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Abstract

We present the luminosity function (LF) for ultraluminous Lyα emitting galaxies (LAEs) at z=6.6. We define
ultraluminous LAEs (ULLAEs) as galaxies with a >Llog Ly 43.5( ) ergs−1. We select our main sample using the
g′, r′, i′, z′, and NB921 observations of a wide-area (30 deg2) Hyper Suprime-Cam survey of the north ecliptic pole
(NEP) field. We select candidates with ¢ ¢ ¢ >g r i, , 26, NB921�23.5, and - ¢ zNB921 1.3. Using the
DEIMOS spectrograph on KeckII, we confirm 9 of our 14 candidates as ULLAEs at z=6.6 and the remaining 5
as an active galactic nucleus at z=6.6, two [O III]λ5007 emitting galaxies at z=0.84 and z=0.85, and two
nondetections. This emphasizes the need for full spectroscopic follow-up to determine accurate LFs. In
constructing the ULLAE LF at z=6.6, we combine our nine NEP ULLAEs with two previously discovered and
confirmed ULLAEs in the COSMOS field: CR7 and COLA1. We apply rigorous corrections for incompleteness
based on simulations. We compare our ULLAE LF at z=6.6 with LFs at z=5.7 and z=6.6 from the literature.
Our data reject some previous LF normalizations and power-law indices, but they are broadly consistent with
others. Indeed, a comparative analysis of the different literature LFs suggests that no LF is fully consistent with any
of the others, making it critical to determine the evolution from z=5.7 to z=6.6 using LFs constructed in exactly
the same way at both redshifts.

Unified Astronomy Thesaurus concepts: Emission line galaxies (459); Lyman-alpha galaxies (978); Observational
cosmology (1146); High-redshift galaxies (734)

1. Introduction

The epoch of reionization, in which the intergalactic medium
(IGM) transitioned from being dominantly neutral to being
primarily ionized, is a key era in the universe’s history. Lyα
emission from early, massively star-forming galaxies is one of
the few probes of galaxy evolution and activity in this era. This
early Lyα emission is redshifted from the rest-frame UV into
the observed-frame optical, whereas other less energetic
diagnostic emission lines are redshifted into the more difficult
to observe infrared.

Narrowband (∼100Å) surveys can identify Lyα emitter
(LAE) candidates at specific redshifts by imaging low-
background windows in the atmospheric sky. In recent years,
narrowband surveys have identified LAE candidates out to
redshifts beyond z=7 (e.g., Hu et al. 2004, 2010, 2016, 2019;
Ouchi et al. 2008, 2010; Kashikawa et al. 2011; Konno et al.
2014, 2018; Matthee et al. 2015; Santos et al. 2016; Jiang et al.
2017; Ota et al. 2017; Itoh et al. 2018; Songaila et al. 2018).
With this large influx of new samples, the very-high-redshift
Lyα luminosity function (LF) is being probed. However, most
of these LFs suffer from low number statistics and large errors,
especially at the ultraluminous ( a >Llog Ly 43.5( ) ergs−1)
end. The rarity of ultraluminous LAEs (ULLAEs) makes the
population highly susceptible to contamination from fore-
ground strong emission line galaxies and from active galactic
nuclei (AGNs), which means spectroscopic confirmation is
critical. Additionally, wide-area surveys are needed to reduce
possible effects of cosmic variance.

The evolution of the LAE LF potentially offers insight into
the onset of reionization. In particular, Santos et al. (2016) have
claimed to see differential evolution in the shape of the LAE LF
at high redshift, i.e., a significant decline in the number density
of typical LAEs from z=5.7 to z=6.6, and no evolution of

ULLAEs over the same redshift range. Such a result might
imply that reionization is being completed first around
ULLAEs, since the increasing neutrality would have a larger
effect on the luminosities of the lower luminosity LAEs than on
those of the ULLAEs. Moreover, it would be consistent with
the interpretation of the discovery of some complex line
profiles for z=6.6 ULLAEs (Hu et al. 2016; Songaila et al.
2018) as possible evidence for ULLAEs generating highly
ionized regions of the IGM in their vicinity, thereby allowing
the full Lyα profile of the galaxy, including blue wings, to
become visible.
Suprime-Cam and Hyper Suprime-Cam (HSC) narrowband

surveys (e.g., Ouchi et al. 2008, 2010; Hu et al. 2010;
Kashikawa et al. 2011; Matthee et al. 2015; Santos et al. 2016;
Zheng et al. 2017; Konno et al. 2018) are not all in agreement
on the evolution of the LFs, though generally a decrease from
z=5.7 to z=6.6 for non-ULLAEs is claimed. Most of these
surveys (other than the spectroscopically complete survey of
Hu et al. 2010) have relatively few spectroscopic redshifts, and
the measured values at the ultraluminous end, when they exist
at all, typically have large uncertainties. Without spectroscopy,
contaminants are likely to be included in the LAE samples,
which will result in higher normalizations for the LFs. There is
also the issue of incompleteness corrections. For Suprime-Cam,
the filters are far from top-hat. Thus, without knowing the exact
redshift of a source, and hence where it lies in the filter, it is
very difficult to correct the Lyα luminosity for the effect of the
filter transmission profile. This will impact the number
densities of bright LAEs, as some of these will be observed
at a fraction of their luminosities. In addition, some fainter
LAEs will fall below the selection magnitude limit and hence
not be included in the sample. For HSC, the more top-hat-like
filters lessen these effects, but corrections are still needed.
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On the other hand, it was pointed out by Kashikawa et al.
(2011) that spectroscopically complete samples could result in
lower normalizations for the LFs if insufficiently deep spectral
data are used for the Lyα line identifications, since some
candidates from the initial selection might be incorrectly
removed.

The goal of the present paper is to construct the ULLAE
portion of the LF at z=6.6 using a spectroscopically complete
sample with sufficiently deep spectra that there is no ambiguity
about the redshift identifications. This prevents the sample from
being contaminated by non-LAEs, and it also means that the
Lyα luminosity corrections due to the filter transmission profile
are exact.

Hu et al. (2016) obtained narrowband NB921 images with
HSC of the COSMOS field, and Songaila et al. (2018) did the
same for a much larger area in the north ecliptic pole (NEP)
field. From these data, we now have 11 spectroscopically
confirmed ULLAEs at z=6.6 from which to construct the
ultraluminous end of the LF. We will then make comparisons
of this new ULLAE LF with LAE LFs at z=5.7 and z=6.6
from the literature.

We assume ΩM=0.3, ΩΛ=0.7, and
H0=70kms−1 Mpc−1 throughout. We give all magnitudes
in the AB magnitude system, where an AB magnitude is
defined by = - -nm f2.5 log 48.60AB . We define fν, the flux
of the source, in units of ergcm−2s−1Hz−1.

2. Candidate Selection

We use data from the Hawaii eROSITA Ecliptic Pole
Survey, or HEROES, a 45deg2 imaging survey of the NEP
(dashed line in Figure 1; see Songaila et al. 2018). HEROES
consists of Subaru 8.2m HSC broadband g′, r′, i′, z′, and ¢y and
narrowband NB816 and NB921 imaging. (The r′ and i′ filters

are the HSC-r2 and HSC-i2 filters.) HEROES also includes U
and J imaging from the Canada–France–Hawaii Telescope
3.6m MegaPrime/MegaCam and WIRCam instruments. In
this work, we only use the g′, r′, i′, z′, and NB921 data, and we
focus on the most uniformly covered area, which is 30deg2 in
size (black rectangle in Figure 1). For the NB921 data, the 1σ
noise in a 2″ diameter aperture ranges from 25.4 to 6.1. For the
z′-band data, the 1σ noise in a 2″ diameter aperture ranges from
26.2 to 27.0. A detailed discussion of both the observations and
the data reduction with the Pan-STARRS Image Processing
Pipeline (Magnier et al. 2016) can be found in Songaila et al.
(2018).
Songaila et al. (2018) selected objects with NB921 Kron

magnitudes brighter than 23.5 in the 30deg2 area. This
selection in NB921 provides a >5σ criterion throughout the
area and a much higher signal-to-noise ratio (S/N) (mean of
9σ) through most of the area. This yielded a sample of 2.8
million objects. For these objects, they centered on the NB921
positions and measured the magnitudes across the filters using
2″ diameter apertures. They then restricted to sources with
z′−NB921�1.3 that were also not detected above the 2σ
level in any of the g′, r′, and i′ bands, as would be expected for
LAEs with a strong Lyman break. The z′−NB921�1.3 color
excess selects high equivalent width spectra (observed-frame
EW(Lyα)>100Å) at redshifts 6.50<z<6.63. This choice
of color excess selects all galaxies with rest-frame
EW(Lyα)�20Å, which is the normal definition of a high-
redshift LAE (Hu et al. 1998). Lyman continuum break sources
at redshifts placing the break near the upper wavelength of the
narrowband filter can also satisfy these selection criteria, again
emphasizing the need for spectroscopic follow-up. We
summarize our selection criteria in Table 1.
We reanalyzed the selected candidates, looking for contam-

ination from glints, bright stars, moving objects, etc. We then
stacked the g′, r′, and i′ images for each of the remaining
candidates and discarded any sources that appeared in both the
narrowband and stacked images. After our reanalysis, we ended
up with 14 candidates for spectroscopic follow-up, 13 of which
are in common with Songaila et al. (2018).

3. Spectroscopic Follow-up

Songaila et al. (2018) spectroscopically followed up seven of
the candidates, and we followed up the remaining seven with
DEIMOS on KeckII during observing runs in 2018 and 2019.
We refer the reader to A.Songaila et al. (2020, in preparation),
where we provide a more detailed description of the data and
analysis of the spectra. Briefly, we used the G830 grating with
a 1″ slit, which results in a resolution of 83kms−1 for the
z=6.6 LAEs, as measured from sky lines. We took three 20
minute subexposures for each source using ±1 5 dithering
along the slit for optimal sky subtraction. Our total exposure
times ranged from 1 to 3 hr, depending on the source.

Figure 1. Dashed line shows the full ∼45 deg2 of the current HEROES survey,
and the solid rectangle shows the most uniformly covered 30deg2 area studied
in this work. Red circles denote the positions of the nine spectroscopically
confirmed LAEs, blue circles indicate the two [O III] emitters, and the green
circle indicates the single AGN. There were also two candidates that turned out
to be spurious after spectroscopic observations.

Table 1
Photometric Selection Criteria

Filter Selection

g′ >26
r′ >26
i′ >26
NB921 �23.5
¢ -z NB921 �1.3

2
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We carried out the data reduction using the standard pipeline
presented in Cowie et al. (1996). In short, we performed an
initial sky subtraction, pixel by pixel, using the minimum
counts recorded by a pixel across the three dithered exposures.
We then median added the three frames. We rejected cosmic
rays using a 3×3 median spatial filtering pass. We removed
geometric distortion from the spectra by tracing brighter objects
in the slit mask. We then calibrated the wavelength scales
against the sky lines in the spectra. Finally, we performed
another sky subtraction. We show a range of two-dimensional
(2D) spectral images for our sample in Figure 2, including a
spectroscopic nondetection, an [O III] emitter, the single
detected AGN (NEPAGN), the double-peaked ULLAE
NELPA4, and two other ULLAEs: NEPLA1 (the most
luminous ULLAE in the sample) and NEPLA8 (the second
least luminous ULLAE in the sample).

In total, we confirmed nine NEP candidates as z=6.6
ULLAEs. We present the one-dimensional (1D) spectra of all
nine in Figure 3. As in Songaila et al. (2018), for each profile,
we chose the peak value of the Lyα line in the 1D spectrum as
the zero-velocity standard from which to calculate the spectro-
scopic redshift. This is not the galaxy redshift, which may be
blueward of this value. For example, for the LAE VR7, the
Lyα flux peaks at z=6.534±0.001 (Matthee et al. 2020),
which corresponds to a velocity offset of + -

+213 20
19 kms−1

relative to the systemic redshift traced by [C II]158 μm

(z=6.5285; Matthee et al. 2019). The peak redshifts allow
us to compare the redshifts of the sample and are adequate for
calculating the transmission throughput needed for determining
the line fluxes.

We identified one of the remaining five candidates as a
z=6.6 AGN (see the 1D spectrum in Songaila et al. 2018).
This spectrum shows broad Lyα emission, along with O VI and
N V. We identified two other candidates as high EW [O III]
λ5007 emitters at z=0.84 and z=0.85. The continuum in
these sources is not detected in any of the blue bandpasses,
making this type of source hard to remove with a purely
photometric selection. The spectra only show the [O III] doublet
and Hβ line, in each case with both of the [O III] lines being
much stronger than the Hβ line (see the second spectrum in
Figure 2). [O III] emitters are cited as leading sources of
contamination in photometrically identified LAE samples
(Konno et al. 2018). Finally, we did not detect any lines in
the last two candidates.
Characterizing the noise in the spectral images is not

straightforward, because of the presence of the residuals from
the sky subtraction. However, the spectra with detected lines
are clearly distinguishable from the two spectra without (see
Figure 2). In order to quantify this, we used box apertures in the
2D spectra with 30 spectral pixels and 10 spatial pixels to
measure the distribution of counts in the wavelength region
covered by the NB921 filter and lying within 3″ of the nominal
position for the NEP candidates. We then compared the largest
value measured in any of these apertures with the dispersion.
Typically, the S/N of detected Lyα lines is in excess of 10,
while that of [O III]λ5007 lines is greater than 8. For the two
spectra without detected lines, we did not see boxes with S/N
greater than 2. Thus, these two sources are clearly spurious, and
the normalization of our LF will not be artificially lowered due
to their removal from the initial sample.

Figure 2. 2D spectra for six z=6.6 LAE candidates with comparable NB921 magnitudes. The top spectrum has no detected lines and is one of the two spectroscopic
nondetections. The second spectrum is one of the two [O III] emitters, with the [O III] doublet and fainter Hβ line visible. The third spectrum is the single AGN,
featuring a bright continuum with no Lyα line emission. The fourth spectrum is an example of a confirmed ULLAE spectrum (NEPLA8) with strong Lyα emission
featuring a sharp blue break and a red wing. It is one of the least luminous ULLAEs in the sample. The fifth spectrum is the double-peaked ULLAE NEPLA4. The
bottom spectrum is the most luminous confirmed ULLAE so far, NEPLA1.
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We note that it is also possible to confirm the reality of the
LAEs with broadband continuum data in z′ and ¢y , but the
continuum data for the NEP field are not deep enough to
do this.

Our follow-up success rate for ULLAEs in the NEP 30deg2

area is thus 64%. This illustrates how critical spectroscopic
follow-up is for the confirmation of bona fide ULLAEs and the
filtration of contaminants. We supplement our nine NEP
ULLAEs with two ULLAEs from the COSMOS field: COLA1
(Hu et al. 2016) and CR7 (Sobral et al. 2015). COLA1 and
CR7 are a spectroscopically complete ULLAE sample
observed in the same DEIMOS configuration as the NEP
sources (Songaila et al. 2018).

We note that Songaila et al. (2018) also targeted the LAE
MASOSA (Sobral et al. 2015) in COSMOS. However, its
luminosity of a =Llog Ly 43.42( ) ergs−1 lies just below the
ULLAE luminosity limit, so we do not include it in this study.

4. Line Fluxes and Luminosities

A primary purpose of this study is to explore the
ultraluminous tail of the z=6.6 LAE LF. As all of our LAEs

are spectroscopically confirmed, we have the advantage over
other works of accurate spectroscopic redshifts and Lyα
observed wavelengths. In Figure 4, we show the redshifts
and observed Lyα wavelengths for the NEP and COSMOS
sources with the HSC filter profiles superimposed.
To calculate the Lyα line flux, we first measured the NB921

magnitude of each LAE using a 2″ diameter aperture. We then
corrected this magnitude to a total magnitude using the median
offset between 2″ and 4″ diameter aperture measurements of
galaxies in the 22–24 mag range in the neighborhood of the
source (typically around −0.2 mag). A.Songaila et al. (2020,
in preparation) describe the conversion of these NB921
magnitudes to Lyα line fluxes by assuming that the NB921
flux is produced solely by the Lyα line. They also find that if
one includes the continuum, then it reduces the Lyα flux and
luminosity by a very small amount, typically substantially less
than 0.1dex. However, we do not have deep enough
continuum data in the NEP to do this accurately.
Finally, we calculated the line luminosity of each LAE using

the cosmological luminosity distance based on its spectroscopic
redshift.

Figure 3. 1D spectra of the nine confirmed z=6.6 ULLAEs in the NEP field. The vertical scale is the flux in arbitrary units, but these are consistent between the
spectra, so the normalizations can be directly compared.
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In Table 2, we present the final catalog of the nine NEP
LAEs, the two COSMOS LAES, the NEP AGN, and the two
[O III] emitters. All nine NEP + 2 COSMOS LAEs fit our
definition of “ULLAEs” with logL(Lyα)>43.5 ergs−1.

5. Incompleteness Measurement

To characterize the incompleteness of our sample, we
developed a simulation program in which artificial LAEs are
inserted into all seven survey bands. We generate these
artificial LAEs assuming a rest-frame Lyα FWHM line width
of 4Å with a tunable line luminosity and a flat continuum
redward of the Lyα line at an intensity of 2.5% of the Lyα line
peak. This spectrum is then redshifted to a tunable redshift and
is “observed” by HSC using the filter transmission curves and
CCD quantum efficiency to derive observed magnitudes for the
artificial source in each of the seven bands. We use these
magnitudes in conjunction with the zero-point and exposure
time from the stacked survey images to simulate the total
counts expected from the source were it originally observed in
a given survey image. From the total counts, a 2D Gaussian is
constructed, given an FWHM seeing for the image, to produce
the artificial source.

We generated 1000 random positions in pixel space for each
frame in the survey. At each of these positions, we placed an
artificial source of a predetermined line luminosity and redshift.
After inserting the artificial sources into the images, we ran
SExtractor (Bertin & Arnouts 1996), detecting sources in the
NB921 filter image and measuring magnitudes for all seven
bands at the NB921 detection positions. We then filtered the
resulting catalog using our magnitude cuts from the original
source selection (z′−NB921�1.3, NB921<23.5,
¢ ¢ ¢ >g r i, , 26( ) ). We searched this new catalog for the known

artificial objects, and the percentage of recovered objects is
then the completeness. We ran this process across all 197
survey images within the selected 30deg2 for all permutations
of z=6.51–6.63 in intervals of 0.01, and
logL(Lyα)=43.5–44.0ergs−1 in intervals of 0.05, simulat-
ing a total of >27 million sources.

We show the results of our incompleteness analysis in
Figures 5 and 6. In Figure 5, we show the completeness of each
skycell in the survey averaged over the redshift range
z=6.52–6.62 and the luminosity range
logL(Lyα)=43.5–44.0ergs−1. Most skycells have an aver-
age total completeness of ∼63%. However, some cells along
two tracks through the field have sections of missing coverage
and thus far lower completeness (a median of 37%). We still
consider these cells in our survey, we just use the incomplete-
ness measurement to account for the missing area.
In Figure 6, we plot the completeness as a function of

redshift and Lyα luminosity averaging over all skycells. As
expected, the filter profile of the NB921 filter is visible in the
plot as a result of our magnitude cut at NB921�23.5. Thus,
insufficiently luminous LAEs at redshifts away from the center
of the bandpass fail to pass the magnitude cuts, resulting in
nearly 0% completeness for combinations of luminosity and

Figure 4. Product of the filter transmission and CCD quantum efficiency for
the HSC filters z (red), NB921 (blue), and Y (green). Red (orange) circles show
the redshift and observed redshifted peak Lyα wavelength for each NEP
(COSMOS) ULLAE. Blue circles show the weighted mean wavelength of the
[O III] doublet for the two [O III] emitters. The single green circle is a high-
redshift AGN. Vertical offsets are simply used to distinguish overlapping
points.

Table 2
Properties of the Spectroscopically Observed Sample

Source R.A. Decl. NB921 Redshift logL(Lyα)
(deg) (deg) (AB) (erg s−1)

(1) (2) (3) (4) (5) (6)

NEPLA1 273.73837 65.285995 22.56 6.5938 43.92
NEPLA2 263.61490 67.593971 23.17 6.5831 43.71
NEPLA3 265.22437 65.510361 23.19 6.5915 43.66
NEPLA4 268.29211 65.109581 22.97 6.5472 43.76
NEPLA5 269.68964 65.944748 23.33 6.5364 43.60
NEPLA6 262.44296 65.180443 22.92 6.5660 43.75
NEPLA7 272.66104 67.386055 23.34 6.5780 43.59
NEPLA8 262.30838 65.599663 23.28 6.5668 43.61
NEPLA9 276.23441 67.606667 23.39 6.5352 43.63

COLA1 150.64751 2.2037499 23.11 6.5923 43.70
CR7 150.24167 1.8042222 23.26 6.6010 43.67

NEPAGN 263.17966 65.520416 22.70 6.5904 L

O III 275.35461 64.775719 23.24 0.8465 L
O III 277.74066 68.367943 22.88 0.8439 L

Note. Columns: (1) source name, (2) and (3) R.A. and decl., (4) NB921 2″
diameter aperture magnitude corrected to total (for the COSMOS field, we
measured the magnitudes from the public HSC Subaru Strategic Program (SSP)
NB921 image; Aihara et al. 2019), (5) redshift, and (6) logarithm of the Lyα
line luminosity.

Figure 5. Completeness measures averaged over aLlog Ly( )=43.5–44.0 and
z=6.52–6.62 for each skycell in HEROES.
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redshift significantly far away from the filter transmission peak.
However, when the luminosity of LAEs is bright enough to
pass the magnitude selection cuts at a given redshift, the
average completeness is nearly 76%. The main sources of
incompleteness in this nonmagnitude limited regime appear to
be confusion from proximity to foreground stars, data artifacts,
or overlap with other field sources.

We adopt our NEP incompleteness analysis for the
COSMOS field. As the COSMOS sample of two ULLAEs
represents only ∼18% of the full sample and ∼13% of the
surveyed volume, small differences in the incompleteness of
the two fields would have little effect on the LF.

6. Luminosity Functions

We calculate the comoving survey volume from the FWHM
bounds of the NB921 filter in redshift space (z=6.52–6.62)
and from the 30deg2 NEP survey area. We find a comoving
volume of 2.46×107 Mpc3. For the 4deg2 COSMOS field
(Hu et al. 2016), we find a comoving volume of
3.28×106 Mpc3. The combined comoving volume is then
2.78×107 Mpc3.

We use this volume to construct the z=6.6 ULLAE LF at
logL(Lyα)>43.5 ergs−1. Since all of our sources are
spectroscopically observed and have reliable spectroscopic
redshifts, the filter transmission profile corrections are exact in
the determinations of the source luminosities. Additionally, we
do not need to correct for contaminating sources, such as
lower-redshift [O III] emitters or high-redshift AGNs, as would
be necessary in the analysis of purely photometric samples. We
applied our incompleteness correction by dividing the uncor-
rected logf of each of the two luminosity bins
( a =Llog Ly 43.5 43.75( ) – and -43.75 44 erg s 1– ) by the over-
all completeness in each bin. In Table 3, we give our
incompleteness corrected and uncorrected LF measurements
for the two aD =Llog Ly 0.25( ) bins, as well as the
completeness of each bin. Our uncertainties are purely
Poissonian.

In Figure 7, we show these measurements as pink squares,
along with various (a) z=6.6 and (b) z=5.7 LAE LFs from
the literature, for comparison (see figure legend for colors). For
each individual literature sample, we overlay power-law fits
using free indices and normalizations (matching colored lines).
The LF from Konno et al. (2018) differs strikingly in shape
from the remainder, perhaps indicating a problem with the

methodology of using a primarily photometric sample from the
HSC SSP. Excluding Konno et al. (2018), the remaining
analyses are in fair agreement over the power-law index.
Although it is common in the literature to fit Schechter

functions, it is readily apparent from Figure 7 that the power-
law fits are a good representation of the data. The lack of an
abrupt fall-off suggests we have not yet reached L*. Since
single power-law fits cannot go on indefinitely, ultimately the
LFs will have to turn down. This may occur at luminosities just
slightly higher than the present ones.
The main point to take away from Figure 7 is that none of

the LFs from the literature are fully consistent in both power-
law index and normalization with any of the others. Thus, for a
proper evaluation of whether there is evolution of the LF with
redshift, it is clear that the samples at the two redshifts need to
be collected and analyzed in exactly the same way.
In our case, this means we can compare with the spectro-

scopically confirmed z=6.6 and z=5.7 LAE LFs of Hu et al.
(2010), though they only have one ultraluminous point at
z=5.7, and it has large uncertainties. Indeed, our z=6.6
ULLAE LF matches both of their LFs very well. This would
suggest that there is no evolution in the LFs at the
ultraluminous end over this redshift range. However, we need
more spectroscopically confirmed ULLAEs at z=5.7 to make
a definitive statement.
For ease of comparison, we show in Figure 8 the various LFs

for a fixed power-law index of −2 and logarithmic normal-
ization of 82.0544 in units of aD -Llog Ly 1[ ( )] Mpc−3, taken
from the best fit to Ouchi et al. (2010) assuming a fixed power-
law index of −2. This time we also separate them into four
panels, each of which contains the z=5.7 and z=6.6 LAE
LFs from a single group, along with our z=6.6 ULLAE LF
(pink squares) for comparison.
In the first panel, we show the LFs of Ouchi et al.

(2008, 2010). They do not have any data at the ultraluminous
end, so we cannot make a direct comparison with our ULLAE
LF. They claim a decrease from z=5.7 to z=6.6 at the
>90% confidence level at the lower luminosity end, with the
z=6.6 luminosity density about 30% of the z=5.7
luminosity density.
In the second panel, we show the LFs of Hu et al. (2010)

where, as we noted above, we are in agreement with their
single z=5.7 point at the ultraluminous end (suggesting no
evolution), though their point has large uncertainties. In their
LF comparison, they found a multiplicative factor of two
decrease in the number density of LAEs from z=5.7
to z=6.5.
In the third panel, we show the LFs of Santos et al. (2016).

They have several data points at both redshifts at the
ultraluminous end, but their LFs are 0.3–0.6 dex higher than

Figure 6. Completeness measures averaged over all skycells in HEROES.

Table 3
Luminosity Function Data

aLlog Ly( ) Uncorrected flog Corrected flog Completeness
aD -Llog Ly 1[ ( )]

Mpc−3

aD -Llog Ly 1[ ( )]
Mpc−3

43.625 - -
+5.940 0.198

0.131 - -
+5.526 0.198

0.131 0.385

43.875 - -
+6.365 0.374

0.189 - -
+6.198 0.374

0.189 0.680

Note. LF measurements for bin widths of aD =Llog Ly 0.25( ) . The
uncertainties are Poissonian.
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ours. Konno et al. (2018) also noted that the Santos et al.
(2016) number densities of LAEs at all luminosities were too
high. Santos et al. (2016; and previously Matthee et al. 2015 at
z= 6.6) studied the COSMOS, UDS, and SA22 fields with
Suprime-Cam using a primarily photometric sample. Thus, the
differences in normalization could be due to their assumptions
about the redshifts in making the filter transmission profile
corrections, flux systematics, and/or the presence of contami-
nants that are inherently absent in our spectroscopically
confirmed sample. They find no evolution in the number
density at the ultraluminous end from z=5.7 to z=6.6, but
they see a significant decline at the lower luminosity end (by
0.5± 0.1 dex). This drop is similar to that seen by Ouchi et al.
(2008, 2010) and by Hu et al. (2010).

Finally, in the fourth panel, we show the LFs of Konno et al.
(2018). Their shape inconsistencies with the other surveys are
strongly apparent in this figure. They have multiple data points
at both redshifts at the ultraluminous end (though with
significant uncertainties), and we find good agreement with
their z=6.6 measurements. Again, they see evidence for a
decrease at the lower luminosity end from z=5.7 to z=6.6 at
the >90% confidence level. The evolution they derive is
similar to that reported by the other groups. They make no
claim about the evolution of the LFs at the ultraluminous end.
As discussed above, given the discrepancies between the

different groups’ LFs, one needs to exercise caution in making
claims about the evolution of the LAE LF from z=5.7 to
z=6.6 unless one is comparing samples taken and analyzed in

Figure 7. LF measurements for our z=6.6 ULLAE sample, divided into two bins (pink squares): a< <- L43.5 erg s log Ly 43.751 ( ) ergs−1 and
a< <- L43.75 erg s log Ly 44.01 ( ) ergs−1. The vertical line defines our ultraluminous cutoff at a >Llog Ly 43.5( ) ergs−1. For comparison, we plot literature

LAE LFs at (a) z=6.6 (Hu et al. 2010; Ouchi et al. 2010; Santos et al. 2016; Konno et al. 2018) and (b) z=5.7 (Ouchi et al. 2008; Hu et al. 2010; Santos et al. 2016;
Konno et al. 2018) (see the legends for colors). Note that the z=6.6 LF of Santos et al. (2016) is an updated version from Matthee et al. (2015). All the literature
samples at both redshifts are well represented by individual power-law fits (matching colored lines).
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exactly the same way. For us, this means we can make
comparisons with the Hu et al. (2010) samples at both redshifts;
however, they are primarily at non-ULLAE luminosities. In
future work, we plan to follow-up spectroscopically a
population of z=5.7 ULLAE candidates selected from
HEROES in order to construct the LF at the ultraluminous
end. Then we will be able to make direct comparisons with the
spectroscopically confirmed z=6.6 ULLAE sample presented
in this paper, and hence determine with our own data set
whether there is any evolution from z=5.7 to z=6.6 at the
ultraluminous end.

7. Summary

The primary results from our work are as follows:

1. Using 30deg2 of deep Subaru HSC g′, r′, i′, z′, and
NB921 imaging of the NEP field, we identified 14
z=6.6 ULLAE candidates.

2. We spectroscopically observed with Keck DEIMOS 7 of
the candidates, and the remaining seven were previously
observed by Songaila et al. (2018). This provides nine
spectroscopically confirmed z=6.6 ULLAEs in the
NEP field.

3. We supplemented the 9 NEP ULLAEs with 2 spectro-
scopically confirmed z=6.6 ULLAEs in the COSMOS
field for a total sample of 11. After applying corrections
for the narrowband filter transmission profile and
incompleteness, we constructed the z=6.6 ULLAE LF
from this sample.

4. We compared our z=6.6 ULLAE LF with z=5.7 and
z=6.6 LAE LFs from the literature. We showed that

none of the literature LFs are fully consistent in both
power-law index and normalization with any of the
others, with the Santos et al. (2016) LFs, in particular,
being too high, and the Konno et al. (2018) LFs having
an odd shape.

5. Given the variations in the literature LFs, it is clear that to
determine the evolution of the LAE LF from z=5.7 to
z=6.6, one should only compare LFs at the two
redshifts that have been constructed in exactly the same
way. We therefore compared our z=6.6 ULLAE LF
with the z=5.7 and z=6.6 LAE LFs of Hu et al.
(2010), which are also spectroscopically confirmed. We
found that ours matched very well to both of theirs,
suggesting no evolution in the LFs at the ultralumi-
nous end.

6. However, Hu et al. (2010) only have one ultraluminous
point at z=5.7, and it has large uncertainties. Thus, we
are working on a spectroscopically complete ULLAE LF
analysis at z=5.7 that should allow us to determine
within our own data set whether the ULLAE LF evolves
over this redshift range.

We thank the anonymous referee for a constructive report
that helped us to improve this paper. We gratefully acknowl-
edge support for this research from Jeff and Judy Diermeier
through a Diermeier Fellowship (A.J.T.), NSF grants AST-
1716093 (E.M.H., A.S.) and AST-1715145 (A.J.B.), the
trustees of the William F. Vilas Estate (A.J.B.), and the
University of Wisconsin-Madison, Office of the Vice Chan-
cellor for Research and Graduate Education with funding from
the Wisconsin Alumni Research Foundation (A.J.B.).

Figure 8. Evolution of the Lyα LF from z=5.7 to z=6.6 for four different surveys, all shown relative to our z=6.6 ULLAE LF (pink squares). Minute shifts of
±0.02 in aLlog Ly( ) have been made to avoid overlap of the data points.
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