10** erg/s might no longer be dominated by
the torus in the mid-IR. Their mid-IR continuum emission
resembles that of an elliptical galaxy although an AGN or
a jet component, together with some star-forming contribu-
tion (post-AGB stars and PNe) might also be present at some
level.

A final caveat is that a large number of LINERs seem to be
Compton-thick in X-rays (see previous subsection), although the
torus emission have disappeared for them. How is that possi-
ble? A natural explanation is that the Compton-thick material
seen in X-rays is not produced in the dusty torus. Dusty ma-
terial absorbs continuum radiation both in the UV/optical and
X-rays, and therefore the dusty torus might also be responsi-
ble for part of the X-ray obscuration. But dust-free gas atten-
uates just the X-ray continuum, so clouds inside the dust sub-
limation radius will provide additional obscuration only in this

band. Conclusive evidence of such absorption comes from the
short timescales for transit of X-ray absorbing clouds across
the LOS, which establish the existence of obscuring clouds in-
side the dust sublimation radius (e.g. NGC 1365, Risaliti et al.
2009). A natural explanation is that the Compton-thick clouds
seen in X-rays in faint LINERs are produced in dust-free re-
gions within the dust sublimation radius. Could LINERs be at a
stage where the torus structure is already gone while the BLR is
still present? This would naturally explain why the optical spec-
trum of LINERSs needs a population of post-main sequence stars,
blocking the source of ionisation that produces NLR lines (Singh
et al. 2013). Alternatively, this Compton-thick gas might not be
related to the AGN, but rather to the host galaxy as a result of
galaxy interactions. In favour of that, many of the well known
Compton-thick AGN are hosted in galaxy pairs or clusters (e.g.
NGC 3690, Goulding et al. 2012; Gonzélez-Martin et al. 2013),
or even binary nuclei(e.g. NGC 6240, Komossa et al. 2003). A
closer look at the environment of Compton-thick AGN needs to
be undertaken so as to shed more light on this possibility.
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