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ABSTRACT

Distant luminous Lyman-a emitters (LAEs) are excellent targets for spectroscopic observations of galaxies in the epoch of reioni-
sation (EoR). We present deep high-resolution (R = 5000) VLT/X-SHOOTER observations, along with an extensive collection of
photometric data of ‘COLA1’, a proposed double peaked LAE at z = 6.6 (Hu et al. 2016). We rule out that COLA1’s emission line
is an [On] doublet at z = 1.475 on the basis of i) the asymmetric red line-profile and flux ratio of the peaks (blue/red=0.31 + 0.03)
and ii) an unphysical [On]/He ratio ([Ou]/Ha > 22). We show that COLA1’s observed B-band flux is explained by a faint extended
foreground LAE, for which we detect Ly and [Omi] at z = 2.142. We thus conclude that COLA1 is a real double-peaked LAE at
z = 6.593, the first discovered at z > 6. COLA1 is UV luminous (M50 = —21.6 + 0.3), has a high equivalent width (EWq 1y, = 85:’;8
A) and very compact Lya emission (rsory, = 0.33»:'818471 kpc). Relatively weak inferred HB+[Om] line-emission from Spitzer/IRAC
indicates an extremely low metallicity of Z < 1/20Z, or reduced strength of nebular lines due to high escape of ionising photons. The
small Ly peak separation of 220 + 20 km s~! implies a low Hr column density and an ionising photon escape fraction of ~ 15 — 30
%, providing the first direct evidence that such galaxies contribute actively to the reionisation of the Universe at z > 6. Based on
simple estimates, we find that COLA1 could have provided just enough photons to reionise its own ~ 0.3 pMpc (2.3 cMpc) bubble,
allowing the blue Lya line to be observed. However, we also discuss alternative scenarios explaining the detected double peaked
nature of COLA1. Our results show that future high-resolution observations of statistical samples of double peaked LAEs at z > 5 are
a promising probe of the occurrence of ionised regions around galaxies in the EoR.
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N 1. Introduction

2

O The epoch of reionisation (EoR) is the last phase transition of

the Universe. It occurred when the neutral hydrogen of the in-

F! tergalactic medium (IGM) became reionised (e.g. Madau 2017).

LC) In spite of the increasingly precise measurements of the global

progress of reionisation and its patchiness (e.g. Becker et al.

2015; Davies et al. 2017; Banados et al. 2018; Bosman et al.

1 2018), its evolution and drivers are still largely unknown. One of

the main probes of reionisation is the Lyman-a (Lya) line (see

=== Dijkstra et al. 2007 for a review). Due to the low Ly transmis-

sion in a partially neutral IGM, the progress of reionisation can

a be mapped out using the strength of detected Lya emission. This

is usually done through the equivalent width distribution among

high-redshift galaxies (e.g. Pentericci et al. 2014; Schmidt et al.

2016), through the evolution in the luminosity function (e.g.

Zheng et al. 2017) and/or its clustering signal (e.g. Jensen et al.
2014; Kakiichi et al. 2018).

Recently, wide-field narrow-band surveys have been highly

efficient in identifying and confirming luminous Lyman-a emit-

ters (LAEs) into the EoR (z = 7; e.g. Matthee et al. 2015; Hu

* Based on observations obtained with the Very Large Telescope, pro-
grams: 294.A-5039, 099.A-0254 & 100.A-0213
** e-mail: matthee @strw.leidenuniv.nl

et al. 2016; Santos et al. 2016; Bagley et al. 2017; Zheng et al.
2017; Shibuya et al. 2018). The number densities of extremely
luminous LAEs at z ~ 7 (Lyye > 2 X 104 erg s7!) are higher
(Matthee et al. 2015; Bagley et al. 2017) than expected based on
older, smaller surveys (e.g. Ouchi et al. 2010). While the num-
ber densities of faint LAEs decrease at z > 6, the number densi-
ties of the most luminous sources are relatively constant between
z =~ 5-7 (e.g. Santos et al. 2016; Zheng et al. 2017; Konno et al.
2018). These luminous sources likely reside in early ionised bub-
bles (Stark et al. 2017), facilitating their Lya observability dur-
ing the EoR (e.g. Matthee et al. 2015; Weinberger et al. 2018).

Due to their luminosity, luminous LAEs are ideal for spectro-
scopic follow-up (e.g. Sobral et al. 2015; Hu et al. 2016; Matthee
et al. 2017a; Shibuya et al. 2018). The most Lya-luminous ex-
ample among these sources at z ~ 6.6 is CR7 (Sobral et al.
2015, 2017a). CR7 has spectacular properties: strong, narrow
Lya emission (EW, =~ 210 A), intense HB and/or [Om] emis-
sion (Bowler et al. 2017) and there are indications of strong
high-ionisation rest-frame UV emission lines such as Hen (So-
bral et al. 2017a). High resolution HST and ALMA observations
reveal multiple components in the rest-frame UV separated by
~ Skpc and spatially and spectrally resolved [Cu] FIR cooling-
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line emission (Matthee et al. 2017b), indicating the build-up of a
central galaxy through accretion of satellite galaxies.

Recently, Hu et al. (2016) presented the spectroscopic con-
firmation of a potentially even more luminous LAE at z = 6.593,
‘COLAT’, with an unexpected double peaked Ly« line-profile.
The presence of multiple peaks in COLA1 had been unprece-
dented in z > 6 LAEs (e.g. Matthee et al. 2017a; Shibuya et al.
2018), but Songaila et al. (2018) show that roughly a third of a
sample of extremely luminous LAEs at z = 6.6 may have such
complex line shapes. The transmission on the blue part of the
Lya line is typically very low due to inflows of Hr gas (e.g. Dijk-
stra et al. 2007; Laursen et al. 2011), residual neutral hydrogen
in the halos of galaxies (e.g. Mesinger et al. 2015) and the in-
creasing neutral fraction of the inter galactic medium (e.g. Hu
et al. 2010).

Several effects help to increase the observability of Ly at
high redshift: (i) the redshift of the Ly« line with respect to the
surrounding gas (e.g. due to outflows), and (ii) the Hubble ex-
pansion that may redshift the Lye line out of the resonance fre-
quency of the neutral gas, thus lowering the optical depth in case
the galaxy is surrounded by a large, highly ionised region.

However, due to the large-scale infall of gas which shifts the
absorption ~ 100 km s~! towards the red, combined with the ex-
tended wing of the absorption profile of the highly neutral IGM,
simulations and analytical models expect that even the red part of
the Ly« emission is diminished significantly (e.g. Dijkstra et al.
2007; Laursen et al. 2011; Mesinger et al. 2015; Sadoun et al.
2017; Weinberger et al. 2018). Furthermore, radiative transfer
processes in the interstellar medium (ISM) even shift the blue
peak to lower velocities; e.g. Neufeld 1990. Therefore, a detec-
tion of intrinsically blue-shifted Lya emission above z > 6 is
theoretically unexpected, or even considered to be ruled out by
theoretical models (e.g. Mason et al. 2018).

Since the transmission of the blue part of the Ly line de-
pends directly on the ionisation state of the environment of the
emitting galaxy, COLA1 could open up a completely new probe
of reionisation, if the detection of the blue Ly« line is confirmed.
With a larger sample, the evolution of the Ly line asymme-
try (i.e., comparing the blue and red fluxes) can be quantified
more robustly, adding an interesting additional observable to
the evolution of LAE clustering and EW. Interestingly, the Lya
peak separation correlates strongly with the escape of Lyman-
Continuum (LyC) radiation (e.g. Verhamme et al. 2015; Vanzella
et al. 2018; Izotov et al. 2018). Therefore, COLA1 could also
provide the first direct evidence that galaxies actively contribute
to the reionisation of the Universe.

However, the double peaked line could also mean that
COLA1 is an [On]3727 3730 emitter at z = 1.475. We therefore test
whether the line may have been misinterpreted, in which case
COLAL1 is a low-redshift interloper, and not a LAE at z = 6.6.
Because of the unique potential of the COLA1 galaxy, we inves-
tigate its nature independently using our own narrow-band data
(from Sobral et al. 2013, not used in Matthee et al. 2015), new
high spectral resolution VLT/X-SHOOTER observations cover-
ing a wavelength range from 0.3 to 2.5um and the wealth of
public available data from the COSMOS survey which were not
explored in Hu et al. (2016).

In this work, we first summarise the available photometric
information and present the new X-SHOOTER observations in
§2. We analyse the spectrum in detail and conclude on the red-
shift of COLA1 in §3. §4 presents the properties of COLA1 that
we measure from the spectroscopic and photometric data avail-
able. We discuss the implications in §5 and summarise the results
in §6. Throughout this work we adopt a flat ACDM cosmology
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with Q) = 0.7, Qy =0.3and Hy = 70 km s~! Mpc’l, a Salpeter
(1955) initial mass function and magnitudes in the AB system
(Oke 1974).

2. Data
2.1. Photometric measurements

COLAI1 (Huet al. 2016) is located in the COSMOS field (Capak
et al. 2007; Scoville et al. 2007) and hence public imaging data
are available in ~ 30 filters from the UV to IR (e.g. Ilbert et al.
2009). This includes high resolution data in the F814W filter
from the Hubble Space Telescope (HST)/Advanced Camera for
Surveys (Koekemoer et al. 2007). COLA1 is located in a shal-
low region from the UltraVISTA survey (McCracken et al. 2012)
and is covered by Spitzer/IRAC imaging from the SPLASH pro-
gram (e.g. Steinhardt et al. 2014)!. We use optical data from
Subaru/Suprime-cam (Taniguchi et al. 2007) and near-infrared
data from UltraVISTA DR3. COLAL is furthermore covered in
Subaru/Suprime-cam NB921 images from Sobral et al. (2012,
2013), similar to the NB921 imaging from Hyper Suprime-Cam
from Hu et al. (2016). We show thumbnail images in the u, B, z,
NBO921, F814W, Y, J, H, [3.6] and [4.5] bands in Fig. 1, where
red contours illustrate the location of line-emission (measured
from the NB921-z image). We note that we have confirmed the
astrometric alignment of the different images using the position
of ~ 30 stars and galaxies around COLA1. Our photometric
measurements are summarised in Table 1.

2.1.1. NB921 Narrow-band data

Combining the Suprime-cam NB921 narrow-band data (Sobral
et al. 2013) with public z’ band data, we measure a total line-flux
of 58717 x 107" erg s~ cm™. As the full 2’ band flux can be

explained by line-emission, we use the Y band (¥ = 25.2%07,
S/N =~ 3, measured in a 2" diameter aperture and applying an
aperture correction of —0.3 mag) to obtain a weak constraint on
the observed equivalent width of EWp, = 660775 A assuming
a UV slope = —2.0. The Y band magnitude is in good agree-
ment with the measurement in Hu et al. (2016) based on Subaru
data. The line-flux we measure is a factor ~ 2 lower than Hu
et al. (2016), which is likely due to the use of a smaller aper-
ture (they use apertures with a 3" diameter) and therefore less

contaminated by a neighbouring object (see Fig. 1).

2.1.2. Ground-based optical data

Visual inspection of the thumbnail images reveals potential de-
tections in the u and B filters. While the potential flux in the u
band is offset, this is not as clear in the B band. We measure the
significance of the flux in the B band by performing photometry
centred on the NB921 detection in 1.2” diameter apertures. We
choose such small aperture to optimise the S/N ratio (the PSF-
FWHM of this data is 0.7 — 0.8”) and minimise contamination
from nearby objects. The noise level is measured from the stan-
dard deviation of 1000 empty aperture measurements located on
random sky positions around COLA1. We measure flux at the
2.4 o level with B = 28.4*3¢ (see Fig. 1, where we use a high
contrast to highlight potential detections). No flux above the 20
level is detected in the u, V, R and [ filters using the same aper-
ture centered on COLA1. We measure flux at the 20 level in
the stacked BVRI image. While the significance levels of these

! http://splash.caltech.edu
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Table 1. The coordinates and photometric measurements of COLAI.
Magnitudes are in the AB system. Magnitude limits are at the 20" level.
*As the H band photometry is contaminated by ID 593625 we only
provide it as a lower limit.

Coordinates

R.A. 10:02:35.37 (J2000)
Dec. +02:12:13.9 (J2000)
Photometry

B 28.4j8:2

\% >27.8

R > 27.7

I > 27.6
F814W 26.6j0:4
NB921 23.6j83

7 25.5f8z%

Y 25.2°F 8'3

J 24.8f§?g

H > 24 8

K, > 24.4

[3.6] 24.4j0:2

[4.5] 24.6j§é

measurements is low, they may be troublesome for a galaxy at
Z > 6.5, motivating the need for careful spectroscopic analysis.

2.1.3. High resolution optical data

The HST imaging in the F814W filter (with > 20 % transmis-
sion between 1 = 6988 — 9577 A, As = 7985 A, PSF-FWHM
= 0.095”; Koekemoer et al. 2007) reveals a faint point-like de-
tection at the position of COLA1 (Fig. 1). Similarly to the « and
B imaging, F814W imaging also clearly shows another source
1.2” south-west of COLA (identified in the HST thumbnail in
Fig. 1). This object has ID 593625 in the Laigle et al. (2016)
catalogue (with photometric redshift p, = 1.9f8€) and we will
refer to it with that ID from now on. COLA1 is detected at 30,
with F814W = 26.6*04 measured in a 0.6” diameter aperture
and corrected for aperture losses using tabulated encircled fluxes
from Bohlin (2016).

2.1.4. Photometric redshift and the Spitzer/IRAC view

COLAL1 is present in the public COSMOS2015 catalogue
(Laigle et al. 2016; ID 593751), where it has a photometric red-
shift of p, = 0.997)17. However, the photometry that is used
to estimate this redshift is measured with 2" diameter apertures
and may suffer contamination from ID 593625. We re-measure
the photometry in the Spitzer/IRAC [3.6] and [4.5] filters us-
ing SPLASH data. We follow the procedure as last described in
Stefanon et al. (2017), where the IRAC images are de-confused
based on the HST/F814W images using the mophongo software
(Labbé et al. 2006, 2015). We measure [3.6] = 24.4f8ﬁ and
[4.5] = 24.6*03 in 1.2” diameter apertures, see Fig. 1. This re-
sults in a moderately blue colour [3.6] — [4.5] = —0.2 + 0.3,

although with significant uncertainties (see also Harikane et al.
2017, who measure [3.6] — [4.5] = —=0.2 = 0.1).

-. 6Xx6 arcsec

©[45]
2 L
l

"

Fig. 1. High contrast thumbnail images of 6 X 6 arcsec? (32 x 32 kpc?)
centered on the NB921 detection of COLAL1. The red contour shows the
20 level of the NB921-7" image (tracing line-emission). X-SHOOTER
observations were performed with a slit alignment PA=0. A positional
shift upwards along the slit corresponds to a shift to the right (west) in
these thumbnails. The IRAC [3.6] and [4.5] images have been cleaned
using HST/F814W as a prior following Stefanon et al. (2017).

2

2.2. X-SHOOTER spectroscopic observations & data
reduction

We observed COLA1 with the X-SHOOTER echelle spectro-
graph on UT2 of the Very Large Telescope as part of ESO
program 0100.A-0213 (PI Matthee). X-SHOOTER observes in
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three arms simultaneously: UVB (14 = 0.30 — 0.55um), VIS
(1 = 0.55 — 1.02um) and NIR (1 = 1.0 — 2.5um). Observa-
tions were performed on 19 January and 18-19 February 2018
with clear conditions and 0.6 — 0.8 seeing. GD71 was observed
as telluric standard star. We used a 1.0” slit in the UVB arm and
0.9 slits in the VIS and NIR arms.

We first acquired on a I = 13.5 magnitude star and then ap-
plied a blind offset of 95.86” to the position of COLA1 with
a position angle of 0 degrees (see Fig. 1). We nodded be-
tween two positions along the slit (A and B, offset by 3”) us-
ing the AutoNodOnS1it procedure. Integration times were 700
and 780s for UVB and VIS arms respectively. Four shorter jit-
ters with separations of 1” along the direction of the slit were
used for NIR exposures of 210s. This observing sequence was
repeated ten times (split over two observing blocks with ABBA
sequence and one with an AB sequence), resulting in total expo-
sure times of 7.0, 7.8 and 8.4ks for the three arms respectively.

Data are reduced using standard procedures (bias and dark
subtraction, flat-fielding, sky subtraction, wavelength calibration
and flux calibration) incorporated in the X-SHOOTER pipeline
(Modigliani et al. 2010). Individual exposures per observing
block are combined using the pipeline. We then combine expo-
sures over multiple observing blocks by computing the noise-
weighted average as described in detail in Sobral et al. (2018b).
Before extracting 1D spectra, we first smooth the spectrum
with 2D gaussian kernels that corresponds to half the resolu-
tion (07, o )uve.vis = (0.4 A, 0.32) and (07y, o )nr = (0.6 A,
0.21”), and bin it in the wavelength direction by 3 pixels (0.6
A, half the resolution). The spatial extraction window in the VIS
arm is 2.2”" which we find to optimise the S/N. Slit losses of the
line at 922 nm are estimated using the NB921 image that is con-
volved to the PSF-FWHM of our spectroscopic observations. We
measure the fraction of the total line-flux that is retrieved within
the slit and extraction window. As COLA1’s line-emission is
compact in the NB921 data, the estimated slit losses are only
19 %. The spatial extraction windows in the UVB and NIR arms
are 1.2” and we do not apply slit loss corrections. Wavelengths
are converted to vacuum wavelengths. We measure the effective
spectral resolution using unresolved skylines on our extracted
1D spectrum. We find R ~ 4000 at 0.5um, R ~ 5000 at 0.9um
and R ~ 3800 at 1.6um, corresponding to 75, 60 and 80 km s,
respectively.

2.3. Spectroscopic measurements

In our X-SHOOTER spectrum, we confirm COLA1’s double
peaked emission line at Agpsvac = 9224,9231 A (S/N = 24),
but we also detect faint emission-lines at Aopsyac = 3821 A
(S/N =~ 10) and Agpsyac = 15735 A (S/N =~ 5). The centroid
of these faint emission-lines is however shifted spatially by 1”
to the west and are therefore not co-located with COLA1 (Fig.
1). We do not detect continuum emission. No other lines are de-
tected in the 0.3 — 2.5um coverage above S/N > 2.

For the double peaked emission-line at 923nm, we measure
a line-flux of 5.90 +0.24 x 1077 erg s~! cm~2 and a relative flux
ratio between the blue and red component of 0.31 + 0.03. The
red line has a full width half maximum (FWHM) of 198 + 14 km
s~1, while the blue line is narrower with FWHM=150 + 18 km
s~!. While the red line is clearly asymmetric (with a weighted
skewness of S, = 18.0 £ 0.9 A; following the definition from
Kashikawa et al. 2006), the blue line is not (S, = —=0.2 +0.3 /OX).
Our measurements are summarised in Table 2.
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Table 2. The details of the X-SHOOTER observations and spectro-
scopic measurements for COLA1. Flux measurements of the 923nm
line are corrected for 19 % slit-losses. Upper and lower limits are at the
20 level. Flux limits assume a line-width FWHM=200 km s,

Observations COLA1

Dates 19 Jan 2018, 18-19 Feb 2018
Ro.9um 5000

R 6ym 3800

Lexp, UVB 7.0ks

texp, VIS 7.8ks

texp, NIR 8.4ks

923 nm line properties

Flux 5.90 +0.24 x 1077 erg s7! cm™2
EWobs 660+7% A

Peak separation 220 +20 km s™!
FWHM,cq 198 + 14 kms™!
FWHMj e 150 + 18 km s~ !
Fluxpiue/Flux eq 0.31 +0.03

S i red 18.0+0.9 A

S . blue ~15+04A

S o full 32+02A

Flux limits of interest

Ha -1 475 <52x 108 erg s cm™

-2
2
2
2

<98x10 8 ergs™! cm
<9.0x 107 erg s~! cm™
<1.6x 1077 erg s~ cm™
<0.7x10" 7 ergs™! cm™

[Oml4959, 2=1.475
[Om]s007, z=1.475
C1v.=6.501
Heir,—¢ 591

The line at 3821 A has a line-flux of 3.0 + 0.3 x 1077 erg
s~! cm~2 and FWHM= 350 km s~!. The line that is observed at
15735 A has a line-flux of 1.5 £ 0.3 x 1077 ergs™! cm™2 and a
width FWHM= 260 km s~!. The spatial offset of ~ 1" of these
lines coincides with ID 593625.

3. Is COLA1 a LAE at z = 6.59 or an [Ou] emitter at
z = 1.47?

The tentative detection in the B band (although at the 2.40 level)
and the unlikelihood of observing Lya flux blue-wards of the
red asymmetric line indicate that COLA1 may not be a LAE at
z = 6.6, but an [On] emitter at z = 1.47 instead. Here, we assess
the implications of each observed feature to test this hypothesis.

3.1. 923nm line strength and consistency with F814W

If the 923nm line from COLA1 is [On], it would yield z = 1.475
and it would have a typical luminosity (Ljom = 1.5 X L*; Khos-
tovan et al. 2015). The [On] equivalent width would be extreme,

EW, = 260fﬂg A, well above the typical EW for [Om] emitters

(EW, = 50 + 20 A) at z = 1.47 (Khostovan et al. 2016).

We test whether the F814W photometry can be explained
by pure line-emission. Assuming negligible contribution from
continuum emission and by spreading the line-flux homoge-
neously over the full transmission region of F814W results in
F814W= 26.8 + 0.1. Hence, the F§14W photometry (we mea-
sure F814W= 26.6f8i‘3‘) can be perfectly explained by pure line-
emission and does not indicate flux blue-wards of the emission-
line. Therefore, the F814W detection does not rule out Lya at
7=16.6.
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Fig. 2. Lya and [Om]so; detections in the X-SHOOTER spectrum that are offset by = 1” to the west. This confirms that a foreground source
(ID 593625 in Laigle et al. 2016) is present at z = 2.142. Lya emission is redshifted by +130 km s™! compared to the systemic redshift based on

[Om]s007.

3.2. Line-detections at 382nm and 1573.5nm

As described above, we detect two emission-lines that are off-
set by = 1” to the west of COLA1. This corresponds roughly
to the foreground source ID 593625 as can be seen in the B
band thumbnail image (Fig. 1), which shows that outskirts of
this galaxy fall in the X-SHOOTER slit. We identify the two
lines as Lya and [Omi]sgp; at z = 2.142, as illustrated in Fig.
2, where we have optimised the centroid of spatial extraction
aperture for these lines. Ly« is redshifted by 130 km s~! with
respect to the systemic redshift, similar to other LAEs at z ~ 2
(Trainor et al. 2015; Sobral et al. 2018b). Without correcting for
slit losses, we measure a Lya luminosity of 1.0 + 0.1 x 10*? erg
s~!, well below the typical Lya luminosity at 7 ~ 2.2 (= 0.4xL*;
Sobral et al. 2017b). The B band magnitude corresponding to
pure line-emission at this flux-level is B = 28.2 + 0.1. Lya
emission extends to close to the peak position of COLA1 and
could thus contribute significantly to the faint B band detection
(B = 28.470%) at the COLALI position. The [Om]sgp; luminos-
ity is 0.5 + 0.1 x 10*?* erg s~!. We note that the centroid of the
(low S/N) flux in the B- near COLAL1 is shifted slightly towards
a faint H band detection that could be explained by this [Om]
flux. Therefore, several detections in the images (in particular B
and H) can be attributed to LAE 593625 at z = 2.142.

3.3. 923nm line-profile

We show a detailed zoom-in figure of the line-profile of the
923nm line in Fig. 3. In this figure, we shift the spectrum to the
rest-frame assuming COLAL is at z = 1.475. We compare it to a
median [On] spectrum of galaxies with asymmetric red lines and
high red/blue ratios from the VIS3COS survey (Paulino-Afonso
et al. 2018a) and also show the best fitted [O1] doublet. While
the peak separation (220 + 20 km s~') is fully consistent with the
peak separation of the [On] doublet, the asymmetry of the red
line can not be fitted as an [On] doublet. In particular, the blue
line would have been expected to be asymmetric as well, sim-
ilar to the red line. Moreover, the absence of flux between the
two lines can also not easily be explained in the case of an [Om]
doublet, unless lines are very narrow.

The skewness of COLA1’s red line is high (S, rea = 18.0 £

0.9 A; see Table 2), much higher than the typical maximum

Scaled extreme [OII] emitter VIS?COS
—— COLAl if atz = 1.475
Best fit COLAL1, ratio=0.44, ¢ =63 km s~ !

o)}

=~

N

o

Flux density [107 18 erg s~1 em=2 A~1]

3722 3724 3726 3728 3730 3732 3734
Rest-frame wavelength [A]

3736 3738

Fig. 3. X-SHOOTER spectrum of COLA1, shifted to rest-frame wave-
lengths assuming it is an [Omn] emitter at z = 1.475 (green). Dashed
black lines show the median [On] profile of the [On] emitters in the
VIS*COS survey (Paulino-Afonso et al. 2018a) that are selected on
having extreme blue/red ratios and asymmetric red lines. The blue line
shows our fitted [Omn] doublet to the spectrum of COLAI, and the red
line indicates where the fit is > 30~ away from the data. The asymmetry
in the red line (not present in the blue line) and the absence of flux in
between the lines are at odds with COLA1 being an [On] emitter.

skewness of a low-redshift galaxy (S, = 3 A; Kashikawa et al.
2006), which is similar to the skewness of the full doublet. Fi-
nally, the line-ratio between [On]s7,6 and [Omn]3739 would be sig-
nificantly lower than the line-ratio in our extreme [Ou] emitter
reference sample (with a blue-to-red fraction of > 0.65). In fact,
the line-ratio of the blue and red lines of our best-fit (0.44) is
significantly lower than the theoretical minimum line-ratio for
electron densities as low as 1 cm™ (x~ 0.65 for an electron tem-
perature of 10* K; Sanders et al. 2016, but also for tempera-
tures between 10°~> K) and thus unphysical. Therefore, the line-
profile strongly disagrees with COLA1 being an [Om] emitter at
z = 1.475 even though the peak separation is in perfect agree-
ment.
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Fig. 4. The wavelengths where [Om] and Ha would be observed if
COLALI is at z = 1.475. The dashed lines indicate the minimum
expected [Om] and He fluxes based on known extreme line-ratios
([Om]/[On]=0.1 and [On]/Ha = 0.2, shown with FWHM=200 km s7).
These line-ratios are ruled out at ~ 10 and 4.70, respectively.

3.4. No line in the NIR associated with z = 1.475

As we show in Fig. 4, we do not detect Ha or [Om]sgy7 if COLA1
would be at z = 1.475. We illustrate how these lines would
look in our data for the lowest empirical Ha/[On]= 0.2 and
[Om]/[Omn]= 0.1 line-ratios (e.g. Hayashi et al. 2013). These ex-
treme line-ratios would imply both high metallicities and high
ionisation states (properties that are typically anti-correlated;
Nakajima & Ouchi 2014). If we assume a FWHM of 200 km
s~ (similar to the red line at 923nm), we measure a 1o limit
on the Ha flux of 2.6 X 107!8 erg s™' cm™2 and a lower limit
of 9.4 x 10'8 erg s™! cm™ on the combined [Om]4959 5007 line.
While the lowest [Om]/[Om] ratio is within the 1o noise level,
these data rule out Ha/[Ou]= 0.2 at 4.70-, additional clear evi-
dence against the interpretation that COLA1 is an [Omn] line at
z=1475.

3.5. Concluding remarks on the redshift of COLA1

As the line-profiles of the red and blue lines differ, the dou-
ble peaked emission line around 923nm can not be fitted by
an [On] doublet, even though the peak separation is similar’.
Photometric indications for COLA1 being at low-redshift (in
particular B and F814W detections) are explained due to line-
emission from COLA1 itself (F814W) and a foreground LAE at
close separation (ID 593625 at z = 2.142). The relatively blue
Spitzer/IRAC colours, combined with a optical to near-infrared
break of BVRI — Y > 3 are also not indicative of a red dusty or
old interloper at a lower redshift. Finally, if COLA1 would have
been an [On] emitter at z = 1.475 the flux ratio of the lines in
the [Omn] doublet and the limits on [On]/He indicate unphysical
conditions. Combining all the observations from above, we con-
clude that COLAL is best explained as a double-peaked LAE at
ZLyared = 6.593, as initially claimed by Hu et al. (2016).

4. Properties of COLA1 — a unique LAE at z = 6.6

Now we have established that COLA1 is areal LAE atz = 6.593,
we can have a better look at its properties based on the X-
SHOOTER spectrum and available imaging data. The properties
are summarised in Table 3.

2 As we show in Section 4, the Lya line profile is well-fitted by a Lya
shell model and shows properties similar to normal LAEs at z < 6.
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Fig. 5. UV luminosity versus Lya luminosity of known LAEs at z =
6.5 — 6.6 identified through narrow-band surveys (Jiang et al. 2013;
Matthee et al. 2017a; Shibuya et al. 2018). Left-ward pointing triangles
indicate 20~ upper limits. Black lines show lines of constant escape frac-
tion (fesc,1ye; assuming a Salpeter IMF and a constant SFR for 100 Myr;
e.g. Kennicutt 1998). COLAL1 has a high Ly« escape fraction, similar to
other LAEs known at z = 6.6.

4.1. Lya luminosity and spectral energy distribution

The slit corrected line-flux measured in the X-SHOOTER spec-
trum implies a Lya luminosity of Liy, = 2.9 X 108 erg s7,
which is among the most luminous LAEs know at z ~ 5 — 7
(see a compilation in Matthee et al. 2017a). The Lya EW is high
(EW, = 85:7‘8 A, based on the continuum estimated from the
Y band flux), but this is a rather common property of LAEs at
high-redshift (e.g. Hashimoto et al. 2017; Sobral et al. 2018a)
and we note that it is poorly constrained due to uncertainties on
the continuum magnitude. The Lya luminosity implies a comov-
ing number density ~ 1 x 107> Mpc~3 (Matthee et al. 2015).

COLA1 is weakly detected in the Y and J bands (S/N = 3
and 2.5, respectively), see Fig. 1. An off-centred H band detec-
tion is likely contaminated by strong [O111]4959 5007 €mission from
the foreground galaxy at z = 2.14, and we can only provide a 20
limit on the magnitude of H > 24.8. COLA1 is undetected in the
K, band (K; > 24.4). Due to the large uncertainties in the pho-
tometry no meaningful constraints can be obtained on the UV
slope, and we assume a flat UV slope 8 = —2 in the rest of the
paper (this is similar to other LAEs at z = 6.6; Ono et al. 2010;
Matthee et al. 2017a).

The Y band magnitude implies an absolute magnitude
Mise0 = —21.6 + 0.3, slightly above MJ, at z ~ 7 (Bouwens
et al. 2015), but fainter than other luminous LAEs at z = 6.6
(e.g. CR7 and VR7; Matthee et al. 2017a), see Fig. 5. Following
Shibuya et al. (2015), such a UV luminosity indicates Mg, =~
10'° My, at z ~ 7, although this could be significantly underesti-
mated in case the source is strongly dust-obscured (which how-
ever is at odds with its strong Lya emission; e.g. Matthee et al.
2016). The narrowness of the Lya line indicates that COLA1 is
likely a star-forming galaxy, as AGN typically have broader Lya
lines (e.g. Matsuoka et al. 2016). COLA1 is unlikely to be signif-
icantly magnified: no massive foreground structures are known
and no distortions are seen on the images.

COLAT1’s colours in the shortest Spirzer/IRAC channels are
blue, [3.6] — [4.5] = —0.2 + 0.3. This is likely a consequence
of HB and/or [Omi] slightly boosting the [3.6] flux more than
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Fig. 6. X-SHOOTER spectrum of COLA1, shifted to rest-frame Ly«
at z = 6.593 (green), compared to spectra of C-147 (red dashed line, a
double peaked LAE at z = 2.23 confirmed through Ha emission, scaled
to the peak flux in the red line; Sobral et al. 2018b). The profile of the
red line in COLA1 resembles the Ly profile of C-147 remarkably well.
The blue component of COLA1 is cut at Av = —250 km s~!, and thus
narrower than C-147, potentially due to a higher optical depth at large
distance from COLALI.

Ha is boosting the [4.5] flux (which is in a low transmission
wavelength of the [4.5] band). However, COLAL is not nearly as
blue as other confirmed galaxies at z ~ 6.6. For example, CR7
and Himiko have colours [3.6] — [4.5] = —1.3 £ 0.3 and [3.6] —
[4.5] = —0.7+0.4, respectively (Harikane et al. 2017). This could
indicate that COLAT1’s [Om] line is relatively weaker due to a
lower metallicity. When we compare this colour to the predicted
colours at z = 6.6 using photoionisation analysis and BPASS
SED models presented in Bowler et al. (2017), we find that the
implied metallicity lies between Z ~ 107 — 1073, but always
consistent with Z < 1073(< 1/20Zs) within the uncertainties.
Alternatively, the IRAC colour could also indicate that an older
stellar population is present in COLAL, or that the strength of
nebular lines is lower due to a high LyC escape fraction (e.g.
Zackrisson et al. 2017).

4.2. Lya size and star formation rate density

As discussed in §3, the detection of COLA1 in the F814W band
can be explained by pure Lya emission. As the HST/ACS imag-
ing has a small PSF, we can therefore use these data to constrain
the size of the Ly emitting region in COLA1 accurately (e.g.
Paulino-Afonso et al. 2018b). We use a non-parametric method
to measure the median half-light radius (s obs) for 5000 random
realisations of the image, where each pixel count is drawn from
a Poissonian distribution. Then, we correct for PSF-broadening

. _ 2 2 _ .
using rso = ,/rso’obs — rpgps Where rpsp = 0.38 kpe. This re-

sults in rso = 0.33%007 kpc. This size is smaller than typical
UV-selected galaxies with M;s5o9 ~ —21, similar to galaxies with
Mispp = —18.4 in the UV luminosity - size relation from Shibuya
et al. (2015) and similar to the largest star cluster complexes

(Bouwens et al. 2017). As the UV sizes of galaxies are typically

Table 3. Derived properties of COLA1 as described in §4. Limits are at
the 20 level.

Property Best estimate
Spectral analysis

Liya 29+0.1 x10¥ erg s™!
EWoLya 85+70 A
Mi500 -21.6+0.3
Mstar ~ 1010 MO

50 033t881 kpC
SeseLyc ~15-30%
SFRya 75f§8(5) M, yr!
SFRUV,nodust 27t7 My yI‘_1
2SFR,UV.nodust 95+33 M, yr~! kpe™?
Gas-phase metallicity Z < 1073(1/20 Zs)
Shell model fitting

Vexp 78*3 km s~
logio(Ng/cm™2) 17.0*53
log1o(T/K) 42107

T intrinsic 159ji km s7!

Td 42t8§

Zsys 6.59307 09001

much smaller than the Lya sizes (e.g. Wisotzki et al. 2016), it
could be possible that the galaxy is even more compact in the
UV. On the other hand, it is likely that more diffuse Lya emission
is resolved out in the broad, high resolution F§14W image (simi-
lar to e.g. in CR7; more luminous, extended Ly« emission that is
undetected in similar F§14W data), and that the core Ly« profile
resembles the UV profile. Lya emission is expected to be com-
pact in galaxies with a low Hi column density and high fe.c1yc
(Mas-Ribas et al. 2017) — conditions that are likely present in
COLAL1 as discussed next.

We can estimate the SFR of COLA1 from the UV continuum
or from the Ly luminosity. Assuming a UV slope g = -2.0
and a Meurer et al. (1999) attenuation law, we find a dust-
corrected SFRyy = 40* 12 M yr~! (275 Mg, yr~! without cor-
recting for dust). Alternatively, the Lya luminosity indicates
SFRiy. = 75*2 My yr! (assuming a 40 % Lya escape frac-
tion and 15 % LyC escape fraction; following Sobral & Matthee

2018).

If we assume that the UV size is similar to the Lye size,
these measurements imply a minimum average SFR surface den-
sity Zspr,uV.nodust = 95730 Mo yr~! kpe™2. This number would be
higher if the UV size is more compact or if significant dust at-
tenuation is present. This Zgpg is significantly higher than other
galaxies known at z > 6 (e.g. Carniani et al. 2017). The SFR sur-
face density is well above the threshold required to drive galactic
outflows (e.g. Heckman et al. 2001), hence such outflows may
well be present.

4.3. Lya line properties and modelling

In Fig. 6 we show COLA1’s rest-frame spectrum assuming z =
6.593 (the redshift of the red peak) and compare it to the lumi-
nous LAE C-147 (a Lya-selected star-forming galaxy at z = 2.23
for which a blue peak is also detected in the Lya spectrum and
the systemic redshift is confirmed through Ha and [Omi] emis-
sion; Sobral et al. 2017b, 2018b). The red part of the Ly« line of
C-147 resembles the red asymmetric line in COLA1 very well.
C-147 has a broader blue line, but the peak separation and the
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fact that there is no significant flux at line-centre is similar to
COLAL.

If we assume that the transmitted Lya flux is zero at line-
centre (in between the two peaks; e.g. Yang et al. 2017), we
measure a systemic redshift z = 6.591 for COLA1. The peak
separation of the blue and red Ly« lines is 220 + 20 km s~!. In
LyC leaking galaxies in the local Universe, the peak separation
is anti-correlated with the amount of leakage of LyC photons
(Verhamme et al. 2015, 2017). If this correlation would hold up
to z = 6.6, we would infer foic1yc = 15 % for COLAL, but
potentially up to fescryc ~ 30 % if we compare to the most re-
cent results (Izotov et al. 2018). A comparison of the blue-to-red
flux-ratio of local LyC leakers also indicates fesc1yc ~ 15 % (al-
though we note that the IGM could absorb part of the blue line-
flux, see §5). For the rest of the paper we thus conservatively
assume fesc1yc = 15 %. Therefore, the likely non-zero LyC es-
cape fraction of COLA1 presents the best direct evidence to date
that star-forming galaxies contributed to the reionisation of the
Universe at z ~ 7. In fact, as we discuss in §5, such a contribution
is required to ionise a large enough region to be able to detect the
blue peak at its redshift. The prospects for directly detecting LyC
photons at z = 6.6 are very low because of the typical opacity in
the IGM is high at z > 6 (Inoue et al. 2014). Moreover, while
foreground contamination is a major issue (Siana et al. 2015),
measuring the Ly peak separation may be a promising alterna-
tive.

4.3.1. Lya spectral modelling

In order to get a more quantitative view of the ISM properties im-
plied by the observed Ly« line, we fit the Ly« profile of COLA1
using a five-parameter shell model as in Dijkstra et al. (2016).
This model (e.g. Ahn et al. 2001; Verhamme et al. 2006) con-
sists of a shell of neutral gas and dust around a central ionising
source and parameters include the Hi column density, expansion
velocity, temperature and dust optical depth of the shell and the
intrinsic width of the Lya line (Gronke et al. 2015). This fit does
not include transmission through the IGM.

The best fitted parameters are listed in Table 3. Compared to
z ~ 3 — 5 LAEs (Gronke 2017), these parameters indicate a rel-
atively low Hi column density Ny = 107993 ¢m~2 and a high
dust optical depth 7, = 4.2J_r0'§, while the other parameters are
quite common for LAEs. The low Hi column density is inferred
from the low peak separation and suggests the possible escape
of LyC photons. The high dust optical depth could alternatively
be interpreted due to IGM opacity that could lower and narrow
the blue peak. The Hi column density and expansion velocity are
also significantly lower than the inferred column density around
CR7 (e.g. Dijkstra et al. 2016). We note that the shell-model pre-
diction of the systemic velocity of CR7 presented in Dijkstra
et al. (2016) agrees perfectly with recent [Cir] measurements in
Matthee et al. (2017b), suggesting that shell-model fitting is a
good tool to recover the systemic redshift of a LAE at high red-
shift. The column density is also significantly lower than the col-
umn density inferred from absorption line measurements in local
LyC leakers (Gazagnes et al. 2018), which lead these authors to
conclude that the Hr covering fraction in these galaxies is non-
uniform. This is consistent with their larger Ly peak separation
compared to COLAL, and their typical escape fraction of =~ 5 %.

As detailed in Verhamme et al. (2015), the Ly line profile
can be used as a tracer of fe1yc as both are sensitive to Hr col-
umn density as Nyp = — In(fesc,1yc)/00 where og = 6.3 X 10718
cm? is the ionisation cross section. According to this equation,
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Fig. 7. The observed Lya profile of COLA1 (green) is well modelled by
an expanding shell of neutral gas (black). The shell-model parameters
indicate a low neutral hydrogen column density Ny; = 10170403 ¢m=2
and low expansion velocity Vex, = 7873 km s™'. We note that we have
assumed here that the systemic redshift lies at line-centre (i.e. between
the red and blue peak, where the flux is consistent with zero), or z;y, =
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Fig. 8. The wavelength coverage of the rest-UV Crv and Hen lines, red-
shifted to z = 6.591. We note that the background in a larger region
around Ao -¢s591 = 1560 — 1565 A is boosted due to low atmospheric
transmission and faint skylines. Civ and Hen lines are not significantly
detected in COLA1, implying EWocry < 25 A and EW e < 12 A.

the column density derived from the shell-model fit (see Table
3) implies feeryc = 50 %. This is consistent with the result
one would infer by using the correlation between Lya EW(, and
fescLyc at z ~ 3 (Steidel et al. 2018), although we note this corre-

lation has not been tested beyond EW, > 50 A and likely breaks
down due to a reduced Lya strength in the high fey1,c regime.
It also points more towards a 30 % escape fraction as implied
by comparison with the most recent measurements in local LyC
leakers (Izotov et al. 2018). Such high escape fractions would
also affect the strength of nebular emission lines such as Ha and
Hp and could therefore be tested with future spectroscopic ob-
servations with the James Webb Space Telescope (e.g. Jensen
et al. 2016; Zackrisson et al. 2017). Indeed, the fact that COLA1
shows a [3.6] —[4.5] colour that is much closer to zero than other
luminous LAEs at the same redshift could potentially indicate a
reduced strength of nebular emission lines, see §4.1.
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4.4. High ionisation rest-UV emission-lines

Thanks to the wavelength coverage of the X-SHOOTER spec-
trum, we can inspect the spectrum for the presence of strong
rest-UV emission line features (e.g. Stark et al. 2015); see Fig.
8. We do not detect a significant feature besides Lya. We mea-
sure 20 limiting line-fluxes of 1.6 and 0.7 x 10'7 erg s™! cm™
for the Crvysse.155¢ and Heijesp emission lines at z = 6.591, re-
spectively (over 250 km s~! extraction boxes), corresponding to
EWo v <25 A and EWopenr < 12 A. These non-detections are
not surprising given the fact that the limits are shallower than
other unsuccessful spectroscopic follow-up of LAEs at z = 6.6
(e.g. Shibuya et al. 2018), and EW limits are higher than detec-
tions in e.g. Stark et al. (2017).

5. Discussion: witnessing a galaxy reionising its
surroundings

5.1. The unlikelihood of observing a blue Ly« line atz > 6

Lya photons resonantly scatter in the presence of neutral hy-
drogen. Once Lya photons are absorbed, they are re-emitted in
a random direction in the rest-frame of the absorbing hydrogen
atom, resulting in a diffusion process in real and frequency space.
Analytical models show that this process results in a double
peaked Lya spectrum in a static medium (e.g. Neufeld 1990). In
the presence of outflows, Ly« photons see a larger optical depth
towards the blue, resulting in a redshifted asymmetric spectrum.
Hence, the Ly« profile is sensitive to the neutral hydrogen con-
tent and the velocity field of the gas in a galaxy (e.g. Loeb &
Rybicki 1999; Santos 2004; Dijkstra et al. 2007).

After escaping from the ISM, Ly« photons are also affected
by Hi in the circum-galactic medium (CGM). The CGM predom-
inantly transmits red Ly photons, enhancing the asymmetry be-
tween the red and the blue peak (e.g. Laursen et al. 2011). This
is consistent with observations at high-redshift (z > 2), where
high Hi column densities in the CGM result in a majority of Lya
profiles that consist of a single, red asymmetric line (e.g. Erb
et al. 2014). Due to the increasing neutral fraction of the IGM,
the asymmetry between the transmission of the red and blue line
increases and the chances of observing double peaked emission
decrease.

This is also found in semi-analytical and hydrodynamical
models of the EoR, which typically predict negligible transmis-
sion bluewards of the systemic velocity at z > 6 (Dijkstra et al.
2007; Laursen et al. 2011; Weinberger et al. 2018). In the radia-
tive transfer simulations from Laursen et al. (2011) the median
IGM transmission at the blue peak is > 30 % only at z < 4.5,
while it is < 0.1 % at z > 5 (similar to more recent simulations
by Weinberger et al. 2018). Given that these models predict such
low transmission bluewards of the systemic redshift, how is it
possible that we observe a strong blue peak in the Ly« profile of
COLAL at z = 6.59, a redshift where this is highly unexpected?
Here, we propose three scenarios that facilitate the transmission
of blue Ly photons and that may explain COLA1’s Ly« profile.

5.2. Three scenarios to explain double peaked Lya emission
atz =6.6

In Fig. 9, we sketch three different physical scenarios that may
explain the Lya profile of COLA1. We first describe these mod-
els and then we propose observations that may test and differen-
tiate between them. We note that the transmission, line-widths
and offsets in Fig. 9 are chosen for illustrative purposes.

In Model 1, COLA1 is surrounded by a highly ionised bubble
that is large enough for Ly photons to redshift out of resonance
due to the expansion of the Universe before encountering a rela-
tively neutral IGM. The Lya profile is therefore only determined
by the ISM conditions of the galaxy. In Model 2 the bubble it-
self is smaller, but is embedded in a larger relatively ionised re-
gion. The Lya profile here is mostly affected by the gas in the
CGM and IGM. Model 3 attempts to explain COLA1’s Ly« pro-
file without invoking IGM attenuation, but rather by an infalling
self-shielded cloud of neutral hydrogen. This neutral hydrogen
cloud absorbs part of the emitted Ly« line, resulting in a double
peaked spectrum.

5.2.1. Model 1: Large, highly ionised bubble in a neutral IGM

If COLA1 resides in a large, highly ionised region, it is possi-
ble that blue Lya photons redshift out of the resonance wave-
length due to the Hubble expansion prior to encountering a neu-
tral IGM (e.g. Malhotra & Rhoads 2006). Depending on the size
of this highly ionised region, it is possible that only (part of)
the blue peak is attenuated. In the left panel of Fig. 9, we illus-
trate this scenario where a double peaked Ly« line escapes from
the ISM of the galaxy (resulting from resonant scattering effects,
e.g. Neufeld 1990; Gronke et al. 2017), before the blue part of
the line is attenuated by a sigmoid transmission function of the
IGM.

The Lya photons in the blue peak of COLAI need to red-
shift out of the resonance wavelength by at least > 250 km s~
(the maximum velocity at which we observe blue Ly« flux com-
pared to line-centre, see Fig. 7) before encountering significant
amounts of neutral hydrogen. This requires a large ionised re-
gion. Ignoring peculiar velocities of inflowing gas, we can cal-
culate the required size as follows:

Av M
———Mpc.
H,—6.59 P

ey

dprop =

Here, d,rop is the proper distance photons are required to travel,
Av the required velocity offset and H,_¢ 59 is the Hubble param-
eter at z = 6.59, which is H.-¢50 = 803.85 km s™' Mpc™! in
our assumed cosmological model. Therefore, in order for Lya
photons to redshift by > 250 km s~ would require an ionised
sightline/region of at least 0.3 pMpc; or > 2.3 cMpc. Simula-
tions indicate that this bubble-size is similar to the characteristic
bubble size for a global ionised fraction of xy; ~ 50 % (e.g.
Furlanetto et al. 2006; Lin et al. 2016). As the ionised region
needs to be at least 0.3 pMpc, and could be larger, this means
the bubble size of COLA1 would correspond to a mean IGM
xgr < 0.5 at z = 6.6. On the other hand, the bubble around
COLA1 may also be an outlier as COLAL1 is likely a relatively
massive galaxy. This could imply a higher neutral fraction.

Can such an ionised region be explained using the observed
properties of COLA1? Following Haiman (2002), we estimate
the maximum proper radius of the ionised region around a galaxy
(in the absence of neighbouring ionising sources and ignoring
recombinations):

Ry = 2.5(feseyc Qion/10°s™)' (thurt/107y1) (1 + 27! Mpe.
2

Here, Ry is the radius of the Stromgren sphere, fesc1yc the es-

cape fraction of ionising photons, Qjo, the produced number of

ionising photons per second and 7 the age of the burst of star for-
mation. As listed in Table 4, we estimate fosc1yc = 0.15 (based
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Fig. 9. Sketches of different scenarios that may explain the observed Lya line-profile of COLA1. The top row shows sketches of the physical
scenarios and the bottom row shows the emerging Lya spectrum. On the left, Model 1 shows a double peaked emission line emerging from
scattering in the ISM that is redshifted due to the expansion of the Universe before encountering the IGM, that preferentially attenuates the blue
component. In the middle, Model 2 shows that a double peak may originate due to a low transmission at line centre (due to neutral hydrogen in
the CGM), while there is a relatively high transmission at further distances from the galaxy due to a large relatively ionised region (similar to the
IGM transmission curve at z = 4 in Laursen et al. 2011). On the right, Model 3 shows that a double peaked profile can also arise without IGM
attenuation in case there is an Hr absorber slightly blue shifted with respect to the systemic Lya velocity (which in this model is significantly

redshifted with respect to the IGM).

on the Ly peak offset), Qion 5 — 7 x 103 57! (based on either
the Ly luminosity, or based on the UV luminosity, combined
with a ionising photon production efficiency of &, = 10** Hz
erg”'; Bouwens et al. 2016) and fy, = 107 yr (based on the
high Lya EW; e.g. Charlot & Fall 1993) at z = 6.591. This re-
sults in Ry max1ye = 0.33f8:8; pMpc? and Ry max vy = 0.29’:8:8%
pMpc, corresponding to =~ 2.5 cMpc. The maximum radius
would marginally increase by 0.03 pMpc when correcting the
UV luminosity for a (high) attenuation Ayy = 0.45.

Therefore, under basic assumptions, the star-formation in
COLA1 may provide enough photons that can ionise a large
enough region for allowing the blue peak to be observed up to
~ =250 km s~! from line-centre. However, there are important
caveats that require attention. For example, our estimate con-
servatively assumes that the IGM does not affect Lya photons
red-wards of line-centre (as illustrated in the left panel of Fig. 9)
and the real required ionised region may have to be significantly
larger.

Moreover, the calculation so far also ignores peculiar veloc-
ities that typically blueshift Ly photons with respect to neu-
tral gas in the IGM (Laursen et al. 2011). Our calculation also
ignores self-shielded neutral regions in the CGM around galax-
ies, that could be challenging to ionise by the galaxy itself and
therefore may form a major source of opacity (e.g. Mesinger
et al. 2015; Sadoun et al. 2017). The recent simulations from

3 We note that these uncertainties are the propagated errors corre-
sponding to the UV and Lya luminosities and ignore uncertainties in
the age of the burst of star formation and the escape fraction.
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Weinberger et al. (2018) suggest that these self-shielded regions
may be more common for galaxies that reside in halos with
Mo ~ 10" My, for which the fraction of sight-lines that has
a significant transmission on the blue side of the systemic red-
shift is consequently extremely low. Sight-lines with high blue-
transmission do exist in a significant fraction of low mass ha-
los (Mpa1o ~ 10° M). These simulations therefore suggest that
COLALI resides in a low mass halo, unless the ionisation from
galaxies themselves have been under-estimated.

Finally, as noted in Haiman (2002), the radius of the ionised
sphere is over-estimated in case recombinations are important,
for example when the clumping factor in the IGM is high (C >
10) or the age of the star formation burst is > 10 yr. It is thus
unclear whether the ionised bubble can also be sustained, in par-
ticular when the star formation rate of COLA1 would decline
or if the escape fraction would decrease. A solution would be if
a quasar or (faint) neighbouring galaxies contribute to the local
ionising budget (e.g. Kakiichi et al. 2018). COLAL is not located
nearby a known quasar (Bafados et al. 2016). However, COLA1
is at a relatively close separation to CR7, the most luminous LAE
known at z = 6.6. The projected distance on the sky of 34.17’,
which corresponds to a comoving distance of 77 Mpc (proper
distance 10.1 Mpc) and the velocity difference is 350 km
s~!. No (faint) neighbouring galaxies are known around COLA1
(Bowler et al. 2014; Matthee et al. 2015), although the sensitivity
to neighbouring galaxies is limited (corresponding to SFR> 25
M, yr~!) and deeper observations are required.
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Table 4. Parameters used in calculations of the ionised bubble around COLA1 at z = 6.591 (§5.2.1).

Property Value Motivation
JeseLyc 15% (Conservative) Lya peak separation and blue-to-red flux ratio in local LyC leakers
feseLya 40%30 % Lya EW calibration, tested at z = 0 — 2.6 (Sobral & Matthee 2018)
Qion.Lya 7 x 10%* 57! Lya luminosity, fese1yc and fese1ye (Sobral & Matthee 2018)
Qion,uv 5% 1054 7! UV luminosity (no dust correction) and &;,, = 10>* Hz erg™!
tourst 107 yr High Lya EW (Charlot & Fall 1993)
Ry required > (0.3 pMpc Velocity offset > 250 km s~T due to expansion of the Universe
R max Lya 0.33+007 pMpc Eq. 2, assuming no recombinations and ionisation by the Ly« source of COLA1
R max.uv 0.29f§:§§ pMpc Eq. 2, assuming no recombinations and ionisation by the UV source of COLA1

5.2.2. Model 2: Large mildly ionised region

In our second scenario, COLALI resides in a relatively large
ionised region with a high transmission away from line-centre,
while the galaxy itself is not able to ionise gas clouds in its di-
rect vicinity, causing the low transmission at line-centre. This
scenario is illustrated in the centre panel of Fig. 9. Here, the dou-
ble peaked emission does not emerge from the galaxy itself, but
is caused by the environment of COLA1 that transmits flux at
different velocities differentially.

Here, the gas in the CGM of the galaxy still contains sig-
nificant amounts of neutral hydrogen (e.g. due to self-shielding),
while the gas at larger distances from the galaxy is mildly ionised
and has a transmission of ~ 50 % at < —1000 km s~! from
the systemic redshift (similar to the simulated IGM properties
at z & 4 in Laursen et al. 2011). The double peaked emission
originates from residual hydrogen in the vicinity of COLAL, ab-
sorbing flux around the systemic velocity. In this scenario, the
intrinsic Ly profile (that escapes the ISM) is broader than the
observed red Ly« line, but the resulting blue and red lines have
similar widths. While this scenario still requires a highly ionised
region (a transmission of 50 % corresponds to T = 0.7, or a mean
neutral fraction of ~ 2 x 1076 at z = 6.6), less ionising photons
originating from COLA1 are required compared to Model 1.

We point out that double peaked Ly« profiles with low flux at
line centre are the norm among Green Pea galaxies in the local
Universe (z ~ 0.3; e.g. Henry et al. 2015; Yang et al. 2017),
emerging from scattering in the ISM. Therefore, for an emerging
spectrum that has a similar profile at z = 6.6 (see also Fig. 6), but
due to the effect of the IGM (and without scattering in the ISM)
would be a remarkable coincidence.

5.2.3. Model 3: Large velocity offset and intervening
absorber

The last scenario follows an alternative explanation which does
not require a strong imprint from the IGM (either highly ionised,
neutral, or partly ionised) in the vicinity of the emitting galaxy.
Here, the emergent Lya spectrum consists of a significantly red-
shifted broad peak (e.g. due to an outflow), such that line is not
affected by Hi in the CGM or IGM. The right panel of Fig. 9
shows that the double peaked profile originates from an absorb-
ing system on top of this emission profile. This scenario is sim-
ilar to the ‘cold flow’ scenario that is used to explain the Ly«
profiles of high-redshift radio galaxies (e.g. van Ojik et al. 1997),
but with the difference that the column density is much lower.
The absorbing system could be interpreted as an inflow (e.g.
Matsuda et al. 2006), or potentially a wall between two ionised
regions (although we note that the IGM in model 3 can also be
fully neutral), such as a filament that has not yet reionised (e.g.
Finlator et al. 2009). We explore the Hi column density that such

an absorber would imply by fitting the line-profile with a voigt
profile absorber on top of a gaussian emission line. The upper Hi
column density limit is mostly determined by the width of the
absorber, which implies a marginally self-shielded column den-
sity Npr < 10'77 cm™2, blue shifted by ~ 80 km s~! with respect
to the peak of the emission. The intrinsic line-width FWHM is
380 + 20 km s,

How likely is such a scenario? In this model, both observed
lines are redshifted with respect to the systemic redshift. This is
not seen in z = 0 — 3 galaxies with double peaked Lya emis-
sion, where the systemic redshift typically lies between peaks
(e.g. Kulas et al. 2012; Henry et al. 2015; Sobral et al. 2018b).
Vanzella et al. (2018) identify a luminous system at z = 4
Mispo = —22.2, Ly, =~ 1.4 X 10% erg s~!) that has four
Lya components, of which only one is redshifted by ~ 350 km
s~!, while the others are either systemic or blueshifted. Multi-
ple redshifted lines are seen in high-redshift radio galaxies (van
Ojik et al. 1997), but these lines are typically much broader
(FWHM 2 1000 km s~') and likely a consequence of large
amounts of hydrogen present around the massive galaxies that
harbour radio AGN. Therefore, unless particular conditions in
the EoR are important, this scenario may be quite unlikely.

5.2.4. Summary and predictions

The sketched scenarios in Fig. 9 may be over-simplified and re-
ality may be a combination of different aspects of the models.
Even though Models 2 and 3 may be unlikely, some aspects
of these models may be combined with the general scenario in
Model 1. For example, the absorber from Model 3 could reside
in the highly ionised region from Model 1. Other complications
would arise if the galaxy is undergoing a major merger, with
multiple emission line regions at different relative velocities (al-
though there are currently no indications for this scenario). How
can observations discriminate between the different explanations
and make progress?

As illustrated in Fig. 9, it is clear that the key quantities that
would allow to differentiate between the models are the intrin-
sic line-width and the systemic redshift (marked as dashed, ver-
tical lines in Fig. 9). These properties can be measured from
the Ha or the HB lines, accessible with the James Webb Space
Telescope. The systemic redshift can alternatively also be mea-
sured using [Cn] FIR emission with ALMA (e.g. Matthee et al.
2017b), which can also test whether a merger of multiple com-
ponents is ongoing. Furthermore, if COLA1 is surrounded by a
large ionised region, additional sources of ionising photons are
likely present. It is therefore expected that COLAI resides in
a larger scale over-density of faint galaxies, potentially observ-
able using deep Lya observations with VLT/MUSE and/or with
ALMA observations that can identify [C].
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5.3. Implications & considerations for surveys

Why are there no other LAEs known at z = 5—7 that have double
peaked Ly emission (c.f. Songaila et al. 2018)? Why do we find
a double peaked LAE at a redshift where the IGM transmission
towards the blue is likely very low, instead of around z = 5 — 67
Could it be that more double-peaked LAEs have been found, but
they have been discarded as [On] interlopers?

5.3.1. Observational biases against identifying double
peaked LAEs?

As already noted in Dijkstra et al. (2007), LAEs with a strong
blue peak show a relatively low asymmetry (quantified by skew-
ness) and could thus be classed as low-redshift interlopers in the
case of low resolution spectroscopy. Moreover, the range of ob-
served peak separations in double peaked LAEs (Av ~ 200—-400
km s~!'; Verhamme et al. 2017) corresponds to observed wave-
length differences Adgys = (1 + zrye) X [0.8 — 1.6] 10\, simi-
lar to the observed wavelength difference of the [Omn] doublet
Adopsjom = (1 + zjom) X 2.79 A at all observed wavelengths in
the optical. Therefore, ‘single’ line-identifications may be biased
against confirming double peaked LAEs. This bias may particu-
larly be important when spectral wavelength coverage is limited
to the optical, but less important for ziy, < 4.8, as potential in-
terlopers of LAEs at these wavelengths will likely be detected in
multiple lines (such as HB and [Omi], besides [Om]).

There are also other explanations of why the number of
known double-peaked LAEs at z = 5 — 6 may be low. One ex-
planation is that the fraction of double-peaked LAEs increases
strongly with Lya luminosity (as discussed in Hu et al. 2016) and
current samples at z = 5 — 6 do not yet include enough luminous
sources (as the majority of very wide-field surveys prioritised
z > 6; e.g. Songaila et al. 2018). As the typical Lya luminosity
increases with redshift, this explanation would indirectly imply
that the LyC escape fraction increases with Lya luminosity and
with redshift (as Lfya increases; Sobral et al. 2018a).

Alternatively, it may be possible that spectroscopic follow-
up observations and/or publication efforts may be biased towards
z > 6 and double-peaked LAEs at z = 3 — 6 simply have not yet
been observed spectroscopically or published; or that the typical
S/N of spectroscopic observations at z > 4 is too low to identify
similar blue peaks. The flux in the blue peak is a factor ~ 0.3
lower than the brighter red component and can therefore only be
detected at 30 significance if the red peak is detected at ~ 100
significance, which is not always the case.

5.3.2. A preference for observing narrow peak separations
only in luminous LAEs at z > 57

Multiple peaked Ly« profiles have regularly been observed in
LAEs at z = 2 — 3 (e.g. Kulas et al. 2012; Yamada et al. 2012;
Trainor et al. 2015; Vanzella et al. 2016; Rivera-Thorsen et al.
2017), but also in quasars and in high-redshift radio galaxies
(e.g. van Ojik et al. 1997; Miley & De Breuck 2008). As COLA1
does not show evidence for AGN activity, we focus our com-
parison to LAEs at z = 2 — 3 (combining data from Yamada
et al. 2012, Saez et al. 2015 and Sobral et al. 2018b) and Lya
analogues (i.e. Green Pea galaxies; GPs; Yang et al. 2017). The
fraction of double peaked LAEs at z =2 -3 is = 30 - 50 % (Ku-
las et al. 2012; Yamada et al. 2012; Trainor et al. 2015), who find
typical peak separations of ~ 500—750 km s~!, although we note
that the spectral resolution of these observations (= 150—-200 km
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Fig. 10. Ly peak separation versus the observed Lya luminosity of
a compilation of star-forming LAEs. COLA1 (blue pentagon) has the
lowest peak separation known, while NEPLA4 (dark blue diamond;
Songaila et al. 2018) is the most luminous LAE known with a dou-
ble peak. While there is no clear relation between the peak separation
and Ly« luminosity at z = 2 — 3 (orange star: luminous LAE C-147
at z = 2.23, that is shown in Fig. 6; green squares: points based on
published results from Yamada et al. 2012 and Saez et al. 2015; ma-
genta diamond: a low mass Mg, < 107 My compact LAE presented
in Vanzella et al. 2016), a clear anti-correlation is seen between peak
separation and luminosity for Lya emitting Green Pea galaxies (GPs;
red points, Yang et al. 2017). This anti-correlation may be a selection
effect, as GPs are selected on compactness and strong [Om]/[On] ratios
that may trace density bounded Hi regions, and not a pure Ly« selec-
tion.

s~!) may not identify peaks with low velocity separations. The
peak separation in COLA1 is smaller than the peak separation of
the ultra-faint (Ms99 = —17), lensed LAE at z = 3.12 identified
in Vanzella et al. (2016), which is an extremely compact, highly
ionising star-forming galaxy.

As shown in Fig. 10, there is no clear relation between peak
separation and Ly luminosity for LAEs at z =~ 3 (although
the dynamic range is limited). On the other hand, a clear anti-
correlation is seen between peak separation and luminosity for
Lya emitting GPs. COLA1, which is the most luminous LAE
with the lowest known peak separation, seems to follow this re-
lation. However, we note that this anti-correlation may be a se-
lection effect, as GPs are selected on compactness and strong
[Om]/[On] ratios (Cardamone et al. 2009), that may trace density
bounded Hi regions. For example, GPs may all have a similar in-
trinsic Ly luminosity, but because of a correlation between the
Ly escape fraction and the peak separation (Yang et al. 2017) a
strong anti-correlation is observed (Fig. 10).

If Lya luminosity is anti-correlated with the peak separa-
tion at z > 6, this may explain why double peaked Ly« profiles
may only be observed in the most luminous LAEs. As the IGM
transmission strongly decreases towards the blue of the systemic
redshift (e.g. Laursen et al. 2011; Weinberger et al. 2018), the
blue lines of faint LAEs are more likely to be reduced. Lumi-
nous LAEs may however reside in larger ionised bubbles (be-
cause of a higher amount of ionising photons), facilitating the
observability of a blue peak. This would for example imply that
NEPLAA4 (Songaila et al. 2018) resides in a larger ionised bubble
than COLAL1. On the other hand, simulations argue that the blue
peak transmission may be higher for fainter galaxies, as there is
less self-shielded Hi present in their CGM (e.g. Weinberger et al.
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2018). The low observed peak separation in COLA1 could also
indicate that the CGM/IGM attenuated a significant amount of
the flux at even bluer wavelengths. Hence, it may simply be ex-
pected that observed peak separations at z > 6 are lower than at
7 < 5. A crucial test would therefore be to map out the evolution
of the relation between peak separation and Lya luminosity from
z = 5—"7 with high resolution spectroscopy, and explore how the
blue-to-red flux ratio evolves with redshift.

6. Summary

We have presented a detailed analysis of the COLA1 galaxy, a
double peaked LAE at z = 6.59 (Hu et al. 2016), using deep
multi-wavelength photometry and new deep, high resolution op-
tical and near infrared spectroscopy with VLT/X-SHOOTER.
Due to the opacity of the CGM and IGM for blue Lya photons,
detecting a blue peak at z > 6 is highly unlikely. We therefore test
whether the line profile is interpreted correctly as Lya at z = 6.6
and study the properties of COLA1 and their implications. Our
results are summarised as follows:

— We rule out that the double peaked line is [Or] emission at
z = 1.475 based on 1) the shape of the line-profile: the asym-
metric wing of the red line is not observed in the blue line and
no flux is detected in the middle of the blue and red lines; 2)
the extremely low blue-to-red flux ratio that is inconsistent
with [On] and 3) the non-detection of Her at z = 1.475 ruling
out even the lowest observed ratios with respect to [Om].

— A tentative detection in the B band is explained by a contri-
bution from Lya emission in a foreground LAE at z = 2.142,
confirmed through [Om]sgy; emission in addition to Lya.

— We confirm that COLA1 is a double peaked LAE at 71 yq req =
6.593 and summarise its properties in Table 3. The Lya lu-
minosity and EW are high (Liy, = 2.9 £ 0.1 x 10* erg

s™! and EW, = 85*9 A) and the Lya emission is compact

(rso = 0.33*307 kpc based on HST imaging).

— The Lya peak separation is 220 + 20 km s~! and the flux of
the blue peak is 0.31 + 0.03 times the flux in the red peak.
The Lya lines are narrow (FWHM= 198 + 14 km s~! and
150 + 18 km s~ for the red and blue peak, respectively) and
the full Lye line-profile resembles the profile of a luminous
LAE at z = 2.2 with a prominent blue peak (Fig. 6). Due
to the narrowness of the Ly« line, COLA1 is unlikely to be
powered by an AGN.

— By modelling the Ly profile with a five-parameter shell
model, we find that the line-profile is characterised by a very
low Hi column density (Ny; = 107093 ¢m=2), indicating a
non-zero escape of ionising photons. Based on correlations
between the escape fraction and the peak separation in LyC
leaking galaxies, we infer an escape fraction of ~ 15%, but
potentially up to = 30 %. Other inferences imply escape frac-
tions up to fege1yc ~ 50 %. This means that we are witness-
ing a star-forming galaxy that is actively contributing to the
reionisation of the Universe.

— COLAL1 has a high UV luminosity, Mjs090 = —21.6 £ 0.3,
implying a SFR ~ 30 Mg yr~!. The Spitzer/IRAC colours
[3.6] — [4.5] = —0.2 = 0.3 imply relatively weak contribu-
tion from [Om]/HB contributing to the [3.6] band, implying
a metallicity as low as Z < 1073(1/20 Z) or reduced strength
of nebular emission lines due to escaping ionising photons.

— The detectability of blue Lya emission from COLA1 implies
a low Ly optical depth out to * =250 km s™! of the galaxy,
potentially due to a surrounding > 0.3pMpc (2.3 cMpc)

ionised region. Based on the observed properties of COLAL1
and simple assumptions (detailed in Table 4), we find that
enough ionising photons have escaped COLAL1 to ionise a
~ 0.3pMpc (2.3 cMpc) bubble. However, keeping this re-
gion ionised likely requires a contribution from faint neigh-
bouring sources. No faint neighbouring galaxies are known,
but COLAL1 is likely in the same large scale over-density as
C11{7 with a separation of = 30’ (= 10 pMpc) and ~ 350 km
s

As we have shown, the confirmation of COLA1 as a double
peaked LAE at z = 6.59 allows us to witness directly that galax-
ies contribute to the reionisation of the Universe. Several as-
sumptions made here can be overcome with future observations
of the intrinsic line-profile and systemic redshift of COLAL. In
particular, future high resolution spectroscopic observations of
samples of LAEs may reveal the dependence on double peaked
Lye profiles on luminosity and redshift, providing a new probe
of the reionisation process.
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