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ABSTRACT

Aims. We present in this letter the first analysis of a z ~8 galaxy candidate found in the Hubble and Spitzer imaging data of Abell
2744, as part of the Hubble Frontier Fields legacy program.

Methods. We applied the most commonly-used methods to select exceptionally high-redshift galaxies by combining non-detection
and color-criteria using seven HST bands. We used GALFIT on IRAC images for fitting and subtracting contamination of bright
nearby sources.The physical properties have been inferred from SED-fitting using templates with and without nebular emission.
Results. This letter is focussed on the brightest candidate we found (mp50=26.2) over the 4.9 arcmin? field of view covered by the
WEFC3. It shows a non-detection in the ACS bands and at 3.6um whereas it is clearly detected at 4.5um with rather similar depths.
This break in the IRAC data could be explained by strong [OIII]+Hg lines at z ~8 which contribute to the 4.5um photometry. The
best photo-z is found at z ~8.0f8:§, although solutions at low-redshift (z ~1.9) cannot be completely excluded, but they are strongly
disfavored by the SED-fitting work. The amplification factor is relatively small at y=1.49+0.02. The Star Formation Rate in this object
is ranging from 8 to 60 My.yr™!, the stellar mass is in the order of M*=(2.5-10) x10° M,, and the size is r ~0.35+0.15 kpc.
Conclusions. This object is one of the first z ~8 LBG candidates showing a clear break between 3.6um and 4.5um which is consistent
with the IRAC properties of the first spectroscopically confirmed galaxy at a similar redshift. Due to its brightness, the redshift of
this object could potentially be confirmed by near infrared spectroscopy with current 8-10m telescopes. The nature of this candidate
will be revealed in the coming months with the arrival of new ACS and Spitzer data, increasing the depth at optical and near-IR
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wavelengths.
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1. Introduction

One of the major topics of modern astronomy is the study
of the early Universe through the observation of the first lu-
minous objects. In the last 10 years, several advances have
been made to constrain the properties of the Universe during
the first billion years and many surveys and instruments have
been designed in order to push the boundaries of the observ-
able Universe, e.g. CLASH (Postman et al.|2012), HST Frontier
Fields[]_l KMOS/ESO (Sharples et al.|2006), or MOSFIRE /Keck

I www.stsci.edu/hst/campaigns/frontier-fields/

Galaxies: distances and redshifts - Galaxies: evolution - Galaxies: formation - Galaxies: high-redshift - Galaxies:

(McLean et al.|[2012) . These new facilities have helped to
strongly increase the number of very high-redshift candidates
(z =28.0) from a dozen in 2006 (Bouwens & Illingworth|2006) to
a hundred in 2013 (eg. Bradley et al.|2012, |Oesch et al.|2012).
However to date, only 2 objects, among all the z > 7.5 candi-
dates, have been confirmed by spectroscopy (Finkelstein et al.
2013|- F13 hereafter- and [Tanvir et al.|2009) but none at z >8.5 .
Most of the photometric candidates are too faint to be confirmed
spectroscopically with current spectrographs, and require the ar-
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rival of future telescopes, such as the JWSTEL the E-ELTEL or the
TMTE} Two complementary approaches can be used to select the
highest redshift objects: deep blank fields, to select the brightest
objects (BoRG survey, Trenti et al.[|2011; WUDS survey, Pello
et al. in prep), or lensing fields, to take benefit from the cluster
magnification on a background source (Kneib & Natarajan|201 1}
Zheng et al.|2012, [Hall et al.|2012).

The Frontier Fields propose to combine the two previous
methods by observing 6 lensing clusters and 6 blank fields to
a depth similar to the Hubble Ultra Deep Field (S50 ~29AB
from F435W to F160W). Observations will be spread over 3
years starting in October 2013. The first high-level products have
been released on November 1* for the cluster Abell 2744 and a
first analysis of these data has been already published by |Atek
et al.| (2013)). In this letter we focus on the brightest z ~8 candi-
date selected in this lensing cluster. In section 2] we present the
dataset we used and the data reduction steps we followed to pro-
duce high-level quality IRAC data. In section 3} we explain the
method we used to select high-redshift galaxy candidates. The
z ~8 galaxy candidate and its physical properties are presented
and discussed in section [4]

The concordance cosmology is adopted throughout this pa-
per, with Q,=0.7, ©,,=0.3 and Hy=70 km s~! Mpc~!. All mag-
nitudes are quoted in the AB system (Oke & Gunn|[1983).

2. Data properties
2.1. HST data

This work is based on the December 16th Space Telescope Sci-
ence Institutd] release which includes 100% of the WFEC3 data
planned around the lensing cluster Abell 2744. ACS data come
from the HST archive as part of program ID : 11689 (PI : R.
Dupke) and consist of 6 orbits in F435W and 5 orbits in F6O6W
and F814W respectively. WFC3 data combined two datasets :
one from a supernovae search in that field (ID: 13386, PI: S.
Rodney) and the Frontier Fields program (ID: 13495, PI: J.
Lotz). The depth of each image was computed using noise mea-
surements in thousands empty 0.4” diameter apertures, which
not overlapping, on a picture where bright sources were masked
(cf. Table[T)

2.2. Spitzer data

Mid-infrared Spitzer imaging of Abell 2744 using Infrared Ar-
ray Camera (IRAC) was obtained on September 2013 as part of
the Frontier Field Spitzer program (PI: T. Soifer). The dataset we
used in this letter represents 50% of the planned observations for
the cluster. We used corrected Basic Calibrated Data (cBCD) im-
ages, that are provided by the Spitzer Science Center (SSC) and
automatically corrected by pipeline for various artifacts such as
muxbleed, muxstripe, and pulldown. The cBCD frames and as-
sociated mask and uncertainty images were processed, drizzled
(with a factor of 0.65) and combined into final mosaics using the
standard SSC reduction software MOPEX. The mosaics have a
3 sigma point source sensitivity (measured from the noise in a
clean area) of 0.139 uJy and 0.225 uJy in 3.6um and 4.5um re-
spectively.

webpage : www.jwst.nasa.gov/
www.eso.org/public/teles-instr/e-elt/
www.tmt.org

3 data : http://archive.stsci.edu/prepds/frontier/
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Table 1. Properties of HST and Spitzer data used in this letter.

Filter | Acentral AA texp m(50) Instrument
[m] [pm] [ks]
F435W | 0431 0.073 16.16 274  ACS
F606W | 0.589 0.156 13.25 280 ACS
F814W | 0.811 0.166 13.25 27.1 ACS
F105W | 1.050 0300 46.52 28.6 WFC3
F125W | 1.250 0.300 16.32 28.5 WEFC3
F140W | 1400 0400 2243 28.7  WEFC3
F160W | 1.545 0.290 46.57 28.2 WEFC3
3.6 3.550  0.750 90.9¢ 0.139” IRAC
4.5 4493 1.015 90.9¢ 0.225" IRAC

Notes. Informations given in this table : (1) Filter ID, (2) filter central
wavelength, (3) filter FWHM, (4) exposure time, (5) depth at 50 in a
0.4” diameter aperture, (6) instrument

“ on source

b 3¢ point source sensitivity in uJy

3. Selection of z ~8 Lyman Break Galaxies

The most successful methods to select high-redshift galaxies is
the Lyman Break Technique (Steidel et al.|1999) combining non-
detection/detection criteria with color selection. We used SEx-
tractor (Bertin & Arnouts||1996) in double image mode using
a weighted sum of F105W and F125W images as detection.
The extraction parameters were defined to maximize the num-
ber of detections.The catalog contains ~ 6600 detections. The
non-detection criteria we applied are :

ey

Therefore, in this letter, we limited our search to the bright ob-
jects where a F814W-F125W break larger than 1.5mag should
be observed, in order to limit the selection of mid-z interlop-
ers (Hayes et al.[2012). We computed the color window by using
templates from Bruzual & Charlot|(2003)), Coleman et al.|(1980),
Kinney et al.|[1996, Polletta et al. (2007) and |Silva et al.| (1998)
Thus the color criteria we adopted were the following :

MF435w, MEe06W> ME1aw > M(20) U mpisy < m(100)

mriosw — Mri2sw > 0.6 2)
mriasw — Mrisow < 0.6 3)
mriosw — Mriasw > 4.6 X (mpi12sw — mpigow) — 0.8 @

Colors were measured on psf-matched data (matched to the
worst resolution) using Kron-like apertures. In order to get the
total magnitude in each WFC3 bands, we applied aperture cor-
rections using F160W MAG_AUTO following the method de-
scribed in F13. Among the 21 detections fulfilling the Lyman
Break Technique criteria, only two objects are retained after vi-
sual inspection.This last step is crucial to remove spurious (eg.
all detections in the halo of bright galaxies) and very faint low-
redshift objects for which the large optical error bars can explain
that they entered our selection criteria. This letter is focussed on
the brightest candidate (RA jyp00 : 00:14:25.083 — DEC j2000: -
30:22:49.70). As in F13, we noted that this candidate seems to
have a clumpy morphology, with a faint source 0.25” away from
the main one (see Figure|[T)).

Due to the presence of a bright source in the vicinity of our
object on the IRAC data (~ 4.4” from the z ~8 candidate), we
decided to conduct few additional steps for verifying the Spitzer
photometry. We used the galaxy-fitting program GALFIT (Peng
et al.[2002)) with our own constructed IRAC PSFs for fitting and
subtracting all nearby sources around our object in a manner
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Fig. 1. Postage stamps of the Yos-dropout discussed in this letter. The size of each HST stamp is 2”x2” ( 7°x7” for the IRAC channels) and the
position of the target is displayed by a red circle of 0.4” (ACS and WFC3) and 1.4” (IRAC) radius. We show also the mean stacked optical image

computed using the 3 ACS bands.

Table 2. Photometry of the z ~8 galaxy candidate

Filter FIO5W  FI25W  F140W  F160W 3.6um 4.5um
Abell2744_Y1 27.50 26.32 26.26 26.25 >25.48¢ 25.16
+0.08 +0.04 +0.03 +0.04 +0.16

Notes. Informations given in this table : Kron-like aperture corrected
photometry . Error bars are computed using noise measured in empty
apertures around the object.

¢ 30 limit at the position of our candidate

similar to other high-redshift IRAC studies (e.g., F13). Then,
we measured the photometry on residual (contamination-free)
image in a 1.4” radius aperture. At 3.6um, the source is not de-
tected neither in original nor in residual images. If we consider
the 4.5um detection and the 3.6um 3 sigma limit, the flux ratio
is larger than ~1.3.

4. Physical properties
4.1. Photometric redshift

Photometric redshifts were computed with a new version (v12.2)
of the public code Hyperz (New—HyperzE]), originally devel-
opped by Bolzonella et al.| (2000). The method consists on fitting
the SED by a library of 14 templates: 8 evolutionary synthetic
SEDs extracted from [Bruzual & Charlot| (2003)), with Chabrier
IMF (Chabrier|2003)) and solar metallicity ; a set of 4 empirical
SEDs compiled by |Coleman et al.|(1980), and 2 starburst galax-
ies from the |Kinney et al.|(1996)) library. In case of non-detection
in a given band, the flux in this band was set to zero, with an error
bar corresponding to the limiting flux.

The best SED-fit is found at z ~7.98 (y2,,=0.17), with lo-
confidence interval ranging from z ~7.5 to 8.2. We also fitted the
SED assuming a low-redshift solution, with z ranging from 0.0
to 3.0. In that configuration the best SED-fit is found at z ~1.92
(¢*=1.17 - 1o : 1.7 - 2.1). This z ~8 candidate has a SED re-
markably similar to the F13 z ~7.51 galaxy where a strong break
is observed in the IRAC data. For these two galaxies, the excess
of flux observed at 4.5um could be explained by contamination
due to strong HB+[OIII] lines. For the SED fit shown in Fig2]ob-
tained assuming 1/50 solar metallicity and imposing an age prior
of >50 Myr, the [OIII]5007, HB restframe equivalent widths are
600 and 190 A , respectively, which are compatible with the val-
ues derived by Smit et al.| (2013)) from the photometry of seven
7 ~ 6.6-7 LBGs. At this stage and even if the high-redshift solu-
tion seems more likely and the low-z solution disfavored by the
SED-fitting work, it appears difficult to conclude definitively on
the nature of this source. The arrival of new IRAC data in 2014
will improve the SNR at 3.6um and help to better understand the
nature of this object.

® http://userpages.irap.omp.eu/~rpello/newhyperz/
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Fig. 2. Fit of the 7 ~8 galaxy candidate SED at high (black line) and
low-redshift (magenta line). ACS upper limits are shown at 1o and
IRAC non-detection is plotted at 30~. The high-z SED fit shown here
is for 1/50 solar metallicity, imposing an age prior of > 50 Myr. The
high-redshift solution shows an excess at 4.5um due to [OIII] and HB
emission lines as already observed in the z ~7.51 galaxy published in
F13. P(z) and y?(z) are also plotted.

4.2. Magnification

One of the interest of using lensing by galaxy clusters to search
for very high-redshift galaxies is the magnification by the cluster
lens. However this object is relatively far from the cluster core.
We estimated an amplification factor of u=1.49+0.02 using the
public lensing model provided by the CATS group (Richard et
al., in prep), in the framework of the Frontier Fields. This factor
is consistent with those found using other lensing models pro-
duced by Merten (u=1.50), Sharon (u=1.91), Williams (u=1.16)
and Zitrin (u=1.33-2.11), confirming a moderate amplification
regime for that object.

4.3. Star Formation Rate, Mass and Size

In this section, the SFRs, mass and luminosities are corrected for
magnification, and are derived assuming a Salpeter IMF from
0.1-100 Mg. Overall the quantities derived from SED fits are
fairly uncertain, since they depend on assumptions on the metal-
licity and degeneracies in age—extinction. We therefore only give
indicative values for these quantities.

With an absolute UV magnitude Msqp = -20.5 the star for-
mation rate is SFR ~ 8 Mg.yr~! using the standard Kennicutt
(1998) relation, and without correcting for attenuation by dust.
Standard SED fits with solar metallicity models and neglecting
nebular emission yield SFR ~ 10 Mg.yr~! for a Ay=0.15. When
nebular emission is included, following the models of Schaerer
& de Barros (2009,2010) the best fits yield SFR ~ 8-60 M@.yr’l,
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depending on the adopted metallicity and the minimum age im-
posed. The extinction ranges from Ay ~ 0.05 — 0.8, and the
expected IR luminosity of this galaxy from log(L;g) ~ 9.7-11.4,
as predicted from the amount of energy absorbed in the UV.

The estimated stellar mass is of the order of M, ~ (2.5-10)
x 10° Mg, when adopting an age prior of ¢ >50 Myr. If younger
ages are allowed, which is favored by some best fits, the mass
may be a factor 3 lower. Standard SED fits neglecting nebular
emission give the largest mass, M, ~ 1 x 10'® Mg, In conclu-
sion, whereas standard models yield a specific SFR, sSFR ~ 1
Gyr‘1 , the sSSFR is ~ 20 times higher with nebular emission (for
ages t > 50 Myr), and even higher without age constraint. These
values are comparable to those derived e.g. by [Schaerer & de
Barros| (2010), |de Barros et al.| (2012), and |Smit et al.| (2013)
at z > 6. The size of this galaxy candidate was computed us-
ing SExtractor half-light radius corrected for PSF broadening
and GALFIT modeling assuming a Sersic profile. The results
are similar (rgg =0.3+£0.1 kpc and rgar =0.35+0.15 kpc after
correction for magnification) and in good agreement with other
studies of z ~8 galaxies (Ono et al.|2013],|Oesch et al.[2010).

5. Discussions

The most common sources of high-redshift sample contamina-
tion come from SNe, AGN, low-mass stars, photometric scat-
ter, transient objects, spurious sources, extremely red galax-
ies, etc. This z ~8 candidate is detected on data taken with
two instruments (HST and Spitzer) limiting the contaminations
by spurious sources. Moreover these observations were spread
over several weeks allowing us to remove variable and transient
sources in our sample. The colors of this source are inconsis-
tent with the colors expected for L,T dwarfs (see figure 1 of
Bouwens et al.2010). Moreover the SExtractor stellarity param-
eter (CLASS_STAR between 0.1 and 0.2) and the GALFIT work
presented above show that our object is resolved at least in the
F125W, F140W and F160W bands, which is unlikely for stars.

The expected number of objects in the luminosity regime of
this candidate, in the field of view covered by HST and assuming
the UV Luminosity Function published by [Bouwens et al.[2012
is ~1+1. The comoving volume explored by this survey taking
into account the amplification map of the cluster is ~3815 Mpc?.
Therefore the number density of z ~8 galaxies is ®(Msgo=-
20.47)=2.6x10"* mag~'Mpc~> (see Atek et al.[2013| for more
details) and it is consistent with recent studies published at z ~8
(e.g./Schenker et al.|2013)

The SED of the z ~8 galaxy candidate is comparable to the
recent z ~7.5 LBG confirmed by near-IR spectroscopy using
MOSFIRE on Keck (F13) regarding the break in magnitude be-
tween optical and NIR data (F6O6W-F105W > 2.5mag) and the
detection at 4.5um combined with the non-detection at 3.6um
with similar depth. Its colors fulfill the color criteria defined by
Oesch et al.|[2012| and [Lorenzoni et al.| (2011) and its intrinsic
SED is similar to the z ~ 8 candidates selected in the CANDELS
survey (Grogin et al.|2011)). Furthermore the H;¢p-[4.5] =1.1 and
J12s - Hygo colors are in good agreement with the trend observed
by [Labbé et al.|[2013| for z ~8 objects detected in Spitzer data.
As shown in recent papers (e.g. |Smit et al.|2013| Clement et al.
in prep.) a strong contribution of HB and [OIII] emission lines
at z >7 to the Spitzer photometry could be another argument in
favor of the high-redshift solution.
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6. Conclusions

Within the 4.9 arcmin? field of view covered by HST in A2744,
we found a relatively bright z ~8 galaxy candidate well detected
at 4.5um but undetected at 3.6um. This excess could be the sig-
nature of strong HB and [OIII] emission lines in the IRAC chan-
nel 2. Based on a SED-fitting work including nebular emission,
this object appears as good candidate at z ~8, and its photometric
properties, such as Mass, SFR and size, are consistent with ex-
pectations at z > 7. In the coming months, a new set of ACS and
IRAC data will become available and could confirm the break
observed. These data will improve the photometry and the over-
all SED and physical parameters and hopefully will confirm or
discard the very high-redshift nature of this source. Most of the
z ~ 8 sources known to date are too faint to be spectroscopi-
cally confirmed with NIR spectrographs, and they require the ar-
rival of new facilities to be confirmed (e.g. JWST or the E-ELT).
However this object is bright enough to be explored with current
spectrographs in a "reasonable" amount of time (*10-15h). If the
high-redshift solution is confirmed, it will be the second source
at z >7.5 with a "break” in IRAC data confirmed.
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