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Science Case: First Light and Reionization

Identification of the Brightest and Most Massive z~12-15 galaxies
Shape of UV LF at high redshift: Schechter vs. Power-Law

Tests of fixed SMHM evolution for predicting LF / MF evolution
Providing Targets for Spectroscopic Study with the EELTs

Look for other sources like GN-z11…

Useful to consider Wider/Shallower Survey than Baseline Plan?

Constrain how fast UV LFs are evolving to z~14

Rychard Bouwens, Andy Bunker, Andrea Ferrara

Identification of relatively bright quasars at z>8 to probe damping wing in IGM
Discovery of Evolved Galaxies at Very Early Times…

Discovery of the Earliest / Most Massive Clusters

Probe the Power Spectrum from Faintest Early Galaxies to Very Large Scales

Discover pair instability SNe from earliest stars?

Identifying More Lensed z>12 Galaxies / Galaxy Clusters / Evolved Galaxies

Repeated Regions?

Photometrically Identify Extreme Line Emitting Sources
[OIII], Lyalpha emitters, or pop III-type sources?



How many galaxies are expected?

Science Case

Characterize Bright Galaxies at the Earliest Times



Rychard Bouwens / Leiden

How many galaxies can we find at high redshifts?
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14 sources to follow-up5 more z=9-10 galaxies (after follow-up)

CANDELS-
COSMOS

CANDELS-
EGS

CANDELS-
UDS

Use Full HST,  
Spitzer/IRAC,  

Ground-Based Optical  
+ Near-Infrared Data 

to Identify best z=9-10 
candidate galaxies

+ 

Targeted Follow-Up  
Observations with HST 

(B9-CANDELS)

z = 9 galaxies
z = 10 galaxies

Bouwens+2015 15 z=9-10 galaxies

z=9-10 Sample over CANDELS



Rychard Bouwens / Leiden

(HUDF/XDF, parallels, 5 CANDELS Fields, 4 Frontier Fields)

RJB+2015, in prep; Oesch+2015, in prep

How does the luminosity function evolve?
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Rychard Bouwens / Leiden

Ingredient #2:  Faint-Slope Shallower than in Halo-Mass Function,  
Mhalo/LUV higher for fainter galaxies, due to SNe feedback

Ingredient #3: Must be a Cut-off at the Bright End of the Luminosity 
Function above some Fixed Mass (Quenching / Dust Extinction)

Independent of Redshift / Cosmic Time

Model Physics

Ingredient #1:   Higher Redshift Halos Must Be Brighter
(Star Formation More Efficient)

Independent of Halo Mass

3

Both ingredient #2 and #3 assume no evolution in SMHM relation 
seen at z~0 to z~3…



Rychard Bouwens / Leiden

Model Physics

Stefanon+2016 (similar results implied by Grazian+2015 galaxy stellar mass function)

Also no obvious evolution in SMHM relation from z~7 to z~4 
(i.e., no evolution in baryon fraction)

Rest-frame optical LF (constructed from IRAC 5.8+8.0 data shows 
same evolution as expected for halo mass function



Rychard Bouwens / Leiden

Model z=4-10 UV Luminosity Functions

3



Rychard Bouwens / Leiden

(HUDF/XDF, parallels, 5 CANDELS Fields, 4 Frontier Fields)

RJB+2015, in prep; Oesch+2015, in prep

How does the luminosity function evolve?
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How many galaxies will we find? 

JWST… 
WFIRST… 
FLARE…



Main competitor for FLARE is JWST… 

How can FLARE distinguish itself?

8 Mason, Trenti & Treu

TABLE 2

Predicted Number Counts for Example JWST and WFIRST Surveys

Redshift Dropout Filter UD (mlim = 32.0) MD (mlim = 30.6) WF (mlim = 29.3) WFIRST (mlim = 26.5)
⇠ 40 arcmin2 ⇠ 400 arcmin2 ⇠ 4000 arcmin2 ⇠ 2000 deg2

z ⇠ 8 F115W 197+104
�92 548+259

�225 1335+595
�503 61370+27995

�22029

z ⇠ 10 F115W 30+21
�17 52+33

�26 102+64
�48 1026+701

�473

z ⇠ 12 F150W 6+5
�4 10+8

�6 13+10
�7 47+41

�25

z ⇠ 14 F150W 0.3+0.4
�0.2 0.4+0.4

�0.2 0.4+0.4
�0.3 0.4+0.4

�0.2

z ⇠ 16 F200W 0 0 0 0
Note. – Limiting magnitudes for a 8� detection estimated with the JWST Exposure Time Calculator and WFIRSTHLS.
The mock surveys are described in Section 3.3. These estimates include the boost from gravitational lensing
magnification bias in blank fields (Mason et al. 2015; Wyithe et al. 2011).

Fig. 10.— Luminosity density (⇢L) and cosmic SFR density (⇢̇?)
as functions of redshift, derived by integrating the model UV LFs to
magnitude limits of M

ab

= �17 (green lines) and M
ab

= �12 (pur-
ple lines). The dust corrected SFR densities for the two magnitude
limits are shown as solid lines, dust uncorrected SFR densities are
shown as dashed lines. The observed SFR densities from Bouwens
et al. (2015b) are shown in black (dust corrected) and grey (dust
uncorrected). Shaded regions show the 1� confidence range.

to the total UV luminosity density, ⇢L as

ṅion = fesc⇠ion⇢L (8)

where fesc is the average fraction of photons which escape
galaxies to a↵ect the IGM, and ⇠ion is the rate of ioniz-
ing photons per unit UV luminosity, with units Hz/ergs,
which depends on the initial mass function, metallicity,
age and dust content of the stellar populations. There
is an equivalent relation between ṅion and SFR den-
sity (Madau et al. 1999; Shull et al. 2012), which requires
the same stellar population modeling.
All of the parameters involved are di�cult to estimate,

and may evolve with redshift as reionization progresses
and the IGM evolves (Furlanetto & Oh 2005; Shull et al.
2012). In this work, we follow Schmidt et al. (2014) and
use a distribution of parameters. For two limiting mag-
nitudes (M

ab

= �17, corresponding to currently observ-
able galaxies, and M

ab

= �12, corresponding to atomic
cooling halos) we assume the escape fraction is uniformly
distributed between fesc = 0.1 � 0.3 (Ouchi et al. 2009),
and we use a uniform distribution between C = 1 � 6
for the clumping factor. Finally we model ⇠ion as a log-
normal distribution with mean log ⇠ion = 25.2 and stan-
dard deviation 0.15 dex, which was the range obtained
by Robertson et al. (2013) using the standard Bruzual
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Fig. 11.— Predicted number counts of galaxies brighter than
apparent magnitude m

UV

(rest-frame UV) per square degree for
a range of redshifts based on our model LFs. We plot the cumu-
lative number counts including the boost from gravitational lens-
ing magnification bias (Mason et al. 2015; Wyithe et al. 2011)
as solid lines, and without the magnification bias e↵ect (dashed
lines). We plot the estimated coverage of future surveys as shaded
regions: 3 mock JWST surveys detailed in Section 3.3 and the
WFIRST High-Latitude Survey (Spergel et al. 2015). The calcu-
lated number counts are given in Table 2.

& Charlot (2003) models and measurements of the UV
spectral slope by Dunlop et al. (2012). We assume an
IGM temperature of 20, 000 K.
Once the reionization history, Q(z), is known, an im-

portant constraint is to compare the electron scattering
optical depth with that inferred from CMB observations.
The Planck Collaboration et al. (2015) reported a reion-
ization value of ⌧ = 0.066±0.012, consistent with instan-
taneous reionization at z = 8.8+1.2

�1.1. The optical depth
as a function redshift is:

⌧(z) =

Z z

0

�Tne(1 + z0)2Q(z0)
c

H(z0)
dz0 (9)

where c is the speed of light, �T is the Thomson scatter-
ing cross section and H(z) is the Hubble parameter.
Figure 12 shows the reionization history: the ion-

ized hydrogen fraction as a function of redshift, ob-
tained by solving Equation (6) with our model luminos-
ity density, sampling the distributions of input param-
eters. Figure 13 shows the electron scattering optical
depth as a function of redshift. For the LF magnitude
limit M

ab

= �17, reionization is complete (Q = 1) by

Mason+2015
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How can FLARE distinguish itself?
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Note. – Limiting magnitudes for a 8� detection estimated with the JWST Exposure Time Calculator and WFIRSTHLS.
The mock surveys are described in Section 3.3. These estimates include the boost from gravitational lensing
magnification bias in blank fields (Mason et al. 2015; Wyithe et al. 2011).

Fig. 10.— Luminosity density (⇢L) and cosmic SFR density (⇢̇?)
as functions of redshift, derived by integrating the model UV LFs to
magnitude limits of M

ab

= �17 (green lines) and M
ab

= �12 (pur-
ple lines). The dust corrected SFR densities for the two magnitude
limits are shown as solid lines, dust uncorrected SFR densities are
shown as dashed lines. The observed SFR densities from Bouwens
et al. (2015b) are shown in black (dust corrected) and grey (dust
uncorrected). Shaded regions show the 1� confidence range.

to the total UV luminosity density, ⇢L as

ṅion = fesc⇠ion⇢L (8)

where fesc is the average fraction of photons which escape
galaxies to a↵ect the IGM, and ⇠ion is the rate of ioniz-
ing photons per unit UV luminosity, with units Hz/ergs,
which depends on the initial mass function, metallicity,
age and dust content of the stellar populations. There
is an equivalent relation between ṅion and SFR den-
sity (Madau et al. 1999; Shull et al. 2012), which requires
the same stellar population modeling.
All of the parameters involved are di�cult to estimate,

and may evolve with redshift as reionization progresses
and the IGM evolves (Furlanetto & Oh 2005; Shull et al.
2012). In this work, we follow Schmidt et al. (2014) and
use a distribution of parameters. For two limiting mag-
nitudes (M

ab

= �17, corresponding to currently observ-
able galaxies, and M

ab

= �12, corresponding to atomic
cooling halos) we assume the escape fraction is uniformly
distributed between fesc = 0.1 � 0.3 (Ouchi et al. 2009),
and we use a uniform distribution between C = 1 � 6
for the clumping factor. Finally we model ⇠ion as a log-
normal distribution with mean log ⇠ion = 25.2 and stan-
dard deviation 0.15 dex, which was the range obtained
by Robertson et al. (2013) using the standard Bruzual
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Fig. 11.— Predicted number counts of galaxies brighter than
apparent magnitude m

UV

(rest-frame UV) per square degree for
a range of redshifts based on our model LFs. We plot the cumu-
lative number counts including the boost from gravitational lens-
ing magnification bias (Mason et al. 2015; Wyithe et al. 2011)
as solid lines, and without the magnification bias e↵ect (dashed
lines). We plot the estimated coverage of future surveys as shaded
regions: 3 mock JWST surveys detailed in Section 3.3 and the
WFIRST High-Latitude Survey (Spergel et al. 2015). The calcu-
lated number counts are given in Table 2.

& Charlot (2003) models and measurements of the UV
spectral slope by Dunlop et al. (2012). We assume an
IGM temperature of 20, 000 K.
Once the reionization history, Q(z), is known, an im-

portant constraint is to compare the electron scattering
optical depth with that inferred from CMB observations.
The Planck Collaboration et al. (2015) reported a reion-
ization value of ⌧ = 0.066±0.012, consistent with instan-
taneous reionization at z = 8.8+1.2

�1.1. The optical depth
as a function redshift is:

⌧(z) =

Z z

0

�Tne(1 + z0)2Q(z0)
c

H(z0)
dz0 (9)

where c is the speed of light, �T is the Thomson scatter-
ing cross section and H(z) is the Hubble parameter.
Figure 12 shows the reionization history: the ion-

ized hydrogen fraction as a function of redshift, ob-
tained by solving Equation (6) with our model luminos-
ity density, sampling the distributions of input param-
eters. Figure 13 shows the electron scattering optical
depth as a function of redshift. For the LF magnitude
limit M

ab

= �17, reionization is complete (Q = 1) by

Mason+2015

>2000 z~10 galaxies 
>200 z~12 galaxies 
>10 z~14 galaxies

FLARE



Gains relative to WFIRST depend a bit on how red 
WFIRST can probe…

If WFIRST probes to only 2 microns, WFIRST may 
only efficiently find bright galaxies to z~10-12…

If WFIRST probes to 2.2 microns, WFIRST may 
allow for the discovery of bright galaxies to 

z~13+



Main competitor for FLARE is JWST… 

How can FLARE distinguish itself?

The Galaxy Luminosity and Star-Formation Rate Function at High Redshift 7
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Figure 5. Predicted LFs for z > 10 based on our empirical model.

The shaded region indicates the observable magnitude and vol-
ume within reach of a 200 arcmin2 JWST treasury sized ultra-

deep survey (mlim ' 31.5 mag). This indicates that the limiting

redshift range observable with JWST may be z ⇠ 15 for unlensed
galaxies.

characteristic luminosity towards fainter values for increas-
ing redshift (dM⇤

UV /dz ⇠ 0.4). These trends in Schechter
parameters are quite consistent with results from previous
studies and extrapolations of observed z . 10 LFs, except
that our model M⇤ evolves more significantly than found in
observations (e.g., Trenti et al. 2010; Bouwens et al. 2011a,
2012a; McLure et al. 2013; Finkelstein et al. 2014).

The shaded region in Figure 5 corresponds to the co-
moving volume and magnitude range accessible with a 200
arcmin2 treasury sized ultra-deep JWST survey (mlim '

31.5 mag). According to our model predictions, the limiting
redshift for galaxy observations with a very deep JWST sur-
vey is z ⇠ 15 (see also Windhorst et al. 2006). At higher red-
shifts, where the surface density drops below ⇠10�6 Mpc�3,
wider, deeper surveys would be required to observe the lu-
minosity function of these rare, faint objects.

Figure 6 shows the model predictions for the redshift
evolution of the SFR density, obtained by integrating the
SFR functions down to di↵erent SFR limits, ranging from
SFRmin ⇠ 10�5 M�/yr to 0.7 M�/yr. A minimum SFR of
0.7 M�/yr corresponds to MUV ⇠ -17.7 mag, the magni-
tude of the faintest object observed in the HUDF12/XDF
data; integrating down to this limit thus facilities compar-
ison with the most recent, dust-corrected measurements of
the SFRD, which have been plotted alongside the predicted
curves in Figure 6. While our model appears to overpredict
the SFRD measured for z . 6 by ⇠ 0.2-0.3 dex, the esti-
mates of the ⇢̇⇤ at higher redshifts agree quite well with ob-
servations. Furthermore, the evolution of the cosmic SFRD
in our model is consistent with previous published results:
the dust-corrected SFRD values evolve as (1 + z)�4.3±0.1

at 3 < z < 8 before rapidly declining at higher redshifts
where ⇢̇⇤ / (1 + z)�10.4±0.3 for 8  z  10. In addition
to accurately reproducing the order of magnitude drop in
SFRD from z < 8 to z < 10 that has been observationally
inferred in several separate analyses (Oesch et al. 2013), our
model finds that the SFRD continues to steeply decline to-
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Figure 6. The redshift evolution of the star formation rate den-

sity (SFRD) ⇢̇⇤ derived by integrating the model SFR functions

down to di↵erent star-formation limits, ranging from SFRmin ⇠
10�5 to 0.7 M�/yr. The shaded blue and red regions repre-

sents the 1� uncertainty in the SFRD obtained when integrating

down to MUV ⇠ -17.7 mag (i.e., SFRmin ⇠ 0.7 M�/yr) and
MUV ⇠ -5.7 mag (i.e., SFRmin ⇠ 10�5 M�/yr), respectively.

Our model results (blue curve) can thus be compared with the

(dust-corrected) measurements of the cosmic SFRD (blue circles)
derived from this dataset. We find that the best-fit evolution of

the SFRD at 8  z  10 is ⇢̇⇤ / (1+z)�10.4±0.3, significantly

steeper than the lower redshift trends which fall as (1+z)�4.3.

wards higher redshift, predicting a cosmic SFRD of log ⇢̇⇤ ⇠

-7.0±0.3 M� yr�1Mpc�3 at z ⇠ 16.
However, as will be shown and discussed in the follow-

ing section, a star-formation rate density that declines as
(1 + z)�10.4 at high redshifts, as derived assuming a min-
imum SFR of 0.7 M�/yr, fails to reproduce the observed
Planck optical depth. Furthermore, galaxies are expected to
exist beyond the current, observed magnitude limit. The-
oretical and numerical investigations indicate that a halo
at z  10 irradiated by a UV field comparable to the one
required for reionization needs a minimum mass of Mh ⇠

6⇥107 M� in order to cool and form stars (Haiman, Thoul,
& Loeb 1996; Tegmark et al. 1997). We therefore explore the
implications of this prediction by integrating the SFR den-
sity down to minimum SFRs as low as 10�(5.0±0.8) M� yr�1,
the star formation rate corresponding to the minimum halo
mass based on our average SFR-Mh relation. This leads to a
more moderate decline of the cosmic SFRD towards higher
redshift. In this case, the best-fit evolution for 8  z  10 is
⇢̇⇤ / (1+ z)�7.3±0.5, with an estimated SFRD of ⇠ 4⇥10�5

M� yr�1Mpc�3 at z ⇠ 16, a mere ⇠ 250 million years after
the Big Bang.

3.5 Contribution of Galaxies to Cosmic
Reionization

If star-forming galaxies supply the bulk of the photons that
drive the cosmic reionization process, then our redshift-
evolving SFRD ˙⇢⇤(z) can be used to determine the reion-
ization history of the universe. The ionized hydrogen frac-
tion Q(z) can be expressed as a time-dependent di↵erential

c� 2015 RAS, MNRAS 000, 1–11

Mashian+2015

Independent but similar predictions by Mashian
+2015 model

FLARE



What is the science case? 

8 Mason, Trenti & Treu

TABLE 2

Predicted Number Counts for Example JWST and WFIRST Surveys

Redshift Dropout Filter UD (mlim = 32.0) MD (mlim = 30.6) WF (mlim = 29.3) WFIRST (mlim = 26.5)
⇠ 40 arcmin2 ⇠ 400 arcmin2 ⇠ 4000 arcmin2 ⇠ 2000 deg2

z ⇠ 8 F115W 197+104
�92 548+259

�225 1335+595
�503 61370+27995

�22029

z ⇠ 10 F115W 30+21
�17 52+33

�26 102+64
�48 1026+701

�473

z ⇠ 12 F150W 6+5
�4 10+8

�6 13+10
�7 47+41

�25

z ⇠ 14 F150W 0.3+0.4
�0.2 0.4+0.4

�0.2 0.4+0.4
�0.3 0.4+0.4

�0.2

z ⇠ 16 F200W 0 0 0 0
Note. – Limiting magnitudes for a 8� detection estimated with the JWST Exposure Time Calculator and WFIRSTHLS.
The mock surveys are described in Section 3.3. These estimates include the boost from gravitational lensing
magnification bias in blank fields (Mason et al. 2015; Wyithe et al. 2011).

Fig. 10.— Luminosity density (⇢L) and cosmic SFR density (⇢̇?)
as functions of redshift, derived by integrating the model UV LFs to
magnitude limits of M

ab

= �17 (green lines) and M
ab

= �12 (pur-
ple lines). The dust corrected SFR densities for the two magnitude
limits are shown as solid lines, dust uncorrected SFR densities are
shown as dashed lines. The observed SFR densities from Bouwens
et al. (2015b) are shown in black (dust corrected) and grey (dust
uncorrected). Shaded regions show the 1� confidence range.

to the total UV luminosity density, ⇢L as

ṅion = fesc⇠ion⇢L (8)

where fesc is the average fraction of photons which escape
galaxies to a↵ect the IGM, and ⇠ion is the rate of ioniz-
ing photons per unit UV luminosity, with units Hz/ergs,
which depends on the initial mass function, metallicity,
age and dust content of the stellar populations. There
is an equivalent relation between ṅion and SFR den-
sity (Madau et al. 1999; Shull et al. 2012), which requires
the same stellar population modeling.
All of the parameters involved are di�cult to estimate,

and may evolve with redshift as reionization progresses
and the IGM evolves (Furlanetto & Oh 2005; Shull et al.
2012). In this work, we follow Schmidt et al. (2014) and
use a distribution of parameters. For two limiting mag-
nitudes (M

ab

= �17, corresponding to currently observ-
able galaxies, and M

ab

= �12, corresponding to atomic
cooling halos) we assume the escape fraction is uniformly
distributed between fesc = 0.1 � 0.3 (Ouchi et al. 2009),
and we use a uniform distribution between C = 1 � 6
for the clumping factor. Finally we model ⇠ion as a log-
normal distribution with mean log ⇠ion = 25.2 and stan-
dard deviation 0.15 dex, which was the range obtained
by Robertson et al. (2013) using the standard Bruzual
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Fig. 11.— Predicted number counts of galaxies brighter than
apparent magnitude m

UV

(rest-frame UV) per square degree for
a range of redshifts based on our model LFs. We plot the cumu-
lative number counts including the boost from gravitational lens-
ing magnification bias (Mason et al. 2015; Wyithe et al. 2011)
as solid lines, and without the magnification bias e↵ect (dashed
lines). We plot the estimated coverage of future surveys as shaded
regions: 3 mock JWST surveys detailed in Section 3.3 and the
WFIRST High-Latitude Survey (Spergel et al. 2015). The calcu-
lated number counts are given in Table 2.

& Charlot (2003) models and measurements of the UV
spectral slope by Dunlop et al. (2012). We assume an
IGM temperature of 20, 000 K.
Once the reionization history, Q(z), is known, an im-

portant constraint is to compare the electron scattering
optical depth with that inferred from CMB observations.
The Planck Collaboration et al. (2015) reported a reion-
ization value of ⌧ = 0.066±0.012, consistent with instan-
taneous reionization at z = 8.8+1.2

�1.1. The optical depth
as a function redshift is:

⌧(z) =

Z z

0

�Tne(1 + z0)2Q(z0)
c

H(z0)
dz0 (9)

where c is the speed of light, �T is the Thomson scatter-
ing cross section and H(z) is the Hubble parameter.
Figure 12 shows the reionization history: the ion-

ized hydrogen fraction as a function of redshift, ob-
tained by solving Equation (6) with our model luminos-
ity density, sampling the distributions of input param-
eters. Figure 13 shows the electron scattering optical
depth as a function of redshift. For the LF magnitude
limit M

ab

= �17, reionization is complete (Q = 1) by

FLARE will directly determine 
whether the simple halo model 

works to z > 10….



What is the science case for bright z>7 galaxies? 

Shape of the UV LF… 
The bright end of the galaxy luminosity function at z ' 7 19

Figure 7. The z = 7 UV (⇠ 1500Å) luminosity function. The re-
sults from our sample of galaxies from the UltraVISTA DR2 and
UDS fields are shown as the red filled circles. The previous esti-
mate calculated in Bowler et al. (2012) is shown as the open red
circle, where the upper and lower circle represent the prediction
if ten or one of the candidates were confirmed to be at z > 6.5.
The best-fitting Schechter function at z = 7 from McLure et al.
(2013) is plotted as the black line, and the best-fitting double
power law is shown as the dashed line. By varying the Schechter
function parameters (M?,�? and ↵), a one-sigma confidence limit
on the best-fitting LF can be obtained, and is shown as the grey
shaded region. Data points determined by McLure et al. (2013)
and Bouwens et al. (2011) are shown extending to M

UV

= �17.
The remaining data points were obtained from wider-area ground-
based surveys by Ouchi et al. (2009a) and Castellano et al.
(2010a,b).

by redshifting the best-fitting SED for each galaxy in the
sample until it was fainter than the required Y and/or J-
limit for detection in each field (with z

max

6 7.5), and sum-
ming the resulting volumes. The incompleteness is taken into
account via the correction factor C(Mi, zi), which depends
on the absolute magnitude and redshift of the galaxy.

When calculating the binned LF from our sample, we
exclude the 0.29 deg2 of shallower data within the Ul-
traVISTA field not covered by the ultra-deep strips, as
the volume is small compared with that from the Ultra-
VISTA ultra-deep and UDS fields combined. The inclusion
of the deep UltraVISTA field in the LF calculation leaves
the fainter bins unchanged, as none of these objects could
have been detected in the shallower data, and reduces the
brightest bin by 18%. To be conservative in our LF esti-
mation, galaxies were only included if the best-fitting pho-
tometric redshift without Ly↵ emission was in the range
6.5 < z < 7.5. The absolute UV magnitude was calculated
from the best-fitting SED to each galaxy (observed in the
rest frame using a top-hat filter of width �� = 100Å cen-
tred on 1500Å), without any correction for dust attenua-
tion. We chose three 0.5 magnitude wide bins centred on
M

1500

= �22.75, �22.25 and �21.75 to span the range of
absolute magnitudes within our sample. The brighter bin at

M
1500

= �22.75 is occupied by two galaxies, the top two
candidates presented in Bowler et al. (2012), and the fainter
bins contain 6 and 9 galaxies respectively. We note that if all
the galaxies listed in Table 3 were included (i.e. also those
which require Ly↵-emission in the SED to lie at z > 6.5)
the faintest bins would rise by ' 0.1 dex.

To calculate the correction required for each galaxy due
to the incompleteness of the survey, we compared the re-
sults when using an evolving Schechter function and several
double power law functions. The exponential cut-o↵ at the
bright end of the Schechter function results in a significant
number of galaxies being scattered into the sample from be-
low the limit of the survey. The number of these scattered
galaxies dominates over the intrinsic number of galaxies in
the bin, resulting in a completeness value that exceeds one
and a reduction in the final number density derived. How-
ever, even correcting the number density down as a result of
scattering, we find an excess of galaxies above the Schechter
function prediction, implying that the density of galaxies we
find cannot be accounted for by such a function. One way
to reconcile our results with a Schechter functional form,
given that we find an excess of galaxies at M

1500

. �22.0,
would be to assume that the characteristic magnitude, M⇤,
is brighter than the current determination of the z = 7 pa-
rameters (McLure et al. 2013; Schenker et al. 2013). How-
ever, the result of shiftingM⇤ to a brighter value would bring
the fit into conflict with the data points around the knee
of the function, in particular the points from Ouchi et al.
(2009a) and the brightest bin from McLure et al. (2013).
Hence we proceed to calculate the completeness corrections
assuming a shallower decline at the bright end of the LF as
implied by our data, using a double power law (DPL). Our
DPL function, which is the parameterisation commonly used
to fit the quasar luminosity function (see Section 8.3), has
the following functional form:

�(M) =
�⇤

100.4(↵+1)(M�M⇤
) + 100.4(�+1)(M�M⇤

)

. (2)

where �⇤, M⇤ and ↵ are the normalisation, the character-
istic magnitude and the faint-end slope in common with
the Schechter function, and the bright-end slope is de-
scribed by the power �. We carried out completeness simu-
lations for DPL functions for bright-end slopes in the range
�4.6 6 � 6 �4.0. The results of the simulations are rela-
tively insensitive to the steepness of the DPL function, with
the results changing by less than 4% in the faintest bins and
the brightest bin remaining unchanged. The data suggest a
more moderate value of � = �4.3, which we use for our final
results presented in Fig. 7 and Table 6.

Finally, if the underlying LF was a Schechter func-
tion, the absolute magnitude distribution should be dom-
inated by galaxies at the limiting depth of the survey,
however we find a more uniform distribution in the range
�22.5 < M

UV

< �21.5. We calculate the probability of
obtaining the absolute magnitude distribution we find by
drawing a sample at random from the output of our simula-
tions, and determining the number of times the distribution
has the same number or more galaxies in the brighter 0.5
mag section of the M

1500

= �22.0 bin as compared to the
fainter section. For a Schechter function we find this distri-
bution in only 3% of cases, whereas for the DPL we find
this distribution in 18% of the samples drawn. The detec-
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Fig. 13.— Comparison of the present Schechter fit to the z ∼ 7
LF (black line) with the double power-law fit advocated by Bowler
et al. (2014: green line: see §4.4). Our constraints from the CAN-
DELS+ERS+HUDF09+XDF data set are indicated by the solid
black circles, while the quoted constraints from the ground-based
searches of Ouchi et al. (2009b) and Bowler et al. (2014) are shown
with the grey open squares (upper limits) and open green circles.
Our constraints from the full data set but excluding CANDELS-
EGS (where a large number of bright z ∼ 7 galaxies is observed) is
shown with the black open circles. The dotted black circle indicates
the position of our LF constraint at ∼−21.7 mag, if in addition to
excluding the CANDELS-EGS field, we suppose (as a worst-case
scenario) we have overestimated the total magnitude of sources by
0.1 mag and underestimated the completeness (and it is 100%).
While our HST results are generally in excellent agreement with
the double power-law fit of Bowler et al. (2014), they disagree with
this fit over the range ∼ −22 to −21 mag.

all differences in the inverse-variance-weighted mean cor-
rected offset at each redshift (specifically minimizing
ΣMΣz(αM,z +∆αz − αM +∆α)2/σ(αM,z)2 where αM,z
indicates the effective slope measurements at a given ab-
solute magnitude M and redshift z), we find the follow-
ing offsets in slope ∆αz for the z ∼ 5, z ∼ 6, z ∼ 7, and
z ∼ 8 LFs relative to the z ∼ 4 LF: 0.01, 0.27, 0.37, and
0.64.
We then apply these offsets to the slopes of the z ∼ 4,

z ∼ 5, z ∼ 6, z ∼ 7, and z ∼ 8 LFs shown in the top panel
and show the result in the lower left panel of Figure 12.
For context, we also show in Figure 12 the luminosity de-
pendence we would expect adopting the typical Schechter
function results derived in the previous section (shaded
curve), with M∗ = −21.07 and α = −1.73. Overall, the
constraints we have on the slope of the UV LF as a func-
tion of luminosity all appear to be remarkably similar to
each other (after one removes the general offset in slope).
It is interesting to try to combine the constraints we

have available on the z ∼ 4-8 LFs to examine the overall
form of the UV LF at z ! 4. We examine the z = 4-6
case and the z = 7-8 cases separately, given possible evo-
lution in both the shape and functional form of the LF. In
the two cases, we compute the inverse-variance-weighted
mean effective slope and variance as a function of lumi-
nosity (after removing the zero-point offset in effective
slope).

The estimated 68% confidence intervals on the effective
slope of the z = 4-6 and z = 7-8 LFs are indicated in the
upper right and lower right panels of Figure 12 with the
dark gray and light gray regions, respectively. In general,
we find that our luminosity-dependent slope results are
in broad agreement with the expectations of a Schechter
function. At the low-luminosity end, we see no evidence
for the effective slope of the LF being especially steeper
at−19.5 mag than at−17.5 mag. This argues against the
effective slope of the UV LF being strongly luminosity
dependent, as one might expect if there is curvature in
the halo mass function or if galaxy formation were less
efficient at lower masses (e.g., Muñoz & Loeb 2011).
At high luminosities, the z = 4-6 UV LF show evi-

dence for a similar exponential-like cut-off at bright mag-
nitudes as that present in a Schechter function (compare
the dark grey region in the upper left panel of Figure 12
with the light grey region). Not surprisingly, at z = 7-8,
our overall constraints on the shape of the UV LF at
high luminosities are much weaker and clearly not suf-
ficient to constrain the functional form of the LF. How-
ever, our results do seem consistent with that observed
at z = 4-6 and also adopting a Schechter function (com-
pare the light grey region in the lower left panel with the
dark grey region). For context, we also show the effective
slope results implied from the Bowler et al. (2014) double
power-law fit (shown in the lower right panel of Figure 12
as the solid black line), i.e., with α = −2.1, β = −4.2,
M∗ = −20.3, and φ∗ = 3.9×10−4 Mpc−3 mag−1. While
it is reasonable to imagine that the UV LF may exhibit
a slightly non-Schechter shape at early enough times, we
find no strong evidence for such a behavior here.
It is interesting to ask why our conclusions appear to

differ from those of Bowler et al. (2014). For the pur-
pose of this discussion, we compare our LF constraints
with the double-power-law fit they find for their z ∼ 7
LF in Figure 13. While we find good agreement between
the Bowler et al. (2014) power-law fit and our results
at both the bright and faint ends, our LF is in excess
of their double power-law fit at moderately high lumi-
nosities (−21.7 mag), suggesting this is the origin of our
different conclusions.
How reliable are our z ∼ 7 LF constraints at ∼ −21.7

mag? In the luminosity interval −21.91 mag to −21.41
mag, we find 16 galaxy candidates in total (3, 1, 1, 4,
and 7 from the CANDELS-GS, GN, UDS, COSMOS,
and EGS fields, respectively), so the uncertainties from
shot noise (0.12 dex) are relatively limited. In addition,
all 16 appear to be relatively robust z ∼ 6.3-7.3 galaxy
candidates, as inferred from the tests we run in Appendix
G and §3.2.2-§3.2.3 (for distinguishing stars and galax-
ies). Nevertheless, there are other issues which could
have an impact. If the large number of bright sources
in the CANDELS-EGS field represent a rare overden-
sity and we exclude that field, if our total magnitude
estimates are too bright by 0.1 mag, or if the complete-
ness is underestimated (and it is instead 100%), then our
∼ −21.7-mag point in the z ∼ 7 LF would be lower by
0.15 dex, 0.09 dex, and 0.14 dex, respectively. Even if we
assume all 3 issues to be the case (as a worst-case sce-
nario), our LF estimates (open dotted circle in Figure 13)
would only be lower by 0.38 dex and still be in tension
with the Bowler et al. (2014) ∼ −21.7-mag point by ∼0.4

Double Power-Law? Schechter? 

Bowler+2014 Bouwens+2015 
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Fig. 11.— The evolution of UV luminosity density of galaxies
at 4 < z < 10 (solid red circles) brightward of −210 mag using
the present search over COSMOS/UltraVISTA. The black crosses
show the luminosity density of galaxies brightward of −21 mag
determined by Bouwens et al. (2015) at z ∼ 4, z ∼ 5, z ∼ 6, z ∼ 7.
The shaded region shows the evolutionary trend to = 10 in the UV
luminosity density preferred at 68% confidence. The red line shows
the observed evolution in the UV luminosity density beyond z ∼ 8
and can be approximately represented by d log10 ρUV /dz ∼ −0.47
dex.

Fig. 12.— The halo mass function at z ∼ 8 (dashed line) scaled
by a fixed M/L to match the knee of our derived UV LF at z ∼ 8.
The high-mass-end slope of the halo mass function is similar to
the effective slope of the UV LF at the bright end. The difference
between the low-mass-end slope of the halo mass fucntion and faint-
end slope of the LF is ∆α ∼ 0.3.

Before investigating whether we can draw any conclu-
sions about the physical properties of bright z ∼ 8 galax-
ies and comparing these properties to galaxies at later
points in cosmic time, we should first look at what gen-
eral conclusions we can draw about the SEDs of z ∼ 8
galaxies.
Two obvious properties we can investigate are the gen-

eral spectral slope of the UV -continuum light in z ∼ 8
galaxies and the amplitude of the Balmer break. The

Fig. 13.— Distribution of UV -continuum slopes β and Balmer-
break amplitudes for our bright z ∼ 8 sample and a comparison
to similarly bright z ∼ 4 galaxies from the Bouwens et al. (2015)
study. The Balmer-break amplitude compares the [3.6] apparent
magnitude with the H-band magnitude of a fit to the observed UV -
continuum. The histograms on the x and y axes give the marginal-
ized distributions as a function of β and the Balmer-break ampli-
tudes. The present results for z ∼ 8 galaxies are consistent with
almost no scatter in the intrinsic properties of the z ∼ 8 galaxies.
By contrast, there is evidence in the z ∼ 4 population for a signif-
icant tail to redder colors and larger Balmer-break amplitudes.

spectral slope of the UV -continuum light is typically
parameterized using the so-called UV -continuum slope
β (where β is defined such that fλ ∝ λβ : Meurer et
al. 1999). A useful way of deriving the UV -continuum
slope is by considering power-law fits to all photometric
constraints in the UV continuum (Bouwens et al. 2012;
Castellano et al. 2012).
For our bright z ∼ 8 sample, we derive this for indi-

vidual galaxies by fitting to the H and Ks band fluxes.
We also derive β’s for individual sources including the
J-band flux in the fit. However, for the small fraction of
sources with z > 8.6, we caution that β’s derived in this
way could be affected by the Lyman break or the Lyα
emission line shifting in the J-band.
Figure 13 shows the distribution of UV slopes β and

derived Balmer-break amplitudes for our bright z ∼ 8
sample and compares the results to the observed distri-
bution for the z ∼ 4 galaxy sample from Bouwens et al.
(2015). The Balmer-break amplitude compares the [3.6]
apparent magnitude with the H-band magnitude of a fit
to the observed UV -continuum. Overall, the SEDs of
bright z ∼ 8 galaxies look fairly similar, and most of the
scatter in the derived properties is consistent with arising
from noise.
The distribution of properties for the bright z ∼ 8

galaxies looks similar to that found at z ∼ 4 – though
there is evidence for a significant tail at z ∼ 4 extending
to redder β’s and larger Balmer-break amplitudes.

4.6. Constraints on the Apparent EWs of the
[OIII]+Hβ line

Another observable property of bright z ∼ 8 galax-
ies that we can try to constrain with the present obser-

? 

Can do this at z~12-14

Feedback effects?

What is the science case for bright z>7 galaxies? 
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Fig. 4.— The new 12-orbit deep grism spectra in combination with the photometry of GN-z11 exclude lower redshift solutions. The
main contaminants for high-redshift galaxy selections are sources with extreme emission lines or with very strong 4000 Å breaks. The top
left panel shows the photometry together with three example SEDs for the possible nature of GN-z11 (dark red: a z = 11.09 star-forming
galaxy, blue: an extreme line emitter at z = 2.1, green: a dusty+quiescent galaxy at z = 2.5). The last one is only shown for illustration
purposes as it can be clearly excluded based on the longer wavelength photometry (��2

p > 8000 relative to the best fit SED model). The
remaining panels compare the observed 1D spectrum with the expected grism fluxes for the same three cases. The best-fit to the grism data
is provided by the high-redshift LBG template which interprets the observed break as a Ly↵ break. This solution has a reduced �2 = 1.2.
The other two cases can be excluded based on the di↵erence in �2 in the grism spectra as well as from the photometry (�2

p).

we obtain a very good fit to the spectrum with a re-
duced �2 = 1.2 (see Figs 4 and 5). The best fit redshift
is z

grism

= 11.09+0.08

�0.12

, corresponding to a cosmic time
of only ⇠400 Myr after the Big Bang. The grism red-
shift and its uncertainty are derived from an MCMC fit
to the 2D spectrum which also includes the morphologi-
cal information of the source as well as the photometry,
adopting identical techniques as used for the 3D-HST
survey redshifts (see Momcheva et al. 2015).
This high-redshift solution also reproduces the ex-

pected count rate based on an H = 26 mag continuum
source, as well as the overall morphology of the 2D grism
spectrum. This is demonstrated in Figure 3, where we
show the original data, the neighbor subtracted 2D spec-
trum as well as the residual after subtracting out the
z = 11.09 model with the correct H-band magnitude.
Note the drop of the flux longward of 1.65 µm due to the
reduced sensitivity of the grism. This is an important
constraint, because it shows that the detected flux orig-
inates from the source itself and is not due to residual
neighbor contamination.
Figure 11 (in the appendix) further shows that the

pixel distribution of the residual 2D frame is in excel-
lent agreement with the expectations from pure Gaus-
sian noise. This demonstrates that our contamination
subtraction and flux uncertainty estimates were derived
appropriately and that the resulting values are accurate.
Despite the di↵erence from the previous photometric

redshift estimate, the measured grism redshift is con-
sistent with the photometry of this source (see Figure
6). While our previous photometric redshift estimate
was z

phot

= 10.2 ± 0.4, the redshift likelihood function
contained a significant tail to z > 11. The updated
and deeper JH

140

photometry subsequently resulted in
a shift of the peak by �

z

= 0.2 to a higher redshift.
The z = 11.09 solution is within 1� of the now better
measured JH

140

� H
160

color, which is the main driver
for the photometric redshift estimate, as shown in Fig-
ure 6. The grism data significantly tighten the redshift
likelihood function (bottom panel Figure 6) in addition
to excluding lower redshift solutions.
In the next two sections we also show that we can

safely exclude all plausible lower redshift solutions. The
new grism redshift confirms that this source lies well be-
yond the peak epoch of cosmic reionization (z

reion

= 8.8;
Planck Collaboration et al. 2015) and makes it the most
distant known galaxy. This includes sources with pho-
tometric redshift measurements, apart from a highly de-
bated source in the HUDF/XDF field, which likely lies at
z ⇠ 2 but has a potential z ⇠ 12 solution (see Bouwens
et al. 2011, 2013; Ellis et al. 2013; Brammer et al. 2013).

3.2. Excluding a Lower-Redshift Strong Line Emitter

The principal goal of our grism program was to un-
equivocally exclude a lower redshift solution for the
source GN-z11. While GN-z11 shows a very strong con-

Oesch+2016
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explore what constraints the grism spectrum alone can
set on such a solution.
The expected flux for such a red galaxy increases grad-

ually across the wavelength range covered by the G141
grism, unlike what we observe in the data (lower right
in Fig 4). Compared to our best-fit solution (see next
section) we measure a ��2 = 15 when comparing the
data with the expected grism flux. Apart from the ex-
tremely large discrepancy with the IRAC photometry, we
can thus exclude this solution at 98.9% confidence based
on the spectrum alone.
Similar conclusions can be drawn from the break

strength alone (see e.g. Spinrad et al. 1998). Assum-
ing that the observed break at 1.47 µm corresponds to
4000 Å at z = 2.7, a galaxy with a maximally old spec-
tral energy distribution (single burst at z = 15) would
show a flux ratio of (1 � fshort

⌫

/f long

⌫

) < 0.63 when av-
eraged over 560 Å bins. This is based on simple Bruzual
& Charlot (2003) models without any dust. As men-
tioned earlier, the observed spectrum has a break of
(1 � fshort

⌫

/f long

⌫

) > 0.68 at 2�, thus indicating again
that we can marginally rule out a 4000 Å break based
on the spectrum alone without even including the pho-
tometric constraints.

4. DISCUSSION

4.1. Physical Properties of GN-z11

Despite being the most distant known galaxy, GN-z11
is relatively bright and reliably detected in both IRAC
3.6 and 4.5 µm bands from the S-CANDELS survey
(Ashby et al. 2015). This provides a sampling of its rest-
frame UV spectral energy distribution and even partially
covers the rest-frame optical wavelengths in the IRAC
4.5 µm band (see Figure 6).
The photometry of GN-z11 is consistent with a spectral

energy distribution (SED) of logM/M� ⇠ 9 using stan-
dard templates (Bruzual & Charlot 2003, see appendix).
The UV continuum is relatively blue with a UV spectral
slope � = �2.5±0.2 as derived from a powerlaw fit to the
H

160

, K, and [3.6] fluxes only, indicating very little dust
extinction (see also Wilkins et al. 2016). Together with
the absence of a strong Balmer break, this is consistent
with a young stellar age of this galaxy. The best fit age
is only 40 Myr (< 110 Myr at 1�). GN-z11 thus formed
its stars relatively rapidly. The inferred star-formation
rate is 24±10 M�/yr. All the inferred physical parame-
ters for GN-z11 are summarized in Table 2. Overall, our
results show that galaxy build-up was well underway at
⇠ 400 Myr after the Big Bang.

4.2. The Number Density of Very Bright z > 10
Galaxies

The spectrum of GN-z11 indicates that its contin-
uum break lies within the H

160

filter (which covers
⇠ 1.4�1.7 µm; see Fig 6). The rest-frame UV continuum
flux of this galaxy is therefore ⇠0.4 mag brighter than
inferred from the H

160

magnitude. The estimated abso-
lute magnitude is M

UV

= �22.1± 0.2, which is roughly
a magnitude brighter (i.e., a factor 3⇥) than the char-
acteristic luminosity of the UV luminosity function at
z ⇠ 7�8 (Bouwens et al. 2015b; Finkelstein et al. 2015).
With z

grism

= 11.09, the galaxy GN-z11 is thus surpris-
ingly bright and distant (see Figure 5). While one single
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Fig. 6.— Top – The photometry (red) and best-fit spec-
tral energy distribution (SED; gray) of GN-z11 at the measured
grism redshift of z = 11.09. Upper limits correspond to 1� non-
detections. The black squares correspond to the flux measurements
of the best-fit SED. Inset negative images of 600⇥600 show the HST
J
125

, JH
140

, and H
160

bands as well as the neighbor-cleaned IRAC
4.5 µm image. GN-z11 is robustly detected in all bands longward
of 1.4 µm, resulting in accurate constraints on its physical param-
eters. The photometry is consistent with a galaxy stellar mass
of logM/M� ⇠ 9.0 with no or very little dust extinction and a
young average stellar age. Middle – A zoom-in around the wave-
length range probed by the G141 grism. The rebinned grism data
are shown by the blue line with errorbars. The grism flux is con-
sistent with the photometry (red points) and the best-fit SED at
z = 11.09 (gray line). The red horizontal errorbars represent the
wavelength coverage of the di↵erent HST filters, indicating that
the break of GN-z11 lies within the H

160

band. Bottom – The
redshift probability distribution functions, p(z), when fitting only
to the broad-band photometry (red) or when including both the
photometry and the grism in the fits (blue). The photometric p(z)
peaks at significantly lower redshift, but contains an extended tail
to z > 11. The addition of the grism data significantly tightens the
p(z) resulting in uncertainties of �z ' 0.1. The fits that include
the old, shallower JH

140

photometry are shown in gray, while those
that use the grism data alone, without any photometric constraints,
are shown in green.

detection of a galaxy this bright is not very constraining
given the large Poissonian uncertainties, it is interesting

Formally -22 mag, 
3 L*(z=3) 

Could GN-z11 be 
typical? 
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TABLE 2

Predicted Number Counts for Example JWST and WFIRST Surveys

Redshift Dropout Filter UD (mlim = 32.0) MD (mlim = 30.6) WF (mlim = 29.3) WFIRST (mlim = 26.5)
⇠ 40 arcmin2 ⇠ 400 arcmin2 ⇠ 4000 arcmin2 ⇠ 2000 deg2

z ⇠ 8 F115W 197+104
�92 548+259

�225 1335+595
�503 61370+27995

�22029

z ⇠ 10 F115W 30+21
�17 52+33

�26 102+64
�48 1026+701

�473

z ⇠ 12 F150W 6+5
�4 10+8

�6 13+10
�7 47+41

�25

z ⇠ 14 F150W 0.3+0.4
�0.2 0.4+0.4

�0.2 0.4+0.4
�0.3 0.4+0.4

�0.2

z ⇠ 16 F200W 0 0 0 0
Note. – Limiting magnitudes for a 8� detection estimated with the JWST Exposure Time Calculator and WFIRSTHLS.
The mock surveys are described in Section 3.3. These estimates include the boost from gravitational lensing
magnification bias in blank fields (Mason et al. 2015; Wyithe et al. 2011).

Fig. 10.— Luminosity density (⇢L) and cosmic SFR density (⇢̇?)
as functions of redshift, derived by integrating the model UV LFs to
magnitude limits of M

ab

= �17 (green lines) and M
ab

= �12 (pur-
ple lines). The dust corrected SFR densities for the two magnitude
limits are shown as solid lines, dust uncorrected SFR densities are
shown as dashed lines. The observed SFR densities from Bouwens
et al. (2015b) are shown in black (dust corrected) and grey (dust
uncorrected). Shaded regions show the 1� confidence range.

to the total UV luminosity density, ⇢L as

ṅion = fesc⇠ion⇢L (8)

where fesc is the average fraction of photons which escape
galaxies to a↵ect the IGM, and ⇠ion is the rate of ioniz-
ing photons per unit UV luminosity, with units Hz/ergs,
which depends on the initial mass function, metallicity,
age and dust content of the stellar populations. There
is an equivalent relation between ṅion and SFR den-
sity (Madau et al. 1999; Shull et al. 2012), which requires
the same stellar population modeling.
All of the parameters involved are di�cult to estimate,

and may evolve with redshift as reionization progresses
and the IGM evolves (Furlanetto & Oh 2005; Shull et al.
2012). In this work, we follow Schmidt et al. (2014) and
use a distribution of parameters. For two limiting mag-
nitudes (M

ab

= �17, corresponding to currently observ-
able galaxies, and M

ab

= �12, corresponding to atomic
cooling halos) we assume the escape fraction is uniformly
distributed between fesc = 0.1 � 0.3 (Ouchi et al. 2009),
and we use a uniform distribution between C = 1 � 6
for the clumping factor. Finally we model ⇠ion as a log-
normal distribution with mean log ⇠ion = 25.2 and stan-
dard deviation 0.15 dex, which was the range obtained
by Robertson et al. (2013) using the standard Bruzual
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Fig. 11.— Predicted number counts of galaxies brighter than
apparent magnitude m

UV

(rest-frame UV) per square degree for
a range of redshifts based on our model LFs. We plot the cumu-
lative number counts including the boost from gravitational lens-
ing magnification bias (Mason et al. 2015; Wyithe et al. 2011)
as solid lines, and without the magnification bias e↵ect (dashed
lines). We plot the estimated coverage of future surveys as shaded
regions: 3 mock JWST surveys detailed in Section 3.3 and the
WFIRST High-Latitude Survey (Spergel et al. 2015). The calcu-
lated number counts are given in Table 2.

& Charlot (2003) models and measurements of the UV
spectral slope by Dunlop et al. (2012). We assume an
IGM temperature of 20, 000 K.
Once the reionization history, Q(z), is known, an im-

portant constraint is to compare the electron scattering
optical depth with that inferred from CMB observations.
The Planck Collaboration et al. (2015) reported a reion-
ization value of ⌧ = 0.066±0.012, consistent with instan-
taneous reionization at z = 8.8+1.2

�1.1. The optical depth
as a function redshift is:

⌧(z) =

Z z

0

�Tne(1 + z0)2Q(z0)
c

H(z0)
dz0 (9)

where c is the speed of light, �T is the Thomson scatter-
ing cross section and H(z) is the Hubble parameter.
Figure 12 shows the reionization history: the ion-

ized hydrogen fraction as a function of redshift, ob-
tained by solving Equation (6) with our model luminos-
ity density, sampling the distributions of input param-
eters. Figure 13 shows the electron scattering optical
depth as a function of redshift. For the LF magnitude
limit M

ab

= �17, reionization is complete (Q = 1) by

Mason+2015

z=11

z~11 LF

Oesch+2016

8 Oesch et al.

TABLE 2
Summary of Measurements for GN-z11

R.A. 12 : 36 : 25.46
Dec. +62 : 14 : 31.4
Redshift z

grism

11.09+0.08
�0.12

a

UV Luminosity MUV �22.1± 0.2
Half � Light Radiusb 0.6± 0.3 kpc
logMgal/M� c 9.0± 0.4
log age/yr c 7.6± 0.4
SFR 24± 10 M� yr�1

A
UV

< 0.2 mag
UV slope � (f� / ��) �2.5± 0.2d

a Age of the Universe at z = 11.09 using our cosmol-
ogy: 402 Myr
b From Holwerda et al. (2015)
c Uncertainties are likely underestimated, since our
photometry only partially covers the rest-frame opti-
cal for GN-z11
d See also Wilkins et al. (2016)

to estimate how many such galaxies we could have ex-
pected based on (1) the currently best estimates of the
UV LF at z > 8 and (2) based on theoretical models and
simulations.
Our target was found in a search of the GOODS fields,

which amount to ⇠ 160 arcmin2. However, in a sub-
sequent search of the three remaining CANDELS fields
no similar sources were found with likely redshifts at
z & 10 (Bouwens et al. 2015a). We therefore use the
full 750 arcmin2 of the CANDELS fields with match-
ing WFC3/IR and ACS imaging for a volume estimate,
which amounts to 1.2⇥106 Mpc3 (assuming �z = 1).
Using the simple trends in the Schechter parameters of

the UV LFs measured UV at lower redshift (z ⇠ 4 � 8)
and extrapolating these to z = 11, we can get an empir-
ical estimate of the number density of very bright galax-
ies at z ⇠ 11. This amounts to 0.06 (Bouwens et al.
2015b) or 0.002 (Finkelstein et al. 2015) expected galax-
ies brighter thanM

UV

= �22.1 in our survey correspond-
ing to less than 0.3 per surveyed square degree. Simi-
larly, recent empirical models (Mashian et al. 2016; Ma-
son et al. 2015; Trac et al. 2015) predict only 0.002�0.03
galaxies as bright as GN-z11 in our survey or 0.01�0.2
per deg2. All the assumed LF parameters together with
the resulting estimates of the number of expected bright
galaxies N

exp

are listed in Table 3.
The above estimates illustrate that our discovery of

the unexpectedly luminous galaxy GN-z11 may challenge
our current understanding of galaxy build-up at z > 8.
A possible solution is that the UV LF does not follow
a Schechter function form at the very bright end as has
been suggested by some authors at z ⇠ 7 (Bowler et al.
2014), motivated by ine�cient feedback in the very early
universe. However, current evidence for this is still weak
(see discussion in Bouwens et al. 2015b). Larger area
studies will be required in the future (such as the planned
WFIRST High Latitude Survey; Spergel et al. 2015) sur-
veying several square degrees to determine the bright end
of the UV LF to resolve this puzzle.

5. SUMMARY

In this paper we present HST slitless grism spectra
for a uniquely bright z > 10 galaxy candidate, which
we previously identified in the GOODS-North field, GN-
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Fig. 7.— The redshift and UV luminosities of known high-
redshift galaxies from blank field surveys. Dark filled squares corre-
spond to spectroscopically confirmed sources, while small gray dots
are photometric redshifts (Bouwens et al. 2015b). GN-z11 clearly
stands out as one of the most luminous currently known galaxies at
all redshifts z > 6 and is by far the most distant measured galaxy
with spectroscopy (black squares; see Oesch et al. 2015b, for a full
list of references). Wider area surveys with future near-infrared
telescopes (such as WFIRST) will be required to determine how
common such luminous sources really are at z > 10.

TABLE 3
Assumed LFs for z ⇠ 10� 11 Number Density Estimates

Reference � ⇤ /10�5 M⇤ ↵ N
exp

[Mpc�3] [mag] (< �22.1)

Bouwens et al. (2015b) 1.65 -20.97 -2.38 0.06
Finkelstein et al. (2015) 0.96 -20.55 -2.90 0.002
Mashian et al. (2016) 0.25 -21.20 -2.20 0.03
Mason et al. (2015) 0.30 -21.05 -2.61 0.01
Trac et al. (2015) 5.00 -20.18 -2.22 0.002

Note. — The parameters �⇤, M⇤, and ↵ represent the three
parameters of the Schechter UV LF taken from the di↵erent papers.

z11. Our 2D data show clear flux longward of ⇠ 1.47 µm
exactly along the trace of the target galaxy and zero
flux at shorter wavelengths, thanks to our comprehensive
and accurate treatment of contamination by neighboring
galaxies. The interpretation that we indeed detect the
continuum flux from GN-z11 is supported by the mor-
phology of the spectrum, the fact that the counts fall o↵
exactly where the sensitivity of the G141 grism drops, as
well as the consistency of the observed counts with the
H-band magnitude of GN-z11 (see e.g. Fig 3).
The grism spectrum, combined with the photometric

constraints, allows us to exclude plausible low-redshift
SEDs for GN-z11 at high confidence. In particular, we
can invalidate a low redshift SED of an extreme line emit-
ter galaxy at z ⇠ 2 (see section 3 and Fig 4). Instead,
the grism spectrum is completely consistent with a very
high-redshift solution at z

grism

= 11.09+0.08

�0.12

(see Figures
3 and 5). This indicates that this galaxy lies at only
⇠ 400 Myr after the Big Bang, extending the previous
redshift record by ⇠ 150 Myr.
GN-z11 is not only the most distant spectroscopically

measured source, but is likely even more distant than
all other high-redshift candidates with photometric red-
shifts, including MACS0647-JD at z

phot

= 10.7+0.6

�0.4

(Coe

Investigate analogues to one very bright z~11 source 
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The bright end of the galaxy luminosity function at z ' 7 23

Figure 9. The z = 7 galaxy LF from McLure et al. (2013) with
the z = 7 data points from Fig. 7 shown in black and the data
points determined from our analysis shown in red. The constraints
on the z = 5 quasar LF from McGreer et al. (2013) are shown as
the blue diamonds, with additional upper limits at fainter mag-
nitudes from Ikeda et al. (2012), where we have shifted the data
point at M

1500

= �23.0 by 0.1 mag for clarity. Overplotted in
blue is the best fitting double power law at z = 5 presented in Mc-
Greer et al. (2013). The purple squares show the constraints on
the QLF at z = 6 from Willott et al. (2010). The QLF at z = 6
and z = 7 is estimated from evolving the z = 5 QLF shown using
a LEDE evolution model for log(�⇤) taken from McGreer et al.
(2013), with fixed ↵ = �2.03 and M⇤ = �27.0.

z = 7 to the predicted QLF at z = 7 by evolving the z = 5
QLF determined by McGreer et al. (2013) using the evo-
lution model presented in their paper. A double power law
form is typically used when fitting the QLF, as described in
Section 7.2. When fitting a DPL to the data points, both Mc-
Greer et al. (2013) and Willott et al. (2010) fix the value of
the faint-end slope, ↵, as a response to the large uncertain-
ties in the faint-end determination. Lower redshift z < 3
results tend to favour ↵ = �1.5 (Croom et al. 2009), with a
tenuous steepening observed with ↵ ' �1.7 to higher red-
shifts (Masters et al. 2012). McGreer et al. (2013) found
a further steepening of the faint-end slope, with the best-
fitting DPL with a fixed ↵ = �1.8 still under-predicting
the number of faint quasars found. If the bright-end slope
is instead fixed to � = �4.0, McGreer et al. (2013) found a
best fitting model with a steeper ↵ = �2.03+0.15

�0.14. Therefore,
in Fig. 9 we plot the best fitting function with ↵ = �2.03
from McGreer et al. (2013), to provide an upper limit on the
number of faint z = 5 quasars.

The z = 7 LF parameters are predicted following the
Luminosity Evolution Density Evolution (LEDE) model de-
scribed in McGreer et al. (2013), using a fixed ↵ = �2.03 and
M⇤ = �27.0. The model predicts that log(�⇤) evolves lin-
early with redshift with gradient k = �log(�⇤)/�z = �0.47,
derived from fitting to the measured parameters from z =
2.2�4.9 (Fan et al. 2001). The strength of the evolution when
extended to higher redshift is supported by Venemans et al.

(2013) at z = 7 who found k = �0.49+0.28
�0.74. We display the

data at z = 6 from Willott et al. (2010), overlayed with an
extrapolated model using the same method as for the z = 7
model, again to show an upper limit on the expected number
density of quasars here. As can be seen in Fig. 9, the LEDE
model is consistent with the z = 6 LF from Willott et al.
(2013) at least given the uncertainties at the faint end, al-
though see the detailed discussions in McGreer et al. (2013).
To estimate the number of quasars that could contaminate
our sample, and assuming that the quasar SEDs are indis-
tinguishable from the LBGs using the selection here, we in-
tegrate the QLF within the three LF points we calculated.
We predict 0.3 quasars in the fainter bin at M

1500

= �21.75,
and 0.2 and 0.1 in the brighter bins at M

1500

= �22.25 and
M

1500

= �22.75 respectively. Hence, from the analysis of the
LF and QLF we conclude that contamination of our sample
by quasars is minimal, a result obviously consistent with our
finding that the vast majority of our z ' 7 objects are spa-
tially resolved (see Section 6). However, given the large un-
certainties in the faint-end slope of the QLF, the possibility
of some low-level contamination is not completely ruled out.
For example Willott et al. (2010) calculated an upper limit
of two quasars per deg2 in the UltraVISTA survey, when
assuming the most extreme LF parameters from the range
of acceptable fits to the QLF at z = 6. There is evidence
that quasars may contaminate bright z = 6 LBG samples
on the order of ⇠ 10%, for example the sample of ten LBGs
presented in by McLure et al. (2009) and spectroscopically
confirmed by (Curtis-Lake et al. 2012), included one Type I
quasar identified by the broadened Ly↵ line (Willott et al.
2010).

Note that at high redshift, the observed QLFs only ac-
count for Type I unobscured quasars with both broad-line
and narrow-line components, and there is evidence from X-
ray surveys that unobscured quasars only account for 25% of
the total number at z = 4 (Masters et al. 2012). If the ratio
of Type I to Type II quasars persists to high-redshift, the
results here are likely a lower limit on the number densities
of quasars at z = 7.

8.3.1 Radio and X-ray signatures of high-redshift quasars

The rest-frame UV colours of LBGs and quasars at high-
redshift are impossible to distinguish with the current pho-
tometric accuracy (Bian et al. 2013), and identical colour-
colour cut selection criterion are often used for the selection
of galaxies and quasars at z > 5 (Willott et al. 2010). Here,
for completeness, we consider whether radio or X-ray emis-
sion could be detected from a quasar selected as a galaxy
and included in our sample, with the data available in the
COSMOS and UDS fields. The COSMOS field is imaged by
the Chandra-COSMOS survey (Elvis et al. 2009), which has
a limiting depth of 1.9⇥10�16 ergs/s/cm2/Hz in the 0.5-2.0
keV channel and 7.3⇥10�16 ergs/s/cm2/Hz in the 2-10 keV
channel. In the radio, the COSMOS field is covered by the
Very Large Array (VLA)-COSMOS survey (Schinnerer et al.
2010), with a sensitivity of 12µJy per beam. The UDS field
has X-ray imaging from the Subaru/XMM-Newton deep sur-
vey Ueda et al. (2008), to depths of 6⇥10�16 ergs/s/cm2/Hz
in the 0.5-2.0 keV channel and 5⇥ 10�15 ergs/s/cm2/Hz in
the 2-10 keV channel.

We find no radio or X-ray counterparts for any of the
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Fig. 4.— Left : Best-fit SED models (blue line) to the observed HST + Spitzer/IRAC + ground-based photometry (red points and error

bars) for the 4 especially bright (H160,AB < 25.5) z � 7 galaxies selected using our IRAC-red selection criteria ([3.6] � [4.5] > 0.5). Also
included on the figure is the redshift estimate for the best-fit model SED provided by EAZY. Right : Redshift likelihood distributions P (z)
for the same 4 candidate z � 7 galaxies, as derived by EAZY. The impact of the Spitzer/IRAC photometry on the redshift likelihood
distributions should be close.
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Fig. 4.— Left : Best-fit SED models (blue line) to the observed HST + Spitzer/IRAC + ground-based photometry (red points and error

bars) for the 4 especially bright (H160,AB < 25.5) z � 7 galaxies selected using our IRAC-red selection criteria ([3.6] � [4.5] > 0.5). Also
included on the figure is the redshift estimate for the best-fit model SED provided by EAZY. Right : Redshift likelihood distributions P (z)
for the same 4 candidate z � 7 galaxies, as derived by EAZY. The impact of the Spitzer/IRAC photometry on the redshift likelihood
distributions should be close.
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The Ly↵ luminosity function at z = 6.6 13
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Figure 6. The Lyman-↵ luminosity function at z = 6.6 compared to literature data. Our most robust luminosity function is shown as a solid blue line. This is a
Schechter fit to our combined UDS and COSMOS data (blue circles, see also Table 6), for which the brightest LAEs have all been confirmed spectroscopically.
Our additional SA22 data is shown in open circles and is consistent with the upper limits from our robust sample. We also place upper limits (blue and open
arrow) at the luminosity bin just brighter than the most luminous observed sources, meaning that there is less than one of these in the probed volume. The
dashed blue line is our power-law fit (see Table 7) to the data from all three fields. The fit from Ouchi et al. (2010) at z = 6.6 differs for two main reasons (see
also Fig. 5), namely practically not including the brightest bin to their fit (due to very large errors, as the fit contains only a single source) and not correcting
for different biases caused by the filter profile. This is also the major reason why our results are slightly different with the results from Kashikawa et al. (2006)
(ochre diamonds) and Hu et al. (2010) (red squares). Other reasons are cosmic variance, since they only probed small areas (Kashikawa et al.), and small
(spectroscopic) completeness (Hu et al.).

bin is extreme. Therefore, the fit from Ouchi et al. predicts a 30
times lower number density of bright LAEs than observed. We also
fit a Schechter function to their data in log space (green dashed
line). Note that we fix ↵ to �1.5 in all our fits, similar to previ-
ous searches (e.g. Ouchi et al. 2008), since even the deepest UDS
data is too shallow to constrain ↵ accurately. However, in Table 6
we also provide fit values for an ↵ fixed to �2. From Fig. 5 it is
clear that, first of all, our luminosity function is in agreement with
Ouchi et al. (2010) if we use similar corrections and include their
brightest bin to the fit (as can be seen by comparing the two dashed
lines in Fig. 5). Second, the effect of the filter profile is highlighted
by comparing the solid blue to the dashed red line: after correcting
for observational biases from the filter profile, the number density
increases mostly at brightest luminosities.

5 LY↵ LUMINOSITY FUNCTION AT Z = 6.6

In this section, we present the z = 6.6 Ly↵ LF from our combined
analysis in UDS, COSMOS and SA22. As a functional form, we

use the well-known Schechter function:

�(L)dL = �⇤
(L/L⇤

)

↵
exp(�L/L⇤

)d(L/L⇤
) (5)

We convert our observed line-fluxes to luminosities by assuming a
luminosity distance corresponding to a redshift of 6.56, which is
the redshift of the center of the filter. We combine the luminosities
in bins with widths of 0.2 dex and count the number of sources
within each bin and correct this number for incompleteness. The
errors on the bins are taken to be Poissonian. The number of
sources is divided by the probed volume, such that we obtain
a number density. We then apply our corrections for the filter
profile bias. Only data where the completeness is at least 40 %
is included. The resulting luminosity function is shown in Fig. 6,
where we also compare with other published z = 6.6 LAE data.
The evolution between z = 5.7 and z = 6.6 is shown in Fig. 7,
while the left panel of Fig. 8 shows the evolution towards z = 7.3.
We are cautious about interpreting the results from SA22 because
of the less stringent photometric criteria, even though they fully
agree with results from the other fields. The results from UDS and
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FIG. 3.— Left: ‘CR7’ 1-D and 2-D optical spectra, showing the strong and clear Ly↵ emission line. We also show the NB921 filter profile which was used to
select the source. Note that Ly↵ is detected at the wing of the NB921 filter. Thus, while the NB921 photometry already implied the source was very luminous,
its true luminosity was still underestimated by a factor of two. We show both our Keck/DEIMOS and VLT/X-SHOOTER spectra, which show perfect agreement,
but with X-SHOOTER providing an even higher spectral resolution, while the DEIMOS spectrum gives an even higher S/N. Right: ‘MASOSA’ 1-D and 2-D
optical spectra (FORS2), showing the strong and clear Ly↵ emission line. We also show the NB921 filter profile which was used to select the source. We show
both the VLT/FORS2 and Keck/DEIMOS spectra, showing they agree very well. The DEIMOS spectrum provides higher resolution, but both clearly reveal the
asymmetry of the line, confirming it as Ly↵ without any doubt.

By fitting a Gaussian profile to the emission lines, we mea-
sure the EW (lower limits, as no continuum is detected) and
FWHM. Emission line fluxes are obtained by using NB921
and Y photometry (similarly to e.g. Ouchi et al. 2009, 2013),
in combination with the NB921 filter profile and the appropri-
ate redshift. We also check that the integrated emission line
(without any assumption on the fitting function) provides re-
sults which are fully consistent.

For MASOSA, we find no other line in the optical spec-
trum, and also find no continuum at any wavelength probed
(see Figure 3). For CR7, we find no continuum either di-
rectly blue-ward or red-ward of Ly↵ in the optical spectrum
(both in X-SHOOTER and DEIMOS; Figure 3). However, we
make a continuum detection (spatially very compact) in the
rest-frame 916-1017 Å for CR7 (rest-frame Lyman-Werner
photons), with clear absorption features corresponding to the
Ly↵ forest. The reddest wavelength for which we can see
continuum directly from the spectra corresponds to Ly↵ at
z = 5.3. For higher redshifts, the flux is consistent with
zero for our spectra. This clear continuum detection at wave-
lengths slightly redder than the Lyman-limit, but then disap-
pearing for longer wavelengths, can be explained by a com-
bination of a very blue, strong continuum (intense Lyman-
Werner radiation) and an average increase of the neutral Hy-
drogen fraction along the line of sight towards higher redshift,
similar to the Gunn-Peterson trough observed in quasar spec-
tra (e.g. Becker et al. 2001; Meiksin 2005). However, due to
the average transmission of the IGM, the fact that even just
a fraction of the light is able to reach us is a unique finding.
These findings will be investigated separately in greater detail
in a future paper, including further follow-up which will allow
an even higher S/N.

3.3. NIR Spectra of CR7: HeII and no other lines
We explore our X-SHOOTER NIR spectra to look for any

other emission lines in the spectrum of CR7. The photometry

reveals a clear J band excess (0.4 ± 0.13mag brighter than
expected from Y , H and K; see Table 2), which could poten-
tially be explained by strong emission lines (e.g. CIV 1549 Å,
HeII 1640 Å, OIII] 1661 Å, OIII] 1666 Å, NIII] 1750 Å).

We mask all regions for which the error spectrum is too
large (> 1.5⇥ the error on OH line free regions), including
the strongest OH lines. We then inspect the spectrum for any
emission lines. We find an emission line at 12464 Å (see Fig-
ure 4). We find no other emission lines in the spectrum (Fig-
ure 4). The emission line found, at z = 6.60011, corresponds
to 1640 Å, and thus we associate it with HeII. Given the line
flux (4.1 ± 0.7 ⇥ 10�17 erg s�1 cm�2), and the level of con-
tinuum estimated from e.g. Y and H bands, the line flux we
measure is sufficient to explain the J band excess. It also
means that we detect HeII with a high rest-frame EW (> 20Å)
with our X-SHOOTER spectra, consistent with the neces-
sary rest-frame EW in order to produce the excess in the J
band (⇠ 80 Å, reliably estimated from photometry). We find
that the HeII1640 Å emission line is narrow (130±30 km s�1

FWHM), and detected at 6� in our X-SHOOTER data. Re-
sults are presented in Table 2.

In order to further confirm the reality, strength and flux of
the HeII1640 Å line, we also observed CR7 with SINFONI
on the VLT. SINFONI reveals an emission line at the cen-
tral position of CR7 (at the peak of Ly↵ emission), spatially
compact (unresolved) and found at 12464 Å, thus matching
our X-SHOOTER results. We co-add the X-SHOOTER and
SINFONI spectra and show the results in Figure 4. When
co-adding the spectra, we normalise both spectra at the peak
value of HeII1640 Å and explicitly mask the strong OH lines.

11 The redshift measured from the HeII1640 Å emission line implies a
small positive velocity offset between the peak of Ly↵ and HeII1640 Å of
+160 km s�1, i.e., the Ly↵ peak is redshifted by +160 km s�1 in respect to
HeII.

10 PopIII in z = 6.6 Ly↵ emitters

0.43 cm per 0.13 arc sec

3.30769 cm per arcsec

5.410 kpc per arcsec

A
B

C

YJ Lyα H

CR7
5 kpc

FIG. 7.— A false colour composite of CR7 by using NB921/Suprime-cam
imaging (Ly↵) and two HST/WFC3 filters: F110W (YJ) and F160W (H).
This shows that while component A is the one that dominates the Ly↵ emis-
sion and the rest-frame UV light, the (likely) scattered Ly↵ emission seems to
extend all the way to B and part of C, likely indicating a significant amount
of gas in the system. Note that the reddest (in rest-frame UV) clump is C,
with B having a more intermediate colour and with A being very blue in the
rest-frame UV.

tial S/N) and the peak of Ly↵ (high S/N but extended) likely
originate (within the errors) from the centre of the bright-
est UV clump (A). The clumps are physically separated by
⇠ 5 kpc.

The HST imaging reveals that CR7 may be either a triple
merger (similar to Himiko), and/or a system where we are wit-
nessing a PopIII star formation wave, which may have moved
from the reddest clump (C) to the other (B) and we are ob-
serving the brightest UV clump at the right time (A). We have
direct evidence of the intense Lyman-Werner radiation (rest-
frame 912-1000 Å) from the brightest UV clump. It is there-
fore possible that the other clumps have emitted as much or
even more of such radiation a few ⇠ 100Myrs before, pre-
venting what is now the site of young massive stars (A) to
form before and potentially allowing for that pocket of metal
free gas to remain metal free. There are of course, other po-
tential interpretations of our observations. In §6 we discuss
the different potential scenarios in detail.

6. DISCUSSION

6.1. The nature of CR7
CR7, with a luminosity of LLy↵ = 1043.93±0.05 erg s�1 is

⇠ 3⇥ more luminous than any known Ly↵ emitter within the
epoch of re-ionisation (e.g. Ouchi et al. 2013).

Our optical spectrum shows that the source is very blue to-
wards the extreme ultra-violet up to the Lyman limit at 912
Å rest-frame, as we detect some faint continuum (spatially
very compact) at rest-frame ⇠ 916� 1017 Å (Lyman-Werner
radiation). X-SHOOTER data also provides a near-infrared
spectrum, allowing to investigate the significant excess seen
in the J band photometry from UltraVISTA (McCracken et al.
2012; Bowler et al. 2014), indicative of emission line(s). No
continuum is detected in the NIR spectrum. However, and de-
spite the relatively low integration time, a strong HeII1640 Å
line was found (⇠ 6�), capable of explaining the excess in the
J band (see Figure 5). HeII can only be produced if the intrin-
sic extreme UV spectrum is very hard, i.e., emits a large num-

FIG. 8.— HST imaging in Y J and H allows us the physically separate CR7
in two very different stellar populations and show remarkable agreement with
our best-fit composite SED derived in §5.3. While clump A (see e.g. Figure
7) is very blue and dominates the rest-frame UV flux, B+C are red and likely
dominate the rest-frame optical and the mass. Note that the we simply show
the HST data together with our best fit composite model derived in §5.3 which
was solely based on the full photometry and did not make use of any resolved
HST data.

ber of ionising photons with energies above 54.4 eV, capable
of ionising He completely. From our X-SHOOTER spectra,
we place a lower limit in the rest-frame EW of the HeII line
of > 20 Å, but estimate from photometry that the line has
EW0 = 80 ± 20 Å, consistent with our spectroscopic lower
limit. The line we detect is also narrower than Ly↵, with
FWHM of 130 ± 30 km s�1, as HeII1640 Å does not scatter
easily as Ly↵, as the line is not self-resonant.

While in principle there are a variety of processes that
could produce both high EW Ly↵ and HeII1640Å, some of
them are very unlikely to produce them at the luminosities
we are observing, such as X-ray binaries or shocks. How-
ever, in principle, cooling radiation could produce strong
Ly↵ emission with luminosities similar to those measured for
CR7. Faucher-Giguère et al. (2010) provides predictions of
the total Ly↵ cooling luminosity as a function of halo mass
and redshift. Under the most optimistic/extreme assump-
tions, it would be possible to produce a Ly↵ luminosity of ⇠

1044 erg s�1 for a dark matter halo mass of M > 5⇥1011 M�.
Since such dark matter haloes should have a co-moving num-
ber density of about ⇠ 10�5 Mpc�3 at z ⇠ 6.6, their number
densities could potentially match the luminous Ly↵ emitters
that we have found. However, in the case of cooling radi-
ation, the HeII emission line should be significantly weaker
than what we measure (with intrinsic HeII/Ly↵ of 0.1 at most;
e.g. Yang et al. 2006), and cooling radiation in a massive dark
matter halo should also result in a broader Ly↵ line than what
we observe.

There are, nonetheless, four main sources known to emit
an ionising spectrum that can produce high luminosity, high
EW nebular Ly↵ and HeII as seen in our spectra (see also
similar discussion in e.g. Prescott et al. 2009; Cai et al. 2011;
Kashikawa et al. 2012):

1) strong AGN (many examples have been found, partic-
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TABLE 2

Predicted Number Counts for Example JWST and WFIRST Surveys

Redshift Dropout Filter UD (mlim = 32.0) MD (mlim = 30.6) WF (mlim = 29.3) WFIRST (mlim = 26.5)
⇠ 40 arcmin2 ⇠ 400 arcmin2 ⇠ 4000 arcmin2 ⇠ 2000 deg2

z ⇠ 8 F115W 197+104
�92 548+259

�225 1335+595
�503 61370+27995

�22029

z ⇠ 10 F115W 30+21
�17 52+33

�26 102+64
�48 1026+701

�473

z ⇠ 12 F150W 6+5
�4 10+8

�6 13+10
�7 47+41

�25

z ⇠ 14 F150W 0.3+0.4
�0.2 0.4+0.4

�0.2 0.4+0.4
�0.3 0.4+0.4

�0.2

z ⇠ 16 F200W 0 0 0 0
Note. – Limiting magnitudes for a 8� detection estimated with the JWST Exposure Time Calculator and WFIRSTHLS.
The mock surveys are described in Section 3.3. These estimates include the boost from gravitational lensing
magnification bias in blank fields (Mason et al. 2015; Wyithe et al. 2011).

Fig. 10.— Luminosity density (⇢L) and cosmic SFR density (⇢̇?)
as functions of redshift, derived by integrating the model UV LFs to
magnitude limits of M

ab

= �17 (green lines) and M
ab

= �12 (pur-
ple lines). The dust corrected SFR densities for the two magnitude
limits are shown as solid lines, dust uncorrected SFR densities are
shown as dashed lines. The observed SFR densities from Bouwens
et al. (2015b) are shown in black (dust corrected) and grey (dust
uncorrected). Shaded regions show the 1� confidence range.

to the total UV luminosity density, ⇢L as

ṅion = fesc⇠ion⇢L (8)

where fesc is the average fraction of photons which escape
galaxies to a↵ect the IGM, and ⇠ion is the rate of ioniz-
ing photons per unit UV luminosity, with units Hz/ergs,
which depends on the initial mass function, metallicity,
age and dust content of the stellar populations. There
is an equivalent relation between ṅion and SFR den-
sity (Madau et al. 1999; Shull et al. 2012), which requires
the same stellar population modeling.
All of the parameters involved are di�cult to estimate,

and may evolve with redshift as reionization progresses
and the IGM evolves (Furlanetto & Oh 2005; Shull et al.
2012). In this work, we follow Schmidt et al. (2014) and
use a distribution of parameters. For two limiting mag-
nitudes (M

ab

= �17, corresponding to currently observ-
able galaxies, and M

ab

= �12, corresponding to atomic
cooling halos) we assume the escape fraction is uniformly
distributed between fesc = 0.1 � 0.3 (Ouchi et al. 2009),
and we use a uniform distribution between C = 1 � 6
for the clumping factor. Finally we model ⇠ion as a log-
normal distribution with mean log ⇠ion = 25.2 and stan-
dard deviation 0.15 dex, which was the range obtained
by Robertson et al. (2013) using the standard Bruzual
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Fig. 11.— Predicted number counts of galaxies brighter than
apparent magnitude m

UV

(rest-frame UV) per square degree for
a range of redshifts based on our model LFs. We plot the cumu-
lative number counts including the boost from gravitational lens-
ing magnification bias (Mason et al. 2015; Wyithe et al. 2011)
as solid lines, and without the magnification bias e↵ect (dashed
lines). We plot the estimated coverage of future surveys as shaded
regions: 3 mock JWST surveys detailed in Section 3.3 and the
WFIRST High-Latitude Survey (Spergel et al. 2015). The calcu-
lated number counts are given in Table 2.

& Charlot (2003) models and measurements of the UV
spectral slope by Dunlop et al. (2012). We assume an
IGM temperature of 20, 000 K.
Once the reionization history, Q(z), is known, an im-

portant constraint is to compare the electron scattering
optical depth with that inferred from CMB observations.
The Planck Collaboration et al. (2015) reported a reion-
ization value of ⌧ = 0.066±0.012, consistent with instan-
taneous reionization at z = 8.8+1.2

�1.1. The optical depth
as a function redshift is:

⌧(z) =

Z z

0

�Tne(1 + z0)2Q(z0)
c

H(z0)
dz0 (9)

where c is the speed of light, �T is the Thomson scatter-
ing cross section and H(z) is the Hubble parameter.
Figure 12 shows the reionization history: the ion-

ized hydrogen fraction as a function of redshift, ob-
tained by solving Equation (6) with our model luminos-
ity density, sampling the distributions of input param-
eters. Figure 13 shows the electron scattering optical
depth as a function of redshift. For the LF magnitude
limit M

ab

= �17, reionization is complete (Q = 1) by

Identification of very bright 
high-redshift sources 
allows us to pursue 

spectroscopy on select 
number of very bright z~14 

galaxies 

Enables detailed follow-up 
studies of high-ionization UV 

lines in rare sources to 
z~14…  metallicity, density of 
nebulae with various EELTs… 
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Figure 2. Prominent emission lines in rest-UV spectra of intrinsically faint gravitationally-lensed galaxies. The strongest line is typically the blended
CIII]λ1908 doublet, but we often note emission from the blended CIVλ1549 doublet, He IIλ1640, OIII]λλ1661,1666, and Si III]λλ1883,1892. The fluxes
are as observed, with no adjustment for lensing magnification. Vertical grey swaths in MACS 0451-1.1 correspond to wavelengths with strong sky residuals.

the XSHOOTER spectrograph (Vernet et al. 2011) on the VLT as
part of ESO program 085.A-0909 (PI: Watson). Details on the ob-
servational setup can be found in Amanullah et al. (2011).

A summary of the FIRE observations is presented in Table 3.
Magellan/FIRE data were collected UT 16 Feb 2012, 29 Oct 2012,
and 01 May 2013. The typical seeing during the observations con-
ducted on 2012 Feb 15 and 2012 Oct 28 was 0.′′5 and 0.′′8, respec-
tively. Conditions were variable on 01 May 2013 with seeing vary-
ing between 0.′′6 and 1.′′3. We used the echelle mode throughout
both nights, providing spectral coverage between 0.8 and 2.4 µm.
We used an 0.′′75 slit on 16 Feb 2012 and 01 May 2013, delivering a

resolving power of R=4800. Skylines in the February 2012 data are
measured to have a Gaussian σ of 0.9 Å and 1.9 Å at 1.1 µm and
2.2 µm, respectively. In the May 2013 data, we measure σ ≃1.3 Å
and 2.2 Å at 1.1 µm and 2.2 µm. The spectra collected on 28 Oct
2012 were obtained with a 1.′′0 slit width, providing a somewhat
coarser spectral resolution ranging between σ ≃ 1.5 Å and 2.5 Å
between 1.1 and 2.2 µm.

Reduction of the Magellan/FIRE spectra was performed using
the FIREHOSE IDL pipeline developed for FIRE.Wavelength cali-
bration was achieved using Th+Ar reference arc lamps. For telluric
absorption and relative flux calibration, we used spectral observa-

c⃝ 2013 RAS, MNRAS 000, 1–22

Stark+2014 
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Fig. 2.— Observed SEDs of UVJ selected quiescent galaxies. Red datapoints correspond to the FourStar medium-bandwidth filters.
The solid curve is the fitted model from FAST. Downward pointing arrows are 1σ upper limits. Bottom-middle: Rest-frame SED of the
15 far-IR undetected galaxies (open symbols), normalized at rest-frame 4500Å, with gray symbols corresponding to 1σ upper limits. The
solid curve is the median of the best-fit template SEDs. Dashed lines mark the interquartile range. Bottom-right: Four model SEDs with
constant star formation or a single stellar population (SSP) and ages from 200Myr to 1Gyr. The observed SEDs are characterized by
pronounced Balmer/4000Å breaks, similar to the old post-starburst model.
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Discovery of Galaxy Clusters 

FLARE could be very useful for discovering galaxy 
clusters should they exist at very high redshifts



Lensing magnification of z~8-20 galaxies by foreground galaxies will 
allow us to examine more typical galaxies with our searches and push to 

even higher redshifts, i.e., z~16
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Figure 3. Gravitational lens induced modification of the bright end of the high redshift galaxy

luminosity function to be observed with JWST. Thin curves present the intrinsic LF ( ), and solid

curves the observed LF following modification from gravitational lensing. For simplicity, a uniform magnifi-

cation was assumed outside regions of sky that are multiply-imaged, with a value such that flux is conserved

over the whole sky. The parameters describing the LF are extrapolated to high redshift, where data does not

yet exist, assuming fitting formulae based on data from the HUDF 1,25. Of particular relevance are the values

of M?, which are listed. The solid and open points show the luminosities and densities of the faintest galaxies

to be observed with JWST, assuming limiting magnitudes appropriate for both an ultra-deep JWST survey

(mAB < 31.4 mag), and a medium-deep JWST survey (mAB < 29.4 mag). The probability for gravitational

lensing will become of order unity in the steep exponential parts of the LF at su�ciently high redshifts. This

gravitational forest should not to be confused with the purely mathematical e↵ects of image crowding that

makes the detection and de-blending of faint objects harder at progressively fainter fluxes30. These latter

e↵ects are referred to as either the instrumental confusion limit — when the instrumental resolution is not

good enough to statistically distinguish all faint background objects from brighter foreground objects — or the

natural confusion limit — when the instrumental resolution is good enough to distinguish faint background

objects from brighter foreground objects, but the images are so deep that objects start overlapping because of

their own intrinsic sizes. The HUDF and JWST images are in the latter regime30, and as argued in this Let-

ter, likely have the additional fundamental limitation that gravitational lensing will magnify a non-negligible

fraction of faint objects into the sample.
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TABLE 2

Predicted Number Counts for Example JWST and WFIRST Surveys

Redshift Dropout Filter UD (mlim = 32.0) MD (mlim = 30.6) WF (mlim = 29.3) WFIRST (mlim = 26.5)
⇠ 40 arcmin2 ⇠ 400 arcmin2 ⇠ 4000 arcmin2 ⇠ 2000 deg2

z ⇠ 8 F115W 197+104
�92 548+259

�225 1335+595
�503 61370+27995

�22029

z ⇠ 10 F115W 30+21
�17 52+33

�26 102+64
�48 1026+701

�473

z ⇠ 12 F150W 6+5
�4 10+8

�6 13+10
�7 47+41

�25

z ⇠ 14 F150W 0.3+0.4
�0.2 0.4+0.4

�0.2 0.4+0.4
�0.3 0.4+0.4

�0.2

z ⇠ 16 F200W 0 0 0 0
Note. – Limiting magnitudes for a 8� detection estimated with the JWST Exposure Time Calculator and WFIRSTHLS.
The mock surveys are described in Section 3.3. These estimates include the boost from gravitational lensing
magnification bias in blank fields (Mason et al. 2015; Wyithe et al. 2011).

Fig. 10.— Luminosity density (⇢L) and cosmic SFR density (⇢̇?)
as functions of redshift, derived by integrating the model UV LFs to
magnitude limits of M

ab

= �17 (green lines) and M
ab

= �12 (pur-
ple lines). The dust corrected SFR densities for the two magnitude
limits are shown as solid lines, dust uncorrected SFR densities are
shown as dashed lines. The observed SFR densities from Bouwens
et al. (2015b) are shown in black (dust corrected) and grey (dust
uncorrected). Shaded regions show the 1� confidence range.

to the total UV luminosity density, ⇢L as

ṅion = fesc⇠ion⇢L (8)

where fesc is the average fraction of photons which escape
galaxies to a↵ect the IGM, and ⇠ion is the rate of ioniz-
ing photons per unit UV luminosity, with units Hz/ergs,
which depends on the initial mass function, metallicity,
age and dust content of the stellar populations. There
is an equivalent relation between ṅion and SFR den-
sity (Madau et al. 1999; Shull et al. 2012), which requires
the same stellar population modeling.
All of the parameters involved are di�cult to estimate,

and may evolve with redshift as reionization progresses
and the IGM evolves (Furlanetto & Oh 2005; Shull et al.
2012). In this work, we follow Schmidt et al. (2014) and
use a distribution of parameters. For two limiting mag-
nitudes (M

ab

= �17, corresponding to currently observ-
able galaxies, and M

ab

= �12, corresponding to atomic
cooling halos) we assume the escape fraction is uniformly
distributed between fesc = 0.1 � 0.3 (Ouchi et al. 2009),
and we use a uniform distribution between C = 1 � 6
for the clumping factor. Finally we model ⇠ion as a log-
normal distribution with mean log ⇠ion = 25.2 and stan-
dard deviation 0.15 dex, which was the range obtained
by Robertson et al. (2013) using the standard Bruzual
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Fig. 11.— Predicted number counts of galaxies brighter than
apparent magnitude m

UV

(rest-frame UV) per square degree for
a range of redshifts based on our model LFs. We plot the cumu-
lative number counts including the boost from gravitational lens-
ing magnification bias (Mason et al. 2015; Wyithe et al. 2011)
as solid lines, and without the magnification bias e↵ect (dashed
lines). We plot the estimated coverage of future surveys as shaded
regions: 3 mock JWST surveys detailed in Section 3.3 and the
WFIRST High-Latitude Survey (Spergel et al. 2015). The calcu-
lated number counts are given in Table 2.

& Charlot (2003) models and measurements of the UV
spectral slope by Dunlop et al. (2012). We assume an
IGM temperature of 20, 000 K.
Once the reionization history, Q(z), is known, an im-

portant constraint is to compare the electron scattering
optical depth with that inferred from CMB observations.
The Planck Collaboration et al. (2015) reported a reion-
ization value of ⌧ = 0.066±0.012, consistent with instan-
taneous reionization at z = 8.8+1.2

�1.1. The optical depth
as a function redshift is:

⌧(z) =

Z z

0

�Tne(1 + z0)2Q(z0)
c

H(z0)
dz0 (9)

where c is the speed of light, �T is the Thomson scatter-
ing cross section and H(z) is the Hubble parameter.
Figure 12 shows the reionization history: the ion-

ized hydrogen fraction as a function of redshift, ob-
tained by solving Equation (6) with our model luminos-
ity density, sampling the distributions of input param-
eters. Figure 13 shows the electron scattering optical
depth as a function of redshift. For the LF magnitude
limit M

ab

= �17, reionization is complete (Q = 1) by
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TABLE 2

Predicted Number Counts for Example JWST and WFIRST Surveys

Redshift Dropout Filter UD (mlim = 32.0) MD (mlim = 30.6) WF (mlim = 29.3) WFIRST (mlim = 26.5)
⇠ 40 arcmin2 ⇠ 400 arcmin2 ⇠ 4000 arcmin2 ⇠ 2000 deg2

z ⇠ 8 F115W 197+104
�92 548+259

�225 1335+595
�503 61370+27995

�22029

z ⇠ 10 F115W 30+21
�17 52+33

�26 102+64
�48 1026+701

�473

z ⇠ 12 F150W 6+5
�4 10+8

�6 13+10
�7 47+41

�25

z ⇠ 14 F150W 0.3+0.4
�0.2 0.4+0.4

�0.2 0.4+0.4
�0.3 0.4+0.4

�0.2

z ⇠ 16 F200W 0 0 0 0
Note. – Limiting magnitudes for a 8� detection estimated with the JWST Exposure Time Calculator and WFIRSTHLS.
The mock surveys are described in Section 3.3. These estimates include the boost from gravitational lensing
magnification bias in blank fields (Mason et al. 2015; Wyithe et al. 2011).

Fig. 10.— Luminosity density (⇢L) and cosmic SFR density (⇢̇?)
as functions of redshift, derived by integrating the model UV LFs to
magnitude limits of M

ab

= �17 (green lines) and M
ab

= �12 (pur-
ple lines). The dust corrected SFR densities for the two magnitude
limits are shown as solid lines, dust uncorrected SFR densities are
shown as dashed lines. The observed SFR densities from Bouwens
et al. (2015b) are shown in black (dust corrected) and grey (dust
uncorrected). Shaded regions show the 1� confidence range.

to the total UV luminosity density, ⇢L as

ṅion = fesc⇠ion⇢L (8)

where fesc is the average fraction of photons which escape
galaxies to a↵ect the IGM, and ⇠ion is the rate of ioniz-
ing photons per unit UV luminosity, with units Hz/ergs,
which depends on the initial mass function, metallicity,
age and dust content of the stellar populations. There
is an equivalent relation between ṅion and SFR den-
sity (Madau et al. 1999; Shull et al. 2012), which requires
the same stellar population modeling.
All of the parameters involved are di�cult to estimate,

and may evolve with redshift as reionization progresses
and the IGM evolves (Furlanetto & Oh 2005; Shull et al.
2012). In this work, we follow Schmidt et al. (2014) and
use a distribution of parameters. For two limiting mag-
nitudes (M

ab

= �17, corresponding to currently observ-
able galaxies, and M

ab

= �12, corresponding to atomic
cooling halos) we assume the escape fraction is uniformly
distributed between fesc = 0.1 � 0.3 (Ouchi et al. 2009),
and we use a uniform distribution between C = 1 � 6
for the clumping factor. Finally we model ⇠ion as a log-
normal distribution with mean log ⇠ion = 25.2 and stan-
dard deviation 0.15 dex, which was the range obtained
by Robertson et al. (2013) using the standard Bruzual

22 24 26 28 30 32 34
m

uv

10�5

10�4

10�3

10�2

10�1

100

101

102

103

104

105

N
(<

m
)[

de
g�

2 ]

UD

MD

WF

WFIRST

z ⇠ 8

z ⇠ 10

z ⇠ 12

z ⇠ 14

z ⇠ 16

Fig. 11.— Predicted number counts of galaxies brighter than
apparent magnitude m

UV

(rest-frame UV) per square degree for
a range of redshifts based on our model LFs. We plot the cumu-
lative number counts including the boost from gravitational lens-
ing magnification bias (Mason et al. 2015; Wyithe et al. 2011)
as solid lines, and without the magnification bias e↵ect (dashed
lines). We plot the estimated coverage of future surveys as shaded
regions: 3 mock JWST surveys detailed in Section 3.3 and the
WFIRST High-Latitude Survey (Spergel et al. 2015). The calcu-
lated number counts are given in Table 2.

& Charlot (2003) models and measurements of the UV
spectral slope by Dunlop et al. (2012). We assume an
IGM temperature of 20, 000 K.
Once the reionization history, Q(z), is known, an im-

portant constraint is to compare the electron scattering
optical depth with that inferred from CMB observations.
The Planck Collaboration et al. (2015) reported a reion-
ization value of ⌧ = 0.066±0.012, consistent with instan-
taneous reionization at z = 8.8+1.2

�1.1. The optical depth
as a function redshift is:

⌧(z) =

Z z

0

�Tne(1 + z0)2Q(z0)
c

H(z0)
dz0 (9)

where c is the speed of light, �T is the Thomson scatter-
ing cross section and H(z) is the Hubble parameter.
Figure 12 shows the reionization history: the ion-

ized hydrogen fraction as a function of redshift, ob-
tained by solving Equation (6) with our model luminos-
ity density, sampling the distributions of input param-
eters. Figure 13 shows the electron scattering optical
depth as a function of redshift. For the LF magnitude
limit M

ab

= �17, reionization is complete (Q = 1) by

Useful to Consider 10x Wider 
/ Shallow Component?

Discovery of Lensed z>12 Galaxies
Evolved Galaxies

Better for Early Quasars
Discovery of Many More Galaxy Clusters



Lensing magnification of z~8-20 galaxies by foreground galaxies will 
allow us to examine more typical galaxies with our searches and push to 

even higher redshifts, i.e., z~16
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Medium deep:     
mlim = 29.4

Ultra-deep:     
mlim = 31.4

Figure 3. Gravitational lens induced modification of the bright end of the high redshift galaxy

luminosity function to be observed with JWST. Thin curves present the intrinsic LF ( ), and solid

curves the observed LF following modification from gravitational lensing. For simplicity, a uniform magnifi-

cation was assumed outside regions of sky that are multiply-imaged, with a value such that flux is conserved

over the whole sky. The parameters describing the LF are extrapolated to high redshift, where data does not

yet exist, assuming fitting formulae based on data from the HUDF 1,25. Of particular relevance are the values

of M?, which are listed. The solid and open points show the luminosities and densities of the faintest galaxies

to be observed with JWST, assuming limiting magnitudes appropriate for both an ultra-deep JWST survey

(mAB < 31.4 mag), and a medium-deep JWST survey (mAB < 29.4 mag). The probability for gravitational

lensing will become of order unity in the steep exponential parts of the LF at su�ciently high redshifts. This

gravitational forest should not to be confused with the purely mathematical e↵ects of image crowding that

makes the detection and de-blending of faint objects harder at progressively fainter fluxes30. These latter

e↵ects are referred to as either the instrumental confusion limit — when the instrumental resolution is not

good enough to statistically distinguish all faint background objects from brighter foreground objects — or the

natural confusion limit — when the instrumental resolution is good enough to distinguish faint background

objects from brighter foreground objects, but the images are so deep that objects start overlapping because of

their own intrinsic sizes. The HUDF and JWST images are in the latter regime30, and as argued in this Let-

ter, likely have the additional fundamental limitation that gravitational lensing will magnify a non-negligible

fraction of faint objects into the sample.
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Mock maps for NIRB from normal star-forming

galaxies with m > 28

(“power excess” is not shown here):

Yue+2013

3.6µm 4.5µm

From Andrea Ferrara 



Angular PS vs. survey setups

(EGS & UDS: deep & large Spitzer fields)

3.6µm

Yue+2013

4.5µm

FLARE larger area & deeper detection limit will allow to:
⌅ extend PS measurements to larger scales (crucial to determine
natures of NIRB sources);

⌅ reduce the errors on measured PS;
⌅ reduce the shot noise level, favoring the detecion of the clustering
term.

From Andrea Ferrara 



Intensity Mapping (1)

Method: Observe 3D fluctuations in cumulative line emission with
integral field spectroscopy.

Goal: Probe galaxies that host most of the star formation, expecially
during EoR.

Possible lines (e.g.):

Ly↵ (z > 9)

HeII 1640Å (z > 6.6)

H↵ (1 < z < 6.5)

[OII] 3727Å (3 < z < 12)

[OIII] 5007Å (2.5 < z < 9)
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Intensity Mapping (2)

Identification of interlopers: line confusion precludes the
observation of EoR emission (e.g. H↵ from z = 2 covers z = 9
Ly↵ emission).

=) with deep photometric surveys we can remove interlopers.

Ly↵ intensity mapping
requires mAB > 26 to clean
EoR observations
(Comaschi, Yue, Ferrara in
prep.).
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Science Case: First Light and Reionization

Identification of the Brightest and Most Massive z~12-15 galaxies
Shape of UV LF at high redshift: Schechter vs. Power-Law

Tests of fixed SMHM evolution for predicting LF / MF evolution
Providing Targets for Spectroscopic Study with the EELTs

Look for other sources like GN-z11…

Useful to consider Wider/Shallower Survey than Baseline Plan?

Constrain how fast UV LFs are evolving to z~14

Rychard Bouwens, Andy Bunker, Andrea Ferrara

Identification of relatively bright quasars at z>8 to probe damping wing in IGM
Discovery of Evolved Galaxies at Very Early Times…

Discovery of the Earliest / Most Massive Clusters

Probe the Power Spectrum from Faintest Early Galaxies to Very Large Scales

Discover pair instability SNe from earliest stars?

Identifying More Lensed z>12 Galaxies / Galaxy Clusters / Evolved Galaxies

Repeated Regions?

Photometrically Identify Extreme Line Emitting Sources
[OIII], Lyalpha emitters, or pop III-type sources?


