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Application of Spectroscopy
● Line wavelength: redshift
● Line / Line: temperature, metallicity, FMR
● Line / Continuum: EW

JADES-GS+53.16268-27.80237@z=4.805,
Curti+23

Prism(R=100)

Grating(R=1000)

https://ui.adsabs.harvard.edu/abs/2023arXiv230408516C/abstract


https://highz.space

https://highz.space


Redshift search/confirmation

Confirm galaxy redshift spectroscopically

● Ly𝛼 break (record z=13.17±0.16, GS-z13-0, Robertson+23, 
Curtis-Lake+23)

● Spectral line (record z=11.416±0.005, Maisie’s Galaxy, 
Arrabal Haro+23)

● More robust spec-z: GN-z11 JWST z=10.6034 ± 0.0013 
(Bunker+23), refuting HST tentative spec-z 10.957±0.001 
(Jiang+21)

Curtis-Lake+23

GN-z11, Jiang+21

GN-z11, Bunker+21

HST

JWST

Arrabal Haro+23

https://ui.adsabs.harvard.edu/abs/2023NatAs...7..611R/abstract
https://ui.adsabs.harvard.edu/abs/2023NatAs...7..622C/abstract
https://ui.adsabs.harvard.edu/abs/2023Natur.622..707A/abstract
https://ui.adsabs.harvard.edu/abs/2023A%26A...677A..88B/abstract
https://ui.adsabs.harvard.edu/abs/2021NatAs...5..256J/abstract
https://ui.adsabs.harvard.edu/abs/2023NatAs...7..622C/abstract
https://ui.adsabs.harvard.edu/abs/2021NatAs...5..256J/abstract
https://ui.adsabs.harvard.edu/abs/2023A%26A...677A..88B/abstract
https://ui.adsabs.harvard.edu/abs/2023Natur.622..707A/abstract


Redshift search/confirmation

Confirmed galaxy redshift spectroscopically

Low-z interlopers

● High-EW line ([O III]&H𝛼) + red SED mimicking 
flat continuum (1/3 in Arrabal Haro+23)

● Sub-mm survey reveal Z < 5 dusty galaxies (2 
bands ~mJy detection in Meyer+23 by NOEMA, 
3/3 brightest in Yan+23 dropout sample)

Arrabal Haro+23

Yan+23 Meyer+23

https://ui.adsabs.harvard.edu/abs/2023Natur.622..707A/abstract
https://ui.adsabs.harvard.edu/abs/2023arXiv231020675M/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...942L...8Y/abstract
https://ui.adsabs.harvard.edu/abs/2023Natur.622..707A/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...942L...8Y/abstract
https://ui.adsabs.harvard.edu/abs/2023arXiv231020675M/abstract


Redshift search/confirmation

zphot<zspec

zphot>zspec
Credit: Brammer 
https://jwst-sources.herokuapp.com/

zphot<zspec

zphot>zspec

CEERS, Fujimoto+23CEERS, Arrabel Haro+23

zphot<zspec

zphot>zspec

Confirmed galaxy redshift spectroscopically

Low-z interlopers

Accurary of photo-z

● Photo-z > spec-z @z > 6 (e.g. CEERS Fujimoto+23, SMACS0723 Carnall+23)
● SED template not representative, incomplete modelling of IGM (not damping wing), 

selection effect due to brighter@low-z or lack of line in NIRSpec@z>9.6? (Arrabel Haro+23)

https://jwst-sources.herokuapp.com/
https://ui.adsabs.harvard.edu/abs/2023ApJ...949L..25F/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...951L..22A/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...949L..25F/abstract
https://ui.adsabs.harvard.edu/abs/2023MNRAS.518L..45C/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...951L..22A/abstract


Redshift search/confirmation

Confirmed galaxy redshift spectroscopically

Low-z interlopers

Accurary of photo-z

● Alternative solution: two-photon (2s->1s) 
dominated continuum? (Cameron+23) 

● Creating damped wing like Ly𝛼 + Ly𝛼 
emission w/o need for fine-tuned geometry

● Extreme Q0 + weak He II (disfavoring AGN or 
pop.III star) -> “consistent with ionization 
powered by low-metallicity massive stars, 
perhaps in the Wolf-Rayet phase”

Cameron+23

https://ui.adsabs.harvard.edu/abs/2023arXiv231102051C/abstract
https://ui.adsabs.harvard.edu/abs/2023arXiv231102051C/abstract


Temperature & Ionization

High electron temperature

● Common detection of [O III]4364Å auroral line 
(5.3eV, 6E5K), from hot gas

● [O III]4364/5007 probes temperature

Drain11
Sanders+23

Hɣ [O III]4364

https://ui.adsabs.harvard.edu/abs/2023arXiv230308149S/abstract


Temperature & Ionization

High electron temperature

Te high but not unphysically high

● Nakajima+23 that “carefully reduce 
and combine the spectra, as well as 
to extract the 1D” spectra revises 
down extremely high Te by previous 
work, all < 2.1E4 K

● Alleviating need for extraordinary 
radiation source like high-mass X-ray 
binary or high CR (e.g. Katz+23)

Possible AGN

● [Ne IV] line, blueshifted C IV trough in 
GN-z11 (Maiolino+23) Nakajima+23

https://ui.adsabs.harvard.edu/abs/2023arXiv230112825N/abstract
https://ui.adsabs.harvard.edu/abs/2023MNRAS.518..592K/abstract
https://ui.adsabs.harvard.edu/abs/2023arXiv230512492M/abstract
https://ui.adsabs.harvard.edu/abs/2023arXiv230112825N/abstract


Metallicity

Robust metallicity calibration

● Te -> emissivity -> “direct” measurement of oxygen abundance
● Calibrating empirical relations (e.g. Sanders+23, Nakajima+23)
● Similar behavior as z>2
● Compared to z=0, oxygen based relation offset to higher ionization state, but similar to 

dwarf; nitrogen based relation doesn’t work well

https://ui.adsabs.harvard.edu/abs/2023arXiv230308149S/abstract
https://ui.adsabs.harvard.edu/abs/2023arXiv230112825N/abstract


orthogonal distance 
regression; 1.4–9

Sanders+23

https://ui.adsabs.harvard.edu/abs/2023arXiv230308149S/abstract


Metallicity

Robust metallicity calibration

Enhanced N/O?

● N III] λ1748/O III] λλ1660 -> N++/O++ (N++ 29.60 – 47.44 eV, O++ 35.12–54.94 eV) -> N/O
● O/H–N/O relation: O is primary production; N is primary (SN) + secondary (intermediate 

mass star, delayed) production
● Weak (if any) evolution in O/H–N/O up to z<0.42 (Pérez-Montero+13)

Pérez-Montero+13Henry+00

Secondary

Primary

https://ui.adsabs.harvard.edu/abs/2013A%26A...549A..25P/abstract
https://ui.adsabs.harvard.edu/abs/2013A%26A...549A..25P/abstract
https://ui.adsabs.harvard.edu/search/p_=0&q=10.1086%2F309471%20&sort=score%20desc%2C%20bibcode%20desc


Metallicity

Robust metallicity calibration

Enhanced N/O?

● GN-z11, N/O > 5 solar N/O (Bunker+23)
● Others (3/70) have high N/O @z>6, with 

extremely low C/N (Isobe+23) 
● Enhanced N/O by ejecting CNO material, 

through WR star (Senchyna+23), 
supermassive stars (Charbonnel+23), TDE 
(Cameron+23), runaway stellar encounter 
in dense cluster (Cameron+23)?

Isobe+23

https://ui.adsabs.harvard.edu/abs/2023arXiv230207256B/abstract
https://arxiv.org/abs/2307.00710
https://ui.adsabs.harvard.edu/abs/2023arXiv230304179S/abstract
https://ui.adsabs.harvard.edu/abs/2023arXiv230307955C/abstract
https://ui.adsabs.harvard.edu/abs/2023MNRAS.523.3516C/abstract
https://ui.adsabs.harvard.edu/abs/2023MNRAS.523.3516C/abstract
https://ui.adsabs.harvard.edu/abs/2023arXiv230700710I/abstract


Metallicity & FMR

Robust metallicity calibration

Enhanced N/O?

Fundamental metallicity relation

● O/H ~ M* - SFR^0.5 (Mannucci+10, 
Curti+20)

● MZR: result of FMR and SF MS 
evolution

● An equilibrium state between accretion 
(fueling SF), outflow (ejecting metal), 
and enrichment history (Dayal+13)

● No evidence of evolution up to z~3.5 
(e.g. Sanders+20)

Mannucci+10

https://ui.adsabs.harvard.edu/abs/2010MNRAS.408.2115M/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.491..944C/abstract
https://ui.adsabs.harvard.edu/abs/2013MNRAS.430.2891D/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.491.1427S/abstract
https://ui.adsabs.harvard.edu/abs/2010MNRAS.408.2115M/abstract


Metallicity & FMR

Robust metallicity calibration

Enhanced N/O?

Fundamental metallicity relation

● See clear offset @z>7, and mild 
evolution from z=3 (Heintz+23 w/ O3, 
Nakajima+23 and Curti+23 proper 
calibration, Langeroodi+23 bigger 
sample)

● Suggesting strong accretion not in 
equilibrium

Heintz+23

Langeroodi+23

https://ui.adsabs.harvard.edu/abs/2023NatAs.tmp..194H/abstract
https://ui.adsabs.harvard.edu/abs/2023arXiv230112825N/abstract
https://ui.adsabs.harvard.edu/abs/2023arXiv230408516C/abstract
https://ui.adsabs.harvard.edu/abs/2023arXiv230706336L/abstract
https://ui.adsabs.harvard.edu/abs/2023NatAs.tmp..194H/abstract
https://ui.adsabs.harvard.edu/abs/2023arXiv230706336L/abstract


EW

● High-EW Ly𝛼 (388 Å), small Ly𝛼 offset (113 
km/s) in a z=7.28 galaxy, little H I in galaxy, 
located in an ionized bubble (Aayush+23)

● GN-z11, large He II EW offset from center, 
pop III star? (Maiolino+23)

Aayush+23

Maiolino+23

https://ui.adsabs.harvard.edu/abs/2023A%26A...678A..68S/abstract
https://ui.adsabs.harvard.edu/abs/2023arXiv230600953M/abstract
https://ui.adsabs.harvard.edu/abs/2023A%26A...678A..68S/abstract
https://ui.adsabs.harvard.edu/abs/2023arXiv230600953M/abstract


What we (might) have learnt about galaxies in 
the early universe w/ JWST spectroscopy

● Spec-z is important, be cautious w/ photo-z
● Galaxies in early universe have high ionization 

state, low-metallicity and hot gas
● Some w/ potentially enhanced N/O, strong WR 

presence?
● A potential evolution in FMR, suggesting strong 

accretion

https://highz.space

https://highz.space


Line Profile

Looking for black hole: 12 broad H𝛼 sources 
@z=4.4~6.8, lying at the low-mass locus in 
BPT diagram (Maiolino+23)

Maiolino+23

https://ui.adsabs.harvard.edu/abs/2023arXiv230801230M/abstract
https://ui.adsabs.harvard.edu/abs/2023arXiv230801230M/abstract

