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How did we get here?
. How dld stars*andgalames form?

YOU ARE HERE

Oct 19, 2023 ' L 5







A 'Flip Book’ ) N
QECEIEV{-T- ae, et —
Over Time et
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MACS0647-JD




Large ‘Honeycomb’ of errors
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Expanding Universe
‘24, Stretches Light
s to Infrared

010.029.WWW
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%) What were early galaxies made of?

: ! NIRISS N uNIRCam’:
Oill " = g
H NIRSpec E MIRI

2=0 ' < > i < > !

redshift

Gas in early galaxies will consist of
more primordial elements (H, He)
and less heavy elements (O).

Flux (Brightness)

| A : : :
0.1 0.6 0.8 1 2.3 5 10 28
Oct 19, 2023 Wavelength (microns) 11




Looking Back in Time

Previous Farthest galaxy
record holder Hubble has seen

Redshift (z)
20

.
- - Cosmic
Q ’ .Mrk Ages"
,‘ 8
(,) i .. Firstgalaxies
,

v o T _ {ubble

p b ' L -!-',.. ~g ~  Reiomzatior . . 2,

Mmemga'a"iesﬁ"m? A S et > B . Firststars?
SRR o ™ ! 1 4 : .

Present
day

0 13.0 134 13.5 13.6 138

Billions of years ago < - >
400 million years unseen
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Looking Back in Time

Previous Farthest galaxy
record holder Hubble has seen
Redshift (z)
0 20
Cosmic
lDark Ages"
‘ ._-  First galaxies
g e Hubble
=" e L :[1_'.3;_1,1]{ ! ;‘L.' L1 g‘h = N o
. - ~ . Vi :
Present '
day s .
0 13.0 134 135 13.6 138
Billions of years ago < - >
. 400 million years unseen
Webb
13
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Distant Galaxy Lensed by Cluster MACS J0647

HST = ACS = WFC3

Hubble observed gala
97% of the way back
to the Big Bang

13.3 billion years ago

MACS0647-JD
Coe et al. 2013

460 Myr after the Big Bang
Hsiao et al. 2023

Xies

JD3

JD1

Oct 19, 2023
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.+ ,. “The most distant galaxies known
i * confirmed with spectrescopy:
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o" Didn't expecty
SO many ;
SO soon *
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Emma Curtis-Lake

et al.
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A strong z ~ 16 candidate

shown instead to be at z=4.9
Pablo Arrabal Haro+23a

Spatial Position

[Ol]

Flux Density

The universe isn’t broken!

1.5 2.0 2.5 3.0 3.5

Observed Wavelength (um)

*Magniﬁod(JDl)

b) © Observed Photometry
m Line-Corrected Photometry
— Model spectrum at z=16.2
Observed spectrum at z=4.9

N
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8
* JD3 Y% MACS0647 DY

Bradley et al. 2022

Naidu et al. 2022

Adams et al. 2022
Leethochawalit et al. 2022
Donnan et al. 2022
Harikane et al. 2022
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Webb telescope is already challenging
what astronomers thought they knew

Surprisingly massive distant galaxies raise questions about early galaxy formation

enbach

—
—

stellar mass [log(M./Mg)]

5.0 7.5 10.0
redshift [Z]

Oct 19, 2023

Did JWST break the universe?

Were some galaxies too big too soon?

@he Washington Post
Democracy Dies in Darkness

arXiv:2207.12446
lvo Labbe et al.
claimed 1070 — 10" Mg
galaxiesatz~7 — 11

Michael Boylan-Kolchin
arXiv:2208.01611
claims tension with ACDM

also see Chris Lovell et al.

arXiv:2208.10479
Dan Coe — GSFC / JHU 18




! , .* | Impossibly massive z ~ 10 galaxies?
solved by new spectral templates with hotter dust?
. | more recent surveys find no tension with ACDM

Ryan Endsley et al. arXiv:2208.14999
find solutions with lower mass or an AGN

Webb telescope is already challenging Charles Steinhardt et al. arXiv:2208.07879
what astronomers thought they knew claim resolution with hotter dust

Surprisingly massive distant galaxies raise questions about early galaxy formation

@he Washington Post
Democracy Dies in Darkness

Stellar Baryon Fraction More Stars than Baryons
Greater than Local (Physically Impossible)

arXiv:2207.12446
claimed 1010 — 10" Mg
galaxiesatz~7 — 11

—
—

Michael Boylan-Kolchin
arXiv:2208.01611

claims tension with ACDM

—— 100% Stellar Baryon Fraction
---10% Stellar Baryon Fraction
9 Labbe 2022 (20 K)
9 Modified Templates (45 K)

50 75 100 also see Chris Lovell et al. 10757 758 107
redshiit [2] arXiv:2208.10479 Steinhardt+ Stellar Mass [Mo ]
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| | (W s . W
JWST is already revealjng'the first star clusters

| ‘ .

A5pe o

a0 ke Hayley Williams

RXJ2129 (PI Pat Kelly) ' : S o - : et al.
/ * & ' rF 2. : ,jf -

-
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Cosmic Sprlng JWST

cosmic-spring.github.io

public data, code, papers

join us if you're
interested

Abdurro'uf

Tiger Hsiao

Keduse Worku

Brian Welch

Gourav Khullar
Guillaume Mahler
Ashish Kumar Meena
Lukas Furtak

Yolanda Jiménez-Teja
Rosa Newshore

Sinclaire Manning
Seiji Fujimoto
Taylor Hutchison
Lamiya Mowla
Vasily Kokorev
Namrata Roy
Xinfeng Xu
Victoria Strait
Kartheik lyer
Ramesh Mainali

Alex Benitez Adam Casselman
Paola Dimauro Lillian Santos-Olmsted
Intae Jung Anton Vikaeus
Rebecca Larson Patricia Bolan

Lily Whitler David Nicholls
Adélaide Claeyssens Peter Senchyna
Adam Carnall Ikko Shimizu

Jacqueline Antwi-Danso Mengtao Tang
Ebraheem Farag Tom Resseguier
Rachana Bhatawdekar  Janvi Madhani
Meridith Joyce Celia Mulcahey
Wenlei Chen Kyle O'Connor

Larry Bradley

Swara Ravindranath  Jane Rigby
arxlv Lead author ObJeCt(S) Redshrft Eros Vanzella Brenda Frye Lou Strolger
Angela Adamo Patrick Kelly Francesco Valentino

Gabriel Brammer Nir Mandelker Ana Acebron

2208.09007

% Dan Coe Masamune Oguri Gabriel B. Caminha
2210.01777|Larry Bradley 19 cercleEiEe l Jose Maria Diego ~ Keren Sharon ~ Christian Binggel
AAD Rogier Windhorst Christopher Conselice Michael Florian
| 2210.14123Tiger Hsiao MACS0647-JD Sl i Tl s e G
4 Mario Nonino Jan Eldridge Roberto Avila
) 2211.09839|Eros Vanzella Sunrise Arc \ Kirk Barrow Colin Norman Susan Kassin
Marusa Bradac Dan Stark Nor Pirzkal
2211.13334|Ashish Kumar Meena|lensed star(s A /" Vorueabradac  Dan Stark. N
| , o q
2301.02209|Abdurro’uf 444 gaIaX|es Megan Donahue Lisa Kewley David Law

Selma E. de Mink
Erik Zackrisson Marc Postman
Jay Anderson Tom Broadhurst
Stephan McCandliss Alaina Henry
Steven Finkelstein  Bethan James

Pascal Oesch Felipe Andrade-Santos
Takahiro Morishita
Matthew Bayliss

Sune Toft

Tod Lauer 22

2305.03042 MACS0647-JD |z = 10.17

July 10, 2023

Dan Coe — Sesto JWST Turns One

Michele Trenti



https://arxiv.org/abs/2208.09007
https://arxiv.org/abs/2210.01777
https://arxiv.org/abs/2210.14123
https://arxiv.org/abs/2211.09839
https://arxiv.org/abs/2211.13334

Cosmic Spnng JWST 3 lensing clusters

NIRCam imaging
cosmic-spring.github.io NIRSpec MSA
MIRI MRS (MACS0647-JD)
GO 1433 (PI Coe)

GO 2282 (PI Coe) GO 4246 (Pl Abdurro’uf) GO 4212 (Pl Bradley)
WHL0137-08 (RELICS) MACS0647+70 (CLASH) SPT0615-57 (RELICS)
Sunrise Arc + Earendel (Z,~,=.5'93) MACS0647-JD (z = 10.17) ' SPT0615-JD (z ~ 10)
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o?u\sn » . y . -~ * Hubble

. b

Pan Coe — JWST First Sci-ence

JD 1

JD 2

JD 3

Look again
at that dot

MACS0647-JD
z~ 11 (400 Myr)
Coe et al. 2013
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Pan Coe — JWST First Sci.ence

/
. k. N /
» SN .

JD 1

JD 2

JD 3

Look again

at those dots

MACS0647-JD
z=10.17 (460 Myr)

Tiger Hsiao et al.
arXiv:2210.14123
arXiv:2305.03042
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" Dec 12,2022

.

A B=7ONEE
~50 Myr old
~no dust

B:r~ 20 pc
~100 Myr old
~0.1 mag dust

Pan Coe — JWST First Sci.ence

JD 1

JD 2

JD 3

Look again

at those dots

MACS0647-JD
z=10.17 (460 Myr)

Tiger Hsiao et al.
arXiv:2210.14123
arXiv:2305.03042

26




Galaxy merger 400 Myr after the Big Bang?

) _ . A Tiger Hsiao et al.
Simulated D1 \1 ID2 A JD3  arXiv:2210.14123
Renaissance 3 Observed
Barrow+17 B A

de-lensed
Hsiao+22 B
B
C C @
’T Simulated Density [g(m ] Temerature [K] MetaII|C|t (Zs)
Sl Barrow+17

102% 102 102%* 1023 1022 102'10° 10> 1073 1072 101

Kirk Barrow

Dec 12, 2022 Dan Coe — JWST First Science 27




Cosmic Spring

MACS0647-JD at z=10.17 with 7 emission lines

Clll], [Ol1], [Nelll]x2, Hy, HS, [Olll] 4363A

Rest-frame wavelength BA]
1000 1500 2000 2500 300

Q Observed photometry
B Model photometry

Tiger Hsiao & Abdurro’uf et al.
; \%‘2’ (co-lead authors)
“ | arXiv:2305.03042

[oi]
H
NGl

Cycle 2 program (Pl Abdurro’uf)
will add MIRI MRS for Ha & [OllI]+Hp

i 3
= - Rest-frame wavelength [1034
: E,':fw[dhﬁﬁvjﬂi S 1 2 3 a g 5[ ] 6
- =) 21 MACS0647-JD (2=10.17) 7

Hp
HFWACS  F115W F150W F277W / 1
i NIRSpec MSA PRISM Hr o
' Model spectrum

1.0 15 . 2.5 3.0 3.5 . . . Q HST/ACS + NIRCam

Observed wavelength [um] Model photometry INell
cli

Flux density [u)y]

Hel

Flux density [u)y]

MIRI MRS \AJ— ¢

NIRCam MIRI

F150W F200W F277W F356W Fa4aw W
F115W
1

1 2 3 4 5 6
Observed wavelength [um]

(‘E[Nellll
=

iy
Y

=]

2.0 2.1 2.2 2.3 4 . 4.4 46 4.8
Observed wavelength [um] Observed wavelength [um]

July 10, 2023 Dan Coe — Sesto JWST Turns One




Distant galaxies lensed by MACS0647 [EE

observed in the universe’s first billion years (z > 6)

Keduse Worku
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PRELIMINARY: o ¥ x gt W i S &
r~1 pc star clusters at z ~ 10 I <P & l . |
observed 500 Myr after the Big Bang ' : '

i . .
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S 1
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A SPFOG15:57d o + .40 @ %, "o
Angela Adamo | - Pl Larry Bradley (STSCI) g = ” . . y
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Tom Resseguier

-57°46'00"

id #2621 (JD1) RA = 93.9796449 = 06:15:55.11
z=10.13[9.73 - 10.39] Dec = -57.7723622 = —57:46:20.5

47'00"

Redshift
1 2 34567810 15

I -

log sSFR (Gyr~1)
-3 -2 -1

—————

- critical curve g dust Ay (mag)

gnitude (AB)

NN
ol i
[N}
agn

6N15™5 6
0.4 0.5 0.60.70.80.9 1
Wavelength (um)

SED fitting of the z~10 arc from EAZY

Critical curve from the lens model at z~10
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The Planck Bullet Cluster

mv
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number density (pink)

Strong lensing model
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JWST was designed .o . . . | .
to study the first stars . : : ‘ _— £

We found one with Hubble g '3 \
to look at with JWST v w0y -

Earendel z = 6 star system ; : . -
observed 1 Gyr after the Big Bang | ~ i
magnified by thousands e s

Earendel mornlng light” 5 ; i »

Brian Welch et al.
2022 Nature

Oct 19, 2023 "Dan Coe — GSFC / JHU




Cosmic Spring

Brian Welch et al.

WHLO137/Earendel  JWST/NIRCAM

Q \el" " ..‘.‘

" ¥
~ L

- .
¥ °

arXiv:2208.09007.

Oct 19, 2023

Dan Coe — GSFC / JHU

Image: Zolt Levay
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~ Colors of Earendel measured by JWST NIRCam

hinting at multiple star system  sienweichetal
“ arXiv:2208.09007
26 ) . 26 T T T
One B star Two stars: O +B
26.5 a) 265 b)
o 27t . 27| Y O
Teff (K): 10000 —\—
< < J Teff (K): 30000
281 Teff (K): 15000 281 - log(9): 3.5
g 5 log(Q): 2.5 e Mﬂ‘
' ' o)
29 : - - - 29 M : -
1 2 3 4 1 2 3 4

Wavelength (micron) Wavelength (micron)
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Cosmic Spring

JWST: Earendel is 2 or more massive, luminous stars
L‘ We are placing them on the H-R diagram atz ~ 6

(tracks vary with metallicity) 7 = (0.00021
7.5

o
o

o

®
=
o
L
_
o
O
= 55
>,
=
D
O
=
=
=
r

5.0
10°< - 45
00 4.0 4 BoOST (Szecsi+20)
massive star tracks
= with metallicity 0.01 Z;, 9 Mo
3.5
10°5 100 807060 50 40 30 20 1098 7 6 5 4
o Welch+2022¢ :
30,000 10,000 6,000 3,000 arX|V220809007 Tem pe ratu re . Teff (1 OOO K)
< "% surface temperature (Kelvin) e —
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https://esawebb.org/images/potm2303a/

Cosmic Spring

How galaxies grow and quench over time
spatially resolved SED fitting and physical properties
of 400+ galaxies at z = 0.3 — 6.0 with piXedfit

Abdurro’uf et al.
stellar mass |fi. star formation |

| | arXiv:2301.02209
: . . B
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. | - e < . . . V‘\
.~ JWST + gravitational lensing*
~ is already revealing the first star clusters
~ on our‘'way towards revealing the first stars

“

‘ \ & it’,i;:/y‘ ,/j;; |
: Tiger Hsiao Keduse Worku ~ Tom Resseguier Abdurro’uf . Briah We.lch" Taylor Hutchison
- . Hu * . JHU L TR » . ™ GSFC * * GSFC
' * . . .
rd .
Dan Coe * CosmiciSpring
da‘ncoé.space cosmi‘c-sp{ing.githubio
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