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銀河進化研究会@東北大学 (2016年6月2日)

AGN光度関数のfaint end @ z~4, 5 (仁井田さん) 
z = 6, 7 のQSO探査によるAGN光度関数への制限 (松岡さん) 
Dust obscured galaxies (鳥羽さん) 
Eddington distribution function 

                    

準解析的銀河形成モデル

Introduction 

比較

観測で得られる統計量



銀河進化研究会@東北大学 (2016年6月2日)

準解析的銀河形成モデル:  
ダークハローは数値的に解く 
バリオンは現象論的モデルを用いる 

欠点: 星やガスの空間・速度構造が得られない 
        フリーパラメータが多い 
        (但しcosmological simulationsもフリーパラメータは0ではない) 

利点: 計算コストが低い → 大きな計算体積を確保できる & 
                                     様々なモデルを試すことができる 
        レアな天体の統計的研究に有利

Introduction -SA モデル - 



銀河進化研究会@東北大学 (2016年6月2日)

“観測で存在が示唆されている, z ~ 6で109 Msun以上のSMBHは 
どうやって出来るのか?” → seed BH の質量と起源 

BH へのガス降着率が 
① Eddington rate 以上にならない  
→ seed BH のmassは 104-6 Msun程度 
   (seed の formation  
    redshift に依存) 
② super Eddington rateを許す 
→ Pop III remnantsがseed だと 
　考えてもok (102-3 Msun)

Introduction -銀河のseed BH - 
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銀河進化研究会@東北大学 (2016年6月2日)

“観測で存在が示唆されている, z ~ 6で109 Msun以上のSMBHは 
どうやって出来るのか?” → seed BH の質量と起源 

準解析的銀河形成モデル・宇宙論的シミュレーション: 
seed BH massは 全ての銀河で一定とする場合が多い 
研究グループごとに102-5 Msun  

近傍銀河・SMBHの性質はseed massにほとんど依存しない 

seed massとして使う値にconstraintを得たい 

Introduction -銀河のseed BH - 



銀河進化研究会@東北大学 (2016年6月2日)

“New Numerical Galaxy Catalogue” (ν2GC; Makiya+ 2016, PASJ, 68, 25)

• ダークハローはN-body simulation より (Ishiyama+ 2015, PASJ, 67, 61)

• Millenium simulations 
より高分解能 

• 本研究で 
BH・バルジ成長 
モデルを改良 
(Shirakata+ in prep.)

Method 

No. ] The ν2GC Simulations 3

generated by a publicly available code, 2LPTic1, us-
ing second-order Lagrangian perturbation theory (e.g.,
Crocce et al. 2006). The adopted cosmological param-
eters were based on an observation of the cosmic mi-
crowave background obtained by the Planck satellite
(Planck Collaboration et al. 2013), namely, Ω0 = 0.31,
Ωb = 0.048, λ0 = 0.69, h= 0.68, ns = 0.96, and σ8 = 0.83.
To calculate the transfer function, we used the online ver-
sion2 of CAMB (Lewis et al. 2000). All simulations began
at z = 127.
Simulations were performed by GreeM3 (Ishiyama et al.

2009a; Ishiyama et al. 2012), a massively parallel TreePM
code, on the K computer at the RIKEN Advanced
Institute for Computational Science, and Aterui super-
computer at Center for Computational Astrophysics,
CfCA, of National Astronomical Observatory of Japan.
To accelerate the calculation of the tree force, we used
the the Phantom-GRAPE library4 (Nitadori et al. 2006;
Tanikawa et al. 2012; Tanikawa et al. 2013) with support
for the HPC-ACE architecture of the K computer and
AVX instruction set extension to the x86 architecture.
The dataset 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, total 46 output redshifts were
selected, as the time interval is proportional to the typical
dynamical time of the halos. The corresponding logarith-
mic redshift interval ∆ log(1 + z) is 0.02–0.03. Moreover,
six datasets 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 sim-
ulations, the 46 output redshifts from z = 7.54 were iden-
tical to those of the first three simulations. Furthermore,
from z=12.5 to z=7.54, 10 datasets with a constant log-
arithmic redshift interval of ∆ log(1 + z) = 0.02 and two
datasets at high redshifts of z = 16.2, 20.0 were stored.
Thus there are total 58 time slices for the ν2GC-H1 and
ν2GC-H2 simulations. For the ν2GC-H3 simulation, the
output redshifts were identical to those of the ν2GC-H1
and ν2GC-H2 simulations, and 22 datasets were stored
down to z = 4.
We compare the effectiveness of the ν2GC simulations

with that of the other recent large cosmological sim-
ulations in Figure 1. The figure includes simulations
with particle mass resolutions better than 1010 h−1M⊙,
box sizes larger than 70h−1Mpc, 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−1M⊙ (Nagashima et al. 2005). Thus, only
our ν2GC-L and ν2GC-M simulations are able to accu-
rately follow the physical 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

1 http://cosmo.nyu.edu/roman/2LPT/
We slightly modified the code to enable a more rapid generation
of initial conditions with over 20483 particles.

2 http://lambda.gsfc.nasa.gov/toolbox/tb camb form.cfm
3 http://www.ccs.tsukuba.ac.jp/Astro/Members/ishiya ma/greem
4 http://code.google.com/p/phantom-grape/
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Fig. 1. Mass resolution versus simulation volume of recent
large cosmological N-body simulations. The mass resolution
of each simulation is corrected as the cosmological parame-
ters 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 cosmology. The
six red filled circles are the ν2GC simulations. The four
green circles denote four of the five Dark Sky Simulations
(DSS; Skillman et al. 2014). The mass resolution of the
rest of the DSS simulations is below the range of this fig-
ure. The three black circles are the BolshoiP, MDPL and
SMDPL simulations (Klypin et al. 2014). Gray open tri-
angles show simulations based on the WMAP cosmology by
other groups, Millennium 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).

cosmology, which our ν2GC simulations fill. Just before
the completion of this study, a simulation with volume and
mass resolution comparable with those of the ν2GC-L sim-
ulation 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 is the largest ever performed.

Compared with the Millennium simulation (Springel et al.
2005), the ν2GC-L simulation performed with 55 times
more particles, four times better mass resolution, and 11
times larger volume. Because two times better mass reso-
lution 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.

Ishiyama+ 15, PASJ, 67, 61

6 Ishiyama et al. [Vol. ,

Fig. 2. Dark matter distribution in the largest ν2GC-L simulation at z=0. The background image shows a projected region with
a thickness of 45h−1Mpc and a side length of 1120h−1Mpc. An enlargement of the largest halo is shown in the central image with
a thickness of 45h−1Mpc and a side length of 140h−1Mpc. The bottom right panel is a close-up of the largest halo.



銀河進化研究会@東北大学 (2016年6月2日)

BH・バルジ 成長:  
銀河合体, disc instabilityに付随するstarburstで起こると仮定 
(バルジはdisc の星がバルジ成分になることでも太る) 
銀河合体:  
Hopkins et al. (2009) のsimulation baseのモデル 
銀河円盤がどれだけ破壊されるかは, 合体銀河の質量比に依存 

disc instability: 以下の関係を満たした場合, 銀河円盤は即座に破壊
されてバルジとなる. 

Method

銀河円盤が完全に破壊される場合:  
primary galaxy のdisk 質量 ≦ secondary galaxy の 質量

Vd

(GMdisc/rdisc)1/2
< ✏m ✏m = 1.1



銀河進化研究会@東北大学 (2016年6月2日)

Starbursts:  
銀河合体/disc instabilityで, バルジのcold gasは全てstarburstで
消費される. 一部はSMBHへ. 

BH seed: 
銀河が形成されたら, その銀河中心にseedを置く. 
今回見せるのは, 全ての銀河についてseed massが103 , 105 Msun.

Method

Macc = fBH�M⇤,burst

free parameter



銀河進化研究会@東北大学 (2016年6月2日)

mass resolution of ν2GC simulations

Method

Influences of the seed black hole mass 3

Name N L [h−1 Mpc] m [h−1M⊙] Mmin [h−1M⊙] Number of haloes Mmax [h−1M⊙]

ν2GC-L 81923 1120.0 2.20 × 108 8.79 × 109 421,801,565 4.11 × 1015

ν2GC-SS 5123 70.0 2.20 × 108 8.79 × 109 103,630 6.58 × 1014

ν2GC-H2 20483 70.0 3.44 × 106 1.37 × 108 4,600,746 4.00 × 1014

Table 1. Detailed properties of the ν2GC simulations. N is the number of simulated particles, L is the comoving box size, m is the individual mass of the
simulated particle, Mmin is the mass of the smallest haloes (= 40 × m) which corresponds to the mass resolution, and Mmax is the mass of the largest halo in
each simulations.

gets accreted by an SMBH as following relation:

Macc = fBH ∆M∗,burst, (2)

where Macc is the accreted cold gas mass which is considered to
be proportional to the stellar mass newly formed in a starburst,
∆M∗,burst. The proportionality constant, fBH, is an adjustive pa-
rameter chosen so as to explain the observed local MBH-Mbulge
relation. In this Letter, we set fBH = 0.01.

SMBHs also grow by SMBH-SMBH coalescences when their
host galaxies merge. The timescale of the coalescence is difficult
to determine. Similar to earlier works (e.g., Kauffmann & Haehnelt
2000; Enoki et al. 2003; Somerville et al. 2008), we thus assume
SMBHs merge instantaneously when their host galaxies merge in
this Letter.

We also consider radio-mode AGN feedback process as Bower
et al. (2006). Namely, when the halo cooling time becomes longer
than the free-fall time at the cooling radius and the cooling lumi-
nosity becomes smaller than the accretion power, then we assume
that a halo is prevented from cooling.

2.3 Treatment of Seed Black Holes
In Makiya model, seed BHs are placed soon after galaxies form.
We have assumed that the mass of seed BHs, MBH,seed, are the
same for all galaxies. In this Letter, we presents results with
MBH,seed = 103M⊙ (hereafter ‘light seed model’), and 105M⊙
(‘massive seed model’). We also test the case in which MBH,seed
takes uniformly random values in the logarithmic scale at the range
of 3 ≤ log(MBH,seed/M⊙) ≤ 5 (hereafter ‘random seed model’).

The formation of a galaxy occurs when the hot gas in the host
halo cools efficiently. The hot gas cools by atomic cooling when the
virial temperature, Tvir, is larger than 104 K. We also consider the
heating effect by UV background. We employ the fitting formulae of
the characteristic halo mass, Mc (z), below which a halo cannot cool
and the heated gas are evaporated by the photoionization obtained
from Okamoto et al. (2008b)

Fig. 1 depicts the median mass of haloes which contain a newly
formed central galaxy in ν2GC -SS, -L, and -H2 simulation. We also
show the characteristic mass, Mc (z), and the halo mass corresponds
to Tvir = 104 [K] as a function of redshift. As shown in Fig. 1, UV
background radiation does not affects the gas cooling of haloes in
ν2GC -SS, and -L simulations since the minimum halo mass is larger
than Mc (z). Even when we employ ν2GC -H2 simulation, the UV
background radiation does not affect the results in this Letter.

3 RESULTS
In this section we present effects of the treatment of the seed BH
mass on MBH − Mbulge relation at z ∼ 0. Our model reproduces
observed galaxy luminosity functions, HI mass function, stellar
mass function of bulges, and BH mass function at z ∼ 0 (Shirakata
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Figure 1. Redshift evolution of the mass of haloes which contain newly
formed central galaxies with ν2GC -SS, -L, and -H2 simulation. Red solid
lines show the median mass of such haloes and shaded region indicates 75
percentile of each simulation. Blue dotted line depicts the characteristic halo
mass Mc (z) below which a halo cannot cool because of the photoioniza-
tion (Okamoto et al. 2008b). Black dashed line depicts the halo mass that
corresponds to Tvir = 104 [K]. The mass resolutions of ν2GC simulations
are shown by black dot-dashed lines.

αstar -2.131 τV0 2.5 × 10−9

ϵstar 0.203 fmrg 1.0
αhot 4.080 κdiss 2.0
Vhot 129.7 [km/s] fBH 0.01
αcool 9.510 fDI,crit 1.1
ϵSMBH 0.310

Table 2. Model parameters employed in this Letter.

et al. in prep.). Model parameters employed in this Letter are listed
in Table. 2. The detailed description of the parameters appears in
Makiya et al. (2015).

In Fig. 2, we present MBH − Mbulge relation at z ∼ 0 pre-
dicted by the massive seed model (top panel) and light seed
model (bottom panel). Although both models reproduce this re-
lation at Mbulge > 1010M⊙ , massive seed model is inconsistent
with the recent observational achievements for dwarf galaxies with
Mbulge ≤ 1010M⊙ , in the sense that the predicted BH masses
(shaded region) are larger than the observed galaxies. We present
the results of N-body simulations with the same box size and dif-
ferent mass resolution in all panels of Fig. 2. We find that the effect
of the mass resolution of N-body simulations clearly appears for
galaxies with Mbulge ≤ 109M⊙ since we can detect smaller mass
galaxies with the higher mass resolution.

Middle panel of Fig. 2 shows the result of the random seed
model. We find that the random seed and light seed models repro-
duce MBH − Mbulge relation and its scatter well.

These two successful models are the same in the range of
MBH ≥ 105.5M⊙ below which these models have significant differ-

MNRAS 000, 1–6 (2016)



銀河進化研究会@東北大学 (2016年6月2日)

massive seed BHs (104-6 Msun)はレアである
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Shirakata+ (MNRASL submitted) Fig. 1を改変

全ての銀河のseed BHの 
質量を,  
左: 105 Msun 

右: 103 Msun 

にした場合の,  
MBH ̶ Mbulge relation 
(z ~ 0) 

Result



銀河進化研究会@東北大学 (2016年6月2日)

高赤方偏移ほど, seed BH massに制限をつけるのは難しくなる 

理由: 
同じMbulgeで見ると 
high z の方がgas-rich 
process で bulgeが成長 
↓ 
SMBHも効率的に 
ガスを獲得できる

Result

Shirakata+ (MNRASL submitted)

seed mass の 
違いが見えやすい
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銀河進化研究会@東北大学 (2016年6月2日)

 
近傍のdwarf galaxyは, z < 8で形成された銀河が多い

Shirakata+ (MNRASL submitted)

zform: 銀河が生まれた redshift 

     (seedが置かれた)

Discussion



 
MBH ̶ Mbulge 関係は, 銀河の形成時刻で分類すると 
異なる振る舞いをするかもしれない

銀河進化研究会@東北大学 (2016年6月2日)
Shirakata+ (MNRASL submitted)

Discussion



 
MBH ̶ Mbulge 関係は, 銀河の形成時刻で分類すると 
異なる振る舞いをするかもしれない

銀河進化研究会@東北大学 (2016年6月2日)
Shirakata+ (MNRASL submitted)

後にできた銀河ほど, bulgeに対し
てBH が重い 

理由: 
形成直後の銀河はcold gas をたく
さん持っている 
↓ 
BH がガスを獲得しやすい

Discussion



 
MBH ̶ Mbulge 関係は, 銀河の形成時刻で分類すると 
異なる振る舞いをするかもしれない

銀河進化研究会@東北大学 (2016年6月2日)
Shirakata+ (MNRASL submitted)

先にできた銀河ほど, bulge が重い 

理由: 
BH はガス降着で太る 
bulge はstarburst か 
disc からの星の流入で太る

Discussion



 
MBH ̶ Mbulge 関係は, 銀河の形成時刻で分類すると 
異なる振る舞いをするかもしれない

銀河進化研究会@東北大学 (2016年6月2日)
Shirakata+ (MNRASL submitted)

mergerのみでbulge・BHが 
太る場合

Discussion



(Box size: 1120h-1Mpc cube)

銀河進化研究会@東北大学 (2016年6月2日)

z ≦ 7では, SMBH mass functionにseed の影響が現れない 

理由: 
ガスが豊富に存在 
↓ 
BH に降着するガスが 
seed mass に比べて大きい

Shirakata+ (MNRASL submitted)
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銀河進化研究会@東北大学 (2016年6月2日)

SMBHMFは, BHへのfeeding mechanism の仮定により変化 

BH へのgas accretion は,  
major mergerのみではなさそう  

disc instability による成長を 
含めたほうが, 観測から 
見積もったMF に合う 

Discussion

Shirakata+ (MNRASL submitted)

Estimations from AGN LF (Willott+ 2010)
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銀河進化研究会@東北大学 (2016年6月2日)

SMBHMFは, BHへのfeeding mechanism の仮定により変化 

BH へのgas accretion は,  
major mergerのみではなさそう  

disc instability による成長を 
含めたほうが, 観測から 
見積もったMF に合う 

Discussion

Shirakata+ (MNRASL submitted)

Estimations from AGN LF (Willott+ 2010)
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SMBHMFは, BHへのfeeding mechanism の仮定により変化 

BH へのgas accretion は,  
major mergerのみではなさそう  

disc instability による成長を 
含めたほうが, 観測から 
見積もったMF に合う 

Discussion

Shirakata+ (MNRASL submitted)

Estimations from AGN LF (Willott+ 2010)
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Willott+2010 の, SMBHMF @ z ~ 6 の見積もり: 
SDSS optical selected QSOs (5.74 < z < 6.42) 
M1450 < -24.7 

HSC-SSP の枠で,  
z ~ 6 - 7 の QSO探査が,  
より暗い側まで行われている 
(M1450 < -22) 

BH 成長モデルへのさらなる 
constraint を期待

Discussion

Shirakata+ (MNRASL submitted)

Estimations from AGN LF (Willott+ 2010)
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AGNLF (hard X-ray)

Discussion
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• 準解析的銀河形成モデルを使った銀河・SMBH共進化に関連する
研究を行った 

• z ~ 0 のMBH ̶ Mbulge 関係から, BH のseed massは103 Msun 

程度であることを示した 
• ただし, z ~ 0の矮小銀河について. 

• z ~ 6 の 109 Msun SMBH のseedも, 103 Msun からで形成可能 

• BH 成長モデルに対して, 観測からのconstraintが欲しい 
• HSC-SSPに期待

Summary
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Shirakata+ (MNRASL submitted) Fig. 1を改変

Appendix

<<observations>> 
(quiescent BHs)
- McConnel & Ma (2013)
- Kormendy & Ho (2013)

(active BHs)
- Graham & Scott (2015)
- Graham + (2016)
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SMBHMF @ z ̃ 7

Appendix
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SMBHMF @ z ̃ 7

Appendix
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The impact of mass resolution

Appendix

4 H. Shirakata et al.
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Figure 1. MBH – Mbulge relations at z ∼ 0 for different MBH,seed; the
massive (top), random (middle), and light (bottom) seed models. Red
dashed and solid lines present the results of ν2GC -SS and -H2 simula-
tions, respectively. Red lines track the median, and shaded regions indi-
cate 10-90 percentile of the models. Orange long dashed line presents the
result of M16 with ν2GC -SS simulation. Blue filled symbols indicate ob-
servational results obtained from McConnell & Ma (2013), Kormendy
& Ho (2013), GS153(triangles, diamonds, and squares, respectively)
Green open symbols are AGN sample obtained from GS15,(see the text
for more details). A green asterisk corresponds LEDA 87300 (Graham
et al. 2016; Baldassare et al. 2015). Black dot-dashed and solid lines
depict the scaling relations (Scott et al. 2013). Since the MBH – Mbulge
relation is sensitive to the mass of seed BHs, most seed BHs should not
set to 105M⊙ for reproducing the observed local relation.

Figure 2. The MBH – Mbulge relation at z ∼ 0 with ν2GC -SS simulation
and MBH,seed = 103M⊙ . The color indicates the redshift at which the
host galaxies newly formed (zform). Solid lines shows the median value for
different zform ranges; zform < 4 (dark brue), 4 ≤ zform < 8 (dark green),
and 8 ≤ zform (dark red). For a given SMBH mass, bulges become more
massive with higher zform.

our model prefers the lower seed BH mass than 105M⊙ to explain
the MBH – Mbulge relation obtained from Jiang et al. (2011).

Our models exhibit the slightly lower MBH – Mbulge relation
than the observed relation at Mbulge ! 1010M⊙ (black solid line
in Fig. 1) In this region, Mbulge evaluated from observations is
potentially biased in favor of larger stellar mass (e.g., Shankar
et al. 2016).

We also plot MBH – Mbulge relations obtained by M16 in
Fig. 1, in which starbursts in a bulge and gas fueling to a BH are
only triggered by major mergers. The results of the M16 model
also show the transition of the slope from quadratic to near-
linear. This means that bulge and BH growth via disc instability
has small impact on the “bend” of the MBH – Mbulge relation.
We have confirmed that stellar feedback is responsible for the
quadratic relation as suggested by Fontanot et al. (2015).

Next, we investigate the origin of the scatter of the MBH –
Mbulge relation. Fig. 2 indicates the distribution of the redshift at
which galaxies newly formed (zform). We predict that the scatter of
the MBH – Mbulge relation can be related to the difference of zform.
Three solid lines indicate the relation with different ranges of zform:
zform < 4, 4 ≤ zform < 8, and 8 ≤ zform. We find that more massive
systems form at higher redshift. We also find that SMBHs become
more massive with lower zform for a given Mbulge and that the stellar
mass of the bulge is larger with higher zform for a given MBH. These
might be because large amount of gas gets accreted by the SMBHs
immediately after zform. Galaxies which formed later are subject
to gas-rich processes, such as major mergers or disc instability. On
the other hand, galaxies hosting the same mass of the SMBHs with
higher zform have experienced more gas-poor processes of spheroid
growth, such as dry mergers than lower zform conterparts; their
bulges increase their masses without feeding central BHs.

This trend is inconsistent with Merrifield et al. (2000) who
suggest that MBH/Mbulge ratios are higher in galaxies with older
stellar age. We will investigate the origin of the scatter of MBH –
Mbulge relation in a forthcoming paper.
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ν2GC-SS
ν2GC-H2 

(100 times higher resolution)


