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Ground-Space Synergy 1993-2015 
Hubble Space Telescope Ground-based 8-10m telescopes 

Precision/resolved optical/NIR imaging Spectroscopy (redshifts, physical properties) 

Keck (Stark et al 2015) 

VLT: (Cassata et al 2015) 



Ground-Space Synergy 2020s: JWST Spectra 

JWST spectroscopy will measure stellar continuum & composition of gas 
in z ~ 8+ galaxies using UV and optical lines longward of 2 microns 
beyond reach of current & future ground-based telescopes 

z=8 galaxy; 25 hour exposure NIRSpec 
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Ground-Space Synergy 2020s: ELT AO Imaging   

AO will enable TMT/E-ELT to outperform JWST in image quality 
Unique advantage in imaging rest UV in physically-small distant galaxies  

3” 

JWST 

TMT 

physical 
size 
(kpc) 

 

 
Image stacks for faint Hubble galaxies 



Planck CMB: Shorter Reionization Era? 

Planck Consortium argue the WMAP τ, derived largely from TE/EE 
(polarization) data, is less convincing than the superior TT data from 
Planck whose degeneracy with the amplitude As can now be broken via 
CMB lensing constraints.  

WMAP9 TE PLANCK TT 

τ = 0.088 ± 0.013;  z = 10.5 ± 1.1            τ = 0.066 ± 0.013;  z = 8.8 ± 1.2  	
  	
  



Reionization Era is Already Being Probed.. 

A change of Δz~1.7 in 
instantaneous redshift of 
reionization makes a big 
difference to the role of galaxies 
since their numbers decline very 
rapidly for z > 6 Robertson et al (2015) 

also Choudhury et al (2015), Bouwens et al (2015)  

2 Robertson et al.

2. CONTRIBUTION OF Z < 10 GALAXIES TO LATE
REIONIZATION

2.1. Cosmic Star Formation History

If Lyman continuum photons from star-forming galax-
ies dominate the reionization process, an accounting of
the evolving SFR density will provide a measure of the
time-dependent cosmic ionization rate

ṅion = fescξionρSFR, (1)

where fesc is the fraction of photons produced by stel-
lar populations that escape to ionize the IGM, ξion is
the number of Lyman continuum photons per second
produced per unit SFR for a typical stellar population,
and ρSFR is the cosmic SFR density. Following Robert-
son et al. (2013), we adopt a fiducial escape fraction of
fesc = 0.2 and, motivated by the rest-frame UV spectral
energy distributions of z ∼ 7− 8 galaxies (Dunlop et al.
2013), a fiducial Lyman continuum photon production
efficiency of log10 ξion = 53.14 [Lyc photons s−1M−1

⊙ yr].
The observed infrared and rest-frame UV luminos-

ity functions (LFs) provide a means to estimate ρSFR.
We use the recent compilation of IR and UV LFs pro-
vided in Table 1 of MD14 and references therein to com-
pute luminosity densities ρL to a minimum luminosity
of Lmin = 0.001L⋆, where L⋆(z) is the characteristic
luminosity of each relevant LF parameterization (e.g.,
Schechter or broken power law models)5. We supplement
the MD14 compilation by including ρSFR values com-
puted from the LF determinations at z ∼ 8 by Schenker
et al. (2013), at z ∼ 7 − 8 by McLure et al. (2013), and
estimates at z ∼ 10 by Oesch et al. (2014) and Bouwens
et al. (2014). We include new HST Frontier Fields LF
constraints at z ∼ 7 by Atek et al. (2014) and at z ∼ 9 by
McLeod et al. (2014), incorporating cosmic variance esti-
mates from Robertson et al. (2014). We also updated the
MD14 estimates derived from the Bouwens et al. (2012)
LFs at z ∼ 3− 8 with newer measurements by Bouwens
et al. (2014). All data were converted to the adopted
Planck cosmology.
We adopted the conversion ρSFR = κρL supplied

by MD14 for IR and UV luminosity densities, i.e.
κIR = 1.73 × 10−10 M⊙ yr−1 L−1

⊙ and κUV = 2.5 ×
1010 M⊙ yr L−1

⊙ respectively, as well as their redshift-
dependent dust corrections and a Salpeter initial mass
function. Uncertainties on ρSFR are computed using
faint-end slope uncertainties where available, and other-
wise we increased the uncertainties reported by MD14
by the ratio of the luminosity densities integrated to
L = 0.03L⋆ and L = 0.001L⋆. The data points in Fig-
ure 1 show the updated SFR densities and uncertainties
determined from the IR (dark red) and UV (blue) LFs,
each extrapolated to Lmin = 0.001L⋆.
Since we are interested in the reionization history both

up to and beyond the limit of the current observational
data, we adopt the convenient four-parameter fitting
function chosen by MD14 to model ρSFR(z),

ρSFR(z) = ap
(1 + z)bp

1 + [(1 + z)/cp]dp
(2)

5 We adopt this limit since it corresponds to Mmax ≈ −13 at
z ∼ 7, which Robertson et al. (2013) found was required to reionize
the Universe by z ∼ 6. It corresponds to Mmax = M⋆ + 7.5.

Fig. 1.— Star formation rate density ρSFR with redshift. Shown
are the SFR densities from Madau & Dickinson (2014) determined
from infrared (dark red points) and ultraviolet (blue points) lumi-
nosity densities, updated for recent results and extrapolated to a
minimum luminosity Lmin = 0.001L⋆. A parameterized model for
the evolving SFR density (Equation 2) is fit to the data under the
constraint that the Thomson optical depth τ to electron scatter-
ing measured by Planck is reproduced. The maximum likelihood
model (white line) and 68% credibility interval on ρSFR (red re-
gion) are shown. A consistent SFR density history is found even
if the Planck τ constraint is ignored (dotted black line). These
inferences can be compared with a model forced to reproduce the
previous WMAP τ (orange region), which requires a much larger
ρSFR at redshifts z > 5.

and perform a maximum likelihood (ML) determination
of the parameter values using Bayesian methods (i.e.,
Multinest; Feroz et al. 2009) assuming Gaussian errors.
If we fit to the data and uncertainties reported by MD14,
we recover similar ML values for the parameters of Equa-
tion 2. The range of credible SFR histories can then be
computed from the marginalized likelihood of ρSFR by
integrating over the full model parameter likelihoods.

2.2. Thomson Optical Depth

If star forming galaxies supply the bulk of the pho-
tons that drive the reionization process, measures of the
Thomson optical depth inferred from the CMB place ad-
ditional constraints on ρSFR. The Thomson optical depth
is given by

τ(z) = c⟨nH⟩σT

∫ z

0
feQHII(z

′)H−1(z′)(1 + z′)2dz′ (3)

where c is the speed of light. The comoving hydrogen
density ⟨nH⟩ = XpΩbρc involves the hydrogen mass frac-
tion Xp, the baryon density Ωb, and the critical density
ρc. The Thomson scattering cross section is σT . The
number of free electrons per hydrogen nucleus is calcu-
lated following Kuhlen & Faucher-Giguère (2012) assum-
ing helium is doubly ionized at z ≤ 4.
The IGM ionized fraction QHII(z) is computed by

4 Robertson et al.

Fig. 3.— Measures of the neutrality 1 − QHII
of the intergalac-

tic medium as a function of redshift. Shown are the observa-
tional constraints compiled by Robertson et al. (2013), updated
to include recent IGM neutrality estimates from the observed frac-
tion of Lyman-α emitting galaxies (Schenker et al. 2014; Pentericci
et al. 2014), constraints from the Lyman-α of GRB host galaxies
(Chornock et al. 2013), and inferences from dark pixels in Lyman-α
forest measurements (McGreer et al. 2015). The evolving IGM neu-
tral fraction computed by the model is also shown (red region is the
68% credibility interval, white line is the ML model). While these
data are not used to constrain the models, they are nonetheless
remarkably consistent. The bottom panel shows the IGM neutral
fraction near the end of the reionization epoch, where the presented
model fails to capture the complexity of the reionization process.
For reference we also show the corresponding inferences calculated
from Robertson et al. (2013) (blue region) and a model forced to
reproduce the WMAP τ (orange region).

Figure 3 also shows the earlier model of Robertson
et al. (2013) (blue region) which completes reionization
at slightly lower redshift and displays a more prolonged
ionization history. This model was in some tension with
the WMAP τ (Figure 2). If we force the model in the
present paper to reproduce the WMAP τ (orange re-
gion), reionization ends by z ∼ 7.5, which is quite incon-
sistent with several observations that indicate neutral gas
within IGM over the range 6 ! z ! 8 (Figure 3).

3. CONSTRAINTS ON THE CONTRIBUTION OF Z > 10
GALAXIES TO EARLY REIONIZATION

By using the parameterized model of MD14 to fit the
cosmic SFR histories, and applying a simple analytical
model of the reionization process, we have demonstrated
that SFR histories consistent with the observed ρSFR(z)
integrated to Lmin = 0.001L⋆ reproduce the observed
Planck τ while simultaneously matching measures of the
IGM neutral fraction at redshifts 6 ! z ! 8. As Fig-
ure 1 makes apparent, the parameterized model extends
the inferred SFR history to z > 10, beyond the reach
of current observations. Correspondingly, these galaxies

measurements when QHII
∼ 1 because of our simplified treatment

of the ionization process (see the discussion in Robertson et al.
2013)

Fig. 4.— Correspondence between the Thomson optical depth,
the equivalent instantaneous reionization redshift zreion, and the
average SFR density ρSFR at redshift z " 10. Shown are samples
(points) from the likelihood function of the ρSFR model parameters
resulting in the 68% credibility interval on τ from Figure 2, color
coded by the value of zreion. The samples follow a tight, nearly
linear correlation (dashed line) between ρSFR and τ , demonstrating
that in this model the Thomson optical depth is a proxy for the
high-redshift SFR. We also indicate the number of z > 10 galaxies
with mAB < 29.5 per arcmin−2 (right axis), assuming the LF
shape does not evolve above z > 10.

supply a non-zero rate of ionizing photons that enable the
Thomson optical depth to slowly increase beyond z ∼ 10
(see Figure 2). We can therefore ask whether a connec-
tion exists between ρSFR(z > 10) and the observed value
of τ under the assumption that star forming galaxies con-
trol the reionization process.
Figure 4 shows samples from the likelihood function of

our model parameters given the ρSFR(z) and τ empirical
constraints that indicate the mean SFR density ⟨ρSFR⟩
(averaged over 10 ! z ! 15) as a function of the total
Thomson optical depth τ . The properties ⟨ρSFR⟩ and τ
are tightly related, such that the linear fit

⟨ρSFR⟩ ≈ 0.344(τ − 0.06) + 0.00625 [M⊙ yr−1 Mpc−3]
(6)

provides a good description of their connection (dashed
line). For reference, the likelihood samples shown in Fig-
ure 4 indicate the corresponding redshift of instantaneous
reionization zreion via a color coding.
Given that the SFR density is supplied by galaxies that

are luminous in their rest-frame UV, we can also connect
the observed τ to the abundance of star forming galaxies
at z " 10. This quantity holds great interest for fu-
ture studies with James Webb Space Telescope, as the
potential discovery and verification of distant galaxies
beyond z > 10 has provided a prime motivation for the
observatory. The 5-σ sensitivity of JWST at 2 µm in a
t = 104 s exposure is mAB ≈ 29.5.7 At z ∼ 10, this
sensitivity corresponds to a UV absolute magnitude of

7 See http://www.stsci.edu/jwst/instruments/nircam/sensitivity/table

Adopting fesc = 0.2, ξion consistent 
with β= -2, a LF extending to 
MUV=-13 galaxies can account for 
Planck τ with reionization largely 
contained with 10 < z < 6 

current 
spectroscopic 
limit 



Ly-α Emission from Early Galaxy Formation. Mark DIJKSTRA







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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4 5 6 7 8
Redshift

0.0

0.2

0.4

0.6

0.8

x L
yα

, 2
5

MUV > -20.25
MUV < -20.25 Stark et al. (2011)

This work

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.

Fraction  
with Ly α 

redshift 

Resonant scattering by neutral IGM 
reduces Lyα visibility unless galaxy is in 
ionized bubble. Expect drop in  fraction 
with line emission as we enter neutral era 
	
  



Challenges for JWST/ELTs 

•  Through deep and lensed fields, HST has primarily contributed to the 
demographics of the early galaxy population (#s, LFs, colors..) 

•  The next step is detailed astrophysics:  
             - nature of star formation: regular or burst-like? è feedback 

  - ionizing spectrum (stellar populations, role of AGN) è ξion 
             - escape fraction of Lyman limit photons è fesc 
             - chemical composition: O/H, C/O ratios è earlier nucleosynthesis 
             - is there any dust? 
           most of these issues can only be resolved via spectra 
•  Diagnostic features include both UV and optical lines: 
             Combination of UV + Hα è SF timescales   z < 6.5 
             [O II], [O III], Hβ è O/H ratio and dust content  z < 9 
             UV metals  è C/O ratio, ionizing spectrum z < 20 

       Lyα detections & profiles è velocity offsets, neutral fraction z < 20  

To interpret such new observations requires population synthesis codes 
incorporating realistic models of line emission from hot stars and AGN e.g. 
Gutkin et al, Feltre et al 2015 



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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Contrary to early claims, z~7-8 galaxies have normal UV colors but colors 
alone are insufficient in constraining the ionizing supply factor ξion 
 
Degeneracies from unknown age, metallicity and dust content! 
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Line Diagnostics 

Low redshift: 

SF histories probed via 
different time sensitivities of 
UV and Hα luminosities 

✖ 

High redshift: UV metal lines, e.g. 
 
 - CIV 1548 Å    48 eV 
 - O III] 1664 Å  35 eV 
 - CIII] 1909 Å   24 eV 
 
probe ionizing spectrum and gas phase 
metallicity beyond z~8 

Stark et al (2014) 



Important UV Emission Lines 

A.(Feltre(B(ESO(Lunch(Talk(B(October(6,(2015

AGN(vs(stellar(ionizing(spectra

Feltre+15

metal rich!
Z=0.03

extremely metal poor 
Z=0.0001

α=-1.2

α=-2.0

Two grids of photoionization models predicting nebular emission line ratios: 
Young stars: CB15 (new tracks, WR stars) + CLOUDY (Gutkin+15)  
AGN-driven: Power law F(ν) ~ να  + CLOUDY 
  
Utility of rest-UV line ratios CIII]/HeII/CIV as discriminants (see Feltre poster) 

UV lines 



Illustration: CIV Doublet in z ~ 7.045 Galaxy 

Stark et al (2015) 
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CIV / Lyα  ratio much stronger than in z~2 sample – what does this mean?  
 
•   High ionization parameter (US =ργ/ρgas):  log US ~ -1.35 
•    Low metallicity:  ~0.01 solar  
 
Conceivably the rarer z > 7 galaxies which reveal Lyα emission are 
atypical and extreme ionizing sources? 

A.(Feltre(B(ESO(Lunch(Talk(B(October(6,(2015

Comparison(with(observations

Stark+15a

lensed  A1703-zd6 z~7.06 !
(Keck/MOSFIRE)

✦ metal poor SSP with hot stars!
!

high ionisation parameter (-1.35) !
low metallicity (Z=0.0001)!

!
✦  AGN!

fit on CIV/HeII and OIII]/HeII!
consistent with!

low metallicity (Z=0.001)!
low density (nH=102 cm-3)

what is the !
ionizing source?

AGN 

Young stars 



A New Class of Early Star-Forming Galaxies? 
Most  z > 7 galaxies to 
date were selected 
primarily on the basis of a 
strong Lyman continuum 
drop and a blue rest-frame 
UV continuum.  
 
But for 7 < z < 9  [O III]/Hβ 
pollutes the 4.5µm IRAC 
band. Selecting sources 
with a strong 4.5µm 
excess targets intense line 
emitters 
 
4 such luminous objects 
(H~25) located in 
CANDELS fields  

Roberts-Borsani et al  (2015) 
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Fig. 4.— Left : Best-fit SED models (blue line) to the observed HST + Spitzer/IRAC + ground-based photometry (red points and error
bars) for the 4 especially bright (H160,AB < 25.5) z ≥ 7 galaxies selected using our IRAC-red selection criteria ([3.6]− [4.5] > 0.5). Also
included on the figure is the redshift estimate for the best-fit model SED provided by EAZY. Right : Redshift likelihood distributions P (z)
for the same 4 candidate z ≥ 7 galaxies, as derived by EAZY. The impact of the Spitzer/IRAC photometry on the redshift likelihood
distributions should be close.
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Fig. 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.

potential mask drift across the detector (see, e.g., Kriek
et al. 2014), which we find to be ±1.5 pixels (±0.0027)
during the 2 hr observations of night 1 and ±1 pixel
(±0.0018) during night 2. We thus separately reduce dif-
ferent batches of the data (of typically 30-45 min dura-
tion) to reduce any S/N reduction caused by this drift,
before shifting and stacking the data of each mask.
The masks for the two nights have di↵erent orienta-

tions (Fig 2). The two independent data sets of the pri-
mary target at two di↵erent orientations of the slit 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 respective slit star. The extracted
1D spectra 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
optimally extracted 1D spectra was determined empiri-
cally 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.

4.1. A Ly↵ Emission Line at z = 7.730
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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 spectrum
was smoothed by a 3 pixel (⇠ 3 Å) moving average filter for clarity.
The gray shaded area represents the 1D flux uncertainty, while
the dark red line shows the best-fit line 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 characteristics of the line 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↵)† 21±4 Å
S
w

15±6 Å
FWHM 13±3 Å
VFWHM 376+89

�70 km s�1

Physical Parameters⇤

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

† Not corrected for IGM absorption.
⇤ Based on SED fits (see Sect 5; Oesch et al. 2014).

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
2D and 1D spectra are shown in Figure 3, showing a line
with a clear asymmetric profile, as expected for a Ly↵
line at high redshift. Furthermore, it lies at the right

Redshift Records 2015 
February: zspec= 7.73; Oesch et al 

zphot = 7.92 ±  0.36; Lyα EW ≈ 21 Å 

2 Zitrin et al.
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Fig. 1.— Spectroscopic detection of emission in EGSY8p7 with MOSFIRE. 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 (' 6.5Å) 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.
Green boxes on the 2D spectrum mark the skyline region typically masked out in our calculations. See §3 for more details.

portant development has been the identification of much
brighter z > 7 candidates from the wider area, some-
what shallower, Cosmic Assembly Near-infrared Deep
Extragalactic Legacy Survey (CANDELS, Grogin et al.
2011; Koekemoer et al. 2011). Surprisingly, some of these
brighter targets reveal Ly↵ despite lying inside the puta-
tive partially neutral era. Finkelstein et al. (2013, here-
after F13) reported Ly↵ with a rest-frame equivalent
width (EW) of 8Å at z=7.508 in a H

AB

=25.6 galaxy;
Oesch et al. (2015, hereafter O15) find Ly↵ emission
at z=7.73 with EW=21Å in an even brighter source at
H

AB

=25.03; and Roberts-Borsani et al. (2015, hereafter
RB15) identified a tentative Ly↵ emission (4.7�) in a
H

AB

=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 (M

UV

' �22), these three
sources have red [3.6]-[4.5] Spitzer/IRAC colors, indica-
tive of contamination from strong [O III] and Balmer H�
emission.
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 H

AB

=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 z
spec

= 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 z

phot

= 7.92±0.36 was spectroscopically con-

July: zspec= 8.68; Zitrin et al 

zphot = 8.57 ±  0.3; Lyα EW ~ 30 Å 

Also confirmed a third IRAC excess object EGS-z38-2 with Lyα at z=7.477 
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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], [4]

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 52:53:26.60 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, [4] Oesch 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-0237620370 from ground-based programs (ZFOURGE [Tilvi et al. 2013], UltraVISTA
[Bowler et al. 2014]).

band magnitude of 26.7 mag. For each of these sources,
we estimate photometric redshifts with EAZY. In fitting
to the observed photometry, we used the same standard
EAZY SED templates as we described in the previous
section.
We also applied the above selection criteria to the

CANDELS-UDS and CANDELS-COSMOS fields, where
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

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

Sources with extremely strong ionizing radiation? 

3/3 sources with zphot > 7.5 with 4.5µm excess show prominent Lyα ! 
EGSY8p7 at z=8.68 shows Lyα where IGM is expected to be ~60% neutral 
 
How can this be? 
 
Further evidence z > 7 emitters are a different class of early galaxy with 
unusually strong radiation fields which have created early ionized bubbles 



CIII] at z=7.73 

uncertainties for the redshift, line flux, significance, and line
width.

The line corresponds to a redshift of
= ±αz 7.7302 0.0006Ly , with a total luminosity of

= ± ×αL 1.2 0.2 10Ly
43 erg s−1, and a total detection signifi-

cance of σ6.1 . This is somewhat lower, but consistent with a
simple estimate of 7.2σ detection significance from integrating
the 1D extracted pixel flux over the full extent of the line (i.e.,
not accounting for background continuum offsets).

Note that the redshift of the line is determined from our
model of a truncated Gaussian profile and is thus corrected for
instrumental resolution and the asymmetry arising from the
IGM absorption. The peak of the observed line (λ = 10616 Å)
thus lies ∼2.5 Å to the red of the actual determined redshift.

Given the brightness of the target galaxy, the detected line
corresponds to a rest-frame equivalent width of EW = ±21 40

Å. This is lower than the Lyα emitter criterion of EW > 250 Å
set in recent analyses that use the Lyα fraction among LBGs to
constrain the reionization process (e.g., Stark et al. 2011; Treu
et al. 2013).

4.2. Line Properties

Different quantities of the detected line are tabulated in
Table 1. In particular, we compute the weighted skewness
parameter, Sw (Kashikawa et al. 2006) finding = ±S 15 6w Å.
This puts the line above the 3 Å limit found for emission lines
at lower redshift (see also Section 4.3).

The FWHM of the line is quite broad with
= ± ÅFWHM 13 3 , corresponding to a velocity width of

= −
+ −V 360 km sFWHM 70

90 1. Our galaxy thus lies at the high end of
the observed line width distribution for z ∼ 5.7–6.6 Lyα
emitters (e.g., Ouchi et al. 2010), but is consistent with
previous >z 7 Lyα lines (Ono et al. 2012).

4.3. Caveats

While the identification of the detected asymmetric emission
line as Lyα is in excellent agreement with the expectation from
the photometric redshift, we cannot rule out other potential
identifications. As pointed out in the previous section,
Kashikawa et al. (2006) find that weighted asymmetries

>S 3w Å are not seen in lower redshift lines, but almost
exclusively in Lyα of high-redshift galaxies. However, at the
resolution of our spectra, the observed asymmetry is also
consistent with an [O II] line doublet in a high electron density
environment, i.e., with a ratio of [O II]λ3726/[O II]λ >3729 2,
and with a velocity dispersion of σ ≳ 100v km s−1.
If the observed line is an [O II]λλ3726, 3729 doublet, the

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

5. DISCUSSION

In this Letter we used Keck/MOSFIRE to spectroscopically
confirm the redshift of one of the brightest z ∼ 8 galaxies
identified by Bouwens et al. (2015) over the five CANDELS
fields. Interestingly, this source is ∼0.5 mag brighter than any
source identified in the wide-area BoRG and HIPPIES surveys
(e.g., Trenti et al. 2011; Yan et al. 2011; Bradley et al. 2012;
Schmidt et al. 2014).
As shown in Figure 4, with =z 7.730spec and an absolute

magnitude = − ±M 22.06 0.05UV the source EGS-zs8-1 is
currently the most distant and brightest spectroscopically
confirmed galaxy (apart from a gamma-ray burst at z = 8.2;
Salvaterra et al. 2009; Tanvir et al. 2009). EGS-zs8-1 also
populates the brightest bin of the recent Bouwens et al. (2015)
z ∼ 8 UV luminosity function (LF), which makes it an
unusually rare object. A spectroscopic confirmation of its high
redshift is thus particularly valuable for proving the existence
of bright H = 25.0 mag galaxies at z ∼ 8 and for validating the
bright end LF constraints.
An SED fit at the spectroscopic redshift of the source reveals

a relatively high stellar mass = ±⊙M Mlog 9.9 0.2, a star
formation rate (SFR) of = ±⊙ −Mlog SFR ( yr ) 1.9 0.21 , and
a relatively young, but not extreme age of −log age yr 1

= ±8.0 0.5 based on an apparent Balmer break between the
WFC3/IR and the Spitzer photometry (see also Table 1). The
corresponding formation redshift of this galaxy thus lies at
zf = 8.8. For details on our SED fitting see, e.g., Oesch
et al. (2014).
Interestingly, the source has a UV continuum slope of

β = − ±1.7 0.1 (measured from the SED fit) and is consistent
with considerable dust extinction, −E B V( ) = 0.15 mag. The
detection of a significant Lyα emission line is not inconsistent,
however, given the complexities of line formation in such
young galaxies.

Figure 3.MOSFIRE spectra of EGS-zs8-1. The full 2D spectrum after two-by-
two binning is shown in the top panel, while the optimally extracted 1D
spectrum is shown on the bottom. The 1D spectrum was smoothed by a 3 pixel
(∼3 Å) moving average filter for clarity. The gray shaded area represents the
1σ 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 Lyα lines. The spectroscopic redshift
measurement is = ±z 7.7302 0.0006spec in excellent agreement with the
previously determined photometric redshift. Other line characteristics are
summarized in Table 1.
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thus add to the robustness of any detection. After creating the
2D spectra for the different 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 profile determined
by the slit star. The extracted 1D spectra 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 optimally 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 detected a
significant emission line (at σ>5 ) for only one source (EGS-
zs8-1). This line is discussed in detail below.

4.1. A Lyα Emission Line at z = 7.730

The spectra of our target source EGS-zs8-1 (see Table 1 for
summary of properties) revealed a significant emission line at
the expected slit position in both masks independently (right
panels Figure 2). The full 4 hr stacked 2D and 1D spectra are
shown in Figure 3, showing a line with a clear asymmetric
profile, as expected for a Lyα line at high redshift ( ≳z 3).
Furthermore, it lies at the expected wavelength based on our
photometric redshift estimate = ±z 7.7 0.3phot . We therefore
interpret this line as Lyα (other possibilities are discussed in
Section 4.3.

We fit the line using a Markov Chain Monte Carlo (MCMC)
approach based on the emcee python library (Foreman-
Mackey et al. 2013). Our model is based on a truncated
Gaussian profile to account for the IGM absorption and
includes the appropriate instrumental resolution. The model
also includes the uncertainty on the background continuum
level. The MCMC output provides full posterior PDFs and

Figure 2. Left—mask layout of the two nights of MOSFIRE Y-band observations of our primary target. These two nights provide two completely independent
measurements of this galaxy at two different orientations as well as two different positions along different slitlets. This also allows us to exclude the possibility of
contamination in the final stacked spectrum from the two faint neighboring galaxies present within 2″ 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 σ>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.

Table 1
Measurements of Galaxy EGS-zs8-1

Target

R.A. (J2000) 14:20:34.89
Decl. (J2000) 53:00:15.4
H160 25.03 ± 0.05
MUV −22.06 ± 0.05

Emission Line

zspec 7.7302 ± 0.0006
f(Lyα) 1.7 ± 0.3 × 10−17 erg s−1 cm−2

L(Lyα) 1.2 ± 0.2 × 1043 erg s−1

EW0(Lyα)a 21 ± 4 Å
Sw 15 ± 6 Å
FWHMb 13 ± 3 Å
VFWHM

b 360−
+

70
90 km s−1

Physical Parametersc

⊙M Mlog gal 9.9 ± 0.2
−log age yr 1 8.0 ± 0.5

⊙ −Mlog SFR ( yr )1 1.9 ± 0.2

log SSFR −8.0 ± 0.4
AUV 1.6 mag
UV slope β −1.7 ± 0.1

a Not corrected for IGM absorption.
b Derived from truncated Gaussian fit, corrected for instrumental broadening,
but not for IGM absorption.
c Based on SED fits (see Section 5; Oesch et al. 2014).
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Lyα at z=7.73 Oesch et al (2015) 
 
Detection of CIII] doublet  – April/June 2015 

CIII] 1909/1905 line ratio is a 
valuable indicator of the 
electron density and hence, 
together with UV luminosity 
can constrain the production 
rate of ionizing photons. 

Stark et al (2015) 



Rising Escape Fraction with Redshift? 

Neutral gas 

z=4 LBG composite (N=81) 

Jones et al (2012, 2013) 

Stacked low 
ionization 
absorption 
profile 

Reduced covering fraction of low ionization gas consistent with smaller 
galaxies, more energetic SF and higher escape fraction: fesc<1 - fcov 

z 

Requires R~2700 stacks or individual lensed sources 



5″ 10″

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	
  

ALMA	
  1mm	
  

ALMA data on z > 7 LBGs! 



Lyα still important to detect – even if suppressed 

Inferred x(HI) depends on velocity offset of emerging Lyα which may decrease 
at high z according to MOSFIRE data. Line profiles also valuable probes 
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Fig. 5.— Spectral energy distributions for three of our targets. The red data point represents the observed K-band photometry without
correction for [O III] contamination, and the grey spectrum shows the best fit SED to this data. The black K-band data point shows stellar
continuum flux after correction for the MOSFIRE-determined [O III] line flux, and the blue spectrum is the associated best fit SED.
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Fig. 6.— Left: The velocity structure observed by comparing MOSFIRE and DEIMOS spectra for three objects from our spectroscopic
sample. Zero velocity is defined using a stack of the nebular [OIII] and Hβ lines, shown in black. Lyα is overlaid in red, arbitrarily scaled
in the y-axis. Right: Compilation of Lyα velocity offset measurements from various sources in the literature. Our objects show much
more modest offsets than the sample of Steidel et al. (2010), which all display only low level Lyα emission, but are more consistent with
numerous LAEs from the literature, also plotted.

Schenker et al (2013) 
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depend on numerous modeling parameters, such as the infall
velocity of gas to the galaxy, the density profile, the peculiar
velocity of the galaxy, and whether there is enhanced ionization
around the galaxy from ionizing photons from the galaxy or
its neighbors (Haiman & Cen 2005). Zheng et al. (2010) have
recently presented extensive modeling within the context of a
detailed numerical simulation that produces redshifted Lyα lines
with sharp blue cutoffs that are very similar to those observed.
In addition, they show that there is a wide range of observed Lyα
luminosities relative to the intrinsic luminosity. However, Zheng
et al. use a very simplified galaxy Lyα profile, and the variation
of these profiles may also play an important role in the process
(e.g., Dijkstra & Wyithe 2010). In particular, redder and wider
galaxy Lyα profiles will be more likely to produce observable
Lyα emission lines after the subsequent IGM propagation. We
refer to this as pre-stretching before the shortening imposed by
the IGM.

These processes will determine both the output shape of the
line and the distribution of line widths; the latter may provide
one of the strongest constraints on the modeling. In Section 3.1,
we show that the shapes of the lines are remarkably invariant
and that they span a fairly narrow range in width. We might
also expect that there would be a progressive reduction in the
fraction of galaxies having strong Lyα as we move to higher
neutral fractions in the IGM at higher redshifts. We show in
Section 3.2 that this is not the case and that the number of
Lyα emitters falls more slowly as we move from z = 5.7 to
z = 6.5 than the number of UV-continuum selected galaxies
does. However, there is some weak evidence that the lines are
becoming narrower and have slightly smaller equivalent widths
at z = 6.5 than they have at z = 5.7.

3.1. Spectral Shapes and the Distribution of Line Widths

The Lyα lines presented in this paper and in previous work
are surprisingly uniform in their properties. In Figure 5(a), we
compare the averaged spectra at z = 5.7 and z = 6.5. These
were formed by normalizing each “quality one” individual
spectrum to make the maximum value of the Lyα line be one
and then averaging the spectra. As can be seen, the line profiles
at both redshifts are nearly identical. They also have some broad
general properties: a fairly sharp cutoff at the short wavelength
side, a narrower peak, an elbow (by which we mean the slight
plateau at wavelengths redward of the peak and at fluxes of
about 0.3–0.5 of the maximum and which is most clearly seen
in the wider spectra), and then a trailing long-wavelength edge.
They may be compared with Figure 15 of Hu et al. (2004) for
the z = 5.7 emitters and Figure 7 of Kashikawa et al. (2006)
for the z = 6.5 emitters, though the lower resolution spectra in
Kashikawa et al. do not show the blue-side cutoff so clearly.

As noted in Section 2.5, in the Appendix we show figures of
all the individual spectra. In each case, we overplot the averaged
spectrum at the same redshift (red dashed line). The similarity
of the individual spectra to the averaged spectrum is remarkable.
However, there are some slight differences. For example, when
we separate out the wider spectra at the two redshifts using the
directly measured FWHM from the individual spectra, we find
that the wider spectra have a more developed long-wavelength
elbow. This can be seen in Figure 5(b), where we have made the
averaged spectra at the two redshifts only from sources whose
line widths are greater than 1.6 Å in the rest frame. We hereafter
refer to these as wide averaged spectra.

The Lyα lines are poorly fit by a Gaussian because of
the fairly sharp cutoff at the short-wavelength side. Thus, in

Figure 5. (a) Comparison of the averaged spectra made from all the “quality
one” spectra in the NB816 (z = 5.7; red line) and NB912 (z = 6.5; blue line)
samples. These were formed by normalizing each individual spectrum’s Lyα
peak to one and then averaging the normalized spectra. In each case, we show
the level of the continuum measured redward of the Lyα line with the dashed
line of the same color. (b) Comparison of the averaged spectra made from only
the FWHM > 1.6 Å objects in the two samples. These wider spectra have a
more developed red elbow.
(A color version of this figure is available in the online journal.)

order to provide a simple fit to the spectra, we used a demi-
Gaussian consisting only of the long-wavelength side of the
Gaussian together with a constant long-wavelength continuum,
as shown in Figure 6 (green curve). This parameterization was
introduced in H04. For each spectrum, we convolved the demi-
Gaussian with the instrument profile (blue dotted curve) and
fitted the result to the observations using the IDL MPFIT
programs of Markwardt (2009). We show this for (a) the full
averaged spectrum at z = 5.7, (b) the full averaged spectrum
at z = 6.5, (c) the wide averaged spectrum at z = 5.7, and (d)
the wide averaged spectrum at z = 6.5. We find that this simple
model has sufficient freedom with its four free parameters (the
normalization, the cutoff wavelength, the line width, and the red
continuum level) to provide a good fit to all the spectra. (This
is in agreement with H04’s conclusion for their z = 5.7 line
profile but not with Kashikawa et al. 2006, who found that they
could not reproduce the red side of their z = 6.5 line profile
with this type of model.) In particular, the shape of the wider
spectra are simply reproduced by an increase in the width of
the Gaussian, and the short-wavelength drop in the observed
lines is fully consistent with the abrupt cutoff in the model. We

Stacked profiles 

Hu et al (2010) 



The Holy Grail: Detecting a Pristene Pop III Galaxy? 

•  Consider halo mass ~ 
8 107 M¤ 

•    Metallicity evolution    
    governed by 
    competition between 
    enriched  outflow vs 
    pristene inflow  
•   Simulations suggest    
    rapid enrichment   
   (< 200Myr) to   
   [Z/H] ~ -3; no low 
    metallicity tail 

Wise et al (2012) 
UNLIKELY 



Summary 
•  Recent progress supports the conjecture that reionization occurred rapidly 

and at later epochs than envisaged when JWST was planned, 
corresponding to 10<z<6 

 
•  This increases the likelihood that galaxies were the dominant source of 

ionizing photons and that the earliest sources are within reach of JWST 

•  Spectroscopy is the only route to addressing several outstanding 
challenges in confirming this picture: 

               
  - the nature of the ionizing radiation field 
  - the fraction of ionizing photons that escape 
  - the nature of early metal enrichment  

 
•  Traditional rest-frame optical diagnostics are only available for z < 9 but 

tools are now available to exploit the rich potential of rest-frame UV lines 

•  Application of these tools already suggests some z>7 sources displaying 
Lyα are efficient ionizing sources perhaps indicative of unusual populations 
of hot stars;  thus reionization may be more complex than we imagined   


