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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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Hll region (ionized gas)

* |n astronomy, elements heavier than
H and He are called “Metal”.

-~

(&

Metallicity * )

Trace the Star-Forming History (SFH)
Trace the Chemical Evolution

-

Express by 12+log(O/H)
/)
lonizing Parameter \
Trace the excited Q(r)
state of the HIl region Uion = py—
wr<nog
Electron temperature, density )
* The fundamental properties
* Necessaryto measure metallicity
and ionization parameter
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Line Emission

X** energy diagram
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Electron temperature Estimation

How do we estimate ISM physical properties? ‘ Emission Line Ratio
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Electron density Estimation

How do we estimate ISM physical properties? ‘ Emission Line Ratio
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Empirical Estimation

Difficult to estimate theoretically or lack of necessary information
> Empirical estimation using emission line ratios
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Spectroscopic Observation

To measure the line intensity > Spectroscopic observation
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ALMA Observations for High-z Galaxies

Observed frequency [GHz]

Hashimoto+18, Nature

Redshift
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O ALMA observations for high-z galaxies (e.g

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

O High-[Oll]/[Cll] ratio (e.g., Hashimoto+19, Harikane+20, Bakx+20,

Sugahara+22, Algera+24)

., Inoue+16,

-1.5

High-z
gakaxies

O Walter et al. (2018)
‘@ Harikane et al. (2020) =
@' Witstok et al. (2022)

A Akins et al. (2022)
SERRA
o Local (U)LIRGs

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

O lower metallicity or higher ionization parameter?
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ALMA Observations for High-z Galaxies

Redshift
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log10(Ljour)/Lic1)

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

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

O High-[OllI]/[Cll] ratio (e.g., Hashimoto+19, Harikane+20, Bakx+20,
Sugahara+22, Algera+24)

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

O lower metallicity or higher ionization parameter?
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Observations for Optical Lines in High-z Galaxies by JWST
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Rionization and the ISM/Stellar Origins with
JWST and ALMA (RIOJA; JWST GO1 #1840)

O PI&coPl:J. Alvalez-Marquez & T. Hashimoto
O Observationtime:33.9 hrs
O Target 12ALMA[OIII] 88 um emltters@z 6~8

e O Motivations: Hashimoto+18
0 > SRR ),
" ‘ e AR : Comprehensive understanding of stars, gas, and

dustin galaxies @z > 6

R O J A . - O Instruments
THE REIONIZATION AND THE ISM/STELLAR e € NIRCam Imaging (1 ~5um)
ORIGINS WITH JWST AND ALMA

€ NIRSpec IFS (3~5um)

O Analysis of NIRSpec and ALMA data for COS-2987
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Target : COS-2987

O A star-forming galaxy @ z=6.81 O ALMA observations
(780 million years after the Big Bang) € [ClI] 158 um (Smit+18, Posses+22)
O Spitzer/IRAC + HST »Lyman break galaxy (Smit+15) & [Ol11] 88 um (Witstok+22) > [OIl)/[ClI]~6
O VLT/XSHOOTER - Lya (Laporte+17) € Dust continuum = non-detection
(Smit+18, Witstok+22)

b Smit+18 Witstok+22
. — . 5Kkpc
<} COSz2
= | ] Ly-ay ;
Ng ™ F ‘ , ‘ l—
Y By }\ el _ A
& o i e .
s PR
=3 | d | | ' - .
RX/ | ) ’ I \ [CII] 158 um
i N

| This work : Examine the ISM properties using JWST and ALMA

Laporte+17 el
A(nm)
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NIRSpeC/IFS and ALMA data

[Ol11] 88 um

NIRSpec/IFS data
O Cycle1 GO #1840

(RIOJA: Pls; J. Alvarez-Marquez, T. Hashimoto)
O Grating/Filter : G395H/F290LP

— R~ 2700, A~2.87-5.27 um
O Extractthe spectrum from 2o region of the

[O1I]5008 integrated intensity map

i T R R S

O Detection criteria - SNR>3 2.0 }?_.}4“ — T T T T . . — T .
- IR 0 N
(c.f., Laseter+24 , Morishita+24) = [R5 iy = o]
L5 o 2 o« = T
ALMA archival data ~ [§ F >Z T |8 ]
3 o Z Lio <t _
O Band 8 data (reported in Witstok+22) = LOop = = i
—~ L~ O i
O We re-analyzed the [Olll] 88 um flux %ﬂ osk = B
> Consistent with Witstok+22 [ C ]
0.0 _ ] -
3.0 3.5 4.0 4.5 5.0
A [pm] Usui+ in prep
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Spatially-integrated properties from NIRSpec/IFS

Extinction correction 20
O Ha/HB (Balmer decrement) 15
2. Ha/H obs ey
Ay = s loglo{ (Ha/HB)oy } =
k()‘Hﬂ) — k(AHa) (Ho/HB)theo ~ 10
O Dust extinction curve k(4): SMC (Gordon+03, Ry, = 2.74) ;
O (Ha/HB)pps = 2-93t8%2
0

O (Ho/HB) theo = 2.74 (1, = 500 cm-3, T, = 20,000 K)

) |4 - 02033 mag
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Spatially-integrated properties from NIRSpec/IFS

O Electron density
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Spatially-integrated properties from NIRSpec/IFS

O Electron density *log1g M./Mg ~8.7 (MaW?tari+ in prep)

8.5_ 1 o e ".'_¢- ”¢”,;/
# [01113730/3727 : e A
o/ ";;, r" e .."'..
& n,=480"530 cm3 /
O Gas-phase metallicity 3.0
@ Direct- T, method 5 |
@ [011115008/4364>T, = (2.1 +£ 0.4) x 10*K % -
=) B
— -
7 ? ——AM13 (z=0
L - f “ ———Berg+2(2 (ziO)
- e Curti+20 (z=0)
...... Li+23 (Z=2&3)
7.0_ = ==Sanders+21 (z=2&3)
- Nakajima+23 (z=4-10)
—==Heintz+23 (z=7-10)

7 8 9 10
Morishita+24 (revised) Stellar Mass [logM |
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JWST + ALMA analysis - [Olll] line ratio diagnostics

O Three [Olll] lines allow us to constrain T, and n, [Olll] energy diagram
€ [0l11]5008/4364 - sensitive to T,
# [0111188/5008 - sensitive to T, and n,

JWST

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

2 6 — High' ne 7<T| T B nel — 1 Cm_
O Three [Olll] lines allow us to constrain T, and n, - / 7 7 1 To(kK) me(em™)
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JWST + ALMA analysis - [Olll] line ratio diagnostics

. . 26 v Ty vy vy T T ey oy T o
O Three [Olll] lines allow us to constrain T, and n,, " | @: High-z star-forming galaxy [ 77 ] T.(kK) me(cm™?)
_ , ¢/ 7 ]—180 == 10
€ [OIl1115008/4364 > sensitive to T, 2.4 @: Local dwgrf gal.s"xy /) - — 100 == 1000
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O The [Olll] ratios of COS-2987 cannot be oL . ! Y K F i 30.0
Sl - ; / / /7 - 35.0
explained by homogeneous ionized gas with & 2.0~ &£ s & !f ;:" =~
- L / / / i
L - / / 4 F§ -
aconstant T, and n,. = 18F K ;; ;"! ;r y = Objects
: : : - s , 1 < cos-2987
O Inconsistent with n, derived from [Oll] % o ) : : ;: COS-2987 1 & i
. 630 — o / / ] - SMACS0723-04590
(ne - 4'80t270 cm 3) Eﬂ L f! ,f f’ T ,’;"I * - ﬁ Haro3
- ! f ¥ -
O Causes of this situation 14f o / i hf,f? = x o156
- -
> we consider “Two-phase ionized gas” . - / A / .
12 1% ! d L -
_I ] I | L1 | ] | I I (- | ] ] 11 | I 11 ] | I_
-2.0 -1.5 -1.0 -0.5 0.0 Usui+ i
sui+ in prep
10g10H)II”88/5008
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Discussion — A toy model with two-phase ionized gas

Ajormsoos [€1Q s~ cm?]

16 Dec, 2024
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—> Assuming “two-phase ionized gas”
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Discussion — A toy model with two-phase ionized gas

O A luminosity (Ljine ) can be written as follow; A homogeneous ionized gas

-
Lijne = Lline,l T Lline,Z Liine
= €line,1 X Vit €line2 X V

o

€ : emissivity [erg s cm3]

V 1 volume [cm?]

Two-phase ionized gas

€line;i - As afunction of (T ;,Ne;, N2+ = 10™%)

line: [OII1]5008 or 88
Lline,l

O We examine whether the observed line ratio can be reproduced Liine 2

under assumptions of n,, T, and ny2+ for each ionized gas.
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Discussion — A toy model with two-phase ionized gas

0 For example;

@ Higher-Te, -ne ionized gas (T, = 20,000 K, n, = 600 cm™3)

@ Lower-Te, -ne ionized gas (T, = 10,000 K, n, = 100 cm™3) Z’*
— We can reproduce the [OIl1]188/5008 ratio w W
W AGN? Starburst?
when Viot: Vieola = 1: 1000 * Star Cluster?
O To better constrain the situation in the future; & *
@ Deeper JWST observations and Higher-resolution ALMA observations e
>T,,n, and the [O111]88/5008 maps WO
€ UV lines (e.g., Olll]1666, ClII]1907,09) W %
> estimating T, and n,, for the higher-ionization region v %

O Important implications for ISM studies using JWST+ALMA ©'Y. Nakazato
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Summary

\\ 26 - — | | I N | T T 1 | B | T T 1 | =
[OIII] 88 um B r 7 7 77 1 T.(kK) ne(cm ™)
B 7 I 4 R -
- / / ! A | of w— 8.0 -= 1.0
2.4 g J S ; /) - =—100 -- 1000
B / / 4 x g 1] — 150 == 500.0
- - b4 ) / 5% ] — 200 =-- 15000
& 22k “ - S — 250 —-— 3000.0
oL i / / / L g ] 30.0
F, i / o |
e - / ' / b 1 35.0
= 2'0 __ ,f; II I rf —_
= L / / ! % i
.ﬂ - / / ;f .f; J'I -1
= 1.8 / ,’f ¥ o ] Objects
) . s y v 5 1 =k cos-2987
= i y K r S . MACS1149-JD1
o2 1.6 / / P4 P 7] SMACS0723-04590
i) - 1 f!f $ - f," 4 1 Haro3
- ; . Mrk71
14 o - / P !,f ] @ Pox186
B .'; !f ; s 7 ]
i ™ . -
. . . _I 1 1 | 1 1 | 1 | | | | | | | | | | | | | | | | I_
O Ajoint analysis of JWST and ALMA for COS-2987 -20 -15 -1.0 -0.5 0.0
logm [OHI] 88/5008

O JWST measurements are consistent with other high-z galaxie.

O The[Ol11]88/5008 ratio of COS-2987 cannot be explained by homogeneous ionized gas with a constant T, and n,.
O We reproduced the [Ol11]5008 and 88 fluxes assuming a two-phase ionized gas

O Important implications for ISM studies using JWST+ALMA
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