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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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JD 1
L
F200W AB mag 25.4
magnification ~ 5x
JD 2
&
F200W AB mag 26.2
magnification ~ 2x
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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Webb

SFH from GAINN simulation analysis
Lillian Santos-Olmsted+ arXiv:2305.17158
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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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Cosmic

sprng Galaxy merger 400 Myr after the Big Bang?

Tiger Hsiao et al.

Simulated D1 AR D2 A JD3  arXivi2210.14123
Renaissance - Observed \
Barrow+17 B A
de-lensed
Hsiao+22 B

8l Simulated Density [gcm'] Temerature [K] Metallicit (Zs)

Y 10
merger 102° 10%° 102* 10’ 10%* 107! 10° 104 10° 107 107 101

O
Barrow+17 : ‘

Kirk Barrow
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Tiger Hsiao & Abdurro’uf et al. 2
Olll] 5008A
d &ﬁ;@ﬂ,? (co-lead authors) Ol

p H | arXiv:2305.03042

Clil], [Oll], [Nelll]x2, Hy, HJ,
and the auroral line [OIII] 4363A
for direct metallicity measurement \

\
Cycle 1 NIRSpec PRISM >

4363A [Olll]




Cosmic Spring

JWST Cycle 2 GO 4246 Pl Abdurro’uf B
MACS064/-JD NIRSpec G395H; MIRI imaging + spectroscopy

. ” . . . 3
“direct” metallicity , Res§ frame w4ave|ength5[10 Al

» [0 4363A - Cycle 1 NIRSpec PRISM 35 T MAGS0647-ID B=10.47)
* [Olll] 5007A — Cycle 2 MIRI MRS _ NIRSpec MSA PRISM

Model spectrum
Q@ HST/ACS + NIRCam

Model photometry

[Ol1] doublet — resolved w/ G395H:
e gas density

* line widths

e outflows allow f..?

cill

=
=
>
=
n
=
Q
©
X
=
L

NIRCam
F150W F200W F277W
5W

Observed wavelength [um]
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Cosmic Spring

May 22, 2024

No strong outflows / AGN

Abdurro’uf, Larson \" -
40Fégst-frame \Avl%\éelength [61]200 et al. 2024 L \

|

High resolution NIRSpec G395H
Line widths ~ 150 km/s

after correcting for broadening

486 4.87
Observed wavelength [um]

Dan Coe — First Stars VII 12




Cosmic Spring

Resolved [Oll] doublet: density n, ~ 1000 / cm?

Rest-frame wavelength [A]
000 4100 4200

Abdurro’uf, Larson
et al. 2024
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Cosmic Spring

JD1 Davies+21 B Harshan+20 Shimakawa+15 Fujimoto+22 First reSOIVed [O”] dOUbIet at Z > 8

JD2 Kaasinen+17 Sanders+16 Shirazi+14 Larson+23
stacked Kaasinen+17 Steidel+14 Onodera+16 Stiavelli+23
Berg+22 Swinbank+19 Gburek+19 Isobe+23 Fujimoto+24

Mingozzi+22 Kashino+17 = ol = - :" AbdurrO'Uf, LarSOI’l et aI 2024

Electron density

evolution with redshift
Mabel Stephenson+ Ne ™ 1/2~ (1+2z)P with p~1, not2

in prep. Zformation simulated star clusters
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Cosmic Spring

May 22, 2024

JDMe . «JD2" o I\/IACSO647JD

r~ 20 pc - :

B | a8 I\/IIRI|mag|ng
A ‘
5l . A spectr@scopy

| N
=/ simultaneously
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Cosmic Spring

MIRI detects MACS0647-JD (z=10.17)

|
T T e e e —
lu_u. UEl- JD1 - NIRCam RGB |7 JD1 - MRS [OllI]15008 |- JD1 - MRS Ha 1 MIRI MRS IFU reductions:
- 1 1 | Javier Alvarez-Marquez

- [Olll] map

W8~ JD2 - NIRCam RGB |~ JD2 - MIRIM F560W |~ JD2 - MIRIM F770W | \|R| image reductions:
Alex Crespo Gomez

0
Q
0
O
-
S
O
L
Q
S

o

N

Ul
|

1 1 1 1 1 1 1 1 1 I 1 1 B -I 1 1 1 1 1 1 1 B -I 1 1 1 1 1 1 I 1 1 1 1 1 1 I I-
—0.50 —-0.25 0.00 0.25 .50 —-0.25 0.00 0.25 0.50
ARA [arcsec]

paper:
Hsiao & Alvarez et al. 2024
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Cosmic Spring

[0111], Ha in MACS0647-JD (z=10.17)

MIRI MRS reductions and analysis: Javier Alvarez
paper: Tiger Hsiao & Javier Alvarez et al. 2024

—— [OIll] spectrum Lo mnacbriimn
— == [Olll] Gaussian fit
+10 background . T 10U vdlRyruunu

[OlIl] CINm ==

4960A PR p—

Haoa Gaussian fit
— l1lo background

CNI]

7 .31 7 .32
Observed Wavelength [

£
<
n
~
o~
S
O
<
(@)]
but
)
O
T
o
—
X
=
L

5.54 5.56 5.58 . . 7.31 7.32 7.33 7.34
Observed Wavelength [um] Observed Wavelength [um]
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Cosmic Spring

MACS0647-1D direct metallicity
consistent with other z~ 4 — 10 measurements

Z solar
metallicity

[O111] 5007 / 4363 =40 + 5 y
T. [Oll1] = 17000 + 2000 K

12+log(O/H) = 7.8+0.1 .
~13% Z@ (11 - 16%)

7.8 “13% 2 -
11%

o o MACS0647-JD

Hsiao & Alvarez +24*° Gz3p3
’ Boyett+23

z=4-10, Nakajima+23
This work Boyett+23

8.4

Iryna

Eros Vanzella+ Chemervnska+
arXiv:2305.14413 : .
in prep.

Z =6.64 lensed =G-8 . . 8.0 8.5 9.0 9.5

lensed

Stellar Mass 10g19(M«/Mg )

,2024 1 Coe — First Stars VI 18




Cosmic Spring
MACS0647-ID

Expect lower metallicity given s sromaonne=smo/v

M*: stellar mass =102 8.1 M ¢

high specific star formatio n {ate R
- higher than fundamental metallicity relation

0 z>7 Hsiao & Alvarez+ 24
Astraeus (Ucci et al. 2023)
-k~ MACS0647 — JD
Nakajima et al. (2023)
Morishita et al. (2023)

Ucci+23 |

T
-
T
+

-+
E
B

[
-

I e S S e B S T S B o S S B o S e B S S e B B B B o S
z=8 z=9

|'3'|||H|0||H|||H|: 95 e
Z— 10 ] z = 10.165

8.5

8.0%

bt
R R AR R I S A

7.0 75 8.0 8.5 9.0 9.5
log(M /M) — 0.55log(SFR/Mg yr~1)
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Cosmic Spring

Metallicity
of each
clump?

Where is the emission
coming from?

upcoming JWST Cycle 3
NIRSpec IFU G395M
GTO 4528 (Pl Isaak)
+13 targets incl.
MACS0647-JD

May 22, 2024

Cycle 1 (GO 1433)

JD1 Obs21
JD2 Obs21

©

Flux density [u)y]

Dan Coe — First Stars VII

Rest-frame wavelength [A]
2000 2500 3000 3500 4000

2.5 3.0 3.5 4.0
Observed wavelength [um]

Rest-frame wavelength [A]
2000 2500 3000 3500

Observed wavelength [um]

20




z > 10 galaxies have “extreme” spectra

GS-z12

7 =12.48 (350 Myr)
Myy = —18.2

AB mag 29.0
extreme C/O

GHZ2/GLASS-z12

z =12.34 (360 Myr)
Mgy = —20.5

AB mag 27
extreme N/O, CIV

GN-z11

z =10.60 (430 Myr)
Myy = —21.5

AB mag 26.0
extreme N/O, AGN

MACS0647-JD
z=10.17 (460 Myr)
Myy =-20.3
25.0+25.4+26.2=24.2
extreme...?

May 22, 2024

F; (x1072 erg/s/cm?/A

-5 0

. S/N 55
d’Eugenio+23, |

i |

___prism i
3215+1210 g
2000 . 2500 3000 3500
A (rest) [A]
Z=12.3421 ol j?m

[Ne}v)

¢aste|la np+24

Flux density (107'° erg/s/cm?/4

10000 15000 20000 25000 30000 35000 40000 45000 50000
Aobs (A)

3
Wavelength (micron)

Rest-frame wavelength [A]
2000 2550 00

Hsiao,Abdurrouf+23b

ST
g Bl

Flux density [p)y]

Dan Coe — First Stars VII

Flux Density [u]y]

H[()n

60} — o1 spectum

Observed Wavelength [m]

unexpected,
requiring
explanation

11] AA4959, 5007

Zavala+24

7 8
Observed Wavelength [pm]

Hsiao & Alvarez+ 24




GS-z12
2=12.48

MUV =-18.2 SU per SOIa f C/O 8 Pox 186 JWST:  This work:

Local:
AB mag 29.0 MW stars LA s TEE A AC2 @ GS-leT
z=0 an . Vv J23 @ GS-z12
[C/O] >0.15 7—=9-4 C17 & $23
O 123 S23

Pop Ill supernova enriched?

d’ Eugen|o+23 65 hours PRISM A (obs. ) [um]
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F,[102"ergs'cm2A] y[arcsec]

GS-z12

z2=12.48
MUV =-18.2
AB mag 29.0

Super solar C/O?

May 22, 2024

Dan Coe — First Stars VII

1000

Rest-frame wavelengt
2500 3

1500 2000

Q© Observed photometry

[C/O] > 015 1.01 @ Model photometry § %
d’Eugenio+23 65 hours PRISM A (obs) [um] . . °
f J.s ! = ) )
h = 0.6 ﬂj‘“m '
0.0 > ‘
05 2 ©  'macs0647-1D
0.8 ° z=10.17 (460 Myr)
0.6 i E 02 MUV =-20.3
o.« 1M PRI L | AB mag 25.0+25.4+26.2 = 24.2
0.2 Mﬂ. ”W\ & ? g . M [C/O] ? (Hsiao+ in prep.)
0o LR = o f 00 g g™
-0.2 _g.r?l?g]HZ‘lO Z;(.:I) ES gg E HEflyACS  F115W F150W F200W F277W |
1000 1500 2000 2500 3000 3500 02 G 20 25 30
X (rest) [A] Hsiao & AdeFFO uf + Observed wavelengti




GS-z12
2=12.48

ovss  Required super deep spectrum
AB mag 25.0 65 hours >> 19 hours

d’Eugenio+23

This detection of the most distant metal transition, which
has provided such precious information about the earliest phases
of the chemical enrichment, has required a very long exposure
(65 h, although mostly as a parallel observation). This is due

Curtis-Lake+23 19 hours GS-z12-0

rest frame MA
487 1215 1943 2672

to the extreme faintness of such distant galaxies. However, in
the future, large-area surveys and gravitational lenses may help
identify more high-redshift galaxies that are sufficiently bright
for deep spectroscopic follow up with shorter exposures.

|
T,
Il
—
=
o
|
o
)
=
(eb)

J(107-

X-disp
[shutter pitch]
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Cosmic Spring

JWST: the smudge comes into focus

Source plane

700

] 10 best SED fit -
' " z~2ruled out
500
< 4% Hubble -

r~1pc
star clusters

Larry Bradley — 2
JWST Cycle 2
PI GO 4246 “ W . nsing critical curve " .
) (high magnificatio A actC
. Ge
05‘“\C

5 : - 1 Angela Adamo
i . P - et al. 2024

e———— . .
» 1 arcsec ' -
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Cosmic Spring

Cosmic Gems: most distant bound star clusters known

Comriee 7o - very small and dense clumps ~2e6 M
v gravitationally bound (age > 10 VR3/GM)

Nillky Way GCs Expected to evolve, relax, and expand
YMCs LVL (Brown&Gnedin21)

to resemble globular clusters
in our own galaxy
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Dense star clusters and mergers may drive starbursts
helping to explain abundance of “bright” early galaxies

Observed star clusters suggest high star formation efficiency

t = 344.52 Myt high — SFE 100 pe low — SFE
z=12.92

High-resolution

(0.1 pc) simulated

high-z galaxy

Fred Garcia et al.
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FRONTIER

Lensed stars: first discoveriesatz ~ 1 - 1.5 ===
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2 Hubble Frontier Flelds
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JWST was designed i .
. / ’ » L0
to study the first stars g . ‘ - . ’ .
g : B ® o U | i
We found one with Hubble e . »\
to look at with JWST . L T - :
Earendel z = 6 star system i s
observed 1 Gyr after the Big Bang : y - - ;
magnified by thousands v ’ . .
" L " - ’
Brian Welch et al. Earendel*moming light' , T . &
2022 Nature e N ' . - ° pe =
Ze.
. e \
. - . \“\ .
» . : -
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@ BELICS \
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Cosmic Spring

JWST reveals the colors of Earendel

z = 6 star on the H-R diagram

Brian Welch et al.
. arXiv:2208.09007 (tracks vary with metallicity) 7 = 0.00021 1% Zo
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Star SEDs atz=1-06

temperatures and luminosities
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Cosmic Spring
log(pLe/Le) = 9.44 Spectrum

Z - 5 Sta r S E D > ' ?;egff(;B;::l?g()K Binary star
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! NIRCam photometry
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Flux (n)y)

Flux [n)y]

Predicted JWST NIRSpec spectra of stars

| ‘ Emma Lundqvist
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~ predicted spectral line features

, CIV: outflow wind strength Call: metallicity?

e

Emma Lundgvist (T > 15000K)  arXiv:2404.10817 (T ~ 6000K)  Erik Zackrisson
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z = 2.37 star spectrum
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Massimo Pascale Suhyeon Choe 7 = 2.37 star “Godzilla”
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