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ABSTRACT

We present new HST/WFC3 grism observations and re-analyse VLT data to unveil the
continuum, variability and rest-frame UV lines of the three UV components of the most
luminous Ly« emitter at z = 6.6, COSMOS Redshift 7 (CR7; Sobral et al. 2015). Our
re-reduced, flux calibrated X-SHOOTER spectra of CR7 reveal a tentative detection of
Hell with Frerr = (1.84£0.7) x 10717 erg s~ em ™2 and we identify the signal (~ 2.6 o) as
coming only from observations obtained along the major axis of Ly« emission. There is
a change of +0.2-0.5 mag in UltraVISTA J band data for CR7 from DR2 to DR3, which
virtually eliminates the strong J-band excess previously interpreted as being caused by
Herr. Our WFC3 grism spectra provide a significant detection of the UV continuum of
CR7’s clump A, yielding an excellent fit to a power law with 8 = —2.4+0.4 and Myy =
—21.740.3, consistent with no variability. HST grism data fail to detect any rest-frame
UV line in clump A above 3o, yielding Fierr < 0.5x 10727 ergs™! em =2 (EW < 10A)
at a 95% confidence level. Clump C is tentatively identified as a potential variable
and high ionisation source with Fyery = (1.0 £0.4) x 10717 ergs~—! em 2. We perform
CLOUDY modelling to constrain the metallicity and the ionising nature of CR7, and also
make emission-line predictions for JWST/NIRSpec. CR7 seems to be actively forming
stars without any clear AGN activity in clumps A and B, consistent with a metallicity
of ~ 0.05 — 0.2Zg and with component A experiencing the most massive starburst.
Component C may host a high ionisation source/AGN. Our results highlight the need
for spatially resolved information to study the complex formation and assembly of
early galaxies within the epoch of re-ionisation.
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1 INTRODUCTION earliest stellar populations and black holes are now possi-
ble. Studies based on the UV slopes () of high redshift
galaxies indicate that they are consistent with little dust
(e.g. Dunlop et al. 2012; Bouwens et al. 2014; Wilkins et al.
2016). However, results regarding the nature of underlying
stellar populations are ambiguous due to possible contribu-
* Based on observations obtained with HST/WFC3 program tions from nebular continuum and age-metallicity degenera-

14495 and the VLT programs 294.A-5018 and 294.A-5039. cies (e.g. de Barros et al. 2014). These degeneracies can only
1 E-mail: d.sobral@lancaster.ac.uk

Thanks to significant progress in identifying large samples
of distant galaxies, detailed studies of the properties of the
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be overcome by direct spectroscopic observations that trace
different states of the inter-stellar medium (ISM), but such
observations have so far been relatively limited due to the
faintness of sources.

Bright targets from wide-field ground based surveys
(e.g. Bowler et al. 2014; Matthee et al. 2015; Hu et al. 2016;
Santos et al. 2016; Shibuya et al. 2017a; Zheng et al. 2017)
provide unique opportunities to obtain the first detailed and
resolved studies of sources within the epoch of re-ionisation.
These bright sources are particularly suitable for follow-up
with ALMA (e.g. Venemans et al. 2012; Ouchi et al. 2013;
Capak et al. 2015; Maiolino et al. 2015; Smit et al. 2017).
While some sources seem to be relatively dust free (e.g. Ota
et al. 2014; Schaerer et al. 2015), consistent with metal-
poor local galaxies, others seem to already have significant
amounts of dust even at z > 7 (e.g. Watson et al. 2015).
Interestingly, the majority of sources is resolved in multiple
components in the rest-frame UV (e.g. Sobral et al. 2015;
Bowler et al. 2017a; Matthee et al. 2017c) and/or in rest-
frame FIR cooling-lines (e.g. Maiolino et al. 2015; Carniani
et al. 2017; Matthee et al. 2017a; Jones et al. 2017a).

High redshift galaxies appear to have ubiquitous high
equivalent width nebular emission lines (e.g. Sobral et al.
2014; Smit et al. 2014, 2016; Marmol-Queralté et al. 2016;
Khostovan et al. 2016; Faisst et al. 2016). This may be linked
to an elevated production efficiency of ionising photons per
unit UV luminosity (Bouwens et al. 2016; Matthee et al.
2017b; Stark et al. 2017). Studies also find that the frac-
tion of UV-selected Lyman-break galaxies with strong Ly«
emission rises with redshift from at least z ~ 3 to z ~ 6
(e.g. Stark et al. 2010; Hayes et al. 2011; Schenker et al.
2012). Such trend may well continue into the epoch of re-
ionisation, but the non zero neutral fraction beyond z ~ 6
makes Lya fainter and hence harder to observe (see Schenker
et al. 2012; Treu et al. 2013; Schenker et al. 2014; Pentericci
et al. 2014). Recent results also highlight that high redshift
galaxies have hard ionising spectra (see also Senchyna et al.
2017), revealed by UV emission lines such as Cii] and Crv
(e.g. Stark et al. 2015). This is in line with results showing
an increase in the ionisation parameter with redshift (Erb
et al. 2010; Nakajima & Ouchi 2014; Khostovan et al. 2016).

Identifying the source(s) of such high ionisation con-
ditions is a major challenge. Many mechanisms/physical
processes have been proposed. These include binary stars,
bursty star formation histories, active galactic nuclei (AGN),
or a higher cut-off mass in the initial mass function (e.g. El-
dridge & Stanway 2012; Grifener & Vink 2015; Stanway
et al. 2016; Sparre et al. 2017).

In this paper we focus on the COSMOS Redshift 7 Ly«
emitter (hereafter CR7, z = 6.604, Lryo=10**% erg s
EWo ya = 211 A; Sobral et al. 2015), a remarkably lumi-
nous source within the epoch of re-ionisation. CR7 reveals a
potential narrow Her11640A emission line and no detection
of any metal emission line at the current observational limit
in the UV. As explained in Sobral et al. (2015), any ‘nor-
mal’ metallicity source would have been detected in C1v or
Cri], indicating that the metallicity of CR7 should be very
low (e.g. Hartwig et al. 2016). As the ionisation energy of
Hell is 54.4 eV, the ionising source in CR7 must be very
hot, with an expected effective temperature of T ~ 10°K,
hotter than normal stellar populations. Due to its unique
properties, CR7 has been discussed in several studies, some

focusing on one of the hypotheses discussed in Sobral et al.
(2015) that it could harbour a direct collapse black hole
(DCBH, e.g. Pallottini et al. 2015; Hartwig et al. 2016; Smith
et al. 2016; Agarwal et al. 2016, 2017; Pacucci et al. 2017).
However, as Dijkstra et al. (2016) shows, the DCBH inter-
pretation has significant problems and realistically it cannot
be favoured over e.g. Poplll-like (i.e. very low metallicity)
stellar populations. Dijkstra et al. (2016) also argued that
CRT7’s Lya line is well explained by outflowing shell models,
similarly to lower redshift Ly« emitters (e.g. Karman et al.
2017; Gronke 2017).

Other authors have studied and discussed CR7 by
(re-)interpreting measurements provided by Sobral et al.
(2015) and presenting novel results from e.g. de-convolving
IRAC/Spitzer data (Agarwal et al. 2016; Bowler et al.
2017b). Such studies have reached similar observational re-
sults but often contradictory interpretations. For example,
Bowler et al. (2017b) identifies the brightest UV clump in
CR7 (clump A) as likely the brightest at 3.6 um and inter-
prets such brightness as potential [O111] 5007 emission, using
it to argue for a very low metallicity population with signif-
icant binary contribution, or a low metallicity AGN. Others
(e.g. Agarwal et al. 2017; Pacucci et al. 2017) argue that
those are the signatures of a “post-’"DCBH. Bowler et al.
(2017b) also shows that due to large systematics in Ultra-
VISTA data, CR7’s J magnitude has changed by +0.2 mag
from the data used in Sobral et al. (2015), which makes
the SED signature for Hell based on photometry much
less convincing. Shibuya et al. (2017b) presented spectro-
scopic results of luminous Ly« emitters, and analysed X-
SHOOTER data for CR7 to reach similar conclusions as So-
bral et al. (2015) regarding Lya, but finding a less-significant
Herl line. More recently, Matthee et al. (2017a) detected
[C1] in each of CR7’s clumps with ALMA, with hints of a
spectroscopically-backed multiple-major merger in CR7.

Several important questions remain unanswered regard-
ing CR7, and these are some of the most important questions
regarding the general population of galaxies at z ~ 7. What
is (are) the ionising source(s) and what is (are) the metal-
licity (ies)? What constraints can we obtain on the major
emission lines and on the continuum? Is the source variable?

In this paper, we obtain new HST/WFC3 resolved grism
data, re-analyse and re-interpret previous spectroscopic data
to further unveil the nature of CR7. In §2 we present the
observations, data reduction and re-analysis of spectroscopic
data. Results are presented in §3, addressing the differences
in the 2D Ly« profile, the potential variability of the source,
and constraining the fluxes from Hell and other UV emission
lines from a combination of all data. We make predictions for
the rest-frame UV and optical emission lines to be observed
with JWST in §4, based on the best current observations
and our CLOUDY modelling. We discuss results in §5 and
present conclusions in §6. Throughout this paper, we use AB
magnitudes, a Salpeter (Salpeter 1955) IMF and a ACDM
cosmology with Hyp = 70 km g7t Mpc_l, Qv = 0.3and Qp =
0.7.

2 OBSERVATIONS OF CR7

CRY7 (Sobral et al. 2015) was identified as a luminous Ly«
candidate by Matthee et al. (2015), while its UV counter-
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part was independently found as a bright, but unreliable,
z ~ 6 candidate Lyman-break galaxy (Bowler et al. 2012,
2014). CR7 was spectroscopically confirmed as a luminous
Lya emitter by Sobral et al. (2015) through the presence
of a narrow, high EW Lya line (FWHM= 266km s ',
EW, = 211A). Sobral et al. (2015) estimated that its lu-
minosity was roughly double of what had been computed in
Matthee et al. (2015), due to the Lya line being detected
at ~ 50% transmission of the narrow-band filter used in
Matthee et al. (2015). One of the reasons that made CR7 an
unreliable z ~ 6 — 7 candidate Lyman-break galaxy (LBG)
was the presence of an apparent J band excess of roughly
~ 30 based on UltraVISTA DR2 data (Sobral et al. 2015)
and the strong Ly contamination in the z band. CR7 was
also identified as having a 3.6 um excess, discussed as po-
tential e.g. [O111]5007 emission for the source as a whole
in Matthee et al. (2015); see also Bowler et al. (2017b).
The spectroscopic confirmation of CR7 as a Ly« emitter
at z = 6.6 and the J band excess provided strong hints that
an emission line should be contributing to the flux in the
NIR. The shallow NIR spectra of CR7 showed only one emis-
sion line in the J band, interpreted as narrow Hel11640A
(vpwnm = 130kms™!), while no metal line was found. Such
observations made CRY7 relatively unique, not only because
it became the most luminous Ly« emitter at high redshift,
but also due to being a candidate for a very low metallic-
ity star-burst (“Poplll-like”), a very low metallicity AGN
and/or a candidate for a DCBH.

2.1 Imaging Observations and SFR properties
from HST and ALMA

HST imaging reveals that CR7 consists of three “clumps”
(Sobral et al. 2015; Bowler et al. 2017a); see Figure 1. We
note that slit spectroscopic follow-up was targeted roughly
at the peak of Lya flux, and thus roughly at the position
of clump A (see Figure 1), but without knowing that the
source could be resolved in 3 UV clumps. Therefore, clumps
B and C were not originally spectroscopically confirmed even
though they are within the Lya halo as observed with the
narrow-band data and have a Lyman-break consistent with
z > 6. Deep, high spatial and spectral resolution ALMA [CI1]
data have nonetheless allowed to spectroscopically confirm
each of the UV clumps A, B and C as being part of the
same system. Readers are referred to Matthee et al. (2017a)
for a discussion on the spectroscopic confirmation of both
clumps B and C and on the further dynamical and physical
information inferred from the ALMA data.

Clump A, the brightest (Myy = —21.6 £ 0.1; Matthee
et al. 2017a) and bluest, roughly coincides with the peak of
Lya emission and has a UV slope 3 (corrected for the contri-
bution of Ly« to the F110W photometry) of § = —2.3+0.4
(measured within a 1” diameter aperture; Matthee et al.
2017a). Clumps B and C are fainter (Myy = —19.8 £ 0.2
and Myv = —20.1 £ 0.1, respectively; Figure 1) and show
B = —1.04+1.0 and —2.3 £ 0.8 in 0.4” apertures. As the
UV slopes are quite uncertain, they allow for large dust at-
tenuations and hence uncertain SFRs. However, as shown
in Matthee et al. (2017a), constraints on the IR contin-
uum luminosity from very deep ALMA observations of CR7
can mitigate these uncertainties. In practice, as CR7 is
undetected in dust continuum, it implies a relatively low
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Figure 1. The HST/WFC3 image showing the rest-frame UV,
and the NB921 ground-based Ly« contours of CR7 (Matthee et al.
2015; Sobral et al. 2015). We also show the approximate position,
rotation and on-sky width (0.9”) of the X-SHOOTER slit used
for the 3 OBs. For z = 6.6, 1" corresponds to roughly 5.4kpc.
Note that although formally on the same location and with a PA
angle of 0 deg, OB1 and OB2 yield different results, as OB1 was
not well acquired by a few hundred miliarcsec. We also show two
arrows pointing towards positive spatial locations in the reduced
2D spectra, i.e., positive offsets in the Y coordinate of the reduced
2D (see e.g. Figure 2). While OB1 and OB2 should sample more
along component A of CR7 only (although it may still get some
light from B towards the right; ‘up’ in the spectra spatial direc-
tion), OB3 runs from A to B. The UV component of clump C is
not directly targeted, except for perhaps some of its light making
it into OB3.

FIR luminosity of Lir(Tq = 35K) < 3.1 x 101°Ls and a
dust mass Mause < 8.1 x 10° Mg (30 limits). Such lim-
its imply a maximum dust obscured star formation rate of
< 54Mgyr~! for the full system. Overall, the combina-
tion of HST and ALMA observations reveal dust-corrected
SFRuv+ir = 28f?,5f?,7f% Mg yrt (see Matthee et al.
2017a) for clumps A, B and C, respectively, for a Salpeter
IMF (and a factor =~ 1.8 lower for a Chabrier IMF). The
SFR of the full CR7 system (A,B,C) is 4572 Mg yr—*, tak-
ing into account the ALMA constraints for obscured SFR,
and for a Salpeter IMF.

2.2 Re-analysis of X-SHOOTER observations of
CR7

We re-analyse the X-SHOOTER data originally presented in
Sobral et al. (2015). The NIR spectroscopic data in Sobral
et al. (2015) were flux-calibrated using UltraVISTA J band
photometry (which showed a strong J band excess), which
was later shown to be significantly lower (see Bowler et al.
2017b). We investigate this large change in UltraVISTA J
band data separately in Section 3.2.

The VLT/X-SHOOTER data were obtained over 3 dif-
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ferent observing blocks (OBs; see Figure 1) of about 1 hour
each, with two OBs obtained on 22 January 2015 and a final
OB (a repeat of OB1, which we name OB3 in this paper,
but that is formally called ‘OB1’ in the ESO archive) done
on 15 February 2015. We reduce all OBs separately. All OBs
used a 0.9” slit in both the VIS and NIR arms; see Figure
1.

For the first two OBs a PA angle of 0deg was used
(see Figure 1), together with an acquisition source at
10:01:03.156 +01:48:47.885. Offsets of —77.266” (R.A.) and
—32.634" (Dec.) were used to offset from the acquisition
source to CR7. The acquisition for the first OB (OBI,
22 January 2015) was suspected to be relatively off-target
due to an unreliable acquisition star centring (acquisition
star was not centred in the slit), leading to an appar-
ent lower Lya flux and a spatially truncated and com-
plex/double peaked Ly« profile, different from that found
in the OB2 which was done with a good acquisition and
with e.g. Keck/DEIMOS data (see Figure 2 and Sobral et al.
2015). When repeating OB1 and in order to avoid prob-
lems with acquisition, another acquisition source was used:
10:01:00.227, 01:48:42.992, applying an offset of —33.342"
(R.A.) and —27.742" (Dec.) and this time with a PA an-
gle of —39.76 deg, in order to better align the slit with the
elongation of the Lya 2D distribution obtained from the
narrow-band imaging; see Figure 1.

We use the X-SHOOTER pipeline (v2.4.8; Modigliani
et al. 2010), and follow the steps fully described in Matthee
et al. (2017¢c), including flux calibration. We note that our
new reduction results in a significantly improved wavelength
calibration in the NIR arm when compared to Sobral et al.
(2015), which we find to be off by ~ —2 — 3 A in the NIR
arm when compared to our improved reduction (due to the
use of old arcs; see also Shibuya et al. 2017b, who find a
similar result by using the most up-to-date pipeline). In the
VIS arm we find no significant differences in the wavelength
calibration when comparing to Sobral et al. (2015), but we
now flux calibrate the data (using appropriate telluric stars)
without relying on any narrow or broad band photometry,
unlike Sobral et al. (2015). In Figure 2 we show the reduced
2D centred on Lya for each individual OB (note that the
positive spatial direction is indicated with an arrow in Figure
1). We also show the combined stack of the 3 OBs and when
combining only the 2 final OBs. We present the results in
Section 3.1.

Our reduced spectra show a spectral resolution (FWHM
based on sky lines) of ~ 1.2 A at ~ 9000 A (~ 40kms™?),
corresponding to R ~ 7500 and =~ 3.4A at ~ 16,000]& (~
60 km sfl), corresponding to R ~ 4700. In order to improve
the signal-to-noise, we bin our 1D spectra to the resolution
by using bins of 1.1 A in the VIS and 3.4 A in the NIR arm.

2.3 Re-analysis of SINFONI observations of CR7

We also re-reduced the SINFONI data. The final data-cube
in Sobral et al. (2015) was produced with equal weights for
all exposures by using the SINFONI pipeline to reduce all
the OBs together. The data were then scaled in Sobral et al.
(2015) by assuming the J magnitude from UltraVISTA and
the flux implied for Hen from UltraVISTA. Finally, the stack
was combined with X-SHOOTER data which had a system-
atic offset in wavelength by 3A7 as stated in Section 2.2.

-1000 500 kms ! Lya +500 +1000
. Y Bal B 2 B 2 B B g

¥4 VLT/XSHOOTER CR7

OB1 observed: 20150122

-1 T T LR

I

[e)

3

=)

I 5 Y

IS

MR OB2 observed: 20150122, |
;Q’_ +2 l _

A

~ ;

KHD ,

8 2

B OB3 observed: 20150215 | PA=-40deg
LGS s Sie

o u
8 +2

2 \ 1

s A ([

- Y

Stack(Al) | |

i

. ﬂ
Stack(0B2+0B3) 2 A |

1213 1215 1217 1219
Rest-frame wavelength (A) [z = 6.605]

Figure 2. Our reduced and flux calibrated 2D X-SHOOTER
spectra, zoomed-in at Lya, in S/N space showing 1.5,2,3.4 and
5 o contours. We find a tentative difference in the flux distribution
between the 3 OBs, with this being caused by an incorrect target
acquisition in OB1 (OB1 and OB2 were done consecutively on the
same night but OB2 resulted from a better acquisition of the offset
star), and particularly due to a different slit angle and offset star
when comparing OB2 and OB3. Along the Lya axis, expected
from the NB, we find slightly more extended Lya emission (as
expected), but we also find a profile that is consistent with begin
even narrower.

CR7 was observed with SINFONI in Mar-Apr 2015
(program 294.A-5039) with 6 different OBs of about 1 hour
each. Four of those OBs were classed A (highest quality),
one of them was classed B (seeing > 1”) and another one
was classed C (bad quality, due to clouds). Here we neglect
the one classed C.

We use the SINFONI pipeline v.2.5.2 and implement
all the steps using ESOREX. We reduce each OB with the
appropriate calibration files, done either on the same night
or on the closest night possible. We reduce each OB indi-
vidually, along with each standard/telluric star. In total, 5
different telluric stars were observed, 1 per OB /night of ob-
servations, and we reduce those observations in the same
way as the science observations. In order to flux calibrate
we use 2MASS JH K magnitudes of each star. We extract

MNRAS 000, 1-18 (2017)



the standard stars’ spectra by obtaining the total counts per
wavelength (normalised by exposure time) in the full detec-
tor, following the procedure in the pipeline, and we then
re-extract them over the apertures used to extract the sci-
ence spectra. This allows us to derive aperture corrections
which vary per OB (due to seeing), which are typically ~1.5
for 1.4"” extraction apertures, and ~1.2 for 2" aperture ex-
tractions.

We find that the absolute astrometry of the pipeline re-
duced data-cubes is not reliable, as each OB (which is done
with the same offset star and with the same jitter pattern)
results in shifts of several arcsec between each reduced data-
cube. We attempt to extract spectra in the R.A. and Dec.
positions of CR7 assuming the astrometry is correct but fail
to detect any signal, with the stacked spectra resulting in
much higher noise. Finally, we make the assumption that
the data cubes are centred at the position of the first ex-
posure which serves as reference for the stack of each OB,
and extract 1D spectra per OB with apertures of 0.9”, 1.4”
and 2" (using our aperture corrections). We estimate the
noise per wavelength on each extracted spectra by randomly
picking apertures within the wavelength slice and comput-
ing the standard deviation of the sum of the flux. Finally, we
stack spectra from the different OBs by weighting them with
the inverse of the variance/noise. Reduced SINFONI spectra
have a resolution (FWHM, based on OH lines) of ~ 6.4 A
at ~ 1.2um (R ~ 1900; ~ 150kms™"). When binned to
the resolution, the spectra (1.4” apertures, stacked) reach
a 1o flux limit of ~ (2£1) x 10~ ®ergs ' em 2 A~!, with
the standard deviation reflecting noisier regions affected by
OH/sky lines.

2.4 WFC3/HST grism Observations

We observed CR7 with the WFC3 grism with GO program
14495 (PI: Sobral). Observations were conducted over a total
of 5 orbits: 2 orbits during 21 Jan 2017 and 3 further orbits
conducted during 17 Mar 2017. We used two different PA
angles (252.37deg and 322.37 deg; see Figure 3), each cal-
culated to avoid significant contamination by nearby bright
sources and in order to investigate the spectra of A, B and
C separately.

For each orbit, we obtained an image with the F140W
filter, two grism observations (dithered) with the G141 grat-
ing (central wavelength 13886.72 A)7 and another image af-
ter the second grism observation. These allow us to correctly
identify the sources and to clearly locate clumps A, B and C
within CR7. The F140W images were obtained at the start
and end of each orbit with the aim to minimize the impact of
variable sky background on the grism exposure (due to the
bright Earth limb and the He 1.083 ym line emission from
the upper atmosphere; see Brammer et al. 2014). A four-
point dithering pattern was used to improve the sampling of
the point-spread function and to overcome cosmetic defects
of the detector.

We obtain imaging exposures of ~ 0.25ks and grism
exposures of ~ 1.10ks. Our total exposure grism time with
G141 is 11.0ks. For a full description of the calibration of
the WFC3/G141 grism, see e.g. Kuntschner et al. (2010).
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On the resolved nature of CR7 5

. F1lowW (resf-frame le)

A arcsec (Dec.)

A arcsec (R.A.)

Figure 3. HST/WFC3 F110W (Y + J) image centred on CR7
and the immediate surroundings for our G141 grism observations.
We indicate the PA angles used for each of the 2 visits done: one
observing for 2 orbits and the final one observing for 3 orbits. We
also indicate the dispersion direction and the direction in which
bluer/redder light gets dispersed once the grism is used to take
observations. Our observations allow us to avoid contamination
from nearby sources and obtain spectra for each of the compo-
nents A, B and C for CR7.

2.4.1 Data reduction and extraction

We reduce the data following Brammer et al. (2012). The
grism data were reduced using the grism reduction pipeline
developed by the 3D-HST team (e.g. Brammer et al. 2012;
Momcheva et al. 2016). The main reduction steps are fully
explained in Momcheva et al. (2016). In summary, the flat-
fielded and global background-subtracted grism images are
interlaced to produce 2D spectra for each of clumps A, B
and C, independently. We also identify any potential con-
tamination from faint and/or nearby sources and subtract
it when we extract the 1D spectra. Our reduced data show
a resolution of R ~ 100 (FHWM 150 A) at A ~ 1.2 um, and
thus a resolution of ~ 20 A at ~ 1600 A rest-frame for CR7
in Lya (z = 6.605).

We extract the spectra of the 3 major components of
CRY7 from their central positions by using the rest-frame UV
continuum images obtained with HST. We see clear contin-
uum in the 2D for clump A (the brightest) and weak con-
tinuum from B. We find that apart from some minor con-
tamination at observed A ~ 15500 — 15700 A, the spectrum
of the 3 clumps of CR7 is not contaminated by any other
nearby sources, as expected from our observing planning
(Figure 3). We thus estimate the noise on the CRT7 spec-
trum by extracting spectra in a range of spatial locations
(per clump) with similarly low contamination. We use the
standard deviation per wavelength as the estimate of our
1o error and we use these to quantify the signal to noise
and to evaluate the significance of both the continuum and
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Figure 4. The extracted 1D spectra from X-SHOOTER at the
position of Lya showing results from different OBs which trace
different spatial scales and different angles for CR7 (see Figure 1).
We show spectra binned by 75kms™! (roughly double the reso-
lution). We find that OB3, that traces along the Ly« major axis,
connecting A to B, shows the highest flux peak and the narrowest
Lya profile, with a FWHM ~ 200kms~!. OB1, which was off-
target and with a PA angle of 0 deg shows a broader Ly« profile,
tentatively double peaked, which could point towards complicated
dynamics. OB2, obtained with the same angle but closer to the
peak of Lyo emission also shows a broader Lyo profile than OB3.
Interestingly, OB3 may also show a higher redshift component at
around 500-600 kms! from the peak of Lyc, but this is found at
relatively low significance.

the detection of any emission lines. Our un-binned spectra
of each of the 3 components of 9R7 show a noise level of
~(3—-19) x 107 ergs ™t em ™2 A7

3 RESULTS

Here we present the results from new spectroscopic obser-
vations with HST, together with a re-analysis of both X-
SHOOTER and SINFONI data from the VLT. We first
present the results from each data-set and interpret them
together at the end of the Section.

3.1 Results from ground spectroscopy
8.1.1 Spatially resolved Lya in X-SHOOTER

In Figure 2 we show the 2D spectra for our re-analysis of the
X-SHOOTER data, in a signal-to-noise scale, focusing on
Lya. We find potential variations in the Ly« profile, indicat-
ing that we are probing different spatial regions within the
source. This is likely due to the bad acquisition for OB1 (in
comparison to OB2) and due to a different acquisition star
and PA angle for OB3. While of relatively low significance,
OBS3 suggests a slightly redshifted component of Ly« in the
rough direction of clump B (see also Figures 1). As can be
seen in more detail in Figure 4, OB3 also reveals an even nar-
rower Lya profile (~ 200kms™!) than OB2 (~ 340kms™'),
hinting that the Lya FWHM may be even narrower along

1
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Figure 5. The extracted 1D spectra from our X-SHOOTER re-
analysis and the multiple OBs and full stack at the expected lo-
cation of Hell. Peaks in the 1o noise indicate the location of OH
lines. We find no significant Hell detection for CR7 in the spa-
tial locations covered by OB1 and OB2, and also no significant
detection in the stack of the 3 OBs. However, we find a tenta-
tive detection (which dominates the signal in Sobral et al. 2015),
consistent with a narrow Hell line in CR7 in OB3. We show the
expected location of the Hell line in the case of no velocity shift
from Lya and also where we would expect to detect based on
[Ci-ALMA emission from clump A. We find that the potential
Herr signal is consistent with a relatively small velocity offset from
Ly of ~ 100kms~! and would imply a similar redshift to the
one obtained with [Cr1].

the major axis of Lya (running from A to B), but both
OB2 and OB3 show the same/similar blue cut-off. A po-
tential explanation for this may be actual dynamics within
the system, as the major axis of Ly« emission, that roughly
connects A to B may be the axis of some potential merger
activity (Matthee et al. 2017a). Matthee et al. (2017a) also
finds that the perpendicular axis shows the largest velocity
shift (Figure 4), from the most blueshift towards C to the
highest redshift towards the opposite direction, and with
a total velocity shift of ~ 300kms™?, similar to the Ly«
FWHM in OB2. It may well be that Ly« itself is tracing
such complex dynamics, or that we are seeing more complex
radiation transfer effects or different HI column densities;
observations with e.g. MUSE and further modelling can fur-
ther clarify this.

3.1.2 Hell in X-SHOOTER: reliability and fluzx
constraints

We show our re-analysis of X-SHOOTER data, split by OB,
in Figure 5, where we present the extracted 1D spectra,
binned to a resolution (FWHM) of 75km s~ ' at the expected
rest-frame wavelength of Heil. We also present the 2Ds, per
OB, showing Lya and Heil for an easy comparison in Figure
6, where we show the 2D spectra of the expected location
of Hell based on the Lya redshift. Our re-analysis is able to
recover the Hell signal claimed in Sobral et al. (2015), but
clearly shows that the signal is coming essentially all from

MNRAS 000, 1-18 (2017)



Lya kms~! -1000 Lya +1000

PA=-40deg OB3
2

" Stack(All) '

A arcsec (1 arcsec= 5.4kpc at z = 6.605)
)

a

|
1209 1212 1215

1218 1221 1234 1238

Nv -1000

i y
Stack(OB2+0B3) |

On the resolved nature of CR7 7

He1r

+1000
[}

Stack(All)

Stack(OB2+0B3)

1242 1246 1633 1638 1643 1648

Rest-frame wavelength (A) [from Lya at 2 = 6.605]

Figure 6. Our final reduced and flux calibrated 2D X-SHOOTER spectra, zoomed-in at the expected positions of Lya, Nv and Heir.
We show spatial contours of 1.5,2,3,4 and 5 0. In order to highlight the location of sky lines and noisy regions in the 2D, we identify,
in each spectral window, pixels that deviate in more than 20% from the the median local noise and set such regions below the cut-off
(they are shown in dark). We find a tentative difference in the Ly« profile and in the Lya fluxes measured between the 3 OBs, with
this likely being caused by an incorrect target acquisition in OB1 (OB1 and OB2 were done consecutively on the same night but OB2
resulted from a better acquisition of the offset star), and a different slit angle and offset star when comparing OB2 and OB3. We see that
the detection of Hell is only seen for OB3 at a &~ 2.6 o level, also showing the negatives up and down and in the same spatial location as
Lyc. Furthermore, in OB3 we also find a tentative emission line blue-shifted by ~ 800 — 900kms~! to the expected wavelength of Nv.
Such potential line is not significant when stacking the full data, but can also be seen in the stack of OBs 2 and 3.

OB3 (see Figures 5 and 6), which was aligned with the ma-
jor axis of the Lya extent, and that shows the highest Ly«
flux peak (Figure 4). Based on OB3 only, we find a tentative
Herr detection at the = 2.5 — 2.7 o level. We can also see the
negatives up and down from the offsets along the slit (Figure
6), in the same locations as for e.g. the Ly« line, which prop-
agate to the final stack. These are typically taken as clear
indications that an emission line is real (as opposed to e.g.
a line which only shows a negative up or down or no nega-
tives). This potential emission line seen in OB3 has a flux of
(1.8£0.7) x 107" ergs™" and a FWHM ~ 170 — 200 km s ™!
(similar to the Lyce FWHM in OB3). The lower flux we find
compared to Sobral et al. (2015) is due to the different flux
calibration which in Sobral et al. (2015) was based on Ultra-
VISTA J band. The potential Hell signal from OB3 is consis-
tent with a redshift of z = 6.603 4 0.001, and thus implies a
relatively small velocity offset from Ly of ~ 100+£50km s ™!
being closer in velocity to the systemic redshift of clump A
(z = 6.601 £ 0.001; see Figure 5), than to the slightly lower
redshifts measured for the other components in the CR7 sys-
tem (z = 6.593 — 6.600; Matthee et al. 2017a). This would
argue for the line being more likely associated with A, orig-
inating in another sub-component of the system (slightly
redshifted from A), and/or being evidence for variability
or for it to be spurious. Interestingly, by further splitting
OB3 in multiple sets of exposures, we can still see emission
consistent with the final signal, spread over the majority
of the exposures, and also revealing negatives in most sets
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of exposures. This means the signal is not a cosmic ray or
an artefact. Nevertheless, given the low signal-to-noise from
just one OB there is still the chance that some significant
OH variability during the observations could have at least
contributed to boosting the signal somewhat, although the
errors take OH lines into account.

When we analyse OB1 and OB2 separately (see Figure
5) we find no evidence of the presence of Hell, with a flux
upper limit (30) of < 2.4 x 107" ergs™" for a 200kms™*
FWHM line at z = 6.603 — 6.605.

Due to the improved wavelength calibration we can bet-
ter identify flux coming from sky line residuals and we also
mask them in Figure 6. Overall, we find that with our direct
flux calibration and combining spectra based on the inverse
of the noise, the combined Helil signal of the full stack of 3
OBs is significant at only ~ 1.5 — 1.9 ¢. Thus, based on the
full stack we find similar results as Shibuya et al. (2017Db).
Similarly to Shibuya et al. (2017b), we can see the potential
negatives up and down which should be signatures of a real
line. However, we clearly show that all the signal comes from
OB3, where the line is tentatively detected at ~ 2.5 — 2.7 0,
as discussed (Figure 6).

8.1.8 Searching for other lines in X-SHOOTER

We conduct an investigation of the full X-SHOOTER spec-
tra, both on the full stack and also per OB, apart from Ly«
and Hell. We search for UV rest-frame lines with FWHMs
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Figure 7. The extracted 1D from SINFONI at the expected loca-
tion of Hell for the different stacks attempted for CR7. The stacks
show extractions obtained on the centre of the detector with dif-
ferent extraction apertures (using the appropriate aperture cor-
rections based on the standard stars available) and also based
on the R.A./Dec. positions assuming the astrometry is accurate.
We conservatively estimate the noise with randomly placed aper-
tures per wavelength slice; these also show the locations of OH
lines as peaks in the noise. In our stacks or individual OBs we
find no significant detection of Hell or any other rest-frame UV
line, although we note the caveats of the spatial location and any
potential variability.

from 150 to 1500kms™ ' with redshifts from z = 6.58 to
z = 6.606. We do not detect any line above 3¢, but find a
potential emission line just below the 3 o level (~ 2.5—2.90)
in OB3. We find it in the VIS arm (showing the negatives
from offsetting along the slit; see Figure 6) spatially coin-
cident with Lya. For z = 6.60 the potential emission line
(S/N~ 3) is relatively close to the expected rest-frame wave-
length of the Nv doublet (see Figure 6), but would imply a
redshift of z = 6.583 4 0.001 for it to be 1238.8 A (see e.g.
Tilvi et al. 2016; Hu et al. 2017; Laporte et al. 2017, for
NV detections in other sources at z ~ 7). It is possible that
such source could be linked with a blue-shifted [C11] compo-
nent seen in the ALMA data which is spatially coincident
with clump C, implying an AGN nature for such source (or
an AGN driven-outflow). This would mean that the poten-
tial Nv line would not be linked with clump A, for which
[Cn] provides z = 6.601, but potentially clump C. If the
potential NV line is real, it would be blue-shifted from the
potential Hell line by ~ 800 — 900 km s~ !. Regardless of the
association, it would also imply a very high Nv/Hell ratio
(> 0.5) only possible for very high ionisation parameters
(log U ~ —1) and low density gas being ionised by an AGN,
found in high redshift radio galaxies (e.g. Matsuoka et al.
2009).

8.1.4 The nature of CR7 with SINFONI

One can further explore the reliability of Hell and its po-
tential variability and spatial location by exploring the SIN-
FONI data. The first observations were conducted 1 month

after the X-SHOOTER OB3, and span a full month. In Fig-
ure 7 we show the 1D stacks. We show these for different
extraction apertures and note that we assume the source
is in the centre of the 3D stacked cube, per OB (see Sec-
tion 2.3). We visually search for potential emission in 2D
by binning the data spectrally based on the Hell signal in
X-SHOOTER’s OB3, and find potential signal from Hell in
three of the OBs, consistent with those found in Sobral et al.
(2015) by using SINFONI data only. However, by measuring
the noise on such wavelength slices (with apertures of ~ 1)
we find that such signal on its own is always of low signif-
icance < 1.50, mostly due to the presence of the nearby
sky-line and SINFONI’s lower resolution. Nevertheless, we
still extract 1D spectra based on such positions, and also
compare the results.

By obtaining spectral extractions at the centre of each
3D stack we find no evidence for any significant emis-
sion line for rest-frame wavelengths of ~ 1450 — 1770 A
(see e.g. Figure 7). This allows us to place a 3o limit of
< 2x 107" ergs ' cm™? for Hell assuming a FWHM of
200kms~! and an aperture of 1.4”. We cannot exclude
the possibility that any signal is spatially spread in dif-
ferent ways and that our stacking leads to spreading it
spatially in a way that becomes undetectable. We also
note that the limit obtained with SINFONTI is still for-
mally consistent with the X-SHOOTER detection in OB3
(1.840.7 x 107" ergs™' ecm™?), and thus it cannot exclude
it easily at a 3o level, and also does not exclude the de-
tection even at a 20 level based on the flux errors from X-
SHOOTER. However, our SINFONI results certainly imply
that the flux, if non-variable (and not spatially spread due to
the data-reduction/stacking), should be at least towards the
lower limit measured with X-SHOOTER, and thus closer to
~ 1x107 " ergs™!. This would imply an observed Herl/Lya
ratio of ~ 0.06. As no convincing detection (based on the
noise) is made in either of the SINFONI OBs, we are not
able to comment on potential variability. Deeper data are
therefore required to further test both the reliability and
the potential variability of Hell.

3.2 Variability: UltraVISTA

We combine data from different epochs/data-releases of Ul-
traVISTA (McCracken et al. 2012), attempting to constrain
the potential variability of CR7. We find a large (in mag-
nitude), 0.2-0.5mag variation in the J band magnitude of
CR7 from the UltraVISTA survey from DR2 to DR3 (see
also Bowler et al. 2017b), while the magnitude apparently
stayed constant from DR1 to DR2 (see Appendix B). We
note, nonetheless, that from DR2 to DR3 no more exposures
were obtained for the sky location of CR7, and thus the dif-
ference seems to be due to potential (strong) systematics on
the data reduction by UltraVISTA. While 0.5 mag (becom-
ing fainter) is quite a large change, and dramatically affects
the interpretation of a high EW emission line in the J band
(which was taken as a strong prior in Sobral et al. 2015), we
find that, perhaps surprisingly, many other sources with a
similar magnitude (see Figure B1) changed by this amount
in the location of CR7, which imply magnitude errors on the
UltraVISTA higher than the ones formally estimated in the
catalogues. We therefore interpret the change not as intrin-
sic variability, but due to variations from the UltraVISTA
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Figure 8. The final HST/WFC3 Grism 2D reduced spectra, smoothed by 1 spatial and spectral pixels, for each of the three UV clumps
in CR7: A, B and C (see Figure 1). All 2D here are shown in S/N space (contours: 2, 3, 4, 50), with the noise estimated away form the
location where each clump is found. For A, we show both the observed spectra (top), which shows significant continuum detection and
the continuum subtracted 2D spectra. For B we show only the continuum subtracted spectra. For C we do not detect any continuum
and thus we do not subtract it. We show locations which were contaminated by nearby sources (contamination was subtracted but can
still result in residuals). We also show the expected location of rest-frame UV lines using redshifts obtained with ALMA-[C11] (Matthee
et al. 2017a) close to the position of each clump and also an indicative “slit” of 0.7"" that would contain close to 100% of the flux of
each clump. We note that our 1D extraction is based on the 2D image of HST of each clump. Apart from detecting continuum, no clear
emission line > 3¢ is found for any of the three clumps, and only tentative/low S/N detections are possible with the current data.

data reduction and source extraction. This also means that
we cannot exclude a variability of CR7 below < 0.5mag,
although we can exclude a strong variability of > 0.5 mag.

3.3 HST Grism observations: continuum results

The spectrum of CR7 is extracted for its multiple UV com-
ponents A, B and C detected with HST (see e.g. Figure 1).
Figure 8 shows the 2D extractions per clump. We start by
investigating the properties of the continuum and compare
those with broad-band photometry. We use the extracted
spectra but also bin the extracted spectra to resolutions of
up to 8000kms~* for a high S/N of the continuum; see Fig-
ure 9. We measure Myv (at rest-frame 1500 A) by integrat-
ing the flux between rest-frame 1450 A and 1550 A, and we
also fit a power law of the form A?. All measurements are
conducted per UV clump. We find that our extraction of
clump A yields § = —2.4+0.4 and Myy = —21.7£0.3 (see
Figure 9), and thus consistent with the photometric proper-
ties of the clump, estimated as 8 = 2.3 + 0.4 and Myy =
—21.6 0.1 (see e.g. Matthee et al. 2017a). This shows we
are able to recover the continuum properties of clump A,
and that at least these continuum properties show no signif-
icant evidence for variability (< 0.3 dex for clump A) within
the errors. Note that previous photometric data were taken
in 2012, and thus five years before the grism spectra (see
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Sobral et al. 2015). Our measurements are also independent
of any emission-line contamination, which we can mask, and
are not affected by e.g. strong Ly« emission. For clump B
we find 8 = —2.0 £ 1.0 and Myy = —20.7703, which com-
pares with values of 8 = —1.0+ 1.0 and Myyv = —19.6+0.7
from photometry (see e.g. Matthee et al. 2017a). Note that,
as shown in Figure 9, the continuum detection in clump B
is of significantly lower S/N than that of clump A, and thus
the UV properties derived are much more uncertain. As a
consequence, we are also unable to place strong constraints
on the variability of B. For clump C we do not make any sig-
nificant continuum detection, but our spectra are consistent
with 8 ~ —2.8 4+ 1.0 and Myy = —20 £ 1. We note that our
detection of continuum in B and non-detection of C is unex-
pected given that previous UV photometry implied clump
C was slightly brighter than B (e.g. Bowler et al. 2017b;
Matthee et al. 2017a). This could mean that the relative
brightness of clumps B and C could be varying.

Overall, from our grism spectroscopy, we find that
clump A is ~ 2 — 3 times brighter in UV continuum than
clumps B and C, and that, within the (large) errors, their
[ slopes are consistent with each other. We find tentative
indications that clump B is redder than A, similarly to re-
sults from photometry, but our current errors do not allow
for any strong conclusions to be made. Finally, we find ten-
tative evidence for variability in clump C, having become
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Figure 9. HST/WFC3 grism 1D spectra of the three different clumps of CR7 extracted based on the UV detections of each clump in
the pre- and post-images of the grism observations. Top: Clump A is significantly detected in the UV continuum and is well fitted with
af=-24+04 and Myy = —21.740.3. Clump B is also detected in the rest-frame continuum but at a much lower significance, while
clump C is not detected in the continuum. Previous photometry (e.g. Bowler et al. 2017b; Matthee et al. 2017a) implies C should be
brighter than B, and thus our results suggest that C may be variable. Bottom: After continuum subtracting the spectra of each clump
we find no significant detection above 3¢ of any rest-frame UV line. There are only weak/tentative detections (~ 2¢) of N1v] in clump
A and Her in clump C (which would indicate z = 6.58 + 0.01 for that source, consistent with the blue-shifted component observed with
ALMA towards the location of clump C). The resolved spectra also show that any potential Hell emission would have to likely come
from or near clump C and not clump A. We assign relatively strong limits to all observed rest-frame UV lines, which we use to further
interpret CR7.

fainter in our grism observations than expected from pre- 30 level in any of the three clumps. Nonetheless, there are
vious photometry. Observations with HST/WFC3 program possible/tentative detections which are just above ~ 20
14596 (PI: Fan) will be able to further clarify/confirm our N1v] for the extraction of clump A (2 = 6.60 4+ 0.01) and a
tentative indications. potential weak detection of Hell for clump C (which would

imply z = 6.58 £ 0.01). Note that while N1v] for clump A
is consistent with the systemic redshift now obtained for
3.4 Grism observations: emission-line results clump A with ALMA (Matthee et al. 2017a), the potential
Helr detection towards C would be consistent with a redshift
of z = 6.58 — 6.59. This could be related with the blue-
shifted [C11] component found with ALMA towards C and
also the potential Nv (which would imply z = 6.583+0.001)
detection also towards that spatial location in the system.
In order to better quantify the significance of all rest-
frame UV lines, we measure all lines with GRIZLI'/Emcee
(MCMCQC), by fitting simultaneously to all of the exposure
level 2D spectra. We obtain the 2.5, 16, 50, 84 and 97.5 per-
centiles of the Emcee chain, and show the results in Table
1. Our results show that there are no clear (> 3 0) emission

Figure 8 presents our 2D spectra of each of the three
clumps in CR7. For clump A we show both the observed
(continuum-dominated) spectrum, along with the contin-
uum subtracted, while for clump B we show the continuum
subtracted spectrum only and for C we show the observed
spectrum as we make no significant continuum detection (if
anything we find a systematic negative signal). In Figure 9
we present the extracted 1D spectra of each clump.

By using the best continuum fits shown in Figure 9,
we then continuum subtract the spectrum of each clump.
We show the results in the bottom panel of Figure 9, now
in the best resolution possible with the grism data, and in
order to look for any emission or absorption lines. We find
no clear rest-frame UV emission or absorption line above a I https://github.com/gbrammer/grizli/
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Table 1. Results from the MCMC chain to constrain the line
fluxes of each clump within CR7 for our HST/WFC3 grism data
(A, B and C) after subtracting the UV continuum per clump. All
fluxes are in 10~ '8 ergs~! cm™2. We find no significant detection
above 30 of any UV line within any of the clumps. However, we
find potential/weak detections of N1v] in clump A and Hell in
clump C, both at just over 2 0.

Emission 2.5% 16% 50% 84%  97.5%
Clump A —20 —lo central +1lo +20

N1v] 1485 0.21 7.66 14.78 20.94  26.69
Crv 1549.5 -7.45 -2.23 3.13 8.70 15.07
Herr1640.5 -13.60  -8.70 -3.66 1.48 5.46
Or11] 1663.5 -6.36 -2.27 2.33 7.11 11.22
N 1751 -2.54 1.26 5.11 9.00 13.37
Ci] 1908.5 -5.45 -2.36 1.22 4.76 7.49

Clump B —20 —1lo central +1o +20

N1v] 1485 -16.04 -11.06 -5.16 0.67 6.50
C1v 1549.5 -3.72 0.60 5.00 9.93 15.20
Her11640.5 -10.28  -6.35 -2.07 1.87 5.99
Omi) 1663.5  -14.24  -10.49 -6.08 -2.11 2.22
N 1751 -9.27 -5.67 -2.04 1.42 4.33
Crii] 1908.5 -15.26  -12.33 -9.18 -6.14 -3.02

Clump C —20 —1lo central +1lo +20

N1v] 1485 -7.29 -1.88 4.52 10.06  15.44
Crv 1549.5 -10.57  -6.43 -2.34 2.24 6.72
He111640.5 1.83 5.70 9.60 13.66  17.12
Or1] 1663.5 -8.08 -3.87 0.23 4.45 8.01
Ni] 1751 -4.19 -0.92 2.42 5.58 8.62
C) 1908.5 -1.93 0.98 4.01 7.09 9.83

line detection in either of the clumps (but note that there
is a potential signature of Ci] in absorption for clump B,
close to ~ 30). We also obtain very strong constraints on
Herr from clumps A and B, showing no detections and a
97.5% probability of the Hell flux in each of those clumps
being < 6 x 107 ergs™' cm ™2, which compares with the
X-SHOOTER potential detection of Hell towards B/C of
(18£7) x 107 ergs™" em™2. This strongly implies that any
Her signal in X-SHOOTER is not coming from the UV com-
ponents of either A or B, as otherwise it should have been
detected at a ~ 4.5 o level. Interestingly, for clump C there is
a potential signal from Hell, with only < 2.5% of realisations
resulting in a flux lower than < 1.8 x 10" ¥ ergs™ cm ™2 (see
Table 1). For C, we find that 97.5% of realisations result in
a Her flux of up to 17.1 x 10~ ¥ ergs™! ecm ™2, with a central
value of (10 £4) x 10" ¥ ergs™ cm ™2, which compares with
the X-SHOOTER  signal of (18 + 7) x 107 ¥ ergs™' em™2.
However, and even though the WFC3 grism resolution is
relatively poor, we find that the tentative Hell flux would
be blue-shifted (z = 6.58+0.01) in respect to what was found
with X-SHOOTER (z = 6.603 £0.001), and thus more con-
sistent with the redshift derived for clump C with ALMA
(Matthee et al. 2017a).

3.5 Summary of all observations

We have analysed CR7 as a whole with three different in-
struments and also by obtaining spectra for each of the three
clumps. We find that despite a large change in the appar-
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ent J magnitude of CR7, current photometric and spectro-
scopic data are consistent with no variability both for the
full system and also for each individual clumps at a level
of < 0.3 — 0.5mag, although there is tentative evidence for
clump C to be variable. Our re-analysis of the X-SHOOTER
data reveals clear differences in the spatial properties of Ly«
and also identifies the tentative Hell signal presented in So-
bral et al. (2015) as coming from the only X-SHOOTER
OB which was aligned with the Lya major axis, where the
Lya profile is the narrowest. Interestingly, apart from re-
covering Hell (although at a low significance), and revis-
ing its flux by measuring it independently of UltraVISTA J
band data, we also identify a potential emission line which
may correspond to Nv at z = 6.583 £ 0.001. Such find-
ing may provide hints that the blue-shifted component to-
wards clump C (found with ALMA; Matthee et al. 2017a)
may harbour an AGN, but the significance of NV is too
low for this to be claimed robustly: further observations are
required. Furthermore, our re-analysis of SINFONTI is able
to recover a qualitatively similar signal to that of Sobral
et al. (2015), but our re-analysis of the noise level /properties
shows that there is no significant Hell detection from CR7
in the SINFONI data-set — the reader is referred to Section
3.1.4 for the caveats with extraction, particularly due to the
resolved nature of the system. Finally, by exploring much
deeper and resolved spectroscopic observations (albeit with
a strong loss in resolution) with HST, we are able to study
each clump within CR7 in detail, by extracting their spectra
based on their UV extents/locations. We detect the contin-
uum of clump A significantly, and weakly in clump B. We
fail to detect any UV line in any of the clumps above 30,
but we find a tentative detection of N1v] in clump A. We
argue that the grism data provide strong evidence against
Hell coming from clump A or B. Interestingly, the data are
consistent with Hell emission at the level found with X-
SHOOTER for clump C, where there may be some Hell
emission at the level of (1044) x 107 ergs™ em™2, which
compares with the X-SHOOTER signal (non-slit corrected)
of (18+7)x 107 ¥ ergs™' em™2. Our results thus clearly show
that Hell is significantly weak in clump A, with the 2o up-
per limit in clump A implying < 5.5 x 10" % ergs™! cm™2,
and thus a Hell/Lya ratio < 0.06 for clump A, making A
significantly less likely to harbour an AGN. However, the po-
tential presence of NIV] in A is interesting (see discussion of
a potential N1v] detection in a lensed Lya emitter at high-z
and potential implications, e.g. McGreer et al. 2017), as it
would indicate a relatively hard ionising spectra.

4 CLOUDY MODELLING AND PREDICTIONS
FOR JWST OBSERVATIONS OF CR7

Here we explore the best constraints on a variety of lines
(see Tables 2 and 4) to infer the possible physical prop-
erties of CR7, exploring its uniqueness as a z ~ 7 source
for which we already have a wealth of resolved information
despite the limited amount of telescope time invested. We
explore the current uncertainties and make predictions of
what JWST will be able to see for CR7 under different sce-
narios/assumptions, allowing us to identify what are the key
lines that will differentiate between different physical inter-
pretations in each individual clump.
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Table 2. A summary of the high ionisation rest-frame UV lines investigated for CR7 and/or their upper limits constrained in this
work; see also Veilleux (2002). We list and use them in vacuum. We list either clear detections (> 3 ¢), tentative detections (~ 2 — 30,
accompanied by the 1o error and the central value 4+ 2 o upper limit) or we list the < 2 o non-detections constraints for the “full system”
and also for each of the clumps A, B, C. We use these to constrain/contrast with our cLOUDY modelling and infer potential physical
conditions with CR7 and the individual clumps. *Lya flux from the X-SHOOTER slit (observed) implies 5.9+ 0.5 x 107 ergs~! cm 2,
with a slit and seeing of ~ 0.9, which suggests the slit should recover ~ 68% of a point-like source — we apply this slit correction to
all X-SHOOTER flux limits. Lya is clearly extended, and thus the actual full slit losses would have to be larger, but here we apply the
~ 1/0.68 slit correction for slit fluxes. We also assume that the slit (point-like corrected) is able to recover roughly the full Lya flux
associated with clump A. Based on the 2D Ly« distribution from NB photometry, we assume that B has a flux ~ 40% of A and C ~ 30%
of A, but note that these Ly« fluxes have not been measured directly with spectroscopy, and are thus very uncertain.

Emission line Ionisation Line Flux Full Clump A Clump B Clump C Instruments
Avacuum (A) Energy (eV) 1077 ergs™ cm 2 Used for flux
Lya1215.67 13.6 1741 [8.7+ 0.7 slit] 9+ 1* 3.3+ 1.0* 2.6 £ 1.0* XSH
Nv 1238.8,1242.78 77.4 < 0.9 [1.3+ 0.5 OB3] - - [1.34+0.57) XSH
Orv] 1401,1407 54.9 < 2.2 - - - XSH
N1v] 1483.4,1486.6 47.4 < 3.2 1.5+0.7 (< 2.7) < 0.7 <15 XSH+WFC3
C1v 1548.2,1550.77 47.9 <14 <15 <15 < 0.7 XSH+WFC3
Her11640.47 54.4 < 4.7 [2.6 £1.0 OB3] <0.5 < 0.6 1.0+04 (< 1.7) XSH4+WFC3
Or11] 1661,1666 35.1 <15 <11 <22 <0.8 XSH+WFC3
Ni] 1749.7,1752.2 29.6 <11 <13 <04 <09 XSH4+WFC3
Ci) 1907,1910 24.4 <27 <0.7 <04 <1.0 XSH+WFC3
MgI12796,2803 7.6 <13 - - - XSH

Table 3. Parameters and ranges used for our cLouny (Ferland
et al. 1998, 2013) modelling (Alegre et al. in prep.). We vary den-
sity, metallicity and the ionisation parameter for both the star-like
ionisation (here modelled with a black body of varying tempera-
ture from 20 to 150K)! and for an AGN-like ionisation (here mod-
elled with a power-law slope?). We also use the latest BPASS?
(Eldridge & Stanway 2009; Stanway et al. 2016) models.

Parameter Range used for all models

Density (ng cm™3) 100
Metallicity (Zo) 0.001, 0.01, 0.1, 1
Ionisation param. (log U) -4, -3, =2, —1

Type of model Range used

Black body! (Temp.)
Power-law? (slope)
BPASS? (log Age, yr)

20kK to 150kK (steps of 10kK)
-1.2,-1.4, -1.6, -1.8, -2.0
5.9-8.0 (steps of 0.4 dex)

4.1 CLOUDY modelling

In order to explore a relatively wide range of physical con-
ditions that may be happening in CR7, we use the CLOUDY
(v 13.03) photo-ionisation code (Ferland et al. 1998, 2013).
Full details are given in Alegre et al. (in prep.). Table 3 sum-
marises the key physical conditions. Briefly, we use three
kinds of models (for a similar, more extensive analysis, see
also, e.g. Nakajima et al. 2017): i) power-laws to mimic the
spectra of AGN, ii) stellar spectra from BPAss (Eldridge &
Stanway 2009; Eldridge et al. 2017; Stanway et al. 2016) and
iii) black body models to further interpret and make simple
predictions. We note that as a first step, and for simplicity,
we only ionise the gas using photons. Shock ionisation may
in principle also play a role (e.g. Allen et al. 2008; Jaskot &
Ravindranath 2016), which could be explored once observa-
tions provide detections in a range of lines, and particularly
to explore spatially resolved emission-line ratio maps (see

e.g. Miley & De Breuck 2008; Morais et al. 2017; Comerford
et al. 2017).

By using our large grid of models, we produce synthetic
spectra which we use to compare with our observations and
test which physical conditions/models we can reliably ex-
clude and which ones are still consistent with CR7. In order
to constrain the potential physical conditions in CR7, we use
the full cLOUDY grid for each of the models and use all line
ratios that involve at least one detected line. This allows us
to either exclude specific ranges of line ratios (and thus ex-
clude specific physical conditions), if one of the lines is only
an upper limit, or to use the 1o values of each line (in the
case of detection) to select all potential models that satisfy
a given line ratio, resulting in a range of possible physical
conditions. We then look at the physical conditions that are
consistent with the current line ratio constraints and exclude
those that are clearly inconsistent. We stress that our aim is
not to claim “true” physical conditions, but rather to broadly
identify what physical conditions may be present in CR7.

4.2 The physical conditions in CR7 with current
constraints: the full system

‘We use our simple CLOUDY grid predictions to interpret what
the current measurements and constraints of several lines in
CR7 imply. We start by looking at the full CR7 system as
a whole using flux measurements from X-SHOOTER and
three different cases: when we assume that only Hell is de-
tected, when assuming that only NV is detected, and when
assuming that both Hell and NV are detected. We note that
if one assumes that no line is detected apart from Ly« and
only upper limits are used, models are, not surprisingly,
mostly unconstrained. However, we note that the extremely
luminous Ly« detection, together with good constraints of
the total SFR for CR7 (including dust corrected UV lumi-
nosity with direct measurements of the dust IR luminosity),
implies close to 100% Ly« escape fraction for the system
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Table 4. Rest-frame EW limits for UV lines (see Table 2) in-
ferred from our WFC3 grism observations of each of the three
UV clumps of CR7. We use the flux limits provided in Table 2
and UV luminosities of —21.7, —20.0 and —20.1 for clumps A, B
and C, respectively. We list either tentative detections (~ 2— 30,
accompanied by the 1o error and the central value + 2o upper
limit) or we list the < 2 o non-detections constraints.

Emission Clump A Clump B Clump C

Line (A) (A) (A)

N1v] 30 & 25 (< 55) <70 < 140

Crv < 30 < 150 < 60

Her <10 <60 90 + 60 (< 150)
O] <25 <220 <70

Niii] <30 < 40 < 80

Cin) <30 < 40 <90

as a whole, and allows a further constraint on the allowed
conditions so they do not violate the SFR constraints. We
show our results in Table 5.

If we assume that Hell is real in the system as a whole
(implying a rest-frame EW of 35+ 20 A; see Tables 2 and 4),
we find that BPASS models can reproduce the observations
relatively well if the metallicity of the gas is ~ 0.05 —0.1 Z
(see also Bowler et al. 2017b). CR7 as a whole may there-
fore be explained as a ~ 10 — 50 Myr burst with a metallic-
ity of &= 0.1 Zg. For this scenario our power-law and black
body models also easily reproduce the observations, imply-
ing gas-phase metallicities of & 10—20% solar and ionisation
parameters of log U ~ —2.8. We note, nonetheless, that a
large range of physical conditions are still possible, even in
the limited parameter space that we have explored.

Assuming that NV is real but using Hell as an upper
limit has very strong effects in the interpretation of the sys-
tem as a whole (although see discussion as Nv, if real, is
not likely to come from e.g. clump A, as it is significantly
blue-shifted). BPASS models fail to match the line ratios that
involve Nv, and thus not surprisingly the power-law models
perform much better. In this case we expect a very high ion-
isation parameter potentially in excess of log U ~ —1. As-
suming that both Heil and Nv are real in the system would
lead to similar conclusions as taking Hell as an upper limit
and would still imply an AGN nature, a very high ionisation
parameter, and a roughly solar gas metallicity (but see also
Matsuoka et al. 2009, 2017) for the power-law models.

4.3 CRYT resolved: the nature of each individual
UV clump

Next, we focus on the resolved results and study clumps A,
B and C individually. For clump B the current flux and EW
upper limits (Tables 2 and 4) do not allow to truly con-
strain the physical conditions that we explore, but we note
that ALMA results hint for a metallicity of ~ 0.1 — 0.2 Zg
(based on the [CI1]/UV ratio; Matthee et al. 2017a), while
our non-detection of any high ionisation lines in clump B
does not provide any evidence for an unusually high ionisa-
tion parameter or for strong AGN activity, given the limits
on the EW of Cr11| (see e.g. Nakajima et al. 2017), although
some AGN activity is still possible. We further constrain the
physical conditions using the UV4+FIR SFR measured per
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Table 5. Best-fit physical properties from current constraints of
CR7 and its UV components. SFRs are taken from Matthee et al.
(2017a), while for 3 we combine constraints from photometry and
our grism spectra. Current constraints are consistent with ionisa-
tion parameters (log U) of ~ —3.0 for clump A and ~ —2.5 for
clump C, while for B it is completely unconstrained. Given the
constraints/upper limits of rest-frame UV lines, we estimate po-
tential gas-phase metallicities in the range ~ 0.05—0.2Zq; JWST
observations will be crucial to measure these directly.

CR7 SFR B Likely
Component (Mg yr—1) dom. nature
Full 45+ 2 —2.2+04 Star-burst
A 281“? —2.44+04 Star-burst
B Sff —-1.6+0.8 Star-burst
C 7 —2.440.8  Star-burst/AGN

clump (Matthee et al. 2017a), not allowing models to signif-
icantly over or underestimate by factors of more than two
the SFR per clump.

For clump A, the tentative detection of N1v] (with a
potential EW of 30 + 25 A) and the strong non-detections
of other lines, including Hert (EW< 10A) allows to place
some constraints on the nature of the source. With current
observations, and even if NIV] is taken as real in clump A,
there is no strong evidence for the presence of an AGN,
as stellar models (particularly at lower metallicities and/or
with binaries) can easily reproduce the emission line ratios
with log U ~ —3, a gas-phase metallicity of ~ 5 — 20%
solar and a relatively young burst of ~ 10 — 30 Myrs. We
therefore conclude that even in the presence of N1v] (at the
level measured, and given the large errors and the strong
continuum from A), the non-detection of Hell and any other
high ionisation line in clump A suggest the source is powered
by a ~ 10—30 Myt star-burst of ~ 10—20% solar metallicity.

For clump C, the potential detection of Hell (with a po-
tential rest-frame EW of 90 & 60 A) brings in some evidence
of its potential AGN nature, while the non-detections of the
other lines are also consistent with a potential AGN nature.
By using all constraints, models suggest that C can be pow-
ered by an ionisation source with roughly log U ~ —2.5,
with a lower Lya escape fraction than clumps A and B, and
surrounded by a relatively low metallicity gas, but the con-
straints are currently very weak. If Nv is found in clump C,
or if we associate the potential blue-shifted NV line as com-
ing from or around clump C, then the source would be more
definitively identified as a high ionisation source powered by
an AGN (e.g. Matsuoka et al. 2009). Deeper NV observations
centred on clump C are necessary for this.

We conclude that with the current uncertainties (see
Table 5), all three clumps are consistent with being rela-
tively young star-bursts with similar gas-phase metallicities
of ~ 0.05 — 0.2Zg. There is currently no strong evidence
for the presence of an AGN in either clumps A or B, and
there is only tentative evidence for clump C to have a higher
ionisation parameter and to potentially host an AGN. How-
ever, the physical proximity of clumps A and B to C could
potentially affect their nebular spectra and even make those
variable, particularly if C is a high ionisation source and
ionising photons reach out into the gas surrounding A or B.
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Figure 10. Predictions for JWST/NIRSpec observations for each of the 3 clumps in the rest-frame UV and in the rest-frame optical. We
show the predictions from CLOUDY with current constraints and also showing the current best continuum fits from Bowler et al. (2017b).
In addition to the best flux limits for various lines, we also show the current estimates on potential ~ 5000 A emission line flux from
Spitzer derived by Bowler et al. (2017b) (which here we assume is split in 3 lines equally to compare with predictions), but we do not
use those to constrain the models. Even though they agree well with out predictions, there may be hints that a larger fraction of the
Spitzer flux may come from clump C and a lower fraction from clump A. For reference, we show the 10 o detection limit for NIRSpec
with an integration of 10ks. We find that such integration will easily be able to distinguish between the various physical conditions that
are still possible for each of the clumps, and particularly constrain the nature, metallicity and dust extinction of clump A very accurately.
These observations will also easily identify any AGN presence in any of the clumps, particularly for clumps B and C (with BPT or by
identifying significant Hell and C1v emission, for example). Ha should be the strongest line in any of the spectra, but it is possible that
[O111]5007 is at least as strong, if not stronger. We also find that while clumps A and B are well described with a Ly escape fraction
close to 100%, for clump C it is likely that the escape fraction is significantly lower (~ 10 — 30 %).

4.4 Predictions for JWST under different only because it will be able to access the rest-frame op-

scenarios tical, but also because it will be able to probe deeper in
the rest-frame UV. CR7 has been announced as a GTO
target for JWST/NIRSpec, and should be observed with
the IFU. Of particular importance are observations in the
rest-frame optical in the range e.g. 2.87 — 5.27 um, which

Given the constraints presented in Section 4.3 for each
clump, we now explore what they imply in terms of the var-
ious emission lines that JWST will be able to trace: not
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will be able to trace many of the main rest-frame opti-
cal lines (3776 — 6934 A) with R ~ 1000, which results in
emission lines with o ~ 40 A or &~ 300kms~' (FWHM of
~ 700kms™'). Other disperser/filter combinations can be
used and will allow the complete probing of emission lines
from Lya to beyond Ha, resolving the properties of each
of the 3 clumps and any gas in between them. Such obser-
vations will provide the community with the most detailed
view ever obtained of a galaxy into the epoch of re-ionisation
at z ~ 7, including the inter-clump medium of CR7.

We use the best continuum constraints and those pre-
sented in Bowler et al. (2017b) (continuum fits to each in-
dividual clump) for each of the clumps to which we add
emission lines from our CLOUDY modelling and we compare
those with the current best limits from this paper and also
constraints from Bowler et al. (2017b) based on Spitzer pho-
tometry. We show the results in Figure 10 and also in Table
6. We find that current constraints still allow for a relatively
large range of emission line fluxes in the rest-frame optical.
Most importantly, our predictions clearly show how a “stan-
dard” integration of 10ks with NIRSpec will be able to sig-
nificantly detect (> 10 o) at least Hey, [O111], HB, potentially
[O11] and even Mgl for clump A, and thus fully unveiling its
Lya escape fraction, dust extinction, metallicity, ionisation
parameter and revealing any weak AGN activity within it.
JWST IFU observations of CR7 will also allow to unveil the
presence of an AGN in either B or C, along with determining
(albeit with slightly larger errors than A) their metallicities,
dust extinction and at least place a lower limit in the ioni-
sation parameter. Our results are thus a good guideline for
what may be expected from JWST observations of CR7.

5 DISCUSSION

CRYT has previously been discussed as being powered by very
low metallicity stars (Poplll-like; Sobral et al. 2015; Visbal
et al. 2016), as a candidate for being a DCBH (e.g. Sobral
et al. 2015; Pallottini et al. 2015; Hartwig et al. 2016; Agar-
wal et al. 2016, 2017), or as hosting a significant popula-
tion of young, binary stars and/or WR stars at extremely
low metallicities (e.g. Bowler et al. 2017b). The observed
Lya and Hell EWs based on photometry in Sobral et al.
(2015) could only be explained by an extreme hard ionis-
ing spectrum, implying a high effective temperature and an
extremely low metallicity of ~ 0.05 — 0.5 % solar (Hartwig
et al. 2016; Bowler et al. 2017b). Different components of
CRY7 have now been spectroscopically confirmed to be part
of the same system (Matthee et al. 2017a), with velocity off-
sets of only a few hundred kms™! at most, and with some
evidence of dynamics/potential merging activity. New obser-
vations of CR7 clearly reveal the unique potential of bright
enough targets at high redshift, allowing the first spatially
resolved studies of both rest-frame UV lines and [C11] detec-
tions with ALMA (Matthee et al. 2017a).

Overall, and specifically for clump A, our results show
that the Hell/Lya ratio is significantly lower than measured
using UltraVISTA flux estimate of Hell (Sobral et al. 2015),
with this ratio being below ~ 0.05 — 0.06 instead of close to
~ 0.2. This rules out the most extreme DCBH scenarios for
clump A. Together with the [CII] detection in A (Matthee
et al. 2017a), our results imply a metallicity of roughly 0.1-
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0.2Zg for clump A (to be confirmed/verified with JWST),
thus becoming globally inconsistent with a “PoplII-like” sce-
nario metallicity (~ 0.005Zg; Bowler et al. 2017b). Our
latest results indicate that A is a more ‘normal’ starburst,
consistent with feedback processes already fully in place, as
indicated from the Ly« line profile modelling (Dijkstra et al.
2016). It is interesting that while ALMA provides a detec-
tion of Carbon (Matthee et al. 2017a) in CR7’s clump A (also
in/around clumps B and C), and even though we estimate a
metallicity of roughly 0.1-0.2 Zg (similar to sources studied
by e.g. Stark et al. 2015), we do not detect any high ionisa-
tion Carbon line (e.g. Crv or C11]), down to rest-frame EW
upper limits of &~ 16, 25 Ain Ci] and C1v, respectively. This
is consistent with the hypothesis explored in Matthee et al.
(2017c) that current Civ and Ci] detections in galaxies at
the epoch of re-ionisation are only possible for even brighter
sources with much higher observed SFRs (UV brighter or
with significant lensing amplifications) and/or AGN.

Our results tentatively highlight CR7’s clump C as the
most puzzling and uncertain at the moment. This compo-
nent seems to show the largest blueshift, and might be asso-
ciated with a potential blue-shifted (z = 6.583 + 0.001) Nv
detection. Furthermore, Hell is also tentatively detected on
or near clump C. The fact that we find no significant UV
continuum detection for clump C with our HST grism ob-
servations, but detect clump B in the rest-frame UV (from
photometry taken on March 2012 clump C was fainter than
B, see e.g. Bowler et al. 2017b) suggests that clump C may
be variable, and has become fainter by ~ 0.2 —0.4 mag when
compared to previous HST observations. This could also in-
dicate that any potential emission lines from C have also
become weaker. While there are indications that C may host
an AGN /high ionisation UV source, this would be somewhat
puzzling in other regards as it would imply a likely low black
hole mass given its sub-L* luminosity in both observed Ly«
and in the UV (in our grism observations it is the faintest
component in CR7). While some obscuration could in prin-
ciple be invoked to explain the low luminosity in Lya and
the UV for clump C, ALMA observations (Matthee et al.
2017a) do not detect any dust, although one should men-
tion that they are not so sensitive to significantly hot dust
that may be present in C. As for Ly« being apparently very
weak near clump C, it may be a consequence of its velocity
and the significant blueshift when compared to the observed
Lya emission, which may lead to Lya photons only escaping
after significant scattering which may lead to an important
apparent spatial offset.

In principle, future X-ray observations may also help
to determine the nature of these high redshift sources, but
these may have to achieve significantly high resolution (if
they are to locate AGN within multi-component galaxies)
and be relatively deep to detect the presence of an AGN in
e.g. clump C. Given its luminosity in the UV and also its
potential Nv and Hell luminosities, one would expect X-ray
luminosities of &~ 10*? ergs™!, about ~ 4 times lower than
predicted by Pallottini et al. (2015) due to the much lower
Hell luminosity in clump C than originally estimated for
CRYT as a whole using UltraVISTA photometry (Sobral et al.
2015). Therefore, identifying AGN will likely be much more
efficient with JWST, particularly with the IFU on NIRSpec.

Our results also point towards potential consequences
when interpreting emission lines from clump C and from
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Table 6. Best-fit predictions for rest-frame optical emission lines, currently inaccessible. All fluxes are in units of 108 ergs~™! cm™2 and

should be affected by a Lyc escape fraction term, i.e., if the escape fraction is not 1.0 then a correction of 1/fesc r.ya should be applied.
For clumps A and B fesc, Ly« is expected to be close to ~ 1, while for C there are indications that it may be closer to ~ 0.15, so the
emission line fluxes may be ~ 7 times higher than provided here. Constraining these lines with JWST will allow to not only improve our
understanding of physical conditions in z ~ 7 galaxies like CR7 in a resolved way, but also start to understand the potential link between
the different ionising sources, gas, metallicities and dust in the hosts of likely early ionised bubbles within the epoch of re-ionisation.

CR7 [Om|3727  Hemn4471 He14686 Hp [Om]4959  [Om]5007  Hen5016 Hen5876 Ho [N11]6584
A 3.0£2.0 0.11+0.04 0.001 — 0.4 3.0£0.5 0.7—-6.0 2-—-17 0.07 £ 0.02 0.3+£0.1 89+1.1 0.15+0.12
B 1.0£0.5 0.03£0.01 0.0004—-0.2 07+£02 0.7+0.5 20+17 0.02£0.01 0.08+£0.02 20=£04 0.044+0.03
C 1.0+£0.3 0.03£0.01 0.001 — 0.2 0701 001-08 0.03-23 0.02£001 0.08+0.01 23+03 0.07£0.02

other clumps/the full system. Given the geometry of the
system and the small velocity offsets between components
(see Matthee et al. 2017a), the potential AGN nature of
clump C and its variability, it is possible that each clump
is differentially illuminated by a time-dependent AGN+SF
composite SED. Observations with JWST obtained over ~
1—2 years would be crucial to test how important any time-
variability and the illumination from different clumps may
be. This would be important to e.g. understand whether
illumination from another clump (e.g. C) could give rise/be
responsible for potential high ionisation lines seen in the
gas of another (e.g. the potential N1v] detection in clump
A). Until then, detailed 3D simulations could be performed
with full radiation transfer in order to further investigate
similar systems and allow to make specific predictions, not
only for CR7, but for other similar sources within the epoch
of re-ionisation.

Overall, it seems that each individual clump is consis-
tent with roughly the same metallicity of roughly 10 to 20%
solar, although there is marginal evidence for clump B to
be slightly more metal rich (closer to 20% solar) and for
clumps A and C to be slightly more metal poor (closer to
5-10% solar). JWST will be able to measure accurately the
metallicity of each clump and clearly show if there are spa-
tial variations within CR7. If such metallicity differences are
found, it could also highlight potential recent gas accretion
closer to clumps A and C and further away from B.

6 CONCLUSIONS

We presented new HST/WFC3 grism observations and com-
bined those with a re-analysis of X-SHOOTER and SIN-
FONI data obtained on the VLT to unveil the continuum,
variability and rest-frame UV lines of the 3 UV components
of the most luminous Lya emitter at z = 6.6, COSMOS
Redshift 7 (CR7; Sobral et al. 2015). We find that:

e Our re-reduced, flux calibrated X-SHOOTER and SIN-
FONTI spectra of CR7 reveals a low significance detection of
Hen with a flux of Frerr = (1.8 £0.7) x 10747 erg s~ lem™2.
We identify the Hell signal (~ 2.6 o, suggesting a rest-frame
EW of 35+20 A) as coming only from observations obtained
along the major axis of Lya emission. The observations with
the tentative Hell signal also show a potential Nv detection
for z = 6.583 4 0.001, hinting for a blue-shifted component
potentially ionised by an AGN which ALMA data locate
closer to clump C.

e We find a change of +0.2-0.5mag in UltraVISTA J

band data for CR7 as a whole from DR2 to DR3, which
virtually eliminates the strong J-band excess interpreted as
being caused by Herl. While this is a large change, it is not
statistically significant due to large variations in UltraV-
ISTA data from DR2 to DR3 for other sources.

e Our WFC3 grism spectra provide a significant detection
of the UV continuum of CR7’s clump A, yielding an excellent
fit to a power law with § = —2.44+0.4 and Myy = —21.7+
0.3. This is fully consistent with the broad band photometry,
and with no variability within ~ 0.4 mag. We detect weak
continuum in clump B but fail to detect continuum in clump
C, which from photometry is brighter than B. This hints for
potential variability in clump C.

e In our HST Grism data we do not detect any rest-
frame UV line in clump A above 3¢ and find Fperr <
0.5 x 10" ergs tem ™2 at a 20 level (Hetmt EW< 10A).
We find a tentative (~ 20) N1v] detection in clump A, but
this requires further observations. We do not find any evi-
dence of even weak UV rest-frame emission lines in clump
B, with rest-frame EW limits varying from < 40 to < 200 A.

e Our results show that the Hell/Lya ratio is significantly
lower than measured using UltraVISTA flux estimate of Hell
(Sobral et al. 2015), with this ratio being below ~ 0.05—0.06
instead of close to ~ 0.2. This rules out the most extreme
DCBH scenarios for clump A.

o We tentatively identify C as a potential high ionisation
source with Frerr = (1.0 £0.4) x 107" ergs™! em ™2, which
would imply a rest-frame EW of 90460 A. Together with the
evidence of variability, our observations suggest that clump
C may be powered by an AGN.

e We perform CLOUDY modelling and obtain limits on
the metallicity and constrain the ionising nature of CR7,
and also make predictions for JWST/NIRSpec. We con-
clude that CRY7 is likely actively forming stars without any
clear AGN activity in clumps A and B, with a metallic-
ity of ~ 0.1 —0.2Zp (to be confirmed/verified with JWST)
and with component A experiencing the most massive star-
burst. Together with the [C11] detection in clumps A and B
(Matthee et al. 2017a), our results are globally inconsistent
with a “Poplll-like” scenario metallicity (~ 0.005 Ze; Bowler
et al. 2017b) for clumps A and B.

e Component C may host a high ionisation source/AGN,
be potentially more metal poor, and may well be variable.
Our results thus highlight the need for spatially resolved
information (and time variability constraints) to study the
complex formation and assembly of galaxies within the
epoch of re-ionisation.

Overall, our results reveal that CR7 is a complex sys-
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tem which may be giving us an early glimpse of the compli-
cated processes taking place in the early Universe. The high
resolution observations presented here (capable of investi-
gating the system in its 3 UV clumps), those obtained by
ALMA (e.g. Jones et al. 2017b; Matthee et al. 2017a) and
recent simulations for galaxies at z ~ 7 (e.g. Gallerani et al.
2016) point towards early galaxies being chaotic collections
of metal-poor merging clumps which will also likely bring
along black holes. Such complex systems imply that the ap-
proach of simply placing a very narrow slit in a given UV
light peak may only reveal part of the full picture, particu-
larly if there is significant ionising flux from nearby sources.
Indeed, it seems that the systems studied so far at z ~ 7
require spatially resolved observations, ideally obtained by
IFU spectrographs, in order to identify the nature of dif-
ferent components. Furthermore, the potential hints of vari-
ability in one of the clumps in CR7 (C) and its potential
AGN nature, also highlights a further important complica-
tion: the role of time variability in any conclusions that may
be drawn. The current results also reveal the importance of
simulations to take into account such complex systems by
performing a full 3D radiation transfer for systems like CR7
and comparing with observations, particularly to constrain
the role of multiple ionising sources. Until JWST is fully
operational, further spatially resolved observations of other
bright enough systems (e.g. Himiko, MASOSA, VR7; Ouchi
et al. 2013; Sobral et al. 2015; Matthee et al. 2017¢) with
MUSE, ALMA and HST will assure an even more efficient
laboratory to advance our knowledge of the early assembly
of galaxies within the epoch of re-ionisations which can then
be further applied to fainter and more numerous sources.
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APPENDIX A: REDUCED DATA: PUBLIC
RELEASE

We publicly release all spectroscopic and imaging data de-
scribed and analysed in this paper. This includes the 2Ds
from X-SHOOTER and HST/WFC3, along with the flux
calibrated SINFONI data-cubes. We also release our ex-
tracted 1D spectra, flux calibrated, including our best es-
timate of the 1o noise per wavelength element. We release
these as fits files, available to download with the refereed
paper. Raw data are also publicly available for all the data-
sets described here by querying the appropriate archives and
proposal IDs.

APPENDIX B: VARIABILITY IN ULTRAVISTA

In order to understand the puzzling flux differences in the
J band for CR7, we check how the magnitude of CR7 has
changed in the 3 data releases of the UltraVISTA survey.
We retrieve catalogues from the ESO archive and include all
sources that are 1: detected in all UltraVISTA data releases
and 2: within 5arcmin separation from CR7. CR7 itself is
only detected in all three releases in the Y and J bands.
DR1 was released in February 2012, while DR2 was released
in January 2014 and DR3 in April 2016. While DR1 has
an average exposure time of ~ 50ks (including the deep
stripes), the DR2 exposure time at the location of CRT7 is
46 ks. DR3 does not seem to have added any exposure time
to the region where CR7 is found, with DR3 listing a total
exposure time of 44.6ks, down from 46ks in DR2. There-
fore, and according to the DR2 and DR3 release documents,
the difference between DR2 and DR3 are to do with the re-
duction method and not in additional observations. We use
aperture photometry in 1”, 2" and Mag-auto and show the
results in Figure B1 and Table B1.
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Table B1. Variability check in UltraVISTA. No significant vari-
ability is detected, although we note that the J band magnitude
in DR2 (used in Sobral et al. 2015) was boosted by 0.1-0.5 dex
(depending on the aperture) with respect to DR3. This led to
an over-estimate of the Hell line-flux, as J band photometry was
used to calibrate the spectrum.

Colour Aperture  Amag Amager Significance
J DR3-DR2  mag-auto 0.508 0.303 1.70
J DR3-DR2 r=0.5" 0.338 0.262 1.30
J DR3-DR2 r=1.0" 0.125 0.299 0.40
J DR1-DR2  mag-auto  -0.051 0.313 -0.160
Y DR3-DR2 mag-auto 0.117 0.298 0.40
Y DR3-DR2 r=0.5" 0.007 0.262 0.00
Y DR3-DR2 r=1.0" -0.034 0.291 -0.10
Y DR1-DR2  mag-auto 0.128 0.306 0.40
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Figure B1. Comparison between mag-auto UltraVISTA J DR3
and DR2, sources within 5 arcmin of CR7. CR7 in shown red and

compared to all other sources in grey.
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