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auroral lines

Dan Coe – Extreme Galaxies 2

Aurōra
goddess of dawn
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6300Å  O  1D → 3P
5577Å  O  1S → 1D

auroral line
4363Å  [OIII]  1S0 → 3P0

43
63
Å

at cosmic dawn z = 10.17 (460 Myr)

Tiger
Hsiao Abdurro’uf
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GN-z11 (z = 10.60) Bunker+
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GN-z11 (z = 10.60) Bunker+

MACS0647-JD
(z = 10.17)
Hsiao & Abdurro’uf +

auroral line
3-sigma

extreme N/O

G395M



Hundreds of galaxies confirmed in first billion years
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Cosmic Gems
(photo-z)

RXJ2129-z95

MACS0647-JD

compilation by
Roberts-Borsani+24
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arXiv Lead author Object(s) Redshift
2208.09007 Brian Welch Earendel star z ~ 6
2210.01777 Larry Bradley 12 galaxies z ~ 9 – 13
2210.14123 Tiger Hsiao MACS0647-JD z ~ 11
2211.09839 Eros Vanzella Sunrise Arc z ~ 6
2211.13334 Ashish Kumar Meena lensed star z ~ 5
2301.02209 Abdurrouf 444 galaxies z = 0.3 – 6
2305.03042 Tiger Hsiao MACS0647-JD z = 10.17
2308.00042 Lukas Furtak lensed star z = 4.76
2309.02504 Anton Vikaeus Balmer breaks z ~ 6 – 11
2312.03065 Meghana Killi AGN z = 4.53
2401.03224 Angela Adamo Cosmic Gems z ~ 10
2404.10770 Larry Bradley Cosmic Gems z ~ 10
2404.16201 Abdurro’uf MACS0647-JD z = 10.17
2404.16200 Tiger Hsiao MACS0647-JD z = 10.17
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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
https://arxiv.org/abs/2301.02209
https://arxiv.org/abs/2305.03042
https://arxiv.org/abs/2308.00042
https://arxiv.org/abs/2309.02504
https://arxiv.org/abs/2312.03065
https://arxiv.org/abs/2401.03224
https://arxiv.org/abs/2404.10770


Look again 
at that dot
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MACS0647-JD
z ~ 11 (400 Myr)
Coe et al. 2013

Dec 12, 2022 Dan Coe – JWST First Science
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Look again 
at those dots

Tiger Hsiao et al.
arXiv:2210.14123
arXiv:2305.03042

MACS0647-JD
z = 10.17 (460 Myr)

Dec 12, 2022 Dan Coe – JWST First Science

Cosmic
Spring

F200W AB mag 25.0
magnification ~ 8x

F200W AB mag 25.4
magnification ~ 5x

F200W AB mag 26.2
magnification ~ 2x



F200W AB mag 25.0
magnification ~ 8x

F200W AB mag 25.4
magnification ~ 5x

F200W AB mag 26.2
magnification ~ 2x 9

Look again 
at those dots

Tiger Hsiao et al.
arXiv:2210.14123
arXiv:2305.03042

A: r ~ 70 pc
~50 Myr old
~no dust

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

MACS0647-JD
z = 10.17 (460 Myr)

Dec 12, 2022 Dan Coe – JWST First Science

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

mini-
quiescent
lull?
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there is a 
companion

Tiger Hsiao et al.
arXiv:2210.14123

Dec 12, 2022 Dan Coe – JWST First Science



Galaxy merger 400 Myr after the Big Bang?
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Observed
de-lensed
Hsiao+22

Simulated
Barrow+17

Kirk Barrow

Tiger Hsiao et al.
arXiv:2210.14123

Dec 12, 2022 Dan Coe – JWST First Science



MACS0647-JD 
at z = 10.17 with 
7 emission lines:

CIII], [OII], [NeIII]x2, Hγ, Hδ, [OIII] 4363Å 
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Tiger Hsiao & Abdurro’uf et al.
(co-lead authors) 
arXiv:2305.03042
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MACS0647 ° JD

Bradley et al. 2022

Naidu et al. 2022

Adams et al. 2022

Leethochawalit et al. 2022

Donnan et al. 2022

Harikane et al. 2022

Finkelstein et al. 2022

JADES

MACS0647-JD

JADES

GN-z11

Bright z > 10 galaxies yield emission lines

May 1, 2024



Dan Coe – Extreme Galaxies 13

Photo-z’s slightly underestimated 

analysis by Intae Jung 
in Hsiao & Abdurro’uf et al.
arXiv:2305.03042

see also Henitz+23, Umeda+23, Cameron+23

May 1, 2024

zspec = 10.17
zphot ~ 10.6

• Lyα damping wing due to neutral IGM (Heintz+)
• or low-metallicity top-heavy IMF (Cameron, Katz+)



MACS0647-JD metallicity 
consistent with other z ~ 4 – 11 measurements
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Boyett+23

HII-CHI-MISTRY

pyneb 
estimated [OIII]

MACS0647-JD
Hsiao+23b

M
et

al
lic

ity ~6% Z⊙

~20% Z⊙

Z⊙ solar 
metallicity

GN-z11 (z=10.6)
Bunker+23

Gz9p3

Cosmic Spring

May 1, 2024



JWST Cycle 2 GO 4246 PI Abdurro’uf
MACS0647-JD NIRSpec G395H; MIRI imaging + spectroscopy
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Cosmic Spring

“direct” metallicity
• [OIII] 4363Å – Cycle 1 NIRSpec PRISM
• [OIII] 5007Å – Cycle 2 MIRI MRS

[OII] doublet – resolved w/ G395H:
• gas density
• line widths
• outflows allow fesc?

May 1, 2024



No strong outflows / AGN
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Cosmic Spring

May 1, 2024

Abdurro’uf et al. 2024

High resolution NIRSpec G395H
Line widths ~ 150 km/s
after correcting for broadening



Resolved [OII] doublet:  density ne ~ 1000 / cm3
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Cosmic Spring

May 1, 2024

Abdurro’uf et al. 2024



Electron density
evolution with redshift
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Cosmic Spring

May 1, 2024

First resolved [OII] doublet at z > 8

Abdurro’uf et al. 2024



MACS0647-JD 
MIRI imaging 

+ spectroscopy
simultaneously
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Z⊙ solar 
metallicity

Cosmic Spring

May 1, 2024
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MIRI detects MACS0647-JD (z=10.17)
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Cosmic Spring

May 1, 2024

MIRI MRS IFU reductions:
Javier Álvarez-Márquez

MIRI image reductions:
Alex Crespo Gómez

paper:
Hsiao & Álvarez et al. 2024



MIRI MRS: [OIII], Hα in MACS0647-JD (z=10.17)
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Cosmic Spring

May 1, 2024

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

SFR = 5.0 ± 0.6 M⊙ / yr
log(ξion) = 25.3 ± 0.1
log(U) = –1.9 ± 0.1

Hα
6565Å

[OIII]
5008Å

[OIII]
4960Å

[OIII] / Hα = 2.5



MACS0647-JD metallicity 
consistent with other z ~ 4 – 11 measurements
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Boyett+23

HII-CHI-MISTRY

pyneb 
estimated [OIII]

MACS0647-JD
Hsiao+23b

M
et

al
lic

ity ~6% Z⊙

~20% Z⊙

Z⊙ solar 
metallicity

GN-z11 (z=10.6)
Bunker+23

Gz9p3

Cosmic Spring

May 1, 2024



MACS0647-JD direct metallicity 
consistent with other z ~ 4 – 11 measurements
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Boyett+23

MACS0647-JD
Hsiao+24

M
et

al
lic

ity

~11% Z⊙

~16% Z⊙

Z⊙ solar 
metallicity

GN-z11 (z=10.6)
Bunker+23

Gz9p3

Cosmic Spring

May 1, 2024

“direct” Te

[OIII] 5007 / 4363 = 40 ± 5
Te [OIII] = 17000 ± 2000 K



Expect lower metallicity given 
high specific star formation rate
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Cosmic Spring

May 1, 2024

Ucci+23
Hsiao+24

MACS0647-JD 
SFR: star formation rate = 5 M⊙ / yr
M*: stellar mass = 10 ^ 8.1 M ⊙
sSFR: specific SFR = SFR / M*
sSFR = 10 ^ –7.4 / yr 

–7.4



Individual 
clump 

properties?
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Cosmic Spring

May 1, 2024

Where is the emission
coming from?

Cycle 1 (GO 1433)

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



Are all z > 10 galaxies “extreme”?
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GS-z12
z = 12.48 (350 Myr)
MUV = –18.2
AB mag 29.0
extreme C/O

GHZ2/GLASS-z12
z = 12.34 (360 Myr)
MUV = –20.5
AB mag 27
extreme N/O, CIV

d’Eugenio+23

Castellano+24

Zavala+24Castellano+24

Bunker+23

Hsiao,Abdurrouf+23b
Hsiao & Álvarez+ 24

GN-z11
z = 10.60 (430 Myr)
MUV = –21.5
AB mag 26.0
extreme N/O, AGN

MACS0647-JD
z = 10.17 (460 Myr)
MUV = –20.3
25.0+25.4+26.2=24.2
extreme…?

MIRI in prep. (PI Colina)

unexpected, 
requiring
explanation
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GS-z12
z = 12.48
MUV = –18.2
AB mag 29.0
[C/O] > 0.15

Super solar C/O

d’Eugenio+23  64 hours PRISM



d’Eugenio+23  64 hours PRISM
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Super solar C/O?

Hsiao & Abdurro’uf +

19
09

O
III

] 1
66

6

GS-z12
z = 12.48
MUV = –18.2
AB mag 29.0
[C/O] > 0.15

MACS0647-JD
z = 10.17 (460 Myr)
MUV = –20.3
AB mag 25.0+25.4+26.2 = 24.2
[C/O] ? (Hsiao+ in prep.)



Globuar cluster progenitors over time
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Sunrise Arc
z ~ 6 

(1 Gyr)

Sparkler
z = 1.38
(4.5 Gyr)

SMACS0723
z = 0.390
(9.4 Gyr)

Messier 80
z = 0

(13.8 Gyr)

r ~ 1 pc

r ~ 15 pc

Cosmic Gems arc
z ~ 10 

(500 Myr)

MACS0647-JD
z = 10.17

r ~ 70 pc, 20 pc

r ~ 1 pc

Cosmic 
Spring

Mowla, Iyer, et al. 2022
Claeyssens et al. 2022

Adamo et al. 2023

Welch+
Vanzella+

Hsiao+
Hsiao & Abdurrouf+
Abdurrouf+
Hsiao & Álvarez+

Adamo+
Bradley+
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Rachel Paterno-Mahler
lens modeling

Brett Salmon
Hubble

Victoria Strait
Spitzer

SPT0615-JD: the most distant lensed arc
“the smudge” 

featuring papers led by:

z ~ 10 (500 Myr)

2.5′′
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Lensing critical curve
(high magnification)
at z = 10

JWST: the smudge comes into focus
r ~ 1 pc 

star clusters

Adamo et al. 2024

r ~ 25 pc

Larry Bradley
JWST Cycle 2
PI GO 4246

mirror images
5′′



May 1, 2024 Dan Coe – Extreme Galaxies 32

high magnification
µ ~ 60

x 2 images

F200W
AB mag 25.3

x 2 = 
AB mag 24.5

low magnification 
µ ~ 2

AB mag 28.4
full galaxy

delensed 
AB mag 29.7
MUV = –17.8

M* ~ 4e7 M⊙

Cosmic Gems arc

Adamo et al. 2024
Bradley et al. 2024
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those of the star clusters are comparable, one can extrapolate the cluster formation
e�ciency (CFE) [14] to be at least 30 %. This is a lower limit as we do not correct
for the missing fraction of mass in star clusters which remain undetected. Under the
hypotheses that the cluster mass function (CMF) has a power-law slope of �2 and that
below the lowest detected cluster mass (e.g. 7⇥ 105 M� ) the CMF is fully populated
down to 1000 M� , we find that about 70% of the stellar mass in clusters would remain
undetected, giving an upper limit to the CFE of 85%. A more direct way to establish
the CFE is to use the fraction of observed FUV light in star clusters with respect to
the host. This quantity is not a↵ected by the same degeneracy as the mass estimates
and, thus, is a more reliable indicator of the CFE, under the assumption that the FUV
light is produced by stellar populations formed during a similar time scale (as we find
here). The analysed star clusters account ⇠ 60 % of the total F150W flux of the host
extracted within an elliptical Kron aperture (Bradley et al in prep.), thus reinforcing
the conclusion that star formation in star clusters is a major mode for the Cosmic
Gems arc and galaxies with similar luminosities.

Fig. 2 Star cluster stellar surface density versus half-light radius Re↵ .

The resulting stellar surface densities of the clusters are ⇠ 105 M� /pc2 (Table 1).
Similar physical properties have been reported in star clusters detected in the Sunrise
arc at z ⇠ 6 [15] and the Sunburst arc at z = 2.37 [16] (see Figure 2). Using the derived
ages, masses, and intrinsic sizes, we also determine whether these stellar systems are
gravitationally bound. According to the framework introduced by [17], a star cluster
is considered bound if its age is greater than the crossing time of the system (where
tcross = 10

p
R

3
e↵/GM), or in other words, under the assumption of virial equilibrium,

a cluster is gravitationally bound if ⇧ = Age/tcross > 1. The log(⇧) values reported in
Table 1 are all significantly larger than unity, indicating that we are indeed detecting
star clusters in an early galaxy, 460 Myr after the Big Bang. This conclusion is valid
in spite of the uncertainties inherent to physical quantity estimates as well as lensing
models (see Section 2.3).

7

Cosmic Gems: most distant bound star clusters known

very small and dense clumps ~2e6 M⊙ 
gravitationally bound (age > 10 √R3/GM)

Expected to evolve, relax, and expand
to resemble globular clusters
in our own galaxy

Adamo+2024

r ~ 1 pc 
star clusters

Cosmic
Gems
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Dense star clusters and mergers may drive starbursts
helping to explain abundance of “bright” early galaxies 
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Extremely

extreme C/O?

extreme? or common?

Cycle 3 GO 5917 
PI Eros Vanzella
NIRSpec IFU prism
MIRI MRS long



“I have been a child playing on the seashore, 
diverting myself now and then finding a smoother pebble or a prettier shell, 
while the great ocean of truth lay all undiscovered before me.”

35

– Newton



You call that extreme?
Euclid and Roman will observe much more sky
delivering far more extreme galaxies and lensing
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Perseus Cluster 
Credit: ESA/Euclid/Euclid Consortium/NASA; J.-C. Cuillandre/CEA Paris-Saclay/G. Anselmi (image processing)
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See you at 
Extreme Galaxies 2026
for the eclipse Aug 12!

if we plan it
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Cosmic Gems arc
z ~ 10 

MACS0647-JD
z = 10.17

r ~ 70 pc, 20 pc

r ~ 1 pc

Cosmic Spring

Hsiao+
Hsiao & Abdurrouf+

Abdurrouf+
Hsiao & Alvarez+

Adamo+
Bradley+

cosmic-spring.github.io
public data, code, papers

Tiger
Hsiao Abdurro’uf

JWST is observing the first star clusters

JWST pipeline

talk to me about
NIRSpec MOS!

and they are extreme!


