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Motivation

• Challenging: Cosmological simulations cannot resolve the Sonic
Point, which is important to properly model BH accretion

• Previous subgrid models of AGN feedback in galaxy formation have
assumed the Bondi-Hoyle accretion rate, with ad-hoc choice of
parameter values

Small-scale sim (Proga & Begelman 2003,

Proga Ostriker & Kurosawa 2008)
Cosmological sim (Di Matteo, Springel &

Hernquist 2005, Booth & Schaye 2009)

Large dynamic

range of length

scales

BH accretion: <pc Galaxy physics: kpc - Mpc
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Outline
• Use cosmological / galaxy formation code to

simulate BH accretion on smaller scales

• Smoothed-Particle Hydrodynamics (SPH)
– Can handle large dynamical range

• Use 3D Tree-PM SPH code GADGET-III
– (Springel, V. 2005, MNRAS, 364, 1105)

• First Test : How well can SPH simulate Bondi
accretion onto a SMBH?

• Radiative heating & cooling, feedback

• Thermal-instability driven fragmentation

Barai, Proga & Nagamine
(2011, 2012)
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Reproduce Original Bondi Problem

• Spherically-symmetric accretion of gas having given density  and
temperature (T  cs) at infinity

(Bondi 1952, MNRAS, 112, 195)

• Mass accretion rate :

• Bondi radius and time :

• Sonic point:

RBondi =
GMBH

cs,
2 ,    tBondi =

RBondi

cs,

=
1

4
 , for, =

5

3

˙ M acc = 4( )
GMBH( )

2

cs,
3

Rsonic = fn( ) RBondi
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Simulation Setup

• Spherical distribution of gas accreting onto a SMBH

• Central BH represented with a static Paczynsky-Wiita potential
(Paczynsky & Wiita 1980, A&A, 88, 23)

• rin = 0.1 pc, rout = 5, 10, 20, 200 pc
– Must encompass RBondi & Rsonic inside

• BH Sink inside rin

 Gas accreted in, & removed from sim.

MBH =10
8MSun PW =

GMBH

r RSch( )
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Simulations of Bondi Accretion

• All runs have

rin = 0.1 pc

=1.01

=10 19  g/cm3

T =107  K
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rSonic
rBondi

2
1.5 pc

Radial Velocity Temperature

Mach No. Density

Acceleration Smoothing length

(almost isothermal,  = 1.01)

hsml ,Min 0.1 pc

Gas

Properties
• Black: Gas particles from

sim Run 7 at time = 2 tBondi

= 1.6 x 104 yr

• Red: Bondi solution

– Well reproduced

• Gas inflow from sub- to
super-sonic reaching
Mach ~ 6

• Issues:

– Discrepancy near rin 
AV

– Outer boundary: Outflow
at rout, because of finite
pressure gradient



8

Mass Inflow Rate at rin

• Bondi solution is reproduced

within 4tBondi (for 4 x 104 yrs)

• Spherically-Symmetric Gas

Properties

• Duration of Bondi inflow

rate increases with rout

• Bondi accretion rate is

reached starting with

different IC density

profiles

– Bondi

– Uniform

– Hernquist
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Add Radiative Heating & Cooling
• Spherical X-ray corona of luminosity LX around central BH

(Kurosawa, R. & Proga, D. 2009, MNRAS, 397, 1791)

• Photoionization parameter :

• Assume : optically thin gas

• Net Heating-Cooling rate

(Blondin 1994, ApJ, 435, 756)

(Proga, Stone & Kallman, T.R. 2000, ApJ, 543, 686)

• Added to eqn of hydrodynamics

4 FX
n

=
LX
r2n

LX = fX LEdd ,       LEdd =
4 cGmpMBH

e
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Components
• Approximate analytic formulae for X-ray irradiated optically-thin gas, in

the presence of 10 keV Bremsstrahlung spectrum (Blondin 1994)

– TX = 1.16 x 108 K

• Compton heating-cooling

• X-ray photoionization heating - recombination cooling

• Bremsstrahlung & metal line cooling
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Simulations with Heating & Cooling

rin = 0.1 pc, =
5

3
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Gas Properties

(w/ Heat-Cool)

• Black: Gas particles from
sim Run 23 at time = 1 Myr

• Red: free-fall scaling w/
(adiabatic + radiative) terms

• Blue: ZEUS code (grid-
based, 2D) results

• Green (T-panel, bottom-left):
free-fall w/ adiabatic only

• Excess heating near rin - AV

• Inner mass inflow rate >
Bondi rate,

– since T(rout) < T   = 105 K

Radial Velocity

Temperature

Mach No.

Density



Density & velocity vectors of
a cross-section slice

Run 23

Heating due to Artificial

Viscosity in SPH

Temperature in zoomed inner
region

Spherically-Symmetric
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LX /LEdd = 5 10 5
5 10 4 5 10 3

Artificial Viscosity Heating

• Black: Gas particles from 3 runs at t = 1.6 Myr

• Red: free-fall scaling w/ (adiabatic + radiative) terms

• Green: free-fall w/ adiabatic term only
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Radiative Feedback

Accreting gas undergoes feedback by radiative heating

Increasing LX reduces mass inflow rate, produces outflow
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LX/Ledd

5 x 10-5

5 x 10-4

0.005

0.01

0.02

0.05

Change of Accretion Flow by Varying Lx

• Run 23 restarted at t =
1.4 Myr, & other runs
done with varying Lx

• At Lx  0.01, net inflow
changes to net outflow

• Non-Spherical
Behavior for Lx = 0.01 -
0.05 :
– Non-uniform cooling

– Cold regions get denser
 Fragmentation &

Clumping

– Multi-phase gas motion

– Hot Bubbles rising
buoyantly from center

• Because of TI
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Run 26, LX /LEdd = 0.01

Density

Temperature

Inner 40 pc
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Whole 200 pc
Temperature

Run 26, LX /LEdd = 0.01

Inner 30 pc

Inner 1 pc

Density Temperature
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=
FX
cPgas

Multiphase

Gas Properties

• Black: Gas particles from

sim Run 26 at t = 2 Myr

– Large scatter

– Cooling & fragmentation

caused by TI

• Red

– Top 4 panels: free-fall

scaling w/ (adiabatic +

radiative) terms

– Bottom 2: radiative

equilibrium

Radial Velocity -
some outflow

Temperature -
cold & hot phases Mach No.

Density - cold
phase is denser

=
LX
r2n

Pressure-ionization parameterPhotoionization parameter
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Density

Temperature

Run 27, LX /LEdd = 0.02

Inner 60 pc
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Run 27, LX /LEdd = 0.02

Inner 100 pc

Density Temperature

t = 1.86 Myr

t = 2.12 Myr

t = 2.46 Myr
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Density

Temperature

Run 28, LX /LEdd = 0.05

Whole 200 pc
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Whole 200 pc
Density Temperature

t = 1.8 Myr

t = 3.0 Myr

Run 28, LX /LEdd = 0.05
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Thermal

Instability

dT

d
< 0
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Analysing

Thermal

Instability
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TI Timescales

Condition for TI to grow:

(Krolik & London 1983)

• tTI,gr < tff

• Subsonic flow
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Convective Instability (Brunt-Vaisala) Timescales

Condition for flow to
become convectively
unstable:

(Balbus & Soker 1989)

• tBV < tff
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Conclusions
SPH can reproduce Bondi accretion for several*tBondi, duration
increasing with rout

Radiative heating & cooling has been incorporated in the code

Current implementation of Artificial Viscosity in GADGET-III
overheats gas near rin

Feedback by radiative heating

 Increasing LX reduces mass inflow rate, produces outflow

Instability-driven fragmentation: cold clumps & hot bubbles

Thermal instability, and Convective instability

Formation of clouds in broad-line region and narrow-line region of AGN,
star-formation, variability of AGN luminosity

Future work

Include more physics: rotation, disk accretion, radiation pressure, …

Compare with BLR and NLR observations

Apply to cosmological simulations



Extra Slides
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How does mass accretion rate (BH microphysics)
depend on galaxy-scale gas properties?

˙ 
M acc = ( )

GMBH( )
2

c 3

Boundary Conditions

Subgrid Model

AGN

(High-resolution 

hydrodynamic simulations

resolving sonic point

of accretion flow)

Galaxy

(Cosmological 

simulation)

gas properties

on large-scales

c 3

= ?,  = ?

˙ 
M acc
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Artificial Viscosity in Gadget
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= 0.8

= 0
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Temperature vs. photo-ionization parameter of particles overplotted with the
implemented cooling curve.



10-juil-12 P. Barai, INAF-OATS 34



10-juil-12 P. Barai, INAF-OATS 35


