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Major Goal of JWST
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The End of the Dark Ages:  
First Light & Reionization

Where do we stand now with HST?
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Our Multi-Wavelength Study of Early Galaxies
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First ALMA Constraints on LBG Dust Reemission
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Early observations of z~5.5 
galaxies reveals only small fraction 
of detected sources.  

>5x lower LIR for bulk of observed 
galaxies than expected from z~0 
relation.
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Much less emission in ALMA than expected at z>5!

Less dust than we thought from UV slopes?

See also: Capak+15, Bouwens+16, Dunlop+16, Scoville+16

SMC dust



P. Oesch, Observatoire UniGEParis, June 2017

First ALMA Constraints on LBG Dust Reemission

5

z=2.5-3.5logM>10

It turns out that massive z~3 
galaxies still lie on (or above) the 
local relation!

Several assumptions that go into 
this: Dust temperature, IRX-
Mass relation.

6 Fudamoto et al.

Figure 4. IRX-�UV and IRX–M⇤ diagrams at z = 3 � 6 utilising ancillary datasets from Scoville et al. (2016); Capak et al. (2015);
Barisic et al. (2017). Individual detections and 3� upper limits are shown at at z ⇠ 3–4 (blue circles and magenta arrows; this work),
z ⇠ 4–5 (green diamonds, Scoville et al. 2016), and z ⇠ 5–6 (red squares, from Capak et al. 2015; Barisic et al. 2017). Left panel:
IRX-�UV diagram combining data at z ⇠ 3–6. Lines show the IRX-�UV relation of local starburst galaxies (solid, Meurer et al. 1999), and
an SMC like extinction curve (dotted). For z ⇠ 5 � 6 samples, we plot all data points including the measurements of individual clumps
(empty red squares) as well as integrated values (filled red squares; see Barisic et al. 2017). Right panel: IRX-M⇤ diagram of the same
samples. Lines show stacking analyses of LBGs at z ⇠ 3 (dotted line; Álvarez-Márquez et al. 2016), UV selected galaxies at z ⇠ 3 (dashed
line; Heinis et al. 2014), z ⇠ 2� 3 galaxies in the HUDF (dot-dashed line; Bouwens et al. 2016), and best-fit results to our data at z ⇠ 3.2
(solid line). These figures suggest the existence of a significant redshift evolution of the IRX-�UV relation between z ⇠ 3 and z ⇠ 6 even
when the IRX–M⇤ correlation is taken into account.

lation, agreeingIn Fig. 4 right we analyzethe M99 relation
and our results (see Fig. 3). This clearly demonstrates the
importance of comparing mass-matched galaxy samples.

In Fig. 4 right we analyze the IRX–M⇤ relation of our
sample. Although the dynamic range in mass is small, there
is generally a correlation with a slope that is consistent with
previous studies. However, our targets show lower IRX val-
ues than previous studies at fixed M⇤. We note that this
could potentially be due to di↵erent �UV distributions, in
particular the lack of redder objects in our sample (i.e., with
�UV > �0.5).

We quantify the o↵set by fitting for the normalisation
but keeping the slope fixed to the one found in Heinis et al.
(2013). This results in a best-fit IRX–M⇤ relation following:

log(IRX) = 0.72 [log(M⇤) � 10.35] + 1.08

The o↵set in normalisation relative to Heinis et al. (2013) is
thus 0.24 dex. A similar o↵set is found relative to the IRX–
M⇤ relation from Álvarez-Márquez et al. (2016).

Interestingly, the sub-sample of our ALMA non-
detections shows an even larger o↵set to lower IRX values
compared to previous studies when we consider the location
of their median stacked IRX. This suggests that there is
also a significant scatter around the mean IRX–M⇤ relation
at z & 3. In Reddy et al. (2010), the authors discussed the
IRX–M⇤ relation of z ⇠ 2 UV selected star forming galaxies,
and estimated a scatter in the relation of ⇠ 0.46 dex about
a linear fit. Consistent with this, our result suggests that

individual galaxies indeed can span a ⇠ 0.5 dex range in IRX
values at z ⇠ 3 around the IRX–�UV relation. Such a large
dispersion will result in large uncertainties on the inferred
dust corrections of UV-based SFRs of individual galaxies,
and it will be crucial to search for correlations with other
physical parameters in an attempt to decrease these disper-
sions in the future with larger samples.

4.4 The Evolution of IRX–�UV Beyond z = 3

Our finding that the IRX–�UV relation at z ⇠ 3.2 is consis-
tent with the local M99 relation is in contrast to some recent
results on high redshift galaxies.

For instance, Capak et al. (2015) find that their sam-
ple of z ⇠ 5.5 galaxies generally lies ⇠ 1 dex below the M99
relation (see also Barisic et al. 2017). Similarly, Bouwens
et al. (2016) find that the z > 4 IRX–�UV relation lies be-
low the M99 relation based on a stacking analysis of Lyman
Break Galaxies (LBGs) in the ASPECS data over the Hub-
ble Ultra-Deep Field.

To investigate this evolution further, we compare our
z ⇠ 3.2 galaxies with the z ⇠ 4 � 5 sample from Scoville
et al. (2016) and with the z ⇠ 5.5 galaxies from Capak et al.
(2015); Barisic et al. (2017) in Fig. 4. While the z > 4 sample
is currently very small, we see tentative evidence for an evo-
lutionary trend at z > 3. Between z ⇠ 3–6, the median IRX
gradually drops by & 1 dex, and a large fraction of the z � 4

MNRAS 000, 1–8 (2017)
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Fudamoto+17 arXiv: 1705.01559 

See Yoshi’s poster outside!
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Probing the Frontier of Galaxies 
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agree reasonably well with the measurements inferred from the UV slope or from SED

fitting. At z > 2, the FIR/FUV estimates have large uncertainties due to the similarly
large uncertainties required to extrapolate the observed FIR luminosity functions to a total

luminosity density. The values are larger than those for the UV-selected surveys, particu-

larly when compared to the UV values extrapolated to very faint luminosities. While it is
plausible that galaxies with lower star formation rates may have reduced extinction, it is

also likely that purely UV-selected samples at high redshift are biased against dusty star-

forming galaxies. As we have noted earlier, there is not yet a robust census for star-forming
galaxies at z ≫ 2 selected on the basis of dust emission alone, due to the sensitivity limits

of past and present far-infrared and submillimeter observatories, and the total amount of
star formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from far-ultraviolet (top right panel), infrared (bottom
right panel), and FUV+IR (left panel) rest-frame measurements. The data points with symbols are given
in Table 1. All UV luminosities have been converted to instantaneous star formation rate densities using
the factor KFUV = 1.15 × 10−28 (see eq. 10), valid for a Salpeter IMF. Far-infrared luminosities (8–
1000µm) have been converted to instantaneous star formation rates using the factor KIR = 4.5 × 10−44

(see eq. 11), also valid for a Salpeter IMF. The best-fit star formation rate density in equation (15) is
plotted in the three panels with the solid curve.

Figure 9 shows the history of cosmic star formation from UV and IR data following the

above prescriptions, together with the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙ yr−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic star

formation history: a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing

and peaking at some point probably between z = 2 and 1.5, when the universe was about
3.5 Gyr old, followed by a gradual decline to the present day, roughly as ψ(z) ∝ (1 + z)2.7.

Cosmic Star Formation History 49

Madau & Dickinson 2014

z=10



3 4 5 6 7 8 9 10 11 12 13
−4.5

−4

−3.5

−3

−2.5

−2

−1.5

−1

Redshift

lo
g 

S
F

R
 D

en
si

ty
 [

M
  /

yr
/M

pc
3 ]

⊙

> 0.7 M  /yr⊙

GOODS−N/S + HUDF09/XDF + CLASH

∝(1+z)−3.6

∝(1+z) −10.9

2 1.4 1 0.8 0.6 0.5 0.4

Time [Gyr]

P. Oesch, Observatoire UniGEParis, June 2017

The Star-Formation Rate Density at z~10?
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see also: Zheng+12, Coe+13, Bouwens+13/15, Ellis+13, McLure+13, Ishigaki+14

The z = 9 galaxy population 11

Figure 9. The evolution of the UV luminosity density, ⇢
UV

, and hence
inferred star-formation rate density, ⇢

SFR

, at z > 5, including our new
measurements at z = 9 and z = 10. At z = 9 and z = 10, the results of
several other recent studies are also plotted - open circles, filled circles, open
triangles, filled triangles and open squares correspond to results from Ellis
et al. (2013), Oesch et al. (2014, 2015), McLure et al. (2013), Ishigaki et
al. (2015) and Bouwens et al. (2015) respectively. Our measurements come
from integrating the luminosity-weighted Schechter function LFs presented
in Fig. 8 down to M1500 = �17.7, to facilitate straightforward compari-
son with the other results from the literature. The secondary y-axis gives the
star-formation rate density, ⇢

SFR

, which is derived from ⇢
UV

assuming
the conversion of Madau, Pozetti and Dickinson (1998) with a Salpeter IMF.
Given that our new estimate of ⇢

UV

at z ' 9 is so similar to that of McLeod
et al. (2015), we have not re-plotted our earlier result. Overplotted in grey is
the power-law function ⇢

UV

/ (1 + z)�3.6 which is one possible simple
extrapolation of ⇢

UV

beyond z > 6, and the steeper evolution following
⇢
UV

/ (1+z)�10.9, as both proposed by Oesch et al. (2014). As our data
points do not conform to either of these extreme alternatives, we investi-
gated what power-law index would give the best fit, or whether a linear fit to
the data would fare better. As shown by the red line, we find that a linear re-
lation of the form log10(⇢UV

) = �0.211(±0.028)z+27.273(±0.193)

provides a good fit to our new estimates of ⇢
UV

, and is also in agreement
with the z = 10 luminosity density of Oesch et al. (2015). An alternative is
a power-law of the form ⇢

UV

/ (1+ z)�5.8 which is also consistent with
our new estimates (not shown).

It is clear from Fig. 9 that our new determinations lie between
the two extreme alternative extrapolations of the evolution of ⇢

SFR

beyond z ' 8 discussed by Oesch et al. (2014). Instead, our new re-
sults provide further support for the smooth decline of ⇢

UV

to high
redshifts as deduced by McLeod et al. (2015), which can be reason-
ably described via a linear relation between log10 ⇢UV

and z. With
our new expanded dataset, the best fitting linear relation at z � 6

is given by log10(⇢UV

) = �0.211(±0.028)z + 27.273(±0.193),
and this is plotted as the red line in Fig. 9. Alternatively, if one
wants to adopt a power-law relation in (1 + z), then we find that
/ (1 + z)�5.8 also provides a good description of the decline in
⇢
UV

beyond z ' 8.
Finally, it is interesting to compare our new observational es-

timate of the high-redshift evolution of ⇢
UV

with the predictions of
recently-published models of galaxy evolution.

Figure 10. Our new measurement of the evolution of the UV luminosity
density (⇢

UV

) and inferred star-formation rate density (⇢
SFR

) at z > 5,
compared with the predictions of a range of models and simulations from
the literature. The model predictions are as follows: the Illustris hydro-sim
(Genel et al. 2014, green curve), Khochfar et al., in preparation, hydro-
sim (purple curve), Behroozi & Silk (2015) analytic model (orange curve)
and the semi-analytic models from Munich (Henriques et al. 2015) (red
curve), Cai et al. (2014) (light blue curve), Dayal et al. (2015) (dark blue
curve) and Mason et al. (2015) (yellow curve). Both the Illustris and Munich
models under-predict the high-redshift luminosity density; this discrepancy
is already clear by z ' 8 and is simply confirmed by our new results at
z ' 9 and z ' 10. By contrast, most of the simple models which basically
apply scaling relations to map the underlying halo mass function onto the
UV LF deliver predictions in reasonably good agreement with our results.

Our data-points are plotted against the predictions of seven
such models in Fig. 10. It is important to acknowledge that some of
these predictions are at least partly based on hydrodynamic simu-
lations, while others are semi-analytic models, some of which have
been effectively tuned to reproduce the UV LF at moderately high
redshift (e.g. z ' 6). Thus, in a sense, this comparison is not com-
pletely fair, and cannot be simply regarded as specifically favouring
one form of model over another. Nevertheless, some important gen-
eral trends can be deduced. In particular, the Illustris (Genel et al.
2014) and Munich (Henriques et al. 2015) models, while clearly ca-
pable of reproducing many (often quite complex) aspects of galaxy
evolution, both clearly under-predict ⇢

UV

at redshifts higher than
z ' 7. We stress that this discrepancy is already clear by z ' 8

(where the measured value of ⇢
UV

is well established) and is sim-
ply confirmed and strengthened by our new results at z ' 9 and
z ' 10. The challenge, then, for such models is to be able to pro-
duce star-formation activity which extends to higher redshifts than
currently predicted. Indeed, the only model shown here that sys-
tematically over-predicts ⇢

UV

is that of Behroozi & Silk (2015).
We note that the over-prediction of raw observed ⇢

UV

at redshifts
z ' 5� 6 by the Illustris and Khochfar et al. simulations is not re-
ally a fundamental problem, as both of these models do not include
the impact of dust obscuration.

Although the Khochfar et al. simulation produces more star-
formation rate density at higher redshift than either the Illustris or

c� 0000 RAS, MNRAS 000, 000–000

vs

Oesch+14 McLoed+16

Unlike at lower redshift, SFRD at z~10 is still quite debated.  
Until now…
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Combined HST Dataset for z~10 Search - CANDELS
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The Astrophysical Journal, 786:108 (19pp), 2014 May 10 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-z9-1a GSDJ-2320550417 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 the luminosity from lower luminosity sources
as indicated by the faintest candidate in the XDF (and by the
steep slopes found at slightly later times at z ∼ 7–8).

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

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

Filter GS-z10-1 GS-z9-1

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

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

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

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

APPENDIX B

IRAC NEIGHBOR SUBTRACTION

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

17

GS-z10-1

H=26.9

The Astrophysical Journal, 786:108 (19pp), 2014 May 10 Oesch et al.

Figure 2. 6′′ × 6′′ images of the four z ! 9 galaxy candidates identified in the CANDELS GOODS-N data. From left to right, the images show a stack of all optical
bands, Y105, J125, JH140, H160, MOIRCS K, and neighbor-subtracted IRAC 3.6 µm and 4.5 µm images. The stamps are sorted from high to lower photometric redshift
from SED fits (indicated in the lower left; see also Table 2). The IRAC neighbor-subtraction works well for all sources except for GN-z10-2, where the nearby
foreground source is too bright, and clear residuals are visible at the location of the candidate. Only IRAC upper limits are therefore included for this source in the
following analysis. Clearly, all other sources show significant (>4.5σ ) detections in the 4.5 µm channel. The brightest source (GN-z10-1) is also detected at 6.9σ
in the 3.6 µm channel. With the exception of the brightest candidate, which is weakly detected in the K-band (at 2σ ), the MOIRCS K-band data provide only upper
limits.
(A color version of this figure is available in the online journal.)

Table 2
Coordinates and Basic Photometry of z > 9 LBG Candidates in the GOODS-N Field

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

GN-z10-1 GNDJ-625464314 12:36:25.46 +62:14:31.4 25.95 ± 0.07 >2.4 −0.2 ± 0.2 10.2 ± 0.4
GN-z10-2 GNDJ-722744224 12:37:22.74 +62:14:22.4 26.81 ± 0.14 >1.7 (<1.5)b 9.9 ± 0.3
GN-z10-3 GNWJ-604094296 12:36:04.09 +62:14:29.6 26.76 ± 0.15 1.2 ± 0.5 0.3 ± 0.3 9.5 ± 0.4

GN-z9-1 GNDJ-652258424c 12:36:52.25 +62:18:42.4 26.62 ± 0.14 0.9 ± 0.3 0.5 ± 0.3 9.2 ± 0.3

Notes. Color limits are 2σ . The numbers in the source IDs are a combination of the last 5 digits of the R.A. and the last 4 digits of the declination,
which results in a unique name for all sources in the GOODS-N field.
a Photometric redshifts listed here are derived with ZEBRA. The EAZY code and template set returns consistent redshifts within ∆z = 0.1.
b 3σ upper limit due to uncertainties in the neighbor flux subtraction.
c The source GN-z9-1 does not satisfy the criterion J125 − H160 > 1.2 and is therefore not included in our analysis of the UV LF and SFRD
evolution at z > 8 in Section 4, for which we combine data from several previous analyses which used that stricter criterion. Nonetheless, this
is considered to be a robust detection of a z ∼ 9 candidate galaxy. It is excluded from the analysis only because of our intent to use consistent
selection criteria for the overall sample analysis.

brightest source is detected at 2σ in the ground-based K-band
data.

Neighbor-subtraction was applied to the IRAC data of all
four z ! 9 galaxy candidates. The resulting cleaned IRAC
images are shown in the two right-hand columns of Figure 2.
As can be seen, three of these sources are detected in at least
one IRAC band. For source GN-z10-2, the residuals of the
bright foreground neighbor are still visible, and its IRAC flux
measurements are therefore highly uncertain. In order to provide
some photometric constraints for this source from IRAC, we
use conservative upper limits based on the RMS fluctuations
in the residual image at the position of the bright foreground
source. All flux measurements for these sources, together with
the uncertainties are listed in Table 3.

3.2. Photometric Redshift Analysis

Figure 3 shows the SED fits to the fluxes of the four
high-redshift galaxy candidates. These are derived with the

photometric redshift code ZEBRA (Feldmann et al. 2006; Oesch
et al. 2010b) using a large library of stellar population synthesis
template models based on the library of Bruzual & Charlot
(2003). Additionally, we added nebular line and continuum
emission to these template SEDs in a self-consistent manner,
i.e., by converting ionizing photons to H and He recombination
lines (see also, e.g., Schaerer & de Barros 2009). Emission lines
of other elements were added based on line ratios relative to
Hβ tabulated by Anders & Fritze-v. Alvensleben (2003). The
template library adopted for the SED analysis is based on both
constant and exponentially declining star-formation histories
of varying star-formation timescales (τ = 108 to 1010 yr). All
models assume a Chabrier initial mass function and a metallicity
of 0.5 Z⊙, and the ages range from t = 10 Myr to 13 Gyr.
However, only SEDs with ages less than the age of the universe
at a given redshift are allowed in the fit. Dust extinction is
modeled following Calzetti et al. (2000).

As is evident in Figure 3, all candidates have a best-
fit photometric redshift at z " 9 with uncertainties of

5

GN-z11

H=26.0
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None! 
(Bouwens+16)
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Fig. 3.— HST + Spitzer/IRAC images for 5 candidate z ∼ 9-10 galaxies which were confirmed as probable z ≥ 9 galaxies (or partially
confirmed in the case of EGS910-2) using HST follow-up observations with our z9-CANDELS program. Fits to the SEDs of these sources
and the estimated redshift likelihood distributions are presented in Figure 4.

TABLE 4
Photometrically-Confirmed z ∼ 9-10 Galaxies over the CANDELS Fields

ID R.A. Dec H160,AB zphotb P(z > 8) Refa

z ∼ 9 Sample
Two-Part Search Strategy (Preselection + Follow-up: §3, §4):
COS910-1 10:00:30.34 02:23:01.6 26.4±0.2 9.0+0.4

−0.5 0.99

EGS910-0 14:20:23.47 53:01:30.5 26.2±0.1 9.1+0.3
−0.4 0.92

EGS910-3 14:19:45.28 52:54:42.5 26.4±0.2 9.0+0.5
−0.7 0.97

UDS910-1c 02:17:21.96 −05:08:14.7 26.6±0.2 8.6+0.6
−0.5 0.74

Direct Search Strategy for z ≥ 8.4 Galaxies (§5):
GS-z9-1 03:32:32.05 −27:50:41.7 26.6±0.2 9.3±0.5 0.9992 [1], [2]
GS-z9-2 03:32:37.79 −27:42:34.4 26.9 8.9+0.3

−0.3 0.83 [2]

GS-z9-3 03:32:34.99 −27:49:21.6 26.9 8.8+0.3
−0.3 0.95 [2], [3]

GS-z9-4 03:33:07.58 −27:50:55.0 26.8 8.4+0.2
−0.3 0.97 [2], [3]

GS-z9-5 03:32:39.96 −27:42:01.9 26.4 8.7+0.8
−0.7 0.55 [2]

GN-z9-1 12:36:52.25 62:18:42.4 26.6±0.1 9.2±0.3 >0.9999 [1], [2]

z ∼ 10 Sample
Two-Part Search Strategy (Preselection + Follow-up: §3, §4):

EGS910-2c 14:20:44.31 52:58:54.4 26.7±0.2 9.6+0.5
−0.5 0.71

Direct Search Strategy for z ≥ 8.4 Galaxies (§5):
GN-z10-1d 12:36:25.46 62:14:31.4 26.0±0.1 11.1±0.1 >0.9999 [1], [2], [4], [5]
GN-z10-2 12:37:22.74 62:14:22.4 26.8±0.1 9.9±0.3 0.9994 [1], [2]
GN-z10-3 12:36:04.09 62:14:29.6 26.8±0.2 9.5±0.4 0.9981 [1], [2]
GS-z10-1 03:32:26.97 −27:46:28.3 26.9±0.2 9.9±0.5 0.9988 [1], [2]

a References: [1] Oesch et al. 2014, [2] Bouwens et al. 2015, [3] McLure et al. 2013, [4] Oesch et al. 2016, [5] Bouwens et al. 2010
b 1σ uncertainties are computed based on the z > 4 likelihood distributions.
c This candidate could only be partially confirmed, given the limited orbit allocation to our HST program.
d This source is now spectroscopically confirmed to lie at z = 11.1 (Oesch et al. 2016), but broadly lies within our z ∼ 10 selection window.

EGS910-2

H=26.7 P=70%

Five J-dropout candidates 
identified in CANDELS fields
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Combined HST Dataset for z~10 Search - HFF
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Fig. 1.— Stamps of z ⇠ 10 galaxy candidates in the six Frontier Field clusters.
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Fig. 1.— Stamps of z ⇠ 10 galaxy candidates in the six Frontier Field clusters.

Preliminary

HFF z~10 candidates:
4 in clusters (one double image)
4 in parallel fields

All prime HST fields combined: 
at most 13 z~10 galaxy candidates

Oesch+17, in prep

*

* *

*Still under investigation: potential contaminants
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z~10 LF from Combined HST Fields
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Including HFF, now have a reliable estimate of the UV LF at z~10
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Evolution of the SFRD to z>8

18

agree reasonably well with the measurements inferred from the UV slope or from SED

fitting. At z > 2, the FIR/FUV estimates have large uncertainties due to the similarly
large uncertainties required to extrapolate the observed FIR luminosity functions to a total

luminosity density. The values are larger than those for the UV-selected surveys, particu-

larly when compared to the UV values extrapolated to very faint luminosities. While it is
plausible that galaxies with lower star formation rates may have reduced extinction, it is

also likely that purely UV-selected samples at high redshift are biased against dusty star-

forming galaxies. As we have noted earlier, there is not yet a robust census for star-forming
galaxies at z ≫ 2 selected on the basis of dust emission alone, due to the sensitivity limits

of past and present far-infrared and submillimeter observatories, and the total amount of
star formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from far-ultraviolet (top right panel), infrared (bottom
right panel), and FUV+IR (left panel) rest-frame measurements. The data points with symbols are given
in Table 1. All UV luminosities have been converted to instantaneous star formation rate densities using
the factor KFUV = 1.15 × 10−28 (see eq. 10), valid for a Salpeter IMF. Far-infrared luminosities (8–
1000µm) have been converted to instantaneous star formation rates using the factor KIR = 4.5 × 10−44

(see eq. 11), also valid for a Salpeter IMF. The best-fit star formation rate density in equation (15) is
plotted in the three panels with the solid curve.

Figure 9 shows the history of cosmic star formation from UV and IR data following the

above prescriptions, together with the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙ yr−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic star

formation history: a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing

and peaking at some point probably between z = 2 and 1.5, when the universe was about
3.5 Gyr old, followed by a gradual decline to the present day, roughly as ψ(z) ∝ (1 + z)2.7.

Cosmic Star Formation History 49



0.40.60.811.21.41.61.8
Time [Gyr]

10-5

10-4

10-3

10-2

N
um

be
r D

en
si

ty
 [m

ag
-1

M
pc

-3
]

MUV = -20

MUV = -18

P. Oesch, Observatoire UniGEParis, June 2017 19

Galaxies are building up extremely rapidly across z~8 to z~4 
With HST, we are already approaching cosmic dawn

Build-up of High-z Galaxies

z=5

z=8

z=10
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UV LF Model Comparison

20

−22 −21 −20 −19 −18 −17
10−7

10−6

10−5

10−4

10−3

10−2

MUV

lo
g 
q 

[m
ag

−1
M

pc
−3

]
 

 

BlueTides
Meraxes
Dayal
CoDa
Croc
Behroozi

−22 −21 −20 −19 −18 −17
10−7

10−6

10−5

10−4

10−3

10−2

−22 −21 −20 −19 −18 −17
10−7

10−6

10−5

10−4

10−3

10−2

MUV

lo
g 
q 

[m
ag

−1
M

pc
−3

]

 

 

Mashian
Mason
Trac
Sun
Cai

−22 −21 −20 −19 −18 −17
10−7

10−6

10−5

10−4

10−3

10−2

z~10

Comparison to Models and Simulations

Data
Best-Fit

Can now compare to lots of simulated UV LFs.

Oesch+17, in prep

Observed UV LF at the low end of what is predicted by models.
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Model SFRD at z>8

21

see also: Zheng+12, Coe+13, Bouwens+13/15, Ellis+13, McLure+13, Ishigaki+14

Models predict similarly rapid evolution, but most higher SFRD at z~10 than observed.

~30x
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Implications for JWST Surveys

22

fraction is uniformly distributed between f 0.1 0.3esc –� (Ouchi
et al. 2009), and we use a uniform distribution between
C = 1–6 for the clumping factor. Finally we model ξion as a
log-normal distribution with mean log 25.2ionY � and standard
deviation 0.15 dex, which was the range obtained by Robertson
et al. (2013) using the standard Bruzual & Charlot (2003)
models and measurements of the UV spectral slope by Dunlop
et al. (2012). We assume an IGM temperature of 20,000 K.

Once the reionization history, Q(z), is known, an important
constraint is to compare the electron scattering optical depth
with that inferred from cosmic microwave background
observations. The Planck Collaboration et al. (2015) reported
a reionization value of τ = 0.066 ± 0.012, consistent with
instantaneous reionization at z 8.8 .1.1

1.2� �
� The optical depth as a

function redshift is

z n z Q z
c

H z
dz1 9

z

T e
0

2( ) ( ) ( ) ( )
( )¨U T� � a a

a
a

where c is the speed of light, σT is the Thomson scattering cross
section and H(z) is the Hubble parameter.

Figure 12 shows the reionization history: the ionized
hydrogen fraction as a function of redshift, obtained by solving
Equation (6) with our model luminosity density, sampling the

distributions of input parameters. Figure 13 shows the electron
scattering optical depth as a function of redshift. For the LF
magnitude limit M 17,AB � � reionization is complete (Q = 1)
by z 6.86 ,reion 0.66

0.32� �
� with z 0.042 .reion 0.002

0.008( )U � �
� For the LF

magnitude limit M 12,AB � � reionization is complete by
z 7.84 ,reion 0.98

0.65� �
� with z 0.056 .reion 0.010

0.007( )U � �
�

The fainter magnitude limit, corresponding to atomic cooling
halos of mass M M10 ,h

9_ : is fully consistent with the Planck
results, considering the uncertainty in the reionization model
parameters. This calculation shows that ultrafaint galaxies can
in principle provide enough photons to fully reionize the
universe by z ∼ 6 to match observations of the Lyα forest (Fan
et al. 2006). Both magnitude limits are broadly consistent with
a range of constraints from observations, within the reioniza-
tion model uncertainty: UV luminosity densities (Finkelstein
et al. 2012) for observable galaxies; quasar near zones
(Venemans et al. 2015); quasar spectra damping wings
(Schroeder et al. 2013); GRB spectra damping wings

Table 2
Predicted Number Counts for Example JWST and WFIRST Surveys

Redshift Dropout Filter UD (mlim = 32.0) MD (mlim = 30.6) WF (mlim = 29.3) WFIRST (mlim = 26.5)
∼40 arcmin2 ∼400 arcmin2 ∼4000 arcmin2 ∼2000 deg2

z ∼ 8 F115W 197 92
104

�
� 548 225

259
�
� 1335 503

595
�
� 61370 22029

27995
�
�

z ∼ 10 F115W 30 17
21

�
� 52 26

33
�
� 102 48

64
�
� 1026 473

701
�
�

z ∼ 12 F150W 6 4
5

�
� 10 6

8
�
� 13 7

10
�
� 47 25

41
�
�

z ∼ 14 F150W 0.3 0.2
0.4

�
� 0.4 0.2

0.4
�
� 0.4 0.3

0.4
�
� 0.4 0.2

0.4
�
�

z ∼ 16 F200W 0 0 0 0

Note. Limiting magnitudes for a 8σ detection estimated with the JWST Exposure Time Calculator and WFIRSTHLS. The mock surveys are described in Section 3.3.
These estimates include the boost from gravitational lensing magnification bias in blank fields (Wyithe et al. 2011; Mason et al. 2015).

Figure 11. Predicted number counts of galaxies brighter than apparent
magnitude mUV (rest-frame UV) per square degree for a range of redshifts
based on our model LFs. We plot the cumulative number counts including the
boost from gravitational lensing magnification bias (Wyithe et al. 2011; Mason
et al. 2015) as solid lines, and without the magnification bias effect (dashed
lines). We plot the estimated coverage of future surveys as shaded regions: 3
mock JWST surveys detailed in Section 3.3 and the WFIRST High-latitude
Survey (Spergel et al. 2015). The calculated number counts are given in
Table 2.

Figure 12. Fraction of ionized hydrogen as a function of redshift, obtained by
solving Equation (6) with our model luminosity density. We plot our results
from integrating the model UV LFs to two magnitude limits of M 17AB � �
(green) and M 12AB � � (purple), with 1σ confidence regions as shaded
regions. We also plot constraints derived from observations of: Lyα emission
from galaxies (open circles, Ouchi et al. 2010; Faisst et al. 2014; Pentericci
et al. 2014; Schenker et al. 2014; Tilvi et al. 2014); the Lyα forest (filled
circles, Fan et al. 2006); the clustering of Lyα emitting galaxies (square, Ouchi
et al. 2010); GRB spectra damping wings (diamond, McQuinn et al. 2008);
dark gaps in the Lyα forest (upper triangles, McGreer et al. 2015); quasar near
zones (star, Venemans et al. 2015); and quasar spectra damping wings (lower
triangle, Schroeder et al. 2013). We also plot the Planck Collaboration et al.
(2015) redshift of instantaneous reionization. We note that the conversion from
the Lyα escape fraction to the global ionized hydrogen fraction is uncertain and
relies on several model assumptions (Mesinger et al. 2015).

8
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2106 N. Mashian, P. A. Oesch and A. Loeb

Figure 4. Comparison of the predicted LFs assuming an intrinsic scatter σ = 0.5 dex (equation 6; solid coloured curves) with those obtained by setting the
variance equal to zero (equation 7; dashed curves). Since at z ∼ 9 and 10, the dust extinction is expected to be negligible, the curves represent the observed,
uncorrected LFs. We include determinations of the z ∼ 9 and z ∼ 10 UV LFs from Oesch et al. (2013), Oesch et al. (2014), and Bouwens et al. (2015b). Arrows
signify upper bounds on the number density at a given absolute UV magnitude, MUV. The shaded area in each panel represents the 1σ confidence region for the
model LF when intrinsic scatter is accounted for. Our model UV LFs are in excellent agreement with the current observed estimates at these redshifts (albeit
the latter are still based on small samples).

Figure 5. Predicted LFs for z > 10 based on our empirical model. The
shaded region indicates the observable magnitude and volume within reach
of a 200 arcmin2 JWST treasury sized ultradeep survey (mlim ≃ 31.5 mag).
This indicates that the limiting redshift range observable with JWST may be
z ∼ 15 for unlensed galaxies.

a very deep JWST survey is z ∼ 15 (see also Windhorst et al.
2006). At higher redshifts, where the surface density drops below
∼10−6 Mpc−3, wider, deeper surveys would be required to observe
the luminosity function of these rare, faint objects.

Fig. 6 shows the model predictions for the redshift evolution of
the SFR density, obtained by integrating the SFR functions down
to different SFR limits, ranging from SFRmin ∼ 10−5 M⊙ yr−1 to
0.7 M⊙ yr−1. A minimum SFR of 0.7 M⊙ yr−1 corresponds to
MUV ∼ −17.7 mag, the magnitude of the faintest object observed in
the HUDF12/XDF data; integrating down to this limit thus facilities
comparison with the most recent, dust-corrected measurements of
the SFRD, which have been plotted alongside the predicted curves in

Figure 6. The redshift evolution of the SFRD ρ̇∗ derived by integrating
the model SFR functions down to different star formation limits, ranging
from SFRmin ∼ 10−5 to 0.7 M⊙ yr−1. The shaded blue and red regions
represents the 1σ uncertainty in the SFRD obtained when integrating down
to MUV ∼ −17.7 mag (i.e. SFRmin ∼ 0.7 M⊙ yr−1) and MUV ∼ −5.7 mag
(i.e. SFRmin ∼ 10−5 M⊙ yr−1), respectively. Our model results (blue curve)
can thus be compared with the (dust-corrected) measurements of the cosmic
SFRD (blue circles) derived from this data set. We find that the best-fitting
evolution of the SFRD at 8 ≤z ≤ 10 is ρ̇∗ ∝ (1+z)−10.4 ± 0.3, significantly
steeper than the lower redshift trends which fall as (1+z)−4.3.

Fig. 6. While our model appears to overpredict the SFRD measured
for z ! 6 by ∼ 0.2–0.3 dex, the estimates of the ρ̇∗ at higher redshifts
agree quite well with observations. Furthermore, the evolution of
the cosmic SFRD in our model is consistent with previous published
results: the dust-corrected SFRD values evolve as (1 + z)−4.3 ± 0.1

at 3 <z < 8 before rapidly declining at higher redshifts where
ρ̇∗ ∝ (1 + z)−10.4±0.3 for 8 ≤z ≤ 10. In addition to accurately repro-
ducing the order of magnitude drop in SFRD from z < 8 to z < 10
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to 31.5 mag

see also, e.g., Sun+16, Trac+15, Behroozi+14

Most models that fit SFRD evolution at z>8 predict that deep  
JWST observations will reach to z~15 only.

Mason+15Mashian+16
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But are we really finding z>10 galaxies?
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GN-z10-1 
H160=25.95

zphot = 10.2 ± 0.4

CANDELS/GOODS-North

IRAC detected

HST stamp

very bright z~10 sample from Oesch+14 is  
within reach of the WFC3/IR grism
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An HST Grism Redshift at z = 11 3

Trace of GN−z11

Observed Wavelength [µm]
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Epoch 1
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E
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Fig. 1.— CANDELS H-band image around the location of our
target source GN-z11. The arrows and dashed lines indicate the
direction along which sources are dispersed in the slitless grism
spectra for our two individual epochs (magenta and blue) and for
the pre-existing AGHAST data (green). The latter are significantly
contaminated by bright neighbors along the dispersion direction of
GN-z11 (see Fig 2).

2.2. Slitless Grism Data

The primary data analyzed in this paper are 12 orbit
deep G141 grism spectra from our HST program GO-
13871 (PI: Oesch). These spectra were taken at two dif-
ferent orients in two epochs of six orbits each on 2015
February 11 and April 3 (see Figure 1). The data ac-
quisition and observation planning followed the success-
ful 3D-HST grism program (Brammer et al. 2012; Mom-
cheva et al. 2015). Together with each G141 grism expo-
sure, a short 200 s pre-image with the JH

140

filter was
taken to determine the zeroth order of the grism spectra.
The JH

140

images were placed at the beginning and end
of each orbit in order to minimize the impact of variable
sky background on the grism exposure due to the bright
Earth limb and He 1.083 µm line emission from the upper
atmosphere (Brammer et al. 2014). A four-point dither
pattern was used to improve the sampling of the point-
spread function and to overcome cosmetic defects of the
detector.
The grism data were reduced using the grism reduc-

tion pipeline developed by the 3D-HST team. The main
reduction steps are explained in detail by Momcheva
et al. (2015). In particular, the flat-fielded and global
background-subtracted grism images are interlaced to
produce 2D spectra for sources at a spectral sampling
of ⇠23 Å, i.e., about one quarter of the native resolution
of the G141 grism. The final 2D spectrum is a weighted
stack of the data from individual visits. In particular,
we down-weight pixels which are a↵ected by neighbor-
contamination using

w = [(2 ⇤ f
contam

)2 + �2]�1 (1)
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Fig. 2.— Our model of the contaminating flux from neighbor-
ing sources in the slitless grism spectra around the trace of our
source (i.e., the line along which we expect its flux; indicated by
red lines). From top to bottom, the panels show the final model
contamination in our spectra in epochs 1 and 2 and in the pre-
existing AGHAST spectra. Note that the contamination model in-
cludes emission lines for the neighboring sources as calibrated from
our two-epoch data. The high contaminating flux in the AGHAST
data makes these spectra inadequate for studying GN-z11. Our
orientations were chosen based on extensive simulations to mini-
mize such contamination from neighbors. However, some zeroth
order flux in epoch 2 could not be avoided while at the same time
making the observations schedulable with HST in cycle 22.

where f
contam

is the contamination model flux in a par-
ticular pixel and � is the per-pixel RMS taken from the
WFC3/IR noise model (c.f., §3.4.3 from Rajan & et al.
2011). We have tested that � is accurately characterized
as demonstrated by the pixel flux distribution function
in the 2D residual spectra (see Appendix Fig 11).
A local background is subtracted from the 2D frame

which is a simple 2nd order polynomial estimated from
the contamination-cleaned pixels above and below the
trace of the target source. 1D spectra are then com-
puted using optimal extraction on the final 2D frames,
weighting the flux by the morphology of the source as
measured in the WFC3/IR imaging (Horne 1986).
The GOODS-N field, which contains our candidate

GN-z11, has previously been covered by 2 times 2-
orbit deep grism data from “A Grism H-Alpha Spec-
Troscopic survey” (AGHAST; GO-11600; PI: Wiener).
However, the spectrum of our target GN-z11 is signif-
icantly contaminated in the AGHAST observations by
several nearby galaxies given their orientation (see Fig-
ure 2). Furthermore, the observations were severely af-
fected by variable sky background (Brammer et al. 2014).
The final data used in this paper therefore do not include
the AGHAST spectra, which were not optimized for GN-
z11 that was discovered 3–4 years after they were taken.
We confirmed that including the AGHAST data would
not a↵ect our results, however, because of the down-
weighting of heavily contaminated pixels in our stacking
procedure.

An HST Grism Redshift at z = 11 3

Trace of GN−z11

Observed Wavelength [µm]
1.1 1.2 1.3 1.4 1.5 1.6 1.7

Fig. 1.— CANDELS H-band image around the location of our
target source GN-z11. The arrows and dashed lines indicate the
direction along which sources are dispersed in the slitless grism
spectra for our two individual epochs (magenta and blue) and for
the pre-existing AGHAST data (green). The latter are significantly
contaminated by bright neighbors along the dispersion direction of
GN-z11 (see Fig 2).

2.2. Slitless Grism Data

The primary data analyzed in this paper are 12 orbit
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13871 (PI: Oesch). These spectra were taken at two dif-
ferent orients in two epochs of six orbits each on 2015
February 11 and April 3 (see Figure 1). The data ac-
quisition and observation planning followed the success-
ful 3D-HST grism program (Brammer et al. 2012; Mom-
cheva et al. 2015). Together with each G141 grism expo-
sure, a short 200 s pre-image with the JH
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taken to determine the zeroth order of the grism spectra.
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of each orbit in order to minimize the impact of variable
sky background on the grism exposure due to the bright
Earth limb and He 1.083 µm line emission from the upper
atmosphere (Brammer et al. 2014). A four-point dither
pattern was used to improve the sampling of the point-
spread function and to overcome cosmetic defects of the
detector.
The grism data were reduced using the grism reduc-

tion pipeline developed by the 3D-HST team. The main
reduction steps are explained in detail by Momcheva
et al. (2015). In particular, the flat-fielded and global
background-subtracted grism images are interlaced to
produce 2D spectra for sources at a spectral sampling
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contamination in our spectra in epochs 1 and 2 and in the pre-
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cludes emission lines for the neighboring sources as calibrated from
our two-epoch data. The high contaminating flux in the AGHAST
data makes these spectra inadequate for studying GN-z11. Our
orientations were chosen based on extensive simulations to mini-
mize such contamination from neighbors. However, some zeroth
order flux in epoch 2 could not be avoided while at the same time
making the observations schedulable with HST in cycle 22.
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ticular pixel and � is the per-pixel RMS taken from the
WFC3/IR noise model (c.f., §3.4.3 from Rajan & et al.
2011). We have tested that � is accurately characterized
as demonstrated by the pixel flux distribution function
in the 2D residual spectra (see Appendix Fig 11).
A local background is subtracted from the 2D frame

which is a simple 2nd order polynomial estimated from
the contamination-cleaned pixels above and below the
trace of the target source. 1D spectra are then com-
puted using optimal extraction on the final 2D frames,
weighting the flux by the morphology of the source as
measured in the WFC3/IR imaging (Horne 1986).
The GOODS-N field, which contains our candidate

GN-z11, has previously been covered by 2 times 2-
orbit deep grism data from “A Grism H-Alpha Spec-
Troscopic survey” (AGHAST; GO-11600; PI: Wiener).
However, the spectrum of our target GN-z11 is signif-
icantly contaminated in the AGHAST observations by
several nearby galaxies given their orientation (see Fig-
ure 2). Furthermore, the observations were severely af-
fected by variable sky background (Brammer et al. 2014).
The final data used in this paper therefore do not include
the AGHAST spectra, which were not optimized for GN-
z11 that was discovered 3–4 years after they were taken.
We confirmed that including the AGHAST data would
not a↵ect our results, however, because of the down-
weighting of heavily contaminated pixels in our stacking
procedure.

Oesch+16 

Perform full 2D contamination modelling and neighbor subtraction  
(based on 3D-HST grism pipeline; Brammer+12, Momcheva+15)

Even in a blank field, it’s difficult to identify orientations with minimal contamination.

Previous AGHAST spectra heavily contaminated.


Neighbor Contamination in Grism Spectra



P. Oesch, Observatoire UniGEParis, June 2017

Lyman Break Detection at z=11

26

6 Oesch et al.

1.1 1.2 1.3 1.4 1.5 1.6

−1.0
−0.5
0.0
0.5
1.0

9 10 11 12

1.1 1.2 1.3 1.4 1.5 1.6
−400

−200

0

200

400

600

Wavelength [µm]

Fl
ux

 D
en

si
ty

 [n
Jy

]

Model at
zgrism=11.09+0.08

−0.12

GN-z11 HST WFC3/IR G141 Grism Spectrum

Lyα Redshift

Trace

Fl
ux

 D
en

si
ty

 [n
Jy

]

NEW CONTAM!

contamination

sc
al

e 
[a

rc
se

c]

Fig. 5.— Grism Spectrum of GN-z11. The top panel shows the (negative) 2D spectrum from the stack of our cycle 22 data (12 orbits)
with the trace outlined by the dark red lines. For clarity the 2D spectrum was smoothed by a Gaussian indicated by the ellipse in the lower
right corner. The bottom panel is the un-smoothed 1D flux density using an optimal extraction rebinned to one resolution element of the
G141 grism (93 Å). The black dots show the same further binned to 560 Å, while the blue line shows the contamination level that was
subtracted from the original object spectrum. We identify a continuum break in the spectrum at � = 1.47± 0.01 µm. The continuum flux
at � > 1.47 µm is detected at ⇠ 1 � 1.5� per resolution element and at 3.8� per 560 Å bin. After excluding lower redshift solutions (see
text and Fig 4), the best-fit grism redshift is z

grism

= 11.09+0.08
�0.12. The red line reflects the Ly↵ break at this redshift, normalized to the

measured H-band flux of GN-z11. The agreement is excellent. The fact that we only detect significant flux along the trace of our target
source, which is also consistent with the measured H-band magnitude, is strong evidence that we have indeed detected the continuum of
GN-z11 rather than any residual contamination.

tinuum break with J
125
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160

> 2.4 (2�), without
a spectrum, we could not exclude contamination by a
source with very extreme emission lines with line ratios
reproducing a seemingly flat continuum longward of 1.4
µm (Oesch et al. 2014).
The previous AGHAST spectra already provided

some evidence against strong emission line contam-
ination (Oesch et al. 2014), and we also obtained
Keck/MOSFIRE spectroscopy to further strengthen this
conclusion (see appendix). However, the additional 12
orbits of G141 grism data now conclusively rule out that
GN-z11 is such a lower redshift source. Assuming that all
the H-band flux came from one emission line, we would
have detected this line at > 10�. Even when assuming
a more realistic case where the emission line flux is dis-
tributed over a combination of lines (e.g., H� + [O III]),
we can confidently invalidate such a solution. The lower
left panel in Figure 4 compares the measured grism spec-
trum with that expected for the best-fit lower redshift
solution we had previously identified (Oesch et al. 2014).
A strong line emitter SED is clearly inconsistent with
the data. Apart from the emission lines, which we do
not detect, this model also predicts weak continuum flux
across the whole wavelength range. At < 1.47 µm, this is

higher than the observed mean, while at > 1.47 µm the
expected flux is too low compared to the observations.
Overall the likelihood of a z ⇠ 2 extreme emission line
SED based on our grism data is less than 10�6 and can
be ruled out.
Note that in very similar grism observations for a

source triply imaged by a CLASH foreground clus-
ter, emission line contamination could also be excluded
(Pirzkal et al. 2015). We thus have no indication cur-
rently that any of the recent z ⇠ 9�11 galaxy candidates
identified with HST is a lower redshift strong emission
line contaminant (but see, e.g., Brammer et al. 2013, for
a possible z ⇠ 12 candidate).

3.3. Excluding a Lower-Redshift Dusty or Quiescent
Galaxy

Another potential source of contamination for very
high redshift galaxy samples are dusty z ⇠ 2� 3 sources
with strong 4000 Å or Balmer breaks (Oesch et al. 2012;
Hayes et al. 2012). However, the fact that the IRAC data
for GN-z11 show that it has a very blue continuum long-
ward of 1.6 µm, together with the very red color in the
WFC3/IR photometry, already rules out such a solution
(see SED plot in Figure 4). Nevertheless, we additionally

§ 12 orbits of HST grism spectra with 
WFC3/IR


§ Detect UV continuum (at 5.5σ) and a 
break at λ > 1.47 µm


§ Rule out potential lower redshift 
solutions (quiescent galaxy at z~2 or 
strong emission line source)


§ Best-fit redshift: z=11.09+-0.10

Oesch+16 

Most distant source ever seen  
Build-up of massive galaxies well underway at 400 Myr after Big Bang

GN-z10-1 ➔ GN-z11
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GNz11 analogues in DRAGONS 3

Table 1. The properties of the GN-z11 analogues, DR-1 and DR-2, at both
z=11.1 and 5. For comparison, the observationally determined values for
GN-z11 itself are also shown (Oesch et al. 2016).

z=11.1 z=5
GN-z11 DR-1 DR-2 DR-1 DR-2

MUV �22.1 ± 0.2 -22.4 -21.2 -24.3 -23.2
log10 (M⇤/M� ) 9.0 ± 0.4 9.3 9.0 11.0 10.6
log10 (Mvir/M� ) – 11.1 10.8 12.2 11.5
SFR [ M�/yr�1] 24.0 ± 10 66.4 19.0 237.6 94.5
rhalf-light [kpc] 0.6 ± 0.2 0.3 0.2 0.9 0.4

Figure 2. The observed frame SED of DR-1 (green) and DR-2 (orange)
in units of flux density. Lyman-↵ absorption has been included, however,
no dust extinction model has been applied. Red points show the observed
GN-z11 HST photometric measurements and upper limits. Both model ana-
logue galaxies have a spectral shape in good agreement with the GN-z11
measurements. DR-1 also shares the same normalisation due to it having a
very similar UV luminosity (see Table 1).

higher redshifts may suggest (see Oesch et al. 2016, and references
therein).

Having established that galaxies as UV-luminous as GN-z11
exist in the output of DRAGONS, we selected the two brightest
UV magnitude galaxies at redshift z=11.1 for detailed study. The
properties of these objects1, hence-forth referred to as DR-1 and DR-
2, show good agreement with the best observational measurements
of GN-z11 (Oesch et al. 2016), as can be seen in Table 1. This
suggests that we can use these model galaxies as analogues with
which to investigate the potential formation, evolution and fate of
GN-z11.

As well as those properties listed in Table 1, DR-1 and 2 also
possess similar SEDs to GN-z11. In Figure 2 we plot the observed
frame SEDs of DR-1 (green) and DR-2 (orange) in terms of their flux
density between 0.2 and 6 µm. The red data points show the GN-
z11 HST photometric measurements and upper limits. Lyman-↵
absorption has been included in the model spectra and is manifested
as the sharp drop in flux at �.1.1 µm, however, no dust extinction

1 The model galaxy half-light radii are calculated from the disk scale
radius, rs, using rhalf-light=1.68rs for an axisymmetric exponential disk
profile, where rs is derived from the spin of the host dark matter subhalo
under the assumption of specific angular momentum conservation (Fall &
Efstathiou 1980; Mo et al. 1998; Mutch et al. 2015).

Figure 3. The UV magnitude vs. stellar mass distribution of M������
galaxies at z⇠11. The thick black line and shaded region indicate the median
and 95 pc confidence intervals of the distribution as a function of stellar mass.
The top (/right) panels indicate the marginalised log-probability distribution
of stellar mass (/UV magnitude) values. The red point with error bars indicate
the position of GN-z11 in this plane, whilst the grey squares show the model
analogue galaxies, DR-1 and DR-2. Both analogue galaxies (as well as GN-
z11) are rare outliers from the main distribution, but are approximately
consistent with an extrapolation of the median relation from lower masses.

model has been applied. For more details on the methodology used
to construct the model SEDs, see Liu et al. (2015). Both analogue
galaxies possess spectra and UV slopes (�) in close agreement with
the GN-z11 observations, supporting the claim that this observed
system is relatively dust free (Oesch et al. 2016). The normalisation
of DR-1 spectrum further shows excellent agreement with GN-z11
measurements due to the similar UV luminosities of these two
objects (c.f Table 1).

DR-1 and 2 are the two most massive galaxies in the simulation
at the redshift at which they were selected (z=11.1) and are hosted
by the two most massive subhaloes. They are also rare outliers
from the majority of the model galaxy population in terms of their
stellar masses, star formation rates and UV luminosities. However,
they remain broadly consistent with the mean trends displayed by
galaxies at lower luminosities / masses, suggesting that their history
is not particularly special or unique. As an example, in Figure 3 we
present the distribution of all M������ z=11.1 galaxies in the UV
magnitude vs. stellar mass plane. The positions of DR-1 and DR-2
are shown as grey squares, whilst GN-z11 is indicated by the red
point with error bars. Although these three objects lie out-with the
bulk of the main distribution, they are roughly consistent with the
median M1600–M⇤ trend extrapolated from lower masses.

4 THE ORIGIN AND FATE OF GN-Z11

The detection of such a massive and luminous galaxy at z⇠11 raises
a number of interesting questions. How do such massive systems
form so rapidly? Is their extreme brightness merely a transient fea-
ture of their evolution brought on by a merger or other significant

MNRAS 000, 1–7 (2016)

Monsters in the Dark 3

Figure 3. The average predicted spectral energy distribution of
bright (Mfuv ⇡ �22) galaxies at z = 11.1 in BlueTides compared
with the observed fluxes of GN-z11. The two spectral energy dis-
tributions shown denote both the pure stellar case (fesc,LyC = 1)
and the case in which the Lyman continuum escape fraction is
e↵ectively 0. In the latter case the Lyman-↵ line has also been
damped.

that GN-z11 has little or no dust attenuation. This can be
seen in Figure 3 where we show the average intrinsic spec-
tral energy distribution of bright (Mfuv ⇡ �22) galaxies at
z = 11.1. We note, however, that the predicted intrinsic UV
continuum slope also sensitive to the choice of stellar pop-
ulation synthesis model, initial mass function, and assumed
Lyman continuum escape fraction. Alternative choices can
result in bluer intrinsic UV continuum slopes leaving open
the possibility of some dust attenuation (see Wilkins et al.
submitted).

4.2 Stellar mass, SFR and stellar ages

BlueTides makes predictions for a number of properties of
GN-z11 which have have been inferred by O16. In Figure 4
we show the stellar masses, star formation rates and stellar
ages as a function of UV luminosity for the z = 11 galaxies
in BlueTides. The black data points show the correspond-
ing values inferred for GN-z11 by O16. We can see that in
the relevant magnitude range, BlueTides predicts stellar
masses ⇠ 109M�, SFR of a few tens M�/yr and stellar ages
of a about 30�60 Myr for galaxies with mUV ⇠ �22. These
values are fully conistent with all the O16 constraints.

5 PROPERTIES: PREDICTIONS

As galaxies with the presently observed characteristics of
GN-z11 exist in BlueTides it is useful to investigate their
other properties. BlueTides has high enough spatial reso-
lution (180 pc at z = 11) to allow determination of galaxy
morphologies (see Feng et al. 2015a). The simulation also
tracks gas and stellar metallicities and includes modelling of
black holes. Here we make predictions for these aspects.

Figure 4. Stellar mass, star formation rate and stellar ages versus
UV luminosity for the galaxies at z = 11 in BlueTidesṪhe large
black data point denotes the inferred constraints on GN-z11 from
O16.

5.1 Morphologies

In Figure 5 we show the stellar surface density (for a random
orientation) for a sample of five galaxies with MUV < �22 in
the z = 11 snapshot of the BlueTidessimulation. Three of
the galaxies closely match the brightess of GN�z11 (on the
left) and two are examples of brighter galaxies. Even though
massive and bright, the galaxies show irregular, disturbed
morphologies and have typical sizes ⇠ 1 kpc. Note that in
Feng et al. 2015a we found from a visual and kinematic
analysis that the most massive galaxies at z = 8 are nearly
all classified as disks. We can see here that this does not
appear to be the case as early as z = 11.

5.2 Metallicity

In Figure 6 we show predictions for both the star forming
gas and stellar metallicity of galaxies at z = 11 in Blue-
Tides. Galaxies in the simulation follow a strong luminos-
ity - metallicity relationship. For bright galaxies such as
GB�z11 we predict mean stellar metallicities 0.001� 0.002
(approximately 5� 10%Z�) with star forming gas metallic-
ities around a factor of 2 higher.

MNRAS 000, 1–?? (2015)

Mutch+16

Waters+16

The derived physical properties (SFR, mass, and age) of GN-z11 are in very 
good agreement with expectations from large-volume simulations


However: did not expect to find such a source in the current HST fields

GNz11
GNz11
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Fig. 5.— Grism Spectrum of GN-z11. The top panel shows the (negative) 2D spectrum from the stack of our cycle 22 data (12 orbits)

with the trace outlined by the dark red lines. For clarity the 2D spectrum was smoothed by a Gaussian indicated by the ellipse in the lower
right corner. The bottom panel is the un-smoothed 1D flux density using an optimal extraction rebinned to one resolution element of the
G141 grism (93 Å). The black dots show the same further binned to 560 Å, while the blue line shows the contamination level that was
subtracted from the original object spectrum. We identify a continuum break in the spectrum at � = 1.47± 0.01 µm. The continuum flux
at � > 1.47 µm is detected at ⇠ 1 � 1.5� per resolution element and at 3.8� per 560 Å bin. After excluding lower redshift solutions (see
text and Fig 4), the best-fit grism redshift is z

grism

= 11.09+0.08
�0.12. The red line reflects the Ly↵ break at this redshift, normalized to the

measured H-band flux of GN-z11. The agreement is excellent. The fact that we only detect significant flux along the trace of our target
source, which is also consistent with the measured H-band magnitude, is strong evidence that we have indeed detected the continuum of
GN-z11 rather than any residual contamination.

tinuum break with J
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160

> 2.4 (2�), without
a spectrum, we could not exclude contamination by a
source with very extreme emission lines with line ratios
reproducing a seemingly flat continuum longward of 1.4
µm (Oesch et al. 2014).
The previous AGHAST spectra already provided

some evidence against strong emission line contam-
ination (Oesch et al. 2014), and we also obtained
Keck/MOSFIRE spectroscopy to further strengthen this
conclusion (see appendix). However, the additional 12
orbits of G141 grism data now conclusively rule out that
GN-z11 is such a lower redshift source. Assuming that all
the H-band flux came from one emission line, we would
have detected this line at > 10�. Even when assuming
a more realistic case where the emission line flux is dis-
tributed over a combination of lines (e.g., H� + [O III]),
we can confidently invalidate such a solution. The lower
left panel in Figure 4 compares the measured grism spec-
trum with that expected for the best-fit lower redshift
solution we had previously identified (Oesch et al. 2014).
A strong line emitter SED is clearly inconsistent with
the data. Apart from the emission lines, which we do
not detect, this model also predicts weak continuum flux
across the whole wavelength range. At < 1.47 µm, this is

higher than the observed mean, while at > 1.47 µm the
expected flux is too low compared to the observations.
Overall the likelihood of a z ⇠ 2 extreme emission line
SED based on our grism data is less than 10�6 and can
be ruled out.
Note that in very similar grism observations for a

source triply imaged by a CLASH foreground clus-
ter, emission line contamination could also be excluded
(Pirzkal et al. 2015). We thus have no indication cur-
rently that any of the recent z ⇠ 9�11 galaxy candidates
identified with HST is a lower redshift strong emission
line contaminant (but see, e.g., Brammer et al. 2013, for
a possible z ⇠ 12 candidate).

3.3. Excluding a Lower-Redshift Dusty or Quiescent
Galaxy

Another potential source of contamination for very
high redshift galaxy samples are dusty z ⇠ 2� 3 sources
with strong 4000 Å or Balmer breaks (Oesch et al. 2012;
Hayes et al. 2012). However, the fact that the IRAC data
for GN-z11 show that it has a very blue continuum long-
ward of 1.6 µm, together with the very red color in the
WFC3/IR photometry, already rules out such a solution
(see SED plot in Figure 4). Nevertheless, we additionally
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TABLE 2
Summary of Measurements for GN-z11

R.A. 12 : 36 : 25.46
Dec. +62 : 14 : 31.4
Redshift z

grism

11.09+0.08
�0.12

a

UV Luminosity MUV �22.1± 0.2
Half � Light Radiusb 0.6± 0.3 kpc
logMgal/M� c 9.0± 0.4
log age/yr c 7.6± 0.4
SFR 24± 10 M� yr�1

A
UV

< 0.2 mag
UV slope � (f� / ��) �2.5± 0.2d

a Age of the Universe at z = 11.09 using our cosmol-
ogy: 402 Myr
b From Holwerda et al. (2015)
c Uncertainties are likely underestimated, since our
photometry only partially covers the rest-frame opti-
cal for GN-z11
d See also Wilkins et al. (2016)

to estimate how many such galaxies we could have ex-
pected based on (1) the currently best estimates of the
UV LF at z > 8 and (2) based on theoretical models and
simulations.
Our target was found in a search of the GOODS fields,

which amount to ⇠ 160 arcmin2. However, in a sub-
sequent search of the three remaining CANDELS fields
no similar sources were found with likely redshifts at
z & 10 (Bouwens et al. 2015a). We therefore use the
full 750 arcmin2 of the CANDELS fields with match-
ing WFC3/IR and ACS imaging for a volume estimate,
which amounts to 1.2⇥106 Mpc3 (assuming �z = 1).
Using the simple trends in the Schechter parameters of

the UV LFs measured UV at lower redshift (z ⇠ 4 � 8)
and extrapolating these to z = 11, we can get an empir-
ical estimate of the number density of very bright galax-
ies at z ⇠ 11. This amounts to 0.06 (Bouwens et al.
2015b) or 0.002 (Finkelstein et al. 2015) expected galax-
ies brighter thanM

UV

= �22.1 in our survey correspond-
ing to less than 0.3 per surveyed square degree. Simi-
larly, recent empirical models (Mashian et al. 2016; Ma-
son et al. 2015; Trac et al. 2015) predict only 0.002�0.03
galaxies as bright as GN-z11 in our survey or 0.01�0.2
per deg2. All the assumed LF parameters together with
the resulting estimates of the number of expected bright
galaxies N

exp

are listed in Table 3.
The above estimates illustrate that our discovery of

the unexpectedly luminous galaxy GN-z11 may challenge
our current understanding of galaxy build-up at z > 8.
A possible solution is that the UV LF does not follow
a Schechter function form at the very bright end as has
been suggested by some authors at z ⇠ 7 (Bowler et al.
2014), motivated by ine�cient feedback in the very early
universe. However, current evidence for this is still weak
(see discussion in Bouwens et al. 2015b). Larger area
studies will be required in the future (such as the planned
WFIRST High Latitude Survey; Spergel et al. 2015) sur-
veying several square degrees to determine the bright end
of the UV LF to resolve this puzzle.

5. SUMMARY

In this paper we present HST slitless grism spectra
for a uniquely bright z > 10 galaxy candidate, which
we previously identified in the GOODS-North field, GN-
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Fig. 7.— The redshift and UV luminosities of known high-
redshift galaxies from blank field surveys. Dark filled squares corre-
spond to spectroscopically confirmed sources, while small gray dots
are photometric redshifts (Bouwens et al. 2015b). GN-z11 clearly
stands out as one of the most luminous currently known galaxies at
all redshifts z > 6 and is by far the most distant measured galaxy
with spectroscopy (black squares; see Oesch et al. 2015b, for a full
list of references). Wider area surveys with future near-infrared
telescopes (such as WFIRST) will be required to determine how
common such luminous sources really are at z > 10.

TABLE 3
Assumed LFs for z ⇠ 10� 11 Number Density Estimates

Reference � ⇤ /10�5 M⇤ ↵ N
exp

[Mpc�3] [mag] (< �22.1)

Bouwens et al. (2015b) 1.65 -20.97 -2.38 0.06
Finkelstein et al. (2015) 0.96 -20.55 -2.90 0.002
Mashian et al. (2016) 0.25 -21.20 -2.20 0.03
Mason et al. (2015) 0.30 -21.05 -2.61 0.01
Trac et al. (2015) 5.00 -20.18 -2.22 0.002

Note. — The parameters �⇤, M⇤, and ↵ represent the three
parameters of the Schechter UV LF taken from the di↵erent papers.

z11. Our 2D data show clear flux longward of ⇠ 1.47 µm
exactly along the trace of the target galaxy and zero
flux at shorter wavelengths, thanks to our comprehensive
and accurate treatment of contamination by neighboring
galaxies. The interpretation that we indeed detect the
continuum flux from GN-z11 is supported by the mor-
phology of the spectrum, the fact that the counts fall o↵
exactly where the sensitivity of the G141 grism drops, as
well as the consistency of the observed counts with the
H-band magnitude of GN-z11 (see e.g. Fig 3).
The grism spectrum, combined with the photometric

constraints, allows us to exclude plausible low-redshift
SEDs for GN-z11 at high confidence. In particular, we
can invalidate a low redshift SED of an extreme line emit-
ter galaxy at z ⇠ 2 (see section 3 and Fig 4). Instead,
the grism spectrum is completely consistent with a very
high-redshift solution at z

grism

= 11.09+0.08

�0.12

(see Figures
3 and 5). This indicates that this galaxy lies at only
⇠ 400 Myr after the Big Bang, extending the previous
redshift record by ⇠ 150 Myr.
GN-z11 is not only the most distant spectroscopically

measured source, but is likely even more distant than
all other high-redshift candidates with photometric red-
shifts, including MACS0647-JD at z

phot

= 10.7+0.6

�0.4

(Coe

With surprising discovery of GN-z11,  
HST+Spitzer have already reached into JWST territory 

GN-z11 is by far the most 
distant confirmed source
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TABLE 2
Summary of Measurements for GN-z11

R.A. 12 : 36 : 25.46
Dec. +62 : 14 : 31.4
Redshift z

grism

11.09+0.08
�0.12

a

UV Luminosity MUV �22.1± 0.2
Half � Light Radiusb 0.6± 0.3 kpc
logMgal/M� c 9.0± 0.4
log age/yr c 7.6± 0.4
SFR 24± 10 M� yr�1

A
UV

< 0.2 mag
UV slope � (f� / ��) �2.5± 0.2d

a Age of the Universe at z = 11.09 using our cosmol-
ogy: 402 Myr
b From Holwerda et al. (2015)
c Uncertainties are likely underestimated, since our
photometry only partially covers the rest-frame opti-
cal for GN-z11
d See also Wilkins et al. (2016)

to estimate how many such galaxies we could have ex-
pected based on (1) the currently best estimates of the
UV LF at z > 8 and (2) based on theoretical models and
simulations.
Our target was found in a search of the GOODS fields,

which amount to ⇠ 160 arcmin2. However, in a sub-
sequent search of the three remaining CANDELS fields
no similar sources were found with likely redshifts at
z & 10 (Bouwens et al. 2015a). We therefore use the
full 750 arcmin2 of the CANDELS fields with match-
ing WFC3/IR and ACS imaging for a volume estimate,
which amounts to 1.2⇥106 Mpc3 (assuming �z = 1).
Using the simple trends in the Schechter parameters of

the UV LFs measured UV at lower redshift (z ⇠ 4 � 8)
and extrapolating these to z = 11, we can get an empir-
ical estimate of the number density of very bright galax-
ies at z ⇠ 11. This amounts to 0.06 (Bouwens et al.
2015b) or 0.002 (Finkelstein et al. 2015) expected galax-
ies brighter thanM

UV

= �22.1 in our survey correspond-
ing to less than 0.3 per surveyed square degree. Simi-
larly, recent empirical models (Mashian et al. 2016; Ma-
son et al. 2015; Trac et al. 2015) predict only 0.002�0.03
galaxies as bright as GN-z11 in our survey or 0.01�0.2
per deg2. All the assumed LF parameters together with
the resulting estimates of the number of expected bright
galaxies N

exp

are listed in Table 3.
The above estimates illustrate that our discovery of

the unexpectedly luminous galaxy GN-z11 may challenge
our current understanding of galaxy build-up at z > 8.
A possible solution is that the UV LF does not follow
a Schechter function form at the very bright end as has
been suggested by some authors at z ⇠ 7 (Bowler et al.
2014), motivated by ine�cient feedback in the very early
universe. However, current evidence for this is still weak
(see discussion in Bouwens et al. 2015b). Larger area
studies will be required in the future (such as the planned
WFIRST High Latitude Survey; Spergel et al. 2015) sur-
veying several square degrees to determine the bright end
of the UV LF to resolve this puzzle.

5. SUMMARY

In this paper we present HST slitless grism spectra
for a uniquely bright z > 10 galaxy candidate, which
we previously identified in the GOODS-North field, GN-
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Fig. 7.— The redshift and UV luminosities of known high-
redshift galaxies from blank field surveys. Dark filled squares corre-
spond to spectroscopically confirmed sources, while small gray dots
are photometric redshifts (Bouwens et al. 2015b). GN-z11 clearly
stands out as one of the most luminous currently known galaxies at
all redshifts z > 6 and is by far the most distant measured galaxy
with spectroscopy (black squares; see Oesch et al. 2015b, for a full
list of references). Wider area surveys with future near-infrared
telescopes (such as WFIRST) will be required to determine how
common such luminous sources really are at z > 10.

TABLE 3
Assumed LFs for z ⇠ 10� 11 Number Density Estimates

Reference � ⇤ /10�5 M⇤ ↵ N
exp

[Mpc�3] [mag] (< �22.1)

Bouwens et al. (2015b) 1.65 -20.97 -2.38 0.06
Finkelstein et al. (2015) 0.96 -20.55 -2.90 0.002
Mashian et al. (2016) 0.25 -21.20 -2.20 0.03
Mason et al. (2015) 0.30 -21.05 -2.61 0.01
Trac et al. (2015) 5.00 -20.18 -2.22 0.002

Note. — The parameters �⇤, M⇤, and ↵ represent the three
parameters of the Schechter UV LF taken from the di↵erent papers.

z11. Our 2D data show clear flux longward of ⇠ 1.47 µm
exactly along the trace of the target galaxy and zero
flux at shorter wavelengths, thanks to our comprehensive
and accurate treatment of contamination by neighboring
galaxies. The interpretation that we indeed detect the
continuum flux from GN-z11 is supported by the mor-
phology of the spectrum, the fact that the counts fall o↵
exactly where the sensitivity of the G141 grism drops, as
well as the consistency of the observed counts with the
H-band magnitude of GN-z11 (see e.g. Fig 3).
The grism spectrum, combined with the photometric

constraints, allows us to exclude plausible low-redshift
SEDs for GN-z11 at high confidence. In particular, we
can invalidate a low redshift SED of an extreme line emit-
ter galaxy at z ⇠ 2 (see section 3 and Fig 4). Instead,
the grism spectrum is completely consistent with a very
high-redshift solution at z

grism

= 11.09+0.08

�0.12

(see Figures
3 and 5). This indicates that this galaxy lies at only
⇠ 400 Myr after the Big Bang, extending the previous
redshift record by ⇠ 150 Myr.
GN-z11 is not only the most distant spectroscopically

measured source, but is likely even more distant than
all other high-redshift candidates with photometric red-
shifts, including MACS0647-JD at z

phot

= 10.7+0.6

�0.4

(Coe

However, JWST spectroscopy will completely revolutionize this field!

JWST can in principle get spectroscopic redshifts for  

every single source currently known with HST
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to estimate stellar systemic redshifts for individual galaxies,
we applied the formulae presented in Adelberger et al.
(2003), which predict a value of the systemic redshift for
three separate cases: when there is only a Ly! emission red-
shift, when there is only an interstellar absorption redshift,
and when there are both Ly! emission and interstellar
absorption redshifts.

While no reference was made to stellar photospheric fea-
tures in the estimate of the systemic redshifts of individual
galaxies, the rest-frame composite spectrum presented in
the next section indicates a mean systemic velocity of
Dv ¼ "10# 35 km s"1 for the three strongest stellar fea-
tures, which we have identified as C iii "1176, O iv "1343,
and S v "1501.4 It is worth noting possible contributions to
the O iv "1343 absorption from Si iii "1341 and to the S v
"1501 absorption from Si iii "1501 if there is a significant B-
star component in the composite spectrum. However, at
least the Si iii "1501 contribution will not change the
inferred negligible systemic velocity of the feature that we
have identified as S v "1501. The insignificant velocities of
the stellar features demonstrate the success of the systemic
redshift estimates for the LBGs included in composite spec-
tra, at least on average. Also, since the stellar features
appear at roughly zero velocity, the redshifts and blueshifts
of other sets of spectral features measured relative to the rest
frame of the composite spectrum should offer a true repre-
sentation of the average kinematic properties of the large-
scale galactic outflows in LBGs. The establishment of the
velocity zero point from the stellar lines in composite spec-
tra represents a significant improvement over the kinematic
information contained in individual rest-frame UV spectra,
where only the strongest interstellar outflow-related
features are detected.

4. LBG REST-FRAME UV SPECTROSCOPIC FEATURES

Figure 2 shows a composite spectrum that is the average
of our entire spectroscopic sample of 811 LBGs, combined
in the manner described in x 3.5 Rest-frame UV spectra
of LBGs are dominated by the emission from O and B stars
with masses higher than 10 M$ and T % 25; 000 K. The
overall shape of the UV spectrum is modified by dust extinc-
tion internal to the galaxy and, at rest wavelengths shorter
than 1216 Å, by intergalactic H i absorption along the line
of sight. Composite spectra contain the average of many dif-
ferent lines of sight through the intergalactic medium
(IGM). Therefore, spectral features that are intrinsic to the
galaxy at wavelengths shorter than Ly!, and which can be
completely wiped out by individual Ly! forest systems
along a specific line of sight, become visible in the composite
spectra. While we regain spectroscopic information by aver-
aging over many different sight lines, we still, however, see
the average decrement of the Ly! forest, DA. In the follow-
ing section, we describe the spectroscopic features contained
in the composite spectrum of Figure 2, which trace the
photospheres and winds of massive stars, neutral and ion-
ized gas associated with large-scale outflows, and ionized
gas in H ii regions where star formation is taking place.

4.1. Stellar Features

The C iii "1176, O iv "1343, and S v "1501 stellar photo-
spheric lines discussed in x 3.1 are marked in Figure 2. Also
of note (although not marked) is the large number of weak
absorption features between 1400 and 1500 Å. These
include blends of Fe v, Si ii, Si iii, and C iii photospheric
absorption lines from O and B stars (Bruhweiler, Kondo, &
McClusky 1981; de Mello, Leitherer, & Heckman 2000). In
addition to photospheric absorption features, the spectra of
the most massive hot stars indicate the presence of stellar
winds of 2000–3000 km s"1 due to radiation pressure
(Groenewegen, Lamers, & Pauldrach 1989). These wind fea-
tures appear as broad blueshifted absorption for weaker
winds or as a P Cygni–type profile if the wind density is high
enough (Leitherer, Robert, & Heckman 1995). The most
prominent stellar wind features are N v ""1238, 1242, Si iv
""1393, 1402, C iv ""1548, 1550, and He ii "1640. The
shape of the N v wind profile, especially the absorption
component, is affected by its close proximity to the Ly!
region of the spectrum and is therefore difficult to character-
ize in detail, although we do see both emission and absorp-
tion qualitatively consistent with a P Cygni–type profile.
While clear of the large-scale continuum effects of Ly!, the
Si iv and C iv transitions contain a combination of stellar
wind and photospheric absorption plus a strong interstellar
absorption component, which are difficult to disentangle.
The stellar wind feature only becomes apparent in Si iv for
blue giant and supergiant stars, while, in contrast, the C iv

4 The precise wavelengths are C iii "1175.71, O iv "1343.35, which is a
blend of lines at " ¼ 1342:99 and " ¼ 1343:51 Å, and S v "1501.76.

Fig. 2.—Composite rest-frame UV spectrum constructed from 811 indi-
vidual LBG spectra. Dominated by the emission from massive O and B
stars, the overall shape of the UV continuum is modified shortward of Ly!
by a decrement due to intergalactic H i absorption. Several different sets of
UV features are marked: stellar photospheric and wind, interstellar low-
and high-ionization absorption, nebular emission from H ii regions, Si ii*
fine-structure emission whose origin is ambiguous, and emission and
absorption due to interstellar H i (Ly! and Ly#). There are numerous weak
features that are not marked, as well as several features blueward of Ly!
that become visible only by averaging over many sight lines through the
IGM. [See the electronic edition of the Journal for a color version of this
figure.]

5 The composite LBG spectrum is available in electronic form from
http://www.astro.caltech.edu/~aes/lbgspec.
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Shapley+03 Lyα is the most promising feature of 
high-redshift spectra
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Figure 3. The highest redshift spectroscopically confirmed
galaxy plotted versus the year of discovery. There are cur-
rently only three galaxies with robust spectroscopic redshifts
at z > 7.5: z = 7.51 from Finkelstein et al. (2013), z = 7.73
from Oesch et al. (2015b) and z = 8.68 from Zitrin et al.
(2015). Data prior to 1999 were taken from the review of
Stern & Spinrad (1999), with the references listed therein. Ob-
jects at later times come from Hu et al. (2002); Kodaira et al.
(2003); Taniguchi et al. (2005); Iye et al. (2006); Vanzella et al.
(2011); Ono et al. (2012); Shibuya et al. (2012); Finkelstein et al.
(2013); Oesch et al. (2015b); Zitrin et al. (2015). The shaded re-
gions denote roughly the time when CCDs became widely used,
as well as when MOSFIRE (the first highly-sensitive near-infrared
multi-object spectrograph) was commissioned on Keck. Major
jumps in the most-distant redshift are seen to correspond with
these technological advancements.

sources and true high-redshift galaxies; as discussed in
Finkelstein et al. (2015a), this requires imaging at 1 µm
when working at z = 6–8 (see also Tilvi et al. 2013, for
a discussion of the utility of medium bands). Using a
combination of object colors and spatial extent, it is
likely that space-based studies are relatively free of stel-
lar contamination. This may be more of a problem with
ground-based studies, though with excellent seeing even
bright z > 6 galaxies can be resolved from the ground
(e.g., Bowler et al. 2014). Future surveys must be cog-
nizant of the possibility of stellar contamination, and
choose their filter set wisely to enable rejection of such
contaminants.

4 Spectroscopy of z > 6 Galaxies

While photometric selection is estimated to have a rel-
atively low contamination rate, it is imperative to fol-
lowup a representative fraction of a high-redshift galaxy
sample with spectroscopy, to both measure the true red-
shift distribution, as well as to empirically weed out
contaminants. In this section, I discuss recent efforts to

spectroscopically confirm the redshifts of galaxies se-
lected to be at z > 6. Figure 3 highlights the redshift of
the most distant spectroscopically-confirmed galaxy as
a function of the year of discovery.
The most widely used tool for the measurement of

spectroscopic redshifts for distant star-forming galax-
ies is the Lyα emission line, with a rest-frame vacuum
wavelength of 1215.67 Å. While at z < 4, confirma-
tion via interstellar medium absorption lines is possible
(e.g., Steidel et al. 1999; Vanzella et al. 2009), the faint
nature of more distant galaxies renders it nearly im-
possible to obtain the signal-to-noise necessary on the
continuum emission to detect such features. Emission
lines are thus necessary, and at z > 3, Lyα shifts into
the optical, while strong rest-frame optical lines, such
as [O iii] λλ4959,5007 and Hα λ6563 shift into the mid-
infrared at z > 4, where we do not presently have sen-
sitive spectroscopic capabilities. Additionally, Lyα has
proven to be relatively common amongst star-forming
galaxies at z > 3. Examining a sample of ∼800 galax-
ies at z ∼ 3, Shapley et al. (2003) found that 25% con-
tained strong Lyα emission (defined as a rest-frame EW
> 20 Å), while this fraction increases to !50% at z =
6 (Stark et al. 2011).
At higher redshifts, Lyα is frequently the only observ-

able feature in an optical (or near-infrared) spectrum
of a galaxy. While in principle a single line could be
a number of possible features, in practice, the nearby
spectral break observed in the photometry (that was
used to select a given galaxy as a candidate) implies
that any spectral line must be in close proximity to such
a break. This leaves Lyα and [O ii] λλ3726,3729 as the
likely possibilities (Hα and [O iii], while strong, reside in
relatively flat regions of star-forming galaxy continua).
While most ground-based spectroscopy is performed at
high enough resolution to separate the [O ii] doublet,
the relative strength of the two lines can vary depend-
ing on the physical conditions in the ISM, thus it is
possible only a single line could be observed. True Lyα
lines are frequently observed to be asymmetric (e.g.,
Rhoads et al. 2003), with a sharp cutoff on the blue side
and an extended red wing, due to a combination of scat-
tering and absorption within the galaxy (amplified due
to outflows), and absorption via the IGM. An observa-
tion of a single, asymmetric line is therefore an unam-
biguous signature of Lyα. However, measurement of line
asymmetry is only possible with signal-to-noise ratios
of >10, which is not common amongst such distant ob-
jects (e.g., Finkelstein et al. 2013). Lacking an obvious
asymmetry, other characteristics need to be considered.
For example, for very bright galaxies, the sheer strength
of the Lyman break can rule out [O ii] as a possibility,
as the 4000 Å break (which would accompany an [O ii]
line) is more gradual (see discussion in Finkelstein et al.
2013). For fainter galaxies, with a weaker Lyman break,
and no detectable asymmetry, a robust identification of

PASA (2015)
doi:10.1017/pas.2015.xxx

Finkelstein 16
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6 Schenker et al.

Fig. 4.— The expected number of detected Lyα emission lines
with greater than or equal to 5σ significance in the combined Keck
and VLT survey of 26 sources. The blue histogram shows the like-
lihood function for 10,000 Monte Carlo realizations assuming the
intrinsic line emission properties follow the luminosity dependence
seen in our 5.5 < z < 6.3 i′-drop sample (Figure 1 (top). The open
histogram shows the expectation if the fraction of line emitters con-
tinues to increase with redshift at the rate described in Paper II.
Vertical lines show the recovered number of emitters (robust and
maximal including marginal detections in both the Keck and VLT
surveys).

any downturn in the fraction of LBGs which show observ-
able Lyα emission from the z = 6 (or z = 7) extrapolated
EW distributions from Paper II, and represents an IGM
extinction averaged over the entire population.
To compute the most likely value of f , we undertake

Monte Carlo simulations using the previously described
EW distributions, but with f now added as a free param-
eter. We vary f from 0 to 1 in steps of 0.01, and compute
N=1000 simulations for each step. We can then calcu-
late the probability distribution for f given our Nobs=2
confirmed sources using Bayes’ theorem:

p(f |Nobs = 2) =
p(Nobs = 2|f)p(f)
∫ 1
0 p(Nobs = 2|f)df

(1)

Here, p(f) is the prior probability for f , which we take
to be uniform for 0 ≤ f ≤ 1, and p(Nobs = 2|f) is the
probability, drawn from our Monte Carlo simulations,
that we would find Nobs = 2 sources for a given value
of f . Assuming that the intrinsic EW distribution for
our observed sources is that of Paper II at z = 6, we
find f = 0.45± 0.20, while using the z = 7 extrapolated
distribution yields f = 0.34+0.24

−0.15. In the Figure 5, we
plot the value of X(Lyα) in the same luminosity bins of
Paper II, as predicted by our best fit values of f .
We stress that this figure is intended to serve as a con-

tinuation of the visualization provided in Papers I and II,
rather than a statistiscal result of our study. Due to our
strongly varying limiting EW sensitivity (as a function of
both wavelength and object magnitude), choosing a fixed
EW limit will exclude a non-negligible fraction of useful
data from our analysis. Our Monte Carlo simulations are

Fig. 5.— The redshift-dependent fraction of color-selected Ly-
man break galaxies that reveal Lyα in emission, X(Lyα), adjusted
as discussed in the text to approximate one within a similar lumi-
nosity range with a rest-frame EW in excess of 25 Å. Data points
for the galaxies with −21.75 < MUV < −20.25 are displaced by
+0.1 in redshift for clarity. Data over 4 < z < 6 is from Paper I
and Paper II, and new estimates beyond z > 6.3 are derived from
the present paper, including sources discussed by Fontana et al.
(2010). The curves shown represent the aggregate redshift proba-
bility distributions for our sources in the z ≃ 6 bin (black), and the
z ≃ 7 bin (blue); probability distributions for individual sources
are typically much sharper.

able to utilize the full data set, simulating whether we
would have likely seen a line even when our EW limits
are above the fixed thresholds used in Fig. 5, and thus
represent the major statistical result of this study.
Using the models of McQuinn et al. (2007) to pre-

dict what global neutral hydrogen fraction, XHI would
be required to account for this decline, we find XHI ≃
0.44, and XHI ≃ 0.51, respectively. The models of
Dijkstra et al. (2011), which provide a more comprehen-
sive treatment of Lyα radiative transfer through out-
flows, result in an increased value for XHI in both cases.

4. DISCUSSION

Although we consider the most likely explanation for
our observed decrease in the number of LBGs which show
observable Lyα emission to be an increase with redshift
in the neutral fraction of the IGM, it is important to re-
member our assumptions. Foremost we have assumed
that all of our 26 targets have true redshifts beyond
z ≃ 6.3. Should there be low redshift interlopers or
Galactic stars in our new sample, we will overestimate
the decline in the Lyα fraction. Secondly, we have as-
sumed the DEIMOS spectra from Paper II constitute a
representative sample for calculating the expected EW
distribution for 6.3 < z < 8.2. Although the uncertain-
ties here are not as great, we plan further studies with
DEIMOS to increase the statistical sample of 5.5 < z <
6.3 LBGs.
Of course our observed decrease in the Lyα fraction

could also be attributed to an increased opacity arising
from dust within the LBGs. However, given the blue
UV continuum slopes observed for galaxies with z > 6.3
(Bouwens et al. 2010a; Dunlop et al. 2011), we consider

Fraction of Lyα line emitters drops across z=6.5 to z=7:  
imprint of cosmic reionization

Schenker et al. 2011
Treu et al. 2013
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Spectroscopic confirmation of sources in the reionization epoch has proven  
very difficult, even with new efficient NIR spectrographs.
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100% spectroscopic success rate via Lyα detection in luminous galaxies


4 Stark et al.

Source zLy↵ zphot RA DEC Date of Observations H160 Filters UV lines targeted Ref

EGS-zs8-1 7.730 7.92+0.36
�0.36 14:20:34.89 +53:00:15.4 12-15 Apr 2015 25.0 H CIII] [1], [2]

. . . . . . . . . . . . . . . 11 June 2015 . . . H CIII] [1], [2]
EGS-zs8-2 7.477 7.61+0.26

�0.25 14:20:12.09 +53:00:27.0 12-15 Apr 2015 25.1 Y, H Ly↵, CIII] [1]
. . . . . . . . . . . . . . . 11 June 2015 . . . H CIII] [1]
COS-zs7-1 7.154 7.14+0.12

�0.12 10:00:23.76 +02:20:37.0 30 Nov 2015 25.1 Y Ly↵ [1]

Table 1. Galaxies targeted with Keck/MOSFIRE spectroscopic observations. The final column provides the reference to the article where each galaxy was
first discussed in the literature. The photometric redshifts shown in column three are taken from the discovery papers. References: [1] Roberts-Borsani et al.
(2016); [2] Oesch et al. (2015)
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Figure 1. Keck/MOSFIRE spectra of EGS-zs8-1, a z = 7.733 galaxy that was originally spectroscopically confirmed in Oesch et al. (2015). (Left:) Two-
dimensional and one-dimensional Y-band spectra centered on the Ly↵ emission line. Data are from Oesch et al. (2015). (Right:) H-band observations showing
detection of the [CIII], CIII] ��1907,1909 doublet. The top panels show the two dimensional SNR maps (black is positive), and the bottom panel shows the
flux calibrated one-dimensional extractions.

3.2 EGS-zs8-2

EGS-zs8-2 is another bright (H160=25.1) galaxy identified in CAN-
DELS imaging by RB16. The IRAC color of EGS-zs8-2 ([3.6]-
[4.5]=0.96 ± 0.17) is redder than EGS-zs8-1, likely reflecting
yet more extreme optical line emission. We estimate a rest-frame
[OIII]+H� equivalent width of 1610 ± 302 Å is required to re-
produce the flux excess in the [4.5] filter. A 4.7� emission feature
was identified by Roberts-Borsani et al. (2016) at a wavelength of
1.031µm. RB16 tentatively interpret this feature as Ly↵.

We obtained a Y-band spectrum of EGS-zs8-2 with the goal
of verifying the putative Ly↵ detection. The spectrum we obtained
shows a 7.4� emission line at 1.0305 µm (Figure 2a), confirming
that EGS-zs8-2 is indeed a Ly↵ emitter at zLy↵ = 7.477. The mea-
sured line flux (7.4± 1.0⇥ 10�18 erg cm�2 s�1) is less than half
that of EGS-zs8-1. We calculate the Ly↵ equivalent width using
the broadband SED to estimate the underlying continuum flux. The
resulting value (WLy↵=9.3 ± 1.4 Å) is the smallest of the RB16
galaxies.

The MOSFIRE H-band spectrum covers 14587 to 17914 Å,
corresponding to rest-frame wavelengths between 1720 and 2113 Å
for EGS-zs8-2. In Figure 2b, we show the spectral window centered
on the [CIII], CIII] doublet. No emission lines are visible. There are
two weak sky lines in the wavelength range over which the doublet

is situated. However the separation of the individual components
of the doublet is such that at least one of the two lines must be
located in a clean region of the spectrum. We estimate 3� upper
limits of 2.3⇥10�18 erg cm�2 s�1 for individual components. The
non-detection suggests that the total flux in the CIII] doublet must
be less than 62% of the observed Ly↵ flux, fully consistent with
the ratio observed in EGS-zs8-1 and in extreme CIII] emitters at
lower redshift. We place a 3� upper limit on the doublet rest-frame
equivalent width of <14 Å. Deeper data may yet detect CIII] in
EGS-zs8-2.

3.3 COS-zs7-1

Prior to this paper, COS-zs7-1 was the only source from Roberts-
Borsani et al. (2016) lacking a near-infrared spectrum. Similar to
the other galaxies from RB16, COS-zs7-1 is bright in the near-
infrared (H160=25.1) and has IRAC color ([3.6]-[4.5]=1.03±0.15)
that indicates intense optical line emission. In addition to RB16, the
galaxy has been reported elsehwere (e.g., Tilvi et al. 2013; Bowler
et al. 2014). We estimate an [OIII]+H� rest-frame equivalent width
of 1854 ± 325 Å based on the [4.5] flux excess, making COS-
zs7-1 the most extreme optical line emitter in the RB16 sample.
RB16 derive a reasonably well-constrained photometric redshift

c� 2016 RAS, MNRAS 000, 1–13

Stark+16

see: Roberts-Borsani+15 (z=7.48), Zitrin+15 (z=8.68), Stark+16 (z=7.15)

Very high EW CIII] emission (W0=22+-2 Å),  
implies strong radiation field and low metallicity
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Spitzer/IRAC revealed: z~7-8 galaxies have extreme OIII+Hβ line emission

Labbe+13

Rest-frame equivalent widths on average are 700 Å!

(<0.1% of local galaxies show such strong lines)

The Astrophysical Journal Letters, 777:L19 (6pp), 2013 November 10 Labbé et al.

bright z ∼ 7 galaxies (Bouwens et al. 2013). The best-fit sSFR
is then sSFR = 7+13

−4 Gyr−1, in good agreement with the sSFR
derived from WHα .

We derive integrated stellar mass densities of H-band se-
lected galaxies to faint UV-limits by converting the stepwise
UV–luminosity function (LF; Bouwens et al. 2011; Oesch et al.
2012) to stepwise mass densities, using the best-fit M/L to the
emission line corrected SED.

Note that the emission line correction is derived from
∼1.5L∗(UV, z = 8) galaxies, so we assume that the effect
of emission lines is similar for L < L∗ galaxies. This approxi-
mation is unavoidable as sub-L∗ galaxies are currently beyond
the reach of Spitzer, even at our ultradeep limits. We derive un-
certainties by randomly drawing 104 LFs, perturbing the step-
wise LF and M/L ratios by their errors, and integrating the
resulting mass densities. Integrating to MUV,AB = −18 yields
ρ∗(z = 8) = 0.6+0.4

−0.3 × 106 M⊙ Mpc−3.

6. DISCUSSION

This paper presents new ultradeep IRAC data from the
IUDF program (120 hr in [3.6] and [4.5] over the HUDF) in
combination with a large sample of 63 Y105-dropout galaxies
at z ∼ 8 to study average HST/WFC3 and Spitzer/IRAC
SEDs, the effect of emission lines, and their impact on stellar
population model fits.

The most exciting result is the direct detection of large
numbers of z ∼ 8 galaxies by Spitzer/IRAC to faint limits,
without signs of a hard “confusion limit.” The ability, for the
first time, to determine the distribution of rest-frame optical
colors at z ∼ 8 is a clear reminder of the enduring capabilities
of Spitzer, currently in its post cryogenic (“warm”) mission.

Using the joint IRAC constraints on the SED at z ∼ 7
and z ∼ 8, we derive an empirical constraint on the emission
line contribution of rest-frame EW W[O iii]4959,5007+Hβ ∼ 670 Å
contributing ∼0.5 mag to [4.5] at z ∼ 8. To place this in context,
we compare to recent estimates for star forming galaxies from
other surveys (shown in Figure 5). While direct comparisons
are difficult due to different techniques and stellar mass ranges,
our results confirm the picture of an increasing importance of
emission lines toward higher redshift (e.g., Shim et al. 2011;
Fumagalli et al. 2012; Stark et al. 2013). The evolution of
the rest-frame EW of Hα follows WHα ∝ (1 + z)1.2±0.25 over
1 < z < 8. This a factor of ∼2 slower than the power law derived
by Fumagalli et al. (2012) over 0 < z < 2, but in agreement
with their model which assumes that the cumulative number
density of progenitors at higher redshift remains constant (e.g.,
van Dokkum et al. 2010; Papovich et al. 2011).

Clearly, at such high EW emission lines cannot be ignored
when deriving stellar masses and ages at high redshift (e.g.,
Schaerer & de Barros 2010; de Barros et al. 2012). After
correcting the SEDs for emission lines we find that the L∗(z = 8)
galaxies have stellar masses and M/L that are ∼3× lower.

The WHα based sSFR= 11+11
−5 Gyr−1 are ∼5× higher than

those at z = 2 (Reddy et al. 2012), consistent with an increase
sSFR ∝ (1 + z)1.5+0.7

−0.5 between 2 < z < 8. This evolution is
somewhat higher than derived by González et al. (2012b) over
2 < z < 6 and somewhat lower than inferred by Stark et al.
(2013) at 2 < z < 7, while in general agreement with the
cumulative number density model of Fumagalli et al. (2012).
The latest estimates reduce the tension between the observations
and simulations, which predicted an evolution of the baryonic

Figure 5. Comparison of the rest-frame emission line EW of star forming
galaxies with redshift. Red points indicate estimates of the mean Hα+[N ii] EW
with redshift, using either near-infrared spectra (Fumagalli et al. 2012; Erb et al.
2006) or emission line strengths inferred from excess emission in the IRAC
[3.6] filter of spectroscopically confirmed galaxies at z ∼ 4–5. The broadband
derived [O iii] + Hβ EW at z ∼ 8 from this Letter are shown by the blue solid
symbols. They are placed on the same scale assuming the relative emission
line strengths of Anders & Fritze-v. Alvensleben (2003) for sub-solar 0.2 Z⊙
(lower value) and solar (higher value). The dotted line shows the EW evolution
∝ (1 + z)1.8 derived by Fumagalli et al. (2012) for star forming galaxies with
stellar mass 10.0 < log(M/M⊙) < 10.5 at 0 < z < 2 extrapolated to z = 8.
The z ∼ 8 point provides additional evidence for an increasing contribution of
emission lines toward higher redshifts. The solid line shows the best-fit linear
relation to all data at 1 < z < 8: WHα ∝ (1 + z)1.2±0.25.
(A color version of this figure is available in the online journal.)

mass inflow rates ∝ (1 + z)2.3 (e.g., Neistein & Dekel 2008;
Davé et al. 2011; Weinmann et al. 2011).

Obviously, a huge leap in the determination of the properties
of galaxies at these redshifts will be made possible by the arrival
of James Webb Space Telescope. But in the mean time wider and
still deeper future IRAC observations will continue to provide
valuable insight into the properties of the z ∼ 8 population,
with emerging detections of z = 9–10 (e.g., Zheng et al. 2012)
galaxies probably not far behind.
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How can such strong lines be produced in the average galaxy?

see also: Schaerer&deBarros09, deBarros+14, Shim+11, Smit+14, Faisst+16
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Extreme colors require extreme conditions. Bursty star-formation!?

see also: Schaerer&deBarros09, deBarros+14, Shim+11, Smit+14, Faisst+16

de Barros+17, in prep.
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Imprint of Strong Rest-Frame Optical Lines on 
IRAC Colors
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Extreme colors require extreme conditions. Bursty star-formation!?

see also: Schaerer&deBarros09, deBarros+14, Shim+11, Smit+14, Faisst+16
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de Barros+17, in prep.
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Moving Forward with JWST NIRSPEC
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However, JWST spectroscopy will completely revolutionize this field!

JWST can in principle get spectroscopic redshifts for  

every single source currently known with HST

Redshift

JWST/NIRSPEC 
T=1800s 
R=1000
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• We have made great progress with HST (and Spitzer/IRAC) to search and 
characterize galaxies over 97% of cosmic history 

• The cosmic SFRD declines rapidly at z>8 by a factor ~10x in only 170 Myr, 
consistent with fast evolution of DM halo mass function


• Discovery of GN-z11 in current search area is surprising according to models: 
Need larger area surveys to confirm the number densities of bright galaxies at 
z>10. Needs to be done now with HST, likely won’t be done with JWST! 


• JWST will provide absolutely revolutionary spectroscopy, rest-frame optical 
lines and redshifts for all HST selected sources. We will finally get a handle on 
the physics of early galaxy build up


