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ABSTRACT

We present the CAlibrating LYMan-α with Hα (CALYMHA) pilot survey and new
results on Lyman-α (Lyα) selected galaxies at z ∼ 2. We use a custom-built Lyα
narrow-band filter at the Isaac Newton Telescope, designed to provide a matched
volume coverage to the z = 2.23 Hα HiZELS survey. Here we present the first results
for the COSMOS and UDS fields. Our survey currently reaches a 3σ line flux limit
of ∼ 4 × 10−17 erg s−1 cm−2 , and a Lyα luminosity limit of ∼ 1042.3 erg s−1 . We find
188 Lyα emitters over 7.3 × 105 Mpc3 , but also find significant numbers of other line
emitting sources corresponding to Heii, Ciii] and Civ emission lines. These sources
are important contaminants, and we carefully remove them, unlike most previous
studies. We find that the Lyα luminosity function at z = 2.23 is very well described
+0.16
by a Schechter function up to LLyα ≈ 1043 erg s−1 with L∗ = 1042.59−0.08 erg s−1 ,
+0.14
φ∗ = 10−3.09−0.34 Mpc−3 and α = −1.75 ± 0.25. Above LLyα ≈ 1043 erg s−1 the Lyα
luminosity function becomes power-law like, driven by X-ray AGN. We find that Lyαselected emitters have a high escape fraction of 37 ± 7%, anti-correlated with Lyα
luminosity and correlated with Lyα equivalent width. Lyα emitters have ubiquitous
large (≈ 40 kpc) Lyα haloes, ∼ 2× larger than their Hα extents. By directly comparing
our Lyα and Hα luminosity functions we find that the global/overall escape fraction of
Lyα photons (within a 13 kpc radius) from the full population of star-forming galaxies
is 5.1 ± 0.2% at the peak of the star formation history. An extra 3.3 ± 0.3% of Lyα
photons likely still escape, but at larger radii.
Key words: Galaxies: high-redshift; luminosity function, mass function; evolution;
quasars: emission lines; cosmology: observations.
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INTRODUCTION

Understanding galaxy formation and evolution requires significant efforts on both theoretical and observational sides.
Observations show that the star formation activity in the
Universe was over 10 times higher in the past, reaching a
peak at z ∼ 2 − 3 (e.g. Lilly et al. 1996; Karim et al. 2011;
?
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Sobral et al. 2013). Most of this increase is explained by
typical star formation rates (SFRs) of galaxies at z ∼ 2 being a factor ∼ 10× higher than at z = 0 (e.g. Smit et al.
2012; Sobral et al. 2014; Stroe & Sobral 2015), likely driven,
to first order, by relatively high gas fractions (e.g. Tacconi
et al. 2010; Saintonge et al. 2011; Stott et al. 2016). Beyond z ∼ 2 − 3, UV and rest-frame optical emission line
studies suggest a decline of the star-formation history of the
Universe with increasing redshift (e.g. Bouwens et al. 2015;
Khostovan et al. 2015).
While the UV is the main way of photometrically selecting z > 3 star-forming galaxies, by taking advantage of the
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Lyman break technique (e.g. Steidel et al. 1996; Giavalisco
2002), the Lyman-α (Lyα) emission line is by far the most
used for spectroscopically confirming and studying very distant galaxies (e.g. Ono et al. 2012; Oesch et al. 2015; Sobral
et al. 2015b; Zitrin et al. 2015). Lyα has also been widely
used to obtain large samples of galaxies through the narrowband selection (e.g. Ouchi et al. 2008, 2010; Matthee et al.
2015; Santos et al. 2016) and to find distant galaxies with
extremely young and likely metal-poor stellar populations
(e.g. Kashikawa et al. 2012; Sobral et al. 2015b). The Lyα
line is also used to study the interstellar (e.g. Swinbank et al.
2015), circumgalactic and/or intergalactic medium (e.g. Sargent et al. 1980; Hernquist et al. 1996). This is facilitated by
the fact that Lyα emission line is intrinsically the brightest
emission line in Hii regions (e.g. Partridge & Peebles 1967;
Pritchet 1994), and due to the fact that it is redshifted into
easily-observed optical wavelengths beyond z ∼ 2 (see also
Dijkstra 2014).
The Lyα luminosity function has been found to evolve
very strongly from z ∼ 0 to z ∼ 3 for relatively faint Lyα
emitters (e.g. Ouchi et al. 2008; Cowie et al. 2010; Barger
et al. 2012; Drake et al. 2016). At z ∼ 2 the Lyα luminosity
function has been studied by e.g. Hayes et al. (2010) and
Konno et al. (2016), with significant disagreements probably explained by the expected strong cosmic variance (see
Sobral et al. 2015a). Konno et al. (2016) also finds a significant deviation from a Schechter function for LLyα > L∗ ,
consistent with results seen for Hα selected samples from Sobral et al. (2016). However, an important issue that needs to
be addressed is the contamination by other lines. Most Lyα
surveys assume that contaminants are negligible (e.g. Konno
et al. 2016), but that is not necessarily the case (e.g. Matthee
et al. 2015; Santos et al. 2016; Nakajima et al. 2016).
Despite much progress in selecting Lyα emitters
through large surveys, the nature and evolution of Lyα
sources are still a matter of debate. For example, recent advances with IFU surveys using the MUSE instrument on the
VLT (e.g. Bacon et al. 2015; Karman et al. 2015) confirm a
population of Lyα emitters at z ∼ 3−6 which are completely
undetected in the deepest broad-band photometric surveys,
due to their very high equivalent widths (EW). Hundreds of
similar candidate Lyα emitters were previously discovered
by e.g. the Subaru telescope (Malhotra & Rhoads 2004; Murayama et al. 2007; Kashikawa et al. 2006; Ouchi et al. 2008,
2010). This is consistent with many Lyα emitters at z > 3
being typically low mass, blue and likely low metallicity (e.g.
Gawiser et al. 2007; Gronwall et al. 2007; Ono et al. 2010b;
Sobral et al. 2015b; Nakajima et al. 2016). However, studies
closer to the peak of star formation history at z ∼ 2 reveal
Lyα sources which differ from those typical characteristics
(e.g. Stiavelli et al. 2001; Bongiovanni et al. 2010; Oteo et al.
2015; Hathi et al. 2016). Some are found to be relatively massive, dusty (e.g. Chapman et al. 2005; Matthee et al. 2016b)
and red (e.g. Stiavelli et al. 2001; Oteo et al. 2012a, 2015;
Sandberg et al. 2015). Below z ∼ 3, studies find that luminous Lyα emitters are progressively AGN dominated and
more evolved (Nilsson et al. 2009; Cowie et al. 2010; Barger
et al. 2012; Wold et al. 2014), although others can easily
be considered analogues of z > 3 emitters (e.g. Oteo et al.
2012b; Barger et al. 2012; Erb et al. 2016; Trainor et al.
2016).
Many of the key limitations/questions about Lyα emit-

ters result directly from Lyα’s complex radiative transfer
(e.g. Verhamme et al. 2006; Dijkstra et al. 2007; Verhamme
et al. 2008; Gronke et al. 2015; Gronke & Dijkstra 2016).
The resonant nature of the Lyα line results in Lyα photons scattering in neutral hydrogen, substantially increasing
the likelihood of absorption by interstellar dust (e.g. Atek
et al. 2008; Hayes 2015). Thus, Lyα luminosity can be significantly reduced, or even completely suppressed (e.g. Verhamme et al. 2008; Atek et al. 2009; Hayes et al. 2011; Atek
et al. 2014). Theoretical galaxy formation models predict
fesc = 2 − 10 % (e.g. Le Delliou et al. 2006; Nagamine et al.
2010; Garel et al. 2015) at z = 2 − 3, but are limited by a
large number of assumptions which only direct observations
can verify. Furthermore, a major limitation for models is the
need for a compromise between the resolution required for
radiative transfer, and the need to simulate large enough volumes to be representative. For Lyα-selected samples (biased
towards high Lyα escape fractions) at z ∼ 2 − 3 (e.g. Nilsson
et al. 2009), the comparison of Lyα with the UV suggests
Lyα escape fractions, fesc , of 30 − 60 % (e.g. Wardlow et al.
2014; Trainor et al. 2015).

One way to improve our understanding of Lyα selected
sources and its escape fraction is the comparison with a well
understood, non-resonant recombination emission line, such
as Hα. Hayes et al. (2010) provided such a study for a relatively small volume at z = 2.2, finding a global ∼ 5% escape
fraction. More recently, Matthee et al. (2016b) studied a
sample of ∼ 1000 Hα-selected galaxies, to find that the Lyα
escape fraction strongly depends on the aperture used and
on star formation rate (SFR). Konno et al. (2016) have also
presented a statistical global escape fraction measurement
by comparing their Lyα luminosity function with the UV or
with the Hα luminosity function from Sobral et al. (2013).
Sandberg et al. (2015) presented an Hα-Lyα study over the
GOODS N field at z ∼ 2, but the small sample size and
the typical low luminosity of the sources greatly limits their
conclusions. A significant advance can only be obtained with
a panoramic survey, covering the full range of environments,
and having access to both Lyα and Hα.

In order to address current shortcomings, we are carrying out the CALYMHA survey: CAlibrating LYMan-α with
Hα. Our survey combines the z = 2.23 Hα emitters from
HiZELS (Sobral et al. 2013) with Lyα measurements using
a custom-made NB filter (see Figure 1). Here we describe
the first CALYMHA observations from our pilot survey. §2
describes the observations, data reduction and photometry.
In §3 we select emission line candidates, explore their nature and diversity, and select our sample of Lyα emitters
at z = 2.23. §4 presents the methods and corrections used
in this paper. §5 presents the Lyα luminosity function, its
evolution and the Lyα EW distribution. In §6 we present
the results on the Lyα escape fraction and discuss them. Finally, §7 presents the conclusions. We use a ΛCDM cosmology with H0 = 70 km s−1 Mpc−1 , ΩM = 0.3 and ΩΛ = 0.7.
Magnitudes are measured in 300 diameter apertures in the
AB system, unless noted otherwise.
MNRAS 000, 1–18 (2016)
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Table 1. Observation log of all NB392 observations for our CALYMHA survey, including observations undertaken under bad seeing
conditions which were not used. texp is the total exposure time, while the value between brackets is the exposure time effectively used
after rejecting all bad frames. We also show the full range of FWHM in all images for each pointing, while in brackets we show the
FWHM within the frames that were effectively used (corresponding to the total exposure times also presented in brackets).

±
±
±
±
±
±
±
±

(1.8
(1.7
(1.7
(1.6
(1.8
(1.8
(1.9
(1.5

±
±
±
±
±
±
±
±

Observations with INT/WFC

We reduced our NB392 data with a dedicated pipeline based
on python, presented in Stroe et al. (2014) and Stroe &
Sobral (2015). Briefly, the data for each CCD were processed independently. The flats for each night were mediancombined, after masking sources, to obtain a “master-flat”.
A “master-bias” for each night of observing was obtained
MNRAS 000, 1–18 (2016)

0.2)
0.1)
0.1)
0.1)
0.2)
0.1)
0.1)
0.2)

2014 Feb 28, Mar 1-4
2014 Mar 6,8; 2015 Jan 19-21,24
2014 Mar 5,7; 2015 Jan 21-24
2014 Mar 1,7-9,26, Dec 23-26; 2015 Jan 20-22,28
2014 Mar 4-7,24-28; 2015 Jan 20,24,25
2014 Dec 21,23-25; 2015 Jan 19,23-28
2014 Feb 26-28; Mar 1; 2015 Jan 27-28
2014 Feb 28, Mar 1,3, Dec 20,22-25; 2015 Jan 20-27

100
100
80
80

Statistical correction

60
60

to correct Lyα/Hα ratio

40
40
Line
Lineratio
ratioout
out
Lyα
Lyα(NB392)
(NB392)
Hα (NB
(NBKK) )
Hα

20
20
2.16
2.16

2.18
2.18

2.20
2.2

2.22
2.22

2.24
2.24

2.26
2.26

Redshift of
Redshift
ofemission
emissionline
line(z)(z)

2.5
2.0
1.5
1.0
0.5

Line ratio bias Lyα/Hα

Data reduction: NB392

Relative
(%)
Relative Transmission
Transmission (%)

OBSERVATIONS AND DATA REDUCTION

Observations were obtained with a custom-built narrowband filter (NB392) for the Isaac Newton Telescope’s Wide
Field Camera. The NB392 filter (λc = 3918Å, ∆λ = 52Å)
was designed by us such that the transmission of the redshifted Lyα line matches that of the redshifted Hα line in the
NBK filter (see Figure 1). The filter was designed to have an
Hα selected sample as the primary science driver, and thus
one requirement was that the filter profile was slightly wider
in redshift, so that Hα emitters would have close to 100%
transmission in the Lyα filter and also to allow for velocity offsets between Lyα and Hα (see Figure 1 and Matthee
et al. 2016b). First light was obtained on May 6 2013, and
the last observations presented in this paper were taken on
January 27 2015. In total, we have observed for roughly
50 nights (programs: 2013AN002, 2013BN008, 2014AC88,
2014AN002, 2014BN006, 2014BC118) over a wide range of
observing conditions. A significant amount of time was lost
due to clouds, high humidity, rain, snow, ice, Sahara dust
(‘calima’) and technical failures. With a typical seeing at
La Palma/INT of about 1.3-1.500 over our observing runs,
and with the filter being at short wavelengths (u band), the
median seeing is 1.800 overall in our NB392 filter. Table 1
presents the observations.
Observations were conducted following a cross dither
pattern, each consisting of 5 exposures with typical offsets
of 3000 to fill in the chip gaps (see Figure 2) and sample the
location of bad/hot pixels in an optimal way. The exposure
times for individual frames were either 0.2 or 1.0 ks, depending on whether there was a suitable guide-star available.
Auto-guiding was relatively challenging because the guide
window also goes through our particularly narrow filter, such
that a star needs to be about 5-6 magnitudes brighter than
usual to provide high enough signal to noise.
2.2

0.4
1.2
1.3
0.5
1.3
0.9
1.4
0.9

Line ratio bias Lyα/Hα

2.1
3.4
3.4
1.9
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2.2
2.0

Line ratio out
Lyα (NB392)
Hα (NBK )

28.4 (8.9)
41.1 (12.9)
40.0 (21.5)
105.6 (55)
68.7 (11.9)
104.3 (12.2)
49.8 (12.1)
81.0 (36.0)

5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
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18.5
00.5
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Field
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Figure 1. The transmission curves of our NB392 filter, primarily
targeting the Lyα emission line at z = 2.23, and our NBK filter
(Sobral et al. 2013), which targets Hα at the same redshift. We
also show how observed line ratios vary as a function of redshift
on a source by source basis, while we show the global correction
for statistical samples that are randomly distributed in redshift.
Note that the most significant biases are found in the wings, but
the probability of finding a source, within a statistical sample, in
the wings, is extremely low.

by median-combining biases. The individual exposures were
bias-subtracted and sky-flattened to remove electronic camera noise, shadowing effect and normalised for the pixel
quantum efficiency. Science exposure pixels that deviated
by more than 3σ from the local median were masked. These
are either bad pixels (non-responsive) or hot pixels (typically stable over time) or cosmic rays (varying from frame
to frame).
We have removed all frames with insufficient quality
for our analysis. This included automatic removal of images which had failed astrometry due to the low number
of sources in the image, mostly due to high extinction by
clouds. We also rejected images for which any problems may
have happened, including focussing and read-out issues. We
visually checked all frames and removed a total of 20 frames
due to read-out errors, guiding losses and satellite trails.
These account for the removal of 2 % of data.
Our observations were conducted in a wide variety of
observing conditions. Before combining the data, we study

2.18

2

Redsh
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COSMOS

2.4

Dec. (J2000)

6 Mpc

2.8

-5.0
-5.3
34.5
34.1
R.A. (J2000)

2.0

INT WFC
Ly↵ emitters

1.6

H↵ emitters

150.6

150
R.A. (J2000)

149.4

Degrees

Dec. (J2000)

UDS

0.5

0

0

0.5

Degrees

the effect of different rejection criteria in terms of seeing,
such that the depth is maximised. We use SExtractor
(Bertin & Arnouts 1996) to measure the median seeing and
then stack frames in ranked subsets up to a certain FWHM
seeing. We find that the depth (measured in apertures of 300 )
improves rapidly up to seeing 1.8 00 for our deepest pointing,
COSMOS P4 (see Matthee et al. 2016b). Other fields reach
a greater depth by including frames up to a maximum seeing
of 2 00 . We therefore use these and reject individual frames
with seeing greater than 200 (see Table 1).
Before stacking we normalise images to the same zeropoint (using SDSS u photometry) and match them to
the same point spread function (PSF); see Matthee et al.
(2016b). We then mask regions in the final stacks which are
too noisy, are contaminated by bright stars, or where the
S/N is significantly below the average (e.g. gaps between
detectors). Figure 2 presents all the NB392 sources detected
after masking, with the density of sources scaling with depth
achieved in each sub-region. The total area after masking is
1.43 deg2 .
2.3

Relative Transmission (%)

Figure 2. On sky distribution of all NB392 detections in COSMOS and UDS, showing the masked regions and highlighting the differences
in depth of some of the pointings. Grey points show NB392 sources. On top we show the Hα emitters from Sobral et al. (2013) and our
Lyα emitters at z = 2.23, after selecting them out of all NB392 emitters (see §3.3). Symbol sizes are scaled with luminosity for Lyα
emitters. We also show the field of view of WFC/INT. Note that we only cover a fraction of the full UDS field.

100
80

u (CFHT)
NB392 (INT)
B (Subaru)

60
40
20
3000

3500

4000

4500

5000

Wavelength (Å)
Figure 3. The transmission curves of the u (CFHT), NB392
(INT) and B (Subaru) filters used to identify NB392 emitters.
We use these 3 filters for the selection of emitters and to measure
emission line fluxes and equivalent widths.

Photometric Calibration and survey depth

The central wavelength of the NB392 filter lies between the
u and B bands in the bluest part of the optical (see Figure
3), and thus we use both bands to estimate the continuum.
We start by PSF matching u and B to NB392 (data from

CFHT and Subaru; for full details see Matthee et al. 2016b).
We use bright unsaturated stars convolved with a Gaussian
kernel to the same FWHM (for full details, see Matthee et al.
2016b).
MNRAS 000, 1–18 (2016)
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In principle one could simply use a combination of u
and B photometry of several stars in order to calibrate the
NB392 data. However, the wavelength range covered by our
filter probes the strong stellar CaHK absorption feature,
which can vary significantly depending on stellar type and
metallicity. Thus, the blind use of stars would introduce significant problems and scatter. In order to solve this potential
problem, we use galaxies with photometric redshifts between
z = 0.01 − 1.5 without any features in our region of interest, which provide flat, robust calibrators (see Matthee et al.
2016b). We assure this is the case by selecting only galaxies
with a flat continuum, i.e., u − B ≈ 0 color. We then calibrate the zero-point magnitude for the NB392 data using u
with those flat sources in the blue as a first order calibration.
After calibration, we investigate the final stacked images
to study their depths. We do this by placing 100,000 random
300 apertures in each of the frames (resulting from combining different independent cameras per pointing). We check
that the distribution peaks at 0, consistent with a very good
sky subtraction. We then measure the standard deviation
which we transform into a magnitude limit (1 σ). We find
that the deepest images are found in COSMOS P4, reaching
M392 = 25.0 (3 σ). The average depth over our entire COSMOS coverage is M392 = 24.2±0.4 (3 σ). In UDS, the average
depth is similar to COSMOS, but with a lower dispersion as
only one WFC pointing was obtained: M392 = 24.4 ± 0.2
(3 σ). The depth of u and B data (PSF matched to our NB
data) are 26.6 and 26.8 in COSMOS (27.2 and 27.4 in their
original PSF; e.g. Capak et al. 2007; Muzzin et al. 2013; Santos et al. 2016) and 26.4 and 26.7 in UDS (Lawrence et al.
2007; Santos et al. 2016).
By using our masks, which avoid noisy regions and
pixels which are significantly contaminated by bright
stars/haloes, we produce a NB392 selected catalogue. We
use SExtractor in dual mode to produce our catalogues,
and thus obtain PSF matched photometry in all other bands,
including u and B, which we will use to estimate and remove
the continuum and find candidate line emitters. In total, we
detect 55,112 sources in COSMOS and 16,242 in UDS in our
narrow-band images. All NB392 detected sources are shown
in Figure 2.

2.4

Multi-wavelength catalogues and photometry

By using the NB392 image as a detection image, we obtain
uBV grizJHK photometry in COSMOS (Capak et al. 2007;
McCracken et al. 2012) and UDS (Lawrence et al. 2007). We
use these excellent data for colour-colour selection in this
paper, assuring we measure the photometry from all NB392
sources, even if they result in non-detections/upper limits.
Furthermore, we also use publicly available catalogues of the
COSMOS field (Ilbert et al. 2009) and the UDS field (Cirasuolo et al. 2010), including a large amount of spectroscopic
and photometric redshifts (see also Sobral et al. 2013).

firmed galaxies which have no features at the observed
3920 Å. In practice, we empirically correct the NB magnitude using:
NB392 = NB392uncorrected + 0.19 × (u − B) − 0.09.

3.1

NB392 AND LYα EMITTERS SELECTION
Excess selection: Σ and EW cuts

We correct for any potential dependence of excess on u − B
colours (see Figure 3) by selecting spectroscopically conMNRAS 000, 1–18 (2016)

(1)

This correction ensures that a zero NB excess translates into
a zero line-flux in NB392. For sources which are undetected
in u or B we assign the median correction of the sources
that are detected in u and B: +0.02. We note that our corrections empirically tackle potential effects from IGM absorption without any uncertain model assumptions (see e.g.
Vasei et al. 2016); but see other studies that correct for IGM
effects differently (e.g. Ouchi et al. 2008; Konno et al. 2016).
This is because, in general, a source with significant IGM absorption (blue-ward of Lyα) will end up with a redder u − B
colour than a source with e.g. little to no IGM absorption at
all. If only u band was used, and significant IGM absorption
happens, the total continuum flux we would measure (spread
over the full u filter) would be an average over the filter, and
thus would be an underestimate of the real continuum flux
at Lyα. Our correction is able to correct for that.
In order to robustly select sources that have a likely
emission line in the NB392 filter, including Lyα emitters at
z = 2.23, we need to find sources which show a real colour
excess of the narrow-band (NB392) over the broad-band (in
the following, we refer to the broadband u as BB). This
is to avoid selecting sources that may mimic such excess
due to random scatter or uncertainty in the measurements.
In practice, this is assured by using two different selection
criteria:
• a significance cut (Σ > 3).
• an equivalent width cut (EW> 16 Å; u-NB392 > 0.3).
The parameter Σ (e.g. Bunker et al. 1995) is used to
quantify the real excess compared to an excess due to random scatter. This means that the difference between counts
in the narrow-band and the broad-band must be higher than
the total error times Σ. It can be computed using (Sobral
et al. 2013):
Σ=

1 − 10−0.4(BB−NB)
p
.
2
2
+ σBB
)
10−0.4(ZP−NB) (σNB

(2)

Here ZP is the zeropoint of the narrow-band (NB),
NB392, which is the same as the PSF matched u band data
(BB); both are scaled to ZP = 30 in our analysis. We classify as potential emitters the sources that have Σ > 3 (see
Figure 4), following Sobral et al. (2013).
The second criterion for an excess source to be an emitter is that the emission line must have an observed-frame
equivalent width (EW, the ratio of the line flux and the
continuum flux densities) higher than the scatter at bright
magnitudes. This step avoids selecting sources with highly
non-uniform continua (with e.g. strong continuum features).
We compute EWs by using:
EW = ∆λNB

3

5

fNB − fBB
,
fBB − fNB (∆λNB /∆λBB )

(3)

where ∆λNB = 52 Å and ∆λBB = 720 Å are the widths of the
filters and fNB and fBB are the flux densities for the narrow
(NB392) and broad band (u), respectively. In order to identify a source as a potential line emitter we require it to have
EW (observed) higher than 16 Å, corresponding to an excess
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Figure 4. Left: Selection of potential line emitters in the full COSMOS field (corresponding to about 6 INT/WFC pointings; see Figure
2). We select these as sources with a significant colour excess (Σ > 3) and with an observed EW> 16 Å. After excluding spurious sources
we find 360 potential line emitters. Note that the COSMOS field coverage contains sub-fields which are significantly deeper than others,
and thus our Σ cut in the figure is indicative only of the average depth: some regions will be deeper, while others are shallower. Our
actual selection is done on a chip by chip basis. Also, note that at bright magnitudes, the prevalence of stars, with CaHK absorption
features, makes many bright sources have a negative u− NB392 colour, as a result of this absorption. Right: The similar selection diagram
for the UDS field, targeted with a single WFC/INT pointing (see Figure 2). We apply the same selection criteria to COSMOS (Σ > 3
and EW> 16 Å). We find 80 candidate line emitters.

of u− NB392 > 0.3 (> 3× the scatter at bright magnitudes).
Note that this will correspond to different rest-frame equivalent widths depending on the line/redshift being looked at.
We note that specifically to select Lyα emitters at z = 2.23,
our EW cut corresponds to EW0 > 5 Å, which is well below
the traditional cut of EW0 > 25 Å (e.g. Ouchi et al. 2008)
for “Lyα emitters”. This is usually enforced by the typical
narrow-band filter widths that do not allow studies to go
down to lower EWs. However, this is not the case for our
study as we use a narrower filter, and we thus take advantage of that to explore lower EWs.
Fluxes of all emission lines are calculated as follows:
Fline

fNB − fBB
= ∆λNB
,
1 − (∆λNB /∆λBB )

Table 2. Our NB392 filter (λc = 3918Å, ∆λ = 52Å) is sensitive
to a range of emission lines. Here we list the most prominent (see
Figure 5, which shows these lines in comparison with photometric
and spectroscopic redshifts). The redshift (z) range shown corresponds to the FWHM of the filter profile. We note that broad
emission lines will be picked up over a larger redshift range, and
that there may be other, rarer, emission lines, which may also
be picked up by our survey. Also, we note that the current spectroscopy is particularly biased towards the UV bright and AGN
sources. Fractions given are out of the total number of sources
with a robust spectroscopic redshift.
Feature/line
(rest-frame, Å)

Redshift
z

# (%) in sample
(from zspec )

[OII] 3727
[NeV] 3426,3346
MgI 2853
MgII 2799
[NeIV] 2425
CIII] 2326
CIII] 1909
HeII 1640
CIV 1549
NV 1239

0.044-0.058
0.136-0.179
0.364-0.382
0.390-0.409
0.605-0.626
0.673-0.696
1.039-1.066
1.373-1.405
1.513-1.546
2.141-2.183

8 (14%)
2 (4%)
3 (6%)
0 (0%)
2 (4%)
3 (6%)
6 (11%)
4 (7%)
14 (25%)
2 (4%)

Lyα 1216

2.201-2.243

10 (19%), 17 (NB)

(4)

with each parameter having been previously defined.
Using our selection criteria, out of the 55,112 NB392
sources individually detected in COSMOS, 394 emitters were
selected as potential line emitters (0.7 %). For UDS, out of
the 16,242 NB392 detections, we identify 83 candidate line
emitters (0.5 %). However, some of these may still be artefacts and/or sources in very noisy regions. We therefore clean
our list of potential emitters by visually inspecting all candidates before flagging them as final emitters and produce
a final mask. This leads to a sample of 360 and 80 potential
emitters in COSMOS and UDS, respectively, yielding a total of 440 candidate line emitters (see Figure 4, Table 3 and
Table A2), covering an effective area of 1.43 deg2 after our
conservative masking (see Figure 2).
Table 2 indicates the major emission lines expected to
be found with our narrow-band filter. In the following sections we explore the wealth of multi-wavelength data, photometric and spectroscopic redshifts and colour-colour selections, in order to select Lyα emitters at z = 2.23 (see Figure
2 and Table 3), but also to identify other emission lines. We

present a catalogue with all line emitters, and those which
we class as likely Lyα emitters in Appendix A.

3.2

Photometric and spectroscopic redshifts of
candidate NB392 line emitters

We show the photometric redshift (Ilbert et al. 2009; Cirasuolo et al. 2010) distributions of the candidate NB392 line
MNRAS 000, 1–18 (2016)
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Figure 5. Left: The distribution of photometric redshifts for our candidate NB392 line emitters, indicating the redshift of major emission
lines – see Table 2. We find tentative photometric redshift peaks at the redshifts expected from major emission lines. Note that a fraction
of the sources (∼ 30%) is too faint in the continuum to derive a photometric redshift, and thus is not shown here. For those with a
photometric redshift, there is evidence that while Lyα emitters dominate, there is a significant population of Civ and Ciii] emitters,
followed by Mg emitters, and Nev + [Oii] emitters. Right: The distribution of spectroscopic redshifts for our sample, from heterogeneous
compilations and mostly i-band selected spectroscopic surveys. Even though the spectroscopic redshifts available from the literature are
not representative of the full sample, and are highly biased towards AGN, the results agree fairly well with the photometric redshift
distribution, revealing 5-10 spectroscopic confirmations of all major lines. We also show the NB392 emitters which are emitters in either
NBJ , NBH and/or NBK (from Sobral et al. 2013, see §3.3), which can be considered as spectroscopically confirmed.

emitters in Figure 5. We have photometric redshifts for 287
out of our 440 NB392 candidate line emitters (65%). The remaining are typically very faint in the continuum (i > 26).
We note that the photometric redshifts have been derived
with a large range of models, including emission lines, AGN
and also stars.

can clearly identify the major emission lines one would expect. We find results which are consistent with the distribution of photometric redshifts.

The photometric redshift distribution for the sources
which we have a reliable photometric redshifts shows tentative peaks associated with strong lines expected to be detected, as detailed in Table 2, including Lyα at z = 2.23,
but also [Oii]3727 , MgI 2853 , CIII] 1909 , HeII 1640 and CIV 1549
(see Figure 5). The photometric redshifts hint that while
the sample of emitters is dominated by Lyα emitters, high
excitation Carbon line emitters seem to be an important
population.

The selection of Lyα emitters at z = 2.23 follows Sobral et al.
(2013), using a combination of photometric redshifts (and
spectroscopic redshifts, when available) and colour-colour
selections optimised for star-forming galaxies at the redshift
of interest (z ∼ 2.2). We note that such selection criteria
are optimised for z ∼ 2.2 independently of galaxy colour.
In fact, as shown in Oteo et al. (2015), Hα emitters as selected in Sobral et al. (2013) span the full range of galaxy
colours expected at z = 2.23, from the bluest to the reddest
galaxies.
As can be seen in Figure 5, the photometric redshift
distribution can provide a very useful tool to select z = 2.23
Lyα emitters, for relatively bright optical sources. However,
photometric redshifts can be highly uncertain, and have
significant systematics, particularly at z ∼ 2 and for blue
sources. This is important as many Lyα emitters are expected to be very blue. Furthermore, photometric redshifts
are not available for a significant fraction (∼ 30 %) of the
typically fainter NB392 emitters. Thus, relying solely on
photometric redshifts would not result in a clean, high completeness sample of z = 2.23 Lyα emitters. We mitigate this
by following Sobral et al. (2013), i.e., by applying colourcolour selections for the fainter NB392 emitters (see §3.3.2).
We also discuss the selection of the faintest sources, which
are undetected in the continuum in §3.3.2.

Spectroscopic redshifts are also available for ∼ 16% of
the selected line-emitters (e.g. Yamada et al. 2005; Simpson et al. 2006; Geach et al. 2008; van Breukelen et al.
2007; Ouchi et al. 2008; Smail et al. 2008; Lilly et al. 2009;
Ono et al. 2010a; Civano et al. 2012; Khostovan et al. 2016;
Civano et al. 2016; Sobral et al. 2016), and we show the
distribution of those redshifts, for our sample of NB392 line
emitters, in Figure 5. We note that these heterogeneous compilations of redshifts do not allow us to derive robust quantitative conclusions. This is because different spectroscopic
surveys have very different selections, and in general they are
biased towards the optically brighter sources and/or they result from the follow-up of AGN sources. Also, most surveys
do not have the blue sensitivity to detect Lyα at z ∼ 2,
and thus the spectroscopically confirmed Lyα emitters are
mostly obtained through other AGN lines. Regardless, one
MNRAS 000, 1–18 (2016)
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While spectroscopy is extremely limited for z = 2.23
sources, double, triple and quadruple narrow-band line detections between NB392 and NBK (Hα), NBH ([Oiii]) and/or
NBJ ([Oii]) can be very useful if these lines are bright enough
in the observed NIR (Sobral et al. 2013). Those allow the
identification of further 7 secure Lyα emitters, while they
also recover 6 out of the 11 spectroscopically confirmed ones,
including one source that is an emitter in all narrow-bands
(see Matthee et al. 2016b). Overall, 13 Lyα emitters have information for at least another line from multi-narrow-band
imaging (see Figure 5). Note that Matthee et al. (2016b)
presents a larger number of Lyα+Hα emitters, as the study
goes down to lower significance in the NB392 filter, by focusing on the Hα emitters from Sobral et al. (2013).
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NB392 emitters (zphot < 1.5)
NB392 emitters (zphot ∼ 2.2)
Selected Lyα (z = 2.23)

2
1
0
-1
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3.3.1

Selecting continuum-undetected Lyα emitters

We note that out of all 440 line emitters, 387 are “selectable”
(≈ 88 %), i.e., we either have a photometric redshift (65%)
or B − z and z − K colours (88%) that will allow us to test
whether they are Lyα emitters in §3.3.2. For the remaining
53 sources (12%) this is not possible. We investigate these
53 sources, finding that they present the lowest emission
line fluxes in the sample, but, having faint or non-detectable
continuum in redder bands than u, they have typically very
high EWs (median observed EWs ≈ 300 Å), consistent with
the majority being Lyα emitters at z = 2.23 (simultaneously the only line able to produce such high EWs and the
higher redshift line). For these sources we apply the canonical EW0 > 25 Å (z = 2.23), which selects 46 out of the 53
sources, and flag these as candidate Lyα emitters, including
them in our sample (see also Rauch et al. 2008). We note that
they all have Lyα luminosities in the range 1042.5±0.2 erg s−1 ,
and contribute to the very faintest bin in the Lyα luminosity function. The remaining/excluded 7 sources have lower
EWs, likely explained by very low mass lower redshift emitters, such as Ciii] emitters, although we note that they can
still be Lyα emitters (adding these 7 sources does not change
any of our results).
In summary, we identify 46 sources as Lyα emitters out
of the 53 which are not detected in broad bands.

3.3.2

Selecting continuum-detected Lyα emitters

The selection of Lyα emitters is identical for our COSMOS
and UDS fields and we follow the selection criteria of Sobral
et al. (2013). An initial sample of z = 2.23 Lyα emitters is
obtained by selecting sources for which 1.7 < zphot < 2.8.
This selects 77 sources, of which 3 are spectroscopically
confirmed to be contaminants, 4 are spectroscopically confirmed z = 2.23 and 11 are double/triple narrow-band excess sources and thus robust z = 2.23 Lyα emitters. Because
some sources lack reliable photometric redshifts, the colour
selection (z − K) > (B − z) is used to recover additional
z ∼ 2 continuum-faint emitters. This colour-colour selection
is a slightly modified version of the standard BzK (Daddi
et al. 2004) colour-colour separation (see Sobral et al. 2013).
It selects 70 additional Lyα candidates (and re-selects 73%
of those selected through photometric redshifts; four sources
are contaminants, two are z = 2.23 Lyα emitters), and guarantees a high completeness of the Lyα sample (see Figure 6).

0

1

2

B-z (AB)

3

4

Figure 6. In addition to using photometric and spectroscopic
redshifts, and in order to increase our completeness, we also use
the BzK colour-colour selection to select Lyα emitters, following
Sobral et al. (2013). This allows us to select fainter line emitters
for which photometric and spectroscopic redshifts are not available. Note that some real Lyα emitters are slightly outside the
selection region, but are recovered by either spectroscopic redshifts or by dual/triple line detections; these are typically AGNs.

Finally, two spectroscopically confirmed Lyα sources (AGN,
from C-COSMOS) are also selected, which are missed by
the photometric redshift and colour-colour selection due to
the unusual colours (these are also double/triple narrowband excess sources). BzK also selects much higher redshift
sources, which can be a source of contamination for the Hα
selection at z = 2.23 with the NBK filter (e.g. Oxygen lines,
see Sobral et al. 2013). This is not a problem for NB392, as
no strong emission lines make it into the filter at wavelengths
blue-wards of Lyα.
Overall, we identify 142 Lyα emitters (see Table 3)
which are directly selected, along with the other 46 candidate Lyα emitters that are very faint and/or undetected
in the continuum. Our final sample is thus made of 188 Lyα
emitters.
With the limited spectroscopy available, it is difficult to
accurately determine the completeness and contamination
of the sample. However, based on the double/triple narrowband excess detections and spectroscopically confirmed Lyα
emitters (15 are selected out of a total of 17) we infer a
likely completeness of ≈ 90 %. Of all of the sources initially
selected as Lyα emitters (∼ 60% of NB392 excess sources
are not selected as Lyα emitters). Amongst these, 7 were
contaminants (now removed), dominated by Civ and Ciii]
emitters. As discussed above, there are reasons to suspect
that a larger fraction of the contaminants will have available
redshifts (e.g. AGN), and thus we estimate a contamination
of between about 5 and 10%.
MNRAS 000, 1–18 (2016)
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Table 3. Summary of the information in our CALYMHA catalog. When available, the number of spectroscopic redshifts are
shown as well. The number of Lyα emitters within brackets are
those with high S/N continuum detections, allowing to be robustly selected using either photometric redshifts or colour-colour
selections. We provide the catalogue of all 440 line emitters in Appendix A. Out of our 188 Lyα emitters, 13 have a robust detection
of either [Oii], [Oiii] or Hα. See also Matthee et al. (2016b) for
discussion of Lyα properties of 17 Hα emitters recovered down to
lower Σ in our NB392 data.

4

Sample

No. of sources

z-spec

NB392 detections: COSMOS
NB392 detections: UDS

55,112
16,242

5683
801

Emitters (before visual check)
Emitters (after visual check)

477
440

70
70

Lyα emitters z = 2.23

188 (142)

17

METHODS AND CORRECTIONS

4.1
4.1.1

Lyα luminosity function calculation
Completeness corrections

Faint sources and those with weak emission lines and/or low
EW might be missed in our selection and thus not included
in the sample and/or in a particular sub-volume within our
survey. The combination of such effects will result in the
underestimation of the number of Lyα emitters, especially
at lower luminosities. In order to account for that we follow
the method described in Sobral et al. (2013) to estimate
completeness corrections per sub-field per emission line.
Very briefly, we use sources which have not been selected as line emitters (Σ < 3 or EW< 16 Å), but that
satisfy the selection criteria used to select Lyα (photometric and colour-colour selection). We then add emission-line
flux to all those sources, and study the recovery fraction as a
function of input flux. We do these simulations in a sub-field
by sub-field basis. We then apply those corrections in order
to obtain our completeness-corrected luminosity functions.
We note that in order to deal with the significant differences
in depth across our survey areas, and in order to produce robust results, when evaluating the Lyα luminosity function,
we only take into account sub-volumes (per chip) if, for that
bin, they are complete at a > 50% level.

4.1.2

NB392 filter profile corrections

The NB392 filter transmission function is not a perfect tophat (see Figure 1). Therefore, the real volume surveyed is a
weak function of intrinsic luminosity. This is a much stronger
effect for filters which are much more gaussian, such as the
NBK filter (see Figure 1). For example, luminous line emitters will be detectable over a larger volume (even though
they will seem fainter) than the fainter ones, as they can
be detected in the wings of the filter. Conversely, genuine
low luminosity sources will only be detectable in the central
regions of the filter, leading to a smaller effective volume.
In order to correct for this when deriving luminosity functions, we follow the method described in Sobral et al. (2012).
Briefly, we compute the luminosity function assuming a topMNRAS 000, 1–18 (2016)
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hat narrow-band filter. We then generate a set of 106 line
emitters with a flux distribution given by the measured luminosity function, but spread evenly over the redshift range
being studied (assuming no cosmic structure variation or
evolution of the luminosity function over this narrow redshift range). We fold the fake line emitters through the tophat filter model to confirm that we recover the input luminosity function perfectly. Next, we fold the fake line emitters through the real narrow-band profiles – their measured
flux is not only a function of their real flux, but also of
the transmission of the narrow-band filter for their redshift.
The simulations show that the number of brighter sources is
underestimated relative to the fainter sources. A mean correction factor between the input luminosity function and the
one recovered (as a function of luminosity) was then used to
correct each bin. In practice, the corrections range from a
factor of 0.97 in the faintest bin to 1.3 in the brightest bin.

4.2

NB392/NBK filter profile ratios: corrections
in measuring Lyα/Hα ratios

As we will compare Lyα and Hα directly to obtain line ratios, we derive corrections due to the use of the specific filter
profiles. By design, our sample of Lyα emitters have their Hα
emission in the HiZELS NBK filter (see Figure 1). Therefore,
it is possible to measure Lyα/Hα ratios directly. However,
the slightly different filter transmission and velocity offsets
between Hα and Lyα can introduce biases (see Fig. 1 and
discussion in Matthee et al. 2016b).
We obtain the average relative transmission between
Lyα and Hα for Lyα selected sources similarly as described
in Matthee et al. (2016b) (see also e.g. Nakajima et al. 2012).
We simulate 100,000 Lyα emitters with a redshift probability distribution given by the NB392 filter transmission, as
our sample is NB392 (Lyα) selected. Note that in Matthee
et al. (2016b) the sample is NBK (Hα) selected, and thus the
redshift probability distribution is given by the NBK filter,
leading to different filter corrections. Assuming a dispersion
of velocity offsets with a median of 200 km s−1 (e.g. Steidel
et al. 2010; Stark et al. 2013; Hashimoto et al. 2013; Erb
et al. 2014; Song et al. 2014; Sobral et al. 2015b), we measure the transmission for the redshifted Hα line in the NBK
filter and thus obtain the relative transmission between Lyα
and Hα. We find that the Lyα transmission is on average
≈ 1.7 times higher than Hα (see Figure 1), due to the more
top-hat-like shape of the NB392 filter as compared to the
NBK filter; i.e. many Lyα emitters (Lyα selected) are observed in the wings of the NBK filter. We correct for this
relative transmission in all our measurements of the Lyα escape fraction, fesc . This is a robust correction as long as our
Lyα sample has a redshift distribution given by the NB392
filter profile.
We show how the measured line ratio changes as a function of redshift in Figure 1. We note that the overestimation
of the Lyα/Hα ratio, for a Lyα-selected sample, is particularly high towards the wings of the filter and is very uncertain on a source by source basis. Therefore, for the remainder
of this paper, we only use Lyα/Hα ratios obtained by stacking either the full sample of Lyα emitters, or sub-samples,
and apply the statistical correction we derive, by dividing
observed Lyα/Hα ratios by 1.7.
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4.3
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Stacking and Lyα escape fraction from
Lyα/Hα

The observed fraction of Lyα to Hα flux encodes information on the fraction of Lyα photons that escape a galaxy,
fesc . Under the assumption of Case B recombination, a temperature of T ≈ 104 K and electron density of ne ≈ 350
cm−3 , the intrinsic ratio of Lyα to Hα photons is expected
to be 8.7 (see e.g. Hayes 2015 for a recent review and for
a discussion on how sensitive this number is to a range of
physical conditions). The departure of this ratio is defined as
the Lyα escape fraction, fesc = LLyα /(8.7LHα ), where LHα
is corrected for dust attenuation.
We measure the median fesc of our sample of Lyα emitters by stacking the PSF-matched U , B, NB392, NBK and
K images on the positions of Lyα emitters, following the
same methodology as in Matthee et al. (2016b). Photometry is measured in 3 00 diameter apertures and line fluxes are
computed as described in §3.1. We correct for dust extinction/dust affecting the Hα line by using the median extinction AHα = 0.9 (see e.g. Sobral et al. 2012; Ibar et al. 2013;
Sobral et al. 2013; Matthee et al. 2016b) and correct the
observed Lyα/Hα ratio for the relative filter transmission,
as described in §4.2.

5
5.1

RESULTS
Lyα luminosity function at z = 2.23:
comparison to other surveys and evolution

We estimate source densities in a luminosity bin of width
∆(log L) centred on log Lc by obtaining the sum of the inverse volumes of all the sources in that bin, after correcting for completeness. The volume probed is calculated taking into account the survey area and the narrow-band filter
width, followed by applying the appropriate real filter profile
corrections obtained in §4.1.2.
The luminosity functions presented here are fitted with
Schechter functions defined by three parameters: α (the
faint-end slope), L∗ (the transition between a power law
at lower luminosities and an exponential decline at higher
luminosities) and φ∗ (the number density/normalisation at
L∗ ). We can still get a reasonable constraint on α, but we
also fit the luminosity function by fixing α to common values found in the literature (α = −1.5, −1.7, e.g. Ouchi et al.
2008; Hayes et al. 2010; Konno et al. 2016), particularly so
we can make a direct comparison. Finally, we also explore
power law fits with the form: log10 φ = A × log10 (L) + B.
We present our final z = 2.23 Lyα luminosity function
in Figure 7 and in Table A1. We find it to be well fit by a
Schechter function up to 1043.0 erg s−1 . Our best-fit parameters for L < 1043.0 erg s−1 are:
−1
log L∗Lyα = 42.59+0.16
−0.08 erg s
−3
log φ∗Lyα = −3.09+0.14
−0.34 Mpc

with parameters A = −1.48 and B = 59.4. We show our results and the best fits in Figure 7. We also attempt to fit
a single power-law to our full Lyα luminosity function. The
best fit yields a reduced χ2 = 1.4 with A = −1.9 ± 0.2 and
B = 79 ± 6.
We compare our results with other studies at z = 2.23
(e.g. Hayes et al. 2010; Konno et al. 2016). We correct the
Konno et al. (2016) data-points for potential contamination (particularly important at the bright end; see §5.2), but
we also show the Schechter fit derived without such corrections; see Figure 7. We find very good agreement with Konno
et al. (2016) across most luminosities regardless of the contamination correction, but after such correction our results
agree at all luminosities. We find a higher number density of
Lyα emitters at comparable luminosities than Hayes et al.
(2010), but we note that we probe a significantly larger volume (≈ 150 times larger), and thus cosmic variance is likely
able to explain the apparent discrepancies (φ∗ expected to
vary by more than a factor of 2 for surveys of the size of
theirs; see Sobral et al. 2015a).
We also compare our results with other previous determinations presented in the literature at slightly different redshifts (e.g. Cassata et al. 2011; Blanc et al. 2011; Ciardullo
et al. 2012, 2014), finding good agreement. Other studies
have made contributions towards unveiling the Lyα luminosity function at z < 2 (see e.g. Cowie et al. 2010; Barger et al.
2012). Comparing to these, we find a very strong evolution in
the Lyα luminosity function from z = 0.3 to z = 2.23. For
α = −1.6, the characteristic luminosity evolves by almost
1 dex from z = 0.3 to z = 2.23, a very similar behaviour
to the evolution of L∗ of the Hα luminosity function (Sobral et al. 2013). φ∗ evolves by about 0.8 dex, thus much
more than the mild ∼ 0.2 − 0.3 dex evolution seen for the
Hα luminosity function (Sobral et al. 2013).
Comparing our results with higher redshift (e.g. Ouchi
et al. 2008, 2010; Matthee et al. 2015; Santos et al. 2016;
Drake et al. 2016), we find that the Lyα luminosity function
continues to evolve at least up to z = 3.1. We note that
issues with contamination and/or completeness, due to the
simple EW cut usually used may play an important role at
z ∼ 3 and at higher redshift, although it is expected to be
less important than at z ∼ 2.
We note that the bright-end power-law component of
the Lyα luminosity function is consistent with being dominated by luminous X-ray AGN. We can conclude this because 10 out of the 12 (83 ± 36%) Lyα emitters with
L > 1043 erg s−1 are detected in Chandra/X-rays with luminosities in excess of ≈ 1043.5 erg s−1 (Civano et al. 2016). We
note that while these sources have significant Lyman-breaks,
and all are X-ray sources, two of our Lyα emitters are also
candidates for being strong Lyman continuum (LyC) leakers
(Matthee et al. 2016a). This is consistent with the potential connection between the escape of Lyα and LyC photons
(see e.g. Verhamme et al. 2015, 2016; Dijkstra et al. 2016;
Vanzella et al. 2016).

αLyα = −1.75 ± 0.25.
Our results favour a steep α for the Lyα luminosity function at z = 2.23 (α ≈ −1.8), in very good agreement with
Konno et al. (2016). Beyond 1043.0 erg s−1 we find evidence
of a significant deviation from a Schechter function, similarly
to what was found by Ouchi et al. (2008) and Konno et al.
(2016). We thus fit a power law (log10 φ = A × log10 (L) + B),

5.2

Lyα luminosity function: how important is it
to remove contaminants?

We have presented the Lyα luminosity function at z = 2.23
with our robust Lyα selected sample (see Figures 8 and 7),
which goes down to EW0 ≈ 5 Å. We stress that for the highMNRAS 000, 1–18 (2016)
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Figure 7. The Lyα luminosity function for our combined COSMOS and UDS coverage and down to a Lyα EW0 > 5 Å. We find that the
LF is well fitted by a Schechter function up to ∼ 1043 erg s−1 , but seems to become a power-law for higher luminosities. We also show
the Lyα luminosity function presented by Hayes et al. (2010) at z = 2.2, Cassata et al. (2011) at z ∼ 2.6 and the recent determination
at z = 2.2 by Konno et al. (2016) before (dashed red line and Figure 8) and after our contamination correction (CC; see §5.2). We find
good agreement with the wide and deep survey of Konno et al. (2016), including the departure from the Schechter function. We are also
in very good agreement with Cassata et al. (2011). While it may seem that we are in disagreement with Hayes et al. (2010), we note that
their data-points, due to probing a very deep, but very small single volume, only overlap with the faintest of our two bins, and there
is likely to be strong cosmic variance in their survey. We also show the extinction-corrected Hα luminosity function from Sobral et al.
(2013), transformed into Lyα with a 5% escape fraction.

est Lyα luminosities (> 1043 erg s−1 ), we have spectroscopic
redshifts for 50% of all line emitters. We now investigate the
role of selecting Lyα among all narrow-band emitters (see
Figure 8). This is particularly relevant as most studies until now have made the assumption that contamination from
other lines should be negligible. We have already showed
how important it actually is in practice when we presented
the distribution of photometric and spectroscopic redshifts
in §3.2, but here we place that into the context of deriving
Lyα luminosity functions. This may be particularly relevant
to understand and discuss significant differences in results
with other studies.
In order to address this issue, we compare our most robust results, after carefully selecting Lyα emitters (and using
the wealth of spectroscopic redshifts available), with those
we would have derived if we assumed that the sample was
dominated by Lyα emitters (as long as we apply a particular
EW cut). We show the results in Figure 8. It is particularly
interesting to compare the results from a recent study, that
also targeted COSMOS and UDS, with a slightly different
filter (Konno et al. 2016). The crucial difference between our
study and Konno et al. (2016) is that we use spectroscopic
and photometric redshifts, colour-colour selections and take
advantage of dual/triple and quadruple narrow-band detections for other emission lines. We thus obtain a very robust
sample of Lyα emitters, and exclude confirmed and very
likely contaminants. As presented in §3.2, down to the flux
MNRAS 000, 1–18 (2016)

limit of our study, around ≈ 50% of the emitters are likely
not Lyα, with the bulk of them being Ciii] and Civ, not
[Oii]. However, Konno et al. (2016) assume that all narrowband excess sources above a certain EW correspond to Lyα.
While such assumption may work relatively well for very low
fluxes, it breaks down at the highest fluxes, as our spectroscopic results show.
In order to compare our results, we apply the EW0 cut
(EW0 > 20 Å) of Konno et al. (2016), and no other selection
criteria. Based on our spectroscopic redshifts (dominated by
sources with fluxes corresponding to LLyα > 1043 erg s−1 ),
this results in a highly contaminated sample at the bright
end (16 confirmed contaminants out of 21 sources with spectroscopy; 76% contamination), whilst being relatively incomplete for bright Lyα emitters: only 5 spectroscopically
confirmed Lyα emitters are recovered out of the 11 (completeness ∼ 45%).
We can now derive a new luminosity function, fully comparable with Konno et al. (2016), which we show in Figure 8.
Our results show a remarkable agreement at all luminosities,
and we recover the much higher number density of very luminous sources. We also confirm that those additional sources
are all X-ray sources, but we check that the vast majority
are spectroscopically confirmed Ciii] and Civ emitters. We
note that since GALEX data are also available it is relatively easy to identify Ciii] and Civ emitters, as they will

D. Sobral et al.

log(Φ) (Mpc−3 (dlogL)−1)

-2.0
-2.5
-3.0
-3.5

Lyα & EW0 > 5 Å
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All emitters EW0 > 20 Å
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have Lyman-breaks at shorter wavelength than Lyα emitters, even if spectroscopic redshifts are not available.
Only spectroscopic follow-up can completely establish
the exact shape of the bright end of the Lyα luminosity function (for the remaining 50% of the sources spectroscopic redshifts are not currently available). We have already followedup further two of the bright line-emitters with XSHOOTER
on the VLT in October 2016 without any Lyα pre-selection,
confirming a Nv 1239 emitter (with broad Lyα) at z = 2.15,
and one Lyα emitter at z = 2.2088, in line with our expectations of relatively high contamination. These source will
be presented in a future paper, together with the rest of the
on-going follow-up on the VLT. Nevertheless, we can already
conclude that it is crucial to remove contaminants, even for
surveys in the bluest optical bands like ours. Our “Lyα” luminosity function obtained by using all NB392 emitters can
also be seen as a strong upper limit for the real Lyα luminosity function, as it already contains a significant number
of confirmed contaminants, which become more and more
significant at the highest luminosities. As our data allow
us to derive contamination fractions per bin, we compute
them and apply them to Konno et al. (2016), to derive a
Lyα luminosity function which is fully comparable to ours.
We show the results in Figure 7. The contamination corrections (CC) to log(Φ) we derive are well described as

Lyα z = 2.23 (EW0 > 5 Å)
Lyα z = 2.23 (EW0 > 25 Å)
Lyα z = 5.7 (EW0 > 25 Å)

20

Hα z = 2.23 (EW0 > 25 Å)
Hα z = 2.23 × 60%

15
10
5
0

42.5
43.0
43.5
44.0
log(LLyα (erg s−1), observed)

Figure 8. The Lyα luminosity function for our combined COSMOS and UDS coverages down to a Lyα EW0 > 5 Å. We compare with what we would obtain by not removing contaminants,
but instead applying only a higher EW cut (EW0 > 20 Å), to
directly compare with Konno et al. (2016). We find that we
can fully recover the results of Konno et al. 2016, including a
much higher number density of very bright sources. However, as
our spectroscopic (we have spectroscopic redshifts for 50% of all
> 1043 erg s−1 line emitters) and photometric redshift analysis
shows, this is driven by the presence of Ciii] and Civ emitters.
We also investigate and show the effect of varying the Lyα EW0
cut in addition to our robust Lyα selection (redshifts and colourcolour selection). For different EW cuts, we re-compute all our
completeness corrections per field to take into account that our selection changes (a higher EW cut means a lower completeness, so
our completeness corrections increase). We find that completeness
corrections can compensate for incompleteness at the faint end,
but the bright end becomes significantly incomplete for higher
EW cuts.
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Figure 9. The rest-frame EW distribution of Lyα selected emitters at z = 2.23. We find an average EW0 = 85 ± 57 Å, with a
median of ≈ 100 Å. We find that 11% of all Lyα emitters have
5 < EW0 < 25 Å, but that the lower EW0 Lyα emitters are preferentially the brightest in Lyα luminosity, and are particularly
important for the bright end of the Lyα luminosity function at
z = 2.23 (X-ray AGN). We also show the Hα EW0 distribution of
Hα emitters from Sobral et al. (2014), from roughly the same volume surveyed with Lyα. This clearly shows that the rest-frame
EW distribution of Hα is shifted to higher values, but scaling
them by 60% recovers a similar distribution. For comparison at
higher redshift, but avoiding potential re-ionisation effects, we
also show the EW0 of Lyα emitters at z = 5.7 from Santos et al.
(2016), clearly showing evolution not only in the average, but
even more so on the spread, revealing very high EWs that simply
are not seen at the peak of star-formation history.

a function of Lyα luminosity: CC = −0.28LLyα + 11.732
for LLyα ≈ 1042−44.5 erg s−1 . We note that if one fits the
Lyα luminosity function with a Schechter function up to
LLyα ∼ 1043 erg s−1 the contamination effect is still relatively small with log L∗Lyα being overestimated by ≈ 0.15 dex
and log φ∗Lyα being underestimated (as a consequence of the
change in L∗ ) by ≈ 0.1 dex. However, contamination plays a
major role for the highest luminosities and for determining
the apparent power-law component of the Lyα luminosity
function.

5.3

The EW distribution of Lyα emitters at
z = 2.23 and implications for the Lyα
luminosity function

As discussed in §5.2, the choice of Lyα rest-frame EW cut
may have important effects in conclusions regarding the nature of Lyα emitters. Traditionally, due to the FWHM of
typical narrow-band filters, and particularly due to the early
difficulty in applying colour-colour and/or photometric redshift selections to differentiate between Lyα and other line
emitters1 , a relatively high EW cut was used. This assured

1

This becomes more problematic for higher redshift Lyα surveys,
as Lyα emitters become a progressively lower fraction of the full
sample of emitters; see e.g. Matthee et al. (2014) or Matthee et al.
(2015)
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that lower redshift emitters would be excluded. The typical
value for this cut has been EW0 ∼ 25 Å.
As we are able to probe down to a Lyα rest-frame EW
of 5 Å, we have the opportunity to investigate how complete
samples with higher rest-frame EW cuts may be and what is
the effect on e.g. the Lyα luminosity function. Figure 9 shows
the distribution of Lyα rest-frame EWs at z = 2.23. We find
that the median EW0 at z = 2.23 is ≈ 100 Å, with a tail
at both higher rest-frame EWs (highest: 390 Å) and lower
(lowest: 5.1 Å). If we were to apply a cut at EW0 > 25 Å, we
would still recover 89% of our full sample of Lyα emitters.
By imposing a cut of EW0 > 50 Å, we would only recover
69% of all Lyα emitters.
In Figure 9 we also compare the rest-frame EW distribution of our Lyα emitters with Hα emitters at the same
redshift (Sobral et al. 2014) and the EW distribution of Lyα
emitters at higher redshift (z = 5.7; Santos et al. 2016). We
find that Hα emitters at z = 2.23 show much higher EWs
than Lyα selected sources at the same redshift. Interestingly,
if one reduces the Hα EWs by ≈ 60%, the distribution becomes relatively similar to the one observed in Lyα, i.e.,
Lyα and Hα have a similar dispersion of EWs. This is not
at all the case for the distribution of EWs for higher redshift
Lyα emitters, selected over a similar range in luminosities
from Santos et al. (2016). Lyα emitters at z ∼ 6 present
a much broader EW distribution, with a tail at very high
EWs. These high EW Lyα emitters become much rarer at
lower redshift.
By applying different EW cuts, we also study the effect
of those on the Lyα luminosity function at z = 2.23. For all
EW0 cuts, we repeat our Lyα selection, in order to eliminate
interlopers, as described in §3.3.2. Also, for each new selection, as our EW cut changes, our completeness also changes,
and thus we re-compute it and apply the appropriate corrections for each cut. This means that while a higher EW0 cut
results in a lower completeness, our corrections can account
for at least part of that. We show our results in Figure 8,
which shows the effect of varying the Lyα EW0 .
We find that for Lyα selected samples a higher EW cut
preferentially lowers the number densities at the bright end,
eliminating the power-law component, and making the LF
look steeper. On the other hand, a simple EW cut, without
filtering out the non Lyα emitters from the sample, still leads
to significant contamination at all luminosities, particularly
at the bright end. We find that in order to eliminate such
contaminants effectively one requires a relatively high EW0
of at least > 50 Å, but that is far from ideal, as it will also
eliminate a significant fraction of real luminous Lyα emitters, which we know are spectroscopically confirmed to be
at z = 2.23.
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Figure 10. Stacked Hα and Lyα images of all our Lyα emitters.
All bands are PSF matched and we show the common PSF in the
image. We compare the stacked rest-frame R band (observed K
band, Hα subtracted), tracing the older stellar population/stellar
mass, with both Hα and Lyα emission from our sample of Lyα
selected emitters. Lyα and Hα contours show the 50%, 70% and
85% contours of the total flux. For a 300 diameter aperture we
recover 82% of the total Hα flux (0.4 × 10−16 erg s−1 ) but only
50% of the total Lyα flux (2.2 × 10−16 erg s−1 ). We thus find that
while Hα is slightly more extended than the continuum emission,
the Lyα emission extends to much larger radii. This is consistent
with the results from Matthee et al. (2016b).

has a median dust corrected star formation rate (SFR) of
7.7 ± 0.6 M yr−1 . Such median SFR implies that our Lyα
emitters are ∼ 0.1 SFR∗ star-forming galaxies at z = 2.2
(Sobral et al. 2014).
In Figure 10 we show the Hα stack, a comparison to
the rest-frame (Hα subtracted) R band stack, and the Lyα
stack of all our Lyα emitters. We find that Lyα is significantly more extended (diameter of about ∼ 40 kpc) than
Hα by about a factor of 2. Our results are consistent with
those presented in Matthee et al. (2016b) for a sub-set of
Lyα-Hα emitters at z = 2.23, and reveal that Lyα emitters have ubiquitous extended Lyα emission (see also e.g.
Momose et al. 2014; Matthee et al. 2016b; Wisotzki et al.
2016). When compared to Momose et al. (2014), we seem
to find slightly larger Lyα extents, although our sample is
dominated by brighter Lyα emitters than those in Momose
et al. (2014), while our PSF is also larger than Momose et al.
(2014). The combined effects (more luminous Lyα emitters
in our sample and larger PSF) can likely explain the larger
extents that we measure.

Lyα emitters at z = 2.23: the Hα view

The Hα stack of our Lyα emitters allows us to compute
the typical star formation rate of our Lyα emitters. We
use Kennicutt (1998) with a Chabrier initial mass function (Chabrier 2003), and correct Hα for extinction using
Garn & Best (2010), following e.g. Sobral et al. (2014).
Our results show that our sample of Lyα selected sources
MNRAS 000, 1–18 (2016)

6.2

Lyα escape fraction and dependence on Lyα
luminosity and EW0

Assuming Case B recombination, we use the Hα stack (after applying all corrections; see §4.3) to measure an escape
fraction of 37 ± 7 % for a 300 aperture. We also use larger
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Figure 11. Left: The escape fraction (within ≈ 13 kpc) of Lyα emitters as a function of Lyα luminosity. The results show that more
luminous Lyα emitters have lower escape fractions than those which are less luminous, but consistent with still having very high escape
fractions even at the highest Lyα luminosities. Right: The escape fraction of Lyα photons increases as function of rest-frame Lyα
equivalent width. We also compare our results with similar measurements done for a range of Lyα emitting galaxies mostly in the local
Universe, and find that they all follow a similar relation to our z = 2.2 Lyα emitters. These include the recently discovered LyC leakers
(z ∼ 0.3; Izotov et al. 2016b,a; Verhamme et al. 2016), a Lyα-LyC leaker at z = 3.2, “Ion2” (Vanzella et al. 2016; de Barros et al. 2016),
green peas (z ∼ 0.3, e.g. Cardamone et al. 2009; Henry et al. 2015; Yang et al. 2016), Lyman-break Analogues (LBAs, z ∼ 0.2, e.g.
Heckman et al. 2005; Overzier et al. 2009) and the Lyman Alpha Reference Survey (LARS, z ∼ 0.1, e.g. Östlin et al. 2014; Hayes et al.
2014). The fact that our Lyα emitters follow the relation of confirmed LyC emitters could suggest that at least part of our Lyα emitters
may be LyC leakers.

apertures for both Lyα and Hα and find that the Lyα escape fraction increases with increasing aperture. We find
this to be the case up to an aperture of 800 , when the Lyα
escape fraction reaches an apparent plateau of 65 ± 20 %,
consistent with Matthee et al. (2016b). Regardless of the
aperture used, the values are significantly above the global
average or the escape fraction for Hα selected/more typical
star-forming galaxies, which is only a few percent (see e.g.
Hayes et al. 2010; Matthee et al. 2016b; Konno et al. 2016),
as we will also show in §6.3. However, this is not surprising,
as, by definition, Lyα emitters will have to have relatively
high escape fractions, otherwise they would not be selected
as such.
We then split our Lyα emitters according to their Lyα
luminosity and EW0 (see Figure 11). We find that the Lyα
escape fraction increases with increasing EW0 , with fesc increasing from ≈ 18% for EW0 ≈ 40 Å to fesc ≈ 70% for
EW0 ≈ 120 Å. This is consistent with the younger/more
star-bursting sources having higher Lyα escape fractions
(see also Verhamme et al. 2016). We compare our results
with measurements from the literature, including a sample of recently discovered LyC leakers at z ∼ 0.3 (Izotov
et al. 2016b,a; Verhamme et al. 2016), a Lyα-LyC leaker
at z = 3.2, “Ion2” (Vanzella et al. 2016; de Barros et al.
2016), and z ∼ 0.1 − 0.3 sources such as: green peas (e.g.
Cardamone et al. 2009; Henry et al. 2015; Yang et al. 2016),
Lyman-break Analogues (LBAs, e.g. Heckman et al. 2005;
Overzier et al. 2009) and the Lyman Alpha Reference Survey
(LARS, e.g. Östlin et al. 2014; Hayes et al. 2014). Interestingly, we find that all these Lyα emitters follow a similar
relation, with the Lyα escape fraction rising with increasing Lyα rest-frame equivalent width, even though they are

found at very different redshifts and have been pre-selected
through different methods. It is particularly interesting that
green peas and the confirmed LyC emitters at low redshift,
and “Ion2”, a confirmed LyC leaker at z = 3.2 populate the
highest escape fraction and highest EWs that we find in our
sample. The results suggest that our high EW Lyα selected
sources at z ∼ 2 may be very good LyC leaker candidates.
Naively fesc could be expected to increase with Lyα luminosity. However, as Figure 11 shows, we find that fesc
decreases with increasing Lyα luminosity. For our faintest
luminosity bin, LLyα ≈ 1042.5 erg s−1 , we measure fesc =
50 ± 9%, while we only measure fesc = 22 ± 4% for the most
luminous bin, LLyα ≈ 1043.0 erg s−1 . When interpreted together with results from §6.3, it is expected that fesc will
drop again for very low Lyα luminosities. We discuss this in
more detail in §7.

6.3

The global Lyα escape fraction at z = 2.23

Here we investigate the global escape fraction of Lyα photons (with a fixed 300 diameter aperture) at the peak epoch
of the star formation history of the Universe. We focus on
the global escape fraction (from the integral of the Lyα and
Hα luminosity functions) and use the extinction corrected
Hα luminosity function presented by Sobral et al. (2013).
The Schechter component of our fit to the Lyα luminosity function yields an integrated luminosity density (full integral) of 1.1×1040 erg s−1 Mpc−3 . The additional power-law
component adds a further 1.1×1039 erg s−1 Mpc−3 , or ∼ 10%
of the Schechter contribution. However, it should be noted
that if one integrates down to e.g. LLyα > 1041.6 erg s−1 , the
Schechter component becomes only 0.4×1040 erg s−1 Mpc−3 ,
MNRAS 000, 1–18 (2016)
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and thus the power-law component becomes more important
for shallower Lyα surveys.
By integrating our Lyα luminosity function at z = 2.23,
assuming Case B recombination, and directly comparing
with the equivalent integral of the extinction-corrected Hα
luminosity function, we find that, on average, within the
same apertures used for Hα and Lyα (corresponding to
roughly to a 13 kpc radius), only 5.1 ± 0.2 % of Lyα photons escape. This is in very good agreement with the measurement from Hayes et al. (2010) of 5 ± 4 %, but our result
greatly reduces the errors due to a much larger volume and
significantly larger samples. More recently, Matthee et al.
(2016b) studied an Hα-selected sample, finding that, down
to the detection limit of the sample, the Lyα escape fraction
is 1.6 ± 0.5 %. However, those authors show that the escape
fraction strongly anti-correlates with Hα flux/star formation rate, with the low Hα flux and low star-formation rate
galaxies having the highest Lyα escape fractions. Thus, the
results in Matthee et al. (2016b) are in very good agreement
with our global escape fraction of 5.1 ± 0.2 %, particularly
due to the contribution of much lower SFR sources to the
global measurement.
The results presented by Matthee et al. (2016b) already hint that Lyα escape fractions will strongly depend
on e.g. the Hα luminosity limit of a survey (and also depend
strongly on the aperture used). Thus, while we find a typical escape fraction of 5.1 ± 0.2 % by integrating both the Hα
and the Lyα luminosity functions, we also study the effect
of integrating down to different luminosity limits. Our full
results are presented in Table 4.
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Table 4. Lyα (observed) and Hα (extinction corrected) luminosity densities for different integration limits and different assumptions, including integrating down to the same limits, but also integrating down to limits scaled by a factor 8.7 (labeled “B”). For
each set of luminosity densities, we assume case B recombination
and compute the escape fraction of Lyα photons (factor 8.7). All
Lyα luminosity densities have been computed taking into account
the power-law component. To obtain the Schechter luminosity
density only one simply has to remove the fixed contribution of
1.1 × 1039 erg s−1 Mpc−3 . Note that all these measurements are
based on 300 apertures; for Lyα emitters we find that those may
only recover about 50% of the Lyα flux, but recover around 80%
of the Hα, implying a potential aperture correction of 1.64.

7

Integration
limit

logρLLyα
erg s−1 Mpc−3

logρLHα
erg s−1 Mpc−3

Lyα fesc
(%)

1041.0
1041.6
1042.0

39.87 ± 0.02
39.74 ± 0.02
39.59 ± 0.02

40.34 ± 0.02
40.25 ± 0.02
40.15 ± 0.02

3.9 ± 0.3
3.5 ± 0.3
3.2 ± 0.3

1041.0 (B)
1041.6 (B)
1042.0 (B)

39.97 ± 0.02
39.91 ± 0.02
39.86 ± 0.02

40.34 ± 0.02
40.25 ± 0.02
40.15 ± 0.02

4.9 ± 0.4
5.3 ± 0.4
5.9 ± 0.5

0.01 L∗
0.1 L∗
0.2 L∗
L∗

39.92 ± 0.02
39.74 ± 0.01
39.64 ± 0.01
39.27 ± 0.02

40.35 ± 0.02
40.18 ± 0.02
40.08 ± 0.02
39.51 ± 0.02

4.3 ± 0.4
4.1 ± 0.3
4.2 ± 0.3
6.5 ± 0.4

Full

40.08 ± 0.02

40.43 ± 0.02

5.1 ± 0.2

CONCLUSIONS

Furthermore, as shown in Figure 10, we find that at a
fixed 300 we recover a much larger fraction of the total Hα
flux (82%; consistent with e.g. Sobral et al. 2014) than the
total Lyα flux (50%). If we apply these results to correct the
integral of the Hα and Lyα luminosity functions, we find that
the total (aperture corrected) average Lyα escape fraction
would be 1.64 times larger, or 8.4 ± 0.3 %. This means that,
potentially, a further 3.3% of Lyα photons still escape, but
at larger radii than those that our 300 diameter apertures
capture.

We presented the first results from the CALYMHA pilot
survey conducted at the Isaac Newton Telescope over the
COSMOS and UDS fields. We used a custom-built Lyα
narrow-band filter, NB392 (λc = 3918Å, ∆λ = 52Å), on
the Wide Field Camera, to survey large extragalactic fields
at z = 2.23. Our NB392 filter (λc = 3918Å, ∆λ = 52Å)
has been designed to provide a matched volume coverage to
the z = 2.23 HiZELS survey conducted with UKIRT (Sobral
et al. 2013). CALYMHA currently reaches a line flux limit
of ∼ 4 × 10−17 erg s−1 cm−2 , and a Lyα luminosity limit of
∼ 1042.3 erg s−1 (3σ). Our main results are:

Of particular importance is the fact that if one does
not integrate both e.g. Hα (or UV) and Lyα fully, one needs
to be careful about the limit one integrates down to. It is
very clear from all observational work that Lyα luminosities show significant scatter and a non-linear behaviour as
a function of either UV or Hα (e.g. Matthee et al. 2016b),
due to significant changes in escape fraction as function of
various properties. This is further highlighted by our results
on the escape fraction by stacking in Hα (only possible with
our data-set). This shows that the escape fraction changes
significantly with Lyα luminosity, and that there certainly
is not a 1:1 correlation between Hα and Lyα. Thus, the results of integrating down to a specific luminosity are not
easily interpreted. For example, a 0.1 L∗ Hα emitter is not
necessarily a 0.1 L∗ Lyα emitter and vice-versa. This means
that integrating down to a different L∗ will lead to a different
escape fraction. We illustrate this by obtaining escape fractions based on integrations of the Hα and Lyα luminosity
functions down to different limits in Table 4.

• We obtained a sample of 440 line emitters in COSMOS and UDS. Among them, and apart from Lyα emitters,
we find a significant population of spectroscopically confirmed [Oii], Heii, Ciii] and Civ line emitters. Civ emitters
at z ∼ 1.5 represent ∼ 25% of line emitters with an available spectroscopic redshift. We show how important it is for
Lyα surveys to remove contaminants, especially Ciii] and
Civ (which many have incorrectly assumed to be unimportant). Removing those contaminants is essential to robustly
determine the bright end of the Lyα luminosity function.
• We use spectroscopic and photometric redshifts, together with colour-colour selections, to select a clean and
complete sample of 188 Lyα emitters over a volume of
7.3 × 105 Mpc3 .
• We show that the Lyα luminosity function is significantly overestimated if all line emitters are used, with a simple equivalent cut. Such simple selections (single EW cut)
are particularly problematic at higher fluxes, where contaminants become more and more important, particularly spec-
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troscopically confirmed Ciii] and Civ emitters (AGN) which
can have EW0 > 25 Å.
• The Lyα luminosity function at z = 2.23 is very well
described by a Schechter function up to LLyα ≈ 1043 erg s−1
+0.16

+0.14

with L∗ = 1042.59−0.08 erg s−1 , φ∗ = 10−3.09−0.34 Mpc−3 and
α = −1.75 ± 0.25.
• Beyond LLyα ≈ 1043 erg s−1 the Lyα luminosity function becomes power-law like, similarly to what has been
found in Konno et al. (2016) at z = 2.2, due to the prevalence
of bright X-ray AGN with similar X-ray and Lyα luminosities. However our normalisation of the power-law component
is significantly below that of Konno et al. (2016). We note
that our results are based on a sample which is ∼ 50 % spectroscopically complete and cleaned of contaminants.
• We show that the bright end of the Lyα luminosity
function depends strongly on the choice of EW cut applied,
as the sample of bright Lyα emitters becomes increasingly
incomplete as a function of EW cut. Selections with a very
high EW cut (usually motivated to eliminate contaminants)
lose the power-law component and fail to select real, spectroscopically confirmed Lyα emitters.
• By stacking the Hα narrow-band images of our Lyα
emitters in Hα, we find they have a median dust corrected
Hα star formation rate of 7.7 ± 0.6 M yr−1 (∼ 0.1 SFR∗
at z = 2.2), and have an escape fraction (Lyα photons)
of 37 ± 7 %. Lyα emission from our stack of Lyα emitters
extends (≈ 40 kpc) by about 2 times that of the Hα emission,
in very good agreement with Matthee et al. (2016b).
• We find that the Lyα escape fraction of Lyα emitters at
z = 2.23 drops with increasing Lyα luminosity, and increases
with increasing Lyα rest-frame equivalent width. This may
be due to sources with high equivalent widths being generally younger, less dusty and less massive, favouring high
escape fractions. Sources with the highest Lyα luminosities
are dominated by X-ray detected AGN.
• By directly comparing our Lyα and Hα luminosity functions, which are not affected by cosmic variance and are obtained over the same multiple large volumes, we find that
the global escape fraction of Lyα from star-forming galaxies at z = 2.23 is 5.1 ± 0.2%. We also show how important
the choice of integration limits is, given that the Lyα escape
fraction varies significantly both with Lyα luminosity, as
shown in this paper, but also as a function of Hα luminosity
(Matthee et al. 2016b) in a non-linear way.
Our results imply that 94.9 ± 0.2% of the total Lyα luminosity density produced at the peak of the star formation
history (z ∼ 2) does not escape the host galaxies within
a radius of ∼ 13 kpc (300 diameter aperture). Integrating
the luminosity functions down to observed values yields a
lower escape fraction, in agreement with e.g. Matthee et al.
(2016b) and Konno et al. (2016). Also, we show that for Lyα
selected samples, the escape fraction is, not surprisingly, significantly above the cosmic average we measure (5.1±0.2%),
and around 37% for a 300 aperture. Interestingly, and even
though this already corresponds to a quite high escape fraction, it is only a lower limit as far as the total escape fraction
(at any radii) is concerned, as we clearly see that Lyα extends beyond the Hα emission by a factor of ∼ 2 and the
radius usually used to measure emission line properties (see
also Wisotzki et al. 2016; Drake et al. 2016). This means that
an extra 3.3 ± 0.3% of Lyα photons likely still escape, but at

larger radii, potentially adding up to a total escape fraction
at any radii of ∼ 8%, although this is highly uncertain. Nevertheless, significant progress can be further achieved with
new instruments such as MUSE (e.g. Wisotzki et al. 2016;
Borisova et al. 2016)
Our results provide important empirical measurements
that are useful to interpret observations at higher redshift.
Significantly deeper Lyα-Hα observations, and observations
spread over more fields will allow for further significant
progress. Moreover, once JWST is launched it will be possible to directly measure Hα from both UV and Lyα selected
sources, and thus some of the results from our survey can
then be tested at higher redshift.
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Table A1. The z = 2.23 Lyα luminosity function. We present
both observed/raw number densities and number densities corrected taken into account incompleteness and the filter profile
corrections.
logLLyα

φ obs
Mpc−3

φ corr
Mpc−3

Volume
105 Mpc3

42.30 ± 0.125
42.55 ± 0.125
42.80 ± 0.125
43.05 ± 0.125
43.30 ± 0.125
43.55 ± 0.125

−2.74 ± 0.10
−3.06 ± 0.04
−3.53 ± 0.06
−4.32 ± 0.18
−4.54 ± 0.25
−5.07 ± 0.70

−2.76 ± 0.11
−3.11 ± 0.05
−3.60 ± 0.07
−4.40 ± 0.21
−4.62 ± 0.30
−5.15 ± 1.88

0.539
5.208
7.123
7.330
7.330
7.330

APPENDIX A: CATALOGUES OF LINE
EMITTERS
Table A2 presents example entries of the full catalogue of 440
line emitters, and a flag for sources selected as Lyα emitters.
The full catalogue is available on the on-line version of the
paper.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Table A2. The first 9 entries from the catalogue of 440 candidate line emitters selected in COSMOS and UDS. The full catalogue is
available on-line.
ID

CALYMHA-S16-1
CALYMHA-S16-2
CALYMHA-S16-3
CALYMHA-S16-4
CALYMHA-S16-5
CALYMHA-S16-6
CALYMHA-S16-7
CALYMHA-S16-8
CALYMHA-S16-9

MNRAS 000, 1–18 (2016)

R.A.
(J2000)
10
10
10
10
10
10
10
10
10

02
02
02
02
02
02
02
02
02

42.916
42.318
39.342
38.841
37.020
36.829
36.770
35.458
35.106

Dec.
(J2000)
+02
+02
+02
+02
+02
+02
+02
+02
+02

12
35
26
35
40
39
32
17
32

52.93
29.47
10.08
58.76
29.08
47.33
25.79
57.62
23.91

NB392
(AB)

u
(AB)

log Flux
erg s−1 cm−2

EWobs
Å

Σ

Lyα selec

23.6
23.3
22.9
23.7
23.2
23.8
23.3
23.2
23.6

25.1
24.5
23.6
25.2
24.2
25.6
24.8
24.3
25.5

-15.9
-15.9
-15.8
-15.9
-15.9
-16.0
-15.8
-15.8
-15.9

248
121
55
246
95
375
212
113
377

3.1
3.9
3.3
3.4
4.0
3.1
4.6
3.5
3.6

no
yes
no
no
no
yes
yes
yes
yes

