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Abstract.
We have obtained high-resolution mid-infrared (MIR) imaging, nuclear spectral energy

distributions (SEDs) and archival Spitzer spectra for 22 low-luminosity active galactic nuclei
(LLAGN; Lbol < 5 × 1042 erg s−1). Infrared (IR) observations may advance our understanding
of the accretion flows in LLAGN, the fate of the obscuring torus at low accretion rates, and,
perhaps, the star formation histories of these objects. However, while comprehensively studied
in higher-luminosity Seyferts and quasars, the nuclear IR properties of LLAGN have not yet been
well-determined. In these proceedings we summarise the results for the LLAGN at the relatively
high-luminosity, high-Eddington ratio end of the sample. Strong, compact nuclear sources are
visible in the MIR images of these objects, with luminosities consistent with or slightly in
execss of that predicted by the standard MIR/X-ray relation. Their broadband nuclear SEDs
are diverse; some resemble typical Seyfert nuclei, while others possess less of a well-defined MIR
“dust bump”. Strong silicate emission is present in many of these objects. We speculate that
this, together with high ratios of silicate strength to hydrogen column density, could suggest
optically thin dust and low dust-to-gas ratios, in accordance with model predictions that LLAGN
do not host a Seyfert-like obscuring torus.
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1. Introduction

We have been investigating the nuclear infrared (IR) properties of LLAGN, loosely defined
as a low-ionisation nuclear emission region (LINER) or Seyfert galaxy with Lbol below about
1042 erg s−1. The IR continuum emission from an LLAGN may contain contributions from a
variety of processes: thermal emission from a dusty torus surrounding the central supermassive
black hole (SMBH), synchrotron emission from a jet, and thermal emission from a truncated
accretion disk. Dust in a narrow-line region (NLR) or associated with the surrounding stellar
population may also contribute. Silicate emission or absorption features at 10 and 18 µm
contain information about dust geometry and heating, and the suite of IR polycyclic aromatic
hydrocarbon (PAH) bands may trace star formation in the nuclear environment. The IR
wavelength regime therefore contains much information that could potentially advance our
understanding of the nature and lifecycle of LLAGN. However, we do not yet have a good
overview of the nuclear IR properties of these objects.

Studies of the spectral properties, luminosities, fuel supply etc. of LLAGN suggest that the
standard optically thick and geometrically thin accretion disk is truncated, and replaced by a
geometrically thick, radiatively inefficient accretion flow (RIAF) interior to the disk truncation
radius [1, 2, 3]. The truncation of the thin disk should shift its thermal emission peak towards
longer wavelengths and indeed, [4] present models in which the bulk of the nuclear luminosity at
∼1–10 µm can come from the truncated disk. [4] note, though, that the available, large-aperture
IR data cannot constrain the presence or properties of a truncated disk in the objects modeled.
IR photometry, at higher angular resolution than is generally available in the literature, may
therefore aid our understanding of the accretion physics of LLAGN.

In higher-luminosity AGN, the difference between types 1 and 2 is explained at least to
first order by the presence of a toroidal cloud of dust and gas obscuring the AGN from certain
viewing directions while permitting a direct view from others. Some models of the torus explain
its existence through inflows of gas from larger scales [5, 6]. During periods when little material
is reaching the centre of the galaxy, the torus may become thin and transparent [7]. Conversely,
the torus may be part of a dusty, outflowing wind [8]. The disk wind model of [9] predicts
that below Lbol ∼ 1042 erg s−1, accretion onto the black hole can no longer sustain the outflow
necessary to obscure the nucleus. In either case, low-luminosity AGN may show little nuclear
obscuration and dust emission.

Observationally, there are indications that LLAGN do tend to have unobscured nuclei. For
instance, nuclear UV point sources have been detected in LINERs of both types 1 and 2 [10]. A
decline in absorbing column density has also been observed in X-ray studies of LLAGN [11]. On
the other hand, the detection of broad Hα in polarised light in some LINERs [12] suggests that
these objects host dust-obscured AGN. X-ray studies of single objects show that some LLAGN
do have substantial absorbing columns, and the fraction of such objects may be significant [13].
[14] present average spectra of type 1 and 2 LINERs which suggest an extra hot dust component
in the type 1s relative to the type 2s, analogous to “conventional” Seyferts. The role of dust in
LLAGN, and in particular whether there exists a luminosity, accretion rate, or other property
at which the torus ceases to exist, remains unclear. A search for the IR signatures of the torus –
thermal emission and silicate emission and absorption features – promises a better understanding
of these issues.

Until recently, high-resolution imaging at λ ∼ 10 µm existed only for a handful of relatively
bright, well-known objects. More recently, [15] have presented ground-based MIR imaging of
a number of LLAGN, with several new detections (see also contributions from Asmus and
Fernandez-Ontiveros in this volume). NIR imaging is also available in the literature, but it has
rarely been considered in the context of the multi-wavelength emission of LLAGN. Published
LLAGN SED compilations contain little or no high-resolution IR data [16, 17].
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To establish the overall nuclear IR properties of LLAGN, we have acquired high-resolution,
Gemini MIR imaging of 20 IR-faint nuclei with Lbol < 5× 1042 erg s−1. We combine these data
with published measurements in the IR and at other wavelengths to produce nuclear spectral
energy distributions (SEDs) for these objects. In terms of high spatial resolution IR data, these
SEDs are by far the most detailed yet available. Finally, we also analyse archival Spitzer low-
resolution spectroscopy for the 18/22 galaxies with available data. In these proceedings we
briefly describe the morphological, spectral and broadband characteristics of the 12 galaxies
with relatively high Eddington ratios (log Lbol/LEdd > −4.6; cf median log Lbol/LEdd ∼ −6 for
the LINERs and log Lbol/LEdd ∼ −4 for the Seyferts in the Palomar galaxy sample, [2]). Results
for the full sample are presented in a forthcoming paper (Mason et al., submitted).

2. Morphology and Silicate Features

Figure 1. Images of four of the LLAGN at 8.8 µm, along with HST optical images. N is up
and E left on the images, and 5′′× 5′′ regions are shown.

Example 8.8 µm images of four of the LLAGN are presented in Figure 1. Unlike the LLAGN of
lower Eddington ratio in the sample, the images of these relatively high-Lbol/LEdd objects tend to
be dominated by compact nuclei. In higher-luminosity AGN, such as QSOs and ”conventional”
Seyferts, the torus manifests itself as a bright, pointlike MIR source. To investigate whether
the compact MIR nuclei in these LLAGN are evidence of torus emission, we use the well-known
MIR/X-ray relation [18, 19] to predict the amount of MIR emission expected from a dusty
torus reprocessing high-energy emission from an active nucleus. We fit the MIR and X-ray
luminosities of the combined AGN samples of [18, 19] and extrapolate the fit to the luminosities
of the LLAGN.

A MIR deficit in the MIR/X-ray plot would be consistent with suggestions that a Seyfert-
like torus does not exist in the LLAGN. However, the high-Lbol/LEdd LLAGN lie close to the
MIR/X-ray relation or exhibit excess MIR emission. In most cases the MIR excess is only
significant at the 1-2σ level, but it is noteworthy that only two of the 12 high-Lbol/LEdd objects
lie to the MIR deficit side of the fit. Similar results are reported by [15]; while finding that
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Figure 2. Left: X-ray vs MIR luminosities for the LLAGN, as well as the Seyfert and QSO
samples of [18, 19]. Solid black symbols represent the LLAGN discussed in this paper. Right:
Strength of the 10 µm silicate feature in the LLAGN with log Lbol/LEdd > −4.6 (grey) and in
the type 1-1.5 Seyferts of [20]. Positive values of S10 indicate emission. For clarity, NGC 7479
from the LLAGN sample and UGC 5101 from the Seyfert 1 sample, which have deep absorption
features (S10 = -2.19 and -1.52 respectively), are not shown.

the MIR/X-ray relation is formally unchanged down to L∼ 1041erg s−1, their LLAGN are offset
from the relation by about 0.3 dex to the MIR excess side.

[21] find that, even in a sample of Seyfert galaxies with pointlike nuclei in high-resolution MIR
imaging, objects with FWHM > 560 rsub (the dust sublimation radius) are systematically offset
from the MIR/X-ray relation for “well-resolved” AGN. They attribute this to contamination
from nuclear MIR sources other than the torus. All of the LLAGN in this sample have
FWHM > 560 rsub, so a contribution from unresolved, non-torus emission sources – nuclear
star formation, synchrotron radiation, truncated accretion disk, etc. – is possible. We return to
this issue in §4.

9/12 of these LLAGN have been observed with Spitzer’s InfraRed Spectrograph. Strikingly,
all but two of them exhibit silicate emission bands, in many cases very strong. Figure 2 compares
the strength of the 10 µm silicate feature in the LLAGN with the Seyfert 1-1.5 sample of [20].
The LLAGN sample is neither complete nor unbiased, and Figure 2 is not intended to indicate
that the distributions of S10 differ systematically between the various AGN types. However,
it does demonstrate that the 10 µm silicate features found in these particular AGN tend to
be comparable to the stronger emission features in the Thompson et al. Seyfert 1 sample. As
our sample selection was partly based on the existence of previous, large-aperture photometry,
objects with strong silicate emission features could in principle have been more likely to be
included in this study. As the flux increases by less than a factor of two across the 10 µm
feature, though, it is not clear that this would be a significant effect. In §4 we suggest that the
strong silicate emission features may represent a particular stage in the evolution of the torus.

3. Spectral Energy Distributions

Example high-resolution radio – X-ray SEDs of the high-Lbol/LEdd LLAGN are shown in Figure
3. The SEDs are quite diverse. If they have one distinguishing feature, it is that many of
them are more radio-loud than the average Seyfert galaxy. This is expected from previous work
showing that radio loudness increases with decreasing Eddington ratio (e.g. [22]).
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Figure 3. Example SEDs of the LLAGN. Solid points indicate high-resolution data representing
the AGN emission. The solid and dashed lines denote the mean type 1 and 2 Seyfert SEDs of
[23], respectively.

Some of the SEDs – such as those of NGC 4258, NGC 4261 and NGC 4579 – show a well-
defined, Seyfert-like peak at MIR wavelengths. The MIR - NIR/optical spectral slopes in these
objects are within the range bracketed by the Seyfert 1 and 2 templates of [23]. Amongst
these objects, nuclei of the same AGN type do not necessarily have the same spectral slope; for
instance, the type 1.9 Seyferts NGC 4258 and NGC 4579. However, if intermediate-type LLAGN
have similar nuclei to more luminous intermediate-type objects, then a variety of spectral shapes
is to be expected; [24] find a wide range of spectral indices in Seyferts of types 1.8 and 1.9 in
the CfA sample. Judged solely by their SEDs, there is little indication that these objects are
anything but “scaled-down” Seyferts, complete with a MIR “dust bump”, albeit with extra radio
emission.

A few of the galaxies – NGC 3031, for example – have rather flat MIR – NIR/optical
SEDs compared to the Seyfert templates, and a less well-defined MIR peak. These are also
characteristics of the radio-loud, low-Eddington ratio objects in the sample, whose IR emission
we find to be dominated by the jets (Mason et al., submitted). In some objects, such as
NGC 1097, the “excess” NIR/optical emission is probably related to a young, massive nuclear
star cluster [25, 26].

Overall, many of the high-Eddington ratio LLAGN have SEDs that broadly resemble those of
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conventional Seyferts, although often with enhanced radio emission. In some cases, though, the
MIR – NIR/optical SED slopes are flatter than expected for Seyferts, which hints at possible
stellar and/or jet contributions in the IR. Other sources, such as a truncated accretion disk, may
also influence the IR properties of the SEDs. Detailed modeling of the SEDs with jet, RIAF,
thin disk and torus components is beyond the scope of the present work, but in §4 we suggest a
scenario which is consistent with the morphological, spectral and broadband SED characteristics
of these LLAGN.

4. Discussion

The new, high-resolution IR imaging and SEDs presented here represent the first step towards
establishing the nuclear IR properties of a significant number of LLAGN. At the median
distance of the galaxies studied, 16.8 Mpc, the AGN is well isolated in objects with log
L2−10 keV > 40.5 erg s−1 (log Lbol > 41.8 erg s−1). Deeper observations would allow a cleaner
detection of the pointlike central engine in less luminous or more distant objects, but the cost
in observing time would be large with current facilities.

The log Lbol/LEdd > −4.6 nuclei discussed in these proceedings, which lie at the high
luminosity end of the sample, tend to have prominent nuclear point sources in the MIR. They
often have strong silicate emission features compared to those typically observed in Seyfert 1
nuclei, and their MIR luminosities are consistent with or slightly in excess of those predicted
by the standard MIR/X-ray relation. The nuclear broadband SEDs of these objects are rather
mixed. Some are essentially indistinguishable from those of “conventional” Seyferts, many have
excess radio emission compared to higher-luminosity Seyferts, and a few have unusually flat MIR
- NIR/optical slopes.

Considered in isolation, these characteristics offer no compelling evidence that the torus is
absent in these LLAGN or that it differs from that observed in higher-luminosity Seyferts.
However, we do find some indications that the IR emission may not arise in the standard,
Seyfert-like torus of the AGN unified model. In Figure 4, we plot the strength of the 10 µm
silicate feature against HI column density, for both the Seyfert galaxies of [27] and the high-
Lbol/LEdd LLAGN. In the Seyferts of [27], S10 and NH are loosely correlated. The scatter
presumably reflects the fact that the observed S10 is likely a complicated function of the precise
arrangement of clouds in the torus [28], and may also indicate a contribution from absorption in
the host galaxy [29, 30, 31]. Many of the high-Eddington ratio LLAGN lie on the upper envelope
of the Seyfert points, with relatively high values of S10 per unit NH . One possible explanation
is that the dust-to-gas ratio is lower in these particular objects than in most Seyfert galaxies.
This may be expected if the torus is an optically thick region of an accretion disk wind that
becomes less powerful at low accretion rates [32], when the amount of material reaching the
dust sublimation radius and able to form dust grains is reduced. In this case we may expect
either a torus with fewer clouds and a higher probability of observing a hot, directly-illuminated
cloud face, or simply optically thin dust emission. Both of these configurations would cause
relatively strong silicate emission features, consistent with our finding that S10 in many of these
high-Eddington ratio LLAGN is strong compared to that in typical type 1 Seyferts (Figure 2).

A contribution to the observed silicate features from circumstellar shells in the host galaxy
is also possible [33, 34]. As the luminosity of the central engine diminishes, the relative strength
of features arising in the surrounding stellar population will increase. This could also account
for changes in S10/NH among LLAGN.

The high-Eddington ratio LLAGN have at least as much MIR emission as predicted by
the MIR/X-ray relation for Seyferts and quasars. If the torus in these LLAGN does indeed
contain less dust, the IR continuum emission must be produced by some other mechanism.
A contribution from synchrotron radiation is likely, and may explain the unusually flat MIR
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Figure 4. Strength of the 10 µm silicate feature vs X-ray column density for the high-Eddington
ratio LLAGN (black). Square symbols indicate the Seyfert galaxies of [27]. The dashed line
shows Shi et al.’s fits to their Seyferts, the dotted line their fit to their whole sample (mostly
comprised of Seyferts and various classes of quasar). Positive values of S10 indicate emission,
negative values absorption. As in Figure 2, NGC 7479, which has a deep absorption feature
(S10 = −2.19), is omitted for clarity.

-NIR/optical slopes observed in some of the SEDs. Another possibility is that some of the IR
emission comes from a truncated accretion disk. In the models of [4], the disk emission peaks
between 1 – 10 µm and can account for essentially all the luminosity at these wavelengths.
Emission associated with nuclear star clusters, such as that known to exist in NGC 1097 [25]
may also play a rôle. However, [15] find that star formation contributes <30% of the small-scale
12 µm flux in most LLAGN of comparable luminosity to those studied in this paper. Detailed
modelling of the LLAGN, taking advantage of the new constraints from the well-sampled IR
SEDs presented here, will provide more insight into the processes responsible for the IR emission
of LLAGN and the role of the torus in these objects.
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