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Epoch of Reionization

The history of astronomy is a history of receding horizons.
E. P. Hubble
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The Lyman Break Technique
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z>=7 galaxies can only be seen at NIR wavelengths

Lyman Break Galaxy Selection: based on IGM absorption

HI



P. Oesch, YCAA Fellow, YaleATLAST seminar, Aug 2015 5

What is the limit we can reach with HST?

F435W F606W F775W F814W F850LP F105W F125W F140W F160W

optical ACS
near-IR WFC3/IR

5
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z~1100: CMB

z~20-30: First Stars

z~12-6: Reionization

z<6: Build-up of 
today’s galaxies

The epoch when the first metals form

The epoch when the first galaxies form

The epoch when the first light was emitted

The First 1Gyr
(0.4 Myr)

(100-200 Myr)

(0.3 - 1 Gyr)
The epoch when the universe was reionized
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WFC3/IR Data around GOODS-South 

§ CDFS provides perfect dataset 
for z>7 galaxy search

§ Large amount of public optical 
(ACS) and NIR (WFC3) data
§ HUDF12 & XDF
§ UDF05/HUDF09
§ ERS
§ CANDELS (Deep & Wide)

§ Total of ~160 arcmin2

§ Reach to 27.5 - 29.8 AB mag

7
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Multi-Tiered Dataset for High-z Studies
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Unprecedented Galaxy Samples at z>=4
(from HST’s blank fields only)

9

How many galaxies can we find at high redshifts?
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10500 z~4-10 galaxies 
(Bouwens+2015, with HST)

Three Cycle-22 Programs to Better Constrain 
Prevalence of z~9-10 Galaxies

Frontier Fields Program:

Bouwens+2015 CANDELS 
Follow-Up Program

Trenti+2015 BoRG[z910]

(480 orbit program)

Leverage 1000 arcmin2 in search area (full 
CANDELS + 500 arcmin2 in additional search 

area) to search for bright z~9-10 galaxies !

6 bright z~9-10 galaxies (Oesch+2014) 
 ➞ 20 bright z~9-10 galaxies
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Leverage 12 ultra-deep blank + 
cluster HST WFC3/IR fields to 
look for faint z~9-10 galaxies

>20-30 z~9-10 Galaxies

Almost 1000 galaxies in the epoch of reionization at z>6
Current frontier: z~9-10



Source identification
UV Light / SFRs

Spectroscopic Confirmation AGN?

ISM Properties
Dust Reemission

Rest-frame Optical
Stellar Masses

10
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Our Multi-Wavelength Census of Early Galaxies

z = 8

dust emission: 
reprocessed UV 
photons

atomic + 
molecular gas

SFR ~ 5 M¤/yr

ALMA/PdBI:
cold gas
dust re-emission
closes energy balance

HST:
rest-frame UV

un-obscured SFR

stellar + nebular 
emission

Spitzer:
rest-frame optical imaging
stellar masses
(rest-frame optical emission lines!)
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Matched Ultra-deep Rest-frame Optical Data
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IUDF10: Spitzer / IRAC Ultra Deep Fields 

HUDF

GOODS-S

HUDF-2

HUDF-1

coverage (hours):
FIELD        [3.6]    [4.5]
HUDF!       126     126
HUDF-1       52       52
HUDF-2     125       92

ACS WFC3/IR IRAC 
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§ Deep Spitzer/IRAC complements prime 
HST datasets (S-CANDELS+SEDS)

§ Deepest data available over HUDF09/
GOODS-S (GREATS program ongoing!)

§ IRAC crucial for
§ stellar mass estimates 
§ excluding contaminants
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What did we learn about these 
early galaxy populations?

➔ Science Highlights
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The Evolution of the UV Luminosity Function to z~8

14

18

EAZY photometric redshift software, while excluding
those sources detected at > 2.5σ blueward of the break.
The contamination rates we find over the wide fields
from photometric scatter is just 2% for z ∼ 5 candidates
and 1% for z ∼ 6-8 candidates.
For our z ∼ 8 selection over the BoRG/HIPPIES pro-

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

3.5.6. Spurious Sources

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

3.5.7. Summary

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

4. LUMINOSITY FUNCTION RESULTS

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

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

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

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

4.1. SWML Determinations

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

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

Bouwens et al. 2015

7 mag baseline

bright faint

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

well-defined
build-up

(1600 Å luminosity) See Steve 

Finkelstein’s talk
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Lyman Alpha in the Reionization Epoch 
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6 Schenker et al.

Fig. 4.— The expected number of detected Lyα emission lines
with greater than or equal to 5σ significance in the combined Keck
and VLT survey of 26 sources. The blue histogram shows the like-
lihood function for 10,000 Monte Carlo realizations assuming the
intrinsic line emission properties follow the luminosity dependence
seen in our 5.5 < z < 6.3 i′-drop sample (Figure 1 (top). The open
histogram shows the expectation if the fraction of line emitters con-
tinues to increase with redshift at the rate described in Paper II.
Vertical lines show the recovered number of emitters (robust and
maximal including marginal detections in both the Keck and VLT
surveys).

any downturn in the fraction of LBGs which show observ-
able Lyα emission from the z = 6 (or z = 7) extrapolated
EW distributions from Paper II, and represents an IGM
extinction averaged over the entire population.
To compute the most likely value of f , we undertake

Monte Carlo simulations using the previously described
EW distributions, but with f now added as a free param-
eter. We vary f from 0 to 1 in steps of 0.01, and compute
N=1000 simulations for each step. We can then calcu-
late the probability distribution for f given our Nobs=2
confirmed sources using Bayes’ theorem:

p(f |Nobs = 2) =
p(Nobs = 2|f)p(f)
∫ 1
0 p(Nobs = 2|f)df

(1)

Here, p(f) is the prior probability for f , which we take
to be uniform for 0 ≤ f ≤ 1, and p(Nobs = 2|f) is the
probability, drawn from our Monte Carlo simulations,
that we would find Nobs = 2 sources for a given value
of f . Assuming that the intrinsic EW distribution for
our observed sources is that of Paper II at z = 6, we
find f = 0.45± 0.20, while using the z = 7 extrapolated
distribution yields f = 0.34+0.24

−0.15. In the Figure 5, we
plot the value of X(Lyα) in the same luminosity bins of
Paper II, as predicted by our best fit values of f .
We stress that this figure is intended to serve as a con-

tinuation of the visualization provided in Papers I and II,
rather than a statistiscal result of our study. Due to our
strongly varying limiting EW sensitivity (as a function of
both wavelength and object magnitude), choosing a fixed
EW limit will exclude a non-negligible fraction of useful
data from our analysis. Our Monte Carlo simulations are

Fig. 5.— The redshift-dependent fraction of color-selected Ly-
man break galaxies that reveal Lyα in emission, X(Lyα), adjusted
as discussed in the text to approximate one within a similar lumi-
nosity range with a rest-frame EW in excess of 25 Å. Data points
for the galaxies with −21.75 < MUV < −20.25 are displaced by
+0.1 in redshift for clarity. Data over 4 < z < 6 is from Paper I
and Paper II, and new estimates beyond z > 6.3 are derived from
the present paper, including sources discussed by Fontana et al.
(2010). The curves shown represent the aggregate redshift proba-
bility distributions for our sources in the z " 6 bin (black), and the
z " 7 bin (blue); probability distributions for individual sources
are typically much sharper.

able to utilize the full data set, simulating whether we
would have likely seen a line even when our EW limits
are above the fixed thresholds used in Fig. 5, and thus
represent the major statistical result of this study.
Using the models of McQuinn et al. (2007) to pre-

dict what global neutral hydrogen fraction, XHI would
be required to account for this decline, we find XHI "
0.44, and XHI " 0.51, respectively. The models of
Dijkstra et al. (2011), which provide a more comprehen-
sive treatment of Lyα radiative transfer through out-
flows, result in an increased value for XHI in both cases.

4. DISCUSSION

Although we consider the most likely explanation for
our observed decrease in the number of LBGs which show
observable Lyα emission to be an increase with redshift
in the neutral fraction of the IGM, it is important to re-
member our assumptions. Foremost we have assumed
that all of our 26 targets have true redshifts beyond
z " 6.3. Should there be low redshift interlopers or
Galactic stars in our new sample, we will overestimate
the decline in the Lyα fraction. Secondly, we have as-
sumed the DEIMOS spectra from Paper II constitute a
representative sample for calculating the expected EW
distribution for 6.3 < z < 8.2. Although the uncertain-
ties here are not as great, we plan further studies with
DEIMOS to increase the statistical sample of 5.5 < z <
6.3 LBGs.
Of course our observed decrease in the Lyα fraction

could also be attributed to an increased opacity arising
from dust within the LBGs. However, given the blue
UV continuum slopes observed for galaxies with z > 6.3
(Bouwens et al. 2010a; Dunlop et al. 2011), we consider

Fraction of Lyα line emitters drops across z=6.5 to z=7: 
imprint of cosmic reionization?

Schenker et al. 2011
Treu et al. 2013

Spectroscopic confirmation of sources in the reionization epoch has proven 
very difficult, even with new efficient NIR spectrographs.
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Spectra show: LBG selection very reliable at z~4-6 (<15% contamination)
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Search over CANDELS-WIDE for z~8 galaxy candidates revealed three 
remarkably bright sources with H = 25 mag

All of these show extremely red IRAC colors, indicating strong rest-frame 
optical emission lines dominating the IRAC flux at 4.5 μm

Spectroscopic Follow-up of Bright Galaxies: z~8
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The (Until Recently) Most Distant Confirmed Source
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Oesch+15

Multi-Object Spectrometer for Infra-Red Exploration
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A 2x2hr MOSFIRE exposure in two masks revealed a significant emission line in both. 
Combined line shows asymmetric profile as expected for Lyα at high redshift.

A handful of confirmed redshifts exist now at z>7.0 
(e.g. Ono et al. 2012, Finkelstein et al. 2013, Oesch et al. 2015, Watson et al. 2015)
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The SEDs of Redshift Record Holders
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Lyman Alpha Demography of z ∼ 7 Galaxies 7

TABLE 4
SED Fitting Results for z = 7.213 galaxy

model Z logMstar E(B − V )! log(Age) log(SFR) log(SSFR) χ2

[Z!] [M!] [mag] [yr] [M! yr−1] [yr−1]

stellar + nebular 0.2 8.76+0.10
−0.12 0.05+0.02

−0.03 6.76+0.10
−0.12 2.00+0.02

−0.01 −6.76+0.14
−0.17 12.8

pure stellar 0.2 9.35+0.12
−0.11 0.11+0.01

−0.01 7.38+0.13
−0.12 2.00+0.02

−0.02 −7.35+0.23
−0.20 23.8

Fig. 6.— Results of SED fitting for the z = 7.213 galaxy GN-
108036. The filled squares show the observed flux densities used
for SED fitting, while the open squares show those not used. The
vertical arrows show 5σ upper limits for HST/ACS V606, i775, z850
(Ouchi et al. 2009), Subaru/MOIRCS J , H, and K from left to
right. The left panel is for ‘stellar + nebular’ (f ion

esc = 0) models.
The red solid curve indicate the best-fit SED that is the sum of
a stellar SED (red dotted curve) and a nebular SED (red dashed
curve). The crosses indicate synthesized flux densities in individual
bandpasses. The right panel is for ‘pure stellar’ (f ion

esc = 1) models.

rest-frame UV continuum. The Suprime-Cam y-band
and WFC3 F140W images of GN-108036 are shown in
Figure 6. Photometry in the HST image measures a to-
tal magnitude of 25.17± 0.07 mag. GN-108036 was also
observed in the Subaru MOIRCS JHK survey of the
GOODS-N field (Kajisawa et al. 2011). The galaxy is
not significantly detect in any of these MOIRCS bands,
with 5σ photometric upper limits of 24.9 (J), 24.4 (H),
and 24.6 (K), marginally consistent with the WFC3 pho-
tometry.
The WFC3 F140W magnitude of GN-108036, m =

25.17, translates to a rest-frame 1700Å luminosity
M1700 = −21.81 at z = 7.213. There have been many
recent estimates of the UV luminosity function at z = 7
(e.g., Ouchi et al. 2009; Oesch et al. 2010; McLure et al.
2010; Grazian et al. 2010). These have consistently
found values of the characteristic luminosity M∗ in the
range−19.9 to −20.3. GN-108036 is therefore an impres-
sively luminous galaxy, with LUV ≈ 4 to 6L∗; indeed, it
is roughly twice as bright as an L∗

UV LBG at z = 2 to
3 (M∗

UV ≈ −21.0, Reddy et al. 2008). The exponential
cut-off of a Schechter luminosity function would imply
that galaxies this luminous would be rare indeed. For
example, the best-fit Schechter parameterization of the
z = 7 luminosity function from Bouwens et al. (2010b)
yields a space density 2.7×10−7 Mpc−3 for galaxies with
MUV ≤ −21.81. For a redshift interval ∆z = 1 at z = 7,
we would expect to find only 0.1 galaxies this luminous
within the 160 arcmin2 GOODS-N ACS/WFC3/IRAC
field, or about 1 galaxy over the 1568 arcmin2 covered
by our Suprime-Cam survey in the combined SDF and
GOODS-N fields. In fact, the redshift selection function
for z-dropouts in our z−y survey is significantly narrower

than ∆z = 1 (see Ouchi et al. 2009), making the large
UV luminosity of GN-108036 still more remarkable. It is
impossible to judge based on a posteriori statistics from
a single object, but either we were quite lucky to find
and spectroscopically confirm such a bright galaxy, or
perhaps the bright end of the UV luminosity function at
z = 7 has been underestimated in studies to date. In fact,
the observational constraints on the bright end of the lu-
minosity function come from just a few ground-based sur-
veys, including our own (Ouchi et al. 2009) and that of
Castellano et al. (2010a,b). Evidently more deep imag-
ing and spectroscopic studies over wider fields are needed
to provide better measurements. The y-band itself be-
comes an unreliable indicator of luminosity for galaxies
at z > 7 without exact measurements of the galaxy red-
shift and Lyα line flux, so deep near-infrared data at
longer wavelengths (such as that from HST WFC3) will
be essential for a robust determination of the luminosity
function.
GN-108036 also falls within the field covered by the

extremely deep IRAC imaging from the GOODS Spitzer
Legacy program (PI: M. Dickinson). As was noted in
Ouchi et al. (2009), the galaxy is faintly detected in the
IRAC 3.6µm and 4.5µm images, which roughly sample
the rest-frame B and V band light at z = 7.2, although
it is partially blended with a foreground galaxy located
1′′ to the east (Figure 5). In order to extract reliable
IRAC fluxes, we measure the positions of the two galax-
ies in the WFC3 F140W image, and then position unit-
normalized IRAC PSF images at these locations in the
background-subtracted 3.6µm and 4.5µm images. We
then fit these PSF templates to the IRAC data, minimiz-
ing χ2 to derive the best-fitting fluxes and their uncer-
tainties. The middle panels in Figure 5 show the best-fit
model and the right panels are the residual images. In
this way, we obtain the total magnitudes of GN-108036
of m3.6µm = 25.44 ± 0.13 and m4.5µm = 24.86 ± 0.13,
respectively.
We fit models to the photometry of GN-108036 to in-

fer its stellar population properties. The procedure is the
same as that of Ono et al. (2010), except that redshift is
fixed at z = 7.213. We use the stellar population synthe-
sis model GALAXEV (Bruzual & Charlot 2003) for the
stellar component of the SEDs, and consider two extreme
cases for nebular emission: f ion

esc = 0, where ionizing pho-
tons are all converted into nebular emission (the ‘stellar
+ nebular’ case), and f ion

esc = 1, where all ionizing photons
escape from the galaxy (the ‘pure stellar’ case). Nebu-
lar spectra (lines and continua) are calculated following
the procedure given in Schaerer & de Barros (2009). We
adopt the Salpeter initial mass function (IMF; Salpeter
1955), a constant rate of star formation, and stellar and
gas metallicities Z = 0.2Z$. For dust attenuation, we
use the functional form of Calzetti et al. (2000) with the
assumption that E(B−V )gas = E(B−V )!, as proposed
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Figure 3 | Spectral Energy Distribution Fitting of z8 GND 5296. a) The results of fitting stellar population models to the observed photometry of z8 GND 5296.
The best-fit model for z =7.51 (if the detected emission line is Lyα) is shown by the blue spectrum, while the alternate redshift of z = 1.78 (if the line is [O II]) is
shown by the red spectrum. The vertical error bars show the 1σ flux errors, while the horizontal error bars (in both panels) denote the bandpass FWHM covered by the
filter. b) The measured χ2 for each band for the best-fit model at each redshift. The lack of detectable optical flux, particularly in the deep F814W image, as well as
the extremely red IRAC color, strongly favor the high-redshift solution (reduced χ2[z = 7.51] = 0.8 versus χ2[z = 1.78] = 14.7). Additionally, the low-redshift
model exhibits no star-formation, thus this stellar population should not have detectable [O II] emission. The best-fitting high-redshift model shows that this galaxy
has a stellar mass of about 109 M!, with a 10-Myr-averaged star-formation rate (SFR) of∼330 M! yr−1 (68% C.L. 320 – 1040 M! yr−1). The large SFR may be
responsible for the ability of Lyα to escape this galaxy.

but it is predicted to be about 5× fainter than [O III] and thus does not
significantly affect the 3.6µm band.

This galaxy is forming stars at a very high rate, with a “mass-
doubling” time of at most 4 Myr. The most recent estimates 17 at z ≈ 7
find that galaxies with stellar masses of 5×109 M! typically have spe-
cific SFRs (sSFR = SFR divided by stellar mass) ∼10−8 yr−1. This
galaxy is a factor of five less massive, yet its sSFR is a factor of 30
greater at 3 × 10−7 yr−1, implying that z8 GND 5296 is undergoing
a significant starburst. Additionally, estimates of the SFR functions9
show that a typical galaxy at z ∼ 7 has a SFR= 10 M! yr−1; the mea-
sured SFR of z8 GND 5296 is a factor of >30× greater. If this SFR
function is accurate, the expected space density per co-moving Mpc3
for this galaxy would be $ 10−5. The implied rarity of this galaxy
could imply that it is the progenitor of some of the most massive sys-
tems in the high-redshift universe. However, the z = 7.213 galaxy GN-
1080363, also in GOODS-North, also has an implied SFR > 100 M!

yr−1. While the current statistics are poor, the presence of these two
galaxies in a relatively small survey area suggests that the abundance of
galaxies with such large star formation rates may have previously been
underestimated. If the high SFR of z8 GND 5296 continues down to
z = 6.3, it would have a stellar mass of∼5× 1010 M!, comparable to
the extreme star forming z = 6.34 galaxy HFLS3 (Table 1).18 Should
z8 GND 5296 in fact be a progenitor of such SMGs, it is likely in the
process of enshrouding itself in dust.

Both z8 GND 5296 and GN-108036 also have young inferred ages
and IRAC colors indicative of strong [O III] emission. Given the diffi-
culty of detecting Lyα emission at z ≥ 6.5, it is interesting that these
highest redshift Lyα-detected galaxies appear to have extreme SFRs
and high [O III] emission. It may be that a high SFR and/or a high
excitation are necessary conditions for Lyα escape in the distant uni-
verse, perhaps through blowing holes in the ISM, allowing both Lyα
and ionizing photons to escape. An outflow in the ISM of 200-300 km
s−1 could clear a hole in this galaxy in about 3–5 Myr, or perhaps even
sooner if the galaxy is undergoing a merger, which could preferentially
clear some lines of sight for Lyα to escape.

Finally, we examine the lack of detected Lyα lines in our full
dataset. If the Lyα EW distribution continues its observed increase19
from 3< z < 6 out to z ∼ 7–8, we should have detected Lyα emission
from 6 galaxies. Our single detection rules out this EW distribution at

2.5σ significance. This confirms previous results at z ∼ 6.5,3,5,6,8 but
here we probe z > 7. The lack of detectable Lyα emission is unlikely
to be due to sample contamination, as contamination by lower redshift
interlopers is likely not dominant at z = 7 given the low contamina-
tion rate at z = 6.8 To explain the low detection rate of Lyα, an IGM
neutral fraction at z = 6.5 as high as 60–90% has been proposed,3,8
implying a rapid increase from z = 6.20 However, most other observa-
tions are consistent with an IGM neutral fraction ≤ 10% at z = 7,21,22
thus alternative explanations for the dearth of Lyα emission need to be
explored.

One alternative explanation for at least part of the Lyα deficit may
be gas within galaxies. A high gas-to-stellar mass ratio may be con-
sistent with the very high SFR of z8 GND 5296, as galaxies should
not have SFRs (for long periods) exceeding their average gas accre-
tion rate from the IGM (which is set by the total baryonic mass). For
the inferred stellar mass and redshift, z8 GND 5296 must have a gas
reservoir of about 50 times the stellar mass to give an accretion rate
comparable to the SFR.23 If true, this galaxy would have a gas surface
density similar to the most gas-rich galaxies in the local universe, and
its SFR would be consistent with local relations between the gas and
SFR surface densities.24 The large gas-to-stellar mass ratio could be
due to low metallicities at earlier times which may initially inhibit star-
formation allowing the formation of such a large gas reservoir.25 If such
high gas-to-stellar mass ratios are common amongst z > 7 galaxies, it
could explain the relative paucity of Lyα emission in our observations.
Direct observations of the gas properties of distant galaxies are required
to make progress understanding both the fueling of star formation, and
the escape of Lyα photons.
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Figure 8. HST H160, Spitzer/IRAC 3.6µm, and 4.5µm band postage stamp negative images (8.′′4 × 8.′′4) of our fiducial sample of
galaxies at z ∼ 6.8 in the CANDELS fields with extremely blue [3.6]− [4.5] IRAC colors (satisfying Eq. 2) and I814 − J125 > 2.3 (see §5).
The IRAC postage stamps have been cleaned for contamination from neighboring sources (see §2.2). Properties of the sources are listed in
Table 1.

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

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

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

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

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

for all sources from the five CANDELS fields in our
z ∼ 5− 8 base sample. We simulated the observed colors
by adding noise to the 3.6µm and 4.5µm-band fluxes,
that match the measured flux uncertainties (1000× per
source). From this simulation we conclude that less than
0.1 source with an intrinsic IRAC color [3.6]− [4.5] = 0
has scattered into our fiducial selection over all five CAN-
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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, Oesch et al. 2013

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

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.

Can use IRAC [4.5] excess as prior to identify high-
confidence, very bright z>7 galaxy candidates

Roberts-Borsani+15
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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

1.05 1.055 1.06 1.065 1.07 1.075

1.05 1.055 1.06 1.065 1.07 1.075
−0.2

−0.1

0

0.1

0.2

Observed Wavelength [µm]

Fl
ux

 [1
0−

17
 e

rg
/s

/c
m

2 /Å
]

z=7.7302±0.0006
f(Ly_) = 1.7±0.3 10−17 erg/s/cm2

1.05 1.055 1.06 1.065 1.07 1.075
−0.2

−0.1

0

0.1

0.2
EGS-zs8-1

er
g/
s/
cm

2 /Å
]

10

!"#$ !"#$% !"#& !"#&% !"#'

!"#$ !"#$% !"#& !"#&% !"#'

#"$

#"!

#

#"!

#"$

()*+,-+./01-+2+3456/7!89

:
2;
</
7!
#

!
=
/+
,4
>*
>?
8
$
>@
9

AB="'==#"#"###C
DEFG H/B/!"I"#"&/!# !=/+,4>*>?8$

!"#$ !"#$% !"#& !"#&% !"#'

#"$

#"!

#

#"!

#"$

e
rg

/s
/c

m
2
/Å

] EGS-zs8-2

S/N

z=7.4770±0.0008
f(Lyα)=1.6±0.3 10-17 erg/s/cm2

Fig. 8.— Keck/MOSFIRE spectra of EGS-zs8-2. The 2D spectrum after a 2x2 binning is presented in the upper panel, while the extracted
1D spectrum is shown in the lower panel. The gray shaded area represents the 1σ flux uncertainty, the red line shows the best-fit Gaussian.
A candidate Lyα line (detected at 4.7σ significance) is apparent at 1.031µm between two sky lines. Using a simple gaussian to model the
shape and position of this line suggests a redshift of z = 7.4770 ± 0.0008 for this source (see also D. Stark et al. 2015, in prep). The other
z > 7 candidate here targeted with spectroscopy also shows a prominent Lyα line, with a measured redshift of 7.7302 ± 0.0006 (Oesch et
al. 2015).

for spectra of the confirmed z = 7.7302± 0.0006 candi-
date). Using a simple gaussian to determine the central
wavelength of the observed line at 1.031µm (and ignoring
asymmetry and other effects due to skylines surrounding
this candidate Lyα line), we determine the spectroscopic
redshift for the source to be zLyα = 7.4770 ± 0.0008,
with a detection significance of 4.7σ for the line and a
line flux of fLyα = 1.6±0.3×10−17 erg s−1 cm−2. While
this line is only detected at 4.7σ significance, its real-
ity appears to be supported by subsequent near-infrared
spectroscopy obtained on this source from independent
observing efforts (D. Stark et al. 2015, in prep).
In addition to the Lyα lines reported by Oesch et al.

(2015) and this work, Zitrin et al. (2015) report the de-
tection of a 7.5σ Lyα line for our EGSY-2008532660 can-
didate in new Keck/MOSFIRE observations (June 10-
11, 2015). This redshift measurement sets a new high-
redshift distance record for galaxies with spectroscopic
confirmation. Our photometric selection therefore con-
tains 3 of the 4 most distant, spectroscopically-confirmed
galaxies to date.
The zLyα = 7.730, zLyα = 7.477 and zLyα = 8.683 red-

shifts for EGS-zs8-1, EGS-zs8-2 and EGSY-2008532660,
respectively, are in good agreement with the photomet-
ric redshifts derived for all three of these galaxies using
HST+IRAC+Ground based observations and our color
criteria. The absolute magnitude and redshifts of EGS-
zs8-1 and EGS-zs8-2 are presented in the top panel of
Figure 9 in relation to other z > 6.5 galaxies with clear
redshift determinations from Lyα.
The current specroscopy provides us with considerable

reassurance that our proposed color technique is an ef-
fective method of searching for bright, z ≥ 7 galaxies.

5. COMPARISON WITH PREVIOUS WORK

Three of our four candidates were already identified
as part of previous work. Tilvi et al. (2013) identified
COSY-0237620370 as a z ∼ 7 galaxy by applying Lyman-
break-like criteria to the deep medium-band ZFOURGE
data and estimate a redshift of 7.16+0.35

−0.19. This source was
also identified by Bowler et al. (2014) as a z ∼ 7 galaxy
(211127 in the Bowler et al. 2014 catalog) using the deep
near-IR observations from the Ultra-VISTA program and
derived a photometric redshift of 7.03+0.12

−0.11 for the source
(or 7.20 if the source exhibits prominent Lyα emission),
similar to what we find here. Tilvi et al. (2013) derive
a [3.6] − [4.5] color of 1.96 ± 0.54 mag, while Bowler et
al. (2014) find 0.7±0.3 mag, both of which are broadly
consistent with what we find here.
Bouwens et al. (2015) identified 3 of the 4 sources as

part of their search for z ∼ 7-8 galaxies over the five
CANDELS fields and segregated the sources into dif-
ferent redshift bins using the photometric redshift esti-
mates. The full HST + Subaru Suprime-Cam BgV riz
+ CFHT Megacam ugriyz + UltraVISTA Y JHKs

photometry was used to estimate these redshifts for
the candidate in the COSMOS field. Meanwhile, the
HST + CFHT Megacam ugriyz + WIRCam Ks +
Spitzer/IRAC 3.6µm4.5µm photometry was used in the
case of the two EGS candidates.
Bouwens et al. (2015) derived a photometric redshift

of z = 7.00 for COSY-0237620370 over the CANDELS-
COSMOS field and derived photometric redshifts of 8.1
for the two sources over the CANDELS-EGS field (EGS-
zs8-1 and EGS-zs8-2, respectively), so the latter two can-
didates were placed in the z ∼ 8 sample of Bouwens et
al. (2015).

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 (' 6.5 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.
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 pu-
tative partially neutral era. Finkelstein et al. (2013,
hereafter F13) reported Ly↵ with a rest-frame equiv-
alent width (EW) of 8 Å at z=7.508 in a H

AB

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

AB

=25.03; and Roberts-Borsani et al. (2015, here-
after 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-

Oesch+15

Roberts-Borsani+15

Zitrin+15

✔ zspec=7.73

✔ zspec=7.48

✔ zspec=8.68

? (not observed yet)

So far, this selection method resulted in 
100% success rate, and includes the two 

most distant confirmed redshifts.

Roberts-Borsani+15
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Probing the Frontier of Galaxies
HST can detect galaxies out to z~10-12
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H=26.0

H=26.8

H=26.8The Astrophysical Journal, 785:1 (19pp), 2014 ??? Oesch et al.

Figure 12. 6′′ × 6′′ negative images of the two new z ! 9 galaxy candidates identified in our reanalysis of the CANDELS GOODS-S data. From left to right, the
images show a stack of all optical bands, Y105, J125, H160, HAWKI K, and neighbor-subtracted IRAC 3.6 µm and 4.5 µm images. The K-band image is a very deep
stack (26.5 mag, 5σ ) of ESO/VLT HAWK-I data from the HUGS survey (PI: Fontana). Both sources are only weakly detected in these data.
(A color version of this figure is available in the online journal.)

Table 7
Coordinates and Basic Photometry of Two New z > 9 LBG Candidates in the GOODS-S Field

Name ID R.A. Decl. H160 J125 − H160 H160 − [4.5] zphot

GS-z10-1 GSDJ-2269746283 03:32:26.97 −27:46:28.3 26.88 ± 0.15 1.7 ± 0.6 −0.4 ± 0.6 9.9 ± 0.5

GS-z9-1 GSDJ-2320550417a 03:32:32.05 −27:50:41.7 26.61 ± 0.18 1.1 ± 0.5 0.5 ± 0.3 9.3 ± 0.5

Note. a The source GS-z9-1 does not satisfy the criterion J125 − H160 > 1.2 and is not included in the UV LF analysis.

color cut of J125 − H160 > 0.5, as we did in GOODS-N, rather
than the more conservative cut of J125 − H160 > 1.2 as adopted
in our previous work (e.g., Oesch et al. 2013a).

These new catalogs revealed two possible, bright z > 9
galaxy candidates in the CANDELS GOODS-S data set,
GS-z9-1 and GS-z10-1. They have magnitudes of H160 =
26.6 ± 0.2 and H160 = 26.9 ± 0.2, respectively. The latter
candidate also shows a color of J125 − H160 > 1.2 (namely
1.7 ± 0.6), while the first is only slightly too blue to satisfy this
criterion (J125 − H160 = 1.1 ± 0.5).

Given its red color, GS-z10-1 could already have been in the
previous catalog of Oesch et al. (2013a) who analyzed the same
CANDELS GOODS-South data set. The reason this source
was not previously selected is due to a very faint neighbor
that was included in the Kron aperture in the earlier SExtractor
catalog. This caused the candidate to be rejected due to apparent
optical flux in the aperture. With careful visual inspection we
assessed that the optical flux in the previous aperture was due to
a faint neighboring galaxy and is not likely associated with the
high-z candidate. With the new deblending parameters for our
SExtractor run, this source is now confirmed to be a legitimate
z > 9 galaxy candidate. Its photometric redshift is found to
be zphot = 9.9 ± 0.5. We thus include this candidate in the full
analysis of the main body of this paper. We have verified that the
GOODS-N data returns the same candidates when using these
updated deblending parameters.

The inclusion of this z ∼ 10 candidate does not significantly
change the results. For instance, including this candidate only
causes a change of 0.1 dex in φ∗ when assuming density
evolution or a change of only 0.1 in M∗ for luminosity evolution.
The total cosmic SFRD changes by only 0.02 dex, because this
is dominated by large flux from lower luminosity sources as
indicated by the faintest candidate in the XDF (and by the steep
slopes found at slightly later times at z ∼ 7–8).

The other source, GS-z9-1, was already in the previous
SExtractor catalogs. However, it was not included in the analysis
due to its bluer color of J125−H160 < 1.2. For completeness, we
present this source here as well, particularly since it is so close to
our z ∼ 10 color cutoff. Interestingly, it also shows significant

Table 8
Flux Densities of Two New z > 9 LBG Candidates in the GOODS-S Field

Filter GS-z10-1 GS-z9-1

B435 −1 ± 9 7 ± 10
V606 1 ± 6 0 ± 8
i775 −6 ± 9 −5 ± 12
I814 5 ± 6 −3 ± 9
z850 −4 ± 9 −5 ± 16
Y105 0 ± 6 −14 ± 9
J125 13 ± 7 29 ± 11
JH140 12 ± 23 55 ± 33
H160 66 ± 9 85 ± 14
K−HAWKI 33 ± 19 54 ± 18
IRAC 3.6 µm 32 ± 17 58 ± 24
IRAC 4.5 µm 44 ± 22 131 ± 23

Note. Measurements are given in nJy with 1σ uncertainties.

IRAC detections in both 3.6 and 4.5 µm bands with fluxes
consistent with a significant Balmer break at z ∼ 9, giving added
weight to our identification of this source as a probable z ∼ 9
candidate. From SED fitting we find a photometric redshift of
zphot = 9.3 ± 0.5 for this source.

Images of both new GOODS-S candidates are shown in
Figure 12, and their SED fits and photometric redshift likelihood
functions are shown in Figure 13. Table 7 lists the basic
information of these sources, and Table 8 list all their flux
measurements.

APPENDIX B

IRAC Neighbor Subtraction

The point-spread function of Spitzer/IRAC is ∼10× broader
than for WFC3/IR. A crucial aspect of using the Spitzer/IRAC
data to constrain the rest-frame optical fluxes of faint galaxies
at high redshift is therefore to reliably subtract neighboring
sources to deal with source confusion. Several teams have
developed techniques to perform efficient neighbor subtraction
based on modeling the IRAC fluxes from the high-resolution
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H=26.9

Probing the Dawn of Galaxies at z ∼ 9− 12 7

Figure 4. 3′′×3′′images of the z > 8 galaxy candidates. From left to right, the images show, a stack of all optical bands, Y105, JH140,
J125, H160, IRAC [3.6], and [4.5]. The stamps are sorted by dropout sample and H160 magnitude. The approximate photometric redshift
of each source is shown in the lower left corner of the optical stacked stamp (see also Table 5).

Probing the Dawn of Galaxies at z ∼ 9− 12 7

Figure 4. 3′′×3′′images of the z > 8 galaxy candidates. From left to right, the images show, a stack of all optical bands, Y105, JH140,
J125, H160, IRAC [3.6], and [4.5]. The stamps are sorted by dropout sample and H160 magnitude. The approximate photometric redshift
of each source is shown in the lower left corner of the optical stacked stamp (see also Table 5).

H=29.8XDF

GOODS

Note: No z~10 galaxy candidates found in the two UDF09 parallel fields 



P. Oesch, YCAA Fellow, YaleATLAST seminar, Aug 2015 25Figure 2 – Composite color image of MACS J1149.6+2223. North is up and east to the left. The

field of view is 2.2 arcmin on each side. The z = 9.6 critical curve for the best-fit lensing model

is overplotted in white, and that for z = 3 is shown in blue. Green letters A-G mark the multiple

images of seven sources that are used in the strong-lensing model. Yellow letters H and I mark

the two systems that are not used in the final fitting. The location of MACS1149-JD1 is marked

with a red circle, at RA=11h49d33.s584 Dec=+22◦24′45′′.78 (J2000).
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Zheng+12 z=9.6, H=25.7, mu=14-26

Two z~10 Candidates from CLASH

Coe+12 z=10.7, H=25.9/26.1/27.3, mu~8/7/2CLASH: Three strongly lensed images of a candidate z ⇥ 11 galaxy 7

Figure 2. The three images of MACS0647-JD as observed in various filters with HST. The leftmost panels show the summed 11-hour
(17-orbit) exposures obtained in 8 filters spanning 0.4–0.9µm with the Advanced Camera for Surveys. The five middle columns show
observations with the Wide Field Camera 3 IR channel in F105W, F110W, F125W, F140W, and F160W, all shown with the same linear
scale in electrons per second. The F125W images were obtained at a single roll angle, and a small region near JD2 was a�ected by
persistence due to a moderately bright star in our parallel observations immediately prior (see also Fig. 5). The right panels zoom in by a
factor of 2 to show F110W+F140W+F160W color images scaled linearly between 0 and 0.1 µJy.

Figure 3. Flux measurements in the individual epochs observed over a period of 56 days. Filters are colored F160W (red), F140W
(yellow), F125W (green), and F110W (blue) as both individual data points and solid bands as determined for the summed observations.
The F110W exposures obtained in the second epoch (visit A9) were found to have significantly elevated and non-Poissonian backgrounds
due to Earthshine (§3.1). These were excluded in our analysis; we adopted the F110W fluxes measured in the first epoch (visit A2).

2006; Santini et al. 2009), and the UDF (Coe et al. 2006).
According to this prior (extrapolated to higher redshifts),
all galaxy types of intrinsic (delensed) magnitude �28.2
are over 80 times less likely to be at z � 11 than z � 2.
Thus our analysis is more conservative regarding high
redshift candidates than an analysis which neglects to
implement such a prior (implicitly assuming a flat prior
in redshift). The prior likelihoods for MACS0647-JD are
uncertain both due to the prior’s extrapolation to z � 11
and uncertainty in MACS0647-JD’s intrinsic (delensed)
magnitude. Yet it serves as a useful approximation which
is surely more accurate than a flat prior.

Based on this analysis, we derived photometric redshift
likelihood distributions as plotted in Fig. 8 and summa-
rized in Table 5. The images JD1, JD2, and JD3 are
best fit by a starburst SED at z � 10.9, 11.0, and 10.1,
respectively. After applying the Bayesian prior, we find
JD1 and JD2 are most likely starbursts at z � 10.6 and
11.0, respectively. A z � 2.5 elliptical template is slightly
preferred for JD3, however z = 11 is within the 99% con-
fidence limits (CL). Observed at mag � 27.3, we may not
expect this fainter image to yield as reliable a photomet-
ric redshift.
In Table 4 we also provide joint likelihoods based on
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Frontier Field dataset perfectly suited to resolve this question!

Cosmic SFRD beyond z~8: accelerated evolution or not?

8

Fig. 4.— Luminosity and star formation rate (SFR) density versus redshift inferred from UDF12. Reddening corrected luminosity densities are
shown from Bouwens et al. (2007, 2011) over the redshift range 5< z <8 (black points). Extrapolating their evolution to redshift z ∼ 13 provides
the lightest gray area. Claimed estimates from the CLASH detections (green points)(Zheng et al. 2012; Coe et al. 2012; Bouwens et al. 2012b)
are shown. Luminosity densities are shown for the four 8.5 ! z ! 9.5 sources (blue data point) and the two 9.5 ! z ! 10.5 objects (magenta
point). The nondetection at 10.5 ! z ! 11.5 provides an upper limit at z ≈ 10.8 (purple limit). The single z ∼ 12 source provides a conservative
lower limit at z ≈ 11.8 (red point). If this source has strong Lyα emission, the luminosity density limit becomes the yellow point. Overlapping
maximum likelihood 68% confidence regions on a linear trend in the luminosity density with redshift from z ∼ 8 are shown with (medium gray)
and without (dark gray) the z ∼ 12 object. The luminosity density computation is described in Section 3. Associated star formation rates (right
axis) were calculated using the conversion of Madau et al. (1998).

vs.

The Astrophysical Journal, 773:75 (19pp), 2013 August 10 Oesch et al.

Table 5
Summary of Luminosity Density and Star Formation Rate Density Estimates

Dropout Sample Redshift log10 ρUV
a log10 ρ∗

(erg s−1 Hz−1 Mpc−3) (M# yr−1 Mpc−3)

YJ 9.0 25.00+0.19
−0.21 −2.86+0.19

−0.21

J 10.0 24.1+0.7
−0.9 −3.7+0.7

−0.9
JH 10.7 <24.6 <−3.3

B 3.8 26.38 ± 0.05 −1.21 ± 0.05
V 5.0 26.08 ± 0.06 −1.54 ± 0.06
i 5.9 26.02 ± 0.08 −1.72 ± 0.08
z 6.8 25.88 ± 0.10 −1.90 ± 0.10
Y 8.0 25.58 ± 0.11 −2.20 ± 0.11

Notes. The lower-redshift data points are based on the UV LFs from Bouwens
et al. (2007, 2011b) and Oesch et al. (2012b).
a Integrated down to 0.05 L∗

z=3 (M1400 = −17.7 mag).

were computed in the same manner as the new z > 8 values,
and were not corrected for dust extinction. A summary of our
measurements for the LD is listed in Table 5.

As can be seen, our new measurements at z > 8 lie
significantly below the z ∼ 8 value. The decrement in LD
from z ∼ 8 to z ∼ 9 is 0.6 ± 0.2 dex, and it is even larger
at 1.5 ± 0.7 dex to z ∼ 10. Therefore, our data confirm our
previous finding of more than an order of magnitude increase of
the UV LD in the short time period, only 170 Myr, from z ∼ 10
to z ∼ 8.

The gray line and shaded area show the expected LD evolution
when extrapolating the z ∼ 4–8 Schechter function trends to
higher redshift. All our measurements at z > 8 lie below the
extrapolation. Although the offsets individually are not large
(they are <2σ ), the consistent offset to lower LD supports
a hypothesis that significant changes are occurring in the LD
evolution at z > 8.

It is interesting to note that this offset to lower LD is not
unexpected, as it is also seen in several theoretical models. In
Figure 12, we compare our observational results to two condi-
tional LF models from Trenti et al. (2010) and Tacchella et al.
(2013), the prediction from a semi-analytical model of Lacey
et al. (2011), as well as the results from two hydrodynamical
simulations of Finlator et al. (2011) and Jaacks et al. (2012).

All these models are in relatively good agreement with the
lower-redshift (z < 8) measurements. As can be seen from
the figure, essentially all models do show a steeper evolution
at z > 8 than a purely empirical extrapolation of the UV LF
further into the epoch of reionization. Since these models are
all very different in nature, this strongly suggests that the rapid
build-up we observe in the galaxy population is mainly driven by
the build-up in the underlying dark matter halo mass function,
which is also evolving very rapidly at these epochs.

4.4. The SFRD Build-up from z ∼ 11 to z ∼ 8

Our results combined with those of others now provide a
substantially larger sample at z ! 8 for estimate of the SFRD
than was available for Bouwens et al. (2011a) and Oesch
et al. (2012a). The SFRD at z > 8 was recently estimated
based on four high-redshift galaxies identified in the CLASH
survey (Bouwens et al. 2012a; Coe et al. 2013; Zheng et al.
2012), and from seven galaxies identified in the HUDF12
data (Ellis et al. 2013). We present all these results, together
with our own measurements in Figure 13, where we plot the
SFRD as a function of redshift in star-forming galaxies with
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Figure 13. The evolution of the star formation rate density (SFRD) ρ̇∗
contributed by star-forming galaxies brighter than M1400 = −17.7 mag. This
limit corresponds to a star formation limit >0.7 M# yr−1. Measurements at
z > 8 are shown from the present analysis (dark red squares), from the HUDF12
analysis of Ellis et al. (2013, green circles), as well as from CLASH cluster
detections (blue triangles; Bouwens et al. 2012a; Coe et al. 2013; Zheng et al.
2012). The lower-redshift datapoints are derived from UV LFs from Bouwens
et al. (2007, 2012b). The SFRD is derived from the UV LD integrated to
these limits and corrected for dust extinction using the most recent estimates
from Bouwens et al. (2012c). A clear decrement by 0.6 dex in the SFRD is
consistently seen between the measurement at z ∼ 8 and that at z ∼ 9. At
redshifts higher than z ∼ 9, all datapoints only contain one galaxy, resulting in
large uncertainties. (We have corrected down the measurement of Ellis et al. to
account for a likely diffraction spike source; cf. open vs. filled green circle at
z ∼ 10.) Given the large uncertainties, the individual z > 8 measurements are all
consistent with each other. At z = 4–8 the SFRD increases gradually, following
ρ̇∗ ∝ (1 + z)−3.6±0.3 (dark gray line). The extrapolation of this trend to higher
redshift is shown by the dashed line and gray region (1σ ). All data points lie
below this line, indicating that the extrapolation is not a good fit. The combined
best-fit evolution using all the CLASH measurements and our new HUDF12/
XDF results is significantly steeper, following (1 +z)−11.4±3.1 (black solid line).
The Ellis et al. (2013) datapoints were excluded from this fit due to overlap in
the adopted data with our work. While we find an increase by a factor 30× in
the SFRD between z ∼ 10 and z ∼ 8 from our HUDF12+GOODSS analysis
alone, the best-fit trend results in a somewhat reduced increase. Nevertheless,
this is still a factor 10× in the ∼170 Myr from z ∼ 10 to z ∼ 8, i.e., a large
change over a short time period.
(A color version of this figure is available in the online journal.)

SFR > 0.7 M# yr−1 (corresponding to a magnitude limit of
MUV = −17.7 mag).

The SFRDs are derived from the UV LD estimates after cor-
rection for dust extinction. We use the most recent determi-
nations of the UV continuum slopes β as a function of UV
luminosity and redshift from Bouwens et al. (2012c) together
with the Meurer et al. (1999) β-extinction relation. The dust-
corrected LDs are then converted to SFRDs using the conversion
factor of Madau et al. (1998), assuming a Salpeter initial mass
function.

Across z ∼ 4 to z ∼ 8, the SFRD clearly evolves very
uniformly. The evolution is well reproduced by a power law
ρ̇∗ ∝ (1 + z)−3.6±0.3, which is shown as a dark gray line in
Figure 13. Interestingly, all measurements lie below the
extrapolation of this trend to higher redshift. Again, individ-
ual measurements are within <2σ of the trend, but the offset to
smaller SFRDs in the mean is very clear.

Note that each of the three groups finds a consistent decrement
of the SFRD from z ∼ 8 to z ∼ 9. Specifically, from our data,
we find a drop by 0.6 ± 0.2 dex. This is ∼2σ below the simple
extrapolation of the lower-redshift trends.

At z ∼ 9 our SFRD estimate is in excellent agreement with
the measurement of Ellis et al. (2013) based on a photometric
redshift selection. At z ∼ 10, however, we find a significantly
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HST Frontier Fields

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

MACSJ1149.5+2223. Abell370 RXCJ2248-4431
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2 Zitrin et al.

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

A candidate z ⇠ 10 multiply-imaged galaxy 5

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

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

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

FF-Data

4. DISCUSSION & CONCLUSIONS

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

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

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

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

f

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

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

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

A candidate z ⇠ 10 multiply-imaged galaxy 3

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

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

M

= 0.3, ⌦
⇤

= 0.7, and H
0

= 100 h km
s�1Mpc�1 with h = 0.7.

2. HST & SPITZER OBSERVATIONS

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

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

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

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

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

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

3. DISCOVERY OF THE z ⇠ 10 CANDIDATE

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

z=10
z=6

z=4

z=4
z=6

z=10

z=2

z=2

Zitrin+14 (see also Oesch et al. 2015)

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

A2744

strong geometric support of 
high redshift solution of photo-z
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Full analysis of first 4 HFFs confirms: SFRD evolves rapidly beyond z~8!
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see also: Zheng+12, Coe+13, Bouwens+13/14, Ellis+13, McLure+13, Ishigaki+14

Prelim
inary

Oesch+15c, in prep.



3 4 5 6 7 8 9 10 11 12 13
−4.5

−4

−3.5

−3

−2.5

−2

−1.5

−1

Redshift

lo
g 

SF
R

 D
en

si
ty

 [M
  /

yr
/M

pc
3 ]

!

> 0.7 M  /yr!

Trenti+10
Lacey+11
Genel+14

2 1.4 1 0.8 0.6 0.5 0.4
Time [Gyr]

3 4 5 6 7 8 9 10 11 12 13
−4.5

−4

−3.5

−3

−2.5

−2

−1.5

−1

Redshift

lo
g 

SF
R

 D
en

si
ty

 [M
  /

yr
/M

pc
3 ]

!

> 0.7 M  /yr!
|(1+z)−3.6

|(1+z) −10.9

Trenti+10
Tacchella+12
Lacey+11
Genel+14
Behroozi+14
Finlator+11

2 1.4 1 0.8 0.6 0.5 0.4
Time [Gyr]

P. Oesch, YCAA Fellow, YaleATLAST seminar, Aug 2015

SFRD Evolution at z>8

30

Rapid decline in the cosmic SFRD is consistent with most models, 
but there is a considerable range in predicted evolutions at z>8.
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Final HFF data will further improve current measurement 
and JWST will extend it to z>10

HST

JWST
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Sample of 4 Bright z~9-10 Galaxy Candidates

NASA and ESA STScI-PRC14-05a

Powerful combination of HST and Spitzer to explore most distant galaxies
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Accurate Sampling
of Spectral Energy 
Distribution

Due to brightness: extremely 
low probability of lower redshift 
contamination!

IRAC Detections result in 
constraints on Masses: ~109 M☉

and Ages: 100-300 Myr

Photometry from rest-frame UV 
to optical, thanks to IRAC 
detections

Bright z ∼ 9− 10 Galaxy Candidates in GOODS-North 7
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Fig. 3.— Spectral energy distribution fits to the HST and
Spitzer/IRAC photometry of the four GOODS-N z ∼ 9−10 galaxy
candidates (left) together with the redshift likelihood functions
(right). The measurements and their upper limits (2σ) are shown
in dark red. Best-fit SEDs are shown as blue solid lines, in addi-
tion to the best low redshift solutions in gray. The corresponding
SED magnitudes are shown as filled circles. For all sources, the
z ≥ 9 solution fits the observed fluxes significantly better than any
of the possible low-redshift SEDs. The integrated likelihoods for
zphot < 5 are all < 0.2% as shown by the labels in the right panels.

2011; van der Wel et al. 2011; Hayes et al. 2012). Sources
with extreme rest-frame optical line emission may also
contaminate z ! 9 samples if the z ∼ 10 candidate UDFj-
39546284 (Bouwens et al. 2011a; Oesch et al. 2012a) is
any guide. In that case, the extremely deep support-
ing data did not result in any detection shortward of
the H160 band, but other evidence (tentative detection
of an emission line at 1.6µm and the high luminosity of
UDFj-39546284) indicates that an extreme emission line
galaxy at z ∼ 2.2 is a more likely interpretation of the
current data (see Bouwens et al. 2013a; Ellis et al. 2013;
Brammer et al. 2013; Capak et al. 2013).
In our SED analysis in Section 3.2, we specifically in-

cluded line emission in order to test for contamination
from strong emission line sources. Indeed, for two of the
candidates, the best-fit low-redshift photometric redshift
solutions are obtained from a combination of extreme
emission lines and high dust extinction. However, all
candidates are detected (although sometimes faintly) in
several non-overlapping filters. For example, with the
exception of GN-z10-1, all sources show some flux in the
J125 filter, as well as a clear detection in H160. It is
therefore unlikely that the detected HST flux originates
from emission lines alone. Furthermore, three of the four
candidates show robust detections in the IRAC bands,
which further limits the likelihood of contamination by
pure line emitters. For example, GN-z10-1 (the bright-

GN−z10−1

GN−z10−1 (simulated)

Wavelength µm
1.1 1.2 1.3 1.4 1.5 1.6

GN−z10−2

GN−z10−2 (simulated)

Wavelength µm
1.1 1.2 1.3 1.4 1.5 1.6

GN−z9−1

GN−z9−1 (simulated)

Wavelength µm
1.1 1.2 1.3 1.4 1.5 1.6

Fig. 4.— 2D WFC3/IR grism G141 spectra for the three sources
for which data are available. These are GN-z10-1 (top two panels),
GN-z10-2 (middle two panels) and GN-z9-1 (bottom panels) as la-
belled in the plots. The spectra of these sources are expected to
run along the center of each panel in the horizontal direction. The
spectra were smoothed slightly with a Gaussian. No significant line
emission is detected for any of the three sources. Below the origi-
nal data, we show a panel with a simulation of pure emission line
sources at five different wavelengths, as indicated by red tick marks,
with a line flux corresponding to the H160 photometry (5.5×10−17

erg s−1 cm−2 for the brightest source, and 2.5×10−17 erg s−1 cm−2

for the fainter two). Despite some residual contamination from a
foreground source in the spectrum of GN-z10-2, such strong emis-
sion lines would have been significantly detected at > 4σ. The
grism data rule out pure emission line source contamination for
these three sources.

est source), shows evidence for a flat continuum from the
HST H160 to the IRAC 3.6µm and 4.5µm bands. As
can be seen from Figure 3, while this can be mimicked
with the combination of [O III]/Hβ contamination in the
H160 band and continuum emission in the IRAC chan-
nels, the shorter wavelength flux limits rule out such a
lower redshift solution.
Taken together, the likelihood that the sources here are

lower-redshift emission line galaxies is low. The emission
line constraints from the IRAC filters are discussed fur-
ther in Section 5 where we present galaxy stellar mass
estimates.

3.3.2. Constraints from HST Grism Data

Quantitative constraints on pure emission line sources
can be obtained from the WFC3/G141 grism observa-
tions over GOODS-N from HST program 11600 (PI:
Wiener). These spectra cover ∼ 1.05 − 1.70 µm at low
resolution, reaching a 5σ emission line flux limit for com-
pact sources of∼ 2−5×10−17 erg s−1cm−2 (see Brammer
et al. 2012). If the H160-band flux originated from a sin-
gle emission line, the observed magnitudes of our sources
(H160 = 26.0−26.8 mag) would correspond to line fluxes
of 2.5−5.5×10−17 erg s−1cm−2. These lines should thus
be detectable as ∼ 5σ features. We have therefore an-

Oesch+13c
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Stellar Mass Density Evolution to z~10

34

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

Oesch+13c

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

Are witnessing the assembly of the first 0.1% of local stellar mass density!

from Marchesini+09 from Stark+12

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

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

Simulation based on z=7.73 source from Oesch+15

Need to find bright targets for JWST! 

What is the ionization state of gas in 
early galaxies? 
What is their dynamical state?

only line 
currently 
measured
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JWST’s (Lack) of Efficiency in the Blue
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HST is the only way to obtain deep data at <~7000 Å for now!

➔ Most extragalactic surveys now take B-band parallel 
    imaging to build up HST’s “blue” legacy
➔ HST’s UV initiative
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Hubble Deep UV Legacy Survey

39

HDUV survey

Madau & Dickinson 2014

agree reasonably well with the measurements inferred from the UV slope or from SED

fitting. At z > 2, the FIR/FUV estimates have large uncertainties due to the similarly
large uncertainties required to extrapolate the observed FIR luminosity functions to a total

luminosity density. The values are larger than those for the UV-selected surveys, particu-

larly when compared to the UV values extrapolated to very faint luminosities. While it is
plausible that galaxies with lower star formation rates may have reduced extinction, it is

also likely that purely UV-selected samples at high redshift are biased against dusty star-

forming galaxies. As we have noted earlier, there is not yet a robust census for star-forming
galaxies at z ! 2 selected on the basis of dust emission alone, due to the sensitivity limits

of past and present far-infrared and submillimeter observatories, and the total amount of
star formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from far-ultraviolet (top right panel), infrared (bottom
right panel), and FUV+IR (left panel) rest-frame measurements. The data points with symbols are given
in Table 1. All UV luminosities have been converted to instantaneous star formation rate densities using
the factor KFUV = 1.15 × 10−28 (see eq. 10), valid for a Salpeter IMF. Far-infrared luminosities (8–
1000µm) have been converted to instantaneous star formation rates using the factor KIR = 4.5 × 10−44

(see eq. 11), also valid for a Salpeter IMF. The best-fit star formation rate density in equation (15) is
plotted in the three panels with the solid curve.

Figure 9 shows the history of cosmic star formation from UV and IR data following the

above prescriptions, together with the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M! yr−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic star

formation history: a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing

and peaking at some point probably between z = 2 and 1.5, when the universe was about
3.5 Gyr old, followed by a gradual decline to the present day, roughly as ψ(z) ∝ (1 + z)2.7.
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Cosmic SFR Density

z~1.9

z~2.5

WFC3/UVIS ACS WFC3/IR

PI: Oesch

132 orbits with WFC3/UVIS
2 filters: F275W and F336W, down to 27.5-28.0

CANDELS Deep areas in GOODS-S/N (100 arcmin2)

Complete census of SF galaxies at z~0.5-3

www.astro.yale.edu/hduv
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Figure 3. The UV bands we propose for observations 
(F275W, F336W) will substantially extend the 
wavelength baseline over which we have deep high-
resolution data on the Frontier Fields; from ~0.25µ to 
1.6µ. The UVIS filters directly probe 1500-1800 Å for 
galaxies at z~0.5-1.5, and additionally allow for Lyman 
Break galaxy selections at z~2-2.5, as illustrated by the 
z~2 SED, which disappears in the F275W filter due to 
the IGM absorption. These high-resolution multi-
wavelength data will allow for spectral energy 
distribution studies of resolved galaxy sub-structures.  

 
 
 

Figure 4. Example of charge transfer issues in data 
without post-flash (from Teplitz et al. 2012). The first 
two epochs of the UVUDF data (50% of the total 
program) were taken without post-flash. The low 
background in the UV makes these data very sensitive. 
However, they are not photometric due to inrecoverable 
losses in the charge transfer. The images show a UV faint 
source in the UVUDF data as seen in the three different 
epochs of the F275W data. In Epoch 1 the source was 
clearly detected as it lay close to the readout. However, 
far from readout, in Epoch 2 the source was completely 
lost. This problem can be overcome by pre-flashing the 
detector to fill the charge traps, as done in Epoch 3 of the 
UVUDF (last 50% of program), where the source is 
recovered. While the post-flash data are clearly less 
sensitive due to the higher background, this is the only 
way to achieve reliable photometry.  
 
 
 

Figure 5. Proposed WFC3/UVIS 
Survey Layout. Our survey will 
optimally build on the existing HST 
data in the GOODS fields and 
enhance their legacy value. In 
GOODS-S, we will obtain very 
deep imaging in WFC3/UVIS over 
four pointings in the CANDELS 
Deep region, augmenting the area 
of the UVUDF data by 4x. In 
GOODS-N, we will image 8 
pointings, building on the existing 
~6 orbit depth of F275W UVIS 
imaging already available from 
CANDELS (magenta outline), 
which are not especially useful 
without supporting F336W imaging 
data. Furthermore, we will make 
use of the continuous viewing zone to make the acquisition of these images especially efficient. Our program combined 
with the UVUDF will result in ~95 arcmin2 of F275W and F336W data at a uniform depth of 10 and 8 orbits, 
respectively, reaching 27.5-28.0 mag. In addition, we will obtain deep F435W ACS imaging data in parallel for free 
augmenting the value of the GOODS fields into the JWST era and beyond. The proposed WFC3/UVIS fields (purple: 
250-350 nm) are positioned so as to maximally leverage the large HST investment over these fields in both ACS and 
WFC3/IR from the GOODS and CANDELS Deep programs (blue outline). We will obtain data at different orients and 
perform large dithers to guarantee the uniform data-quality of our imaging.  
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Epoch 1

Epoch 3

Epoch 2

B-band

Figure 10. Example of a galaxy lost due to CTI in the F275W Epoch 2 mosaic.
The left panel is a cutout of the F275W Epoch 1 mosaic, the middle panel is
from the Epoch 2 mosaic, and the right panel is from the Epoch 3 mosaic. The
galaxy is present in the shallower Epoch 1 data which is close to the readout,
and is not detected in the slightly more sensitive Epoch 2 data which is far from
the readout. This galaxy is observed in the optical ACS images, and is object
4188 in the catalog by Coe et al. (2006). It has an F275W isophotal magnitude
of 28.6 ± 0.1, and a F435W total magnitude of 27.9 ± 0.04 (Coe et al. 2006).
The galaxy is detected at 8σ in Epoch 1, and should have been observed at a
higher significance in Epoch 2 were it not for CTI. The galaxy is also detected
in the shallower post-flashed Epoch 3.
(A color version of this figure is available in the online journal.)

the number counts close to and far from the readout. For sources
fainter than the 50% completeness limit of AB ∼ 28.3 mag (see
Section 5.2), we find that at least ∼30 sources are lost in each
Epoch 1 and Epoch 2 (out of ∼600 source positions that are com-
mon between the epochs), while no sources are lost in Epoch 3
(out of ∼500). The total number of lost galaxies is likely larger
than those found above, because sources in the middle of the
CCDs may also be lost. These sources are not close to the read-
out in either Epochs 1 or 2 and fall below the sensitivity limit
of Epoch 3, making them difficult to identify. We expect that
the number of these sources per area is smaller than the number
found far from the readout, suggesting the total number of lost
sources is likely within a factor of two of those observed to be
lost. Our best estimate is a loss of !100 sources out of ∼600.
The small number of losses suggests that the results presented
in Section 6.1 are not strongly biased due to CTI.

Another empirical test of source losses due to CTI is to
compare individual sources that are detected close to the readout
in one epoch but whose position is far from the readout in another
epoch. The Epoch 2 mosaic is slightly more sensitive than the
Epoch 1 mosaic (8 orbits F275W in Epoch 2 compared to 6
orbits for Epoch 1), so sources that are detected in Epoch 1
close to the readout, but not detected in Epoch 2 far from the
readout demonstrate the effect. In searching for such sources,
we also required them to be detected in the significantly more
sensitive B-band image (Beckwith et al. 2006). There exist a
few such sources, and an example is shown in Figure 10. The
left panel is a cutout of the F275W Epoch 1 mosaic, the middle
panel is from Epoch 2, and the right panel is from Epoch 3. This
source is observed in the optical ACS images, and is object 4188
in the catalog by Coe et al. (2006). It has an F275W isophotal
magnitude of 28.6 ± 0.1, and an F435W total magnitude of
27.9 ± 0.06 (Coe et al. 2006). This source is detected at 8σ in
Epoch 1, and should have been observed at least at that S/N in
the Epoch 2 data.

Epoch 1

Epoch 3

Epoch 2

B-band

Figure 11. Example of a galaxy lost due to CTI in the F275W Epoch 1 and 2
mosaics, but preserved in Epoch 3 due to post-flash. The left panel is a cutout
of the F275W Epoch 1 mosaic, the middle panel is from the Epoch 2 mosaic,
and the right panel is from the Epoch 3 mosaic. The galaxy is present in the
shallower Epoch 3 data, and is not detected in the more sensitive Epoch 1 and 2
data. The galaxy is approximately in the middle of the chip in all three epochs.
This galaxy is observed in the optical ACS images, and is object 8020 in the
catalog by Coe et al. (2006). It has an F275W isophotal magnitude of 27.8±0.1,
and a F435W total magnitude of 27.9 ± 0.04 (Coe et al. 2006). The galaxy is
detected at 9σ in Epoch 3, and would have been easily detected in both Epochs 1
and 2 were it not for CTI.
(A color version of this figure is available in the online journal.)

The potential loss of faint objects is one of the primary reasons
that we decided to use the post-flash option in Epoch 3. The
other motivations for the post-flash include reducing other CTI
effects and significantly improving pixel-based CTE corrections
by taking data with higher backgrounds (MacKenty & Smith
2012).

The evidence that no sources have been lost in Epoch 3 is
encouraging, though the sensitivity limit is necessarily worse.
While the F275W exposure time in Epoch 3 is about double
that of Epochs 1 and 2 individually, Epoch 3 is significantly
less sensitive (see Section 5.2). In fact, most of the sources that
appear to be lost in Epochs 1 and 2 due to CTI would not have
been detected in the Epoch 3 mosaic in the first place. Thus
there are very few examples of sources that were lost in either
of the epochs without post-flash but are present in Epoch 3. One
such example is shown in Figure 11. This galaxy is observed
in the optical ACS images, and is object 8020 in the catalog
by Coe et al. (2006). It has an F275W isophotal magnitude of
27.8 ± 0.1, and an F435W total magnitude of 27.9 ± 0.04 (Coe
et al. 2006). The source is detected at 9σ in Epoch 3, and would
have been easily detected in both Epochs 1 and 2 were it not
for CTI.

It is difficult to measure precisely how many sources may
have been lost in Epoch 1 and 2 due to the effects of CTI.
We can estimate the magnitude of the problem by referring to
the comparison presented in Figure 9. Significantly more faint
sources are detected at positions on the CCD close to the readout
than far away from it in Epochs 1 and 2, which lack the additional
post-flash background. If objects were evenly distributed on the
detector, which they may not be, the histograms would suggest
that ∼5% of the total sources may have been lost to the effects
of CTI, and as many as ∼30% of sources fainter than the 50%
completeness limit.

The CTI effects create a dichotomy between the first two
UVUDF epochs and the third epoch. The combined Epoch 1
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A Unique Panchromatic View of z~0.5-2 Galaxies

§ resolved far-UV imaging, unobscured SF on 
100 Myr timescales (600 pc resolution)

§ rest-frame UV-optical HST imaging: 
morphologies and physical properties

With HDUV we have:
§ grisms: emission line maps at HST resolution 
§ GOODS fields: environment
§ higher resolution NIR spectra: emission line 

profiles, kinematics, winds



Source identification
UV Light / SFRs

Spectroscopic Confirmation AGN?

ISM Properties
Dust Reemission

Rest-frame Optical
Stellar Masses
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Galaxies During Cosmic Reionization with 12m

Jaacks+13
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The Astrophysical Journal, 766:94 (6pp), 2013 April 1 Jaacks, Thompson, & Nagamine

Figure 1. Composite rest-frame UV LF at z = 6, 7, 8 for the H2 run, shown as red triangles, blue solid circles, and green triangles, respectively. The solid lines
represent the Schechter+ fit (Equation(1)) at each redshift to these simulation points. We also show the fits to the Fiducial run results (dashed lines) obtained by Jaacks
et al. (2012a). The observed LF fit range (gray shade; Bouwens et al. 2011; Oesch et al. 2012) are also shown, which are extrapolated to Muv > −18 based on their
published fits. Observed points from McLure et al. (2012) and Schenker et al. (2012) are shown by the open black circles and red crosses at z = 7 & 8, respectively.
The vertical dashed line indicates the approximate HST observational limit (Muv ∼ −18) at these redshifts and the vertical dash-dotted line represents the approximate
JWST limit (Muv ∼ −16). The z = 8 panel also includes z = 6 & 7 line (red & blue) to demonstrate evolution. We show the results of Enzo AMR simulation from
Kuhlen et al. (2012, black open squares) in the z = 6 panel for direct comparison.
(A color version of this figure is available in the online journal.)

Table 1
Simulation Parameters Used in this Paper

Run Box Size Np mDM mgas ε

(h−1 Mpc) (DM,Gas) (h−1 M#) (h−1 M#) (h−1 kpc)

N400L10 10.0 4003 9.37 × 105 1.91 × 105 1.0
N500L34 33.75 5003 1.84 × 107 3.76 × 106 2.70
N600L100 100.0 6003 2.78 × 108 5.65 × 107 4.30

Notes. The parameter Np is the number of gas and dark matter particles; mDM
and mgas are the particle masses of dark matter and gas; ε is the comoving
gravitational softening length.

models are relevant. When SF takes place, metals are also
produced with an instantaneous yield of 0.02, and thereafter
tracked by the code based on a closed box model for each gas
particle (i.e., no diffusion). Our MVV wind model is designed
to account for both energy-driven and momentum-driven winds
(Choi & Nagamine 2011). Wind velocity is determined by
vwind = ζvesc, where vesc = 130(SFR)1/3 (1 + z/4)1/2 km s−1.
We adopt the standard values of ζ = 1.5 for high-density
regions (momentum driven) and ζ = 1 for low-density regions
(energy driven), chosen by Choi & Nagamine (2011). The
mass loading factor is η = (σ0/σgal)2 for the energy-driven
case and η = σ0/σgal for the momentum-driven case, where
σ0 = 300 km s−1 and σgal = vesc/2 is the velocity dispersion of
a galaxy. For the full details and physical justifications for this
model, see Choi & Nagamine (2011).

Our “Fiducial” runs use the “Pressure-SF model” (Schaye
& Dalla Vecchia 2008; Choi & Nagamine 2010), while the
present work uses the H2-SF model of Krumholz et al. (2009),
implemented by Thompson et al. (2013, hereafter H2 runs). This
equilibrium analytic model calculates the SFR based on the H2
mass density rather than the total cold gas density, and Krumholz
& Gnedin (2011) have shown that it is in good agreement with
more computationally expensive, non-equilibrium calculations
by Gnedin et al. (2009). The details of the implementation and
the basic results of this model have been presented by Thompson
et al. (2013).

In principle, our implementation of the H2-SF model of
Krumholz et al. (2009) must be similar to the previous work
by Kuhlen et al. (2012) on the most basic level. The primary
difference between the two work is in the class of code in which
it was implemented, Enzo (AMR) versus GADGET (SPH). We
will further discuss the basic differences and potential effects in
Sections 3.1 and 4.

3. RESULTS

3.1. Modified Schechter Luminosity Function

We combine the results of our three runs to create a composite
LF, which covers a much wider dynamic range than is possible
with a single cosmological run. In Figure 1, we present our
composite LF for z = 6, 7, 8 (red triangles, blue circles, green
squares) for the H2 run, in comparison to the Schechter (1976)
fits for our Fiducial runs (dashed red, blue, green lines; Jaacks
et al. 2012a) with the Pressure-SF model. We also show the
observed LF fit range (gray shade; Bouwens et al. 2011).
A small, constant extinction EB−V is required to fall within
the observational range for both runs (Jaacks et al. 2012a),
although the H2 runs at z = 7 & 8 require less extinction by
∆EB−V = 0.025 than the Fiducial runs, suggesting a trend of
decreasing EB−V with increasing redshift.

The value of EB−V is chosen to be consistent with the
value used to match the observed rest-frame UV LF in our
previous work (Jaacks et al. 2012a), and it is centered between
the following two recent observations: Bouwens et al. (2012b)
argued for little to no extinction at the faint end of the LF at
z = 6, whereas Willott et al. (2013) found a best-fit value of
AV = 0.75, which corresponds to EB−V ∼ 0.19, assuming
RV = 4.05 (Calzetti et al. 2000) at the bright end of the UV LF
at z = 6. This moderate amount of extinction is also consistent
with the estimates by Schaerer & de Barros (2010) and de
Barros et al. (2012), who included nebular emission lines in their
spectral energy distribution fits. Therefore, the values of EB−V

chosen for this work are reasonably consistent with current
observations.
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With larger aperture of a ~12m UVOIR space telescope, we can push 
into a theoretically interesting regime of dwarf galaxies at z>6 and 

probe the physics of early star-formation.

+ probe the bulk of the ionizing flux density
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UV Sensitivity: Unique Probe of Ionizing Escape Fraction
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Even if we can probe the bulk of the 
ionizing photon flux density, there is a 
big unknown whether galaxies can 

reionize the universe:
the escape fraction of ionizing photons!
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imaging, as the contamination rate is proportional to the area of
the seeing disk. If one resolves the background galaxies (with
half-light radii of ∼0″.2) instead of spreading the light over the
typical seeing disk size (0″.6–1″.0), the contamination rate goes
down by a factor of ∼9–25 and becomes almost negligible
(Vanzella et al. 2012).

In addition to simply removing the possibility of foreground
contamination, higher-resolution images may allow us to
resolve the LyC-emitting regions of galaxies. If SN winds
clear low column density sight lines, the LyC may escape
primarily from the regions with highest star formation surface
density. However, if galaxy interactions or runaway stars are
the primary mechanism, the LyC emission will be less
concentrated than the non-ionizing UV continuum.

We have set out to determine definitively whether candidate
LyC emitters have foreground contamination or indeed have
high ionizing emissivities and, if the latter, which mechanisms
allow high escape fractions. To do this, we have followed up
some of the brightest LyC-emitting candidates selected from
ground-based observations by Nestor et al. (2011) in SSA22, a
field with a large overdensity of galaxies at z = 3.09 (Steidel
et al. 1998). Because of the large number of galaxies at the
same redshift, this field has been used to efficiently find
candidate LyC emitters with a narrow band filter just below the
observed wavelength of the Lyman limit (Iwata et al. 2009;
Nestor et al. 2011, 2013).

First, we obtained deep HST imaging of the rest-frame LyC
of these galaxies to determine from which galaxy (or regions of
the galaxy) the candidate LyC is escaping. Second, we
obtained deep Keck near-IR spectroscopy to detect the rest-
frame optical emission lines (primarily [O III] λ5007) at high
spatial resolution (∼0″.5) from the regions emitting apparent
LyC emission to verify the redshifts of the sources. The HST
imaging allows us to identify possible contaminating faint
foreground galaxies, and the Keck spectroscopy allows us to
identify the redshifts of all candidate LyC emitters. Together,
these observations allow us to detect foreground contaminants
and, therefore, identify the true LyC emitters.

In Section 2, we discuss the HST observations. In Section 3,
we discuss the Keck near-IR spectroscopic observations. In
Section 4, we discuss each of the galaxies individually. Finally,
in Section 5, we put the findings in context with other
recent work.

2. HST OBSERVATIONS AND DATA REDUCTION

2.1. Target Selection

Our target galaxies are all bright, 2L L0.5 * LBGs at
�z 3.06 in the SSA22 field and were originally cataloged in

Steidel et al. (2003). The LyC region of these galaxies at
�z 3.06 was imaged with a blue narrowband filter with the

Low Resolution Imaging Spectrograph (LRIS) on Keck I (NB
3640; see Figure 1 for the narrowband filter curves) by Nestor
et al. (2011). The galaxies were selected by their Lyα emission
at _z 3.09 with a narrowband filter (NB 4980) or via a Lyman
break selection using broadband filters (Steidel et al. 2003).
The HST WFC3/UVIS field of view ( a q a2.7 2.7) is consider-
ably smaller than that of Keck/LRIS ( a q a5.5 7.6), and a very
deep exposure is required to detect the rest-frame LyC of these
galaxies with HST. Therefore, we chose to obtain a single, deep
HST LyC image near the NW corner of the LRIS image that
has several bright candidate LyC emitters. The bright galaxies
lying in the single WFC3/UVIS pointing are MD32, C49,
MD46, and D17. There is an additional candidate, aug96M16,
that does not lie in this HST field, but we obtained Keck/
NIRSPEC spectroscopy of that source as well (see Section 3).

2.2. Hubble Observations

We were allocated a total of 39 orbits in Cycle-17 (PID:
11636). All primary observations are summarized in Table 1.
Most (32) of the orbits were dedicated to deep imaging with
the F336W filter, which probes the rest-frame LyC of galaxies
at �z 3.06 (see filter curve in Figure 1). The required
exposure time in the F336W filter is large, as the expected
ionizing continuum is much lower than the non-ionizing UV
continuum. Below ∼4000 Å, read noise is the dominant source
of noise in UVIS imaging. Therefore, the F336W exposure
times were long (half-orbit in length, 1325 s) to minimize the
number of readouts. The 32 orbits were split into two-orbit
visits. In each visit, a standard four-point dither (WFC3-UVIS-
DITHER-BOX) was used to achieve sub-pixel sampling of the
PSF. Each visit performed the same dither pattern, but at
slightly different central pointings spread over ∼3″.
In addition to the F336W images, we also obtained optical

imaging (F606W, F814W, which probe the non-ionizing rest-
frame UV continuum of the targets) with the Wide Field
Camera on the Advanced Camera for Surveys (ACS/WFC) and
near-infrared imaging (F110W, F160W, which probe the rest-

Figure 1. Shaded region shows the composite spectrum of Shapley et al. (2003) of _z 3 LBGs, shifted to the redshift of the overdensity in SSA22, z = 3.09. The
spectrum below rest-frame 920 Å is just an extrapolation assuming a constant value in Of and multiplying by the average transmission of the intergalactic medium at
z = 3.09, exp( U M� ( )IGM ). Also plotted are the Keck/LRIS transmission curves for the NB 4980 filter (used to find Lyα emitters at the redshift of the overdensity) and
the NB 3640 filter (used to probe the LyC photons from galaxies at �z 3.09). Finally, we plot the total system throughput for the WFC3/UVIS F336W filter—also
used to detect LyC photons from galaxies at �z 3.09. F336W is a broader and bluer filter than NB 3640. Depending on the line-of-sight IGM opacity, the F336W
filter can detect more LyC photons than the NB 3640. However, the average flux density across the filter will be much lower.
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Due to thick IGM in early universe, 
we can only probe fesc out to z~3
need UV sensitivity at < 3500 Å

Example of Siana+15 to probe ionizing flux with imaging at z~3

ionizing photons

Its value and redshift evolution is 
highly debated and uncertain.
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Figure 1. Surface brightness contours of the five brightest galaxies in our sample
and of a J125 stack of the remaining 11 fainter galaxies (last panel in lower right).
The first five images are superpositions of Y105, J125, and H160 exposures, with
the contour lines corresponding to µYJH = 23.5–25.5 mag arcsec−2 in steps of
0.5 mag arcsec−2. The bar in the left corner indicates 2 kpc (physical) at z = 6.8
the expected mean redshift of these galaxies. All images are 1.′′8 on a side. The
size (FWHM) of the J125 PSF is shown as an inset in the lower right panel for
comparison.

We adopt ΩM = 0.3, ΩΛ = 0.7,H0 = 70 km s−1 Mpc−1,
i.e., h = 0.7. Magnitudes are given in the AB system (Oke &
Gunn 1983). We express galaxy UV luminosities in units of the
characteristic luminosity at z ∼ 3 being M1600(z = 3) = −21.0
(Steidel et al. 1999).

2. MORPHOLOGIES AT z ∼ 7

The z ∼ 7 galaxies are extremely compact as can be seen
from the contour plots in Figure 1, where we show the individual
summed Y105, J125, and H160 observations of the five brightest
sources and additionally a J125 stack of the remaining 11 fainter
ones (for stamps of individual sources, see Oesch et al. 2010).
As can be seen, the average z ∼ 7 galaxy appears to be very
symmetric and compact; with two exceptions, no extended
features can be identified. The two exceptions are as follows.

1. The galaxy UDFz-42566566 is the brightest galaxy in our
sample and consists of two clearly distinct components,
separated by 2 kpc. These two each contribute about the
same amount of light (1:1.2) with very similar colors. They
have individual half-light radii of 0.5 kpc and 0.8 kpc,
respectively, very similar to the compact galaxies in our
sample. One interpretation for the origin of the individual

components is therefore that they are in a merging phase.
The linear geometry of the whole galaxy, however, may also
suggest that the individual clumps are star-forming regions
within a disk structure, similar to what has been found at
z ∼ 2 in observations and simulations.

2. The galaxy UDFz-39557176 also consists of at least two
components. The total light of this galaxy is dominated
by a slightly elongated central structure, which has a
fainter counterpart about 2 kpc away to the NW. The
flux ratio of these two is 1:1.4. It is worth noting that
this galaxy has been split into two sources in the McLure
et al. (2009) catalog. However, the two knots are most
probably physically connected and are about to merge with
each other. The fainter component to the NW shows a
significantly redder Y105−J125 color compared to the central
core by 0.2 mag, and also a redder J125 − H160 color by 0.1
mag. This may indicate that the second component consists
of older stellar populations. However, a more speculative
explanation could be that the second component is reddened
due to dust from the central core. This would imply that
these galaxies contain a more extended gas disk than what
can be seen from their UV light.

3. COMPARISON TO LBGs AT z ∼ 4–6

In order to quantify the evolution of galaxy structures across
cosmic time, we compare the z ∼ 7 galaxies with LBGs
identified at z ∼ 4–6. We focus on three main aspects: (1)
the size evolution, (2) the evolution of the average galaxy light
profile, and (3) the evolution of the surface density of star
formation in these galaxies.

3.1. Size Evolution

Galaxy sizes are measured using circular apertures contain-
ing 50% of the galaxies’ light. We use the observed half-
light radius from SExtractor, robs

1/2,SE, and correct it for the
point-spread function (PSF) broadening according to r1/2,SE =√

(robs
1/2,SE)2 − r2

PSF. The radius rPSF of a point source is 0.′′12
in the J125, and 0.′′11 in the Y105 observations. These measure-
ments are checked against the higher resolution optical data for
the z ∼ 5 population where size measurement from both Ad-
vanced Camera for Surveys (ACS; i775) and WFC3/IR (Y105)
is available. No significant differences are found, showing the
robustness of these size estimates even for such faint, small
galaxies and the validity of the simple PSF correction.

As a second check, we adopt size measurements based on
galfit (Peng et al. 2002). Single sersic profiles are fitted to
these galaxies with sersic indices fixed at n = 1.5, the value
measured for a mean stack of z ∼ 4 LBGs. The half-light radii
estimates of the best-fit models are in good agreement with the
SExtractor measurements with a dispersion of σr = 0.′′05 and
no bias. Similar results are found when using an average Sersic
index n = 1, or n = 3. However, galfit fails to return reliable
measurements when the light profile is not well approximated by
a single-component fit and we use the SExtractor measurements
as our fiducial ones. When appropriate, we also comment on the
implications of using the galfit measurements.

Due to selection effects, large, low-surface brightness galax-
ies will be missed in our catalog. We estimate this bias by insert-
ing artificial galaxies of fixed profiles into the science images
and rerunning the detection algorithm with the same parameters
as for the creation of the original catalogs (for more details, see
Oesch et al. 2007). The galaxy profiles are chosen to follow an
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Early Galaxies at HST Resolution
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Oesch et al. 2010b

With current resolution, can only marginally 
resolve early galaxies, get limited information 
on morphologies.

PSF

Holwerda+15

see also: Ferguson+04, Huang+13, Kawamata+15, Curtis-Lake+15
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Insight from (very few!) Highly Magnified Galaxies 
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X"
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Lensing by massive foreground clusters enables highly 
magnified view of early galaxies: but only few known at z>4

Early galaxies appear to be extremely clumpy, not nicely rotating disks.
UV flux is dominated by individual star-forming regions of just a few 100 parsec in size.

A 12m space telescope would likely reveal a completely new picture of early galaxies!
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HDST: Extremely Sensitive Resolved Spectroscopy?
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High spatial resolution coupled with much more sensitive spectroscopy: 
revolutionary insight into the dynamical states, chemical enrichment, and ISM 

properties even at the earliest redshifts.

This is completely unexplored territory and could only be achieved by a large 
aperture space telescope.

(simulation for JWST/NIRSPEC)
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Some Questions we Could Address with an HDST
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§ Did galaxies reionize the universe? (probe bulk of UV and SFR density at z>6 
+ constrain evolution of ionizing escape fraction out to z~3)

§ What physics determine the star-formation efficiencies in very low mass 
galaxies during the epoch of reionization? (test cutoff in UV LFs)

§ How large are early galaxies and what are their morphologies, i.e. how clumpy 
are they? (probe the assembly of SF regions at ~100 pc resolution)

§ What are the dynamical states and resolved ISM properties of early galaxies? 
(resolved spectroscopy)
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Summary
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§ Over the last 25 years, the HST has pushed back our observational horizon 
of galaxies to only ~500 Myr after the Big Bang

§ HST is the centerpiece in the exploration of galaxy build-up at the cosmic 
dawn: current horizon at z~9-10

§ Combination of HST and Spitzer/IRAC is extremely powerful to probe the 
stellar mass build-up out to z~10 and even rest-frame optical emission lines

§ HST resolution UV imaging data are only now being taken over large areas: 
probe star-formation on 100 Myr timescale + escape fraction of ionizing photons

§ A 12m space telescope would completely revolutionize our understanding of 
early galaxies, and probe physics which are currenly competely out of reach


