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Globular cluster progenitors over time
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WHL0137 + Sunrise Arc + Earendel
Cycle 1 GO 2282 (PI Coe)

MACS0647–JD
Cycle 1 GO 1433 (PI Coe)

Cycle 2 GO 4246 (PI Abdurro’uf)

Cosmic Gems Arc SPT0615–JD
Cycle 2 GO 4212 (PI Bradley)
Cycle 3 GO 5917 (PI Vanzella)

Image: Alyssa PaganImage: Zolt Levay Image: Dan Coe (Trilogy)
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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 Abdurro’uf 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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Cosmic Spring

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
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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)
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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 7

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

mini-
quiescent
lull?
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there is a 
companion

Tiger Hsiao et al.
arXiv:2210.14123
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Cosmic
Spring



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

Simulated
z = 10
merger
Barrow+17

Kirk Barrow

Tiger Hsiao et al.
arXiv:2210.14123

May 22, 2024 Dan Coe – First Stars VII

Cosmic
Spring
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Tiger Hsiao & Abdurro’uf et al.
(co-lead authors) 
arXiv:2305.03042

43
63
Å

MACS0647-JD
at z = 10.17 with
7 emission lines
CIII], [OII], [NeIII]x2, Hγ, Hδ, 
and the auroral line [OIII] 4363Å
for direct metallicity measurement 

[OIII] 5008Å

Cycle 1 NIRSpec PRISM

Cosmic Spring



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 22, 2024



No strong outflows / AGN
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Cosmic Spring

May 22, 2024

Abdurro’uf, Larson
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 22, 2024

Abdurro’uf, Larson
et al. 2024



Electron density
evolution with redshift
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Cosmic Spring

May 22, 2024

First resolved [OII] doublet at z > 8

Abdurro’uf, Larson et al. 2024

Mabel Stephenson+ 
in prep.

best fit:

ne = 54 (1+z)1.2

ne ~ 1 / Z ~ (1 + z)p  with p ~ 1, not 2

n ~ 1 / Z

simulated star clusters
Garcia+23



MACS0647-JD 
MIRI imaging 

+ spectroscopy
simultaneously
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Z⊙ solar 
metallicity

Cosmic Spring

May 22, 2024
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MIRI detects MACS0647-JD (z=10.17)
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Cosmic Spring

May 22, 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 22, 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 direct metallicity
consistent with other z ~ 4 – 10 measurements
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Cosmic Spring

May 22, 2024

[OIII] 5007 / 4363 = 40 ± 5
Te [OIII] = 17000 ± 2000 K
12+log(O/H) = 7.8±0.1
~13% Z⊙  (11 – 16%)

Boyett+23

MACS0647-JD
Hsiao & Álvarez +24

M
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~13% Z⊙

Z⊙ solar 
metallicity

Gz9p3

Boyett+23

11%

16%

Iryna
Chemerynska+ 

in prep.
z = 6 – 8
lensed

Eros Vanzella+ 
arXiv:2305.14413
z = 6.64 lensed



Expect lower metallicity given 
high specific star formation rate
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Cosmic Spring

May 22, 2024

Ucci+23 Hsiao & Álvarez+ 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
higher than fundamental metallicity relation



Metallicity
of each
clump?
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Cosmic Spring

May 22, 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



z > 10 galaxies have “extreme” spectra
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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  65 hours PRISM

Pop III supernova enriched?



d’Eugenio+23  65 hours PRISM

Dan Coe – First Stars VII 23May 22, 2024

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.)



Curtis-Lake+23 19 hours

Dan Coe – First Stars VII 24May 22, 2024

GS-z12
z = 12.48
MUV = –18.2
AB mag 29.0

Required super deep spectrum
65 hours >> 19 hours 

d’Eugenio+23
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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

Angela Adamo 
et al. 2024

r ~ 25 pc

Larry Bradley
JWST Cycle 2
PI GO 4246

mirror images
5′′

Cosmic Spring

Cosmic Gems arc
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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

Cosmic Spring
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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

May 22, 2024 Dan Coe – First Stars VII 28

Cosmic Spring



Dense star clusters and mergers may drive starbursts
helping to explain abundance of “bright” early galaxies 
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upcoming
Cycle 3 GO 5917 
PI Eros Vanzella
NIRSpec IFU prism
MIRI MRS long

High-resolution
(0.1 pc) simulated
high-z galaxy

Fred Garcia et al.
arXiv:2212.13946

Observed star clusters suggest high star formation efficiency



Globular cluster progenitors over time
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Lensed stars: first discoveries at z ~ 1 – 1.5
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Chen+19

IcarusIapyx

2016-10-30

2016-05

MACS J1149.5+2223
Hubble Frontier FIelds

Galaxy Cluster (z=0.543)

Kelly+15,16

Pat Kelly Chema Diego

Kelly+18
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JWST was designed 
to study the first stars

We found one with Hubble
to look at with JWST

Brian Welch et al. 
2022 Nature 
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Earendel z = 6 star system
observed 1 Gyr after the Big Bang
magnified by thousands

Earendel “morning light”
Eärendil



Earendel
z ~ 6

magnification
µ > 4000
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Image: Zolt Levay

Cosmic Spring

Brian Welch et al. 
arXiv:2208.09007

JWST reveals the colors of Earendel
(tracks vary with metallicity)

BoOST (Szecsi+20) 
massive star tracks 
with metallicity 0.01 Z⊙

B starO star one
star

1% Z⊙

May 22, 2024

z = 6 star on the H-R diagram



Star SEDs at z = 1 – 6
temperatures and luminosities
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Earendel
z = 5.93

Icarus
z = 1.49

3500K red 
supergiant

B star
12000 K

O 30000K 
B 10000K

B 14000K 
F   5000K

Kelly+18



z = 5 star SED
and spectrum
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Ashish Meena et al.
arXiv:2211.13334

mirror
symmetry

z = 5
(1.2 Gyr)

MACS 0647+70
Dec 12, 2022 Dan Coe – MIT JWST First Light

Cosmic Spring

Image: Alyssa Pagan

Lukas Furtak et al.
arXiv:2308.00042

Meena+

Furtak+

NIRSpec PRISM 2 hours

Furtak+
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Predicted JWST NIRSpec spectra of stars
stellar temperature from continuum, Balmer absorption lines

Emma Lundqvist Erik ZackrissonarXiv:2404.10817

50 hours in each medium grating: G140M, G235M, G395M
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predicted spectral line features
CIV: outflow wind strength 

(T > 15000K)
CaII: metallicity?

(T ~ 6000K)Emma Lundqvist Erik ZackrissonarXiv:2404.10817
NIRSpec G140M 50 hours NIRSpec G140M 50 hours



z = 2.37 star spectrum
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“Godzilla” AB mag 22 
magnified by ~7000x
in the Sunburst Arc

Eta Carinae analog =
LBV post-eruption +
smaller hot blue companion

arXiv:2405.06953
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Suhyeon Choe



z = 2.37 star “Godzilla”
detailed spectrum 
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Massimo Pascale
VLT MUSE
PIs Vanzella; Aghanim

LyC   Godzilla   Sunburst Arc JWST NIRSpec rest-frame 3700 – 9300 Å

May 22, 2024 Dan Coe – First Stars VII

Suhyeon Choe
JWST NIRSpec
PI Rivera-Thorsen
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What was First Stars made for?
JWST Cycle 4 deadline Wed Oct. 16
• deep spectra of stars
• more lensing clusters = more stars
• monitoring = microlensed stars, supernovae
Help us learn what we’re made from

May 22, 2024

MACS0647-JD
z = 10.17

r ~ 70 pc, 20 pcAdamo+
Bradley+

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

Tiger
Hsiao Abdurro’uf

Brian 
Welch

Cosmic Gems arc
z ~ 10

r ~ 1 pc Rebecca
Larson

Dan Coe – First Stars VII

JWST pipeline

Earendel
z = 5.93

NIRSpec MOS
JWebbinar

June 27

Vasily
Kokorev DAWN JWST

archive


