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- ASTRONOMY

AND

ASTROPHYSICS

“What is at stake here is not only a piece of stellar technology
but our commitment to the most fundamental human
quest: understanding the cosmos.” —John N. Bahcall

R AR

1970s—1980s John’s continuing efforts to support Hubble were crucial andinspiriné
(and a model for what was needed from scientists for a major mission to be successful).

1989 — John’s introductory remarks and participation in the NGST 1989 workshop
1991 — John was Chair, Astronomy Decadal Survey. | was Chair of UV-Optical in Space Panel.
2000 — John was Chair, SIRTF Legacy Science TAC. | was Panel Chair.



NGST (JWST) — key early events

THE NEXT GENERATION
SPACE TELESCOPE

30 years from NGST mission concept to JWST launch!

THE DECADE OF DISCOVERY IN ,

i : : i

Simulated images of NGC2903 translated to Z=1

NGST in mid-1980s by
Pierre Bely, Peter Stoc;kman
and Garth IIIingworth;l

HST after 3 orbits NGST after 2 hours

Proceedings of a Workshop held at the
Space Telescope Science Institute
Baltimore, Maryland,

13-15 September 1989
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Astronomy
and Astrophysics
Panel Reports

1991

NATIONAL RESEARCH COUNCIL

www.ucolick.org/~gdi/early jwst/
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i NGST (JWST) — key early events

30 years from NGST mission concept to JWST launch!

THE NEXT GENERATION

SPACE TELESCOPE . : . o=
From the introduction to the 1989 NGST workshop: A EROHOMY
' ASTROPHYSICS

“We would also like to thank John Bahcall who introduced the
workshop by sharing some of his experiences with the HST

project. His pertinent remarks about the dedication of those = RKING PAPERS
involved in the development of HST emphasized the deep and '
widespread commitment needed to bring about its successor.”

»NATIONAL RESEARCH COUNCIL

| i S .

FESET W -omy

Proceedings of a Workshg
Space Telescope Sciend
Baltimore, Maryl SAGE ADVICE

13-15 September

E‘Tﬁjfég)l,, S22 “International cooperation may be critical for such a major project”. Bahcall

/ ININSTITUTE

“It’s not often that we have a chance to participate in history”. Danielson (as quoted by

Bahcall) . -~ : ?d‘

www.ucolick.org/~gdi/earl _

el B i
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NGST & the 1990 Decadal ASTROTECH 21 SERIES Il MISSION CONCEPTS AND

WORKSHOPS TECHNOLOGY REQUIREMENTS
SERIES 11

voLume Workshop Proceedings:
Technologies for Large
Filled-Aperture Telescopes
: in Space

THE DECADE OF DISCOVERY IN ,

- ASTRONOMY

4 5 1 AND

ASTROPHYSICS

4 NATIONAL RESEARCH COUNCIL
-

* WORKING PAPERS
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Astronomy
and Astrophysics
Panel Reports

September 15, 1991

JPL D-8541, Vol. 4

NATIONAL RESEARCH COUNCIL See 2016 STSCI NGWSletter art|C|e g —e———
2 | NGST: The Early Days of JWST

e oe ] newsletter.stsci.edu/early-webb-history W
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NGST & the 1990 Decadal ASTROTECH 21 A e e i

WORKSHOPS
SERIES 11

orume Workshop Proceedings:
Technologies for Large
Filled-Aperture Telescopes
in Space

THE DECADE OF DISCOVERY IN ,

' ASTRONOMY = (2 W
AND o :

{\1

° WORKING PAPE|

Gl -~

and Astrophysics
Panel Reports

1990 Decadal Survey: UV-Optical in Space Panel recommended:

* 6-m passively-cooled infrared telescope

* derived a cost of S2B in FY90S (~5S4B in 2018S)

NATIONAL RESEARCH COUNCIL

|* for launch in 2009 to a high orbit

JPL D-8541, Vol. 4

see 2016 STScl Newsletter article
NGST: The Early Days of JWST ,
newsletter.stsci.edu/early-webb-history W
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NGST = JWST — key steps in the 1990s leading to development

n nd iy l"l |
A“Str,(:,tf]:%zw Mﬁf;iﬁn?scs 1996: HST and Beyond study (chair Dressler) with 3 recommendations ,,.7 R
s including an IR telescope “....of aperture 4 m or larger, optimized for .L\M\ﬁg”\ IR
8 m NGST imaging and spectroscopy over .... 1-5 um.” i @X ) ‘ Oq ’1 k..
T o mewu DINA
. o~ . Crucial change: Dan Goldin: “I see Alan Dressler here. All . Sp w%ﬁ
- \' : '.. 5 i he wants is a four meter optic that goes from a half micron 7 ] S CC {
Ry to 20 microns. And | said to him, "Why do you ask for such a : Wf,"'..'l?;"f'"'ew :
: ) y & . . o, e alaxies were oung
R modest thing? Why not go after six or seven meters? ik -
i 1996 American Astronomical Society meeting R S RS
| - NMGST
Goddard’s central role started with a crucial step involving Ed Weiler and John Mather
1999: SMD AA Weiler signs Formulation Authorization — NASA starts NGST | .

' I&§ Goddard’s technical excellence and project management " . t.-
experience has been central to the accomplishments of s




OTE Omni
Secondary Mirror Support Structure

Frill

Stationkeeping SCAT Thrusters
Spacecraft Bus Radiation Shades
-J2 Equipment Panel

Star Trackers

Spacecraft Omni

LV Adapter Ring

Gimballed Antenna Assembly

Secondary Mirror Assembly
Secondary Mirror
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science collaborators & science team members

Rychard Bouwens, Pascal Oesch, Pieter van Dokkum, Ivo Labbeé, .
Marijn Franx, Mauro Stefanon, Renske Smit, Dan Magee, Holland Ford ’

& the HUDFO9/XDF/HLE 3D-HST and ACS GTO science teams

) ;

. . : ‘v . : . .
; i _ , ’ . < . ;
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our strange universe

it is all dark matter & dark energy — and a little
bit of ordinary matter “icing on the cake”

Atoms
4.6%

Dark
Matter

24%

from WMAP and Planck telescopes



dark energy our strange universe
and dark K

matter are e G it is all dark matter & dark energy —and a little
the 800 Ib - g B bit of ordinary matter “icing on the cake”
gorilla(s) in T EES

the universe S L Atoms

1.6% Dark

Energy

71.4%
Dark ’

Matter
24%

ordinary matter is, by
comparison, a bit mousey...

from WMAP and Planck telescopes



history of everything

first 2% of < time
mass in stars
S N | s

cosmic background radiation

billions of years ago
0 11 12 13.3 134 13.5 13.7

| E—

figure credit: insert adapted from Brant Robertson UCSC 9‘{6



history of everything

first 2% of < time
mass in sto:

[P -~
» % » -
L >,

Big
Bang

cosmic background radiation

billions of years ago
0 11 12 13.3 134 13.5 13.7

| E—

figure credit: insert adapted from Brant Robertson UCSC 9‘{6
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nearby galaxy

spectrum I’edShiftS (//z//)

Intensity

= change in wavelength
Wavelength gives redshift

z=6 spectrum Redshift =6

: hydrogen gas
shifted to red absorbs blue light at z=6 galaxy is moving away at

96% of the speed of light!

Intensity

Wavelength

> Redshift =8
B & more hydrogen
z=8 spectrum &
) I= gas absorbs
shifted even more blue light
more to red

Wavelength



F435W F606W F775W ~105W  F125W F140W F160W

optical ACS
xdf.ucolick.org/ near-IR WFC3/IR

gt




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

F435W F606W F775W FB50LP F105W F125W F140W F160W

ARy I\ S q
f .Y

\
\

optical ACS
near-IR WFC3/IR

xdf.ucolick.org/
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what have we learned about galaxies
in the first several billion years

\

a sample of bright galaxies about 1
billion years after the Big Bang

have been represented in blue
to better convey what they
really look like




[ cosmic star formation over all time ]

relative|rate of
all star formation
8

diversity
complexity

stability ‘ evolution

characterization transition
archaeology

4 6 8
Lookback Time [Billion Years]

revealing the star

formation rate density

over 96% of time

Lookback time (Gyr)

L

linear figure credit:
Pascal Oesch

gdt



Oesch+2014

buildup of mass in the universe in stars

«——— time (billions of years)

10 5 2

o - = = 50%

mass
density
in stars

1 0.7

—

Redshift

only ~2% of stellar
mass density built
up by the end of
reionization

only ~0.1% at the
start of reionization
at z~10 (see later)



Cosmic Dawn — the time of the first stars and galaxies

the first | | we see galaxies building up extremely rapidly from

billion years redshift z~¥10 to z~6 (480 million years to 1 billion years)

a time of rapid growth of the dark matter halos within which galaxies form

a time when significant quantities of heavier elements
were produced in stars and ejected into the gas in galaxies
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a time when the universe was reionized...

1.2 1 0.8
Time [Gyr]

HST and Spitzer have let us explore in this fascinating period
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& how have we learned about
galaxies in the first billion years
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the telescopes and cameras that enabled the

ACS
Hubble SM3B
Mar 2002

B

TRy | iiwrcs
& "¢ Hubble SM4
k' My 2009

exploration of the early universe

Spitzer
Aug 2003
upgraded Hubble
ACS in 2002
WFC3 in 2009

launched Spitzer in 2003

each new servicing mission resulted
in a dramatic change in our ability
to explore the early universe



redshift limits increase with new capability

)

i N e,
1990 a SR R i e e

‘ | Ground-based observatories # e -y 5 as SRR ) . el Py Gl o first stars

TN | 1995 48

Hubble Deep Field

&
g

ks

N

.. Hubble Utra Déep FieldR -+ s N e N R- o ~
Redshift (2): | 1 4 B 6 7 8 10
6 Py 1.5 . ot . o1 800 s EEAE0

0 PSR SR TSRS R R

' .7 Hubble Probes the Early Universe

>20

200

Time after the Big Bang S W bitflon” -+t g . biliion . " _million million  million

years years - ‘ years years

M

capability-driven scientific advances reionization epoch

years

gdt



Hubble’s partners for distant galaxies

Hubble
Great Observatory

Spitzer
Great Observatory

Chandra
Great Observatory

Atacama Large Mrlllmeter Array

VLT — Very Large telescope  Keck & Subaru telescopes AR




JWST’s partners for distant galaxies f

Chandra Hubble
/5 Great Observatory Great Observatory

Wide Field Infrared
Survey Telescope

WFIRST
Great Observatory

LSST — Large Synoptlc SETe s 1
Survey Telescopeﬁ... bl




Fode ‘;,"'f\ ' 8 «, R started with
G T T e HDF-N in

S Dec 1995 -
it 7 the survey datasets used for

Sivs e S _ high-redshift galaxy studies
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Hubble Deep Field HST WFPC2

ST Scl OPO January 15, 1996 R. Williams and the HDF Team (ST Scl) and NASA




Hubble
and
Spitzer
survey
fields for
high-
redshift
galaxies

figure credit: Harry Ferguson and the CANDELS team



X DF/ HUDF ( eXtreme Deep Field)

HuBBLE SPACE TELESCOPE

XDF = EXTREME DEEP FIELD

deepest ever Hubble image PrnEEne e ER T e
s s g L
".U.\'..' . ’.".‘ -
. ™ ‘-"' i ‘,‘ . B -

< 2963 HST images S w8

& . -
< for a 23 day total exposure on the HUDF!| = ~. - Ve .' e

from 800 orbits of Hubble | » £ .

* , - ‘ "',“
‘ . . 1 . .
/ . NS -
28 . B SR gh e P R S o
: 5 ' o o : ] X ‘ . o ..\
all optical ACS data and all infrared WFC3/IR data ‘/ S T 3 3 NE et B
on the HUDF from 2003-2013 from 19 programs St e e R
‘ o VR e I -
reaches 31 AB mag 5o e
or >32.5 ABmag lo GDI+2013

ILLINGWORTH, D. MAGEE, AND P. DescH (UNIVERSITY OF CALIFORNIA, SANTA CrRUZ),

. G. v B v
xdf.ucolick.org e s



CDF-S/GOODS-S/CANDELS-S — a remarkable and unique region

Hubble Legacy Field South (HLF-GOODS-S)
7211 exposures from 2442 orbits

5.8 Msec or ~70% of a Hubble Cycle

~ HUDF/XDFand 4,
3 "~ HUDF-like deep .
HUDFP1 -~ .

, . fields + all GOODS,,
.~ CANDELS, ERS etc

‘ B | HuDFP4 | '

* - HUDFP2

[ HUDFP3Z| .

il

ACS + WFC3/IR - 10 filters in V1.5 release (+098M) 152 GB of aligned astrometric HST images

firstgalaxies.org/hlf & archive.stsci.edu/prepds/hlf/ GDI Magee+2016 940



http://firstgalaxies.org/hlf
https://archive.stsci.edu/prepds/hlf/

Age of the Universe (Myr)

700 600 500

N
W

| This work, SPT0615-JD
RELICS (Salmon+17)
RELICS SPT0615-57 z< 8 CANDELS
CLASH BoRG

N
S

Calvi+16
Coe+13

N
U1

N
[«)]

SPT0615-JD

Apparent Hyg9 [AB Mag]
N
~l

3

Intrinsic mag
by de-lensing

N
Q0

Redshift z

Salmon+2017

Hubble Frontier Fields have now
added many more galaxies

very large samples of z>4 galaxies from Hubble

ground surveys also now have resulted in very large
samples but largely at z<5-6 — (and are not shown)

Frontier Fields
Ultra-VISTA

N
w

N
N

i ﬂ

Oesch+16

|
N
=

N
o

0
N
O}

N
B

log Numbers

[pasuaj-uou] Bep AN 21N|0SqY

high-redshift galaxies

WFC3/IR opened up the
reionization epoch at z>6

~14000 z~4-11 galaxies (2018)

Redshift

Bouwens GDI Oesch+15 ?d"
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ALMA [C ] 157.74um redshifts and
velocity structure in two z~6.8 galaxies

redshift

COS-3018555981

w

—
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o
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|
w

-5 0 S -2 -1 0 1
offset [arcsec] offset [arcsec]

frequency [GHz]

ALMA HST image + ALMA Zc; = 6.8540£0.0003
narrowband (+ ALMA beam) Z;ciy = 6.807610.0002

redshift

C0OS-2987030247

offset [arcsec]

Smit + 2017

-5 =2 =1 0 1
offset [arcsec] offset [arcsec]

frequency [GHz]
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ALMA [C ] 157.74 um redshifts and
velocity structure in two z~6.8 galaxies
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Smit + 2017
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rotation models compared to data

model

convolved residual
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ALMA [C ] 157.74 um redshifts and
velocity structure in two z~6.8 galaxies

el s

offset [kpc] offset [kpc]

consistent with rotation but could be
more complex (merging?; gas flows?)

o

rotation models compared to data
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velocity [km/s]
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velocity [km/s]
offset [kpc]

model model
high res convolved data residual
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N
o

velocity structure in the two galaxies

sabolr |

ALMA (and JWST) will play a key role in understanding the gas
flows and the velouty structure in the earliest gaIaX|es

Smit + 2017




é )
luminosity functions — the census of galaxies:

a key input for understanding galaxy build-up and reionization
U J

over 10,000 high redshift Hubble-selected
galaxies from z~4 to z~10!



ACS enabled the first redshift z~6 sample

e ACS: 10-20X “discovery efficiency” of WFPC2 (more galaxies)
* enhanced wavelength coverage (higher redshift galaxies)

N V) & 3 years later: 27X (627) as many z~6 galaxies
N e T AR
first luminosity function at 1 Gyr (z~6)

z~6 LF by 2006 had
627 galaxies!

N (# / Mpc® / mag)
log,, Number / mag / Mpc?

/' first 26 LF but only
| 23 galaxies! -20 -19 -18
M1350.AB

-21

1600,AB

Bouwens GDI+2003 Bouwens GDI+2007 W

M



ACS enabled the first redshift z~6 sample

*&‘ efficiency” of WFPC2 (more galaxies)
goverage (higher redshift galaxies)

first iummosity funct

2003

z~6 LF by 2006 had
627 galaxies!

N (# / Mpc® / mag)

/' first 26 LF but only
| 23 galaxies!

-20 -19 -18

M 1360,AB

-21 —20

1600,AB

Bouwens GDI+2003 Bouwens GDI+2007 W

M



ACS enabled the first redshift z~6 sample

e ACS: 10-20X “discovery efficiency” of WFPC2 (more galaxies)
* enhanced wavelength coverage (higher redshift galaxies)

et Vi o 3 years later: 27X (627) as many z~6 galaxies
first luminosity function at 1 Gyr (z~6)

N
? -3.5
=)
~ z~6 LF by 2006 had
3;’ ; 627 galaxies!
~4.5 first z~6 LF but only
| 23 galaxies! -20 -19 -18
M1350.AB
—21
MIGOO.AB
Bouwens GDI+2003 Bouwens GDI+2007 W



pushing LFs to fainter limits to derive UV luminosity densities

|
N

|
W

|
N

M
0
Q
=
M
o
o}
£
N
| 95
®
0
E
5
Z
©
o
o

1600,AB

need to go faint to very low luminosities since
majority of UV luminosity density with a~-2
comes from very faint galaxies

Bouwens GDI Oesch+2015
see also McLure+2013, Finkelstein+2015, Bowler+2015, Parsa+2016, Alavi+2016

log(¢/[Mpc ?mag'])

|
[

|
N

|
S

|
Ul

e F i)

—_—z~6

—— 7 ~ ]

s, 2728

— 7 O
z~10

® Bouwens+2015 at z~7

Atek+2015 at z~7

-16 -14 —12
Mi600,AB

theoretical LFs Liu+2016

expect flattening or turn-over in
the UV LF at low luminosities

but how do we go fainter than XDF?

gdt



galaxy cluster “lenses”

galaxy
galaxy cluster

e \ the way to both
\\ __lensed galaxy images go faint and to

see what faint

galaxies really

look like...

~ —

N .

V . disto&ed iight;rays ;
| by combining
e, (T B Hubble with a
e x e “cosmic telescope”

\__credit:NASA, ESA, L. Calcada

gdt



Frontier Fields
HFF

long history of galaxy cluster
imaging programs with HST
from WFPC2 to ACS to WFC3:

ACS GTO Team
CLASH

HFF

RELICS

+ others

6 clusters + 6 parallel fields

840 orbits of ACS and
WFC3/IR images

1000 hours of Spitzer IRAC

figure credit: Jennifer Lotz

MACSJ1149.5+2223 Abell S1063



Frontier Fields
HFF

long history of galaxy cluster
imaging programs with HST

from WFPC2 to ACS to WFC3: |

ACS GTO Team
CLASH

HFF

RELICS

+ others

6 clusters + 6 parallel fields ; |

840 orbits of ACS and
WFC3/IR images

1000 hours of Spitzer IRAC

figure credit: Jennifer Lotz
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the challenges of luminosity functions using lensing clusters
w model uncertainties at high magnifications =

different models yield substantially
different results at high magnification

strongly lensing clusters provide the opportunity to go much
fainter than deep fields, but how faint can we reliably push?




modelling challenging at high magnifications

CATS Merten et al. Sharon et al. Bradac et al.

critical curves for four different models for the HFF cluster Abell 2744 and a source at z~9

from Atek 2017 — adapted from www.stsci.edu/hst/campaigns/frontier-fields/Lensing-Models



http://www.stsci.edu/hst/campaigns/frontier-fields/Lensing-Models

modelling challenging at high magnifications

CATS Merten et al. Sharon et al. Bradac et al.

P . : . v‘.j . e : '.. ; . - c;
| strongly lensing clusters provide extraordinary opportunities

. at high magnification to see faint objects, but also
extraordinary challenges to measure them accurately

critical curves for four different models for the HFF cluster Abell 2744 and a source at z~9

from Atek 2017 — adapted from www.stsci.edu/hst/campaigns/frontier-fields/Lensing-Models
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Input: Bradac
Recov: Median

Bouwens+2017b

Input: CATS
Recov: Median

Input: Zitrin—NFW
Recov: Median

Input: Grale
Recov: Medion

the uncertainty
“blows up”
fainter than -14.5

limit for reliable LFs from the HFFs

(Hubble Frontier Fields)

the errors in the LF
become so large as
to make estimates
of the LF from the
HFF of limited value
below My, g ~-14.5

model systematics are the limiting factor

see also Castellano+2015, Atek+2016, 2018, Laporte+2016; Livermore+2017; Ishigaki+2017; Yue+2018
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Recov: Median

— Input: CATS
Recov: Median

limit for reliable LFs from the HFFs

(Hubble Frontier Fields)

HFF gained us 2 mags
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— Input: Bradac
Recov: Median

o(m) [Mpc™ Mag ]

log,, Number / mag / Mpc?

—— Bouwens et al. (2Q17)
—— Livermore et al. (2D17)

—— Ishigaki et al. (201f7)
o ‘ — -16 —-14

20 -18 -16  -14  -12 Muv.ag
preliminary Mg

Atek+2018 large systematic errors and large uncertainties
Bouwens+2017b below ~-14.5 to -15 mag — confirmed by Atek+2018

see also Castellano+2015, Atek+2016, 2018, Laporte+2016; Livermore+2017; Ishigaki+2017; Yue+2018 W
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Recov: Median
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(Hubble Frontier Fields)
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L Input: Bradac
Recov: Median
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Atek+2018 large systematic errors and large uncertainties

Bouwens+2017b below ~-14.5 to -15 mag — confirmed by Atek+2018
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see also Castellano+2015, Atek+2016, 2018, Laporte+2016; Livermore+2017; Ishigaki+2017; Yue+2018
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Ishigaki et al. (2017)
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see also Castellano+2015, Atek+2016, 2018, Laporte+2016; Livermore+2017; Ishigaki+2017; Yue+2018 ?d‘






galaxies in the first billion years

large bright z~6-7 galaxies a large galaxy now

1.8” (~10 kpc)

small faint distant galaxies the “Milky Way” to the same scale
. *.
& —p - .

»

really tiny!

most galaxies in the first o
o billion years have recently 1
been measured for the first

time to be surprisingly small!

. ~size of the Hubble :
point spread function UGC-12158 — similar to the Milky Way

gdt



a remarkable fold arc in CL1358

cluster of galaxies CL1358 at z=0.33

magnifies faint z=4.92 background galaxy

get ~20X magnified
image of distant galaxy
12.5 million years ago

CL1358-G1 at z=4.92

|

model gravity in cluster
remove distortions

recover source plane image

50% of star formation (>50%)
in the bright “blob” r, ~130pc

SFR around 40 My/yr

Franx GDI+1997

-’ 8
- My
)
-
- remove
(I.:‘ > * elliptical
N S ~ galaxy
. > l ‘
S~
: , X L
¢’ : N
A -
WFPC2 image



unique insight into the structure of a high redshift galaxy
3 2 1996 WFPC2 image found in 1996 — still the best
% . magnified image we have for a
galaxy in the first 2 billion years :
2004 image from Hubble’s Advanced Camera ACS ‘
magnified 25X by the cluster / .
CL1358-G1 . CL1358-G1 probably looks more like this!
. -
~ . e very rare to see such details
4 e star-forming regions at high redshift are very small
'
How object would look without cluster lensing Zitrin+2011

gdt



z~6-8 galaxy size comparison to star-forming regions

Lensed z=6—-8 Sources

sizes of 307 z~6-8 galaxies in HFFs

compared to star-forming clusters or
complexes and super star clusters

== observed sizes of z~6-8 galaxies are
similar to lower redshift star-forming
complexes — note 30 Doradus =

Star A ® Present Sample
@ From Vanzella+2017a,b

30 Doradus

Clusters

106 107 108 109
Stellar Mass (M)

Bouwens+2017c

see also Vanzella+2017a,b; Laporte+2016; Kawamata+2015,2017



z~6-8 galaxy size comparison to nearby evolved objects

sizes of z~6-8 galaxies in HFFs
compared to nearby evolved objects

local objects from Norris+2014
(see also Brodie+2011)

= could we be seeing some
globular clusters forming at
very high redshift? -

Bouwens+2017c

see also Vanzella+2017a,b; Laporte+2016; Kawamata+2015,2017

Lensed
z=6-8
Sources

>

if older/dustier

<

if younger

@ Present Sample
@ From Vanzella+2017a,b

107 108 102 10" 10'' 10'2
Stellar Mass (M)




how will we find more?

>100 clusters have been searched — CL1358G1 is
still the best and only one at high redshift

30-40 m telescopes will give <100 pc resolution
from lasers and adaptive optics

magnified 25X by the cluster

"
'

CL1358-G1

How object would look without cluster lensing

sim

———_ —— i L ——

< :’,__ — 2 — - — - ———

ulation of Eu'“ropeah ELT with lasers

30-40 m ELT with adaptive optics needed
to measure the sizes of star-forming
regions in a large sample of early galaxies

ELT — Extremely Large Telescope




our first indication of when the “first stars” appeared




EDGES low-2 antenna
first evidence for when the “first stars”

started to shine brightly St

found by these funny-looking (and small) radio
antennae in the desert of Western Australia....

Experiment to Detect the Global Epoch of Reionization Signature

EDGES low-1 antenna NEW RESULT

published March 01
Nature

Bowman, Rogers,
Monsalve, Mozdzen
& Mahesh

Murchison Radio-astronomy Observatory (MRO) in Western Australia National Science Foundation gde



first evidence for when the “first stars” started to shine brightly

NEW RESULT

published March 01
Nature

is this correct?

confirmation?

Age of the Universe (Myr)
150 200

cosmic . ) 1 180 million years

microwave

background
first stars
turn on

3
N
~
o
P
=
©
S
o
Q
£
]
4
(]
n
]
o
-
L
2
S
m

Redshift, z

first stars become prominent at redshift z~20 (~180 million years)

Bowman+2018



first evidence for when the “first stars” started to shine brightly

Age of the Universe (Myr)
200

cosmic . ) 180 million years
microwave LN i

background hat

theorists
expected

/i

NEW RESULT

published March 01
Nature

3
N
~
o
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=
©
S
o
Q
£
]
4
(]
n
]
o
-
L
2
S
m

first stars
turn on

is this correct?

Redshift, z

confirmation? first stars become prominent at redshift z~20 (~180 million years)

Bowman+2018



. . i GN-z11
[ what do we know about the first galaxies? ] RO ..l ot sy |
RGN |ooking back 13.3 billion |
. B  years through time
the first galaxies must be earlier than GN-z11 ' L A LR | e
i.e., earlier than 400 million years s ,
but not by much — maybe 100-200 million years? e Lsghe
Hubble and Spitzer have been F e e

. . . gt e Hubble WFC3/IR

reaching into JWST territory! G T e moe s ‘
Spitzer IRAC g - )

- .,~'- ity '.
s TN F
S ool o Y 4 ; ; - /. ?4’6



Absolute Magnitude MUV

GN-z11 — the most distant galaxy found to date

surprising discovery of GN-z11

Age of the Universe [Gyr]
0.7 0.6 0.5

GN-z11
[ |

Go JWST!

9
Redshift

Oesch+2016

~
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)

Does GN-z11 tell us something fundamentally
new about early galaxy formation?

c?l_|
o
Q
=
I
o)
©
E
=

Model LF Predictions
Trac+15

-22.5 21

-22 =215 -
Absolute Magnitude Muv [AB mag]

detection of GN-z11 in existing data is unexpected,
given current models

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

gdt
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the highest redshift galaxies

galaxies at z~10 (480 Myr)




some very luminous galaxy candidates at redshift z~¥9-10

'-GOODSN Do e B
| HSEACSIWECWECH/IRE S = o0 2 g o

He) s

4..‘8‘_ e

détecnons in SIDltzer data . =

- ‘.

photometrlc redshlft z -9 10

l

probablllty z<5 |s <O 02 O 2% o

'6

= -Aé-S/WEC FsTaw P R AN

¥ 1 HSTWFC3/IR

z=9.5

| F125w

A GN-z10-3

SSTIRAC
4.5 ym

v

z=9.2

53|NB GN-29-1

z=10.2

el @ @0

=]

2=9.9

‘s D GN-z10-2

.

Oesch Bouwens GDI+2014

Hubble

Spitzer

GN-z11



the luminosity function at z~10 z~10 galaxies are hard to find!

8 years of WFC3/IR imaging

-
&
N

only 9 galaxies in the major
Legacy fields: HUDF/XDF +
CANDELS/GOODS + HFF

-
=
w

—i
<
H

note the change of an order of

—— magnitude between z~8 and z~10

z~10 7 Bernard+16
Calvi+16
® Data McLeod+16
Best-Fit Infante+15
\—~ Bouwens+15

mIH
O
ol
=
Lo
©
£,
<
o
O

Oesch+2017 /i
see also: Zheng+2012; Coe+2013; Bouwens+2013,15,16; Ellis+2013; McLure+2013; Ishigaki+2014,17; Infante+2015; Bernard+2016; Calvi+2016; McLeod+2016



“accelerated evolution” — the star formation rate density at z~9-10

clearly a trend to lower SFRD at z>8
SFR Density Evolution

> 0.3 M/yr

ml—
(&)
Q
<
S
<
®
=,
>
=
%)
=
[
i)
o
LL
/)
(@)
©

Redshift

Oesch+2013,2014,2017

see also: Zheng+2012; Coe+2013; Bouwens+2013,15,16; Ellis+2013; McLure+2013; Ishigaki+2014,17; Infante+2015; Bernard+2016; Calvi+2016; McLeod+2016



“accelerated evolution” — the star formation rate density at z~9-10

clearly a trend to lower SFRD at z>8

SFR Density Evolution
“accelerated evolution” is actually

consistent with the expected buildup*

> 0.3 M/yr
of dark matter halos over that time

2~10 Combined HST Fields ' 1 - Ty

—

mI—
(&)
Q
<
S
<
®
=,
>
=
%)
=
[
i)
o
LL
/)
(@)
©

Redshift

*dark matter halo growth (>~10%° M;)
from HMFcalc — Murray+2013

Oesch+2017

see also: Zheng+2012; Coe+2013; Bouwens+2013,15,16; Ellis+2013; McLure+2013; Ishigaki+2014,17; Infante+2015; Bernard+2016; Calvi+2016; McLeod+2016
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model comparisons — the star formation rate density at z>6

note that “accelerated
evolution” is seen in some
models, but there is a large
range of shapes/slopes

Oesch+2017
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e,

Time [Gyr]
0.8 0.6 0.5 0.4

SFRD Model Comparison

> 0.3 My/yr

Mashian+16
Mason+15
=== Liu+15
— SuN+16
- = Behroozi+17

8 9 11 12 13
Redshift Go JWST!



the case of the missing z~10 galaxies

Expected Number of z~10 Candidates

number of z~10 galaxies from

. . . Best-Fit LF
“observed luminosity function”

Simple LF evol

McLeod LF

Trac Model

Meraxes Sim

the situation at z~10 is unexpected Cai Model

Sun Model
the numbers of objects is smaller than any TRT———

model — the offsets are quite systematic Dayal Model

BlueTides Sim
Mashian Model

GALFORM Sim

20 30 40
# Candidates

Oesch+2017




[ way fewer galaxies than expected at redshift 10 ]

rate of star
formation

6 8 10
Lookback Time [Billion Years]

there are far fewer galaxies than we
(naively) expected at early times

“accelerated evolution” is a very
important result for JIWST

galaxies are evolving rapidly
earlier than 650 million years

billions of years since the Big Bang +———
1.4 1 08 06 05 0.4

dramatic 10X drop from
initial expectations

rate of star
formation

8 9
Redshift

Oesch+2017
z~9: Bouwens+2018
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w  what does this mean for JWST and
our search for the “first galaxies”? =




/

\_

can JWST find the first galaxies?
will they be so rare that they will be hard to find?

will they occur at such high redshifts that they will
be hard for JWST to see?




reionization epoch — latest Planck results

striking concordance between 2016
Planck results and galaxy constraints

simulation: Alvarez et al. 2009



é )
measuring the fluctuations in the 3°K

microwave background across the whole sky
/

.

Planck all-sky map of
the microwave 3°K
background

three amazing missions

COBE WMAP Planck
1989 2001 2009 g



N\ constraints on the reionization history
Planck 2016 remarkable mission

j XLVII. Planck constraints on reionization history

Planck intermediate results

Planck Collaboration: R. Adam®, N. Aghanim*, M. Ashdown®®7, J. Aumont®*, C. Baccigalupi™®, M. Ballardini*>*>%, A. J. Banday®*'°,
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ABSTRACT

We investigate constraints on cosmic reionization extracted from the Planck cosmic microwave background (CMB) data. We combine the Planck

CMB anisotropy data in temperature with the low-multipole polarization data to fit ACDM models with various parameterizations of the reioniza-

tion history. We obtain a Thomson optical depth 7 = 0.058+0.012 for the commonly adopted instantaneous reionization model. This confirms, with

. . . o o data solely from CMB anisotropies, the low value suggested by combining Planck 2015 results with other data sets, and also reduces the uncertain-

t h e U n Ive rS e I S I O n I Ze d a t I e S S t h a n t h e 1 O A) ties. We reconstruct the history of the ionization fraction using either a symmetric or an asymmetric model for the transition between the neutral
eee and ionized phases. To determine better constraints on the duration of the reionization process, we also make use of measurements of the amplitude
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...an early onset of reionization is strongly

disfavored by the Planck data. .
Plank Collaboration XLVII + 2016 gdé



Planck 2016 remarkable mission

J

.Thomson optical depth t=0.058+0.012....

...average redshift at which reionization occurs
is found to lie between z=7.8 and 8.8...

...upper limit to the width of the reionization
period of Az < 2.8.

...the Universe is ionized at less than the 10%
level at redshifts above z = 10...

...an early onset of reionization is strongly
disfavored by the Planck data.

N\ constraints on the reionization history

Planck intermediate results

XLVII. Planck constraints on reionization history

Planck Collaboration: R. Adam®, N. Aghanim*, M. Ashdown®®7, J. Aumont®*, C. Baccigalupi™®, M. Ballardini*>*>%, A. J. Banday®*'°,
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ABSTRACT

We investigate constraints on cosmic reionization extracted from the Planck cosmic microwave background (CMB) data. We combine the Planck
CMB anisotropy data in temperature with the low-multipole polarization data to fit ACDM models with various parameterizations of the reioniza-
tion history. We obtain a Thomson optical depth 7 = 0.058+0.012 for the commonly adopted instantaneous reionization model. This confirms, with
data solely from CMB anisotropies, the low value suggested by combining Planck 2015 results with other data sets, and also reduces the uncertain-
ties. We reconstruct the history of the ionization fraction using either a symmetric or an asymmetric model for the transition between the neutral
and ionized phases. To determine better constraints on the duration of the reionization process, we also make use of measurements of the amplitude
of the kinetic Sunydc Zeldovich (kSZ) effect using additional information from the high-resolution Atacama Cosmology Telescope and South
Pole Telescope experiments. The average redshift at which reionization occurs is found to lie between z = 7.8 and 8.8. depending on the model of
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reionization constraints from Planck 2016 | —_ constraints on

ionization fraction |
striking consistency with galaxy results

evolution of the Planck integrated

| optical depth e
68%

- Planck 2016 T

68% & 95%

‘,¢ Il Robertson+2015 ' 5
Ishigaki+2015

compared to | | end at z~6
galaxy results

LBG Lya Emission Fraction

Lya Emitters reionization

. . - : | Lya Emitter Clustering 0
10 12 14 16 ' - ! D):]mping Wing Absorption h|StO I’y Compa red

GRBs . 0
Domping Wing Quosars with observational

Lya Dark Gops -
‘ ‘ constraints

Transmission of Lya Forest

12 14 gde

Plank Collaboration XLVII + 2016




reionization constraints from Planck 2016 | constraints on

ionization fraction
striking consistency with galaxy results

0.10
evolution of the Planck integrated

optical depth 0.4

0.08 95%

n "

for the first time we now know when galaxies started
to reionize the universe

-

Z
this is a crucial piece of information for how far back

we might have to look to find “first galaxies”
- o !

reionization
history compared
with observational
constraints

Plank Collaboration XLVII + 2016



“First Light and Reionization”
one of JWST's four science themes

( )
can JWST see the “first galaxies”?
U J

recent studies suggest

that JWST will reach to

redshift z~ 14-15 in the
deepest studies

Mason+2015



billions of years since the Big Bang e

1.4 1 0.8 06 0.5 constraints

can JWST see the | " onionization

fraction

Hubble o o
first galaxies”?

rate of star
formation **depends on what one means

accelerated evolution by “first galaxies” but yes...

large 10X drop from expected at z~¥11 +  galaxy turn-on at z~10-11
- suggest major changes in galaxy population at z~¥10-12 =

great for JWST’s “first light” goal since galaxies are turning on at z~10-12
likely major changes from z~10-15 — where JWST can see them

= exciting times ahead at “Cosmic Sunrise”! <




the dramatic brightening after dawn

desert sunrise




the dramatic brightening after cosmic dawn

“Cosmic Sunrise” as the first galaxies burst forth at z~12-15
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surveys to minimize cosmic variance

wide-area imaging >>Hubble or JWST

WEFIRST

-WEFIRST
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w the long-term future — after JWST = ]

great opportunities, but great challenges.....



[ w the flagships of the 2030s (?) = ]

\/-

NASA strategic missions under study for the 2020 Decadal

, pIanned fOr 2034
ESA / U s/ e
sl

p'anquzow OST = e
Origins , .
Spac V4

v 4
%/

TeRescope

\

only 0-1 of these!

S5um-1 mm
gde

Mirror elements are 0.8 m long and from 0.6 m to 1.2 m diameter




/ w  JWST, along with WFIRST (and similar \
telescopes) and the ELT, will transform our
understanding of distant galaxies in the next
decade, but, for distant galaxies, another “next
generation telescope” will be needed in the
\ decade beyond = /

| WFIRST

@A LUVOIR




1ot the end...






