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The Reionization Epoch with HST
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Epoch of Reionization
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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 Deep HST Datasets 

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

! Total of ~730 arcmin2 

(less than one WFIRST pointing!)

! Reach to 27.5 - 29.8 AB mag
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Matched Deep IRAC Data
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IUDF10: Spitzer / IRAC Ultra Deep Fields 

HUDF
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HUDF-2

HUDF-1

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

PI: Labbé
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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 + HUDF12/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
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Sample of Bright z~9-10 Galaxy Candidates

NASA and ESA STScI-PRC14-05a

4 candidates in GOODS-N, 2 candidates in GOODS-S
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Sample of Bright z~9-10 Galaxies in GOODS
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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
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z~10z~9
WFIRST HLS Depth!
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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



P. Oesch, YaleWFIRS, Pasadena, Nov 2014

SFRD Evolution at z>8
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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

Oesch+14b
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SFRD Evolution at z>8
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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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SFRD Evolution at z>8

12

Drop in SFRD is in good agreement with several model predictions. 
Imprint of underlying DM halo MF?

(abundance matching)
(SAM)
(hydro sim: Arepo)



0 2 4 6 8 10

4

5

6

7

8

9

Redshift

lo
g 
l * [M

   M
pc

ï3
]

!

50%

10%

1%

0.1%

10 5 2 1 0.7 0.5
Time [Gyr]

P. Oesch, YaleWFIRS, Pasadena, Nov 2014

Stellar Mass Density Evolution to z~10
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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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Where are intermediate mag (~27-29) galaxies? Frontier Fields are addressing this now.

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

UV LF Evolution still very uncertain

Can clearly rule out no evolution since z~8 (should have detected 48 z~10 galaxies!)
But: evolutionary scenario from z~8 to z~10 is still very uncertain

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

27.5 28.5 29.526.525.5 30.5
observed H-band mag @ z=10

However: bright end can only be constrained by WFIRST!

Oesch+14a
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Magnification Bias

15

6 Barone-Nugent et al.

Figure 3. Examples of possibly-lensed LBGs in the four samples. All cutouts are of the J
125

images and are 10.00 ⇥ 10.00. LBGs are
circled in black and the deflectors are labelled by their spectroscopic/photometric redshifts (top centre left, top centre right, top right,

bottom centre left, bottom centre right and bottom right are spectroscopic redshifts). Top row, left to right: All redshift 7 and 8 lens

candidates. Their apparent magnitudes (and likelihoods of being lensed by µ > 2) are, from left to right, m = 24.83 (16%) (the brightest
z ⇠ 7 LBG in the sample), m = 25.98 (39%), m = 26.44 (48%) and m = 27.55 (63%). The magnitude of the brightest LBG in the

sample (top left) was verified with independent photometry in the 3D-HST catalogue. Bottom row, two left panels: Both z ⇠ 6 lens

candidates with m = 25.07 (57%) and m = 27.57 (60%). Bottom row, second from right: A z ⇠ 5 lens candidate with m = 25.64
(77%). Bottom row, right: A z ⇠ 4 lens candidate with m = 24.01 (53%), which is in proximity to two very bright potential deflectors.

bias for each of the samples is plotted in Figures 5 & 6. The
bias reaches values of ⇠ 10 at bright magnitudes and high-
redshifts, but has values of order unity near the survey flux
limit.

For a LF with weak (or no) redshift-evolution of the ↵
parameter, the magnification bias as a function ofMlim�M?

is expected to remain constant with redshift. To highlight
that this trend exists in the data, we plot the observed mag-
nification bias at each redshift on the same axes in Figure
5.

For a given luminosity function,  (L), the magnifica-
tion bias can be predicted analytically (Turner et al. 1984)
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We assume  (L) is the Schechter luminosity function. The
analytic magnification bias for all galaxies in a flux limited
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Results for our bias estimates given the Schechter LF
parameters in Bouwens et al. (2014) and theoretical curves

are plotted in Figure 6. Theoretical values for bias are
calculated using previously derived LF parameters ↵ and
M? (Bouwens et al. 2014) and a range of values at which
the luminosity function deviates from a steep faint-end
slope. We find close agreement between the observed shape
and amplitude of the magnification bias and the theoretical
function in each of the independent samples.

It is worth noting that the inferred magnification bias
is not sensitive to the parameters of the Faber-Jackson
relation (Section 3), as it a↵ects both the numerator
(fraction of strongly-lensed LBGs) and the denominator
(the optical depth) similarly.

6.1 The Faint-end Slope Beyond Current Flux
Limits

Magnification bias results from magnification of intrinsically
faint sources below an observed flux limit into an observed
sample, hence quantifying the degree of magnification bias
o↵ers an opportunity to investigate the behaviour of the LF
beyond current survey limits. The above calculations of bias
assume an extrapolation of the faint end slope to fluxes well-
below observational limits.

To illustrate, we begin with a toy model in which there
is a minimum luminosity for galaxies of L

min

, below which
there are no galaxies, and a power-law slope of ↵ = �2.0
for L > L

min

. In this toy model it can be shown analytically
that a sharp cuto↵ in the LF at a value of L

min

yields a bias

c� 0000 RAS, MNRAS 000, 000–000

✤ Compute the observed luminosity 
function given an intrinsic 
luminosity function

✤ Current LFs out to z~8 are not 
significantly affected

✤ Future surveys at z>10, however, 
will be affected
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Effect on the Luminosity Function

Does this lensing affect current LFs?
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Figure 3. Examples of possibly-lensed LBGs in the four samples. All cutouts are of the J
125

images and are 10.00 ⇥ 10.00. LBGs are
circled in black and the deflectors are labelled by their spectroscopic/photometric redshifts (top centre left, top centre right, top right,

bottom centre left, bottom centre right and bottom right are spectroscopic redshifts). Top row, left to right: All redshift 7 and 8 lens

candidates. Their apparent magnitudes (and likelihoods of being lensed by µ > 2) are, from left to right, m = 24.83 (16%) (the brightest
z ⇠ 7 LBG in the sample), m = 25.98 (39%), m = 26.44 (48%) and m = 27.55 (63%). The magnitude of the brightest LBG in the

sample (top left) was verified with independent photometry in the 3D-HST catalogue. Bottom row, two left panels: Both z ⇠ 6 lens

candidates with m = 25.07 (57%) and m = 27.57 (60%). Bottom row, second from right: A z ⇠ 5 lens candidate with m = 25.64
(77%). Bottom row, right: A z ⇠ 4 lens candidate with m = 24.01 (53%), which is in proximity to two very bright potential deflectors.
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! massive foreground sources will 
magnify high-redshift galaxies 

! clearly detected in current samples 
(~few percent of brightest z>4 galaxies 
likely lensed)  

! lensing results in skewed UV LF

! current LFs not yet affected, but larger 
volumes of WFIRST need
to account for this

Wyithe+12, Barone-Nugent+14, in prep.

Barone-Nugent,...,PO+14, in prep.

~1000 deg2
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Including Lensed Fraction to Skew Observed LF
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Down to 26 mag, UV LF is completely dominated by lensed galaxies, 
washing out differences between two evolutionary scenarios.

lensed LF
intrinsic LF

~1 galaxy in current 
WFC3/IR surveys

Wide area survey with WFIRST will be absolutely crucial to 
constrain bright end of the UV LF at z~7-11
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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

! Found a small sample of bright (H=26-27 mag) z~9-10 galaxies in GOODS fields. 
Current dataset <1 WFIRST pointing  ➡  WFIRST will detect lots of z>8 galaxies 
(>10’000x larger survey volume!)

! Galaxy SFRD increases by ~1 order of mag in 170 Myr from z~10 to z~8 (down to 
our current completeness limit!).
➡ Accelerated evolution is most likely explained by growing DM halo MF

! Combination of HST and Spitzer/IRAC is extremely powerful to 
probe the stellar mass build-up even out to z~10, where we are witnessing the build-
up of the first 0.1% of today’s galaxy mass density being assembled

! Magnification bias will be important to account for in wide area surveys: 
results in skewed bright end of the UV LF


