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Basic	  ques*on:	  what	  is	  the	  Bondi	  accre*on	  rate	  
including	  the	  effects	  of	  radia*on	  feedback?	  
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Fueling	  of	  BHs	  

•  Complex	  topic,	  related	  to	  star	  formation,	  galaxy	  
formation,	  galaxy	  mergers,	  and	  feedback	  
effects	  

•  	  Large	  body	  of	  work	  in	  literature	  on	  growth	  of	  
SMBHs	  at	  the	  center	  of	  galaxies:	  complex	  
because	  of	  interplay	  between	  galaxy	  and	  SMBH	  
(e.g.,	  see	  Luca	  Ciotti’s	  work,	  and	  many	  others	  
….	  di	  Matteo+,	  Haiman+,	  Hernquist+,	  Ho+,	  
Hopkins+,	  Johnson+,	  Milosavljevic+,	  Nagamine
+,	  Ostriker+,	  Proga+,	  Spaans+,	  Volonteri+,	  ...etc)	  



How	  it	  all	  started:	  Bondi-‐Hoyle	  and	  
Eddington	  Accre*on	  

Obtain	  the	  Bondi	  radius	  
setting	  the	  escape	  
velocity=sound	  speed:	  
Bondi	  accretion	  rate	  (Bondi	  1952):	  

2)	  Effect	  of	  radiation	  pressure	  on	  e-‐	  (Compton	  scattering)	  

1)	  Sphere	  of	  inBluence	  of	  the	  BH’s	  gravity:	  



But	  there	  is	  much	  more: 	  	  
•  Radiation	  feedback:	  thermal,	  rad	  pressure	  

–  If	  ambient	  gas	  is	  neutral:	  photoionization	  
•  Effect	  of	  angular	  momentum	  of	  gas	  produces	  a	  thin	  disk	  (alpha-‐
disk)	  

•  Non-‐trivial	  boundary	  conditions	  and	  external	  gravitational	  
potential	  (stars	  and	  dark	  matter	  in	  a	  galaxy)	  

•  Fueling	  by	  stellar	  winds,	  mergers,	  etc.	  
•  Details	  depend	  on	  the	  halo	  mass	  and	  mass	  of	  the	  BH:	  

1.  Dwarf	  and	  Milky	  Way	  size	  galaxies:	  gas	  is	  mostly	  neutral	  
2.  Clusters	  and	  massive	  elliptical	  galaxies:	  IC	  gas	  is	  diffuse	  and	  

collisionally	  ionized	  

However,	  for	  IMBHs	  the	  Bondi	  radius	  is	  small	  with	  respect	  to	  
galactic	  scales	  several	  of	  these	  complications	  are	  less	  relevant	  



Philosophy	  of	  our	  approach	  
•  We	  take	  one	  step	  back:	  try	  to	  understand	  the	  Bondi	  problem	  
with	  radiation	  feedback:	  	  

L	  =	  η	  (dMrmin/dt)c2	  

•  Simple	  initial	  conditions	  (IC)	  +	  parametric	  study	  =	  analytic	  
modeling	  

•  Aim	  is	  to	  have	  more	  accurate	  formulae	  than	  the	  Bondi	  equations	  
to	  model	  accretion	  onto	  IMBH	  and	  perhaps	  SMBH	  in	  large	  scale	  
cosmological	  simulations	  

•  Results	  are	  qualitatively	  different	  with	  respect	  to	  Bondi’s	  
equations	  +	  surprising	  rich	  phenomenology	  even	  with	  very	  
simple	  IC!	  

•  Simulations	  focus	  on	  IMBHs	  in	  eirst	  galaxies	  (high-‐density),	  but	  
our	  analytical	  scaling	  relationships	  apply	  to	  wide	  range	  of	  BH	  
masses	  (with	  the	  many	  caveats	  mentioned	  before)	  



–  ZEUS-‐MP	  (Hayes	  et	  al.	  2006)	  +	  Radiative	  Transfer	  (Ricotti	  et	  al.	  2001)	  	  
•  1D	  and	  2D	  Hydrodynamics	  	  +	  ray-‐tracing	  module	  
•  Photoheating	  &	  Photoionization,	  Radiation	  pressure,	  Compton	  Heating	  
•  Multi	  species	  :	  HI,	  HII,	  HeI,	  HeII,	  HeIII,	  e-‐	  
•  IC:	  Uniform	  density	  and	  zero	  angular	  momentum	  
•  Log	  grid	  in	  radial	  direction	  (resolve	  from	  Bondi	  radius	  to10-‐3-‐10-‐4	  
Bondi)	  

–  Parameters	  explored	  for	  IC:	  
•  Mass	  :	  100-‐10,000	  Msun	  

•  Density	  :	  102	  –	  107	  cm-‐3	  

•  Temperature	  of	  the	  gas	  :	  3000-‐14000	  K	  
•  Radiative	  efeiciency	  :	  0.002-‐0.1	  
•  Power	  law	  spectra	  with	  spectral	  index	  :	  0.5-‐2.5	  

Numerical	  Simula*ons	  



Outline	  
	  
I.  Bondi	  accretion	  with	  RT	  (stationary	  
IMBHs)	  

II.  Bondi-‐Lyttleton	  accretion	  with	  RT	  (moving	  
IMBHs)	  
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Modeling:	  Mean	  Accre*on	  Rate	  
Simple	  model	  explains	  all	  sim.	  results:	  
1)	  Bondi	  formula	  inside	  the	  HII	  region	  
	  
	  
2)	  Pressure	  equilibrium	  in/out	  HII	  region:	  

Accretion	  rate	  in	  units	  of	  Bondi	  rate:	  
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Figure 8. Time-averaged temperature profiles as a function of simulation parameters. Different vertical lines indicate accretion radii, racc, for each parameter. Top
left: η ranges from 0.1 (solid line) to 0.003 (long dashed line). Top right: Mbh ranges from 100 M! (solid) to 800 M! (long dashed). Bottom left: density ranges from
104 cm−3 (solid) to 107 cm−3 (long dashed). Bottom right: T∞ ranges from 5000 K (solid) to 15,000 K (long dashed).

accretion rate inside of the Strömgren sphere normalized by the
Bondi accretion rate in the ambient medium is then

〈λrad〉 & λB

r2
accρincs,in

r2
b,∞ρ∞cs,∞

& 1
4

(1.8)2
(

ρin

ρ∞

) (
cs,in

cs,∞

)−3

& 3%T 2.5
∞,4, (15)

where we have used λB = 1/4, appropriate for an adiabatic gas.
Thus, 〈λrad〉 ∝ T

5/2
∞ , which is in agreement with the simulation

result, given that racc and Tin remain constant when we change
the simulation parameters. However, racc and Tin may not stay
constant if we modify the cooling or heating function, for
instance by increasing the gas metallicity or by changing the
spectrum of radiation; this result suggests that the accretion
rate is very sensitive to the details of the temperature structure
inside the Strömgren sphere, which shows a dependence on
nH,∞. The temperature profile changes significantly for nH,∞ <
3×104 cm−3 and this is probably the reason why our model does
not perfectly fit 〈λrad〉 from the simulations in the lower density
regime. In the next section we test whether Equation (13) is still
a good description of our results when we change the thermal
structure inside the H ii region.

5.1.1. Dependence on Temperature at Accretion Radius

In this section we study the dependence of the accretion rate
on the time-averaged temperature Tin at racc. We change the
temperature Tin by varying the spectral index α of the radiation
spectrum and by including Compton cooling of the ionized gas
by CMB photons. Here we explore the spectral index of the
radiation spectrum in the range α = 0.5, 1.0, 1.5, 2.0, and 2.5,
with the energy of photons from 10 keV to 100 keV. The other
parameters are kept constant at η = 0.1, Mbh = 100 M!,
nH,∞ = 105 cm−3, and T∞ = 104 K.

Figure 9 shows the different time-averaged temperature
profiles for different values of α. Spectra with lower values of
the spectral index α produce more energetic photons for a given
bolometric luminosity, increasing the temperature inside the
ionized bubble. Simulations show that the averaged accretion
rate 〈λrad〉 increases for a softer radiation spectrum. Different
slopes (0.5 ! α ! 2.5) of the power-law spectrum lead to
different Tin (59,000 K to 36,000 K) and 〈λrad〉 (0.0076 to
0.0509). Adopting a harder spectrum (with α = 0.5) instead
of the softer one (α = 2.5) increases Tin by a factor of 1.6 and
〈λrad〉 decreases by a factor 6.7. The fit to the simulation results
in Figure 9 show that 〈λrad〉 depends on temperature at racc as

〈λrad〉 ∝ T −4
in ∝ c−8

s,in. (16)
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are both independent of Mbh within the error of the fit. The
period of the bursts is well described by a power-law relation
τcycle ∝ M

2/3
bh .

(3) Dependence on gas density of the ambient medium. Panel
(c) in Figure 7 shows the dependence of accretion rate and burst
period on the ambient gas density, nH,∞. We explore a range of
nH,∞ from 5 × 103 cm−3 to 107 cm−3, while keeping the other
parameters constant at η = 0.1, Mbh = 100 M%, and T∞ =
104 K. For densities nH,∞ ! 105 cm−3, 〈λrad〉 and λrad,max are
insensitive to nH,∞ (β = −0.04 ± 0.08 and β = −0.18 ± 0.13,
respectively). However, for nH,∞ " 105 cm−3, 〈λrad〉 and λrad,max

are proportional to n
1/2
H,∞ (β = 0.44±0.02 and β = 0.37±0.09,

respectively).
The bottom of Figure 7(c) shows the effect of density

in determining the oscillation period. For densities nH,∞ !
105 cm−3, τcycle is fitted well by a power law with τcycle ∝ n

−1/3
H,∞ ,

and for the densities nH,∞ " 105 cm−3 it is fitted well by a power
law τcycle ∝ n

−1/6
H,∞ . However, τcycle at nH,∞ = 107 cm−3 is lower

than predicted by the power-law fit for nH,∞ ! 105 cm−3.
Although Figures 4 and 6 do not clearly show the magnitude of
accretion rate during the inactive phase, it is evident in a log–log
plot that accretion rate at minima is four orders of magnitude
lower than during the peak of the burst. This is the case for
all simulations but the ones with nH,∞ = 107 cm−3 in which
the accretion rate at minima is two orders of magnitude higher
than in all other simulations. The simulations show that the
ambient gas density is an important parameter in determining the
accretion luminosity and period between bursts of the IMBH.
One of the reasons is that the gas temperature inside the hot
ionized bubble and the thickness and density of the dense shell
in front of it depend on the density via the cooling function. The
drop in the accretion rate we observe at low densities can be
linked to an increase of the temperature within the sonic radius
with respect to simulations with higher ambient density. This
results in an increase in the pressure gradient within the ionized
bubble that reduces the accretion rate significantly.

(4) Dependence on the temperature of the ambient medium.
Panel (d) in Figure 7 shows the dependence of accretion rate and
period of the bursts on the temperature of the ambient medium,
T∞. We vary T∞ from 3000 K to 15,000 K while keeping the
other parameters constant at η = 0.1, Mbh = 100 M%, and
nH,∞ = 105 cm−3. We find that 〈λrad〉 and λrad,max depend
steeply on T∞ as T

5/2
∞ (β = 2.44 ± 0.06). Except for the

simulation with T∞ = 3000 K, the period of the accretion
cycle is fitted well by a single power law τcycle ∝ T

−1/2
∞ .

5. ANALYTICAL FORMULATION OF BONDI
ACCRETION WITH RADIATIVE FEEDBACK

In this section we use the fitting formulae for 〈λrad〉, λrad,max,
and τcycle obtained from the simulations to formulate an analytic
description of the accretion process. For ambient densities
nH,∞ ! 105 cm−3, we have found that the dimensionless mean
accretion rate 〈λrad〉 depends only on the temperature of the
ambient medium. It is insensitive to η, Mbh, and nH,∞. Thus, for
nH,∞ ! 105 cm−3 we find

〈λrad〉 ∼ 3.3% T
5/2
∞,4 n−0.04

H,5 ∼ 3.3% T
5/2
∞,4, (9)

while for nH,∞ " 105 cm−3 we find

〈λrad〉 ∼ 3.3% T
5/2
∞,4 n

1/2
H,5. (10)

As mentioned above, the dependence of 〈λrad〉 on the density
is due to the increasing temperature inside the ionized bubble
at low densities. The period of the accretion cycle depends on
all the parameters we have investigated in our simulation. In the
range of densities nH,∞ ! 105 cm−3, we find

τcycle = (6 × 103 yr) η
1
3
−1M

2
3

bh,2 n
− 1

3
H,5 T

− 1
2

∞,4, (11)

where we use the notation Mbh,2 ≡ Mbh/(102 M%). However, at
lower densities nH,∞ " 105 cm−3, we find

τcycle = (6 × 103 yr) η
1
3
−1 M

2
3

bh,2 n
− 1

6
H,5 T

− 1
2

∞,4, (12)

in which only the dependence on nH,5 changes. The different
dependence of τcycle on nH,∞ is associated with a change of
the mean accretion rate 〈λrad〉 for each density regime. The
deviation of τcycle from the power-law fit at nH,∞ = 107 cm−3

is not associated with any variation of the mean accretion rate.
Our value of τcycle for nH,∞ = 107 cm−3 is in good agreement
with the value found by MCB09.

5.1. Dimensionless Accretion Rate: 〈λrad〉
In this section we seek a physical explanation for the relation-

ship between the mean accretion rate 〈λrad〉 and the temperature
of the ambient medium found in the simulations. The model is
valid in all parameter spaces we have explored with a caveat
in the low density regime (nH,∞ < 3 × 105 cm−3) and at low
ambient temperatures (T∞ < 3000 K).

Figure 8 shows the time-averaged temperature profiles for
simulations in which we vary η, Mbh, nH,∞, and T∞. In the case
of different Mbh the radii are rescaled so that direct comparisons
can be made with the case of 100 M%. Vertical lines indicate the
accretion radius racc, inside of which gas is accreted and outside
of which gas is pushed out to the ionization front. We find that
the value of racc is generally insensitive to the parameters of the
simulation as is the gas temperature at racc.

Accretion onto the black hole of gas inside the hot ionized
sphere is limited by the thermal pressure of the hot gas and by
the outflow velocity of the gas that is produced by the pressure
gradient inside the Strömgren sphere. Thus, the accretion radius,
racc, is analogous to the inner Bondi radius, rb,in, modified to
take into account the temperature and pressure gradients inside
the hot bubble.

Let us assume that the average accretion rate onto the black
hole is

〈Ṁ〉 = 4πλBr2
accρincs,in, (13)

where ρin and cs,in (and the corresponding temperature Tin) are
the density and the sound speed at racc. Based on the results
illustrated in Figure 8, we expect the accretion rate to depend
only on ρin, since racc and cs,in can be taken to be constants.

When a Strömgren sphere is formed, the gas inside the hot
bubble expands and its density decreases. Inside the ionization
front, the temperature is about 104–105 K. Thus, assuming
pressure equilibrium across the ionization front, we find the
dependence of ρin on T∞:

ρin ≈ ρ∞
T∞

Tin
= ρ∞

(
cs,∞

cs,in

)2

. (14)

We find f = racc/rb,in ∼ 1.8 and the temperature at racc is
Tin ∼ 4 × 104 K independent of η, Mbh, nH,∞, and T∞ for a
fixed spectral index of radiation α = 1.5. The dimensionless

9



Accre*on	  rate	  propor*onal	  to	  
thermal	  pressure	  of	  ambient	  gas	  

ê	  

And	  very	  sensitive	  to	  the	  temperature	  inside	  the	  HII	  
region	  



Period	  between	  bursts	  is	  the	  sound	  
crossing	  *me	  of	  HII	  region	  

The	  model	  fails	  for	  
	  simulations	  with	  highest	  	  
gas	  density	  (107	  cm-‐3)	  



Two	  Dis*nct	  Modes	  of	  Oscilla*ons	  
Mode-‐I	  	  

n	  =	  106	  cm-‐3	  
Mode-‐II	  

n	  =	  107	  cm-‐3	  



	  fduty	  increases	  in	  mode-‐II	  oscillations.	  
	  Makes	  Eddington-‐limited	  accretion	  efeicient	  

Two	  Dis*nct	  Modes	  of	  Oscilla*ons	  
Mode-I 

Mode-II 

Mode-I Mode-II 

fduty=6%	  

fduty=50%	  



Transi*on	  to	  Eddington-‐limited	  Regime	  	  

Bondi-like 
Eddington-

limited 

Mode-II Mode-I 



Gas	  depletion	  time	  scale	  	  
•  Tcycle	  ~	  <Rs>	  :	  	  outBlow	  (Mode	  -‐I)	  
•  Tcycle	  ~	  <Rs>3	  :	  accretion	  by	  BH	  (Mode	  -‐II)	  
•  Tcycle	  ~	  <Rs>3/2	  :	  Eddington-‐limited	  (Mode-‐

II)	  

	  What	  determines	  Tcycle	  in	  mode-‐I	  and	  mode-‐II?	  



1.  Very	  inefeicient	  accretion:	  	  ~1%	  of	  Bondi	  rate	  
(because	  accretion	  rate	  determined	  by	  gas	  
temperature	  and	  density	  inside	  the	  HII	  region).	  

2.  Accretion	  rate	  proportional	  to	  thermal	  pressure	  	  	  
	  
	  
3.  Two	  distinct	  accretion	  modes:	  	  

I.  Mode-‐I	  fduty=6%	  (I-‐front	  collapse)	  
II.  Mode-‐II	  fduty~	  50%	  (thus,	  mean	  accretion	  rate	  

can	  approach	  Eddington	  limit)	  

Summary	  Part-‐I	  



Outline	  
	  
I.  Bondi	  accretion	  with	  RT	  (stationary	  BHs)	  

II.  Bondi-‐Lyttleton	  accretion	  with	  RT	  
(moving	  IMBHs)	  



Bondi-‐Hoyle-‐LyQleton	  Accre*on	  



Moving	  IMBH	  +	  Radia*ve	  Feedback	  
	  (Park	  &	  RicoU,	  2013)	  

•  Bondi-‐Hoyle-‐Lyttleton	  
accretion	  rate	  



D-‐type	  ioniza*on	  front	  +	  bow	  shock	  



Modeling	  based	  on	  
Simulations:	  
	  
1.  	  Transition	  from	  R-‐type	  to	  D-‐

type	  ionization	  front	  
2.  	  Isothermal	  bow-‐shock	  
3.  	  Thin	  shell	  instability	  produce	  

periodic	  accretion	  rate	  	  

R-‐type	  D-‐type	  

Accre*on	  Rate	  



Modeling:	  Accre*on	  Rate	  
•  Transition	  from	  D-‐type	  to	  R-‐type	  I	  front:	  	  

vR~2cs,in	  
•  D-‐type	  front:	  isothermal	  shock	  stops	  the	  gas	  elow	  and	  
transforms	  the	  problem	  into	  Bondi	  problem	  downstream	  
of	  the	  front.	  

Where	  Δρ	  ≈	  (v/vR)2	  and	  ΔT=const.	  are	  the	  
density	  and	  temperature	  inside	  the	  HII	  
region	  in	  units	  of	  the	  values	  outside.	  	  



BH	  in	  Wind-‐tunnel	  Experiment	  



	  

Shell	  instability	  and	  periodic	  oscilla*ons	  



IMBH	  grow	  fastest	  if	  moving	  at	  20	  km/s	  



A	  Few	  Applica*ons	  of	  these	  Results	  

Early	  Universe:	  
–  IMBH	  from	  PopIII	  remnants:	  many	  moving	  

IMBHs?	  Growth	  rate	  faster	  and	  total	  X-‐ray	  
output	  larger	  than	  miniquasars	  at	  high-‐z!	  	  	  

–  X-‐ray	  heating	  and	  pre-‐ionization	  
–  X-‐ray/FIR	  background	  eluctuations	  (see	  Nico’s	  

work:	  Cappelluti	  et	  al	  2012)	  	  
ULXs	  in	  local	  galaxies:	  
–  IMBHs	  moving	  through	  a	  dense	  cloud?	  Can	  be	  

visible	  due	  to	  periodic	  luminosity	  bursts.	  
	  



1.  D-‐type	  I-‐front	  and	  bow-‐shock	  modify	  the	  
accretion	  elow	  onto	  the	  BH	  

2.  Accretion	  rate	  increases	  with	  increasing	  BH	  
velocity:	  peaks	  at	  v=2cs,in~20-‐30	  km/s	  

3.  Growth	  rate	  can	  be	  faster	  than	  for	  non-‐moving	  
BH	  because	  is	  independent	  of	  temperature	  of	  the	  
medium!	  

4.  Thin	  shell	  instability	  produce	  periodic	  collapse	  of	  
the	  front	  and	  periodic	  pulsation	  of	  luminosity.	  
Can	  be	  important	  for	  ULX	  modeling.	  
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