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1)	Introduction	
2)	Toward	a	More	Fundamental	Model	of	Quasars/AGNs	
	a)	large	scale	inOlows	and	outOlows	
				-	AGN:		Are	they	the	NLRs?	
				-	AGN	FB:	Can	we	model	the	AGN	FB	directly?	
	b)	radiation	driven	disk	winds	
					-	AGN:	Are	they	the	BLRs?	
					-	AGN	FB:	What	is	the	physics	of	a		‘subgrid’?	
3)	Future	Work

OUTLINE



1)	Why	over-ionization	is	a	problem	in	AGN	outOlows?	
2)	Is	the	problem	unique	to	AGN	or	do	other		
astrophysical	outOlows	have	a	similar	problem?	
3)	What	are	the	consequences	of	the	over-ionizaton	in		
magnetically	driven	outOlows	and	in	radiative	driven	
outOlows?	
4)	Can	screening	help	to	solve	the	over-ionization	
problem?	
5)	Do	we	know	the	geometry	and	SED	of	the	AGN	
radiation	well	enough	to	assess	the	severity	of	the	
problem?	

Questions:
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– Compute	structure	and	dynamics	
of	accretion	Olows	and	related	
outOlows.	

– Study	thermal,	MRI	and	other	
instabilities.	

– Determine	strength	of	outOlows/
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.



Accretion	Disks	in	Various	Objects

XRB and AGN

photoionization calculations using XSTARDyda, Dannen, Waters, DP (2017)



Thermal	winds:	effects	of	SED	and	Olux	

Dyda, Dannen, Waters, DP (2017)



Thermal	winds:	effects	of	Olux	

Dyda, Dannen, Waters, DP (2017)



Thermal	winds:	effects	of	SED	and	Olux	4170 S. Dyda et al.

Figure 6. AMD for mBl (pink), bremsstrahlung (orange) and XRB1 (green)
models for flux F/Fcr = 10 per cent corresponding to the blue coloured
points in Fig. 2. The X indicates the sonic point. Dips occur when there
is rapid heating of the flow. This adjustment to the radiation field happens
in the subsonic regions. The above models have the same TX but exhibit
qualitatively different behaviour. mBl has a dip despite the equilibrium
curve being stable. Bremsstrahlung has two closely spaced dips from a TI
and when adiabatic cooling becomes important. XRB1 has two dips for the
same reason but has an intermediate temperature stable phase between these
two dips.

In high flux cases, the flow has more opportunities to traverse
steep portions of the S curve as it explores a larger portion of it.
Though not necessarily formally unstable to the TI, these regions
where temperature varies strongly with ionization parameter lead to
an acceleration of the flow. High flux cases can therefore experience
multiple phases of acceleration, provided they remain in radiative
equilibrium and the S curve features multiple steep regions. We
found this was the case with the mBl SED where in the highest flux
runs had two stages of acceleration. The AMD features two dips,
indicating the ionization state of the gas when it accelerates.

We have assumed an optically thin wind, though a posteriori
we can estimate the validity of this approximation. Except when
F = Fcr, all cases have column densities NH < 1024 g cm−2 and
therefore are optically thin throughout. The critical case is optically
thin in the supersonic part. This indicates that the optically thin
heating assumption is not always valid; however, it can be used as
a starting point for this type of calculation.

Our results suggest that complete spectral information is impor-
tant when modelling radiative heating and thermally driven flows.
This is especially important for systems like AGN. Besides the Type
1 and Type 2 AGN cases, we may also interpret the blackbody case

as an AGN that has nearby cold gas that absorbs the soft photons.
The AGN1 and AGN2 cases have a difference of a few in their
various wind fluxes and efficiencies. However, the blackbody case
is several orders of magnitude smaller, primarily due to highly sup-
pressed soft photons. When modelling observed AGN outflows this
is important because any uncertainty in the observed flux will result
in an uncertainty in the modelled outflow.

We found numerical artefacts affecting our solution in several
ways. This suggests the need for new physics to properly resolve
the flow. When the wind becomes non-adiabatic and falls of the
equilibrium curve, there is a drop in the length scale associated
with the dynamical variables. This becomes more pronounced at
higher radiation fluxes and can lead to not finding a stationary nu-
merical solution. Likewise when solutions are thermally unstable
there is a decrease in the length scale of dynamical variables – if it
falls below the grid scale the TI is not numerically well resolved.
This cannot be addressed with additional resolution as the regions
are geometrically thin. Future studies of wind solutions should in-
clude the effects of thermal conduction because of relatively steep
temperature gradients (see for example Rozanska & Czerny 1996).

Our future studies will include 2D and 3D simulations of disc
winds driven by the radiation force. In addition to a considerably
more complex geometry and dynamics due to a rotating disc for
instance, accurate modelling of the radiative heating is also critical.
If the disc is irradiated by a central source or the inner parts of
the disc, the outer disc will heat. This affects the strength of the
radiation force and therefore the radiatively driven wind. However,
it has been shown that shadowing of the source by an inner disc
wind is an important effect in this type of setup (e.g. Proga, Stone &
Kallman 2000; Higginbottom et al. 2014). If line driving is im-
portant, calculating the force multiplier resulting from the lines
responsible for the heating/cooling as well as additional lines that
are negligible energetically but important for momentum transfer.
By using observed SEDs as an input to XSTAR we will model self-
consistently the heating/cooling in the system. We also note that
this method is quite general and can be applied to other radiatively
heated systems for which an SED has been observed. For example
one could consider the net heating of planetary atmospheres by the
host star.
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Large	Scale	InOlows	and	OutOlows	
(Are	they	the	NLRs?	Can	we	model	the	AGN	FB	directly?)
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(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!



Pure scattering Absorption dominated
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Absorption	dominated	cases

DP et al. (2014)

gas density

gas temp.

rad. flux

gas pressure

τs#=#0.2##
#
τs#=#4.0#
#
τtot#=#2×103#
#
τtot#=#4×106#
#
τtot#=#1.8×108#
##
##
#
##
#

τs#=#0.2##
#
τs#=#4.0#
#
τtot#=#2×103#
#
τtot#=#4×106#
#
τtot#=#1.8×108#
##
##
#
##
#



Proga & Waters  (2015)



Waters, DP + (2017) 



Waters, DP + (2017) O	VIII	Ly	alpha	(18.9	A)



How	to	accelerate	a	cloud	most	efOiciently?

Waters & Proga (2016) 

density

rad. force

velocity

pressureMost	efOicient	acceleration	is	when	the	driving	
Olux	varies	on	a	timescale	comparable	to	the	

cooling	time	scale	
[relevant	to	AGN	variability,	including	reverberation	

mapping,	e.g.,	see	Waters	et	al.	(2016)]



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	speciOic	predictions.



Sim, DP et al.  (2012)

Kurosawa & Proga (2009a) 

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



What	controls	the	mass	supply	rate?

Kurosawa & Proga (2009b) 

The	geometry	of	the	radiation	Oield	and	optical	depth	effects	
(the	total	luminosity	is	important	but	only	for	low	luminosity	cases).	

Mass	supply	can	be	super-Eddington!



Kurosawa, Proga, & Nagamine  (2009) 

10^-4

How	efOicient	are	the	large	scale	
outOlows?

EfOicient	in	carrying	matter	away	but	
inefOicient	energetically.



An	Update:		
new	diagnostics	and	tests

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



Irradiation	of	a	Disk	Wind

?
A	wind	driven	by	UV	photons,		

similar	to	winds	from	OB	stars	or	CVs	
(main	differences:	the	geometry	and	energy	

distribution	of	radiation	Oield).
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BHM = 810 Msun
Γ = 0.6

UV only 
(no X-rays)

Proga, Stone & Kallman (2000), Proga & Kallman (2004) 
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Line-Driven	Disk	winds	(application	to	quasars)

The equations were solved using the ZEUS code  
(Stone & Norman 1992) extended  
by PD, Stone, & Kallman (2000;  

see also PD, Stone & Drew 1998, 1999)                                                             

Elvis et al., 1994, ApJS, 95, 1
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BHM = 810 Msun
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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	(application	to	quasars)



DP, Stone, & Kallman (2000) 

DP & Kallman (2004) 

DP & Kurosawa (2010) 

DP et al. (2012) 

Schurch, Done & DP (2009) 

Kashi, DP & DP et al. (2013) 

Waters, Kashi, DP et al. (2016)

Hubble 2006: Science Year in Review
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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	proOiles	of	UV	resonant	lines	resemble	
the	observed	proOiles	(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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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)



Monte	Carlo	photoionization	and	
radiative	transfer	calculations.

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



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

Monte	Carlo	photoionization	and	
radiative	transfer	calculations.

Detailed	 photoionization	 and	
radiative	transfer	calculations	help	
to	 show	 how	 the	 radiation	 Oield	
geometry	 and	 energy	 distribution	
can	 affect	 the	 dynamics	 of	 a	 line	
driven	 disk	 wind,	 e.g.,	 multiple	
scattering	 as	 well	 as	 the	 EUV	
photons	 from	the	 inner	most	disk	
can	signiOicantly	increase	the	wind	
ionization.	 So	 the	 problem	 is	 not	
just	the	direct	irradiation.	

	The	over-ionization	is	a	major	problem		for	all	AGN	
wind	models,	including	MHD	models.



  

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

  

                       

Irradiation	of	a	Disk



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.


