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When and how did the first galaxies form?
How fast did they grow and build-up?

Epoch of Reionization

Thanks to WFC3/IR: now able to overcome z~6-7 “barrier”
Now have large samples (>300) of galaxies in heart of reionization at z>6

+

rest-UV
SFRs

rest-optical
Masses
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?

Do we see Evidence for Emergence of 
the First Galaxies?

Galaxy Build-up at z<8 progresses monotonically.
What about at z>8?
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WFC3/IR Data around GOODS-South 

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

! Total of ~160 arcmin2

! Reach to 27.5 - 30 AB mag
! Full data: can select z~10 galaxies

! HUDF12/XDF: can select z~9 galaxies

4

observed wavelength [μm]

Lyα  Redshiftz~10 search

z~9 search
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xdf.ucolick.org

All optical ACS and WFC3/IR 
data over HUDF 

from 2003 to 2013 
combined into eXtreme 

Deep Field (XDF)

Total of ~2Ms of HST data

Reaches about 31mag at 5σ:
deepest multi-color image 
ever taken

Adds ~130 ACS orbits to the HUDF

available from MAST!
(see Illingworth, Magee, Oesch et al. 2013)
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z~9 LBG Selections with HUDF12 Data
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Our HUDF12 z~9 LBG sample contains seven sources (H = 28.0 - 29.9 mag, <zphot> = 8.7)

z~9 Selection is based on a red color in (YJ)-JH and optical non-detection.

Bright End of the z ∼ 8 UV LF 5

small due to our strict optical non-detection criteria (see
next section and discussion in section 3.5).
This is illustrated in the right panel of Figure 2, where

we show the expected χ2
opt values (defined in the next

section) as a function of J125 − H160 color for different
galaxy types. Most intermediate redshift galaxies are ex-
pected to be well detected in the optical data, resulting in
logχ2

opt > 1. Only completely quiescent galaxies would
lie close to our selection box. The figure also includes
the measured values of the CANDELS z ∼ 8 candidates
(see section 3.4). The sizes of the symbols represent their
Y105−J125 colors. Our selection includes only two galax-
ies with relatively blue Y105 − J125 colors with positive
χ2
opt values between 1 and 3. These would have the high-

est probability of being lower redshift contaminants.
As a further step against interlopers, we check

each candidate for bright detections in the Spitzer
IRAC 3.6µm images available over GOODS-South (e.g.
Dickinson et al. 2003). This has proven to be a very
effective test for removing dusty contaminants in very
high-z galaxy searches in which only limited information
on the UV-continuum slope of galaxies is available (see
e.g. Oesch et al. 2011). Young, star-forming galaxies at
z > 7 with small amounts of dust reddening are expected
to show colors H160 − [3.6] ! 1 (see also Gonzalez et al.
2011). Any galaxy with significantly redder colors is
therefore likely to be a lower redshift contaminant.
Indeed, in constructing our sample, we identified one

bright (H160,AB = 24.3 mag) edge-on spiral galaxy,
which satisfied our WFC3/IR color and optical non-
detection criteria. However, this source is extremely lu-
minous in the IRAC data, with H160 − [3.6] = 2.3, and
is also clearly detected even in the [8.0] band, as ex-
pected for a heavily dust obscured source at intermedi-
ate redshift. We therefore removed it from the potential
z ∼ 8 galaxy sample (see the appendix for the position
of this source and its colors, since it is representative
of low-redshift sources whose color makes them hard-to-
remove contaminants in optical/near-IR color or SED
searches). All other sources where we could measure
IRAC fluxes (i.e. which were not completely blended
with bright foreground sources) were consistent with the
limit H160 − [3.6] < 1.

3.3. Optical Non-detections Using χ2
opt

As indicated above, one of the main challenges in se-
lecting robust LBGs is to remove intermediate redshift
contaminants. Given the high efficiency of WFC3/IR the
available ancillary optical data in most of the WFC3/IR
search fields is not appreciably deeper than the new IR
data (see e.g. Table 1). Thus at the faintest magnitudes
even a 2σ-nondetection criterion, which is the standard
that is used in LBG selections, is not sufficiently effective
to eliminate faint, dusty interlopers.
In previous papers (e.g. Bouwens et al. 2011c), we have

developed an efficient method for eliminating low-z con-
taminants by making full use of all the information in the
optical data. In particular, for each galaxy we compute
an optical χ2

opt value from its aperture flux measurements
of all optical bands as

χ2
opt =

∑
i

SGN(fi)(fi/σi)
2
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Fig. 3.— The optical χ2 non-detection criterion in the CAN-
DELS Deep data. The histograms show the different distribution
functions for empty sky positions (gray filled), as well as what is
expected for contaminants based on our simulations. True z ∼ 8
sources will have a distribution like the gray empty sky distribu-
tion. The orange distribution is based on simulations using galaxies
from the HUDF09 to which we applied Gaussian flux scatter ap-
propriate to our ∼ 2 mag shallower CANDELS data. The dark red
histogram corresponds to simulations using brighter galaxies in the
CANDELS field itself, which are dimmed and have the appropri-
ate flux scatter applied. The distributions from the two simulations
are very similar. The dark red filled histogram represents the frac-
tion of all contaminants that satisfy the color and non-detection
criteria, but which lie below the adopted χ2

opt limit of 3.0 (see
text), and which would be confused with real z ∼ 8 objects. With
this cut we are able to reduce the contamination rate by a factor
∼ 3-4 (the ratio of the dark red area to the total). The residual
contamination in our fields is expected to be about 1 source in the
CANDELS Deep data and < 0.1 in CANDELS Wide giving a total
contamination rate of about 10%.

where i runs over B435 V606 i775 and z850.
For real high-redshift candidates the χ2

opt distribution
is expected to be centered around zero, while for contam-
inants the distribution is skewed toward positive values.
Therefore, by removing galaxies with values above some
limiting value χ2

lim it is possible to significantly reduce
the number of contaminants in LBG samples.
The adopted limiting value is derived from two differ-

ent sets of simulations. The results are shown in Figure
3 where we compare the observed χ2

opt to those from our
simulations to establish the limiting value.
The first simulation is based on the HUDF09 data,

where the available optical and WFC3/IR data are ∼
1.5− 2 mag deeper than in the fields studied here. At a
given H160,AB magnitude, this allows us to check what
fraction of sources would contaminate our sample, if they
were observed at the shallower depth of our data. We use
a Monte-Carlo simulation in which we apply Gaussian
scatter to the fluxes of the HUDF09 sources scaled to
the depth of the CANDELS Deep and Wide data. We
then compute the χ2

opt values for all sources which did not
satisfy our selection criteria in the ultra-deep data, but
which would have been selected and would have passed
the optical 2σ non-detection criterion. The distribution
of χ2

opt values of these contaminants is shown in Figure
3 as an orange histogram.
For the second simulation, we use brighter sources di-

rectly from the CANDELS fields which are dimmed to
fainter magnitudes. Thanks to the wider area relative to



P. Oesch, UCSC UCO/Lick ObservatoryUCSC, August 2013 

z~9 Sample
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z~9 Sample
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Photometric Redshifts: z~8.1-9.0

All sources have secondary peak 
in their p(z)

Statistically expect one source to 
be a low-redshift contaminant.

i.e. contamination fraction <15%

SED fits using all HST and 
IRAC 1&2 bands

2 photo-z codes: EAZY + ZEBRA
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Ellis+13 Catalog

Not in our 
sample

Only in 
our sample

In both 
samples
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Our previous z~10 candidate in the HUDF
Bouwens et al. Nature, January 2011
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Nature of UDFj-39546284?

11

8σ

Our previous 
z~10 source

If this source was at z~11.8, its luminosity would be 
10-20x brighter than expected.
But: need extreme emission lines to explain a low-z 
solution (see possible example in Brammer+13)

Bouwens+13

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Wavelength  [µm]

B435 V606 i775 z850 Y105 J125 JH140 H160

 2  3  4  5  6  7  8  9 10 11 12 13 14 15
Ly_ Redshift

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

The source can not be at z~10!
It must have a strong break or a 

strong emission line at 1.6 micron, i.e. 
either at z~12 or z~2.



P. Oesch, UCSC UCO/Lick ObservatoryUCSC, August 2013 

Nature of UDFj-39546284 - Clues from 3D-HST

12

The Astrophysical Journal Letters, 765:L2 (6pp), 2013 March 1 Brammer et al.
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Figure 3. Optimal extraction of the UDFj-39546284 spectrum (left) and that of a comparison object, UDF-40106456 (right). The top panels show the stacked 2D
spectra and the spectra cross-correlated with the H160 image kernel, which is indicated at left. The upper spectra show the 2D cross-correlation extracted along the
trace and scaled by the G141 sensitivity curve and ∆λ of the spectrum, which, for a uniform kernel, would give an integrated line flux with the units as labeled.
The same cross-correlation is applied to the 2D pixel variance array, yielding the uncertainties shaded in gray. The bottom panels show the signal-to-noise spectrum.
While there are additional apparently significant features at λ < 1.5 µm, these are likely due to contamination rather than coming from UDFj-39546284 (Section 3.3).
The gray curves in the bottom panels show the S/N in R = 0.′′3 apertures along the trace. The red curves indicate the potential contamination from nearby sources.
The filled orange regions are model emission-line spectra, whose shapes match those of the observed lines.
(A color version of this figure is available in the online journal.)

cross-correlation technique enhances the detection significance
by a factor of two compared to simple photometry along the
trace within an equivalent 0.′′30 aperture. This example demon-
strates that the cross-correlation technique works and is able to
recover extremely faint emission lines.

4. LINE IDENTIFICATION

4.1. Is UDFj-39546284 at z = 12?

If the galaxy is at z ∼ 12, as is suggested based on its strong
photometric break between the JH140 and H160 filters (Ellis et al.
2013; Bouwens et al. 2013), the line—if real—can be identified
as Lyα redshifted to z = 12.12. The rest-frame equivalent width
of Lyα would not be unreasonably high at >170 Å (accounting
for the z = 12 Lyman break in H160); such values can be reached
in young, low-metallicity starbursts at high redshift (Schaerer
2003). However, such strong Lyα emission might be unexpected
early in the reionization epoch when the neutral fraction is high
(Santos 2004; but see also Dijkstra et al. 2011). More to the
point, if the line is real it can account for most or all of the H160
flux, meaning that the photometric break does not necessarily
reflect a strong continuum break and the photometric redshift is
unreliable. Therefore, the line could also be a longer-wavelength
feature at much lower redshift, a possibility discussed by Ellis
et al. (2013).

4.2. Low-redshift Solutions—[O iii] at z = 2.2

Although we cannot exclude other low-redshift identifications
such as [O ii] at z = 3.28 or Hα at z = 1.44, a likely possibility
is that the line is [O iii]λ4959,5007 at z = 2.19 ± 0.01. A

population of extreme [O iii] emission-line galaxies at z ∼ 1.7
was recently identified by van der Wel et al. (2011) from
their significant line contribution to the J125 photometry in
the CANDELS survey. Additional galaxies with [O iii] rest-
frame equivalent widths reaching 2000 Å have been identified
in WFC3 grism spectroscopy by Atek et al. (2011) and Brammer
et al. (2012b). The strongest emitters in van der Wel et al. (2011)
have J125 −H160 ∼ −1, with [O iii] in the J125 band. While such
colors can mimic those of high-redshift dropout galaxies (Atek
et al. 2011), even more extreme equivalent widths at !3000 Å
(rest frame) are required to reach J125/140−H160 > 1.4 observed
for UDFj-39546284.

4.3. Discovery of a Possible Analog: An
Extreme [O iii] Emitter at z = 1.605

We have discovered a very bright example of such an
extreme emission-line galaxy in G141 grism observations of the
Extended Groth Strip (EGS) field (GO-12547, PI: Cooper). This
remarkable object, EGS-XEW-1, located at α = 14:17:58.2,
δ = +52:31:35 and shown in Figure 4, is an “[O iii] blob” at
z = 1.605 with JH140 = 21.5 and a complex morphology
comprised of diffuse (A) and compact (B) components separated
by 1′′. The exposure times and dithered pixel sampling for
the Cooper et al. grism program are nearly identical to those
of 3D-HST, and the spectra were processed with the 3D-HST
interlacing software as described above. The diffuse component,
which is extended over more than 1′′ (8.5 kpc), has a combined
observed-frame equivalent width of nearly 9000 Å for the
blended Hβ and [O iii]λ4959,5007 emission lines. The more
compact component has EW = 3000 ± 160 Å.

4

The Astrophysical Journal Letters, 765:L2 (6pp), 2013 March 1 Brammer et al.

Figure 4. WFC3/G141 spectrum and broadband SED of EGS-XEW-1, an “[O iii] blob” at z = 1.605 with extreme [O iii] emission lines and colors similar to UDFj-
39546284. The asymmetric line profile of component A is consistent with lines of Hβ and the [O iii]λ4959,5007 doublet as indicated; the lines are unambiguously
resolved for component B, at the same redshift. The right panel shows the SED of the blob normalized to that of the UDFj-39546284 H160 magnitude. Non-detections
for UDFj-39546284 are shown with 2σ upper limits taken from Bouwens et al. (2013). Along with the G141 spectrum, ground-based photometry of the blob from
the NEWIRM Medium Band Survey (NMBS) (Whitaker et al. 2011) is shown in blue, redshifted such that the [O iii] line would have been observed at 1.6 µm and
scaled to account for the different NMBS-J3, JH140, and H160 passbands. The inset shows a color thumbnail of the blob created from HST ACS/V606, ACS/I814, and
WFC3/JH140 images.
(A color version of this figure is available in the online journal.)

The broadband spectral energy distribution (SED) of EGS-
XEW-1 is compared to that of UDFj-39546284 in the right panel
of Figure 4. The spectral break that results from a line such as the
one observed in EGS-XEW-1 is just large enough to satisfy the
2σ limit on the JH140 −H160 dropout color of UDFj-39546284.
However, if UDFj-39546284 had exactly the same spectrum as
EGS-XEW-1, the [O ii]λ3727 line would probably be detected
in the bluer WFC3 HUDF12 photometry. Interestingly, EGS-
XEW-1 has much redder UV colors than fλ ∼ λ−2 observed
for the high equivalent width starbursts at similar redshifts (van
der Wel et al. 2011; Brammer et al. 2012b), which, if also
true for UDFj-39546284, could help explain the lack of z = 2
Lyα observed for that source (Ellis et al. 2013). While not a
perfect match, EGS-XEW-1 provides a directly observed route
to a plausible low-redshift interpretation for the UDFj-39546284
photometry.

5. DISCUSSION AND CONCLUSIONS

We have described a deep HST grism spectrum of the
candidate z = 12 galaxy UDFj-39546284. Using the known
emission-line morphology to increase the line sensitivity of the
slitless grism spectrum, we detect a tentative emission line at
λ = 1.599 µm with flux 3.5 ± 1.3 × 10−18 erg s−1 cm−2 and
observed-frame equivalent width >7300 Å.

While the current observations do not conclusively forbid
the z = 12 interpretation of UDFj-39546284, a number of
independent factors conspire to suggest that the 2.7σ line is in
fact real and that the true redshift of UDFj-39546284 is z ∼ 2.2.
First, the line is observed at just the right wavelength and flux
to satisfy both the HUDF H160 detection and the >1.4 mag
dropout at λ < 1.595 µm in the bluer HST bands. If the feature
were observed just 4 pixel (93 Å) bluer it would violate the
constraints on JH140 by a magnitude. Second, Bouwens et al.

(2013) demonstrate that without a significant contribution of
Lyα to the H160 flux, the implied rest-frame UV luminosity for
z ∼ 12 is some 20 times higher than would be expected from
the evolution of the luminosity function at z = 8–10. Third,
recent deep spectroscopic surveys of photometric dropouts find
a decreasing fraction of Lyα emitters with increasing redshift
when the universe was increasingly neutral (Pentericci et al.
2011; Caruana et al. 2012). Fourth, we show that spatially
extended objects with EW > 7300 Å exist at z ∼ 2. Finally,
we find at least two [O iii] emitters within 1000 km s−1 of
the z = 2.19 solution for UDFj-39546284 in the 3D-HST
coverage of the full GOODS-South field, the nearest separated
by 69′′ (570 kpc); the fact that other galaxies exist at this exact
redshift increases the probability that the line is real and is
[O iii]λ4959,5007.

If the physical properties of UDFj-39546284 are similar to
either the [O iii] blob EGS-XEW-1 or to the high equivalent
width starbursting dwarf galaxies studied by van der Wel et al.
(2011), UDFj-39546284 at z = 2.2 would represent a new
class of object 750 times fainter than the former or ∼30 times
fainter than the latter. Scaling from the typical stellar masses of
the van der Wel et al. (2011) galaxies, UDFj-39546284 would
have a stellar mass of the order of 106 M%, similar to the mass
of a single massive star cluster (e.g., Reines et al. 2008). The
extended H160 morphology would then indicate the distribution
of ionized gas surrounding the cluster.

The most urgent question is whether the line is real and
associated with UDFj-39546284 as opposed to coming from a
nearby contaminating object spectrum or simply being a clump
of positive noise fluctuations. If the line is real and is [O iii] at
z = 2.2, it should be possible to detect the 4959 and 5007 Å
lines of the doublet separately, either in (much) deeper grism
data or in deep ground-based spectroscopy. Hα may also be
visible in the K band at a similar flux as [O iii] (Figure 4).
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Figure 4. WFC3/G141 spectrum and broadband SED of EGS-XEW-1, an “[O iii] blob” at z = 1.605 with extreme [O iii] emission lines and colors similar to UDFj-
39546284. The asymmetric line profile of component A is consistent with lines of Hβ and the [O iii]λ4959,5007 doublet as indicated; the lines are unambiguously
resolved for component B, at the same redshift. The right panel shows the SED of the blob normalized to that of the UDFj-39546284 H160 magnitude. Non-detections
for UDFj-39546284 are shown with 2σ upper limits taken from Bouwens et al. (2013). Along with the G141 spectrum, ground-based photometry of the blob from
the NEWIRM Medium Band Survey (NMBS) (Whitaker et al. 2011) is shown in blue, redshifted such that the [O iii] line would have been observed at 1.6 µm and
scaled to account for the different NMBS-J3, JH140, and H160 passbands. The inset shows a color thumbnail of the blob created from HST ACS/V606, ACS/I814, and
WFC3/JH140 images.
(A color version of this figure is available in the online journal.)

The broadband spectral energy distribution (SED) of EGS-
XEW-1 is compared to that of UDFj-39546284 in the right panel
of Figure 4. The spectral break that results from a line such as the
one observed in EGS-XEW-1 is just large enough to satisfy the
2σ limit on the JH140 −H160 dropout color of UDFj-39546284.
However, if UDFj-39546284 had exactly the same spectrum as
EGS-XEW-1, the [O ii]λ3727 line would probably be detected
in the bluer WFC3 HUDF12 photometry. Interestingly, EGS-
XEW-1 has much redder UV colors than fλ ∼ λ−2 observed
for the high equivalent width starbursts at similar redshifts (van
der Wel et al. 2011; Brammer et al. 2012b), which, if also
true for UDFj-39546284, could help explain the lack of z = 2
Lyα observed for that source (Ellis et al. 2013). While not a
perfect match, EGS-XEW-1 provides a directly observed route
to a plausible low-redshift interpretation for the UDFj-39546284
photometry.

5. DISCUSSION AND CONCLUSIONS

We have described a deep HST grism spectrum of the
candidate z = 12 galaxy UDFj-39546284. Using the known
emission-line morphology to increase the line sensitivity of the
slitless grism spectrum, we detect a tentative emission line at
λ = 1.599 µm with flux 3.5 ± 1.3 × 10−18 erg s−1 cm−2 and
observed-frame equivalent width >7300 Å.

While the current observations do not conclusively forbid
the z = 12 interpretation of UDFj-39546284, a number of
independent factors conspire to suggest that the 2.7σ line is in
fact real and that the true redshift of UDFj-39546284 is z ∼ 2.2.
First, the line is observed at just the right wavelength and flux
to satisfy both the HUDF H160 detection and the >1.4 mag
dropout at λ < 1.595 µm in the bluer HST bands. If the feature
were observed just 4 pixel (93 Å) bluer it would violate the
constraints on JH140 by a magnitude. Second, Bouwens et al.

(2013) demonstrate that without a significant contribution of
Lyα to the H160 flux, the implied rest-frame UV luminosity for
z ∼ 12 is some 20 times higher than would be expected from
the evolution of the luminosity function at z = 8–10. Third,
recent deep spectroscopic surveys of photometric dropouts find
a decreasing fraction of Lyα emitters with increasing redshift
when the universe was increasingly neutral (Pentericci et al.
2011; Caruana et al. 2012). Fourth, we show that spatially
extended objects with EW > 7300 Å exist at z ∼ 2. Finally,
we find at least two [O iii] emitters within 1000 km s−1 of
the z = 2.19 solution for UDFj-39546284 in the 3D-HST
coverage of the full GOODS-South field, the nearest separated
by 69′′ (570 kpc); the fact that other galaxies exist at this exact
redshift increases the probability that the line is real and is
[O iii]λ4959,5007.

If the physical properties of UDFj-39546284 are similar to
either the [O iii] blob EGS-XEW-1 or to the high equivalent
width starbursting dwarf galaxies studied by van der Wel et al.
(2011), UDFj-39546284 at z = 2.2 would represent a new
class of object 750 times fainter than the former or ∼30 times
fainter than the latter. Scaling from the typical stellar masses of
the van der Wel et al. (2011) galaxies, UDFj-39546284 would
have a stellar mass of the order of 106 M%, similar to the mass
of a single massive star cluster (e.g., Reines et al. 2008). The
extended H160 morphology would then indicate the distribution
of ionized gas surrounding the cluster.

The most urgent question is whether the line is real and
associated with UDFj-39546284 as opposed to coming from a
nearby contaminating object spectrum or simply being a clump
of positive noise fluctuations. If the line is real and is [O iii] at
z = 2.2, it should be possible to detect the 4959 and 5007 Å
lines of the doublet separately, either in (much) deeper grism
data or in deep ground-based spectroscopy. Hα may also be
visible in the K band at a similar flux as [O iii] (Figure 4).
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Figure 2. Deep G141 grism spectrum of UDFj-39546284. The left panels show the pixels as observed and modeled, and the right panels show the spectra cross-
correlated with the H160 object profile to enhance weak features. The first row shows the stacked spectrum as observed. The second row shows the contamination model
(Section 2), with some aliasing due to the unequal weights of the interlaced Primo mosaics. The third row shows the observed spectrum cleaned of this contamination.
There is a weak emission feature in the cross-correlation spectrum at λ = 1.599 µm. The bottom row shows the emission-line model of UDFj-39546284 where the
morphology is derived from the observed H160 image (see also Figure 3).
(A color version of this figure is available in the online journal.)

While there are no obvious emission lines in the raw 2D
spectrum, there is a clump of pixels at ∼1.6 µm which is
marginally enhanced compared to its surroundings. To improve
the signal-to-noise (S/N) of this feature, we cross-correlate the
2D spectrum with a kernel defined by the central R = 0.′′3
of the deep H160 thumbnail of UDFj-39546284. This kernel
is constructed by extracting kernels for each of the individual
UDF/G141 visits with different orientations and combining
them weighting by the median error in their corresponding 2D
grism spectra. Thus, the object profile is slightly smoothed
but will reflect the 2D morphology of lines in the stacked
spectrum. The cross-correlation spectrum is shown in the right-
hand panels of Figure 2, and the strength of the feature at 1.6 µm
is enhanced compared to the raw 2D spectrum. We verified that
the weak feature is not visible in a similar analysis of any single
UDF/G141 visit, confirming that the feature does not arise from
a flux excess in one of them individually, such as a group of hot
pixels or an unflagged cosmic ray.

We show a one-dimensional spectrum extracted along the
trace in Figure 3. We compute an associated uncertainty at each
pixel along the trace, highlighted in blue, by cross-correlating
the squared error array with the same H160 kernel. Furthermore,
we compute a 2D model spectrum as in Figure 2 with known
position and integrated line flux, and extract its cross-correlation
spectrum in the same way as the observed spectrum. The
feature at λ = 1.599 ± 0.004 µm is detected at 2.7σ with
an integrated line flux of 3.5 ± 1.3 × 10−18 erg s−1 cm−2. The
probability of finding a Gaussian noise feature with equal or
greater significance is ∼10% for 30 independent resolution
elements (∼3000 Å).

3.3. The Reality of the 1.599 µm Feature

There are regions in the 2D cross-correlation spectrum with
apparently similar significance to the feature at 1.6 µm. Many
of them can be rejected because they do not fall precisely along

the trace of the grism spectrum. There are enhancements found
near the trace at λ = 1.14 µm and 1.22 µm, though these
wavelengths suffer from higher contamination perhaps consist-
ing of faint emission lines not included in the contamination
model. The HST/WFC3 broadband photometry places strong
constraints on the possibility that these lines come from UDFj-
39546284: either of the bluer lines alone would result in Y105 or
J125 two magnitudes brighter than the 2σ HUDF12 limits.

In contrast, the 1.599 µm line is consistent with the HUDF12
photometry. Within the same 0.′′3 aperture used to measure the
line flux, we measure H160 = 29.04 for the H160 kernel. This
is 27% brighter than the Ellis et al. (2013) magnitude measured
within an 0.′′25 aperture, but is only 73% of the total magnitude
measured by Bouwens et al. (2013). These differences are
consistent with aperture corrections of the extended source,
which shows a faint extended tail to the NE in the H160
image (Bouwens et al. 2013). A pure emission line with the
observed flux would result in H160 = 28.92; the line accounts
for 110% ± 40% (1σ ) of the H160 flux. This corresponds to a
(1, 2)σ limit on the observed-frame equivalent width of the line
of EW > (7300, 1300) Å.

We test our technique by analyzing faint lines of another UDF
galaxy with a secure redshift, UDF-40106456 (right panels of
Figure 3). This galaxy has H160 = 27.4 and unambiguous emis-
sion lines of Hα and [O iii]λ4959,5007 at z = 1.303 visible
in the stacked 2D spectrum before cross-correlation. Using the
cross-correlation technique we find a significant detection of Hβ
even though the line is barely visible in the original spectrum.
Two spurious features are detected at 1.24 µm and 1.29 µm
with comparable flux as the tentative line in UDFj-39546284.
These are both clearly associated with residual contamination
from another source at the top of the 2D spectrum. The Hα
line flux of UDF-40106456 is 9.5 ± 1.0 × 10−18 erg s−1 cm−2,
just three times brighter than the UDFj-39546284 emis-
sion line. The detection significance is S/N ∼ 10 and the

3

Brammer+13

Tentative line detected in grism spectroscopy + MOSFIRE (Capak+13). 
However, also such strong line emitters are extremely rare.

We will treat this source as an upper limit in the SFRD at z~11-12.
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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).

The z~10 selection can be applied to all the data around GOODS-S (J-H>1.2). 
We confirm one of our initial sources to be a high-quality z~10 candidate.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).
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z~10 Sample only contains one 
source: mostly only upper limits.
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Probing the Dawn of Galaxies at z ∼ 9− 12 13

Table 3
Summary and Comparison of z ! 8.5 LF Determinations in the Literature

Reference Redshift log φ∗ [Mpc−3mag−1] M∗
UV [mag] α

This Work 11 −2.96 (fixed) > 18.3 (1σ) −1.74 (fixed)
This Work 10 −2.96 (fixed) −18.3± 0.7 −1.74 (fixed)
This Work 9 −2.96 (fixed) −18.8± 0.3 −1.74 (fixed)

Bouwens et al. (2012a) 9.2 −3.96± 0.48 −20.04 (fixed) −2.06 (fixed)

11.
This UV LF constraints for both z ∼ 9 and z ∼ 10 are

shown in Figure 9. The expected UV LFs extrapolated
from the lower-redshift trends are shown as dashed lines.
Clearly, at both redshifts, the observed LF is significantly
below this extrapolation, as expected from our analysis of
the observed number of sources vs. the expected number
in the previous section.
The best-fit z ∼ 9 LF using only M∗ evolution is a fac-

tor 1.5 − 5× below the extrapolated LF at MUV > −20
mag. At the bright end, the small area probed by the
single HUDF12/XDF field limits our LF constraints to
! 10−4 mag−1Mpc−3, which is clearly too small to be
meaningful at MUV < −20. Several fields will have to
be covered with deeper F140W imaging than currently
available to push the selection volumes to interesting lim-
its at z ∼ 9.
At z ∼ 10, the use of deeper data both on the HUDF

and on the GOODS-S field allows us to push our previous
constraints on the UV LF to fainter limits. Since we only
detect one galaxy candidate, however, our constraints
mainly consist of upper limits. Nevertheless, it is evident
that at all magnitudes MUV > −20 mag these upper
limits are consistently below the extrapolated UV LF,
up to a factor 4× lower. This is clear evidence again for
accelerated evolution of the UV LF.

4.3. The UV Luminosity Density Evolution at z > 8

The evolution of the UV luminosity density (LD) at
z > 8 has received considerable attention in recent pa-
pers, triggered by our initial finding of a significant drop
in the LD from z ∼ 8 to z ∼ 10 (i.e., a rapid increase
in the LD within a short period of time). With the new
HUDF12/XDF data, it is now possible to refine this mea-
surement by adding a z ∼ 9 and a z ∼ 11 point, while
also allowing us to improve upon our previous measure-
ments at z ∼ 10.
The UV LDs inferred from our z > 8 galaxy samples

are shown in Figure 10. The measurements show the LD
derived by integrating the best-fit UV LF determined
in the previous section. The integration limit is set to
MUV = −17.7 mag, which is the current limit probed
by the HUDF12/XDF data. For comparison, we also
show the lower redshift LD measurements from Bouwens
et al. (2007, 2012b). These were computed in the same
manner, but were not corrected for dust extinction, as
our new z > 8 points. A summary of our measurements
for the LD are listed in Table 4.
As can be seen, our new measurements at z > 8 lie

significantly below the z ∼ 8 value. The decrement in
LD from z ∼ 8 to z ∼ 9 is 0.6 ± 0.2 dex, and it is
even larger at 1.5 ± 0.7 dex to z ∼ 10. Therefore, our
data confirms our previous finding of more than an order
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Figure 10. The evolution of the UV luminosity density (LD) ρUV
contributed by all galaxies brighter than M1400 = −17.7 mag. Our
new measurements from the HUDF12/XDF data are shown as red
squares. Measurements of the LD at z ≤ 8 are derived from the
UV LFs from Bouwens et al. (2007, 2012c). No correction for dust
extinction has been applied. These LDs are derived directly from
the observed LFs. The measurements are plotted at the mode of
the redshift distributions shown in Figure 6. For the highest red-
shift z ∼ 10.7 JH-dropout sample, we only show an upper limit
given that the single source we find in this sample is either at an
even higher redshift (where the selection volume of our data is
very small) or is a low redshift extreme line emitter. The dark
gray line and shaded area represent an extrapolation of the red-
shift evolution trends of the z ∼ 4 − 8 UV LF. Our LD estimates
at z ∼ 9 − 10 are clearly lower than this extrapolation. However,
the observed rapid build-up of galaxies at z ∼ 10 to z ∼ 8 is not
unexpected since it is consistent with a whole suite of theoretical
models. These are shown as colored lines. They are a simple halo
occupation model (blue solid Trenti et al. 2010), a semi-analytical
model (orange dashes Lacey et al. 2011), and two hydrodynami-
cal simulations (Finlator et al. 2011; Jaacks et al. 2012). These
different models uniformly predict a turnover in the LD evolution
points. The conclusion to be drawn is that the shape of the trend
from z ∼ 10 to z ∼ 7 is due to the rapid build-up of the underlying
dark-matter halo mass function, rather than any physical changes
in the star-formation properties of galaxies.

of magnitude increase of the UV LD in the short time
period, only 170 Myr, from z ∼ 10 to z ∼ 8.
The gray line and shaded area show the expected

LD evolution when extrapolating the z ∼ 4 to z ∼ 8
Schechter function trends to higher redshift. All our mea-
surements at z > 8 lie below the extrapolation. Although
the offsets individually are not large (they are < 2σ), the
consistent offset to lower LD supports a hypothesis that
large changes are occurring in the LD.
It is interesting to note that this offset to lower LD

is not unexpected, as it is also seen in several theoreti-
cal models. In Figure 10, we compare our observational
results to a suite of different models. These include a con-
ditional luminosity function from Trenti et al. (2010), the
prediction from a semi-analytical model of Lacey et al.

Accelerated evolution is in agreement with theoretical models.
Major driver is most likely the underlying DM halo MF.
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field of view is 2.2 arcmin on each side. The z = 9.6 critical curve for the best-fit lensing model

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

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

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

with a red circle, at RA=11h49d33.s584 Dec=+22◦24′45′′.78 (J2000).
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Zheng+12 z=9.6, H=25.7, mu=14-26

Two Additional z~10 Candidates from CLASH

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

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

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

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

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



P. Oesch, UCSC UCO/Lick ObservatoryUCSC, August 2013 

SFRD Evolution at z>8

18

Combining the constraints from CLASH and HUDF+GOODS-S data, we still find 
extremely rapid evolution in the cosmic SFRD.

Compare with conclusions from: Zheng+12, Coe+13, Bouwens+13, Ellis+13, McLure+13
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Rapid build-up of SFRD in galaxies within only 170 Myr

But: observational result is still uncertain and needs confirmation 
with future, deep data, e.g. Frontier Fields, and, at z>=10, JWST!

New HST Data

JWST

SFRD Evolution at z>8



P. Oesch, UCSC UCO/Lick ObservatoryUCSC, August 2013 

Using Spitzer IRAC to Constrain Mass-Build 
up to z~8

Spitzer IRAC probes rest-frame optical
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IUDF10: Spitzer / IRAC Ultra Deep Fields 

HUDF

GOODS-S

HUDF-2

HUDF-1

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

z ~ 7
Log M = 7.6 – 9.0 M⊙?

⇐WFC3⇒    ⇐ACS⇒    

Spitzer/IRAC provides valuable constraints to 
estimate Age and Stellar Mass.

⇐      IRAC    ⇒⇐WFC3⇒    ⇐ACS⇒    

IRAC is crucial for rest-frame optical SEDs 
and constrains on stellar masses/ages at z>4

PI: Labbé
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Figure 7: (Top) Our proposed ultradeep IRAC observations (50− 120 hours) run well into the so-
called “confusion” regime. However, it is important to keep in mind that source confusion
is not a hard limit and can be effectively mitigated if the source positions are known
a priori in ultradeep WFC3 data. Our survey fields have the deepest-ever ACS+WFC3 data,
which allow us to detect and subtract contaminating flux of neighboring foreground sources (see
e.g., Labbé et al. 2006,2010ab; Gonzalez et al. 2010). A demonstration of the flux subtraction
procedure is shown (top 2 rows). Also shown are four additional examples of original IRAC images
of z ∼ 7 dropouts before and after subtracting the neighboring sources (bottom 2 rows).

Longer integration IRAC still reach deeper: 
no hard confusion limit
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of z ∼ 7 dropouts before and after subtracting the neighboring sources (bottom 2 rows).
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which allow us to detect and subtract contaminating flux of neighboring foreground sources (see
e.g., Labbé et al. 2006,2010ab; Gonzalez et al. 2010). A demonstration of the flux subtraction
procedure is shown (top 2 rows). Also shown are four additional examples of original IRAC images
of z ∼ 7 dropouts before and after subtracting the neighboring sources (bottom 2 rows).
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median stacked IRAC images of 55 z~8 “Y-dropouts” in HUDF/HUDF-1/HUDF-2

GOODS/UDF

IUDF10

deeper data are needed to probe  < L* ( > 28 AB)

The IUDF10 led to the first robust (>5σ) detections of 9 z~8 candidates 
(~32% are detected at >3σ). 

Median stacked images of 55 Y-dropouts in IUDF10 yield z~8 SED at >L*.

few robust individual 
detections

spectral break: indicates ages>~200 Myr, 
i.e. onset of SF at z>~11

typical galaxy has mass of 1e9 Msol

Mass Estimates are now possible out to z~8

clear detections in stacks

Labbé, Oesch et al. 2012
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Figure 1. (top panels) A comparison of Spitzer/IRAC [4.5]
band images between GOODS (23h exposure time) and the new
IUDF10 observations (120h) for Y105−dropout galaxy UDFy-
3953714 (Bouwens et al. 2011a) at z ∼ 8. Nearby foreground
sources have been subtracted. With the new IUDF10 IRAC data
the object is clearly detected, even in the shallower IRAC [4.5] mi-
cron band. (middle panels) Summed [3.6] + [4.5] micron images of
several IRAC detected Y105−dropouts from our sample. (bottom
panels) Median stacked IRAC images of z ∼ 8 Y -dropout sources,
grouped in ∼ 1−mag bins centered on H160 ≈ 26.5, 27.5, contain-
ing 10 and 23 galaxies, respectively. Importantly, the stacks show
significant detections at [3.6], which at z ∼ 8 is not affected by
strong emission lines. Image panels are shown in inverted grayscale
and are 10′′ × 10′′.

ing to extend these measurements to z ∼ 8. The highest
redshifts provide better leverage to constrain the evo-
lution of emission line strengths between 4 < z < 8.
Redshift z ∼ 8 also provides an opportunity to test for
the strength of the emission lines, since the [3.6] filter is
unaffected by strong lines, with the strongest line [O III]

isolated to the [4.5] filter.
In this Letter, we use the largest sample of z ∼ 8 galaxy

candidates in combination with newly acquired ultradeep
IRAC data from the IRAC Ultra Deep Field program
(IUDF; PI Labbé) to study their colors, SEDs, and the
contribution of emission lines, and to derive emission line
corrected stellar masses and specific star formation rates.
Throughout this paper, we assume an ΩM = 0.3,ΩΛ =
0.7 cosmology with H0 = 70 km s−1Mpc−1. Magnitudes
are in the AB photometric system (Oke & Gunn 1983).

2. DATA

2.1. Observations

The data analyzed here consist of ultradeep WFC3/IR
imaging from the HUDF09 program (GO 11563: PI
Illingworth) over the HUDF and two nearby fields
HUDF09-1 and HUDF09-2, supplemented with deep
WFC3/IR data observations from the Early Release
Science program (GO 11359: PI O’Connell) and
the Multi-Cycle Treasury program CANDELS (PI:
Faber/Ferguson; Grogin et al. 2011; Koekemoer et al.
2011) over the GOODS-South.
We use new ultradeep Spitzer/IRAC imaging from the

IRAC Ultradeep Field program (IUDF; PI Labbé), a 262
hour Spitzer warm mission program at [3.6] and [4.5]
micron (Labbé et al. in preparation). This survey in-
creases the exposure time over the HUDF, HUDF09-1
and HUDF09-2 fields from 12− 46 hours to ∼120 hours,
∼50 hours, and 80−120 hours, respectively. For the
wider GOODS area we use the 23−46 hour deep IRAC
coverage of GOODS (M. Dickinson et al. in preparation).
Our primary sample consists of 60 Y−dropout galax-

ies at z ∼ 8 selected by Bouwens et al. (2011a) over the
HUDF09 and ERS fields and 16 brighter Y−dropouts
selected by Oesch et al. (2012) over the CANDELS
GOODS-South area.
We derive new IRAC photometry of all 76 sources fol-

lowing the procedure of Labbé et al. (2010a,b). Briefly,
we subtract nearby foreground sources based on their
HST image profiles and determine local backgrounds (see
e.g, Gonzalez et al 2011). Then we perform aperture pho-
tometry through 2′′ diameter apertures on the cleaned
images. Details of the photometry are presented in Labbé
et al. (in preparation). We exclude 13 sources for which
clean subtraction was not possible due to proximity to
very bright foreground galaxies, leaving a final sample of
63 Y−dropouts.
Figure 1 presents image stamps of IRAC−detected

Y−dropout galaxies. A direct comparison to earlier
GOODS observations demonstrates the clear improve-
ment in sensitivity with the new ultradeep IUDF IRAC
data over the HUDF. To include fainter, IRAC unde-
tected, galaxies in the analysis we split the z ∼ 8 sam-
ple into various subsamples, and stack 15′′ × 15′′ im-
age stamps centered on the sources. The bottom panels
show that detections are also evident for fainter galax-
ies in the stacks. We measure flux densities through 2′′

diameter apertures on each stack, subtract any residual
background in a concentric annulus at 5′′ < r < 7.5′′.
We compare between average and median stacks to make
sure that the measurements are not driven by outliers.
The uncertainties are determined by bootstrapping. We
correct the flux for light outside the aperture using pro-
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et al. (in preparation). We exclude 13 sources for which
clean subtraction was not possible due to proximity to
very bright foreground galaxies, leaving a final sample of
63 Y−dropouts.
Figure 1 presents image stamps of IRAC−detected

Y−dropout galaxies. A direct comparison to earlier
GOODS observations demonstrates the clear improve-
ment in sensitivity with the new ultradeep IUDF IRAC
data over the HUDF. To include fainter, IRAC unde-
tected, galaxies in the analysis we split the z ∼ 8 sam-
ple into various subsamples, and stack 15′′ × 15′′ im-
age stamps centered on the sources. The bottom panels
show that detections are also evident for fainter galax-
ies in the stacks. We measure flux densities through 2′′

diameter apertures on each stack, subtract any residual
background in a concentric annulus at 5′′ < r < 7.5′′.
We compare between average and median stacks to make
sure that the measurements are not driven by outliers.
The uncertainties are determined by bootstrapping. We
correct the flux for light outside the aperture using pro-



P. Oesch, UCSC UCO/Lick ObservatoryUCSC, August 2013 

Evolution of the Mass Function
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5

Fig. 3.— Stellar mass functions at z ∼ 4, 5, 6, and 7 derived from the log(M) − MUV,1500 distribution for the z ∼ 4 B-dropouts
(Figure 1), and the Bouwens et al. (2007, 2010) UV-LFs at z ∼ 4 − 7. The points are derived from the “bootstrap” approach (see text).
Errors reflect uncertainties in the LF and the ∼ 0.5 dex 1σ scatter of the M–MUV,1500 relation (Figure 1). Completeness-corrected values
are estimated assuming that the M–MUV,1500 relation extends to fainter limits with similar scatter about the extrapolated mean trend
(MUV,1500 < −18 uncorrected: open; corrected: filled; dark band is at 1σ around the corrected values). The direct MF at z ∼ 4 (thick
histogram) is in good agreement with the uncorrected MF (see text). For masses > 109.5 M!, the uncorrected z < 7 MFs are in rough
agreement with the determinations of Stark et al. (2009) and of McLure et al. (2009) at z ∼ 6 and M > 1010 M!. The thick dashed
curve in each panel represents the analytic MFs derived from an idealized M−MUV,1500 relation (see text §4). These MFs have low-mass
slopes αM ∼ −1.4 − −1.6, slightly flatter than the UV LFs (α = −1.7 − −2.0: Bouwens et al. 2010). In turn, the assumed symmetric
scatter of 0.5 dex flattens their slopes at the high-mass end. The z ∼ 4 analytical MF is repeated in the other panels for comparison (thin
dashed curve). The dotted and thin solid lines show the simulated MFs from Choi & Nagamine (2010) and Finlator et al. (in preparation).
Our new results are corrected for incompleteness, yet the difference between our results and the simulations is already substantial by
M = 109 M!. The source of the disagreement is unclear.

Gonzalez+11

See also: Stark et al. 2009, Lee et al. 2012
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Caveat: Strong Emission Lines
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Stellar Mass Density
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Fig. 8.— Evolution in the Stellar Mass Density: The mass density is computed by integrating the stellar mass function to a fixed UV
luminosity limit (left panel) and fixed stellar mass limit (right panel). The main advance with respect to earlier work is the inclusion of
corrections for nebular emission contamination of Spitzer/IRAC filters. These are computed using the nebular EW distribution derived
from our spectroscopic sample in §4.1 and assume the Hα EW distribution continues to evolve as a power law at z

∼
> 5. The stellar mass

functions are derived by combining the nebular-corrected log M!-LUV relation with the UV luminosity functions presented in Bouwens
et al. 2012. We assume that the scatter in the log M!-LUV relation is σ " 0.5, consistent with previous studies (e.g., Gonzalez et al.
2011a). The blue swath in the right panel shows the stellar mass density implied by the evolving star formation rate density, computed by
integrating the UV luminosity functions (see Robertson et al. 2010 for details).

with the inferred attenuation up to 20% lower for nebu-
lar+stellar models with ages <30 Myr. As a result of the
reduced attenuation, a lower normalization is required to
match the observed flux density, bringing down the in-
ferred star formation rates by up to the ! 20% level for
the youngest systems. In practice, the impact of neb-
ular continuum is more complicated and non-trivial to
predict, depending strongly on the shape (i.e. age) of
the observed SED. Given these uncertainties, our anal-
ysis in the following sections will focus on how physical
properties are affected by nebular emission lines.

5. DISCUSSION

In the previous section, we used the broadband SEDs
of a large sample of spectroscopically-confirmed galaxies
to infer the distribution of nebular line strengths in UV-
selected galaxies at 3.8 < z < 5.0. We showed that the
stellar masses inferred from population synthesis mod-
elling are reduced at z > 5 when the contribution of
these lines to broadband flux densities is removed. In
this section, we consider the implications of these results
for our current picture of early mass assembly.

5.1. Stellar Mass Density at z > 3

In §4.2, we quantified the extent to which the stellar
masses of z > 3 galaxies are affected by nebular emission.
Here, we seek to utilize these results to estimate the stel-
lar mass density (SMD) evolution at z > 3. To derive
the mass densities, we combine the log M! - MUV rela-
tionship with UV luminosity functions (LFs) in a manner
mostly similar to that outlined in Gonzalez et al. (2011).
Briefly, we extract a large number (N ! 105) of lumi-
nosities from the measured UV LFs (e.g., Bouwens et al.
2011). We convert these luminosities to stellar masses
using the log M! - MUV relationship, and an estimate of

the scatter about the median. Whereas earlier studies
held the log M! - MUV relationship fixed with redshift at
z ∼
> 4, the strong redshift dependence of nebular contam-

ination (Figure 1) forces us to reconsider the evolution
of M!/LUV ratios with redshift.
We compute the slope and normalization of the z ! 4

log M! - MUV relationship using the large sample of
LBGs discussed in Stark et al. (2009). For simplicity, we
assume the slope remains constant at z ∼

> 4 and consider
only evolution in the normalization of the relationship.
To compute the zero-points of the log M! - MUV relation
at z ! 5, 6, and 7, we adjust the measured z ! 4 relation
to account for the relative normalisation of the nebular-
corrected log M! - MUV relationships shown in Figure 7.
To obtain a tentative estimate of the z ! 8 stellar mass
density, we apply the z ! 7 log M! - MUV relationship
to the z ! 8 UV LF. In all cases, we use the nebular
corrections derived assuming an evolving Hα EW distri-
bution (see Figure 7), but we also discuss how these re-
sults would change if the EW distribution remains fixed
at z > 5.
In addition to measurement of the log M! - MUV rela-

tionship, accurate determinations of the dispersion are
necessary to account for low luminosity galaxies with
large M! /LUV ratios. If scatter is not accounted for,
the mass functions will be incomplete and mass densities
(above a fixed mass limit) will be underestimated. While
a measurement of the observed scatter at z ! 4 (0.5 dex)
was made in Gonzalez et al. (2011a), the intrinsic scat-
ter is likely lower due to systematic uncertainties in the
modelling as well as the effects of nebular contamination.
In the following, we assume the intrinsic scatter is in the
range 0.2-0.5 dex.
We focus first on the UV luminosity limited measure of

Stark+12

Zero-th order empirical correction for ELs:  ➡ up to a factor 2-3x in stellar mass density

emission line 
correction
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A Rest-Frame Optical View on z~4 Galaxies

Large samples of galaxies available with deep IRAC coverage:
IUDF program (PI: Labbe) 125 h, S-CANDELS 50h exposures

IUDF10: Spitzer / IRAC Ultra Deep Fields 

HUDF

GOODS-S

HUDF-2

HUDF-1

coverage (hours):
FIELD        [3.6]    [4.5]
HUDF!       126     126
HUDF-1       52       52
HUDF-2     125       92+ GOODS-N
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HST only probes UV: UV Continuum Slopes
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Fig. 3.— (upper) Illustration of how we estimate the UV -
continuum slope for a z ∼ 4 galaxy candidate (see §3.3). The
blue and red points show the observed magnitudes for the galaxy
in the ACS and WFC3/IR observations, respectively. The H160-
band is not used for determining the UV -continuum slope β for
our z ∼ 4 samples, since the H160-band magnitudes for galaxies
at the low-redshift end [z ∼ 3.0-3.5] of our z ∼ 4 samples will
include a contribution from light redward of the Balmer break.
The black line shows the UV -continuum slope we estimate for the
source fitting to the i775, z850, Y105, and J125 band photometry.
The dotted black line is a plausible SED from a stellar population
model which fits the observed photometry and is shown here to
show where the major spectral features occur (but we emphasize
that these SED fits are not used to establish the UV -continuum
slopes). Using the full wavelength baseline provided by both the
ACS and WFC3/IR observations (Table 3), we are able to estab-
lish the UV -continuum slopes β much more accurately than using
the ACS observations alone. (lower) An illustration of how we
estimate the UV -continuum slope β for a z ∼ 6 galaxy. The UV -
continuum slopes β for z ∼ 6 galaxies are derived using the full flux
information in the Y098/Y105, J125, and H160 bands (Table 3).

TABLE 3
Wavebands used to derive the UV

continuum slope for individual galaxies in
our z ∼ 4, z ∼ 5, z ∼ 6, and z ∼ 7 samples.a

Filters used Mean rest-frame
Sample to derive β Wavelength

HUDF09 Observations
z ∼ 4 i775z850Y105J125 2108Å
z ∼ 5 z850Y105J125 2085Å
z ∼ 6 Y105J125H160 1865Å
z ∼ 7 J125H160 1741Å

ERS Observations
z ∼ 4 i775z850Y098J125 2108Å
z ∼ 5 z850Y098J125 2085Å
z ∼ 6 Y098J125H160 1865Å
z ∼ 7 J125H160 1741Å

CDF-S CANDELS Observations
z ∼ 4 i775z850J125 2108Å
z ∼ 5 z850J125H160 2085Å
z ∼ 6 J125H160 2004Å
z ∼ 7 J125H160 1741Å

a These filters probe the UV -continuum light of
sources without contamination from Lyα emis-
sion or the position of the the Lyman break (be-
ing sufficiently redward of the 1216Å). See §3.3.

To select star-forming galaxies at high-redshift, we
will use the well-established Lyman-Break Galaxy (LBG)
technique. This technique takes advantage of the
unique spectral characteristics of high-redshift star-
forming galaxies, which show a very blue spectrum over-
all but a sharp cut-off blueward of Lyα. It has been
shown to be very robust through extensive spectroscopic
follow-up (Steidel et al. 1996; Steidel et al. 2003; Bunker
et al. 2003; Dow-Hygelund et al. 2007; Popesso et al.
2009; Vanzella et al. 2009; Stark et al. 2010).
We will base our high-redshift samples on selection cri-

teria from previous work on z ≥ 4 galaxies. For our z ∼ 4
B435 and z ∼ 5 V606 dropout samples, we will apply the
same criteria as Bouwens et al. (2007), namely,

(B435 − V606 > 1.1) ∧ (B435 − V606 > (V606 − z850) + 1.1)

∧(V606 − z850 < 1.6)

for our B-dropout sample and

[(V606 − i775 > 0.9(i775 − z850)) ∨ (V606 − i775 > 2))] ∧

(V606 − i775 > 1.2) ∧ (i775 − z850 < 0.8)

for our V606-dropout selection. For our z ∼ 6 i775-
dropout selection, we expanded the criteria used in
Bouwens et al. (2007) to take advantage of the deep near-
IR observations from WFC3/IR to set limits on the color
redward of the break. Our z ∼ 6 i775-dropout criterion
is

(i775 − z850 > 1.3) ∧ (z850 − J125 < 0.9)

Finally, our z ∼ 7 z850-dropout criterion is

(z850 − Y105 > 0.7) ∧ (Y105 − J125 < 0.8) ∧

(z850 − Y105 > 1.4(Y105 − J125) + 0.42),

(z850 − J125 > 0.9) ∧
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Large body of literature on inferring physical properties of high-z galaxies based on 

UV continuum slopes.
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Slope is sensitive to:
dust, metallicity, age, IMF

Reddening Vector
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The Rest-Frame Optical View of z~4 Galaxies
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At z~4, we now have samples of 2600 galaxies in GOODS-S/N and the IUDF104 Oesch et al.
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Fig. 2.— Median stacked SEDs of galaxies in bins of z-band lu-
minosities. The numbers indicate how many galaxies contribute
to each stack. Dramatic trends toward redder colors are seen
as a function of rest-frame optical luminosities, in particular at
Mz < −21.5. Galaxies are clearly not self-similar as is inferred
from studies based on binning galaxies in UV luminosities only
(e.g. González et al. 2012a). The open symbols indicate filter fluxes
which are not used when deriving synthetic SED fits to the stacks,
since they are expected to change significantly across the extent
of the LBG redshift selection. The H160-band probes longward of
4000 Å for the lower redshift tail of the selection, while strong Hα
emission may contaminate the [3.6] measurement for 50% of the
sample (at z = 3.8− 5.0). As can be seen, both these filter fluxes
are indeed significantly higher than the best-fit SED for all stacks.

from −0.64± 0.02 at L ! L∗ to −0.15± 0.05 to L " L∗.
Previous studies that were based on binning galaxies as

a function of rest-frame UV luminosities suggested that
the average UV-to-optical SED of galaxies changes only
very little with luminosity. For instance, González et al.
(2012a) find rest-frame U − V colors that get redder by
only 0.026 per mag in UV luminosity. Such weak trends
were in good agreement with the suggestion from SPH
simulations that found star-formation histories of galax-
ies to be essentially self-similar (Finlator et al. 2011).
Our findings above suggest that using rest-frame op-

tical luminosities to bin and stack galaxy SEDs, much
more significant trends should become apparent. This is
indeed the case as shown in Figure 2, where we present
SEDs in bins of Mz. A significant increase in reddening
toward brighter z-band luminosities is obvious in these
stacks. While these SEDs span 3 mag in Mz, they only
vary by ∼ 1.5 mag in UV luminosity. Furthermore, the
stacked SEDs show a clear correlation between the UV
continuum slope and the UV-to-optical color. This indi-
cates that galaxies that are luminous in the rest-frame
optical are significantly more dust obscured than fainter
systems, which is likely the origin for the steeper trend
in the J125 − [4.5] color we found in Figure 1.
Finally, from these stacks it is clear that Hα flux con-

tamination is indeed a potential problem for our B-
dropout sample. All stacked SEDs show a significant
excess at 3.6 µm compared to the best-fit SED, ranging
from 0.06 mag to 0.14 mag, with a tentative trend to
a larger excess at fainter luminosities. Since Hα is only
present in the [3.6] filter at z = 3.8− 5.0 (i.e. in ∼ 50%
of our redshift selection), these numbers are roughly con-
sistent with the mean excess of 0.27 mag as inferred by
Stark et al. (2012), in particular for fainter sources.

A potential problem with the above measurements are
the combination of different selection effects that can re-
sult in biased distributions. In Figure 1, we show the es-
timated completeness limits of our data as dashed lines.
The vertical limit is due to the IRAC S/N cut, while
the slanted line is mostly caused by the J125-band cut,
but its slope is influenced by the correlation between
J125− [4.5] vs β (see Figure 3) due to the LBG selection.
The completeness lines are estimated based on simulat-
ing a large number (105) of galaxies with synthetic SEDs
with Mz = −24 to −18, with UV slopes in the range
β = −3 to 1, and with redshifts according to our redshift
selection function (see e.g. Bouwens et al. 2007). The
fluxes of these SEDs are then perturbed with Gaussian
dispersions and all the selection criteria are applied, from
which we compute the completeness as a function of Mz
and J125 − [4.5].
Clearly, at faint luminosities, we are potentially biased

against red sources in the GOODS data. However, the
J125 − [4.5] color distribution peaks at sufficiently bluer
colors than the completeness limit. Using the simulations
above, we estimate that the observed mean color atMz =
−20 is not significantly biased due to selection effects
(" 0.05 mag).
Finally, photometric errors in [4.5] might bias the mea-

surement of the color-magnitude relation of Figure 1,
since both axes depend on the [4.5] flux measurement.
A positive error in [4.5] would result in a brighter Mz
with a redder J125 − [4.5] color. We therefore checked
and confirmed that an analogous steepening in the color-
magnitude relation is still seen if the absolute magnitude
derived from the [3.6] photometry is used instead of Mz.
This relation is not shown here due to the possible flux
contamination from strong Hα lines, as explained earlier.
Nevertheless, this test suggests that the steepening in the
color-magnitude relation is not significantly affected by
scatter in the [4.5] flux measurements.

3.2. UV Continuum Slopes and Balmer Breaks

In order to investigate the origin of red UV contin-
uum slopes β in brighter galaxies, we study the relation
between β and the J125 − [4.5] color of z ∼ 4 galaxies,
which effectively compares the reddening in the UV with
the Balmer break.
As shown in Figure 3, there is a clear and relatively

tight relation between the UV slope β and the J125 −

[4.5] color, with UV redder galaxies showing redder colors
across their Balmer break. The relation is well-fit by the
linear relation:

J125 − [4.5] = (0.64± 0.03)× β + (1.72± 0.04) (1)

where we have included all galaxies with J125 detections
> 5σ, irrespective of their [4.5] detection significance.
Excluding sources with non-detections in the IRAC [4.5]
band results in a relation with an identical slope, but
with a slightly redder zeropoint (1.86±0.04).
For sources with β < −1.5, the color dispersion per-

pendicular to the dust reddening is only 0.4 mag, which
increases to 0.5− 0.6 mag for redder sources. These dis-
persions are most likely explained by a variation in stellar
population ages as indicated by the age vector in Figure
3 (see also Section 3.4).
Interestingly, a Calzetti et al. (2000) dust curve would

lead to a steeper relation than what is seen in the data.

IUDF10: Rest-frame Optical View on z ∼ 4 Galaxies 3

and z850 ACS data, before applying the following color
selection criteria:

(B435 − V606 > 1.1)∧B435 − V606 > (V606 − z850) + 1.1

∧ (V606 − z850 < 1.6)

This selects galaxies at z ∼ 3.5−4.5, with a mean red-
shift z̄ = 3.8 and results in a total sample of 2643 galax-
ies down to MUV = −16 mag over all four fields. HST
photometry is obtained in small elliptical Kron apertures
from PSF matched images (see Bouwens et al. 2012, for
details). The IRAC photometry is derived following the
procedure of Labbé et al. (2010a,b). In particular, we
subtract neighboring foreground sources based on their
profiles in the HST J125 and H160 images, after convolu-
tion to the IRAC PSF. We then perform aperture pho-
tometry on the cleaned images in 2′′ diameter apertures,
and correct to total fluxes using the growth curves of
nearby stars in the field. The typical corrections are a
factor 2.2, consistent with expectations from the IRAC
photometry handbook. A comparison of our photome-
try against the GOODSMUSIC catalog over GOODS-
South (Santini et al. 2009) shows no bias and a scatter
of 0.20− 0.25 mag.
The automated IRAC cleaning procedure does not al-

ways work. In particular, if a source is too close to an ex-
tremely IRAC-bright neighbor, reliable photometry can
not be extracted. We therefore inspect all sources by eye
for failures in the neighbor subtraction and flag those.
These are excluded from the final analysis. With our
procedure we are able to obtain clean IRAC photom-
etry for ∼ 75% of all sources. This is compared to a
∼ 30− 40% success rate for simple aperture photometry
on isolated sources only. We therefore more than double
the galaxy sample compared to previous analyses which
omit such a neighbor subtraction. Details on the IRAC
cleaning and photometry will be presented in Labbé et
al. (in preparation).
Since the IRAC flux in [3.6] can be significantly af-

fected by strong Hα emission for a large fraction of our
z ∼ 3.5 − 4.5 sample (e.g. Shim et al. 2011; Stark et al.
2012), we restrict our analysis to IRAC [4.5] band detec-
tions. This samples rest-frame 9000 Å, which is devoid
of strong line emission. Our galaxy sample consists of
1273 sources with IRAC [4.5] detections more significant
than 3σ. 82 of these come from the ultra-deep IUDF10
data.
Using the observed [4.5] fluxes, we compute the rest-

frame absolute magnitude at 9000 Å, assuming a fixed
redshift for all sources at the mean of our sample z̄ = 3.8.
In the following, we will denote this as Mz.
One of the main goals of our analysis is to iden-

tify the origin of the UV continuum reddening in these
galaxies. To this end, we compute the UV continuum
slopes, β (fλ ∝ λβ), as in Bouwens et al. (2012) from a
power-law fit to the observed fluxes in the HST bands
V606, i775, z850, Y098/105 (where available), and J125.

3. RESULTS

3.1. Galaxy Colors as a Function of Rest-Frame
Optical Luminosity

Our large sample of galaxies with robust IRAC pho-
tometry allows us to investigate galaxy colors as a func-
tion of rest-frame optical luminosity. Of particular inter-
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Fig. 1.— The observed Balmer break color J125− [4.5] (sampling
rest-frame 2500 Å−9000 Å) vs. rest-frame optical magnitude for
z ∼ 4 galaxies. The gray dots represent galaxies with > 3σ de-
tections in [4.5] and > 5σ in J125 (dark gray: IUDF10, light gray:
GOODS). The median colors in bins of Mz are indicated by red
dots with errorbars computed from bootstrap resampling. A clear
luminosity dependence is evident, with a significant steepening at
the bright end, where the Balmer break colors become increasingly
redder. The increase in reddening sets in at around Mz = −21.5,
which roughly corresponds to L∗

z(z = 4), as estimated based on the
characteristic magnitude of the UV LF and on the average UV-to-
optical colors. This is indicated by the vertical black arrow. The
dashed red line represents two linear fits to the J125 − [4.5] vs Mz

relation at Mz < −21.5 and Mz > −21.5. Shown as gray and
black dashed lines are the expected 50% completeness limits of the
GOODS and IUDF10 datasets, respectively. The horizontal blue
arrow shows the approximate location of galaxies with UV contin-
uum slopes β = 1 according to the relation we find later in Figure
3. The LBG selection volume is significantly reduced for sources
redder than that.

est is the J125 − [4.5] color, which straddles the Balmer
break. At z ∼ 4, J125 samples 2500 Å, and [4.5] sam-
ples 9000 Å. Note that J125 is chosen over H160 because
the latter is contaminated by light longward of 4000 Å
for the lower redshift tail of the B-dropout distribution,
which complicates its interpretation.
The J125 − [4.5] color-magnitude diagram is shown in

Figure 1. This plot reveals that more luminous galax-
ies are significantly redder than their lower luminosity
counterparts. Galaxies at Mz = −22.5 show colors of
J125 − [4.5] = 1.4, while galaxies at Mz ∼ −20 have
J125 − [4.5] = 0.6. In particular, at Mz > −21.5 the
color distribution is well-described by a Gaussian with
an observed dispersion of 0.4 − 0.5 mag (see also later
Figure 5).
Interestingly, a luminosity dependence in the color-

magnitude diagram is seen at all luminosities. However,
the dependence is significantly steeper at the brightest
luminosities. The color-magnitude relation is well repro-
duced by a two component linear relation, with a break
roughly at L∗(z = 4)10. The slope of the relation changes

10 L∗ is crudely estimated based on the average i775 − [4.5]
color and the characteristic luminosity of the UV LF at z = 4
of M∗

UV = −21.06 (Bouwens et al. 2007). This results in an es-
timated M∗

z = −21.7 mag, which is significantly fainter than the
characteristic luminosity of the rest-frame V -band LF as measured
by Marchesini et al. (2012) who find M∗

V = −22.76+0.40
−0.63 mag.

4.8

Brighter galaxies are significantly redder in their UV-to-optical colors wrt fainter sources.
Bright galaxies also show redder UV continuum slopes.
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Rest-Frame Optical vs Rest-Frame UV View
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4 Oesch et al.
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Fig. 2.— Median stacked SEDs of galaxies in bins of z-band lu-
minosities. The numbers indicate how many galaxies contribute
to each stack. Dramatic trends toward redder colors are seen
as a function of rest-frame optical luminosities, in particular at
Mz < −21.5. Galaxies are clearly not self-similar as is inferred
from studies based on binning galaxies in UV luminosities only
(e.g. González et al. 2012a). The open symbols indicate filter fluxes
which are not used when deriving synthetic SED fits to the stacks,
since they are expected to change significantly across the extent
of the LBG redshift selection. The H160-band probes longward of
4000 Å for the lower redshift tail of the selection, while strong Hα
emission may contaminate the [3.6] measurement for 50% of the
sample (at z = 3.8− 5.0). As can be seen, both these filter fluxes
are indeed significantly higher than the best-fit SED for all stacks.

from −0.64± 0.02 at L ! L∗ to −0.15± 0.05 to L " L∗.
Previous studies that were based on binning galaxies as

a function of rest-frame UV luminosities suggested that
the average UV-to-optical SED of galaxies changes only
very little with luminosity. For instance, González et al.
(2012a) find rest-frame U − V colors that get redder by
only 0.026 per mag in UV luminosity. Such weak trends
were in good agreement with the suggestion from SPH
simulations that found star-formation histories of galax-
ies to be essentially self-similar (Finlator et al. 2011).
Our findings above suggest that using rest-frame op-

tical luminosities to bin and stack galaxy SEDs, much
more significant trends should become apparent. This is
indeed the case as shown in Figure 2, where we present
SEDs in bins of Mz. A significant increase in reddening
toward brighter z-band luminosities is obvious in these
stacks. While these SEDs span 3 mag in Mz, they only
vary by ∼ 1.5 mag in UV luminosity. Furthermore, the
stacked SEDs show a clear correlation between the UV
continuum slope and the UV-to-optical color. This indi-
cates that galaxies that are luminous in the rest-frame
optical are significantly more dust obscured than fainter
systems, which is likely the origin for the steeper trend
in the J125 − [4.5] color we found in Figure 1.
Finally, from these stacks it is clear that Hα flux con-

tamination is indeed a potential problem for our B-
dropout sample. All stacked SEDs show a significant
excess at 3.6 µm compared to the best-fit SED, ranging
from 0.06 mag to 0.14 mag, with a tentative trend to
a larger excess at fainter luminosities. Since Hα is only
present in the [3.6] filter at z = 3.8− 5.0 (i.e. in ∼ 50%
of our redshift selection), these numbers are roughly con-
sistent with the mean excess of 0.27 mag as inferred by
Stark et al. (2012), in particular for fainter sources.

A potential problem with the above measurements are
the combination of different selection effects that can re-
sult in biased distributions. In Figure 1, we show the es-
timated completeness limits of our data as dashed lines.
The vertical limit is due to the IRAC S/N cut, while
the slanted line is mostly caused by the J125-band cut,
but its slope is influenced by the correlation between
J125− [4.5] vs β (see Figure 3) due to the LBG selection.
The completeness lines are estimated based on simulat-
ing a large number (105) of galaxies with synthetic SEDs
with Mz = −24 to −18, with UV slopes in the range
β = −3 to 1, and with redshifts according to our redshift
selection function (see e.g. Bouwens et al. 2007). The
fluxes of these SEDs are then perturbed with Gaussian
dispersions and all the selection criteria are applied, from
which we compute the completeness as a function of Mz
and J125 − [4.5].
Clearly, at faint luminosities, we are potentially biased

against red sources in the GOODS data. However, the
J125 − [4.5] color distribution peaks at sufficiently bluer
colors than the completeness limit. Using the simulations
above, we estimate that the observed mean color atMz =
−20 is not significantly biased due to selection effects
(" 0.05 mag).
Finally, photometric errors in [4.5] might bias the mea-

surement of the color-magnitude relation of Figure 1,
since both axes depend on the [4.5] flux measurement.
A positive error in [4.5] would result in a brighter Mz
with a redder J125 − [4.5] color. We therefore checked
and confirmed that an analogous steepening in the color-
magnitude relation is still seen if the absolute magnitude
derived from the [3.6] photometry is used instead of Mz.
This relation is not shown here due to the possible flux
contamination from strong Hα lines, as explained earlier.
Nevertheless, this test suggests that the steepening in the
color-magnitude relation is not significantly affected by
scatter in the [4.5] flux measurements.

3.2. UV Continuum Slopes and Balmer Breaks

In order to investigate the origin of red UV contin-
uum slopes β in brighter galaxies, we study the relation
between β and the J125 − [4.5] color of z ∼ 4 galaxies,
which effectively compares the reddening in the UV with
the Balmer break.
As shown in Figure 3, there is a clear and relatively

tight relation between the UV slope β and the J125 −

[4.5] color, with UV redder galaxies showing redder colors
across their Balmer break. The relation is well-fit by the
linear relation:

J125 − [4.5] = (0.64± 0.03)× β + (1.72± 0.04) (1)

where we have included all galaxies with J125 detections
> 5σ, irrespective of their [4.5] detection significance.
Excluding sources with non-detections in the IRAC [4.5]
band results in a relation with an identical slope, but
with a slightly redder zeropoint (1.86±0.04).
For sources with β < −1.5, the color dispersion per-

pendicular to the dust reddening is only 0.4 mag, which
increases to 0.5− 0.6 mag for redder sources. These dis-
persions are most likely explained by a variation in stellar
population ages as indicated by the age vector in Figure
3 (see also Section 3.4).
Interestingly, a Calzetti et al. (2000) dust curve would

lead to a steeper relation than what is seen in the data.

4.8

Rest-frame optical view reveals that z~4 galaxy population is more diverse 
than what is inferred from UV-based analyses.
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IRAC data is crucial for working toward a self-consistent picture of star-
formation and stellar mass build-up in high redshift galaxies!

rest-optical binnedrest-UV binned
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The (IR) Future is Bright: SEDS + S-CANDELS

! All HST CANDELS fields are now covered with 50h IRAC data (~26.8 mag)
! very large samples of LBGs from HST: ~10’000 z>=4 sources
! individually detect L* galaxies in rest-optical out to z~8 (~1e9 Msol)

31

COSMOS

EGS

UDS

➡ MFs, duty cycles, etc..
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Summary

32

! WFC3/IR has opened up the window to very efficient studies of z>6.5 galaxies: by 
now, we have identified >300 galaxy candidates at these redshifts; 3 at z~10.

! The XDF/HUDF12 data allowed for searches of z~9-11 LBGs, resulting in smaller 
numbers of candidates than expected from monotonic evolution of the UV LF across 
z=8 to z=4.  Galaxy SFRD increases by ~1 order of mag in 170 Myr from z~10 to z~8.
➡ Accelerated evolution is most likely explained by growing DM halo MF.

! Combination of very deep HST and IRAC data allows for rest-frame optical 
detection of individual galaxies out to z~8, and MF determinations starting from only 
750 Myr after the Big Bang. 

! Rest-frame optical data from IRAC is crucial for self-consistent picture of star-
formation and stellar mass build-up (z~4 UV binned SEDs are very different from 
9000 Å binned ones: increase in dust extinction in high mass galaxies).

! Great prospects for high-z frontier before JWST based on deep IRAC S-
CANDELS data (MFs, SF duty cycle, etc..) + Hubble Frontier Fields (SFRD evolution to 
z~10, UV continuum slopes, etc..)


