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Exploring the end of the dark ages with 
the widest Lyman-α surveys



• Luminous Lyα emitters (>1043.5 erg/s) at z=6-7 
much more common than thought 

• Evolution of the Lyα LF is at the faint end 

• Discovery of the most Luminous Lyα emitters: 
surprises! 
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Take home messages

• Bright end of Lyα LF is a power-
law (great for wide surveys)!

Patchy re-ionisation: first around more luminous sources



- narrow-band selects redshifted 1216 Å emission (optical at z>2) 

- Lyα emitted by young galaxies (high EW) 
- Lyα absorbed in more neutral IGM (test for re-ionisation)

Lyman-α as a tool to study young 
galaxies and re-ionisation



Lyman-break selection 
UV luminosity function evolution

Sobral Part B2 XGAL-PARUS

Fig. 1- Recent results showing the evolution of the UV luminosity function at high redshift. Left: Wide broad-band 
surveys from the ground to look for Lyman break galaxies (LBGs) can make key contributions towards constraining the 
bright end up to z~7 (e.g. Bowler et al. 2014). Our proposal aims at conducting even wider narrow-band surveys up to 
z~8 for Lyα emitters. Right: HST has had tremendous success at the faint end at z~6-8 (e.g. Bouwens et al. 2015; Atek 
et al. 2015), but struggles at the bright end, while sources still require spectroscopic follow-up. 

The need to understand Lyman-α and its escape fraction at z~2 to apply at higher redshifts 

Observations show that the star formation activity in the Universe was significantly higher in the past, 
reaching a peak ~10-11 Gyrs ago (z~2-3, e.g. Sobral et al. 2013; Madau & Dickinson 2014). Above z~2-3, 
UV and emission-line studies reveal a decline of the star-formation history of the Universe with increasing 
redshift (e.g. Bouwens et al. 2015; Khostovan et al. 2015; Fig. 2). So far, most spectroscopic studies, which 
can clearly confirm the redshifts and provide us the necessary physical insight into the nature of stellar 
populations, gas and dynamics at z>3 have relied primarily on the Lyα emission line, because of its high 
intrinsic luminosity, but also because Lyα is redshifted into the optical window for z > 2 (thus easy to 
observe from the ground, including with the new MUSE instrument; e.g. Bacon et al. 2015). However, the 
resonant nature of the Lyα line results in Lyα photons scattering in neutral hydrogen, and their sensitivity to 
absorption by interstellar dust is likely enhanced. Thus, Lyα luminosity can be significantly reduced, or even 
completely suppressed, with the exact escape fraction (fesc) being anywhere between 0 and 1 (e.g. Hayes et 
al. 2011). Nevertheless, such problem can also be seen as a unique opportunity. In fact, due to its sensitivity 
to the presence of neutral Hydrogen, the Lyα line can be used to study the epoch of re-ionisation (new 
Planck measurements point towards a ‘mid-point’ in re-ionisation around z=8.8, but the actual duration and 
topology of re-ionisation is still greatly unconstrained). Several studies are now using Lyα to constrain re-
ionisation in different ways (e.g. Dijkstra 2014, 2015). For example, the observed fraction of UV-selected 
galaxies with Lyα emission has been shown to decrease at z>6-7, interpreted as re-ionisation not being 
completed (e.g. Pentericci et al. 2014). It is however uncertain whether this observed decrease is due to 
increased opacity of the IGM, a changing fesc within galaxies (Dijkstra et al. 2014), or a combination of both. 
 Measuring and understanding fesc and its dependencies on observational quantities (e.g. Fig. 2) is of 
fundamental importance if we are to robustly use Lyα as a way to interpret the nature and properties of the 
most distant galaxies, but also to study re-ionisation. This is particularly important for galaxies selected as 
Lyα emitters with the narrow-band technique (e.g. Ouchi et al. 2008, Matthee et al. 2014, 2015) or IFU 
spectroscopy (e.g. Bacon et al. 2015). Theoretical galaxy formation models predict fesc=2-10 % (e.g. 
Nagamine et al. 2008) at z=2-3, but are limited by a large number of assumptions which only direct 
observations can verify. For Lyα-selected samples at z~2−3 (e.g. Nilsson et al. 2009; Song et al. 2014) the 
comparison of Lyα with the UV suggests fesc=30-60%, but this is strongly model-dependent and relies on a 
range of assumptions (e.g. uncertain dust extinction corrections, and different timescales UV vs. nebular). 
 A significant improvement in our knowledge can be achieved by comparing Lyα with another non-
resonant hydrogen recombination line (ideally Hα; but see e.g. Hβ use: Ciardullo et al. 2014), since both 
intrinsic strengths are a direct function of the ionising luminosity. At z~2, Hayes et al. (2010) find fesc=5±4%, 
but this result depends on assumptions on the integration of luminosity functions. Hayes et al. (2010) add 
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Figure 1: Recent results showing the evolution of the UV luminosity function at high redshift. Left: VISTA
already made key contributions towards constraining the bright end at z ⇠ 7 (Bowler et al. 2014). Our proposal
aims at exploring VISTA’s unique capabilities to undertake a deep and wide narrow-band survey at z = 7.7 for
Ly↵ emitters, going to similar volumes to those already probed in UltraVISTA for LBGs. Right: HST has had
tremendous success at the faint end at z ⇠ 6 � 8 (e.g. Bouwens et al. 2015), but struggles at the bright end,
while sources still require spectroscopic follow-up. Our Ly↵ survey at z = 7.7 will address both issues.

colours) seems to be less successful in identifying Ly↵ at z > 7 (e.g. Pentericci et al. 2014), possibly due
to re-ionization not being completed yet around faint galaxies, as an increasing HI content increases the Ly↵
optical depth. Nevertheless, if candidates are carefully selected based on likely high ionisation parameters/high
equivalent width (EW) H�+[Oiii] emission lines (e.g. Smit et al. 2014), Ly↵ can still be surprisingly bright, not
only at z = 7.7 (e.g. Oesch et al. 2015), but also up to z = 8.6 (Zitrin et al. 2015). Even more surprising is the
fact that the line profiles are surprisingly narrow even at z = 8.6. Such observations (narrowness of Ly↵) may
imply relatively large ionised bubbles already, likely caved by strongly ionising sources. Indeed, in the cases
where follow-up has been successful, strong emission lines have been found, consistent with high ionisation
parameters, including high ionisation lines such as Ciii], Oiii] and Civ (e.g. Stark et al. 2014; Zitrin et al.
2015), or even Heii (Sobral et al. 2015).

The need for large volumes, brighter sources and Ly↵ surveys into the epoch of re-ionisation

To confidently identify and study galaxies at high redshift with current instrumentation one needs to find
luminous sources. However, finding substantial number of bright galaxies requires (very) wide-area surveys,
particularly due to the exponential fall in counts at higher luminosities. Significant progress is now being made
on this front, with ground-based surveys (UltraVISTA/COSMOS and UDS) revealing that the number density
of luminous sources is likely higher than previously expected (e.g. Bowler et al. 2014; Figure 1).

A problem that we are also facing when comparing e.g. results from Pentericci et al. (2014) and the recent
follow up by e.g. Oesch et al. and Zitrin et al., is the very di↵erent selection functions. This needs to be
addressed if we are to use e.g. Ly↵ to further study and understand re-ionisation. While Pentericci et al. may
be biased against finding Lyman-break galaxies which are also Ly↵ emitters (the sources followed-up are the
most ‘secure’, thus with the best behaved SEDs which have the least contribution from emission lines), Oesch
and Zitrin et al. may be biased in favour of Ly↵ emission, as they have been pre-selected for optical emission
lines (inferred from Spitzer). The latter is ideal if one only wants to spectroscopically confirm galaxies, but what
one wants is a selection that can identify Ly↵ regardless of any pre-selection, and find luminous enough targets
for detailed follow-up. That requires much larger volumes and areas than those probed by even CANDELS.
z = 7.7 is a key epoch for this, particularly as new Planck measurements point towards a ‘mid-point’ in re-
ionisation around z ⇡ 8.8 (compared to the previous z = 11.1; Planck collaboration 2015 arXiv:1502.01589).

ESO-OPO (opo@eso.org) page 2 of 16

Bowler et al. 2014

From the ground From space (HST)

e.g. Bouwens+15,Atek+15

see e.g. talk by: Silvio Lorenzoni

UV LF evolves strongly



Ouchi et al. 2010 
  0.9 deg2 in UDS 

- NB magnitude < 26

Lyman-α Luminosity function z~3-6 
roughly constant



Ouchi et al. 2010  
  0.9 deg2 in UDS 

- NB magnitude < 26

Evolution at all Luminosities (?)

Lyman-α Luminosity function at z=6.6
Re-ionisation not complete?



Ouchi et al. 2010  
  0.9 deg2 in UDS 

- NB magnitude < 26

factor 30!

Surveys limited by cosmic variance (<1deg2)

Lyman-α Luminosity function at z=6.6

see also: Bowler et al. 2012, 2014



Ouchi et al. 2010 
  0.9 deg2 in UDS 

- NB magnitude < 26

Lyman-α Luminosity function z~3-6 
roughly constant -> “decline” at z>6?

What’s happening 
here?

Maybe not worth 
it?

see also: Bowler et al. 2012, 2014

Cosmic variance



• Decline Lyman-Ử fraction of (“well-
behaved” SED) UV/LBG selected galaxies 

• But how much is this real/representative 
and how much is driven by biases?

Ly-α Emission from Early Galaxy Formation. Mark DIJKSTRA







Figure 1: This Figure shows schematically why Lyα emitting galaxies (LAEs) probe the distribution of neu-
tral intergalactic gas during the EoR. Lyα photons emitted by galaxies inside large HII regions can redshift
away far from the line resonance before they enter the neutral IGM (as indicated by the color-changing solid
lines). As a result of this redshift, some of these photons can propagate freely to the observer. However,
for galaxies inside smaller HII regions all Lyα photons scatter through the neutral IGM (represented by the
dotted lines) into a very low surface brightness ‘fuzz’ that is much too faint to be detected with existing tele-
scopes [14, 8]. Because the neutral IGM affects the detectability of Lyα photons, we expect the reionization
process to leave an imprint in various statistics (number counts, clustering, ...) of LAEs [11, 16].

1. Introduction: Lyα Emitting Galaxies as a Probe of the Epoch of Reionization

The Lyα emission line is robustly predicted to be the most prominent intrinsic spectral feature
of the first generation of galaxies that initiated the reionization process in our Universe. The Lyα
line can be heavily suppressed by intervening, neutral intergalactic gas. As a result, the process of
reionization leaves an imprint on various statistics of Ly-α emitting galaxies (Fig 1, [11]). However,
if we wish to fully exploit Lyα emitters (LAEs) as a probe into the Epoch of Reionization (EoR),
it is important to understand what drives their observed redshift evolution after reionization is
completed. Otherwise, it is difficult to tell what other parameters are important in driving the
redshift evolution of LAEs, and whether these parameters can be evolving during the EoR as well.
I argue that one of the key uncertainties in interpreting existing LAE observations relates to the
impact of the ionized intergalactic medium (IGM) on Lyα photons emitted by galaxies.
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Fig. 9.— The fraction of Lyman break galaxies that display Lyα in emission at an EW ≥ 25 Å, plotted as a function of redshift. The
values at z = 7 and 8 reflect differential measurements with the data at z = 6, as described in the text. Thus, these data points and errors
are simply the convolution of the xLyα PDF at z = 6 and the transmission fraction PDF at z = 7 and 8.
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Fig. 10.— Posterior probability distribution for our full model, p(EWLyα—β). Shaded plots represent the posterior PDF marginalized
over all but the two variables labeling the axes, while line plots are marginalized over all but one variable. Thus, the one dimensional PDFs
for each variable, from which we quote our error bars, can be read off along the diagonal.
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Since the beginning interpreted as an !
increased IGM absorption -> onset of re-ionization!

(Stark+10, Fontana+10, Pentericci+11, Ono+12, Treu+12, 13 ,Schenker+12, 14) 

Lack of Lyα emission as a tracer of increasingly neutral IGM/CGM

Ono+12

Ly-α Emission from Early Galaxy Formation. Mark DIJKSTRA
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process to leave an imprint in various statistics (number counts, clustering, ...) of LAEs [11, 16].
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if we wish to fully exploit Lyα emitters (LAEs) as a probe into the Epoch of Reionization (EoR),
it is important to understand what drives their observed redshift evolution after reionization is
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Fig. 9.— The fraction of Lyman break galaxies that display Lyα in emission at an EW ≥ 25 Å, plotted as a function of redshift. The
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Key things to address

• Need much larger (and multiple!) volumes. 
Most luminous sources may be visible much 
earlier on (first ionised bubbles?) 

• Need to spectroscopically confirm the results 

• Find the most luminous sources: allowing for 
actual detailed studies to be conducted 
without having to wait for JWST and/or E-
ELT. e.g. ISM, gas, metallicities
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Lehnert et al. 2010 
~15 hours, VLT

low S/N....

The big advantage for spectroscopic follow-up is that they will 
*not* look like this:

(see Bunker et al. 2013)



They will look like this!In ~ couple of 
hours See also: Oesch+2015; Zitrin+2015Spectroscopic Redshift for a Luminous z = 7.73 Galaxy 3
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Fig. 2.— Left – Mask layout of the two nights of MOSFIRE
Y-band observations of our primary target. These two nights pro-
vide two completely independent measurements of this galaxy at
two di↵erent orientations as well as two di↵erent positions along
di↵erent slitlets. This also allows us to exclude the possibility of
contamination in the final stacked spectrum from the two faint
neighboring galaxies present within 200 of the primary galaxy along
the slits. Right – The signal-to-noise ratio around the detected
emission line in the two independent 1D spectra of the two nights,
averaged over a 4 pixel width (⇠ 4 Å). A line is clearly detected at
> 4� independently in both 2 hr spectra from each night. We also
checked the unrectified frames to ensure that the positive flux in
the spectrum indeed originated from the expected position of the
galaxy along the spectrum.

Each of our mask contains one slitlet placed on a star
for monitoring the sky transparency and seeing condi-
tions of each exposure. We use this star to track the mask
drift across the detector (see, e.g., Kriek et al. 2014),
which we find to be ±1.5 pixels (±0.0027) and ±1 pixel
(±0.0018) during night 1 and 2, respectively. We sepa-
rately reduce di↵erent batches of the data (of 30-45 min
duration) to limit any S/N reduction caused by this drift,
before shifting and stacking the data.
The masks for the two nights have di↵erent orienta-

tions (Fig 2). The two independent data sets of the pri-
mary target thus add to the robustness of any detection.
After creating the 2D spectra for the di↵erent masks,
we applied the appropriate relative shift of the two 2D
frames before stacking the observations of the two nights
to our final 2D spectrum.
Similarly, 1D spectra were extracted separately for

each mask using an optimal extraction based on a pro-
file determined by the slit star. The extracted 1D spec-
tra were corrected for Galactic extinction and for telluric
absorption using nearby A0 stars observed in the same
night at similar airmass. The uncertainty in our opti-
mally extracted 1D spectra was determined empirically
from empty rows in the full, rectified 2D spectra of the
mask.
The absolute flux calibration was obtained from the

slit stars by comparison of the spectra with the 3D-HST
photometric catalogs (Skelton et al. 2014). An additional
small correction was applied to account for the extension
of individual sources in the slit mask by integrating the
seeing-matched HST images over the slit and comparing
with the slit loss of stellar sources.

4. RESULTS

Out of the eight z ⇠ 7 � 8 galaxy candidates, we de-
tected a significant emission line (at > 5�) for only one
source (EGS-zs8-1). This line is discussed in detail be-
low.
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Fig. 3.— MOSFIRE spectra of EGS-zs8-1. The full 2D spectrum
after 2-by-2 binning is shown in the top panel, while the optimally
extracted 1D spectrum is shown on the bottom. The 1D spec-
trum was smoothed by a 3 pixel (⇠ 3 Å) moving average filter for
clarity. The gray shaded area represents the 1� flux uncertainty,
while the dark red line shows the best-fit model. The line is quite
extended in the wavelength direction and shows clear asymmetry
with the expected shape typical for high-redshift Ly↵ lines. The
spectroscopic redshift measurement is zspec = 7.7302 ± 0.0006 in
excellent agreement with the previously determined photometric
redshift. Other line characteristics are summarized in Table 1.

TABLE 1
Measurements of Galaxy EGS-zs8-1

Target

R.A. (J2000) 14:20:34.89
Dec (J2000) 53:00:15.4
H160 25.03±0.05
M

UV

�22.06± 0.05

Emission Line

zspec 7.7302±0.0006
f(Ly↵) 1.7±0.3⇥10�17 erg s�1cm�2

L(Ly↵) 1.2±0.2⇥1043 erg s�1

EW0(Ly↵)a 21±4 Å
S
w

15±6 Å
FWHMb 13±3 Å
VFWHM

b 360+90
�70 km s�1

Physical Parametersc

logM
gal

/M� 9.9±0.2
log age/yr 8.0±0.5
log SFR/(M�yr�1) 1.9± 0.2
log SSFR �8.0± 0.4
AUV 1.6 mag
UV slope � �1.7±0.1

a Not corrected for IGM absorption.
b Derived from truncated Gaussian fit, corrected for
instrumental broadening, but not for IGM absorp-
tion.
c Based on SED fits (see Sect 5; Oesch et al. 2014).

4.1. A Ly↵ Emission Line at z = 7.730

The spectra of our target source EGS-zs8-1 (see Ta-
ble 1 for summary of properties) revealed a significant
emission line at the expected slit position in both masks
independently (right panels Fig 2). The full 4 hr stacked



Figure 1: Left: Our z>6 candidates (stars) and the 10 deg2 area covered by  our CFHT/WIRCam survey  in 
SA22 (thick blue line), which matches extremely  well to the deep optical and deep UKIDSS J and K surveys. 
The area of the HUDF is represented with false RA and Dec coordinates: our survey probes >3000 times 
such area. Right: Selection of narrow-band line emitters, showing all the detections, the emitters (red) and 
the Lyman-alpha candidates.

Figure 3: Left: Stacked Redshift probability  distribution for our different classes of candidates (see Matthee et 
al. 2014). Right: As shown in Matthee et al. (2014), but see also Faisst et al. (2014), spectroscopic follow-up is 
crucial to confirm the candidates, and even the best candidates can be found to either be at a different 
redshift, or be variable sources/supernovae. By  obtaining high-SN NIR spectra we will robustly address the 
nature of all candidates and quantify  the range and fraction of contaminants. We note that this is the only  way 
to robustly unveil the nature of these candidates.
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redshift, as neighbouring sources will have larger overlapping ion-
ized spheres and therefore a higher fraction of escaped Ly↵ photons
(e.g. Ouchi et al. 2010).

In order to find the most luminous Ly↵ emitters in the epoch
of reionization which would be suitable for spectroscopic follow-
up, we have undertaken the widest area search with a near infrared
narrow-band filter to date. This paper is organised in the follow-
ing way. §2 presents the details of the observations, and describes
the data reduction, calibrations and source extraction. §3 presents
the criteria for sources being selected as Ly↵ candidates and the
results from the narrow-band search. §4 presents the spectroscopic
follow-up observations and results. §5 discusses the results such as
constraints on the Ly↵ z = 8.8 luminosity function, and our sur-
vey is compared to past and future surveys. Finally, §6 outlines the
conclusions. A H

0

= 70 km s�1 Mpc�1, ⌦
M

= 0.3 and ⌦
⇤

= 0.7
cosmology is used and all magnitudes are in the AB system, except
if noted otherwise.

2 NARROW-BAND OBSERVATIONS AND DATA
REDUCTION

During September-December 2011 and October-November 2012,
we obtained medium depth narrow-band J photometry (NB

J

=
22.2, 5�, F

lim

= 7 ⇥ 10�17 erg s�1 cm�2) over a 10 deg2 area in
the SSA22 field using CFHT’s WIRCam (Puget et al. 2004) with
a typical seeing of 0.600. The SSA22 field is the widest contiguous
field for which a wealth of multi-wavelength data is available, most
importantly ugriz from CFHTLS-Wide and JK from UKIDSS-
DXS, see Fig. 2.

We use the LowOH2 filter (�
c

= 1.187µm, �� = 0.01µm)
which can detect Ly↵ emission (�

0

= 121.6nm) at z = 8.76±0.04
in a comoving volume of 4.7 ⇥ 106 Mpc3. This is larger by at
least half an order of magnitude compared to the largest previous
survey. Detailed information on the observations, data reduction
and general selection of emitters can be found in Sobral et al. (in
prep.), but see also Sobral et al. (2013b). In this paper we explore
potential Ly↵ candidates in the sample of emitters.

2.1 Source Extraction and Survey Limits

We use SExtractor (Bertin & Arnouts 1996) and detect ⇠ 350, 000
sources across the 10 deg2 narrow-band coverage. The 5� AB-
magnitude limit for the survey is NB

J

= 22.2, corresponding to
an emission line flux limit of 7⇥10�17 erg s�1 cm�2. This limit is
computed by measuring the average background rms of the narrow-
band images in empty 200 diameter apertures, which is the aperture
we use throughout the paper for all measurements. We note that
because we use random aperture measurements, the rms that we
measure already accounts for correlations in the noise. The limiting
magnitude is converted to line-flux using the following formula:

F
line

= ��
NBJ

f
NBJ � f

J

1� (��
NBJ /��

J

)
(1)

Here F
line

is the line-flux (also called Ly↵ flux), ��
NBJ and ��

J

(��
J

= 0.158µm) are the widths of the narrow-band and broad-
band filter respectively, while f

NBJ and f
J

are the respective flux
densities.

Figure 2. The surveyed area in the SSA22 field and overlap with other sur-
veys. In grey we show all detected NB

J

sources, where white stars indicate
the positions of the brightest stars (J < 10.5). NB

J

represents the area
of the survey presented here. For Ly↵ emitters at z = 8.76, the surveyed
area roughly corresponds to ⇠ 40 ⇥ 60 Mpc, with a depth of ⇠ 180 Mpc
comoving. Our Ly↵ candidates are shown as green stars. The overlapping
regions with CFHTLS W4 (ugriz), UKIDSS DXS (JK) (Lawrence et al.
2007) and VVDS (spectro-z) (Le Fèvre et al. 2005) are shown. For compar-
ison, we also plot the size of the Hubble Ultra Deep Field, which is ⇠ 3000
times smaller than the area of this survey.

3 NARROW-BAND SELECTION OF CANDIDATES

In order to identify Ly↵ candidates, we look for line-emitters which
show the characteristics of a z > 7 source. These should have a
Lyman-break, which should occur between the z and J band, and
a flat or blue J � K colour to exclude very dusty, lower redshift
galaxies with strong breaks (e.g. the 4000 Å break). In practice, we
use the following criteria:

(i) Be selected as a line-emitter in Sobral et al. (in prep.) (as
described in §3.1 below).

(ii) No detection in filters on the blue side of the J-band (see
§3.2.1).

(iii) No visible detection in the stack of all optical bands (see
§3.2.2).

(iv) Reliable excess between NB
J

and J (see §3.2.3).
(v) J�K 6 0 and a photometric redshift consistent with z > 4

(see §3.2.4).

3.1 Emission line candidates

Emitters were selected using two criteria which quantify the ex-
cess the narrow-band has over the broadband. Firstly, the observed
EW should be larger than 30 Å, corresponding to a rest-frame Ly↵
EW of 3 Å. Secondly, the ⌃ parameter (Eq. 2), which quantifies
the significance of the narrow-band excess compared to the noise
(Bunker et al. 1995), should be larger than 3 (similar to Sobral et al.
(2013a)).

⌃ =
1� 10�0.4(J�NBJ )

10�0.4(ZP�NBJ )

p
⇡r2

ap

(�2

NBJ
+ �2

J

)
(2)

Where ZP is the zeropoint of the photometry (25), r
ap

is the radius
of the apertures in pixels and � the RMS per pixel in each band. In

c� 2013 RAS, MNRAS 000, 1–13

4 J.J.A. Matthee et al.

Figure 3. Colour-magnitude diagram for the NB
J

sources. The J�NB
J

colour is corrected using the z-band to compensate for the fact that the
NB

J

filter is not in the center of the broadband, see Sobral et al. (in prep.)
for more details. The dotted horizontal line is for an observed EW of 30
Å, which corresponds to J�NB

J

> 0.3. The ⌃ = 3 curve is shown for
the average depth of the survey. Emitters are shown in red, as they have
Equivalent Widths > 30 Å and have a ⌃ > 3. The final Ly↵ candidates
are shown with a green star and show a typical rest-frame EW (EW

0

) of
⇠ 100 Å. The full sample of emitters is presented in Sobral et al. (in prep.).

case of non-detections in J , the detection limit was assigned. More
detailed information of the procedure and the full sample of emit-
ters will be presented in Sobral et al. (in prep). Using these criteria,
out of the ⇠ 350, 000 NB

J

sources individually detected, 6315
emitters were selected (see Fig. 3). This is after removing 2285
spurious sources and artefacts from bright stars by visual checks.

3.2 Selecting Ly↵ candidates at z = 8.8

3.2.1 Excluding lower redshift interlopers: optical broadband
photometry

A z ⇠ 9 source should be undetected in filters on the blue side
of the J-band, because the light at these wavelengths is absorbed
by the IGM. This means that candidates must be undetected in the
u, g, r, i and z bands. Data in these broadbands is available from
the CFHT Legacy Survey (CFHTLS)1. Deep data in the J and K
bands is available from UKIDSS-DXS-DR102 (J

AB

⇠ 23.4, limit
measured by the artificial star test). Two catalogues with sources
in the optical bands of the CFHTLS were used. The first catalogue
was the public CFHTLS-T0007 catalogue, in which sources were
detected in the gri-stack. The second catalogue (Kim et al. in prep)
contains 859,774 sources with photometric redshifts. It used J-
band images from UKIDSS-DXS-DR10 for the detection on im-
ages. This catalogue is called the SSA22 catalogue and has depths
of (u,g,r,i,z,J ,K) = (25.2, 25.5, 25.0, 24.8, 23.9, 23.4, 22.9). For
the optical these depths are taken from the public CFHTLS cata-
logue and correspond to 80% completeness, for JK these are 90%
completeness (Kim et al. in prep).

The line-emitters were matched to the CFHTLS and SSA22
catalogues with a maximum 100 separation on the sky using TOPCAT
(Taylor 2005). A list with candidates that followed the first criterion
was made by clearing sources with magnitudes brighter than the

1 http://www.cfht.hawaii.edu/Science/CFHTLS/
2 http://www.ukidss.org/

Step Number

Line-emitters 6315
No optical detection 302
No detection in optical stack 40
Believable excess, NB

J

, J detections 25
Max number of Ly↵ candidates 13
With robust constraints 2

Fraction of H�/[OIII] 0.36
Fraction of [OII] 0.23
Fraction of z ⇠ 3� 6 emission lines 0.13
Fraction of z < 0.8 emission lines 0.18
Fraction of Ly↵ candidates 0.10

Table 1. Number of candidate Ly↵ emitters at z = 8.8 after each step and
fractions of lower redshift interlopers out of the 302 sources without optical
detection.

limits in one or more of the optical bands. After this first criterion,
302 candidates remained.

3.2.2 Visual check: optical stack

For line-emitters that passed the first criterion, thumbnails were
made of the stack of the optical bands ugriz. This is necessary
to reject sources which have flux in the optical which is too faint to
be detected in a single band, but that will be revealed in the stack
as it has an estimated depth of ⇠ 27 AB. Using the stack, sources
with a detection in the optical (on the blue side of J) were identi-
fied and ruled out as z = 8.8 LAE. After this step, 40 candidates
remained. Most of the candidates which were lost in this step are
lower redshift contaminants such as [OII] at z = 2.2, see Sobral et
al. (in prep.). This is confirmed by their very red J �K colours.

3.2.3 Visual check narrow-band, broadband and excess

Thumbnails are also made from the UKIRT J and K images and
of the narrow-band image itself (see Fig A.1 and A.2 in the ap-
pendix and e.g. Fig. 5). Sources are then visually checked again
in all bands. By comparing the broadband and narrow-band image,
we were able to confirm if the source demonstrates a true narrow-
band excess, instead of an excess caused by a boosted background.
We also check whether the narrow-band flux density is consistent
with that of the broadband J , because the broadband includes the
narrow-band wavelength coverage. After all these visual checks 25
candidates remained, as 15 were marked as spurious or unreliable.

3.2.4 Photometric redshifts

Self-consistent photometry for the candidates was made by run-
ning SExtractor in dual-image mode on the thumbnails, using the
narrow-band image as the detection image. In the case of non-
detections by SExtractor in any of the other bands, the limit-
ing magnitudes of the catalogue (see §3.2.1) were assigned. Us-
ing this consistent set of fluxes of the candidates in different
wavelengths, we were able to derive a photometric redshift us-
ing EAZY3(Brammer, van Dokkum & Coppi 2008). Unfortunately
EAZY doesn’t have a template for strong Ly↵ emission, therefore

3 http://www.astro.yale.edu/eazy/
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Figure 4. Top panel: Stacked redshift-�2 distribution for the three samples. Bottom panel: Stacked Spectral Energy Distribution of: (left, green) our robust Ly↵
candidates (z

phot

= 8.7), (centre, blue) the other Ly↵ candidates (z
phot

= 7.2) and (right, red) the dominant lower redshift interlopers (z
phot

= 2.1). For
the interlopers the fits clearly prefer a dusty, red galaxy solution. In the top panel, dashed grey shows the redshift-�2 distribution of the most robust candidates
for running EAZY without adding the Ly↵ flux. The degeneracy between the [OII] and high redshift solution can clearly be seen in all three subsets. For the
Ly↵ candidates the high redshift solution is preferred.

we create supplementary templates where we added this emission
line to existing templates.

Some candidates at this point show a red J � K colour and
potentially very faint detections (below the 1-� limit) in the r, i or
z band and are also not visible in the optical stack, indicating that
these sources are likely very dusty lower redshift line-emitters. The
emission line detected is in this case likely [OII] at z = 2.2 and
the break between z and J the 4000 Å break, which can mimic
the Lyman break. From the 25 candidates for which we obtained
an SED, 12 were marked as lower redshift contaminants. This left
13 candidates, which couldn’t be further rejected without follow-up
observations. We divide these candidates in different groups below.

3.2.5 Different types of candidates

The candidates can be ordered in three different groups: i) candi-
dates with detections in NB

J

, J and K, ii) candidates with NB
J

and J detections and iii) candidates with only strong NB
J

detec-
tions. The measured magnitudes and computed quantities for indi-

vidual candidates can be seen in Table A.1 in the appendix, which
also shows how the candidates are grouped. The first group con-
tains the two most robust sources with detections in J (> 5�),
best constrained iz � J break, robust blue J �K colours and best
constrained SED, see Fig. 5 and Fig. 4. The second group consists
of three candidates with both NB

J

and J , while the third group
consists of 10 possible candidates with weak SED constraints and
fainter JK detections (see Fig. 4). Thumbnails for all candidates
are shown in Fig. A.1 and Fig. A.2.

3.2.6 Statistical likelihood

In order to further investigate our selection, we stacked the thumb-
nails in all bands for the two robust candidates with best con-
strained broadband photometry, the 11 other candidates and the
dominant lower redshift interlopers with individual photometric
redshift of ⇠ 2. We measured the stacks with the narrow-band im-
age as detection image and ran EAZY to compute photometric red-
shifts. As can be seen in Fig. 4, red and dusty galaxy templates are
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Table 2. Narrow-band Ly↵ surveys at z > 7.

Reference Area Depth z No. LAE Field
(arcmin2) (1042 erg s�1)

Ota et al. 2010 4680 9.2 7 3 SXDS
Tilvi et al. 2010 784 4 7.7 4 LALA Cetus
Hibon et al. 2010 400 6 7.7 7 CFHT-LS D1
Hibon et al. 2011 465 ⇠ 1 6.96 6 COSMOS
Clément et al. 2012 169 ⇠ 2 7.7 0 Bullet, GOODS-S, CFHT-LS D4
Krug et al. 2012 760 5.5 7.7 4 COSMOS

Willis & Courbin 2005 6.25 20 ⇠ 9 0 HDF South
Willis et al. 2008 12 10 ⇠ 9 0 Abell 1689, 1835, 114
Cuby et al. 2007 31 13 8.8 0 GOODS
Sobral et al. 2009b 5040 63 8.96 0 COSMOS, UDS
This paper 32400 63 8.76 0 SSA22

Figure 7. Constraint on the Ly↵ at z ⇠ 9 luminosity function of this paper compared to LFs at lower redshifts, a scaled LF extrapolation and optimistic fitted
upper limit LF. The thick blue line shows the new constraint, drawn from the non-detections in our survey (after spectroscopic follow-up). The new constraint
improves previous ones by a factor of five. The thick green line is an optimistic fitted Schechter function based on our observations and earlier observations at
z = 7.7, while the magenta line shows a fitted power law. The red line is an extrapolation from luminosity functions at lower redshift. The green area marks
the region where we expect to observe LAEs, where there is a higher chance in the darker region. Also shown are the points from lower redshift narrow-band
searches. We plot the point of the depth of the finished VISTA NB118 GTO survey (Milvang-Jensen et al. 2013) and make a realistic estimate of what the
depth will be of the ongoing UltraVista NB118 survey (McCracken et al. 2012).

c� 2013 RAS, MNRAS 000, 1–13

A 10 deg2 Lyman-↵ survey at z = 8.8 7

Figure 6. SINFONI IFU spectra from the five observed candidates (red).
For illustrative reasons a constant is added to all fluxes except C1231. The
bottom row (blue) shows how our emission lines should have looked based
on the narrow-band estimated flux. The dashed vertical lines represent the
width of the narrow-band filter.

candidates, we extract a one-dimensional spectrum from the dat-
acube, collapsed over a region with diameter of 1.200 centered at the
position of the narrow-band source, and show these in Fig. 6. These
spectra have a noise of 0.7� 1.1 ⇥ 10�18 erg s�1 cm�2 Å�1 over
the wavelength range 1.182 � 1.192µm (the approximate range
of the narrow-band filter) and so a 3� detection limit for a line
of width FWHM = 250 km s�1 (typical for z ⇠ 7 LAEs of Ouchi
et al. 2010) of 1⇥ 10�17 erg s�1 cm�2. As Fig. 6 shows, none of
the Ly↵ candidates are detected in emission by SINFONI, despite
the flux limit of our narrow-band survey which should have yield
> 7� detections in all cases had emission lines been present. We
also search for emission lines in the central 5⇥500 coverage, but find
nothing above 2�. We must conclude that, although the two most
robust candidates can still be real Lyman-break galaxies based on
their broadband magnitudes, they are excluded as luminous Ly↵
emitters at z = 8.8. The others observed candidates are excluded
as well. As these are the ones that resemble other candidates in the
literature, their nature needs to be investigated (see §4.2). This has
significant implications for other surveys.

One thing to note is that lower redshift line-emitters drawn
from the same sub-sample (with similar excess significance and
estimated line fluxes) were followed up with KMOS (Sobral et al.
2013b) and that strong emission lines were found in all of them.

4.2 Contaminations to high-z narrow-band searches:
spurious sources, variability & equatorial objects

This section gives an explanation for none of the candidates be-
ing confirmed. To do this we again look at the different groups of
candidates.

i) We observed both candidates in the first group with the
strongest NB

J

, J and K photometry. The most likely explana-
tion, given the relatively low ⌃, but robust J and K (and given

that the observations span different times), is that the excess is be-
ing boosted by noise. To estimate this, we look at the number of
sources which are not selected as line-emitters, but fulfil the cri-
teria of having no ugriz and a blue J � K colour and have reli-
able J and K detections, just as the two robust candidates in this
group. From this number (306) we can compute that when looking
at 3⌃ excess sources, we can expect 0.41 of these to have an excess
by chance. The probability of getting both a 3.72 ⌃ and a 3.03 ⌃
source amongst the 306 is 1.1%, this is low, but still possible.

ii) We observed the most robust candidate with only NB
J

and
J detections, and argue that, next to the possibility of the sources
also being a statistical fluke, these sources are prone to variabil-
ity. The time difference between the observations in J and NB

J

is
of order 1 � 2 years. Because candidates are selected as having a
narrow-band excess, variable sources which appear to be more lu-
minous at the time when the narrow-band observations are taken
than at the time when the broad-band observations are taken, lead
to a false narrow-band excess. A rough estimate of variability is
made by counting the number of sources with a very significant
negative excess (⌃ < -7 and EW<-40 Å,) and excluding stars. We
investigate whether any of these negative excess sources (300 in
total) is caused by variability. By careful visual inspection of these
sources (to determine whether the negative excess is real) we con-
clude that a fraction of 81 % of these negative line emitters is a vari-
able source. The other negative excess sources are binary stars or
extended objects selected as two different sources in one of the fil-
ters by SExtractor. So in total a fraction of 7⇥10�4 (0.81⇥ 300

350000

)
of the line emitters is a variable source. This means that we can
expect 4.4 line-emitters to be variable, possibly explaining the non-
detection of our 3 Ly↵ candidates of this type.

iii) The candidates which only rely on a narrow-band detection
have the chance of being a random noise spike, especially given
that we observed a very wide area. We can get an estimate of the
number of spurious sources in our survey by computing the total
number of independent PSFs across the whole field. With a me-
dian seeing of 0.600 (Sobral et al. in prep) and an effective area of
9 deg2, we have 3.2 ⇥ 108 PSFs. We computed local noise esti-
mates around the candidates by taking the standard deviation from
the counts in 1,000,000 200 diameter apertures randomly distributed
in ⇠ 1.7 arcmin2 around the candidates, masking stars and other
bright objects (NB

J

< 20), see Table A1 in the Appendix. For
the candidates in the third group, their median �-detection is 5.44,
based on the local noise. Using the number of PSFs, a total number
of 8.5 spurious noise spikes is expected at this significance, which
can explain the spectroscopic non-detection of the 8 candidates in
this group. We have done a visual analysis to remove clearly spu-
rious sources, such as those near stars or in noisy regions, but this
analysis might have missed these random noise peaks. Also, as the
SSA22 field is equatorial, there is a slight chance that we observe
small solar system objects in our narrow-band and this could also
contaminate searches in other equatorial fields.

5 THE LYA LUMINOSITY FUNCTION

5.1 Volume corrections

By assuming a top-hat filter profile, the comoving volume is 4.7⇥
106 Mpc3, as our survey covered 9.0 deg2, which is the area where
the 10 deg2 NB

J

survey overlaps with both the UKIDSS J and
CFHTLS ugriz surveys. The comoving volume must be corrected
by including the dependency of the comoving volume on the lumi-
nosity, caused by the filter not being a perfect top-hat (e.g Sobral
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Figure 2: Left: Lyman-alpha luminosity  function at z~7.7 and our current constraint at z~8.8 (Matthee et al. 
2014). Right: Thumbnails of 2 candidates showing (left to right): ugriz stack, line emission (narrow-band, 
continuum subtracted: NBJ-J), narrow  band J (NBJ), J and K. Our observations will allow us to confirm or 
refute the candidates, but also to characterize the contaminants.

And now the little 
follow-up of other 
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showing the same 
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2014)

message: 
Spectroscopic 
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Sobral Part B2 XGAL-PARUS

improvement on current samples. Sources like the z=7.73 Oesch et al. 2015 Lyα emitter (LLyα~1043.1 erg s−1) 
will be easily identified by my survey. Figures 2 and 6 present the likely number density of such galaxies and 
how that compares with the full sample (forecasts with different scenarios) we will obtain. 

  

Fig. 6- A schematic view of the Lyα surveys that, all-together (and including all the follow-up and detailed 
modelling), make up my unique ERC project: XGAL-PARUS. The figure shows my surveys at different 
redshifts (size of squares scales linearly with volume; scale also shown on the plot) with different 
instruments, depths and redshifts, and a comparison with past surveys (including those led by me). My 
survey strategy maximises the use of archival data already available, in combination with our pilot surveys, 
but also fully explores our unique access to e.g. INT and WHT telescopes in La Palma, the access to HSC 
data, and, most of all, our own VISTA narrow-band survey, providing the first wide, but deep enough 
window well into the epoch of re-ionisation at z=7.7, which will result in many potential breakthroughs. 
Note that the volumes that will be covered are all 10-100 times larger than even the largest ever obtained, 
which will allow, for the first time, to derive statistical samples of even the most luminous sources, both 
prior and after re-ionisation. 

             

Table 1- Predictions for the number of Lyα emitters in my ambitious z=7.7 VISTA survey, the higher redshift 
component of my ERC project (Y-NBS, also shown in Fig. 6) down to 3σ (5σ in brackets). To estimate the 
number of sources, 3 methods were used: 1) extrapolating the evolution of the Schechter function seen on 
Fig. 3 to z=7.7, 2) evolving the slope of a power-law from z=5.7 to z=7.3 and extrapolating to z=7.7 and 3) 
evolving the normalisation of a power-law, in the same way as the previous scenarios. Numbers of sources 
are given in the final column. See Fig. 3 for the different LF types/scenarios. 
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Table 1: Predictions for the number of Ly↵ emitters in my unique z = 7.7 survey (Y-NBS) down to 3� (5� in brackets).

To estimate the number of sources, 3 methods were used: i) extrapolating the evolution of the Schechter function seen

on Fig. 3 to z = 7.7, ii) evolving the slope of a power-law from z = 5.7 to z = 7.3 and extrapolating to z = 7.7 and iii)

evolving the normalisation of a power-law, in the same way as the previous scenarios. Numbers of sources are given in

the final column. See Fig. 3 for the di↵erent LF types/scenarios.

Y-NBS component LF type (z = 7.7) Area Volume Luminosity limit (Ly↵) # Sources
(deg2) ⇥106 Mpc3 log

10

erg s�1, 3 � (5 �) 3 � (5 �)
Deep Schechter 3 2.34 42.3 (42.75) 96 (33)
Deep Power-law bright 3 2.34 42.3 (42.75) 65 (34)
Deep Power-law 3 2.34 42.3 (42.75) 77 (17)
Wide Schechter 12 9.37 42.85 (43.3) 73 (8)
Wide Power-law bright 12 9.37 42.85 (43.3) 94 (49)
Wide Power-law 12 9.37 42.85 (43.3) 38 (8)

Solving current problems and limitations thus calls for: i) surveys that can target Ly↵ directly to understand
how its EW, luminosity function and other properties are varying, and ii) surveys that can target su�ciently
large volumes to properly address how rare such early ionised bubbles are. Furthermore, having information on
Ly↵ only is simply not enough: any decline could be due to ISM e↵ects (e.g. a changing LyC escape fraction
or clumpiness), and thus measuring the clustering is the other key aspect to understand re-ionisation.

Narrow-band surveys with wide-field imagers: an extremely e�cient solution

Narrow-band surveys have been extremely successful in detecting and confirming Ly↵ selected galaxies at
z = 3 � 7. They reveal little evolution in the Ly↵ luminosity function (LF) from z ⇠ 3 to z ⇠ 6 (e.g. Ouchi et
al. 2008), while the UV LF decreases significantly over the same redshifts (e.g. Bouwens et al. 2015), indicative
of an intrinsic brightening of Ly↵ (Hayes et al. 2011). Between z ⇠ 6 and z ⇠ 7 there is growing evidence
for a strong decline of the Ly↵ LF for faint emitters, which could be a signal of re-ionization (e.g. Konno et
al. 2014; see Figure 2), in line with the results from follow-up of UV selected sources (e.g. Tilvi et al. 2014).
However, much remains to be understood, particularly at the bright end, as most surveys cover < 1 deg2 areas
(< 105 Mpc3; see Figure 2). This is a key aspect that needs to be addressed to understand the nature of Ly↵
emitters at the highest redshifts, but also to use them to trace and understand the patchiness of re-ionisation.

Recently, Matthee et al. (2015; see Figure 2) undertook a 5 deg2 narrow-band survey with Subaru’s Suprime-
Cam by using the NB921 filter, which selects galaxies with strong Ly↵ emission at z = 6.6. Using this approach,
Matthee et al. are sensitive to the brightest emission line sources, ideal for spectroscopic follow-up. The benefits
of this approach have been successfully validated, with Sobral et al. (2015) already confirming the two most
luminous Ly↵ in the COSMOS field using the VLT and Keck (see Figure 3).

How to move forward?

In order to probe the evolution of the Ly↵ luminosity function over both faint and bright magnitudes, and obtain
the first statistical samples to study in detail the nature of these sources well into the epoch of re-ionisation
(z > 7), one needs carefully planned surveys. Our team is already leading a set of pilot very wide Ly↵ surveys
at z = 3 � 7 (e.g. Matthee et al. 2014, 2015; Sobral et al. 2015). By obtaining the largest survey at z ⇠ 6.6,
we found that the bright end of the LF is not declining like the faint end from z ⇠ 6 to z ⇠ 7: bright Ly↵
sources are much more common (30⇥ more common) than expected (Matthee et al. 2015; Figure 2). The
results may mean that we are witnessing preferential re-ionisation happening around the most luminous sources
first, consistent with patchy re-ionisation. These sources may already be free (in their immediate surroundings)
of a significant amount of neutral hydrogen, thus making their Ly↵ emission observable (e.g. Figure 2). Even
more surprising is the nature of these very luminous Ly↵ emitters. Our limited follow-up of the most
luminous LAEs at z = 6.6 with Keck and the VLT (e.g. Figure 3) has already revealed that these sources
are likely very metal poor, with very high EWs and with narrow lines (Figure 4). Particularly, CR7 (Sobral
et al. 2015) reveals unique features, including a very high EW (⇡ 80 Å) Heii 1640 Å narrow emission line and
no metal lines (Figure 4), indicating e↵ective temperatures of ⇠ 100, 000K or higher, extremely low metallicity
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Fig. 6- A schematic view of the Lyα surveys that, all-together (and including all the follow-up and detailed 
modelling), make up my unique ERC project: XGAL-PARUS. The figure shows my surveys at different 
redshifts (size of squares scales linearly with volume; scale also shown on the plot) with different 
instruments, depths and redshifts, and a comparison with past surveys (including those led by me). My 
survey strategy maximises the use of archival data already available, in combination with our pilot surveys, 
but also fully explores our unique access to e.g. INT and WHT telescopes in La Palma, the access to HSC 
data, and, most of all, our own VISTA narrow-band survey, providing the first wide, but deep enough 
window well into the epoch of re-ionisation at z=7.7, which will result in many potential breakthroughs. 
Note that the volumes that will be covered are all 10-100 times larger than even the largest ever obtained, 
which will allow, for the first time, to derive statistical samples of even the most luminous sources, both 
prior and after re-ionisation. 
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sources are much more common (30⇥ more common) than expected (Matthee et al. 2015; Figure 2). The
results may mean that we are witnessing preferential re-ionisation happening around the most luminous sources
first, consistent with patchy re-ionisation. These sources may already be free (in their immediate surroundings)
of a significant amount of neutral hydrogen, thus making their Ly↵ emission observable (e.g. Figure 2). Even
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Results: 
99 LAEs in UDS 
15 LAEs in COSMOS 
2 LAEs in SA22-Deep 
18 LAEs in SA22-Wide 

“Himiko”

Ouchi et al. 2009, 2013 

All CANDELS combined



Results: 
99 LAEs in UDS 
15 LAEs in COSMOS 
2 LAEs in SA22-Deep 
18 LAEs in SA22-Wide 

“Himiko”

Even brighter!

All CANDELS combined

Sobral et al. 2015



Results: 
99 LAEs in UDS 
15 LAEs in COSMOS 
2 LAEs in SA22-Deep 
18 LAEs in SA22-Wide 

“Himiko”

Even brighter!
Even brighter! ~20 

Confirms number density

All CANDELS combined
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Figure 4. Number counts in our three fields, compared to the bins from
Ouchi et al. (2010). The bins are only corrected for completeness. The
SA22-Wide bins are corrected for contamination from variable sources and
supernovae, empirically calibrated in COSMOS. Note the good agreement
between measurements from all fields, although some variance is found
which is likely due to cosmic variance.

sources and we can furthermore check our line-flux completeness
procedure (see above) and see how the two compare.
We produce small cutouts (5” ⇥ 5”) around CR7, Himiko and
MASOSA and add them to 100 random positions per pointing in
SA22, excluding masked regions. After this, we run SEXTRACTOR
with identical settings as used on the original images and compute
the fraction of our input sources which is detected. We repeat this
a 1000 times per image and use the average recovered fraction
as detection completeness. On average, we find a detection com-
pleteness of 44 %, with a standard deviation of 20 % in different
pointings. The detection completeness is highest for MASOSA, 64
%, around the average for CR7, 43 %, and lowest for Himiko, 27
%. This is because the first source is not extended, while the other
two are extended and therefore have lower surface brightnesses.
Note that we do not exclude pixel positions with actual sources
or regions with a slightly lower signal to noise, which both
decreases the completeness. The average detection completeness
is remarkably similar to our estimated line-flux completeness
(which is 46 % for the average line-flux of the three sources). The
large variation in detection completeness between the different
sources, which have almost the same 2” magnitude, highlights
the need for a completeness based on line-flux, instead of detection.

4.2 Number densities

We show our number densities in Fig. 4 and compare with the num-
ber densities from Ouchi et al. (2010) (purple circles), which is
based majorly on UDS. Our UDS points agree with those of Ouchi
et al. (2010), while the SA22-Deep and COSMOS bins (which are
spectroscopically confirmed) converge at brighter luminosities and
are also consistent with Ouchi et al. (2010). Our SA22-Wide num-
ber densities are more uncertain, since there is no spectroscopic
confirmation yet and the photometric constraints are weaker than
in the other fields. However, even if there are still some contami-
nants, these further highlight a departure from a Schechter function
(already indicated by our spectroscopically confirmed sample) at
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Figure 5. Luminosity function at z = 6.6: comparison of number densities
and fits with and without filter profile correction. We compare our number
densities in UDS with those of Ouchi et al. (2010), which are largely based
on the UDS field as well. We show that our red hexagons (before correcting
for the filter profile) agree well with the green squares from Ouchi et al.
(2010), whose fit to the data is shown as a solid green line. The dashed green
line shows our fit to their total data (fixing ↵ = �1.5 in Eq. 5, and including
the brightest bin), which differs significantly from their published fit. The fit
to our data (↵ fixed to �1.5; dashed red line) again agrees well, indicating
that our results are similar. The effect of the filter profile correction is shown
by comparing the blue hexagons with the red hexagons. The effect is that the
number density of bright line-emitters is higher, while the number density
of faint line-emitter is slightly lower. The blue line shows the fit to the bins
after correcting for the filter profile, which again highlights the effect of
the correction. The grey line shows a model prediction by Gronke et al.
(2015) which is based on the LBG LF and a Ly↵ EW distribution, frozen
at z = 6.0. It is remarkable that there it agrees well with the blue curve,
despite not being a fit.

Luminosity bin Number density correction factor
42.5 0.99
42.7 1.07
42.9 1.18
43.1 1.32
43.3 1.51
43.5 1.77
43.7 2.08
43.9 2.79

Table 5. Correction factors for the number densities at z = 6.6. These
corrections are made for the bias arising from the observations through the
filter profile not being a top-hat. Because of the filter profile, luminous LAEs
can be observed as faint LAEs, meaning that their real number densities are
higher than observed. This is particularly important for when comparing
narrow-band LAE searches with IFU based LAE searches.

high luminosities and indicate that the observed Ly↵ luminosity
function at z = 6.6 can be fitted by a powerlaw (e.g. the pentagons
in Fig. 4). The powerlaw fit is:

log10(
�

Mpc

�3 ) = 68.38 � 1.68 log10(
LLy↵

erg s

�1
)

Since we have only two sources in SA22-Deep and since this
agrees very well UDS and COSMOS, we will include them when
we refer to the UDS+COSMOS sample in the remainder of the
text. We will also refer to the SA22-Wide results as SA22.
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SA22-Wide bins are corrected for contamination from variable sources and
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which is likely due to cosmic variance.

sources and we can furthermore check our line-flux completeness
procedure (see above) and see how the two compare.
We produce small cutouts (5” ⇥ 5”) around CR7, Himiko and
MASOSA and add them to 100 random positions per pointing in
SA22, excluding masked regions. After this, we run SEXTRACTOR
with identical settings as used on the original images and compute
the fraction of our input sources which is detected. We repeat this
a 1000 times per image and use the average recovered fraction
as detection completeness. On average, we find a detection com-
pleteness of 44 %, with a standard deviation of 20 % in different
pointings. The detection completeness is highest for MASOSA, 64
%, around the average for CR7, 43 %, and lowest for Himiko, 27
%. This is because the first source is not extended, while the other
two are extended and therefore have lower surface brightnesses.
Note that we do not exclude pixel positions with actual sources
or regions with a slightly lower signal to noise, which both
decreases the completeness. The average detection completeness
is remarkably similar to our estimated line-flux completeness
(which is 46 % for the average line-flux of the three sources). The
large variation in detection completeness between the different
sources, which have almost the same 2” magnitude, highlights
the need for a completeness based on line-flux, instead of detection.
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ber densities from Ouchi et al. (2010) (purple circles), which is
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et al. (2010), while the SA22-Deep and COSMOS bins (which are
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after correcting for the filter profile, which again highlights the effect of
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despite not being a fit.
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corrections are made for the bias arising from the observations through the
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can be observed as faint LAEs, meaning that their real number densities are
higher than observed. This is particularly important for when comparing
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4 The most luminous z = 6.6 Ly↵ emitters: PopIII?

BVI
CR7

MASOSA

z NB921 Y J YJHK 3.6 μm 4.5 μm

FIG. 2.— Thumbnails of both luminous Ly↵ emitters in the optical to MIR from left to right. Each thumbnail is 8 ⇥ 800, corresponding to ⇠ 43 ⇥ 43 kpc at
z ⇠ 6.6. Note that while for MASOSA the Ly↵ emission line is detected by the NB921 filter at full transmission, for CR7 the Ly↵ is only detected at ⇠ 50%
transmission. Therefore, the NB921 only captures ⇠ 50% of the Ly↵ flux: the real flux is ⇠ 2⇥ larger.

TABLE 2
A SUMMARY OF OUR RESULTS FOR CR7 AND HIMIKO. THESE INCLUDE
BOTH THE SPECTROSCOPIC MEASUREMENTS, BUT ALSO PHOTOMETRY.
IN ORDER TO PROVIDE AN EASY COMPARISON, WE ALSO PROVIDE THE
MEASUREMENTS FOR HIMIKO, THE OTHER LUMINOUS SOURCE IN THE

MATTHEE ET AL. (2015) SAMPLE. FOR HIMIKO, THE SUPERSCRIPT
LABELS REFER TO: 1: MEASUREMENT FROM OUCHI ET AL. (2013). 2:

MEASUREMENT BY MATTHEE ET AL. (2015) BASED ON OWN UDS
REDUCTION. 3: MEASUREMENT FROM BOWLER ET AL. (2014) SINCE
THE Y DATA WAS NOT AVAILABLE BEFORE ULTRAVISTA AND THE H

DATA IS SIGNIFICANTLY IMPROVED.

Em. Line CR7 MASOSA Himiko
z
spec

6.6 6.56 6.54
Ly↵ (EW

obs

) 1000 1000 100
Ly↵ (EW

int

) 1000 1000 100
Ly↵ (Lum) 1000 1000 100
HeII (EW) 1000 — —

CIV < 1.5 — —
CI] < 1.5 — —

NeV < 1.5 — —
Band CR7 MASOSA Himiko
BV I > 28 > 28 > 28.71

z 25.35± 0.20 26.28± 0.37 25.86± 0.201

NB921 2” 23.70± 0.04 23.84± 0.04 23.95± 0.022

NB921 auto 23.24± 0.03 23.81± 0.03 23.55± 0.051

Y 24.92± 0.13 > 26.35 25.0± 0.353

J 24.62± 0.10 > 26.15 25.03± 0.251

H 25.08± 0.14 > 25.85 25.5± 0.353

K 25.15± 0.15 > 25.65 24.77± 0.291

3.6µm 23.86± 0.17 > 25.6 23.69± 0.091

4.5µm 24.52± 0.61 > 25.1 24.28± 0.191

In both the VLT (FORS2 or X-SHOOTER) and Keck
(DEIMOS) spectra for the two targets, we detect the very
strong Ly↵ line (Figure 3) in emission, and no continuum ei-
ther directly red-ward or blue-ward of Ly↵. The very clear
asymmetric profiles, leaves no doubts about them being Ly↵
and about the secure redshift (Figure 3). Particularly for CR7,
the extremely high S/N > 200ZZZ (ZZZZZ) at Ly↵, despite
the very modest exposure time for such a high-redshift galaxy,
clearly reveals this source is unique. MASOSA is much more
compact, and its nature is likely similar to other metal-poor
Lyman-↵ emitters (Nagao et al. 2008; Ono et al. 2010, 2012;
Matthee et al. 2015). However, given the very high EW and
no continuum detection, MASOSA is likely extremely metal-
poor.

Based on Ly↵, we obtain redshifts of z = 6.604 for CR7
and z = 6.541 for MASOSA. The redshift determination
yields the same answer for both our data-sets: X-SHOOTER

and DEIMOS, for CR7 and FORS2 and DEIMOS, for MA-
SOSA. It is worth nothing that for CR7, we find that the Ly↵
emission line is detected by the NB921 in a lower transmis-
sion region of the filter profile (⇠ 50% of peak transmission).
Therefore, the Ly↵ luminosity of the source is twice as large
as estimated from the photometric NB921 estimate, making
the source even more luminous.

3.2. Spectral line measurements
By fitting a Gaussian, we measure the EW and the flux of

each line, which we then use to compute the luminosity.
For MASOSA, we find no other line in the optical spectrum,

and also find no continuum at any wavelength probed. For
CR7, we find no continuum either directly blue-ward or red-
ward of Ly↵ in the optical spectrum (both in X-SHOOTER
and DEIMOS). However, we make a continuum detection
(very compact) in the rest-frame 931-1016 Åfor CR7, with
clear absorption features corresponding to the Ly↵ forest.
The reddest wavelength for which we can see continuum di-
rectly from the spectra corresponds to Ly↵ at z = 5.3: for
higher redshifts the flux is consistent with zero for our spec-
tra. This clear continuum detection at wavelengths slightly
redder than the Lyman-limit, but then disappearing for longer
wavelengths, can be explained by a combination of a very
blue continuum and an average increase of the neutral frac-
tion along the line of sight towards higher redshift, similar
to the Gunn-Peterson trough observed in quasar spectra (e.g.
Becker et al. 2001).

For CR7, our X-SHOOTER NIR spectrum allows us to look
for continuum and any other emission line. We find a very
strong (FLUX ZZZZ) and narrow (ZZZZ FWHM) HeII1640
emission line at z = 6.6XX (ZZZ sigma). The flux of this
line (ZZZZZ) is consistent with explaining the J band excess
we see in the photometry.

3.3. NIR Spectra: HeII and no other lines
We explore our X-SHOOTER NIR spectra to look for any

other emission lines in the spectrum of CR7. The photome-
try reveals a clear J band excess, which could potentially be
explained by strong emission lines. We mask all regions for
which the error spectrum is too large, including the strongest
OH lines. We then inspect the spectrum for any strong emis-
sion lines. We find a strong emission line at ZZZZZZZ (see
Figure 4). We find no other emission lines in the spectum
(Figure 4). The emission line found, at z = 6.6, corresponds
to 1640A, and thus we associate with HeII. Given the strong
line flux, and the level of continuum estimated from e.g. Y
and H bands, the line flux we measure is sufficient to explain
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FIG. 2.— Thumbnails of both luminous Ly↵ emitters in the optical to MIR from left to right. Each thumbnail is 8 ⇥ 800, corresponding to ⇠ 43 ⇥ 43 kpc at
z ⇠ 6.6. Note that while for MASOSA the Ly↵ emission line is detected by the NB921 filter at full transmission, for CR7 the Ly↵ is only detected at ⇠ 50%
transmission. Therefore, the NB921 only captures ⇠ 50% of the Ly↵ flux: the real flux is ⇠ 2⇥ larger.
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In both the VLT (FORS2 or X-SHOOTER) and Keck
(DEIMOS) spectra for the two targets, we detect the very
strong Ly↵ line (Figure 3) in emission, and no continuum ei-
ther directly red-ward or blue-ward of Ly↵. The very clear
asymmetric profiles, leaves no doubts about them being Ly↵
and about the secure redshift (Figure 3). Particularly for CR7,
the extremely high S/N > 200ZZZ (ZZZZZ) at Ly↵, despite
the very modest exposure time for such a high-redshift galaxy,
clearly reveals this source is unique. MASOSA is much more
compact, and its nature is likely similar to other metal-poor
Lyman-↵ emitters (Nagao et al. 2008; Ono et al. 2010, 2012;
Matthee et al. 2015). However, given the very high EW and
no continuum detection, MASOSA is likely extremely metal-
poor.

Based on Ly↵, we obtain redshifts of z = 6.604 for CR7
and z = 6.541 for MASOSA. The redshift determination
yields the same answer for both our data-sets: X-SHOOTER

and DEIMOS, for CR7 and FORS2 and DEIMOS, for MA-
SOSA. It is worth nothing that for CR7, we find that the Ly↵
emission line is detected by the NB921 in a lower transmis-
sion region of the filter profile (⇠ 50% of peak transmission).
Therefore, the Ly↵ luminosity of the source is twice as large
as estimated from the photometric NB921 estimate, making
the source even more luminous.

3.2. Spectral line measurements
By fitting a Gaussian, we measure the EW and the flux of

each line, which we then use to compute the luminosity.
For MASOSA, we find no other line in the optical spectrum,

and also find no continuum at any wavelength probed. For
CR7, we find no continuum either directly blue-ward or red-
ward of Ly↵ in the optical spectrum (both in X-SHOOTER
and DEIMOS). However, we make a continuum detection
(very compact) in the rest-frame 931-1016 Åfor CR7, with
clear absorption features corresponding to the Ly↵ forest.
The reddest wavelength for which we can see continuum di-
rectly from the spectra corresponds to Ly↵ at z = 5.3: for
higher redshifts the flux is consistent with zero for our spec-
tra. This clear continuum detection at wavelengths slightly
redder than the Lyman-limit, but then disappearing for longer
wavelengths, can be explained by a combination of a very
blue continuum and an average increase of the neutral frac-
tion along the line of sight towards higher redshift, similar
to the Gunn-Peterson trough observed in quasar spectra (e.g.
Becker et al. 2001).

For CR7, our X-SHOOTER NIR spectrum allows us to look
for continuum and any other emission line. We find a very
strong (FLUX ZZZZ) and narrow (ZZZZ FWHM) HeII1640
emission line at z = 6.6XX (ZZZ sigma). The flux of this
line (ZZZZZ) is consistent with explaining the J band excess
we see in the photometry.

3.3. NIR Spectra: HeII and no other lines
We explore our X-SHOOTER NIR spectra to look for any

other emission lines in the spectrum of CR7. The photome-
try reveals a clear J band excess, which could potentially be
explained by strong emission lines. We mask all regions for
which the error spectrum is too large, including the strongest
OH lines. We then inspect the spectrum for any strong emis-
sion lines. We find a strong emission line at ZZZZZZZ (see
Figure 4). We find no other emission lines in the spectum
(Figure 4). The emission line found, at z = 6.6, corresponds
to 1640A, and thus we associate with HeII. Given the strong
line flux, and the level of continuum estimated from e.g. Y
and H bands, the line flux we measure is sufficient to explain
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In both the VLT (FORS2 or X-SHOOTER) and Keck
(DEIMOS) spectra for the two targets, we detect the very
strong Ly↵ line (Figure 3) in emission, and no continuum ei-
ther directly red-ward or blue-ward of Ly↵. The very clear
asymmetric profiles, leaves no doubts about them being Ly↵
and about the secure redshift (Figure 3). Particularly for CR7,
the extremely high S/N > 200ZZZ (ZZZZZ) at Ly↵, despite
the very modest exposure time for such a high-redshift galaxy,
clearly reveals this source is unique. MASOSA is much more
compact, and its nature is likely similar to other metal-poor
Lyman-↵ emitters (Nagao et al. 2008; Ono et al. 2010, 2012;
Matthee et al. 2015). However, given the very high EW and
no continuum detection, MASOSA is likely extremely metal-
poor.

Based on Ly↵, we obtain redshifts of z = 6.604 for CR7
and z = 6.541 for MASOSA. The redshift determination
yields the same answer for both our data-sets: X-SHOOTER

and DEIMOS, for CR7 and FORS2 and DEIMOS, for MA-
SOSA. It is worth nothing that for CR7, we find that the Ly↵
emission line is detected by the NB921 in a lower transmis-
sion region of the filter profile (⇠ 50% of peak transmission).
Therefore, the Ly↵ luminosity of the source is twice as large
as estimated from the photometric NB921 estimate, making
the source even more luminous.

3.2. Spectral line measurements
By fitting a Gaussian, we measure the EW and the flux of

each line, which we then use to compute the luminosity.
For MASOSA, we find no other line in the optical spectrum,

and also find no continuum at any wavelength probed. For
CR7, we find no continuum either directly blue-ward or red-
ward of Ly↵ in the optical spectrum (both in X-SHOOTER
and DEIMOS). However, we make a continuum detection
(very compact) in the rest-frame 931-1016 Åfor CR7, with
clear absorption features corresponding to the Ly↵ forest.
The reddest wavelength for which we can see continuum di-
rectly from the spectra corresponds to Ly↵ at z = 5.3: for
higher redshifts the flux is consistent with zero for our spec-
tra. This clear continuum detection at wavelengths slightly
redder than the Lyman-limit, but then disappearing for longer
wavelengths, can be explained by a combination of a very
blue continuum and an average increase of the neutral frac-
tion along the line of sight towards higher redshift, similar
to the Gunn-Peterson trough observed in quasar spectra (e.g.
Becker et al. 2001).

For CR7, our X-SHOOTER NIR spectrum allows us to look
for continuum and any other emission line. We find a very
strong (FLUX ZZZZ) and narrow (ZZZZ FWHM) HeII1640
emission line at z = 6.6XX (ZZZ sigma). The flux of this
line (ZZZZZ) is consistent with explaining the J band excess
we see in the photometry.

3.3. NIR Spectra: HeII and no other lines
We explore our X-SHOOTER NIR spectra to look for any

other emission lines in the spectrum of CR7. The photome-
try reveals a clear J band excess, which could potentially be
explained by strong emission lines. We mask all regions for
which the error spectrum is too large, including the strongest
OH lines. We then inspect the spectrum for any strong emis-
sion lines. We find a strong emission line at ZZZZZZZ (see
Figure 4). We find no other emission lines in the spectum
(Figure 4). The emission line found, at z = 6.6, corresponds
to 1640A, and thus we associate with HeII. Given the strong
line flux, and the level of continuum estimated from e.g. Y
and H bands, the line flux we measure is sufficient to explain
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Figure 7. The Ly↵ luminosity function for our combined UDS and COSMOS coverage and down to a Ly↵ 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 Ly↵ luminosity function presented by Hayes et al. 2010 at z = 2.2 and the recent determination at z = 2.2 by Konno et al. 2016.
We find good agreement with the wide and deep survey of Konno et al. 2016, including the departure from the Schechter function. The
agreement becomes excellent when we apply the same selection as in Konno et al. 2016, i.e., use all NB392 emitters and assume all are
Ly↵ (see Figure 6). 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 volume, only probe the faintest of our two bins, and this there is no significant disagreement, particularly
given the expected cosmic variance, as Hayes et al. 2010 only investigated a single small field. We also show the extinction-corrected H↵
luminosity function from Sobral et al. 2013, transformed into Ly↵ with a 5% escape fraction.

emitters become a progressively lower fraction of the full
sample of emitters; see e.g. Matthee et al. 2014 or Matthee
et al. 2015), a relatively high EW cut was used. This assured
that lower redshift emitters would be excluded. The typical
value for this cut has been EW0 ⇠ 25 Å.

As our sample is able to probe down to Ly↵ rest-frame
EWs of 5 Å, we have the opportunity to investigate how
complete sample with higher rest-frame EW cuts may be
and what is the e↵ect on e.g. the Ly↵ luminosity function.
Figure 8 shows the distribution of Ly↵ 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
Ly↵ emitters. By imposing a cut of EW0 > 50 Å, we would
only recover 69% of all Ly↵ emitters.

However, the most interesting question is whether the
Ly↵ emitters missed occupy a specific parameter space. We
find that apart from missing Ly↵ emitters at all luminosi-
ties, we preferentially cut-o↵ the bright Ly↵ emitters which
are responsible for the apparent power-law behaviour, by
imposing progressively higher rest-frame EW cuts. In prac-
tice, while EW0 cuts from 5 to 25 to 50 Å result in missing

11 and 31% of Ly↵ emitters as a whole, for L > 1043 erg s�1

Ly↵ emitters we actually lose 70% and 90%, respectively.
This means that Ly↵ surveys with high rest-frame EWs will
likely not see the brightest Ly↵ emitters, and will miss the
power-law component of the Luminosity function.

In Figure 8 we also compare the rest-frame EW distri-
bution of our Ly↵ emitters with H↵ emitters at the same
redshift (Sobral et al. 2014b) and the EW distribution of
Ly↵ emitters at higher redshift (z = 5.7 Santos et al. 2016).
We find that H↵ emitters at z = 2.23 show much higher
EWs than Ly↵ selected sources at the same redshift. Inter-
estingly, if one reduces the H↵ EWs by ⇡ 60%, the distribu-
tion becomes relatively similar to the one observed in Ly↵.
This is not at all the case for the distribution of EWs for
higher redshift Ly↵ emitters, selected over a similar range
in luminosities from Santos et al. (2016). Ly↵ emitters at
z ⇠ 6 present a much broader EW distribution, with a tail
at very high EWs.

In the following Section we derive luminosity functions
with the three di↵erent EW cuts, by applying appropriate
completeness corrections, and provide a more quantitative
conclusion regarding the e↵ect of the EW cut.
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Figure 8. The rest-frame EW distribution of Ly↵ selected emit-
ters at z = 2.23. We find an average EW0 = 85 ± 57 Å, with
a mode of ⇡ 100 Å. We find that 11% of all Ly↵ emitters have
5 <EW0 < 25 Å, but that the lower EW0 Ly↵ emitters are pref-
erentially the brightest in Ly↵ luminosity, and are those respon-
sible for the power-law behaviour of the Ly↵ luminosity func-
tion. Thus, while the “traditional” EW0 > 25 Å cut still recovers
⇠ 90% of Ly↵ emitters at z = 2.23, it only recovers 30% of the
bright (L > 1043 erg s�1) Ly↵ emitters. An EW0 cut of 50 Åis
even more incomplete, recovering only 10 ± 10% of bright Ly↵
emitters. We also show the H↵ EW0 distribution of H↵ emitters
from Sobral et al. 2014a, from the ⇠same volume surveyed with
Ly↵. This clearly shows that the rest-frame EW distribution of
H↵ is shifted to higher values.

5.5 Ly↵ luminosity function at z = 2.23: EW
dependence

We apply di↵erent EW cuts, and study the e↵ect on the Ly↵
luminosity function at z = 2.23. In practice, apart from our
EW0 5 Å cut, we also apply a 25 Å and a 50 Å. For all these
di↵erent EW0 cuts, we re-do our Ly↵ selection, in order
to eliminate interlopers, as described before. Also, for each
new selection, as our EW cut changes, our completeness also
changes, and thus we re-compute it and apply the appropri-
ate corrections for each cut. This means that while a higher
EW cut results in a lower completeness, our corrections can
account for at least part of that.

We show our results in Figure 9, which shows the e↵ect
of varying the Ly↵ EW0. We also compare the results with
a simple EW cut of 20 Å and no filtering of the di↵erent
population of emitters, similar to Konno et al. (2016).

We find that for Ly↵ 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, s simple EW cut, with-
out filtering out the non Ly↵ emitters from the sample, still
leads to significant contamination at all luminosities, and
still particularly at the bright end. We find that in order to
eliminate such contaminants e↵ectively one requires a rel-
atively high EW of at least > 50 Å, but that is far from
ideal, as it will also eliminate a significant fraction of real
luminous Ly↵ emitters, which we know are spectroscopically
confirmed.
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Figure 9. The e↵ect of varying the Ly↵ EW0 cut for selecting
Ly↵ emitters. The usual cut, mostly driven by the typical filter
FWHMs is EW0 > 25 Å, which we compare with our much more
complete sample down to EW0 > 5 Å, but also with a more ex-
treme cut at EW0 > 50 Å. We also compare the results with a
simple EW cut of 20 Å and no filtering of the di↵erent popula-
tion of emitters. For di↵erent 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 for Ly↵ se-
lected 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, s simple EW
cut, without filtering out the non Ly↵ emitters from the sample,
still leads to significant contamination at all luminosities, and still
particularly at the bright end. We find that in order to eliminate
such contaminants e↵ectively one requires a relatively high EW
of at least > 50 Å, but that is far from ideal, as it will also elim-
inate a significant fraction of real luminous Ly↵ emitters, which
we know are spectroscopically confirmed.

6 THE LY↵ ESCAPE FRACTION AT Z = 2.23

6.1 Ly↵ emitters at z = 2.23: the H↵ view

The H↵ stack of our Ly↵ emitters (after applying all correc-
tions) reveals that our sample of Ly↵ selected sources has a
star formation rate of 9.5 ± 0.7M� yr�1. We show the H↵
stack, a comparison to the rest-frame (H↵ subtracted) R
band stack, and to the Ly↵ stack of all our emitters in Fig-
ure 10. We find that the Ly↵ emission of our Ly↵ emitters is
significantly more extended (diameter of about 40 kpc) than
the H↵ emission (even though H↵ is already more extended
than the continuum rest-frame R band). Our results are con-
sistent with those presented in Matthee et al. (2016) for a
sub-set of Ly↵-H↵ emitters at z = 2.23, and reveal that Ly↵
emitters have prevalent, bright, but still relatively extended
Ly↵ emission (see full discussion in Matthee et al. 2016).

6.2 The high Ly↵ escape fraction for Ly↵ selected
sources at z = 2.23

Assuming case B recombination, we use the H↵ stack (after
applying all corrections) to measure an escape fraction of
30.8 ± 6.5%. This is significantly above the global average
or the escape fraction for H↵ selected/more typical star-

MNRAS 000, 1–17 (2016)

New/Hugely 
improved Lyα 

LF at z=2.2 from 
the widest ever 

survey 

Very wide surveys will 
find many more 

sources than 
expected!

Sobral et al. (2016c)

Sobral et al. (2016c)

“Traditional” ways of selecting 
Lyα emitters lead to missing most 

real bright Lyα and introduce 
contaminants at bright end



What is the nature of these luminous 
Lyα emitters?

What is the nature of CR7? 

Uniqueness: we can go beyond just 
getting a redshift

Unique opportunity: follow-up
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Keck/
DEIMOS

1 hour!

z=6.6

L~1044 

erg/s/cm2

No evidence for AGN
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-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
or

m
al

is
ed

Fl
ux

Ly
α

CR7 data unsmoothed
NB921 filter profile
CR7 Smoothed

Most luminous 
ever found: 3 times 

more luminous 
than Himiko!



Dijkstra, Gronke & Sobral 2016 

M. Dijkstra (UiO) Aspen, 2016

Results II: Lyα Spectra
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CR7

Use sub grid prescription - the `shell model’ - to model Lyα spectral line shape (Gronke et 
al. 2015, also see talk by M. Gronke for more details.)

Best-fit shell model parameters reminiscent of those inferred for z~2.2 LAEs (Hashimoto et al. 
2015, z~0.3 green pea galaxies (Yang et al. 2016). ISM of CR7 affected by stellar feedback?

RT induced line 
shift of ~ 160 km/s

Dijkstra, Gronke & Sobral 2016

See Max Gronke’s talk



Sobral, Matthee, Darvish et al. 2015



These sources are simply not followed-up: “strange 
SEDs”: easily classed as brown dwarfs or interlopers

?

Sobral, Matthee, Darvish, Schaerer et al. 2015

These are the ones emitting Lyman-
alpha: but they are excluded from LBG 
samples because they are “unreliable”. 
This then biases Lyman-alpha emitting 
fractions to very low values



EW = 80 A
FWHM = 150 km/s

CR7: X-SHOOTER: 2 hours Anything interesting to explain J excess?
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PI: Sobral

HeII/Lya = 0.23+-0.10
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CR7 Observed
HeII/CIII]∼ 0.5
HeII/CIII]∼ 1

HeII/CIII]∼ 2

Apart from bright narrow Lyα and HeII1640: no 
other emission lines detected

E.g.:
No CIII]1908
No OIII]1663
No NV

Lyα/NV >70
HeII/OIII]>3
HeII/CIII]>2.5

Sobral, Matthee, Darvish et al. 2015

HeII/Lyα~0.10+-0.05?

EW0 HeII>70!!

See talks by e.g. Dawn Erb; Eros Vanzella



This is what we have: Lyα EW0>230 A 
(likely >1000A)

“Looks” like it
“Moves” like it
“Smells” like it

HeII EW0 ~80 A!

No lines except Lyα 
and HeII (so far!)

Narrow Lyα and 
narrow HeII

HeII/Lyα~0.1

“Talks” like it

?

Schaerer 2002



Not PopIII only
Sobral, Matthee, Darvish et al. 2015

CR7



Sobral, Matthee, Darvish et al. 2015

CR7

PopIII + “more normal”?
(DCBH?)
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explains ionised bubble

From ground-
based + Spitzer 
photometry: single 
source
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For the DCBH fans:
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Himiko (Ouchi+10)

A B
C

Luminous Lyα emitters all multi-
component?
HST can test!

To think about:

Similar to CR7?



PopIII(-like)
Direct collapse 

black hole 
(DCBH)

What is the nature of CR7?

vs

Papers by e.g.: 
Smith et al.

Papers by e.g. 
Visbal et al.

Also: Pallottini+15; Agarwal+15; Hartwig+15; Smidt+16 

Sobral+15

Other alternatives at low metallicity



What is the nature of CR7? Sobral+15

More/better observations 
needed + confirm an 

actual sample of CR7-like 
sources + understand 

redshift evolution of this 
potential population



I Zw18
(see Vílchez’s talk)

HST observations will finally clarify metallicity (PI: Sobral)

Sobral et al. in prep.

CLOUDY 
modelling 
exploring 

large range of 
physical 

conditions, 
temperatures, 

densities

Current limit 
on CR7 

metallicity 
<10-2.5 solar 

(<0.32% solar)

HST grism (5 orbits)

2 hours X-Shooter

<10-4 solar !



LY M A N - W E R N E R  F L U X  F R O M  C R 7  ?

Lya

Lyman-limit: 912Å

Deeper data coming in January 2016

Escaping Lyman-Werner+ hole in the IGM?Unseen in other z>6 galaxies



Up to a full team (~10-20) of CR7-like 
and even super-CR7 candidates… 
Number densities 10-6 Mpc-3

Stay tuned… spectroscopic follow-up on-going

2015



Diversity? All bright enough for detailed follow-up and 
actual statistics.  
 
Selection very well known

Stay tuned… spectroscopic follow-up on-going

Fully done by 
~June-July 2016

Up to a full team (~10-20) of CR7-like 
and even super-CR7 candidates… 
Number densities 10-6 Mpc-3

VLT+Keck+WHT follow-up



0.43 cm per 0.13 arc sec

3.30769 cm per arcsec

5.410 kpc per arcsec

A
B

C

YJ Lyα H

CR7
5 kpc

PopIII wave?

Go beyond 1-2 objects and 
explore the actual population… 

Up to 20 candidates + our 
surveys at lower and higher-z

ALMA time to clearly reveal any 
traces of metals

Ideal target(s) for JWST

X-SHOOTER + Keck for CR7-
like sources on-going

Cycle 3. PI: Sobral 6 hours

DCBH?

In a couple 
of weeks!!



Take home messages

• Luminous Lyα emitters (~1043.5 erg/s) at z=5.7-6.6 
much more common than thought 

• Evolution of the Lyα LF is at the faint end 

• PopIII-like (PopIII or DCBH?) stellar populations 
in luminous Lyα emitters at z=6.6 
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• Stay tuned!
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This HAWKI pilot (Schechter z = 7.7)
This HAWKI pilot (Power-law z = 7.7)
z = 7.3 Konno+2014
z = 7.7 Oesch+2015 spec-z LBG

Lyα LF (z~6-7)

Lyα LF (z~7-8)

Patchy re-ionisation: first around more luminous sources

Matthee, Sobral et al. 2015, MNRAS

Sobral, Matthee et al. 2015, ApJ

Sobral et al. in prep.

Santos, Sobral & Matthee



Take home messages I 
Contrarily to “common-sense”, bright 
galaxies are really worth it: we get way 

more per second than thought 

Ideal to prepare for JWST (way beyond 
number counts)

PopIII searches with JWST: “find HeII”. 
Clearly that’s not even the start of it. 

CR7 is already showing that.



HST+Subaru image of CR7

JWST/NIRCam IFU FoV (Lya, HeII, HeI, Halpha, Hbeta, [OIII]?)





C L U M P  B  &  C  AT  S A M E  R E D S H I F T ?

Clump B+C are not yet spectroscopically confirmed, but are 
z-dropouts, so photo-z>6.5 most likely 

HST 

ACS/F814W     WFC3/F110W(YJ)  WFC3/160W(H)

Sobral, Matthee et al. 2015 ApJ, 808, 139



T U M L I S O N ,  G I R O U X  &  S H U L L  2 0 0 1

L2 STARS WITH H AND He RECOMBINATION EMISSION Vol. 550

Fig. 1.—Flux of He ii l1640 line as a function of source redshift (eq. [2]). The dashed and solid curves correspond to and 2.0, respectively. Thef p 0.4evol
upper and lower curves in each pair correspond to star formation rates 20 and 5 M, yr!1. The flux for l4686 is 7.1 times lower than . The horizontal solid,F1640
dotted, dash-dotted, and dashed lines show the limits of current Lya emission-line surveys, as described in the text. The flux limits have been corrected for the
energy difference between 1216 and 1640 Å. At the top, we mark the ranges of redshift probed by the He ii l1640 (above) and l4686 (below) lines for optical
and infrared searches. Optical searches for are feasible now, and infrared searches may be possible in the near future.z p 1–5

tracks for Population I massive stars. We assume a similar IMF
and include a factor, (of order unity), designed to accountfevol
for the time evolution of the stellar ionizing continuum radiation
and defined to be unity if the evolution in He ii ionizing photon
rate for metal-free stars is identical to the evolution ofH i ionizing
photons used by Kennicutt (1983). The factor can be eval-fevol
uated using Population III evolutionary tracks coupled with
model atmospheres (see § 3). Using the results of Tumlinson &
Shull (2000), we scale the He ii ionizing photon production of
zero-metallicity stars to the H i ionizing photon production im-
plicit in the Kennicutt (1983) relation. We find that Population
III stars produce 10!1.1 as many He ii ionizing photons as the
Population I stars produce H i ionizing photons. Scaling the
luminosity of He ii l1640 to Ha, we find

SFR40 !1L p (8.4# 10 ergs s )f . (1)1640 evol ( )!1M yr,

For the deceleration parameter , the flux of this sourceq p 0.50
is

!18 !2 !1 2(8.2# 10 ergs cm s ) h f SFR65 evolF (z) p , (2)1640 1/2 2[(1" z)! (1" z) ]

where is the Hubble constant in units of 65 km s!1 Mpc!1.h65
The flux of He ii l4686 is 7.1 times lower than , and theF1640
flux of l3203 is 16.3 times lower. (Hereafter we concentrate on
the two stronger lines.) This relation is plotted in Figure 1 for

and 20 yr!1 and and 2.0; these choicesSFR p 5 M f p 0.4, evol
of are justified in § 3. We also plot detection limits of threefevol

recent emission-line searches for high-redshift galaxies. Fig-
ure 1 shows that, even for conservative estimates of , metal-fevol
free stellar populations may be detectable to for a rea-z p 2–5
sonable range of SFRs. If a detection can be made and its redshift
accurately measured, the SFR can be constrained if is care-fevol
fully calibrated by stellar evolution models. Beyond , thez ∼ 5
uncertainties of stellar mass loss (§ 3), the reliance on larger
values of , and the difficulties of ground-based near-infraredfevol
(1–5 mm) spectroscopy will make detections challenging.

3. STELLAR EVOLUTION EFFECTS

Stellar evolution at zero metallicity is uncertain and may
enhance or diminish the detectability of metal-free stars. Tum-
linson & Shull (2000) estimated the ionizing photon production
from zero-age main-sequence (ZAMS) metal-free stars of mass
2–90 using static stellar structure models and non-LTEM,

model atmospheres. The He ii ionization produced by these
stars is a direct result of their high effective temperatures. How-
ever, published evolutionary tracks of metal-free stars (Cas-
tellani, Chieffi, & Tornambe 1983; Chieffi & Tornambe 1984)
show that these stars may evolve to cooler temperatures and
larger radii over their lifetimes if they do not experience mass
loss. Because mass loss may play a significant role in the spec-
tral evolution of the star, it produces uncertainty in the inter-
pretation of emission-line diagnostics.
With model atmospheres similar to those presented by Tum-

linson & Shull (2000), Hubeny, Lanz, & Heap (2000b) argue
that line-blanketed, radiation pressure–driven winds are not
initiated for stars with , owing to the relative lackZ ! 0.001
of metal line blanketing in their atmospheres. Kudritzki (2000)

CR7

Black holes? WR stars? Very massive, very hot stars (>100kK?), 
without metals? PopIII stars? DCBH?

PopIII stars



SEDs PopIII vs DCBH 

Sobral,JM+2015       Agarwal+2015



What are their properties and stellar 
populations? ISM?

Can we find and study the first stars and galaxies?
From the Dark ages to the end of re-ionisation

Finding and studying 
sufficiently luminous galaxies 
allows for incredible progress 

right now!



I O N I S I N G  E N E R G Y  O F  H E I I  =  5 4 . 4  E V  

Sources: 

• AGN  - no metal lines, lines narrow, no X-ray, blue UV colours, 
(although maybe direct collapse??) 

• Wolf-Rayet stars  - HeII narrow (FWHM << 1000 km/s) (but 
also the case at low metallicity??) 

• Cooling radiation - width lines, EUV flux 

• PopIII-like stars - but why so late (z=6.6), inefficient metal 
mixing?



Ouchi+2009, Ouchi+2013, Zabl+2015

- Extended, luminous Lya 
- Similar Lya FWHM, lower EW 
- 3 clumps, the brightest is very  

blue  
- separation ~ 0.5-1” 
- no HeII, nor any other line 

Is Himiko also a DCBH if CR7 is one? 



Needs to be tested: easy to do up to 
z~7.7… if we don’t waste all the time just 

going ultra-deep on small volumes

How far back can we find large enough re-
ionised bubbles? And how big are they?
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Take home messages I 
Contrarily to “common-sense”, bright 
galaxies are really worth it: we get way 

more per second than thought 

Ideal to prepare for JWST (way beyond 
number counts)

PopIII searches with JWST: “find HeII”. 
Clearly that’s not even the start of it. 

CR7 is already showing that.

See previous talks by e.g. : R. Bowler, D. Stark, G. Brammer


