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Figure 2. Pseudo-colour images (B for blue, NB497 for green, V for red) of the 14 giant LABs. The size of the images is 40 × 40 arcsec2 (∼300 × 300 kpc2).
The yellow contours indicate isophotal apertures with a threshold of 1.4 × 10−18 erg s−1 cm−2 arcsec−2. The white horizontal bar in the lower right-hand
image represents the angular scale of 100 kpc (physical scale) at z = 3.1.

Figure 3. Sky distribution of the 14 giant LABs and smoothed density maps of ∼2000 compact LAEs at z ∼ 3.09. In the left-hand panel (a), the small black
box indicates the SSA22a field by Steidel et al. (2000, S00) and the dashed box indicates the SSA22-Sb1 field by Matsuda et al. (2004, M04). The thick bars
show the angular scale of 20 comoving Mpc at z = 3.1. The blue squares and red circles indicate the giant LABs without QSOs and with QSOs, respectively.
The contours represent LAE overdensity, δLAE ≡ (n − n̄)/n̄ =0, 1, 2, 3, 4, 5 and 6.

Figure 4. Filamentarity of the 14 giant LABs as a function of the overdensity
of LAEs. The blue squares and red circles indicate giant LABs without QSOs
and with QSOs, respectively. The error bars show 1σ uncertainties. The
filamentarity of the LABs shows a weak anticorrelation with the overdensity
of LAEs.

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

Based on deep, wide-field Lyα imaging, we construct a sample of
14 giant LAB candidates at z = 3.1 from a volume of 1.6 × 106

comoving Mpc3. This is the largest sample of giant LABs and triples
the number of known LABs over 100 kpc. Our giant LAB sample
shows a wide variety of Lyα morphologies and resides not only in
overdense environments, as derived from LAEs, but also in low-
dense environments. We find a possible hint for the ‘morphology–
density’ relation of the LABs: the Lyα filamentarity seems to differ
as a function of the local density environments.

How can we interpret this possible morphology–density relation
of the LABs? The Lyα morphology may relate to the formation
mechanisms of LABs. According to recent numerical simulations,
more filamentary LABs may be good candidates for cold gas ac-
cretion from the surrounding IGM (Faucher-Giguere et al. 2010;
Goerdt et al. 2010). Although direct evidence for such gas inflows
is not found around star-forming galaxies at z ∼ 2 (Steidel et al.
2010), recent studies of the metallicity of star-forming galaxies from
low to high redshifts indicate that gas inflows may still be dominant
in the field environment at z ! 3 (Mannucci et al. 2010). More circu-
lar LABs may relate to large-scale gas outflows, which are driven by
intense starbursts and/or AGN activities (Mori & Umemura 2006).
At high redshift, star-formation and AGN activities in overdense
environments are known to be several times higher than those in
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LAEs (Matsuda et al. 2005; Nestor et al. 2013; Erb et al. 2014),
five LBGs (Steidel et al. 2003; Nestor et al. 2013; Erb
et al. 2014), and 10 K-band selected galaxies (Kubo et al. 2015,
2016) within the protocluster (i.e., with zspec=3.06–3.12;
Hayashino et al. 2004; Matsuda et al. 2005). None of the
ALMA SMGs (including candidates in the supplementary
source catalog) have LAE/LBG counterparts, which shows
that these rest-frame UV selected galaxies are clearly separated
populations, compared to galaxies individually detected by
ALMA. In contrast, five out of 10 K-band selected galaxies are
securely detected by ALMA. Therefore, such a relatively
massive galaxy population (stellar mass, 1010–11Me; Kubo
et al. 2013) selected at rest-frame optical wavelengths appears
to significantly overlap with the ALMA population. This trend
is broadly consistent with recent works in SXDF (Tadaki
et al. 2015) and HUDF (Aravena et al. 2016; Dunlop et al.
2016), as well as previous studies of ALMA SMGs (Simpson
et al. 2014). We summarize the relationship to other
populations in Appendix B.

4. DISCUSSION

4.1. Resolving the AzTEC Map with ALMA

Several hundred submm/mm sources discovered by single-
dish telescopes have been observed by submm/mm inter-
ferometers to date. Some appear to resolve into multiple,
individual SMGs, whereas others have a unique counterpart
above a given detection limit (e.g., Gear et al. 2000; Tacconi
et al. 2006; Younger et al. 2008; Wang et al. 2011; Barger
et al. 2012; Smolčić et al. 2012a; Hodge et al. 2013a; Miettinen
et al. 2015; Simpson et al. 2015a). For instance, Barger et al.
(2012) reported that, using the SMA, three of 16 SCUBA

sources are composed of multiple objects. From ALMA
observations, Hodge et al. (2013b) and Simpson et al.
(2015a) suggested that ∼30–40% of LABOCA or bright
SCUBA2 sources (with flux densities of S870μm=4–15 mJy
and S850μm∼8–16 mJy, respectively) are resolved into
multiple SMGs brighter than S870μm∼1 mJy, making most
of the components “ULIRGs.” These results suggest that the
relatively poor angular resolution of single-dish imaging
(15″) causes significant source blending and complicates
our interpretation of the nature of SMGs. ALMA enables us
now to resolve not only individual single-dish sources, but also
relatively faint sources spread over a wider area.

4.1.1. Comparison of the AzTEC and ALMA Map

The AzTEC/ASTE survey of SSA22 by Tamura et al.
(2009) and Umehata et al. (2014) presented a 1.1mm image of
ADF22. The 30″ resolution image has a 1σ depth of 0.7mJy
beam−1 and detects three sources above a 3.5σ detection
threshold within ADF22 (SSA22-AzTEC1, SSA22-AzTEC14,
and SSA22-AzTEC77; hereafter AzTEC1, AzTEC14, and
AzTEC77, respectively). Two of the three AzTEC sources,
AzTEC1 and AzTEC14, have two and five ALMA SMGs
located within the FWHM of the AzTEC beam, respectively. In
contrast, AzTEC77 has only one associated ALMA SMG
(Figure 7).17 In summary, three AzTEC sources are resolved
into eight ALMA SMGs. The result is in line with previous

Figure 6. ALMA 1.1mm continuum maps of 18 sources in ADF22. Each map is 5″×5″ in size. We show the DEEP/HIRES map to display the better angular
resolution image. We use the FULL/LORES map only for ADF22.14, which is not covered by the DEEP/HIRES map (see Figure 2 for the source distributions and
covered area of the FULL/LORES and DEEP/HIRES map). IDs are shown in the bottom in the maps, and synthesized beams are displayed in the bottom left of each
map. The 1.1mm ALMA contours are in steps of 5σ starting at ±5σ (red, ADF22.1–ADF22.4), in steps of 3σ starting at ±3σ (magenta, ADF22.5–ADF22.9), and in
steps of 2σ starting at ±3σ (orange, ADF22.10–ADF22.18).

17 AzTEC77 shows an elongated profile, which should be caused by ADF22.6,
as illustrated in Figure 7. Therefore, the profile itself should reflect the two
ALMA SMGs. However, ALMA6 is located at outside of the AzTEC beam of
AzTEC77 and so does not contribute significantly to the measured flux of
AzTEC77. Hence, here we treat ADF22.3 as an unique counterpart of
AzTEC77.

7
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Figure 1. Upper: The ionization structure of Halo A(Mh ∼ 7 × 1011 M⊙). Lower: The ionization structure of Halo B(Mh ∼ 1 × 1010 M⊙). Colour indicates
the neutral fraction of hydrogen in log scale. White points show the positions of young star clusters.

Figure 2. Escape fraction as a function of halo mass at z = 3–6 for the
N144L10 Fiducial UVB run. Different colours are used for different redshifts
(red: z = 3, blue: z = 5, green: z = 6). The triangles in the bottom right panel
show the mean values in each mass bin with 1σ error bars. The data points
with log f esc < −2.5 are shown at log f esc = −2.5 for plotting purposes.

(blue open circles), and that of the low-mass haloes does not change
largely. On the other hand, our results and Gnedin et al. (2008)
indicate that f esc of high-mass haloes with Mh > 1010 M⊙ does
not change largely with redshift. For low-mass haloes with Mh <

1010 M⊙, it seems that f esc is increasing slightly with decreasing
redshift in our simulations. This might be due to the increasing
cosmic SFR density and increasing UVB intensity from z = 6 to 3.
Indeed, if we calculate the radiative transfer without the contribution
of UVB in equation (2) for the Fiducial run at z = 3 with the same
gas and stellar distribution, f esc decreases by ∼10–20 per cent. In
addition, the mass fraction of gas with log nH > 0.6 within haloes
increases with increasing redshift, which leads to a lower escape
fraction due to a higher recombination rate.

Fig. 4 shows the probability distribution function (PDF) of star
particles as a function of f esc in haloes with Mh ≤ 1011 M⊙ (top
panel) and Mh > 1011 M⊙ (bottom panel). The probability is defined
by P(f esc) = Nstar(f esc ∼ f esc + " f esc)/(Nstar,total " f esc), where Nstar

is the number of star particles that have the value of f esc ; Nstar,total is
the total number of source star particles; and " f esc is the binwidth.
The figure shows that the lower-mass haloes have a longer tail
towards higher values of f esc. Since the ionization structure in low-
mass haloes shows conical regions of highly ionized gas, ionizing
photons can escape easily through these ionized cones, but not
through other angular directions covered by highly neutral gas.
This allows for some star particles in lower-mass haloes to have
high f esc. On the other hand, the higher-mass haloes show very
complex and clumpy distribution of highly neutral gas, therefore it

C⃝ 2010 The Authors, MNRAS 412, 411–422
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Fig. 1.— H i column density distribution functions at z = 3 for the four runs with different

treatment of UVB. The observational data points are from Péroux et al. (2005, black open
squares), O’Meara et al. (2007, magenta open circles). Prochaska & Wolfe (2009, green

triangles), and Noterdaeme et al. (2009, cyan bars).

Nagamine, Choi, HY (2010) Radiative transfer effects 
of UVB has a large impact
(stellar UV is secondary)

UVB ionizes outside regions 
significantly, while stellar rad. 
is shielded by nearby clumps.

z=3
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No UVB

UVB with self-shielding (n~0.01/cc)

Can simulations reproduce the abundances of DLA/LLS?
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Figure 3. Panel (a): neutral fraction of hydrogen gas as a function of number density for the same haloes as in Fig. 2. The black dashed lines and blue solid
lines indicate the equilibrium solution of ionization balance between the UVB ionization and recombination in the optically thin model and the OTUV model,
respectively. The red filled circles are obtained by including direct RT calculations of UVB, stellar radiation and collisional ionization. The blue filled circles of
halo C are the neutral fraction with UVB and collisional ionization only (i.e. without stellar radiation transfer). The green filled circles are the neutral fraction
with only UVB (i.e. without stellar radiation and collisional ionization). Panel (b): neutral fraction of gas clumps irradiated by the radiation from young star
clusters at the indicated distance ℓ as a function of hydrogen number density. See the text for the details of the calculation. Different coloured solid lines
indicate different conditions as indicated in the legend, where Ṅph (s−1) is the emissivity of ionizing photons from star clusters, and ℓ (kpc) is the distance
between the star clusters and the gas clump.

Figure 4. Physical cross-section of DLAs (panel a) and LLSs (panel b) as a function of halo mass at z = 3. Each point represents a halo with star-forming
galaxies, including the stellar RT. Filled triangles indicate the median values in each mass bin. In the bottom-right panel, the results from different runs are
compared: optically thin (red), OTUV (blue), HM0.5 (green) and no-UVB (magenta) runs, respectively.

The bottom-right panels of Figs 4(a) and (b) compare the results
of different UVB models. For both DLAs and LLSs, the cross-
section is the greatest for the no-UVB run, and it drops dramatically
once the UVB is turned on. The difference between the optically thin
run and the HM0.5 run is small, suggesting that the gas is ionized
to relatively high densities under the optically thin approximation,

irrespective of the specific strength of the UVB. For DLAs, the
OTUV run has much higher cross-sections than in the HM0.5 run,
because the high-density clouds with n > nUV

th are the main con-
tributor to σ DLA and the OTUV model increases the neutral fraction
of such gas over the optically thin approximation. In fact, the value
of β for the OTUV run is much higher than that of HM0.5 run, but

C⃝ 2012 The Authors, MNRAS 427, 2889–2904
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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Figure 7. 2D map of NH I for four haloes in the OTUV run at z = 3. Each column shows different treatment of radiation: column (a): no-ionization; (b):
UVB + collisional ionization, (c): UVB + star + collisional ionization. Column (d) is the same as column (c), but for the same halo in the optically thin run.
Each row corresponds to one halo with a panel size ℓphys in physical units: halo (1): Mh = 6.7 × 1011 M⊙, ℓphys = 300 kpc; halo (2): Mh = 1 × 1011 M⊙,
ℓphys = 159 kpc; halo (3): Mh = 2.6 × 1010 M⊙, ℓphys = 80 kpc and halo (4): Mh = 3.3 × 109 M⊙, ℓphys = 47 kpc. The white vertical tick mark in column
(d) indicates a scale of proper 30 kpc.

in the current simulations. Some previous works used the constant-
velocity wind (CW) model. The black dashed and solid lines are the
PDFs from the CW model + optically thin UVB approximation (P3
run in Nagamine et al. 2007) and CW+OTUV run (Nagamine et al.
2010), respectively. We find that the DLAs in the CW model are
concentrated near the galaxy centre more than the MVV model. In

the CW model, the lower mass galaxies have higher wind velocities
than in the MVV run (Choi & Nagamine 2011), therefore the DLAs
abundance is somewhat suppressed. In such a situation, only high-
density gas around galaxy centre can survive as DLAs, resulting in
a steeper PDF. In the case of LLSs, the PDFs are in general much
wider than those of DLAs.

C⃝ 2012 The Authors, MNRAS 427, 2889–2904
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abundance is somewhat suppressed. In such a situation, only high-
density gas around galaxy centre can survive as DLAs, resulting in
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Figure 9. 2D map of projected stellar mass (top row), NH I (middle row) and metallicity (bottom row) for the same four haloes shown in Fig. 7 in the OTUV
run. Each column with the number index corresponds to the same halo in each row of Fig. 7, and the panel sizes are the same as in Fig. 7. The colour scheme
of stellar mass is normalized in each panel. The middle row is the same as the column (c) in Fig. 7, but here we show it again for comparison. The white bar in
the middle row shows the proper 30 kpc. Note the different panel sizes for each column. The metallicity map is obtained by summing up all metal mass along
each line of sight and dividing by the total gas mass in the same sightline. The white circles indicate the virial radius of each halo: physical 68, 37, 23 and
11 kpc for haloes (1)–(4), respectively. The virial radius is estimated by Rvir ≃ 144(1 + zvir)−1(Mh/1011 M⊙)1/3 kpc (e.g. Mo & White 2002), and here we
assumed zvir = 3.

For example, PDF ∝dσ DLA/dlog Mh for the top-left panel. The his-
tograms are normalized such that the area under the histogram is
equal to unity. The dashed and dotted lines indicate the median
and mean values weighted by the cross-section, respectively. We
find the median halo mass by rank ordering the halo mass accord-
ing to the x-axis quantity, and determining the halo at which the
stacked cross-section being half of the total. We see that the mean
values are biased towards higher values and not representative of
the entire distribution, except for the bottom-right panel where the
distribution is strongly peaked at a certain metallicity. Therefore,
median value is the better indicator of typical property of DLA
hosts.

The upper-left panel of Fig. 11 shows that the median halo mass of
DLA hosts is Mh = 2.4 × 1010 M⊙, and about half of the total σ DLA

is contributed by the haloes with Mh = 6.6 × 109–1.1 × 1011 M⊙,
centred around the median (±25 per cent around median). Although
σ DLA increases with increasing Mh, the number density of massive
haloes decreases at the same time. This effect pushes the median
DLA halo mass to be in the medium mass range. Nagamine et al.
(2007) also presented the median DLA halo mass for various wind

models, and our results are similar to their P3 or Q3 model. The cyan
shade indicates the mass range of DLAs host galaxies suggested by
clustering analysis (Cooke et al. 2006). Cooke et al. (2006) showed
that mass of galaxies hosting DLAs were 109.7 < M < 1012 M⊙
from DLA–LBG cross-correlation. Our simulation results agree
well with Cooke’s result and the simulation work (Lee et al. 2011).
In addition, we derive the bias parameter from the median mass.
Here we use an ellipsoidal collapse model (Sheth, Mo & Tormen
2001; Mo & White 2002), which can reproduce results of N-body
simulations well. We derive the rms fluctuation of mass density at a
mass scale M, σ (M), by using the median mass of DLAs, and assign
it in equation (8) of Sheth et al. (2001). As a result, we obtain the
bias of b = 1.69 (Table 2). This bias is also in the observed range
of 1.3 < bDLA < 4 by Cooke et al. (2006).

The distribution is relatively flat as a function of SFR. The typ-
ical LBGs have SFR ≈ 1–20 M⊙ yr−1, and the fraction of σ DLA

contributed by such LBGs is ∼30 per cent based on our simulation.
The median SFR in the top-right panel of Fig. 11 is 0.3 M⊙ yr−1.
Using the equation (1) in Kennicutt (1998) for the Salpeter IMF, this
median SFR corresponds to ∼0.02 L⋆ of LBGs at z = 3, which is
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assumed zvir = 3.

For example, PDF ∝dσ DLA/dlog Mh for the top-left panel. The his-
tograms are normalized such that the area under the histogram is
equal to unity. The dashed and dotted lines indicate the median
and mean values weighted by the cross-section, respectively. We
find the median halo mass by rank ordering the halo mass accord-
ing to the x-axis quantity, and determining the halo at which the
stacked cross-section being half of the total. We see that the mean
values are biased towards higher values and not representative of
the entire distribution, except for the bottom-right panel where the
distribution is strongly peaked at a certain metallicity. Therefore,
median value is the better indicator of typical property of DLA
hosts.

The upper-left panel of Fig. 11 shows that the median halo mass of
DLA hosts is Mh = 2.4 × 1010 M⊙, and about half of the total σ DLA

is contributed by the haloes with Mh = 6.6 × 109–1.1 × 1011 M⊙,
centred around the median (±25 per cent around median). Although
σ DLA increases with increasing Mh, the number density of massive
haloes decreases at the same time. This effect pushes the median
DLA halo mass to be in the medium mass range. Nagamine et al.
(2007) also presented the median DLA halo mass for various wind

models, and our results are similar to their P3 or Q3 model. The cyan
shade indicates the mass range of DLAs host galaxies suggested by
clustering analysis (Cooke et al. 2006). Cooke et al. (2006) showed
that mass of galaxies hosting DLAs were 109.7 < M < 1012 M⊙
from DLA–LBG cross-correlation. Our simulation results agree
well with Cooke’s result and the simulation work (Lee et al. 2011).
In addition, we derive the bias parameter from the median mass.
Here we use an ellipsoidal collapse model (Sheth, Mo & Tormen
2001; Mo & White 2002), which can reproduce results of N-body
simulations well. We derive the rms fluctuation of mass density at a
mass scale M, σ (M), by using the median mass of DLAs, and assign
it in equation (8) of Sheth et al. (2001). As a result, we obtain the
bias of b = 1.69 (Table 2). This bias is also in the observed range
of 1.3 < bDLA < 4 by Cooke et al. (2006).

The distribution is relatively flat as a function of SFR. The typ-
ical LBGs have SFR ≈ 1–20 M⊙ yr−1, and the fraction of σ DLA

contributed by such LBGs is ∼30 per cent based on our simulation.
The median SFR in the top-right panel of Fig. 11 is 0.3 M⊙ yr−1.
Using the equation (1) in Kennicutt (1998) for the Salpeter IMF, this
median SFR corresponds to ∼0.02 L⋆ of LBGs at z = 3, which is
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Simulations+of+protocluter region+(PCR)
Environmental effects on galaxy evolution 
and absorption systems??
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Cosmological simulations for reproducing protoclusters



Gas$distribution$(PC1)
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Distribution*of*dark*matter*and*HI*gas(z=3)
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HI column density distribution
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Summary

• Combining(cosmological(simulations(and(radiative(
transfer(calculations,(we(study(galaxy(evolution(and(
HI(absorption(systems
• UVB(with(self?shielding(effect(is(a(key(to(reproduce(
the(observed(abundances(of(DLAs/LLSs
• Impact(of(stellar(radiation(is(secondary
• Protocluster regions(can(form(DLAs/LLSs(by(a(factor(
of(2?3(
• DLAs(in(proclusters distribute(along(IGM(filaments



Future&work
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