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Introduction (1/2)
• Growth timescale of SMBHs,  

     and triggering mechanisms of AGNs 
 
 

• Growth timescale (QSOs): ~ 107 yr (e.g. Yu & Tremaine 2002)  

• Triggering mechanisms of AGNs?
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Their effects are 
degenerate to each other?

(‘frequency’ of AGN activities)

time time

quiescent / active quiescent / active

How about less luminous (LX < 1044 erg/s) AGNs? 
How is this timescale determined? (physical processes)



Introduction (2/2)
• Hirschmann +12 (with an SA model) 

 
mergers only:  
underestimate less  
luminous AGNs 
 
disc instabilities play a role. 
(but with simple modelling) 
 
accretion timescale ~ Salpeter timescale


• Only one solution?

"3

Antihierarchical growth of black holes 249

Figure 7. The same as in Fig. 6, but for different SAM models: the green solid lines correspond to the output of the FID model, the orange, dashed lines show
the DISH model and the red, solid lines illustrate the results from the VEDISH model. For the VEDISH model, a reasonably good agreement with observations
is obtained.

Franca et al. 2005), in which it has been shown that the fraction of
obscured AGN is luminosity dependent and decreases with increas-
ing luminosity. While older studies such as Ueda et al. (2003) and
Steffen et al. (2003) did not find a clear dependence of obscuration
on redshift, several recent observational studies (Ballantyne et al.
2006; Gilli, Comastri & Hasinger 2007; Hasinger 2008) propose a
strong evolution of the obscured AGN population (with the rela-
tive fraction of obscured AGN increasing with increasing redshift).
Here, we follow the study of Hasinger (2008), where they compare
the same AGN in both the soft and hard X-ray band so that they can
derive an approximation for the obscured fraction in the soft X-ray
band. The obscured fraction is then given by this equation:

fobsc = −0.281(log(LLXR) − 43.5) + 0.279(1 + z)α, (16)

where they find that a value of α = 0.62 provides the best fit to their
observational data. By calculating the obscured fraction of AGN
in the soft X-ray band, we can model the visible fraction of AGN

f vis = 1 − f obsc and thus, the visible number density of AGN in the
soft X-ray range is given by

"vis(LSXR) = fvis "total(LSXR). (17)

Fig. 8 shows the soft X-ray LF for different redshift ranges pre-
dicted by our FID, DISH and VEDISH models, compared with
observations from Hasinger et al. (2005) and Ebrero et al. (2009).
We show the model predictions with and without the obscuration
correction described above. For the high-luminosity end (LSXR >

1045 erg s−1), obscuration does not influence our results and thus,
one can see the same trends as already discussed in Fig. 7. Turn-
ing to the low-luminosity end at low redshifts (z ≤ 0.8), the FID
model matches the observational data, while the DISH and VEDISH
model overproduce the number density of AGN. However, consid-
ering obscuration effects leads to better agreement of the VEDISH
model with the observed number densities than the FID model.
At high redshift (z > 0.8), both the FID and the VEDISH model
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10 12 14



ν2GC (1/4)

"4

ν2GC-L (1120h-1Mpc)
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simulation with 16384 MPI (Message Passing Inter-
face) tasks, in which eight OpenMP threads ran in
parallel. The calculation time was 50–60 s per step
with global and adaptive timesteps. The total CPU
time and memory consumed were 11 million CPU hr
(1.38 million node hr) and about 50 TB. At z = 0, the
maximum CPU and memory imbalances are about 3% and
25%. The relatively large imbalance of memory consump-
tion ensured nearly ideal load balance.

The data set of the particles was stored at 51 time slices
from z = 20 to z = 0 for the ν2GC-L, ν2GC-M, and ν2GC-S
simulations. From z = 7.54, a total of 46 output redshifts
was selected, as the time interval is proportional to the
typical dynamical time of the halos. The corresponding
logarithmic redshift interval "log (1 + z) is 0.02–0.03.
Moreover, five data sets at high redshifts of z = 8.15, 10.0,
12.9, 16.2, and 20.0 were stored. For the ν2GC-H1 and
ν2GC-H2 simulations, the 46 output redshifts from z = 7.54
were identical to those of the first three simulations. Fur-
thermore, from z = 12.5 to z = 7.54, 10 data sets with a
constant logarithmic redshift interval of "log (1 + z) = 0.02
and two data sets at high redshifts of z = 16.2, 20.0 were
stored. Thus there is a total of 58 time slices for the ν2GC-
H1 and ν2GC-H2 simulations. For the ν2GC-H3 simula-
tion, the output redshifts were identical to those of the
ν2GC-H1 and ν2GC-H2 simulations, and 22 data sets were
stored down to z = 4.

We compare the effectiveness of the ν2GC simulations
with that of the other recent large cosmological simula-
tions in figure 1. The figure includes simulations with par-
ticle mass resolutions better than 1010 h−1 M⊙, box sizes
larger than 70 h−1 Mpc, and particle numbers larger than
20483. To resolve the effective Jeans mass at high redshifts,
the critical mass resolution of halos is ∼ 109–1010 h−1 M⊙

(Nagashima et al. 2005). Thus, only our ν2GC-L and
ν2GC-M simulations are able to accurately follow the phys-
ical processes of the formation and evolution of galaxies and
bright AGNs in the context of the hierarchical structure
formation scenario based on the concordance cosmology.
Clearly, there is a severe lack of large simulations for small
galaxies based on the Planck cosmology, which our ν2GC
simulations fill. Just before the completion of this study,
a simulation with volume and mass resolution compa-
rable with those of the ν2GC-L simulation was reported by
Heitmann et al. (2014). However, their simulation is still
based on the WMAP7 cosmology (Komatsu et al. 2011),
which is significantly different from the Planck cosmology
adopted in this study.

Our ν2GC-L simulation offers the highest mass res-
olution among simulations utilizing boxes larger than
1 h−1 Gpc. Compared with the Millennium simulation
(Springel et al. 2005), the ν2GC-L simulation performed

Fig. 1. Mass resolution versus simulation volume of recent large cos-
mological N-body simulations. The mass resolution of each simulation
is corrected, as the cosmological parameters of all simulations are the
same as those we chose. The number of particles along the three dashed
lines is constant. Circles show simulations based on the Planck cos-
mology. The six filled circles are the ν2GC simulations. The four open
gray circles denote four of the five Dark Sky Simulations (DSS: Skillman
et al. 2014). The mass resolution of the rest of the DSS is below the
range of this figure. The three black circles are the BolshoiP, MDPL,
and SMDPL simulations (Klypin et al. 2014). Gray open triangles show
simulations based on the WMAP cosmology by other groups: Millen-
nium simulation (Springel et al. 2005), Horizon (Teyssier et al. 2009),
Millennium-II (Boylan-Kolchin et al. 2009), White+10 (White et al. 2010),
Bolshoi (Klypin et al. 2011), Millennium-XXL (Angulo et al. 2012), and Q
Continuum (Heitmann et al. 2014). (Color online)

with 55 times more particles, 4 times better mass resolution,
and 11 times larger volume. Since two times better mass
resolution and three times larger volume are obtained with
the ν2GC-H3 simulation, this simulation is better suited to
studying galaxies at high redshifts than the Millennium-II
simulation (Boylan-Kolchin et al. 2009), whose properties
are comparable with those of the ν2GC-H1 and ν2GC-H2
simulations.

Note that outside the regions displayed in figure 1, there
are many large simulations adopting over 20483 particles,
including Horizon Runs (Kim et al. 2009, 2011), Multi-
Dark simulations (Prada et al. 2012), DEUS (Alimi et al.
2012), MICE series (Fosalba et al. 2008, 2013; Crocce et al.
2010), Jubilee (Watson et al. 2014), Dark Sky Simulations
(Skillman et al. 2014), and the Outer Rim (Heitmann et al.
2014). Since adopting a larger box in these simulations
resulted in poorer mass resolution, galaxy and AGN for-
mations are not targets of these simulations, even the sim-
ulation with larger particles than ν2GC-L (Skillman et al.
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N-body simulations (Ishiyama+ 15) 
 
 
 
 
 
 
 
 
Minimum halo mass:     (1.37 - 87.9)×108 Msun



SMBH growth (mergers and/or DI) 
 

"5

Mergers and/or disc instability Starburst (bulge)

Normal SF (disc)

SMBH growth

Dynamical friction 
Random collision 
  (Hopkins+09)

                                   (Efstathiou+ 82) 

- Including bulge potential

5% of the disc → bulge

V
max

(GM
disc

/r
ds

)1/2
< ✏

DI,crit

Accreted gas mass: 

 

SMBH-SMBH coalescence

�Macc = fBH�M⇤,burst

Mseed = 103M�

ν2GC (2/4) 



SMBH growth & AGNs 
accretion rate:  
 
bolometric luminosity: 


 
X-ray (2-10 keV) luminosity: 

"6

˙MBH =

�Macc

tacc
exp

✓
� t� tstart

tacc

◆

(based on Kawaguchi+ 03)

L
bol

LX
= g(L

bol

)

(based on Marconi + 04)
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We do not consider an obscured phase (e.g. Hopkins et al.
2005), in which SMBHs do not appear as luminous AGNs at opti-
cal bands despite sufficiently large accretion rates onto SMBHs. To
avoid this uncertainty, we compare the model results with observa-
tions by using “absorption-corrected” AGN LFs in hard X-ray (2-10
keV) (see also Sec. 2.4.5).

2.4.4 AGN luminosity

We calculate the AGN bolometric luminosity, Lbol, from the ac-
cretion rate (Eq. 29). Hereafter we define the bolometric lumi-
nosity normalized by the Eddington luminosity (LEdd) as λEdd ≡
Lbol/LEdd and the accretion rate normalized by Eddington rate
( "MEdd = LEdd/c2) as "m. The Eddington luminosity is defined as

LEdd =
4πcGmp

σT
MBH, (32)

where c and σT are the speed of light and cross section of Tompson
scattering, respectively. We employ the following relation between
λEdd and "m (based on Kawaguchi (2003)):

λEdd =
!

1
1 + 3.5{1 + tanh(log( "m/ "mcrit))}

+
"mcrit
"m

"−1
, (33)

where "mcrit is an adjustable parameter, whose value should be 2.5 !
"mcrit ! 16.0. When we set "mcrit = 10.0, the λEdd, described as
Eq. 33, has similar dependence on "m to that obtained by Watarai
et al. (2000) and Mineshige et al. (2000). In this paper, we set
"mcrit = 10.0.

We note that although the gas accretion rate (Eq. 29 decreases
monotonically with time, Lbol does not necessarily decrease with
time. The bolometric luminosity normalized by LEdd, λEdd, de-
crease monotonically with time (Eq. 33). Since LEdd is proportional
to MBH, it, on the other hand, increases with time. When the fol-
lowing condition is satisfied, Lbol(t) becomes larger than Lbol(tstart):

λEdd(t)
λEdd(tstart)

>
LEdd(tstart)

LEdd(t)
. (34)

A part of AGNs with λEdd > 1.0 satisfies this condition.
In order to obtain AGN luminosity in the optical or X-ray

range, we employ the bolometric correction estimated by Marconi
et al. (2004):

log[L/LY] = a + bL + cL2 − dL3, (35)

where L = (log L − 12), L is the intrinsic bolometric luminosity
in units of L⊙ (= 3.826 × 1033 erg/s), and LY is the luminosity
in hard X-ray, log(LX/erg s−1), or B-band luminosity, νBLB (νB
is a central frequency of the B-band corresponding to 4200 Å).
Parameters (a, b, c, d) are (1.54, 0.24, 0.012,−0.0015) for hard X-
ray, and (0.80,−0.067, 0.017,−0.0023) for B-band. To obtain UV
(1450 Å) luminosity, LUV, we simply use

LUV = 0.26Lbol, (36)

which can also be described as MUV = MB + 0.85 (MUV and MB

are UV− and B− band magnitudes, respectively), with the template
SED presented in Kawaguchi et al. (2001).

2.4.5 “Observable fraction” of AGNs

To compare the calculated AGN LFs with observed UV AGN LFs,
we need to define “observable fraction” in UV-band, fobs,UV , be-
cause we can only obtain the intrinsic luminosity of AGNs from

our model. Since AGN obscuration and absorption processes are
very complicated, we derive an empirical formula by the following
procedures. Recent work (e.g. Aird et al. 2015; Ueda et al. 2014) has
estimated the column density distribution around AGNs by a com-
pilation of available samples obtained by Swift/BAT, MAXI, ASCA,
XMM-Newton, Chandra and ROSAT. Therefore, one can estimate
the “intrinsic” luminosity in hard X-ray of observed AGNs by uti-
lizing the column density distribution. We thus use the “intrinsic”
hard X-ray LFs (Aird et al. 2015, Table 9) to obtain the “observable
fraction”. Converting hard X-ray luminosities to UV luminosities
with Eqs 35 and 36, we obtain “intrinsic” UV LFs. Ricci et al. (2017)
suggest that observed UV LFs of AGNs are well explained by their
hard X-ray LFs, whose hydrogen column densities are less than
1021−22cm−2. Since the modelling of the distribution of gas around
an SMBH is difficult for SA models, we estimate the observable
fraction by an empirical formulation.

We assume the shape of the observable fraction as

fobs,UV = A(z)
#

Lbol
1046erg/s

$β(z)
, (37)

where Lbol is the bolometric luminosity. We assume that A and β are
a function of redshift, A(z) = A0 (1+z)A1 and β(z) = β0 (1 + z)β1 ,
considering that the dust-to-gas ratio evolves with redshift. The
value of β0 should be positive, considering the luminosity depen-
dence of AGN obscuration (e.g. Lawrence 1991). We fit parame-
ters, A0, A1, β0, and β1 by a Markov Chain Monte Carlo (MCMC)
method to fit observed UV LFs (see the caption of Fig. 18). After
105 iterations of the MCMC fitting, we obtain the best fit values
(A0, A1, β0, β1) = (0.16, − 0.05, 0.07, 0.00) with which the
observable fraction does not exceed 1.

Hopkins et al. (2007) propose an alternative formula for the
“observable fraction”. They employ an observed distribution of hy-
drogen column density and assume a dust attenuation curve, then
they derive intrinsic AGN LFs in hard X-ray (2-10 keV), soft X-ray
(0.5-2 keV), optical B, and mid-IR (15 µm). We show the difference
between observable fractions obtained from Hopkins et al. (2007)
and this paper in Appendix E.

2.5 “Radio mode” AGN feedback

We introduce the so-called radio-mode AGN feedback process to
prevent gas in massive haloes from cooling and forming stars. Fol-
lowing Bower et al. (2006), gas cooling in a halo is quenched when
the following two conditions are satisfied:

tdyn(rcool) < αcooltcool, (38)

and

ϵSMBHLEdd > Lcool, (39)

where Lcool is the cooling luminosity of the gas, tdyn is the dynam-
ical time of the halo, αcool and ϵSMBH are free parameters which
are determined to reproduce the bright-end of the LFs of galaxies
at z ∼ 0. We set (αcool, ϵSMBH) = (0.97, 0.058).

2.6 Size of galaxies

Here we describe how to estimate galaxy size, the circular velocity
of galactic discs, and the velocity dispersion of bulges.

MNRAS 000, 1–24 (2017)

ṀEdd = LEdd/c
2

Starting time of an AGN activity

ν2GC (3/4)
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where ↵bulge is a free parameter whose value is chosen so
that the bright-end of the model AGN luminosity functions
(LFs) are consistent with observed AGN LFs. In this paper,
we set ↵bulge = 0.58.

The second term of Eq. 30 includes the angular mo-
mentum loss timescale in a circumnuclear torus and in the
accretion disc. We construct a simplified and phenomenolog-
ical model for the angular momentum loss in the central re-
gion. The gas accretion should continue beyond the starburst
phase of the host galaxies if the accreted gas requires a longer
timescale to lose its angular momentum in the circumnuclear
torus and the accretion disc . In this region, the gravita-
tional potential is dominated by the SMBH. The timescale
thus should depend on the mass of the SMBH. Considering
a circumnuclear torus in which the mass accretion rate de-
pends on the gravitational stability (e.g. Kawakatu & Wada
2008), the accretion timescale would become longer for the
more massive SMBH. This timescale would also depend on
the mass ratio between the accreted gas and the SMBH.
When this ratio becomes higher, the self-gravity of the ac-
creted gas works more e↵ectively and thus the outer edge of
the accretion disc becomes smaller. The dynamical timescale
then becomes shorter. We hence describe tloss as a function
of MBH and �Macc:

tloss =
tloss,0
Gyr

✓
MBH
M�

◆�BH ✓
�Macc

M�

◆�gas

, (31)

where tloss,0, �BH, and �gas are free parameters which are
tailored to match the observed AGN LFs from z ⇠ 0 to 5.
We set values of tloss,0, �BH, and �gas to be 1 Gyr, 3.5, and
�4.0, respectively. We show that �BH would be > 0 and �gas
would be . 0, considering the ↵�viscosity in the accretion
disc (Appendix C).

When we use this model, we find that there are SMBHs
whose accretion timescale exceeds the age of the universe. In
this case, we set €MBH = 0 implicitly assuming that accreted
gas becomes gravitationally stable in a circumnuclear torus
and/or a accretion disc, which cannot be accreted onto an
SMBH. This treatment does not a↵ect the shape of the AGN
LFs since the accretion rates of such SMBHs are negligibly
small.

There are some analytical estimates for the timescale
of the angular momentum loss in a circumnuclear torus
(e.g. Kawakatu & Umemura 2002; Kawakatu & Wada 2008),
which have been employed by some SA models (e.g., An-
tonini et al. 2015; Bromley et al. 2004; Granato et al. 2004).
We note that there are large uncertainties as to whether a
circumnuclear torus with some common properties exists for
all types of AGNs.

In this paper, we also test models with tacc = 3⇥107 (1+
z)�1.5 yr and tacc = ↵bulge tdyn,bulge to show the e↵ect of the
accretion timescale. The former timescale, in proportion to
the dynamical time of the host halo, is employed in KH00.

We do not consider an obscured phase (e.g. Hopkins
et al. 2005), in which SMBHs do not appear as luminous
AGNs at optical bands despite su�ciently large accretion
rates onto SMBHs. To avoid this uncertainty, we compare
the model results with observations by using “absorption-
corrected”AGN LFs in hard X-ray (2-10 keV) (see also Sec.
2.4.5).

2.4.4 AGN luminosity

We calculate the AGN bolometric luminosity, Lbol, from the
accretion rate (Eq. 29). Hereafter we define the bolometric
luminosity normalized by the Eddington luminosity (LEdd)
as �Edd ⌘ Lbol/LEdd and the accretion rate normalized by
Eddington rate ( €MEdd = LEdd/c2) as €m. The Eddington lu-
minosity is defined as

LEdd =
4⇡cGm

p

�T
MBH, (32)

where c and �T are the speed of light and cross section of
Tompson scattering, respectively. We employ the following
relation between �Edd and €m (based on Kawaguchi 2003):

�Edd =


1

1 + 3.5{1 + tanh(log( €m/ €mcrit))}
+

€mcrit
€m

��1
, (33)

where €mcrit is an adjustable parameter, whose value should
be 2.5 . €mcrit . 16.0. We set €mcrit = 10.0 and in this
case, �Edd has similar dependence on €m to that obtained
by Watarai et al. (2000) and Mineshige et al. (2000).

We note that although the gas accretion rate (Eq. 29
decreases monotonically with time, Lbol does not necessarily
decrease with time. The bolometric luminosity normalized
by LEdd, �Edd, decrease monotonically with time (Eq. 33).
Since LEdd is proportional to MBH, it, on the other hand, in-
creases with time. When the following condition is satisfied,
Lbol(t) becomes larger than Lbol(tstart):
�Edd(t)
�Edd(tstart)

>
LEdd(tstart)

LEdd(t)
. (34)

A part of AGNs with �Edd > 1.0 satisfies this condition.
In order to obtain AGN luminosity in the optical or X-

ray range, we employ the bolometric correction estimated
by Marconi et al. (2004):

log[L/LY] = a + bL + cL2 � dL3, (35)

where L = (log L � 12), L is the intrinsic bolomet-
ric luminosity in units of L� (= 3.826 ⇥ 1033 erg/s),
and LY is the luminosity in hard X-ray (2-10 keV), L

X

,
or B-band luminosity, ⌫

B

LB (⌫
B

is a central frequency
of the B-band corresponding to 4200 Å). Parameters
(a, b, c, d) are (1.54, 0.24, 0.012,�0.0015) for hard X-ray, and
(0.80,�0.067, 0.017,�0.0023) for B-band. To obtain UV (1450
Å) luminosity, LUV, we simply use

LUV = 0.26Lbol, (36)

which can also be described as MUV = M
B

+0.85 (MUV and
M

B

are UV� and B� band magnitudes, respectively), with
the template SED presented in Kawaguchi et al. (2001).

2.4.5 “Observable fraction” of AGNs

To compare the calculated AGN LFs with observed UV
AGN LFs, we need to define “observable fraction” in UV-
band, f

obs,UV

, because we can only obtain the intrinsic lu-
minosity of AGNs from our model. Since AGN obscuration
and absorption processes are very complicated, we derive an
empirical formula by the following procedures. Recent work
(e.g. Aird et al. 2015; Ueda et al. 2014) has estimated the
column density distribution around AGNs by a compilation
of available samples obtained by Swift/BAT, MAXI, ASCA,

MNRAS 000, 1–26 (2017)

�
Edd

= L
bol

/L
Edd

ṁ = ṀBH/ṀEdd



t
acc

= ↵
bulge

t
dyn,bulge + t

loss

Considering angular momentum loss in 
CND and/or accretion disc: 

tloss = tloss,0�M↵gas
acc M↵BH

BH

↵gas = �4.0,↵BH = 3.5
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Accretion timescale for 1 accretion event


QSOs: tacc ~ 107 yr  
(e.g. Yu & Tremaine 2002)  
~ tdyn, bulge  
 
 
LX < 1044erg/s: tacc > 108 yr

0.58



Results (1/4)
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Fiducial model

tacc ∝ tdyn,halo

tacc = αbulge tdyn,bulgeOnly the fiducial model 
explains observational results.



• Less luminous AGNs @ z ~ 0 are mainly merger driven 
 

• Need further comparison 
with observations

"9

Results (2/4)

Typically long-lived AGNs 
(> 109 yr)



Summary
• Using ν2GC (a semi-analytic model of galaxy formation), we 
find that… 
 
- Faint end slopes of AGN LFs @ z < 1.5 can be explained 
   by (1) “long-lived, merger-driven” AGNs  
   or (2) “short-lived, disc instability driven” AGNs. 
 
- Eddington ratio distribution function is important to  
   might solve this discrepancy  
   (but, many uncertainties and free parameters…) 

• Contact us if you are interested in using ν2GC.
"10





• Star Formation 
Rate Density

Appendix



• K-band LF 
(galaxy)

Appendix



• Bulge size, velocity

Appendix



• MBH—Mbulge 
@ z ~ 0

Appendix



• Active fraction of AGNs @ z~0 (fiducial model)

Appendix



• How is the Eddington ratio distribution different by tacc? 
 

Appendix

tacc∝tdyn,bulge

The difference appear  
@ Lbol/LEdd< 0.01  ← difficult to observe

(※ Assuming Type-2  fraction = 0  for model results)



• Eddington ratio  
distribution  
at higher redshift

Appendix


