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ABSTRACT

We study the properties of black holes and their host galaxies across cosmic time
in the Illustris simulation. Illustris is a large scale cosmological hydrodynamical sim-
ulation which resolves a (106.5 Mpc)3 volume with more than 12 billion resolution
elements and includes state-of-the-art physical models relevant for galaxy formation.
We find that the black hole mass density for redshifts z = 0 − 5 and the black hole
mass function at z = 0 predicted by Illustris are in excellent agreement with the
most recent observational constraints. We show that the bolometric and hard X-ray
luminosity functions of AGN at z = 0 reproduce observational data very well over
the full dynamic range probed. This requires radiative efficiencies to be on average
low, εr . 0.1, unless the bolometric corrections are largely underestimated. Cosmic
downsizing of the AGN population is in broad agreement with the findings from X-ray
surveys, but we caution that obscuration effects may introduce systematic biases in
the flux-limited samples at the faint end. We also study black hole – host galaxy scal-
ing relations as a function of galaxy morphology, colour and specific star formation
rate. We find that black holes and galaxies co-evolve at the massive end, but for low
mass, blue and star-forming galaxies there is no tight relation with either their central
black hole masses or the nuclear AGN activity.
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1 INTRODUCTION

Accretion onto supermassive black holes has been identi-
fied as the most likely mechanism powering the engines of
bright quasars (Lynden-Bell 1969; Rees 1984). Quasars are
one of the most luminous sources in the entire Universe,
often outshining the whole light emitted from the galaxies
hosting them. Their large radiative power means that we
can observe quasars out to very high redshifts (Fan et al.
2006; Mortlock et al. 2011) and thus probe their evolution
over more than 90% of cosmic time. Whereas for quasars at
z ∼ 6−7 (Willott et al. 2010; De Rosa et al. 2011) the range

?
E-mail: deboras@ast.cam.ac.uk

of luminosities probed is still relatively narrow, for z . 5 the
consensus on quasar luminosities is more complete thanks
to both optical and X-ray surveys, such as SDSS, GOODS,
COSMOS and Chandra Deep Fields North and South.

While it is imperative for any state-of-the-art cosmo-
logical simulation to compare against this wealth of data,
the study of supermassive black holes involves some broader
and more fundamental questions. In a series of seminal the-
oretical papers (Silk & Rees 1998; Haehnelt et al. 1998;
Fabian & Iwasawa 1999; King 2003) principal ideas have
been developed to explain the possible mutual feedback be-
tween galaxies and their central black holes. Observational
evidence for this physical relationship has been mounting
over the years (Magorrian et al. 1998; Ferrarese & Merritt
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2000; Tremaine et al. 2002; Marconi & Hunt 2003; Häring
& Rix 2004; Gültekin et al. 2009; McConnell & Ma 2013;
Kormendy & Ho 2013), indicating that black hole masses
correlate with host galaxy stellar properties, such as bulge
luminosity, mass and velocity dispersion. Although these
scaling relations may suggest that galaxies and black holes
co-evolve, they are subject to many biases and systematic
uncertainties both at the low mass and the massive end.
Indeed recent work by McConnell & Ma (2013) and Kor-
mendy & Ho (2013) revised significantly the MBH - Mbulge

and MBH - σ relations, such that for a given bulge mass
or velocity dispersion, the best-fit black hole masses are a
factor 2 to 3 higher than previously thought. These studies
further highlighted that galaxies with different properties,
e.g. pseudo bulges versus real bulges, or cored versus power-
law ellipticals, might correlate differently with their central
black hole masses. Uncertainties in the origin of the black
hole – galaxy scaling relations prompted some authors (Peng
2007; Hirschmann et al. 2010; Jahnke & Macciò 2011) to
consider mass averaging in mergers as a root cause of scal-
ing relations without the need to invoke any feedback. In
this scenario repeated galaxy - galaxy and thus black hole -
black hole mergers lead to the establishment of the MBH -
Mbulge relation thanks to the central limit theorem.

One of the clues that could help shed light on the rela-
tive importance of feedback versus merger averaging, is the
redshift evolution of the black hole – galaxy scaling rela-
tions. While different observational pieces of evidence indi-
cate that the scaling relation should evolve such that, for a
given host galaxy at higher redshifts, black holes are more
massive than their z = 0 counterparts (e.g. Treu et al. 2004;
Shields et al. 2006; Woo et al. 2008; Merloni et al. 2010, for
a review see Kormendy & Ho 2013), systematic uncertain-
ties, selection effects and insufficient data do not allow yet
to conclude anything secure about the redshift evolution of
the scatter. Thus from the observational point of view this
remains an unsettled point, even though there is accumu-
lating evidence for AGN-driven large scale outflows (Cicone
et al. 2012; Maiolino et al. 2012; Cicone et al. 2014; Genzel
et al. 2014).

It is therefore of fundamental importance to understand
from a theoretical point of view if indeed feedback from su-
permassive black holes affects their hosts significantly and
if this leads to the co-evolutionary picture. The majority of
past work based on mergers of isolated galaxies found that
black holes play a crucial role in the morphological transfor-
mation of host galaxies and in the quenching of their star
formation rates (for early works see e.g. Di Matteo et al.
2005; Springel et al. 2005; Robertson et al. 2006) and that
feedback from accreting black holes is responsible for the
existence of the black hole – galaxy scaling relations. Based
on these simulation results Hopkins et al. (2006) proposed
a unified model for the merger-driven origin of quasars and
their host spheroids. While this picture is theoretically ap-
pealing, fully self-consistent cosmological simulations indi-
cate that galaxies and thus very likely their central black
holes as well assemble through a variety of physical processes
and not major mergers alone. Moreover, observations have
thus far been inconclusive in showing a clear link between
enhanced star formation rates of galaxies and AGN nuclear
activity (see Azadi et al. 2014, and references therein), thus
questioning the merger-driven co-evolution of the two.

The first cosmological simulations (Sijacki et al. 2007;
Di Matteo et al. 2008) to investigate the black hole – galaxy
co-evolution confirmed that AGN-driven outflows not only
lead to black hole self-regulation but also to the establish-
ment of the scaling relations, as isolated galaxy merger stud-
ies have advocated. These results were further confirmed
by several independent groups and more recent simulations
(Booth & Schaye 2009; Dubois et al. 2012; Hirschmann et al.
2014; Khandai et al. 2014; Schaye et al. 2014). What how-
ever still remains unclear is whether black hole – galaxy
co-evolution occurs for all galaxies hosting supermassive
black holes at their core or whether different galaxy types
exhibit weaker or stronger physical links with their black
holes. The main reason why this question remained unan-
swered theoretically until now stems from the difficulty
to simulate representative galaxy samples covering the ob-
served range of morphologies. Simulated galaxies typically
appeared too centrally concentrated, formed too many stars
and lacked sufficient rotational support. This has been one of
the long standing issues in computational galaxy formation
which even led some to question the ΛCDM cosmology (e.g.
Sommer-Larsen & Dolgov 2001). Now we understand that
this was caused by insufficient numerical resolution, hydro-
solver inaccuracies and lack of modelling of the necessary
physics. Only recently several simulation efforts (Guedes
et al. 2011; Aumer et al. 2013; Stinson et al. 2013; Mari-
nacci et al. 2014), mostly based on the zoom-in technique of
individual objects, have started reproducing extended, disk-
dominated galaxies which in some aspects resemble our own
Milky Way. None the less, to study the black hole – galaxy
co-evolution large scale cosmological simulations are needed
to have a sufficiently representative sample of objects. At
the same time good spatial resolution is necessary to resolve
at least the basic structural properties of galaxies hosting
supermassive black holes. These conditions pose very chal-
lenging requirements on the dynamical range cosmological
simulation should resolve.

The Illustris simulation project (Vogelsberger et al.
2014, see also Vogelsberger et al. 2014; Genel et al. 2014)
is the first cosmological simulation that is able to probe the
necessary range of spatial scales with a comprehensive set of
physical processes so that we can study black hole – galaxy
co-evolution with unprecedented detail. This means that we
not only have a statistically large and representative sample
of objects from z ∼ 4 to z = 0, but that we can start to
disentangle the physical link between black holes and their
host galaxies as a function of galaxy morphology and colour.
We anticipate here that this will allow us to pin down the
most likely physics which is responsible for the establishment
of the mutual feedback between galaxies and their central
black holes, but we also highlight for which types of galaxies
this feedback loop is not fully operational.

This paper is organised as follows. In Section 2 we out-
line our methodology, summarising the numerical technique
adopted, simulation characteristics and physics implemen-
tation. In Section 3.1 and in Appendix A we discuss the
convergence properties of the black hole model, while in
Sections 3.2 and 3.3 we present the basic black hole proper-
ties, namely the cosmic black hole accretion rate and mass
density as well as the mass function at z = 0. Section 3.4
summarises the main results regarding the scaling relations
of galaxies and their central black holes. We further dis-

c© 0000 RAS, MNRAS 000, 000–000



Black holes in Illustris 3

cuss black hole Eddington ratios, AGN luminosity functions
and cosmic downsizing in Sections 3.5 and 3.6, while in Sec-
tion 3.7 we examine the link between star formation rate
and nuclear AGN triggering. We finally discuss our results
and draw conclusions in Section 4.

2 METHODOLOGY

2.1 Numerical method

In this study we use a series of large scale cosmological
simulations, the so-called Illustris project†, to investigate
the link between black holes and their host galaxies across
cosmic time. The Illustris simulations have been performed
with the massively parallel hydrodynamical code AREPO

(Springel 2010), which adopts a TreePM solver for gravity
and a second-order accurate unsplit Godunov method for
the hydro forces. The hydrodynamics equations are solved
on an unstructured Voronoi mesh, which is allowed to freely
move with the fluid in a quasi-Lagrangian fashion. The code
has been thoroughly tested and validated on a number of
computational problems and small scale cosmological sim-
ulations (Springel 2010, 2011; Bauer & Springel 2012; Si-
jacki et al. 2012; Vogelsberger et al. 2012; Kereš et al. 2012;
Torrey et al. 2012; Genel et al. 2013; Nelson et al. 2013)
demonstrating excellent shock capturing properties, proper
development of fluid instabilities, low numerical diffusivity
and Galilean invariance, making it thus well posed to tackle
the problem of galaxy formation.

2.2 The simulation suite

The Illustris simulation suite consists of large scale cosmo-
logical simulations in a periodic box with 106.5 Mpc on a
side, simulated with different physics and at different reso-
lutions. A standard, flat ΛCDM cosmology is assumed with
Ωm,0 = 0.2726, ΩΛ,0 = 0.7274, Ωb,0 = 0.0456, σ8 = 0.809,
ns = 0.963 and H0 = 70.4 kms−1Mpc−1 consistent with the
Wilkinson Microwave Anisotropy Probe 9-year data release
(Hinshaw et al. 2013). The starting redshift of the simu-
lations is z = 127 and all simulations have been evolved
to z = 0. The physics included ranges from dark mat-
ter only simulations (Illustris-Dark), non-radiative hydro-
dynamical simulations (Illustris-NR), to simulations with
the full galaxy formation physics module switched on (Il-
lustris) which will be used in this study. The simulations
have been performed at 3 different resolutions: 1. Low res-
olution box with 3 × 4553 dark matter, gas and Monte
Carlo tracer resolution elements, a typical gas cell mass of
mgas = 8.05×107 M�, dark matter particle mass of mDM =
4.01 × 108 M� and gravitational softenings εgas = 2.84 kpc
and εDM = 5.86 kpc; 2. Intermediate resolution box with
3×9103 resolution elements in total, mgas = 1.01×107 M�,
mDM = 5.01 × 107 M�, εgas = 1.42 kpc and εDM = 2.84 kpc;
and 3. High resolution box with 3×18203 resolution elements
in total, mgas = 1.26 × 106 M�, mDM = 6.26 × 106 M�,
εgas = 0.71 kpc and εDM = 1.42 kpc. For further details
of the simulations see Vogelsberger et al. (2014) and Genel

† http://www.illustris-project.org

et al. (2014). In this study we will mainly focus on the high-
est resolution box of Illustris, which we call henceforth Il-
lustris for brevity, while we will take advantage of the lower
resolution boxes when exploring the convergence issues.

2.3 The model for galaxy formation

The Illustris simulations contain a comprehensive array of
modules that describe galaxy formation physics beyond non-
radiative processes. This includes: primordial and metal-line
cooling in the presence of time dependent UV background
(Faucher-Giguère et al. 2009) including gas self-shielding
(Rahmati et al. 2013), where the metals are naturally ad-
vected with the fluid flow; a sub-grid model for star forma-
tion and associated supernovae feedback as in Springel &
Hernquist (2003) adopting a softer equation of state with
q = 0.3 and a Chabrier initial mass function (Chabrier
2003); a model for stellar evolution, gas recycling, metal
enrichment (see also Wiersma et al. 2009) and mass- and
metal-loaded galactic outflows which are energy-driven (see
also Puchwein & Springel 2013); and a model for black hole
seeding, accretion and feedback that we will describe in more
detail in Section 2.4. A full account of these prescriptions is
given in our pilot study (Vogelsberger et al. 2013; Torrey
et al. 2014) where the basic properties of galaxies are com-
pared with observables. Specifically, given that currently it
is not possible to describe the physics of star formation and
black holes in an ab-initio manner, simple phenomenologi-
cal and empirical sub-grid models need to be employed if
we are to gain insight into the physics of galaxy formation.
In the Illustris project the free parameters of the sub-grid
models are set to physically plausible values which have been
fixed after calibrating the simulations against a few funda-
mental observables, such as the cosmic star formation rate
history and the stellar mass function at z = 0. This calibra-
tion has been performed on smaller cosmological boxes with
35.5 Mpc on a side and is presented in Vogelsberger et al.
(2013); Torrey et al. (2014).

2.4 Black hole model

2.4.1 Black hole accretion

In the Illustris simulations collisionless black hole particles
with a seed mass of 1.42 × 105 M� (105 h−1 M�) are placed
with the aid of the on-the-fly Friends-of-Friends (FOF) al-
gorithm in all halos more massive than 7.1 × 1010 M� that
do not contain a black hole particle already. Thereafter, the
black hole seeds can grow in mass either through gas accre-
tion, which we parametrise in terms of Eddington limited
Bondi-Hoyle-Lyttleton-like accretion (for further details see
Springel et al. 2005; Di Matteo et al. 2005), or via mergers
with other black holes. At z = 4 our high resolution Illustris
simulation already tracks 9414 black holes, at z = 2 this
number more than doubles leading to 24878 black holes in
total, while at z = 0 there are 32542 black holes in total
with 3965 black holes more massive than 107M�.

With respect to our previous work (e.g. Springel et al.
2005; Sijacki et al. 2007, 2009) there are a few updates in
the black hole model that we list here. First, we do not
take the relative velocity of black holes with respect to their

c© 0000 RAS, MNRAS 000, 000–000



4 Sijacki et al.

surrounding gas into account when estimating Bondi-Hoyle-
Lyttleton-like accretion and we merge black hole pairs which
are within smoothing lengths of each other irrespective of
their relative velocity. This is motivated by the fact that
we use a repositioning scheme to ensure that the black hole
particles are at the gravitational potential minimum of the
host halos and do not spuriously wander around due to two
body scattering effects with massive dark matter or star par-
ticles. This leads to ill-defined black hole velocities. More-
over, during accretion events we gradually drain the parent
gas cell of its mass rather than stochastically swallowing one
of the neighbouring gas cells. We also use the parent gas cell
to estimate the gas density instead of performing a kernel
weighted average over gas neighbours, as we have done in
the past. Finally, we introduce a black hole pressure crite-
rion whereby the accretion rate estimate is lowered in cases
where the gas pressure of the ambient medium cannot com-
press gas sufficiently in the vicinity of an accreting black
hole. Here our α = 100 pre-factor in the Bondi prescription
needed to compensate for the smoothing effect of the ISM
model becomes superfluous and could lead to the formation
of an un-physically large and hot gas bubble around the
black hole. Note that self-regulated growth of black holes is
largely unaffected by this change.

2.4.2 Black hole feedback

As for the black hole feedback we consider three different
modes: “quasar”, “radio” and “radiative” feedback. In the
“quasar” mode a small fraction of the AGN bolometric lu-
minosity is thermally coupled to the surrounding gas with
an efficiency factor of εf = 0.05 thus effectively leading to
an energy-driven outflow in the case of negligible radiative
losses. The switch between “quasar” and “radio” mode is de-
termined by the black hole Eddington ratio following Sijacki
et al. (2007). In the “radio” mode hot bubbles are randomly
placed within a sphere around each black hole, where ther-
mal energy is injected within the bubbles.

With respect to the original work by Sijacki et al. (2007)
we change the values of some of the model parameters. The
scaling of the radius of the sphere within which bubbles are
injected has been increased from 60 kpc to 100 kpc. With a
larger radius the energy contrast between the bubbles and
the surrounding gas can be higher and thus lead to larger
feedback effects. Note however that for each black hole we
scale this radius according to the analytic cocoon expansion
equation (see equation 5 in Sijacki et al. 2007), thus this
change in scaling is not very significant.

We further make two more significant changes: we in-
crease the efficiency factor of thermal coupling, εm, from 0.2
to 0.35 and we increase the Eddington ratio threshold, χradio

below which the “radio” mode feedback kicks in from 0.01 to
0.05. These two changes have been motivated by the above
mentioned calibration against the observed cosmic star for-
mation rate history and the z = 0 stellar mass function. We
find that a higher εm value is needed to sufficiently suppress
star formation in massive galaxies which tends to be even
higher than in previous work due to several factors: i) more
accurate gas cooling in AREPO (where there is no heating
of gas due to the artificial dissipation of subsonic turbulence
(Bauer & Springel 2012; Vogelsberger et al. 2012)), ii) stel-
lar mass loss and iii) metal line cooling, which we have not

considered in the past work. The higher Eddington ratio
threshold value leads to more efficient “radio” mode feed-
back being active in somewhat lower mass galaxies and at
higher redshifts as well which helps reproducing the “knee”
of the z = 0 stellar mass function.

In addition to the “quasar” and “radio” mode, we also
take into account “radiative” feedback where we modify the
net cooling rate of gas in the presence of a strong ionising
radiation emanating from actively accreting black holes. As-
suming a fixed spectral energy distribution we consider gas
below the density threshold for star formation to be in the
optically thin regime and compute the bolometric intensity
each gas cell experiences due to the AGN radiation field
of all black holes within a given search radius. Note that
“radiative” feedback is most effective for black holes in the
“quasar” mode accreting close to the Eddington limit.

While the quasar efficiency factor, εf , has been set by
Springel et al. (2005); Di Matteo et al. (2005) to match
the normalisation of the MBH - σ relation in the isolated
galaxy mergers, note that none of the black hole model pa-
rameters have been tuned to match any of the black hole
properties which hence can be viewed as genuine predictions
of the model. For further details on the black hole model
see Springel et al. (2005); Sijacki et al. (2007); Vogelsberger
et al. (2013).

We finally note that in Illustris the radiative efficiency
has been set to εr = 0.2. This change from the standardly
adopted value of 0.1 has been motivated by the findings of
Yu & Tremaine (2002), where it has been shown that lumi-
nous quasars (which are the objects we are most interested
in) should have εr ∼ 0.2. In our model εr is essentially un-
constrained given that in all equations it is degenerate with
the values of εf and εm. The only equation where εr enters
on its own is the one that determines the fraction of the ac-
creted mass lost to radiation, which however leads to a very
small effect. Nonetheless, as we will show in Section 3.6,
taking together the results regarding black hole mass and
luminosity functions we can place interesting constraints on
the average radiative efficiency of AGN.

3 RESULTS

3.1 Convergence issues

We start our analysis by looking at the convergence prop-
erties of our galaxy formation model. Here we are specifi-
cally interested in the basic black hole properties, while the
convergence of other quantities has been discussed in Vogels-
berger et al. (2013); Torrey et al. (2014); Genel et al. (2014).
In Figure 1 we show the cosmic star formation rate den-
sity and black hole accretion rate density (left-hand panel),
as well as stellar and black hole mass density (right-hand
panel), for the three different resolution Illustris simulations,
as indicated on the legend. With higher resolution smaller
mass galaxies are better resolved and this leads to an in-
crease in the star formation rate at high redshifts, which
is especially pronounced between the low and intermediate
resolution simulations. However, at lower redshifts, i.e. for
z < 5, the bulk of star formation occurs in sufficiently well
resolved galaxies so that the total star formation rate den-
sity does not increase much with higher resolution. This is
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Figure 1. Left: time evolution of the star formation rate density (blue curves) and of the black hole accretion rate density (red curves;

rescaled by a factor of a 100) for three different resolutions, as indicated on the legend. While the numerical convergence in the star

formation rate density is very good, the black hole accretion rate density is not yet converged at the highest resolution. Note that the
overall shape of the black hole accretion rate density is somewhat different than that of the star formation rate density, i.e. it rises faster

at high redshifts and also peaks at a higher redshift z ∼ 2.5 − 3. Right: stellar mass density and black hole mass density as a function of

cosmic time for the same set of simulations.

in particular true when we compare our intermediate reso-
lution simulation with the high resolution run where both
star formation rate density and stellar mass density exhibit
excellent convergence properties.

The convergence properties of the black hole accretion
rate and mass density are however somewhat poorer. Here
for z > 5 the black hole accretion rate density is essentially
the same in all three simulations, given that by this time it is
dominated by low mass black holes that have been relatively
recently seeded within well resolved dark matter halos. At
later times there is an approximatively constant offset be-
tween both low versus intermediate and intermediate versus
high resolution run (amounting to a factor of ∼ 1.5). This
indicates that the black hole accretion rate density is not yet
fully converged even for our highest resolution simulation.
We have investigated whether there are any clear trends in
black hole accretion rate density convergence for different
black hole mass ranges, and found that for z > 2 more mas-
sive black holes exhibit worse convergence, while for z < 2
the convergence rate is similar regardless of the black hole
mass. Clearly this is a result that we need to keep in mind
when interpreting our findings, but we anticipate here that
the convergence properties of other quantities, such as, for
example, the black hole mass function and the black hole
mass - bulge mass relation, are still very good, as we discuss
in Sections 3.3 and 3.4 and in the Appendix A.

3.2 Black hole accretion rate and mass density

Focusing now on the shape of star formation and black hole
accretion rate densities, shown in Figures 1 and 2, we note
that the black hole accretion rate density rises more steeply
at high redshifts, it has a sharper peak which occurs earlier
(z ∼ 2.5 − 3) and it also declines somewhat more steeply

thereafter all the way to z = 0. Consequently, for z < 2
the total black hole mass density increases less with time
than the total stellar mass density. This demonstrates that
while globally there is a relation between star formation and
black hole accretion rates in galaxies, these two processes are
not necessarily intimately linked, as we will discuss more in
detail in Section 3.7.

In Figure 2 we plot the total black hole accretion rate
density (left-hand panel) and the black hole mass density
(right-hand panel) for the highest resolution Illustris simu-
lation, but now split by the black hole mass at a given red-
shift, as indicated on the legend. With decreasing redshift
more massive black holes start to dominate the total black
hole accretion rate density, except for the most massive black
holes with MBH > 109M�, which however dominate the to-
tal black hole mass density for z < 2. Also, even though the
black hole accretion rate density shapes are quite similar for
the different black hole mass ranges considered, they peak
at later times for more massive black holes. Given that the
distribution of Eddington ratios is fairly flat as a function
of black hole mass for z ≥ 1 (for further details see Sec-
tion 3.5), different peaks reflect the cosmic time when black
holes of a given mass contribute most to the total black hole
accretion rate density due to combination of their number
density and accretion rate in absolute numbers. Note that
for z < 3 and for MBH > 108M� black holes typically enter
the “radio” mode feedback which is bursty, leading to sig-
nificant and rapid variations in the black hole accretion rate
density.

In the right-hand panel of Figure 2 we also indicate with
the shaded region the range of possible black hole mass den-
sities derived from Soltan-type arguments where radiative
efficiency is varied from 0.057 (top) to 0.4 (bottom), as re-
ported by Volonteri (2010). New constraints from a compila-
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Figure 2. Left: time evolution of the star formation rate density (thick dark gray curve) and of the black hole accretion rate density

(thin black curve; rescaled by a factor of a 1000) for the highest resolution Illustris simulation. Small gray symbols are observed star

formation rates (Hopkins & Beacom 2006; Ellis et al. 2013; Oesch et al. 2013; Behroozi et al. 2013, see also Figure 2 of Genel et al.
(2014)). Coloured lines (from blue to orange) indicate total black hole accretion rate densities for black holes in a given range of masses,

as indicated on the legend. With decreasing redshift more massive black holes dominate the total black hole accretion rate density, except

for the most massive black holes with MBH > 109M�. Note that for z < 3 and for MBH > 108M� there is a considerable “noise” in the
black hole accretion rate density. This is driven by black holes entering the “radio” mode feedback which is bursty. Right: total black hole

mass density (black thin line) for all black holes and split by the black hole mass bins (coloured lines from blue to orange). The shaded

region is the allowed range of mass densities where radiative efficiency is varied from 0.057 to 0.4, as reported by Volonteri (2010). Black
circles connected with a thick line are for the new estimate from Ueda et al. (2014).

tion of AGN X-ray luminosity surveys by Ueda et al. (2014)
are shown with black circles connected with a thick line. The
Illustris result is in excellent agreement with observational
findings from Ueda et al. (2014) and indicates that on av-
erage radiative efficiencies of accreting black holes could be
low. This is an interesting point that we will discuss more
in detail in Section 3.6.

3.3 Black hole mass function

In Figure 3 we show the redshift evolution of the black hole
mass function at z = 0, 1, 2, 3 and 4 (left-hand panel) and
the black hole mass function at z = 0 split by the Edding-
ton ratios of black holes, as indicated on the legend. In both
panels we include all black holes irrespective of their mass
or accretion rate. The hatched region marks the mass func-
tion estimate with the 1σ uncertainty from Shankar (2013),
assuming the revised MBH - σ relation from McConnell &
Ma (2013) and applying it to all local galaxies. The dotted
region is the same but assuming Sa galaxies do not host any
black holes. The Illustris black hole mass function at z = 0
agrees quite well with the estimate from Shankar (2013), ex-
cept for the lowest mass black holes with MBH < 107M�,
where however observational constraints are not very strin-
gent due to the scarce number of observed low mass black
holes. This agreement is particularly encouraging given that
recently black hole scaling relations have been significantly
revised (for further details see McConnell & Ma 2013; Ko-
rmendy & Ho 2013), where for a given e.g. bulge mass the
best-fit black hole mass is about a factor of 2 to 3 higher with

respect to the estimates by Häring & Rix (2004) (we will dis-
cuss this further in Section 3.4). Note that, as we show in
Appendix A, the uncertainty due to the convergence of the
black hole mass function for our different resolution runs
is smaller than the observational uncertainty calculated by
Shankar (2013). Moreover, for black holes with Eddington
ratios λEDD > 10−4 the convergence rate in the mass func-
tion is very good (for further details see Appendix A), thus
indicating that this result is robust.

The left-hand panel of Figure 3 shows how the black
hole mass function gradually builds up with cosmic time.
The first 109 M� black holes are already in place before z =
4, while ultramassive black holes with ∼ 1010 M� form for
z < 2. Note that the Illustris volume of (106.5 Mpc)3 is too
small, by a factor of ∼ 300 at least, to contain very massive
black holes at z = 6 which are thought to be powering high
redshift quasars (Sijacki et al. 2009; Costa et al. 2014) and
is thus unsuitable for studying these rare objects. At the low
mass end i.e. for MBH < 107M� the mass function does not
evolve significantly after z ∼ 2, while for MBH < 2×109 M�
the mass function does not change much for z < 1. At the
massive end, i.e. for MBH > 2 × 109 M� there is always
evolution due to the residual “hot mode” accretion and black
hole-black hole mergers.

In the right-hand panel of Figure 3 we split the Illustris
black hole mass function by the Eddington ratios of black
holes, which demonstrates that in the mean Eddington ra-
tios are moderate (see also Section 3.5). At the massive end,
i.e. for MBH > 109 M� Eddington ratios plummet indicat-
ing that these black holes are in a radiatively inefficient ac-
cretion regime, as expected from the observed scarcity of
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Figure 3. Left: black hole mass function at z = 4, 3, 2, 1 and 0 for all black holes in the simulated volume. The hatched region is the

mass function estimate with 1σ uncertainty from Shankar (2013), assuming the revised MBH - σ relation from McConnell & Ma (2013)

and applying it to all local galaxies. The dotted region is the same but assuming Sa galaxies do not host any black holes. In Illustris the
black hole mass function gradually builds up with cosmic time: at the low mass end i.e. for MBH < 107M� the mass function does not

change much for z < 2, for MBH < 2 × 109M� the mass function does not change much for z < 1, while at the massive end there is

always evolution due to the residual “hot mode” accretion and black hole-black hole mergers. Right: black hole mass function at z = 0,
split by the Eddington ratios of black holes, as indicated on the legend. It is clear that in the mean the Eddington ratios are moderate,

but they are especially low at the massive end where black holes are in the radiatively inefficient accretion regime.

luminous quasars in the local Universe. For MBH ∼ 108 M�
almost all black holes have λEDD > 10−4, while towards
lower masses there is an increasing number of black holes
with very low Eddington ratios.

3.4 Scaling relations with host galaxies and their
evolution

3.4.1 MBH - Mbulge relation at z = 0

In Figure 4 we show the Illustris prediction for the black
hole mass - stellar bulge mass relation. Here the total stellar
mass within the stellar half-mass radius has been adopted as
a proxy for the bulge mass. Note that we do not morpholog-
ically distinguish between the real bulges and pseudo bulges
but we do split galaxies into different categories based on
their colours‡. Furthermore, from now on we take into ac-
count all galaxies hosting supermassive black holes with stel-
lar half-mass greater than 108 M� and we refer to the MBH -
Mbulge relation of the whole population, even though many
of these galaxies might not contain a real bulge or might
be effectively bulgeless. The colour-coding in Figure 4 is ac-
cording to the g− r colours of host galaxies and we consider
only the central galaxies of each FOF halo (i.e. the main
subhalo of each FOF halo that contains at least one black
hole particle) thus excluding the satellites from this analy-
sis. For each subhalo, in case it contains multiple black holes,

‡ Morphologically or kinematically based definitions of bulge
masses might lead to somewhat different results if, for example,

the bulge mass fractions depend strongly on the stellar mass, but
this analysis is beyond the scope of this paper.

we select the black hole that is closest to the centre of the
subhalo (defined as the position of the most bound parti-
cle). We have also repeated the analysis selecting the most
massive black hole of each subhalo and this does not lead to
any significant difference. The thick black line in Figure 4
denotes the best-fit MBH - Mbulge relation from a recent
compilation by Kormendy & Ho (2013) fitted to ellipticals
and spirals with bulges only. Symbols with error bars are
from Kormendy & Ho (2013) as well, where circles are for
ellipticals, stars are for spirals with a bulge and squares are
for pseudo bulges. As mentioned in Section 3.3, the black
hole mass - host galaxy relations have been recently signif-
icantly revised (see e.g. McConnell & Ma 2013; Kormendy
& Ho 2013) and the best-fit black hole mass is a factor 2−3
higher than previously estimated (Häring & Rix 2004), thus
it is important to compare against the newest observational
findings.

The agreement between the Illustris result and the ob-
servations is very good, in particular taking into account
that the best-fit observed relation is for ellipticals and bulges
only and that our quenched galaxies lie exactly on this re-
lation. The result not only reproduces the slope and the
normalisation of the observed MBH - Mbulge relation, but
qualitatively also matches the colours and the morphologies
of galaxies on this relation in agreement with the morpholog-
ical split performed by Kormendy & Ho (2013). This is the
first time, to our knowledge, that such a wealth of properties
of galaxies hosting supermassive black holes is predicted by
self-consistent cosmological simulations of galaxy formation.
Furthermore, this implies that with the Illustris simulations
we can not only study how black holes and galaxies co-evolve
in the mean, but we can gain a much deeper insight into
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Figure 4. Central panel: stellar half-mass of all galaxies at z = 0 versus their central black hole mass. Colour-coding is according to

the g − r colours of galaxies. The thick black line denotes the best-fit MBH - Mstar,HM relation from Kormendy & Ho (2013) fitted
to ellipticals and galaxies with bulges only. Symbols with error bars are from Kormendy & Ho (2013) as well, where circles are for

ellipticals, stars are for spirals with a bulge and squares are for pseudo bulges. Overall, our simulation reproduces the observed findings

very well. Note that for Mstar,HM . 1011M� the simulated black holes which are above the best-fit observed relation live in redder
galaxies, indicating feedback from these black holes is quenching their hosts more efficiently. Four side panels: stellar morphologies of

galaxies visualised using SDSS g, r and i bands (Torrey at al., 2014, MNRAS, submitted) selected within a range of black hole masses,

as indicated by the coloured boxes. While for all four black hole mass ranges there is a morphological mix of host galaxies, lower mass
black holes are preferentially hosted in bluer star-forming and “diskier” galaxies.

which galaxy types are strongly physically linked with their
central black holes and which are much less affected by the
presence of a supermassive black hole in their centre. This
seems to be the case, for example, for the pseudo bulges
which correspond to the simulated blue star-forming galax-
ies below the best-fit MBH - Mbulge relation as we discuss
below.

Specifically, by focusing on the massive black hole end,
i.e. for MBH > 109 M�, the simulated host galaxies are
very red with g − r colours greater than 0.7 and the typical
morphologies resemble ellipticals, which have strong central
light concentrations, extended red envelopes, post-merger
shells and sometimes red disks, as illustrated in the top-
right side panel. As we move along the MBH - Mbulge re-
lation towards black holes with masses of a few 108 M�,
typical g − r colours are 0.65 and the host galaxies exhibit
more of a morphological mix with some red spheroidal galax-
ies, quenched extended disks, as well as blue star-forming
disks but with prominent red bulges (see bottom-right side
panel). For ∼ 108 M� black holes this transition is more
evident with host galaxies lying in the so-called “green val-
ley” (Schawinski et al. 2014), with mean g − r colours of
0.5 and morphologies showing both a red quenched popula-
tion as well as blue star-forming disks which are sometimes

tilted with respect to the old stellar population indicating
a different assembly history (see top-left side panel). It is
interesting to note that the black holes in “green valley”
galaxies are the most efficient accretors (see Section 3.3)
and this likely leads to the rapid transition between star-
forming and quenched populations. Finally, for black hole
masses ≤ 107 M�, the majority of hosts are blue and star-
forming with g − r colours of 0.3 − 0.4 and irregular and
perturbed morphologies (see bottom-left side panel).

While in general host galaxy colours change from blue
to red with increasing black hole mass, note that for
Mstar,HM . 1011M� simulated black holes which are above
the best-fit observed relation live in redder galaxies. This
indicates that the feedback from these black holes, which
are more massive than the average MBH at a given Mbulge,
is quenching their hosts more efficiently. Conversely, black
holes that are undermassive for their host bulge mass (again
for Mstar,HM . 1011M�) tend to live in the bluest galaxies,
which are least affected by their feedback.

We finally note that the scatter in the simulated MBH -
Mbulge relation becomes smaller with higher black hole mass.
This trend is also in accordance with observational findings.
The reasons for this are twofold: i) as the black holes become
more massive and reach certain critical mass (King 2003;
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Figure 5. Redshift evolution of the black hole mass - stellar bulge mass relation at z = 4, 3, 2 and 1. Illustris results are shown as 2D

histograms, where colour-coding is according to the black hole bolometric luminosity (contours include all black holes). Data points at

different redshifts are from Kormendy & Ho (2013) (see text for more details and their Figure 38), while the solid line is the fit from
Kormendy & Ho (2013) to z = 0 ellipticals and bulges, as in Figure 4. Simulation results are consistent with data points at all redshifts

and indicate evolution mostly in the normalisation of the best-fit relation.

Springel et al. 2005; Costa et al. 2014) their feedback is
sufficiently strong to self-regulate not only the black hole
mass itself but also the properties of their host galaxy; ii)
for higher black hole masses more galaxy-galaxy dry mergers
and thus black hole - black hole mergers happen and due
to the central limit theorem (Peng 2007; Hirschmann et al.
2010; Jahnke & Macciò 2011), the scatter in MBH - Mbulge

tightens. We emphasise here that black hole feedback is still
a necessary and crucial ingredient to reproduce the MBH

- Mbulge relation and that this establishes a physical link
between the black holes and their central galaxies.

3.4.2 Redshift evolution of the MBH - Mbulge relation

In Figure 5 we show the simulated MBH - Mbulge relation
at z = 1, 2, 3 and 4. Colour-coding is now according to the

black hole bolometric luminosity. The solid line is the fit
from Kormendy & Ho (2013) to z = 0 ellipticals and bulges,
as in Figure 4, which we plot to emphasise the evolution of
the simulated MBH - Mbulge relation. Data points at differ-
ent redshifts are from Kormendy & Ho (2013), with triangles
corresponding to AGN (z = 0.1 − 1), stars to radio galaxies
(RGs) (z ∼ 2), circles with a cross to sub-millimeter galaxies
(SMGs) (z ∼ 2), starred diamonds to low-redshift quasars
(QSOs) (z = 1 − 2) and diamonds to high-redshift QSOs
(z = 2− 4)§. Simulation results are in generally good agree-
ment with the observations. Nonetheless, due to the limited
box size we can probe neither the very luminous nor the very
rare objects, so we cannot conclude much about the evolu-

§ See also Figure 38 of Kormendy & Ho (2013).
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redshift slope normalisation

z = 0 1.21 −5.29

z = 1 1.23 −5.07
z = 2 1.23 −4.85

z = 3 1.25 −4.91
z = 4 1.28 −5.04

Table 1. The best-fit simulated log(MBH/M�) = A ×
log(Mbulge/M�) + B relation from z = 0 to z = 4, where A

is the slope and B the normalisation. Here we take into account
only black holes hosted by galaxies with stellar half-mass greater

than 108M�.

tion of the MBH - Mbulge relation at the very massive end
or about whether the relatively large scatter seen in obser-
vations especially for the SMGs is reproduced (but see also
Sparre et al. in prep who find a too low fraction of starbursts
in Illustris). We do however find a trend for the simulated
black holes to be more massive for their bulge host mass at
higher redshift. This is quantified in Table 1, where we list
the best-fit slope and normalisation of the simulated MBH -
Mbulge relation from z = 0 to z = 4.

We finally note that, as expected, there is a very
strong trend along the simulated MBH - Mbulge relation
for more massive black holes to have higher bolometric lu-
minosities. There are, however, some very interesting fur-
ther trends with cosmic time, namely: i) at the low black
hole mass end bolometric luminosities are highest at early
times and decrease thereafter; ii) the same holds at the
massive end where 109 M� black holes are powering QSOs
with 1047erg s−1 luminosities preferentially at high red-
shifts; iii) the engines of 1044erg s−1 QSOs (corresponding
to green colours on the histograms) systematically shift from
∼ 107 M� to ∼ 109 M� black holes over the redshift interval
considered. These are the tell-tale signs of cosmic downsiz-
ing of the whole AGN population, which we will investigate
in more detail in Sections 3.5 and 3.6.

3.4.3 MBH - σ relation at z = 0

In Figure 6 we show the simulated MBH - σ relation at z = 0.
The two panels are for two different ways to compute the ve-
locity dispersion of the stars. In the left-hand panel we calcu-
late mass-weighted 1D velocity dispersions of the stars, σ1D,
within the stellar half-mass radii with respect to the mean
mass-weighted stellar velocity within the same radius where
we average the full 3D velocity dispersion. In the right-hand
panel we compute the rotational velocity within the stellar
half-mass radius, by calculating the mass-weighted angular
momentum of the stars divided by the mass-weighted mean
stellar radius within the stellar half-mass radius. We then
take the RMS average of this rotational velocity and the
previously computed σ1D which we denote as σeff . Observa-
tionally velocity dispersion of the stars is typically calculated
as

σ2 =

∫ reff

rmin
(σ2(r) + V 2

rot(r)) I(r)dr∫ reff

rmin
I(r)dr

, (1)

redshift slope normalisation

for σ1D

z = 0 5.04 −2.69
z = 1 4.97 −2.62

z = 2 4.81 −2.37
z = 3 4.64 −2.16

z = 4 4.26 −1.60

for σeff

z = 0 4.42 −1.83

z = 1 4.24 −1.48

Table 2. The best-fit simulated log(MBH/M�) = A ×
log(σ/km s−1) + B relation from z = 0 to z = 4, where A is the

slope and B the normalisation. Here we take into account only

black holes hosted by galaxies with stellar half-masses greater
than 108M�, as we did for the MBH - Mbulge relation as well.

Top 5 rows are for σ1D, while the bottom two rows are for σeff

(see text for more details.)

where reff is the effective radius¶, I(r) is the stellar surface
brightness profile, σ(r) is the line-of-sight velocity dispersion
and Vrot is the rotational velocity (Gültekin et al. 2009; Mc-
Connell & Ma 2013; Kormendy & Ho 2013). While Gültekin
et al. (2009) argue that Vrot is typically small compared to σ
for a subset of their galaxies that have central stellar velocity
dispersion measurement available from HyperLEDA, Harris
et al. (2012) show that many of their galaxies hosting type-1
AGN exhibit a significant rotational component. For these
reasons, we show the simulated MBH - σ relation both with
σ1D and σeff . Furthermore, we have verified that if we com-
pute σ1D within half (or twice) the stellar half-mass radius
the MBH - σ relation is basically unchanged. Thick black
lines denote the best-fit MBH - σ relation at z = 0 from Ko-
rmendy & Ho (2013) fitted to ellipticals and galaxies with
bulges only. Symbols with error bars are from Kormendy &
Ho (2013) as well, where circles are for ellipticals, stars are
for spirals with a bulge and squares are for pseudo bulges.

From Figure 6 we draw several important conclusions:
i) the rotational velocity is very subdominant for the galax-
ies hosting the most massive black holes, where σ1D and σeff

give very similar results (see also Genel et al. in prep.); ii)
for black hole masses less than 109 M� a fraction of galaxies
has a non-negligible Vrot component such that for a given
black hole mass the stellar velocity dispersion can be shifted
further to the right, increasing the scatter of the MBH -
σ relation; iii) at the massive end the agreement between
the Illustris prediction and observational findings is very
good, especially if we use σeff (for the best-fit relation see
Table 2), while at the low mass end the inclusion of Vrot

does not help us to completely explain the scatter seen in
the pseudo bulges (even though there are a few simulated
galaxies which have extremely high σ values for their black
hole mass). Future observations of low σ galaxies hosting
supermassive black holes will be crucial to constrain MBH

- σ relation at the low black hole mass end. In terms of
host galaxy colours we see the same trends described for the
MBH - Mbulge relation, namely a well defined sequence of in-

¶ Note that in practice different authors average over a different

range of radii.
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Figure 6. Black hole mass - stellar velocity dispersion relation at z = 0. Illustris results are shown as 2D histograms colour-coded

according to the host galaxies g − r colours. In the left-hand panel we compute the 1D velocity dispersion of stars, σ1D, from the
mass-weighted 3D velocity dispersion within the stellar half-mass radius. In the right panel we instead compute σeff = (σ2

1D + V 2
rot)

0.5

within the stellar half-mass radius (see text for more details). On both panels the thick black line denotes the best-fit MBH - σ relation

at z = 0 from Kormendy & Ho (2013) fitted to ellipticals and galaxies with bulges only. Symbols with error bars are from Kormendy &
Ho (2013) as well, where circles are for ellipticals, stars are for spirals with a bulge and squares are for pseudo bulges. Illustris agrees

well with the observational findings, especially if, like for the observations, σeff is used as a proxy of stellar velocity dispersion.

Figure 7. Black hole mass - stellar velocity dispersion relation at z = 1. Illustris results are shown as 2D histograms colour-coded
according to the host galaxies g− r colours (rest-frame). In the left panel we compute the 1D velocity dispersion of stars, σ1D, from the
mass-weighted 3D velocity dispersion within the stellar half-mass radius. In the right panel we instead compute σeff = (σ2

1D + v2
rot)

0.5

within the stellar half-mass radius (see text for more details). On both panels the thick black line denotes the best-fit MBH - σ relation
at z = 0 from Kormendy & Ho (2013) fitted to ellipticals and galaxies with bulges only. Note the considerable evolution in host galaxy

colours from z = 0 (see Figure 6), and that the rotational velocity is now contributing more to σeff at almost all black hole masses.

creasingly red g− r colours with higher black hole mass and
over-/under-massive black holes hosted by the redder/bluer
than average galaxies at a given σ.

3.4.4 Redshift evolution of the MBH - σ relation

We now explore the difference between σ1D and σeff at
z = 1 to identify possible systematic uncertainties for the
future observational determinations of the MBH - σ relation,
given that currently there are no MBH - σ measurements for
z > 0.6. As the fraction of rotationally supported systems
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Figure 8. Redshift evolution of the black hole mass - stellar velocity dispersion relation at z = 4, 3, 2 and 1. Illustris results are shown

as 2D histograms, where colour-coding is according to the total gas mass within stellar half-mass radius. The thick solid line is the fit

from Kormendy & Ho (2013) to z = 0 ellipticals and bulges, as in Figure 6. Simulation results indicate that the MBH - σ relation is
evolving with the slope steepening from ∼ 4.26 at z = 4 to ∼ 4.97 at z = 1.

is higher at z = 1 than at z = 0 we find that the inclu-
sion of the rotational velocity becomes a more significant
effect leading to a larger scatter and a different slope and
normalisation of the best-fit relation, as shown in Table 2.
We thus conclude that the observational uncertainties and
systematic biases in the MBH - σ relation at z = 0 (see also
Bellovary et al. 2014), and especially at z > 0 could be more
significant than currently assumed and could be masking the
real evolutionary trends with cosmic time. Similar consider-
ations are applicable to the MBH - Mbulge relation as well
(see also Kormendy & Ho 2013).

By comparing Figures 6 and 7 for which 2D histograms
have been both colour-coded according to the rest frame
g − r colours we can quantify how colours of galaxies host-
ing supermassive black holes evolve with cosmic time. We
find that for a given black hole mass, galaxies at z = 1 are
bluer. However the overall trend of a well defined sequence

of increasingly redder g − r colours along the relation and
over/under-massive black holes sitting in redder/bluer than
average galaxies at a given σ still remains, highlighting the
importance of AGN feedback for z > 0.

In Figure 8 we show the simulated MBH - σ relation at
z = 1, 2, 3 and 4, where we only show the result for σ1D.
Here the colour-coding is according to the total gas mass
within the stellar half-mass radius and the thick solid line is
the fit from Kormendy & Ho (2013) to z = 0 ellipticals and
bulges. There are several important features to note: i) for
z > 0 the scatter in the MBH - σ relation is larger than for
the MBH - Mbulge relation even without including the effect
of rotational velocity; ii) the scatter in the relation signif-
icantly increases at higher redshifts. We have verified that
calculating velocity dispersion in different ways does not de-
crease the scatter (e.g. computing σ1D with respect to the
median velocity or the mean velocity of the whole subhalo,
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Figure 9. Left: distribution of black hole Eddington ratios at z = 4, 3, 2, 1 and 0, as indicated on the legend. There is a clear evolution

in the Eddington ratios with cosmic time, with many black holes accreting close to the maximal rate at z = 4, while for z = 0

λEdd,median = 3.7 × 10−4. Right: Eddington ratios as a function of black hole mass at z = 4, 3, 2, 1 and 0 (same colour-coding as on
the left panel). Continuous lines denote the mean of the logarithm of λEdd in each bin, while the dashed lines show the median values.

Apart from z = 0 result where the average Eddington ratio is lowest for ∼ 107M� black holes, the distribution of λEdd is fairly flat.

Note that at the massive end, i.e MBH ≥ 2 × 109M�, the mean λEdd drops most with decreasing redshift, which is a clear signature of
cosmic downsizing.

computing σ1D within 2 × RHM, defining the centre as the
centre of mass of the whole subhalo or as the position of the
black hole particle, changing the bin size of 2D histograms);
iii) due to the finite box size we are not able to probe the
redshift evolution of black holes at the massive end, but we
note that once black holes reach the MBH - σ relation they
tend to stay on it (or become somewhat more massive); iv)
most of the evolution happens at the low mass end, where
a large fraction of black holes at high redshifts is below the
z = 0 relation; v) this also drives a strong steepening of
the simulated best-fit slope with cosmic time which evolves
from ∼ 4.26 at z = 4 to ∼ 5.04 at z = 0 (for further details
see Table 2); vi) as evident from colour-coding the total gas
mass within the stellar half-mass radius not only increases
with σ (which would be a simple dependence on host halo
mass), but it also shows a trend roughly perpendicular to
the best-fit relation: for a given σ undermassive black holes
live in more gas rich environments than is the case for the
overmassive black holes and this difference is up to a factor
of 10. This demonstrates that the strong AGN feedback not
only quenches galaxy colours but it also efficiently expels
gas from the galaxies’ innermost regions.

The evolution of the slope of the simulated MBH - σ re-
lation is very interesting. According to the well established
analytical models (Silk & Rees 1998; Haehnelt et al. 1998;
Fabian & Iwasawa 1999; King 2003) and as recently demon-
strated by detailed numerical simulations (Costa et al. 2014)
momentum-driven AGN outflows lead to a slope of the MBH

- σ relation equal to 4, whereas energy-driven outflows cor-
respond to steeper slopes of 5. While we are not directly in-
jecting any momentum into the medium surrounding black
holes, large energy injections where the gas becomes outflow-
ing and where at the same time considerable energy is lost

due to the radiation resemble momentum-driven flows and
lead to slopes of the MBH - σ relation close to 4. Conversely,
large energy injections where most of the energy is not radi-
ated away should lead to slopes closer to 5. The evolutionary
trend that we see in Illustris can thus be interpreted in the
following way: at high redshifts there are copious amounts
of very dense and cold gas due to the rapid cooling regime
(White & Frenk 1991; Birnboim & Dekel 2003; Nelson et al.
2013) and thus AGN injected energy can be easily radiated
away, leading to a MBH - σ relation with a slope of ∼ 4; at
low redshifts and especially in massive galaxies there is less
cold gas inflow as it is supported by quasi hydrostatic atmo-
spheres. Thus AGN feedback becomes more energy-driven.
This is particularly the case for our “radio” mode heating
which is more bursty, more energetic and thus less prone to
the radiative losses. These arguments also help explain why
the slope of the MBH - σ steepens for the most massive black
holes, as seen in observations.

3.5 Eddington ratios

In Figure 9 we show the distribution of black hole Edding-
ton ratios from z = 4 to z = 0 (left-hand panel) and the
mean and median Eddington ratios as a function of black
hole mass for the same redshift interval (right-hand panel).
While the distribution of Eddington ratios is quite broad
there is a clear trend with cosmic time. At high redshifts
the majority of black holes accrete at a high rate and the
mean Eddington ratio is essentially flat as a function of black
hole mass. With cosmic time the peak of the Eddington ratio
distribution systematically shifts towards lower λEdd values,
the fraction of the population accreting at the maximal rate
decreases, while at the same time a larger tail of very low
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Figure 10. Distribution of g−r colours (left) and stellar masses within the half-mass radii (right) of galaxies at z = 0 as a function of the

Eddington ratios of their central black holes. The black histogram denotes the median of the distribution, the shaded region encloses the

5th to 95th percentile of the distribution, while dotted lines indicate minimum and maximum values within each bin of λEdd. Coloured
histograms are for galaxies hosting black holes in different mass ranges: MBH < 107M� (blue), 107M� ≤ MBH < 108M� (green),

108M� ≤ MBH < 109M� (orange), 109M� ≤ MBH (red), where the colours have been chosen to roughly match the colour-coding of

Figure 4. For any given λEdd there is a very large spread in galaxy colours and stellar masses, while the median of the distributions is
driven by galaxies hosting low mass black holes. More massive black holes live in redder and more massive galaxies but have a vast range

of Eddington ratios, with a clear trend only for the highest λEdd values.

Eddington accretors builds up. At z = 0 the median λEdd

of all black holes in the Illustris volume is 3.7 × 10−4. Note
that at the massive end, i.e ≥ 2 × 109M�, the mean λEdd

drops most with decreasing redshift, which is a clear sig-
nature of cosmic downsizing. We will explore this further in
Section 3.6 where we will directly link our simulation results
with the observational findings.

In Figure 10 we explore how the distribution of g − r
colours (left-hand panel) and stellar masses within half-mass
radii (right-hand panel) of galaxies at z = 0 depends on the
Eddington ratios of their central black holes. The black his-
togram denotes the median of the distribution, shaded re-
gion encloses the 5th to 95th percentile of the distribution,
while dotted lines indicate minimum and maximum value
within each bin of λEdd. The coloured histograms are for
galaxies hosting black holes in different mass ranges, as spec-
ified in the caption. For any given λEdd there is a very large
spread in galaxy colours and stellar masses. The median of
the distributions is driven by galaxies hosting low mass black
holes, as can be seen by comparing the black and blue his-
tograms. However, we find that black holes more massive
than 108 M� live in redder and more massive galaxies but
have a vast range of Eddington ratios (consistent with the
findings from Figure 9). Only for the highest λEdd values,
i.e. greater than 0.1 the distribution of g−r colours narrows,
corresponding to galaxies that have black holes just below
the MBH - Mbulge and MBH - σ relations.

We further investigate which population of galaxies and
black holes is responsible for the two distinct peaks seen in
the distribution of g− r colours. We find that the peak with
λEdd < −5.7 and g − r > 0.55 corresponds to a distinct
population which lies at the tip of the massive end of the

simulated MBH - Mbulge relation. These galaxies also have
low specific star formation rates and on average low gas
content (even though there is a considerable scatter). The
second peak, i.e. −3.2 < λEdd < −1.2 and g−r > 0.55, is in-
stead caused by galaxies with a mix of properties, which can
be roughly divided into 3 populations: i) a large fraction of
galaxies are occupying the massive end of the MBH - Mbulge

relation, but on average they probe somewhat smaller black
hole masses than is the case for galaxies with λEdd < −5.7
and g − r > 0.55. They also typically have low specific star
formation rates, but are on average more gas rich (again
with a very large scatter); ii) the second population consists
of galaxies with a very wide range of black hole masses, but
at a given Mbulge all of these black holes lie above the best-
fit relation; due to the “overmassive” black holes the host
galaxies have low specific star formation and gas mass; iii)
finally, a third population consists of galaxies with low mass
black holes whose feedback is not strong enough to affect
their hosts. Here, instead, outflows from supernova-driven
winds lead to red galaxy colours, low specific star formation
rates and low gas masses.

3.6 AGN luminosity functions

In Figure 11 we compare the AGN bolometric and hard
X-ray luminosity functions as predicted by the Illustris sim-
ulation at z = 0, 1, 2 and 3 with observations. We refrain
from comparing against the soft X-ray or B-band luminosity
functions because of large uncertainties in the obscuration
fractions and host galaxy contamination which could signif-
icantly bias the interpretation of the results. Note however
that even in the case of the bolometric and hard X-ray lu-
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Figure 11. AGN bolometric and hard X-ray luminosity functions at z = 0, 1, 2 and 3. Illustris results are shown with thick red lines,

while dashed red lines denote unobscured hard X-ray luminosity functions. A radiative efficiency of 0.05 is assumed. For bolometric
luminosity functions data points with error bars are from the compilation by Hopkins et al. (2007), while for hard X-ray luminosity

functions additional data points are taken from Ueda et al. (2014). Thin black lines are best-fit evolving double power-law models to
all redshifts from Hopkins et al. (2007) (see their Figures 6 and 7). Overall we find good agreement with the observed AGN luminosity
functions at the bright end, while for z & 1 we overpredict the number of faint AGN, unless obscuration effects are taken into account.

minosity functions large uncertainties remain due to poorly
constrained bolometric corrections (Hopkins et al. 2007; Va-
sudevan & Fabian 2007, 2009; Lusso et al. 2012) and the
uncertain fraction of Compton-thick sources for z & 0.

Keeping these caveats in mind, we compare the Illus-
tris AGN bolometric luminosity function with the bolomet-
ric luminosity function as derived by Hopkins et al. (2007),
which is still the standard reference in the field even though
it does not consider Eddington ratio dependent bolometric
corrections (Vasudevan & Fabian 2007, 2009; Lusso et al.
2012). For the hard X-ray luminosity function we compute
the simulated X-ray luminosities from our bolometric lumi-
nosities by adopting the bolometric corrections of Hopkins
et al. (2007). For the X-ray luminosity function we also do
not consider black holes with Eddington ratios smaller than

10−4, which is a very conservative estimate given that these
objects should be in a radiatively inefficient regime.

We have also corrected the hard X-ray luminosities as-
suming the obscuration fraction given by equation 4 in Hop-
kins et al. (2007) which is redshift independent, but that did
not lead to any substantial changes. However, if we adopt
the obscuration fraction proposed by Hasinger (2008) (con-
sistent with a more complicated formulation used by Ueda
et al. (2014)) which does include redshift dependence, the
obscuration effects are much more significant. Thus, we plot
both unobscured (dashed lines) and obscured X-ray lumi-
nosities following Hasinger (2008).

We compare our hard X-ray luminosity function with
the most recent compilation by Ueda et al. (2014). By as-
suming bolometric corrections from Hopkins et al. (2007) as
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Figure 12. Left: redshift evolution of the comoving number density of AGN split into three bins based on their bolometric luminosity

(in logarithmic units): 43.5 − 44.5 (dark blue, top curve), 44.5 − 45.5 (turquoise, middle curve) and 45.5 − 46.5 (red, bottom curve).

Observational constraints from Hopkins et al. (2007) are shown with circles joined by continuous lines, while the Illustris results are
denoted with star symbols. Here we are showing the results only for black holes more massive than 107M� and a radiative efficiency

of 0.05 is assumed. Right: redshift evolution of the comoving number density of AGN split into three bins based on their hard X-ray

luminosity (in logarithmic units): 42 − 43 (dark blue, top curve), 43 − 44 (turquoise, middle curve) and 44 − 45 (red, bottom curve).
Observational constraints from Ueda et al. (2014) are shown with circles and the continuous curves with matching colours are their

best-fit model. The Illustris results are denoted with star symbols (filled are for obscuration effects included). Also here we are showing

the results only for black holes more massive than 107M�, with Eddington ratio higher than 10−4 and for an assumed radiative efficiency
of 0.05.

well, Ueda et al. (2014) showed that to reconcile the black
hole mass function obtained from the revised MBH - Mbulge

relation (Kormendy & Ho 2013) with the black hole mass
function calculated from the bolometric luminosity function
using Soltan-type arguments, the mean radiative efficiencies
of AGN need to be revised downwards. Assuming an average
Eddington ratio of ∼ 0.7 that does not depend on redshift
or AGN luminosity, Ueda et al. (2014) determine a mean
radiative efficiency of εr ∼ 0.05.

We start our analysis by fixing the radiative efficiency
to 0.05 as shown in Figure 11. This is not the value that
yields the best match with the observed luminosity func-
tions, but it is merely motivated by the considerations made
by Ueda et al. (2014). Note that any constant value of εr
simply changes the normalisation but not the shape of the
luminosity functions. For εr = 0.05 we find good agree-
ment with observations at all redshifts, both for bolomet-
ric and hard X-ray luminosity functions, at the bright end.
For z ≥ 2 we overpredict the number of faint AGN with
Lbol < 1045 erg s−1 and L2−10keV < 1044 erg s−1 unless we
take into account redshift-dependent obscuration.

There are several important conclusions to draw from
this comparison: i) for our simulated Eddington ratios, con-
stant εr values of ≥ 0.1 are inconsistent with the data. This
is in agreement with the conclusions by Ueda et al. (2014)
even though they assume a very different λEDD; ii) a low
constant value of εr = 0.05 implies that our feedback effi-
ciency should be 0.2 instead of 0.05 (given that the prod-
uct of these is degenerate, see Section 2.4.2) if we are to
successfully reproduce black hole mass function and black
hole - galaxy scaling relations; iii) there are several lines of

both theoretical and observational evidence (e.g. Mahade-
van 1997; Ciotti et al. 2009; Ueda et al. 2014) indicating
that radiative efficiencies might depend on black hole prop-
erties, such as their accretion rate. By setting εr = 0.1 for all
black holes in the “quasar” mode and by computing an ac-
cretion rate dependent εr for black holes in the “radio” mode
(following Mahadevan 1997) we can also get a good match
to the observed luminosity functions. Thus, even though we
cannot uniquely constrain radiative efficiencies, on average
they should still be low. Alternatively, radiative efficiencies
could be higher if the bolometric corrections are currently
largely underestimated. This is a very interesting prediction
of our model that can be verified once robust estimates of
Eddington ratios for a range of black hole masses and red-
shifts become available, which would break the degeneracies
between Eddington ratio and radiative efficiency distribu-
tions.

We now discuss the possible systematic biases at the
faint end of the AGN luminosity function for z & 1. Naively,
given that the X-ray luminosity function determined by
Ueda et al. (2014) is de-absorbed we would not need to ap-
ply any obscuration correction. However, the Ueda et al.
(2014) sample is flux-limited, while our sample is volume-
limited meaning that many of our unobscured AGN with
L2−10keV ∼ 1042−1043 erg s−1 would be below the detection
threshold. In fact our number density of AGN is dominated
by low luminosity objects while Ueda et al. (2014) find only
around 40 sources for z > 2 with L2−10keV ≤ 1043 erg s−1.
Thus a large fraction of the discrepancy at the faint end
between our unobscured X-ray luminosity function and the
observational one could be due to this mismatch. There are
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Figure 13. Top panels: Star formation rate within stellar half-mass radius as a function of the hard X-ray luminosity of the central
AGN. Illustris results at z = 1, 0.65 and 0.35 are shown with 2D histograms (colours indicate number density), while the data points

(green diamonds) are for the PRIMUS galaxies from Azadi et al. (2014) and COSMOS galaxy compilation (red circles) from Lusso et al.
(2010, 2011); Brusa et al. (2010); Bongiorno et al. (2012) for the redshift ranges 0.2 < z < 0.5, 0.5 < z < 0.8 and 0.8 < z < 1.2,

respectively. Bottom panels: Stellar mass within the stellar half-mass radius versus the hard X-ray luminosity of the central AGN for the

Illustris galaxies (2D histograms), PRIMUS galaxies from Azadi et al. (2014) (green diamonds), and COSMOS galaxies (red circles). In
all panels the best-fit relation to the Illustris galaxies is shown with a thick black line. While we do see a correlation in the simulated

relations, there is a considerable scatter, such that for a given L2−10keV value star formation rates and stellar masses can vary by up to

2 orders of magnitude.

other sources of uncertainties as well. Radiative efficiencies
could be luminosity dependent, there could be significant
biases due to the uncertainties in bolometric corrections, or
the Illustris predictions could be wrong. Future observations
of the faint end of the AGN luminosity function will be cru-
cial to shed light on these issues. Finally, we note that the
Hopkins et al. (2007) bolometric luminosity function at the
faint end could be a lower limit given the much more signif-
icant obscuration effects estimated by Hasinger (2008) and
Ueda et al. (2014).

Keeping these uncertainties in mind, in Figure 12 we
now compare the redshift evolution of the comoving number
density of AGN split into three bins based on their bolomet-
ric (left-hand panel) and hard X-ray luminosity (right-hand
panel) with the estimates by Hopkins et al. (2007) and Ueda
et al. (2014). This is a more direct way of probing the ob-
served cosmic downsizing of the AGN population that we
have discussed in Section 3.5 in terms of Eddington ratios.
We find that the Illustris simulation qualitatively reproduces
observations, with the agreement being best for the highest

luminosity bin and poorest for the lowest luminosity bin,
both in the case of bolometric and hard X-ray luminosities.
The drop of the AGN comoving number density in Illustris
for z < 2 is systematically steeper for higher luminosity ob-
jects in agreement with observations but we do not find that
the number density of lower luminosity AGN peaks at lower
redshifts. We however caution that the detailed shape of the
AGN comoving number density could depend on systematic
biases, such as the combination of obscuration effects and
flux limits of present surveys, as the significant difference be-
tween our obscuration corrected and unobscured luminosity
functions indicates.

3.7 The link between star formation and AGN
triggering

In Figure 13 we show star formation rates within stellar
half-mass radius (top panels) and stellar mass within the
same radius (bottom panels) as a function of the hard X-
ray luminosity of the central AGN. We compare the Illustris
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results with the recent study by Azadi et al. (2014) based on
the PRIMUS survey (green diamonds) and with the COS-
MOS data compilation (Lusso et al. (2010, 2011), with stel-
lar masses and star formation rates from Bongiorno et al.
(2012) and redshifts from Brusa et al. (2010); red circles).
The three panels are for different redshift intervals probed
by the surveys while we plot the Illustris data at the mean
redshift of each redshift bin. This comparison reveals why it
has been so hard for the present observations to establish a
clear link between star formation and AGN activity. Regard-
less of the redshift considered, there is considerable scatter
in the simulated relations, such that for a given L2−10keV

star formation rates and stellar masses can vary by up to
2 orders of magnitude. For a given star formation rate the
variation in L2−10keV is even larger, spanning up to the full
X-ray luminosity range. This demonstrates that triggering
of star formation and central AGN are not necessarily al-
ways tightly linked neither in terms of common origin nor in
terms of coherent timing. For example, minor wet mergers,
cold gas inflows and local gas compression might trigger star
formation but the fresh gas supply might not get funnelled
to the central-most region where the AGN resides (either
due to gas consumption and/or expulsion along the way or
due to the residual gas angular momentum). Moreover the
timing of star formation versus AGN triggering can be dif-
ferent even in the case of gas-rich major mergers which do
bring copious amounts of gas to the centre, as repeatedly
shown in numerical simulations of isolated galaxy mergers
(e.g. Springel et al. 2005; Sijacki et al. 2011; Thacker et al.
2014). Thus, given the large intrinsic scatter in the SFR -
L2−10keV plane as predicted by the Illustris simulation and
given that both PRIMUS and COSMOS data cover a rel-
atively narrow range of X-ray luminosities no correlation
between the two can be observationally inferred. Note how-
ever that regardless of the large scatter there is a correlation
between star formation rates and AGN luminosities in Illus-
tris, as shown by the thick black line in Figure 13 which
is the best-fit relation. This is to be expected as the shape
of the cosmic star formation rate density is similar to the
shape of the black hole accretion rate density (see Figures 1
and 2). This highlights that there is an underlying strong
physical connection between star formation and black hole
growth driven by large scale cosmological gas inflows and
mergers but the details of each trigger effect may vary.

4 DISCUSSION AND CONCLUSIONS

In this work we have presented an overview of the main
properties of black holes as predicted by the Illustris simu-
lation. Owing to its large volume and high dynamic range
we can study the properties of a representative sample of
black holes embedded within host galaxies with resolved
inner structural properties. The Illustris simulation volume
is too small to follow the formation and evolution of the
most massive black holes observed in the Universe, but it is
sufficiently large that we can characterise e.g. the black hole
mass function, black hole - host galaxy scaling relations and
AGN luminosity functions over the most important ranges.
We note that while the free parameters of the black hole
model have been tuned to reproduce star formation rate
history and stellar mass function at z = 0 (Vogelsberger

et al. 2013; Torrey et al. 2014) and the quasar feedback effi-
ciency has been selected following Di Matteo et al. (2005);
Springel et al. (2005), the main properties of black holes are
a genuine prediction of our model. Thus we find it highly
encouraging that the Illustris simulations reproduce several
key observables, also allowing us to highlight possible bi-
ases in current datasets and to make predictions for future
observational programmes. Our main findings are as follows:

• We find that the black hole mass density over the whole
redshift range probed by observations, i.e. for z < 5 is con-
sistent with the estimate based on the most up-to-date hard
X-ray survey compilation by Ueda et al. (2014). For black
holes more massive than 107M� the mass function at z = 0
is in good agreement with the constraints by Shankar (2013),
which are based on the revised MBH - σ scaling relation of
McConnell & Ma (2013). These two results taken together
indicate that we have a realistic population of black holes
formed in the Illustris simulation both in terms of the total
number density and also in terms of the mass distribution.

• The Illustris data set allowed us not only to construct
the MBH - Mbulge and MBH - σ scaling relations which are
in very good agreement with the most recent estimates (Mc-
Connell & Ma 2013; Kormendy & Ho 2013) but also to re-
late galaxy properties, in terms of their morphologies and
colours, to the position on these relations. This permits us,
for the first time to our knowledge, to pin down for which
galaxy types co-evolution with their central black holes is
driven by a physical link, rather than arising as a statistical
byproduct.

• Specifically, we find that observed pseudo bulges co-
incide with blue star-forming Illustris galaxies having un-
dermassive black holes which do not significantly affect ei-
ther their colours or their gas content. While some of the
black hole and stellar mass assembly in these objects do
have a common origin, the feedback loop is not fully es-
tablished, and other physical processes, such as supernova-
driven winds might be prevailing. This explains why at the
low mass end the scatter in the observed MBH - Mbulge and
MBH - σ increases.

• Interestingly, the most efficient accretors at z = 0 typi-
cally correspond to black holes just under the observed MBH

- Mbulge relation indicating that these objects, due to a suffi-
cient gas supply, can transform galaxy properties from blue
star-forming to red and quenched on short timescales. In
fact, 108M� black holes have the highest Eddington ratios
on average and reside within galaxies with colours g−r ∼ 0.5
and with a mix of morphologies, resembling the so-called
“green valley” objects (Schawinski et al. 2014).

• Black holes which are above the best-fit MBH - Mbulge

and MBH - σ relations or reside at the massive end, are
hosted by galaxies which have red colours, low gas fractions
and low specific star formation rates. This directly demon-
strates that for these systems there is a strong physical link
between galaxy properties and their central black holes and
co-evolution does take place.

• By examining the redshift evolution of the MBH -
Mbulge and MBH - σ relations, we find that black hole growth
precedes galaxy assembly, where for a given bulge mass black
holes for z > 0 are more massive than their z = 0 coun-
terparts. This is also in line with the shape of the black
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hole accretion rate density which rises more steeply than
the cosmic star formation rate density for z > 2. The red-
shift evolution of the slope of the MBH - σ relation indicates
that at high redshifts there are significant radiative losses
in the AGN-driven outflows while at low z and especially
in massive objects radiation losses are subdominant so that
the energy-driven flow is established. This slope evolution
seen in Illustris also naturally explains the slope steepen-
ing found in local massive ellipticals and brightest cluster
galaxies. However we caution that the detailed comparison
with observations can be systematically biased depending
on how stellar velocity dispersion is measured, for example,
and that these biases are likely more severe at z > 0. For
future observations it will be of prime importance to disen-
tangle these effects from a genuine redshift evolution of the
scaling relations to understand how AGN feedback operates
as a function of cosmic time.

• Comparison of the AGN luminosity function predicted
by the Illustris simulations with observations reveals that
on average AGN radiative efficiencies need to be low if we
are to simultaneously match the black hole mass density,
mass function and the normalisation of the MBH - Mbulge

and MBH - σ relations, unless the bolometric corrections are
currently largely underestimated. This result is in line with
the conclusions drawn by Ueda et al. (2014) based on the
hard X-ray data and is driven by the revised black hole -
host galaxy scaling relations (McConnell & Ma 2013; Ko-
rmendy & Ho 2013) with respect to the past findings (Yu
& Tremaine 2002; Häring & Rix 2004). While we cannot
uniquely predict radiative efficiencies as they are degenerate
with the black hole feedback efficiencies in our model, on
average low εr values indicate that a larger fraction of AGN
luminosity needs to couple efficiently with the surrounding
gas. Future observations of black hole duty cycles and Ed-
dington ratio distributions across redshifts and black hole
masses will help to shed light on these issues.

• We find that the Illustris AGN population undergoes
cosmic downsizing (Barger et al. 2005; Hasinger 2008; Ueda
et al. 2014). Not only does the distribution of Eddington
ratios evolve with redshift in accordance with cosmic down-
sizing, but we directly show that the simulated number den-
sities of AGN, split into different hard X-ray luminosity bins,
exhibit systematically steeper drops with redshift for more
luminous objects. We do not find that the number density
of lower luminosity AGN peaks at lower redshifts in Illus-
tris and we caution that flux-limited samples employing the
large obscuration corrections advocated by Hasinger (2008);
Ueda et al. (2014) might miss a significant population of
faint AGN which we see in our volume-limited sample. This
would bias the shape of the AGN number density evolution
for L2−10keV . 1044 erg s−1 and produce a flatter slope of
the AGN luminosity function at the faint end.

• We finally explore the physical link between star for-
mation and black hole accretion triggering. Current obser-
vations have struggled to find clear evidence of such a link
(e.g. see Azadi et al. 2014, and the references therein), thus
questioning the standard lore where due to mergers galaxies
and black holes grow hand-in-hand. We find that the black
hole X-ray luminosities (direct proxies of the accretion rates)
are correlated with the host galaxy star formation rate – in
accordance with the similar shapes of the cosmic star for-
mation and black hole accretion rate density – albeit with a

large scatter. Current observations probe a too narrow dy-
namic range in X-ray luminosities to see this correlation,
even though it can be inferred if the spectroscopically con-
firmed COSMOS data (Lusso et al. 2010, 2011; Brusa et al.
2010; Bongiorno et al. 2012) at all redshifts are combined to-
gether. Large scatter seen in the simulated SFR - L2−10keV

relation demonstrates that the physical link between star
formation and black hole accretion triggering is more com-
plex than previously envisaged. Gas-rich major mergers are
responsible for the starburst – AGN connection but rela-
tive timing offsets (see also Wild et al. 2010), whereby lumi-
nous quasars light-up with a delay, contribute to the scatter.
Moreover, in the case of large scale gas inflows and minor
mergers star formation events might not be followed by black
hole accretion because of gas consumption, expulsion or a
residual angular momentum barrier.

Large scale cosmological simulations such as Illustris
where thousands of galaxies are sufficiently well resolved to
study their morphological properties are a unique tool to
dissect the cosmological co-evolution (or the lack thereof)
for representative samples of galaxies and their central black
holes in the Universe. Studying black hole growth and feed-
back with future improved simulations will be more timely
than ever and promises to give us an ever more precise un-
derstanding of the astrophysical role these fascinating ob-
jects play.
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APPENDIX A: CONVERGENCE ISSUES

Having discussed convergence properties of the black hole
accretion rate and mass density in Section 3.1, here we focus
on the convergence of the black hole mass function and MBH

- Mbulge relation which we have presented for the highest
resolution Illustris simulation in Sections 3.3 and 3.4.
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Figure A1. Black hole mass function at z = 0, split by the

Eddington ratios of black holes, as indicated on the legend. For

each colour thin to thick lines are for Illustris simulations with
three different resolutions: 3 × 4553, 3 × 9103 and 3 × 18203,

respectively.

In Figure A1 we show the black hole mass function at
z = 0, split by the Eddington ratios of black holes, as in-
dicated in the legend. For each colour thin to thick lines
are for Illustris simulations with three different resolutions:
3×4553, 3×9103 and 3×18203, respectively. There are two
important features to notice. While the convergence rate
for the total mass function is not very good (similarly to
what we found for the black hole accretion rate density),
the uncertainty due to this is smaller than the observational
uncertainty as estimated by Shankar (2013). Furthermore,
the convergence rate significantly improves if we consider
black holes with Eddington ratios λEdd > 10−4; essentially
that’s true for all black hole masses, but especially at the
massive end. This is very encouraging given that black holes
with higher λEdd will likely influence their host galaxies more
than the very radiatively inefficient accretors and also con-
sidering that most of the black hole mass is accreted during
the radiatively efficient accretion phase.

In Figure A2 we show the stellar half-mass of all galaxies
at z = 0 versus their central black hole mass for the low (left)
and intermediate (right) resolution Illustris simulation. The
same plot for the high resolution simulation is illustrated
in Figure 4. Again here the results are reassuring in terms
of numerical convergence. If we apply the same minimum
stellar particle number within the half-mass radius of 80 as
we did for our high resolution run (corresponding to a min-
imum stellar half-mass of 108 M�), the best-fits yield slopes
of 1.61 and 1.37 and normalisations of −9.08 and −6.91 for
our low and intermediate resolution runs, respectively. Fur-
thermore, from Figure A2 it is evident that the massive end
of the MBH - Mbulge relation is not significantly affected by
resolution effects where for all three runs we reproduce the
data well. We finally note that even the main g − r colour
trend along the simulatedMBH -Mbulge relation is present at
all resolutions, although with increasing resolution we find a

higher fraction of blue star-forming galaxies at the low mass
end.
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T. R., Couchman H. M. P., 2013, MNRAS, 428, 129

Thacker R. J., MacMackin C., Wurster J., Hobbs A., 2014,
MNRAS, 443, 1125

Torrey P., Vogelsberger M., Genel S., Sijacki D., Springel
V., Hernquist L., 2014, MNRAS, 438, 1985

Torrey P., Vogelsberger M., Sijacki D., Springel V., Hern-
quist L., 2012, MNRAS, 427, 2224

Tremaine S., Gebhardt K., Bender R., Bower G., Dressler
A., Faber S. M., Filippenko A. V., Green R., Grillmair
C., Ho L. C., Kormendy J., Lauer T. R., Magorrian J.,
Pinkney J., Richstone D., 2002, ApJ, 574, 740

Treu T., Malkan M. A., Blandford R. D., 2004, ApJ, 615,
L97

Ueda Y., Akiyama M., Hasinger G., Miyaji T., Watson
M. G., 2014, ApJ, 786, 104

Vasudevan R. V., Fabian A. C., 2007, MNRAS, 381, 1235
Vasudevan R. V., Fabian A. C., 2009, MNRAS, 392, 1124
Vogelsberger M., Genel S., Sijacki D., Torrey P., Springel
V., Hernquist L., 2013, MNRAS, 436, 3031

Vogelsberger M., Genel S., Springel V., Torrey P., Sijacki
D., Xu D., Snyder G., Bird S., Nelson D., Hernquist L.,
2014, Nature, 509, 177

Vogelsberger M., Genel S., Springel V., Torrey P., Sijacki
D., Xu D., Snyder G. F., Nelson D., Hernquist L., 2014,
MNRAS accepted, arXiv: 1405.2921

Vogelsberger M., Sijacki D., Kereš D., Springel V., Hern-
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Crampton D., Delfosse X., Forveille T., Hutchings J. B.,
McLure R. J., Omont A., Schade D., 2010, AJ, 139, 906

Woo J.-H., Treu T., Malkan M. A., Blandford R. D., 2008,
ApJ, 681, 925

Yu Q., Tremaine S., 2002, MNRAS, 335, 965

c© 0000 RAS, MNRAS 000, 000–000


	1 Introduction
	2 Methodology
	2.1 Numerical method
	2.2 The simulation suite
	2.3 The model for galaxy formation
	2.4 Black hole model

	3 Results
	3.1 Convergence issues
	3.2 Black hole accretion rate and mass density
	3.3 Black hole mass function
	3.4 Scaling relations with host galaxies and their evolution
	3.5 Eddington ratios
	3.6 AGN luminosity functions
	3.7 The link between star formation and AGN triggering

	4 Discussion and Conclusions
	A Convergence issues

