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what is going on in galaxies in the first ~500 Myr?
N3AS Lecture 2 gdé
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JWST fame has spread far and wide...
posted Salem MA during Halloween 2022

sunshield deployment challenge though
N3AS Lecture 2
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first JWST image released July 11 2022
at the White House:
cluster of galaxies SMACS 0723-73

deepest infrared image ever
12 hours on Webb: comparable to
HUDF/XDF (hundreds of hours on Hubble)

NIRCam image of SMACS 0723-73 at z=0.39 gt



goal of NGST was to see “first light”

find “first stars and galaxies”
explore the first 500 Myr (at redshift z>10)

JWST has taken key steps towards that “first light” goal



JWST is exploiting its incredible infrared sensitivity compared to the
ground to reveal a wealth of galaxies, and diagnostics, in the first Gyr
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how we find and measure redshifts when we just have images



nearby galaxy

spectrum redshifts

(llzll - .

hydrogen gas in the universe
absorbs the bluest light

(ultraviolet) light from galaxies

= find the break and it tells how

z=6 spectrum hydrogen fast the galaxy is moving

shifted to red gas absorbs
bluest light

= change in wavelength
gives redshift

z=8 spectrum more hydrogen
shifted even gas absorbs

q more of the
more to re bluest light




photometric redshifts (photo-z)
Hubble filter example — principle same for JWST but redder filters

F140W F160W

found using photometric redshifts (photo-z) from wide-band filters
well-established technique and reliable (but never 100%) when properly used g



F435W F606W F775W F125W F140W F160W

1.0 1.5
Observed Wavelength (microns)
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F435W F606W F775W F125W F140W F160W

z=6.00
— et
blue J red
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Observed Wavelength (microns)
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optical ACS

xdf.ucolick.org/ near-IR WFC3/IR
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ACS+WFC3/IR: efficient redshifts to z~11

F435W F606W F775W FB50LP F105W F125W F140W F160W
e
s & AV
s
bl ue Observed Wavelength (microns) re d

xdf.ucolick.org/

optical ACS

near-IR WFC3/IR



photometric redshifts

Hubble ~“Spitzer
ACS WFC3/IR | IRAC

i M N oy
o |\ / i NP\

enable large, statistically-robust samples
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LBGs have a distinctly different shape for their

spectral energy distribution (SED) | ~ é=6;8§’§§
usty

, Passive

' M dwarf

: L dwarf

| T dwarf
Hubble

1 imit 2 3 4 5
Observed Wavelength (um)

= reliable photometric redshift selection

< JWST covers this full range of wavelengths —
adapted from Finkelstein 2016 ?d‘



example of JWST NIRCam bands and redshifts
FRESCO (see later) in bold color

I I I

Lyman Break galaxies (LBG)
z=4

evolved galaxy
F182M F210M

JWST/GTO

2.0 3 9D 4
Observed Wavelength [micron]

from Oesch et al 2023 spectral energy distributions — SED



challenge getting large samples

requires a lot of images in a lot of filters



XDF (eXtreme Deep Field) .
deepest ever Hubble image L

nearly 2 million seconds of integration .

Q

nearly 3000 HST images
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BJ2021 — before JWST =

xdf.ucolick.org

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

gdt




eXtreme Deep Field (XDF) buildup movie https://xdf.ucolick.org ?4‘



Size comparison:

the Hubble Legacy Field with the

Chandra Deep Field-South and a

nearby astronomical object now
known as Artemis

)




Hubble Legacy Field GOODS-S e G
2019 :g?t;xle_ Le.w.Féy e 1

Fed6W
H50LP

the three Great Observatories — / ity
Chandra, Hubble and Spitzer — e
have each contributed about 6-7
million seconds (about 75-80
days) of exposure on this field
over the last 15-20 years

NASA, ESA, GDI, Magee + HLF Team 2019
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Hubble Legacy Field: Galaxies Across Time
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the global stellar mass and cosmic star
formation rate (SFR) density evolution
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only a few
measurements at z>6

Redshift
Redshift
evolution of the global stellar evolution of the cosmic star formation
mass density over 13 billion years rate density over 13 billion years

Madau & Dickinson 2014



cosmic star formation over all time

revealing the star
formation rate density

relative rate over 96% of time
of star
— formation

linear!!

stability diversity

characterization complexity

archaeology evolution

transition dramatic growth
extreme SF

4 6 8 10
Lookback Time [Billion Years] i figure credit Pascal Oesch gt




the first Gyr — the time when galaxies were born and began to grow

when halos of L* galaxies first formed... R e R R I
when significant metals first formed... R RS e S oMy TiieC A s

the first Gyr  —)

when the universe was reionized... v aMillennjumy -
) e 5 e
. simulation—|

X

rapid growth of
galaxy-scale halos

z~10to z™6

~500 Myr to ~1 Gyr

Millennium Run<! |
10.v07'7.6’976.0007partides.V"\‘\ §

the reionization epoch 5

Springel+2005




searching for the first galaxies

insights from Planck!




[ reionization epoch — Planck 2016/2018 results]

remarkable mission

that also set some
interesting and

valuable constraints
on reionization

reionization simulation: Alvarez et al. 2009



[PI anck 2016/2018 ] constraints on the reionization history

...Thomson optical depth: t=0.054 + 0.007
...mid-point redshift at which reionization occurs is found to lieatz=7.7 £ 0.7
...upper limit to the width of the reionization period of Az < 2.8.

...the Universe is ionized at much less than the 10% level at redshifts above z =~ 10...
(<1% above z ~15)

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

Planck Collaboration XLVII + 2016
Planck Results VI Cosmological Parameters + 2018
Planck Results | Overview and Legacy + 2018




reionization constraints from Planck 2018

[ FlexKnot (flat 7 prior)
[ TANH (flat 7 prior)

L.OF free electron fraction essentially all
reionization takes place
between z~10 and z™~6

/ ~
%
e

15
Redshift, z

GN-z11 @ 420 Myr

Planck Collaboration VI+2018

) .
10 1 14 16 18 ....Planck data prefer a late and fast transition from a
Redshift z neutral to an ionized universe....”

PRILS CollR 9BFEITEN [esulis | < 200 “....non-standard early galaxies or significantly evolving

escape and clumping factors are no longer required”

Hubble’s GN-z11 (2016) is a pathfinder

into the epoch of the earliest galaxies “....nor do the Planck results require any emission
from high-redshift (z = 10-15) galaxies” gel



reionization constraints from Planck 2018

[ FlexKnot (flat 7 prior)
[ TANH (flat 7 prior)

L.OF free electron fraction essentially all
reionization takes place
between z~10 and z™~6

~300 -
“....non-standard early gare- yr olving
escape and clumping factors are no [orge— red”

Hubble’s GN-z11 (2016) is a pathfinder

into the epoch of the earliest galaxies “....nor do the Planck results require any emission
from high-redshift (z = 10-15) galaxies” gel



reionization history compared with observational astrophysical constraints

evolution of the Planck integrated
0.0gl optical depth 95%

68%
0.06f Planck 2016 T — Robertson+2015
Ishigaki+2015

Planck compared

striking consistency with Hubble
to galaxy results

results indicate that galaxies were
responsible for reionization

figure from Planck Collaboration XLVII + 2016



reionization history compared with observational astrophysical constraints

evolution of the Planck integrated
0.0gl optical depth 95%

0.06f Planck 2016 T —

t
allowed by opl

d galaxy POFH!
observe _9 | constrain

laxies.
for higlh-redshlft (z= 10-15) 99 ——reT

galaxies were responsible for
reionization

figure from Planck Collaboration XLVII + 2016
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what constraints do we have on the first galaxies?

searching for the earliest galaxies

~




within a week, on July 19 2022, the dramatic and extraordinary first
images from JWST revealed the most distant galaxies ever seen




NIRCam image(s) of GLASS field — HFF A2744 parallel field

the earliest galaxies — beating Hubble’s record in just 5 days!
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GLASS Early Release Science data released July 14-15
Naidu, Oesch et al paper submitted July 19!

GLASS*13

> .+ 0O { -, 8 . -

arXiv:2207.09434v1

astro-ph.GA] 19 Jul 2022

& 4 Two Remarkably Luminous Galaxy Candidates at z ~ 11 — 13 Revealed by JWST

s ROHAN P. Nabu,! PAscAL A. OrscH,??® PIETER VAN DOkKkuM,? ERricA J. NELSON,®> KATHERINE A. SuEss,®”
- " KATHERINE E. WHITAKER,®? NATALIE ALLEN,®> RACHEL BEZANSON,!® RYCHARD BOUWENS,'!! GABRIEL BRAMMER,?
. ) ) b b) )
CHARLIE CONROY,! GARTH ILLINGWORTH,'? Ivo LABBE,'® JOEL LEJA,!1%16 ECATERINA LEONOVA,'” JORRYT MATTHEE,'®
b ’ ’
20,21 22,23

SEDONA H. PRICE,' DAvID J. SETTON,!® VicTORIA STRAIT,> MAURO STEFANON,? SANDRO TACCHELLA,?
SUNE TorT,®> JOHN R. WEAVER,® AND ANDREA WEIBEL?

Castellano et al paper also submitted same day!

arXiv:2207.09436 [astro-ph.GA]

Early results from GLASS-JWST. III: Galaxy candidates at z~9-15"

.} EMILIANO MERLIN

MARCO CASTELLANO & ! AprRIANO FONTANA 2! ToMMasO TREU 2.2 PAOLA SANTINI 1
345 MicHELE TRENTI @34 Uros MEesTRIC & ¢ EROs VANZELLA 2.5 ANDREA BONCHI,’
DAVIDE BELFIORI,' MARrIO Nonino 2 8 DiEGo PaRis,! GIANLUCA POLENTA,” GUIDO ROBERTS-BORSANI &
J0.11 gARA MASCIA
9

NICHA LEETHOCHAWALIT

. P . . » . < 1 1
KrisTAN BoYETT @ %4 ANTONELLO CALABRO ©.! K. GLAZEBROOK ©.? CLAUDIO GRILLO %
14 15

: '
GLASS¢211 2, oL
o 0 = 0573 CHARLOTTE Mason 1213 AnaTA MERCURIO MORISHITA HEMIYA NANAYAKKARA

5,17 12 ¥ ’ 8 vy 7 ¢ ’ 2
LAURA PenTERICCI @' PiErO RosaTi 2,167 BeNepETTA VUuLcant @18 Xin Wane @1 AND L. YANG 0
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Naidu, Oesch et al 2022

—

NIRCam image of GLASS field

f

the earliest galaxies — beating Hubble’s record in just 5 days!

\

Hubble found GN-z11 at 400 Myr after the Big Bang

GL-z11 matches GN-z11 at ~400 Myr

but GL-z13 sets a new record at 300 Myr after the Big Bang
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’ - GLASS-z11
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» ~400 Myr after the Big Bang ~300 Myr after the Big Bang
i , looking back through 97% of all time

to 13.4-13.5 billion years!

gdt




within weeks reports of large number of bright (massive?) early galaxies

some photo-z examples:
z~17 (230 Myr): Donnan et al; Naidu et al
z~20 (180 Myr): Yan et al
z~16 (250Myr): Atek et al;
z~14 (300 Myr): Finkelstein et al

& massive “old” galaxies at z~8-10 (~550 Myr) that formed much earlier: Labbe et al

did “bright” really mean “massive”? issues with adequate
baryon reservoirs? rate of buildup? cosmology was wrong?

calibration issues? wrong redshifts — photo-z problems?



excitement about “early, bright, massive galaxies”

but caution indicated by concerns about photo-z from:

> inadequate depth of observational data
> possible wrong calibrations
> missing filters (particularly in the blue below the break at Lya)
> poor templates (particularly with very strong emission lines)

Naidu et al 2022b paper on z~17 galaxy also found a z~5 photo-z solution, but low probability

first papers with redshifts indicated problems with photo-z (Zavala et al)
two of the z~17 objects actually at z~5

NIRCam calibration issues also led to changes in photometric redshifts



the earliest galaxies — beating Hubble’s record in just 5 days!
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two papers on first z>10 galaxies (July 19) had revised redshifts, but still at z>10, by
publication in November (Naidu, Oesch et al & Castellano et al)




Bouwens et al 2022b
analysis of the Photometric redshift results



Rychard Bouwen’s analysis** in late 2022 of photo-z results

UV luminosity density results at z > 8 from the first JWS7T/NIRCam fields:
limitations of early data sets and the need for spectroscopy

Rychard Bouwens,'* Garth Illingworth,? Pascal Oesch,** Mauro Stefanon,>® Rohan Naidu ~,”*®

Ivana van Leeuwen' and Dan Magee?

clear problems with consistency of detections at z>8 in same fields between different groups

/" . . . . [ Literature (Poésible)
The typical overlap between candidate lists in the 3 Literature (Solid) |
I Literature (Robust)

earliest analyses were only ~10-20 per cent”

“robust” are
rare, notably

own selection + others => assighed photo-z samples into at z2>11

“robust”, “solid”, “possible”

Number

**Harikane et al also did a very nice conservative
analysis of the early results and found a i
substantial fraction to be unreliable detections




Bouwens et al analysis of photo-z samples

L* ~-21 mag
T

“robust” and “solid” candidates only
all fields (open) — 3 most-studied fields (filled)

at z>9 — candidates independently-detected:

“robust” —90% had 2 or more
but only 26% for “solid”
and only 12% for “possible”

This Work
Literature (Possible)
Literature (Solid)
Literature (Robust)
JADES
Bouwens+21/Oesch+18
Donnan+23
Harikane+23
Bouwens+22 (XDF)
Finkelstein+23

= MD2014 - 0.5dex
Constant SFE

10910 Psrr (Mo yr=! Mpc—3)
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b
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ANg 0160

od|y S sbus

6 8

UV luminosity density and star formation rate density (SFRD)
both “solid” and “possible” indicate high to extremely-high SFRD

gt




Redshift

skeptical of the majority of the early photo-z measurements

lack of deep imaging overall, but particularly blueward of the break at Lya
— crucial null detection needed to ensure that no lower redshift contamination or interlopers —

NIRCam calibration issues a secondary factor
photo-z templates with poor matches to emission line strengths — extremely strong lines
photometric redshifts (photo-z) are improving

some catastrophic failures but in many cases, with good deep data, and a
conservative selection, the photo-z = spec-z



where do we go from here? more spectra!

finding surprisingly poor agreement in source selections between different teams

Rychard Bouwens (2022) discusses the source(s) of the inconsistencies that he is finding

the lack of good high S/N blue data below the Lya break is a challenge

(1)
(2)
(3)
(4)
(5)

resolve NIRCam calibration issues (largely done but but some to go)
higher S/N imaging (blue bands in particular)

JWST spectra (emission lines?)

ALMA data

keep an open mind about the potential limitations of SED fitting at z>~10
and the standard assumptions



Bouwens et al 2022a — Robertson et al 2022 — Curtis-Lake et al 2022

the HUDF/XDF z>10 galaxies

NIRCam photometric analyses and first spectra from NIRSpec



the HUDF/XDF has been a key region for studying the earliest galaxies for 20 years

ILETTER Nature 2011 Ellis et al 2013 showed that z # 10 but z ~ 12

d0i:10.1038/nature09717

A candidate redshift z ~ 10 galaxy and rapid changes Brammer et al 2013 spectrum
in that population at an age of 500 Myr tentative line detection—z ~ 2 or z = 12

R.J. Bouwens"?, G. D. Illingworth', I. Labbe’, P. A. Oesch*, M. Trenti®, C. M. Carollo®, P. G. van Dokkum®, M. Franx?, M. Stiavelli’,

V. Gonzalez', D. Magee' & L. Bradley’ i n CO nCI u Sive !

UDFj-39546284 (H = 28.9, J-H > 2.0)

2011 detection

—Hubble Spitzer

J 3.6 um 4.5 um

forgotten for 10 years until Bouwens et al
2022 found it again in JWST HUDF/XDF
data with photo-z of 11.9-12.0

Evolution of the UV LF from z ~ 15 to z ~ 8 using new JWST NIRCam
medium-band observations over the HUDF/XDF

. . . Rychard J. Bouwens,'* Mauro Stefanon,* Gabriel Brammer,* Pascal A. Oesch o
JWST p rOV|deS arema rka ble Set Of f| Ite rs for Z>1O ga IaX|eS Thomas Herard-Demanche,' Garth D. Illingworth,® Jorryt Matthee ~',” Rohan P. Naidu ~,*?

Pieter G. van Dokkum'’ and Ivana F. van Leeuwen'

HST JWST
b F125W F140W F160W F182M F210M F430M F460M F480M
~1000 orbits —a . : .
of HST data just 30 hours
_ _ of JWST data
(not equal in | TR e .
XDFH-2395446286 e A R ! ¢ in total

all filters)



the HUDF/XDF has been a key region for studying the earliest galaxies for 20 years

then JWST confirmed late last year that the suspected most-distant galaxy found
by Hubble (in 2010) — found in the HUDF/XDF —is actually at z=11.6 (spectroscopic z)

JADES also revealed UDFj-39546284 was at z ~ 11.7 (photo-z) | = e ‘ 5‘ |
—and really at z = 11.58 (spec-z from NIRSpec) e g g e oy ol T T e
| e . " | 2o S R .
JADES-GS-211-0 = UDFj-39546284  *(( ) < . o0 T e L el aes Mty
ek l‘ ) ; “. ’ ‘;a s ‘ : i’J - ‘_. : "'
ST L e e
SR Ly i .\N.ebb gets tc?
e« T . |similar depthin
o ‘ v~ 1 1/14% the time
g o v L — .
Hubble UDF (exposure time: 11.3 days) Webb (exposure time: 0.83 days)




the first major spectroscopic measurements revealed how powerful JWST is

.« @ N\RSQGC MSA

-
| JADES-GS-2z11-0
: z=11.58

|

|
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JADES-GS-211-0 = UDF{-39546284 |\ " -

JADES-GS-z10-0
z=10.38

0.5"

JADES-GS-212-0'
i 7z=12.63 5
!
|
! /
[ F150W 0.5"
|
F200W JADES GOODS-S

F115W

JADES-GS-z13-0
: z=13.20

JADES NIRSpec & NIRCam study in GOODS-S
good photo-z and now also spectra

Robertson et al 2022 & Curtis-Lake et al 2022

JWST ADVANCED DEEP EXTRAGALACTIC SURVEY (JADES)

WEBB SPECTRA REACH NEW MILESTONE IN REDSHIFT FRONTIER

nnnnnnnnnnnnn
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SPACE TELESCOPE

Highest redshift
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many of the photometric-redshift selected high-z
galaxies are spectroscopically-confirmed to be at z>10,
but far from all!

enough though that we can ask:

so what is going on with bright galaxies in the first 500 Myr?



an excellent approach to get insights is to use
Hubble’s z~11 galaxy GN-z11 as a pathfinder



what constraints can we place on the earliest galaxies?

let us look at a really well-studied high-z galaxy GN-z11

observed on Hubble in GOODS-N with the first infrared camera: NICMOS
bright but seen in only one filter — 1.6 um — H-band!

~
GNS-ID2

suspected of being:

(i) atransient source (SNe)

(ii) spurious (since near edge of field)
(iii) maybe a z~9 galaxy

Bouwens et al 2010

“However, we cannot rule out the possibility
that it corresponds to a z ~ 9 galaxy (but we
consider it very unlikely).” gdi
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the most distant galaxy found to date

surprising discovery of GN-z11:
HST+Spitzer are reaching into JWST territory

Does GN-z11 tell us something fundamentally

ion?
Age of the Universe [Gyr] new about early galaxy formation?

0.7 0.6 0.5
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detection of GN-z11 in existing data is unexpected, given current models
Oesch+2016 gl



SN - GN-z11
& the most distant galaxy

GN-z11 is a galaxy essentially in the pre-reionization epoch
— an epoch we thought was inaccessible without JWST! .~ & - = JINSEGTENS

[ FlexKnot (flat = prior) ' oy
I TANH (flat 7 prior) o
essentially all
electron : reionization take i ’
fraction | place since z~10 g .
| @ ~480 Myr GN-z11 is a pathfinder
for the earliest galaxies Hbble WEGH/IR
o o 9 : = :
Planck Redshift, z i ‘_' % ;
_ ; N Spitzer IRAC ety
Planck Collaboration Results I, VI 2018 i g LA T : gl




Monsters in the dark L3

Ar}%]llo'l‘i(los

simulations show
that galaxies as
massive as GNz-11 at
z~11 are rare but not
unexpected per se

N]%lue'l‘i(l(‘s

=
o

NBlueTides

I I I

7.5 8.0 8.5
log10(M+/Mo)

age/Myr

-

1

—18-19-20 —21 —22 —23 —24
Myv

Mutch+2016 DRAGONS
BlueTides  Waters+2016

but it is unexpected to find GN-z11 in such
small search volumes/areas (by factor 10-100)? gelé




-

GN-z11

JADES-GN-z10-0

z,=10.60

:.[, 10.4

what is going on
at z>10 (500 Myr)
in bright galaxies?

lets look more closely at GN-z11

now through JWST's eyes...

JADES Imaging of GN-z11: Revealing the Morphology and Environment

of a Luminous Galaxy 430 Myr After the Big Bang

Tacchella et al 2023



GN-z11 observed by JWST NIRSpec

JWST

JWST NIRSpec
total time ~20 hrs
Bunker et al 2023

JA)

o1

z = 10.603 (440Myr)

F; (x107%° erg/s/cm

3
Wavelength (micron)

Hubble

IH

numerous “meta

emission lines (N, C, O, Ne, Mg)— and redshifted Lya
GN-z11 HST WFC3/IR G141 Grism Spectrum significantly enrichment at 440 Myr

JADES NIRSpec Spectroscopy of GN-z11: Lyman-a emission and
possible enhanced nitrogen abundance in a z = 10.60 luminous
galaxy

H u b b I e W FC3/I R G ri sm Andrew J. Bunker':*, Aayush Saxena!-2, Alex J. Cameron', Chris J. Willott>, Emma Curtis-Lake*, Peter Jakobsen®:9,

Stefano Carniani’, Renske Smit®, Roberto Maiolino®'%-2, Joris Witstok?:'%, Mirko Curti®:!*:!!| Francesco
tota | ti me ~8 h rs 'E 0 Gareth C. Jones', Pierre Ferruit'2, Santiago Arribas'?, Stephane Charlot'#, Jacopo Chevallard',
Giovanna dino'®, Anna de Graaff'%, Tobias J. Looser®!, Nora Liitzgendorf'”, Michael V. Maseda'® Tlm Rawle!’,
Hans-Walter Rix'®, Bruno Rodrl’guez Del Pino'3, Stacey Alberts'?, Eiichi Egami'®, Daniel J. E , Ryan
OeSCh et aI 20 16 Endsley?®!, Kevin Hainline'?, Ryan Hausen??, Benjamin D. Johnson?’, George Rieke'?, Marcia Rlel\e“’ Brant E.
ertson®?, Irene Shivaei'?, Daniel P. Stark'?, Fengwu Sun'?, Sandro Tacchella®'?, Mengtao Tang'?, Christina C.
, Christopher N. A. Willmer'?, William M. Baker”-'°, Stefi Baum?’, Rachana Bhatawdekar'?-2, Rehcca
Bowler?’, Kristan Boyeu"‘ 2% Zuyi Chen'?, Chiara Circosta'?, Jakob M. Helton'?, Zhiyuan Ji'?, Jianwei Lyu'?, Erica
Nelson®, Eleonora Parlanti’, Michele Perna'?, Lester Sandles®:', Jan Scholtz”'°, Katherine A. Suess®*-3!, Michael W.
Topping"’, Hannah Ubler® '°, Imaan E. B. Wallace', and Lily Whitler'?

Flux Density [nJy]

Model at G
Zgrism=1 1.09%:12

1.3 1.4
Wavelength [um]

A REMARKABLY LUMINOUS GALAXY AT Z = 11.1 MEASURED WITH HUBBLE SPACE TELESCOPE
GRISM SPECTROSCOPY

P. A. Olzs(u 2. G. BRAMMER, P. G. VAN D()KI\U\! “, G.D. IlnNm\okln
I. MoMcHEVA®, M. L. N. AsuBY®, G. G. Fazio®, V. (101’\//\ 2
L..R. Spun.k“ 12 M. Tre




ionized bubble pre-reionization

Universe is predominantly neutral at z~10 (per Planck)
z=10.6 is largely prior to the reionization epoch
(see earlier Planck discussion)

but we see Lya!

m
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g
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N
©
=
| .
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=
=

redshifted Lya suggests that GN-z11 is surrounded by

an ionized bubble
14000 14100 14200 14300 14400 14500 14600

Wavelength (A)

Lya we see comes from backscattering from outflows

Bunker et al 2023
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Population lli are extremely luminous, high-mass, “zero-metal” Population I
stars significant contributors to the highest redshift galaxies?

Population Ill — the “first” stars — with “zero” metals

Pop Il stars must have existed since gas at z>20-30
was just H, He (tiny amounts of Li)

but evidence for Pop lll stars remains very weak

(1) (2)

Detection of Pristine Gas Two Billion Years after the An extremely metal poor star complex in the reionization era:

2011 Big Bang 7~3 Approaching Population lll stars with JWST * 7=6.6

Michele Fumagalli'*, John M. O’Meara?, and J. Xavier Prochaska®

Vanzella et al 2023 found a very small (510* M)
clump of stars at z=6.6 (830 Myr) with extremely

-4
Z< 1072 low metallicity Z < 0.004Z



Pop IlI are Pop lll stars significant contributors?

Pop Il —indications now from GN-z11 and JWST NIRSpec

O
Q
]
O
©

best evidence to date at early times
but still inconclusive!

=0:75 —0.50 =025 0.00 0.25

(3) arcsec

Hell Large aperture
Hell @ z=10.600
\Hell @ z=10.603

JADES. Possible Population lll signatures at z=10.6 in the halo of

GN-z11

Maiolino et al 2023a detected weak Hell in GN-z11
halo possibly indicative of Pop Il stars > 500 M

Fa[1072%erg s~1cm—241]

’U“w

1.88 1.90 1.92 1.94

the luminosity of early bright galaxies | Aoss (1] gdé

remains unclear how much Pop lll contributes to




AGN - BH do black holes/Active Galactic Nuclei (AGN) contribute
significantly to making the highest redshift galaxies so bright?

must have early black holes, since AGNs are seenatz < 8
large black hole (BH) masses =~ 107 to 10° My

Age of the Universe [Myr]
200 300 400 500 600 700 800900

Local — R15
QS0Os z~ 6.5 (dyn.) —119

) GN-z11

Pl GN-z11 most likely o z~6-17050s

has a massive black
hole ~ 10%2 Mg

Maiolino et al 2023b

10 11
Iog Mstar [MG]
GN-z11 BH =~ 102 M, 15 Rle3dif\i:t1 10 9

. . . g the chall f buildi ive BHs at such early ti
the AGN likely contributes significantly © (NAlienge O BUITAING Massive Bs at sSUCh early Hmes

(=~2/3") to the luminosity of GN-z11 (no x-ray detection) g




/GN-zll is giving us some clues as to what might be contributing to the\

unusual luminosity of the bright galaxies at z>10
AGN (black holes) and population Il

but this is still very much “early days” with what is happening still TBD

K is the stellar population more “top heavy” with massive stars? /

gt



JWST is a “spectroscopic powerhouse”

spectroscopy is where JWST will leave
its mark on astrophysics



the FRESCO survey: an example of JWST’s spectroscopic power

early galaxies have incredibly strong emission lines
— great for redshifts and diagnostics —
types of stars, gas properties, existence of dust, velocity
structure, outflows, inflows,
if Active Galactic Nuclei (AGN = massive black holes),
potentially of population Ill — the first “metal-free” stars

great example of power of spectroscopy

“First Reionization Epoch Spectroscopically Complete Observations"

FRESCO (link here to paper describing the survey) exploits
these strong lines and JWST’s unique spectroscopic capability
to obtain an emission line selected galaxy sample in the Epoch

of Reionization (EoR)



https://arxiv.org/pdf/2304.02026.pdf
https://arxiv.org/pdf/2304.02026.pdf

FRESCO survey design

NIRCam grism observations over 62 arcmin? in CANDELS/Deep fields

(2x4 mosaics over GOODS-North and South)

F444W grism R (2hr) + direct images (15min)
plus F182M + F210M images

Imaging sensitivity: ~¥28.2 AB mag (at 506) medium bands and F444W

FA44W: grism spectra 3.9-5.0 micron (R~1600)
line sensitivity: 2 x 1018 erg/s/cm2 (5sigma)

35.5hr science time, 53.8hr total
Data are public immediately

Observed between November 11, 2022, and February 13, 2023

see FRESCO survey paper: Oesch+23 arXiv2304.02026

GOODS-N

. FRESCO-N
62 arcmin2

HST F160W images

FRESCO-S | -

' Sszarcminz s

GOODS-S



https://arxiv.org/pdf/2304.02026.pdf

NIRCam image and grism example

1 L 3 ; : , § " - S — | / T T T T T T T
- F444W ' . GrismR : /T 7
» » | / . 1 ]
' m /
. / 1 I l | l I |
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vl ‘N 3 z=7.6 fsoos = 16e-18 ergs-'cm-2 =
\ —— @ 2f -
=
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: O [ ]
W= I I 1 | | ! I
Di I Wavel h " 3.9 4.0 4.1 4.2 4.3 4.4 4.5 4.6 4.7
irect Image | avelengt < Wavelength [um]

direct image left and grism spectra middle with an example redshift z=7.6
2D and the extracted 1D spectra

from FRESCO GOODS-S
Oesch et al 2023




some examples of results from FRESCO that only JWST could do

finally getting accurate redshifts for a pair of very faint VRERERb Hp (OII4960 [Oj5008

galaxies in the reionization epoch at z=7.2 - O Q @

discovered using photo-z at z~7 back in 2004 by Bouwens OB G
[Ollj4960  [Olil]5008

Zgrism=7.238

et al from some of the first HST NICMOS IR data al
v () @

4.00 4.05 4.10 4.15 4.20
Observed Wavelength [um]

Zgrism=7.223

—— GOODS-N-9771

< 0.3

an optically-dark galaxy
that neither HST nor
Spitzer could find —
these massive galaxies are
an important part of the
high-redshift population

—4000 —-2000 _ 0 2000 4000 (see below)
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very broad spectral lines in a very compact object revealing a faint
active galactic nucleus (AGN) — indicating a massive black hole P 430 435
FRESCO is finding many of these “little red dot AGNs” Wavelength [um]




log SFR Density [Moyr-Mpc-3]

©
o

]
—

some examples of results from FRESCO that only JWST could do

Cosmic Star-Formation History from
Complete Emission Line Samples

[Sm]  Ha+[Nu] [Om] + HB [on

4 6
Redshift

z=1.382 NIRCam/Grism Pa-a map

spatial distribution of star formation from emission line maps from
FRESCO can be mapped for galaxies over a wide-range of redshifts
left is FRESCO image map in the FRESCO-S field
middle is NIRCam/grism spectra for a dusty z = 1.38 galaxy
right is spatially resolved Paa map

mapping the cosmic star formation history from complete
emission line redshift samples that cover the contentious
z>9-10 region, through reionization to later times through
the peak of the star formation at z~2-3, including dust-
obscured samples that were not possible before gdé




stellar mass density in galaxies from JWST

the stellar mass density is the integral of past star formation

— at very early times the trend of SMD(z) and its extrapolation
will provide an indication of the likely time of early galaxy
buildup and constraints on “first galaxies” —




O This work

@ Davidzon+2(

Redshift

100%
50%
10%
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0.1%
0.01%
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0.0001%

Stefanon+21

Stefanon+2021

stellar mass density evolution

<«<—— time (billions of years)
10 5 2 1 0.7 0.5
Qesch+14a

stellar
mass
density

from Stark+12

Redshift

Oesch+2014

only ~2% of

stellar mass
density built
up by the end
of reionization

only ~0.3% at
the peak of
reionization
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JWST is adding greatly to the stellar mass density
discussion but somewhat confusingly...

“HST dark” galaxies not seen before

\unclear trends in star formation rate density at z>9-10 /




HST “Dark” Galaxies

3 '*3’%‘4.;’”'_ o _7.' . = Hubble
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Spitzer

star formation
rate of dark
galaxies
compared to
massive
submm galaxies
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JWST is revealing massive galaxies in the
reionization epoch that have escaped
detection with Hubble and Spitzer — their [ sommemmmancss
contribution to the stellar mass density is E B s ]

significant but not yet fully quantified Y e gdi
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the enigmatic situation with Hubble and Spitzer for
high redshift galaxies to z~10 (480 Myr)



z~10 (500 Myr) galaxies are hard to find!

8 years of WFC3/IR imaging

—h
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N

luminosity functions

searched every WFC3/IR
dataset but we find only 9
galaxies at ~500 Myr
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Oesch+14
Bernard+16
Calvi+16
McLeod+16
Infante+15
Bouwens+15

Oesch+2017 gdé
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



model comparisons — the luminosity function at z~10

—— Mashian —— GALFORM
= - — Mason , - — Meraxes
z~10 --=-Trac --==-Dayal
—— BlueTides —— CoDa
® Data Sun ‘ Croc
Best-Fit Cai Behroozi

considerable spread
shape matches (broadly) to models —
Oesch+2017 but models are consistently high



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 Eaf e

Sun Model
the numbers of objects is smaller than predicted by

models — the offsets are quite systematic

Mason Model
Dayal Model
BlueTides Sim
Mashian Model

GALFORM Sim

20 30 40
# Candidates

Oesch+2017




the star formation rate density to z~8 (650 Myr)

Time [Gyr]
0.8 0.6 0.5

SFR Density Evolution

> 0.3 M /yr
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Redshift

Oesch+2013,2014,2017 W

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

Time [Gyr]
0.8 0.6 0.5

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

“accelerated evolution”
> 0.3 M /yr

z~10 Combined HST Fields
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Oesch+2013,2014,2017 W

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

“accelerated evolution” is actually
consistent with the expected buildup*
of dark matter halos over that time

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

> 0.3 M /yr

z~10 Combined HST Fields

8 9
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

gt



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

clearly a trend to lower SFRD at z>8

“accelerated evolution” is actually
consistent with the expected buildup*
of dark matter halos over that time

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

Nnote: this result also indicates that there

is no evolution in Star Formation Efficiency
(SFE) with cosmic time
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z~10 Combined HST Fields
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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
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model comparisons — the star formation rate density at z>6

Time [Gyr]
0.8 0.6 0.5 0.4

SFRD Model Comparison

note that there is a large
range of shapes/slopes from

ml—
&
Q.
=
>
the models! d
=,
- > 0.3 Mg /yr
we need new/better %
observations to guide the ) Mashian+16
o Mason+15
models... L s
o — SuN+16 80 M
o - = Behroozi+17 yr
7 8 9 10 11 12 13
Oesch+2017 Redshift Go JWST!

see also: Zheng+12, Coe+13, Bouwens+13/16/18, Ellis+13, MclLure+13, Ishigaki+14, McLeod+16, Bowler+20 W




[ way fewer galaxies than expected at redshift 10! ]

rate of star
formation

6 8 10

Lookback Time [Billion Years]

galaxies appear to be evolving rapidly
earlier than 650 million years

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

billions of years since the Big Bang «——
1.4 1 0.8 0.6 0.5 0.4

dramatic 10X drop from
initial expectations by z~11

rate of star
formation

8 9
Oesch+2017 Redshift

see also: Zheng+12, Coe+13, Bouwens+13/16/18, Ellis+13, McLure+13, Ishigaki+14, McLeod+16, Bowler+20




[ way fewer galaxies than expected at redshift 10! ]

there are far fewer galaxies than we

rate of star (naively) expected at early times

formation

billions of years since the Big Bang «——
1.4 1 0.8 0.6 0.5 0.4

dramatic 10X drop from
initial expectations by z~11

6 8 10
Lookback Time [Billion Years]

galaxies appear to be evolving rapidly
earlier than 650 million years

rate of star

“accelerated evolution” has been 35 formation
controversial
but nonetheless is consistent with stellar PR
mass growing as the dark matter halos Oesch+2017 Redshift

see also: Zheng+12, Coe+13, Bouwens+13/16/18, Ellis+13, McLure+13, Ishigaki+14, MclLeod+16, Bowler+20 W




model comparisons — the star formation rate density at z>6

the models imply very different
star formation histories at z>9-10
in the first 500 Myr

if galaxies lie along this dashed or dotted
curve it means that the stellar mass is
growing more rapidly until z~9-10 than the
growth of the dark matter halos

if galaxies lie along this solid curve it
means that the stellar mass grows along
with the growth of the dark matter halos
consistently over time

Oesch+2017
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model comparisons — the star formation rate density at z>6

the models imply very different
star formation histories at z>9-10
in the first.Coas
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model comparisons — the star formation rate density at z>6

the models imply very different
star formation histories at z>9-10
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model comparisons — the star formation rate density at z>6

the models imply very different
star formation histories at z>9-10

Bouwens et al 2022
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initially a number of bright galaxies just 200-250 million years from the Big Bang were reported ;
" these initial “discoveries” are now likely to be mostly wrong — we did not properly interpret what we were seeing

20 TS Y Y
v ~ but what has continued to be striking is that we are finding far more bright galaxies - "+~
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Bottom line re bright early galaxies:

the very bright early galaxies seen in the first 500 Myr at z>10 are an enigma
but bright + massive (necessarily!)
[1] many of the galaxies claimed to be at z>10 will be found to be

at z<10 — too many poor-quality photometric redshifts

[2] black holes will likely be larger and more prevalent
and AGNs could contribute a large fraction of the light

[3] the stars (stellar populations) could be very different
with much more light from a given mass (extremely
luminous stars: Pop Il —and other types of massive stars)
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| suspect a top-heavy IMF at early times and a lower total stellar mass will prove to be
common; and that AGNs will be more common than expected |
— for the subset of z>10 galaxies that are really at z>10 —

my prediction is that the issues/questions around the very bright galaxies in the first 500

Myr will be resolved without needing to impact our current standard cosmology

remember Occam’s Razor — first evaluate the simplest, least disruptive hypothesis, and then

the next least disruptive to our established knowledge and understanding, and so on....

’

.

.. | ACDM (Lambda CDM) cosmology is safe (for the moment)... | -
. , ‘.’ — T 7 K




JWST has only just got started in
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revealing the nature of galaxies in mui.tﬁw-u Snger
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the first 500 Myr at z>10!

Garth Illlingworth
University of California
Santa Cruz
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the question remains =
what really is going on in galaxies in the first ~500 Myr?
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