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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
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Figure 5. Spatial distribution of the phot-z members with 0.30 < zphot <0.45 (gray dots) and Hα emitters (open colored squares). Blue squares indicate Hα emitters
with SFRHα > 0.75 M⊙ yr−1, and larger symbols indicate galaxies with larger SFRs. Green squares show weak Hα emitters with SFRHα < 0.75 M⊙ yr−1. Red
squares represent the red Hα emitters with B − I > 2.0. Contours show 3σ , 5σ , 7σ , 10σ , and 15σ significance of galaxy overdensity calculated using all the member
galaxies (all the phot-z members and/or Hα emitters). Solid-line circles and dashed-line rectangles show the areas where we define different environments to study
environmental effects (see the text and Table 1).
(A color version of this figure is available in the online journal.)

(2011, in preparation), while the Group 1 region was not well
covered by their spectroscopic observation. Group 4 is also
a spectroscopically confirmed infalling group, identical to the
NW group in Oemler et al. (2009). It is interesting to note
that in addition to these known structures (the west clump
and Groups 2, 3, and 4), Hα emitters are concentrated in
the northern part (i.e., Group 1), where we did not identify a
prominent overdensity of phot-z selected galaxies in Kodama
et al. (2001). Therefore, our wide-field emission-line survey
suggests the existence of a prominent structure traced by star-
forming galaxies in the north direction of A851. This new

group (Group 1) is defined as a circle in Figure 5. Finally, as a
comparison, we define the three “Field” regions as indicated in
Figure 5, in which we avoid any prominent structures.

4.2. Hα Fraction

We here calculate the fraction of Hα emitters for each
environment defined above (see the labels in Figure 6). We
statistically subtract the expected contaminations in our phot-
z-based membership using the surface number density of the
“Field” regions, ρcont = 2.06 arcmin−2. We calculate the Hα

5

Koyama+11

z=0.4
1618 Y. Koyama et al.

Figure 8. Left-hand panel: the two-dimensional distributions of all the members (open circles), the MIR-detected galaxies (filled circles), the blue Hα emitters
with R − J < 2.0 (open squares) and the red Hα emitters with R − J > 2.0 (open pentagons). The dashed line boxes indicate our MOIRCS FoVs. We plot the
member galaxies detected in our MOIRCS FoVs only. The contours are the same as in Fig. 2. Right-hand panel: a closeup view of the cluster central region.
The meanings of the symbols are the same as in the left-hand panel, except that the large and the small open symbols indicate the strong (EW > 50 Å) and
weak (EW < 50 Å) Hα emitters, respectively. The solid-line circle shows the radius of 0.5 × R200 from the cluster centre (see Section 8).

Figure 9. The fraction of the Hα emitters as a function of local density
(left) and as a function of cluster-centric distance (right). The error bars
show Poisson errors.

and is almost constant at ∼60 per cent. This is consistent with the
results obtained in Section 4.2 and 4.3 that the observed Hα line
strength in star-forming galaxies does not strongly correlate with
environment.

Finn et al. (2005) conducted similar Hα emitter survey for the
central part of three z ∼ 0.7 clusters. They showed that two of the
three clusters have few Hα emitters in the central region. However,
they found many Hα emitters in the core region of the other cluster.
Hayashi et al. (2010) show that there are many [O II] emitters even
in the cluster core at z = 1.46, and that the fraction of [O II] emitters
is still high in the core within Rc < 0.25 Mpc from the cluster

centre. For the RXJ1716 cluster, we find no Hα emitters at Rc <

0.25 Mpc as shown in the right-hand panel of Fig. 9, although
there are 31 member galaxies in Rc < 0.25 Mpc without significant
detection in Hα. Therefore, for the RXJ1716 cluster, the termination
of star-forming activity in the cluster core has been completed before
z = 0.8. These facts suggest that the epoch of the termination of
star-forming activity in the cluster core may differ from cluster to
cluster, probably depending on the cluster mass and/or maturity of
clusters. We need a much larger sample of distant clusters to draw
a general picture of formation and evolution of the cluster cores.

6 PRO P E RT I E S O F Hα EMITTERS
A N D M I R G A L A X I E S

6.1 Colour–magnitude diagram

In Fig. 10, we show (R − J ) versus J colour–magnitude dia-
gram using all the member galaxies. Hα emitters are marked with
open squares again. The small and large sizes of squares indicate
EW(Hα+[N II]) < 50 and > 50 Å, respectively. We clearly note
that Hα emitters are mainly blue galaxies and that bluer galaxies
tend to have stronger Hα emission in an average sense. There are
also some Hα emitters on the red sequence. These populations are
very rare, but interestingly we find that such Hα emitters with red
colours are preferentially found in the cluster outskirts (see below).
On the other hand, MIR galaxies (shown as filled circles in Fig. 10)
are more commonly seen on the red sequence. This is clearly seen
in the histograms shown in Fig. 10. The Hα emitters are bluer and
the MIR galaxies are redder. This may be because the MIR galaxies
are dusty and reddened in spite of their strong star formation (see
also Koyama et al. 2008).

We also make the same plot for each environment (i.e. for
low-, medium- and high-density regions) in the right-hand panels of
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et al. (2007) and check whether it is effective in picking out [O II]
emitters at z ∼ 1.46. If this classification works, we could select
[O II] emitters among those faint in K magnitude, i.e. less massive
star-forming galaxies. Fig. 2(b) shows i′ − z′ and Rc − i′ colours for
[O II] and the other NB912 emitters identified by the Bz′K selection
method, where Hα emitters at z = 0.39 have already been excluded
from the NB912 emitter sample based on the Rc − i′ versus B −
Rc colours (Ly et al. 2007). In Fig. 2(b), it seems that [O II] emitters
and the spectroscopically confirmed members are relatively well
distinguished and confined mostly in the bottom-right side of the
diagram (Ly et al. 2007). However, we also note that there are many
contaminations from other lines at different redshifts. This suggests
that the NIR data are essential to photometrically select galaxies at
z ∼ 1–2, and we decide not to use the optical colour selection.

Also, we calculate photometric redshifts using the EAZY code
(Brammer, van Dokkum & Coppi 2008) with six SED templates of
EAZY_v1.0 and based on the photometry in B, Rc, i′, z′ and K bands
for the K-detected subsample of spectroscopic members. However,
20 per cent of the spectroscopic members have completely wrong
photometric redshifts at zphot < 1. Therefore we do not use the
photometric redshift technique either.

Therefore, in this paper, we will rely on the Bz′K colour selection
in identifying the [O II] emitters at z ∼ 1.46 among the NB912
emitters.

Fig. 3 shows the distribution of [O II] emitters at z ∼ 1.46, where
grey regions are masked due to the bad quality of the image. We
confirm that many [O II] emitters exist in the central region, as is
already reported in Hayashi et al. (2010). Moreover, due to the ex-
tension of our survey to the outskirts of the XCS2215 cluster, we
also find that there is a prominent filamentary large-scale structure
of [O II] emitters from the east to the south of the cluster (Fig. 3).
This filament is surely one of the largest structures of star-forming

galaxies at z = 1.46. Recent studies suggest that at lower redshifts
medium-density regions embedded in large-scale structures sur-
rounding clusters are crucial sites to understand galaxy evolution
(Tanaka et al. 2005; Koyama et al. 2008). The discovery of the large-
scale structure at z = 1.46 provides us with a unique opportunity
to investigate environmental dependence of galaxy properties, in
particular those in such interesting medium-density environments
at this high redshift. In Section 5, we examine the properties of
galaxies in the filamentary structure, and compare them with those
in different environments.

4 SP E C T RO S C O P I C C O N F I R M AT I O N
O F T H E [O I I] E M I T T E R S

In Hayashi et al. (2010) and the previous section, we photometrically
identify 380 [O II] emitters at z = 1.46 in the XCS2215 cluster
and its outskirts. However, the confirmation of [O II] emitters by
spectroscopy is essential to verifying that our method is valid for
the selection of [O II] emitters at z = 1.46.

By our MOIRCS spectroscopy, we have detected some emission
lines, such as Hα, Hβ, [O III], [N II], for 16 out of the 34 targeted
[O II] emitters in the cluster region. In the case of narrow-band
emitters, it is relatively easy to identify the detected emission line
even if only a single line is detected on the spectrum. Because
we already detect an emission line at ∼9139 Å by narrow-band
imaging, the possible redshifts of the emitters are very limited. For
[O II] emitters at z = 1.46, Hα and [N II] lines should be seen at
λ ∼ 1.61 µm, while Hβ and [O III] lines should be seen at λ ∼ 1.19
and 1.23 µm, respectively.

We first perform line detections in the two-dimensional spectra
by visual inspection, taking care not to be confused by residual OH
airglow lines or any accidental noises. Among the confirmed lines,

Figure 3. The celestial distribution of our 380 [O II] emitters at z ∼ 1.46 in and around the XCS2215 cluster. North is up, and east is to the left. The horizontal
and vertical axes show relative coordinates from the cluster centre. Black dots show the [O II] emitters, and grey regions indicate the masked areas around
bright stars which have bad quality image and were excluded from the analyses. Cluster core region is defined by a dotted-line circle with a radius of 2 arcmin,
while the outskirts region is defined as a ring with a width of 2 arcmin between the dotted and broken-line circles. Filament region shown by the long-dashed
lines and is defined to cover the prominent structure of the [O II] emitters. The rest of the area is defined as the field. Blue, magenta and green contours show
the local density of log$5th[Mpc−2] = 1.07, 0.72 and 0.39, respectively (see Section 5.1).
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Figure 4. Two-dimensional map of galaxies around 4C 65.22 over the entire MOIRCS FoV (4′×7′; left panel) and the 100′′×100′′ close-up view around the density
peak (right panel). The gray dots, black circles, and blue squares show all NB-detected sources, photo-z-selected galaxies with 1.3 ! zphot ! 1.7, and the Hα emitters
at z = 1.5, respectively. The red symbols show the galaxies on the red sequence. The red-sequence galaxies are strongly clustered near the radio galaxy (yellow star),
and Hα emitters tend to be located in the cluster outskirts. The contours show 1, 2, 3, 4, 5σ significance of the over-density calculated with all member galaxies: we
applied Gaussian smoothing (σ= 0.1 Mpc) on each galaxy and combine the tails of Gaussian wings to measure local density at a given point. The (0,0) point of this
plot shows the density peak (R.A. = 17h47m12.3.s, decl. = +65d32m48s). The solid circles in the left panel show 250 and 500 kpc from the density peak.
(A color version of this figure is available in the online journal.)

Figure 5. False-color image of the 4C 65.22 field created with r ′z′H -band data.
The size of this image is 100′′×100′′, same as the right panel of Figure 4. North
is up and east is to the left.
(A color version of this figure is available in the online journal.)

verified that the number of faint red galaxies does not increase
even if we use J-band detected catalog instead of NB-selected
catalog.

We also show in Figure 7 the cumulative (and differential)
fraction of each population in our total sample as a function
of the distance from the density peak out to rc = 1 Mpc. This
plot further supports our claim that red galaxies are strongly
clustered within rc ∼ 250 kpc. It is evident that the fraction of
red galaxies sharply drops at rc ∼ 200–300 kpc, which coincides

Figure 6. Color–magnitude diagram for all NB-selected sources within 250 kpc
from the density peak (left) and outside this radii (right). Black circles show
the member galaxies, while blue squares show Hα emitters. The red circles are
member galaxies with z′ − J > 1.45 (identical to the red symbols in Figure 4).
The vertical and slanted dotted lines show 3 and 5σ limiting magnitudes in
z′ and J, respectively. The dashed line shows the location of the red sequence
(assuming zf = 5) modeled by Kodama et al. (1998). Interestingly, low-mass
blue galaxies are clearly deficient in the cluster core region.
(A color version of this figure is available in the online journal.)

with where we see the dramatic increase in Hα emitters and blue
galaxies. The Kolmogorov–Smirnov test (KS test) suggests with
a >99.9% confidence level that the distributions of red galaxies
and Hα emitters (or blue galaxies) are drawn from a different
parent population. We therefore conclude that most blue SF
galaxies falling into the highest-density cluster core are forced

7
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[O II] emitters in a cluster at z = 1.62 2623

Figure 7. Left: the 2D distributions of 352 [O II] emitters. Blue and red filled circles show star-forming and red [O II] emitters, respectively. Squares indicate
the spectroscopically confirmed objects with 1.590 ≤ zspec < 1.620 (black), 1.620 ≤ zspec ≤ 1.630 (green) and 1.630 < zspec ≤ 1.644 (red). Contours denote
the local number density of [O II] emitters. Outside of dash lines is the field region defined in Section 4.1. The grey filled circle is a masked region near a
bright star. Right: close-up view of the cluster core (r < 2 arcmin). Dashed line circle shows the radius of r = 1 Mpc. Note that our NB973 filter can prove
about ±47 Mpc (comoving) in the redshift direction.

4 R ESU LT

4.1 Spatial distribution

With the panoramic imaging of the z = 1.62 cluster with Suprime-
Cam, we have revealed a gigantic structure surrounding the cluster
traced by [O II] emitters for the first time, as shown in Fig. 7. The
cluster appears to be embedded in a huge filament extending from
north to east/south. In particular, there are two dense regions to
the east/south and to the south of the cluster, respectively. Also, a
filament of relatively dense region extends to the north. They all
appear to be associated with the cluster core and constitute a huge
structure of about 20 Mpc in comoving scale.

Many star-forming [O II] emitters are located within the pro-
jected radius of 1 Mpc in comoving scale from the cluster centre.
This is in stark contrast to the nearby Universe where galaxies in
dense environment tend to be inactive red galaxies and star-forming
galaxies are preferentially located in lower density environments.
We evaluated the overdensity of the [O II] emitters in the cluster
core (r < 1 Mpc). The average number density of the [O II] emit-
ters is 0.24 Mpc−2 (352/1472) for the entire region of the survey
(∼1472 Mpc2). This value is roughly comparable to the number
density (0.35 Mpc−2) expected from the [O II] luminosity function
at z = 1.47 in the general field (Ly et al. 2007) because the crite-
rion of the equivalent width in our selection is more stringent than
the one used in the previous studies. On the other hand, since 13
[O II] emitters exist in the cluster core (∼3.142 Mpc2), the number
density is 4.14 Mpc−2, which is about 17 times larger than that in
the entire region. The quiescent galaxies show the overdensity by
a factor of 9. This clearly indicates that the star formation activity
has not been ceased yet even in the core of the z = 1.62 cluster, and
rather the integrated star formation activity in the unit volume is
actually higher in the cluster core than in the lower density regions.

Note that our narrow-band filter is probing ∼94 Mpc (comoving)
in the redshift direction, and the 2D overdensity may not be free from
the projection effect. In order to robustly measure the overdensity,
the spectroscopic redshifts would be required. In fact, it is found
from the FMOS spectroscopy that the [O II] emitters in the east

and the south clumps are located at somewhat different redshifts
from the cluster centre (Fig. 7). This difference corresponds to
1000–2000 km s−1 in the line-of-sight velocity or to 15–30 Mpc in
the comoving distance. It is not clear at this stage whether these
clumps are gravitationally bound, physically associated systems to
the cluster. More intensive spectroscopic follow-up observations are
needed to address this issue.

4.2 Density dependence

It is widely recognized that the star formation activity of a galaxy
is strongly related to the local density of galaxies surrounding it.
In the local Universe, the star-forming activity decreases with in-
creasing local galaxy density (Gómez et al. 2003; Patel et al. 2009).
This relation holds out to at least z ∼ 0.8 (e.g. Kodama et al. 2001;
Tanaka et al. 2005). At z ∼ 1, it is suggested that SFR–density
relation may, in part, be inverted relative to the local relation (Elbaz
et al. 2007; Cooper et al. 2008). However, these studies do not in-
clude the very dense environment such as rich cluster cores. In the
ClG J2018−0510 cluster at z = 1.62, Tran et al. (2010) reported
that the relative fraction of star-forming galaxies increases with in-
creasing local density based on the SFRs derived from the 24-µm
fluxes and the SED fitting. Note that they used sample based on
only photometric redshift. On the other hand, Quadri et al. (2012)
claimed that the star formation–density relation holds out to at least
z ∼ 1.8, although they similarly selected sample on the basis of the
photometric redshift. In the case of photo-z selected sample, any
results must be interpreted with caution due to a large contamina-
tion. Therefore, the reversal of SFR–density relation at z > 1 is very
controversial at this stage.

Our panoramic narrow-band survey of the [O II] emitters enables
us to investigate the environmental dependence over a much larger
area, hence covering a much wider range in environment. Moreover,
due to the great advantage of the narrow-band imaging survey com-
bined with photometric redshifts, our [O II] emitters are more robust
members of star-forming galaxies associated with the cluster even
without spectroscopy because we just need to separate out [O II]

C⃝ 2012 The Authors, MNRAS 423, 2617–2626
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formed a large part of their stellar mass by z ∼ 2, but they are still
in a vigorously star-forming phase. There is no strict definition of
‘green’ galaxies, but we here distinguish relatively redder emitters
with (J − Ks) ∼ 1 (which tend to be brighter in the Ks band) from
the very blue emitters with (J − Ks) ! 0.5 (which tend to be fainter
in the Ks band), as recognized on the colour–magnitude diagram.
Hence, in the remainder of this paper, we define the red, green and
blue emitters as those having (J − Ks) > 1.38 (i.e. DRG), 0.8 <

(J − Ks) < 1.38 and (J − Ks) < 0.8, respectively.
We also show in the colour–magnitude diagram the MIPS-

detected Hα emitters (red circles in the top panel). Although the
MIPS data only cover the higher density region, it is notable that
most of the MIPS-detected emitters are red/green massive sources.
Within the MIPS data coverage, we find that 14 out of 29 (48 per
cent) are detected at 24 µm for red/green emitters, while only 1 out
of 24 (4 per cent) is detected for blue emitter. This trend is of course
related to the difference in the stellar mass distribution between red
and blue samples (see also Section 4.4), but this result suggests that
the red emitters are likely dusty sources rather than passive galaxies.
Their MIR-derived SFR is estimated to be SFRIR " 100 M⊙ yr−1

(and with the dust extinction estimated to be AHα ∼ 2–3 mag),
suggesting that these ULIRG-class active galaxies are a common
population in proto-cluster environment at z ∼ 2 (see also Tanaka
et al. 2011). We note that the red Hα sources without MIR detection
also have strong Hα emission with SFRHα " 50 M⊙ yr−1, and so
we expect that they are also strong starbursts rather than passive
sources. Recently, Mayo et al. (2012) analysed the Spitzer MIPS
data of a number of high-redshift radio galaxy fields including the
PKS 1138 field. That study found an overdensity of MIPS 24 µm
sources in the PKS 1138 field at 4.3σ significance, but it has been
impossible to study the MIR detection from individual cluster galax-
ies because of the difficulty of determining their membership. We

note that the clean Hα emitter sample presented here has allowed
us to confirm the presence of MIR-bright sources in the PKS 1138
proto-cluster.

4.2.2 Red star-forming galaxies: a proto-cluster phenomenon?

In Fig. 5, we show the spatial distribution of the red, green and
blue emitters defined above. This plot demonstrates our important
finding that the redder sources are strongly clustered in the proto-
cluster field. We here apply a more quantitative measurement of
the environment to show the environment of the red massive Hα

emitters at z = 2. At first, we plot in Fig. 5 (middle right-hand panel)
the radial distribution of red, green and blue Hα emitters from the
central radio galaxy. Using the KS test, we find that the probability
that red/green and blue Hα emitters are drawn from the same parent
population is 4.6 per cent. We also find that 5 out of 10 red Hα

emitters (50 per cent) are clustered within 1 arcmin from the radio
galaxy, while only 9 out of 39 blue Hα emitters (23 per cent) are
located in the same region, supporting an excess of red emitters in
the proto-cluster environment. Next we calculate the local number
density of Hα emitters (#5) and we plot them as a function of the
distance from the radio galaxy (top right-hand panel in Fig. 5). With
this plot, we can conclude the overdensity of Hα emitters around
PKS 1138 (by a factor of ∼10 compared to its surrounding field;
see also Section 4.1). In Fig. 5 (bottom right-hand panel), we also
show a plot of the stellar mass of Hα emitters as a function of the
local density. Although the trend seems to be less prominent, we
can still see a hint that redder Hα emitters prefer the higher density
environment. In fact, by splitting the sample into high- and low-
density bins at the median value of the #5 (shown as the dashed
line in Fig. 5), we find that 8 out of 10 red emitters (80 per cent)
are located in the higher density bin, supporting an excess of red,

Figure 5. Left: the same plot as Fig. 4, but using different colour symbols based on their (J − Ks) colour. The red, green and blue squares indicate Hα emitters
with (J − Ks) > 1.38 (DRGs), 0.8 < (J − Ks) < 1.38 and (J − Ks) < 0.8, respectively (see the text). The black triangles are the Ks-undetected emitters.
Top right: the cumulative fraction and the local number densities (calculated with all emitters) of red, green and blue emitters as a function of distance from the
central radio galaxy. The different colour symbols indicate different (J − Ks) colours, and the open squares show the X-ray-detected emitters. Bottom right:
the stellar mass of emitters as a function of the local density. The meanings of the symbols are the same as those in the top panel. The vertical dashed line
shows the median value of log10#5 = 1.04.
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for a given stellar mass. Interestingly, the massive end is dominated by the “red” emitters (which are more common
in proto-clusters than in the field) and they tend to be also detected at 24µm with MIPS. Therefore, we are probably
underestimating dust extinction for these galaxies, and the intrinsic SFR can be much higher. If this is the case, this
proto-cluster would have an elevated star forming activity than in the general field due to some environmental effect.
By stacking 3 proto-clusters at z > 2 and measureing Balmer decrement for ∼10 galaxies, we will be able to test this
exciting hypothesis, for the first time. We will also stack the individual spectra of red emitters (∼10 per cluster) and
derive the averaged Balmer decrement (or its lower limit) to see if they are heavily attenuated by dust compared to the
blue emitters to explore their mode of star formation.
(3) We will measure metallicities of the ionized gas in star forming galaxies using the N2 index ([NII]/Hα) [17]. Metallic-
ity will provide us a new key info on the amount of gas in the systems as compared to the amount of stars. If a galaxy has
a higher SFR than others with the same stellar mass, it can be either more gas rich (hence evolutionary state is younger),
or more efficient in star formation for the same amount of gas (hence star formation mode is bursty). Metallicity is lower
in the former case while it should be the same in the latter case, thus we can discriminate these two pssibilities. We will
also explore the environmental dependene of the fundamental metallicity relation (FMR) for the first time [18].
(4) We will identify AGNs using line ratios (where available) to see when and where AGNs are activated along with
the enhancement of star formation activity, and address the AGN-starburst-spheroid connection. We will also reveal the
AGN contibution to the “red” Hα emitters with the line diagnosis [19]. Although the individual secure detection of [Nii]
line is limited to only a small number of galaxies (Table 1), we can still put a useful constraint on the AGN contribution
even if [Nii] is not detected. AGNs typically have a [Nii]/Hα ratio larger than 0.6, and a non-detection of [Nii] line at
our detection limit of Hα means that the emitter is not strongly affected by AGN.

In summary, the proposed, systematic, wide-field NIR spectroscopy is exclusively unique to Subaru,
and will provide us the first statistical sample of star forming galaxies in three z > 2 proto-clusters. The
survey will provide the unique opportunity for us to investigate the influence of environment on galaxy
formation and AGN activation based on the accurate indicators of star formation and AGN activities.

Table 1: Our target list based on the Mahalo-Subaru Hα imaging survey. SFR limits (dust corrected) are shown in
column 3. Expected numbers of line detections (Hα, [Nii], and Hβ) are shown in col. 4–6. The number of red emitters
are shown in col. 7. Net exposure times, number of MOIRCS masks per target, and observing times including overheads

are shown in col. 8–10. All the targets are well visible from ALMA for future coordinated observations.
cluster redshift SFR-limit Hα [Nii] Hβ # of red exp. # of obs.

(z) (M⊙/yr) emitters time masks time
1138-262 2.16 19 42 13 3 10 6hrs 2 14hrs
1558-003 2.53 25 68 9 1 13 6hrs 3 21hrs
4C23.56 2.48 25 31 11 6 9 6hrs 2 14hrs

Figure 1: (left) SFR vs. stellar-mass of the Hα emitters in PKS1138 (z=2.16). SFRs are estimated from Hα luminosities
with mass-dependent dust extinction [15] and the Salpeter IMF. The emitters are divided into 3 colour ranges with different
symbols as indicated. A diagonal line represents the main sequence of SF galaxies in the field (z∼2) [16].
Figure 2: (3 right panels) 2-D maps of our three target clusters. 7 arcmin corresponds to ∼12 Mpc in co-moving scale.
The Hα emitters selected by our narrow-band imaging with MOIRCS are plotted. Blue circles and red starmarks show
blue and red emitters, respectively. The radio galaxies are located at (0,0).
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Figure 5. Spatial distribution of Hα emitters. The blue open circles show Hα
emitters at z = 2.53. The red filled circles show DRGs, and black dots are
NB2315-detected galaxies. North is up, and east is to the left. The origin of
the coordinates is the position of the USS 1558-003 radio galaxy. The three
gray circles are the regions where Hα emitters and DRGs are strongly clustered,
which are defined as clump-1, clump-2, and clump-3, respectively. The two
regions enclosed by gray solid lines show our MOIRCS pointings (F1 and F2).
(A color version of this figure is available in the online journal.)

of HAEs and DRGs in these three clumps are all higher than
those of averaged values across the observed fields by factors of
two to five for HAEs and two to three for DRGs. Clump-1 is in
the vicinity of the radio galaxy, and it contains both HAEs and
DRGs around the radio galaxy. If we assume that the central
dominant radio galaxy grows to a cD galaxy in the future, this
region may correspond to the central part of the cluster. The fact
that DRGs are also clustered in this clump may also suggest that
this part of the proto-cluster is the oldest. Clump-2 is the most
conspicuous, densest association of the HAEs and DRGs, and it
is located at ∼3.′2 (about 1.5 Mpc in physical scale) away from
the radio galaxy to the southwest. Clump-3 is a smaller group
of HAEs located between clump-1 and clump-2.

It is interesting to note that the HAEs are more strongly
clustered toward the southwest clumps (clump-2 and clump-3)
rather than in the immediate surrounding region around the
radio galaxy (clump-1). They constitute a part of the large-scale
structure hosting the radio galaxy and clump-1, and they would
all merge together in the near future to form a more massive
single cluster around the radio galaxy. It is obvious that this
proto-cluster region is not yet relaxed and is just in the process
of galaxy assembly from the surrounding regions. We note that
such distribution of the Hα emitters is similar to that of DRGs
reported by Kodama et al. (2007) based on NTT/SOFI imaging
data. In fact, we also confirm that the DRGs tend to be located
in and along the structures traced by the Hα emitters, based on
our deeper MOIRCS data (Figure 5). Furthermore, we find that
these DRGs also meet the BzK criteria which select galaxies
primarily at 1.4 ! z ! 2.5, suggesting that a significant number
of these DRGs are likely to be physically associated with the
proto-cluster hosting the radio galaxy at z = 2.53.

The three clumps in the 1558-003 proto-cluster host a large
number of HAEs. The surface number density of HAEs in the

Table 2
The Number and Number Density of HAEs and DRGs

Region Area Number Density

(arcmin2) (arcmin−2)

HAE DRG HAE DRG

Clump 1 3.36 15 12 4.46 ± 1.15 3.57 ± 1.03
Clump 2 1.64 20 8 12.2 ± 2.73 4.88 ± 1.72
Clump 3 0.94 8 3 8.51 ± 3.01 3.19 ± 1.84
All clumps 5.94 43 23 7.24 ± 1.10 3.87 ± 0.81
Others 21.16 25 19 1.18 ± 0.24 0.90 ± 0.21
Entire field 27.10 68 42 2.51 ± 0.30 1.55 ± 0.24

Notes. Errors in number density are estimated based on Poisson statistics.

three clumps is ∼37 ± 13 times larger than those in the redshift
slice at z = 2.2 in the GOODS-North field (Hα emission survey
with NB209 narrow-band filter; Tadaki et al. 2011). Similarly,
we also find that it seems that the surface number density is
∼14 ± 3 and 17 ± 4 times larger than those in the redshift slices
of z = 2.2 and 2.53 in the SXDS field (Hα emission survey with
NB209 and NB2315; K.-I. Tadaki et al., in preparation).

Tanaka et al. (2011) conducted an HAE survey in the field
around the 4C 23.56 radio galaxy at z = 2.48 with a CO narrow-
band filter on MOIRCS; they found 11 HAE candidates to flux
down to ∼7.5 × 10−17 erg s−1 cm−1 and rest-frame EW > 50 Å
over a 23.6 arcmin2 area, which is similar to our survey area. It
is found that HAEs are distributed on the east side of the radio
galaxy 4C 23.56, and there is a clump of HAEs ∼2 Mpc (in
comoving scale) away from the radio galaxy. Such an offset dis-
tribution of HAEs from the radio galaxy is similar to that in our
USS 1558-003 field, although our Hα emitters are more strongly
clustered than the 4C 23.56 field. However, note that the EW
cut and the limiting flux used for HAE selection are slightly
different in our survey than in Tanaka et al. (2011). Our survey
enables us to sample HAEs with fainter line fluxes and smaller
EWs. If we apply the same EW cut and the limiting flux as in
Tanaka et al. (2011) to our sample in the USS 1558-003 field, the
number of HAEs reduces to 27, but it is still considerably larger
than that in the 4C 23.56 field. The discovery of clumps of HAEs
in these proto-clusters around the radio galaxy at z ∼ 2.5 clearly
indicates that we are witnessing the process of mass
assembly of clusters at their early stage when galaxies are vig-
orously assembling to form dense cluster cores while they are
actively forming stars.

Moreover, Hatch et al. (2011) reported the studies for two
proto-clusters around the radio galaxies MRC 1138-262 at
z = 2.16 and 4C+10.48 at z = 2.35. These studies suggested
that proto-clusters at z " 2 tend to show a statistical excess
of HAEs compared to the general fields at similar redshifts.
However, they found that Hα emitters in the 4C+10.48 region
are not strongly clustered, while those in the MRC 1138-262
region are clustered (see Kurk et al. 2004b). Moreover, both
proto-clusters show inhomogeneous spatial distribution of
HAEs around each radio galaxy, and most of the Hα emitters
are distributed only on one side of the radio galaxies, similar to
4C 23.56 (Tanaka et al. 2011) and USS 1558-003 (this study).

Another interesting result we find is that the radio galaxy
shows an extremely extended Hα emission spatially as shown
in Figure 6. In the NB2315 image, we can note that the struc-
ture of the Hα emission is stretched in the northeast–southwest
direction. The size of the Hα emission is ∼4.′′5, which corre-
sponds to ∼36 kpc in physical scale. We discuss the extended
Hα emission of radio galaxy itself in Section 5.2.
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Figure 7. Color–magnitude diagram for each environment as indicated in each
panel. The definition of the environment is shown in Figure 5 and the meanings
of the symbols are also the same as in Figure 5. The horizontal dashed line at
B − I = 2 is the dividing line between red and blue galaxies in this paper. It
is clear that the red Hα emitters are much more common in the group-scale
environments.
(A color version of this figure is available in the online journal.)

2, 3, and 4). We use the same color symbols as used in Figure 5
(i.e., blue, green, and red squares for normal, weak, and red
Hα emitters, respectively). Figure 7 shows the most important
and impressive result of this paper. We find almost no red Hα
emitters in the central cluster regions (i.e., in the cluster core
and the two outskirt regions). In contrast, we see a large number
of red emitters in the west clump and in the groups. To quan-
tify this, we calculate the fraction of red galaxies among all Hα
emitters in each environment (see Figure 8). This plot clearly
shows that the red Hα emitters are seen exclusively in the rel-
atively low-density environments. We find that a surprisingly
high fraction (!20%–30%) of Hα emitters in the west clump
and in the groups show red colors, which probably suggests that
dusty star-forming activities are triggered in such environments
(see also the discussion in Section 5.3).

Note that the definition of “red galaxies” here includes not
only the galaxies on the red sequence but also those in the “green
valley.” Our result is not affected even if we select only the
red-sequence galaxies, although the number of red Hα emitters
becomes smaller in this case. We combined the four groups to
obtain a composite value for the group environment so that we
can achieve better statistics, although we find that the fraction is
nearly constant at ∼30% in all the groups. It is also interesting to
note that we find three red Hα emitters in the Outskirt 2 region
(see the middle panel of Figure 7), but they are all located in
the southern filament connecting the cluster core and Group 2
(see Figure 5). This may suggest that the galaxies falling into
the cluster along the filamentary structure are experiencing
somewhat different environmental effects than those for galaxies
falling directly into the cluster from other various directions.

It is clear that the red Hα emitters are absent in the cluster
central region. We note that this deficit of red Hα emitters does

Figure 8. Fraction of red galaxies among all Hα emitters with z′ < 23 mag. A
clear deficit of red Hα emitters is seen in the cluster central regions. Note that
only the Hα emitters are used in this calculation, so that no statistical subtraction
is needed. The error bars indicate Poissonian uncertainties.
(A color version of this figure is available in the online journal.)

not simply reflect the environmental dependence of the color
distribution of overall galaxy populations. As shown in the top
panel of Figure 6, the fraction of red galaxies monotonically
increases toward the cluster center (equally, those Hα emitters
near the cluster core are almost exclusively blue). Therefore,
the environmental trend of the red galaxies and that of the
red Hα emitters are clearly different, and so there is a clear
difference in star-forming activity between cluster and group/
filament environments.

One may claim that the definitions of the groups and the west
clump are somewhat arbitrarily chosen. In order to assess the
effect of the uncertainty in the definition of environments, we
apply another definition based on the local density of galaxies
(i.e., Σ10th using all the phot-z members). We then investigate
the dependence of colors of Hα emitters on the local density.
The trends seen in Figures 7 and 8 are still visible, but weaker. In
fact, we find that the local densities of the Outskirt 2 region and
the groups are similar, but the occurrence of the red Hα emitters
is different (∼twice larger in the groups than in Outskirt 2,
although the error bars are large). This may suggest that the star-
forming activity is determined not solely by local environment
but also by global environment.

We should note that the preferred environment of the red
Hα emitters may change with redshift. In fact, we have shown
in Koyama et al. (2010) that red Hα emitters are located
immediately outside of the cluster core at z ∼ 0.8. However,
our current analysis on A851 suggests that at z ∼ 0.4 red Hα
emitters are found in group environments relatively far away
from the cluster, and that such galaxies are very rare even in the
cluster outskirts. This may support the “propagation scenario” of
star formation in clusters; that is, the site of the red star-forming
galaxies (probably the transition objects) shifts from cluster
cores to outer regions from z ∼ 1.5 to the present-day universe
(see also Hayashi et al. 2010). However, the situation might be
more complicated, given that there exist heavily obscured MIR
bright galaxies as well. A more detailed discussion including
such MIR sources is in the following sections.
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formed a large part of their stellar mass by z ∼ 2, but they are still
in a vigorously star-forming phase. There is no strict definition of
‘green’ galaxies, but we here distinguish relatively redder emitters
with (J − Ks) ∼ 1 (which tend to be brighter in the Ks band) from
the very blue emitters with (J − Ks) ! 0.5 (which tend to be fainter
in the Ks band), as recognized on the colour–magnitude diagram.
Hence, in the remainder of this paper, we define the red, green and
blue emitters as those having (J − Ks) > 1.38 (i.e. DRG), 0.8 <

(J − Ks) < 1.38 and (J − Ks) < 0.8, respectively.
We also show in the colour–magnitude diagram the MIPS-

detected Hα emitters (red circles in the top panel). Although the
MIPS data only cover the higher density region, it is notable that
most of the MIPS-detected emitters are red/green massive sources.
Within the MIPS data coverage, we find that 14 out of 29 (48 per
cent) are detected at 24 µm for red/green emitters, while only 1 out
of 24 (4 per cent) is detected for blue emitter. This trend is of course
related to the difference in the stellar mass distribution between red
and blue samples (see also Section 4.4), but this result suggests that
the red emitters are likely dusty sources rather than passive galaxies.
Their MIR-derived SFR is estimated to be SFRIR " 100 M⊙ yr−1

(and with the dust extinction estimated to be AHα ∼ 2–3 mag),
suggesting that these ULIRG-class active galaxies are a common
population in proto-cluster environment at z ∼ 2 (see also Tanaka
et al. 2011). We note that the red Hα sources without MIR detection
also have strong Hα emission with SFRHα " 50 M⊙ yr−1, and so
we expect that they are also strong starbursts rather than passive
sources. Recently, Mayo et al. (2012) analysed the Spitzer MIPS
data of a number of high-redshift radio galaxy fields including the
PKS 1138 field. That study found an overdensity of MIPS 24 µm
sources in the PKS 1138 field at 4.3σ significance, but it has been
impossible to study the MIR detection from individual cluster galax-
ies because of the difficulty of determining their membership. We

note that the clean Hα emitter sample presented here has allowed
us to confirm the presence of MIR-bright sources in the PKS 1138
proto-cluster.

4.2.2 Red star-forming galaxies: a proto-cluster phenomenon?

In Fig. 5, we show the spatial distribution of the red, green and
blue emitters defined above. This plot demonstrates our important
finding that the redder sources are strongly clustered in the proto-
cluster field. We here apply a more quantitative measurement of
the environment to show the environment of the red massive Hα

emitters at z = 2. At first, we plot in Fig. 5 (middle right-hand panel)
the radial distribution of red, green and blue Hα emitters from the
central radio galaxy. Using the KS test, we find that the probability
that red/green and blue Hα emitters are drawn from the same parent
population is 4.6 per cent. We also find that 5 out of 10 red Hα

emitters (50 per cent) are clustered within 1 arcmin from the radio
galaxy, while only 9 out of 39 blue Hα emitters (23 per cent) are
located in the same region, supporting an excess of red emitters in
the proto-cluster environment. Next we calculate the local number
density of Hα emitters (#5) and we plot them as a function of the
distance from the radio galaxy (top right-hand panel in Fig. 5). With
this plot, we can conclude the overdensity of Hα emitters around
PKS 1138 (by a factor of ∼10 compared to its surrounding field;
see also Section 4.1). In Fig. 5 (bottom right-hand panel), we also
show a plot of the stellar mass of Hα emitters as a function of the
local density. Although the trend seems to be less prominent, we
can still see a hint that redder Hα emitters prefer the higher density
environment. In fact, by splitting the sample into high- and low-
density bins at the median value of the #5 (shown as the dashed
line in Fig. 5), we find that 8 out of 10 red emitters (80 per cent)
are located in the higher density bin, supporting an excess of red,

Figure 5. Left: the same plot as Fig. 4, but using different colour symbols based on their (J − Ks) colour. The red, green and blue squares indicate Hα emitters
with (J − Ks) > 1.38 (DRGs), 0.8 < (J − Ks) < 1.38 and (J − Ks) < 0.8, respectively (see the text). The black triangles are the Ks-undetected emitters.
Top right: the cumulative fraction and the local number densities (calculated with all emitters) of red, green and blue emitters as a function of distance from the
central radio galaxy. The different colour symbols indicate different (J − Ks) colours, and the open squares show the X-ray-detected emitters. Bottom right:
the stellar mass of emitters as a function of the local density. The meanings of the symbols are the same as those in the top panel. The vertical dashed line
shows the median value of log10#5 = 1.04.
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MAHALO-Subaru is now going deeper
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et al. 2015). We use r′-band magnitudes (i.e., rest-frame
1795Å) to estimate the rest-frame UV luminosity densities.
The intrinsic Hα luminosities thus derived are converted to
SFRs using the Kennicutt (1998) calibration.

Figure 3 shows a positive correlation between SFR and
stellar mass for the 100 HAEs, confirming the existence of the
MS of SFGs. The shaded gray region in Figure 3 shows our
limit in SFR. This limiting SFR indicates that our data are deep
enough for us to discuss the MS for SFGs fully down to stellar
masses of ∼1010Me, and we can still reach the upper half of
the MS galaxies down to ∼109Me. At the lowest mass regime
of 109 Me, we would no longer be able to access the MS
galaxies if the sequence is extrapolated to the low mass, and we
could see only the SFGs with enhanced star formation activities
above the MS.

5. DISCUSSION

Until now, there have been a number of previous studies that
investigated the MS of SFGs at z2 (e.g., Dunne et al. 2009;
Karim et al. 2011; Reddy et al. 2012). Figure 3 also compares
the MSs derived from the previous studies. Our HAEs with
stellar masses of 1010Me seem to be located right on the
previously measured MSs in the literature (Speagle et al. 2014;
Whitaker et al. 2014; Shivaei et al. 2015). As these previous
studies mainly look at galaxies in the general fields, the
agreement suggests that SFGs in the protocluster at z∼2.5
share the same MS as field SFGs at similar redshifts, which is
consistent with the previous studies (Koyama et al. 2013;
Cooke et al. 2014).

On the other hand, at lower stellar masses (<109.3 Me) in
the protocluster, there are several galaxies that are significantly
up-scattered above the MSs. If such small-mass galaxies all
follow the same extrapolated MS, they would all be located
below our detection limit and we would not see any of them,
contrary to what we actually do see. Although we cannot
discuss the exact locations of the MS at <109.3 Me due to
incompleteness, we argue that there are at least some HAEs
which are significantly deviated upward from the MS. Those
more than 10 up-scattered HAEs at <109.3Me have excep-
tionally large specific SFRs (sSFR = SFR/Må) above 10−8

yr−1 as shown by the light solid line in Figure 3. This indicates
that their inferred ages (timescales of star formation) are
smaller than 108 years and that they are young starbursting
galaxies just being formed. Note that this result is not affected
by dust corrections because the amount of dust correction is
progressively lower for less massive galaxies (Garn &
Best 2010; Koyama et al. 2015). In fact, the inferred A(Hα)
for almost all of the galaxies with <109 Me is smaller than
0.2 mag. Even if we use the rest-frame UV luminosities to
derive SFRs of the HAEs instead of Hα luminosities, we also
find the existence of HAEs above the MS at the faint end.
Our results suggest that while the majority of massive

galaxies are already settled in a secular evolution phase and are
thus found on the MS, some less massive galaxies are in a
starburst phase and are significantly up-scattered from the MS.
This may be consistent with the downsizing scenario of mass-
dependent galaxy evolution (e.g., Cowie et al. 1996; Bundy
et al. 2006; Muzzin et al. 2013) or because they are located in a
dense protocluster, they may be experiencing some influences
from the surrounding environment such as galaxy-galaxy
interactions. We do not know, however, if this trend is seen
only in high-density regions or whether it is a common feature
of less massive SFGs (traced by Hα), irrespective of
environment.
The SED fitting described in Section 4 indicates that the

youngest age of <108 year is preferred for galaxies with stellar
masses less than 109Me, which is again consistent with the less
massive HAEs having sSFR of >10−8 yr−1. This also supports
our interpretation that they are young, starbursting galaxies
during the vigorous formation/assembly epoch of a rich galaxy
cluster.
Cooke et al. (2014) show the lack of galaxies with stellar

mass less than ∼1010Me in a protocluster at z = 2.49, and
argue that it is possibly due to either a large dust extinction of
less massive galaxies or the earlier formation of massive
galaxies. However, our results show that there are SFGs on the
MS down to stellar mass of 109.3Me and that even at lower
mass bin there are SFGs with SFRs comparable to those of
more massive galaxies with 1010Me, which are not in
agreement with the results by Cooke et al. (2014). Compared
with the USS1558, the protocluster discussed in Cooke et al.
(2014) is not very rich, although it shows some overdensity in
contrast to the general fields. Therefore, the discrepant result
between this letter and Cooke et al. (2014) could be due to the
intrinsic diversity of the properties of protoclusters at z∼2.5.
However, to address this issue, it is essential for us to
investigate a much larger sample of protoclusters.
The existence of the less massive HAEs with <109.3Me up-

scattered above the MS may imply that a scatter around the MS
increases at lower stellar masses. Diversity of star formation
history in the early phase of galaxy evolution and/or sensitivity

Figure 3. Main sequence of HAEs in the USS1558-003 protocluster at z =
2.53. The symbols are the same as those used in Figure 2. The error bars are
derived from the 1σ photometric error. The uncertainties of stellar masses
derived from the SED fitting are estimated from a standard deviation of 100
iterations. The pentagons show the median SFRs in each mass bin. The gray
region shows the SFRs under the limit reachable. The curves are MSs from the
literature (Koyama et al. 2013; Speagle et al. 2014; Whitaker et al. 2014;
Shivaei et al. 2015). The gray line shows a constant specific SFR of 10−8 yr−1.
The arrow roughly shows the stellar mass limit, which is estimated with the 3σ
limiting magnitude in Ks and J − Ks color of 0.36 (H12).
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Morphology Low-z High-z What about clusters?

Morphology-density Cappellari+11 Hine+16 more slow rotators 
(mergers)

Mass-size relation Cooper+12 Belli+14 larger sizes

Star-formation

Main sequence Popesso+07 Koyama+13 more red SFGs

Starbursts & AGNs Poggianti+09 Umehata+15 more E+A, AGNs

Metal abundance

Stellar Thomas+05 Tanaka+13 earlier tformed

Gas-phase Ellison+09 Kacprzak+15 same/higher [O/H]

Reds claim the presence of environmental dependence



Selection uncertainty
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Technique Redshift Issues

Photo-z any expensive, model dependent

Red sequence z < 5 quite expensive at higher-z

Optical lines z < 3–5 limited to narrow field, high EW

LBGs z > 2 depends on UV light, foreground IGM

LAEs z > 2 CGM, dust, unresolved effects

Radio galaxies any unknown bias

These problems are related to estimation of galaxy overdensity !!



Lyα forest analyses
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C. C. Steidel (Caltech)

Lyα forest analyses is the fairest 
way to assess environments



Unveiling galaxy formations across IGM densities
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Protoclusters (~1/deg2)
> 50 / MOIRCS FoV
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Figure 7. Scatter plot of the reconstructed absorption field fluctuations, δrec
F ,

against the true forest fluctuations, δ
orig
F , in the nlos = 2218 deg−2 and

ϵ3D = 1.4 h−1 Mpc as shown in the top right of Figure 4. Both fields have
been smoothed to 1.4 h−1 Mpc with a spherical Gaussian filter. The contours
denote the 5th, 15th, 30th, 50th, and 80th percentiles of the distribution. The
solid blue line is the δ

orig
F = δrec

F relation, while the red dashed line shows the
best-fit regression linear fit for the points. The relationship between δrec

F and
δ

orig
F is quite linear with a cross-correlation coefficient of r = 0.93, allowing a

straightforward correction for the overall bias. The distribution of δrec
F shown

here corresponds to S/Nϵ = 2.49.
(A color version of this figure is available in the online journal.)

For now, we simply correct δrec
F by the best-fit regression linear

function to remove the bias; the reconstructed maps shown in
Figure 4 have already been corrected for this bias.

The δrec
F − δ

orig
F comparison also allows us to define a

reconstruction signal-to-noise ratio, S/Nϵ , through the signal
variance and residual variance:

S/N2
ϵ =

Var
(
δ

orig
F

)

Var
(
δrec
F − δ

orig
F

) , (12)

where δrec
F has been corrected for the bias as described in the

previous paragraph. For a fixed set of sightlines, S/Nϵ can be
varied by changing the smoothing scale ϵ3D: by smoothing

to larger scales on both the reconstruction and true map, the
agreement between the two is improved, and vice-versa.

For a qualitative comparison of how reconstructions at various
S/Nϵ appear visually, in Figure 8 we show several tomographic
maps with different nlos(and texp, related through Equation (11)),
but smoothed to the same ϵ3D. Compared to the true underly-
ing field, the mock data set with [texp, nlos] = [8 hr, 971 deg−2]
gives a very good reconstruction of the main structures with
S/Nϵ = 3.0, although there are some discrepancies at flux lev-
els close to the δF = −0.05, which approximately traces the
mean-density of the dark matter distribution. The quality of
this map is unsurprising, as the sightline density corresponds to
an average sightline separation of ⟨d⊥⟩ = 2.1 h−1 Mpc (cf.
Equation (2)), which oversamples the field at this ϵ3D =
3.5 h−1 Mpc mapping resolution, i.e., within a ϵ2

3D patch on
the sky, there are ∼2.7 sightlines that sample the area. Moving
down to the survey parameters [texp, nlos] = [6 hr, 657 deg−2],
the resulting value of S/Nϵ is somewhat decreased to 2.5, but
visually, the true absorption is still well reconstructed apart from
some deterioration to delicate features, again at δF ∼ −0.05.
This survey’s sightline density of nlos = 657 deg−2 corresponds
to a sightline separation of ⟨d⊥⟩ = 2.6 h−1 Mpc, which is,
again, well-sampled with respect to ϵ3D = 3.5 h−1 Mpc. We
move on to the right-most panel in Figure 8 and see that the
[texp, nlos] = [2 hr, 112 deg−2] now gives an inferior tomo-
graphic reconstruction, with large distortions and none of the
delicate filamentary structures reproduced. This is because the
sightline separation, ⟨d⊥⟩ = 6.3 h−1 Mpc, corresponding to this
survey depth is too coarse compared to ϵ3D = 3.5 h−1 Mpc, al-
though the agreement can be improved by smoothing to larger
ϵ3D. Qualitatively, S/Nϵ ≈ 2.0–2.5 seems to be a reasonable
threshold for a “good” reconstruction, but more quantitative
criteria will have to depend on the science goals of the sur-
vey—these will be explored in future papers where we inves-
tigate the utility of IGM tomography for galaxy environment
studies and hunting for the progenitors of galaxy clusters.

Intuitively, one expects a reasonable reconstruction when
ϵ3D ! ⟨d⊥⟩, but there is some leeway in selecting the smoothing
scale ϵ3D depending on the desired reconstruction fidelity S/Nϵ .
We can relate the survey parameters [texp, nlos] as a function
of mapping scale ϵ3D at fixed S/Nϵ , by simply varying ϵ3D
at fixed [texp, nlos] until the desired S/Nϵ is achieved. This
is shown by the symbols in Figure 9, and also tabulated

True Lyα Absorption Field

nlos = 971 deg−2, texp = 8 hrs

SNR = 3.0

nlos = 657 deg−2, texp = 6 hrs

SNR = 2.5

nlos = 112 deg−2, texp = 2 hrs

SNR = 1.2

Figure 8. Simulated tomographic reconstructions of the same field generated from different survey parameters [texp, nlos] and compared with the true underlying
3D Lyα forest absorption field (at left). All the maps have been smoothed with a Gaussian kernel of ϵ3D = 3.5 h−1 Mpc to facilitate a direct comparison. The
simulation slices have dimensions (100 h−1 Mpc)2 × 2 h−1 Mpc, the line-of-sight direction is into the plane of the page. The positions of the Lyα forest mock skewers
that contributed to each reconstruction are indicated by the white dots in each map. The reconstruction signal-to-noise, S/Nϵ , is also labeled and the deterioration of
reconstruction fidelity with lower nlos and texp is apparent.
(A color version of this figure is available in the online journal.)
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Hα line is no longer observable at z>2.6
[OIII] line is useful tracer for z>3 SFGs instead of Hα from ground

see also Suzuki et al. 2015,2016

z=2-3, 1-2, ~0



Lyα line mapping in HSC-DEEP
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NQSO in HSC-Wide

Δ = 56 cMpc

ρQSO in HSC-Wide

Comparison of LAE (NB387) density with nearby IGM density
SDSS/BOSS - Lyα forest catalogue (K. G. Lee et al. 2013)
Calculation of transmission based on QSOs whose Lyα forest 
(1041-1185Å) falls within NB387 centre ±2000 km/s (~FWHM)
➡ ~140 QSOs (zQSO=2.282-2.686) are available in HSC-DEEP field

Lyα redshift



IGM transmissions in HSC-DEEP
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average values within 0.8 deg diameter 
smoothed with gaussian kernel of σ=3 deg 
assuming Trz=2.18 = 0.87 in no-QSO region

Trave=0.88±0.09
(SNLAF>1, ×~60pix)

HSC-COSMOS
50 QSOs
SNLAF>1: 30
Tr=0.87±0.09

HSC_DEEP2
66 QSOs
SNLAF>1: 48
Tr=0.90±0.10

We are waiting
for NB387 data



Higher redshift space
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Fig. 1.—HST Advanced Camera for Surveys (ACS) gri optical photo of
A16897.1 and surrounding region near the center of the galaxy cluster A1689
( ). A single galaxy at has been gravitationally lensed by thisz p 0.18 z p 4.9
foreground galaxy cluster (with member galaxies visible here as yellow spher-
oid-shaped objects) into a system of three arclets; A16897.1 is the brightest
of the three and is shown above and in the inset. This arclet is extremely
bright, mag, after being magnified by a factor of 10.3.i p 23.10 ! 0.01775

A16897.1 is also spatially resolved, with an estimated unlensed angular size
of 0.094!, corresponding to an intrinsic linear size of only 600 pc. A16897.1
was discovered as a part of a ground-based galaxy redshift survey (Frye et
al. 2002, 2007).

Fig. 2.—VLT FORS2 spectrum of A16897.1 at . The stellar con-z p 4.866
tinuum of the galaxy is seen longward of the Lya emission line at ∼7100 ,Å
while intergalactic H i produces strong absorption shortward of Lya. Two
transmission spikes at ∼6800 and ∼7040 are also visible, along with otherÅ
structures at shorter wavelengths. The data enable a measurement of the flux
transmission along the line of sight to this star-forming galaxy. The best-fit
Bruzual & Charlot (2003) model spectrum without corrections for dust ex-
tinction and attenuation by the intervening Lya forest is overlaid, including
a gray region marking our 1 j continuum placement uncertainties. We select
a Chabrier initial mass function, Padova 1994 stellar evolution tracks, and
solar metallicity for the model and discuss details regarding the fitting pro-
cedure in § 4. The inset figure shows a theoretical H i Lya profile absorption
fit to the data, with horizontal bars delimiting the physical extents of the
proximity zone for a QSO (red solid line) and the extent of the first of the
five equally spaced redshift bins in our study over which we measure the
H i opacity (blue dashed line). Owing to the lack of a significant proximity
zone for our galaxy, a new physical scale is probed close to a high-redshift
object within a ∼14 physical Mpc radius (blue dashed line). [See the electronic
edition of the Journal for a color version of this figure.]

absorption lines detected against the stellar continuum. On the
basis of a mean velocity difference of km s!1 betweenv p 470
the positional centroids of the metal absorption features and
the Lya emission line, we apply an offset correction (Adel-
berger et al. 2003) and measure a systemic redshift of z p

for the galaxy. Interestingly, Lya absorption immediately4.866
shortward of the emission line is not obviously damped at our
spectral resolution, with a column density of log [NH i(cm!2)]
! dex (see Fig. 2, inset). At our spectral resolution,20.0 ! 0.3
the detected absorption lines are strongly saturated and thus
are not suitable for deriving metallicities. The most unusual
feature of the spectrum is the broad absorption trough in the
Lya forest first appearing at the Lya emission feature and
extending toward shorter wavelengths. Although two trans-
mission spikes are visible at ∼6800 and ∼7040 , nearly 100%Å
of the continuum is absorbed between wavelengths of 6850
and 7100 .Å

What might this absorption represent? It is likely that we
are detecting the presence of many more overlapping Lya forest
clouds closer to the galaxy than can survive the UV radiation
field of QSOs at comparable distances. At the resolution of our
data, individual Lya forest lines cannot be resolved, and we
would see only the effects of a large number of blended lines.
It is also possible that the enhanced absorption could be from
only a few overlapping, but very high NH i, clouds, but we
might then expect to see more metal absorption lines from these
clouds redward of the Lya emission line, which are absent in
our data. Even less likely is that this H i overdensity signals
the late completion of cosmic reionization, as recent obser-

vational studies have set convincing constraints for this epoch
at (Fan et al. 2006; Songaila 2004).z " 6.3

We explore the nature of this remarkably large absorption
trough with a comparison to the Lya absorption seen toward
their brighter counterpart objects, the QSOs. QSOs produce
radiation fields that ionize hydrogen over large, ∼16 physical
Mpc, regions at (Fan et al. 2006) (red solid line in Fig.z p 5
2, inset). Although evidence has emerged of a softening of this
proximity effect in the transverse direction on small scales of
#1.5 Mpc from studies of QSO pairs (Bowen et al. 2006; Tytler
et al. 2007), detailed studies of the Lyman series forest are
made routinely only outside the ionizing influence of the QSOs.
In contrast, ordinary star-forming galaxies have modest prox-
imity zones of size #0.1 physical Mpc (Adelberger et al.!1h
2003), thereby enabling the study of H i and its structure in
the vicinity of deep potential wells where the gas is not ionized.
Despite the advantage of a small proximity zone, galaxies suffer
from being much fainter in the ultraviolet. Unlike the vast
majority of star-forming galaxies, our target is bright because
it is strongly lensed, thereby yielding a spectrum suitable for
measuring the transmitted flux T in the Lya forest in the prox-
imity of a galaxy.

3. H i FLUX TRANSMISSION

We calculate the Gunn-Peterson (GP) optical depth (Gunn
& Peterson 1965), , where T is the ratio of theefft p ! ln (T )GP

average observed flux to the average unabsorbed continuum
flux, , and is determined by stellar synthesisT p A f /f S fl cont cont
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Fig. 3.—H i overdensities in the high-redshift universe. The Gunn-Peterson
effective optical depth, , is measured in the Lya forest of the spectrum forefftGP

A16897.1. The values for in five redshift bins of each in theefft Dz p 0.15GP

rest frame of the source (red points) are compared to measurements toward
QSOs (square-shaped points: Songaila 2004; diamond-shaped points: Fan et
al. 2006). While is expected to lie close to the bulk of the QSO pointsefftGP

and model predictions (dashed curve: Fan et al. 2006; solid curve: Becker et
al. 2007), surprisingly, there is an excess in along the line of sight toefftGP

A16897.1 at . The highest redshift point is the most deviant; it corre-z 1 4.5
sponds to a physical region of size 14 (physical) Mpc, and this suggests that
there is more H i gas close to the galaxy compared to the standard IGM. The
error bars in the data are dominated by the intrinsic scatter of the continuum
flux levels due to the stochastic nature of the absorption in the IGM, or sample
variance, and also include continuum placement uncertainties and shot noise.
[See the electronic edition of the Journal for a color version of this figure.]

Fig. 4.—The best-fit spectral energy distribution for our galaxy, with dust
extinction and attenuation by the IGM. The red solid circles indicate the values
for our observed photometry in the various filter bandpasses, as marked. We
construct a suite of models and perform synthetic photometry on the models
(green open circles) until a model is found for which the reduced statistic2xr

is minimized with respect to the observed photometry. Our best-fit model is
for a young, low-mass, and dust-free galaxy. [See the electronic edition of the
Journal for a color version of this figure.]

models fitted to the photometric data. We compute in sev-efftGP

eral redshift bins extending from a wavelength clear of the red
wing of Lyb up to the blue edge of our model fitted to the
H i in the source (blue dashed line in Figure 2, inset, delimits
the extent of the highest redshift bin). Uncertainties in areefftGP

dominated by the intrinsic scatter of the continuum flux levels
due to the stochastic nature of the absorption in the IGM, or
sample variance (Tepper-Garcı́a & Fritze 2008), but also in-
clude continuum placement errors and shot noise. Figure 3
shows the results measured from the A16897.1 spectrum and
compares our values for to those observed toward a largeefftGP

sample of QSOs (Fan et al. 2006; Songaila 2004).
We emphasize that the values for are measured in theefftGP

same way toward both the QSOs and the galaxy, and after first
excluding the proximity zone, thereby yielding information
only on the pervasive IGM, that is, the IGM immediately out-
side the photoionizing influence of the source. Assuming efftGP

to be the same in the standard IGM toward any background
object, we would expect to rise steadily toward A16897.1efftGP

with absorption redshift following the bulk of the QSO points.
Compared to the predictions of a power-law model based on
the density distribution (Fan et al. 2006) and a lognormal optical
depth distribution (Becker et al. 2007), measurements to-efftGP

ward A16897.1 are in good agreement at ; at ,z ! 4.5 z 1 4.5
however, we see a significant excess in . If the underlyingefftGP

mass distribution were unaltered by the presence of the galaxy,
then this highest redshift point, the one in closest physical
proximity to the galaxy, should have also followed the behavior
of the other points. The highest redshift point is the most de-
viant; it corresponds to a physical radius ∼14 (physical) Mpc,
and this result suggests that there is more H i gas close to the
galaxy compared to the standard IGM.

4. POPULATION SYNTHESIS MODELING

A16897.1 is imaged in several bands, as follows: i p775

(HST ACS), (HST NIC-23.10 ! 0.01 J p 23.10 ! 0.02110

MOS), and (Son ofH p 23.45 ! 0.38 K p 23.45 ! 0.35s

Isaac Instrument on ESO New Technology Telescope), and
and (IRAC on SpitzerP p 23.3 ! 0.02 P p 23.34 ! 0.033.6 4.5

Space Telecope). The observing details for these data are dis-
cussed elsewhere (Frye et al. 2007). From these data we set
initial constraints on the galaxy age and dust extinction. Our
high-quality , , and points indicate only a modest H iJ P P110 3.6 4.5

Balmer series continuum break at rest-frame ∼4000 and thusÅ
a young underlying stellar population dominated by O stars with
a minimum age of Myr (Fig. 4). The age of the universet ≥ 10
for our adopted cosmology sets the upper limit on the galaxy
age of 1.2 Gyr. The dust extinction, as parameterized by the color
excess , is fitted with a broad range of spectral energyE(B ! V )
distribution templates. From these fits it is found that any model
with provides a poor fit to the slope of data, asE(B ! V ) 1 0.1
the continuum becomes significantly flatter in the blue with the
addition of even moderate amounts of dust. Thus, we restrict
our parameter space to .E(B ! V ) ≤ 0.1

Model spectral energy distributions are generated using the
stellar synthesis code of Bruzual & Charlot (2003). We select
a Chabrier initial mass function, Padova 1994 stellar evolution
tracks, and solar metallicity. We choose a single starburst model
with a range of decay rates t and a star formation rate (SFR)
that depends exponentially on t as follows: SFR(t) ∝

with , 0.2, 0.3, 0.5, 1, and 1.2 Gyr. Continuousexp (t/t) t p 0.1
star formation models are also considered, as approximated by
selecting t to be the age of the universe at , and we doz p 5
not consider more complicated star formation histories. For
each t, three parameters remain to be fitted to the data: age t,

, and stellar mass . A suite of models are con-E(B ! V ) M∗
structed over the allowable parameter space for these three
variables, and each model is corrected for the effects of dust
extinction (Calzetti et al. 2000) and attenuation by the inter-
vening Lyman series forest (Madau 1995).

Frye et al. 2008

squares: Songaila+04
diamonds: Fan+06

L6 FRYE ET AL. Vol. 685

Fig. 1.—HST Advanced Camera for Surveys (ACS) gri optical photo of
A16897.1 and surrounding region near the center of the galaxy cluster A1689
( ). A single galaxy at has been gravitationally lensed by thisz p 0.18 z p 4.9
foreground galaxy cluster (with member galaxies visible here as yellow spher-
oid-shaped objects) into a system of three arclets; A16897.1 is the brightest
of the three and is shown above and in the inset. This arclet is extremely
bright, mag, after being magnified by a factor of 10.3.i p 23.10 ! 0.01775

A16897.1 is also spatially resolved, with an estimated unlensed angular size
of 0.094!, corresponding to an intrinsic linear size of only 600 pc. A16897.1
was discovered as a part of a ground-based galaxy redshift survey (Frye et
al. 2002, 2007).

Fig. 2.—VLT FORS2 spectrum of A16897.1 at . The stellar con-z p 4.866
tinuum of the galaxy is seen longward of the Lya emission line at ∼7100 ,Å
while intergalactic H i produces strong absorption shortward of Lya. Two
transmission spikes at ∼6800 and ∼7040 are also visible, along with otherÅ
structures at shorter wavelengths. The data enable a measurement of the flux
transmission along the line of sight to this star-forming galaxy. The best-fit
Bruzual & Charlot (2003) model spectrum without corrections for dust ex-
tinction and attenuation by the intervening Lya forest is overlaid, including
a gray region marking our 1 j continuum placement uncertainties. We select
a Chabrier initial mass function, Padova 1994 stellar evolution tracks, and
solar metallicity for the model and discuss details regarding the fitting pro-
cedure in § 4. The inset figure shows a theoretical H i Lya profile absorption
fit to the data, with horizontal bars delimiting the physical extents of the
proximity zone for a QSO (red solid line) and the extent of the first of the
five equally spaced redshift bins in our study over which we measure the
H i opacity (blue dashed line). Owing to the lack of a significant proximity
zone for our galaxy, a new physical scale is probed close to a high-redshift
object within a ∼14 physical Mpc radius (blue dashed line). [See the electronic
edition of the Journal for a color version of this figure.]

absorption lines detected against the stellar continuum. On the
basis of a mean velocity difference of km s!1 betweenv p 470
the positional centroids of the metal absorption features and
the Lya emission line, we apply an offset correction (Adel-
berger et al. 2003) and measure a systemic redshift of z p

for the galaxy. Interestingly, Lya absorption immediately4.866
shortward of the emission line is not obviously damped at our
spectral resolution, with a column density of log [NH i(cm!2)]
! dex (see Fig. 2, inset). At our spectral resolution,20.0 ! 0.3
the detected absorption lines are strongly saturated and thus
are not suitable for deriving metallicities. The most unusual
feature of the spectrum is the broad absorption trough in the
Lya forest first appearing at the Lya emission feature and
extending toward shorter wavelengths. Although two trans-
mission spikes are visible at ∼6800 and ∼7040 , nearly 100%Å
of the continuum is absorbed between wavelengths of 6850
and 7100 .Å

What might this absorption represent? It is likely that we
are detecting the presence of many more overlapping Lya forest
clouds closer to the galaxy than can survive the UV radiation
field of QSOs at comparable distances. At the resolution of our
data, individual Lya forest lines cannot be resolved, and we
would see only the effects of a large number of blended lines.
It is also possible that the enhanced absorption could be from
only a few overlapping, but very high NH i, clouds, but we
might then expect to see more metal absorption lines from these
clouds redward of the Lya emission line, which are absent in
our data. Even less likely is that this H i overdensity signals
the late completion of cosmic reionization, as recent obser-

vational studies have set convincing constraints for this epoch
at (Fan et al. 2006; Songaila 2004).z " 6.3

We explore the nature of this remarkably large absorption
trough with a comparison to the Lya absorption seen toward
their brighter counterpart objects, the QSOs. QSOs produce
radiation fields that ionize hydrogen over large, ∼16 physical
Mpc, regions at (Fan et al. 2006) (red solid line in Fig.z p 5
2, inset). Although evidence has emerged of a softening of this
proximity effect in the transverse direction on small scales of
#1.5 Mpc from studies of QSO pairs (Bowen et al. 2006; Tytler
et al. 2007), detailed studies of the Lyman series forest are
made routinely only outside the ionizing influence of the QSOs.
In contrast, ordinary star-forming galaxies have modest prox-
imity zones of size #0.1 physical Mpc (Adelberger et al.!1h
2003), thereby enabling the study of H i and its structure in
the vicinity of deep potential wells where the gas is not ionized.
Despite the advantage of a small proximity zone, galaxies suffer
from being much fainter in the ultraviolet. Unlike the vast
majority of star-forming galaxies, our target is bright because
it is strongly lensed, thereby yielding a spectrum suitable for
measuring the transmitted flux T in the Lya forest in the prox-
imity of a galaxy.

3. H i FLUX TRANSMISSION

We calculate the Gunn-Peterson (GP) optical depth (Gunn
& Peterson 1965), , where T is the ratio of theefft p ! ln (T )GP

average observed flux to the average unabsorbed continuum
flux, , and is determined by stellar synthesisT p A f /f S fl cont cont

A1689-7.1 at z=4.9 (Frye+08)
Lensed galaxy in HFF (A1689)

showing strong absorption at z~4.8
suggesting overdense regions

A unique protocluster candidate
at z~5
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Galaxies and H I gas at z = 5 L55

spectrum, they claimed that this structure is likely to be made by
overlapping of many intergalactic H I gas clouds rather than a few
overlapping of very high H I column density clouds because of ab-
sence of metal absorption lines from these clouds on the continuum
long ward of the Lyα emission.

Such a large-scale IGM overdense region would provide us
with an unique opportunity to study the formation of galaxies
within baryonic large-scale structure at z ∼ 5. Although there have
been several high-z emission-line galaxy searches targeting QSO
absorption-line systems, the targets for most of these searches were
absorption-line systems by very high H I column density clouds,
such as damped Lyα absorbers rather than large-scale overdense
regions of low H I column density clouds (e.g. Francis et al. 2001;
Fynbo, Möller & Thomsen 2001; Palunas et al. 2004). Frye et al.
(2008) claimed that this IGM structure may be an example of the
earliest phase of baryonic large-scale structure that subsequently
evolves into the filamentary cosmic web of galaxies (including
clusters of galaxies) observed in the present-day Universe. How
can we test the possibility? Does the IGM overdense region already
contain galaxies and even galaxy overdensities? If the overdensity
of galaxies exists, what are the size, density and morphology of
the structure? In order to answer these questions, we undertook a
wide-field, deep Lyα imaging survey for emission-line galaxies at
z ∼ 4.8 in the A1689 field.

In this Letter, we use AB magnitudes and adopt cosmological
parameters, "M = 0.3, "# = 0.7 and H 0 = 70 km s−1 Mpc−1.
In this cosmology, the Universe at z = 4.86 is 1.2 Gyr old and
1.0 arcmin corresponds to a comoving length of 2.3 Mpc at z =
4.86 (Wright 2006).

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

We obtained narrow- and broad-band imaging centred at (α, δ) =
13:11:29.5, −01:20:17 (J2000.0) on 2009 May 23–24 (UT) using
Suprime-Cam (Miyazaki et al. 2002) on the 8.2-m Subaru Telescope
(Iye et al. 2004) as an open use normal programme (S09A−104).
We also used archival V-band data of the same field taken on
2001 April 24 (UT). Details of the observations are listed in Ta-
ble 1. Our original plan was to use two narrow-band filters, NB704
and NB711 (Ouchi et al. 2003; Shimasaku et al. 2003, 2004, see
Fig. 1). We prioritized NB704 imaging because NB704 covers
the redshift range for Lyα at z ∼ 4.76–4.84 (46 comoving Mpc),
which perfectly matches the redshift range of the IGM overdense
region at z ∼ 4.69–4.84. Unfortunately, the filter holder of NB704
had problems and significant ghosts appeared in our scientific

Table 1. Summary of observations.

Filter λcent/&λa Exposure time 5σ (lim)b FWHM
(Å/Å) (s) (AB mag) (arcsec)

NB711 7126/73 11700 (900 × 13) 25.7 0.8
NB704c 7046/100 1800 (900 × 2) – –

V 5447/935 1920 (480 × 4) 26.3 0.8
R 6498/1124 5400 (300 × 18) 26.8 0.6
i′ 7633/1489 7200 (300 × 24) 26.3 0.7
Ri 7066/2541 – 26.6 0.8

aThe central wavelength and FWHM of the filters.
bThe 5σ limiting magnitudes within 1.6 arcsec diameter apertures.
cSignificant ghosts appeared in NB704 images.

Figure 1. Transmission curves of NB704 and NB711 filters. The hori-
zontal bar and vertical thick bar indicate the Lyα wavelength of the H I

overdense region and the redshift of the lensed galaxy, A1689−7.1, z =
4.866, respectively (Frye et al. 2008).

images.1 We immediately changed filter from NB704 to NB711.
Although the redshift coverage of NB711 (z ∼ 4.83–4.89, 33 co-
moving Mpc) has a smaller overlap with the redshift range of the
IGM overdense region than NB704, NB711 imaging is still useful
to search for emission-line galaxies around A1689−7.1.

The raw data were reduced with SDFRED (Yagi et al. 2002; Ouchi
et al. 2004) and IRAF. We flat fielded using the median sky image
after masking objects. We did background sky subtraction adopting
the mesh size parameter of 64 pixels (13 arcsec) before combin-
ing the images. We calibrated the astrometry of the images using
the Two-Micron All-Sky Survey (2MASS) All-Sky Catalogue of
Point Sources (Cutri et al. 2003). Photometric calibration was ob-
tained from the photometric and spectrophotometric standard stars,
SA104, SA110−232, and Hz44 (Oke 1990; Landolt 1992; Smith
et al. 2002). The magnitudes were corrected for Galactic extinction
of E(B − V ) = 0.03 mag (Schlegel, Finkbeiner & Davis 1998).
The variation of the extinction in this field is small (peak to peak,
±0.006 mag) and thus it does not affect our results.

The combined images were aligned and smoothed with Gaus-
sian kernels to match their seeing to a full width at half-maximum
(FWHM) of 0.8 arcsec. We made a Ri image [Ri = (R + i ′)/2]
for the continuum with an effective central wavelength similar
to NB711. The total size of the field analysed here is 32.1 ×
23.8 arcmin2 after removal of low S/N regions near the edges of
the images. We also masked out the haloes of the bright stars. The
resultant total effective area is 723 arcmin2.

Object detection and photometry were performed using
SEXTRACTOR version 2.5.0 (Bertin & Arnouts 1996). The object
detections were made on the NB711 image using a Gaussian detec-
tion kernel with FWHM of 0.8 arcsec. We detected 173 864 objects
that had five connected pixels above 1.5σ of the sky background.
The magnitudes and colours are measured in 1.6 arcsec diameter
apertures. The magnitude limits of the observations are reported in
Table 1.

3 RESULTS

Fig. 2 shows a colour–magnitude plot for the NB711 detected
sample. We selected 51 candidates as Lyα emitters (LAEs) down to
NB711 = 25.7 (5σ limit) with the following criteria:

(i) Ri − NB711 > 0.8 (EW obs > 85 Å);
(ii) R − i ′ > 0.5;

1The filter holder problems were fixed by the staff of the Subaru Telescope
immediately after the run.
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Figure 2. Colour–magnitude plot of NB711 versus Ri − NB711 for
NB711 detected sample. The solid line indicates colour and magnitude
limits (Ri − NB711 = 0.8 and NB711 = 25.7). The red circles indicate 51
candidates LAEs. The green square indicates A1689−7.1. The blue curve
indicates the 3σ uncertainty of Ri − NB711 colour based on photometric
errors of both Ri and NB711 for objects with constant f ν spectra. The
emission-line objects that are not circled are considered to be low-z inter-
lopers from their broad-band colours (see text). All magnitudes and colours
are measured with 1.6 arcsec diameter apertures.

(iii) i ′ − NB711 > 0;
(iv) V − i ′ > 1.7 or V > 27.3 (2 σ );
(v) # > 3,

where # is the ratio between the NB711 excess and the uncer-
tainty of Ri − NB711 colour based on photometric errors of both
Ri and NB711 for objects with constant f ν spectra. The criteria
(1), (2) and (3) are the same as used by Ouchi et al. (2003) and
Shimasaku et al. (2003) to select z = 4.86 LAEs with the same
filter sets. The criterion (4) is applied to exclude the contamina-
tion from low-z emitters, such as [O II]λ3727 emitters at z = 0.91,
[O III]λ5007 emitters at z = 0.42, and Hα emitters at z = 0.09.
The V − i ′ colour limit in (4) was determined using the expected
colour of z = 4.9 galaxies by Songaila (2004). The criterion (5)
was applied to exclude the contamination from non-emitters due
to photometric errors. The properties of the 51 LAEs are listed in
Table S1 (see Supporting Information) and displayed in Fig. 3. We
note that A1689−7.1 was not selected as a LAE because it failed to
satisfy the criteria (1), (3) and (5).

We corrected the measured magnitudes of LAEs to intrinsic (un-
lensed) magnitudes using the mass model of A1689 from Limousin
et al. (2007) which combines both strong- and weak-lensing con-
straints (see also Richard et al. 2009). While the magnification factor
of A1689−7.1 equates to 2.5 mag (Frye et al. 2008), for our LAE
sample, individual magnification factors range from 0 to 0.9 mag.
We found that the intrinsic NB711 magnitudes (NB711int) of six
LAEs are fainter than the NB711 magnitude limit (NB711 = 25.7).
Lensing also reduces our surveyed area by the magnification fac-
tor, and we estimated a surface of 665 arcmin2 in the source plane,

8 per cent smaller than the observed field of view. We also estimated
from the mass model the angular displacement of each candidate
back to the source plane at z = 4.86, typically 10–60 arcsec towards
the centre of the cluster (the displacements from the measured po-
sitions, see Fig. 4) and perform all further calculations in the source
plane.

We tested whether the entire field of view of the A1689 image
(in the source plane) exhibits an overdensity by comparing to the
NB711 surveys in Subaru Deep Field (SDF) (Ouchi et al. 2003;
Shimasaku et al. 2003). In the SDF, they detected 43 LAEs down
to NB711 = 25.5 in 25 × 45 arcmin2. The number density of
LAEs in the SDF is 0.04 ± 0.01 arcmin−2. The uncertainty is a 1σ

Poisson error. Applying the same (intrinsic) magnitude limit to the
A1689 field data, we detected 33 LAEs in 665 arcmin2. The number
density of LAEs in the A1689 field is 0.05 ± 0.01 arcmin−2. Thus,
the number density of LAEs in the A1689 field is similar to that in
the SDF at least for a sub-sample of slightly bright LAEs [L(Lyα) >

1.7 × 1042 erg s−1]. Thus, the A1689 field does not show evidence
for overdensity in the entire field of view if we use the SDF as a
blank field.

Fig. 4 shows the spatial distribution of the 51 candidates LAEs
in the A1689 field and the smoothed density map in the source
plane. To avoid effects from the spatial distribution of the lensing
magnification, we made the density map using intrinsic magni-
tude limited sample of 45 LAEs with NB711int ≤ 25.7 rather than
the full 51 LAEs sample. We used a top-hat smoothing kernel of
8 comoving Mpc radius, which is the same as that used in Shimasaku
et al. (2003). We defined high-density regions as the regions with
the overdensity δ ≡ (n− n̄)/n̄ > 0. There is a large-scale overdense
region with an extent of ∼8 × 25 arcmin2 (∼20 × 60 comoving
Mpc) surrounding A1689−7.1. While the densest peak in this over-
dense region has an overdensity of δ = 3.9, with a significance level
of 4.3σ , A1689−7.1 is located at the edge of this region, where the
overdensity is δ = 0.6.

We tested the reliability of the structure in the following way.
(a) We slightly changed the criteria for LAEs (i.e. ±0.1 mag),
but the properties of the structure do not change significantly. We
conclude that the structure is stable against small changes in our
sample definitions. (b) We divided the field of view into eastern and
western parts, and selected low-z emitters from NB711 detected
sources down to NB711 = 25.7, satisfying criteria (1), (3) and
(5), but not satisfying (2) or (4). The numbers of low-z emitters in
the eastern and western parts are 42 ± 6 and 55 ± 7, respectively.
The uncertainties are 1σ Poisson errors. These numbers agree to
within 30 per cent, showing that there is no clear systematic effect
to select NB711 excess objects. (c) We also selected red objects
down to i ′ = 25.7, satisfying criteria (2) and (4). The numbers of
red objects in the eastern and western parts are 1403 ± 37 and
1097 ± 33, respectively. These numbers also agree to within
30 per cent, showing that there is no clear systematic effect to

Figure 3. True colour images (R for blue, NB711 for green, i′ for red) of LAEs. The size of each image is 8 × 8 arcsec2 (51 × 51 kpc2 at z = 4.86 in absence
of lensing). The LAEs are ranked in terms of intrinsic (unlensed) NB711 magnitudes.
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Figure 4. The sky distribution and smoothed density map (in the source plane) of candidate LAEs at z ∼ 4.86 in the A1689 field. The grey scale image
is the NB711 image. The thick horizontal bar indicates the angular scale of 20 comoving Mpc (3.4 Mpc in physical scale) at z = 4.86. The red and blue
circles indicate candidate LAEs with intrinsic (unlensed) NB711 magnitudes, NB711int ≤ 25.7 and NB711int > 25.7, respectively. The sizes of the circles are
proportional to measured emission-line fluxes. The black square indicates A1689−7.1. The lines from these points indicate the positions in the source plane
at z = 4.86. The surface density map of LAEs (in the source plane) is generated with a top-hat smoothing kernel with a radius of 8 comoving Mpc. The black
contours indicate deviations from the mean density of this field, δ ≡ (n − n̄)/n̄ = 0, 1, 2 and 3, equivalent to significance levels of 0, 1.1, 2.2 and 3.3σ . The
green contours indicate lensing magnifications of 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1.0, 2.0 and 5.0 mag.

select red objects with R − i ′ and V − i ′ colours. In contrast to
low-z emitters and red objects, the numbers of LAEs in the eastern
and western parts are 8 ± 3 and 43 ± 7, respectively. Thus, sys-
tematic errors of colours in the field of view should not affect the
large-scale structure of LAEs significantly.

4 D I S C U S S I O N A N D C O N C L U S I O N S

What does the large-scale structure of galaxies (i.e. LAEs) we have
found evolve into? This large-scale structure of galaxies is a good
candidate for a protocluster. Numerical simulations of structure
formation suggested that most (>80 per cent) of structures with a
size of ∼20–40 comoving Mpc and with a peak overdensity of δ ≥
3 at z ∼ 5–6 will evolve into rich clusters (M ≥ 1014 h−1 M⊙) in
the present-day Universe (Suwa, Habe & Yoshikawa 2006; Overzier
et al. 2009). This structure has a size of ∼20 × 60 comoving Mpc and
the densest region has an overdensity of δ ∼ 4. Hence, we conclude
that this structure is probably a good candidate for a protocluster.

How does the galaxy overdensity relate to the IGM overdensity
in this structure? If we assume the optical depth in the IGM is
proportional to the square of local gas density over the mean gas
density [τ ∝ (ρ/ρ̄)2] (e.g. Rauch 1998), then the gas density in

the IGM overdense region would be estimated to be ∼1.3 times the
mean gas density at z ∼ 5 by using the optical depth from Frye et al.
(2008). The local galaxy density at the position of A1689−7.1 is
∼1.6 times the mean density, and hence it is close to that of the IGM.
However, our current observations may have only probed the back-
part of the IGM overdense region, and thus it is possible that the
galaxy density will be higher in the foreground along the line of sight
to A1689−7.1. Although there is a small overlap of the observed
redshift ranges of the IGM and galaxy structures (%z ∼ 0.01), the
current results suggest that at least some parts of the IGM overdense
region may have already started to form galaxies and moreover they
are probably related to the formation of a protocluster.

Is it possible that these galaxy and IGM overdense regions are
parts of a single large-scale structure? Unfortunately, at present, we
lack information on the three-dimensional distributions of both IGM
and galaxy structures. Without spectroscopy, it is unclear whether
the structure is concentrated in a particular redshift or smoothly
extends to the whole redshift range (z ∼ 4.83–4.89). Similarly, it is
still unclear whether or not the IGM overdense region extends in a
transverse direction or to higher redshift than that of A1689−7.1.
Nevertheless, the similarity of the scales of both structures (a few
times ten comoving Mpc) may suggest that the two are parts of a
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spectrum, they claimed that this structure is likely to be made by
overlapping of many intergalactic H I gas clouds rather than a few
overlapping of very high H I column density clouds because of ab-
sence of metal absorption lines from these clouds on the continuum
long ward of the Lyα emission.

Such a large-scale IGM overdense region would provide us
with an unique opportunity to study the formation of galaxies
within baryonic large-scale structure at z ∼ 5. Although there have
been several high-z emission-line galaxy searches targeting QSO
absorption-line systems, the targets for most of these searches were
absorption-line systems by very high H I column density clouds,
such as damped Lyα absorbers rather than large-scale overdense
regions of low H I column density clouds (e.g. Francis et al. 2001;
Fynbo, Möller & Thomsen 2001; Palunas et al. 2004). Frye et al.
(2008) claimed that this IGM structure may be an example of the
earliest phase of baryonic large-scale structure that subsequently
evolves into the filamentary cosmic web of galaxies (including
clusters of galaxies) observed in the present-day Universe. How
can we test the possibility? Does the IGM overdense region already
contain galaxies and even galaxy overdensities? If the overdensity
of galaxies exists, what are the size, density and morphology of
the structure? In order to answer these questions, we undertook a
wide-field, deep Lyα imaging survey for emission-line galaxies at
z ∼ 4.8 in the A1689 field.

In this Letter, we use AB magnitudes and adopt cosmological
parameters, "M = 0.3, "# = 0.7 and H 0 = 70 km s−1 Mpc−1.
In this cosmology, the Universe at z = 4.86 is 1.2 Gyr old and
1.0 arcmin corresponds to a comoving length of 2.3 Mpc at z =
4.86 (Wright 2006).

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

We obtained narrow- and broad-band imaging centred at (α, δ) =
13:11:29.5, −01:20:17 (J2000.0) on 2009 May 23–24 (UT) using
Suprime-Cam (Miyazaki et al. 2002) on the 8.2-m Subaru Telescope
(Iye et al. 2004) as an open use normal programme (S09A−104).
We also used archival V-band data of the same field taken on
2001 April 24 (UT). Details of the observations are listed in Ta-
ble 1. Our original plan was to use two narrow-band filters, NB704
and NB711 (Ouchi et al. 2003; Shimasaku et al. 2003, 2004, see
Fig. 1). We prioritized NB704 imaging because NB704 covers
the redshift range for Lyα at z ∼ 4.76–4.84 (46 comoving Mpc),
which perfectly matches the redshift range of the IGM overdense
region at z ∼ 4.69–4.84. Unfortunately, the filter holder of NB704
had problems and significant ghosts appeared in our scientific

Table 1. Summary of observations.

Filter λcent/&λa Exposure time 5σ (lim)b FWHM
(Å/Å) (s) (AB mag) (arcsec)

NB711 7126/73 11700 (900 × 13) 25.7 0.8
NB704c 7046/100 1800 (900 × 2) – –

V 5447/935 1920 (480 × 4) 26.3 0.8
R 6498/1124 5400 (300 × 18) 26.8 0.6
i′ 7633/1489 7200 (300 × 24) 26.3 0.7
Ri 7066/2541 – 26.6 0.8

aThe central wavelength and FWHM of the filters.
bThe 5σ limiting magnitudes within 1.6 arcsec diameter apertures.
cSignificant ghosts appeared in NB704 images.

Figure 1. Transmission curves of NB704 and NB711 filters. The hori-
zontal bar and vertical thick bar indicate the Lyα wavelength of the H I

overdense region and the redshift of the lensed galaxy, A1689−7.1, z =
4.866, respectively (Frye et al. 2008).

images.1 We immediately changed filter from NB704 to NB711.
Although the redshift coverage of NB711 (z ∼ 4.83–4.89, 33 co-
moving Mpc) has a smaller overlap with the redshift range of the
IGM overdense region than NB704, NB711 imaging is still useful
to search for emission-line galaxies around A1689−7.1.

The raw data were reduced with SDFRED (Yagi et al. 2002; Ouchi
et al. 2004) and IRAF. We flat fielded using the median sky image
after masking objects. We did background sky subtraction adopting
the mesh size parameter of 64 pixels (13 arcsec) before combin-
ing the images. We calibrated the astrometry of the images using
the Two-Micron All-Sky Survey (2MASS) All-Sky Catalogue of
Point Sources (Cutri et al. 2003). Photometric calibration was ob-
tained from the photometric and spectrophotometric standard stars,
SA104, SA110−232, and Hz44 (Oke 1990; Landolt 1992; Smith
et al. 2002). The magnitudes were corrected for Galactic extinction
of E(B − V ) = 0.03 mag (Schlegel, Finkbeiner & Davis 1998).
The variation of the extinction in this field is small (peak to peak,
±0.006 mag) and thus it does not affect our results.

The combined images were aligned and smoothed with Gaus-
sian kernels to match their seeing to a full width at half-maximum
(FWHM) of 0.8 arcsec. We made a Ri image [Ri = (R + i ′)/2]
for the continuum with an effective central wavelength similar
to NB711. The total size of the field analysed here is 32.1 ×
23.8 arcmin2 after removal of low S/N regions near the edges of
the images. We also masked out the haloes of the bright stars. The
resultant total effective area is 723 arcmin2.

Object detection and photometry were performed using
SEXTRACTOR version 2.5.0 (Bertin & Arnouts 1996). The object
detections were made on the NB711 image using a Gaussian detec-
tion kernel with FWHM of 0.8 arcsec. We detected 173 864 objects
that had five connected pixels above 1.5σ of the sky background.
The magnitudes and colours are measured in 1.6 arcsec diameter
apertures. The magnitude limits of the observations are reported in
Table 1.

3 RESULTS

Fig. 2 shows a colour–magnitude plot for the NB711 detected
sample. We selected 51 candidates as Lyα emitters (LAEs) down to
NB711 = 25.7 (5σ limit) with the following criteria:

(i) Ri − NB711 > 0.8 (EW obs > 85 Å);
(ii) R − i ′ > 0.5;

1The filter holder problems were fixed by the staff of the Subaru Telescope
immediately after the run.
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Summary
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✓ IGM tomography +patchy NB survey at K-band
➡ Mapping HAEs & O3Es should be complementary
➡ This can advance our MAHALO-Subaru

✓ IGM density vs. LAEs in HSC-DEEP
➡ Useful information on IGM tomography by PFS

✓ IGM study for the early Universe
➡ Perhaps meaningful to observe lensed sources,  

however MUSE or LRIS/DEIMOS is more suitable 
for tomography in such narrow fields


