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ABSTRACT

In the unified scheme of active galactic nuclei, a dusty torus absorbs and then repro-
cesses a fraction of the intrinsic luminosity which is emitted at longer wavelengths.
Thus, subject to radiative transfer corrections, the fraction of the sky covered by the
torus as seen from the central source (known as the covering factor f.) can be esti-
mated from the ratio of the infrared to the bolometric luminosities of the source as
fe=Ltorus/ Lol However, the uncertainty in determining Lp, has made the estima-
tion of covering factors by this technique difficult, especially for AGN in the local
Universe where the peak of the observed SEDs lies in the UV (ultraviolet). Here, we
determine the covering factors of an X-ray /optically selected sample of 51 type 1 AGN.
The bolometric luminosities of these sources are derived using a self-consistent, energy-
conserving model that estimates the contribution in the unobservable far-UV region,
using multi-frequency data obtained from SDSS, XMM-Newton, WISE, 2MASS and
UKIDSS. We derive a mean value of f. ~0.30 with a dispersion of 0.17. Sample corre-
lations, combined with simulations, show that f. is more strongly anti-correlated with
AEdq than with Lp,;. This points to large-scale torus geometry changes associated with
the Eddington-dependent accretion flow, rather than a receding torus, with its inner
sublimation radius determined solely by heating from the central source. Furthermore,
we do not see any significant change in the distribution of f. for sub-samples of radio-
loud sources or Narrow Line Seyfert 1 galaxies (NLS1s), though these sub-samples are
small.

Key words: galaxies:active — galaxies:Seyfert — X-rays:galaxies — ultraviolet: galax-
ies — infrared: galaxies

see [Antonucci (1993} |Urry & Padovani [1995} Netzer||2015)
postulates that the different types of AGN are intrinsically

Studying broadband spectral energy distributions (SEDs) of
active galactic nuclei (AGN) can shed light on the emission
mechanisms operating in the distinct physical components
of the AGN. For example, the big blue bump (BBB) (Rich-
[stone & Schmidt|1980; |Sanders et al.[1989} Elvis et al.|[1994))
in the optical/UV band is associated with modified black
body emission from the accretion disc, whereas the Comp-
tonised emission from the corona (Haardt & Maraschi|1993))
produces an X-ray power law continuum above ~ 2 keV.
Even though the spectral features of various classes of AGN
are distinct, the so-called unification scheme (for reviews
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similar. The model suggests the presence of a dusty, molec-
ular torus shaped structure, surrounding the central source,
which gives rise to anisotropic emission in polar directions.
The observed characteristics of AGN are governed by the
orientation of this obscuring torus with respect to our line
of sight.

This torus is optically-thick, with a size of 0.1—10 pc
(Suganuma et al. 2006} Kishimoto et al|2007; Burtscher|

et al||2013). The region has a gas density in the range
of 10*=10" cm™3 while the column density ranges from

~ 10* to ~ 10*® cm™2 (Netzer|[2013). In the most simple

orientation-based unification scheme, the broad-line region
may or may not be obscured by the torus material depend-
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ing on the inclination angle of the system with respect to our
line of sight. In this picture, the classification as a type 2 or a
type 1 AGN is determined by the orientation alone. The ob-
scuration is parameterised by the opening angle of the torus
which in turn determines the covering factor f.. Hence the
covering factor is defined as the fraction of the sky that the
torus blocks/absorbs the emission from the central source.

The torus is directly exposed to the emission from the
central engine and the photons illuminating this region are
absorbed by the dust grains. The heated dust then re-
radiates these absorbed optical/UV photons in the infrared
(IR) band. Hence the IR continuum is attributed to the
thermal emission from the silicate and graphite grains with
a broad temperature distribution extending up to the subli-
mation temperatures of about 1500 K. Cooler dust on larger
scales emits at longer wavelengths and also shows a silicate
feature around ~ 10 pum.

Dust grains can no longer survive if heated above their
sublimation temperature. As a result, the inner radius of the
dust is determined by the distance from the centre, at which
the dust is sublimated by the primary continuum. A more
luminous AGN heats the dust more strongly and hence the
sublimation radius will be larger, with R o L]13{)21
. If the dust distribution has a fixed scale height (as
opposed to scaling with mass and/or mass accretion rate),
then this means that the covering factor of the dusty torus
decreases as the luminosity of the source increases. This anti-
correlation between f. and the luminosity was suggested by
and is called the receding torus model. This
does not depend on the detailed dust distribution. For exam-
ple a clumpy torus (Nenkova et al.|2008} Honig & Kishimotol
would exhibit much the same behaviour as the cov-
ering factor is determined mostly by the total solid angle
covered by the dust. Similarly, if most of the mid-infrared
(MIR) emission arises from scales beyond the classical torus
(Honig et al|[2013} [Lépez-Gonzaga et al|[2016} [Asmus et al.|
, then f. would be a measure of the efficiency of this
extended emission component and how it scales with AGN
power.

There are various methods for determining f.. One is a
statistical approach, based on optical demographic studies
of AGN which compared the fraction of type 1 and 2 AGN,
with Liosry) used as a proxy for Lpor. Alternatively, this can
be done in X—rays, using the fraction of X—ray unobscured
to obscured AGN, with Lx_ay tracing Lpoi. Both types of
studies generally find a decrease in the fraction of obscured
AGN with increasing luminosity, consistent with the reced-
ing torus model (e.g. [Simpson|[2005} [Hao et al|[2005} [Uedal
let al|2003} [Steffen et al2003; [La Franca et al.[2005} [Treister;
& Urryl|2006; [Hasinger| 2008} [Toba et al.[[2013; Mateos et al.
2016) but with a few exceptions (Dwelly & Page[2006} [Eckart
et al.[2006) or additional correlations (Hasinger|2008). How-
ever, neither the X—rays nor the optical emission lines, used
as proxies, give a reliable estimate of the bolometric lumi-
nosity, Lo (Vasudevan & Fabian|[2007; [Lusso et al.[|2013;
[Jin et al|[2012alb, hereafter J12a, J12b), which is the key
driving parameter in the receding torus model, and there are
also multiple selection effects (Lawrence & Elvis|2010).

Alternatively, the SED can be fitted over as wide a
bandpass as possible to directly constrain Lgo from obser-
vations, and then the ratio of the IR luminosity to the bolo-
metric luminosity Lir/Lgol can be used to derive f. based

on dust (re)emission. Again these studies generally show an
anti-correlation with Lgo (Gallagher et al.|[2007; Maiolino
et all|[2007; [Hatziminaoglou et al[2008] 2009; (Gandhi et al.
2009} [Roseboom et al|[2013; [Lusso et al|[2013). Nonethe-
less, there are still uncertainties. A major difficulty in the
SED-based analysis is determining the bolometric luminos-
ity of the AGN. A substantial part of the AGN luminosity
emerges in the UV region and is unobservable due to the
interstellar absorption with our Galaxy. Furthermore, the
IR luminosity can be self-obscured, with radiation transfer
effects through optically-thick dust affecting the IR luminos-
ity observed for type 2 (obscured) objects
[2016} [Treister et al.|[2008} [Pier & Krolik||{1992)).

In this work, we use a sample of 51 unobscured AGN,
so these should not be affected by radiative transfer ef-
fects. They all have well sampled broadband optical-UV-
X—ray data to define the SED. Additionally, they have Lgo
estimated by fits using a self-consistent energy-conserving
model to bridge across the unobservable far-UV (FUV) re-
gion (J12a, J12b). In this paper, we extend these SEDs to
include far-infrared (FIR) wavelengths to estimate the cov-
ering factors of the AGN in our sample. We then investigate
the dependence of f. with different AGN properties.

This paper is organised as follows. In Section 2] we
discuss the sample selection and preparation of the multi-
wavelength data. Section [3|gives a detailed description of the
modelling of the broadband SED of the sample. Section [4]
deals with the main results obtained in the work. Section [Bl
is dedicated to the discussion of the results and the con-
clusions are given in Section [] The details regarding the
local models used in this work, the broadband SED plot for
each source, notes on selected sources, and other relevant
information is given in the Appendix. Throughout this pa-
per, we have adopted a cosmology with Hubble constant of
Ho = 70 km s~ Mpc™!, Q4=0.73 and Q,,=0.27.

2 SAMPLE SELECTION & DATA
PREPARATION

For our study, we choose the sample of 51 type 1 AGN anal-
ysed by J12a and J12b. These are selected to have good
SDSS spectra (DR7) with z < 0.4 so that Ha and HS
lines (black hole mass estimator) are included in the band-
pass, and good quality XMM-Newton X-ray data are avail-
able, without complex absorption features. Optical band
continuum points were extracted from the SDSS data by
removing line emission, Balmer continuum, and host galaxy
contribution. The XMM-Newton satellite also has the Op-
tical Monitor (OM) which provides simultaneous optical-
UV photometry. These photometric points were extracted
using 6”diameter apertures to minimise host galaxy con-
tamination. Therefore these sources all have well sampled
SEDs, which can be modelled to give a good estimate of
their bolometric luminosity. The sample spans a broad range
of AGN types comprising 12 Narrow Line Seyfert 1 galax-
ies (NLS1s), 39 Broad Line Seyfert 1 galaxies (BLS1s), a
broad absorption line (BAL) quasar which is also radio-
loud (PG 10044130, No. 13) and two more radio-loud AGN
RBS 0875 (No. 14) and PG 15124370 (No. 45). Further in-
formation of these sources is given in Table 1 of J12a.
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Table 1. The bandwidth in pm (Col. 3), the effective wavelength
et in pm (Col. 4), the zero-point flux density Fyo in Jy (Col. 5)
to convert from magnitudes and the extinction correction factor
(Col. 6) for WISE, 2MASS & UKIDSS bands.

Bandwidth Aeff Fuo

Survey  Band Ay /Ay

pm pm Jy

ple (2XMM J100523.94410746; No. 12) does not have either
UKIDSS or 2MASS data. In that case, we could use only
the WISE data for the IR analysis. The bandpasses with
their zero magnitude flux and aperture sizes are given in Ta-
ble[I] together with the extinction corrections in each band,
Ay, extracted from [Cardelli et al. (1989) with Ry =3.1 (see
|Gandhi et al.| (2011) and references therein for WISE extinc-
tion corrections). The resulting NIR-MIR fluxes, corrected
for Galactic reddening, are listed in Table[2] We incorporate
these into XSPEC using the FTOOL FLX2XSP.

We investigated the dominant IR emission mechanism
based on WISE colour selection thresholds of
(2012) and [Stern et al| (2012). The MIR colour-cut de-

W1 0.663£0.001 3.351+0.01 309.5+4.6 0.069

WISE W2 1.042+£0.001 4.60+0.02 171.84+2.5 0.053
W3 5.510+0.020 11.5640.04 31.7+0.5 0.068

W4  4.100+0.040 22.0940.12 8.4+0.3 0.052

J 0.162+0.001 1.23540.006 1594.0+27.8 0.282

2MASS H 0.251£0.002 1.662£0.009 1024.0420.0 0.190
K 0.262£0.002 2.159+0.011 666.7£12.6 0.114

Y 0.102 1.031 2026.0 0.380

J 0.159 1.248 1530.0 0.282

UKIDSS H 0.292 1.631 1019.0 0.190
K 0.351 2.201 631.0 0.114

W1 — W2 (mag)

] ] ] ]
2.0 2.5 3.0 3.5
W2 — W3 (mag)

Figure 1. WISFE colour-colour plot for our sample. The solid line

describes the AGN wedge (Mateos et al.|2012) and the colour-cut
(Stern et al.||2012)) is plotted with the dashed line. Blue triangles

denote objects with significant host galaxy contribution (Lyost >
10% of Lpoy) in the model fit.

2.1 IR Data

We extended the continuum of the SEDs discussed in J12b
to include IR data obtained from the Wide-field Infrared
Survey Explorer (WISE; [Wright et al.|[2010), Two Micron
All-Sky Survey (2MASS; [Skrutskie et al.|2006) and UKIRT
Infrared Deep Sky Survey (UKIDSS) catalogues
. These span a wavelength range from ~1 pum
to 20 pum, giving good coverage from near-infrared (NIR)
to mid-infrared wavelengths. For cases where both 2MASS
and UKIDSS data were available for each source, we opted
to use the UKIDSS data for the NIR band due to its smaller
aperture size. Our principal results, and specifically the dis-
tribution of covering factors, do not depend on the choice
of 2MASS or UKIDSS data, a point which is expanded on
in Appendix [E] We used 2MASS only for sources for which
there are no UKIDSS observations. One object in the sam-

fined by |Stern et al.| (2012) identifies the AGN candidates
with W1-W2 > 0.8. In addition, the AGN wedge of [Ma|
teos et al| (2012)) is designed to select objects with red
MIR power-law SEDs in the first three bands of WISE.
Fig. [[] shows that most of the sources in our sample, ex-
cept 2XMM J100523.94410746 (No. 12), RX J1140.14+0307
(No. 20), RX J1233.9+40747 (No. 28), 1E 1346+26.7 (No. 36)
& NGC 5683 (No. 42), are within the AGN wedge and above
the colour-cut. This confirms that the MIR is likely domi-
nated by the AGN rather than the host galaxy in most cases.
The MIR fluxes for those which lie below the colour wedge
and the colour-cut are likely to be dominated by the stellar
population or star formation activity in the host galaxy, es-
pecially in the case of W1 filter. For example, the MIR SED
of NGC 5683 (No. 42) shows a significant contribution from
the host galaxy.

3 THE BROADBAND SED MODEL

Multiwavelength observations are a crucial ingredient in un-
derstanding the physical processes occurring in AGN and
to study the structure of their inner regions. Some notable
features in the broadband SED model of AGN are; the
hard X-ray power law, the soft X-ray excess below 2 keV,
the big blue bump which peaks in optical/UV region, and
the infrared bump at ~10 pm. The optical/UV emission in
AGN is thought to arise from a multi-temperature accre-
tion disc. The power-law component originates from the in-
verse Compton scattering of accretion disc photons by a hot,
optically-thin corona. The infrared emission results from re-
processing of the absorbed optical/UV /X-ray emission from
the AGN.

3.1 Modelling the Optical/UV & X-—rays

The SED can be phenomenologically fitted by a black body
component for the accretion disc and thermal Comptoni-
sation from an optically-thin, high-temperature corona to
model the hard X-ray power law above 2 keV. At lower
wavelengths, the soft X-ray excess can be modelled with
an optically-thick, low-temperature thermal Comptonisa-
tion model. In J12b, they modelled the Optical/UV &
X—ray continua with the XSPEC model OPTXAGNF

| A description of OPTXAGNF can be found in the XSPEC website|
http://heasarc.nasa.gov/xanadu/xspec/models/optxagn. html]
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et al.|2012). This model is fully self-consistent (energy con-
serving), and associates all components with emission from
the accretion disc itself and energy extracted from it i.e. the
soft X-ray component and the hard X-ray power-law. OPTX-
AGNF is parameterised by black hole mass (Mgg ), Eddington
ratio (L/Lgad or Agda), black hole spin (a), coronal radius
(Rcor), outer radius of the accretion disc (Rout), electron
temperature (k7.) and optical depth () of the corona pro-
ducing soft X-ray component, hard X-ray (2—10 keV) pho-
ton index (I'), fraction of the coronal energy emitted in the
hard X-ray power law (fp1) and redshift (z) i.e., ten parame-
ters in total. In detail, this model introduces Rcor, the radius
down to which the gravitational energy is released as black
body emission in the disc. Within this radius, the energy is
emitted as the soft X-ray excess and the high energy power
law. In this model, the mass accretion rate is constrained by
the optical/UV luminosity. If the black hole mass is known,
then these parameters can be used to estimate the total lu-
minosity. J12b assumed an accretion efficiency of 0.057 for
a Schwarzschild black hole, and hence determined the to-
tal luminosity. The study presented in J12b is a refinement
to the SED fitting given in J12a. This now includes a self-
consistent colour temperature correction for the standard
disc emission.

We adopted the same procedures as described in J12b,
and performed the spectral analysis of the optical/UV and
X-ray continua using OPTXAGNF in XSPEC version 12.8.2.
We model the Galactic absorption and reddening using the
standard routines wabs and redden respectively, and any in-
trinsic absorption/reddening using zwabs/zredden. The in-
trinsic column density was left free to vary during the spec-
tral fitting while the Galactic column density for each source
was frozen to the value obtained from LAB Survey (Kalberla
et al||2005). We fixed the black hole mass to the best-
fit value obtained by J12b in their models, who fixed up-
per(lower) limits to the mass from the broad(intermediate)
velocity width of the HS line decomposition. We also follow
the method described in J12a, J12b and fix the outer ra-
dius of the accretion disc to be 10*Rg. This is probably an
upper limit to the size of the disc, as both the self-gravity
radius and the best-fit to the disc emission generally indicate
a somewhat smaller disc (Hao et al.[[2010; |Collinson et al.
2016). The redshiﬂﬂ z is fixed to the value given in Table
this leaves 9 free parameters for the X-ray fitting portion of
the model.

3.2 Modelling the Infrared

Our extended wavelength IR coverage is modelled as a
combination of dust re-radiation and host galaxy emission.
For the dust, we use the Seyfert 1 (unobscured) template of
Silva et al.[(2004)), and for the host galaxy we use a range of
13 templates spanning ellipticals, spirals, and star-forming
galaxies, from the SWIRE library (Polletta et al.|[2007). We
incorporate these into XSPEC as local models, which we call
agndust and hostpol. Further details of agndust and hostpol
templates are given in APPENDIX [A] We use only the
Seyfert 1 dust template in our fits since all our objects are

2 Redshift for each source is taken from https://ned.ipac.
caltech.edu/

unobscured, but we do investigate the entire range of host
galaxy templates, and then adopt the one which gives the
best-fit to each object.

The optical/UV, X-ray and IR continua of each source in
the sample were fitted by the final model constant(hostpol+
agndust + wabs X redden X zwabs X zreddenx OPTXAGNF),
where the constant only allows for small cross-calibration
differences in normalisation between the X-ray spectra
obtained from the three independent cameras EPIC-pn,
MOS1 and MOS2, aboard the XMM-Newton satellite.
The broadband SED model for each source has 11 free
parameters (including the normalizations of agndust and
hostpol), apart from the multiplicative factor of the model
constant. The fit-statistic and the best-fit hostpol template
for each source are given in Table The plots showing
the data and individual model components for all the
sources are given in the APPENDIX Bl Mrk 0110 (No. 9)
shows a clear discrepancy in the SDSS data due to extreme
variability, and therefore has a very large x2. Also, there are
two super-Eddington sources in our sample, KUG 10314398
(No. 15) and PG 22334134 (No. 50). These sources are
discussed individually in APPENDIX [C] We note that the
potential discrepancies mentioned above do not influence
any of our resulting inferences on the f. distribution.
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4 RESULTS
4.1 Broadband SEDs & Covering factors

Our best-fit model parameters for the SED fits are given
in Table [3] We integrate the intrinsic OPTXAGNF model (af-
ter correcting for all absorption components) over the en-
ergy range of 107°—100 keV (~107°—1000 pm) to obtain
Lgol, and over 2—10 keV to get the hard X-ray luminosity
Lx_ray. Now, in order to estimate the covering factor we
can compare these to the IR luminosity of the torus Liorus,
which we find by integrating the agndust model component
over ~1—1000 um. We also give the luminosity of the host
galaxy Lnost, obtained by integrating the host galaxy tem-
plate over ~0.1—1000 pm, and give its type in Table The
distributions of these luminosities are shown in Fig. 2] The
bolometric luminosities of most of the sources in our study
are lower than the values of J12b by a factor of ~1.7. This
is due to a change in energy grid handling of OPTXAGNF in
an older version of XSPEdﬂ Though individual Lge values
are affected, the overall sample trends remain the same. The
host galaxy is significantly detected in 38 sources. We note
that the host galaxy morphological types of 21 sources in
our sample are known from the literature and many of these
(No. 8, 13, 15, 16, 20, 21, 23, 27, 30, 37, 38, 39, 42, 44, 48,
50) are different to those indicated by our best-fit. We have
refit these objects using the galaxy template fixed to the lit-
erature values. Although there is a marginal increase in x>
when using the substituted templates, this has no significant
impact on the parameters derived for either the AGN or the
torus.

The primary goal of this work is to determine the distri-
bution of covering factors f. of the unobscured AGN sample.
This distribution of f. obtained from the ratio of the torus
luminosity to the bolometric luminosity is given in Fig. [3]
The distribution, with an average value around 0.30, has a
scatter of ~0.17. The source with the minimum covering fac-
tor is 1E 1556+27.4 (No. 47). The value of f. ~0.02 suggests
that this source could be a hot-dust-poor AGN (Hao et al.
2010) characterised by weak IR emission. At the opposite
extreme, 2E 121640700 (No. 23) has the maximum value of
fo (~0.88).

4.2 Comparison with Previous Work

Many previous studies have discussed the obscured AGN
fraction. [Lawrence & Elvis| (2010)) reviewed the studies that
dealt with the fraction of obscured AGN and concluded that
the obscured fraction for the non-X-ray selected samples has
a mean value of about 0.58 with a dispersion of ~ 0.05. They
also gave a rough estimate of 0.53 for the obscured fraction
using the updated Swift/BAT hard X-ray catalogue (Tueller
et al.[[2010), after applying the correction for missing Comp-
ton thick objects (Risaliti et al.[[1999). The covering factors
of a sample of 5281 WISE, UKIDSS and SDSS selected high
luminosity quasars (Lol >10% erg sfl) with redshift < 1.5
was determined by [Roseboom et al.[(2013). They found that
the covering factors (estimated by using the ratio of IR to

3 See the XSPEC patch 12.8.2j available at https:
//heasarc.gsfc.nasa.gov/docs/xanadu/xspec/issues/
archive/issues.12.8.2q.html

UV /optical luminosity) obey a log-normal distribution with
a mean observed value of ~ 0.39 and a dispersion of ~ 0.2.
The study by |Lusso et al. (2013) estimated the covering
factor for a sample of X-ray selected type 1 AGN with an
even wider span of redshifts (0.10 < z < 3.75). They deter-
mined the covering factor of the optically-thin torus and this
was observed to be in the range from ~ 0.45 to ~ 0.75. In
comparison, the result from our sample is relatively low, es-
pecially since our sample is comprised only of Seyfert type 1
objects, so radiative transfer corrections, which reduce f.
due to the torus being optically-thick to its own radiation at
high inclination, should not be important (but see [Stalevski
et al.|[2016). At high luminosities, two other studies, Mor &
Trakhtenbrot| (2011)) and [Landt et al.| (2011, concentrated
on the hot (NIR-emitting) dust component and found even
lower hot dust covering factors of ~0.13 and ~0.07, respec-
tively.

In APPENDIX [D] we investigate the effect of varying
the template SEDs on the f. measurements. In particular,
we examined the impact of using two other IR SEDs for
type 1 AGN —(1) proposed by Mullaney et al| (2011)
based upon observations of local sources in which the AGN
dominates the IR portion of the SED over the host galaxy
contribution; and (2) a theoretical clumpy torus SED by
Honig & Kishimoto| (2010). While the resultant mean f,
value and the distribution of values from these template fits
do not dramatically differ from those obtained previously
when we used the SEDs from [Silva et al.| (2004)), we found
that both these sets of templates required an additional hot
dust component in the NIR regime, suggesting that they
are too restricted to account for the broadband features
in our observations. This finding is interesting, but further
investigation is beyond the scope of our present paper.
However, we note that similar hot dust components are
required in other quasar SED studies (e.g.|Mor et al.| (2009)).

4.3 f. in Sub-samples

From our main sample, we have constructed sub-samples of
three radio-loud objects and 12 NLS1 galaxies. The distri-
butions of covering factor for these sub-samples are shown

in Fig.

4.3.1 Radio-loud sources

A significant contribution from a jet may reduce the cover-
ing factor in radio-loud sources. One of these objects in our
sample, PG 1004+130 (No. 13), is a BAL quasar with a very
weak X-ray spectrum. J12b suggests that the origin of X-
rays in this source could be a sub-parsec-scale jet. However,
the covering factors of the three radio-loud objects (No. 13,
No. 14 & No. 45) in our sample are 0.33, 0.65 and 0.24,
respectively, indicating that the covering factors may not
be affected by the radio-loudness/quietness of the sources,
although we cannot draw general conclusions from such a
small sample of radio-loud sources.


https://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/issues/archive/issues.12.8.2q.html
https://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/issues/archive/issues.12.8.2q.html
https://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/issues/archive/issues.12.8.2q.html
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4.8.2 NLS1 galaxies

It is known that the NLS1s, in general, tend to have higher
values of Eddington ratio. Since there is an anti-correlation
between f. and Agqq we expect the 12 NLS1s in our sample
to have low values for f.. The covering factors of NLS1s in
our sample range from ~0.06 to ~0.38 with a mean value
around 0.23 and a dispersion of about 0.1. The Kolmogorov-
Smirnov test (K-S test) with a probability of ~75.5% reveals
that the distribution of f. in NLS1s does not differ signifi-
cantly from that of the overall sample. But we caution that
no strong statement can be made, based on such a small
sub-sample of NLS1s. We need further investigations to get
better constraints on this result.

4.4 Correlations obtained

J12b carried out a systematic study of the correlation be-
tween the different AGN parameters in this sample. We fol-
low J12b, but also include the new torus parameters, Liorus
and covering fraction f. and compute the correlations us-
ing the Spearman’s rank-order method (Press et al.|[1992).
The rank coefficient ps and probability ds (also known as
the p-value) for the Spearman’s correlation between differ-
ent parameters are listed in Table @ We recover most of
the correlations, obtained by J12b, between Lpoi, Agdd, 1’
and the hard X-ray bolometric correction k2—19 defined as
Lpoi/Lx—ray (Vasudevan & Fabian|[2007). Additionally, we
find a marginal correlation of f. with L, (ds=0.05) and a
stronger correlation between f. and Agaa (ds=0.002). But
fe shows no significant correlation with Lx _ray Or Ltorus, as
shown in Fig. [@

J12b suggest that the combination of Agqa and Mgpu
drives the correlations seen in the AGN parameters, with
AEdd changing the accretion flow geometry (resulting in the
correlations in I', Reor and fp1 which drive the correlation
with k2-10) while Mpu and Ardq together set the overall
luminosity and the peak temperature of the disc. As f. cor-
relates with Agqq and Lo < MBuAgaq then it is clear that
the correlations of f. with Agaa and Lpoi, shown in Fig. @
will also give rise to correlations of f. with the other AGN
parameters. However, the major statistical correlation with
the new torus parameters is that f. correlates with Agaq and
Lgo1. This is in accord with the physical expectations that
Aedd and Lpo1 are the two key parameters which determine
the properties of the accretion flow.

There is also a weak correlation between Lot and Mgy.
This is expected from the black hole mass and bulge lumi-
nosity (Lpuige) relation of Magorrian et al.| (1998). Since the
SED of a normal galaxy stellar population peaks in the H-
band, we calculated the corresponding luminosity for our
sample in terms of Lyost and the relative H-band flux from
Polletta et al.| (2007) SED templates. Here, we are not con-
sidering Mrk 0110 (No. 9) since Lyost is not well constrained
for this source. We find that the sources in which our SED
fits include a significant host galaxy contribution approxi-
mately follow the Magorrian relationship, though there is
significant scatter (~0.5 dex) between Mpu and Lpyige (see
Fig. . This shows that our host galaxy fitted components
are largely reasonable. Here, we note that among the 13
sources for which there is no significant host galaxy contribu-
tion, most of them are fitted by starburst galaxy templates

15 T T T T T T T T

10} .

Count

33 44 45 46 23 44 a5 46

) -1 ) 1
log 0 (LBol, €rgs ) log g (LX —ray; €TgS )
15 T T T T T T T T

10 4

Count

43 44 45 46 43 44 45 4‘6

-1 -1
log10(Litorus; €rgs™) 10g10(Lost; €rgs ™)
Figure 2. The distribution of Lp, (upper left), Lx_;ay
(2—10 keV) (upper right), Liorus (lower left) and Lyost (lower
right)

(e.g. No. 50, No. 16). These starburst templates peak in the
FIR and show a minimum around NIR wavelengths. Since
our SEDs do not cover the FIR wavelengths and the star-
bursts tend to be extended we may be underestimating their
FIR emission, and also their bulge luminosities. In these few
cases, we cannot rule out that we are then over-estimating
the torus contribution and hence also their f. values. When
excluding the 13 sources for which Lyest are not constrained,
neither the scatter (~ 0.17) nor the mean value (~ 0.33) for
the remaining 38 sources are changed significantly from the
covering factors of the overall sample. This indicates that
the uncertainties in Lypost do not strongly bias our overall
results.
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Figure 3. Histogram of covering factors for the sample of 51
type 1 AGN (thick black line) and the sub-samples of 12 NLS1s
(dashed blue line) and 3 radio-loud sources (thin red line).
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right), Lx _ray (lower left) and Ltorus (lower right).

5 DISCUSSION

The effect of the well-known receding torus model
predicts that f. decreases with increasing Lgo1. Whilst
our data marginally supports this prediction we find a
stronger anti-correlation between f. and Agaq. So it is
not clear which parameter (or both) is the fundamental
driver of the trends seen. This is made more complex as
fe = Ltorus/LBoh so there is an implicit bias where f. will
anti-correlate with Lgo.
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Figure 5. Plot showing the relationship between the bulge lumi-
nosity and the black hole mass. The circles are the data points and
the solid black line describes the Margorrian relationship
for our data. The open circles with lower arrow
denote the sources for which we have considered the upper limits
of Liost-
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Figure 7. Histogram of ps (upper panel) and ds (lower panel) of
Spearman’s correlation between f. and Lpg for the simulation.
The blue dashed line denotes p; of the original data (upper panel),
and ~36% of the realisations lie below this showing stronger anti-
correlation than the original sample.

In order to investigate this, we carried out a simulation
to predict the correlation between these parameters given
our sample. We generated 10000 realisations of random data
where pairs of Lo and Agqa are drawn from the data us-
ing bootstrap sampling with replacement and then assigned
a redshift from the sample, z, again with replacement. A
sample of 51 f. values is produced from a uniform distri-
bution within the range of 0.0 — 0.9, roughly corresponding
to the observational range. This allows us to calculate the
IR flux which would result from assuming a random dis-
tribution of covering fraction. We applied an effective IR
detection threshold to the simulations, similar to what is
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Figure 8. Histogram of ps (upper panel) and ds (lower panel)
of Spearman’s correlation between f. and Agqq for 10000 real-
isations. Here, only ~1% of the realisations show stronger anti-
correlation than the original data.

expected for the data. We use the standard 12 pm limiting
flux of 1 mJy for the WISE all-sky survey as our threshold
(Wright et al.|2010). If the simulated IR flux is more than
1 mJy and the corresponding IR luminosity is within the
range of the original data, the source is retained; otherwise,
it is discarded and new values of Lpol, Agad, 2 and f. are
drawn. We checked that this gives rise to realisations with
the same distribution of Liorus as found in the actual data.
There is a difference at the level of 0.02 according to the K-S
test, which is only marginally significant. Further tests car-
ried out with randomised log(f.), make the difference even
less significant. However, Fig. [f] shows that the distribution
of f. in the data is very different from the simulation, where
an assumed initial random distribution is modified by the
IR selection.

In each realisation, we calculate the Spearman’s corre-
lation between Lpo; and f.. The rank coefficient of the orig-
inal data was —0.27, very similar to the value of ps ~ —0.29
seen in the simulation, and ~36% of the realisations show
an anti-correlation stronger than that found in the actual
data (see Fig. . So, in our sample, there is no significant
anti-correlation between Lpo and f..

We repeat this procedure for Agga and fe, but here the
results are very different. The rank coefficient of ~ —0.43
seen in the data is very different to the rank coefficient of
the simulation, with only ~1% of the realisations showing
an anti-correlation stronger than that based on the original
data (see Fig. , so this is significant at close to 3o.

Thus f. in our sample is not significantly correlated
with Lpe1, but it is with Agaaq at ~99% significance. This in-
dicates that changes in the covering factor are driven more
by changes in the Eddington ratio, rather than by changes
in the bolometric luminosity. This adds to a growing body
of evidence that there are large-scale changes in the SED
with Agqa (Vasudevan & Fabian|2007} Vasudevan & Fabian
2009; [Lusso et al.|[2013, J12a, b). Therefore we find that the
most basic of the unification models in which it is proposed
that the observed AGN properties only depend on inclina-

tion are too simple, and there are changes in the shape of
the SED which depend on Agaa, as well as Mpu which sets
the overall luminosity scale. However, the anti-correlation
of the dust covering fraction with Agqq rather than Lpe in-
dicates a change in the larger scale geometry of the AGN
rather than just the expected response of the dust to in-
creasing illumination. Such a large-scale change may also
be required to produce the observed anti-correlation of the
forbidden series of the narrow emission lines with Agqq, as
Narrow Line Seyfert 1s and other high Agga AGN are known
to have weak [OIII] (e.g. [Boroson & Meyers|1992; |Done &
Jin||2016). Furthermore, [Leighly| (2004) speculate that this
is due to the very inner regions of the accretion flow be-
ing progressively shielded by a wind, with increasing Agdd-
Thereby even if there is copious dust present, the irradiated
fraction decreases as the ionising radiation becomes more
collimated, and hence the reprocessed fraction drops. [Fabian
et al.| (2008) have discussed the fact that efficient coupling
of dust to gas boosts the effect of radiation pressure feed-
back. The result is that absorbed AGN are mostly found at
low Eddington ratios. Here, we are seeing a decrease of the
(illuminated) dust fraction in type 1 AGN. The effect could
be related to that noted by |[Fabian et al.| (2008) in absorbed
AGN, with the feedback in our sample occurring out of our
direct line of sight. Conversely, if the bulk of the MIR is
emitted by dust located in the polar directions, then this
result relates to the relative efficiency of illuminated dust
emission in the line of sight.

6 CONCLUSIONS

We present a detailed study of the dust covering factors
for an X-ray/optically selected sample of unobscured type 1
AGN in the local Universe using the data available from
XMM-Newton, SDSS, WISE, 2MASS, and UKIDSS. We
used the method of SED modelling analysis to determine
the covering factor of each source. Two important aspects
of this work are that we have broadband spectra to deter-
mine Lpo), and a self-consistent model to estimate the con-
tribution of the unobservable FUV region. We find a mean
covering factor of f. = 0.30, with 0.02 < f. < 0.88 and a
dispersion of the individual values of oy = 0.17. The distri-
bution shows a trend of anti-correlation with Agqq and Lpol,
but further analysis based on simulations shows that only
the trend with Agqq is significant at ~99%. This implies a
large-scale change in the geometry of the illuminated dust,
rather than simply to a response from increasing Lgcj. Divi-
sion into sub-samples of radio-loud AGN and NLS1, do not
reveal any significant differences in the distribution of cover-
ing factors from the whole sample. This argues against the
presence of a strong additional driving parameter for f. in
these sub-samples. However, the number of objects is small,
and further studies are needed.

Our study is based on 51 sources, for which we have
comprehensive multi-wavelength coverage. It would be valu-
able to extend this type of study to a larger sample of AGN,
with a wider range of redshifts to test the correlations we
find and the conclusions that we have drawn. It is relevant to
select sources with different combinations of black hole mass
and accretion rate since the behaviour of the accretion disc
spectrum depends on these parameters. Further extension
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Table 4. Spearman’s correlation between different parameters

Parameter 1  Parameter 2 Ds ds
AEdd MgH -0.17 0.24
AEdd Lyol 0.61  1.64x10796
AEdd Lx_ray 0.28 0.04
AEdd Liorus 0.439 0.001
AEdd K2—10 0.54  4.49x10795
ABEdd Reor -0.47  5.41x10795
ABdd fpl -0.234 0.099
AEdd r 0.26 0.06
ABdd fe -0.428 0.002
Lgol Lx_ray 0.76 7.8x10711
LBol Ltorus 0.87 1.15% 10_16
LBol K2-10 0.34 0.02
LBol Rcor -0.368 0.008
Lpo fpl -0.08 0.56
Lgo r -0.08 0.57
Lpo fe -0.27 0.05
Mg Lol 0.61  2.16x10796
Mgn Lx_ray 0.69 1.71x10708
MBH Ltorus 0.65 2.66 x 10_07
MgH K2-10 -0.13 0.35
MBH Rcor 0.06 0.65
Mg fpl 0.11 0.46
Mgy r -0.383 0.005
Mgy fe 0.076 0.596

LXfray Ltorus 0.79 8.66x10~12
LX—ray K2-10 -0.29 0.04
LXfray Reor 0.05 0.71
LX—ray fp] 0.27 0.06
Lx —ray r -0.34 0.01
LX—ray fc 0.007 0.96
Ltorus K2—-10 0.16 0.26
Ltorus Rcor -0.234 0.098
Ltorus fpl 009 055
Ltorus r -0.14 0.33
Liorus fe 0.17 0.22

K2-10 Reor -0.65  2.31x10797

K2-10 fpl -0.52  7.89x10795
K2-10 r 0.434 0.001
K2-10 fe -0.378 0.007
Rcor fp] -0.07 0.61
Reor r -0.31 0.03
Rcor fe 0.32 0.02
Jp1 r -0.29 0.04
fp1 fe 0.3 0.03
r fe -0.18 0.21

of this study can be expected from AstroSat (Singh et al.
2014) which can obtain simultaneous observations in X-ray

and UV bands.
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APPENDIX A: IR SED TEMPLATES

Al agndust templates

The model agndust makes use of the templates from [Silva
et al.| (2004)) who derived the nuclear infrared spectral en-
ergy distributions for a sample of obscured and unobscured
Seyfert galaxies. They divided the observed IR SEDs into
intervals of intrinsic absorbing column density Ng. In or-
der to exclude the objects with Ng > 10%° ¢cm™2 these
SEDs were already normalised by the unabsorbed hard
X—ray (2—10 keV band) flux. They obtained four different
SEDs averaged within bins of absorbing Ng. One among
these nuclear IR SEDs corresponds to Seyfert 1 objects
with Ng < 10?2 ¢cm~2 and the other three SEDs are
for Seyfert 2 galaxies with 10*2 < Ng < 10% em™2,
10* < Ng < 10** em™? and 10°* < Nu < 10 cm™>.
The agndust model can make use of the four SEDs for mod-
elling the IR data. In view of our sample selection, we make
use of only the Seyfert 1 template by excluding the part of
the SED at shorter wavelengths, plotted in blue in Fig.

A2 hostpol templates

The hostpol component uses the IR, SED templates from
SWIRE template library (Polletta et al.[|2007). The SWIRE
template library has 25 IR SED templates which cover the
wavelength range between 1000A and 1000pm. The library
consists of 3 ellipticals, 7 spirals, 6 starbursts, 7 AGN and
2 composite (starburst+AGN) templates. The AGN tem-
plates comprise 3 type 1 and 4 type 2 AGN SEDs. The 13
SWIRE templates we used for modelling the host galaxy IR
emission using hostpol model (See Table are plotted in

Fig.
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Figure A1l. The rest-frame Silva SED templates (Silva et al.
2004)) for Seyfert 1 and Seyfert 2 galaxies, normalised at 12 pm.
Seyfert 2 (22-23), Seyfert 2 (23-24) and Seyfert 2 (24-25) denote
SEDs with 1022 < Ny <1023 cm~2, 10?3 < Ny <10%* cm~—2
and 10%* < Ny <10%® cm™2, respectively. We isolate the in-
frared hump of the Seyfert 1 SED to concentrate on the dust
reprocessing component of the torus.
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Figure A2. The host galaxy SEDs from |Polletta et al.||2007]
(flux density normalised at 5500 A) for spirals (S0—Sd), ellipticals
(E2 & E5) and starburst galaxies. The starburst templates corre-
spond to the SEDs of NGC 6090 (60), NGC 6240 (62), M 82 (82),
Arp 220 (Ap), IRAS 22491-1808 (22), and IRAS 20551-4250 (20).

APPENDIX B: BROADBAND SED FITS
The broadband SED fits for the complete sample are shown

in Fig. BT}
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Table Al. hostpol model components and corresponding SED
templates of host galaxies used in our analysis (*starburst galax-

ies).
hostpol component SED template

host01 SO
host02 Sa
host03 Sb
host04 Sc
host05 Sd
host06 E2
host07 E5
host08 NGC 6090*
host09 NGC 6240*
host10 M 82*
host11 Arp 220*
host12 IRAS 22491-1808*

host13 IRAS 20551-4250*
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Figure B1. The broadband SED fitting plots for the 51 sources. We fit the absorbed SEDs to the observed data and the resultant best-fit
models are shown in dashed grey line. However, we are mainly concerned with the measurements of L., for which we illustrate the
intrinsic model (solid red) together with the deabsorption corrections applied to the data. The individual model components OPTXAGNF,
agndust and hostpol are plotted in dashed blue, solid green and solid yellow, respectively. Data from XMM-Newton EPIC, Optical
Monitor, SDSS, UKIDSS/2MASS, and WISE are respectively represented by black dots, circles, diamonds, triangles, and squares. X-ray
data have been rebinned for plotting purpose.
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APPENDIX C: NOTES ON INDIVIDUAL
SOURCES

C1 Discrepancies in SDSS data

The SDSS data points in the SEDs of the objects Mrk 0110
(No. 9), PG 0947+396 (No. 10), PG 1202+281 (No. 21),
LBQS 122841116 (No. 25), PG 12444026 (No. 30),
RBS 1201 (No. 32), PG 14154451 (No. 40), NGC 5683
(No. 42), PG 15124370 (No. 45) and PG 2233+134 (No. 50)
show some clear deviations from the broadband continuum
model. This may be attributed to the intrinsic variability of
the sources. Since the observations of SDSS and OM are not
simultaneous, there may be some discrepancy between the
two data sets. The SED of Mrk 0110 shows large offset in
the SDSS data points. J12a discussed this source and men-
tioned that it is an extreme example of this behaviour. In
order to check the influence of the discrepancy, we fit these
sources with the same model without using the SDSS data.
We observed that f. remain unchanged in 8 sources, and
in only two cases (PG 09474396 (No. 10) & PG 1202+281
(No. 21)), there is a drop by a factor of ~2.

C2 Sources with multiple hostpol templates

In the case of Mrk 0110 (No. 9) and PG 11154407 (No. 18),
the normalisations of all hostpol templates are nearly zero
and are equally fitted by multiple host galaxy templates.
For Mrk 0110, all the hostpol templates provide the same
fit-statistic and even the same spectral parameters. How-
ever, Mrk 0110 is identified as an Sa galaxy (Khorunzhev
et al.||2012)). Hence, in the main text, we mentioned the
SED of spiral galaxy type-a (host02) as the best-fit hostpol
model for this object. In the case of PG 11154407, more
than one hostpol template gave the same x? and slightly
different parameter values. However, the morphological type
of the source is unknown. In this case, we have adopted SO
template as the best-fit component.

C3 Super-Eddington sources

There are two sources in our sample, KUG 10314398
(No. 15) and PG 22334134 (No. 50), which have super-
Eddington accretion rates. Among these KUG 1031+398 has
the highest value of Agdq (~2.64) and lowest black hole mass,
whereas PG 22334134 has the highest value of bolometric
luminosity. In these sources, we attempt to fit the data by
fixing Agdq to 1 and letting Mpn be a free parameter. For
KUG 10314398 this resulted in an improvement in the fit
(Ax® = -58.5) for a change in Mpy from 1.7x10°Mg to
3.8x10° M. Here, the covering factor increased from 0.23
to 0.34. As discussed by |Jin et al.| (2016)) this may be a super-
Eddington source and the black hole mass obtained from the
SED-fitting may not be correct. In such sources, the super-
Eddington flow may not be well fit by a model that con-
serves energy. In the case of PG 22334134, Mpu remained
unchanged while x2(/dof) increased from 893.6(/173) to
2641.2(/173). In this case also, f. shows an increase from
0.11 to 0.22. Although the inclination effects are not taken
into account, it seems likely that this AGN is indeed a super-
Eddington source. It is perhaps surprising that we are able to
fit it as a super-Eddington source since such high Eddington

sources probably power strong winds. So energy conserva-
tion is not appropriate due to loss of radiative power to the
wind.

APPENDIX D: OTHER TORUS TEMPLATES

Mullaney et al. (2011)) (hereafter M11) have constructed a
range of intrinsic MIR to FIR (6-100 um) SEDs of a sample
of X-ray selected local AGN with moderate luminosities. We
have fitted our sample with M11 SED by extending it down
to about 0.6 pm to match the range of our agndust (Silva
et al.|[2004) template for Seyfert 1. The covering factors ob-
tained with this template have a very similar range, mean
and scatter as that for agndust. Although the SED fits and
spectral parameters are comparable to that of agndust, for
most of the sources the fit resulted in comparatively poor
x2. This is probably due to fact that the extended M11 SED
is narrow and so fails to cover the peak in emission around
the NIR region.

We have also attempted fitting the data with Clumpy
SED for type 1 AGN (Honig & Kishimoto|2010) with incli-
nation 30 degrees, by modifying the template to match the
wavelength range of agndust. But again we note that the
template is narrow compared to agndust SED, and peaks
around 10pum. Also, the torus luminosity for this compo-
nent over 1—1000 pm is a factor of ~1.3 lower than that
for agndust SED. The fits provide poor statistic for ~70%
of the sources in the sample and a lower range of covering
factors ~ 0.01 — 0.5 with a mean around 0.18.

The data appear to require an extra hot dust component
in the NIR, not covered by the above templates. We tested
this for UM 269 (No. 1) by adding a black body component
(XSPEC model bbody) with temperature ~1000—1500 K.
For this source, a black body with ~1000 K temperature in
the NIR region, in addition to the Clumpy SED provided a
better x? and resulted in a similar covering factor (~0.31) as
we obtained when using agndust. Hence the overall results
are consistent with those obtained before.

The histograms of covering factors obtained for agndust,
extended M11 and Clumpy SEDs are shown in Fig.

APPENDIX E: ANALYSIS WITH 2MASS DATA

As mentioned in Section [2.1| we opted to use NIR data from
UKIDSS instead of 2MASS because of the smaller aper-
ture size of the UKIDSS camera (2" diameter for UKIDSS &
4"radius for 2MASS), which therefore reduces the contribu-
tion from the host galaxy. Also, three sources in our sample
lack 2MASS data and in those cases we require UKIDSS
data. However, for comparison, we have analysed the entire
sample by fitting the broadband SED with 2MASS data (if
available) for the NIR band. We find that the distribution of
covering factors is similar to that obtained when using the
UKIDSS data. Both distributions of f. have the same mean
and standard deviation. The histograms of f. are shown in
Figure We have also checked the correlation of f. with
Lo and Agaq obtained for 2MASS data. The trend of f. be-
tween these parameters is essentially the same as we found
when using the UKIDSS data.
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