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Why should we care about warm 
absorbers… 

•  Mass loss rate in wind  < 0.1 Msun/yr 
•  Mass accretion rate ~0.01 L44 Msun/yr  
•  à warm absorber flows are important in the AGN 

mass budget 
•  Suggests that accretion inside  warm absorber 

launching may be easily disrupted:  what determines 
how much gas makes it inward, past the torus? 

•  Torus origin consistent with warm absorber speeds, 
dust sublimation. 



Questions.. 

●  Can the (relatively) simple scenario, torus 
evaporation, explain warm absorber observed 
properties? 

●  To what extent does warm absorber modeling 
force us to understand (everything else about) 
the gas flows in AGN central regions? 

●  What are the key observed quantities (i.e. how 
can we tailor future efforts to maximize 
progress) 



The challenge of understanding 
torus origin of warm absorbers 

Wwarm 
absorber 
properties 

torus 
properties 

 

Accretion 
mechanism 



Observational situation 
No. 2, 2010 AMD OF IRAS 13349+2438 985

Table 3
Narrow Emission Lines

Line λRest λObserved
a Flux

(Å) (Å) (10−5 photons s−1 cm−2)

Fe+0–Fe+9 Kα 1.94 1.940 ± 0.006b 1.0 ± 0.2
Fe+10–Fe+16 Kα 1.93–1.94c 1.905 ± 0.006b 0.5 ± 0.1
Fe+17–Fe+23 Kα 1.86–1.90d 1.877 ± 0.006b 0.4 ± 0.1
Ne+8 forbidden 13.698 13.710 ± 0.012e 0.5 ± 0.1
O+6 intercombination 21.801 21.794 ± 0.009e 3.5 ± 0.6
O+6 forbidden 22.097 22.093 ± 0.009e 6 ± 1

Notes.
a In the AGN rest frame.
b FWHM = 15 mÅ.
c Decaux et al. (1995).
d Decaux et al. (1997).
e FWHM = 235 km s−1.

3.4. Narrow Emission Lines

The present MCG –6-30-15 spectrum has a few narrow,
bright emission lines of Fe, Ne, and O, which are assumed
not to be absorbed by the outflow, but are absorbed by the
local component discussed in Section 4.4 (and by the neutral
Galactic column). These lines are fitted with simple Gaussians
and are found to be stationary to within ≈70 km s−1. The Fe
Kα blends appear slightly broader (FWHM = 15 mÅ) than the
Ne and O lines whose widths are consistent with a kinematic
broadening of 235 km s−1 FWHM, as expected for features
comprised of many lines from several charge states. The centroid
wavelength and photon flux are measured for each feature and
listed in Table 3. The Kα emission by neutral Fe, or generally
M-shell Fe ions, is detected at 1.94 Å (6.4 keV). Weaker Kα
emission from more highly ionized L-shell Fe is detected at
somewhat shorter wavelengths. Both of these are likely due to
a moderately ionized medium excited by the continuum. The
Ne+8 Kα forbidden line at 13.7 Å is less prominent, but can
still be detected. The O+6 Kα forbidden and intercombination
lines at 22.1 Å, and at 21.8 Å, respectively, are clearly detected.
Conversely, the He-like resonance Kα lines of Ne and O are
not observed in emission. We believe these emission lines do
exist since they are implied by the other He-like lines. However,
because they overlap with the absorption lines from the slow
outflow (Section 4.2) they cannot be detected. This in turn
means that we underestimate the absorption lines in these
troughs. Kinematically therefore, the narrow emission lines
might originate in the slow outflow. Narrow X-ray emission
lines have been associated with the absorbing outflows in
Seyfert galaxies based on the similar velocities, charge states,
and column densities deduced for the emitting and absorbing
plasma (Kinkhabwala et al. 2002; Behar et al. 2003). Note that
no emission lines from the fast component of −1900 km s−1

(Section 4.3) are detected. In fact, strongly blueshifted narrow
emission lines are never detected, neither in the X-ray nor the
UV, while slow winds of a few 100 km s−1 do produce narrow
emission lines. Broad (2000 km s−1) emission lines that might be
expected if the fast component is quasi-spherically symmetric
are also not observed and in any case not expected for low
charge states, as the fast component is very highly ionized, as
discussed below. All this seems to hint at the different physical
nature (e.g., opening angle and mass) of fast and slow outflows.

The non-shifted positions (∆v < 70 km s−1) and widths
(FWHM < 250 km s−1) of the X-ray narrow emission lines
are also consistent with that of the bright, forbidden O+2 optical

Figure 2. AMD of the slow outflow in MCG –6-30-15 obtained exclusively from
Fe absorption and scaled by the solar Fe/H abundance 3.16 × 10−5 (Asplund
et al. 2009). The corresponding temperature scale, obtained from the XSTAR
computation is shown at the top of the figure. The middle bin value is zero, and
only the upper limit uncertainty is plotted. The cumulative column density up to
ξ is plotted in the lower panel, yielding a total of NH = (5.3±0.7)×1021 cm−2.
Dotted: blue lines represent the two ionization components of McKernan et al.
(2007) broadened by their 3σ uncertainty of ∆ξ = 0.3 erg s−1 cm. The
cumulative column density of McKernan et al. (2007) is plotted as a blue
line in the lower panel, yielding a total of NH = (7.0 ± 1.4) × 1021 cm−2.
(A color version of this figure is available in the online journal.)

narrow emission lines at 4959 Å and 5007 Å, suggesting that
perhaps the X-ray line emitting region is in the optical narrow
line region (NLR). The higher ionization optical (coronal) lines
of ionized Fe appear to be much broader (FWHM ≈ 2000 km
s−1; Reynolds et al. 1997), placing them closer to the nucleus.
However, one has to wonder how robust these widths really are,
given how faint these lines are in MCG –6-30-15 (see Figure 2
in Reynolds et al. 1997).

4. RESULTS

4.1. Ionic Column Densities

The best-fit ionic column densities are listed in Table 4 and
the resulting model is plotted over the data in Figure 1. The
errors for the ionic column densities were calculated in the
same manner as in Holczer et al. (2007). For the most part,
the column densities in the slow component (−100 km s−1)
of the Fe, Si, N, Ne, and Mg ions are of the order of 1016–
1017 cm−2, while those of the more abundant O ions are higher
and reach ∼1018 cm−2. Comparing our results with those of
Sako et al. (2003), we find that Fe L-shell, Si K-shell, Mg



This behavior seems to 
be common to many 

objects: 
•  Ionization parameter: 

apparently bimodal 
•  V<2000 km/s 
•  Column ~anticorrelated 

with ionization 

McKernan et al. 2007 



Lines in warm absorbers were predicted 
before their discovery.. 

•  Photoelectric 
absorption should 
be accomanied by 
line 
photoexcitation 

•  This will result in 
absorption 
features if the gas 
is non-spherical, or 
moving radially 

•  The ratio of line/
continuum 
depends on the 
line widths 

Kriss et al. 1996 



The torus 
●  To make obscuration: 
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(Jaffe et al. 2004) 

out 4 for a variety of reasons, and confirmed only 3 as
unabsorbed Sy 2s. Using a variety of metrics for a critical
assessment of 24 objects that were previously claimed to be
unabsorbed Sy 2s (again including many from Panessa &
Bassani 2002), Shi et al. (2010) could confirm only two as
genuine, with broad emission lines 2–3 orders of magnitude
fainter than typical Sy 1s—although several more candidates
may have anomalously weak broad lines, this could not be
confirmed with existing data. These authors concluded that 1%
or less of Sy 2s are X-ray unabsorbed.

In contrast, a much higher fraction of such sources—30% of
AGNs at ∼−Llog 4314 195 —appears in the Merloni et al. (2014)
sample. Whether this indicates that there is a large population

of X-ray unabsorbed Sy 2s or is due to a classification bias was
discussed in depth by these authors. With reference to stacked
optical spectra and spectral energy distributions, they suggested
that many of the lower luminosity AGNs may have been
incorrectly photometrically classified as Sy 2 due to the low
contrast of the AGNs against the relatively bright host galaxy.
On the other hand, spectroscopic data are sensitive to features
associated with Sy 1s, such as broad lines, even when they are
weak. Such signatures would not be evident in broad-band
integrated photometry. This difference is reflected in their data:
while 77% of the AGNs with only integrated broad-band
photometric data are classified as Sy 2, only 56% of AGNs with
spectroscopic data are classified as Sy 2s. The lower total
fraction of Sy 2s based on spectroscopic classifications implies
in turn a much lower fraction of X-ray unabsorbed Sy 2s.
Figure 6 shows that in our volume limited sample of Swift-

BAT AGNs, there are no sources classified as X-ray unabsorbed
Sy 2, implying these sources are rare. In this context, a
simulation of the AGN population can provide valuable insight,
since we know the Sy 2 fractions in both flux limited and
volume limited samples. We describe this simulation in
Section 4.3, aiming to answer the question of which curve
from Merloni et al. (2014) in Figure 7 properly traces the
fraction of Sy 2s: is it types 22 + 21 or just type 22?

4.3. A Simulated Swift-BAT sample

Our aim here is to simulate parent populations of AGNs with
different prescriptions for the intrinsic fraction of Sy 2s. After
applying observational limits, we can then use constraints from
the flux-limited sample of Winter et al. (2009) and our own
volume-limited sample to discriminate between the different
prescriptions, giving us a handle on the true fraction of Sy 2s.
We begin by constructing a population of AGNs using a

2–10 keV luminosity function from Aird et al. (2010) suitable
for low redshift:
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where =Llog 44.960 . We have then randomly assigned each
AGN to be a Sy 1 or Sy 2 according to the obscured fraction as
a function of luminosity. We use two functions, which are
discussed below. We allow the AGNs to be observed by
calculating −L14 195 from −L2 10

int , assigning them random locations
in a local volume, deriving their fluxes, and assessing whether
they would be detected in the Swift-BAT survey. In doing this,
we have not included the effects of X-ray absorption in the
14–195 keV band since, as we have seen, it has little impact at
such high energies for the absorbing columns expected. We use
a limit appropriate for the 9 months survey in order to select a
flux limited sample matching that used by Winter et al. (2009);
and a limit appropriate for the 58 months survey to match our
volume limited selection outlined in this paper.
The left panels in Figure 8 show the two obscuration

functions used in our simulations. The dotted line in the upper
left panel is taken directly from Merloni et al. (2014) and was
designed to follow the curve for types 22+21; the dashed line in
the lower left panel is our modification of this function to
match the type 22 data, those AGNs that are both optically
obscured and X-ray absorbed. The results of our simulations
using these functions are also given in Figure 8. The center

Figure 6. Fractions of optically obscured and X-ray absorbed AGNs in our
complete volume limited Swift-BAT sample (see also Figure 7). The first/
second digit of the type codes for optical/X-ray obscuration as described in
Section 4.1. The black lines denote the strict definitions. The gray lines show
the impact of relaxing the definitions slightly: the three type 12 AGNs would be
reclassified as one type 11 and two type 22.

Figure 7. Fractions of optically and X-ray obscured AGNs as a function of
luminosity. The curves are adapted from Figure 12 of Merloni et al. (2014).
The details of the types, defined by those authors, are summarized in
Section 4.3: the first/second digit of the type codes for optical/X-ray
obscuration. The luminosity scale has been derived from −L2 10

int as indicated
in Section 3. The black ranges refer to our sample, and indicate the impact of
allowing some flexibility in the definition of optically obscured and X-ray
absorbed. At overlapping luminosities, the sample have similar fractions of
AGNs that are X-ray absorbed (types 22+12) and that are both X-ray absorbed
and optically obscured (type 22); but the fractions of AGNs classified as Sy 2
(types 22+21) are very different.
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Torus Evaporation: 
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In a heated hydrostatic atmosphere, gas is expected to remain in 
warm/cold phase when pressure exceed Pmin 
At lower pressure gas heats toward Compton temperature, ~ 107K 
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à X-ray heating will produce a thermally driven outflow in 
approximate equilibrium with the illuminating radiation 

(Krolik McKee Tarter 1982) 



Wind/warm absorber 

nwind ⇠ Ṁ/mH

4⇡R2v ' 2⇥ 103 cm�3Ṁ0.1R�2
pc v

�1
7

⇠wind = L
nR2 ' 104 erg cm s�1 L44Ṁ

�1
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Nwind = nR ' 5⇥ 1021 cm�2 L44Ṁ
�1
0.1 v7Rpc

Mean density, ionization parameter, column density: 

Density is slightly low and ionization parameter is 
slightly greater than needed to produce warm 
asorbers 
But geometric effects may change the quantitative 
results 



§  Assume a torus at ~1 pc about a 106Msun black hole 

§  Initial structure is constant angular momentum adiabatic (cf. 
Papaloizou and Pringle 1984) 

§  This structure is stable (numerically) for >20 rotation periods 

§  Choose T~Tvir, n~108 cm-3 for unperturbed torus 

§  Calculate hydrodynamics in 2.5d (2d + axisymmetry) (Zeus2d) 

§  Add illumination by point source of X-rays at the center  

§  Include physics of X-ray heating, radiative cooling --> 
evaporative flow (cf. Blondin 1994) 

§  Also radiative driving due to UV lines (cf. Castor et al. 1976; 
Stevens & K. 1986) 

§  Formulation similar to Proga et al. 2000, Proga & K. 2002, 2004 

Dynamical calculations 



goals 

●  Understand divergence of flow, i.e. geometry 
à accurate determination of ξ, N 
●  Understand thermodynamics of flow 
à What does T-Ξ curve look like? 
●  Feedback of flow on torus 
à can we learn anything about the torus from the 
warm absorbers? 



Gas pressure dominated torus 



Column density vs. inclination 

•  Column is ~1024 cm-3 

for inclinitions >45 
initially 

•  Torus thins with time 
•  Very rapid transition 

from thick to thin at 
most times 
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Warm absorber spectra 

●  Spectra shown at intermediate time 
●  At i~90o see AMD~few x Thomson across many 

ionization parameters 
●  Obscuration angle ~+-30o 

●  at lower angles see weak, highly ionized  warm 
absorber 

●  Plausible warm absorber only in narrow range 
of angles near ~30o 

●  weak evidence for thermal instability/2 phase 
behavior 



Fit to Chandra HETG spectrum of 
NGC 3783 
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What happens to gas in the T-ξ/T plane in such a 
model.. 

Log(ξ/T) 



Lessons from gas-pressure 
dominated torus models 

●  Outflow mass loss rate is comparable to estimates, 
it shapes the torus 

●  Line profiles, ionization, blueshift ~consistent with 
observations.  

●  Density in torus throat is similar to spherically 
diverging flow à warm absorbers are seen for 
relatively narrow range of viewing angles 

●  Adiabatic cooling is important à no obvious 2 
phase behavior 

●  Outflow depends on torus structure; unphysical gas 
pressure dominated torus does not fit with standard 
unification. 



Model with IR radiation pressure 

●  IR generated by reprocessing of X-rays according to 
simple prescription 

●  IR transfer uses flux limited diffusion 
●  Include all X-ray thermal and pressure effects from gas-

pressure models 
●  Models are 2.5D axisymmetric (zeusmp) 
●  Hydrodynamic viscosity is also included to maintain 

balance with radiation pressure 
●  X-ray excited wind contributes to accretion 
●  Cf. Krolik 2007, Shi and Krolik  2008, Chan and Krolik 

2016… 



Model with IR radiation pressure 



Model with IR radiation pressure 



Wind mass loss rate vs. time 

the time evolution of our simulations is shown. The total
number of models shown N 100mod = .

When 0.01G = , the episode of disk accretion leads to a
significant depletion of the gas, and thus this set of models has
a lower proportion of obscuring models at any inclination. As Γ
increases, no more episodes of disk accretion are observed and
a larger radiation input leads to larger aspect ratios. The
distributions of the column densities are broader at higher
radiation input, reflecting the importance of radiation pressure.
The results are that a model with 0.01G = has the smallest and
a model with 0.3G = has the largest aspect ratio of the torus.

The region of the torus which is truly Thomson thick subtends
a polar angle 40~ n at most (for 0.3G = ); lower column
densities extend to 80~ n.

6. DISCUSSION

In our previous work we adopted a pre-existing thin
accretion disk as a boundary condition. This allowed us to
study quasi-stationary accretion disk wind solutions but did not
allow us to address the question of whether accretion can be
stopped by radiation pressure and heating effects. Together
with these earlier findings, our current results suggest that,
qualitatively, obscuration can proceed in accretion or outflow
mode, depending on the radiative input. The first scenario
comprises a global accretion flow that is slowed, puffed up, and
kept geometrically thick by IR radiation pressure. The second
describes a radiation-driven obscuring outflow. There is also an
intermediate mode in which the equatorial accretion disk is
surrounded by a slowly in- or outflowing envelope. The
quantitative boundaries between these scenarios depend on
details of heating/cooling, dust formation, and destruction.
Some of results presented here may be sensitive to the

assumptions regarding microphysics or computational simpli-
fications. A simple analytical model developed in Paper I of
this series predicts that as the temperature of the dusty gas
reaches T n M r987vir, r 7

1 4
7
1 4

pc
1 4-� K the radiation pressure in

the optically thick regime becomes larger than gravity and
outflow begins. This is confirmed in the current studies. For
example, the dynamics of the torus depends primarily on the
energy density of infrared radiation and on the ratio of the dust
opacity to the opacity of the fully ionized gas, edk k , making
the radiation pressure launching of the wind depend on how
dust is treated. In this paper we adopt relatively simple
assumptions about the dust formation and destruction. In later
work we plan to examine in more detail the effects of the
treatment of dust formation on the hydrodynamics.

Figure 8. Time dependence of the total wind mass-loss rate, Mw˙ , for fiducial L LeddG = (left) and the energy of the vertical wind (right).

Figure 9. The logarithm of the number of models which at the given
inclination have an optical depth larger than one. X-axis: the inclination angle
in degrees measured from the axis of rotation. Colors indicate different L Ledd.
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Column density vs. inclination 

Model with  
IR radiation pressure 
  



2 2.5 3 3.5 4

0
0.

5
1

inclination=  1.5

energy

in
te

ns
ity

−2 0 2 4−6
−4

−2
0

2

inclination=  1.5

log(xi)

lo
g(

AM
D

 (T
ho

m
so

n)
)

2 2.5 3 3.5 4

0
0.

5
1

inclination=  1.4

energy

in
te

ns
ity

−2 0 2 4−6
−4

−2
0

2

inclination=  1.4

log(xi)

lo
g(

AM
D

 (T
ho

m
so

n)
)

2 2.5 3 3.5 4

0.
5

1
1.

5
2

inclination=  1.2

energy

in
te

ns
ity

−2 0 2 4−6
−4

−2
0

2

inclination=  1.2

log(xi)

lo
g(

AM
D

 (T
ho

m
so

n)
)

2 2.5 3 3.5 4

1
1.

5
2

2.
5

inclination=  1.0

energy

in
te

ns
ity

−2 0 2 4−6
−4

−2
0

2

inclination=  1.0

log(xi)

lo
g(

AM
D

 (T
ho

m
so

n)
)

2 2.5 3 3.5 4

1.
5

2
2.

5

inclination=  0.8

energy

in
te

ns
ity

−2 0 2 4−6
−4

−2
0

2

inclination=  0.8

log(xi)

lo
g(

AM
D

 (T
ho

m
so

n)
)

2 2.5 3 3.5 4

1.
5

2
2.

5

inclination=  0.7

energy

in
te

ns
ity

−2 0 2 4−6
−4

−2
0

2

inclination=  0.7

log(xi)

lo
g(

AM
D

 (T
ho

m
so

n)
)

2 2.5 3 3.5 4

2
2.

5

inclination=  0.5

energy
in

te
ns

ity
−2 0 2 4−6

−4
−2

0
2

inclination=  0.5

log(xi)

lo
g(

AM
D

 (T
ho

m
so

n)
)

2 2.5 3 3.5 4

1.
8

2
2.

2
2.

4
inclination=  0.3

energy

in
te

ns
ity

−2 0 2 4−6
−4

−2
0

2

inclination=  0.3

log(xi)

lo
g(

AM
D

 (T
ho

m
so

n)
)



Warm absorber spectra 

●  Spectra shown at intermediate time 
●  At i=π/2 see AMD~few across many ionization 

parameters 
●  Results for obscuration angle and range of 

warm absorber observations are similar to gas 
pressure dominated case 

●  Mass requirement is lower due to pressure 
support 



Lessons from radiation-pressure 
dominated torus models 

●  Internal IR from X-ray heating provides 
sufficient pressure support even with cold gas 
temperature 

●  Density in torus throat is similar to gas pressure 
torus à warm absorbers are seen for relatively 
narrow range of viewing angles 

●  Weak 2-phase behavior is found 
●  Radiation pressure affects the torus bulk 

properties (even at low L/Ledd) à angular 
momentum loss mechanism is needed to 
produce quasi-steady torus 



Mhd torus 

•  3d MHD models (Athena) 
•  X-ray heating included 
•  No IR radiation pressure 
•  Two different initial magnetic field 

configurations considered 
•  configuration based on tokamak solution 
à strong initial poloidal field both inside 
and outside torus (SOL) 

•  Configuration with field proportional to 
gas density (TOR) 

l 



Mhd torus density structure and 
streamlines 

l 

– 34 –

Fig. 5.— Color plot of the density, log ⇢ for Lx = 0.25Ledd, (� = 0.5, fx = 0.5), superimposed

with the velocity stream lines. Shown are di↵erent times given in years. Left column: SOL

models; right column: TOR models. Axes: horizontal: z: distance from equatorial plane in

parsecs; R: distance from the BH in parsecs.



Accretion rate and mass loss rate: 
SOL model 
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Fig. 10.— Accretion rate, Ṁa and the total wind mass-loss rate, Ṁw versus time for two

di↵erent initial setups: Left: SOL; right: TOR

Fig. 11.— Scatter plot showing the logarithm of the column density, Ncol(cm�2). Each

recorded simulation time is represented by a point. Left: SOL; right: TOR



Column density vs. inclination 

MHD model 



Column density vs. inclination 

MHD model Model with  
IR radiation pressure 
 

Gas pressure  
dominated model 
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Warm absorber spectra 

●  Spectra shown at intermediate time 
●  Model provides obscuration over many lines of 

sight 
●  Much more obscuration compared with 

previous models 
●  Warm absorber produced only for lines of sight 

close to axis 



Lessons from MHD torus models 

●  With strong poloidal initial field, evaporation rate 
is suppressed by large factor 

●  2-phase behavior is apparent 
–  Due to impeded flow/dilution? 
–  Or? 

●  Long-lived torus provides obscuration over 
large range of viewing angles for longer time 

●  Torus structure/evolution depends strongly on 
field topology 



Model comparison 

M	torus	 M	BH	 L/Ledd	 tmax/tdyn	 tdyn	 Mdot	 Mtorus/
Mdot	

Mtorus/Mdot	
/tdyn	

units	 106	Msun	 106	Msun	 106	yrs	 Msun/yr	 106	yrs	

gas	(B6)	 0.93	 1.00	 0.50	 5.00	 0.0150	 0.07	 13.29	 885.71	

radiaAon	 0.50	 10.00	 0.30	 100.00	 0.0004	 0.10	 5.00	 11627.91	

magneAc	
(sol)	 1.00	 10.00	 0.50	 60.00	 0.0016	 0.05	 10.00	 12500.00	

magneAc	
(tor)	 1.00	 10.00	 0.50	 60.00	 0.0016	 10.00	 0.10	 62.50	



summary 
●  Models show evaporative wind from torus ‘throat’, mass loss rate 

comparable to estimates 
à What is the torus? 

●  Ionization parameter and column are outside observed range for 
lines of sight close to axis 

●  Plausible warm absorbers are produced within a ~10o cone near the 
torus 
à what is the true incidence of warm absorbers? 

●  Trapped IR radiation pressure produces a torus with lower mass, 
comparable obscuration 
à long term survival? 

●  A strong (β~100) poloidal magnetic field can retard torus 
evaporation 
à self-gravity? 


