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ABSTRACT

We review critically the evidence concerning the fraction of Active Galactic Nuclei (AGN)
which appear as Type 2 AGN, carefully distinguishing strict Type 2 AGN from both more lightly
reddened Type 1 AGN, and from low excitation narrow line AGN, which may represent a different
mode of activity. Low excitation AGN occur predominantly at low luminosities; after removing
these, true Type 2 AGN represent 58+5% of all AGN, and lightly reddened Type 1 AGN a further
~ 15%. Radio, IR, and volume-limited samples all agree in showing no change of Type 2 fraction
with luminosity. X-ray samples do show a change with luminosity; we discuss possible reasons
for this discrepancy. We test a very simple picture which produces this Type 2 fraction with
minimal assumptions. In this picture, infall from large scales occurs in random directions, but
must eventually align with the inner accretion flow, producing a severely warped disk on parsec
scales. If the re-alignment is dominated by tilt, with minimal twist, a wide range of covering
factors is predicted in individual objects, but with an expected mean fraction of Type 2 AGN
of exactly 50%. This “tilted disc” picture predicts reasonable alignment of observed nuclear
structures on average, but with distinct misalignments in individual cases. Initial case studies of
the few well resolved objects show that such misalignments are indeed present.

Subject headings: galaxies:active — galaxies:nuclei — quasars: general — accretion, accretion disks

1. Introduction 1995). In this picture, Type 2 AGN are those seen

sideways through the obscuring torus, so that one

The standard Unified Scheme for Active Galac-
tic Nuclei (AGN) includes a central continuum
source; a region somewhat further out emitting
broad emission lines ; a dusty rotating “torus”
on parsec scales; and gas emitting narrow emis-
sion lines on a scale of tens to hundreds of parsecs,
ionised through the open cone defined by the torus
edge (Lawrence & Elvig[1982; |Antonucci & Miller

1985; Krolik & Begelman|1986,/1988;|Urry & Padovani
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sees only the narrow lines and the IR emission
produced by reprocessing of the continuum source
by the torus. The torus needs to be geometrically
thick (H/R ~ 1). The shape and amplitude of the
X-ray background (e.g. |Gilli et all (2007)), and
the observed narrowness of emission line cones, ap-
pear to require that obscured (Type 2) AGN sub-
stantially outnumber unobscured (Type 1) AGN,
by a factor ~ 4, so that the torus must subtend
an angle of 65° seen from the central source (e.g.
Risaliti et all (1999)).

There is little doubt about the essence of the
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Unified Scheme concept - that most Type 2 AGN
are the result of obscuration of the inner nu-
cleus by some kind of flattened geometrically thick
structure (Lawrence & Elvig|1982). Tt is less clear
that the specific rotating molecular torus model
is correct. As recognised by [Krolik & Begelman
(1988), it is extremely difficult to maintain a
cold rotating structure in a geometrically thick
state, even if made of discrete clouds, or puffed
up by radiation pressure (Krolik [2007). Three
alternative ways have been suggested to form
geometrically thick obscuring structures. (i) A
starburst disk in the host galaxy, kept turbu-
lent and thick by supernova heating (Fabian et al.
1998; [Wada & Norman [2002; [Thompson et al.
2005; Ballantyne [2008). (ii) Dust bearing outflow-
ing winds (Elvis et all 2002; [Elitzur & Shlosman
2006); see also Fig. 8 of Risaliti et all (2002). (iii)
Warped disks (Phinney [1989; [Sanders et all[1989;
Greenhill et al! 2003; [Nayakshin 2005; [Lawrence
2007).

In this paper we examine some specific pre-
dictions of the warped disk idea, common to
all such models, regardless of their physical
cause, under the simplifying assumption of mis-
aligned fuelling from completely random direc-
tions (Volonteri et al/[2007). We begin by looking
critically at the issue of how many obscured AGN
there really are (section ). Next we review what
we know about parsec scale structures and gas flow
in AGN (section B]). We then test the predictions
of the simplest misaligned disc models (section Hl),
and finally discuss the general implications of a
misaligned disc interpretation (section [l).

2. The Type 2 fraction, f>

Many authors use the terminology “Type 2
AGN” to mean any AGN showing signs of obscu-
ration. In this paper we use the standard optical
definition of a Type 2 AGN - that no broad emis-
sion lines or strong blue continuum are seen, while
the narrow (~300-1000 km s~! FWHM) lines are
prominent. However, where possible we also track
the numbers of lightly reddened broad-line AGN,
which show weak broad Ha (see discussion below).
These can then be grouped with Type 2 or Type 1
AGN according to what hypothesis one wishes to
test. Assessing what is and is not a Type 2 AGN
can be difficult, for several reasons.

(i) Low quality spectra can result in weak broad
lines being missed.

(ii) Work reporting X-ray surveys often takes
the existence of X-ray absorption as the definition
of an “obscured” AGN, but in fact X-ray absorp-
tion can occur in the absence of optical extinc-
tion. Conversely, objects with very heavy opti-
cal extinction, such that the corresponding X-ray
column is Ny >10%*cm~2 (so called “Compton
Thick” objects) may not be visible in X-ray sur-
veys at all. The generic term “obscuration” can
hide some important distinctions; optical and X-
ray classifications seem to disagree in around 20%
of cases (Tozzi et al![2006).

(iil) Modest reddening (i.e. Ay ~1-3) can re-
move broad lines in the blue, resulting in what
is often referred to in the literature as objects of
Type 1.8 or 1.9 (Osterbrock & Koskil1976). These
are “obscured” AGN, but they are not Type 2
AGN, and typically have X-ray columns Ny ~10%2
cm ™2, a hundred times smaller than true Type 2
AGN. To keep this distinction as clear as possi-
ble we refer to them below as “reddened Type
1s” or Type 1R, and track their numbers sepa-
rately where these are reported. (The same ter-
minology has been used recently by [Lacy et al
(2007).) The separation between Type 1R and
Type 2 corresponds to approximately Ay ~5, be-
yond which broad lines are extremely hard to de-
tect in the optical; however this classification is es-
pecially sensitive to data quality, and to redshift.
There may simply be a distribution of extinction
values, but it has been argued that there are two
physically distinct “heavy” and “light” obscuring
regions, with the latter related to the host galaxy,
and the former to the postulated nuclear “torus”
(see Maiolino & Rieke (1995) and discussion be-
low).

(iv) The nature of LINERs which appear in
many samples is still unclear. [Hopkins et al.
(2009) have recently made the case that at low
luminosities in particular, the number of obscured
AGN may have been substantially over-estimated,
both because of data quality, and because of the
prevalence of LINERs.

Given these problems, it is particularly impor-
tant to concentrate on statistics from reliable sam-
ples, and those that have minimum possible or well
understood extinction bias. Table 1 summarises
statistics from the various samples discussed be-



low. Where authors report the number of Type 1R
objects, we tabulate this; otherwise they are as-
sumed to be included in the quoted number of
Type 1 objects. However, some objects classified
as Type 2 may eventually turn out to be Type 1R.
We also tabulate, where known, the number of
low-excitation AGN as distinct from classical high-
excitation Type 2 AGN. (Table 1 refers to these

s “Type L”). This fraction has an even higher
degree of uncertainty.

2.1. Radio selected AGN

In principle, selection of AGN by low-frequency
radio emission is a safe method, being indepen-
dent of both nuclear obscuration and beaming.
(Of course this method only selects a subset of all
AGN, those that are radio-loud.) (1991))
showed that f; apparently changes systematically
with radio luminosity in the 3CR sample, from
f2 ~ 0.5 at L178=1029 W HZ_l, to f2 >0.9 at
Li75=10%® W Hz~!. However, several authors,
while confirming the luminosity effect in other
low-frequency radio samples, have pointed out
that most of the non-quasar low-luminosity ra-
dio galaxies do not look like classical Type 2
AGN at all; they have low-excitation, and usu-
ally very weak, emission lines (Laing et all 1994;
Willott et al! [2000; IGrimes et all 2004). A num-
ber of authors, using 3C, 6C, and 7C samples, have
argued that such objects are not obscured Type 1
AGN at all, and represent a different mode of
nuclear activity. They have optical cores domi-
nated by synchrotron emission, no sign of a mid-
IR excess, and negligible nuclear X-ray emission,
suggesting that there is no torus-like structure to
extinguish the optical core, to reprocess hidden
power, or to scatter hidden power into the line of
sight (Chiaberge et all 1999: Willott et all 2000;
Whysong & Antonucci 2004; Ogle et all 12006,
Hardcastle et al! 2006, 2009; Dicken et all2009).

In Table 1, we report statistics from the stud-
ies of Willott. et all (2000) (ref 1) and [Qgle et all
(2006) (ref 2), as these authors explicitly correct
for likely Type L objects. They are consistent in
showing fa ~0.6. The Type L objects are nearly
all at low radio power; Willott et al! (2000) report
that after removing them there is no evidence for
a luminosity dependence of fs.

However, these studies did not explicitly report
numbers of Type 1R objects. We know that this is

significant issue; a careful study of 8 Narrow Line
Radio Galaxies at Paschen a by (1996)
converted 3 of these to reddened Broad Line Ra-
dio Galaxies, and several other Such objects are

known (Carleton et all [1984;
1992; [Economou et al! 1995). Most objects in
faint radio samples are at moderately high red-
shift so the available spectra are in the rest-frame
blue; it is likely therefore that the value of fo ~ 0.6
is a significant overestimate.

2.2. Mid-infrared selected AGN

A second reliable selection method is the mid-
IR (520 pm), where the obscuring material re-
radiates its absorbed energy, where stellar con-
tamination is minimal, and where emission by
the cooler dust surrounding star forming regions
is also relatively weak. Mid-IR emission should
be close to being orientation independent, al-
though there are some signs that the emitting
region may be slightly optically thick at 12um

(Buchanan et all 2006). Table 1 shows num-

bers from three samples - a spectroscopic study

of Spitzer 24um sources (Lacy et all , ref
3); the revised TRAS 12pm sample
), ref 4) ; and the 60pum IRAS “warm” sam-

ple (de Grijp et all (1992), ref 5). Overall, they
show fy ~0.5-0.6. The Rush et all (1993) sample
classifies many objects as LINERs, which as with
the radio samples above, dominate at low lumi-
nosities. Removing these, there is no sign of a
luminosity dependence of fy (see discussion in sec-

tion 26). [Lacy et al! (2007) provide the number

of Type 1R objects, which is 16% of their sample.

2.3. Nearby galaxy spectroscopic samples

A third reliable method is from complete spec-
troscopic surveys of nearby galaxies, which are
volume limited down to quite small galaxy lumi-
nosities. In Table 1 we show results from two
studies; that of Maiolino & Riekd (1993) (ref 6),
who examined spectral types for AGN for a sam-
ple constructed from the Revised Shapley Ames
(RSA) catalogue; and the comprehensive Palomar

spectroscopic study of nearby galaxies by

(@) (HFS, ref 7). Maiolino & Riekd (1995) ex-
clude LINERs, but do provide a Type 1R num-
ber, which is large, at 20% of the sample. This
sample provides an interesting lesson in how one




TABLE 1

AGN TYPE STATISTICS

Sample Waveband Ref  Total Type-L*  Type-1»  Type-1R Type-2
fr fir fo

3C/6C/7C  radio 1) 323 107 86 130
0.33+0.04 0.6+ 0.07

3CRR radio/Mid-IR ~ (2) 42 17 11 14
0.4+0.12 0.56+0.19

Spitzer Mid-IR (3) 7 7 36 11 34
0.09+0.03 0.16+£ 0.05  0.4940.1

IRAS-12um  Mid-IR 4) 145 29 53 63
0.2+0.04 0.5440.08

IRAS-warm  Mid/Far-IR ~ (5) 226 5 80 141
0.02+0.01 0.64+0.07

RSA optical (6) 84 37 17 47
0.2+0.05  0.56£0.1

Palomar-V1°¢ optical (7) 218 167 21 30
0.77+0.08 0.59+0.14

Palomar-V24 218 122 66 30
0.56+0.06 0.31£0.07

Swift/BAT  Hard X-ray (8) 246 8 152 21 86
0.03+ 0.01 0.09+£ 0.02 0.3640.03

Swift/BAT 332 8 152 21 172
corrected® 0.02+ 0.01 0.06£0.02  0.53£0.03

a“Type L” is intended to refer to low excitation objects, but note that different authors define this class

differently — by weak OIII emission, by LINER-like spectrum, or by weak MIR emission.

PThe number of Type 1 objects includes any Type 1R objects.

“Version-1 of the statistics from the Palomar sample places all LINERs in the Type L bin.
dVersion-2 places LINER-1s with the Type 1 AGN, and LINER-2s in the Type L bin.

°The number of Type 2 objects has been approximately corrected using the prescription of Risaliti et al

1999, that 50% of all Type 2 AGN are Compton thick.

References. — (1) Willott et al. (2000); (2) Ogle et al. (2006); (3) Lacy et al. (2007); (4) Rush et al.
(1993); (5) De Grijp et al. (1992); (6) Maiolino and Rieke (1995); (7) Ho, Filippenko and Sargent (1997);

(8) Tueller et al. (2009).



must be careful with terminology. The value de-
rived from the [Maiolino & Riekd (1995) sample,
fo=0.56+0.1, is consistent with Type 2 and Type 1
AGN occuring in equal numbers; but the sum of
Type 2 and Type 1R AGN is 76% of the sample,
suggesting that “obscured” AGN outnumber “un-
obscured” AGN by 3 to 1. Fairly small-seeming
differences can lead to quite different conclusions.

The numbers from HF'S illustrate another prob-
lem vividly. The HFS sample includes 157 objects
classified as “LINER”, but many of these have
broad lines, and so are classified “LINER-17. Of
the “LINER-2”s, some may be obscured LINER-
1s, and some may not. If we exclude all objects
with a LINER classification completely (Palomar
V1 in Table 1) then we get f2=0.59, closely similar
to other samples; if we include the LINER-1s as
Type 1 (Palomar V2), then we get f=0.31; this
is obviously an underestimate, but we don’t know
how many of the LINER-2s to include. Perhaps
the safest conclusion is to stay safely clear of the
very lowest luminosity objects.

2.4. SDSS AGN

Several recent papers have considered the rel-
ative luminosity distributions of Type 1 and 2
AGN based on samples selected from the SDSS
survey, but they have produced inconsistent re-
sults in the derived behaviour versus the lu-
minosity in the [OIII] 5007 line. At low lu-
minosities, L(OII)~10%3734W  |Simpson (2005)
finds fo ~ 0.8, but [Hao et all (2005) and Net-
zer (2009) find f» ~ 0.5. At high luminosi-
ties, L(OII)~10%—3W [Simpson (2005) finds
fo ~ 0.4, Hao et all (2005) finds fo ~ 0.25,
Reyes et all (2008) find f2 >0.6, and Netzer (2009)
finds fo ~ 0.5. (Note that the luminosity range
in the figures of [Hao et all (2005) differs from the
other authors by a factor of 100, which we assume
is an error. For Netzer (2009) we have estimated
f2 using the histograms shown in Fig 1 of that
paper). Netzer (2009) stresses that there are diffi-
cult selection effects in using these data, especially
at the low luminosity end; this is likely to be the
origin of these discrepancies. A re-analysis of the
SDSS data is underway to address these issues
(Kewley et al. in preparation).

2.5. Hard X-ray selected AGN

X-ray selected samples are not a reliable way
to measure fo, because of the bias produced by
X-ray absorption. (The referee has asked us to
stress that this should be considered the opin-
ion of the authors.) However it is important
to consider them, not least because of persistent
findings that X-ray obscuration varies with lumi-
nosity (Lawrence & Elvid 1982; [Ueda et all 2003;
Hasinger 2008) - see section For broad-band
flux limited surveys in soft or medium energy X-
rays (e.g. 0.5 -2 keV or 2 — 10 keV), with sources
showing a wide range in Ny and redshift, it is hard
to correct for the effects of X-ray absorption. (This
is for example clearly explained in |[Dwelly & Page
(2006) : see their Fig. 15). Samples selected in
hard X-rays (>10keV; eg [Sazonov et all (2007);
Ajello et all (2008); [Tueller et all (2008)) are
much better, because these should only be miss-
ing so called “Compton-thick” objects (i.e. those
with Ny >2x10%*cm~2). How many such objects
appear in flux limited samples depends not just
on the X-ray column density but also on what
fraction of the central luminosity is scattered back
into the line of sight. Judging by the variation in
Lx/Lorir, the scattered fraction varies by an or-
der of magnitude (Bassani et all[1999), and there
are examples of so called “buried” objects where
the scattered fraction appears to be much less
than 1% (Bassani et al. [1999; [Ueda. et al! [2007;
Sazonov et all [2008). [Risaliti et all (1999) quan-
tified the “missing objects” problem by examin-
ing X-ray spectra of a sample of optically selected
AGN, finding that 50% of all such optically defined
Type 2 AGN are Compton thick. |Sazonov et all
(2007), from spectra of hard X-ray sources found
with INTEGRAL, find a somewhat lower number
of thick sources - 10-15% of all non-blazar AGN,
i.e. perhaps a quarter of Type 2 AGN. How-
ever, their starting sample was hard X-ray based,
so we do not know how many objects with very
low scattered fractions will have failed to make
it at all into the INTEGRAL catalogue. The
Risaliti et all (1999) result is therefore probably
the best indication we have of how to correct for
missing Compton thick objects.

Table 1 shows the results from the updated
SWIFT/BAT hard X-ray catalogue (Tueller et al
(2008); ref 8), who provide Type 1R as well as
Type 1 and Type 2 numbers. To these num-



bers we apply the Risaliti et al. correction factor
for likely missing Compton-thick objects (an ex-
tra Compton-thick object for every Compton-thin
Type 2 AGN), giving an estimate of f5=0.53. This
value is uncertain both because of the Compton-
thick correction, and because of possible variation
with luminosity - see section

2.6. Luminosity dependence of f;

It is important to know whether fo varies with
luminosity or not. As noted in the subsections
above, a luminosity effect in radio samples orig-
inally claimed by [Lawrencd (1991) was shown to
be caused by the appearance at low luminosities
of weak-lined low-excitation objects, which likely
are not obscured Type 1 AGN, and that the true
Type 2 fraction does not change with luminosity
(Willott et all[2000). Likewise, when LINERs are
discounted, the Rush et al 1993 IRAS MIR sam-
ple shows Type 1 and Type 2 luminosity func-
tions which are closely matched throughout their
luminosity range. Samples at very low luminosity
(eg the Palomar sample of [Ho et all (1997)) and
at very high luminosity (eg the MIR/radio sam-
ple of [Ogle et all (2006)) agree in showing Type 1
and Type 2 AGN in approximately equal numbers.
The situation is summarised in the lower panel
of Fig. 1, where results from various surveys are
superimposed on a common bolometric luminos-
ity scale, estimated using the mean quasar spec-
tral energy distribution from [Elvis et all (1994).
(This bolometric comparison is only approximate,
but for comparisons over 5 decades will be ade-
quate). From the radio, IR, and volume limited
samples there is no evidence of variation in fs over
5 decades in luminosity.

The situation is strikingly different for X-
ray samples. There are long standing claims
that the prevalence of X-ray absorbed objects
and/or Type 2 AGN changes with X-ray lu-
minosity (Lawrence & Elvid [1982; [Ueda et al.
2003; [Hasinger 2008), but there have also been
claims that this effect is in fact not present
(Dwelly & Pagd 12006; [Eckart et all[2006). In the
upper panel of Fig. 1 we compare the results from
the hard X-ray sample ofTueller et al! (2008) with
the result produced by [Hasinger (2008) from a
compilation of medium energy X-ray surveys. Af-
ter making the correction for missing Compton-
thick objects described in the previous section,

they agree very well, and disagree clearly with
the behaviour shown by MIR and volume lim-
ited samples. |Gilli et all (2007) show that such
a variation of obscured fraction with X-ray lu-
minosity produces an excellent fit to the X-ray
background and X-ray number counts, strongly
suggesting that this is a real effect, not simply a
problem with current studies. In principle, the
X-ray background can also constrain the number
of Compton-thick objects, but the discussion in
Gilli et all (2007) shows that this constraint is a
very weak one, depending sensitively on the as-
sumed scattered fraction.

However, objects known to be Compton thick
are not completely absent from the Tueller et
al sample - for example NGC 1068 is present.
Wang & Jiang (2006) have argued that after re-
moving known or suspected Compton-thick ob-
jects, the correlation of obscuration with luminos-
ity is much less significant. It is striking that NGC
1068 is present with an apparent luminosity two
orders of magnitude less than its likely true lumi-
nosity, usually assumed to be due to a small frac-
tion of the nuclear light scattering back into the
line of sight. We note that [Winter et all (2009)
find that half the objects in the Swift/BAT sam-
ple require a complex spectral fit, for example par-
tial covering. This raises the interesting possibil-
ity that many observed objects are partly covered
with Compton thick material, and partly covered
by material of intermediate thickness; such objects
would be seen as apparently “Compton thin” but
with a suppressed X-ray luminosity. This would
produce an artifical correlation of obscured frac-
tion with X-ray luminosity, and so could poten-
tially produce the discrepancy observed in Fig.
1. Whether this produces a quantitatively correct
explanation will be explored in a separate paper
(Mayo et al. in preparation.)

Another possibility for explaining the discrep-
ancy in Fig. 1 is an effect due to evolution mas-
querading as a luminosity effect. In X-ray sam-
ples, the question of the evolution of the ob-
served obscured fraction has been controversial,
but the conclusion seems to be a moderate ob-
served change of the order (1 + 2)%4 (see discus-
sion and analysis in [Hasingen (2008)). In the ra-
dio, Willott et al! (2000) find no significant evolu-
tion in the ratio of narrow-line to broad-line ob-
jects, but a mild evolution of the kind possibly



seen in X-rays is hard to rule out. What about
the IR ? In the lower pane of Fig. 1, most of the
high luminosity points are from the TRAS sam-
ple of lde Grijp et all (1992), with very few ob-
jects at z >0.1, and some from the Spitzer sample
of [Lacy et all (2007), with a median redshift of
z = 0.6, suggesting at most a 20% effect due to
evolution of the strength possibly seen in X-ray
samples. This does not then seem to the expla-
nation of the discrepancy seen in Fig. 1; however
it would be highly desirable to undertake a fuller
study of the luminosity and redshift effects in MIR
selected samples.

Another possible method of constraining the
covering factor, at least in Type 1 AGN, is by
asking what fraction of the bolometric luminos-
ity emerges in the IR. The SED compilations
of [Elvis et all (1994) and [Sanders et all (1989)
show that this is typically 30%, but with a large
source-to-source variation. More recent studies
of Type 1 AGN with Spitzer show that the ra-
tio of mid-IR to optical luminosities is larger for
lower luminosity AGN, and this has been inter-
preted as implying that the torus covering factor
decreases from ~ 90% at Lyo ~10%3 erg s—! ~
to ~ 20% at Ly, ~10%7 erg s—! (Maiolino et al.
2007; [Treister et all 2008; [Hatziminaoglou et al.
2009). However the derivation of covering fac-
tors from L;gr is highly model dependent, and
there are likely selection effects such as starburst
components being more dominant at low powers,
and Type 1R AGN having artificially low appar-
ent optical luminosities. The latest such study
(Mor et al! [2009) fits more detailed models to IR
SEDs, including a clumpy torus and a starburst
component. They find a mean torus covering fac-
tor of 0.27, and at best marginal evidence for an
anti-correlation with luminosity.

There are some interesting and important ef-
fects which need further study, but IR, radio, and
volume limited samples must be the most reliable.
It therefore seems likely that the true value of
f2 does not change with luminosity, with as yet
poorly understood selection effects causing an ap-
parent trend in other studies.

2.7. Conclusions on Type 2 fraction

Table 1 summarises the results on f2 for dif-
ferent samples, and Fig. 1 shows the evidence on
luminosity variation on fs. As discussed in section
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Fig. 1.— Behaviour of fo with estimated bolomet-
ric luminosity. Upper pane, open symbols - data
from Tueller et al 2009; crosses - Hasinger 2008.
Lower pane, filled circles - De Grijp et al 1992;
open circles - Rush et al 1993; open squares - Lacy
et al 2007; filled triangles - Ogle et al 2006; dashed
line - Ho et al 1997. Error bars are 68% confidence
except for the lower limit at high X-ray luminosi-
ties, which shows a 90% confidence interval.

2.6l the X-ray data show a luminosity dependence,
but other selection methods do not, so it is rea-
sonable to compare the non-X-ray samples. They
are statistically consistent with a median value of
f2=0.56, a weighted mean value of fo=0.58+0.03,
and a dispersion of ~0.05. (Given the likely re-
maining systematic errors, the latter is a better
indication of the uncertainty.) By contrast, the
number of Type L objects varies widely between
samples, depending on both the selection method
and the luminosity range covered by a sample.
The fraction of Type 1R objects is poorly known,
but is approximately 0.154+0.05. All in all, a rea-
sonable statement on current evidence is that out
of every 100 AGN, 30 are relatively unobscured, 15



are lightly obscured, and 55 are heavily obscured.

There may be a continuous distribution of de-
grees of obscuration. Alternatively there may
be physically distinct light and heavy obscuring
agents. If these agents are independent and occur
randomly, then the number of lightly obscured ob-
jects may be twice as many as indicated above, as
heavily obscured AGN may have additional light
obscuration which goes unnoticed. In this case
out of every 100 AGN, 30 AGN are unobscured,
55 are seen through a heavy obscurer, and 33
are seen through a light obscurer, including 18
out of the 55 heavily obscured AGN. For exam-
ple, Maiolino & Rieke (1995) noted that moder-
ate obscuration, unlike heavy obscuration, corre-
lates with host galaxy inclination, suggesting that
there are two separate obscurers, one nuclear and
one host-related. (This effect can also be seen in
more recent faint X-ray samples, e.g. [Brand et al.
(2007). In this picture, we would interpret the
AGN Type statistics as indicating that the nuclear
obscurer has a covering factor of ~ 55%, and the
host-related obscurer a covering factor of ~ 33%.

In the remainder of this paper, we consider only
the heavy obscurer, which is almost certainly nu-
clear, and has a covering factor of just over 50%.

3. Nuclear structures and gas flow

In sectiond we look at predictions from a simple
model of the obscuring region. In this section we
examine evidence on the nature of the obscuring
region in AGN, in order to constrain the ingredi-
ents of such a model.

3.1. Location and size of obscurer

What do we know about the material consti-
tuting the geometrically thick obscurer 7 We can
estimate its distance if we assume that the dust
observed radiating is part of the same structure
responsible for the extinction - a good assump-
tion, but not a certain one. The IR SED typ-
ically peaks around 10-20pm (Elvis et all [1994)
implying a characteristic radiating temperature of
~ 200K . A minimum size is that of the blackbody
producing this radiation, with Rpp ~ 3 L1/ ,,
T2_020 pc where Lyg_44 is the infrared luminosity
in units of 10* erg s~!. A maximum size is set by
the distance at which an inefficient greybody dust
grain is in equilibrium at T=200K when exposed

to the full unattenuated heating power : Req=37
Liéz Tom® pe (Barvainis [1987).

Realistically the size is likely to be in between
these two, set by model dependent radiative trans-
fer effects, i.e. self-shielding. Model fits indicate
that optical depths around 7 ~3 are appropri-
ate (Barvainis [1987), so that the dust is at ~1.8

Liéz Tom® pe. However, reverberation measure-
ments in Seyfert galaxies at 2um show delays on
timescales of 10-100 days implying far smaller
sizes (Suganuma et al) [2006), which must there-
fore relate to much hotter dust. At an assumed
sublimation temperature of T' ~ 1500K, R¢;=0.13
L}lf pc, equivalent to light travel time t=155 L}lf
days. This is just consistent with the observed de-
lays, but inconsistent with the SED peak. AGN
therefore contain dust at a wide range of temper-
atures, covering distances ranging from 0.1 pc to
10pc (at a fiducial luminosity of 10%* erg s=1).
However, hot dust far outshines cool dust per unit
area, at all wavelengths; for the SED to peak at
10-20um, the bulk of the radiating area must be
at ~ 1 pc. This dominance of the ~ pc scale dust
could be produced by geometric or self shielding
effects, or both. If the luminosity is produced by
accretion onto a black hole radiating at fraction e
of its Eddington luminosity, then we can express
this characteristic size scale as

R/Rs ~ 1.5 x 10%~7/3(¢/0.1) L, *T52® (1)

where Rg is the Schwarzschild radius, € is taken
to be 0.1, and the dust optical depth is taken to
be 7=3.

Current mid-infrared interferometric measure-
ments, with ~10mas resolution, can just resolve
such scales in the very nearest AGN, and con-
firm parsec size scales directly in NGC 1068 and
Circinus (Jaffe et all 12004; [Tristram et all [2007;
Raban et all 2009). Cold gas is also detected
via maser emission, and in a handful of cases
has been beautifully resolved by VLBI measure-
ments - in NGC 1068 (Greenhill & Gwinn [1997;
Gallimore et all2004), in NGC 4258 (Greenhill et al.
1995; Miyoshi et all [1995; [Herrnstein et all [2005;

Humphreys et alll2008), and in Circinus (Greenhill et al

2003). These observations are consistent with
thin Keplerian disks at variously convincing lev-
els, from NGC4258 (convincing) to NGC1068
(possible). The discs are warped but not very



strongly so; we need to be careful of the selection
effects that make masers visible. Some discus-
sions (e.g. that in [Raban et all (2009)) assume
that the masers are showing the outer edge of the
accretion disc, with the puffed-up “torus” lying
just outside this, but those working on the maser
observations themselves have suggested that the
observed warped disc itself produces the obscura-

tion (Greenhill et alll2003; Herrnstein et all(2005;
[Fruscione et al! 12005). NGC 1068 also shows
a cold warped disk structure in CO emission
(Schinnerer et alll2000) but this is on considerably
larger scales, 50-100 pc. Finally, an intriguing new
observation of molecular Hy in NGC 1068 has been
made by [Sanchez et all (IZDD_Q) using Adaptive Op-
tics and IR integral field spectroscopy, on a scale
of 10pc. This shows neither a disk-like structure,
nor a “torus”, but two linear streamers apparently
pointing to and moving towards the nucleus.

3.2. Orientation of obscurer

What do we know about the orientation of the
cold gas with respect to the accretion disk and
black hole spin axis 7 In NGC 1068, NGC 4258,
and Circinus, the parsec scale maser and MIR
material are oriented at least roughly perpen-

dicularly to the radio axis (Greenhill et all 2003,
Herrnstein et alll2005; Raban et alll2009). On the
other hand, the radio axis seems to be randomly
oriented with respect to the host galaxy in Seyfert

|%}(les Ulvestad & Wilson |l.%_4l;

). The situation with radio galaxies has been
more confused. [Schmitt et all (2002) describe the
debate on this issue, but conclude that the radio
axis is randomly oriented with respect to the kpc
scale dust disks often found in the elliptical host
galaxies. For both Seyferts and radio galaxies
however, the data are also consistent with be—
ing random over a large polar cap

- ISchmitt et all2002). A recent large statls—
tical study of radio sources coincident with SDSS
galaxies (Battye & Browne 2009) found clear ev-
idence that the radio major axis is “biased to-
wards” being aligned with the optical minor axis
in early type galaxies, but this is seen as a ~ 15%
excess of aligned galaxies, consistent with the dis-
tribution being random to first order.

So it seems that the AGN itself has a well de-
fined axis on parsec scales and below, but that this
axis is, to first approximation, unconnected with

the kpc scale structure it finds itself in.

3.3. Gas flow in nuclear region

What motion do we expect of gas reaching par-
sec scales 7 Central molecular discs in galaxies are
turbulent and have scale heights of the order 100
pe (e.g. Scoville et all (1993)), one to two orders
of magnitude larger than the gravitational sphere
of influence of the black hole. Velocity mapping
of Hs emission lines in AGN on 30 pc scales using
adaptive optics (Hicks et al!l2009) shows net rota-
tion but with a velocity dispersion of a similar size
- i.e. very thick discs. Both in our own Galactic
Centre and in nearby AGN, this observed molecu-
lar material is almost certainly in a large number
of small dense clumps, so that the covering factor
to the nucleus is of the order 1% (see discussion in
section 4 of Hicks et al! (2009)). This 30pc scale
thick disc is therefore not the “torus”; the nuclear
obscuration must typically happen closer in.

On 10 parsec scales, the movement of clumps
is likely to be dominated by turbulence rather
than rotation, so that motion will be close to
isotropic. A tiny fraction of clumps (those on
quasi-radial orbits) would be captured into the
black hole sphere of influence. This seems to
be just the picture shown by recent simulations,
which find accretion rates (of captured mate-
rial) that are highly variable on timescales of
10° yr, with fluctuations of two orders of magni-

tude (Wada & Norman 2002; Wada & Tomisaka
2004; [Escala 12007; Nayakshin & Cuadra IJM .
This seems to be borne out by observations of
NGC 1068 (Sanchez et all [2009), which show
molecular streamers on quasi-radial orbits uncon-
nected with the central disc orientation, on a scale
of 5-20pc.

A good working hypothesis is therefore that
AGN are fuelled by material arriving from 10—
100pc scales, in discrete events coming from ran-
dom directions. Each event may create a well de-
fined accretion disc, but the ensemble of events
over a long timescle has no net direction.

3.4. Nuclear warped discs

The combination of a well-defined central accre-
tion axis and material arriving from random direc-
tions on parsec scales suggests that a re-alignment
of material must occur in between, producing ex-



treme warping.

Warping of accretion discs has been discussed
a number of times in the AGN literature. [Pringle
(1996) showed that a radiation pressure instabil-
ity can induce extreme warping in self-illuminated
discs. [Nayakshin (2005) showed that in the tran-
sition region between the kpc scale disc and the
sphere of influence of the black hole, the massive
outer disk produces a torque on the inner accre-
tion disc, inducing strong warping on a few orbital
timescales.

In contrast to these processes for inducing a
warp, viscosity will try to keep a disc aligned over
time (Bardeen & Pettersonl [1975; [Pringle 1992),
although there has been dispute over whether the
black hole aligns the disc or vice versa (King et al
2005; Volonteri et al! 2007). The warp radius,
where the inner aligned planar disc meets the
outer misaligned disk, could be the location of the
AGN obscuring structure, although current mod-
els place this at ~10%R g, rather less than the size
scale of the AGN obscurer discussed in the previ-
ous section (~10°Rg, see eqn-1).

The true dynamics, and the warp induction or
reduction mechanism, are beyond the scope of this
paper. However, the hypothesis of random fuelling
direction alone makes strong predictions which are
generic and testable. We now look at these pre-
dictions.

4. Tests of misaligned disc models

In this section we look at generic tests of the hy-
pothesis that incoming material is randomly mis-
aligned, and somehow adjusts - first looking at
the distribution of covering factors and predicted
value of f5, and then at possible misalignment ef-
fects. We need to consider both the tilt of the warp
- how the misalignment between the spin axes of
the central engine and each annulus varies with
radius, (R); and the twist of the warp - how the
azimuth of the line of nodes changes with radius,
®»(R). Note that the twist refers to the shape of the
structure at an instant in time, not to the preces-
sion - in principle each annulus could be precessing
but locked together. We can distinguish two ex-
treme assumptions : 27 twist, and zero twist.
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4.1. Covering factor for fully twisted discs

If the twist is 27 or more, a complete equato-
rial wall is formed; a symmetrical structure that
would look like the traditional “torus”. If the
initial misalignment is 6, then the covering fac-
tor is C' = sinf. The probability of a given 6 is
dP = (sinf/2)df. We then find the distribution
of covering factors to be

1 C
2y1-C?

Objects with large misalignments are more
likely to be observed as Type 2 AGN; the dis-
tribution of covering factors for only those objects
which appear to be Type 2 is dNo=CxdN(C),
and the distribution for Type 1s is dN;=(1-
C)xdN(C). The observed Type 2 fraction is then
f2 = [dN,(C).

Fig 2 shows the distribution of C for objects
with 6 < 7/2. Note that all objects with 6 > /2
(i.e. the predicted 50% where the incoming flow
is counter-rotating) are completely obscured from
all directions. Including all the counter-rotating
cases (f2=0.89), this model is in strong disagree-
ment with the observed value of fa ~0.55. Possi-
bly the completely obscured counter-rotating cases
would not even be recognised as AGN; they would
perhaps be seen as ultraluminous IR galaxies, as
suggested by many authors. However even ignor-
ing the counter-rotating cases, this model makes
too many obscured objects (fa ~0.8).

dN = ac

We can therefore reject the hypothesis of
twisted warped discs with random incoming di-
rections.

4.2. Covering factor for tilt only discs

For tilted discs with no twist, the covered sky
is determined by the outermost annulus; this, to-
gether with interior annuli, defines a lune on the
sky, so that the covering factor is C=6/m and the
distribution of covering factors is

dN = %siandC

Fig. 3 shows the covering factor distributions.
The result is that fo = 0.5 exactly; a value re-
markably close to the observed value, with min-
imal assumptions. Note that the covering factor



Twisted disc covering factor distribution : 6<mt/2only
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Fig. 2.— Covering factor distributions for a mis-
aligned disc with random incoming rotation direc-
tions, where the line of nodes rotates at least one
cycle during re-alignment.

distributions for objects seen as Type 1 and Type
2 are not the same. The typical covering factor
for Type 1 AGN is ~ 0.35, close to the fraction
of bolometric luminosity which emerges in the IR
(Sanders et alll1989; [Elvis et al.l1994), and to the
typical torus covering factor found in recent model
fits (Mor et al 2009).

Tilted disc covering factor distribution
18 T T T

£,0.50

16 [ all objects q

14 F §

12 1

dN(C)

oo Typel 1
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04 N\ A

0 = 0‘.2 0‘.4 . 0‘.6 0‘8 1
Covering Factor C

Fig. 3.— Covering factor distributions for a mis-

aligned disc with random incoming rotation direc-

tions, where the line of nodes has no rotation dur-

ing re-alignment.

4.3. Intermediate cases

Obviously more subtle parameterisations are
possible; for example, a small amount of twist will
increase the mean covering factor. Likewise fully
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Fig. 4.— Illustration of what a tilted disc could
look like seen almost edge-on, and close to the line
of nodes. This example has an initial misalign-
ment of 0=80°. The green ball represents the cen-
tral source, and the blue line the radio jet.

twisted discs could be viable as a hypothesis if we
give up the assumption of random misalignment.
For example, if we assume that the probability of
a given misalignment angle 6 is smaller at large 0
compared to a random distribution, e.g. tapered
by a factor cos? 6, so that dP = 3sin6 cos? 0d#,
then we find that the Type 2 fraction is f>=0.59.
However, a physical basis for such intermediate
hypotheses would be needed before knowing what
to test; we leave this to future work, and instead
look at one more area of generic tests.

4.4. Predicted misalignment effects

We have seen above that randomly misaligned
discs with no twist pass the covering factor test.
However, such discs are not azimuthally symmet-
ric. Although warped disk obscurers can produce
shadow cones (Greenhill et all[2003), and on aver-
age these will align with the nuclear axis, such a
model predicts that distinct misalignments of nu-
clear structures will frequently be seen. An illus-
trative example is shown in Fig 4. In this section
we test for such misalignments in a few excep-
tionally well observed individual cases, each one
the brightest and nearest of its class - Type 1
Seyfert, Type 2 Seyfert, FRII radio galaxy. We
find that interesting alignment anomalies are in-
deed present.

NGC 4151. Fig. 5 is a sketch indicating the
structures seen in NGC 4151. As a Type 1 AGN,



in the usual “torus” scheme, NGC 4151 should
not show emission line cones at all, but it does
(Hutchings et all|1998). This situation is usually,
though vaguely, explained as due to our observ-
ing at an angle grazing the torus. However, in
the tilted disc picture, this combination is easy
to achieve over a significant range of azimuths.
The radio and emission line structures are roughly
co-aligned, but the jet does not bi-sect the emis-
sion line structure (Mundell et all[2003). Rather,
it lies along one edge. There is a marginally re-
solved structure in molecular Hs (shown in blue
in Fig. 5) which has been claimed as representing
the “torus” in NGC 4151 (Fernandez et all[1999)
but this has a minor axis which differs from the
radio axis by ~80°.

Hz blobs

ol
4—_\‘%
i R >
1 arcsec = 65pc

|NGC 4151 structures and angles

Fig. 5.— Sketch of structures seen in NGC 4151.
The radio and emission line structures (black line
and green region respectively) are taken from data
and figures in \Mundell et all (2003); the Hy struc-
tures (blue regions) are taken from data and figures
in |Fernandez et al. (1999).

NGC 1068. This Type 2 object now has a rich
variety of data. Fig 6 is a development of the il-
lustration recently shown by [Raban et all (2009).
(Note that this figure is not on a linear scale, and
mixes structures on sub-pc and tens of pcs scales).
The inner radio jet is orthogonal to the “hidden
BLR” polarisation angle to within 5°, suggest-
ing that both of these correctly indicate the (pre-
sumed) black hole spin axis. On sub-pc to 10 pc
scales, elongated structures are seen in all four
of maser emission, mid-IR emission, radio contin-
uum, and He emission, but the orientation changes
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systematically with radius. The minor axis is mis-
aligned with the jet axis by ~ 20° on a scale of ~
0.1-0.4pc (inner maser disc), by ~ 40° on ~ 0.4
1pc scale (outer maser disc and mid-IR structure),
and by ~ 70° on 1-10pc scales (Hg streamers).
The region as a whole seems to show incoming
material approximately N-S and a final major axis
which is approximately E-W. Meanwhile the radio
jet changes direction at “knot C”, at a distance
of ~ 20pc from the nucleus (see |Gallimore et al.
(2004)). The outer jet is roughly aligned with the
extended narrow emission-line region on ~50-100
pc scale, and both are misaligned with the inner
radio jet by ~ 20°

ol

outer
structures:
1 arcsec
=70 pc

AL

¢ inner

i structures
i 10 mas

¥ v =0.7 pc

HBLR polzn

H2
streamer \

/

NGC 1068 structures
and angles
\/

Fig. 6.— Sketch of structures seen in NGC 1068.
(Note that this figure is not on a linear scale, and
mizes structures on sub-pc and tens of pcs scales).
The radio continuum and maser structures (black
lines and dotted arrow) are taken from data and
figures in |Gallimore et all (2004) and references
therein; the mid-IR structures (grey region) are
from|Raban et all (2009); the emission line struc-
ture (green region) are from |[Evans et all (1991);
the BLR polarization angle (dotted line) is from
Antonucci € Miller (1984); and the Hy structures
(orange regions) are from|Sanchez et all (2009).

Cygnus A. In near-IR light, this object shows
an impressive X-shaped structure, suggestive of
a hollow bi-cone, very well aligned with the ra-
dio axis, which is presumably made by scattered
light (Tadhunter et all[1999). However, IR polari-



sation imaging shows that back reflection seems
to occur only along one “wall” of that bi-cone
(Tadhunter et all|2000).

In conclusion, in well studied sources, there is
clear evidence for misalignments, as expected for
tilted disc obscurers. More detailed testing will
require physical models. For example, scattered
light “cones” will not be symmetric, but their sur-
face brightness profiles will for example depend on
how the density of scatterers varies with elevation.

5. Discussion

Here we briefly mention some further implica-
tions of misaligned discs, and especially of simple
tilted discs, as AGN obscurers.

(i) In the misaligned disc picture, Type 1 and
Type 2 AGN are still drawn from a single popu-
lation, but they are not identical : Type 2 AGN
are on average those objects with larger misalign-
ments, and so larger covering factors. This poten-
tially explains several interesting observations.

e The fraction of the bolometric luminos-
ity of Type 1 AGN which emerges in the
IR is smaller than the fraction of Type 2
AGN (Sanders et al.[1989; [Elvis et al![1994;
Mor et all2009).

e Type 2 AGN on average have more promi-

nent dust lanes (Malkan et all[1998;Hunt & Malkan

2004).

e Type 2 AGN have weaker narrow-line emis-
sion for a given radio power (Whittld [1985;
Jackson & Brownd [1990; |[Lawrence [1991);
Grimes et all [2004); this could be because
they have narrower opening angles, as they
would if more tilted or twisted.

(ii) For both the twisted disc and tilted disc
pictures, 50% of cases would result in any polar
outflow (e.g. radio jet) colliding with the disc.
The implications of this would depend on the mass
of the disc compared to the momentum of the
outflow. If the disc stops the outflow, then this
predicts that not all Seyfert galaxies will have ra-
dio jets. If the outflow breaks through the disc,
then the twisted disc model could be revived; in-
coming material would usually cover most of the
sky, but the outflow produces a broken shell of
obscuration. (This was suggested by [Lawrence
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(1991))). Jet-ISM collisions have of course often
been discussed before, for example as an expla-
nation for Compact Steep Spectrum (CSS) radio
sources (see review by |0’Dea (1998) and recent
results by |Guainazzi et all (2006)). Jet-ISM in-
teraction was proposed as the cause of the severe
warp in 3C 449 (Tremblay et all 2006), and has
often been discussed in the context of the forma-
tion of the Narrow Line Region gas (Taylor et al
1992; Bicknell et all[1998; [Dopita 2002).

(iii) We assumed for simplicity that incoming
material has no effect on the spin of the central
engine, but of course it will have, depending on
how large each accretion event is. However, if in-
coming events arrive at random, then there will be
no net spin-up. The fractional angular momentum
change produced by each event (assumed to be of
equal mass) will decrease with time as the black
hole grows, so that the spin of the black hole does a
random walk, gradually converging on a spin value
which is well below maximal spin (Volonteri et all
2007). It has been argued that the difference be-
tween radio loud and quiet AGN is in the spin
of the black hole (Wilson & Colbert [1995), and
Sikora et all (2007) specifically argue that while
radio quiet AGN are indeed fed by many small
accretion events from random directions, result-
ing in a low final spin, radio-loud AGN are fed
by major mergers with a well determined angular
momentum. If we can measure the distribution of
tilt angles in AGN, then we may have an extra
quantitative handle on these questions.

6. Conclusions

If one considers only reliable samples (i.e. those
selected in the low frequency radio, in the mid-IR,
or volume limited samples), removes low excita-
tion objects, and includes lightly reddened objects
with the Type 1 AGN, then the fraction of true,
heavily obscured, Type 2 AGN is approximately
554+5%. This value is independent of luminosity
in IR, radio, and volume limited samples, but ap-
parently changes with observed X-ray luminosity.
The fraction of lightly reddened (but still recog-
niseably broad-line) AGN is 15-30%, depending
on whether this light obscuration occurs indepen-
dently of the heavy obscuration. The heavy obscu-
ration region is very likely the same as the parsec-
scale IR emitting region.



Inflow from kpc scales to this parsec scale is
likely to be in random directions, misaligned with
the inner accretion flow, and thus should lead
to severely warped structures. Random incoming
discs with with complete twist produce too many
obscured objects, but warps with no twist pro-
duce the correct fraction of Type 2 AGN. As, in
this simple model, the mean tilt in Type 2 AGN is
larger than in Type 1 AGN, the relative strength
of the IR and weakness of [OIII] are accounted for.
This “tilted disc” picture also predicts significant
misalignments of nuclear structures. Case studies
of well resolved objects show that such misalign-
ments do indeed occur.
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