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ABSTRACT

The observed properties of the Lyman-a (Lya) emission line are a powerful probe of
neutral gas in and around galaxies. We present spatially resolved Lya spectroscopy
with VLT/MUSE targeting VR7, a UV-luminous galaxy at z = 6.532 with moderate
Ly« equivalent width (EW, = 38 A) These data are combined with deep resolved
[CH]158,m spectroscopy obtained with ALMA and UV imaging from HST. Ly« emis-
sion is clearly detected with S/N ~ 40 and FWHM of 370 km s~'. We also detect UV
continuum with MUSE. Lya and [CII] are similarly extended beyond the UV, with ef-
fective radius reg = 2.140.2 kpc for a single component or reg Lya,halo = 3.454_'(1):3? kpc
when measured jointly with the UV continuum. The Ly« profile is broader and red-
shifted with respect to the [CII] line (by 220 km s~!), but there are spatial variations
that are qualitatively similar in both lines and coincide with resolved UV components.
This suggests that the emission originates from two components, while spatially vary-
ing HI column densities are also present. We place VR7 in the context of other galaxies
at similar and lower redshift. The Ly« halo scale length is similar at different redshifts
and velocity shifts with respect to the systemic are typically smaller. Overall, we find
little indications of a more neutral vicinity at higher redshift. This means that the
local (~ 10 kpc) neutral gas conditions that determine the observed Ly« properties
in VR resemble the conditions in post-re-ionisation galaxies.
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fraction in the epoch of re-ionisation (e.g. Stark et al. 2010;
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The re-ionisation epoch marks the transition of intergalactic
hydrogen from neutral to ionised. Such transition is thought
to occur between z &~ 6 — 10 (Fan et al. 2006; Planck Collab-
oration et al. 2015; Banados et al. 2018). However, the exact
timing and topology of re-ionisation and the major origin of
ionising photons are not well known.

Due to the sensitivity of the Lyman-a (Lya; Ao =
1215.67 A) equivalent width (EW) in high-redshift galax-
ies to neutral hydrogen (e.g. Dijkstra et al. 2007), it has
been extensively explored as a probe of the evolving neutral
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Pentericci et al. 2014). However, in addition to the EW,
more subtle variations in the Ly« line profile and spatial ex-
tent are also expected (e.g. Mas-Ribas et al. 2017), but are
difficult to explore (c.f. Hu et al. 2010; Momose et al. 2014;
Kakuma et al. 2019).

One effect of an increasing neutral fraction is a reduced
transmission of Lya photons at increasingly redder wave-
lengths with respect to the systemic redshift (e.g. Laursen
et al. 2011). How this affects the observed Lya properties
depends on the velocity shift between Lya and the systemic
redshift (e.g. Choudhury et al. 2014; Mason et al. 2018),
for example due to outflows (e.g. Erb et al. 2014; Rivera-
Thorsen et al. 2015).

Currently, velocity shifts between the peak of the Ly«



2 J. Matthee et al.

line and the systemic redshift at z > 6 are measured with
other rest-frame UV lines (e.g. Stark et al. 2017) or through
measurements of far-infrared lines with ALMA (e.g. Pen-
tericci et al. 2016; Hashimoto et al. 2018). The interpreta-
tion of observed velocity shifts at z > 6 is challenging: a
large observed shift could be intrinsic if, for example, out-
flows redshift Lya photons out of the resonance wavelength
before encountering significant amount of neutral hydrogen
so that the intervening IGM is effectively transparent. A
larger observed shift could also be the consequence of a de-
creased transmission due to large amounts of neutral hy-
drogen around galaxies which in practice absorbs the bluer
part of the line (e.g. Laursen et al. 2011; Smith et al. 2019).
Finally, large shifts could also be consequences of large ve-
locity offsets between (blended) merging components, with
lines corresponding to different components.

The spatial extent of Lya emission may increase in the
epoch of re-ionisation due to an increased importance of res-
onant scattering in the presence of more neutral hydrogen in
the circum galactic medium (CGM) of galaxies. An indica-
tion of an increase in the Lya scale length is found between
z = 5.7 and z = 6.6 by Momose et al. (2014), but those
results rely heavily on stacking (see also Santos et al. 2016).
Recently, the MUSE instrument on the VLT has been suc-
cessful in observing extended Ly« emission around individ-
ual high-redshift galaxies (e.g. Wisotzki et al. 2016; Leclercq
et al. 2017), but so far has focused mostly on faint LAEs at
z < 6.

Due to their brightness, luminous Lya emitters are the
best targets to take studies of extended Ly« emission into
the epoch of re-ionisation (z > 6). Among the sample of lu-
minous LAEs (e.g. Sobral et al. 2018), VR is the brightest
in the UV continuum (Mi500 = —22.4) and consequently has
a relatively typical Ly« equivalent width (EW), EW, = 38
A in spite of its luminous Lya emission. This is similar to
the typical EWs in bright UV-selected galaxies at z ~ 6
(e.g. Curtis-Lake et al. 2012). VRT7 consists of two resolved
components in UV and [CII] emission (Matthee et al. 2019),
similarly to other luminous galaxies at z & 7 (Ouchi et al.
2013; Sobral et al. 2015; Matthee et al. 2017b; Carniani
et al. 2018b; Sobral et al. 2019). Do such multiple compo-
nents influence measurements of velocity offsets with un-
resolved data (as e.g. Pentericci et al. 2016)7 Is the Lya
emission around luminous LAEs at z = 6.5 more extended
than typical LAEs at the same redshift, or more extended
than galaxies at lower redshift? Can we witness any imprint
of re-ionisation on the observed Ly« properties? These are
the questions that we aim to address.

In this paper we focus on spatially resolved Lya data
from VLT/MUSE observations of the LAE ‘VR7 (Matthee
et al. 2017a) at z = 6.532. These data allow us to measure
the Lya extent and identify possible spatial variations in the
Lya line profile. An important aspect of this work is that
we combine the resolved Lya data with resolved [CII] spec-
troscopy from ALMA and resolved rest-frame UV imaging
from HST/WFC3 (Matthee et al. 2019). This allows us to
search for spatial variations in the velocity offset between
Lya and [CII] and to compare the extent of Ly« to the ex-
tent in the rest-frame UV.

The structure of this paper is as follows. We present the
VLT /MUSE observations, data reduction and data quality
in §2. An overview of the known properties of VR7 is given

in §3. We investigate the environment of VR7 in §4. In §5
we present the sizes and surface brightness profiles of VR7
in Lya, [CII] and rest-frame UV and use the rest-frame UV
data to separate Lya emission that is extended beyond the
rest-frame UV emission. We focus on resolving the Ly« line
profile spatially in §6, where we also compare it to the re-
solved [CII] profile. Our results are placed in context in §7,
where we discuss the Lya extent and the Lya velocity offset
compared to other galaxies at z ~ 3 — 7. We summarise our
results in §8. Throughout the paper we use a flat ACDM
cosmology with Qp; = 0.3, Q4 = 0.7 and Hp = 70 km st
Mpc~?t.

2 MUSE DATA
2.1 Observations & reduction

VR7 was observed with VLT/MUSE (Bacon et al. 2010) in
service mode through program 099.A-0462 (PI: Matthee) on
29 May, 30 June, 28 July and 21 September 2017. Observa-
tions were performed with a seeing FWHM = 0.9 — 1.0” in
the V-band and with an airmass ~ 1.1. We used the stan-
dard Wide Field Mode with a field of view of 59.9” x 60.0”
and pixel scale of 0.2” /px, with a wavelength range 480-930
nm sampled by 3681 layers of A\ ~ 1.25 A. Individual ex-
posure times were 720 s. We rotated the position angle by
90 degrees after each exposure and dithered by 2 in the
RA/DEC direction with respect to the previous exposure.
Two exposures were rotated by 120° and 240°. Combined,
our exposures uniformly fill a grid of 70" x 60" centred on
the position of VR7 with a maximum on target exposure
time of 16740 s, or 4.65 hours.

We reduce the data using the MUSE pipeline v2.2 (Weil-
bacher et al. 2014) included in ESOREX. We first run stan-
dard prescriptions for bias subtraction, flat-fielding, illumi-
nation correction and wavelength and flux calibration for
each night individually. The coordinate system of each ob-
servation is mapped to the 2MASS (Skrutskie et al. 2006)
reference frame in the same way as for our HST data and
ground-based imaging (Matthee et al. 2015, 2019). Then,
we use CUBEX (Cantalupo in prep.; see Cantalupo et al.
2019 for a description) for additional flat-fielding, the addi-
tional removal of skyline residuals and the combination of
the individual exposures. CUBEX is run iteratively, where
the white-light image (collapse of A = 4750 — 9350 A) of
the first iteration has been used as a source mask for input
in the final iteration. We manually add VR7 to the source
mask, as it is un-detected in the white-light image due to its
high redshift.

2.2 Quality and depth

We use a I = 17 magnitude star that is 9" away from the
center of our pointing (see Fig. 1) to measure the point
spread function (PSF) of our reduced MUSE data. At the
wavelength of VR7’s Ly« line, the PSF is well described by
a Moffat profile with 8 = 2.8 (similar to Bacon et al. 2017)
and FWHM=0.90". The relative astrometric accuracy com-
pared to the HST/WFC3 data (Matthee et al. 2019) is mea-
sured by comparing the positions of 44 objects detected in
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Figure 1. Top: White-light (Aobs,vac = 4750 — 9350 A) image
of the MUSE data, where the position of VR7 (not visible in the
white-light image) and the star used for PSF-estimation are high-
lighted. Bottom: The 1D Lya spectrum of VR7 as observed by
MUSE in a 1.6” diameter aperture (red), the X-SHOOTER Ly«
spectrum (Matthee et al. 2017a; binned spectrally to match the
MUSE resolution; green) and the total [CII] spectrum observed by
ALMA (rescaling the observed frequency to the observed wave-
length if [CII] were at Ao = 1215.67 A; black). Lya emission
is detected over ~ 22 A, in 18 spectral layers and redshifted
compared to [CII]. The red shaded area shows the wavelength
range used to analyse the spatial distribution of Lya emission
(Aobs,vac = 9153.5 — 9170 A) The grey shaded region shows the
1o noise level derived by apertures in 62 empty sky positions. The
white diamond shows the flux density in the UV continuum.

the white-light image of the MUSE data-cube. We find no
significant offset with an accuracy of 0.02".

We estimate the noise level of our data by measuring the
standard deviation of the flux measured in 0.90” diameter
apertures in 62 empty-sky positions. These positions were
carefully selected based on a PSF-matched x?-combined de-
tection image based on ground-based ugriz and HST F110W
and F160W data. The centres of the empty-sky positions are
> 2" away from any detected object. The noise level depends
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Table 1. Integrated measurements from the MUSE data.

Property Value
Zspec,Lya 6.534 4+ 0.001
Liya (2.66 £0.15) x 10%3 erg s~1
EWo Lya 38+5 A
FWHMryq 370 & 15 km s—!

MAB,920—930nm 25.1670 39 (S/N=3.8)

on wavelength due to changes in the instrument efficiency,
the sky brightness and atmospheric OH features, but it is
relatively constant at rms=1 x 107% erg s7! cm ™2 A'in
individual layers around Aobs,air = 915 nm.

3 GENERAL PROPERTIES OF VR7

Here we present the global measurements of VR7 from the
MUSE data, summarise the other multi-wavelength proper-
ties known about the galaxy and how they compare to the
galaxy population at z ~ 7.

VR7’s Lya line is clearly detected in the MUSE data,
with an integrated S/N = 40 in a narrow-band collapsed
over Aobs,air = 9153.5 — 9170.0 A (Av = 540 km s™'; found
to optimise the S/N). The MUSE data also detects contin-
uum right-wards of Lya with an integrated S/N=3.8 from
920 — 930 nm and an AB magnitude 25.1670759 see Ap-
pendix A. Lya flux peaks at z = 6.534 4+ 0.001, which cor-
responds to a velocity offset of +217t§;3 km s™! to the sys-
temic redshift traced by [ClI]issum (2 = 6.5285; Matthee
et al. 2019, see Fig. 1). We measure an integrated Lya lumi-
nosity of (2.66 £ 0.15) x 10*3 erg s™!, which corresponds to
an EW, = 3845 A when combined with the UV luminosity
and slope (Mi500 = —22.3740.05, 8 = —1.381022: Matthee
et al. 2019). Our measurements from the MUSE data are
summarised in Table 1. The Lya luminosity is consistent
with the slit-loss corrected flux (using the Lya narrow-band)
measured with X-SHOOTER (Matthee et al. 2017a).

Compared to the galaxy population at z ~ 7, VR7 has
a high UV and Lya luminosity (=5 L{ry and 2.5xL{,, re-
spectively). It is unclear whether the Lyaw EW of VR7 is
typical for its luminosity and redshift. Curtis-Lake et al.
(2012) find that 50 % of >Lyy galaxies at z = 6.0 — 6.5
have an EW, > 25 A, while Furusawa et al. (2016) find no
strong Lya emission in nine observed LBGs at a photomet-
ric redshift z ~ 7. While the [CII]-UV luminosity ratio is
representative of galaxies with similar luminosity (indicat-
ing a gas-phase metallicity =~ 0.2 Zg; Matthee et al. 2019),
the upper limit on the IR-UV luminosity ratio (the latter
constrained by Ao = 160um continuum observations) is ex-
tremely low, indicating faint IR luminosity and hence lit-
tle obscured star formation yielding SFRuvyir = 54'_"3 Mg
yr~ ! (Matthee et al. 2019).

Despite its luminosity, there are no clear indications of
AGN activity in VR7. The Lya EW) is easily explained by
a star-forming nature. No strong rest-frame high-ionisation
UV lines as NV, CIV or Hell are detected (Matthee et al.
2017a), the Ly« line is relatively narrow with full-width half
maximum (FWHM) 370+ 15 km s™', significantly narrower
than most (narrow-line) AGN (Sobral et al. 2018). Similar
to other UV-luminous galaxies at z ~ 7 (e.g. Bowler et al.
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2017) VRT7’s rest-frame UV emission is resolved into two
components with effective radii 0.84 — 1.12 kpc and compa-
rable luminosity. This is further evidence against dominant
single nuclear emission. Therefore, we conclude that VR7 is
a relatively typical luminous star-forming galaxy at z ~ 6—7
with the light being emitted roughly equally over two closely
separated components.

4 ENVIRONMENT AROUND VR7

We use the MUSE data to search for LAEs in the vicinity of
VRYT in order to assess whether it resides in an extreme over-
dense region. Specifically, we use CubEx to identify line-
emitters in the continuum-subtracted data-cube observed at
Aair = 900 — 930 nm. This wavelength range corresponds
to z = 6.403 — 6.651, or Av= £5000 km s~ with respect
to VRT’s systemic redshift. The area of our data is 1.076
arcmin?, meaning that our comoving survey volume is 606.6
cMpc?. In order to identify reliable emission-lines, we require
that at least 30 connected voxels have an individual S/N of
1.8 (thus integrated S/N> 10).

Our search results in 18 emission lines, with fluxes in
the range (2.740.3) — (87.5+£0.3) x 107 ¥ erg s7* cm™2. We
use the full wavelength range observed with MUSE to iden-
tify the redshift of each emission line. We detect two emis-
sion lines for three objects in the investigated wavelength
range (either HB+[OI1I]4959 or [OIII]4959+4[OI1I]5007), mean-
ing that 15 unique objects are found. A total of 10 objects
are identified as [OIII] and/or HB emitters at z = 0.82—0.92,
3 objects are [OII] emitters at z = 1.40 — 1.48, 1 object is
part of a [SII] doublet at z = 0.34 and 1 object is VR7
at z = 6.53. Therefore, no neighbouring LAEs are detected
around VR7 above a S/N> 10.

The number of expected LAEs depends on the local
(over)density and the luminosity function convolved with
the completeness function of our data. We test the detec-
tion completeness of our data and methodology by inject-
ing simulated LAEs in the data-cube and measuring the re-
covery fraction as a function of line-width and luminosity.
We use IMFIT (Erwin 2015) to simulate the spatial profile
of LAEs with the typical Ly« surface brightness profile of
LAEs at z = 5 — 6 (Wisotzki et al. 2018), convolved with
the PSF of our data. The Lya flux is distributed over a half-
gaussian line-profile (a gaussian with zero flux left-ward of
the line-centre), which mimics the observed red asymmetric
Lya line profile of the majority of high-redshift LAEs. The
line-profiles are smoothed with a gaussian line spread func-
tion with FWHM=85 km s~! at the observed wavelength
(Bacon et al. 2017). We inject 20 simulated LAEs at random
positions in the data cube and store the recovered fraction
after applying our source detection methodology. This pro-
cess is repeated 50 times to increase the statistics. We vary
the line-widths from 100-500 km s~ ' in steps of 50 km s~ !,
the total line-fluxes vary from 107*% to 10715 erg s7! em ™2
and we vary the peak redshift from z = 6.40 — 6.60.

The detection completeness depends strongly on the as-
sumed line-width: i.e. a 50 % completeness (at z = 6.52, but
with little dependence on redshift) is achieved at Liys. =
2.8(4.2) x 10*? erg s~! for a line-width of 100 (200) km s~*,
while 50 % completeness is achieved only at Ly, = 6.8 X 102
erg s~ ! for lines with 400 km s™'. Previous observations of
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Figure 2. Lya luminosity functions and completeness curve of
our MUSE data. The blue and red LFs are from wide-field narrow-
band surveys (Matthee et al. 2015; Konno et al. 2018) and the
green LF is from a deep MUSE IFU survey (Drake et al. 2017).
The line-style of the LFs changes to dashed in regimes where
they are extrapolated, highlighting the complementarity of IFU
and NB surveys. Shaded regions around the LFs highlight the
uncertainties. The grey dotted line shows the completeness curve
for simulated LAEs with line-width 250 km s~! at z = 6.52. We
also show the Lya luminosity of VR7 and the volume probed at
z = 6.403 — 6.651 in our MUSE data.

LAEs at z ~ 6.5 show little dependence between line-width
and luminosity (Matthee et al. 2017a), with a typical line-
width 250 km s™' (see also Herenz et al. 2019), which we
use in our completeness estimate here.?

In Fig. 2 we show the Lya luminosity function at
z = 6.6 derived from narrow-band surveys from Matthee
et al. (2015); Santos et al. (2016) and Konno et al. (2018),
and the luminosity function at z = 5.0 — 6.6 from deep
MUSE observations (Drake et al. 2017). Although the lu-
minosity functions show some differences at the bright and
faint end?, their intersection point coincides with the lu-
minosity at which our MUSE data is &~ 50% complete. As
a consequence the predicted number of observed LAEs in
the VR7 cube is not very sensitive to the differences in
the luminosity functions, particularly since the VR7 cube
probes a small cosmic volume. By integrating the luminos-
ity functions convolved with the completeness curve, we find
that 0.06-0.10 LAEs are expected to be identified between
z = 6.403—6.651 in the VR cube if it has a normal density.
Since we do not identify a LAE besides VR7, we can thus
exclude that the environment of VR7 is more than 10 times

1 We retrieve similar results when using a (weakly) luminosity-
dependent line-width following (Matthee et al. 2017a). The com-
pleteness function flattens in case line-widths follow a non-
symmetric distribution (at fixed luminosity), but the shape and
width of this distribution is currently not known and we therefore
ignore scatter in line-widths at fixed luminosity.

2 Note that the overlap in dynamic range between narrow-band
surveys (which fixed the faint-end slope) and MUSE observations
are limited.
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Figure 3. Continuum-subtracted Ly« image (left), best-fitted two-component model (middle) and the residuals (right). The Lya image
is constructed over Agpbs,air = 9153.5 — 9170.0 A in order to optimise the S/N, see Fig. 1. The outer 0.2Xx peak flux contours in the left
panel correspond to the 30 level. In the left panel, we also illustrate the rest-frame UV and [CII] morphology (from HST/WFC3 and
ALMA; but convolved to the MUSE PSF, see Matthee et al. 2019 for their images in higher resolution) in blue and pink, respectively.
The two-component model is a combination of an exponential UV-like core component (illustrated with solid contours; based on HST
data) and a spherically symmetric exponential halo component (dashed contours).

over-dense. Therefore, our MUSE data is not deep (and/or
wide) enough to be used to identify moderate over-densities.

5 SIZES AND EXTENDED EMISSION

In this section, we investigate the extent of VR7’s Ly« emis-
sion in the MUSE data and compare this to the rest-frame
UV and [CII] sizes.

5.1 Ly«

We create a continuum-subtracted Lya narrow-band image
from the MUSE data-cube using a HS7T-based continuum
model, convolved with the MUSE PSF with IMFIT, see Ap-
pendix A for details. The continuum-subtracted Lya image
is shown in the left panel of Fig. 3. Due to the high observed
Lya EW (EWope = (14 z) EW, = 286 A), the continuum
subtraction does not impact the Lya morphology signifi-
cantly (the continuum contributes ~ 8 % of the flux in the
narrow-band over A = 9153.5 — 9170 A) We note that our
continuum model is consistent with the continuum image
from the MUSE data at 920-930 nm (Appendix A).

Lya emission is well resolved in our MUSE data. We
use IMFIT to fit an exponential profile to VR7’s Lya image,
using the reference star for PSF-deconvolution, and measure
Teff,Lya = 2.05 & 0.16 kpc with Ieg rya = (3.39 £ 0.45) X
107! erg s™! em™2 arcsec™2, the surface brightness at the
effective radius. No significant elongation is observed in the
Lya image. If we allow the Sérsic index to vary between
n = 0.01 and n = 10 we find a best-fit index n = 0.55 £ 0.42
with a slightly larger scale radius, ref,Lye = 2.17£0.20 kpc.
Our results are listed in Table 2.

MNRAS 000, 1-13 (2019)

5.2 UV and [CII] 158um

For a proper comparison to the rest-frame UV (HST/WFC3)
and [CII] (ALMA) data, we use single exponential profiles to
describe their morphologies using modelled images with the
same PSF as the MUSE data. In their spatial resolution of
0.25” and 0.5”, respectively, the morphology in both UV and
[CII] is well described by a combination of two exponential
components (Matthee et al. 2019) that are oriented in the
east-west direction. However, most of this structure is not
seen in the MUSE resolution due to the larger PSF (see the
contours in the left panel of Fig. 3). Fitting the convolved
UV and [CII] images with a single exponential profile, we
measure (de-convolved) effective radii reg,uv = 1.34 £ 0.06
kpc and reg [c1) = 2.14f8:§§ kpc (where the errors include
propagating the uncertainties in the fits to the morphologies
at higher resolution). The UV scale length is significantly
smaller than the Ly« scale length (by a factor 1.5 + 0.1),
but the [CII] scale length is similar to Lya, see Table 2.
Note that we do not force spherical symmetry on our UV
and [CII] models.

5.3 Two-component Ly« fit

The relatively large Lya scale length indicates the pres-
ence of a Lya halo. Following the analyses by e.g. Steidel
et al. (2011) and Wisotzki et al. (2016), we describe the Ly«
surface brightness profile as the combination of a ‘UV-like’
component (the core-component; the MUSE-PSF-convolved
HST model described above) that dominates in the centre
and an exponential component that dominates at large radii
(the halo-component).

We use IMFIT to simulate a range of model images in
a grid of halo flux, core flux and halo effective radius and
then we calculate the x? of each model compared to the
continuum-subtracted Lya image. Each model consists of an
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Figure 4. Curve-of-growth of VR7’s Lya emission (blue data-
points), the HST based UV continuum model and ALMA based
[CII] model convolved through the MUSE PSF (red and green
lines, respectively) and the PSF in the MUSE data-set (grey
dashed line). The Lya emission, the [CII] emission and the UV
continuum emission are extended, with Lya having the largest
scale length.

exponential core component (with effective radius fixed to
the UV size; reg,core = 1.34 kpc, ellipticity 0.53 and position
angle PA=74 degree) and a spherically symmetric halo com-
ponent with effective radius ref halo > 1.34 kpc (Table 2).
We find a best-fit halo effective radius ref halo = 3.451'5‘_2?
kpc and a halo flux fraction of 54715 %, indicating that
the majority of Ly« has a significantly different morphology
from the UV. Our best fit and its residuals are illustrated in
Fig. 3.

5.83.1 1D SB profile

To facilitate comparison with literature results, we now focus
on the (spherically averaged) 1D growth curve and surface
brightness (SB) profile. We extract the 1D SB profile by
measuring the summed flux in increasingly large concentric
annuli, divided by the area of each annulus. The maximum
annulus has a radius of 2. The errors on the 1D SB profile
are estimated by extracting the SB profile in each of the 62
empty sky regions (see §2.2) and computing the standard
deviation of the SBs in each annulus.

The observed growth curve of VR7’s Ly« emission is
shown in Fig. 4, where we also show the curves of the refer-
ence star used for the measurement of the PSF and of the
(convolved) UV continuum and [CII] models. At the resolu-
tion of our MUSE observations VR7 is spatially resolved in
UV, [CII] and Ly« emission, with increasing scale lengths,
respectively. This is similar to the result by Fujimoto et al.
(2019), who find a larger [CII] scale length than the UV
scale length using stacks of galaxies at z ~ 6 — 7. In Fig.
5 we show how the 1D SB profile of VR7’s Ly« emission is
decomposed into the core and halo-components. These 1D
SB profiles are measured on the best-fitted two-dimensional
models described above. Halo flux overtakes that of the core
Lya flux at radii > 0.8".
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Figure 5. One-dimensional Lya surface brightness profile of VR7
(blue points) and the best-fitted two component model and its
uncertainties (orange line and shaded region). The dashed and
dashed-dotted lines show the two components contributing to the
Lya SB profile, which consist of a core-like profile (red; with
the same scale length as the UV continuum) and a halo-like
profile (green; with larger scale length by definition). Note that
while the shown SB profiles are the observed profiles (after PSF-
convolution), our listed scale lengths are deconvolved values. With
the current data, halo-like Ly« flux dominates at radii > 0.8".

Table 2. Morphological measurements. The rest-frame UV mea-
surement is performed on HST data that has been PSF-matched
to the MUSE data.

Property Value

MUSE Lya

Single component

2.05 £ 0.16 kpc
Teff,Lya,Sersic 2.17 +0.20 kpC
NSersic 0.55 £+ 0.42
UV-like core 4+ Lya halo

Teff,Lya,halo

Teff,Lya,exponential

3.45:%12? kpc

uv

Teff,UV,core 1.34 £ 0.06 kpc
ellipticityuv 0.53 +0.05
PAuv TA+4
[C1]] 0.4

Teff, [C11] 2147735 kpe
ellipticity[cu] 0.76 £0.12
PAc1y 80+6

6 RESOLVED LYa PROPERTIES

At the spatial resolution of the ALMA and HST/WFC3
data, VRT is observed to consist of multiple components,
while at the MUSE resolution the Lya emission appears to
be described by a single component in a standard collapsed
pseudo-NB image. By exploiting the full 3D information
of the MUSE data, together with higher spatial resolution
ALMA and HST data, we explore whether multiple compo-
nents can also be related to the Lya emission, particularly
in the line of sight.
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Figure 6. Spectral variations of [CII] and Lya for VR7, depending on R.A. (left) and Dec. (right). Top and bottom rows show 1D
extractions in Lya (blue, extracted from the centre to +1”) and [CII] (red, from ALMA). The middle row shows the Lya pseudo-slit,
where black (red) contours mark the 4, 5, 60 levels of the MUSE (ALMA) data. The white (red) ellipses show the PSF and LSF of the
MUSE (ALMA) data. A second Lya component is clearly visible towards the east, while the western component is broader. The peak of
the Lya line in the south/west is tentatively shifted by ~ 40 km s~! compared to the north/east.

6.1 Ly« line-profile variations

Here we investigate spatial variations in the Ly« line-profile
and how these variations correlate with spatial variations
in the [CII] emission line profile (Matthee et al. 2019). We
explore spatial variations in the Lya line profile by using
position-velocity diagrams (PV diagrams; i.e. pseudo-slits)
extracted over different regions of the galaxy. The benefit
of PV diagrams is that they increase the S/N (by averaging
over multiple pixels) without parametrising the data.

Fig. 6 shows PV diagrams in two halves of VR7. The ex-
tractions are centred on the peak Ly« emission and averaged
over a 1.0” slice in the orthogonal direction. As a reference
velocity, we use the flux-weighted [CII] redshift, z = 6.5285
(Matthee et al. 2019), which we refer to as the ‘systemic’ red-
shift below. The left panel in Fig. 6 shows variations in the
east-west direction, while the right panel shows variations in
the north-south direction. The central row shows the PV di-
agrams, while the top and bottom rows show the 1D spectra
by summing the PV diagrams £1” from the centre.

Two distinct spatial variations in the Lya line profile
can be identified in Fig. 6, which interestingly can also be
identified in the [CII] spectra from ALMA (here imaged with
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spatial resolution with PSF-FWHM = 0.7”; Matthee et al.
2019). In general, Ly« is redshifted by ~ 220 km s™' com-
pared to the [CII] line. In the east however, we observe a
second bump in the Lya emission line at ~ +600 km s~ *
with respect to the systemic redshift, while the Ly« line
in the west is broader. The Lya line FWHM in the east is
230f28 km sfl, while it is SGOfig km s~! in the west. The
second bump in the east is also seen in [CII] emission at
a redshift of ~ 4130 km s~ compared to the systemic. In
[CII] emission, the second bump has a smaller velocity differ-
ence to the main component than the second Lya bump has
compared to the Lya peak. There is a small tentative gra-
dient in the peak-velocity of both the [CII] and Ly« lines.
The peak shifts by ~ +40 km s~! from east to west and
from north to south (see Fig. 14 in Matthee et al. 2019 for a
[CII] moment map that shows this more clearly). Remark-
ably, when the Ly« profile is shifted in velocity space as as
Unew = (Vobs —260 km s71)/2.6 km s™! it resembles the [CII]
profile in the east well. We discuss this in §7.4.



8 J. Matthee et al.
Av[cn(l [kms™']
0 400 600 800 1000 1200 1400

Lya
[CII]

400 200 0 20
East

Shell model

Normalised flux

Normalised flux

Normalised flux

Normalised flux

-400 -200 0 200 400 600 800 1000 1200 1400
-1
Avjcy) [km s71]

Figure 7. 1D extractions of the spectral variations of [CII] (red)
and Lya (blue) for VR7, depending on position (as Fig. 6). The
solid black lines show the best-fitted Lya shell models and the
dashed black lines show the intrinsic spectrum in those models.
The intrinsic spectrum in the shell model fits is somewhat broader
and redshifted compared to [CII]. We show in light-grey an arti-
ficial Lya profile shifted as vnew = (Vobs — 260 km s~1)/2.6 km
s~1. Tt is remarkable that it resembles the [CII] profile in the east
so well, but this could be a coincidence.

6.2 Lya shell models

In order to interpret the spatial variations in the Lya pro-
file using Ly« information alone, we perform ‘shell-model’
fitting on continuum-subtracted Ly« spectra in different re-
gions (the four directions in the PV-diagram) of VR7 using
the pipeline described in Gronke et al. (2015). The shell-
model is a popular model in order to extract physical in-
formation of Ly« spectra. It consist out of a Lya and con-
tinuum emitting source which is surrounded by a shell of
neutral hydrogen, and dust (Ahn et al. 2002; Verhamme

et al. 2006). The model features a minimum of six free pa-
rameters: the width and equivalent width of the intrinsic
Ly« line (o3, EW;), the dust and hydrogen content of the
source (which we characterize by the all-absorbing dust opti-
cal depth 7,, and the neutral hydrogen column density of the
shell Nur), the ‘effective temperature’ of the shell T, and the
inflow / outflow velocity of the shell vexp. The Bayesian fit-
ting pipeline used features the possibility to add additional
parameters. We also leave the systemic redshift as an addi-
tional free parameter on which we impose the gaussian prior
(1, o) = (6.5285, 0.001) based on [CII]. We note that leav-
ing zsys free to vary is important as even a small shift can
cause a sharp drop in likelihood.

We show the best fitted models in Fig. 7 (as black, solid
lines in each panel). The shell model can describe the data in
various positions of the galaxy very well. The systemic red-
shift obtained from the fit is consistent with the prior [CII]
spectrum, but it is at slightly higher redshift than the [CII]
peak (by +70 km s™'). The intrinsic spectrum of the shell
model fits is in all cases somewhat broader than the [CII]
spectrum. By analysing the shell-model spectra, we found
that the secondary red peak (particularly prominent in the
east) consists mainly of so-called ‘backscattered’ photons,
which are photons with a last scattering angle cosf ~ —1.
These photons experience a boost of ~ 2 times the shell
outflow velocity, thus leaving a characteristic ‘hump’ in the
emergent Lya spectrum (Ahn et al. 2002). The best-fit shell
model parameters vary from Ngr ~ 10°°cm™? in the east
to Nur ~ 1024 ¢cm™2 in the west, and the outflow veloc-
ities from 320 km s~! to 360 km s™!, respectively. These
parameters are very similar to those found in typical LAEs
at z ~ 3 — 6 (Gronke 2017), and larger than those found
in the luminous LAE CR7 (Dijkstra et al. 2016). We note
that the physical nature of the shell-model parameters is still
debated (e.g. Orlitova et al. 2018). One caution is that Lyo
photons trace preferably the low- Ngr medium, and thus, the
spectral information does not necessarily correspond to the
line-of-sight physical conditions (Eide et al. 2018; Kakiichi
& Gronke 2019). We interpret these results in §7.4.

6.3 Two Lya emitting components?

One explanation of the resemblance between the spatial vari-
ations in the [CII] and Ly« line profiles could be that the
Lya emission in VR7 also consists of components in the line
of sight with slight velocity differences, each emitting Lya.

In order to optimally isolate the two components iden-
tified in the PV diagram spatially, we collapse the MUSE
data-cube over customized wavelength layers. Specifically,
we collapse the layers from v = 220 — 340 km s~ (where
v = 0 is the systemic redshift z = 6.5285) to isolate the
main peak and v = 540 — 580 km s~ ! to isolate the red-
shifted bump, see Fig. 8. While the large PSF significantly
challenges the analysis, it is clear that the emission in the
redshifted bump extends more towards the east, while the
main component extends towards the south-west. The peak
position of the redshifted bump is shifted by 0.1440.04" to-
wards the east compared to the main component (but note
that the red asymmetric wing of the main component likely
contributes to the image of the bump emission). The red-
der Lya component is tentatively more extended (with an
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Figure 8. Lya narrow-band images centred on the main peak (left) and on the “bump” (right) identified in the PV diagrams. Solid
black contours mark the 0.6, 0.7 and 0.8 x the peak flux in each collapsed image, while the dotted black contours illustrate the contour
levels from the other component, respectively. The dashed cyan contours show the 0.6x peak UV flux in MUSE-PSF convolved model
images of the individual components. White crosses mark the peak positions of the [CII] components.

effective radius of 2.71 4+ 0.35 kpc compared to 2.14 + 0.26
kpc).

For comparison, in Fig. 8, we also show the (MUSE
PSF-convolved) contours of the individual components iden-
tified in the rest-frame UV. Similarly to Lyc«, the compo-
nents are mostly separated in the east-west direction and the
western component extends somewhat towards the south. In
case we interpret that the Ly« emission is indeed the combi-
nation of two LAEs for which we see the systemic redshifts
in [CII] emission, we infer that the main component has a
Lya peak separation Avpye = +217"_"§g km s~! and that
the redder component has Avrye = +460755 km s=!. We
discuss the validity of this interpretation in §7.4.

7 DISCUSSION

The re-ionisation of the Universe is likely still ongoing at
z &2 6.5, with a global neutral fraction of ~ 40 % (e.g. Naidu
et al. 2019). This could significantly impact the local UV
background and therefore the HI structures in the nearby
CGM of galaxies (e.g. Mas-Ribas et al. 2017; Sadoun et al.
2017), particularly for star-forming galaxies that are still in a
local neutral bubble. Naively, one would expect that galaxies
that reside in such a significantly more neutral environment
have flatter Lya SB profiles and observed Ly« lines with
higher velocity shift (due to an increased importance of res-
onant scattering and the IGM damping wing), compared
to post-re-ionisation LAEs (e.g. Dijkstra et al. 2007). Are
the Ly« properties of VR7 different from similar and lower-
redshift galaxies? We now compare the observed spatial and
spectral Lya properties of VR7 to comparable galaxies at
z=>5—6 (i.e. just after re-ionisation) and other galaxies at
similar redshift.
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7.1 Is Lya emission more extended at z > 6 than
at later times?

In Fig. 9, we compare the UV continuum and Ly« halo scale
lengths of VR7 to measurements of individual LAEs at z =
5 — 6 by Leclercq et al. (2017) and stacked LAEs at z =
5.7 — 6.6 by Momose et al. (2014). We also compare the
continuum scale length to a stack of UV-selected galaxies at
z = 5 — 7 by Fujimoto et al. (2019). We note that we use
our measurements based on a single UV component in VR7
to resemble the techniques in other works.

The rest-frame UV continuum scale length is observed
to increase with luminosity and VR7 and its individual com-
ponents follow this trend, with no indications of evolution
with redshift. The Ly« halo scale length does not show a
clear dependence on luminosity or redshift. While Momose
et al. (2014) find a larger scale length at z = 6.6 compared
to z = 5.7, the measured scale length at z = 6.6 is similar to
some individual LAEs at z < 6 observed by Leclercq et al.
(2017). The halo scale length of VRT7 is very comparable
to the most luminous system in the sample from Leclercq
et al. (2017), but smaller than the scale length of typical
LAEs at z =& 6.5. These results highlight that there is sig-
nificant variation in halo scale lengths at fixed redshift and
UV luminosity. There are no significant differences between
the Lya halo scale-lengths of VR7 and galaxies at z < 6,
which is expected if the HI column densities in the CGM
are comparable (e.g. Sadoun et al. 2017). Larger samples
with better overlapping dynamic ranges are required both
at z > 6 and z = 5 — 6 in order to identify more subtle,
potentially luminosity dependent trends.
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Figure 9. The dependence of UV (top panel) and Lya (bottom
panel) scale-length on the UV continuum luminosity for VR7 and
a comparison sample of LAEs at z = 5 — 6 from Leclercq et al.
(2017). We computed the median UV luminosity of the sample
from Momose et al. (2014) using measurements of the same galaxy
sample from Ono et al. (2010). We also show the two individual
UV components of VR7. The continuum scale length increases
with luminosity and VRT7 follows the trend of galaxies at z = 5—6.
There is no clear dependence between Lya halo scale length and
luminosity and VR7 has similar Lya halo scale length as galaxies
at LAEs z =5 — 6.

7.2 Is there evolution of Lya velocity offsets at
z > 67

Lya observables are affected by gas on the ISM, CGM, and
IGM scales. Understanding the interplay of these scales is
important, especially at higher redshifts where Ly« is used
to put constraints on the epoch of reionisation. For example,
the observed velocity offset between Lya and the systemic
redshift is an important ingredient in using the Lya-emitting
fraction of high-redshift galaxies to measure the neutral frac-
tion of the IGM (e.g. Mason et al. 2018). However, if there
are smaller velocity offsets at z ~ 7 compared to z ~ 5 due
to an evolution in the ISM or CGM, the fraction of galaxies
observable in Lya emission will be lower at z &= 7 compare
to z =~ 5 (e.g. Choudhury et al. 2014), even though there
could be no difference in IGM properties.

Therefore, evolution in the intrinsic velocity offset is de-
generate to an evolution of the neutral fraction in the IGM,
which also decreases the observed fraction of Ly« emitters
(e.g. Pentericci et al. 2016). Additionally, it has been ar-
gued (e.g. Stark et al. 2017; Mason et al. 2018) that, due
to outflows, the Lya velocity offset is larger in more lu-
minous systems, facilitating their Lya observability in the
epoch of reionisation. However, the interpretation of large
observed velocity offsets may be challenging in the epoch of
re-ionisation. The IGM damping wing could cut-off a sig-
nificant fraction of the flux on the blue parts of the line
if a galaxy is surrounded by significant amounts of hydro-
gen (e.g. Miralda-Escudé & Rees 1998; Dijkstra et al. 2007;
Laursen et al. 2011; Smith et al. 2019). This will result in
a large observed velocity offset. This could well be the case
in the galaxy B14-65666 at z =~ 7 which has a Lya velocity
offset of ~ 4800 km s™! (Hashimoto et al. 2018) and an
accordingly low Lya EW.

As the number of Lya resonant scattering events is
highly sensitive to the HI column density (Neufeld 1991),
a smaller Lya velocity shift is found in case the ISM is
more ionised (Barnes et al. 2011) or more porous (e.g. Smith
et al. 2019). Early results from ALMA measurements of the
[OII]g8um/[CII]158um ratio in a few galaxies indeed indi-
cate a highly ionised ISM in galaxies at z ~ 7 (Inoue et al.
2016; Carniani et al. 2017; Hashimoto et al. 2018). In Fig. 10
we compare the velocity shift between the observed peak of
the Ly« emission to the systemic redshift (Avrya) with the
width of nebular, non-resonant emission lines. We compare
VRYT7 to other UV and Ly« selected galaxies at z ~ 6 — 7
(for which [CII] is used as nebular line) and to LAEs at
z = 2 — 3 (for which [OIll]s5007 is used; Erb et al. 2014).
VRYT has rather typical line-width and velocity shift for the
z =~ 6 — 7 population, although there may be significant
dispersion for individual components. The mean observed
velocity shifts in galaxies at z ~ 6 — 7 are smaller than in
Lya emitters at z ~ 2 — 3 at fixed nebular line-width, par-
ticularly at o ~ 200 km s™!, although we note there is large
scatter. This similarly points towards a more ionised ISM in
LAEs at z ~ 6 — 7.2

The implication of lower observed velocity shifts at
high-redshift is that the majority of galaxies at z ~ 6—7 that
are observed in Lya emission do not experience a strong ad-
ditional HI damping wing compared to galaxies at z ~ 2—3.
In combination with the Ly« surface brightness profile this
suggests that there is no detectable neutral hydrogen en-
hancement in both down-the-barrel and transverse direction.
This agrees with the scenario that these galaxies reside in
relatively large ionised regions.

7.3 How well can [CII] be used to measure Ly«
velocity offsets?

One potential caveat for using [CII] as a proxy to obtain the
true systemic redshift is that [CII] has a lower ionisation en-
ergy than hydrogen. Because of this, the observed [CII] emis-
sion can trace a variety of gas phases. In local low-metallicity

3 We also note that at fixed properties, Lya line-widths at z ~
6 — 7 are narrower than at z ~ 2 — 3 (Sobral et al. 2018).
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Figure 10. The velocity offset between Lya and the systemic
redshift, Avryq, versus the nebular line-width (traced by [Cu] or
[OIII]). We show measurements for VR7 (total as blue pentagon;
individual components as blue stars), a compilation of galaxies
at z &~ 6 — 7 (green diamonds) and Lyc emitters at z ~ 2 — 3
from Erb et al. (2014) (orange squares). Larger symbols show
mean velocity offsets in bins of line-width, where the error bars
show the error on the mean. Galaxies at high-redshift have lower
observed velocity offsets than galaxies at z &~ 2 — 3. This indicates
that the ISM in galaxies at z ~ 6 — 7 is more ionised and that
there is little additional absorption from circum/inter-galactic gas
compared to galaxies at lower redshift.

star-forming galaxies [CII] is predominantly comes from neu-
tral gas (Cormier et al. 2019), but [CII] may also originate
from HII regions or trace molecular gas (Zanella et al. 2018).
If there are velocity differences between the regions which
emit [CII] and the region that emit Ly« (i.e. HII regions),
[CII] would not be an accurate means of systemic redshift.
Furthermore, [CII] emission could trace neutral gas on which
Lya photons resonantly scatter. On the other hand, obser-
vations of both [CII] and [OIII] lines in galaxies at z ~ 7
find consistent redshifts and line-widths (Hashimoto et al.
2018; Walter et al. 2018), suggesting that there is no problem
in using [CII] for measuring Ly« velocity offsets. Moreover,
observations of [CII] and molecular lines in sub-millimetre
galaxies at z ~ 5 also report consistent systemic redshifts
(e.g. Riechers et al. 2014; Jiménez-Andrade et al. 2018).
Another caveat in interpreting Ly« velocity shifts is
whether Lya spectra are observed at the same spatial loca-
tions as [CII]. In VR7, we identify a (slight) spatial gradient
in the peak velocities of both lines. Typically Lya spectra of
galaxies in the epoch of re-ionisation are obtained through
narrow slits and can thus suffer from such intrinsic line pro-
file variations. In VR7, [CII] is more extended than the UV
continuum emission and resembles the Ly« extent. Interest-
ingly, in the luminous LAE ‘Himiko’ at z = 6.59, the Ly«
peak SB coincides with the peak in [CII] SB (and not with
one of the UV components; Carniani et al. 2018a). Further-
more, the [CII] emission that coincides with the region where
Lya peaks is emitted at a different velocity from the regions
where [CII] and the rest-frame UV overlap. However, such
offsets between Ly« and the UV are not seen in other lumi-
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nous LAEs like CR7 (e.g. Sobral et al. 2019) and VR7 (e.g.
Matthee et al. 2017b, 2019). Future joint spatially resolved,
high resolution spectroscopy of Ha and Lya emission would
relieve these caveats, but current instruments can already
be used to explore whether important spatial variations and
offsets between Ly, UV and [CII] are also present in other
galaxies.

7.4 On the origin of variations in the the Ly«
profile in VR7

In §6 we showed that the Lya profile in VR7 has signifi-
cant spatial variations. Do these variations originate in the
emitting gas distribution and kinematics (for example two
merging galaxies®) or are they mostly driven by differences
in the scattering medium, or both?

The fact that the positions of the Lya components
(main peak and ‘bump’) differ and resemble the positions
of the UV and [CII] components (Fig. 8) indicates towards
a scenario where the variations are mainly driven by the
emitting gas distribution. The dynamical information of the
components seen in [CII] emission is not fully lost in the
observed Lya line profile, indicating the Lya line profile is
determined to large extent by processes relatively close to
the galaxy.

It is surprising that a simple re-scaled version of the Lya
profile resembles the [CII] profile (particularly in the eastern
part of VR7, Fig. 7). This requires a relatively specific distri-
bution of expansion velocities and hydrogen column densi-
ties, in particular to have similar relative fluxes of the peaks.
Within our limited current knowledge of the ISM properties
of VR7, variations in the HI column densities and kinemat-
ics are plausible. The eastern part of the galaxy has a lower
[CII]-UV ratio compared to the western part (Matthee et al.
2019), which could indicate low gas density (Ferrara et al.
2019). Future resolved multiple-line characterisation of the
ISM properties in VR7 are required to address this question
in more detail.

8 CONCLUSIONS

In this paper, we have presented spatially resolved Ly« spec-
troscopy of VR7 (Matthee et al. 2017a) with VLT /MUSE.
VR7 is a luminous star-forming galaxy at z = 6.53 that
is resolved in two components in the UV and [CII]. Ly«
emission is detected with an integrated S/N= 40 and well
resolved spatially and spectrally. We showed that the MUSE
data is not deep and/or wide enough to accurately quantify
the over-density of LAEs around VR7, only ruling out over-
densities of a factor > 10. We connected the Lya line profile

4 Whether the UV and [CII] components in VR7 correspond to
two individual galaxies that are merging, or two star-forming com-
plexes within the same galaxy is largely a semantic difference
given that the separations in terms of projected distance (~ 2kpc)
and velocity (~ 200 km s~!) are relatively small. The resolved
[CII] spectroscopy does not reveal ordered rotation on these scales
(Matthee et al. 2019), indicating that the two components do not
belong to the same dynamical system. Individually, the compo-
nents have UV sizes that are comparable to other galaxies (top
panel of Fig. 9).
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of VR7 to the velocity properties of the ISM (as traced by
the [CII] emission observed by ALMA) for the first time at
the epoch of re-ionisation. We searched for specific imprints
of incomplete re-ionisation on the observed Lya properties of
VR7, such as a strongly broadened and/or redshifted and/or
largely extended Lya line, but find no significant trend. Our
main results are the following:

e Lya emission (with a line-width FWHM=370 + 15km
s™') in VR7 is more extended than the UV continuum,
with a scale length reg 1yo = 2.05 £ 0.16 kpc compared to
reg,uv = 1.3440.06 kpc. The scale length of [CII] emission is
similar to Lya with reg (c1r) = 2.14f8j§§ kpc. Combining the
Lya with the UV data, we de-convolve the Lya emission
in a UV-like component and an extended halo-component
with scale length ref 1.ya,halo = 3.451%12? kpc. The halo scale
length is comparable to UV-bright LAEs at z = 5 — 6 ob-
served by MUSE, but smaller (by a factor ~ 3.5) than the
stacked halo scale length of fainter LAEs at z = 6.6.

e We identify spatial variations in the Lya line profile.
There is a tentative weak gradient in the peak velocity, red-
shifted by ~ 40 km s™! in the south-western side of the
galaxy compared to the north-east. We identify a redshifted
bump in the eastern part of the Lya line, which is redshifted
by ~ 230 km s~' with respect to the main Lyc peak. Ac-
cording to the shell-model, the bump could correspond to
back-scattering photons, but we find that the relative posi-
tions of the main Lya component and the bump resemble
those of components identified in HST rest-frame UV data.
These components have a projected separation of &~ 2kpc.

e The main peak of the Ly« line is offset by +217f?g km
s~ compared to the main peak of the [CII] line, but the spa-
tial variations seen in the Lya profile qualitatively resemble
the variations in the [CII] line. [CII] displays a similar, weak,
peak gradient and a second eastern component. However,
the [CII] line-width is narrower than Lya and the velocity
separation between the [CII] peak and the [CII] bump is
smaller (by a factor ~ 2). While a single shell model can
accurately fit the Lya profiles in different locations in the
galaxy, its fitted intrinsic lines are somewhat redshifted and
broader compared to the observed [CII] widths. The spatial
and spectral resemblance of [CII] and Ly« indicates that the
total observed Lya emission in VR7 likely originates from
(at least) two spatially and spectrally distinct regions with
different neutral hydrogen column densities.

e Using a literature compilation, we find that the velocity
offsets between Lya and the systemic are smaller at z =~
6 — 7 than found in LAEs at z &~ 2 — 3 at fixed nebular
line-width. This indicates that the ISM in higher redshift
galaxies is more ionised than at z ~ 2 — 3. The observed
Lya photons from galaxies at z =~ 6 — 7 do not experience a
strong additional HI damping wing compared to galaxies at
z ~ 2 — 3. Therefore, these galaxies (including VR7) likely
reside in relatively large ionised bubbles.

Our work reveals that constraints on the epoch of re-
ionisation relying on Ly« observables need to take the po-
tential evolution in the neutral hydrogen properties of the
ISM and CGM into account. This will likely loosen the exist-
ing constraints significantly. The solution to break the major
degeneracies is to explore the evolution of other Lya observ-
ables such as the SB profile and the spectral properties as
well as their correlation with different measurements. In this

work we show the potential of such efforts on an individual
galaxy. This can be put on solid, statistical grounds with
larger future programs.
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APPENDIX A: CONSISTENCY CHECK HST
BASED CONTINUUM - MUSE CONTINUUM

In the main text we subtract the UV continuum flux in the
Lya narrow-band using a model based on HST/WFC3 data.
In this model, VR7 is described by a combination of two
exponential profiles separated by 0.35” with scale lengths
of 0.84 and 1.12 kpc and contributing 36 and 64 % to the
total flux, respectively (see Matthee et al. 2019 for details).
We use IMFIT (Erwin 2015) to create a model image that is
convolved with the MUSE-PSF and normalise the flux based
on extrapolating the UV luminosity and slope at Ao = 1500
A to the Ao &~ 1230 A. Once the model is convolved with the
MUSE-PSF, it is well-fitted by a single exponential profile
with reg = 1.34 kpc (after again accounting for the PSF).

We perform a consistency check by comparing the UV
continuum at Ao ~ 1230 A in our MUSE data to the predic-
tion based on our model. The result is shown in Fig. A1. The
left panel shows the detection of the UV continuum in our
MUSE data (with S/N~ 4), while the middle panel shows
the convolved HST based model. The right panel shows that
no significant residuals are seen (except for the amplification
of a negative noise peak already present in the data), pro-
viding a rough validation of our model.
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Figure A1l. Validation of our continuum subtraction model. The left panel shows the continuum detected in a collapsed image of
Aobs = 920 — 930 nm in the MUSE cube. The middle panel shows the UV continuum model based on convolving the HST morphology

with the MUSE PSF. The right panel shows the residual image.

MNRAS 000, 1-13 (2019)



	1 Introduction
	2 MUSE data
	2.1 Observations & reduction
	2.2 Quality and depth

	3 General properties of VR7
	4 Environment around VR7
	5 Sizes and extended emission
	5.1 Ly
	5.2 UV and [CII]158m
	5.3 Two-component Ly fit

	6 Resolved Ly properties
	6.1 Ly line-profile variations
	6.2 Ly shell models
	6.3 Two Ly emitting components?

	7 Discussion
	7.1 Is Ly emission more extended at z>6 than at later times?
	7.2 Is there evolution of Ly velocity offsets at z>6?
	7.3 How well can [CII] be used to measure Ly velocity offsets?
	7.4 On the origin of variations in the the Ly profile in VR7

	8 Conclusions
	A Consistency check HST based continuum - MUSE continuum

