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ABSTRACT

Context. We investigate mid-infrared and X-ray properties of the dusty torus in unification scenarios for active galactic nuclei.

Aims. We use the relation between mid IR and hard X-ray luminosities to constrain AGN unification scenarios.

Methods. With VISIR at the VLT, we have obtained the currently highest angular resolution (0”35 FWHM) narrow-band mid infrared
images of the nuclei of 8 nearby Seyfert galaxies. Combining these observations with X-ray data from the literature we study the

correlation between their mid IR and hard X-ray luminosities.

Results. We find that the rest frame 12.3 um (Lyr) and 2-10 keV (Lx) luminosities are correlated at a highly significant level. The
best fit power-law to our data is log Lyr o (1.60 = 0.22) log Ly, showing a much smaller dispersion than earlier studies.
Conclusions. The similarity in the log Lyyr/log Lx ratio between Sy1s and Sy2s even using high angular resolution MIR data implies
that the similarity is intrinsic to AGN and not caused by contamination from extra-nuclear emission. This supports clumpy torus
models. The exponent of the correlation constrains the inner geometry of the torus.
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1. Introduction

The unification model for active galactic nuclei (AGN) inter-
prets the different appearance of Seyfert 1 (Syl) and Seyfert 2
(Sy2) galaxies uniquely as the result of an orientation effect
(Antonucci 1993; Barthel 1994; Urry & Padovani 1996). The
central engine is considered to be surrounded by an optically and
geometrically thick molecular torus. Associated with this torus
are large masses of dust that supposedly reprocess the X-ray and
UV emission from the accretion disk and re-emit it in the mid
infrared (MIR) regime (Pier & Krolik 1993).

It is thus very attractive to search for correlations between IR
continuum and hard X-ray emission in order to test the unifica-
tion scenarios for AGN. A tight correlation between the 10.5 um
continuum and the absorption-corrected 2—-10 keV luminosities
for 8 nearby Seyfert galaxies was reported by Krabbe et al.
(2001) using 1”2 resolution MIR data. More recently Lutz et al.
(2004) found a correlation between the rest frame 6 yum lumi-
nosity and the absorption-corrected hard X-ray luminosity for
a sample of 71 AGN. This sample was comprised of objects
for which 24” angular resolution ISOPHOT spectra and hard
X-ray observations were available; in particular it does not con-
tain Compton-thick objects. However, the authors reported two
problems that the unification model faces when compared with
their observations. (I) The scatter of the relation is about an or-
der of magnitude larger than expected from the results of Krabbe
etal. (2001). (IT) There is no significant difference between early
type (Sy types 1 to 1.5) and late type (Sy types 1.8 to 2) ob-
jects in the average ratio of mid-infrared to hard X-ray emission,

* Based on ESO observing programme 075.B-0844(C).
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as would be expected from an optically and geometrically thick
torus dominating the mid-IR AGN continuum.

Here we study this relation through rest wavelength 12.3 um
photometry of AGN, improving upon Krabbe et al. (2001) and
Lutz et al. (2004) by a factor of 3 and 80, respectively, in terms
of angular resolution. The wavelength was chosen as, among the
bands accessible from the ground, it best traces hot and warm
dust.

Throughout this paper we assume Hy = 72kms™!, Q, =
0.73 and Q,, = 0.27 (Spergel et al. 2003).

2. Observations and data analysis

Between March and July 2005 we observed 8 nearby Seyfert nu-
clei (see Table 1), selected from the sample used by Lutz et al.
(2004), with VISIR (Lagage et al. 2004) at the VLT. The individ-
ual objects were selected as to avoid a strong bias toward higher
luminosities with higher redshift. All observations were carried
out under good photometric and optical seeing conditions (<0'8)
and with airmass below 1.3. For all observations we used the
parallel chop/nod mode of VISIR with a chopping throw of 8",
thus receiving all three beams on the detector. We observed each
object in three different narrow-band filters in order to obtain
the rough shape of its MIR spectral energy distribution (SED).
These filters were chosen as to avoid emission and absorption
lines, in particular the 12.8 um Nell line and the broad 9.7 um
silicate feature which in cases of very strong absorption can ex-
tendto A ~ 12.5 um (Dorschner et al. 1978). NGC 7314 was only
observed in two different filters. Total integration times ranged
between 1.2 and 9.2 min per filter and per object.

http://dx.doi.org/10.1051/0004-6361:20065820
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Table 1. Basic parameters of our sample of galaxies. Heliocentric red-
shifts z were taken from the NED, Seyfert types are according to
Véron-Cetty & Véron (2000). The absorption corrected hard X-ray lu-
minosities we compiled from the literature. Where multiple observa-
tions were available the average was taken. In these cases the reported
uncertainties correspond to 1/2 of the peak-to-peak variabilities. In the
case of PG 2130+099 only one measurement could be found. Here we
assume a variability of a factor of 2. The last column contains the phys-
ical scales resolved by VISIR, computed for an angular resolution of
0”35, which is a typical value for our observations (see Table 2).

Object Z Sy loglL, jokeV Scale [pc]
Fairall 9 0.047 1.2 43.84 £0.15%%¢ 320
NGC 526a 0019 1.9 43.14 £ 0.35%K! 135
NGC 3783 0.010 1.5 43.12+0.15% 70
NGC 4579 0.005 1.9* 41.18 +0.22¢¢/ 35
NGC 4593 0.009 1.0 42.89 +0.15%¢" 65
PKS 2048-57  0.011 2.0 43.07 £0.15°° 80
PG 2130+099 0.062 1.5 43.68 £0.15" 415
NGC 7314 0.005 1.9 42.19 +0.15%¢km 35

References are “ Turner & Pounds (1989), * Gondoin et al. (2001),
¢ Lutz et al. (2004), ¢ Reeves et al. (2004), ¢ Terashima et al. (2002),
/ Ho et al. (2001), ¢ Reynolds et al. (2004), " Steenbrugge et al. (2003),
i Cappi et al. (2005), * Risaliti (2002), ! Landi et al. (2001), " Kraemer
et al. (2004), " Risaliti et al. (2000), ° Smith & Done (1996).

* For a discussion of the classification of NGC 4579 see Sect. 3.

We reduced science and standard star frames using the
pipeline written by Eric Pantin (private communication).
To eliminate glitches, the pipeline applies a bad pixel mask and
removes detector stripes. Subsequently we removed background
variations using a 2 dimensional polynomial fit. Here we treated
each nodding cycle separately as the background pattern some-
times changes between two consecutive cycles. The count rate
for one full exposure was calculated as the mean of all 3 beams
from all nodding cycles of this exposure. As an error estimate
we use the standard deviation of these. In order to minimise the
effect of residual sky background we chose relatively small aper-
tures (=10 pixels = 1727) for the photometry and corrected the
obtained count rates using the radial profiles of standard stars.
Finally we calibrated our photometry using the same standard
stars. These were observed within 1.5 hrs of the science expo-
sures and with a maximum airmass difference of 0.15. Our ob-
servational results are shown in Table 2. Comparing the FWHM
of standard star and science exposures yields no indication that
our sources are extended. Thus our observations indeed probe
the physical scales given in Table 1.

3. Results

Figure 1 shows all photometric data points taken during our ob-
serving programme. For comparison Fig. 2 shows our measure-
ments together with ISOPHOT spectra taken from Rigopoulou
et al. (1999) for these three sources common to both samples.
Among our data the SED of PKS 2048-57 is the only one dis-
playing a strong 9.7 um silicate feature which, however, does not
significantly affect our measurement of the continuum flux in the
Nellref1 filter. This is important as it validates our result on the
MIR - hard X-ray correlation (see below).

One of the objects in our sample — NGC 4579 — has peculiar
MIR properties. Comparing the ISOPHOT 6 um flux reported in
Lutz et al. (2004) of S¢ um = 96mly to our VISIR flux levels
(see Table 2) leads to the conclusion that either this object has a
peculiar MIR SED that does not rise toward longer wavelengths
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Fig.1. The MIR SEDs of our sample of galaxies. Early- and late-
type Seyferts are shown in the left- and right-hand panel respectively.
Horizontal error bars show the band width of the used filters. The flux
densities of NGC 7314 have been offset by +1 x 10™%erg s™' cm™2 for
clarity.
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Fig. 2. Comparison of ISOPHOT-S spectra (dashed histograms) taken
from Rigopoulou et al. (1999) and our VISIR photometry (filled cir-
cles). Horizontal error bars show the band width of the filters used.

as expected for typical AGN or that the bulk of IR emission
(270%) does not originate in the central point source. In both
cases it is highly questionable whether the latter is dominated
by a molecular torus. Moreover Contini (2004) reports the MIR
emission of NGC 4579 to be dominated by thermal emission
of shock-heated ISM in the vicinity of the nuclear region rather
than by reprocessed X-ray and UV emission from the central en-
gine itself. These peculiarities plus the fact that NGC 4579 has
also been classified as a low-ionisation nuclear emission region
(LINER) by Keel (1983) and Filippenko & Sargent (1985) led us
to exclude it from the MIR — hard X-ray correlation investigated
here. NGC 7314, the other low luminosity object in our sample,
harbours a regular Seyfert nucleus (Lumsden et al. 2004).

For all objects in our sample we calculated the 12.3 um rest
frame luminosity by using the filter with the central wavelength
closest to 12.3 um and assuming a flat SED in this spectral re-
gion. Then we compiled absorption-corrected 2—10 keV mea-
surements for our sample from the literature (see Table 1 for de-
tails). When several such measurements were available we use
the mean luminosity for the MIR — hard X-ray correlation and
take half of the peak-to-peak-variability as a conservative esti-
mate of the uncertainty in the hard X-ray luminosity. Only one
such measurement could be found for PG 2130+099 for which
we therefore assumed a variability of a factor of 2. As we derive
the luminosity distances of all targets solely from their redshifts
we assume an uncertainty of 3 Mpc due to possible deviations
from the Hubble flow. This is applied to the error bars of both
X-ray and MIR luminosities.



H. Horst et al.: The small dispersion of the mid IR — hard X-ray correlation in AGN

L19

Table 2. Basic observational parameters for all data used: Object name, observing date (in 2005), filter, flux and full width half maximum for
standard star (STD) and science observations. As error estimates we use the standard deviation of all contributing beams (see section 2 for details).
The FWHM are the average of all beams of one exposure. All science and corresponding STD exposures were obtained within a maximum airmass

difference of 0.15.

Object Obs. date  Filter* Flux [mJy] FWHM [”] | Object Obs. date  Filter* Flux [mly] FWHM ["]

(MM-DD) STD Obj (MM-DD) STD Obj
Fairall 9 07-21 SIV 2565 0.32 0.35 | NGC 4593 04-30 SIV 331+29 0.30 0.31
Fairall 9 07-21 Nellref1 330+ 18 0.38 0.37 | NGC 4593 04-30 PAH2ref2 335+26 033 0.33
Fairall 9 07-21 Nell 30610 040 0.37 | NGC 4593 04-30 Nellrefl 382+73 034 0.36
Fairall 9 07-21 SIV 235+13 032 0.34 | PKS 2048-57 06-10 PAH2ref2 883 +53 0.38 0.40
NGC 526a 07-20 SIV 199 +£26 0.41 0.30 | PKS 2048-57 06-10 Nellrefl 1040 64 0.41 043
NGC 526a 07-20 Nellref1 27555 041 0.35| PKS 2048-57 06-10 SIV 655+28 0.37 0.39
NGC 526a 07-20 SIV 199 +22 041 0.32|PG2130+099 06-10 PAH2 152+8 0.39 0.38
NGC 3783 04-17 SIV 568 46 0.29 0.31 | PG 2130+099 06-10 SIVrefl 115+20 0.35 0.36
NGC 3783 04-17 PAH2ref2 632+22 034 0.35| PG 2130+099 06-10 Nell 179 £31 041 0.43
NGC 3783 04-17 Nellref1 722 £67 034 0.36 | PG 2130+099 06-10 PAH2 174 =17 0.39 0.40
NGC 4579 04-30 SIV 67+17 030 0.25 | NGC 7314 07-20 SIV 75+£29 040 0.36
NGC 4579 04-30 PAH2ref2 6914 033 0.29 | NGC 7314 07-20 PAH2 75+22 036 0.37
NGC 4579 04-30 Nellrefl 61 +21 0.34 0.30 | NGC 7314 07-20 SIV 87+37 040 0.34
NGC 4579 04-30 SIV 64+12 030 0.32

* The central wavelengths for the individual filters

are 9.82um for SIVrefl, 1049um for SIV, 11.25um for PAH, 11.88um for

PAH2ref2, 12.27um for Nellrefl and 12.81um for Nell. Their transmission curves are shown in the VISIR User’s manual at

http://www.eso.org/instruments/visir/
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Fig. 3. Correlation of MIR to absorption-corrected hard X-ray lumi-
nosities for our VISIR sample. Filled diamonds are early-type Seyferts
(Type Sy 1.5 or smaller) while filled squares are late-type Seyferts. The
power law displayed is the best fit obtained when omitting NGC 4579
(see Sect. 3 for details).

The resulting MIR — hard X-ray correlation we obtain for
our VISIR sample is shown in Fig. 3. Pearson’s coefficient is
r = 0.98 meaning that the correlation is highly significant. The
best fit power-law to our data is log Lyir (=254 +9.5) +
(1.60 = 0.22) - log Lx with measurement errors considered in the
fit. Including NGC 4579 into the fit yields an exponent of ~1.28
rather than 1.6 and » = 0.95.

4. Discussion and conclusions

We have presented new high-resolution MIR observations of 8
nearby Seyferts, obtained with VISIR at the VLT. We found that
their rest-frame 12.3 ym and absorption-corrected 2—10 keV lu-
minosities are strongly correlated following Lyjr o L§(’6. Early-
and late-type Seyfert galaxies follow the same relation. At the
low-luminosity end the correlation is not well defined as one of
the two object’s MIR radiation is very probably not dominated
by a dusty torus.

Both Krabbe et al. (2001) and Lutz et al. (2004) found a cor-
relation close to Lyr o< L;(. The exponent different to the one
we find is most probably due to the difference in angular res-
olution (24" for ISOPHOT, 1”2 for Krabbe et al.’s sample and
~(0"35 for VISIR) and to the choice of the rest frame wavelength
as the intervening medium is expected to be more optically thin
at 12.3 um than at shorter wavelengths. In particular, using the
corresponding ISOPHOT 6 um data for our sample also yields
an exponent close to 1. In addition we find a dispersion similar to
the one in Krabbe et al. (2001); the larger one reported by Lutz
et al. (2004) can be attributed to their relatively poor angular
resolution and the fact that the emission at 6 um is slightly more
dependent on inclination effects (e.g. see Honig et al. 2006). On
the other hand we confirm the absence of a significant differ-
ence in the Lyyr/Lx ratio between early and late-type objects
found by both other studies. At our high angular resolution this
is clearly in disagreement with smooth torus models, in which a
flux difference of one order of magnitude is expected for type 1
and type 2 AGN of the same bolometric luminosity (e.g. Pier &
Krolik 1993). This cannot be accounted for by dust clumps situ-
ated in the ionisation cone (Efstathiou et al. 1995) because their
contribution to the nuclear MIR flux should not exceed 50% (see
Galliano et al. 2005). Clumpy torus models (e.g. Nenkova et al.
2002) do not predict such an offset and seem to be compatible
with our results.

Honig et al. (2006) recently used 3D radiative transfer
modelling to demonstrate that clumpy tori can appear as op-
tically thin in the MIR with most of the radiation originating
in the innermost part of the torus. In their model individual
clouds are optically thick but their filling factor is very small.
Consequently lines-of-sight toward the innermost clouds are
usually not blocked by other clouds. This implies that Lyyr is
proportional to the surface area A of the inner edge of the torus
and the covering factor of clouds projected on A. Our finding
that Sy1s and Sy2s follow the same Lx—Lyr relation is a strong
indication that the torus appears optically thin at 12.3 um.

The correlation we find then requires a dependency of A
or the covering factor on Ly and thus the bolometric luminos-
ity Lpoi. The simplest explanation for this observed effect is
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flaring: If the torus’ inner edge is defined by the dust sublima-
tion radius ry, we obtain A = 2mry - H(rg) where H(r) is the
scale height of the cloud distribution. For a flaring disk H(r) can
be written as H(r) « r® with @ being constant. This assump-
tion yields A o rj**. The dust sublimation radius ro follows

ro o« L)% oc L%, This leads to Lyr o L% *%2*. Our observa-

tions yield Lyr o Ly and thus @ ~ 2. Including NGC 4579
results in @ = 1.5.

Another possibility is that its scale height depends on the ra-
dial accretion rate M. The torus model presented by Beckert &
Duschl (2004) predicts H(r)/r o« M 05 For AGN with compa-
rable radiative efficiencies M is proportional to Lx. This yields
Lyvir o« A o Li® which is very close to the correlation we find.

The high angular resolution of our MIR observations indi-
cates that the similarity of the Lyyr/Lx ratio for Syls and Sy2s is
intrinsic rather than caused by extra-nuclear emission. Although
contributions of dust clumps situated in the ionisation cone can-
not be ruled out they should not dominate the nuclear MIR flux.
Assuming our sample is representative of the general AGN pop-
ulation our results thus support recent models of clumpy dust tori
(e.g. Nenkova et al. 2002; Honig et al. 2006) and, furthermore,
indicate that the filling factor of clouds is small. The geometry
of the torus can be constrained by the slope of the Lx—Lyr cor-
relation. Clumpy tori with low filling factors might also account
for the similarity of Spitzer spectra of type 1 and type 2 QSOs
(Sturm et al. 2006).
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