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MAGNETICUM PATHFINDER 
SIMULATIONS

Dolag et al. in prep.

Our simulations include:	


• thermal conduction (Dolag et al., 

2004)	


• star formation	


• chemical enrichment	


• supernova feedback (Tornatore 

et al. 2007)	


• metals	


• sixth-order Wendland kernel 

(Dehnen & Aly 2012)	


• low viscosity SPH scheme	


• magnetic fields (passive)	


• BH growth and AGN feedback	


!
What makes the BHs in our 
simulations special?	


• We do not force BHs to stay in 

the center of galaxies!
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Table 1. Overview of the two simulation runs which are analysed in this study.

Name Box size Resolution
level

Initial particle
number

m(dm) m(gas) m(stars) Softening length
(dm,gas,stars)

[Mpc/h] [M⊙/h] [M⊙/h] [M⊙/h] [kpc/h]

500Mpc/hr 352 hr 2× 1, 5643 6.9× 108 1.4× 108 3.5× 107 3.75, 3.75, 2.0
68Mpc/uhr 48 uhr 2× 5763 3.6× 107 7.3× 106 1.8× 106 1.4, 1.4, 0.7

500 Mpc

z = 3 z = 2

z = 1 Box2/hr z = 0

Figure 1. Shown is a 500 Mpc wide, 70 Mpc thick slice through the cosmological baryonic mass distribution (stellar and gaseous
density) of the Box2/hr simulation at different redshift steps (z=3,2,1 and 0). This is the result of a ray tracing visualisation using
SPLOTCH (Dolag et al. 2008). White, blue and red circles indicate the 20 BHs within this slice which have highest masses, the highest
Eddington-ratios and the highest accretion rates, i.e. AGN luminosities, respectively. The sizes of the circles are scaled logarithmically
with the different values, normalized to maximum value of each quantity. A zoom onto a region where the most massive cluster forms is
shown, with all galaxies with stellar mass larger than 1010M⊙ are shown as white crosses, whereas the white diamonds show all BHs.
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white: highest masses	


blue: highest Eddington ratio	


red: highest accretion rates

Box size: 500 Mpc



Cosmological simulations of black hole growth 5

2.5 Mpc

Figure 2. Shown is the 25 Mpc wide zoom onto the galaxy cluster cluster at z=0, where analogous to figure 1 all galaxies with stellar
mass larger than 1010M⊙ are shown as white crosses, and all BHs are shown as the white diamonds. The right panel shows a further
zoom into the cluster. The region shown is 2.5 Mpc wide and correspond roughly to one third of the virial size of the cluster. In the ray
tracing visualization, the white colors reflect the stellar component, while the light blue colors correspond to the hot phase of the ICM.
Black diamonds mark all the BHs in the simulation.

A certain fraction of massive stars (10 per cent) is assumed
to explode as supernovae type II (SNII). The released en-
ergy by SNII (1051 erg) is modelled to trigger galactic winds
with a mass loading rate being proportional to the star for-
mation rate (SFR) to obtain a resulting wind velocity of
vwind = 350 km/s.

Our simulations also include a detailed model of chem-
ical evolution according to Tornatore et al. (2007). Metals
are produced by SNII, by supernovae type Ia (SNIa) and
by intermediate and low-mass stars in the asymptotic gi-
ant branch (AGB). Metals and energy are released by stars
of different mass to properly account for mass-dependent
life-times (with a lifetime function according to Padovani &
Matteucci 1993), the metallicity-dependent stellar yields by
Woosley & Weaver (1995) for SNII, the yields by van den
Hoek & Groenewegen (1997) for AGB stars and the yields
by Thielemann et al. (2003) for SNIa. Stars of different mass
are initially distributed according to a Chabrier initial mass
function (IMF; Chabrier 2003).

2.2 The BH growth model

Most importantly, our simulations also include a prescrip-
tion for BH growth and for a feedback from active galactic
nuclei (AGN) based on the model presented in Springel et al.
(2005b) and Di Matteo et al. (2005) including the same mod-
ifications as in the study of Fabjan et al. (2010) and some
new, minor changes.

As for star formation, the accretion onto BHs and the
associated feedback adopts a sub-resolution model. BHs are
represented by collision-less “sink particles” that can grow

in mass by accreting gas from their environments, or by
merging with other BHs.

The gas accretion rate Ṁ• is estimated by using the
Bondi-Hoyle-Lyttleton approximation (Hoyle & Lyttleton
1939; Bondi & Hoyle 1944; Bondi 1952):

Ṁ• =
4πG2M2

•αρ

(c2s + v2)3/2
, (1)

where ρ and cs are the density and the sound speed of the
surrounding (ISM) gas, respectively, v is the velocity of the
black hole relative to the surrounding gas and α is a boost
factor for the density which typically is set to 100 as in
most related works (unless a more detailed description as
introduced in Booth & Schaye (2009) is used) and accounts
for the fact that in cosmological simulations we can not re-
solve the intra-cluster medium (ICM) properties within the
vicinity of the BH. The BH accretion is always limited to the
Eddington rate (maximum possible accretion for balance be-
tween inwards directed gravitational force and outwards di-
rected radiation pressure): Ṁ• = min(Ṁ•, Ṁedd). Note that
the detailed accretion flows onto the BHs are unresolved,
we can only capture BH growth due to the larger scale gas
distribution, which is resolved.

Once the accretion rate is computed for each black hole
particle the mass continuously grows. To model the loss of
this accreted gas from the gas particles, a stochastic criterion
is used to select the surrounding gas particles to be accreted.
Unlike in Springel et al. (2005b), in which a selected gas
particle contributes to accretion with all its mass, we include
the possibility for a gas particle to accrete only with a slice
of its mass, which corresponds to 1/4 of its original mass.
This way, each gas particle can contribute with up to four

c⃝ 2002 RAS, MNRAS 000, 1–23

BLACK HOLES IN BOX2 HR

Hirschmann et al. (2013)



LUMINOSITY FUNCTIONSCosmological simulations of black hole growth 11

Figure 7. Evolution of the bolometric AGN luminosity function for the 500Mpc/hr (red solid lines) and the 68Mpc/uhr run (green
dashed lines) at z = 0 − 5. Simulation predictions of the 500Mpc/hr run match the observational data of Hopkins et al. (2007) (black,
open circles) reasonably well until z = 3, even if at z = 1.5− 2.5 the low luminosity end is over-estimated by up to one dex. At higher z
z = 3− 4, the amount of AGN is under-estimated in the 500Mpc/hr run due to resolution effects, while the amount of faint AGN in the
68Mpc/uhr run is increased by 1 dex providing a better match to the observational compilation.

the 68Mpc/uhr run are in agreement with the lower reso-
lution simulation. This suggests that – at least for the lu-
minous end of the luminosity function – the simulation pre-
dictions with increasing resolution seem to converge against
the observational data.

Above z = 3, the 500Mpc/hr simulation run starts to
underestimate the amount of AGN for the entire luminosity
range by up to two orders of magnitude (at z = 5). This
can be largely seen as a consequence of a combination of
both insufficient resolution for accretion in mainly low-mass
BHs and too massive seed BHs (only a minor issue). Instead,
for the 68Mpc/uhr run (green dashed lines), the amount of
low luminous AGN is significantly increased resulting in a
reasonably good agreement with the faintest AGN in the
observations at z = 4.

At z = 5, in order to provide a fair comparison between
observations and simulations, a larger cosmological volume
would be needed combined with an increased resolution than
currently adopted in the 500Mpc/hr and the 68Mpc/uhr
runs. For the present, this, however, represents a great chal-
lenge for the currently available computational power. In a
recent study of DeGraf et al. (2012), they have performed

cosmological simulation (using Gadget2 with a similar model
for BH growth) with a large box-size of (500 Mpc h−1)3, but
only run down to z = 5. When considering the AGN lumi-
nosity function at z = 5 and z = 6 they obtain a fairly good
agreement to observational data at these high redshifts.

Nevertheless, the overall good agreement between simu-
lations and observations (up to z = 3−4) may indicate that
the BH growth closely follows the gas density and other
physical quantities included in the Bondi-Hoyle accretion
formula Eq. 1 in the resolved vicinity of the BH. This seems
to be the case, although simulations are not able to capture
the physical processes on small scales, i.e. they do not re-
solve the inner parts of the BH (3.75 kpc/h) and thus, adopt
a very rough approximation for the accretion process itself.
We will discuss this in more detail in section 5.3.

A previous study of Degraf et al. (2010) also inves-
tigated the evolution of the AGN luminosity function in
cosmological simulations with similar and larger resolu-
tion to ours. However, their simulations have a signifi-
cantly smaller box-size so that they can only probe the
low-luminosity end of the AGN luminosity function (up to
Lbol < 1045 erg s−1), which they find to be in reasonably

c⃝ 2002 RAS, MNRAS 000, 1–23
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Figure 3. Evolution of the stellar mass function in the 500Mpc/hr (red lines) and in the 68Mpc/uhr run (green dashed lines) compared
to observational data (black symbols, Pérez-González et al. 2008; Bundy et al. 2005; Drory et al. 2004; Fontana et al. 2006; Marchesini
et al. 2007; Ilbert et al. 2010 and blue dashed lines, Ilbert 2013). At z < 1 the massive end is over-estimated in the simulations due to a
too inefficiently working radio-mode feedback.

This way a BH particle remains within the host galaxy,
even if it becomes a satellite of a larger halo and, compared
to the original scheme, we are able to track BHs also in
satellite galaxies in cluster environments. When the BHs
are not placed artificially on the minimum of the potential,
of course, there is no guarantee (due to numerical noise, 2
body scattering or when two BHs are merging) that black
hole particles are staying always exactly at the local poten-
tial minimum. But due to the above handling of the dynam-
ical friction, with evolving time during the simulation, BHs
sink towards the minimum potential and typical displace-
ments from the true potential minimum are smaller than
the effective gravitational softening and therefore, orders of
magnitude smaller than the typical smoothing radius used
for estimating the parameters in the accretion model or used
for distributing the feedback energy. They, therefore, do not
play any significant role for the behaviour of the model.

Fig. 1 shows a visualisation (of the gas and stellar mass
density) of the 500Mpc/hr run at different redshift steps
(z = 3 − 0, different panels) focusing on a thin (e.g. 70
Mpc thick) slice. We have additonally indicated the 20 BHs
with highest masses (white circles), the highest Eddington-
ratios (fedd = L/Ledd, blue circles) and the highest accretion
rates (and thus, luminosities, red circles). The sizes of the
circles are scaled logarithmically with the different values
and normalised to the maximum value of each quantity.

This visualises that AGN luminosity does not directly
trace the mass of a BH as AGN when selected by their
BH mass (white) seem to be a better tracer of the un-
derlying matter distribution, whereas when selected by the
Eddington-ratio (blue) or by their luminosity (red) they are

more located in less dense environments, what already indi-
cates the presence of a “downsizing” trend in their evolution.

In particular, one can see that at z=3 many most mas-
sive BHs also have the highest accretion rates as the ac-
cretion rate/luminosity is at that time still largely related
with BH mass (even if with some scatter, as discussed later
in Fig. 10). With evolving time, this is not the case any-
more and massive BHs accrete at a very broad range of
Eddington-ratios so that at those later times, massive black
holes hardly coincide with high Eddington-ratios and accre-
tion rates. In addition, at low redshifts, there are several
objects with high Eddington-ratios located close to voids,
these are low mass BHs (not necessarily satellites), which
are growing by smooth gas accretion (as they don’t have
experienced much feedback).

The inlay shows a zoom onto the region where the most
massive cluster forms today. Over-plotted here are all galax-
ies with stellar masses above 1010M⊙ (white crosses) and
all BHs in within this slice of the simulation (white dia-
monds). Fig. 2 shows this zoom in of the redshift zero slice
(left panel) an a zoom onto the central, 2.5 Mpc wide region
of the cluster. Here, the stellar population of the galaxies
(white) within our ray tracing visualization can be nicely
seen contrasted to the light blue ICM. The position of all
BHs within this simulation are marked as black diamonds
and nicely reflect the ability of our implementation to keep
the BHs at at the center of the satellite galaxies.

c⃝ 2002 RAS, MNRAS 000, 1–23
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3 FUNDAMENTAL GALAXY AND BH
PROPERTIES AND THEIR EVOLUTION

In this section, we will discuss some fundamental properties
of the simulated galaxies and BHs in the 500Mpc/hr run,
as the stellar mass function, the BH mass function and the
BH-stellar mass relation in the present-day Universe and at
higher redshifts up to z = 4. To show the effect of resolution
we additionally present the results for the 68Mpc/uhr run
down to z = 1.

3.1 The stellar mass function

Fig. 3 shows the stellar mass function at different redshift
steps as indicated in the legend. Simulation results (red
solid lines for the 500Mpc/hr run and green dashed lines
for the 68Mpc/uhr run) are compared with observational
data from different studies (black symbols: Pérez-González
et al. 2008; Bundy et al. 2005; Drory et al. 2004; Fontana
et al. 2006; Marchesini et al. 2007; Ilbert et al. 2010; blue
dashed lines: Ilbert 2013). At z = 4, the amount of galaxies
in the 500Mpc/hr run is slightly under-estimated, what is,
however, a resolution effect: for the 68Mpc/uhr simulation
the low-mass end of the stellar mass function at these high
redshifts is consistent with the observational data. Instead,
down to z = 1 the 500Mpc/hr simulation results provide a
good match with the observational data, while the low-mass
end in the 68Mpc/uhr run is over-estimated by up to 1 dex.

The over-estimation of low-mass galaxies is a well-
known problem and most likely a consequence of our
adopted model for stellar winds assuming a constant wind
velocity for the ejected gas (e.g. Oppenheimer & Davé 2006;
Davé et al. 2011). It was repeatedly shown in literature that
energy- or momentum-driven wind models can significantly
reduce the baryon conversion efficiencies (e.g. Hirschmann
et al. 2013 and references therein) and thus, also the low-
mass end of the stellar mass function resulting in an im-
proved match with the observational data (e.g. Davé et al.
2013; Puchwein & Springel 2013). In these studies, energy-
driven winds, for example, are shown to reduce the low mass
end of the stellar mass function by at least 1 dex compared
to a constant wind model which can account for the discrep-
ancy between our 68Mpc/uhr simulation predictions and
the observational constraints. In addition, models including
“early” stellar feedback (Stinson et al. 2013; Kannan et al.
2014) or radiation pressure (Hopkins et al. 2013) seem to be
particularly efficient in delaying star formation in low mass
halos towards later times (i.e. in breaking the hierarchical
formation of galaxies) and thus, predicting low baryon con-
version efficiencies in these halos down to z = 0 – consistent
with observational constraints.

Turning towards lower redshifts (z < 1), the massive
end of the stellar mass function (log(Mstellar/M⊙) > 11) is
significantly over-estimated in the 500Mpc/hr run, at z =
0 by more than one order of magnitude for 1012M⊙-mass
galaxies. This is most likely a consequence of the thermal
energy injection scheme in the “radio-mode” adopted in our
model (see also Puchwein & Springel 2013 who also over-
estimate the massive end of the stellar mass function). Here
we may speculate that a mechanical-momentum input from
an AGN coupling to the ambient gas via a bipolar wind
would be more efficient in limiting the infall and accretion

Figure 4. Evolution of the BH mass function in the 500Mpc/hr
simulation (solid coloured lines) and in the 68Mpc/uhr simula-
tion (dashed coloured lines). The present-day BH mass function
(red line) is compared to observations from Marconi et al. (2004);
Shankar et al. (2004) and Shankar et al. (2009) (black lines and
symbols with the grey shaded areas). We find a reasonable agree-
ment between observations and simulations for BH masses be-
tween 5× 107M⊙ < M• < 3× 109M⊙, while above, the amount
of massive BHs (> 3× 109M⊙) is over-estimated by up to 1 dex
(as a consequence of too inefficient radio-mode feedback).

onto the central BH and also star formation and thus, could
help making elliptical galaxies red and dead by suppressing
late star formation (Choi et al. in prep). Such mechanisms
are for example investigated by Choi et al. (2012); Debuhr
et al. (2012); Barai et al. (2013) employing simulations of
isolated galaxies or galaxy mergers.

3.2 The BH mass function

In Fig. 4, the present-day BH mass function of the
500Mpc/hr run (red line) is compared to observations from
Marconi et al. (2004); Shankar et al. (2004) and Shankar
et al. (2009) (black lines and symbols and grey shaded ar-
eas) and is found to be in reasonably good agreement for a
BH mass range of 7.5 < log(M•/M⊙) < 9.5. Below, the sim-
ulation is under-predicting the amount of low massive BHs
by almost one order of magnitude. This is mainly related to
a combination of too low resolution (main effect, see dashed
coloured lines indicating the 68Mpc/uhr predictions) and
BH seed masses.

At the high mass end, the amount of massive BHs
log(M•/M⊙) > 9.5 is signifcantly over-estimated by up
to 2 dex. The high mass end is mostly influenced by the
choice for the parameter regulating the strength for AGN
feedback, but hardly dependent on the efficiency parameter
for regulating the radio-mode feedback. Although the lat-
ter is supposed to regulate the late time star formation and
BH growth, in the implementation of the thermal injection
scheme in the “radio-mode” adopted in our model, is still
not efficient enough to lower the high mass end of the BH

c⃝ 2002 RAS, MNRAS 000, 1–23

This looks already good!	


But: overestimation of the high mass end!	


!
We have to improve the BH model in our code!

stellar mass function

BH mass function
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multiplied by a boost factor ↵ due to the limited resolution.
To estimate the AGN feedback a constant value for the ra-
diative e�ciency is used (Shakura & Sunyaev 1973).
For low resolutions this model works quite well. But with
increasing computational power we now are able to per-
form cosmological simulations with resolutions high enough
to study not only the origin of the fundamental relations
between black holes and their host galaxies (Graham et al.
2001, Häring & Rix 2004, Tremaine et al. 2002, McConnell
& Ma 2013), but also the impact of gas accretion and AGN
feedback onto the morphology of the galaxy. Until now this
was only studied in simulations of isolated galaxies and
mergers of galaxies (e.g. by Debuhr et al. 2011, Van Wassen-
hove et al. 2014) as well as in cosmological zoom simulations
(e.g. by Anglés-Alcázar et al. 2013, Marinacci et al. 2013,
Dubois et al. 2013, Choi et al. 2014). Thus it is a challenge
to reproduce both black hole and galaxy properties within
a fully cosmological context.
For that reason, a more detailed black hole model is neces-
sary. Therefore we extend the model by Springel et al. (2005)
by following theoretical predictions (Churazov et al. 2005,
White & Frenk 1991, Narayan & Yi 1995) as well as recent
observational results (Davis & Laor 2011, Chelouche 2013,
Russell et al. 2013), which go far beyond the simplified black
hole model commonly used in simulations.
Following Sijacki et al. (2007), in recent simulations a steep
transition between radio-mode and quasar-mode was used
(e.g. Fabjan et al. 2010, Hirschmann et al. 2013). This is
only a rough approximation, because both theoreticians and
observers find a smooth transition. Adopting the model by
Churazov et al. (2005) - which was already constrained by
observations (Russell et al. 2013) - allows us to get a smooth
transition between the two modes. This was already used by
Hirschmann et al. (2013) to calculate black hole luminosity
functions, but it was never implemented into simulations.
In this work we use two feedback e�ciencies to describe me-
chanical outflow and radiation: ✏

o

and ✏
r

.
Furthermore it was found by observations (Davis & Laor
2011, Chelouche 2013), that the radiative e�ciency depends
on the black hole mass. For that reason we adopted the mass
dependency observed by Davis & Laor (2011) and combined
this with the model by Churazov et al. (2005). This reduces
the black hole growth in the radio-mode and can thus re-
produce observed black hole mass functions (Marconi et al.
2004, Shankar et al. 2004, Shankar et al. 2009) as well as
stellar mass functions (Muzzin et al. 2013) much better than
before.
Another problem in current implementations of black holes
in cosmological simulations is that the Bondi model gives
us too low accretion rates. For that reason a so called boost
factor is commonly used to raise the accretion rates artifi-
cially. This leads to too large accretion rates when there is
so much hot gas that the assumtion of the Bondi model -
namely that the gas is distributed in an isotropical sphere -
are fulfilled. Consequently, black holes are getting too mas-
sive at small redshifts.
Indeed there have been several studies conforming the black
hole model to higher resolutions by using a boost factor
which depends on the resolution (Choi et al. 2012, Choi
et al. 2013, the density (Booth & Schaye 2009), the pres-
sure (Vogelsberger et al. 2013) or the angular momentum
(Rosas-Guevara et al. 2013). But none of them contains

a direct distinction between the accretion of cold and hot
gas, although it was shown by observations (e.g. Hlavacek-
Larrondo et al. 2013) as well as by simluations (Gaspari et al.
2013, Fanidakis et al. 2013, Bourne et al. 2014) that there are
two accretion modes: the radio-mode and the quasar-mode.
The black hole grows mainly in the quasar-mode, where cold
gas forms an accretion disk around the black hole which
leeds to higher accretion rates. During that period black
holes grow until the AGN feedback and gas cooling are in
equilibrium. At that point they reach the M

bh

-�-relation
(Churazov et al. 2005) and thus the M

bh

-M⇤-relation. Con-
sequently, the accretion rate drops down until the black hole
transits the threshold towards the radio-mode. As reviewed
by several authors (e.g. Yuan & Narayan 2014, Heckman
& Best 2014), in the radio-mode, sometimes also called jet-
mode, the accretion mainly occurs in advection-dominated
accretion flows (ADAFs) containing hot gas (Yuan et al.
2009). For that reason we distinguish between hot and cold
gas and estimate the accretion rate seperately for both gas
phases. This allows us to use di↵erent boost factors for hot
and cold gas. With that implementation our simulation is
successfull in reproducing both observed accretion modes.
In this paper we describe our black hole model in section 2.
We performed a set of cosmological simulations (section 3)
and present the results in section 4. In section 5.1 we will
discuss the influence of the choice of the radiative e�ciency
in the radio-mode onto the black hole luminosity functions.

2 THEORETICAL MODEL

2.1 Black Hole Accretion

Commonly in simulations the Bondi model is used to esti-
mate the black hole accretion rate. The Bondi accretion rate
(Bondi 1952, Shima et al. 1985) is given by

Ṁ
B

=
4⇡G2M2⇢1
(v2 + c2

s

)3/2
, (1)

where ⇢ is the density, c
s

is the sound speed of the accreted
gas and v is the gas velocity relative to the black hole. Since
Bondi (1952) assumed an isotropical and isothermal sphere,
it is not justified to adopt Bondi accretion for the entire
cosmic evolution of accreting black holes. For that reason
Springel et al. (2005) had to multiply equation (1) by the
boost factor ↵ = 100. For ⇢, v and c

s

, mean values of the FoF
(friends-of-friends, Dolag et al. 2009 and Springel et al. 2001)
group around the black hole are used. Thus the accretion
rate is estimated as

Ṁ
B

=
4⇡↵G2M2

bh

h⇢i
(hc

s

i2 + hvi2)3/2
. (2)

Booth & Schaye (2009) argued that the boost factor ↵ is
needed due to the limited resolution. This leads to an un-
derestimation of the density and an overestimation of the
temperature and thus of the sound speed.
This model is only a rough estimate which does not distin-
guish between the accretion of hot and cold gas. But cold
gas usually is accreted in turbulent streams, whereas hot gas
indeed can be assumed to be isotropical and isothermal. For
that reason the argument by Booth & Schaye (2009) is only
applicable for cold gas.
There have been studies in which this problem has been
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multiplied by a boost factor ↵ due to the limited resolution.
To estimate the AGN feedback a constant value for the ra-
diative e�ciency is used (Shakura & Sunyaev 1973).
For low resolutions this model works quite well. But with
increasing computational power we now are able to per-
form cosmological simulations with resolutions high enough
to study not only the origin of the fundamental relations
between black holes and their host galaxies (Graham et al.
2001, Häring & Rix 2004, Tremaine et al. 2002, McConnell
& Ma 2013), but also the impact of gas accretion and AGN
feedback onto the morphology of the galaxy. Until now this
was only studied in simulations of isolated galaxies and
mergers of galaxies (e.g. by Debuhr et al. 2011, Van Wassen-
hove et al. 2014) as well as in cosmological zoom simulations
(e.g. by Anglés-Alcázar et al. 2013, Marinacci et al. 2013,
Dubois et al. 2013, Choi et al. 2014). Thus it is a challenge
to reproduce both black hole and galaxy properties within
a fully cosmological context.
For that reason, a more detailed black hole model is neces-
sary. Therefore we extend the model by Springel et al. (2005)
by following theoretical predictions (Churazov et al. 2005,
White & Frenk 1991, Narayan & Yi 1995) as well as recent
observational results (Davis & Laor 2011, Chelouche 2013,
Russell et al. 2013), which go far beyond the simplified black
hole model commonly used in simulations.
Following Sijacki et al. (2007), in recent simulations a steep
transition between radio-mode and quasar-mode was used
(e.g. Fabjan et al. 2010, Hirschmann et al. 2013). This is
only a rough approximation, because both theoreticians and
observers find a smooth transition. Adopting the model by
Churazov et al. (2005) - which was already constrained by
observations (Russell et al. 2013) - allows us to get a smooth
transition between the two modes. This was already used by
Hirschmann et al. (2013) to calculate black hole luminosity
functions, but it was never implemented into simulations.
In this work we use two feedback e�ciencies to describe me-
chanical outflow and radiation: ✏

o

and ✏
r

.
Furthermore it was found by observations (Davis & Laor
2011, Chelouche 2013), that the radiative e�ciency depends
on the black hole mass. For that reason we adopted the mass
dependency observed by Davis & Laor (2011) and combined
this with the model by Churazov et al. (2005). This reduces
the black hole growth in the radio-mode and can thus re-
produce observed black hole mass functions (Marconi et al.
2004, Shankar et al. 2004, Shankar et al. 2009) as well as
stellar mass functions (Muzzin et al. 2013) much better than
before.
Another problem in current implementations of black holes
in cosmological simulations is that the Bondi model gives
us too low accretion rates. For that reason a so called boost
factor is commonly used to raise the accretion rates artifi-
cially. This leads to too large accretion rates when there is
so much hot gas that the assumtion of the Bondi model -
namely that the gas is distributed in an isotropical sphere -
are fulfilled. Consequently, black holes are getting too mas-
sive at small redshifts.
Indeed there have been several studies conforming the black
hole model to higher resolutions by using a boost factor
which depends on the resolution (Choi et al. 2012, Choi
et al. 2013, the density (Booth & Schaye 2009), the pres-
sure (Vogelsberger et al. 2013) or the angular momentum
(Rosas-Guevara et al. 2013). But none of them contains

a direct distinction between the accretion of cold and hot
gas, although it was shown by observations (e.g. Hlavacek-
Larrondo et al. 2013) as well as by simluations (Gaspari et al.
2013, Fanidakis et al. 2013, Bourne et al. 2014) that there are
two accretion modes: the radio-mode and the quasar-mode.
The black hole grows mainly in the quasar-mode, where cold
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leeds to higher accretion rates. During that period black
holes grow until the AGN feedback and gas cooling are in
equilibrium. At that point they reach the M

bh

-�-relation
(Churazov et al. 2005) and thus the M

bh

-M⇤-relation. Con-
sequently, the accretion rate drops down until the black hole
transits the threshold towards the radio-mode. As reviewed
by several authors (e.g. Yuan & Narayan 2014, Heckman
& Best 2014), in the radio-mode, sometimes also called jet-
mode, the accretion mainly occurs in advection-dominated
accretion flows (ADAFs) containing hot gas (Yuan et al.
2009). For that reason we distinguish between hot and cold
gas and estimate the accretion rate seperately for both gas
phases. This allows us to use di↵erent boost factors for hot
and cold gas. With that implementation our simulation is
successfull in reproducing both observed accretion modes.
In this paper we describe our black hole model in section 2.
We performed a set of cosmological simulations (section 3)
and present the results in section 4. In section 5.1 we will
discuss the influence of the choice of the radiative e�ciency
in the radio-mode onto the black hole luminosity functions.

2 THEORETICAL MODEL

2.1 Black Hole Accretion

Commonly in simulations the Bondi model is used to esti-
mate the black hole accretion rate. The Bondi accretion rate
(Bondi 1952, Shima et al. 1985) is given by

Ṁ
B

=
4⇡G2M2⇢1
(v2 + c2

s

)3/2
, (1)

where ⇢ is the density, c
s

is the sound speed of the accreted
gas and v is the gas velocity relative to the black hole. Since
Bondi (1952) assumed an isotropical and isothermal sphere,
it is not justified to adopt Bondi accretion for the entire
cosmic evolution of accreting black holes. For that reason
Springel et al. (2005) had to multiply equation (1) by the
boost factor ↵ = 100. For ⇢, v and c

s

, mean values of the FoF
(friends-of-friends, Dolag et al. 2009 and Springel et al. 2001)
group around the black hole are used. Thus the accretion
rate is estimated as

Ṁ
B

=
4⇡↵G2M2

bh

h⇢i
(hc

s

i2 + hvi2)3/2
. (2)

Booth & Schaye (2009) argued that the boost factor ↵ is
needed due to the limited resolution. This leads to an un-
derestimation of the density and an overestimation of the
temperature and thus of the sound speed.
This model is only a rough estimate which does not distin-
guish between the accretion of hot and cold gas. But cold
gas usually is accreted in turbulent streams, whereas hot gas
indeed can be assumed to be isotropical and isothermal. For
that reason the argument by Booth & Schaye (2009) is only
applicable for cold gas.
There have been studies in which this problem has been
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solved with a parameterization of ↵. Booth & Schaye (2009)
choose ↵ = 1 as long as the density is below the critical value
required for the existence of a cold gas phase. For larger den-
sities ↵ increases with the density. Vogelsberger et al. (2013)
have presented a model based on the equilibrium between
cooling losses and AGN feedback. Both models have the ef-
fect that ↵ is conformed to the gas characteristics.
In our model we directly distinguish between the accretion
of hot and cold gas. For the threshold beween both phases
we choose T = 5 · 105K. For both gas phases the accretion
rate is calculated seperately due to equation 2, but with dif-
ferent values for ↵. For hot gas we choose ↵ = 10 and for cold
gas ↵ = 100, which conforms to the result by Gaspari et al.
(2013). They argued that due to turbulence the assumptions
of the Bondi model are not fulfilled. The discrepancies which
they find when including cooling and turbulence are of the
same order of magnitude as the origainal value for ↵. For
an adiabatic accretion, the di↵erence is about one order of
magnitude smaller.
Furthermore the black hole accretion rate Ṁ is limited to
the Eddington accretion rate

Ṁ
Edd

=
4⇡GM

bh

m
p

⌘
Edd

�
T

c
, (3)

where m
p

is the proton mass, �
T

the Thompson scattering
cross section and ⌘

Edd

the feedback e�ciency if the black
hole would accrete with Ṁ

Edd

. Then the accretion rate is

Ṁ = min(Ṁ
B,hot

+ Ṁ
B,cold

, Ṁ
Edd

). (4)

2.2 AGN feedback

In the commonly used black hole model by Springel et al.
(2005) the feedback energy per time is calculated as

Ė = ✏
f

✏
r

Ṁc2, (5)

where ✏
f

is the e�ciency with which the energy radiated
from the black hole is coupled to the ISM (Booth & Schaye
2009). Although our resolution is comparatively high we are
still not able to resolve jets. For that reason we implement
both radiative and mechanical AGN feedback as thermal
feedback.
This model is simplified because it neglects mechanical feed-
back and uses a constant radiative e�ciency and thus al-
lows no smooth transition between a quasar-mode and a
radio-mode. For that reason we implemented a new feed-
back model based on Churazov et al. (2005). They proposed
that AGN feedback had two components:

i) Outflow: The outflow is a mechanical feedback, which
dominates at accretion rates below ⇠ 0.01Ṁ

Edd

and is get-
ting very low above ⇠ 0.1Ṁ

Edd

. Its power is the gas heating
power

P
o

= ✏
o

Ṁc2, (6)

where ✏
o

is the outflow e�ciency.

ii) Radiation: The radiation dominates near the Eddington
limit and has the luminosity

L = ✏
r

Ṁc2. (7)

The feedback energy per time in this model then is the sum

Figure 1. The lines show the predictions by Churazov et al. 2005
(C05) for the power of the radiation (red line), the mechanical
outflow (blue line) and the sum of both (black dashed line). Ob-
servations of jet powers and luminosities constrain the di↵erence
between both components. This figure includes two di↵erent ob-
servations: The big stars and squares show recent observations by
Mezcua & Prieto 2014 (MP14) and the data with blue and black
errorbars are observations by Russell et al. 2013 (R13). Black tri-
angles mark upper limits. Furthermore the black hole masses are
shown in a colorbar. Since the masses used by R13 are based on
K-band magnitudes, which is known to be inaccurate, we used
the dynamical masses by McConnell & Ma (2013) for the sources
included in both samples.

of P
o

and the fraction ✏
f

of the luminosity:

Ė = (✏
o

+ ✏
f

✏
r

)Ṁc2. (8)

The accreted matter splits up into outflow and radiation:

Ṁ

Ṁ
Edd

=
P
o

L
Edd

+
L

L
Edd

, (9)

where the Eddington accretion rate

Ṁ
Edd

=
L

Edd

⌘
Edd

c2
(10)

depends on the total e�ciency

⌘ := ✏
o

+ ✏
r

. (11)

Churazov et al. (2005) scetched this in a diagram of the
power over the accretion rate. This is shown by the lines in
Figure 1. For the outflow dominated regime they assume

L

L
Edd

= 10 ·
✓

Ṁ

Ṁ
Edd

◆
2

(12)

as a lower limit for the radiation, which is a consequence of
advection dominated accretion flows (Narayan & Yi 1995).
In the radiation dominated regime the outflow decreases
with the Eddington ratio:

P
o

L
Edd

= 10�4 ·
✓

Ṁ

Ṁ
Edd

◆�1.8431

. (13)

This guarantees that the minimum value for the outflow ef-
ficiency is ✏

o

= 10�5, which was calculated by Churazov
et al. (2005) assuming that the gas cooling and AGN feed-
back cancel each other at the Eddington limit. We choose
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Edd

. Then the accretion rate is
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Ṁ
Edd

=
P
o

L
Edd

+
L

L
Edd

, (9)

where the Eddington accretion rate

Ṁ
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Ṁc2, (5)

where ✏
f

is the e�ciency with which the energy radiated
from the black hole is coupled to the ISM (Booth & Schaye
2009). Although our resolution is comparatively high we are
still not able to resolve jets. For that reason we implement
both radiative and mechanical AGN feedback as thermal
feedback.
This model is simplified because it neglects mechanical feed-
back and uses a constant radiative e�ciency and thus al-
lows no smooth transition between a quasar-mode and a
radio-mode. For that reason we implemented a new feed-
back model based on Churazov et al. (2005). They proposed
that AGN feedback had two components:

i) Outflow: The outflow is a mechanical feedback, which
dominates at accretion rates below ⇠ 0.01Ṁ
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Figure 1a. Adiabatic (Bondi-like) accretion: evolution of the accretion rate
(1 Myr average). (Top) Accretion rate in physical units, M� yr�1. The
rate is slightly decreasing due to the presence of the galactic gradients.
(Bottom) Black hole accretion rate normalised to the Bondi formula (§2.2):
the ‘boundary conditions’ are taken at r

B

(solid) or averaged over 1-2 kpc
(dashed). The latter, commonly adopted procedure introduces a small bias
in the accretion rate by a factor of a few (as opposed to ⇠100 times or more
that is sometimes assumed in cosmological simulations). Note the excellent
match between the prediction and the numerical solution (solid line).

system evolve for a brief period of time in order to seed the per-
turbations before imposing global heating. As for turbulence, the
heating module is fairly general: our findings should thus be valid
for a range of astrophysical conditions.

3 ADIABATIC ACCRETION – BONDI

We start by simulating a purely adiabatic Bondi-like accretion, i.e.
we do not include stirring, heating or cooling. As opposed to the
classical setup and previous works, we initiate the system by using
realistic astrophysical conditions, i.e. by employing the tempera-
ture and density profiles corresponding to a representative galaxy
(§2). This allows us to quantify the differences between the accre-
tion computed from the Bondi formula and the numerical simula-
tion that are solely due to the non-zero gradients of the thermody-
namic quantities on large kpc scales.

Figure 1b. Adiabatic (Bondi-like) accretion: evolution of the mass-
weighted electron density (top) and temperature (bottom) radial profiles –
sampled every 1 Myr, from darker blue to cyan. Within ⇠300 pc from the
centre, the profiles are identical to the Bondi solution, and they smoothly
join with the galactic gradients at large radii. The emission-weighted pro-
files (not shown) are very similar. Note the characteristic central cusp in
temperature.

3.1 Accretion rate

The reference accretion rate6 at the initial time is ˙M
B

' 0.09 M�
yr�1. In the classic adiabatic case (� = 5/3), ⇢/c3

s

is constant (in
our stratified atmosphere only up to ⇠3 r

B

). Therefore, the Bondi
formula can be conveniently applied at r

B

avoiding the complica-
tions due to the gravitational potential of the galaxy.

As shown in Figure 1a (bottom), the 3D numerical simula-
tion is in excellent agreement with the analytic estimate (§2.2),
reaching the steady state after ⇠ t

B

: the black hole accretion rate
˙M•, through the sink sphere, is identical to ˙M

B

(solid line). After
circa 10 Myr, the large scale gradients start to affect the ˙M• evo-
lution and introduce a 30 percent decrement in the accretion rate
(' 0.07 M� yr�1 at final time; top panel), while the difference
with the instantaneous Bondi rate still remains within few per cent.
Computing instead the reference ˙M

B

on the kpc scale (averaging
over 1 - 2 kpc), as commonly done in cosmological and large-scale
simulations, introduces an increase in the normalised accretion rate
by a factor of 3 - 4 (dashed line). This small bias is again caused by

6 When referring to the reference Bondi formula, ˙M
B

, we mean the usual
Eq. (2), with the normalisation � provided by Eq. (4).

c
� 2013 RAS, MNRAS 000, 1–23

Raining onto black holes: accretion driven by thermal instability 7

Figure 2a. Accretion with cooling: evolution of the accretion rate (physical
and normalised to the Bondi rate on kpc scale – top and middle panel) and
the cooling rate (bottom; we track only the very cold gas, with T below
⇠10

5 K). The dashed line corresponds to the previous adiabatic run. Note
the dramatic boost in the accretion rate, by over two orders of magnitude
with respect to the Bondi estimate, and the tight link with the cooling rate.

tight relationship, which will still hold in the presence of stirring
and thermal instabilities. This argument (elaborated in more detail
in the following Sections) provides a basis for the subgrid mod-
elling based on cold feedback, which has been previously shown to
be extremely efficient in self-regulating the thermodynamical evo-
lution of galaxies, groups, and clusters (Gaspari et al. 2012c; §9).

Figure 2b. Accretion with cooling: 3D mass- and emission-weighted radial
profiles of density and temperature (cf. Fig. 1b). The T

ew

profile has an
X-ray cut of 0.3 keV and is computed in larger radial bins (to emulate a
Chandra observation). It is evident that the massive condensation of cold
gas, out of the hot phase, is entering the supersonic regime within few r

B

.

4.2 Radial profiles

The presence of cooling drastically changes the evolution of radial
profiles (Figure 2b). The central flat density profile, n

e

, is erased
in less than 1 Myr as in the adiabatic run. However, the pile-up
of gas is now almost two orders of magnitude larger, reaching 100
cm�3 at 10 pc. In addition, the density slope is approximately r�1.5

within two Bondi radii (⇠150 pc; rather than only very near the
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Edd

and is get-
ting very low above ⇠ 0.1Ṁ
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as a lower limit for the radiation, which is a consequence of
advection dominated accretion flows (Narayan & Yi 1995).
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with the Eddington ratio:

P
o

L
Edd

= 10�4 ·
✓

Ṁ
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back cancel each other at the Eddington limit. We choose
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solved with a parameterization of ↵. Booth & Schaye (2009)
choose ↵ = 1 as long as the density is below the critical value
required for the existence of a cold gas phase. For larger den-
sities ↵ increases with the density. Vogelsberger et al. (2013)
have presented a model based on the equilibrium between
cooling losses and AGN feedback. Both models have the ef-
fect that ↵ is conformed to the gas characteristics.
In our model we directly distinguish between the accretion
of hot and cold gas. For the threshold beween both phases
we choose T = 5 · 105K. For both gas phases the accretion
rate is calculated seperately due to equation 2, but with dif-
ferent values for ↵. For hot gas we choose ↵ = 10 and for cold
gas ↵ = 100, which conforms to the result by Gaspari et al.
(2013). They argued that due to turbulence the assumptions
of the Bondi model are not fulfilled. The discrepancies which
they find when including cooling and turbulence are of the
same order of magnitude as the origainal value for ↵. For
an adiabatic accretion, the di↵erence is about one order of
magnitude smaller.
Furthermore the black hole accretion rate Ṁ is limited to
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where ✏
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is the e�ciency with which the energy radiated
from the black hole is coupled to the ISM (Booth & Schaye
2009). Although our resolution is comparatively high we are
still not able to resolve jets. For that reason we implement
both radiative and mechanical AGN feedback as thermal
feedback.
This model is simplified because it neglects mechanical feed-
back and uses a constant radiative e�ciency and thus al-
lows no smooth transition between a quasar-mode and a
radio-mode. For that reason we implemented a new feed-
back model based on Churazov et al. (2005). They proposed
that AGN feedback had two components:

i) Outflow: The outflow is a mechanical feedback, which
dominates at accretion rates below ⇠ 0.01Ṁ
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and is get-
ting very low above ⇠ 0.1Ṁ
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. Its power is the gas heating
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Ṁc2, (6)

where ✏
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ii) Radiation: The radiation dominates near the Eddington
limit and has the luminosity
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The feedback energy per time in this model then is the sum

Figure 1. The lines show the predictions by Churazov et al. 2005
(C05) for the power of the radiation (red line), the mechanical
outflow (blue line) and the sum of both (black dashed line). Ob-
servations of jet powers and luminosities constrain the di↵erence
between both components. This figure includes two di↵erent ob-
servations: The big stars and squares show recent observations by
Mezcua & Prieto 2014 (MP14) and the data with blue and black
errorbars are observations by Russell et al. 2013 (R13). Black tri-
angles mark upper limits. Furthermore the black hole masses are
shown in a colorbar. Since the masses used by R13 are based on
K-band magnitudes, which is known to be inaccurate, we used
the dynamical masses by McConnell & Ma (2013) for the sources
included in both samples.
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Ṁ
Edd

=
P
o

L
Edd

+
L

L
Edd

, (9)

where the Eddington accretion rate

Ṁ
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have presented a model based on the equilibrium between
cooling losses and AGN feedback. Both models have the ef-
fect that ↵ is conformed to the gas characteristics.
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of hot and cold gas. For the threshold beween both phases
we choose T = 5 · 105K. For both gas phases the accretion
rate is calculated seperately due to equation 2, but with dif-
ferent values for ↵. For hot gas we choose ↵ = 10 and for cold
gas ↵ = 100, which conforms to the result by Gaspari et al.
(2013). They argued that due to turbulence the assumptions
of the Bondi model are not fulfilled. The discrepancies which
they find when including cooling and turbulence are of the
same order of magnitude as the origainal value for ↵. For
an adiabatic accretion, the di↵erence is about one order of
magnitude smaller.
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is the e�ciency with which the energy radiated
from the black hole is coupled to the ISM (Booth & Schaye
2009). Although our resolution is comparatively high we are
still not able to resolve jets. For that reason we implement
both radiative and mechanical AGN feedback as thermal
feedback.
This model is simplified because it neglects mechanical feed-
back and uses a constant radiative e�ciency and thus al-
lows no smooth transition between a quasar-mode and a
radio-mode. For that reason we implemented a new feed-
back model based on Churazov et al. (2005). They proposed
that AGN feedback had two components:
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Ṁc2, (6)

where ✏
o

is the outflow e�ciency.

ii) Radiation: The radiation dominates near the Eddington
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Figure 1. The lines show the predictions by Churazov et al. 2005
(C05) for the power of the radiation (red line), the mechanical
outflow (blue line) and the sum of both (black dashed line). Ob-
servations of jet powers and luminosities constrain the di↵erence
between both components. This figure includes two di↵erent ob-
servations: The big stars and squares show recent observations by
Mezcua & Prieto 2014 (MP14) and the data with blue and black
errorbars are observations by Russell et al. 2013 (R13). Black tri-
angles mark upper limits. Furthermore the black hole masses are
shown in a colorbar. Since the masses used by R13 are based on
K-band magnitudes, which is known to be inaccurate, we used
the dynamical masses by McConnell & Ma (2013) for the sources
included in both samples.
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power over the accretion rate. This is shown by the lines in
Figure 1. For the outflow dominated regime they assume
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as a lower limit for the radiation, which is a consequence of
advection dominated accretion flows (Narayan & Yi 1995).
In the radiation dominated regime the outflow decreases
with the Eddington ratio:
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This guarantees that the minimum value for the outflow ef-
ficiency is ✏
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= 10�5, which was calculated by Churazov
et al. (2005) assuming that the gas cooling and AGN feed-
back cancel each other at the Eddington limit. We choose
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have presented a model based on the equilibrium between
cooling losses and AGN feedback. Both models have the ef-
fect that ↵ is conformed to the gas characteristics.
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rate is calculated seperately due to equation 2, but with dif-
ferent values for ↵. For hot gas we choose ↵ = 10 and for cold
gas ↵ = 100, which conforms to the result by Gaspari et al.
(2013). They argued that due to turbulence the assumptions
of the Bondi model are not fulfilled. The discrepancies which
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is the e�ciency with which the energy radiated
from the black hole is coupled to the ISM (Booth & Schaye
2009). Although our resolution is comparatively high we are
still not able to resolve jets. For that reason we implement
both radiative and mechanical AGN feedback as thermal
feedback.
This model is simplified because it neglects mechanical feed-
back and uses a constant radiative e�ciency and thus al-
lows no smooth transition between a quasar-mode and a
radio-mode. For that reason we implemented a new feed-
back model based on Churazov et al. (2005). They proposed
that AGN feedback had two components:
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Figure 1. The lines show the predictions by Churazov et al. 2005
(C05) for the power of the radiation (red line), the mechanical
outflow (blue line) and the sum of both (black dashed line). Ob-
servations of jet powers and luminosities constrain the di↵erence
between both components. This figure includes two di↵erent ob-
servations: The big stars and squares show recent observations by
Mezcua & Prieto 2014 (MP14) and the data with blue and black
errorbars are observations by Russell et al. 2013 (R13). Black tri-
angles mark upper limits. Furthermore the black hole masses are
shown in a colorbar. Since the masses used by R13 are based on
K-band magnitudes, which is known to be inaccurate, we used
the dynamical masses by McConnell & Ma (2013) for the sources
included in both samples.
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et al. (2005) assuming that the gas cooling and AGN feed-
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But: The radiative efficiency depends on the mass!
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Gas accretion onto black holes:

● Assumptions of the Bondi model:
→ Isotropical isothermal sphere

● No difference between hot and cold gas

AGN feedback:

● Constant radiative efficiency
● Steep transition between radio- and 

quasar-mode (4 times larger efficiency in 
the radio mode)

But: None of the assumptions is true!

Two reasons for α:
● Resolution
● Turbulence

This should play only a 
role for cold gas!

→ We should distinguish 
between hot and cold gas!

Ṁ=min(ṀB ,cold+ ṀB, hot , Ṁ Edd)

є
r
 depends on the BH mass!

Smooth transition between 
radio- and quasar-mode

Russel et al. (2013), Churazov et al. (2005)

 Davis & Laor (2010)Davis and Laor (2010)

In simulations we need efficiencies!

We combine this with the prediction by Churazov et al. (2005) 
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For simulations we need efficiencies!
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to ICL and the stellar halo!
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3 FUNDAMENTAL GALAXY AND BH
PROPERTIES AND THEIR EVOLUTION

In this section, we will discuss some fundamental properties
of the simulated galaxies and BHs in the 500Mpc/hr run,
as the stellar mass function, the BH mass function and the
BH-stellar mass relation in the present-day Universe and at
higher redshifts up to z = 4. To show the effect of resolution
we additionally present the results for the 68Mpc/uhr run
down to z = 1.

3.1 The stellar mass function

Fig. 3 shows the stellar mass function at different redshift
steps as indicated in the legend. Simulation results (red
solid lines for the 500Mpc/hr run and green dashed lines
for the 68Mpc/uhr run) are compared with observational
data from different studies (black symbols: Pérez-González
et al. 2008; Bundy et al. 2005; Drory et al. 2004; Fontana
et al. 2006; Marchesini et al. 2007; Ilbert et al. 2010; blue
dashed lines: Ilbert 2013). At z = 4, the amount of galaxies
in the 500Mpc/hr run is slightly under-estimated, what is,
however, a resolution effect: for the 68Mpc/uhr simulation
the low-mass end of the stellar mass function at these high
redshifts is consistent with the observational data. Instead,
down to z = 1 the 500Mpc/hr simulation results provide a
good match with the observational data, while the low-mass
end in the 68Mpc/uhr run is over-estimated by up to 1 dex.

The over-estimation of low-mass galaxies is a well-
known problem and most likely a consequence of our
adopted model for stellar winds assuming a constant wind
velocity for the ejected gas (e.g. Oppenheimer & Davé 2006;
Davé et al. 2011). It was repeatedly shown in literature that
energy- or momentum-driven wind models can significantly
reduce the baryon conversion efficiencies (e.g. Hirschmann
et al. 2013 and references therein) and thus, also the low-
mass end of the stellar mass function resulting in an im-
proved match with the observational data (e.g. Davé et al.
2013; Puchwein & Springel 2013). In these studies, energy-
driven winds, for example, are shown to reduce the low mass
end of the stellar mass function by at least 1 dex compared
to a constant wind model which can account for the discrep-
ancy between our 68Mpc/uhr simulation predictions and
the observational constraints. In addition, models including
“early” stellar feedback (Stinson et al. 2013; Kannan et al.
2014) or radiation pressure (Hopkins et al. 2013) seem to be
particularly efficient in delaying star formation in low mass
halos towards later times (i.e. in breaking the hierarchical
formation of galaxies) and thus, predicting low baryon con-
version efficiencies in these halos down to z = 0 – consistent
with observational constraints.

Turning towards lower redshifts (z < 1), the massive
end of the stellar mass function (log(Mstellar/M⊙) > 11) is
significantly over-estimated in the 500Mpc/hr run, at z =
0 by more than one order of magnitude for 1012M⊙-mass
galaxies. This is most likely a consequence of the thermal
energy injection scheme in the “radio-mode” adopted in our
model (see also Puchwein & Springel 2013 who also over-
estimate the massive end of the stellar mass function). Here
we may speculate that a mechanical-momentum input from
an AGN coupling to the ambient gas via a bipolar wind
would be more efficient in limiting the infall and accretion

Figure 4. Evolution of the BH mass function in the 500Mpc/hr
simulation (solid coloured lines) and in the 68Mpc/uhr simula-
tion (dashed coloured lines). The present-day BH mass function
(red line) is compared to observations from Marconi et al. (2004);
Shankar et al. (2004) and Shankar et al. (2009) (black lines and
symbols with the grey shaded areas). We find a reasonable agree-
ment between observations and simulations for BH masses be-
tween 5× 107M⊙ < M• < 3× 109M⊙, while above, the amount
of massive BHs (> 3× 109M⊙) is over-estimated by up to 1 dex
(as a consequence of too inefficient radio-mode feedback).

onto the central BH and also star formation and thus, could
help making elliptical galaxies red and dead by suppressing
late star formation (Choi et al. in prep). Such mechanisms
are for example investigated by Choi et al. (2012); Debuhr
et al. (2012); Barai et al. (2013) employing simulations of
isolated galaxies or galaxy mergers.

3.2 The BH mass function

In Fig. 4, the present-day BH mass function of the
500Mpc/hr run (red line) is compared to observations from
Marconi et al. (2004); Shankar et al. (2004) and Shankar
et al. (2009) (black lines and symbols and grey shaded ar-
eas) and is found to be in reasonably good agreement for a
BH mass range of 7.5 < log(M•/M⊙) < 9.5. Below, the sim-
ulation is under-predicting the amount of low massive BHs
by almost one order of magnitude. This is mainly related to
a combination of too low resolution (main effect, see dashed
coloured lines indicating the 68Mpc/uhr predictions) and
BH seed masses.

At the high mass end, the amount of massive BHs
log(M•/M⊙) > 9.5 is signifcantly over-estimated by up
to 2 dex. The high mass end is mostly influenced by the
choice for the parameter regulating the strength for AGN
feedback, but hardly dependent on the efficiency parameter
for regulating the radio-mode feedback. Although the lat-
ter is supposed to regulate the late time star formation and
BH growth, in the implementation of the thermal injection
scheme in the “radio-mode” adopted in our model, is still
not efficient enough to lower the high mass end of the BH

c⃝ 2002 RAS, MNRAS 000, 1–23
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BH mass function

old run new run
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Luminosity functions	



!
The luminosities depend	


on the feedback model!
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Figure 10. Same as in figure 2, but with e�ciencies calculated
using values for Ṁ using the data by Evans et al. (2004), Allen
et al. (2006) and Li et al. (2011).

observed AGN luminosity functions. This indicates, that in
the radio regime the radiative e�ciency depends neither
on the mass of the black hole, nor on its accretion rate.
It also shows that observations of luminosities of ADAF
sources are indeed plausible, although it is theoretically not
yet understood. For that reason there must be something
else determining how much AGN radiate. This is might
be the morphology of the galaxy, but also turbulence or
magnetic fields. To understand more about ADAFs is a
great challenge for the future, because therefore further and
more accurate observations are needed.

5.2 The Unknown in the Radio Regime

Besides the radiative e�ciency there is another unknown
in the radio regime: The total e�ciency ⌘. In this work we
assumed ⌘ = 0.1 to calculate ✏

r

and ✏
o

. For that reason
our conclusions for the radio regime are uncertain. Due to
equation (10) ⌘ it is given by

⌘ =
L

Edd

Ṁ
Edd

c2
=

L
bol

˙

M

˙

M

Edd

L

bol

L

Edd

Ṁc2
. (24)

But in observations usually only the luminosity, the jet
power and the mass are measured. With the mass one
can calculate L

Edd

. Equation (9) is then used to calculate
Ṁ/Ṁ

Edd

. Hence Ṁ is the parameter which is usually miss-
ing.
Since the accretion rate is di�cult to estimate and very un-
certain, it is not yet possible to make a reliable conclusion.
However there are studies determining a lower limit for Ṁ
using the Bondi model. For some of the sources observed by
Russell et al. (2013) and Mezcua & Prieto (2014) Ṁ was es-
timated. For Centaurus A and NGC 4216 we used the result
from Evans et al. (2004) and and for the Sombrero galaxy
(NGC 4594) we took Ṁ from Li et al. (2011). For M87,
M84, M89, NGC 4636, NGC 4472, NGC407 and NGC5846
we took values from Allen et al. (2006).
The result for the e�ciencies using these values is shown in

Figure 10. All data points are upper limits due to the ap-
proximation of using the Bondi model. Anyhow, most of the
sources have outflow e�ciencies much lower than 0.1 There
are only two sources with larger values.
Of course this is not a representative sample. But it tells us
that the feedback of radio jets is not yet understood. Due
to the fact, that knowing the e�ciencies is essential for per-
forming cosmological simulations, it is worth investigating
more e↵ort into observational estimates of accretion rates.

6 CONCLUSIONS
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• We assumed	
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rates!

Modeling Active Galactic Nuclei in Cosmological Simulations 3

solved with a parameterization of ↵. Booth & Schaye (2009)
choose ↵ = 1 as long as the density is below the critical value
required for the existence of a cold gas phase. For larger den-
sities ↵ increases with the density. Vogelsberger et al. (2013)
have presented a model based on the equilibrium between
cooling losses and AGN feedback. Both models have the ef-
fect that ↵ is conformed to the gas characteristics.
In our model we directly distinguish between the accretion
of hot and cold gas. For the threshold beween both phases
we choose T = 5 · 105K. For both gas phases the accretion
rate is calculated seperately due to equation 2, but with dif-
ferent values for ↵. For hot gas we choose ↵ = 10 and for cold
gas ↵ = 100, which conforms to the result by Gaspari et al.
(2013). They argued that due to turbulence the assumptions
of the Bondi model are not fulfilled. The discrepancies which
they find when including cooling and turbulence are of the
same order of magnitude as the origainal value for ↵. For
an adiabatic accretion, the di↵erence is about one order of
magnitude smaller.
Furthermore the black hole accretion rate Ṁ is limited to
the Eddington accretion rate

Ṁ
Edd

=
4⇡GM

bh

m
p

⌘
Edd

�
T

c
, (3)

where m
p

is the proton mass, �
T

the Thompson scattering
cross section and ⌘

Edd

the feedback e�ciency if the black
hole would accrete with Ṁ

Edd

. Then the accretion rate is

Ṁ = min(Ṁ
B,hot

+ Ṁ
B,cold

, Ṁ
Edd

). (4)

2.2 AGN feedback

In the commonly used black hole model by Springel et al.
(2005) the feedback energy per time is calculated as

Ė = ✏
f

✏
r

Ṁc2, (5)

where ✏
f

is the e�ciency with which the energy radiated
from the black hole is coupled to the ISM (Booth & Schaye
2009). Although our resolution is comparatively high we are
still not able to resolve jets. For that reason we implement
both radiative and mechanical AGN feedback as thermal
feedback.
This model is simplified because it neglects mechanical feed-
back and uses a constant radiative e�ciency and thus al-
lows no smooth transition between a quasar-mode and a
radio-mode. For that reason we implemented a new feed-
back model based on Churazov et al. (2005). They proposed
that AGN feedback had two components:

i) Outflow: The outflow is a mechanical feedback, which
dominates at accretion rates below ⇠ 0.01Ṁ

Edd

and is get-
ting very low above ⇠ 0.1Ṁ

Edd

. Its power is the gas heating
power

P
o

= ✏
o

Ṁc2, (6)

where ✏
o

is the outflow e�ciency.

ii) Radiation: The radiation dominates near the Eddington
limit and has the luminosity

L = ✏
r

Ṁc2. (7)

The feedback energy per time in this model then is the sum

Figure 1. The lines show the predictions by Churazov et al. 2005
(C05) for the power of the radiation (red line), the mechanical
outflow (blue line) and the sum of both (black dashed line). Ob-
servations of jet powers and luminosities constrain the di↵erence
between both components. This figure includes two di↵erent ob-
servations: The big stars and squares show recent observations by
Mezcua & Prieto 2014 (MP14) and the data with blue and black
errorbars are observations by Russell et al. 2013 (R13). Black tri-
angles mark upper limits. Furthermore the black hole masses are
shown in a colorbar. Since the masses used by R13 are based on
K-band magnitudes, which is known to be inaccurate, we used
the dynamical masses by McConnell & Ma (2013) for the sources
included in both samples.

of P
o

and the fraction ✏
f

of the luminosity:

Ė = (✏
o

+ ✏
f

✏
r

)Ṁc2. (8)

The accreted matter splits up into outflow and radiation:

Ṁ

Ṁ
Edd

=
P
o

L
Edd

+
L

L
Edd

, (9)

where the Eddington accretion rate

Ṁ
Edd

=
L

Edd

⌘
Edd

c2
(10)

depends on the total e�ciency

⌘ := ✏
o

+ ✏
r

. (11)

Churazov et al. (2005) scetched this in a diagram of the
power over the accretion rate. This is shown by the lines in
Figure 1. For the outflow dominated regime they assume

L

L
Edd

= 10 ·
✓

Ṁ

Ṁ
Edd

◆
2

(12)

as a lower limit for the radiation, which is a consequence of
advection dominated accretion flows (Narayan & Yi 1995).
In the radiation dominated regime the outflow decreases
with the Eddington ratio:

P
o

L
Edd

= 10�4 ·
✓

Ṁ

Ṁ
Edd

◆�1.8431

. (13)

This guarantees that the minimum value for the outflow ef-
ficiency is ✏

o

= 10�5, which was calculated by Churazov
et al. (2005) assuming that the gas cooling and AGN feed-
back cancel each other at the Eddington limit. We choose
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˙

M

˙

M

Edd

= 0.05 as the threshold between radio and quasar

mode. The value of the outflow at
˙

M

˙

M

Edd

= 1 was chosen

due to the calculations of Churazov et al. (2005), who found
✏
o

⇡ 10�5 for black holes accreting with the Eddington ac-
cretion rate.
Thr feedback model by Churazov et al. (2005) was confirmed
with observations by measuring the cavity power and the
corresponding AGN luminosities. This was at first done by
Russell et al. (2013), who measured luminosities and cavity
powers of a large sample of unresolved nuclear X-ray sources.
The selected brightest cluster galaxies (BCGs) mostly have
large X-ray cavities. Their data shows a large scattering of
the luminosities in the radio regime as can be seen as round
filled circles with black errorbars in Figure 1. For that reason
there has to be another property influencing the luminosi-
ties. A few data points are below the theoretical lower limit,
but anyway the uncertainities in the observations are high.
In Figure 1 the colorbar represents the black hole masses.
The masses by Russell et al. (2013) are based on K-band
magnitudes, which is known to be inaccurate. Therefore we
took dynamical masses from McConnell & Ma (2013) for
the sources included in both samples. Nearly all black holes
lying below the prediction are very massive (> 109M�). For
lower masses the observations are in better agreement with
the prediction.
Recently Mezcua & Prieto (2014) presented measurements
of luminosities and cavity powers of a much smaller sample,
but with su�cient angular resolution and sensitivity.
Their result is also plotted in Figure 1, where the filled stars
represent the luminosities and the squares the cavity pow-
ers. Since equation (12) is a lower limit, their data is in
very good agreement with the predictions. Furthermore the
cavity powers they measured are mostly lower limits, which
means that the big squares in Figure 1 might match even
better with the blue line.
In simulations the theoretical and observational results
shown in Figure 1 can only be used calculating the e�cien-
cies ✏

o

and ✏
r

. The predictions by Churazov et al. (2005)
then tell us how the AGN feedback is splitted up into ra-
diation and mechanical outflow. To estimate ✏

r

and ✏
o

, one
has to take a fixed value for the total e�ciency ⌘. This can
be constant as suggested by Churazov et al. (2005) or it can
be mass dependent following the observations by Davis &
Laor (2011) and Chelouche (2013). ✏

o

and ✏
r

then depend
on the accretion rate, whereas their sum is constant. For
Ṁ/Ṁ

Edd

< 0.05 the lower limit for ✏
r

can be calculated
with equation (7) and (12), i.e.

✏
r,min

= 10⌘
Ṁ

Ṁ
Edd

(14)

Since this is only a lower limit all solutions between ✏
r,min

and ✏
r,max

= 10⌘ are possible. For that reason we introduce
the slope �, which is in the range between 0 and 1, to get a
general expression for ✏

r

:

✏
r

= A · ⌘
✓

Ṁ

Ṁ
Edd

◆
�

, (15)

where A = 10�4 · 0.05�2.8431�� . Then the outflow e�ciency
is

✏
o

= ⌘ � ✏
r

. (16)

For Ṁ/Ṁ
Edd

> 0.05 the radiation dominates. The origin
of the blue line in Figure 1 in this regime is the analytical
calculation by Churazov et al. (2005), which is based on the
equilibrium between gas cooling and heating of gas due to
AGN feedback. Hence it is not only a lower limit and it is
not necessary to introduce a slope as in the radio regime. In
that respect from equation (6) and (13) follows

✏
o

= 10�4⌘

✓
Ṁ

Ṁ
Edd

◆�2.8431

(17)

and thus

✏
r

= ⌘ � ✏
o

. (18)

This is plotted in Figure 2 for di↵erent black hole masses.
The dots in Figure 2 are the observations by Davis & Laor
(2011) and Chelouche (2013). Obvioulsy they are not con-
sistent with the model for ⌘ = 0.1 (green lines). For that
reason we implement an e�ciency depending on the black
hole mass like it was observed by Davis & Laor (2011) for
quasars and found to be valid also for Seyfert 1 galaxies by
Chelouche (2013). Therefore we adopted the relation found
by Davis & Laor (2011) to estimate the total e�ciency at
the Eddington limit:

⌘
Edd

(M
bh

) ⇡ ✏
r

(M
bh

) = 0.089

✓
M

bh

108M�

◆
0.52

. (19)

For the outflow e�ciency the constant value ⌘ = 0.1 is used
due to observational results, i.e. Russell et al. (2013). In that
way we estimate the total e�ciency at the Eddington accre-
tion rate, which is approximately the same as the radiative
e�ciency. Equations (15) - (18) then lead to the following
set of equations:

✏
r

=

8
>>>><

>>>>:

A⌘
Edd

(M
bh

)
⇣

˙

M

˙

M

Edd

⌘
�

, if
˙

M

˙

M

Edd

< 0.05,

⌘
Edd

(M
bh

)� 10�4⌘
Edd

(M
bh

)
⇣

˙

M

˙

M

Edd

⌘�2.8431

,

otherwise

(20)

and

✏
o

=

8
>><

>>:

0.1�A · 0.1
⇣

˙

M

˙

M

Edd

⌘
�

, if
˙

M

˙

M

Edd

< 0.05,

10�5

⇣
˙

M

˙

M

Edd

⌘�2.8431

, otherwise.

(21)

In our simulations both radiative and mechanical feedback
are implemented as thermal feedback. This is appropriate
since we do not resolve jets.
The three colored lines in Figure 2 show the model by Chu-
razov et al. (2005) for � = 0.5 (thick lines) and � = 1 (thin
lines) and di↵erent black hole masses. The red lines corre-
spond to M

bh

= 1010M�, the green ones to M
bh

= 108M�
and the blue ones to M

bh

= 106M�. This is in a much better
agreement with the observations than choosing a constant
total e�ciency. In the radio regime we included observations
by Russell et al. (2013) and Mezcua & Prieto (2014). Russell
et al. (2013) as well as Mezcua & Prieto (2014) measured
the power of the radiation and outflow as well as L

Edd

. With
equation (9) they claculated Ṁ/Ṁ

Edd

. Using the equations
(6), (7) and (10) we can calculate the e�ciencies

✏
o

= ⌘ · P
0

/L
Edd

Ṁ/Ṁ
Edd

(22)
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Accretion rates from:	


Evans et al. (2004)	
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SUMMARY
We improved the BH model for cosmological simulations by implementing …	


• two gas phases,	


• two different ways of AGN feedback: radiation and outflow,	


• a smooth transition between radio and quasar mode and	


• a radiative efficiency, which depends on the BH mass.	


!
We could improve …	


• the relation between BH mass and stellar mass	


• the black hole mass function	


• the stellar mass functions	


!
We found that …	


• BHs first grow mainly due to smooth accretion and later mainly due to mergers.	


• in clusters the total stellar mass of a galaxy is not equal to the stellar mass of the bulge.	


• the luminosities strongly depend on the feedback model.	


!
We would like to know more about …	



outflow efficiencies,	


radiative efficiencies and/or	


accretion rates.
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With higher resolution we can study …	


• the co-evolution between AGN and their 

host galaxies	


• galaxy classification	


• AGN trigger mechanisms	


• alternative accretion models	


• …
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What triggers AGN / BH growth?
Another example

Less luminous AGN:
● major or minor mergers
● smooth gas accretion

Very luminous AGN:
● major mergers

  

What triggers AGN / BH growth?
Another example

Less luminous AGN:
● major or minor mergers
● smooth gas accretion

Very luminous AGN:
● major mergers

Prospects for the future

merger
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