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surveys for high-z studies
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CDF-S region is rich in data (HST, Spitzer, Chandra, ground-based)
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CDF-S region is rich in data (HST, Spitzer, Chandra, ground-based)
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all optical ACS data and
all WFC3/IR data from
2003-2013 combined
into the XDF:
eXtreme Deep Field

three key datasets:
HUDF12, HUDF09, HUDF

full XDF data release in MAST

includes above datasets plus
CANDELS, SNe ACS data

matched dataset is deepest
image ever taken

reaches ~¥31 AB mag 5o
or >32.5 AB mag 1o

http://xdf.ucolick.org/xdf.html

HuBBLE SPACE TELESCOPE

XDF = EXTREME DEEP FIELD

A decade of imaging on the Hubble Ultra Deep Field
The deepest image of the Universe

galaxies in the first billion years GDI firstgalaxies.org




XDF assembly movie,

3000 ACS
and WFC3
Images
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ACS+WFC3/IR:
efficient detection of
galaxies to z~10+

measuring the highest redshifts

. |

Multi-Object Spectrometer for Infra-Red Exploration

ground spectra to z~8(+)
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Flux (counts s™')
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Redshift from Lya
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luminous galaxies Lya detections at z=7.5-7.7

Lya z=7.5 from
z~8 Galaxies KECk MOSFIRE

(Bouwens et al. 2014)
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Lya z=7.7 from
see Rychard and Pascal’s talks for Keck MOSFIRE

more on Keck MOSFIRE z~7.7 result

still only a few confirmed spectroscopic redshifts
at z>7.0 (e.g,. Ono et al. 2012, Finkelstein et al.
2013, Oesch et al. 2015, Watson et al. 2015)

Flux [107"7 erg/s/cm?/A]

z=7.7302+0.0006
f(Lya) = 1.7+0.3 10717 erg/s/cm2

1.055 1.06 1.065 1.07
Observed Wavelength [um]
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z~8.6 HUDF ~30+ z~8.5-11 galaxy candidates!
z~8.6 HUDF

z~8.8 HUDF

2~8.8 HUDF _ LBG dropouts/photo-z
50 HUDE 2~9.0 CANDELS

2~9.1 CANDELS
47253 [LIIF 2~9.2 CANDELS

z~9.8 HUDF 7~9 CLASH
z~12 HUDF(?)

2~9.5 CANDELS
2~9.5 CANDELS z2~3.2 CLASH 2~8.4 HFFs
2~9.9 CANDELS z~9.6 CLASH 2~8.4 HFFs
2~9.9 CANDELS z~10.8 CLASH 2~8.5 HFFs
2~10.2 CANDELS 2~8.5 HFFs
2~8.6 HFFs
2~8.6 HFFs
2~8.7 HFFs
z2~8.7 HFFs
2~8.9 HFFs
2~9.0 HFFs
2~9.0 HFFs
2~9.0 HFFs
2~9.3 HFFs
2~9.8 HFFs
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very luminous galaxy candidates at redshift z~9-10
10-20X more luminous than previous galaxies found at 500 Myr

“"{ HSTWFC3/IR  z=9.5 | SSTIRAC
4.5 pm
F125W

luminous z~10 galaxy

GN-z10-3

z=9.2

GN-z10-1

z=9.9

2.0
Wavelength [micron]

s o GN-z10-2

see Pascal’s talk
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UDFj-39546284

Hubble Ultra Deep Field 2009-2010
Hubble Space Telescope « WFC3/IR

NASA, ESA, G. lllingworth (University of California, Santa Cruz), STScl-PRC11-05
R. Bouwens (University of California, Santa Cruz and Leiden University), and the HUDF09 Team
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~ HUDF12 data showed this candidate ¢
“is real but is not at z~10

-HUDFO09+HUDF12+grism indicates
z~2.20rzv12

interesting object at either redshift
- but particularly if at |

Hubble Ultra Deep Field 2009-2010
Hubble Space Telescope « WFC3/IR

NASA, ESA, G. lllingworth (University of California, Santa Cruz), STScl-PRC11-05
R. Bouwens (University of California, Santa Cruz and Leiden University), and the HUDF09 Team
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CLASH cluster MACS0647 has highest
redshift-z~+10.7 galaxy candidate!

highly magnified source: ~8X (JD1)
MACS0647-1D

25.9 AB H-band (for JD1 image)

1.05um 1.1um 1.25um 1.4um 1.6um IR color
) , & T ;
AL o
recent HST grism spectroscopy: lack
of strong emission lines suggests

not low redshift contaminant

- -

F43SW+F475W F110W+F140W
sssowsreoew  F1OSW F110W F125W F140W F160W +F160W
+FE2SWHF775W . 2" ' e
+FB14W+FBS0LP 1”
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CLASH cluster MACS0647 has hio*

redshift:z~+10.7 galaxy cand’ Q\'Q'
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SFRD: accelerated evolution from z~10 to z~8

suggests a factor 10X change in just 170 Myr!

combining the current constraints from
all datasets: rapid evolution in the

Time [Gyr]

52 1i4 1I Oi8 0i6 0i5 0i4
— cosmic SFRD at z>8 (~10X in 170 Myr)
o -1.5+ ofif © . .
a but still indicative — needs more sources
T
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Redshift

see also, e.g.: Zheng+12, Coe+13, » —
Bouwens+13/14, Ellis+13, McLure note that “accelerated evolution
+13 Ishigaki+14' 'V'C'-eod’+14 consistent with model expectations
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sizes and structure
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very comprehensive recent paper on sizes (r,)

measured ~190,000 galaxies
from z~0 to z~10 — over 600

at z>~6 o SFGs, rgpt o
0T 7T T 1717
Myy=-21 -
_ L 8\0 J
8" 1 C‘)g“uac‘.
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2012; Curtis-Lake et al 2014 iy i C Wt %
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star formation occurs in compact regions

lensed galaxy at redshift 4.9 — 12.4 billion years ago

) . j distorted fold image of a 10-20x
— lensed by a rich cluster of galaxies at redshift z~0.3

magnified, redshift 5 galaxy

remove the distortion
caused by the cluster —
get a >10x magnified
image of a galaxy at
redshift 5

» significant fraction of
total star formation in
“blob”

» just a few hundred pc
in size

Gravitationally Lensed Image of Highest Redshift Galaxy
Hubble Space Telescope « WFPC2
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star formation occurs in compact regions

such highly-lensed galaxies are rare (very rare!) objects

highly-lensed galaxies => give resolutions of ~100 pc cB58 also, though lower redshift

or less — like 30-40 m telescope with AO
J2135-0102 — at z=3.1 magnified ~28X

Zitrin et al. 2010
z=4.92 Galaxy

ACS PSF

.

~25-50X ‘

> these highly-magnified galaxies
are important for assessing the
How object would look without cluster lensing nature Of star fO rming regions at

high redshift

galaxies in the first billion years GDI firstgalaxies.org




luminosity functions
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10,000 z~4-8 galaxies

luminosity functions from deep & wide fields
HUDF12, HUDF09, HUDF (XDF), HUDF09-1, HUDF09-2, ERS, BORG and all 5 CANDELS Fields
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consistent across many authors
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luminosity functions:

II|IIII|IIII|IIII|IIII|L

z~b6

@® Bouwens+2014
O Bowler+2015

O Finkelstein+2015
O Bouwens+2007

_

-20 -18 -
M

UV,AB

encouraging
consistency

deviations still not
very significant

and systematics are
often a concern

caution needed in
drawing conclusions
from minimally
significant 1-20
differences
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LF challenges: (1) substantial field-to-field variations
(2) small numbers at bright end
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LFs: steep faint end slope a of luminosity function

log,, ®(M) / ®(M=-21.1)

-20 -18

M 1600,AB

similar trends being found by
others: see also Bouwens et al.
2011; Oesch et al. 2010, 2012;
Bradley et al. 2012; McLure et al.
2013; Schenker et al. 2013;
Schmidt et al. 2014; Ishigaki et al.
2014; Finkelstein et al.2015
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LFs: steep faint end slope a of luminosity function

A1689 lensed
galaxies: LF at z~2

-1.4 % Best estimate

- . : similar for FF
A8} ; - clusters per
2.0 Anahita’s talk
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M*

L

B IIII"I
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indicative of the
existence of very
faint galaxies at
early times
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cf. Anahita’s talk reionization
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UV colors — beta B
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beta measurements have been subject to systematics

- 1 I 1 1 1 I 1 1 1 I 1 1 | . 1 | 1 1 1 I 1 1 1 ' 1 1 | -
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z~4-7 galaxies get bluer at lower luminosity

1 I 1 1 1 I 1 1 1 I 1 1 1
Consistent Dependence of
f on UV Luminosity

- @ z~4 (-0.16)
- ® z~5 (-0.07)
@ z2~6

- ® z~7 (+0.05)

e

-22  -20 -18
M »

low luminosity galaxies
asymptote at M ~ -19

excellent agreement

—2.5}F
-3.0F
—-3.5}

Bouwens Rogers
_40 L 1 1 1 1
-23 =22 =21 -20 -19 -18
Mis00
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reionization epoch
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M. Remazeilles™ %!, C. Renault®®, A. Renzi**¢!, I. Ristorcelli''"!!, G. Roc " ABSTRACT

d’Orfeuil®, M. Rowan-Robinson®, J. A. Rubifio-Martin’>*$, B. Rusholme®’. . 5 o . . . . L
) ) ) - — ~
M. Savelainen®2, G. Savini®, D. Scott®, M. D. Seiffert’™'3, P. Serra”, E. P This paper present: lanck observations of temperature and polarization anisotropies of the cosmic mi

R. Stompor!, R. Sudiwala!®, R. Sunyaev?"'®3, D, Sutton™¥, A.-S. s Crowave background (CMB7..0 ““wareement with the 2013 analysis of the Planck nominal-mission temperature
L. Toﬁolamzl.m’n, M. Tomasi”-’”, M. Tristrams‘,,T. Trombetti”,, M.Tuc 9data, but with increased precision. e ““wpectra are consistent with the standard spatially-flat six-parameter
1. Valiviita®52, B. Van Tent®’, P, Vielva’, F. Villa¥’, L. A. Wade?®, B.D. ACDM cosmology with a power-law Spectitia, “%ad “base ACDM?” in this paper). From the Planck tempera-
A. Wilkinson”, D. Yvon'®, A. Zac ture data combined with Planck lensing, for this cosiite®. *7.2+0.9) kms~'Mpc~', a matter density parameter
Qn = 0.308 + 0.012, and a tilted scalar spectral index with 7g==., “"**%.analysis. (In this abstract we quote 68 %
confidence limits on measured parameters and 95 % upper limits on G’ ~*ults of polarization measurements
with the Low Frequency Instrument at large angular scales. Combined with Uic®. & <«“ase measurements give a
reionization optical depth of 7 = 0.066 + 0.016, correspondmg to a reionization redsu™N .y . 1 fi “<igtent with those
from WMAP polarization measurements cleaned for dust emission using 353 GHz pola.nzatlu.. )
find no evidence for any departure from base ACDM in the neutrino sector of the theory. For example, t%e.._, I' e - 8 +
astrophysical data we find N = 3.15 + 0.23 for the effective number of relativistic degrees of freedom, consistcize. 8 ] 7
the Standard Model of particle physics. The sum of neutrino masses is constrained to }, m, < 0.23eV. The spatial curve: ]
found to be very close to zero with [Qx| < 0.005. Adding a tensor component as a single-parameter extension to base ACDM we 4
limit on the tensor-to-scalar ratio of ry gy, < 0.11, consistent with the Planck 2013 results and consistent with the B-mode polarization Cofse ns
from a joint analysis of BICEP2, Keck Array, and Planck (BKP) data. Adding the BKP B-mode data to our analysis leads to a tighter constraint of
r- e m a r- k a b | e m i S S i O n ro.002 < 0.09 and disfavours inflationary models with a V(¢) « ¢* potential. The addition of Planck polarization data leads to strong constraints on
deviations from a purely adiabatic spectrum of fluctuations. We find no evidence for any contribution from isocurvature perturbations or from cos-
mic defects. Combining Planck data with other astrophysical data, including Type Ia supernovae, the equation of state of dark energy is constrained
to w = —1.006 + 0.045, consistent with the expected value for a cosmological constant. The standard big bang nucleosynthesis predictions for the
helium and deuterium abundances for the best-fit Planck base ACDM cosmology are in excellent agreement with observations. We also analyse
constraints on annihilating dark matter and on possible deviations from the standard recombination history. In both cases, we find no evidence for
new physics. The Planck results for base ACDM are in good agreement with baryon acoustic oscillation data and with the JLA sample of Type Ia
supernovae. However, as in the 2013 analysis, the amplitude of the fluctuation spectrum is found to be higher than inferred from some analyses
of rich cluster counts and weak gravitational lensing. We show that these tensions cannot easily be resolved with simple modifications of the base
ACDM cosmology. Apart from these tensions, the base ACDM cosmology provides an excellent description of the Planck CMB observations and
many other astrophysical data sets.

Vi,

M. Linden-V a2 Op[ ca ]
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increasing neutral fraction at z>6

neutral
fraction

reionization “largely
complete” at z~6
(950 Myr)

Planck
Instantaoneous
Reionization

observational
constraints

® Transmission of Lya Forest
® LBG Lya Emission Fraction
o Damping Wing Quasars

m Lya Dark Gaps

8 10
Redshift

>

reionization epoch
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the ionizing background N, (z)

(1) determined the empirical evolution of the ionizing
background at z>6 (when reionization essentially “ends”)

(2) simple approach looking at trends in the ionizing
background, N, .(z) s* Mpc3, consistent with quasar, Lya and
Planck constraints

(3) this provides model-independent constraints that any source
of the ionizing background must match

(4) then compared to trends in UV luminosity density for
galaxies and for quasars/AGN

(5) similar trend seen when ionizing background evolution
compared to that for galaxies with plausible normalization

galaxies in the first billion years GDI firstgalaxies.org




the ionizing background N, _(z)

Planck Tt and all the constraints

lonizing Background

= [5.9.6.5]

. Planck T

. Q7=0.66+0.15

. Q8=0.1520.20

. N (2=4.75) = 105099045

- Z reion

Bolton &
Becker 2013

68% confidence Redshift

galaxies in the first billion years GDI firstgalaxies.org




the ionizing background N, (z)

contrast of the ionizing background Nion(z) for
WMAP (2013) and Planck with constraints:
(1) reionization “largely complete” at z~6

(2) respective Thompson optical depths T

LILEL I LI I LI I LI I I LI I LI I LILEL I LI I I
Observational Constraints | Observational Constraints |
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sequence showing constraints on the ionizing
background N.__ (z) evolution

on

lonizing Background

1. Z40, = [5.9.6.5]
2. Planck T
3. Q/=0.66+0.15

TN 7e) o 1o new results at z~5 to z~6
soton & seen in George Becker’s
Becker 2013 talk ﬁ” in the llgap”

]

Q
Q
=
T
7]
—
—
N
~
c
02
Z
Qe
[e)]
o

6 8
Redshift

the following sequence is of the ionizing background
N. .(z) with the constraints added one at a time
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the ionizing background as constraints are added
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the ionizing background as constraints are added

= I I I I I | I I I | I I I I -
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the ionizing background as constraints are added
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the ionizing background as constraints are added
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the ionizing background as constraints are added

1 1 1 1 1 1 I 1 1 1 I 1 1 1 T —]
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the ionizing background N._(z)

at this point we have the trend in the ionizing background Nion(z)
independent of what is the source of the ionizing flux

lonizing Background

1. Zpen = [5.9.6.5]

2. Planck T

3. Q}=0.66+0.15

4. Q8=0.15+0.20

5. N.(z=4.75) = 105099:045

what are the implications if we look at
sources?

Bolton &
Becker 2013

as one would expect we looked at
galaxies as the source

Redshift

note that we considered quasars/
AGNs and found them lacking
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derivation of the galaxy UV luminosity
density to -13 from the observed -17

1015 T

T I T T T I T T T I I E -1.4 % Best estimate
. . . 100 18
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® This work(A1689)
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Redshift

extrapolation necessary from -17 to -13 informed by the
Bouwens et al 2014 LFs to -16 and -17, the Alavi et al 2014
results to -14 from the lensing cluster A1689 and simulations
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derivation of the galaxy UV luminosity
density to -13 from the observed -17

UV Luminosity Density
(-23<M ,5<—17: Bouwens+2015)

l0g,y Pw(2) = 26.11 = 0.19 (z-6)

UV Luminosity Density
(-23<My, g<—13: Bouwens+2015)

l0g,o Pu(2) = 26.37 — 0.11 (z-6)
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Redshift

extrapolation necessary from -17 to -13 informed by the
Bouwens et al 2014 LFs to -16 and -17, the Alavi et al 2014
results to -14 from the lensing cluster A1689 and simulations
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similar trends in the ionizing background and the galaxy
UV luminosity density with plausible normalization

i lonizing Background I UV Luminosity Density i

1. Planck T (—23<M,, g<—13: Bouwens+2015)
2. 2, = [5.9.6.5]
3. Q}F0.66+0.15
4
5

109,o Pu(2) = 26.37 — 0.11 (z—-6) —

. Q8=0.15+0.20 i
. Nion(z=4'75) = 1()50.99£0.45

Needed to Match -

lonizing Background 7

— Bolton & 0G0 fescfion = 24.507]

- Becker 2013

Redshift
| Dependence

4 6 8 10 4 6 8
Redshift Redshift

normalization for galaxies is product of the Lyman-continuum
photon production efficiency ¢ __and the escape fraction f

ion esc

(the normalization is consistent with §,_ & f,..routinely used values)
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the ionizing background as constraints are added
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comparison of the observational constraints
with the ionizing background model results

Observational Constraints |l
F\
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comparison of the observational constraints
with the ionizing background model results

| Observational Constraints Il

© L
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what’s next?
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what’s next?

before (and after) JWST: lots more to do
theground!

A

&
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\o 28

with Hubble, Spitzer and on
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what’s next?

Jane’s talk on JWST

JWST — model at “South by So‘cfciwwest”




what’s next?

future meeting in another fun place

/ The Reionization f}oocﬁ:
“New ‘.lnsigﬁts and Future Prospects

@r[y March 2016

glsyen Center for CPﬁySiCS
\ Winter Conference Series /
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