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Figure 10. K-band images around 15 LABs (Matsuda et al. 2004), which have K-counterpart candidates. The size of each panel is 23.′′4, which corresponds to 180 kpc
at z = 3.1. The green contours are the isophotal levels of 28.0 mag arcsec−2 in NB497. The circles (black or red) indicate K-selected objects with zphot = 2.6–3.6.
The red circles are DRGs with zphot = 2.6–3.6. The red squares are DRGs at other redshift range (zphot < 2.6 or zphot > 3.6). The objects with numbers are adopted as
K-band counterparts of the LABs. The blue circle in LAB2 is centered on the position of LBG M14 in Steidel et al. (2003).

LAB11 includes three photo-z selected objects within the
Lyα halo. The spectroscopic redshift of the unresolved optical
counterpart is 3.0748.

LAB12 has three photo-z selected objects. #1 is a DRG, and
an LBG is marginally separated in two objects (#2 and #3). An
X-ray source is detected at the position of #1. #1 is one of the
most massive galaxies associated with LABs.

LAB14 is associated with a single DRG, which is detected
in X-ray and MIPS 24 µm (Webb et al. 2009). One of the most
massive galaxies associated with LABs.

LAB16 has the two photo-z selected objects within the Lyα
halo. #2 is newly detected.

LAB20 is associated with a single photo-z selected object,
which is an LBG at z = 3.118. The deficit of Lyα emission is
seen at the position of the K-band source.

LAB24 is associated with a K-band source. Unfortunately,
the color is not available as it is located at the edge of our
images.

LAB27 has the four photo-z selected sources. The shape of
Lyα emission is filamentary.

LAB30 has the two photo-z selected sources. #1 is an LBG
at z = 3.086. #2 is newly detected.

LAB31 is associated with a single photo-z selected object,
which is an LBG at z = 3.076. The shape of Lyα emission
seems round.

Except for LAB1, the most massive four LABs (LAB2, 3, 12,
14) are detected in X-ray, which suggests that AGN activity. In
addition, the luminous seven LABs have DRGs in their vicinity,
suggesting that the LABs are associated with dusty starburst
galaxies.

The detection of the multiple K-band components in LABs
suggests that we are witnessing “on-going assembly” or “hier-
archical multiple merging” events of massive galaxy formation
(White & Rees 1978; Kauffmann & White 1993; Cole et al.
1994; Meza et al. 2003; Naab et al. 2007). The detailed discus-
sion is given in Section 5.2.
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Figure 1. Projected neutral hydrogen column density (xy projection in Table 1; cm−2) around the B1 Milky Way progenitor at z = 2, 3 and 4. The dotted
contours indicate LLSs, while the regions corresponding to DLAs are shown by the solid contours. The point deepest in the potential is at the centre of each
panel and the dashed circles mark the virial radii. A gas smoothing length of 27 proper pc is achieved at z = 2, making this one of the highest resolution
simulations of such a halo to date.

Table 1. Covering factors of cold mode LLSs and DLAs around the B1 Milky Way progenitor.

z Mh Rvir LLS(< 0.5Rvir) DLA(< 0.5Rvir) LLS(< Rvir) DLA(< Rvir) LLS(< 2Rvir) DLA(< 2Rvir)

M⊙ prop. kpc per cent (xy/xz/yz) per cent (xy/xz/yz) per cent (xy/xz/yz) per cent (xy/xz/yz) per cent (xy/xz/yz) per cent (xy/xz/yz)

2 3.2 × 1011 74 32/40/23 10/9/10 10/15/11 3/4/3 4/4/4 1/1/2
3 2.5 × 1011 52 33/23/45 17/34/17 16/16/23 6/12/5 8/5/10 3/3/2
4 7.4 × 1010 27 50/29/51 25/53/25 32/27/32 11/25/10 17/15/14 6/13/6

The three covering factors given for each case correspond to projections along different Cartesian axes (on the xy, xz and yz planes).

galaxy. In a forthcoming study, we will also provide numbers as a
function of absolute distance for samples representative of observa-
tions, but it is already clear from Fig. 1 that much of the covering
factor evolution within fixed fractions of the virial radius is driven
by the evolution of the virial radius itself, and that the covering fac-
tors within a fixed distance do not evolve as strongly. For reference,
the covering factors of DLAs [LLSs] between fixed radii of 10 and
100 proper kpc, for the xy projection of the B1 halo, are (1, 2, 3)
per cent [(7, 8, 10) per cent] at z = (2, 3, 4).

At z = 4, where the streams are prominent and the virial radius
(27 proper kpc) is compact, 10–25 per cent of the area within
Rvir is covered by a DLA, depending on the sightline. By z = 2;
however, this fraction is reduced to 3–4 per cent and even so most
of it arises from galactic material rather than from the accretion
streams, which are seen to actively fragment (excising the inner 10
proper kpc in radius, the DLA covering factor drops to 1–3 per cent,
depending on the sightline). Within 2Rvir, the DLA covering factor
plummets below 1 per cent even including the galaxy. The filament
fragmentation in this high-resolution simulation of a ≈3×1011 M⊙
halo at z = 2 is consistent with previous, lower resolution work that
showed that streams survive mostly in haloes below the transition
mass ≈2–3 × 1011 M⊙, or at z > 2. At lower redshift, cooling and
possibly Rayleigh–Taylor instabilities start operating in the infalling
gas, which is increasingly surrounded by a hot medium, and seed
the formation of cool clouds as in Kereš & Hernquist (2009).

Fig. 2 shows the H I column density map around the A1 halo,
of mass ≈9 × 1011 M⊙ at z = 2. While the resolution of this
simulation is poorer by 50 per cent spatially, the halo mass is exactly
the average mass probed by the LBG sample of Steidel et al. (2010)
at the mean redshift ⟨z⟩ = 2.2, and allows us to test how the results
above scale to this mass. For the random projection shown, the

Figure 2. Same as Fig. 1, but for the A1 halo of mass 9×1011 M⊙ at z = 2,
corresponding to an average-mass LBG in the Steidel et al. (2010) sample.

covering factor of DLAs within Rvir at z = 2 is 4 per cent, i.e. the
same as for the xz projection of the B1 halo in Fig. 1, and again
arises mostly from material close to the galaxy. The LLS covering
factor of 11 per cent within Rvir is also similar to the B1 case. This
result is consistent with the study of Hong et al. (2010), who find
that the DLA covering factor within Rvir in simulations without
outflows is relatively constant over a fairly wide mass interval in
the LBG range. The small covering factors of accreting material we
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cold gas accretion (Haiman et al. 2000; Goerdt et al. 2010),
or by galactic superwinds (Taniguchi & Shioya 2000; Mori
& Umemura 2006), or by photoionization induced by intense
starbursts or active galactic nuclei (AGNs; Chapman et al. 2001;
Geach et al. 2009). Recent studies based on X-ray and mid-
infrared observations suggest that a significant amount of LABs
has an indication of AGNs which can power the extended Lyα
emission (Lehmer et al. 2009; Geach et al. 2009; Webb et al.
2009).

Uchimoto et al. (2008) carried out a deep near-infrared
observation in the southern part of the SSA22a field (Steidel
et al. 2000). In the field (hereafter referred as SSA22-M1),
they found density excesses of distant red galaxies (DRGs;
Franx et al. 2003) and the photometric redshift (hereafter
photo-z) selected objects in the vicinity of LAB1 and LAB2.
Moreover, they showed that the stellar mass of K-selected
objects associated with eight LABs are in the range of M∗ =
109–1011 M⊙, and they are correlated with their luminosity of
Lyα emission. Since the observed field of view (FOV) is not
large enough to cover the entire high-density region of LAEs, the
stellar mass distribution over the entire high-density structure
was not very clear.

In this paper, we present the results of the new deep and wide
near-infrared (NIR) imaging of the protocluster at z = 3.09 in
the SSA22-sb1 field by using Multi-Object Infra-Red Camera
and Spectrograph (MOIRCS; Suzuki et al. 2008) mounted on
8.2 m Subaru telescope. Here, we construct the large NIR-
selected sample of protocluster galaxies down to K = 24.3
along the filamentary, high-density structure of LAEs at z =
3.09. The limiting magnitude corresponds to the stellar mass
!3 × 109 M⊙ assuming the typical spectral energy distribution
(SED) of LBGs at z ∼ 3. We will focus on the stellar mass
assembly in the protocluster at z = 3.1 in this paper. Our
scientific goal is to reveal how much of the stellar mass has
already formed and assembled in the protocluster. In other
words, we would like to see the relation between the structure
traced by the star formation activity and that traced by the stellar
mass.

We will describe the observation and the data analysis method
in Section 2. The sample selection by the photometric redshift
(photo-z) as well as by the simple color cut will be described
in Section 3. The properties of all the selected objects and
Ks-band counterparts of LABs will be explained in Section 4.
In Section 5, we will discuss our results in terms of the mass
assembly history in the protocluster.

We use the cosmological parameter values ΩM = 0.3,
ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1 throughout this paper.
All the magnitude values are in AB system (Oke & Gunn
1983; Fukugita et al. 1996), unless explicitly noted. Conversions
between the Vega and the AB systems are made using the
following equations: J = JVega + 0.95, H = HVega + 1.39,
K = KVega + 1.85.

2. OBSERVATIONS AND DATA

J-, H-, and Ks-band images were obtained by using MOIRCS
equipped with Subaru telescope, whose FOV is 4′ × 7′. The
observed fields are located in SSA22-Sb1 (Matsuda et al. 2004).
The observations were carried out on 2005 June and August,
2006 July, 2007 September, and 2008 May. The summary of the
observations is listed in Table 1.

We observed the six regions, which are referred as SSA22-
M1 to M6. The schematic feature is shown in Figure 1. The
name of the observed field is also shown in the figure. The area

Figure 1. Observed area in the SSA22-Sb1 field. The rectangles (red) indicate
each field of view, in which the names of the observed fields are also shown.
Contours (black) are 1σ , 1.5σ , 2σ density levels of LAEs. LABs are indicated
with circles (blue). The cross shows the density peak of LAEs identified in
Yamada et al. (2012).

of the three fields, M3, M4, and M5, are 4′ × 3.′5, since the half
of the FOV was not available in 2007 due to the detector trouble.
The early results for the SSA22-M1 field, corresponding to the
southern part of SSA22a (Steidel et al. 1998), was published
in Uchimoto et al. (2008). The additional data taken for the
SSA22-M1 fields also analyzed in this paper.

The images are reduced in standard manner with the
MCSRED software package11 provided by Ichi Tanaka (Subaru
Telescope) and his colleagues. Uchimoto et al. (2008) can be
referred for the detailed description. The effective area of the
final image is 111.8 arcmin2. The typical image size (FWHM)
ranges from 0.′′4 to 0.′′6, and the limiting magnitude ranges from
24 to 25 mag. The details are listed in Table 2.

For the detection and photometry, we use SExtractor (version
2.3; Bertin & Arnouts 1996). The objects which have more
than 16 connected pixels above 1.5σ in surface brightness are
selected. The SExtractor MAG_AUTO value is adopted as the
K-band pseudo total magnitude. We calibrated our NIR data
to the United Kingdom Infrared Telescope photometric system
(Tokunaga et al. 2002).

For the J − K color measurement, all the images of the
SSA22-M1, M2, M3, and M6 fields are smoothed to be matched
with 0.′′53, the largest point-spread function (PSF) of the J-band
images in M1. On the other hand, the FWHM in M4 and M5
are slightly larger, as shown in Table 1. We therefore matched
the PSFs in M4 and M5 to 0.′′67. The J − K color was measured
by a 1.′′1 (9 pixels) diameter aperture in M1, M2, M3, and M6,
and by a 1.′′4 (12 pixels) diameter aperture in M4 and M5, and
we applied a small aperture correction less than 0.1 mag to the
aperture magnitudes of the sources in M4 and M5. Figure 2
shows the J − K versus K color–magnitude diagrams for the
four regions with better image quality, and Figure 3 shows that
in the two regions with relatively poor image quality. In SSA22-
M1, M2, M3, and M6, the J-band images are deep enough to
select the DRG sample (J − K > 1.4) down to K = 24.0.
The completeness in the shallowest M4 field is still 90% at
K = 23.8.

11 http://www.naoj.org/staff/ichi/MCSRED/mcsred_e.html
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Figure 10. K-band images around 15 LABs (Matsuda et al. 2004), which have K-counterpart candidates. The size of each panel is 23.′′4, which corresponds to 180 kpc
at z = 3.1. The green contours are the isophotal levels of 28.0 mag arcsec−2 in NB497. The circles (black or red) indicate K-selected objects with zphot = 2.6–3.6.
The red circles are DRGs with zphot = 2.6–3.6. The red squares are DRGs at other redshift range (zphot < 2.6 or zphot > 3.6). The objects with numbers are adopted as
K-band counterparts of the LABs. The blue circle in LAB2 is centered on the position of LBG M14 in Steidel et al. (2003).

LAB11 includes three photo-z selected objects within the
Lyα halo. The spectroscopic redshift of the unresolved optical
counterpart is 3.0748.

LAB12 has three photo-z selected objects. #1 is a DRG, and
an LBG is marginally separated in two objects (#2 and #3). An
X-ray source is detected at the position of #1. #1 is one of the
most massive galaxies associated with LABs.

LAB14 is associated with a single DRG, which is detected
in X-ray and MIPS 24 µm (Webb et al. 2009). One of the most
massive galaxies associated with LABs.

LAB16 has the two photo-z selected objects within the Lyα
halo. #2 is newly detected.

LAB20 is associated with a single photo-z selected object,
which is an LBG at z = 3.118. The deficit of Lyα emission is
seen at the position of the K-band source.

LAB24 is associated with a K-band source. Unfortunately,
the color is not available as it is located at the edge of our
images.

LAB27 has the four photo-z selected sources. The shape of
Lyα emission is filamentary.

LAB30 has the two photo-z selected sources. #1 is an LBG
at z = 3.086. #2 is newly detected.

LAB31 is associated with a single photo-z selected object,
which is an LBG at z = 3.076. The shape of Lyα emission
seems round.

Except for LAB1, the most massive four LABs (LAB2, 3, 12,
14) are detected in X-ray, which suggests that AGN activity. In
addition, the luminous seven LABs have DRGs in their vicinity,
suggesting that the LABs are associated with dusty starburst
galaxies.

The detection of the multiple K-band components in LABs
suggests that we are witnessing “on-going assembly” or “hier-
archical multiple merging” events of massive galaxy formation
(White & Rees 1978; Kauffmann & White 1993; Cole et al.
1994; Meza et al. 2003; Naab et al. 2007). The detailed discus-
sion is given in Section 5.2.
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  the	
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(Q3)	
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  is	
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(Q7)	
  How	
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  the	
  proposed	
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  cases	
  be	
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  or	
  complementary	
  to	
  the	
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  with	
  30m	
  class	
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  (e.g.	
  TMT)	
  or	
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  +	
  dedicated	
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  bundle	
  configura\ons	
  (spa\al	
  sampling,	
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  13'.6	
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  -­‐	
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  -­‐	
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  –	
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===	
  Uniqueness	
  of	
  the	
  instrument	
  ===	
  	
  
(Q9)	
  What	
  is	
  the	
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  of	
  the	
  fiber	
  bundle	
  mul\-­‐object	
  IFU	
  with	
  Starbugs	
  compared	
  
to	
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  or	
  mul\-­‐object	
  slit	
  spectrograph?	
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ALMA	
  will	
  be	
  able	
  to	
  observe	
  [NII]/[CII]/CO	
  
emission	
  line	
  of	
  galaxies	
  in	
  the	
  Lya	
  blobs	


et al. (2004) found 33 LABs in and around the protocluster, including two 100-kpc scale filamentary
LABs (LAB5 and LAB18, Fig. 3). Matsuda et al. (2011) found a hint of Lya morphology-density
relation: bright/spherical LABs tend to reside in galaxy over-dense regions, while faint/filamentary
LABs tend to reside in lower-density regions (Table 1). One possible interpretation is that spherical
LABs may be made from gas outflows from intense starbursts induced by frequent galaxy-galaxy
mergers in over-dense regions, while the filamentary LABs may be more isolated systems and reflect
continuos cold streams.

LAB02

ALMA Band 7 FoV

100 kpc
LAB01

ALMA Band 7 FoV

Figure 2: Pseudo-color Subaru/S-Cam images (B for blue, NB497 for green, V for red) of the

2 spherical LABs (Steidel et al. 2000). The size of the images is 32 ⇥ 32 arcsec

2
(⇠ 240 ⇥ 240

kpc

2
). The yellow circles indicate ALMA band 7 FoVs. The white horizontal bar in the left panel

represents the angular scale of 100 kpc (physical scale) at z = 3.1. Such spherical gaseous structure

may be made from gas outflows from intense starbursts induced by frequent galaxy-galaxy mergers

in over-dense regions. Proposed ALMA observations will identify any obscured starbursts with SFR

> 10 M� yr

�1
and SFR surface density > 0.1 M� yr

�1
kpc

�2
, which can drive substantial gas outflows

in the spherical LABs.

To see possible obscured starbursts, these LABs have been observed by JCMT / SCUBA
(Chapman et al. 2001, 2004; Geach et al. 2005). The LAB1, LAB5 and LAB18 were detected above
3.5-� at 850µm while LAB2 has a marginal (2.8-�) detection (see Table 1). These results showed that
both type of the LABs have obscured star-formation activities, which potentially drive superwinds.
However, recent several followup observations claimed that the SCUBA fluxes could be overestimated
(Matsuda et al. 2007; Yang et al. 2012; Tamura et al. 2013; Alexander et al. in prep). For example,
Chapman et al. (2001, 2004) reported that LAB1 has a 850µm flux of S850µm = 17.4 ± 2.9mJy. In
contrast to the SCUBA detection, Matsuda et al. (2007) could not detect any submm source in the
LAB1 and constrained a 3-� upper limit of S880µm < 4.2mJy from SMA observations. More recently,
as a part of an Cycle 0 program (PI, D. Alexander), LAB2 was observed at 870µm with ALMA. The
ALMA observations could not detect any continuum source in the LAB2 and constrained a 3-� limit
of S870µm < 0.75 mJy. The filamentary LABs, LAB5 and LAB18, were not observed with ALMA yet.
It is possible that these filamentary LABs have brighter submm sources than the spherical LABs. If
it is true, the above interpretation for the spherical and filamentary LABs would have a problem.
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LAB18

ALMA Band 7 FoV

100 kpc
LAB05

Figure 3: Pseudo-color Subaru/S-Cam images (B for blue, NB497 for green, V for red) of the

2 filamentary LABs. Such filamentary gaseous structure may be made from gas inflows along the

surrounding large-scale dark matter filaments. Proposed ALMA observations will test if obscured

starbursts exist even in the filamentary LABs.

1.2 Immediate objective:

We propose band 7 continuum observations of the two morphological types of LABs to identify any
associated obscured starbursts, which can drive superwinds. We request a continuum sensitivity of
rms = 0.04mJy, which is 6⇥ deeper than the previous ALMA Cycle 0 observations of LAB02. The
spherical LABs could have at least SFR ⇠ 100�200M� yr�1 from the UV observations (see Table 1).
Main part of the spherical LABs can be covered within the primary beam size of 17.9” (see Fig. 2).
In an extreme case, each LAB has 4 multiple submm sources with SFR ⇠ 25 M� yr�1, locating near
the 50% edge of the 12-m primary beam. To detect such source with 5-�, we need the continuum
sensitivity of rms = 0.04mJy (assuming assuming a dust temperature of Tdust = 30K and a dust
emissivity index of � = 1.5). The angular resolution of 1.1” (8 kpc at z = 3.1), achievable with the
most compact configuration, is small enough to check if the SFR surface density exceeds the threshold
for superwinds (⌃SFR ⇠ 0.1M� yr�1 kpc�2, Heckman 2002). This beam size is comparable to the
spatial resolution of the Subaru/S-Cam Lya and UV continuum images of 1.0”. Another purpose
is to constrain upper limit to the filamentary LABs. The filamentary LABs have smaller size and
possible associated source should also be located near the center of the FoV. The SFR estimated
from the Lya luminosity is 8 � 13M� yr�1. To constrain 3-� limits of SFR < 8 M� yr�1, we need
the continuum sensitivity of rms = 0.04mJy at 860µm.

Previous Hershel/SPIRE and ASTE/AzTEC observations of these LABs could not detect any
submm sources (Tamura et al. 2013; Kato et al. in prep). The 3-� upper limits of S350 < 18mJy and
S1.1 < 2mJy correspond to the FIR luminosities of LFIR < 2� 10⇥ 1012L� (or SFR < 400� 2000
M� yr�1 ). However, these limits were not deep enough to investigate the di↵erence between the
obscured star-formation activities in the spherical and filamentary LABs. If we can detect obscured
starbursts in these LABs with ALMA, then it is strong evidence that their gaseous structure are
mainly formed by superwinds. With 4.6-hours of observations we will identify the key processes
forming these Lya nebulae, which may be more widely relevant for galaxy formation and the large-
scale gas circulation between galaxies and the surroundings.
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We	
  have	
  approved	
  ALMA	
  
Cycle2	
  project	
  to	
  see	
  dust	
  
con\nuum	
  emission	
  (870um)	
  
in	
  4	
  Lya	
  blobs	
  (2	
  spherical	
  
and	
  2	
  filamentary	
  blobs).	
  
	
  
If	
  we	
  are	
  lucky,	
  we	
  can	
  detect	
  
redshived	
  [NII]205um	
  to	
  
measure	
  kinema\cs	
  of	
  
galaxies	
  in	
  the	
  blobs.	
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Figure 5. Photometric redshift distribution for galaxies in the HUDF that satisfy the color cut used for membership assignment in this
work (black solid histogram) in comparison with the distribution for the full HUDF galaxy sample (blue dotted histogram; Coe et al. 2006).
This comparison demonstrates that the proposed color cut is successful at selecting high redshift sources (90% at z > 1) with the peak of
the resulting redshift distribution centered on the redshift of LABd05 (red dashed line).

Figure 6. LABd05 galaxy membership. The obscured AGN is centered at [0′′,0′′] in both panels, and the position of the Lyα centroid
measured from the Subaru imaging is shown as a red cross. Left: The ACS V606 image, with circles representing sources that have been
flagged as members of the system based on optical/NIR colors and distance from the AGN (“M1” spectroscopic members: filled green
circles, “M1”: large black circles, “M2”: small black circles; see Section 3.1.3). Right: The continuum-subtracted Subaru IA445 (Lyα)
imaging, with contours at Lyα surface brightness levels of [1, 3, 5, 7, 9]×10−17 erg cm−2 s−1 arcsec−2. Note that the Lyα emission is
offset by !1.9′′≈15 projected kpc from all of the member galaxies.

HST/ACS	
  V-­‐band	
  and	
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  images	
  of	
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  disk-­‐like	
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  found	
  in	
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  spherical	
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  and	
  nebular	
  lines	
  
z=2.3	
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  blobs	
  (Yang	
  et	
  al.	
  2011)	
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Fig. 5.— Comparison between optically thick Lyα line (blue, solid) and optically thin Hα line (red, dashed) for the two Lyα blobs. For
both LAB01 and LAB02, we are comparing the Lyα profiles with Hα lines extracted from along the LOS toward galaxy A. Note that both
Lyα and Hα are extracted from the same aperture (green boxes in Figure 1) for appropriate comparison. The Lyα profiles are transformed
to the observed NIR wavelength (SINFONI). For reference, we show the velocity frame obtained from the Hα redshift on the top x-axis. In
both blobs, the Lyα lines are broader than the Hα lines, implying that Lyα is resonantly scattered by an optically thick medium. The Lyα
peaks either agree with or are redshifted against their Hα line center (∆vLyα = 0km s−1 in LAB01 and 230 km s−1 in LAB02), suggesting
no inflow and a possible outflow, respectively.

to radiative transfer in the optically thick medium, but
the corresponding Hα line profile should be symmetric.
For outflowing gas, the Lyα will be redshifted against the
symmetric Hα line. The amount of shift depends on vari-
ous parameters such as infall/outflow velocity and optical
depth. Note that one cannot determine whether the Lyα
line is redshifted or blueshifted against the background
velocity field unless there is a optically thin reference line,
i.e., Hα.
The actual geometry of the system is likely to be more

complicated (§4). Yet the blue- or redshift of the Lyα
photons relative to the systemic velocity will occur as
they make their way out of the system, as long as they en-
counter optically-thick gas that is infalling or outflowing
along the LOS (Dijkstra et al. 2006a). In other words,
we are studying the bulk motion of gas along the pencil
beam toward the embedded galaxies when we compare
the Lyα and Hα profiles extracted from this sight-line.
In principle, it is even possible to compare the velocity
offsets between extended Lyα and extended Hα lines in
two dimensions (i.e., Hα and Lyα screens) with much
deeper Hα spectroscopy and optical IFU data.
In summary, the basic assumptions for our simple test

using the velocity offset between the Lyα and Hα lines
are:

1. Lyα should go through an optically thick column
of gas (either infalling or outflowing) to escape.

2. Hα represents the systemic velocity of the entire
system, and gas is moving (infalling or outflowing)
relative to this center.

With these assumptions in mind, we now consider the
Lyα and Hα line profiles for our two Lyα blobs. We
then examine these assumptions further and discuss how
to overcome their limitations in §4.
We show the Lyα and Hα profiles for the two Lyα

blobs in Figure 5. We shift each blob’s Lyα profile into
its Hα frame using λHα

NIR = λLyα
optical ×

6564.61
1215.67 . We place

both blobs in the same velocity frame using the redshifts

obtained from Hα. Note that all the optical and NIR
wavelengths are converted to vacuum wavelengths and
corrected to the heliocentric frame. In both blobs, the
Lyα line is broader than the Hα line and has a more com-
plicated structure (i.e., an asymmetric profile or multiple
peaks), implying that the Lyα lines do experience reso-
nant scattering.
LAB01 has a Lyα line width of ∆vFWHM =

520± 40 km s−1 whose peak coincides with that of the Hα
line. While the blue side of the Lyα profile (v < 0 km s−1)
agrees well with that of the Hα line, it has an extended
red wing up to at least v ∼ +600kms−1. It is not clear
whether this red wing arises from the several poorly-
resolved red peaks. LAB02 shows a double peaked Lyα
profile with a stronger red peak, which is often observed
in high-z Lyα galaxies (Tapken et al. 2007). LAB02’s
Lyα profile is broad, extending from ∼−800km s−1 to
∼+1000kms−1. The stronger red peak itself has a line
width of ∆vFWHM ∼ 420 kms−1. LAB02’s Lyα profile
also has a sharp absorption feature (or lack of emission)
at v ∼ 0 km s−1 that coincides with its Hα line center.
To quantitatively measure the velocity offset between

the Lyα and Hα lines, we must first determine each line’s
center. For the asymmetric Lyα line, we measure the
wavelength at the peak flux, which is consistent with the
methodology of Steidel et al. (2004, 2010). Because the
Lyα profile is noisy, we smooth the spectrum with a box-
car filter of 3 spectral pixels (∆v ≃ 40 km s−1) and mea-
sure the wavelength of the brightest flux. For the sym-
metric Hα profiles in both blobs, we fit the spectrum with
a Gaussian profile including the neighboring [N II] lines.
We fit three Gaussian components with the same velocity
width, but different intensities, centered at 6563Å (Hα),
6549Å, and 6583Å ([N II]). As mentioned earlier, due
to the slight contamination of LAB01A’s spectrum with
light from LAB01B, we simultaneously fit the observed
Hα profile for both galaxies and show only the spectrum
of galaxy A in Figure 5.
The velocity offset, ∆vLyα is defined as the differ-

ence between the Hα line center and the Lyα peak

Sta\c	
 ouzlow?	



