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Extended Lyα Emission
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Enormous Lyα Nebulae
models are used to obtain scaling relations between the observable
Lyman-a surface brightness from the intergalactic gas surrounding the
quasar and the hydrogen column densities (see Extended Data Fig. 3).
These scaling relations are consistent with analytical expectations. Note
that the estimated column densities for scenario (1) depend on the
ionized gas clumping factor (C 5 ,ne

2./,ne.
2, where ne is the electron

density) below the simulation resolution scale, ranging from about 10
physical kpc for diffuse intergalactic gas to ,160 physical pc for the
densest regions within galaxies.

The results are presented in Fig. 4. The observed Lyman-a emission
requires very large column densities of ‘cold’ (T , 5 3 104 K) gas, up
to NH < 1022 cm22. The implied total, cold gas mass ‘illuminated’ by

a b

Figure 1 | Processed and combined images of the field surrounding the
quasar UM 287. a, b, Each image is 2 arcmin on a side, and the quasar is located
at the centre. In the narrow-band (NB3985) image (a), which is tuned to the
Lyman-a line of the systemic redshift for UM 287, we identify very extended

(,55 arcsec across) emission. The deep V-band image (b) does not show any
extended emission associated with UM 287. This requires the nebula to be line-
emission, and we identify it as Lyman-a at the redshift of the quasar.
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Figure 2 | Lyman-a image of the UM 287 nebula. We subtracted from
the narrow-band image the continuum contribution estimated from the
broad-band images (see Methods). The location of UM 287 is labelled with ‘a’.
The colour map and the contours indicates, respectively, the Lyman-a (Lya)
surface brightness (upper colour scale) and the signal-to-noise ratio per arcsec2

aperture (lower colour scale). The extended emission spans a projected
angular size of ,55 arcsec (about 460 physical kpc), measured from the
2s (,10218 erg s21 cm22 arcsec22) contours. The object marked with ‘b’ is an
optically faint (g< 23AB) quasar at the same redshift as UM 287 (see Extended

Data Fig. 2). The nebula appears broadly filamentary and asymmetric,
extending mostly on the eastern side of quasar UM 287 up to a projected
distance of about 35 arcsec (,285 physical kpc) measured from the 2s
isophotal. The nebula extends towards the southeast in the direction of the
optically faint quasar. However, the two quasars do not seem to be directly
connected by this structure that continues as a fainter and spatially narrower
filament. The large distance between the two quasars and the very broad
morphology of the nebula argue against the possibility that it may originate
from an interaction between the quasar host galaxies (see Methods).
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Figure 1. Composite continuum (top panels) and Lyα (bottom panels) images of our LAEs produced by the mean-combined method. From left to right panels,
we show z = 2.2, 3.1, 3.7, 5.7, and 6.6 LAE images.

Figure 2. Same as Fig. 1, but for the median-combined method.

Because the central profiles of large-scale PSFs are contaminated
by saturation, we connect the large-scale PSF to the small-scale PSF
(Section 2.2) in the radius range with no saturation effects. Fig. 4
indicates that the large-scale PSFs provide fluxes much fainter than
the Lyα emission by !2–3 magnitudes, and that the profile shape
of large-scale PSF are clearly different from those of extended Lyα.
We thus confirm that the large-scale PSFs do not mimic the extended
Lyα profile of our LAEs.

3.2 Tests for all systematic errors

In Section 3.1, we rule out the possibility that the large-scale PSFs
give spurious signals mimicking extended Lyα. However, there are
a number of unknown systematics that include flat-fielding and sky-
subtraction errors. Although the large-scale flat-fielding error may
not be a major source of systematics in our high-quality images

of Suprime-Cam, one needs to carefully evaluate total errors con-
tributed from all sources of systematics. We carry out image stacking
for objects that are not LAEs, which are referred to as non-LAEs.
Because non-LAEs have no intrinsically extended emission-line
haloes like LAHs, extended profiles of non-LAE composite im-
ages should be given by a total of all systematic effects. We thus
make composite images of non-LAEs, and investigate how much
systematics the total of all systematic errors produce.

First, we randomly choose non-LAEs with the same number as
our LAEs. These non-LAEs have size and NB-magnitude distribu-
tions same as those of our LAE samples (Fig. 5). To make a Lyα

image of the non-LAE sample, we normalize a composite contin-
uum image to match the total flux of a composite NB image, and
then subtract the continuum image from the composite NB image.
We investigate whether an artificial extended profile appears in the
Lyα image of non-LAEs. To reveal uncertainties of this estimate, we
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(Section 2.2) in the radius range with no saturation effects. Fig. 4
indicates that the large-scale PSFs provide fluxes much fainter than
the Lyα emission by !2–3 magnitudes, and that the profile shape
of large-scale PSF are clearly different from those of extended Lyα.
We thus confirm that the large-scale PSFs do not mimic the extended
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Fig. 3. The three-dimensional pictures of Ly α filaments. (A) Velocity map of the Ly 
α emission, obtained from its flux-weighted-centroid in the MUSE data . Image scale 
and plotting symbols are the same as Figure 2. Coherent velocity trends can be seen 
along the filament structures. (B) The three-dimensional distribution of Ly α filaments, 
shown with blue (SNR>2, where SNR means signal-to-noise ratio) and magenta 
(SNR>5) voxels. The locations of SMGs (without detectable X-ray AGNs, orange 
circles), AGN-hosting SMGs (red diamonds), and X-ray bright AGNs without ALMA 
1mm detections (brown hexagons) are also displayed. The Ly α filaments and 
SMGs/AGNs are co-located on megaparsec scales. 
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Method: Cross-correlation intensity mapping
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Data: NB image & LAE catalog from HSC
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Figure 1. HSC filter transmission curves of the narrowband and
broadband filters. The blue (red) line represents the transmission
curve of the NB816 (NB921) filter. The gray lines denote the HSC
i, z, and y broadband filters.

et al. 2018, Shibuya et al. 2018). The SILVERRUSH LAE
catalogs is derived from the HSC-SSP survey data whose first
data release is presented in Aihara et al. (2018a). This is the
largest z & 5 LAE catalog to date. The details of the SIL-
VERRUSH catalogs are listed in Table 1.

The number of z = 6.6 LAEs in UD-SXDS field appears
to be smaller than that of the UD-COSMOS field. Shibuya
et al. (2018) attribute this difference to the seeing size of
the NB921 images of the UD-SXDS field that is worse than
the one of the UD-COSMOS field. Figure 5 of Shibuya
et al. (2018) shows that the surface number density of LAEs
in the UD-COSMOS field is comparable to those identified
in Subaru/Suprime-Cam NB surveys. Though the SILVER-
RUSH program exploits the HSC-SSP data taken in the D and
UD layers, we use only those taken in the UD layer that pro-
vides the highest quality data in the HSC SSP survey. Figure
2 displays the sky distribution of the LAEs in the UD layer.

2.2. Images

For an intensity map of the Ly↵ emission at the redshift
same as those of LAEs at z = 5.7 (6.6), we use NB816
(NB921) images in the HSC-SSP survey S18A data release.
The NB images in the S18A data release is ⇠ 1 mag deeper
than those in the S16A data release. The images in the S18A
data release are reduced with HSC pipeline v6.7 (Bosch et al.
2018) that implements an improved sky background subtrac-
tion approach. The HSC pipeline v6.7 jointly models and
subtracts scattered lights from bright objects and instrumen-
tal features crossing all CCDs. In addition, the sky back-
ground emission are estimated and subtracted in the mosaic
with a grid size of 6000 pixel (170). This new sky subtraction
method reduces overfittings and oversubtractions of the sky
background made by small scale fluctuations. Although the

Field Area mlim NLAE log
�
LLy↵/ [erg s

�1]
�

(deg2) (mag)
(1) (2) (3) (4) (5)

NB816 (z ⇠ 5.7)
UD-COSMOS 1.97 25.7 201 -

UD-SXDS 1.93 25.5 224 -
Total 3.9 - 425 42.0 - 43.8

NB921 (z ⇠ 6.6)
UD-COSMOS 2.05 25.6 338 -

UD-SXDS 2.02 25.5 58 -
Total 4.07 - 396 42.3 - 44.0

Table 1. (1) Field. (2) Survey Area. (3) Limiting magnitude of
the NB image defined by the 5� detection level in a 1.005 diameter
circular aperture. (4) Number of the LAEs. (5) The range of LAE
Ly↵ luminosity.

latest S18A data is released very recently (June 2018), we
have not selected LAEs from this data.

The NB images contain not only Ly↵ emission at z = 5.7
or 6.6 but also continuum and emission lines that are emitted
from low-z sources. The effects from these contaminants can
nevertheless be removed by taking a spatial cross-correlation
with LAEs because these sources randomly located on the
sky respect to the LAEs. The low-z sources only add noise on
the cross-correlation between the LAEs and Ly↵ emission.

Note that we need to mask bright sources on the images
to improve the signal to noise ratio (S/N) of the diffuse ex-
tended emission. The HSC pipeline sets some flags to each
pixel. We do not use pixels with flags of BRIGHT OBJECT
or DETECTED. The BRIGHT OBJECT flag is given to pix-
els where nearby very bright objects would affect to the
background subtraction or detection. The DETECTED flag
is given to the pixels in which sources are detected at the
S/N> 5 level. With these flags, the pixels in which LAEs
are detected are also masked out. We focus on extended Ly↵
emission at � 1

00.5 separated from the LAEs. This is about
two times larger than the size of LAEs on the images that are
marginally resolved.

3. ANALYSIS & RESULTS

3.1. Cross-correlation analysis

We derive the angular cross-correlation function between
the LAEs and the Ly↵ intensity ⇠IM (r), taking a mean over
all LAE-pixel pairs that are separated by r within a certain
bin:

⇠IM(r) =
1

N

X

i

µr;i, (1)

where µr;i is the Ly↵ intensity in the images at pixel i for the
bin r. N is the number of all LAE-pixel pairs separated by
r within a certain bin. We note that ⇠IM(r) is not the dimen-
sionless cross-correlation function, but the cross-correlation
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Analysis: Difficulty in observation
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Figure 4. Radial SB profiles of LAEs and PSFs in the Lyα images of
NB387. The red solid lines represent the Lyα profiles of LAEs. The blue and
black dashed lines denote the small- and large-scale PSFs, respectively. The
grey lines are the large-scale PSF profiles with offsets in SB for the shape
comparison with the Lyα profiles. Top and bottom panels show the results
of mean- and median-combined methods, respectively.

Figure 5. Size and NB-magnitude distribution of LAEs and non-LAEs of
NB387 images. In the central panel, the red and black circles represent LAEs
and non-LAEs, respectively. Similarly, in the top and right panels, red and
black histograms denote LAEs and non-LAEs, respectively.

4.1 Definition of the scalelength

Following the previous studies (Steidel et al. 2011; Matsuda et al.
2012; Feldmeier et al. 2013), we define the scalelength of rn with
the exponential profile of

S(r) = Cn exp (−r/rn), (1)

where S(r), r, and Cn are the SB of radial profile, radius, and normal-
ization factor, respectively. We carry out the profile fitting in a radius
range from r = 2 arcsec to 40 kpc for all of our LAE samples. This
radius range allows us to obtain rn with negligible contaminations
of PSF3 (r > 2 arcsec) and reasonably high statistical accuracies
(r < 40 kpc).

4.2 Scalelengths of our LAHs and comparisons

We perform the profile fitting to our LAHs at z = 2.2, 3.1, 5.7, and
6.6, and estimate rn as well as Cn values. Note that the profile fitting
results are not presented for our sample of z = 3.7 (i.e. NB570)
whose extended profiles are made of artefacts (Section 3.2). All of
the LAH-detected samples, except the one of z = 2.2, have similar
Lyα luminosity limits of LLyα = 1–3 × 1042 erg s−1. Since our LAE
sample of z = 2.2 reaches a Lyα luminosity limit fainter than those
of our z ≥ 3.1 samples, we make a subsample of z = 2.2 LAEs
with a Lyα luminosity down to 1 × 1042.0 erg s−1 that consists of
2115 LAEs.4 In this way, we obtain samples of LAEs at z = 2.2–6.6
with an average Lyα luminosity limit of LLyα ! 2 × 1042.0 erg s−1.
Table 1 summarizes our best-fitting parameters and those in the
literature. Below, we show details of our results, and compare our
results with those from previous studies.

4.2.1 z = 2.2

We find that the best-fitting scalelengths of our LAHs at z = 2.2
are rn = 10.0+0.38

−0.36 and 7.9+0.56
−0.49 kpc (14.0+9.0

−3.9 and 11.1+1.2
−0.97 kpc)

for the entire and subsamples, respectively, which are estimated
by the mean-combined (median-combined) method. The SB lim-
its of our composite Lyα images reach depths of 1.3 × 10−20 and
1.6 × 10−20 erg s−1 cm−2 arcsec−2 in our entire and subsamples,
respectively. Steidel et al. (2011) have detected LAHs by stack-
ing NB images of 92 LBGs with a mean spectroscopic redshift of
⟨z⟩ = 2.65. The scalelengths of the LAHs in Steidel et al. (2011) are
rn = 25.2 kpc (mean) and 17.5 kpc (median) which are ∼ 2 times
larger than our values. This discrepancy is probably originated from
the difference of galaxy populations, LBGs, and LAEs, and detailed
discussions are given in Section 5.3. On the other hand, Feldmeier
et al. (2013) have found no extended Lyα emission in their compos-
ite image made from 187 LAEs at z = 2.06. The difference between
our and Feldmeier et al.’s results is probably due to their SB limit
shallower than those of our composite images by one to two orders
of magnitudes.

4.2.2 z = 3.1

The best-fitting scalelengths of our z = 3.1 LAHs are rn =
9.3+0.48

−0.53 (mean) and 6.3+2.5
−1.4 kpc (median) down to the SB limit

of 1.7 × 10−19 erg s−1 cm−2 arcsec−2. Matsuda et al. (2012) have
identified LAHs at z = 3.1 with their large LAE samples, and found
that their scalelengths depend on the surface number density of
LAEs. The scalelengths obtained by Matsuda et al. (2012) are 9.1
and 20.4 kpc in the LAE’s lowest and highest density environments,
respectively. The scalelength in the lowest density environment is

3 The FWHM PSF size is 1.32 arcsec given by the image smoothing in
Section 2.2. The smoothing makes the data points strongly correlated each
other within the scale of 1.32. arcsec
4 Our profile fitting is carried out both for the entire sample and subsample
of z = 2.2 LAEs.
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Fig. 4. HSC sky frames showing the full focal plane in the g, r, r2, i, i2,

z bands from top-left to bottom-right. The rings in the r and i bands are

due to radial variations in the filter curves. The g and r2 bands show some

CCD-dependent features, likely due to CCD sensitivity variations in the blue.

The other filters not shown here (i.e., y and the narrow-band filters) do not

exhibit any significant spatial structure.

Fig. 5. Left: coadd image of a nearby galaxy in the i-band from PDR1.

Right: same image but constructed using the new sky subtraction algorithm.

The images are stretched to the same level for a fair comparison.

model (first element), and then fit and subtract a scaled sky

frame (second element). Fig. 5 compares the old and new algo-

rithms. The old algorithm (left) tends to subtract extended halos

of bright objects as indicated by the dark halo around the large

object at the center. This has indeed been problematic for study-

ing nearby galaxies. The new algorithm (right) preserves the ex-

tended wings much better, demonstrating the improved perfor-

mance of the sky subtraction. This improvement is particularly

important for large extended sources such as nearby galaxies.

However, masks around bright stars to indicate regions that suf-

fer from false detections and poor photometry were not revised

accordingly as we discuss in detail in Section 6.6.2. They will

be fixed in a future incremental release, which will be made by

September 1st, 2019.

4.2 Dynamic Object Detection

In previous versions of the pipeline, the detection threshold was

set statically as a particular multiple of the noise (5σ, to be

specific). On coadds, especially coadds with many exposures,

we found that sources that were obviously present in the image

Fig. 6. i-band image of a small piece of the UltraDeep-COSMOS field

(0′.9 × 0
′.4), showing the improvement in the detection depth using the

new dynamic detection feature. The green circles indicate sources detected

with the old detection algorithm, while the red circles indicate sources newly

detected with the dynamic detection algorithm. The faintest objects in this

image are about 27.5− 28.0 mag.

were not being detected. We attribute this to an incorrect noise

model: the pipeline tracks an estimate of the variance of each

image, but that estimate can be wrong after convolution opera-

tions since they move a fraction of the variance into covariance,

which is not tracked by the pipeline.

In order to deal with this, we now set the detection threshold

dynamically. We measure the PSF fluxes for a sample of points

chosen to be on empty sky, avoiding object footprints. If the

variance is perfectly correct, the standard deviation of the PSF

fluxes should agree with the uncertainty expected from the vari-

ance over the effective area of the PSF. The variance image is

not perfect and the ratio between the standard deviation of these

PSF fluxes and the mean of quoted errors provides a correction

factor to the detection threshold.

Figure 6 shows an example field with and without this fea-

ture. There are many faint sources that are missed by the pre-

vious detection algorithm but are detected in the revised algo-

rithm, demonstrating the improvement in the object detection.

This improvement is particularly important for the UltraDeep

layer, in which we are interested in very faint, distant galaxies.

The detection threshold is still effectively 5σ and we are not

detecting many fake sources.

4.3 Artifact Rejection

We have updated the algorithm that identifies and clips tran-

sient artifacts before coaddition. The new algorithm uses the

time-series of PSF-matched warped images to identify transient

artifacts, such as optical ghosts, satellite trails, and cosmic rays.

The new algorithm takes both direct and PSF-matched warps

as input and writes direct coadds as output. Direct warps have

been resampled to a common pixel grid. PSF-matched warps,

after being resampled to the pixel grid, have additionally been

PSF-homogenized to a Double Gaussian PSF model with a

FWHM of 7.7 pixels (1.3 arcseconds), which is the seeing cut

applied in the data screening (Section 5.1) and thus all visits

have better original seeing.

Tanaka+19Sky subtraction

Large scale PSF

u Sky subtraction
u Point Spread Function (PSF)

l Large scale: extends more than 
Gaussian ??
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u Not same redshift as LAEs (z = 5.7 or 6.6)
l Not include Lyα emission

u Same magnitude distribution
u Similar shape

μ : intensity
r : Separation between source and pixel
i : pixel label

All systematics

Non-LAE
(z ~ 4)

NB Images
(NB816, NB921)

l PSF 
l Sky subtraction 
l Unknown systematics

Cross
Correlation

Source position Intensity Map
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Figure 1. HSC filter transmission curves of the narrowband and
broadband filters. The blue (red) line represents the transmission
curve of the NB816 (NB921) filter. The gray lines denote the HSC
i, z, and y broadband filters.

et al. 2018, Shibuya et al. 2018). The SILVERRUSH LAE
catalogs is derived from the HSC-SSP survey data whose first
data release is presented in Aihara et al. (2018a). This is the
largest z & 5 LAE catalog to date. The details of the SIL-
VERRUSH catalogs are listed in Table 1.

The number of z = 6.6 LAEs in UD-SXDS field appears
to be smaller than that of the UD-COSMOS field. Shibuya
et al. (2018) attribute this difference to the seeing size of
the NB921 images of the UD-SXDS field that is worse than
the one of the UD-COSMOS field. Figure 5 of Shibuya
et al. (2018) shows that the surface number density of LAEs
in the UD-COSMOS field is comparable to those identified
in Subaru/Suprime-Cam NB surveys. Though the SILVER-
RUSH program exploits the HSC-SSP data taken in the D and
UD layers, we use only those taken in the UD layer that pro-
vides the highest quality data in the HSC SSP survey. Figure
2 displays the sky distribution of the LAEs in the UD layer.

2.2. Images

For an intensity map of the Ly↵ emission at the redshift
same as those of LAEs at z = 5.7 (6.6), we use NB816
(NB921) images in the HSC-SSP survey S18A data release.
The NB images in the S18A data release is ⇠ 1 mag deeper
than those in the S16A data release. The images in the S18A
data release are reduced with HSC pipeline v6.7 (Bosch et al.
2018) that implements an improved sky background subtrac-
tion approach. The HSC pipeline v6.7 jointly models and
subtracts scattered lights from bright objects and instrumen-
tal features crossing all CCDs. In addition, the sky back-
ground emission are estimated and subtracted in the mosaic
with a grid size of 6000 pixel (170). This new sky subtraction
method reduces overfittings and oversubtractions of the sky
background made by small scale fluctuations. Although the

Field Area mlim NLAE log
�
LLy↵/ [erg s

�1]
�

(deg2) (mag)
(1) (2) (3) (4) (5)

NB816 (z ⇠ 5.7)
UD-COSMOS 1.97 25.7 201 -

UD-SXDS 1.93 25.5 224 -
Total 3.9 - 425 42.0 - 43.8

NB921 (z ⇠ 6.6)
UD-COSMOS 2.05 25.6 338 -

UD-SXDS 2.02 25.5 58 -
Total 4.07 - 396 42.3 - 44.0

Table 1. (1) Field. (2) Survey Area. (3) Limiting magnitude of
the NB image defined by the 5� detection level in a 1.005 diameter
circular aperture. (4) Number of the LAEs. (5) The range of LAE
Ly↵ luminosity.

latest S18A data is released very recently (June 2018), we
have not selected LAEs from this data.

The NB images contain not only Ly↵ emission at z = 5.7
or 6.6 but also continuum and emission lines that are emitted
from low-z sources. The effects from these contaminants can
nevertheless be removed by taking a spatial cross-correlation
with LAEs because these sources randomly located on the
sky respect to the LAEs. The low-z sources only add noise on
the cross-correlation between the LAEs and Ly↵ emission.

Note that we need to mask bright sources on the images
to improve the signal to noise ratio (S/N) of the diffuse ex-
tended emission. The HSC pipeline sets some flags to each
pixel. We do not use pixels with flags of BRIGHT OBJECT
or DETECTED. The BRIGHT OBJECT flag is given to pix-
els where nearby very bright objects would affect to the
background subtraction or detection. The DETECTED flag
is given to the pixels in which sources are detected at the
S/N> 5 level. With these flags, the pixels in which LAEs
are detected are also masked out. We focus on extended Ly↵
emission at � 1

00.5 separated from the LAEs. This is about
two times larger than the size of LAEs on the images that are
marginally resolved.

3. ANALYSIS & RESULTS

3.1. Cross-correlation analysis

We derive the angular cross-correlation function between
the LAEs and the Ly↵ intensity ⇠IM (r), taking a mean over
all LAE-pixel pairs that are separated by r within a certain
bin:

⇠IM(r) =
1

N

X

i

µr;i, (1)

where µr;i is the Ly↵ intensity in the images at pixel i for the
bin r. N is the number of all LAE-pixel pairs separated by
r within a certain bin. We note that ⇠IM(r) is not the dimen-
sionless cross-correlation function, but the cross-correlation
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Figure 1. HSC filter transmission curves of the narrowband and
broadband filters. The blue (red) line represents the transmission
curve of the NB816 (NB921) filter. The gray lines denote the HSC
i, z, and y broadband filters.

et al. 2018, Shibuya et al. 2018). The SILVERRUSH LAE
catalogs is derived from the HSC-SSP survey data whose first
data release is presented in Aihara et al. (2018a). This is the
largest z & 5 LAE catalog to date. The details of the SIL-
VERRUSH catalogs are listed in Table 1.

The number of z = 6.6 LAEs in UD-SXDS field appears
to be smaller than that of the UD-COSMOS field. Shibuya
et al. (2018) attribute this difference to the seeing size of
the NB921 images of the UD-SXDS field that is worse than
the one of the UD-COSMOS field. Figure 5 of Shibuya
et al. (2018) shows that the surface number density of LAEs
in the UD-COSMOS field is comparable to those identified
in Subaru/Suprime-Cam NB surveys. Though the SILVER-
RUSH program exploits the HSC-SSP data taken in the D and
UD layers, we use only those taken in the UD layer that pro-
vides the highest quality data in the HSC SSP survey. Figure
2 displays the sky distribution of the LAEs in the UD layer.

2.2. Images

For an intensity map of the Ly↵ emission at the redshift
same as those of LAEs at z = 5.7 (6.6), we use NB816
(NB921) images in the HSC-SSP survey S18A data release.
The NB images in the S18A data release is ⇠ 1 mag deeper
than those in the S16A data release. The images in the S18A
data release are reduced with HSC pipeline v6.7 (Bosch et al.
2018) that implements an improved sky background subtrac-
tion approach. The HSC pipeline v6.7 jointly models and
subtracts scattered lights from bright objects and instrumen-
tal features crossing all CCDs. In addition, the sky back-
ground emission are estimated and subtracted in the mosaic
with a grid size of 6000 pixel (170). This new sky subtraction
method reduces overfittings and oversubtractions of the sky
background made by small scale fluctuations. Although the

Field Area mlim NLAE log
�
LLy↵/ [erg s

�1]
�

(deg2) (mag)
(1) (2) (3) (4) (5)

NB816 (z ⇠ 5.7)
UD-COSMOS 1.97 25.7 201 -

UD-SXDS 1.93 25.5 224 -
Total 3.9 - 425 42.0 - 43.8

NB921 (z ⇠ 6.6)
UD-COSMOS 2.05 25.6 338 -

UD-SXDS 2.02 25.5 58 -
Total 4.07 - 396 42.3 - 44.0

Table 1. (1) Field. (2) Survey Area. (3) Limiting magnitude of
the NB image defined by the 5� detection level in a 1.005 diameter
circular aperture. (4) Number of the LAEs. (5) The range of LAE
Ly↵ luminosity.

latest S18A data is released very recently (June 2018), we
have not selected LAEs from this data.

The NB images contain not only Ly↵ emission at z = 5.7
or 6.6 but also continuum and emission lines that are emitted
from low-z sources. The effects from these contaminants can
nevertheless be removed by taking a spatial cross-correlation
with LAEs because these sources randomly located on the
sky respect to the LAEs. The low-z sources only add noise on
the cross-correlation between the LAEs and Ly↵ emission.

Note that we need to mask bright sources on the images
to improve the signal to noise ratio (S/N) of the diffuse ex-
tended emission. The HSC pipeline sets some flags to each
pixel. We do not use pixels with flags of BRIGHT OBJECT
or DETECTED. The BRIGHT OBJECT flag is given to pix-
els where nearby very bright objects would affect to the
background subtraction or detection. The DETECTED flag
is given to the pixels in which sources are detected at the
S/N> 5 level. With these flags, the pixels in which LAEs
are detected are also masked out. We focus on extended Ly↵
emission at � 1

00.5 separated from the LAEs. This is about
two times larger than the size of LAEs on the images that are
marginally resolved.

3. ANALYSIS & RESULTS

3.1. Cross-correlation analysis

We derive the angular cross-correlation function between
the LAEs and the Ly↵ intensity ⇠IM (r), taking a mean over
all LAE-pixel pairs that are separated by r within a certain
bin:

⇠IM(r) =
1

N

X

i

µr;i, (1)

where µr;i is the Ly↵ intensity in the images at pixel i for the
bin r. N is the number of all LAE-pixel pairs separated by
r within a certain bin. We note that ⇠IM(r) is not the dimen-
sionless cross-correlation function, but the cross-correlation

-
LAE Non-LAE

All systematics

g-dropouts (z~4) from 
GOLDRUSH (Ono+18)

Non-LAEs



Result: Lyα cross-correlation
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△：SXDS, □: COSMOS
●：Weighted mean values of SXDS and COSMOS

by the inverse values of the 1σ errors. 

z = 5.7 z = 6.6
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l Leclercq+17 #547
Ø z = 5.98, log(LLyα/[erg s−1]) = 42.77 

l rvir : the DMH virial radius of the LAEs (Mh ∼ 1011M⊙)

LY↵ INTENSITY MAPPING AT z = 5.7 AND 6.6 5

LAEs from the one of the LAEs. The uncertainties of the
measurements are estimated on the basis of the error propa-
gation. We obtain weighted mean values of the results in the
UD-COSMOS and UD-SXDS fields that are calculated with
the weights defined by the inverse values of the 1� errors. In
Figure 4, we show the weighted mean values of the cross-
correlation functions at z = 5.7 and 6.6. We also display the
Ly↵ radial profile around an LAE at z = 5.98, dubbed #547,
that is observed with MUSE (Leclercq et al. 2017) in Figure
4. We choose the #547 LAE from the MUSE objects whose
Ly↵ radial profiles are presented in Leclercq et al. (2017),
because the redshift of the LAE is the closest to those of the
LAEs in our samples. The Ly↵ luminosity of the #547 LAE
is log

�
LLy↵/ [erg s�1

]
�
= 42.77, that is comparable to those

of LAEs in our samples.
Here, we convert ⇠(r) [erg s�1 cm�2 Å�1 arcsec�2]

to the Ly↵ flux cross-correlation function ⌅(r) [erg s�1

cm�2 arcsec�2] by multiplying the FWHM of NB filter
(FWHMNB).

⌅(r) = ⇠IM(r)⇥ FWHMNB (2)

In Figure 4, the MUSE observations identify Ly↵ emission at
the small scale of < 150 ckpc beyond the errors. In this scale,
the Ly↵ intensity radial profiles of our results are consistent
with those of the MUSE observations both at z = 5.7 and
6.6. Moreover, our results indicate the existence of very faint
spatially-extended Ly↵ emission more largely than the one
of the MUSE results, and suggest that Ly↵ emission extend
to ⇠ 300 (150) ckpc at z = 5.7 (6.6) beyond the errors.
We estimate the detection confidence levels of the spatially-
extended Ly↵ emission at the scale of > 150 ckpc to be the
2.7� (2.4�) level at z = 5.7 (6.6). Figure 4 also indicates
a hint of the extended Ly↵ emission up to ⇠ 1, 000 ckpc.
Based on the halo occupation distribution models, LAEs in
our sample are hosted by the DMHs with the average mass of
log(hMhi/M�) = 10.8+0.3

�0.5 (11.1+0.2
�0.4) at z = 5.7 (6.6) with

a Ly↵ duty cycle of 1% or less (Ouchi et al. 2018). The DMH
virial radius a galaxy whose halo mass is log(Mh/M�) = 11

is rvir ⇠ 150 ckpc (Mo & White 2002). By the comparison
with the DMH virial radius of rvir ⇠ 150 ckpc, our study
has identified the spatially-extended Ly↵ emission beyond
the DMH virial radius (> 150 ckpc) at the 3� (2�) level at
z = 5.7 (6.6).

4. ANALYSIS FOR SYSTEMATICS

We also investigate the cross-correlation between the
LAEs and g-band images taken from the HSC-SSP survey
S18A data release (Section 2.2). The 5� limiting magnitude
of the g-band images is ⇠ 27 mag . Because the g-band
filter covers a wavelength range shorter than the observed-
frame wavelength of Ly↵ emission at z = 5.7 and 6.6, the
LAEs in our samples should not be detected in the g-band

images. We thus expect that there are no signals in the cross-
correlation between the LAEs and the g-band images. One
can test a reliability of our results with the systematics sub-
traction (Section 3.3), investigating departures from zero in
the cross-correlation between the LAEs and the g-band im-
ages. Performing this test, we derive the cross-correlation
function between the LAEs and the g-band images in the
UD-COSMOS and UD-SXDS fields, respectively, that are
corrected for the systematics in the same manner as our re-
sults (Section 3.3). Note that the Non-LAE sample consists
of g-dropouts whose g-band fluxes are mostly negligibly
small. We show a weighted mean value of the results in
the UD-COSMOS and UD-SXDS fields in Figure 5. Figure
5 indicates that the cross-correlation function is consistent
with zero within the errors, and that there is no significant
systematics mimicking the spatially-extended Ly↵ emission
in our results of Figure 4.

5. DISCUSSION

5.1. Extended Ly↵ emission

By the cross-correlation analysis, we identify the Ly↵
emission spatially extending beyond the scale of rvir. Theo-
retical studies predict that HI gas in the CGM and IGM reso-
nantly scatters Ly↵ photons that escape from the inter-stellar
medium (ISM) of star-forming galaxies. Zheng et al. (2010)
perform a radiation-hydrodynamic reionization simulation in
a cosmological volume, and present a physical model of Ly↵
emission observed around LAEs. The radiative transfer sim-
ulation is conducted to explain the observed properties of
LAEs at z ⇠ 5.7 in the Subaru/XMM-Newton Deep Sur-
vey (SXDS; Ouchi et al. 2008). This simulation includes
physical processes of Ly↵ photons scattered by the CGM
and IGM. On the basis of the simulation, Zheng et al. (2011)
present Ly↵ radial profiles of stacked images of model LAEs
in the simulation. The model LAEs are residing in halos with
masses of Mh ⇠ 10

11M�. Figure 6 compares Ly↵ radial
profiles of the simulation results and our observational results
for the LAEs at z = 5.7. For comparison, we use the simu-
lation results of ”the bright half of the sources” presented in
Figure 6 of Zheng et al. (2011), because these sources have
Ly↵ luminosities comparable to those of our LAEs identified
in the HSC observations.

Zheng et al. (2011) present that the Ly↵ radial profile
of the simulation consists of two components whose Ly↵
sources are star-forming regions of the LAE (called ’central
LAE’) and clustered sources around the LAE (called ’clus-
tering’), i.e. neighboring galaxies including satellites. Figure
6 also shows the total Ly↵ radial profile, a sum of the two-
component Ly↵ radial profiles. Figure 6 indicates that our
observational results agree neither with the total profile nor
the clustered-source profile. This is because the clustered-
source signals are removed by the masking process before

Extending Lyα emission beyond the rvir
~3 (2) σ at z = 5.7 (6.6)

This study This study

z = 5.7 z = 6.6
IGMIGM

3σ 2σ



Comparison with a simulation result
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Only "Clustering"
(shape is very different) Main: "Central" 

+ 
Other physical processes (?)

Zheng +11

Only "Central"
(amplitude is not enough)

➤ Radiation-hydrodynamic
reionization simulation

➤ z = 5.7 
➤ Lyα radial profiles of stacked LAE images
➤ Two main components

u Central
Star-forming regions of the LAE  & 
scattering

u Clustering
→ clustered sources around the LAE 

This study

z = 5.7



Cosmic Reionization
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u Low SN (?)
u Need larger sample

l New LAE sample with ML

Effect of IGM on LAE detections during EoR 2207

Figure 18. SB maps for one of the sides of the box for runs with initial volume averaged ionization fraction xion = 0 (left-hand panel; reference case), 0.5
(middle panel) and 0.89 (right-hand panel).

Figure 19. Same as Fig. 17, but including scattering of Lyα photons by the
column of neutral gas beyond the edge of the cube. The y-axis has the same
scale as Fig. 17. The lines are for a volume averaged ionization fraction
xion = 0 (red solid line; reference case), 0.5 (green dashed line) and 0.89
(blue dotted line).

the final value for the volume averaged ionization fraction is xion =
0.340, compared to 0.047 of the reference case.

To understand how the ionization structure due to clustered
sources affects the propagation of Lyα photons compared to a uni-
form ionization, we do another test run (referred to as ‘case U ’
for uniform) producing the same final volume averaged ionization
fraction of case C, i.e. 0.340, but this is induced by photons emitted
only from the central source embedded in a gas with a uniform ini-
tial ionization fraction of 0.293. Case U is shown in the right-hand
panel of Fig. 20 and exhibits a very different ionization structure
compared to case C. While the region with fully ionized gas is
smaller in case U , the situation is reversed in the region beyond
the bubble with some fully neutral gas still present in case C. Note
that in all cases the Lyα photons are emitted only by the central
source.

Fig. 21 shows the SB maps for the three cases discussed above
(for the top-right panel in Fig. 4). Both case C and case U show

a more concentrated SB profile compared to the reference run as
expected for a lower xion, but the details in the SB maps differ due
to the distribution of neutral gas. In particular, all the maps (from
the six faces of the cube) of case U have a more concentrated struc-
ture compared to case C due to the higher ionization level of the
gas outside the fully ionized bubble. In fact, since the ionization
bubble is not large enough for the Lyα photons to be redshifted
out of resonance when they reach its border, the neutral gas dis-
tribution beyond it is particularly important for the determination
of the corresponding SB maps. Because the concentration in the
SB improves detectability, case U is expected to favour observa-
tions of LAEs. At SBth = 10−21 erg s−1 cm−2 arcsec−2, case C has
f eff

esc,Lyα,IGM ∼ 0.001, while case U has ∼0.004, compared to the
reference case of ∼0.0007.

It might seem that clustering of neighbouring sources does not
substantially change the observability of the LAE, but because the
flux is redistributed in different directions due to the different ion-
ization structure in the IGM, f eff

esc,Lyα,IGM can vary by orders of mag-
nitude depending on the observing direction. For the same SBth,
another direction (top-right panel in Fig. 4) has f eff

esc,Lyα,IGM = 1.5,
0.7 and 0.6 for case C, case U and the reference case, respectively.
For reference, the input luminosity is Lesc

Lyα = 9.2 × 1041 erg s−1.
Thus it should be kept in mind that even though both neighbour-
ing sources and uniform background flux improves detectability of
LAEs by increasing the mean ionization fraction of IGM in the
region, the detailed ionization structure around a source plays a
crucial role in determining the SB profiles in different directions.

7 EFFECTS ON ESTIMATES OF
T H E R E I O N I Z AT I O N H I S TO RY

Keeping in mind the discussions in the previous sections, we now
turn to study how structure in the IGM affects the methods which use
the SB profiles of LAEs to estimate the mean ionization fraction
of the universe. One of the most popular methods is to calculate
the LF of LAEs and determine its redshift evolution (e.g. Mal-
hotra & Rhoads 2004; Dayal et al. 2009; Kashikawa et al. 2011).
Using analytic models to describe the reionization history, the above
authors estimate the evolution of τ (employing equations similar to
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Goal u Observe IGM around "Normal" Star-forming galaxies

Method

z = 5.7 (6.6) LAEs NB816 (NB921) Image
Source position Intensity MapCross

Correlation

Result

u Lyα emission
extends beyond rvir

u Main: Scattering 
from central LAE 
+ Other mechanism

u Cross-correlation intensity mapping w/ LAE
u Using Subaru HSC-SSP deep & wide NB images


