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HUDF NICMOS J110+H160

144 orbits



3

HUDF WFC3/IR Y105+J125+JH140+H160

255 orbits

4 z > 6.5 galaxies     (before WFC3/IR)
         (first 850 Myr of universe)             

120 z > 6.5 galaxies       (after WFC3/IR)
         (first 850 Myr of universe)

ALL FIELDS

15 z > 6.5 galaxies     (before WFC3/IR)

~ 800 z >~ 6.5 galaxies    (after WFC3/IR)



Large Samples of z~6.3-10.0 Galaxies Now Exist:

>~ 800 z>~6.2 galaxies known from HUDF + CANDELS + other fields
~20 z~9-10 galaxies

CANDELS Observations completed August 2013 

Same fields covered with WFC3 Grism in AGHAST & 3D-HST 
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z~7 Galaxies

Large Numbers of Galaxies at all Luminosities
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Independent Search Fields allow us to Overcome Large 
Field-to-Field Variance Observed at High Redshift

Bouwens+2014

Estimated field-to-
field variance for 
z~4-8 samples.

Field-to-field 
variance is 
substantial, 

especially at high 
redshifts and at 
the bright end of 

the LF.



What source is the likely/plausibly the highest redshift 
galaxy currently identified?Two z > 9 Lensed Galaxies 

z = 10.8 object in MACSJ0647+7015 

z = 9.6 object in MACSJ1149+2223 

Coe et al. 2012, ApJ, accepted 

Zheng et al. 2012, Nature,  489, 406 
15 

Coe+2013

Triply-Imaged z~10.8 Galaxy
behind MACS0647+7015

Bright ~26 mag

Magnified by ~10x

Both photometric evidence 
for this redshift as well as 

evidence from lensing model



Why are studies of galaxies at very high 
redshifts interesting?

-- It is when the universe was reionized...
(galaxies are most likely driver, so by studying the formation of first 

galaxies perhaps we can gain insight) 

-- It is when galaxies first form...
(halos of L* and sub-L* galaxies built up from z~30+ to z~3)

-- It is when the stellar populations of galaxies 
change rapidly

(from metal and dust build up)



WISH Science Interest #1:
How Fast Do Massive / Luminous Galaxies Build up?

Essential to Make Optimal Use of Current Surveys to 
Predict the Evolution of the LF to high redshift

WISH Science Interest #1:
Large Numbers of Luminous Galaxies at z=7-15



Large Samples of z~6.3-10.0 Galaxies Now Exist:

>~ 800 z>~6.2 galaxies known from HUDF + CANDELS + other fields
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(Bouwens et al. 2014, arXiv:1403.4295, 48 pages)

In Bouwens+2014, we made use of a sample of 
>~11000 galaxies in total over ~1000 arcmin2



New determinations of UV LF at z~4, 5, 6, 7, 8, 10 
from all HST Legacy Fields

(Bouwens et al. 2014, arXiv:1403.4295),           >11000 galaxies



Of particular interest for the new WISH surveys are 
the prevalence of z~9-10 galaxies

Volume Density of Bright z~9-10 Galaxies

What work has been done on this?

UV luminosity function at z~4-10

Oesch et al. 2014

UV Luminosity Function (LF) - rapid build-up 
during the first 3 Gyr of cosmic time
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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 1! uncertainties.
* 3! 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 (2!) 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 1! uncertainties.
* 3! 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 (2!) 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 (> 4.5!) detections in the 4.5µm channel. The brightest source (GNDJ-625464314) is also detected at
6.9! in the 3.6µm channel. With the exception of the brightest candidate, which is weakly detected in the K-band (at 2!), 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 # 7! in the H160 band. The brightest source
is 15!. 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 2! 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
H" 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
(# = 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
!z = 0.3-0.4 (1!). 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

Oesch+2014

One of Six Bright z~9-10 Galaxies in CANDELS
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Figure 13. Spectral energy distribution fits (left) and redshift likelihood functions (right) for the two bright z ! 9–10 sources in GOODS-S. In the left panel,
photometry and 2! upper limits 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 legend
lists their respective redshift and "2 values. The redshift likelihood distributions from SED fitting in the right panels are shown on logarithmic axes. For both sources,
the likelihood of a low redshift solution is only !1% as indicated by the labels.
(A color version of this figure is available in the online journal.)

Figure 14. Demonstration of the IRAC neighbor subtraction routine. The left column shows the 13"" # 13"" stamps of the original H160 image of the four GOODS-N
high-redshift candidates. The second column is the original IRAC image at 4.5 µm. We use a kernel to convolve the H160 image to the PSF of this IRAC image and
fit the combined light profile of each source in the H160-band image. The third column shows the result of this fit for all the neighbors of the target source. This model
is subsequently subtracted from the original IRAC image which results in a residual image (right column), on which we perform aperture photometry of the source of
interest.
(A color version of this figure is available in the online journal.)
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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 (> 4.5!) detections in the 4.5µm channel. The brightest source (GNDJ-625464314) is also detected at
6.9! in the 3.6µm channel. With the exception of the brightest candidate, which is weakly detected in the K-band (at 2!), 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 # 7! in the H160 band. The brightest source
is 15!. 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 2! 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
H" 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
(# = 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
!z = 0.3-0.4 (1!). 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
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Another Bright z~9-10 Galaxy in CANDELS
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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, 5! ) 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 "% 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 1! 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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Figure 4. The effective radius as a function of redshift for our
sample for both bright (L > 0.3L∗

z=3, top panel) and lower-
luminosity galaxies (L < 0.3L∗

z=3, bottom panel). For comparison,
we show the mean sizes from earlier epochs from Bouwens et al.
(2004); Oesch et al. (2010); Ono et al. (2013). The mean size of
the six potential interlopers to a z ∼ 9 − 10 selection (see §4.1) is
well above any expected relation at z ∼ 9. We do not include the
Bouwens et al. (2011a) z ∼ 2/z ∼ 12 candidate as there is consider-
able doubt as to whether it is at z ∼ 12 (Ellis et al. 2013; Brammer
et al. 2013; Bouwens et al. 2013; Capak et al. 2013; Pirzkal et al.
2013). The dotted line shows the best fits from Oesch et al. (2010).
Dashed lines are our fits to the Bouwens et al. and Oesch et al.
values combined with our mean size constraints at z ∼ 9−10. The
mean size of L > 0.3L∗

z=3 galaxies scale as (1 + z)−1.

In this letter we take advantage of the recent discovery
of six bright z ∼ 9− 10 candidate galaxies within CAN-
DELS (Oesch et al. 2013b) to explore the size-luminosity
and size-mass relations out to the earliest observable
epoch. By comparing sizes measured for sources in our
sample with similar size measures at lower redshifts, we
quantify the size evolution of galaxies. We establish these
sizes by fitting the light profiles of the galaxies from the
XDF and CANDELS WFC3/IR F160W observations.
To ensure that our size measurements are accurate, we
conducted an extensive set of comparisons against previ-
ous size measurements.
Our conclusions are as follows:

1. While most redshift z ∼ 9− 10 candidate galaxies
are unambiguously resolved (re > 0.��1) with HST

CANDELS or XDF F160W data (Figure 1), the
brighter sources in our z ∼ 9− 10 CANDELS sam-
ple are larger (< re >= 0.��16) and more resolved
than the fainter z ∼ 10 candidates in the XDF
(< re >= 0.��09), allowing for a more optimal con-
straints on the size evolution of galaxies to z ∼ 10.

2. The mean effective radius (< re >= 0.��16 observed,
0.6 kpc physical) for bright sources in the Oesch
et al. (2013b) z = 9 − 10 sample conforms to
expected size-redshift relation (e.g., (1 + z)−1 or
(1+z)−1.5) for bright star-forming galaxies. This is
substantially smaller than the 0.��59 mean sizes de-
rived for intrinsically-red contaminants that other-
wise satisfy z ∼ 10 J125-dropout selection criteria.
The present size measurements therefore provide
additional evidence that these bright z=9-10 can-
didates are indeed at the indicated redshift.

3. The z ∼ 9 − 10 candidate galaxies are smaller
and brighter than z ∼ 7 galaxies, a factor of ∼1.6
growth in effective radius for fixed luminosity (Fig-
ure 2).

4. The implied SFR surface density for the z ∼ 9−10
population is on average ΣSFR = 4 M⊙ yr−1 kpc−2

but with a wide range in individual values (ΣSFR ∼
1 − 10 M⊙ yr−1 kpc−2, Figure 2). These sur-
face densities are similar, albeit slightly higher than
those found by Oesch et al. (2010) and Ono et al.
(2013) at lower redshifts.

5. The size-mass relation we find for our z ∼ 10 sam-
ple is very similar to the one found by Mosleh et al.
(2012) at z ∼ 6 with these galaxies approximately
half the size of star-forming galaxies at z ∼ 2 and
z = 0 of comparable mass (Figure 3).

6. Including the Oesch et al. (2013b) z ∼ 10 candi-
dates, we find that the sizes of > 0.3L∗

z=3 galaxies
exhibit a (1+ z)−1.0±0.1 scaling with redshift, con-
sistent with what Bouwens et al. (2004, 2006) and
Oesch et al. (2010) previously found (Figure 4).
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z=3 galaxies scale as (1 + z)−1.

In this letter we take advantage of the recent discovery
of six bright z ∼ 9− 10 candidate galaxies within CAN-
DELS (Oesch et al. 2013b) to explore the size-luminosity
and size-mass relations out to the earliest observable
epoch. By comparing sizes measured for sources in our
sample with similar size measures at lower redshifts, we
quantify the size evolution of galaxies. We establish these
sizes by fitting the light profiles of the galaxies from the
XDF and CANDELS WFC3/IR F160W observations.
To ensure that our size measurements are accurate, we
conducted an extensive set of comparisons against previ-
ous size measurements.
Our conclusions are as follows:

1. While most redshift z ∼ 9− 10 candidate galaxies
are unambiguously resolved (re > 0.��1) with HST

CANDELS or XDF F160W data (Figure 1), the
brighter sources in our z ∼ 9− 10 CANDELS sam-
ple are larger (< re >= 0.��16) and more resolved
than the fainter z ∼ 10 candidates in the XDF
(< re >= 0.��09), allowing for a more optimal con-
straints on the size evolution of galaxies to z ∼ 10.

2. The mean effective radius (< re >= 0.��16 observed,
0.6 kpc physical) for bright sources in the Oesch
et al. (2013b) z = 9 − 10 sample conforms to
expected size-redshift relation (e.g., (1 + z)−1 or
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rived for intrinsically-red contaminants that other-
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The present size measurements therefore provide
additional evidence that these bright z=9-10 can-
didates are indeed at the indicated redshift.
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and brighter than z ∼ 7 galaxies, a factor of ∼1.6
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ure 2).

4. The implied SFR surface density for the z ∼ 9−10
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but with a wide range in individual values (ΣSFR ∼
1 − 10 M⊙ yr−1 kpc−2, Figure 2). These sur-
face densities are similar, albeit slightly higher than
those found by Oesch et al. (2010) and Ono et al.
(2013) at lower redshifts.

5. The size-mass relation we find for our z ∼ 10 sam-
ple is very similar to the one found by Mosleh et al.
(2012) at z ∼ 6 with these galaxies approximately
half the size of star-forming galaxies at z ∼ 2 and
z = 0 of comparable mass (Figure 3).

6. Including the Oesch et al. (2013b) z ∼ 10 candi-
dates, we find that the sizes of > 0.3L∗

z=3 galaxies
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Figure 4. The effective radius as a function of redshift for our
sample for both bright (L > 0.3L∗

z=3, top panel) and lower-
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z=3, bottom panel). For comparison,
we show the mean sizes from earlier epochs from Bouwens et al.
(2004); Oesch et al. (2010); Ono et al. (2013). The mean size of
the six potential interlopers to a z ∼ 9 − 10 selection (see §4.1) is
well above any expected relation at z ∼ 9. We do not include the
Bouwens et al. (2011a) z ∼ 2/z ∼ 12 candidate as there is consider-
able doubt as to whether it is at z ∼ 12 (Ellis et al. 2013; Brammer
et al. 2013; Bouwens et al. 2013; Capak et al. 2013; Pirzkal et al.
2013). The dotted line shows the best fits from Oesch et al. (2010).
Dashed lines are our fits to the Bouwens et al. and Oesch et al.
values combined with our mean size constraints at z ∼ 9−10. The
mean size of L > 0.3L∗
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In this letter we take advantage of the recent discovery
of six bright z ∼ 9− 10 candidate galaxies within CAN-
DELS (Oesch et al. 2013b) to explore the size-luminosity
and size-mass relations out to the earliest observable
epoch. By comparing sizes measured for sources in our
sample with similar size measures at lower redshifts, we
quantify the size evolution of galaxies. We establish these
sizes by fitting the light profiles of the galaxies from the
XDF and CANDELS WFC3/IR F160W observations.
To ensure that our size measurements are accurate, we
conducted an extensive set of comparisons against previ-
ous size measurements.
Our conclusions are as follows:

1. While most redshift z ∼ 9− 10 candidate galaxies
are unambiguously resolved (re > 0.��1) with HST

CANDELS or XDF F160W data (Figure 1), the
brighter sources in our z ∼ 9− 10 CANDELS sam-
ple are larger (< re >= 0.��16) and more resolved
than the fainter z ∼ 10 candidates in the XDF
(< re >= 0.��09), allowing for a more optimal con-
straints on the size evolution of galaxies to z ∼ 10.

2. The mean effective radius (< re >= 0.��16 observed,
0.6 kpc physical) for bright sources in the Oesch
et al. (2013b) z = 9 − 10 sample conforms to
expected size-redshift relation (e.g., (1 + z)−1 or
(1+z)−1.5) for bright star-forming galaxies. This is
substantially smaller than the 0.��59 mean sizes de-
rived for intrinsically-red contaminants that other-
wise satisfy z ∼ 10 J125-dropout selection criteria.
The present size measurements therefore provide
additional evidence that these bright z=9-10 can-
didates are indeed at the indicated redshift.

3. The z ∼ 9 − 10 candidate galaxies are smaller
and brighter than z ∼ 7 galaxies, a factor of ∼1.6
growth in effective radius for fixed luminosity (Fig-
ure 2).

4. The implied SFR surface density for the z ∼ 9−10
population is on average ΣSFR = 4 M⊙ yr−1 kpc−2

but with a wide range in individual values (ΣSFR ∼
1 − 10 M⊙ yr−1 kpc−2, Figure 2). These sur-
face densities are similar, albeit slightly higher than
those found by Oesch et al. (2010) and Ono et al.
(2013) at lower redshifts.

5. The size-mass relation we find for our z ∼ 10 sam-
ple is very similar to the one found by Mosleh et al.
(2012) at z ∼ 6 with these galaxies approximately
half the size of star-forming galaxies at z ∼ 2 and
z = 0 of comparable mass (Figure 3).

6. Including the Oesch et al. (2013b) z ∼ 10 candi-
dates, we find that the sizes of > 0.3L∗

z=3 galaxies
exhibit a (1+ z)−1.0±0.1 scaling with redshift, con-
sistent with what Bouwens et al. (2004, 2006) and
Oesch et al. (2010) previously found (Figure 4).
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How many z~10 galaxies would we expect in the WISH 
UDS survey (5σ depth of 28 mag over 100 deg2) based on 

existing LFs using CANDELS (Bouwens+2014)?
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What progress can we expect in future in 
constraining prevalence of z=9-10 galaxies?
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Figure 4: Simulated 2D (top) and 1D (bottom) grism spectra for the proposed 10 orbit grism observation
of the z ∼ 10 candidate GN-z10-1 (2 orbits are F140W pre-imaging). The left panels show the spectrum in
the case of a z = 10.2 galaxy (the best-fit photometric redshift), while the right panels show the spectrum
of the best-fit lower redshift SED at zlowz = 2.1 shown in Fig 1. The gray lines represent the 1D spectra
extracted across 0.��36 in the spatial direction. The dark blue line is the same smoothed over a 230 Å
window in the dispersion direction. The dark red line represents the input signal. The blue region indicates
the coverage of the H160 band in which the source was detected and selected. The grism data will be able
to definitely unveil the true nature of this candidate. Even with this relatively short exposure, we will for
the first time be able to measure a redshift for a normal z > 8 galaxy based on a continuum break in a
spectrum. Since this region around 1.3-1.4µm is blocked at the ground by the atmosphere (Figure 1), HST

provides the only opportunity to measure the redshift of this extremely luminous z ∼ 10 galaxy candidate.

Data Processing and Release: The grism data will be reduced and analyzed in the same
way as we did for all the existing HST WFC3/IR grism observations over the CANDELS
fields from the 3D-HST program. Over the past two years we have developed data reduction
tools that do not introduce noise correlations between pixels and provide nearly perfect
background subtraction and extraction (see Brammer et al. 2013). We are thus perfectly set
up to efficiently work with these data. The reduced and stacked spectra of all sources within
this pointing will be made publicly available to the community in a similar fashion as the
recent 3D-HST team release of the processed grism data over the HUDF1.

Special Requirements

In our analysis of the existing grism spectra over GOODS-N (see Fig 3), we found that the
background varied rapidly within individual exposures by a factor ∼> 3×, resulting in the
loss of almost half of the data over our particular candidate. This happens due to strong
airglow in the HeI 1.08 µm line when HST observes GOODS-N too close to the bright Earth
limb (see Brammer et al. 2014). We will work closely with the WFC3 instrument team and
schedulers to ensure that our observations will not be affected by this significant source of
background. Only under these conditions will it be possible to obtain the required S/N in
the rather small number of 12 orbits for such a faint, distant, and unique galaxy that cannot
be observed by any other telescope.

1http://3dhst.research.yale.edu/Data.html
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15 more bright z~9-10 
galaxies from 500 orbits!

What progress can we expect in future in 
constraining prevalence of z=9-10 galaxies?

Search a total of 1300 arcmin2 

for bright z~9-10 galaxies
⇒ 4x larger area



Refining our constraints on the prevalence of z~9-10 
galaxies is important for extrapolations to z > 10...

As there is some uncertainty as to whether the evolution of the LF is faster (in 
units of redshift) at z > 8 than at z<8...Frontier Field Abell 2744 Constraints on z ∼ 10 Galaxies 7
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Fig. 4.— The evolution of the cosmic star-formation rate density at z ∼ 4 − 11 in galaxies down to the current detection limits in the
HUDF data corresponding to > 0.7 M⊙ yr−1. The dark red circle corresponds to the SFRD constraints from the HFF cluster A2744 and
parallel field derived here. Green squares show previous estimates combining the CANDELS/GOODS data with the ultra-deep imaging
over the HUDF (see Oesch et al. 2014). Blue triangles correspond to previous estimates from CLASH cluster searches (Bouwens et al.
2012a; Zheng et al. 2012; Coe et al. 2013). The lower redshift SFRD estimates are dust corrected LBG UV LFs from Bouwens et al. (2007,
2012b) with 1σ uncertainty indicated by the gray band. Their empirical extrapolation is shown as the upper gray dashed line. Overall, the
data are more consistent with a faster decline, as found in Oesch et al. (2014). This is indicated by the lower dashed line. The orange line
shows an average of several theoretical model predictions shown in Figure 11 of Oesch et al. (2014). These include semi-analytical/empirical
models (Trenti et al. 2010; Lacey et al. 2011; Tacchella et al. 2013) and SPH simulations (Finlator et al. 2011; Jaacks et al. 2013). Also
shown is the SFRD of the Illustris simulation (purple line; Vogelsberger et al. 2014; Genel et al. 2014), slightly shifted to account for IMF
differences in converting UV luminosities to SFRs. All these theoretical models agree with each other within ±0.2 dex, and reproduce the
rapid decline in the observed cosmic SFRD at z > 8 very well.

field and 1.1 z ∼ 10 sources in the parallel. For the best-
fit LF evolving in φ∗ from Oesch et al. (2014), we predict
0.46 images in the cluster and 0.49 sources in the parallel
field.
If these numbers are similar for all the other five HFF

clusters, the Frontier Field program is thus expected to
find between 6 to 14 new z ∼ 10 galaxy candidates as-
suming the two different z ∼ 10 UV LFs of Oesch et al.
(2014) are representative. We stress, that these num-
bers depend strongly on the exact evolution of the UV
LF at z > 8 (see also Coe et al. 2014). Nevertheless, at
z ∼ 10 alone, the HFFs are likely to more than double
the number of reliable LBG candidates known to date.

4. THE COSMIC SFRD AT Z ∼ 10

We now combine the first HFF cluster and blank field
around A2744 to derive a new, independent estimate of
the cosmic SFRD. From Figure 3 it is clear that the two
images of JD1 behind A2744 which satisfy our selection
criteria will result in a higher cosmic SFRD at z ∼ 10
than we previously determined in the CANDELS-Deep
and XDF/HUDF12 data.
We estimate the HFF constraint on the z ∼ 10 cosmic

SFRD from the total expected number of galaxy images
per WFC3/IR field relative to the earlier z ∼ 10 UV LF
estimate by Oesch et al. (2014). In particular, we use
their parametrization for φ∗-only evolution and search
for the normalization, which reproduces two predicted
images in the cluster field.

With the assumed Schechter function parameters of
log φ∗ = −4.27 Mpc−3mag−1, M∗ = −20.12 mag, and
α = −2.02, we predict a total of only 0.46 galaxy im-
ages in the cluster field. Considering the cluster field
alone, finding two images therefore requires a higher
normalization, φ∗, by a factor 4.4+5.7

−2.9 compared to the
XDF/HUDF12 LF. Such an increase would, however, re-
sult in a total of 2.2 predicted galaxies in the HFF paral-
lel blank field, which is marginally inconsistent with not
finding any candidate with J125 −H160 > 1.2.
We combine the two constraints from the HFF cluster

and parallel field by multiplying the Poissonian proba-
bilities of finding 2 or 0 sources in the two fields, respec-
tively, for a given UV LF normalization φ∗. This results
in a combined best fit of log φ∗ = −3.9+0.3

−0.5 Mpc−3mag−1,
which is completely consistent, but 0.4 ± 0.4 dex higher
than found in the ultra-deep fields.
Using this LF normalization, we estimate a cosmic

SFRD from the A2744 fields of log ρ̇∗ = −2.8+0.3
−0.5

M⊙ yr−1 Mpc−3 integrated down to a SFR of 0.7
M⊙ yr−1. This is shown in Figure 4, where we also plot
the previous estimates for comparison.
While the new constraint from the A2744 HFF fields

is clearly higher than the previous ultra-deep field con-
straints, it is consistent with the rapid decline across
z ∼ 8 to z ∼ 10 that is predicted by theoretical mod-
els. In particular Fig 4 also shows the average SFRD
evolution of a series of semi-analytical/empirical models
(Trenti et al. 2010; Lacey et al. 2011; Tacchella et al.

Oesch+2014

Accelerated Evolution

Extrapolated Evolution



If we assume no acceleration in the evolution, 
here are the predicted LFs...

WISH
UDS

100 deg2



If we assume accelerated evolution (pessimistic 
scenario), here are the predicted LFs...

WISH
UDS

100 deg2

>100 galaxies 
in faintest bin



It is possible that WISH will discover even more 
distant galaxies than JWST



Probing to the highest redshifts using wide-area 
surveys is remarkably competitive with ultra-deep 

surveys

BEFORE OESCH+2014

HUDF12-42657049 9.5 Ellis et al. (2013)

HUDF09-2_247 9.4 McLure et al. (2013)

HUDF09-2_50104 9.0 McLure et al. (2013)

HUDF12-42657049 8.8 Ellis et al. (2013)

XDFj-38113333 9.8 Oesch et al. (2013) + 
Bouwens et al. (2011)

MACS1149-JD 9.6 Zheng et al. (2012)

Name Redshift Discoverer

MACS0647-JD 10.8 Coe et al. (2013)

BEFORE OESCH+2014

Lensed CLASH ...

HUDF12 sources

Revived Bouwens+2011



Name Redshift Discoverer

MACS0647-JD 10.8 Coe et al. (2013)

GN-z10-1 10.2 Oesch et al. (2014)

GN-z10-2 9.9 Oesch et al. (2014)

GS-z10-1 9.9 Oesch et al. (2014)

XDFj-38113333 9.8 Oesch et al. (2013) + 
Bouwens et al. (2011)

MACS1149-JD 9.6 Zheng et al. (2012)

GN-z10-3 9.5 Oesch et al. (2014)

Three of the Four Most Distant 
Galaxies Known!

Probing to the highest redshifts using wide-area 
surveys is remarkably competitive with ultra-deep 

surveys



What is the value of the wide-area data like from 
the new WISH surveys in distinguishing LF 

evolution models?



Value of future wide surveys is illustrated by 
improvement in our own LF results using 

wide-area CANDELS fields...
Probed in 2011

CANDELS

Bouwens+2011/2014

Until CANDELS in 2012, 
there had been only 

limited deep wide-area 
to probe bright end of 

z>~6.5 LFs

WISH UDS



Is it possible that gravitational lensing by 
foreground galaxies will help us in WISH to find 

galaxies at z >~ 13?



Given the wide areas probed by WISH (100 deg2), lensing magnification 
of z~8-20 galaxies by foreground galaxies will allow us to push to even 

higher redshifts
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Figure 3. Gravitational lens induced modification of the bright end of the high redshift galaxy

luminosity function to be observed with JWST. Thin curves present the intrinsic LF (Ψ), and solid

curves the observed LF following modification from gravitational lensing. For simplicity, a uniform magnifi-

cation was assumed outside regions of sky that are multiply-imaged, with a value such that flux is conserved

over the whole sky. The parameters describing the LF are extrapolated to high redshift, where data does not

yet exist, assuming fitting formulae based on data from the HUDF
1,25. Of particular relevance are the values

of M�, which are listed. The solid and open points show the luminosities and densities of the faintest galaxies

to be observed with JWST, assuming limiting magnitudes appropriate for both an ultra-deep JWST survey

(mAB < 31.4 mag), and a medium-deep JWST survey (mAB < 29.4 mag). The probability for gravitational

lensing will become of order unity in the steep exponential parts of the LF at sufficiently high redshifts. This

gravitational forest should not to be confused with the purely mathematical effects of image crowding that

makes the detection and de-blending of faint objects harder at progressively fainter fluxes30. These latter

effects are referred to as either the instrumental confusion limit — when the instrumental resolution is not

good enough to statistically distinguish all faint background objects from brighter foreground objects — or the

natural confusion limit — when the instrumental resolution is good enough to distinguish faint background

objects from brighter foreground objects, but the images are so deep that objects start overlapping because of

their own intrinsic sizes. The HUDF and JWST images are in the latter regime30, and as argued in this Let-

ter, likely have the additional fundamental limitation that gravitational lensing will magnify a non-negligible

fraction of faint objects into the sample.
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HST
WISH
UDS

100 deg2

Could probe galaxies to z~20, 
leveraging gravitational lensing...



WISH Science Interest #2:
What can we learn about the stellar 

populations of typical and/or 
rare galaxies at z>6?   

Of particular interest are galaxies with stellar 
populations that are particularly different from 

at lower redshift...



One example of an unexpected population of galaxies 
with strong emission lines are the so-called EELGs

4 Extreme Emission Line Galaxies

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 o!set 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 F! 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, H! 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, H" 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 H" 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 H") a!ect 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 H!,
[OIII], and H" 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 e!ect may be un-
derestimated. Ono et al. (2010) explicitly showed that
red colors in Ly" 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

Many faint z~1-2 galaxies are 
found to have very strong 

OIII emission lines

Most of the rest-frame EWs 
of these lines range up to 

1000 Angstroms

However, there are reports 
of a few systems found in 

other surveys with EWs up 
to 10000 Angstroms



Substantial number of EELGs at z~1-2 due to substantial 
evolution in [OIII]/Hbeta ratio from z~3 to z~0

Kewley+2013; Shirazi+2013; Holden+2013; Schenker+2013
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Figure 3. Lower panel: The [O III]/H! ratio versus redshift,
including [O III] and H! upper limits. Top panel: Fraction of
galaxies with log([O III]/H!)> 0.6 for 5 redshift intervals. The
fraction that would be obtained if all galaxies with [O III]/H!
lower limits log([O III]/H!)< 0.6 truly have log([O III]/H!)< 0.6
(black circles) or if they have log([O III]/H!)> 0.6 (blue triangles)
are shown. The rise in log([O III]/H!)> 0.6 with time from z ! 0
is statistically significant for z ! 2.

[N II]/H! uses the [N II] "6584 line. Equation 1 can
be used to separate purely star-forming galaxies from
galaxies containing AGN, and is based on the following
assumptions:

• The shape of the ionizing radiation field and the
ISM conditions in star-forming galaxies evolves
only marginally (< 0.1 dex) with redshift until
z ! 1, consistent with our findings in Figure 2.
This assumption may only hold for galaxies in the
mass range of our samples (M! > 109M"). The
star-forming conditions in galaxies with lower stel-
lar masses may still be evolving between z = 1 and
z = 0. If star-forming conditions are more extreme
in low stellar mass galaxies in this redshift range,
then these galaxies will lie above and to the right of
the line given by equation 1. In this case, our opti-
cal spectral classification line would need to include
a stellar mass term.

• The shape of the ionizing SED and/or the ISM
conditions in star-forming galaxies evolves towards
more extreme conditions between 1 < z < 3. Fig-
ure 2 suggests that such a change does occur, at
least in the most massive galaxies (M! > 109 M").
In Figures 1 and 2, we have binned galaxies into two
redshift ranges with median redshifts of z = 1.5 and
z = 2.5 to provide a su!cient number of galaxies
in each redshift interval for statistically significant
conclusions. This small number of redshift inter-
vals allows us to coarsely fit the evolution of the
abundance sequence between 0.8 < z < 2.5. A
substantially larger sample (! 200 galaxies) would

allow one to divide the sample into a larger num-
ber of small redshift intervals, allowing for a more
robust fit in this redshift range.

We note that our chemical evolution assumption a"ects
the position of the intersection between the star-forming
abundance sequence and the AGN mixing sequence, but
does not a"ect the shape or location of the classification
line.
In Figure 4 we show the classification line from equa-

tion 1 for our 4 redshift ranges. The zCOSMOS-bright
(z ! 0.8) and Yabe (z ! 1.5) NIR samples excluded
bright AGN using X-ray data. The location of the star-
forming galaxies in these samples is consistent with our
new classification line, within the errors (±0.1 dex).
Of the 5 z ! 2.5 galaxies that we classify opti-

cally as AGN, two galaxies (MACS J09012240+1814321
and BzK 15504; square symbols in Figure 4) show ad-
ditional evidence for an AGN. UV spectroscopy led
Diehl et al. (2009) to suggest that MACS J0901 con-
tains an AGN. Although dominant in the UV, the AGN
does not make an energetically significant contribution
to the global mid-infrared spectrum (Fadely et al. 2010).
Lehnert et al. (2009) suggest that BzK15504 contains
an AGN based on its strong [O I]/H! emission-line ra-
tio. The remaining 3 optically classified AGN are A1835
(Richard et al. 2011), MACS J1148 (Jones et al. 2013),
and Q2343-BX389 (Lehnert et al. 2009). These 3 galax-
ies do not have su!cient ancillary data to confirm or rule
out an AGN at other wavelengths. Follow-up of these 3
galaxies at X-ray, UV, and/or mid-infrared wavelengths
will facilitate testing of our new classification scheme.

5. CONCLUSIONS

We have presented the first comparison between the-
oretical predictions of the cosmic evolution of the BPT
diagram and near-infrared spectroscopic observations of
active galaxies between 0.8 < z < 2.5. We show that
star-forming galaxies at high redshift are consistent with
a model in which the ISM conditions are more extreme
at high redshift. These extreme conditions may mani-
fest in either (or a combination of) a larger ionization
parameter, a larger electron density, and/or an ionizing
radiation field with a larger fraction of O+-ionizing to H-
ionizing photons. We speculate that the global spectra
of high redshift galaxies may be dominated by complexes
of star-forming clusters embedded within giant molecular
clouds, as seen in the most extreme star forming regions
in the Antennae and M82.
Due to the change in ISM conditions in star-forming

galaxies with redshift, current optical classification meth-
ods based on local samples are not reliable beyond z > 1.
We present a new redshift-dependent optical classifica-
tion line for the [O III]/H# versus [N II]/H! diagnos-
tic diagram that accounts for how the structure of the
ISM changes with redshift. We show that the position
of independently confirmed AGN is consistent with our
classification line at z ! 2.5.
In an upcoming paper, we will further investigate the

cause of the extreme ISM conditions in high redshift star-
forming galaxies.

L.K. gratefully acknowledges the referee for useful com-
ments, the support of an ARC Future Fellowship, ARC

Redshift
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Do we find evidence for this type of line emission at
High Redshift?

Challenging to investigate this question, since we 
cannot make use of spectroscopic data.

Must make use of deep imaging observations from 
the Spitzer Space Telescope



Evidence from Stacking the Fluxes for z~7-8 galaxies in 
the deepest fields

4 I. Labbé et al.

Figure 3. A comparison of the average rest-frame SEDs of IRAC
detected galaxies at z ! 7 and z ! 8 from the average HST/ACS,
HST/WFC3, and Spitzer/IRAC fluxes. The IRAC [3.6] and [4.5]
fluxes are indicated. The SEDs are in units of f! (arbitrary scal-
ing). A young star forming stellar population model with emission
lines is shown in black. The observed [3.6] " [4.5] colors at z ! 7
and z ! 8 are substantially di!erent, despite the short time elapsed
between these epochs (about 130Myr). Combined, the rest-frame
SEDs suggest a clear flux excess at ! 5000Å, shifting from [3.6] at
z ! 7 to [4.5] at z ! 8, likely due to a contribution from strong
[O III]4959, 5007 and H" emission lines.

(! L!(z = 8)) galaxies, including IRAC undetected
sources, shows similar colors. The mean < H " [3.6] >
color is in the range of predictions from dust reddenend
Bruzual & Charlot (2003, BC03) stellar population syn-
thesis models, but the < [3.6] " [4.5] > appears signifi-
cantly redder by ! 0.5 mag.

10

No obvious trend of H160 " [3.6] color with H160 or
[3.6] magnitude is seen, but the H160 " [3.6] (rest-frame
U1700"B4000 at z ! 8) does appear to correlate (at ! 2!
confidence) with J125 " H160 colors consistent with ex-
pectations from dust reddenend BC03 stellar population
models. The trend is seen both in IRAC detected galax-
ies and in H160 # 28 selected samples (# 0.3L!(z = 8)),
including IRAC undetected galaxies. In contrast, the ob-
served [3.6] " [4.5] colors (rest-frame B4000 " V5000) are
generally redder than the BC03 models, with larger o!-
sets at bluer J125 "H160 colors.
Figure 3 shows the average spectral energy distribu-

tions of IRAC detected galaxies at z ! 8 compared
those at z ! 7, only 130Myr later. It is obvious that
the observed [3.6] " [4.5] colors are markedly di!erent.
Shifted to the rest-frame, the SEDs viewed together sug-
gest a clear flux excess at ! 5000Å, shifting from [3.6]
at z ! 7 to [4.5] at z ! 8. The excess is likely caused
by [O III]4959, 5007 and H" emission lines, which are
expected to be strong in young star forming galaxies at
low metallicities (e.g., Schaerer et al. 2010).
Nevertheless, it is di"cult to determine the emission

line contribution using stellar population model fits to
the broadband photometry at each redshift separately.

10

Figure 4. The H " [3.6] versus [3.6]" [4.5] colors of our samples
of z ! 7 and z ! 8 galaxies. The [3.6] " [4.5] becomes # 0.8
mag bluer from z ! 8 to z ! 7 while the H " [3.6] colors become
# 0.4 mag redder. The arrows show the e!ect of 1) increasing dust
obscuration by "AV = 0.5 between the two epochs, 2) changing
the stellar population age by 130Myr (assuming CSF since z = 10),
and 3) strong [O III]4959,5007+H" emission moving from [4.5] at
z ! 8 into [3.6] at z ! 7. Emission lines provide the most probable
explanation for the observed change.

Degeneracies between age and dust in the model colors
and systematic uncertainties in implementation of emis-
sion lines hamper such a direct solution. Instead, we will
attempt to circumvent this limitation by using the joint
SED information at the two adjacent redshifts to isolate
the e!ective emission line contribution.

4. REST-FRAME OPTICAL EMISSION LINES

Figure 4 shows clearly that the observed [3.6] " [4.5]
colors at z ! 8 are 0.8 mag redder compared to z ! 7,
while the H"[3.6] colors are 0.4 mag bluer11. Changes in
stellar population age and/or dust can not produce such
di!erences, but strong optical emission lines naturally
reproduce the observed change.
With the reasonable assumption that the average rest-

frame spectrum is the same at both z ! 8 and z ! 7, we
can solve directly for the rest-frame equivalent width of
these emission lines.
Considering only [OIII]##4959, 5007 and H" and ap-

plying the redshift selection functions of Oesch et al.
(2012) and Bouwens et al. (2011a), a linear fit to the col-
ors produces W[OIII]!!4959,5007+H" = 500Å. The redshift
distribution accounts for the fact that emission lines may
contribute to both [3.6] and [4.5]. Using the tabulated
emission lines values of Anders & Fritze-v.Alvensleben
(2003) for sub-Solar metallicity 0.2Z" (Erb et al. 2006;
Maiolino et al. 2008), we also correct for the smaller in-
tegrated contributions of H$, H", H%, [N II] and [O II],
leading to W[OIII]!!4959,5007+H" = 670Å.
Note that this estimate is independent of stellar popu-

lation models and the fit only has one free parameter: the

11 Note, the samples are similar in brightness, H ! 26.8 for z ! 8
and H ! 26.5 for z ! 7, hence both ! 1.5L!(UV ) in luminosity at
z ! 8 and z ! 7 respectively.

Labbe+2013 (from HUDF)

60 z~7 sources
30 z~8 sources

(Bouwens+2011;
Oesch+2012

Sample)

Rest-Frame EW of OIII
is ~600 Angstroms



Smit et al. 2013

Also evidence for extreme lines in individual sources....

Renske Smit

3

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, H!, H", [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 o!-
set due to the various emission lines. We select sources
in the redshift range zphot = 6.6 ! 7.0, where we know
that both OIII#4959, 5007 and H" fall in [3.6], while [4.5]
falls exactly between H! 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(H!) # (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
H! equivalent widths from our z ! 7 sample. Top panel: The red-
shift range over which strong nebular emission lines, H!, H", [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 H! EWs, i.e., EW(H!)=100Å,
and assuming strong evolution, i.e., EW(H!) " (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 OIII##4959,5007 and H" are present in
[3.6], while [4.5] receives a contribution from no significant emis-
sion lines, falling exactly in between the H! 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]+H" 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 su!er 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 H!,
H" 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, !m =
0.3 and !! = 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 (< 2#) or to have a very strong Ly-
man break, i.e. V606 " J125 > 2.5. Furthermore we
construct a $2-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 8# in a $2-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

Here’s an example:



46

What do z~6.8 galaxies look like?
Entire sample...

Strong emission lines

Smit et al. 2014

Large Numbers of Similar z~7 Galaxies Found behind 
Lensing Clusters

(from CLASH)



9

Figure 8. HST H160, Spitzer/IRAC 3.6 µm, and 4.5 µm band postage stamp negative images (8.!!4 ! 8.!!4) of our fiducial sample of
galaxies at z " 6.8 in the CANDELS fields with extremely blue ]3.6] # [4.5] IRAC colors (satisfying Eq. 2) and I814 # J125 > 2.3 (see §5).
The IRAC postage stamps have been cleaned for contamination from neighboring sources (see §2.2). Properties of the sources are listed in
Table 1.

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

and I814 ! J125 colors > 2.3 (Table 1) lie in the redshift
range z " 6.6 ! 6.9.

Furthermore, comparing the 20 galaxies from our z "
6.8, IRAC ultra-blue sample (90% of which we estimated
to lie in this redshift range: see previous paragraph) with
the 35 galaxies estimated to lie in the redshift range z "
6.6! 6.9 from the redshifts of our z " 5! 8 base sample,
we estimate that "50% of all sources at z " 6.8 exhibit
ultra-blue colors (vs. 6% at z " 6). This makes IRAC
ultra-blue sources roughly " 8 times more common at
z " 6.8 than at z < 6.6. This is useful to establish,

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

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

since it indicates that ultra-blue IRAC criteria - such
as we propose - can imporve the purity of z " 6.6 ! 6.9
selections by a factor of 8 over what one could accomplish
using HST and ground-based observations alone.

5.3. Quantifying the rest-frame EWs of [O III]+H! in
our z " 6.8 IRAC ultra-blue sample
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since it indicates that ultra-blue IRAC criteria - such
as we propose - can imporve the purity of z " 6.6 ! 6.9
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