
研究の動機
・銀河団は重力的に結びついた最も大きな天体。
・現在、z~1.6が最遠方の銀河団。
・まだ進化の途中を「原始銀河団」と呼ぶ。
・銀河団は宇宙の大規模構造の構成要素となっている。
・また銀河団はその構成銀河にも影響を与えている。

進化の初期の段階、z~6での原始銀河団を研究する

銀河団の進化を研究することは、宇宙の構造形成や
　銀河の進化についての理解につながる

SDF天域におけるz~6の原始銀河団の探査
利川 潤 (総合研究大学院大学M1)



原始銀河団を見つけるために

and i0!z0 colors, and the other selected by R!i0 and i0!z0 colors
(hereafter Vi0z0 and Ri0z0 LBGs, respectively).

Figures 4Y6 illustrate the predicted positions of high-redshift
galaxies and foreground objects (lower redshift galaxies and Gal-
actic stars) in three two-color diagrams: B!R versus R!i0, V!i0
versus i0!z0, andR!i0 versus i0!z0. The solid lines in these figures
indicate tracks for model spectra of young star-forming galax-
ies for the redshift range z > 3. The model spectra were constructed
using the stellar population synthesis code developed by Kodama
& Arimoto (1997). As model parameters an age of 0.1 Gyr, a
Salpeter initial mass function, and a star formation timescale of
5Gyr were adopted, and reddening ofE(B!V ) = 0.16was applied
using the dust extinction formula for starburst galaxies by Calzetti
et al. (2000). These values reproduce the average rest-frame UV-
optical spectral energy distribution of LBGs observed at z " 3
(Papovich et al. 2001). We also show tracks for model spectra
with reddeningE(B!V ) of 0 and 0.3 for reference. The absorption
due to the intergalactic medium was applied following the pre-
scription of Madau (1995). The dotted, dashed, and dot-dashed
lines delineate the tracks for model spectra of local elliptical,
spiral, and irregular galaxies, respectively, redshifted from z = 0 to
z = 3. These spectra were also constructed using the Kodama-
Arimoto population synthesis code and redshifted without evo-
lution. The asterisks denote the 175 Galactic stars of various types
whose spectra are given by Gunn & Stryker (1983). The colors
were calculated by convolving constructed model spectra of gal-
axies or given spectra of stars with the response functions of the
Suprime-Cam filters. It can be seen that the model young star-
forming galaxy moves nearly vertically from the origin in these
two-color diagrams at z > 3—namely, it becomes redder in B!R,
V!i0, and R!i0, while keeping blue R!i0, i0!z0, and i0!z0 colors,
as redshift increases—and that it shifts into a portion of the two-
color space that is unpopulated by foreground objects. At z > 5 the
R!i0 color does not become much redder, while i0!z0 becomes
redder in the R!i0 versus i0!z0 diagram. These figures imply that
LBGs at z " 4, and those at z " 5, can be well isolated from
foreground objects in the B!R versus R!i0 diagram, and in the

V!i0 versus i0!z0 and R!i0 versus i0!z0 diagrams, respectively.
The most critical contamination is caused by elliptical galaxies at
z " 0.5, which come close to high-redshift galaxies in these di-
agrams as a result of the 4000 8 break in their spectra.

In Figures 7Y9, we show the distribution of all the objects con-
tained in the catalogs in the two-color diagrams. When the mag-
nitude of an object in a nondetection band is fainter than the 1 !
magnitude of the band, the 1 ! magnitude is assigned to the ob-
ject. Objects with spectroscopic redshifts are shown with colored
symbols in these figures, where different colors indicate different
redshift bins. The colors of the spectroscopically identified objects
match up fairly well with those of the model galaxies at the cor-
responding redshifts in Figures 4Y6.

We adopt the same color criteria for BRi0 and Vi0z0 LBGs as
used in Ouchi et al. (2004). For Ri0z0 LBGs, we visually fine-
tuned the color criteria based on the increased redshift informa-
tion. Specifically, we set the selection criteria for BRi0 LBGs as

B!R > 1:2; R!i0 < 0:7; B!R > 1:6(R!i0 )þ1:9; ð1Þ

for Vi0z0 LBGs as

V!i0 > 1:2; i0!z0 < 0:7; V!i0 > 1:8(i0!z0 )þ1:7; ð2aÞ
B > 3 ! mag; ð2bÞ

Fig. 4.—A B!R vs. R!i0 diagram illustrating the predicted colors of model
galaxies and stars. The three solid lines indicate the tracks for model spectra of
young star-forming galaxies with reddening of E(B!V ) = 0, 0.16, and 0.3 (left to
right). The redshift range is from z = 3 to higher redshifts, and the circles on the
track mark redshift intervals of 0.1. The dotted, dashed, and dot-dashed lines
delineate the tracks for model spectra of local elliptical, spiral, and irregular
galaxies, respectively, redshifted from z = 0 to z = 3 without evolution. The
circles on each trackmark z = 0, 1, and 2. The asterisks represent the colors of 175
Galactic stars given by Gunn & Stryker (1983). The thick line indicates the
boundary that we adopt for the selection of BRi0 LBGs.

Fig. 3.—Top: The B, R, and i0 bandpasses overplotted on the spectrum of a
generic z = 4 galaxy (thick line), illustrating the utility of the color selection
technique with these three bandpasses for locating z " 4 galaxies. Bottom: The V,
R, i0, and z0 bandpasses overplotted on the spectrum of a generic z = 5 galaxy
(thick line). The sets Vi0z0 and Ri0z0 work well to isolate z " 5 galaxies.
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撮像観測から
遠方銀河の候補を選び出せる

Lyman break galaxy (LBG)

遠方銀河のサンプルをたくさん得る方法の一つを紹介する。

銀河間の中性水素により吸収を受ける。
赤方偏移により
　　　ライマンブレークの波長がずれる。

z=4とz=5の銀河のスペクトルのモデル

広帯域フィルターをうまく選択することで、
注目する赤方偏移の銀河候補を選び出せる。
このように選ばれた天体をLBGと呼ぶ。

明

明

暗

暗



原始銀河団探査

→電波銀河を中心とする領域で観測することが行われる。

evidence that the overdensity is associated with the radio galaxy
and the Ly! emitters.

We can derive the V606 dropout number densities from the
comoving volume occupied by the objects. For the comoving
volume one usually defines an effective volume, Veff , that takes
into account the magnitude and color incompletenesses. We es-
timated the effective redshift distribution, N(z), associated with
our selection criteria by running BPZ on the B435V606i775z850
photometry of the large GOODS V606 dropouts sample. The
redshift distribution is shown in Figure 15, where we have also
indicated the sum of the redshift probability curves of each ob-
ject to maintain information on secondary maxima, as well as the
uncertainties associated with each object. Our effective redshift
distribution is slightly narrower than the redshift distribution of
Giavalisco et al. (2004a; Fig. 15, dashed line), due to our ad-
ditional constraint on i775 ! z850. Because we only used objects
for which zB was relatively secure (i.e., objects having ODDS >
0:95), as well as using the full zB probability curves to construct
Figure 15, we believe that our N(z) is a good approximation to
the true underlying redshift distribution. While our N(z) could
appear too narrow if the errors on zB are significantly under-
estimated, we can expect it to be narrower than that of Giavalisco
et al. (2004a) in any case. The total probability of contamination
seen around z " 1 amounts to"10%. This is similar to the num-
ber of objects in the GOODS sample for which the S/N in B435

is >2.
Using the effective N(z), the comoving volume for the com-

bined GOODS fields becomes "5:5 ; 105 Mpc3. Here it is as-
sumed that the selection efficiency at the peak of the redshift
distribution is close to unity. Taking into account an incomplete-
ness of "50% for z850 < 26:5 (from Giavalisco et al. 2004a)
gives an effective volume twice as small and a GOODS V606

dropout volume density of 8 ;10!4 Mpc!3. For TN J0924!2201,
the effective volume is "1 ; 104 Mpc3, giving a number density
of 2 ; 10!3 Mpc!3 if all galaxies are spread out across the volume.
If, on the other hand, a significant fraction (e.g., k50%) of the
objects are associated with the radio galaxy and Ly! emitters
(assuming an effective protocluster volume of 8 ; 102 Mpc3 at
z̄ ¼ 5:2 with !z ¼ 0:03), we find a volume density of k1 ;
10!2 Mpc!3 and a SFR density of k1 ; 10!1 M$ yr!1 Mpc!3.
This is at least a 10-fold increase compared to that of the field.
One may wonder what the cosmic variance implies for a field

as large as GOODS. Somerville et al. (2004) have presented a
useful recipe for deriving the cosmic variance based on the clus-
tering of dark matter halos in the analytic CDMmodel of Sheth
& Tormen (1999). Once the number density and mean red-
shift of a given population are known, one can derive the bias
parameter, b, and calculate the variance of the galaxy sample,
"g ¼ b "DM, where "DM is the variance of the dark matter. A
number density of "1 ; 10!3 Mpc!3 corresponds to b % 4 and
a variance "DM % 0:07 for darkmatter halos at z " 5. This would
imply that the upper limit for the cosmic variance of V606 drop-
outs in a field as large as one of the GOODS fields is"30%. The
difference in the object densities that we found was "10% be-
tween the two GOODS fields. Assuming that the CDF-S repre-
sents the absolute minimum of the allowed range would imply
that new fields may be discovered showing significantly more
subclustering on the scale of a single ACS pointing than cur-
rently observed. In the other extreme case, that the HDF-N rep-
resents the absolute maximum, the TN J0924!2201 field should

Fig. 12.—Histogram of counts-in-cells for the GOODS fields. The number
of V606 break objects were counted in 500 randomly placed, square cells of
11.7 arcmin2 in both the CDF-S (dashed line) and the HDF-N (dotted line). The
sum of the GOODS histograms is indicated (solid line). The total probability that
one finds19 objects in a single pointing in GOODS amounts to"1%. The number
of V606 break objects detected in the TN J0924!2201 field (red arrow) is anoma-
lously high compared to GOODS. This is evidence for a population of V606 drop-
outs associatedwith the radio galaxy and theLy! emitters ofVenemans et al. (2004).

Fig. 13.—Plot of the i775 ! z850 color distribution of the TN J0924!2201
sample (solid curve). The GOODS color distribution, normalized to the area of the
TN J0924!2201 field, is shown for comparison (dotted curve). The error bars are
Poissonian in the low-count regime (Gehrels 1986). The i775 ! z850 color of the
radio galaxy and the two Ly! emitters included in the TN J0924!2201 sample are
indicated by the shaded regions. The overdensity in the TN J0924!2201 field is
most prominent at 0:0 < i775 ! z850 < 0:5. A slight excess in the number counts is
seen around i775 ! z850 % 0:5, which corresponds to z % 5:2 (see top axis) for
typical values of # (i.e., !1.5 to !2).
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右図はOverzier et al. (2006)の研究
z=5.2の電波銀河(TN J0924-2201)の
まわりでのLBGの数密度を他の領域と比較

原始銀河団は数が少ない、遠方ではさらに少なくなる。

どこを探せばいいのか？

→確かに電波銀河の領域は数密度が高い

z~6を含め様々な赤方偏移で行われている

電波銀河を用いる探査は銀河の数密度が高い領域をピンポイントで調べることができる。
しかし電波銀河の領域だけの探査ではバイアスがかかっているかもしれない?

広い領域での探査が必要！



DATA Subaru Deep Field (SDF)、領域のサイズ 27’×34’（広い領域）
B、V、R、i’、z’の5つのバンドのデータを用いた

B V R i’ z’
28.57 27.85 28.35 27.72 27.09

3σの限界等級：

自分の研究

2.3 i′ dropout galaxyの選択

i′ − z′ の色から i′ dropout galaxyを選択する。今回は z ∼ 6の LBGを選ぶように選択基準を決めた。
selectionはすべてMAG APERを用いて行う。特に断りがない限り等級は Aperture Magnitude。

• i′ − z′ > 1.5

• 25.0 < z′ < 27.09

• B、V > mlim,2σ

2つ目の基準は z′-bandの限界等級と、コンタミを少なくするように決めた。コンタミとして考えられる
のはスペクトルタイプがM7以上の dwarf star、4000Åに Balmer breakをもつ z ∼ 1 − 2の古い楕円銀河
(Extremely Red Object:ERO)。z′ > 25という条件を課すことで、コンタミの割合を小さく出来る (cf. Ota

et al., 2005, JKAS, Fig.5)。3つ目の基準は B、V -bandでは完全に dropoutしてる天体を選ぶために、求
められた等級が 1σの限界等級より暗いのを選んだ。Rc-bandについては Lyβ や Lyγ の輝線があると、完
全には dropoutしない。
この条件によって i′-dropoutしている天体を選び出す。mlim,2σ 以上の条件で 263個の天体が選び出され
た。さらに目でチェックすることで 10個の天体を除いた、253個の天体が最終的に残った。

253個の天体をプロットしたものを図 3で示す。緑の点は目で除いた 10個の天体で、空間的に特に偏っ
た部分から選び出してはないことが確認できる。

3 結果

3.1 光度関数

z ∼ 6として距離や絶対光度を求めた。宇宙論パラメータはそれぞれH0 = 70km/s/Mpc、ΩM = 0.3、
Ωk = 0、ΩΛ = 0.7として計算した。comoving distance：Dc = 8244.1Mpc、光度距離：DL = 57709Mpc、
角直径距離：DA = 1177.7Mpc。look back timeは 12.547Gyr。
よって 1pixel = 0.′′202 = 8.0734kpc(comoving)

見かけ等級をm、絶対等級をM とすると、

M = m − 5 log

(

DL

10pc

)

+
5

2
log(1 + z)

= m − 46.693

遠方銀河のスペクトルは平坦であると仮定することで、スペクトルの形に依存する部分は消え、K-correction

は赤方偏移のみで決まる。実際、遠くないところではスペクトルが平坦であることは確認されている。
よって光度関数は図 4のようになった。completenessにはなっていない。低光度側で表面密度を小さく
見積もってしまっている。

3.2 空間分布

空間分布を見るためにコントアの図を書いた。半径 620pixel( 5Mpc)の円を用いて数密度を求め、平均か
ら何 σズレているかを図 5示す。平均 n̄ = 2.2535、分散 σ = 1.5749となった。右下の領域に直径 10Mpc

程の 3σを超える高密度領域があることがわかる。最大で平均からのずれが 6σに達している。

最終的に253個のLBGを選び出した

color selection
色等級図を元に赤方偏移z~6のLBGを選び出す。
i-dropoutを選び出す、その条件は次のようになる、

→z~6の銀河候補である



LBGの空間分布
LBGの数密度のコントア
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青の点線で囲んだ領域が
高密度であると分かる。
密度超過は最大6σになる。
3σ以上の領域もおよそ
10Mpc程の広がりを持って
いる。

これから

LBGの原始銀河団候補を発見した

３次元的に密度超過を定量的に議論する。 
さらに高密度領域の銀河一つ一つの性質を調べていく。
それらの性質は原始銀河団の中の位置により、どのように異なるか？
近傍の銀河団との比較、銀河団の進化史の解明。


