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WFC3/IR extended the view of the 
Hubble Ultra-deep Field into the NIR, 

making z>6 galaxies visible by eye
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WFC3/IR: efficient detection of galaxies to z~10

F435W F606W F775W F814W F850LP F105W F125W F140W F160W

optical ACS
near-IR WFC3/IR
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Large Archive of Blank Field Datasets 

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

! Total of ~730 arcmin2

(This talk: mostly GOODS-S/N)

! Reach to 27.5 - 29.8 AB mag
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Deep IRAC Data over HUDF09 + CANDELS
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IUDF10: Spitzer / IRAC Ultra Deep Fields 

HUDF

GOODS-S

HUDF-2

HUDF-1

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

PI: Labbé

ACS WFC3/IR IRAC 
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! Deep Spitzer/IRAC complemented all 
the HST datasets (S-CANDELS+SEDS)

! Deepest data available over HUDF09/
GOODS-S

! IRAC crucial for
! stellar mass estimates 
! excluding contaminants
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An extremely faint z~10 candidate in the XDF
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Probing the Dawn of Galaxies at z ∼ 9− 12 7

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

Only one reliable z~10 galaxy candidate identified in three 
very deep WFC3/IR fields of HUDF09 + HUDF/XDF!Probing the Dawn of Galaxies at z ∼ 9− 12 7

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

The source is definitely real. It is detected at 
>3σ in several independent subsets of data
It is has S/H = 3.4 and 5.8 in JH140 and H160. 

It has HAB=29.8 mag and a photometric 
redshift of zphot = 9.8±0.6

5.8σ3.4σ
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Plus: small sample of 7 faint z~9 candidates in XDF
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Sample of Bright z~9-10 Galaxies in GOODS

9

H=26.0

H=26.8

H=26.8

H=26.6The Astrophysical Journal, 785:1 (19pp), 2014 ??? Oesch et al.

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

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

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

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

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

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

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

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

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

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

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

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

Filter GS-z10-1 GS-z9-1

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

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

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

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

APPENDIX B

IRAC Neighbor Subtraction

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

17

H=26.9

H=26.6

S/N=6

S/N=5

S/N=6

S/N=6

S/N<2

S/N<2

z~10z~9
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Accurate Sampling
of Spectral Energy 
Distribution

Photometric Redshift Estimates: 
z~9.2-10.2

Three sources have secondary, 
low-z peak in their p(z), but at 
very low probability.

Constraints on Masses: ~109 M�

and Ages: 100-300 Myr

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

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

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

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

GN−z10−1

GN−z10−1 (simulated)

Wavelength µm
1.1 1.2 1.3 1.4 1.5 1.6

GN−z10−2

GN−z10−2 (simulated)

Wavelength µm
1.1 1.2 1.3 1.4 1.5 1.6

GN−z9−1

GN−z9−1 (simulated)

Wavelength µm
1.1 1.2 1.3 1.4 1.5 1.6

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

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

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

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

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

3.3.2. Constraints from HST Grism Data

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

Oesch+14

These galaxies are not primordial!
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Stellar Mass Density Evolution to z~10

11

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

Oesch+14a

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

Probe the SMD over 96% of the age of the universe and
are witnessing the assembly of the first 0.1% of local stellar mass density!

from Marchesini+09 from Stark+12
based on Gonzalez+12

+
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Figure 2 – Composite color image of MACS J1149.6+2223. North is up and east to the left. The

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

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

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

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

with a red circle, at RA=11h49d33.s584 Dec=+22◦24′45′′.78 (J2000).

13

Zheng+12 z=9.6, H=25.7, mu=14-26

z~9-10 Candidates from CLASH

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

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

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

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

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

Plus: Additional sample of two z~9 galaxy candidates (Bouwens+13)
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Where are all the intermediate mag (~27-29) galaxies?
Frontier Fields ideally suited to address this.

Bright z ∼ 9− 10 Galaxy Candidates in GOODS-North 11

As is apparent (see, e.g., Figure 7) the four z ∼ 10 can-
didates detected in the different search fields have mag-
nitudes at either end of the expected distribution. As
we outlined in our previous Sections, we find no reason
that the GOODS-N sample is heavily contaminated by
lower redshift sources. However, we expected to find < 1
z ∼ 10 galaxy candidate in the GOODS-N field, in par-
ticular at H160 < 27 mag, instead of the three we found.
Together with the non-detection of any source in the in-
termediate magnitude range of current z ∼ 10 searches,
this may indicate that z ∼ 10 galaxies are subject to
substantial cosmic variance.
We used the publicly available cosmic variance calcu-

lator11 of Trenti & Stiavelli (2008) to estimate the likely
impact of this on the candidate z ∼ 10 searches (see also
Robertson 2010). Based on a simple halo abundance
matching, one expects a cosmic variance of 40− 45% per
4.7 arcmin2 WFC3/IR pointing, depending on the as-
sumptions about the halo occupation fraction. For the
field layout of the ∼ 150 arcmin2 GOODS-N or GOODS-
S WFC3/IR data, the expected cosmic variance ranges
between 15 to 20%.
Thus, given the very low number of expected sources

in each survey, the variance is completely dominated by
Poissonian statistics. The chance of finding three or more
z ∼ 10 galaxy candidates in the GOODS-N field when
1.1 sources are expected is 10%, independent of whether
one assumes a 20% cosmic variance or not, on top of
Poissonian statistics.
Ideally, one could use the field-to-field variance of the

number counts to infer an estimate of the bias of LBGs in
the early universe. However, this would require a much
larger survey and sample size.
What the analysis of the GOODS-N data shows, is that

larger datasets have to be analyzed for reliable measure-
ments of the UV LFs at very high redshifts. It will there-
fore be interesting to explore the upcoming HST Frontier
Fields, which will add another 8 to 12 deep field point-
ings in which one would expect ∼ 0.5 − 1 sources each
for a (hopefully) much more reliable sampling of the UV
LF, particularly at intermediate magnitudes.

4.4. Improved Constraints on the UV Luminosity
Function at z ∼ 10

The dearth of z ∼ 10 candidate sources in the interme-
diate magnitude rangeH160 = 27−29 mag (see Figure 7),
makes it challenging to provide a meaningful Schechter
LF fit (Schechter 1976) to the observed sources. A simple
power-law might provide a better description of the UV
LF at such high redshifts. However, the widespread use
of Schechter LF fit at lower redshifts z ∼ 4−8 and in pre-
vious papers at z ∼ 9− 10 suggests that use of the same
formalism at z ∼ 10 is useful for comparative purposes.
We thus update our previous estimates of the Schechter
function parameters based on the combined dataset of
GOODS-N/S+HUDF09/HUDF12/XDF.
In our previous analysis we assumed the character-

istic luminosity, M∗, to be the main parameter of the
Schechter function to evolve to higher redshift. This was
motivated by previous z ∼ 4 − 8 measurements of the
UV LF. However, this assumption is called into question
with the three detections in GOODS-N, because an M∗-

11 http://casa.colorado.edu/˜trenti/CosmicVariance.html
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Fig. 8.— Improved constraints on the z ∼ 10 UV LF from the
combined z ∼ 10 search using the blank-field GOODS-N, GOODS-
S, and HUDF09/12/XDF WFC3/IR datasets. The additional data
from fields other than the GOODS-N are taken directly from Oesch
et al. (2013b). The dark red circles indicate the step-wise UV LF
estimates in bins of 0.5 mag using the three GOODS-N and the one
HUDF12/XDF z ∼ 10 galaxy candidates satisfying J125 −H160 >
1.2. Upper limits are 1σ. The dashed line represents the best-fit
M∗-only evolution relative to the z ∼ 8 UV LF, while the dot-
dashed line shows the same for φ∗-only evolution. Lower redshift
LFs are shown as gray solid lines for illustration of the LF evolution
trends (Bouwens et al. 2007, 2012b; McLure et al. 2013). Evolution
in φ∗ appears to better match the full dataset including the new
results from GOODS-N.

only evolution results in an over-prediction of the total
number of candidates in our search fields.
In order to show this, we first determine our base-

line lower redshift UV LF model, relative to which we
will measure the evolutionary trends. Over the last few
years, several z ∼ 8 UV LF determinations have been
published by several teams based on WFC3/IR datasets
(e.g., Bouwens et al. 2010a, 2011b; Yan et al. 2011;
Bradley et al. 2012; Oesch et al. 2012b; Lorenzoni et al.
2013; Schenker et al. 2013; McLure et al. 2013). The
most recent determinations among these using several
search fields are all in good agreement with each other,
and returned consistent estimates of the z ∼ 8 UV LF
Schechter function parameters. As a baseline model we
adopt the values from McLure et al. (2013) which repre-
sents the widest area study to date and its UV LF pa-
rameters represent a good average of recent results from
several teams (see, e.g., Table 6 of Schenker et al. 2013).
Hence, for the z ∼ 8 baseline, we adopt log10 φ∗(z =

8) = −3.35 Mpc−3mag−1, M∗(z = 8) = −20.12 mag,
and α(z = 8) = −2.02 (McLure et al. 2013). We then
estimate the z ∼ 10 UV LF parameters relative to this
baseline model by varying one parameter at a time. In
particular, we test for M∗- and φ∗-evolution.
The best-fit parameters are determined by minimizing

the Poissonian likelihood to observe Nobs sources in a
given magnitude bin when Nexp are expected from the
LF: L =

∏
j

∏
i P (Nobs

j,i , N exp
j,i ), where j runs over all

fields, i runs over the magnitude bins of width 0.5 mag,
and P is the Poissonian probability.
Doing so for M∗-only evolution relative to the base-

line model results in a best-fit estimate of M∗(z = 10) =
−19.29± 0.15. The expected magnitude distribution of
z ∼ 10 candidates for this LF is shown in the lower panel
of Figure 7, and the LF itself is shown as the dashed

Where did we stand before the HFFs?

UV LF from blank field z~10 galaxy candidates

Can clearly rule out no evolution since z~8 (should have detected 48 z~10 galaxies!)

based on 5 galaxies in 
GOODS-N+S + HUDF09/12
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Hubble Frontier Fields

14

HST Frontier Fields

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

MACSJ1149.5+2223. Abell370 RXCJ2248-4431
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Intra-Cluster Light

15

A2744 original

see also Montes & Trujillo 14 + Mireia’s talk

HUDF092 original
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Intra-Cluster Light
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A2744 - Sextractor Background HUDF092 original
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Intra-Cluster Light

17

A2744 - Median Background HUDF092 original
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High-z Galaxy
(resolved!)

Cluster Lens

Sheared Image

Source Blending

Two effects affect source completeness at high 
magnification factors: Shear + Blending

Zitrin-NFW mass model
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Frontier Field Abell 2744 Constraints on z ⇠ 10 Galaxies 5

as (1+z)�1 as is consistent with most studies of LBG size
evolution at z ⇠ 4� 10 (e.g. Bouwens et al. 2004; Fergu-
son et al. 2004; Oesch et al. 2010; Mosleh et al. 2012; Ono
et al. 2013; Holwerda et al. 2014). The simulated light
profiles are then sheared according to the lens model at
the position where they are inserted, before convolving
them with the WFC3/IR PSF.
Since we are simulating the light profiles of magnified

sources, it is important to also account for any trend
in size with mass or luminosity. Smaller galaxy sizes
at lower luminosities are sometimes used to argue that
lensing shear has no e↵ect on galaxy completeness (e.g.
Maizy et al. 2010). However, both the mass-size and the
luminosity-size relations at high redshift are found to be
very shallow following r

e

/ M0.17±0.07 as measured for
z ⇠ 5 LBGs by Mosleh et al. (2012) similar to the lu-
minosity scaling r

e

/ L0.25±0.15 found by Huang et al.
(2013). These measurements are completely consistent
with the surprisingly constant size scaling for late type
galaxies at all redshifts z = 0� 3 seen in the CANDELS
dataset (r

e

/ M0.22; see van der Wel et al. 2014) and
there is no convincing evidence for a change in these scal-
ing relations at higher redshifts (but see Grazian et al.
2012). This suggests that a galaxy magnified by a fac-
tor µ = 10 is intrinsically only ⇠ 1.7⇥ smaller than a
non-lensed galaxy observed in the field. In order to ac-
count for this size scaling in our shear simulations over
the cluster field, we scale our assumed size distribution
from the blank field by µ�0.22 before inserting galaxies in
the image. This thus corresponds to an assumed scaling
of the size distribution of r

e

/ L0.22.

3.3. Position and Magnification Dependent
Completeness

Figure 1 shows the relative detection completeness for
galaxies in the observed magnitude range H

160

= 25�28
mag as a function of position in the cluster field. The
completeness is normalized to the median found in areas
of the image with µ < 1.5 (15% of the image), where the
absolute completeness is ⇠ 80%.
While the relative completeness decreases significantly

around brighter sources in the field due to blending, it
is clearly apparent that the completeness is also reduced
around the critical curve of the cluster where no bright
foreground sources are present. In those areas of the
image, the main reason for the reduced completeness is
shear and magnification. Even though lensing conserves
surface brightness, a source which is highly magnified
above the survey detection limit is spread over many
more pixels than a non-sheared source at the same ob-
served magnitude, reducing its S/N and detection prob-
ability.
The relative completeness as a function of magnifica-

tion averaged over the whole cluster field is shown in
Figure 2. As expected, we find a significant decrease in
completeness toward higher magnification. Even though
the scatter is significant in this relation, a source magni-
fied by µ > 10 has on average a ⇠ 40�50% lower chance
of being detected and included in a high-redshift catalog
compared to a source which is only magnified by µ < 1.5.
However, as already pointed out, magnification depen-
dent completeness is present even when ignoring shear
and magnification, simply due to blending with bright
cluster galaxies closer to the critical curves (red dashed

0 0.5 1 1.5 2
0

0.2

0.4

0.6

0.8

1

no shear

shear + const size

H160 = 25−28 mag

shear + r | L0.22

Mean relative completeness in A2744

log10 Magnification µ

R
el

at
iv

e 
C

om
pl

et
en

es
s

Fig. 2.— Mean completeness of distant galaxies in the A2744
cluster image relative the low magnification region. The values are
normalized to areas of the image of low magnification (µ < 1.5)
corresponding to just 15% of the area of the image in this cluster,
where the completeness is about 80%. The values are computed
for galaxies at fixed apparent magnitude H160 = 25� 28 under the
assumption that galaxy sizes scale as re / L0.22 (dark blue dots
and line). Calculations are only shown up to µ = 20, above which
our estimates start to become unreliable (overestimated) due to the
use of 300wide bins to compute the position dependent complete-
ness and due to our limiting the shear factors for computational
e�ciency. A representative gray errorbar on the left shows the 1�
dispersion in the relation across the image. While lensing preserves
surface brightness, highly sheared sources are spread out over many
pixels resulting in a lower detection probability. The assumed size
distribution has thus a significant impact on the expected com-
pleteness as shown by the gray dashed line where no size scaling
with luminosity was assumed. Even in the absence of shear, how-
ever, magnified sources have reduced completeness due to blending
with foreground galaxies and intra-cluster light as shown with the
dashed red line.

line in Fig. 2). The shear adds to the incompleteness on
top of this by a factor ⇠ 1.5⇥.
Figure 2 also shows that the size scaling does have a

significant impact on the derived completeness relation.
Using our default scaling of r

e

/ L0.22, we find that
very highly magnified sources are up to a factor ⇠ 2⇥
more complete than assuming no size scaling at all. The
large discrepancy between these two estimates, however,
shows that accurate size scaling relations are necessary to
accurately compute the selection volumes of high-redshift
galaxies, adding to the uncertainties in LFs estimated
from cluster fields.
One possible strategy for mitigating these uncertainties

would be to assume the sizes and surface brightness pro-
files of galaxies in di↵erent redshift intervals are largely
self similar vs. luminosity and to use a di↵erential tech-
nique to derive the relative normalization of the UV LF
in various redshift bins from their relative surface den-
sities (see e.g., Bouwens et al. 2012a). However, even
there, one needs to make use of assumptions in deriving
the LF evolution that need to be properly tested and
calibrated.
We stress that the completeness estimates derived here

only apply to galaxy catalogs using standard source de-
tection algorithms. It may be possible to increase the
source completeness around the critical curves with the
use of a smoothing kernel adapted to the expected shear.
Furthermore, our calculations assume idealized light pro-

Two effects affect source completeness at high 
magnification factors: Shear + Blending

Size-Luminosity relation is additional uncertainty for 
use of clusters for high-z analyses!

only blending

First results on Size-Luminosity evolution at these redshifts and at these luminosities: e.g. Holwerda+14, Kawamata+14, Ono+13

Oesch+14b
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Expected Number of z~10 Galaxies: A2744
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expected number of z~10 galaxy candidates reduced by ~1.6x

Nexp z~10 ɸ* evolution M* evolution

A2744 cluster 0.5 1.3

A2744 parallel field 0.5 1.1

6 FF clusters+parallels 6 14

Frontier Field Program is expected to at least double, likely triple current z~10 samples!
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2 Zitrin et al.

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

A candidate z ⇠ 10 multiply-imaged galaxy 5

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

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

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

FF-Data

4. DISCUSSION & CONCLUSIONS

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

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

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

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

f

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

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

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

A candidate z ⇠ 10 multiply-imaged galaxy 3

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

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

M

= 0.3, ⌦
⇤

= 0.7, and H
0

= 100 h km
s�1Mpc�1 with h = 0.7.

2. HST & SPITZER OBSERVATIONS

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

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

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

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

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

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

3. DISCOVERY OF THE z ⇠ 10 CANDIDATE

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

z=10
z=6

z=4

z=4
z=6

z=10

z=2

z=2

Zitrin+14

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

A2744

No z~10 galaxy candidate found in parallel field!

strong geometric support of high 
redshift solution of photo-z
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All current estimates seem to indicate that the cosmic SFRD 
evolves more rapidly at z>8 than at lower redshift!

see also: Zheng+12, Coe+13, Bouwens+13/14, Ellis+13, McLure+13, Ishigaki+14
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Combining the current constraints from all datasets: 
very rapid evolution in the cosmic SFRD at z>8 (factor ~10x in 170 Myr).

(1+z)-3.6

(1+z) -10.9Average of observational data
XDF/HUDF12+CANDELS/GOODS
+CLASH+HFF/A2744
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Drop in SFRD is in good agreement with several model predictions. 
Imprint of underlying DM halo MF?

(abundance matching)
(SAM)
(hydro sim: Arepo)
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But: observational result is still uncertain (where are mag 27-29 sources?) 
confirmation needed with incoming Frontier Field data, in preparation for JWST

Incoming Data

JWST
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! WFC3/IR has opened up the window to very efficient studies of z>6.5 galaxies: 
extended our cosmic frontier to z~9-10

! Sample sizes at z~9-10 are still very small. UV luminosity function very poorly 
sampled (see talks later today: Rychard Bouwens + others)

! Blending and shear result in position and magnification dependent 
completeness ➡ size-luminosity relation is additional source of uncertainty

! Galaxy SFRD increases by ~1 order of magitude in 170 Myr from z~10 to z~8 
(consistent with theoretical predictions!)

! Combination of HST and Spitzer/IRAC is extremely powerful to probe the 
stellar mass build-up even out to z~10

! Determining evolutionary scenario of UV LF at z>9 is crucial in preparation for 
JWST surveys. HFFs will provide this: double or triple current z~10 samples.


