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Subaru 広視野撮像, Keck 深分光に基づいた  
z=2-3 にある宇宙最大規模の原始銀河団のマッピング,
及び銀河形成の環境依存性, ISM-CGM-IGM 関係の究明 

Subaru ⇄ Keck – 20晩弱を想定 (一部はすでに実行済み) 

PFS-SSP とのシナジー 
・PFS-SSP とは独立したサイエンス（conflict しない） 
・PFS-SSP の IGM tomography に先立ち超原始銀河団を観測 
・Subaru, Keck 双方で win-win かつ対等な関係 
＋国際共同研究には人の移動も重要 
嶋川が UC (Santa Cruz) にいるので flexible に進行できる
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3.3 The kinematic morphology–density relation

In the previous section, we saw that the ratio between fast and
slow rotators has a very small sensitivity to environment, at least
within the density ranges explored by our local volume, except in
the Virgo core. One may wonder whether this is due to the fact that
we do not explore a sufficiently wide range of densities. We show
in this section that this is not the case and in fact the picture changes
dramatically when one includes spiral galaxies in the study.

In Fig. 8 we show the T–! relation for fast and slow rotator
ETGs and spiral galaxies using, from top to bottom, the three differ-
ent density estimators ρ10, !10 and !3, respectively (Section 3.1).
In agreement with the previously reported studies we find a clear
trend for the spiral fraction f (Sp) to gradually decrease with en-
vironmental density while the fraction of ETGs correspondingly
increases. This trend continues smoothly over nearly four orders of
magnitude in density and does not flatten out even at the lowest den-
sities. The fraction of spirals is equal to that of ETGs at a volume
density that corresponds to a region within the core of the Virgo
cluster.

Broadly speaking the three density estimators provide qualita-
tively similar trends and we first focus on !3, which provides the
cleanest relation. We find two new results:

(i) The extreme low densities explored by our local volume al-
low us to demonstrate that the most isolated galaxies are almost
invariably spirals. In fact, as much as f (Sp) = 36/39 = 92 per cent
of the galaxies in the lowest density bin (!3 = 0.01 Mpc−2) are
spirals. Considering the two lowest log !3 density bins, to improve
the statistics, we find f (Sp) = 177/213 = 83 per cent. This spiral
fraction is consistent with the estimate for the Analysis of the inter-
stellar Medium of Isolated GAlaxies (AMIGA) sample of isolated
galaxies (Sulentic et al. 2006).

(ii) The use of our kinematic classification shows that genuine
spheroidal ETGs, the slow rotators, make up only a very small
fraction [f (SR) ≈ 4 per cent] of the total galaxy population except
in the Virgo core where they contribute to ≈20 per cent of the
total. The slow rotators contribute even lower fractions at the lowest
densities: there are no slow rotators in the lowest density bin, while
considering the two lowest log !3 bins we find f (SR) = 4/213 =
1.9 per cent. Of the four slow rotators in the two bins, one (NGC
6703) is indicated in Paper III as possible face-on fast rotators and
another one (UGC 03960) has a low data quality. This implies
that the fraction of genuine slow rotators in the two lowest density
bins may be as low as 1 per cent. This is in strong contrast to
traditional studies of the T–! relation that never find less than
∼10 per cent of (misclassified) elliptical galaxies even in the lowest
density environments (e.g. Postman & Geller 1984; Bamford et al.
2009).

Looking in more detail, there is a notable difference between the
T–! relation obtained using the !10 and !3 estimators. Using both
estimators the fraction of spirals f (Sp) and fast rotators f (FR) are
well described by two linear relations of log ! (see also Dressler
et al. 1997). However using !3 the relations become noticeably
steeper and more cleanly defined. Moreover, using !3 the fraction
of slow rotators f (SR) does not show the drop that is observed using
!10 in the outskirts of the Virgo cluster (as pointed out regarding
Fig. 7). The best-fitting T–! relations using the two surface-density
estimators are:

f (Sp) = 0.69 − 0.07 × log !10 (2)

f (FR) = 0.28 + 0.06 × log !10 (3)

Figure 8. The T–! relation for fast rotators (blue ellipse with vertical
axis), slow rotators (red filled circle) and spiral galaxies (green spiral). The
dashed vertical line in the top two panels indicates an approximate separation
between the density of galaxies inside/outside Virgo. In the bottom two
panels the solid blue and magenta lines are best fit to the first six values.
The numbers above the symbols represent the number of galaxies included
in each of the seven density bins.

using the !10 estimator and restricting the linear fit to the range
0.01 ! !10 ! 20 Mpc−2, and

f (Sp) = 0.69 − 0.11 × log !3 (4)

f (FR) = 0.26 + 0.09 × log !3 (5)

using the !3 estimator in the range 0.01 ! !3 ! 50 Mpc−2. The
relations for f (Sp) and f (FR) have nearly opposite slopes so that the

C⃝ 2011 The Authors, MNRAS 416, 1680–1696
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Galaxy formation in the protocluster core
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The Astrophysical Journal, 757:15 (13pp), 2012 September 20 Hayashi et al.

Figure 6. Close-up views of the USS 1558-003 radio galaxy at z = 2.53 in the NB2315, Ks, and NB2315–Ks images. Note that the FWHM values of PSF in these Ks
and NB2315 images are 0.′′40 and 0.′′36, respectively, since these images are created by combining only the frames taken under excellent seeing conditions ∼0.′′4. The
length of the bar in the NB2315–Ks image indicates the angular size of 4.′′5, which corresponds to 36.2 kpc in physical scale. The NB2315–Ks image clearly indicates
that the radio galaxy has an extremely extended Hα emission.

4.2. Color–Magnitude Diagram

The color–magnitude diagram is a powerful tool for investi-
gating the properties of galaxies in clusters or proto-clusters. It
is well known that galaxy clusters at low redshifts are dominated
by quiescent galaxies which make up the red sequence on the
color–magnitude diagram. The tight sequence of red galaxies is
one of the prominent features seen in galaxy clusters. However,
when and how do such red quiescent galaxies form and evolve?
The answer to this question still remains unclear, although there
is some evidence suggesting that the blue star-forming galaxies
in the early universe evolve and become red quiescent galax-
ies in high density regions during the redshift interval of 2–3
(e.g., Kajisawa et al. 2006a; Kodama et al. 2007; Kriek et al.
2008; Doherty et al. 2010; Gobat et al. 2011). To address this, it
is essential to investigate further the color–magnitude diagram
for galaxy cluster and proto-cluster at high redshifts when the
clusters are vigorously evolving.

Figure 7 shows a color–magnitude diagram of J − Ks versus
Ks for the galaxies in the observed field toward the proto-cluster
USS 1558-003. The HAEs associated with the proto-cluster
are plotted by open circles. As presented by Kodama et al.
(2007), we may be able to recognize a sequence of DRGs at
J − Ks ∼ 1.5, which corresponds to the color of quiescent
galaxies with formation redshift of 3 ! zf < 4 (Kodama
et al. 1998), as indicated by the tickmarks in the figure. It is
not surprising that the majority of the HAEs are located on
the bluer side of the diagram. However, it is intriguing that
some HAEs have very red colors satisfying the DRG criterion
and constitute mainly the faint end of the red sequence. We
also note that there is a significant color scatter among the red
HAEs. Similarly, red HAEs and dusty star-forming galaxies
have also been recognized by recent observations of clusters at
lower redshifts (Geach et al. 2006; Koyama et al. 2010, 2011).
They tend to be dusty star-forming galaxies and are considered
to be in the transition phase from active star-forming galaxies to
passive quiescent galaxies, probably under the influence of some
environmental effects, because these are preferentially found in
the medium density regions of galaxy clusters at intermediate
redshifts (z ! 0.8) when and where we see a sharp transition
in the distribution of galaxy colors from blue to red (Tanaka
et al. 2005; Koyama et al. 2008). Therefore, it is suggested that
the faint end of the red sequence is just being built by those
transitional galaxies recognized as the red HAEs.

For a galaxy at z = 2.53, its Ks-band luminosity is still
a good proxy for the stellar mass. However, the mass-to-
luminosity ratio (M⋆/LKs

) is dependent on SED, and it should
be corrected to get a more precise stellar mass from the Ks-band
luminosity. We use a simple method to estimate stellar masses

Figure 7. Color–magnitude diagram of J − Ks vs. Ks. The blue open circles
show Hα emitters at z = 2.53, and the black dots show all the galaxies in the
observed field. The long-dashed, short-dashed, and dotted lines show 5σ , 3σ ,
and 2σ limits in color and magnitude. The red solid horizontal line shows the
color corresponding to J − Ks = 1.38, which is a criterion for selecting DRGs.
The J − Ks colors of the red quiescent galaxies with formation redshifts of zf

= 3, 4, and 5 are shown by the tickmarks at the left edge, which are estimated
by the Kodama et al. (1998) model. The dotted curves show the isostellar mass
curves for 1 × 1011 M⊙ and 1 × 1010 M⊙, respectively.
(A color version of this figure is available in the online journal.)

of the HAEs based on their Ks-band magnitudes and J − Ks

colors. The relationship between J − Ks colors and M⋆/LKs
is

approximately estimated using the stellar population synthesis
model of Kodama et al. (1998, 1999), where we constructed a
sequence of models with varying bulge-to-disk ratios. We note
here that because of the SED degeneracy among age, metallicity,
and dust extinction, the relationship between J − Ks and
M⋆/LKs

is relatively insensitive to the detailed modeling of
stellar populations except for the effect of initial mass function
(IMF) variation. We here assume the Salpeter (1955) IMF, and
the stellar masses in the models are scaled accordingly. From
this experiment, we establish the following relationship between
stellar mass (M⋆), Ks magnitude, and J − Ks color:

log10(M⋆/1011M⊙) = −0.4(Ks − K11) + ∆ log10 M, (4)

7

Massive starbursts in a z ∼ 2 proto-cluster 1557

Figure 4. Left: the 2D map of the Hα emitters around PKS 1138. The black squares show Hα emitters which satisfy BzK selection, while black circles show
Hα emitters which do not satisfy the BzK selection. The triangles show the Ks-undetected emitters. The red filled circles and black open squares show MIPS-
and X-ray-detected emitters, respectively. Grey points show all the NB2071-selected sources, and DRGs are marked with red open circles. Note that the B-band
data are only available at "Dec. ≥ −3.5, so that we do not have BzK information below this line. The coordinates are given relative to the central radio galaxy.
The large grey circle shows the masked region due to some bright sources. The dotted line at "Dec. = −2.0 shows the dividing line of high- and low-density
environments used in this paper. Right: the (J − Ks) versus Ks colour–magnitude diagram for the high-density proto-cluster and the low-density fields. The
grey dots indicate all the NB-selected sources, and the black squares are Hα emitters (red filled circles for MIPS-detected emitters). The diamonds in the
bottom panel are the z = 2.2 Hα emitters in the GOODS-N field. The vertical and slanted dashed lines show 3σ and 2σ limiting magnitudes of Ks- and J-band
data, respectively. The locations of the red sequence in the case of zf = 3, 5, 10 modelled by Kodama & Arimoto (1997) are shown as the dotted lines, and the
dash–dotted line shows the iso-stellar-mass line (corresponding to 1011 M⊙) based on the model of Kodama et al. (1999). The colour distribution of emitters
within each environment is shown as the histogram, where we also show our colour definitions.

where star-forming populations are also highly clustered in the
proto-cluster core (see consistent results from 1.5 ! z ! 2.5 cluster
studies by Hayashi et al. 2010; Hilton et al. 2010; Tran et al. 2010).
Nevertheless, the structure around the PKS 1138 is also suggested
from an analysis of distant red galaxies (DRGs) by Kodama et al.
(2007), although the structure traced by Hα emitters presented in
this study appears to be much more prominent. This may be because
the DRG selection picks up distant galaxies over a wide range
in redshift (e.g. Franx et al. 2003), diluting the contrast of any
structures. We check the spatial distribution of DRGs throughout
the field (Fig. 4) and confirm that the spatial distribution of DRGs
is qualitatively consistent with that of Hα emitters, but again, the
structure looks less prominent.

4.2 Red star-forming galaxies and their environment

4.2.1 Colour–magnitude diagram

We show in Fig. 4 the colour–magnitude diagrams for high- and low-
density environments separately. Considering the complex structure
around PKS 1138, we simply define the upper and lower halves of
our survey field as high- and low-density regions, respectively (see
Fig. 4). Because the number of Hα emitters in the low-density
environment is much smaller than that in the high-density region,
we included in our analysis the z = 2.2 Hα emitter sample from
the blank field survey in the GOODS-North field with Subaru by
Tadaki et al. (2011). Although the NB filter used in Tadaki et al.
(2011) is different (NB209 filter with λc = 2.09 µm), the Hα emitter

selection technique and all the broad-band filters used in that study
are exactly the same as those used in this study. After applying the
same flux and EW cut, we add these sources in our field galaxy
sample.

In Fig. 4, we find a large number of ‘red Hα emitters’ with
(J − Ks) " 1. In some extreme cases, they satisfy the DRG selec-
tion criteria with (J − Ks) > 1.38 [equivalently, (J − Ks)(Vega) >

2.3]. We confirmed that the two red sources with Hα emission
shown in the spectroscopic study by Doherty et al. (2010) are both
selected as red emitters in this study. Importantly, we find that such
red Hα emitters are predominantly found in the proto-cluster envi-
ronment, while they are very rare in the low-density environment. A
Kolmogorov–Smirnov (KS) test shows that the probability that the
colour distribution of the high- and low-density samples are drawn
from the same parent population is only 0.1 per cent. We note that
this result may partly be produced by the presence of X-ray-detected
AGNs which also tend to be red and massive (see Fig. 4), but the
result does not change even if we exclude all the X-ray sources.

We also find that the red Hα emitters tend to have systematically
brighter Ks-band luminosities compared to blue emitters. We show
in Fig. 4 the iso-stellar-mass line corresponding to M∗ = 1011 M⊙
based on the same model as that used when deriving M∗ (see Section
3.4). It is notable that the Hα emitters with red (J − Ks) colours
tend to have very high stellar masses with M∗ " 1011 M⊙. These
massive star-forming populations are absent from lower redshift
clusters, and therefore we propose that they are the progenitors of
present-day passive cluster galaxies (see more detailed discussion in
Section 4.4). Our result suggests that the cluster galaxies had already
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Figure 4. Left: the 2D map of the Hα emitters around PKS 1138. The black squares show Hα emitters which satisfy BzK selection, while black circles show
Hα emitters which do not satisfy the BzK selection. The triangles show the Ks-undetected emitters. The red filled circles and black open squares show MIPS-
and X-ray-detected emitters, respectively. Grey points show all the NB2071-selected sources, and DRGs are marked with red open circles. Note that the B-band
data are only available at "Dec. ≥ −3.5, so that we do not have BzK information below this line. The coordinates are given relative to the central radio galaxy.
The large grey circle shows the masked region due to some bright sources. The dotted line at "Dec. = −2.0 shows the dividing line of high- and low-density
environments used in this paper. Right: the (J − Ks) versus Ks colour–magnitude diagram for the high-density proto-cluster and the low-density fields. The
grey dots indicate all the NB-selected sources, and the black squares are Hα emitters (red filled circles for MIPS-detected emitters). The diamonds in the
bottom panel are the z = 2.2 Hα emitters in the GOODS-N field. The vertical and slanted dashed lines show 3σ and 2σ limiting magnitudes of Ks- and J-band
data, respectively. The locations of the red sequence in the case of zf = 3, 5, 10 modelled by Kodama & Arimoto (1997) are shown as the dotted lines, and the
dash–dotted line shows the iso-stellar-mass line (corresponding to 1011 M⊙) based on the model of Kodama et al. (1999). The colour distribution of emitters
within each environment is shown as the histogram, where we also show our colour definitions.

where star-forming populations are also highly clustered in the
proto-cluster core (see consistent results from 1.5 ! z ! 2.5 cluster
studies by Hayashi et al. 2010; Hilton et al. 2010; Tran et al. 2010).
Nevertheless, the structure around the PKS 1138 is also suggested
from an analysis of distant red galaxies (DRGs) by Kodama et al.
(2007), although the structure traced by Hα emitters presented in
this study appears to be much more prominent. This may be because
the DRG selection picks up distant galaxies over a wide range
in redshift (e.g. Franx et al. 2003), diluting the contrast of any
structures. We check the spatial distribution of DRGs throughout
the field (Fig. 4) and confirm that the spatial distribution of DRGs
is qualitatively consistent with that of Hα emitters, but again, the
structure looks less prominent.

4.2 Red star-forming galaxies and their environment

4.2.1 Colour–magnitude diagram

We show in Fig. 4 the colour–magnitude diagrams for high- and low-
density environments separately. Considering the complex structure
around PKS 1138, we simply define the upper and lower halves of
our survey field as high- and low-density regions, respectively (see
Fig. 4). Because the number of Hα emitters in the low-density
environment is much smaller than that in the high-density region,
we included in our analysis the z = 2.2 Hα emitter sample from
the blank field survey in the GOODS-North field with Subaru by
Tadaki et al. (2011). Although the NB filter used in Tadaki et al.
(2011) is different (NB209 filter with λc = 2.09 µm), the Hα emitter

selection technique and all the broad-band filters used in that study
are exactly the same as those used in this study. After applying the
same flux and EW cut, we add these sources in our field galaxy
sample.

In Fig. 4, we find a large number of ‘red Hα emitters’ with
(J − Ks) " 1. In some extreme cases, they satisfy the DRG selec-
tion criteria with (J − Ks) > 1.38 [equivalently, (J − Ks)(Vega) >

2.3]. We confirmed that the two red sources with Hα emission
shown in the spectroscopic study by Doherty et al. (2010) are both
selected as red emitters in this study. Importantly, we find that such
red Hα emitters are predominantly found in the proto-cluster envi-
ronment, while they are very rare in the low-density environment. A
Kolmogorov–Smirnov (KS) test shows that the probability that the
colour distribution of the high- and low-density samples are drawn
from the same parent population is only 0.1 per cent. We note that
this result may partly be produced by the presence of X-ray-detected
AGNs which also tend to be red and massive (see Fig. 4), but the
result does not change even if we exclude all the X-ray sources.

We also find that the red Hα emitters tend to have systematically
brighter Ks-band luminosities compared to blue emitters. We show
in Fig. 4 the iso-stellar-mass line corresponding to M∗ = 1011 M⊙
based on the same model as that used when deriving M∗ (see Section
3.4). It is notable that the Hα emitters with red (J − Ks) colours
tend to have very high stellar masses with M∗ " 1011 M⊙. These
massive star-forming populations are absent from lower redshift
clusters, and therefore we propose that they are the progenitors of
present-day passive cluster galaxies (see more detailed discussion in
Section 4.4). Our result suggests that the cluster galaxies had already
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Herschel protocluster survey 3871

Figure 5. SFR density of clusters, protoclusters, and global cosmic SFR densities. The SFR densities of our protoclusters are 103–104 times higher than the
global SFR density (Madau & Dickinson 2014). We show the compilation from Dannerbauer et al. (2014) and data from Clements et al. (2014), which original
literature are following; IRAS measurements of Perseus from Meusinger, Brunzendorf & Krieg (2000), Balloon-borne Large Aperture Submillimeter Telescope
(BLAST) measurements of A3112 from Braglia et al. (2011), ISO measurements of A1689 from Fadda et al. (2000), and Spitzer measurements of A1758 from
Haines et al. (2009), Bullet cluster from Chung et al. (2010), Cl0024+16 and MS0451-03 from Geach et al. (2006). RXJ0057, RXJ0941, RXJ1218, RXJ1249,
and RXJ1633 are based on James Clerk Maxwell Telescope/Submillimetre Common-User Bolometer Array from Stevens et al. (2010).

Table 12. Estimated SFR and assumed volume for Fig. 5.

Field z SFRa rb Vc SFRmin
d

(M⊙ yr−1) (Mpc) (Mpc3) (M⊙ yr−1)

All sources
2QZCluster 2.230 ± 0.016 5000 1.0 4.2 150
HS1700 2.300 ± 0.015 4500 1.0 4.2 280
SSA22 3.09 ± 0.03 7500 1.0 4.2 310

Field-corrected values
2QZCluster 2.230 ± 0.016 1000 1.0 4.2 –
HS1700 2.300 ± 0.015 2000 1.0 4.2 –
SSA22 3.09 ± 0.03 4700 1.0 4.2 –
aIntegrated SFR derived from SPIRE sources which are included in column
4 radius.
b,cUsed radius and volume to calculate SFR density.
dMinimum SFR of SPIRE source which is included in integrated SFR.

galaxies in a protocluster to search for interaction/merger state by
using Hubble Space Telescope H-band imaging data. Although the
sample size is limited, they found that the fraction of irregular
and interacting galaxies among the LBGs and DSFGs is 1.5 times
higher in the protocluster than in the field. Webb et al. (2015) sug-
gested that dusty star formation at the centre of a z = 1.7 cluster
is being driven by galaxy–galaxy interaction, involving a FIR lu-
minous bright cluster galaxy. Because there are strong correlation
between the major-merger and the FIR luminosity (Engel et al.
2010; Kartaltepe et al. 2010, 2012; Hung et al. 2013), higher ma-
jor mergers rate in protoclusters could induce dusty star forma-

tion. N-body simulation also predicts that progenitors of cluster and
group haloes at z > 2 have 3–5 × higher major merger rates than
isolated haloes (Gottlöber, Klypin & Kravtsov 2001). The fact that
the colour-selected bright SPIRE sources are significantly concen-
trated in HS1700 and 2QZCluster would support such simultane-
ously major merging phenomenon. However, further observations
are needed to investigate the processes of dusty star-forming activity
in these protoclusters.
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First appearance of  
“red sequence” 
in the protocluster core 
c.f. Kodama+07, Hayashi+12, 
Koyama+13

Rapid declining of  
star-forming activities  
in the protocluster core 
c.f. Clements+14, Smail+14, 
Shimakawa+14, Kato+16

Kato+16

Hayashi+12, Koyama+13



Galaxy formation by cold streams 13

Figure 5. Analytic prediction for the regimes dominated by cold flows and shock-heated
medium in the plane of halo mass and redshift, based on Fig. 7 of DB06. The nearly
horizontal curve marks the robust threshold mass for a stable shock based on spherical
infall analysis, Mshock(z). Below this curve the flows are predicted to be predominantly
cold and above it a shock-heated medium is expected to extend out to the halo virial
radius. The inclined solid curve is the conjectured upper limit for cold streams, valid at
redshifts higher than zcrit ∼ 2. The hot medium in haloes of Mv > Mshock at z > zcrit is
predicted to host penetrating cold streams, while haloes of a similar mass at z < zcrit are
expected to be all hot, shutting off most of the gas supply to the inner galaxy. Also shown
is the characteristic Press-Schechter halo mass M∗(z); it is much smaller than Mshock at
z>2.

expected to develop along narrow, cold, radial streams that penetrate through the halo,
because the cooling there is more efficient than in the surrounding halo.

The appearance of intense streams at high z, as opposed to their absence at low z, is
likely to reflect the interplay between the shock-heating scale and the independent charac-
teristic scale of nonlinear clustering, i.e., the Press-Schechter36 mass M∗ that corresponds
to the typical dark-matter haloes forming at a given epoch. The key difference between the
two epochs is that the rapid growth of M∗ with time, as seen in Fig. 5, makes Mshock≫M∗

at z>2 while Mshock∼M∗ at lower redshifts.

Cosmological N -body simulations9,37 reveal that while the rare dark-matter haloes of
Mv ≫M∗ tend to form at the nodes of intersection of a few filaments of the cosmic web,
the typical haloes of Mv∼M∗ tend to reside inside such filaments. Since the filament width
is comparable to the typical halo size R∗∝M1/3

∗ and seems not to vary much with position
along the filament, one expects the rare haloes to be fed by a few streams that are narrow

Coma

Dekel+2009a,b

CGM in the protocluster core
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“Cold streams” 
penetrate through hot media  
especially critical for z>2 massive structures  

CGM controls 
mass and gas assembly, 
and subsequent SF activities 

c.f. Dekel+09a,b, van de Voort+12

(Chiang+14)



Mass and SFR enhancements in the protocluster core
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Hayashi+16; Shimakawa+in prep.
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LAE deficiency in the protocluster core
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Science motivation
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銀河団と銀河の共進化 
理論・観測によって CGM 環境に強く依存していることが示唆される 

現状抱える大きな問題 
・サンプル不足（現状１天体のみ） 
・銀河の選択バイアス　z<2.6 (HAEs) vs. z>2.6 (LAEs) 

・環境の定量的評価  (理論との比較, 異なる z での比較) 

必要とする研究手法 
・超広視野・高密度サンプリング・無バイアスな銀河団探査 
・可視・近赤外深分光による銀河及び CGM の物理性質の解明 

ダスト減光量, SFR, ISM の環境依存性, etc 
銀河とCGMのガス金属量関係, HI 柱密度, covering fraction, etc

PFS-SSP: 15 deg2, 30” fiber separation



Coherently strong intergalactic Lyα absorption systems
Cai et al. 201616

length of specific absorption system. The airmass of the
observations were about 1.0� 1.4, and we used positions
angles close to the parallactic angle. Spectrophotomet-
ric standard stars were observed for flux calibration, and
a CuAr arc lamp was used for wavelength calibration.
We have reached a typical CNR of 10 in the absorption
region.

6.2.1. J025252.07+025704.0

Figure 20 presents the spectrum of this target. The
upper panel presents the SDSS-III/BOSS spectrum.
From the BOSS spectrum, this absorption system (yel-
low shaded area) well satisfies the selection criteria of
CoSLAs on 15 h�1 Mpc centered at 4755 Å (z = 2.91).
From the BOSS data, the e↵ective optical depth of this
system is ⌧e↵ = 1.61+0.10

�0.10, a factor of 4.8⇥ the mean
optical depth at z = 2.91.
The middle panel presents the e↵ective optical depth

on 15 h�1 Mpc (⌧15h
�1Mpc

e↵ ), greater than our selection
threshold (blue horizontal line) of 4.5⇥ h⌧e↵i.
The lower panel presents the MMT follow-up obser-

vations of this target with 3 ⇥ 30 min exposures us-
ing 1200 lines mm�1 grating. With MMT spectra, we
can resolve any Ly↵ and Ly� absorbers with rest-frame
Doppler parameter b > 100/(1 + z) = 25 km s�1. From
the lower left panel, the EW ratio between Ly� (blue)

and Ly↵ (black) is EWLy�

EWLy↵
= 0.88+0.03

�0.03, which suggests

that this absorption consists of the superposition of a
series of individual absorbers with NHI ⇠ 1015�18 cm�2

(Figure 15). This absorption system is similar to the
strongest intergalactic Ly↵ absorption predicted in Ly-
MAS simulation. Figure 21 further suggests that the
absorption J025252.07+025704.0 strongly deviates from
DLA or sub-DLA absorption.
Other evidence also supports the interpretation that

the J025252.07+025704.0 arises from blending of inter-
galactic Ly↵ forest lines. The distribution of Doppler
parameter b in the Ly↵ forest is characterized by Gaus-
sian function with a median b ⇡ 30 km s�1 and � = 10
km s�1, and cropped below b ⇡ 20 km s�1 (e.g. Rudie et
al. 2012, Pieri et al. 2014). Figure 22 presents that, at
MMT resolution of 100 km s�1 bins (or wider bins, such
as BOSS resolution), a Ly↵ forest line of typical Doppler
parameters does not reach the zero level, regardless of its
column density. Only single lines with log10[

NHI
cm�2 ] & 19

or unusually high Doppler parameters (& 50 km s�1)
reach a minimum flux of Fmin  0.15 (also see Pieri
et al. 2014). The absorption in J025252.07+025704.0
reaches a Fmin  0.1. Combined with the evidence of
high EW ratio between Ly� to Ly↵, we conclude that
the nature of Ly↵ absorption in J025252.07+025704.0 is
the superposition of Ly↵ lines.
What is the underlying mass such strong absorption ?

We define the mass overdensity within 15 h�1 comoving
Mpc as

M15h�1Mpc = (1 + �m)⇥
⌦
M15h�1 Mpc

↵
, (5)

where
⌦
M15h�1Mpc

↵
is 2.6 ⇥ 1014 M�, the average mass

within a (15 h�1 Mpc)3 box. The quantity �m is the
mass overdensity. On 15 h�1 Mpc scale, the e↵ective op-
tical depth of this absorption is about 4.8⇥h⌧e↵(z = 3.1)i
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Fig. 20.— The spectra of CoSLA candidate
J025252.07+025704.0. The upper panel shows the BOSS
spectrum, with absorption marked in yellow shaded area. Orange
shows the continuum using mean optical depth regulated PCA
fit (Lee et al. 2012). The middel panel presents the ⌧e↵ over 15
h�1 Mpc centered on the absorption center. The blue horizontal
lines indicate the threshold of CoSLAs, which is a 4.5⇥ the
mean optical depth. The lower panel presents MMT spectra
(R = 3, 000), expanding the Ly↵ absorption. Black presents the
Ly↵ absorption and blue indicates Ly� absorption. From the
equivalent width comparison between the Ly↵ (black) and Ly�
absorption (blue), this system contain multiple absorbers, with
the column density of each absorber NHI ⇠ 1015 � 1018 cm�2.

(Bolton et al. 2009; Faucher-Giguère et al. 2008). From
Figure 2, the median mass traced by CoSLAs with
⌧e↵ = 4.8⇥ h⌧e↵i is around 6.5⇥ 1014 M�, equivalent to
an overdensity of 1.5 on the large scale of 15 h�1 Mpc.
Such large-scale overdensities contain sub-region density
peaks that have high mass concentration. The high den-
sity peaks represent most overdense environments at high
redshifts (e.g., Chiang et al. 2014; Steidel et al. 2005).
Figure 8 presents the projected matter distribution in the
x–z plane, where the z-axis is along the line of sight direc-
tion. The density peaks have mass overdensities reaching
�m ⇡ 10 on (5 h�1 Mpc)3 volume.
Note the overdensity is estimated with the assumption

that J025252.07+025704.0 does not contain LLS. Our
current observations cannot rule out the possibility that
J025252.07+025704.0 may contain LLS absorbers with
NHI ⇠ 1017�1018 cm�2 (see §4.2). The presence of LLSs
should lower our estimates on the mass overdensity.

6.2.2. J084259.37+365704.3

Figure 23 presents the spectra of
J084259.37+365704.3. The upper panel presents
the SDSS-III/BOSS spectrum. From the BOSS spec-
trum, J084259.37+365704.3 is a CoSLA candidate
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Fig. 21.— A comparison between the CoSLA candidate
J025252.07+025704.0 and a sub-DLA (super LLS) with NHI =
1020.0 cm�2. The red spectrum is the DLA Ly↵; and orange is
DLA Ly�, overplotted with the Ly↵ absorption (black) and Ly�
(blue) of J025252.07+025704.0.

Fig. 22.— The minimum flux as a function of column densities
at resolution of R = 3, 000. The black curve represents single Ly↵
absorber with Doppler parameter b = 15 km s�1. Blue indicates
single absorber with b = 30 km s�1, and red shows absorber with
b = 50 km s�1.

centered at 4830 Å, and has the e↵ective optical depth
of ⌧e↵ = 1.71+0.10

�0.10, a factor of 4.5⇥ the mean optical
depth at z = 3.17 (Bolton et al. 2009 & DallAglio et
al. 2008, Faucher-Giguere et al. 2008). The mid-panel
presents the e↵ective optical depth on 15 h�1 Mpc

(⌧15h
�1Mpc

e↵ ). The lower panel displays the MMT
observations on this target with 3 ⇥ 30 min exposures
using 1200 lines mm�1 grating. On a 15 h�1 scale, this
absorption has rest-frame EW ratio between the Ly�
to Ly↵ (EWLy�

EWLy↵
) = 0.83+0.03

�0.03. From the EW ratio, this

strong Ly↵ absorption is not due to DLAs, but is likely
to arise from the superposition of Ly↵ forest with EW
ratio between Ly� to Ly↵ & 0.8. From Figure 15, our
observations suggest this system consists of multiple
HI absorbers with column densities NHI = 1015 � 1018

cm�2.
J084259.37+365704.3 is associated with two sight

lines with projected separation of 20 h�1 Mpc on
the sky. Strong IGM absorption is present in both
sight lines: J084328.73+364107.4, with a transverse 10
h�1 Mpc from the target J084259.37+365704.3, and
J084233.26+365129.9, with a transverse 20 h�1 Mpc
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Fig. 23.— Similar to format of Figure 20, we show the CoSLA
candidate J084259.37+365704.3. The spectra suggest this strong
Ly↵ absorption system is associated with the superposition of Ly↵
forest in the range 1015 cm�2 < NHI < 1018 cm�2.

from the target. Both sight lines contain Ly↵ absorp-
tion with ⌧e↵ & 3⇥ the mean optical depth at z = 3.
J084259.37+365704.3, together with this rare absorp-

tion group at z = 3.1, is likely to trace a massive over-
density. The median mass overdensity traced by CoSLAs
with ⌧e↵ = 4.5⇥ h⌧e↵i is 1.4 (Figure 2).

6.2.3. J081103.27+281621.0

Figure 24 presents the spectra of CoSLA candidate
J081103.27+281621.0 at z = 2.97. The yellow shaded
area of the upper panel presents the BOSS spectrum
of this CoSLA candidate centered at 4830 Å. From the
BOSS data, the e↵ective optical depth of this system
⌧e↵ = 1.60+0.05

�0.05, a factor of 4.6⇥ higher than the mean
optical depth at z = 2.97. The mid-panel presents

the ⌧15h
�1Mpc

e↵ of the absorption system. Red dotted

line represents the noise of the ⌧15h
�1Mpc

e↵ . The lower
panel presents the follow-up MMT observations on this
target with a 3 ⇥ 30 min exposure using 1200 lines
mm�1 grating. The EW ratio between Ly� to Ly↵ is
0.61+0.02

�0.02. From the EW comparison between the Ly↵
(black) and Ly� absorption (blue line), this system con-
sists of the blending of Ly↵ absorbers with column den-
sity NHI = 1015 � 1018.5 cm�2.
The minimum transmitted flux of Ly↵ and Ly� both

reach close to zero. Figure 22 suggests that, at a res-
olution of 100 km s�1, an LLS with NHI < 1019 cm�2

and typical Doppler parameter does not reach the zero
level (Pieri et al. 2014). Combined with the EW ratio of
Ly� to Ly↵, the most likely scenario is that this CoSLA

Lyα forest (LAF) analyses 
SDSS/BOSS-III (10k deg2) >> 15° PFS 
160,000 LAF spectra of QSOs 
Effective volume size ~ 1 co-Gpc3 
CoSLA = 4σ excess in τopt  
over 15 co-Mpc along LOS
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TABLE 1
Mass in 15 h�1 Mpc cubes centered on different objects

Center Median mass �15h�1 Mpc

( 1014 M� ) (1014 M� )

Random 2.6 1.2
Quasars (Mhalo = 2-3⇥ 1012 M�) 3.7 1.6
Halos with Mhalo � 5⇥ 1013 M� 6.1 1.0
CoSLA (no noise) 7.0 1.6
CoSLA CNR=4 6.7 1.6

Note. — Summary of mass within 15 h�1 using di↵erent trac-
ers in the LyMAS simulation. HI (no noise) represents mass traced
by CoSLAs selected from the original mock spectra, no noise be-
ing added; CoSLA CNR=4 shows the mass traced by strongest
absorption selected from noise-added spectra.

Fig. 5.— The distribution of mass traced by di↵erent objects.
The x-axis is the mass within (15 h�1 Mpc)3 cubes. The y-axis
is the number of the cubes. The black represents mass within (15
h�1 Mpc)3 centered at random positions. The yellow histogram
shows mass traced by quasar halos. Purple dash-dotted histogram
represents mass distribution centered at most massive halos in Ly-
MAS simulation (Mhalo > 1013.7 M�). Red is the mass traced by
the CoSLAs on 15 h�1 Mpc scale, selected from the noise-added
mock spectra with a continuum-to-noise ratio of 4.

CNR=4, the mass traced by CoSLAs selected from the
noise-added spectra has a median mass of 6.7⇥1014 M�,
with a standard deviation of 1.6 ⇥ 1014 M� (red his-
togram). Thus, the CoSLAs selected from the noise-
added (CNR=4) or noise-free mock spectra trace over-
densities with similar mass distribution. 2 Similar results
have been found at other scales ranging from 10 – 20 h�1

Mpc (see Appendix).
The figure shows that the CoSLAs e↵ectively trace the

most massive overdensities. The overdensities traced by

2 We first set the continuum-to-noise ratio (CNR) = 4, because
CNR � 4 empirically provides a good equivalent width estimate
for absorbers (e.g., DLAs) in BOSS dataset (Font et al. 2012,
Noterdaeme et al. 2012, Cai et al. 2014). For example, each 15
h�1 Mpc contains 20 pixels, with the CNR of 4 on each pixel, the
error of mean transmitted flux over 15 h�1 Mpc is < 0.05, making
the uncertainty of ⌧e↵ small. Therefore, we can see noise has a
small e↵ect of mass distribution (see last two lines of Table 1).
Later in this paper, higher CNR = 8 is also presented according
to the needs of target selection e�ciency. CoSLAs selected from
spectra with CNR > 4 should yield a mass distribution betweeen
spectra with CNR=4 and noise-free mock spectra.

Fig. 6.— The cumulative probability of mass within (15 h�1

Mpc)3. The x-axis is the mass within (15 h�1 Mpc)3 cubes. The
y-axis is the cumulative probability. Yellow shaded area shows
mass distribution (±1-�) traced by quasar halos. Purple shaded
area represents mass distribution centered at most massive halos
in the LyMAS simulation (Mhalo > 1013.7 M�). The red shaded
area represents the mass traced by the CoSLAs on 15 h�1 Mpc
scale, selected from the noise-added spectra.

CoSLAs have a comparable mass distribution to those
centered on the most massive single halos with Mhalo >
1013.7 M� (purple dot-dashed histogram). More than
half of the CoSLAs represent the top 0.2% most massive
overdensities (> 3.3-�) on 15 h�1 Mpc scale. Figure 6
further illustrates that the systems traced by CoSLAs
represent the most massive tail of the mass distribution.
Table 1 summarizes the distribution of mass within 15
h�1 traced by di↵erent objects in the LyMAS simulation.
Figure 7 further demonstrates the stacked mock Ly↵

absorption spectra that associated with di↵erent mass
overdensities (�15Mpc

m ) at z = 2.5. Each spectrum is
the median stack of 100 individual simulated spectrum
associated with similar �15Mpc

m . The e↵ective optical

depth on 15 h�1 Mpc (⌧15h
�1Mpc

e↵ = �log hFluxi15h�1Mpc)
increases monotonically with mass overdensities. Fig-
ure 8 presents an example of an extreme mass overden-
sity traced by CoSLAs in the LyMAS simulation. This
CoSLA e↵ectively trace an extremely massive large-scale
structure extends over & 40 h�1 Mpc.

3. MOCK SPECTRA � THE INCLUSION OF HIGH
COLUMN DENSITY ABSORBERS

In §2, we demonstrated that mass overdensities can
be e↵ectively traced using the coherently strong Ly↵ ab-
sorption systems (CoSLAs) with ⌧e↵ � 4.5⇥ h⌧e↵i on 15
h�1 Mpc. In real spectra, however, there will be con-
taminants like DLAs, sub-DLAs, clustered LLSs. In this
section, we explore how we can e↵ectively recover gen-
uine CoSLAs from realistic spectra. We use the mock
spectra to test the selection techniques, and apply these
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Pair filters at z=2.15–2.20 and 3.30–3.35
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HSC (Lyα) の広視野探査と MOIRCS (Hα) の高密度探査 
1. HSC - LAEs: (一部はすでに観測済み) 

SDSS/BOSS 領域の巨大 HI 構造のマッピング 
原始銀河団中心領域の同定 

2. MOIRCS - HAEs: 
CGM 規模の構造同定 

星質量, 星形成率の同定 

3. MOSFIRE (Keck): 
ISM (Z, U, Ne, AHα), z の同定 

4. LRIS & KCWI (Keck): 
CGM (Z, NHI, fHI) の同定
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The most massive HI structures
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Fig. 2.— Continuum-subtracted, smoothed narrow-band image of the field around the enormous Ly↵ nebula (ELAN) MAMMOTH-1.
The color map and contours indicate the Ly↵ surface brightness (left color bar) and the signal-to-noise ratio per arcsec2 aperture (right
color bar), respectively. This image reveals the Ly↵ emission of the enormous Ly↵ nebula (ELAN). The current 1� surface brightness limit
is 2.4 ⇥ 10�18 erg s�1 cm �2 arcsec�2. Above the flux contour of SB > 4.8 ⇥ 10�18 erg s�1 cm�2 arcsec�2, MAMMOTH-1 has a total
luminosity of L = 5.28± 0.07⇥ 1044 erg s�1. Further, we tentatively detect filamentary structures around MAMMOTH-1.

(1987). We assume that the CGM clouds have a con-
stant hydrogen density (nH). We assume that the emit-
ting gaseous clouds are uniformly distributed through-
out the halo, and we further assume a standard plane-
parallel geometry for these clouds. To match our mea-
surements in §3.3, we assume that the distance between
the CGM cloud and the central QSO is R ⇡ 15 kpc.
In our CLOUDY models, we try combinations of dif-
ferent nH values, with nH = 0.01 � 10.0 cm�3 (steps
of 0.5 dex); di↵erent ionization parameters, with Log
U = �3 � 1 (steps of 0.5 dex); di↵erent column den-
sities of NH = 1019 � 1022 cm�2 (steps of 0.5 dex), and
metallicities with Z = 0.1�1.0⇥Z� (steps of 0.5⇥Z�).
We assume a gas covering fraction of fC = 0.3 (e.g.,
Cantalupo et al. 2014).

Our observed He ii surface brightness is SBHeII ⇡

3.3 ⇥ 10�17 erg s�1 cm�2 arcsec�2. We require that
the parameter combinations yield a He ii surface bright-
ness of ⇡ 3.0 � 3.5 ⇥ 10�17 erg s�1 cm�2 arcsec�2 to
roughly match the observed He ii emission. In Figure 7,

we present models that yield the observed He ii surface
brightness, and present our observed value using a red
dot with an error bar. Using the parameter combina-
tions with (NH, Z, Log(U), nH)= (1020 cm�2, 0.5 Z�,
�2, 0.1 cm�3) and (1018 cm�2, 1.0 Z�, �2, 2.0 cm�3)
reproduce the observed intensities of He ii, C iv and C
iii], and the line ratios of C iv/He ii and C iii]/He ii
within 1� errors (red error bars in Figure 7). Therefore,
the C iv/He ii and C iii]/He ii line ratios are consistent
with AGN photoionization.

4.2.2. Resonant Scatter

In §3, we have shown that the Ly↵, C iv and He ii emis-
sion line profiles contain at least two major components.
Double-peaked Ly↵ emission is predicted by the reso-
nant scattering of Ly↵ photons (e.g. Dijkstra et al. 2006;
Yang et al. 2014). The key prediction of these radiative
transfer (RT) calculations is that the Ly↵ spectrum is
double peaked with an enhanced blue peak, producing
a blueshift of the Ly↵ profile. Although it is true that

Cai et al. arXiv-a,b
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Fig. 6.— The galaxy overdensity BOSS1441 at z = 2.32±0.02, selected from the SDSS-III/BOSS DR9 database. This structure is traced
by a group of Ly↵ absorption systems (orange diamonds) and QSOs (brown asterisks) over 30 h�1 cMpc at z = 2.3. Each Coherently
Strong Ly↵ Absorption (CoSLA) candidate is presented in Figure 2 and Figure 3. Our LBT/MODS spectroscopy have targeted 20 LAEs
with magNB403,AB < 24.8 with two masks in an area of 50 arcmin2 (8 h�1 ⇥ 8�1) cMpc2, and confirmed 19 of them (blue and red circles).
The LAE density in the density peak region of (15 cMpc)3 volume (red dotted box) is 11.8⇥ that in random fields (�g = 10.8). The green
density contours are overplotted to show the density map of LAEs. Each contour (solid and dashed) indicates an increase in the galaxy
number density of 0.1 galaxies per arcmin2. We determine the redshift of each spectroscopically-confirmed LAE based on the Ly↵ emission.

4.1. Discovery of a large-scale structure BOSS1441

Our narrowband imaging has a field of view of 350
⇥350

(41 h

�1
⇥ 41 h

�1 cMpc2 at z = 2.3), and a redshift
range of 2.32 ± 0.02. In Figure 4, we present the color
selection criteria for the LAEs. We use the color crite-
rion of Bw �NB > 0.87, corresponding to a Ly↵ rest-
frame equivalent width of EWLy↵ > 20 Å. We cut our
selection of LAEs down to a narrowband magnitude of
mNB403,AB = 24.8, where the LAE selection complete-
ness is � 90% (e.g., Guaita et al. 2011; Zheng et al.
2016). This limit corresponds to a Ly↵ luminosity of
1.56 ⇥ 1042 erg s�1, 0.73 L

⇤
Ly↵, where L

⇤
Ly↵ = 2.1 ⇥ 1042

erg s�1 (Ciardullo et al. 2012). The total volume of the
MOSAIC imaging is 41 ⇥ 41 ⇥ 32 h

�3 cMpc3. Over this
volume, we detect 99 LAE candidates that satisfy the
color criterion of Bw �NB > 0.87.

We use LBT/LBC to check the broadband colors of
the LAE candidates. We use the U � V vs. V � i col-
ors of the LAE candidates. Following Adelberger et al.
(2003), our selection criteria (red trapezoid in Figure 5)
were found by running Bruzual & Charlot (2003, here-
after BC03) models. We use a galaxy template with 0.2

⇥Z�, a constant star formation for 100 Myr, reddened
by applying a Calzetti attenuation curve (Calzetti et al.
2000) with E(B � V) = (0, 0.22, 0.6).

We find that BOSS1441 has a density peak at ↵ =
14:41:26.40, � = +40:01:12.0. For a comparison to previ-
ous protoclusters (see Table 2), we count LAEs in a (15
cMpc)3 volume centered on this peak. In that 6 arcmin
⇥ 6 arcmin area (red dotted box in Figure 6) 2, we detect
21 objects that satisfy the color criteria Bw�NB > 0.87;
and 15 have broadband colors in U �V , V � i consistent
with galaxies at z ⇠ 2.3. We present the broadband col-
ors of these LAE candidates in Figure 5 (red diamonds).
One of the 21 sources is a BOSS QSO at z = 2.31 (QSO3
in Table 4). Four out of the 21 candidates are likely to
be low-z [O ii] emitters. Another one out of the 21 can-
didates have Bw > 25.9 and i > 26.5. Therefore, we
have 15 LAE candidates and one BOSS QSO in the den-

2 We choose 6 arcmin ⇥ 6 arcmin, because we want to compare
the volume in a 15 cMpc ⇥ 15 cMpc ⇥ 15 cMpc box. A 6-arcmin
corresponds to ⇡ 9.5 cMpc. The volume is 9.5 cMpc ⇥ 9.5 cMpc
⇥ 40 cMpc (comoving distance along the sight-line direction)= (15
cMpc)3, which has the same volume to the overdensity calculations
in other fields (e.g. Chiang et al. 2014).

An example: the most massive HI structure at z=2.3 
5 QSO sight lines in background, 6 QSOs are associated 
x11 denser than random fields 
An enormous Lyα blob associated with the structure
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Team, win-win situation
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HSC+MOIRCS(+PFS) MOSFIRE+LRIS+KCWI

R. Shimakawa 
N. Kashikawa

Z. Cai 
J.X. Prochaska

T. Kodama 
I. Tanaka 

Y. Matsuda 
…

R. Shimakawa 
…

Lyα, Hα line mapping 
LSSs, Protoclusters, cores 
LABs and members

Opt+NIR spectroscopy 
SF, AGN activities 
ISM, CGM properties

Young users of Subaru & Keck!



Wish list（本共同プロジェクトに関連して）
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1. 早期のテスト運用を期待（PFS-SSP 前） 
➡そのためには新設するのではなく、現状の交換枠の上限の撤廃 or 
共同プロジェクト枠増設がベター？ 

➡何にせよこのサーベイに関しては S17B,18A には本格的開始予定 

2. 若手による中規模共同プロジェクトの推奨は嬉しい 
• ただどういう形で実現できるのかよく分からない 
• そもそも双方の若手で交換枠で装置を使った人はほぼいない？ 

3. SSP 規模は時間的に厳しい 

4. PFS-SSP と conflict するような方針は望まない 
• 内容によっては PFS-SSP と同時期の開始はすごく危険 

5. PFS-SSP との切り分けが重要



すばる–ケック連携：嶋川個人の見解
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1. Subaru-PFS-SSP ⇄ Keck 観測時間 

2. Subaru-共同利用 ⇄ Keck 観測時間 

【条件】PFS-SSP と・・・ 
・独立的 
－ 【最重要】SSP サイエンスと重複する内容をケックと連携して
別に行うのは、無駄にすばる共同利用時間を献上することと同じ 

・相補的 
－ SSP を補完する内容であるとより望ましい 

・対等的 
－ 互いに win-win で対等な関係である


