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Epoch of Reionization

The history of astronomy is a history of receding horizons.
E. P. Hubble
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Unprecedented Galaxy Samples at z>=4
(from HST’s blank fields only)
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Almost 1000 galaxies in the epoch of reionization at z>6
Current frontier: z~9-10
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The Evolution of the UV Luminosity Function to z~8
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EAZY photometric redshift software, while excluding
those sources detected at > 2.5σ blueward of the break.
The contamination rates we find over the wide fields
from photometric scatter is just 2% for z ∼ 5 candidates
and 1% for z ∼ 6-8 candidates.
For our z ∼ 8 selection over the BoRG/HIPPIES pro-

gram, we estimate the contamination rate by using the
same selection criteria on the V606Y098J125H160 observa-
tions over the ERS data set and then comparing the se-
lected sources with our actual z ∼ 8 sample from the ERS
data set. Applying the BoRG criteria to the HST obser-
vations over the ERS field, we identify 8 candidate z ∼ 8
galaxies. 6 of these 8 candidates are likely to correspond
to z ∼ 8 galaxies, as they were previously selected using
the full HST observations (§3.2.3). The other 2 candi-
dates show modest flux in the other optical bands and
therefore are unlikely z ∼ 8 galaxies. These tests sug-
gest a 25% contamination rate for our BoRG/HIPPIES
selection, similar to what Bradley et al. (2012) adopt for
the contamination rate of their BoRG selection. As a
check on this estimate, we also estimated the number of
contaminants in the wide-area BoRG/HIPPIES fields us-
ing almost identical simulations to that perfomed above
on the CANDELS-UDS/COSMOS/EGS fields. The con-
tamination rate we recovered (20±8%) was quite similar
to that derived from the ERS data set above; we will
therefore assume a contamination rate of 25% for our
z ∼ 8 BoRG/HIPPIES selection in deriving our LF re-
sults.

3.5.6. Spurious Sources

Spurious sources also represent a potentially important
contaminant for high-redshift selections if there are sig-
nificant non-Gaussian artifacts in the data one is using
to identify sources or one selects sources of low enough
significance. To guard against contamination by spurious
sources, we require sources be detected at 5σ significance
in our deepest data set the XDF, at 5.5σ significance in
our HUDF09-1, HUDF09-2, CANDELS, and ERS search
fields, and 6σ significance in BoRG/HIPPIES. Since al-
most all of our sources (99.7%) are detected at > 3σ in
at least two passbands, it is extraordinarily unlikely that
a meaningful fraction (i.e., >0.3%) of our high-redshift
samples is composed of spurious sources. Based on the
number of single-band 3σ detections, we estimate the
likely spurious fraction to be <0.3%.

3.5.7. Summary

We estimate a total contamination level of just ∼2%,
∼3%, ∼6%, ∼7%, and ∼10% for all but the faintest
sources in our z ∼ 4, z ∼ 5, z ∼ 6, z ∼ 7, and z ∼ 8
samples, respectively. The most significant source of con-
tamination for our high-redshift samples is due to the
effect of noise in perturbing the photometry of lower-
redshift galaxies so that they satisfy our high-redshift
selection criteria, but stars also contribute at a low level
(∼2%). Similar results are found in other recent selec-
tions of sources in the high redshift universe (e.g., Gi-
avalisco et al. 2004b; Bouwens et al. 2006, 2007, 2011;
Wilkins et al. 2011; Schenker et al. 2013).

4. LUMINOSITY FUNCTION RESULTS

In this section, we make use of our large, comprehen-
sive samples of z ∼ 4-10 galaxies we selected from the

Fig. 6.— SWML determinations of the UV LFs at z ∼ 4 (blue
solid circles), z ∼ 5 (green solid circles), z ∼ 6 (light blue solid
circles), z ∼ 7 (black circles), and z ∼ 8 (red solid circles). Also
shown are independently-derived Schechter fits to the LFs using the
STY procedure (see §4.2). The UV LFs we have derived from the
complete CANDELS+ERS+XDF+HUDF09 data sets show clear
evidence for the build-up of galaxies from z ∼ 8 to z ∼ 4. Note
the appreciable numbers of luminous galaxies at z ∼ 6, z ∼ 7 and
z ∼ 8.

XDF+ERS+CANDELS+BoRG/HIPPIES data sets to
obtain the best available determinations of the UV LFs
at these redshifts. In constructing the present LFs, we
make use of essentially the same procedures as we previ-
ously utilized in Bouwens et al. (2007) and Bouwens et
al. (2011).
We first derive the LFs in the usual non-parametric

stepwise way (§4.1), and then in terms of the Schechter
parameters (§4.2). In §4.3, we compare our LF results
with previous results from our team. In §4.4, we use our
large samples of galaxies at both higher and lower lumi-
nosities to derive the shape of the UV LF and attempt
to ascertain whether it is well represented by a Schechter
function. In §4.5, we quantify variations in the volume
density of z ∼ 4-8 galaxies themselves across the five
CANDELS fields. Finally, in §4.6, we use our search re-
sults across the full CANDELS, ERS, XDF, HUDF09-Ps
data set to set constraints on the UV LF at z ∼ 10.

4.1. SWML Determinations

We first consider a simple stepwise (binned) determi-
nation of the UV LFs at z ∼ 4-8. The baseline approach
in the literature for these type of determinations is to use
the stepwise maximum-likelihood (SWML) approach of
Efstathiou et al. (1988). With this approach, the goal is
to find the maximum likelihood LF shape which best re-
produces the available constraints. Since the focus with
this approach is in reproducing the shape of the LF, this
approach is largely robust against field-to-field variations
in the normalization of the luminosity function and hence
large-scale structure effects.
As in Bouwens et al. (2007) and Bouwens et al. (2011),

we can write the stepwise LF φk as ΣφkW (M − Mk)
where k is an index running over the magnitude bins,
where Mk corresponds to the absolute magnitude at the

Bouwens+15

7 mag baseline

bright faint

See also: e.g. Oesch+10a/12, Bouwens+10a,11,12; Bunker+10, Finkelstein+10/14, Wilkins+10/11, McLure+10/13, Yan+12, Bradley+12, ...

well-defined
build-up

(1600 Å luminosity)

extremely steep
faint-end slopes

(α~-2)

Tuniv=650Myr

Tuniv=1.5Gyr
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The Hubble Frontier Fields: Extending Analyses to 
Fainter Luminosities
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Directly Observing the Galaxies Likely Responsible for Reionization 13
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Figure 10. Rest-frame UV luminosity functions at z = 6−8 from the Hubble Frontier Fields samples. The solid green line is the
fit to the CANDELS data from Finkelstein et al. (2015), and the green dashed line extends this fit to fainter magnitudes. Error
bars indicate the Poisson error based on the number of galaxies in each bin; cosmic variance and uncertainties in magnitude
and redshift are accounted for when fitting the Schechter parameters. The solid purple line is the intrinsic Schechter function
fit to the combined HFF and CANDELS data, and the dotted line shows the intrinsic Schechter function after convolving with
the magnification errors to account for Eddington bias.

alizations of the magnitude of each galaxy by drawing
randomly from within the photometric and magnifica-
tion errors, and from the photo-z probability distribu-
tion. We combine all of the magnitude distribution func-
tions within each subfield to produce a probability dis-
tribution (PDF) function P (Mi,Mj) that a galaxy with
magnitude Mi has magnitude Mj consistent the uncer-
tainties in its photo-z, photometry and magnification.
These PDFs are narrow at the bright end, where the
photometry is more certain and there is little or no lens-
ing magnification, but become much broader at the faint
end where all of these uncertainties are higher.
To calculate the expected luminosity function in each

subfield f and magnitude bin Mi, we have

φi =
N
∑

j=0

φj,int (1 + CVj)P (j, i) (7)

where CVj is the cosmic variance estimate in mag-
nitude bin Mi, drawn from a random normal distribu-
tion with the width of the estimate of fractional cosmic
variance from Robertson et al. (2014) and φj,int is the
intrinsic Schechter function at magnitude j.
For each combination of Schechter parameters M∗, φ∗

and α, we calculate the goodness-of-fit statistic

C2 (φ) = −2 lnL (φ) (8)

where L is the likelihood that the number of galaxies
observed in that field and magnitude bin matches the
number expected according to Equation 7. The final
goodness-of-fit C2 is the sum over all fields and magni-
tude bins at a given redshift.
We use an IDL implementation of an affine-invariant

ensemble MCMC sampler (Foreman-Mackey et al. 2013;
Finkelstein 2015) to search the parameter space. For

Using HFF dataset, some indication for continued steep increase in LF down to MUV~-13. 
Unclear, how much these LFs can be trusted given uncertainties in 

high-magnification regions (>10x)

Livermore+16

See also: e.g. Atek+15ab, Ishigaki+15, Laporte+15, Castellano+16
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Reionization by Faint Dwarf Galaxies
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See also:  Oesch+09, Bouwens+12, Kuhlen+12, Finkelstein+12, Robertson+13/15

New Planck polarization results find: τe = 0.058±0.012, i.e. zreion = 8.2±1.1
Consistent with estimates from ultra-faint galaxy population.

Caveats: uncertainties in UV LF faint end slope and fesc
➡ Was reionization driven by faint dwarf galaxies? Likely yes!

Planck Collaboration: Planck constraints on reionization history

abundance and spectral properties are crucial ingredients for
understanding how intergalactic hydrogen ceased to be neu-
tral (for reviews, see Barkana & Loeb 2001; Fan et al. 2006a;
Robertson et al. 2010; McQuinn 2015). The luminosity func-
tion of early star-forming galaxies, in particular in the UV do-
main, is thus an additional and powerful probe of the reionization
history (e.g., Kuhlen & Faucher-Giguère 2012; Robertson et al.
2013, 2015; Bouwens et al. 2015). Based on comparison of the
9-year WMAP results to optical depth values inferred from the
UV luminosity function of high-z galaxies, it has been sug-
gested that either the UV luminosity density flattens, or phys-
ical parameters such as the escape fraction and the clumping
factor evolved significantly, or alternatively, additional, unde-
tected sources (such as X-ray binaries and faint AGN) must
have existed at z >⇠ 11 (e.g., Kuhlen & Faucher-Giguère 2012;
Ellis et al. 2013; Cai et al. 2014; Ishigaki et al. 2015).

The Planck results, both from the 2015 data release and
those presented here, strongly reduce the need for a signifi-
cant contribution of Lyman continuum emission at early times.
Indeed, as shown in Fig. 16, the present CMB results on the
Thomson optical depth, ⌧ = 0.058 ± 0.012, are perfectly consis-
tent with the best models of star-formation rate densities derived
from the UV and IR luminosity functions, as directly estimated
from observations of high-redshift galaxies (Ishigaki et al. 2015;
Robertson et al. 2015; Bouwens et al. 2015). With the present
value of ⌧, if we maintain a UV-luminosity density at the maxi-
mum level allowed by the luminosity density constraints at red-
shifts z < 9, then the currently observed galaxy population at
MUV < �17 seems to be su�cient to comply with all the obser-
vational constraints without the need for high-redshift (z = 10–
15) galaxies.

Fig. 16. Evolution of the integrated optical depth for the tanh
functional form (with �z = 0.5, blue shaded area). The
two envelopes mark the 68 % and 95 % confidence inter-
vals. The red, black, and orange dashed lines are the mod-
els from Bouwens et al. (2015), Robertson et al. (2015), and
Ishigaki et al. (2015), respectively, using high-redshift galaxy
UV and IR fluxes and/or direct measurements.

The Planck data are certainly consistent with a fully reion-
ized Universe at z ' 6. Moreover, they seem to be in good agree-
ment with recent observational constraints on reionization in the
direction of particular objects. The H i absorption along the line
of sight to a distant �-ray burst, GRB-140515A (Chornock et al.

2014), suggests a Universe containing about a 10 % fraction
of neutral hydrogen at z = 6–6.3. At even higher redshifts
z ' 7, observation of Ly-↵ emitters suggests that at least
70 % of the IGM is neutral (Tilvi et al. 2014; Schenker et al.
2014; Faisst et al. 2014). Similarly, quasar near-zone detection
and analysis (including sizes, and Ly-↵ and � transmission
properties) have been used to place constraints on zend from
signatures of the ionization state of the IGM around individ-
ual sources (Wyithe & Loeb 2004; Mesinger & Haiman 2004;
Wyithe et al. 2005; Mesinger & Haiman 2007; Carilli et al.
2010; Mortlock et al. 2011; Schroeder et al. 2013). However, in-
terpretation of the observed evolution of the near-zone sizes
may be complicated by the opacity caused by absorption
systems within the ionized IGM (e.g., Bolton et al. 2011;
Bolton & Haehnelt 2013; Becker et al. 2015). Similarly, it is dif-
ficult to completely exclude the possibility that damped Ly-
↵ systems contribute to the damping wings of quasar spectra
blueward of the Ly-↵ line (e.g., Mesinger & Furlanetto 2008;
Schroeder et al. 2013). Nevertheless, most such studies, indicate
that the IGM is significantly neutral at redshifts between 6 and
7 (see also Keating et al. 2015), in agreement with the current
Planck results, as shown in Fig. 17.

Fig. 17. Reionization history for the redshift-symmetric param-
eterization compared with other observational constraints com-
piled by Bouwens et al. (2015). The red points are measurements
of ionized fraction, while black arrows mark upper and lower
limits. The dark and light blue shaded areas show the 68 % and
95 % allowed intervals, respectively.

Although there are already all the constraints described
above, understanding the formation of the first luminous sources
in the Universe is still very much a work in progress. Our new
(and lower) value of the optical depth leads to better agreement
between the CMB and other astrophysical probes of reioniza-
tion; however, the fundamental questions remain regarding how
reionization actually proceeded.

7. Conclusions

We have derived constraints on cosmic reionization using Planck
data. The CMB Planck power spectra, combining the EE polar-
ization at low-` with the temperature data, give, for a so-called
“instantaneous” reionization history (a redshift-symmetric tanh

12

Planck Intermediate Results XLVII

Redshift

Dashed lines: different 
extrapolations of UV LFs by 
Bouwens+15, Robertson+15, 
Ishigaki+15
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Extremely Strong Lines are Ubiquitous at z>6

9

9

Figure 8. HST H160, Spitzer/IRAC 3.6µm, and 4.5µm band postage stamp negative images (8.′′4 × 8.′′4) of our fiducial sample of
galaxies at z ∼ 6.8 in the CANDELS fields with extremely blue [3.6]− [4.5] IRAC colors (satisfying Eq. 2) and I814 − J125 > 2.3 (see §5).
The IRAC postage stamps have been cleaned for contamination from neighboring sources (see §2.2). Properties of the sources are listed in
Table 1.

Figure 9. HST H160, Spitzer/IRAC 3.6µm, and 4.5µm band
postage stamp negative images (8.′′4 × 8.′′4) of our sample of
galaxies at z ∼ 6.0 in the CANDELS fields with extremely blue
[3.6]− [4.5] IRAC colors (satisfying Eq. 2) and I814 − J125 < 2.3
(see §5). The IRAC postage stamps have been cleaned for con-
tamination from neighboring sources (see §2.2). Properties of the
sources are listed in Table 1.

range z ∼ 6.6− 6.9. Since the measured flux in the J125
band was also used in the selection of individual sources,
it could have a minor effect on the estimated redshift for
the stacked photometry. Excluding the J125-band flux
measurements in deriving the best-fit redshift, gives a
photometric redshift of zphot = 6.77± 0.31.
As a test of the robustness of our blue IRAC selec-

tion criterion (Eq. 2) against scatter in the [3.6] − [4.5]
color due to the uncertainties in the 3.6µm and 4.5µm
flux measurements, we simulated the photometric scat-
ter assuming an intrinsic IRAC color [3.6] − [4.5] = 0

Figure 10. Template fit to the stacked broadband observations of
blue [3.6]− [4.5] galaxies (Eq. 2) that also satisfy I814 −J125 > 2.3
(see §5). Fluxes and upper limits (black points and thick arrows)
show the mean HST photometry (error bars obtained from boot-
strapping). We do not include the stacked I814, 3.6µm and 4.5µm
band flux measurements (indicated by the thin arrow and open
black points) in this analysis in order to avoid biasing our photo-
metric redshift due to our use of the I814−J125 and [3.6]− [4.5] col-
ors in selecting the sources. The inset panel shows the probability
distribution on the mean redshift for our sample. This distribution
has a mean value of zphot = 6.81+0.25

−0.28, consistent with the desired
redshift range for our selection.

for all sources from the five CANDELS fields in our
z ∼ 5− 8 base sample. We simulated the observed colors
by adding noise to the 3.6µm and 4.5µm-band fluxes,
that match the measured flux uncertainties (1000× per
source). From this simulation we conclude that less than
0.1 source with an intrinsic IRAC color [3.6]− [4.5] = 0
has scattered into our fiducial selection over all five CAN-

9

Figure 8. HST H160, Spitzer/IRAC 3.6µm, and 4.5µm band postage stamp negative images (8.′′4 × 8.′′4) of our fiducial sample of
galaxies at z ∼ 6.8 in the CANDELS fields with extremely blue [3.6]− [4.5] IRAC colors (satisfying Eq. 2) and I814 − J125 > 2.3 (see §5).
The IRAC postage stamps have been cleaned for contamination from neighboring sources (see §2.2). Properties of the sources are listed in
Table 1.

Figure 9. HST H160, Spitzer/IRAC 3.6µm, and 4.5µm band
postage stamp negative images (8.′′4 × 8.′′4) of our sample of
galaxies at z ∼ 6.0 in the CANDELS fields with extremely blue
[3.6]− [4.5] IRAC colors (satisfying Eq. 2) and I814 − J125 < 2.3
(see §5). The IRAC postage stamps have been cleaned for con-
tamination from neighboring sources (see §2.2). Properties of the
sources are listed in Table 1.

range z ∼ 6.6− 6.9. Since the measured flux in the J125
band was also used in the selection of individual sources,
it could have a minor effect on the estimated redshift for
the stacked photometry. Excluding the J125-band flux
measurements in deriving the best-fit redshift, gives a
photometric redshift of zphot = 6.77± 0.31.
As a test of the robustness of our blue IRAC selec-

tion criterion (Eq. 2) against scatter in the [3.6] − [4.5]
color due to the uncertainties in the 3.6µm and 4.5µm
flux measurements, we simulated the photometric scat-
ter assuming an intrinsic IRAC color [3.6] − [4.5] = 0

Figure 10. Template fit to the stacked broadband observations of
blue [3.6]− [4.5] galaxies (Eq. 2) that also satisfy I814 −J125 > 2.3
(see §5). Fluxes and upper limits (black points and thick arrows)
show the mean HST photometry (error bars obtained from boot-
strapping). We do not include the stacked I814, 3.6µm and 4.5µm
band flux measurements (indicated by the thin arrow and open
black points) in this analysis in order to avoid biasing our photo-
metric redshift due to our use of the I814−J125 and [3.6]− [4.5] col-
ors in selecting the sources. The inset panel shows the probability
distribution on the mean redshift for our sample. This distribution
has a mean value of zphot = 6.81+0.25

−0.28, consistent with the desired
redshift range for our selection.

for all sources from the five CANDELS fields in our
z ∼ 5− 8 base sample. We simulated the observed colors
by adding noise to the 3.6µm and 4.5µm-band fluxes,
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z~6.5 z~6.8 z~7.1

A [3.6]-[4.5] selection technique

Smit et al. submitted

Thursday, September 18, 14

OIII+Hβ OIII+Hβ

z=6.8

Smit et al. 2014, 2015

At z~6.8 Spitzer/IRAC [3.6] provides a 
clean probe of OIII+Hβ lines.

Extremely strong rest-frame EWs 
reaching over 1000 Å are common at 

these redshifts!
Needs to be accounted for in SED 

mass fits.

see also: Schaerer&deBarros09, deBarros+14, Shim+11, Labbe+13
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The Galaxy Stellar Mass Function at z = 4–8 13
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Fig. 9.— Our fiducial galaxy stellar mass functions, from a J + H-band selected sample of galaxies at z = 4–8. The open squares,
filled squares, small stars, and red filled circles indicate raw bootstrapped, incompleteness-corrected bootstrapped, constant-scatter, and
our fiducial asymmetric-scatter GSMFs, respectively. The red dotted, red dashed, and red solid lines represent the Schechter fit for the last
three, respectively. The uncertainty on our fiducial GSMF includes contributions from both the UV luminosity function uncertainties and
the uncertainty in the M⇤–MUV relation. The light-red shaded regions denote 1,000 Schechter fits for our fiducial GSMF randomly chosen
within the 1� 3-dimensional contour of the Schechter parameters determined from our MCMC analysis. The blue points (open squares,
filled squares, dashed line) correspond to previous estimates (raw bootstrapped, incompleteness-corrected bootstrapped, constant-scatter
GSMF) of González et al. (2011) from WFC3/IR data of the ERS (for z = 4–6) and from WRC3/IR data of the ERS, HUDF09, and
NICMOS data over the GOODS fields (for z = 7). Also overplotted are recent estimates for GSMFs from the literature—from Ks-band
selected sample at z ⇠ 4 (Ilbert et al. 2013; Muzzin et al. 2013) and from rest-frame UV-selected samples (Stark et al. 2009; Lee et al.
2012; Duncan et al. 2014; Grazian et al. 2015). All points and lines are converted to a Salpeter IMF. The thick grey lines show dark matter
halo mass functions scaled to a baryon conversion e�ciency of 20% (i.e., 20% of halo mass times the cosmic baryon fraction of ⌦b/⌦m).
Our GSMFs are characterized by a steeper low-mass-end slope of �1.53 (�2.45) at z = 4 (z = 8) compared to that of González et al. of
�1.43 (�1.55) at z = 4 (z = 7).
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Fig. 9.— Our fiducial galaxy stellar mass functions, from a J + H-band selected sample of galaxies at z = 4–8. The open squares,
filled squares, small stars, and red filled circles indicate raw bootstrapped, incompleteness-corrected bootstrapped, constant-scatter, and
our fiducial asymmetric-scatter GSMFs, respectively. The red dotted, red dashed, and red solid lines represent the Schechter fit for the last
three, respectively. The uncertainty on our fiducial GSMF includes contributions from both the UV luminosity function uncertainties and
the uncertainty in the M⇤–MUV relation. The light-red shaded regions denote 1,000 Schechter fits for our fiducial GSMF randomly chosen
within the 1� 3-dimensional contour of the Schechter parameters determined from our MCMC analysis. The blue points (open squares,
filled squares, dashed line) correspond to previous estimates (raw bootstrapped, incompleteness-corrected bootstrapped, constant-scatter
GSMF) of González et al. (2011) from WFC3/IR data of the ERS (for z = 4–6) and from WRC3/IR data of the ERS, HUDF09, and
NICMOS data over the GOODS fields (for z = 7). Also overplotted are recent estimates for GSMFs from the literature—from Ks-band
selected sample at z ⇠ 4 (Ilbert et al. 2013; Muzzin et al. 2013) and from rest-frame UV-selected samples (Stark et al. 2009; Lee et al.
2012; Duncan et al. 2014; Grazian et al. 2015). All points and lines are converted to a Salpeter IMF. The thick grey lines show dark matter
halo mass functions scaled to a baryon conversion e�ciency of 20% (i.e., 20% of halo mass times the cosmic baryon fraction of ⌦b/⌦m).
Our GSMFs are characterized by a steeper low-mass-end slope of �1.53 (�2.45) at z = 4 (z = 8) compared to that of González et al. of
�1.43 (�1.55) at z = 4 (z = 7).

see also: Grazian+15, Duncan+14, Salmon+14, Ilbert+13, Muzzin+13, Gonzalez+11, Lee+12

Song+16

Galaxy Stellar Mass Functions at High Redshift
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Rest-Frame Optical Light of z~9-10 Galaxies

NASA and ESA STScI-PRC14-05a

Powerful combination of HST and Spitzer to explore most distant galaxies



0 2 4 6 8 10

4

5

6

7

8

9

Redshift

lo
g 
l * [M

   M
pc

ï3
]

!

50%

10%

1%

0.1%

10 5 2 1 0.7 0.5
Time [Gyr]

P. Oesch, Geneva Observatory, UniGEMPIA, June 2016

Stellar Mass Density Evolution to z~10

12

Luminosity limited SMD estimates at z>4 nicely match up with mass limited studies at z<4.

Oesch+14

z>4: MUV < -18z<4: logM > 8

Are witnessing the assembly of the first 0.1% of local stellar mass density.
The first two Gyr are a very active epoch of galaxy assembly.

from Marchesini+09 from Stark+12

+
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Increased z~9-10 Galaxy Sample: 
Full CANDELS + BORG

13

[4.5]

COS910ï1

EGS910ï0

EGS910ï3EGS910ï3

F606W F814W F105W F125W F140W F160W [3.6]

A handful new, bright, bona-fide z~9-10 
candidates with H=26.0-26.5

Bouwens+15

4 Bernard et al.

Table 1
Photometry of J

125

-dropouts

ID RA (deg) Decl. (deg) H
160

J
125

� H
160

S/NH S/NJ S/NY S/NV re Stellarity M
AB

a

borg 0240-1857 25 40.1195 -18.9726 26.24 ± 0.18 > 2.53 8.1 0.1 -0.1 1.0b 0.0013 0.71 �21.1
borg 0240-1857 129 40.1289 -18.9678 24.74 ± 0.07 2.21 14.5 2.5 0.6 0.9b 0.0033 0.02 �22.7
borg 0240-1857 369 40.1274 -18.9612 25.22 ± 0.11 1.88 9.6 2.2 -1.7 0.2b 0.0038 0.00 �22.3
borg 0456-2203 1091 73.9774 -22.0372 26.09 ± 0.13 > 2.47 8.1 -1.3 -0.4 0.1c 0.0024 0.51 �21.4
borg 1153+0056 514 178.1972 0.9270 26.31 ± 0.24 > 2.64 8.0 0.02 -0.1 -0.6c 0.0023 0.01 �21.2
borg 1459+7146 785 224.7239 71.7814 25.82 ± 0.14 1.57 12.8 3.7 -1.1 1.3c 0.0014 0.91 �21.5

a Assuming z = 10.
b V

600

c V
606

Figure 2. Postage stamps of the J
125

-band dropouts listed in Table 1. Each image is 3.002⇥ 3.002. The diameter of each circle is 1.000. Each
image and circle is centred on the candidate dropout galaxy. The left four columns show the candidate in V , Y

098

, J
125

, and H
160

, while
the right-most column shows the redshift probability distribution P (z) vs z determined from BPZ for each candidate.

Calvi+15/Bernard+16
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Triply Imaged z~10 Candidate in First FF Cluster

14

2 Zitrin et al.

Fig. 1.— Smoothed color mosaic of A2744 (R=F160W+F140W; G=F125W+F105W+F814W; B=F606W+F435W) with the expanding
critical curves for increasing source redshifts (white: zs ' 1.3 (system 13); blue: zs ' 2; green: zs ' 3.6 (system 4, Richard et al. 2014);
red : zs ⇠ 10) based on our ltm lens model overlaid. The numbered labels indicate the multiple images from Lam et al. (2014) used as
constraints, and the red circles mark the three images (A, B, and C) of our candidate z ⇠ 10 dropout galaxy. Our models completely
exclude z ⇠ 2� 3 lower redshifts as a possible solution for this system, as the critical curves should pass midway between the two mirrored
images, e.g. A and B here, seen better in the Bottom left panel. The Bottom right panel similarly shows a zoom-in on our best identification
for the least magnified image of this system, image C.

A candidate z ⇠ 10 multiply-imaged galaxy 5

Fig. 3.— Image cutouts of the three multiple images of our z ⇠ 10 candidate, showing the vanishing flux blueward of the JF125W band.

tests we have carried out to check the fidelity of our
high-redshift candidate. First, we verify that all three
images of our candidate are also present in the publicly
distributed HFF image mosaics, which are independently
processed using the MosaicDrizzle pipeline (Koekemoer
et al. 2011).16 Second, we check the possibility that
JD1A may be an artifact of the nearby stellar di↵rac-
tion spike (see Figure 1, although we note that even by
eye JD1A is clearly o↵set from the di↵raction trail). We
select a comparably bright, isolated star elsewhere in the
F160W mosaic and use its cutout to subtract (after cen-
tering and rescaling) the star near JD1A. Because the
di↵raction spikes in the mosaic are all aligned, this pro-
cedure e↵ectively subtracts the o↵ending star and leaves
JD1A una↵ected, indicating that it is not an artifact
(note, the photometry for JD1A was performed on these
star-subtracted images). As an additional check, we also
inspect the archival WFC3/IR imaging of A2744 from
GO 13386 (P.I., Rodney), which is rotated by approx-
imately 9� relative to the HFF mosaics, and find that
both JD1A and JD1B are present (although only within
the noise level due to the shallowness of this imaging),
again suggesting these are not artifacts related to the
spikes. Finally, we verify that neither JD1A nor JD1B
are moving, foreground objects by creating custom mo-
saics from the first and second half of the individual
F160W exposures obtained as part of the HFF obser-
vations. JD1A and JD1B are both clearly detected in
both mosaics. Furthermore, subtracting the two mosaics
causes both sources to disappear, again indicating that
these are bona fide extragalactic sources.

16
http://www.stsci.edu/hst/campaigns/frontier-fields/

FF-Data

4. DISCUSSION & CONCLUSIONS

We report the discovery of a z ⇠ 10 Lyman-break
galaxy multiply imaged by the massive galaxy cluster
A2744, which has been observed to an unprecedented
depth with HST as part of the HFF campaign. This
candidate adds to just several other galaxies reported to
be at z ⇠ 9 � 11 (Bouwens et al. 2012; Coe et al. 2012;
Zheng et al. 2012, 2014; Oesch et al. 2014), and there-
fore provides important insight into galaxy formation at
the earliest epochs. Despite lack of spectroscopy for such
high-redshift objects, with a variety of well-constrained
lens models we are able to geometrically confirm that
this object must lie at high redshift.
To constrain the physical properties of our candi-

date, we fix the redshift at the most probable redshift,
z
phot

= 9.8, and use iSEDfit to construct a large suite
of model SEDs. After accounting for the individual mag-
nifications of each image (see Table 1), we find that JD1
has a stellar mass of ⇠ 4⇥107 M� and is forming stars at
approximately 0.3 M� yr�1, implying a doubling time17

of ⇠ 500 Myr, comparable to the age of the Universe
at z = 9.8. Using the two brightest sources (JD1A and
JD1B), we are also able to constrain the SFR-weighted
age to < 220 Myr (95% confidence), implying a forma-
tion redshift of z

f

< 15.
To examine the intrinsic size of the galaxy we focus

on JD1A. We measure an approximate half-light radius
of ⇠ 0.100 in the image plane, corresponding to a de-
lensed half-light radius of . 0.0300 (. 0.13 kpc). This
source size is several times smaller than expected fol-
lowing recent z ⇠ 9 � 10 candidates uncovered in deep

17 The time it would take for the galaxy to double its stellar
mass, assuming a 25% gas loss factor appropriate for a ⇠ 200 Myr
stellar population (Behroozi et al. 2013).

A candidate z ⇠ 10 multiply-imaged galaxy 3

(e.g. Franx et al. 1997; Frye et al. 2002; Stark et al. 2007;
Bradley et al. 2008; Bouwens et al. 2012; Zheng et al.
2012). However, due to the small source-plane area at
high redshifts, the chances of capturing a multiply im-
aged high-redshift galaxy are small, with only a few cur-
rently known (e.g. Franx et al. 1997; Kneib et al. 2004;
Richard et al. 2011; Zitrin et al. 2012; Bradley et al. 2013;
Monna et al. 2014; Atek et al. 2014; Zheng et al. 2014).
The highest-redshift candidate to date was detected to
be triply-imaged at z ⇠ 11 (Coe et al. 2012). While
the latter candidate seems secure in many aspects of its
photometric redshift including a scrutinizing comparison
with colors of possible lower-z interlopers, the lens mod-
els could not unambiguously determine its redshift. Sim-
ilarly, several other z ⇠ 9 � 11 objects are known from
deep fields (e.g. Ellis et al. 2013; Bouwens et al. 2011,
2014; Oesch et al. 2014, and references therein), with
redshifts estimated solely on basis of the photometry.
Here, we report a faint, geometrically supported can-

didate z ⇠ 10 galaxy, triply-imaged by the HFF cluster
Abell 2744 (A2744 hereafter). In §2 we summarize the
relevant observations and photometry. In §3 we present
the photometric redshifts, lens models, and results, dis-
cussed and summarized in §4. We assume a ⇤CDM cos-
mology with ⌦

M

= 0.3, ⌦
⇤

= 0.7, and H
0

= 100 h km
s�1Mpc�1 with h = 0.7.

2. HST & SPITZER OBSERVATIONS

HFF observations of A2744 (z = 0.308) were ob-
tained between 2013 Oct 25 and 2014 Jul 1 as part of
GO/DD 13495 (P.I., Lotz). These data consist of 70 or-
bits with WFC3/IR in the F105W, F125W, F140W,
and F160W near-infrared filters, and 70 orbits with
ACS/WFC in the F435W, F606W, and F814W optical
bandpasses. These observations were supplemented with
archival ACS data, ⇠ 13 � 16 ksec in each of these op-
tical filters, taken between 2009 Oct 27-30 (GO 11689,
P.I., Dupke). We also use one orbit imaging in each
of the F105W and F125W bands, and 1.5 orbits in the
F160W band, obtained in 2013 Aug and 2014 Jun-Jul
(GO 13386; P.I., Rodney).
A detailed description of our data reduction and pho-

tometry can be found in Zheng et al. (2014). Briefly,
both the WFC3/IR and ACS images are processed using
APLUS (Zheng 2012), an automated pipeline which orig-
inally grew out of the APSIS package (Blakeslee et al.
2003). We astrometrically align, resample, and combine
all the available imaging in each filter to a common 0.00065
pixel scale, and create ultra-deep detection images from
the inverse-variance weighted sum of the WFC3/IR and
ACS images, respectively. The 5� limiting magnitude in
a 0.004 diameter aperture in the final WFC3/IR images
is approximately ⇠ 29 AB, and ⇠ 30 AB in the ACS
optical mosaics.
Next, we run SExtractor (Bertin & Arnouts 1996)

in dual-image mode using the WFC3/IR image stack as
the detection image. We require sources to be detected
with a minimum signal-to-noise ratio of 1.5 spanning at
least four connected pixels. We measure colors using an
isophotal aperture defined in the detection image, which
balances the need between depth and photometric pre-
cision (Ferguson & McGaugh 1995). Finally, we identify
high-redshift galaxy candidates by looking for a strong
Lyman break using the color cuts given in Zheng et al.

Fig. 2.— Top: Loci of predicted positions for images A and B
using the Lam et al. (2014) model. Images A and B lie close to two
other pairs or multiply imaged galaxies at lower redshifts, systems
4 and 13, which also bracket the tangential critical curve (Fig. 1).
The blue track corresponds to the predicted image position of B
using the observed location of image A, and the green track is the
opposite case. The predictions are shown over a wide redshift range
2 < z < 12. High redshift is clearly preferred, explicitly z > 6, but
notice the predicted positions converge at high redshift because of
the saturation of the lensing-distance relation (so that a range of
high-redshift solutions is allowed). Low redshifts, however, are very
clearly excluded. Bottom: similar prediction pattern for image C
again showing the high-z preference.

(2014), supplemented by careful visual inspection. For
sources of interest lying near cluster members, such as
JD1B and JD1C here (see below), we first run the task
GALFIT (Peng et al. 2010) to remove the nearby mem-
bers, before running SExtractor. Similarly, for JD1A,
a nearby star was removed prior to the photometry (see
§3).
In addition to the HST observations, we also uti-

lize Spitzer/IRAC imaging of A2744 obtained as part
of Program 90257 (P.I., Soifer) between 2013 Sep and
2014 Feb, supplemented with archival imaging from 2004
(Program 84; P.I., Rieke). We process the IRAC Basic
Calibrated Data (cBCD) images using standard meth-
ods implemented in MOPEX (Makovoz & Khan 2005), and
create a final mosaic in each channel with a pixel scale
of 0.006. The total exposure time of the final mosaics is
⇠ 340 ksec, achieving a 1� limiting magnitude of 27.3 in
channel 1 (IRAC1, 3.6µm) and 27.1 in channel 2 (IRAC2,
4.5µm). More details on the IRAC photometry will be
given in Huang et al. (in preparation).

3. DISCOVERY OF THE z ⇠ 10 CANDIDATE

We initially identified our high-redshift galaxy candi-
date as a J-band dropout near the center of A2744 (here-
after JD1A). A preliminary estimate of JD1A’s photo-

z=10
z=6

z=4

z=4
z=6

z=10

z=2

z=2

Zitrin+14 

H = 29.9 mag (de-magnified)
zphot = 9.8+-0.4
magnification: 10-11x

A2744

strong geometric support of 
high redshift solution of photo-z

(see also Oesch+15, McLeod+15, Ishigaki+15)
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The UV Luminosity Function at the Cosmic Frontier
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It lies a factor ~4-5x below the extrapolation from lower redshift trends.
Including HFF galaxy candidates, now have a quite good estimate of the UV LF at z~10.
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Rapid Decline Consistent with Models
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The galaxy LF before reionization 7
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This Work

Finkelstein et al. (2015)

Bouwens et al. (2015a)

Bouwens et al. (2015b)

Oesch et al. (2013)

Oesch et al. (2014)
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Fig. 8.— Predicted UV LFs at high redshift. We show the LFs
using the calibration (see Section 2.3) at z ⇠ 5 from Bouwens
et al. (2015b), with Planck 2015 cosmology (Planck Collaboration
et al. 2015). Points show the binned UV and upper limits LFs
from Oesch et al. (2013b, 2014); Finkelstein et al. (2015b); Bouwens
et al. (2015b,a). Shaded regions show the 1� confidence range.

Fig. 9.— Predicted LFs at redshifts z ⇠ 2, 5, 10, 16 obtained by
calibrating (see Section 2.3) our model with the Finkelstein et al.
(2015b) LF at z ⇠ 5 (F15, dashed), compared to our reference
calibration using the Bouwens et al. (2015b) LF at z ⇠ 5 (B15,
solid). Shaded regions show the 1� confidence range, highlighting
that within the uncertainty of the calibrations, the two approaches
yield consistent results.

3.3. Forecasts for JWST and WFIRST

We use our model to make forecasts for a representative
set of JWST NIRCAM high-redshift dropout surveys us-
ing the 5 near-IR filters. The surveys (properties sum-
marized in Table 2) include an ultra-deep (UD) survey
of 4 pointings (⇠ 40 arcmin2) exposed in 200 hours per
pointing; a medium-deep (MD) survey of 40 pointings
exposed in 20 hours per pointing; and a wide-field (WF)
survey of 400 pointings exposed in 2 hours per pointing.
We assume that the surveys will split the observing time
so as to reach equal depth in all five filters, and estimate
the limiting magnitude for an 8� detection (in a single
filter) using the JWST Exposure Time Calculator. We
also include the e↵ects of gravitational lensing magni-
fication bias from strong lensing in blank fields, which

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.

is expected to distort the brightest end of high-redshift
LFs (Mason et al. 2015; Wyithe et al. 2011).
In Figure 11 we plot the predicted cumulative number

counts for redshifts 8  z  16 and the regions acces-
sible to these mock JWST surveys, as well as the re-
gion accessible to WFIRST High-Latitude Survey (HLS,
Spergel et al. 2015). The estimated number of dropouts
are given in Table 2.
Our model predicts a significant drop in number den-

sity from z ⇠ 8 to z ⇠ 10 compared to lower red-
shifts (which is also seen in the observations, Bouwens
et al. 2015b,a). The drop continues to high redshift, thus
we find that no z ⇠ 16 galaxies would be detected in our
mock JWST surveys. To detect 1 galaxy at z ⇠ 16
in our UD survey would require ⇠ 40 pointings (⇠ 400
arcmin2). We find that magnification bias in blank fields
does not significantly a↵ect our model even at the bright-
est observable magnitudes at z > 10. The magnification
bias e↵ect is only noticeable in the exponential part of
the LF, which is within reach only at z 8, but too weak
otherwise for power laws with slope in the range -2 to -3.5
(it is exactly neutral for faint end slope ↵ = �2). Mason
et al. (2015) showed the lensing e↵ect was most signif-
icant for a Schechter function LF at high redshift (see
also Barone-Nugent et al. 2015). Thus we expect that
without significant strong lensing, i.e. using galaxy clus-
ters as cosmic telescopes (e.g. the Hubble Frontier Fields
Yue et al. 2014; Ishigaki et al. 2015; Coe et al. 2015; Atek
et al. 2015), z > 15 is beyond the reach of JWST.

3.4. Implications for reionization

The timeline of cosmic reionization depends on the bal-
ance between the recombination of free electrons with
protons to form neutral hydrogen atoms, and the ion-
ization of hydrogen atoms by Lyman continuum photons
emitted by young stars. The UV luminosity density (and
therefore, SFR density) at a given redshift allows us to
calculate the number of photons available for reioniza-
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Rapid decline in the cosmic SFRD is consistent with most models, 
but there is a considerable range in predicted evolutions at z>8.

Need to understand this before launch of JWST to plan most efficient surveys!
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Spectroscopic Features of High-z Galaxies
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to estimate stellar systemic redshifts for individual galaxies,
we applied the formulae presented in Adelberger et al.
(2003), which predict a value of the systemic redshift for
three separate cases: when there is only a Ly! emission red-
shift, when there is only an interstellar absorption redshift,
and when there are both Ly! emission and interstellar
absorption redshifts.

While no reference was made to stellar photospheric fea-
tures in the estimate of the systemic redshifts of individual
galaxies, the rest-frame composite spectrum presented in
the next section indicates a mean systemic velocity of
Dv ¼ "10# 35 km s"1 for the three strongest stellar fea-
tures, which we have identified as C iii "1176, O iv "1343,
and S v "1501.4 It is worth noting possible contributions to
the O iv "1343 absorption from Si iii "1341 and to the S v
"1501 absorption from Si iii "1501 if there is a significant B-
star component in the composite spectrum. However, at
least the Si iii "1501 contribution will not change the
inferred negligible systemic velocity of the feature that we
have identified as S v "1501. The insignificant velocities of
the stellar features demonstrate the success of the systemic
redshift estimates for the LBGs included in composite spec-
tra, at least on average. Also, since the stellar features
appear at roughly zero velocity, the redshifts and blueshifts
of other sets of spectral features measured relative to the rest
frame of the composite spectrum should offer a true repre-
sentation of the average kinematic properties of the large-
scale galactic outflows in LBGs. The establishment of the
velocity zero point from the stellar lines in composite spec-
tra represents a significant improvement over the kinematic
information contained in individual rest-frame UV spectra,
where only the strongest interstellar outflow-related
features are detected.

4. LBG REST-FRAME UV SPECTROSCOPIC FEATURES

Figure 2 shows a composite spectrum that is the average
of our entire spectroscopic sample of 811 LBGs, combined
in the manner described in x 3.5 Rest-frame UV spectra
of LBGs are dominated by the emission from O and B stars
with masses higher than 10 M$ and T % 25; 000 K. The
overall shape of the UV spectrum is modified by dust extinc-
tion internal to the galaxy and, at rest wavelengths shorter
than 1216 Å, by intergalactic H i absorption along the line
of sight. Composite spectra contain the average of many dif-
ferent lines of sight through the intergalactic medium
(IGM). Therefore, spectral features that are intrinsic to the
galaxy at wavelengths shorter than Ly!, and which can be
completely wiped out by individual Ly! forest systems
along a specific line of sight, become visible in the composite
spectra. While we regain spectroscopic information by aver-
aging over many different sight lines, we still, however, see
the average decrement of the Ly! forest, DA. In the follow-
ing section, we describe the spectroscopic features contained
in the composite spectrum of Figure 2, which trace the
photospheres and winds of massive stars, neutral and ion-
ized gas associated with large-scale outflows, and ionized
gas in H ii regions where star formation is taking place.

4.1. Stellar Features

The C iii "1176, O iv "1343, and S v "1501 stellar photo-
spheric lines discussed in x 3.1 are marked in Figure 2. Also
of note (although not marked) is the large number of weak
absorption features between 1400 and 1500 Å. These
include blends of Fe v, Si ii, Si iii, and C iii photospheric
absorption lines from O and B stars (Bruhweiler, Kondo, &
McClusky 1981; de Mello, Leitherer, & Heckman 2000). In
addition to photospheric absorption features, the spectra of
the most massive hot stars indicate the presence of stellar
winds of 2000–3000 km s"1 due to radiation pressure
(Groenewegen, Lamers, & Pauldrach 1989). These wind fea-
tures appear as broad blueshifted absorption for weaker
winds or as a P Cygni–type profile if the wind density is high
enough (Leitherer, Robert, & Heckman 1995). The most
prominent stellar wind features are N v ""1238, 1242, Si iv
""1393, 1402, C iv ""1548, 1550, and He ii "1640. The
shape of the N v wind profile, especially the absorption
component, is affected by its close proximity to the Ly!
region of the spectrum and is therefore difficult to character-
ize in detail, although we do see both emission and absorp-
tion qualitatively consistent with a P Cygni–type profile.
While clear of the large-scale continuum effects of Ly!, the
Si iv and C iv transitions contain a combination of stellar
wind and photospheric absorption plus a strong interstellar
absorption component, which are difficult to disentangle.
The stellar wind feature only becomes apparent in Si iv for
blue giant and supergiant stars, while, in contrast, the C iv

4 The precise wavelengths are C iii "1175.71, O iv "1343.35, which is a
blend of lines at " ¼ 1342:99 and " ¼ 1343:51 Å, and S v "1501.76.

Fig. 2.—Composite rest-frame UV spectrum constructed from 811 indi-
vidual LBG spectra. Dominated by the emission from massive O and B
stars, the overall shape of the UV continuum is modified shortward of Ly!
by a decrement due to intergalactic H i absorption. Several different sets of
UV features are marked: stellar photospheric and wind, interstellar low-
and high-ionization absorption, nebular emission from H ii regions, Si ii*
fine-structure emission whose origin is ambiguous, and emission and
absorption due to interstellar H i (Ly! and Ly#). There are numerous weak
features that are not marked, as well as several features blueward of Ly!
that become visible only by averaging over many sight lines through the
IGM. [See the electronic edition of the Journal for a color version of this
figure.]

5 The composite LBG spectrum is available in electronic form from
http://www.astro.caltech.edu/~aes/lbgspec.
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Shapley+03 Lya is the most promising feature of 
high-redshift spectra
Other emission lines very weak, but 
possible to detect (e.g. Stark+15,16)
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Figure 3. The highest redshift spectroscopically confirmed
galaxy plotted versus the year of discovery. There are cur-
rently only three galaxies with robust spectroscopic redshifts
at z > 7.5: z = 7.51 from Finkelstein et al. (2013), z = 7.73
from Oesch et al. (2015b) and z = 8.68 from Zitrin et al.
(2015). Data prior to 1999 were taken from the review of
Stern & Spinrad (1999), with the references listed therein. Ob-
jects at later times come from Hu et al. (2002); Kodaira et al.
(2003); Taniguchi et al. (2005); Iye et al. (2006); Vanzella et al.
(2011); Ono et al. (2012); Shibuya et al. (2012); Finkelstein et al.
(2013); Oesch et al. (2015b); Zitrin et al. (2015). The shaded re-
gions denote roughly the time when CCDs became widely used,
as well as when MOSFIRE (the first highly-sensitive near-infrared
multi-object spectrograph) was commissioned on Keck. Major
jumps in the most-distant redshift are seen to correspond with
these technological advancements.

sources and true high-redshift galaxies; as discussed in
Finkelstein et al. (2015a), this requires imaging at 1 µm
when working at z = 6–8 (see also Tilvi et al. 2013, for
a discussion of the utility of medium bands). Using a
combination of object colors and spatial extent, it is
likely that space-based studies are relatively free of stel-
lar contamination. This may be more of a problem with
ground-based studies, though with excellent seeing even
bright z > 6 galaxies can be resolved from the ground
(e.g., Bowler et al. 2014). Future surveys must be cog-
nizant of the possibility of stellar contamination, and
choose their filter set wisely to enable rejection of such
contaminants.

4 Spectroscopy of z > 6 Galaxies

While photometric selection is estimated to have a rel-
atively low contamination rate, it is imperative to fol-
lowup a representative fraction of a high-redshift galaxy
sample with spectroscopy, to both measure the true red-
shift distribution, as well as to empirically weed out
contaminants. In this section, I discuss recent efforts to

spectroscopically confirm the redshifts of galaxies se-
lected to be at z > 6. Figure 3 highlights the redshift of
the most distant spectroscopically-confirmed galaxy as
a function of the year of discovery.
The most widely used tool for the measurement of

spectroscopic redshifts for distant star-forming galax-
ies is the Lyα emission line, with a rest-frame vacuum
wavelength of 1215.67 Å. While at z < 4, confirma-
tion via interstellar medium absorption lines is possible
(e.g., Steidel et al. 1999; Vanzella et al. 2009), the faint
nature of more distant galaxies renders it nearly im-
possible to obtain the signal-to-noise necessary on the
continuum emission to detect such features. Emission
lines are thus necessary, and at z > 3, Lyα shifts into
the optical, while strong rest-frame optical lines, such
as [O iii] λλ4959,5007 and Hα λ6563 shift into the mid-
infrared at z > 4, where we do not presently have sen-
sitive spectroscopic capabilities. Additionally, Lyα has
proven to be relatively common amongst star-forming
galaxies at z > 3. Examining a sample of ∼800 galax-
ies at z ∼ 3, Shapley et al. (2003) found that 25% con-
tained strong Lyα emission (defined as a rest-frame EW
> 20 Å), while this fraction increases to !50% at z =
6 (Stark et al. 2011).
At higher redshifts, Lyα is frequently the only observ-

able feature in an optical (or near-infrared) spectrum
of a galaxy. While in principle a single line could be
a number of possible features, in practice, the nearby
spectral break observed in the photometry (that was
used to select a given galaxy as a candidate) implies
that any spectral line must be in close proximity to such
a break. This leaves Lyα and [O ii] λλ3726,3729 as the
likely possibilities (Hα and [O iii], while strong, reside in
relatively flat regions of star-forming galaxy continua).
While most ground-based spectroscopy is performed at
high enough resolution to separate the [O ii] doublet,
the relative strength of the two lines can vary depend-
ing on the physical conditions in the ISM, thus it is
possible only a single line could be observed. True Lyα
lines are frequently observed to be asymmetric (e.g.,
Rhoads et al. 2003), with a sharp cutoff on the blue side
and an extended red wing, due to a combination of scat-
tering and absorption within the galaxy (amplified due
to outflows), and absorption via the IGM. An observa-
tion of a single, asymmetric line is therefore an unam-
biguous signature of Lyα. However, measurement of line
asymmetry is only possible with signal-to-noise ratios
of >10, which is not common amongst such distant ob-
jects (e.g., Finkelstein et al. 2013). Lacking an obvious
asymmetry, other characteristics need to be considered.
For example, for very bright galaxies, the sheer strength
of the Lyman break can rule out [O ii] as a possibility,
as the 4000 Å break (which would accompany an [O ii]
line) is more gradual (see discussion in Finkelstein et al.
2013). For fainter galaxies, with a weaker Lyman break,
and no detectable asymmetry, a robust identification of

PASA (2015)
doi:10.1017/pas.2015.xxx

Finkelstein 16
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wavelength as expected by our photometric redshift es-
timate zphot = 7.7± 0.3. We therefore interpret this line
as Ly↵, but we discuss other possibilities in section 4.3.
We fit the line using a Markov Chain Monte Carlo

(MCMC) approach based on the emcee python library
(Foreman-Mackey et al. 2013). Our model is based on a
truncated Gaussian profile to account for the IGM ab-
sorption and includes the appropriate instrumental res-
olution. The model also includes the uncertainty on the
background continuum level. The MCMC output pro-
vides full posterior PDFs and uncertainties for the red-
shift, line flux, significance, and line width.
The line corresponds to a redshift of zLy↵ = 7.7302 ±

0.0006, with a total luminosity of LLy↵ = 1.2±0.2⇥1043

erg s�1, and a total detection significance of 6.1�. This
is somewhat lower, but consistent with a simple estimate
of 7.2� detection significance from integrating the 1D
extracted pixel flux over the full extent of the line (i.e.,
not accounting for background continuum o↵sets).
Note that the redshift of the line is determined from

our model of a truncated Gaussian profile and is thus
corrected for instrumental resolution and the asymme-
try arising from the IGM absorption. The peak of the
observed line (� = 10616 Å) thus lies ⇠ 2.5 Å to the red
of the actual determined redshift.
Given the brightness of the target galaxy, the detected

line corresponds to a rest-frame equivalent width EW0 =
21±4 Å. This is less than the strong Ly↵ emitter criterion
of EW0 > 25 Å set in recent analyses that use the Ly↵
fraction among Lyman Break galaxies to constrain the
reionization process (e.g. Stark et al. 2011; Treu et al.
2013).

4.2. Line Properties

Di↵erent quantities of the detected line are tabulated
in Table 1. In particular, we compute the weighted skew-
ness parameter, Sw, as outlined in Kajisawa et al. (2006).
For this emission line, we measure Sw = 15± 6 Å, which
puts the line well above the 3 Å limit found for emission
lines at lower redshift (see also section 4.3).
The full-width-at-half-maximum (FWHM) of the line

is quite broad with FWHM = 13 ± 3 Å, corresponding
to a velocity width of VFWHM = 376+89

�70 km s�1. Our
galaxy thus lies at the high end of the observed line width
distribution for z ⇠ 5.7 � 6.6 Ly↵ emitters (e.g. Ouchi
et al. 2010), but is consistent with previous z > 7 Ly↵
lines (Ono et al. 2012).

4.3. Caveats

While the identification of the detected asymmetric
emission line as Ly↵ is in excellent agreement with the
expectation from the photometric redshift, we can not
rule out other potential identifications. As pointed out
in the previous section, Kajisawa et al. (2006) find that
weighted asymmetries Sw > 3 Å are not seen in lower
redshift lines, but almost exclusively in Ly↵ of high-
redshift galaxies. However, at the resolution of our spec-
tra, the observed asymmetry is also consistent with an
O II line doublet in a high electron density environment,
i.e., with a ratio of [O II]�3727 / [O II]�3729 > 2, and
with a velocity dispersion of �v & 100 km s�1.
If the observed line is an [O II]��3727, 3729 doublet,
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Fig. 4.— Top – UV absolute magnitudes of spectroscopically
confirmed Lyman break galaxies and Ly↵ emitters in the cosmic
reionization epoch, at z > 6. Our target, EGS-zs8-1 (red square),
represents the highest-redshift source and is the brightest galax-
ies currently confirmed. For reference, the gray dashed line shows
the evolution of the characteristic magnitude M⇤ of the UV LF
(Bouwens et al. 2014). The galaxies shown as black squares are as-
sembled from a compilation from Jiang et al. (2013b); Finkelstein
et al. (2013); Shibuya et al. (2012); Ono et al. (2012), and Vanzella
et al. (2011). Bottom – Surface density of the full sample of z ⇠ 8
galaxies in the combined CANDELS and BoRG/HIPPIES fields
(Bouwens et al. 2014, gray histogram). EGS-zs8-1 is the brightest
and also one of the most massive sources at these redshifts. Note
that all three z ⇠ 8 candidates with H ⇠ 25.0 mag (⇠ 0.5 mag
brighter than the rest) are identified in the CANDELS/WIDE sur-
vey area where ancillary Y105 imaging is generally not available.
Our spectroscopic confirmation is thus especially valuable.

the redshift of this galaxy would be zOII = 1.85. This
is very close to the best low redshift SED fit shown in
Figure 1. However, that SED requires a strong spectral
break caused by an old stellar population, for which no
emission line would be expected. Additionally, the low-
redshift solution can not explain the extremely red IRAC
color (used to select this galaxy), and predicts significant
detections in the ACS/F814W band, as well as in the
ground-basedWIRDSK-band image (Bielby et al. 2012).
No such detections are present, however, resulting in a
likelihood for such an SED of L < 10�7 (see also Fig 1).
Thus all the evidence points to this line being Ly↵ at
z = 7.73.

5. DISCUSSION

In this Letter we used Keck/MOSFIRE to spectro-
scopically confirm the redshift of one of the brightest
z ⇠ 8 galaxies identified by Bouwens et al. (2014) over
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EGS-zs8-1 now has a three line redshift z=7.73. 
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Bright z~8 Galaxies with Spectroscopic Redshifts
100% spectroscopic success rate via Lyα detection in such galaxies!

4 Stark et al.

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

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

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

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

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

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

3.2 EGS-zs8-2

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

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

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

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

3.3 COS-zs7-1

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

c� 2016 RAS, MNRAS 000, 1–13

Stark+16

see: Roberts-Borsani+15 (z=7.48), Zitrin+15 (z=8.68), Stark+16 (z=7.15)
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Fig. 1.— Direct imaging of PEARS-N-101687 from the GOODS survey (Giavalisco et al.

2004). The object is e↵ectively undetected in the B
450

, V
606

, and i
775

bands (left three

panels), while it is clearly seen in the z
850

band (right panel) with magnitude z
850

= 26.16

(AB). Each panel is 1.500 ⇥ 1.500 in size.

Fig. 2.— Upper: The 2D PEARS spectrum of PEARS-N-101687, displayed in inverse video

(dark = more flux), with all three position angles coadded and with a 2 pixel (0.100 ⇥ 80Å)

FWHM smoothing applied. A short segment of continuum is evident, with a blue edge near

9230Å due to the Lyman-↵ forest break, and a red cuto↵ imposed by the fallo↵ of instrumen-

tal e�ciency. Lower: A 1D extraction of the PEARS spectrum, in ergs cm�2 s�1 Å
�1

. The

thin black curve is a best-fitting continuum + IGM absorption model with redshift z = 6.6

and a continuum level of AB = 25.7 mag on the red side of the Lyman-↵ break. The blue

curve is a model based on the line flux from the Keck spectrum, and the continuum flux

level and line spread function width expected based on HST imaging.

Rhoads+13

If Lyα disappears, need different technique to measure redshifts:
continuum breaks (as done for QSOs)

zLy-break  = 8.2zLyα+Ly-break  = 6.573

Problem: the background in the NIR is very high from the ground
and faintness of galaxies compared to QSOs

Note: at z>6 these are the Lyα continuum breaks
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GN-z10-1 
H160=25.95
zphot = 10.2 ± 0.4

very bright z~10 sample from Oesch+14 is 
within reach of the WFC3/IR grism!

target of 12 orbit 
WFC3 grism program
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An HST Grism Redshift at z = 11 3
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Fig. 1.— CANDELS H-band image around the location of our
target source GN-z11. The arrows and dashed lines indicate the
direction along which sources are dispersed in the slitless grism
spectra for our two individual epochs (magenta and blue) and for
the pre-existing AGHAST data (green). The latter are significantly
contaminated by bright neighbors along the dispersion direction of
GN-z11 (see Fig 2).

2.2. Slitless Grism Data

The primary data analyzed in this paper are 12 orbit
deep G141 grism spectra from our HST program GO-
13871 (PI: Oesch). These spectra were taken at two dif-
ferent orients in two epochs of six orbits each on 2015
February 11 and April 3 (see Figure 1). The data ac-
quisition and observation planning followed the success-
ful 3D-HST grism program (Brammer et al. 2012; Mom-
cheva et al. 2015). Together with each G141 grism expo-
sure, a short 200 s pre-image with the JH

140

filter was
taken to determine the zeroth order of the grism spectra.
The JH

140

images were placed at the beginning and end
of each orbit in order to minimize the impact of variable
sky background on the grism exposure due to the bright
Earth limb and He 1.083 µm line emission from the upper
atmosphere (Brammer et al. 2014). A four-point dither
pattern was used to improve the sampling of the point-
spread function and to overcome cosmetic defects of the
detector.
The grism data were reduced using the grism reduc-

tion pipeline developed by the 3D-HST team. The main
reduction steps are explained in detail by Momcheva
et al. (2015). In particular, the flat-fielded and global
background-subtracted grism images are interlaced to
produce 2D spectra for sources at a spectral sampling
of ⇠23 Å, i.e., about one quarter of the native resolution
of the G141 grism. The final 2D spectrum is a weighted
stack of the data from individual visits. In particular,
we down-weight pixels which are a↵ected by neighbor-
contamination using

w = [(2 ⇤ f
contam

)2 + �2]�1 (1)
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Fig. 2.— Our model of the contaminating flux from neighbor-
ing sources in the slitless grism spectra around the trace of our
source (i.e., the line along which we expect its flux; indicated by
red lines). From top to bottom, the panels show the final model
contamination in our spectra in epochs 1 and 2 and in the pre-
existing AGHAST spectra. Note that the contamination model in-
cludes emission lines for the neighboring sources as calibrated from
our two-epoch data. The high contaminating flux in the AGHAST
data makes these spectra inadequate for studying GN-z11. Our
orientations were chosen based on extensive simulations to mini-
mize such contamination from neighbors. However, some zeroth
order flux in epoch 2 could not be avoided while at the same time
making the observations schedulable with HST in cycle 22.

where f
contam

is the contamination model flux in a par-
ticular pixel and � is the per-pixel RMS taken from the
WFC3/IR noise model (c.f., §3.4.3 from Rajan & et al.
2011). We have tested that � is accurately characterized
as demonstrated by the pixel flux distribution function
in the 2D residual spectra (see Appendix Fig 11).
A local background is subtracted from the 2D frame

which is a simple 2nd order polynomial estimated from
the contamination-cleaned pixels above and below the
trace of the target source. 1D spectra are then com-
puted using optimal extraction on the final 2D frames,
weighting the flux by the morphology of the source as
measured in the WFC3/IR imaging (Horne 1986).
The GOODS-N field, which contains our candidate

GN-z11, has previously been covered by 2 times 2-
orbit deep grism data from “A Grism H-Alpha Spec-
Troscopic survey” (AGHAST; GO-11600; PI: Wiener).
However, the spectrum of our target GN-z11 is signif-
icantly contaminated in the AGHAST observations by
several nearby galaxies given their orientation (see Fig-
ure 2). Furthermore, the observations were severely af-
fected by variable sky background (Brammer et al. 2014).
The final data used in this paper therefore do not include
the AGHAST spectra, which were not optimized for GN-
z11 that was discovered 3–4 years after they were taken.
We confirmed that including the AGHAST data would
not a↵ect our results, however, because of the down-
weighting of heavily contaminated pixels in our stacking
procedure.
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Fig. 1.— CANDELS H-band image around the location of our
target source GN-z11. The arrows and dashed lines indicate the
direction along which sources are dispersed in the slitless grism
spectra for our two individual epochs (magenta and blue) and for
the pre-existing AGHAST data (green). The latter are significantly
contaminated by bright neighbors along the dispersion direction of
GN-z11 (see Fig 2).

2.2. Slitless Grism Data

The primary data analyzed in this paper are 12 orbit
deep G141 grism spectra from our HST program GO-
13871 (PI: Oesch). These spectra were taken at two dif-
ferent orients in two epochs of six orbits each on 2015
February 11 and April 3 (see Figure 1). The data ac-
quisition and observation planning followed the success-
ful 3D-HST grism program (Brammer et al. 2012; Mom-
cheva et al. 2015). Together with each G141 grism expo-
sure, a short 200 s pre-image with the JH

140

filter was
taken to determine the zeroth order of the grism spectra.
The JH

140

images were placed at the beginning and end
of each orbit in order to minimize the impact of variable
sky background on the grism exposure due to the bright
Earth limb and He 1.083 µm line emission from the upper
atmosphere (Brammer et al. 2014). A four-point dither
pattern was used to improve the sampling of the point-
spread function and to overcome cosmetic defects of the
detector.
The grism data were reduced using the grism reduc-

tion pipeline developed by the 3D-HST team. The main
reduction steps are explained in detail by Momcheva
et al. (2015). In particular, the flat-fielded and global
background-subtracted grism images are interlaced to
produce 2D spectra for sources at a spectral sampling
of ⇠23 Å, i.e., about one quarter of the native resolution
of the G141 grism. The final 2D spectrum is a weighted
stack of the data from individual visits. In particular,
we down-weight pixels which are a↵ected by neighbor-
contamination using

w = [(2 ⇤ f
contam

)2 + �2]�1 (1)
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Fig. 2.— Our model of the contaminating flux from neighbor-
ing sources in the slitless grism spectra around the trace of our
source (i.e., the line along which we expect its flux; indicated by
red lines). From top to bottom, the panels show the final model
contamination in our spectra in epochs 1 and 2 and in the pre-
existing AGHAST spectra. Note that the contamination model in-
cludes emission lines for the neighboring sources as calibrated from
our two-epoch data. The high contaminating flux in the AGHAST
data makes these spectra inadequate for studying GN-z11. Our
orientations were chosen based on extensive simulations to mini-
mize such contamination from neighbors. However, some zeroth
order flux in epoch 2 could not be avoided while at the same time
making the observations schedulable with HST in cycle 22.

where f
contam

is the contamination model flux in a par-
ticular pixel and � is the per-pixel RMS taken from the
WFC3/IR noise model (c.f., §3.4.3 from Rajan & et al.
2011). We have tested that � is accurately characterized
as demonstrated by the pixel flux distribution function
in the 2D residual spectra (see Appendix Fig 11).
A local background is subtracted from the 2D frame

which is a simple 2nd order polynomial estimated from
the contamination-cleaned pixels above and below the
trace of the target source. 1D spectra are then com-
puted using optimal extraction on the final 2D frames,
weighting the flux by the morphology of the source as
measured in the WFC3/IR imaging (Horne 1986).
The GOODS-N field, which contains our candidate

GN-z11, has previously been covered by 2 times 2-
orbit deep grism data from “A Grism H-Alpha Spec-
Troscopic survey” (AGHAST; GO-11600; PI: Wiener).
However, the spectrum of our target GN-z11 is signif-
icantly contaminated in the AGHAST observations by
several nearby galaxies given their orientation (see Fig-
ure 2). Furthermore, the observations were severely af-
fected by variable sky background (Brammer et al. 2014).
The final data used in this paper therefore do not include
the AGHAST spectra, which were not optimized for GN-
z11 that was discovered 3–4 years after they were taken.
We confirmed that including the AGHAST data would
not a↵ect our results, however, because of the down-
weighting of heavily contaminated pixels in our stacking
procedure.

Oesch+16 

Neighbor Contamination in Grism Spectra

Perform full 2D contamination modelling and neighbor subtraction 
(based on 3D-HST grism pipeline; Brammer+12, Momcheva+15)

Even in a blank field, it’s difficult to identify orientations with minimal contamination.
Previous AGHAST spectra heavily contaminated.
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Fig. 5.— Grism Spectrum of GN-z11. The top panel shows the (negative) 2D spectrum from the stack of our cycle 22 data (12 orbits)
with the trace outlined by the dark red lines. For clarity the 2D spectrum was smoothed by a Gaussian indicated by the ellipse in the lower
right corner. The bottom panel is the un-smoothed 1D flux density using an optimal extraction rebinned to one resolution element of the
G141 grism (93 Å). The black dots show the same further binned to 560 Å, while the blue line shows the contamination level that was
subtracted from the original object spectrum. We identify a continuum break in the spectrum at � = 1.47± 0.01 µm. The continuum flux
at � > 1.47 µm is detected at ⇠ 1 � 1.5� per resolution element and at 3.8� per 560 Å bin. After excluding lower redshift solutions (see
text and Fig 4), the best-fit grism redshift is z

grism

= 11.09+0.08
�0.12. The red line reflects the Ly↵ break at this redshift, normalized to the

measured H-band flux of GN-z11. The agreement is excellent. The fact that we only detect significant flux along the trace of our target
source, which is also consistent with the measured H-band magnitude, is strong evidence that we have indeed detected the continuum of
GN-z11 rather than any residual contamination.

tinuum break with J
125

� H
160

> 2.4 (2�), without
a spectrum, we could not exclude contamination by a
source with very extreme emission lines with line ratios
reproducing a seemingly flat continuum longward of 1.4
µm (Oesch et al. 2014).
The previous AGHAST spectra already provided

some evidence against strong emission line contam-
ination (Oesch et al. 2014), and we also obtained
Keck/MOSFIRE spectroscopy to further strengthen this
conclusion (see appendix). However, the additional 12
orbits of G141 grism data now conclusively rule out that
GN-z11 is such a lower redshift source. Assuming that all
the H-band flux came from one emission line, we would
have detected this line at > 10�. Even when assuming
a more realistic case where the emission line flux is dis-
tributed over a combination of lines (e.g., H� + [O III]),
we can confidently invalidate such a solution. The lower
left panel in Figure 4 compares the measured grism spec-
trum with that expected for the best-fit lower redshift
solution we had previously identified (Oesch et al. 2014).
A strong line emitter SED is clearly inconsistent with
the data. Apart from the emission lines, which we do
not detect, this model also predicts weak continuum flux
across the whole wavelength range. At < 1.47 µm, this is

higher than the observed mean, while at > 1.47 µm the
expected flux is too low compared to the observations.
Overall the likelihood of a z ⇠ 2 extreme emission line
SED based on our grism data is less than 10�6 and can
be ruled out.
Note that in very similar grism observations for a

source triply imaged by a CLASH foreground clus-
ter, emission line contamination could also be excluded
(Pirzkal et al. 2015). We thus have no indication cur-
rently that any of the recent z ⇠ 9�11 galaxy candidates
identified with HST is a lower redshift strong emission
line contaminant (but see, e.g., Brammer et al. 2013, for
a possible z ⇠ 12 candidate).

3.3. Excluding a Lower-Redshift Dusty or Quiescent
Galaxy

Another potential source of contamination for very
high redshift galaxy samples are dusty z ⇠ 2� 3 sources
with strong 4000 Å or Balmer breaks (Oesch et al. 2012;
Hayes et al. 2012). However, the fact that the IRAC data
for GN-z11 show that it has a very blue continuum long-
ward of 1.6 µm, together with the very red color in the
WFC3/IR photometry, already rules out such a solution
(see SED plot in Figure 4). Nevertheless, we additionally

! Overall continuum detection ~5.5σ at 
λ > 1.47 µm

! Detected at 1-1.5σ per resolution 
element (91 Å)

! Detection in both epochs individually 
(but at low S/N)

! Break factor (fred/fblue) of >3.1 
(2σ, 500 Å) rules out z~2-3 interloper
(Maximally old BC03 model at z=2.7 a 
factor of <2.7 defined the same way)

! Rule out emission line contaminant

! Best-fit redshift: z=11.09+-0.10

Oesch+16 
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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
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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

The Higher Redshift

The grism data rules out the peak of the previous photometric redshift (zphot=10.2).
Is consistent with high-end tail of photo-z and with the photometry.

GN-z10-1 ➜ GN-z11 
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Fig. 5.— Grism Spectrum of GN-z11. The top panel shows the (negative) 2D spectrum from the stack of our cycle 22 data (12 orbits)
with the trace outlined by the dark red lines. For clarity the 2D spectrum was smoothed by a Gaussian indicated by the ellipse in the lower
right corner. The bottom panel is the un-smoothed 1D flux density using an optimal extraction rebinned to one resolution element of the
G141 grism (93 Å). The black dots show the same further binned to 560 Å, while the blue line shows the contamination level that was
subtracted from the original object spectrum. We identify a continuum break in the spectrum at � = 1.47± 0.01 µm. The continuum flux
at � > 1.47 µm is detected at ⇠ 1 � 1.5� per resolution element and at 3.8� per 560 Å bin. After excluding lower redshift solutions (see
text and Fig 4), the best-fit grism redshift is z

grism

= 11.09+0.08
�0.12. The red line reflects the Ly↵ break at this redshift, normalized to the

measured H-band flux of GN-z11. The agreement is excellent. The fact that we only detect significant flux along the trace of our target
source, which is also consistent with the measured H-band magnitude, is strong evidence that we have indeed detected the continuum of
GN-z11 rather than any residual contamination.

tinuum break with J
125

� H
160

> 2.4 (2�), without
a spectrum, we could not exclude contamination by a
source with very extreme emission lines with line ratios
reproducing a seemingly flat continuum longward of 1.4
µm (Oesch et al. 2014).
The previous AGHAST spectra already provided

some evidence against strong emission line contam-
ination (Oesch et al. 2014), and we also obtained
Keck/MOSFIRE spectroscopy to further strengthen this
conclusion (see appendix). However, the additional 12
orbits of G141 grism data now conclusively rule out that
GN-z11 is such a lower redshift source. Assuming that all
the H-band flux came from one emission line, we would
have detected this line at > 10�. Even when assuming
a more realistic case where the emission line flux is dis-
tributed over a combination of lines (e.g., H� + [O III]),
we can confidently invalidate such a solution. The lower
left panel in Figure 4 compares the measured grism spec-
trum with that expected for the best-fit lower redshift
solution we had previously identified (Oesch et al. 2014).
A strong line emitter SED is clearly inconsistent with
the data. Apart from the emission lines, which we do
not detect, this model also predicts weak continuum flux
across the whole wavelength range. At < 1.47 µm, this is

higher than the observed mean, while at > 1.47 µm the
expected flux is too low compared to the observations.
Overall the likelihood of a z ⇠ 2 extreme emission line
SED based on our grism data is less than 10�6 and can
be ruled out.
Note that in very similar grism observations for a

source triply imaged by a CLASH foreground clus-
ter, emission line contamination could also be excluded
(Pirzkal et al. 2015). We thus have no indication cur-
rently that any of the recent z ⇠ 9�11 galaxy candidates
identified with HST is a lower redshift strong emission
line contaminant (but see, e.g., Brammer et al. 2013, for
a possible z ⇠ 12 candidate).

3.3. Excluding a Lower-Redshift Dusty or Quiescent
Galaxy

Another potential source of contamination for very
high redshift galaxy samples are dusty z ⇠ 2� 3 sources
with strong 4000 Å or Balmer breaks (Oesch et al. 2012;
Hayes et al. 2012). However, the fact that the IRAC data
for GN-z11 show that it has a very blue continuum long-
ward of 1.6 µm, together with the very red color in the
WFC3/IR photometry, already rules out such a solution
(see SED plot in Figure 4). Nevertheless, we additionally

Oesch+16 

“...the spectrum presented in Oesch 
et al. (2016) was not convincing...”

HST TAC comment:
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! UV luminosity ~ 3×L*(z=7)
! Stellar mass ~ 109 M⊙

! SFR~24 M⊙/yr, age~40 Myr

29

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
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TABLE 2
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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
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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

Massive galaxy formation well under-way at z~11



P. Oesch, Geneva Observatory, UniGEMPIA, June 2016

Physical Properties of GN-z11 in Line with Models

30
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Table 1. The properties of the GN-z11 analogues, DR-1 and DR-2, at both
z=11.1 and 5. For comparison, the observationally determined values for
GN-z11 itself are also shown (Oesch et al. 2016).

z=11.1 z=5
GN-z11 DR-1 DR-2 DR-1 DR-2

MUV �22.1 ± 0.2 -22.4 -21.2 -24.3 -23.2
log10 (M⇤/M� ) 9.0 ± 0.4 9.3 9.0 11.0 10.6
log10 (Mvir/M� ) – 11.1 10.8 12.2 11.5
SFR [ M�/yr�1] 24.0 ± 10 66.4 19.0 237.6 94.5
rhalf-light [kpc] 0.6 ± 0.2 0.3 0.2 0.9 0.4

Figure 2. The observed frame SED of DR-1 (green) and DR-2 (orange)
in units of flux density. Lyman-↵ absorption has been included, however,
no dust extinction model has been applied. Red points show the observed
GN-z11 HST photometric measurements and upper limits. Both model ana-
logue galaxies have a spectral shape in good agreement with the GN-z11
measurements. DR-1 also shares the same normalisation due to it having a
very similar UV luminosity (see Table 1).

higher redshifts may suggest (see Oesch et al. 2016, and references
therein).

Having established that galaxies as UV-luminous as GN-z11
exist in the output of DRAGONS, we selected the two brightest
UV magnitude galaxies at redshift z=11.1 for detailed study. The
properties of these objects1, hence-forth referred to as DR-1 and DR-
2, show good agreement with the best observational measurements
of GN-z11 (Oesch et al. 2016), as can be seen in Table 1. This
suggests that we can use these model galaxies as analogues with
which to investigate the potential formation, evolution and fate of
GN-z11.

As well as those properties listed in Table 1, DR-1 and 2 also
possess similar SEDs to GN-z11. In Figure 2 we plot the observed
frame SEDs of DR-1 (green) and DR-2 (orange) in terms of their flux
density between 0.2 and 6 µm. The red data points show the GN-
z11 HST photometric measurements and upper limits. Lyman-↵
absorption has been included in the model spectra and is manifested
as the sharp drop in flux at �.1.1 µm, however, no dust extinction

1 The model galaxy half-light radii are calculated from the disk scale
radius, rs, using rhalf-light=1.68rs for an axisymmetric exponential disk
profile, where rs is derived from the spin of the host dark matter subhalo
under the assumption of specific angular momentum conservation (Fall &
Efstathiou 1980; Mo et al. 1998; Mutch et al. 2015).

Figure 3. The UV magnitude vs. stellar mass distribution of M������
galaxies at z⇠11. The thick black line and shaded region indicate the median
and 95 pc confidence intervals of the distribution as a function of stellar mass.
The top (/right) panels indicate the marginalised log-probability distribution
of stellar mass (/UV magnitude) values. The red point with error bars indicate
the position of GN-z11 in this plane, whilst the grey squares show the model
analogue galaxies, DR-1 and DR-2. Both analogue galaxies (as well as GN-
z11) are rare outliers from the main distribution, but are approximately
consistent with an extrapolation of the median relation from lower masses.

model has been applied. For more details on the methodology used
to construct the model SEDs, see Liu et al. (2015). Both analogue
galaxies possess spectra and UV slopes (�) in close agreement with
the GN-z11 observations, supporting the claim that this observed
system is relatively dust free (Oesch et al. 2016). The normalisation
of DR-1 spectrum further shows excellent agreement with GN-z11
measurements due to the similar UV luminosities of these two
objects (c.f Table 1).

DR-1 and 2 are the two most massive galaxies in the simulation
at the redshift at which they were selected (z=11.1) and are hosted
by the two most massive subhaloes. They are also rare outliers
from the majority of the model galaxy population in terms of their
stellar masses, star formation rates and UV luminosities. However,
they remain broadly consistent with the mean trends displayed by
galaxies at lower luminosities / masses, suggesting that their history
is not particularly special or unique. As an example, in Figure 3 we
present the distribution of all M������ z=11.1 galaxies in the UV
magnitude vs. stellar mass plane. The positions of DR-1 and DR-2
are shown as grey squares, whilst GN-z11 is indicated by the red
point with error bars. Although these three objects lie out-with the
bulk of the main distribution, they are roughly consistent with the
median M1600–M⇤ trend extrapolated from lower masses.

4 THE ORIGIN AND FATE OF GN-Z11

The detection of such a massive and luminous galaxy at z⇠11 raises
a number of interesting questions. How do such massive systems
form so rapidly? Is their extreme brightness merely a transient fea-
ture of their evolution brought on by a merger or other significant

MNRAS 000, 1–7 (2016)

Monsters in the Dark 3

Figure 3. The average predicted spectral energy distribution of
bright (Mfuv ⇡ �22) galaxies at z = 11.1 in BlueTides compared
with the observed fluxes of GN-z11. The two spectral energy dis-
tributions shown denote both the pure stellar case (fesc,LyC = 1)
and the case in which the Lyman continuum escape fraction is
e↵ectively 0. In the latter case the Lyman-↵ line has also been
damped.

that GN-z11 has little or no dust attenuation. This can be
seen in Figure 3 where we show the average intrinsic spec-
tral energy distribution of bright (Mfuv ⇡ �22) galaxies at
z = 11.1. We note, however, that the predicted intrinsic UV
continuum slope also sensitive to the choice of stellar pop-
ulation synthesis model, initial mass function, and assumed
Lyman continuum escape fraction. Alternative choices can
result in bluer intrinsic UV continuum slopes leaving open
the possibility of some dust attenuation (see Wilkins et al.
submitted).

4.2 Stellar mass, SFR and stellar ages

BlueTides makes predictions for a number of properties of
GN-z11 which have have been inferred by O16. In Figure 4
we show the stellar masses, star formation rates and stellar
ages as a function of UV luminosity for the z = 11 galaxies
in BlueTides. The black data points show the correspond-
ing values inferred for GN-z11 by O16. We can see that in
the relevant magnitude range, BlueTides predicts stellar
masses ⇠ 109M�, SFR of a few tens M�/yr and stellar ages
of a about 30�60 Myr for galaxies with mUV ⇠ �22. These
values are fully conistent with all the O16 constraints.

5 PROPERTIES: PREDICTIONS

As galaxies with the presently observed characteristics of
GN-z11 exist in BlueTides it is useful to investigate their
other properties. BlueTides has high enough spatial reso-
lution (180 pc at z = 11) to allow determination of galaxy
morphologies (see Feng et al. 2015a). The simulation also
tracks gas and stellar metallicities and includes modelling of
black holes. Here we make predictions for these aspects.

Figure 4. Stellar mass, star formation rate and stellar ages versus
UV luminosity for the galaxies at z = 11 in BlueTidesṪhe large
black data point denotes the inferred constraints on GN-z11 from
O16.

5.1 Morphologies

In Figure 5 we show the stellar surface density (for a random
orientation) for a sample of five galaxies with MUV < �22 in
the z = 11 snapshot of the BlueTidessimulation. Three of
the galaxies closely match the brightess of GN�z11 (on the
left) and two are examples of brighter galaxies. Even though
massive and bright, the galaxies show irregular, disturbed
morphologies and have typical sizes ⇠ 1 kpc. Note that in
Feng et al. 2015a we found from a visual and kinematic
analysis that the most massive galaxies at z = 8 are nearly
all classified as disks. We can see here that this does not
appear to be the case as early as z = 11.

5.2 Metallicity

In Figure 6 we show predictions for both the star forming
gas and stellar metallicity of galaxies at z = 11 in Blue-
Tides. Galaxies in the simulation follow a strong luminos-
ity - metallicity relationship. For bright galaxies such as
GB�z11 we predict mean stellar metallicities 0.001� 0.002
(approximately 5� 10%Z�) with star forming gas metallic-
ities around a factor of 2 higher.

MNRAS 000, 1–?? (2015)
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The derived physical properties (SFR, mass, and age) of GN-z11 are in very 
good agreement with expectations from large-volume simulations

GNz11

GNz11
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GN-z11 is off the Charts
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Does GN-z11 tell us something fundamentally 
new about early galaxy formation?

! Detection of GN-z11 in existing 
data is quite unexpected, given 
current models

! Expected to require 10-100x 
larger areas to find one such 
bright z~11 galaxy as GN-z11

! Difficult to draw conclusions 
based on one source. Need 
larger survey!

z=11
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GN-z11 was “known” since 2008
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with the expectations from pure Gaussian noise. This
demonstrates that our contamination subtraction and flux
uncertainty estimates were derived appropriately and that the
resulting values are accurate.

Despite the difference from the previous photometric redshift
estimate, the measured grism redshift is consistent with the

photometry of this source (see Figure 6). While our previous
photometric redshift estimate was z 10.2 0.4phot � o , the
redshift likelihood function contained a significant tail to
z>11. The updated and deeper JH140 photometry subse-
quently resulted in a shift of the peak by Δz=0.2 to a higher
redshift. The z=11.09 solution is within 1σ of the now better
measured JH H140 160� color, which is the main driver for the
photometric redshift estimate, as shown in Figure 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 beyond the peak
epoch of cosmic reionization (z 8.8;reion � Planck Collabora-
tion et al. 2015) and makes it the most distant known galaxy.
This includes sources with photometric redshift measurements,
apart from a highly debated 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; Brammer et al. 2013; Ellis
et al. 2013).

3.2. Excluding a Lower-redshift Strong Line Emitter

The principal goal of our grism program was to unequi-
vocally exclude a lower redshift solution for the source GN-
z11. While GN-z11 shows a very strong continuum break with
J H 2.4125 160� � (2σ), without a spectrum, we could not
exclude contamination by a source with very extreme emission
lines with line ratios reproducing a seemingly flat continuum
longward of 1.4 μm (Oesch et al. 2014).
The previous AGHAST spectra already provided some

evidence against strong emission line contamination (Oesch
et al. 2014), and we also obtained Keck/MOSFIRE spectro-
scopy to further strengthen this conclusion (see appendix).
However, the additional 12 orbits of G141 grism data now
conclusively rule out that GN-z11 is such a lower redshift
source. Assuming that all the H-band flux came from one
emission line, we would have detected this line at >10σ. Even
when assuming a more realistic case where the emission line
flux is distributed over a combination of lines (e.g.,
Hβ+[O III]), we can confidently invalidate such a solution.
The lower left panel in Figure 4 compares the measured grism

Figure 6. Top—The photometry (red) and best-fit spectral energy distribution
(SED; gray) of GN-z11 at the measured grism redshift of z=11.09. Upper
limits correspond to 1σ non-detections. The black squares correspond to the
flux measurements of the best-fit SED. Inset negative images of 6″ × 6″ show
the HST J125, JH140, and H160 bands as well as the neighbor-cleaned IRAC
4.5μm image. GN-z11 is robustly detected in all bands longward of 1.4μm,
resulting in accurate constraints on its physical parameters. The photometry is
consistent with a galaxy stellar mass of M Mlog 9.0_: with no or very little
dust extinction and a young average stellar age. Middle—A zoom-in around
the wavelength range probed by the G141 grism. The rebinned grism data are
shown by the blue line with errorbars. The grism flux is consistent 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 different HST
filters, indicating that the break of GN-z11 lieswithin the H160 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 Δz ; 0.1. The fits
that include the old, shallower JH140 photometry are shown in gray, while those
that use the grism data alone, without any photometric constraints, are shown in
green.

Table 2
Summary of Measurements for GN-z11

R.A. 12:36:25.46
Decl. +62:14:31.4

zRedshift grism 11.09 0.12
0.08

�
� a

MUV Luminosity UV −22.1±0.2
Half–Light Radiusb 0.6 0.3 kpco

M Mlog gal :
c 9.0±0.4

log age yr 1� c 7.6±0.4
SFR M24 10 yr 1o �

:

AUV 0.2 mag�
fUV slope ( )C MrM

C −2.5±0.2d

Notes.
a Age of the universe at z 11.09� using our cosmology: 402 Myr.
b From Holwerda et al. (2015).
c Uncertainties are likely underestimated, since our photometry only partially
covers the rest-frame optical for GN-z11.
d See also Wilkins et al. (2016).

6

The Astrophysical Journal, 00:000000 (11pp), 2016 Month Day Oesch et al.
From presentation slides of Ivo Labbe in 2008

same photo-z as with new data, but was ruled out as not likely to lie at z>9 
due to single band detection and its luminosity (Bouwens+10)
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The UV Luminosity Function at the Cosmic Frontier
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Slower evolution at the bright end of the UV LF?
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Oesch+16, in prep.

GN-z11

➔ Need wider area NIR imaging data now to accurately determine number
    density of bright sources and to find such candidates for JWST follow-up



P. Oesch, Geneva Observatory, UniGEMPIA, June 2016

JWST/NIRSpec: Unprecedented Spectra
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! JWST will be extremely efficient in 
spectroscopic characterization of z>7 
galaxies

! For brightest targets, like the recently 
confirmed target EGS-zs8-1 at z=7.73, 
we will even be able to measure 
absorption lines

Simulation based on z=7.73 source from Oesch+15

What is the ionization state of gas in 
early galaxies? 

What is their dynamical state?

only line 
currently 
measured
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! Deep imaging with HST enabled the detection of an unprecedented sample of 
galaxies at z>3 (11’000), and extended our frontier into the heart of the cosmic 
reionization epoch (>800 galaxies at z~7-10). Cosmic Frontier: z=11.1

! The UV LF is extremely steep during the reionization epoch (faint end slopes as 
steep as α = −2) ➔ ultra-faint galaxies likely main drivers for reionization

! The cosmic SFRD evolves gradually at z~4-8, then drops rapidly at z>8 by a 
factor 10x in only 170 Myr

! Combination of very deep HST and IRAC data allow us to measure rest-frame 
optical colors and stellar mass build-up from z~10 to z~3-4. We now explored 
97% of cosmic history in build-up of star-formation and mass

! Discovery of GN-z11 in current search area is surprising according to models: 
Need larger area surveys to confirm the number densities of bright galaxies at 
z>10. Needs to be done now with HST, likely won’t be done with JWST!


