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What can we do at present with HST 
and other state of the art telescopes?
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What are the key data sets?

HUDF/XDF

Deep Survey for 
Faint Galaxies

+ 2 Deep Parallel Fields
HUDF09-1 +
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Wide Surveys for 
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UltraVISTA (McCracken+2012)
1.5 sq. degree

Y ~ 25.8, J ~ 24.9, K ~ 25.0

Abell S1063

Abell 370UDS (Lawrence+2007)
0.74 deg2

Y ~ 24.8, J ~ 25.7, K ~ 25.3

The bright end of the galaxy luminosity function at z ' 7 3

Figure 1. The footprint of the UltraVISTA/COSMOS field show-
ing the key multiwavelength data used here. The large red rect-
angle shows the year-one 1.5 deg2 of near-infrared imaging from
UltraVISTA DR1, with the deeper strips comprising the sec-
ond data release shown in dark red. The Subaru z0-band mosaic,
formed from four individual Suprime-Cam pointings, is indicated
by the blue outline, and the 2 deg2 of HST/ACS I

814

-band imag-
ing from the COSMOS survey is shown as the large jagged out-
line. The overlap with the DR2 strips in dark red and the cen-
tral green square, which is the 1 deg2 area of a single pointing
of CFHT/MegaCam, defines the '0.7 deg2 area searched in this
study.

survey data with the optical and mid-infrared data currently
available in the UltraVISTA and UDS fields, we have assem-
bled the widest area (1.65 deg2) of imaging available for the
robust selection of z ' 7 Lyman-break galaxies.

We begin with a summary of the multiwavelength data
utilised here from the UltraVISTA and UDS fields in Sec-
tion 2, followed by the details of our candidate selection in
Section 3. The resulting sample of galaxies is presented in
Section 4, with physical properties derived from our SED
fitting analysis in Section 5. In Section 6 we investigate the
sizes of the galaxies in our sample, including an analysis of
HST imaging of four galaxies in our sample that lie within
the region of the UltraVISTA field imaged as part of the
CANDELS programme. We calculate the binned luminosity
function for our sample in Section 7, where we also care-
fully consider the potential e↵ect of gravitational lensing.
We discuss our results and compare them to previous work
at z = 5 and z = 6 in Section 8, which also includes a
prediction of the level of contamination of our sample by
high-redshift quasars. The astrophysical implications of our
results are considered further in Section 9, and our conclu-
sions are summarised in Section 10. All magnitudes quoted
are in the AB system (Oke 1974; Oke & Gunn 1983) and we
assume a cosmology with H

0

= 70 kms�1Mpc�1, ⌦
m

= 0.30
and ⌦

⇤

= 0.70 throughout.

2 DATA

The two multiwavelength survey fields analysed in this pa-
per contain a wealth of observations from X-ray to radio
wavelengths. In the following section we describe the spe-
cific datasets utilised here for the selection of z > 6.5 galax-
ies, most importantly the near-infrared data from the Ul-
traVISTA DR2 and UDS DR10. The coverage maps of the
di↵erent wavelength data are shown in Figs. 1 and 2, and
a summary of the available broad- and narrow-band filters
utilised to image each field can be found in Table 1. The
final area of overlapping multiwavelength imaging over the
two fields, excluding large stellar di↵raction haloes that were
masked, comprised 1.65 deg2, with 0.62 deg2 from the Ultra-
VISTA ‘ultra-deep’ survey, 0.29 deg2 from the UltraVISTA
‘deep’ component and 0.74 deg2 in the UDS field.

2.1 The COSMOS/UltraVISTA field

2.1.1 UltraVISTA near-infrared imaging

The analysis presented in this paper relies on the first and
second data releases of the ongoing UltraVISTA survey1,
which consists of Y, J,H and Ks imaging with the Visible
and Infrared Camera (VIRCAM) on the VISTA telescope
within the Cosmological Evolution Survey (COSMOS) field.
The first data release, described in detail by McCracken
et al. (2012), provided near-infrared imaging over the maxi-
mum area of the programme covering 1.5 deg2. DR2 provides
deeper data in strips that cover ⇠70% of the the full field
as shown in Fig. 1. Integration times for the DR2 Y , J , H
and Ks bands range from 29-82 hours per pixel, compared
with 11-14 hours per pixel from DR1. Throughout this pa-
per we refer to the DR2 imaging within the strips as the
‘ultra-deep’ part of the survey, and the DR1 imaging over
the full field as the ‘deep’ part.

2.1.2 Auxiliary optical and mid-infrared imaging

The auxiliary data used in this paper is described in full
by Bowler et al. (2012), but here we briefly describe the key
datasets that are shown in Fig. 1. The UltraVISTA survey
lies within the multiwavelength imaging taken as part of the
COSMOS survey (Scoville et al. 2007b), which covers a total
of 2 deg2 on the sky. Specifically we use optical imaging from
the CFHTLS T0006 data release, which defines the maxi-
mal area of our search centred on RA 10h00m28s.00, Dec.
+2�1203000, with additional deep z0-band data from Sub-
aru Suprime-Cam. Mid-infrared imaging over the COSMOS
field by Spitzer/IRAC exists from two programmes; the
Spitzer Extended Deep Survey (SEDS; Ashby et al. 2013)
and the Spitzer Large Area Survey with Hyper-Suprime-
Cam (SPLASH, PI: Capak). The SPLASH data consist of
438 individual exposures in the 3.6µm and 4.5µm bands,
available as calibrated Level-2 files on the Spitzer Legacy
Archive. We created a mosaic of the SPLASH images by
first background subtracting the frames using SExtrac-

tor with a large background mesh size, before combining
the frames using the software package Swarp. The SEDS
data was also background subtracted and incorporated into

1

http://www.eso.org/sci/observing/phase3/data_releases/
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the SPLASH mosaic using Swarp. The photometric and
astrometric accuracy was confirmed by comparing to the
shallower Spitzer/IRAC imaging across the field from the
S-COSMOS survey (Sanders et al. 2007). Finally the field
is also covered to single-orbit depth in the I

814

-band by the
HST Advanced Camera for Surveys (ACS; Koekemoer et al.
2007; Scoville et al. 2007a; Massey et al. 2010).

2.1.3 Data processing and consistency

All images were resampled to the pixel grid of the CFHTLS
data (0.186-arcsec/pixel) using the iraf package sregister,
once the astrometric solution had been matched to that
of the UltraVISTA Y -band image using the iraf package
ccmap.

Zeropoints of the full set of multiwavelength imaging
were checked by inspecting the colours of flat-spectrum ob-
jects defined by the colour bridging the central band. For
example, a sample of objects was extracted with aperture
corrected flat z0 � J colours (e.g. |z0 � J | < 0.05), and the
z0 � Y colours of these objects were examined with the ex-
pectation that they should also be close to zero. The optical
bands were found to have zeropoint o↵sets of < 0.05mag,
however when comparing the DR1 UltraVISTA data utilised
in Bowler et al. (2012) to the optical imaging we found
the Y -band magnitudes to be brighter than expected by
0.06mag. The re-reduction of the full 1.5 deg2 field encom-
passing the strips for the second data release, which included
improved Y -band calibrations, entirely compensates for this
observed colour di↵erence in the DR1. Hence, when com-
paring the depths of the full-field of imaging in Table 1 and
the magnitudes of the 10 objects selected in Bowler et al.
(2012) in Section 4.3, note that there are small changes in
the Y -band photometry as a result of this zeropoint change.
The zeropoints of the individual Subaru z0-band tiles were
also adjusted slightly (�m ' 0.04) to be consistent with the
single pointing of z-band imaging from CFHT/MegaCam.

2.2 The UKIDSS Ultra Deep Survey field

2.2.1 UKIRT and VISTA near-infrared imaging

In this study, we use the 10th data release (DR10) of near-
infrared imaging in the UDS field, from the UKIRT Infrared
Deep Sky Survey (UKIDSS; Lawrence et al. 2007). The
UKIDSS UDS consists of deep imaging (m

AB

⇠ 25, 5�, see
Table 1) in the J,H and K-bands over a total area of 0.8
deg2 centred on RA 02h17m48s, Dec. �05�0505700(J2000).
Data release 10 was made public in January 2013 and is
available on the WFCAM science archive2.

The UDS field lies within the XMM-Newton large-
scale structure field, where there exists Y -band imaging
from the VISTA Deep Extragalactic Observations survey
(VIDEO; Jarvis et al. 2013) as can be seen in Fig. 2. The
VIDEO survey is a public survey with VISTA that aims
to cover 12 deg2 in the Z, Y, J,H and Ks-bands over three
separate fields. Imaging in the Y -band is key for the robust
selection of z ' 7 galaxies in the UltraVISTA and UDS
datasets, as the filter straddles the position of the spectral

2

http://surveys.roe.ac.uk/wsa/

Figure 2. The footprint of the UDS field, showing the UKIRT
near-infrared data as the red square sitting within the large
rectangle of Y -band imaging from the VISTA VIDEO survey.
Data from Subaru Suprime-Cam are shown as the green and
blue outlines, where the blue outline defines a z0-band mosaic
of four pointings as in Fig. 1. The green cross-shaped outline
shows the B, V,R, i and z0-imaging from the original Subaru pro-
gramme (Furusawa et al. 2008), where the mosaic is formed from
five separate pointings. Finally, the footprint of Spitzer data from
SpUDS is shown as the black diamond. The total area of overlap-
ping Subaru optical and UKIRT near-infrared imaging is ' 0.8
deg2.

break and hence can separate genuine high-redshift galaxies
from dwarf stars and low-redshift galaxy contaminants that
can have identical, red, z0 � J colours. Furthermore, the
presence of cross-talk artefacts (described further in Sec-
tion 3.3) in the UKIRT J , H and K imaging, makes the
presence of a detection in a bluer band independent from
the UKIRT data an essential condition for confirming the
reality of the high-redshift candidates. When compared to
the UltraVISTA Y -band imaging however, the current re-
lease of the VISTA VIDEO data is substantially shallower
by 1 mag (see Table 1), which reduces the capabilities of
the data for selecting z ⇠ 7 sources and makes the selection
function for the UDS field di↵erent to the UltraVISTA field.

2.2.2 Auxiliary optical and mid-infrared imaging

Optical imaging over the field was provided by the Subaru
Suprime-Cam as part of the Subaru/XMM-Newton Deep
Survey (SXDS; Furusawa et al. 2008). We also obtained ad-
ditional z0-band data in four Suprime-Cam pointings, each
with 8�15 hrs of integration time (Furusawa et al. in prepa-
ration). The astrometry of the individual tiles was matched
to that of the UKIRT J-band image using the iraf package

c� 2013 RAS, MNRAS 000, 1–26
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What are the key data sets?
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Many Probable z = 9-10 Galaxies are Known

Bouwens+2011, 2015a,b; Ellis+2013; Oesch+2013, 2014, 2015; Zitrin+2014; Atek+2015; Ishigaki
+2015; McLeod+2015
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High-Redshift Record-Holder (From Spectroscopy)
Spectroscopic Redshift for a Luminous z = 7.7 Galaxy 3
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Fig. 2.— Left – Mask layout of the two nights of MOSFIRE
Y-band observations of our primary target. These two nights pro-
vide two completely independent measurements of this galaxy at
two di↵erent orientations as well as two di↵erent positions along
di↵erent slitlets. This also allows us to exclude the possibility of
contamination in the final stacked spectrum from the two faint
neighboring galaxies present within 200 of the primary galaxy along
the slits. Right – The signal-to-noise ratio around the detected
emission line in the two independent 1D spectra of the two nights,
averaged over a 4 pixel width (⇠ 4 Å). A line is clearly detected at
> 4� independently in both 2 hr spectra from each night. We also
checked the unrectified frames to ensure that the positive flux in
the spectrum indeed originated from the expected position of the
galaxy along the spectrum.

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

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

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

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

4. RESULTS

Out of the eight z ⇠ 7 � 8 galaxy candidates, we de-
tected a significant emission line (at > 5�) for only one
source (EGS-zs8-1). This line is discussed in detail be-
low.

4.1. A Ly↵ Emission Line at z = 7.730
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Fig. 3.— MOSFIRE spectra of EGS-zs8-1. The full 2D spectrum
after 2-by-2 binning is shown in the top panel, while the optimally
extracted 1D spectrum is shown on the bottom. The 1D spectrum
was smoothed by a 3 pixel (⇠ 3 Å) moving average filter for clarity.
The gray shaded area represents the 1D flux uncertainty, while
the dark red line shows the best-fit line model. The line is quite
extended in the wavelength direction and shows clear asymmetry
with the expected shape typical for high-redshift Ly↵ lines. The
spectroscopic redshift measurement is zspec = 7.7302 ± 0.0006 in
excellent agreement with the previously determined photometric
redshift. Other characteristics of the line are summarized in Table
1.

TABLE 1
Measurements of Galaxy EGS-zs8-1

Target

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

UV

�22.06± 0.05

Emission Line

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

L(Ly↵) 1.2±0.2⇥1043 erg s�1

EW0(Ly↵)† 21±4 Å
S
w

15±6 Å
FWHM 13±3 Å
VFWHM 376+89

�70 km s�1

Physical Parameters⇤

logM
gal

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

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

The spectra of our target source EGS-zs8-1 (see Ta-
ble 1 for summary of properties) revealed a significant
emission line at the expected slit position in both masks
independently (right panels Fig 2). The full 4 hr stacked
2D and 1D spectra are shown in Figure 3, showing a line
with a clear asymmetric profile, as expected for a Ly↵
line at high redshift. Furthermore, it lies at the right

z = 7.7302 +/- 0.0006

zphot = 7.7 ± 0.3

Oesch+2015
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Star Formation Rate Functions
(i.e., dust corrected UV Luminosity Functions)
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Figure 2. Left : Both the analytical and stepwise SFR functions derived in this study from dust-corrected UV LFs. The stepwise SFR
functions (individual points) were derived using the UV LF results from Bouwens et al. (2007, 2011b), as described in §2.1. The solid
lines are the SFR functions derived in Schechter form as described in §2.2 with parameters listed in Table 2. The lines are not fits to the
points. The excellent agreement between the two approaches provides a useful cross-check. We have indicated the SFRs (>∼ 150M⊙yr−1:
equivalent to a bolometric luminosity > 1012L⊙) where we expect our SFR functions to be more uncertain due to incompleteness in the
UV selections and possible unreliability of the IRX-β relation (e.g. Reddy et al., 2006). The best estimates at high SFRs may come from
searches in the mid-IR/far-IR (black point from Daddi et al., 2009, see also Marchesini et al., 2010). The SFR function therefore may fall
off more slowly than we infer (dashed line). Right : A comparison of the SFR functions with similar functions derived from the bolometric
LF of Reddy et al. (2008; grey region), the IR LF of Magnelli et al. (2011; black open squares) and the Hα LF from Sobral et al. (2012;
black dashed line) at z ∼ 2. The trend in the SFR function, derived from our dust-corrected UV LFs at z ∼ 4− 7, clearly extends to z ∼ 2.
The smooth evolution in the SFR function provides some corroboration for the dust corrections we apply.

(2012), who using the CANDELS+HUDF09 datasets
find that β correlates with both redshift and luminosity,
with higher redshift and lower luminosity galaxies being
bluer. The results by Bouwens et al. (2012) are in excel-
lent agreement with other results in the literature (e.g.
Ouchi et al., 2004; Labbé et al., 2007; Overzier et al.,
2008; Wilkins et al., 2011).
For our dust corrections we assume a linear relation

between the UV-continuum slope β and luminosity, such
as that given in Bouwens et al. (2012). This is shown in
the top panel of Figure 1 for z ∼ 4,

< β >=
dβ

dMUV
(MUV,AB + 19.5) + βMUV=−19.5, (2)

where dβ
dMUV

and βMUV=−19.5 are from Table 5 of
Bouwens et al. (2012). Note that for z ∼ 7 we use a
fit with a fixed slope dβ

dMUV
= −0.13 obtained from our

z ∼ 4 − 6 samples, given the large uncertainties in this
slope at z ∼ 7 and the lack of evidence for evolution in the
β-luminosity relation over the redshift range z ∼ 2 − 6.
The distribution of UV-continuum slope β shows sub-
stantial scatter about relation 2, that can be approxi-
mated by a normal distribution (Figure 1; but remark
there is a fatter tail toward redder β).
The steps for computing an average dust correction

are as follows. We use Eq. 1 to calculate the UV absorp-
tion A1600 for each source in our adopted β-distribution.
Then to obtain the extinction correction at a given MUV
we integrate over the β-distribution (normal distribu-
tion with mean < β >, Eq. 2, and σβ=0.34), setting
A1600 = 0 when A1600 < 0. The middle panel of Fig-
ure 1 shows the resulting < AMUV

> as a function of
luminosity at z ∼ 4. We then apply this dust correction

to the UV luminosities of individual bins of the LF. We
shift each point in the LF toward brighter magnitudes
and correct for the fact that the luminosity-dependent
dust correction increases the width of the bins.
The bottom panel of Figure 1 shows the effect of our

luminosity-dependent dust correction on the stepwise UV
LF at z ∼ 4 from Bouwens et al. (2007). The dust cor-
rection shifts the LF to higher luminosities, particularly
at the bright end, causing M∗

UV to brighten, and also
flattens the faint-end slope. There is also a small shift to
lower volume densities due to the renormalisation of the
magnitude bins.
Now that we have dust-corrected UV fluxes we can use

well-established relations to compute the SFR as a func-
tion of luminosity, giving us our desired SFR functions.
We use the following relation from Kennicutt (1998),

SFR

M⊙yr−1
= 1.25 · 10−28 LUV,corr

erg s−1Hz−1
. (3)

Since this relation gives the time-averaged SFR over a
∼ 100Myr time window, it will underestimate the SFR
(typically by ! 2×) in galaxies substantially younger
than this (e.g. Verma et al., 2007; Bouwens et al., 2012;
Reddy et al., 2012). However, Eq. 3 should work on
average for the extended SF histories expected in LBGs.
The left panel of Figure 2 shows the stepwise SFR func-

tions at z ∼ 4, 5, 6 and 7, based on stepwise UV LFs
derived from Bouwens et al. (2007) and Bouwens et al.
(2011b). For convenience, we include our stepwise SFR
functions in Table 1.

2.2. Analytical SFR functions

In this section, we use an analytical Schechter-like ap-
proximation to represent SFR functions at z ∼ 4− 7.
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Galaxy Stellar Mass Functions
Grazian et al.: The high-z stellar mass function in CANDELS

Fig. 9. Example SEDs of galaxies at 3.5 < z < 4.5 with
M > 1010.5 M⊙ and M1400 > −18.5. Their SEDs, especially in
the IRAC bands, indicate that they are really massive objects at
high redshift and that the nebular contribution is not dominant.
The objects ID=8785 and 17749 are quite old (age/τ ≥ 8), while
ID=4466 and 13299 have E(B−V) ≥ 0.4. All these galaxies are
characterized by very red colours, and thus cannot be selected by
standard LBG selection criteria based on UV rest-frame colours.
Due to their large masses, however, they represent a relatively
rare population, which can contribute significantly to the high-
mass tail of the mass function at z = 4.

served colours are clearly very different from those used to select
LBGs at comparable redshifts. Such objects are in fact well fitted
with dusty star-forming models or alternatively with passively
evolved SEDs. We have checked that they are not type-1 AGN
based on the 4 Ms Chandra observations, but we cannot exclude
that they are X-ray absorbed (Compton thick) AGN (although
they do not show any sign of an unusually steep SED slope in
the IRAC bands). In a separate paper (Merlin et al., in prep.), we
describe in more details the most interesting objects. Although
they are quite rare, these red galaxies are unambiguously very
massive and represent a major contribution to the high-mass end
of the mass function at z ≃ 4.

6. The evolution of the mass function at high
redshift

We can finally obtain a full description of the shape and red-
shift evolution of the GSMF by fitting a Schechter function to
our data. Before doing so, it is important to carefully consider
how the uncertainties on the estimate of the stellar mass for each
galaxy may impact on the observed shape of the GSMF.

Since the measured masses are randomly perturbed by dif-
ferent noise sources, the net effect on the observed GSMF is a
preferential transfer of galaxies from the faintest bins toward the
more massive ones, since low mass galaxies are more numer-
ous than brighter ones. This effect is commonly referred to as
“Eddington bias”, following Eddington (1913). It is usually be-

Fig. 10. The GSMFs from z = 4 to z = 7 in the CANDELS
UDS and GOODS-South fields. The error bars take into account
the Poissonian statistics, the Cosmic Variance and the uncertain-
ties derived through the Monte Carlo simulations. The solid con-
tinuous curves show the Schechter function derived through a
best-fit approach which corrects the observed data points for the
Eddington bias.

lieved to affect mostly the massive side of the GSMF, where the
slope is steeper than at the faint end, but we show below that this
does not necessarily happen in our data set.

For this purpose we use the probability distribution func-
tions PDF(M|z) (i.e. the probability that a given galaxy in our
sample has a mass M at a redshift z) derived from the Monte
Carlo simulations described in Section 4.1.1. We use the indi-
vidual PDF(M|z)s to build the average PDF(M|z) for each mass
bin of the GSMF, at the various redshifts. While this has already
been done in previous analyses (Ilbert et al. (2013)) as a func-
tion of redshift, the novelty of our approach is that we explicitly
derive the PDF(M|z) as a function of both redshift and stellar
mass. Unsurprisingly, the PDF(M|z)s become wider (implying
that masses become less constrained) when redshift increases
and when galaxies become fainter (i.e. less massive).

The procedure adopted is fully described in Appendix B,
while we report here the major results. The first is that the distor-
tions induced in the shape of the GSMF are progressively larger
with increasing redshift, and become particularly severe at z ≃ 7.
This is due to the fact that, as naively expected, the intrinsic er-
rors on the estimate of individual galaxy stellar masses increase
with increasing redshift (Fig.B.1).

The second effect is that, contrary to what was found in pre-
vious analyses (e.g. Ilbert et al. (2013)), especially at z = 4, the
accuracy at the bright end is here good enough to keep the over-
all shape essentially unaffected. On the contrary, the increase in
the noise at the faint end (that was never taken into account in
previous estimates) induces a non-negligible steepening of the
observed faint end. Both effects are clearly visible in Fig.B.2. At
z ≥ 6, instead, the large errors in mass can affect also the shape
of the GSMF at the massive side (see Fig.B.3). It’s worth noting
that the Eddington bias corrections described here depend crit-
ically on the shape of the adopted PDFs in mass. As a caution-
ary note, we warn the reader that the unambiguous estimation of
the best fitting GSMF is subject to the correct derivation of the
PDF(M).
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TABLE 2
Flux Densities of z > 9 LBG Candidates in the GOODS-N Field

Filter GNDJ-625464314 GNDJ-722744224 GNWJ-604094296 GNDJ-652258424

B435 7± 9 3± 6 −2± 6 −11± 11
V606 2± 7 −3± 5 −5± 5 2± 8
i775 5± 10 6± 7 6± 7 −9± 11
I814 3± 7 1± 5 −2± 8 0± 9
z850 17± 11 −7± 6 −7± 8 −14± 13
Y105 −7± 9 −7± 7 −2± 10 −18 ± 8
J125 11± 8 12± 7 23± 8 36± 9
JH140 102 ± 47 85± 34 · · · 86± 54
H160 152 ± 10 68± 9 73± 8 82± 11
K 137 ± 67 −45± 51 85± 261 76± 55
IRAC 3.6µm 139 ± 20 (< 81)* 39 ± 21 65± 18
IRAC 4.5µm 122 ± 21 (< 119)* 93 ± 21 125± 20

Note. — Measurements are given in nJy with 1σ uncertainties.
* 3σ upper limit due to uncertainties in the neighbor flux subtraction.
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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 addition
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 best-fit low redshift solutions
are clearly ruled out with likelihoods < 10−4 for three of the four
sources. For GNWJ-604094296, the low-redshift solutions have a
likelihood of just 0.2% (see text).

such an SED really is. However, deeper Y105 data or spec-
troscopic observations could rule out such an SED. Some
first spectroscopic constraints are already available from
shallow WFC3 grism observations (see Section 3.3.2).
As a cross-check, we also tested and confirmed the

high-redshift solutions with the photo-z code EAZY
(Brammer et al. 2008). In particular, we fit photomet-

ric redshifts with templates that include emission lines
as included in the v1.1 distribution of the code10. The
best-fit EAZY redshifts are all within 0.1 of the ZEBRA
values listed in Table 1.

3.3. Possible Sample Contamination

As we will show in Section 4.1, the detection of such
bright z ∼ 9 − 10 galaxy candidates in the GOODS-N
dataset is surprising given previous constraints on UV
LFs at z > 8. A detailed analysis of possible contam-
ination is therefore particularly important. We discuss
several possible sources of contamination.

3.3.1. Emission Line Galaxies

Strong emission line galaxies have long been known
to potentially contaminate very high-redshift sample se-
lection. These are a particular concern in datasets
which do not have very deep optical data to establish a
strong spectral break through non-detections (see, e.g.,
Atek et al. 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 supporting data did not result in any
detection shortward of the H160 band, but other evi-
dence (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 ex-
ception of GNDJ-625464314, 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 origi-
nates from emission lines alone. Furthermore, three of

10 available at http://code.google.com/p/eazy-photoz/
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TABLE 2
Flux Densities of z > 9 LBG Candidates in the GOODS-N Field

Filter GNDJ-625464314 GNDJ-722744224 GNWJ-604094296 GNDJ-652258424

B435 7± 9 3± 6 −2± 6 −11± 11
V606 2± 7 −3± 5 −5± 5 2± 8
i775 5± 10 6± 7 6± 7 −9± 11
I814 3± 7 1± 5 −2± 8 0± 9
z850 17± 11 −7± 6 −7± 8 −14± 13
Y105 −7± 9 −7± 7 −2± 10 −18 ± 8
J125 11± 8 12± 7 23± 8 36± 9
JH140 102 ± 47 85± 34 · · · 86± 54
H160 152 ± 10 68± 9 73± 8 82± 11
K 137 ± 67 −45± 51 85± 261 76± 55
IRAC 3.6µm 139 ± 20 (< 81)* 39 ± 21 65± 18
IRAC 4.5µm 122 ± 21 (< 119)* 93 ± 21 125± 20

Note. — Measurements are given in nJy with 1σ uncertainties.
* 3σ upper limit due to uncertainties in the neighbor flux subtraction.
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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 addition
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 best-fit low redshift solutions
are clearly ruled out with likelihoods < 10−4 for three of the four
sources. For GNWJ-604094296, the low-redshift solutions have a
likelihood of just 0.2% (see text).

such an SED really is. However, deeper Y105 data or spec-
troscopic observations could rule out such an SED. Some
first spectroscopic constraints are already available from
shallow WFC3 grism observations (see Section 3.3.2).
As a cross-check, we also tested and confirmed the

high-redshift solutions with the photo-z code EAZY
(Brammer et al. 2008). In particular, we fit photomet-

ric redshifts with templates that include emission lines
as included in the v1.1 distribution of the code10. The
best-fit EAZY redshifts are all within 0.1 of the ZEBRA
values listed in Table 1.

3.3. Possible Sample Contamination

As we will show in Section 4.1, the detection of such
bright z ∼ 9 − 10 galaxy candidates in the GOODS-N
dataset is surprising given previous constraints on UV
LFs at z > 8. A detailed analysis of possible contam-
ination is therefore particularly important. We discuss
several possible sources of contamination.

3.3.1. Emission Line Galaxies

Strong emission line galaxies have long been known
to potentially contaminate very high-redshift sample se-
lection. These are a particular concern in datasets
which do not have very deep optical data to establish a
strong spectral break through non-detections (see, e.g.,
Atek et al. 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 supporting data did not result in any
detection shortward of the H160 band, but other evi-
dence (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 ex-
ception of GNDJ-625464314, 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 origi-
nates from emission lines alone. Furthermore, three of

10 available at http://code.google.com/p/eazy-photoz/
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Fig. 2.— 6′′×6′′images of the four z ≥ 9 galaxy candidates identified in the CANDELS GOODS-N data. From left to right, the images
show a stack of all optical bands, Y105, JH140, J125, H160, MOIRCS K, and neighbor-subtracted IRAC 3.6µm and 4.5µm images. The
stamps are sorted from high to lower photometric redshift from SED fits (indicated in the lower left, see also Table 1). The IRAC neighbor-
subtraction works well for all sources except for GNDJ-722744224, where the nearby foreground source is too bright, and clear residuals are
visible at the location of the candidate. Only IRAC upper limits are therefore included for this source in the following analysis. Clearly,
all other sources show significant (> 4.5σ) detections in the 4.5µm channel. The brightest source (GNDJ-625464314) is also detected at
6.9σ in the 3.6µm channel. With the exception of the brightest candidate, which is weakly detected in the K-band (at 2σ), the MOIRCS
K-band data provide only upper limits.

its flat continuum longward of 1.6µm. Taken together,
these results suggest that the most likely interpretation
is that GNDJ-625464314 is at high redshift.
Stamps of the four viable high-redshift candidates are

presented in Figure 2, and their positions and photome-
try are listed in Tables 1 and 2.
As is evident from Fig. 2, the four sources are all de-

tected at ≥ 7σ in the H160 band. The brightest source
is 15σ. Furthermore, all sources are seen in observations
at other wavelengths, albeit at lower significance. With
the exception of the brightest one, all show weak detec-
tions in J125, and two are even seen weakly in the very
shallow JH140 data. Furthermore, the brightest source
is detected at 2σ in the ground-based K-band data.
Neighbor-subtraction was applied to the IRAC data of

all four z ! 9 galaxy candidates. The resulting cleaned
IRAC images are shown in the two right-hand columns
of Figure 2. As can be seen, three of these sources are
clearly detected in at least one IRAC band. For source
GNDJ-722744224, the residuals of the bright foreground
neighbor are still visible and its IRAC flux measure-
ments are therefore highly uncertain. In order to pro-
vide some photometric constraints for this source from
IRAC, we use conservative upper limits based on the
RMS fluctuations in the residual image at the position of
the bright foreground source. All flux measurements for
these sources, together with the uncertainties are listed
in Table 2.

3.2. Photometric Redshift Analysis

Figure 3 shows the SED fits to the fluxes of the four
high-redshift galaxy candidates. These are derived with

the photometric redshift code ZEBRA (Feldmann et al.
2006; Oesch et al. 2010b) using a large library of stel-
lar population synthesis template models based on the
library of Bruzual & Charlot (2003). Additionally, we
added nebular line and continuum emission to these tem-
plate SEDs in a self-consistent manner, i.e., by convert-
ing ionizing photons to H and He recombination lines (see
also, e.g., Schaerer & de Barros 2009). Emission lines of
other elements were added based on line ratios relative to
Hβ tabulated by Anders & Fritze-v. Alvensleben (2003).
The template library adopted for the SED analysis is

based on both constant and exponentially declining star-
formation histories of varying star-formation timescales
(τ = 108 to 1010 yr), as also used to model lower redshift
sources. All models assume a Chabrier initial mass func-
tion and a metallicity of 0.5Z⊙, and the ages range from
t = 10 Myr to 13 Gyr. However, only SEDs with ages
less than the age of the universe at a given redshift are
allowed in the fit. Dust extinction is modeled following
Calzetti et al. (2000).
As is evident in Figure 3, all candidates have a best-

fit photometric redshift at z ≥ 9 with uncertainties of
σz = 0.3-0.4 (1σ). These uncertainties could be reduced
with deeper JH140 imaging data in the future. With the
exception of one source, the best-fit low redshift solu-
tions are securely ruled out with likelihoods < 10−4 (see
right panels of Figure 3). For GNWJ-604094296, the low-
redshift solutions have a likelihood of 0.2%. As can be
seen from Figure 3, the low-redshift SED is a combina-
tion of high dust extinction and extreme emission lines,
which line up to boost the fluxes in the H160 and IRAC
4.5µm bands. It is unclear how likely the occurrence of

z = 10.2
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Fig. 2.— Left – Mask layout of the two nights of MOSFIRE
Y-band observations of our primary target. These two nights pro-
vide two completely independent measurements of this galaxy at
two di↵erent orientations as well as two di↵erent positions along
di↵erent slitlets. This also allows us to exclude the possibility of
contamination in the final stacked spectrum from the two faint
neighboring galaxies present within 200 of the primary galaxy along
the slits. Right – The signal-to-noise ratio around the detected
emission line in the two independent 1D spectra of the two nights,
averaged over a 4 pixel width (⇠ 4 Å). A line is clearly detected at
> 4� independently in both 2 hr spectra from each night. We also
checked the unrectified frames to ensure that the positive flux in
the spectrum indeed originated from the expected position of the
galaxy along the spectrum.

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

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

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

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

4. RESULTS

Out of the eight z ⇠ 7 � 8 galaxy candidates, we de-
tected a significant emission line (at > 5�) for only one
source (EGS-zs8-1). This line is discussed in detail be-
low.

4.1. A Ly↵ Emission Line at z = 7.730
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Fig. 3.— MOSFIRE spectra of EGS-zs8-1. The full 2D spectrum
after 2-by-2 binning is shown in the top panel, while the optimally
extracted 1D spectrum is shown on the bottom. The 1D spectrum
was smoothed by a 3 pixel (⇠ 3 Å) moving average filter for clarity.
The gray shaded area represents the 1D flux uncertainty, while
the dark red line shows the best-fit line model. The line is quite
extended in the wavelength direction and shows clear asymmetry
with the expected shape typical for high-redshift Ly↵ lines. The
spectroscopic redshift measurement is zspec = 7.7302 ± 0.0006 in
excellent agreement with the previously determined photometric
redshift. Other characteristics of the line are summarized in Table
1.

TABLE 1
Measurements of Galaxy EGS-zs8-1

Target

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

UV

�22.06± 0.05

Emission Line

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

L(Ly↵) 1.2±0.2⇥1043 erg s�1

EW0(Ly↵)† 21±4 Å
S
w

15±6 Å
FWHM 13±3 Å
VFWHM 376+89

�70 km s�1

Physical Parameters⇤

logM
gal

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

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

The spectra of our target source EGS-zs8-1 (see Ta-
ble 1 for summary of properties) revealed a significant
emission line at the expected slit position in both masks
independently (right panels Fig 2). The full 4 hr stacked
2D and 1D spectra are shown in Figure 3, showing a line
with a clear asymmetric profile, as expected for a Ly↵
line at high redshift. Furthermore, it lies at the right

zphot = 7.7 ± 0.3

Oesch+2015
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Figure 5. SED fits for each member of the final sample of ten high-redshift galaxies presented in this paper. Where the candidate has a non-detection (below
the 1� level) in a given band, that point has been plotted with an arrow where the tip represents the 1� limiting depth. The best-fitting high-redshift galaxy
template (without Ly↵) is shown in blue in the left hand panel, with the best-fitting alternative low-redshift template shown in red. The inset shows the
redshift-�2 distribution produced in the fitting process, where the redshift range 6.5 < z < 7.5 targeted in this study is highlighted in grey. The best-fitting
low-redshift galaxy templates have a redshift around z ' 1.2 � 1.6, due to the fact that a 4000Å/Balmer break in the model galaxy spectra can sometimes
reproduce the observed spectral break at ⇠ 1µm if the data have insufficient dynamic range. For each object the best-fitting stellar template is shown in the
right-hand panel, where photometry measured in a 1.200diameter aperture has been used. The inset for the dwarf-star plots shows the �2 distribution versus
stellar type, with effective temperature decreasing from M4 through to T8. The resulting best-fit photometric redshift, stellar type and derived parameters are
detailed in Table 3.
c� 2012 RAS, MNRAS 000, 1–17
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Figure 4. Multi-band postage-stamp images of the four most secure z ' 7 galaxies presented in this paper, with the detection image (Y + J) shown on the
left. A stack of these four objects is presented in the bottom row. The stamps are 1000⇥ 1000, with North up, and East to the left. Each filter stamp has a linear
grayscale, with the lower level (white) set to 2� below the background level and objects (black) saturated at 4.5� above the background level. To aid the visual
detection of low-level flux indicative of a z < 6.5 contaminant object, the I

814

stamp has been smoothed using the IRAF GAUSS package, with a standard
deviation of 5 pixels.

Table 2. Photometry of the ten z > 6.5 galaxy candidates, grouped into the three categories described in the main text. From top to bottom the top four
galaxies are classed as “Robust” (followed by the photometry for a stack of this subset of galaxies), the next three as “Robust/Contaminant”, and the final
three can be regarded as “Insecure”. The optical and near-infrared magnitudes were measured within a 200diameter circular aperture and corrected to 84%
enclosed flux, and the IRAC magnitudes were measured within a 2.800diameter circular aperture and corrected to 84% enclosed flux. As a consequence of the
correction up to 84% enclosed flux, the Y - and J-band magnitudes presented here appear typically ⇠ 0.2 brighter than the quoted 2-arcsec diameter 5� limit
(see Table 1). Wherever the measured flux density lies below the 2� limit in that band, the magnitude has been replaced here by the 2� limiting magnitude
depth of the appropriate image, and is given as a lower limit on the apparent magnitude.

ID RA DEC z0 Y J H K
s

3.6µm 4.5µm

277912 10:00:43.38 +02:37:51.8 26.7+0.4

�0.3

24.2+0.2

�0.1

24.3+0.2

�0.2

24.0+0.3

�0.2

23.9+0.3

�0.2

23.9+0.3

�0.2

23.9+0.4

�0.3

155880 10:02:06.49 +02:13:24.1 26.1+0.1

�0.1

24.5+0.2

�0.2

24.4+0.2

�0.2

24.4+0.4

�0.3

> 24.8 24.5+0.5

�0.3

23.9+0.4

�0.3

218467 10:01:52.31 +02:25:42.3 > 27.3 24.6+0.2

�0.2

25.1+0.6

�0.4

> 25.0 24.3+0.4

�0.3

24.4+0.5

�0.3

> 24.8

61432 10:01:40.70 +01:54:52.5 > 27.3 24.6+0.2

�0.2

24.6+0.3

�0.2

24.4+0.4

�0.3

> 24.8 25.0+1.0

�0.5

24.2+0.6

�0.4

Stack 27.0+0.2

�0.2

24.5+0.1

�0.1

24.6+0.1

�0.1

24.4+0.2

�0.2

24.6+0.3

�0.2

24.4+0.2

�0.2

24.6+0.4

�0.3

277880 10:01:36.86 +02:37:49.3 26.4+0.2

�0.2

24.7+0.2

�0.2

24.7+0.3

�0.2

24.9+1.0

�0.5

24.0+0.4

�0.3

24.1+0.3

�0.2

> 24.8

268511 10:00:02.36 +02:35:52.2 > 27.3 24.7+0.3

�0.2

24.8+0.4

�0.3

24.8+0.5

�0.3

> 24.8 > 25.2 > 24.8

271105 09:59:07.60 +02:36:24.4 26.1+0.2

�0.2

24.7+0.2

�0.2

24.4+0.3

�0.2

24.2+0.2

�0.2

24.5+0.5

�0.3

23.5+0.2

�0.2

23.6+0.3

�0.2

95661 10:01:20.70 +02:01:44.0 25.4+0.1

�0.1

24.6+0.5

�0.3

24.7+0.5

�0.4

25.0+1.0

�0.5

24.3+0.4

�0.3

23.7+0.2

�0.2

23.8+0.4

�0.3

28400 10:00:58.01 +01:48:15.6 25.3+0.1

�0.1

24.6+0.2

�0.1

24.4+0.2

�0.2

24.5+0.4

�0.3

> 24.8 23.4+0.2

�0.2

24.7+1.2

�0.6

2233 10:01:43.16 +01:42:53.5 26.0+0.2

�0.1

24.7+0.4

�0.3

24.7+0.6

�0.4

> 25.0 > 24.8 > 25.2 24.4+0.7

�0.4

c� 2012 RAS, MNRAS 000, 1–17

K ~ 24 mag
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Figure 5. SED fits for each member of the final sample of ten high-redshift galaxies presented in this paper. Where the candidate has a non-detection (below
the 1� level) in a given band, that point has been plotted with an arrow where the tip represents the 1� limiting depth. The best-fitting high-redshift galaxy
template (without Ly↵) is shown in blue in the left hand panel, with the best-fitting alternative low-redshift template shown in red. The inset shows the
redshift-�2 distribution produced in the fitting process, where the redshift range 6.5 < z < 7.5 targeted in this study is highlighted in grey. The best-fitting
low-redshift galaxy templates have a redshift around z ' 1.2 � 1.6, due to the fact that a 4000Å/Balmer break in the model galaxy spectra can sometimes
reproduce the observed spectral break at ⇠ 1µm if the data have insufficient dynamic range. For each object the best-fitting stellar template is shown in the
right-hand panel, where photometry measured in a 1.200diameter aperture has been used. The inset for the dwarf-star plots shows the �2 distribution versus
stellar type, with effective temperature decreasing from M4 through to T8. The resulting best-fit photometric redshift, stellar type and derived parameters are
detailed in Table 3.
c� 2012 RAS, MNRAS 000, 1–17
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Figure 4. Multi-band postage-stamp images of the four most secure z ' 7 galaxies presented in this paper, with the detection image (Y + J) shown on the
left. A stack of these four objects is presented in the bottom row. The stamps are 1000⇥ 1000, with North up, and East to the left. Each filter stamp has a linear
grayscale, with the lower level (white) set to 2� below the background level and objects (black) saturated at 4.5� above the background level. To aid the visual
detection of low-level flux indicative of a z < 6.5 contaminant object, the I

814

stamp has been smoothed using the IRAF GAUSS package, with a standard
deviation of 5 pixels.

Table 2. Photometry of the ten z > 6.5 galaxy candidates, grouped into the three categories described in the main text. From top to bottom the top four
galaxies are classed as “Robust” (followed by the photometry for a stack of this subset of galaxies), the next three as “Robust/Contaminant”, and the final
three can be regarded as “Insecure”. The optical and near-infrared magnitudes were measured within a 200diameter circular aperture and corrected to 84%
enclosed flux, and the IRAC magnitudes were measured within a 2.800diameter circular aperture and corrected to 84% enclosed flux. As a consequence of the
correction up to 84% enclosed flux, the Y - and J-band magnitudes presented here appear typically ⇠ 0.2 brighter than the quoted 2-arcsec diameter 5� limit
(see Table 1). Wherever the measured flux density lies below the 2� limit in that band, the magnitude has been replaced here by the 2� limiting magnitude
depth of the appropriate image, and is given as a lower limit on the apparent magnitude.

ID RA DEC z0 Y J H K
s

3.6µm 4.5µm

277912 10:00:43.38 +02:37:51.8 26.7+0.4

�0.3

24.2+0.2

�0.1

24.3+0.2

�0.2

24.0+0.3

�0.2

23.9+0.3

�0.2

23.9+0.3

�0.2

23.9+0.4

�0.3

155880 10:02:06.49 +02:13:24.1 26.1+0.1

�0.1

24.5+0.2

�0.2

24.4+0.2

�0.2

24.4+0.4

�0.3

> 24.8 24.5+0.5

�0.3

23.9+0.4

�0.3

218467 10:01:52.31 +02:25:42.3 > 27.3 24.6+0.2

�0.2

25.1+0.6

�0.4

> 25.0 24.3+0.4

�0.3

24.4+0.5

�0.3

> 24.8

61432 10:01:40.70 +01:54:52.5 > 27.3 24.6+0.2

�0.2

24.6+0.3

�0.2

24.4+0.4

�0.3

> 24.8 25.0+1.0

�0.5

24.2+0.6

�0.4

Stack 27.0+0.2

�0.2

24.5+0.1

�0.1

24.6+0.1

�0.1

24.4+0.2

�0.2

24.6+0.3

�0.2

24.4+0.2

�0.2

24.6+0.4

�0.3

277880 10:01:36.86 +02:37:49.3 26.4+0.2

�0.2

24.7+0.2

�0.2

24.7+0.3

�0.2

24.9+1.0

�0.5

24.0+0.4

�0.3

24.1+0.3

�0.2

> 24.8

268511 10:00:02.36 +02:35:52.2 > 27.3 24.7+0.3

�0.2

24.8+0.4

�0.3

24.8+0.5

�0.3

> 24.8 > 25.2 > 24.8

271105 09:59:07.60 +02:36:24.4 26.1+0.2

�0.2

24.7+0.2

�0.2

24.4+0.3

�0.2

24.2+0.2

�0.2

24.5+0.5

�0.3

23.5+0.2

�0.2

23.6+0.3

�0.2

95661 10:01:20.70 +02:01:44.0 25.4+0.1

�0.1

24.6+0.5

�0.3

24.7+0.5

�0.4

25.0+1.0

�0.5

24.3+0.4

�0.3

23.7+0.2

�0.2

23.8+0.4

�0.3

28400 10:00:58.01 +01:48:15.6 25.3+0.1

�0.1

24.6+0.2

�0.1

24.4+0.2

�0.2

24.5+0.4

�0.3

> 24.8 23.4+0.2

�0.2

24.7+1.2

�0.6

2233 10:01:43.16 +01:42:53.5 26.0+0.2

�0.1

24.7+0.4

�0.3

24.7+0.6

�0.4

> 25.0 > 24.8 > 25.2 24.4+0.7

�0.4

c� 2012 RAS, MNRAS 000, 1–17

K ~ 24 magVery Bright Galaxies are 
likely rare high-σ peaks 
from halo mass function

(no modulation by dust or quenching)



Finding More Bright z~8-10 Galaxies

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

FA
IN

T
B

R
IG

H
T

Leverage 12 ultra-deep blank + 
cluster HST WFC3/IR fields to 
look for faint z~9-10 galaxies

>20-30 z~9-10 Galaxies

Trenti+2015 BoRG[z910]
(480 orbit program)

Bouwens+2015 CANDELS
Follow-Up Program

(uses all ACS+WFC3 CANDELS area)

Leverages 1400 arcmin2 

search area (full CANDELS + 500 
arcmin2 in additional area)

6 bright z~9-10 galaxies (Oesch+2014)
-> 20 bright z~9-10 galaxies

confirmed z=9 galaxy from 
ongoing Bouwens+2015 

HST program
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Follow-Up Program

(uses all ACS+WFC3 CANDELS area)

Leverages 1400 arcmin2 

search area (full CANDELS + 500 
arcmin2 in additional area)

6 bright z~9-10 galaxies (Oesch+2014)
-> 20 bright z~9-10 galaxies

UltraVISTA + UDS + 
SPLASH + SMUVS
~1.7 deg2 search area:

→ 26 mag

confirmed z=9 galaxy from 
ongoing Bouwens+2015 

HST program



Do these Luminosity Functions Agree with Other Recent 
Determinations?

Bouwens+2014; Bowler+2015; Finkelstein+2015; Bouwens+2007

(Despite minor revolution in the # density for bright galaxies since 2013)

Excellent Agreement Found among 2015 Determinations 

Bouwens+2015; Bowler+2015; Finkelstein+2015; Bouwens+2007



Growth and Build-up of
Faint Galaxies



Ultra-Faint Galaxies Dominate UV Light Production at 
z~3-10
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Luminosity Function Steeper at Early Times

Faint-End 
Slope

Bouwens+2015; see also Bouwens+2011; Oesch+2010, 2012; Bradley+2012; McLure+2013; Schenker
+2013; Schmidt+2014; Ishigaki+2014; Finkelstein+2015

Steeper

Shallower
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Frontier Fields Program
(Matt Mountain, Jennifer Lotz)
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Bouwens+2015 CANDELS 
Follow-Up Program

Frontier

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
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Finding More Faint z~8-10 Galaxies
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New Information on the
Reionization of the Universe



New Constraints on Cosmic Reionization 3

Fig. 2.— Thomson optical depth to electron scattering τ , in-
tegrated over redshift from the present day. Shown is the Planck
constraint τ = 0.066±0.12 (gray area), along with the 68% credibil-
ity interval (red region) determined from the marginal distribution
of τ computed from the SFR histories ρSFR shown in Figure 1.
The corresponding inferences of τ(z) from Robertson et al. (2013)
(dark blue region), a model forced to reproduce the 9-year WMAP
τ constraints (orange region), and a model with ρSFR truncated at
z > 8 (light blue region) following Oesch et al. (2014) are shown
for comparison.

evolving the differential equation

Q̇HII
=

ṅion

⟨nH⟩
−

QHII

trec
(4)

where the IGM recombination time

trec = [CHII
αB(T )(1 + Yp/4Xp)⟨nH⟩(1 + z)3]−1 (5)

is calculated by evaluating the case B recombination co-
efficient αB at an IGM temperature T = 20, 000K and
a clumping fraction CHII

= 3 (e.g., Pawlik et al. 2009;
Shull et al. 2012). We incorporate the Planck constraints
on the Thomson optical depth (τ = 0.066±0.12) by com-
puting the reionization history for every value of the ρSFR
model parameters, evaluating Equation 3, and then cal-
culating the likelihood of the model parameters given the
SFR history data and the marginalized Thomson optical
depth from Planck (treated as a Gaussian).
Figure 1 shows the ML and 68% credibility interval

(red region) on ρSFR(z) given the ρSFR constraints and
the newly-reported Planck Thomson optical depth. We
find the parameters of Equation 2 to be ap = 0.01376±
0.001 M⊙ yr Mpc−3, bp = 3.26± 0.21, cp = 2.59± 0.14,
and dp = 5.68 ± 0.19. Without the Thomson optical
depth constraint, the values change by less than 1%.
These inferences can be compared with a SFR history
(Figure 1, orange region) forced to match the previous
WMAP measurement (τ = 0.088 ± 0.014) by upweight-
ing the contribution of the derived τ value relative to
the ρSFR data. The ML parameters of such a model
(ap = 0.01306, bp = 3.66, cp = 2.28, and dp = 5.29) lie
well outside the range of models that reproduce jointly

ρSFR(z) and the Planck τ .
We can now address the important question of the

redshift-dependent contribution of galaxies to the Planck
τ = 0.066 ± 0.012 in Figure 2. The red region shows
a history which is consistent with the SFR densities
shown in Figure 1 given our simple assumptions for the
escape fraction fesc, early stellar populations, and the
clumpiness of the IGM. Importantly, the reduction in τ
by Planck (compared to WMAP) largely eliminates the
tension between ρSFR(z) and τ that was discussed by
many authors, including Robertson et al. (2013). That
a SFR history consistent with the ρSFR(z) data easily
reproduces the Planck τ strengthens the conclusions of
Robertson et al. (2013) that the bulk of the ionizing pho-
tons emerged from galaxies. Figure 2 shows that the ob-
served galaxy population at z < 10 can easily reach the
68% credibility intervals of τ with plausible assumptions
about fesc and Lmin. As a consequence, the reduced τ
eliminates the need for very high-redshift (z ≫ 10) star
formation (see section 3 below). We note the dust cor-
rection used in computing ρSFR at z ∼ 6 permits an
equivalently lower fesc without significant change in the
derived τ .
Figure 2 also shows τ(z) computed with the 9−year

WMAP τ marginalized likelihood as a constraint on the
high-redshift SFR density (blue region; Robertson et al.
2013), which favored a relatively low τ ∼ 0.07. If, in-
stead, the SFR density rapidly declines as ρSFR ∝ (1 +
z)−10.9 beyond z ∼ 8 as suggested by, e.g., Oesch et al.
(2014), the Planck τ is not reached (light blue region).
Lastly, if we force the model to reproduce the best-fit
WMAP τ (orange region), the increased ionization at
high redshifts requires a dramatic increase in the z > 7.5
SFR (see Figure 1) and poses difficulties in matching
other data on the IGM ionization state, as we discuss
next.

2.3. Ionization History

Similarly, we can update our understanding of the
evolving ionization fraction QHII

(z) computed during
the integration of Equation 4. Valuable observational
progress in this area made in recent years exploits
the fraction of star forming galaxies showing Lyman-
α emission (e.g., Stark et al. 2010) now extended to
z ∼ 7 − 8 from Treu et al. (2013), Pentericci et al.
(2014) and Schenker et al. (2014), the Lyman-α damping
wing absorption constraints from GRB host galaxies by
Chornock et al. (2013), and the number of dark pixels
in Lyman-α forest observations of background quasars
(McGreer et al. 2015). While most of these results re-
quire model-dependent inferences to relate observables
to QHII

, they collectively give strong support for reion-
ization ending rapidly near z ≃6.
Figure 3 shows these constraints, along with the in-

ferred 68% credibility interval (red region; ML model
shown in white) on the marginalized distribution of the
neutral fraction 1 − QHII

from the SFR histories shown
in Figure 1 and the Planck constraints on τ . Although
our model did not use these observations to constrain
the computed reionization history, the inferred ioniza-
tion history is nonetheless in good agreement with the
available constraints6.

6 The model does not fare well in comparison to Lyman-α forest

Planck Consortium 2015; Robertson+2015; see also Choudhury+2015

New Planck results suggest a less Ionized Universe at 
z > 7 (τ consistent with UV LF evolution)

Planck

τ = 0.066 ± 0.012
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Fig. 9.— The fraction of Lyman break galaxies that display Lyα in emission at an EW ≥ 25 Å, plotted as a function of redshift. The
values at z = 7 and 8 reflect differential measurements with the data at z = 6, as described in the text. Thus, these data points and errors
are simply the convolution of the xLyα PDF at z = 6 and the transmission fraction PDF at z = 7 and 8.
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Fig. 10.— Posterior probability distribution for our full model, p(EWLyα—β). Shaded plots represent the posterior PDF marginalized
over all but the two variables labeling the axes, while line plots are marginalized over all but one variable. Thus, the one dimensional PDFs
for each variable, from which we quote our error bars, can be read off along the diagonal.

Schenker+2014; see also Pentericci+2011/2014; Tilvi+2014; Treu+2013; Stark
+2010; Fontana+2010; Caruana+2012, 2014; Schenker et al. 2012; Ono+2012

Increasing Statistics Available on Prevalence of 
Lyα Emission in z=7-8 Galaxies

More neutral 
universe

Fraction of Galaxies 
with Lyα EWs > 25 

Angstroms

~ 100 sources 
well probed



Robertson+2015

Self-consistent Picture of Cosmic Reionization now available4 Robertson et al.

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

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

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

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

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

measurements when QHII
∼ 1 because of our simplified treatment

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

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

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

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

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

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

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

7 See http://www.stsci.edu/jwst/instruments/nircam/sensitivity/table
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Figure 3. Broad-band SEDs of the 12 emission line galaxy can-
didates selected from the GSD field. Units on the y-axis are ar-
bitrary, and the SEDs are incrementally offset by 0.4 dex in the
vertical direction for clarity, sorted by continuum slope, indicated
by the dotted lines. The objects are characterized by flat SEDs
in Fν over the entire range from U band to H band. The J band
noticeably deviates from this trend as the result of strong emission
line contributions, mostly [OIII] at z ∼ 1.7. The observed wave-
lengths for z = 1.7 of various emission lines are indicated by the
vertical dashed lines.

In all cases, Hβ is also detected. The redshifts are all
in the range z = 1.65 − 1.80, in excellent agreement
with what we inferred solely from photometry. We con-
clude that our sample of extreme emission line galaxies
(EELGs) form the high-EW tail of the general population
of emission line galaxies seen in ACS and WFC3 spec-
troscopic grism observations (e.g., Straughn et al. 2008,
2009; Atek et al. 2010; Straughn et al. 2011).
In principle, Hα emitters at 0.9 < z < 1.1 should also

be included by our selection technique. The spectroscopy
and UV photometry indicate that those must be far fewer
than [OIII] emitters. Whether this is due to selection ef-
fects or evolution in the number density of such objects
remains to be seen. Still, even though our working hy-
pothesis is that all 69 candidates are [OIII] emitters at
z ∼ 1.7, we should keep in mind that some fraction of
our 69 candidates are likely Hα emitters at z ∼ 1.

3.3. Emission Lines and Broad-Band Photometry

We have shown that selecting objects which are much
brighter in J than in I and H works as a rather clean
method for finding strong [OIII] emitters at 1.6 < z <
1.8. Emission line galaxies with such excesses in other
bands also exist, but a systematic search is more compli-
cated as at most redshift ranges, multiple lines (most no-
tably [OIII] and Hα) affect multiple photometric bands.
Therefore, we refrain from conducting such a systematic
search here.
The existence of such emission-line dominated galax-

ies complicates the interpretation of SEDs, which is es-
pecially relevant in the case of the search for and SED
modeling of rare, high-redshift objects. Although con-

Figure 4. WFC3 grism spectra of the four candidates with grism
coverage. The IDs refer to those in Table 1. GSD18 is object 402
from Straughn et al. (2011); the 3 objects in the UDS are from
supernova follow-up grism observations (program ID 12099, PI
A. Riess). The three vertical dashed lines show positions of Hβ,
[OIII], and Hα for z = 1.7. These spectra strongly suggest that the
majority of the objects in our sample are [OIII] emitters at z ∼ 1.7.

tamination by emission lines is often considered to be
a factor (e.g., Labbé et al. 2010), the extremely bright
lines we observe suggests that their effect may be un-
derestimated. Ono et al. (2010) explicitly showed that
red colors in Lyα emitters and z = 7 Lyman break
galaxies may indicate the presence of evolved stellar
populations or strong nebular emission lines (also see
Schaerer et al. 1999; Finkelstein et al. 2011). Steep UV
continuum slopes, such as observed in our objects, should
serve as a warning sign for contamination by nebular
emission lines at longer wavelengths to the point that
those can dominate the broad-band flux density.

4. STARBURSTING DWARF GALAXIES AT Z = 1.7

4.1. Star formation or AGN?

Before turning to our preferred starburst interpreta-
tion, let us first point out that nuclear activity is not a
likely explanation for the bright emission lines in the vast
majority of EELGs. None of the objects in the CDFS
have significant detections in X-ray or at 24µm. The ob-
jects are spatially resolved in both J and H, and, more-
over, the J and H band sizes are consistent with each
other.
Moreover, it is highly unlikely that all 69 objects

are dominated by line emission from active galactic
nuclei. At least at the present day, low-mass, low-
metallicity AGN are exceedingly rare (Izotov & Thuan
2008), much rarer than starbursting dwarf galaxies
(Izotov et al. 2011). The implied black hole masses for
the objects in our sample, as inferred from their UV con-
tinuum luminosities (Shen et al. 2008) are ∼ 106 M⊙ at
most, when assuming an Eddington accretion of unity.
At these low masses, at least at the present day, secular
processes drive nuclear activity; thus, an unknown accre-

van der Wel+2011; see also Atek+2011; Brammer+2012
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constraint. Photometric redshifts are determined using
the EAZY software (Brammer et al., 2008). We use all
16 HST filters to obtain good redshift determinations.
To avoid a bias of sources with a specific [3.6]-[4.5] color,
we do not use our Spitzer/IRAC photometry in the pho-
tometric redshift selection.

Figure 2 shows the impact of the strongest emission
lines, Hα, Hβ, [OIII] and [OII], on [3.6] and [4.5] as a
function of redshift. The top panel indicates which lines
fall into the IRAC filters at a given redshift, while the
bottom panel indicates the estimated [3.6]-[4.5] color off-
set due to the various emission lines. We select sources
in the redshift range zphot = 6.6 − 7.0, where we know
that both OIIIλ4959, 5007 and Hβ fall in [3.6], while [4.5]
falls exactly between Hα and OIII where no significant
emission lines are present (see the bottom panel of figure
2).

2.3. IRAC Photometry

Photometry of sources in the available Spitzer/IRAC
data over our fields is challenging, due to blending with
nearby sources from the broad PSF. We therefore use the
automated cleaning procedure described in Labbé et al.
(2010a,b). In short, we use the high-spatial resolution
HST images as a template by which to model the po-
sitions and flux profiles of the foreground sources. The
flux profiles of individual sources are convolved to match
the IRAC PSF and then simultaneously fit to all sources
within a region of ∼13” around the source. Flux from all
the foreground galaxies is subtracted and aperture pho-
tometry is performed in 2.5-diameter circular apertures.
We apply an correction of a factor ∼2x, to account for the
flux outside of the aperture. Figure 1 showes the cleaned
IRAC images of our sample. Our photometric procedure
fails when contaminating sources are either too close or
too bright. Sources with badly subtracted neighbours
are excluded. In total, clean photometry is obtained for
75% of the sources in our final selection (excluding only
two sources behind MACS2129 and MACS1206).

3. RESULTS

Our search for LBGs in the redshift range z ∼ 6.6−7.0
behind 22 strong lensing clusters in the CLASH survey
results in 8 candidates. For 6 sources we obtain reason-
ably clean IRAC photometry, as shown in postage stamps
in fig. 1. The properties of the sources are summarized in
Table 1 and they range in magnitude from 24.3 to 25.7.

3.1. [3.6]-[4.5] color distribution and nebular emission
lines

Our selection of sources in the redshift range z ∼
6.6 − 7.0 provides us with the unique opportunity to
study the equivalent width of nebular emisison lines, due
to the contaminated [3.6] filter versus the contamination-
free [4.5] filter. Since most LBGs at high redshift exhibit
very flat continuum emission, we will make the simpify-
ing assumption that any observed [3.6]-[4.5] color is due
to emission line contamination.

In the bottom panel of figure 2 the dotted line shows
a prediction of observed optical color for a model of
strongly increasing rest-frame emission line equivalent
widths as a function of redshift (dotted line), with
EW(Hα) ∝ (1 + z)1.8Å as found by Fumagalli et al.

Fig. 2.— The impact of emission lines on the [3.6] and [4.5] band
fluxes and our strategy for deriving specific star formation rates and
Hα equivalent widths from our z ∼ 7 sample. Top panel: The red-
shift range over which strong nebular emission lines, Hα, Hβ, [OIII]
and [OII], will contaminate the [3.6] and [4.5] flux of galaxies. Mid-
dle panel: The expected [3.6]-[4.5] colors as a function of redshift
due to nebular emission lines. The solid and dotted lines show the
prediction assuming relatively low Hα EWs, i.e., EW(Hα)=100Å,
and assuming strong evolution, i.e., EW(Hα) ∝ (1+z)1.8Å, respec-
tively, similar to the models considered in Gonzalez et al. (2012)
and Stark et al. (2013). We select sources in the redshift range
zphot = 6.6 − 7.0, where OIIIλλ4959,5007 and Hβ are present in
[3.6], while [4.5] receives a contribution from no significant emis-
sion lines, falling exactly in between the Hα and OIII lines. The
red solid circles and 1 sigma upper limit show the observed col-
ors in our sample. We find that most [3.6]-[4.5] colors are blue,
falling in the range between our two models. A few sources exhibit
extremely blue rest-frame optical colors, with [3.6] − [4.5] ! −1,
indicating contamination of [OIII]+Hβ with an equivalent widths
greater than " 1300Å. Bottom panel: The observed HST+Spitzer
fluxes (black circles) and model spectral energy distribution (red)
for one z ∼ 7 candidate rxj1347Z-7362045151 that exhibits a very
blue [3.6]-[4.5] color. Because of the brightness of sources in our
samples and the many HST filters with deep observations in the
CLASH program, the photometric redshifts are very well deter-
mined. This is important for establishing that our selected sources
are likely in our desired redshift window.

2

Fig. 1.— HST H160, Spitzer/iRAC [3.6], and [4.5] postage
stamp images (6.5” x 6.5”) of our sample of bright, highly-magnfied
z ∼ 6.6 − 7.0 galaxies behind clusters. The IRAC postage stamps
we shown have already been cleaned for contamination from neigh-
boring sources (Section 2.3). Though IRAC observations of high
redshift galaxies in cluster fields suffer from confusion, we should
nevertheless be able to obtain good photometry.

observations over these clusters. To place constraints on
the equivalent width of the optical emission lines and
establish a robust specific star formation rate, we select
bright LBGs in the redshift window z ∼ 6.6− 7.0, where
[4.5] is completely free of any emission lines.

This paper is organized as follows. In §2 we discuss
the data used and the selection of our sources. In §3 we
present the properties of our selected z ∼ 7 sample. We
discuss the constraints we can put on the EWs of Hα,
Hβ and OIII and the sSFR. We present a summary and

discussion of our results in §4.
Throughout this paper adopt a Salpeter IMF with

limits 0.1-100 M⊙. For ease of comparison with pre-
vious studies we take H0 = 70 km s−1 Mpc−1, Ωm =
0.3 andΩΛ = 0.7. Magnitudes are quoted in the AB sys-
tem (Oke & Gunn, 1983)

2. OBSERVATIONS

2.1. Data

In selecting our small sample of bright, high-magnified
z ∼ 7 galaxies, we make use of the deep HST
observations available over the first 23 clusters in
the CLASH multi-cycle treasury program (GO 12101:
PI Postman). The cluster fields are each cov-
ered with 20-orbit HST observations spread over 16
bands using the Advanced Camera for Surveys (ACS:
B435, g475, V606, r625, i775, I814, and z850), Wide Field
Camera WFC3/UVIS (UV225, UV275, U336 and U390)
and WFC3/IR instrument (Y098, Y105, J110, J125, JH140

and H160). Individual bands in the deep imaging data
reach 5 sigma depths (0.4-diameter aperture) of 26.4-27.7
mag. Deep Spitzer/IRAC observations of our fields in the
[3.6] and [4.5] bands was also essential for our project and
was provided for by the ICLASH (GO #80168: Bouwens
et al. 2011) and Spitzer IRAC Lensing Survey program
(GO #60034: PI Egami). The typical exposure time per
cluster was 3.5 to 5 hours per band, allowing us to reach
26.5 mag at 1 sigma. Reductions of the IRAC observa-
tions used in this paper were performed with MOPEX
(Makovoz & Khan, 2005).

2.2. Photometry and Selection

To obtain accurate flux measurements we follow the
procedure described in Bouwens et al. (2012). In short,
we perform photometry in dual image mode using the
Source Extractor software (Bertin & Arnouts, 1996), us-
ing both fixed (0.6”-diameter) and scalable Kron aper-
tures. A detection image is constructed from every band
that is securely positioned redward of the Lyman break.
Photometry images are convolved with a kernel in order
to match all the sources to the PSF of the H160 band.

Our initial source selection relies on the Lyman break
technique (Steidel et al., 1999), with the requirement
that the source drops out in the I814 band. Specifically,
our requirements for z ∼ 6 − 7 sources are

(I814 − .... > ....) ∧ (J110 − JH140 < 0.45)

∧mH160
< 26

We also require sources to have either a non-detection
in the V606 band (< 2σ) or to have a very strong Ly-
man break, i.e. V606 − J125 > 2.5. Furthermore we
construct a χ2-statistic image for all ACS bands bluer
than r625 and require the source to be undetected in the
combined image. Similarly, we exclude sources that are
not detected at more than 8σ in a χ2-statistic image of
all bands redder than Y105, to ensure that there are no
spurious sources in our selection. Finally we require the
Source Extractor stellarity parameter in the J110 band to
be less than 0.92, to ensure our selection if free of point
sources.

In order to select sources in a specific redshift window
where we can measure clean rest-frame optical stellar
continuum, we add an additional photometric redshift
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Figure 2. An illustration of the position of the optical nebular
emission lines in a z ∼ 6.8 star-forming galaxy (red line) with re-
spect to the Spitzer/IRAC response function (indicated in blue).
Our strategy for selecting star-forming galaxies in the narrow red-
shift range z ∼ 6.6− 6.9 capitalizes on the [O III] and Hα emission
lines being separated by almost the same wavelength difference as
the width of Spitzer/IRAC 4.5µm band. Our [3.6] − [4.5] selec-
tion technique furthermore requires that the [O III] line has not
yet dropped out of the 3.6µm band, which narrows the redshift
window where we expect to find these ultra-blue galaxies, from
∆z ∼ 0.35 to ∆z ∼ 0.25.

van der Wel et al., 2013; Holden et al., 2014; Steidel et
al., 2014). No use of the Spitzer/IRAC photometry is
made in the photometric redshift determination to avoid
coupling between our redshift estimates and the mea-
sured IRAC fluxes. We do not include sources from our
EGS/UDS/COSMOS sample in Figure 1 because of the
lack of deep HST coverage in the z850 and Y105/Y098
bands, which is needed for obtaining sufficiently accu-
rate redshifts for the analysis we describe.
We observe a clear discontinuity in the median color

(red points) around z ∼ 7, where the [O III] emission line
moves from the 3.6µm to the 4.5µm band. Moreover,
we find the bluest median [3.6] − [4.5] color at z ∼ 6.8,
where [O III] boosts the 3.6µm flux while Hα has al-
ready moved out of the 4.5µm band. This suggests
that the IRAC colors are strongly influenced by emis-
sion lines, in agreement with recent studies (Schaerer &
de Barros, 2009; Shim et al., 2011; Stark et al., 2013;
Labbé et al., 2013; González et al., 2012, 2014; Smit et
al., 2014) and in agreement with predictions of stellar
population synthesis models with emission lines. We can
use this information to improve our determinations of
the redshift probability functions for strong line emitters
by including the IRAC fluxes in our photometric redshift
estimates.

4. ULTRA-BLUE [3.6]− [4.5] GALAXIES

In the previous section we showed how the [3.6]− [4.5]
IRAC color would likely change as the [O III] and Hα
nebular lines move in and out of the photometric bands,
due to the redshifting spectrum. We can use this in-

Figure 3. Top panel: Measurements of the [3.6]− [4.5] color (grey
points) in UV-selected galaxies from GOODS-N/S, placed at their
photometric redshift (see also bottom panel of Figure 1). The blue
encircled points indicate sources that show IRAC colors signifi-
cantly bluer than [3.6]− [4.5] < −0.5 (blue shaded area), as given
by Eq. 2 (the ultra-blue [3.6]− [4.5] colors for many sources in the
blue shaded area are not significant). Blue circles indicate sources
that are consistent with the redshift range z ∼ 6.6 − 6.9, while
blue squares indicate sources that are at z < 6.6 from their pho-
tometric redshift probability distribution (99% confidence). The
solid lines indicate three tracks of galaxy templates: the dark red
solid line indicates a stellar population with moderate emission
lines (EWHα,0 ∼ 100 Å) and a flat continuum, the red dashed lines
indicates a young (∼5 Myr) stellar population with strong emis-
sion lines (EWHα,0 ∼ 1000 Å) and a flat continuum from moderate
dust extinction (E(B−V) ∼ 0.2), while the dot-dashed orange line
indicates a young population with strong emission lines, in combi-
nation with a high [O III]/Hβ ratio such as described in Anders &
Fritze-v. Alvensleben (2003) for low metallicity gas (Z = 0.2Z⊙)
and with blue continuum (dust-free). Bottom panel: The percent-
age of the galaxy population that has blue [3.6]− [4.5] colors, such
as defined by Eq. 2, at a given photometric redshift. The presence
of extremely blue [3.6] − [4.5] colors is most abundant in galaxy
candidates at z ∼ 7.

formation to significantly improve our photometric red-
shift estimates. This is important due to the consider-
able challenges involved in improving redshift estimates
through spectroscopy (largely due to the impact of the
more neutral IGM on the prevalence of Lyα emission in
z > 6.5 galaxies).

4.1. Blue [3.6]− [4.5] sources at z ∼ 6.8

A particularly interesting redshift interval is z ∼
6.6 − 6.9, where we expect extreme [3.6] − [4.5] colors
due to the presence of the [O III] line in the 3.6µm
band and the absence of any strong emission lines in
the 4.5µm band. This is illustrated in Figure 2. Be-
cause the Hα to [O III] line separation (∆λlines) at
z = 6.8 is slightly wider than the 4.5µm filter width
(∆λfilter), there is very narrow redshift range ∆z =
(∆λlines −∆λfilter) / ⟨λlines,rest−frame⟩ = 0.35 in which
the 4.5µm band is free of strong emission lines. In prac-
tice, the effective redshift range where we can observe
the extremely blue IRAC colors is even narrower than

Substantially Improved Photometric Redshifts
(useful for ALMA follow-up)

Narrow redshift window where
[4.5] band misses [OIII]+Hα

(~30 sources identified with 
extreme colors)

credit: Smit+2015
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Figure 2. An illustration of the position of the optical nebular
emission lines in a z ∼ 6.8 star-forming galaxy (red line) with re-
spect to the Spitzer/IRAC response function (indicated in blue).
Our strategy for selecting star-forming galaxies in the narrow red-
shift range z ∼ 6.6− 6.9 capitalizes on the [O III] and Hα emission
lines being separated by almost the same wavelength difference as
the width of Spitzer/IRAC 4.5µm band. Our [3.6] − [4.5] selec-
tion technique furthermore requires that the [O III] line has not
yet dropped out of the 3.6µm band, which narrows the redshift
window where we expect to find these ultra-blue galaxies, from
∆z ∼ 0.35 to ∆z ∼ 0.25.

van der Wel et al., 2013; Holden et al., 2014; Steidel et
al., 2014). No use of the Spitzer/IRAC photometry is
made in the photometric redshift determination to avoid
coupling between our redshift estimates and the mea-
sured IRAC fluxes. We do not include sources from our
EGS/UDS/COSMOS sample in Figure 1 because of the
lack of deep HST coverage in the z850 and Y105/Y098
bands, which is needed for obtaining sufficiently accu-
rate redshifts for the analysis we describe.
We observe a clear discontinuity in the median color

(red points) around z ∼ 7, where the [O III] emission line
moves from the 3.6µm to the 4.5µm band. Moreover,
we find the bluest median [3.6] − [4.5] color at z ∼ 6.8,
where [O III] boosts the 3.6µm flux while Hα has al-
ready moved out of the 4.5µm band. This suggests
that the IRAC colors are strongly influenced by emis-
sion lines, in agreement with recent studies (Schaerer &
de Barros, 2009; Shim et al., 2011; Stark et al., 2013;
Labbé et al., 2013; González et al., 2012, 2014; Smit et
al., 2014) and in agreement with predictions of stellar
population synthesis models with emission lines. We can
use this information to improve our determinations of
the redshift probability functions for strong line emitters
by including the IRAC fluxes in our photometric redshift
estimates.

4. ULTRA-BLUE [3.6]− [4.5] GALAXIES

In the previous section we showed how the [3.6]− [4.5]
IRAC color would likely change as the [O III] and Hα
nebular lines move in and out of the photometric bands,
due to the redshifting spectrum. We can use this in-

Figure 3. Top panel: Measurements of the [3.6]− [4.5] color (grey
points) in UV-selected galaxies from GOODS-N/S, placed at their
photometric redshift (see also bottom panel of Figure 1). The blue
encircled points indicate sources that show IRAC colors signifi-
cantly bluer than [3.6]− [4.5] < −0.5 (blue shaded area), as given
by Eq. 2 (the ultra-blue [3.6]− [4.5] colors for many sources in the
blue shaded area are not significant). Blue circles indicate sources
that are consistent with the redshift range z ∼ 6.6 − 6.9, while
blue squares indicate sources that are at z < 6.6 from their pho-
tometric redshift probability distribution (99% confidence). The
solid lines indicate three tracks of galaxy templates: the dark red
solid line indicates a stellar population with moderate emission
lines (EWHα,0 ∼ 100 Å) and a flat continuum, the red dashed lines
indicates a young (∼5 Myr) stellar population with strong emis-
sion lines (EWHα,0 ∼ 1000 Å) and a flat continuum from moderate
dust extinction (E(B−V) ∼ 0.2), while the dot-dashed orange line
indicates a young population with strong emission lines, in combi-
nation with a high [O III]/Hβ ratio such as described in Anders &
Fritze-v. Alvensleben (2003) for low metallicity gas (Z = 0.2Z⊙)
and with blue continuum (dust-free). Bottom panel: The percent-
age of the galaxy population that has blue [3.6]− [4.5] colors, such
as defined by Eq. 2, at a given photometric redshift. The presence
of extremely blue [3.6] − [4.5] colors is most abundant in galaxy
candidates at z ∼ 7.

formation to significantly improve our photometric red-
shift estimates. This is important due to the consider-
able challenges involved in improving redshift estimates
through spectroscopy (largely due to the impact of the
more neutral IGM on the prevalence of Lyα emission in
z > 6.5 galaxies).

4.1. Blue [3.6]− [4.5] sources at z ∼ 6.8

A particularly interesting redshift interval is z ∼
6.6 − 6.9, where we expect extreme [3.6] − [4.5] colors
due to the presence of the [O III] line in the 3.6µm
band and the absence of any strong emission lines in
the 4.5µm band. This is illustrated in Figure 2. Be-
cause the Hα to [O III] line separation (∆λlines) at
z = 6.8 is slightly wider than the 4.5µm filter width
(∆λfilter), there is very narrow redshift range ∆z =
(∆λlines −∆λfilter) / ⟨λlines,rest−frame⟩ = 0.35 in which
the 4.5µm band is free of strong emission lines. In prac-
tice, the effective redshift range where we can observe
the extremely blue IRAC colors is even narrower than
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Figure 2. An illustration of the position of the optical nebular
emission lines in a z ∼ 6.8 star-forming galaxy (red line) with re-
spect to the Spitzer/IRAC response function (indicated in blue).
Our strategy for selecting star-forming galaxies in the narrow red-
shift range z ∼ 6.6− 6.9 capitalizes on the [O III] and Hα emission
lines being separated by almost the same wavelength difference as
the width of Spitzer/IRAC 4.5µm band. Our [3.6] − [4.5] selec-
tion technique furthermore requires that the [O III] line has not
yet dropped out of the 3.6µm band, which narrows the redshift
window where we expect to find these ultra-blue galaxies, from
∆z ∼ 0.35 to ∆z ∼ 0.25.

van der Wel et al., 2013; Holden et al., 2014; Steidel et
al., 2014). No use of the Spitzer/IRAC photometry is
made in the photometric redshift determination to avoid
coupling between our redshift estimates and the mea-
sured IRAC fluxes. We do not include sources from our
EGS/UDS/COSMOS sample in Figure 1 because of the
lack of deep HST coverage in the z850 and Y105/Y098
bands, which is needed for obtaining sufficiently accu-
rate redshifts for the analysis we describe.
We observe a clear discontinuity in the median color

(red points) around z ∼ 7, where the [O III] emission line
moves from the 3.6µm to the 4.5µm band. Moreover,
we find the bluest median [3.6] − [4.5] color at z ∼ 6.8,
where [O III] boosts the 3.6µm flux while Hα has al-
ready moved out of the 4.5µm band. This suggests
that the IRAC colors are strongly influenced by emis-
sion lines, in agreement with recent studies (Schaerer &
de Barros, 2009; Shim et al., 2011; Stark et al., 2013;
Labbé et al., 2013; González et al., 2012, 2014; Smit et
al., 2014) and in agreement with predictions of stellar
population synthesis models with emission lines. We can
use this information to improve our determinations of
the redshift probability functions for strong line emitters
by including the IRAC fluxes in our photometric redshift
estimates.

4. ULTRA-BLUE [3.6]− [4.5] GALAXIES

In the previous section we showed how the [3.6]− [4.5]
IRAC color would likely change as the [O III] and Hα
nebular lines move in and out of the photometric bands,
due to the redshifting spectrum. We can use this in-

Figure 3. Top panel: Measurements of the [3.6]− [4.5] color (grey
points) in UV-selected galaxies from GOODS-N/S, placed at their
photometric redshift (see also bottom panel of Figure 1). The blue
encircled points indicate sources that show IRAC colors signifi-
cantly bluer than [3.6]− [4.5] < −0.5 (blue shaded area), as given
by Eq. 2 (the ultra-blue [3.6]− [4.5] colors for many sources in the
blue shaded area are not significant). Blue circles indicate sources
that are consistent with the redshift range z ∼ 6.6 − 6.9, while
blue squares indicate sources that are at z < 6.6 from their pho-
tometric redshift probability distribution (99% confidence). The
solid lines indicate three tracks of galaxy templates: the dark red
solid line indicates a stellar population with moderate emission
lines (EWHα,0 ∼ 100 Å) and a flat continuum, the red dashed lines
indicates a young (∼5 Myr) stellar population with strong emis-
sion lines (EWHα,0 ∼ 1000 Å) and a flat continuum from moderate
dust extinction (E(B−V) ∼ 0.2), while the dot-dashed orange line
indicates a young population with strong emission lines, in combi-
nation with a high [O III]/Hβ ratio such as described in Anders &
Fritze-v. Alvensleben (2003) for low metallicity gas (Z = 0.2Z⊙)
and with blue continuum (dust-free). Bottom panel: The percent-
age of the galaxy population that has blue [3.6]− [4.5] colors, such
as defined by Eq. 2, at a given photometric redshift. The presence
of extremely blue [3.6] − [4.5] colors is most abundant in galaxy
candidates at z ∼ 7.

formation to significantly improve our photometric red-
shift estimates. This is important due to the consider-
able challenges involved in improving redshift estimates
through spectroscopy (largely due to the impact of the
more neutral IGM on the prevalence of Lyα emission in
z > 6.5 galaxies).

4.1. Blue [3.6]− [4.5] sources at z ∼ 6.8

A particularly interesting redshift interval is z ∼
6.6 − 6.9, where we expect extreme [3.6] − [4.5] colors
due to the presence of the [O III] line in the 3.6µm
band and the absence of any strong emission lines in
the 4.5µm band. This is illustrated in Figure 2. Be-
cause the Hα to [O III] line separation (∆λlines) at
z = 6.8 is slightly wider than the 4.5µm filter width
(∆λfilter), there is very narrow redshift range ∆z =
(∆λlines −∆λfilter) / ⟨λlines,rest−frame⟩ = 0.35 in which
the 4.5µm band is free of strong emission lines. In prac-
tice, the effective redshift range where we can observe
the extremely blue IRAC colors is even narrower than

Substantially Improved Photometric Redshifts
(useful for ALMA follow-up)

Narrow redshift window where
[4.5] band misses [OIII]+Hα

(~30 sources identified with 
extreme colors)

credit: Smit+2015
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Fig. 11. The location of sources with secure redshifts in the HDFS MUSE field. In grey the WFPC2 F814W image. The object categories are
identified with the following colors and symbols: blue: stars, cyan: nearby objects with z < 0.3, green: [O ii] emitters, yellow: objects identified
solely with absorption lines, magenta: C iii] emitters, orange: AGN, red circles: Ly� emitters with HST counterpart, red triangles: Ly� emitters
without HST counterpart. Objects which are spatially extended in MUSE are represented by a symbol with a size proportional to the number of
spatially resolved elements.

5.6. Ly� emitters

The large majority of sources at z > 3 are identified through
their strong Lyman-� emission line. Interestingly, 26 of the dis-
covered Ly� emitters are below the HST detection limit, i.e
V606> 29.6 and I814> 29 (3� depth in a 0.2 arcsec2 aper-
ture, Casertano et al. 2000). We produced a stacked image in
the WFPC2-F814W filter of these 26 Ly� emitters not individ-
ually detected in HST and measured an average continuum at
the level of I814= 29.8 ± 0.2 AB (Drake et al. in prep.). We
present in Fig. 14 one such example, ID#553 in the catalog.
Note the typical asymmetric Ly� profile. With a total Ly� flux of
4.2⇥10–18erg s–1cm–2 the object is one of the brightest of its cat-
egory. It is also unambiguously detected in the reconstructed Ly�
narrow band image. With such a low continuum flux the emis-

sion corresponds to a rest-frame equivalent width higher than
130 Å.

Note that we have found several even fainter line emitters
that have no HST counterpart. However, because of their low
SNR, it is di�cult to firmly identify the emission line and they
have therefore been discarded from the final catalog.

5.7. Active Galactic Nuclei

Among the [O ii] emitting galaxies we identify two objects
(ID#10 and ID#25) that show significant [Ne v] 3426 emission,
a strong signature of nuclear activity. Both galaxies show pro-
nounced Balmer breaks and post-starburst characteristics, and
their forbidden emission lines are relatively broad with a FWHM
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constraint. Photometric redshifts are determined using
the EAZY software (Brammer et al., 2008). We use all
16 HST filters to obtain good redshift determinations.
To avoid a bias of sources with a specific [3.6]-[4.5] color,
we do not use our Spitzer/IRAC photometry in the pho-
tometric redshift selection.

Figure 2 shows the impact of the strongest emission
lines, Hα, Hβ, [OIII] and [OII], on [3.6] and [4.5] as a
function of redshift. The top panel indicates which lines
fall into the IRAC filters at a given redshift, while the
bottom panel indicates the estimated [3.6]-[4.5] color off-
set due to the various emission lines. We select sources
in the redshift range zphot = 6.6 − 7.0, where we know
that both OIIIλ4959, 5007 and Hβ fall in [3.6], while [4.5]
falls exactly between Hα and OIII where no significant
emission lines are present (see the bottom panel of figure
2).

2.3. IRAC Photometry

Photometry of sources in the available Spitzer/IRAC
data over our fields is challenging, due to blending with
nearby sources from the broad PSF. We therefore use the
automated cleaning procedure described in Labbé et al.
(2010a,b). In short, we use the high-spatial resolution
HST images as a template by which to model the po-
sitions and flux profiles of the foreground sources. The
flux profiles of individual sources are convolved to match
the IRAC PSF and then simultaneously fit to all sources
within a region of ∼13” around the source. Flux from all
the foreground galaxies is subtracted and aperture pho-
tometry is performed in 2.5-diameter circular apertures.
We apply an correction of a factor ∼2x, to account for the
flux outside of the aperture. Figure 1 showes the cleaned
IRAC images of our sample. Our photometric procedure
fails when contaminating sources are either too close or
too bright. Sources with badly subtracted neighbours
are excluded. In total, clean photometry is obtained for
75% of the sources in our final selection (excluding only
two sources behind MACS2129 and MACS1206).

3. RESULTS

Our search for LBGs in the redshift range z ∼ 6.6−7.0
behind 22 strong lensing clusters in the CLASH survey
results in 8 candidates. For 6 sources we obtain reason-
ably clean IRAC photometry, as shown in postage stamps
in fig. 1. The properties of the sources are summarized in
Table 1 and they range in magnitude from 24.3 to 25.7.

3.1. [3.6]-[4.5] color distribution and nebular emission
lines

Our selection of sources in the redshift range z ∼
6.6 − 7.0 provides us with the unique opportunity to
study the equivalent width of nebular emisison lines, due
to the contaminated [3.6] filter versus the contamination-
free [4.5] filter. Since most LBGs at high redshift exhibit
very flat continuum emission, we will make the simpify-
ing assumption that any observed [3.6]-[4.5] color is due
to emission line contamination.

In the bottom panel of figure 2 the dotted line shows
a prediction of observed optical color for a model of
strongly increasing rest-frame emission line equivalent
widths as a function of redshift (dotted line), with
EW(Hα) ∝ (1 + z)1.8Å as found by Fumagalli et al.

Fig. 2.— The impact of emission lines on the [3.6] and [4.5] band
fluxes and our strategy for deriving specific star formation rates and
Hα equivalent widths from our z ∼ 7 sample. Top panel: The red-
shift range over which strong nebular emission lines, Hα, Hβ, [OIII]
and [OII], will contaminate the [3.6] and [4.5] flux of galaxies. Mid-
dle panel: The expected [3.6]-[4.5] colors as a function of redshift
due to nebular emission lines. The solid and dotted lines show the
prediction assuming relatively low Hα EWs, i.e., EW(Hα)=100Å,
and assuming strong evolution, i.e., EW(Hα) ∝ (1+z)1.8Å, respec-
tively, similar to the models considered in Gonzalez et al. (2012)
and Stark et al. (2013). We select sources in the redshift range
zphot = 6.6 − 7.0, where OIIIλλ4959,5007 and Hβ are present in
[3.6], while [4.5] receives a contribution from no significant emis-
sion lines, falling exactly in between the Hα and OIII lines. The
red solid circles and 1 sigma upper limit show the observed col-
ors in our sample. We find that most [3.6]-[4.5] colors are blue,
falling in the range between our two models. A few sources exhibit
extremely blue rest-frame optical colors, with [3.6] − [4.5] ! −1,
indicating contamination of [OIII]+Hβ with an equivalent widths
greater than " 1300Å. Bottom panel: The observed HST+Spitzer
fluxes (black circles) and model spectral energy distribution (red)
for one z ∼ 7 candidate rxj1347Z-7362045151 that exhibits a very
blue [3.6]-[4.5] color. Because of the brightness of sources in our
samples and the many HST filters with deep observations in the
CLASH program, the photometric redshifts are very well deter-
mined. This is important for establishing that our selected sources
are likely in our desired redshift window.

2

Fig. 1.— HST H160, Spitzer/iRAC [3.6], and [4.5] postage
stamp images (6.5” x 6.5”) of our sample of bright, highly-magnfied
z ∼ 6.6 − 7.0 galaxies behind clusters. The IRAC postage stamps
we shown have already been cleaned for contamination from neigh-
boring sources (Section 2.3). Though IRAC observations of high
redshift galaxies in cluster fields suffer from confusion, we should
nevertheless be able to obtain good photometry.

observations over these clusters. To place constraints on
the equivalent width of the optical emission lines and
establish a robust specific star formation rate, we select
bright LBGs in the redshift window z ∼ 6.6− 7.0, where
[4.5] is completely free of any emission lines.

This paper is organized as follows. In §2 we discuss
the data used and the selection of our sources. In §3 we
present the properties of our selected z ∼ 7 sample. We
discuss the constraints we can put on the EWs of Hα,
Hβ and OIII and the sSFR. We present a summary and

discussion of our results in §4.
Throughout this paper adopt a Salpeter IMF with

limits 0.1-100 M⊙. For ease of comparison with pre-
vious studies we take H0 = 70 km s−1 Mpc−1, Ωm =
0.3 andΩΛ = 0.7. Magnitudes are quoted in the AB sys-
tem (Oke & Gunn, 1983)

2. OBSERVATIONS

2.1. Data

In selecting our small sample of bright, high-magnified
z ∼ 7 galaxies, we make use of the deep HST
observations available over the first 23 clusters in
the CLASH multi-cycle treasury program (GO 12101:
PI Postman). The cluster fields are each cov-
ered with 20-orbit HST observations spread over 16
bands using the Advanced Camera for Surveys (ACS:
B435, g475, V606, r625, i775, I814, and z850), Wide Field
Camera WFC3/UVIS (UV225, UV275, U336 and U390)
and WFC3/IR instrument (Y098, Y105, J110, J125, JH140

and H160). Individual bands in the deep imaging data
reach 5 sigma depths (0.4-diameter aperture) of 26.4-27.7
mag. Deep Spitzer/IRAC observations of our fields in the
[3.6] and [4.5] bands was also essential for our project and
was provided for by the ICLASH (GO #80168: Bouwens
et al. 2011) and Spitzer IRAC Lensing Survey program
(GO #60034: PI Egami). The typical exposure time per
cluster was 3.5 to 5 hours per band, allowing us to reach
26.5 mag at 1 sigma. Reductions of the IRAC observa-
tions used in this paper were performed with MOPEX
(Makovoz & Khan, 2005).

2.2. Photometry and Selection

To obtain accurate flux measurements we follow the
procedure described in Bouwens et al. (2012). In short,
we perform photometry in dual image mode using the
Source Extractor software (Bertin & Arnouts, 1996), us-
ing both fixed (0.6”-diameter) and scalable Kron aper-
tures. A detection image is constructed from every band
that is securely positioned redward of the Lyman break.
Photometry images are convolved with a kernel in order
to match all the sources to the PSF of the H160 band.

Our initial source selection relies on the Lyman break
technique (Steidel et al., 1999), with the requirement
that the source drops out in the I814 band. Specifically,
our requirements for z ∼ 6 − 7 sources are

(I814 − .... > ....) ∧ (J110 − JH140 < 0.45)

∧mH160
< 26

We also require sources to have either a non-detection
in the V606 band (< 2σ) or to have a very strong Ly-
man break, i.e. V606 − J125 > 2.5. Furthermore we
construct a χ2-statistic image for all ACS bands bluer
than r625 and require the source to be undetected in the
combined image. Similarly, we exclude sources that are
not detected at more than 8σ in a χ2-statistic image of
all bands redder than Y105, to ensure that there are no
spurious sources in our selection. Finally we require the
Source Extractor stellarity parameter in the J110 band to
be less than 0.92, to ensure our selection if free of point
sources.

In order to select sources in a specific redshift window
where we can measure clean rest-frame optical stellar
continuum, we add an additional photometric redshift

Objects like this appear to be typical
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constraint. Photometric redshifts are determined using
the EAZY software (Brammer et al., 2008). We use all
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6.6 − 7.0 provides us with the unique opportunity to
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free [4.5] filter. Since most LBGs at high redshift exhibit
very flat continuum emission, we will make the simpify-
ing assumption that any observed [3.6]-[4.5] color is due
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sion lines, falling exactly in between the Hα and OIII lines. The
red solid circles and 1 sigma upper limit show the observed col-
ors in our sample. We find that most [3.6]-[4.5] colors are blue,
falling in the range between our two models. A few sources exhibit
extremely blue rest-frame optical colors, with [3.6] − [4.5] ! −1,
indicating contamination of [OIII]+Hβ with an equivalent widths
greater than " 1300Å. Bottom panel: The observed HST+Spitzer
fluxes (black circles) and model spectral energy distribution (red)
for one z ∼ 7 candidate rxj1347Z-7362045151 that exhibits a very
blue [3.6]-[4.5] color. Because of the brightness of sources in our
samples and the many HST filters with deep observations in the
CLASH program, the photometric redshifts are very well deter-
mined. This is important for establishing that our selected sources
are likely in our desired redshift window.
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Fig. 1.— HST H160, Spitzer/iRAC [3.6], and [4.5] postage
stamp images (6.5” x 6.5”) of our sample of bright, highly-magnfied
z ∼ 6.6 − 7.0 galaxies behind clusters. The IRAC postage stamps
we shown have already been cleaned for contamination from neigh-
boring sources (Section 2.3). Though IRAC observations of high
redshift galaxies in cluster fields suffer from confusion, we should
nevertheless be able to obtain good photometry.

observations over these clusters. To place constraints on
the equivalent width of the optical emission lines and
establish a robust specific star formation rate, we select
bright LBGs in the redshift window z ∼ 6.6− 7.0, where
[4.5] is completely free of any emission lines.

This paper is organized as follows. In §2 we discuss
the data used and the selection of our sources. In §3 we
present the properties of our selected z ∼ 7 sample. We
discuss the constraints we can put on the EWs of Hα,
Hβ and OIII and the sSFR. We present a summary and

discussion of our results in §4.
Throughout this paper adopt a Salpeter IMF with

limits 0.1-100 M⊙. For ease of comparison with pre-
vious studies we take H0 = 70 km s−1 Mpc−1, Ωm =
0.3 andΩΛ = 0.7. Magnitudes are quoted in the AB sys-
tem (Oke & Gunn, 1983)

2. OBSERVATIONS

2.1. Data

In selecting our small sample of bright, high-magnified
z ∼ 7 galaxies, we make use of the deep HST
observations available over the first 23 clusters in
the CLASH multi-cycle treasury program (GO 12101:
PI Postman). The cluster fields are each cov-
ered with 20-orbit HST observations spread over 16
bands using the Advanced Camera for Surveys (ACS:
B435, g475, V606, r625, i775, I814, and z850), Wide Field
Camera WFC3/UVIS (UV225, UV275, U336 and U390)
and WFC3/IR instrument (Y098, Y105, J110, J125, JH140

and H160). Individual bands in the deep imaging data
reach 5 sigma depths (0.4-diameter aperture) of 26.4-27.7
mag. Deep Spitzer/IRAC observations of our fields in the
[3.6] and [4.5] bands was also essential for our project and
was provided for by the ICLASH (GO #80168: Bouwens
et al. 2011) and Spitzer IRAC Lensing Survey program
(GO #60034: PI Egami). The typical exposure time per
cluster was 3.5 to 5 hours per band, allowing us to reach
26.5 mag at 1 sigma. Reductions of the IRAC observa-
tions used in this paper were performed with MOPEX
(Makovoz & Khan, 2005).

2.2. Photometry and Selection

To obtain accurate flux measurements we follow the
procedure described in Bouwens et al. (2012). In short,
we perform photometry in dual image mode using the
Source Extractor software (Bertin & Arnouts, 1996), us-
ing both fixed (0.6”-diameter) and scalable Kron aper-
tures. A detection image is constructed from every band
that is securely positioned redward of the Lyman break.
Photometry images are convolved with a kernel in order
to match all the sources to the PSF of the H160 band.

Our initial source selection relies on the Lyman break
technique (Steidel et al., 1999), with the requirement
that the source drops out in the I814 band. Specifically,
our requirements for z ∼ 6 − 7 sources are

(I814 − .... > ....) ∧ (J110 − JH140 < 0.45)

∧mH160
< 26

We also require sources to have either a non-detection
in the V606 band (< 2σ) or to have a very strong Ly-
man break, i.e. V606 − J125 > 2.5. Furthermore we
construct a χ2-statistic image for all ACS bands bluer
than r625 and require the source to be undetected in the
combined image. Similarly, we exclude sources that are
not detected at more than 8σ in a χ2-statistic image of
all bands redder than Y105, to ensure that there are no
spurious sources in our selection. Finally we require the
Source Extractor stellarity parameter in the J110 band to
be less than 0.92, to ensure our selection if free of point
sources.

In order to select sources in a specific redshift window
where we can measure clean rest-frame optical stellar
continuum, we add an additional photometric redshift

Objects like this appear to be typical

Conventional Models would 
require these sources to be 

extremely young
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constraint. Photometric redshifts are determined using
the EAZY software (Brammer et al., 2008). We use all
16 HST filters to obtain good redshift determinations.
To avoid a bias of sources with a specific [3.6]-[4.5] color,
we do not use our Spitzer/IRAC photometry in the pho-
tometric redshift selection.

Figure 2 shows the impact of the strongest emission
lines, Hα, Hβ, [OIII] and [OII], on [3.6] and [4.5] as a
function of redshift. The top panel indicates which lines
fall into the IRAC filters at a given redshift, while the
bottom panel indicates the estimated [3.6]-[4.5] color off-
set due to the various emission lines. We select sources
in the redshift range zphot = 6.6 − 7.0, where we know
that both OIIIλ4959, 5007 and Hβ fall in [3.6], while [4.5]
falls exactly between Hα and OIII where no significant
emission lines are present (see the bottom panel of figure
2).

2.3. IRAC Photometry

Photometry of sources in the available Spitzer/IRAC
data over our fields is challenging, due to blending with
nearby sources from the broad PSF. We therefore use the
automated cleaning procedure described in Labbé et al.
(2010a,b). In short, we use the high-spatial resolution
HST images as a template by which to model the po-
sitions and flux profiles of the foreground sources. The
flux profiles of individual sources are convolved to match
the IRAC PSF and then simultaneously fit to all sources
within a region of ∼13” around the source. Flux from all
the foreground galaxies is subtracted and aperture pho-
tometry is performed in 2.5-diameter circular apertures.
We apply an correction of a factor ∼2x, to account for the
flux outside of the aperture. Figure 1 showes the cleaned
IRAC images of our sample. Our photometric procedure
fails when contaminating sources are either too close or
too bright. Sources with badly subtracted neighbours
are excluded. In total, clean photometry is obtained for
75% of the sources in our final selection (excluding only
two sources behind MACS2129 and MACS1206).

3. RESULTS

Our search for LBGs in the redshift range z ∼ 6.6−7.0
behind 22 strong lensing clusters in the CLASH survey
results in 8 candidates. For 6 sources we obtain reason-
ably clean IRAC photometry, as shown in postage stamps
in fig. 1. The properties of the sources are summarized in
Table 1 and they range in magnitude from 24.3 to 25.7.

3.1. [3.6]-[4.5] color distribution and nebular emission
lines

Our selection of sources in the redshift range z ∼
6.6 − 7.0 provides us with the unique opportunity to
study the equivalent width of nebular emisison lines, due
to the contaminated [3.6] filter versus the contamination-
free [4.5] filter. Since most LBGs at high redshift exhibit
very flat continuum emission, we will make the simpify-
ing assumption that any observed [3.6]-[4.5] color is due
to emission line contamination.

In the bottom panel of figure 2 the dotted line shows
a prediction of observed optical color for a model of
strongly increasing rest-frame emission line equivalent
widths as a function of redshift (dotted line), with
EW(Hα) ∝ (1 + z)1.8Å as found by Fumagalli et al.

Fig. 2.— The impact of emission lines on the [3.6] and [4.5] band
fluxes and our strategy for deriving specific star formation rates and
Hα equivalent widths from our z ∼ 7 sample. Top panel: The red-
shift range over which strong nebular emission lines, Hα, Hβ, [OIII]
and [OII], will contaminate the [3.6] and [4.5] flux of galaxies. Mid-
dle panel: The expected [3.6]-[4.5] colors as a function of redshift
due to nebular emission lines. The solid and dotted lines show the
prediction assuming relatively low Hα EWs, i.e., EW(Hα)=100Å,
and assuming strong evolution, i.e., EW(Hα) ∝ (1+z)1.8Å, respec-
tively, similar to the models considered in Gonzalez et al. (2012)
and Stark et al. (2013). We select sources in the redshift range
zphot = 6.6 − 7.0, where OIIIλλ4959,5007 and Hβ are present in
[3.6], while [4.5] receives a contribution from no significant emis-
sion lines, falling exactly in between the Hα and OIII lines. The
red solid circles and 1 sigma upper limit show the observed col-
ors in our sample. We find that most [3.6]-[4.5] colors are blue,
falling in the range between our two models. A few sources exhibit
extremely blue rest-frame optical colors, with [3.6] − [4.5] ! −1,
indicating contamination of [OIII]+Hβ with an equivalent widths
greater than " 1300Å. Bottom panel: The observed HST+Spitzer
fluxes (black circles) and model spectral energy distribution (red)
for one z ∼ 7 candidate rxj1347Z-7362045151 that exhibits a very
blue [3.6]-[4.5] color. Because of the brightness of sources in our
samples and the many HST filters with deep observations in the
CLASH program, the photometric redshifts are very well deter-
mined. This is important for establishing that our selected sources
are likely in our desired redshift window.
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Fig. 1.— HST H160, Spitzer/iRAC [3.6], and [4.5] postage
stamp images (6.5” x 6.5”) of our sample of bright, highly-magnfied
z ∼ 6.6 − 7.0 galaxies behind clusters. The IRAC postage stamps
we shown have already been cleaned for contamination from neigh-
boring sources (Section 2.3). Though IRAC observations of high
redshift galaxies in cluster fields suffer from confusion, we should
nevertheless be able to obtain good photometry.

observations over these clusters. To place constraints on
the equivalent width of the optical emission lines and
establish a robust specific star formation rate, we select
bright LBGs in the redshift window z ∼ 6.6− 7.0, where
[4.5] is completely free of any emission lines.

This paper is organized as follows. In §2 we discuss
the data used and the selection of our sources. In §3 we
present the properties of our selected z ∼ 7 sample. We
discuss the constraints we can put on the EWs of Hα,
Hβ and OIII and the sSFR. We present a summary and

discussion of our results in §4.
Throughout this paper adopt a Salpeter IMF with

limits 0.1-100 M⊙. For ease of comparison with pre-
vious studies we take H0 = 70 km s−1 Mpc−1, Ωm =
0.3 andΩΛ = 0.7. Magnitudes are quoted in the AB sys-
tem (Oke & Gunn, 1983)

2. OBSERVATIONS

2.1. Data

In selecting our small sample of bright, high-magnified
z ∼ 7 galaxies, we make use of the deep HST
observations available over the first 23 clusters in
the CLASH multi-cycle treasury program (GO 12101:
PI Postman). The cluster fields are each cov-
ered with 20-orbit HST observations spread over 16
bands using the Advanced Camera for Surveys (ACS:
B435, g475, V606, r625, i775, I814, and z850), Wide Field
Camera WFC3/UVIS (UV225, UV275, U336 and U390)
and WFC3/IR instrument (Y098, Y105, J110, J125, JH140

and H160). Individual bands in the deep imaging data
reach 5 sigma depths (0.4-diameter aperture) of 26.4-27.7
mag. Deep Spitzer/IRAC observations of our fields in the
[3.6] and [4.5] bands was also essential for our project and
was provided for by the ICLASH (GO #80168: Bouwens
et al. 2011) and Spitzer IRAC Lensing Survey program
(GO #60034: PI Egami). The typical exposure time per
cluster was 3.5 to 5 hours per band, allowing us to reach
26.5 mag at 1 sigma. Reductions of the IRAC observa-
tions used in this paper were performed with MOPEX
(Makovoz & Khan, 2005).

2.2. Photometry and Selection

To obtain accurate flux measurements we follow the
procedure described in Bouwens et al. (2012). In short,
we perform photometry in dual image mode using the
Source Extractor software (Bertin & Arnouts, 1996), us-
ing both fixed (0.6”-diameter) and scalable Kron aper-
tures. A detection image is constructed from every band
that is securely positioned redward of the Lyman break.
Photometry images are convolved with a kernel in order
to match all the sources to the PSF of the H160 band.

Our initial source selection relies on the Lyman break
technique (Steidel et al., 1999), with the requirement
that the source drops out in the I814 band. Specifically,
our requirements for z ∼ 6 − 7 sources are

(I814 − .... > ....) ∧ (J110 − JH140 < 0.45)

∧mH160
< 26

We also require sources to have either a non-detection
in the V606 band (< 2σ) or to have a very strong Ly-
man break, i.e. V606 − J125 > 2.5. Furthermore we
construct a χ2-statistic image for all ACS bands bluer
than r625 and require the source to be undetected in the
combined image. Similarly, we exclude sources that are
not detected at more than 8σ in a χ2-statistic image of
all bands redder than Y105, to ensure that there are no
spurious sources in our selection. Finally we require the
Source Extractor stellarity parameter in the J110 band to
be less than 0.92, to ensure our selection if free of point
sources.

In order to select sources in a specific redshift window
where we can measure clean rest-frame optical stellar
continuum, we add an additional photometric redshift

Objects like this appear to be typical

Yet such objects are 
ubiquitous!

Why?

Conventional Models would 
require these sources to be 

extremely young





Observations of the High-Redshift Universe: Summary

Current facilities (HST with ACS+WFC3/IR) are allowing for the selection of large >104-
object samples of galaxies to z~11, with spectroscopic redshifts out as high as z=7.73.

Huge progress has been made in understanding galaxy growth with the Hubble Space 
Telescope...   in terms of the UV luminosity density, UV LFs, and galaxy stellar mass 

functions.

Modest numbers of intrinsically highly luminous z~7-10 galaxies have been
recently discovered.   The existence of these objects suggest little impact of dust or 

quenching on UV luminosities of these rare, high-σ peaks

Current observations suggest the faint-end slope of the UV LF becomes 
increasingly steep at z>6.   The UV luminosity density shows moderately smooth 

evolution to z~9, but may show faster evolution at z>9.

High-redshift EW nebular emission lines are particularly ubiquitous in z>8 galaxies.

Key challenges for progress in galaxy formation include achieving a more physical 
understanding of galaxies, coping with large field-to-field variance, and obtaining a 

better understanding of strong nebular emission at z>~2-8.


