
University of Kentucky University of Kentucky 

UKnowledge UKnowledge 

Physics and Astronomy Faculty Publications Physics and Astronomy 

11-1-2009 

Dusty Structure Around Type-I Active Galactic Nuclei: Clumpy Dusty Structure Around Type-I Active Galactic Nuclei: Clumpy 

Torus Narrow-Line Region and Near-Nucleus Hot Dust Torus Narrow-Line Region and Near-Nucleus Hot Dust 

Rivay Mor 
Tel-Aviv University, Israel 

Hagai Netzer 
Tel-Aviv University, Israel 

Moshe Elitzur 
University of Kentucky, moshe@pa.uky.edu 

Follow this and additional works at: https://uknowledge.uky.edu/physastron_facpub 

 Part of the Astrophysics and Astronomy Commons, and the Physics Commons 

Right click to open a feedback form in a new tab to let us know how this document benefits you. Right click to open a feedback form in a new tab to let us know how this document benefits you. 

Repository Citation Repository Citation 
Mor, Rivay; Netzer, Hagai; and Elitzur, Moshe, "Dusty Structure Around Type-I Active Galactic Nuclei: 
Clumpy Torus Narrow-Line Region and Near-Nucleus Hot Dust" (2009). Physics and Astronomy Faculty 
Publications. 196. 
https://uknowledge.uky.edu/physastron_facpub/196 

This Article is brought to you for free and open access by the Physics and Astronomy at UKnowledge. It has been 
accepted for inclusion in Physics and Astronomy Faculty Publications by an authorized administrator of 
UKnowledge. For more information, please contact UKnowledge@lsv.uky.edu. 

http://uknowledge.uky.edu/
http://uknowledge.uky.edu/
https://uknowledge.uky.edu/
https://uknowledge.uky.edu/physastron_facpub
https://uknowledge.uky.edu/physastron
https://uknowledge.uky.edu/physastron_facpub?utm_source=uknowledge.uky.edu%2Fphysastron_facpub%2F196&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/123?utm_source=uknowledge.uky.edu%2Fphysastron_facpub%2F196&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=uknowledge.uky.edu%2Fphysastron_facpub%2F196&utm_medium=PDF&utm_campaign=PDFCoverPages
https://uky.az1.qualtrics.com/jfe/form/SV_9mq8fx2GnONRfz7
https://uknowledge.uky.edu/physastron_facpub/196?utm_source=uknowledge.uky.edu%2Fphysastron_facpub%2F196&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:UKnowledge@lsv.uky.edu


Dusty Structure Around Type-I Active Galactic Nuclei: Clumpy Torus Narrow-Line Dusty Structure Around Type-I Active Galactic Nuclei: Clumpy Torus Narrow-Line 
Region and Near-Nucleus Hot Dust Region and Near-Nucleus Hot Dust 

Digital Object Identifier (DOI) 
http://dx.doi.org/10.1088/0004-637X/705/1/298 

Notes/Citation Information Notes/Citation Information 
Published in The Astrophysical Journal, v. 705, no. 1, p. 298-313. 

© 2009. The American Astronomical Society. All rights reserved. 

The copyright holder has granted permission for posting the article here. 

This article is available at UKnowledge: https://uknowledge.uky.edu/physastron_facpub/196 

https://uknowledge.uky.edu/physastron_facpub/196


The Astrophysical Journal, 705:298–313, 2009 November 1 doi:10.1088/0004-637X/705/1/298
C© 2009. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

DUSTY STRUCTURE AROUND TYPE-I ACTIVE GALACTIC NUCLEI: CLUMPY TORUS NARROW-LINE
REGION AND NEAR-NUCLEUS HOT DUST

Rivay Mor
1
, Hagai Netzer

1
, and Moshe Elitzur

2
1 School of Physics and Astronomy and the Wise Observatory, The Raymond and Beverly Sackler Faculty of Exact Sciences, Tel-Aviv University,

Tel-Aviv 69978, Israel
2 Department of Physics and Astronomy, University of Kentucky, Lexington, KY 40506-0055, USA

Received 2009 April 30; accepted 2009 September 15; published 2009 October 9

ABSTRACT

We fitted Spitzer/IRS ∼ 2–35 μm spectra of 26 luminous quasi-stellar objects in an attempt to define the main
emission components. Our model has three major components: a clumpy torus, dusty narrow-line region (NLR)
clouds, and a blackbody-like dust. The models utilize the clumpy torus of Nenkova et al. and are the first to allow its
consistent check in type-I active galactic nuclei (AGNs). Single torus models and combined torus–NLR models fail to
fit the spectra of most sources, but three-component models adequately fit the spectra of all sources. We present torus
inclination, cloud distribution, covering factor, and torus mass for all sources and compare them with bolometric
luminosity, black hole mass, and accretion rate. The torus mass is found to be correlated with the bolometric
luminosity of the sources. Torus-covering factor may also be (anti-)correlated, if some possibly anomalous points
are omitted. We find that a substantial amount of the ∼2–7 μm radiation originates from a hot dust component, which
is likely situated in the innermost part of the torus. The luminosity radiated by this component and its covering factor
are comparable to those of the torus. We quantify the emission by the NLR clouds and estimate their distance from the
center. The distances are ∼700 times larger than the dust sublimation radius, and the NLR-covering factor is about
0.07. The total covering factor by all components is in good agreement with the known AGN type-I:type-II ratio.
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Online-only material: color figures

1. INTRODUCTION

An obscuring dusty structure surrounding an accreting mas-
sive black hole (BH) is believed to be a common feature of most
active galactic nuclei (AGNs). Since the obscuration of the cen-
tral region is anisotropic, sources with small inclination angles
to the line of sight (face-on) would be classified as type-I AGNs,
and those with large inclination angles (edge-on) would be clas-
sified as type-II AGNs. In this picture, the bulk of the radiation
from the central engine is absorbed by the obscuring structure
and re-emitted mainly in mid-infrared (MIR) wavelengths. The
central obscuration is not necessarily a single-component struc-
ture, and the exact nature of its different components remains an
open question and provides the motivation to the present work.

A main component of the obscuring structure is believed to
be a dusty torus. The MIR spectral energy distribution (SED) of
such torus depends on its dimensions and geometry, the density
distribution, and the dust grain properties. Initial attempts to
model such tori assumed smooth density distributions (e.g.,
Pier & Krolik 1992, 1993; Granato & Danese 1994; Efstathiou
& Rowan-Robinson 1995; van Bemmel & Dullemond 2003;
Schartmann et al. 2005; Fritz et al. 2006). This can explain part
of the SED but falls short of providing realistic MIR spectra. For
example, silicate emission has been detected in Type-2 AGNs
(e.g., Sturm et al. 2006; Teplitz et al. 2006) despite the fact that
absorption features are expected in most edge-on smooth density
tori. Several studies suggested that the dusty medium should be
clumpy (e.g., Krolik & Begelman 1988; Rowan-Robinson 1995;
Nenkova et al. 2002; Tristram et al. 2007; Thompson et al. 2009).
The recent works of Nenkova et al. (2002) and Nenkova et al.
(2008a, 2008b; hereafter N08) offer the required formalism to
calculate the SED of such tori and a framework to constrain
some of their properties.

Other AGN components can contribute to the observed
MIR spectrum of AGNs. Some of this emission may originate
farther from the central radiation source, at distances exceeding
the dimensions of the torus. Broadband 10 μm imaging of
several nearby AGNs suggests extended MIR continuum source
(Cameron et al. 1993; Bock et al. 2000; Tomono et al. 2001;
Radomski et al. 2003; Packham et al. 2005). Dusty clouds in the
narrow-line region (NLR) may be the source of such radiation
(Schweitzer et al. 2008; hereafter S08). Thus, a significant
contribution at ∼10–30 μm due to components not related to
the torus must be considered.

Another component not necessarily related to the torus is hot
dust emission in the immediate vicinity of the central engine.
Minezaki et al. (2004) reported delayed and correlated variations
between the V- and the K-band emission in the nucleus of the
Seyfert 1 galaxy NGC4151. The measured lag between the V
and K bands, ∼48 days, lead to the conclusion that the near-
infrared (NIR) emission is dominated by thermal radiation from
hot dust ∼0.04 pc from the center. This result was recently
supported by the work of Riffel et al. (2009) who fitted the
NIR spectrum of NGC 4151 with ∼1300 K blackbody (BB)
spectrum representing emission from hot dust in the inner
region of the torus. Other studies used similar models to fit
the SED of more luminous AGNs (e.g., Edelson & Malkan
1986; Barvainis 1987; Kishimoto et al. 2007). The study of
Suganuma et al. (2006) indicates that luminous and variable
K-band emission are common in several nearby Seyfert-1
galaxies. More generally, observational support for powerful 1–
3 μm emission is known for decades (e.g., Hyland & Allen 1982;
McAlary et al. 1983; Neugebauer et al. 1987). It is not clear
that such emission is consistent with the torus dust emission,
which is expected to peak at longer wavelengths. Furthermore,
part of this radiation requires dust temperature that exceeds the
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sublimation temperature of silicate-type grains suspected to be
responsible for the bulk of torus MIR radiation.

The high-quality spectra made available by the IRS spec-
trometer on-board the Spitzer Space Telescope (Houck et al.
2004) allows the detailed analysis of the MIR SED of a large
number of AGNs. Here we fit the observed MIR spectra of 26
PG QSOs, already investigated by S08, using more realistic
three-component models made of a clumpy torus, dusty NLR
clouds and very hot dust clouds. In Section 2, we describe the
observational data. In Section 3, we detail our model and the
fitting procedure, and in Section 4 we present the results of this
procedure. Our main findings are summarized and discussed in
Section 5.

2. SAMPLE SELECTION SPITZER OBSERVATIONS AND
DATA REDUCTION

Our sample consists of all AGNs in the QUEST Spitzer
spectroscopy project (PID 3187, PI Veilleux). It is described
in detail in Schweitzer et al. (2006; hereafter S06), Netzer
et al. (2007) and S08. Most of the objects are Palomar–Green
(PG) QSOs (Schmidt & Green 1983) and are taken from
Guyon (2002) and Guyon et al. (2006). The luminosity range
is L5100≈ 1044.5–1046 erg s−1, where L5100 stands for λLλ at
rest wavelength 5100 Å. Radio loudness and infrared excess
are typical of these properties in low-redshift PG QSOs. The
QUEST sample, while representing the Guyon et al. (2006)
sample, includes fewer sources and thus is not complete. This
was explained in S06. Thus, several of the correlations discussed
below may differ from those in the entire sample in a way which
is difficult to asses until a larger data set, with the same spectral
coverage, is obtained. Here we aim at modeling the entire 2–
35 μm SED; hence, we omit PG 1307+085 (which appeared
in the S06 sample) due to the lack of observations in the 5.2–
8.7 μm range (Spitzer SL1 mode). Table 1 lists names, redshifts,
and L5100 for all 26 QSOs in our sample.

The Spitzer observations and the data reduction of the QUEST
sample are detailed in S06 and are summarized here for
completion. IRS spectra for all objects were taken in both low-
resolution (5–14 μm) and high-resolution (10–37 μm) modes.
The standard slit widths of 3.′′6–11.′′1 include flux from the QSO
hosts and the vicinity of the AGNs. Data reduction starts from
the basic calibrated data (BCD) provided by the Spitzer pipeline.
Specially developed IDL-based tools are then used for removing
outlying values for individual pixels and for sky subtraction. The
SMART tool (Higdon et al. 2004) is used for extraction of the
final spectra. More details are given in S06.

We have supplemented the Spitzer spectra with NIR data
obtained from the literature. The data are obtained from various
sources, in particular Neugebauer et al. (1987) and the Two
Micron All Sky Survey (2MASS) extended and point source
catalogs (Jarrett et al. 2000). For some of the sources there are
several photometric measurements. For these, we average all
measurements in each band and used the standard deviation as
the flux error. For single observations, the flux error is estimated
as 20%. These uncertainties must be underestimated since many
of the NIR data were taken about 20 years before the Spitzer
observations, and all sources are variables. For a list of JHKL
data references see Table 1.

We computed the bolometric luminosity of all sources using
their L5100 and a simple bolometric correction factor, BC, to
convert it to Lbol. The best values of BC are discussed in Marconi
et al. (2004), Netzer et al. (2007), and Netzer (2009). The
approximation used here is taken from Netzer (2009) and is

Table 1
QUEST QSO Sample

Object z DL log L5100 NIR Data
(Mpc) (erg s−1) References

PG 2349−014 0.1740 840 44.81 1,2,3,4,5,6
PG 2251+113 0.3255 1706 45.63 3,4,7,8
PG 2214+139 0.0658 295 44.40 2,4,6,7,9,10,11,12
PG 1700+518 0.2920 1504 45.68 3,4
PG 1626+554 0.1330 623 44.44 4
PG 1617+175 0.1124 520 44.29 3,4
PG 1613+658 0.1290 603 44.70 1,2,3,4,7,11,13
PG 1448+273 0.0650 291 44.283 2,3
PG 1440+356 0.0791 357 44.22 3,4,10,13
PG 1435−067 0.1260 589 44.39 7
PG 1426+015 0.0865 393 44.44 2,3,4,7
PG 1411+442 0.0896 408 44.31 3,4,13
PG 1309+355 0.1840 891 45.081 4
PG 1302−102 0.2784 1424 45.17 4,14
PG 1244+026 0.0482 213 43.593 2,7
PG 1229+204 0.0630 281 43.895 1,2,3,4,13,15,16
PG 1126−041 0.0600 267 43.82 1,2,4,6,13,16
PG 1116+215 0.1765 851 45.13 4,6,7,17
PG 1004+130 0.2400 1201 45.42 3,4,8,14,18
PG 1001+054 0.1605 766 44.55 4,8,13,14
PG 0953+414 0.2341 1168 45.11 3,4
PG 0838+770 0.1310 613 44.16 2,3,4,13
PG 0026+129 0.1420 670 44.66 3,4,7,8,14,18
PG 0157+001 (Mrk 1014) 0.1630 779 44.68 2,3,4,5,16,19,20,21
PG 0050+124 (IZw1) 0.0611 273 44.30 6,7,9,10,12,16,22,23,24
B2 2201+31A 0.295 1522 45.91 4,8

References. (1) Rudy et al. 1982; (2) 2MASS magnitudes Jarrett et al. 2000;
(3) Neugebauer et al. 1987; (4) Guyon et al. 2006; (5) Glikman et al. 2006;
(6) Sanders et al. 1989; (7) Elvis et al. 1994; (8) Neugebauer et al. 1979; (9)
Balzano & Weedman 1981; (10) Rieke 1978; (11) McAlary et al. 1983; (12)
Stein & Weedman 1976; (13) Surace et al. 2001; (14) Hyland & Allen 1982;
(15) Gavazzi & Boselli 1996; (16) Veilleux et al. 2006; (17) Matsuoka et al.
2005; (18) Sitko et al. 1982; (19) Scoville et al. 2000; (20) Surace & Sanders
1999; (21) Imanishi et al. 2006; (22) Spinoglio et al. 1995; (23) Jarrett et al.
2003; (24) Allen 1976.

given by BC= 9 − log L44, where L44 = L5100/1044 erg s−1.
For most objects, the value of L5100 is obtained from the
observations of Boroson & Green (1992). For PG 1244+026,
PG 1001+054, and PG 0157+001, we use spectra from the Sloan
Digital Sky Survey (SDSS; York et al. 2000) data release seven
(DR7, Abazajian et al. 2009) that were measured in the way
described in Netzer & Trakhtenbrot (2007).

There are two uncertainties associated with the use of Lbol.
The first is source variability, which is an important effect since
the optical and MIR spectroscopy were separated by many
years. We estimate this uncertainty to be a factor of ∼1.5. The
second uncertainty involves the approximation used for BC.
We estimate this uncertainty to be ∼30%. Both uncertainties
affect the derived model parameters such as the torus-covering
factor and NLR distance. Because of this, we do not attach
great importance to specific values in specific sources obtained
from our best acceptable models. On the other hand, the sample
is large enough to enable a significant analysis of its mean
properties since the larger of these effects, due to source
variability, is changing in a random way. The uncertainty due
to the estimate of BC is smaller but more problematic since the
expression we use can underestimate or overestimate Lbol for
all sources. This can introduce a systematic difference in torus
and other component properties, e.g., a smaller covering factors
for all sources. We return to this point in Section 5.1.
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3. SPECTRAL MODELING

3.1. Spectral Components

The aim of the present work is to fit the 2–35 μm spectra
of the sources in our sample. For this, we combine models
of three different physical components; a dusty torus, a dusty
NLR, and a very hot dust component. An additional starburst
component representing emission from the host galaxy is also
present but is not part of the fit procedure. This component is
subtracted from the observed spectra using the MIR spectrum
of M82 in a way similar to the one used in S06. The reality of
the subtraction can be judged from the remaining emission or
absorption in the wavelengths corresponding to the strong PAH
features (e.g., 6.2 or 7.7 μm). More details are given in S06 and
in Section 3.2. This section describes the spectral properties of
the three components, and the following sections give detailed
account of the fitting procedure.

The first component represents a dusty torus surrounding the
central energy source. AGN unification schemes suggest that the
central engine is surrounded by a dusty, optically thick, toroidal
structure (e.g., Krolik & Begelman 1988; Antonucci 1993).
Earlier torus models assumed a smooth density distribution
(Pier & Krolik 1992; Rowan-Robinson 1995; van Bemmel &
Dullemond 2003). They all suffer from various incompletions,
and their agreement with MIR spectral observations is generally
poor. The more recent clumpy torus models of N08 represent a
significant improvement and are the basis for the present study.

The fundamental difference between clumpy and smooth
density distributions is that the former allows the radiation to
propagate freely between different regions of the optically thick
medium. The clumpy dust distribution results in the coexistence
of clouds with a range of dust temperatures at the same distance
from the central radiation source. They also allow clouds at
large distances to be exposed to the direct AGN continuum. In
contrast, smooth density distribution models associate a certain
dust temperature with a certain distance from the central source,
thus limiting the range of acceptable SEDs. These differences
allow the clumpy torus models to have a range of spectral
properties not accessible in smooth density distribution torus
models. N08 describe the formalism and the detailed radiative
transfer used to calculate the MIR spectrum of clumpy dusty tori,
and our use of the torus models follows the same procedure.

The first parameter of the clumpy torus model is the inner
radius of the cloud distribution that is set to the dust sublimation
radius Rd. This corresponds to a dust sublimation temperature
Tsub that depends on the grain properties and mixture. Here we
adopt two different sublimation radii appropriate for two types
of grains. The first is

Rd,C � 0.5L
1/2
46

(
1800 K

Tsub

)2.6

, (1)

where L46 = Lbol/1046 erg s−1. This gives the innermost radius
where graphite dust can survive. It corresponds to a sublimation
temperature of about 1800 K and is the one used in S08. N08
adopted a somewhat larger distance, which is more appropriate
for silicate-type grains with a sublimation temperature of
1500 K. This is given by

Rd,Si � 1.3L
1/2
46

(
1500 K

Tsub

)2.6

. (2)

In the following, we specify which of the two is used for
each purpose. The clumpy torus model requires six additional
parameters as follows:

1. the visual (5500 Å) dust optical depth of a single cloud, τV

(all clouds are assumed to have the same τV );
2. the mean number of clouds along a radial equatorial line,

N0;
3. the ratio between the outer dimension of the torus and Rd,

Y;
4. the inclination angle of the torus with respect to the line of

sight, i;
5. the torus width parameter σ , which is analogous to its

opening angle; and
6. a parameter q that specifies the radial power-law distribution

of the clouds, i.e., N (r) ∝ r−q , where N is the number of
clouds.

N08 also define an additional parameter that is set by the
above free parameters. This is the probability Pesc(β) that light
from the central source will escape the obscuring structure at
a given angle β without interacting with the clouds. Assuming
that individual clouds are optically thick

Pesc(β) = e−N0e
− β2

σ2
, (3)

where β = π/2 − i. By integrating Pesc over all angles and
subtracting from 1, we obtain the probability of absorption by
the torus:

f2 = 1 −
∫ π/2

0
Pesc(β) cos(β)dβ. (4)

This is also the fraction of obscured objects in a random sample
(e.g., the fraction of type-II AGNs out of the entire AGN
population). f2 is equivalent to the “real” (geometrical) covering
factor of the torus and does not depend on the inclination angle,
since it reflects the global torus geometry. In other words, f2 is
the ratio between the total torus luminosity and Lbol. Due to the
anisotropy of the torus radiation, f2 differs from the apparent
covering factor of the torus deduced from the ratio between
its observed (angle dependent) luminosity and the bolometric
luminosity of the central source. This apparent covering factor
can be represented by

f (i) = 1

Lbol

∫ 100μm

2μm

L(i, λ)dλ, (5)

where L(i, λ) is the angle-dependent monochromatic luminosity
of the torus. For a more detailed description of all torus
parameters, as well as other model properties and assumptions,
see N08.

The emission and absorption properties of the torus depend
on the dust grains composition and other properties. All models
considered here assume spherical dust grains with MRN size
distribution (Mathis et al. 1977). The dust has a standard galactic
mix of 53% silicates and 47% graphite. The optical properties
of graphite are taken from Draine (2003) and for silicates from
Ossenkopf et al. (1992, hereafter OHM). The OHM dust mixture
produces better agreement with observations of the 10 and
18 μm silicate features (Sirocky et al. 2008) and is the only
one used in the present work.

The second component of the model represents a collection
of dusty NLR clouds. The motivation for this component is
explained in S08, where it was shown that such a component
can contribute, significantly, to the MIR flux of luminous AGNs.
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Figure 1. Best torus-only fit to the spectrum of PG 1004+130 (top: best fit
of this type) and PG 1440+356 (bottom: typical torus-only fit). The observed
binned data are shown in black, asterisks represent K and L photometry, and the
best-fit model is shown in red (top panels). The quality of the fit is demonstrated
by the ratio between the data and the model (middle panels) and the χ2 value
in each wavelength bin (bottom panels). Note the clear flux deficiencies at
short wavelengths in both fits and the additional flux deficiencies at longer
wavelengths for PG 1440+356.

(A color version of this figure is available in the online journal.)

The properties assumed here for these clouds are similar to the
ones used in S08. We assume constant column density clouds
with NH = 1021.5 cm−2. We further assume constant hydrogen
density of 105 cm−3, solar composition, and galactic dust-to-gas
ratio. The important physical parameters for this component are
the cloud-central source distance (which determines the dust
temperature), the incident SED, and the dust column density.
The assumed gas density and column density only serve to define
the emission from this component using convenient parameters
such as the ionization parameter. The NLR component is
assumed to be concentrated in a thin spherical shell with a
small covering fraction. These assumptions (that are reviewed
later) mean that a single thin shell with the chosen properties is
contributing to any three-component model.

The calculations of the emitted IR continuum of the clouds,
as well as their emission-line spectrum, are obtained with the
photoionization code ION (Netzer 2006 and references therein).
The assumed SED of the central continuum is the one described
in S08, and the resulting NLR spectra are similar to those shown
in S08 Figure 1. The clouds are optically thin to MIR radiation
and hence no radiative transfer is required for the calculations
of this emission. Obviously, this is not the case for the UV part
of the spectrum where the opacity is much larger and where the
transfer approximation we use is the one built into ION.

The third component is a single BB representing hot dust
emission. The need for such a component has been noticed in
earlier works, e.g., in S08. This is very clear from the data,
where a rise toward short wavelengths can be seen from the
IRS spectra even without the supplemented NIR photometry.
The simplified BB assumption is not entirely consistent with
hot dust clouds illuminated from one side, since for large dust
optical depth, there must be a temperature gradient across such
clouds. For small dust optical depth, the dust temperature is
more uniform but the cloud may be partly transparent to the
incident radiation. For the purpose of the present study, we
assume that all the incident optical-UV radiation is absorbed
by this component, and the dust temperature is constant. We
discuss this component further in Sections 4.3 and 5.3 below.

3.2. Fitting Method

As shown in S08 and explained in detail in Netzer et al.
(2007), the starburst contribution to the MIR spectrum can
be significant, especially at long wavelengths. To remove this
contribution, we follow the procedure of S08, who fitted and
subtracted a “nominal” M82 spectrum from all spectra prior to
the model fitting. We use the ISO-SWS mid-IR spectrum of M82
from Sturm et al. (2000), and the scaling factors of S08 that were
obtained from the intensity of the strong polycyclic aromatic
hydrocarbon (PAH) emission features that are clearly seen in
some of our objects. Although this component is subtracted
prior to the model fitting, its normalization introduces another
degree of freedom to the procedure. The remaining spectra are
assumed to represent the intrinsic AGN continuum.

The fitting procedure minimizes the modified χ2:

χ2 = 1

Ndof

∑
λ

(
νLν,obs(λ) − νLν,model(λ)

σλ

)2

, (6)

where Ndof is the number of degrees of freedom, νLν,obs(λ)
is the starburst subtracted luminosity deduced from the ob-
served monochromatic flux density at rest wavelength λ, and
νLν,model(λ) is the combined emission due to all three compo-
nents:

Lν,model(λ) = Lν,torus(λ) + aNLRLν,NLR(λ) + aBBLν,BB(λ), (7)

where aNLR and aBB are fitting parameters. The bolometric lumi-
nosity of the source uniquely determines the total emergent flux
of the torus component through the radiative transfer calculation.
Since an independent measure of the bolometric luminosity is
available for these type-I sources, the normalization of the torus
component is not a free parameter of the fitting procedure (i.e.,
the first term in Equation (7) is set by the torus parameters but
the total energy emitted by the torus is fixed.

To reduce the uncertainty, we first bin the observed spectra
into ∼100 bins of equal energy widths and take in each the
mean observed flux. The torus, NLR, and BB models are then
interpolated to the same energy grid. The binning of the data
practically removes all emission lines and smooths the spectrum,
allowing us to focus on the broadband continuum shape. Some
remaining peaks may result in larger local χ2 values, but since
none of the models contain lines the effect would be the same
for all fits.

According to S08, most of the errors in the IRS spectra are
systematic and are approximately 10% of the flux. We add this
systematic error to the standard deviation of the data points in
each energy bin to get the value of σλ in Equation (6). This is
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taken to represent the error on the observed binned flux. The
use of this σ affects the derived χ2 such that its absolute value
is different from the one normally used in statistical analysis.
However, the relative value of χ2 can still be used to discriminate
between different models and will be treated as such in the
remaining of the paper.

The fitting algorithm computes χ2 values for all possible
combinations of torus, NLR and BB models. There are six
free parameters in the torus model that describe its geometrical
properties (see Section 3.1). The radial extent of the torus,
Y, ranges from 5 to 60 Rd. The total number of clouds along
radial equatorial lines ranges from 1 to 10. The optical depth
of individual cloud, τV , ranges from 5 to 100. The torus width
parameter, σ , ranges from 15◦ to 75◦. The index of the power-
law radial distribution of clouds, q, only accepts one of the three
integer values, 0, 1, or 2.

Finally, the torus inclination angle, i, ranges from 0◦ to 90◦. In
the NLR model, there are two free parameters, the cloud distance
and the normalization factor aNLR. The distance is changed in
steps of 0.075 dex between 1pc and 850 pc for a source with
Lbol = 1045 erg s−1. For the hot BB, there are also two free
parameters, temperature and a normalization factor aBB. The
range in temperatures is 800–1800 K.

4. RESULTS

4.1. Torus-only Models

We first examine the possibility that single torus models can
explain the observed spectrum. This is important in order to
evaluate the general properties of clumpy tori models and has
never been attempted on large Spitzer-IRS samples. In general,
allowing for a torus-only model results in large χ2 and poor
fit to almost all spectra. On average, χ2 values of such fits are
about an order of magnitude larger than those obtained by using
all three components. None of the torus models could fit well
the full observed spectrum of any of the objects. The best torus-
only models are those fitted to the spectra of PG 1626+554,
PG 1004+130, and PG 0838+770. These objects are fitted
reasonably well around the silicate emission features and at
long wavelengths but fail at λ � 8 μm, where they show clear
flux deficiencies (see the left panel of Figure 1). Single torus fits
to all other objects are significantly worse. This is illustrated in
the right panel of Figure 1 that shows the best torus-only fit to
the spectrum of PG 1440+356. Not only that the model poorly
fits the silicate features region, it all shows insufficient flux both
at shorter and longer wavelengths.

4.2. Combined Torus–NLR Models

Next we examine the quality of two-component models. In
general, the fits improved compared with torus-only models
especially over the wavelength range λ � 6 μm. An example is
shown in Figure 2 where we reproduce the best two-component
fit to the spectrum of PG 1411+442. In this case, the fit is within
10% of the observed flux for all λ � 5 μm. Clear deviations
are still found at the short-wavelength part of the spectrum. We
were able to obtain satisfactory fits over the ∼6–35 μm range
for 17 out of the 26 objects using two-component models. The
χ2 values for these fits are, on average, a factor 6 smaller than
the single-torus fit values. These results are comparable to those
shown in S08 where a combination of several BBs and NLR
components was fitted to the 5–35 μm spectrum of all sources.
Only in PG 1626+554, which is not part of the above group of
17 objects, the torus-only fit is superior to the two-component
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Figure 2. Best fit to the spectrum of PG 1411+442 (red line) using a combination
of torus (dashed line) and NLR (thick black line) components. Middle and
bottom panels are as in Figure 1.

(A color version of this figure is available in the online journal.)

fit (i.e., the NLR component is not required, see similar claim
about NGC 2110 by Mason et al. 2009). For the remaining eight
objects, the χ2 values of the two-component fits are only about
a factor of 2 smaller than the values obtained for torus-only fits.
In these eight fits, none of the main spectral features are well
fitted.

In all cases fitted with by two-component models, a significant
fraction of the flux shorter of ∼6 μm is still unaccounted for.
The mean missing fractional (i.e., the difference in flux between
model and observations over the 2–35 μm range) is about 40%.

4.3. Three-component Models

The missing flux in the short-wavelength part of the spectrum
in most of our sources is the main motivation for our third, hot
dust component. This was not discussed in S08 who fitted only
the λ � 5 μm part of the spectrum.

We have investigated two possibilities. The first is emission
due to hot dust with the same grain composition used for
the other components. This can represent additional dusty
clouds in the innermost part of the torus that are not part of
the clumpy structure of N08. Including such a component,
obtained from the single-cloud models of N08, resulted in poorer
agreement between model and observations. The reason is that
such a component produces strong silicate emission features,
especially the broad 10 μm feature, that completely change the
SED. The apparent strength of the 10 μm and the 18 μm features
in pure emission models represents the average temperature of
the dust. The introduction of very hot silicate dust gives the
impression of a very strong 10 μm feature compared with a
weak 18 μm feature, which clearly contradicts the observations.
Since the hot dust luminosity is very significant, the variations
in the intensities of the other components cannot compensate
for this increase. Thus, using hot silicate dust we could not
successfully fit the observations.

The second possibility is a hot BB. The inclusion of the this
component improves, significantly, the quality of most fits. It
allows for a better fit at both short and long wavelengths since
the torus and NLR components are no longer needed to account
for the short-wavelength part of the spectrum. For the same
reason, the models come closer to the observations at 10 μm
and 18 μm. The χ2 values obtained with the three-component
fits are, on average, an order of magnitude smaller than the
torus-only fits and about a factor of 3 smaller compared with
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Table 2
χ2-fit Results

Object Torus-only Fit Two-component Fit Three-component Fit

PG 2349−014 6.80 2.34 0.14
PG 2251+113 8.99 3.95 0.25
PG 2214+139 2.63 1.99 0.27
PG 1700+518 2.03 0.77 0.24
PG 1626+554 1.10 1.12 0.50
PG 1617+175 3.24 1.14 0.10
PG 1613+658 2.62 1.00 0.12
PG 1448+273 1.56 1.24 0.31
PG 1440+356 3.36 1.34 0.15
PG 1435−067 3.59 0.52 0.31
PG 1426+015 2.15 0.93 0.11
PG 1411+442 2.14 0.93 0.10
PG 1309+355 3.21 1.52 0.88
PG 1302−102 3.08 0.70 0.10
PG 1244+026 1.03 0.49 0.34
PG 1229+204 2.45 0.94 0.18
PG 1126−041 4.86 1.51 0.24
PG 1116+215 5.87 2.74 0.24
PG 1004+130 1.90 0.58 0.23
PG 1001+054 7.91 2.23 0.28
PG 0953+414 7.01 4.15 0.45
PG 0838+770 1.61 0.79 0.26
PG 0026+129 7.62 2.07 0.31
PG 0157+001 12.40 1.80 0.81
PG 0050+124 8.26 1.39 0.20
B2 2201+31A 4.61 1.19 0.09

the two-component fits. χ2 values for all objects and all types
of fits are listed in Table 2 (note again that these values do not
represent the formal χ2 values). Given all three components,
we obtain fits that are within 20% of the observations over the
entire wavelength range. In the wavelength range of the sili-
cate emission features (∼ 8–20 μm), 19 of our best-fit models
deviates by no more than 5% from the data. In the remaining
seven sources, the deviation over this wavelength range is at
most 10%. A more realistic model for the short-wavelength
component is a collection of hot graphite-only clouds (see
Section 5.3). Such clouds have no silicate features in their spec-
tra. Model fitting including such a component is deferred to a
future publication. Figure 3 shows the best-fit three-component
models for two representative cases, B2 2201+31A and
PG 1617+175. The top panel of each diagram shows the best-fit
model (in red) and the observed spectrum (in black). We also
show individual components: torus (dashed line), NLR (thick
black line), and hot BB (dash-dotted line). Asterisks represent
the K and L photometry. In the bottom and middle panels of
each diagram, we show the quality of the fit in each wavelength
bin.

Having obtained satisfactory fits for all sources, we have
calculated the median contribution, over the entire sample, of
each of the components. This is done at every wavelength and is
shown in Figure 4 in such a way that the sum of all components
at each wavelength bin is 1. The diagram shows that the BB
component dominates the spectrum below ∼4 μm, while the
torus dominates between 5 and 25 μm. The NLR component
has a non-negligible contribution (∼ 40%) above ∼16 μm,
including the 18 μm emission feature.

4.4. Fit Quality

Each of the fits is assigned a quality flag set by four criteria,
the calculated χ2 over the entire 2–35 μm range and partial χ2

values for three shorter segments of the spectrum. Regarding the
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Figure 3. Three-component fits to the spectra of B2 2201+31A (top) and
PG 1617+175 (bottom). The addition of a BB component (dash-dotted line)
clearly improves the quality of the fit for these objects and the rest of our
sample. Middle and bottom panels are as in Figure 1.

(A color version of this figure is available in the online journal.)
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Figure 4. Relative contributions of the BB component (dash-dotted line), torus
(dashed line), and NLR (solid line) to the fitted models (median values at each
wavelength for the entire sample).

first, since the errors are not normally distributed, the best χ2

has a different meaning from the commonly used χ2 and setting
a standard confidence level is not applicable. Given this, we
decided to consider only fits with χ2 values not exceeding the
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Figure 5. Typical example of the distribution of acceptable torus parameters. The objects is PG 2349−014 and the arrows denote mean values. Note that σ , q, and i
have a very narrow distribution while N0, Y, and τV have a broader one.

minimum χ2 by more than a factor of 1.25. This conservative
narrow range of acceptable χ2 was chosen to ensure that it
contains, beside the best fit, only acceptable fits. Indeed all
values within this range seem very good and in most cases, there
are also a few acceptable fits outside of this range. However, the
distribution of the model parameters for the acceptable fits is
not affected much by these outliers.

The three additional partial χ2 criteria are aimed to identify
those fits where a certain part of the spectrum is not fitted well
even though the global χ2 is within the above mention range. For
this, we examine the goodness of the fit in three different parts of
the spectrum by calculating χ2 values for the ranges ∼2–7 μm,
7–20 μm, and ∼20–35 μm. We used a similar approach (in this
case a factor of 1.5 relative to the best χ2) and reject fits that are
outside of this range.

Having fixed the χ2 limits, we selected the fits that pass all
four criteria (one global and three partial χ2 limits). There are
thousands of possible torus models and a much larger number
of possible combinations; hence, the number of accepted fits
is large, typically 10–50 per sources. All these are inspected
visually to verify the success of the automatic selection process.
The groups of acceptable models, for all sources, are the basis
for the following analysis.

Two objects in our sample, PG 0157+001 and PG 0050+124,
have total covering factors larger than unity. This can perhaps be
explained by source variability. To check this for the entire sam-
ple, we compare the Boroson & Green (1992) data with more
recent observations from the SDSS. New spectra are available
for eight objects in our sample, five of which exhibit an in-
crease in luminosity by a factor of ∼2, two show a decrease of
about the same factor, and one shows no significant change. Of
the two objects with a covering factor larger than unity, only
PG 0157+001 has recent SDSS spectra. A comparison with the
older observations shows no significant change in luminosity
between the two epochs. Underestimation of the star forma-
tion contribution to the mid-infrared range of the spectrum may
also result in an overestimation of the covering factor. Obvi-
ously, we could not fit the spectra of these two objects with
adequate quality, using the measured value of their bolometric
luminosity (see the discussion regarding the implications of Lbol

related uncertainties in Section 5.1). To proceed, we assume
that flux variation is the cause for the apparent discrepancy
and artificially lower the bolometric luminosity of these objects
so that their covering factors become 1. This allows us to fit
their spectra in a way similar to the other sources and get ad-
equate fits and reasonable model parameters. However, we do
not include them in the overall statistics and all parameter dis-
tributions, and mean values presented here do not include these
objects.

5. DISCUSSION

Having found the best three-component models for all indi-
vidual spectra, we now discuss the properties of these compo-
nents as well as their distribution in the sample.

5.1. Torus Properties

We examine the distribution of the different torus parameters
for each of the objects in our sample. Some of the parameters
have a narrow distribution around a mean value and in some
cases only a single acceptable value. Other parameters exhibit
a broader, more uniform distribution. In Figure 5, we present
a typical example of the acceptable torus parameters for one
source, PG 2349−014. As seen in this case, σ , i, and q have
very narrow distributions for all acceptable torus models. N0,Y,
and τV have broader distributions around their mean values. The
values obtained for individual objects from their best-fit models
are listed in Table 3. The parameter distributions of all sources
were combined by giving each value within the acceptable range
in a certain source its relative weight in the distribution. The
results of this combination are general parameter distributions
that are shown in Figure 6. Inspection of the various parts of
this figure leads to the following conclusions.

1. The mean torus width parameter is σ = 34◦. None of the fits
require the largest allowed σ of 75◦. This value determines,
more than any of the other parameters, the geometrical
covering factor (f2) of the torus and is consistent with the
expected type-I:type-II ratio (see below).
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Figure 6. Torus parameter distributions for the sample excluding PG 0157+001 and PG 0050+124 (see the text; arrows denote mean values).

Table 3
Torus Parameters for Best-fit Models

Object σ Y N0 q τV i
(deg) (deg)

PG 2349−014 29 35 7 1 80 48
PG 2251+113 15 23 8 1 49 67
PG 2214+139 25 25 4 1 71 40
PG 1700+518 43 34 3 2 87 43
PG 1626+554 28 6 6 1 17 31
PG 1617+175 46 44 2 2 93 20
PG 1613+658 48 55 3 1 80 27
PG 1448+273 19 11 8 1 59 53
PG 1440+356 40 12 4 0 41 26
PG 1435−067 57 34 1 2 71 38
PG 1426+015 35 33 5 1 75 30
PG 1411+442 55 40 2 2 70 14
PG 1309+355 22 24 6 1 67 37
PG 1302−102 37 30 6 0 44 32
PG 1244+026 33 40 6 1 68 31
PG 1229+204 34 33 5 2 91 28
PG 1126−041 34 36 6 1 61 28
PG 1116+215 34 31 3 1 64 39
PG 1004+130 31 39 4 0 38 35
PG 1001+054 22 29 7 1 72 38
PG 0953+414 18 20 7 1 66 35
PG 0838+770 49 28 4 0 62 23
PG 0026+129 27 35 3 0 79 43
PG 0157+001 48 52 5 0 71 16
PG 0050+124 51 35 5 0 20 8
B2 2201+31A 16 33 8 2 35 29

2. The mean radial extent of the torus, Y, has a broad
distribution with a mean value of 31. The range in Y implies
torus outer sizes, which range from ∼1 to 35 pc using Rd,C
and ∼3 to 90 pc using Rd,Si.

3. The average number of clouds along an equatorial ray, N0,
has a broad distribution with a mean of five clouds. The
distribution is practically uniform for N0 � 3.

4. The parameter that specifies the radial power-law distribu-
tion of the clouds, q, has a mean value of 1. This parameter
is related to the anisotropy of the torus radiation. As q de-
creases the torus radiation becomes less isotropic. The SED

shape is affected less by q and hence we do not attach great
significance to its specific value.

5. The mean optical depth of a cloud is τV = 58. This
parameter, again, has a broad distribution covering the range
τV � 20. Since the requirement for large MIR optical depth
is τV ∼ 10, it is not surprising that the torus models are not
very sensitive to the exact value of τV beyond this value.

6. The torus inclination angle shows a broad distribution for all
i � 60◦ with a mean of 33◦. This again is consistent with the
assumption that the direct line of sight to the center of type-I
AGNs is almost completely free of obscuring material.

We also checked for various correlations between those
parameters and found no such correlation. This suggests that
torus models with different parameters can result in similar
SEDs.

As explained, SED-related uncertainties, in particular the
bolometric luminosity of the sources, make it difficult to
determine the exact torus properties in individual objects. There
is a relatively large range in some of the parameters (e.g., N0
and i) and small changes in Lbol can result in a significant
change in those parameters. For example, lower bolometric
luminosity, due to changes in L5100 between the optical and
the Spitzer observations, requires lower Lν,torus and higher
inclination angle. In principle, this may introduce non-negligible
uncertainties on i (and other parameters) in individual sources.
However, the average sample properties are less likely to depend
on such uncertainties and the discussion below focus on this
aspect of the work. Below we examine three of the parameters,
i, N0, and σ using Equation (3). We set two of the parameters
to their mean values and investigate the dependence of Pesc on
variations of the remaining free parameter. This is equivalent
to the investigation of a generic torus that represents the entire
sample of 26 AGNs.

First we consider the torus inclination angle i as the free
parameter. Using Equation (3) together with the mean values
found here, the probability that light from the central region
will escape such a structure, and the source will be classified as
type-I AGN, is about 75%. Setting N0 and σ to their mean values
(5◦ and 34◦, respectively) and changing the inclination angle, we
find that for i = 50◦Pesc � 30% and for i = 70◦Pesc < 3%. We
therefore expect that for type-I objects, the inclination angle
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Table 4
Correlation p-values

Parameter Pearson Spearman

log(Lbol) log(MBH) L/LEdd log(Lbol) log(MBH) L/LEdd

σ 0.031(−) · · · · · · 0.028(−) · · · · · ·
Y · · · · · · · · · · · · · · · · · ·
N0 · · · · · · · · · · · · · · · · · ·
q · · · · · · · · · · · · · · · · · ·
τV · · · · · · · · · · · · · · · · · ·
i 0.014(+) · · · · · · 0.0047(+) · · · · · ·
Pesc · · · · · · · · · · · · · · · · · ·
RNLR 0.00018(+) · · · 0.0054(+) 0.0004(+) · · · · · ·
RNLR/Rd · · · · · · 0.01(+) · · · · · · · · ·
BB temperature · · · · · · · · · · · · · · · · · ·
Real total CF 0.0033(−) 0.024(−) 0.0056(−) 0.045(−) · · ·
Apparent total CF 0.0011(−) 0.0063(−) 0.0013(−) 0.014(−) · · ·
f2 0.026(−) · · · · · · 0.029(−) · · · · · ·
f (i) 0.0051(−) 0.026(−) · · · 0.0026(−) 0.016(−) · · ·
NLR CF · · · · · · · · · · · · · · · · · ·
BB CF 0.013(−) · · · · · · 0.04(−) · · · · · ·
f2+BB CF 0.0046(−) 0.048(−) · · · 0.0045(−) · · · · · ·
Mtorus 0.013(+) 0.019(+) · · · 1.7e − 06(+) 0.0003(+) · · ·
Mtorus/MBH · · · · · · · · · · · · · · · 0.0083(+)
Mtorus/Lbol · · · · · · · · · · · · · · · · · ·

Notes. The plus and minus signs indicate the positive and negative correlations, respectively. Results for p > 0.05 are not listed.

should not drop below ∼60◦. As can be seen in Figure 6,
the distribution of the inclination angle is indeed consistent
with random inclination angles in the range 0◦–60◦ with no
preference to a specific angle.

The second important parameter is the mean number of
clouds, N0. Setting σ and i to their mean values and changing
N0, we find that Pesc remains large even for very high values of
N0. Thus, the exact value of N0 is not very important provided
the inclination angle is not too large. This is the reason why N0
has the broad distribution seen in Figure 6.

Next we tested the acceptable range of the torus width
parameter, σ , by fixing all other parameters to their mean values.
We find that Pesc is sensitive to such changes and falls rapidly for
σ � 45◦. This is the reason that the σ distribution falls rapidly
for σ � 45◦. Torus with high value of σ would have low Pesc,
and thus a low probability of being classified as type-I AGN
even if the inclination angle is zero (a face-on torus).

The combined effect of the above parameters is, perhaps, a
more meaningful test. In particular, the combination of σ and
N0 determines the geometrical covering factor of the torus, f2,
which is combined, later, with the equivalent property of the
other components. This issue is discussed in Section 5.4.

The above procedure is not applicable to the visual optical
depth parameter. This parameter does not affect Pesc or f2 but
influence the SED shape, in particular the apparent strength of
the silicate emission features. The mean visual optical depth for
the entire sample is τV = 58, and the lowest value is 20. Thus,
realistic clumpy torus models require large IR optical depths to
explain the observed spectrum. The exact value of τV is not very
important once the clouds are thick enough.

The torus size found here is consistent with upper limits
set by several high-resolution observations of nearby AGNs
(e.g., Soifer et al. 2003; Radomski et al. 2003; Jaffe et al.
2004). This is in contrast to previous theoretical works involving
smooth density distribution torus models. In these models, the
torus is required to be much larger (up to few hundreds of pc)

in order to possess the large amounts of cool dust necessary
for producing the observed MIR emission. This requirement
arises because in smooth density distribution models, the dust
temperature is uniquely determined by the distance from the
center. In contrast, the clumpy torus model enables emission
from cool dust clouds that are much closer to the center thus
able of producing the required MIR emission with much smaller
dimensions.

Perhaps the more interesting results are the correlations
of the torus parameters with the physical properties of the
AGNs, in particular BH mass (MBH), bolometric luminosity and
normalized accretion rate, L/LEdd. To study these correlations,
we have estimated these quantities for all sources using the
procedure described in Netzer & Trakhtenbrot (2007). In this
procedure (the “virial” mass determination, see Equation (1)
in Netzer & Trakhtenbrot 2007), L5100 and FWHM(Hβ) are
combined to obtain MBH, and L/LEdd is obtained by using
the assumed bolometric correction factor BC. Table 4 lists
p-values for Pearson and Spearman-rank correlation tests for
the different torus parameters against those properties. These
values represent the probability that the observed correlation
occurred by chance. We regard as significant all correlations
where p < 0.05 and indicate with the plus and minus signs
the positive and negative correlations, respectively. Out of the
above geometrical parameters, only σ and i show a significant
correlation with Lbol. This is consistent with a “receding torus”
assumption (Lawrence 1991) and discussed in Section 5.4.

5.2. NLR Properties

The important parameters of the NLR component are its
distance from the center, which determines the dust temperature,
and its covering factor, which determines the fraction of MIR
flux emitted by the clouds (aNLR in Equation (7)).

The photoionization models used to calculate the NLR
emission are all of the same constant density (nH = 105 cm−3)
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Figure 7. NLR distance distribution in units of the graphite sublimation radius.

and column density (1021.5 cm−2). As explained earlier, the
clouds are optically thin in the MIR range, and their distance
from the central source uniquely determines the NLR dust
temperature. The assumed gas density plays no important
role and serves only as a convenient way to determine the
photoionization model parameters (in the actual calculations,
the model parameters are density and ionization parameter).
The dust column density is determined by the assumed gas
composition and depletion. The present calculations use solar
composition with abundances smaller than assumed in several
recent NLR models such as the constant pressure models of
Groves et al. (2006). This again is of little importance, since the
dust column density is the only important parameter, unless an
unusual grain mixture is used.

Table 5 lists NLR distances for the 26 best models. Radii
are given in pc as well as in units of the sublimation distances,
Rd,C and Rd,Si. For the graphite sublimation radius, the NLR
distances span the range 256–1755Rd,C with a mean value of
707Rd,C. This translates to 101–694Rd,Si with a mean value
of 280Rd,Si. The distribution of RNLRin units of the graphite
sublimation radius is shown in Figure 7.

The mean distance found here is about a factor of 4 larger
than the values found by S08. The reason for the larger distances
is mostly due to the introduction of real torus models compared
with the combination of BBs used in S08. The clumpy torus
models contribute a certain amount to the observed silicate
emission and hence the NLR contribution, which was the only
one with such features considered in S08, is reduced. This can
also be seen when comparing the NLR-covering factor found
here and the one found in S08 (see Table 6). The mean covering
factor for the NLR component in S08 is a factor 2 larger than the
one found here which is ∼7%. We consider the present values
more appropriate to the objects in question (see Section 5.4).

Figure 8 shows NLR cloud distances against the bolometric
luminosity of the objects. Using the values in Table 5, we find
the following scaling relationship:

RNLR = 295 × L0.47±0.13
46 pc. (8)

The slope is consistent with 0.5, which is the one predicted for

Table 5
NLR Properties for Best-fit Models

Object log(U )a RNLR RNLR/Rd,C RNLR/Rd,Si

(pc)

PG 2349−014 −2.6 201 608 240
PG 2251+113 −2.2 323 400 158
PG 2214+139 −2.0 58 271 107
PG 1700+518 −2.9 780 913 361
PG 1626+554 −1.6 161 726 287
PG 1617+175 −2.8 157 832 329
PG 1613+658 −1.6 152 518 205
PG 1448+273 −2.2 74 392 155
PG 1440+356 −3.5 308 1755 694
PG 1435−067 −2.7 155 737 291
PG 1426+015 −1.8 57 256 101
PG 1411+442 −2.7 135 701 277
PG 1309+355 −2.1 161 363 144
PG 1302−102 −2.2 210 431 170
PG 1244+026 −2.8 79 867 343
PG 1229+204 −2.5 69 558 221
PG 1126−041 −3.0 109 946 374
PG 1116+215 −2.6 270 579 229
PG 1004+130 −2.3 302 470 186
PG 1001+054 −2.5 151 603 239
PG 0953+414 −2.0 145 318 126
PG 0838+770 −2.0 57 345 136
PG 0026+129 −2.4 120 428 169
PG 0157+001 −3.4 597 1520 601
PG 0050+124 −3.6 417 1728 683
B2 2201+31A −3.1 1234 1121 443

Mean 249 707 280

Note.
a Assuming n = 105 cm−3.

simple single-cloud photoionization models and a constant U
gas.

The dusty NLR dimensions can be compared with earlier
works on NLR size such as Bennert et al. (2002), Schmitt
et al. (2003), Netzer et al. (2004), and Baskin and Laor (2005).
These papers use two different methods to estimate the NLR
size. The Bennert et al. and Schmitt et al. works are based on



308 MOR, NETZER, & ELITZUR Vol. 705

10
45

10
46

10
−1

10
0

10
1

10
2

10
3

L
bol

  [erg s−1]

R
N

L
R

  [
pc

]

Figure 8. NLR cloud distances against Lbol. Circles represent the NLR distances in pc, and the solid line is a linear fit to the data with a slope of 0.47. The graphite
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Table 6
Covering Factors

Object Real Total CF Apparent Total CF Real Torus CF (f2) f (i) NLR CF BB CF

PG 2349−014 0.70 0.67 0.30 0.38 0.09 0.30
PG 2251+113 0.30 0.28 0.09 0.08 0.05 0.16
PG 2214+139 0.36 0.34 0.13 0.15 0.03 0.21
PG 1700+518 0.58 0.57 0.37 0.42 0.05 0.17
PG 1626+554 0.30 0.33 0.18 0.21 0.00 0.11
PG 1617+175 0.72 0.73 0.36 0.44 0.03 0.34
PG 1613+658 0.81 0.78 0.45 0.60 0.02 0.34
PG 1448+273 0.24 0.24 0.15 0.16 0.03 0.06
PG 1440+356 0.74 0.79 0.36 0.45 0.04 0.35
PG 1435−067 0.55 0.54 0.32 0.34 0.07 0.17
PG 1426+015 0.68 0.69 0.33 0.46 0.06 0.29
PG 1411+442 0.92 0.95 0.48 0.59 0.03 0.41
PG 1309+355 0.40 0.42 0.16 0.20 0.10 0.14
PG 1302−102 0.77 0.81 0.40 0.56 0.14 0.22
PG 1244+026 0.44 0.49 0.33 0.46 0.08 0.03
PG 1229+204 0.74 0.86 0.31 0.41 0.13 0.29
PG 1126−041 0.91 1.00 0.37 0.53 0.16 0.37
PG 1116+215 0.65 0.63 0.23 0.28 0.04 0.38
PG 1004+130 0.33 0.32 0.20 0.24 0.05 0.08
PG 1001+054 0.58 0.64 0.16 0.21 0.12 0.30
PG 0953+414 0.51 0.51 0.10 0.12 0.06 0.35
PG 0838+770 0.77 0.80 0.48 0.65 0.09 0.20
PG 0026+129 0.45 0.45 0.14 0.16 0.07 0.24
PG 0157+001 1.05 1.08 0.53 0.80 0.42 0.11
PG 0050+124 0.89 1.09 0.63 0.90 0.03 0.23
B2 2201+31A 0.20 0.22 0.09 0.12 0.02 0.09

Mean 0.57 0.59 0.27 0.34 0.07 0.23

detailed Hubble Space Telescope imaging of AGN samples that
are of the same redshift range as the one considered here. Our
dust temperature-based dimensions are smaller by a factor of
∼10 compared with these imaging-based estimates. This is not
surprising, since our estimates are biased toward those NLR
clouds that have the largest covering factor for the hottest dust
clouds. The discrepancy suggests that real NLRs, i.e., those
with a range of dust temperatures contribute more to the longer
wavelength part of the spectrum. Furthermore, Netzer et al.

(2004) suggested that the Bennert et al. (2002) estimates are
considerably larger than “real” NLR sizes for two reasons. The
first is that the RNLR ∝ L

1/2
ion dependence must break down at

some intermediate luminosity, since extrapolating this relation
to high luminosity objects would result in NLR dimensions that
exceed the host galaxy dimension. The second reason is that
Bennert et al. (2002) measured image sizes that encompasses
more than 98% of the detectable [O iii] λ5007 emission. A 90%
or 95% intensity limits can lead to much smaller dimensions.
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Figure 9. Blackbody temperature distribution for the hot dust component.

Baskin & Laor (2005) used a different method to estimate
the distances to 40 NLRs in the Boroson & Green (1992)
sample. They fitted the observed intensities of the [O iii] λ5007,
[O iii] λ4363, and Hβ narrow emission lines using two different
models. The first, assumed a single uniform, [O iii] λ5007
emitting region. This resulted in3 RNLR ≈ 130 × L0.45

46 and a
very large mean gas density of 105.85 cm−3. These dimensions
are smaller than those found by Bennert et al. (2002). The
second model assumed two emitting regions: a low, constant gas
density (n = 103 cm−3) region where most of the [O iii] λ5007
originates and a high, constant gas density (n = 107 cm−3)
region where most of the [O iii] λ4363 originates. For the low-
density region they found RNLR ≈ 1850×L0.34

46 and for the high-
density region RNLR ≈ 4 × L0.5

46 . The [O iii] λ5007 dimensions
are comparable to those of Bennert et al. (2002). It is clear
that single-zone and even two-zone NLR models are highly
simplified. Moreover, dimension deduced from a narrow-line
intensity is uncertain since the gas density is changing across
the NLR and in general RNLR ∝ n−0.5. Thus, it is not surprising
that the NLR size obtained from such estimates spans a very
large range.

The M82 starburst template subtracted from the spectra could,
in principle, have an effect on the calculated NLR properties,
e.g., a different template could have larger contribution toward
shorter wavelengths (∼30 μm). Consequently, the NLR com-
ponent would have less weight and different spectral shape that
would result in larger NLR distances. We regard this possibility
as an additional uncertainty on the determination of the NLR
distance.

In conclusion, our hot dust measure of the NLR size is based
on a method different than the direct imaging method and the
photoionization modeling method. While further discussion of
those discrepancies is beyond the scope of the present paper,
the main conclusion is that simple, dusty NLR clouds (or single
NLR shells) at the distances found above, in combination with
the two other model components, can adequately fit the 2–35 μm
spectrum of the QUEST AGNs.

3 In this expression and the following ones, we converted the continuum
luminosity given by Baskin & Laor (2005) into bolometric luminosity.

5.3. Hot BB Properties

The 2–4 μm wavelength range is dominated by the hot
BB component of our model (see Figure 4). On average, the
luminosity of this component is about 40% of the total 2–35 μm
luminosity and is comparable to the luminosity radiated by the
clumpy torus. The mean BB temperature is 1400 K, and the
distribution of temperatures is shown in Figure 9. While such a
large contribution is evident in all of the sources, the physical
origin of this component is not yet clear. Clumpy tori of the
type considered here cannot produce more than one luminosity
bump. Since most of the torus radiation peaks at 5–20 μm,
the short-wavelength excess cannot result from this structure.
The conclusion is that the assumed BB must be a separate
component.

We have considered several possible explanations for the
hot BB component. The first is a contribution from old stellar
population near the galactic center. To examine this, we use
MBH to estimate the host galaxy luminosity using the scaling
relations of Lauer et al. (2007; see their Equation (3)). To convert
visual magnitudes to K-band magnitudes, we use (V–K) = 3.2
typical of giant elliptical galaxies (e.g., Grasdalen 1980). This
K-band luminosity was compared to the luminosity of the BB
found here. In all cases, the BB component is about a factor 10
more luminous than the derived K-band luminosity of the host
galaxy. Thus, such a stellar population would not have sufficient
luminosity to account for the observed 2–7 μm flux.

The space distribution of such an old stellar population is
another limitation. Broadband monitoring of several nearby,
intermediate luminosity AGN clearly shows K-band variations
on timescales of weeks to months (e.g., Suganuma et al.
2006). This has been interpreted as changes in the temperature
of the innermost dust, just beyond the sublimation radius. Given
the great similarity between the 2 and 35 μm spectrum of the
present sample and the spectra of those variable AGNs, we
conclude that the origin of the K- and the L-band emission, in
the present sample and the above AGN sample, is the same.
Such dimensions are clearly too small for the assumed stellar
population. Needless to say, any K- or L-band variations are
inconsistent with stellar population properties.
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Figure 10. Distributions of different covering factors (arrows denote mean values). The total apparent CF is the ratio between the integrated MIR luminosity and
the bolometric luminosity. f (i) is the ratio between the integrated, angle-dependent, torus MIR luminosity and the bolometric luminosity of the source. This differs
slightly from f2 due to the anisotropic radiation of the torus. Note that PG 0157+001 and PG 0050+124 have been omitted since their CF exceed unity (see the text).

Another strong source of NIR radiation is starburst activity
in the host galaxy (e.g., Mentuch et al. 2009). The IR emission
from starburst in QSOs, however, is expected to peak at much
larger wavelengths. S06 found a strong correlation between
the strength of the PAH feature at 7.7 μm and the continuum
luminosity at 60 μm. The same trend is found in starburst-
dominated ultraluminous infrared galaxies (ULIRGs; see Figure
4 in S08). Thus, luminosity produced by starburst in the QUEST
sample dominates the far-IR part of the spectrum and cannot
account for the hot dust component.

Another possibility that has already been mentioned is that
the new component represents emission by very hot dust, which
is not a part of the clumpy torus structure. As explained in
Section 4.3, we could not fit the observations assuming single
hot dust clouds of the same grain composition as the torus.
The reason is that such clouds produce extremely strong 10 μm
emission. This is not the case for pure graphite dust that has no
prominent features at MIR wavelengths. Graphite dust grains
can survive at the BB temperatures found here and provide a
suitable explanation for the BB component. The location of
this dust can be inside the silicate sublimation radius but still
outside the dust-free broad-line region. A full discussion of
this possibility, including realistic hot graphite grains spectra, is
beyond the scope of this paper.

Finally, we note that the above suggested location, close or
even inside the silicate dust sublimation radius, is also prob-
lematic from the point of view of the derived covering factors.
Our calculations assume no obscuration of one component by
another yet such a location must obscure some of the radiation
impinging on the torus. The location of these clouds implies that
the radiation incident upon the torus should change and include
part of the re-emitted radiation from the BB component. Given
the unknown properties of the hot BB component, we cannot
take this into account within the framework of the present work.

5.4. Covering Factors

A major assumption of this work is that the entire MIR spec-
trum, after starburst subtraction, is reprocessed AGN radiation.
This can be used to deduce the covering factor of the central
source by the three components (see also S08 and references

therein; Maiolino et al. 2007). Regarding the BB and the NLR
components, this factor is obtained directly from the comparison
of their deduced luminosities with Lbol. The covering factor of
the torus, f2, is different because of its non-isotropic radiation.
For a given model, f2 is calculated from the torus parameters. To
demonstrate these differences, we compare in Table 6, f2, f (i),
and the covering factors of the NLR and the BB components. The
total covering factor can be defined in two ways. (1) Apparent
total covering factor, defined as Lobs(2–100)/Lbol. This is sim-
ilar to the number used in all earlier investigations of this type.
Since the Spitzer-IRS spectra extend only to ∼35 μm, we use
the mean “intrinsic” AGN SED of Netzer et al. (2007), obtained
from the starburst-subtracted QUEST spectra, to calculate the
ratio between Lobs(2–100) and Lobs(2–35). This ratio is 1.072,
and thus we multiply Lobs(2–35) of each object by this factor
to get its apparent total covering factor. (2) Real total covering
factor, calculated by summing together f2 and the NLR- and
BB-covering factors. The various covering factor distributions
are shown in Figure 10.

The mean value of f2 is 0.27. This value is lower than the f (i),
for which the mean value is 0.34. The difference is due to the
anisotropy of the torus radiation and the fact that, for the present
sample of type-I sources, the torus inclination angle is small.
The mean covering factor of the NLR component is 0.07. This
is in agreement with other estimates that are based on narrow
emission line imaging and line equivalent width measurements,
which suggest the NLR-covering factor < 10% (e.g., Baskin &
Laor 2005; Netzer & Laor 1993). The mean covering factor of
the BB component is 0.23. The mean real total covering factor
in our sample is 0.57, which is slightly lower than the mean
apparent total covering factor of 0.59.

The dependence of the different covering factors on bolomet-
ric luminosity is seen in Figure 11. Looking at the entire sam-
ple, we find no significant correlation of bolometric luminosity
with any of the covering factors. However, two of the sources,
PG 1448+273 and PG 1244+026, seem to be affecting the entire
correlation in a way that their removal from the sample makes
the luminosity CF correlations significant. These sources are
marked with different symbols on the diagram. The reason why
these objects should be omitted from the sample is not clear.
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Figure 11. Correlations between covering factors and bolometric luminosities (left panels) and between torus mass and bolometric luminosity and the mass of the
black hole (right panels). The square symbols represent sources with the lowest MBH in the sample, see the text for explanation.

We note, however, that these are the sources with the lowest
MBH thus may represent different properties. In particular, they
are likely to be the highest amplitude variables and the highest
accretion rate BHs thus their derived Lbol may be wrong. Visual
inspection of the bottom-left panel shows that, without the two
sources, the geometrical covering factor (f2+BB) decreases with
Lbol and its highest value, at the low luminosity end, is roughly
0.7, in agreement with typical assumed distributions between
type-I and type-II AGNs in the local universe.

Several earlier studies found clear anti-correlation between
the covering factor and Lbol (e.g., Wang et al. 2005; Richards
et al. 2006; Maiolino et al. 2007; Treister et al. 2008). The
decrease in the covering factor translates, within the unification
scheme, to a decreasing fraction of obscured AGNs as a function
of luminosity. All earlier studies were based on the total MIR
emission and took no account of the various contributors to the
flux and the fact that the geometrical covering factor cannot be
obtained, directly, from L(IR)/Lbol. Our results are consistent
with these studies but take into account, more accurately,
the exact torus geometry and the needed translation between
observed IR flux and geometrical structure. They show that
∼7% of the derived covering factor is due to NLR clouds and
properly account for the inclination angle distribution within
the clumpy torus scenario. Taking the values found here, we
conclude that for Lbol � 5 × 1045 erg s−1 there is roughly 1:1
ratio between type-I and type-II sources (note that the NLR
contribution is subtracted from the total covering factor). Both
Maiolino et al. (2007) and Treister et al. (2008) find a somewhat
larger value for this bolometric luminosity. However, estimates
of this ratio based on X-ray surveys are similar to the one found
here and consistent across the entire luminosity range in our
sample (e.g., Hasinger 2004; Treister & Urry 2006).

The physical mechanism responsible for the decrease of the
covering factor with Lbol is still undetermined. One possibility
is a receding torus mentioned above, where higher luminosity

implies a larger dust sublimation distance, and hence an obscur-
ing structure that is located farther away from the center. In this
scenario, the obscuring structure must have a constant height. In
the clumpy torus model, this scenario corresponds to a decrease
of σ with Lbol. Indeed, we find that σ is anti-correlated with the
bolometric luminosity.

We also find a positive correlation between the inclination
angle of the torus and the bolometric luminosity. This is also
consistent with a receding torus. An obscuring structure located
at a larger distance, in this scenario, implies a larger solid angle
through which an unobscured view to the center is possible.
Thus, the luminosity of the source determines the possible range
of inclination angles in which the model would be consistent
with a type-I AGN SED. Since there is no preference to a
specific angle within that range, the correlation is due to the
expansion of the possible range in i with increasing luminosity.

5.5. Torus Mass

Given the torus parameters, we can estimate the torus mass
from

Mtorus

M	
= 104 sin(σ ) N0 NH,23

(
Rd

pc

)2

YIq(Y ) , (9)

where NH,23 is the column density of a single cloud in units of
1023 cm−2 obtained from τV and the assumed dust-to-gas ratio.
Iq is a function of Y and has the values of 1, Y/(2lnY ) and 1

3Y
for q = 1, 2, and 0, respectively.

The torus mass shows a clear correlation with both the
bolometric luminosity and the mass of the central black hole (see
Figure 11). These correlations are expected since the bolometric
luminosity appears in the torus mass calculation and, in general,
Lbol ∝MBH. No correlation is found between the torus mass and
L/LEdd. We also checked for correlation between Mtorus/Lbol
and Lbol and found none.
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The mass of the torus ranges from 8.45×104 to 3.12×107M	
for the silicate dust sublimation radius. The ratio between the
torus and the BH masses is ranges from 4.5 × 10−4 to 0.08 and
does not show any correlation with the source luminosity.

Assuming a mass-independent BH accretion efficiency of
η = 0.1, we can calculate the time it would take for the torus
mass to be completely accreted by the BH. This is an extremely
short duration of about ∼105 yr. This timescale is similar for all
sources and is independent of torus mass, source luminosity, and
any of the other properties. The typical e-folding time for a BH
mass of 108M	 and the above η is about 4 × 107(L/LEdd)−1 yr.
This mean that, if all accretion to the center goes through the
torus, there are more than 100 short accretion episodes per one
e-folding growth time.

The above result indicates at least two different possibilities
as follows. (1) A constant replenishment of the torus mate-
rial by larger-scale mass inflow through the plane of the torus.
Such a scenario requires a constantly changing torus struc-
ture. (2) Matter accreting onto the BH does not originate in
the torus. Such a scenario has been suggested by Elitzur &
Shlosman (2006), who assumed that mass from the host galaxy
arrives directly into the accretion disk. Consequently, wind
from the accretion disk forms the toroidal obscuration. As long
as the large-scale mass infall is sufficiently large and contin-
uous, the wind sustains a steady outflowing clumpy structure,
which is the clumpy torus discussed in this work. In this case,
the small mass of the torus is not directly related to the growth
time of the BH.
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