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The science drivers and the legacy value 
 
The wealth of science that a highly-multiplexed, near-IR spectrograph like MOONS can generate is 
undeniably vast and it has been a common aspiration for the ESO community for a long time, filling a 
crucial gap in discovery space, which could never be addressed by only optical spectroscopy or low-
multiplex near-IR spectroscopy. 
 
As part of the 300 nights of Guaranteed Time Observations (GTO) obtained in return for building the 
instrument, the Consortium has developed a coherent set of surveys covering a large fraction of the history 
of the Universe, from cosmic dawn (13 billions years ago) to the present epoch, across many astrophysical 
fields (see Figure 1). About 100 GTO nights are devoted to Galactic surveys (see Gonzalez et al. in this 
Messenger issue). The aim is to investigate the nature of the heavily-obscured regions of the Galactic 
bulge (unachievable with optical spectrographs), as well as also providing new insights into the chemo-
dynamical structure of the thin and thick Galactic discs, and for targeted studies of satellites and streams 
in the halo. 
The other ~200 GTO nights will focus on galaxy evolution across cosmic time (see Maiolino et al. and 
Flores et al. in this Messenger issue). The goal is to provide a complete picture of the integrated properties 
of the stellar populations and ionized Inter-Stellar Medium (ISM) of galaxies up high redshift in a SDSS-
like survey, including a large number of Lyα emitting galaxies up to z~10, and investigate in a systematic 
way the role that environment and black hole feedback have on the formation and evolution of galaxies 
with redshifts. 
 
The combination of MOONS GTO surveys and open time surveys will provide an invaluable legacy. Even 
in the conservative assumption that MOONS is used only for 100 nights a year (i.e. equally sharing the 
telescope with the other 2 instruments mounted on the UT), it will offer the scientific community ~1,000,000 
fibers-hours every year. This figure will increase even more if in the future one of the UTs will be operated 
in survey mode.  On a timescale of 10 years, which is the very minimum lifetime of the instrument, Legacy 
surveys with MOONS will provide radial velocities and detailed chemical abundances for tens of million 
stars in our Galaxy and beyond; as well as spectra for millions of galaxies at 0<z<10 providing key spectral 
diagnostics and environmental information. This will produce a huge and unique datasets of high-quality 
spectra and the essential deep spectroscopic follow-up of current and future optical and near-IR imaging 
surveys (e.g., Gaia, VISTA, UKIDSS, VST, Pan-STARRS, Dark Energy Survey, LSST, Euclid), as well as 
targeting objects observed at other wavelengths using, e.g., ALMA, Herschel, eRosita, LOFAR, WISE, 
ASKAP, MeerKAT, etc. Last but not least, MOONS will offer a unique mine out of which targets will be 
selected for detailed follow-up with the Extremely Large Telescope for years to come.	
 

	
Figure 1 The key science drivers that have shaped the requirements for the MOONS instrument: the 
ability to obtain radial velocities and detailed stellar abundances for millions of stars, especially in the 
obscured regions of the Galaxy to reconstruct the chemo-dynamical properties of our Milky way. The 
capability to observe key spectral diagnostics for millions of distant galaxies up to the epoch of re-
ionisation at z>7, to determine the physical processes that shape their evolution and the impact of central 
super-massive black hole and environment in which galaxies live in, disentangling nature versus nurture 
effects.    
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Figure1.IllustrationofthetimehistoryofreionizationintheCoDaIIsimulation:apseudo-light-coneimage.Asingle,planar(x,y)-slice
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totherightalongthex-axis,fromredshiftz=150(left)toz=5.8(right).Blueregionsarephoto-heated,whilesmall,brightredregions
(whichcanbeseenmoreclearlybyzoomingthehigh-resfigure)correspondtoregionsheatedbysupernovaefeedbackandaccretion
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The wealth of science that a highly-multiplexed, near-IR spectrograph like MOONS can generate is 
undeniably vast and it has been a common aspiration for the ESO community for a long time, filling a 
crucial gap in discovery space, which could never be addressed by only optical spectroscopy or low-
multiplex near-IR spectroscopy. 
 
As part of the 300 nights of Guaranteed Time Observations (GTO) obtained in return for building the 
instrument, the Consortium has developed a coherent set of surveys covering a large fraction of the history 
of the Universe, from cosmic dawn (13 billions years ago) to the present epoch, across many astrophysical 
fields (see Figure 1). About 100 GTO nights are devoted to Galactic surveys (see Gonzalez et al. in this 
Messenger issue). The aim is to investigate the nature of the heavily-obscured regions of the Galactic 
bulge (unachievable with optical spectrographs), as well as also providing new insights into the chemo-
dynamical structure of the thin and thick Galactic discs, and for targeted studies of satellites and streams 
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The other ~200 GTO nights will focus on galaxy evolution across cosmic time (see Maiolino et al. and 
Flores et al. in this Messenger issue). The goal is to provide a complete picture of the integrated properties 
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like survey, including a large number of Lyα emitting galaxies up to z~10, and investigate in a systematic 
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The combination of MOONS GTO surveys and open time surveys will provide an invaluable legacy. Even 
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14 R. A. A. Bowler et al.

uation (see discussion in Bowler et al. 2015). Therefore from
both theoretical arguments and the results of simulations, it
is expected that without the e↵ects of dust, the rest-frame
UV LF should have a shallower decline at the bright-end,
inconsistent with a Schechter function form. While the pres-
ence of dust in intermediate redshift LBGs is expected and
has been comprehensively measured (e.g. Fudamoto et al.
2017; McLure et al. 2018), the same is not true at the very
high-redshifts considered in this study. Depending on the
dust formation mechanism, it is argued that early galax-
ies have limited dust (e.g. Micha lowski 2015). Indeed, low
dust attenuation is often assumed for high-redshift galaxies
and is what is expected from the evolution of the colour-
magnitude relation (Rogers et al. 2014; Bouwens et al. 2015).
We therefore would expect the observed rest-frame UV LF
to approach a power-law like form at the bright-end as the
e↵ects of dust become less significant. While there have been
direct observations of dust continuum emission from z & 7
LBGs (e.g. Tamura et al. 2019; Bowler et al. 2018; Laporte
et al. 2017), the derived dust masses in these sources are
reduced compared to low-redshift observations, because of
the higher assumed dust temperature (e.g. Hashimoto et al.
2019). In addition to the e↵ect of reduced dust at the highest
redshifts, there is reason to believe that the underlying MF
of galaxies during this epoch is shallower than observed in
the local Universe. In the phenomenological model presented
in Peng et al. (2010), the exponential decline in the number
of massive galaxies at low-redshift is a result of a character-
istic quenching stellar mass (M? = 1010.2 M�) above which
SF, and hence mass-growth, is halted. The expected stellar
masses of the galaxies we find are significantly lower than
this quenching mass (e.g. Bowler et al. 2014), and hence it is
reasonable to assume that the stellar mass function at this
time has a di↵erent form. The detection of the very bright
star-forming galaxies in this work suggests that we may be
observing this transition into an era before mass quenching
and significant dust attenuation.

One other potentially important e↵ect on the observed
shape of the bright-end of the LF is the role of magnifica-
tion bias. In the case of a steeply declining galaxy LF, grav-
itational lensing can have a significant e↵ect on the num-
ber of very luminous sources detected. For example, if an
underlying Schechter function is assumed for high-redshift
galaxies, all sources detected bright-ward of MUV ' �23 are
strongly lensed objects (Mason et al. 2015; Barone-Nugent
et al. 2015). As in our previous works at z = 6 and z = 7,
we directly measured the gravitational lensing of our sources
using a simple model of the magnification from foreground
galaxies in our images (Bowler et al. 2014, 2015). We find no
evidence that the brightest sources are preferentially lensed
compared to a random sky position. The typical magnifi-
cation due to foreground galaxies was a brightening of 0.1–
0.4mag, and this was found to be uncorrelated with the ob-
served magnitude of the source. We therefore exclude strong
lensing as a cause of the observed shape of the LF. Even
when demagnifying the sources at z ' 7, we still find an
excess in the number of the brightest galaxies compared
to the Schechter function prediction (Bowler et al. 2014).
The importance of the magnification bias on the observed
LF depends on the steepness of the underlying function.
We have argued that the rest-frame UV LF at very high-
redshifts is expected to be shallower than the typically as-

Figure 8. The evolution of the rest-frame UV LF from z = 4
to z = 9 as described by our evolving DPL model. The results
of this study at z = 8 and z = 9 are shown as the open grey
and black points respectively. The lines show the derived DPL
parameterisation from fitting to the data shown as described in
the text. Our previous work at z = 6 and z = 7 is shown with
the open purple and blue circles respectively (Bowler et al. 2015,
2014). A lack of evolution is seen at the very bright-end from our
studies and also from Ono et al. (2018) (diamonds). At z = 4, we
show the data points from Adams et al. (2020) and Bouwens et al.
(2015). The excess observed at the bright-end at this redshift is
due to the presence of AGN. In the higher redshift bins AGN are
su�ciently rare that they make a negligible impact according to
recent evidence for accelerated evolution (Jiang et al. 2016).

sumed Schechter function. In the case of a DPL or power-law
form, the e↵ects of lensing will be significantly reduced, par-
ticularly in the magnitude ranges probed by this study (see
figure 13 in Mason et al. 2015). The direct measurement of
a low magnification for the brightest objects in our sample
thus further supports a more gentle decline in the bright-end
of the LF than expected from a Schechter function.

6.2 Form of the LF evolution from z ' 5–10
In Fig. 8 we show a comparison between the observed rest-
frame UV LF data points from z = 4–9 and our evolving
DPL model. Remarkably, the LF is now measured over six
magnitudes even at z ' 9. From the data alone, it is clear
that there is a rapid change in the number density of star-
forming galaxies over this epoch (z ' 5–9; ⇠ 800 Myr), and
that this evolution predominantly happens around the knee
of the function at MUV ' �21. In this study we have focused
on determining the bright-end of the very high-redshift LF.
Between z ' 8 and z ' 9 we find no evidence for a change in
the number density of the brightest galaxies (MUV ' �23).
It is clear from Fig. 8 however, that this lack of evolution is
also observed down to z ' 5, as seen in our previous stud-
ies (Bowler et al. 2014, 2015) and at brighter magnitudes
in the study of Ono et al. (2018). The results of our DPL
function fitting in Section 5.3 demonstrate that this observed
lack of evolution at the very bright-end is a result of a change

MNRAS 000, 1–19 (2020)
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variety of different ground-based probes, including Stefanon
et al. (2019), Bowler et al. (2015), and the two brightest
magnitude bins in Bowler et al. (2017), where their selection of
bright z! 7 galaxies should be the most complete. The new
constraints on the UV LF at z! 6 and 7 faintward of "23 mag
from Ono et al. (2018) are included in our !ts. If constraints
brighter than "23 mag are included in our UV LF !ts, the LF
constraints are no longer well represented by a Schechter
function–type form, and the best-!t characteristic luminosity is
driven toward higher values.

The best-!t Schechter results are provided in Table 5,
together with the z! 10 results of Oesch et al. (2018a). For our
z! 9 LF determinations, we !x the characteristic luminosity
M* to the value implied by the !tting formula derived in
Section 4.2, i.e., "21.15 mag. For the Oesch et al. (2018a)
z! 10 LF constraints, we similarly !xed M* to be "21.19 mag,
while !tting for constraints on G* and !.

Figure 6 shows the 68% and 95% con!dence intervals we
compute for various two-dimensional projections of the
Schechter parameters. We discuss evolution in the Schechter
parameters in Section 4.2.

4. Discussion

4.1. Comparison with Previous LF Results

There is now a quite substantial body of work on the UV LF
at high redshift, from z! 2–3 (Madau et al. 1996; Steidel
et al. 1999; Reddy & Steidel 2009; Oesch et al. 2010;
Alavi et al. 2016) to 4–5 (e.g., Bouwens et al. 2007; van der
Burg et al. 2010; Bouwens et al. 2015; Parsa et al. 2016) to
6–10 (Bouwens et al. 2008; Oesch et al. 2010, 2012; McLure
et al. 2013; Schenker et al. 2013; Bouwens et al. 2015, 2016b;
Finkelstein et al. 2015; Oesch et al. 2015; McLeod et al. 2016;
Bouwens et al. 2017b; Atek et al. 2018; Livermore et al. 2018).
It is useful to compare the present determinations of the UV

LFs against many previous determinations to quantify possible
differences in the results. Given that the present results utilize
blank-!eld surveys to arrive at the LF results, we focus on
comparisons with previous blank-!eld determinations to keep
the comparisons most direct.
Accordingly, in Figures 7 and 8, we provide a comprehen-

sive set of comparisons of our new z!=!2–9 LF results from the
HFFs with a variety of noteworthy previous work, including
Steidel et al. (1999), Bouwens et al. (2007), Reddy & Steidel
(2009), Oesch et al. (2010), van der Burg et al. (2010), Bradley
et al. (2012), Oesch et al. (2012), McLure et al. (2013),
Bouwens et al. (2015), Bowler et al. (2015), Finkelstein et al.
(2015), Bouwens et al. (2016b), Parsa et al. (2016), McLeod
et al. (2016), Ono et al. (2018), and Stefanon et al. (2019).
We consider the redshift intervals in turn as follows.
z! 2–3. For UV luminosities of !0.1 L* ("20 to "17 mag),

most existing LF results at z! 2 and 3 are broadly in
agreement. This is especially true brightward of "20, where
essentially all recent studies (this study; Reddy & Steidel 2009;
Oesch et al. 2010; Parsa et al. 2016; Mehta et al. 2017; Moutard
et al. 2020) show approximately (modulo <0.2 mag differ-
ences) the same bright-end cutoff. In contrast to the z! 3
results, the absolute magnitude of the cutoff at z! 2 varies
much more substantially, occurring !0.7 mag brighter in
the Reddy & Steidel (2009) case than in the Oesch et al.
(2010) case.
The only apparent exceptions to this are the z! 2 results of

Oesch et al. (2010), which appear to be a factor of !3 lower
than the other z! 2 LF results. To investigate this difference,
we constructed a z! 1.9 sample of galaxies using the same
U275-dropout criteria as given in Oesch et al. (2010) and
compared it to the present selection of z! 2 galaxies to the
same 25.5 mag limit in the B435 band. Our z! 2 selection
shows !2.5! more sources, i.e., 245, to the same magnitude
limit as Oesch et al. (2010) used. If the estimate of the selection
volume at z! 2 in these previous studies is similar to the
present estimate, this would largely explain the difference in
our LF results. While the Oesch et al. (2010) results seem very
reasonable in isolation, the estimated selection volume in the
z! 2 samples is very sensitive to the expected S/N in the U275
and U336 bands, which in turn is sensitive to the source size and
surface brightness. Additionally, a difference in the mean
redshift of the Oesch et al. (2010) z! 1.9 election and the
present selection, z! 2.1 (the typical redshift uncertainty for
the sources is ! z! 0.2–0.3), likely contribute to the observed
differences.
z! 4–5. For comparisons between our new z! 4 and 5

results and previous determinations, we note good agreement
between our new z! 4 and 5 LF determinations and various

Table 3
Magni!cation Factors Adopted for Each of the HFF Parallel Fields

Field Typical Magni!cation Factor "a

Abell 2744 parallel 1.16
MACS 0416 parallel 1.05
MACS 0717 parallel 1.16
MACS 1149 parallel 1.04
Abell S1063 parallel 1.05
Abell 370 parallel 1.10

Note.
a Estimated from the version 1 lensing models of Merten (2016).

Figure 5. Stepwise LF constraints (circles) we derive on the UV LFs at z ! 2,
3, 4, 5, 6, 7, 8, and 9 based on our comprehensive blank-!eld searches with
HST (shown in gray, blue, magenta, green, cyan, black, red, and orange,
respectively). The recent stepwise LF constraints at z ! 10 from Oesch et al.
(2018a) are shown with purple circles. The best-!t Schechter LFs are shown
with the gray, blue, magenta, green, cyan, black, red, orange, and purple lines,
respectively.
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z~8 -> ~3000-4000 galaxies 
z~10 -> 80 vs 500 galaxies
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A high abundance of luminous sources at z>9?

14

ï22.5 ï22 ï21.5 ï21
10ï8

10ï7

10ï6

10ï5

Trac+15
Mashian+15
Mason+15

GNïz11

Absolute Magnitude Muv [AB mag]

q 
[m

ag
ï1

M
pc

ï3
]

Model LF Predictions

~1
0-

50
x 

hi
gh

er

GN-z11

Does GN-z11 tell us something fundamentally 
new about early galaxy formation?

z=11

GN-z11

GNz11 in 0.25 deg2

➔ >100 such galaxies in 40 deg2?

Two Remarkably Luminous, Billion Solar Mass 
Galaxies at z>10?
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Luminous Galaxies at z ⇡ 11� 13 9

Figure 5. Constraints on the bright end of the UV LF at z ⇠ 10 � 13. The current JWST data allow us to derive a first

estimate of the number density of galaxies with MUV ⇠ �21 at these redshifts (purple star). While this estimate lies a factor

⇠ 10⇥ above the extrapolation of Schechter function constraints to z = 11.5 from Bouwens et al. (2021, dashed black line), they

are in very good agreement with extrapolated double-power law LFs from Bowler et al. (2020, black solid line). In fact, GN-z11

(orange star) is also consistent with the double-power law LF. Other LF estimates and upper limits at z ⇠ 10 are shown as open

symbols (see legend for references). Simulated predictions are shown from the UniverseMachine models at z ⇠ 11 and z ⇠ 12

(dotted lines) and from the Delphi model at z ⇠ 11 (darker gray shaded region).

(2019); Morishita et al. (2020); Finkelstein et al. (2022);
Bagley et al. (2022); Leethochawalit et al. (2022).
Finally, we also briefly compare our estimates

with simulated LFs from the UniverseMachine model
(Behroozi et al. 2019) and from the Delphi model (Dayal
et al. 2014, 2022). While our estimate is in rough agree-
ment with these prediction at z ⇠ 11, the model LFs
evolve very rapidly at these early times, such that the
z ⇠ 12 LF is already > 30⇥ below our estimate. This is
a general trend of model predictions: a relatively rapid
evolution of the LF at z > 10, driven by the underly-
ing evolution of the dark matter halo mass function (see
also Oesch et al. 2018; Bouwens et al. 2021). However,
the handful of bright galaxies that have been found at
z ⇠ 10 � 13 to date appear to oppose this trend. It is
still unclear what the physical reason for this might be.
Evidence is mounting that the star-formation e�ciency
in the early Universe may be very high in a few sources,
thus resulting in the early appearance of UV-luminous
galaxies with stellar masses as high as 109 M� already
a few hundred Myr after the Big Bang. Wider area
datasets will be required to increase the search volume,

for more reliable constraints on the number densities of
luminous sources.

6. SUMMARY & OUTLOOK

This paper presented a search for luminous z > 10
galaxies across the two JWST Early Release Science pro-
grams in extragalactic fields. We find the following –

• We identify two particularly luminous sources in
the GLASS ERS program. These sources, GL-z11
and GL-z13, have continuum magnitudes of ⇠ 27
at 2 µm and display dramatic > 2 mag breaks
in their SEDs that are best fit as Lyman breaks
occurring at redshifts of z ⇡ 11 and z ⇡ 13 re-
spectively. [Fig. 1, Fig. 2, §4.1]

• SED modeling of these sources shows they have
properties (e.g., � slopes, specific star-formation
rates) expected of z > 10 galaxies. These systems
are a billion solar mass galaxies, having built up
their mass only < 300 � 400 Myrs after the Big
Bang. [Table 3, §4.3]

Naidu+22
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Expected High-z Number Counts in Euclid/Deep
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The science drivers and the legacy value 
 
The wealth of science that a highly-multiplexed, near-IR spectrograph like MOONS can generate is 
undeniably vast and it has been a common aspiration for the ESO community for a long time, filling a 
crucial gap in discovery space, which could never be addressed by only optical spectroscopy or low-
multiplex near-IR spectroscopy. 
 
As part of the 300 nights of Guaranteed Time Observations (GTO) obtained in return for building the 
instrument, the Consortium has developed a coherent set of surveys covering a large fraction of the history 
of the Universe, from cosmic dawn (13 billions years ago) to the present epoch, across many astrophysical 
fields (see Figure 1). About 100 GTO nights are devoted to Galactic surveys (see Gonzalez et al. in this 
Messenger issue). The aim is to investigate the nature of the heavily-obscured regions of the Galactic 
bulge (unachievable with optical spectrographs), as well as also providing new insights into the chemo-
dynamical structure of the thin and thick Galactic discs, and for targeted studies of satellites and streams 
in the halo. 
The other ~200 GTO nights will focus on galaxy evolution across cosmic time (see Maiolino et al. and 
Flores et al. in this Messenger issue). The goal is to provide a complete picture of the integrated properties 
of the stellar populations and ionized Inter-Stellar Medium (ISM) of galaxies up high redshift in a SDSS-
like survey, including a large number of Lyα emitting galaxies up to z~10, and investigate in a systematic 
way the role that environment and black hole feedback have on the formation and evolution of galaxies 
with redshifts. 
 
The combination of MOONS GTO surveys and open time surveys will provide an invaluable legacy. Even 
in the conservative assumption that MOONS is used only for 100 nights a year (i.e. equally sharing the 
telescope with the other 2 instruments mounted on the UT), it will offer the scientific community ~1,000,000 
fibers-hours every year. This figure will increase even more if in the future one of the UTs will be operated 
in survey mode.  On a timescale of 10 years, which is the very minimum lifetime of the instrument, Legacy 
surveys with MOONS will provide radial velocities and detailed chemical abundances for tens of million 
stars in our Galaxy and beyond; as well as spectra for millions of galaxies at 0<z<10 providing key spectral 
diagnostics and environmental information. This will produce a huge and unique datasets of high-quality 
spectra and the essential deep spectroscopic follow-up of current and future optical and near-IR imaging 
surveys (e.g., Gaia, VISTA, UKIDSS, VST, Pan-STARRS, Dark Energy Survey, LSST, Euclid), as well as 
targeting objects observed at other wavelengths using, e.g., ALMA, Herschel, eRosita, LOFAR, WISE, 
ASKAP, MeerKAT, etc. Last but not least, MOONS will offer a unique mine out of which targets will be 
selected for detailed follow-up with the Extremely Large Telescope for years to come.	
 

	
Figure 1 The key science drivers that have shaped the requirements for the MOONS instrument: the 
ability to obtain radial velocities and detailed stellar abundances for millions of stars, especially in the 
obscured regions of the Galaxy to reconstruct the chemo-dynamical properties of our Milky way. The 
capability to observe key spectral diagnostics for millions of distant galaxies up to the epoch of re-
ionisation at z>7, to determine the physical processes that shape their evolution and the impact of central 
super-massive black hole and environment in which galaxies live in, disentangling nature versus nurture 
effects.    

Next generation multi-object spectrograph for the VLT  
500 arcmin2, 1000 fibres, 0.65-1.8micron, R~4000-6000

25The Messenger 180 – Quarter 2 | 2020

generally hampered the capability of 
 optical spectrometers to identify galaxies. 
Of course, the broad spectral coverage  
of MOONS will also allow the investiga-
tion of large samples of very distant gal-
axies, around the epoch of reionisation, 
especially by observing Ly_ and other 
transitions in the ultraviolet rest frame. In 
addition to the spectral coverage and 
sensitivity, the combination of high multi-
OKDWHMF�@MC�GHFG�CDMRHSX�NE�jAQDR�NM�RJX�
will enable MOONS to identify a broad 
range of galaxy environments, from clus-
SDQR�SN�FQNTOR��jK@LDMSR��@MC�UNHCR��%HF-
ure 3), and will unambiguously determine 
how galaxy properties depend on the 
environment in which they live.

Within the MOONS GTO, 190 nights are 
dedicated to the extragalactic survey 
MOONRISE (MOONS Redshift-Intensive 
Survey Experiment). With MOONRISE we 
expect to obtain key spectroscopic infor-
mation for a few hundred thousand gal-
axies, possibly up to about half a million 
galaxies at 0.9 < z < 2.6, as well as for a 
few thousand galaxies around the epoch 
of reionisation (z ~ 6–8). Such large sta-
tistics will also provide an unprecedented 
test of assumptions embedded in various 
cosmological simulations and models. 
Indeed, different models and simulations 
implement various physical processes  
in different ways in order to reproduce 
galaxy evolution and therefore they pre-
dict different galaxy properties in the 
early phases of their formation, which can 
be tested with MOONRISE’s with unprec-
edented statistics.

Together with the MOONRISE GTO pro-
FQ@LLD��CTQHMF�SGD�jQRS�SDM�XD@QR�NE�
operation additional open time surveys 
will expand the legacy of MOONS to 
include millions of galaxy spectra span-
ning even broader redshift intervals and 
sampling a broader parameter space.  
In the following, we focus on the science 
goals and strategy of the MOONRISE 
survey, bearing in mind that this is only a 
sample of what MOONS will be able to 
deliver over the longer term.

MOONRISE science goals

It is impossible to present an exhaustive 
list of the various cutting-edge science 
goals of the MOONRISE survey in the 

limited space available here. In the follow-
ing, we outline a representative sample  
of the primary science aims of the survey.

–  The metallicity evolution of galaxies.  
By measuring multiple nebular transi-
tions in galaxies, spanning more than 
three orders of magnitude in mass 
(108.5 < Mᅺ/Mც < 1011.7) and more than 
three orders of magnitude in the star 

formation rate (SFR), it will be possible  
to measure the gaseous metallicity for 
hundreds of thousands of galaxies, 
enabling us to solidly assess the evolu-
tion of the metallicity scaling relations. 
In particular, the redshift evolution (or 
lack thereof) of the mass-metallicity 
relation (for example, Troncoso et al., 
2014; Kashino et al., 2019) and of the 
Fundamental Metallicity Relation (the 
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Figure 1. Comparison 
between MOONS and 
other near-infrared 
multi- object spectro-
graphs at ground-based 
8–10-m telescopes in 
terms of wavelength 
range, multiplexing and 
maximum target density 
that can be observed in 
a single pointing.

Figure 2. Examples of 
star-forming (blue) and 
passive (red) galaxy 
spectra shifted to three 
representative redshifts 
that will be targeted by 
the MOONRISE survey 
(Table 1), illustrating  
the observability of 
some of the primary 
nebular and stellar rest-
frame optical features.

Figure 3. Example of 
different environments 
that will be sampled by 
the MOONRISE survey 
at a representative red-
shift slice around z = 1.4 
by exploiting the large-
scale dark matter distri-
bution obtained from  
the Millennium simula-
tion (Springel et al., 
2005).
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generally hampered the capability of 
 optical spectrometers to identify galaxies. 
Of course, the broad spectral coverage  
of MOONS will also allow the investiga-
tion of large samples of very distant gal-
axies, around the epoch of reionisation, 
especially by observing Ly_ and other 
transitions in the ultraviolet rest frame. In 
addition to the spectral coverage and 
sensitivity, the combination of high multi-
OKDWHMF�@MC�GHFG�CDMRHSX�NE�jAQDR�NM�RJX�
will enable MOONS to identify a broad 
range of galaxy environments, from clus-
SDQR�SN�FQNTOR��jK@LDMSR��@MC�UNHCR��%HF-
ure 3), and will unambiguously determine 
how galaxy properties depend on the 
environment in which they live.

Within the MOONS GTO, 190 nights are 
dedicated to the extragalactic survey 
MOONRISE (MOONS Redshift-Intensive 
Survey Experiment). With MOONRISE we 
expect to obtain key spectroscopic infor-
mation for a few hundred thousand gal-
axies, possibly up to about half a million 
galaxies at 0.9 < z < 2.6, as well as for a 
few thousand galaxies around the epoch 
of reionisation (z ~ 6–8). Such large sta-
tistics will also provide an unprecedented 
test of assumptions embedded in various 
cosmological simulations and models. 
Indeed, different models and simulations 
implement various physical processes  
in different ways in order to reproduce 
galaxy evolution and therefore they pre-
dict different galaxy properties in the 
early phases of their formation, which can 
be tested with MOONRISE’s with unprec-
edented statistics.

Together with the MOONRISE GTO pro-
FQ@LLD��CTQHMF�SGD�jQRS�SDM�XD@QR�NE�
operation additional open time surveys 
will expand the legacy of MOONS to 
include millions of galaxy spectra span-
ning even broader redshift intervals and 
sampling a broader parameter space.  
In the following, we focus on the science 
goals and strategy of the MOONRISE 
survey, bearing in mind that this is only a 
sample of what MOONS will be able to 
deliver over the longer term.

MOONRISE science goals

It is impossible to present an exhaustive 
list of the various cutting-edge science 
goals of the MOONRISE survey in the 

limited space available here. In the follow-
ing, we outline a representative sample  
of the primary science aims of the survey.

–  The metallicity evolution of galaxies.  
By measuring multiple nebular transi-
tions in galaxies, spanning more than 
three orders of magnitude in mass 
(108.5 < Mᅺ/Mც < 1011.7) and more than 
three orders of magnitude in the star 

formation rate (SFR), it will be possible  
to measure the gaseous metallicity for 
hundreds of thousands of galaxies, 
enabling us to solidly assess the evolu-
tion of the metallicity scaling relations. 
In particular, the redshift evolution (or 
lack thereof) of the mass-metallicity 
relation (for example, Troncoso et al., 
2014; Kashino et al., 2019) and of the 
Fundamental Metallicity Relation (the 
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Figure 1. Comparison 
between MOONS and 
other near-infrared 
multi- object spectro-
graphs at ground-based 
8–10-m telescopes in 
terms of wavelength 
range, multiplexing and 
maximum target density 
that can be observed in 
a single pointing.

Figure 2. Examples of 
star-forming (blue) and 
passive (red) galaxy 
spectra shifted to three 
representative redshifts 
that will be targeted by 
the MOONRISE survey 
(Table 1), illustrating  
the observability of 
some of the primary 
nebular and stellar rest-
frame optical features.

Figure 3. Example of 
different environments 
that will be sampled by 
the MOONRISE survey 
at a representative red-
shift slice around z = 1.4 
by exploiting the large-
scale dark matter distri-
bution obtained from  
the Millennium simula-
tion (Springel et al., 
2005).
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MOONS Line Coverage at High-z

▸ The NIR window of MOONS finally opens up the spectroscopic characterization of high-z 
galaxies, based on a large number of rest-UV lines, apart from Ly⍺ 

▸ In particular, the z>=5 window would be ideal, where MOONS has access to both Lya 
and UV lines. Can study changes of galaxy properties across EoR boundary.
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Figure 5. A comparison of the Lyman continuum production efficiency,
⇠⇤ion, for galaxies at 3.8 < z < 5.0 (histogram) to EGS-zs8-1. The selec-
tion of galaxies with IRAC color excesses picks out a population with high
specific star formation rates and very large values of ⇠ion,unatt,?.

ple, this implies a high Ly↵ fraction (xLy↵ = 0.50 ± 0.29 with
WLy↵ > 25 Å). Although this conclusion appears at odds with
previous studies at 7 < z < 8 (Figure 6), the average UV lumi-
nosity of the six galaxies with Ly↵ emission (MUV = �21.9) is
larger than that of the galaxies in the luminous bin of the Schenker
et al. (2014) measurements, possibly indicating that Ly↵ transmis-
sion may be enhanced in these ultra-luminous systems.

The detection of UV metal lines allows us to begin exploring
the precise physical mechanisms by which Ly↵ is able to escape so
effectively from the luminous RB16 galaxies. In §5.1, we consider
whether the pre-selection of galaxies with IRAC [4.5] flux excesses
is likely to influence the Ly↵ detection rate, and in §5.2, we use the
systemic redshift provided by [CIII], CIII] to explore whether the
Ly↵ velocity offsets of luminous galaxies boost the transmission of
Ly↵ through the IGM. We will argue that the selection of galaxies
with IRAC color excess maximizes the production rate and trans-
mission of Ly↵ through the local circumgalactic medium, while
the identification of the brightest z > 7 galaxies picks out sources
which are most likely to transmit Ly↵ through the IGM.

5.1 Impact of local radiation field on Ly↵ equivalent widths

The IRAC 4.5µm flux excesses of the RB16 sample are sugges-
tive of extreme optical line emission. Photoionization models in-
dicate that the data require very large specific star formation rates,
moderately low metallicity, and large ⇠⇤ion (Table 3), suggesting

MOSFIRE discovery spectrum reported in Finkelstein et al. (2013). With
the WFC3/IR grism measurement, the implied Ly↵ emitter fraction is larger
yet: xLy↵ = 0.67± 0.33.
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MUV < !20.25

Figure 6. The fraction of Ly↵ emitters with WLy↵ > 25 Å among UV
luminous (MUV < �20.25) galaxies at z > 4. The Ly↵ fraction in the
RB16 sample is larger than found in previous studies of z > 7 galaxies. The
open star shows the Ly↵ fraction that is derived using the new WFC3/IR
grism measurement of WLy↵ for the z = 7.508 galaxy z8 GND 5296
(Tilvi et al. 2016), whereas the closed star shows the Ly↵ fraction derived
using the MOSFIRE equivalent width measurement from Finkelstein et al.
(2013).

efficient LyC production rates. The distribution of neutral hydro-
gen in the circumgalactic medium could be very different in such
young, rapidly growing systems. Conceivably both the intense ra-
diation field and enhanced stellar feedback of the RB16 galaxies
could disrupt the surrounding distribution of gas, reducing the cov-
ering fraction of neutral hydrogen and boosting the transmission of
Ly↵. If the escape fraction of Ly↵ through the galaxy is indeed re-
lated to the specific star formation rate and ⇠⇤ion, we should detect
evidence of a larger Ly↵ emitter fraction in extreme optical line
emitters located just after reionization (4 < z < 6).

To test the connection between Ly↵ and ⇠⇤ion, we investigate
the Ly↵ equivalent width distribution in a large sample of 4 < z <
6 galaxies described in our earlier work (Stark et al. 2010, 2011,
2013). Redshifts were obtained via a large survey of UV-selected
dropouts in GOODS-N using DEIMOS on Keck II (for details see
Stark et al. 2010) and through a VLT/FORS survey described in
by Vanzella et al. (2009). Our goal is to determine whether Ly↵
equivalent widths tend to be enhanced in the subset of 4 < z < 6
galaxies with extreme optical line emission. At 3.8 < z < 5.0, it
is possible to characterize rest-optical line emission using a similar
IRAC flux excess technique as employed by RB16. In this redshift
range, the H↵ line is situated in the IRAC [3.6] filter, while the
[4.5] band is free of strong emission lines (e.g. Shim et al. 2011;
Stark et al. 2013). While not identical to the RB16 selection (which
identifies [OIII]+H� emission), the subset of galaxies with extreme
H↵ emission is similar in nature to those with extreme [OIII]+H�
emission (Schenker et al. 2013).

In Stark et al. (2013), we measured H↵ equivalent widths for a
sample of spectroscopically confirmed galaxies at 3.8 < z < 5.0.
Tang et al. (2016, in preparation) provide updated H↵ equivalent
width measurements for the 3.8 < z < 5.0 sample with spec-

c� 2016 RAS, MNRAS 000, 1–13

Using LAEs to constrain reionization

18

neutral

ionized

HI HII

fra
ct

io
n 

of
 L

B
G

s 
w

ith
 L

yα
 in

 e
m

is
si

on EW0 > 25 Å

Stark+17 11

Figure 5. The evolution of the Schechter function parameters ↵, L⇤,�⇤ (left, center, right panels respectively), as a function
of redshift z = 5� 10 with a step of �z = 0.5. Models at di↵erent average neutral fractions, xhi are shown with di↵erent colors
referenced on the adjacent colorbar. Further details about the fitting procedure are explained in Sections 3.3 and Appendix A.
We find strong evolution of the Schechter function parameters with xhi, in which each parameter decreases as the neutral fraction
increases because Ly↵ photons become more attenuated.

Figure 6. Evolution of the Ly↵ luminosity density as a
function of redshift and the IGM neutral fraction between
z = 5 � 10. Observational data from Konno et al. (2018)
(orange stars, z = 5.7, 6.6), Hu et al. (2019) (orange squares,
z = 6.9), Itoh et al. (2018) (orange triangles, z = 7.0), Ota
et al. (2017) (orange diamonds, z = 7.0) and Konno et al.
(2014) (orange circles, z = 7.3), show a clear drop in the
overall Ly↵ luminosity density as redshift increases. The LD
model shows a decreasing trend as redshift increases and we
can expect to see lower LD values as the neutral fraction
increases at any redshift.

son et al. 2019b; Davies et al. 2018) though, like the
other z > 7 constraints, is higher than the QSO damp-
ing wing measurements at z = 7.5 for the quasar ULAS
J1342+0928 by Greig et al. (2019).

3.6. Predictions for Nancy Grace Roman Space
Telescope, Euclid and JWST surveys

Figure 7. IGM neutral fraction of hydrogen as a function of
redshift updated from Mason et al. (2018). Reionization his-
tory plot with this work corresponding to the Ly↵ LF given
a 1� uncertainty (red hexagons). Constraints derived from
observations of previous estimates from the fraction of LBGs
emitting Ly↵ are plotted (star; Mason et al. (2018); Mason
et al. (2019b); Whitler et al. (2020); Hoag et al. (2019));
the clustering of Ly↵ emitting galaxies (square; Ouchi et al.
(2010); Sobacchi & Mesinger (2015)); Ly↵ and Ly� forest
dark fraction (circle; McGreer et al. (2015)); and QSO damp-
ing wings (diamond; Greig & Mesinger (2017); Davies et al.
(2018); Greig et al. (2019); Wang et al. (2020)). The shaded
regions of the reionization plot show the corresponding 1�
and 2� uncertainty coverage consistent with Planck Collab-
oration et al. (2016) ⌧ and dark fraction (Mason et al. 2019a).

The Nancy Grace Roman Space Telescope High Lati-
tude Survey (NGRST HLS) and the Euclid Deep Field
Survey (DFS) will both be particularly important sur-
veys which will probe into higher redshifts and detect
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Figure 4. The cumulative number of the sources within an area of 4.5 arcmin2

at I ⇠ 8, both in simulation and in our observations. The left panel shows the
cumulative numbers as a function of absolute magnitude. The coloured lines
correspond to the actual numbers of galaxies that we have identified in the
HST data in di�erent fields (orange for EGS-zs8-1; yellow for EGS-zs8-2).
The grey lines correspond to the numbers from the D������ simulation (Qin
et al. 2021). The right panel shows the total number of sources as a function
of the magnitude of the brightest source selected down to our 27.7 magnitude
limit using the same colours as for the cumulative histograms. The blue line
corresponds to the expected number based on the UV LF and our selection
function (same as Fig 2), with the shaded blue region showing the 16th to
84th percentile. The horizontal black dashed line shows the average number
of sources in the GOODS fields within the same area. Both the simulations
and the observations thus find a boost of ⇠ 3 � 5⇥ in the number of galaxies
around the most luminous sources.

also Wyithe & Loeb 2005; Geil et al. 2017; Hutter et al. 2017).
The most luminous simulated central sources lie in ionized regions
with measured radii of around 8-9 comoving Mpc, corresponding to
⇠ 1 physical Mpc at these redshifts (see Fig. 5). We can thus expect
similar ionized region sizes around our observed galaxies. Using
simple estimates, this is indeed what we infer as discussed below.

To convincingly conclude that all of the associated sources we find
for our sample lie within the respective ionised bubbles would require
both spectroscopic confirmation of the association and, ideally, the
presence of Lyman alpha emission. Nonetheless, using the same
approach as in Matthee et al. (2018) we can estimate the sizes of
the ionized bubbles that each of our sources individually could carve
out of the neutral IGM. Assuming a spherical shape of the ionized
regions around the galaxies, the expected radii range from 0.5 pMpc
up to 1.1 pMpc. These results are consistent with previous estimates
in the literature for possible bubble sizes at these redshifts (see e.g.,
Castellano et al. 2018; Tilvi et al. 2020; Endsley et al. 2021b).

While Tilvi et al. (2020) have confirmed the physical association of
two sources around EGS-zs8-1 through spectroscopy, the new galax-
ies identified in this paper only have photometric redshifts available
at the moment. The respective uncertainties in 3D distances are thus
too large to determine the physical associations of these galaxies
with the central UV luminous targets. However, our detection of an
enhancement of fainter galaxies around all these sources points at
a larger scale overdensity in the EGS field (see also Bouwens et al.
2015, 2019; Finkelstein et al. 2021).

Interestingly, the two UV luminous LAEs EGS-zs8-1 and EGS-
zs8-2 are only separated by 9.1 pMpc from each other. It is thus
possible that these two sources lie in a larger, ionized region that
spans from I = 7.5 to I = 7.7. Future observations, e.g., with JWST
spectroscopy will be needed to confirm this.

Figure 5. Number of neighboring galaxies brighter than H160=27.5 mag for
EGS-zs8-1, EGS-zs8-2 and EGSY-z8p7 (see the star symbols) as a function
of their UV magnitudes. Theoretical expectation using the DRAGONS sim-
ulation (see more in e.g., Fig. 2 of Qin et al. 2021) is shown with circles for
comparison. The size of the corresponding H �� bubbles (in units of cMpc;
indicated by varying circle sizes) is shown with the uncertainties drawn from
500 mock observations.

6 SUMMARY AND CONCLUSIONS

In this paper, we identified faint sources at I > 7 around three con-
firmed UV luminous Lyman U emitters and another, nearby Iphot ⇠ 9
target in the CANDELS/EGS field. We presented dedicated HST data
and combined this with ancillary HST and Spitzer/IRAC imaging in
this field.

We find a significant enhancement of fainter galaxies within a
WFC3/IR pointing of 4.5 arcmin2 around each of these UV lumi-
nous, central sources. By comparing the number of detected galaxy
candidates with the expected numbers from the UV LFs at these red-
shifts and with the numbers in the two GOODS fields, we estimate
these areas to be enhanced by 3 � 9⇥ compared to the average field.

Our observational findings are in excellent agreement with the pre-
dictions form the M������ simulation (Qin et al. 2021), which also
find a boost in fainter neighbouring sources around UV luminous
galaxies. In these simulations, the combined ionizing photon output
of the ensemble of galaxies around the central sources produce ion-
ized regions with radii of ⇠ 1 pMpc, allowing LyU photons to be
transmitted even when the surrounding IGM is still highly neutral.

Combined with these simulation results, our observational finding
of overdense regions around these luminous I = 7.5� 8.7 LyU emit-
ters thus strongly suggest that the local galaxy environment plays a
driving role in the LyU transmission. Specifically, the field around
EGSY-z8p7 at Ispec = 8.683 is enhanced by a factor ⇠ 8.7⇥, sug-
gesting that this source might sit in one of the first overdensities and
ionized bubbles in the Universe, only ⇠ 500 Myr after the Big Bang.

The crucial next step is to obtain spectroscopic redshifts for these
overdensities in order to map out their 3D structure and estimate the
size of the overall ionized regions. The approved JWST cycle 1 pro-
gram GO-2279 (Naidu et al. 2021) will achieve exactly this based on
NIRCam/grism observations of EGSY-z8p7 and EGS910-3, which
is only separated by 3.7 arcmin. These observations will provide a
sample of [OIII]5007 emission line selected sources at I = 7 � 9,
and will thus significantly improve the overdensity measurement.
Other NIRCam/grism and NIRSpec observations over other fields
are poised to identify a large number of ionized bubbles in the EoR
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Figure 1. Position of all selected sources in the CANDLES/EGS field centred around our target galaxies. Sources with redshift 7 < Iphot < 8 are shown in
the left panel, while galaxies with Iphot > 8 are indicated on the right. The fields are shown North up, East left. The light shaded region shows the CANDELS
�160 coverage. The darker grey areas show fields where F105W imaging is available and that have been included in our search. The three pointings from our
own program were centred on EGS-zs8-1 (orange outline), EGS-zs8-2 (yellow) and EGSY-z8p7 (pink). Also highlighted (in cyan) is the F105W outline around
EGS910-3 presented in Bouwens et al. (2016) that we include in our analysis. Black squares correspond to the location of LyU emitters. The colourbars indicate
the photometric redshifts of the sources. The sizes of the circles represent their �160 magnitude. Also indicated is the 3D distance of 9 physical Mpc between
the two LyU galaxies at I ⇠ 7.6 on the left.

been confirmed through LyU emission lines. These are EGS-zs8-1
at Ispec = 7.7302 ± 0.0006 (Oesch et al. 2015; see also Stark et al.
2017; Tilvi et al. 2020), EGS-zs8-2 at Ispec = 7.4770 ± 0.0008
(Roberts-Borsani et al. 2016; Stark et al. 2017), and EGSY-z8p7
at Ispec = 8.683+0.001

�0.004 (Zitrin et al. 2015; see also Mainali et al.
2018). All of these sources are expected to exhibit strong radiation
fields due to high-equivalent width [OIII]+HV emission lines identi-
fied through their Spitzer/IRAC photometry (Roberts-Borsani et al.
2016). Indeed, highly excited UV lines have been confirmed in the
MOSFIRE spectra of EGS-zs8-1 (C ���]; Stark et al. 2017) and EGSY-
z8p7 (N �; Mainali et al. 2018). Especially the detection of the N �
line in EGSY-z8p7 points to a non-negligible, possible contribution
from an AGN.

While other particularly distant EoR galaxies have been spectro-
scopically confirmed since the discovery of these sources in the EGS
field (e.g. Oesch et al. 2016; Jiang et al. 2021; Hashimoto et al.
2018; Jung et al. 2020; Laporte et al. 2021), they still rank among
the most distant detected LyU emission lines (see also Larson et al.,
in prep; Larson et al. 2020). For more information on the luminous
LyU sources, see Section 3.1 and Tables 1 and 2.

To explore whether these very early Lyman-alpha emitters com-
monly reside in overdense regions, we have obtained dedicated, ad-
ditional multi-colour HST WFC3/IR observations around these three
luminous galaxies (GO-15103; De Barros 2017). In particular, we
added the missing F105W filter that is necessary to reliably identify
I ⇠ 7.5 � 9 galaxies and measure improved redshifts, in addition to
deeper F125W and F160W imaging. The program was designed to
identify galaxies that are up to an order of magnitude less luminous
than the main targets, which have ��⌫ = 25.0 � 25.3 mag. In par-
ticular, we obtained 5-orbit exposures in three individual pointings
centred on each of the three luminous LAEs (2 orbits in F105W, 1.5
in F125W, and 1.5 in F160W). When combined with the previous,
CANDELS HST imaging our data reach 5f limits of 27.9 mag in
F105W, 27.5 mag in F125W, and 27.5 mag in F160W, respectively.

In addition to our dedicated HST data, we retrieved all the HST

ACS and WFC3/IR data available around the EGS sources from
the HST archive and combined them into one mosaic as part of the
Hubble Legacy Field project (Illingworth et al, in prep).

2.3 Source Detection and Multi-Wavelength Photometry

The HST images in di�erent bands were convolved to the same
point-spread function (PSF; using convolution kernels analogous to
the ones made available by the 3D-HST team; Skelton et al. 2014).
We then use SExtractor (Bertin & Arnouts 1996) to detect sources
in a combined F125W+F160W image and measure their colours
through matched, circular apertures. In particular, we use apertures
with 0.005 diameter to measure colours, which are then corrected to
total fluxes using the SExtractor AUTO fluxes in the F160W image.

In order to obtain IRAC photometry in all four channels, we fol-
low the same procedure as described in Stefanon et al. (2021a). To
overcome confusion, we subtract contaminating flux of neighbour-
ing galaxies using the Mophongo tool (see, e.g., Labbé et al. 2013,
2015), before measuring the IRAC fluxes in 1.008 diameter apertures
and correcting to total fluxes. When the contamination by neighbour
is too large for a reliable subtraction, the IRAC fluxes are flagged and
ignored in the subsequent spectral energy distribution fits. We use
the same procedure to derive photometry from ground-based K-band
images. Overall, we thus obtain 11-band spectral energy distributions
(SED) for all sources (6⇥ HST, K-band, and 4⇥ IRAC), spanning 0.6
to 8 `m.

3 SAMPLE SELECTION

3.1 Central LAE Targets

Our HST follow-up observations are centred around three UV lumi-
nous galaxies at I � 7.5 that have been confirmed through LyU in
the EGS field (see Section 2.2). One of these, EGS-zs8-1, has sub-
sequently been observed through narrow-band observations, from
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Fig. 5. Fraction of LAEs (with EW(Ly↵) > 25Å, X25
Ly↵) at 4  z  8 for the brightest (MUV < �20.25, left panel) and faintest

(MUV > �20.25, right panel) galaxies. We show the results from Stark et al. (2011), Schenker et al. (2014), Ono et al. (2012),
Pentericci et al. (2011), Tilvi et al. (2014), Cassata et al. (2015), and Curtis-Lake et al. (2012). We introduce slight o↵sets in redshift
to increase clarity when necessary.

Fig. 6. 2D signal-to-noise and sky spectra for two faint LAEs at
z = 5.92 (top) and z = 6.09 (bottom) with EW(Ly↵) = 101Å and
EW(Ly↵) = 330Å, respectively (see text).

we estimate that our sample is complete at > 95% for Ly↵ equiv-
alent width of EW(Ly↵) � 25Å.

Due to the importance of the Spitzer/IRAC detections to con-
strain the stellar mass, the age (Balmer break), and emission line
contribution (e.g., Jiang et al. 2016), we show in Fig. 4 the num-
ber of flux measurements in Spitzer/IRAC bands.

3. A lower Ly↵ emitter fraction at z ⇠ 6

Thanks to our large spectroscopic sample we can derive the LAE
fraction (defined as the fraction of LAE with rest frame equiv-
alent width EW(Ly↵)> 25Å) at z ⇠ 6 which allows us to put
constraints on the ionization state of the IGM. This fraction has
already been described as rising from z ⇠ 4 to z ⇠ 6 (Stark
et al. 2011, S11 hereafter) and rapidly declining at z > 6 (e.g.,
Pentericci et al. 2011). This evolution of the LAE fraction be-
tween z ⇠ 6 and z > 6 has been interpreted as the e↵ect of
partially neutral IGM on the Ly↵ photons emitted from high-z
galaxies (e.g., Schenker et al. 2012) and so as our witnessing of
the cosmic reionization end.

We show in Figure 5 the LAE fractions for our bright
(MUV < �20.25) and faint (MUV > �20.25) subsamples. The
absolute UV magnitude MUV refers to the absolute magnitude
at 1500Å. To determine it for each galaxy, we use the inte-
grated SED flux in an artificial filter of 200Å width centered
on 1500Å. Our data covers 5 fields which should mitigate the
cosmic variance e↵ect on our results (e.g., Ouchi et al. 2008).
Comparing our results with previous studies (e.g., Stark et al.
2011; Pentericci et al. 2011), the LAE fractions that we derived
at z ⇠ 6 are consistent with a trend of increasing and then de-
creasing LAE fraction with redshift, the main uncertainty being
at which redshift is the peak of the LAE fraction. However, the
LAE fraction found by Curtis-Lake et al. (2012, hereafter CL12)
at z ⇠ 6 is significantly higher compared to our result or S11.
We check that the color selection criterion i � z is not the cause
of this discrepancy by applying the same criterion as S11 to our
sample (i � z > 1.3), as well as the criterion (i � z > 1.7) used
in CL12, in both cases to the bright sample (MUV < �20.25).
While the fraction of LAE (X25

Ly↵) increases (up to 0.16 using the
CL12 criterion), the fraction of unconfirmed sources (defined as
sources for which we cannot assign a spectroscopic redshift) re-
mains constant ⇠ 0.35 for all i � z cut, showing that interlopers
are unlikely to be the cause of the di↵erence between the re-
sults of CL12 and our own (and those of S11). Ly↵ equivalent
widths are derived using a narrow-band filter in CL12, instead of
a broad-band filter in S11/this work, but it is also unlikely that
this di↵erence can introduce such a large discrepancy because
the maximum 3� EW(Ly↵) upper limit for unconfirmed object
is < 16Å and there is only one object with a measured EW(Ly↵)
near the EW threshold used (25Å). Therefore, it would require
a di↵erence in the UV continuum flux estimation by a large fac-
tor (> 2) to explain the di↵erence between our work and CL12.
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also remove 10 and 8 candidates in COSMOS and CDFS,
respectively, whose NB964 signals appear more like weak
CCD artifacts or noise spikes or are too close to adjacent bright
objects. Though such steps are somewhat subjective, inspec-
tions from various team members often yield consistent
classi!cations, and slight inconsistencies from various inspec-
tors do not signi!cantly alter the scienti!c results presented in
this work. As foreground emission-line galaxies (ELGs) may
trace the overdense regions (e.g., Hayashi et al. 2018), we
further reject two candidates in the COSMOS !eld that are
adjacent to foreground ELGs (those NB964 excess sources
with veto band detections) within 3!.

We then examine the stacked veto band images (which is
deeper than a single veto band) of the remaining candidates, and
none of them show S/N > 2 in the stacked veto band. Finally, we

obtain a clean sample of 49 and 30 LAE candidates in the
COSMOS and CDFS !elds, respectively, the thumbnail images of
which are presented in Appendix B; the catalog will be released in
a future work, together with candidates to be selected in upcoming
new LAGER !elds. In Figure 3 we plot the color–magnitude
diagrams and the spatial distribution of our selected LAEs in
COSMOS and CDFS, in which two possible elongated overdense
regions are seen in COSMOS. Each has a two-dimensional scale
of !75!!!40 cMpc2 and contains !12 LAEs, including 3 of
which are luminous with LLy!!>!1043.3 erg s"1. Such large-scale
structures of high-redshift LAEs probe the protoclusters in the
early universe and have been reported at redshifts of 5.7 and 6.6
(Ouchi et al. 2005; Wang et al. 2005; Jiang et al. 2018; Harikane
et al. 2019) and smaller (Shimasaku et al. 2003; Zheng et al.
2016). We note that !ve members of the large-scale structures

Figure 3. Top panels: color–magnitude diagrams (HSC-y-NB964 vs. NB964 for COSMOS and DECam-z-NB964 vs. NB964 for CDFS) of the LAE candidates (in
red) and all other objects (in black). The dashed lines are the color criteria we used to select LAEs. Bottom panels: spatial distribution of the selected LAEs in
COSMOS and CDFS (blue circles). The luminous LAEs with log10 L!>!43.3 are marked with red stars. The four luminous LAEs selected by Itoh et al. (2018) are
overplotted with orange stars. The blue shadow contours show the local number densities of LAEs smoothed with a Gaussian kernel of "!=!0°. 1 to highlight the
overdense regions, with the contour levels with respect to [1, 2, 3]!!!average number density of LAEs in the COSMOS and CDFS !eld. The regions we masked out
when we perform candidate selections, completeness analyses, and LF calculations are marked with gray shades. Note that in CDFS, because the archive broadband
data were obtained without dithering, we exclude regions in CCD gaps. Spectroscopic con!rmations of six LAES in the COSMOS !eld have been reported by Hu
et al. (2017), including the three luminous ones at the left side. More spectroscopic con!rmations will be presented in future works.
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Source zLy↵ zphot RA DEC Date of Observations H160 Filters UV lines targeted Ref

EGS-zs8-1 7.730 7.92+0.36
�0.36 14:20:34.89 +53:00:15.4 12-15 Apr 2015 25.0 H CIII] [1], [2]

. . . . . . . . . . . . . . . 11 June 2015 . . . H CIII] [1], [2]
EGS-zs8-2 7.477 7.61+0.26

�0.25 14:20:12.09 +53:00:27.0 12-15 Apr 2015 25.1 Y, H Ly↵, CIII] [1]
. . . . . . . . . . . . . . . 11 June 2015 . . . H CIII] [1]
COS-zs7-1 7.154 7.14+0.12

�0.12 10:00:23.76 +02:20:37.0 30 Nov 2015 25.1 Y Ly↵ [1]

Table 1. Galaxies targeted with Keck/MOSFIRE spectroscopic observations. The final column provides the reference to the article where each galaxy was
first discussed in the literature. The photometric redshifts shown in column three are taken from the discovery papers. References: [1] Roberts-Borsani et al.
(2016); [2] Oesch et al. (2015)
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Figure 1. Keck/MOSFIRE spectra of EGS-zs8-1, a z = 7.733 galaxy that was originally spectroscopically confirmed in Oesch et al. (2015). (Left:) Two-
dimensional and one-dimensional Y-band spectra centered on the Ly↵ emission line. Data are from Oesch et al. (2015). (Right:) H-band observations showing
detection of the [CIII], CIII] ��1907,1909 doublet. The top panels show the two dimensional SNR maps (black is positive), and the bottom panel shows the
flux calibrated one-dimensional extractions.

3.2 EGS-zs8-2

EGS-zs8-2 is another bright (H160=25.1) galaxy identified in CAN-
DELS imaging by RB16. The IRAC color of EGS-zs8-2 ([3.6]-
[4.5]=0.96 ± 0.17) is redder than EGS-zs8-1, likely reflecting
yet more extreme optical line emission. We estimate a rest-frame
[OIII]+H� equivalent width of 1610 ± 302 Å is required to re-
produce the flux excess in the [4.5] filter. A 4.7� emission feature
was identified by Roberts-Borsani et al. (2016) at a wavelength of
1.031µm. RB16 tentatively interpret this feature as Ly↵.

We obtained a Y-band spectrum of EGS-zs8-2 with the goal
of verifying the putative Ly↵ detection. The spectrum we obtained
shows a 7.4� emission line at 1.0305 µm (Figure 2a), confirming
that EGS-zs8-2 is indeed a Ly↵ emitter at zLy↵ = 7.477. The mea-
sured line flux (7.4± 1.0⇥ 10�18 erg cm�2 s�1) is less than half
that of EGS-zs8-1. We calculate the Ly↵ equivalent width using
the broadband SED to estimate the underlying continuum flux. The
resulting value (WLy↵=9.3 ± 1.4 Å) is the smallest of the RB16
galaxies.

The MOSFIRE H-band spectrum covers 14587 to 17914 Å,
corresponding to rest-frame wavelengths between 1720 and 2113 Å
for EGS-zs8-2. In Figure 2b, we show the spectral window centered
on the [CIII], CIII] doublet. No emission lines are visible. There are
two weak sky lines in the wavelength range over which the doublet

is situated. However the separation of the individual components
of the doublet is such that at least one of the two lines must be
located in a clean region of the spectrum. We estimate 3� upper
limits of 2.3⇥10�18 erg cm�2 s�1 for individual components. The
non-detection suggests that the total flux in the CIII] doublet must
be less than 62% of the observed Ly↵ flux, fully consistent with
the ratio observed in EGS-zs8-1 and in extreme CIII] emitters at
lower redshift. We place a 3� upper limit on the doublet rest-frame
equivalent width of <14 Å. Deeper data may yet detect CIII] in
EGS-zs8-2.

3.3 COS-zs7-1

Prior to this paper, COS-zs7-1 was the only source from Roberts-
Borsani et al. (2016) lacking a near-infrared spectrum. Similar to
the other galaxies from RB16, COS-zs7-1 is bright in the near-
infrared (H160=25.1) and has IRAC color ([3.6]-[4.5]=1.03±0.15)
that indicates intense optical line emission. In addition to RB16, the
galaxy has been reported elsehwere (e.g., Tilvi et al. 2013; Bowler
et al. 2014). We estimate an [OIII]+H� rest-frame equivalent width
of 1854 ± 325 Å based on the [4.5] flux excess, making COS-
zs7-1 the most extreme optical line emitter in the RB16 sample.
RB16 derive a reasonably well-constrained photometric redshift

c� 2016 RAS, MNRAS 000, 1–13
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The science drivers and the legacy value 
 
The wealth of science that a highly-multiplexed, near-IR spectrograph like MOONS can generate is 
undeniably vast and it has been a common aspiration for the ESO community for a long time, filling a 
crucial gap in discovery space, which could never be addressed by only optical spectroscopy or low-
multiplex near-IR spectroscopy. 
 
As part of the 300 nights of Guaranteed Time Observations (GTO) obtained in return for building the 
instrument, the Consortium has developed a coherent set of surveys covering a large fraction of the history 
of the Universe, from cosmic dawn (13 billions years ago) to the present epoch, across many astrophysical 
fields (see Figure 1). About 100 GTO nights are devoted to Galactic surveys (see Gonzalez et al. in this 
Messenger issue). The aim is to investigate the nature of the heavily-obscured regions of the Galactic 
bulge (unachievable with optical spectrographs), as well as also providing new insights into the chemo-
dynamical structure of the thin and thick Galactic discs, and for targeted studies of satellites and streams 
in the halo. 
The other ~200 GTO nights will focus on galaxy evolution across cosmic time (see Maiolino et al. and 
Flores et al. in this Messenger issue). The goal is to provide a complete picture of the integrated properties 
of the stellar populations and ionized Inter-Stellar Medium (ISM) of galaxies up high redshift in a SDSS-
like survey, including a large number of Lyα emitting galaxies up to z~10, and investigate in a systematic 
way the role that environment and black hole feedback have on the formation and evolution of galaxies 
with redshifts. 
 
The combination of MOONS GTO surveys and open time surveys will provide an invaluable legacy. Even 
in the conservative assumption that MOONS is used only for 100 nights a year (i.e. equally sharing the 
telescope with the other 2 instruments mounted on the UT), it will offer the scientific community ~1,000,000 
fibers-hours every year. This figure will increase even more if in the future one of the UTs will be operated 
in survey mode.  On a timescale of 10 years, which is the very minimum lifetime of the instrument, Legacy 
surveys with MOONS will provide radial velocities and detailed chemical abundances for tens of million 
stars in our Galaxy and beyond; as well as spectra for millions of galaxies at 0<z<10 providing key spectral 
diagnostics and environmental information. This will produce a huge and unique datasets of high-quality 
spectra and the essential deep spectroscopic follow-up of current and future optical and near-IR imaging 
surveys (e.g., Gaia, VISTA, UKIDSS, VST, Pan-STARRS, Dark Energy Survey, LSST, Euclid), as well as 
targeting objects observed at other wavelengths using, e.g., ALMA, Herschel, eRosita, LOFAR, WISE, 
ASKAP, MeerKAT, etc. Last but not least, MOONS will offer a unique mine out of which targets will be 
selected for detailed follow-up with the Extremely Large Telescope for years to come.	
 

	
Figure 1 The key science drivers that have shaped the requirements for the MOONS instrument: the 
ability to obtain radial velocities and detailed stellar abundances for millions of stars, especially in the 
obscured regions of the Galaxy to reconstruct the chemo-dynamical properties of our Milky way. The 
capability to observe key spectral diagnostics for millions of distant galaxies up to the epoch of re-
ionisation at z>7, to determine the physical processes that shape their evolution and the impact of central 
super-massive black hole and environment in which galaxies live in, disentangling nature versus nurture 
effects.    
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7RIW 3DUW�%� 25,*,16

TXDOLW\ RI RXU FDWDORJV� 7KH VRXUFH FDWDORJV ZLOO EH SXEOLVKHG LQ D VSHFLDO LVVXH SDSHU� DFFRPSDQLHG E\ WKUHH
SDSHUV WKDW H[SORLW WKH QHZ VRXUFHV LQ WKH (R5� ZKHUH ZH PHDVXUH WKH 89 OXPLQRVLW\ IXQFWLRQV� VWHOODU PDVV
IXQFWLRQV� DQG WKH JDOD[\ FRUUHODWLRQ IXQFWLRQV WR FRQQHFW WKH JDOD[LHV WR WKHLU XQGHUO\LQJ '0 KDORV� LQ FORVH
FROODERUDWLRQ�ZLWK�:3��DQG�:3��
7DVN ���� 7UDFLQJ WKH 7RSRORJ\ DQG 3URJUHVV RI 5HLRQL]DWLRQ 7KURXJK /\Į� 7KH K\GURJHQ WUDQVLWLRQ OLQH
/\Į DW ����� QP LV RQH RI WKH VWURQJHVW HPLVVLRQ OLQHV RI HDUO\ JDOD[LHV� +RZHYHU� ZKHQ HPEHGGHG LQ D
QHXWUDO PHGLXP� /\Į LV VWURQJO\ DWWHQXDWHG DQG LWV OLQH VKDSH LV FKDQJHG� 2EVHUYDWLRQV RI WKH /\Į OLQH RI
JDOD[LHV DFURVV WKH (R5 WKXV SURYLGH NH\ LQVLJKWV LQWR WKH LQWULQVLF SURSHUWLHV RI JDOD[LHV DV ZHOO DV WKH
LRQL]DWLRQ VWDWH RI WKHLU VXUURXQGLQJ ,*0 �6WDUN HW DO� ����� 2XFKL HW DO� ����� 'LMNVWUD HW DO� ��� 0HVLQJHU HW
DO��������0DVRQ�HW�DO��������VHH�'D\DO�	�)HUUDUD������IRU�D�UHYLHZ��
7KH UDUH� EXW YHU\ OXPLQRXV DQG PDVVLYH JDOD[LHV� ZKLFK ZH ZLOO ILQG LQ WKH 25,*,16 6XUYH\� DUH RI
SDUWLFXODU LQWHUHVW DV WKH\ UHSUHVHQW VLJQSRVWV RI UHJLRQV RI HDUO\ UHLRQL]DWLRQ� ,QGHHG� XQOLNH WKH JHQHUDO
JDOD[\ SRSXODWLRQ DW ]!�� IRU ZKLFK /\Į UHPDLQV XQGHWHFWHG� HIIHFWLYHO\ DOO WKH PRVW OXPLQRXV JDOD[LHV KDYH
UHYHDOHG /\Į GHWHFWLRQV� HYHQ RXW LQWR WKH KHDUW RI WKH (R5 DW ] ���� �H�J� 2HVFK HW DO� ����� =LWULQ HW DO�
������ 7KLV VXJJHVWV WKDW WKH\ DUH HPEHGGHG LQ DQ LRQL]HG EXEEOH WKURXJK ZKLFK WKHLU /\Į OLQH FDQ HVFDSH� DV
DOVR VHHQ LQ VLPXODWLRQV �H�J�� 4LQ HW DO� ������ $ VPDOO VDPSOH RI VXFK EXEEOHV KDV DOVR EHHQ LGHQWLILHG
REVHUYDWLRQDOO\ �H�J�� &DVWHOODQR HW DO� ����� 7LOYL HW DO� ������ 7R REWDLQ VWDWLVWLFDO VDPSOHV RI LRQL]HG UHJLRQV
DQG VWXG\ WKH ODUJH�VFDOH YDULDWLRQ RI UHLRQL]DWLRQ UHTXLUHV DQ DFFXUDF\ WKDW RQO\ KLJKO\ FRPSOHWH
VSHFWURVFRS\ FDQ SURYLGH �VHH )LJ ��� :H ZLOO WKXV SHUIRUP D 3)6 VXUYH\ LQWR WKH (R5 ZLWK YHU\ GHHS VSHFWUD
RI�WKH�EULJKWHVW�JDOD[\�FDQGLGDWHV�DV�ZHOO�DV�WKHLU�QHLJKERULQJ�VRXUFHV�

)LJ��� 3UHFLVH VSHFWURVFRSLF UHGVKLIWV DUH
UHTXLUHG WR LGHQWLI\ WKH ILUVW ODUJH�VFDOH VWUXFWXUHV
DQG LRQL]HG EXEEOHV LQ WKH HSRFK RI UHLRQL]DWLRQ�
7KHVH SDQHOV VKRZ D VPDOO VOLFH RI WKH 8QLYHUVH
DW ��� � ] � ���� 7KH WRS VKRZV VWUXFWXUHV
UHFRYHUHG ZLWK VSHFWURVFRSLF UHGVKLIWV� ZKLFK DUH
ZDVKHG RXW ZLWK OHVV SUHFLVH SKRWRPHWULF UHGVKLIWV
LQ WKH ERWWRP� %OXH GRWV DUH EULJKW WDUJHWV ZH ZLOO
WDUJHW ZLWK 3)6� :H ZLOO XVH JDOD[\ FOXVWHULQJ
DQG /\Į VWDWLVWLFV WR LGHQWLI\ WKH ILUVW LRQL]HG
EXEEOHV DQG ILQH�WXQH WKH JDOD[\ HYROXWLRQ PRGHO
SDUDPHWHUV� IRU D ILUVW VWDWLVWLFDO DQG

VHOI�FRQVLVWHQW�SLFWXUH�RI�SDWFK\ UHLRQL]DWLRQ�

7KH 3)6 VSHFWURVFRS\ XS WR ���� �P HQDEOHV WKH H[SORUDWLRQ RI /\Į XS WR ��� PLOOLRQ \HDUV DIWHU WKH ELJ
EDQJ �] ����� LQ SULQFLSOH� 7KH VSHFWURVFRSLF VXFFHVV UDWH ZLOO EH UHGXFHG DW WKH KLJKHVW UHGVKLIWV� GHSHQGLQJ
RQ WKH LRQL]DWLRQ VWDWH RI WKH ORFDO ,*0� +RZHYHU� WKH GHWHFWLRQ RI VLJQLILFDQW �(:!��c� /\Į LQ HVVHQWLDOO\
DOO FXUUHQWO\ NQRZQ OXPLQRXV JDOD[LHV LQ WKH ILUVW ��� PLOOLRQ \HDUV RI FRVPLF WLPH �]!���� ZLWK +��� PDJ�
VXJJHVWV WKDW GHHS VSHFWURVFRS\ VKRXOG EH DEOH WR FRQILUP D ODUJH IUDFWLRQ RI WKH PRVW OXPLQRXV JDOD[LHV� :H
ZLOO WDUJHW HYHU\ VLQJOH JDOD[\ ZLWK +��� LQ WKH ILUVW ELOOLRQ \HDUV RI FRVPLF WLPH �]!�� LGHQWLILHG LQ RXU
LPDJLQJ GDWD ZLWK DQ H[SRVXUH WLPH WR UHDFK D /\Į OLQH ZLWK D UHVW�IUDPH HTXLYDOHQW ZLGWK RI ��c�
FRUUHVSRQGLQJ WR D IOX[ OLPLW RI a���[����� HUJ�V�FP� �IRU WKH IDLQWHVW JDOD[LHV�� %DVHG RQ RXU VLPXODWLRQV ZLWK
WKH 3)6 H[SRVXUH WLPH FDOFXODWRU� ZH ILQG WKDW ZH FDQ UHDFK �ı GHWHFWLRQV IRU VXFK OLQHV LQ ����� KRXUV� LQ
EHWZHHQ VN\ OLQHV� *LYHQ DQ HVWLPDWHG WRWDO RI a��¶��� JDOD[LHV GRZQ WR + ��� WKLV VXUYH\ ZLOO UHTXLUH
a���¶����ILEHU�KRXUV��DQG�FDQ�RQO\�EH�GRQH�LQ�DERXW����IXOO�3)6�QLJKWV�DIWHU�DFFRXQWLQJ�IRU�ZHDWKHU�ORVVHV�
7KH PDLQ JRDO RI WKLV 7DVN ZLOO EH WR FRRUGLQDWH� DQG WKHQ VFLHQWLILFDOO\ H[SORLW� WKH (R5 VSHFWURVFRSLF
IROORZ�XS ZLWK 3)6� EDVHG RQ WKH LQSXW FDWDORJ GHULYHG LQ 7DVN �� 7KH GHWHFWLRQ UDWH RI /\Į ZLWK (:!�� c
ZLOO EH XVHG ERWK DV D JOREDO DQG D ORFDO �RQ VFDOHV RI a��0SF� PHDVXUH RI WKH LRQL]HG ,*0 IUDFWLRQ DV D
IXQFWLRQ RI UHGVKLIW� ,Q SDUWLFXODU� ZH ZLOO VWXG\ WKH YDULDWLRQ RI GHWHFWLRQ UDWHV �L�H� LRQL]HG IUDFWLRQ� DQG
VWDFNHG /\Į OLQH SURILOHV DV D IXQFWLRQ RI JDOD[\ PDJQLWXGH� UHGVKLIW� DQG ORFDO GHQVLW\ �DV HVWLPDWHG ERWK
IURP WKH SKRWRPHWULF UHGVKLIWV DQG WKH VSHFWURVFRSLF FRQILUPDWLRQV�� )RU WKH ILUVW WLPH� WKLV ZLOO HPSLULFDOO\
UHYHDO WKH RYHUDOO ODUJH�VFDOH WRSRORJ\ RI UHLRQL]DWLRQ� DV ZHOO DV VWDWLVWLFDO VDPSOHV RI LQGLYLGXDO EXEEOHV� ,Q
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IXQFWLRQV� DQG WKH JDOD[\ FRUUHODWLRQ IXQFWLRQV WR FRQQHFW WKH JDOD[LHV WR WKHLU XQGHUO\LQJ '0 KDORV� LQ FORVH
FROODERUDWLRQ�ZLWK�:3��DQG�:3��
7DVN ���� 7UDFLQJ WKH 7RSRORJ\ DQG 3URJUHVV RI 5HLRQL]DWLRQ 7KURXJK /\Į� 7KH K\GURJHQ WUDQVLWLRQ OLQH
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DO��������0DVRQ�HW�DO��������VHH�'D\DO�	�)HUUDUD������IRU�D�UHYLHZ��
7KH UDUH� EXW YHU\ OXPLQRXV DQG PDVVLYH JDOD[LHV� ZKLFK ZH ZLOO ILQG LQ WKH 25,*,16 6XUYH\� DUH RI
SDUWLFXODU LQWHUHVW DV WKH\ UHSUHVHQW VLJQSRVWV RI UHJLRQV RI HDUO\ UHLRQL]DWLRQ� ,QGHHG� XQOLNH WKH JHQHUDO
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UHYHDOHG /\Į GHWHFWLRQV� HYHQ RXW LQWR WKH KHDUW RI WKH (R5 DW ] ���� �H�J� 2HVFK HW DO� ����� =LWULQ HW DO�
������ 7KLV VXJJHVWV WKDW WKH\ DUH HPEHGGHG LQ DQ LRQL]HG EXEEOH WKURXJK ZKLFK WKHLU /\Į OLQH FDQ HVFDSH� DV
DOVR VHHQ LQ VLPXODWLRQV �H�J�� 4LQ HW DO� ������ $ VPDOO VDPSOH RI VXFK EXEEOHV KDV DOVR EHHQ LGHQWLILHG
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RI�WKH�EULJKWHVW�JDOD[\�FDQGLGDWHV�DV�ZHOO�DV�WKHLU�QHLJKERULQJ�VRXUFHV�

)LJ��� 3UHFLVH VSHFWURVFRSLF UHGVKLIWV DUH
UHTXLUHG WR LGHQWLI\ WKH ILUVW ODUJH�VFDOH VWUXFWXUHV
DQG LRQL]HG EXEEOHV LQ WKH HSRFK RI UHLRQL]DWLRQ�
7KHVH SDQHOV VKRZ D VPDOO VOLFH RI WKH 8QLYHUVH
DW ��� � ] � ���� 7KH WRS VKRZV VWUXFWXUHV
UHFRYHUHG ZLWK VSHFWURVFRSLF UHGVKLIWV� ZKLFK DUH
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VHOI�FRQVLVWHQW�SLFWXUH�RI�SDWFK\ UHLRQL]DWLRQ�
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FRUUHVSRQGLQJ WR D IOX[ OLPLW RI a���[����� HUJ�V�FP� �IRU WKH IDLQWHVW JDOD[LHV�� %DVHG RQ RXU VLPXODWLRQV ZLWK
WKH 3)6 H[SRVXUH WLPH FDOFXODWRU� ZH ILQG WKDW ZH FDQ UHDFK �ı GHWHFWLRQV IRU VXFK OLQHV LQ ����� KRXUV� LQ
EHWZHHQ VN\ OLQHV� *LYHQ DQ HVWLPDWHG WRWDO RI a��¶��� JDOD[LHV GRZQ WR + ��� WKLV VXUYH\ ZLOO UHTXLUH
a���¶����ILEHU�KRXUV��DQG�FDQ�RQO\�EH�GRQH�LQ�DERXW����IXOO�3)6�QLJKWV�DIWHU�DFFRXQWLQJ�IRU�ZHDWKHU�ORVVHV�
7KH PDLQ JRDO RI WKLV 7DVN ZLOO EH WR FRRUGLQDWH� DQG WKHQ VFLHQWLILFDOO\ H[SORLW� WKH (R5 VSHFWURVFRSLF
IROORZ�XS ZLWK 3)6� EDVHG RQ WKH LQSXW FDWDORJ GHULYHG LQ 7DVN �� 7KH GHWHFWLRQ UDWH RI /\Į ZLWK (:!�� c
ZLOO EH XVHG ERWK DV D JOREDO DQG D ORFDO �RQ VFDOHV RI a��0SF� PHDVXUH RI WKH LRQL]HG ,*0 IUDFWLRQ DV D
IXQFWLRQ RI UHGVKLIW� ,Q SDUWLFXODU� ZH ZLOO VWXG\ WKH YDULDWLRQ RI GHWHFWLRQ UDWHV �L�H� LRQL]HG IUDFWLRQ� DQG
VWDFNHG /\Į OLQH SURILOHV DV D IXQFWLRQ RI JDOD[\ PDJQLWXGH� UHGVKLIW� DQG ORFDO GHQVLW\ �DV HVWLPDWHG ERWK
IURP WKH SKRWRPHWULF UHGVKLIWV DQG WKH VSHFWURVFRSLF FRQILUPDWLRQV�� )RU WKH ILUVW WLPH� WKLV ZLOO HPSLULFDOO\
UHYHDO WKH RYHUDOO ODUJH�VFDOH WRSRORJ\ RI UHLRQL]DWLRQ� DV ZHOO DV VWDWLVWLFDO VDPSOHV RI LQGLYLGXDO EXEEOHV� ,Q
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7RIW 3DUW�%� 25,*,16

TXDOLW\ RI RXU FDWDORJV� 7KH VRXUFH FDWDORJV ZLOO EH SXEOLVKHG LQ D VSHFLDO LVVXH SDSHU� DFFRPSDQLHG E\ WKUHH
SDSHUV WKDW H[SORLW WKH QHZ VRXUFHV LQ WKH (R5� ZKHUH ZH PHDVXUH WKH 89 OXPLQRVLW\ IXQFWLRQV� VWHOODU PDVV
IXQFWLRQV� DQG WKH JDOD[\ FRUUHODWLRQ IXQFWLRQV WR FRQQHFW WKH JDOD[LHV WR WKHLU XQGHUO\LQJ '0 KDORV� LQ FORVH
FROODERUDWLRQ�ZLWK�:3��DQG�:3��
7DVN ���� 7UDFLQJ WKH 7RSRORJ\ DQG 3URJUHVV RI 5HLRQL]DWLRQ 7KURXJK /\Į� 7KH K\GURJHQ WUDQVLWLRQ OLQH
/\Į DW ����� QP LV RQH RI WKH VWURQJHVW HPLVVLRQ OLQHV RI HDUO\ JDOD[LHV� +RZHYHU� ZKHQ HPEHGGHG LQ D
QHXWUDO PHGLXP� /\Į LV VWURQJO\ DWWHQXDWHG DQG LWV OLQH VKDSH LV FKDQJHG� 2EVHUYDWLRQV RI WKH /\Į OLQH RI
JDOD[LHV DFURVV WKH (R5 WKXV SURYLGH NH\ LQVLJKWV LQWR WKH LQWULQVLF SURSHUWLHV RI JDOD[LHV DV ZHOO DV WKH
LRQL]DWLRQ VWDWH RI WKHLU VXUURXQGLQJ ,*0 �6WDUN HW DO� ����� 2XFKL HW DO� ����� 'LMNVWUD HW DO� ��� 0HVLQJHU HW
DO��������0DVRQ�HW�DO��������VHH�'D\DO�	�)HUUDUD������IRU�D�UHYLHZ��
7KH UDUH� EXW YHU\ OXPLQRXV DQG PDVVLYH JDOD[LHV� ZKLFK ZH ZLOO ILQG LQ WKH 25,*,16 6XUYH\� DUH RI
SDUWLFXODU LQWHUHVW DV WKH\ UHSUHVHQW VLJQSRVWV RI UHJLRQV RI HDUO\ UHLRQL]DWLRQ� ,QGHHG� XQOLNH WKH JHQHUDO
JDOD[\ SRSXODWLRQ DW ]!�� IRU ZKLFK /\Į UHPDLQV XQGHWHFWHG� HIIHFWLYHO\ DOO WKH PRVW OXPLQRXV JDOD[LHV KDYH
UHYHDOHG /\Į GHWHFWLRQV� HYHQ RXW LQWR WKH KHDUW RI WKH (R5 DW ] ���� �H�J� 2HVFK HW DO� ����� =LWULQ HW DO�
������ 7KLV VXJJHVWV WKDW WKH\ DUH HPEHGGHG LQ DQ LRQL]HG EXEEOH WKURXJK ZKLFK WKHLU /\Į OLQH FDQ HVFDSH� DV
DOVR VHHQ LQ VLPXODWLRQV �H�J�� 4LQ HW DO� ������ $ VPDOO VDPSOH RI VXFK EXEEOHV KDV DOVR EHHQ LGHQWLILHG
REVHUYDWLRQDOO\ �H�J�� &DVWHOODQR HW DO� ����� 7LOYL HW DO� ������ 7R REWDLQ VWDWLVWLFDO VDPSOHV RI LRQL]HG UHJLRQV
DQG VWXG\ WKH ODUJH�VFDOH YDULDWLRQ RI UHLRQL]DWLRQ UHTXLUHV DQ DFFXUDF\ WKDW RQO\ KLJKO\ FRPSOHWH
VSHFWURVFRS\ FDQ SURYLGH �VHH )LJ ��� :H ZLOO WKXV SHUIRUP D 3)6 VXUYH\ LQWR WKH (R5 ZLWK YHU\ GHHS VSHFWUD
RI�WKH�EULJKWHVW�JDOD[\�FDQGLGDWHV�DV�ZHOO�DV�WKHLU�QHLJKERULQJ�VRXUFHV�

)LJ��� 3UHFLVH VSHFWURVFRSLF UHGVKLIWV DUH
UHTXLUHG WR LGHQWLI\ WKH ILUVW ODUJH�VFDOH VWUXFWXUHV
DQG LRQL]HG EXEEOHV LQ WKH HSRFK RI UHLRQL]DWLRQ�
7KHVH SDQHOV VKRZ D VPDOO VOLFH RI WKH 8QLYHUVH
DW ��� � ] � ���� 7KH WRS VKRZV VWUXFWXUHV
UHFRYHUHG ZLWK VSHFWURVFRSLF UHGVKLIWV� ZKLFK DUH
ZDVKHG RXW ZLWK OHVV SUHFLVH SKRWRPHWULF UHGVKLIWV
LQ WKH ERWWRP� %OXH GRWV DUH EULJKW WDUJHWV ZH ZLOO
WDUJHW ZLWK 3)6� :H ZLOO XVH JDOD[\ FOXVWHULQJ
DQG /\Į VWDWLVWLFV WR LGHQWLI\ WKH ILUVW LRQL]HG
EXEEOHV DQG ILQH�WXQH WKH JDOD[\ HYROXWLRQ PRGHO
SDUDPHWHUV� IRU D ILUVW VWDWLVWLFDO DQG

VHOI�FRQVLVWHQW�SLFWXUH�RI�SDWFK\ UHLRQL]DWLRQ�

7KH 3)6 VSHFWURVFRS\ XS WR ���� �P HQDEOHV WKH H[SORUDWLRQ RI /\Į XS WR ��� PLOOLRQ \HDUV DIWHU WKH ELJ
EDQJ �] ����� LQ SULQFLSOH� 7KH VSHFWURVFRSLF VXFFHVV UDWH ZLOO EH UHGXFHG DW WKH KLJKHVW UHGVKLIWV� GHSHQGLQJ
RQ WKH LRQL]DWLRQ VWDWH RI WKH ORFDO ,*0� +RZHYHU� WKH GHWHFWLRQ RI VLJQLILFDQW �(:!��c� /\Į LQ HVVHQWLDOO\
DOO FXUUHQWO\ NQRZQ OXPLQRXV JDOD[LHV LQ WKH ILUVW ��� PLOOLRQ \HDUV RI FRVPLF WLPH �]!���� ZLWK +��� PDJ�
VXJJHVWV WKDW GHHS VSHFWURVFRS\ VKRXOG EH DEOH WR FRQILUP D ODUJH IUDFWLRQ RI WKH PRVW OXPLQRXV JDOD[LHV� :H
ZLOO WDUJHW HYHU\ VLQJOH JDOD[\ ZLWK +��� LQ WKH ILUVW ELOOLRQ \HDUV RI FRVPLF WLPH �]!�� LGHQWLILHG LQ RXU
LPDJLQJ GDWD ZLWK DQ H[SRVXUH WLPH WR UHDFK D /\Į OLQH ZLWK D UHVW�IUDPH HTXLYDOHQW ZLGWK RI ��c�
FRUUHVSRQGLQJ WR D IOX[ OLPLW RI a���[����� HUJ�V�FP� �IRU WKH IDLQWHVW JDOD[LHV�� %DVHG RQ RXU VLPXODWLRQV ZLWK
WKH 3)6 H[SRVXUH WLPH FDOFXODWRU� ZH ILQG WKDW ZH FDQ UHDFK �ı GHWHFWLRQV IRU VXFK OLQHV LQ ����� KRXUV� LQ
EHWZHHQ VN\ OLQHV� *LYHQ DQ HVWLPDWHG WRWDO RI a��¶��� JDOD[LHV GRZQ WR + ��� WKLV VXUYH\ ZLOO UHTXLUH
a���¶����ILEHU�KRXUV��DQG�FDQ�RQO\�EH�GRQH�LQ�DERXW����IXOO�3)6�QLJKWV�DIWHU�DFFRXQWLQJ�IRU�ZHDWKHU�ORVVHV�
7KH PDLQ JRDO RI WKLV 7DVN ZLOO EH WR FRRUGLQDWH� DQG WKHQ VFLHQWLILFDOO\ H[SORLW� WKH (R5 VSHFWURVFRSLF
IROORZ�XS ZLWK 3)6� EDVHG RQ WKH LQSXW FDWDORJ GHULYHG LQ 7DVN �� 7KH GHWHFWLRQ UDWH RI /\Į ZLWK (:!�� c
ZLOO EH XVHG ERWK DV D JOREDO DQG D ORFDO �RQ VFDOHV RI a��0SF� PHDVXUH RI WKH LRQL]HG ,*0 IUDFWLRQ DV D
IXQFWLRQ RI UHGVKLIW� ,Q SDUWLFXODU� ZH ZLOO VWXG\ WKH YDULDWLRQ RI GHWHFWLRQ UDWHV �L�H� LRQL]HG IUDFWLRQ� DQG
VWDFNHG /\Į OLQH SURILOHV DV D IXQFWLRQ RI JDOD[\ PDJQLWXGH� UHGVKLIW� DQG ORFDO GHQVLW\ �DV HVWLPDWHG ERWK
IURP WKH SKRWRPHWULF UHGVKLIWV DQG WKH VSHFWURVFRSLF FRQILUPDWLRQV�� )RU WKH ILUVW WLPH� WKLV ZLOO HPSLULFDOO\
UHYHDO WKH RYHUDOO ODUJH�VFDOH WRSRORJ\ RI UHLRQL]DWLRQ� DV ZHOO DV VWDWLVWLFDO VDPSOHV RI LQGLYLGXDO EXEEOHV� ,Q
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Spectroscopic Characterisation Pushes Telescopes to their Limits

22

Surprising: very high EW CIII] emission (W0=22+-2 Å)
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Oesch+15

Only a handful of galaxies at z>6 have UV line detections apart from Lya.  
Here: EGS-zs8-1 at z=7.73

4 Stark et al.

Source zLy↵ zphot RA DEC Date of Observations H160 Filters UV lines targeted Ref

EGS-zs8-1 7.730 7.92+0.36
�0.36 14:20:34.89 +53:00:15.4 12-15 Apr 2015 25.0 H CIII] [1], [2]

. . . . . . . . . . . . . . . 11 June 2015 . . . H CIII] [1], [2]
EGS-zs8-2 7.477 7.61+0.26

�0.25 14:20:12.09 +53:00:27.0 12-15 Apr 2015 25.1 Y, H Ly↵, CIII] [1]
. . . . . . . . . . . . . . . 11 June 2015 . . . H CIII] [1]
COS-zs7-1 7.154 7.14+0.12

�0.12 10:00:23.76 +02:20:37.0 30 Nov 2015 25.1 Y Ly↵ [1]

Table 1. Galaxies targeted with Keck/MOSFIRE spectroscopic observations. The final column provides the reference to the article where each galaxy was
first discussed in the literature. The photometric redshifts shown in column three are taken from the discovery papers. References: [1] Roberts-Borsani et al.
(2016); [2] Oesch et al. (2015)
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Figure 1. Keck/MOSFIRE spectra of EGS-zs8-1, a z = 7.733 galaxy that was originally spectroscopically confirmed in Oesch et al. (2015). (Left:) Two-
dimensional and one-dimensional Y-band spectra centered on the Ly↵ emission line. Data are from Oesch et al. (2015). (Right:) H-band observations showing
detection of the [CIII], CIII] ��1907,1909 doublet. The top panels show the two dimensional SNR maps (black is positive), and the bottom panel shows the
flux calibrated one-dimensional extractions.

3.2 EGS-zs8-2

EGS-zs8-2 is another bright (H160=25.1) galaxy identified in CAN-
DELS imaging by RB16. The IRAC color of EGS-zs8-2 ([3.6]-
[4.5]=0.96 ± 0.17) is redder than EGS-zs8-1, likely reflecting
yet more extreme optical line emission. We estimate a rest-frame
[OIII]+H� equivalent width of 1610 ± 302 Å is required to re-
produce the flux excess in the [4.5] filter. A 4.7� emission feature
was identified by Roberts-Borsani et al. (2016) at a wavelength of
1.031µm. RB16 tentatively interpret this feature as Ly↵.

We obtained a Y-band spectrum of EGS-zs8-2 with the goal
of verifying the putative Ly↵ detection. The spectrum we obtained
shows a 7.4� emission line at 1.0305 µm (Figure 2a), confirming
that EGS-zs8-2 is indeed a Ly↵ emitter at zLy↵ = 7.477. The mea-
sured line flux (7.4± 1.0⇥ 10�18 erg cm�2 s�1) is less than half
that of EGS-zs8-1. We calculate the Ly↵ equivalent width using
the broadband SED to estimate the underlying continuum flux. The
resulting value (WLy↵=9.3 ± 1.4 Å) is the smallest of the RB16
galaxies.

The MOSFIRE H-band spectrum covers 14587 to 17914 Å,
corresponding to rest-frame wavelengths between 1720 and 2113 Å
for EGS-zs8-2. In Figure 2b, we show the spectral window centered
on the [CIII], CIII] doublet. No emission lines are visible. There are
two weak sky lines in the wavelength range over which the doublet

is situated. However the separation of the individual components
of the doublet is such that at least one of the two lines must be
located in a clean region of the spectrum. We estimate 3� upper
limits of 2.3⇥10�18 erg cm�2 s�1 for individual components. The
non-detection suggests that the total flux in the CIII] doublet must
be less than 62% of the observed Ly↵ flux, fully consistent with
the ratio observed in EGS-zs8-1 and in extreme CIII] emitters at
lower redshift. We place a 3� upper limit on the doublet rest-frame
equivalent width of <14 Å. Deeper data may yet detect CIII] in
EGS-zs8-2.

3.3 COS-zs7-1

Prior to this paper, COS-zs7-1 was the only source from Roberts-
Borsani et al. (2016) lacking a near-infrared spectrum. Similar to
the other galaxies from RB16, COS-zs7-1 is bright in the near-
infrared (H160=25.1) and has IRAC color ([3.6]-[4.5]=1.03±0.15)
that indicates intense optical line emission. In addition to RB16, the
galaxy has been reported elsehwere (e.g., Tilvi et al. 2013; Bowler
et al. 2014). We estimate an [OIII]+H� rest-frame equivalent width
of 1854 ± 325 Å based on the [4.5] flux excess, making COS-
zs7-1 the most extreme optical line emitter in the RB16 sample.
RB16 derive a reasonably well-constrained photometric redshift

c� 2016 RAS, MNRAS 000, 1–13

Stark+16

4.5e-18cgs & 3.6e-18cgs

Lyα

Mainali+18: 5 of 13 known Lyα emitters at z>7 have been shown to have intense UV line emission (CIII], CIV, HeII), 
suggesting that very strong radiation fields could be commonplace among the Lyα population. 


Nevertheless, line fluxes are hard to detect ~4e-18 erg/s/cm2
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Faint Lines Require Long Integration Times

23

Exposure times of 8hrs: ~5e-18 erg/s/cm2 at S/N>6-9   <->  EW0~10Å for H~26 mag galaxy

For rest-UV lines (e.g. HeII, [CIII]) with 2e-18 erg/s/cm2 exposure times up to 40hrs would be needed
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The ‘Ideal’ EoR Survey of Euclid+MOONS

▸ A survey over >10 deg2 is needed to sample build statistical samples including the rarest, 
highest-density regions, and for a comprehensive probe of reionisation topology  

▸ 10 deg2: ~100x larger area than existing surveys with the required sensitivity  

▸ To cover this with MOONS: 72 pointings 

▸ To reach faint Lyα lines: need 8hr exposure times 

▸ Requires more than can reasonably done with ESO Large Program 

▸ Important: cannot completely fill the available fibres! Can be combined with other survey

24
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ESO/ESA Community Surveys?

▸ Euclid has a unique opportunity for high impact legacy science 

▸ Follow-up surveys will require lots of nights 

▸ Currently, there is no obvious proposal category for extensive Euclid spectroscopic 
follow-up at ESO 

▸ Some possibilities: 

• Dedicated Large Community Surveys 
• Euclid SWG-driven, shared proposal 
• Multiple, individual programs

25
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Summary

▸ Euclid imaging and ground-based spectrographs: extraordinary synergies 

▸ One possible science case: probing reionization through the combination of Euclid + 
MOONS 

▸ To make an impact: need extensive time required 

• ESO Public Legacy Surveys 
• Euclid community needs to get organized
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