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Big Questions

How do baryons
cycle through
galaxies?

How are galaxies
assembled?

Tracing star
formation in early
galaxies
addresses these
key questions.




Bursty Star formation at High

Redshift

Time since the Big Bang [ My

~1300 galaxies from NIRSpec/MSA and NIRCam/WFSS

~60 sources predWST

JWST/NIRCam observations

HST/WFC3 observations

Adamo et al. 2024

Redshift

Excess of UV luminous galaxies relative to pre-JWST predictions.



Bursty Star formation at High

Redshift

Carniani et al. 2024

Excess of UV luminous galaxies relative to pre-JWST predictions.



Bursty Star Formation In
Simulations

= hHursty MclLeod+23

mmsm smoothed Donnan+23
Harikane+18 Bouwens+23
Mason+15 Harikane+23
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* Models with bursty star-formation histories (red line) can reproduce the
evolution of the UV luminosity density at z>10 (e.g., FIRE-2 simulations).

» Generally predictions are for more burstiness at higher redshift and lower
mass.



Flores Velazquez et al. 2021

Bursty Star Formation In
Simulations

Low redshift - time-steady SFH
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—— (FIRE),,,, =sMyr —— (FIRE),,,,=amyr —— Ha

1o (FIRE),,,, = 5amyr (FIRE),,,, = 12Mmyr FUV

* Ho closely traces the true SFR on ~5-10 Myr timescales.
« UV light traces the true SFR on ~50-100 Myr timescales.

e There should be a measurable difference in the Ha-based SFRs
vs. the UV-based SFRs if star formation is bursty.



Bursty SF Histories: Balmer
Lines Back to Cosmic Dawn:

1 — 0 £p+0.10 77 _ 5+0.09 _ () 4+0.14
Tint = “")()—H(L\ 7 Oint = 0. 1—)-71)_”,' Oint = 0.5 1—[) 10

No mass
dependence
in the scatter.

5+0.21
oint = 0427574

1()g1()(1\1*/ M )

(Clarke et al. 2024)

 Public JADES+CEERS samples: 146 galaxies at z=1.4-7 with robust
SFR(Ha), SFR(UV), M. = the “main sequence” tracing galaxy growth.

« SFR(Ha) suggests significantly more scatter - bursty SF histories.
» If SF histories are bursty, challenges in estimating M..



Bursty SF Histories: Balmer
Lines Back to Cosmic Dawn:

_ 0.04 / 23 L0.04| 7 — (.93+0.05
ot = 0.317703 >_0.03 Oint = 0.23Z504

_ 2 <6 : Shivaei+ (2 ()1'))
NO mass [ _ p Speagle+ (2

dependence ,A ‘ > E oY A Topping+ (:
in the scatter. S ) =7 -—— Popesso+ (2023)

0.07 _ 5+0.08
Oint = 0.347 06 |Tin 40006 |

1()g1()(1\1*/ M )

(Clarke et al. 2024)

 Public JADES+CEERS samples: 146 galaxies at z=1.4-7 with robust
SFR(Ha), SFR(UV), M. = the “main sequence” tracing galaxy growth.

« SFR(Ha) suggests significantly more scatter - bursty SF histories.
» If SF histories are bursty, challenges in estimating M..



Bursty SF Histories: Balmer
Lines Back to Cosmic Dawn:

Redshift

(Clarke et al. 2024) (Cole et al. 2023)
» Intrinsic scatter higher for SFR(Ha) than SFR(UV).
« Same qualitative result for SFR;; vs SFRyy, (Cole+2023).
« Bursty SF histories. What is redshift and M* dependence, though?



Bursty SF Histories: Balmer
Llnes Back to Cosmlc Dawn:
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(Endsley et al. 2024)

* Young galaxies at z~6 with low Ha/UV ratios (and low [Olll]) consistent

with recent downturn in SFR --> burstiness.

« Such galaxies are more common at fainter My,,.



Bursty SF Histories: Balmer
Lines Back to Cosmic Dawn:
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® GOODS Binned 84™ percentile
B A2744 fi Binned Median
Upper Limits Binned 16™ percentile

O [ With NIRSpec/prism data --- Equilibrium at 0.1 Z and log U = —2.5

(Endsley et al. 2024)

Young galaxies at z~6 with low Ha/UV ratios (and low [OIll]) consistent
with recent downturn in SFR --> burstiness.

Such galaxies are more common at fainter M.



What i1s the timeline of relonization?

* Slow (democratic) vs. rapid
(oligarchical) reionization.

* lonizing photon production

[ e
rate expressed as: 2
£
©
z
Z
Escape From UV = Naidu+19
frisotion of sy o = Model | (fosc =0.21,a > —2)
irzzii:it?gn ~ Model Il (fesc « 2k, @ > = 2)
Finkelstein+19 (fesc « M, & < —2)
Ishigaki+18 (fesc = 0.17, a < —2)
* The nature of reionization Redshift
timeline determined by how
&.n,andf.(LyC) depends on (Naidu et al. 2020)

galaxy properties.



(Simmonds et al. 2024a)

(Munoz et al. 2024)

An lonizing Photon Budget Crisis?

* Based on initial, high
estimates of §,,, from
et Ml J\\W/ST, and other

Prieto-Lyon+2023
Ning+2023

wedlll rfecasonable assumptions
(LF, feec VS. galaxy

% properties)....reionization

completes too early!

* & from early JIWST
published work biased
high. Need unbiased,
spectroscopic (Ha/UV)
measures.

Redshift, z



An lonizing Photon Budget Crisis?

(Pahl et al. 2024; see also
Simmonds+2024Db)

¢ This work

Simmonds+2024
Shivaei+2018, SMC 0.2:Z

Boyett+2024, EELGs
Saxena+2024, faint LAEs
Prieto-Lyon+2023
Endsley+2023
Matthee+2023, [OIII] emitters

* Based on initial, high
estimates of §,,, from
JWST, and other
reasonable assumptions
(LF, feec VS. galaxy
properties)....reionization
completes too early!

* & from early JIWST
published work biased
high. Need unbiased,
spectroscopic (Ha/UV)
measures.



An lonizing Photon Budget Crisis?

* Based on initial, high
estimates of §,,, from
JWST, and other
reasonable assumptions

Pre-JWST ‘ginn = 252, fesc =0.2 (L F’ fESC VS . g al aXy

* &ion Simmonds+2024, f.. = 0.2 . . . .
b B 4, fa = 0.2 properties)....reionization
Sion0 0 4, Jesc Pabl+2021 completes too early!
&ion‘D - 2533* jesc =0.2

on,0 — 253(& j‘-‘bc Pahl+2021

* &, from early JWST
(Pahl et al. 2024; See also pybllshed WOl’k. biased
Simmonds+2024b) high. Need unbiased,
spectroscopic (Ha/UV)
measures.
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Dust and SFR

HB [om1] [om] [NITHa[NTI] [s11]

7I|I:III|IIII|[III|:IIII 71*IIIIIII|IIII|IIII|IIII|‘I’

(z)=5.415 ‘
(log(M /Mg))=9. 25

C1L 1 1 | 1 1 1 1 | 1 1 ’:I 1 1 1 | 1 1 1 1 | 1 1 F

(log(M/M9)> 1009‘ =
N=13 P

4900 5000 6600 6700
Rest wavelength (&)

SFR(Ha) requires dust correction.

. 2~2.3 MOSDEF median
¢ 2z~3.3 CEERS stacks
¢ z~4.5 CEERS stacks
¢ 2~5.6 CEERS stacks

v 8 9 10 11
log(M./M,)

Initial estimates of nebular dust attenution based on Ho/Hp.
No clear evolution in Ho/HP at fixed M. at z~3-6.5.
Extending reach of attenuation vs. M. relation.




Dust Attenuation curve for
Idual Galaxies: z=4.4 Example
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GOODSN-17940 (z=4.41) Based on 11 H

Spectrum has 70+ recombination lines,
em/abs features nebular attenuation curve
detected. IS not MW!

Sanders et al. 2024



Why Is the density so high?

GN-z11 (z=10.6)

« Exceptionally high electron
aNail  [|osx 1o densities inferred in, e.g.,
il GN-z11 and RXCJJ2248-ID

S 40 x 10" (based on UV transitions).

8.0 x 10*
\_ « Steady evolution in average

inferred electron density vs.
i redshift.

1500 - 0.5 1.0 & - Meanwhile, no strong
rest wavelength (A) F[NI\»"}M&}/ FN1v)14s6 depend ence of denSity on
galaxy properties at fixed z.
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(Senchyna et al. 2023;Topping et al. 2024a)



Why Is the density so high?

IE E
= —
— —
o oo

log(SFR/Moyr—!)

Topping et al. 2024, in prep

Sanders+2016

Kashino+2017

Abdurrouf+2024

Isobe+2023

Davies+2021 e
-

[ T=Te s s

9 -8
log(sSFR/vr—1)

101 10° 10

log(Zspr,/ Moy tkpe™2)

« Exceptionally high electron
densities inferred in, e.g.,
GN-z11 and RXCJJ2248-ID
(based on UV transitions).

« Steady evolution in average
inferred electron density vs.
redshift.

 Meanwhile, no strong
dependence of density on
galaxy properties at fixed z.



Why Is the density so high?

ne([SH])/em ™
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log(n,

SPHINX
z=4.6

1.5 2.0
log(EW(HA)/A)

Topping et al. 2024, in prep
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AURORA
z=150-—65
1.5 2.0 2.5

log(EW(H3)/A)

« Exceptionally high electron
densities inferred in, e.g.,
GN-z11 and RXCJJ2248-ID
(based on UV transitions).

« Steady evolution in average
inferred electron density vs.
redshift.

 Meanwhile, no strong
dependence of density on
galaxy properties at fixed z.



(Shapley et al. 2024a)

Rest-Optical Spectrum =2
12+log(O/H)

* Infer 12+log(O/H) (gas-phase
oxygen abundance) from
nebular emission lines.

* For high redshift (pre-JWST),
the standard was to use
calibrations of strongest rest-
optical emission lines from H,
O, Ne, N (purple).

 We can do better.

9000 10000 11000 12000 13000

Rest wavelength (A)




Beyond O/H: abundance pattern

JADES-GS-z9-0 z=9.43

Wavelength (rest) [m] Wavelength (rest) [um] Wavelength (rest) o]

0.485 | 0.487 0490 0.492 0.495| 0.497 0504 0.502
I | |

[O 111]A5007

H8 + He I
[O TIT]A4959

Iy
S

4.50 4.53 4.55 4.58 4.60 5.05 5.08 5.10 512 515 5.18 5.20 5.23 5.25
Wavelength (obs. ) [um] Wavelength (obs. ) [pm]

» Ultradeep NIRSpec spectroscopy spanning rest-UV through 5000AA (including
[OI11]14363), yielding C/O, N/O, Ne/O. Other work has highlighted Ar/O.

* Use for independent constraints on IMF, star-formation history.
Curti et al. 2024



Beyond O/H: abundance pattern

RXCJ2248-ID (z=6.13)

—- O

Arbitrary fy

2600
Rest Wavelength [A]

3
2
<
—
=1
=~
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<

5500 5750 6000 6250 6500 6750
Rest Wavelength [A]

» Ultradeep NIRSpec spectroscopy spanning rest-UV through 7250AA (including
[OI11]14363), yielding C/O, N/O. Other work has highlighted Ar/O.

* Use for independent constraints on IMF, star-formation history.
Topping et al. 2024a



z=0 objects: z>10 galaxies: z=6-8 galaxies:
@ Local HII Regions @ Senchyna + 23(gas) @ cHz2 RXCJ2248 — ID lQ‘ Navarro — Carrera + 24
© NGC 6752 Stars ‘ Senchyna + 23(tot) Cameron + 23 A1703 — zd6 o Isobe + 23
1.0

v

Z=6-8
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2 0 2
log(OIII]AA1660, 1666 /HelIA1640)

log(CIVAAL548, 1550 /CITITAA190

12 + log(O/H)
* Rest-UV nitrogen emission in luminous z>6 galaxies implies both high
density (n,210° cm-3) and N/O like globular clusters.

« Maybe these systems feature dense N-rich ejecta from early stellar
populations embedded in globular cluster precursors (Pascale et al. 2023).




Beyond O/H: abundance pattern

Reference sample
MW stars BOND GHR
z ~ 0 galaxies /HII z ~ 2 galaxies
CHAOS HII + DLAs
BOND BCD

JWST sample
Curti+ 24 [GS — 29 ; z ~ 9.43] (this work)
Ji+ 24 [GS — 3073 ; z~5.5]
Topping + 24 [z~ 6.1]
Isobe + 23 [z~ 6.2]
Jones + 23 [z~ 6.3]
Arellano — Cordova + 22 [ER04590 ; z~ 8.5
Cameron + 23 [GN —z11; z~ 10.6]
Castellano + 24 [GHz2 ; z~ 12.3]

7.0 75 8.0 D'Eugenio + 23 [GS — 212 ; z~ 12.5]

12 + log(O/H)

(Curti et al. 2024)

« At the same time, sub-solar C/O.

« Maybe these systems feature dense N-rich ejecta from early stellar
populations embedded in globular cluster precursors (Pascale et al. 2023).



Beyond O/H: helium abundance

GS-NDG-9422

[l]: oo e
41004120 4325 4350 4460 4480
Rest-frame wavelength [A]

GLASS150008

0.18
0.16
T 0.14
5}
= 0.12

0.10‘1 ‘—i
20 1.0

log(N/O)

Yanagisawa et al. 2024

-1.5 -1.0
log(N/O)

—0.5

* Use He/HP to infer He/H at
z~6 (3 galaxies).
 Enhanced, and correlated

with N/O suggesting non-
standard origin for He and N.

* Degeneracy wrt to electron
density. Either He/H is higher
than in local systems, or
else density is.

 Detection of near-IR Hel
line (1.08 um) will break
degeneracy. Easily detected
In z~2-3 galaxies.

(su1]  [sui]

9000 10000 11000 12000 13000
Rest wavelength (&)




Beyond O/H: helium abundance

He 143190 He 1 14145 He 1 14473

He 1 13889 + HI
He 1 13970 + [Nelll]

He 1 15877

He 1 17067

He 116680

8 He | lines detected at z=4.41

galaxy from AURORA!

Sanders et al. 2024, in prep

* Use He/HP to infer He/H at
z~6 (3 galaxies).
 Enhanced, and correlated

with N/O suggesting non-
standard origin for He and N.

* Degeneracy wrt to electron
density. Either He/H is higher
than in local systems, or
else density is.

 Detection of near-IR Hel
line (1.08 um) will break
degeneracy. Easily detected
In z~2-3 galaxies.

« Abundance of He, N, C, Ar,
in addition to O sheds light
on early star formation
through chemical
enrichment!



Looking Ahead: The
Spectroscopic Promise of JWST

« JWST spectroscopy is bringing many “holy grails” of galaxy
formation within view (e.g., robust instantaneous SFRs measured all
the way back to Cosmic Dawn).

* Truly remarkable star-formation conditions revealed in the first
billion of cosmic time (GN-z11, GHZ2, RXCJ2248-ID), but many
puzzles remain.

* For robust statistics and comparisons with models, we need
representative samples and sufficient numbers with deep spectra
(e.g., Cycle 3 CAPERS program is a start, but low resolution).
NIRSpec is up to the task, so we should dream big!

* We can now perform true astrophysical (spectroscopic)
measurements where it was previously IMPOSSIBLE.



Mass Metallicity Relation (MZR)

* Variation in metal content of
galaxies with galaxy mass
Indicates how gas cycles
through galaxies (inflows,
outflows, star formation) — e.g.,
how does outflow mass-
loading factor vary with galaxy
mass and redshift?

o~
o
=
o
~
o0
2
+
(@\]

1.0
12 + log(O/H) Residuals

Mass o)

(Tremonti et al. 2004)



MZR Evolution at z>3

* Drastically different
predictions for mass-
metallicity relation (MZR)
evolution at z>3 in different
hydrodynamical simulations.

* NIRSpec observations will be
able to distinguish among
them.

* Require robust metallicity
calibrations. Larger samples.

(Langan et al. 2020)



MZR Evolution at z>3

This work 4 <z < 10 (M_ binned) === (CEERS 4 <z < 10 (Nakajima+2023
Best-fit (this work) MOSDEF z ~ 2.3 (Sanders+2021)
This work4 <z <10 MOSDEF z ~ 3.3 (Sanders+2021)
CEERS 4 <z < 10 (Nakajima+2023) SDSS z ~ 0.08 (Curti+2020)

JADES 3 <z < 10 (Curti+2024) —— z~0 (Andrews+2013)

(Sarkar et al. 2024)

8 9
log (M,/Mo)

* Weak MZR evolution consistent with some simulations, not others.

* Require feedback that doesn’t remove too many metals and/or
accretion that doesn’t cause too much dilution.



MZR Evolution at z>3

- This work 6 < z < 8 (M, binned)
This work 4 < z < 6 (M, binned) Thiswork6<z< 8
This work 4 < z<6 6 <z < 8 [Nakajima+2023]
4 <z <6 [Nakajima+2023] 6 <z <10 [Curti+2024)
3 <z<6[Curti+2024] . FIRE-2atz=7
FIRE-2atz=5

& 12 + log(O/H)

8 85
tog (M./Mo)

This work 8 <z < 10 (M, binned)
Thiswork 8 <2< 10

8 <z < 10 [Nakajima+2023]

6 <z <10 [Curti+2024]
FIRE-2atz=9

12 + log(O/H)

(Sarkar et al. 2024)

8<z<10

* Weak MZR evolution consistent with some simulations, not others.

* Require feedback that doesn’t remove too many metals and/or
accretion that doesn’t cause too much dilution.



FMR Evolution at z>3

Lookback Time [Gyr}]
12 12.5 3

JADES [this work]
CEERS [Nakajima+23]
GN-z11 [Bunker+23]
EROs [Curti+23]
redshift bins

-8.50 -8.00 -7.50 -7.00
log(sSFR/yr—1)
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B SDSS|[Curti+20] V¥V Green Peas [Yang+17]
© KLEVER|[Curti+20,Hayden-Pawson+22] A Blueberries [Yang+17]
< MOSDEF [Sanders+21]

6
Redshift

(Curti et al. 2023Db)

FMR=Fundamental Metallicity Relation
(M*, Z, SFR)



What Now?

 (Larger and more representative spectroscopic samples. Test
feedback models. Of course.)

BUT, really.....

« Some perspective: JIWST/NIRSpec enables studies at z>4 into
Cosmic Dawn that were not possible previously even for Cosmic
Noon!

* Robust metallicities based on high-redshift (not local) calibrations.
* Chemical abundance patterns.

* Densities.

« Dust attenuation curves.

* The truly unexpected....



Direct Metallicity Calibrations at
High Redshiit

* Direct-metallicity

calibrations so far

from CEERS

(Sanders+2024) anc
JADES

" o O My 2o O M OO (L osecter+2024).

« Larger dynamic
Sl  [aNge needed (up
o b to solar). Higher
S/N ideal.

Strong-line Ratio

7.2 3.8 7.2 7.6 8.0 8.4 8.8
12"1‘10‘%(()/H)(lir(-'-(“t 12+1(7)g(()/H>dir€-('l‘

Direct Metallicity

Sanders et al. 2024a



More Direct
Metallicities

AURORA Cycle 1
Program (Co-Pls
Shapley+Sanders)

51 galaxies with at least 1
auroral line detection =

* 51 new direct
metallicities, including 8
at z>5.

 Robust metallicity
calibrations at high
redshift for large
spectroscopic samples

of strong emission lines.

« See also MARTA and
CECILIA Cycle 1
Programs.

[Olll]4363 auroral line
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The Truly Unexpected

FISW  FIS0W  F200W F277W  F356W  F444W

3 (L5 RGeS '.;i::,.i‘__{»;.‘-* ' ‘ ’ (See also
SRS e SO AR A e Nelson+20
23, 2=5.3)

GOODSN-

100182

(z=6.73)  PEREAESTYVAY
F200W +F277W
FL116W + F150W

van der Wel+2014 fit (rm). 2=2.75
Morishita+2024 fit (r,,), z=6.73
0no+2024 median (r,), z=6.5-9.5

Large (r,~1.5 kpc) )

Shapley et al. 2024b, in prep



The Truly Unexpected

PO

rl_rr_.-.—.u-f«'
l.f||| |

log(M./M,)=9.97+918
log(SFRggy/ (Mg/yr))=2.361358
E(B—V)ggp=0.401343
| B=-0.50338
: log(Age/yr)=7.9204]

(N I — | ) I — ] l - l I. N | — ] [N I — | | -

1 2 3 4 )
Observed Wavelength (um)

Massive (M.~10%° Mg,

Shapley et al. 2024b, in prep




The Truly Unexpected

Dusty (f=0.5)

Shapley et al. 2024b, in prep



The Truly Unexpected

_ %‘MW WWW o

Ha  [o |||||:||| j N

Wavelength (um) Wavelength (gm)

And the spectrum......

Shapley et al. 2024b, in prep



The Truly Unexpected
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Large, massive, dusty, metal-rich, galaxy, with excitation properties

like z~2-3 star-forming galaxies. But at z~7. How did it form???

Shapley et al. 2024a; 2024b, in prep



The Truly Unexpected
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log(Rg) leg(([Nelll]A3880+ [0 )A3727) /HE)

Large, massive, dusty, metal-rich, galaxy, with excitation properties

like z~2-3 star-forming galaxies. But at z~7. How did it form???

Shapley et al. 2024a; 2024b, in prep



The Truly Unexpected

a LY | I L | | T L | I T L | T | I T | | 1 T I 1 T L T I L | T
2 _-.*
— — | i
= 0.8 2 - L] * -
H B [ ]
& i o
g -1 .
2 | ] i -
y— i + * 5
= [ * o E
Fer " : |
g =00-80 CEERS =N o =
a TEA 05D CEEMS B 7
L g = ET—d.00 CEFES o
-2 | 4 B~ED MEDEF
r=1.5 BHELEF - L E
'l I 'l 'l 1 'l I = 'l ! 'l I ! 'l 'l ' I [l B 'l [l I [l [l _l ' 'l I B 'l [l = I [l 1 [l Il ' [l ! Il [l I 'l [l B [l I B [l
B B [ [1] il T 8 B 1] i1
log(M. /M, ) log{M. /M)

Large, massive, dusty, metal-rich, galaxy, with excitation properties
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