Amount of Light Blocked

- Whaf Is JWST Telling Us about
Early Galaxy Formation & Cosmology?

% ‘
w N |
( - s a "l.

"B ,‘. - : /_

. . N
- — . . Ex
| 3 . . £ > o T
% -
. - B (\ » e %
. " : " ‘.

) <
e K »
~ 3 -
v ! A
£ -
: ‘ ’ ‘
- L ‘;." D
- - \
LYy .
. 4 Tt
» -
"

o — .. Lilan Yang* & Mike Boylan-Kolchin*
b e : . @Cosmologyfromhome2023

| *Kavli IPMU, the University of Tokyo

T T T
1.00 1.25 1.50

Wavelength of Light

4Department of Astronomy, the University of Texas at Austin



Timeline of the Life

Big Bang

14 billion years ago

Earth

; . 4.5 billion years ‘lgo :
" J 38
} .... e
Prokaryotes .® .
Eukaryotes Cyanobactena
T 5 (Photosynthesis)
’ >

600 million years ago
Protozoa 4 v

The diversity of life on
ans Earth today
IS the result of
Sponges Universe evolution

& Corals

Cambrian explosion < - ./
Sponges, Annelids,

Arthropods, Mollusks »
and Echinoderms 420 §
Fish *

Reptiles

\- .

Birds 1 8 million years ago

Mammals

Primates

Humans
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Timeline of the Universe

Recombination Dark ages Cosmic dawn Reionization Cosmic noon Present
z220 z=15-20 65Sz512 zZ~2 z=0

£

Neutral GM ‘lonized IGM

0.18 0.35

Universal age (Gyr)

Key Questions z~11

/

1.What are the first stars/galaxies? Py
2.How did reionization occur? and R 4
R Hubble Space Telescope
what caused it?

3.0bserved structures consistent with
initial conditions?
4.Physics beyond base ACDM?

Lilan Yang & Mike Boylan-Kolchin @Cosmologyfromhome2023



Why J WST Telescope Primary

Mirror Sizes

Spitzer

ELECTROMAGNETIC SPECTRUM 085 metr

AN | =

GAMMA X-RAY ULTRAVIOLET INFRARED MICROWAVE RADIO

/10bs — (1 + Z) ;temit

‘ : Webb
{ HUBBLE SPACE TELESCOPE y { JAMES WEBB SPACE TELESCOPE)  { SPITZER SPACE TELESCOPE ) 6.6 meters

90-2,500 NM 600-28,500 NM 5,000-160,000 NM

Spitzer/IRAC 8.6 pm JWST/MIRI 7.7 pm

galaxy cluster SMACS 0723, known as Webb’s First Deep Field unveiled July 11, 2022
Lilan Yang & Mike Boylan-Kolchin @Cosmologyfromhome2023




Overvzie:;v of JWST

132"

5" NIRCam

NIRSpec

0 e o NIRISS

Near Infrared Spectrograph (NIRSpec): near-IR spectroscopy from 0.6-5.3 um

133"

Near Infrared Camera (NIRCam): offers imaging from 0.6-5.0 um, coronagraphy,
slitless spectroscopy

0.8

FO70W F115W F150W F200W F277TW F356W F444W

0.6 1
FOS0OW

0.4

= y ‘t‘ r'_.:" |
0.0 L& o - . : . R : : . : ,
e ° 0.5 1.0 1.5 2.0 25 3.0 3.5 40 45 5.0
Wavelength (microns)

Mid-Infrared Instrument (MIRI): imaging and spectroscopic from ~5 to 28um

Example of
NIRCam filters

Near Infrared Imager and Slitless Spectrograph (NIRISS): slitless spectroscopy, and imaging

Lilan Yang & Mike Boylan-Kolchin @Cosmologyfromhome2023


https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-observing-modes/nircam-imaging

Key Questions List

Recombination Dark ages Cosmic dawn Reionization Cosmic noon Present
z>220 z=15-20 65z512 zZ~2 z=0

-~

£

Neutral IGM ‘lonized IGM

0.000372 0.18 0.35
Universal age (Gyr)

1.What are the first stars/galaxies?
2.How did reionization occur? and what caused it?

3.0bserved structures consistent with initial conditions?
4.Physics beyond base ACDM?

Lilan Yang & Mike Boylan-Kolchin @Cosmologyfromhome2023



First look by Webb

GLASS-JWST Early Release Science (Pl:Tommaso Treu)

an .
et :"..-
P

NIRSPEC+NIRCam parallel
(Nov 2022)

Abell 2744, a cluster of galaxies at z=0.308

“In 2017, thirteen "Early Release Science" (ERS) Programs were selected with the goal
of collecting as quickly as possible public datasets that would showcase the power of
JWST while enabling a full characterization of its instrument suite.” Treu .... Yang et al, 2022

Lilan Yang & Mike Boylan-Kolchin @Cosmologyfromhome2023



Dropout technique & SED Fitting

searching for the high-z galaxies

(.0
=
3
i

OW dropout. z

7

[0

(=) LD - () I~ [ D O o <!
D — ) -, L= ) Lo ™ ~1
=S | = — I ~ & ) — —
= | &5 & F J T = F =

: 2 - 4 Hainli 152020
7 I ainline et al.
Observed Wavelength (Microns)

Dropout technique:

large break occurs at the 912-1216 A (Lyman limit-Lyman alpha)
from neutral hydrogen absorption in the line-of-sight

Spectral energy distributions (SED):
Estimating galaxies’s properties, such as stellar mass, dust attenuation etc

Lilan Yang & Mike Boylan-Kolchin @Cosmologyfromhome2023



Discovery 2 bright early galaxies

With Just 4 da y of analy51s

Abell 2744 GLASS
JWST/NIRCam

FO90W F115W F150W F200W F277W F356W F444W

é 1 J L 1 1 | Rl Edhdl GHZI g
24 Fp(z) :
E o .
w26 ~
= E
28 b 3
: Size ~0.43 kpc ]
30 :"P A ' l A A L l —':
104 5x 104

A (R)

Milky Way: ~13 kpc, Magnitude ~ -21.3

l o :
< Credlts Science: NASA, ESA, CSA, Tommaso Treu (UCLA);
Image Processing: Zolt G. Levay (STScl)

TITTTI T[T rrrrrreroey

T
A RS LA LAS AL LAY LAY GHZZ

il AN NN

_T,T.# Size ~0.12 kpc ]

L G | " 1 L 1 —-

104 5x 104
Aune(R)

Castellano ..., Yang, et al. 2022
Yang et al.2022
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Discovery 1 ultra-faint early galaxy

With gravitational lensing

% brighter
99 L =
O A
O
=21 F O -
o 0
—O—
__ 20} "
g g —a
5 19 “
S 191
-18 +
=47 L
: -16 1 s 1 .
ultra-faint galaxy (Muv = =17.35, z=9.79) 8 9 10 11
Roberts-Borsani, ...Yang, 2023 Nature
magnified
distorted Observed JD1 7 Modelled JD1 Normalized residuals Source

Size ~0.15 kpc

F115W

F150W o ’ 17

Lensed image is reconstructed by Lenstruction, Yang et al 2020
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JWST ADVANCED DEEP EXTRAGALACTIC SURVEY [JADES)

WEBB SPECTRA REACH NEW MILESTONE IN REDSHIFT FRONTIER

NIRCam Imaging NIRSpec Microshutter Array Spectroscopy

Highest redshift

d : 5 @
0 s - Y

T T T T =

* . Wavelength of Light
* & St

| i M\’L
[+

a=2 M| o

WEBB Image credit: NASA, ESA, CSA;STScI, M. Zamani (ESA/Webb), and L« Hustak (STScI). i
ot Science: B. Robertson (UCSC), S. Tacchella (Cambridge), E. Curtis-Lake (Hertfordshire), °"es "¢
S. Carniani (Scuola Normale Superiore), and the JADES Collaboration.

JADES-GS-z13-0 spectroscopically confirmed redshift 13.20
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Key Questions List

Recombination Dark ages Cosmic dawn Reionization Cosmic noon Present
z220 z=15-20 652512 zZ~2 z=0

-~

£

Neutral IGM ‘lonized IGM

0.000372 0.18 0.35

Universal age (Gyr)

1.What are the first stars/galaxies?
2.How did reionization occur? and what caused it?

3.0bserved structures consistent with initial conditions?
4.Physics beyond base ACDM?
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Galaxies Transformed the Early Universe

Ionization Recombination

w = ’
\l\®—> B @@—»@JJ

Wise 2019

Stars form and Galaxies begin to change Areas of Clear universe,
galaxies assemble the gas around them transformed gas expand end of reionization

Credits: NASA, ESA, CSA, Joyce Kang (STScI)
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lonized gas

Brighter vs fainter galaxy
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Determine the shape of UVLF

Correcting selection bias

Malmquist Bias

higher surface brightness
/ Given luminosity,

smaller size are easier to be observed

[
»

Luminosity Muv

Distance

preferential detection
of intrinsically bright objects

Correcting selection bias

Intrinsic
Number
density

Observed

»
'

brighter MUV fainter

Lilan Yang & Mike Boylan-Kolchin @Cosmologyfromhome2023



UVLF using JWST data

Updated of UVLF at bright-end

_24_Illl Il L IIIIIIIIIIIIIIIUIIIIIIIIIII|IIIIIIII
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Redshift z
Harikane et al.2023
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UVLF using JWST data

Updated of UVLF at bright-end
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The first optical band Size-L relation

Updated of size-L at bright-end
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rest-frame shorter wavelength

Sizes of early galaxies z~7-13

10!

size 1s roughly
', 0 0.45-0.6 kpc
at the MUV=-21

F356W
i B FR77W
107k » F200W
- @ Fisow
Ll I Lol I R I A
107! 10Y 10!
le, F444W(kpc) Yang et al. 2022

rest-frame optical
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Faint galaxies observed via strong lensing

red points are Hubble lensed galaxies
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Overview of UV luminosity function
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Key Questions List

Recombination Dark ages Cosmic dawn Reionization Cosmic noon Present
z>220 z=15-20 65z512 zZ~2 z=0

-~

£

Neutral IGM ‘lonized IGM

0.000372 0.18 0.35
Universal age (Gyr)

1.What are the first stars/galaxies?
2.How did reionization occur? and what caused it?

3.0bserved structures consistent with initial conditions?
4.Physics beyond base ACDM?
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From density fluctuations to dark matter halos

M.,/e =fb Mhaio [MG)]
108 10° 1010 1011

n(> Mpaio) [Mpc™]
-
)

10—6 L gl AT e S ] RN
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From density fluctuations to dark matter halos
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Number /mag/Mpc*

From dark matter halos to galaxies
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From dark matter halos to galaxies

dn dn
— — [ am P(Muv| M
= o / s P(Muv[My)

can do the same procedure for stellar mass functions as well using P(M, | M)
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From dark matter halos to galaxies

dn dn
— — d M P(M M
dMov / b AM, (Muv|My)

UV luminosity function

can do the same procedure for stellar mass functions as well using P(M, | M)
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From dark matter halos to galaxies

dn dn
— — [ dM, P(Mgyv|M
dMuv / dM,, (Muv|My)

UV luminosity function

can do the same procedure for stellar mass functions as well using P(M, | M)
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From dark matter halos to galaxies

dn dn
— — [ dMmi, D( My | M
dMuv / dM,, (Muv|My)

galaxy formation

UV luminosity function .
physics

can do the same procedure for stellar mass functions as well using P(M, | M)
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From dark matter halos to galaxies

dn dn
— — [ dM, D( Muv| M
dMuv / dM,, (Muv|My)

galaxy formation
physics

UV luminosity function

can do the same procedure for stellar mass functions as well using P(M, | M)

Lilan Yang & Mike Boylan-Kolchin @Cosmologyfromhome2023



From dark matter halos to galaxies

dn dn
= — dM P(Muouv | M
OdUV Mov / hg Mo (Muyv|Mpy)

galaxy formation
physics

M* — f*(Z, Mh)fth
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From dark matter halos to galaxies

dn dn
= — dM P(Muouv | M
OUV Mov / hg Mo (Muv|Mhy)

galaxy formation
physics

M, = f.o(z, Mp)lfo My

Lilan Yang & Mike Boylan-Kolchin @Cosmologyfromhome2023



Pre-JWST expectations

Steep fall-off in star formation toward higher redshift
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JWST: surprising levels of high-redshift star formation

Pre-JWST expectations
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JWST: surprising levels of high-redshift star formation

Pre-JWST expectations

p JWST results
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JWST: surprising levels of high-redshift star formation
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First results from JWST: massive early galaxies

Galaxy candidates with M, ~ 10"~ M_ at z ~ 8 — 10 from CEERS
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First results from JWST: massive early galaxies

Galaxy candidates with M, ~ 10"~ M_ at z ~ 8 — 10 from CEERS
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First results from JWST: massive early galaxies

Galaxies with M, ~ 1

ol0-11 Mg at z ~ 8 — 10 imply thousands of

times more stars per unit volume than expected based on HST results

— — z=8 HST + IRAC z~9 JWST
107 — — z=9 HST + IRAC z~ 8 JWST
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Massive early galaxies: in tension with ACDM

Uh oh: require all available lbaryons in the halo to be converted into stars
in ACDM (i.e., €, = 1). Note: at z = 0, (€, ) S 0.2 at all halo masses
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The implied dark matter hosts are very rare
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JWST: massive early galaxies at early cosmic times

Galaxy candidates with M, ~ 10'9>~11 M at 7 ~ 8 — 10 from CEERS
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JWST: massive early galaxies at early cosmic times

Galaxy candidates with M, ~ 1010->-11 Mg at z ~ 8 — 10 from CEERS
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JWST: massive early galaxies at early cosmic times

Massive dust-obscured galaxies (with ALMA detections)?
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What could be going on 7

Many possible explanations within standard ACDM, including incorrect
mapping from (AGN, star
formation histories, ....) and sample variance
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What could be going on 7

Many possible explanations within standard ACDM, including incorrect
mapping from (AGN, star
formation histories, ....) and sample variance

If the issue is cosmological: need formation of cosmological
structure at early times. No wiggle room in base ACDM — all

parameters are knownto < 1 % precision — but extensions with
additional parameters might work

» a small(ish) possible modification: a short period of early dark energy with
(Karwal++ 2016; Poulin++ 2018, 2019; Smith++ 2020, Riess & Kamionkowski 2022)
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—DE leads to enhanced high-z structure formation

higher p.,,, 63, & ng than base Planck model: more high-z galaxies

(Klypin et al. 2021)
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Differences are magnified at higher
redshifts — but requires going to

lower M, and M, ;.

Lilan Yang & Mike Boylan-Kolchin

@Cosmologyfromhome2023



JWST observations: constraining the ACDM power spectrum
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JWST observations: constraining the ACDM power spectrum
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JWST observations: constraining the ACDM power spectrum
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JWST observations: constraining the ACDM power spectrum

Log (N/mag/Mpc?)

Differences are largest at highest redshifts,
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JWST observations: constraining the ACDM power spectrum

Differences are largest at highest redshifts,
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JWST observations: constraining the ACDM power spectrum

Differences are largest at highest redshifts,
(a) ACDM model atz =9

(b) Soft tilted model at z =9

(c) Hard tilted modelatz=9
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JWST observations: constraining the ACDM power spectrum

Differences are largest at highest redshifts,

(a) ACDM model atz =9
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Programs relevant for galaxies and cosmology

JWST programs PRIMER COSMOS GO 1837  PRIMER UDS GO 1837
COSMOS-Web GO 1727 Sk
JADES GOODS-S JADES GOODS-N
GTO 1180, 1210, 1287 GTO 1181

\g

2N

CEERS DD-ERS 1345

LN

&5°
% WDEEP GO 2079
L ‘,

,&o NGDEEP #§

R, &

0.1 deg

Robertson 2022
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The COSMOS-Web survey

the biggest survey
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discover thousands of galaxies in the Epoch of Reionization
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Summary

1. What are the first stars/galaxies?
2. How did reionization occur? and what caused it?

Previous studies
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3. Are observed structures consistent
with initial conditions?
4. Physics beyond base ACDM?

LI L I L L L LTI LB :”I””|”"|""|””I lllllll T
4 z~ 12 w
107 F o A S AL 2740
2, JWST (this work) 52 ™ R -
F —O+ L H D] T . 1P
oY . : | 72 CE; JWST (this work
2 10-5 £ = = S T F7H |
~ : \ v. = 107 F Y [ E
S S i e i i — -
-6 , -
S - — -6
é-)l 10 Previous studies } 10 F _
e} / @Donnan+22 (z ~12) B}
E J ey 1 £
510 £ /] BBouwens+22 (2 ~12-13) = 70 Mo ot 015 |
z / ousmplsecd 3,2 M / ooz (r-14) ]
i / O Morishita+18 (z ~10) f~ ,I B Finkelsteint22 (z ~14) 1
3l ! Bowler+20 (z ~10) I / ~'§>Lhis|:~wk(:l;(lz) &
E & 2= — ki (O Harikane+22b (z ~13
10 El P T e T BTN |.|I| IE I AT I |NIZ|”|(| 1 }1|)| 11 lE 10 % 3 | 1 | !’] | l‘C’Naidul-22(;~ll()-l3) =3
T T g R TR S ~24 —23 22 —21 —20 —19 —1§ —17
uv A"[UV
M./ &= fy, Mpalo [M ]
108 10° 1010 101
1 T T
0.1
.
i 0.01
=¥
=
<103
[~}
S
N
< 10
N z="7
10 5 — T = 10
—— = 16
10—6 el —aaa e Sl —aaaa
108 10° 1010 101 1012

Mhaio [Mc]

Lilan Yang & Mike Boylan-Kolchin

@Cosmologyfromhome2023



