
Feedback from Active Galactic Nuclei 
in Galaxy and Galaxy Cluster Evolution 

- 
 The Simulation Perspective

Rainer Weinberger

ITC fellow


Center for Astrophysics | Harvard & Smithsonian


In collaboration with:

Kristian Ehlert, Christoph Pfrommer, Rüdiger Pakmor, Volker Springel 


& on behalf of the IllustrisTNG team


06/21/2019 | Supermassive Black Holes - Environment & Evolution | Corfu, Greece



1011 1012 1013 1014

M200,c [M�]

0

5

10

15

20

st
el

la
r

m
as

s
fr

ac
ti
on

[%
]

Behroozi+ (2013), including ICL

RW et al (2017)



-14

-13

-12

-11

-10

-9

-8

-7
z=4 z=2

9.5 10.5 11.5

log10(stellar mass [M�])

-14

-13

-12

-11

-10

-9

-8

-7

lo
g 1

0
(s

p
ec

ifi
c

st
ar

fo
rm

at
io

n
ra

te
[y

r�
1
])

z=1

9.5 10.5 11.5

z=0

RW et al (2018)



1011 1012 1013 1014

M200,c [M�]

0

5

10

15

20

st
el

la
r

m
as

s
fr

ac
ti
on

[%
]

Behroozi+ (2013), including ICL

RW et al (2017)



1011 1012 1013 1014

M200,c [M�]

0

5

10

15

20

st
el

la
r

m
as

s
fr

ac
ti
on

[%
]

Behroozi+ (2013), including ICL

Clusters - The Cooling Flow Problem 

RW et al (2017)

14 Dunn & Fabian

Figure 13. The cooling time profiles of all the clusters in the sample which
harbour clear bubbles. The average powerlaw index is 1.19 with a range of
0.83− 1.76.

Figure 14. The profiles of all the clusters in the sample which harbour clear
bubbles showing the cumulative amount of power required to offset the X-
ray cooling. Note that the differential of these curves, the heating radio per
kpc, is approximately flat (Fig. 15). The average powerlaw index is 1.40
with a range of 0.80− 2.09.

Figure 15. The profiles of all the clusters in the sample which harbour clear
bubbles showing the amount of power required to offset the X-ray cooling
per kpc.
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Fabian (2012)
Figure 5: Power inferred from cavities/bubbles plotted against luminosity within the cooling region (where the
radiative cooling time is less than 7 Gyr), courtesy of J. Hlavacek-Larrondo. The objects range from luminous
clusters, through groups, to elliptical galaxies.

13

Figure 6: Top: Chandra X-ray image of the Perseus cluster core. Red–Green–Blue depicts soft to hard X-rays.
The blue features near the centre are due to absorption by the infalling high velocity system, a galaxy which must
lie at least 100 kpc closer to us in the cluster (otherwise the absorption would be filled in with cluster emission).
Note the clear inner and outer bubble pairs as well as the weak shock to the North East of the inner Northern
bubble. Lower Left: Pressure map derived from Chandra imaging X-ray spectroscopy of the Perseus cluster.
Note the thick high pressure regions containing almost 4PV of energy surrounding each inner bubble, whereV is
the volume of the radio-plasma filled interior (Fabian et al 2006). Lower Right: unsharp-masked image showing
the pressure ripples or sound waves.
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Figure 1. Panel A shows a volume-rendered image of the gas density in a L = 15 h
�1

Mpc box centered on the main cluster. Panel B

shows the volume-rendered jet material as well as the gas velocity field (arrow vectors) in the central 110 h
�1

kpc region. Panel C shows

a mass-weighted temperature projection through the central 20 h
�1

kpc of the cluster, highlighting a cold disk-like structure. Finally,

panels D and E show a 2D Voronoi mesh reconstruction and a velocity streamline map of the lower-right lobe-ICM interface, respectively.

the X-rays. In fact, while the top lobe rim is prominent in
the 2 � 7 keV band, we find that the bottom lobe is clearly
visible in the lower energy bands too, as it contains cooler
material.

Once the jet has switched o↵ the lobe structure becomes
less obvious, without prominent rims, although it can still
be detected in the RGB images as depressions in the X-
ray emission. The top lobe appears to flatten as it ages,
similar to observed relic lobes (e.g., Reynolds et al. 2005)
and the cluster weather dominates over buoyancy; pushing
the top lobe to the right, giving the impression that the jet
direction was not aligned with the z-axis. Additionally, the
motion of a cold substructure coming from the lower-right
can be seen predominantly in the soft band. This structure
interacts strongly with the bottom lobe, compressing it (as
seen in the right hand panels), before completely disrupting
it. In the space of almost 30 Myr, the dynamic nature of the
cluster leads to very di↵erent looking environments, from the
archetypal cavity structure seen in many cool core clusters
to a much messier environment, akin to the cluster 2a0335
(Sanders et al. 2009), in which it becomes more di�cult
to visually definitively identify the location of cavities even
though the lobes still retain 40% of the cumulative jet energy.

3.3 Lobe energetics

The evolution of the jet lobe energy content is presented
in Figure 3 showing the total, thermal, kinetic and turbu-
lent? lobe energies†. The cumulative jet-injected energy is
shown as well. The di↵erence between the total lobe energy
and cumulative injected energy represents the energy trans-
ferred to the ICM via various physical processes. We make
simple estimates of cumulative lobe losses due to PdV work
and mixing by integrating over �EPdV

lobe = Plobe ⇥ �Vlobe and

�Emix
lobe = ✏ lobe⇥�Mmix

jet , respectively, where Plobe and ✏ lobe are

averages of the lobe pressure and lobe energy per unit mass
of jet material‡, and �Vlobe and �Mmix

jet are changes in lobe

?
We roughly estimate the turbulent cell velocity by subtracting

the mean velocity vector of the relevant lobe from the cells veloc-

ity vector. To avoid contamination from the high bulk velocity of

the jet itself, cells with |vz | > 0.1c are neglected when estimating

the turbulent velocity, although still included in the total lobe

kinetic energy budget.

† We define lobe material as any cells with fjet > 10�2.5
.

‡ By jet material we mean the mass injected into the jet, this is

di↵erent to the definition of jet lobe material.
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Figure 2. The top row shows RGB composite X-ray images of the cluster center at di↵erent stages of lobe evolution, where the energy

bands are 0.5 � 1.2 keV (red), 1.2 � 2 keV (green) and 2 � 7 keV (blue). Below each of the top panels are two additional panels showing

contours of the jet material surface density and unsharp-masked images of the 2 � 7 keV band on the left and right, respectively.

Figure 3. Evolution of jet lobe energy content (solid black line)

is shown in the top panel, decomposed into the thermal, kinetic

and turbulent component. The grey shaded region indicates the

period over which the jet is active. The total injected energy is

shown by the dotted black line. Dashed cyan and magenta lines

show estimated PdV and mixing losses, respectively. The bottom

panel shows the evolution of the total lobe mass normalized to

its maximum value (dotted), injected jet mass within the lobe

normalized by the total injected mass (dashed) and lobe energy

normalized by the total injected energy (dot-dashed).

volume and mass of jet material that mixes into the ICM,
calculated between consecutive snapshots, respectively.

Although the jet energy is injected almost exclusively
in the kinetic form, internal shocks result in the majority
of this energy thermalising, which leads to the thermal en-
ergy component dominating the total lobe energy through-
out the evolution. Of the residual lobe kinetic energy, which
accounts for only ⇠ 5% of the injected jet energy, much of it
is in turbulence. During lobe inflation, its total energy con-
tent (dot-dashed line, lower panel) accounts for ⇠ 50% of the
cumulative jet energy. Given that radiative cooling is negli-
gible in the lobes, half of the jet energy must be transferred
to the ICM during the first 20 Myr. This is predominantly
through PdV work on the ICM via lobe expansion, which
accounts for ⇠ 40% of the cumulative jet energy. Interest-
ingly, the lobe enthalpy calculated using the instantaneous
lobe PV at 20 Myr would underestimate the total injected
energy by a factor of ⇠ 1.5. However, we estimate that only
a small fraction (⇠ 10%) of the PdV work is dissipated via
shocks (Schaal & Springel 2015) driven into the ICM, which
have Mach numbers of M ⇠ 2 � 3. As such, we suggest that
much of the PdV work done on the ICM during lobe in-
flation must go into displacing gas, compressional heating,
weak shocks and sound waves. Note that during the lobe
inflation phase, mixing is sub-dominant: ⇠ 90% of jet ma-
terial still resides within the lobes by 20 Myr (dashed line,
lower panel) and we estimate that roughly ⇠ 5% of the in-
jected energy is transferred to the ICM through mixing by
this time.

However, the picture changes once the jet ceases, with
cluster weather becoming important. There is a sharp drop
in the kinetic energy once the jet action halts, a slow decline
in the thermal energy content as it is no longer replenished
through internal shocks, and mixing becomes increasingly
more important. PdV losses peak ⇠ 7 Myr after the jet stops,
after which they slowly decline, in part due to the bottom

MNRAS 000, 1–5 (2019)
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Figure 10. Cumulative energy deposition in material enclosed by a given
radius versus radius. The black line shows the total energy, the red line
shows the energy excluding cells with a jet mass fraction of at least 10−3

and the blue line represents the energy in these lobe cells. The shaded region
denotes the 10 and 99.9 percentiles of the radio lobe energy, which marks
the position of the lobe.

Figure 11. Same as Fig. 10, here showing the energy components individ-
ually. Note that the range of the vertical axis is changed. We do not make
a distinction between lobe and external medium here. The thermal energy
clearly dominates the post-lobe energy gain.

this simulation, and mostly confined to the lobe region. The overall
energy gain outside the lobe region is about 50 per cent.

This result is in agreement with Reynolds et al. (2002), who find
a similar coupling efficiency in their axisymmetric simulations of
more energetic jets, as well as a very similar overall dynamics of
the system, which shows that the predictions of the simulations are
robust against substantial modelling changes.

4.5 Shortcomings and missing physics

In this paper, we have introduced a new model for launching jets
in magnetohydrodynamical simulations. For the sake of clarity and
simplicity, we did not include some additional effects that are known
or at least suspected to be important in this context. These include a
clumpy interstellar medium, which might significantly change the
range and energy deposition of the jets (Mukherjee et al. 2016).
Additionally, we only solve the equations of non-relativistic MHD,
which is somewhat inappropriate for the jet velocities reached

(English et al. 2016), and treat the jet material and the correspond-
ing lobe, as a thermal fluid with a non-relativistic equation of state
(apart from a small contribution of CRs), which is highly approxi-
mate at these temperatures (Perucho, Quilis & Martı́ 2011; Perucho
et al. 2014). The jet power is constant for a specific simulation, and
not yet linked to the black hole spin and accretion rate, which likely
determine the jet power in real systems.

On the galaxy cluster side, potential future improvements include
radiative gas cooling and subsequent star formation, stellar feedback
and related processes. Furthermore, our simulations do not include
the infall of substructure (Mendygral, Jones & Dolag 2012; Bourne
& Sijacki 2017), a resulting large-scale turbulent velocity and a
self-consistent magnetic field. From a plasma-physics perspective,
thermal conduction, viscosity as well as diffusive shock accelera-
tion, transport and interaction processes of CRs with the gas are
not included in our set of simulations. Neglecting CR acceleration
may be responsible for the artificial dominance of thermal over CR
pressure in the lobes.

We leave the systematic study of these effects to future work,
though we emphasize that simultaneous improvements in both,
small-scale jet modelling and galaxy cluster modelling, is restricted
by computational and numerical limits. We therefore rather advo-
cate to study, wherever possible, the importance of each of the
above-listed effects individually at the appropriate level of sim-
plification, using the same implementation for launching jets and
carefully assessing the possibilities to account for the corresponding
effects in larger scale simulations.

5 C O N C L U S I O N S

In this paper, we present a new model for jets in the AREPO code.
It is based on the preparation of the thermodynamic state of the jet
material on marginally resolved scales close to the SMBH, and a
redistribution of material to (or from) the surrounding gas for mass
conservation. We study the evolution of light, magnetized jets in
idealized simulations of hydrostatic cluster-sized haloes. Here, the
jet represents a kinetically dominated energy flux which reaches
mildly supersonic velocities. At the head of the jet, the low-density
jet material is slowed down by the ram pressure of the denser,
ambient ICM and thermalizes most of its kinetic energy via shocks.
This leads to an inflation of low-density, hot, magnetized cavities
containing a population of CRs, in pressure equilibrium with the
surrounding ICM.

The cavities rise buoyantly and get deformed and eventually
disrupted by an RT-like instability, similarly to what has been seen
in previous simulations of idealized radio lobes. In the wake of the
lobe, an upward flow is induced which shows high vorticity and a
kinetic energy of up to a few per cent of the thermal energy. Very
close to the cavity, this fraction rises to almost unity. Overall, the
rising cavities induce an upward motion in the wake of the cavity,
which is compensated by a slow downward motion at the sides and
perpendicular to it, similar as reported by Churazov et al. (2001)
and Yang & Reynolds (2016). The shear flow at the lobe surface
can cause KH instabilities, yet, we find that their growth time is
sufficiently suppressed with respect to the RT growth time in our
simulations.

Consequently, the mixing of lobe material with the surrounding
ICM is energetically unimportant in the centre of the halo. Overall,
we find that about half of the injected jet energy is deposited in
regions outside the lobe. After passage of the lobe, ∼25 per cent
of the injected energy is deposited in the inner 100 kpc, which is
dominated by an increase in thermal energy, while the remaining

MNRAS 470, 4530–4546 (2017)Downloaded from https://academic.oup.com/mnras/article-abstract/470/4/4530/3865149
by Universität Heidelberg user
on 15 August 2018
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Figure 1. Panel A shows a volume-rendered image of the gas density in a L = 15 h
�1

Mpc box centered on the main cluster. Panel B

shows the volume-rendered jet material as well as the gas velocity field (arrow vectors) in the central 110 h
�1

kpc region. Panel C shows

a mass-weighted temperature projection through the central 20 h
�1

kpc of the cluster, highlighting a cold disk-like structure. Finally,

panels D and E show a 2D Voronoi mesh reconstruction and a velocity streamline map of the lower-right lobe-ICM interface, respectively.

the X-rays. In fact, while the top lobe rim is prominent in
the 2 � 7 keV band, we find that the bottom lobe is clearly
visible in the lower energy bands too, as it contains cooler
material.

Once the jet has switched o↵ the lobe structure becomes
less obvious, without prominent rims, although it can still
be detected in the RGB images as depressions in the X-
ray emission. The top lobe appears to flatten as it ages,
similar to observed relic lobes (e.g., Reynolds et al. 2005)
and the cluster weather dominates over buoyancy; pushing
the top lobe to the right, giving the impression that the jet
direction was not aligned with the z-axis. Additionally, the
motion of a cold substructure coming from the lower-right
can be seen predominantly in the soft band. This structure
interacts strongly with the bottom lobe, compressing it (as
seen in the right hand panels), before completely disrupting
it. In the space of almost 30 Myr, the dynamic nature of the
cluster leads to very di↵erent looking environments, from the
archetypal cavity structure seen in many cool core clusters
to a much messier environment, akin to the cluster 2a0335
(Sanders et al. 2009), in which it becomes more di�cult
to visually definitively identify the location of cavities even
though the lobes still retain 40% of the cumulative jet energy.

3.3 Lobe energetics

The evolution of the jet lobe energy content is presented
in Figure 3 showing the total, thermal, kinetic and turbu-
lent? lobe energies†. The cumulative jet-injected energy is
shown as well. The di↵erence between the total lobe energy
and cumulative injected energy represents the energy trans-
ferred to the ICM via various physical processes. We make
simple estimates of cumulative lobe losses due to PdV work
and mixing by integrating over �EPdV

lobe = Plobe ⇥ �Vlobe and

�Emix
lobe = ✏ lobe⇥�Mmix

jet , respectively, where Plobe and ✏ lobe are

averages of the lobe pressure and lobe energy per unit mass
of jet material‡, and �Vlobe and �Mmix

jet are changes in lobe

?
We roughly estimate the turbulent cell velocity by subtracting

the mean velocity vector of the relevant lobe from the cells veloc-

ity vector. To avoid contamination from the high bulk velocity of

the jet itself, cells with |vz | > 0.1c are neglected when estimating

the turbulent velocity, although still included in the total lobe

kinetic energy budget.

† We define lobe material as any cells with fjet > 10�2.5
.

‡ By jet material we mean the mass injected into the jet, this is

di↵erent to the definition of jet lobe material.
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Figure 2. The top row shows RGB composite X-ray images of the cluster center at di↵erent stages of lobe evolution, where the energy

bands are 0.5 � 1.2 keV (red), 1.2 � 2 keV (green) and 2 � 7 keV (blue). Below each of the top panels are two additional panels showing

contours of the jet material surface density and unsharp-masked images of the 2 � 7 keV band on the left and right, respectively.

Figure 3. Evolution of jet lobe energy content (solid black line)

is shown in the top panel, decomposed into the thermal, kinetic

and turbulent component. The grey shaded region indicates the

period over which the jet is active. The total injected energy is

shown by the dotted black line. Dashed cyan and magenta lines

show estimated PdV and mixing losses, respectively. The bottom

panel shows the evolution of the total lobe mass normalized to

its maximum value (dotted), injected jet mass within the lobe

normalized by the total injected mass (dashed) and lobe energy

normalized by the total injected energy (dot-dashed).

volume and mass of jet material that mixes into the ICM,
calculated between consecutive snapshots, respectively.

Although the jet energy is injected almost exclusively
in the kinetic form, internal shocks result in the majority
of this energy thermalising, which leads to the thermal en-
ergy component dominating the total lobe energy through-
out the evolution. Of the residual lobe kinetic energy, which
accounts for only ⇠ 5% of the injected jet energy, much of it
is in turbulence. During lobe inflation, its total energy con-
tent (dot-dashed line, lower panel) accounts for ⇠ 50% of the
cumulative jet energy. Given that radiative cooling is negli-
gible in the lobes, half of the jet energy must be transferred
to the ICM during the first 20 Myr. This is predominantly
through PdV work on the ICM via lobe expansion, which
accounts for ⇠ 40% of the cumulative jet energy. Interest-
ingly, the lobe enthalpy calculated using the instantaneous
lobe PV at 20 Myr would underestimate the total injected
energy by a factor of ⇠ 1.5. However, we estimate that only
a small fraction (⇠ 10%) of the PdV work is dissipated via
shocks (Schaal & Springel 2015) driven into the ICM, which
have Mach numbers of M ⇠ 2 � 3. As such, we suggest that
much of the PdV work done on the ICM during lobe in-
flation must go into displacing gas, compressional heating,
weak shocks and sound waves. Note that during the lobe
inflation phase, mixing is sub-dominant: ⇠ 90% of jet ma-
terial still resides within the lobes by 20 Myr (dashed line,
lower panel) and we estimate that roughly ⇠ 5% of the in-
jected energy is transferred to the ICM through mixing by
this time.

However, the picture changes once the jet ceases, with
cluster weather becoming important. There is a sharp drop
in the kinetic energy once the jet action halts, a slow decline
in the thermal energy content as it is no longer replenished
through internal shocks, and mixing becomes increasingly
more important. PdV losses peak ⇠ 7 Myr after the jet stops,
after which they slowly decline, in part due to the bottom
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Figure 10. Cumulative energy deposition in material enclosed by a given
radius versus radius. The black line shows the total energy, the red line
shows the energy excluding cells with a jet mass fraction of at least 10−3

and the blue line represents the energy in these lobe cells. The shaded region
denotes the 10 and 99.9 percentiles of the radio lobe energy, which marks
the position of the lobe.

Figure 11. Same as Fig. 10, here showing the energy components individ-
ually. Note that the range of the vertical axis is changed. We do not make
a distinction between lobe and external medium here. The thermal energy
clearly dominates the post-lobe energy gain.

this simulation, and mostly confined to the lobe region. The overall
energy gain outside the lobe region is about 50 per cent.

This result is in agreement with Reynolds et al. (2002), who find
a similar coupling efficiency in their axisymmetric simulations of
more energetic jets, as well as a very similar overall dynamics of
the system, which shows that the predictions of the simulations are
robust against substantial modelling changes.

4.5 Shortcomings and missing physics

In this paper, we have introduced a new model for launching jets
in magnetohydrodynamical simulations. For the sake of clarity and
simplicity, we did not include some additional effects that are known
or at least suspected to be important in this context. These include a
clumpy interstellar medium, which might significantly change the
range and energy deposition of the jets (Mukherjee et al. 2016).
Additionally, we only solve the equations of non-relativistic MHD,
which is somewhat inappropriate for the jet velocities reached

(English et al. 2016), and treat the jet material and the correspond-
ing lobe, as a thermal fluid with a non-relativistic equation of state
(apart from a small contribution of CRs), which is highly approxi-
mate at these temperatures (Perucho, Quilis & Martı́ 2011; Perucho
et al. 2014). The jet power is constant for a specific simulation, and
not yet linked to the black hole spin and accretion rate, which likely
determine the jet power in real systems.

On the galaxy cluster side, potential future improvements include
radiative gas cooling and subsequent star formation, stellar feedback
and related processes. Furthermore, our simulations do not include
the infall of substructure (Mendygral, Jones & Dolag 2012; Bourne
& Sijacki 2017), a resulting large-scale turbulent velocity and a
self-consistent magnetic field. From a plasma-physics perspective,
thermal conduction, viscosity as well as diffusive shock accelera-
tion, transport and interaction processes of CRs with the gas are
not included in our set of simulations. Neglecting CR acceleration
may be responsible for the artificial dominance of thermal over CR
pressure in the lobes.

We leave the systematic study of these effects to future work,
though we emphasize that simultaneous improvements in both,
small-scale jet modelling and galaxy cluster modelling, is restricted
by computational and numerical limits. We therefore rather advo-
cate to study, wherever possible, the importance of each of the
above-listed effects individually at the appropriate level of sim-
plification, using the same implementation for launching jets and
carefully assessing the possibilities to account for the corresponding
effects in larger scale simulations.

5 C O N C L U S I O N S

In this paper, we present a new model for jets in the AREPO code.
It is based on the preparation of the thermodynamic state of the jet
material on marginally resolved scales close to the SMBH, and a
redistribution of material to (or from) the surrounding gas for mass
conservation. We study the evolution of light, magnetized jets in
idealized simulations of hydrostatic cluster-sized haloes. Here, the
jet represents a kinetically dominated energy flux which reaches
mildly supersonic velocities. At the head of the jet, the low-density
jet material is slowed down by the ram pressure of the denser,
ambient ICM and thermalizes most of its kinetic energy via shocks.
This leads to an inflation of low-density, hot, magnetized cavities
containing a population of CRs, in pressure equilibrium with the
surrounding ICM.

The cavities rise buoyantly and get deformed and eventually
disrupted by an RT-like instability, similarly to what has been seen
in previous simulations of idealized radio lobes. In the wake of the
lobe, an upward flow is induced which shows high vorticity and a
kinetic energy of up to a few per cent of the thermal energy. Very
close to the cavity, this fraction rises to almost unity. Overall, the
rising cavities induce an upward motion in the wake of the cavity,
which is compensated by a slow downward motion at the sides and
perpendicular to it, similar as reported by Churazov et al. (2001)
and Yang & Reynolds (2016). The shear flow at the lobe surface
can cause KH instabilities, yet, we find that their growth time is
sufficiently suppressed with respect to the RT growth time in our
simulations.

Consequently, the mixing of lobe material with the surrounding
ICM is energetically unimportant in the centre of the halo. Overall,
we find that about half of the injected jet energy is deposited in
regions outside the lobe. After passage of the lobe, ∼25 per cent
of the injected energy is deposited in the inner 100 kpc, which is
dominated by an increase in thermal energy, while the remaining
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Figure 2. The non-linear growth of black holes. Inset panel: The evolution of the mass of a black hole as a function of time, assuming
a constant density gas environment (Eq. 1). The vertical dotted line denotes the time, t1, at which the black hole mass would become
infinite (Eq. 2). The non-linearity of the accretion rate means that the black hole spends most of its time in the low-accretion rate phase
and then suddenly switches to a rapid growth phase. In the main panel we show the evolution of black hole mass as a function of dark
matter halo mass, assuming that the halo growth follows Eq. 11 and that the density of gas surrounding the black hole is given by
Eq. 9. We assume that the black hole grows until its energy output exceeds the halo binding energy (see §2.3). Coloured lines show the
growth of black holes that are created when the Universe is between 0.4 and 2 Gyr old (purple to cyan, respectively) as seeds with mass
1.5⇥105 M� in haloes of mass 1010 M�. By connecting the final masses of black holes created at di↵erent times, we obtain the predicted
relation between black hole mass and dark matter halo mass at the present-day. This is shown by the black dashed line.

2 AN ANALYTIC MODEL FOR THE
GROWTH OF BLACK HOLES

2.1 Black hole growth in a constant density
medium

We begin by considering the growth of a black hole in a con-
stant density medium. Black holes accreting at their theoret-
ical maximum rate (the Eddington rate) grow exponentially
with a timescale, tsalp = 4.5 ⇥ 107 yr (since Ṁbh / Mbh)
that is much shorter than the present-age of the Universe
(Salpeter 1964) . In practice, however, the accretion rates of
black holes usually lie below this rate because the gas den-
sity is low. If the gas surrounding the black hole has density
⇢bh and e↵ective sound speed (including turbulent pressure
of the interstellar medium), cs, the black hole accretion disk
is fed at a rate (Bondi 1952):

Ṁbh = 4⇡G2fsup
M2

bh⇢bh
c3s

. (1)

(where G is Newton’s gravitational constant). The relevant
scale on which the density is measured is given by the
Bondi radius, corresponding to around 500 pc for a black
hole of mass 107 M� accreting from the di↵use interstellar
medium (assuming an e↵ective sound speed of 10 km s�1).
We have inserted a factor, fsup, to account for the suppres-
sion of accretion by the gas motion relative to the black hole
and angular momentum (Bondi & Hoyle 1944); on average,
fsup ⇠ 0.1 in the EAGLE simulations irrespective of the sys-
tem mass (Rosas-Guevara et al. 2015). We will later validate
our analytic model by comparing to the EAGLE simulations
that assume star forming gas follows an e↵ective equation of
state Pe↵ / ⇢4/3 when averaged over the kpc-scale areas of
the galaxy. In this case, Ṁbh / M2

bh⇢
1/2
bh . Assuming, instead,

an isothermal equation of state (ie., cs constant) would re-
sult in a stronger density dependence, Ṁbh / M2

bh⇢bh, which
would strengthen our conclusions.

In the Bondi regime, black hole accretion is highly non-
linear: as the black hole mass doubles, the rate of accretion

MNRAS 000, 1–?? (2016)

Bower et al. 2017 - EAGLE 
see also: talk by D. Angles-Alcazar yesterday
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assume M / m, fgas = 0.15 = const, ⌘ = 0.1 = const
<latexit sha1_base64="Nroo2OpyFG8Wf4TSRBGWkOust+U="></latexit><latexit sha1_base64="Nroo2OpyFG8Wf4TSRBGWkOust+U="></latexit><latexit sha1_base64="Nroo2OpyFG8Wf4TSRBGWkOust+U="></latexit>



The IllustrisTNG project 
http://www.tng-project.org 

TNG50 TNG100 TNG300

L 52 Mpc 106 Mpc 303 Mpc

N 21603 18203 25003

dm-softening 0.3 kpc 0.7 kpc 1.5 kpc
target mass 8 x 104 1.3 x 106 107 Msun

• Cosmological volume simulation 

• Include the physics effects that we believe 
to be important for galaxy formation 

• Star formation + feedback 

• SMBH growth 

• AGN feedback

http://www.tng-project.org
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Figure 3. The distribution of observed (black) versus simulated (blue) galaxies in the color-mass plane at z = 0, shown for three band combinations beyond the
(g-r) explored in this work: (u-i), (u-r), and (r-i). Conditional 2D kernel density estimates (KDEs) are shown with contours at {0.2,0.5,0.75,0.98}. On the right
side of each panel the marginalized one-dimensional PDF is shown, drawing a simulated sample with the same stellar mass distribution as the observations
using a discrete inverse transform sampling method. We see that the (u-i) and (u-r) colors show the same level of excellent quantitative agreement with respect
to the observations, while the (r-i) colors of low mass galaxies are slightly too red.

Indeed, the colors of stellar populations are sensitively depen-
dent on both age and metallicity. Yet, we have demonstrated excel-
lent quantitative agreement between simulated and observed galaxy
colors down to, at least, stellar masses of 109.5 M� . Therefore, the
apparent tension in the stellar age and metallicity relations at these
same masses suggests that the direct comparison of age and metal-
licity is presently less informative than the more indirect compari-
son of color, because of the difficulty of making a rigorous compar-
ison of the simulated results with SDSS fiber-derived quantities.

son et al. in prep) with the MILES libraries over 3750< � < 7000 in the
seven-dimensional parameter space of {zresidual, M?, Z?, ⌧SFH, tage, ⌧1,dust,
�disp} with broad priors on each – suggests that the correspondingly derived
median stellar metallicities are offset lower by ⇠ 0.2 dex at M? = 1010 M�
and by ⇠ 0.5 dex at M? = 109 M� with respect to the presented simula-
tion values. This implies that the apparent tension in the Z? � M? relation
arises solely from an overly simplistic comparison (Nelson et al. in prep).
Note that we truncate this mock Zstars measurement at M? ' 1010.5M� ,
after which our current modeling implies a similar and roughly constant
offset extends up to the more massive galaxies. A more robust conclusion
in this regime, however, would require an improved fitting of systems with
significant stellar velocity dispersions.

4.2 Characterizing the Color-Mass Plane

Color combinations with the u-band will span the 4000Å break at
low redshift, making them more sensitive indicators of quiescence
and star formation history (Bruzual 1983). We therefore augment
the (g-r) colors presented thus far with several additional compar-
isons against the SDSS sample. In Figure 3 we show contours of the
full two dimensional distributions in the color-mass plane for four
band combinations: (u-i), (g-r), (r-i), and (u-r), comparing each to
the same z < 0.1 SDSS galaxies. We see that each of (u-r), (u-i),
and (r-i) share the same level of quantitative agreement with the ob-
servations as (g-r). The blue population in (r-i) color is excessively
red by roughly 0.1 dex, and since (r-i) is sensitive to dust reddening
this discrepancy may indicate tension in our dust modeling.

More interestingly, we see the emergence of several second
order discrepancies. These would have been impossible to observe,
much less characterize, without this excellent base level of agree-
ment. Two are immediately obvious.

The first is the fact that the sharp transition from blue to red
occurs at slightly too high M? in the simulations, by about 0.1 dex.
The immediate conclusion would be that galaxies transition to a
red-dominated population slightly too late. We caution, though, that
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Figure 3. Top panel: Distribution of the lookback time when the (last)
quenching happens for more than 17 000 quenched central galaxies with
a redshift z = 0 stellar mass larger than 1010.5 M⊙ and a star formation
rate at least 1 dex below the star-forming main sequence. Bottom panel:
Distribution of time between last quenching and last major merger prior to
quenching (see the text for precise definition). The scale of the histogram is
shown on the right axis, while the cumulative distribution function is shown
on the left axis.

Figure 4. Cumulative distribution function of the average energy injected
between the last snapshot when galaxies are found above 0.1 times the SFMS
and the first time below this threshold. We consider the same galaxies here
as in Fig. 3. Note that the spacing between two snapshot outputs is around
200 Myr. The dashed and dash–dotted lines measure the same quantity for a
sample of quiescent and star-forming galaxies, respectively, with the same
distribution in redshift as the quenching events.

Figure 5. Top panel: 2D histogram of star formation efficiency, defined
as the star formation rate divided by the gas mass within twice the stellar
half-mass radius, versus black hole mass, colour coded by average stellar
over black hole mass. The solid grey line shows the average. Bottom panel:
Black hole masses versus stellar mass colour coded by the star formation
efficiency. The solid grey line shows the median. The symbols with errorbars
are observational data taken from Savorgnan et al. (2016).

(2016), in the sense that the observational data could be drawn as a
subset of the simulated objects. The median in the low-mass rela-
tion shows a slight steepening up to 1010 M⊙ (see Graham & Scott
2015; Bower et al. 2017), which is likely caused by the dependence
of the black hole accretion rate on the square of the black hole mass
(Anglés-Alcázar et al. 2013). However, this behaviour is resolu-
tion dependent (Pillepich et al. 2018a, fig. A2), and less prominent
in the higher resolution TNG100 simulation. Furthermore, due to
a lack of resolution we do not perform a decomposition of each
galaxy to derive a mass for the bulge component in our simula-
tion data. This aspect, as well as the resolution dependence of both
stellar (e.g. Weinberger et al. 2017, their appendix B) and black
hole mass (Appendix B), leads to some uncertainties in the the-
oretical prediction. The relation for a higher resolution (TNG100
equivalent) simulation as well as the effect of a bulge-to-disc de-
composition is shown in Weinberger et al. (2017, fig. 5). The scatter
in the simulation prediction is smaller than in the observational
sample, which is a generic feature of many simulation models (e.g.
Volonteri et al. 2016, their section 3.3 and references therein). To
quantify our comparison of the scatter, we added Gaussian random
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Figure 3. Top panel: Distribution of the lookback time when the (last)
quenching happens for more than 17 000 quenched central galaxies with
a redshift z = 0 stellar mass larger than 1010.5 M⊙ and a star formation
rate at least 1 dex below the star-forming main sequence. Bottom panel:
Distribution of time between last quenching and last major merger prior to
quenching (see the text for precise definition). The scale of the histogram is
shown on the right axis, while the cumulative distribution function is shown
on the left axis.

Figure 4. Cumulative distribution function of the average energy injected
between the last snapshot when galaxies are found above 0.1 times the SFMS
and the first time below this threshold. We consider the same galaxies here
as in Fig. 3. Note that the spacing between two snapshot outputs is around
200 Myr. The dashed and dash–dotted lines measure the same quantity for a
sample of quiescent and star-forming galaxies, respectively, with the same
distribution in redshift as the quenching events.

Figure 5. Top panel: 2D histogram of star formation efficiency, defined
as the star formation rate divided by the gas mass within twice the stellar
half-mass radius, versus black hole mass, colour coded by average stellar
over black hole mass. The solid grey line shows the average. Bottom panel:
Black hole masses versus stellar mass colour coded by the star formation
efficiency. The solid grey line shows the median. The symbols with errorbars
are observational data taken from Savorgnan et al. (2016).

(2016), in the sense that the observational data could be drawn as a
subset of the simulated objects. The median in the low-mass rela-
tion shows a slight steepening up to 1010 M⊙ (see Graham & Scott
2015; Bower et al. 2017), which is likely caused by the dependence
of the black hole accretion rate on the square of the black hole mass
(Anglés-Alcázar et al. 2013). However, this behaviour is resolu-
tion dependent (Pillepich et al. 2018a, fig. A2), and less prominent
in the higher resolution TNG100 simulation. Furthermore, due to
a lack of resolution we do not perform a decomposition of each
galaxy to derive a mass for the bulge component in our simula-
tion data. This aspect, as well as the resolution dependence of both
stellar (e.g. Weinberger et al. 2017, their appendix B) and black
hole mass (Appendix B), leads to some uncertainties in the the-
oretical prediction. The relation for a higher resolution (TNG100
equivalent) simulation as well as the effect of a bulge-to-disc de-
composition is shown in Weinberger et al. (2017, fig. 5). The scatter
in the simulation prediction is smaller than in the observational
sample, which is a generic feature of many simulation models (e.g.
Volonteri et al. 2016, their section 3.3 and references therein). To
quantify our comparison of the scatter, we added Gaussian random
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What can we learn from this?



Lesson 1: Jet mode feedback 
in galaxy clusters is efficient
• Hydrodynamics and 

gravity enough


• Possible changes 
due to plasma-
physics effects


• Viscosity


• Thermal 
conduction


• Cosmic rays
RW et al. (2017, MNRAS.470.4530) 

4542 R. Weinberger et al.

Figure 10. Cumulative energy deposition in material enclosed by a given
radius versus radius. The black line shows the total energy, the red line
shows the energy excluding cells with a jet mass fraction of at least 10−3

and the blue line represents the energy in these lobe cells. The shaded region
denotes the 10 and 99.9 percentiles of the radio lobe energy, which marks
the position of the lobe.

Figure 11. Same as Fig. 10, here showing the energy components individ-
ually. Note that the range of the vertical axis is changed. We do not make
a distinction between lobe and external medium here. The thermal energy
clearly dominates the post-lobe energy gain.

this simulation, and mostly confined to the lobe region. The overall
energy gain outside the lobe region is about 50 per cent.

This result is in agreement with Reynolds et al. (2002), who find
a similar coupling efficiency in their axisymmetric simulations of
more energetic jets, as well as a very similar overall dynamics of
the system, which shows that the predictions of the simulations are
robust against substantial modelling changes.

4.5 Shortcomings and missing physics

In this paper, we have introduced a new model for launching jets
in magnetohydrodynamical simulations. For the sake of clarity and
simplicity, we did not include some additional effects that are known
or at least suspected to be important in this context. These include a
clumpy interstellar medium, which might significantly change the
range and energy deposition of the jets (Mukherjee et al. 2016).
Additionally, we only solve the equations of non-relativistic MHD,
which is somewhat inappropriate for the jet velocities reached

(English et al. 2016), and treat the jet material and the correspond-
ing lobe, as a thermal fluid with a non-relativistic equation of state
(apart from a small contribution of CRs), which is highly approxi-
mate at these temperatures (Perucho, Quilis & Martı́ 2011; Perucho
et al. 2014). The jet power is constant for a specific simulation, and
not yet linked to the black hole spin and accretion rate, which likely
determine the jet power in real systems.

On the galaxy cluster side, potential future improvements include
radiative gas cooling and subsequent star formation, stellar feedback
and related processes. Furthermore, our simulations do not include
the infall of substructure (Mendygral, Jones & Dolag 2012; Bourne
& Sijacki 2017), a resulting large-scale turbulent velocity and a
self-consistent magnetic field. From a plasma-physics perspective,
thermal conduction, viscosity as well as diffusive shock accelera-
tion, transport and interaction processes of CRs with the gas are
not included in our set of simulations. Neglecting CR acceleration
may be responsible for the artificial dominance of thermal over CR
pressure in the lobes.

We leave the systematic study of these effects to future work,
though we emphasize that simultaneous improvements in both,
small-scale jet modelling and galaxy cluster modelling, is restricted
by computational and numerical limits. We therefore rather advo-
cate to study, wherever possible, the importance of each of the
above-listed effects individually at the appropriate level of sim-
plification, using the same implementation for launching jets and
carefully assessing the possibilities to account for the corresponding
effects in larger scale simulations.

5 C O N C L U S I O N S

In this paper, we present a new model for jets in the AREPO code.
It is based on the preparation of the thermodynamic state of the jet
material on marginally resolved scales close to the SMBH, and a
redistribution of material to (or from) the surrounding gas for mass
conservation. We study the evolution of light, magnetized jets in
idealized simulations of hydrostatic cluster-sized haloes. Here, the
jet represents a kinetically dominated energy flux which reaches
mildly supersonic velocities. At the head of the jet, the low-density
jet material is slowed down by the ram pressure of the denser,
ambient ICM and thermalizes most of its kinetic energy via shocks.
This leads to an inflation of low-density, hot, magnetized cavities
containing a population of CRs, in pressure equilibrium with the
surrounding ICM.

The cavities rise buoyantly and get deformed and eventually
disrupted by an RT-like instability, similarly to what has been seen
in previous simulations of idealized radio lobes. In the wake of the
lobe, an upward flow is induced which shows high vorticity and a
kinetic energy of up to a few per cent of the thermal energy. Very
close to the cavity, this fraction rises to almost unity. Overall, the
rising cavities induce an upward motion in the wake of the cavity,
which is compensated by a slow downward motion at the sides and
perpendicular to it, similar as reported by Churazov et al. (2001)
and Yang & Reynolds (2016). The shear flow at the lobe surface
can cause KH instabilities, yet, we find that their growth time is
sufficiently suppressed with respect to the RT growth time in our
simulations.

Consequently, the mixing of lobe material with the surrounding
ICM is energetically unimportant in the centre of the halo. Overall,
we find that about half of the injected jet energy is deposited in
regions outside the lobe. After passage of the lobe, ∼25 per cent
of the injected energy is deposited in the inner 100 kpc, which is
dominated by an increase in thermal energy, while the remaining
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Lesson 2: Feedback might not 
be proportional to luminositySupermassive black holes in IllustrisTNG 4061

Figure 1. Average instantaneous feedback energy rates (thermal AGN feedback in red, kinetic AGN feedback in blue, and stellar feedback in green) and
non-star-forming gas cooling rate (dashed black) within each galaxy as a function of redshift for central galaxies with different redshift z = 0 stellar mass. The
yellow line indicates the star formation rate in M⊙ yr−1 (right scale). Independent of galaxy mass, stellar feedback always dominates at high redshift, followed
by thermal AGN feedback. In massive haloes, the kinetic AGN feedback takes over at late times, approximately compensating the cooling losses and keeping
the star formation rate low. The thin line indicates the effective thermal AGN feedback energy rate (see the text), which is substantially lower than the nominal
value, in particular in low-mass systems. Note that there is an additional heating channel via gravitational infall of gas, which we do not account for here.

the (last) time of quenching as the snapshot after they were located
above this selection threshold for the last time.3 The distribution
function of the quenching times is shown in the top panel of Fig. 3.
We then identify major mergers prior to the time of quenching and
measure the time between the last merger and the quenching. The
resulting distribution function of this time difference is shown in
Fig. 3, bottom panel. We note that we perform this analysis in post-
processing on 100 snapshots which are roughly equally spaced in
scale factor, which gives a time resolution of around 200 Myr at
low redshift. In practice, we also include mergers that, according
to the merger-tree algorithm, happen up to 2 Gyr after quench-
ing, as these not yet merged galaxies might have tidal interactions
with the host, which can cause AGN activity. Increasing this time
does not change the result. There is an excess of systems that had
experienced a recent merger prior to quenching, but, more signif-
icantly, a tail which extends all the way to 12 Gyr. This means
that for the majority of the quenched galaxies in IllustrisTNG,
we cannot relate their quenching to a particular major merger
event.

To determine what happens during quenching, we use the iden-
tified quenching events and evaluate the time-averaged AGN feed-
back energy injection during the period in which the galaxies transi-
tion to the quenched population. Technically, we derive this quantity

3The precise value of the threshold does not change the conclusions drawn
here.

by using the cumulative energy injected in the thermal and in the
kinetic AGN mode (these are kept track of in the simulation and
are part of the output for every SMBH) from all SMBHs in a given
galaxy at the snapshot directly after quenching. We then use the
SMBH merger tree to identify all progenitors of those SMBHs in
the last snapshot where the host galaxy was still star forming, i.e.
the star formation rate was larger than 0.1 times the corresponding
observed z = 0 SFMS value (equation 10), and subtract the cumula-
tive energy up to this snapshot from the final one. We then divide the
remaining energy differences by the time elapsed between the two
snapshots (typically around 200 Myr), and therefore get an average
feedback energy rate.

We plot the cumulative distribution function of this average feed-
back rate, i.e. the fraction of systems with a feedback energy lower
than the given value, both for the thermal (solid red line) and kinetic
(solid blue line) modes, in Fig. 4. From this figure, it becomes clear
that more than 90 per cent had an average kinetic AGN feedback
energy larger than 1042.5 erg s−1, whereas more than 50 per cent of
the galaxies had an average thermal feedback energy of less than
1040 erg s−1. We speculate that the 1–2 per cent of galaxies without
significant kinetic feedback are redshift z = 0 central galaxies that
were satellites at quenching, but leave an explicit confirmation of
this to future work.

Additionally, we select a sample of star-forming and a sample of
quenched galaxies with the same redshift z = 0 mass cut and the
same redshift distribution, and compare the feedback energy dur-
ing star-forming (dash–dotted) and quiescent (dashed) phases. The
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Figure 7. Mean mass growth history of SMBHs of different final masses, split up by gas accretion in thermal (red) and kinetic (blue) feedback modes, as well
as via mergers with lower mass SMBHs (solid black). The more massive progenitor in an SMBH merger defines the main branch of an SMBH, while the less
massive SMBH contributes to the merger (solid black) line. The dashed black lines indicate the average mass of the SMBHs at a given redshift. Low-mass
black holes grow via accretion in the thermal mode, while high-mass black holes have a rapid accretion phase at high redshift, until they reach a mass of ∼108.5

M⊙, and build up most of their mass via mergers at later times.

that AGNs in the kinetic mode are not expected to play a significant
role in the quasar luminosity function, i.e. the quasar luminosity
function only probes the growth in the thermal mode.

4.2 The quasar luminosity function

The bolometric quasar luminosity function (QLF) encodes infor-
mation about the instantaneous state of accretion of the SMBH
population, however, in practice it just probes the most luminous
black holes. In Fig. 8, we show the QLF at different redshifts (blue
line). We also show the contribution from SMBHs in different mass
bins to facilitate the theoretical interpretation. We calculate the
bolometric luminosity as

L =
{

ϵr Ṁc2 for Ṁ ≥ 0.1 ṀEdd,(
10 Ṁ

ṀEdd

)2
0.1 LEdd for Ṁ < 0.1 ṀEdd,

(12)

assuming a decreasing radiative efficiency at low accretion rates
relative to the Eddington limit (Churazov et al. 2005; Hirschmann
et al. 2014). At high accretion rates, ϵr = 0.2, consistent with the
parameters used in the simulation. We do not model effects of
obscuration, but present the QLF as a theoretical prediction of the
simulation.

At low redshifts, up to z = 2, the QLF is in good agreement
with the observational fit from Lacy et al. (2015), overshooting at
around 1044 erg s−1 relative to Hopkins et al. (2007) and Ueda et al.
(2014). We note however that the exact number of Compton-thick
AGNs at low luminosities is uncertain (Buchner et al. 2015), thus

the observational uncertainties in this regime are substantial. An
additional theoretical caveat for the low-luminosity end of the QLF
is that it depends significantly on the assumed radiative efficiency
at low Eddington ratios (Hirschmann et al. 2014), which might be a
more complicated relation than the one assumed here (Sa̧dowski &
Gaspari 2017). Note that the conversion to bolometric luminosity
used here, in particular the cut at 0.1 times the Eddington accretion
rate, is different from the cut used to separate the thermal from the
kinetic feedback mode. It assumes that the radiative efficiency of
SMBHs in the thermal mode that are accreting with lower rates
than 0.1 times the Eddington limit is lower than the value we use
in the simulation. We note, however, that even assuming a constant
radiative efficiency of 0.2 for all SMBHs, which is clearly an upper
limit, only affects the low-luminosity end of the QLF but does not
change the high-luminosity regime. Keeping all the uncertainties in
mind, we conclude that the simulation is in good agreement with
observations at low redshift.

At high redshift, z ≥ 3, the simulation overpredicts the QLF with
respect to observations (Hopkins et al. 2007; Ueda et al. 2014) also
at the high-luminosity end. We note in particular that we compare to
the results from the TNG300 simulation here, i.e. the largest volume
IllustrisTNG model, because it is the only volume that probes the
very rare, high-luminosity AGN. The resolution convergence of the
high-redshift QLF is relatively poor, with higher resolution simula-
tions generally yielding a higher number density at fixed bolomet-
ric luminosity due to their better tracking of faster accreting black
holes. This means that the discrepancy between simulation and ob-
servation at high redshift is likely alleviated by numerical resolution
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Lesson 3: Quasar-mode feedback 
not necessarily required from a 
galaxy formation point of view

• Kinetic feedback enough for quenching star formation


• Quasars might be important, but not necessarily needed



Lesson 4: Quenching not 
triggered by galaxy merges4062 R. Weinberger et al.

Figure 2. Specific star formation rate versus stellar mass in the TNG300 simulation. The contours indicate number density (the outermost contour encloses a
density of 10−5.5 comoving Mpc−3 dex−2, the other contours show a density increase by 0.5 dex each) in this plane, the colours indicate the fraction of systems
in the corresponding bin which have had a major merger (subhalo stellar mass ratio > 1:4) since z = 4, i.e. within the past ∼12.3 Gyr. For completeness,
the systems with no ongoing star formation are placed at a logarithmic specific star formation rate of around −14, with a scatter of 0.6 dex. The dashed line
shows the star-forming main sequence. Most massive, quenched galaxies have undergone at least one major merger by z = 0. However, this is not the case
for quenched galaxies at higher redshift, where, e.g. at z = 2, only about half of the quenched galaxies have undergone at least one major merger. Therefore,
major mergers cannot be the sole reason for quenching. The grey lines indicate the selection for quenched massive central galaxies.

comparison shows that galaxies that are quenching have a higher
kinetic AGN feedback rate than quiescent systems (except for a
very small sub-population, which likely originates in an implicit
mass-selection effect when selecting for quiescent galaxies), and
that kinetic AGN feedback is energetically unimportant for more
than half of the star-forming systems even in these high-mass sys-
tems (> 1010.5 M⊙). We therefore conclude that kinetic mode AGN
feedback causes the quenching (as well as quiescence) of massive
central galaxies in IllustrisTNG.

By construction, it becomes easier for the AGN to enter the kinetic
mode once the SMBHs are massive (around 108 M⊙) and have a
low accretion rate relative to the Eddington limit (Weinberger et al.
2017). To study the connection between quenching and the SMBH
mass, we plot the star formation efficiency (SFE), defined as the star
formation rate divided by the gas mass in twice the stellar half-mass
radius, as a function of black hole mass. We bin the distribution,
colour coded by average stellar over black hole mass, in the top
panel of Fig. 5. In case there is more than one black hole in the
galaxy, we use the mass of the most massive one. The grey line
indicates the average star formation efficiency.

There is a sharp increase in the SFE with stellar mass for galaxies
with black holes with a mass close to the seed mass, as well as a
steep drop above ∼2 × 108 M⊙. At these high masses, there is also a
significant number of galaxies with zero star formation rate which do
not enter this plot. We note, however, that there are also individual

systems that have an SFE of around 10−10 yr −1. Apart from the
highest SFE values at black hole masses of around 107.5 M⊙, which
seem to have a particularly low-mass black hole for their stellar
mass, there is no significant trend of SFE with stellar mass in this
plot. The ratio of stellar mass over black hole mass has a noticeable
drop at around 107.5 M⊙, with significantly undermassive SMBHs
at lower black hole masses due to a delayed growth of SMBHs after
seeding, and a roughly constant stellar mass to black hole mass ratio
of ∼200 at higher SMBH masses, which will be discussed in the
next Section.

Looking at the black hole mass, stellar mass plane in Fig. 5
(bottom panel, colour coded by the average of the star formation
efficiency), it becomes clear that the change in star formation effi-
ciency at black hole masses of a few times 108 M⊙, caused by the
switch to the kinetic AGN feedback mode at this mass-scale (Wein-
berger et al. 2017, their fig. 6), is even more significant for systems
with overmassive black holes and stellar masses around 1010.5 M⊙,
manifesting itself in a population with zero mean star formation rate
(within the contours but no colour coding).

4 TH E C O N N E C T I O N TO TH E S M B H
POPULATI ON

In general, the black hole mass – stellar mass relation (Fig. 5, bot-
tom panel) agrees well with observational data from Savorgnan et al.
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Lesson 5: AGN occupation 
fraction as prediction of modelLinking galaxy structural properties and star formation activity to BH activity 9

4.3 Occupation fraction of AGN in galaxies

The occupation fraction of BHs in low-mass galaxies is a
crucial diagnostic of BH formation in the early Universe
(Greene 2012). Indeed, the two main models for BH for-
mation predict theoretically very di↵erent e�ciencies of
the mechanisms forming BH seeds. Light seed models, like
the so-called Pop III remnant model (Madau & Rees 2001;
Volonteri, Haardt & Madau 2003), predict a high occupa-
tion fraction in low-mass galaxies, reaching unity for galaxies
with total stellar mass of M? > 109 M� (Habouzit, Volon-
teri & Dubois 2017, for a physical seeding sub-grid model
based on local properties and following theoretical prescrip-
tions of light seed models in cosmological hydrodynamical
simulations). However, heavy seed models such as the direct
collapse of primordial gas (Loeb & Rasio 1994; Bromm &
Loeb 2003; Koushiappas, Bullock & Dekel 2004; Begelman,
Volonteri & Rees 2006; Lodato & Natarajan 2006; Spaans
& Silk 2006; Dijkstra et al. 2008; Wise, Turk & Abel 2008;
Regan & Haehnelt 2009; Latif et al. 2013) predict a low occu-
pation fraction. In a large simulated volume of (100 cMpc)3

or more, the resolution is not su�ciently high to accurately
resolve the crucial low-mass galaxies of M? < 109 M� and to
make reliable predictions on the occupation fraction, espe-
cially in the low-mass regime. However, the AGN occupation
fraction can provide crucial information on the activity of
the BH population as a function of host galaxy mass. We
focus on this aspect in the following.

In Fig. 3 we show the BH occupation fraction as a func-
tion of galaxy total stellar mass, and redshift (solid lines,
colors are labelled on the figure). Here, we show the occu-
pation fraction of all galaxies, i.e. both central and satellite
galaxies, but the behavior of the two populations is simi-
lar. As a consequence of the seeding model employed in the
simulation (i.e. placement of a seed BH with fixed mass in
halos above a mass threshold), the BH occupation fraction
is very close to unity for M? 109 M�, and gets closer for
more massive galaxies. A BH occupation fraction close to
unity for M? > 109 M� is what is expected from light seed
BH formation models (Habouzit, Volonteri & Dubois 2017).

In Fig. 3 we also present the AGN occupation fraction
(dashed lines) as a function of the stellar mass of their host
galaxies and redshift. Here, we define AGN as BHs with
Lbol > 1043erg s�1. The choice of the AGN definition only
a↵ects the normalization of the occupation fraction, where
higher luminosity thresholds decrease the normalization, be-
cause BHs with higher accretion rates are rarer. The func-
tion increases with galaxy mass for M? > 109 M�, similar
to the BH occupation fraction. However, the values reached
by the AGN occupation fraction are lower than those of the
BH occupation, as expected. This reflects the BH duty cy-
cle: not all BHs are active and seen as AGN at the same
time. The fraction then suddenly drops at around the char-
acteristic galaxy mass M? ⇠ 1010 M�, which corresponds
approximately to the mean BH mass MBH = 108 M�, that
we report on the figure as a solid black vertical line. The Ed-
dington ratio and the BHmass are used in the AGN feedback
model of the simulation to switch between the quasar mode
of the feedback (which is modeled as isotropic injection of
thermal energy in the surroundings of the BH) to a pure
kinetic mode (Weinberger et al. 2017). Indeed, BHs with
MBH = 107 M� and Eddington ratio below fEdd 6 2⇥ 10�5

Figure 3. BH occupation fraction (solid lines), i.e. the fraction of
galaxies hosting a BH, and the AGN occupation fraction (dashed
lines), i.e. the fraction of galaxies that experiences high BH activ-
ity, with LBH,bol > 1043ergs�1, in TNG300. The BH occupation
fraction is very close to unity, and gets closer for more massive
galaxies, as expected in a hierarchical formation of structures. The
AGN occupation fraction traces the global activity of BHs as a
function of galaxy mass. The AGN occupation fraction increases
with galaxy mass of M? 6 1010 M�, and then suddenly drops, be-
fore increasing again for more massive galaxies of M? > 1011 M�.
This drop reflects the transition between the quasar AGN feed-
back mode to the more e�cient kinetic mode at MBH ⇠ 108 M�.

(see Eq. (1)), which represents a minority of the entire pop-
ulation of BHs, enter in the kinetic AGN feedback mode.
However, more massive BHs of MBH = 108 M� enter the
kinetic AGN feedback regime with fEdd 6 2 ⇥ 10�3, which
represents a larger population of BHs. Therefore many more
BHs of about MBH = 108 M� have their activity regulated
by their own kinetic feedback than the MBH = 107 M� BHs.
We discuss this in more detail in the following subsection,
and more details regarding the impact of AGN feedback can
be found in Weinberger et al. (2018). The drop in the AGN
occupation fraction is here a direct illustration of the im-
pact of the kinetic AGN feedback on the population of BHs
and host galaxies. When the kinetic feedback is active the
global activity of BHs is shut down, and this starts hap-
pening for an increasing number of BHs in galaxies with
M? > 1010 M�. Galaxies keep growing in mass, and eventu-
ally some of them overcome the e↵ect of the AGN feedback.
The occupation fraction therefore increases again for high
mass galaxies with M? > 1011 M�. As explained in Section
7, we have followed back in time these massive galaxies from
z = 0 toward higher redshift. From our analysis, we note
that a fraction of these galaxies experience new episodes of
accretion onto the BHs and simultaneously of SFR. These
episodes are correlated with an increase of the inner gas
mass (in the half-mass radius), and an increase of the ex-
situ stellar mass. This indicates that galaxy-galaxy mergers
at later times are able to increase the available gas mass
to trigger both new SFR and fuel the central BHs between
AGN feedback episodes.
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Figure 7. Top panels: The MBH-Mstar (left), sSFR-MBH (centre), and sSFR-Mstar (right) parameter spaces for TNG100 galaxies in
blue and red heatmaps and the observational sample in gray and black circles, for star-forming and quiescent galaxies, respectively, at
z = 0. An uncertainty of 0.15 dex is added to sSFR and Mstar values for TNG100 galaxies. Observational uncertainties for MBH in
TNG100 are taken into account by convolving them with the errors from the T17 data. Bottom panels: sSFR as a function of MBH in
bins of Mstar for TNG100 galaxies and the T17 observational sample.

5.1 Observational sample

The 91 galaxies in Terrazas et al. (2016, 2017, hereafter
T17) represent a diverse collection of local galaxies (dis-
tances within ⇠150 Mpc) with various morphologies, SFRs,
colours, and environments (isolated, group, or cluster) with
Mstar > 1010 M�. The sample represents central galaxies –
defined as the most massive galaxy within ⇠1 Mpc – that
have a dynamical MBH measurement using stellar dynamics
(45 galaxies), gas dynamics (15), masers (12), or reverber-
ation mapping (18). Black hole mass measurements were
taken from Saglia et al. (2016) and van den Bosch (2016).

T17 measures the stellar masses using 2MASS Ks-band
luminosities (Huchra et al. 2012) with a single Mstar/LKs ra-
tio of 0.75 since mass-to-light ratios for LKs do not vary sub-
stantially (Bell & de Jong 2001). Their scatter in mass-to-
light ratios are ⇠0.15 dex, thus they assume the same value
for their uncertainty. SFRs are measured following Kenni-
cutt & Evans (2012) where T17 use IRAS far-infrared flux
measurements to estimate a total infrared luminosity. This
SFR estimate is sensitive to star formation during the past
⇠100 Myr. SFRs are assumed to have an uncertainty of 0.15
dex following Bell (2003). Any SFRs with no far-infrared de-
tection, fluxes below the detection limits of IRAS, or detec-
tions below sSFR < 10�12.5 yr�1 are taken as upper limits.
We define star-forming and quiescent galaxies to be those
with sSFRs above or below 10�11 yr�1, respectively, just as
we do with TNG galaxies.

We note that these data are not representative of the

entire galaxy population at z = 0 due to the requirement
that their MBH be large enough and their host galaxies close
enough to detect their gravitational sphere of influence. The
various detection methods used for this sample make it di�-
cult to fully understand the biases associated with the sam-
ple. For example, black hole masses detected with reverbera-
tion mapping or masers are more likely to be in star-forming
galaxies where there is enough gas to produce the emission
required to use these measurement techniques. Black holes
measured with stellar dynamics, however, are likely in sys-
tems that are close enough to resolve the gravitational sphere
of influence and that have low enough gas masses in their
nuclear regions to allow starlight to dominate. These factors
make it di�cult to compare these observations directly with
the simulation results, since the selection function and bias
for the observational sample with regards to its sSFR, Mstar,
and MBH distributions are not well understood.

One may decide to use a sample with proxies instead,
with the advantage that a complete, representative sample
may be obtained. However, proxies for MBH such as veloc-
ity dispersion, bulge mass, or Sérsic index exhibit intrinsic
scatter that likely indicates di↵erences in the physics that
set these properties (e.g., Gültekin et al. 2009; Beifiori et al.
2012; Shankar et al. 2016; Terrazas et al. 2016; Mart́ın-
Navarro et al. 2016, 2018). Using proxies for MBH would
also introduce unknown uncertainties that likely depend on
Mstar. While the number density of galaxies at a given sSFR,
Mstar, and MBH are uncertain for this sample, our primary
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Figure D1. Evolutionary paths of 600 random quiescent galax-
ies with M? > 1011 M� at z = 0, in the sSFR-⌃e plane. The
individual evolution are color coded by redshift.
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Lesson 6: Moderate mass SMBH 
demographics and connection to host 

galaxies



Future directions 

• Connection with observed AGN types


• Is kinetic feedback in elliptical galaxies the same as in 
galaxy clusters?


• Degeneracy between quasar mode feedback and stellar 
feedback -> quasar luminosity function


