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Galaxy Evolution and Formation in the Early Universe
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Star Formation and Chemical Evolution
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HII region (ionized gas)
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Young massive stars 
(such as Type O & B star)
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＊In astronomy, elements heavier than 
H and He are called “Metal”.

• Trace the Star-Forming History (SFH)
• Trace the Chemical Evolution
• Express by 12+log(O/H)

Ionizing Parameter

(𝑛H)

• Trace the excited 
state of the HII region

Electron temperature, density

• The fundamental properties 
• Necessary to measure metallicity 

and ionization parameter

(𝐌𝐚𝐬𝐬: ~ 𝟖 − 𝟑𝟎 𝑴⊙, 𝐀𝐠𝐞: ~ 𝟏𝟎 𝐌𝐲𝐫)



Line Emission

16 Dec, 2024 宇宙史研究センター成果報告会 5

Young massive stars 
(such as Type O & B star)

ℎ𝜈 (> 13.6 eV) , 𝑄

H0

e−

𝑝+

O++

O+
O++

Ne++

N+

Ne++C++

e−

e−
e−

e−

e−

e−

O++

O++

O++

Ne++

(𝑛H)

(𝐌𝐚𝐬𝐬: ~ 𝟖 − 𝟑𝟎 𝑴⊙, 𝐀𝐠𝐞: ~ 𝟏𝟎 𝐌𝐲𝐫)

𝑝+

Recombination 
line

Collisionally 
de-excited line

: Radiation

: Collision

level

𝑖

𝑗

∆𝐸𝑖,𝑗 = ℎ𝜐

𝑋𝑘+ energy diagram

spontaneous emission

• Radiation from 
collision with electrons

• Depend on 𝑇𝑒  and 𝑛𝑒



Electron temperature Estimation
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[OIII] energy diagram
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How do we estimate ISM physical properties? Emission Line Ratio



Electron density Estimation
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[OII] energy diagram
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How do we estimate ISM physical properties? Emission Line Ratio



Empirical Estimation
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Nakajima+22 Papovich+22

Difficult to estimate theoretically or lack of necessary information
→ Empirical estimation using emission line ratios



Spectroscopic Observation
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Schaerer+22

To measure the line intensity → Spectroscopic observation



ALMA Observations for High-z Galaxies
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High-z 
galaxies

Algera+24

Local galaxies
 ALMA observations for high-z galaxies（e.g., Inoue+16, 

Hashimoto+18, Tamura+19, Inami+22, Bouwens+22)

 High-[OIII]/[CII] ratio （e.g., Hashimoto+19, Harikane+20, Bakx+20, 

Sugahara+22, Algera+24）

→ Suggests that z~0 and z>6 have different ISM conditions

 lower metallicity  or higher ionization parameter?

Hashimoto+18

Hashimoto+18, Nature



ALMA Observations for High-z Galaxies
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High-z 
galaxies

Algera+24

Local galaxies

 ALMA observations for high-z galaxies（e.g., Inoue+16, 

Hashimoto+18, Tamura+19, Inami+22, Bouwens+22)

 High-[OIII]/[CII] ratio （e.g., Hashimoto+19, Harikane+20, Bakx+20, 

Sugahara+22, Algera+24）

→ Suggests that z~0 and z>6 have different ISM conditions

 lower metallicity  or higher ionization parameter?

Hashimoto+18

Harikane+20

Hashimoto+18, Nature



Observations for Optical Lines in High-z Galaxies by JWST
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[OIII]88um

Harikane+20

A model spectrum of High-z galaxy



 PI & coPI: J. Álvalez-Márquez & T. Hashimoto

 Observation time : 33.9 hrs

 Target: 12 ALMA [OIII] 88 um emitters @ z = 6 ~ 8

 Motivations: 

Comprehensive understanding of stars, gas, and 

dust in galaxies @ z > 6

 Instruments

◆ NIRCam Imaging (1 ~ 5 um)

◆ NIRSpec IFS (3 ~ 5 um)

 Analysis of NIRSpec and ALMA data for COS-2987

Rionization and the ISM/Stellar Origins with 
JWST and ALMA (RIOJA; JWST GO1 #1840)
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Inoue+16

Hashimoto+18

Witstok+22



Target : COS-2987
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Witstok+22Smit+18

 A star-forming galaxy @ z=6.81 

(780 million years after the Big Bang)

 Spitzer/IRAC + HST →Lyman break galaxy (Smit+15)

 VLT/XSHOOTER → Lyα (Laporte+17)

 ALMA observations

◆ [CII] 158 um (Smit+18, Posses+22) 

◆ [OIII] 88 um (Witstok+22) → [OIII]/[CII]~6

◆ Dust continuum → non-detection 

 (Smit+18, Witstok+22)

Laporte+17
This work : Examine the ISM properties using JWST and ALMA
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NIRSpec/IFS data
 Cycle1 GO #1840

 (RIOJA: PIs; J. Alvarez-Marquez, T. Hashimoto)

 Grating/Filter : 𝐺395𝐻/𝐹290𝐿𝑃 

→ 𝑹 ~ 𝟐𝟕𝟎𝟎,  𝝀 ~ 2.87 - 5.27 um

 Extract the spectrum from 2σ region of the 

[OIII]5008 integrated intensity map

 Detection criteria：SNR ≥ 3

（c.f., Laseter+24 , Morishita+24）

ALMA archival data
 Band 8 data (reported in Witstok+22)

 We re-analyzed the [OIII] 88 um flux

→ Consistent with Witstok+22 

NIRSpec/IFS and ALMA data
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Usui+ in prep

[OIII] 5008 [OIII] 88 um

contour: +/- (2, 4, 8...)×σ

contour: +/- (2, 4)×σ



Spatially-integrated properties from NIRSpec/IFS
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Extinction correction

𝑨𝑽 = 𝟎. 𝟐𝟎−𝟎.𝟐𝟎
+𝟎.𝟐𝟏 𝐦𝐚𝐠

 Hα/Hβ (Balmer decrement)

 Dust extinction curve 𝑘(𝜆): SMC (Gordon+03, 𝑅𝑉 = 2.74)

 ( ΤHα Hβ)𝑜𝑏𝑠 = 2.93−0.26
+0.29

 ( ΤHα Hβ)𝑡ℎ𝑒𝑜 = 2.74 (𝑛𝑒 = 500 cm-3, 𝑇𝑒 = 20,000 K )

Consistent with non-detection 
of ALMA dust continuum (Smit+18, Witstok+22)



16 Dec, 2024 宇宙史研究センター成果報告会 17

Spatially-integrated properties from NIRSpec/IFS

Literature
◯: median
●: individual

Usui+ in prep

 Electron density 

◆ [OII]3730/3727

◆  𝒏𝒆 = 𝟒𝟖𝟎−𝟐𝟕𝟎
+𝟔𝟑𝟎 cm−3
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Spatially-integrated properties from NIRSpec/IFS
 Electron density 

◆ [OII]3730/3727

◆  𝒏𝒆 = 𝟒𝟖𝟎−𝟐𝟕𝟎
+𝟔𝟑𝟎 cm−3

 Gas-phase metallicity

◆ Direct- 𝑇𝑒 method

◆ [OIII]5008/4364 → 𝑻𝒆 = (2.1 ± 0.4) × 104 K

◆  𝟏𝟐 + 𝐥𝐨𝐠𝟏𝟎 Τ𝐎 𝐇 = 𝟕. 𝟕 ± 𝟎. 𝟐 (~𝟎. 𝟏 𝒁⊙)

Morishita+24 (revised)

𝑧~3 − 9(Morishita+24)

＊log10 Τ𝑀∗ 𝑀⊙ ~8.7  (Mawatari+ in prep)

COS-2987
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JWST + ALMA analysis - [OIII] line ratio diagnostics

 Three [OIII] lines allow us to constrain 𝑇𝑒 and 𝑛𝑒 

◆ [OIII]5008/4364 → sensitive to 𝑇𝑒

◆ [OIII]88/5008 → sensitive to 𝑇𝑒 and 𝑛𝑒

[OIII] energy diagram
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JWST

ALMA
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JWST + ALMA analysis - [OIII] line ratio diagnostics

 Three [OIII] lines allow us to constrain 𝑇𝑒 and 𝑛𝑒 

◆ [OIII]5008/4364 → sensitive to 𝑇𝑒

◆ [OIII]88/5008 → sensitive to 𝑇𝑒 and 𝑛𝑒

Usui+ in prepUsui+ in prep

𝒏𝒆 = 𝟏 𝐜𝐦−𝟑
High- 𝒏𝒆

Low- 𝑻𝒆

High- 𝑻𝒆

Outside of 
the grid
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JWST + ALMA analysis - [OIII] line ratio diagnostics

 Three [OIII] lines allow us to constrain 𝑇𝑒 and 𝑛𝑒 

◆ [OIII]5008/4364 → sensitive to 𝑇𝑒

◆ [OIII]88/5008 → sensitive to 𝑇𝑒 and 𝑛𝑒

 The [OIII] ratios of COS-2987 cannot be 

explained by homogeneous ionized gas with 

a constant 𝑻𝒆 and 𝒏𝒆.

 Inconsistent with 𝑛𝑒 derived from [OII]

 (𝑛𝑒 = 480−270
+630 cm−3)

 Causes of this situation

→ we consider “Two-phase ionized gas”

COS-2987

●: High-z star-forming galaxy
●: Local dwarf galaxy

Usui+ in prep



[OIII] 5008 and 88 have 

◆ different critical densities 

◆ different temperature sensitivities

Discussion – A toy model with two-phase ionized gas
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𝑛e
crit

= 6.8 × 105 cm−3

𝑛e
crit = 510 cm−3

 Assuming “two-phase ionized gas”



 A luminosity (𝐿line ) can be written as follow; 

 We examine whether the observed line ratio can be reproduced 

under assumptions of 𝑛𝑒, 𝑇𝑒, and 𝑛O2+  for each ionized gas.
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Discussion – A toy model with two-phase ionized gas

𝑳𝐥𝐢𝐧𝐞 = 𝑳𝐥𝐢𝐧𝐞,𝟏 + 𝑳𝐥𝐢𝐧𝐞,𝟐

                                   = 𝝐𝐥𝐢𝐧𝐞,𝟏  ×  𝑽𝟏+ 𝝐𝐥𝐢𝐧𝐞,𝟐  ×  𝑽𝟐

𝜖 : emissivity  [erg s-1 cm-3]

𝑉 : volume [cm3]

𝜖line,i : As a function of (𝑻𝒆,𝒊,𝒏𝒆,𝒊, 𝑛O2+ = 10−4)

line: [OIII]5008 or 88

𝐿line

𝐿line,1

A homogeneous ionized gas

Two-phase ionized gas

𝐿line,2



Discussion – A toy model with two-phase ionized gas
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©︎ Y. Nakazato

AGN? Starburst?
Star Cluster?

 For example;

◆ Higher-Te, -ne ionized gas (𝑇𝑒 = 20,000 K, 𝑛𝑒 = 600 cm−3)

◆ Lower-Te, -ne ionized gas (𝑇𝑒 = 10,000 K, 𝑛𝑒 = 100 cm−3)

 We can reproduce the [OIII]88/5008 ratio 

when 𝑽𝐡𝐨𝐭: 𝑽𝐜𝐨𝐥𝐝 = 𝟏: 𝟏𝟎𝟎𝟎

 To better constrain the situation in the future;

◆ Deeper JWST observations and Higher-resolution ALMA observations

→ 𝑇𝑒, 𝑛𝑒 and the [OIII]88/5008 maps 

◆ UV lines (e.g., OIII]1666, CIII]1907,09) 

→ estimating 𝑇𝑒 and 𝑛𝑒 for the higher-ionization region 

 Important implications for ISM studies using JWST+ALMA



Summary
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 A joint analysis of JWST and ALMA for COS-2987

 JWST measurements are consistent with other high-z galaxies

 The [OIII]88/5008 ratio of COS-2987 cannot be explained by homogeneous ionized gas with a constant 𝑇𝑒 and 𝑛𝑒.

 We reproduced the [OIII]5008 and 88 fluxes assuming a two-phase ionized gas

 Important implications for ISM studies using JWST+ALMA

[OIII] 5008 [OIII] 88 um
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