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Abstract

Large scale cosmological hydrodynamic simulations are an important tool to study the
co-evolution between black holes (BHs) and their host galaxies. However, in order to
model the accretion onto BHs and AGN feedback we need sub-grid models which contain
several free parameters. The choice of these parameters has a significant impact on the
properties of the BHs and their host galaxies. Therefore, we improve the accretion
model and the AGN feedback model based on both theory and observations to eliminate
most free parameters. In that way, the slope of the observed relation between BH mass
and stellar mass is reproduced self-consistently. We performed a few extremely large
simulation runs as part of the Magneticum Pathfinder simulation set, combining a high
resolution with very large cosmological volumes, enabling us to study for example dual
AGN, the role of galaxy mergers and AGN clustering properties.
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BH model

The model for BHs and their associated AGN feedback is based on Springel et al. (2005). In order to model BHs
in a cosmological simulation we need three ingredients:

• Seeding: In galaxies which do not yet contain a BH and which exceed a stellar mass threshold depending on
the resolution, we replace the star particle with the highest binding energy by a BH sink particle.

• BH growth: BHs grow by merging with each other and by accreting the surrounding gas, following the
Bondi-Hoyle formalism.

•AGN feedback: A fraction of the accreted gas is ejected as radiative or mechanical energy, both heating up
the surrounding gas. Steinborn et al. (2015)

In contrast to the original model we use several refinements (see
Hirschmann et al. 2014, Steinborn et al. 2015, and Steinborn et al.
2016 for more details):

•No pinning:
We do not pin BHs to the potential minimum. In that way, our
simulations are able to better capture the dynamics of the BHs,
such that almost all substructures above our chosen mass thresh-
old contain a BH. Furthermore, one galaxy can contain more than
one BH with distances down to about 2kpc.
→ dual/offset AGN
→ AGN clustering

•Hot vs. cold gas accretion:
We compute the accretion rate separately for hot (α = 10) and
cold (α = 100) gas.

•AGN feedback model:
We consider both radiation and mechanical outflows with variable
efficiencies εr and ε0, depending on the BH mass and accretion
rate.
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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

ṀEdd =
4⇡GMbhmp

⌘Edd�Tc
, (3)

where mp is the proton mass, �T the Thompson scattering
cross section and ⌘Edd the feedback e�ciency if the black
hole would accrete with ṀEdd. Then the accretion rate is

Ṁ = min(ṀB,hot + ṀB,cold, ṀEdd). (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✏rṀc2, (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 ⇠ 0.01ṀEdd and is get-
ting very low above ⇠ 0.1ṀEdd. Its power is the gas heating
power

Po = ✏oṀc2, (6)

where ✏o is the outflow e�ciency.

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

L = ✏rṀc2. (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 Po and the fraction ✏f of the luminosity:

Ė = (✏o + ✏f✏r)Ṁc2. (8)

The accreted matter splits up into outflow and radiation:

Ṁ

ṀEdd

=
Po

LEdd
+

L

LEdd
, (9)

where the Eddington accretion rate

ṀEdd =
LEdd

⌘Eddc2
(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

LEdd
= 10 ·

✓
Ṁ

ṀEdd

◆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:

Po

LEdd
= 10�4 ·

✓
Ṁ

ṀEdd

◆�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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cross section and ⌘Edd the feedback e�ciency if the black
hole would accrete with ṀEdd. Then the accretion rate is
given by:

Ṁ• = min(ṀB,hot + ṀB,cold, ṀEdd). (5)

The distinction between hot and cold gas accretion leads
to a faster black hole growth in the quasar-mode, because
when calculating the mean value of the sound speed hcsi
and the gas velocity hvi only for cold gas, the accretion rate
estimated with equation (2) is higher than calculating the
mean values of both cold and hot gas together. This solves
the well known problem of too low gas accretion, which was
addressed in other simulations by increasing the maximum
accretion rate to a few times ṀEdd (e.g. Di Matteo et al.
2012), which is not needed in our simulations.

2.2 AGN feedback

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

Ė = ✏f✏rṀ•c2, (6)

where ✏f is the e�ciency with which the energy radiated
from the black hole is coupled to the ISM (Springel et al.
2005, Booth & Schaye 2009) and ✏r is the radiative e�ciency.

The original model as used in Hirschmann et al. (2014)
is simplified, since it uses a constant radiative e�ciency and
thus does not allow for a smooth transition between quasar-
and radio-mode. Furthermore, it neglects mechanical feed-
back, which was already implemented in other simulations
as AGN driven winds (i.e. Choi et al. 2014). To account for
both mechanical and radiative feedback, we adopt a new
feedback scheme based on Churazov et al. (2005). In this
study, they propose that AGN feedback can be split up into
two components:

(i) Outflow: The outflow component is a mechani-
cal feedback which dominates at accretion rates below
⇠ 0.01ṀEdd and diminishes at accretion rates above ⇠
0.1ṀEdd. The corresponding gas heating power is given by:

Po = ✏oṀ•c2, (7)

where ✏o is the outflow e�ciency.

(ii) Radiation: The radiative component dominates near
the Eddington limit (fEdd > 0.1) and has the luminosity

L = ✏rṀ•c2. (8)

We implement both radiative and mechanical AGN
feedback as thermal feedback due to the inability to resolve
the sub-kpc scales, where the jets provide the mechanical
feedback. The feedback energy per unit time in this model
is then the sum of Po and the fraction ✏f of the luminosity:

Ė = (✏o + ✏f✏r)Ṁ•c2. (9)

The e↵ect of accreted matter can be split into outflow and
radiation components:

Ṁ•

ṀEdd

=
Po

LEdd
+

L

LEdd
, (10)

Figure 1. The lines show the predictions by Churazov et al.

2005 (C05) for the power of the radiation (red line), the mechan-

ical outflow (blue line) and the sum of both (black dashed line).
Observations of jet powers (blue errorbars and edges) and lu-

minosities (red errorbars and edges) 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

indicated by the colors of the symbols. Since the masses used by
R13 are based on K-band magnitudes, which are known to be

inaccurate, we used the dynamical masses by McConnell & Ma

(2013) for the sources included in both samples.

where the Eddington accretion rate

ṀEdd =
LEdd

⌘Eddc2
(11)

depends on the total e�ciency

⌘ := ✏o + ✏r. (12)

This model is shown as solid lines (blue corresponds to
mechanical outflow and red to radiation) in Fig. 1, which
were adopted from Churazov et al. (2005). For the outflow-
dominated regime they assume

L

LEdd
= 10 ·

✓
Ṁ•

ṀEdd

◆2

(13)

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:

Po

LEdd
= 10�4 ·

✓
Ṁ•

ṀEdd

◆�1.8431

. (14)

This guarantees that the minimum value for the outflow e�-
ciency is ✏o = 10�5, which was calculated by Churazov et al.
(2005) assuming that gas cooling and AGN feedback balance

each other at the Eddington limit. We choose Ṁ•
ṀEdd

= 0.05

as the threshold between radio and quasar mode. The value
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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

ṀEdd =
4⇡GMbhmp

⌘Edd�Tc
, (3)

where mp is the proton mass, �T the Thompson scattering
cross section and ⌘Edd the feedback e�ciency if the black
hole would accrete with ṀEdd. Then the accretion rate is

Ṁ = min(ṀB,hot + ṀB,cold, ṀEdd). (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✏rṀc2, (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 ⇠ 0.01ṀEdd and is get-
ting very low above ⇠ 0.1ṀEdd. Its power is the gas heating
power

Po = ✏oṀc2, (6)

where ✏o is the outflow e�ciency.

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

L = ✏rṀc2. (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 Po and the fraction ✏f of the luminosity:

Ė = (✏o + ✏f✏r)Ṁc2. (8)

The accreted matter splits up into outflow and radiation:

Ṁ

ṀEdd

=
Po

LEdd
+

L

LEdd
, (9)

where the Eddington accretion rate

ṀEdd =
LEdd

⌘Eddc2
(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

LEdd
= 10 ·

✓
Ṁ

ṀEdd

◆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:

Po

LEdd
= 10�4 ·

✓
Ṁ

ṀEdd

◆�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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cross section and ⌘Edd the feedback e�ciency if the black
hole would accrete with ṀEdd. Then the accretion rate is
given by:

Ṁ• = min(ṀB,hot + ṀB,cold, ṀEdd). (5)

The distinction between hot and cold gas accretion leads
to a faster black hole growth in the quasar-mode, because
when calculating the mean value of the sound speed hcsi
and the gas velocity hvi only for cold gas, the accretion rate
estimated with equation (2) is higher than calculating the
mean values of both cold and hot gas together. This solves
the well known problem of too low gas accretion, which was
addressed in other simulations by increasing the maximum
accretion rate to a few times ṀEdd (e.g. Di Matteo et al.
2012), which is not needed in our simulations.

2.2 AGN feedback

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

Ė = ✏f✏rṀ•c2, (6)

where ✏f is the e�ciency with which the energy radiated
from the black hole is coupled to the ISM (Springel et al.
2005, Booth & Schaye 2009) and ✏r is the radiative e�ciency.

The original model as used in Hirschmann et al. (2014)
is simplified, since it uses a constant radiative e�ciency and
thus does not allow for a smooth transition between quasar-
and radio-mode. Furthermore, it neglects mechanical feed-
back, which was already implemented in other simulations
as AGN driven winds (i.e. Choi et al. 2014). To account for
both mechanical and radiative feedback, we adopt a new
feedback scheme based on Churazov et al. (2005). In this
study, they propose that AGN feedback can be split up into
two components:

(i) Outflow: The outflow component is a mechani-
cal feedback which dominates at accretion rates below
⇠ 0.01ṀEdd and diminishes at accretion rates above ⇠
0.1ṀEdd. The corresponding gas heating power is given by:

Po = ✏oṀ•c2, (7)

where ✏o is the outflow e�ciency.

(ii) Radiation: The radiative component dominates near
the Eddington limit (fEdd > 0.1) and has the luminosity

L = ✏rṀ•c2. (8)

We implement both radiative and mechanical AGN
feedback as thermal feedback due to the inability to resolve
the sub-kpc scales, where the jets provide the mechanical
feedback. The feedback energy per unit time in this model
is then the sum of Po and the fraction ✏f of the luminosity:

Ė = (✏o + ✏f✏r)Ṁ•c2. (9)

The e↵ect of accreted matter can be split into outflow and
radiation components:

Ṁ•

ṀEdd

=
Po

LEdd
+

L

LEdd
, (10)

Figure 1. The lines show the predictions by Churazov et al.

2005 (C05) for the power of the radiation (red line), the mechan-

ical outflow (blue line) and the sum of both (black dashed line).
Observations of jet powers (blue errorbars and edges) and lu-

minosities (red errorbars and edges) 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

indicated by the colors of the symbols. Since the masses used by
R13 are based on K-band magnitudes, which are known to be

inaccurate, we used the dynamical masses by McConnell & Ma

(2013) for the sources included in both samples.

where the Eddington accretion rate

ṀEdd =
LEdd

⌘Eddc2
(11)

depends on the total e�ciency

⌘ := ✏o + ✏r. (12)

This model is shown as solid lines (blue corresponds to
mechanical outflow and red to radiation) in Fig. 1, which
were adopted from Churazov et al. (2005). For the outflow-
dominated regime they assume

L

LEdd
= 10 ·

✓
Ṁ•

ṀEdd

◆2

(13)

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:

Po

LEdd
= 10�4 ·

✓
Ṁ•

ṀEdd

◆�1.8431

. (14)

This guarantees that the minimum value for the outflow e�-
ciency is ✏o = 10�5, which was calculated by Churazov et al.
(2005) assuming that gas cooling and AGN feedback balance

each other at the Eddington limit. We choose Ṁ•
ṀEdd

= 0.05

as the threshold between radio and quasar mode. The value
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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

ṀEdd =
4⇡GMbhmp

⌘Edd�Tc
, (3)

where mp is the proton mass, �T the Thompson scattering
cross section and ⌘Edd the feedback e�ciency if the black
hole would accrete with ṀEdd. Then the accretion rate is

Ṁ = min(ṀB,hot + ṀB,cold, ṀEdd). (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✏rṀc2, (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 ⇠ 0.01ṀEdd and is get-
ting very low above ⇠ 0.1ṀEdd. Its power is the gas heating
power

Po = ✏oṀc2, (6)

where ✏o is the outflow e�ciency.

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

L = ✏rṀc2. (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 Po and the fraction ✏f of the luminosity:

Ė = (✏o + ✏f✏r)Ṁc2. (8)

The accreted matter splits up into outflow and radiation:

Ṁ

ṀEdd

=
Po

LEdd
+

L

LEdd
, (9)

where the Eddington accretion rate

ṀEdd =
LEdd

⌘Eddc2
(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

LEdd
= 10 ·

✓
Ṁ

ṀEdd

◆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:

Po

LEdd
= 10�4 ·

✓
Ṁ

ṀEdd

◆�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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cross section and ⌘Edd the feedback e�ciency if the black
hole would accrete with ṀEdd. Then the accretion rate is
given by:

Ṁ• = min(ṀB,hot + ṀB,cold, ṀEdd). (5)

The distinction between hot and cold gas accretion leads
to a faster black hole growth in the quasar-mode, because
when calculating the mean value of the sound speed hcsi
and the gas velocity hvi only for cold gas, the accretion rate
estimated with equation (2) is higher than calculating the
mean values of both cold and hot gas together. This solves
the well known problem of too low gas accretion, which was
addressed in other simulations by increasing the maximum
accretion rate to a few times ṀEdd (e.g. Di Matteo et al.
2012), which is not needed in our simulations.

2.2 AGN feedback

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

Ė = ✏f✏rṀ•c2, (6)

where ✏f is the e�ciency with which the energy radiated
from the black hole is coupled to the ISM (Springel et al.
2005, Booth & Schaye 2009) and ✏r is the radiative e�ciency.

The original model as used in Hirschmann et al. (2014)
is simplified, since it uses a constant radiative e�ciency and
thus does not allow for a smooth transition between quasar-
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back, which was already implemented in other simulations
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study, they propose that AGN feedback can be split up into
two components:
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cal feedback which dominates at accretion rates below
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indicated by the colors of the symbols. Since the masses used by
R13 are based on K-band magnitudes, which are known to be
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(2013) for the sources included in both samples.
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LEdd
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depends on the total e�ciency
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Ė = ✏f✏rṀ•c2, (6)

where ✏f is the e�ciency with which the energy radiated
from the black hole is coupled to the ISM (Springel et al.
2005, Booth & Schaye 2009) and ✏r is the radiative e�ciency.

The original model as used in Hirschmann et al. (2014)
is simplified, since it uses a constant radiative e�ciency and
thus does not allow for a smooth transition between quasar-
and radio-mode. Furthermore, it neglects mechanical feed-
back, which was already implemented in other simulations
as AGN driven winds (i.e. Choi et al. 2014). To account for
both mechanical and radiative feedback, we adopt a new
feedback scheme based on Churazov et al. (2005). In this
study, they propose that AGN feedback can be split up into
two components:

(i) Outflow: The outflow component is a mechani-
cal feedback which dominates at accretion rates below
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Ṁ•
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ṀEdd

◆�1.8431

. (14)

This guarantees that the minimum value for the outflow e�-
ciency is ✏o = 10�5, which was calculated by Churazov et al.
(2005) assuming that gas cooling and AGN feedback balance

each other at the Eddington limit. We choose Ṁ•
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model (Gaspari et al. 2013). Therefore, we distinguish between hot
and cold gas and estimate the accretion rate separately for both gas
phases. This allows us to use different boost factors for hot and cold
gas and thus, to account for both observed accretion modes.

The outline of this paper is as follows: in Section 2 we describe
our BH model. The set-up of the cosmological simulations is pre-
sented in Section 3. In Section 4, adopting different models for BH
accretion and AGN feedback, we show the results for our simula-
tions, in particular the evolution of the BH mass, the stellar mass
and the star formation rate. In Section 5, we discuss the radiative
efficiency in the radio-mode and its influence on to the AGN lumi-
nosity functions. Furthermore, we compare our results with other
cosmological simulations. Finally, in Section 6, we summarize our
main results.

2 TH E O R E T I C A L M O D E L

2.1 BH accretion

The Bondi model is commonly used in simulations to estimate the
BH accretion rate. The Bondi accretion rate ṀB (Bondi 1952; Shima
et al. 1985) is given byQ6

ṀB = 4πG2M2
•ρ∞

(v2 + c2
s )3/2

, (1)

where M• is the BH mass, ρ is the density, cs is the sound speed of
the accreted gas and v is the velocity of the gas relative to that of
the BH. Since Bondi (1952) assumed an isotropic and isothermal
sphere of gas for his estimation, it is not straightforward to adopt this
Bondi accretion model for hydrodynamic, cosmological simulations
aiming to follow a self-consistent accretion history of BHs. For the
implementations based on Springel et al. (2005), the accretion rate
of the BH is estimated by

ṀB = 4παG2M2
• ⟨ρ⟩

(⟨cs⟩2 + ⟨v⟩2)3/2
, (2)

where ⟨ρ⟩, ⟨v⟩ and ⟨cs⟩ are computed using kernel-weighted
smoothed particle hydrodynamics (SPH) estimations. Due to lim-
ited numerical resolution in such simulations, the original equa-
tion (1) is multiplied by a boost factor α, which in Springel et al.
(2005) is set to a value of α = 100. Note that the SPH estimates also
depend on the type of SPH kernel and the number of neighbours. To
make this estimation less sensitive to the actual structure of the mul-
tiphase media in the vicinity of the BH and therefore the algorithm
less dependent on resolution and on the actual choice of numerical
parameters for the kernel-weighted interpolation, Choi et al. (2012)
suggested to use a different way of building the averages:

ṀB =
〈

4παG2M2
•ρ

(c2
s + v2)3/2

〉
. (3)

Still, choosing the correct value for the boost factor α is not trivial.
Since due to the limited resolution the density in the not resolved
vicinity of BHs is large, it will be underestimated and – in turn –
the temperature (and thus the sound speed) will be overestimated.
Following this argument, Booth & Schaye (2009) parametrize α,
which is chosen to be α = 1 as long as the density is below the
critical value where one can assume the gas to be in the hot phase.
For larger densities, when gas is accreted mainly in a cold phase,
α increases with density. Alternatively, Vogelsberger et al. (2013)
have presented a recipe for modelling α based on the equilibrium
between cooling losses and AGN feedback. However, both models
do not directly account for the different accretion modes of hot

and cold gas phase, where cold gas usually is accreted in turbulent
streams, whereas hot gas indeed can be assumed to be isotropic and
isothermal.

In our model, we use a sixth-order Wendland kernel (Dehnen &
Aly 2012) with 295 neighbours, building the mean values according
to equation (2) and directly distinguishing between the accretion
of hot and cold gas. In this way, we can safely use the original
estimate of building the averages, which has the advantage to be
more sensitive to density structures close to the BH. In general, we
assume that hot gas has temperatures above T ≈ 106 K, whereas cold
gas has temperatures below T ≈ 105 K (Gaspari et al. 2013). Since
we do not account for a third warm phase, we choose T = 5 × 105 K
as threshold between hot and cold gas. In contrast to Pelupessy
et al. (2007), who use the molecular fraction of the gas for star-
forming particles from the multiphase model (Springel & Hernquist
2003) to account for cold gas accretion, we also assign gas with a
temperature below our threshold in addition to the star-forming gas
to the cold phase. For both gas phases, the accretion rate is calculated
separately according to equation (2), but with different values for α

according to the result by Gaspari et al. (2013), who argue that due
to turbulence the assumptions of the Bondi model are not fulfilled
for the cold gas. When they include cooling and turbulence in their
simulation, they find an accretion rate which is around 100 times
larger than the Bondi accretion rate. Interestingly, this is the same
value which is used as boost factor α in the original model from
Springel et al. (2005). But for adiabatic accretion, the difference,
Gaspari et al. (2013) find, is about one order of magnitude smaller.
Hence, we use α = 10 for hot gas and α = 100 for cold gas.

Furthermore, the BH accretion rate Ṁ• is limited to the Eddington
accretion rate

ṀEdd = 4πGM•mp

ηEddσTc
, (4)

where mp is the proton mass, σ T the Thompson scattering cross-
section and ηEdd the feedback efficiency if the BH would accrete
with ṀEdd. Then the accretion rate is given by

Ṁ• = min(ṀB,hot + ṀB,cold, ṀEdd). (5)

The distinction between hot and cold gas accretion leads to a faster
BH growth in the quasar-mode, because when calculating the mean
value of the sound speed ⟨cs⟩ and the gas velocity ⟨v⟩ only for cold
gas, the accretion rate estimated with equation (2) is higher than
calculating the mean values of both cold and hot gas together. This
solves the well-known problem of too low gas accretion, which
was addressed in other simulations by increasing the maximum
accretion rate to a few times ṀEdd (e.g. Di Matteo et al. 2012),
which is not needed in our simulations.

2.2 AGN feedback

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

Ė = ϵfϵrṀ•c
2, (6)

where ϵf is the efficiency with which the energy radiated from the
BH is coupled to the ISM (Springel et al. 2005; Booth & Schaye
2009) and ϵr is the radiative efficiency.

The original model as used in Hirschmann et al. (2014) is sim-
plified, since it uses a constant radiative efficiency and thus does
not allow for a smooth transition between quasar- and radio-mode.
Furthermore, it neglects mechanical feedback, which was already
implemented in other simulations as AGN-driven winds (i.e. Choi

constant

variable

variable

Modeling AGN in cosmological simulations 3

simulations from Pelupessy et al. (2007). Here, for
the star forming particles, the accreation of the frac-
tion of the mollecular gas was evaluated seperately
without any boost factor, assuming the temperature
according to the underlying multi-phase model.

A black hole mainly grows in the quasar-mode, where
cold gas forms an accretion disc around the black hole which
leads 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•-� relation
(Churazov et al. 2005) and thus, the M•-M⇤ relation. Conse-
quently, the accretion rate drops until the black hole crosses
the threshold towards the radio-mode. As reviewed by sev-
eral authors (e.g. Yuan & Narayan 2014, Heckman & Best
2014), the accretion in the radio-mode, sometimes also called
jet-mode, can be described with ADAFs containing hot gas
(Yuan et al. 2009). Alternatively, the accretion of hot adia-
batic gas can be described with the Bondi model (Gaspari
et al. 2013). Therefore, we distinguish between hot and cold
gas and estimate the accretion rate separately for both gas
phases. This allows us to use di↵erent boost factors for hot
and cold gas and thus, to account for both observed accre-
tion modes.

The outline of this paper is as follows: in section 2 we
describe our black hole model. The set-up of the cosmo-
logical simulations is presented in section 3. In section 4,
adopting di↵erent models for black hole accretion and AGN
feedback, we show the results for our simulations, in particu-
lar the evolution of the black hole mass, the stellar mass and
the star formation rate. In section 5 we discuss the radiative
e�ciency in the radio-mode and its influence onto the AGN
luminosity functions. Finally, in section 6, we summarize our
main results.

2 THEORETICAL MODEL

2.1 Black hole accretion

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

ṀB =
4⇡G2M2

•⇢1
(v2 + c2

s )3/2
, (1)

where M• is the black hole mass, ⇢ is the density, cs is
the sound speed of the accreted gas and v is the velocity
of the gas relative to that of the black hole. Since Bondi
(1952) assumed an isotropic and isothermal sphere of gas
for his estimation, it is not straight forward to adopt this
Bondi accretion model for hydrodynamic, cosmological sim-
ulations aiming to follow a self consistent accretion history
of black holes. For the implementations based on Springel
et al. (2005), the accretion rate of the black hole is estimated
by

ṀB =
4⇡↵G2M2

• h⇢i
(hcsi2 + hvi2)3/2

, (2)

where h⇢i, hvi and hcsi are computed using kernel weighted
SPH estimations. Due to limited numerical resolution in
such simulations, the original equation (1) is multiplied by
a bost factor ↵, which in Springel et al. (2005) is set to a

value of ↵ = 100. Note that the SPH estimates also depend
on the type of SPH kernel and the number of neighbours.
To make this estimation less sensitive to the actual struc-
ture of the multi phase media in the vicinity of the black
hole and therefore the algorithm less dependent on resolu-
tion and on the actual choice of numerical parameters for the
kernel weighted interpolation, Choi et al. (2012) suggested
to use a di↵erent way of building the averages:

ṀB =

⌧
4⇡↵G2M2

•⇢

(c2
s + v2)3/2

�
. (3)

Still, choosing the correct value for the boost factor ↵ is
not trivial. Since due to the limited resolution the density
in the not resolved vicinity of black holes is large, it will be
underestimated and – in turn – the temperature (and thus
the sound speed) will be overestimated. Following this argu-
ment, Booth & Schaye (2009) parametrize ↵, which is chosen
to be ↵ = 1 as long as the density is below the critical value
where one can assume the gas to be in the hot phase. For
larger densities, when gas is accreted mainly in a cold phase,
↵ increases with density. Alternatively, Vogelsberger et al.
(2013) have presented a recipe for modelling ↵ based on the
equilibrium between cooling losses and AGN feedback. How-
ever, both models do not directly account for the di↵erent
accretion modes of hot and cold gas phase, where cold gas
usually is accreted in turbulent streams, whereas hot gas
indeed can be assumed to be isotropic and isothermal.

In our model, we use a sixth-order Wendland kernel
(Dehnen & Aly 2012) with 295 neighbours, building the
mean values according to equation (2) and directly distin-
guishing between the accretion of hot and cold gas. In this
way, we can safely use the original estimate of building the
averages, which has the advantage to be more sensitive to
density structures close to the black hole. In general, we as-
sume hot gas has temperatures above T ⇡ 106K, whereas
cold gas has temperatures below T ⇡ 105K (Gaspari et al.
2013). Since we do not account for a third warm phase,
we choose T = 5 · 105K as threshold between hot and cold
gas. In contrast to Pelupessy et al. (2007), who use
the molecular fraction of the gas for star-forming
particles from the multi-phase model (Springel &
Hernquist 2003) to account for cold gas accreation,
we assign also gas with a temperature below our
threshold in addition to the star forming gas to the
cold phase. For both gas phases the accretion rate is calcu-
lated separately according to equation 2, but with di↵erent
values for ↵ according to the result by Gaspari et al. (2013),
who argue that due to turbulence the assumptions of the
Bondi model are not fulfilled for the cold gas. When they
include cooling and turbulence in their simulation, they find
an accretion rate which is around 100 times larger than the
Bondi accretion rate. Interestingly, this is the same value
which is used as boost factor ↵ in the original model from
Springel et al. (2005). But for adiabatic accretion, the dif-
ference, Gaspari et al. (2013) find, is about one order of
magnitude smaller. Hence, we use ↵ = 10 for hot gas and
↵ = 100 for cold gas.

Furthermore, the black hole accretion rate Ṁ• is limited
to the Eddington accretion rate

ṀEdd =
4⇡GM•mp

⌘Edd�Tc
, (4)

where mp is the proton mass, �T the Thompson scattering
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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

Figure 1. Histogram of the distances of the black holes to their
halo potential minimum in the 500Mpc/hr simulation. All BHs
are maximal 2 kpc away from the potential minium which is rea-
sonable given a softening length of 5.2 kpc in this run.

cooling of hot gas and are embedded in the hot gas phase
assuming pressure equilibrium whenever gas particles
are above a given threshold density. The hot gas within
the multiphase model is heated by supernovae and can
evaporate the cold clouds. A certain fraction of massive
stars (10 per cent) is assumed to explode as supernovae
type II (SNII). The released energy by SNII (1051 erg) is
modelled to trigger galactic winds with a mass loading rate
being proportional to the star formation 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). Met-
als are produced by SNII, by supernovae type Ia (SNIa)
and by intermediate and low-mass stars in the asymp-
totic giant 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 pre-
scription 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) includ-
ing the same modifications as in the study of Fabjan et al.
(2010) and some new, minor changes for BH seeding and
BH “pinning” which are explained in later in this section.

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

(c2
s + 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 and the sound speed which typically
is set to 100 as in most related works (unless a more de-
tailed description as introduced in Booth & Schaye (2009)
is used) and accounts for the fact that in cosmological sim-
ulations we can not resolve the intra-cluster medium (ICM)
properties within the vicinity of the BH. The BH accretion
is always limited to the Eddington rate (maximum possi-
ble accretion for balance between inwards directed grav-
itational force and outwards directed 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
generations of BH accretion events, thus providing a more
continuous description of the accretion process.

The total released energy Ė is related to the BH accre-
tion rate by

Ė = ϵrṀ•c2, (2)

where ϵr is the radiative efficiency, for which we adopt a
fixed value of 0.2. Here we are using a slightly larger value
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Hernquist (2003) was implemented in the simulations from
Pelupessy et al. (2007). In their study, the molecular gas of
the star forming particles was evaluated from a multi-phase
model, in which the accretion of this cold gas was evaluated
separately without any boost factor, assuming the corre-
sponding temperature as fixed in the underlying multi-phase
model.

A black hole mainly grows in the quasar-mode, where
cold gas forms an accretion disc around the black hole which
leads 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•-� relation
(Churazov et al. 2005) and thus, the M•-M⇤ relation. Conse-
quently, the accretion rate drops until the black hole crosses
the threshold towards the radio-mode. As reviewed by sev-
eral authors (e.g. Yuan & Narayan 2014, Heckman & Best
2014), the accretion in the radio-mode, sometimes also called
jet-mode, can be described with ADAFs containing hot gas
(Yuan et al. 2009). Alternatively, the accretion of hot adia-
batic gas can be described with the Bondi model (Gaspari
et al. 2013). Therefore, we distinguish between hot and cold
gas and estimate the accretion rate separately for both gas
phases. This allows us to use di↵erent boost factors for hot
and cold gas and thus, to account for both observed accre-
tion modes.

The outline of this paper is as follows: in section 2 we
describe our black hole model. The set-up of the cosmo-
logical simulations is presented in section 3. In section 4,
adopting di↵erent models for black hole accretion and AGN
feedback, we show the results for our simulations, in particu-
lar the evolution of the black hole mass, the stellar mass and
the star formation rate. In section 5 we discuss the radiative
e�ciency in the radio-mode and its influence onto the AGN
luminosity functions. Furthermore, we compare our results
with other cosmological simulations. Finally, in section 6, we
summarize our main results.

2 THEORETICAL MODEL

2.1 Black hole accretion

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

ṀB =
4⇡G2M2

•⇢1
(v2 + c2

s )3/2
, (1)

where M• is the black hole mass, ⇢ is the density, cs is
the sound speed of the accreted gas and v is the velocity
of the gas relative to that of the black hole. Since Bondi
(1952) assumed an isotropic and isothermal sphere of gas
for his estimation, it is not straight forward to adopt this
Bondi accretion model for hydrodynamic, cosmological sim-
ulations aiming to follow a self consistent accretion history
of black holes. For the implementations based on Springel
et al. (2005), the accretion rate of the black hole is estimated
by

ṀB =
4⇡↵G2M2

• h⇢i
(hcsi2 + hvi2)3/2

, (2)

where h⇢i, hvi and hcsi are computed using kernel weighted
SPH estimations. Due to limited numerical resolution in

such simulations, the original equation (1) is multiplied by
a boost factor ↵, which in Springel et al. (2005) is set to a
value of ↵ = 100. Note that the SPH estimates also depend
on the type of SPH kernel and the number of neighbours.
To make this estimation less sensitive to the actual struc-
ture of the multi phase media in the vicinity of the black
hole and therefore the algorithm less dependent on resolu-
tion and on the actual choice of numerical parameters for the
kernel weighted interpolation, Choi et al. (2012) suggested
to use a di↵erent way of building the averages:

ṀB =

⌧
4⇡↵G2M2

•⇢

(c2
s + v2)3/2

�
. (3)

Still, choosing the correct value for the boost factor ↵ is
not trivial. Since due to the limited resolution the density
in the not resolved vicinity of black holes is large, it will be
underestimated and – in turn – the temperature (and thus
the sound speed) will be overestimated. Following this argu-
ment, Booth & Schaye (2009) parametrize ↵, which is chosen
to be ↵ = 1 as long as the density is below the critical value
where one can assume the gas to be in the hot phase. For
larger densities, when gas is accreted mainly in a cold phase,
↵ increases with density. Alternatively, Vogelsberger et al.
(2013) have presented a recipe for modelling ↵ based on the
equilibrium between cooling losses and AGN feedback. How-
ever, both models do not directly account for the di↵erent
accretion modes of hot and cold gas phase, where cold gas
usually is accreted in turbulent streams, whereas hot gas
indeed can be assumed to be isotropic and isothermal.

In our model, we use a sixth-order Wendland kernel
(Dehnen & Aly 2012) with 295 neighbours, building the
mean values according to equation (2) and directly distin-
guishing between the accretion of hot and cold gas. In this
way, we can safely use the original estimate of building the
averages, which has the advantage to be more sensitive to
density structures close to the black hole. In general, we as-
sume hot gas has temperatures above T ⇡ 106K, whereas
cold gas has temperatures below T ⇡ 105K (Gaspari et al.
2013). Since we do not account for a third warm phase, we
choose T = 5 · 105K as threshold between hot and cold gas.
In contrast to Pelupessy et al. (2007), who use the molecular
fraction of the gas for star-forming particles from the multi-
phase model (Springel & Hernquist 2003) to account for cold
gas accretion, we also assign gas with a temperature below
our threshold in addition to the star forming gas to the cold
phase. For both gas phases the accretion rate is calculated
separately according to equation 2, but with di↵erent val-
ues for ↵ according to the result by Gaspari et al. (2013),
who argue that due to turbulence the assumptions of the
Bondi model are not fulfilled for the cold gas. When they
include cooling and turbulence in their simulation, they find
an accretion rate which is around 100 times larger than the
Bondi accretion rate. Interestingly, this is the same value
which is used as boost factor ↵ in the original model from
Springel et al. (2005). But for adiabatic accretion, the dif-
ference, Gaspari et al. (2013) find, is about one order of
magnitude smaller. Hence, we use ↵ = 10 for hot gas and
↵ = 100 for cold gas.

Furthermore, the black hole accretion rate Ṁ• is limited
to the Eddington accretion rate

ṀEdd =
4⇡GM•mp

⌘Edd�Tc
, (4)
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model (Gaspari et al. 2013). Therefore, we distinguish between hot
and cold gas and estimate the accretion rate separately for both gas
phases. This allows us to use different boost factors for hot and cold
gas and thus, to account for both observed accretion modes.

The outline of this paper is as follows: in Section 2 we describe
our BH model. The set-up of the cosmological simulations is pre-
sented in Section 3. In Section 4, adopting different models for BH
accretion and AGN feedback, we show the results for our simula-
tions, in particular the evolution of the BH mass, the stellar mass
and the star formation rate. In Section 5, we discuss the radiative
efficiency in the radio-mode and its influence on to the AGN lumi-
nosity functions. Furthermore, we compare our results with other
cosmological simulations. Finally, in Section 6, we summarize our
main results.

2 TH E O R E T I C A L M O D E L

2.1 BH accretion

The Bondi model is commonly used in simulations to estimate the
BH accretion rate. The Bondi accretion rate ṀB (Bondi 1952; Shima
et al. 1985) is given byQ6

ṀB = 4πG2M2
•ρ∞

(v2 + c2
s )3/2

, (1)

where M• is the BH mass, ρ is the density, cs is the sound speed of
the accreted gas and v is the velocity of the gas relative to that of
the BH. Since Bondi (1952) assumed an isotropic and isothermal
sphere of gas for his estimation, it is not straightforward to adopt this
Bondi accretion model for hydrodynamic, cosmological simulations
aiming to follow a self-consistent accretion history of BHs. For the
implementations based on Springel et al. (2005), the accretion rate
of the BH is estimated by

ṀB = 4παG2M2
• ⟨ρ⟩

(⟨cs⟩2 + ⟨v⟩2)3/2
, (2)

where ⟨ρ⟩, ⟨v⟩ and ⟨cs⟩ are computed using kernel-weighted
smoothed particle hydrodynamics (SPH) estimations. Due to lim-
ited numerical resolution in such simulations, the original equa-
tion (1) is multiplied by a boost factor α, which in Springel et al.
(2005) is set to a value of α = 100. Note that the SPH estimates also
depend on the type of SPH kernel and the number of neighbours. To
make this estimation less sensitive to the actual structure of the mul-
tiphase media in the vicinity of the BH and therefore the algorithm
less dependent on resolution and on the actual choice of numerical
parameters for the kernel-weighted interpolation, Choi et al. (2012)
suggested to use a different way of building the averages:

ṀB =
〈

4παG2M2
•ρ

(c2
s + v2)3/2

〉
. (3)

Still, choosing the correct value for the boost factor α is not trivial.
Since due to the limited resolution the density in the not resolved
vicinity of BHs is large, it will be underestimated and – in turn –
the temperature (and thus the sound speed) will be overestimated.
Following this argument, Booth & Schaye (2009) parametrize α,
which is chosen to be α = 1 as long as the density is below the
critical value where one can assume the gas to be in the hot phase.
For larger densities, when gas is accreted mainly in a cold phase,
α increases with density. Alternatively, Vogelsberger et al. (2013)
have presented a recipe for modelling α based on the equilibrium
between cooling losses and AGN feedback. However, both models
do not directly account for the different accretion modes of hot

and cold gas phase, where cold gas usually is accreted in turbulent
streams, whereas hot gas indeed can be assumed to be isotropic and
isothermal.

In our model, we use a sixth-order Wendland kernel (Dehnen &
Aly 2012) with 295 neighbours, building the mean values according
to equation (2) and directly distinguishing between the accretion
of hot and cold gas. In this way, we can safely use the original
estimate of building the averages, which has the advantage to be
more sensitive to density structures close to the BH. In general, we
assume that hot gas has temperatures above T ≈ 106 K, whereas cold
gas has temperatures below T ≈ 105 K (Gaspari et al. 2013). Since
we do not account for a third warm phase, we choose T = 5 × 105 K
as threshold between hot and cold gas. In contrast to Pelupessy
et al. (2007), who use the molecular fraction of the gas for star-
forming particles from the multiphase model (Springel & Hernquist
2003) to account for cold gas accretion, we also assign gas with a
temperature below our threshold in addition to the star-forming gas
to the cold phase. For both gas phases, the accretion rate is calculated
separately according to equation (2), but with different values for α

according to the result by Gaspari et al. (2013), who argue that due
to turbulence the assumptions of the Bondi model are not fulfilled
for the cold gas. When they include cooling and turbulence in their
simulation, they find an accretion rate which is around 100 times
larger than the Bondi accretion rate. Interestingly, this is the same
value which is used as boost factor α in the original model from
Springel et al. (2005). But for adiabatic accretion, the difference,
Gaspari et al. (2013) find, is about one order of magnitude smaller.
Hence, we use α = 10 for hot gas and α = 100 for cold gas.

Furthermore, the BH accretion rate Ṁ• is limited to the Eddington
accretion rate

ṀEdd = 4πGM•mp

ηEddσTc
, (4)

where mp is the proton mass, σ T the Thompson scattering cross-
section and ηEdd the feedback efficiency if the BH would accrete
with ṀEdd. Then the accretion rate is given by

Ṁ• = min(ṀB,hot + ṀB,cold, ṀEdd). (5)

The distinction between hot and cold gas accretion leads to a faster
BH growth in the quasar-mode, because when calculating the mean
value of the sound speed ⟨cs⟩ and the gas velocity ⟨v⟩ only for cold
gas, the accretion rate estimated with equation (2) is higher than
calculating the mean values of both cold and hot gas together. This
solves the well-known problem of too low gas accretion, which
was addressed in other simulations by increasing the maximum
accretion rate to a few times ṀEdd (e.g. Di Matteo et al. 2012),
which is not needed in our simulations.

2.2 AGN feedback

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

Ė = ϵfϵrṀ•c
2, (6)

where ϵf is the efficiency with which the energy radiated from the
BH is coupled to the ISM (Springel et al. 2005; Booth & Schaye
2009) and ϵr is the radiative efficiency.

The original model as used in Hirschmann et al. (2014) is sim-
plified, since it uses a constant radiative efficiency and thus does
not allow for a smooth transition between quasar- and radio-mode.
Furthermore, it neglects mechanical feedback, which was already
implemented in other simulations as AGN-driven winds (i.e. Choi

Dual and offset AGN at z = 2

Recently, it became possible to observationally resolve galaxies with two distinct nuclei in their centre (e.g. Com-
erford et al. 2015 and references therein). Such objects are of particular interest, since they are tracers of galaxy
mergers. If both nuclei are active, they are called dual AGN, if only one of them is active, it is called offset AGN.
Since these events are very rare, it is still unclear which physical mechanisms drive dual AGN activity. To produce
a reasonably large sample of dual and offset AGN self-consistently in a cosmological simulation, not only a high
resolution, but also a large volume is required. In one of our most recent simulations, which ran down to a redshift
of z = 2, this is finally possible. The resolution (Mdm = 3.7 · 107M�/h and Mgas = 7.3 · 106M�/h) allows us to
resolve BH pairs down to separations of roughly 2kpc in a volume of (128Mpc/h)3. Out of 14903 BHs, among them
1864 AGN with Lbol > 1043erg/s, the simulation contains 9 dual AGN, 6 offset AGN, 8 unresolved offset AGN (here
the inactive BH is not resolved in mass), and 11 BH pairs without AGN. Steinborn et al. (2016)

Fig. 1: Visualizations of the total box and zoom-ins into two galaxies, one of them containing a dual AGN

and, the other containing an offset AGN. The figures show baryons, i.e. gas and stars, colour-coded by the

gas temperature and the age, respectively. The coloured circles mark the positions of the BH pairs.

In Steinborn et al. (2016) we used this sample of BH
pairs to study the different origins and properties of
dual AGN, offset AGN and dual BHs without AGN.
We find some very interesting facts:

• Dual AGN activity increases down to smaller
spatial separations.

• The merger mass ratio, the gas mass and the
gas accretion history are important factors in
triggering dual AGN activity.

• Dual AGN have similar BH masses.

• During the merger, the activity of both AGN
increases in dual AGN, while offset AGN sup-
press the activity of their inactive counterpart.

• In dual AGN, the BH with the higher Edding-
ton ratio Ṁ/ṀEdd always comes from the less
massive progenitor galaxy.

• Dual AGN accrete more gas from filaments
than offset AGN and inactive BH pairs.
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Figure 1. ACF of LGs in the redshift range 0.17 < z < 0.34. The
blue line is the total simulated ACF and the red and the green line

show the 1-halo and the 2-halo term, respectively. The error-bars

show the corresponding Poisson errors. We compare our simula-
tion to observations from Miyaji et al. (2011) and Masjedi et al.

(2006), shown as black symbols with error-bars.

1 INTRODUCTION

102K 108K Our simulation has a volume of (500Mpc)3,
which is very large compared to the high resolution. It con-
tains around 10000 AGN with LSXR > 1043erg/s at z = 0.3.

2 GALAXY SAMPLE

In observations, luminous red galaxies (LRGs) are often
cross-correlated with AGN to get better statistics. For this
analysis, we do the same, i.e. we select an LRG sample from
the simulation, which we will later use to cross-correlate
with the simulated AGN. However, we cannot use the same
selection criteria like in observations, because for cosmolog-
ical simulations it is a well known problem that the most
massive galaxies are in general often too blue compared to
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Figure 2. Mean number of the most massive galaxies in the red-

shift range 0.17 < z < 0.34. The sample was chosen such that the
number density is the same as the observed one from Miyaji et al.

(2011), i.e. 9.6 · 10�5h3Mpc�3. We show the total galaxy sample

(black solid curve), only substructures (black dotted curve) and
central galaxies (black dashed curve), as well as the fits used to

estimate the HOD parameters. The blue line is the best fit to the

linear part for the substructures, i.e. it gives the HOD slope ↵.
The red curve is the total HOD fit, which we used to estimate

Mmin and �Mmin
.

observations. To avoid this problem, we do not select only
red galaxies, but all massive galaxies from our simulation.
To mimic an observed LRG sample as good as possible, we
select the most massive galaxies of the simulation down to a
stellar mass threshold, which is chosen such that the num-
ber density equals the observed number density from Miyaji
et al. (2011), i.e. 9.6 · 10�5h3Mpc�3. This is the data we
will later use for a direct comparison between observed and
simulated AGN clustering properties.

In Fig. 15 we show the ACF of our simulated LRG sam-
ple (blue line), split up into 1-halo term (red line) and 2-halo
term (green line). The error-bars show the corresponding
Poisson errors. Down to distances of about 200kpc we are
in very good agreement with the observations from Miyaji
et al. (2011) and Masjedi et al. (2006), which are shown as
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observations. To avoid this problem, we do not select only
red galaxies, but all massive galaxies from our simulation.
To mimic an observed LRG sample as good as possible, we
select the most massive galaxies of the simulation down to a
stellar mass threshold, which is chosen such that the num-
ber density equals the observed number density from ?, i.e.
9.6 · 10�5h3Mpc�3. This is the data we will later use for
a direct comparison between observed and simulated AGN
clustering properties.
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term (green line). The error-bars show the corresponding
Poisson errors. Down to distances of about 200kpc we are
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the simulation, which we will later use to cross-correlate
with the simulated AGN. However, we cannot use the same
selection criteria like in observations, because for cosmolog-
ical simulations it is a well known problem that the most
massive galaxies are in general often too blue compared to

? E-mail: steinborn@usm.lmu.de

Figure 2. Mean number of the most massive galaxies in the

redshift range 0.17 < z < 0.34. The sample was chosen such
that the number density is the same as the observed one from ?,

i.e. 9.6 · 10�5h3Mpc�3. We show the total galaxy sample (black

solid curve), only substructures (black dotted curve) and central
galaxies (black dashed curve), as well as the fits used to estimate

the HOD parameters. The blue line is the best fit to the linear

part for the substructures, i.e. it gives the HOD slope ↵. The red
curve is the total HOD fit, which we used to estimate Mmin and

�Mmin
.

observations. To avoid this problem, we do not select only
red galaxies, but all massive galaxies from our simulation.
To mimic an observed LRG sample as good as possible, we
select the most massive galaxies of the simulation down to a
stellar mass threshold, which is chosen such that the num-
ber density equals the observed number density from ?, i.e.
9.6 · 10�5h3Mpc�3. This is the data we will later use for
a direct comparison between observed and simulated AGN
clustering properties.

In Fig. 1 we show the ACF of our simulated LRG sample
(blue line), split up into 1-halo term (red line) and 2-halo
term (green line). The error-bars show the corresponding
Poisson errors. Down to distances of about 200kpc we are
in very good agreement with the observations from ? and
?, which are shown as black symbols with error-bars. For
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Fig. 2: Visualization of a 2:5 merger in the 68Mpc/uhr simulation, which significantly increases the AGN luminosity. The colour-coding

is the same as in Fig. 1.

As demonstrated in Fig. 2, galaxy mergers can trigger AGN activity. However, from observations it is not yet fully
understood how relevant mergers are in contrast to other AGN trigger mechanisms. One problem can be that the
merger is not necessarily visible anymore, while the AGN is still active. Fig. 3 shows that galaxy mergers (yellow
and magenta symbols represent major and minor merger) typically lie below the M•-M∗ relation, i.e. the stellar
mass grows earlier than the BH mass.
In our simulations, we use merger trees to identify mergers independent of their visibility. Fig. 4 shows the fraction
of AGN hosted by galaxies which merged during the last Gyr, depending on the AGN luminosity. Red and blue
curves show the result for the 500Mpc/hr simulation and the 68Mpc/uhr simulation. In both simulations, we see
a clear increase of the merger fraction with luminosity. Thus, mergers are important for triggering the most
luminous AGN. For less luminous AGN they are less relevant, although the merger fraction is still enhanced in
contrast to inactive galaxies (arrows on the left), in particular for minor mergers. Exemplarily, we show the result
only for z = 2.0 where the simulation contains most AGN. However, the same trend can also be seen at lower
redshifts.

Fig. 3: M• versus M∗ for two different simulations, i.e. 500Mpc/hr

and 68Mpc/uhr, at z = 2.0. We show only galaxies above our

chosen resolution threshold, i.e. M∗ > 1011M� for the 500Mpc/hr

simulation and M∗ > 1010M� for the 68Mpc/uhr simulation. The

grey dots represent all BHs and their host galaxies, while the coloured

symbols represent only AGN with a luminosity L > 1043erg/s. Blue

corresponds to AGN, which are not triggered by a merger. Magenta

and yellow symbols represent minor and major mergers, respectively.

The coloured lines show the corresponding fits for the 500Mpc/hr

simulation. For orientation we show the observed M•-M∗ relation

from McConnell & Ma and the corresponding scatter as black line

and light grey shaded area.
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Fig. 4: This figure shows the fraction of AGN which are triggered

by galaxy mergers, depending on the bolometric AGN luminosity.

Blue and red lines represent the 500Mpc/hr and the 68Mpc/uhr sim-

ulation, respectively, while the shaded areas mark the corresponding

binomial errors. Note that the resolution threshold depends on the

resolution, i.e. M∗ > 1011M� for the 500Mpc/hr simulation and

M∗ > 1010M� for the 68Mpc/uhr simulation. We distinguish be-

tween major and minor mergers (solid and dashed lines). The ar-

rows on the left show the merger fraction for inactive galaxies, where

L < 1043erg/s. For comparison with observations we show the data

summarized by Treister et al. (2012) as black crosses and shaded

areas, demonstrating the observed luminosity ranges as well as the

error on the y-axis.

How many AGN does a dark matter halo

contain?

Finally, it is interesting to look at the large scale distribution of AGN. Particularly, we are interested in the mean
number of AGN in a dark matter halo of mass Mhalo. This is shown in the top panel of Fig. 5 for several redshifts.
We define a simulated BH as an AGN if LSXR > 1042erg/s. In the middle and bottom panel, we consider only
AGN which are associated to substructures and central AGN, respectively.

Fig. 5: Mean number of AGN in a halo with mass Mhalo for different

redshifts. The three panels show the total AGN sample (upper panel),

only AGN in substructures (middle panel) and central AGN (bottom

panel).

x

The HOD slope for all AGN:
At z = 0.3, for example, our simulation predicts a
slope α = 0.57 above a cut-off mass for all AGN.
This slope is often called the HOD slope α. Inter-
estingly, it is clearly smaller for AGN than for lumi-
nous red galaxies (LRGs), where α ≈ 1, indicating
that AGN are distributed differently than galax-
ies. This means that AGN, in general, prefer a less
dense environment.

Central AGN are special:
However, while the number of AGN in substructures
increases continuously following the HOD slope, cen-
tral AGN show a more complex behaviour: at low
redshifts, there is a peak at roughly Mhalo ≈ 5 ·
1011M�. Then, due to AGN feedback, the mean
number of central AGN decreases up to Mhalo ≈
1013M�, i.e. the regime of galaxy groups. Above
that mass, AGN activity increases again due to the
increasing BH mass. We can thus roughly distinguish
between three regimes:

•Mhalo < 5 · 1011M�/h: accretion dominated,

• 5 · 1011M�/h < Mhalo < 1013M�/h: AGN feed-
back dominated,

•Mhalo > 1013M�/h: BH mass/gravity domi-
nated.

Furthermore, we find that at high redshifts (z ≥
2.0) almost all dark matter haloes with Mhalo >
1012M� contain a central AGN.


