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Proto-clusters at high-z (z>1.5): 
structures and stellar populations 
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Hα and [OIII] are better tracers of SF activities than the UV-light      
at this epoch, because they are less affected by dust extinction.�
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•  How can we find proto-clusters (z>1.5)? 

•  Structures and growth of proto-clusters 

•  Environmental dependence of galaxy properties  
in proto-clusters 

                primarily based on our results�



How can we find proto-clusters (z>1.5)?�
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Unbiased wide-field surveys�

��3 

SSA22 �Matsuda et al. 2005��

SDF 
�Shimasaku et al. 2003��

See Jun Toshikawa’s talk. �

Lyα emitters�

LAEs, LBGs, colour-selections, X-ray, S-Z, etc… �

Lyα emitters�



Galametz et al. (2012)�

Searching for proto-clusters around HzRGs�

2 σ�

Spitzer/IRAC colour-selected galaxies with�

CARLA: ~400 RL-AGNs�
Wylezalek et al. (2013)�

48 HzRGs�

surface density distributions�

number density profile�

See Dominika Wylezalek’s talk. �

Lyα emitters: e.g. Venemans+ 07 
Hα emitters: e.g. Matsuda+ 11, Mahalo… 

Colour-selections: e.g. Best+ 03, 
   Kajisawa+ 06, Kodama+ 07, Hatch+ 11,… 

(may introduce unknown bias…)�



20 nights for imaging, >15 nights for spectroscopy 

“MAHALO-Subaru”  
MApping HAlpha and Lines of Oxygen with Subaru�
Unique sample of NB-selected SF galaxies across environments and cosmic times�
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Targeted observations of rich clusters are necessary to cover the whole range of environments.�



Structures and growth of proto-clusters�



LSSs (~20Mpc) around two x-ray clusters at z~1.5 
traced with [OII] emitters by MAHALO-Subaru   
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Hα imaging 
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~20x denser than the general field. 
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Identification of the progenitors of rich clusters and member galaxies in rapid formation at z>2 3

Figure 2. The kinematical structures of HAEs in (1) PKS1138 (left) and (b) USS1558 clusters (rightl). Grey dots represent HAE
candidates detected in our NB imaging (K13 and H12). Diamonds show the members newly confirmed in this study. Triangles are the
confirmed Hα and Lyα emitters (LAE) in the previous works (Kurk et al. 2000, 2004; Croft et al. 2005; Doherty et al. 2010). Blue
and red symbols are separated by blue- and red-shifted galaxies, respectively, relative to the RGs (star mark). We identify three groups,
namely, PKS1138-C1, USS1558-C1, and USS1558-C2, and they are shown by grey dashed circles. Solid and dotted black circles indicate
R200 and 0.5×R200, respectively.

Table 2. (1) Cluster name as shown in Fig. 2, (2) newly confirmed
number of members, (3) mean peculiar velocity, (4) velocity dis-
persion, and (5) R200 and (6) cluster mass (Mcl) calculated from
Finn et al. (2005).

cluster new ⟨∆V⟩ σcl R200 Mcl

name members [km/s] [km/s] [Mpc] [1014M⊙]
(1) (2) (3) (4) (5) (6)

PKS1138 all 27 −41 8825 — —
PKS1138 C1 9 +9 6835 0.535 1.715

USS1558 all 36 −717 756 — —
USS1558 C1 7 +121 284 0.19 0.10
USS1558 C2 19 −1042 574 0.38 0.87

fitted by gaussian curves with SPECFIT (Kriss 1994) that
are distributed within STSDAS4 layered on top of the IRAF
environment. We normally apply a single gaussian fitting,
but sometimes apply a multi-gaussian fitting for a broad
or multiple emission line, and the chi-square minimization
technique is used to best fit the line profile. Further details
of the line fitting will be presented in our forthcoming full
paper II.

In the obtained spectra, we newly identified one or more
emission lines at above 3σ levels for 27 and 36 SF galax-
ies in PKS1138 and USS1558 clusters respectively. Here, 1σ
threshold is defined as a standard deviation of flux densi-
ties around each emission line, excluding the line itself. The
limiting magnitude of this spectroscopy (1σ) is mAB=22.2–
22.6 in the K-band. The completeness of our observation is

4 Available at www.stsci.edu/institute/software hardware/stsdas/
5 estimated including Lyα emitters in the literature

76% (90 observed out of 116 candidates), and the efficiency
or success rate is 70% (63 confirmed out of 90 observed).
A summary of our spectroscopic confirmation is presented
in Table 2. We note that velocity dispersions and R200 are
measured including the cluster members reported in the past
studies. The histograms (Fig. 1) show the redshift distribu-
tions of HAEs in the two proto-clusters. For PKS1138, we
also plot cluster members identified by past works (Kurk et
al. 2000, 2004; Croft et al. 2005; Doherty et al. 2010), and
in total 49 members have been spectroscopically confirmed,
including the RG.

It should be noted that a relatively strong OH sky line
is located at λ=2.073 nm, and it significantly affects our
line detectability at the specific redshift interval of z=2.156–
2.162 for Hα emission line. This actually contributes to the
dip seen in the redshift distribution at the corresponding
bin. The velocity dispersions of PKS1138-all and PKS1138-
C1 shown in Table 2 may decrease by 20–30 km/s if we take
into account this effect.

As seen in Fig. 1, cluster members are mostly located
at redshifts where the response curve has the maximum sen-
sitivity. The large numbers of newly confirmed members in
both clusters have confirmed that these systems are indeed
rich proto-clusters hosting lots of highly SF young galaxies
with typical star formation rates (SFRs) of ∼15–800M⊙/yr
after dust extinction correction. Since they are wide spread
and show clear substructures as shown in Fig. 2, the proto-
clusters are right in the phase of vigorous assembly. It should
be noted, however, that only 15 and 21 galaxies out of 27 and
36 emitters in PKS1138 and USS1558, respectively, are con-
firmed with detections of more than one emission lines. Al-
though our colour selections works well to discriminate Hα
line at the cluster redshifts from other contaminant lines at
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Spatial distribution of star-forming galaxies 
in clusters at z<1.5�

Hα emitters at z=0.81 (RXJ1716)� [OII] emitters at z=1.46 (XCS2215)�

Koyama, et al. (2011)� Hayashi, et al. (2010)�
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 � phot-z members�
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Clusters Grow Inside-Out !�



Hayashi et al. (2012) 

Red HAEs (dusty starbursts) tend to favor even denser cores/clumps!�

Koyama et al. (2013) 

Spatial distributions of HAEs in two proto-clusters at z>2�
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Lots of HAEs live in proto-cluster cores, indicating strong SF activities there.�



 Massive + dusty galaxies in the proto-cluster core�

Koyama et al. 
(2013a) 

&&24um&sources!!

Red Hα emitters are very massive (M� >1011M!) and dusty star-forming galaxies. 
Many are actually detected at 24µm with MIPS. 

High density�

Low density�

■� Hα emitters�

��&&24um&sources!!

" Cluster specific/preferred phenomena at high-z, 
holding a key to understanding the environmental effects.�



Koyama et al. (2011) 

	�red/green HAEs�

���blue HAEs�

“Octopus” cluster  (CL0939@z=0.41)�

SFR>0.75M
/yr�

Red/green HAEs are seen in the outskirts/clumps at z=0.4 �

Red/green HAEs always 
reside in the most 

 active environment 
at any epoch! 



Inside-out growth of galaxy clusters as revealed  
by MAHALO-Subaru project�

: passive red galaxy 

: normal SF galaxy 

: dusty SF / AGN 

z = 0 �

z ~ 0.5 �

z ~ 1 �

z ~ 2 �

Illustrated by Yusei Koyama�



Evolution of integrated SFRs and 
 growth of dynamical mass in cluster cores�

Shimakawa et al. (2014)�
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Figure 3. (a) Integrated SFRs in the cluster cores, ΣSFR, nor-
malized with the cluster dynamical masses (upper panel) and (b)
cluster dynamical masses (lower panel) are plotted as a func-
tion of redshift. The open diamonds show the measurements for
the Mahalo-Subaru cluster sample including this work, calculated
within R200 of each cluster (Koyama et al. 2010, 2011; Hayashi et
al. 2011; Tadaki et al. 2012). The filled diamonds indicate the val-
ues within 0.5×R200 to match the definition with other previous
measurements for a direct comparison. The previous works for 8
clusters at z=0.1–0.9 are shown by squares (Finn et al. 2005).
The grey and open squares separate those clusters according to
their dynamical masses as shown in the lower panel. Note that
SFRs are measured from Hα line strengths for all the clusters
except for the z=1.46 and z=1.62 clusters which are based on
[Oii] lines. Note also that R200 is not fully covered for the z=0.81
cluster. The cluster mass of J0218 cluster at z=1.62 is adopted
from Tanaka et al. (2010). The red dotted curve shows a relation
as a function of redshift scaling as (1+z)6. In the lower panel, the
red line and the pink zone show the typical mass growth history
of massive cluster haloes with 1–2×1015M⊙ predicted by theo-
retical models (Shimizu et al. 2012; Chiang et al. 2013). The pink
zone corresponds to ±1σ scatter around the median values.

red line and the pink zone show the mass growth history of
massive cluster haloes predicted by cosmological simulations
(Shimizu et al. 2012; Chiang et al. 2013). The data points
show the measurements of dynamical masses of real clusters
used for comparison. It turns out that our proto-clusters
at z>2 have large enough masses to be consistent with the
progenitors of the most massive class of clusters like Coma.
The lower-z clusters shown with filled squares also follow
the same mass growth curve. Therefore we argue that we
are comparing the right ancestors with right descendants,
and the redshift variation of the mass-normalized SFRs seen
in the upper panel can be seen as the intrinsic cosmic SF
history of the most massive class of clusters.

In this Letter, we have presented the kinematical struc-
tures of the two richest proto-clusters at z>2, and extended
the cosmic evolution of ΣSFR/Mcl back to z>2 or 11 Gyrs
ago, based on the intensive multi-object NIR spectroscopy
of the NB selected star-forming galaxies. In our forthcom-
ing Paper II (in preparation), we will discuss the physical
properties of these galaxies (such as gaseous metallicities,
ionizing states, and dust extinction) using the multi emis-

sion line diagnostics, and compare them with those in the
general field at similar redshifts.
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Rapid increase of 
integrated SFR 

 per unit cluster mass 
with increasing z�

Numerical simulations 
suggest that 

these proto-clusters will 
 grow to ~1015M
 clusters 

by the present-day�Our sample is tracking a typical mass growth 
 history of Coma-class rich clusters.�



Environmental dependence of galaxy properties 
in proto-clusters�



Environmental effects at high-z�
(Physical Processes) 
•  Merger, Interaction 
      Frequency, Mode of SF (starburst) 
•  Gas inflow 
      Filamentary cold streams vs. spherical accretion 
•  Gas outflow, stripping 
      IGM pressure confinement, R-P/Tidal Stripping 

(Consequences) 
•  Star formation activity 
      Scatter of the SF main sequence (boost/truncation) 
•  AGN activity 
      Frequency, Co-activation with star formation 
•  Internal structure 
      Location/Compactness/Dustiness of SF, Clumpiness 



Passive�

Star-forming 
main sequence�

Dusty starburst 
 (mergers?)�

Stellar Mass (M*)�

S
ta

r F
or

m
at

io
n 

R
at

e 
(S

FR
)�

Hypothetical galaxy evolution on the SFR vs. M* diagram�

Starburst mode is 
more prevalent 

in proto-clusters?�

Scatter of the main 
 sequence is larger 
in proto-clusters? �



SF galaxies in the proto-cluster 
at z~2 follow the same “main 
sequence” as the field one. 

However, the galaxy 
distributions on the sequence 

are different in the sense that 
the proto-cluster contains more 

massive, higher-SFR, and 
probably dustier galaxies. 
Also, a caveat is that the       

M* -scaled dust correction may 
not be applied for cluster 

galaxies. 

 Hα-selected sample only  

 M*-scaled dust correction for Hα is applied.  
 (Garn & Best 2010)  

Environmental (In-)dependence 
 of the Star-Forming Main-Sequence at z>2? 

Koyama et al. (2013a) 
see also Hatch et al. (2011) 

 and Cooke et al. (2014) 



Lehmer et al. (2014)�

Environmental dependence of AGN fraction at z~2�

Higher AGN fraction in proto-clusters.�

2QZ Clus 
(z=2.23)�

C-COSMOS�

(X-ray AGNs with Chandra)�

filled=AGN�

fAGN=10-30% in proto-clusters at z~2�

But see also Philip Best’s talk (Sobater+ ’15) which shows NO env. dependence!�

Controversial issue!�



An early phase of environmental dependence 673

Figure 5. [N II]/Hα versus [O III]/Hβ diagram (BPT diagram). The white
triangles and squares indicate the stacked spectra of HAEs in PKS1138
and USS1558 protoclusters, respectively. The red triangles, squares, and
blue circles show the individual HAEs in PKS1138, USS1558, and SINS
and LUCI data (field) at z = 2.1–2.5 (Newman et al. 2014), respectively.
We plot only [N II] detected objects for individual galaxies in our sample.
[O III]/Hβ line ratios of individual objects in PKS1138 and USS1558 are
estimated with the dust extinction prescription of Wuyts et al. (2013) and
assuming the intrinsic Hα/Hβ flux ratio of 2.86 (Case B). The red open
symbols show the 2σ upper limits for [O III]-undetected (<2σ ) objects. Hβ

absorption is not considered for the Newman et al. (2014) sample. The grey
dots represent the SDSS galaxies with EWHα > 20 Å (Abazajian et al. 2009).
Error bars indicate flux errors of 1σ of each sample.

[N II]/Hα and [O III]/Hβ line ratios as is also seen in the MEx dia-
gram. The AGN candidates in PKS1138 are not detected in X-ray to
a limit of 0.8 × 10−15 erg s−1 cm−2 in the soft band (Pentericci et al.
2002), however, which may indicate that they are highly obscured
AGNs. We exclude these AGN-like HAEs demarcated by this dia-
gram from the stacked spectra hereafter, which can provide us with
the information about H II region like properties of the protocluster
galaxies more directly. We caution that our spectra are unable to
constrain below log([N II]/Hα) ! −0.5.

3.4 Mass–metallicity relation

The gaseous metallicity is one of the crucial physical quantities to
trace the chemical enrichment histories hence star formation his-
tories of galaxies. There is a well-established relationship between
stellar mass (or luminosity) and metallicity known as the M–Z
relation (Tremonti et al. 2004), and it reflects information of gas ac-
cretion, chemical nucleosynthesis and outflows of galaxies. While
the metallicity increases with age, stellar mass grows not only with
age but also through galaxy–galaxy mergers. Galaxies with larger
gas fractions also tend to have lower metallicities (Mannucci et al.
2010; Tadaki et al. 2013). In dense regions, we can test whether
galaxies have higher metallicity (are more evolved) due to ‘accel-
erated’ galaxy formation. Moreover, the gas that is ejected from
a galaxy by a galactic wind may fall back on to the host galaxy
on a shorter time-scale in denser environments (Davé, Finlator &
Oppenheimer 2011). In fact, Kulas et al. (2013) show an off-
set of gaseous metallicity in the low-mass protocluster galaxies
(M⋆ ! 1011 M⊙) at z = 2.3.

Gaseous metallicity can be estimated in many ways such as N2
index (Pettini & Pagel 2004), R23 (McGaugh 1991; Kobulnicky
& Kewley 2004), and a direct Te method (Izotov et al. 2006). The

absolute values of metallicities depend on the method to take, and
thus conversion factors are required to compare metallicities among
different studies (Kewley & Ellison 2008). Several authors have
compared various metallicity calibrations, and obtained consistent
metallicities based on different line ratios (Nagao, Maiolino &
Marconi 2006; Maiolino et al. 2008; Troncoso et al. 2014). How-
ever, the gaseous metallicity strongly correlates with the ionization
parameter except for some specific line ratios such as [N II]/[O II]
(Kewley & Dopita 2002). Also, if ISM conditions of SF galaxies
change with the cosmic time as suggested by Shirazi et al. (2014), it
makes such line diagnostics difficult and the comparison of gaseous
metallicities uncertain between galaxies at different redshifts.
Nakajima et al. (2013) and Nakajima & Ouchi (2014) have claimed
that distant galaxies at z > 2 have higher ionization parameter by
four times than local galaxies, which provides a different metallic-
ity for a given R23 value. Any reliable diagnostic for high-redshift
galaxies has not been established so far, and it should be noted that
this work discusses only ‘relative’ values of gaseous metallicities at
similar redshift (z ∼ 2).

We estimate a gaseous metallicity using the N2 index measured
from the stacked spectrum after remaining AGN candidates (Sec-
tion 3.3). The N2 index is defined by the following expression
(Pettini & Pagel 2004):

12 + log(O/H) = 8.90 + 0.57 N2. (4)

This diagnostic is quite useful and commonly used by past stud-
ies (e.g. Erb et al. 2006a) since it requires only [N II] λ6583 Å and
Hαλ6563 Å lines. Because of the close proximity of the two lines,
this index is free from uncertainties in flux calibration or dust ex-
tinction. The N2 index has been empirically calibrated with local
galaxies, and it gives a unique solution of metallicity as it mono-
tonically increases with metallicity unlike the R23 index which
often gives two solutions. It is thus a useful diagnostic for a relative
comparison of gaseous metallicities among galaxies.

Although Pettini & Pagel (2004) give a better fit to the data by
a third-order polynomial function as also noted by Nagao et al.
(2006), we here adopt equation (4) in order to compare our results
directly with previous work (Erb et al. 2006a). The [N II] line is
weak for individual galaxies in our sample, but it is detected at
more than 2σ significance in the stacked spectra of PKS1138 (of
all mass bins) and USS1558 (only at the high mass bin).

Fig. 6 shows stellar masses versus gaseous metallicities of SDSS
galaxies, field galaxies at z = 2.2 (Erb et al. 2006a), and our
protocluster galaxies measured from the stacked spectra (Section
2.2). The metallicities of the galaxies in the PKS1138 protoclus-
ter at z = 2.2 (red triangles) are systematically shifted upward by
"0.1 dex from the best-fitting curve of the z = 2.2 field galaxies
shown by the blue dashed curve (Erb et al. 2006a). The data point of
‘USS1558-high’ is also located on the same sequence of PKS1138,
which suggests that the SF galaxies in both protoclusters have sim-
ilar chemical abundance for a given stellar mass. It should be noted
that the stacked spectra, especially ‘PKS1138-high’ may be con-
taminated by AGNs as discussed in Section 3.3, which raises the
[N II]/Hα line ratio. We have therefore excluded those AGN candi-
dates demarcated by the cosmic BPT diagram (Kewley et al. 2013a)
from the stacked spectra. It has lowered the data point by ∼0.1 dex
with respect to the original point of ‘PKS1138-high’. As a result,
we have confirmed the clear excess in gaseous metallicities in pro-
tocluster galaxies at the mass range of ! 1011 M⊙. The recent result
on another protocluster at z = 2.3 by Kulas et al. (2013) with MOS-
FIRE on Keck is consistent with our result as it also reports a higher
metallicity in the dense environment than in the field.
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Both higher sSFR and 
lower metallicity are 
contributing to much 

higher ionization states 
of high-z SF galaxies. 
(Kewley et al. 2013) 
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Figure 6. Stellar mass versus gaseous metallicity diagram. We here esti-
mate the metallicities based on the [N II]/Hα line ratios using the empirical
calibration (Pettini & Pagel 2004). The open triangles and squares indicate
the stacked spectra of in PKS1138 and USS1558, respectively. Here is the
revised metallicity corrected for AGN contamination based on the X-ray
observation (Pentericci et al. 2002) and the cosmic BPT diagram (Kewley
et al. 2013a). We employ the 2σ upper limit for [N II]-undetected (<2σ ) ob-
jects. The blue circles indicate the metallicities measured from the stacked
spectra of UV-selected field galaxies at z = 2.2 (Erb et al. 2006a). The red
and blue curves are the best-fitting curves for each result. Error bars indicate
flux errors of 1σ in the respective samples. The dotted line represents the
median of M–Z relation for SDSS galaxies at z ∼ 0.1 with EWHα > 20 Å
(Abazajian et al. 2009).

We approximately fit the M–Z relation to our sample by a second-
order polynomial function as follows:

12 + log(O/H) = 8.46 + 0.21x − 0.07x2, (5)

where x ≡ log (M⋆/M⊙)−10. We will use this calibration to estimate
the contamination from [N II] line flux and subtract it from the NB
flux (= Hα+[N II]) to obtain Hα flux (Section 3.1).

4 D ISCUSSION

Protoclusters are the ideal laboratories to study how the strong envi-
ronmental dependence in galaxy properties seen today was initially
set up. Strong line ratios such as [N II]/Hα can provide information
on the formation and evolution of galaxies accelerated environ-
ments. In this section, various causal connections, implications,
and speculations regarding the forming process of high-z galaxies
and its environmental dependence will be discussed based on the
results of this work.

4.1 High ionization states of SF galaxies at z > 2

The BPT and MEx diagrams show that the SF galaxies in the pro-
toclusters at z > 2 have high ionization states even for massive
objects. Such a high excitation level seen in high-z galaxies has
been reported by many recent studies in the general fields (Erb et al.
2006a; Kewley et al. 2013a; Holden et al. 2014; Masters et al. 2014;
Newman et al. 2014; Steidel et al. 2014). Line-luminous galaxies
actually tend to be located at the upper side of the abundance se-
quence on the BPT diagram (Juneau et al. 2014). It seems unlikely
that this is due to an observational bias where we may be selectively

sampling galaxies with higher [O III]/Hβ ratios with higher com-
pleteness in our z > 2 sample. For example, Kewley et al. (2013a)
have confirmed that their sample of z > 2 galaxies do not suffer
from such a bias originated from the sensitivity limit.

What is the major intrinsic cause of the high excitation level
(higher [O III]/Hβ ratio for a given [N II]/Hα) at high redshifts? It
can be attributed to different ISM conditions (ionization parameter,
hardness of radiation field, and electron density) of high-redshift
SF galaxies compared to those of lower redshift counterparts as
discussed in Kewley et al. (2013b) and Shirazi et al. (2014). In this
work, we discuss more quantitatively the offset of the abundance
sequence at z > 2 based on the gaseous metallicities and the specific
star formation rates (sSFRs) of Hα-selected galaxies. sSFR is also an
important parameter that controls the ionization states (Shimakawa
et al. 2014b), and indeed Brinchmann, Kunth & Durret (2008b)
have found that the SDSS galaxies with higher Hα EW (almost
equivalent to higher sSFR) are slightly elevated (∼0.3 dex by a three
times larger EW) from the average sequence of the full sample of
SF galaxies. Furthermore, sSFR increases dramatically as we go
closer to z ∼ 2 (Daddi et al. 2007; Whitaker et al. 2012) while
gaseous metallicity decreases (Erb et al. 2006a; Maiolino et al.
2008; Troncoso et al. 2014). According to Whitaker et al. (2012),
sSFR of z = 2 SF galaxies at log(M⋆/M⊙) = 10.5 is ∼33 times
larger than that of z = 0 galaxies. There are few such galaxies with
extremely high sSFRs in the low-z universe. It is thus considered
that such significantly high sSFRs at z ∼ 2 are probably responsible
for their very high ionization states.

Fig. 7(a) shows a BPT diagram for the SDSS galaxies. The
red and blue curves show the difference in galaxy distributions
on this diagram between those having higher dust-corrected sSFR
(sSFRcorr) above the 1σ scatter at a given N2 index (≡log([N II]/Hα)
or gaseous metallicity), and those with nearly average sSFRcorr

values within ±1σ scatter. Here, we employ only the H II region-
like galaxies in the SDSS sample within a specific redshift range
(z = 0.04–0.1) selected by local BPT diagram (Kewley et al. 2006)
and their sSFR are based on Brinchmann et al. (2004). We can
see that the [O III]/Hβ ratios of the galaxies with higher sSFRs
(by ∼0.5 dex; see the bottom panel of Fig. 7(a) have systematically
higher [O III]/Hβ ratio by ∼0.1 dex for a given N2 i.e. metallicity
on average).

On the other hand, Fig. 7(b) represents the dust-corrected
sSFR (sSFRcorr) versus [O III]/Hβ line ratio and their difference
in galaxy distribution on the diagram between those having lower
N2≡log([N II]/Hα) (lower than 1σ scatter at a given sSFRcorr) and
those having nearly averaged N2 values within ±1σ . Our HAEs in
the protocluster are overplotted in this diagram by filled triangles
and squares. sSFRcorr are derived from the NB fluxes with the dust
correction based on UV/Hα ratios (Section 3.1). The [O III]/Hβ

line ratios are estimated from the [O III]/Hα line ratios using the
dust correction prescription based on UV/Hα ratios (Section 3.2).
This method works well since it is consistent with the direct mea-
surements of [O III]/Hβ ratio for the stacked spectra (Section 3.2).
Interestingly, the HAEs in the protoclusters at z > 2 more or
less follow the extension of the correlation between sSFR ver-
sus [O III]/Hβ for the SDSS galaxies. Such trend is also reported
in a recent paper (Holden et al. 2014), but our sample covers a
wider stellar mass range (9!log(M⋆/M⊙)!12). In fact, our pro-
tocluster galaxies at z > 2 have much higher sSFRs (by one to
two orders of magnitude) as well as much higher [O III]/Hβ ratios
compared to the SDSS galaxies. This suggests that sSFR is a key
factor that raises the [O III]/Hβ line ratios. Moreover, the ratios also
depend on the gaseous metallicity in the sense that lower [N II]/Hα
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fresh gas accretion on to the galaxy which would have otherwise
diluted the high metallicity gas at the centre in the infall dominated
phase of galaxy formation (z > 2). Therefore, we expect that this
process can effectively increase the gaseous metallicity of galaxies
in cluster environment, as compared to isolated galaxies.

(3) Thirdly, there is an intrinsic (nature) effect that the time-scale
of galaxy evolution depends on environment, because densest en-
vironments such as clusters of galaxies start off from the highest
density peaks in the early Universe which must collapse first. Be-
cause of this bias, galaxy formation and evolution should proceed
earlier and/or faster, so does the chemical evolution. In this case, the
environmental dependence of gaseous metallicity seen particularly
in lower mass galaxies can be naturally explained by environmen-
tally dependent galaxy downsizing (mass-dependent time-scale of
galaxy formation and evolution; Cowie et al. 1996; Cattaneo et al.
2008), in the sense that the downsizing proceeds earlier in the pro-
tocluster regions, and hence the gas in protocluster galaxies are
more chemically enriched for a given stellar mass especially in less
massive galaxies.
One should note, however, that we are comparing metallicities

between different environments at a given ‘stellar’ mass, and not at
a fixed total or ‘halo’ mass including ‘gas’ mass. The same amount
of stellar mass means that they have synthesized the same absolute
amount of metals. However, the gaseous metallicity (O/H) depends
on gas content or fraction as well. Cluster galaxies can have the
same stellar mass as the field galaxies but with smaller gas fraction
and thus smaller total baryonic or halo masses, because of the
more advanced downsizing effect. Basically, we may be comparing
between the advanced stage of galaxies with low halo masses in
clusters with the less advanced stage of galaxies with high halo
masses in the field. Such difference is expected to be seen more
prominently in less massive systems, since massive galaxies are
already well evolved irrespective of their environments, and we do
not expect to see a sizable difference in the evolutionary stage hence
gaseous metallicity for massive galaxies.
This scenario, however, has a contradiction. Because the advanced

evolutionary stage should mean smaller gas fraction for cluster
galaxies for a given stellar mass, we would expect them to have
lower sSFRs compared to those of field galaxies. This is not consis-
tent with the observational results of Koyama et al. (2013a,b) who
show the environmental independence of sSFRs.

(4) A top-heavy IMF for cluster galaxies can also explain the
metallicity excess since it increases the intrinsic chemical yield. The
top-heavy IMF is actually preferred to account for high (α/Fe) ratios
of massive early-type galaxies (e.g. Baugh et al. 2005; Nagashima
et al. 2005a,b). However, the metallicity difference is seen only in
low-mass galaxies, and so this scenario is not favoured.

(5) Finally, different sample selections may be an issue between
this work (protoclusters) and Erb et al. (2006a) (general field).
Our NB selection of SF galaxies based on Hα emission line can
cover a broader range of SF galaxies in terms of stellar mass. Also
the dust obscuration effect can be minimized. On the contrary, the
UV-selected SF galaxies by Erb et al. (2006a) tend to be biased
to less dusty and relatively young populations (see also Steidel
et al. 2004). This may result in an apparent difference in the M–Z
relation between the two samples as discussed by Stott et al. (2013)
at z = 0.8–1.5. These two samples correspond to different stages
of galaxy evolution in the sense that Hα-selected galaxies are in a
more advanced stage hence could be chemically more enriched at a
given stellar mass. However, there is no environmental dependence
between field and cluster galaxies at z ∼ 2 as reported by Koyama
et al. (2013a,b). Moreover, the offset we see in the M–Z relation for

the protocluster galaxies (0.1–0.15 dex) cannot be accounted for by
the sampling bias alone that Stott et al. (2013) claim. In fact, for the
SDSS galaxies, the amount of dust extinction is largely determined
by the stellar mass, and at the fixed stellar mass we do not see any
clear dependence of the deviation from the M–Z relation on the
amount of dust extinction (see the appendix and also Zahid et al.
2014b). Therefore, we do not expect a strong selection bias between
the UV-selected SF galaxies (Erb et al. 2006a) and the Hα-selected
samples (this work). Furthermore, the fact that we do not see the
metallicity offset for massive galaxies which tend to be more heavily
obscured also suggest that the sampling bias should not be the main
reason for the offset of the M–Z relation for low-mass galaxies.

Following the above discussions, we suggest that the offset in
gaseous metallicity in dense regions may be driven by the envi-
ronmental dependence of ‘feeding & feedback’ processes of galaxy
formation at high redshifts. Cluster galaxies are formed within com-
plicated structures such as clusters, surrounding groups, filaments
and sheets, as simulated by cold dark matter-dominated cosmo-
logical simulations (e.g. Springel et al. 2005). Also, recent models
predict that the cold gas accretion is the dominant gas supply mech-
anism in high-redshift galaxies, and that such process of gas inflow
depends strongly on halo mass and redshift (Dekel et al. 2009).
Moreover, other models simulate gas outflow processes which are
dependent on galaxy mass and surrounding environment (Davé et al.
2011). Therefore, it is natural that cluster galaxies follow different
tracks of chemical evolution from the field ones in their vigorous
formation phase.

Fig. 8 represents the offset of gaseous metallicities of the cluster
galaxies from those of field counterparts. Here, we collect z ∼ 2
samples from Kulas et al. (2013) and Valentino et al. (2014) in-
clude them in this work, and local samples from Ellison et al.
(2009) (SDSS galaxies in dense region above " > 1 Mpc−2) and
Hughes et al. (2013) (Virgo cluster). We clearly see a metallicity

Figure 8. The offset of the averaged gaseous metallicities 12+log(O/H)
of protocluster/cluster galaxies from those in general fields in the literature
plotted against stellar mass. The red diamonds, squares, and a star indicate SF
galaxies at z ∼ 2 in dense regions reported by this work, Kulas et al. (2013),
and Valentino et al. (2014), respectively. The grey crosses and triangles
show local SF galaxies in dense regions above " > 1 Mpc−2 based on
SDSS sample (Ellison et al. 2009) and in Virgo cluster (Hughes et al.
2013), respectively. The dotted and dashed lines are the fitted lines where
#log(O/H) is set to be zero at log(M⋆/M⊙) = 11.16 for both local and the
z ∼ 2 samples except for the Valentino et al. (2014) data.
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Environmental dependence of gas in-/out-flow 
processes is expected and should be explored!�

Inflow (cold streams): 
 - can be different between common haloes in 
clusters and isolated haloes in the field? 
 - may affect internal structures (clumpiness)? 

Outflow: 
 - suppressed by IGM pressure? 
 - selective stripping of outer metal poor gas?�

" Gaseous metallicity (MOSFIRE spectroscopy), 
    Gas fraction and effective chemical yield (ALMA), and 
    Galaxy anatomy (AO+NB imaging, IFU) will tell us more.�

" another key aspect of the environmental effects on top of merger?�
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Summary�
•  Filamentary/clumpy structures of proto-clusters,             

a mid of their assembly process. 

•  Clusters grow inside-out, and the SF activity in cluster 
cores drops rapidly as (1+z)^6. 

•  Dusty starbursts are more prevalent in proto-clusters and 
they hold a key to understanding environmental effects. 

•  AGN fraction may be higher in clusters/groups at high-z? 

•  Gaseous metallicity is higher in proto-clusters at z>2 than 
in the field (controversial yet!). 

•  Environmental dependence of gas inflow/outflow may be 
another key factor (as well as galaxy mergers). 




