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-­‐	
  Thermal	
  expansion	
  
(evaporation,	
  
hydrodynamical	
  escape)	
  	
  
-­‐	
  Radiation	
  pressure	
  (due	
  
to	
  gas	
  and	
  dust	
  opacities)	
  
-­‐	
  Magnetic	
  Wields.	
  	
  
	
  	
  In	
  most	
  cases,	
  rotation	
  
plays	
  a	
  key	
  role	
  (directly	
  
or	
  indirectly).

What	
  can	
  drive	
  an	
  outWlow	
  or	
  
regulate	
  accretion?
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Radiation momentum and energy source terms:
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Here we will focus on the traditional case for RTI with
a high density fluid on top of a low density fluid separated
by an infinite thin interface. In the previous analytical
studies, simplifications are necessary to make the prob-
lem tractable. For example, radiation pressure is usu-
ally assumed to be isotropic, which is not true in general
at the interface. In this work, we relax these assump-
tions by solving the radiation hydrodynamic equations
numerically. We study both the linear regime, using
an Eddington tensor computed self-consistently from the
time-independent radiation transfer equation (i.e., we al-
low for anisotropic radiation pressure at the interface),
and we also follow the RTI into the non-linear regime
which is not possible in analytical studies. We note in
passing that we have also used our numerical methods
to test the stability of a radiation supported atmosphere
with a smooth density profile, and find no evidence for
instability, in agreement with ?.
The paper is organized as follows. In section 2, we de-

scribe the equations we solve and the numerical code we
use. We then consider the problem of RTI with a single,
initially static interface between two fluids of di↵erent
density. We describe the background equilibrium state
and initial perturbations in section 3, and summarize our
results in section 4. In section 5, we describe simulations
of RTI in shells being accelerated by radiation forces. We
summarize and conclude in section 6.

2. EQUATIONS

We solve the radiation hydrodynamic equations in the
mixed frame with radiation source terms given by ?. We
assume local thermal equilibrium (LTE) and that the
Planck and energy mean absorption opacities are the
same. Detailed discussion of the equations we solve can
be found in ?. With a vertical gravitational acceleration
g, the equations are
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Here, ⇢ is density, P ⌘ P I (with I the unit tensor) and P is
gas pressure, �

a

and �
s

are the absorption and scattering
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where E
g

is the internal gas energy density. We adopt
an equation of state for an ideal gas with adiabatic index
�, thus E

g

= P/(� � 1) and T = P/R
ideal

⇢, where R
ideal

is the ideal gas constant. The radiation pressure P
r

is
related to the radiation energy density E
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by the closure
relation

P
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where f is the variable Eddington tensor (VET). Radia-
tion flux is F

r

while c is the speed of light. The grav-
itational acceleration g is fixed to be a constant value
along the �z axis. S̃r(P ) and S̃

r

(E) are the radiation
momentum and energy source terms.
Following ?, we use a dimensionless set of equations

and variables in the remainder of this work. We con-
vert the above set of equations to the dimensionless form
by choosing fiducial units for velocity, temperature and
pressure as a

0

, T
0

and P
0

respectively. Then units for
radiation energy density E
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and flux F
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are a
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T 4
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and
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T 4
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. In other words, a
r

= 1 in our units. The di-
mensionless speed of light is C ⌘ c/a

0

. The original di-
mensional equations can then be written to the following
dimensionless form
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assuming subrelativistic motion, the dimensionless
source terms are,
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is a measure of
the ratio between radiation pressure and gas pressure in
the fiducial units. We prefer the dimensionless equations
because the dimensionless numbers, such as C and P, can
quantitatively indicate the importance of the radiation
field as discussed in ?.
We solve these equations in a 2D x� z plane with the

recently developed radiation transfer module in Athena
(?). The continuity equation, gas momentum equation
and gas energy equation are solved with modified Go-
dunov method, which couples the sti↵ radiation source
terms to the calculations of the Riemann fluxes. The ra-
diation subsystem for E

r

and F
r

are solved with a first
order implicit Backward Euler method. Details on the
numerical algorithm and tests of the code are described
in ?. The variable Eddington tensor is computed from
angular quadratures of the specific intensity I

r

, which is
calculated from the time-independent transfer equation
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Details on how we calculate the VET, including tests,
are given in ?.

3. BACKGROUND EQUILIBRIUM STATE

As is usual, the background equilibrium state used to
study RTI in this work is an interface which separates



– Compute	
  structure	
  and	
  dynamics	
  
of	
  accretion	
  Wlows	
  and	
  related	
  
outWlows.	
  

– Study	
  thermal,	
  MRI	
  and	
  other	
  
instabilities.	
  

– Determine	
  strength	
  of	
  outWlows/
feedback	
  (e.g.,	
  mass	
  accretion	
  &	
  
supply	
  rates),	
  growth	
  rate	
  of	
  BHs.	
  

– Compute	
  emergent	
  spectra	
  and	
  
variability	
  to	
  compare	
  to	
  
observations.

Essentials:
1) Calculations of the physical conditions and emission/

transmitted spectra of photo-ionized gases.  
2) Simulations of fluid dynamics.



An	
  Update:	
  	
  
new	
  diagnostics	
  and	
  tests

Radiation	
  Driven	
  Disk	
  Winds	
  
	
  (Are	
  they	
  the	
  BLRs?	
  What	
  is	
  the	
  physics	
  of	
  a	
  	
  ‘subgrid’?)
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IR
 Opt-UV


Big Blue Bump 

(0.1~1μm) 

So3 Excess 

(~0.1 keV) 

1μm 

inflec<on 

mm break 

(~100μm) 

Radio


Compton 

Hump     

(~10‐30keV) 

Lν = ν‐3 (dust) 

EUV


Radio‐loud 

Radio‐quiet 

X-ray


UV and X-rays
Radiation	
  pressure	
  on	
  UV	
  lines	
  can	
  drive	
  a	
  powerful	
  
wind	
  from	
  a	
  disk	
  even	
  when	
  the	
  wind	
  is	
  irradiated	
  

by	
  a	
  strong	
  central	
  source	
  of	
  X-­‐rays.

The	
  	
  wind	
  can	
  be	
  	
  very	
  fast	
  (~20,000	
  km/s)	
  and	
  its	
  
mass	
  loss	
  rate	
  is	
  high	
  (~1	
  solar	
  mass	
  per	
  year)

Results	
  from	
  the	
  line-­‐driven	
  disk	
  wind	
  simulations	
  
have	
  been	
  applied	
  in	
  models	
  of	
  AGN	
  momentum-­‐
driven	
  feedback,	
  e.g.,	
  Ostriker	
  et	
  al.	
  (2010),	
  Choi	
  et	
  

al.	
  (2012),	
  Ciotti	
  et	
  al.	
  (2016)	
  	
  
= 0.6

Line-­‐Driven	
  Disk	
  Winds



DP, Stone, & Kallman (2000) 
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Kashi, DP & DP et al. (2013) 

Waters, Kashi, DP et al. (2016)
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Ly  = Lyman alpha line of hydrogen

Si IV = triply ionized silicon 
(three electrons removed)

C IV = triply ionized carbon 
(three electrons removed)

C III = doubly ionized carbon 
(two electrons removed)

N V = quadruply ionized nitrogen  
(four electrons removed)

Computed	
  proWiles	
  of	
  UV	
  resonant	
  lines	
  resemble	
  
the	
  observed	
  proWiles	
  (strong	
  single-­‐peaked	
  
emission	
  lines	
  for	
  low	
  and	
  intermediate	
  

inclinations;	
  P-­‐Cygni	
  like	
  lines	
  for	
  high	
  inclinations).	
  	
  
BAL	
  quasars	
  should	
  be	
  X-­‐ray	
  weak	
  because	
  of	
  the	
  

shielding.
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Monte	
  Carlo	
  photoionization	
  and	
  
radiative	
  transfer	
  calculations.

Sim, DP et al.  (2010) and Higginbottom, DP et al. (2014)



Reverberation	
  Mapping

DP, Stone, & Kallman (2000) 

DP & Kallman (2004) 

DP & Kurosawa (2010) 

DP et al. (2012) 

Schurch, Done & DP (2009) 

Sim, DP et al. (2010) 

Kashi, DP et al. (2013) 

Higginbottom, DP et al. (2014) 

Waters, Kashi, DP et al. (2016)



Large	
  Scale	
  InWlows	
  and	
  OutWlows	
  
(Are	
  they	
  the	
  NLRs?	
  Can	
  we	
  model	
  the	
  AGN	
  FB	
  directly?)
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Irradiation	
  of	
  an	
  InWlow 
(effects	
  of	
  radiative	
  heating/cooling	
  and	
  radiation	
  pressure)



Proga, Jiang, Davis, Stone, & Smith (2014)  

Moscibrodzka & Proga (2013) 

Proga & Waters (2015) 
Waters & Proga (2016) 

Proga + Kurosawa (2007, 2009, 2010) 

- slowly rotating     
inflow                 
- rad. force          
- rad. H&C

- rad. force  
- rad. H&C 
- opt. thick      
(full R-HD)

- rad. force  
- rad. H&C  
- conduction 
- opt. thin

gas density

gas temp.

rad. flux

gas pressure

- no rotation     
- no rad. force  
- just rad. H&C  

Dos	
  and	
  Don’ts:	
  Take	
  gas	
  and	
  radiation	
  and	
  let	
  
clouds	
  to	
  be	
  accelerated	
  	
  while	
  they	
  form	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

(TI+	
  line	
  driving+lifting	
  by	
  a	
  hot	
  gas;	
  gas	
  rotation	
  
and	
  variable	
  radiation	
  help).	
  	
  

Do	
  not	
  try	
  to	
  accelerate	
  pre-­‐existing	
  clouds	
  
unless	
  the	
  opacity	
  is	
  dominated	
  by	
  scattering!
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Five	
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DP et al. (2014)

density



Absorption	
  dominated	
  cases

DP et al. (2014)

gas density

gas temp.

rad. flux

gas pressure
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We	
  have	
  been	
  building	
  a	
  physical	
  model	
  of	
  NLRs:	
  clouds	
  are	
  formed	
  
and	
  accelerated	
  (result	
  of	
  TI	
  and	
  radiation	
  force).	
  Although	
  they	
  are	
  

destroyed,	
  they	
  can	
  be	
  formed	
  again.



Proga, Ostriker, & Kurosawa  (2010)

The	
  model	
  is	
  promising	
  not	
  only	
  because	
  it	
  predicts	
  the	
  dynamics	
  
and	
  morphology	
  that	
  resemble	
  our	
  old	
  picture	
  but	
  
it	
  also	
  makes	
  several	
  more	
  speciWic	
  predictions.



Sim, DP et al.  (2012)

Kurosawa & Proga (2009a) 

Broad band spectra for various lines of sight  
(Monte Carlo calculations).



Kurosawa & Proga (2009a) 

Connecting simulations with observations 
has been done mostly through

post-processing

Sim, DP et al.  (2012) 
MC photoionization/RT calculations



  

Future

Outflows from stars, exoplanets, and clouds Disk winds from CVs, YSOs, and XRBs.

Winds in AGNs and PPDs Inflows and Outflows in GRBs and AGNs

Multi-frequency  Radiation-
Magnetohydrodynamics.



Summary
– The	
  inner	
  and	
  outer	
  workings	
  of	
  quasars	
  involve	
  very	
  many	
  processes	
  
that	
  are	
  important	
  in	
  other	
  objects	
  (e.g.,	
  inWlows	
  and	
  outWlows,	
  atomic/
molecular/dust	
   processes,	
   irradiation,	
   reprocessing,	
   radiative	
  
transfer,	
   magnetic	
   Wield	
   effects,	
   energy	
   generation,	
   its	
   release,	
  
transport	
  and	
  dissipation).	
  

– We	
   have	
   atomic	
   and	
   molecular	
   data,	
   computers	
   and	
   numerical	
  
methods	
   that	
   allow	
  us	
   to	
   develop	
   and	
   observationally	
   test	
   direct	
   ab	
  
initio	
  models	
  of	
  mass	
  outWlows	
  (i.e.,	
  that	
  will	
  include	
  the	
  object	
  where	
  
the	
  outWlows	
  originate	
  from).	
  	
  

– Combed	
  with	
  present	
  and	
  future	
  high-­‐quality	
  observations,	
  numerical	
  
R-­‐MHD	
   simulations	
   will	
   not	
   only	
   continue	
   to	
   provide	
   us	
   with	
  
important	
  insights	
  about	
  complex	
  objects	
  (test	
  long-­‐held	
  assumptions	
  
and	
   assertions)	
   but	
   also	
   allow	
   to	
   quantify	
   various	
   processes	
   and	
  
effects	
  so	
  that	
  we	
  can	
  determine	
  what	
  is	
  really	
  most	
  important	
  (from	
  
the	
  theoretical	
  as	
  well	
  as	
  observational	
  point	
  of	
  view).


