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Figure 2. Cross-section slice of gas density in the x − y plane through z = 0 of Run 4 at time t = 0.25tB = 0.2 × 104 yr, overplotted
with the velocity vector arrows.
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Figure 3. Mass inflow rate at the inner boundary as a function of time for the first eight runs in Table 1. Each panel has a different outer
radius: rout = 5 (top-left), 10 (top-right), 20 (bottom-left), 50 pc (bottom-right), as the time coverage becomes longer. The top-right
panel shows different particle numbers: N = 643 (Run 05) and 1283 (Run 06) for the Bondi IC. In addition, the top row and bottom-right
panels show the results of the Bondi IC (Runs 04, 05, 06, 08), together with the uniform IC runs (Runs 01, 02, 03). The Bondi mass
accretion rate (marked as the dash-dot-dot-dot horizontal line in each panel) is reproduced for a limited time duration.
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Figure 1. Cross-sections in Run 26 (LX/LEdd = 0.01) showing the inner 30 pc of the [x−y] plane through z = 0 at a time t = 2.047 Myr.
The gas density is in the top-left panel, temperature in the top-right, photoionization parameter in the bottom-left, and Mach number
in the bottom-right, overplotted with the velocity vector arrows. It shows colder, denser filament-like structures, with hotter, less-dense
gas in between, both components accreting in (with the colder phase moving in faster), all of which has been caused by non-spherical
cooling and fragmentation. This and all the other cross-section images in this paper have been generated using SPLASH (Price 2007).
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Figure 2. Zoom-in of the inner 4 pc of the [x−y] plane through z = 0 at a time t = 2.047 Myr in Run 26 (LX/LEdd = 0.01). The panels
represent gas density in the top-left, temperature in the top-right, photoionization parameter in the bottom-left, and Mach number in
the bottom-right. It shows stretching of the colder clumps as they fall in toward the center. They remain denser, however get heated up
at r < 1 pc, mostly by adiabatic compression. Note that the color scheme in this cross-section has been changed and it has been plotted
without the velocity vectors, in order to show the small-scale features clearly.
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• Motivation:  understand AGN feedback on small-

scales and link to large-scales

• AGN feedback (FB) efficiencies  

• Simulations:  Bondi accretion (both SPH & Grid)

• Understanding Thermal Instability

• Implications for AGN feedback
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Many Signs of AGN Feedback (FB) 
in Galaxy Formation

• AGN FB is considered to regulate star formation 
(quenching) in massive galaxies, causing the decline of 
cosmic SFRD at z≲1.

• Maybe it suppresses the massive-end of galaxy stellar 
mass func.

• Galaxy clusters show signs of central heating.

Table 1: Observational Evidence for AGN Feedback
High velocity broad absorption lines in quasars strong
Strong winds in AGN strong
1000 km/s galactic outflows strong
Bubbles and ripples in BCGs strong
Giant radio galaxies strong
Lack of high SFR in cool cluster cores indirect
M−σ relation indirect
Red and dead galaxies indirect
Lack of high lambda, moderate NH , quasars indirect
Steep L−T relation in low T clusters and groups indirect
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Figure 4: Chandra X-ray images showing the dramatic interaction of the central AGN on the surrounding gas
over a range of scales. Top left: massive cluster RBS 797 at z = 0.354 (Cavagnolo et al 2011), nearby central
group ellipical galaxy NGC5813 at z = 0.006 (Randall et al 2011), Lower left: rich cluster A 2052 at z= 0.035
(Blanton et al 2011) and NGC5044 group at z = 0.0093 (David et al 2011). Note that the bubbles in RBS 797
have volumes about 1000 times larger than those of the inner bubbles of NGC5813. Another larger pair of
bubbles occur in NGC5813, making 3 pairs in all.
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Figure 6. The dependence of the global SF history on various sets of parameters. (a) The effect of changing the simulation volume at a constant resolution.
(b) The effect of changing the resolution at a constant box size. (c) Simulations with different prescriptions for the generation of seed BHs (mhalo,min, mseed).
(d) Simulations with different values of the heating efficiency (εf ). (e) The effect of changing the way in which AGN feedback energy is distributed to the
surrounding gas particles ("T min, nheat). (f) The effect of changing the BH accretion model (α0, β). Curves in grey represent simulations that do not include
AGN feedback and the solid black curve in each panel represents the fiducial simulation (L050N256).

are inserted into haloes (mhalo,min). For the minimum halo mass,
we chose to use a fixed number of particles, mhalo,min = 100 mDM,
rather than a fixed halo mass because this ensures that BHs are
always placed into well-defined haloes, regardless of the numer-
ical resolution. Consideration of the AGN feedback process then
allowed us to place a minimum value on the possible mass of BH
seeds (10−3 mg) such that the average time between heating events
for a BH accreting at the Eddington rate is shorter than the Salpeter
time, making it possible for the BH to regulate its growth. We also
noted that the requirement that the total mass in seed mass BHs
generated in a simulation is much lower than the observed redshift
zero cosmic BH density does not allow the seed mass to be much
larger than the minimum possible value. We thus chose mseed =
10−3 mg as our fiducial value. We now examine how changes in
these two parameters affect our results.

By comparing our base model (L050N256) to a simulation in
which BH seeds are only placed into haloes that are 10 times more
massive (L050N256HIHALO; green dot–dashed curves), we can
say that most of our results are insensitive to the choice of mhalo,min.
The global SFR density in the simulations (Fig. 6c) is virtually un-
affected by changing mhalo,min from 102 mDM to 103 mDM, probably
because the SFR of galaxies is only affected by AGN in the most
massive haloes (M∗ ! 1011 M#; Fig. 9). The cosmic BH density
is also insensitive to mhalo,min. This follows because in the fiducial
model, the cumulative seed BH mass makes up only ∼2 per cent of
the redshift zero BH density, so removing some seeds has a negli-
gible effect on the global density. We now turn our attention to the
BH scaling relations (Fig. 8c), where we see that the BHs grow on
to the observed scaling relations at a higher mass, but that for M∗ !
1011 M# or σ > 100 km s−1 the results are almost identical to the

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 398, 53–74
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V vir new fuel for star formation must come from cooling flows which

are affected by ‘radio mode’ heating.

The effect of ‘radio mode’ feedback is clearly substantial. Sup-

pression of condensation becomes increasingly effective with in-

creasing virial temperature and decreasing redshift. The effects are

large for haloes with V vir ! 150 km s−1 (T vir ! 106 K) at z " 3. Con-

densation stops almost completely between z = 1 and the present

in haloes with V vir > 300 km s−1 (T vir > 3 × 106 K). Such systems

correspond to the haloes of groups and clusters which are typically

observed to host massive elliptical or cD galaxies at their centres.

Our scheme thus produces results which are qualitatively similar

to the ad hoc suppression of cooling flows assumed in previous

models of galaxy formation. For example, Kauffmann et al. (1999)

switched off gas condensation in all haloes with V vir > 350 km s−1,

while Hatton et al. (2003) stopped condensation when the bulge

mass exceeded a critical threshold.

4.2 Galaxy properties with and without AGN heating

The suppression of cooling flows in our model has a dramatic effect

on the bright end of the galaxy luminosity function. In Fig. 8 we

present K- and bJ-band luminosity functions (left- and right-hand

panels respectively) with and without ‘radio mode’ feedback (solid

and dashed lines respectively). The luminosities of bright galaxies

are reduced by up to two magnitudes when the feedback is switched

on, and this induces a relatively sharp break in the luminosity func-

tion which matches the observations well. We demonstrate this by

overplotting K-band data from Cole et al. (2001) and Huang et al.

(2003) in the left-hand panel, and bJ-band data from Norberg et al.

(2002) in the right-hand panel. In both bandpasses the model is quite

close to the data over the full observed range. We comment on some

of the remaining discrepancies below.

Our feedback model also has a significant effect on bright galaxy

colours, as we show in Fig. 9. Here we plot the B − V colour dis-

tribution as a function of stellar mass, with and without the central

heating source (top and bottom panels respectively). In both panels

we have colour-coded the galaxy population by morphology as es-

timated from bulge-to-total luminosity ratio (split at L bulge/L total =

Figure 8. Galaxy luminosity functions in the K (left) and bJ (right) photometric bands, plotted with and without ‘radio mode’ feedback (solid and long-dashed

lines respectively – see Section 3.4). Symbols indicate observational results as listed in each panel. As can be seen, the inclusion of AGN heating produces a

good fit to the data in both colours. Without this heating source our model overpredicts the luminosities of massive galaxies by about two magnitudes and fails

to reproduce the sharp bright-end cut-offs in the observed luminosity functions.

0.4). Our morphological resolution limit is marked by the dashed

line at a stellar mass of ∼4 × 109 M$; this corresponds approxi-

mately to a halo of 100 particles in the Millennium Run. Recall that

the morphology of a galaxy depends both on its past merging history

and on the stability of its stellar disc in our model. Both mergers

and disc instabilities contribute stars to the spheroid, as described

in Section 3.7. The build-up of haloes containing fewer than 100

particles is not followed in enough detail to model these processes

robustly.

A number of important features can be seen in Fig. 9. Of note

is the bimodal distribution in galaxy colours, with a well-defined

red sequence of appropriate slope separated cleanly from a broader

‘blue cloud’. It is significant that the red sequence is composed

predominantly of early-type galaxies, while the blue cloud is com-

posed mostly of disc-dominated systems. This aspect of our model

suggests that that the physical processes that determine morphol-

ogy (i.e. merging, disc instability) are closely related to those that

control star formation history (i.e. gas supply) and thus determine

galaxy colour. The red and blue sequences both display a strong

metallicity gradient from low to high mass (c.f. Fig. 6), and it is this

which induces a ‘slope’ in the colour–magnitude relations which

agrees well with observation (e.g. Baldry et al. 2004).

By comparing the upper and lower panels in Fig. 9 we can see how

‘radio mode’ feedback modifies the luminosities, colours and mor-

phologies of high-mass galaxies. Not surprisingly, the brightest and

most massive galaxies are also the reddest and are ellipticals when

cooling flows are suppressed, whereas they are brighter, more mas-

sive, much bluer and typically have discs if cooling flows continue

to supply new material for star formation. AGN heating cuts off the

gas supply to the disc from the surrounding hot halo, truncating star

formation and allowing the existing stellar population to redden.

However, these massive red galaxies do continue to grow through

merging. This mechanism allows the dominant cluster galaxies to

gain a factor of 2 or 3 in mass without significant star forma-

tion, in apparent agreement with observation (Aragon-Salamanca,

Baugh & Kauffmann 1998). This late-stage (i.e. z " 1) hierarchi-

cal growth moves objects to higher mass without changing their

colours.

C© 2005 The Authors. Journal compilation C© 2005 RAS, MNRAS 365, 11–28
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Bridging the Gap btw Large & Small Scale

• Still a large gap btw small-scale sims & cosmological sims.  

• Cosmo. sims use ad-hoc BH accretion models as “sub-grid” physics.

There are two definitions of the photoionization parameter
used in literature: ! and U (e.g., Krolik 1999). The former is
based on the ionizing flux, while the latter is based on the
number density of the ionizing photons. For the adopted spec-
tral energy distribution, the conversion between the two is
logU ¼ log ! " 1:75.

Our computational domain is defined to occupy the radial
range ri ¼ 10r# $ r $ ro ¼ 500r# and the angular range 0% $
" $ 90%. The r " " domain is discretized into zones. Our nu-
merical resolution consists of 100 and 140 zones in the r and
" directions, respectively. We use fixed zone size ratios,
drkþ1=drk ¼ 1:05 and d"l=d"lþ1 ¼ 1:066.

3.1. Two-Component Disk Wind Solution

Figure 1 shows the instantaneous density, temperature, and
photoionization parameter distributions, and the poloidal velocity
field of the model. The wind speed at the outer boundary is 2000–
12,000 km s"1. This corresponds to a dynamical time of '0.2 yr

for the material at " P 60%. Figure 1 shows results at the end of
the simulation after 6.5 yr. Although the flow is still weakly time-
dependent after this time has elapsed, the gross properties of the
flow (e.g., the mass-loss rate and the radial velocity at the outer
boundary) settle down to steady time averages. As in the flow
found by PSK00, the wind has three components: (1) a hot, low-
density flow in the polar region (2) a dense, warm, and fast
equatorial outflow from the disk, and (3) a transitional zone in
which the disk outflow is hot and struggles to escape the system.
The main difference from the results of PSK00 is that here the
transitional zone is much more prominent, and it occupies a large
fraction of the computational domain.
In the polar region, the density is very small and close to the

lower limit that we set on the grid, i.e., #min ¼ 10"20 g cm"3.
The line force is negligible because the matter is highly ion-
ized, as indicated by a very large photoionization parameter
('108). The gas temperature is close to the Compton temper-
ature of the X-radiation. The matter in the polar region is pulled

Fig. 1.—Top left: Color density map of the AGN disk wind model, described in the text. Top right: Color gas temperature map of the model. Bottom left: Color
photoionization parameter map. Bottom right: Map of the velocity field ( poloidal component only). In all panels the rotation axis of the disk is along the left-hand
vertical frame, while the midplane of the disk is along the lower horizontal frame.
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Figure 5. Successively zoomed projections of the gas density in a 3 Mpc h−1 thick slice from our L100N512 simulation at redshift zero. BHs are represented
in this plot by open circles and the area of each circle is proportional to the logarithm of the BH mass. The largest circle in the lower-left panel represents a BH
of mass 3 × 107 M#.

the effects of changes in each of these parameter sets, and addi-
tionally consider two purely numerical effects: the simulation mass
resolution and box size. For each set of simulations, we make four
diagnostic plots: in Fig. 6, we show the cosmic SFR density as a
function of redshift; Fig. 7 shows the evolution of the global BH
density, and the cumulative BH density present in seed-mass BHs
(grey curves); Fig. 8 shows the redshift zero mBH–M∗ and mBH–σ

relations. We associate BHs with gravitationally bound objects by
identifying bound substructures in the simulation using the algo-
rithm SUBFIND (Springel et al. 2001b; Dolag et al. 2008). We note
that in this plot we show total halo stellar mass as a function of
BH mass, as opposed to the observations, where only the bulge
stellar mass is calculated. This means that all curves can be shifted
slightly to the left. Finally, Fig. 9 shows the median-specific SFR
(SSFR) in bins of stellar mass. In this plot, the grey lines repre-
sent results from simulations that do not include AGN feedback. In
Figs 8 and 9, the vertical lines represent the halo stellar masses with
50 per cent and 90 per cent of haloes containing BHs massive
enough to have performed at least one heating event. It is immedi-
ately clear from Fig. 8 that the mBH–σ relation is much more robust
to changes in parameters than the mBH–M∗ relation.

Each set of simulations is compared to our fiducial simulation
(L050N256), which uses the model parameters that were justified
in Section 4. To aid comparison between the different simulation

sets, the fiducial simulation appears in every plot as a solid, black
curve. Details of all the simulations discussed in this section appear
in Table 3. We now discuss each simulation set in turn.

5.2.1 The effect of box size and mass resolution

We consider first the effect of changing the box size at a con-
stant resolution by comparing models L100N512, L050N256 and
L025N128. The size of the simulation box has a negligible effect on
both the SFR density (Fig. 6a) and, for z < 4, on the global mass
of BHs (Fig. 7a). Because the properties of individual BHs are set
by local physical processes, increasing the box size does nothing to
the scaling relations (Fig. 8a), except for allowing us to probe the
mass function up to larger halo masses. The same holds true for the
SSFRs of individual objects (Fig. 9a).

We now assess the impact of numerical resolution on our results.
We compare simulations at three different resolutions (L100N512,
L100N256 and L100N128), both with and without AGN feedback.
Simulation L100N128 has a dark matter particle mass of 3.54 ×
1010 M#, a factor of 64 worse than that used in L050N256, our
lowest resolution production simulation.

We concentrate first on the SF history in these simulations
(Fig. 6b). At high redshift (z > 4), the SFR is governed by

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 398, 53–74
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ABSTRACT

We measure and analyze the energy, momentum, and mass feedback efficiencies due to radiation from active
galactic nuclei (AGNs) in relatively large-scale outflows (from ∼0.01 to ∼10 pc). Our measurements are based on
the two-dimensional (axisymmetric) and time-dependent radiation–hydrodynamical simulations recently presented
in Kurosawa & Proga. In that paper, we studied outflows from a slowly rotating (sub-Keplerian) infalling gas driven
by the energy and pressure of the radiation emitted by the AGNs. These simulations follow the dynamics of gas
under the influence of the gravity of the central 108 M# black hole (BH) on scales from ∼0.01 to ∼10 pc. They
self-consistently couple the accretion luminosity with the mass inflow rate at the smallest radius (our proxy for the
mass-accretion rate, Ṁa). Over 30 simulations have been performed to investigate how the results depend on the gas
density at the outer radius, ρo. A key feature of these simulations is that the radiation field and consequently the gas
dynamics are axisymmetric, but not spherically symmetric. Therefore, the gas inflow and outflow can occur at the
same time. We compare our Ṁa–ρo relation with that predicted by the Bondi accretion model. For high luminosities
comparable to the Eddington limit, the power-law fit (Ṁa ∝ ρ

q
o ) to our models yields q ≈ 0.5 instead of q = 1.0,

which is predicted by the Bondi model. This difference is caused by the outflows which are important for the overall
mass budget at high luminosities. The maximum momentum and mass feedback efficiencies found in our models
are ∼10−2 and ∼10−1, respectively. However, the outflows are much less important energetically: the thermal and
kinetic powers in units of the radiative luminosity are ∼10−5 and ∼10−4, respectively. In addition, the efficiencies do
not increase monotonically with the accretion luminosity but rather peak around the Eddington limit beyond which a
steady-state disk–wind-like solution exists. Our energy feedback efficiencies are significantly lower than 0.05, which
is required in some cosmological and galaxy merger simulations. The low feedback efficiencies found here could
have significant implications on the mass growth of super massive BHs in the early universe. We stress, however,
that we have not considered the innermost parts of the accretion and outflow where radiation and matter interact
most strongly. The feedback from this region could have efficiencies significantly above the low values found here.

Key words: accretion, accretion disks – galaxies: evolution – galaxies: jets – galaxies: kinematics and dynamics –
hydrodynamics

Online-only material: color figures

1. INTRODUCTION

The central location of active galactic nuclei (AGNs) in their
host galaxies and the fact that they can produce a large amount of
energy imply that AGNs can play a very important role in setting
the physical conditions in their vicinity as well as on larger,
galactic, and even intergalactic scales (e.g., Igumenshchev et al.
1993; Ciotti & Ostriker 1997, 2001, 2007; King 2003; Murray
et al. 2005; Sazonov et al. 2005; Springel et al. 2005; Begelman
& Nath 2005; Hopkins et al. 2005; Wang et al. 2006b; Thacker
et al. 2006; Fabian et al. 2006, 2008; Pelupessy et al. 2007;
Krolik 2007; Merloni & Heinz 2008; Booth & Schaye 2009, and
references therein). There are many indications that support this
idea. For example, the presence of broad and narrow emission
lines and broad and narrow absorption lines in AGN spectra
suggests that AGN continuum radiation affects the immediate
environment of the AGN (see Krolik 1999 for an overview). In
addition, the tight correlation between the mass (MBH) of the
central black hole (BH) in a galactic nucleus and the velocity
dispersion σ of the galaxy’s bulge or spheroid, the so-called
MBH–σ relation (e.g., Ferrarese & Merritt 2000; Gebhardt et al.
2000; Tremaine et al. 2002), can be explained by the feedback
between AGNs and the infalling material from large distances.

1 Current address: Department of Astronomy, Cornell University, Ithaca,
NY 14853-6801, USA.

This feedback can quench both BH accretion and star formation
in the galaxy when BH reaches a certain mass. AGNs could
provide such feedback because they are very powerful sources
of energy and momentum (e.g., Silk & Rees 1998; Blandford
1999; Sazonov et al. 2005; Fabian 1999; Fabian et al. 2002; King
2003; Scannapieco & Oh 2004; Murray et al. 2005; Springel
et al. 2005; Di Matteo et al. 2005; Booth & Schaye 2009).

AGNs are powered by mass accretion onto a super massive
BH (SMBH). To illustrate how the growth of SMBH can be
self-regulated and how AGN feedback can be characterized, let
us first express the radiation luminosity due to accretion as

La = εrc
2Ṁa, (1)

where we invoke the simplest assumption such that the lumi-
nosity is proportional to the mass accretion rate (Ṁa) and a
radiative (or the rest-mass conversion) efficiency (εr). Both εr
and Ṁa are uncertain. For example, εr ranges from ∼10−1 in a
standard, radiatively efficient thin disk to ∼10−11 for spherically
symmetric accretion from a low-density medium (e.g., Shakura
& Sunyaev 1973; Shapiro 1973; Meszaros 1975; Soltan 1982;
Yu & Tremaine 2002) while the mass accretion rate depends on
poorly constrained physical conditions and geometry at large
distances from the BH.

A common method to estimate Ṁa is to adopt the analytic
formula by Bondi (1952), who considered spherically symmet-
ric accretion from a non-rotating polytropic gas with uniform

823

✏r ⇡ 10�1radiative efficiency 
(rest-mass energy conversion)
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2002), and ∼0.1 or ∼0.2 (Yu & Tremaine 2002). On the other
hand, Cao & Li (2008) find that εr is relatively low (∼0.08) for
MBH < 108 M" and relatively high (!0.18) for MBH ! 109 M".
Since the exact mechanism of how the accretion luminosity of
a BH couples to the surrounding gas is not well known, SDH05
and BS09 simply assume that La couples only thermally (and
isotropically) to the surrounding. Using Equation (1), the rate of
energy deposition to the surrounding (the AGN feedback rate)
in SDH05 is written as

Ėf = εf La = εfεrṀBHc2, (12)

where εf is the efficiency of the AGN energy deposition to
the surrounding gas, and is a free parameter which is to
be constrained by observations. BS09 find the models with
εf = 0.15 matches observations (e.g., the Magorrian relation
and the MBH–σ relations) very well, and similarly SDH05 find
that εf = 0.05 matches observations well (see also Di Matteo
et al. 2005). In the study of BS09, they find that the global BH
number density at the current era (zero redshift) and the BH
scaling relations are very sensitive to a choice of εf , and the
former is nearly inversely proportional to the value of εf .

3. OUR MODEL

Our approach is to use physical two-dimensional (axisym-
metric) and time-dependent hydrodynamical (HD) simulations
of AGN flows to investigate the dependency of the BH mass-
accretion rate on the surrounding gas density, and to find the
AGN feedback efficiencies in converting the accretion luminos-
ity into the outward fluxes of energy, momentum, and mass.
Here, we simply analyze the simulation results previously pub-
lished in KP09 for this purpose. KP09 used a modified version
of the ZEUS-MP code (cf. Hayes et al. 2006) for their numerical
simulations. In the following, we briefly summarize their main
model assumptions and results.

In KP09, we studied axisymmetric hydrodynamical simula-
tions of a slowly rotating gas that is under the influence of the
gravity of a 108 M" BH and is irradiated by a geometrically thin
UV accretion disk and a spherical X-ray corona. We assumed
that the AGN radiation is dominated by the disk radiation (95%
of the total luminosity). Further, we account for the fact that
the radiation from the disk depends on the polar angle θ , i.e.,
proportional to cos θ due to the geometrical foreshortening. We
ran a set of simulations for various values of the gas density (ρo)
at the outer radius of the computational domain, ro ≈ 7 pc. After
the initial transient stage, this density determines the key char-
acteristics of our solutions such as the accretion luminosity and
the outflow properties. We compute the accretion luminosity of
a system based on the accretion-rate, which is assumed to be
equal to the mass-supply rate at the inner radius of the compu-
tational domain ri ≈ 10−2 pc (i.e., we used Equation (1), where
we assumed εr = 1/12 and Ṁa = Ṁin[ri]). See Section 5.3 for
more details on this assumption.

For the models with high-temperature gas at large radii and
with high luminosities, we found a strong correlation between
Ṁout and La (see Figure 1 in KP09). The power-law index
describing the correlation is very similar to that for radiation-
driven stellar and disk–wind models (e.g., Castor et al. 1975;
Proga et al. 1998; Proga 1999). More surprisingly, for the models
with high density at large radii, we found steady-state solutions
with La exceeding the Eddington limit. The super-Eddington
accretion proceeds in the equatorial region and is possible
because the radiation flux from the disk is significantly reduced

in the equatorial direction due to the geometrical foreshortening
effect.

In all simulations performed by KP09, an outflow is driven
from an inflow with sub-Keplerian rotation. For the models
with high temperatures at large radii, the inflow occurs over
a wide range of the polar angles, whereas the outflow occurs
in a relatively narrow polar angle range (see the left panel in
Figure 2). However, for the super-Eddington cases with low
temperature at large radii, the inflow persists only very close to
the equatorial plane, resembling a thin accretion disk, while the
outflow arises in a wide range of radii and polar angles (see the
right panel in Figure 2). The geometry of this extreme inflow–
outflow solution is very similar to a radiation-driven wind from
a luminous Keplerian accretion disk (e.g., Woods et al. 1996;
Proga et al. 1998; Proga & Kallman 2002). For the cold super-
Eddington solutions, Ṁout is only very weakly correlated. The
weaker correlation is mainly caused by a mismatch between the
direction of escaping photons and the inflowing gas. In other
words, the radiation is emitted mostly in the polar directions
whereas the inflowing gas occurs mainly in the equatorial region.

As it has been discussed and shown in the past, we find
that self-consistently determined preheating/cooling from the
quasar radiation can significantly reduce the rate at which
the central BH is fed with matter. However, our results also
emphasize a little-appreciated feature. Namely, quasar radiation
does drive a non-spherical, multi-temperature, and very dynamic
flow.

In the following, we present the mass-accretion rates and var-
ious (energy, momentum, and mass) AGN feedback efficiencies
computed from the simulations. For this purpose, we use a sub-
set of the models in KP09. Here, we concentrate on the models in
which the outer boundary temperature is not fixed at a constant
value, but it is self-consistently determined from the radiative
and adiabatic heating (Models 28–34 in KP09). Note that the
flow solutions for these models are, in general, very similar to
those with the fixed outer boundary temperature at 2 × 106 K
(the low temperature models, i.e., Models 1–9 in KP09).

4. RESULTS

We analyze the dependency of the mass-accretion rate on the
gas density at a large distance from a BH and AGN feedback
efficiencies based on the axisymmetric hydrodynamical simula-
tions presented in KP09. The main results of the models along
with the input outer boundary density ρo are summarized in
Table 1.

4.1. Mass-accretion Rates

The mass-inflow rates at the inner boundary Ṁin (ri) and those
at outer boundary Ṁin (ro) from the HD simulations are plotted
as a function of the outer boundary density ρo in Figure 3
(see Table 1 for the numerical values). For a given value of
ρo, Ṁin (ri) and Ṁin (ro) are not equal to each other, but rather
Ṁin (ri) < Ṁin (ro) because of an outflow. The lowest density
model (Model 35) is an exception since no outflow is formed in
this model. For the higher density models, an outflow forms, and
not all the material entering from the outer boundary reaches the
inner boundary. A fraction of gas experiences a strong radiation
pressure and radiative heating, and the direction of flow changes,
forming an outflow.

The figure also shows the the mass-accretion rates predicted
by the Bondi accretion model (Equation (2)) and those computed
from the formulations of SDH05 and BS09 (Equations (9)
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2002), and ∼0.1 or ∼0.2 (Yu & Tremaine 2002). On the other
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Since the exact mechanism of how the accretion luminosity of
a BH couples to the surrounding gas is not well known, SDH05
and BS09 simply assume that La couples only thermally (and
isotropically) to the surrounding. Using Equation (1), the rate of
energy deposition to the surrounding (the AGN feedback rate)
in SDH05 is written as

Ėf = εf La = εfεrṀBHc2, (12)

where εf is the efficiency of the AGN energy deposition to
the surrounding gas, and is a free parameter which is to
be constrained by observations. BS09 find the models with
εf = 0.15 matches observations (e.g., the Magorrian relation
and the MBH–σ relations) very well, and similarly SDH05 find
that εf = 0.05 matches observations well (see also Di Matteo
et al. 2005). In the study of BS09, they find that the global BH
number density at the current era (zero redshift) and the BH
scaling relations are very sensitive to a choice of εf , and the
former is nearly inversely proportional to the value of εf .

3. OUR MODEL

Our approach is to use physical two-dimensional (axisym-
metric) and time-dependent hydrodynamical (HD) simulations
of AGN flows to investigate the dependency of the BH mass-
accretion rate on the surrounding gas density, and to find the
AGN feedback efficiencies in converting the accretion luminos-
ity into the outward fluxes of energy, momentum, and mass.
Here, we simply analyze the simulation results previously pub-
lished in KP09 for this purpose. KP09 used a modified version
of the ZEUS-MP code (cf. Hayes et al. 2006) for their numerical
simulations. In the following, we briefly summarize their main
model assumptions and results.

In KP09, we studied axisymmetric hydrodynamical simula-
tions of a slowly rotating gas that is under the influence of the
gravity of a 108 M" BH and is irradiated by a geometrically thin
UV accretion disk and a spherical X-ray corona. We assumed
that the AGN radiation is dominated by the disk radiation (95%
of the total luminosity). Further, we account for the fact that
the radiation from the disk depends on the polar angle θ , i.e.,
proportional to cos θ due to the geometrical foreshortening. We
ran a set of simulations for various values of the gas density (ρo)
at the outer radius of the computational domain, ro ≈ 7 pc. After
the initial transient stage, this density determines the key char-
acteristics of our solutions such as the accretion luminosity and
the outflow properties. We compute the accretion luminosity of
a system based on the accretion-rate, which is assumed to be
equal to the mass-supply rate at the inner radius of the compu-
tational domain ri ≈ 10−2 pc (i.e., we used Equation (1), where
we assumed εr = 1/12 and Ṁa = Ṁin[ri]). See Section 5.3 for
more details on this assumption.

For the models with high-temperature gas at large radii and
with high luminosities, we found a strong correlation between
Ṁout and La (see Figure 1 in KP09). The power-law index
describing the correlation is very similar to that for radiation-
driven stellar and disk–wind models (e.g., Castor et al. 1975;
Proga et al. 1998; Proga 1999). More surprisingly, for the models
with high density at large radii, we found steady-state solutions
with La exceeding the Eddington limit. The super-Eddington
accretion proceeds in the equatorial region and is possible
because the radiation flux from the disk is significantly reduced

in the equatorial direction due to the geometrical foreshortening
effect.

In all simulations performed by KP09, an outflow is driven
from an inflow with sub-Keplerian rotation. For the models
with high temperatures at large radii, the inflow occurs over
a wide range of the polar angles, whereas the outflow occurs
in a relatively narrow polar angle range (see the left panel in
Figure 2). However, for the super-Eddington cases with low
temperature at large radii, the inflow persists only very close to
the equatorial plane, resembling a thin accretion disk, while the
outflow arises in a wide range of radii and polar angles (see the
right panel in Figure 2). The geometry of this extreme inflow–
outflow solution is very similar to a radiation-driven wind from
a luminous Keplerian accretion disk (e.g., Woods et al. 1996;
Proga et al. 1998; Proga & Kallman 2002). For the cold super-
Eddington solutions, Ṁout is only very weakly correlated. The
weaker correlation is mainly caused by a mismatch between the
direction of escaping photons and the inflowing gas. In other
words, the radiation is emitted mostly in the polar directions
whereas the inflowing gas occurs mainly in the equatorial region.

As it has been discussed and shown in the past, we find
that self-consistently determined preheating/cooling from the
quasar radiation can significantly reduce the rate at which
the central BH is fed with matter. However, our results also
emphasize a little-appreciated feature. Namely, quasar radiation
does drive a non-spherical, multi-temperature, and very dynamic
flow.

In the following, we present the mass-accretion rates and var-
ious (energy, momentum, and mass) AGN feedback efficiencies
computed from the simulations. For this purpose, we use a sub-
set of the models in KP09. Here, we concentrate on the models in
which the outer boundary temperature is not fixed at a constant
value, but it is self-consistently determined from the radiative
and adiabatic heating (Models 28–34 in KP09). Note that the
flow solutions for these models are, in general, very similar to
those with the fixed outer boundary temperature at 2 × 106 K
(the low temperature models, i.e., Models 1–9 in KP09).

4. RESULTS

We analyze the dependency of the mass-accretion rate on the
gas density at a large distance from a BH and AGN feedback
efficiencies based on the axisymmetric hydrodynamical simula-
tions presented in KP09. The main results of the models along
with the input outer boundary density ρo are summarized in
Table 1.

4.1. Mass-accretion Rates

The mass-inflow rates at the inner boundary Ṁin (ri) and those
at outer boundary Ṁin (ro) from the HD simulations are plotted
as a function of the outer boundary density ρo in Figure 3
(see Table 1 for the numerical values). For a given value of
ρo, Ṁin (ri) and Ṁin (ro) are not equal to each other, but rather
Ṁin (ri) < Ṁin (ro) because of an outflow. The lowest density
model (Model 35) is an exception since no outflow is formed in
this model. For the higher density models, an outflow forms, and
not all the material entering from the outer boundary reaches the
inner boundary. A fraction of gas experiences a strong radiation
pressure and radiative heating, and the direction of flow changes,
forming an outflow.

The figure also shows the the mass-accretion rates predicted
by the Bondi accretion model (Equation (2)) and those computed
from the formulations of SDH05 and BS09 (Equations (9)
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ṁa = ↵
4⇡GM2

BH⇢

(c2
s + v2)3/2 ↵ ⇠ 100&

more abrupt in the more massive systems. Here, the total gas supply
for accretion is larger, and the gravitational potential well is deeper,
and so the black hole has to grow much more before its released
energy is sufficient to expel the gas in a quasar driven wind, which
then terminates further nuclear accretion and star formation. For
the same reasons, the initial growth of the black holes, which is
regulated by the properties of nearby gas, depends on the total mass.
It is faster in more massive systems, which can therefore reach the
exponential, Eddington-limited growth phase more easily. The
lifetime of the active black hole phase, however, increases for smaller
black hole masses, implying that low-luminosity quasars should be
more numerous than bright ones. This is consistent with them
residing in a greater number of smaller galaxies and with what has
been found in recent surveys26,27.
The dependence of black hole growth on galaxy mass yields a

relation between the stellar spheroid of the remnant galaxy and its
central black hole. Figure 3 shows the black hole mass versus the
stellar velocity dispersion of the merger remnants from our simu-
lations, compared with observations. We show simulations with six
different galaxy masses, each of which has been run with three
different initial gas mass fractions of the galaxies’ disks. Remarkably,

our simulations reproduce the observed MBH–j correlation very
well. Note that black holes in more gas-rich mergers reach some-
what larger masses than those growing in gas-poorer environments
(which is expected from our prescription for the accretion rate), but
this is partly compensated by an increase in the velocity dispersion
of the corresponding bulges, maintaining a comparatively tight
MBH–j relation. However, this suggests that part of the intrinsic
scatter in the observed relation can be ascribed to different gas
fractions of the galaxies during black hole growth. Our lowest mass
galaxy models probe a region of the MBH–j relation where few
measurements are available, and predict that this correlation should
hold towards small black holemasses and small velocity dispersions,
in tentative agreement with recent observations28.

Black hole growth is self-regulated in our models. As galaxies
merge to form spheroids, the dynamical response of the gas to the
energy supplied by accretion halts further growth once the black
holes have reached a critical size for the gravitational potential of the
bulge. At this saturation point, the active galactic nuclei (AGN)
generate outflows that drive away gas and inhibit further star
formation. Our simulations are, to our knowledge, the first self-
consistent models to demonstrate that self-regulation can quanti-
tatively account for the principle observational facts known for the
local population of supermassive black holes, most notably the
MBH–j relation. Moreover, self-regulation in our hydrodynamical
simulations predicts a specific duration of the luminous episode of a
black hole in a given galaxy, thereby explaining the origin of quasar
lifetimes. We note that the final black hole masses we obtain are
roughly proportional to the inverse of the value assumed for the
feedback efficiency, f. We note that our choice of f ¼ 0.05 is
consistent with the value required in semi-analytic models8 to
explain the evolution of the number density of quasars.

The black hole accretion activity also has a profound effect on the
host galaxy. The remnant spheroid is gas-poor and has low residual
star formation, so it evolves to a red stellar colour on a short
timescale. The simulations shown heremake it possible to draw firm
conclusions about this and other links between black hole growth,
quasar activity and properties of the galaxy population. Our
approach can also be implemented in cosmological simulations of
hierarchical structure formation in representative pieces of the
Universe. Such simulations will allow us to study directly why
quasars were much more numerous in the early Universe than
they are today, and how black holes and galaxies have influenced
each other throughout cosmic history. A
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Figure 3 The relation between the final black hole mass,M BH, and the velocity dispersion

of stars, j, of our galaxy merger simulations compared with observational measurements.

Filled circles show the masses of the black holes and the bulge velocity dispersions

measured for the final remnants of six merger simulations of galaxies with disk gas

fraction of 20%, but different total mass, parameterized by virial velocities of V vir ¼ 50,

80, 160, 320 and 500 km s21 (shown by the dark to light red, from low- to high-mass

galaxies respectively). Open circles and open squares with the same colour give results for

gas fractions of 40% and 80%, respectively. We have also checked that our results are

insensitive to the orbits of the galaxy collisions. Mimicking the observational data, we

calculate j as the line-of-sight stellar velocity dispersion of stars in the bulge within the

effective radius, R e, of the galaxy. Black symbols show observational data for the masses

of supermassive black holes and the velocity dispersions of their host bulges;

measurements based on stellar kinematics are denoted by black filled stars, those on gas

kinematics by black open squares, and those on maser kinematics by black filled

triangles. Details for all the displayed measurements and associated r.m.s. error bars are

given in refs 3 and 27. The observed BH sample has been fitted by a power law relation,

yielding30:M BH ¼ (1.5 ^ 0.2) £ 108M ((j/200)
4.02^0.32 (here j is in units of km s21).

The inset shows the relation between the virial velocity, V vir, and j—shown in the x axis of

the main panel—measured for the merger remnants in the simulations. The same colour

coding is used as in the main panel to indicate corresponding mass objects.
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ABSTRACT

We measure and analyze the energy, momentum, and mass feedback efficiencies due to radiation from active
galactic nuclei (AGNs) in relatively large-scale outflows (from ∼0.01 to ∼10 pc). Our measurements are based on
the two-dimensional (axisymmetric) and time-dependent radiation–hydrodynamical simulations recently presented
in Kurosawa & Proga. In that paper, we studied outflows from a slowly rotating (sub-Keplerian) infalling gas driven
by the energy and pressure of the radiation emitted by the AGNs. These simulations follow the dynamics of gas
under the influence of the gravity of the central 108 M# black hole (BH) on scales from ∼0.01 to ∼10 pc. They
self-consistently couple the accretion luminosity with the mass inflow rate at the smallest radius (our proxy for the
mass-accretion rate, Ṁa). Over 30 simulations have been performed to investigate how the results depend on the gas
density at the outer radius, ρo. A key feature of these simulations is that the radiation field and consequently the gas
dynamics are axisymmetric, but not spherically symmetric. Therefore, the gas inflow and outflow can occur at the
same time. We compare our Ṁa–ρo relation with that predicted by the Bondi accretion model. For high luminosities
comparable to the Eddington limit, the power-law fit (Ṁa ∝ ρ

q
o ) to our models yields q ≈ 0.5 instead of q = 1.0,

which is predicted by the Bondi model. This difference is caused by the outflows which are important for the overall
mass budget at high luminosities. The maximum momentum and mass feedback efficiencies found in our models
are ∼10−2 and ∼10−1, respectively. However, the outflows are much less important energetically: the thermal and
kinetic powers in units of the radiative luminosity are ∼10−5 and ∼10−4, respectively. In addition, the efficiencies do
not increase monotonically with the accretion luminosity but rather peak around the Eddington limit beyond which a
steady-state disk–wind-like solution exists. Our energy feedback efficiencies are significantly lower than 0.05, which
is required in some cosmological and galaxy merger simulations. The low feedback efficiencies found here could
have significant implications on the mass growth of super massive BHs in the early universe. We stress, however,
that we have not considered the innermost parts of the accretion and outflow where radiation and matter interact
most strongly. The feedback from this region could have efficiencies significantly above the low values found here.

Key words: accretion, accretion disks – galaxies: evolution – galaxies: jets – galaxies: kinematics and dynamics –
hydrodynamics
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1. INTRODUCTION

The central location of active galactic nuclei (AGNs) in their
host galaxies and the fact that they can produce a large amount of
energy imply that AGNs can play a very important role in setting
the physical conditions in their vicinity as well as on larger,
galactic, and even intergalactic scales (e.g., Igumenshchev et al.
1993; Ciotti & Ostriker 1997, 2001, 2007; King 2003; Murray
et al. 2005; Sazonov et al. 2005; Springel et al. 2005; Begelman
& Nath 2005; Hopkins et al. 2005; Wang et al. 2006b; Thacker
et al. 2006; Fabian et al. 2006, 2008; Pelupessy et al. 2007;
Krolik 2007; Merloni & Heinz 2008; Booth & Schaye 2009, and
references therein). There are many indications that support this
idea. For example, the presence of broad and narrow emission
lines and broad and narrow absorption lines in AGN spectra
suggests that AGN continuum radiation affects the immediate
environment of the AGN (see Krolik 1999 for an overview). In
addition, the tight correlation between the mass (MBH) of the
central black hole (BH) in a galactic nucleus and the velocity
dispersion σ of the galaxy’s bulge or spheroid, the so-called
MBH–σ relation (e.g., Ferrarese & Merritt 2000; Gebhardt et al.
2000; Tremaine et al. 2002), can be explained by the feedback
between AGNs and the infalling material from large distances.

1 Current address: Department of Astronomy, Cornell University, Ithaca,
NY 14853-6801, USA.

This feedback can quench both BH accretion and star formation
in the galaxy when BH reaches a certain mass. AGNs could
provide such feedback because they are very powerful sources
of energy and momentum (e.g., Silk & Rees 1998; Blandford
1999; Sazonov et al. 2005; Fabian 1999; Fabian et al. 2002; King
2003; Scannapieco & Oh 2004; Murray et al. 2005; Springel
et al. 2005; Di Matteo et al. 2005; Booth & Schaye 2009).

AGNs are powered by mass accretion onto a super massive
BH (SMBH). To illustrate how the growth of SMBH can be
self-regulated and how AGN feedback can be characterized, let
us first express the radiation luminosity due to accretion as

La = εrc
2Ṁa, (1)

where we invoke the simplest assumption such that the lumi-
nosity is proportional to the mass accretion rate (Ṁa) and a
radiative (or the rest-mass conversion) efficiency (εr). Both εr
and Ṁa are uncertain. For example, εr ranges from ∼10−1 in a
standard, radiatively efficient thin disk to ∼10−11 for spherically
symmetric accretion from a low-density medium (e.g., Shakura
& Sunyaev 1973; Shapiro 1973; Meszaros 1975; Soltan 1982;
Yu & Tremaine 2002) while the mass accretion rate depends on
poorly constrained physical conditions and geometry at large
distances from the BH.

A common method to estimate Ṁa is to adopt the analytic
formula by Bondi (1952), who considered spherically symmet-
ric accretion from a non-rotating polytropic gas with uniform
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density ρ∞ and sound speed c∞ at infinity. Under these as-
sumptions, a steady-state solution to the equations of mass and
momentum conservation exists with a mass accretion rate of

ṀB = λ 4πr2
Bρ∞c∞, (2)

where λ is a dimensionless parameter that, for the Newtonian
potential, depends only on the adiabatic index (cf. Bondi 1952;
Shu 1992; Frank et al. 1992). The Bondi radius, rB, is defined as

rB = GM

c2
∞

, (3)

where G is the gravitational constant and M is the mass of the
accretor.

One can quantify AGN feedback by measuring its efficiency
in affecting the flow of energy, momentum, and mass. In this
work, we consider only the energy and momentum carried out
by matter. The total energy feedback efficiency εt is defined
as the ratio between the accretion luminosity of the system La
(Equation (1)) and the sum of the kinetic power (kinetic energy
flux) Pk and thermal energy power (thermal energy flux) Pth,
i.e.,

εt = (Pk + Pth)/La . (4)

Similarly, the kinetic energy and thermal energy feedback
efficiencies (εk and εth) are defined as

εk = Pk/La (5)

and
εth = Pth/La , (6)

respectively. From these definitions, it obviously follows that
εt = εk + εth.

The momentum feedback efficiency (εp) is defined as the ratio
of the total wind momentum pw to the total radiation momentum
(La/c), i.e.,

εp = pw/ (La/c) . (7)

Lastly, the mass feedback efficiency εm is defined as the ratio of
the mass-outflow rate at the outer boundary Ṁout to the mass-
inflow rate at the inner boundary Ṁin, i.e.,

εm = Ṁout/Ṁin . (8)

The most advanced studies of feedback effects were carried
out by Springel et al. (2005, SDH05 hereafter), Di Matteo et al.
(2005), and Booth & Schaye (2009, BS09 hereafter). These stud-
ies used computer simulations of merging galaxies in which they
linked local and global processes. This was possible because
they adopted relatively crude phenomenological realizations
of star formation, radiative cooling in a complex multi-phase
medium, BH accretion and feedback, and because their spatial
resolution is larger than rB. In particular, they assumed values of
the above introduced efficiencies instead of directly computing
them. A main result of these simulations is that the MBH–σ rela-
tion can be reproduced remarkably well and that the relation is
insensitive to the gas fraction in the model galaxies. In addition,
the BH mass appears to be little affected by the details of star
formation and supernova feedback.

Begelman & Nath (2005) argued that the results from simu-
lations of merging galaxies suggest that the feedback regulating
BH accretion operates on local scales, comparable to rB or closer
in, rather than solely on the global scales usually considered (see
also Murray et al. 2005). They also presumed that the insensi-

tivity to gas fraction occurs in the galaxy merger simulations
because the gas mass is somehow “maximized” on the scales
where the accretion rate is determined. Thus, on these scales,
BH feedback can be much more important than that due to stars.
If this is correct then for state-of-the-art models, the key feed-
back processes represent “subgrid” physics. This is a limitation
of current models of AGN feedback in large-scale cosmological
and galaxy merger simulations because they cannot be directly
related to AGN physics.

On the other hand, simulations that aim to provide insights
into AGN physics do not include galaxy but rather focus on
rB or even smaller scales (e.g., Proga 2007; Proga et al. 2008;
Kurosawa & Proga 2008; Kurosawa & Proga 2009a, 2009b).
Thus, they cannot be directly related to AGN feedback on
large scales. However, these smaller scale simulations can be
used directly to measure the feedback efficiencies listed above.
Consequently, they can be used to quantify the effects that are
assumed or parameterized in large-scale simulations.

The goal of this paper is to present measurements of the mass
accretion rate, and various feedback efficiencies based on direct
simulations of inflows and outflows in AGN, on sub-parsec
and parsec scales performed by Kurosawa & Proga (2009a,
KP09 hereafter). In other words, we wish to determine if AGN
can supply energy in the form and amount required by the
cosmological and galaxy merger simulations. In this work,
we do not attempt to provide a definitive answer to the
problem of AGN feedback efficiency as our simulations do
not include the smallest scales (the BH radius) and the very
large scales (>10 pc), and also do not include all physical
processes operating in AGNs (e.g., dust, magnetic fields, and
star formation). Here, we simply report the AGN feedback
efficiencies found in the simulations previously presented by
KP09 who focused on relatively large-scale inflow and outflow
(∼0.01 to ∼10 pc).

2. AGN MODELS IN CURRENT COSMOLOGICAL
SIMULATIONS

2.1. Mass Accretion Rates

In recent cosmological and galaxy merger simulations (e.g.,
SDH05; Robertson et al. 2006; Sijacki et al. 2007; Khalatyan
et al. 2008; Di Matteo et al. 2008; Johansson et al. 2009; BS09),
the actual physical process of the mass-accretion onto the BH is
not explicitly modeled because of a relatively poor resolution.
Often, these simulations rely on a separate analytical model
to describe the small-scale physical processes. The unresolved
accretion process is usually described by a Bondi–Hoyle–
Little formulation (Hoyle & Lyttleton 1939; Bondi & Hoyle
1944; Bondi 1952). Here, we consider the case in which the
accreting BH does not move with respect to the surrounding
gas. This reduces the process to a simpler Bondi spherical
accretion problem. Then, the mass-accretion rate can be written
as Equation (2). The dimensionless constant λ (in Equation (2))
depends on the adiabatic index γ . For the gas with γ = 5/3, λ =
1/4 (see, e.g., Frank et al. 1992). The Bondi accretion formula
relates the mass-accretion rate of a BH located at the center
to the gas density and the sound speed (or equivalently the
temperature) of the gas at a large scale.

On the other hand, in the Bondi accretion prescription used
by, e.g., SDH05 and BS09, the mass-accretion rate is written as

ṀS = α
4πG2M2
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density ρ∞ and sound speed c∞ at infinity. Under these as-
sumptions, a steady-state solution to the equations of mass and
momentum conservation exists with a mass accretion rate of

ṀB = λ 4πr2
Bρ∞c∞, (2)

where λ is a dimensionless parameter that, for the Newtonian
potential, depends only on the adiabatic index (cf. Bondi 1952;
Shu 1992; Frank et al. 1992). The Bondi radius, rB, is defined as

rB = GM

c2
∞

, (3)

where G is the gravitational constant and M is the mass of the
accretor.

One can quantify AGN feedback by measuring its efficiency
in affecting the flow of energy, momentum, and mass. In this
work, we consider only the energy and momentum carried out
by matter. The total energy feedback efficiency εt is defined
as the ratio between the accretion luminosity of the system La
(Equation (1)) and the sum of the kinetic power (kinetic energy
flux) Pk and thermal energy power (thermal energy flux) Pth,
i.e.,

εt = (Pk + Pth)/La . (4)

Similarly, the kinetic energy and thermal energy feedback
efficiencies (εk and εth) are defined as

εk = Pk/La (5)

and
εth = Pth/La , (6)

respectively. From these definitions, it obviously follows that
εt = εk + εth.

The momentum feedback efficiency (εp) is defined as the ratio
of the total wind momentum pw to the total radiation momentum
(La/c), i.e.,

εp = pw/ (La/c) . (7)

Lastly, the mass feedback efficiency εm is defined as the ratio of
the mass-outflow rate at the outer boundary Ṁout to the mass-
inflow rate at the inner boundary Ṁin, i.e.,

εm = Ṁout/Ṁin . (8)

The most advanced studies of feedback effects were carried
out by Springel et al. (2005, SDH05 hereafter), Di Matteo et al.
(2005), and Booth & Schaye (2009, BS09 hereafter). These stud-
ies used computer simulations of merging galaxies in which they
linked local and global processes. This was possible because
they adopted relatively crude phenomenological realizations
of star formation, radiative cooling in a complex multi-phase
medium, BH accretion and feedback, and because their spatial
resolution is larger than rB. In particular, they assumed values of
the above introduced efficiencies instead of directly computing
them. A main result of these simulations is that the MBH–σ rela-
tion can be reproduced remarkably well and that the relation is
insensitive to the gas fraction in the model galaxies. In addition,
the BH mass appears to be little affected by the details of star
formation and supernova feedback.

Begelman & Nath (2005) argued that the results from simu-
lations of merging galaxies suggest that the feedback regulating
BH accretion operates on local scales, comparable to rB or closer
in, rather than solely on the global scales usually considered (see
also Murray et al. 2005). They also presumed that the insensi-

tivity to gas fraction occurs in the galaxy merger simulations
because the gas mass is somehow “maximized” on the scales
where the accretion rate is determined. Thus, on these scales,
BH feedback can be much more important than that due to stars.
If this is correct then for state-of-the-art models, the key feed-
back processes represent “subgrid” physics. This is a limitation
of current models of AGN feedback in large-scale cosmological
and galaxy merger simulations because they cannot be directly
related to AGN physics.

On the other hand, simulations that aim to provide insights
into AGN physics do not include galaxy but rather focus on
rB or even smaller scales (e.g., Proga 2007; Proga et al. 2008;
Kurosawa & Proga 2008; Kurosawa & Proga 2009a, 2009b).
Thus, they cannot be directly related to AGN feedback on
large scales. However, these smaller scale simulations can be
used directly to measure the feedback efficiencies listed above.
Consequently, they can be used to quantify the effects that are
assumed or parameterized in large-scale simulations.

The goal of this paper is to present measurements of the mass
accretion rate, and various feedback efficiencies based on direct
simulations of inflows and outflows in AGN, on sub-parsec
and parsec scales performed by Kurosawa & Proga (2009a,
KP09 hereafter). In other words, we wish to determine if AGN
can supply energy in the form and amount required by the
cosmological and galaxy merger simulations. In this work,
we do not attempt to provide a definitive answer to the
problem of AGN feedback efficiency as our simulations do
not include the smallest scales (the BH radius) and the very
large scales (>10 pc), and also do not include all physical
processes operating in AGNs (e.g., dust, magnetic fields, and
star formation). Here, we simply report the AGN feedback
efficiencies found in the simulations previously presented by
KP09 who focused on relatively large-scale inflow and outflow
(∼0.01 to ∼10 pc).

2. AGN MODELS IN CURRENT COSMOLOGICAL
SIMULATIONS

2.1. Mass Accretion Rates

In recent cosmological and galaxy merger simulations (e.g.,
SDH05; Robertson et al. 2006; Sijacki et al. 2007; Khalatyan
et al. 2008; Di Matteo et al. 2008; Johansson et al. 2009; BS09),
the actual physical process of the mass-accretion onto the BH is
not explicitly modeled because of a relatively poor resolution.
Often, these simulations rely on a separate analytical model
to describe the small-scale physical processes. The unresolved
accretion process is usually described by a Bondi–Hoyle–
Little formulation (Hoyle & Lyttleton 1939; Bondi & Hoyle
1944; Bondi 1952). Here, we consider the case in which the
accreting BH does not move with respect to the surrounding
gas. This reduces the process to a simpler Bondi spherical
accretion problem. Then, the mass-accretion rate can be written
as Equation (2). The dimensionless constant λ (in Equation (2))
depends on the adiabatic index γ . For the gas with γ = 5/3, λ =
1/4 (see, e.g., Frank et al. 1992). The Bondi accretion formula
relates the mass-accretion rate of a BH located at the center
to the gas density and the sound speed (or equivalently the
temperature) of the gas at a large scale.

On the other hand, in the Bondi accretion prescription used
by, e.g., SDH05 and BS09, the mass-accretion rate is written as

ṀS = α
4πG2M2
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density ρ∞ and sound speed c∞ at infinity. Under these as-
sumptions, a steady-state solution to the equations of mass and
momentum conservation exists with a mass accretion rate of

ṀB = λ 4πr2
Bρ∞c∞, (2)

where λ is a dimensionless parameter that, for the Newtonian
potential, depends only on the adiabatic index (cf. Bondi 1952;
Shu 1992; Frank et al. 1992). The Bondi radius, rB, is defined as

rB = GM

c2
∞

, (3)

where G is the gravitational constant and M is the mass of the
accretor.

One can quantify AGN feedback by measuring its efficiency
in affecting the flow of energy, momentum, and mass. In this
work, we consider only the energy and momentum carried out
by matter. The total energy feedback efficiency εt is defined
as the ratio between the accretion luminosity of the system La
(Equation (1)) and the sum of the kinetic power (kinetic energy
flux) Pk and thermal energy power (thermal energy flux) Pth,
i.e.,

εt = (Pk + Pth)/La . (4)

Similarly, the kinetic energy and thermal energy feedback
efficiencies (εk and εth) are defined as

εk = Pk/La (5)

and
εth = Pth/La , (6)

respectively. From these definitions, it obviously follows that
εt = εk + εth.

The momentum feedback efficiency (εp) is defined as the ratio
of the total wind momentum pw to the total radiation momentum
(La/c), i.e.,

εp = pw/ (La/c) . (7)

Lastly, the mass feedback efficiency εm is defined as the ratio of
the mass-outflow rate at the outer boundary Ṁout to the mass-
inflow rate at the inner boundary Ṁin, i.e.,

εm = Ṁout/Ṁin . (8)

The most advanced studies of feedback effects were carried
out by Springel et al. (2005, SDH05 hereafter), Di Matteo et al.
(2005), and Booth & Schaye (2009, BS09 hereafter). These stud-
ies used computer simulations of merging galaxies in which they
linked local and global processes. This was possible because
they adopted relatively crude phenomenological realizations
of star formation, radiative cooling in a complex multi-phase
medium, BH accretion and feedback, and because their spatial
resolution is larger than rB. In particular, they assumed values of
the above introduced efficiencies instead of directly computing
them. A main result of these simulations is that the MBH–σ rela-
tion can be reproduced remarkably well and that the relation is
insensitive to the gas fraction in the model galaxies. In addition,
the BH mass appears to be little affected by the details of star
formation and supernova feedback.

Begelman & Nath (2005) argued that the results from simu-
lations of merging galaxies suggest that the feedback regulating
BH accretion operates on local scales, comparable to rB or closer
in, rather than solely on the global scales usually considered (see
also Murray et al. 2005). They also presumed that the insensi-

tivity to gas fraction occurs in the galaxy merger simulations
because the gas mass is somehow “maximized” on the scales
where the accretion rate is determined. Thus, on these scales,
BH feedback can be much more important than that due to stars.
If this is correct then for state-of-the-art models, the key feed-
back processes represent “subgrid” physics. This is a limitation
of current models of AGN feedback in large-scale cosmological
and galaxy merger simulations because they cannot be directly
related to AGN physics.

On the other hand, simulations that aim to provide insights
into AGN physics do not include galaxy but rather focus on
rB or even smaller scales (e.g., Proga 2007; Proga et al. 2008;
Kurosawa & Proga 2008; Kurosawa & Proga 2009a, 2009b).
Thus, they cannot be directly related to AGN feedback on
large scales. However, these smaller scale simulations can be
used directly to measure the feedback efficiencies listed above.
Consequently, they can be used to quantify the effects that are
assumed or parameterized in large-scale simulations.

The goal of this paper is to present measurements of the mass
accretion rate, and various feedback efficiencies based on direct
simulations of inflows and outflows in AGN, on sub-parsec
and parsec scales performed by Kurosawa & Proga (2009a,
KP09 hereafter). In other words, we wish to determine if AGN
can supply energy in the form and amount required by the
cosmological and galaxy merger simulations. In this work,
we do not attempt to provide a definitive answer to the
problem of AGN feedback efficiency as our simulations do
not include the smallest scales (the BH radius) and the very
large scales (>10 pc), and also do not include all physical
processes operating in AGNs (e.g., dust, magnetic fields, and
star formation). Here, we simply report the AGN feedback
efficiencies found in the simulations previously presented by
KP09 who focused on relatively large-scale inflow and outflow
(∼0.01 to ∼10 pc).

2. AGN MODELS IN CURRENT COSMOLOGICAL
SIMULATIONS

2.1. Mass Accretion Rates

In recent cosmological and galaxy merger simulations (e.g.,
SDH05; Robertson et al. 2006; Sijacki et al. 2007; Khalatyan
et al. 2008; Di Matteo et al. 2008; Johansson et al. 2009; BS09),
the actual physical process of the mass-accretion onto the BH is
not explicitly modeled because of a relatively poor resolution.
Often, these simulations rely on a separate analytical model
to describe the small-scale physical processes. The unresolved
accretion process is usually described by a Bondi–Hoyle–
Little formulation (Hoyle & Lyttleton 1939; Bondi & Hoyle
1944; Bondi 1952). Here, we consider the case in which the
accreting BH does not move with respect to the surrounding
gas. This reduces the process to a simpler Bondi spherical
accretion problem. Then, the mass-accretion rate can be written
as Equation (2). The dimensionless constant λ (in Equation (2))
depends on the adiabatic index γ . For the gas with γ = 5/3, λ =
1/4 (see, e.g., Frank et al. 1992). The Bondi accretion formula
relates the mass-accretion rate of a BH located at the center
to the gas density and the sound speed (or equivalently the
temperature) of the gas at a large scale.

On the other hand, in the Bondi accretion prescription used
by, e.g., SDH05 and BS09, the mass-accretion rate is written as

ṀS = α
4πG2M2
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density ρ∞ and sound speed c∞ at infinity. Under these as-
sumptions, a steady-state solution to the equations of mass and
momentum conservation exists with a mass accretion rate of

ṀB = λ 4πr2
Bρ∞c∞, (2)

where λ is a dimensionless parameter that, for the Newtonian
potential, depends only on the adiabatic index (cf. Bondi 1952;
Shu 1992; Frank et al. 1992). The Bondi radius, rB, is defined as

rB = GM

c2
∞

, (3)

where G is the gravitational constant and M is the mass of the
accretor.

One can quantify AGN feedback by measuring its efficiency
in affecting the flow of energy, momentum, and mass. In this
work, we consider only the energy and momentum carried out
by matter. The total energy feedback efficiency εt is defined
as the ratio between the accretion luminosity of the system La
(Equation (1)) and the sum of the kinetic power (kinetic energy
flux) Pk and thermal energy power (thermal energy flux) Pth,
i.e.,

εt = (Pk + Pth)/La . (4)

Similarly, the kinetic energy and thermal energy feedback
efficiencies (εk and εth) are defined as

εk = Pk/La (5)

and
εth = Pth/La , (6)

respectively. From these definitions, it obviously follows that
εt = εk + εth.

The momentum feedback efficiency (εp) is defined as the ratio
of the total wind momentum pw to the total radiation momentum
(La/c), i.e.,

εp = pw/ (La/c) . (7)

Lastly, the mass feedback efficiency εm is defined as the ratio of
the mass-outflow rate at the outer boundary Ṁout to the mass-
inflow rate at the inner boundary Ṁin, i.e.,

εm = Ṁout/Ṁin . (8)

The most advanced studies of feedback effects were carried
out by Springel et al. (2005, SDH05 hereafter), Di Matteo et al.
(2005), and Booth & Schaye (2009, BS09 hereafter). These stud-
ies used computer simulations of merging galaxies in which they
linked local and global processes. This was possible because
they adopted relatively crude phenomenological realizations
of star formation, radiative cooling in a complex multi-phase
medium, BH accretion and feedback, and because their spatial
resolution is larger than rB. In particular, they assumed values of
the above introduced efficiencies instead of directly computing
them. A main result of these simulations is that the MBH–σ rela-
tion can be reproduced remarkably well and that the relation is
insensitive to the gas fraction in the model galaxies. In addition,
the BH mass appears to be little affected by the details of star
formation and supernova feedback.

Begelman & Nath (2005) argued that the results from simu-
lations of merging galaxies suggest that the feedback regulating
BH accretion operates on local scales, comparable to rB or closer
in, rather than solely on the global scales usually considered (see
also Murray et al. 2005). They also presumed that the insensi-

tivity to gas fraction occurs in the galaxy merger simulations
because the gas mass is somehow “maximized” on the scales
where the accretion rate is determined. Thus, on these scales,
BH feedback can be much more important than that due to stars.
If this is correct then for state-of-the-art models, the key feed-
back processes represent “subgrid” physics. This is a limitation
of current models of AGN feedback in large-scale cosmological
and galaxy merger simulations because they cannot be directly
related to AGN physics.

On the other hand, simulations that aim to provide insights
into AGN physics do not include galaxy but rather focus on
rB or even smaller scales (e.g., Proga 2007; Proga et al. 2008;
Kurosawa & Proga 2008; Kurosawa & Proga 2009a, 2009b).
Thus, they cannot be directly related to AGN feedback on
large scales. However, these smaller scale simulations can be
used directly to measure the feedback efficiencies listed above.
Consequently, they can be used to quantify the effects that are
assumed or parameterized in large-scale simulations.

The goal of this paper is to present measurements of the mass
accretion rate, and various feedback efficiencies based on direct
simulations of inflows and outflows in AGN, on sub-parsec
and parsec scales performed by Kurosawa & Proga (2009a,
KP09 hereafter). In other words, we wish to determine if AGN
can supply energy in the form and amount required by the
cosmological and galaxy merger simulations. In this work,
we do not attempt to provide a definitive answer to the
problem of AGN feedback efficiency as our simulations do
not include the smallest scales (the BH radius) and the very
large scales (>10 pc), and also do not include all physical
processes operating in AGNs (e.g., dust, magnetic fields, and
star formation). Here, we simply report the AGN feedback
efficiencies found in the simulations previously presented by
KP09 who focused on relatively large-scale inflow and outflow
(∼0.01 to ∼10 pc).

2. AGN MODELS IN CURRENT COSMOLOGICAL
SIMULATIONS

2.1. Mass Accretion Rates

In recent cosmological and galaxy merger simulations (e.g.,
SDH05; Robertson et al. 2006; Sijacki et al. 2007; Khalatyan
et al. 2008; Di Matteo et al. 2008; Johansson et al. 2009; BS09),
the actual physical process of the mass-accretion onto the BH is
not explicitly modeled because of a relatively poor resolution.
Often, these simulations rely on a separate analytical model
to describe the small-scale physical processes. The unresolved
accretion process is usually described by a Bondi–Hoyle–
Little formulation (Hoyle & Lyttleton 1939; Bondi & Hoyle
1944; Bondi 1952). Here, we consider the case in which the
accreting BH does not move with respect to the surrounding
gas. This reduces the process to a simpler Bondi spherical
accretion problem. Then, the mass-accretion rate can be written
as Equation (2). The dimensionless constant λ (in Equation (2))
depends on the adiabatic index γ . For the gas with γ = 5/3, λ =
1/4 (see, e.g., Frank et al. 1992). The Bondi accretion formula
relates the mass-accretion rate of a BH located at the center
to the gas density and the sound speed (or equivalently the
temperature) of the gas at a large scale.

On the other hand, in the Bondi accretion prescription used
by, e.g., SDH05 and BS09, the mass-accretion rate is written as

ṀS = α
4πG2M2

BHρ
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, (9)
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density ρ∞ and sound speed c∞ at infinity. Under these as-
sumptions, a steady-state solution to the equations of mass and
momentum conservation exists with a mass accretion rate of

ṀB = λ 4πr2
Bρ∞c∞, (2)

where λ is a dimensionless parameter that, for the Newtonian
potential, depends only on the adiabatic index (cf. Bondi 1952;
Shu 1992; Frank et al. 1992). The Bondi radius, rB, is defined as

rB = GM

c2
∞

, (3)

where G is the gravitational constant and M is the mass of the
accretor.

One can quantify AGN feedback by measuring its efficiency
in affecting the flow of energy, momentum, and mass. In this
work, we consider only the energy and momentum carried out
by matter. The total energy feedback efficiency εt is defined
as the ratio between the accretion luminosity of the system La
(Equation (1)) and the sum of the kinetic power (kinetic energy
flux) Pk and thermal energy power (thermal energy flux) Pth,
i.e.,

εt = (Pk + Pth)/La . (4)

Similarly, the kinetic energy and thermal energy feedback
efficiencies (εk and εth) are defined as

εk = Pk/La (5)

and
εth = Pth/La , (6)

respectively. From these definitions, it obviously follows that
εt = εk + εth.

The momentum feedback efficiency (εp) is defined as the ratio
of the total wind momentum pw to the total radiation momentum
(La/c), i.e.,

εp = pw/ (La/c) . (7)

Lastly, the mass feedback efficiency εm is defined as the ratio of
the mass-outflow rate at the outer boundary Ṁout to the mass-
inflow rate at the inner boundary Ṁin, i.e.,

εm = Ṁout/Ṁin . (8)

The most advanced studies of feedback effects were carried
out by Springel et al. (2005, SDH05 hereafter), Di Matteo et al.
(2005), and Booth & Schaye (2009, BS09 hereafter). These stud-
ies used computer simulations of merging galaxies in which they
linked local and global processes. This was possible because
they adopted relatively crude phenomenological realizations
of star formation, radiative cooling in a complex multi-phase
medium, BH accretion and feedback, and because their spatial
resolution is larger than rB. In particular, they assumed values of
the above introduced efficiencies instead of directly computing
them. A main result of these simulations is that the MBH–σ rela-
tion can be reproduced remarkably well and that the relation is
insensitive to the gas fraction in the model galaxies. In addition,
the BH mass appears to be little affected by the details of star
formation and supernova feedback.

Begelman & Nath (2005) argued that the results from simu-
lations of merging galaxies suggest that the feedback regulating
BH accretion operates on local scales, comparable to rB or closer
in, rather than solely on the global scales usually considered (see
also Murray et al. 2005). They also presumed that the insensi-

tivity to gas fraction occurs in the galaxy merger simulations
because the gas mass is somehow “maximized” on the scales
where the accretion rate is determined. Thus, on these scales,
BH feedback can be much more important than that due to stars.
If this is correct then for state-of-the-art models, the key feed-
back processes represent “subgrid” physics. This is a limitation
of current models of AGN feedback in large-scale cosmological
and galaxy merger simulations because they cannot be directly
related to AGN physics.

On the other hand, simulations that aim to provide insights
into AGN physics do not include galaxy but rather focus on
rB or even smaller scales (e.g., Proga 2007; Proga et al. 2008;
Kurosawa & Proga 2008; Kurosawa & Proga 2009a, 2009b).
Thus, they cannot be directly related to AGN feedback on
large scales. However, these smaller scale simulations can be
used directly to measure the feedback efficiencies listed above.
Consequently, they can be used to quantify the effects that are
assumed or parameterized in large-scale simulations.

The goal of this paper is to present measurements of the mass
accretion rate, and various feedback efficiencies based on direct
simulations of inflows and outflows in AGN, on sub-parsec
and parsec scales performed by Kurosawa & Proga (2009a,
KP09 hereafter). In other words, we wish to determine if AGN
can supply energy in the form and amount required by the
cosmological and galaxy merger simulations. In this work,
we do not attempt to provide a definitive answer to the
problem of AGN feedback efficiency as our simulations do
not include the smallest scales (the BH radius) and the very
large scales (>10 pc), and also do not include all physical
processes operating in AGNs (e.g., dust, magnetic fields, and
star formation). Here, we simply report the AGN feedback
efficiencies found in the simulations previously presented by
KP09 who focused on relatively large-scale inflow and outflow
(∼0.01 to ∼10 pc).

2. AGN MODELS IN CURRENT COSMOLOGICAL
SIMULATIONS

2.1. Mass Accretion Rates

In recent cosmological and galaxy merger simulations (e.g.,
SDH05; Robertson et al. 2006; Sijacki et al. 2007; Khalatyan
et al. 2008; Di Matteo et al. 2008; Johansson et al. 2009; BS09),
the actual physical process of the mass-accretion onto the BH is
not explicitly modeled because of a relatively poor resolution.
Often, these simulations rely on a separate analytical model
to describe the small-scale physical processes. The unresolved
accretion process is usually described by a Bondi–Hoyle–
Little formulation (Hoyle & Lyttleton 1939; Bondi & Hoyle
1944; Bondi 1952). Here, we consider the case in which the
accreting BH does not move with respect to the surrounding
gas. This reduces the process to a simpler Bondi spherical
accretion problem. Then, the mass-accretion rate can be written
as Equation (2). The dimensionless constant λ (in Equation (2))
depends on the adiabatic index γ . For the gas with γ = 5/3, λ =
1/4 (see, e.g., Frank et al. 1992). The Bondi accretion formula
relates the mass-accretion rate of a BH located at the center
to the gas density and the sound speed (or equivalently the
temperature) of the gas at a large scale.

On the other hand, in the Bondi accretion prescription used
by, e.g., SDH05 and BS09, the mass-accretion rate is written as

ṀS = α
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Figure 3. Comparison of the mass-inflow rates found in the HD simulations
(Table 1) with those predicted by the Bondi accretion model (Bondi 1952; solid
line) and with those adopted by SDH05 and BS09 (dashed line). In the density
range of the models considered here, the mass-accretion rates adopted by SDH05
and BS09 are limited by the Eddington rate (Equation (11)); hence, the line is
flat (cf. Figure 1). The mass-inflow rates at the inner boundary (circles) and
those at the outer boundary (squares) of the computational domain are shown as
a function of the outer boundary density ρo. The mass-accretion from the HD
simulations are very similar to the Bondi accretion rates, but the HD models
has a less steeper dependency on the density. The Bondi mass-accretions rates
and those of SDH05 and BS09 are computed for the gas with the Comptonized
temperature T = 2 × 107 K and with the adiabatic index γ = 5/3.
(A color version of this figure is available in the online journal.)

4.2. Feedback Efficiencies

Next, we compute AGN feedback efficiencies in energy,
momentum and mass using the simulation results, as defined
in Equations (4)–(8). Since the models used here show some
degree of variability (typically ∼10% level, cf. Table 1), the
physical quantities used to compute the feedback efficiencies
are based on the time averaged values.

4.2.1. Energy Feedback Efficiency

Figure 4 shows the energy feedback efficiencies, εt, εk and
εth, computed based on our models (Table 1), as a function of
the Eddington ratio (Γ). The numerical values of the efficiencies
are listed in Table 2. For systems with relatively low Eddington
ratio (Γ ! 0.4), the thermal feedback efficiency is higher than
the kinetic feedback efficiency (εth > εk). On the other hand,
for systems with relatively high Eddington ratio (Γ " 0.6), the
kinetic feedback dominates the thermal feedback by a factor
of ∼10 to ∼100. The model with Γ = 0.2 does not form an
outflow, indicating an approximate Γ value below which no
outflow forms (with our system setup).

The energy feedback efficiencies increase as Γ increases, but
the efficiencies saturate for Γ " 1. The total energy feedback
efficiency peaks at Γ ≈ 1 with εt ∼ 10−4. The flattening of the
efficiencies for Γ " 1 is caused by the transition of the inflow–
outflow morphology to a “disk–wind” like configuration (cf.
Figure 2) for the higher Γ models (KP09). As briefly mentioned
in Section 3, because of the mismatch between the direction
in which most of the radiation escapes (in polar direction) and
the direction in which the most of the accretion occurs in the
system (the equatorial direction), the radiatively driven outflows
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Figure 4. Efficiencies of converting the BH accretion luminosity La to the
rate of energy deposition to the surrounding gas plotted as a function of the
Eddington ratio (Γ). The panel shows the kinetic energy feedback efficiency
εk (circles), the thermal energy feedback efficiency εth (squares), and the
total energy feedback efficiency εt = εk + εth (triangles), separately (see
Equations (4)–(6)). The maximum total energy feedback efficiency is ∼10−4.
For the models with relatively low Eddington ratio (Γ ! 0.4), the thermal
feedback is more efficient than the kinetic feedback (εth > εk). For the models
with relatively high Eddington ratio (Γ " 0.6), the kinetic feedback is more
efficient than the thermal feedback by a factor of ∼10 to ∼100. The model
with Γ = 0.2 does not form an outflow, and the vertical line (dashed) at
Γ = 0.2 indicates an approximate Γ value below which no outflow forms. The
flattening of the efficiencies at Γ ≈ 1 is caused by the transition of the inflow–
outflow morphology to a “disk–wind” like configuration for the larger Γ models
(cf. Figure 2).
(A color version of this figure is available in the online journal.)

Table 2
Feedback Efficiencies

Model Γ εk εth εt εp εm

35 0.20 0 0 0 0 0
36 0.32 1.4 × 10−8 9.1 × 10−8 1.0 × 10−7 7.8 × 10−5 0.02
28 0.52 8.1 × 10−7 4.6 × 10−7 1.3 × 10−6 1.3 × 10−3 0.11
29 0.71 1.4 × 10−5 1.0 × 10−6 1.5 × 10−5 8.3 × 10−3 0.29
30 1.1 9.0 × 10−5 1.8 × 10−6 9.2 × 10−5 2.9 × 10−2 0.39
31 1.4 1.3 × 10−4 9.0 × 10−6 1.4 × 10−4 3.0 × 10−2 0.40
32 2.1 1.0 × 10−4 2.0 × 10−6 1.0 × 10−4 1.8 × 10−2 0.28
33 3.1 5.8 × 10−5 1.7 × 10−6 6.0 × 10−5 9.8 × 10−3 0.21
34 4.3 8.2 × 10−5 1.5 × 10−6 8.4 × 10−5 7.7 × 10−3 0.13

in the disk–wind-like configuration cannot increase the outflow
efficiency by increasing the accretion luminosity or equivalently,
Γ. A similar behavior is found in the Ṁout (ro)–Γ relation of
KP09 (see their Figure 7).

4.2.2. Momentum Feedback Efficiency

Figure 5 shows the momentum feedback efficiency εp as a
function Γ. The numerical values of εp for each model are listed
in Table 2. The dependency of εp on Γ is similar to that of
the energy feedback efficiency. For Γ ! 1, εp increases as Γ
increases, but it decreases as Γ increases for Γ " 1. No outflow
is formed for the models with Γ = 0.2 and below. The cause
of the peaking of εp at Γ ≈ 1 (and the declining for Γ " 1) is
again due to the change in the inflow–outflow morphology to
a disk–wind-like configuration for the higher Γ models (KP09;
see also Figure 2). The momentum deposition of the photons
becomes less efficient once the flow has the disk–wind-like
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Figure 3. Comparison of the mass-inflow rates found in the HD simulations
(Table 1) with those predicted by the Bondi accretion model (Bondi 1952; solid
line) and with those adopted by SDH05 and BS09 (dashed line). In the density
range of the models considered here, the mass-accretion rates adopted by SDH05
and BS09 are limited by the Eddington rate (Equation (11)); hence, the line is
flat (cf. Figure 1). The mass-inflow rates at the inner boundary (circles) and
those at the outer boundary (squares) of the computational domain are shown as
a function of the outer boundary density ρo. The mass-accretion from the HD
simulations are very similar to the Bondi accretion rates, but the HD models
has a less steeper dependency on the density. The Bondi mass-accretions rates
and those of SDH05 and BS09 are computed for the gas with the Comptonized
temperature T = 2 × 107 K and with the adiabatic index γ = 5/3.
(A color version of this figure is available in the online journal.)

4.2. Feedback Efficiencies

Next, we compute AGN feedback efficiencies in energy,
momentum and mass using the simulation results, as defined
in Equations (4)–(8). Since the models used here show some
degree of variability (typically ∼10% level, cf. Table 1), the
physical quantities used to compute the feedback efficiencies
are based on the time averaged values.

4.2.1. Energy Feedback Efficiency

Figure 4 shows the energy feedback efficiencies, εt, εk and
εth, computed based on our models (Table 1), as a function of
the Eddington ratio (Γ). The numerical values of the efficiencies
are listed in Table 2. For systems with relatively low Eddington
ratio (Γ ! 0.4), the thermal feedback efficiency is higher than
the kinetic feedback efficiency (εth > εk). On the other hand,
for systems with relatively high Eddington ratio (Γ " 0.6), the
kinetic feedback dominates the thermal feedback by a factor
of ∼10 to ∼100. The model with Γ = 0.2 does not form an
outflow, indicating an approximate Γ value below which no
outflow forms (with our system setup).

The energy feedback efficiencies increase as Γ increases, but
the efficiencies saturate for Γ " 1. The total energy feedback
efficiency peaks at Γ ≈ 1 with εt ∼ 10−4. The flattening of the
efficiencies for Γ " 1 is caused by the transition of the inflow–
outflow morphology to a “disk–wind” like configuration (cf.
Figure 2) for the higher Γ models (KP09). As briefly mentioned
in Section 3, because of the mismatch between the direction
in which most of the radiation escapes (in polar direction) and
the direction in which the most of the accretion occurs in the
system (the equatorial direction), the radiatively driven outflows
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rate of energy deposition to the surrounding gas plotted as a function of the
Eddington ratio (Γ). The panel shows the kinetic energy feedback efficiency
εk (circles), the thermal energy feedback efficiency εth (squares), and the
total energy feedback efficiency εt = εk + εth (triangles), separately (see
Equations (4)–(6)). The maximum total energy feedback efficiency is ∼10−4.
For the models with relatively low Eddington ratio (Γ ! 0.4), the thermal
feedback is more efficient than the kinetic feedback (εth > εk). For the models
with relatively high Eddington ratio (Γ " 0.6), the kinetic feedback is more
efficient than the thermal feedback by a factor of ∼10 to ∼100. The model
with Γ = 0.2 does not form an outflow, and the vertical line (dashed) at
Γ = 0.2 indicates an approximate Γ value below which no outflow forms. The
flattening of the efficiencies at Γ ≈ 1 is caused by the transition of the inflow–
outflow morphology to a “disk–wind” like configuration for the larger Γ models
(cf. Figure 2).
(A color version of this figure is available in the online journal.)

Table 2
Feedback Efficiencies

Model Γ εk εth εt εp εm

35 0.20 0 0 0 0 0
36 0.32 1.4 × 10−8 9.1 × 10−8 1.0 × 10−7 7.8 × 10−5 0.02
28 0.52 8.1 × 10−7 4.6 × 10−7 1.3 × 10−6 1.3 × 10−3 0.11
29 0.71 1.4 × 10−5 1.0 × 10−6 1.5 × 10−5 8.3 × 10−3 0.29
30 1.1 9.0 × 10−5 1.8 × 10−6 9.2 × 10−5 2.9 × 10−2 0.39
31 1.4 1.3 × 10−4 9.0 × 10−6 1.4 × 10−4 3.0 × 10−2 0.40
32 2.1 1.0 × 10−4 2.0 × 10−6 1.0 × 10−4 1.8 × 10−2 0.28
33 3.1 5.8 × 10−5 1.7 × 10−6 6.0 × 10−5 9.8 × 10−3 0.21
34 4.3 8.2 × 10−5 1.5 × 10−6 8.4 × 10−5 7.7 × 10−3 0.13

in the disk–wind-like configuration cannot increase the outflow
efficiency by increasing the accretion luminosity or equivalently,
Γ. A similar behavior is found in the Ṁout (ro)–Γ relation of
KP09 (see their Figure 7).

4.2.2. Momentum Feedback Efficiency

Figure 5 shows the momentum feedback efficiency εp as a
function Γ. The numerical values of εp for each model are listed
in Table 2. The dependency of εp on Γ is similar to that of
the energy feedback efficiency. For Γ ! 1, εp increases as Γ
increases, but it decreases as Γ increases for Γ " 1. No outflow
is formed for the models with Γ = 0.2 and below. The cause
of the peaking of εp at Γ ≈ 1 (and the declining for Γ " 1) is
again due to the change in the inflow–outflow morphology to
a disk–wind-like configuration for the higher Γ models (KP09;
see also Figure 2). The momentum deposition of the photons
becomes less efficient once the flow has the disk–wind-like
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Figure 2. Examples of the density and velocity maps from the set of simulations (without the temperature constrained at the outer boundary) performed by Kurosawa
& Proga (2009a). The density (in logarithmic scale) is overplotted with the directions of poloidal velocity as arrows for Models 36 (left panel), 29 (middle panel),
and 34 (right panel). See Table 1 for the corresponding model numbers. The figures are placed in order of increasing density at the outer boundaries (ρo) from the
left to right (cf. Table 1). Their corresponding accretion luminosities in the unit of the Eddington luminosity, i.e., the Eddington ratio, are Γ = 0.32, 0.71, and 4.3,
from the left to right panels. For the low-density (ρo) and low-accretion luminosity model (Model 36 in the left panel), the outflow is very narrow (0◦ ! θ " 30◦),
and the inflow is very wide (30◦ " θ " 90◦). As the density (ρo) and accretion luminosity increase (Model 29 in the middle panel), the outflow becomes wider
(0◦ ! θ " 50◦), whereas the inflow becomes narrower (50◦ " θ " 90◦). For the very high density and accretion model (Model 34 in the right panel), the outflow
occurs over a very wide range of the polar angle (0◦ ! θ " 85◦), and the accretion region is now confined to a thin equatorial wedge (the disk–wind-like solution).

Table 1
Model Summary

Modela ρo To
b Ṁin (ri) Γ Ṁout (ro) Ṁin (ro)(

10−21 g cm−3) (
107 K

) (
1025 g s−1) (

1025 g s−1) (
1025 g s−1)

35 2 0.02 3.4 (0.1)c 0.20 (0.01) 0.0 (0.0) 3.4 (0.1)
36 4 0.07 5.5 (0.6) 0.32 (0.04) 0.11 (0.02) 5.4 (0.2)
28 10 0.14 8.9 (0.68) 0.52 (0.032) 1.0 (0.032) 9.4 (0.1)
29 20 0.14 12 (0.58) 0.71 (0.034) 3.5 (0.52) 15 (0.3)
30 40 0.36 18 (1.1) 1.1 (0.1) 7.1 (1.4) 25 (0.2)
31 80 0.80 25 (2.6) 1.4 (0.2) 10 (2.3) 35 (2.1)
32 160 0.98 36 (4.9) 2.1 (0.3) 9.9 (2.6) 49 (5.3)
33 320 0.85 52 (2.6) 3.1 (0.2) 11 (0.48) 63 (1.1)
34 640 1.30 72 (0.56) 4.3 (0.03) 9.5 (0.19) 82 (0.9)

Notes.
a The model numbers are identical to those in Kurosawa & Proga (2009a), except for Models 35 and 36, which
are additional models presented here for the first time.
b Self-consistently determined temperature at the outer boundary.
c Values in brackets are the standard deviations of the time series values.

and (10)). The outer radius is much smaller than that of a typical
smoothing scale on an SPH cosmological simulation (∼103 pc),
and the outer density values used in our simulations are much
larger than a typical local density at a BH in the SPH simulations.
In our simulations, the higher density at a 10 pc scale is required
for a system to produce an outflow. For example, as we can see
in Table 1, ρo must be greater than 2 × 10−21 g cm−3, which
corresponds to (nH ! 1.2 × 103 cm−3), to form an outflow
with our system setup. In the density range of the models
considered here, the mass-accretion rates adopted by SDH05
and BS09 are limited by the Eddington rate (Equation (11));
hence, the line is flat (cf. Figure 1). Note that the radiative
efficiency εr = 1/12 instead of 0.1 is adopted for the Eddington
rate (Equation (11)) in the models of SDH05 and BS05 to be
consistent with our simulations. This moves the Eddington rate
only slightly upward.

Our models include the effects of radiative heating and
radiation force. Therefore, we do not, in general, expect our
solution to reproduce an exactly same density dependency of

the mass-inflow rate as that of the Bondi model. However, the
figure shows the mass-inflow rates from our models are very
similar to those of the Bondi rates, i.e., the rates are of the same
order of magnitude. Interestingly, our Ṁin (ri) and the Bondi
mass-accretion rate matches around ρo = 4 × 10−20 g cm−3,
which coincidentally corresponds to Γ ≈ 1. Since the accretion
rates from SDH05 and BS09 are the Eddington rates (the rates
corresponding to Γ = 1) in this density range, their lines also
cross at the same point.

The figure clearly shows that our models have a weaker
dependency of the mass-inflow rates on the density than that
of the Bondi accretion. The power-law fits of data points give
the slope q = 0.52 (±0.01) for Ṁin (ri) and q = 0.56 (±0.02)
for Ṁin (ro), which are indeed much smaller than that of the
Bondi accretion model, i.e., q = 1 (cf. Equation (2)). Although
not shown here, if we turn off the rotation, radiation force, and
radiative heating in our models, we obtain q ≈ 1, which is
equivalent to the Bondi accretion problem (see also Proga &
Begelman 2003; Janiuk et al. 2008).

The Astrophysical Journal, 707:823–832, 2009 December 10 doi:10.1088/0004-637X/707/1/823
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ABSTRACT

We measure and analyze the energy, momentum, and mass feedback efficiencies due to radiation from active
galactic nuclei (AGNs) in relatively large-scale outflows (from ∼0.01 to ∼10 pc). Our measurements are based on
the two-dimensional (axisymmetric) and time-dependent radiation–hydrodynamical simulations recently presented
in Kurosawa & Proga. In that paper, we studied outflows from a slowly rotating (sub-Keplerian) infalling gas driven
by the energy and pressure of the radiation emitted by the AGNs. These simulations follow the dynamics of gas
under the influence of the gravity of the central 108 M# black hole (BH) on scales from ∼0.01 to ∼10 pc. They
self-consistently couple the accretion luminosity with the mass inflow rate at the smallest radius (our proxy for the
mass-accretion rate, Ṁa). Over 30 simulations have been performed to investigate how the results depend on the gas
density at the outer radius, ρo. A key feature of these simulations is that the radiation field and consequently the gas
dynamics are axisymmetric, but not spherically symmetric. Therefore, the gas inflow and outflow can occur at the
same time. We compare our Ṁa–ρo relation with that predicted by the Bondi accretion model. For high luminosities
comparable to the Eddington limit, the power-law fit (Ṁa ∝ ρ

q
o ) to our models yields q ≈ 0.5 instead of q = 1.0,

which is predicted by the Bondi model. This difference is caused by the outflows which are important for the overall
mass budget at high luminosities. The maximum momentum and mass feedback efficiencies found in our models
are ∼10−2 and ∼10−1, respectively. However, the outflows are much less important energetically: the thermal and
kinetic powers in units of the radiative luminosity are ∼10−5 and ∼10−4, respectively. In addition, the efficiencies do
not increase monotonically with the accretion luminosity but rather peak around the Eddington limit beyond which a
steady-state disk–wind-like solution exists. Our energy feedback efficiencies are significantly lower than 0.05, which
is required in some cosmological and galaxy merger simulations. The low feedback efficiencies found here could
have significant implications on the mass growth of super massive BHs in the early universe. We stress, however,
that we have not considered the innermost parts of the accretion and outflow where radiation and matter interact
most strongly. The feedback from this region could have efficiencies significantly above the low values found here.

Key words: accretion, accretion disks – galaxies: evolution – galaxies: jets – galaxies: kinematics and dynamics –
hydrodynamics

Online-only material: color figures

1. INTRODUCTION

The central location of active galactic nuclei (AGNs) in their
host galaxies and the fact that they can produce a large amount of
energy imply that AGNs can play a very important role in setting
the physical conditions in their vicinity as well as on larger,
galactic, and even intergalactic scales (e.g., Igumenshchev et al.
1993; Ciotti & Ostriker 1997, 2001, 2007; King 2003; Murray
et al. 2005; Sazonov et al. 2005; Springel et al. 2005; Begelman
& Nath 2005; Hopkins et al. 2005; Wang et al. 2006b; Thacker
et al. 2006; Fabian et al. 2006, 2008; Pelupessy et al. 2007;
Krolik 2007; Merloni & Heinz 2008; Booth & Schaye 2009, and
references therein). There are many indications that support this
idea. For example, the presence of broad and narrow emission
lines and broad and narrow absorption lines in AGN spectra
suggests that AGN continuum radiation affects the immediate
environment of the AGN (see Krolik 1999 for an overview). In
addition, the tight correlation between the mass (MBH) of the
central black hole (BH) in a galactic nucleus and the velocity
dispersion σ of the galaxy’s bulge or spheroid, the so-called
MBH–σ relation (e.g., Ferrarese & Merritt 2000; Gebhardt et al.
2000; Tremaine et al. 2002), can be explained by the feedback
between AGNs and the infalling material from large distances.

1 Current address: Department of Astronomy, Cornell University, Ithaca,
NY 14853-6801, USA.

This feedback can quench both BH accretion and star formation
in the galaxy when BH reaches a certain mass. AGNs could
provide such feedback because they are very powerful sources
of energy and momentum (e.g., Silk & Rees 1998; Blandford
1999; Sazonov et al. 2005; Fabian 1999; Fabian et al. 2002; King
2003; Scannapieco & Oh 2004; Murray et al. 2005; Springel
et al. 2005; Di Matteo et al. 2005; Booth & Schaye 2009).

AGNs are powered by mass accretion onto a super massive
BH (SMBH). To illustrate how the growth of SMBH can be
self-regulated and how AGN feedback can be characterized, let
us first express the radiation luminosity due to accretion as

La = εrc
2Ṁa, (1)

where we invoke the simplest assumption such that the lumi-
nosity is proportional to the mass accretion rate (Ṁa) and a
radiative (or the rest-mass conversion) efficiency (εr). Both εr
and Ṁa are uncertain. For example, εr ranges from ∼10−1 in a
standard, radiatively efficient thin disk to ∼10−11 for spherically
symmetric accretion from a low-density medium (e.g., Shakura
& Sunyaev 1973; Shapiro 1973; Meszaros 1975; Soltan 1982;
Yu & Tremaine 2002) while the mass accretion rate depends on
poorly constrained physical conditions and geometry at large
distances from the BH.

A common method to estimate Ṁa is to adopt the analytic
formula by Bondi (1952), who considered spherically symmet-
ric accretion from a non-rotating polytropic gas with uniform
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Taking Simple Steps

• First, check the code (Gadget SPH):  the simplest case 
-- spherical Bondi accretion 

• Include radiative cooling / heating -- only thermal 
feedback by X-rays

• Emergence of non-spherical accretion inflow/outflow, 
fragmentation due to thermal instability

Our goal is to test the simplest possible setup
and see how the accretion flow reacts.

Barai, Proga, KN 2011, 2012



Simplest Case: Spherical Bondi 
Accretion Flow onto a SMBH

• GADGET-3 SPH (Springel ’05)

• Central SMBH 108 M⦿ 

represented by a pseudo-
Newtonian Paczynsky & Wiita ’80 
potential

• rout=5-20 pc,  Nptcl=643-1283

• IC:  uniform/spherical Bondi 
flow w/ γ=1.01, ρ∞=10-19 g/
cm3,  T∞=107K,  Tinit=T∞  

• RB=3pc, Rsonic=1.5pc,  tB=7.9e3yr

• All runs: rin=0.1pc,  γ=1.01

• DM halo potential is minimal

14 P. Barai et al.

Table 1. Simulations of Bondi Accretion a

Run rout N b IC Mtot,IC
c Mpart

d tend
e fIN

f fOUT
g Ṁin,rin

h

No. [pc] [M!] [M!] [104 yr] [ṀB(γrun , ρ∞, T∞)]

1 5 643 Uniform i 3.96 × 105 1.51 3 0.35 0.65 0.4

2 10 643 Uniform 6.19 × 106 23.61 7.2 0.15 0.85 0.6

3 50 1283 Uniform 7.73 × 108 368.60 20 0.02 0.9 1

4 5 643 Bondi j 1.81 × 106 6.89 2 0.4 0.55 1

5 10 643 Bondi 9.76 × 106 37.23 8 0.2 0.8 1

6 10 1283 Bondi 9.76 × 106 4.65 8 0.2 0.8 1

7 20 1283 Bondi 6.24 × 107 29.75 8 0.07 0.9 1

7a k 20 1283 Bondi 6.24 × 107 29.75 80 0.65 0.05 1

7b l 20 1283 Bondi 6.24 × 107 29.75 100 0.93 0.01 1.2

8 50 1283 Bondi 8.48 × 108 404.35 16 0.02 0.85 1

9 20 1283 ρB , vinit = 0 6.24 × 107 29.75 8 0.06 0.9 1

10 20 1283 Uniform 4.95 × 107 23.60 8 0.06 0.9 1

11 20 1283 Hernquist m 6.24 × 107 29.75 7.2 0.06 0.85 1.4

12 n 20 1283 Bondi 6.24 × 107 29.75 8 0.08 0.8 1.6

a All the runs have rin = 0.1 pc and γrun = 1.01. Initial conditions are generated using γinit = 1.01, ρ∞ = 10−19 g/cm3,

T∞ = 107 K, and Tinit = T∞. The corresponding Bondi solution has RB = 3.0 pc, Rs = 1.5 pc, and tB = 7.9 × 103 yr.

b N = Number of particles in the initial condition.

c Mtot,IC = Initial total gas mass within simulation volume.

d Mpart = Particle mass.

e tend = Simulation end time.

f fIN = Mass fraction accreted into rin by t = tend.

g fOUT = Mass fraction moved outside rout by t = tend.

h The steady-state value of mass inflow rate at the inner radius (if a steady-state is reached in a run), or the maximum
value (if a steady-state is not reached by tend).

i Uniform initial condition: ρinit = ρ∞, vinit = 0.

j Bondi initial condition: ρinit(r) = ρB(r), vinit(r) = vB(r).

k Run with different outer boundary condition: Set vr = vB for particles which have vr > 0 in between 8 − 20 pc.

l Run with different outer boundary condition: Set zero pressure gradient, 〈∇P/ρ〉i = 0, for all particles between 18 − 20
pc and for those which have vr > 0 in between 8 − 20 pc.

m Hernquist initial condition: ρinit(r) = ρH(r), vinit = 0.

n Run with a bulge potential of a Milky-Way type galaxy following the Hernquist profile (Eq. 19) with Mbulge = 3.4×1011M!

and abulge = 700 pc.

c© 0000 RAS, MNRAS 000, 000–000
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Spherical Bondi Accretion Flow
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Figure 2. Cross-section slice of gas density in the x − y plane through z = 0 of Run 4 at time t = 0.25tB = 0.2 × 104 yr, overplotted
with the velocity vector arrows.
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Figure 3. Mass inflow rate at the inner boundary as a function of time for the first eight runs in Table 1. Each panel has a different outer
radius: rout = 5 (top-left), 10 (top-right), 20 (bottom-left), 50 pc (bottom-right), as the time coverage becomes longer. The top-right
panel shows different particle numbers: N = 643 (Run 05) and 1283 (Run 06) for the Bondi IC. In addition, the top row and bottom-right
panels show the results of the Bondi IC (Runs 04, 05, 06, 08), together with the uniform IC runs (Runs 01, 02, 03). The Bondi mass
accretion rate (marked as the dash-dot-dot-dot horizontal line in each panel) is reproduced for a limited time duration.
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Figure 2. Cross-section slice of gas density in the x − y plane through z = 0 of Run 4 at time t = 0.25tB = 0.2 × 104 yr, overplotted
with the velocity vector arrows.
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Figure 3. Mass inflow rate at the inner boundary as a function of time for the first eight runs in Table 1. Each panel has a different outer
radius: rout = 5 (top-left), 10 (top-right), 20 (bottom-left), 50 pc (bottom-right), as the time coverage becomes longer. The top-right
panel shows different particle numbers: N = 643 (Run 05) and 1283 (Run 06) for the Bondi IC. In addition, the top row and bottom-right
panels show the results of the Bondi IC (Runs 04, 05, 06, 08), together with the uniform IC runs (Runs 01, 02, 03). The Bondi mass
accretion rate (marked as the dash-dot-dot-dot horizontal line in each panel) is reproduced for a limited time duration.
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• Cross section, showing ρgas

• Run #4:  rout=5 pc,  Nptcl=643

• At  t= 0.25tB = 2e3 yr

• Smooth, spherical Bondi accretion 
flow is reproduced. 

• Artificial outflow near the outer 
boundary due to vacuum outer B.C. 

• Greater sim. volume reduces this 
effect on mass inflow.
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Figure 2. Cross-section slice of gas density in the x–y plane through z = 0 of run 4 at time t = 0.25tB = 0.2 × 104 yr, overplotted with the velocity vector
arrows.

Figure 3. Mass inflow rate at the inner boundary as a function of time for the first eight runs in Table 1. Each panel has a different outer radius: rout = 5
(top-left), 10 (top-right), 20 (bottom-left), 50 pc (bottom-right), as the time coverage becomes longer. The top-right panel shows different particle numbers:
N = 643 (run 05) and 1283 (run 06) for the Bondi IC. In addition, the top row and bottom-right panels show the results of the Bondi IC (runs 04, 05, 06,
08), together with the uniform IC runs (runs 01, 02, 03). The Bondi mass accretion rate (marked as the dash–dot–dot–dotted horizontal line in each panel) is
reproduced for a limited time duration.

10.1 tB), respectively. The run with rout = 10 pc is tested with two
numerical resolutions, using particle numbers of N = 643 and 1283.
There is no significant difference in the Ṁin,rin versus time, except
that the N = 643 run has a larger scatter of the mass inflow rate

because of a lower mass resolution. The uniform IC runs start with
a low Ṁin,rin at early times (lower than the corresponding Bondi
IC run by more than an order of magnitude), have an increase, but
cannot catch up with the Bondi rate in the runs with rout = 5 or

C© 2011 The Authors, MNRAS 418, 591–611
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outer BC
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Figure 2. Cross-section slice of gas density in the x − y plane through z = 0 of Run 4 at time t = 0.25tB = 0.2 × 104 yr, overplotted
with the velocity vector arrows.

0.0 0.2 0.4 0.6 0.8 1.0 1.2
time     (104 yr)

1026

1027

1028

1029

M
as

s 
In

flo
w

 R
at

e 
in

to
 r i

n  
   

(g
 / 

s)

Run04
Run01

0.0 0.5 1.0 1.5 2.0 2.5 3.0
time     (104 yr)

1026

1027

1028

1029

M
as

s 
In

flo
w

 R
at

e 
in

to
 r i

n  
   

(g
 / 

s)

Run05
Run06
Run02

0 1 2 3 4 5 6
time     (104 yr)

1026

1027

1028

1029

M
as

s 
In

flo
w

 R
at

e 
in

to
 r i

n  
   

(g
 / 

s)

Run07

0 2 4 6 8 10 12 14
time     (104 yr)

1026

1027

1028

1029

M
as

s 
In

flo
w

 R
at

e 
in

to
 r i

n  
   

(g
 / 

s)

Run08
Run03

Figure 3. Mass inflow rate at the inner boundary as a function of time for the first eight runs in Table 1. Each panel has a different outer
radius: rout = 5 (top-left), 10 (top-right), 20 (bottom-left), 50 pc (bottom-right), as the time coverage becomes longer. The top-right
panel shows different particle numbers: N = 643 (Run 05) and 1283 (Run 06) for the Bondi IC. In addition, the top row and bottom-right
panels show the results of the Bondi IC (Runs 04, 05, 06, 08), together with the uniform IC runs (Runs 01, 02, 03). The Bondi mass
accretion rate (marked as the dash-dot-dot-dot horizontal line in each panel) is reproduced for a limited time duration.
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Figure 2. Cross-section slice of gas density in the x − y plane through z = 0 of Run 4 at time t = 0.25tB = 0.2 × 104 yr, overplotted
with the velocity vector arrows.
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Figure 3. Mass inflow rate at the inner boundary as a function of time for the first eight runs in Table 1. Each panel has a different outer
radius: rout = 5 (top-left), 10 (top-right), 20 (bottom-left), 50 pc (bottom-right), as the time coverage becomes longer. The top-right
panel shows different particle numbers: N = 643 (Run 05) and 1283 (Run 06) for the Bondi IC. In addition, the top row and bottom-right
panels show the results of the Bondi IC (Runs 04, 05, 06, 08), together with the uniform IC runs (Runs 01, 02, 03). The Bondi mass
accretion rate (marked as the dash-dot-dot-dot horizontal line in each panel) is reproduced for a limited time duration.
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• the larger rout, the longer 
duration of Bondi inflow rate

• If started from a Bondi flow, 
Bondi rate is achieved quickly. 

• After a while, the inflow rate 
decreases due to the artificial 
outflow at the outer boundary. 

• Greater sim. volume reduces 
this effect on mass inflow.

rout=20 pc

Bondi rate
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Radiative Heating & Cooling

• Xray emitting corona irradiates the accretion flow

• Approx. analytic heating/cooling rates from Blondin ’94;  opt-thin gas 
illuminated by a 10 keV bremsstrahlung.

4 P. Barai et al.

are run with γrun. Most of our runs have γinit = γrun (see
Tables 1 and 2). The values of different parameters we used,
along with their justification are described in §3.1 and §3.2.

Any particle going out of our computational domain
(rin < r < rout) is considered to have escaped the boundary,
and is removed from the simulation. Particles going inside rin

are being accreted into the inner boundary, and are counted
in the mass inflow rate (§3.1.2). Effectively, we simulate a
static sink of radius rin, which absorbs the accreting parti-
cles. We tested some other outer boundary conditions that
are discussed in §3.1.5.

2.4 Radiative Heating and Cooling

Radiation from the central SMBH is considered to be in
the form of a spherical X-ray emitting corona (e.g., Proga
2007; Proga et al. 2008; Kurosawa & Proga 2009a), which
irradiates the accretion flow. The X-ray luminosity, LX , is
a fraction fX of the Eddington luminosity, LEdd:

LX = fXLEdd, LEdd =
4πcGmpMBH

σe
, (10)

where c is the speed of light, G is the gravitational constant,
mp is the proton mass, and σe is the Thomson cross section
for the electron. The local X-ray radiation flux at a distance
r from the central source is

FX =
LX

4πr2
. (11)

The heating-cooling function is parametrised in terms of the
photoionization parameter, ξ, which is defined as

ξ ≡
4πFX

n
=

LX

r2n
, (12)

where n = ρ/(µmp) is the local number density of gas. We
use a hydrogen mass fraction of 0.76 to estimate the mean
molecular weight µ.

We include radiative processes in our simulations using
the heating-cooling function from Proga et al. (2000). The
equations are originally from Blondin (1994), who presented
approximate analytic formulae for the heating and cooling
rates of an X-ray irradiated optically-thin gas illuminated by
a 10 keV bremsstrahlung spectrum. The net heating-cooling
rate, L, is given by

ρL = n2 (GCompton + GX − Lb,l) [erg cm−3 s−1], (13)

where each of the components are formulated below. The
rate of Compton heating and cooling,

GCompton = 8.9 × 10−36ξ (TX − 4T ) [erg cm3 s−1]. (14)

The net rate of X-ray photoionization heating and recombi-
nation cooling,

GX = 1.5 × 10−21ξ1/4T−1/2
(

1 −
T
TX

)

[erg cm3 s−1].(15)

The rate of bremsstrahlung and line cooling,

Lb,l = 3.3 × 10−27T 1/2

+
[

1.7 × 10−18 exp
(

−1.3 × 105/T
)

ξ−1T−1/2

+ 10−24
]

δ [erg cm3 s−1]. (16)

We adopt the optically thin version of line cooling in Eq. (16)
by setting δ = 1. In the above, TX is the characteristic

temperature of the bremsstrahlung radiation. We use TX =
1.16× 108 K, corresponding to Blondin (1994)’s value of 10
keV.

The heating-cooling rate is a function of ξ, TX and T .
In the code, L is computed for each active particle, and
added to the specific internal energy (entropy in GADGET-
3) equation of each particle using a semi-implicit method.
In the entropy equation, the non-radiative terms are inte-
grated in an explicit fashion using the simulation timestep,
and then the radiative term is integrated using an implicit
method. This integration methodology is the same as that
of radiative cooling and photoionization heating in a cos-
mological context in the GADGET code (e.g., Katz et al.
1996).

3 RESULTS AND DISCUSSION

3.1 Reproducing Bondi Accretion

First, we perform a series of simulations of Bondi accre-
tion (i.e., there is no radiative heating and cooling) as listed
in Table 1. We use T∞ = 107 K and ρ∞ = 10−19 g/cm3,
which are typical values at 10’s of pc away from SMBH used
in AGN accretion simulations (see e.g., Kurosawa & Proga
2009b, and references therein). Since Rs → 0 as γ → 5/3
(Eq. 6 in §2.1), we use γinit = 1.01 in order to have the
Bondi and sonic radius well between rin and rout. Therefore
the equation of state is almost isothermal, and the simula-
tions are run with the same value of γrun = 1.01. For these
parameters, the Bondi radius is at RB = 3.0 pc, the theo-
retical value of the sonic point is Rs = 1.5 pc, and the Bondi
time is tB = 7.9 × 103 yr.

All the runs in Table 1 have Tinit(r) = T∞. In the Bondi
IC runs, the initial condition is generated from the Bondi
solution, i.e., the initial particles follow ρinit(r) = ρB(r) and
vinit(r) = vB(r). In the uniform IC runs, we start with a
constant initial density of ρ∞ and vinit = 0.

3.1.1 Particle Properties

Figure 1 is a scatter plot showing the properties of particles
vs. radius in a representative Bondi accretion simulation,
Run 7, which has rout = 20 pc and the Bondi IC. The ra-
dial component (vr) of the velocity v and the density profile
follows the Bondi solution quite well, except near the inner
and outer radii. A negative value of vr represents inflowing
mass, whereas positive vr denotes an outflow. We do not
show the non-radial velocity components (i.e., vθ and vφ)
because they are typically 100−1000 times smaller than vr.
The temperature profile is almost isothermal at 107 K (=
T∞), which is expected since we used γrun = 1.01. Examin-
ing the Mach number profile, we see that the gas is subsonic
near rout, passes through a sonic point, and approaches rin

with supersonic velocity (Mach = 6). The location of the
sonic point (where the gas crosses Mach = 1) in the simu-
lation is ∼ 1.5 pc, consistent with the theoretical value of
the Bondi solution (Rs, §3.1). The smoothing length (hsml)
of particles near rin is ∼ 0.12 pc. It is much larger than the
minimum gas smoothing length, which is set to 0.0005 pc in
this run. This finite numerical resolution is partly respon-
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are run with γrun. Most of our runs have γinit = γrun (see
Tables 1 and 2). The values of different parameters we used,
along with their justification are described in §3.1 and §3.2.

Any particle going out of our computational domain
(rin < r < rout) is considered to have escaped the boundary,
and is removed from the simulation. Particles going inside rin

are being accreted into the inner boundary, and are counted
in the mass inflow rate (§3.1.2). Effectively, we simulate a
static sink of radius rin, which absorbs the accreting parti-
cles. We tested some other outer boundary conditions that
are discussed in §3.1.5.

2.4 Radiative Heating and Cooling

Radiation from the central SMBH is considered to be in
the form of a spherical X-ray emitting corona (e.g., Proga
2007; Proga et al. 2008; Kurosawa & Proga 2009a), which
irradiates the accretion flow. The X-ray luminosity, LX , is
a fraction fX of the Eddington luminosity, LEdd:

LX = fXLEdd, LEdd =
4πcGmpMBH

σe
, (10)

where c is the speed of light, G is the gravitational constant,
mp is the proton mass, and σe is the Thomson cross section
for the electron. The local X-ray radiation flux at a distance
r from the central source is

FX =
LX

4πr2
. (11)

The heating-cooling function is parametrised in terms of the
photoionization parameter, ξ, which is defined as

ξ ≡
4πFX

n
=

LX

r2n
, (12)

where n = ρ/(µmp) is the local number density of gas. We
use a hydrogen mass fraction of 0.76 to estimate the mean
molecular weight µ.

We include radiative processes in our simulations using
the heating-cooling function from Proga et al. (2000). The
equations are originally from Blondin (1994), who presented
approximate analytic formulae for the heating and cooling
rates of an X-ray irradiated optically-thin gas illuminated by
a 10 keV bremsstrahlung spectrum. The net heating-cooling
rate, L, is given by

ρL = n2 (GCompton + GX − Lb,l) [erg cm−3 s−1], (13)

where each of the components are formulated below. The
rate of Compton heating and cooling,

GCompton = 8.9 × 10−36ξ (TX − 4T ) [erg cm3 s−1]. (14)

The net rate of X-ray photoionization heating and recombi-
nation cooling,

GX = 1.5 × 10−21ξ1/4T−1/2
(

1 −
T
TX

)

[erg cm3 s−1].(15)

The rate of bremsstrahlung and line cooling,

Lb,l = 3.3 × 10−27T 1/2

+
[

1.7 × 10−18 exp
(

−1.3 × 105/T
)

ξ−1T−1/2

+ 10−24
]

δ [erg cm3 s−1]. (16)

We adopt the optically thin version of line cooling in Eq. (16)
by setting δ = 1. In the above, TX is the characteristic

temperature of the bremsstrahlung radiation. We use TX =
1.16× 108 K, corresponding to Blondin (1994)’s value of 10
keV.

The heating-cooling rate is a function of ξ, TX and T .
In the code, L is computed for each active particle, and
added to the specific internal energy (entropy in GADGET-
3) equation of each particle using a semi-implicit method.
In the entropy equation, the non-radiative terms are inte-
grated in an explicit fashion using the simulation timestep,
and then the radiative term is integrated using an implicit
method. This integration methodology is the same as that
of radiative cooling and photoionization heating in a cos-
mological context in the GADGET code (e.g., Katz et al.
1996).

3 RESULTS AND DISCUSSION

3.1 Reproducing Bondi Accretion

First, we perform a series of simulations of Bondi accre-
tion (i.e., there is no radiative heating and cooling) as listed
in Table 1. We use T∞ = 107 K and ρ∞ = 10−19 g/cm3,
which are typical values at 10’s of pc away from SMBH used
in AGN accretion simulations (see e.g., Kurosawa & Proga
2009b, and references therein). Since Rs → 0 as γ → 5/3
(Eq. 6 in §2.1), we use γinit = 1.01 in order to have the
Bondi and sonic radius well between rin and rout. Therefore
the equation of state is almost isothermal, and the simula-
tions are run with the same value of γrun = 1.01. For these
parameters, the Bondi radius is at RB = 3.0 pc, the theo-
retical value of the sonic point is Rs = 1.5 pc, and the Bondi
time is tB = 7.9 × 103 yr.

All the runs in Table 1 have Tinit(r) = T∞. In the Bondi
IC runs, the initial condition is generated from the Bondi
solution, i.e., the initial particles follow ρinit(r) = ρB(r) and
vinit(r) = vB(r). In the uniform IC runs, we start with a
constant initial density of ρ∞ and vinit = 0.

3.1.1 Particle Properties

Figure 1 is a scatter plot showing the properties of particles
vs. radius in a representative Bondi accretion simulation,
Run 7, which has rout = 20 pc and the Bondi IC. The ra-
dial component (vr) of the velocity v and the density profile
follows the Bondi solution quite well, except near the inner
and outer radii. A negative value of vr represents inflowing
mass, whereas positive vr denotes an outflow. We do not
show the non-radial velocity components (i.e., vθ and vφ)
because they are typically 100−1000 times smaller than vr.
The temperature profile is almost isothermal at 107 K (=
T∞), which is expected since we used γrun = 1.01. Examin-
ing the Mach number profile, we see that the gas is subsonic
near rout, passes through a sonic point, and approaches rin

with supersonic velocity (Mach = 6). The location of the
sonic point (where the gas crosses Mach = 1) in the simu-
lation is ∼ 1.5 pc, consistent with the theoretical value of
the Bondi solution (Rs, §3.1). The smoothing length (hsml)
of particles near rin is ∼ 0.12 pc. It is much larger than the
minimum gas smoothing length, which is set to 0.0005 pc in
this run. This finite numerical resolution is partly respon-
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are run with γrun. Most of our runs have γinit = γrun (see
Tables 1 and 2). The values of different parameters we used,
along with their justification are described in §3.1 and §3.2.

Any particle going out of our computational domain
(rin < r < rout) is considered to have escaped the boundary,
and is removed from the simulation. Particles going inside rin

are being accreted into the inner boundary, and are counted
in the mass inflow rate (§3.1.2). Effectively, we simulate a
static sink of radius rin, which absorbs the accreting parti-
cles. We tested some other outer boundary conditions that
are discussed in §3.1.5.

2.4 Radiative Heating and Cooling

Radiation from the central SMBH is considered to be in
the form of a spherical X-ray emitting corona (e.g., Proga
2007; Proga et al. 2008; Kurosawa & Proga 2009a), which
irradiates the accretion flow. The X-ray luminosity, LX , is
a fraction fX of the Eddington luminosity, LEdd:

LX = fXLEdd, LEdd =
4πcGmpMBH

σe
, (10)

where c is the speed of light, G is the gravitational constant,
mp is the proton mass, and σe is the Thomson cross section
for the electron. The local X-ray radiation flux at a distance
r from the central source is

FX =
LX

4πr2
. (11)

The heating-cooling function is parametrised in terms of the
photoionization parameter, ξ, which is defined as

ξ ≡
4πFX

n
=

LX

r2n
, (12)

where n = ρ/(µmp) is the local number density of gas. We
use a hydrogen mass fraction of 0.76 to estimate the mean
molecular weight µ.

We include radiative processes in our simulations using
the heating-cooling function from Proga et al. (2000). The
equations are originally from Blondin (1994), who presented
approximate analytic formulae for the heating and cooling
rates of an X-ray irradiated optically-thin gas illuminated by
a 10 keV bremsstrahlung spectrum. The net heating-cooling
rate, L, is given by

ρL = n2 (GCompton + GX − Lb,l) [erg cm−3 s−1], (13)

where each of the components are formulated below. The
rate of Compton heating and cooling,

GCompton = 8.9 × 10−36ξ (TX − 4T ) [erg cm3 s−1]. (14)

The net rate of X-ray photoionization heating and recombi-
nation cooling,

GX = 1.5 × 10−21ξ1/4T−1/2
(

1 −
T
TX

)

[erg cm3 s−1].(15)

The rate of bremsstrahlung and line cooling,

Lb,l = 3.3 × 10−27T 1/2

+
[

1.7 × 10−18 exp
(

−1.3 × 105/T
)

ξ−1T−1/2

+ 10−24
]

δ [erg cm3 s−1]. (16)

We adopt the optically thin version of line cooling in Eq. (16)
by setting δ = 1. In the above, TX is the characteristic

temperature of the bremsstrahlung radiation. We use TX =
1.16× 108 K, corresponding to Blondin (1994)’s value of 10
keV.

The heating-cooling rate is a function of ξ, TX and T .
In the code, L is computed for each active particle, and
added to the specific internal energy (entropy in GADGET-
3) equation of each particle using a semi-implicit method.
In the entropy equation, the non-radiative terms are inte-
grated in an explicit fashion using the simulation timestep,
and then the radiative term is integrated using an implicit
method. This integration methodology is the same as that
of radiative cooling and photoionization heating in a cos-
mological context in the GADGET code (e.g., Katz et al.
1996).

3 RESULTS AND DISCUSSION

3.1 Reproducing Bondi Accretion

First, we perform a series of simulations of Bondi accre-
tion (i.e., there is no radiative heating and cooling) as listed
in Table 1. We use T∞ = 107 K and ρ∞ = 10−19 g/cm3,
which are typical values at 10’s of pc away from SMBH used
in AGN accretion simulations (see e.g., Kurosawa & Proga
2009b, and references therein). Since Rs → 0 as γ → 5/3
(Eq. 6 in §2.1), we use γinit = 1.01 in order to have the
Bondi and sonic radius well between rin and rout. Therefore
the equation of state is almost isothermal, and the simula-
tions are run with the same value of γrun = 1.01. For these
parameters, the Bondi radius is at RB = 3.0 pc, the theo-
retical value of the sonic point is Rs = 1.5 pc, and the Bondi
time is tB = 7.9 × 103 yr.

All the runs in Table 1 have Tinit(r) = T∞. In the Bondi
IC runs, the initial condition is generated from the Bondi
solution, i.e., the initial particles follow ρinit(r) = ρB(r) and
vinit(r) = vB(r). In the uniform IC runs, we start with a
constant initial density of ρ∞ and vinit = 0.

3.1.1 Particle Properties

Figure 1 is a scatter plot showing the properties of particles
vs. radius in a representative Bondi accretion simulation,
Run 7, which has rout = 20 pc and the Bondi IC. The ra-
dial component (vr) of the velocity v and the density profile
follows the Bondi solution quite well, except near the inner
and outer radii. A negative value of vr represents inflowing
mass, whereas positive vr denotes an outflow. We do not
show the non-radial velocity components (i.e., vθ and vφ)
because they are typically 100−1000 times smaller than vr.
The temperature profile is almost isothermal at 107 K (=
T∞), which is expected since we used γrun = 1.01. Examin-
ing the Mach number profile, we see that the gas is subsonic
near rout, passes through a sonic point, and approaches rin

with supersonic velocity (Mach = 6). The location of the
sonic point (where the gas crosses Mach = 1) in the simu-
lation is ∼ 1.5 pc, consistent with the theoretical value of
the Bondi solution (Rs, §3.1). The smoothing length (hsml)
of particles near rin is ∼ 0.12 pc. It is much larger than the
minimum gas smoothing length, which is set to 0.0005 pc in
this run. This finite numerical resolution is partly respon-
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are run with γrun. Most of our runs have γinit = γrun (see
Tables 1 and 2). The values of different parameters we used,
along with their justification are described in §3.1 and §3.2.

Any particle going out of our computational domain
(rin < r < rout) is considered to have escaped the boundary,
and is removed from the simulation. Particles going inside rin

are being accreted into the inner boundary, and are counted
in the mass inflow rate (§3.1.2). Effectively, we simulate a
static sink of radius rin, which absorbs the accreting parti-
cles. We tested some other outer boundary conditions that
are discussed in §3.1.5.

2.4 Radiative Heating and Cooling

Radiation from the central SMBH is considered to be in
the form of a spherical X-ray emitting corona (e.g., Proga
2007; Proga et al. 2008; Kurosawa & Proga 2009a), which
irradiates the accretion flow. The X-ray luminosity, LX , is
a fraction fX of the Eddington luminosity, LEdd:

LX = fXLEdd, LEdd =
4πcGmpMBH

σe
, (10)

where c is the speed of light, G is the gravitational constant,
mp is the proton mass, and σe is the Thomson cross section
for the electron. The local X-ray radiation flux at a distance
r from the central source is

FX =
LX

4πr2
. (11)

The heating-cooling function is parametrised in terms of the
photoionization parameter, ξ, which is defined as

ξ ≡
4πFX

n
=

LX

r2n
, (12)

where n = ρ/(µmp) is the local number density of gas. We
use a hydrogen mass fraction of 0.76 to estimate the mean
molecular weight µ.

We include radiative processes in our simulations using
the heating-cooling function from Proga et al. (2000). The
equations are originally from Blondin (1994), who presented
approximate analytic formulae for the heating and cooling
rates of an X-ray irradiated optically-thin gas illuminated by
a 10 keV bremsstrahlung spectrum. The net heating-cooling
rate, L, is given by

ρL = n2 (GCompton + GX − Lb,l) [erg cm−3 s−1], (13)

where each of the components are formulated below. The
rate of Compton heating and cooling,

GCompton = 8.9 × 10−36ξ (TX − 4T ) [erg cm3 s−1]. (14)

The net rate of X-ray photoionization heating and recombi-
nation cooling,

GX = 1.5 × 10−21ξ1/4T−1/2
(

1 −
T
TX

)

[erg cm3 s−1].(15)

The rate of bremsstrahlung and line cooling,

Lb,l = 3.3 × 10−27T 1/2

+
[

1.7 × 10−18 exp
(

−1.3 × 105/T
)

ξ−1T−1/2

+ 10−24
]

δ [erg cm3 s−1]. (16)

We adopt the optically thin version of line cooling in Eq. (16)
by setting δ = 1. In the above, TX is the characteristic

temperature of the bremsstrahlung radiation. We use TX =
1.16× 108 K, corresponding to Blondin (1994)’s value of 10
keV.

The heating-cooling rate is a function of ξ, TX and T .
In the code, L is computed for each active particle, and
added to the specific internal energy (entropy in GADGET-
3) equation of each particle using a semi-implicit method.
In the entropy equation, the non-radiative terms are inte-
grated in an explicit fashion using the simulation timestep,
and then the radiative term is integrated using an implicit
method. This integration methodology is the same as that
of radiative cooling and photoionization heating in a cos-
mological context in the GADGET code (e.g., Katz et al.
1996).

3 RESULTS AND DISCUSSION

3.1 Reproducing Bondi Accretion

First, we perform a series of simulations of Bondi accre-
tion (i.e., there is no radiative heating and cooling) as listed
in Table 1. We use T∞ = 107 K and ρ∞ = 10−19 g/cm3,
which are typical values at 10’s of pc away from SMBH used
in AGN accretion simulations (see e.g., Kurosawa & Proga
2009b, and references therein). Since Rs → 0 as γ → 5/3
(Eq. 6 in §2.1), we use γinit = 1.01 in order to have the
Bondi and sonic radius well between rin and rout. Therefore
the equation of state is almost isothermal, and the simula-
tions are run with the same value of γrun = 1.01. For these
parameters, the Bondi radius is at RB = 3.0 pc, the theo-
retical value of the sonic point is Rs = 1.5 pc, and the Bondi
time is tB = 7.9 × 103 yr.

All the runs in Table 1 have Tinit(r) = T∞. In the Bondi
IC runs, the initial condition is generated from the Bondi
solution, i.e., the initial particles follow ρinit(r) = ρB(r) and
vinit(r) = vB(r). In the uniform IC runs, we start with a
constant initial density of ρ∞ and vinit = 0.

3.1.1 Particle Properties

Figure 1 is a scatter plot showing the properties of particles
vs. radius in a representative Bondi accretion simulation,
Run 7, which has rout = 20 pc and the Bondi IC. The ra-
dial component (vr) of the velocity v and the density profile
follows the Bondi solution quite well, except near the inner
and outer radii. A negative value of vr represents inflowing
mass, whereas positive vr denotes an outflow. We do not
show the non-radial velocity components (i.e., vθ and vφ)
because they are typically 100−1000 times smaller than vr.
The temperature profile is almost isothermal at 107 K (=
T∞), which is expected since we used γrun = 1.01. Examin-
ing the Mach number profile, we see that the gas is subsonic
near rout, passes through a sonic point, and approaches rin

with supersonic velocity (Mach = 6). The location of the
sonic point (where the gas crosses Mach = 1) in the simu-
lation is ∼ 1.5 pc, consistent with the theoretical value of
the Bondi solution (Rs, §3.1). The smoothing length (hsml)
of particles near rin is ∼ 0.12 pc. It is much larger than the
minimum gas smoothing length, which is set to 0.0005 pc in
this run. This finite numerical resolution is partly respon-
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are run with γrun. Most of our runs have γinit = γrun (see
Tables 1 and 2). The values of different parameters we used,
along with their justification are described in §3.1 and §3.2.

Any particle going out of our computational domain
(rin < r < rout) is considered to have escaped the boundary,
and is removed from the simulation. Particles going inside rin

are being accreted into the inner boundary, and are counted
in the mass inflow rate (§3.1.2). Effectively, we simulate a
static sink of radius rin, which absorbs the accreting parti-
cles. We tested some other outer boundary conditions that
are discussed in §3.1.5.

2.4 Radiative Heating and Cooling

Radiation from the central SMBH is considered to be in
the form of a spherical X-ray emitting corona (e.g., Proga
2007; Proga et al. 2008; Kurosawa & Proga 2009a), which
irradiates the accretion flow. The X-ray luminosity, LX , is
a fraction fX of the Eddington luminosity, LEdd:

LX = fXLEdd, LEdd =
4πcGmpMBH

σe
, (10)

where c is the speed of light, G is the gravitational constant,
mp is the proton mass, and σe is the Thomson cross section
for the electron. The local X-ray radiation flux at a distance
r from the central source is

FX =
LX

4πr2
. (11)

The heating-cooling function is parametrised in terms of the
photoionization parameter, ξ, which is defined as

ξ ≡
4πFX

n
=

LX

r2n
, (12)

where n = ρ/(µmp) is the local number density of gas. We
use a hydrogen mass fraction of 0.76 to estimate the mean
molecular weight µ.

We include radiative processes in our simulations using
the heating-cooling function from Proga et al. (2000). The
equations are originally from Blondin (1994), who presented
approximate analytic formulae for the heating and cooling
rates of an X-ray irradiated optically-thin gas illuminated by
a 10 keV bremsstrahlung spectrum. The net heating-cooling
rate, L, is given by

ρL = n2 (GCompton + GX − Lb,l) [erg cm−3 s−1], (13)

where each of the components are formulated below. The
rate of Compton heating and cooling,

GCompton = 8.9 × 10−36ξ (TX − 4T ) [erg cm3 s−1]. (14)

The net rate of X-ray photoionization heating and recombi-
nation cooling,

GX = 1.5 × 10−21ξ1/4T−1/2
(

1 −
T
TX

)

[erg cm3 s−1].(15)

The rate of bremsstrahlung and line cooling,

Lb,l = 3.3 × 10−27T 1/2

+
[

1.7 × 10−18 exp
(

−1.3 × 105/T
)

ξ−1T−1/2

+ 10−24
]

δ [erg cm3 s−1]. (16)

We adopt the optically thin version of line cooling in Eq. (16)
by setting δ = 1. In the above, TX is the characteristic

temperature of the bremsstrahlung radiation. We use TX =
1.16× 108 K, corresponding to Blondin (1994)’s value of 10
keV.

The heating-cooling rate is a function of ξ, TX and T .
In the code, L is computed for each active particle, and
added to the specific internal energy (entropy in GADGET-
3) equation of each particle using a semi-implicit method.
In the entropy equation, the non-radiative terms are inte-
grated in an explicit fashion using the simulation timestep,
and then the radiative term is integrated using an implicit
method. This integration methodology is the same as that
of radiative cooling and photoionization heating in a cos-
mological context in the GADGET code (e.g., Katz et al.
1996).

3 RESULTS AND DISCUSSION

3.1 Reproducing Bondi Accretion

First, we perform a series of simulations of Bondi accre-
tion (i.e., there is no radiative heating and cooling) as listed
in Table 1. We use T∞ = 107 K and ρ∞ = 10−19 g/cm3,
which are typical values at 10’s of pc away from SMBH used
in AGN accretion simulations (see e.g., Kurosawa & Proga
2009b, and references therein). Since Rs → 0 as γ → 5/3
(Eq. 6 in §2.1), we use γinit = 1.01 in order to have the
Bondi and sonic radius well between rin and rout. Therefore
the equation of state is almost isothermal, and the simula-
tions are run with the same value of γrun = 1.01. For these
parameters, the Bondi radius is at RB = 3.0 pc, the theo-
retical value of the sonic point is Rs = 1.5 pc, and the Bondi
time is tB = 7.9 × 103 yr.

All the runs in Table 1 have Tinit(r) = T∞. In the Bondi
IC runs, the initial condition is generated from the Bondi
solution, i.e., the initial particles follow ρinit(r) = ρB(r) and
vinit(r) = vB(r). In the uniform IC runs, we start with a
constant initial density of ρ∞ and vinit = 0.

3.1.1 Particle Properties

Figure 1 is a scatter plot showing the properties of particles
vs. radius in a representative Bondi accretion simulation,
Run 7, which has rout = 20 pc and the Bondi IC. The ra-
dial component (vr) of the velocity v and the density profile
follows the Bondi solution quite well, except near the inner
and outer radii. A negative value of vr represents inflowing
mass, whereas positive vr denotes an outflow. We do not
show the non-radial velocity components (i.e., vθ and vφ)
because they are typically 100−1000 times smaller than vr.
The temperature profile is almost isothermal at 107 K (=
T∞), which is expected since we used γrun = 1.01. Examin-
ing the Mach number profile, we see that the gas is subsonic
near rout, passes through a sonic point, and approaches rin

with supersonic velocity (Mach = 6). The location of the
sonic point (where the gas crosses Mach = 1) in the simu-
lation is ∼ 1.5 pc, consistent with the theoretical value of
the Bondi solution (Rs, §3.1). The smoothing length (hsml)
of particles near rin is ∼ 0.12 pc. It is much larger than the
minimum gas smoothing length, which is set to 0.0005 pc in
this run. This finite numerical resolution is partly respon-
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are run with γrun. Most of our runs have γinit = γrun (see
Tables 1 and 2). The values of different parameters we used,
along with their justification are described in §3.1 and §3.2.

Any particle going out of our computational domain
(rin < r < rout) is considered to have escaped the boundary,
and is removed from the simulation. Particles going inside rin

are being accreted into the inner boundary, and are counted
in the mass inflow rate (§3.1.2). Effectively, we simulate a
static sink of radius rin, which absorbs the accreting parti-
cles. We tested some other outer boundary conditions that
are discussed in §3.1.5.

2.4 Radiative Heating and Cooling

Radiation from the central SMBH is considered to be in
the form of a spherical X-ray emitting corona (e.g., Proga
2007; Proga et al. 2008; Kurosawa & Proga 2009a), which
irradiates the accretion flow. The X-ray luminosity, LX , is
a fraction fX of the Eddington luminosity, LEdd:

LX = fXLEdd, LEdd =
4πcGmpMBH

σe
, (10)

where c is the speed of light, G is the gravitational constant,
mp is the proton mass, and σe is the Thomson cross section
for the electron. The local X-ray radiation flux at a distance
r from the central source is

FX =
LX

4πr2
. (11)

The heating-cooling function is parametrised in terms of the
photoionization parameter, ξ, which is defined as

ξ ≡
4πFX

n
=

LX

r2n
, (12)

where n = ρ/(µmp) is the local number density of gas. We
use a hydrogen mass fraction of 0.76 to estimate the mean
molecular weight µ.

We include radiative processes in our simulations using
the heating-cooling function from Proga et al. (2000). The
equations are originally from Blondin (1994), who presented
approximate analytic formulae for the heating and cooling
rates of an X-ray irradiated optically-thin gas illuminated by
a 10 keV bremsstrahlung spectrum. The net heating-cooling
rate, L, is given by

ρL = n2 (GCompton + GX − Lb,l) [erg cm−3 s−1], (13)

where each of the components are formulated below. The
rate of Compton heating and cooling,

GCompton = 8.9 × 10−36ξ (TX − 4T ) [erg cm3 s−1]. (14)

The net rate of X-ray photoionization heating and recombi-
nation cooling,

GX = 1.5 × 10−21ξ1/4T−1/2
(

1 −
T
TX

)

[erg cm3 s−1].(15)

The rate of bremsstrahlung and line cooling,

Lb,l = 3.3 × 10−27T 1/2

+
[

1.7 × 10−18 exp
(

−1.3 × 105/T
)

ξ−1T−1/2

+ 10−24
]

δ [erg cm3 s−1]. (16)

We adopt the optically thin version of line cooling in Eq. (16)
by setting δ = 1. In the above, TX is the characteristic

temperature of the bremsstrahlung radiation. We use TX =
1.16× 108 K, corresponding to Blondin (1994)’s value of 10
keV.

The heating-cooling rate is a function of ξ, TX and T .
In the code, L is computed for each active particle, and
added to the specific internal energy (entropy in GADGET-
3) equation of each particle using a semi-implicit method.
In the entropy equation, the non-radiative terms are inte-
grated in an explicit fashion using the simulation timestep,
and then the radiative term is integrated using an implicit
method. This integration methodology is the same as that
of radiative cooling and photoionization heating in a cos-
mological context in the GADGET code (e.g., Katz et al.
1996).

3 RESULTS AND DISCUSSION

3.1 Reproducing Bondi Accretion

First, we perform a series of simulations of Bondi accre-
tion (i.e., there is no radiative heating and cooling) as listed
in Table 1. We use T∞ = 107 K and ρ∞ = 10−19 g/cm3,
which are typical values at 10’s of pc away from SMBH used
in AGN accretion simulations (see e.g., Kurosawa & Proga
2009b, and references therein). Since Rs → 0 as γ → 5/3
(Eq. 6 in §2.1), we use γinit = 1.01 in order to have the
Bondi and sonic radius well between rin and rout. Therefore
the equation of state is almost isothermal, and the simula-
tions are run with the same value of γrun = 1.01. For these
parameters, the Bondi radius is at RB = 3.0 pc, the theo-
retical value of the sonic point is Rs = 1.5 pc, and the Bondi
time is tB = 7.9 × 103 yr.

All the runs in Table 1 have Tinit(r) = T∞. In the Bondi
IC runs, the initial condition is generated from the Bondi
solution, i.e., the initial particles follow ρinit(r) = ρB(r) and
vinit(r) = vB(r). In the uniform IC runs, we start with a
constant initial density of ρ∞ and vinit = 0.

3.1.1 Particle Properties

Figure 1 is a scatter plot showing the properties of particles
vs. radius in a representative Bondi accretion simulation,
Run 7, which has rout = 20 pc and the Bondi IC. The ra-
dial component (vr) of the velocity v and the density profile
follows the Bondi solution quite well, except near the inner
and outer radii. A negative value of vr represents inflowing
mass, whereas positive vr denotes an outflow. We do not
show the non-radial velocity components (i.e., vθ and vφ)
because they are typically 100−1000 times smaller than vr.
The temperature profile is almost isothermal at 107 K (=
T∞), which is expected since we used γrun = 1.01. Examin-
ing the Mach number profile, we see that the gas is subsonic
near rout, passes through a sonic point, and approaches rin

with supersonic velocity (Mach = 6). The location of the
sonic point (where the gas crosses Mach = 1) in the simu-
lation is ∼ 1.5 pc, consistent with the theoretical value of
the Bondi solution (Rs, §3.1). The smoothing length (hsml)
of particles near rin is ∼ 0.12 pc. It is much larger than the
minimum gas smoothing length, which is set to 0.0005 pc in
this run. This finite numerical resolution is partly respon-
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Table 2. Simulations of Spherical Accretion with Radiative Heating and Cooling a

Run rout N Mtot,IC Mpart γinit T∞ RB ρ∞ Tinit LX tend fIN fOUT Ṁin,rin
No. [pc] [M"] [M"] [K] [pc] [g/cm3] [LEdd] [105 yr] [ṀB(γrun, ρ∞, T∞)]

13 20 1283 5.81 × 105 0.277 1.4 107 2.19 10−21 T∞ 0.5 1.0 0.005 0.99 2

14 50 1283 8.23 × 106 3.92 1.4 107 2.19 10−21 T∞ 0.5 2.9 0.001 0.99 1.2

15 20 1283 5.81 × 10−1 2.77 × 10−7 1.4 107 2.19 10−27 T∞ 0.5 1.0 0.005 0.99 2

16 20 2563 5.81 × 10−1 3.46 × 10−8 1.4 107 2.19 10−27 T∞ 5 × 10−4 1.9 0.0052 0.98 2

17 20 1283 5.81 × 105 0.277 1.4 107 2.19 10−21 Trad
b 5 × 10−4 2.9 0.97 0.03 80

18 20 1283 5.65 × 105 0.269 5/3 107 1.84 10−21 Trad 5 × 10−4 3.0 0.97 0.03 80

19 20 1283 1.47 × 107 7.0 5/3 105 183.9 10−21 Trad 5 × 10−4 1.5 0.99 0 2

20 200 2563 1.33 × 109 79.09 5/3 105 183.9 10−21 Trad 5 × 10−4 6.5 0.13 0 6

21 200 2563 4.95 × 108 29.50 5/3 107 1.84 10−21 Trad 5 × 10−4 8.7 0.1 0.012 2000

22 200 1283 1.33 × 107 6.33 5/3 105 183.9 10−23 Trad 5 × 10−4 70 0.9 0.1 5

23 200 2563 1.33 × 107 0.791 5/3 105 183.9 10−23 Trad 5 × 10−4 20 0.3 0.07 4

24 c 200 1.24 × 107 9.77 × 106 0.791 5/3 105 183.9 10−23 TRun23 5 × 10−5 19 0.12 0.01 4

25 200 1.24 × 107 9.77 × 106 0.791 5/3 105 183.9 10−23 TRun23 5 × 10−3 21 0.15 0.02 3.8

26 200 1.24 × 107 9.77 × 106 0.791 5/3 105 183.9 10−23 TRun23 1 × 10−2 22 0.2 0.05 3.4

27 200 1.24 × 107 9.77 × 106 0.791 5/3 105 183.9 10−23 TRun23 2 × 10−2 25 0.03 0.1 0.002

28 200 1.24 × 107 9.77 × 106 0.791 5/3 105 183.9 10−23 TRun23 5 × 10−2 50 0.008 0.99 0.0001

a All the runs have rin = 0.1 pc and γrun = 5/3. Initial conditions are generated using ρinit(r) = ρB(r), and vinit(r) = vB(r).

b Trad ≡ Initial temperatures set from the equilibrium T − ξ radiative heating-cooling function, i.e., the T solution obtained by solving for L = 0 in Eq. (13), assuming γ = 5/3.

c Runs 24 − 28 are started using the particle states from Run 23 at a time = 1.4 Myr as the initial condition, and changing LX in each case.
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are run with γrun. Most of our runs have γinit = γrun (see
Tables 1 and 2). The values of different parameters we used,
along with their justification are described in §3.1 and §3.2.

Any particle going out of our computational domain
(rin < r < rout) is considered to have escaped the boundary,
and is removed from the simulation. Particles going inside rin

are being accreted into the inner boundary, and are counted
in the mass inflow rate (§3.1.2). Effectively, we simulate a
static sink of radius rin, which absorbs the accreting parti-
cles. We tested some other outer boundary conditions that
are discussed in §3.1.5.

2.4 Radiative Heating and Cooling

Radiation from the central SMBH is considered to be in
the form of a spherical X-ray emitting corona (e.g., Proga
2007; Proga et al. 2008; Kurosawa & Proga 2009a), which
irradiates the accretion flow. The X-ray luminosity, LX , is
a fraction fX of the Eddington luminosity, LEdd:

LX = fXLEdd, LEdd =
4πcGmpMBH

σe
, (10)

where c is the speed of light, G is the gravitational constant,
mp is the proton mass, and σe is the Thomson cross section
for the electron. The local X-ray radiation flux at a distance
r from the central source is

FX =
LX

4πr2
. (11)

The heating-cooling function is parametrised in terms of the
photoionization parameter, ξ, which is defined as

ξ ≡
4πFX

n
=

LX

r2n
, (12)

where n = ρ/(µmp) is the local number density of gas. We
use a hydrogen mass fraction of 0.76 to estimate the mean
molecular weight µ.

We include radiative processes in our simulations using
the heating-cooling function from Proga et al. (2000). The
equations are originally from Blondin (1994), who presented
approximate analytic formulae for the heating and cooling
rates of an X-ray irradiated optically-thin gas illuminated by
a 10 keV bremsstrahlung spectrum. The net heating-cooling
rate, L, is given by

ρL = n2 (GCompton + GX − Lb,l) [erg cm−3 s−1], (13)

where each of the components are formulated below. The
rate of Compton heating and cooling,

GCompton = 8.9 × 10−36ξ (TX − 4T ) [erg cm3 s−1]. (14)

The net rate of X-ray photoionization heating and recombi-
nation cooling,

GX = 1.5 × 10−21ξ1/4T−1/2
(

1 −
T
TX

)

[erg cm3 s−1].(15)

The rate of bremsstrahlung and line cooling,

Lb,l = 3.3 × 10−27T 1/2

+
[

1.7 × 10−18 exp
(

−1.3 × 105/T
)

ξ−1T−1/2

+ 10−24
]

δ [erg cm3 s−1]. (16)

We adopt the optically thin version of line cooling in Eq. (16)
by setting δ = 1. In the above, TX is the characteristic

temperature of the bremsstrahlung radiation. We use TX =
1.16× 108 K, corresponding to Blondin (1994)’s value of 10
keV.

The heating-cooling rate is a function of ξ, TX and T .
In the code, L is computed for each active particle, and
added to the specific internal energy (entropy in GADGET-
3) equation of each particle using a semi-implicit method.
In the entropy equation, the non-radiative terms are inte-
grated in an explicit fashion using the simulation timestep,
and then the radiative term is integrated using an implicit
method. This integration methodology is the same as that
of radiative cooling and photoionization heating in a cos-
mological context in the GADGET code (e.g., Katz et al.
1996).

3 RESULTS AND DISCUSSION

3.1 Reproducing Bondi Accretion

First, we perform a series of simulations of Bondi accre-
tion (i.e., there is no radiative heating and cooling) as listed
in Table 1. We use T∞ = 107 K and ρ∞ = 10−19 g/cm3,
which are typical values at 10’s of pc away from SMBH used
in AGN accretion simulations (see e.g., Kurosawa & Proga
2009b, and references therein). Since Rs → 0 as γ → 5/3
(Eq. 6 in §2.1), we use γinit = 1.01 in order to have the
Bondi and sonic radius well between rin and rout. Therefore
the equation of state is almost isothermal, and the simula-
tions are run with the same value of γrun = 1.01. For these
parameters, the Bondi radius is at RB = 3.0 pc, the theo-
retical value of the sonic point is Rs = 1.5 pc, and the Bondi
time is tB = 7.9 × 103 yr.

All the runs in Table 1 have Tinit(r) = T∞. In the Bondi
IC runs, the initial condition is generated from the Bondi
solution, i.e., the initial particles follow ρinit(r) = ρB(r) and
vinit(r) = vB(r). In the uniform IC runs, we start with a
constant initial density of ρ∞ and vinit = 0.

3.1.1 Particle Properties

Figure 1 is a scatter plot showing the properties of particles
vs. radius in a representative Bondi accretion simulation,
Run 7, which has rout = 20 pc and the Bondi IC. The ra-
dial component (vr) of the velocity v and the density profile
follows the Bondi solution quite well, except near the inner
and outer radii. A negative value of vr represents inflowing
mass, whereas positive vr denotes an outflow. We do not
show the non-radial velocity components (i.e., vθ and vφ)
because they are typically 100−1000 times smaller than vr.
The temperature profile is almost isothermal at 107 K (=
T∞), which is expected since we used γrun = 1.01. Examin-
ing the Mach number profile, we see that the gas is subsonic
near rout, passes through a sonic point, and approaches rin

with supersonic velocity (Mach = 6). The location of the
sonic point (where the gas crosses Mach = 1) in the simu-
lation is ∼ 1.5 pc, consistent with the theoretical value of
the Bondi solution (Rs, §3.1). The smoothing length (hsml)
of particles near rin is ∼ 0.12 pc. It is much larger than the
minimum gas smoothing length, which is set to 0.0005 pc in
this run. This finite numerical resolution is partly respon-
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Figure 4. Time evolution of a single particle in Run 26 as it moves inward. The starting point, from the initial condition at t = 1.4
Myr when it is at r = 53 pc, is denoted by the triangle in each panel. The ending point at t = 1.8 Myr when it is at r = 0.99 pc is
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dashed line, and constant-density (ξ = constant, and T ∼ Ξ−1) as the dash-dotted line. These slopes are used to describe TI in §3.1.1.
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Figure 4. Time evolution of a single particle in Run 26 as it moves inward. Letters A, B, C, D, E, F, G denote the major transition
points on the track. The starting point (A) is denoted by the triangle in each panel, showing the initial condition at t = 1.4Myr and
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Figure 7. Spatial and temporal evolution of the ratio χ (defined as the ratio of mass inflow rates of cold phase gas over hot, below and
above the limiting temperature of 105 K) in Run 26. Left panel shows the radial variation of χ at four simulation times: t = 1.6Myr
(dash-dotted curve), 1.7Myr (dashed), 1.8Myr (solid), and 2.0Myr (dotted). χ is non-zero only within r ∼ 1− 30 pc where there is cold
gas. Right panel shows the time evolution of χ at a radius r = 10pc. At a fixed-r, χ increases with time at first, and then becomes
saturated at a value χ ∼ 3− 4. Details are in §3.1.3.
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Here ρ0, T0 are the unperturbed density and temperature;
where we use the current gas properties at a given radius
when the flow is still spherically-symmetric. We analyze the

ratio of tgr with the free-fall timescale, tff =
(

r3

2GMBH

)1/2

,

which is plotted in Figure 5 top panel at three simulation
epochs. We find positive n1 in some radial ranges represent-
ing regions where TI can grow, and negative n1 elsewhere
indicating regions stable to TI seen as the radial gaps in
Figure 5.

We find that within the positive n1 regions, tgr starts
to become less than tff inside a range r ∼ 10− 80 pc soon
after start of the simulation at t = 1.4 Myr. But the gas do
not clump as soon and over that entire r-range because it is
still supersonic, seen in the bottom panel of Figure 5 where
Mach number is plotted. As discussed at the beginning of
§3.1, non-spherical features first appear from ∼ 1.6 Myr, at
10−20 pc. This is when and where the gas becomes subsonic
is addition to tgr < tff , from Figure 5, and therefore clump-
ing develops, as expected. Krolik & London (1983) showed
that unstable accretion flow, which is subsonic, can be dis-
rupted when tgr/tff becomes small, exactly as we see in our
simulations.

As a quantitative analysis of the growth of instability,
we plot the range of perturbation amplitude in Figure 6. It
shows the time evolution of the temperature and density per-
turbation at r = 10pc within a width of ∆r = 1pc. Track-
ing the gas particles lying within that radial bin, we plot
the minimum, average, and maximum values as a function
of time. The corresponding average value at t = 1.42 Myr
is considered as the unperturbed gas property. This time is
close to the initial time of 1.4 Myr but distant enough such
that the gas has adjusted to the effect of higher-LX at the
beginning, and when the flow is still stable and spherical. We
plot the statistics relative to the initial, unperturbed value
at t = 1.42 Myr.

The minimum, maximum and average values are all
close to the unperturbed average at t = 1.42−1.55 Myr, and
they start to deviate after that. The perturbations show an
exponential growth at first, and then come to a saturation
for the remaining of the simulation. There is an exponen-
tial decrease of Tmin between 1.55 − 1.65 Myr reaching a
value 0.02, indicating the growth of cooling instability, and
Tmin remains almost constant after that. A gradual increase
is seen for Tmax from 1.55 Myr to 2.17 Myr. The value of
〈T 〉 decreases to 0.6 at t = 2.17 Myr. The value of ρmax

exponentially increases to 200 between t = 1.55− 1.65Myr,
indicating the growth of cooled, dense clumps due to TI. It
subsequently fluctuates between 100−200. Following a sim-
ilar trend, 〈ρ〉 exponentially increases to 10 by t = 1.7Myr,
and remains constant after that. The value of ρmin gradually
decreases to 0.4 at t = 2.17 Myr.

3.1.3 Fraction of Cold vs. Hot Gas in Accretion Flow

In our simulations we have cold and hot phases of gas form-
ing self-consistently in the accretion flow acted upon by ra-
diative heating and cooling (whose functional form are in
Paper I, Section 2.4) and undergoing TI. Furthermore we
resolve the Bondi radius. The multi-phase gas has a temper-
ature varying from 2×104 K to 106−107 Kat the same r in
Run 26. We choose a limiting temperature of Tlim = 105 K

to separate the cold and hot phases. We measure the mass
inflow rate of cold and hot gas (Ṁin,cold and Ṁin,hot) by
counting the particles with vr < 0, below and above Tlim.
We define the ratio of mass inflow rates of cold gas over hot:
χ = Ṁin,cold/Ṁin,hot. It is similar to the α-parameter multi-
plied to the Bondi accretion rate in some of the galaxy sim-
ulations (discussed in § 4), which accounts for the fraction
of cold, dense gas that is missed due to lack of resolution.

We find that χ is a dynamical quantity depending on
several factors: time, spatial location, and X-ray luminosity.
Figure 7 shows the evolution of χ in Run 26 as a func-
tion of radius and time. The spatial distribution (in the left
panel) indicates that χ is non-zero only within certain r-
range, where there is cold gas. In this run with LX = 0.01,
the cold gas starts appearing within r ∼ 5 − 20 pc, where
cooling instability occurs. The range increases to r ∼ 1− 30
pc at later times. The Bondi radius of the hot gas (with
T = 106 K) is ∼ 18 pc. There is no cold gas within r < 1 pc
due to the strong adiabatic heating near the center. The
maximum value of χ varies between 1− 5.

We also examined the temporal evolution of χ at
r = 10 pc by counting all particles whose smoothing kernel
touches r = 10 pc. The result is plotted in the right panel of
Figure 7, showing that χ increases with time. The value of
χ increases quickly during the first 0.2 Myr, and after that
it remains almost constant at a value χ ∼ 3− 4.

3.2 LX = 0.02: Cold Clumps and Hot Bubbles

Run 27 shows more complex non-spherical behavior in the
form of cold clumps and buoyantly rising hot bubbles.
The fragmentation and clumping start to develop from
t ∼ 1.7Myr, and continues until the simulation ends at
t = 2.46Myr. The gas cools and becomes denser over
r ∼ 40 − 100 pc, following the physics of TI described in
§3.1.1. This radial range where TI-induced fragmentation
occurs is at larger radii than in Run 26 (LX = 0.01). Be-
cause with twice higher LX in Run 27, the ξ-range for TI
(steepest part of the Trad − ξ equilibrium curve) is satisfied
at larger radii.

Figure 8 shows the time evolution of inner 100 pc cross-
section of Run 27 in the [x − z] plane through y = 0. The
gas is heated up and expands into a spherically-symmetric
outflow in the inner volume (r < 40 pc), as the top row
at t = 1.86Myr illustrates. This initial outflow decreases
the mass inflow rate at rin by a factor of ∼ 1000 at t =
1.4 − 2.2Myr (discussed in §3.4). The surrounding gas at
r = 40 − 70 pc is inflowing, and has fragmented in certain
regions. The central outflow collides with this clumpy inflow
at r ∼ 40 pc, creating a shock. It is visible as a ring-like
density enhancement, which corresponds to the pile-up of
gas outflown from the center and the cold clumps from outer
regions trying to move in.

The dense clumps forming at r ! 40 pc continue to
move inward, disrupting the spherical-symmetry of the cen-
tral hotter outflow. By t = 2.12Myr (middle row of Fig-
ure 8), the whole volume of r < 80 pc shows non-spherical
features. We see the formation of a hot, less-dense bubble
moving outward along the positive x-axis just off-center.

The clumps finally start accreting into rin at t !

2.2Myr. This causes the central mass inflow rate in this run
to rise again. The bottom row (t = 2.46Myr) of Figure 8
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Figure 7. Time evolution of gas in Run 27 (LX/LEdd = 0.02) showing the inner 100 pc of the [x − z] plane through y = 0. The gas
density is in the left panel of each row and temperature in the right panel, overplotted with the velocity vector arrows. Rows correspond
to the times: t = 1.86 Myr (top), t = 2.12 Myr (middle), and t = 2.46 Myr (bottom). A central spherically-symmetric outflow inside
r ∼ 40 pc can be seen in the top row, with surrounding gas starting to cool and clump. The spherical-symmetry of the outflow is lost in
the middle row, and the formation of a hot, less-dense bubble can be seen toward the right just off-center. The surrounding cool clumps
are well-formed and fragmented, and are moving inward. The bottom row shows an inhomogeneous mixture of multi-phase gas motion.
The denser clumps continue falling into the center, but getting heated up as they move in. The hotter gas moves outward, with signatures
of few hot bubbles buoyantly rising from the center.
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ABSTRACT

We study stability of gas accretion in active galactic nuclei (AGNs). Our grid-based simulations cover a radial range
from 0.1 to 200 pc, which may enable linking the galactic/cosmological simulations with small-scale black hole
(BH) accretion models within a few hundreds of Schwarzschild radii. Here, as in previous studies by our group,
we include gas radiative cooling as well as heating by a sub-Eddington X-ray source near the central supermassive
BH of 108 M". Our theoretical estimates and simulations show that for the X-ray luminosity, LX ∼ 0.008 LEdd,
the gas is thermally and convectively unstable within the computational domain. In the simulations, we observe
that very tiny fluctuations in an initially smooth, spherically symmetric, accretion flow, grow first linearly and
then nonlinearly. Consequently, an initially one-phase flow relatively quickly transitions into a two-phase/cold–hot
accretion flow. For LX = 0.015 LEdd or higher, the cold clouds continue to accrete but in some regions of the hot
phase, the gas starts to move outward. For LX < 0.015 LEdd, the cold phase contribution to the total mass accretion
rate only moderately dominates over the hot phase contribution. This result might have some consequences for
cosmological simulations of the so-called AGN feedback problem. Our simulations confirm the previous results
of Barai et al. who used smoothed particle hydrodynamic (SPH) simulations to tackle the same problem. Here,
however, because we use a grid-based code to solve equations in one dimension and two dimensions, we are able to
follow the gas dynamics at much higher spacial resolution and for longer time compared with the three-dimensional
SPH simulations. One of the new features revealed by our simulations is that the cold condensations in the accretion
flow initially form long filaments, but at the later times, those filaments may break into smaller clouds advected
outward within the hot outflow. Therefore, these simulations may serve as an attractive model for the so-called
narrow-line region in AGNs.

Key words: black hole physics – galaxies: active – galaxies: nuclei – galaxies: Seyfert – ISM: clouds
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1. INTRODUCTION

Physics within the central parsecs of a galaxy is domi-
nated by the gravitational potential of a compact supermas-
sive object. In a classical theory of spherical accretion by
Bondi (1952), the Bondi radius RB determines the zone of the
gravitational influence of a central object and it is given by
RB ≈ 150(MBH/108 M")(T∞/105K)−1 pc, where MBH is the
central object mass and T∞ is the temperature of the uniform
surrounding medium. At radii smaller than the Bondi radius, the
interstellar medium (ISM), or at least a part of it, is expected to
turn into an accretion flow.

Physics of any part of a galaxy is complex. However near
the Bondi radius, it is particularly so because there, several
processes compete to dominate not only the dynamical state
of matter but also other states such as thermal and ionization.
Therefore, studies of the central parsec of a galaxy require in-
corporation of processes and their interactions that are typically
considered separately in specialized areas of astrophysics, e.g.,
black hole (BH) accretion, physics of the ISM, and physics
of galaxy formation and evolution. One of the main goals of
studying the central region of a galaxy is to understand var-
ious possible connections between a supermassive black hole
(SMBH) and its host galaxy.

Electromagnetic radiation provides one such connections.
For example, the powerful radiation emitted by an active

1 Current address: Department of Astrophysics Radboud University
Nijmegen, P.O. Box 9010, NL-6500 GL Nijmegen, The Netherlands;
m.moscibrodzka@astro.ru.nl.

galactic nucleus (AGN), as it propagates through the galaxy,
can heat up and ionize the ISM. Subsequently, accretion could
be slowed down, stopped or turned into an outflow if the ISM
becomes unbound. Studies of heated accretion flows have a
long history. Examples of early and key works include Ostriker
et al. (1976), Cowie et al. (1978), Mathews & Bregman (1978),
Stellingwerf (1982), Bisnovatyi-Kogan & Blinnikov (1980),
Krolik & London (1983), and Balbus & Soker (1989).

The accretion flows and their related outflows are very com-
plex phenomena. It is likely that several processes are respon-
sible for driving an outflow, i.e., not just the energy of the
radiation, as mentioned above, but also, for example, the mo-
mentum carried by the radiation. Therefore, our group explored
combined effects of the radiation energy and momentum on the
accretion flows and on producing outflows (e.g., Proga 2007;
Proga et al. 2008; Kurosawa & Proga 2008, 2009a; Kurosawa
& Proga 2009b; Kurosawa et al. 2009). These papers reported
on results from simulations carried out using Eulerian finite
difference codes where effects of gas rotation and other com-
plications such non-spherical and non-azimuthal effects were
included (see, e.g., Janiuk et al. 2008).

To identify the key processes determining the gas properties
(here, we are mainly concerned with thermal properties) and
to establish any code limitations in modeling an accretion
flow, in this paper we adopt a relatively simple physical setup.
Namely, the modeled system consists of a central SMBH of
mass MBH = 108 M" and a spherical shell of gas inflowing
to the center. The simulations focus on regions between 0.1
and 200 pc from the central object, where the outer boundary

1
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1. INTRODUCTION

Physics within the central parsecs of a galaxy is domi-
nated by the gravitational potential of a compact supermas-
sive object. In a classical theory of spherical accretion by
Bondi (1952), the Bondi radius RB determines the zone of the
gravitational influence of a central object and it is given by
RB ≈ 150(MBH/108 M")(T∞/105K)−1 pc, where MBH is the
central object mass and T∞ is the temperature of the uniform
surrounding medium. At radii smaller than the Bondi radius, the
interstellar medium (ISM), or at least a part of it, is expected to
turn into an accretion flow.

Physics of any part of a galaxy is complex. However near
the Bondi radius, it is particularly so because there, several
processes compete to dominate not only the dynamical state
of matter but also other states such as thermal and ionization.
Therefore, studies of the central parsec of a galaxy require in-
corporation of processes and their interactions that are typically
considered separately in specialized areas of astrophysics, e.g.,
black hole (BH) accretion, physics of the ISM, and physics
of galaxy formation and evolution. One of the main goals of
studying the central region of a galaxy is to understand var-
ious possible connections between a supermassive black hole
(SMBH) and its host galaxy.

Electromagnetic radiation provides one such connections.
For example, the powerful radiation emitted by an active
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galactic nucleus (AGN), as it propagates through the galaxy,
can heat up and ionize the ISM. Subsequently, accretion could
be slowed down, stopped or turned into an outflow if the ISM
becomes unbound. Studies of heated accretion flows have a
long history. Examples of early and key works include Ostriker
et al. (1976), Cowie et al. (1978), Mathews & Bregman (1978),
Stellingwerf (1982), Bisnovatyi-Kogan & Blinnikov (1980),
Krolik & London (1983), and Balbus & Soker (1989).

The accretion flows and their related outflows are very com-
plex phenomena. It is likely that several processes are respon-
sible for driving an outflow, i.e., not just the energy of the
radiation, as mentioned above, but also, for example, the mo-
mentum carried by the radiation. Therefore, our group explored
combined effects of the radiation energy and momentum on the
accretion flows and on producing outflows (e.g., Proga 2007;
Proga et al. 2008; Kurosawa & Proga 2008, 2009a; Kurosawa
& Proga 2009b; Kurosawa et al. 2009). These papers reported
on results from simulations carried out using Eulerian finite
difference codes where effects of gas rotation and other com-
plications such non-spherical and non-azimuthal effects were
included (see, e.g., Janiuk et al. 2008).

To identify the key processes determining the gas properties
(here, we are mainly concerned with thermal properties) and
to establish any code limitations in modeling an accretion
flow, in this paper we adopt a relatively simple physical setup.
Namely, the modeled system consists of a central SMBH of
mass MBH = 108 M" and a spherical shell of gas inflowing
to the center. The simulations focus on regions between 0.1
and 200 pc from the central object, where the outer boundary
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ABSTRACT

We study stability of gas accretion in active galactic nuclei (AGNs). Our grid-based simulations cover a radial range
from 0.1 to 200 pc, which may enable linking the galactic/cosmological simulations with small-scale black hole
(BH) accretion models within a few hundreds of Schwarzschild radii. Here, as in previous studies by our group,
we include gas radiative cooling as well as heating by a sub-Eddington X-ray source near the central supermassive
BH of 108 M". Our theoretical estimates and simulations show that for the X-ray luminosity, LX ∼ 0.008 LEdd,
the gas is thermally and convectively unstable within the computational domain. In the simulations, we observe
that very tiny fluctuations in an initially smooth, spherically symmetric, accretion flow, grow first linearly and
then nonlinearly. Consequently, an initially one-phase flow relatively quickly transitions into a two-phase/cold–hot
accretion flow. For LX = 0.015 LEdd or higher, the cold clouds continue to accrete but in some regions of the hot
phase, the gas starts to move outward. For LX < 0.015 LEdd, the cold phase contribution to the total mass accretion
rate only moderately dominates over the hot phase contribution. This result might have some consequences for
cosmological simulations of the so-called AGN feedback problem. Our simulations confirm the previous results
of Barai et al. who used smoothed particle hydrodynamic (SPH) simulations to tackle the same problem. Here,
however, because we use a grid-based code to solve equations in one dimension and two dimensions, we are able to
follow the gas dynamics at much higher spacial resolution and for longer time compared with the three-dimensional
SPH simulations. One of the new features revealed by our simulations is that the cold condensations in the accretion
flow initially form long filaments, but at the later times, those filaments may break into smaller clouds advected
outward within the hot outflow. Therefore, these simulations may serve as an attractive model for the so-called
narrow-line region in AGNs.

Key words: black hole physics – galaxies: active – galaxies: nuclei – galaxies: Seyfert – ISM: clouds
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1. INTRODUCTION

Physics within the central parsecs of a galaxy is domi-
nated by the gravitational potential of a compact supermas-
sive object. In a classical theory of spherical accretion by
Bondi (1952), the Bondi radius RB determines the zone of the
gravitational influence of a central object and it is given by
RB ≈ 150(MBH/108 M")(T∞/105K)−1 pc, where MBH is the
central object mass and T∞ is the temperature of the uniform
surrounding medium. At radii smaller than the Bondi radius, the
interstellar medium (ISM), or at least a part of it, is expected to
turn into an accretion flow.

Physics of any part of a galaxy is complex. However near
the Bondi radius, it is particularly so because there, several
processes compete to dominate not only the dynamical state
of matter but also other states such as thermal and ionization.
Therefore, studies of the central parsec of a galaxy require in-
corporation of processes and their interactions that are typically
considered separately in specialized areas of astrophysics, e.g.,
black hole (BH) accretion, physics of the ISM, and physics
of galaxy formation and evolution. One of the main goals of
studying the central region of a galaxy is to understand var-
ious possible connections between a supermassive black hole
(SMBH) and its host galaxy.

Electromagnetic radiation provides one such connections.
For example, the powerful radiation emitted by an active

1 Current address: Department of Astrophysics Radboud University
Nijmegen, P.O. Box 9010, NL-6500 GL Nijmegen, The Netherlands;
m.moscibrodzka@astro.ru.nl.

galactic nucleus (AGN), as it propagates through the galaxy,
can heat up and ionize the ISM. Subsequently, accretion could
be slowed down, stopped or turned into an outflow if the ISM
becomes unbound. Studies of heated accretion flows have a
long history. Examples of early and key works include Ostriker
et al. (1976), Cowie et al. (1978), Mathews & Bregman (1978),
Stellingwerf (1982), Bisnovatyi-Kogan & Blinnikov (1980),
Krolik & London (1983), and Balbus & Soker (1989).

The accretion flows and their related outflows are very com-
plex phenomena. It is likely that several processes are respon-
sible for driving an outflow, i.e., not just the energy of the
radiation, as mentioned above, but also, for example, the mo-
mentum carried by the radiation. Therefore, our group explored
combined effects of the radiation energy and momentum on the
accretion flows and on producing outflows (e.g., Proga 2007;
Proga et al. 2008; Kurosawa & Proga 2008, 2009a; Kurosawa
& Proga 2009b; Kurosawa et al. 2009). These papers reported
on results from simulations carried out using Eulerian finite
difference codes where effects of gas rotation and other com-
plications such non-spherical and non-azimuthal effects were
included (see, e.g., Janiuk et al. 2008).

To identify the key processes determining the gas properties
(here, we are mainly concerned with thermal properties) and
to establish any code limitations in modeling an accretion
flow, in this paper we adopt a relatively simple physical setup.
Namely, the modeled system consists of a central SMBH of
mass MBH = 108 M" and a spherical shell of gas inflowing
to the center. The simulations focus on regions between 0.1
and 200 pc from the central object, where the outer boundary
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Figure 7. Density, temperature, and velocity magnitude with velocity direction (left, middle, and right columns, respectively) in model 2D512x128D at t = 3, 6, and
12 Myr (upper, middle, and bottom rows, respectively). Each panel shows inner parts of the flow at r ! 100 pc.
(A color version of this figure is available in the online journal.)

we observe that very tiny fluctuations in an initially smooth,
spherically symmetric, accretion flow grow first linearly and
then nonlinearly. Since the symmetry is broken, the cold phase
of accretion forms many small clouds. For LX = 0.015 LEdd or
higher, the cold clouds continue to accrete but in some regions
a hot phase of the gas starts to move outward.

In Figure 7, we show three snapshots of representative 2-D
model 2D512x128D at various times (t = 3, 6, and 11.8 Myr).
This model has the best resolution and the highest luminosity
for which we are able to start the evolution from nearly steady
state conditions. Columns from left to right show density,
temperature, and total gas velocity overplotted with the arrows
indicating the direction of flow. Initially (at t = 3 Myr), the
smooth accretion flow fragments into many clouds, which are
randomly distributed in space. The cooler, denser regions are
embedded in a warm background medium. The colder clouds
are stretched in the radial direction and they have varying sizes.
This initial phase of the evolution is common for all models in
Table 2.

The phase where many cold clouds accrete along with the
warm background inflow is transient. At a later stage (t = 6 Myr,
middle panels), model 2D512x128D shows a systematic outflow

in the form of rising, hot bubbles. The outflow is caused by
the pressure imbalance between the cold and hot matter and
buoyancy forces. The hot bubbles expand at speeds of a few
hundred km s−1. Despite the outflow, the accretion is still
possible. During the rising bubble phase, the smaller clouds
merge and sink toward the inner boundary as streams/filaments.
However, even this phase is relatively short lived. The bottom
panels in Figure 7 show the later phase of evolution when
some of the filaments occasionally break into many clouds
(this process takes place between 10 and 50 pc). These “second
generation” clouds occasionally flow out together with a hot
bubble. Along the X-axis, we see an inflow of a dense filament.

To quantify the properties of clumpy accretion flow, we
measure the volume filling factor of a cold gas fvol, defined
as

fVol = Vcloud/Vtot, (14)

where Vcloud is the volume occupied by gas of T < 105 K, and
Vtot is the total volume of the computational domain. In model
2D512x128D, the time-averaged fVol is 〈fVol〉 = 3 × 10−3.
The time evolution of fvol within 60 pc is shown in Figure 8
(black, solid line). The fVol is variable and at the moment of the
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Figure 8. Time evolution of gas in Run 28 (LX/LEdd = 0.05) showing the whole computational volume 200 pc of the [y − z] plane
through x = 0. The gas density is in the left panel of each row and temperature in the right panel, overplotted with the velocity vector
arrows. Rows correspond to the times: t = 1.8 Myr (top), and t = 3.0 Myr (bottom). The gas is outflowing in almost all over the volume,
except near the very center toward the right in the plotted plane. A hot, less-dense bubble is well-formed and buoyantly rises from the
center along the negative z-axis. The rest of the gas outflow remains spherically symmetric.
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• GADGET SPH code can reproduce the spherical Bondi accretion  
properly w. some limitations. (repeat w. new SPH) 

• Non-spherical inflow & outflow develops due to rad. feedback via  
thermal instability,  even in the simplest case that we studied --- 
connection with NLR 

• AGN FB efficiencies measured in our sims are LOW (≲10-4): 
cosmological implications? -- Is AGN FB really important for galaxy 
formation?  (cf. Priya’s talk,  Ostriker+10)

• Future: include other physics;  how do we apply these results to 
cosmo. sims?  Maybe we should stop using Bondi formula in cosmo sims.

Conclusions & Future Work


