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A B S T R A C T 

The H I gas distribution in damped Lyman α absorbers (DLAs) has remained elusive due to the point-source nature of background 

quasar emission. Observing DLAs against spatially extended background galaxies provides a new method for constraining their 
size and structure. Using the Keck Cosmic Web Imager, we present the first ‘silhouette’ image of a DLA at z = 3 . 34, identified in 

the spectrum of a background galaxy at z = 3 . 61. Although the silhouette remains unresolved due to limited spatial resolution, 
this represents a successful proof-of-concept for studying DLA morphology using extended background sources. Possible 
residual emission in the DLA trough suggests an optical depth contrast exceeding 107 in the internal structure, implying a sharp 

edge or patchy structure. A Lyman α emitter (LAE) at zLAE = 3 . 3433 ± 0 . 0005, consistent with the DLA redshift, is detected 

at an angular separation of 1.′′ 73 ± 0.′′ 28 (12 . 9 ± 2 . 1 kpc). The DLA is surrounded by three galaxies within 140 kpc in projected 

distance and 500 km s−1 in line-of-sight velocity, indicating that it resides in the circumgalactic medium of the LAE or within 

a galaxy group/protocluster environment. An O I λ1302 absorption at zOI = 3 . 3288 ± 0 . 0004 is also detected along the line of 
sight. This absorber may trace metal-enriched outflow from the LAE or a gas-rich galaxy exhibiting the highest star formation 

activity among the surrounding galaxies. Future large spectroscopic surveys of galaxies will expand such a DLA sample, and 

three-dimensional spectroscopy for it will shed new light on the role of intergalactic dense gas in galaxy formation and evolution. 

Key words: galaxies: evolution – intergalactic medium – quasars: absorption lines. 
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 I N T RO D U C T I O N  

he supply of neutral hydrogen (H I ) gas from the circumgalactic
edium (CGM) and the intergalactic medium (IGM) is essential for 

alaxies to continue star formation (e.g. J. X. Prochaska, S. Herbert- 
ort & A. M. Wolfe 2005 ; J. Tumlinson, M. S. Peeples & J. K.
erk 2017 ). Therefore, studying the relationship between the gas 

urrounding galaxies and the stellar component in galaxies is crucial 
or understanding galaxy formation and evolution. The spectra of 
xtremely bright extragalactic sources, known as quasars, confirm 

he presence of high-density H I gas clouds in the intervening medium
long the line of sight, known as damped Lyman α systems (DLAs),
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efined by an H I column density of NH I > 2 × 1020 cm−2 (e.g. A.
. Wolfe, E. Gawiser & J. X. Prochaska 2005 ; A. A. Meiksin 2009 ).

ince the H I column density of DLAs is similar to that of galactic
iscs, DLAs are thought to be the outer part of galactic discs and/or
he material in the CGM (e.g. A. M. Wolfe et al. 2005 ). DLAs at
 ∼ 3 contain the H I gas mass of 20–50 per cent of the stellar mass
n the present Universe (e.g. K. M. Lanzetta, A. M. Wolfe & D.
. Turnshek 1995 ; L. J. Storrie-Lombardi & A. M. Wolfe 2000 ).
herefore, DLAs have been the focus of research on the CGM and

GM at high redshifts for many years (e.g. C. Péroux et al. 2003 ; J. X.
rochaska & A. M. Wolfe 2009 ; M. Rafelski et al. 2012 ). However,
ecause quasars are point sources with extremely small emission 
egions, they provide only one-dimensional information along the 
ine of sight. Therefore, the size and structure of DLAs remains

lusive. 
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1 The coordinate is based on the Subaru/Suprime-Cam i-band image, whose 
astrometry has been calibrated using stars in the Gaia DR2 catalogue (Gaia 
Collaboration 2018 ). The declination is 0.′′ 3 north of the coordinate reported 
by K. Mawatari et al. ( 2016 , 2023 ), while the right ascension is quite similar 
to them. 
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In principle, if there is more than one line of sight within the
xtent of a DLA, we can investigate the size and structure of the
bsorber. Such examples are reported with a binary quasar pair (S.
. Ellison et al. 2007 ) and gravitationally lensed multiple images of
uasars (E. M. Monier, D. A. Turnshek & S. Rao 2009 ; R. Cooke
t al. 2010 ). S. L. Ellison et al. ( 2007 ) have found a coincident
air of DLAs 110 kpc away on the two lines of sight to the binary
uasar, while this example may not be a single DLA. On the other
and, E. M. Monier et al. ( 2009 ) and R. Cooke et al. ( 2010 ) have
eported the size constraint on DLAs as ∼ 5–10 kpc from a quadruply
ensed quasar or a doubly lensed quasar, respectively. They have also
eported more than a 10–100 fold variation in H I column density
ithin the small spatial scale probed by different lensed images, i.e.
ifferent lines of sight. J. K. Krogager et al. ( 2018 ) have reported the
etection of H2 gas in the DLA along the line of sight to a doubly
ensed quasar, providing the cold molecular gas size larger than the
eparation of the two images > 0 . 7 kpc. K. H. R. Rubin et al. ( 2015 )
resented a statistical sample of 40 DLAs probed by quasar pairs, and
oncluded that the spatial size of DLAs rarely extends beyond scales
f > 10 kpc. More recently, K. Okoshi et al. ( 2021 ) have reported a
ignificant difference in Mg II absorption in the same lensed quasar
s that observed by E. M. Monier et al. ( 2009 ), and F. H. Cashman,
. P. Kulkarni & S. Lopez ( 2021 ) have reached similar conclusions
ith a different lensed quasar. C. Lemon et al. ( 2022 ) have reported
 case of proximity DLA in another lensed quasar found with Gaia . 

An alternative approach to studying the structure of DLAs is to
ook for any residual emission in the dark trough of the DLA spectra.
. Cai et al. ( 2014 ) have reported the detection of the residual flux

n a stack of ∼ 2000 DLA spectra obtained from the SDSS and
oncluded that this is the emission of the host galaxies of the quasars,
nd therefore the DLA gas does not fully cover the host galaxy
cale. Partial coverage of gas in the systems associated with DLAs
s also reported. For example, V. V. Klimenko et al. ( 2015 ) and V. V.
limenko, P. Petitjean & A. V. Ivanchik ( 2020 ) report the residual
ux at the bottom of the H2 molecular absorption and J. K. Krogager
t al. ( 2016 ) report the same as C I absorption. The H2 molecular
as covering fraction widely distributes from ∼ 10 per cent to ∼ 100
er cent (V. V. Klimenko et al. 2020 ). However, the H2 gas is located
ear the broad line region of the quasar core, not in the intervening
edium. On the other hand, N. Kanekar et al. ( 2009 ) reports generally

igh covering fractions, > 0 . 4, of H I gas in DLAs based on the VLBA
bservations at or near the redshifted 21 cm frequency. 
Yet another way to constrain the size and structure of DLAs is to

bserve them along lines of sight to spatially extended background
ight sources, such as star-forming galaxies (SFGs). Observing DLAs
s foreground ‘silhouettes’ in SFGs allows us to discuss the size and
tructure of the DLAs in a way that was impossible with quasars.
lthough there are only four cases of DLAs found in front of galaxies

o far (J. Cooke & J. M. O’Meara 2015 ; K. Mawatari et al. 2016 ; C.
. Dupuis et al. 2021 ; R. Bordoloi et al. 2022 ), they have provided

nique constraints on the spatial extent and variation of the gas
istribution in DLAs. J. Cooke & J. M. O’Meara ( 2015 ) report the
rst detection of a DLA at z = 2 . 391 in the spectrum of a background
alaxy at z = 2 . 817 and constrain the area of the DLA gas to a few to

100 kpc2 . K. Mawatari et al. ( 2016 ) report the second example of
uch a DLA at z = 3 . 335 in a galaxy spectrum and constrain the area
o > 1 kpc2 . C. M. Dupuis et al. ( 2021 ) report a low- z example of the
LA as the foreground of a spatially resolved galaxy at z = 0 . 175,
lacing a lower limit of the DLA gas area as > 3 . 3 kpc2 . R. Bordoloi
t al. ( 2022 ) report a very interesting high- z case, two DLAs at
 = 2 . 056 and z = 2 . 543, in a gravitationally lensed extended galaxy
t z = 2 . 762. These DLAs are widely extended to at least 238 kpc2 
NRAS 543, 2943–2957 (2025)
nd show spatial variations of more than an order of magnitude in the
olumn densities of the H I gas and some elements such as carbon,
xygen, sulphur and silicon. 
Observing DLAs on the lines of sight of galaxies has another

nteresting advantage over the case for quasars. Since SFGs are more
han 10–100 times fainter than quasars that outshine the host galaxies
f DLAs, we may have a better chance of finding DLA host galaxies
ven if they are very close to the lines of sight. Indeed, optical
urveys of host galaxies of DLAs on quasar lines of sight have
truggled to remove bright quasar light (e.g. J. K. Krogager et al.
017 ). Recently, there have been successful observations of host
alaxies and environments of DLAs, even on quasar lines of sight,
sing optical integral field spectroscopy (R. Mackenzie et al. 2019 ;
. M. Nielsen et al. 2022 ; G. A. Oyarzún et al. 2024 ), because quasar

ight is almost invisible in the dark trough of DLAs and Ly α emission
t the same redshift as the DLAs emerge. This merit of the integral
eld spectroscopy holds for galaxy lines of sight. 
In this paper, we present observational results of integral field

pectroscopy with the Keck Cosmic Web Imager (KCWI; P. Morris-
ey et al. 2018 ) on the 10-m Keck telescope for a DLA at z = 3 . 34
n the spectrum of a bright background Lyman Break Galaxy (LBG)
t z = 3 . 61 identified by K. Mawatari et al. ( 2016 ). Thanks to
ery sensitive observations under an on-source time of 24 000 s,
e present for the first time a ‘silhouette’ image of the DLA that

onstrains the size and structure of the H I gas distribution. 
The rest of this paper is structured as follows: In Section 2 , we

escribe the observations and data reduction, followed by the detailed
iscussion of the spectral analysis in Section 3 , where we report
etections of a Ly α emitter and an O I absorber associated with the
LA. In Section 4 , we present the DLA silhouette image and its radial
rofile. In the final Section 5 , we discuss the host galaxy of the DLA,
he nature of the DLA and the O I absorber, and future prospects.
his paper assumes a lambda cold dark matter ( � Cold Dark Matter)
osmology with the Hubble constant of H0 = 70 km s−1 Mpc−1 ,
he matter density parameter of �m 

= 0 . 3, and the dark energy
ensity parameter of �� 

= 0 . 7. The baryon density parameter is
ssumed to be �b h

2 = 0 . 0224 (Planck Collaboration VI 2020 ),
here h = H0 / 100 km s−1 Mpc−1 . In this cosmology, the physical

cale is 7.44 kpc arcsec−1 at z = 3 . 34. 

 OBSERVATI ONA L  DATA  

.1 KCWI observations and data reduction 

he right ascension and declination of the target LBG are
2:17:06.941 and + 00:05:38.67, 1 in the SSA22 field (S. J. Lilly,
. L. Cowie & J. P. Gardner 1991 ; C. C. Steidel et al. 1998 ; T.
ayashino et al. 2004 ). A DLA was found in the LBG spectrum
reviously obtained with the VLT/VIMOS (K. Mawatari et al. 2016 ).
he redshift of the DLA was estimated at z = 3 . 335 ± 0 . 007 (K.
awatari et al. 2016 ) as a foreground cloud of the background

BG at z = 3 . 6061 (K. Mawatari et al. 2023 ). In this field, there
re two other LBGs at z = 3 . 3366 and 3.3082, both identified by
he Ly α emission line and a few interstellar metal absorption lines
uch as C IV (K. Mawatari et al. 2023 ). There is another galaxy
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Figure 1. (a) Configuration of the fields of view of the KCWI observations (dark and light orange rectangles for Day 1 and 2, respectively) superimposed on 
the Subaru/Suprime-Cam i-band image. The area where the on-source exposure time is greater than or equal to 19 200 s is defined as the deepest area, indicated 
by the white dotted line. The target DLA at z = 3 . 34 is found in the spectrum of the background LBG (bkLBG) at z = 3 . 606. There are two LBGs (LBG1 
and LBG2) and one SMG with redshifts similar to the DLA as indicated. (b) The continuum image integrated over the wavelength ranges of [5019.0, 5068.5], 
[5434.0, 5458.5], and [5500.0, 5524.5] (in units of Å) of the KCWI data cube. (c) The image integrated over a narrow wavelength range of [5276.5, 5285.5], 
showing an LAE very close to the DLA/bkLBG position. (d) The image integrated over the DLA wavelength range of [5250.0, 5276.0] and [5286.0, 5308.0], 
showing the very weak flux of bkLBG in this wavelength range. In the panels (b–d), the unit of the color bars is erg s−1 cm−2 Å−1 arcsec−2 , and the 1 σ surface 
brightness levels are 1 . 2 × 10−21 , 3 . 4 × 10−21 , and 1 . 6 × 10−21 in the unit, respectively. The contours show the 5 σ surface brightness level in the Suprime-Cam 

i-band image and the dotted lines indicate the deepest area. The positions of bkLBG, LBG1, and SMG are also indicated. 
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Table 1. Instrumental setting of the KCWI observations. 

Image slicer Large-slicer 

Field-of-view 20.′′ 4 × 33.′′ 0 
Spatial pixel scale 0.′′ 29 × 1.′′ 35 

Grating BM grating 

Spectral resolution R ∼ 2000 
Wavelength range 4800–5800 Å
Wavelength pixel scale 0.5 Å pixel−1 
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etected in an emission line at 106.3399 GHz (ALMA programme 
D#2018.1.01427.S), which would be CO(4–3) at z = 3 . 33554. This
alaxy is not detected in u, B, V , Rc , i

′ , z′ , J , K and Spitzer /IRAC
3.6], but detected in [4.5], and is likely to be a molecular gas-rich
ubmm galaxy (SMG; Inoue et al., in preparation). 

The observations (Keck Programme ID: S369) were conducted on 
021 July 13 and 14 (UT), employing the KCWI (P. Morrissey et al.
018 ) installed on the Keck-II telescope of the Keck Observatory. 
he observations comprise three distinct fields-of-view (FOVs). 
ig. 1 (a) shows these FOVs and the positions of the target galaxy and
alaxies at similar redshifts. We used a set of Large-slicer and BM
rating (spectral resolving power R ∼ 2000). The total number of 
rames is 20 and each has 1200 s on-source exposure. We define the
eepest area where the total exposure time is greater than or equal to
a

9 200 s, which is shown by the yellow dotted rectangle in Fig. 1 (a).
ables 1 and 2 list basic information about the instrumental setup
nd the observations. 
MNRAS 543, 2943–2957 (2025)
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Table 2. A summary of Keck/KCWI observations. 

Date Position angle Exposure Nominal seeing 

2021 July 13 135◦ 5 × 1200 s 0.′′ 75 
45◦ 4 × 1 , 200 s 

2021 July 14 45◦ 11 × 1200 s 0.′′ 92 
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To create reduced data cubes from the 20 frames obtained during
he observations, we used the Python version of the KCWI Data
eduction Pipeline (KCWIDRP) Version 1.0 2 . We skipped the sky

ubtraction process in the KCWIDRP by modifying the program file
cwi pipeline.py. This is because we did not want to subtract possible
iffuse Ly α emission from H I gas around the DLA in the observing
eld, if there is any. Next, we cut noisy spatial and wavelength regions
ear the edges of the data cubes, masked the strong atmospheric O I

irglow at 5577.5–5587 Å, and removed cosmic rays by performing
 σ clipping over the wavelength axis direction for each spatial pixel.
e found a spatial gradient of the sky brightness in the data cubes.

his also depends on the wavelength. We corrected the sky brightness
radient by adopting the method introduced in N. M. Nielsen et al.
 2022 ). Fig. A1 shows example images before and after correction. 

Subsequently, we performed sky subtraction manually by the fol-
owing way. First, we masked any possible continuum and emission
ine objects by conducting 2 σ clipping twice along each spatial slice
t each wavelength in the data cube. Secondly, we masked spatial
egions (8 × 12 pixels) potentially containing Ly α emission around
he DLA. This procedure creates sky data cubes. We then performed
ky subtraction by measuring the median values of the sky brightness
t each wavelength in the sky data cubes and subtracting them from
he original data cubes. Since the flattening of the sky background at
ach wavelength was achieved by the previous step described above,
e can safely adopt a constant sky brightness in the subtraction. 
The 20 sky-subtracted data cubes were then combined into three

eparate data sets for the three FOVs using the astronomical image
osaicking software MONTAGE (J. C. Jacob et al. 2010 ). MONTAGE

tacks the data by reprojecting each onto new celestial coordinates
ased on the World Coordinate System (WCS). The new one pixel
as set as 0.′′ 2868 × 0.′′ 2868. During the stacking process, the original
ixel values are weighted by the area of overlap with the new pixels
n the projection. The resulting area-weighted average determines the
ew pixel values. We have confirmed that the surface brightness in
he celestial coordinate system is preserved in this procedure. For the
eference of WCS, we used the Subaru/Suprime-Cam i-band image
alibrated by the Gaia DR2 stars (Gaia Collaboration 2018 ). 

We performed flux calibration by using the data cubes of a
tandard star, Feige 110, which were obtained during observation
nd underwent the same processing as the target LBG data. We
dopted the spectrum of Feige 110 taken from S. Moehler et al. ( 2014 )
s the reference to derive the flux calibration factors as a function
f the wavelength and applied them to the target data. Finally, we
ombined the flux-calibrated data cubes of the three FOVs into one
ata cube using the software MONTAGE . Fig. 1 (b) shows a continuum
mage integrated over the wavelength ranges of [5019.0, 5068.5],
5434.0, 5458.5], and [5500.0, 5524.5] (in units of Å). It confirmed
he WCS accuracy, as the objects found in the KCWI continuum
mage perfectly aligned with the positions shown by the contours of
he Subaru/Suprime-cam i-band brightness. The root-mean-square
NRAS 543, 2943–2957 (2025)

 https://kcwi-drp.readthedocs.io/en/latest/versions.html#version-1-0-2021 

 

o  

K  

o  
RMS) of the positional offsets between the KCWI and Suprime-
am i-band images is 0.′′ 14, which is about a half pixel size of the
nal KCWI data cube. The point spread function (PSF) of the KCWI
ata cube was measured from the stacked data cube of the standard
tar, Feige 110. The full width at half maximum (FWHM) of the PSF
s 1.′′ 572, which is larger than the nominal seeing listed in Table 2 ,
ikely due to the coarser spatial sampling originated from the slice
idth (1.′′ 35). 

.2 Additional spectroscopic data 

he target LBG was previously observed with VLT/VIMOS and
eck/DEIMOS. The VIMOS observations (ESO Programme ID:
81.A-0081) were conducted in 2008 with the LR-Blue/OS-Blue
etting that provides a spectral resolving power R ∼ 180. The LBG
as one of the 163 galaxies observed in that program. The on-source

xposure time was 14 080 s. T. Hayashino et al. ( 2019 ) presents a
ull description of the target selection, observations, data reduction
nd redshift determination, while they are also briefly described in
. Mawatari et al. ( 2016 ). 
The DEIMOS observations (Keck Programme IDs: S274D,

290D, S313D, and U066D) were conducted in 2015 and 2016 in
he SSA22 H I Tomography Survey (SSA22-HIT; K. Mawatari et al.
023 ). The 600ZD grating with a slit width of 1 arcsec was used,
ielding a spectral resolving power R ∼ 1000. The GG400 order
locking filter was used to cover a wide wavelength coverage of
000 Å < λ < 9000 Å. The target LBG was included as one of the 78
bserved galaxies in the Mask02, where the on-source exposure time
as 7200 s. A full description of the target selection, observations,
ata reduction and redshift determination is presented in K. Mawatari
t al. ( 2023 ). 

 SPECTRAL  ANALYSI S  

n this section, we present a detailed spectral analysis of the back-
round LBG. Before a Voigt profile fit for the DLA in Section 3.4 , we
ompare the KCWI spectrum with the previously obtained VIMOS
nd DEIMOS spectra in Section 3.1 and report discoveries of a Ly α
mitter (LAE) very close to the LBG/DLA position in Section 3.2
nd an O I λ1302 absorber on the line of sight to the LBG/DLA in
ection 3.3 . 

.1 Spectrum of the background galaxy and comparison with 

revious observations 

e extracted the background LBG spectrum in an aperture with a
iameter of 1.′′ 3 from the final data cube. This choice of the extraction
perture is arbitrary and even smaller than the PSF FWHM, but any
mall change of the aperture does not affect the spectral features
iscussed throughout this paper. We also created an average sky
pectrum from spectra extracted at random positions with the same
iameter aperture in the deepest area of the final data cube. The
verage sky spectrum is consistent with zero at all wavelengths,
hile we found that a small but more positive trend at shorter
avelengths. Therefore, we fitted the average sky spectrum with
 quadratic function at wavelengths below 5551.5 Å and subtracted
t from the LBG spectrum to remove the systematic trend likely
aused by small residuals in the background subtraction. 

As mentioned in Section 2.2 , the LBG has been previously
bserved with the VLT/VIMOS (K. Mawatari et al. 2016 ) and the
eck/DEIMOS (K. Mawatari et al. 2023 ). We show a comparison
f these spectra in Figs 2 and 3 . The overall features, including the

https://kcwi-drp.readthedocs.io/en/latest/versions.html#version-1-0-2021
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Figure 2. A comparison of the background LBG spectra obtained with Keck/KCWI (blue; this work), Keck/DEIMOS (orange; K. Mawatari et al. 2023 ), and 
VLT/VIMOS (black; K. Mawatari et al. 2016 ). The shaded range shows the ±1 σ uncertainty of the spectra. The red curve is a typical LBG spectrum from A. E. 
Shapley et al. ( 2003 ) and redshifted to z = 3 . 6061. The interstellar absorption features in the spectrum at z = 3 . 6061 are noted. All spectra are boxcar-smoothed 
to a spectral resolution of R( = λ/�λ) ∼ 180, the resolution of the VIMOS spectrum. The absolute flux densities are scaled to that of the VIMOS spectrum. 
The wavelength of the foreground DLA at z = 3 . 34 is indicated. 
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road absorption over the wavelength range between ∼ 5100 and 
5400 Å, are in excellent agreement, as shown in Fig. 2 . However,

s found in the top panel of Fig. 3 , the smoothed ( R ∼ 180) KCWI
pectrum exhibits some residual flux around the central wavelength 
f the DLA, and the DEIMOS spectrum exhibits somewhat high 
ux around 5245 Å compared to the VIMOS spectrum. In the case of
 ∼ 1000 (the bottom panel of Fig. 3 ), both the KCWI and DEIMOS

pectra show a peak around 5245 Å, supporting the reality of this
eature. Furthermore, the KCWI spectrum shows two more peaks 
round 5215 and 5280 Å. It is likely that these features together 
roduce the apparent residual flux in the smoothed ( R ∼ 180) KCWI
pectrum. However, the DEIMOS spectrum does not show the peaks 
orresponding to the two additional peaks in the KCWI spectrum. 
s we will discuss in Section 3.2 , the 5280 Å peak is caused by

ontamination from the Ly α emission line of a faint galaxy slightly
ortheast of the line of sight. Since the slit position of the DEIMOS
bservation is east–west (K. Mawatari et al. 2023 ), the Ly α emission
s likely to be out of the DEIMOS slit. However, it is unclear why the
215 Å peak does not appear in the DEIMOS spectrum. In the KCWI 
ube data we could not find any corresponding Ly α emission for the
215 and 5245 Å peaks (see Figs B1 and B2 ), suggesting that they are
ransmission peaks newly found in the higher resolution ( R � 1000)
pectrum from KCWI (and also DEIMOS for the 5245 Å peak). If 
his is the case, the DLA identified in the low resolution ( R ∼ 180)
IMOS spectrum may actually be composed of multiple absorption 

ystems (see a discussion in Section 3.4 ). 

.2 Identification of Ly α emission close to the line of sight 

he 5280 Å feature found in the KCWI spectrum (the bottom panel 
f Fig. 3 ) is contamination from an emission line from an object
lightly offset to the northeast from the LBG line of sight as shown
n Fig. 1 (c). The integration wavelength range [5276.5, 5285.5] was 
hosen to be approximately one FWHM of the emission line profile. 
he spatial position of the emission line well aligns with the marginal
ubcomponent in the Suprime-Cam images reported by K. Mawatari 
t al. ( 2016 ) (see their fig. 3). The emission line spectrum extracted
ith an elliptical aperture covering its spatial extent is shown in
ig. 4 . If this emission line is Ly α, the redshift is z = 3 . 3433 ±
 . 0005 from a least-squares fit with a Gaussian function to the
mission line profile. The line velocity FWHM is 757 ± 88 km s−1 ,
hich is broad enough to neglect the line spread function effect

 R ∼ 2000, corresponding to �v ∼ 150 km s−1 ) and one of the
argest values found in the literature (e.g. T. Hashimoto et al. 2013 ). A
loser look at the spectrum may suggest the presence of a blueshifted
omponent. A double Gaussian function fit gives a reasonably good 
esult with FWHMs of ≈ 130 km s−1 and ≈ 590 km s−1 for the blue
nd red components respectively. The spectral minimum is located 
t 5273 Å, corresponding to z ≈ 3 . 338. Table 3 is a summary of the
easurements. The impact parameter b between the centroids of the 
AE and the DLA is b = 1.′′ 73 ± 0.′′ 28. 
Other features at 5215 and 5245 Å found in the bottom panel of

ig. 3 do not show any emission line object in the KCWI cube
see Appendix B). Therefore, we consider these features to be 
ransmission peaks in the LBG spectrum. 

.3 Identification of O I λ1302 absorption 

n the KCWI spectrum shown in the top panel of Fig. 5 , we have
ound an absorption feature around the wavelength of ∼ 5637 Å, 
dentified as the O I λ1302 line at z ∼ 3 . 33. This absorption feature
as also suggested in the previous VIMOS spectrum (see fig. 1 in
. Mawatari et al. 2016 ). There may be another absorption feature

round the wavelength of ∼ 5647 Å, which could be the Si II λ1304
ine at the same redshift as O I . However, the wavelength is close to
he edge of coverage and sensitivity may be systematically lower. In
act, at wavelengths longer than ∼ 5650 Å, the spectrum becomes 
MNRAS 543, 2943–2957 (2025)
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Figure 3. Close-up views of the spectra around the DLA wavelength. (Top) The VIMOS spectral resolution ( R ∼ 180) case. The brown curves are the LBG 

template spectra with/without the best-fitting DLA profile from K. Mawatari et al. ( 2016 ). The vertical solid lines indicate absorption features in the background 
LBG spectrum and the DLA central wavelength at z = 3 . 335. The vertical dotted lines are possible foreground Ly α forest (LAF) from K. Mawatari et al. ( 2016 ). 
A relatively high flux feature in the DLA range at 5245 Å in the DEIMOS spectrum is also indicated. (Bottom) The DEIMOS spectral resolution ( R ∼ 1000) 
case. Additional high flux features in the DLA range at 5215 and 5280 Å in the KCWI spectrum are indicated as well as the 5245 Å feature. 
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istributed around zero. Therefore, we only discuss the O I λ1302
bsorption in this paper. 

The bottom panel of Fig. 5 shows the transmission spectrum,
hich is the spectrum normalized by the best-fitting LBG continuum

pectrum (see Section 3.4 ). The horizontal axis shows the velocity
entred around the wavelength of the O I λ1302 absorption. We
erformed a least-squares fit to the absorption feature, assuming
hat the optical depth follows a Gaussian function with its standard
eviation equal to the spectral resolution of the KCWI observation,

5000 / 2000 / 2
√ 

2 ln 2 ≈ 1 . 0 Å in the observed frame. We did not
onsider the covering fraction in this analysis for simplicity (but see
or the DLA Voigt profile analysis in Section 3.4 ). We selected the
ata points shown in orange in Fig. 5 to be used for the profile fitting,
emoving some outlier data points shown in black that are about 1 σ or
NRAS 543, 2943–2957 (2025)
ore lower than the continuum level and the absorption feature. The
btained best-fit with its ±1 σ uncertainty is shown in blue and cyan
n the bottom panel of Fig. 5 , respectively. The best-fitting redshift
oes not change even if we use all data points in the wavelength
ange, but the column density, discussed below, becomes a few times
arger. Table 4 is a summary of the measured quantities. 

The redshift of the O I absorption is well determined at z =
 . 3288 ± 0 . 0004 thanks to the narrow absorption feature. The
quivalent width was calculated by integrating the transmission
pectrum of the best-fitting function. We also estimated the O I

olumn density by integrating the optical depth spectrum of the
est-fitting function based on the Apparent Optical Depth Method
AODM; B. D. Savage & K. R. Sembach 1991 ). Given that the
bsorption feature reaches near zero flux, the O I line is most likely
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Figure 4. LAE spectrum extracted from the KCWI data cube within an 
elliptical aperture of 2.′′ 7 × 0.′′ 9 around the position of the LAE close to the 
DLA (Fig. 1 c). The thin solid (grey) curve is the original spectrum, while the 
thick solid (blue) curve is a 5-pixel boxcar smoothed spectrum. The dashed 
(red) curve is the best-fitting single Gaussian function, while the dotted curve 
is the case with a double Gaussian function. 

Table 3. Properties of the Ly α emitter. 

Property Measurement Remark 

Redshift 3 . 3433 ± 0 . 0005 Single Gaussian 
≈ 3 . 338 Double Gaussian 

FWHM (km s−1 ) 757 ± 88 Single Gaussian 
≈ 130 590 Double Gaussian 

Ly α flux (10−18 erg s−1 cm−2 ) 4 . 78 ± 1 . 27 
Ly α luminosity (1041 erg s−1 ) 4 . 79 ± 1 . 28 
Ly α equivalent width (Å) > 12 . 3 (3 σ ) Rest-frame 
SFR(Ly α) (M� yr−1 ) 0 . 44 ± 0 . 12 Strict lower bound 
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Figure 5. O I λ1302 absorption. (Top) Part of the KCWI spectrum of the 
background LBG, wavelengths longer than its Ly α line. The grey curve is 
the original spectrum, while the blue curve is a 5-pixel boxcar smoothed 
spectrum. The red curve is the best-fitting continuum spectrum obtained in 
Section 3.4 . Although the Ly α line of the best-fitting spectrum is much 
weaker than the observed one, it does not affect any results in this paper 
because we do not discuss the Ly α emission of the background LBG. An 
absorption feature around 5637 Å is attributed to the O I λ1302 absorption at 
z = 3 . 329. There could be another absorption, possibly Si II λ1304 at the same 
redshift. However, the spectrum at wavelengths longer than ∼ 5650 Å may 
be affected by the lower sensitivity due to the edge of coverage. (Bottom) The 
transmission spectrum, which is the spectrum normalized by the best-fitting 
continuum. The wavelength range is 5627.5 and 5645.5 Å, which is converted 
to the velocity relative to the best-fitting systemic velocity at z = 3 . 3288. The 
filled (orange) and open (black) data points with error bars are, respectively, 
the data used and not used for Gaussian fitting to the absorption feature. 
The blue line is the best-fitting result, and the cyan region shows its ±1 σ
uncertainty range. 

Table 4. Properties of O I λ1302 absorption. 

Property Measurement Remark 

Redshift 3 . 3288 ± 0 . 0004 

Equivalent width (Å) 0 . 72+ 0 . 22 
−0 . 17 Rest-frame 

log10 ( NOI /cm−2 ) 15 . 30+ 0 . 32 
−0 . 22 Strict lower bound 
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o be saturated. Therefore, the estimated O I column density should 
e regarded as a strict lower bound (e.g. J. X. Prochaska & A. M.
olfe 1999 ). 
We also tried a Voigt function fit to the absorption feature. 

owever, the column density and the Doppler parameter are strongly 
egenerated due to insufficient spectral resolution. Assuming a 
oppler parameter of 75 km s−1 , similar to the KCWI spectral 

esolution, we found the O I column density to be similar to that
rom the Gaussian fitting, but 0.3-dex higher. As the Doppler 
arameter decreases, the O I column density increases. We need much 
igher spectral resolution to estimate the O I column density more 
ccurately. 

.4 Voigt profile fit to the broad absorption feature and 

onfirmation of the DLA 

e have performed extensive Voigt profile fitting to the broad 
bsorption feature in the KCWI spectrum of the original spectral 
esolution of R ∼ 2000 without smoothing by adopting a least- 
quares fit. The transmission peak around 5245 Å discussed in 
ection 3.1 is considered to be part of the damping wing of the DLA.
he wavelength range contaminated by the LAE is removed from 

he fitting. The continuum regions were chosen to be sufficiently far
rom the DLA absorption. Table 5 is a summary of the wavelength
anges. 

We consider two cases: a single absorber and a set of two absorbers.
hile in the first case the redshift of the single absorber is a free

arameter, in the second case we fixed the redshifts of the two
bsorbers to be the same as those of the LAE and the O I absorber
Sections 3.2 and 3.3 ). Other fitting parameters are the H I column
ensity, the covering fraction, and the continuum level. The covering 
raction was not included in the analysis of K. Mawatari et al. ( 2016 )
ut is newly adopted to evaluate possible residual flux at the bottom
f the absorption feature. For the single absorber case, the observed
MNRAS 543, 2943–2957 (2025)
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Figure 6. The result of the Voigt profile fit to the broad absorption feature in the background LBG spectrum extracted from the KCWI data cube (black line, 
±1 σ uncertainty is shown by the thin line, without any smoothing). The orange points with the error bars are the data used for the fit (see Table 5 ), selected to 
avoid the wavelengths of possible foreground Ly α forest and metal absorption lines of the background LBG as well as the Ly α line from the LAE close to the 
DLA (the green hatched range). The red line shows the best fit LBG continuum spectrum, while the blue line is the best-fitting spectrum with a DLA. The cyan 
range shows its ±1 σ uncertainty. 
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Table 5. Selected wavelength ranges (Å). 

Voigt profile fit Narrowband image 

Continuum 1 5019.0–5068.5 5019.0–5068.5 
DLA 1 5241.0–5274.5 5250.0–5276.0 
LAE – 5276.5–5285.5 
DLA 2 5287.0–5315.0 5286.0–5308.0 
Continuum 2 5434.0–5458.5 5434.0–5458.5 
Continuum 3 5500.0–5524.5 5500.0–5524.5 

a  

t  

a  

i  

I  

t  

t  

a

4

4

W  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/543/3/2943/8263906 by Institute of Science and Technology Austria user on 27 O
ctober 2
pectrum is given by F obs 
λ = (1 − fcov ) F cont 

λ + fcov T
DLA 
λ F cont 

λ , where
cov , T DLA 

λ , and F cont 
λ are the covering fraction, the DLA transmission,

nd the continuum spectrum, respectively. The first term of the
quation is the residual flux, while the second term is the transmitted
ux through the DLA. For the two-component absorber case, we
ssumed for simplicity that the two absorbers spatially perfectly
verlap and thus we adopted a single value of fcov 

3 . For the continuum
emplate in fitting, we adopted an average spectrum of 113 LBGs
ith a clear Ly α emission line in the SSA22 field observed with
eck/DEIMOS (the ‘Ae’ sample in K. Mawatari et al. 2023 ). We
ote that the continuum spectrum, F cont 

λ , includes the effect of mean
y α forest (LAF). Namely, F cont 

λ = F
cont, int 
λ × T LAF 

λ , where F cont, int 
λ

nd T LAF 
λ are the intrinsic continuum spectrum without LAF and

he transmission through LAF, respectively. The mean redshift of
he LBG sample of the template spectrum is z = 3 . 455, slightly
maller than but similar to the background LBG of z = 3 . 6061, and
e neglected the small difference of the mean LAF transmission
etween these two redshifts. For the Voigt function, we assumed a
oppler parameter of 25 km s−1 , while the results did not change

ven in the case of 100 km s−1 . 
Figs 6 and 7 show the result of the single absorber case and

ig. 8 shows the result of the two-component absorber case. The
btained DLA properties are listed in Table 6 and compared with
hose in K. Mawatari et al. ( 2016 ). Although the redshift is consistent
ith that of K. Mawatari et al. ( 2016 ), the H I column density

s an order of magnitude smaller than theirs because the higher
pectral resolution of the KCWI spectrum suggests that the broad H I
NRAS 543, 2943–2957 (2025)

 For a general case with two absorbers (e.g. D. Ishita et al. 
021 ), we can express F obs 

λ = (1 − fcov1 − fcov2 + p) F cont 
λ + ( fcov1 −

) T abs1 
λ F cont 

λ + ( fcov2 − p) T abs2 
λ F cont 

λ + pT abs1 
λ T abs2 

λ F cont 
λ , where the terms 

ith ‘1’ and ‘2’ indicate quantities of the first and second absorbers, respec- 
ively, and p (0 ≤ p ≤ min ( fcov1 , fcov2 )) is the areal fraction where the two 
bsorbers overlap in front of the background source. For the perfect overlap 
ase, p = fcov1 = fcov2 , and we denote p = fcov and T abs1 

λ T abs2 
λ = T DLA 

λ . 
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bsorption is composed of multiple absorption systems. For example,
he low transmission around 5230 and 5260 Å is now a different H I

bsorption component from the DLA, whereas it was part of the DLA
n the low resolution VIMOS spectrum (see the top panel of Fig. 3 ).
n the two-component case, the sum of the H I column densities of the
wo absorbers is consistent with the single-component case, although
he uncertainty of the weaker component corresponding to the O I

bsorber is large. 

 T H E  D L A  SI LHOUETTE  I MAG E  

.1 Making the DLA silhouette image 

e created a ‘DLA silhouette’ (i.e. the negative brightness) image by
ubtracting the continuum image (Fig. 1 a) of the background LBG
rom the DLA narrowband image (Fig. 1 d). The wavelength ranges
f these images are listed in Table 5 and visually shown in Figs 7
nd 8 . Note that the DLA wavelength ranges are narrower than those
sed for the Voigt profile fit to avoid slightly higher transmission
avelengths in the damping wing parts. 
The result is presented in Fig. 9 , showing the clear negative ‘hole’

t the position of the background LBG. This is the ‘silhouette’
roduced by the DLA: the H I absorption against the background
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Figure 7. The DLA transmission. The black solid line shows the transmission 
spectrum (i.e. the observed spectrum divided by the best-fit continuum 

spectrum). A boxcar-smoothing of a 2.5 Å width (5 spectral pixels) has been 
applied. The grey range shows the range of ±1 σ uncertainty. The red curve 
with the shaded range is the best-fitting DLA profile with its ±1 σ uncertainty. 
The coloured wavelength ranges show the ranges to create the images of the 
continuum (green; Fig. 1 b), the Ly α emitter (orange; Fig. 1 c), and the DLA 

(blue; Fig. 1 d). The wavelength ranges are listed in Table 5 . The top horizontal 
axis shows the radial velocity relative to the best-fitting redshift of z = 3 . 3419. 

Figure 8. Same as Fig. 7 but for the two-component fit. The velocity 
coordinate in the top horizontal axis is relative to the LAE redshift of 
z = 3 . 3433. The thin curves in magenta and yellow show the transmission of 
each absorber of the two components. 
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BG continuum 

4 . We measured the signal-to-noise ratio of the 
ilhouette by performing aperture photometry with a diameter of 2.′′ 0. 
he uncertainty of the silhouette was measured by random aperture 
hotometry with the same aperture in the deepest area (exposure 
ime ≥ 19 , 200 s), excluding the areas around the DLA (i.e. the
ackground LBG) and the southern bright foreground galaxies. The 
 Even if we include the damping wing parts, the silhouette shape does not 
hange because the background LBG is not resolved. 

i  

i  

o  

s

esults of the random aperture photometry follow a Gaussian function 
round zero, ensuring excellent sky and continuum subtraction. The 
btained signal-to-noise ratio is 8.8. 

.2 Radial profile of the DLA silhouette 

o analyse the spatial extent of the DLA, we compare the radial
urface brightness profile of the DLA silhouette image, the profile of
he background LBG in the continuum image, and the PSF profile
n the standard star, Feige 110, image. These profiles were measured
n annular apertures with a spatial interval of 1 pixel (0.′′ 287). The
entres of the DLA and LBG profiles were set to be the same and
etermined by 2D Gaussian fitting to the brightness distribution of the 
BG continuum. For the DLA profile measurement, the LAE near the 
LA was masked in the DLA silhouette image although we already

xcluded most of the wavelengths affected by the LAE (see Table 5
or the exact wavelength ranges). For the LBG profile measurement, 
 foreground galaxy south of the LBG was masked in the continuum
mage. We also applied additional local sky subtraction by measuring 
he possible sky residual in an annulus with a sufficiently large radius
ompared to the radii used to measure the profiles. The uncertainty
as estimated as the standard deviation of the measurements obtained 
y randomly placing the same annular apertures in the deepest area
xcluding the DLA/background LBG, the LAE, and the foreground 
alaxies. The resulting surface brightness profiles are shown in the 
eft panel of Fig. 10 . The LBG radial profile perfectly matches the
SF of the KCWI data, and thus the LBG is unresolved. 
When we denote the surface brightness profile of the background 

BG continuum as SBLBG , the profile of the DLA silhouette as
Bsilhouette , and the intrinsic transmission profile of the DLA as TDLA ,

he relationship between them is represented by SBLBG × TDLA −
 BLBG = S Bsilhouette . Namely, the intrinsic DLA transmission profile 
DLA can be obtained by TDLA = 1 + S Bsilhouette /S BLBG , which is
hown in the right panel of Fig. 10 . As found in the right panel of
ig. 10 , the DLA transmission in the centre is very consistent with

hat converted from the covering fraction in the spectral Voigt profile
nalysis (Section 3.4 ), i.e. Transmission = 1–Covering fraction 
ecause the DLA is optically thick. It might be suggested that the
LA transmission is higher in the outer part. However, given the

act that the background LBG is unresolved, it would be difficult to
iscuss the radial profile of the DLA transmission with the current
CWI data. 

 DI SCUSSI ONS  

.1 The host galaxy of the DLA 

lthough the background LBG has an absolute UV magnitude of 
UV = −21 . 80, which is 0.5 mag brighter than a characteristic M∗

f LBGs at z ∼ 3 (Y. Harikane et al. 2022 ), it is more than 10 times
ainter than typical quasars at z ∼ 3 ( M∗ = −24 . 6; Y. Harikane
t al. 2022 ). The faintness of the background light represents a
ignificant advantage when searching for the host galaxy of a DLA,
s it enables closer proximity to the line of sight. Indeed, we
ave found an LAE located at 1.′′ 73 ± 0.′′ 28 northeast of the DLA
ilhouette, corresponding to a projected distance of 12 . 9 ± 2 . 1 kpc
n the proper coordinate at the LAE redshift zLAE = 3 . 3433. Even for
he single absorber case (see Table 6 ), the best-fitting DLA redshift
s zDLA = 3 . 3419 ± 0 . 0025 and the redshift difference from the LAE
s �z = 0 . 0014 ± 0 . 0025, corresponding to the velocity difference
f �v = 97 ± 173 km s−1 , which is consistent with zero, strongly
uggesting that the LAE is the host galaxy of the DLA. 
MNRAS 543, 2943–2957 (2025)
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Table 6. Properties of the DLA. The single component fit is the case shown in Figs 6 and 7 , where the redshift is a free 
parameter as well as the H I column density and the covering fraction. The two-component fit is the case shown in Fig. 
8 , where we have assumed two absorbers at the fixed redshifts of the LAE and the O I absorber. The two absorbers have 
different H I column density but the same covering fraction. 

Property 1 component 2 components K. Mawatari et al. ( 2016 ) 

Redshift 3 . 3419 ± 0 . 0025 3.3433 (LAE), 3.3288 (O I ) 3 . 335 ± 0 . 007 
log10 ( NH I /cm−2 ) 20 . 96 ± 0 . 15 20 . 88 ± 0 . 17 (LAE), 19 . 77+ 0 . 43 

−1 . 77 (O I ) 21 . 86 ± 0 . 17 
Covering fraction 0 . 91 ± 0 . 09 0 . 89 ± 0 . 09 > 0 . 7 (2 σ ) 

Figure 9. The DLA ‘silhouette’ image produced by subtracting the continuum image from the narrowband image of the DLA wavelength range. The 
negative surface brightness is caused by the DLA imprinted in the background LBG continuum. The grey contours are the 5 σ surface brightness level in the 
Subaru/Suprim-Cam i-band image, indicating the positions and shapes of the continuum sources. 
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The Ly α line flux of the LAE was measured as (4 . 78 ± 1 . 27) ×
0−18 erg s−1 cm−2 in a narrowband image covering the wavelength
ange [5268.5, 5289.0] (in units of Å), about twice the line FWHM,
nd is listed in Table 3 , where other properties are also given.
ince the continuum emission of the LAE was not detected sig-
ificantly, we placed a lower limit on the rest-frame Ly α equivalent
idth (EW) as > 12 Å (3 σ ) from the limit of the continuum of
 8 . 9 × 10−20 erg s−1 cm−2 Å−1 (3 σ ) measured in a wavelength

ange of [5382.0, 5482.0] (in units of Å). Given the lower limit
f EW(Ly α), the galaxy is likely to be classified as an LAE, which
re generally defined as galaxies with EW(Ly α) > 20 Å (e.g. M.
uchi, Y. Ono & T. Shibuya 2020 ). 
We can constrain the star formation rate (SFR) from the Ly α lumi-

osity. Assuming the case B recombination, SF R (Ly α)/(M� yr−1 ) =
Ly α/ (1 . 1 × 1042 erg s−1 ) (e.g. M. Ouchi et al. 2020 , and references

herein). Hence, we obtain SF R (Ly α) = 0 . 44 ± 0 . 12 M� yr−1 .
onsidering a Ly α escape fraction, f esc 

Ly α , which includes the dust
ttenuation effect, and an IGM transmission, T IGM 

Ly α , the actual SFR
hould be S F R = S F R(Ly α) /f esc 

Ly α/T
IGM 

Ly α . Therefore, the obtained
F R (Ly α) is a strict lower limit because f esc 

Ly α ≤ 1 and T IGM 

Ly α ≤ 1. On
he other hand, the 3 σ upper limit of the continuum in the KCWI data
eported above corresponds to the upper limit of SF R(UV) as < 2 . 2

� yr−1 based on the conversion factor of R. C. Kennicutt & N. J.
NRAS 543, 2943–2957 (2025)
vans ( 2012 ). K. Mawatari et al. ( 2016 ) reported a more stringent
pper limit of SF R(UV) as < 0 . 8 M� yr−1 (3 σ ) based on the deeper
uprime-Cam Rc -band limiting magnitude. This limit can be relaxed

f there is some dust attenuation, while LAEs are typically dust-poor
e.g. M. Ouchi et al. 2020 ). In summary, the LAE is likely to have
n order of SF R ∼ 1 M� yr−1 . 

Assuming that the LAE is in the low-mass regime of a simple
xtrapolation of the main sequence of SFGs at z ∼ 3 (e.g. J. S.
peagle et al. 2014 ; P. Popesso et al. 2023 ), the stellar mass is
stimated to be log 10 ( M∗/M�) ∼ 8. Based on the SFR–M∗ relation
f LAEs and low-mass emission line galaxies at z ∼ 2, we obtain the
ame order of the stellar mass (A. Hagen et al. 2016 ; N. Chen et al.
024 ). The latest James Webb Space Telescope ( JWST ) results of
ow-mass star forming galaxies at z ∼ 3 also support this conclusion
uantitatively (L. Clarke et al. 2024 ; I. Goovaerts et al. 2024 ). The
ark matter halo mass of an LAE of this order of stellar mass is
xpected to be of the order of log 10 ( Mhalo /M�) ∼ 10 (M. Ouchi
t al. 2020 ). The corresponding virial radius at z = 3 . 34 is 15 kpc for
he density contrast factor of 200. This is comparable to or slightly
arger than the proper distance between the DLA and the LAE of
3 kpc (the impact parameter b = 1.′′ 7). Therefore, the DLA can be a
ense H I gas in the CGM within the virial radius of the dark matter
alo of the LAE. 
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Figure 10. The radial profiles of the DLA ‘silhouette’, the background LBG continuum, and the point spread function (PSF) (left) and the DLA transmission 
(right). The PSF profile is scaled to the central intensity of the LBG profile. The DLA transmission is compared to that estimated from the Voigt function fit to 
the spectral profile of the DLA (see Section 3.4 ). The DLA transmission profile in the right panel is the result of 2-pixel binning along the radial coordinate. 
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Table 7. Velocity differences and sky and projection distances of the 
surrounding galaxies from the DLA. The projection distances are in the 
physical unit at z = 3 . 34. 

Distance 
Redshift �v (km s−1 ) (arcsec) (kpc) 

DLA 3.3419 (or 3.3433) – – –
LAE 3.3433 + 97 (0) 1.′′ 73 13 
LBG1 3.3366 −366 ( −462) 18.′′ 78 140 
LBG2 3.3082 −2327 ( −2423) 28.′′ 07 209 
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Another possibility is that the DLA host galaxy is not a single
alaxy, but is part of the surrounding galaxy environment. In fact, 
everal previous studies have found multiple host galaxies for a 
ingle DLA, suggesting that DLAs generally belong to the multi- 
alaxy environment. J. P. U. Fynbo et al. ( 2018 ) detected a CO-rich
alaxy at an impact parameter of 117 kpc and a velocity difference
v = 131 km s−1 from a DLA at z = 2 . 5832, and this galaxy forms
 galaxy group with another galaxy previously known as the DLA 

ost. R. Mackenzie et al. ( 2019 ) reported a high detection rate ( ≈ 80
er cent) of LAEs within 1000 km s−1 from DLAs and with impact
arameters between 25 and 280 kpc in the fields of six DLAs at
 . 2 < z < 3 . 8. N. M. Nielsen et al. ( 2022 ) detected three LAEs
nd an SFG with weak ISM absorption lines around a DLA at z =
 . 431. These four galaxies within 8–28 kpc and �v ∼ 40–340 km s−1 

orm a compact galaxy group hosting the DLA. E. K. Lofthouse
t al. ( 2023 ) report that 30–40 per cent of H I abosrbers at z ∼ 3–4
re associated with multiple LAEs, including 23 LAEs around nine 
LAs (log 10 ( NH I /cm−2 ) > 20 . 3), suggesting that high density H I

bsorbers are located in the outskirt of the CGM of LAEs or in the
GM surrounding these galaxies. 

The target DLA of this paper resides in a ∼ 30 comoving Mpc-
cale galaxy overdensity (K. Mawatari et al. 2016 ). Locally, the DLA
s surrounded by four galaxies within 30 arcsec ( = 223 proper kpc
t z = 3 . 34 in projection; see Fig. 1 a), namely two LBGs (LBG1
t a distance of 140 kpc and LBG2 at 209 kpc) and one SMG
71 kpc) and the newly found LAE (13 kpc). The velocity differences
rom the DLA at z = 3 . 3419 (or z = 3 . 3433 same as the LAE; see
able 6 ) of these galaxies are + 97 (0) km s−1 for the LAE, −366
 −462) km s−1 for LBG1, −439 ( −536) km s−1 for the SMG, and
2327 ( −2423) km s−1 for LBG2. Table 7 is a summary of the

nformation. Three of the four galaxies are within about 500 km s−1 
n velocity and 140 kpc in the impact parameter, suggesting that
hese three galaxies form a galaxy group or a protocluster core. In
his scenario, the DLA can be considered as the H I gas belonging to
uch a group/protocluster environment. It will be very interesting to 
nravel the full structure of this galaxy overdensity hosting the DLA
y performing further three-dimensional spectroscopy over a larger 
rea with MUSE and ALMA. 

.2 The nature of the DLA 

ince the background LBG is not resolved in either the current KCWI
ata or the Suprime-Cam images, we set a lower limit on the emission
ize. According to K. Mawatari et al. ( 2016 ), the size of an LBG with
n absolute magnitude of MUV = −21 . 80 is 1 . 6+ 2 . 1 

−0 . 9 kpc, based on
he size–luminosity relation of K.-H. Huang et al. ( 2013 ). This size
stimate is consistent with the latest observations with JWST (R. G.
aradaraj et al. 2024 ). Taking the lower bound of the size estimate, we
btain a lower bound of the DLA area as AH I = πR2 

LBG > 1 . 5 kpc2 .
MNRAS 543, 2943–2957 (2025)
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Table 8. Velocity differences from the O I λ1302 absorber. 
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his limiting area of the DLA is very conservative and two orders of
agnitude smaller than the minimum area of z = 2 . 0 and 2.5 DLAs

stimated by R. Bordoloi et al. ( 2022 ). Considering the covering
raction, the total H I mass is given by MH I = mp NH I fcov AH I , where

p is the proton mass. The obtained lower bound of the H I mass of
he DLA is log 10 ( MH I /M�) > 6 . 99 ± 0 . 18 for the single absorber
ase or > 6 . 91 ± 0 . 20 for the absorber at the LAE redshift in the two-
omponent absorber case, respectively. In any case, a lower bound
f the H I mass of the DLA is log 10 ( MH I /M�) � 7. This is again
wo orders of magnitude smaller than the minimum H I masses of
 = 2 . 0 and 2.5 DLAs estimated by R. Bordoloi et al. ( 2022 ). If the
LA of this paper is as massive as those discussed in R. Bordoloi

t al. ( 2022 ), namely, a ∼ 109 M� H I cloud, it is difficult to consider
hat the host galaxy of the DLA is the LAE with a dark matter halo
f Mhalo ∼ 1010 M�. In this case, the DLA would belong to the
alaxy group/protocluster environment as discussed in Section 5.1 .
o resolve which DLA host scenario is true, we need to know the
ctual extent of the H I gas distribution by spatially resolving the
ackground LBG emission and the DLA absorption. 
There could be the non-zero residual flux in the bottom of the

LA wavelength range. We have obtained a ∼ 90 per cent covering
raction in the Voigt profile analysis in Section 3.4 , suggesting a

10 per cent transmission. The same transmission has also been
ound in the radial profile analysis in Section 4.2 . Performing 2.′′ 0
iameter aperture photometry in the narrowband image of the DLA
avelength shown in Fig. 1 (d), we have found a ∼ 4 σ significance
f the residual emission at the position of the DLA/background
BG. However, there are similarly marginal signals distributed to

he west of the DLA/background LBG position and near the edge
f one of the FOVs on Day 1 where the noise level is relatively
igh. Although the residual emission is not sufficiently robust, if it
s real, the transmission of the background LBG continuum through
he DLA suggests three possibilities of the internal H I structure: (1)
 smooth translucent cloud, (2) a single but offset cloud, and (3)
ultiple patchy clouds. 
In fact, the case (1) a smooth translucent cloud is rejected imme-

iately. The damping wing profile in the DLA spectrum requires an
verall H I column density NH I ∼ 1021 cm−2 , giving an optical depth
f an order of 107 , because the H I Ly α cross-section is σα ∼ 10−14 

m2 . Therefore, the cloud must be highly optically thick. The case
2) an offset cloud predicts a spatial offset of the emission centroids
etween the LBG continuum at the wavelength not affected by the
LA and the continuum transmitted through the DLA. We could
ot find any significant offset in the current data, although it is
nconclusive due to the low signal-to-noise ratio of the transmitted
ontinuum as well as the low spatial resolution. We need deeper
nd higher spatial resolution observations to draw a conclusion. One
mplication of this case for the structure of the H I cloud is that the
loud edge must be sharp enough to reduce the optical depth from

107 to < 1 within a scale smaller than the cloud. The case (3)
ultiple patchy clouds implies an extremely large variation in H I

olumn density across the gas distribution. Although more than an
rder of magnitude variation in H I column density has been reported
y R. Bordoloi et al. ( 2022 ), the variation in column density must be
ore than seven orders of magnitude for the optical depth to be less

han 1 in some parts of the region, while other parts have an optical
epth of ∼ 107 to make the column density ∼ 1021 cm−2 . 
Either case (2) or (3) requires more than seven orders of magnitude

f optical depth contrast in the internal or boundary structure of the
LA. This optical depth contrast, or equivalently the H I density

ontrast, can be explained by the situation that the DLA gas, (almost)
ully neutral, is surrounded by highly ionized gas. We call this the
NRAS 543, 2943–2957 (2025)
mbient ionized medium, which is optically thin for Ly α. Note that
he ambient medium is not necessarily less dense than the DLA gas,
ut only their H I density is more than 107 times lower than that in the
LA due to an extremely low neutral fraction. Given the measured
 I column density of ∼ 1021 cm−2 , the H I volume density in the
LA is nHI , DLA ∼ 0 . 3 /lDLA , kpc cm−3 , where lDLA , kpc is the physical

cale of the DLA in the unit of kpc. Since the H I density contrast is >
07 , the H I density in the ambient medium should be nHI , amb < 3 ×
0−8 /lDLA , kpc cm−3 . Adopting the H I density in the ambient medium
nder the photoionization equilibrium with the ionizing background
adiation (Appendix C ), we find that the condition to reach the H I

ensity contrast of > 107 is δamb + 1 < 23
√ 

�−12 /lDLA , kpc , where
amb is the overdensity factor of the ambient medium compared to
he cosmic mean density at z = 3 . 34 and �−12 is the photoionization
ate normalized by 10−12 s−1 , a typical value under the ionizing
ackground radiation at z ∼ 3 (e.g. G. D. Becker & J. S. Bolton
013 ). 
As discussed in Section 5.1 , the DLA can be considered to be a

loud in the CGM located around the virial radius of a dark matter
alo of ∼ 1010 M�. The overdensity around the virial radius of a
alo should be smaller than its mean value within the radius, which
s typically ∼ 200. In the NFW dark matter profile (J. F. Navarro,
. S. Frenk & S. D. M. White 1997 ), the concentration parameter,
, determines the density around the virial radius. For example, a
alo of Mhalo ∼ 1010 M� at z ∼ 3 expects c ∼ 4 (A. A. Dutton & A.
. Macciò 2014 ) and the dark matter density contrast at the virial

adius compared to the cosmic critical density is about 50. Assuming
 constant baryon to matter density ratio, this is an expected baryon
verdensity at the virial radius. Compared to the above condition for
mbient overdensity, δamb , we find �−12 /lDLA , kpc � 4. Therefore, the
xtremely high contrast of > 107 in the optical depth in the edge
r internal structure of the DLA is realized in the situation that the
LA is surrounded by the highly ionized ambient medium in the
GM, if the DLA scale and the ionizing background radiation fulfil

his condition. For example, if the background radiation has a typical
ntensity of �−12 ∼ 1, then the DLA clouds should be sub-kpc scale,
uggesting that a patchy structure composed of such small clouds
s more likely. Given the DLA resides in a galaxy overdensity, the
onizing background can be stronger than a typical intensity. When
−12 ∼ 4, the physical scale of the DLA gas can be ∼ 1 kpc, which

s comparable to the typical LBG size. 

.3 The origin of the O I absorber 

he velocity differences of the DLA and four galaxies in the field
ompared to the redshift of the O I λ1302 absorber are listed in Ta-
le 8 . The velocity difference between the O I absorber and the DLA
s 905 km s−1 (or 1001 km s−1 if the DLA has the same redshift as the
AE), which seems large enough to consider that they are different
as components. On the other hand, the O I absorber is still located
ithin about 1000 km s−1 relative to the galaxies in the field, except
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or LBG2, suggesting that it is a gas cloud associated with the galaxy
roup/protocluster consisting of the LAE, LBG1, and the SMG. 
The oxygen abundance may give a clue to the origin of the O I

bsorber. Assuming the gas is dominated by the neutral phase, 
he difference between the O I and H I column densities can be
onverted to the oxygen abundance. The obtained lower limit is 
2 + log(O/H) > 7 . 3. By comparison with the oxygen abundance
f the solar photosphere, 12 + log(O/H) = 8 . 69 (M. Asplund et al.
009 ), we find that the metallicity of the O I absorber is at least 4
er cent of the solar abundance. Therefore, the O I absorber is not very
rimordial, but rather, metal-enriched to some extent, suggesting a 
ossible scenario of an outflow from a galaxy in the environment as
he origin of the absorber. 

The most massive and active star-forming galaxy in the field is
he SMG, which has a molecular gas mass of 3 × 1011 M� and 
F R ∼ 1000 M� yr−1 (Inoue et al. in preparation). Let us discuss

he possibility that the O I absorber is part of a spherical outflow gas
hell from the SMG. The projected distance at z = 3 . 34 between the
ine of sight (i.e. the location of the O I gas) and the SMG is 71 kpc.

e therefore assume a physical scale of the shell radius ( Rout ) of
he order of 100 kpc. The outflow gas mass can be expressed as

out = 4 πR2 
out �Rout ρout Cout , where �Rout is the thickness of the 

hell, ρout is the volume mass density of the outflow gas, and Cout 

s the covering fraction of the outflow gas in the shell. The outflow
as column density is given by �Rout ρout = μmp NH , where μ = 1 . 4
s the atomic mass weight, mp is the proton mass, and NH is the
ydrogen number column density. Assuming the outflow gas traced 
y O I to be dominated by the neutral phase, NH ∼ NH I ∼ 1020 cm−2 , 
hich is obtained by the two-component Voigt profile fitting (Ta- 
le 6 ). Finally, we obtain Mout ∼ 1 . 4 × 1011 Cout ( Rout / 100 kpc )2 M�,
hich is smaller than the molecular gas mass of the SMG because
out ≤ 1 by definition. 
If the angle between the line of sight and the outflow is θ ,

hen the outflow velocity is given by Vout = VLOS / cos θ , where 
LOS is the velocity along the line of sight. For the case of
out = 100 kpc and the impact parameter of 71 kpc, the angle
� 45◦ and Vout � 660 km s−1 when VLOS = 466 km s−1 . Hence, 
e obtain the outflow time-scale Tout ∼ Rout /Vout ∼ 1 . 5 × 108 yr 

nd the outflow rate Ṁout ∼ Mout /Tout ∼ Mout Vout /Rout ∼ 9 . 3 ×
02 Cout M� yr−1 . Finally, we find the mass loading factor η = 

˙ out /S F R ∼ Cout for S F R ∼ 103 M� yr−1 . Although the covering 
actor is unknown, it should not be too small, given that we have
etected the O I absorber by chance. For example, mass loading 
actors of a few tens per cent are reported for dusty star-forming
alaxies (DSFGs) at z ∼ 4 . 5 and local ultraluminous infrared galax-
es (ULIRGs) with SF R ∼ 103 M� yr−1 (J. S. Spilker et al. 2020 ).
herefore, Cout ∼ 0 . 1 may be reasonable. In this case, the outflow gas
ass is an order of 1010 M�, which is an order of magnitude larger

han those observed in the DSFGs and ULIRGs (J. S. Spilker et al.
020 ). This contradiction may be caused by the large size of Rout ∼
00 kpc assumed here. Nevertheless, the outflow gas scenario for the 
rigin of the O I absorber does not appear to be implausible in general.
The LAE is also the possible launcher of the O I outflow because

t has the smallest impact parameter of 13 kpc among the galaxies in
he field. If the outflow shell radius is assumed to be Rout ∼ 30 kpc,
he angle between the line of sight and the outflow is small and
out ∼ 1 . 1 VLOS ∼ 1100 km s−1 . The outflow velocity is very large,
lose to the upper limit of the distribution of SFGs (Y. Sugahara
t al. 2017 , 2019 ). For this shell radius and an SFR of ∼ 1 M� yr−1 

see Section 5.1 ), the outflow mass, time-scale, rate, and mass
oading factor are Mout ∼ 1 . 3 × 1010 Cout M�, Tout ∼ 2 . 7 × 107 yr, 
˙ out ∼ 4 . 7 × 102 Cout M� yr−1 , and η ∼ 4 . 7 × 102 Cout , respectively. 
ince the mass loading factor is known to be anticorrelated with the
alo mass (e.g. S. Veilleux et al. 2020 ; N. Harada, H. Yajima &
. Abe 2023 ), η ∼ 50 when Cout ∼ 0 . 1 is a reasonable value for
halo ∼ 1010 M� (N. Harada et al. 2023 ). Therefore, either the SMG 

r the LAE can be the source of the O I outflow. 
In addition, there are some hints of other metal absorption features

n the wide coverage of the DEIMOS spectrum (see Fig. 2 ). We
ill present a full analysis of these possible features, as well as the
hysical and chemical properties in this galaxy group/protocluster 
nvironment in the future. 

.4 Future prospects 

o study the properties of DLAs and their host galaxies in more
etail, statistical research with a large sample is needed. In particular,
o reveal the spatial extent and internal structure of DLAs, it is
esirable to have a sample of DLAs found in galaxies as background
ight sources. However, such DLAs are very rare, with only four
ases (five DLAs) reported to date (J. Cooke & J. M. O’Meara 2015 ;
. Mawatari et al. 2016 ; C. M. Dupuis et al. 2021 ; R. Bordoloi

t al. 2022 ). K. Mawatari et al. ( 2016 ), who discovered the target
LA of this paper, discussed the probability of finding DLAs in
BG spectra by assuming a distribution function of H I absorbers

n the IGM (A. K. Inoue et al. 2014 ). According to their estimate,
he probability of finding DLAs in galaxy spectra is an order of
 per cent. Therefore, if we want to obtain ∼ 100 samples, we
hould observe about ∼ 10000 LBGs. If we have a high enough
ensitivity to detect lower H I column density systems, such as sub-
LAs and Lyman limit systems, in galaxy spectra, the probability of
etection increases significantly thanks to a steep H I column density
istribution function (e.g. P. Noterdaeme et al. 2012 ). A large data set
f LBG spectra will be obtained by the Subaru Strategic Programme
ith the Prime Focus Spectrograph (PFS; M. Takada et al. 2014 ).
herefore, we have a good chance of constructing a statistical sample
f DLAs in galaxy spectra. These DLAs found in the galaxy lines
f sight will be followed up with Keck/KCWI, VLT/MUSE, and 
ventually, 30–40 m class extremely large telescopes (ELTs). Spatial 
esolution is essential to resolve the DLA structure and therefore the
daptive optics system in optical wavelengths is required. MAVIS 

F. Rigaut et al. 2020 ) on the VLT will be an excellent instrument to
ursue this type of science. Optical integral field spectroscopy with 
he Habitable Worlds Observatory 5 will be the ultimate tool for this
cience in the future. 
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2019, ApJ , 886, 29 
akada M. et al., 2014, PASJ , 66, R1 
umlinson J. , Peeples M. S., Werk J. K., 2017, ARA&A , 55, 389 
aradaraj R. G. et al., 2024, MNRAS , 533, 3724 
eilleux S. , Maiolino R., Bolatto A. D., Aalto S., 2020, A&AR , 28, 2 
olfe A. M. , Gawiser E., Prochaska J. X., 2005, ARA&A , 43, 861 

PPENDI X  A :  SKY  BRI GHTNESS  G R A D I E N T  

O R R E C T I O N  

s reported by N. M. Nielsen et al. ( 2022 ), the KCWI data cube
educed by the official pipeline has sky brightness gradient as shown
n the top panel of Fig. A1 . This also depends on the wavelength.

e corrected this wavelength-dependent sky brightness gradient by
sing the method presented by N. M. Nielsen et al. ( 2022 ). As shown
n the bottom panel of Fig. A1 , the method worked very well to
emove the sky gradient. 
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igure A1. Wavelength-integrated images of an example data cube (top) 
efore and (bottom) after flattening the sky background using the method
ntroduced by N. M. Nielsen et al. ( 2022 ). 

PPEN D IX  B:  TWO  A D D I T I O NA L  K C W I  
PEC TRAL  P E A K S  

n addition to the peak at 5280 Å, caused by contamination from
he nearby LAE, there are two other peaks at 5215 and 5245 Å in
he KCWI spectrum shown in the bottom panel of Fig. 3 . We show
arrowband images of these two peaks in Figs B1 and B2 . While
he weak signals are found at the position of the background LBG,
hich are likely to cause the spectral peaks, there is no significant
etection like the LAE found in the 5280 Å image shown in Fig. 
 (c). Therefore, we conclude that the 5215 and 5245 Å peaks are 
ransmission peaks through the foreground H I gas. 

igure B1. The narrowband image integrated over [5210.0 Å, 5220.0 Å]. 
he 1 σ surface brightness level is 3 . 0 × 10−21 erg s−1 cm−2 Å−1 arcsec−2 . 
he contours show the 5 σ surface brightness level in the Suprime-Cam i-band

mage. 
The Author(s) 2025. 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
igure B2. Same as Fig. B1 but for [5240.0 Å, 5250.0 Å]. The 1 σ surface
rightness level is 3 . 3 × 10−21 erg s−1 cm−2 Å−1 arcsec−2 . 

PPENDI X  C :  T H E  H  I DENSITY  IN  T H E  

MBI ENT  M E D I U M  U N D E R  

H OTO I O N I Z AT I O N  EQUI LI BRI UM  

e consider the situation where the DLA, the (almost) fully neutral
as, is surrounded by the ambient medium, which is highly ionized
nd optically thin for the Ly α line. In the ambient medium with the
 I density of nHI , amb , we assume the photoionization equilibrium, 
H I nHI , amb = np ne αB , where �H I is the photoionization rate, which 

s an order of 10−12 s−1 under the ionizing background at z ∼ 3 (e.g.
. D. Becker & J. S. Bolton 2013 ), np and ne are the volume number
ensities of proton and electron in the ambient medium, respectively, 
nd αB = 2 . 59 × 10−13 cm3 s−1 is the H I recombination rate in
he so-called case B (D. E. Osterbrock & G. J. Ferland 2006 ). By
sing the neutral fraction of hydrogen, xHI , amb = nHI , amb /nH , amb , 
here nH , amb is the total hydrogen number density in the ambient 
edium, np = ne = (1 − xHI , amb ) nH , amb ≈ nH , amb in a highly ionized 

hase, xHI , amb � 1, and when neglecting the helium contribution. 
hen, we obtain xHI , amb ≈ nH , amb αB / �H I . The mean hydrogen 
umber density at the redshift z in the Universe is given by
H ( z) = 〈 nH 〉0 (1 + z)3 , where 〈 nH 〉0 = 1 . 81 × 10−7 cm−3 is the
ean density in the present Universe ( z = 0) under the assumed

osmological parameters and the mean atomic weight μ = 1 . 4. The
ean density at z = 3 . 34 is 1 . 47 × 10−5 cm−3 . When we consider

he overdensity factor in the ambient medium, δamb , compared to the
osmic mean density at z = 3 . 34, namely δamb + 1 = nH , amb / 〈 nH 〉 ,
he ambient H I density becomes nHI , amb = xHI , amb 〈 nH 〉 ( δamb + 1) =
 δamb + 1)2 〈 nH 〉2 αB / �H I = 5 . 60 × 10−11 ( δamb + 1)2 / �−12 cm−3 , 
here �−12 is �H I normalized by 10−12 s−1 . 
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