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2min-: Narrow-Band Absorbers (NBAs) 
• What are NBAs? 
• Dual NBA–Hα Emitters at z=2.5 
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Narrow-Band Absorbers (NBAs)
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Figure 6. Examples of SED fitting for LAEs (upper panel) and HAEs
(lower panel). Purple and orange circles indicate observed broad-band flux
densities, and large red circles are flux densities of NB428. Black lines
represent the inferred spectra by SED fitting.

regime, F160W photometry is quite essential to determine their
stellar masses. It should be noted again that emission-line contam-
inations to broad-band photometries are negligible for our sample
because the F160W band does not include any strong emission
line, and the fitting results remain consistent even if we apply re-
stricted broad-band data sets that do not contain strong emission
lines ( [O II], Hβ [O III], Hα) to the SED fitting. We also confirmed
that measured stellar masses of all line emitters remain consistent
regardless of the assumption of star formation history.

In addition to the measurements of physical properties by the SED
fitting, we also estimate dust attenuation from the UV slope β (fλ ∝
λβ ) in accordance with the Meurer, Heckman & Calzetti (1999) and

Calzetti et al. (2000) relation. The UV slopes of all the emitters are
calculated by error-weighted least chi-square fitting based on V-,R-
,i-,F606W-band photometries corresponding to λ = 1500–2500 Å
in the rest frame. We then estimate their 1σ errors by 1000 Monte
Carlo iterations. Recent studies tend to prefer to estimate the stellar
dust extinction from the UV slope, since the dust reddening inferred
from the whole SED fitting would inevitably depend on the stellar
mass estimates (Shivaei et al. 2015). While the measured values
of the UV slope for most of the LAEs comfortably fall into the
reasonable range inferred from the Meurer et al. (1999) relation
within the margins of errors, there are several LAEs that have very
blue UV slopes (β < −2.3) deviating from the relation (Table 2).
Such an extremely blue UV slope would require a large contribution
of stellar populations of instantaneous starburst of the age ! 107 yr
(Leitherer & Heckman 1995; Calzetti 2001) to the UV spectrum. In
this paper, we simply apply ‘zero’ extinction for them. On the other
hand, SED-inferred extinction could be helpful since it may resolve
varieties of stellar populations in such young LAEs. Therefore, we
also check the results if we apply the SED-inferred extinctions, and
those can be found in Appendix A.

Fig. 7 shows measured stellar mass distributions of LAEs and
HAEs. LAEs tend to have lower stellar masses relative to Hα flux-
limited sample. Although our sample size is not sufficient, our LAE
sample in the target area would be relatively complete above the
stellar mass of log(M⋆/M⊙) ∼ 8.5 if the number of LAEs increase
in smaller stellar masses. In the meantime, the lower panel in Fig. 7
shows F160W magnitudes as a function of log stellar mass of our all
emitter sample. The figure also shows those enclosing 68 per cent
and 95 per cent of galaxies at the photometric redshift of 2.3–2.8
for a given F160W, which is taken from the Skelton et al. (2014)
catalogue. This suggests that the magnitude limit of F160W < 26.89
can cover down to the stellar mass of ∼108.5 M⊙. On the other hand,
it also denotes that our selection should be biased towards galaxies
with high mass-to-light ratios (i.e. more actively star-forming and
bluer galaxies) in even lower mass regime !108.5 M⊙. Similarly,
we would have only active star-forming systems for the HAE sample
below the stellar mass ∼1010 M⊙.

The position of NB flux peaks and cross-matched ID number
in the 3D-HST catalogue (Skelton et al. 2014) and photometric
redshifts by Momcheva et al. (2016) for all LAEs can be found in
Table 2. This also describes the values and 1σ errors of those Lyα

luminosities, Lyα EWs in the rest frame, UV slopes, stellar masses,
dust-corrected SFRs based on E(B − V) from the UV slope and
SED fitting, and effective radii from van der Wel et al. (2012).

Table 2. Final LAE catalogue at z = 2.5. The first column shows the identification number of LAEs. The second and fifth columns indicate the identification
number in the 3D-HST UDS catalogue (Skelton et al. 2014) and photometric redshifts (zbest) and those 68th percentiles from Momcheva et al. (2016), based
on the 3D-HST Treasury Survey. The second and third show peak position of NB flux. The sixth–ninth represent values and 1σ errors of Lyα luminosity (E41
erg s−1), EW of Lyα line emission in the rest frame (Å), UV slope β, log stellar mass. The 10th and the 11th columns are the SFRs from UV luminosity
(M⊙ yr−1) where those dust extinctions are corrected, following the UV slope and SED fitting, respectively. The 12th column are effective radii derived from
GALFIT distributed by van der Wel et al. 2012 (flags indicate the fitting results defined by their paper; s = suspicious, b = bad). Full table is available as online
material.

1ID 2IDHST
3RANB

4Dec.NB
5zbest

6LE41
7EW 8β 9logM⋆

10SFRUVβ
11SFRUVsed

12Re

1 5917 34.54872 −5.25659 1.71 3.4 ± 1.4 23 ± 5 −2.71 ± 0.39 8.73+0.18
−1.02 1.0+4.9

−0.1 1.0+1.2
−0.1

b0.38 ± 0.42

7 10425 34.56473 −5.24084 2.58 12.7 ± 2.4 21 ± 4 −1.74 ± 0.03 9.20+0.17
−0.80 5.3+17.4

−3.3 6.8+6.3
−4.8 1.12 ± 0.36

9 14560 34.55527 −5.22678 2.04 13.6 ± 2.2 39 ± 5 −2.77 ± 0.16 8.59+0.50
−0.58 2.4+10.8

−0.2 2.4+4.6
−0.2 1.52 ± 0.85

hHα emitters at z = 2.5 selected by Tadaki et al. (2013, 2014a).
mMIPS 24µmm sources found by SpUDS (Dunlop et al. 2007) overlap those objects within 3 arcsec radius.
xAll LAEs have no X-ray source detected by Subaru/XMM–Newton Deep Survey (Ueda et al. 2008) within 3 arcsec radius.
daffected by diffraction spikes in HST images.

MNRAS 468, 1123–1141 (2017)

R Shimakawa et al. 2017a

Sources showing NB 'deficits' 
we expect Lyα abs. in this case

EWabs,rest=10Å
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Dual NBA–HAEs?

EWLyα vs. E(B-V) 
HAEs & LAEs (RS+17a),  
and LBGs (A E Shapley et al. 2003)
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Figure 10. EWLy α versus log stellar mass (a; left), E(B − V) derived from UV slope (b; right). The symbols are the same as shown in Fig. 8. The black
diamonds in the right-hand panel represent the results of composite spectra of LBGs at z ∼3 reported by Shapley et al. (2003). Dashed vertical lines indicate
EWLy α = 0 Å. To facilitate visualization, the figures only show the range of EWLy α between −40 and 80 Å.

massive and dustier than LAEs. Our HAEs seem to trace the EWLy α–
E(B − V) relation found from the composite spectra of LBGs at z ∼3
(Shapley et al. 2003, see also Cassata et al. 2015). This trend is also
inferred from the anticorrelation between E(B − V) and the Lyα

photon escape fraction (Hayes et al. 2010; Matthee et al. 2016).
We here note that a discrepancy between our LAE samples and
LBGs (Shapley et al. 2003) at positive EWLy α should be due to a
sample selection effect. The weak antcorrelation between E(B − V)
and EWLy α can be interpreted as higher H I covering fraction for
galaxies with higher dust extinction as suggested by Reddy et al.
(2016b). However, this scenario cannot explain some outliers seen
in the upper right corner of Fig. 10(b). They show the reddest UV
slopes, E(B − V) > 0.25, and their locations are significantly de-
viated from the distributions of HAEs and LAEs on this diagram.
Such a reverse trend has also been reported by Matthee et al. (2016),
who find a bimodal relation in the UV slope versus the Lyα pho-
ton escape fraction of HAEs at z = 2.2. Those dusty LAEs would
need another physical mechanism to emit strong Lyα line emission
such as galactic outflows powered by starbursts and/or active galac-
tic nuclei (AGNs; Mas-Hesse et al. 2003; Hashimoto et al. 2013;
McLinden et al. 2014; Hayes 2015; U et al. 2015). To confirm this
hypothesis, follow-up spectroscopy is required.

4 D ISCUSSION

We have traced LAEs at z = 2.53 down to the stellar mass of
108 M⊙ and SFR of 0.2 M⊙ yr−1 by deep NB imaging as well
as using publicly available various large surveys data (e.g. SXDS,
CANDELS, 3D-HST). With this unique data set, we investigate
the yet-unexplored lower mass regime of the two major scaling
relations at high redshifts; i.e. mass–SFR and mass–size relations.
The results presented in the previous section suggest that the LAEs
show no especially high or low star-forming activities for their
stellar masses. Also, their stellar sizes are neither particularly large
nor particularly small for their masses when compared to the normal
star-forming galaxies. These similarities are consistent at least in
the low-mass regime, while massive LAEs seem to show distinctive
physical properties at the same time. This section provides some
further discussion on the results, including some concerns about the
current analyses.

4.1 Similarities of physical properties in low-mass LAEs

This work has compared the physical properties of LAEs with those
of HAEs at the same redshift, 2.5. Our results suggest that LAEs are
less massive, less active, less dusty and younger galaxies than HAEs,
and are smaller than more massive star-forming galaxies. However,
for a given fixed stellar mass, they show no special characteristics
in terms of SFR or size compared to other normal star-forming
galaxies. This means that the LAE selection just picks out low-mass
star-forming galaxies preferentially. Our selection is based on Lyα

luminosity, Lyα EW and F160W-band magnitude. It can trace star-
forming galaxies with stellar masses down to ∼108.5 M⊙, if they are
located on the linearly extrapolated main sequence of higher mass
galaxies to the lower mass regime (Whitaker et al. 2014; Shivaei
et al. 2015; Tomczak et al. 2016) (see Sections 2.5 and 3.1).

Fig. 11 shows Lyα luminosity and EW versus specific SFR
(sSFR) of the LAEs. Thick symbols show less massive LAEs lo-
cated below the main sequence of Shivaei et al. (2015). At the first
sight, there are no strong trends in these diagrams, which suggests
that enhanced star-forming activity is not required for the Lyα pho-
tons to escape. Also, this indicates that our result is independent
of the thresholds in Lyα luminosity or EW. Therefore, star-forming
activities may not be directly related to the escape mechanism of
the Lyα photons. There is actually a weak correlation between
EWLy α and sSFR (Spearmans’s correlation coefficient of −0.39).
This is probably due to the increased UV continua in high sSFR
galaxies, and/or this would be partly caused by the observational
limitation. As mentioned in Section 3.1, the NB selection is insen-
sitive to less active LAEs with low EWLy α , which depend on the
depth of NB and corresponding broad-band (B-band) images and
the observed UV slopes of galaxies. Taking into account past studies
(e.g. Yajima et al. 2012; Shibuya et al. 2014b; Reddy et al. 2016b),
in principle, the H I gas covering fraction and the dust obscuration
are more likely to be controlling the Lyα photon escape.

While the results suggest that the activity of star formation does
not play a critical role in the Lyα escape, we still have a con-
cern about interpreting the similarities in star-forming activities
of LAEs on the mass–SFR diagram. The results of this work are
based on the SFR calibration from UV luminosities and continuum
slopes of LAEs, following the Kennicutt (1998) and Meurer et al.
(1999) prescriptions. This has a large uncertainty for young star-
burst populations, however, since the SFR estimations based on their

MNRAS 468, 1123–1141 (2017)
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Puzzling NBAs behind the Narrow-band Redshift

From VANDELS Archive Data (VIMOS 20/40 or 40/80 hours)
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Diffuse Hα Light outside of ISM of galaxies

Seeking ionizing photons beyond ISM 
Huge Hα structure surrounding the Spiderweb radio galaxy at z=2.16 

we are now interested in tails of Hα emission in more typical galaxies...5642 R. Shimakawa et al.

Figure 12. Multi-faces of the Spiderweb galaxy (20 arcsec on a side in each image). (a) The left-hand panel shows NB2071 image (grey scale) and line-
subtracted Ks image (orange con tour). The first con tour is 1.5-sigma background rms. (b) The middle panel is an RGB image from F475W and F814W
photometry with HST. White con tours are based on the NB2071 image, and the first con tour corresponds to 1.5 rms in the background. (c) The right-hand
panel represents the surface brightness of narrow-band flux (SBNB) where the continuum is subtracted (equation 3). 1-sigma error is 3.2 × 10−17 erg s−1 cm−2

arcsec−2 for a given pixel2 area.

Figure 13. A speculative schematic of formation and evolution histories of galaxy clusters and galaxies therein, based on our findings through the MDCS.
We tentatively assume that PKS 1138 at z = 2.2 is a maturing protocluster (middle) and USS 1558 at z = 2.5 is a growing protocluster (right), respectively,
judging form substructures and characteristics of member galaxies. The left one represents the classical massive cluster of galaxies associated with a diffuse
X-ray source. Galaxy colours are trying to express that the star formation declining and red sequence formation in the centre of galaxy clusters towards the
local Universe. Yellow star symbols show energetic AGN activities. A table at the bottom highlights phenomena that are expected to occur in galaxies and
(proto-)inter-cluster medium (see text).

in more detail. We experimentally carry out some further analyses
with these caveats by comparing with HST/ACS images, which are
shown in Appendix D.

Finally, we inspected the other HAEs in PKS 1138 searching for
significantly extended H α structures based on the median stack-
ing with the IRAF scripts. Our stacking procedure reaches down
to 6.4 × 10−18 erg s−1 cm−2arcsec−2 with a two-sigma confidence
level. However, we do not identify such diffuse nebula beyond a
radii of 10 ph-kpc in the other HAEs, even after stacking all HAE
samples.

4 D ISCUSSION

High-redshift protoclusters provide us with a great opportunity to
unveil the formation histories of massive galaxy clusters and their
member galaxies in the local Universe. As claimed by past studies
(Kurk et al. 2004a; Kodama et al. 2007; Doherty et al. 2010; Hatch

et al. 2011; Galametz et al. 2012; Koyama et al. 2013a; Tanaka et al.
2013), PKS 1138 at z = 2.2 is considered to be one of the most
massive protoclusters at z ∼ 2, with a significant number excess
(δ ! 10) of massive red star-forming and passive galaxies over the
MOIRCS FoV relative to the general field at a similar redshift. This
suggests that the massive galaxies in PKS 1138 are in the maturing
phase, and such red galaxies would provide us with direct insights
into the quenching processes of bright red sequence objects seen in
the present-day clusters of galaxies.

With such expectations, the original motivation of this work was
to characterize these massive HAEs. We especially focus on X-
ray fraction and the rest-frame UVJ colours of HAEs based on the
Chandra X-ray data and multi-band images, both of which mostly
cover the survey area. We first derive the stellar mass function and
confirm the number excess of massive HAEs seen in the past studies
(Hatch et al. 2011; Koyama et al. 2013a,b). The characteristic stellar
mass is comparable to that in dense group cores seen in the USS

MNRAS 481, 5630–5650 (2018)
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Radial Profile of Hα Emission from a composite image

Radial Profile of Hα(+[NII]) Emission at z=0.4 
Preliminary Result
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Publications of the Astronomical Society of Japan (2018), Vol. 70, No. SP1 S17-18

Fig. 11. Spatial distribution of the HAEs at z ≈ 0.25 (for NB816) and 0.40 (for NB921) in each field. The dots show the individual emission-line
galaxies, whose number densities are shown by the contours. The gray regions are masked as described in sub-subsection 2.2.2. Star symbols
show galaxy clusters at redshifts corresponding to λc ± "λ of the NB, which are discovered from the red-sequence galaxies by the CAMIRA code
(Oguri 2014, 2017). (Color online)

Downloaded from https://academic.oup.com/pasj/article-abstract/70/SP1/S17/4494206
by National Astronomical Observatory of Japan user
on 20 June 2018

HAE catalog by Hayashi+17 
based on HSC-SSP DR1

M Hayashi et al. 2018a

The data from 641 HAEs in UD-COSMOS (we will increase to ~100k)
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Scientific Motivation

Plan for the next year 
Lyα morphology at z>2 
So far we have only 41 source 
→ how much we can increase data? 

Hα morphology 
It is unfeasible to study at z>2 
→ test analyses at z~0.4 (~100k) 

Pls let me know if you could join  
and provide us with samples!

AA55CH10-Tumlinson ARI 3 August 2017 11:35

Recycling gas

Diffuse gas

Accretin
g gas
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s

Figure 1
A diagram of the CGM. The galaxy’s red central bulge and blue gaseous disk are fed by filamentary accretion from the IGM (blue).
Outflows emerge from the disk in pink and orange, whereas gas that was previously ejected is recycling. The diffuse gas halo in varying
tones of purple includes gas that is likely contributed by all these sources and mixed together over time. Refer to Supplemental
Figure 1 for an alternate version of the figure, which illustrates the different observing techniques we discuss in Section 3.
Abbreviations: CGM, circumgalactic medium; IGM, intergalactic medium.

time, τdep ∼ M gas/Ṁ sfr changes by only ∼2× over the factor of 30 between sub-L∗ and super-L∗

galaxies. More generally, sub-L∗ galaxies generally have extended bursty star-formation histories,
as opposed to the more continuous star formation found in more massive galaxies, suggesting
differences in how and when these galaxies acquire their star-forming fuel. As this fuel is from the
CGM, we must explain how sub-L∗ and L∗ galaxies fuel star formation for longer than their τdep.

2.1.2. What quenches galaxies, and what keeps them that way? How galaxies become and
remain passive is one of the largest unsolved problems in galaxy evolution (Figure 2b). Proposed
solutions to this problem involve controlling the gas supply, either by shutting off IGM accretion
or keeping the CGM hot enough that it cannot cool and enter the ISM. Low-mass galaxies tend
to continue forming stars unless they are a satellite of or near a more massive galaxy (Geha et al.
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Next Year: Subaru 20th Anniversary

Key Issues Towards Next Decades with Subaru 
★ Significant decline of budget 

• Towards Subaru International Operation 
• How to keep SSP & open use 
• Synergy with TMT and other future telescopes

Subaru EAO High-z Galaxy Workshop 2019 
1/31, 2/1 at NAOJ 
chaired by Zheng Cai (THCA) and RS
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The 7th Subaru International Conference

The 5th NAOJ Symposium / The 7th Subaru International Conference 
Subaru Telescope 20th Anniversary & Next 20 Years of Science 

November 2019 at Waikoloa Village, chaired by S Okamoto and RS 
Theme: All science & instruments. We may include Subaru UM FY2019


