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Motivation

Supermassive black hole astrophysics is 
concerned with many processes, e.g.,
- the formation and dynamics of Broad Line 

Regions and Narrow Line Regions in AGN, 
- the mass supply to a black hole accretion 

flow, and
- the black hole growth/impact.



What is inside the grid?



OUTLINE

1. Introduction
2. Multidimensional, time-dependent simulations of 
   - accretion disk winds 
     (What is the physics of a “sub-grid”?)
and
   - large scale inflows and related outflows 
      (Can we model the AGN feedback directly?).
   See also KEN NAGAMINE’s talk
3. Conclusions



Why outflows driven by 
radiation?

Arav et a. (1999) -- HST and ground-based observations of  
PG 0946+301



Radiation-Driven 
Disk Winds



The computational domain

X-ray and UV source



The equations of hydrodynamics
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Line driving

the radiation force due to lines

the total radiation force

Lucy & Solomon (1970) and Castor, Abbott & Klein (1975)

the radiation force due to 
electron scattering 
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CAK theory
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What really matters is
the following

Line-driven disk wind models 7

Table 1. Summary of results for disc winds with ! = 0.6, k = 0.2, and Mmax = 4400.

run Ṁa x ṀD vr(10r!) "

(M" yr#1) (M" yr#1) (km s#1) degrees

our
A 10#8 0 5.5 ! 10#14 900 50
B # ! 10#8 0 4.0 ! 10#12 3500 60
C # ! 10#8 1 2.1 ! 10#11 3500 32
D # ! 10#8 3 7.1 ! 10#11 5000 16
E # ! 10#8 10 3.2 ! 10#10 7000 8

PSD’s
2 10#8 0 4.8 ! 10#14 900 42
3 # ! 10#8 0 4.7 ! 10#12 3500 55

8 # ! 10#8 1 2.1 ! 10#11(a) 3500 37

12 # ! 10#8 3 6.3 ! 10#11(b) 5000 28
14 # ! 10#8 10 3.1 ! 10#10 7000 24

a) We found a typographical error in PSD table 2 b) We calculated this model for longer than PSD did and we found that the flow
settles at a higher mass-loss rate.

mass accretion rate and hence the disk luminosity LD is
increased: specifically, Ṁa is raised from 10#8M" yr#1 to
! ! 10#8M" yr#1. By contrast, panels b, c, and d compare
the flow pattern from three models in which the mass ac-
cretion rate is held fixed at Ṁa = 10#8M" yr#1 while the
stellar luminosity is varied using, x = 0, 1, and 3. This di-
agram presents models with the same input parameters as
those shown in Figure 10 in PSD, with the di!erence that
here full-Q is implemented in their calculation and we plot
poloidal velocity vectors instead of density.

Our new models confirm PSD’s result that the flow be-
comes more equatorial as the contribution of the central star
to the radiation field increases. However the scale of the
changes in the flow geometry is greater for the full-Q case
than in the approximate Q case – the models for low x are
more polar here than in PSD, whereas the models for high
x are more equatorial. PSD found that the reduction of the
opening angle of the disk wind slows appreciably for x >" 3.
With full-Q, this slowing is deferred until x >" 5. For exam-
ple, we calculated the model for x = 10 and found " = 8o,
rather than " = 24o for PSD’s corresponding model, run 14.
Despite this geometric change, the gross wind properties as
listed in Table 1 are scarcely any di!erent.

The two models illustrated in Figure 1 showed that the
model presented in PSD remains unsteady when recalcu-
lated using full Q, and that the originally steady model is
still steady. We can generalise this further in that we find
no noticeable shift in the value of x (= L!/LD) at which
the change from unsteady to steady occurs. This is a fur-
ther respect, to add to the mass-loss rate and characteristic
flow speed, in which the full-Q models continue to closely
resemble PSD’s models.

5 DISCUSSION AND SUMMARY

The e"cient algorithm described here has allowed us to ex-
amine the e!ects of all terms in the velocity gradient tensor
on the structure of line-driven winds from disks. We find that
the qualitative features of such winds are not changed by
the more accurate algorithm used here. In particular, models
which displayed unsteady behavior in PSD are also unsteady
with the full-Q method. This indicates the approximations
adopted in PSD indeed captured the dominant terms in the
line force.

On generalizing the line force, we determine the geom-
etry and strength of the line force in an exact way for a con-
stant geometry of the radiation field. We continue to find, as
in PSD, that the mass-loss rate and characteristic velocity
do not depend on either of these two geometries but primar-
ily on the total system luminosity. This is in keeping with
the conclusion reached by Proga (1999) who showed that the
mass-loss rate of even a simple spherically-symmetric stellar
wind is of the same order of magnitude as that of a pure
disk wind of the same total luminosity.

The dependence of the disk mass-loss rate on the total
system luminosity, LD + L!, indicates that the irradiation
due to the central star can power disk mass loss as does the
disk radiation. Indeed we have already shown that the radia-
tion from the luminous central star can drive a wind from an
optically-thick disk of negligible intrinsic luminosity, i.e., for
x = 300 and LDMmax << LEdd, where LEdd = 4!GM!/#e

is the Eddington luminosity (Drew, Proga & Stone 1998).
The significance of irradiation has also been studied by Gay-
ley, Owocki & Cranmer (1999). They also find, on the basis
of a quite di!erent formulation of the problem for an irradi-
ated planar slab atmosphere, that the irradiation enhances
or even induces the mass loss.

c" 0000 RAS, MNRAS 000, 000–000
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DP, Stone, & Kallman (2000)
DP & Kallman (2004)

DP & Kurosawa (2010)
DP et al. (2012)



Broad band spectra for various l.o.s.

Sim et al.  (2010) see also Schurch et al. (2009)  
and Giustini & DP  (2012)
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a
˙ M = −81×10 SunM −1yr

WDM =1 SunM

Drew & Proga (1999)
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Applied in models of AGN momentum-driven feedback, 
e.g., Ostriker et al. (2010) and Choi et al. (2012).



Are outflows virialized?

Kashi et al.,  submitted (aXriv:1310.1090)
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ON THE VIRIALIZATION OF DISK WINDS: IMPLICATIONS FOR THE BLACK HOLE MASS ESTIMATES IN
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ABSTRACT

Estimating the mass of a supermassive black hole (SMBH) in an active galactic nucleus (AGN) usually
relies on the assumption that the broad line region (BLR) is virialized. However, this assumption seems
invalid in BLR models that consists of an accretion disk and its wind. The disk is likely Keplerian
and therefore virialized. However, the wind material must, beyond a certain point, be dominated
by an outward force that is stronger than gravity. Here, we analyze hydrodynamic simulations of
four di!erent disk winds: an isothermal wind, a thermal wind from an X-ray heated disk, and two
line-driven winds, one with and the other without X-ray heating and cooling. For each model, we
check whether gravity governs the flow properties, by computing and analyzing the volume-integrated
quantities that appear in the virial theorem: internal, kinetic, and gravitational energies, We find
that in the first two models, the winds are non-virialized whereas the two line-driven disk winds
are virialized up to a relatively large distance. The line-driven winds are virialized because they
accelerate slowly so that the rotational velocity is dominant and the wind base is very dense. For
the two virialized winds, the so-called projected virial factor scales with inclination angle as 1/ sin2 i.
Finally, we demonstrate that an outflow from a Keplerian disk becomes unvirialized more slowly
when it conserves the gas specific angular momentum – as in the models considered here, than when
it conserves the angular velocity – as in the so-called magneto-centrifugal winds.
Keywords: accretion, accretion disks — hydrodynamics — methods: numerical — (galaxies:) quasars:

general

1. INTRODUCTION

Many astrophysical systems in equilibrium are virial-
ized. Examples range from objects that are in hydro-
static equilibrium, such as stars, planets, and intergalac-
tic medium, to dynamical systems such as planetary sys-
tems, binary stars, stellar globular clusters, and galaxies.
For such systems, the mass inside a sphere of a radius r
and a characteristic velocity v are related through the
well known equation

M(< r) = f
rv2

G
, (1)

where f is a factor that depends on the geometry and
dynamics. For example, in the case of Keplerian rota-
tion, f = 1 because the gravity and centrifugal forces are
equal, while in the case of supersonic accretion, f = 0.5
because the gravitational potential energy and kinetic
energy are equated. For such simple cases, f does not
change when it is integrated over some volume, even if
weighted by a non-uniform density. If the system is more
complicated, the density-weighted, volume-integrated f
could be dominated by the denser part of the flow.
It is often assumed that the broad line regions (BLRs)

in active galactic nuclei (AGN) are also virialized. This
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assumption cannot be directly verify because the BLRs
are spatially unresolved. However, the very compact-
ness of the BLRs and the broadness of the observed lines
suggest that the dynamics of the BLR gas is strongly
coupled to the gravity of the central supermassive black
hole (SMBH). Therefore, the assumption of virialization
has been used to determine the SMBH mass MBH, pro-
vided both v and r are known. In the case of AGN,
practically all the mass is concentrated in the center
with MBH being much greater than that of stars and
gas, therefore M(< r) = constant = MBH. The emis-
sion line width, "v, can be measured relatively eas-
ily and used as an estimate of v. Using reverber-
ation mapping, the distance r can be estimated via
r = c! , where ! is the time delay for BLRs to respond
to changes in the continuum (e.g., Blandford & McKee
1982; Peterson 1993). This method has been used
in many AGN surveys for multiple emission lines
with di!erent characteristic emission radii, and it has
been improved over the years (e.g., Ulrich et al. 1997;
Peterson & Wandel 1999, 2000; Peterson 2001,2004;
Kaspi et al. 2000; Kollatschny 2003; Bentz et al. 2009;
Pancoast et al. 2011; Hryniewicz & Czerny 2012; Shen
2013; Barth et al. 2013). It has also been suggested that
the BLRs are virialized based on the correlation between
the time delay and line width (e.g., Peterson & Wandel
1999, 2000; Onken & Peterson 2002; Kollatschny 2003;
Peterson et al. 2004).
Although the basic assumptions behind the above

mentioned method are very plausible, the method has
its limitations. For example, di!erent BLR structures,
the radiation pressure, viewing angle, gravity due to
the host galaxy, and di!erent methods for character-
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Table 1
Comparison of physics in the simulations analyzed in this work. References: Model 1. Giustini & Proga (2012); Model 2. Luketic et al.

(2010); Model 3. Proga (2003); Model 4. Proga & Kallman (2004).

Model Gravity Rotation Radiative gas Radiation Equation of Ltot/LEdd Units of
heating and cooling pressure state distance

1 Yes Yes No No Isothermal 0 GM/c2s
2 Yes Yes Yes No Adiabatic 0.03 GM/c2s
3 Yes Yes No Yes Isothermal 0.0015 rWD = 8700 km
4 Yes Yes Yes Yes Adiabatic 0.6 2GM/c2

of rWD. The total luminosity of the accretion disk and
WD is Ltot = 1.5! 10!3LEdd. The model computes the
radiation force due to lines using the intensity of the ra-
diation integrated over the UV-band only. The density
profile in the disk is ! = 10!9(r/rWD)!2 g cm!3. The
model calculates the line force that drives winds from
a thin disk based on Proga et al. (1999). The resulting
outflow shows radial streamlines with very high veloc-
ities (few!103 km s!1) in high latitudes and very low
(few!10 km s!1) velocities at low latitudes. Here, the
vout,max/vK(r = 1) ratio is 1.99. Rescaling results from
Model 3 to AGN is not straightforward, in part because
it does not include some of the physical processes that
are essential in AGN, e.g., the X-ray ionization. There-
fore, our last model is an extension Model 3 that was
computed specifically for AGN.

Model 4: A line-driven wind with X-ray heating and
cooling (Proga & Kallman 2004). The model describes a
wind from a disk around a M = 108M" SMBH. The dis-
tance in this model is given in units of the Schwarzschild
radius rs = 2GM/c2 = 3 ! 1013 cm. The disk lumi-
nosity is LD = 0.5LEdd, and the luminosity of the cen-
tral engine is Lc = 0.1LEdd with 90% of the radiation
in the UV and 10% in the X-ray. The model computes
the radiation force due to lines using the intensity of the
radiation integrated over the UV-band only. The cen-
tral engine produces photons that can ionize the gas,
but its contribution as a source of radiation pressure
was excluded. The adiabatic index is " = 5/3. The
gas density at the disk atmosphere and wind base is
10!12 g cm!3, and therefore the photo-ionization param-
eter is low (log # < "5) despite the strong radiation com-
ing from the center. This model includes self-shielding
of ionizing radiation. Dense clumps form close to the
center (“failed wind”) as a result of the over-ionization,
which provide shielding for the gas launched at large
radii. The disk wind is very fast (# 104 km s!1) at
low latitudes whereas at high latitudes, there is a low
density inflow. Here, the vout,max/vK(r = 1) is 0.13. As
shown by Proga & Kallman (2004) this class of models
well accounts for the properties of outflows observed in
broad absorption line quasars (see also Sim et al. 2010,
and references therein).

3. ANALYSIS METHODS

The simulations described above solve either hydrody-
namic or radiation+hydrodynamic equations in an Eu-
lerian form on a 2-D grid with axial symmetry. The
wind solution is given as the spatial distribution of lo-
cal quantities as a function of time. These quantities

are the density !, specific internal energy e, and velocity
v. Therefore the simulations provide all the necessary
information to compute the terms of the virial equation

!G = "2(E +K), (2)

where !G, E and K are the density-weighted, volume-
integrated quantities of gravitational potential $G =
GM/r, specific internal energy, and specific kinetic en-
ergy k = v2/2, respectively.
For Models 1–4, we compute the terms in the virial the-

orem. These models assumed axial symmetry, however,
the rotational component of velocity v! was implicitly
calculated, and it is used in our analysis. Following the
original papers that presented the simulations, we use
spherical polar coordinates.
We calculate the kinetic component of the virial factor

fk =
|$G|
2k

(3)

as a function of position. When e $ k, fk measures
where the flow is close to or largely deviating from viri-
alization. In this case fk % 1 would indicate a virialized
region in the flow. We note that in some cases e can be
dominant, for example, in stars.
We calculate the density-weighted, surface-integrated

viral quantities using the following equation:

q̃i =

2"
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"
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#=0

qi!
n sin % d% d&, (4)

where qi = ($G, e, k), and they are weighted by !n. To
examine the e"ects of winds on observations, we take n =
1 for continuum fluorescence excitation line emission, and
n = 2 for recombination line emission and collisionally
excited line emission.
Finally, we compute the density-weighted, volume-

integrated quantities

Qi =

2"
!

!=0

"
!

#=0

r
!

r=0

qi!r
2 sin % dr d% d&, (5)

where Qi = (!G, E,K) for qi = ($G, e, k), respectively.
Also, K = (Kr,K#,K!) are the radial, meridional, and
rotational components of K, respectively.
We use the local properties of the wind to check if k

scales with radius the same way as $G, namely, if fk is
radius independent. If fk is constant, then it means that
Equation (2) will hold and the system is virialized. But
even if it is not constant, Eq. (2) can still hold when the

On the Virialization of Disk Winds 3

Table 1
Comparison of physics in the simulations analyzed in this work. References: Model 1. Giustini & Proga (2012); Model 2. Luketic et al.

(2010); Model 3. Proga (2003); Model 4. Proga & Kallman (2004).

Model Gravity Rotation Radiative gas Radiation Equation of Ltot/LEdd Units of
heating and cooling pressure state distance

1 Yes Yes No No Isothermal 0 GM/c2s
2 Yes Yes Yes No Adiabatic 0.03 GM/c2s
3 Yes Yes No Yes Isothermal 0.0015 rWD = 8700 km
4 Yes Yes Yes Yes Adiabatic 0.6 2GM/c2

of rWD. The total luminosity of the accretion disk and
WD is Ltot = 1.5! 10!3LEdd. The model computes the
radiation force due to lines using the intensity of the ra-
diation integrated over the UV-band only. The density
profile in the disk is ! = 10!9(r/rWD)!2 g cm!3. The
model calculates the line force that drives winds from
a thin disk based on Proga et al. (1999). The resulting
outflow shows radial streamlines with very high veloc-
ities (few!103 km s!1) in high latitudes and very low
(few!10 km s!1) velocities at low latitudes. Here, the
vout,max/vK(r = 1) ratio is 1.99. Rescaling results from
Model 3 to AGN is not straightforward, in part because
it does not include some of the physical processes that
are essential in AGN, e.g., the X-ray ionization. There-
fore, our last model is an extension Model 3 that was
computed specifically for AGN.

Model 4: A line-driven wind with X-ray heating and
cooling (Proga & Kallman 2004). The model describes a
wind from a disk around a M = 108M" SMBH. The dis-
tance in this model is given in units of the Schwarzschild
radius rs = 2GM/c2 = 3 ! 1013 cm. The disk lumi-
nosity is LD = 0.5LEdd, and the luminosity of the cen-
tral engine is Lc = 0.1LEdd with 90% of the radiation
in the UV and 10% in the X-ray. The model computes
the radiation force due to lines using the intensity of the
radiation integrated over the UV-band only. The cen-
tral engine produces photons that can ionize the gas,
but its contribution as a source of radiation pressure
was excluded. The adiabatic index is " = 5/3. The
gas density at the disk atmosphere and wind base is
10!12 g cm!3, and therefore the photo-ionization param-
eter is low (log # < "5) despite the strong radiation com-
ing from the center. This model includes self-shielding
of ionizing radiation. Dense clumps form close to the
center (“failed wind”) as a result of the over-ionization,
which provide shielding for the gas launched at large
radii. The disk wind is very fast (# 104 km s!1) at
low latitudes whereas at high latitudes, there is a low
density inflow. Here, the vout,max/vK(r = 1) is 0.13. As
shown by Proga & Kallman (2004) this class of models
well accounts for the properties of outflows observed in
broad absorption line quasars (see also Sim et al. 2010,
and references therein).

3. ANALYSIS METHODS

The simulations described above solve either hydrody-
namic or radiation+hydrodynamic equations in an Eu-
lerian form on a 2-D grid with axial symmetry. The
wind solution is given as the spatial distribution of lo-
cal quantities as a function of time. These quantities

are the density !, specific internal energy e, and velocity
v. Therefore the simulations provide all the necessary
information to compute the terms of the virial equation

!G = "2(E +K), (2)

where !G, E and K are the density-weighted, volume-
integrated quantities of gravitational potential $G =
GM/r, specific internal energy, and specific kinetic en-
ergy k = v2/2, respectively.
For Models 1–4, we compute the terms in the virial the-

orem. These models assumed axial symmetry, however,
the rotational component of velocity v! was implicitly
calculated, and it is used in our analysis. Following the
original papers that presented the simulations, we use
spherical polar coordinates.
We calculate the kinetic component of the virial factor

fk =
|$G|
2k

(3)

as a function of position. When e $ k, fk measures
where the flow is close to or largely deviating from viri-
alization. In this case fk % 1 would indicate a virialized
region in the flow. We note that in some cases e can be
dominant, for example, in stars.
We calculate the density-weighted, surface-integrated

viral quantities using the following equation:

q̃i =

2"
!

!=0

"
!

#=0

qi!
n sin % d% d&, (4)

where qi = ($G, e, k), and they are weighted by !n. To
examine the e"ects of winds on observations, we take n =
1 for continuum fluorescence excitation line emission, and
n = 2 for recombination line emission and collisionally
excited line emission.
Finally, we compute the density-weighted, volume-

integrated quantities

Qi =

2"
!

!=0

"
!

#=0

r
!

r=0

qi!r
2 sin % dr d% d&, (5)

where Qi = (!G, E,K) for qi = ($G, e, k), respectively.
Also, K = (Kr,K#,K!) are the radial, meridional, and
rotational components of K, respectively.
We use the local properties of the wind to check if k

scales with radius the same way as $G, namely, if fk is
radius independent. If fk is constant, then it means that
Equation (2) will hold and the system is virialized. But
even if it is not constant, Eq. (2) can still hold when the

fp ! |!G|/Kp



fp ! |!G|/Kp =
1.32± 0.08

sin2 i
.



Radiation-Driven 
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Irradiation by Quasar.
Part I: effects of radiative heading and cooling.
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a 3-D SPH simulation (Barai, DP, & Nagamine 2012, see also BPN 2011) 
see K. Nagamine’s talk
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Fig. 6.—: Mass accretion rate in 1-D solutions for fX = 0.0005, 0.08, 0.01, and 0.015.
Di!erent colors shows Ṁ for various number of grid points: Nr=256 (blue), 512 (red), 1024
(green), 2048 (magenta), 4096 (black).

M. Moscibrodzka & DP (2013) 
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Fig. 1.—: Structure of 1-D accretion flow in run 1D256C (left column, fX = 1!10!2) and 1D256D (right
column, fX = 1.5! 10!2). Each panel is a snapshot taken at t=20 Myr. Panels from top to bottom show:
density, temperature with Mach number (Mach number scale is on the right hand side), heating/cooling
rates, and entropy S. The dashed vertical line in top panels marks the position of the sonic point. In panel
with heating/cooling rates the black solid line is a net heating/cooling and color lines indicate particular
physical process included in the calculations: Compton heating (red line), photoionization heating (green
line), bremsstrahlung cooling (magenta-line), cooling through line emission (blue-line). The bottom panels
display the gas temperature as a function of photoionization parameter; color lines indicate gas in radiative
equilibrium (red), constant pressure conditions (blue) and free-fall compression (green).
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Fig. 2.—: Left and right panels correspond, respectively to runs 1D256 C and D. Top panels
show the instability growth rates in comparison to the accretion time scale (!acc = r/v,
dashed line). The time scale for the short wavelength isobaric mode growth is displayed
as the dotted line while the damping rate as solid line (!Np). Other two lines show the
long-wavelength isochoric mode damping rate !Nv (heavy line) and the e!ective acoustic
waves damping time scale !Nv (light line). Middle panel: The dashed line is !acc and solid
line is tBV = 1/"BV , where "2

BV > 0 is the Brunt! Väisälä oscillation frequency for a
spherical system. Solid lines show the regions which are unstable convectivelly. The dotted

time scale for isobaric thermal mode  

time scale for isochoric thermal mode  

time scale for damping acoustic mode 

time scale for accretion 

time scale for accretion 

time scale for the Brunt-Vaisala mode

slope for radiative equilibrium 

slope for adiabatic process  
(i.e., entropy=const)

slope for the hydro results

  

Two-phase medium math

● Gas with radiative heating/cooling in the equilibrium state  w/o 

gravity (Field 1965 & ...) 
● Like in theory of sound propagation, hydro equations are 

linearized around the stead state,  pert. ~ exp(nt+ikx)
● With L(n,T) the dispersion relation shows new eigen mode
● short λ, n=-Np (real), exponential growth rate if Np < 0, t=1/n
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to these numerical e!ects even by a factor of a few is enough to suppress variability because
of the strong exponential dependence.

Thermal mode evolution depends not only on the numerical e!ects but also other pro-
cesses a!ecting the flow. Figure 4 shows the comparison of time scales of physical processes
involved: the compression due to geometry of the inflow and stretching due to accretion
dynamics. Once the condensation leaves the thermally unstable zone, and accretes with su-
personic background velocity, its density evolution is described by continuity equation. The
co-moving density evolution is a balance of two terms (1/!)(D!/Dt) = !2v/r! "v/"r, i.e.,
the compression and tidal stretching. The amplitude of condensation grows in regions where
there is compression due to geometry and decreases in regions where fluid undergoes accel-
eration - it stretches the perturbation. In the models 1D256D and C interior of the TI zone,
the evolution of the perturbation is dominated by compression because the compression time
scale is the shortest.

4.3. Convective Stability of Steady Accretion Flows

In this subsection, we examine in more detail convective stability of our solutions. In
Figure 2, (middle panels), we compare the accretion time scale #acc and the Brunt! Väisälä
time scale #BV = 1

!BV
associated with the development of convection. The frequency $BV is

defined as $2
BV " (!1

"
#P
#r )

# lnS
dr . The convectivelly unstable regions are marked as solid lines

($2
BV > 0). The convectivelly unstable zones overlap with the thermally unstable zones.

Since #acc # #BV convective motions might not develop, at least at the linear stage of the
development of TI.

In the bottom panels of Figure 2 we show the logarithmic derivatives of d lnT/d ln %
that could be used to graphically assess the stability of the flow. This can be done by
comparing the derivatives (the slopes of the lnT ! ln % relation) for three cases: model data
(solid line where T and % are taken directly from the simulations), purely adiabatic inflow
(dotted line, assuming that the velocity profile is same as in the numerical solution), and
radiative equilibrium conditions (dashed line). In particular, the regions where the solid
line is above the red line correspond to the potentially TI zones. The regions where the
dotted line is below the solid line correspond with the zone where the flow is potentially
convectivelly unstable. The conclusion regarding the flow stability is consistent with the
conclusion reached by analyzing the time scales shown in the top and middle panels of Fig.
2.
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With these scalings, the units of the radiation energy density
and flux are arT

4
0 and carT

4
0 , respectively.

To further simplify the equations, we assume frequency-
independent (gray) opacities and local thermodynamic equi-
librium (LTE). The scattering opacity is assumed to be isotropic
and coherent in the comoving frame. Thus, we only consider the
equations for frequency-integrated quantities, and do not need
to distinguish between Planck and flux-mean opacities. Exten-
sion of our method to frequency-dependent transport problems,
for example using multigroup methods (e.g., Vaytet et al. 2011),
is straightforward but beyond the scope of this paper. The equa-
tions of radiation MHD are then

!"

!t
+ ! · ("v) = 0,

!("v)
!t

+ ! · ("vv ! B B + P") = !PSr(P),

!E

!t
+ ! · [(E + P ")v ! B(B · v)] = !PCSr (E),

! B
!t

! ! # (v # B) = 0,

!Er

!t
+ C! · Fr = CSr (E),

! Fr

!t
+ C! · Pr = CSr(P), (1)

where the source terms are

Sr(P) = !#t

!
Fr ! vEr + v · Pr

C

"
+ #a

v

C
(T 4 ! Er ),

Sr (E) = #a(T 4 ! Er ) + (#a ! #s)
v

C
·
!

Fr ! vEr + v · Pr

C

"
.

(2)

In the above, " is density, P" $ (P + B2/2)I (with I the unit
tensor), #a and #s are the absorption and scattering opacities3

(which can be functions of both density and temperature), and
the magnetic permeability µ = 1. The total gas energy density
is

E = Eg +
1
2
"v2 +

B2

2
, (3)

where Eg is the internal gas energy density. We adopt an
equation of state for an ideal gas with adiabatic index $ , thus
Eg = P/($ ! 1) for $ %= 1 and T = P/Rideal", where Rideal
is the ideal gas constant. The radiation pressure Pr is related to
the radiation energy density Er by the closure relation

Pr = fEr. (4)

where f is the VET. It is straightforward to convert the dimen-
sionless radiation MHD equations given above to their more
familiar dimensional form by setting P = 1, and replacing C
with the speed of light c, T4 with arT

4, and Fr with Fr/c.
The VET used to close the hierarchy of radiation moment

equations is calculated directly from angular quadratures of the

3 Flux-mean, Planck-mean, and energy-mean opacities are treated as the
same here. But they can be easily extended to be different values.

frequency-averaged specific intensity Ir

f = Pr

Er

=
#

Ir n̂n̂d%#
Ird%

, (5)

where % is the solid angle and n̂ is the unit vector. The specific
intensity Ir is calculated from a formal solution of the time-
independent transfer equation

!Ir

!s
= &t (S ! Ir ), (6)

where &t is the total specific opacity and S is the source function.
In a companion paper (Davis et al. 2012), we describe in
detail the algorithm we use to solve the transfer Equation (6),
which is based on the method of short characteristics. In
Section 3.4, we describe how the angular quadratures of the
specific intensity returned by the transfer solver are computed
to give the Eddington tensor.

In the above equations, radiation quantities are always defined
in the Eulerian (lab) frame. To order O(1/C), the comoving
radiation energy density Er,0 and radiation flux Fr,0 are related
to the lab frame values Er and Fr by (e.g., Castor 2004)

Er,0 = Er ! 2
v

C
· Fr ,

Fr,0 = Fr ! 1
C

(vEr + v · Pr ) ,

Er = Er,0 + 2
v

C
· Fr,0,

Fr = Fr,0 +
1
C

(vEr,0 + v · Pr,0). (7)

The source terms (Equation (2)) in the mixed frame represen-
tation were originally developed by Mihalas & Klein (1982),
and extended by Lowrie et al. (1999) to include an extra term
(#a ! #s)v · (vEr + v · Pr )/C2 in the energy source term Sr (E).
This term is necessary to ensure the correct thermal equilibrium
state in moving fluids, and is especially important when scatter-
ing opacity is dominant (see a full discussion in Lowrie et al.
1999). Further discussion of the physical interpretation of the
source terms can be found in Section 7.1.

We do not solve the equations in strong conservation form,
which means that total (radiation plus gas) energy and momen-
tum are not conserved exactly (to round-off error). However, ex-
act conservation is easily enforced only for explicit algorithms,
in which case the time step is limited by the light crossing time
across a cell. Once implicit differencing methods are adopted,
then conservation to round-off error is generally not possible
due to the much larger error tolerance used when inverting the
matrix representing the difference equations. Since the use of
implicit methods is crucial in our application domain, we choose
to solve the radiation and material conservation laws with source
terms as accurately as possible, and monitor the energy error as
a diagnostic. The issue of the importance of exact energy con-
servation is discussed in more detail, along with results of tests
of energy conservation in our methods, in Section 4.

3. NUMERICAL ALGORITHM

In a previous paper (SS10) we presented a one-dimensional
modified Godunov algorithm for radiation hydrodynamics. In
this paper our focus will be on the additional extensions and
improvements to the SS10 method required in multidimensions.

3

The equations of R-HD



Pure scattering Absorption dominated

Proga et al., in prep.  
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Irradiation by Quasar.
Part I: effects of radiative heading/cooling and pressure.



Proga (2007)
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Effects of gas rotation, optical depth 
and X-ray background radiation

Proga, Ostriker, Kurosawa (2008)

no rotation rotation

rotation and opt. thick

no X-ray background X-ray background
7 pc

7 pc
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3-diminesional simulations

Kurosawa & DP (2009a) 
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Dynamical model for clouds in NLR!?



Sim et al.  (2012)

Kurosawa & DP (2009a) 



Kurosawa & DP (2009b) see also Liu et al. (2013)   

What is the limit for 
the mass supply rate?



Kurosawa et al.  (2009)
See K. Nagamine’s talk 

How efficient are the large scale 
outflows?

10^-4



Conclusions 
 Radiation-driven disk wind simulations predict line profiles and 

broad band spectra that are consistent with observations of BLRs. 
 The disk winds are virialized up to a relatively large distance.
 The disk winds are much more energetically efficient than the large 

scale outflows.
 A significant fraction of the inflowing matter can be expelled by radiation 

pressure and heating.
 The non-rotating flow settles into a steady inflow/outflow solution. Gas 

rotation and large optical depth can lead to time variability.
 In time variable flows, dense clouds form (as in NRL of AGN?). The cloud time 

evolution is very complex (no ‘bullets’).
 Inflows and outflows can be multi-temperature/phase media in part because 

of thermal instability (as in WA?).
 The I/O solution is quite robust but its characteristics are  sensitive to the 

geometry and SED of  the central object radiation.
 The mass supply rate does not appear to be limited by the luminosity of AGN.


