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Studying Galaxies at the edge of the universe
(‘high redshift’) is interesting!
-- when galaxies grew very rapidly!

Frontier!

Studying Galaxies at the edge of the universe
(‘high redshift’) is interesting!
-- when galaxies grew very rapidly!
-- when the universe is reionized
(did galaxies do it?)
Frontier!

How do we identify galaxies in early universe?
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How do we identify galaxies in early universe?

Animation available at http://xdf.ucolick.org/

What can we do at present with HST
and other state of the art telescopes?

What are the key data sets?

What are the key data sets?
Deep Survey for
Faint Galaxies
HUDF/XDF

+ 2 Deep Parallel Fields
HUDF09-1 +
HUDF09-2

What are the key data sets?
Deep Survey for
Faint Galaxies

Wide Surveys for
Bright Galaxies
CANDELS Observations completed August 2013

GOODS-N
14’x10’

HUDF/XDF
EGS
30’x6’
COSMOS
22’x8’

HUDF

UDS
22’x8’

GOODS-S
10’x13’
Same fields covered with WFC3 Grism in AGHAST & 3D-HST

+ 2 Deep Parallel Fields
HUDF09-1 +
HUDF09-2

+ ERS + pure-parallel
BoRG/HIPPIES
program

Grogin+ 11
Koekemoer+ 11

What are the key data sets?
Wide-Area Ground-Based Probes
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UltraVISTA (McCracken+2012)
1.5 sq. degree
Y ~ 25.8, J ~ 24.9, K ~ 25.0
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Figure 1. The footprint of the UltraVISTA/COSMOS field showAbell 370
ing the key multiwavelength data used here. The large red rectangle shows the year-one 1.5 deg2 of near-infrared imaging from
UltraVISTA DR1, with the deeper strips comprising the second data release shown in dark red. The Subaru z 0 -band mosaic,
formed from four individual Suprime-Cam pointings, is indicated
by the blue outline, and the 2 deg2 of HST /ACS I814 -band imaging from the COSMOS survey is shown as the large jagged outline. The overlap with the DR2 strips in dark red and the central green square, which is the 1 deg2 area of a single pointing
of CFHT/MegaCam, defines the ' 0.7 deg2 area searched in this
study.

UDS (Lawrence+2007)
0.74 deg2
Y ~ 24.8, J ~ 25.7, K ~ 25.3

(see Bowler+2014/2015)

Figure 2. The footprint of the UDS field, showing the UKIRT
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Three Cycle-22 Programs to Better Constrain
What
are the key
data sets?
Prevalence
of z~9-10
Galaxies
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How many galaxies can we find at high redshifts?

(wide-area ground-based data adds more!)
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How many galaxies can we find at high redshifts?
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Many Probable z = 9-10 Galaxies are Known

Bouwens+2011, 2015a,b; Ellis+2013; Oesch+2013, 2014, 2015; Zitrin+2014; Atek+2015; Ishigaki
+2015; McLeod+2015

Many Probable z = 9-10 Galaxies are Known

z~9.6 CLASH
z~10.8 CLASH
z~9 CLASH
z~9.2 CLASH

Bouwens+2011, 2015a,b; Ellis+2013; Oesch+2013, 2014, 2015; Zitrin+2014; Atek+2015; Ishigaki
+2015; McLeod+2015

Many Probable z = 9-10 Galaxies are Known

z~9.6 CLASH
z~10.8 CLASH
z~9 CLASH
z~9.2 CLASH
z~8.6 HUDF
z~8.6 HUDF
z~8.8 HUDF
z~8.8 HUDF
z~8.9 HUDF
z~9.5 HUDF
z~9.8 HUDF
z~11.9 HUDF(?)
Bouwens+2011, 2015a,b; Ellis+2013; Oesch+2013, 2014, 2015; Zitrin+2014; Atek+2015; Ishigaki
+2015; McLeod+2015

Many Probable z = 9-10 Galaxies are Known

z~9.6 CLASH
z~10.8 CLASH
z~9 CLASH
z~9.2 CLASH
z~8.6 HUDF
z~8.6 HUDF
z~8.8 HUDF
z~8.8 HUDF
z~8.9 HUDF
z~9.5 HUDF
z~9.8 HUDF
z~11.9 HUDF(?)

z~9.2 CANDELS
z~9.5 CANDELS
z~9.5 CANDELS
z~9.9 CANDELS
z~9.9 CANDELS
z~10.2 CANDELS

Bouwens+2011, 2015a,b; Ellis+2013; Oesch+2013, 2014, 2015; Zitrin+2014; Atek+2015; Ishigaki
+2015; McLeod+2015

Many Probable z = 9-10 Galaxies are Known

z~9.6 CLASH
z~10.8 CLASH
z~9 CLASH
z~9.2 CLASH
z~8.6 HUDF
z~8.6 HUDF
z~8.8 HUDF
z~8.8 HUDF
z~8.9 HUDF
z~9.5 HUDF
z~9.8 HUDF
z~11.9 HUDF(?)

z~9.2 CANDELS
z~9.5 CANDELS
z~9.5 CANDELS
z~9.9 CANDELS
z~9.9 CANDELS
z~10.2 CANDELS
z~9.1 CANDELS
z~9.0 CANDELS

Bouwens+2011, 2015a,b; Ellis+2013; Oesch+2013, 2014, 2015; Zitrin+2014; Atek+2015; Ishigaki
+2015; McLeod+2015

Many Probable z = 9-10 Galaxies are Known

z~9.6 CLASH
z~10.8 CLASH
z~9 CLASH
z~9.2 CLASH
z~8.6 HUDF
z~8.6 HUDF
z~8.8 HUDF
z~8.8 HUDF
z~8.9 HUDF
z~9.5 HUDF
z~9.8 HUDF
z~11.9 HUDF(?)

z~9.2 CANDELS
z~9.5 CANDELS
z~9.5 CANDELS
z~9.9 CANDELS
z~9.9 CANDELS
z~10.2 CANDELS
z~9.1 CANDELS
z~9.0 CANDELS

z~9.8 HFFs
z~8.4 HFFs
z~9.3 HFFs
z~8.9 HFFs
z~8.6 HFFs
z~8.5 HFFs
z~8.7 HFFs
z~8.5 HFFs
z~8.6 HFFs
z~8.7 HFFs
z~9.0 HFFs
z~9.0 HFFs
z~9.0 HFFs
z~8.4 HFFs

Bouwens+2011, 2015a,b; Ellis+2013; Oesch+2013, 2014, 2015; Zitrin+2014; Atek+2015; Ishigaki
+2015; McLeod+2015

Many Probable z = 9-10 Galaxies are Known

z~9.6 CLASH
z~10.8 CLASH
z~9 CLASH
z~9.2 CLASH
z~8.6 HUDF
z~8.6 HUDF
z~8.8 HUDF
z~8.8 HUDF
z~8.9 HUDF
z~9.5 HUDF
z~9.8 HUDF
z~11.9 HUDF(?)

z~9.2 CANDELS
z~9.5 CANDELS
z~9.5 CANDELS
30 z=9-10 galaxies
z~9.9 CANDELS
z~9.9 CANDELS
z~10.2 CANDELS
z~9.1 CANDELS
z~9.0 CANDELS

z~9.8 HFFs
z~8.4 HFFs
z~9.3 HFFs
z~8.9 HFFs
z~8.6 HFFs
z~8.5 HFFs
z~8.7 HFFs
z~8.5 HFFs
z~8.6 HFFs
z~8.7 HFFs
z~9.0 HFFs
z~9.0 HFFs
z~9.0 HFFs
z~8.4 HFFs

Bouwens+2011, 2015a,b; Ellis+2013; Oesch+2013, 2014, 2015; Zitrin+2014; Atek+2015; Ishigaki
+2015; McLeod+2015

High-Redshift Record-Holder (From Spectroscopy)
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High-Redshift Record-Holder (From Photometry)
z~10.8z Galaxy
MACS0647 (Triply Imaged)
= 10.8Candidate
object inbehind
MACSJ0647+7015
(supported by photometric + lensing evidence)
Magnified by ~10x

~26 mag

Coe et al. 2012, ApJ, accepted

Coe+2013; Pirzkal+2015
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Build-up of Galaxies

Luminosity / Star Formation Rate Density

Bouwens+2015 (see also Madau + Dickinson 2015; McLure+2013; Bunker+2004)

Ultraviolet Luminosity Functions
7 mag baseline
Bouwens+2015 Luminosity Functions

Bouwens+2015; see also Bowler+2015; McLure+2013; Oesch+2012, 2013, 2014; Ishigaki+2014; Finkelstein+2015

Ultraviolet Luminosity Functions
7 mag baseline
Bouwens+2015 Luminosity Functions

Evolution well
defined

Bouwens+2015; see also Bowler+2015; McLure+2013; Oesch+2012, 2013, 2014; Ishigaki+2014; Finkelstein+2015

Star Formation Rate Functions

3

(i.e., dust corrected UV Luminosity Functions)

Smit+2012; see also Duncan+2014; Sobral+2014

Figure
2. Left:
Both
the analytical
stepwise SFR
functions
derived
in this
SFR
functions
derived
in this
study fromand
dust-corrected
UV
LFs. The
stepwise
SFRstud

Galaxy Stellar Mass Functions

Grazian+2015

(see also Duncan+2014; Ilbert+2013; Muzzin+2013; Gonzalez+2011; Lee+2012)

Discovery of Many
Very Luminous Galaxies
at
z~7-10

GNWJ−604094296

AB

Especially
z=10.2 Galaxy Found over
GOODS
IRAC Bright
4.5 µm
122
± 21 North
26
L*(z=3)
Bright z ∼ 9 −~1.5
10 Galaxy
Candidates in GOODS-North
m

Note. — Measurements are given in nJy wi

*

28 upper limit due to uncertainties
3σ
in
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n
2
z
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z
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GNDJ−652258424
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m

H ~ 25.9 mag
28

22

10.2(χ(χ ==8.3)
4.9)
zbest = 9.2
best

2

2.1 (χ = 30.0)
47.5)
zlow = 2.2

6′′ ×6′′ images

Fig. 2.—
of the four z ≥ 9 galaxy candidates identified in the CANDELS GOODS-N data. From left to right, the ima
show a stack of all optical bands, Y105 , JH140 , J125 , H160 , MOIRCS K, and neighbor-subtracted IRAC 3.6 µm and 4.5 µm images. T
stamps are sorted from high to lower photometric redshift from SED fits (indicated in the lower left, see also Table 1). The IRAC neighb
subtraction works well for all sources except for GNDJ-722744224, where the nearby foreground source is too bright, and clear residuals
visible at the location of the candidate. Only IRAC upper limits are therefore included for this source in the following analysis. Clea
all other sources show significant (> 4.5σ) detections in the 4.5 µm channel. The brightest source (GNDJ-625464314) is also detected
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 MOIR
K-band data provide only upper limits.

30
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Oesch+2014
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Especially Bright z~8 Galaxy Found over CANDELS EGS
a Luminous z = 7.7 Galaxy ~ 3 L*(z=3)
3
1.05

Flux [10

−17

2
erg/s/cm
erg/s/cm /Å]
/Å]

0.2

1.055

EGS-zs8-1

1.06

1.065

1.07

1.075

zspec = 7.730
zphot = 7.7 ± 0.3

0.1

H ~ 25 mag

0

−0.1

z=7.7302±0.0006
f(Ly ) = 1.7±0.3 10−17 erg/s/cm2

−0.2
1.05

Oesch+2015

1.055

1.06
1.065
Observed Wavelength [µm]

1.07

1.075

8

Especially Bright z~7 Galaxy Found over UltraVISTA
R. A. A. Bowler et al.
~ 6 L*(z=3)

Discovery

K ~ 24 mag
z~6.97

Bowler+2014
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Especially Bright z~7 Galaxy Found over UltraVISTA
R. A. A. Bowler et al.
~ 6 L*(z=3)

Discovery
Very Bright Galaxies are
K ~ 24 mag
likely rare high-σ peaks
from halo mass function
(no modulation by dust or quenching)
z~6.97

Bowler+2014

FAI

look for faint z~9-10 galaxies

Finding
MoreGalaxies
Bright z~8-10 Galaxies
>20-30 z~9-10

BRIGHT

Trenti+2015
BoRG
CANDELS
[z910] Bouwens+2015
Bouwens+2015
CANDELS
Trenti+2015 BoRG[z910]
Follow-Up
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(480 orbit program)
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Program
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(uses all ACS+WFC3 CANDELS area)

Leverage 1000 arcmin2 in search area (full
2
2
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1400
arcmin
CANDELS + 500 arcmin in additional search
+ 500
area) tosearch
searcharea
for bright
z~9-10 galaxies
!(full CANDELS
arcmin2 in additional area)
6 bright z~9-10 galaxies (Oesch+2014)

20 bright
z~9-10
galaxies
6➞bright
z~9-10
galaxies
(Oesch+2014)
-> 20 bright z~9-10 galaxies
confirmed z=9 galaxy from
ongoing Bouwens+2015
HST program

FAI
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BRIGHT

Trenti+2015
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[z910] Bouwens+2015
Bouwens+2015
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Follow-Up
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(480 orbit program)
Follow-Up
Program
(480 orbit program)
(uses all ACS+WFC3 CANDELS area)

Leverage 1000 arcmin2 in search area (full
2
2
Leverages
1400
arcmin
CANDELS + 500 arcmin in additional search
+ 500
area) tosearch
searcharea
for bright
z~9-10 galaxies
!(full CANDELS
arcmin2 in additional area)
6 bright z~9-10 galaxies (Oesch+2014)

20 bright
z~9-10
galaxies
6➞bright
z~9-10
galaxies
(Oesch+2014)
-> 20 bright z~9-10 galaxies

UltraVISTA + UDS +
SPLASH + SMUVS
~1.7 deg2 search area:
→ 26 mag

confirmed z=9 galaxy from
ongoing Bouwens+2015
HST program

(Despite minor revolution in the # density for bright galaxies since 2013)

Excellent Agreement Found among 2015 Determinations
Do these Luminosity Functions Agree with Other Recent
Determinations?

Bouwens+2015;
Bowler+2015;
Finkelstein+2015;
Bouwens+2007
Bouwens+2014;
Bowler+2015;
Finkelstein+2015;
Bouwens+2007

Growth and Build-up of
Faint Galaxies

Ultra-Faint Galaxies Dominate UV Light Production at
z~3-10
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Faint-end Slope

credit: Coe
BRIGHT

FAINT

Luminosity Function Steeper at Early Times
Shallower

Faint-End
Slope
Steeper

Bouwens+2015; see also Bouwens+2011; Oesch+2010, 2012; Bradley+2012; McLure+2013; Schenker
+2013; Schmidt+2014; Ishigaki+2014; Finkelstein+2015

Evolution of Luminosity Density to z = 8 → 10
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New Information on the
Reionization of the Universe

New Planck results suggest a less Ionized Universe at
z > 7 (τ consistent with
UV LF evolution)
New Constraints on Cosmic Reionization

ρSFR (z) and the Planck τ .
We can now
address the importa
Planck
redshift-dependent contribution of ga
τ = 0.066 ± 0.012 in Figure 2. Th
a history which is consistent with
shown in Figure 1 given our simple a
escape fraction fesc , early stellar po
clumpiness of the IGM. Importantly,
by Planck (compared to WMAP) lar
tension between ρSFR (z) and τ tha
many authors, including Robertson
a SFR history consistent with the ρ
reproduces the Planck τ strengthens
Robertson et al. (2013) that the bulk
tons emerged from galaxies. Figure 2
served galaxy population at z < 10 c
68% credibility intervals of τ with pla
= 0.066
±. 0.012
aboutτfesc
and Lmin
As a conseque
eliminates the need for very high-red
formation (see section 3 below). We
rection used in computing ρSFR at
equivalently lower fesc without signifi
derived τ .
Figure 2 also shows τ (z) compute
WMAP
τ marginalized
likelihood as
see also
Choudhury+2015
high-redshift SFR density (blue regio
2013), which favored a relatively low

Planck Consortium 2015; Robertson+2015;
Fig. 2.— Thomson optical depth to electron scattering τ , integrated over redshift from the present day. Shown is the Planck
constraint τ = 0.066±0.12 (gray area), along with the 68% credibility interval (red region) determined from the marginal distribution

Increasing Statistics Available on Prevalence of
Lyα Emission in z=7-8 Galaxies
0.8

Fraction of Galaxies
with Lyα EWs > 25
Angstroms

xLyα, 25

~ 100 sources
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This work
Stark et al. (2011)

MUV > -20.25
MUV < -20.25
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More neutral
universe
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Redshift
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Schenker+2014
; see also Pentericci+2011/2014; Tilvi+2014; Treu+2013; Stark
The fraction of Lyman break galaxies that display Lyα in emission at an EW ≥ 25 Å, plotted a

Fontana+2010;
Caruana+2012,
Schenker
al. described
2012; Ono+2012
= 7 and+2010;
8 reflect
diﬀerential measurements
with2014;
the data
at z = et
6, as
in the text. Thus

Self-consistent Picture4 of Cosmic Reionization now available
Robertson et al

Filling Factor of
Neutral Hydrogen

Robertson+2015

Fig. 3.— Measures of the neutrality 1 − QHII of the intergalactic medium as a function of redshift. Shown are the observational constraints compiled by Robertson et al. (2013), updated to include recent IGM neutrality estimates from the ob-

Fig.
the equ
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(points

z~4-9 Galaxies Also Show Strong
Nebular Line Emission:
Hα + [OIII]

Nebular Emission lines (([OIII], Hα) Prominent in z>1 Galaxies

ion Line Galaxies

Rest-frame EWs ~ 1000 Angstroms

Figure 4. WFC3 grism spectra of the four candidates with grism
coverage. The IDs refer to those in Table 1. GSD18 is object 402
from Straughn et al. (2011); the 3 objects in the UDS are from
supernova follow-up grism observations (program ID 12099, PI

van der Wel+2011; see also Atek+2011; Brammer+2012

Nebular Emission Lines ([OIII], Hα) are Especially Bright at z~4-8
Example:
2

HST
ACS

HST
WFC3/IR

Spitzer/
IRAC

discussion of our results in §4.
Throughout this paper adopt a Salpeter
limits 0.1-100 M⊙. For ease of comparison
vious studies we take H0 = 70 km s−1 Mpc
0.3 and ΩΛ = 0.7. Magnitudes are quoted in th
tem (Oke & Gunn, 1983)
2. OBSERVATIONS
2.1. Data

In selecting our small sample of bright, high
z ∼ 7 galaxies, we make use of the d
observations available over the first 23 c
the CLASH multi-cycle treasury program (G
PI Postman).
The cluster fields are
ered with 20-orbit HST observations sprea
bands using the Advanced Camera for Surv
B435 , g475 , V606 , r625 , i775 , I814 , and z850 ), W
Camera WFC3/UVIS (U V225 , U V275 , U336
and WFC3/IR instrument (Y098 , Y105 , J110 , J
and H160 ). Individual bands in the deep ima
reach 5 sigma depths (0.4-diameter aperture) o
mag. Deep Spitzer/IRAC observations of our fi
[3.6] and [4.5] bands was also essential for our p
was provided for by the ICLASH (GO #80168
et al. 2011) and Spitzer IRAC Lensing Surve
(GO #60034: PI Egami). The typical exposur
cluster was 3.5 to 5 hours per band, allowing u
26.5 mag at 1 sigma. Reductions of the IRAC
tions used in this paper were performed with
(Makovoz & Khan, 2005).
2.2. Photometry and Selection

To obtain accurate flux measurements we
procedure described in Bouwens et al. (2012)
we perform photometry in dual image mode
Source Extractor software (Bertin & Arnouts,
ing both fixed (0.6”-diameter) and scalable K
tures. A detection image is constructed from e
that is securely positioned redward of the Lym
Photometry images are convolved with a kern
to match all the sources to the PSF of the H

Fig. 2.— The impact of emission lines on the [3.6] and [4.5] band
fluxes and our strategy for deriving specific star formation rates and
Smit+2014
Hα equivalent widths from our z ∼ 7 sample. Top panel: The red-
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Substantially Improved Photometric Redshifts
(useful for ALMA follow-up)
Narrow redshift window where
[4.5] band misses [OIII]+Hα
(~30 sources identified with
extreme colors)

credit: Smit+2015
Figure 3.

Figure 2. An illustration of the position of the optical nebular
emission lines in a z ∼ 6.8 star-forming galaxy (red line) with respect to the Spitzer /IRAC response function (indicated in blue).
Our strategy for selecting star-forming galaxies in the narrow redshift range z ∼ 6.6 − 6.9 capitalizes on the [O III] and Hα emission
lines being separated by almost the same wavelength diﬀerence as
the width of Spitzer /IRAC 4.5 µm band. Our [3.6] − [4.5] selection technique furthermore requires that the [O III] line has not
yet dropped out of the 3.6 µm band, which narrows the redshift
window where we expect to find these ultra-blue galaxies, from
∆z ∼ 0.35 to ∆z ∼ 0.25.

van der Wel et al., 2013; Holden et al., 2014; Steidel et
al., 2014). No use of the Spitzer /IRAC photometry is
made in the photometric redshift determination to avoid
coupling between our redshift estimates and the measured IRAC fluxes. We do not include sources from our
EGS/UDS/COSMOS sample in Figure 1 because of the
lack of deep HST coverage in the z850 and Y105 /Y098
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Continuing Challenges....

Field-to-Field Variations are Large!

Bouwens+2015

Field-to-Field Variations are Large!

Variations at the Bright End
are even larger!
~2x variations found on
degree scales at z~6
Bowler+2015
Bouwens+2015
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Deriving Physical Parameters (Masses, Metallicities,
Gas Masses, etc.)
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Gas Masses, etc.)
Part of the Answer =
Deep Spectroscopy

Clearer Physical Interpretation of Observations Needed!
Is MUSE a powerful instrument?
A&A proofs: manuscript no. muse_HDFS

Deriving Physical Parameters
(Masses, Metallicities,
27-hour integration!
HDF South
Gas over
Masses,
etc.)
~200 redshift!
measurements

Part of the Answer =
>10x more than!
Deepbefore
Spectroscopy
~200 redshifts / arcmin2

Fig. 11. The location of sources with secure redshifts in the HDFS MUSE field. In grey the WFPC2 F814W image. The object categories are
identified with the following colors and symbols: blue: stars, cyan: nearby objects with z < 0.3, green: [O ii] emitters, yellow: objects identified
solely with absorption lines, magenta: C iii] emitters, orange: AGN, red circles: Ly emitters with HST counterpart, red triangles: Ly emitters
without HST counterpart. Objects which are spatially extended in MUSE are represented by a symbol with a size proportional to the number of
spatially resolved elements.

5.6. Ly emitters

MUSE GTO: 260 nights

The large majority of sources at z > 3 are identified through
their strong Lyman- emission line. Interestingly, 26 of the discovered Ly emitters are below the HST detection limit, i.e
V606 > 29.6 and I814 > 29 (3 depth in a 0.2 arcsec2 aperture, Casertano et al. 2000). We produced a stacked image in
the WFPC2-F814W filter of these 26 Ly emitters not individually detected in HST and measured an average continuum at
the level of I814 = 29.8 ± 0.2 AB (Drake et al. in prep.). We
present in Fig. 14 one such example, ID#553 in the catalog.
Note the typical asymmetric Ly profile. With a total Ly flux of
4.2⇥10–18 erg s–1 cm–2 the object is one of the brightest of its category. It is also unambiguously detected in the reconstructed Ly
narrow band image. With such a low continuum flux the emisArticle number, page 12 of 21

sion corresponds to a rest-frame equivalent width higher than
130 Å.
Note that we have found several even fainter line emitters
that have no HST counterpart. However, because of their low
SNR, it is difficult to firmly identify the emission line and they
have therefore been discarded from the final catalog.
5.7. Active Galactic Nuclei

Among the [O ii] emitting galaxies we identify two objects
(ID#10 and ID#25) that show significant [Ne v] 3426 emission,
a strong signature of nuclear activity. Both galaxies show pronounced Balmer breaks and post-starburst characteristics, and
their forbidden emission lines are relatively broad with a FWHM
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Interpretation of Strong Nebular Emission Lines at z>4?
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Interpretation of Strong Nebular Emission Lines at z>4?

Objects like this appear to be typical
2
discussion of our results in §4.
Throughout this paper adopt a Salpeter IMF with
limits 0.1-100 M⊙. For ease of comparison with previous studies we take H0 = 70 km s−1 Mpc−1 , Ωm =
0.3 and ΩΛ = 0.7. Magnitudes are quoted in the AB system (Oke & Gunn, 1983)
2. OBSERVATIONS
2.1. Data

In selecting our small sample of bright, high-magnified
z ∼ 7 galaxies, we make use of the deep HST
observations available over the first 23 clusters in
the CLASH multi-cycle treasury program (GO 12101:
PI Postman).
The cluster fields are each covered with 20-orbit HST observations spread over 16
bands using the Advanced Camera for Surveys (ACS:
B435 , g475 , V606 , r625 , i775 , I814 , and z850 ), Wide Field
Camera WFC3/UVIS (U V225 , U V275 , U336 and U390 )
and WFC3/IR instrument (Y098 , Y105 , J110 , J125 , JH140
and H160 ). Individual bands in the deep imaging data
reach 5 sigma depths (0.4-diameter aperture) of 26.4-27.7
mag. Deep Spitzer/IRAC observations of our fields in the
[3.6] and [4.5] bands was also essential for our project and
was provided for by the ICLASH (GO #80168: Bouwens
et al. 2011) and Spitzer IRAC Lensing Survey program
(GO #60034: PI Egami). The typical exposure time per
cluster was 3.5 to 5 hours per band, allowing us to reach
26.5 mag at 1 sigma. Reductions of the IRAC observations used in this paper were performed with MOPEX
(Makovoz & Khan, 2005).
2.2. Photometry and Selection

To obtain accurate flux measurements we follow the
procedure described in Bouwens et al. (2012). In short,
we perform photometry in dual image mode using the
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Yet such objects are
ubiquitous!
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In selecting our small sample of bright, high-magnified
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observations available over the first 23 clusters in
the CLASH multi-cycle treasury program (GO 12101:
PI Postman).
The cluster fields are each covered with 20-orbit HST observations spread over 16
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and H160 ). Individual bands in the deep imaging data
reach 5 sigma depths (0.4-diameter aperture) of 26.4-27.7
mag. Deep Spitzer/IRAC observations of our fields in the
[3.6] and [4.5] bands was also essential for our project and
was provided for by the ICLASH (GO #80168: Bouwens
et al. 2011) and Spitzer IRAC Lensing Survey program
(GO #60034: PI Egami). The typical exposure time per
cluster was 3.5 to 5 hours per band, allowing us to reach
26.5 mag at 1 sigma. Reductions of the IRAC observations used in this paper were performed with MOPEX
(Makovoz & Khan, 2005).
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To obtain accurate flux measurements we follow the
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Observations of the High-Redshift Universe: Summary
Current facilities (HST with ACS+WFC3/IR) are allowing for the selection of large >104object samples of galaxies to z~11, with spectroscopic redshifts out as high as z=7.73.
Huge progress has been made in understanding galaxy growth with the Hubble Space
Telescope... in terms of the UV luminosity density, UV LFs, and galaxy stellar mass
functions.
Modest numbers of intrinsically highly luminous z~7-10 galaxies have been
recently discovered. The existence of these objects suggest little impact of dust or
quenching on UV luminosities of these rare, high-σ peaks
Current observations suggest the faint-end slope of the UV LF becomes
increasingly steep at z>6. The UV luminosity density shows moderately smooth
evolution to z~9, but may show faster evolution at z>9.
High-redshift EW nebular emission lines are particularly ubiquitous in z>8 galaxies.
Key challenges for progress in galaxy formation include achieving a more physical
understanding of galaxies, coping with large field-to-field variance, and obtaining a
better understanding of strong nebular emission at z>~2-8.

