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原始銀河団とその重要性
・銀河団形成はいつ始まり、
　　　　　　どのように進むのか？　
・高密度領域での銀河進化は？
・大規模構造との関連は？

これらの問題の解決のため近傍の銀
河団のみならず、構造形成・銀河形
成のまさに現場である遠方における
銀河団の形成初期の原始銀河団を研
究することは重要である。

z=0

z=5.7

z=18.3

Springel et al. (2005)



原始銀河団の発見

z~2-3の原始銀河団が電波銀河/QSOのまわりで
見つかっている(e.g., Pentericci et al. 1997)
さらに遠方(z>3)の原始銀河団も発見される。
　　　　　　　　（e.g., Venemans et al. 2007）

(radio galaxy field;
                 Venemans et al. 2007)

銀河団は数密度が低く、原始銀河団はさらに稀な天体である。
電波銀河/QSOのような大質量銀河は高密度領域に存在するはず
 　→ほとんどの原始銀河団は電波銀河/QSOをプローブとして発見

834 B. P. Venemans et al.: Protoclusters associated with z > 2 radio galaxies. I.

Fig. 7. Same as Fig. 4, but for the velocity distribution (left, the median redshift of the emitters (z = 2.9201) is used as zeropoint) and spatial
distribution (right) of the emitters near MRC 0943–242.

Ly! emitters at z ! 3.1 was measured by Hayashino et al.
(2004) in the 0.17 deg2 Subaru Deep Field. They estimate a
space density of nfield = 3.5 " 10#4 Mpc#3 for Ly! emitters
with a rest frame equivalent width >37 Å down to a narrow-
band magnitude of 25.3. Applying the same selection criteria
(taking into account the di!erence in luminosity distance) gives
a space density of emitters in the field of MRC 0943#242 of
n0943 = 9.6 " 10#4 Mpc#3. The density ratio is n0943/nfield =
2.7+1.3
#0.9. When compared to the space density of Ly! emitters

found by Ciardullo et al. (2002), the overdensity in the 0943
field is n0943/nfield = 5.2+2.7

#1.8. All three estimates of the density
presented here are consistent with each other. The weighted av-
erage of the estimates is 3.4+0.8

#0.6.
In Fig. 7 the velocity and spatial distribution of the emitters

is shown. Although the emitters have no preferred position on
the sky, they are clustered in velocity space. We can estimate the
significance of the clustering by performing Monte Carlo simu-
lations of the redshift distribution. We reproduced 10 000 real-
izations of 28 emitters using the narrow-band filter curve as red-
shift probability function for each emitter. We find that both the
mean velocity and the dispersion of the emitters are significantly
smaller than that of the simulated redshift distributions at a level
of $3.3" (Fig. 8)3. This is a strong indication that the suggested
grouping of Ly! emitters is not a projection e!ect. The velocity
dispersion of the confirmed emitters is 715 ± 105 km s#1. This
dispersion could be a lower limit, since no clear edge is visible
in the distribution on the negative velocities side.

3.6. MRC 0316–257, z = 3.13

This 1.5 Jy radio source from the Molonglo Reference Catalogue
(Large et al. 1981) lies at a redshift of 3.13 by McCarthy et al.
(1990). This target was especially interesting, because Le Fèvre
et al. (1996) found two bright Ly! emitters close to the radio
galaxy, which indicated that this radio galaxy is in an overdense

3 Recently, Monaco et al. (2005) investigated the e!ect of peculiar
velocities on the redshift distribution of Ly! emitters using dark matter
simulations. They found that the velocity dispersion of Ly! emitters is
smaller than based on the Monte Carlo simulations described above,
lowering the significance of the redshift clumping.

Fig. 8. Velocity dispersion ("v) and mean redshift (z̄) of 10 000 sim-
ulated redshift distributions of 28 emitters. In these simulations, the
narrowband filter curve was used as redshift probability function. The
simulated distributions have a mean redshift of z̄ = 2.930 ± 0.004 and
a velocity dispersion of "v = 1475 ± 235 km s#1 (the errors represent
the standard deviations between the simulations). These simulated val-
ues are significantly di!erent (at the 4.7" level) compared with the
observed velocity dispersion and mean redshift of the emitters near
MRC 0943–242 of "v = 715 km s#1 and z̄ = 2.918 (indicated with a
cross).

environment. Narrow- and broad-band imaging of this field with
the VLT resulted in the discovery of 77 candidate Ly! emitters.
Follow-up spectroscopy revealed 33 emission line galaxies of
which 31 are Ly! emitters near the radio galaxy, while the re-
maining two are foreground galaxies. By comparing the number
density of Ly! emitters near the radio galaxy to that of the field,
the overdensity of emitters near 0316 is estimated to be a factor
3.3+0.5
#0.4 times the field density (V05). The velocity distribution

of the emitters has a width of FWHM = 1510 km s#1, which
is smaller than the width of the narrow-band filter (FWHM $
3500 km s#1). The peak of the distribution is located within
200 km s#1 of the redshift of the radio galaxy. In V05 we have
shown that the confirmed emitters are members of a protocluster
at z $ 3.13 with an estimated mass of >3 " 1014 M%.
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radio galaxy at z ! 5:2. These reports confirm an empirical
result that powerful, high-redshift radio galaxies are associated
with massive forming galaxies (van Breugel et al. 1999). To ex-
plore the possibility that radio-loud quasars may also be a sign-
post of galaxy clustering at high redshifts, we initiated a project
with the Hubble Space Telescope (HST ) Advanced Camera for
Surveys (ACS) to image the fields around some of the most
distant radio-loud quasars.

The quasar SDSS J0836+0054 (z ! 5:82; Fan et al. 2001)
is the most distant radio-loud quasar known to date and is one
of the most luminous. The object is detected in the Faint Im-
ages of the Radio Sky at 20 cm (FIRST) radio survey, with
a total flux density at 1.4 GHz of 1.11 mJy. Very Large Array
(VLA) andMax PlanckMillimeter Bolometer Array (MPMBA)-
IRAM observations (Petric et al. 2003) yield flux densities
of 1.75 mJy at 1.4 GHz, 0.58 mJy at 5 GHz, and a nondetec-
tion at 250 GHz, with a 3 ! upper limit of 2.9 mJy. It is a com-
pact steep-spectrum radio source with a radio spectral index
of "0.8. VLBI observations at #10 mas angular resolution
(Frey et al. 2003) show an apparent core-jet morphology, with
no indication of multiple images produced by gravitational
lensing. The quasar’s enormous power at M # "27:8 in the
rest-frame UV band implies a mass of the central black hole
of 5 ; 109 M$, posing a challenge to the theoretical mod-
els on how such massive objects are formed in the very early
universe.

Throughout the paper, we use AB magnitudes and assume
the common values of cosmological parameters, !m ! 0:3,
!k ! 0:7, and H0 ! 70 km s"1 Mpc"1.

2. DATA

The HSTACS observations of SDSS J0836+0054 were car-
ried out on 2004 October 8 and November 17, with a total ex-
posure of 10,778 s in the z850 band and 4676 s in the i775 band,
at two different position angles. They were processed with the
standard pipeline CALACS (Pavlovsky et al. 2005), then with
APSIS (Blakeslee et al. 2003). These procedures carried out
flat-fielding, removing bias, dark current, and cosmic ray events,
correcting for geometrical distortion of the detectors, and driz-
zling the dithered images. The final images cover approximately
11.4 arcmin2. The APSIS tasks determine the Galactic extinc-
tion of E(B" V ) ! 0:05 from the dust maps of Schlegel et al.

(1998) and applied 0.1 and 0.07 to i775- and z850-band magni-
tudes, respectively.

We used SExtractor (Bertin & Arnouts 1996) to find and
parameterize sources from the science images and their rms coun-
terparts. We first used the z850 band as the detection image and
then reran the task in a dual mode, namely to use the profile
information in the z850 band to link and constrain the parameter
counterparts in the i775-band image. The limiting magnitudes are
similar to those of the GOODS fields, 26.5 mag in the z850 band,
for a 10 ! detection of a source of 0B2 in diameter. As shown
in Table 1, we selected objects with a color i775 " z850 > 1:3
(MAG_ISO) . Only sources with a star-galaxy index of <0.8

TABLE 1

Objects with Large i775"z850 Color

Object

(1)

R.A. (J2000)

(2)

Decl. (J2000)

(3)

z850
(4)

S/N

(i775)
a

(5)

i775"z850
a

(6)

FWHM

(arcsec)

(7)

Bayesian Photometric Redshiftb

(8)

A..................... 08 36 45.248 00 54 10.99 25.54 % 0.10 3.2 1.91 % 0.36 0.46 5:8&1:4
"0:2

Bc.................... 08 36 47.053 00 53 55.90 26.00 % 0.17 1.5 2.40 % 0.97 0.39 5:9&1:0
"1:0

C..................... 08 36 50.099 00 55 31.16 26.24 % 0.15 2.4 1.92 % 0.60 0.29 5:9&1:1
"0:5

C2................... 08 36 50.058 00 55 30.54 27.26 % 0.39 1.5 2.42 % 1.23 0.29 5:9&1:1
"1:5

C3................... 08 36 50.010 00 55 30.27 26.82 % 0.18 0.7 3.41 % 3.43d 0.20 7:0&0:0
"0:7

D..................... 08 36 48.211 00 54 41.19 26.42 % 0.14 2.2 1.84 % 0.49 0.29 5:8&1:2
"0:7

E ..................... 08 36 44.029 00 54 32.79 26.39 % 0.16 2.3 1.61 % 0.42 0.19 5:2&1:7
"0:7

F ..................... 08 36 42.666 00 54 44.00 26.03 % 0.17 2.6 1.64 % 0.42 0.46 5:7&1:2
"0:7

Gc ................... 08 36 45.962 00 55 40.53 26.36 % 0.25 1.7 1.91 % 0.63 0.43 5:8&1:2
"0:8

Quasar ............ 08 36 43.871 00 54 53.15 18.85 % 0.02 22 1.19 % 0.03 0.11 5:7&0:1
"0:1

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
a Calculated using FLUX_ISO and MAG_ISO.
b Bayesian photometric redshift, at a 67% confidence level. First-peak redshifts are estimated with a preset upper limit of z ! 7:0.
c i-dropout. Not considered as being associated with the quasar.
d Calculated using MAG_AUTO, as MAG_ISO yields no detection.

Fig. 1.—Composite HST ACS image of the field of the quasar SDSS
J0836+0054. The field size is approximately 30 (#1.1 Mpc of proper distance).
The quasar (Q) and the candidates are marked with open circles.

GALAXIES NEAR MOST DISTANT RADIO-LOUD QUASAR 575

z>6においても原始銀河団候補が
見つかっている

(QSO field; Zheng et al. 2006)



問題点
電波銀河/QSO領域は必ずしも高密度領域とは限らない。
銀河の分布と電波銀河/QSOの位置が異なる場合がある。
→電波銀河/QSOを中心に銀河団形成が進むとは限らない。
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Fig. 10. Same as Fig. 4, but for the velocity distribution (left, the median redshift of the emitters (z = 3.1528) is used as zeropoint) and spatial
distribution (right) of the emitters near TN J2009–3040.

TN J2009!3040 is consistent with the field density at that red-
shift, the clustering both on the sky and in velocity space of the
emitters could points to a structure of galaxies. More observa-
tions are needed to determine the reality of this clustering.

3.8. TN J1338–1942, z = 4.11

This radio galaxy has a redshift of 4.1 (De Breuck et al. 1999,
2001) and is one of the brightest known in Ly! (De Breuck
et al. 1999, 2001). Because no narrow-band filter is available
at the VLT that is centred on the wavelength of a Ly! line at
z = 4.1, we used a custom narrow-band filter with an e!ective
wavelength of 6199 Å and a FWHM of 59 Å. Narrow-band and
R-band imaging and follow-up spectroscopy with the VLT of
the field of TN J1338!1942 revealed 20 Ly! emitters within
a projected distance of 1.3 Mpc and 600 km s!1 of the radio
galaxy (Venemans et al. 2002). The structure is overdense in
Ly! emitters by a factor of 4!15 and could be the ancestor
of a rich cluster of galaxies. Multi-color imaging with the
Advanced Camera for Surveys (ACS) on board the Hubble
Space Telescope (HST) revealed an anomalously large number
of LBGs near the radio galaxy, confirming the presence of a
protocluster at z = 4.1 (Miley et al. 2004; Overzier et al. 2006a).

New observations
The VLT observations presented in Venemans et al. (2002)
showed that the emitters are not distributed homogeneously over
the field, but appear to have a boundary in the north-west. To
further determine the extent and shape of the protocluster region,
the field near TN J1338!1942 was imaged at a second position.
The second pointing is located towards the south-east of the ra-
dio galaxy and overlaps the first field (hereafter the 1338-1 field)
at the position where the concentration of Ly! emitters seemed
to be the highest (see Fig. 11 for the outline of the imag-
ing areas). The second field (hereafter 1338-2) was observed
for 420 min in the narrow-band and for 75 min in the R-band.
Analysis of data in the second field resulted in the discovery
of 35 candidate emitters. Ten candidate emitters were also se-
lected as candidates in the 1338-1 field and eight of them were
confirmed by Venemans et al. (2002). One candidate emitter in

Fig. 11. Spatial distribution of the confirmed and candidate Ly! emit-
ters near TN J1338–1942. Symbols and their sizes are the same as in
Fig. 4. The filled circle at (!1."5, !2."8) represents the centre of all the
emitters. The dashed lines outline the area covered by the VLT images.

the second field catalogue has an EW0 = 19+14
!5 Å, but a com-

puted equivalent width of 9+6
!3 Å in the first field catalogue. The

(weighted) average of these two measurements is EW0 # 14.5 Å.
Because this is below our selection criterion of EW0 = 15 Å,
we removed the object from our candidate list. Follow-up spec-
troscopy showed that the object is an [O !!] emitter at z $ 0.66.
The total number of candidate emitters in the two fields com-
bined is 54.

Spectroscopic observations of candidate emitters in the sec-
ond field were carried out in 2003 February with Keck/LRIS
(150 min) and in 2003 March with VLT/FORS2 (310 min,

Venemans et al. (2007)

RG

1542 N. A. Hatch et al.

Figure 5. Surface overdensity within 1.8 arcmin of the radio galaxies (top)
and beyond 3 arcmin (bottom). JHK galaxies are plotted in red while
ALL-JHK galaxies are plotted in black. The surface overdensity was mea-
sured using galaxies with Ktot < 20.6 and the HzRGs are not included.
Three out of six fields contain significant overdensities in these two colour-
selected populations. None of the fields is overdense beyond 3 arcmin, which
tells us that the overdensities are not due to zero-point errors.

A larger control field is required to determine the uncertainties
due to the field-to-field variation of galaxy number counts. For
this purpose, we use the 0.8 deg2 UDS. Colour transformations are
required to shift the observed UDS colours to HAWK-I colours since
the UDS was observed with filters that have different passbands
than HAWK-I filters. These transformations2 were determined using
stellar population models of high-redshift galaxies, and by matching
the galaxy number counts and colour distributions of the JHK and
ALL-JHK populations in the UDS to the CF+ (i.e. ensuring the
UDS cumulative number counts in Fig. 4 match those of CF+).
Therefore these transformations may not be suitable for sources
with different colours, such as stars.

3.4 Surface density of galaxies in the HzRG fields

The galaxy surface overdensity !g is the excess surface density
of galaxies. It is calculated as !g = (!obs ! !̄)/!̄, where !obs is
the observed surface density, and !̄ is the expected surface density
measured from the CF+ control field.

The surface overdensity of the JHK and ALL-JHK galaxies was
measured within 3 comoving Mpc (1.8 arcmin) of the HzRGs. This
distance corresponds to approximately the virial radius of a massive
local cluster. The HzRGs were not included in either the JHK or
ALL-JHK sample. The results are shown in Fig. 5 and the num-
ber and overdensity of each population are listed in Table 2. The
error bars represent 1" field-to-field variations in the surface den-
sity measured from 10 000 randomly positioned cells within the
UDS. The fields containing USS 1425!148, MG 2308+0336 and

2 KHAWK-I = KUDS + 0.09(H ! K)UDS ! 0.0635;

(H ! K)HAWK-I = 1.08(H ! K)UDS ! 0.138;

(J ! H )HAWK-I = 0.91(J ! H )UDS + 0.0673.

MRC 2104!242 are at least 1" overdense in both JHK and ALL-
JHK galaxies. The other three fields show no significant overdensity
in either population.

The surface overdensity of the JHK and ALL-JHK galaxies were
also measured beyond 3 arcmin of the HzRGs (see bottom panel of
Fig. 5). There are no significant overdensities in the outer regions of
any field, so the overdensities near the radio galaxies are not caused
by zero-point errors or inadequate subtraction of stars.

MRC 0406!244 has a slight overdensity in JHK galaxies within
1.8 arcmin and a 1" underdensity in the outer regions. Therefore the
1.8-arcmin cell around the radio galaxy is significantly overdense
in comparison to its local surroundings suggesting MRC 0406!244
may have several nearby companions.

The spatial distribution of JHK and ALL-JHK galaxies in the
six radio galaxy fields are shown in Fig. 6. A visual inspection
of these maps confirms that the fields containing USS 1425!148,
MG 2308+0336 and MRC 2104!242 contain significantly more
ALL-JHK and JHK galaxies than expected, whilst the three fields
containing MRC 1324!262, MRC 0406!244 and MRC 2139!292
do not.

3.5 Significance of the surface overdensities

The significance of the galaxy overdensity is the joint probability
of finding an overdensity in both JHK and ALL-JHK populations.
Since the populations are not mutually exclusive, the significance
of each population cannot be simply combined. Instead 10 000 ran-
dom 1.8 arcmin radius cells within the 0.8 deg2 UDS were used
to determine the probability of finding a cell which is as dense
as the regions surrounding the HzRGs in both ALL-JHK and JHK
populations.

The probability of finding a 1.8 arcmin radius cell within the
UDS, with surface overdensities (!obs) equal to or greater than
each of the radio galaxy fields is listed in the bottom row of Table 2.
Between 26 and 43 per cent of all UDS regions were as dense as the
1.8 arcmin radius cells around MRC 1324!262, MRC 0406!244
or MRC 2139!292, so these fields do not contain more galaxies
than expected. The probability of finding regions as dense as those
surrounding USS 1425!148, MG 2308+0336 and MRC 2104!242
is "0.3 per cent, so the number of galaxies in these fields deviate
from the expected galaxy density by 3" .

4 AU TO C O R R E L AT I O N FU N C T I O N A NA LY S I S

If the galaxies responsible for the overdensities in the three over-
dense HzRG fields are physically associated, they should be strongly
clustered. Whereas if the overdensity is caused by a chance line-of-
sight alignment, the clustering signal is not expected to be stronger
than average. This clustering signal was measured using the auto-
correlation function.

4.1 Angular correlation function

The two-point angular correlation function, w(# ), is defined as the
excess probability of finding two objects, in regions $%1 and $%2,
separated by a distance # ,

$P = !2
obs[1 + w(# )]$%1$%2, (2)

where !obs is the surface density of galaxies in the field consid-
ered. Since !obs is taken into account, w(# ) will not be stronger in
overdense regions just because there are more galaxies. We use the

C# 2010 The Authors. Journal compilation C# 2010 RAS, MNRAS 410, 1537–1549

平均

低

高

表面数密度

６つの電波銀領域での研究 Hatch et al. (2011)



問題点
電波銀河/QSOを用いた原始銀河団探査は
　　バイアスのかかった選出をしている危険性がある。

・銀河団形成の一般的な理解を得るために
・大質量銀河の形成とその環境の関係を理解するために
プローブ無しに原始銀河団を見つけ出す必要がある。

初期宇宙から原始銀河団を発見するためには
広視野かつ深い観測が必要となる。
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Fig. 2.—Spectra of five candidates over the range 6900–7300 Å. The flux
of objects A, B, C, and D has been offset for clarity by ,!184 # 10 3 #

, , and ergs s cm Å , respectively. The (relative)!18 !18 !18 !1 !2 !110 2 # 10 1 # 10
spectrum of the night-sky emission is shown by a dotted line; emission lines
are not present around 7100 Å.

Fig. 3.—Sky distribution of 43 LAE candidates. North is up, and east is to
the left. Areas of relatively poor quality have been trimmed. A bright star in
the upper left-hand corner, around which the detection of LAEs is impossible,
has been masked. LAE candidates are shown by circles. Brighter candidates
are shown by larger circles. The dotted, dashed, and solid lines correspond to
contours of , 1, and 2, respectively (a top-hat smoothing of Mpc!1d p 0 8 hS 70
radius is made over the LAE distribution to compute the local overdensity).
The region with can be approximated by a circle of Mpc radius.!1d ! 2 12 hS 70

aration) find that C and D satisfy the selection criteria for LBGs
at in the versus plane.16 Indeed, the" " "z p 4.7 ! 0.5 V!i i !z

colors of A, B, C, and D are #1.7–2.5, being consistent"V!i
with the color expected for galaxies; on the other hand,z # 5
the color of E is #0.5. From the above discussion, we estimate
the contamination of our sample to be # .171 p 20%5

As an independent check, we have examined the distribution
of objects with but with , whichRi!NB711 1 0.8 R!i ! 0.4
are probably low-z interlopers, and we have found that their
distribution on the sky is almost uniform and does not correlate
with that of the LAE candidates.

3. RESULTS AND DISCUSSION

3.1. Large-Scale Structure of LAEs

Figure 3 shows the sky distribution of 43 photometrically
selected LAE candidates. We find a remarkable large-scale clus-
tering; an overdense region lies in the east-southeast–west-
northwest direction, and there are few objects outside this re-
gion. To quantify overdensity, we estimate the local surface
density of LAEs, , and compute the surface overdensity,S(x, y)

, where is the mean surface den-   d (x, y) { [S(x, y) ! S]/S SS

sity of LAEs. We adopt as the mean surface density in our S
image, although a larger area is desirable to obtain a more
accurate (i.e., global) estimate of . S

The overdensity contours are drawn in Figure 3. The pro-
jected size of the overdense region ( ) is found to be aboutd ! 0S

20 Mpc in width and larger than 50 Mpc in length!1 !1h h70 70
(comoving units) since the region seems to continue outside
the image at either side. This elongated overdense structure
may be a cross section of a wall-like structure that extends
along the sight line (note that the survey depth is Mpc).!133 h70

16 The five candidates are located in the central part of the SDF, where we
obtained deep images as well in 2001 March–June (M. Ouchi et al."B, V, z
2003, in preparation).

17 This value is lower than that estimated by Ouchi et al. (2003) for a deeper
sample, #40%, on the basis of photometric properties alone. This is probably
because the photometric errors in our sample are smaller than those in Ouchi
et al.

Another possibility may be that we are seeing a “redder” part
of a structure that is centered at a redshift smaller than that
corresponding to the center of NB711 ( ), since all fivez p 4.86
objects with spectroscopy have . This elongated struc-z ! 4.86
ture includes a region of that is well approximated byd ! 2S

a circle of 12 Mpc radius. Since the minimum mass of this!1h70
circular region is computed to be ! 3 14(4p/3)r 12 ! 3 # 100

M, ( is the mean matter density of the universe), later!1h r70 0
it may become a massive cluster of galaxies after collapsing
to a size of a few megaparsecs. In the present-day universe,
clusters are often embedded in large-scale structures. From
these features, it is very likely that this elongated region is a
proto–large-scale structure at .z ! 5

3.2. Implications on Cold Dark Matter Models

In a simple manner, we examine whether or not CDM models
can reproduce the observed structure. We focus on the circular
region of since properties of circular regions are predictedd ! 2S

easily. We make a reasonable assumption that this region is a
sphere of 12 Mpc radius in three-dimensional space with a!1h70
spatial overdensity of . We consider three CDM models:d p 2
a L-dominated model with , , kmQ p 0.3 l p 0.7 H p 700 0 0
s Mpc , and ; an open model with ,!1 !1 j p 0.9 Q p 0.38 0

広視野観測による探査
Subaru/SprimeCamによって遠方宇宙から
原始銀河団、大規模構造が発見されている。
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Fig. 1.—Two-color diagram for continuum color ( ) and narrowband!R! i
excess color ( ). The black dots indicate colors of 305,012 objects!i !NB816
detected with . If the magnitude of an object is fainter than theNB816 ! 26.0
1 j magnitude (1 j sky fluctuation), then the magnitude is replaced with the
1 j magnitude. All the curves show colors of model galaxies at various red-
shifts. Red lines indicate model LAEs, which are a composite spectrum of a
0.03 Gyr single-burst model galaxy (GISSEL00; Bruzual & Charlot 2003) and
a Lya emission ( ); from left to right, two different amplitudes˚EW p 22 A0
of intergalactic medium absorption are applied: and , where is0.5t t teff eff eff
the Madau (1995) median opacity. The narrowband excess in each of the peaks
in the red lines indicates the Lya emission of LAEs at . Green linesz p 5.7
show six templates of nearby starburst galaxies (Kinney et al. 1996) up to

, which are six classes of starburst galaxies with .z p 2 E(B! V) p 0.0–0.7
The narrowband excess peaks in the green lines correspond to the emission
lines of Ha ( ), [O iii] ( ), Hb ( ), or [O ii] ( ).z p 0.2 z p 0.6 z p 0.7 z p 1.2
Blue lines show colors of typical elliptical, spiral, and irregular galaxies (Cole-
man et al. 1980), which are redshifted from to . The yellow starz p 0 z p 3
symbols show 175 Galactic stars given by Gunn & Stryker (1983). The pink
box surrounding the top right region is the selection criteria of our z p 5.7
LAEs. Because the distribution of the dots shows a single track whose colors
are consistent with that of the Galactic stars, our photometry is homogeneous
over the 1 deg2 sky of the SXDF.

Fig. 2.—Distribution of LAEs in the SXDF. The positionsz p 5.7! 0.05
of LAEs are shown with yellow dots. The red lines correspond to contours of
galaxy overdensity from to 3.25 with a step of . Thed p !0.25 D p 0.50S

characters A and B denote the positions of the two dense regions. The scale
on the map is marked in both degrees and (comoving) megaparsecs. The large
and small squares in the bottom left corner show the sizes of the surveyed
areas in the previous protocluster searches by Venemans et al. (2002) and
Miley et al. (2004), respectively.

width of and a line flux of !18˚EW ! 226 A f ! 6.1# 10obs
ergs s!1 cm!2, if a flat continuum spectrum is assumed.
The contamination rate of our LAE sample is estimated to

be about 30% based on our spectroscopic follow-up observa-
tions described in § 3.2. The surface density and number density
of these 515 LAEs are estimated to be arc-S̄ p 0.14! 0.01
min!2 and Mpc!3. We also calculate the!4n̄ p 5.5! 0.2# 10
surface density down to the same magnitude limit as Hu et al.
(2004; ) and obtain 0.03 arcmin!2, which isNB816 ! 25.05
consistent with that of Hu et al. (2004).

3. RESULTS AND DISCUSSION

3.1. Primeval Large-Scale Structures at z p 5.7
Figure 2 is the cosmic map showing the distribution of 515

LAEs at in the SXDF. The surveyed volume has az p 5.7
transverse dimension of 180 Mpc # 180 Mpc and a depth of
"40 Mpc in comoving units. This is the first cosmic map, ever
obtained, covering a greater than 100 Mpc square area of the
universe at any high redshifts ( ). In Figure 2, the LAEsz 1 2
have a very clumpy distribution, forming concentrations with
a typical size of a few megaparsecs, comparable in size to the
protocluster found by Venemans et al. (2002) and Miley et al.

(2004). These concentrations are not isolated but are connected
with one another by filamentary overdense regions. The elon-
gated overdense region of LAEs found by Shimasaku et al.
(2003) at may be a segment of a descendant of suchz p 4.86
a filamentary structure. There are also found several voids of
ellipsoidal shapes with sizes of 10–40 Mpc in which almost
no galaxy exists. The characteristic sizes of filaments and voids
seen in our map are comparable to those of the present-day
universe. Thus, this map marks the discovery of primeval LSSs
at .z p 5.7
We quantify the large-scale clumpiness of the galaxy distri-

bution by estimating , the rms fluctuation of galaxy over-j20
density within a sphere of 20 Mpc (comoving) radius.
Considering that the radial depth of the surveyed volume is
about 40 Mpc, we estimate the fluctuation by 2 2j ! j p20 S20

, where is the rms surface2 2¯ ¯ ¯[A(S ! S ) S ! S ]/S j20 20 20 20 S20
overdensity within circles of 20 Mpc radius, and and ¯S S20 20
are the observed number and the mean number of LAEs in a
circle (Peebles 1980).
We obtain . This is comparable to or atj p 0.4! 0.2 j20 20

least half the value for the present-day LSSs, i.e., j (z p20
, obtained from galaxies with (Seaborne0) p 0.5–0.6 b # 17.5j

et al. 1999). The characteristic shapes and the rms fluctuations
indicate that these primeval LSSs at are similar to thez " 6
present-day LSSs. We will present results of more detailed
analyses for these primeval LSSs, such as counts-in-cell, in our
forthcoming paper.

3.2. Two Clumps Identified by Spectroscopy:
Forming Clusters?

We find that among the dense concentrations seen in Figure 2,
the one at 2h17m47s.2,!5"28"40# (J2000.0) has the highest density
contrast, , with a 4.8 j significance level, where isd p 3.3 dS S

the surface overdensity for a circle of 8 Mpc radius. We refer to
this concentration as region A. Region B, a neighboring concen-

Ouchi et al. 2005: z=5.7 (SXDS)
Shimasaku et al. 2003: z=4.9 (SDF)



z~6 LBGの原始銀河団
SDFでの258天体の空間分布
カラーマップは数密度を示す
下側に高密度領域(赤領域)
・個数密度のピークは5倍
・~6ʹ′×6ʹ′(14×14Mpc2)
・30天体が含まれている
・2倍程度の領域は
　　　　　左上に伸びてる
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z~6 LBGの原始銀河団
原始銀河団銀河(二重丸)は中心を外すように分布。
何らかの内部構造を持っていることを示唆する。
分光確認できなかったLBG(白丸)の位置が
                             実際にはどこにあるかで解釈は異なる。



さらに遠方の原始銀河団候補
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Figure 3. Left panel: J125 image of field BoRG58, with Y098-dropouts indicated by blue circles. Right panel: postage-stamp images (3.!!2 " 3.!!2) of sources:
BoRG58_17871420, BoRG58_14061418, BoRG58_12071332, BoRG58_15140953, and BoRG58_14550613 (top to bottom).
(A color version of this figure is available in the online journal.)

Y098-dropouts catalog (a total of 3 objects among the
100 MC realizations, with at most one dropout per realiza-
tion). The probability of detecting four objects when 0.03 is
expected is p < 10#7. This test thus clearly shows that the four
faint sources surrounding the brighter BoRG58_17871420 have
correlated flux in the J125 and H160 images, strengthening the
likelihood that they are real.

Detector-induced noise test. Next, we evaluated whether
correlated flux in J125 and H160 arises from detector noise (e.g.,
charge persistence). The BoRG survey observations have been
designed so that exposures in J125 and H160 are preceded in
the same HST orbit by a Y098 exposure of comparable length;
additional time is devoted to Y098 imaging in different orbits
(T11). Without dithering, a source falls on the same detector
pixels in every IR filter for exposures in any given orbit. We thus
combined with multidrizzle the subset of Y098 observations
in the two orbits shared with J125 and H160 (visits 60 and 62)
and measured the Y098 flux at the location of the dropouts. All
dropouts have S/N < 1 in this Y098 sub-image, in agreement
with the non-detection using the full combination of all Y098
exposures. This demonstrates that the detector pixels where the
dropout sources are located in J125 and H160 are not giving
anomalously high electron counts. This test also demonstrates
that the faint dropouts are not spurious sources induced by
detector persistence. Otherwise, the Y098 sub-image would have
been affected more than the J125 one (see T11 for a more detailed
discussion of our optimization of the exposure sequence to avoid
persistence-induced spurious dropouts). Instrumental origin of
the correlated flux in J125 and H160 for the faint dropouts is
ruled out.

4.2. Contamination and Completeness

Improved rejection of contaminants. We stacked the images
of the five Y098-dropouts identified in the BoRG58 field to verify

that there is no flux in the V606 and Y098 bands (see Figure 4).
Within a circular aperture of radius r = 0.!!32, there is indeed
no measured flux in these bands, both for the stack of the four
fainter sources and for the stack of all five objects. Within the
same aperture, the stacked images of the four fainter sources
have S/N = 8.1 in J125 and S/N = 5.0 in H160. These values
are consistent with the ISOMAG S/N measured by SExtractor
for the individual sources (Table 2). Stacking allows us to set
limits that are $0.75 mag deeper than each individual non-
detection in V606 and Y098, ruling out to higher confidence the
possibility that the majority of the dropouts are low-redshift
contaminants.

Dwarf-star contamination. As discussed in Section 2.1, our
Y098-dropout selection is highly unlikely to include Galactic
ultra-cool dwarfs because we require Y098 # J125 > 1.7,
while these stars have Y098 # J125 < 1.4 (Ryan et al. 2011).
Furthermore, such contamination is even less likely in field
BoRG58 compared to a typical field in the BoRG survey. In
fact, the BoRG58 line of sight has a high Galactic latitude
(bgal = 59.%0) which is in the top 25% of the distribution for |bgal|
among the survey fields considered here. Finally, we measured
size and ellipticity for the dropouts and compared them to the
PSF. The profiles of both the bright dropout itself as well as of
a stack of all faint dropouts show clear signs of elongation in
both J and H bands (ellipticity 0.25±0.10), unlike that expected
for a star (ellipticity ! 0.05). While the PSF is undersampled
in our images due to the lack of dithering, the stacks and
the bright dropout are also found to be wider than the PSF
(FWHM = 0.!!28 ± 0.!!02 for the sources versus FWHM =
0.!!218 for the PSF). Therefore, these tests provide further direct
evidence that contributes to excluding stellar contamination.

Completeness. We resorted to Monte Carlo experiments that
recover artificial sources of varying brightness to evaluate
the completeness of the data, following the method of Oesch
et al. (2007). Our code evaluates the fraction of input galaxies

6

~130 arcsec

Trenti et al. (2012)によりHST/WFC3の23視野の観測から
1つの領域がz~8の銀河5天体を含む高密度領域であると発見された。
→宇宙年齢が~6.5億年においてすでに集団化は始まっている。
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Table 1
Y098-dropouts (z ! 8 Candidates) in the BoRG Survey

Field mJ125 S/NJ125 R.A. Decl.

BoRG70 26.4 5.2 157.7291 +38.0474
BoRG66 26.2 8.7 137.2732 "0.0297
BoRG66 26.5 7.0 137.2879 "0.0338
BoRG58 25.8 13.0 219.2107 +50.7260
BoRG58 27.2 5.1 219.2241 +50.7260
BoRG58 26.9 5.5 219.2311 +50.7241
BoRG58 27.2 5.4 219.2203 +50.7156
BoRG58 27.0 6.0 219.2224 +50.7081
BoRG2t 26.6 6.8 95.9036 "64.5480
BoRG1v 26.4 5.2 187.4776 +7.8286
BoRG1k 25.5 11.4 247.8968 +37.6039
BoRG1k 26.9 6.1 247.8981 +37.6048
BoRG0y 27.0 6.5 177.9196 +54.6847
BoRG0y 26.6 7.9 177.9726 +54.6995
BoRG0y 27.2 6.3 177.9751 +54.6979
BoRG0j 26.9 5.1 178.1887 +0.9340
BoRG0c 26.7 6.6 118.9794 +30.7178
BoRG0g 26.5 6.1 124.8104 +49.1775
BoRG0t 26.7 8.6 117.7142 +29.2715
BoRG0t 27.1 6.5 117.7064 +29.2977
BoRG0t 27.0 5.9 117.6965 +29.2851

Notes. First column: survey field ID. Second column: total magnitude in the
J band, including aperture correction (automag). Third column: detection S/N
in the J band (isophotal measurement). Fourth and fifth columns: Y098-dropout
coordinates (deg, J2000 system).

A total of 21 sources satisfy the Y098-dropout selection
(Table 1). Therefore, we identify 17 new candidates (defined
as “faint” sample) in addition to the 4 published in T11 (defined
as “bright” sample). The “bright” versus “faint” classification
is based on an S/N selection in the J125 band, with bright
meaning S/N ! 8. The number counts per field of the 21
candidates are distributed as follows. Twelve fields have no
sources satisfying our selection criteria and six fields contain a
single faint candidate. The remaining five fields have multiple
candidates. Four of these five fields are those that contain one
of the bright candidates published in T11. In BoRG1k and
BoRG66 we find an additional Y-dropout. BoRG0t has two
faint dropouts in addition to the bright one we already reported,
while four additional candidates have been discovered in field
BoRG58. Finally, three candidates are present in field BoRG0y,
including one with mJ125 = 26.6 that barely misses the S/N
cutoff adopted in T11 (J125 detection at 7.9! confidence, H160
at 4.5! ). Table 1 summarizes our findings. The distribution
of the number counts is presented in Figure 2 and compared
to the expectation from the null hypothesis (no clustering),
which is a Poisson distribution with average value #N$ = 0.913.
This comparison has been suggested as a method to infer the
clustering properties of dropout samples in pure-parallel surveys
Robertson (2010). Visual inspection immediately identifies the
excess at N = 5 (field BoRG58), which will be investigated in
detail in the subsequent sections of this paper. The remainder
of the number-count distribution appears to deviate slightly
from Poisson, but because of the small number of fields and
dropouts per field, a marked difference is neither expected
nor statistically significant. At low number counts, Poisson
uncertainty dominates the contribution to the standard deviation
of the distribution (Trenti & Stiavelli 2008; Robertson 2010).

To analyze the clustering of dropouts, there is however
fundamental information that is not conveyed in Figure 2: all

Figure 2. Number-count distribution of the Y-band dropouts within the
23 BoRG fields considered in this paper (solid histogram). Blue lines show
a Poisson distribution with the same mean (#N$ = 0.913 per field).
(A color version of this figure is available in the online journal.)

four fields with a bright z ! 8 candidate from T11 contain at
least a second, fainter, Y098-dropout. To investigate the chance
of this happening, we resorted to a Monte Carlo simulation
to derive the probability that a random distribution of the 17
new sources among the 23 fields analyzed leads to eight or
more faint sources in the four fields with a brighter candidate,
with a minimum of one source for each field. We carried out
105 random realizations and derived that such occurrence has
probability p = 0.16%. Therefore, the association between the
newly discovered dropouts and the brighter previously reported
sources is significant at greater than 99.84% confidence. The
presence of multiple dropouts in field BoRG0y qualitatively
strengthens the confidence of the result, as the brightest dropout
in that field barely misses the S/N cutoff of T11 and therefore
our definition of “bright” dropout.

Our choice to define “bright” and “faint” dropouts based on
an S/N measurement rather than absolute luminosity minimizes
the impact of differences in the exposure times among the BoRG
fields. In fact, the luminosity function of Y098-dropouts around
the detection limit of the BoRG survey, #mlim$ = 26.7, can
be locally approximated by a power law, so that the relative
expected abundance of bright and faint sources is approximately
uniform across the survey. In addition, we verified that the
correlation in the number counts between the faint and bright
samples of dropouts does not arise because the fields containing
bright candidates have deeper integration times. The integration
time of the fields containing a dropout identified in T11 is
representative of the survey: of the four, two have below median
depths and two are above median. In particular, field BoRG58,
containing the most significant excess of dropouts, has an
exposure time t = 2500 s in F125W, only slightly deeper than
the median exposure of the survey (t = 2200 s in F125W).

Foreground Galactic reddening is not the cause of the ob-
served correlation between faint and bright dropouts. From the
Schlegel et al. (1998) maps, all fields with z ! 8 candidates
have low-extinction values (AB " 0.24). The average extinc-
tion for the sample of the four fields with bright candidates is
#AB$ = 0.07 ± 0.04 (and BoRG58 has AB = 0.06), while the
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z~8の高密度領域z~8銀河の個数のヒストグラム



現在までの状況
✓ z=2-6の原始銀河団はいくつか発見されている
✓ そのほとんどは電波銀河/QSOを
　　プローブとして用いて発見されている。

✓ 銀河団形成のより一般的な理解のためにも
　　プローブを用いない方法での発見は不可欠。

✓ 広視野観測からプローブなしに発見されている
✓ z=6で原始銀河団は既に存在しており、
　z~8の原始銀河団候補も一つ見つかっている。



WISHによる原始銀河団探査

•より遠方(z>7)へと進めることができる。
•プローブを用いずに発見が可能。

WISHによって原始銀河団探査は

銀河の集団化の最初の段階を捉える。
銀河形成と環境の関連。
再電離と宇宙の構造形成の関連。



WISHによる原始銀河団探査

・発見される原始銀河団の個数の期待値の見積り

based on this formula may contain large errors15. We return below to
the important question of the abundance of quasars at early times.
To track the formation of galaxies and quasars in the simulation,

we implement a semi-analytic model to follow gas, star and super-
massive black-hole processes within the merger history trees of dark
matter haloes and their substructures (see Supplementary Infor-
mation). The trees contain a total of about 800 million nodes, each
corresponding to a dark matter subhalo and its associated galaxies.
This methodology allows us to test, during postprocessing, many
different phenomenological treatments of gas cooling, star for-
mation, AGN growth, feedback, chemical enrichment and so on.
Here, we use an update of models described in refs 16 and 17, which
are similar in spirit to previous semi-analytic models18–23; the
modelling assumptions and parameters are adjusted by trial and
error to fit the observed properties of low-redshift galaxies, primarily
their joint luminosity–colour distribution and their distributions of
morphology, gas content and central black-hole mass. Our use of a
high-resolution simulation, particularly our ability to track the
evolution of dark matter substructures, removes much of the
uncertainty of the more traditional semi-analytic approaches based
onMonte Carlo realizations of merger trees. Our technique provides
accurate positions and peculiar velocities for all the model galaxies. It
also enables us to follow the evolutionary history of individual
objects and thus to investigate the relationship between populations
seen at different epochs. It is the ability to establish such evolutionary
connections that makes this kind of modelling so powerful for
interpreting observational data.

The fate of the first quasars
Quasars are among the most luminous objects in the Universe and
can be detected at huge cosmological distances. Their luminosity is
thought to be powered by accretion onto a central, supermassive
black hole. Bright quasars have now been discovered as far back
as redshift z ! 6.43 (ref. 24), and are believed to harbour central

black holes with a mass a billion times that of the Sun. At redshift
z < 6, their co-moving space density is estimated to be
,(2.2 ^ 0.73) £ 1029h3Mpc23 (ref. 25). Whether such extremely
rare objects can form at all in a LCDM cosmology is unknown.
A volume the size of the Millennium Simulation should contain,

on average, just under one quasar at the above space density. Just
what sort of object should be associated with these ‘first quasars’ is,
however, a matter of debate. In the local Universe, it appears that
every bright galaxy hosts a supermassive black hole and there is a
remarkably good correlation between the mass of the central black
hole and the stellar mass or velocity dispersion of the bulge of the
host galaxy26. It would therefore seem natural to assume that, at any
epoch, the brightest quasars are always hosted by the largest galaxies.
In our simulation, ‘large galaxies’ can be identified in various ways,
for example, according to their dark matter halo mass, stellar mass or
instantaneous star-formation rate.We have identified the ten ‘largest’
objects defined in these three ways at redshift z ! 6.2. It turns out
that these criteria all select essentially the same objects: the eight
largest galaxies by halo mass are identical to the eight largest galaxies
by stellar mass; only the ranking differs. Somewhat larger differences
are present when galaxies are selected by star-formation rate, but
the four first-ranked galaxies are still among the eight identified
according to the other two criteria.
In Fig. 3, we illustrate the environment of a ‘first quasar’ candidate

in our simulation at z ! 6.2. The object lies on one of the most
prominent dark matter filaments and is surrounded by a large
number of other, much fainter galaxies. It has a stellar mass of
6.8 £ 1010h21M(, the largest in the entire simulation at z ! 6.2, a
dark matter virial mass of 3.9 £ 1012h21M(, and a star-formation
rate of 235M(yr21. In the local Universe, central black-hole masses
are typically,1/1,000 of the bulge stellar mass27, but in the model we
test here these massive early galaxies have black-hole masses in the
range 108–109M(, significantly larger than low-redshift galaxies of
similar stellar mass. To attain the observed luminosities, they must
convert infalling mass to radiated energy with a somewhat higher
efficiency than the ,0.1c 2 expected for accretion onto a non-
spinning black hole (where c is the speed of light in vacuum).
Within our simulation we can readily address fundamental ques-

tions such as: Where are the descendants of the early quasars today?
What were their progenitors? By tracking themerging history trees of
the host haloes, we find that all our quasar candidates end up today as
central galaxies in rich clusters. For example, the object depicted in
Fig. 3 lies, today, at the centre of the ninth most massive cluster in the
volume, of mass M ! 1.46 £ 1015h21M(. The candidate with
the largest virial mass at z ! 6.2 (which has stellar mass
4.7 £ 1010h21M(, virial mass 4.85 £ 1012h21M(, and star-for-
mation rate 218M(yr21) ends up in the secondmostmassive cluster,
ofmass 3.39 £ 1015h21M(. Following themerging tree backwards in
time, we can trace our quasar candidate back to redshift z ! 16.7,
when its host halo had a mass of only 1.8 £ 1010h21M(. At this
epoch, it is one of just 18 objects that we identify as collapsed systems
with $20 particles. These results confirm the view that rich galaxy
clusters are rather special places. Not only are they the largest
virialized structures today, they also lie in the regions where the
first structures developed at high redshift. Thus, the best place to
search for the oldest stars in theUniverse or for the descendants of the
first supermassive black holes is at the centres of present-day rich
galaxy clusters.

The clustering evolution of dark matter and galaxies
The combination of a large-volume, high-resolution N-body simu-
lation with realistic modelling of galaxies enables us to make precise
theoretical predictions for the clustering of galaxies as a function of
redshift and intrinsic galaxy properties. These can be compared
directly with existing and planned surveys. The two-point correlation
function of our model galaxies at redshift z ! 0 is plotted in Fig. 4
and is compared with a recent measurement from the 2dFGRS

Figure 2 | Differential halo number density as a function of mass and
epoch. The function n(M, z) gives the co-moving number density of
haloes less massive than M. We plot it as the halo multiplicity function
M2r21dn/dM (symbols with 1-j error bars), where r is the mean density of
the Universe. Groups of particles were found using a friends-of-friends
algorithm6 with linking length equal to 0.2 of the mean particle separation.
The fraction of mass bound to haloes of more than 20 particles (vertical
dotted line) grows from 6.42 £ 1024 at z ! 10.07 to 0.496 at z ! 0. Solid
lines are predictions from an analytic fitting function proposed in previous
work11, and the dashed blue lines give the Press–Schechter model14 at
z ! 10.07 and z ! 0.
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 halo number density (Springel et al. 2005)
1)原始銀河団のdark matter 

halo質量を推測する。
2)その質量をもとにhalo 

number density (Springel
+05) から発見される個
数を見積もる。



z=8-9原始銀河団探査
・Ultra-Deep Survey (~100deg2; 28 AB mag)

z~6, 8での観測例(Trenti+12, Ouchi+05, Toshikawa+12)から、
z~8での原始銀河団のdark matter halo質量は

　　　　　　　Mh~1012Msunと予想できる。
この質量のhaloの数密度は~3×10-8Mpc-3。
UDSの観測体積(~100deg2, Δz~2)は~1.5×109Mpc3。

Filter 0-dropout galaxyの原始銀河団はUDS全体から

　　　　　～50個の発見が期待できる。



z=8-9原始銀河団探査
・Ultra-Wide Survey (~1000deg2; 25 AB mag)の場合
z~8の原始銀河団に含まれるほとんどの銀河は26 mag以下。
最も明るい原始銀河団銀河でも等級は25.0 magは超えない。

限界等級の制限から、たとえ原始銀河団が存在しても
その中の1個程度の銀河しか検出できない。
UWSからの原始銀河団の発見は難しい。
UWSから見つかったQSOに対して追観測し環境を調べ、
プローブを用いない方法との比較は不可欠。



z>10原始銀河団探査

観測領域の制限からMh~1012Msunのhaloを
　　　　　　　　　　　　　　見つける期待値は1個以下。
Mh~1011Msunのhaloは発見可能。
銀河形成へ高密度領域からの影響は
　・形成される銀河の個数？
　・形成される銀河の質量？
個数に対して強く影響が出るならば
原始銀河団のような領域が
　　　　　　　　　見つかるかも。 Springel et al. (2005)

・Ultra-Deep Survey (~100deg2; 28 AB mag)



再電離期の原始銀河団探査

電離水素ガスの密度変化 (Trac & Cen 2007)

z=9

z=6z=7

z=8再電離が完了する前のLBGと
LAEの分布の比較をしたい。
銀河の数密度が高い領域は
より早く電離が進み、
LAEが検出しやすくなる。
観測的にLAEの疎密はより
強調される。

再電離の空間的な非一様性に
ついて示唆を得られる。



他の計画との関連
Euclid, WFIRSTでは観測が浅いため、
JWSTでは観測面積が狭いため原始銀河団の発見は難しい。

　z>8の原始銀河団探査はWISHにしかできない。

　＊プローブを用いる方法ではJWSTでも発見できる。

HSCの観測領域と合わせれば
　　　　y-dorpout (z~7)原始銀河団の探査も可能になる。



まとめ
✓z>7原始銀河団探査は広視野かつ深い観測を行
うWISHにしかできない研究である。

✓z=8-9の原始銀河団をプローブを用いない
方法で数十個の発見が期待できる。

✓銀河形成と高密度領域の関係を議論できる。

✓再電離と構造形成についても議論できる。


