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When and how did the first galaxies form?
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Large Archive of Deep HST Datasets 

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

! Total of ~730 arcmin2 

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

HUDF

GOODS-S

HUDF-2

HUDF-1

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

PI: Labbé

ACS WFC3/IR IRAC 

0 2 4 6 8 10
ï0.5

0

0.5

1

1.5

2
SSP 1Gyr
Sbc
Scd
Irr

SF dustïfree
SF E(BïV)=0.15

z

J 12
5ï

H
16

0

J125ïH160>1.2

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

! Deepest data available over HUDF09/
GOODS-S

! IRAC crucial for
! stellar mass estimates 
! excluding contaminants
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Power of combining HST and Spitzer to explore most distant galaxies

Sample of 4 Bright z~9-10 Galaxy Candidates

NASA and ESA STScI-PRC14-05a
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Sample of Bright z~9-10 Galaxies in GOODS

6

H=26.0

H=26.8

H=26.8

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

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

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

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

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

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

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

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

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

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

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

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

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

Filter GS-z10-1 GS-z9-1

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

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

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

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

APPENDIX B

IRAC Neighbor Subtraction

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

Photometric Redshift Estimates: 
z~9.2-10.2

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

Constraints on Masses: ~109 M�

and Ages: 100-300 Myr

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

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

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

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

GN−z10−1

GN−z10−1 (simulated)

Wavelength µm
1.1 1.2 1.3 1.4 1.5 1.6

GN−z10−2

GN−z10−2 (simulated)

Wavelength µm
1.1 1.2 1.3 1.4 1.5 1.6

GN−z9−1

GN−z9−1 (simulated)

Wavelength µm
1.1 1.2 1.3 1.4 1.5 1.6

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

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

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

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

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

3.3.2. Constraints from HST Grism Data

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

Oesch+14a



0 2 4 6 8 10

4

5

6

7

8

9

Redshift

lo
g 
l * [M

   M
pc

ï3
]

!

50%

10%

1%

0.1%

10 5 2 1 0.7 0.5
Time [Gyr]

P. Oesch, YCAA Fellow, YaleSintra, March 2015

Stellar Mass Density Evolution to z~10

8

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

Oesch+14a

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

Are witnessing the assembly of the first 0.1% of local stellar mass density!

from Marchesini+09 from Stark+12

+
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Pushing Spitzer/IRAC to the Edge of the Universe

9

IUDF10 PI: Labbé
IGOODS PI: Oesch

Small area already has 180-220 hour IRAC exposure times (27.2 mag; 3σ)!
These images are being released through our survey webpage and through IRSA.

Labbe et al. 2015, submitted
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Individually Detected z~7-8 Sources
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200 hour IRAC data probes peak 
of mass density at z~8

Enables next steps forward with individual detections to probe 
dispersion in known relations (e.g., SFR-Mass)

New 733 hour program this cycle (PI: Labbe): GREATS
GOODS Re−ionization Era wide−Area Treasury from Spitzer
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SFRD Evolution at z>8
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All current estimates seem to indicate that the cosmic SFRD 
evolves more rapidly at z>8 than at lower redshift!

see also, e.g.: Zheng+12, Coe+13, Bouwens+13/14, Ellis+13, McLure+13, Ishigaki+14, McLeod+14

Oesch+14b
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SFRD Evolution at z>8
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Combining the current constraints from all datasets: 
very rapid evolution in the cosmic SFRD at z>8 (factor ~10x in 170 Myr).

(1+z)-3.6

(1+z) -10.9Average of observational data
XDF/HUDF12+CANDELS/GOODS
+CLASH+HFF/A2744
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SFRD Evolution at z>8
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Drop in SFRD is in good agreement with several model predictions. 
Imprint of underlying DM halo MF.

(abundance matching)
(SAM)
(hydro sim: Arepo)
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Next Steps at z~9-10

! Hubble Frontier Fields

14

HST Frontier Fields

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

MACSJ1149.5+2223. Abell370 RXCJ2248-4431

➔ see talks by Hakim Atek, Derek McLeod, 
    Ryota Kawamata, Masafumi Ishigaki, 
    and others..

! Our follow-up program of CANDELS-WIDE 
z~9-10 galaxy candidates (PI: Bouwens)
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Spectroscopic Follow-up of Luminous Sources
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Search over CANDELS-WIDE for z~8 galaxy candidates revealed three 
remarkably bright sources with H = 25 mag

All of these show extremely red IRAC colors, indicating strong rest-frame 
optical emission lines dominating the IRAC flux at 4.5 μm
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The Most Distant Confirmed Source
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A 2x2hr MOSFIRE exposure in two masks revealed a significant emission line in both. 
Combined line shows asymmetric profile as expected for Lyα at high redshift.

A handful of confirmed redshifts exist now at z>7.0 
(e.g. Ono et al. 2012, Finkelstein et al. 2013, Oesch et al. 2015, Watson et al. 2015)
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Grism Continuum Redshift at z~10?
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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 z

lowz

= 2.1 shown in Fig 1. The gray lines represent the 1D spectra
extracted across 0.0036 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 H

160

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 e�ciently 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 a↵ected 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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Upcoming HST spectra 
end of March 2015

simulated data

(GO 13871, PI Oesch)

see also: Coe et al. in prep for similar program for z~10.7 source
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! Combination of very deep HST and Spitzer/IRAC imaging is very efficient 
allowing us to measure rest-frame optical colors and stellar mass build-up 
even out to z~10 

! First detections of z~10 galaxies with Spitzer IRAC show these galaxies are 
not primordial (onset of SF at z~12-15), and galaxy mass density at z~10 is 
<0.1% of today

! GREATS will cover two GOODS fields, pushing IRAC exposure times to 200 
hours in both 3.6 and 4.5 μm filters, enabling individual detections of z~8 
galaxies down to the limit of HST

! Spectroscopic confirmations of z>~7 galaxies are slowly being assembled, 
we confirmed likely the brightest z~8 candidate in all CANDELS fields


