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• Identify and characterize our cosmic origins when universe was only 
~5% of its present age (building blocks for all the galaxies today) 

• Early universe is ideal “laboratory” to test theoretical models (close to 
initial conditions; limited time for different processes to act)

• Probe galaxies at <1Gyr to understand cosmic reionization (last major 
phase transition of our Universe). Were there enough galaxies?

200-300 Myr?
z~15-20?

now

soon

Galaxies at cosmic dawn

• Identify and characterize our cosmic origins when universe was only few% of its present age

• Early universe is an good testbed for theoretical models (closer to initial conditions, simpler physics) 

• Probe galaxies at <1Gyr to understand cosmic reionization (last major phase transition of Hydrogen). 
Were there enough ionising photons? 



Did Galaxies Reionize Universe? 

1) abundance of (low luminosity) sources 
integrated UV luminosity density ρUV 

2) stellar populations Lyman-continuum photon
 production efficiency (ξion) per UV-continuum 
luminosity 

3) Escape fraction of Ly-c photons fesc  
   (see Erik Zackrisson’s talk)


4) Optical depth of electron scattering to CMB: !

nion = fesc ξion ρUV 
.ionizing emissivity

Exploring the Universe with JWST, 10/12/2015 B. Robertson, UCSC
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Planck Collaboration: Planck constraints on reionization history

Fig. 18. Constraints on ionization fraction during reionization. The allowed models, in terms of zre and �z, translate into an allowed
region in xe(z) (68 % and 95 % in dark blue and light blue, respectively), including the zend > 6 prior here. Left: Constraints from
CMB data using a redshift-symmetric function (xe(z) as a hyperbolic tangent with �z = 0.5). Centre: Constraints from CMB data
using a redshift-asymmetric parameterization (xe(z) as a power law). Right: Constraints from CMB data using a redshift-symmetric
parameterization with additional constraints from the kSZ e↵ect.

function xe(z) with �z = 0.5), a measurement of the Thomson
optical depth

⌧ = 0.058 ± 0.012 (lollipop+PlanckTT), (24)

which is significantly more accurate than previous measure-
ments. Thanks to the relatively high signal-to-noise ratio of the
low-` polarization signal, the combination with lensing or data
from high resolution CMB anisotropy experiments (ACT and
SPT) does not bring much additional constraining power. The
impact on other ⇤CDM parameters is only significant for the
amplitude of the initial scalar power spectrum As and (to a lesser
extent) on its tilt ns. Other parameters are very stable compared
to the Planck 2015 results.

Using Planck data, we have derived constraints on two mod-
els for the reionization history xe(z) that are commonly used in
the literature: a redshift-symmetric form using a hyperbolic tan-
gent transition function; and a redshift-asymmetric form param-
eterized by a power law. We have also investigated the e↵ect
of imposing the condition that the reionization is completed by
z = 6.

Allowing the ionization fraction shape and duration to vary,
we have found very compatible best-fit estimates for the opti-
cal depth (0.059 and 0.060 for the symmetric and asymmetric
model, respectively), showing that the CMB is indeed more sen-
sitive to the value of the optical depth than to the exact shape of
the reionization history. However, the value of the reionization
redshift does slightly depend on the model considered. In the
case of a symmetric parameterization, we have found slightly
larger estimates of zre than in the case of instantaneous reioniza-
tion. This can be understood through the shape of the degeneracy
surface between the reionization parameters. For an asymmetric
parameterization, zre is smaller, due to the fact that xe(z) changes
more rapidly at the end of reionization than the beginning. We
specifically find:

zre = 8.8 ± 0.9 (redshift-symmetric) ; (25)
zre = 8.5 ± 0.9 (redshift-asymmetric) . (26)

Assuming two di↵erent parameterizations of the reionization
history shows how much results on e↵ective parameters (like
the redshift of reionization or its duration) are sensitive to the
assumption of the reionization history shape. The best models of
symmetric and asymmetric parameterization give similar values

for ⌧, and provide reionization redshifts which di↵er by less than
0.4�. Constraints on the limits of possible early reionization are
similar, leading to 10 % reionization levels at around z = 10.

To derive constraints on the duration of the reionization
epoch, we combined CMB data with measurements of the ampli-
tude of the kSZ e↵ect. In the case of a redshift-symmetric model,
we found

�z < 2.8 (95 % CL), (27)

using the additional constraint that the Universe is entirely reion-
ized at redshift 6 (i.e., zend > 6).

Our final constraints on the reionization history are plot-
ted in Fig. 18 for each of the aforementioned cases, i.e., the
redshift-symmetric and redshift-asymmetric models, using only
the CMB, and the redshift-symmetric case using CMB+kSZ (all
with prior zend > 6). Plotted this way, the constraints are not
very tight and are still fairly model dependent. Given the low
value of ⌧ as measured now by Planck, the CMB is not able
to give tight constraints on details of the reionization history.
However, the Planck data suggest that an early onset of reion-
ization is disfavoured. In particular, in all cases, we found that
the Universe was less than 10 % ionized for redshift z > 10.
Furthermore, comparisons with other tracers of the ionization
history show that our new result on the optical depth elimi-
nates most of the tension between CMB-based analyses and
constraints from other astrophysical data. Additional sources of
reionization, non-standard early galaxies, or significantly evolv-
ing escape fractions or clumping factors, are thus not needed.

Ongoing and future experiments like LOFAR, MWA, and
SKA, aimed at measuring the redshifted 21-cm signal from neu-
tral hydrogen during the EoR, should be able to probe reioniza-
tion directly and measure its redshift and duration to high ac-
curacy. Moreover, since reionization appears to happen at red-
shifts below 10, experiments measuring the global emission of
the 21-m line over the sky (e.g., EDGES, Bowman & Rogers
2010, LEDA, Greenhill & Bernardi 2012, DARE, Burns et al.
2012), NenuFAR, Zarka et al. 2012, SARAS, Patra et al. 2013,
SCI-HI, Voytek et al. 2014, ZEBRA, Mahesh et al. 2014, and
BIGHORNS, Sokolowski et al. 2015) will also be able to derive
very competitive constraints on the models (e.g., Liu et al. 2015;
Fialkov & Loeb 2016).

Acknowledgements. The Planck Collaboration acknowledges the support of:
ESA; CNES, and CNRS/INSU-IN2P3-INP (France); ASI, CNR, and INAF
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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
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Planck Intermediate Results XLVII arxiv:1605.03507v2

New Planck polarization results: τ = 0.058 ± 0.012, z=8.2±1.1 

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-
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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
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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
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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.
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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
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Good agreement with faint galaxies for reasonable fesc ξion ρUV
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CANDELS Observations completed August 2013 
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The evolution of the UV luminosity function
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Figure 10. The consensus z = 7 luminosity function, highlight-
ing the absolute magnitudes reached in deep surveys by HST,
and future deep surveys by JWST and a 12-14m space telescope.
Assuming that the z = 7 luminosity function integrated down
to M= −13 (with fesc = 13%) can complete reionization, current
HST observations only account for 25% of the needed ionizing
photons. While an ultra-deep survey with JWST would only dou-
ble this, a similar allocation of resources with a 12-14m class space
observatory, such as HDST or ATLAST, would account for 80%
of the needed photons.

tions of galaxies between bursts of star-formation which
are not accounted for in the current observations. Such
galaxies, however, still host lower mass stars, and thus
would be visible in a longer wavelength survey. A deep
survey at observed 5 µm would measure rest-frame 0.6
µm light from z = 7 galaxies, allowing the detection of
such massive UV-faint systems. The stellar mass func-
tion computed from such a survey would represent a
more robust census of the total stellar mass formed at
such redshifts, and will also allow a truly direct inves-
tigation into the duty cycle of star formation at such
redshifts.
Finally, spectroscopy with JWST will clearly be an

enormous discovery space. JWST will observe Lyα to
much fainter line flux levels than is currently possible,
both increasing the number of spectroscopically con-
firmed distant galaxies, and also providing tighter con-
straints on reionization via Lyα emission. Secondly, ob-
servations of rest-optical emission lines such as [O iii],
which are already implied to be quite bright from strong
Spitzer colors, will provide an easier route to spec-
troscopic confirmation, and also allow probes into the
chemical enrichment and ionization conditions inside
these galaxies.

8.3 Future Space-Based Telescopes

The next decade will bring the Wide-Field Infrared Sur-
vey Telescope (WFIRST), which will sport a 0.28 deg2

camera housed on a 2.4m space telescope. While such a

telescope will have a similar flux sensitivity as HST, the
wide field will allow a number of unique investigations
into the distant universe. The planned 2227 deg2 High
Latitude Survey (HLS) to a near-infrared depth of 26.5
AB mag will allow a truly unique view into the evolution
of the bright end of the galaxy UV luminosity function
at very high redshifts. When paired with optical data
from the Large Synoptic Survey Telescope (LSST), this
survey will enable the selection of galaxies at 4 < z < 10
over this enormous area, approximately 104 times the
size of the CANDELS survey. WFIRST will also have
a General Observer component, and as this telescope is
similar in size to HST, a unique program would be to
perform an extremely deep survey over a single square
degree, which would encompass an area ∼720× that of
the HUDF. While deep JWST surveys will likely pro-
vide tight constraints on the faint-end slopes at 4 < z <
10 by this time, they will still be subject to significant
cosmic variance uncertainties due to the small field-of-
view of the JWST instruments. By probing to 29 AB
mag over a very wide field, these uncertainties can be
mitigated.
In Table 3 I list the expected number counts and

source densities based on the consensus UV luminos-
ity functions, for both the WFIRST HLS and a hy-
pothetical 1 deg2 mAB = 29 WFIRST survey. At z =
7, nearly two hundred thousand m < 27 galaxies will
be discovered, thousands of times the number of bright
z = 7 galaxies currently known. This will allow the
relatively rough constraints on the bright end of the
high-redshift UV luminosity functions to be dramati-
cally improved, allowing much more detailed investiga-
tions into the issues discussed in §5.1, such as the evo-
lution of the impact of feedback on distant galaxies. In
particular, the cosmic variance which currently plagues
the bright end of the galaxy UV luminosity function
(Bouwens et al. 2015c; Finkelstein et al. 2015a) will be
mitigated. Combining the cosmic variance estimator of
Newman & Davis (2002) for dark matter halos with
the measured bias at z = 7 from Barone-Nugent et al.
(2014), Finkelstein et al. (2015a) found an uncertainty
in the number of bright z = 7 galaxies to be ∼20%. Us-
ing these same methods, the WFIRST HLS will have
a fractional uncertainty due to cosmic variance of only
0.2%. For faint galaxies, Finkelstein et al. (2015a) found
a cosmic variance uncertainty of ∼40%, while the anal-
ysis here shows that a deep 1 deg2 survey (discovering
galaxies to m = 28.5) would reduce this uncertainty to
only 8%.
The somewhat more distant future (likely in the

2030s) should see the advent of a 12-14m class space
telescope. Several science case and design studies are
underway for concept such as the High Definition Space
Telescope (HDST; Dalcanton et al. 2015) and the Ad-
vanced Technology Large Aperture Space Telescope
(ATLAST; Postman et al. 2010). Such a telescope will

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

Finkelstein+16
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Hubble Frontier Fields (HFFs)
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HST Frontier Fields

Abell 2744 MACSJ0416.1-2403 MACSJ0717.5+3745

MACSJ1149.5+2223. Abell370 RXCJ2248-4431

The Hubble Frontier Fields  

Exploring the Universe with JWST, 10/12/2015 B. Robertson, UCSC

Observational Facilities Over the 
Next Decade

Brant Robertson
University of Arizona
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•6 Lensing clusters with ACS F435W, F606W, 
F814W and WFC3 F105W, F125W, F140W, 
and F160W (~28.8AB)


•Total of 840 orbits fully implemented


•Community funded to produce publicly-
released gravitational lensing magnification 
maps.


•Observations compete for two clusters 
(Abell 2744, MACS J0416-2403)




P. Oesch, Geneva Observatory, UniGEMPIA, June 2016

The Hubble Frontier Fields: Extending Analyses to 
Fainter Luminosities

5

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

Extending Analyses to Fainter Luminosities… 

The Hubble Frontier Fields  

apparent continued steep increase in LF down to MUV ~-13 

caution: unclear how much these LFs can be trusted given 
uncertainties in high-magnification regions (>10x) 
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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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Fast evolution from z~8 to z~10.

~10x

Including HFF galaxy candidates a decent estimate of the UV LF at z~10. 


continued rapid evolution to z~10. 

See also McLeod+16

And higher redshifts z=9-10…

The Hubble Frontier Fields  

bright end at z=9-10 see Michele Trenti’s talk
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SFRD Evolution at z>8

20

Rapid decline in the cosmic SFRD is consistent with most models, 
but there is a considerable range in predicted evolutions at z>8.

Rapid Decline in SFRD towards high redshift


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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Drop in SFRD at z>8: A Problem for JWST?
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The galaxy LF before reionization 7
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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-

8 Mason, Trenti & Treu

TABLE 2

Predicted Number Counts for Example JWST and WFIRST Surveys

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

z ⇠ 8 F115W 197+104
�92 548+259

�225 1335+595
�503 61370+27995

�22029

z ⇠ 10 F115W 30+21
�17 52+33

�26 102+64
�48 1026+701

�473

z ⇠ 12 F150W 6+5
�4 10+8

�6 13+10
�7 47+41

�25

z ⇠ 14 F150W 0.3+0.4
�0.2 0.4+0.4

�0.2 0.4+0.4
�0.3 0.4+0.4

�0.2

z ⇠ 16 F200W 0 0 0 0
Note. – Limiting magnitudes for a 8� detection estimated with the JWST Exposure Time Calculator and WFIRSTHLS.
The mock surveys are described in Section 3.3. These estimates include the boost from gravitational lensing
magnification bias in blank fields (Mason et al. 2015; Wyithe et al. 2011).
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Fig. 11.— Predicted number counts of galaxies brighter than
apparent magnitude m

UV

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

tion, and is most sensitive to the faint end of the LF. We
can use this to infer the timeline of reionization by calcu-
lating the ionized hydrogen fraction, Q(z), as a function
of redshift given the following time-dependent di↵erential
equation:

Q̇ =
ṅion

hnHi � Q

trec
(6)

where ṅion is the comoving number density of ionizing
photons, hnHi is the comoving number density of hydro-
gen atoms, and the recombination time of the IGM (Sti-
avelli et al. 2004; Robertson et al. 2015, and references
therein) is:

trec(z) =
⇥
C↵B(T )ne(1 + z)3

⇤�1
(7)

where ↵B(T ) is the case B recombination (i.e. opaque
IGM) coe�cient for hydrogen, ne = (1 + Yp/4Xp)hnHi
is the comoving number density of electrons (assuming
singly ionized He), Xp and Yp are the primordial hy-
drogen and helium abundances respectively, and C =
hn2

Hi/hnHi2 is the “clumping factor” which accounts for
inhomogeneity in the IGM.

The production rate of ionizing photons can be related
to the total UV luminosity density, ⇢L as

ṅion = fesc⇠ion⇢L (8)

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

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

ab

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

ab

= �12, corresponding to atomic
cooling halos) we assume the escape fraction is uniformly
distributed between fesc = 0.1 � 0.3 (Ouchi et al. 2009),
and we use a uniform distribution between C = 1 � 6
for the clumping factor. Finally we model ⇠ion as a log-
normal distribution with mean log ⇠ion = 25.2 and stan-
dard deviation 0.15 dex, which was the range obtained
by Robertson et al. (2013) using the standard Bruzual
& Charlot (2003) models and measurements of the UV
spectral slope by Dunlop et al. (2012). We assume an
IGM temperature of 20, 000 K.
Once the reionization history, Q(z), is known, an im-

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

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

⌧(z) =

Z z

0

�Tne(1 + z0)2Q(z0)
c

H(z0)
dz0 (9)

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

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

ab

= �17, reionization is complete (Q = 1) by
zreion = 6.86+0.32

�0.66, with ⌧(zreion) = 0.042+0.008
�0.002. For the

LF magnitude limit M
ab

= �12, reionization is complete

Need to “calibrate” LUV-Mhalo relationship to extrapolate to z>10

Mason+15

see also, e.g., Mashian+15, Trac+15, Behroozi+14

Most of these models predict that deep JWST/NIRCam 
observations will reach to z~15.

Despite decline: most models predict deep JWST/NIRCam 
observations will reach to z~15

Predictions at z > 10 for JWST
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Very Faint, Individually Detected z~7-8 Sources
Matched HST + IRAC data are key  
Very Faint, Individually Detected z~7-8 Sources 

Labbe+15

data release fall 2016
 see also Karina Caputi’s Talk
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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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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
Evolution of the Galaxy Stellar Mass Functions to High Redshift 
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Figure 8. The evolution of the total stellar mass density in the
universe, all derived assuming a Salpeter IMF. The low redshift
measurements have a range of definitions, but I note that all
high redshift measurements were obtained by integrating stellar
mass functions from 8 < logM/M⊙< 13 (the flatter slope of the
low-mass end of the stellar mass function at z < 4 implies that
the lower limit of the integration is less important). The gray
points show the data from the compilation of Madau & Dickinson
(2014), while the other symbols come from recent estimates of
the stellar mass function at high redshift, defined in the legend.
The blue and dashed black curves show the stellar mass density
obtained by integrating the SFR density evolution from Figure 7.
The left side of the shaded regions denote the redshift at which the
total stellar mass density formed is equal to the listed percentage
of the z = 0 value.

three separate studies on the stellar mass function have
been completed using a combination of different subsets
of the CANDELS data with the HUDF. Duncan et al.
(2014) used the CANDELS GOODS-S field to find
much steeper faint-end slopes of ∼ −1.9 at these red-
shifts. Grazian et al. (2015) used both the CANDELS
GOODS-S and UDS fields, to find a similarly steep
slope at z = 7, though they found α = −1.55 at z = 6.
The most recent study, by Song et al. (2015) also used
two CANDELS fields (GOODS-N and GOODS-S), but
made use of deeper IRAC data newly available from the
S-CANDELS survey (PI Fazio). By using simulations to
verify that their methods minimized systematic offsets
in their results, Song et al. (2015) found that the low-
mass-end slope α steadily becomes steeper, from −1.53
at z = 4 (similar to González et al. 2011) to −2.05 at
z = 7. At the highest redshifts, this slope is similar to
that of the dark matter halo mass function, implying
that feedback may be less efficient at suppressing star
formation towards higher redshift.
The integral of the stellar mass function provides the

stellar mass density of the universe at a given epoch. As
measurements at very low-redshift from, e.g., the SDSS,
are quite robust, it is interesting to compare the stellar
mass density at high redshift to low, to investigate what
fraction of the total stellar mass of the universe exists at

a given epoch. This has been done in a variety of stud-
ies, (e.g., Dickinson et al. 2003; Rudnick et al. 2003;
Duncan et al. 2014; Grazian et al. 2015; Oesch et al.
2015b), which are highlighted in Figure 8. In this figure
I also show the stellar mass density obtained by inte-
grating the evolution of the SFR density from Figure 7,
showing both the updated consensus trend from this
work, as well as the values from Madau & Dickinson
(2014). At z < 2, the stellar mass density derived in this
way is systematically higher by a small amount than
that obtained directly from stellar mass measurements.
Madau & Dickinson (2014) discussed a number of possi-
ble causes for this offset, including overestimation of the
star-formation rates (which could be the case if, for ex-
ample, galaxies have a dust attenuation curve similar to
the Small Magellanic Cloud), or underestimation of the
stellar masses (due to lack of constraints on older stars,
and/or an evolving IMF). However, at z > 3, our inte-
grated SFR density shows excellent agreement with the
observations of Grazian et al. (2015), Song et al. (2015)
and Oesch et al. (2014). The values from Duncan et al.
(2014) show a modest significant difference at z ≥ 5 due
to their much steeper low-mass end slope (see discus-
sion in Song et al. 2015, and also Graus et al. 2015). By
comparing the values of my model at a given redshift
to that at z = 0, I find that the universe formed 50% of
its stellar mass by z ∼ 1.5, with ∼10%, 1%, 0.1% and
0.01% of the stellar mass in place by z = 2.9, 5.2, 7.8
and 9.5, respectively. Observations have therefore ten-
tatively inferred the presence of 99.99% of all the stel-
lar mass which has ever formed in the universe, though
much of it remains to be directly detected.

6.2.2 Star-Formation Histories

While the measurement of the instantaneous stel-
lar mass is relatively straightforward, teasing out the
growth of that stellar mass with time is more difficult.
When measuring stellar population properties via SED
fitting, the star-formation history (SFH) is typically as-
sumed to follow some functional form. Initial studies
assumed a SFH which declined exponentially with time
(so-called tau models), which successfully works at late
times when many galaxies are in the process of quench-
ing and gas inflow is likely less than at higher redshifts
(e.g., Maraston et al. 2010, and references therein).
However, several years ago it was noted that this

assumption may not be valid at higher redshifts.
Maraston et al. (2010) found that exponentially declin-
ing models produced extremely young ages for a sam-
ple of z ∼ 2 star-forming galaxies, while “inverted-tau”
models (where the SFR increases exponentially with
time) produced more realistic results. Papovich et al.
(2011) also found that, by linking galaxies from z = 8
to z = 3 using a constant number density tracking tech-
nique (e.g., van Dokkum et al. 2010; Leja et al. 2013;
Behroozi et al. 2013a; Jaacks et al. 2015), galaxies on

PASA (2015)
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Caveat: very Strong Nebular Lines are Ubiquitous at z>4

e.g., see also: Schaerer & deBarros09, de Barros+14, Shim+11 

P. Oesch, YCAA Fellow, YaleESA-ESTEC, Oct 2015

Extreme Rest-Frame Optical Emission Lines

32

Spitzer/IRAC revealed: z~7-8 galaxies have extreme OIII+Hβ line emission

Spectral energy distributions at z ∼ 8 5

Figure 3. (left panel) A comparison of the average SED at z ∼ 8 to the average SED at z ∼ 7 (from Labbé et al. 2010b). The SEDs are
offset vertically for clarity. The SED shapes are substantially different, despite the short time elapsed between these epochs (only 130Myr).
(right panel) Focusing on the H160− [3.6] versus [3.6]− [4.5] colors we find that the [3.6]− [4.5] colors become ≈ 0.6 mag bluer from z ∼ 8 to
z ∼ 7 while the H− [3.6] colors become ≈ 0.3 mag redder. The arrows show the effect of increasing dust obscuration by ∆AV = 0.5 between
the two epochs or changing the stellar population age by 130Myr (assuming CSF since z = 10): neither can reproduce the observed changes.
However, strong optical emission lines naturally produces the required trend, primarily reflecting [O III]4959,5007 and Hβ moving from [4.5]
at z ∼ 8 into [3.6] at z ∼ 7. The predicted change with redshift of a contribution of equivalent width W[OIII]4959,5007+Hβ = 500Å is
shown.

Figure 4. (left panel) Spectral energy distributions of z ∼ 8 galaxies from the stacked HST/ACS, HST/WFC3, and Spitzer/IRAC fluxes,
binned by H160−band magnitude. Upper limits are 2σ. The SEDs show a mild trend of bluer shapes towards fainter magnitudes. A flux
excess at [4.5] is visible at all magnitudes, likely due to strong [O III]4959, 5007 and Hβ emission. IRAC [4.5] magnitudes corrected for
emission lines using our empirical description are shown by open circles (with a slight offset in wavelength). The IRAC [3.6] band requires
a smaller correction due to the contribution of [O II]3727. Solid lines show stellar population models fits to the corrected SEDs using BC03
models and Calzetti et al. (2000) dust. (right panel) at fixed H ∼ 27 magnitude the galaxy sample shows strong variation with J125 −H160
(rest-frame far-UV), such that blue J −H and H − [3.6] show the same trends, whereas the [3.6]− [4.5] shows the opposite behavior with
the bluest J −H showing the reddest H − [3.6].

Labbe et al. 2013

Rest-frame equivalent widths on average are 500 Å!
(<0.1% of local galaxies show such strong lines)

��Such strong lines will be extremely quick to detect with JWST to z~9

Labbe+2013

Rest-frame EW Ha+[SII]+[NII] ~ 400A at z~4.5

Rest-frame EW Hb+[OIII] ~ 700A at z~7-8 (>1000A are common)

Easily detectable with JWST!

One Wrinkle…Nebular Emission 
•  HST/IRAC photometry 
permits stellar-only & stellar
+nebular solutions; but 
ambiguous solutions without 
additional constraint 
 
•  Keck spectra provide 
unique opportunity to  
evaluate the effect of Hα in 
3.6µm band as precise 
location of line is known 

•   Examining N=45 galaxies 
with spectroscopic 
3.8<z<5.0 for IRAC excess 
c.f. stellar only model fits 
reveals serious 
contamination 
 Stark et al (2012) (also Schaerer+09,10, Ono+10, Shim+11, Atek+11) 

Stark+2013 zspec=3.8-5.0



Ha+[NII]+[SII] at z~5.3   EW0 ~ 600A

H↵ EW at z ⇠ 5 from IRAC Colors 7

Figure 3. H↵+[NII]+[SII] EWs as function of redshift derived from the mean [3.6] � [4.5] color of our source selection. Several estimates
from the literature are indicated for reference (Erb et al. 2006; Shim et al. 2011; Fumagalli et al. 2012;

:::::::
Schenker

::
et

:::
al.

::::
2013; Stark et

al. 2013). The upper and lower EW determination for Stark et al. (2013) excludes and does not exclude the contaminated IRAC band
in deriving the stellar continuum required to derive the EW for the H↵+[NII]+[SII] line. We assume that the entire sample is at z =
5.20 where the 3.6� 4.5color is at a maximum, for a given H↵ EW,

:::
line

:::::
ratios

::
as

:::::
listed

::
by

:
Anders & Fritze-v. Alvensleben (2003)

:
and

that the stellar continuum
::
of

:::
our

::::::::::
z = 5.10-5.40

::::::
sample has a [3.6] � [4.5] color of ⇠ �0.03

:::
0.00

:::::
±0.04 magnitude. Redder [3.6] � [4.5]

colors will therefore be due to the H↵ emission line
::::
lines contaminating the 4.5 µm flux. The measured H↵+[NII]+[SII] EW

::::
shown

::::
here

:::::::
represents

:::
the

::::::::
weighted

::::
mean

::
of
:::
our

::::
EW

::::::::
estimates

::::
from

:::
our

::::::::::
photometric

:::
and

::::::::::
spectroscopic

:::::::::
z = 5.1-5.4

:::::::
samples

::::
(i.e.,

::::::
684±51

::
Å)

::::
and

is higher than values derived at lower redshifts, suggesting stronger line emission at z ⇠ 5. The evolution of H↵+[NII]+[SII] EW for
the indicated stellar mass range found by Fumagalli et al. (2012) is extrapolated (given by the dashed line) and is consistent with our
inferred H↵+[NII]+[SII] EW.

and ⇠ 727
::
+[

:::
NII]

::
+[

:::
SII]

:
is
::::
692

::
±

::
84

::
Å
:::
for

::::
our

::::::::::
photometric

::::::
sample

:::
and

::::
706

::
±

::
99

:
Å for our

::::::::::
spectroscopic

:::::::
sample.

:

::
We

::::
can

:::
also

::::::
derive

::::
H↵+[

:::
NII]

::
+[

::
SII]

::::
EWs

::
for

:::::::::
individual

::::::
sources

:::
in

::::
our

:
photometric and spectroscopic sample,

:::::::::
z = 5.1-5.4

:::::::
samples.

:::
In

:::::::::
computing

:::
the

:::::
EWs

:::
for

:::::::::
individual

::::::
sources,

:::
we

:::
use

:::::
FAST

:::
to

::
fit

:::
the

:::::::
observed

:::::
SEDs

::
of
:::::::::
individual

::::::
sources

::::::::
excluding

:::
the

:::
4.5

:::
µm

::::
band

:::::
which

::
is
::::::::::::
contaminated

::
by

:::
H↵

:::::::
emission.

::::::
Then,

::
by

:::::::::
comparing

::::
the

:::::::
observed

:::
4.5

:::
µm

::::
flux

::::
with

:::
the

::::::::
expected

:::
4.5

:::
µm

::::
flux

:::::::
(without

:::::::::
including

:::::::
emission

::::
lines

::
in

:::
the

:::::
FAST

::::::::::
modeling),

::
we

::::::
derive

::::
EWs

:::
for

:::::::::
individual

::::::
sources.

::::
The

::::::
results

::::
are

::::::::
presented

::
in
::::::
Tables

::
1
::::
and

::
2.

::::
The

::::
mean

:::::
H↵+[

:::
NII]

:
+[

::
SII]

:::
EW

:::
we

::::::
derive

:::
for

:::
our

:::::::::::
photometric

::::::
sample

::
is

:::
638

:::
±

::::
118

::
Å,

::::::
while

:::
we

::::
find

:::
876

:::
±

::::
226

::
Å

:::
for

:::
our

:::::::::::
spectroscopic

:::::::
sample.

::
If
:::
we

::::::
follow Anders & Fritze-v.

Alvensleben
:
(2003

:
)
:::
and

:::::::
suppose

::::
that

::::
16.3%

:
of

::::
the

:::
4.5

:::
µm

:::::
excess

::::::
derives

:::::
from

:
[
:::
NII]

:::
and

:
[
:::
SII]

:
,
:::
the

:::::::
excesses

:::
we

::::::
derive

::::::
suggest

:::
H↵

:::::
EWs

::
of

:::
534

:::
±

::
99

::
Å
::::
and

:::
733

:::
±

:::
189

:::
Å, respec-

tively.

:::
The

:::::
four

:::::::
reddest

:::::::
sources

::::::
have

::
a
::::::
mean

::
[
::
3.6]

:
�

[
::
4.5]

::::
color

:::
of

:::::
0.66

:::
±

::::
0.06

::::::
mag,

:::::::::
consistent

::::::
with

:::
an

:::::::::
EW

0

(H↵+[
:::
NII]

:
+[

:::
SII]

:
)
:::
of

:::::
1743

:::
±

::::
221

:::
Å,

:::::::::
equivalent

:::
to

::::::::
EW

0

(H↵)
::
=

::::
1458

::
±

::::
185

::
Å

:::
for

:::
the

:::::
above

::::
line

:::::
ratios.

:

Figure 3 shows several values for the H↵ + [NII] +

[SII] EWs with redshift from the literature. The black line
gives the evolution of the H↵ + [NII] + [SII] derived by
Fugamalli et al. (2012) for galaxies with masses M ⇠ 1010.0

� 1011.5 M�, which we extrapolate to higher redshifts and
lower masses. Keeping in mind that the EW(H↵ + [NII] +
[SII]) as function of the redshift is higher for sources with
lower steller masses our result is consistent with the extrapo-
lation from Fumagalli et al. (2012) and the high EWs derived
by Shim et al. (2011)and ,

:
Stark et al. (2013)

:::
and

:
Schenker

et al. (2013
:
).

Uncertainties in the photometric redshifts for our z =
5.2 � 5.3

:::::::::::
z = 5.10-5.40 sample can lead to a systematic un-

derestimate of the H↵+[NII]+[SII] flux, if all sources are
assumed to lie in the redshift range z = 5.1 � 5.4. Indeed, if
we have selected

::
it

:::::
causes

::
us

::
to

:::::::
include sources which lie out-

side the desired z = 5.1 � 5.4 range, then
::::
range.

::::
For

::::::
z < 5.1

::::::
sources,

:
the 3.6 µm band will be contaminated by H↵ +

[NII] + [SII] for z < 5.1 or
:::::::
emission.

::::::::::
Meanwhile,

:::
for

::::::
z > 5.4

::::::
sources,

:
H� + [OIII] for z > 5.4

:::::::
emission

::::
will

:::::::::
contribute

::
to

:::
the

:::::
3.6µm

:::::
band. In both cases

:
,
:
the [3.6] � [4.5] color will

be
:::::
much bluer, causing us to infer a substantially lower EW

for that source, than is truly present.

Marmol-Queralto+2015

Rasappu+15

more examples: Smit+2015

• SFR vs stellar mass

• dust law

• bustiness / ionising photons 


see also Marmol-Queralto+2015 

4 Rasappu et al.

Figure 2. Nebular emission line contamination in the 3.6 µm
and 4.5 µm photometric filters. Top panel : The redshift ranges
over which the dominant nebular emission lines, H↵, H�, [OIII],
[NII], and [SII], contribute to the 3.6 µm and 4.5 µm flux mea-
surements. Lower panel : The predicted [3.6] � [4.5] color due
to various nebular emission lines as a function of redshift. The
solid black circles indicate sources that are selected in the red-
shift range z

phot

= 5.1-5.4, where H↵ lies in the 4.5 µm filter,
while 3.6 µm is devoid of strong nebular emission. Their observed
[3.6] � [4.5] colors are primarily very red. The open circles are
the colors for the spectroscopic sample found in Vanzella et al.
(2009), which we use to estimate a stellar continuum color of
⇠ 0.00 mag. The dotted line indicates the expected color for a
strong evolution of the rest-frame equivalent width, EW

0

(H↵) /
(1+z)1.8 Å, according to Fumagalli et al. (2012). Our selection of
sources in the redshift range z = 5.1-5.4 has a mean [3.6] � [4.5]
color of 0.31 ± 0.05 mag and 0.35 ± 0.07 mag for our photometric-
redshift and spectroscopic samples, respectively, implying a mean
EW(H↵+[NII]+[SII]) of 665 ± 53 Å and 707 ± 74 Å, respectively,
for sources in these samples (and 638 ± 118 Å and 855 ± 179 Å,
respectively, using direct SED fits). Four selected sources show
even far redder colors than predicted with the strong evolution
model. The four reddest sources have a mean color of 0.66 ± 0.06
mag, with a notably high EW of 1743 ± 221 Å.

We select very bright sources with the requirements that
S/N(H

160

) > 7 ^ S(H
160

)/N(3.6 µm) > 3 ^ S(H
160

)/N(4.5
µm)> 3, where S/N is the signal to noise ratio. Our selection
of sources based on their measured flux in the H

160

band
and measured noise in the Spitzer/IRAC bands allows us
to include sources in our analysis which we would expect to
show up prominently in the Spitzer/IRAC bands. Basing the
selection on the measured flux in the Spitzer/IRAC bands
would bias our measurement of the colors. We also discard
41 sources for which the contamination by nearby objects is

Figure 9.  How to measure 
the Hα EW at z~5.   
3.6μm-4.5μm color distribution 
observed by Rasappu+2015 
for z=4.4-5.0 and z=5.1-5.4 
samples (with Hα in the 3.6μm 
and 4.5μm filters). Comparing 
the colors of the two samples, 
Rasappu+2015 derived the 
mean Hα EWs at z~5.1 (see 
also Stark+2013).

Figure 3. [3.6]�[4.5] color distribution for sources in our z = 5.1-
5.4 primary selection (red histogram) and z = 4.4-5.0 control sam-
ple (blue histogram: Appendix A). Sources where H↵+[NII] is in
the [3.6] band uniformly have moderately blue colors, whereas
sources with H↵+[NII] in the [4.5] band uniformly have moder-
ately red colors. The impact of the H↵+[NII] emission lines on
the IRAC colors is quite clear. Deriving the H↵+[NII]+[SII] EW
by contrasting the observed colors of sources in the two samples
should produce a very robust result.

higher than 200 nJy or sources with a poor IRAC deblending
(�2 parameter less than 0.2), reducing the sample to 101
bright sources.

Finally, we require that the EAZY redshift probability
distribution prefers a redshift in the range z = 5.1-5.4 at
> 85%, providing a sample with 11 sources in the redshift
range z ⇠ 5.1-5.4 presented in Table 1.

2.3 Spectroscopic Redshift Selection

In addition to making use of sources very likely to lie in
the redshift range z = 5.1-5.4 using our photometry for the
sources and the redshift likelihood distributions we derive,
we can also make use of sources known to lie in the redshift
range z = 5.1-5.4 from available spectroscopy (D. Stark et
al. 2015, in prep). Using spectroscopic redshifts, we can be
even more certain that the sources we are using lie in the
narrow redshift range z = 5.10-5.40 required for our desired
measurement of the H↵ flux.

One potential drawback to the inclusion of such sources
in the present study is that we might be working with a bi-
ased sample, given that essentially all of the spectroscopic
redshift measurements we utilize come from Ly↵, and it is
not clear a priori that the study of such a sample might
bias the mean H↵ EW we measure to higher values. Fortu-
nately, as we show in a separate study (Smit et al. 2015, in
preparation), the mean H↵+[NII]+[SII] EW measured for
both photometric-redshift and spectroscopic samples are es-
sentially identical.

Cross-correlating the source catalogs of Bouwens et al.
(2015) and Skelton et al. (2014) with the spectroscopic cat-

c� 2015 RAS, MNRAS 000, 1–11

IRAC colors encodes useful information!



UDF12: New Constraints on Cosmic Reionization 5

FIG. 1.— Spectral properties of high-redshift galaxies and the corresponding properties of stellar populations. Dunlop et al. (2012b) used the new UDF12 HST
observations to measure the UV spectral slope β of z∼ 7−9 galaxies as a function of luminosity (data points, left panel). As the data are consistent with a constant
β independent of luminosity, we have fit constant values of β at redshifts z∼ 7−8 (maximum likelihood values of β(z∼ 7) = −1.915 and β(z∼ 8) = −1.970 shown
as red lines, inner 68% credibility intervals shown as grey shaded regions; at z∼ 9 the line and shaded region reflect the best fit value of β(z∼ 9) = −1.80±0.63).
The data are broadly consistent with β = −2 (indicated with grey band in right panel), independent of redshift and luminosity. To translate the UV spectral slope
to a ratio ξion of ionizing photon production rate to UV luminosity, we use the Bruzual & Charlot (2003, BC03) stellar population synthesis models (right panel)
assuming a constant star formation rate (SFR). The constant SFR models evolve from a declining ξion with increasing β at early times to a relatively flat ξion at
late times (we plot the values of ξion vs. β for population ages less than the age of the universe at z ∼ 7, t = 7.8× 108 yr). Three broad types of BC03 constant
SFR models are consistent with values of β = −2: mature (! 108 yr old), metal-rich, dust free stellar populations, mature, metal-rich stellar populations with
dust (AV ∼ 0.1 calculated using the Charlot & Fall (2000) model), and young, metal-rich stellar populations with dust. Dust free models are plotted with solid
lines, while dusty models are shown as dashed lines. We assume the Chabrier (2003) initial mass function (IMF), but the Salpeter (1955) IMF produces similar
values of ξion (dotted lines, dust-free case shown). Based on these models we optimistically assume logξion = 25.2 log ergs−1 Hz, but this value is conservative
compared with assumptions widely used in the literature.

served by Dunlop et al. (2012b) in the average value of β over
a range in galaxy luminosities may argue against a diverse
mixture young and mature stellar populations in the current
z≃ 7−8 samples. However, as Dunlop et al. (2012b) noted, a
larger intrinsic scatter could be present in the UV slope distri-
bution of the observed population but not yet detected. Simi-
larly, top heavy initial mass function stellar populations with
low metallicity, like the 1 − 100M⊙ Salpeter IMF models of
Schaerer (2003) used by Bouwens et al. (2010) to explain the
earlier HUDF09 data, are disfavored owing to their blue spec-
tral slopes.
For reference, for conversion from UV luminosity spectral

density to SFR we note that for population ages t > 108 yr a
constant SFR BC03 model with a Chabrier (2003) IMF and
solar metallicity provides a 1500Å luminosity spectral density
of

LUV ≈ 1.25× 1028× SFR
M⊙ yr−1

ergs s−1 Hz−1, (13)

while, as noted byMadau et al. (1998), a comparable Salpeter
(1955) model provides 64% of this UV luminosity. A very
metal-poor population (Z = Z⊙/200) would provide 40%
more UV luminosity per unit SFR.

4. ULTRAVIOLET LUMINOSITY DENSITY
In addition to constraints on the spectral energy distri-

butions of high-redshift galaxies (Dunlop et al. 2012b), the
UDF12 observations provide a critical determination of the
luminosity function of star forming galaxies at redshifts 7 "
z " 9. As described in Section 2, when calculating the co-

moving production rate ṅion of hydrogen ionizing photons per
unit volume (Equation 4) the UV luminosity density ρUV pro-
vided by an integral of the galaxy luminosity function is re-
quired (Equation 5). An accurate estimate of the ρUV pro-
vided by galaxies down to observed limits requires a care-
ful analysis of star-forming galaxy samples at faint magni-
tudes. Using the UDF12 data, Schenker et al. (2012a) and
McLure et al. (2012) have produced separate estimates of
the z ∼ 7 − 8 galaxy luminosity function for different sam-
ple selections (color-selected drop-out and spectral energy
distribution-fitted samples, respectively). As we demonstrate,
the UV luminosity densities computed from these separate lu-
minosity functions are consistent within 1−σ at z ∼ 7 and in
even closer agreement at z∼ 8. Further, McLure et al. (2012)
have provided the first luminosity function estimates at z∼ 9.
Combined, these star-forming galaxy luminosity function de-
termination provide the required constraints on ρUV in the
epoch z ! 7 when, as we show below, the ionization fraction
of the IGM is likely changing rapidly.
Given the challenge of working at the limits of the ob-

servational capabilities of HST and the relatively small vol-
umes probed by the UDF (with expected cosmic variance of
∼ 30%− 40% at redshifts z ∼ 7− 9, see Robertson 2010b,a;
Muñoz et al. 2010, and Section 4.2.3 of Schenker et al.
2012a), we anchor our constraints on the evolving UV lu-
minosity density with precision determinations of the galaxy
luminosity function at redshifts 4 " z " 6 by Bouwens et al.
(2007).
To utilize as much information as possible about the lu-

minosity function (LF) constraints at z ∼ 4 − 9, we perform

Dunlop et al (2013) 
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Fig. 5.— (upper) Mean Lyman-continuum photon production
efficiency ξion estimated for star-forming galaxies at z ∼ 4.4 and
z ∼ 5.25 from the inferred Hα flux using both the Calzetti et al.
(2000) and SMC dust laws. The plotted values are not corrected for
escaping Lyman-continuum photons (if this fraction is significant).
Also shown are the canonical ξion values utilized in the literature
to model the impact of galaxies on the reionization of the universe.
Our derived values for ξion are either consistent or 1σ higher than
canonically assumed values. (lower) Mean Lyman-continuum pho-
ton production efficiency ξion estimated for the bluest (β < −2.3)
star-forming galaxies at z ∼ 4.4 and z ∼ 5.25 from the inferred Hα
flux. Also shown is the ξion derived by Stark et al. (2015) for one
blue β = −2.4 z = 7.045 galaxy from the observed CIVλ1548 line.
ξion is inferred to be consistently higher (by ∼0.2-0.3 dex) than
has been canonically-assumed for the star-formation population as
a whole at z > 6 in reionization modeling.

sults are presented in assuming both Calzetti and SMC
extinction laws. The results are consistent with (or per-
haps 1σ higher than) what has been canonically assumed
for ξion in standard reionization models (e.g., Kuhlen &
Faucher-Giguère 2012; Robertson et al. 2013).
Interestingly enough, the ξion’s we estimate for the

bluest subsample of galaxies are consistently higher than
canonically-assumed values, but are consistent with what
Stark et al. (2015) estimate for one blue β ∼ −2.4 source
at z = 7.045. This suggests that those galaxies with the
bluest UV colors may be consistently the most efficient
at producing the Lyman-continuum photons capable of
reionizing the universe.

4. DISCUSSION

In the present work, we have used new measurements
of the Hα luminosities in z = 3.8-5.4 galaxies to esti-
mate the Lyman-continuum photon production efficiency

ξion. Assuming that early results with ALMA (e.g., Ca-
pak et al. 2015) at z = 5-6 are correct and dust emis-
sion is more SMC like, we derive a Lyman-continuum
photon production efficiency log10 ξion,0/[Hz ergs−1] of
25.34+0.02

−0.02 at z = 3.8-5.0. Higher values (by ∼0.03-dex)
would be expected if the escape fraction is non-zero and
galaxies contribute meaningfully to the observed ionizing
emissivity.
Our results for ξion are consistent with standard as-

sumptions in canonical models. Nevertheless, for the
SMC dust law preferred by early ALMA result, they
are suggestive of even higher (∼0.1 dex) values for ξion
than traditionally assumed. If the ξion values are in-
deed higher than in canonical modeling, it could have
a number of important implications. It would impact
our understanding of (1) the stellar populations in z > 2
galaxies, (2) the required/allowed escape fraction in high-
redshift galaxies, and (3) the methodology for constrain-
ing the escape fraction in the future JWST mission.

4.1. Implications for the Stellar Populations of z > 2
Galaxies

The present results show that z > 3 galaxies produce
Lyman-continuum photons at the same rate as (or higher
than) expected in conventional stellar population models.
In the case that ξion is higher than conventional models,
we could try to explain this result by adopting particu-
larly bursty star-formation histories for z > 2 galaxies.
Such bursty star formation histories are disfavored by

several recent results. Specifically, Oesch et al. (2013)
find that the J − [4.5] color distribution (providing a
measure of the Balmer-break amplitude) shows a gener-
ally normal-looking distribution, with a peak at 0.4 mag,
which is exactly where one would expect the peak to lie
using semi-analytic models based on the Millenium simu-
lations. Secondly, Smit et al. (2015b) find a strong corre-
lation between UV and Hα-based specific star formation
rates, pointing towards a generally monotonic growth in
the SFR and limited variations in the SFR on ∼10-20
Myr time scales.
A more credible explanation for a high production effi-

ciency for Lyman-continuum photons (if confirmed to be
the case with smaller uncertainties) would involve evolu-
tion in the IMF of galaxies or evolution in the way that
high-mass stars evolve at early times. There have been
several suggestions that such changes are indeed found
in the newer generations of stellar evolution models. It
has become clear that massive stars are predominantly
found in binaries (Sana et al. 2012) and rotate with a
wide range of rotation rates (e.g., Ramirez-Agudelo et al.
2013). The new models that account for these effects pre-
dict a higher production efficiency for Lyman-continuum
photons at early times when the average metallicity was
lower (Yoon et al. 2006; Eldridge & Stanway 2009, 2012;
Levesque et al. 2012; de Mink et al. 2013; Kewley et al.
2013; Leitherer et al. 2014; Szécsi et al. 2015; Gräfener
et al. 2015; Stanway et al. 2015).

4.2. Implications for the Escape Fraction

The ξion’s we derive from the observations are slightly
larger than preferred in some previous work on reioniza-
tion, particularly in the case of the SMC extinction law,
and so it is useful for us to consider the impact this may

Bouwens+2015

Dunlop+2013

degenerate with age, metallicity, dust  
stellar population details (binaries etc)

from inferred Hα

some dependence on dust
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sources. Given the relatively short lever arm in wave-
length one has to establish β from the J125 and H160
photometry, even∼0.04 mag systematics in the measured
J125−H160 colors are sufficient to explain the discrepan-
cies between the different results in the literature, since
such a systematic bias would translate into changes of
∼ 0.18 in β.
This is illustrated in Figure 10 for three different mea-

surements of β at z ∼ 7. In this example, while each
of these measured β’s relies on a similar J125-band flux
measurement, slight differences in the H160-band flux
measurements are observed. For the sake of illustration,
the H160-band flux is increased and decreased by small
amounts and an assessment of the impact on β is made.
While the first and third set of flux measurements only
show very minor differences relative to the second set of
flux measurements, the measured β’s for the first and
third studies differ by ∆β ∼ 0.35, due to small (∼3-5%)
systematics in the measured colors.
If the systematic errors in the measured colors from

competing studies are in different directions, we can rec-
oncile all previous β measurements for faint galaxies at
z ∼ 7. In particular and as we will show in §5.3-§5.4, we
find that the β measurements from Bouwens et al. (2012),
and likely those from Bouwens et al. (2010), were too
blue by ∆β ∼ 0.22 (see Appendix B.2-B.3) while those
from Dunlop et al. (2013) are too red by ∆β ∼ 0.11-
0.18. The Dunlop et al. (2013) bias depends on the size
or luminosity of the source (see Figure 11, Appendix B.4,
and Figure 25 from Appendix E). See also discussion in
Table 6.

5.3. Systematic Biases due to Errors in the PSF

The extensive testing we describe in Appendix B
provides strong evidence that systematics in the mea-
sured colors can successfully explain the moderately dis-
crepant β results obtained in the literature for faint
(−19 ! MUV,AB ! −18) z ∼ 7 candidates. Of par-
ticular relevance for the discussion are the bluer mea-
surements of β provided by Bouwens et al. (2012), i.e.,
β = −2.68± 0.19± 0.28 for lower-luminosity (−18.75 <
MUV,AB < −17.75) z ∼ 7 galaxies.
The tests in Appendix B.3 clearly indicate a ∼ 0.05

mag bias in the measured J125 − H160 colors from
Bouwens et al. (2012). The source of this systematic er-
ror appears to occur as a result of the PSF-matching that
Bouwens et al. (2012) perform. To investigate this issue
in detail, we conducted detailed comparisons between the
encircled energy distributions implied by the Bouwens et
al. (2012) empirically-derived PSFs and standard deter-
minations of these encircled-energy distributions (Dres-
sel et al. 2012). We found that the J125-band PSF from
Bouwens et al. (2012) showed slightly more energy (∼3%)
at intermediate radii, i.e., ∼ 0.15-0.20′′, relative to the
Dressel et al. (2012) encircled-energy distributions in the
J125 band. The wings of the empirically-derived J125-
band PSF also contained 2% less flux than in the wings
of the H160-band PSF (relative to what should have been
the case given the Dressel et al. 2012 encircled-energy
distributions). Together these effects would cause the
measured J125-band fluxes from Bouwens et al. (2012)
to be systematically bright by ∼0.05 mag. This would
result in β determinations from Bouwens et al. (2012)

Fig. 10.— Illustration of how small ∼0.03-0.05-mag systematic
errors in the measured J125 − H160 colors for z ∼ 7 galaxies can
result in large differences in the measured β’s (§5.2-5.4). Each of
the measured βs shown in this figure relies on a similar J125-band
flux measurement, but with slight differences in the H160-band flux
measurements in three “studies.” Compared to the first study, the
second study measures a H160-band flux 0.03 mag fainter than the
first study, while the third study measures a H160-band flux 0.08
mag fainter than the first. Both the first and third set of flux mea-
surements only show very minor differences relative to the second
set of flux measurements, yet the measured βs for the first and
third studies differ by ∆β ∼ 0.35, due to small (∼3-5%) system-
atics in the measured colors. The change in β from very small
differences in colors is dramatic. Changes this large, especially if
the systematic errors in the measured colors from competing stud-
ies are in different directions, can actually reconcile all previous β
measurements for faint galaxies at z ∼ 7 (see the text in §5.2).

that are too blue by ∆β ∼0.22.

5.4. Biases Caused by Applying Point-Source Aperture
Photometry to Sources with Non-Zero Size

The tests that we describe in Appendix B.4 also re-
vealed small systematic biases in the photometry of Dun-
lop et al. (2013), particularly for the most luminous
sources. We found that the magnitude of the bias was
a function of source size. Source size does not have an
impact on the accuracy of color measurements when per-
forming photometry in identical apertures, after PSF-
matching the observations, as was done by Bouwens et
al. (2012) and Finkelstein et al. (2012). However, Dun-
lop et al. (2013) utilize a different approach for per-
forming photometry, measuring the flux in fixed filter-
dependent circular apertures that enclose 70% of the
light for a point source. Dunlop et al. (2013) find that
the 70% encloded flux occurred in 0.44′′-diameter, 0.47′′-
diameter, and 0.50′′-diameter circular apertures for the
J125, JH140, and H160 band observations, respectively.15

While this approach would provide accurate colors if
faint z ∼ 7 galaxies were point sources, small systemat-
ics will be present in the J125−H160 color measurements
since z ∼ 7 galaxies are spatially extended. The effect of
assuming point sources instead of using the actual pro-

15 We find that these apertures enclose 70±1% of the flux for
the PSFs we derive for these bands, consistent with Dunlop et al.
(2013).

Extended Data Figure 7 | SED of A1689-zD1. Full, self-consistent UV-
to-FIR models are fit to the data using the GRASIL (dashed line) and 
MAGPHYS (dot-dashed line) codes. The values derived from these 
models fit to the photometric data (squares) are largely consistent with 
those derived from the modified blackbody (solid line) and UV-optical 

only fit, though with an additional contribution from the restframe mid-
IR flux. A CMB correction has not been applied here. Error bars are 68% 
confidence. Upper limits are 68% confidence except for the 8.0µm band 
for which the upper limit is 95% confidence. 
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Constraining Obscured Star Formation in the First Billion
Years

PI: Stephen M. Wilkins

1 Scientific Justification

Obscured star formation at very-high redshift Thanks largely to Hubble/WFC3, tremendous
progress has been made in recent years in extending our understanding of the very-high redshift (z >
6) Universe: the first billion years of the Universe’s history. With the ⇠ 1500 Lyman-break galaxies
(LBGs) identified at z ⇡ 6 and above (Bouwens+2015b), it is now possible robustly characterise the
rest-frame UV luminosity function (LF) to z ⇠ 8 with the first tentative constraints available at even
higher-redshift. The measurement of the rest-frame UV LF allows us to constrain the star formation
activity in the high-redshift Universe, which together with constraints at low-redshift, allows us to
map out the history of star formation in the Universe.

However, the observed rest-frame UV emission only traces star formation unobscured by dust, and
thus provides only a lower limit on the star formation activity. Key to obtaining a full census of star
formation in the early Universe is probing the obscured star formation in these systems.

Figure 1: Current constraints on the IR emission of galaxies at high-redshift from individual sources, Her-
schel/SCUBA2 stacking, and inferred from the UV continuum slope. The left-hand axis shows the ratio of the
IR to UV luminosities (IRX) which approximately tracks the ratio of obscured to unobscured star formation.

Constraints on obscured star formation at very-high redshift Until the availability of ALMA
the only constraints on obscured star formation in LBGs at z > 6 came from observations of the UV
continuum slope (e.g. Wilkins+2011; Bouwens+2014). The observed UV continuum slope of actively
star forming galaxies is theoretically expected to correlate with the fraction of obscured star forma-
tion. This is observationally verified at both low (e.g. Meurer+1999; Casey+2014) and intermediate
(Heinis+2013; Heinis+2014) redshift with a weak correlation found using Herschel+SCUBA2 stack-
ing at z ⇡ 3 (Coppin+2015). Measurements by Bouwens+2014 suggest obscured star formation
fractions in luminous z = 3� 7 LBGs consistent with stacking results (at z = 3� 5, see Fig. 1).
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Figure 1 | The [CII] line detections (red contours) and weak ~158μm FIR 
continuum detections (blue contours) are shown with the rest frame UV images 
as the background.  The images are 5"x5" and the contours are 2, 6 and 10 σ 
with [CII] line profiles for each source shown in Figure 3. The background images 
are from HST-ACS in the F814W16 band where the morphologies will be affected 
by Ly-α, except for HZ10, which is Subaru z' band.  All objects are detected in 
[CII] showing that a large amount of gas is present in these systems, but only 4 
are detected in continuum.  
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current situation not entirely clear: 
• ALMA dust continuum at z>4 lower than expected (Capak+2015,Bouwens+2016) 

• significant source to source scatter (c.f. Watson) 
• CII 158 micron cooling line easily detected in z=5-6 LBGs (e.g. Capak+15)

Capak+15

ALMA results: dust not important at high redshift?
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Dust at High z? 

Xshooter spectroscopy
GTO: 12 hours (Watson et al.)
GO: 10 hours (Bouwens et al.)

Tuesday 29 April 14

Watson et al (2015) 

•  Lensed z~7.5 galaxy 
A1689_zD1 in Abell 1689 
(Bradley et al 2008); 
magnification ~×9 

•  Low mass (log M*~9.2) 
with blue UV slope  

•  ALMA band 6 (1mm)  
detection confirmed via 3 
independent exposures 

    (log Mdust ~8) 

VLT!X.shooter!spectrum!
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ALMA data on z > 7 LBGs! 
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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)
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Figure 15: This Figure schematically shows why inhomogeneous reionization boosts the visibility of Ly↵

emitting galaxies. During the mid and late stages of reionization star-forming - and hence Ly↵ emitting -
galaxies typically reside in large HII bubbles. Ly↵ photons emitted inside these HII bubbles can propagate
- and redshift away from line resonance - through the ionized IGM before encountering the neutral IGM.
The resulting reduced opacity of the neutral IGM (Eq 30) to Ly↵ photons enhances the prospect for
detecting Ly↵ emission from those galaxies inside HII bubbles.

During the EoR a Ly↵ photon emitted by a galaxy
will generally propagate through regions that are alter-
nating between (partially) neutral and highly ionized.
The more general case should therefore contain the
sum of the optical depth in separate neutral patches.

⌧D(⌫) =
1
p

⇡

X

i

⌧GP,i xHI,i

Z xe,i(⌫)

xb,i(⌫)

dx �(x0), (27)

where we have placed ⌧GP within the sum, because ⌧GP

depends on redshift as ⌧GP / (1+zi)
3/2, and therefore

di↵ers slightly for each neutral patch (at redshift zi).
More specifically, the total optical depth of the

neutral IGM to Ly↵ photons emitted by a galaxy at
redshift zg with some velocity o↵-set �v is given by
Eq 27 with xb,i = �1

vth,i
[�v + H(zg)Rb,i/(1 + zg)], in

which Rb,i denotes the comoving distance to the begin-
ning of patch ‘i’ (xe,i is defined similarly). Eq 27 must
generally be evaluated numerically. However, one can
find intuitive approximations: for example, if we as-
sume that (i) xHI,i = 1 for all ‘i’, (ii) zi ⇠ zg, and (iii)
that Ly↵ photons have redshifted away from resonance
by the time they encounter this first neutral patch24,

24If a photon enters the first neutral patch on the blue
side of the line resonance, then the total opacity of the IGM
depends on whether the photon redshifted into resonance
inside or outside of a neutral patch. If the photon red-
shifted into resonance inside patch ‘i’, then ⌧D(zg,�v) =
⌧GP(z)xHI,i. If on the other hand the photon redshifted
into resonance in an ionized bubble, then we must compute
the optical depth in the ionized patch, ⌧HII(z,�v = 0), plus
the opacity due to subsequent neutral patches. Given that
the ionized IGM at z = 6.5 was opaque enough to com-
pletely suppress Ly↵ flux on the blue-side of the line, the
same likely occurs inside ionized HII bubbles during reion-
ization because of (i) the higher intergalactic gas density,
and (ii) the shorter mean free path of ionizing photons and
therefore likely reduced ionizing background that perme-
ates ionised HII bubbles at higher redshifts.

then

⌧D(zg,�v) =
⌧GP(zg)
p

⇡

X

i

⇣ av,i
p

⇡xe,i
�

av,i
p

⇡xb,i

⌘
, (28)

where xe,i = xe,i(�v) and xb,i = xb,i(�v). It is useful
to explicitly highlight the sign-convention here: pho-
tons that emerge redward of the Ly↵ resonance have
�v > 0, which corresponds to a negative x. Cosmo-
logical expansion redshifts photons further, which de-
creases x further. The av/[

p

⇡xb,i] is therefore more
negative, and ⌧D is thus positive.

One can define the ‘patch-averaged’ neutral frac-
tion x̄D - which is related to the volume filling fac-
tor of neutral hydrogen hxHIi in a non-trivial way (see
Mesinger & Furlanetto 2008) - as

⌧D(zg,�v) =
⌧GP(zg)
p

⇡
x̄D

⇣ av
p

⇡xe
�

av
p

⇡xb,1

⌘
⇡ (29)

⇡

⌧GP(zg)
⇡

x̄D
av

|xb,1|
=

⌧GP(zg)
⇡

x̄D
A↵c

4⇡⌫↵

1
�vb,1

,

where xe denotes the frequency that photon has red-
shifted to when it exits from the last neutral patch,
while xb,1 denotes the photon’s frequency when it en-
counters the first neutral patch. Because typically
|xe| � |xb,1| we can drop the term that includes xe. We
further substituted the definition of the Voigt param-
eter av = A↵/(4⇡�⌫D), to rewrite xb,1 as a velocity
o↵-set from line resonance when a photon first enters
a neutral patch, �vb,1 = �v +H(zg)Rb,i/(1 + zg).

Substituting numbers gives (e.g. Miralda-Escude
1998; Dijkstra & Wyithe 2010)

⌧D(zg,�v) ⇡ 2.3x̄D

⇣ �vb,1
600 km s�1

⌘�1⇣1 + zg
10

⌘3/2

.

(30)
This equation shows that the opacity of the IGM drops
dramatically once photons enter the first patch of neu-
tral IGM with a redshift. This redshift may occur

Dijkstra+2014

• Lyα resonant scattered by neutral H reduces visibility
• epoch of reionization IGM becomes significantly  
neutral: implies sudden drop in Lyα fraction

• unless galaxy lies in an ionized bubble
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Stark+2010; Fontana+2010; 
Caruana+2014; Ono+2012
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Figure 1: This Figure shows schematically why Lyα emitting galaxies (LAEs) probe the distribution of neu-
tral intergalactic gas during the EoR. Lyα photons emitted by galaxies inside large HII regions can redshift
away far from the line resonance before they enter the neutral IGM (as indicated by the color-changing solid
lines). As a result of this redshift, some of these photons can propagate freely to the observer. However,
for galaxies inside smaller HII regions all Lyα photons scatter through the neutral IGM (represented by the
dotted lines) into a very low surface brightness ‘fuzz’ that is much too faint to be detected with existing tele-
scopes [14, 8]. Because the neutral IGM affects the detectability of Lyα photons, we expect the reionization
process to leave an imprint in various statistics (number counts, clustering, ...) of LAEs [11, 16].

1. Introduction: Lyα Emitting Galaxies as a Probe of the Epoch of Reionization

The Lyα emission line is robustly predicted to be the most prominent intrinsic spectral feature
of the first generation of galaxies that initiated the reionization process in our Universe. The Lyα
line can be heavily suppressed by intervening, neutral intergalactic gas. As a result, the process of
reionization leaves an imprint on various statistics of Ly-α emitting galaxies (Fig 1, [11]). However,
if we wish to fully exploit Lyα emitters (LAEs) as a probe into the Epoch of Reionization (EoR),
it is important to understand what drives their observed redshift evolution after reionization is
completed. Otherwise, it is difficult to tell what other parameters are important in driving the
redshift evolution of LAEs, and whether these parameters can be evolving during the EoR as well.
I argue that one of the key uncertainties in interpreting existing LAE observations relates to the
impact of the ionized intergalactic medium (IGM) on Lyα photons emitted by galaxies.

2

Confirmation: Lyα fraction declines sharply for z > 6 

  Schenker et al (2014) – Keck MOSFIRE + UDF, CLASH 7<z<8.2 
  also Treu et al (2013) – Keck MOSFIRE + BoRG z~8 
           Finkelstein et al (2013) – Keck MOSFIRE + CANDELS z > 7 
           Tilvi et al (2014) – Keck MOSFIRE 7<z<8.2 
           Pentericci et al (2014, 2015) – VLT FORS 6<z<7.3 
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Fig. 9.— The fraction of Lyman break galaxies that display Lyα in emission at an EW ≥ 25 Å, plotted as a function of redshift. The
values at z = 7 and 8 reflect differential measurements with the data at z = 6, as described in the text. Thus, these data points and errors
are simply the convolution of the xLyα PDF at z = 6 and the transmission fraction PDF at z = 7 and 8.
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Fig. 10.— Posterior probability distribution for our full model, p(EWLyα—β). Shaded plots represent the posterior PDF marginalized
over all but the two variables labeling the axes, while line plots are marginalized over all but one variable. Thus, the one dimensional PDFs
for each variable, from which we quote our error bars, can be read off along the diagonal.
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TABLE 2
A complete list of the resulting z≥7 sources identified after applying our selection criteria.

ID R.A. Dec mAB
a [3.6]-[4.5] zphot

b Y105 − J125c References*

COSY-0237620370 10:00:23.76 02:20:37.00 25.06±0.06 1.03±0.15 7.14±0.12
0.12 −0.13±0.66 [1],[2],[3]

EGS-zs8-1 14:20:34.89 53:00:15.35 25.03±0.05 0.53±0.09 7.92±0.36
0.36 1.00±0.60 [3]

EGS-zs8-2 14:20:12.09 53:00:26.97 25.12±0.05 0.96±0.17 7.61±0.26
0.25 0.66±0.37 [3]

EGSY-2008532660 14:20:08.50 52:53:26.6 25.26±0.09 0.76±0.14 8.57+0.22
−0.43

* References: [1] Tilvi et al. 2013, [2] Bowler et al. 2014, [3] Bouwens et al. 2015
a The apparent magnitude of each source in the H160 band.
b The photometric redshift estimated by EAZY, including flux measurements in the Y band. The uncertainties quoted
here correspond to 1σ.
c The Y − J color for each source. The COSMOS candidate uses ground based data whilst the EGS candidates use
Y105 and J125 filters.

Fig. 3.— HST/ACS V606I814, HST/WFC3 Y105J125H160, and Spitzer/IRAC 3.6µm+4.5µm postage stamp images (4′′×4′′) of the 3 z ≥ 7
candidates identified over the 5 CANDELS fields. On the Spitzer/IRAC images, flux from neighbouring sources has been removed. Y -band
observations at 1.05µm are also available for COSY-023760370 from ground-based programs (ZFOURGE [Tilvi et al. 2013], UltraVISTA
[Bowler et al. 2014]).

it is also possible to estimate photometric redshifts, mak-
ing use of the available HST observations and ground-
based optical and near-IR Y and K band observations.
Eight sources satisfy these criteria to the H160,AB ∼ 26.5
magnitude limit – where the selection of z ! 6.5 galaxies
can easily be performed given the depth of the I814-band
observations (Bouwens et al. 2015; Grazian et al. 2012),
and the photometric redshifts we derive for these sources
range from z ∼ 7.0 to z ∼ 7.9.
All 12 of the sources selected using the criteria from

the previous section are presented in Figure 2 and fall
between z = 7.0 and z = 8.3, which is the expected range
if a high-EW [OIII] line is responsible for red [3.6]− [4.5]
colors in these galaxies. This suggests that the criteria
we propose in the previous section can be effective in
identifying a fraction of z ≥ 7 galaxies that are present

in fields with deep HST+Spitzer observations.10

3.3. Search Results for Bright H160,AB < 25.5 Galaxies

Here we focus on the identification of only the brightest
H160,AB < 25.5 z ≥ 7 galaxies using our Spitzer/IRAC
color criteria. We do so for two reasons. First of all, cur-
rent measurements of the surface density of z ≥ 7 sources
start to become particularly uncertain brightward of 25.5

10 At face value, this would seem to contradict what is shown in
Figure 1 of Smit et al. (2015), where there would appear to be some
z > 7 galaxies with blue [3.6]− [4.5] colors. On closer examination,
we discovered that all such z > 7 galaxies with discrepant color
measurements were significantly confused in the original IRAC
data, requiring ≥ 3× corrections to either the [3.6] or [4.5] flux
measurements (and often both). To ensure that our present z ≥ 7
selections are not affected by such issues, we excluded all sources
where significant corrections for confusion are required (see §2.2).

6

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

Roberts-Borsani+2015

using IRAC excess to select bright 7 < z < 9 galaxies 

with extreme emission lines


[OIII]+Hβ boost 4.5 micron band 
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Fig. 2.— Left – Mask layout of the two nights of MOSFIRE
Y-band observations of our primary target. These two nights pro-
vide two completely independent measurements of this galaxy at
two di↵erent orientations as well as two di↵erent positions along
di↵erent slitlets. This also allows us to exclude the possibility of
contamination in the final stacked spectrum from the two faint
neighboring galaxies present within 200 of the primary galaxy along
the slits. Right – The signal-to-noise ratio around the detected
emission line in the two independent 1D spectra of the two nights,
averaged over a 4 pixel width (⇠ 4 Å). A line is clearly detected at
> 4� independently in both 2 hr spectra from each night. We also
checked the unrectified frames to ensure that the positive flux in
the spectrum indeed originated from the expected position of the
galaxy along the spectrum.

Each of our mask contains one slitlet placed on a star
for monitoring the sky transparency and seeing condi-
tions of each exposure. We use this star to track the mask
drift across the detector (see, e.g., Kriek et al. 2014),
which we find to be ±1.5 pixels (±0.0027) and ±1 pixel
(±0.0018) during night 1 and 2, respectively. We sepa-
rately reduce di↵erent batches of the data (of 30-45 min
duration) to limit any S/N reduction caused by this drift,
before shifting and stacking the data.
The masks for the two nights have di↵erent orienta-

tions (Fig 2). The two independent data sets of the pri-
mary target thus add to the robustness of any detection.
After creating the 2D spectra for the di↵erent masks,
we applied the appropriate relative shift of the two 2D
frames before stacking the observations of the two nights
to our final 2D spectrum.
Similarly, 1D spectra were extracted separately for

each mask using an optimal extraction based on a pro-
file determined by the slit star. The extracted 1D spec-
tra were corrected for Galactic extinction and for telluric
absorption using nearby A0 stars observed in the same
night at similar airmass. The uncertainty in our opti-
mally extracted 1D spectra was determined empirically
from empty rows in the full, rectified 2D spectra of the
mask.
The absolute flux calibration was obtained from the

slit stars by comparison of the spectra with the 3D-HST
photometric catalogs (Skelton et al. 2014). An additional
small correction was applied to account for the extension
of individual sources in the slit mask by integrating the
seeing-matched HST images over the slit and comparing
with the slit loss of stellar sources.

4. RESULTS

Out of the eight z ⇠ 7 � 8 galaxy candidates, we de-
tected a significant emission line (at > 5�) for only one
source (EGS-zs8-1). This line is discussed in detail be-
low.
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Fig. 3.— MOSFIRE spectra of EGS-zs8-1. The full 2D spectrum
after 2-by-2 binning is shown in the top panel, while the optimally
extracted 1D spectrum is shown on the bottom. The 1D spec-
trum was smoothed by a 3 pixel (⇠ 3 Å) moving average filter for
clarity. The gray shaded area represents the 1� flux uncertainty,
while the dark red line shows the best-fit model. The line is quite
extended in the wavelength direction and shows clear asymmetry
with the expected shape typical for high-redshift Ly↵ lines. The
spectroscopic redshift measurement is zspec = 7.7302 ± 0.0006 in
excellent agreement with the previously determined photometric
redshift. Other line characteristics are summarized in Table 1.

TABLE 1
Measurements of Galaxy EGS-zs8-1

Target

R.A. (J2000) 14:20:34.89
Dec (J2000) 53:00:15.4
H160 25.03±0.05
M

UV

�22.06± 0.05

Emission Line

zspec 7.7302±0.0006
f(Ly↵) 1.7±0.3⇥10�17 erg s�1cm�2

L(Ly↵) 1.2±0.2⇥1043 erg s�1

EW0(Ly↵)a 21±4 Å
S
w

15±6 Å
FWHMb 13±3 Å
VFWHM

b 360+90
�70 km s�1

Physical Parametersc

logM
gal

/M� 9.9±0.2
log age/yr 8.0±0.5
log SFR/(M�yr�1) 1.9± 0.2
log SSFR �8.0± 0.4
AUV 1.6 mag
UV slope � �1.7±0.1

a Not corrected for IGM absorption.
b Derived from truncated Gaussian fit, corrected for
instrumental broadening, but not for IGM absorp-
tion.
c Based on SED fits (see Sect 5; Oesch et al. 2014).

4.1. A Ly↵ Emission Line at z = 7.730

The spectra of our target source EGS-zs8-1 (see Ta-
ble 1 for summary of properties) revealed a significant
emission line at the expected slit position in both masks
independently (right panels Fig 2). The full 4 hr stacked

Oesch+2015

zspec=7.73

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

7. Description of the proposed programme and attachments

Description of the proposed programme (continued)

Finally, these sources are very valuable as targets for detailed studies with ALMA, JWST, and the E-ELT.
JWST is already very nearby (with targets for the first cycle being selected in summer/fall 2017), and HST is
in its waning days, meaning spectroscopic follow up of any and all targets is urgent.
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Fig. 1.— Spectroscopic detection of emission in EGSY8p7 with MOSFIRE. The Upper panel shows the 2D spectrum below which we plot
the raw (black line) and smoothed (blue line) 1D spectrum and its error (red shading). The red line shows an example best-fit model of
the data (§3).Vertical lines mark OH skyline positions. The upperleft panel shows a normalized signal map extracted along the slit within
a 5 pixel (� 6.5 Å) wide box centered on the line. The pattern of two negative peaks bracketing the positive peak exactly matches that
expected from the dithering scheme used. Arrows show the predicted locations of other lines for a lower redshift interpretation of the line
(see §3 for details).

putative partially neutral era. Finkelstein et al. (2013,
hereafter F13) reported Ly↵ with a rest-frame equivalent
width (EW) of 8 Å at z=7.508 in a HAB=25.6 galaxy;
Oesch et al. (2015, hereafter O15) find Ly↵ emission at
z=7.73 with EW=21 Å in an even brighter source at
HAB=25.03; and Roberts-Borsani et al. (2015, hereafter
RB15) identified a tentative Ly↵ emission (4.7�) in a
HAB=25.12 galaxy at a redshift z=7.477, which we have
now confirmed (Stark et al, in prep). In addition to their
extreme luminosities (MUV � �22), these three sources
have red [3.6] - [4.5] Spitzer/IRAC colors, indicative of
contamination from strong [O III] and Balmer H� emis-
sion.

Using the Multi-Object Spectrometer For Infra-Red
Exploration (MOSFIRE, McLean et al. 2012) on the
Keck 1 telescope, we report the detection of a promi-
nent emission line in a further bright candidate drawn
from the CANDELS program. EGSY-2008532660 (here-
after EGSY8p7; RA=14:20:08.50, DEC=+52:53:26.60)
is a HAB=25.26 galaxy with a photometric redshift of
8.57+0.22

�0.43 and a red IRAC [3.6]-[4.5] color, recently dis-
covered by RB15. We discuss the likelihood that the line
is Ly↵ at a redshift zspec = 8.68 making this the most dis-
tant spectroscopically-confirmed galaxy. Detectable Ly↵
emission at a redshift well beyond z � 8 raises several
questions regarding both the validity of earlier claims for
non-detections of Ly↵ in fainter sources, and the physical
nature of the luminous sources now being verified spec-

troscopically. Even if these bright systems are not rep-
resentative of the fainter population that dominate the
ionization budget, they o↵er new opportunities to make
spectroscopic progress in understanding early galaxy for-
mation.

The paper is organized as follows: In §2 we review
the object selection, spectroscopic observations, and data
reduction. The significance of the line detection and its
interpretation as Ly↵ is discussed in §3. We discuss the
implications of the detectability of Ly↵ in the context of
the earlier work in §4. Throughout we use a standard
�CDM cosmology with �m0 = 0.3, ��0 = 0.7, H0 = 100
h km s�1Mpc�1, h = 0.7, and magnitudes are given
using the AB convention. Errors are 1� unless otherwise
stated.

2. DATA

The galaxy EGSY8p7 was detected in the Extended
Groth Strip (EGS; Davis et al. 2007) from deep (� 27.0)
multi-band images in the CANDELS survey and first re-
ported as one of four unusually bright (H160 < 25.5)
candidate z > 7 galaxies by RB15. One of these, EGS-
zs8-1, with zphot = 7.92±0.36 was spectroscopically con-
firmed at z = 7.73 by O15. Normally such objects would
be selected as Y -band dropouts but, given Y -band ob-
servations are not yet available over the full CANDELS
field, an alternative selection criterion was adopted that
takes advantage of red IRAC [3.6]-[4.5] colors, indicating
prominent [O III]+H� emission within the 4.6 µm band

phot

Zspec=8.68

Ly-α

Figure 1. The most distant spectroscopically confirmed galaxy EGS8p7 at z
spec

= 8.68 from Zitrin et al. (2015), selected

on the basis of a spectral break around 1µm combined with a significant flux excess at 4.5µm (a red 3.6µm�4.5µm > 0.5

color). Left: Groundbased + HST + Spitzer SED. The spectral breaks constrain the photometric redshift to z
phot

=

8.5 ± 0.4. A forced low-redshift solution at z ⇠ 1.7 has much lower likelihood (gray line). Right: a 4 hour MOSFIRE

spectrum of the same galaxy (Zitrin et al. 2015). The full 2D spectrum is shown in the top panel, while the optimally

extracted 1D spectrum is shown on the bottom. The red shaded area represents the 1D flux uncertainty, while the dark

red line shows a best-fit Gaussian line model. The line is extended in the wavelength direction and shows asymmetry as

expected for high-redshift Ly↵ lines. The spectroscopic redshift is in excellent agreement with the photometric redshift.

The detection of Ly↵ at such extreme redshift was surprising due to the expected opacity of the IGM.

Figure 2. Groundbased optical+near-IR + Spitzer image stamps (1000⇥1000) of the ultrabright Ks
AB

= 24.6 galaxy

candidate at z ⇠ 9 identified over UKIDSS/UDS. On the Spitzer/IRAC images, flux from neighbouring sources has

been removed. The galaxy shows a complete lack of emission in the stacked optical BV Riz�bands and in the Y�band

combined with a flux excess in [4.5], making it the best and brightest z ⇠ 9 galaxy candidate in the entire UKIDSS/UDS.

It would be di�cult to select this galaxy based on the optical+NIR emission alone due to the low SNR, demonstrating

the utility of our technique involving IRAC. We propose to target this galaxy using X-Shooter to confirm its redshifts

and study its stellar population properties.

- 3 -

zspec = 8.683
Zitrin+2016

see also Stark+2016,Roberts-Borsani+2016
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Fig. 2.— Left – Mask layout of the two nights of MOSFIRE
Y-band observations of our primary target. These two nights pro-
vide two completely independent measurements of this galaxy at
two di↵erent orientations as well as two di↵erent positions along
di↵erent slitlets. This also allows us to exclude the possibility of
contamination in the final stacked spectrum from the two faint
neighboring galaxies present within 200 of the primary galaxy along
the slits. Right – The signal-to-noise ratio around the detected
emission line in the two independent 1D spectra of the two nights,
averaged over a 4 pixel width (⇠ 4 Å). A line is clearly detected at
> 4� independently in both 2 hr spectra from each night. We also
checked the unrectified frames to ensure that the positive flux in
the spectrum indeed originated from the expected position of the
galaxy along the spectrum.

Each of our mask contains one slitlet placed on a star
for monitoring the sky transparency and seeing condi-
tions of each exposure. We use this star to track the mask
drift across the detector (see, e.g., Kriek et al. 2014),
which we find to be ±1.5 pixels (±0.0027) and ±1 pixel
(±0.0018) during night 1 and 2, respectively. We sepa-
rately reduce di↵erent batches of the data (of 30-45 min
duration) to limit any S/N reduction caused by this drift,
before shifting and stacking the data.
The masks for the two nights have di↵erent orienta-

tions (Fig 2). The two independent data sets of the pri-
mary target thus add to the robustness of any detection.
After creating the 2D spectra for the di↵erent masks,
we applied the appropriate relative shift of the two 2D
frames before stacking the observations of the two nights
to our final 2D spectrum.
Similarly, 1D spectra were extracted separately for

each mask using an optimal extraction based on a pro-
file determined by the slit star. The extracted 1D spec-
tra were corrected for Galactic extinction and for telluric
absorption using nearby A0 stars observed in the same
night at similar airmass. The uncertainty in our opti-
mally extracted 1D spectra was determined empirically
from empty rows in the full, rectified 2D spectra of the
mask.
The absolute flux calibration was obtained from the

slit stars by comparison of the spectra with the 3D-HST
photometric catalogs (Skelton et al. 2014). An additional
small correction was applied to account for the extension
of individual sources in the slit mask by integrating the
seeing-matched HST images over the slit and comparing
with the slit loss of stellar sources.

4. RESULTS

Out of the eight z ⇠ 7 � 8 galaxy candidates, we de-
tected a significant emission line (at > 5�) for only one
source (EGS-zs8-1). This line is discussed in detail be-
low.
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Fig. 3.— MOSFIRE spectra of EGS-zs8-1. The full 2D spectrum
after 2-by-2 binning is shown in the top panel, while the optimally
extracted 1D spectrum is shown on the bottom. The 1D spec-
trum was smoothed by a 3 pixel (⇠ 3 Å) moving average filter for
clarity. The gray shaded area represents the 1� flux uncertainty,
while the dark red line shows the best-fit model. The line is quite
extended in the wavelength direction and shows clear asymmetry
with the expected shape typical for high-redshift Ly↵ lines. The
spectroscopic redshift measurement is zspec = 7.7302 ± 0.0006 in
excellent agreement with the previously determined photometric
redshift. Other line characteristics are summarized in Table 1.

TABLE 1
Measurements of Galaxy EGS-zs8-1

Target

R.A. (J2000) 14:20:34.89
Dec (J2000) 53:00:15.4
H160 25.03±0.05
M

UV

�22.06± 0.05

Emission Line

zspec 7.7302±0.0006
f(Ly↵) 1.7±0.3⇥10�17 erg s�1cm�2

L(Ly↵) 1.2±0.2⇥1043 erg s�1

EW0(Ly↵)a 21±4 Å
S
w

15±6 Å
FWHMb 13±3 Å
VFWHM

b 360+90
�70 km s�1

Physical Parametersc

logM
gal

/M� 9.9±0.2
log age/yr 8.0±0.5
log SFR/(M�yr�1) 1.9± 0.2
log SSFR �8.0± 0.4
AUV 1.6 mag
UV slope � �1.7±0.1

a Not corrected for IGM absorption.
b Derived from truncated Gaussian fit, corrected for
instrumental broadening, but not for IGM absorp-
tion.
c Based on SED fits (see Sect 5; Oesch et al. 2014).

4.1. A Ly↵ Emission Line at z = 7.730

The spectra of our target source EGS-zs8-1 (see Ta-
ble 1 for summary of properties) revealed a significant
emission line at the expected slit position in both masks
independently (right panels Fig 2). The full 4 hr stacked

Oesch+2015

zspec=7.73

How can this be? Intense radiation field from CIII] + [OIII]+Hβ EW

6

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

P. Oesch, Geneva Observatory, UniGEMPIA, June 2016 19

EGS-zs8-1 now has a three line redshift z=7.73. 
Very high EW CIII] emission
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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)

Stark+2016
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Figure 5. A comparison of the Lyman continuum production efficiency,
⇠⇤
ion

, for galaxies at 3.8 < z < 5.0 (histogram) to EGS-zs8-1. The selec-
tion of galaxies with IRAC color excesses picks out a population with high
specific star formation rates and very large values of ⇠

ion,unatt,?

.

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

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

5.1 Impact of local radiation field on Ly↵ equivalent widths

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

ion

(Table 3), suggesting

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

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

efficient LyC production rates. The distribution of neutral hydro-
gen in the circumgalactic medium could be very different in such
young, rapidly growing systems. Conceivably both the intense ra-
diation field and enhanced stellar feedback of the RB16 galaxies
could disrupt the surrounding distribution of gas, reducing the cov-
ering fraction of neutral hydrogen and boosting the transmission of
Ly↵. If the escape fraction of Ly↵ through the galaxy is indeed re-
lated to the specific star formation rate and ⇠⇤

ion

, we should detect
evidence of a larger Ly↵ emitter fraction in extreme optical line
emitters located just after reionization (4 < z < 6).

To test the connection between Ly↵ and ⇠⇤
ion

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

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

c� 2016 RAS, MNRAS 000, 1–13

also large velocity offset Ly-α



7. Description of the proposed programme and attachments

Description of the proposed programme (continued)

Finally, these sources are very valuable as targets for detailed studies with ALMA, JWST, and the E-ELT.
JWST is already very nearby (with targets for the first cycle being selected in summer/fall 2017), and HST is
in its waning days, meaning spectroscopic follow up of any and all targets is urgent.
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Fig. 1.— Spectroscopic detection of emission in EGSY8p7 with MOSFIRE. The Upper panel shows the 2D spectrum below which we plot
the raw (black line) and smoothed (blue line) 1D spectrum and its error (red shading). The red line shows an example best-fit model of
the data (§3).Vertical lines mark OH skyline positions. The upperleft panel shows a normalized signal map extracted along the slit within
a 5 pixel (� 6.5 Å) wide box centered on the line. The pattern of two negative peaks bracketing the positive peak exactly matches that
expected from the dithering scheme used. Arrows show the predicted locations of other lines for a lower redshift interpretation of the line
(see §3 for details).

putative partially neutral era. Finkelstein et al. (2013,
hereafter F13) reported Ly↵ with a rest-frame equivalent
width (EW) of 8 Å at z=7.508 in a HAB=25.6 galaxy;
Oesch et al. (2015, hereafter O15) find Ly↵ emission at
z=7.73 with EW=21 Å in an even brighter source at
HAB=25.03; and Roberts-Borsani et al. (2015, hereafter
RB15) identified a tentative Ly↵ emission (4.7�) in a
HAB=25.12 galaxy at a redshift z=7.477, which we have
now confirmed (Stark et al, in prep). In addition to their
extreme luminosities (MUV � �22), these three sources
have red [3.6] - [4.5] Spitzer/IRAC colors, indicative of
contamination from strong [O III] and Balmer H� emis-
sion.

Using the Multi-Object Spectrometer For Infra-Red
Exploration (MOSFIRE, McLean et al. 2012) on the
Keck 1 telescope, we report the detection of a promi-
nent emission line in a further bright candidate drawn
from the CANDELS program. EGSY-2008532660 (here-
after EGSY8p7; RA=14:20:08.50, DEC=+52:53:26.60)
is a HAB=25.26 galaxy with a photometric redshift of
8.57+0.22

�0.43 and a red IRAC [3.6]-[4.5] color, recently dis-
covered by RB15. We discuss the likelihood that the line
is Ly↵ at a redshift zspec = 8.68 making this the most dis-
tant spectroscopically-confirmed galaxy. Detectable Ly↵
emission at a redshift well beyond z � 8 raises several
questions regarding both the validity of earlier claims for
non-detections of Ly↵ in fainter sources, and the physical
nature of the luminous sources now being verified spec-

troscopically. Even if these bright systems are not rep-
resentative of the fainter population that dominate the
ionization budget, they o↵er new opportunities to make
spectroscopic progress in understanding early galaxy for-
mation.

The paper is organized as follows: In §2 we review
the object selection, spectroscopic observations, and data
reduction. The significance of the line detection and its
interpretation as Ly↵ is discussed in §3. We discuss the
implications of the detectability of Ly↵ in the context of
the earlier work in §4. Throughout we use a standard
�CDM cosmology with �m0 = 0.3, ��0 = 0.7, H0 = 100
h km s�1Mpc�1, h = 0.7, and magnitudes are given
using the AB convention. Errors are 1� unless otherwise
stated.

2. DATA

The galaxy EGSY8p7 was detected in the Extended
Groth Strip (EGS; Davis et al. 2007) from deep (� 27.0)
multi-band images in the CANDELS survey and first re-
ported as one of four unusually bright (H160 < 25.5)
candidate z > 7 galaxies by RB15. One of these, EGS-
zs8-1, with zphot = 7.92±0.36 was spectroscopically con-
firmed at z = 7.73 by O15. Normally such objects would
be selected as Y -band dropouts but, given Y -band ob-
servations are not yet available over the full CANDELS
field, an alternative selection criterion was adopted that
takes advantage of red IRAC [3.6]-[4.5] colors, indicating
prominent [O III]+H� emission within the 4.6 µm band

phot

Zspec=8.68

Ly-α

Figure 1. The most distant spectroscopically confirmed galaxy EGS8p7 at z
spec

= 8.68 from Zitrin et al. (2015), selected

on the basis of a spectral break around 1µm combined with a significant flux excess at 4.5µm (a red 3.6µm�4.5µm > 0.5

color). Left: Groundbased + HST + Spitzer SED. The spectral breaks constrain the photometric redshift to z
phot

=

8.5 ± 0.4. A forced low-redshift solution at z ⇠ 1.7 has much lower likelihood (gray line). Right: a 4 hour MOSFIRE

spectrum of the same galaxy (Zitrin et al. 2015). The full 2D spectrum is shown in the top panel, while the optimally

extracted 1D spectrum is shown on the bottom. The red shaded area represents the 1D flux uncertainty, while the dark

red line shows a best-fit Gaussian line model. The line is extended in the wavelength direction and shows asymmetry as

expected for high-redshift Ly↵ lines. The spectroscopic redshift is in excellent agreement with the photometric redshift.

The detection of Ly↵ at such extreme redshift was surprising due to the expected opacity of the IGM.

Figure 2. Groundbased optical+near-IR + Spitzer image stamps (1000⇥1000) of the ultrabright Ks
AB

= 24.6 galaxy

candidate at z ⇠ 9 identified over UKIDSS/UDS. On the Spitzer/IRAC images, flux from neighbouring sources has

been removed. The galaxy shows a complete lack of emission in the stacked optical BV Riz�bands and in the Y�band

combined with a flux excess in [4.5], making it the best and brightest z ⇠ 9 galaxy candidate in the entire UKIDSS/UDS.

It would be di�cult to select this galaxy based on the optical+NIR emission alone due to the low SNR, demonstrating

the utility of our technique involving IRAC. We propose to target this galaxy using X-Shooter to confirm its redshifts

and study its stellar population properties.

- 3 -

f(Ly-a) = 1.7e-17 ergs/etc


EW0 Ly-a = 28A


z = 8.683


log M ~ 1010 M*


SFRcor ~ 150 M*/yr


EW0 [OIII]+Hb ~ 1000A


6

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

EGSY8p7
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To quantify stellar mass estimate accuracy we assumed the distribution of galaxies in the COS-
MOS survey, but truncated the distribution at the age of the universe for each redshift (Figures 3, 
7).  Redshift errors matching those required by Euclid were included along with strong nebular 
line emission, which can skew the redshift and mass estimates, were added to the templates (e.g. 
Ilbert et al 2009, Shim et al. 2011, Lee et al. 2012). 
1.3 Re-Ionization Of The Universe: The Vital Role Of Large Scale Structure 
Based on contemporary data and models, re-ionization of the intergalactic medium begins at 
z~12 (e.g. Larson et al. 2011), and ends at z~6.5, with z~6.5-8 being a critical period (e.g. Faist 
et al. 2014).  In the context of a Lambda-Cold-Dark Matter (ΛCDM) cosmology, over-densities 
with Mhalo >>1011M  are the cradles of accelerated galaxy evolution; these are sites where the first 
and most massive early galaxies and clusters observed in the evolved z <2 Universe are initially 
assembled and they are the earliest sites of re-ionization.  Finding these over-dense regions is 
crucial to characterizing re-ionization (e.g. Trac et al. 2008) along with galaxy and structure 
formation (e.g. Kaiser 1984, Bardeen et al. 1986, Springel et al. 2005, Li et al. 2007, Overzier et 
al. 2009).  However, at these early times, the progenitors of lower-redshift structures have lower 
density contrast, and are made up of many connected over-densities which extend over ~15-60’ 
(10-150 co-moving Mpc) scales (Springel et al. 2005, Li et al. 2007, Trac et al. 2008, Overzier et 
al. 2009), much larger than the familiar ~1’ (0.5 Mpc) cluster cores and groups at z<1.  
Studying these large-scale structures requires sampling multiple scale-lengths (several degree 
linear scales), with thousands of galaxies per bin of mass, star formation rate, or other physical 
parameter (Hildebrant et al. 2010, Ouchi et al. 2005).  Simulations and existing data suggest that 
a total of ~10-40 square degrees of sky is needed to fully characterize these structures, removing 
cosmic variance as a source of uncertainty (Springel et al. 2005, Ouchi et al. 2005, Li et al. 2007, 
Overzier et al. 2009, Hildebrant et al. 2010).  Only Spitzer can cover the area required at a depth 
sufficient to detect high-redshift galaxies.

Figure 4 A re-ionization simulation from Trac et al. 2008 showing a ~1 deg2 region of the sky.  The left panel shows 
the epoch of re-ionization for different parts of the sky, while the right panel shows the galaxies.  One can see the 
majority of the volume re-ionizes at z<8, the early regions are very patchy, and well traced by the brightest galaxies 
that will be detected by Euclid (H<26).  The JWST NIRCAM field of view, which operates at the same wavelengths 
as Spitzer, is shown at the far right for comparison. The proposed Spitzer data measure the mass of the Euclid de-
tected galaxies, identifying them for JWST follow-up.  JWST would have to spend thousands of hours to find a few 
of these massive galaxies independently, insufficient to conduct statistical study of re-ionization.
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SMUVS: Spitzer Matching survey of the UltraVISTA ultra-deep Stripes , K. Caputi et al.11
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Figure 2: The UltraVISTA field (large solid-line rectangle) with the ultra-deep stripes numbered 1

to 4. The hashed region does not have ultra-deep data due to a faulty chip on the VISTA telescope

wide-field camera VIRCAM. The region covered by the ultra-deep S-CANDELS is indicated in

Stripe 2. (Note: HST CANDELS only covers a half of this region). The observations proposed

here will collect matching ultra-deep IRAC data on the colour-filled regions shown in Stripes 1, 2

& 3, taking them to a depth equivalent to S-CANDELS. This will result in the largest (⇠ 0.6 deg

2
),

quasi-contiguous, ultra-deep IRAC map in existence. Stripe 4 has not been considered as a target

because it is only partially covered by the deepest COSMOS ancillary data.
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Figure 1: Layout of the

proposed survey. An overview
of the COSMOS field is shown,
with existing data sets indicated.
The red square indicates the
HST/ACS I814 footprint, while
the black outline indicates the
UltraVISTA field of view (which
will be brought to full depth
H ⇠ 26). The cyan circle shows
the field of view of the guar-
anteed ultradeep optical Hyper
Suprime-Cam data. Blue filled
vertical stripes show the ⇠ 0.6 sq
degree area which have already
received ultradeep matched
Spitzer/IRAC observations from
SMUVS/SCANDELS/SEDS.
The proposed survey (filled
purple) will map around the
existing deep IRAC areas and
fill out the entire 1.8 sq degree
contiguous HST + ultradeep
UltraVISTA footprint.

Recently, optical and near-IR surveys have been making tremendous progress in improving
the limits over the entire 1.8 sq degree field, reaching sensitivities which now allow us to select
galaxies based on the presence of a redshifted Lyman break to z ⇠ 10. Hyper Suprime-Cam
imaging is pushing to ⇠ 27 � 28 AB at optical wavelengths. At the same time, the near-IR
UltraVISTA survey (McCracken et al. 2012) is mapping the field in near-IR broad-band J,
H and Ks, and a narrow band NB118 at ⇠1.18µm. Originally consisting of a shallow and an
ultradeep component, UltraVISTA is now guaranteed to reach ultradeep K=25.3 (5�) over
the full COSMOS field, and proposes to be extended to ultradeep limits J,H⇠26 mag AB
as well. At the same time, several HST/WFC3 programs are planned this cycle to cover
the entire 1.6 sq degree HST/ACS area with deep WFC3 imaging (to ⇠ 26 AB mag limits).
With these new data, about a million galaxies will be detected in the COSMOS field.

The continuing data collection e↵ort over COSMOS by existing and new facilities confirms
that COSMOS takes a special place amongst extragalactic survey fields. Because of its
accessibility by all major observatories and the unparalleled ongoing investments, it is crit-
ical that deep Spitzer/IRAC data become available over the full field in a timely manner
to match the new and upcoming, vastly improved sensitivity limits of other facilities1. No
other optical-to-near-IR surveys conducted to date o↵er a similar deep-data/large-area com-
bination. However, the current coverage of Spitzer/IRAC is very uneven, ranging from only
2 hours in the corners of the HST/ACS I814-band area to 75 hours in a small 10 ⇥ 10 ar-
cmin part of the central CANDELS section of the image. To obtain accurate redshifts
and stellar masses for all galaxies in COSMOS it is critical to add uniform
coverage to su�ciently deep limits with Spitzer/IRAC 3.6µm and 4.5µm.

1
An up-to-date overview of all recent and upcoming surveys is provided on this website

http://home.strw.leidenuniv.nl/⇠ivo/cosmoslegacy.html

Large contiguous degree-scale fields needed

Approved UltraVISTA extensions in near-IR, IRAC still needed 
Will not be done by JWST, critical for follow up
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Figure 1: Grism Spectrum of GN-z11 (from Oesch et al. 2016). The top panel shows the (negative) 2D
spectrum from our HST data with the trace (expected location of the spectrum) 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 with uncertainties at the resolution of the
HST grism (93 Å). The black dots show the same binned to 560 Å. We identify a continuum break in
the spectrum at λ = 1.47 ± 0.01 µm. The continuum flux at λ > 1.47 µm is detected at ∼ 1 − 1.5σ per
resolution element and at 3.8σ per 560 Å bin. After excluding lower redshift possibilities (see Oesch et al.
2016 for details), the best-fit grism redshift is measured to be zgrism = 11.09+0.08

−0.12, placing GN-z11 just 400
Myr after the Big Bang. The red line reflects the Lyα break at this redshift, normalized to the measured
H-band flux of GN-z11. The agreement is excellent. GN-z11 is located in the GOODS-N field and
not visible from ALMA. It thus represents a unique possibility for a real breakthrough with
NOEMA to explore the ISM of a galaxy at the very beginning of cosmic reionization.
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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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Comparison with Grism Data

Figure 2: Stamps and the spectral energy distribution of GN-z11. The source was selected as a normal
Lyman break galaxy (LBG) with a dropout in the J F125W filter. It is clearly detected at longer wave-
lengths including both Spitzer 3.6 and 4.5 µm bands. The top row shows stamps with 3′′ on the side. The
bottom left panel shows the full SED, which indicates that GN-z11 was already surprisingly massive for a
galaxy at such an early time, having formed ∼ 109 M⊙. The lower right panel shows a zoom-in around
the continuum break of GN-z11. Note that the H-band (∼ 1.6µm) partially samples the continuum break,
which is why the SED is higher than the H-band point. The grism spectrum (blue) is in excellent agreement
with the photometry (red) allowing us to constrain the redshift of GN-z11 to within ∆z = ±0.1. GN-z11
will likely remain the most distant spectroscopic source until the advent of JWST.
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Figure 3: Left – The redshift probability distribution function for GN-z11. The grism spectrum constrains
the continuum break to a redshift of zgrism = 11.09+0.08

−0.12 (blue histogram). This allows us to cover 82%
of the full redshift probability distribution function with only one frequency tuning of NOEMA (purple
band). Note that such observations would be prohibitively expensive in the absence of our grism redshift
measurement (as is the case for all other z > 9 galaxies known; see gray histogram). Right – The
SFR-LCII relation in the local universe (black dots and line) and at z ∼ 5 (red dots; Figure adapted from
Capak et al. 2015). The ALMA results at z ∼ 5 show that [CII] lines are ubiquitous in bright
LBGs (such as GN-z11) and that they still follow the local scaling relation. With only two tracks, we
will be able set significant constraints on the [CII] luminosity of GN-z11 (purple arrow with limits) and
potentially detect the line at > 5σ if it happens to lie at the upper envelope of the SFR-LCII relation.
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Lyman Break detected at z=11
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Figure 3: Left: The surprising discovery of GN-z11, an ultra-luminous galaxy with a spectroscopic redshift
zgrism = 11.1, is challenging our models of early galaxy formation. The inferred luminosity function (LF) of
GN-z11 lies more than an order of magnitude above the predictions. Our survey is designed to search for
analogs of GN-z11 at z ⇠ 9 � 11 covering a volume of 107 Mpc3 for a real test of these models with up to
20 such luminous galaxies at less than 500 Myr after the Big Bang. The top right panels show a simulation
of a z = 10 galaxy with MUV = �22. The stamps are 2.500 on the side (500 for IRAC). Such galaxies are
significantly detected even in the Spitzer/IRAC bands (probing rest-frame optical light). However, they
can not be reliably selected in ground-based data due to the limited depth and the spacing of those filters.
The lower right panel shows the spectra of LBGs at di↵erent redshift together with the filter coverage with
HST (colored) and from the ground (gray). Our survey will allow for the reliable selection of luminous
Lyman Break Galaxies (LBG) based on HST data alone over the full range z = 6 � 11.

(1) Assessing Rare, Highly Luminous Galaxies in the Reionization Epoch

Unveiling the Brightest Galaxies at z ⇠> 9: One of the most surprising discoveries
in the last few years in very high-redshift studies was that relatively bright galaxies with
MUV < �22 mag are still commonly found in early cosmic history at z = 8 and even out to
z = 11 (e.g. Oesch et al. 2016, 2014, Bowler et al. 2014). The two CANDELS/GOODS fields
revealed 6 galaxies with H < 27 mag and with photometric redshifts z > 9. The brightest of
these with H = 25.9 mag, GN-z11, was recently confirmed to lie at z = 11.09 ± 0.10 based
on HST grism spectroscopy (Oesch et al. 2016). The discovery of such a bright source at
only 400 Myr after the Big Bang in a search of only ⇠ 300 arcmin2 was extremely surprising.
It challenges our current models of early galaxy formation which predicted that an area
20-100⇥ larger was required to find such a source. GN-z11 could thus highlight a critical
change in our understanding of early galaxy formation. However, a survey covering much
larger volumes is now required to reliably measure the number density of z > 9 galaxies with
star-formation rates > 25 M�/yr for a real test of current models. Our survey is designed
to reach down to the required NIR depth of 26 mag over the entire COSMOS field, i.e., an
area ⇠ 20⇥ larger than the two GOODS fields, and to have the required filter set for reliable
z ⇠> 9 galaxy selections. Characterizing the evolution of the shape of the UV luminosity
function to z > 9 is absolutely key for planning the most e�cient future JWST surveys in
order to maximize its scientific return of early galaxy evolution. Based on the discovery of
GN-z11 we can reasonably expect to find up to 20 such candidates. These would provide
unique targets for early JWST spectroscopy. Now is the time to find these rare sources!

Accurate Measurements of the Bright-End of the UV LF at z ⇠ 7 � 8: The analysis
of the full WFC3/IR dataset from the CANDELS survey resulted in a new picture of early
galaxy build-up. Previously it was thought that the evolution of the UV luminosity function

4

Unexpected in such a small volume
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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).
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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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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

Need wider area NIR imaging data now to accurately determine number 
density of bright sources and to find such candidates for JWST follow-up 
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JWST/NIRSpec: Unprecedented Spectra
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• JWST will be extremely efficient in 
spectroscopic characterization of z>7 
galaxies, OIII out to z~9

• Current, bright z~9-10 galaxies will 
also be very quick to spectroscopically 
confirm

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

• Are working on collecting largest 
possible samples of very bright 
galaxies at z>=8

Simulation based on z=7.73 source from Oesch+15
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• 	Deep imaging with HST enabled the detection of an unprecedented sample of 
galaxies at z>4, 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) and evolved quickly. 

•  CMB constraints imply lower instantaneous reionization redshift z=8.2 ➔ ultra-faint 
galaxies likely main drivers for reionization 

• 	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 


•  Strong emission lines inferred from IRAC and strong CIII] at z=7-8: unusual stellar 
populations, intense radiation fields and high ξion 


•  surprising Ly-α detections at z>7 to z=8.68: patchy reionization? Large fields need to 
be studied!


•  Will be able to do detailed astrophysics with JWST/NIRSpec:  
ionization state, SFR, metallicity, dynamical state


• 	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! 

•Summary


