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Abstract

We present a spectroscopic survey of Lyα emitters (LAEs) at z≈3.1 in the Subaru XMM-Newton Deep Survey
Field. This field has deep imaging data in a series of broad and narrow bands, including two adjacent narrow bands
NB497 and NB503 that have allowed us to efficiently select LAE candidates at z≈3.1. Using spectroscopic
observations on MMT Hectospec and Magellan M2FS, we obtained a sample of 166 LAEs at z≈3.1 over an
effective area of ∼1.2 deg2, including 16 previously known LAEs. This is so far the largest (spectroscopically
confirmed) sample of LAEs at this redshift. We make use of the secure redshifts and multiband data to measure
spectral properties such as Lyα luminosity and rest-frame UV slope. We derive a robust Lyα luminosity function
(LF) that spans a luminosity range from ∼1042.0 to >1043.5 erg s−1. Significant overdense and underdense regions
are detected in our sample, but the area coverage is wide enough to largely suppress the effect from such cosmic
variance. Our Lyα LF is generally consistent with those from previous studies at z∼3.1. At the brightest end of
the LF, there is a tentative detection of a density excess that is not well described by the Schechter function. The
comparison with the LFs at other redshifts suggests that the Lyα LF does not show significant evolution at
2<z<5. Finally, we build the composite spectra of the LAEs and detect the N Vλ1239 and C IVλλ1548,1551
doublet emission lines at significance of ∼4σ, suggesting very hard radiation fields in (some of) these LAEs.

Unified Astronomy Thesaurus concepts: High-redshift galaxies (734); Lyman-alpha galaxies (978); Galaxy
properties (615)

Supporting material: extended figure, machine-readable table

1. Introduction

In the past decades, we have witnessed significant progress in
detecting and studying galaxies at high redshift (e.g., Madau &
Dickinson 2014; Stark 2016). There are two common methods to
select high-redshift galaxies, the Lyman break technique (the
dropout or broadband technique) and the narrowband technique.
The narrowband technique combines narrowband and broadband
photometry and searches for strong UV/optical emission lines
from star-forming galaxies, such as Lyα and Hα emission lines. It
usually ensures that the selected galaxy candidates are in small
redshift ranges with ( ) –d + ~z z1 1% 2%.

Star-forming galaxies and active galactic nuclei (AGN) often
produce strong Lyα emission lines. This line is intrinsically the
strongest emission line in the rest-frame UV/optical spectrum
(e.g., Partridge & Peebles 1967; Santos et al. 2016). In the local
universe, a small fraction of galaxies have strong Lyα emission
lines because of the low escaping rate of Lyα photons
(Ciardullo et al. 2012). A small amount of dust and/or neutral
gas can effectively prevent Lyα photons from escaping from
galaxies. However, the Lyα emission line is commonly seen in
star-forming galaxies at high redshift (e.g., Shapley et al. 2003;
Ciardullo et al. 2012). Therefore, the narrowband technique or
surveys have been quite successful in searching for high-
redshift Lyα emitting galaxies, or Lyα emitters (LAEs).

In recent years, wide-field narrowband surveys have detected a
large number of LAEs from z≈2 to the epoch of reionization
(e.g., Ouchi et al. 2008; Kashikawa et al. 2011; Shibuya et al.
2012; Konno et al. 2014; Matthee et al. 2014; Zheng et al. 2016;
Hao et al. 2018; Jiang et al. 2018; Hu et al. 2019). Several studies
have provided LAE samples at z≈3.1 (e.g., Gronwall et al. 2007;

Ouchi et al. 2008; Ciardullo et al. 2012; Yamada et al. 2012b,
2012a; Zheng et al. 2016; Sobral et al. 2018). Despite the progress
that has been made so far, the majority of the galaxies in these
samples are photometrically selected candidates. For example,
Ouchi et al. (2008) and Zheng et al. (2016) spectroscopically
observed a fraction of the LAEs in their samples. Yamada et al.
(2012b) conducted a photometric survey of LAEs at z≈3.1, and
Yamada et al. (2012a) spectroscopically confirmed 91 LAEs from
the photometric sample. This was the largest sample of spectro-
scopically confirmed LAEs at this redshift. Overall, there are
hundreds of narrowband selected LAE candidates at z≈3.1, and
only a few tens of them have been spectroscopically confirmed.
The relatively small number of the confirmed LAEs makes it
difficult to compare different results in the literature. There exist
large discrepancies in the measurements of the Lyα luminosity
function (LF) at z≈3.1 (and at other redshifts as well). Therefore,
a large sample of spectroscopically confirmed LAEs at this redshift
is needed.
In this paper, we present our spectroscopic survey of a large

sample of LAEs at z≈3.1 in the Subaru XMM-Newton Deep
Survey (SXDS) field. The targets were selected using the deep
imaging data taken by the Subaru Suprime-Cam, and the
spectroscopic observations were carried out by the Magellan
M2FS and MMT Hectospec. We obtained a sample of 166
LAEs over an effective area of ∼1.2 deg2 when 16 previously
confirmed LAEs are included. We introduce this sample and
derive the Lyα LF in this paper. We will measure the physical
properties of these LAEs in an upcoming paper.
The layout of this paper is as follows. In Section 2, we

introduce our target selection. In Section 3, we present our
Magellan M2FS and MMT Hectospec observations. The Lyα
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and rest-frame UV continuum properties of this sample are
provided in Section 4. In Section 5 we estimate the sample
completeness and derive the Lyα LF. We discuss our results in
Section 6 and summarize the paper in Section 7. Throughout
this paper, all magnitudes are in the AB system. We adopt a Λ
−dominated flat cosmology with = - -H 70 km s Mpc0

1 1,
W = 0.3m , and W =L 0.7.

2. Imaging Data and Target Selection

In this section, we describe the deep field that we used for
our program, the imaging data, and the LAE candidate
selection.

2.1. The SXDS Field

The SXDS field ( -  ¢ 02 18 00. 0 05 00 00. 00;h m s Figure 1)
covers an area of ∼1.2 deg2 (Furusawa et al. 2008). It has very
deep imaging data in a series of broad and narrow bands taken
by the Subaru Suprime-Cam. The SXDS field consists of five
subfields, SXDS-C, N, S, E, and W, corresponding to the five
pointings of the Suprime-Cam imaging observations.

The SXDS data have been used to search for galaxies at redshift
ranging from 2 to 7. For example, Ouchi et al. (2008) presented a
large sample of photometrically selected LAEs at z≈3.1, 3.7, and
5.7. Some of them were spectroscopically observed. Ouchi et al.
(2010) presented a photometric sample of LAEs at z≈6.5, and
spectroscopically identified 19 LAEs. Konno et al. (2014) carried
out a deep narrowband imaging survey of LAEs at z≈7.3, and
found three LAEs. Matthee et al. (2015) reported a small sample of
bright, photometrically selected LAEs at z≈6.5. Konno et al.
(2016) presented a large, photometric sample of 3137 LAEs at
z≈2.2 in five fields including SXDS. Jiang et al. (2017)
performed a spectroscopic survey of LAEs at z≈5.7 and 6.5 over
nearly three square degrees, including SXDS. Chanchaiworawit
et al. (2017) identified 45 LAE candidates around two close,
massive LAEs at z≈6.5 in SXDS. Ota et al. (2017) detected 20
z≈7.0 LAE candidates in the Subaru Deep Field and SXDS. Itoh
et al. (2018) presented a large sample of 34 LAE candidates at
z∼7.0 in the COSMOS and SXDS fields.

We retrieved the raw data of Suprime-Cam in the SXDS field
from the archival server SMOKA (Baba et al. 2002). The images
were processed using the Suprime-Cam Deep Field REDuction
package (SDFRED; Yagi et al. 2002) and IDL routines by

Jiang et al. (2013). The details of the image reduction, resampling,
coaddition, and calibration are provided in Jiang et al. (2017). The
depths of the final combined images in five broad bands B, V, Rc,
¢i , ¢z are 27.9, 27.6, 27.4, 27.4, and 26.2 mag (5σ in a 2″diameter
aperture), respectively. We used two narrow bands NB497 and
NB503 to select LAEs at z≈3.1. NB497 has a central
wavelength of ∼4986Å with an FWHM of 78Å. NB503 has a
central wavelength of ∼5030Å with an FWHM of 74Å. The
transmission curves of the two filters are shown in Figure 2. These
two narrow bands correspond to the detection of LAEs at z≈3.1.
The NB503-band images cover all five subfields, and the NB497-
band images cover the SXDS-C, N, S fields only. The depth in
NB497 reaches 25.9 mag, and the NB503 image is about 0.9 mag
shallower. The photometric depths vary slightly in five different
subfields (±0.1 mag).
Ouchi et al. (2008) and Yamada et al. (2012b) used the same

sets of raw images as we did, and their final images in NB497 and
NB503 appear to be slightly deeper than ours. The reason is as
follows. The pipeline SDFRED that they used smooths images to
match the same point-spread function (PSF), usually the worst
PSF in the images, before it combines processed individual
images. For example, Yamada et al. (2012b) smoothed their
images to 1″, while the best PSF was 0 65. This image smoothing
suppresses the background fluctuation and introduces correlated
noise within nearby pixels. A direct consequence is that aperture
photometry would underestimate background noise, and thus
overestimate image depth. We did not smooth images. Instead, we
used PSF as a weight and obtained better PSFs in the combined
images. The PSFs in our three NB497-band images are 0 65,
0 81, and 0 72. The PSFs in our five NB503-band images are
0 67, 0 88, 0 83, 0 63, and 0 61.

2.2. Candidate Selection

We selected LAE candidates at z≈3.1 using the images in
the B, V, NB497, and NB503 bands (Figure 2). The PSF sizes
in B and V are better than those in NB497 and NB503. We
smoothed the B- and V-band images so that their PSF FWHMs
match the PSF size of the NB497- or NB503-band image.
Object detections were performed on the narrowband images.
Broadband photometry was done on the narrowband-detected
objects using the dual image mode by SExtractor (Bertin &
Arnouts 1996). The aperture size was 2″in diameter and

Figure 1. Demonstration of our spectroscopic observations of z≈3.1 LAEs in the SXDS field. The gray area indicates the SXDS field, or the coverage of the Subaru
imaging data. The large and small circles denote the pointings of the Hectospec and M2FS observations, respectively. The color-coded dots represent our
spectroscopically confirmed LAEs. The LAEs detected in NB497 and NB503 are shown in the left and right panels, respectively. The triangles in the right panel
represent the LAEs identified by Ouchi et al. (2008). The dotted rectangle in the left panel represents an overdense region.
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aperture corrections were applied to obtain the total
magnitudes.

The candidate selection was mainly done by the selection
criterion of - >BV NB 1 mag, where NB is the narrowband
magnitude in NB497 or NB503, and BV is the composite
magnitude determined by the B-band flux fB and the V-band flux
fV using ( )= +f f f2 3BV B V . We applied this color cut to all
detections at>10σ in NB497 and all detections at>9σ in NB503.
We demonstrate our selection in the lower panel of Figure 3. For
comparison, we show the color–magnitude diagram of NB503
versus V–NB503 for the same objects in the upper panel. We can
see that the composite magnitude BV performs better than V. Our
color cut criterion is very similar to those used in the literature
(e.g., Ouchi et al. 2008; Yamada et al. 2012b; Sobral et al. 2018).
This criterion roughly corresponds to a Lyα rest-frame equivalent
width (EW) limit of ∼45Å.

In order to make use of the large number of fibers on Hectospec
and M2FS, we included a small amount of weaker LAE candidates
whose detections in the narrow bands were slightly below the
significance values given above. We also included a small number
of candidates with < - <BV0.9 NB 1 mag. In addition to the
z≈3.1 LAEs, we included ancillary targets for spare fibers. We
will not present these objects in the paper. These targets had low
priorities in our fiber assignment. We visually inspected all
candidates and removed sources that were contaminated by bright
nearby stars or located in image edges where image quality is
significantly lower.

3. Spectroscopic Observations and Data Reduction

After we obtained the sample of the LAE candidates, we
carried out spectroscopic observations using two multifiber
spectrographs MMT Hectospec and Magellan M2FS. These
spectrographs have large numbers of fibers over large fields of
view (FoVs). Therefore, they are efficient to observe many
targets over a large field. In this section, we describe the
spectroscopic observations, data reduction, and target identifi-
cation. The observations are summarized in Table 1. The
effective area coverage is 0.495 deg2 in NB497 and 0.701 deg2

in NB503.

3.1. MMT Hectospec Observations

We observed 191 LAE candidates using Hectospec mounted
on the 6.5m MMT. Hectospec provides 300 fibers over a circular
FoV of 1° in diameter. The fiber diameter is 1.5″, with adjacent
fibers spaced as closely as 20″. The pointing was centered at

= + = -  ¢ R.A. 02 18 34. 35, decl. 05 06 06. 00h m s , shown as the
large circle in Figure 1. We used the 600 gpm grating that
provided a resolution of ∼2Å. This resolution can resolve
the [O II] λλ3726,3729 doublet, a possible contaminant emission
line for Lyα. The wavelength coverage of the spectra was
4050Å−6500Å. Several tens of fibers were assigned to blank
sky areas for sky subtraction.
To maximize the overall efficiency, we used an observing

strategy that fainter LAE candidates received longer exposure
time. Meanwhile, we ensured that the exposure time for any
candidate was long enough to identify its Lyα emission line if
it is a real LAE at z≈3.1. The first observation was carried out
in 2016 October. We then reduced the data from this
observation and identified a sample of bright LAEs. Later,
we observed other LAE candidates in three observations in
September and 2017 October. Therefore, the exposure times for
individual targets are different. The longest exposure time was
8.3 hr, and the shortest time was 3.6 hr.
Our Hectospec data were reduced with the HSRED.5 The raw

images were debiased and flat-fielded, and cosmic rays were
rejected. Then individual spectra were extracted. Sky templates
were produced by averaging the spectra of “sky fibers,” and
sky emission was subtracted by scaling the sky templates to

Figure 2. The transmission curves of the Subaru Suprime-Cam filters that we
have used for our target selection, including two narrowband filters, NB497
and NB503, and two broadband filters B and V.

Figure 3. Color–magnitude diagrams of the z≈3.1 LAE candidates. We use
NB503 as an example. The black dots represent the detected objects in the
NB503 band, and the blue dashed lines indicate the 10σ detection limits. In
the lower panel, the red dashed line indicates our color selection criterion. The
upper panel shows the V band magnitude instead of the composite BV
magnitude. It is clear that BV performs better than V for our target selection.

Table 1
Summary of Spectroscopic Observations

No. Date Facility Exp. Time No. Candidatesa

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

1 2016 Oct 06 Hectospec 1.61 hr 191
2 2016 Oct 09 Hectospec 2.00 hr 191
3 2017 Sep 28 Hectospec 1.18 hr 54
4 2017 Sep 28 Hectospec 2.00 hr 71
5 2017 Oct 01 Hectospec 1.50 hr 69
6 2016 Nov 28 M2FS 3.00 hr 124

Note.
a Number of LAE candidates observed.

5 https://www.mmto.org/node/536/
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match individual science spectra. Wavelength calibration was
done by cross-correlating observed spectra against the calibra-
tion arc spectra. The final products are one-dimensional (1D),
sky-subtracted, wavelength-calibrated, variance-weighted spectra.

3.2. Magellan M2FS Observations

We identified an overdense region of the LAE candidates in
the NB497 band. This overdense region is denoted by the
dotted rectangle in the left panel of Figure 1. We observed 124
LAE candidates in this region in November 2016 using
Magellan M2FS. M2FS provides 256 fibers over a circular FoV
of ¢30 in diameter. The M2FS pointing was centered at

= +R.A. 34 26 00. 45h m s , = -  ¢ decl. 05 05 48. 80, shown as the
small circle in Figure 1. The total exposure time was 3.0 hr.
The resolving power of the spectra was about 2000.

A standard IRAF routine was used to process the M2FS
images. We used the package CCDPROC to correct overscan,
subtract bias, and remove dark current. We then used the package
HYDRA for the next step. We identified apertures and fit the
aperture traces based on the quartz flat frames, and then extracted
1D spectra for quartz, twilight, ThAr arc, and science images.
Wavelength calibration was done with the ThAr arc spectra by
IRAF tasks IDENTIFY, REIDENTIFY, and REFSPECTRA. A
sky spectrum model was derived from “sky fibers.” Sky
background was subtracted by scaling the sky spectrum model
to match individual source spectra. In the end, we obtained a sky-
subtracted, wavelength-calibrated, 1D spectra for each frame. The

final spectrum of each object is the combination (weighted
average) of all its individual spectra.
In each Hectospec or M2FS observation, we included about

50 sky fibers, depending on the availability of spare fibers. In
addition, we included 5–10 relatively bright point targets. They
were used as reference stars to check image quality and depth.
We excluded some LAE candidates that have already been
spectroscopically observed previously. For example, Ouchi
et al. (2008) confirmed 41 LAEs in NB503. We did not observe
most of these LAEs, but we will include some of them that
were covered by our selection when we calculate Lyα LF later.

3.3. LAE Identification

We identified LAEs based on the 1D spectra (Figure 4). We
searched for line emission features in the expected wavelength
range of each LAE candidate. For each identified emission line,
we estimated its signal-to-noise ratio (S/N) by stacking pixels
around the peak within a window of 7 pixels. A line with S/N 
> 5 was treated as a real line detection. Our target selection
criteria usually ensure that a detected emission line is a Lyα line.
We removed lower-redshift interlopers by checking the whole
spectra. For LAEs at z=3.1, the possible interlopers are
[O II]λλ3726,3729, Hβ and [O III]λλ4959,5007 emitters. The
wavelength coverage of the spectra is large enough to cover all
Hβ and [O III]λλ4959,5007 lines if the detected line is one of the
three lines. In addition, the spectral resolution is high enough to
resolve the [O II]λλ3726,3729 doublet, as we mentioned earlier.

Figure 4. Snapshots and spectra of the first 20 LAEs in our sample. For each LAE, we show its stamp images in NB497, NB503, B, and V, and its spectrum around the
Lyα emission line. The vertical dotted line in the spectrum represents the peak of the emission line. The wavelength (the x-axis) of the spectrum is in units of Å. The
information for the whole sample is provided in the electronic version.
(An extended version of this figure is available.)
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We confirmed a total of 150 LAEs at z≈3.1 from our
spectra. In addition, there were 16 LAE candidates in our
sample that were not observed by our spectroscopic observa-
tions, because Ouchi et al. (2008) had already confirmed them
(mentioned in Section 3.2). When we include these 16 LAEs,
our LAE sample consists of 166 LAEs. This sample is the
largest, spectroscopically confirmed sample of LAEs at this
redshift. In Figure 4, we show the spectra of the first 20 LAEs
and their snapshots of broadband and narrowband images. The
properties of the first 20 LAEs are listed in Table 2. The spectra
and properties of the whole sample are provided as the online
material.

4. The LAE Sample at z≈3.1

In this section, we calculate the Lyα redshifts of our LAEs
from the spectra. We then use the narrowband and broadband
photometry, together with the redshifts, to measure spectral
properties, such as UV continuum flux and slope, Lyα line
flux, and EW.

4.1. Redshifts

We measure Lyα redshifts by fitting a composite, high-quality
Lyα line profile to individual Lyα lines. We first estimate redshifts
for individual Lyα lines based on the wavelengths of their peak
flux. We then stack the spectra of all LAEs based on the individual
redshifts and obtain a median Lyα line profile. Next, we calculate a
new redshift for each LAE by fitting the median profile to its Lyα
line. The fit was done using three parameters, the Lyα line peak
wavelength, peak flux, and a scale factor that determines the line
width. We iterate this procedure several times. The redshifts in this
procedure are calculated by l= -az 1215.67 1Ly . The redshift
distribution of all LAEs is shown in Figure 5. It should be noted
that there is an offset between a Lyα redshift and its systemic

redshift. The Lyα emission line is usually redshifted by a few
hundred -km s 1 (e.g., Verhamme et al. 2018).
The final median Lyα profile is shown in Figure 6. The blue

and red lines represent the coadded profiles observed by
Hectospec and M2FS, respectively. The black line is the final
coadded profile aSLy . The three profiles are consistent with
each other. They appear asymmetric, with the left side steeper
than the right side, due to the ISM absorption. The bottom left
part of the profile at 1212 ∼ 1214Å seems to have a small
bump. Hashimoto et al. (2015) presented the spectra of a
sample of LAEs at z≈2.2 and found that many LAEs have a
similar bump blueward of systemic redshifts. Such a bump can
be explained as the absorbed blue wing of the Lyα line (e.g.,
Barnes et al. 2011). Hayes et al. (2020) recently demonstrated
the redshift evolution of Lyα line profiles. Their results show
that the blueshifted emission is rapidly suppressed by stochastic
IGM absorption with increasing redshift, and the residual of the
blue line wing looks like the small blue bump that we see in our

Table 2
The LAE Sample

ID R.A. Decl. Redshifta aLLy NB497 NB503 B V
(J2000) (J2000) ( )-10 erg s42 1 (mag) (mag) (mag) (mag)

1 2 19 00.01 −5 07 02.2 3.061 8.73 24.51 0.04 L 26.79 0.10 26.36 0.08
2 2 18 57.07 −5 04 33.4 3.062 8.49 24.31 0.03 L 26.00 0.04 25.58 0.04
3 2 18 55.87 −4 57 03.4 3.115 2.78 25.62 0.11 L 27.24 0.15 26.90 0.13
4 2 18 53.99 −5 11 12.6 3.096 2.04 25.20 0.08 L 26.74 0.10 26.39 0.09
5 2 18 52.26 −5 12 48.1 3.117 2.16 25.41 0.10 L >28.86 26.84 0.15
6 2 18 51.24 −4 59 37.8 3.099 4.44 24.40 0.04 24.77 0.13 26.21 0.06 25.40 0.03
7 2 18 48.24 −5 09 22.8 3.067 6.53 24.27 0.03 L 25.92 0.04 25.39 0.03
8 2 18 45.14 −4 51 43.8 3.137 3.97 L 24.56 0.12 26.84 0.13 26.18 0.10
9 2 18 38.57 −4 57 38.7 3.054 9.62 24.87 0.06 L 26.44 0.10 26.21 0.10
10 2 18 36.23 −5 08 49.8 3.150 6.45 L 24.06 0.06 25.68 0.03 25.01 0.02
11 2 18 34.31 −4 57 13.2 3.149 4.49 L 24.32 0.08 >28.86 25.99 0.10
12 2 18 29.62 −4 57 27.7 3.132 4.25 L 24.46 0.09 27.70 0.36 26.80 0.21
13 2 18 24.41 −5 05 21.5 3.113 17.29 23.90 0.02 23.27 0.03 26.27 0.06 25.33 0.03
14 2 18 18.85 −4 50 01.9 3.146 5.05 L 24.32 0.09 26.13 0.06 25.29 0.04
15 2 18 10.41 −4 47 18.3 3.127 3.98 L 24.57 0.12 26.70 0.10 26.06 0.07
16 2 18 08.14 −4 46 57.1 3.134 4.16 L 24.53 0.11 27.48 0.20 26.28 0.08
17 2 18 07.82 −5 11 55.5 3.076 4.39 24.47 0.04 L 26.08 0.05 25.49 0.03
18 2 17 59.15 −4 51 13.9 3.136 3.01 L 24.72 0.10 27.18 0.13 26.60 0.10
19 2 17 55.07 −5 04 12.0 3.062 3.47 25.15 0.06 L 26.42 0.06 26.12 0.06
20 2 17 41.22 −5 04 39.8 3.124 4.78 L 24.38 0.08 27.91 0.26 26.52 0.09

Note. The whole sample is provided in the electronic version. Upper limits are given if one object is fainter than 2σdetection.
a Redshift measured from the Lyα emission line. Its error is typically less than 0.001.

(This table is available in its entirety in machine-readable form.)

Figure 5. The redshift distribution of the LAEs in our sample (shaded
histograms). The LAEs detected in NB497 and NB503 are plotted by the blue
and red histograms, respectively. The dashed profiles indicate the response
curves of NB497 and NB503. Note that some LAEs at z∼3.11 are detected in
both filters.
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stacked profile. This small bump can also be due to galaxy
outflow. The models of Chung et al. (2016) showed that the
blue bumps can be explained by an additional static shell of
hydrogen that is associated with outflows confined to the ISM.

The composite spectrum will help us explore weaker spectral
features, which are otherwise too faint to see in individual
spectra. We have detected the N V λ1239 line and the C IV
doublet at 1550Å in the composite spectra. We will discuss
this later. Note that we have used Lyα redshifts to stack
individual spectra, which may have weakened the flux of other
emission lines due to the offsets between the Lyα redshifts and
systemic redshifts.

4.2. Lyα Line and UV Continuum Flux

The UV continuum emission of a typical LAE in our sample
is very weak, so we cannot directly measure it from the
spectrum. We measure the Lyα line flux and UV continuum
properties using the method given by Jiang et al. (2013). We
first build a model spectrum that includes a Lyα line profile and
a power-law UV continuum,

( )l= ´ + ´a
bf A S B , 1gal Ly

where A is the Lyα peak flux density, aSLy is the coadded Lyα
line profile shown in Figure 6, B is a scale factor of the UV
continuum, and β is the UV continuum slope. A and B are in
units of Å- - -erg s cm1 1 2.

We know that the wavelength range of the spectrum blueward
of Lyα cannot be described by a power law due to the ISM and
IGM absorption. We apply an average scale factor C to this part
of the spectrum. The scale factor C is estimated using the two
narrowband photometry in NB497 and NB503. We first select a
sample of z>3.14 LAEs that have photometric measurement in
NB497. The NB497 filter barely covers Lyα for these LAEs, so
the NB497 photometry represents the continuum flux blueward
of Lyα. We then select another sample of z<3.09 LAEs that
have photometric measurement in NB503. The NB503 filter
barely covers Lyα for these LAEs, so the NB503 photometry
represents the continuum flux redward of Lyα. We scale all
LAEs in the two samples to the same continuum level, and
calculate the median flux ratio of NB497 to NB503. This ratio is
the scale factor C, which is roughly 0.61. Based on the model
given by Madau (1995), we get a similar absorption at the blue
side of Lyα of C∼0.62.

In our calculation, the UV continuum properties (B and β in
Equation (1)) are mainly constrained by the photometry in the
V, Rc, ¢i , ¢z bands. The Lyα flux is mainly constrained by the
narrowband photometry. We build a grid of A, B, and β values
and produce a large amount of model spectra following
Equation (1). We then convolve these spectra with the filter
response curves to compute photometry in each band. Finally,
by comparing the calculated values with the observed values,
we obtain the χ2-optimized A, B, and β values. Note that our
measurement is not sensitive to C, because the narrowband
photometry is dominated by Lyα, and the two narrow bands are
at the edge of the V band (we did not use the B band). With
different C, the Lyα flux changes by <5%. We actually iterate
the above procedure several times, because the measurement of
C requires the continuum level redward of Lyα. We show two
examples in Figure 7.
From the redshifts and the best-fit B, β, and A values, we

measure LAE spectral properties including the Lyα line flux
and luminosity, UV continuum luminosity L1500, and Lyα EW.
The left panel of Figure 8 shows the histogram of the EWs in
our sample. The EW distribution of LAEs has been found to
have an exponential form ( )µ -dN dEW exp EW W0 , where
W0 is a scale length. We fit an exponential function to the
observed distribution using an MCMC approach given by
Santos et al. (2020). We set a lower limit of 45Å for EW and
an upper limit of 240Å(Charlot & Fall 1993). The scale length
that we obtain from our sample is 74.3±9.2Å. There are many
studies of W0 in the literature (e.g., Gronwall et al. 2007; Guaita
et al. 2010; Kashikawa et al. 2011; Ciardullo et al. 2012;
Wold et al. 2014; Zheng et al. 2014; Hashimoto et al. 2017;

Figure 6. The coadded Lyα line profiles. The black line represents the coadded
profile of all LAEs. The blue and yellow lines represent the coadded profiles
from the LAEs observed by Hectospec and M2FS, respectively. They are
vertically shifted for clarity. The three profiles are consistent.

Figure 7. Demonstration of our measurement of the Lyα and continuum
properties. We show two examples in the upper and lower panels. The red
circles show the photometric data points with the horizontal bars indicating the
wavelength coverage of each band. The photometric errors are very small and
invisible in the figure. The solid profile in each panel is the best-fitted model
spectrum that consists of a Lyα line and a power-law continuum. The insets
show the regions around Lyα.
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Wold et al. 2017; Jung et al. 2018; Shibuya et al. 2018b). In
these studies, W0 is roughly within a range of 60∼100 Å at
0.3<z<6. In addition, W0 tends to be larger at higher redshift
toward ~z 6 because of lower metallicity and/or less dust. At
z>6, Lyα EW values become smaller due to the IGM
absorption. Our result of =W 74.30 Å is consistent with
previous measurements at similar redshifts. For example,
Gronwall et al. (2007) measured a scale length of ∼76Å and
Ciardullo et al. (2012) obtained a scale length of ∼70Å
at z∼3.1.

The rest-frame UV-continuum slope β provides important
information to constrain stellar populations in galaxies. In the
right panel of Figure 8, we plot the distribution of β in our
sample. The average slope, measured from a Gaussian fit, is
β=−1.38±0.15 with a standard deviation of 0.69±0.06.
The median slope is β=−1.43. Our β distribution is reliable,
not only because these galaxies are spectroscopically con-
firmed, but also because our target selection criteria did not rely
on UV-continuum slopes.

5. Lyα Luminosity Function

5.1. Completeness of the Sample

The Lyα LF is a fundamental statistical property of LAEs. In
order to measure LF, we need to correct the incompleteness of
the sample. Sample incompleteness usually originates from
four aspects, source detection in imaging data, galaxy candidate
selection, spectroscopic observations, and LAE identification.
In this section, we will provide the details about the correction
of our sample incompleteness.

5.1.1. Source Detection

The first incompleteness came from the source detection in our
imaging data. We estimate this incompleteness using a Monte
Carlo simulation, i.e., we calculate the recovery percentage of
randomly distributed, artificial sources in our images. We first
produce a median image of LAEs by coadding narrowband
images of all LAEs in our sample. This median image represents

the typical morphology of our LAEs. We then randomly put 100
of these mock LAEs in the NB497 and NB503 images, and run
SExtractor to detect these objects. We also require that these
objects should be in clean regions in the B- and V-band images.
We repeat this procedure 1000 times and calculate recovery rates.
The result is shown in Figure 9. On average, the NB497-band
images are about 0.9 mag deeper than the NB503-band images.

5.1.2. Color Selection

The second incompleteness came from the color selection, i.e.,
the probability that an LAE meets our color selection criteria. We
run a simulation to estimate this incompleteness. We first generate
simulated LAE spectra following Equation (1). The UV slope β of
the simulated spectra has the same Gaussian distribution as shown
in the right panel of Figure 8, and the Lyα EW has the same
exponential distribution as shown in the left panel of Figure 8. We
further assume that the distributions of EW and β do not change
with Lyα luminosity. The assumed distributions have very small
impact on our results, because our target selection does not rely on
UV continuum slope and the Lyα flux dominates the narrowband
photometry.

Figure 8. Lyα EW distribution (left panel) and UV slope β distribution (right panel) of the LAEs in our sample. In the left panel, the black dotted line represents a
best-fitted exponential model. In the right panel, the black dotted line represents a best-fitted Gaussian model.

Figure 9. Source detection rates of mock LAEs in NB497 and NB503. The
average detection ratios in NB497 and NB503 are illustrated by the black solid
line and black dashed line, respectively.
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We construct a grid of aLlog10 Ly and z in the ranges of
3.00<z<3.25 and < <aL42.00 Log 44.0010 Ly . The step
sizes are D =aLLog 0.0110 Ly and Δz=0.01. For each pair of
[ aLlog10 Ly , z], we generate 10,000 simulated LAE spectra that
follow the above EW and β distributions. For each spectrum,
we calculate its B, V, BV, and narrowband photometry. We also
add photometric errors that follow the magnitude–error
relations from real images. We then feed this spectrum to our
selection criteria to check if this LAE can be selected. The
selection completeness for this [ aLlog10 Ly , z] pair is the
probability that the 10,000 simulated LAEs are selected.

The final results are shown in Figure 10. In this figure, we
also include the detection completeness shown in Figure 9. The
figure shows high completeness for LAEs in both narrow
bands. The mean completeness is ∼81% for all LAEs. The
50% completeness limit reaches ~alog L 42.210 Ly for NB497,
and ∼42.5 for NB503.

5.1.3. Spectroscopic Observations

The third incompleteness came from our spectroscopic
observations, namely, the fraction of LAE candidates that have
been spectroscopically observed. In our program, we got 345
LAE candidates in our survey area, and 265 of them were
observed by Hectospec or M2FS. Among the candidates that
were not spectroscopically observed, a small fraction (16) of
them had been identified by Ouchi et al. (2008). The others
were not observed due to fiber collision. Overall∼81% of the
LAE candidates were observed spectroscopically: the fraction
observed by M2FS is 96% and the fraction observed by
Hectospec is 71%. Therefore, two correction factors 1/0.96
and 1/0.71 are applied, respectively.

5.1.4. LAE Identification

The fourth incompleteness came from the LAE identification.
Our M2FS spectral data reach a depth of ∼25.8 mag in the
narrow band, and the Hectospec data reach a depth of ∼25.4
mag. They are deep enough to identify Lyα emission lines down
to our sample limits. In addition, there are no obvious OH
skylines at ∼5000Å. Therefore, we assume that this complete-
ness is nearly 100%.

Figure 11 shows the spectroscopic success rates as a function
of magnitude in the two narrow bands, e.g., the fractions of the
confirmed LAEs in the two candidate samples. The fractions
reach 100% for the most luminous targets, and decline toward
fainter magnitudes. This also means that the contamination
rates in the candidates increase toward fainter magnitudes. The
majority of the contaminants do not show a detectable emission
line in the expected wavelength range (∼5000Å). As we
mentioned above, our spectroscopic observations are deep
enough (by design) to identify a line feature at ∼5000Å down
to our sample limit, a target without line detections was reliably
classified as a non-LAE. The success rates at NB > 25 are
significantly lower, because we included less promising, faint
candidates (Section. 2.2).

5.2. The 1 Va Estimate

We use the 1 Va method (e.g., Avni & Bahcall 1980) to
estimate a binned Lyα LF for our LAE sample. The LAEs are
grouped into different luminosity bins. Redshift evolution is
ignored. The cosmic volume available to discover a LAE with
Lyα luminosity ¢L and redshift ¢z is

( )
( ) ( ) ( )

( )ò ò=
D

¢ ¢
D D

V
L

p L z
dV

dz
dz d L

1

log
, log , 2a

L zlog

Figure 10. Selection probability as a function of Lyα luminosity and redshift. The contours represent the probabilities of 0.1, 0.5, and 0.9. The probability is shown by
the color bar. The red dots represent the LAEs in our sample.

Figure 11. The spectroscopic success fractions of LAEs as a function of
narrowband magnitude. The success fractions of NB497 and NB503 are shown
by the red and blue lines, respectively.
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where ( )p L z, is a probability function of L and z that combines
all incompleteness mentioned in Section. 5.1, and Δz is the
redshift range determined by the narrowband filters.

The differential Lyα LF Φ (L) is the spatial density of
galaxies per luminosity bin ΔlogL. In a given bin ΔlogL
centered at Li, Φ (Li) is given by

( ) ( )åF =
D

L
L V

1

log

1
, 3i

j a j,

where i denotes the luminosity bin number and j denotes the
galaxy number. The uncertainty is written as

⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦
⎥⎥[ ( )] ( )ås F =

D
L

L V

1

log

1
. 4i

j a j,

2 1 2

Left panel of Figure 12 shows our results for NB497 and
NB503 separately. The LF of the NB497 sample reaches

~a
-Ł 10 erg sLy

42 1. Its faintest bin consists of one LAE with a

very low completeness (<0.1) as seen in Figure 10, so we
exclude this bin in the following analyses. The NB503 sample
is slightly shallower. The LFs from the two samples are
consistent. We present the Lyα LF for the whole sample in the
middle panel of Figure 12. In Figure 13, we also compare our
results with those from the literature.
In order to parameterize the LFs, we fit the binned Lyα LFs

using a Schechter function

⎜ ⎟⎛
⎝

⎞
⎠( ) ( )F = F
a+

-L d L ln
L

L
e d Llog 10 log , 5L L

1

*
*

*

where Φ*, L
*

, and α are the characteristic number density,
characteristic luminosity, and faint-end slope, respectively
(Schechter 1976; Drake et al. 2017b). We fit the Schechter
function with χ2 statistics (e.g., Malhotra & Rhoads 2004;
Zheng et al. 2016). Our data are not deep enough to constrain
the faint-end slope α, so we try a series of α values from –1.0
to –2.0 with a step of 0.1. For each α value, we perform a c2

Figure 12. Lyα LFs. Left: Lyα LFs from the two LAE samples in NB497 and NB503, respectively. The black and red symbols with error bars represent the binned
LFs and the curves represent the best model fits to the Schechter function. Middle: the binned LF and the best model fit for the whole sample. Right: contours of fitting
parameters L

*

and Φ* at a fixed α=−1.6. We show the 68% and 90% confidence regions.

Figure 13. Lyα LF and its redshift evolution. The black dots with error bars represent the binned LF derived from our sample and the black curve represents the best
model fit. Left: comparison of our LF with the results at similar redshift z∼3 in the literature (G07: Gronwall et al. 2007; O08: Ouchi et al. 2008; C12: Ciardullo
et al. 2012; Z16: Zheng et al. 2016; S18: Sobral et al. 2018; B11: Blanc et al. 2011; D17: Drake et al. 2017a). Right: comparison with the results at different redshifts
in the literature (D07: Dawson et al. 2007; H10: Hayes et al. 2010; K16: Konno et al. 2016; D17: Drake et al. 2017a; S17: Sobral et al. 2017; H19: Herenz et al. 2019).
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fit. We find the minimal χ2 at α=−1.6 (this α is consistent
with many previous studies). When α is fixed at −1.6, the
best-fit values of the other two model parameters are F =*

- --
+

10 Mpc3.34 30.09
0.06

and = --
+

L 10 erg s42.91 10.11
0.13

* . The fitting result
for the whole sample is shown in the middle panel of Figure 12.
We also perform LF measurements for the two narrow bands
with the same α value. The results are shown in the left panel
of Figure 12. We examine the likelihood contours in the L*–Φ*

space in the right panel of Figure 12. The 68% and 90%
confidence levels for Φ* and L* are plotted.

At the brightest end of the LF, the observed data point is
above the best-fit Schechter function (by >1σ). Such a lift or
bump in the bright-end LF has been reported previously (e.g.,
Hayes et al. 2010; Blanc et al. 2011). It has been claimed that
this lift can be (partly) due to AGN contribution (e.g., Konno
et al. 2016; Wold et al. 2017). Our sample is spectroscopically
confirmed. We will argue in Section 6.3 that AGN contribution
should be small in our LAEs, but we are not able to rule out a
small AGN contribution. Since the detection of the density
excess is tentative with a large uncertainty, we will explore
more possibilities.

6. Discussion

6.1. Comparison with Previous Studies

Previous studies have shown little evolution of the Lyα LF
from z∼3 to 5 (e.g., Ouchi et al. 2008; Cassata et al. 2011;
Ciardullo et al. 2012). In this section, we compare our results with
those from the literature (Dawson et al. 2007; Gronwall et al.
2007; Ouchi et al. 2008; Blanc et al. 2011; Ciardullo et al. 2012;
Konno et al. 2016; Zheng et al. 2016; Drake et al. 2017a; Sobral
et al. 2018; Herenz et al. 2019). A few of these studies are (partly)
based on spectroscopically confirmed LAE samples, including
samples from blind spectroscopic surveys using IFU facilities.
Other studies are based on photometrically selected LAE samples.

The comparison is shown in Figure 13. In the left panel of
Figure 13, we compare our LF with previous results at the similar
redshift of z∼3.1. We can see that our LF agrees well with the
previous results. At the bright end, our LF is slightly higher than
those of Zheng et al. (2016) and Sobral et al. (2018), but still
within the 1σrange. In the right panel of Figure 13, we compare
our LF with previous results at other redshifts. It is not
straightforward to explain the comparison, as different studies
used different target selection criteria, observing strategy, etc. In
addition, most studies were based on photometric samples.
Nevertheless, our LF is generally consistent with these previous
results. At the bright end, our LF is consistent with the results of
Dawson et al. (2007) and Sobral et al. (2017), but slightly higher
than the other results. The Dawson et al. (2007) sample was
spectroscopically confirmed. Konno et al. (2016) found that their
Lyα LF at the bright end is significantly higher than a Schechter
function. They claimed that this excess originated from the
contribution of AGNs. Sobral et al. (2017) also found a density
excess at the bright end of their Lyα LF at z∼2.2. After they
removed potential contamination, their bright-end density is
consistent with our result (Figure 13).

At the faint end, our LF agrees well with most previous studies
(e.g., Gronwall et al. 2007; Ciardullo et al. 2012; Konno et al.
2016), but notably lower than the LFs based on VLT MUSE
(Drake et al. 2017a; Herenz et al. 2019). It is difficult to directly
compare the MUSE results with other results because of the
totally different target selection methods. Herenz et al. (2019) took

the extended nature of Lyα emission into account when
constructing their selection functions. They argued that the
assumption of compact point sources for LAEs would lead to a
biased LF near the completeness limit. The other studies did not
consider the extended emission.

6.2. Influence of Cosmic Variance

LAEs are commonly used to trace large-scale structures at
high redshift (e.g., Steidel et al. 2000; Hayashino et al. 2004;
Cai et al. 2017b, 2017a; Jiang et al. 2018). As we mentioned
earlier, there is an overdense region of LAEs detected in
NB497, shown in the left panel of Figure 1. The projected area
is about ~ ´0.2 0.2 deg2. The redshift distribution of this
region is plotted in Figure 14. The median redshift is z≈ 3.085.
Meanwhile, we notice that the region immediately outside of
the overdense region is apparently underdense. We analyze the
influence of cosmic variance on our results. We calculate
binned Lyα LFs for the overdense region and the region
outside of the overdense region, and compare them with the LF
of the whole LAE sample. The results are shown in Figure 15.
The LF (the red dots) of the overdense region is significantly

higher than the LF (the black curve) of the whole sample. By
comparing the two LFs, the LAE overdensity in the overdense
region is ∼4.14. Due to the small area coverage, the overdense

Figure 14. Redshift distribution of the LAEs in the overdense region,
compared with the redshift distribution of all LAEs in our sample.

Figure 15. LF of the overdense region. The red and blue dots with error bars
represent the binned LFs in the overdense region in NB497 and all LAEs
outside the overdense region, respectively. The LF of all LAEs is shown by the
black line. The data points of the binned LFs have been slightly shifted
horizontally for clarity. The results from other work (as shown in Figure 12,
13) are shown in gray.
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region lacks very luminous LAEs, as seen in Figure 15. On the
other hand, the LF (the blue dots) outside the overdense region
is slightly lower than the LF of the whole sample in the fainter
half range, mainly due to the much lower LAE density in the
underdense region mentioned above. The overall effect is that
the overdense and the underdense regions roughly cancel out,
so that the LF from the NB497 sample agrees well with the LF
from the NB503 sample (Figure 12).

The area coverage of our sample is larger than those of
previous spectroscopic surveys of LAEs at z≈3. It can largely
reduce the influence of cosmic variance. This advantage is
clearly demonstrated above.

6.3. Detection of N V and C IV

Previous studies have detected UV emission lines in the
spectra of individual, bright galaxies or the combined spectra of
star-forming galaxies at z∼3 (e.g., Shapley et al. 2003;
Cassata et al. 2013; Zheng et al. 2016; Nakajima et al. 2018; Le
Fèvre et al. 2019). The typical lines are C IVλλ1548,1551,
He IIλ1640, OIII]λ1665, and CIII]λ1909. For example,
Cassata et al. (2013) combined a sample of He II emitters at
2<z<4.6 and detected the He II and CIII] emission lines in
their composite spectra. Zheng et al. (2016) stacked a sample of
LAEs at z≈2.8 and detected CIII]. Le Fèvre et al. (2019)
combined a sample of CIII] emitters at 2<z<3.8 and
detected all the lines mentioned above in their different
subsamples. They even detected N Vλ1239, which has a very
high ionization potential.

We combine our spectra and search for N V and C IV
emission lines. Our spectra do not cover the wavelength range
for the other lines. The resultant mean and median spectra are
shown in Figure 16. In the top panel we plot the spectra at the
wavelength range around N V. The N Vλ1239 line is detected
with S/N ∼4.6 in the average spectrum. The signal is
calculated by summing up the pixels around the line within a
window of 2Å. The noise is estimated from the spectral
variation at 1220–1235Å and 1245–1260Å. The flux of
N Vλ1239 is roughly 1% of the Lyα flux. The N Vλ1243 line
is not detected, as it is usually much weaker than N Vλ1239.
We also combine the Hectospec spectra and the M2FS spectra
separately, and detect N Vλ1239 in the two average spectra.
The middle panel of Figure 16 shows one of them.

In the bottom panel of Figure 16, we plot the average and
median spectra around C IV based on our Hectospec spectra
(the M2FS spectra do not cover this wavelength range). Either
of the doublet lines is detected with S/N ∼3.7. The S/N is
computed using the same method we used for N Vλ1239,
except that we use a different wavelength range (1530–1545Å
and 1555–1560Å) for the noise calculation. The two lines have
a similar flux strength, about 1% of the Lyα flux. LAEs with
weaker UV continuum emission tend to have higher C IV EWs
(e.g., Shibuya et al. 2018a). We estimate M1500 (absolute
magnitude at rest-frame 1500Å) for our LAEs based on
Figure 7, and find an average M1500∼−20 mag. This is
significantly fainter than that in Shibuya et al. (2018a),
suggesting relatively higher C IV EWs in our sample.

As we mentioned earlier, Lyα is often redshifted compared
to systemic redshifts. In Figure 16, we use the vertical dotted
lines to denote the expected positions of the lines based on the
Lyα redshifts. We clearly see that both N Vλ1239 and C IV
lines are slightly blueshifted relative to Lyα. The velocity
offset between N Vλ1239 and Lyα is ∼120 km s−1, and the

offset between C IV and Lyα is ∼130 km s−1. Zheng et al.
(2016) found that the velocity offset between Lyα and CIII] is
roughly 300 km s−1 based on an LAE sample at »z 2.8. The
velocity offsets that we found are smaller. This is likely due to
the anticorrelation between Lyα EW and velocity offset (e.g.,
Zheng et al. 2010; Erb et al. 2014; Nakajima et al. 2018),
because our LAEs have very strong Lyα emission.
Rest-frame UV emission lines provide powerful constraints

of the gas ionization state and metallicity in galaxies (e.g.,
Gutkin et al. 2016; Nakajima et al. 2018; Guo et al. 2020;
Mainali et al. 2020). The UV lines mentioned earlier usually
require hard and intense radiation fields from star formation or
AGN. The line widths of N V and C IV in our composite spectra
are about 100∼150 km s−1 (with large uncertainties due to
low S/N). There are no broad emission lines in the spectra, and
thus no detectable AGN broad-line components. In addition,
the C IV flux compared to Lyα is much lower than those in
typical AGN, including Type 2 AGN. Therefore, AGN
contribution (if there is any) in our LAE spectra should be
small or negligible. On the other hand, N V and C IV are high
ionization lines and rarely seen in normal star-forming galaxies.
In particular, N V is usually believed to be powered by AGN.
For example, Le Fèvre et al. (2019) combined CIII] emitters at
2<z<3.8 and detected N V in some subsamples. They
claimed that their detected N V emission lines are mainly due to
narrow-line Type 2 AGN. We cannot rule out a Type 2 AGN
contribution in our sample, but this contribution should be
small, because of the very low C IV flux relative to Lyα
(mentioned above) and the blue UV continuum SEDs of the
LAEs. Nevertheless, currently we are not able to distinguish
between the two mechanisms using photoionization models

Figure 16. Average and median spectra around N Vλλ1239,1243 (the top and
middle panels) and C IVλλ1548,1551 (the bottom panel). The top panel shows
the composite spectra of all LAEs. The middle and bottom panels show the
results of the Hectospec spectra (the M2FS spectra do not cover
C IVλλ1548,1551). All median spectra have been shifted by 1 for clarity.
The peak flux of N Vλ1239 has been normalized to 1. The vertical dotted lines
indicate the expected line positions based on the Lyα redshifts.
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(e.g., Feltre et al. 2016), based on only one flux ratio (NV to
C IV). More diagnostic lines such as He II and C III] are
needed.

It is worth pointing out that the above analysis was based on the
composite spectra. We did not detect these UV emission lines in
individual LAEs. It is very likely that these lines only exist in a
fraction of our LAEs. If so, the above N V and C IV flux in the
relevant LAEs would have been largely underestimated.

7. Summary

We have carried out a spectroscopic survey of LAEs at
z≈3.1 in the SXDS field. The LAE candidates were selected
by the narrowband technique based on the deep imaging data
from Subaru Suprime-Cam. In particular, two narrowband
filters NB497 and NB503 were used for target selection. With
spectroscopic observations on MMT Hectospec and Magellan
M2FS, we confirmed 150 LAEs. Together with 16 LAEs from
Ouchi et al. (2008), they form a statistically complete sample of
166 LAEs over a total effective area of ∼1.2 deg2. The NB497-
band observations cover ∼0.5 deg2 and the NB503-band
observations cover ∼0.7 deg2. This sample is currently the
largest spectroscopic confirmed LAE sample at this redshift.

We have constructed a high-quality Lyα line profile, and
calculated Lyα redshifts by fitting the composite profile to the
individual lines. Using the secure redshifts and multiband
photometry, we measured UV slope, Lyα flux, and EW for
each LAE. The Lyα EW distribution can be described by an
exponential form with a scale length of ∼63.7Å. The median
UV slope is β≈−1.43.

We have derived a robust Lyα LF at z≈3.1. We carefully
considered four types of sample incompleteness from source
detection, candidate selection, spectroscopic observations, and
LAE identification. Our LF spans a wide luminosity range
from ∼1042.0 to > 1043.5 erg s−1 and covers a large area of
∼1.2 deg2. The LF can be fit using a Schechter function with

( )F = - -
+log 3.3010 0.10

0.09* and ( ) =a -
+Llog 42.9110 Ly 0.14

0.13* , when
the faint-end slope α=−1.6 is fixed. We have seen significant
overdense and underdense regions in our sample, but the wide
area coverage of the sample have largely suppressed the effect
from such cosmic variance. Our LF is generally consistent with
the results in the literature. At the faint end, it agrees with most
previous studies based on narrowband surveys. At the very
bright end, our LF is slightly higher than those of many
previous studies, showing a density excess compared to the
best-fit Schechter function. This excess is likely real and cannot
be explained by AGN contribution.

Finally, we stacked the LAE spectra and clearly detected the
N Vλ1239 emission and C IVλλ1548,1551 doublet emission
lines (S/N ∼4). These lines are weak (0.7%–0.8% of the Lyα
flux) and narrow (100∼150 km s−1). They are rarely seen in
normal star-forming galaxies. The detection of these lines in our
composite spectra indicate very hard radiation fields in our LAEs
on average. More diagnostic lines such as He II and C III] are
needed to explore their mechanisms.
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