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Abstract

We conduct intensity mapping to probe for extended diffuse Lya emission around Lya emitters (LAEs) at z ~
2—7, exploiting very deep (~26 mag at 50) and large-area (~4.5 deg”) Subaru /Hyper Suprime-Cam narrowband
(NB) images and large LAE catalogs consisting of a total of 1540 LAEs at z = 2.2, 3.3, 5.7, and 6.6 obtained by the
HSC-SSP and CHORUS projects. We calculate the spatial correlations of these LAEs with ~1-2 billion pixel flux
values of the NB images, deriving the average Ly« surface brightness (SBy ) radial profiles around the LAEs. By
carefully estimating systematics such as fluctuations of sky background and point-spread functions, we detect Ly«
emission at 100-1000 comoving kpc around z = 3.3 and 5.7 LAEs at the 3.20 and 3.70 levels, respectively, and
tentatively (=2.00) at z= 6.6. The emission is as diffuse as ~1072°~10""? erg s~ cm~? arcsec 2 and extended
beyond the virial radius of a dark matter halo with a mass of 10'" M.. While the observed SBy . profiles have
similar amplitudes at z=2.2-6.6 within the uncertainties, the intrinsic SByy, profiles (corrected for the
cosmological dimming effect) increase toward high redshifts. This trend may be explained by increasing hydrogen
gas density due to the evolution of the cosmic volume. Comparisons with theoretical models suggest that extended
Lya emission around an LAE is powered by resonantly scattered Ly« photons in the CGM and IGM that originate
from the inner part of the LAE and/or neighboring galaxies around the LAE.

Unified Astronomy Thesaurus concepts: Galaxy formation (595); Galaxy evolution (594); High-redshift galaxies

3 Institute for Multi- -messenger Astrophysics and Cosmology, Department of Physics, Missouri University of Science and Technology, 1315 North Pine Street, Rolla,

(734); Circumgalactic medium (1879); Intergalactic medium (813)

1. Introduction

The gas surrounding a galaxy, called the circumgalactic
medium (CGM), falls into the galaxy, triggers star formation
activity, and is subsequently ejected from the galaxy due to
outflows (e.g., Tumlinson et al. 2017; Péroux & Howk 2020). The
hydrogen gas inside the CGM can be traced by Lya emission,
which is observed as a Lya halo (LAH). Therefore, observing
LAHs is key to understanding the properties and kinematics of the
CGM and eventually providing information on galaxy formation

and evolution.

Original content from this work may be used under the terms
BY of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title

of the work, journal citation and DOI.

Many studies have detected LAHs around nearby galaxies
(e.g., Ostlin et al. 2009; Hayes et al. 2013, 2014). At high redshift
(z>2), meanwhile, LAHs have been identified mainly around
massive galaxies, such as Lyman break galaxies (e.g., Hayashino
et al. 2004; Swinbank et al. 2007; Steidel et al. 2011) and quasars
(e.g., Goto et al. 2009; Cantalupo et al. 2014; Martin et al. 2014;
Borisova et al. 2016; Arrigoni Battaia et al. 2019; Kikuta et al.
2019; Mukae et al. 2020; Zhang et al. 2020). However, it remains
difficult to detect diffuse emission around less massive star-
forming galaxies, such as Lya emitters (LAEs), at high redshift
due to their faintness and sensitivity limits.

To overcome this difficulty, Rauch et al. (2008), for example,
performed a very deep (92 hr) long-slit observation with the ESO
Very Large Telescope (VLT) FOcal Reducer and low dispersion
Spectrograph 2 that reached a 1o surface brightness (SB) detection
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limit of 8 x 1072 ergem 2 s~ ' arcsec 2. They investigated 27
LAEs at z=2.67-3.75, identifying Ly« emission extending over
26 physical kpc (pkpc) around one of the LAEs. Individual
detections of many high-redshift LAHs have been enabled by the
advent of the Multi-Unit Spectroscopic Explorer (MUSE) installed
on the VLT. Recently, Leclercq et al. (2017) identified individual
LAHs around 145 LAEs at z = 3-6 in the Hubble Ultra Deep Field
with the VLT/MUSE (see also Wisotzki et al. 2016). Their data
reached an SB limit of <10 " ergs ' cm Zarcsec > at radii of
>10 pkpc.

A stacking method has been widely used to obtain averaged
radial profiles of Lya emission with high signal-to-noise ratios
(S/Ns; e.g., Matsuda et al. 2012; Momose et al. 2014, 2016;
Xue et al. 2017; Wisotzki et al. 2018; Wu et al. 2020). For
example, Momose et al. (2014) stacked Subaru Telescope/
Suprime-Cam (SC) narrowband (NB) images around >100
LAEs at z =2.2-6.6, obtaining Ly« radial profiles to ~50 pkpc
radial scales. Matsuda et al. (2012) and Momose et al. (2016)
investigated the LAH size dependence on LAE properties, such
as Lya luminosity, rest-frame ultraviolet (UV) magnitude, and
overdensity, at z = 3.1 and 2.2, respectively. We note that some
studies (e.g., Bond et al. 2010; Feldmeier et al. 2013; Jiang
et al. 2013) reported no evidence of extended Lya emission
at z>2.

Another approach is the intensity mapping technique (see
Kovetz et al. 2017 for a review; see also Carilli 2011; Gong
et al. 2011; Silva et al. 2013; Pullen et al. 2014; Comaschi &
Ferrara 2016a, 2016b; Li et al. 2016; Fonseca et al. 2017),
which utilizes cross-correlation functions between objects and
their emission or absorption spectra. This technique enables us
to detect signals from targeted galaxies with a high S/N by
efficiently estimating and removing contaminating signals from
foreground interlopers. Croft et al. (2016, 2018) derived cross-
correlation functions between the Lya emission and quasar
positions at z=2-3.5 using data from the Sloan Digital Sky
Survey (SDSS; Eisenstein et al. 2011) Baryon Oscillation
Spectroscopic Survey (Dawson et al. 2013). This work enabled
the detection of positive signals over the >10* pkpc radial
scale.

Recently, Kakuma et al. (2021) applied the intensity
mapping technique to LAEs at z=15.7 and 6.6 using Subaru/
Hyper Suprime-Cam (HSC) data. They tentatively identified
very diffuse (~10"*°ergs ' cm ?arcsec”?) Lya emission
that, surprisingly, is extended over the virial radius (R,;;) of a
dark matter halo (DMH). Their finding has shed light on the
potential existence of Lya-emitting hydrogen gas much beyond
R,;; around LAEs in the reionization epoch.

Such extended Lya emission has also recently been
identified at lower redshifts. Umehata et al. (2019) observed
Lya emission from the SSA 22 protocluster field at z=3.1
with MUSE, finding filamentary structure extended over ~10°
pkpc. Bacon et al. (2021) also identified similarly extended
Lya emission around the z~3—4 LAEs in the overdense
regions in the MUSE Extremely Deep Field. While these
discoveries in themselves are impressive, they focus on
individual LAEs residing in overdense regions. This motivates
us to investigate whether even field LAEs at low redshifts
ubiquitously harbor such extended Ly« emission.

In this paper, we exploit NB images offered in two Subaru/
HSC surveys, the Cosmic HydrOgen Reionization Unveiled
with Subaru (CHORUS; Inoue et al. 2020) and the Subaru
Strategic Program (HSC-SSP; Aihara et al. 2019), which
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enable us to trace Lya emission from LAEs across z = 2.2-6.6.
We aim to systematically investigate diffuse Lya emission
extended beyond R,; around z=2.2-6.6 LAEs, taking
advantage of the intensity mapping technique and ultradeep
images of the CHORUS and HSC-SSP projects. In addition, we
use the LAE catalog constructed by Ono et al. (2021) as a part
of the Systematic Identification of LAEs for Visible Explora-
tion and Reionization Research Using Subaru HSC (SILVER-
RUSH) project (Ouchi et al. 2018). Covering a very wide area
(>1 deg?), this catalog helps us to study Lyc emission with a
large number of LAEs in general fields.

Another open question about extended Lya emission is its
physical origin (see the review by Ouchi et al. 2020 and Figure 15
of Momose et al. 2016). Theoretical studies have suggested
several physical processes, which can be classified mainly into (1)
resonant scattering and (2) in situ production. In resonant
scattering, Lya photons are produced in the interstellar medium
(ISM) of the galaxy and then resonantly scattered by neutral
hydrogen gas while escaping the galaxy into the CGM
and intergalactic medium (IGM; e.g., Laursen & Sommer-
Larsen 2007; Laursen et al. 2011; Steidel et al. 2011; Zheng
et al. 2011; Dijkstra & Kramer 2012; Jeeson-Daniel et al. 2012;
Verhamme et al. 2012; Kakiichi & Dijkstra 2018; Smith et al.
2018, 2019; Garel et al. 2021). For in situ production, Ly«
photons are produced not inside the galaxy but in the CGM. This
can be further classified into three processes: (i) recombination,
(ii) collisional excitation, and (iii) star formation. In recombina-
tion, ionizing radiation from the galaxy or extragalactic back-
ground (UVB) photoionizes the hydrogen gas in the CGM, which
in turn emits Lya emission via recombination (“fluorescence’;
e.g., Cantalupo et al. 2005; Furlanetto et al. 2005; Kollmeier et al.
2010; Lake et al. 2015; Mas-Ribas & Dijkstra 2016; Gallego et al.
2018; Mas-Ribas et al. 2017b). Collisional excitation: hydrogen
gas in the CGM is compressively heated by shocks and then emits
Lya photons by converting its gravitational energy into Ly«
emission while accreting onto the galaxy (“gravitational cooling”
or “cold stream”; e.g., Haiman et al. 2000; Fardal et al. 2001;
Goerdt et al. 2010; Faucher-Giguere et al. 2010; Rosdahl &
Blaizot 2012; Lake et al. 2015). In star formation, Ly« emission is
produced by star formation in unresolved dwarfs surrounding the
galaxy (“satellite galaxies™; e.g., Mas-Ribas et al. 2017a, 2017b).

To explain the Lya emission extended larger than R.;,
Kakuma et al. (2021) compared the observed Ly« SB profiles
against the prediction by Zheng et al. (2011) that considers
resonant scattering, but large uncertainties of the data prevented
drawing a conclusion. Bacon et al. (2021) suggested that such
extended Lya emission originates from a large population of
unresolved and ultrafaint (<10*ergs™") dwarfs clustering
around the LAEs. In the case of Umehata et al. (2019),
extended Lya emission is attributed to the ionizing radiation
caused by intense star formation or active galactic nuclei. Since
their comparisons are limited to specific cases for each
individual LAE at each redshift, we still need to comprehen-
sively investigate the key origin(s) by utilizing multiple models
at multiple redshifts.

This paper is organized as follows. Our data are described in
Section 2. In Section 3, we use the intensity mapping technique
to derive the cross-correlation SB of Ly« emission around the
LAEs. We discuss the redshift evolution and physical origins of
extended Lya emission in Section 4 and summarize our
findings in Section 5.
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Throughout this paper, magnitudes are given in the AB
system (Oke & Gunn 1983). We adopt the concordance
cosmology with Q,,0=0.7, Q4 0=0.3, and Hy =70 km s !
Mpcfl, where 1”7 corresponds to transverse sizes of (8.3, 7.5,
5.9, 5.4) pkpc and (26, 32, 39, 41) comoving kpc (ckpc) at
7=1(2.2,3.3, 5.7, 6.6).

2. Data

In this section, we describe the images and sample catalogs
used for our analyses. All of the images and catalogs are based
on Subaru/HSC data.

2.1. Images

We use NB and broadband (BB) imaging data that were
obtained in two Subaru/HSC surveys, HSC-SSP and
CHORUS. The HSC-SSP and CHORUS data were obtained
in 2014 March-2018 January and 2017 January—2018
December, respectively. We specifically use the internal data
of the S18A release. The HSC-SSP survey is a combination of
three layers: Wide, Deep, and UltraDeep (UD). We use the UD
layer images in the fields of the Cosmological Evolution
Survey (UD-COSMOS; Scoville et al. 2007) and Subaru/
XMM Deep Survey (UD-SXDS; Sekiguchi et al. 2005)
because the wide survey areas (~2 deg” for each field) and
deep imaging (the 5¢ limiting magnitudes are ~26 mag in a 2"
diameter aperture) in these fields are advantageous for the
detection of very diffuse Lya emission. The CHORUS data
were obtained over the UD-COSMOS field. The HSC-SSP and
CHORUS data were reduced with the HSC pipeline v6.7
(Bosch et al. 2018).

The HSC-SSP provides the data of two NB (NB816 and
NB921) filters in the UD-COSMOS and UD-SXDS fields,
while the CHORUS images are offered in four NB (NB387,
NB527, NB718, and NB973) filters in the UD-COSMOS field.
In this work, we present the results in the NB387, NB527,
NB816, and NB921 filters. The NB718 and NB973 filters are
not used in the following sections because the number of LAEs
and the image depths are not sufficient to detect diffuse Ly«
emission. The NB387, NB527, NB816, and NB921 filters are
centered at 3863, 5260, 8177, and 9215 A with the full widths
at half maximum (FWHMs) of 55, 79, 113, and 135A,
respectively, which cover the observed wavelengths of Ly«
emission from z=2.178£0.023, 3.327 £0.032, 5.726 &+
0.046, and 6.580 £ 0.056, respectively. Five BB (g-, r2-, i2-,
z-, and y-band) filters are also available in both HSC-SSP and
CHORUS. Figure 1 shows the NB and BB filter throughputs,
and Table 1 summarizes the images and filters.

Bright sources in the NB and BB images must be masked,
since they contaminate diffuse emission. We thus mask pixels
flagged with either DETECT or BRIGHT_OBJECT using the
masks provided by the HSC pipeline (termed original masks).
A pixel is flagged with DETECT or BRIGHT_OBJECT when
the pixel is covered by a detected (=50) object or affected by
nearby bright sources, respectively. However, because some
bright sources are missed in the original masks due to bad
photometry, the HSC-SSP team offered new masks that
mitigated this problem (hereafter termed revised masks).'®
The revised mask is defined based on the bright stars cataloged
in the Gaia Data Release 2 (Gaia Collaboration et al. 2018). We

18 https: / /hsc-release.mtk.nao.ac.jp/doc/index.php/bright-star-masks-2 /
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Figure 1. Effective response curves of the HSC NB filters NB387 (blue),
NB527 (green), NB816 (orange), and NB921 (red) and BB filters g, 12, i2, z,
and y (black). These response curves include the quantum efficiency of the
HSC CCD, the transmittance of the dewar window of the primary focus unit,
the reflectivity of the primary mirror, and the airmass at the telescope site.

find that the stars brighter than ~18 mag are masked. We adopt
the revised masks in addition to the original masks to flag
BRIGHT_OBJECT. We use the revised g-, r2-, z-, and y-band
masks for the NB387, NB527, NB816, and NB921 images,
respectively, because the revised masks are offered only in the
BB filters. For the BB images, we use the revised masks
defined for each BB filter. We visually confirm that these
criteria successfully cover bright sources and contaminants in
the images.

2.2. LAE Sample

We use the LAE catalog of Ono et al. (2021). They selected
LAE candidates based on color and removed contaminants by a
convolutional neural network (CNN) and visual inspection.
Their final catalog includes (542, 959, 395, 150) LAEs at
7=1(2.2,3.3,5.7, 6.6) in the UD-COSMOS field and (560, 75)
LAEs at z= (5.7, 6.6) in the UD-SXDS field.

The NB images of the UD-COSMOS and UD-SXDS fields
are deepest at the center and become shallower toward the
edges (Hayashi et al. 2020; Inoue et al. 2020). We thus exclude
LAEs outside of the boundaries shown with the black dashed
circles in Figures 2 and 3. The boundaries are defined such that
the limiting magnitudes outside are shallower than those at the
center by ~0.2 mag.

We estimate the Lya line luminosities (Lpy,) following
Shibuya et al. (2018; see also Itoh et al. 2018). First, we
measure the NB (BB) magnitudes myp (mpp) of the LAEs at
7=2.2,3.3, 5.7, and 6.6 in the NB387 (g-band), NB527 (r2-
band), NB816 (z-band), and NB921 (y-band) filters, respec-
tively. The magnitudes are measured with a 2” diameter
aperture because it efficiently covers the point-spread function
(PSF), whose FWHM is 078-1"”1 (Ono et al. 2021). The
NB387 magnitudes are corrected for the systematic zero-point
offset by 0.45 mag, following the recommendation by the
HSC-SSP team.'® Next, we follow Shibuya et al. (2018) to
derive the Ly line fluxes (fiy,) from myg and mgg, assuming
a flat UV continuum and the IGM attenuation model of Inoue
et al. (2014). Lastly, the values of Lj,, are derived via

' hitps: / /hsc-release.mtk.nao.ac.jp/doc /index.php /known-problems-2/
#hsc-link-10
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Table 1
Summary of the NB Filters and Images
UD-COSMOS UD-SXDS

NB A FWHM ZLAE Area MNB 50 Area MNB 50

A A (deg?) (mag) (deg?) (mag)
@ @) (3) (C)) (%) © O] ®)
NB387 (CHORUS) 3863 55 2.178 £ 0.023 1.561 25.67
NB527 (CHORUS) 5260 79 3.327 £0.032 1.613 26.39
NB816 (HSC-SSP) 8177 113 5.726 £ 0.046 2.261 25.75 2.278 25.61
NB921 (HSC-SSP) 9215 135 6.580 £ 0.056 2.278 25.48 2.278 25.31

Note. Columns: (1) NB filter. (2) and (3) Central wavelength (\.) and FWHM of the NB filter transmission curve. (4) Redshift range of the LAEs whose Ly« emission
enters the NB filter. (5) and (6) Effective area and 5¢ limiting NB magnitude (mng s,) in the UD-COSMOS field. The myg s, value is measured with a 2” diameter
aperture in each patch and then averaged over the field. See Inoue et al. (2020) and Hayashi et al. (2020) for the spatial variance of myg s, The myg 5, value in NB387
is corrected for the systematic zero-point offset by 0.45 mag (see Section 2.2). (7) and (8) Same as columns (5) and (6) but for the UD-SXDS field. The values in this

table are cited from Ono et al. (2021).

Liyo,= 47TdL(ZLAE)2fLya, where d; (71 og) denotes the luminos-
ity distance to the LAE at redshift z; .

Although the completeness of the LAEs is as high as
290% at myp < 24.5 in the CNN of Ono et al. (2021), faint
LAEs may be missed in the observations and selection. To
ensure completeness, we use only LAEs whose Ly, values
are larger than the modes (peaks) of the L;, histograms,
which are represented as Ly, in Table 2. This sample,
termed the all sample, consists of (289, 762, 210, 56) LAEs
atz=1(2.2,3.3,5.7,6.6) and (199, 24) LAEs at z = (5.7, 6.6)
in the UD-COSMOS and UD-SXDS fields, respectively. To
accurately compare the LAEs of different redshifts at similar
Lyy. values, we further exclude faint LAEs from the all
sample such that the mean L;,, values are equal to
10479 erg s~! at each redshift. This selection results in (37,
123, 125) LAEs at z=(2.2,3.3,5.7) and 88 LAEs at z=15.7
in the UD-COSMOS and UD-SXDS fields, respectively,
which we hereafter refer to as the bright subsample. At
7=06.6, since the mean Ljy, values of the all sample are
10%%ergs™! in both the UD-COSMOS and UD-SXDS
fields, we also use the all sample as the bright subsample. In
summary, we use a total of 1540 and 453 LAEs in the UD-
COSMOS+UD-SXDS fields as the all sample and the bright
subsample, respectively. The Ly, values and sample sizes
are summarized in Table 2. The sky distributions of the
LAEs in the UD-COSMOS and UD-SXDS fields are
presented in Figures 2 and 3, respectively.

A major update of our data compared to Kakuma et al.
(2021) is that we add 1051 new LAEs at z=2.2 and 3.3 using
the CHORUS data. The catalog of z=5.7 and 6.6 LAEs is also
updated in that we use the latest catalog constructed by Ono
et al. (2021) based on HSC-SSP S18A images, while Kakuma
et al. (2021) used the S16A catalog taken from Shibuya et al.
(2018). The number of LAEs of Ono et al. (2021; a total of
1180 for the UD-COSMOS and UD-SXDS fields) increases
from that of Kakuma et al. (2021; a total of 630) because the
limiting magnitudes are improved by ~0.5 mag. However, we
exclude the LAEs that are faint or close to the field boundaries
from the sample of Ono et al. (2021), which results in the
number of LAEs (=489) and the minimum NB magnitudes
(~25-25.5 mag) comparable to those of Kakuma et al. (2021).
We use the same images as Kakuma et al. (2021; i.e., those
taken from the HSC-SSP S18A release) in NB816 and NB921,
while our masking prescription may be slightly different.

2.3. NonLAE Sample

Although the intensity mapping technique can remove
spurious signals from low-redshift interlopers, other systema-
tics, such as the sky background and PSF, may still
contaminate LAE signals. To estimate the contribution from
these systematics, we use foreground sources, which we
hereafter term “NonLAEs.” Because NonLAEs should corre-
late only with the systematics, but not with Ly« emission from
LAEs, we estimate these systematics by applying the intensity
mapping technique to NonLAEs.

We construct NonLAE samples as follows. First, we detect
sources in the NB images using SExtractor (Bertin &
Arnouts 1996). Second, we select only sources that are
sufficiently bright (<26 mag) in the g, r2, and i2 bands to
remove spurious sources and artifacts. Third, we randomly
select the sources such that they have the same sky, FWHM-
magnitude distributions in NB (FWHMyg—mng) as those of the
LAE:s in each field at each redshift. In this way, ~10> sources
are selected, which we define as NonLAEs. We present the
FWHMyg—myg distributions of the LAEs and corresponding
NonLAEs in Figures 4 and 5.

To test whether our NonLAE selection biases the measure-
ment of the systematics, we first estimate the fraction of low-
redshift line emitters that mimic Ly« emission (for example,
the Ho line emitted from a galaxy at z=0.237-0.254
contaminates the Lya flux measured with the NB816 image).
Based on the colors of low-redshift line emitters given by
Hayashi et al. (2020), we find that the fraction of low-redshift
line emitters included in the NonLAEs is no more than ~5%.
Second, we estimate the redshifts of the NonLAEs by cross-
matching them with the MIZUKI photometric redshift catalog
(Tanaka 2015) and the SDSS spectroscopic source catalog
(Blanton et al. 2017). As a result, only up to ~3% of the cross-
matched NonLLAEs are at the redshifts that might contaminate
the Lya flux (for example, z=0.237-0.254 for the NB816
case). These results suggest that such low-line emitters have
only a negligible impact on the measurement of the
systematics. Indeed, the measurement remains unchanged
within the lo uncertainties even when we exclude such
potential line emitters from the NonLAE sample. Furthermore,
we also confirm that using blank locations as the NonLAEs
produces the measurement consistent with the above within the
lo uncertainties at 2100 ckpc. To summarize these results, our
NonLAE selection is very unlikely to bias the measurement of
the systematics.
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Figure 2. Sky distributions of the LAEs in the UD-COSMOS field at z = 2.2, 3.3, 5.7, and 6.6, from left to right. The open red circles show the positions of the LAEs
included in the all sample but not the bright subsample, while the filled red circles indicate the positions of the bright subsample LAEs (i.e., all sample LAEs are
represented by the open+filled red circles). We use the LAEs inside the black dashed circles. The background white shaded area shows the NB387, NB527, NB816,
and NB921 images, from left to right. The gray shaded area shows the regions where the pixel is masked or a UD image is not offered. Note that the distribution of the
bright subsample at z = 6.6 is not displayed because we also treat the all sample also as the bright subsample at z = 6.6.
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Figure 3. Same as Figure 2 but for the UD-SXDS field at z = 5.7 (left) and 6.6
(right).

3. Intensity Mapping Analysis

In this section, we derive the SB radial profiles of Ly«
emission around the LAEs using the intensity mapping
technique.

3.1. Cross-correlation Functions

We compute SB as a cross-correlation function between
intensities of emission in a given band (XB) and given objects
20

(OBJs), SBxg oI

via
1 Neows <B
SBxsx 0B (1) = > Hpy M
Noosy i1 7

and
SBxgx0B1(r) = SBxgxop1,»(r) X FWHMxg. (2)
The pixel of the ith pixel-OBJ pair has a pixel value of uf/Xl.B) in
the XB image in units ofergs 'cm * Hz ' arcsec 2. In

NB387, we multiply /Lf/NI.B387) by 1.5 to correct for the zero-point
offset of 0.45 mag (see, Section 2.2). The summation runs over
the N, op; pixel-OBJ pairs that are separated by a spatial
distance r. We use pixels at distances of between 175 and 40”

20 The right-hand side of Equation (1) represents a cross-correlation function,
which has usually been referred to as £ in previous work (e.g., Croft et al.
2016, 2018; Bielby et al. 2017; Momose et al. 2021a, 2021b). However, we
refer to this function as “SB,” since the cross-correlation function is equivalent
to surface brightness in our analyses.

from each OBJ (corresponding to the outer part of the CGM
and outside), which are then divided into six radial bins. A total
of ~(1-2) x 10° pixels are used for the calculation at each
redshift. Here FWHMg represents the XB filter width (in units
of Hz) corrected for IGM attenuation, derived via

fooc e*TL‘”(V)TXB(V)dV/V
Txp(Va) /Va

where Txg(v) denotes the transmittance of the XB filter, and v,
is the observed Ly« line frequency. We adopt the IGM optical
depth 7.(v) from Inoue et al. (2014).

The statistical uncertainty of SBxg.opy 1S estimated by the
bootstrap method. We randomly resample objects while keeping
the sample size and calculated SBxg.op;. We then repeat the
resampling 10* times, adopting the 1o standard deviation of the
SBxgxopy Values as the 1o statistical uncertainty of the original
SBxpxopy- At z=2.2 and 3.3, the UD-SXDS field is not
observed in CHORUS, which prevents the estimation of the field
variance between the UD-COSMOS and UD-SXDS fields.
Therefore, we alternatively divide the LAEs at z = 3.3 into four
equal regions and derive SBng 1 ag in €ach region. We find that
the deviation of SBnpxag among the four regions is ~10%-—
20% of the averaged values. We add this deviation in quadrature
to the statistical uncertainties of SBngx1AE-

FWHMXB == (3)

3.2. Lyo. SB

We estimate the SB of Lya emission (SBy ) around the LAEs
as follows. First, we subtract the systematics (SBng xnonLag) from
the emission from the LAEs (SBngxrap) Via

“)

Uncertainties in SByp propagate from those of SByg«pag and
SBNBxNonLAE- We present the radial profiles of the SBypx1AE,
SBNBxNonLaE, and SByp of the all sample and bright
subsample in Figures 6 and 7, respectively.

We use Fisher’s method (Fisher & Aylmer 1970) to estimate
the S/Ns of SByp over all of the radial bins, following Kakuma
et al. (2021). Generally, a p-value is expressed as

SBng = SBNxLAE — SBNBxNonLAE-

p= [ Nop=0,0=1ax, 5)
S/N
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Table 2
Summary of the Sample
UD-COSMOS UD-SXDS
ILAE log L{ye, log Liy" Npag log L{%n log Liya" NLAE NLAE otal
(erg s (erg s (erg s (erg s
@ () 3) )] (%) 6) () ®)
All Sample
22 422 42.5 289 289
33 42.1 42.5 762 762
5.7 42.6 42.8 210 42.2 42.8 199 409
6.6 42.8 43.0 56 429 43.0 24 80
NLAE total 1317 223 1540
Bright Subsample

22 42.6 429 37 37
33 42.6 429 123 123
5.7 42.7 429 125 42.7 429 88 213
6.6" 42.8 43.0 56 429 43.0 24 80
NLAE total 341 112 453

Notes. Columns: (1) Redshift. (2) and (3) Minimum and mean Lya luminosity of the all sample (top) and bright subsample (bottom) in the UD-COSMOS field,
measured with a 2” diameter aperture. (4) Number of LAEs. The total number of LAEs over z = 2.2-6.6 is shown in the bottom row. (5)—(7) Same as columns (2)—(4)

but for the UD-SXDS field. (8) Total number of LAEs at each z.

4 At 7 = 6.6, we also treat the all sample as the bright subsample in each field (see Section 2.2).

where N(x; u = 0, o0 = 1) is a Gaussian distribution with an
expected value =0 and a variance o> = 1. We thus use this
equation to convert the S/N in the ith radial bin (S/N;) into the
p-value in that bin (,;). The x2 value over all of the radial bins
(1<i<N), {% is then calculated as {2 = —23Y In(p).
Since {* follows a X%N distribution with 2N degrees of
freedom, Xz(x; dof = 2N), the p-value over all of the radial bins,
P, is derived as

b= f 7 3(x; dof = 2N)dx. 6)
o

We convert this to the S/N over all of the radial bins by solving
Equation (5) for S/N.

The black vertical dashed lines in Figures 6 and 7 indicate
R,;.. Following the observational results by Ouchi et al. (2010)
and Kusakabe et al. (2018), we assume that the DMHs hosting
LAEs have halo masses (M},,) of 10“M® at all redshifts,
which corresponds to an R, value of ~150 ckpc.

For the all sample (Figure 6), we unfortunately see no clear
(<10) detection at z=2.2. On the contrary, at z = 3.3, SByp is
significantly positive over wide scales from ~10* to 10’ ckpc
with S/N=3.2. At z=5.7, SByg is significantly positive at
~80-10° ckpc in the UD-COSMOS field with S/N=4.7,
while the signal in the UD-SXDS field is weak (a similar trend
is reported in Kakuma et al. 2021). To investigate the averaged
signal between the two fields, we mean SByg in both fields
with weights of the inverse of the SBng uncertainties and add
the uncertainties in quadrature. As a result, we identify positive
signals with S/N=3.7. At z=06.6, SBxg is positive at
~80-200 ckpc in both fields. Averaging SByg over the two
fields, we tentatively identify a positive signal with S/N = 2.0.
The values of SByg at z=3.3-6.6 are as diffuse as
~1072-107" erg s~'em ™2 arcsec 2.

For the bright subsample (Figure 7), the signals at z =2.2
and 3.3 are not significant. Meanwhile, we find the positive

signal with S/N =2.0 when averaging SByg over the UD-
COSMOS and UD-SXDS fields at z=15.7.

The UV continuum emission might contribute to the SByg in
addition to the Ly« line emission. We thus estimate the SB of
the UV continuum emission, SB¢opc,, using

SBeont,y < SBgB,, = SBpexLAE,y — SBBBxrandom,y>  (7)

where SBgg 1 AE,, (SBBB xrandom.,) represents the SB value that
is derived from the cross-correlation function between the BB
images and LAEs (random sources) in units ofergs™ ' cm >
Hz 'arcsec . To estimate the sky background, we use
random sources, not NonLAEs, since it is difficult to match the
FWHMpg—myg distributions of the NonLAEs with those of the
LAEs due to the faintness of the LAEs in the BB. Since
SBEE x random,» N€glects signals from the PSF, SBgg ,, should be
treated as the upper limit of SB.yy,. As shown in Figure 8 as
an example, the values of SB.qy, at z=2.2-6.6 are consistent
with null detection within ~(1-2)o uncertainties. Additionally,
we confirm that the UV continuum emission contributing to
SBng, 1.€., SBeont, X FWHMyg, is negligible compared to
SBng. Therefore, we hereafter assume that SByg is equivalent
to the Lya SB (SBrya).

In summary, we identify very diffuse (~10"2°-10""°
ergs 'cm Zarcsec %) Lya signals beyond R,; around the
all sample LAEs clearly at z = 3.3 and 5.7 with S/N ~ 3—4 and
tentatively at z=6.6 with S/N ~ 2. These results imply the
potential existence of very diffuse and extended Lyo emission
around z = 3.3-6.6 LAEs. The significant detections at z =3.3
and 5.7 are presumably due to the large number of LAEs (762
and 409, respectively) and the good image sensitivities
(~2 x 1072 erg s~ 'em 2 arcsec ™ ).

Again, a major update compared to Kakuma et al. (2021) is
that we newly apply the intensity mapping technique to the
CHORUS data to investigate extended Lya emission at
z=2.2-3.3. In particular, we identify extended Lya emission



THE ASTROPHYSICAL JOURNAL, 931:97 (17pp), 2022 June 1

JETTTTITTrrorprrd
210 z=2.2
10|1|||||
3:]1|,|-|]|1|||II|LW
= 2F =
= L i
= T i
LL.].__.::E —
Lat Tl ool r

25 24 23
myg [Mag] N

N

I

ol
| ~l

=g 570 nppr vl
Je I |

T

2103E||=||l§
10 [

[ B

=
o
=
o
w

25 24

myg [Mag] N

Kikuchihara et al.

3 TT T T T T T[T T T T T
> 10 L___ 2=33
10 |

i [ T A

3_IIIIQ}EIIII|HH[HIL o
< 2 =
N g _
= i
(N 1 .

vl o sy 110

26 25 24 23 10103

mpg [Mag] N

3 I|\\\L|1II

210 Z=6.6

10 f[

C T T T, 1,7 11 | ] ﬂﬂ'rlm

— 1K -

— 2 —HH -

[an] dC =
s

e R A | = -

% & D !
Ll- 1 up_ﬂ.‘\"h:‘ I -l
L 11 1] T

24 10103
myg [Mag] N

Figure 4. The FWHMyg-—myg distributions of the NonLAEs defined for the all sample LAEs at z = 2.2 (top left), 3.3 (top right), 5.7 (bottom left), and 6.6 (bottom
right) in the UD-COSMOS field. In each panel, the red and black circles represent the distributions of the LAEs and the corresponding NonLAEs, respectively. We
also present the histograms of FWHMyg and myg on the right and top, respectively, for the LAEs (red) and NonLAEs (black).

around the z=3.3 LAEs with S/N levels comparable to or
higher than those at z=5.7 and 6.6. Our results at z=15.7 and
6.6 are consistent with those obtained in Kakuma et al. (2021),
which is as expected from similar properties of the LAEs of
Kakuma et al. (2021) and our all sample, such as Ny g, the
Ly y, ranges, and the sky distributions (Section 2.2). In the next
section, we compare our results with previous work, including
Kakuma et al. (2021), in more detail.

We find that the values of SBng do not agree between the
UD-COSMOS and UD-SXDS fields at z=15.7 and 6.6. The
cause of this deviation remains unclear; one possibility is that
the deviation is attributed to the large variation in the IGM
neutral fraction at high redshifts (e.g., Becker et al. 2015, 2018;
Bosman et al. 2018; Kulkarni et al. 2019). Nonetheless, we
cannot rule out that the deviation is caused by other
systematics. Although we cannot find any systematics to bias
our results (see the various tests in Section 2.3), we may still
need to examine any other unknown systematics in an
independent study.

3.3. Comparison with Previous Work

We compare our SBy y,, radial profiles with those of previous
studies at z ~ 2.2, 3.3, 5.7, and 6.6 (Figure 9). We compile the
data taken from Momose et al. (2014, 2016), Leclercq et al.
(2017), Wisotzki et al. (2018), Wu et al. (2020), and Kakuma
et al. (2021), which are summarized in Table 3. Because SB is
affected by the cosmological dimming effect, all of the SByy,
profiles, including ours, are scaled by (1 + z)74 toz=2.2,3.3,
5.7, and 6.6 in each panel. We also shift the radii of the SBy y,
profiles in units of cpkc by (1 + z), while fixing the radii in
pkpc. For our results at z=15.7 and 6.6, we hereafter present
SByy. averaged at each redshift over the UD-COSMOS and
UD-SXDS fields with weights of the inverse of the SBygp
uncertainties. The uncertainties of SByg in the two fields are
added in quadrature.

Although the SByy, profiles are measured under different
seeing sizes, the typical image PSF FWHMs are as small as
<1”5, corresponding to <40-60 ckpc at z=2-7 (e.g., Momose
et al. 2014; Ono et al. 2021). Since we focus on SBy y,, profiles at



THE ASTROPHYSICAL JOURNAL, 931:97 (17pp), 2022 June 1

3
= 10 2=5.7
10 |

I |

Kikuchihara et al.

L R L) A A A | = 1 T = 1  F—
~ 3F E2 v 1 -
@ : S | a [ 1
s 2 JELL T s 2¢ ul.
L 4k il L L 1k i
= s | = f 15
1 e LE 1Bl H
T r i B I e
25 24 10103 10103
myg [Mag] N mys [Mag] N
Figure 5. Same as Figure 4 but for the UD-SXDS field.
UD-COSMOS UD-COSMOS
Radius [arcsec] Radius [arcsec]
1 10 100 1 10 100
T LI UL 1 T T 8 T 1 i T LELLLRARL)
4t z=2.2 . 6 [ | =22 1
all al i bright
sample 5> [ i subsample

_ — of Jﬁ ]

Y * - 'y 6 =33 1

& i } X s & 4 ‘ i

5 L A -

g 2 | UD-SXDS = i 1 ub-sxps
o~ [ %5446, | Radius[arcsec] o~ 27 | 1 Radius [arcsec]
CoF I S 1 10 SE of—4bead1 10
f'_.u 6 Wﬁ%ﬂ'ﬁﬂul T |i||||||| ™ T 11711 fﬁu 'Hmﬂ'hﬂ%lu T Iilllllll ™ T 11717
A 3 [ ‘} ‘} z=5.7 1 4 z=5.7 y A 6 2=5.7 T z=5.7 1

o . 1 il o 4 L 4

52_ +\+“}4§A“ \%_‘i‘_rﬁ—;}—)lg_ (]sz ; 4,}. 1 . ‘}:

= B ¢ + 5 : o l * +_{.—’ 5 1 g

o 0 ¢ * {' 444 & 0 kb + = . -++; R ——

: 10 II“lllllllllI Illlll“llll]llllI IlII Illlltllllllll IIIIIII Ll ]IllI I’II :‘ 10 'WI IIIIl IIIIIIII[ III Illll“I"'l;IIIIIII

sk z=6.6 | 8 B z=6.6 | .} z=6.6

6 t oF i N 5

af 4 ! T af 4 i T P\{—LH ]

2r + 2r 1 .

[ N [ s ]
O -I--I-I-;-I—I;;ﬁ--l- I“ I-I- ITI- --I—---IIIIIIII ) 1 Ll IIII I- 0 L L LLLLIL lll FIIY[IIL L LLLLLLIL I+I 0]] Ill+ 1
100 103 100 10P 100 10° 100 10°

Radius [ckpc]

Figure 6. SB radial profiles of the a/l sample. Left: SByg in the UD-COSMOS
field at z =2.2, 3.3, 5.7, and 6.6, from top to bottom. The red triangles and
circles show SB before and after systematics subtraction (SBnpxpag and
SBng), respectively. The black solid lines represent the systematics that are
estimated with the NonLAEs (SBnpxNonLag). The red error bars and gray
shaded area are the 1o uncertainties estimated by the bootstrap method. The
vertical black dashed line represents R; of a DMH with My, = 10! M,
while the horizontal black line represents SB =0. The data points of
SBnexLaE are slightly shifted along the horizontal axis for clarity. Right:
same as the left column but in the UD-SXDS field at z = 5.7 and 6.6 in the top
and bottom panels, respectively.
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Figure 7. Same as Figure 6 but for the bright subsample. Note that the results
at z = 6.6 (bottom panels) are the same as those in Figure 6, since we also treat
the all sample also as the bright subsample at z = 6.6.

larger scales of 2100 ckpc, PSF differences are unlikely to affect
the following discussion.

Momose et al. (2016) found that SBy y, profiles depend on the
Ly y, of the galaxy. To avoid this dependency, we take the data
from Momose et al. (2014, 2016) and Kakuma et al. (2021)
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Figure 8. Radial profiles of SBoy, of the all sample at z = 2.2, 3.3, 5.7, and
6.6 (from top to bottom). The data points should be treated as upper limits,
since SBone,, Neglects signals from the PSF.

because their LAEs have Ly, values similar to those of our all
samples in the same 2" diameter aperture size. We additionally
take the data from Leclercq et al. (2017), Wisotzki et al. (2018),
and Wu et al. (2020), but these samples have different Ly y, values
measured in different aperture sizes. Therefore, for precise
comparisons, we normalize the SBy, profiles of these samples
such that SBLya integrated over a central 2” diameter aperture

(—47TdL f , SBrya(r) - 27rdr) becomes equal to the Ly, of our
all sample at each redshift.

The top left panel in Figure 9 presents SBy,, radial profiles
at z=12.2. We compare the results of Momose et al. (2016;
Liyo= 10*®erg s~ subsample) against our all sample. We
find that the SByy, profile of Momose et al. (2016) is in good
agreement with that of our all sample at » ~ 100 ckpc.

Kikuchihara et al.

In the top right panel of Figure 9, we show the SByy,
profiles at z=3.3. We compare the results of Momose et al.
(2014; z =3.1 LAEs), Leclercq et al. (2017; an 1nd1v1dua1 LAE
MUSE#106), Wisotzki et al. (2018; Lpy,>10%ergs™'
subsample at z = 3-4), and our all sample. The SBy,, profiles
from the literature approximately agree with that of our all
sample even at » ~ R,;,. We additionally show the results from
a subsample of Matsuda et al. (2012) with continuum
magnitudes BV = (2B + V)/3 of 26 < BV < 27 (typical values
for LAEs), where B and V are Subaru/SC B- and V-band
magnitudes. The SByy, profile of Matsuda et al. (2012) also
agrees with that of our all sample around r ~ R;;. We note that,
although the results of Leclercq et al. (2017) are represented by
their individual LAE MUSE#6905, their LAEs have similar
SByy. profiles when the amplitudes are normalized to match
the Ly, values at r <17,

The SBy, profiles at z = 5.7 are displayed in the bottom left
panel of Figure 9. We compare the results of Momose et al.
(2014; z =5.7 LAEs), Leclercq et al. (2017; an individual LAE
MUSE#547), Wisotzki et al. (2018; Ly, > 10" ergs™
subsample at z=5-6), Wu et al. (2020; z=35.7 LAEs),
Kakuma et al. (2021; z=15.7 LAEs), and our all sample. The
SByy. profile of our all sample agrees well with those of
Momose et al. (2014), Leclercq et al. (2017), Wisotzki et al.
(2018), and Wu et al. (2020) at r ~ 80-200 ckpc and that of
Kakuma et al. (2021) up to r ~ 10* ckpc.

The bottom right panel of Figure 9 shows SBy,, profiles at
z=06.6 taken from Momose et al. (2014; z=6.6 LAEs),
Kakuma et al. (2021; z = 6.6 LAEs), and our all sample. The
SByy. profile of our all sample is consistent with those of
Momose et al. (2014) and Kakuma et al. (2021) up to scales of
r~ 100 ckpc and 10° ckpc, respectively.

In summary, our SByy,, profiles are in good agreement with
those of the previous studies at each redshift, provided that the
LAEs have similar L, values at r <1”. Our SBy,, profiles
(r 2,80 ckpc) are smoothly connected with the inner (r < 100
ckpc) profiles taken from the literature at ~100 ckpc and
extend to much larger scales.

In Figure 10, we compare the SB_,, radial profiles between
Momose et al. (2014, 2016) and our all sample at z =2.2, 3.3,
and 5.7 (the data of Momose et al. 2014, 2016 are of the same
LAEs as used in Figure 9). We find that the SB,,, profiles
roughly agree at r <400 ckpe, although the uncertainties are
large. The SB_opn, profiles are much less extended than the
SBy, profiles, which was also suggested by Momose et al.
(2014, 2016) and Wu et al. (2020). We note that the profiles at
z= 6.6 are not compared here because our sample is ~0.3 dex
brighter than that of Momose et al. (2014).

4. Discussion
4.1. Redshift Evolution of Extended Lyo. Emission Profiles

In this section, we investigate the redshift evolution of SBy y,
profiles of extended Lya emission. In Figure 11, we compare
the SBy, profiles of our bright subsample at z=2.2-6.6 as a
function of radius in units of ckpc. We also present the results
taken from Momose et al. (2014; z=15.7 and 6.6 LAEs) and
Wisotzki et al. (2018; Ly, > 10* erg s ! subsample at
z=73-4). Because our brzght subsamples have uniform Ly,
values (~1 10**9-10%° ergs ) over z=2.2-6.6, the Ly,
differences between the redshifts are unlikely to influence the
following discussion.
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Figure 9. Comparison of the SBy y,, radial profiles at z = 2.2 (top left), 3.3 (top right), 5.7 (bottom left), and 6.6 (bottom right). All of the SBy,, E)roﬁles are corrected
by (1 + 2)~* to match each redshift. The gray shaded area illustrates the regions whose radius is smaller than the R,;, of a DMH with M., = 10"' M. The filled red
circles show the SBy y, profiles of our all sample. The other red symbols represent the profiles taken from previous studies: Matsuda et al. (2012; Mal2, black crosses),
Momose et al. (2014, 2016; Mol4, orange squares), Leclercq et al. (2017; Lel7, blue diamonds), Wisotzki et al. (2018; Wil8, green pentagons), Wu et al. (2020;
Wu20, yellow hexagons), and Kakuma et al. (2021; Ka21, red stars). See Table 3 for details of these samples. We omit the data points below the detection limits
defined in the literature. The SByy,, profiles taken from Leclercq et al. (2017), Wisotzki et al. (2018), and Wu et al. (2020) are normalized such that Ly, values
measured in a central 2” diameter are equal to those of our all sample at each redshift. Some data points are slightly shifted along the horizontal axes for clarity.

The top panel of Figure 11 shows the observed SByy,
profiles. We identify no significant difference among the SBy
profiles beyond the 1o uncertainties at r ~ 10°~10° ckpc over
7=2.2-6.6, while the uncertainties are large. This finding is
consistent with that of Kakuma et al. (2021) at z=15.5-6.6.
There is also no significant difference in the profiles at r < 100
ckpc, which was also suggested by MUSE observations
(Leclercq et al. 2017; see also Figure 11 of Byrohl et al.
2021) at 3 <z<6.

The observed SBy,, profiles are affected by the cosmo-
logical dimming effect. To correct this effect, we shift the
observed SBy,, profiles vertically by (1 + 2)4/(1 +3.3)* and
horizontally by (1 + 3.3)/(1 + z), which are hereafter termed
as the intrinsic profiles (we match the profiles to z =3.3 just
for visibility). The intrinsic profiles are presented in the
bottom panel of Figure 11. There is a tentative increasing
trend in the intrinsic profiles toward z = 6.6, although those at
z=2.2 and 3.3 remain comparable due to the Ilarge
uncertainties.

To quantitatively investigate the evolution, we derive the
SBy, intrinsic profile amplitudes at r =200 ckpc (SByyq,intr)
as a function of redshift. We fit the relation with
SB ya,intr < (1 —I—z)b , where b is a constant, weighting by the
inverse of the uncertainties of SBy yq ine- We find that the best-
fit value is b = 2.4 + 1.4, which is consistent with the increase
of the intrinsic SByy, profile amplitudes toward high redshifts
by (1 +2)* at a given radius in units of ckpc. This trend might
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correspond to the increasing density of hydrogen gas toward
high redshifts due to the evolution of the cosmic volume.
Nevertheless, it is still difficult to draw a conclusion due to
large uncertainties. We cannot rule out other possibilities, such
as higher Lya escape fractions toward high redshifts (e.g.,
Hayes et al. 2011; Konno et al. 2016). We also need to
investigate the potential impact of the cosmic reionization on
the neutral hydrogen density at r ~ 10°~10° ckpc around LAEs.
Deeper observations in the future will help to elucidate the
evolution and its physical interpretation.

4.2. Physical Origins of Extended Lyo. Emission

In this section, we compare the observational results
obtained in Section 3 with theoretical models taken from the
literature to investigate the mechanism of extended Ly«
emission production. We investigate extended Lya emission
focusing on (1) where Ly« photons originate, (2) which
processes produce Lya photons, and (3) how these photons
transfer in the surrounding materials.

(1) First, we distinguish Ly« emission according to where it
originates from:

1. the ISM of the targeted galaxy (central galaxy),

2. the CGM surrounding the central galaxy,

3. satellite galaxies, or

4. other halos, which refer to halos distinct from that hosting
the central galaxy.
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Table 3

Summary of the Observational Studies Used for Comparison
Reference z Liya Sample Method
1 @) 3 “ &)
z~22
This work (all sample) 22 425 289 LAEs Intensity mapping (mean)
Momose et al. (2016) 22 42.6 710 LAEs (Lyy, > 10%*ergs™) Stacking (mean)
z~33
This work (all sample) 33 425 762 LAEs Intensity mapping (mean)
Momose et al. (2014) 3.1 42.7 316 LAEs Stacking (mean)
Leclercq et al. (2017) 3.28 [42.5] LAE MUSE#106" Individual detection
Wisotzki et al. (2018) 3-4 [42.5] 18 LAEs (Lpyq > 10% ergs 1) Stacking (median)
Matsuda et al. (2012) 3.1 894 LAEs (26 < BV < 27)" Stacking (median)
z~5.7
This work (all sample) 5.7 42.8 650 LAEs Intensity mapping (mean)
Momose et al. (2014) 5.7 42.7 397 LAEs Stacking (mean)
Leclercq et al. (2017) 5.98 [42.8] LAE MUSE#547" Individual detection
Wisotzki et al. (2018) 5-6 [42.8] 6 LAEs (Lpyo > 10+ erg sh Stacking (median)
Wau et al. (2020) 5.7 [42.8] 310 LAEs Stacking (median)
Kakuma et al. (2021) 5.7 429 425 LAEs Intensity mapping (mean)
7z~ 6.6
This work (all sample) 6.6 43.0 80 LAEs Intensity mapping (mean)
Momose et al. (2014) 6.6 42.7 119 LAEs Stacking (mean)
Kakuma et al. (2021) 6.6 42.8 396 LAEs Intensity mapping (mean)

Notes. Columns: (1) Reference. (2) Redshift. (3) Mean or median Ly« luminosity of the sample within a 2” diameter aperture in units of log erg s~ ! We normalize the
SByy, profiles of Leclercq et al. (2017), Wisotzki et al. (2018), and Wu et al. (2020) such that SBy y,, integrated over a central 2” diameter aperture becomes equal to
the Ly, of our all sample at each redshift, which is indicated by the brackets. (4) Sample used for comparison. The parentheses indicate specific subsamples. (5)

Method for deriving the SBy,, profiles.

2 ID of the individual LAE. See Section 3.3 for the variance among the individual LAEs.

(2) We consider that Lya photons are produced in the
processes of recombination and/or collisional excitation
(cooling radiation), as stated in the Introduction.

(3) Lastly, Lya photons subsequently transfer through
surrounding hydrogen gas while being resonantly scattered,
which affects the observed SB profiles. Hence, we should be
conscious of whether the models take into account the
scattering process or not (see Byrohl et al. 2021 for the impact
of scattering on SBy y, profiles).

In Figure 12, we compare the SBy, profiles that are
observed (Section 3.2) and those predicted by theoretical work.
The observational results are taken from Momose et al. (2016;
Liyo= 10*>¢ erg s ! subsample at z=2.2), Wisotzki et al.
(2018; Liyq > 10*2 erg g1 subsample at z=3-4), Momose
et al. (2014; z=5.7 and 6.6 LAEs), and our all samples
(z=2.2-6.6). Predicted profiles are taken from Zheng et al.
(2011), Dijkstra & Kramer (2012), Lake et al. (2015), Mas-
Ribas et al. (2017b), Kakiichi & Dijkstra (2018), and Byrohl
et al. (2021) and are summarized in Table 4. We plot these
observational and theoretical results at the nearest redshifts
among z = 2.2, 3.3, 5.7, and 6.6, except that the model of Mas-
Ribas et al. (2017b) is presented at all redshifts, with the
correction for the cosmological dimming effect. We normalize
all of the profiles such that they match at r = 1” in amplitude
for precise comparison under the same Ly« luminosity of the
central galaxy (the models of Zheng et al. 2011, Lake et al.
2015, and Byrohl et al. 2021 are normalized in each total
profile summing up different origins). We compare these
observational and theoretical results in the context of the Ly«
photon origins in the following subsections.
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4.2.1. Central Galaxy

To discuss the contribution from the central galaxy, we
compare the models of Zheng et al. (2011), Dijkstra & Kramer
(2012), Lake et al. (2015), Kakiichi & Dijkstra (2018), and
Byrohl et al. (2021). They applied Ly« radiative transfer
modeling to hydrodynamic cosmological galaxy formation
simulations at z=15.7, 3.1, 2-3, and 2-5, respectively, to
investigate Lya photons produced by star formation in the
central galaxy and resonantly scattered into the CGM. We take
the “one-halo” term model from Zheng et al. (2011), where
Lya photons are scattered not only in the CGM but also in the
IGM. The model of Lake et al. (2015) takes into account the
contribution from cooling radiation in addition to that from star
formation. The model of Kakiichi & Dijkstra (2018) is taken in
an approximated form of their Equation (28). The model of
Byrohl et al. (2021) considers recombination caused by
ionizing photons from star formation and UVB, as well as
cooling via collisional de-excitation.

The black lines in Figure 12 represent the contribution from
the central galaxy: Kakiichi & Dijkstra (2018; dotted, z = 2.2),
Byrohl et al. (2021; solid, z =3.3), Lake et al. (2015; dashed-
dotted, z = 3.3), Dijkstra & Kramer (2012; dotted, z = 3.3), and
Zheng et al. (2011; solid, z=5.7). These models successfully
reproduce the observed SByy, profiles inside the CGM
(r <Ryip) at z=3.3 and 5.7, implying resonant scattering as a
major source powering Lya emission. This finding is also
supported by previous studies in other aspects, such as halo
properties (e.g., a halo luminosity—mass relation; Kusakabe
et al. 2019) and kinematics (e.g., a correlation between the peak
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Figure 10. Comparison of the SB,,, radial profiles at z =22 (top), 3.3
(middle), and 5.7 (bottom). The red circles and cyan diamonds show the SBop,,
profiles of our all sample and Momose et al. (2014, 2016), respectively (we use
the data of Momose et al. (2014, 2016) at z = 3.3 and 5.7, respectively). The data
of Momose et al. (2014) at z = 3.1 are plotted at z = 3.3 with the correction of
(1 + z)~*. The gray shaded area illustrates the regions inside the Ry; of a DMH
with My, = 10" M.

velocity shift and the width of a Ly« line, Leclercq et al. 2020;
and red peak-dominated Ly« spectra, Chen et al. 2021).

The one-halo term of Zheng et al. (2011) also reproduces the
observed SBy,, profile from r ~ R,; to ~10° ckpc at z=15.7.
Their model takes into account resonant scattering in the IGM
in addition to that in the CGM. This effect leads to a plateau-
like feature in an SBy gy, profile at r ~ 300-10° ckpc (see also
Jeeson-Daniel et al. 2012), which is indeed observed at z = 3.3
and 5.7. Therefore, we may interpret that the observed
extended Lya emission outside the CGM is produced by
resonant scattering in the IGM, although the uncertainties are
large. At z=3.3, however, the models adopted here (Dijkstra
& Kramer 2012; Lake et al. 2015; Byrohl et al. 2021) produce
values lying far below the observed SBy ,, profile beyond 300
ckpc and do not reproduce a plateau-like shape, unlike the one-
halo term of Zheng et al. (2011). This may indicate less neutral
gas in the IGM at z =3.3 compared to z=15.7, which causes
less frequent scattering. We cannot deny the possibility that the
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Figure 11. Comparison between SBy,, radial profiles at z = 2.2-6.6. Top:
observed SBy,, profiles. The blue hexagons, green pentagons, orange squares,
and red circles represent the profiles of our bright subsamples at z = 2.2, 3.3,
5.7, and 6.6, respectively. The green, orange, and red crosses denote profiles
taken from Wisotzki et al. (2018), Momose et al. (2014), and Momose et al.
(2014), which are normalized to z = 3.3, 5.7, and 6.6, respectively. The SBy .,
profile of Wisotzki et al. (2018) is normalized such that Ly y, in 7 < 1” matches
that of our all sample (see Section 3.3). We again note that our profiles here are
based on bright subsamples and thus differ from those shown in Figure 9.
Bottom: same as the top panel but showing the profiles corrected for the
cosmological dimming effect, i.e., the intrinsic SByy, profiles.

discrepancies are attributed to the different assumptions and
incorporated physics in the models, such as treatment of stellar
radiation, dust, and scattering, especially beyond R,;. Never-
theless, since the one-halo term of Zheng et al. (2011) is
consistent with the observed SByy, profile at z=5.7, we
cannot rule out the possibility that scattered Lya photons
originating from the central galaxy contribute to extended Ly«
emission beyond R,;.. We need additional inputs on the neutral
hydrogen gas distribution outside R,; to further determine the
contribution of resonant scattering.

The assumptions on the M, values are unlikely to affect
our discussion here because the models above use roughly
similar My, values: 10''? and 10! M., for Zheng et al.
(2011) and Lake et al. (2015), respectively. Byrohl et al. (2021)
assumed a stellar mass M, range of 10 S_10%9 M, at z=23,
which corresponds to My, ~ 10" M., given the M, /My,
ratio obtained in Behroozi et al. (2019; see also Kusakabe et al.
2018). These values are similar to those obtained in the
previous observations (e.g., Ouchi et al. 2010; Kusakabe et al.
2018).

4.2.2. CGM

We next use the model from Mas-Ribas et al. (2017b) to
investigate the Lya emission produced in the CGM. They
constructed an analytical model of fluorescent emission in the
CGM caused by ionizing radiation from star formation in the



THE ASTROPHYSICAL JOURNAL, 931:97 (17pp), 2022 June 1

Radius [arcsec]
1 10

Kikuchihara et al.

Radius [arcsec]

100 1 10

lll'l'll]-o L ] 1 T Illllbpkpc

L] [ RN | I
\.

o Central gal.

107V k&

10—18
10—19

10720

LRELIL EEEELL e

10—21

=2.2

[ W |

L

T LI li'léopkpcl

LIS

T lll'llllo T

| o

z=3.3

TRRRTIT MR EEETI EWATi S

IR | 1

10

\\l RN | i

10—17

SBLya(r)
[erg s~1 cm~2 arcsec™?]

10—18

10—19

10—20

1 e | L

=
C?

'TOOpkpb

Ll

1 1 L
1 LR B R | 1 LELEL

10

I I I\\I

z=6.6

LAl 11‘11[‘

0

sl ool ol ol g

S _I"l'l'l'l'|'|'| Ty |||||l'||_|'1'8'|‘ /11{

100
Radius [ckpc]

10°

10 100 10°

Radius [ckpc]

Figure 12. Comparison of the SBy,, radial profiles between the observational and theoretical studies at z = 2.2 (top left), 3.3 (top right), 5.7 (bottom left), and 6.6
(bottom right). The filled red circles depict the observational results taken from our all sample (z = 2.2-6.6), while the open red circles show the results from previous
observational work (Momose et al. 2016 at z = 2.2, Wisotzki et al. 2018 at z = 3.3, and Momose et al. 2014 at z = 5.7 and 6.6). The SBy y, amplitude of Wisotzki
et al. (2018) is normalized such that Ly y, in r < 1” matches that of our all sample (see Section 3.3). We represent the theoretical work with the lines, whose colors
indicate the origins of the Ly« emission: the central galaxy (black), CGM (green), satellite galaxies (blue), and other halos (orange). The models are taken from Mas-
Ribas et al. (2017b; green and blue dashed lines at z = 2.2, 3.3, 5.7, and 6.6), Kakiichi & Dijkstra (2018; black dotted line at z = 2.2), Byrohl et al. (2021; black, blue,
and orange solid lines at z = 3.3), Lake et al. (2015; black and orange dashed—dotted lines at z = 3.3), Dijkstra & Kramer (2012; black dotted line at z = 3.3), and
Zheng et al. (2011; black and orange solid lines at z = 5.7). See Table 4 for details of these models. We normalize the SBy y,, proﬁles from the model predictions such
that the central galaxy (r < 1”) has a Ly, value similar to that observed at each redshift. The gray shaded area illustrates the regions inside the R,;. of a DMH with

My = 10" M.

central galaxy at z=15.7 and 6.6 (we also apply this model to
z=23.3 and 2.2; see also Mas-Ribas & Dijkstra 2016). The
model of Mas-Ribas et al. (2017b) includes three free
parameters: (1) CGM structure, (2) star formation rate (SFR),
and (3) radius Ry.x. First, we adopt the simplified clumpy
outflow model of Steidel et al. (2010) as the CGM structure
(the choice here has only a small impact on the SBy y,, profiles;
see Figure 2 of Mas-Ribas & Dijkstra 2016). Second, while
SFR determines the amplitude of SBy,,, we match the
amplitudes to those observed. The normalized amplitudes
correspond to SFR~ 10 M. yr ", which is close to the
observed values (e.g., Ouchi et al. 2010; Nakajima et al. 2012;
Kusakabe et al. 2018, 2019) and the values adopted in Mas-
Ribas et al. (2017b). Third, SByy.(b) is derived as the
integration of Ly« emissivity at radius r over b <7 < Rpaxs
where b denotes the impact parameter (see Equations (4) and
(2) of Mas-Ribas & Dijkstra 2016 and Mas-Ribas et al. 2017b,
respectively) Here R,,.x represents the extent to which Lya
emission contributes to SBj,,. We assume that R, 1S
equ1valent to R,;; for a DMH of M}, = 10" M., Their model
ignores the effect of resonant scattering.

The green dashed lines in Figure 12 represent the model of
Mas-Ribas et al. (2017b). The SByy,, profiles predicted by their
model are in good agreement with those observed inside R.;, at
all redshifts. However, because the SBy y,, profiles sharply drop
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at r = R, according to this model, the emission originating
from the CGM cannot contribute to extended emission beyond
Ryi;. Mas-Ribas & Dijkstra (2016) and Mas-Ribas et al.
(2017b) arbitrarily adopted much larger R..x values (>100
ckpc) to reproduce the profiles obtained in Momose et al.
(2014), but such large R,,,x values correspond to My, > 102
M., which is much larger than those observed (e.g., Ouchi
et al. 2010; Kusakabe et al. 2018). If R« is larger than Ry,
materials should exist outside the CGM (Zthree times larger
scales than R,;;) and produce fluorescent emission contributing
to extended Ly« emission. In either case, the observed SBy
profiles beyond 300 cpkc at z = 3.3 cannot be reproduced, even
with larger values of Ry,x.

Overall, fluorescence in the CGM can power Lya emission
inside R,;, according to the model of Mas-Ribas et al. (2017b),
while it plays only a marginal role beyond R,;.. This behavior
was also suggested by MUSE UDF data (Gallego et al. 2018;
Bacon et al. 2021). We note that the model of Mas-Ribas et al.
(2017b) ignores the scattering effect, which leads to a sharp
drop of SBy y,, at r = Ry, Hence, it is necessary to incorporate
resonant scattering to extend Ly« emission when we rely on
the CGM fluorescence scenario.

The contribution from cooling radiation in the CGM remains
unclear. Byrohl et al. (2021) argued that cooling radiation
dominates ~30% of the total Ly« emission at 2 80 ckpc. On
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Table 4
Summary of the Theoretical Studies Used for Comparison

Reference Zmodel Zplot Origin Process Scattering Myao (M)
1) @ 3 (C) ® (6) @
Mas-Ribas et al. (2017b) 57,66 2.2,33,57,66 CGM/sat. Rec. n 10'*
Kakiichi & Dijkstra (2018) 2-3 2.2 Cen. Rec. y ~10"?
Byrohl et al. (2021) 2-5 3.3 Cen./sat./other Rec./cool. y ~10'"®
Dijkstra & Kramer (2012) ~2.65 33 Cen. Rec. y
Lake et al. (2015) 3.1 33 Cen. /other Rec./cool. y 103
Zheng et al. (2011) 5.7 5.7 Cen./other Rec. y 102

Notes. Columns: (1) Reference. (2) Redshift assumed in the model. (3) Redshift where we plot the model in Figure 12. (4) Origins of Ly« photons (where Ly«
photons are produced): the central galaxy (cen.), CGM, satellite galaxies (sat.), and other halos (other). (5) Physical processes of Lya emission production (how Ly«
emission is produced): recombination (rec.) and cooling radiation (cool.). (6) Whether or not the model takes into account Ly« radiative transfer (i.e., resonant

scattering). (7) Assumed halo mass in units of M.
& We fix My, to 10" M, while My, is a free parameter in the model.

® This value was converted from the assumed stellar mass M, of 108°-10°° M., with the M, /M, ratio obtained in Behroozi et al. (2019).

the other hand, Rosdahl & Blaizot (2012) found that Ly«
emission from cooling radiation is centrally (r <40 ckpc)
concentrated for a DMH with M, = 10"! M. We need
additional models at larger scales to further discuss whether
cooling radiation contributes to extended Lya emission or not.

4.2.3. Satellite Galaxies

We adopt another model from Mas-Ribas et al. (2017b) that
predicts the contribution from star formation in satellite
galaxies (see also Mas-Ribas et al. 2017a). There are three
free parameters in their model: (1) a clustering description, (2)
a Lya escape fraction (fiy,), and (3) Rumax. First, we assume
that clustering follows a power-law two-point cross-correlation
function &(r) of £(r) = (r/ro) < with scale length ry = 400 ckpc
and index a=1.8 (e.g., Ouchi et al. 2010; Harikane et al.
2016; Bielby et al. 2017). Second, we fix fiy, to 0.4 (Steidel
et al. 2010), while SByy, linearly depends on fiy,. Third,
satellite galaxies are assumed to exist from » = 10 pkpc to Rax,
which we assume to be equal to R,;; in the same way as for the
fluorescence model (Section 4.2.2). We additionally take the
“outer halo” model from Byrohl et al. (2021).

The blue dashed and solid lines represent the models of Mas-
Ribas et al. (2017b) and Byrohl et al. (2021), respectively. We
find that the contributions from satellite galaxies are negligible
compared to the other contributions, except at r ~ 100 ckpc at
z=2.2. While we choose a power-law correlation function to
describe the clustering, other choices, such as the Navarro—
Frenk—White profile (Navarro et al. 1997), reduce the SBy,
values at r > 40 ckpc (see the left panel of Figure 2 of Mas-
Ribas et al. 2017a). When a power-law correlation function is
assumed, larger ry values increase the overall profiles.
However, unrealistically large values of ry and Ry, are
necessary to reproduce extended Lya emission beyond R.;;
with satellite galaxies alone. Additionally, the model over-
predicts the observed SB oy, values when the model is tuned
to reproduce the observed SBy,, profiles (Mas-Ribas et al.
2017a).

For these reasons, we conclude that satellite galaxies are
unlikely to contribute to extended Ly« emission beyond Ry
This conclusion is supported by the fact that emission is more
extended in Ly« than in UV continuum (Section 3.2; see also
Momose et al. 2014, 2016; Wu et al. 2020) because the SBont..,
profiles should be extended similarly as the SBy, profiles if
satellite galaxies contribute to SBy .
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4.2.4. Other Halos

Lastly, we compare the models for other halos taken from
Zheng et al. (2011), Lake et al. (2015), and Byrohl et al.
(2021). From Lake et al. (2015), we specifically adopt the
model in which Lya emission originates from “knots,” the
regions with high Ly« emissivity around the central galaxy.
The “two-halo” term model is taken from Zheng et al. (2011).

We show these models with the orange lines in Figure 12:
Byrohl et al. (2021; solid, z = 3.3), Lake et al. (2015; dashed—
dotted, z=3.3), and Zheng et al. (2011; solid, z=5.7). At
z=13.3, the contribution from other halos predicted by Byrohl
et al. (2021) agrees with the observed SBy ,, profiles within the
1o uncertainties. Although the knots model of Lake et al.
(2015) is limited to <300 cpke, it roughly reproduces the
observed profiles at r ~ (200-300) ckpc. On the other hand, the
two-halo term of Zheng et al. (2011) at z=15.7 significantly
overestimates the SB;,, values beyond 100 ckpc. The
amplitudes of the models of Zheng et al. (2011) and Byrohl
et al. (2021) differ by ~1 dex, similar to what we find in
Section 4.2.1.

Kakuma et al. (2021) argued that the difference is because
they masked out bright objects. However, this interpretation is
not necessarily appropriate, since the profile of Byrohl et al.
(2021) has an amplitude similar to (or rather slightly higher
than) profiles observed at z = 3.3. The two-halo term of Zheng
et al. (2011) also overpredicts the SByy, values of Momose
et al. (2014). Nevertheless, we cannot rule out the possibility
that other halos contribute to extended Ly« emission beyond
R,;;, since the model of Byrohl et al. (2021) agrees with the
observed SByy, profiles. This suggestion is consistent with
Bacon et al. (2021), who identified very extended
(>300arcsec” or >2 x 10* pkpc®) Lya emission at z~3
using MUSE data; they found that 70% of the total Ly«
luminosity originates from filamentary structures beyond the
CGM. They argued that the extended Lya emission can be
reproduced by a population of extremely faint (<10*° ergs™")
galaxies under certain conditions, which correspond to other
halos in our definition.

4.2.5. Overall Interpretation

In summary, SBy,, profiles inside the CGM (<R,;,) are
possibly explained by scattered Lya emission originating from
the central galaxy and/or fluorescent emission in the CGM.
Meanwhile, extended Lya emission beyond R,; is possibly
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powered by resonant scattering at large scales and/or
contributed from other halos. Fluorescence in the CGM and
satellite galaxies are not sufficient to reproduce the observed
SByy, profiles beyond Ryj;.

We note that the processes and origins of Lya emission may
differ among LAEs. They may also vary according to the radius
and redshift even when we focus on averaged profiles around
different LAEs. However, our systematic investigation of
extended Lya emission at z~2—7 is advantageous for a
comprehensive understanding of the processes and origins of
extended Ly« emission. More simulations focusing on large
scales will help to further distinguish the processes and origins.

5. Summary

In this paper, we investigate very extended Lya emission
around LAEs at z =2.2-6.6 by applying the intensity mapping
technique to the Subaru/HSC-SSP and CHORUS data. We
calculate cross-correlation functions between 1540 LAEs at
z=2.2,3.3, 5.7, and 6.6 with Lya emission traced by the
NB387, NB527, NB816, and NB921 images. A total of ~1-2
billion pixels are used to derive the correlation function at each
redshift. The HSC deep (mnp 5, ~ 26 mag) and wide (~4 deg2
over the UD-COSMOS and UD-SXDS fields) images enable us
to detect very diffuse Lya emission. Our major findings are
summarized as follows.

1. Subtracting the systematics, such as the sky background and
PSF, with foreground objects (NonLAEs), we identify Lyca
emission of ~1072°-10" " ergs™' cm % arcsec > with S/
N=3.2 around the z=3.3 LAEs. The Lya emission
extends beyond the radial scale of the R,; of a DMH with
10" M., (~100 ckpc) and up to ~10° ckpc. We also detect
Ly« emission beyond R,; with S/N=3.7 at z=15.7 and
tentatively with S/N =2.0 at z = 6.6. The signal at z=2.2
is very tentative even when we exclude faint LAEs.

2. We confirm that the SByy, radial profiles around our
LAEs agree well with those obtained in the previous
studies when the LAEs have similar Lya luminosity
values.

3. We compare the observed SBy,, profiles across
7=12.2-6.6, finding no significant difference among the
redshifts beyond the uncertainties. Meanwhile, there is a
potential increasing trend toward high redshifts in the
intrinsic SBpry, profiles, which are corrected for the
cosmological dimming effect. The increasing trend might
be explained by the increasing density of the neutral
hydrogen gas due to the evolution of the cosmic volume.

4. We compare the SByy, profiles obtained from the
observational and theoretical studies. We find that the
observed SB ,,, profiles inside the CGM can be reproduced
by the models in which Ly« photons originating from the
central galaxy subsequently transfer into the CGM via
resonant scattering or Ly« emission is produced in the
CGM via fluorescence due to ionizing photons. Extended
Ly« emission beyond R,;; may be reproduced by resonant
scattering at large scales and/or emission originating from
clustered halos around the targeted galaxy. The CGM and
satellite galaxies are unlikely to contribute to extended Lya
emission beyond Ry

This work, in conjunction with the previous observational
studies, might suggest that very extended diffuse Ly« emission
beyond R,; ubiquitously exists around LAEs at z~2—7, not
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only around massive galaxies. Deeper images obtained by
larger-area surveys in the future should enable further
investigation of very extended Lya emission at more diffuse
levels. Applying the intensity mapping technique to the
emission of multiple lines, such as Ha and [O iii], will help
to further distinguish the physical processes and origins of
extended Lya emission because they trace different compo-
nents (see Figures6 and 12 of Mas-Ribas et al. 2017a and
Fujimoto et al. 2019). These emission lines will be observed
with next-generation facilities, such as the James Webb Space
Telescope, the Nancy Grace Roman Space Telescope, and the
Spectro-Photometer for the History of the Universe, Epoch of
Reionization and Ices Explorer.
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