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The history of astronomy is a history of receding horizons.
E. P. Hubble
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Unprecedented Galaxy Samples at z>=4
(from HST’s blank fields only)
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Almost 1000 galaxies in the epoch of reionization at z>6
Current frontier: z~9-10
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The Evolution of the UV Luminosity Function to z~8

)] L | 1 1 1 | | 1 1 | ] | ] i
O
- Bouwens+15 5
Q B =
™~ - / -
@ - —
g ~ '_T v=1.5G extremely steep -
Com faint-end slopes
™~ - (0t~-2) .
— —4
'g - well-defined —— z~2 i
B ild- —— 7~ _
5 —9 = build-up 2 :
< —e— z~8 _
— ) Tuniv=650|\/|yl’ :
o —6
O —
—_— | | 1 I I I I | | _
oright M 600.48 faint
(1600 A luminosity)
< >

/ mag baseline
See also: e.g. Oesch+10a/12, Bouwens+10a,11,12; Bunker+10, Finkelstein+10/14, Wilkins+10/11, McLure+10/13, Yan+12, Bradley+12, ...
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The Hubble Frontier Fields: Extending Analyses to
Fainter Luminosities

Livermore+16
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Using HFF dataset, some indication for continued steep increase in LF down to Muyv~-13.

Unclear, how much these LFs can be trusted given uncertainties in
high-magnification regions (>10x)

See also: e.g. Atek+15ab, Ishigaki+15, Laporte+15, Castellano+16
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Reionization by Faint Dwarf Galaxies

Planck Intermediate Results XLVII
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New Planck polarization results find: Te = 0.058+0.012, i.e. Zreion = 8.2+1.1
Consistent with estimates from ultra-faint galaxy population.

m)» Was reionization driven by faint dwarf galaxies? Likely yes!
Caveats: uncertainties in UV LF faint end slope and fesc

See also: Oesch+09, Bouwens+12, Kuhlen+12, Finkelstein+12, Robertson+13/15
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ISM Properties Rest-frame Optical
Dust Reemission Stellar Masses

Source identification

UV Light / SFRs

Spectroscopic Confirmation

K-band imaging AGN?



Very Faint, Individually Detected z~7-8 Sources

HST [3.6] [4.5]
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Small area over GOODS-S has 180-220 hour IRAC exposure times (27.4 mag, 30)
Ongoing program (GREATS; Pl Labbe, 733 hrs) to push full GOODS-S+N Deep to this depth
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Extremely Strong Lines are Ubiquitous at z>6

H160 [3.6] [4.5] H 60 [3.6] [4.5]
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At z~6.8 Spitzer/IRAC [3.6] provides a
clean probe of Olll+Hf lines. . . -
Extremely strong rest-frame EWs

reaching over 1000 A are common at CSD=2504846059 T cos- 2987030247
these redshifts!
Needs to be accounted for in SED
mass fits.

see also: Schaerer&deBarros09, deBarros+14, Shim+11, Labbe+13 Olll-+Hp Olll+Hp
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Galaxy Stellar Mass Functions at High Redshift
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see also: Grazian+15, Duncan+14, Salmon+14, llbert+13, Muzzin+13, Gonzalez+11, Lee+12
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Rest-Frame Optical Light of z~9-10 Galaxies
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NASA and ESA
Powerful combination of HST and Spitzer to explore most distant galaxies



Stellar Mass Density Evolution to z~10
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Luminosity limited SMD estimates at z>4 nicely match up with mass limited studies at z<4.

Are witnessing the assembly of the first 0.1% of local stellar mass density.
The first two Gyr are a very active epoch of galaxy assembly.
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Increased z~9-10 Galaxy Sample:
Full CANDELS + BORG

Bouwens+15
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A handful new, bright, bona-fide z~9-10
candidates with H=26.0-26.5
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Triply Imaged z~10 Candidate in First FF Cluster

Optical
- -.,. SR = B ki

Zitrin+14

H = 29.9 mag (de-magnified) strong geometric support of
zphot = 9.8+-0.4 high redshift solution of photo-z

magnification: 10-11x FRONTIER
Fli el [ols)

(see also Oesch+15, McLeod+15, Ishigaki+15)
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The UV Luminosity Function at the Cosmic Frontier

o Oesch+16, in prep.
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Including HFF galaxy candidates, now have a quite good estimate of the UV LF at z~10.

It lies a factor ~4-5x below the extrapolation from lower redshift trends.

Fast evolution from z~8 to z~10.
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Rapid Decline Consistent with Models
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Rapid decline in the cosmic SFRD is consistent with most models,
but there is a considerable range in predicted evolutions at z>8.

Need to understand this before launch of JWST to plan most efficient surveys!
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Spectroscopic Features of High-z Galaxies
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Bright z~8 Galaxies with Spectroscopic Redshifts

[3.6]  [4.5]
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P, %\ o e sources from CANDELS/WIDE
R - (see Roberts-Borsani+15)
I I I I I I
EGS-zs8-1 Zoest=7.7 (* = 1.7) -
24— Ziow=1.8 (2 = 34.2) 205 z~8 Galaxies -
& CANDELS+BoRG
o5 I.E 04l (Bouwens et al. 2014)
£
S
Q ©
&< 26 _ > 031
a g
27— N ;] 0.2 EGS-zs8-1
g ®
2 8
28_ 0 1 1 ] 1 —] "'g 01 — \L
0 25 %edshﬂ'f 10125 n e LBG candidates
' I I 0 |
35 1.0 2.0 4.0 6.0 245 25 255 26 265 27 275 28

observed wavelength [um] H. ., AB mag

Spitzer/IRAC colors allow us to exploit very wide area imaging data
to search for rare, ultra-luminous z~8 galaxy candidates with
robust photometric redshifts
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Bright z~8 Galaxies with Spectroscopic Redshifts

100% spectroscopic success rate via Lyx detection in such galaxies!
see: Roberts-Borsani+15 (z=7.48), Zitrin+15 (z=8.68), Stark+16 (z=7.15)
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EGS-zs8-1 now has a three line redshift z=7.73.
Very high EW CIII] emission
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Different Way Forward: Continuum Break Redshifts

If Lya disappears, need different technique to measure redshifts:
continuum breaks (as done for QSOs)

Note: at z>6 these are the Lya continuum breaks
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: Tanvir+09 : 1
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Problem: the background in the NIR is very high from the ground
and faintness of galaxies compared to QSOs
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HST Grism

Slide Credit: I. Momcheva
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HST Grism

Slide Credit: |. Momcheva \ Nk
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Neighbor Contamination in Grism Spectra

Even in a blank field, it’s difficult to identify orientations with minimal contamination.
Previous AGHAST spectra heavily contaminated.

Contamination Model

‘-1'

R A o e
WFC3/IR GrIsm Observatlon SetUp
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Perform full 2D contamination modelling and neighbor subtraction
(based on 3D-HST grism pipeline; Brammer+12, Momcheva+15)
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Lyman Break Detection at z=11

Oesch+16 Lyo Redshift
9 10 11 12 =

scale [arcsec]

GN-z11 HST WFC3/IR G141 Grism Spectrum
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Al | il
e
-200f= T r it T S I
-400 l | l | |
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Wavelength [um]

Overall continuum detection ~5.50 at
A>1.47 pm

Detected at 1-1.50 per resolution
element (91 A)

Detection in both epochs individually
(but at low S/N)

Break factor (fred/foiue) of >3.1

(20, 500 A) rules out z~2-3 interloper

(Maximally old BCO3 model at z=2.7 a
factor of <2.7 defined the same way)

Rule out emission line contaminant

Best-fit redshift: z=11.09+-0.10
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The Higher Redshift

GN-z10-1 = GN-z11 | | |
[ [ I 300 Zoom-in: —
S Comparison with Grism Data
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The grism data rules out the peak of the previous photometric redshift (zphot=10.2).
Is consistent with high-end tail of photo-z and with the photometry.
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Better Spectrum Required?

Oesch+16 Lyo Redshift
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Physical Properties of GN-z11

Age of the Universe [Gyr]
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Redshift R.A. 12 : 36 : 25.46
Dec. +62:14:31.4
= UV luminosity ~ 3xL*(z=7) Redshift zgrism 1109795
UV Luminosity Myv —22.14+0.2
= Stellar mass ~ 10° Mo Half — Light Radius® 0.6 & 0.3 kpc
log Myq; /Mg © 9.0+ 0.4
= SFR~24 Mo/yr, age~40 Myr log age/yr ° 7.6+0.4
SFR 244+ 10 Mg yr—1
Auv < 0.2 mag
Massive galaxy formation well under-way at z~11 UV slope 8 (fx x A?) —2.5+0.2¢
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Physical Properties of GN-z11 in Line with Models
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The derived physical properties (SFR, mass, and age) of GN-z11 are in very
good agreement with expectations from large-volume simulations
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GN-z11 is off the Charts
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Does GN-z11 tell us something fundamentally
new about early galaxy formation?
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Detection of GN-z11 in existing
data is quite unexpected, given
current models

Expected to require 10-100x
larger areas to find one such
bright z~11 galaxy as GN-z11

Difficult to draw conclusions
based on one source. Need
larger survey!



GN-z11 was “known” since 2008
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same photo-z as with new data, but was ruled out as not likely to lie at z>9
due to single band detection and its luminosity (Bouwens+10)
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The UV Luminosity Function at the Cosmic Frontier

5 Oesch+16, in prep.
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Slower evolution at the bright end of the UV LF?

- Need wider area NIR imaging data now to accurately determine number
density of bright sources and to find such candidates for JWST follow-up
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JWST/NIRSpec: Unprecedented Spectra

only line Simulation based on z=7.73 source from Oesch+15
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Summary

* Deep imaging with HST enabled the detection of an unprecedented sample of
galaxies at z>3 (11°000), and extended our frontier into the heart of the cosmic
reionization epoch (>800 galaxies at z~7-10). Cosmic Frontier: z=11.1

= The UV LF is extremely steep during the reionization epoch (faint end slopes as
steep as a = —-2) => ultra-faint galaxies likely main drivers for reionization

* The cosmic SFRD evolves gradually at z~4-8, then drops rapidly at z>8 by a
factor 10x in only 170 Myr

= Combination of very deep HST and IRAC data allow us to measure rest-frame
optical colors and stellar mass build-up from z~10 to z~3-4. We now explored
97% of cosmic history in build-up of star-formation and mass

= 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!
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