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イントロ: 研究目的
銀河進化における環境(主因)としての

ダークマターハロー
✓ Dark matter
•CDM
•大規模構造
•DM halo

✴比較的単純

✓バリオン
•星
•銀河

✴多様性／相似性
物理起源

影響



物理起源

影響

問題設定
銀河の空間分布の相関の強さから
ホストハローの質量を求め

銀河の性質をハロー質量の関数として評価する。

✓ Dark matter
•CDM
•大規模構造
•DM halo質量

✴比較的単純

✓バリオン
•星
•銀河

✴多様性／相似性
星質量、SFR,

年齢、形状



道具立て: (1) host halo mass

ξg

Mhost

1.CDM model 確立
2.銀河のバイアス from obs. 

3.DM clustering predictable
4.DMハローのバイアス predictable 

5.銀河バイアス＝＞Mhalo



2-halo

1-halo

道具立て: (2) Halo occupation model

Ng = (M/M1)α

for M > Mmin

1-halo

2-halo
2-halo => Mhalo
1-halo => Ng

TH+2004



道具立て: (3) Halo進化
z1でM1 => z2でM2のP(M2)を予想するモデル
Extended Press-Schechter model

TH+2006



現状

•z~0: SDSS galaxies (Li+2006)
•z~1: OPEGs (TH+2006)
•1<z<3: NIR galaxies (Ichikawa+2007)
•z~3: LBGs (Yoshida+2008)
•4<z<6: LBGs (Ouchi+2005)



Clustering according to galaxy properties 33

Figure 12. Projected correlation function wp(r p) for the galaxies in different stellar mass intervals and with different physical properties (from the left-hand
to right-hand panel: g − r colour, D4000, concentration and log stellar surface mass density log10 µ∗). The panels in each column are for different stellar mass
subsamples, with the range of stellar mass indicated in the left-hand column. In each panel, the black is for the full sample, the red (blue) is for the subsample
with larger (smaller) value of the corresponding physical parameter, and the green line is the line corresponding to ξ (r ) = (r/5 h−1 Mpc)−1.8.

Figure 13. wp(r p) measured at r p = 0.2, 1, 5 and 10 h−1 Mpc, as a function of stellar mass. The different columns show the dependence on different physical
quantities, as indicated. In each panel, the black is for the full sample, the red (blue) is for the subsample with larger (smaller) value of the corresponding
physical parameter.

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 368, 21–36

現状: z~0 SDSS (N~2e5)

重い銀河は2nd para無し
軽い銀河は色、年齢が2nd para

色 年齢 中心集中 表面輝度

M*

se
pa

ra
tio

n

依存性
強: M, 色, 年齢
弱: C, mu

Li+2006

(z~0 & optical infoでは) M*がprimary para.

小銀河では2nd para(SFR, age, 形状)あり



現状: z~1 OPEGs (N~4e3)

一つのハロー
に複数の銀河

Riz selection from SXDS

rest ~4000ATH+2006

•可視光度(~M*)とMhaloが相関
（z~0銀河と同様）



現状: 1<z<4 NIR gal (N~2e3)

Ichikwa+TH+2006

No. 6] Clustering of Galaxies in MOIRCS Deep Survey Region 1089

Table 1. Clustering measurements of galaxies with K ! 25.0.

! = 1.8

z Criteria N hzi loghM"i Aw r0 hbi" log.n/
(Mˇ) arcsec0:8 (h#1 Mpc) (Mpc#3)

K flux
1 < z < 2 K < 23 170 1.3 10.4 2.2 ˙ 1.4 5.3+1:5

#2:2 2.4 ˙ 0.5 #2.6 ˙ 0.03

1 < z < 2 K < 24 335 1.3 10.1 1.3 ˙ 0.6 4.0+0:8
#1:0 1.9 ˙ 0.2 #2.3 ˙ 0.02

1 < z < 2 K < 25 525 1.3 10.0 0.6 ˙ 0.3 2.7+0:6
#0:8 1.4 ˙ 0.3 #1.9 ˙ 0.03

2 < z < 4 K < 23 54 2.6 10.8 1.5 ˙ 1.9 4.8+2:4
#4:8 4.1 ˙ 2.0 #3.5 ˙ 0.06

2 < z < 4 K < 24 201 2.7 10.4 0.9 ˙ 0.8 4.1+1:6
#2:6 1.4 ˙ 2.0 #2.9 ˙ 0.03

2 < z < 4 K < 25 470 2.7 10.1 0.5 ˙ 0.5 3.0+1:3
#2:2 2.3 ˙ 0.7 #2.4 ˙ 0.02

J # K
2 < z < 4 DRG (J # K $ 1.3) 83 2.9 10.6 3.7 ˙ 1.8 9.2+2:1

#2:8 7.2 ˙ 1.3 #3.2 ˙ 0.05

2 < z < 4 0.5 ! J # K < 1.3 287 2.8 10.0 0.9 ˙ 0.6 4.1+1:3
#1:9 2.6 ˙ 0.4 #2.6 ˙ 0.03

2 < z < 4 J # K < 0.5 100 2.6 9.7 0.6 ˙ 0.5 2.7+1:1
#1:7 1.5 ˙ 1.2 #2.9 ˙ 0.06

sBzK
1.4 < z < 2.5 K < 23 76 1.8 10.5 6.1 ˙ 2.1 9.7+1:7

#2:0 4.4 ˙ 0.5 #3.1 ˙ 0.05

1.4 < z < 2.5 K < 25 328 1.9 10.0 1.1 ˙ 0.9 4.0+1:5
#2:5 2.5 ˙ 0.4 #2.4 ˙ 0.03

stellar mass M"
1 < z < 2 > 1010 Mˇ 105 1.4 10.6 1.6 ˙ 1.2 4.6+1:6

#2:5 1.9 ˙ 0.4 #2.8 ˙ 0.04

1 < z < 2 109#10 Mˇ 282 1.4 9.5 0.4 ˙ 0.4 2.1+1:0
#1:8 1.3 ˙ 0.6 #2.3 ˙ 0.03

2 < z < 4 > 1010 Mˇ 124 2.8 10.6 0.9 ˙ 0.6 4.3+1:3
#1:9 3.5 ˙ 0.5 #3.1 ˙ 0.04

2 < z < 4 109#10 Mˇ 320 2.7 9.6 0.3 ˙ 0.4 2.4+1:1
#1:9 2.1 ˙ 0.6 #2.5 ˙ 0.03

rest frame U # V
> 1010 Mˇ

1 < z < 2 U # V $ 0.7 100 1.3 10.6 1.5 ˙ 1.4 4.4+1:8
#2:9 1.8 ˙ 0.4 #2.9 ˙ 0.04

1 < z < 2 U # V < 0.7 5 1.7 10.3 — — — #4.2 ˙ 0.21

2 < z < 4 U # V $ 0.7 84 2.8 10.7 3.4 ˙ 1.1 8.7+1:4
#1:7 5.8 ˙ 1.2 #3.3 ˙ 0.05

2 < z < 4 U # V < 0.7 40 3.0 10.4 2.4 ˙ 4.3 6.7+4:2
#11:6 3.0 ˙ 1.2 #3.6 ˙ 0.07

109#10 Mˇ
1 < z < 2 U # V $ 0.7 145 1.3 9.5 0.3 ˙ 0.5 1.6+0:9

#1:9 1.2 ˙ 0.4 #2.6 ˙ 0.04

1 < z < 2 U # V < 0.7 137 1.5 9.4 1.1 ˙ 1.1 4.0+1:6
#2:7 2.2 ˙ 0.2 #2.7 ˙ 0.04

2 < z < 4 U # V $ 0.7 70 2.6 9.7 0.7 ˙ 1.0 3.4+1:8
#4:1 1.7 ˙ 2.5 #3.1 ˙ 0.06

2 < z < 4 U # V < 0.7 250 2.8 9.6 0.7 ˙ 0.6 3.6+1:4
#2:2 2.8 ˙ 0.7 #2.6 ˙ 0.03

" averaged in the bins of 800 < " < 10000.

length, r0, in units of h#1 Mpc and given the results in the
seventh column. The eighth column is the bias averaged in
the bins, where we use bins with 800 < " < 10000 to avoid any
small-scale excess. In the last column, we give the number
density and the Poisson error on a comoving scale based on
the 1=Vmax method, where Vmax is the volume corresponding
to the total redshift range over which the galaxy would be
detected at the K % 25 flux limit.

4.6. Accuracy of the ACF Analysis

Some of the samples used in the present analysis are very
small in size. For example, the number of DRGs is 83 in
2 < z < 4. A concern would be that the strong clustering
amplitude of the galaxies given in the above described analysis

could have resulted from shot noise. To estimate the errors
arising in a small sample, we used Monte-Carlo simulations.
We generated 300 sets of mock catalogs, which had an intrinsic
w."/ equal to the best power-law fit to the DRG sample,
w."/ = 3.7"#0:8, for the same size and geometry. For each
mock catalog, the best-fit analysis with the Landy-Szalay
estimator [equation (1)] was applied in " = 100–10000 bins, as
for the DRG sample. The average of the best-fit Aw values in
equation (3) for 300 sets is hAwi = 2.8 ˙ 1.2 arcsec0:8, which is
within 1# of the observation Aw.DRG/ = 3.7 ˙ 2.1 arcsec0:8.

As a final check, we computed ACF of DRGs using the
counts-in-cells (CIC), which is significantly less affected by
shot noise than the pair count analysis (Porciani & Giavalisco
2002). The correlation function, w.Θ/, is expressed as

K-mag
(~M*)

J-K
(rest color)

M*

rest U-V
(~SFR)

•M*大はSFR(rest U-V)に関わらずMhalo大
•M*小はSFR大の場合Mhalo大

M∗ > 1010M"

109 < M∗ < 1010M"

K_AB<25 selection in  GOODS-N



現状: z~3 LGBs (N~1e3)

Yoshida+2008

U-drops in SXDS-S

TH+2006

M*大

M*小

SFR大

SFR小

@z~3
U-drop LBGs もNIR galaxiesも同じ傾向

=> small Mhaloにいる銀河はM*小かつSFR小

•Mhost大は、M*大
か/かつ SFR大
•Mhost小は、M*小
かつSFR小



現状: link 0<z<4
1092 T. Ichikawa et al. [Vol. 59,

Fig. 13. Bias evolution along with the redshift for the sample galaxies compared with previous observations at high-z, the results in the local Universe,
and CDM model predictions. The data in the relevant literature, which are represented in figures 6 and 8, are shown with the same symbols. In addition,
optically selected samples for LBGs are referred to Lee et al. (2006) (L06) and Ouchi et al. (2004) (O04). The sBzK data were taken from Hayashi et al.
(2007) (H07) and Kong et al. (2006) (K06) cited in H07. The spectroscopic samples of DEEP2 are depicted at z ! 1 (Coil et al. 2006). For the optical
samples, the larger biases are for more luminous galaxies. The bias ranges for the samples at the local Universe (z ! 0) are cited from Bahcall et al.
(2003) for clusters of galaxies, Padilla et al. (2004) and Girardi et al. (2000) for groups of galaxies, Zehavi et al. (2005) for SDSS sample with the value
for typical luminosity (M "

r ! #20.5) in r band. The dotted lines show the bias evolution predicted by the galaxy-conserving model [equation (15)]. The
merging evolution paths of the hosting halos within the framework of the CDM cosmology based on the extended Press–Shechter model are depicted by
solid and dash lines for our samples. The error budgets of the bias evolution, which include the variety history of mass assembly from the observed epoch
and the observational error of the bias, are depicted at the left lower corner with solid lines.

(PDFs) of the descendant mass are skewed towards larger
mass, we adopted the mode, rather than the average, of the
distribution as the typical mass and bias of the descendant halo
(M 0

DH and b0
DH in table 2). It should be noted that the error

of b0
DH includes a variety of descendant masses, due to the

different mass assembly histories from the original halo mass,
MDH, at the observed epoch. The bias evolution paths of
the typical halo hosting the galaxies of each subsample from
the observed epoch to the present day are given in figure 13.
Table 2 gives the bias error, ∆bDH, which includes the errors
of bDH and MDH. The error bars (∆bDH) shown in figure 13
are considered to be the possible bias range of the descendants.

5. Discussion

We measured the clustering properties of galaxies in a 24.4
arcmin2 area of GOODS-N region in redshift bins of 1 < z < 2
and 2 < z < 4, using our K-selected catalog with a limiting
magnitude of K ! 25 at the 90% completeness. Our results
conclude that DRGs show a conspicuously large clustering
amplitude at 2 < z < 4, and more luminous galaxies in the
K-band are more strongly clustered. Small-scale excesses
(! < 1000, < 0.3 Mpc at z ! 3) of the clustering amplitudes
are discernible for those subsamples with 0.5 < J # K < 1.3,
in which most of the LBGs populate. Since the flux in the

TH+2006 Ichikawa+2006

E



現状: “定性的”シナリオ

DM質量

大

小

z~4

LBGs
active SF

LBGs
mild SF

3>z>1
A) large M*
•small/no SF
•active SF
B) small M*
&active SF

small M*
mild SF

z~1
OPEGs
no SF

z~0

Massive-E 
no SF

SF late 
still SF

normal-E 
no SF



現状: まとめ
1.M*とMhalo が正相関(@ z<4)

2.small haloにいる銀河は (@ 1<z<3, NIR-gal, LBG)

a.M*小 “かつ”

b.SFR小
3.SSFRとMhaloに正相関？ (@ 4<z<6 LBG)



現状: まとめ
L_UVとMhaloに正相関

CDM銀河形成モデルでは説明出来ていない

Kashikawa+2006



展望: 観測課題

DM質量

大

小

z~4

LBGs
active SF

LBGs
mild SF

3>z>1
large M*
•small/no SF
•active SF

small M*
mild SF

z~1
OPEGs
no SF

z~0

Massive-E 
no SF

SF late 
still SF

normal-E 
no SF

このダイアグラムの定量化

rest-opt
LBGのM*

(Mb, Mdyn)

Deep NIR & U
over >1sq deg



展望: 理論課題
1.M*とMhalo が正相関(@ z<4)

2.small haloにいる銀河は (@ 1<z<4, NIR-gal, LBG)

a.M*小 “かつ”

b.SFR小
3.SSFRとMhaloに正相関？ (@ 4<z<6 LBG)

こいつの物理メカニズムの解明



まとめ
•銀河の空間相関を手がかりとして銀河進化とDM 

haloの関連を探る
✓方法論は確立（細部の改良は必要だが）
✓wide-deep撮像観測計画によりデータは向上
✓主要素解析みたいな手法の開発

•High-z star-forming銀河で SSFR-Mhalo正相関？
✓物理起源？
✓実は２次的相関（SSFRー何かーMhalo）？
✓low-z SF銀河では？


