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概要

• Nagashima et al. (2005) の準解析的銀河
形成モデルをアップデートした

• 何がまだわからないのかがわかってき
た
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Model
• The NEW numerical galaxy catalog (ν2GC; Makiya et al 2015 in prep.)

• “Semi-analytical model”

- ダークマターの形成進化は N-body simulation で計算 (Ishiyama et al. 
2015)

- バリオン進化は解析的モデルで解く (gas cooling, star formation, 
feedback, metal enrichment...)

- local の光度関数, HI mass function に合うようにパラメータ決定

• 新しくなったところ

- 世界最大規模のダークマターの N-body simulation

- AGN feedback

- UV feedback 

- MCMC fitting 
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Cosmological dark matter simulation (Ishiyama et al. 2015)

1.6 Gpc
Merger tree

(Galacticus blog より)
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•  Flow of baryons in the SA-model�

hot gas cooling 

SNe feedback 

galaxy 

major merger 
starburst 

star formation 
cold gas disk star 

disk 

bulge 

bulge star SMBH 

accretion 

*galaxy = disk + bulge 
      disk = disk star + cold gas 
      bulge = bulge star + black hole  
* hot gas ; diffuse gas, virial temperature    

 galaxy 

dark halo 

hot gas 

ν2GC における銀河進化計算のおおまかな流れ

スライド by榎さん

AGN feedback
accretion
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Baryon physics

• gas cooling

- 温度, 金属量, ガス密度の関数として cooling rate を計算

- ガスの温度分布や H2 形成などは考えない

• star formation and supernova feedback

- 星形成タイムスケールは銀河の dynamical time の関数

- 星形成に応じて金属量進化, ダストも生成 (Mdust ∝ Mgas × Zcold)

- SN feedback で cold gas を吹き飛ばす

- 小さい銀河ほど feedback がよく効く
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• galaxy merger

- satellite galaxy が力学的摩擦で中心に落ち central galaxy と合体

- 合体する銀河の質量比が同程度の場合には major merger が起きる
=> starburst + bulge formation

• SMBH evolution / AGN feedback

- 全ての銀河は seed black hole を持つ

- major merger の際に, 一定の割合で cold gas が central SMBH に降着
=> SMBH と bulge の共進化

- SMBH が成長すると AGN によって gas cooling が抑制される

Baryon physics
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No. ] New Numerical Galaxy Catalog 13

best-fit 1σ error meaning
αstar -1.178 0.163 star formation-related
εstar 0.170 0.011 star formation-related
αhot 2.996 0.168 SN feedback-related
Vhot (km/s) 171.23 7.561 SN feedback-related
αcool 6.110 0.250 AGN feedback-related
log10(ϵSMBH) -0.240 0.157 AGN feedback-related
Mseed(M⊙) 105 (fix) – seed blackhole mass
fBH 0.01 (fix) – fraction of the mass accreted onto SMBH during major merger
τV 0 2.5e5 (fix) – coefficient of dust extinction
fbulge 0.1 (fix) – major/minor merger criterion
fmrg 0.7 (fix) – coefficient of dynamical friction timescale
fdiss 1.0 (fix) – energy loss fraction
ρ 0.0 (fix) – redshift dependence of disk size
γ 1.0 (fix) – redshift dependence of dust optical depth

Table 2. PARAMETERS
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Fig. 14. The model prediction for the redshift evolution of total IR
luminosity density, comparing with the observation (Gruppioni et al.
2013). In the model total IR luminosity is calculated from the SED of
each galaxies, to be consistent with the total amount of stellar luminos-
ity absorbed by dust.
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パラメータまとめ

• パラメータの決め方

- Markov-Chain Monte Carlo 法を用いる

- local の r-band 及び K-band 光度関数, HI 質量関数に合わせる
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local LFs and HI mass function

• 光度関数と HI 質量関数を同時に再
現できた

• (HI 質量関数の faint-end は怪しい？)

10 Astronomical Society of Japan [Vol. ,
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Fig. 2. r- and K-band LF for best fit model.
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Fig. 4. Size–magnitude relation for spirals.
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Fig. 5. Size–magnitude relation for ellipticals.

radius. The data points are obtained by Forbes et al. (2008).
(massive側と low mass側で size合ってないことについて何
か言う. disk成分も考慮してサイズ計算すべき？)

10
1

10
2

10
3

-24 -23 -22 -21 -20 -19 -18 -17 -16

V
ro

t [
k
m

/s
]

MI - 5logh [AB mag]

Courteau et al. 2008
DSF

Fig. 6. Tully-Fisher relation

5.2. Velocity-magnitude relations

The Figure 6 shows the disk rotation velocity against the I-
band magnitude for spiral galaxies (the so-called Tully-Fisher
relation; Tully & Fisher 1977). The medians and 75% and 25%
percentiles of the best-fit model are shown by black points with
error bars. For the model, we set Vrot = Vd. The gray symbols
denote observational data obtained by Courteau et al. (2008).
We can see that the model well reproduces the observational
trend.

The velocity-magnitude relation for elliptical galaxies, i.e.,
Faber-Jackson relation (Faber & Jackson 1976), is shown in
Figure 7. The black points with error bars show the median
and 75% and 25% percentiles of the best-fit model, while the
gray points are the observational data of Forbes et al. (2007).
For the galaxies at the magnitude range of MK < −19, our
model underpredicts the velocity dispersion.

5.3. Cold gas mass

In the Figure 8, we show the cold hydrogen mass relative to
the r-band luminosity against the r-band magnitude for local
galaxies. The black points with error bars are the median and
75% and 25% percentiles of the best-fit model. We can see
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data obtained by the Arecibo Legacy Fast ALFA (ALFALFA)
survey (Martin et al. 2012).

For each realization, the likelihood is calculated as

L= L0 exp

(
−χ

2
r +χ2

K +χ2
HI

2

)
, (42)

where L0 is the arbitrary constant, χr, χK and χHI are the χ2

value for the r-band LF, K-band LF and HI MF, respectively.
Those values are estimated as

χ2(φobs|θ) =
∑

i

{φi,obs −φi,model(θ)}2

σ2
i,obs +σ2

i,model

(43)

where φi,obs denotes the value in the ith bin of observed LF
(or HI MF), φi,model(θ) is the model value in the ith bin with
the parameter set θ, and σ)i,obs and σi,model are the error of
observational data and model in each bin, respectively. For the
error of observational data, σi,obs, we use the one estimated
in original paper. For the error of model predictions, σi,model,
we consider the poisson statistical error. In addition we also
considered the effect of cosmic variance which is estimated as
follows. First, we run the galaxy formation model using the
N -body data with the larger box (L = 280h−1 Mpc) than the
model used in the MCMC fitting (L = 70h−1 Mpc), and ran-
domly picked up the L = 70h−1 Mpc box from the large box
data for ∼100 times. Next we draw the LFs and HI MFs from
those small boxes and found that they have about ∼ 20% un-
certainty in each bin. Therefore we take into account the 20%
uncertainty for σi,obs, in addition to the statistical error.

It has been known that there are population of low surface
brightness dwarf galaxies, and the faint-end of the LFs may be
affected from the surface brightness limit of the survey (e.g.,
Blanton et al. 2005). According to the Baldry et al. (2012), the
incompleteness of GAMA sample become large at µr,50

>∼ 23.5
mag arcsec−2, where µr,50 is the surface brightness within the
Petrosian half-light radius. Therefore we adopt this limit when
we calculate the model LFs. In order to calculate the Petrosian
surface brightness, the light profile of galaxy is needed; how-
ever our model does not resolve the internal structure of galax-
ies. Therefore we convert the effective radius and total magni-
tude into the Petrosian radius and Petrosian magnitude, assum-
ing that the sersic index nsersic of bulge and disk component
is the same in all galaxies. We used nsersic = 1 and 4 for the
bulge and disk component, respectively.

For the HI MF, we only used the data points at MHI >
108.5M⊙ in the fitting, since the mass lower than this limit the
mass resolution of N -body data has significant effect on the
resultant MF.

3.3. Fitting results

In the diagonal panels of Fig. 1 we show the 1D posterior
probability distributions of eight free parameters. We can see
that six parameters, αstar, τstar, αhot, Vhot, αcool and εSMBH

have highly-peaked Gaussian like distributions, which indicate
that they are well constrained. The mean and 1σ error of each
parameter estimated from this 1D posterior probability distri-
butions are summarized in Table 2. The off-diagonal panels of
Fig. 1 represent the 2D posterior probability distributions for
all combinations of the eight free model parameters (shown by
blue contour).
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Fig. 3. HI mass function for the best fit model.

In Fig. 2, we show the r- and K-band LFs for the model
with the MCMC best fit parameters. It can be seen that the
model very well reproduces the observations in all magnitude
range. The shade regions indicate the 1 σ error of model LFs,
which are estimated from the 1σ confidence interval of each
parameter. The Fig. 3 show the HI MF for the best-fit model.
The vertical line show the lower limit of HI mass, below which
we did not use the data in MCMC fitting. The dashed line in
this figure show the high mass resolution (Mmin∼M⊙) model.
We can see that the high resolution model well reproduces the
HI MF even below at MHI < 108.1M⊙.

4. Galaxy Catalog

• light coneや擬似マップを見せて,モデルの結果をバー
ンと示す

• 高解像度・大体積のおかげでこんなことが出来ます,
こういうデータが含まれます,詳細は webで,的な

• なにをどのように公開するのか,概要くらいは書いて
おきたい

5. Local galaxies

In this section we compare the model with local observa-
tions. In what follows we show the model results with the most
high mass resolution N -body data, ν2GC-H2, unless otherwise
mentioned.

5.1. Galaxy size

The Figure 4 show the the effective disk radius against the I-
band magnitude for the spiral galaxies. Although the disk size
is intrinsically interesting, it is also important in determining
the amount of dust extinction. We show the medians and 75%
and 25% percentiles for the best fit model, while the gray sym-
bols are observational data taken from Courteau et al. (2007).
We can see that the model very well reproduces the observation
in overall magnitude range.

In Figure 5 we show the effective radii against the K-band
magnitude for elliptical galaxies. The effective radius re of
model galaxies are estimated from re = 0.744rb (Nagashima
& Yoshii 2003), where rb is the three-dimensional half-mass
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Cold gas mass relative to r-band mag
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暗い銀河でガスを飛ばし過ぎ？
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local SMBHs
No. ] New Numerical Galaxy Catalog 11
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Fig. 7. Faber-Jackson relation
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Fig. 8. cold gas mass relative to r-band luminosity as a function of
r-band magnitude

that the model underpredicts cold gas mass for the galaxies at
−19 < Mr. In our model, significant amount of cold gas in
faint-end galaxies are reheated by SN feedback, to suppress
the star formation and to explain the faint-end slope of LFs;
however, in this case amount of cold gas of model galaxies
become less than the observed value. This result indicate that
some physical mechanisms which allow cold gas to remain in
galaxies without forming stars would be required.

5.4. Supermassive blackholes

• Mbh vs Mbulge
dispersionが再現出来ていないことについて何かコメ
ント？

• SMBH MF (無理に見せる必要なし？). faint end は
spiralが dominateしていて,観測の不定性も大きい.

5.5. Color magnitude relations

5.6. Mass metallicity relation

低質量側で under estimate. dust massも under estimateに
なっている？
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Fig. 9. Mbulge–MBH relation.
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Fig. 10. SMBH mass function

6. High redshift galaxies

この節は high-zについていくつかの結果を述べる. LFの
進化など,より詳しくは後発論文に譲る.

6.1. cosmic star formation history

In Figure 12, we show the redshift evolution of cosmic star
formation rate density (i.e., SFR per unit comoving volume).
We can see that the our fiducial model (black solid line) well
reproduces the observations at z < 2; however it underpredicts
the observations about factor of 2 at z > 2. We also show the
result of DSF model in Figure 12 (solid red line). For the DSF
model, we again tune the astrophysical parameters to fit the lo-
cal r- and K- band LFs and HI MF, by the MCMC method. In
the DSF model the star formation time scale is proportional to
the dynamical time scale of DM halos and it become shorter in
high-z galaxies than local galaxies. Consequently the cosmic
SFR density is largely enhanced at high-z in the DSF model
and the model well reproduces the observations. Note that the
data points obtained by Bouwens et al. (2014) are obtained
by the integrating down the LF to MAB(1500Å) = 17.0, and
therefore they should be regarded as the lower limit.
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Fig. 8. cold gas mass relative to r-band luminosity as a function of
r-band magnitude

that the model underpredicts cold gas mass for the galaxies at
−19 < Mr. In our model, significant amount of cold gas in
faint-end galaxies are reheated by SN feedback, to suppress
the star formation and to explain the faint-end slope of LFs;
however, in this case amount of cold gas of model galaxies
become less than the observed value. This result indicate that
some physical mechanisms which allow cold gas to remain in
galaxies without forming stars would be required.

5.4. Supermassive blackholes

• Mbh vs Mbulge
dispersionが再現出来ていないことについて何かコメ
ント？

• SMBH MF (無理に見せる必要なし？). faint end は
spiralが dominateしていて,観測の不定性も大きい.

5.5. Color magnitude relations

5.6. Mass metallicity relation

低質量側で under estimate. dust massも under estimateに
なっている？
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Fig. 9. Mbulge–MBH relation.
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Fig. 10. SMBH mass function

6. High redshift galaxies

この節は high-zについていくつかの結果を述べる. LFの
進化など,より詳しくは後発論文に譲る.

6.1. cosmic star formation history

In Figure 12, we show the redshift evolution of cosmic star
formation rate density (i.e., SFR per unit comoving volume).
We can see that the our fiducial model (black solid line) well
reproduces the observations at z < 2; however it underpredicts
the observations about factor of 2 at z > 2. We also show the
result of DSF model in Figure 12 (solid red line). For the DSF
model, we again tune the astrophysical parameters to fit the lo-
cal r- and K- band LFs and HI MF, by the MCMC method. In
the DSF model the star formation time scale is proportional to
the dynamical time scale of DM halos and it become shorter in
high-z galaxies than local galaxies. Consequently the cosmic
SFR density is largely enhanced at high-z in the DSF model
and the model well reproduces the observations. Note that the
data points obtained by Bouwens et al. (2014) are obtained
by the integrating down the LF to MAB(1500Å) = 17.0, and
therefore they should be regarded as the lower limit.

Mbulge-MBH relation SMBH mass function

• major merger 時に cold gas の ~1% を SMBH に落とせば
観測を再現する 
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Size and rotation velocity of galaxy disk

10-1

100

101

102

-24 -23 -22 -21 -20 -19 -18 -17 -16
R

ef
f [

kp
c/

h]
MI - 5logh [AB mag]

Courteau et al. 2007
DSF

101

102

103

-24 -23 -22 -21 -20 -19 -18 -17 -16

V
ro

t [
km

/s
]

MI - 5logh [AB mag]

Courteau et al. 2008
DSF

Tully-Fisher relation Size-magnitude relation

• ダークマターハローの virial size と circular velocity か
ら銀河円盤のサイズと回転速度を決定

• 力学応答によるサイズ進化も考慮
15年6月4日木曜日
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Fig. 2. r- and K-band LF for best fit model.
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Fig. 4. Size–magnitude relation for spirals.
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Fig. 5. Size–magnitude relation for ellipticals.

radius. The data points are obtained by Forbes et al. (2008).
(massive側と low mass側で size合ってないことについて何
か言う. disk成分も考慮してサイズ計算すべき？)
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Fig. 6. Tully-Fisher relation

5.2. Velocity-magnitude relations

The Figure 6 shows the disk rotation velocity against the I-
band magnitude for spiral galaxies (the so-called Tully-Fisher
relation; Tully & Fisher 1977). The medians and 75% and 25%
percentiles of the best-fit model are shown by black points with
error bars. For the model, we set Vrot = Vd. The gray symbols
denote observational data obtained by Courteau et al. (2008).
We can see that the model well reproduces the observational
trend.

The velocity-magnitude relation for elliptical galaxies, i.e.,
Faber-Jackson relation (Faber & Jackson 1976), is shown in
Figure 7. The black points with error bars show the median
and 75% and 25% percentiles of the best-fit model, while the
gray points are the observational data of Forbes et al. (2007).
For the galaxies at the magnitude range of MK < −19, our
model underpredicts the velocity dispersion.

5.3. Cold gas mass

In the Figure 8, we show the cold hydrogen mass relative to
the r-band luminosity against the r-band magnitude for local
galaxies. The black points with error bars are the median and
75% and 25% percentiles of the best-fit model. We can see
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Fig. 8. cold gas mass relative to r-band luminosity as a function of
r-band magnitude

that the model underpredicts cold gas mass for the galaxies at
−19 < Mr. In our model, significant amount of cold gas in
faint-end galaxies are reheated by SN feedback, to suppress
the star formation and to explain the faint-end slope of LFs;
however, in this case amount of cold gas of model galaxies
become less than the observed value. This result indicate that
some physical mechanisms which allow cold gas to remain in
galaxies without forming stars would be required.

5.4. Supermassive blackholes

• Mbh vs Mbulge
dispersionが再現出来ていないことについて何かコメ
ント？

• SMBH MF (無理に見せる必要なし？). faint end は
spiralが dominateしていて,観測の不定性も大きい.

5.5. Color magnitude relations

5.6. Mass metallicity relation

低質量側で under estimate. dust massも under estimateに
なっている？
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Fig. 9. Mbulge–MBH relation.
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6. High redshift galaxies

この節は high-zについていくつかの結果を述べる. LFの
進化など,より詳しくは後発論文に譲る.

6.1. cosmic star formation history

In Figure 12, we show the redshift evolution of cosmic star
formation rate density (i.e., SFR per unit comoving volume).
We can see that the our fiducial model (black solid line) well
reproduces the observations at z < 2; however it underpredicts
the observations about factor of 2 at z > 2. We also show the
result of DSF model in Figure 12 (solid red line). For the DSF
model, we again tune the astrophysical parameters to fit the lo-
cal r- and K- band LFs and HI MF, by the MCMC method. In
the DSF model the star formation time scale is proportional to
the dynamical time scale of DM halos and it become shorter in
high-z galaxies than local galaxies. Consequently the cosmic
SFR density is largely enhanced at high-z in the DSF model
and the model well reproduces the observations. Note that the
data points obtained by Bouwens et al. (2014) are obtained
by the integrating down the LF to MAB(1500Å) = 17.0, and
therefore they should be regarded as the lower limit.

Size and velocity dispersion of bulge

• major merger 前後のエネルギー保存からサイズと速度分散を計算

• 明るい側でどちらも観測より小さい => M/L が間違っている？

Faber-Jackson relation Size-magnitude relation
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Mstar-Zcold relation
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• 小さい銀河ではメタルが足りない

• SN feedback を効かせすぎ？
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Cosmic star formation history
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• UV は観測を再現するが IR は factor ~2--3 足りない

• もっと SFR を上げる？ top-heavy IMF？ AGN？

UV and IR luminosity density

UV FIR
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まとめ
• local LF や cosmic SFR density evolution は概ね再現

• 未解決問題

- 暗い銀河で cold gas が少ない

- MZ relation 

- バルジ形成機構

- ダスト生成 / ダスト放射機構

• 星成分は大体よし、ガスやメタルやダストはまだ理
解が甘い

15年6月4日木曜日
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Table 1. Details of the ν2GC simulations. N is the number of simulated particles, L is the comoving box size, m is the particle mass resolution,
Mmin is the mass of the smallest halos, the total number of halos, and Mmax is the mass of the largest halo in each simulations. The smallest
halos consist of 40 particles. In the last two columns, values at z=0 are presented except for the ν2GC-H3 simulation, which was stopped at z = 4.

Name N L(h−1Mpc) m(h−1M⊙) Mmin(h−1M⊙) #Halos Mmax(h−1M⊙)
ν2GC-L 81923 1120.0 2.20× 108 8.79× 109 421,801,565 4.11× 1015

ν2GC-M 40963 560.0 2.20× 108 8.79× 109 52,701,925 2.67× 1015

ν2GC-S 20483 280.0 2.20× 108 8.79× 109 6,575,486 1.56× 1015

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

ν2GC-H1 20483 140.0 2.75× 107 1.10× 109 5,467,200 4.81× 1014

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

ν2GC-H3 40963 140.0 3.44× 106 1.37× 108 44,679,543(z = 4) 1.15× 1013(z = 4)

in small galaxies and hence decreases the number densities of
faint dwarf galaxies (e.g., Doroshkevich et al. 1967; Couchman
& Rees 1986). The characteristic halo mass below which halos
cannot retain the heated gas, Mc, has been investigated using
cosmological hydrodynamic simulations (e.g., Gnedin 2000).

In this context, Okamoto et al. (2008) performed high-
resolution cosmological hydrodynamical simulations with
time-dependent UV background radiation field. They found
that the redshift evolution of characteristic mass, Mc(z), is de-
termined by the following factors for each halo: the relation
between Tvir and the equilibrium temperature for the gas at
the edge of the halo, Teq(ρvir/3), and its merging history (see
Section 4 in Okamoto et al. 2008). Moreover, they also found
that the mass fraction of baryonic matter in the halos with mass
M at redshift z is well fitted by the following formula origi-
nally proposed by Gnedin (2000):

fb(M,z) = ⟨fb⟩
{
1+ (2αUV/3 − 1)

[
M

Mc(z)

]−αUV
}−3/αUV

,(6)

where αUV is a parameter that controls how rapidly fb drops
for low-mass halos, which is set to αUV = 2. While fb(M,z)
equals to ⟨fb⟩ for the halos with M ≫ Mc(z), it goes to zero
∝ (M/Mc)3 for the halos with M≪Mc(z) via the suppression
of accretion of photoheated baryonic matter onto halos.

We newly incorporate this prescription given by Okamoto et
al. (2008) into our ν2GC model. Although all of the factors
that determine Mc(z) described above can be evaluated in our
ν2GC model, we simply adopt their resultant Mc(z) itself in
order to avoid a relatively large computational cost to obtain
Teq(ρvir/3).

The details how to incorporate the prescription of Okamoto
et al. (2008) are as follows. Before reionization, which is as-
sumed to occur at z = zreion instantaneously, all halos contain
baryonic matter with mass fraction of fb = ⟨fb⟩ regardless of
their masses as described in Section 2.3. After reionization,
the expected baryon fraction fb of each halo with mass M col-
lapsed at z, fb(M,z), is evaluated via equation (6) using a fit-
ting formula to Mc(z). Then, for the halo with total baryonic
mass (i.e., the sum of the masses of the stars, SMBH, cold gas,
and hot gas of all galaxies in the halo) of Mb,tot≤ fb(M,z)M ,
the baryonic mass of fb(M,z)M −Mb,tot is added to the halo
as hot gas with temperature of Tvir. On the other hand, for the
halos with Mb,tot > fb(M,z)M , an appropriate mass of hot
gas in the halo is removed keeping its metallicity unchanged

so that the mass fraction of baryon in the halo coincides with
fb(M, z); this prescription mimics photoevaporation by UV
background radiation during the reionization. A tiny fraction of
the less-massive halos with Mb,tot > fb(M,z)M , the amount
of hot gas is found to be not enough to make the baryon frac-
tion fb(M,z). For these halos, the masses of the cold gas of all
galaxies in a halo are reduced by the same factor keeping their
metallicities unchanged so that the mass fraction of baryon in
the halo coincides with fb(M,z).

Although Okamoto et al. (2008) found that such photoevap-
oration is important especially just after the reionization (see
middle panel of Figure 5 of Okamoto et al. 2008), the effect in
our model is assumed to occur for such less-massive halos with
Mb,tot > fb(M,z)M regardless of their collapsing redshifts if
z ≤ zreion.

2.5. Star formation and feedback in disk

Following the cooling process of diffuse hot gas, stars are
formed in the cold gas disk. The star formation rate (SFR), ψ,
is given as ψ = Mcold/τ∗, where Mcold is the cold gas mass,
and τ∗ is a star formation (SF) time-scale. We assumed that
the star formation activity in galaxy disk should be related to
the dynamical time scale of disk, τd ≡ rd/Vd, where rd and Vd

are the disk radius and disk rotation velocity defined in §§2.9,
respectively. Thus we adopt the following formula for star for-
mation time-scale τ∗,

τ∗ = ε−1
∗ τd

[
1+

(
Vd

Vhot

)αstar
]
, (7)

where τ0∗ and α∗ are dimensionless free parameters. The
Vhot is a parameter related to the SN feedback (see below).
Although the above modeling of SF time-scale can well re-
produces the several physical properties as shown in later (see
Section 5), there can be another modeling for the SF time-
scale. For example, we have examined the model in which the
SF time-scale is depend on the global dust surface density of
galaxy, and found that the choice of SF time-scale model could
have significant effect on the galaxy formation history (Makiya
et al. 2014).

We assumed that a fraction of cold gas is reheated and
ejected from galaxies as a consequence of supernova explosion
at a rate of Ṁreheat = Mcold/τreheat, where the time-scale of
reheating is given by

τreheat =
τ∗

β(Vd)
, (8)
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モデル銀河は全体的に IR で暗い...

Data : Gruppioni 2013 (Herschel)
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Why?

• 観測の空間分解能の影響？
• 観測データは複数のソースをまとめて見ている？

• AGNの寄与？

• モデルにはまだ入っていない
• ULIRG 的な天体は AGN dominated 

• top-heavy IMF?

• SFR を変えずに UV photon を増やせる

15年6月4日木曜日
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- 青線 : 空間的になまして LF を計算
- それほど効かない

Data : Gruppioni 2013 (Herschel)
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TIR LF は合わないがとりあえず 

SMGs の計算をしてみる
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- やはり SMGs も暗い
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- 緑線 : LTIR を手で２倍にして計算
- ぴったり合う => SED model は良さそう
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Evolution of disk size and L-Tdust relation 

• At fixed SFR:

- large size => low τdust and 
low LTIR

• At fixed LTIR

- large size => low Tdust and 
high submm flux

• effective radius of L ~ L* 
galaxies scales as 
r ∝ (1+z)-1 (e.g., Ono+ 2013)

• モデル銀河は同じ LTIR でも 
high-z ほどダスト温度が高
温になる

No. 6] Infrared SEDs of Galaxies in the AKARI All Sky Survey 1189

Fig. 11. Infrared SED models of galaxies. The red thick solid curves
are the single-U predictions by the physical dust model of DL07, for
several values of Uh indicated in the figure (from bottom to top with
increasing Uh). The blue thin curves are the same, but predictions
including the PDR component with ! = 0.04, for several values of
Umin. The dotted curves are the corresponding PDR components. The
dashed curves are predictions by the DH02 model for the four values
of ˛DH (from top to bottom with increasing ˛DH). The dot-dashed
curves are the ˇ = 1.75 modified blackbody spectra for several values
of dust temperature Td (from bottom to top with increasing Td ).

3.2. Fitting to the AKARI/FIS Data

Because the number of galaxies detected by IRC is small,
and we concentrate on Uh for the broad thermal peak in SEDs,
we use only the four AKARI/FIS bands in the SED fits. For
a galaxy whose energy flux per unit frequency is F"."/, the
i -th FIS band flux quoted in the FIS-BSC catalog (in units of
Jy) is calculated as

Fi =
1

∆"i

Z
d"F"."/Ri."/ ; (5)

where " is the frequency in the observer’s frame, ∆"i is the
band width,

∆"i ! "c

Z
d" ""1Ri."/ ; (6)

"c = c=#c is the central frequency of the band given in
table 1, andRi."/ is RSRF against energy flux for each AKARI
band shown in figure 1. The band width is defined so that
Fi = F"."c/ when "F"."/ is constant. The observed energy
flux is related to the luminosity L"."r I MdIR; Uh/ of the DL07
model per unit rest-frame frequency at a redshift z as

F"."/=
.1+ z/
4$dL.z/2

L"."r I MdIR; Uh/ ; (7)

where the rest-frame frequency is "r = (1 + z)".

Then, the best-fit values of MdIR and Uh are calculated by
the standard %2 minimization, i.e.,

%2.MdIR;Uh/=
4X

i=1

!
F obs
i "Fmodel

i .MdIR;Uh/
"2

.∆Ftot;i /2
; (8)

where the summation is over the four FIS bands. When the flux
measurement is not reported for a FIS band in the FIS-BSC
catalog, this band was not used in the fitting. The number of
FIS bands used for a fitting to a galaxy is denoted byNdat, and
because of our requirement of FQUAL # 3 at least in two of the
four FIS bands, 2 $Ndat $ 4. There are 3, 44, and 831 galaxies
having Ndat = 2–4 for the AKARI-SDSS sample and 4, 33,
and 674 for the AKARI-HIPASS sample, respectively. The
range of Uh covered in the fittings is 0.1 $ Uh $ 103, where
the lower bound is limited by the available model library, and
the upper bound is large enough because we found no galaxies
having Uh > 100. There are 20 and 24 galaxies whose best-fit
Uh is 0.1 (the lower bound of the model) for the AKARI-SDSS
and AKARI-HIPASS samples, respectively, and the following
statistical analyses are not significantly affected by these small
number of galaxies. The total infrared luminosity, LTIR, is
then calculated as the bolometric luminosity of the dust emis-
sion from the best-fit SED model.

The 1& error ∆Uh for Uh was calculated for each galaxy by
the range corresponding to ∆%2 = 1 from the %2 minimum,
taking the best-fit normalization (i.e., MdIR) for each value of
Uh. The errors of MdIR and LTIR are correlated with Uh, and
we estimated them as follows. For a fixed value ofUh, the error
for the normalization factor can be estimated as (see, e.g., Press
et al. 2007)

∆MdIR

MdIR
=

∆LTIR

LTIR
=

1

MdIR

#
1

2

@2%2

@M2
dIR

$" 1
2

: (9)

In addition, to take into account the error correlated with
Uh, we calculated the change of the best-fit MdIR and LTIR

values when Uh is changed from the best-fit value by ˙∆Uh.
Then, the quadratic sum of these two types of errors was
calculated as the final error for MdIR and LTIR. We found
that the mean errors of log10Uh and log10 MdIR are % 0.17
for both the AKARI-SDSS and AKARI-HIPASS samples,
and that for log10LTIR is smaller than these by a factor of
about four. The error of LTIR is small because it is directly
connected to the observed fluxes, while MdIR and Uh have
similar fractional uncertainties about the SED shape by the
relation LTIR / MdIRUh.

Six examples of the fittings to the AKARI-SDSS galaxies
are shown in figure 12. The distributions of Uh and the
minimum reduced %-square, %2red ! %2=" for Ndat # 3
galaxies are shown in figure 13, where the degree of freedom
is " = Ndat " 2 for the two-parameter fittings. Theoretical
expectations of the %2red distribution (weighted sum of those
for Ndat = 3 and 4) are also shown. The observed %2red distri-
bution is larger than the ideal theoretical prediction by a factor
of % 1.5, but we consider that this is not unreasonable, if we
take into account the possible systematic errors in the AKARI
flux calibration and/or the possible difference of the single-U
DL07 model from the reality.

Physical dust model by Draine & Li (2007)

15年6月4日木曜日



LTIR-Tdust relation for SMGs and local SF galaxies
Evolution of Dust Temperature of Galaxies 5

Figure 3. Tdust vs. LIR for galaxies in SDSS. Galaxies hosting AGN are indicated by yellow symbols. The thick dashed line is a smoothed
median trend of Tdust for local SDSS galaxies by excluding those with AGN, and the dot-dashed lines are its envelope that includes
90% of the galaxies above and below the median. The known local infrared galaxies (IRGs) (D00: Dunne et al. 2000), SMGs (C05:
Chapman et al. 2005, K06: Kovács et al. 2006) and ULIRGs (Y07: Yang et al. 2007, Y09: Younger et al. 2009) are plotted with triangles,
squares and star symbols, respectively Among the SMGs in common between this study and C05, those having no neighbouring sources
(clean) are denoted by large filled circles, while those possibly contaminated by neighbouring sources (blended) are denoted by large
open circles.

Figure 4. (a) Tdust vs. LIR for galaxies in GOODS-N. Galaxies hosting AGN are indicated by yellow symbols. The thick dashed line is
a smoothed median trend of Tdust for local galaxies adopted in Fig. 3, and the dot-dashed lines are its 90% envelope. The loci of known
SMGs and ULIRGs in Fig. 3 are plotted as regions filled by cyan and coral colour, respectively Clean and blended galaxies are denoted
by filled and open circles, respectively. The thick solid line is a median trend of Tdust for galaxies in the GOODS-N field and the dotted
lines are its 90% envelope (filled with orange colour). Inclined, grey long-dashed lines indicate the AKARI selection function at the
maximum redshift of local galaxies (z = 0.119). (b) Distribution of Tdust for high-z galaxies. Clean and blended galaxies including AGN
are denoted by hatched histograms with orientation of 45◦ (// with red colour) and of 315◦ (\\ with blue colour) relative to horizontal,
respectively.

SMGs are systematically cold?

Hwang et al. (2010)
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Size of SMGs
No. 2, 2009 LUMINOUS INFRARED GALAXIES WITH THE SUBMILLIMETER ARRAY. II. 1545

typical error:
0.1 kpc (U/LIRG)
   2 kpc (SMG/Quasar)

Figure 4. Left: the CO (3–2) size plotted against the FIR luminosities. The CO (3–2) minor axis was used for all sources. We note that some of the LIRGs (especially
the low luminosity ones) are widely separated merging pairs, and here we have used the source sizes of each CO (3–2) component. Typical error bars are ∼0.1 kpc
for the U/LIRGs and ∼2 kpc for the high-redshift sources. We also plot the separation of the widely separated pairs for LIRGs (+) and SMGs (x). Right: same as left
but with the galaxies with only upper limits to the source size included for completeness.

the relatively large scatter in the U/LIRGs and local galaxies
in Figure 1 (left) could be explained by intrinsic variation
in the average gas kinetic temperature and density, reflecting
the physical characteristics of each galaxy. The results from
LVG modeling are qualitatively consistent with the theoretical
predictions by Krumholz & Thompson (2007) and Narayanan
et al. (2008a).

Finally, we note that because the excitation of the CO
(3–2) line could be sensitive to temperature, less temperature
dependent higher density gas tracers such as HCN (1–0) or
HCO+ (Krumholz & Thompson 2007; Gracia-Carpio et al. 2008,
but see Papadopoulos (2007) for a counter argument for the use
of HCO+) could be the better tracer of star formation in quiescent
galaxies, although the gas must be dense (nH2 ∼ 105−6 cm−3)
enough to excite the HCN emission. These lines are also much
weaker than CO lines and therefore harder to observe (see e.g.,
Figure 3). While HCN emission is often used a tracer of dense
gas feeding star formation activity, HCN emission from X-
ray irradiated circumnuclear tori may become significant and
therefore the HCN emission may be more pronounced towards
AGN than starbursts in some cases (Kohno et al. 2001).

4. THE EVOLUTIONARY STATUS OF SUBMILLIMETER
GALAXIES

4.1. CO (3–2) Source Size

In Section 3, we have shown evidence that the overall CO
(3–2) luminosity is well correlated with the total dusty star
formation traced in FIR luminosities. In this section, we extend
this argument and assume that the large scale spatial distribution
of CO (3–2) emission is also correlated with the extent of
current star formation. To this end, we have plotted the CO
(3–2) emitting diameter (in kpc) against the FIR luminosities
in Figure 4. For the U/LIRGs, a trend is seen where the CO
(3–2) size decreases as a function of FIR luminosity. The CO
(3–2) size, however, can vary by an order of magnitude (0.3–
3.1 kpc) for the LIRG population alone. In contrast, the ULIRGs
are predominantly compact (0.4–1 kpc), and the large FIR
luminosity seen in ULIRGs is likely related to this high central
concentration of high density gas.

This trend immediately breaks down in SMGs where the
derived CO (3–2) sizes (3–16 kpc) are roughly an order of
magnitude larger than the ULIRGs. The average CO size for the
SMGs (8 ± 2 kpc) is only a factor of 2 smaller than the average
nuclear separation (15 ± 6 kpc)of the pre-coalescence LIRGs
(e.g., VV 114, Arp 299; see also Figure 4). The three resolved
quasars have source sizes (2–4 kpc) that are systematically
smaller than the SMGs, but the sample size is too small for
this trend to be conclusive. We caution that, although the
SMGs/quasars are observed with the highest angular resolution
achievable with existing interferometers, these sources are only
marginally resolved, and the resultant source sizes should be
treated as a conservative upper limit to any internal structure
present in these galaxies. The upper limits for the unresolved
SMGs and quasars (see Figure 4, right) do not place very useful
limits on their intrinsic sizes, but are generally consistent with
the conclusions drawn from the resolved sources.

These sizes show that the star forming regions in local
ULIRGs are much more compact than those in SMGs. This
result is an interesting contrast to the analysis by Bouché et al.
(2007) where they find that the millimeter or CO size of the
SMGs themselves are much more compact than the optical size
of the UV or optically selected population at z ∼ 2. The widely
extended (as opposed to nuclear) star formation in SMGs was
suggested previously using high resolution radio observations of
spectroscopically identified SMGs by Chapman et al. (2004b)
who find 70% of sources with size scale of 7 ± 1 kpc. More
recently, Biggs & Ivison (2008) combined the radio emission
data of SMGs obtained using Multi-Element Radio Linked
Interferometer Network (MERLIN) and VLA in the u-v plane,
and found an average SMG source size of 5 kpc, which is
in agreement with the results of Chapman et al. (2004b) and
also the CO size measurements by Tacconi et al. (2006). Two
arcsecond resolution SMA 890 µm measurements (Iono et al.
2006b; Younger et al. 2007, 2008a) of bright SMGs suggest
source sizes of < 8 kpc, and new higher angular resolution SMA
measurements suggest a smaller source size of ∼5 kpc (Younger
et al. 2008b). Thus, radio, CO, and submm observations all
suggest that the size scale of the brightest SMGs are of order
∼5 kpc, and this is a factor of 2–10 times larger than the CO

(Iono et al. 2009)

• SMGs have ~10kpc star forming region?
• ALESS sources are < 10kpc (Hodge et al. 2013)
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• モデル銀河の disk size は小さい
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- 緑線 : 銀河サイズに(1+z)を掛けてサイズ進化を打ち消したモデル
- 低温になった分 submm flux が上がり観測に合うようになる

- この場合 LTIR を合わせると SMGs が明るくなりすぎる
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Fig. 4.— Relationship between redshift and sizes for z ! 3 SMGs, z ∼ 2 cQGs and z ∼ 2–2.5 cSFGs. We plot
the 1100-µm size – that of the starburst nuclei – for z ! 3 SMGs (this work). We plot the NIR size – that of the
stellar component – for cQGs (Krogager et al. 2013) and cSFGs (Barro et al. 2014). Color images of a SMG and a
cQGs are taken from Toft et al. (2014); that of a cSFG is from Nelson et al. (2014). This plot illustrates that z ! 3
SMGs have a compact starburst region which could generate the compact, high-density stellar components of cQGs
or cSFGs. Errors in the measured sizes of cSFGs are small (∼ 0.05 kpc) (Barro et al. 2014).

12

SMGs size estimated by ALMA

(Ikarashi et al. 2015)

ALMA で見ると SMGs は小さい (モデル銀河と同程度)
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Summary

•銀河形成モデルにダスト放射機構を組み込んだ
•モデル銀河は全体的に暗く TIR LF を再現できず

- Cosmic SFR density や SMF は大体合っている

- SFR をあと~二倍増やす？

- IMF を top heavy にして UV photon だけ増やす？

• SMGs のサイズや Tdust の進化は number count の予想に顕
著な影響を持つ
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観測に期待すること

•AGN と SF の切り分け

•galaxy merger と AGN activity の関係

•金属量進化
•Mdust / Mgas ratio の redshift 進化が見たい

•赤外で明るい銀河のサイズ進化
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