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What is the structure of the absorbing layer?Radiation Pressure Confinement

AGN

Pgas=2nkT
The ambient Pgas(ri)≪L/4!r2c for rBLR.
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RPC. II. Application to the BLR 3

Here we present a hydrostatic solution for gas in the
BLR. In Section 2, we first provide a simplified analytic
solution for the density profile inside an RPC photoionized
slab, and then discuss the numerical methods used. Section 3
presents the resulting internal structure of the photoionized
gas, and its dependence on the boundary conditions and dis-
tance from the ionizing source. We also present the result-
ing line strength as a function of distance, ionizing SED and
metallicity. The results are discussed in Section 4, and the
main conclusions are provided in Section 5. In a companion
paper (Stern et al. 2013, hereafter Paper I), we expand the
work of Dopita et al. (2002) and Groves et al. (2004), and
study the effect of RPC at all radii beyond the sublimation
radius.

2 RADIATION PRESSURE CONFINEMENT

To explore the net effect of continuum radiation pressure
on the radial structure of the BLR gas, we analyze the gas
element in its rotating frame, and implicitly assume that
the force which determines the radial structure is set only
by the incident radiation. This assumption is valid under
the following conditions.

(i) The total gas column density is large enough (!
1024 cm−2) for the black hole gravity to dominate the radi-
ation force.

(ii) The gas is on circular orbits maintained by the black
hole gravity.

(iii) The gas forms an azimuthally symmetric structure,
so a shear in the tangential velocity with radius will not
affect the gas radial structure.

The effects of deviations from the above assumptions are
briefly discussed in Section 4.

2.1 A simplified analytic solution

2.1.1 The gas pressure structure

The radiation force on a thin layer of gas at a given r is the
momentum deposited by radiation per unit area per unit
time, which is

frad =
Lion

4πr2c
e−τ(r)dτ, (1)

where dτ is the flux weighted mean optical depth of the thin
layer, and

τ (r) =

∫ r

ri

dτ, (2)

and ri is the position of the illuminated face of the slab of
gas. For simplicity we assume below that (r− ri)/ri ≪ 1, so
one can ignore the geometric dilution of the radiative flux

Frad = Lion/4πr
2, (3)

as it propagates through the slab. Therefore, below we as-
sume Frad is a constant. The relevant luminosity may be
somewhat larger than Lion, if non ionizing luminosity is also
absorbed. For example, in fully ionized gas, where electron

scattering dominates, the relevant luminosity is the bolo-
metric luminosity, where Lbol ≃ 2Lion. In a hydrostatic so-
lution, the radiative force is balanced by the gradient in the
gas pressure

dPgas(r) =
Frad

c
e−τ(r)dτ. (4)

Since dτ = αdr, where α is the flux weighted mean absorp-
tion coefficient and dr is the thickness of the layer, we get

dPgas(r)

dr
=

Frad

c
e−τ(r)α. (5)

The solution for Pgas(r) is given by integrating the above
equation. Deep enough in the slab, where τ (r) ≫ 1, the
integral yields

Pgas =
Frad

c
+ Pgas,i. (6)

where Pgas,i is the gas pressure at the illuminated face, given
by the ambient pressure (e.g. a hot dilute gas). The solution
is independent of the nature of α, which just sets the physical
scale required to obtain τ (r) ≫ 1. Since

Prad = Frad/c (7)

the solution is simply

Pgas = Prad + Pgas,i. (8)

If the ambient pressure is negligible, i.e. Pgas,i ≪ Prad, then
at τ (r) ≫ 1 we get Pgas = Prad, i.e. the gas pressure deep
within the photoionized layer is uniform and is set by the in-
cident radiation pressure, independent of the ambient pres-
sure. Thus, the photoionized gas layer is confined from the
illuminated side by the incident radiation pressure, while on
the back side it is confined by a thick and static neutral
medium.

2.1.2 The ionization parameter structure

As noted above, since

Prad/Pgas = nγ⟨hν⟩/2nekT, (9)

RPC yields

nγ/ne = 2kT/⟨hν⟩, (10)

deep enough where most of the ionizing radiation is ab-
sorbed. This corresponds to U ∼ 0.05 for photoionized gas
at T ∼ 104 K. The value of U increases towards the illumi-
nated surface, and the characteristic value will be U ∼ 0.1,
the value where half of the ionizing radiation is absorbed.
At the illuminated face, U is set by the boundary condition,
Ui = nγ/ne,i. But, if Pgas,i ≪ Prad, then deep enough U
is set only by Prad, and is independent of Ui. The emission
structure will also be independent of the boundary values.
For example, close to the surface layer, where say only 1 per
cent of Frad is absorbed, we necessarily get Pgas = 0.01Prad .
This corresponds to

U = 5T/104, (11)

or U ∼ 100 once T is calculated self consistently (see below).
This implies that a fixed fraction of about ∼1 per cent of
the ionizing continuum is reprocessed into line emission in
U ∼ 100 gas. Similarly ∼0.1 per cent will be emitted by
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U ∼ 1000 gas, ∼10 per cent by U ∼ 1 − 10 gas, and ∼50
per cent by U = 0.05 − 0.1 gas. Thus, one does not need to
invoke a population of ‘clouds’ with a range of U , but rather
a single ionized layer produces lines from gas with a large
range of U , with well determined relative strengths, set by
the RPC solution.

2.1.3 The density structure

Specific solutions for ne(r) based on photoionization cal-
culations are presented below. A simple analytic solution
can be obtained for a hot scattering-dominated gas, where
α = neσes, and σes is the electron scattering cross section.
This condition applies for a low ne gas, where U > 103 and
the gas is fully ionized. The gas will be at the Compton
temperature TC, and thus isothermal, which simplifies the
problem. We make a further simplification that τ (r) < 1, so
e−τ(r) ∼ 1. The derived equation is then

2kTC
dne(r)

dr
=

Frad

c
neσes, (12)

which gives

ne(r) = ne,i exp

(

r − ri
lpr

)

, (13)

where

lpr = 2kTCc/Fradσes. (14)

Thus, there is an exponential rise in ne on a length scale
of lpr (a derivation of n(r), without neglecting the geomet-
rical dilution of Frad, is presented in Appendix A). Within
a few lpr the value of ne will be high enough to inevitably
lead to U < 103, at which point the gas becomes cooler and
only partially ionized, leading to a sharp increase in the ab-
sorption opacity. Both effects, T ≪ TC and σ ≫ σes will
produce a sharp rise in dne/dr.

1 The uniform pressure re-
gion, i.e. τ (r) ≫ 1, is therefore reached within a few lpr at
most, even for an illuminated face with a very low density.

To estimate the value of lpr we need the values of Frad

and TC at the BLR. The value of Frad is derived from the
observed relation

rBLR ≈ 0.1L0.5
46 pc, (15)

where L46 = L/1046 erg s−1 and L is the bolometric lumi-
nosity (Kaspi et al. 2005; assuming L = 3L1350 , where L1350

is the luminosity at 1350 Å). This implies

Frad = L/4πr2BLR ≈ 1010erg cm−2 s−1. (16)

Photoionization calculations yield TC ∼ 3 × 106 K (see be-
low), which gives lpr ≈ 4 × 1015 cm, independent of the
AGN luminosity. This size becomes larger than rBLR for
L < 1042 erg s−1. In such low luminosity AGN, RPC can
still confine the BLR gas if U < 103 at the illuminated face,
as the gas is not fully ionized, leading to σabs/σes ∼ 10−1000
and T < 106 K, which reduces lpr by a few orders of magni-
tude, allowing RPC to work in the lowest luminosity AGN.

Since

1 For U < 103, where T < TC, the gas σ is a function of T , and
there is no analytic solution for ne(r). This is in contrast with
Paper I, where the opacity down to U ≈ 10−2 is dominated by
dust, which has a fixed σ.

Prad = Frad/c ≈ 0.3 erg cm−3 (17)

at the BLR, Pgas = Prad implies

neT ≈ 1015 cm−3 K, (18)

or ne ≈ 1011 cm−3 in the deeper part of the photoionized
gas. The ionizing spectral slope affects the value of ⟨hν⟩ by
a factor of ∼ 2 and thus will not have a significant effect on
the above estimates. The metallicity affects the ionization
structure, and thus the thickness of the ionized layer. Both
effects are explored below in the numerical calculation.

2.2 Numerical solutions

We use the photoionization code Cloudy 10.00
(Ferland et al. 1998) to calculate the structure and
line emission of RPC slabs. The code is executed with the
‘constant pressure’ command, which enforces the code to
find solutions that satisfy eq. 5. We do not include the
contribution of trapped line emission pressure (Pline) to
the gas pressure (see below). The calculation is stopped
when the ionized to neutral H fraction drops to 1 per cent.
We denote the stopping radius at the back of the slab as
rb, and the slab thickness as d = rb − ri. For some of the
models the condition d/ri ≪ 1 does not apply, and we
therefore always include the geometrical dilution r−2 term
of the flux within the slab. The total H density (neutral
and ionized) at the slab illuminated face nH,i is varied in
the range 0 ! log nH,i ! 10. We explore models in the range
41.5 ! logL ! 46. At logL > 45.5, the condition d/ri ! 0.2
applies in the BLR even for the minimal density explored,
and the slab structure is mostly a function of Frad, and thus
independent of L. The largest ri explored is just outside the
dust sublimation radius,

rdust = 0.2L0.5
46 pc (19)

(Laor & Draine 1993), i.e. twice rBLR, where dust suppres-
sion of line emission sets the outer boundary of the BLR.
The smallest ri explored is 0.03rBLR, which is close to the
size of the optically emitting region in the accretion disc.
The specific model explored is with logL = 45, where the
above range corresponds to 15.5 ! log ri ! 17.5. The values
of metallicity explored are Z = 0.5, 1 and 5Z⊙. We adopt the
scaling law of the metals with Z from Groves et al. (2004).

Three types of SED are adopted, which differ in the
ionizing SED slope αion (fν ∝ να). In all cases, the SED is
identical between 1 µm and 1 Ryd. In this range, the SED
is evaluated by using

fν = ναUV exp(−hν/kTBB) exp(−kTIR/hν), (20)

with αUV = −0.5, kTBB ≈ 13 eV and kTIR ≈ 0.1 eV. A
cut-off is assumed for λ > 1 µm. The SED in the 1 Ryd
to 1 keV (912–12 Å) range is fit by a single power-law
with αion = −1.2, −1.6 and −2.0 for the hard, interme-
diate, and soft SEDs. The adopted αion range corresponds
to the observed range of slopes between 1200 and 500 Å
(Telfer et al. 2002). The resulting optical to X-ray slopes
are αox = −1.16, −1.45 and −1.74 for the hard, interme-
diate and soft SED, respectively, similar to the range ob-
served (e.g. Brandt, Laor & Wills 2000; Steffen et al. 2006).
All three SEDs are extended from 1 keV (12 Å) up to
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U ∼ 1000 gas, ∼10 per cent by U ∼ 1 − 10 gas, and ∼50
per cent by U = 0.05 − 0.1 gas. Thus, one does not need to
invoke a population of ‘clouds’ with a range of U , but rather
a single ionized layer produces lines from gas with a large
range of U , with well determined relative strengths, set by
the RPC solution.

2.1.3 The density structure

Specific solutions for ne(r) based on photoionization cal-
culations are presented below. A simple analytic solution
can be obtained for a hot scattering-dominated gas, where
α = neσes, and σes is the electron scattering cross section.
This condition applies for a low ne gas, where U > 103 and
the gas is fully ionized. The gas will be at the Compton
temperature TC, and thus isothermal, which simplifies the
problem. We make a further simplification that τ (r) < 1, so
e−τ(r) ∼ 1. The derived equation is then

2kTC
dne(r)

dr
=

Frad

c
neσes, (12)

which gives

ne(r) = ne,i exp

(

r − ri
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)

, (13)

where

lpr = 2kTCc/Fradσes. (14)

Thus, there is an exponential rise in ne on a length scale
of lpr (a derivation of n(r), without neglecting the geomet-
rical dilution of Frad, is presented in Appendix A). Within
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only partially ionized, leading to a sharp increase in the ab-
sorption opacity. Both effects, T ≪ TC and σ ≫ σes will
produce a sharp rise in dne/dr.

1 The uniform pressure re-
gion, i.e. τ (r) ≫ 1, is therefore reached within a few lpr at
most, even for an illuminated face with a very low density.

To estimate the value of lpr we need the values of Frad

and TC at the BLR. The value of Frad is derived from the
observed relation
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46 pc, (15)

where L46 = L/1046 erg s−1 and L is the bolometric lumi-
nosity (Kaspi et al. 2005; assuming L = 3L1350 , where L1350

is the luminosity at 1350 Å). This implies

Frad = L/4πr2BLR ≈ 1010erg cm−2 s−1. (16)

Photoionization calculations yield TC ∼ 3 × 106 K (see be-
low), which gives lpr ≈ 4 × 1015 cm, independent of the
AGN luminosity. This size becomes larger than rBLR for
L < 1042 erg s−1. In such low luminosity AGN, RPC can
still confine the BLR gas if U < 103 at the illuminated face,
as the gas is not fully ionized, leading to σabs/σes ∼ 10−1000
and T < 106 K, which reduces lpr by a few orders of magni-
tude, allowing RPC to work in the lowest luminosity AGN.

Since

1 For U < 103, where T < TC, the gas σ is a function of T , and
there is no analytic solution for ne(r). This is in contrast with
Paper I, where the opacity down to U ≈ 10−2 is dominated by
dust, which has a fixed σ.
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at the BLR, Pgas = Prad implies

neT ≈ 1015 cm−3 K, (18)

or ne ≈ 1011 cm−3 in the deeper part of the photoionized
gas. The ionizing spectral slope affects the value of ⟨hν⟩ by
a factor of ∼ 2 and thus will not have a significant effect on
the above estimates. The metallicity affects the ionization
structure, and thus the thickness of the ionized layer. Both
effects are explored below in the numerical calculation.

2.2 Numerical solutions

We use the photoionization code Cloudy 10.00
(Ferland et al. 1998) to calculate the structure and
line emission of RPC slabs. The code is executed with the
‘constant pressure’ command, which enforces the code to
find solutions that satisfy eq. 5. We do not include the
contribution of trapped line emission pressure (Pline) to
the gas pressure (see below). The calculation is stopped
when the ionized to neutral H fraction drops to 1 per cent.
We denote the stopping radius at the back of the slab as
rb, and the slab thickness as d = rb − ri. For some of the
models the condition d/ri ≪ 1 does not apply, and we
therefore always include the geometrical dilution r−2 term
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and the slab structure is mostly a function of Frad, and thus
independent of L. The largest ri explored is just outside the
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(Laor & Draine 1993), i.e. twice rBLR, where dust suppres-
sion of line emission sets the outer boundary of the BLR.
The smallest ri explored is 0.03rBLR, which is close to the
size of the optically emitting region in the accretion disc.
The specific model explored is with logL = 45, where the
above range corresponds to 15.5 ! log ri ! 17.5. The values
of metallicity explored are Z = 0.5, 1 and 5Z⊙. We adopt the
scaling law of the metals with Z from Groves et al. (2004).

Three types of SED are adopted, which differ in the
ionizing SED slope αion (fν ∝ να). In all cases, the SED is
identical between 1 µm and 1 Ryd. In this range, the SED
is evaluated by using

fν = ναUV exp(−hν/kTBB) exp(−kTIR/hν), (20)

with αUV = −0.5, kTBB ≈ 13 eV and kTIR ≈ 0.1 eV. A
cut-off is assumed for λ > 1 µm. The SED in the 1 Ryd
to 1 keV (912–12 Å) range is fit by a single power-law
with αion = −1.2, −1.6 and −2.0 for the hard, interme-
diate, and soft SEDs. The adopted αion range corresponds
to the observed range of slopes between 1200 and 500 Å
(Telfer et al. 2002). The resulting optical to X-ray slopes
are αox = −1.16, −1.45 and −1.74 for the hard, interme-
diate and soft SED, respectively, similar to the range ob-
served (e.g. Brandt, Laor & Wills 2000; Steffen et al. 2006).
All three SEDs are extended from 1 keV (12 Å) up to
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is the luminosity at 1350 Å). This implies
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Photoionization calculations yield TC ∼ 3 × 106 K (see be-
low), which gives lpr ≈ 4 × 1015 cm, independent of the
AGN luminosity. This size becomes larger than rBLR for
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still confine the BLR gas if U < 103 at the illuminated face,
as the gas is not fully ionized, leading to σabs/σes ∼ 10−1000
and T < 106 K, which reduces lpr by a few orders of magni-
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there is no analytic solution for ne(r). This is in contrast with
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or ne ≈ 1011 cm−3 in the deeper part of the photoionized
gas. The ionizing spectral slope affects the value of ⟨hν⟩ by
a factor of ∼ 2 and thus will not have a significant effect on
the above estimates. The metallicity affects the ionization
structure, and thus the thickness of the ionized layer. Both
effects are explored below in the numerical calculation.
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We use the photoionization code Cloudy 10.00
(Ferland et al. 1998) to calculate the structure and
line emission of RPC slabs. The code is executed with the
‘constant pressure’ command, which enforces the code to
find solutions that satisfy eq. 5. We do not include the
contribution of trapped line emission pressure (Pline) to
the gas pressure (see below). The calculation is stopped
when the ionized to neutral H fraction drops to 1 per cent.
We denote the stopping radius at the back of the slab as
rb, and the slab thickness as d = rb − ri. For some of the
models the condition d/ri ≪ 1 does not apply, and we
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and ionized) at the slab illuminated face nH,i is varied in
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Three types of SED are adopted, which differ in the
ionizing SED slope αion (fν ∝ να). In all cases, the SED is
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is evaluated by using

fν = ναUV exp(−hν/kTBB) exp(−kTIR/hν), (20)

with αUV = −0.5, kTBB ≈ 13 eV and kTIR ≈ 0.1 eV. A
cut-off is assumed for λ > 1 µm. The SED in the 1 Ryd
to 1 keV (912–12 Å) range is fit by a single power-law
with αion = −1.2, −1.6 and −2.0 for the hard, interme-
diate, and soft SEDs. The adopted αion range corresponds
to the observed range of slopes between 1200 and 500 Å
(Telfer et al. 2002). The resulting optical to X-ray slopes
are αox = −1.16, −1.45 and −1.74 for the hard, interme-
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Slab structure for L=1045 & r=rBLR=1017 (nγ∼109)
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U ∼ 1000 gas, ∼10 per cent by U ∼ 1 − 10 gas, and ∼50
per cent by U = 0.05 − 0.1 gas. Thus, one does not need to
invoke a population of ‘clouds’ with a range of U , but rather
a single ionized layer produces lines from gas with a large
range of U , with well determined relative strengths, set by
the RPC solution.

2.1.3 The density structure

Specific solutions for ne(r) based on photoionization cal-
culations are presented below. A simple analytic solution
can be obtained for a hot scattering-dominated gas, where
α = neσes, and σes is the electron scattering cross section.
This condition applies for a low ne gas, where U > 103 and
the gas is fully ionized. The gas will be at the Compton
temperature TC, and thus isothermal, which simplifies the
problem. We make a further simplification that τ (r) < 1, so
e−τ(r) ∼ 1. The derived equation is then

2kTC
dne(r)

dr
=

Frad

c
neσes, (12)

which gives

ne(r) = ne,i exp

(

r − ri
lpr

)

, (13)

where

lpr = 2kTCc/Fradσes. (14)

Thus, there is an exponential rise in ne on a length scale
of lpr (a derivation of n(r), without neglecting the geomet-
rical dilution of Frad, is presented in Appendix A). Within
a few lpr the value of ne will be high enough to inevitably
lead to U < 103, at which point the gas becomes cooler and
only partially ionized, leading to a sharp increase in the ab-
sorption opacity. Both effects, T ≪ TC and σ ≫ σes will
produce a sharp rise in dne/dr.

1 The uniform pressure re-
gion, i.e. τ (r) ≫ 1, is therefore reached within a few lpr at
most, even for an illuminated face with a very low density.

To estimate the value of lpr we need the values of Frad

and TC at the BLR. The value of Frad is derived from the
observed relation

rBLR ≈ 0.1L0.5
46 pc, (15)

where L46 = L/1046 erg s−1 and L is the bolometric lumi-
nosity (Kaspi et al. 2005; assuming L = 3L1350 , where L1350

is the luminosity at 1350 Å). This implies

Frad = L/4πr2BLR ≈ 1010erg cm−2 s−1. (16)

Photoionization calculations yield TC ∼ 3 × 106 K (see be-
low), which gives lpr ≈ 4 × 1015 cm, independent of the
AGN luminosity. This size becomes larger than rBLR for
L < 1042 erg s−1. In such low luminosity AGN, RPC can
still confine the BLR gas if U < 103 at the illuminated face,
as the gas is not fully ionized, leading to σabs/σes ∼ 10−1000
and T < 106 K, which reduces lpr by a few orders of magni-
tude, allowing RPC to work in the lowest luminosity AGN.

Since

1 For U < 103, where T < TC, the gas σ is a function of T , and
there is no analytic solution for ne(r). This is in contrast with
Paper I, where the opacity down to U ≈ 10−2 is dominated by
dust, which has a fixed σ.

Prad = Frad/c ≈ 0.3 erg cm−3 (17)

at the BLR, Pgas = Prad implies

neT ≈ 1015 cm−3 K, (18)

or ne ≈ 1011 cm−3 in the deeper part of the photoionized
gas. The ionizing spectral slope affects the value of ⟨hν⟩ by
a factor of ∼ 2 and thus will not have a significant effect on
the above estimates. The metallicity affects the ionization
structure, and thus the thickness of the ionized layer. Both
effects are explored below in the numerical calculation.

2.2 Numerical solutions

We use the photoionization code Cloudy 10.00
(Ferland et al. 1998) to calculate the structure and
line emission of RPC slabs. The code is executed with the
‘constant pressure’ command, which enforces the code to
find solutions that satisfy eq. 5. We do not include the
contribution of trapped line emission pressure (Pline) to
the gas pressure (see below). The calculation is stopped
when the ionized to neutral H fraction drops to 1 per cent.
We denote the stopping radius at the back of the slab as
rb, and the slab thickness as d = rb − ri. For some of the
models the condition d/ri ≪ 1 does not apply, and we
therefore always include the geometrical dilution r−2 term
of the flux within the slab. The total H density (neutral
and ionized) at the slab illuminated face nH,i is varied in
the range 0 ! log nH,i ! 10. We explore models in the range
41.5 ! logL ! 46. At logL > 45.5, the condition d/ri ! 0.2
applies in the BLR even for the minimal density explored,
and the slab structure is mostly a function of Frad, and thus
independent of L. The largest ri explored is just outside the
dust sublimation radius,

rdust = 0.2L0.5
46 pc (19)

(Laor & Draine 1993), i.e. twice rBLR, where dust suppres-
sion of line emission sets the outer boundary of the BLR.
The smallest ri explored is 0.03rBLR, which is close to the
size of the optically emitting region in the accretion disc.
The specific model explored is with logL = 45, where the
above range corresponds to 15.5 ! log ri ! 17.5. The values
of metallicity explored are Z = 0.5, 1 and 5Z⊙. We adopt the
scaling law of the metals with Z from Groves et al. (2004).

Three types of SED are adopted, which differ in the
ionizing SED slope αion (fν ∝ να). In all cases, the SED is
identical between 1 µm and 1 Ryd. In this range, the SED
is evaluated by using

fν = ναUV exp(−hν/kTBB) exp(−kTIR/hν), (20)

with αUV = −0.5, kTBB ≈ 13 eV and kTIR ≈ 0.1 eV. A
cut-off is assumed for λ > 1 µm. The SED in the 1 Ryd
to 1 keV (912–12 Å) range is fit by a single power-law
with αion = −1.2, −1.6 and −2.0 for the hard, interme-
diate, and soft SEDs. The adopted αion range corresponds
to the observed range of slopes between 1200 and 500 Å
(Telfer et al. 2002). The resulting optical to X-ray slopes
are αox = −1.16, −1.45 and −1.74 for the hard, interme-
diate and soft SED, respectively, similar to the range ob-
served (e.g. Brandt, Laor & Wills 2000; Steffen et al. 2006).
All three SEDs are extended from 1 keV (12 Å) up to

c⃝ 2013 RAS, MNRAS 000, 1–17
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Figure 12. The same as Fig. 8, but for High U models (top:H05, middle:H10, bottom:H20).

Figure 13. Enlarged views of Fig. 12d,h,l. Note that the upper limit of the color bar is di↵erent from Fig. 12.

than SC00, because it is rapidly photo-ionized. By the same
reason, long radial filaments found in SC00 are not formed in
SC00-3D-↵. Second, because the stripped gas expands into
a region behind the cloud, a tail-like gas structure is formed
there in SC00-3D-↵ (Fig. 21h), which is not seen in SC00.
Third, which is most important, owing to the self-gravity
and three-dimensionality, a great deal of gas of the cloud
concentrates into the central region of the cloud in SC00-
3D-↵ compared to SC00. This alters the density distribution
of the cloud and enhances the slowdown of the shock. As a
result, there are undamaged gas at t = 66 kyr. In contrast,

in SC00, all the gas is a↵ected by the AGN radiation by
t = 60 kyr. Thus, the self-gravity and three-dimensionality
will enhance the gas supply rate to the galactic center.

4.5 Cloud evaporation and cloud destruction
timescale

In order to see the dependencies of mass loss rates on U

and N

S

quantitatively, we plot in Fig. 22 the time evo-
lution of dense gas fraction fdense ⌘ Mgas(> nH/2)/Mcl,
where Mgas(> nH/2) is the total mass of the gas that has a

c� 2014 RAS, MNRAS 000, 1–32
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Figure 17. The same as Fig. 11, but for the model H20.

Figure 18. The same as Fig. 8, but for the model SC00-3D-static.

Figure 19. The column density distribution of the model SC00-
3D-static in the yz plane at t = 53 kyr.

larger density than half of the initial density nH. fdense de-
creases with time in all the models and the decreasing rate
is smaller in larger N

S

model if U are the same. In Low-
U models, the deceasing rates become small gradually with

Figure 20. The nH-Tgas diagram of the model SC00-3D-static
at t = 53 kyr.

time, since the counteraction of the photo-evaporation com-
presses the gas cloud three-dimensionally and the geometric
surface area that irradiated directly by the AGN becomes
small with time. Because of this, fdense in the models L05

c� 2014 RAS, MNRAS 000, 1–32
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On the evolution of gas clouds exposed to AGN radiation.
I. Three-dimensional radiation hydrodynamic simulations
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ABSTRACT
We perform three-dimensional radiation hydrodynamic simulations of uniform dusty
gas clouds irradiated by an active galactic nucleus (AGN) to investigate the depen-
dence of evolution of clouds on the ionization parameter U and the Strömgren number
NS . We find that the evolution can be classified into two cases depending on U . In
low U cases (U ⇡ 10�2), the evolution is mainly driven by photo-evaporation. A ap-
proximately spherically-symmetric evaporation flow with velocity of 100 - 150 km s�1

is launched from the irradiated face. The cloud is compressed by a D-type shock with
losing its mass due to photo-evaporation and is finally turned into a dense filament
by t . 1.5tsc. In high U cases (U ⇡ 5 ⇥ 10�2), radiation pressure suppresses photo-
evaporation from the central part of the irradiated face, reducing photo-evaporation
rate. A evaporation flow from the outskirts of the irradiated face is turned into a
high velocity (. 500 km s�1) gas wind because of radiation pressure on dust. The
cloud is swept by a radiation pressure-driven shock and becomes a dense gas disk by
t ⇡ tsweep. Star formation is expected in these dense regions for both cases of U . We
discuss the influences of the AGN radiation on the clumpy torus. A simple estimate
suggests that the clumps are destroyed in timescales shorter than their orbital periods.
For the clumpy structure to be maintained over long period, the incident radiation
field needs to be su�ciently weaken for most of the clumps, or, some mechanism that
creates the clumps continuously is needed.

Key words: hydrodynamics – radiative transfer – methods: numerical – ISM: clouds
– galaxies: active

1 INTRODUCTION

Active galactic nuclei (AGNs) are one of the most brightest
objects in the universe and their bolometric luminosities can
be as high as ⇡ 1047 erg s�1 (e.g., Croom et al. 2002; Diet-
rich & Hamann 2002). Most of their radiation is emitted in
the optical/ultraviolet (UV) wavelength as well as in the X-
ray wavelength and is enable to ionize and heat surrounding
interstellar medium (ISM) or intragalatic medium (IGM).
Therefore, radiation from the AGNs, along with relativistic
jets, are believed to have an great impact on evolution and
formation of galaxies. One of indirect evidence supporting
this is provided by a comparison between theoretical predic-
tions of galaxy luminosity function and observational data
(e.g., Benson et al. 2003).

The activities of AGNs are maintained through mass
accretion onto supermassive black holes (SMBHs). The ac-

? E-mail: namekata@ccs.tsukuba.ac.jp
† E-mail: umemura@ccs.tsukuba.ac.jp
‡ E-mail: hasegawa@ccs.tsukuba.ac.jp

creting matter is considered to flow from a dusty molecular
torus which surrounds the SMBH. Its existence is suggested
in the unified scheme of AGNs (e.g., Antonucci 1993; Urry &
Padovani 1995) and is supported by indirect observational
evidence such as polarized light from Seyfert galaxies (e.g.,
Young et al. 1995, 1996; Smith et al. 2002, 2004, 2005).
A theoretical consideration (Krolik & Begelman 1988) and
spectral energy distribution (SED) modelings of emission
from the AGN torus (Nenkova et al. 2002; Dullemond & van
Bemmel 2005; Hönig et al. 2006; Nenkova et al. 2008a,b) sug-
gest that the AGN torus consists of a number of dense gas
clumps. This is called the clumpy torus model. The physical
properties of the gas clumps and the maintenance mech-
anism of the clumpy structure is currently unknown. The
molecular gas in the AGN tori also must come from outer
parts of host galaxies such as bulges and galactic disks or
from outside the host galaxies. Several scenarios are pro-
posed for mass supply process toward the galactic centers.
In large scales (r & 1 kpc), (1) tidal torque driven by ma-
jor and the minor merger (e.g., Hernquist 1989; Barnes &
Hernquist 1991; Mihos & Hernquist 1996; Taniguchi 1999;
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Comparison to a constant-n slab
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The remaining  
free parameters 
are the SED and Z

Predicted Emissivities

Use RM to test the  
predicted line response  
function



What is the Origin of the BLR?
Line driven wind
Shlosman, Vitelo & Shaviv 1985 
Murray et al. 1995 
Proga & Kallman 2004

Too compact.  
100Rg  vs. 10,000R

MHD driven wind
Emmering, Blandford & Shlosman 1992 
Konigl & Kartje 1994 
Everett 2005

Assumed solution.  
Not predictive



A failed dusty disk wind?
Czerny & Hryniewicz 2011

Correct absolute size 
Correct luminosity dependence 
Unavoidable

Correct CF? 
Predictions? 

Need to work out the details 

AD atmosphere dust  
sublimation

Illuminated dust  
sublimation

BLR



Very different from the regular torus models

Vertical support 
Local accretion disk IR  
versus 
UV/X-ray illumination (assuming initially thick) 

Size 
The innermost torus, 0.1-0.2 pc 
versus 
The “regular torus”, 1-10 pc 

Emission 
NIR - hot dust, 3-5µm 
versus 
MIR - warm dust 10-30 µm 

Symeonidis+ (2016)



What is the predicted size of the BLR?

Outer radius set by dust sublimation due to Lbol

L
bol

4⇡R2

out

= 4�T 4

sub

! R
out

= 0.2L1/2
bol,46 pc

Inner radius set by dust sublimation at the disk surface

Predicted: Netzer & Laor (1993),  Observed: Suganuma et al. (2006)

3

8⇡

GMṀ

R3

in

= 4�T 4

sub

! R
in

= 0.006L1/2
opt,45 pc

Predicted: Czerny & Hryniewicz (2011),   Observed:?

Reverberation mapping results: R
BLR

= 0.1L1/2
bol,46 pc



How thick is the inner torus?

F

c

GM
h

R3h

R

F =
3

8⇡

GMṀ

R3

3

8⇡

GMṀ

R3



c
=

GMh

R3

h =
3

8⇡

Ṁ

c

What is kappa? 

For electron scattering                     —>  h   is constant 

For dust, depends on grain composition, grain size, wavelength

es = 0.4



What is Tsub?
Guhathakurta & Draine (1989)

At BLR density ~1011

Graphite - 2000K 
Silicate   - 1600K

Only graphites survive 
at the BLR



What is Tgrain?

At RBLR

Only large grains survive



What is the wavelength dependence of 𝜅 ?

The illuminating radiation

A sharp rise with TBB 
Graphites win again 

𝜅 can reach ~ 100  

But, this is for MRN 
(Galactic dust)



What happen to 𝜅 when small grains are gone?
UV IR

𝜅 sharply drops in the UV, but increases in the IR 
Have the cake, and eat it too! 
Line suppression is gone (UV absorption) 
But vertical disk support remains (IR absorption)



So, grain size distribution doesn’t matter in the IR 
Volume absorption, rather than surface absorption

The winner is the gas metallicity 
Since dust/gas ~ Z



What happens when the dust sees the real light?

When

L
bol

4⇡R2

cos ✓ > 4�T 2

sub

the grains sublimate  
right away (<1h). 

The implied maximal  
height 

h =
16⇡R34�T 2

sub

L
bolRadiation acceleration stop at h, 

but maximal height is reached when v=0

RBLR



Dynamic Solution

No dust
1 µm

0.1 µm

0.01 µm

BLR

IR

L
bol

= 1045 erg/s

M = 108M�

 = 200

⌦
BLR

= 0.15L1/3
bol,45⌘

�2/3
0.1 2/3

100

RBLR





Namekata & Umemura (2016)

Contrary to Krolik (2007), the radiation pressure by IR photons is not effective to thicken  
the disc, but rather compresses it. Thus, it seems difficult for a radiation-supported, 
geometrically thick, obscuring torus to form near the dust sublimation radius
To explain observed type-II AGN fraction, it is required that outflow gas is extended  
to larger radii (r>10 pc) or that a denser dusty wind is launched from smaller radii  
(r ∼ 104 Rg).



Conclusions

1. The BLR forms an inner torus with CF ~ 0.3 

2. The illuminated side produces the BEL. 

3. The back side is a source of the hot dust IR 
  
Predictions: 

What about obscuration? 

⌦BLR ⇠ (L/LEdd)
1/3, ⌦BLR ⇠ Z2/3



The BLR at micro arc sec resolution…


