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Abstract

Understanding the nature of galaxies formed within the first billion years of the Universe is
crucial to unravel the processes of cosmic reionization and the formation of the first galaxies.
Recent high-sensitivity observations with the James Webb Space Telescope (JWST), operational
since 2022, have spectroscopically identified numerous distant galaxies via rest-frame UV and
optical emission lines. Particularly, the detection of galaxies at redshift z > 10 has significantly
advanced, continually updating the frontier of the most distant galaxies. To date, more than
1,300 galaxies at z > 6 (cosmic age < 1 Gyr) have been confirmed, providing an opportunity
for statistical investigations of their physical properties. Simultaneously, the Atacama Large
Millimeter /submillimeter Array (ALMA) has enabled the detection of rest-frame far-infrared
(FIR) emission lines and dust re-emission from these high-redshift galaxies. Multi-wavelength
emission characteristics thus hold key insights into the star formation (mass assembly) history
and galaxy kinematics. To provide theoretical interpretations and complementary insights for
these cutting-edge observations, this study employs cosmological galaxy formation simulations
coupled with comprehensive multi-wavelength emission modeling.

JWST’s high spatial resolution has unveiled previously unresolved internal structures in
galaxies at z > 6, revealing clumpy morphologies. While local galaxy clumps primarily form
through violent disk instabilities or minor mergers, the formation mechanisms for clumps in
high-redshift galaxies, which often lack well-developed disks, remain unclear. To clarify this,
we used large-scale, high-resolution cosmological zoom-in simulations (FirstLight), investigating
the nature and formation of clumps during the epoch of reionization. By computing observable
optical emission line intensities ([O111] 5007A) from simulated galaxies and developing an algo-
rithm to identify clumps based on their observational luminosities, we directly compared our
identified clumpy galaxies with observations. Applying this method to 62 simulated galaxies
across 4,000 snapshots, we demonstrated for the first time that clumps observed in high-redshift
galaxies predominantly originate from major galaxy mergers. During mergers, gas compression
induces the formation of multiple clumps, which coalesce into a single massive galaxy within
tens of Myrs, indicating that observed clumpy structures are temporary morphologies. Addi-
tionally, the predicted number density of clumpy structures aligns well with observed major
merger frequencies at high redshift.

While JWST primarily observes emission from ionized gas, ALMA captures emission from
both ionized and neutral gas ([O111] 88 pm, [C11] 158 pm). The synergy between JWST and
ALMA thus provides a comprehensive view of the multi-phase interstellar medium (ISM) in star-
forming regions of high-redshift galaxies. Observational studies have reported [Or111] 88um/[C11] 158 um
line ratios at high redshift exceeding those of local star-forming galaxies by factors of 10-100.
Although various simulations attempted to reproduce these ratios, insufficient spatial resolution
and simplified radiation modeling have typically prevented successful explanations. Here, by
utilizing a novel radiation-hydrodynamics simulation (RAMSES-RT) achieving 0.1 pc spatial
resolution, we constructed detailed line emission models at the cell level. This unprecedented
resolution allowed accurate modeling of ionized bubble structures previously unresolved by other
studies, successfully reproducing the high observed [O111] /[C11] ratios. Moreover, we analytically
showed that the [Or111] /[C11] ratio scales with the density and mass ratio of ionized to neutral
gas, quantitatively explaining the redshift evolution of this line ratio for the first time.



With ongoing high-redshift observations by JWST and ALMA, it is increasingly important to
establish comprehensive multi-wavelength emission models that bridge theoretical predictions
and observational data. This thesis provides a comprehensive treatment of multi-wavelength
emission processes from rest-frame UV to FIR, thoroughly investigating clumpy morphologies
and ISM properties. These results enhance our understanding of the dynamical and chemical
characteristics of high-redshift galaxies and the formation history of cosmic structures in the
early Universe.
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shown in Figure 6.7. The inverted triangles represent the redshifts in Figure 6.7.
Nelump = 0 represents that clumps are too faint to be identified by the clump
finder. This figure is taken from Nakazato et al. (2024). . . . .. ... ... ...
The fraction of each clump number at z ~ 9 (purple), z ~ 8 (blue), z ~ 7 (green),
and z ~ 6 (yellow). The clump number Neuymp is referred to as the number of
clumps in the galaxy system within 10 kpc x10 kpc region. This figure is taken
from Nakazato et al. (2024). . . . . . . ... ...
The number density of clumpy galaxies as a function of redshift. The gray and
purple plots represent single systems and clumpy systems, respectively. The error
bars are calculated from Poisson errors, v N /Vbox, where N is the number of
clumpy galaxies and Vjox is the comoving volume of the simulation box. This
figure is taken from Nakazato et al. (2024). . . . . . ... ... ... ... ....

Dust opacity curve of the Weingartner and Draine (2001) dust model that is used
for analysis in this work. Blue and green lines represent the opacity curve for the
MW and SMC grain size distribution model, respectively. The solid and dashed
lines show the extinction (= absorption + scattering) and scattering. In the mid-
and far-IR (> 30 um), dust opacity scales with wavelength as k) oc A™2. . . . . .
SEDs of FL958 at z = 7.2 with different SKIRT settings. In the upper panel,
we plot the SED for the fiducial case and two runs with more wavelength bins
(nx = 300), and more photon packages (np, = 10%) launched per wavelength bin.
Additionally, we show the outcome of simulations for which stochastic heating or
self-absorption is turned off (“LTE”, “w/o self-absorption”). The detailed SKIRT
settings in each model are described in Table 7.1. In the lower panel, we show
the fractional difference between the various runs and the fiducial model.
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Left: The top panel shows SEDs of an ex-situ (merger-induced) clumpy galaxy
for the fiducial orientation (xy-plane, face-on; blue) compared to alternative lines-
of-sight (xz-plane, yz-plane). The black solid line shows the intrinsic (dust-free)
SED. The bottom panel shows fractional differences in flux between each alter-
native orientation (xz, yz) and the fiducial xy-plane. The black solid line is an
intrinsic SED. The bottom panel shows the fractional difference between each
LoS and the fiducial xy-plane. Right: Same as the left panels, but for an in-
situ (violent disk instability-induced) clumpy galaxy. Here, the fiducial xy-plane
corresponds to the face-on view, while the xz- and yz-planes represent edge-on
VIEWS. . o o e

Masses (left panel) and SFRs (right panel) as functions of cosmic age. In the left
panel, the blue, red, and green lines represent the masses of gas (T' < 5 x 10°K
and n > 0.1 cm™3), stars, and dust (assumed to be = 0.4x gas-phase metal mass),
respectively. Vertical gray dotted lines at z = 7.2 and 2z = 5.94 mark the timings
of a major merger and violent disk instabilities (VDI). In the right panel, the
blue and red lines represent SFRs averaged over 10 and 100 Myr, respectively,
computed as the stellar mass formed over the past X Myr divided by X Myr,
where X =10 0r 100. . . . . . . . . Lo

Projected distribution of our galaxy at z = 7.2 (top) and z = 5.94 (middle for face-
on, and bottom for edge-on), where the merger and VDI-driven clump formation
occurs. From left to right, we plot gas number density, surface SFR, surface mass
distributions of stars older than 100 Myrs, and mass-weighted stellar age. One
side length of the panel and the projected depth of each panel is 10 kpc. The
identified clumps are labeled in light blue in the second column. . . .. ... ..

Toomre-(Q map for FL958 at z = 5.94. One side length is 10 kpc. The value
of @@ is computed assuming a two-component disk. The regions with @ < 1
are gravitationally unstable for axisymmetric modes. The larger regions where
1 < @ < 2 can be subject to higher modes of instability. . . . . .. ... ... ..

Projected distributions of FL958 at z = 7.2 and z = 5.94 as similar as Fig-
ure 7.5 bur for dust properties. From left to right column, we plot dust col-
umn density(Xqyst), mass-weighted dust temperature, Av, and dust-to-gas ratio
(DTG). For Y44t and DTG, we first calculate surface gas metal mass and pro-
jected gas metallicity distribution, and multiply them by dust-to-metal ratio of
DTM = 0.4. For dust temperature and Av map, we obtain them as the outputs
of RT calculation. The side length and projected depth of each panel are 10 kpc,
asin Figure 7.5. . . . . ..o

Dust emission properties of FLI958 at at z = 7.2 and z = 5.94 as in Figure 7.5 and
7.7. From left to right, we plot the surface brightness in the rest-frame UV (vL,
at 1600A), in the total IR emission through M.y = 8 — 1000 gm, and mock three-
color images (JWST/NIRCam F115W, F200W, and F356W) without / with dust
attenuation. The field of view, one side length, and the projection length are the
same as Figure 7.5 and 7.7. . . . . . . . ...

SEDs of FL958 at z = 7.2 (left) and z = 5.94 (right). The solid black lines
represent the intrinsic stellar continuum, and the blue and green lines show SKIRT
SEDs calculated with MW and SMC-like dust models, respectively. For the right
panel, we also plot the edge-on SEDs as dotted lines, which are discussed in detail
in Section 7.2.5. Shaded regions indicate the wavelength ranges of ALMA bands
1060 5. o o o e
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Redshift evolution of physical properties within 10 kpc regions. The top panel
shows the SFR averaged over 10 Myr (blue) and 100 Myr (red), as in Figure
7.4. The second panel represents UV slopes before and after dust attenuation as
dashed and solid lines, respectively. The UV slopes are calculated using Eq. (7.3).
The third panel shows UV magnitude, and Ayy. The fourth panel shows three
different dust temperatures. The solid, dashed, and dotted blue lines are peak
dust temperature, mass-weighted, and luminosity-weighted dust temperatures,
respectively, as detailed in the text. The bottom panel represents IRX in the blue
line, and UV /total-IR luminosities in the brown lines. . . . ... ... ... ..

The same as Figure 7.10 but for SMC-like grains. . . . . . ... ... ... ...

SEDs for the three clumps identified in FL958 at z = 7.2. The upper-left panel
shows the SFR surface-density map (as in Figure 7.5), with pixels exceeding the
clump-identification threshold highlighted in yellow and each clump labeled. The
remaining panels display the SED of each clump. The solid blue and green lines
denote the attenuated SEDs assuming Milky Way and SMC-like dust, respectively,
while the dashed black line shows the intrinsic stellar continuum. Each panel also

reports the UV-Syy slopes (with and without dust) and the infrared excess (IRX).

Same as in Figure 7.12, but for FL958 at 2 =5.94. . . . . .. .. ... ... ..

IRX-pyv relation assuming a Milky Way-like dust type. The gray points show the
integrated properties of FL958 within a 10 kpc region from z = 9.5 to z = 5.25.
The red and blue points correspond to individual clumps at z = 7.2 (merger-
driven) and z = 5.94 (VDI-driven), respectively. The sizes of the red and blue
markers are scaled by the peak dust temperatures of the clumps. For reference,
we show the IRX-fyy relations from Meurer et al. (1999) (black) and Reddy
et al. (2018) (gray), both of which adopt the Calzetti attenuation law. . . . . . .

Illustration of the four simplified dust-star geometry models characterized by
different dust-to-star scale height ratios (R = Hqy/H,). Stars represent the stellar
layer with scale height H,, and gray shaded areas indicate the uniform dust
layer with scale height Hy. Orange arrows schematically represent escaping UV
radiation. The escape probability for each geometry type is derived explicitly in
the main text. . . . . . . .o

IRX-Fyv (left) and IRX-Ap (right) relations calculated with varying dust-star
geometry parameters R and fiducial UV optical depth Tg%. The solid black lines
represent theoretical curves assuming a screen geometry. Gray points show the
integrated galaxy results for each snapshot of FL958 measured within a 10 kpc
region, identical to those presented in Figure 7.14. Red and blue circles denote
results for individual clumps, categorized into ex-situ (merger-driven; red) and
in-situ (VDI-driven; blue) scenarios, respectively, as also shown in Figure 7.14.
All simulation data points assume MW-type dust, and the toy-model grids adopt
an MW dust extinction curve with Ry = 3.1 (Cardelli et al., 1989). . . ... ..

IRX-f relation with theoretical grids adopting MW-like (left) and SMC-like
(right) dust extinction curves. Both panels also show observational data for
galaxies at z > b as gray points with error bars, compiled from Mitsuhashi et al.
(2024), Harikane et al. (2020), Hashimoto et al. (2019), Bakx et al. (2021), Akins
et al. (2022), Witstok et al. (2022), and Algera et al. (2023). Observational data
points shown as gray circles correspond to galaxies with dust continuum detec-
tions, while gray triangles represent non-detections (upper limits on IRX). The
theoretical grids are computed adopting the MW extinction curve with Ry = 3.1
(Cardelli et al., 1989) and the SMC-bar extinction curve with Ry = 2.74 (Gordon
et al., 2003), respectively. . . . . .. ...
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7.18 A schematic figure summarizing our interpretation of observed high-redshift galax-
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ies in the IRX-fuvy plane. Gray points represent observed galaxies at z > 5, iden-
tical to those shown in Figure 7.17. The light-blue shaded region indicates the
parameter space that can be explained by toy-model geometries assuming MW-
or SMC-type dust. The dark-blue region corresponds to galaxies hosting very
young stellar populations (younger than ~ 10 Myr) with significant UV opacity
(Tg% ~ 100). The light-red region suggests older stellar populations than typical
star-forming galaxies or (and) potential underestimations of dust temperature.
Finally, the dark-red region may indicate quenched galaxies or (and) galaxies
having steeper extinction curves with smaller grain sizes than those of the SMC
dust model. . . . . ..

Histograms of various physical properties of simulated cells at z = 10.5 (snap-
shot 208), which marks the largest SFR during the burst of star formation. Pan-
els show (a) ionization fraction, (b) gas number density, (c) gas temperature, (d)
gas-phase metallicity, (e) gas column density, and (f) FUV radiation field. For
panels (b)—(f), the orange histograms correspond to PDR cells (yunr < 0.8), and
the blue histograms correspond to Hi1 cells (ypmr > 0.8). This figure is taken from
Nakazato et al. (2025). . . . . . .. . L

Histograms of the radiation field at z = 10.5 (snapshot 208). (a) The flux ratio
of FUV to EUV1. Orange and blue histograms correspond to PDR and Hir cells,
respectively. We find that the FUV flux in PDR cells exceeds the EUV flux by
~ 20 orders of magnitude, making the EUV component negligible. (b) The flux
ratio of EUV1 to EUV2 for Hir cells. This figure is taken from Nakazato et al.
(2025). . .

Mass (left panel) and SFR (right panel) as a function of the cosmic age. In the
left panel, the black, green, blue dashed, orange dotted, and thin red lines are
masses of dark matter (DM), total gas, neutral hydrogen, ionized gas, and stars,
respectively. The vertical gray dotted lines at typiy ~ 240 Myr (~ 460 Myr)
represent the timing of popIIl hypernovae (popll bursty star formation). In the
right panel, thin gray, blue, and red lines show SFRs averaged over 3, 10, and 100
Myrs. They are computed by summing the stellar mass formed over the past X
Myr and dividing by X Myr, where X = 3,10,0r 100. This figure is taken from
Nakazato et al. (2025). . . . . . . . .. L

Projected distributions of our galaxy at z = 10.45 (tyny = 462Myr), where
the largest bursty star formation proceeds with sSFR = 74.5 Gyr~!. In the upper
row, we plot gas number density (ng), FUV radiation field (G), ionization fraction
(y(H™)), and surface stellar mass density (2.). In the bottom row, we show gas
temperature (T'), ionization parameter (Ui, ), neutral hydrogen fraction (y(HY)),
and gas-phase metallicity (Z). Note that all ny, T,y(HT),y(H"), Uion, and Z
are gas density-weighted averaged along the selected line of sight. The FUV
radiation field GG is a photon number density-weighted average. One side length
of the panel and the projected depth of each panel is 600 pc. This figure is taken
from Nakazato et al. (2025). . . . . . . ... .

Same as Figure 8.4 but sliced maps at z = 10.45. Only X, is a projected map.
This figure is taken from Nakazato et al. (2025). . . . . .. ... ... ... ...
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FIR emission line distributions of our galaxy at z = 10.45, at the same time as
in Figure 8.4. The left and middle panels show the surface brightness of [O111] 83
pm and [C1] 158 pm , respectively. The right panel presents the line ratio of
[O111] 88 pm to [C11] 158 ym . Pixels with low surface brightness (X(crmjissum >
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102 L /kpc?) are masked. The black contours represent the [C11] flux 10%, 10° L, /kpc?,

respectively. The side length and projected depth of each panel are 600 pc, as
in Figure 8.4. A movie showing the time evolution of emission map is available
(link). This figure is taken from Nakazato et al. (2025). . . . ... .. ... ...

Phase-space diagrams of gas number density versus temperature for all cells
within 2Ry;, (= 3.0kpc) at z = 10.45. The left panel shows the ionization frac-
tion in the phase space. The middle (right) panel presents the luminosities of
[Om1] 88pm ([C11] 158 pm ) in each bin. In the middle panel, we omit the hot
gas with 7 > 3 x 10°K produced by SN heating. The gray contours indicate
four levels of gas mass in each bin: log Mgas [Me] = 2,3,4,5. The bin sizes are
Alognyg [em™3] = 0.09 and Alog T [K] = 0.065 in all panels. This figure is taken
from Nakazato et al. (2025). . . . . . . . . ... ...

Redshift evolution of physical properties within 2Ry;,. In the left column, the
top panel shows the SFR averaged over 10 Myr (blue) and 100 Myr (red), as
in Figure 8.3 (right). The middle panel presents line luminosities of [O111] 88
pm (blue) and [C11] 158 pm (orange). The orange dashed line shows the contri-
bution of [C11] luminosity from Hir regions. The bottom panel is the line ratio of
[Omu1] /[Cn]. In the right column, the ionization parameter and FUV radiation
field (top), the ratio of the HI mass to the Hil mass (middle), and gas metallicity
(bottom) are plotted. The ionization parameter and FUV radiation field are cal-
culated as averages weighted by gas number densities and FUV photon numbers,
respectively. This figure is taken from Nakazato et al. (2025). . . ... ... ..

(Left) The [O111] 88 pm luminosity versus SFR. We adopt 10 Myr-averaged SFR.
The red stars represent our simulation snapshots (z = 9—13). For comparison, we
show the [O111]-SFR relations derived from observations of local galaxies by De
Looze et al. (2014) and z 2 6 galaxies by Harikane et al. (2020). Gray points are
the observational results of high-z (2 > 6) galaxies from Hashimoto et al. (2018);
Tamura et al. (2019); Inoue et al. (2016a); Hashimoto et al. (2019); Carniani
et al. (2017); Harikane et al. (2020); Wong et al. (2022); Witstok et al. (2022);
Zavala et al. (2024); Algera et al. (2024); Schouws et al. (2024); Bakx et al. (2024);
Fujimoto et al. (2024b). (Right) The [C11] 158 pm luminosity versus SFR. The
red stars again represent our simulation snapshots (z = 9 — 13). For comparison,
we show the [C11]-SFR relations derived from observations of local galaxies (De
Looze et al., 2014), ALPINE survey for z ~ 5 galaxies (Schaerer et al., 2020),
and z 2 6 galaxies (Harikane et al., 2020). Gray points are the observational
results of high-z (z > 6) galaxies from Laporte et al. (2019); Bakx et al. (2020);
Hashimoto et al. (2019); Maiolino et al. (2015); Harikane et al. (2020); Wong
et al. (2022); Witstok et al. (2022); Algera et al. (2024); Schouws et al. (2025);
Bakx et al. (2024); Schaerer et al. (2015); Watson et al. (2015); Pentericci et al.
(2016); Ota et al. (2014); Smit et al. (2018); Bradac et al. (2017); Matthee et al.
(2017); Carniani et al. (2017, 2018); Kanekar et al. (2013); Matthee et al. (2019);
Knudsen et al. (2016); Fujimoto et al. (2019); Capak et al. (2015); Sommovigo
et al. (2022); Fudamoto et al. (2024). This figure is taken from Nakazato et al.
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Total [O111] /[C11] line luminosity ratio as a function of SFR for our simulated
galaxy at z = 9 — 13 (red stars). The gray points show the observations of
z 2 6 galaxies where both [O11]and [CI11]lines are targeted. Some [CI1]lines
are upper-limits, and the ratio is plotted accordingly. The blue and red lines
are relationships for local galaxies (De Looze et al., 2014) and z 2 6 galaxies
(Harikane et al., 2020), respectively, as in Figure 8.9. This figure is taken from
Nakazato et al. (2025). . . . . . . . .. L
Same as Figure 8.9 but comparison with z 2 6 galaxy simulations. We compare
our results with FirstLight (Nakazato et al., 2023), Moriwaki et al. (2018), SERRA
(Pallottini et al., 2022), SIGAME (Olsen et al., 2017), Katz et al. (2022), Arata
et al. (2020), TNG(Mutioz-Elgueta et al., 2024). FIRE-box(Liang et al., 2024),
and PONOS(Schimek et al., 2024). We also plot the semi-analytical model of
Lagache et al. (2018) in the right panel. This figure is taken from Nakazato et al.

Same as Figure 8.10 but comparison with previous theoretical works at z 2 6 that
investigated both [O111] and [Ci1]lines. References are in the caption of Figure
8.11. This figure is taken from Nakazato et al. (2025). . . . .. .. ... .. ...
The CMB effect to [C11] 158 um luminosity at z = 10 as a function of hydrogen
nuclei density and temperature. The color scale indicates the reduction strength
1 —n, where 7 is the luminosity ratio of [C11] with (without) the CMB stimulated
emission and absorption. The blue solid line represents the critical density of hy-
drogen atoms. The gray contours show the [CI11] luminosity in the phase-diagram
with log Liciy/[Le/Alognu/AlogT]) = —0.5,0.5,1.5, where Alogny = 0.12
and AlogT = 0.05. Note that the contoured [C11] luminosities are calculated by
considering the CMB effect in CLouDY. This figure is taken from Nakazato et al.
(2025). . .
The relationship between [O111] /[C11] and M/ Mur. The red stars are our sim-
ulation results with SFR > 1072 Myyr~! and gray plots are observational results
at z 2 6. The information of Liouyssum» Licr] 158um> Lup, and 12 +log(O/H) are
from the following references; MACS1149-JD1 (Hashimoto et al., 2018; Laporte
et al., 2019; Stiavelli et al., 2023), MACS0416-Y1 (Tamura et al., 2019; Bakx et al.,
2020; Harshan et al., 2024), SXDF-NB1006 (Inoue et al., 2016a, , Ren et al. sub-
mitted), B14-65666 (Hashimoto et al., 2019; Jones et al., 2024a), COS2987030247
(Witstok et al., 2022, , Usui et al. in prep., Mawatari et al. in prep,), REBELS-12
and REBELS-25 (Algera et al., 2024; Rowland et al., 2025), GS-z14-0 (Schouws
et al., 2024, 2025; Helton et al., 2025), ID4590 (Fujimoto et al., 2024b; Heintz
et al., 2023). We calculate My assuming nyy = 100 cm 3. The colorband shows
the different density ratio cases with ng/npr = 0.1 — 1.0, with different neutral
gas temperatures of Ti1 = 500 — 5000 K. This figure is taken from Nakazato et al.
(2025). . .
[Om1] /[C11] ratio as a function of [O111] 4959 5007 + HS equivalent width. Star plots
are our simulation results at z = 9 — 13 with SFR > 1073 Mgyr—!, and a colorbar
represents the averaged ionization parameters. Gray and black plots are z > 6
galaxies (Witstok et al., 2022; Schouws et al., 2025) and local dwarf galaxies from
the Dwarf Galaxy Survey (Kumari et al., 2024), respectively. This figure is taken
from Nakazato et al. (2025). . . . . . . .. ...



List of Tables

3.1

3.2

3.3

5.1

5.2

5.3

6.1

6.2
6.3

6.4

7.1

Properties of significant forbidden lines from HII regions. ‘config’: electron con-
figurations, Fion: ionization potential, ng . : critical density with colliders of elec-
trons (hydrogen atoms) at the temperature of 10* K. Ty excitation energy from
the ground state (= Ejo/kg). Values are adopted from Osterbrock and Ferland
(2006) and Draine (2011). . . . . . . ..o
Hydrogen emission line intensities relative to Hf, denoted as X /HfB = jx/jug.
The Case B approximation and low-density limit are assumed. Values are adopted
from Osterbrock and Ferland (2006). . . . . . .. ... ... ... .. .......
Values of K1, K2, E3 for line ratios of [O111], [N11], [Nerti], [Si], adopted from
Osterbrock and Ferland (2006). . . . . . . . .. ... ... o

Summary of recent cosmological simulations focusing on high-redshift galaxies
listed in Table 5.1. The fifth column indicates whether each simulation includes
on-the-fly radiative transfer. A direct comparison of spatial resolution is diffi-
cult, as these simulations employ a variety of numerical methods, such as SPH
(Smoothed Particle Hydrodynamics), moving mesh, AMR (Adaptive Mesh Re-
finement), and MFM (Meshless Finite Mass). Instead, we compare the dark
matter particle mass listed in the third column. The fifth column “RT” indicates
whether the simulations incorporate on-the-fly radiative transfer (RT). . . . . . .
Summary of recent cosmological simulation studies focusing on z = 6 galaxies
and key statistical observational results. . . . . . . . ... ... ... ... ... .
Summary of recent cosmological simulation studies focusing on individual z 2 6
galaxies and their comparison with key observational results. . . . . .. ... ..

BPASS table. We select the same population and IMF for all stellar particles.
The rest four parameters are chosen for each stellar particle. . . . . . . . ... ..
The parameters used to calculate the line luminosities with cLoupy. . . . . . ..
Summary of properties of FLI957 at z = 7.70, which contains four clumps within
10 x 10 kpc region. Note that M, (young) refers to stellar masses younger than 10
Myrs and M, (o) are stellar masses for all ages. A clump radius R. in the 5th

column is obtained as Re = \/AZNgrida/m. . . . . . ...

Summary of physical properties of galaxies we identify in single systems and
clumpy systems. The clumps in clumpy systems are further categorized into two
groups: those with ages younger than 50 Myr and older than 50 Myr. The last
row of the table lists the average values for both systems. We see that old clumps
(> 50 Myr) in clumpy systems have similar properties to ones in single systems,
as discussed in section 6.3.2. . . . . . ...

The parameters used in each SKIRT calculation in Section 7.2.4. All cases adopt
MWe-like dust type (Weingartner and Draine, 2001) and a fixed dust-to-metal
ratioof 0.4. . . . . Lo

XV

96



xvi LIST OF TABLES

7.2 Properties of identified clumps. . . . . . . ... oo 115

8.1 Parameter ranges for PDR cells (ypm < 0.8) and Hir cells (ypmr > 0.8) used in the
CLouDY calculations. The table is taken from Nakazato et al. (2025). . . . . . . 143



Chapter 1

Introduction

Our universe began with the Big Bang approximately 13.8 billion years ago. The initial state
was characterized by extremely high density and temperature, with the gas existing as plasma.
As the temperature of the universe decreased due to cosmic expansion, Thomson scattering
between photons and electrons ceased, and most free electrons were captured by protons to
form hydrogen atoms by z ~ 1100. This epoch is referred to as recombination, as also shown
in Figure 1.1. The subsequent formation of large-scale structures occurred via a bottom-up
scenario.

According to the standard cosmological model ACDM, mini-halos with masses of Mpa, =
10°~% M, collapsing at z ~ 20 — 30 are the formation sites of the first stars (Population III
stars; Yoshida et al., 2003). Pop III stars form in primordial gas with zero metallicity, where
metal cooling is absent, and the gas temperature only decreases to about 200 K via hydrogen
molecules (Yoshida et al., 2006, 2012). This leads to a large Jeans mass (Mj o T%2), resulting
in massive stars with masses of approximately 10-100 M, characterized by a top-heavy initial
mass function (IMF; e.g., Hosokawa et al., 2011; Hirano et al., 2014, 2015). These massive stars
have short lifetimes of a few million years, ending either as core-collapse supernovae (SNe) or
directly collapsing into black holes (BHs), forming seeds for supermassive black holes in the
center of galaxies (e.g., Inayoshi et al., 2020). SNe enrich the surrounding gas to metallicities of
Z ~ 1075 — 1073 Z5 (Chiaki and Yoshida, 2022).

As the halo mass further increases to M, ~ 108 Mg, the virial temperature rises to Ty ~
10*K. The gas then cools primarily via Lyman-alpha emission, followed by additional cooling
through metal-line emission (Omukai et al., 2008). This process enables the formation of second-
generation stars, known as Population II stars, whose assembly is generally categorized as the
first galaxies (Bromm and Yoshida, 2011). Hierarchical mergers and cold gas accretion (Dekel
et al., 2009b) lead to further growth, with galaxies reaching halo masses of My, > 1019 Mg by
z ~ 6 —10. At this stage, the virial temperature becomes sufficiently high (Tii, > 3 x 10* K),
activating collisional excitation and ionization cooling from helium and metals (see Section 2.3).
These high-redshift galaxies have stellar masses of M, > 10® M, which are observable by ALMA
and JWST (see Chapter 4).

It is crucial to reveal the formation and evolution of such first objects for a comprehensive
understanding of the star formation history of the Universe. During this period, the Universe
consisted exclusively of primordial gas composed predominantly of hydrogen and helium (with
trace amounts of lithium) produced by Big Bang nucleosynthesis, and no BHs existed!. However,
after the emergence of stars, ionizing photons emitted from the first galaxies drove cosmic
reionization, which represents the last and largest phase transition at z ~ 5—10, during which the
IGM transitioned from a neutral state to one that is fully ionized. In addition, elements heavier
than helium were synthesized via stellar nucleosynthesis and enriched the surrounding interstellar
medium (ISM) through supernova explosions, simultaneously producing dust. At high redshift,

!Beyond the ACDM model allows the existence of Primordial Black Hole (PBH).
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Figure 1.1: Schematic diagram of the history of the universe, which illustrates the major mile-
stones in cosmic evolution since the Big Bang, approximately 13.8 billion years ago. The diagram
is not to scale. The first major phase transition, known as recombination, occurred at z ~ 1100,
when the universe became neutral and no sources of photons existed—an epoch referred to as
the “dark ages.” The formation of the first stars took place at redshifts from z ~ 20 to 30,
followed by the emergence of the first galaxies at z ~ 10 — 15. These galaxies emitted large
amounts of ionizing photons, triggering the second phase transition: reionization, which oc-
curred at z ~ 5 — 10. Image credit: NAOJ.

Type II supernovae are considered the primary contributors to dust production (Mancini et al.,
2015). Understanding dust physics is crucial, because accurate measurements of star formation
histories require tracing dust-obscured star formation, which can be estimated through UV
attenuation and IR re-emission. Recent ALMA observations have detected numerous dusty
galaxies at high redshifts, suggesting that approximately 30% of star formation at z ~ 7 is
obscured (e.g., Fudamoto et al., 2021; Algera et al., 2023). Additionally, black holes formed
through core-collapse or direct collapse evolve into supermassive black holes (SMBHs) at the
centers of galaxies. Understanding the co-evolutionary processes of galaxies and supermassive
black holes (SMBHs), including their feedback mechanisms, is particularly important in light of
the recent discovery of new AGN populations identified by JWST, such as the so-called “little red
dots.” Therefore, understanding the formation and evolution of these first objects is crucial for
elucidating the subsequent formation of metals, dust, and black holes, as well as the mechanisms
driving cosmic reionization.

Furthermore, stellar mass assembly (i.e., star formation histories), metal enrichment, and
the emergence of black holes and dust in the high-redshift universe significantly affect the sub-
sequent evolution of the cosmic star formation rate density (SFRD), which is a key observable
for understanding the history of galaxy formation. In galaxies that host supermassive black
holes at their centers, star formation activity can be regulated or sustained by AGN feedback.
This feedback can influence the redshift evolution of the SFRD, including the observed peak at
z ~ 2. Dust is also crucial, as it absorbs UV photons emitted by stars and re-emits the energy
in the infrared. The left panel of Figure 1.2 shows the SFRD measured at different wavelengths:
far-UV (1500 A) and far-infrared (8-1000 um). This illustrates that at lower redshifts (z < 2), a
significant fraction of star formation activity is obscured by dust. Therefore, correcting for dust
attenuation is essential for deriving the intrinsic star formation activity. This attenuation is
commonly calibrated using the IRX-Syy relation (e.g., Meurer et al., 1999); see also Chapters 4
and 7. Dust-obscured star formation in the high-redshift universe is only now beginning to be
constrained observationally.

Therefore, understanding the formation processes, star formation activity, and interstellar
medium (ISM) properties of high-redshift galaxies within the first billion years of the universe
is of great importance. These objects are increasingly observable with JWST and ALMA.
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Figure 1.2: The observed star formation rate density (SFRD) as a function of redshift. Red
points indicate measurements from rest-frame FIR observations, while blue points represent rest-
frame FUV measurements. The left panel shows the SFRD derived from FUV (uncorrected for
dust attenuation) and FIR data. The right panel shows the same data, but with dust attenuation
corrections applied. The data is taken from Table 1 of Madau and Dickinson (2014).

Currently, three galaxies at z = 14 have been reported (Carniani et al., 2024; Naidu et al.,
2025), one of which (GS-z14-0) has been observed in [O111] 88um emission with ALMA (Carniani
et al., 2025; Schouws et al., 2024). To date, more than 1300 galaxies at z > 6 have been
spectroscopically confirmed (Adamo et al., 2024a; Roberts-Borsani et al., 2024), highlighting
the importance of statistically characterizing their physical properties. High spatial resolution
imaging with JWST has revealed complex internal structures in high-redshift galaxies, including
prominent clumpy morphologies (e.g., Harikane et al., 2025a). Complementary to these findings,
ALMA observations continue to provide valuable insights through detections of far-infrared
emission lines and dust continuum, enabling detailed studies of the multi-phase ISM and star
formation processes in the early universe.

To interpret the aforementioned cutting-edge observational results and to provide comple-
mentary theoretical insights, it is essential to utilize cosmological simulations to track the forma-
tion and evolution of high-redshift galaxies. However, simulations solve N-body of dark matter
particles and hydrodynamics of gas, and thus do not directly output observable quantities such
as line and continuum information. Emission line calculations require consistent solutions of rate
equations and energy equations across multiple ionization states of elements and transitions for
various levels. Performing these calculations on-the-fly during simulations are computationally
expensive, and are usually performed through post-processing approaches using photoionization
codes (Dopita and Sutherland, 1996; Ferland et al., 1998). Moreover, an accurate treatment of
dust attenuation and re-emission requires solving a six-dimensional radiative transfer equation,
which consists of three spatial dimensions, two angular dimensions for scattering, and one fre-
quency dimension. Even simulations incorporating on-the-fly radiative transfer typically rely on
post-processing using Monte Carlo radiative transfer codes (Baes et al., 2011; Narayanan et al.,
2021) and obtain dust emissions.

In this thesis, we develop multi-wavelength emission models for nebular emission lines and
dust attenuation/re-emission, applying these models to zoom-in cosmological simulations. We
explore the star formation histories, dynamical evolution, and physical properties of the inter-
stellar medium in high-redshift galaxies. Our theoretical predictions and interpretations provide
crucial insights into the latest JWST and ALMA observations.

The thesis consists of eight chapters, comprehensively examining star formation and ISM
properties in galaxies at z > 6 using multi-wavelength radiative models and large-scale simu-
lations. Chapter 2 outlines the basic galaxy formation theory, including cosmological structure
formation and star formation processes. Chapter 3 reviews emission line mechanisms from ion-
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ized and neutral hydrogen gas and dust attenuation and re-emission mechanisms. Chapter 4
surveys recent multi-wavelength observational discoveries of high-redshift galaxies, emphasizing
the importance of connecting these observations to theoretical models. Chapter 5 describes
general suites of galaxy formation simulations and reviews recent cosmological simulation stud-
ies that focus on z 2> 6 galaxies in comparison with the latest JWST and ALMA observations.
Chapters 6-8 detail original research outcomes: Chapter 6 explores clumpy structures at z = 6—9
using JWST observations and simulations, Chapter 7 examines dust absorption and re-emission
distributions, and Chapter 8 investigates physical origins of high-[O111] 88pm /[C11] 158 um line
ratio at high-redshift galaxies using sub-parsec radiative transfer simulations. Finally, Chapter
9 summarizes the thesis and discusses prospects.



Chapter 2

Galaxy Formation Theory

2.1 Standard Cosmological Model

Understanding the formation and evolution of galaxies requires a robust theoretical framework
that describes how structures grow under the influence of gravity, cosmic expansion, and as-
trophysical processes. In this chapter, we review the foundations of the standard cosmological
model, focusing on the large-scale structure and dynamics of the universe within the framework
of general relativity. We start by summarizing the basic cosmological principles and introducing
the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric, which describes an isotropic and
homogeneous expanding universe.

2.1.1 The Friedmann-Lemaitre-Robertson—-Walker metric

The infinitesimal interval ds? is defined at each point in a local inertial frame as:
ds? = gudatda” = gooc?dt? + 2¢qgp;dtdz’ + gijd:cidxj, (u,v=0,1,2,3, 4,5 =1,2,3), (2.1)

where dz# is an infinitesimal coordinate displacement in four-dimensional spacetime, and g,,, is
the metric tensor.

Let us assume that the universe is isotropic and homogeneous on large length-scales exceeding
tens of mega-parsecs, implying there are no privileged locations. This assumption is called the
cosmological principle. From this principle, the coordinates ¢t and z* are orthogonal, and thus the
metric tensor satisfies g;o = go; = 0. The proper time for a fundamental observer coincides with
the cosmic time, and the infinitesimal interval ds? reduces to ds> = —c2dt? when dz* = 0. Hence,
we obtain ggg = —1. The assumption of uniformity requires that space expands (or contracts)
with time, and the spatial part of the metric tensor can be expressed as g;; = aQ(t)’yZ-j. Here,
a(t) is the scale factor, representing the relative size of the universe at cosmic time ¢t. With the
above considerations, ds? can be written as:

ds® = —2dt® + a?(t)yi;da’dad . (2.2)

Let us work in polar coordinates, in which the angular directions d¢, df and the radial
direction dr are mutually orthogonal. Thus, we can express the spatial metric 7;; by separating
these variables as follows;

vijdztda? = W(r)dr® + r?(d6?* + sin? 0d¢?)
ds® = —c*dt? + a(t)[W (r)dr® + r*(d6? + sin® 6dg?)].

In order to determine the function W (r) explicitly, we introduce the scalar curvature R, defined

5
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as the trace of the Ricci tensor Rqg;

R=Rl=g*"Rag (2.5)
= " Roo + 9" Ry (2.6)
ii [ = 1, . )
= —Rgy + % <Rij + C—Q(aa + 2@2)%]') (27)
3a 3 (a a\ > 1 -
= 0—25 + 672 (a + 2 <a> ) + E’yinij (2.8)
_6d 6 (a\? 1 R~M+R~99+ R# 2.9
c2a 2 \a a2 |[W(r) r2  r2sin?6 '
64 6 (a\> 1[W 2 [rW 1
=242 (= et S (= 1 — ). 2.10
Zal @ <a> T2 |:7“W2 T2 <2W2+ W)] (2.10)
Here we introduce two shorthand notations for differentiation: - = % for differentiation with

respect to cosmic time ¢, and ' = % for differentiation with respect to the radial coordinate r.
The Ricci tensor associated with the spatial metric v;; is denoted as RNU Since the third term
in Eq. (2.10) must be independent of position (reflecting spatial homogeneity), the expression
inside the square brackets can be replaced by introducing a constant spatial curvature parameter

K
2W’ 2 1
— 4+ = |1——= ) =6K. 2.11
rW? + 72 ( W) (211)
Solving Eq.(2.11), we obtain
1
=—. 2.12
W) = g (212)
Thus, the metric for an isotropic and homogeneous universe is given by
ds? = —c?dt* + a(t)? dirz + 72(d#? + sin® 0d¢?) (2.13)
1— Kr? ’ ’

This metric is known as the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric. The
spatial curvature parameter K determines the geometry (curvature) of the universe. Usually,
the scale factor is normalized at the present cosmic time ¢y as a(tp) = 1.

The two coordinate systems defined by the vectors r and @, which are related by r =
a(t)x, are called the proper coordinates and the comoving coordinates, respectively. The proper
coordinate system expands with time following the expansion of the universe through the scale
factor a(t), while the comoving coordinate system subtracts out the effect of cosmic expansion
and remains fixed relative to the expanding universe.

2.1.2 Friedmann Equation

This subsection derives the equation describing the time evolution of the scale factor a(t) from
the FLRW metric. The Einstein equation is written as

1 8rG
R/“/ — ig“yR + Ag/_“j = 7T,LLI/' (214)

We consider an ideal fluid!, for which the energy-momentum tensor is given by

Tl“/ = (/)E + P)uuuu + Pguua (215)

LA viscosity term works as an anisotropic effect.
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where u,,, pg, P are the four-velocity of matter, energy density of matter, and pressure of matter,
respectively. Substituting Eq.(2.15) into the Einstein equation (Eq. 2.14), the (0,0) component
is written as

3 /a\* 3K 871G
I A= 2.16
c? (a) c? a? ct PE ( )
-\ 2 2 2
a &G Kc Ac
- = gp—_ 2.1
(a) 32 PET 2 + 3 (2.17)

This equation is called the Friedmann equation. For the spatial (i, j) components, we obtain

1 (i (a\?, K 87G
-z (2a (5) + 2) 9+ Agij = =5 P (218)
i 1|(a\® K| AP 4nG
Lo—=—=1- — —_— — 2.19
" a 2 (a) T 2 c? (2.19)
. 4 A 2
L 2= —3L§ (pE +3P) + Tc (substituting Eq.(2.17) into Eq. (2.19)) (2.20)
a c

(2.21)

=
c2 2 4G

Gi4r (pg 3P A\ 4
23 a’.

Equation (2.21) can be regarded as the equation of motion for a uniformly dense sphere with
radius a. The first term on the right-hand side (RHS) represents the contribution of mass of
matter, the second term shows that the effective gravity increases with pressure, and the third
term is the cosmological constant representing “repulsion” of the universe.

2.1.3 Equation of State of the Universe

Differentiating the Friedmann equation, Eq.(2.17) with respect to time ¢ yields

a 47G /a Ac?
T (L 42 ) 2 2.22
0 32 (dPE +2pE ) + 3 (2:22)
Comparing this result with Eq.(2.20), we obtain
. a
pe=—3_(pe +P), (2.23)

which describes the evolution of the energy density of matter.

Two equations, Eq.(2.17) and Eq.(2.21), contain three variables pg, P, a. Therefore, an additional
equation, often referred to as an equation of state (EoS), is required to close the system. By
introducing a constant parameter w, we consider a generalized EoS P = wpg. From Eq. (2.23),

we have
pp o a(t) 304w (2.24)

where w = 0,1/3,—1 correspond to matter, radiation, and dark energy, respectively. In the
following, we consider these specific cases separately.

(i) Non-relativistic matter with negligible pressure (collisionless particles)

Equation (2.23) is rewritten as

p‘E — _3gp — p% = Pm ~ mn<t) X a737 (2.25)
a C

where py, is the mass density of matter, and n(t) is the number density of matter particles each
with mass m. Equation (2.25) indicates that the total mass in a comoving volume is conserved.
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(ii) Relativistic matter (radiation)
Substituting P = pg/3 into Eq.(2.23), we obtain

. a _
PE = —4apE - ppoca? (2.26)

This relationship reflects a constant number density (o< a~3) combined with the increase of
wavelength of a photon proportional to the cosmic expansion (ox a™1).

(iii) Cosmological constant
Substituting P = —pg into Eq.(2.23), we find

pE=0 — pg x const. (2.27)
Here we define Al Al
c ¢
= — P = — 2.28
=g =57 (2.28)
Thus, the Einstein equation (Eq.(2.14)) can be rewritten as
1 8rG
Ry — igin = CT(TW + TAM”)? (2.29)

where T, is described by pp and Pj. In this description, the cosmological constant can be
regarded as fluid satisfying the EoS py = —Ph.

2.1.4 Cosmological Parameter

We summarize the basic parameters that characterize an isotropic and homogeneous cosmolog-
ical model. In the following, the subscript 0 denotes the value at the present epoch.

2.1.4.1 Hubble Constant

Hubble’s law is given by

Vo = H()do, (2.30)
where vy and dg represent the recession velocity and distance to a galaxy, respectively. The pro-
a
portionality constant Hj is called the Hubble constant, defined as Hy = — , and determines
=ty

the expansion rate of the present-day universe.
The dimensionless Hubble constant A is defined by normalizing Hy to 100 kms~—! Mpc~! as

Hy

h = 2.31
100 km s~ Mpc—1! (2:31)
2.1.4.2 Density Parameter
The Friedmann equation (Eq. 2.17) at the present epoch (¢ = t¢) is written as
8rG Ac?
2 _ 2

Let us first consider a flat, matter-dominated universe, i.e., K = 0, A = 0, and pg x a3,

known as the Einstein—de Sitter universe. In this case, the energy density is dominated by
non-relativistic matter, and Eq. (2.32) simplifies to

3HZc?
PE,crit0 = 87TOG (2.33)

2
_ PEcito SHj

P = -

T g~ 188X 107212 gem ™3, (2.34)
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where p.o is defined as the critical density.

Next, we consider a more general case, called a Friedmann universe, in which radiation,
matter, and a cosmological constant coexist, and non-zero curvature is allowed. By normalizing
each energy density to the critical density, we define dimensionless density parameters as

Pm0O 871G pmo O = Pro 87Gpro _ _ ? 2.35
— 3H2 95 r0 = — — 3H2 2 - - @ ( : )
Pco oC Pco 0C Pco 0

Equation (2.32) becomes

ng =

Kc?

2

Hy

Thus, the Friedmann equation at ¢ = ¢ is rewritten by introducing the Hubble parameter H =
41,_,, and using the relations p,, o« a™® (p, < a™%);

Q, Qi 1— Q0 — Qo — N
H? = H? <a40+ 0 4 0o AO+QA0>. (2.37)

= Qo + Qo + Qpo — 1. (236)

a3 a
In the special case of a flat universe (K = 0), the density parameters satisfy the constraint

Qi+ Q. +Qp = 1. From Egs. (2.25), (2.26), and (2.27), the evolution of each density parameter

can be expressed as follows,
Q 0 Q 0a Q AO a4
Q, = . , Q= i , Q= 2.38
"7 Qo+ Qoa+ Qaoat T Qo+ Qnoa + Qaoat” T T Qg+ Qoa + Qpga? (2:38)

Figure 2.1 shows the evolution of the density parameters as a function of the scale factor a(t).

1.0 A
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10 10 10* 102 102 107t 10°
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Figure 2.1: Evolution of the density parameters .., ,,, and 25 as a function of the scale factor
a(t). The present-day values adopted here are Q,9 = 8.05 x 1075, Q,,0 = 0.27, and Qg = 0.73
(Komatsu et al., 2009).

From Figure 2.1, the matter-dominated phase roughly corresponds to the redshift range of
0.5 < z < 3000. At intermediate redshifts (z ~ 10 —500), the contributions from radiation, dark
energy, and curvature are negligible (2,0 & Qx9 ~ K ~ 0). Thus, Eq. (2.37) simplifies to

QmO
H? = H§? (2.39)

3 2/3

Since non-relativistic matter satisfies p oc a3 (Eq. 2.25), the energy density at cosmic time ¢ is

given by
2
Pm0 c
= = — = . 2.41
PE = Pm = "3 6w G2 (241)
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2.1.5 Redshift

The wavelength A of a photon emitted by an object at time ¢ is stretched by cosmic expansion.
This phenomenon is called redshift. The parameter quantifying the degree of this wavelength
shift is also called the redshift, and is defined as

oA
=2z

By normalizing the scale factor to unity at the present epoch, a(tg) = 1, we have the following
simple relationship between the scale factor a and redshift z:

1
a= 2.43
z+1 ( )
Observational estimates of the present-day density parameters allow us to trace the time evo-
lution of the expansion (or contraction) of the universe. However, to fully understand the
formation and evolution of non-linear structures in the universe, it is necessary to consider the

evolution of density perturbations.

2 (2.42)

2.2 Structure formation

Non-relativistic matter can form large-scale cosmological structures starting from initially small
fluctuations. In contrast, relativistic components (such as radiation) possess a streaming length
too large to allow efficient structure formation. Here, we consider an expanding universe as the
background spacetime and treat matter as an ideal fluid. Thus, physical properties of matter
can be determined by density p, pressure P, and velocity v.

The continuity equation and the Euler equation (fluid equation), written in flat, non-expanding
spatial coordinates r, are given by

g’t) +V - (pv) =0 (2.44)
ov VP

which considers hydrodynamic pressure and gravitational interactions.
Next, we consider the equations in comoving coordinates @. The coordinates r and x are
related as follows;

r=ax (2.46)
r=ax + ax (2.47)

The first term on the RHS of the second equation indicates that matter at rest in the comoving

coordinate is in motion in the proper coordinate. Thus we can replace v — v + ax and fluid

equations in the comoving coordinate are written as?

dp a 1

En —I—Sap%— ;V-(pv) =0

go + v+ 1(v Vv = —EV@) — iVP (2.49)
ot  a a a ap

AD = 47Ga® (prot — Prot)

*The gravitational potential in the comoving coordinate is ® = ¢ + sadi|z|*. Note that partial differentiation
is also replaced:

0 0 a 1
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The density and pressure fluctuations, é(x,t) and dp(x,t) are defined as follows;

5, t) = w (2.50)
op(x,t) = p(x,t) — p(t) (2.51)
Thus, Eq.(2.49) can be rearranged as

gf + iA [(1+0)v] =0 (2.52)

v a1 1 A(dp)
oy Tovt (v A=A L (2.53)

2 a a
<§t 4 2@) (2.52) - gtﬁ + % [IA 0+ 5>v]] 2 ? LA e =0  (254)
1 10 4 1 11 A(8p)

— A (253) - oo = A v A (v Ay = AR+ e (2.55)

2.2.1 Linear Growth of Density Fluctuations

The third term on the left-hand side of Eq. (2.55) is a non-linear term, which we neglect in the
linear approximation. We get
0?6 2495  A(dp)

o2 a ot a2p gAq)

_ AnG

(2.56)
(,OE totOtot + 30Dtot )

where, pE,tot is the total energy density of the fluid, and dtot represents the corresponding
total density fluctuation. In the linear approximation, pressure fluctuations can be expressed in
terms of density fluctuation dp and entropy fluctuation 4.5 as follows

_(Op dp
5p = (ap>sé +(as> 58, (2.57)

where S is the entropy per unit mass and the sound speed is defined as ¢? = (g—i) . Thus,
S

Eq.(2.56) is rewritten as

9% 2696 0 A(6S) 4 G
+ (4wGp5+ SM) (p> ( )+ " [ProtBror — 78 + 3(6pior — 6p)] (2.58)
P

o2 a ot S a?p

If we assume a self-gravitational system with 65 = 0, we can neglect the RHS;

0?6 2a 06

w‘F 0 ot (47TGP5+ SA(S) (2.59)

Taking the Fourier transform d(x,t) — 6(k,t), we obtain

27 . oF 212\ -
65+2‘”%—<47r 5 Cf)a 0. (2.60)

Ot? a Ot

The second term acts as “friction” due to cosmic expansion, while the third term serves as a
potential term. This linear equation implies that each Fourier mode with a different k evolves
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c2k?
a2

independently. When (47TG/5 — ) < 0, density fluctuations § do not grow, but rather os-

2.2
cik
a2

cillate with damping and approach zero. Conversely, when (477Gﬁ — ) > 0, gravitational

attraction dominates over pressure, allowing density fluctuations to grow and finally leading to

a\/4rGp

Cs

gravitational collapse. There is the critical wavenumber kj = , which is called Jeans

scale.

From here, we focus on the evolution of dark matter fluctuations in linear theory. Dark matter
is collisionless, and therefore we set the sound speed c¢s = 0. In this case, fluctuations can grow
for wavenumbers satisfying k < kj, and the evolution equation for dark matter fluctuations
becomes

5+ 2%5 — AnGps = 0. (2.61)

Considering an Einstein—de Sitter universe, in which a@/a = 2/3t and p = 1/67Gt?> (from
Eq.2.41), we can rewrite Eq.(2.61) as

. 4. 2
—5-Z6s5=0. 2.62
§4 38— 256=0 (2.62)

The solution is expressed by the superpositions of two solutions,
§ = At*® + Bt~ L. (2.63)

The first and second terms are known as the “growing mode” and the “decaying mode”, respec-
tively. Typically, we focus only on the growing mode, indicating that density fluctuations evolve
as & o« t2/3, which is proportional to the scale factor a during the matter-dominated epoch.

2.2.2 Non-linear Model for Spherical Collapse

The linear approximation discussed in the previous section is valid only when the density fluc-
tuation satisfies § < 1. However, as ¢ increases, nonlinear effects must be taken into account
in structure formation. In the present-day universe, density fluctuations evolve non-linearly on
scales < 10 A=, Mpc. To illustrate non-linear evolution, we first consider a simple spherical
collapse model. Suppose that we have a sphere with mass M, constant density, and radius r.
For simplicity, we place this sphere in an Einstein—de Sitter universe. The equation of motion
for this sphere is given by

. GM(<r)
=——". 2.64
=Ty (2.60)
From energy conservation, we have
%7‘2 _GM(<r) = E(= const.) (2.65)
r

The cases of E < 0 and E > 0 correspond, respectively, to a bound solution (where r contracts
after expansion) and an unbound solution (where r expands indefinitely). Integrating Eq. (2.65),
we can express 7 and ¢ parametrically in terms of a parameter 6 as follows

r = (GM)Y3A%(1 — cosh)

{ t = A3(0 — sin ) (E<0) (2.66)
r=(GM)/3A?(coshh — 1)

{ t = A3(sinh 6 — 0) (£>0), (2.67)
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3
where A is constant. The density inside the sphere is p = 1 and the mean density of the

3
1
Einstein-de Sitter universe is p = TreTeh Therefore, the density fluctuation is defined as
i
g 2
9 (0 —sind) 1 (B<0)
p 2 (1 —cosf)?
b==—-1= _ ) (2.68)
p 9 (sinhd — 0) 1 (E>0)
2 (coshf —1)3

Equations (2.66), (2.67), and (2.68) are plotted in Figure 2.2.
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Figure 2.2: Radius r (purple), time ¢ (blue), over density d(green) as a function of 6. Solid and
dashed lines represent the bound (E < 0) and unbound (E > 0) cases, respectively.

For the unbound solution (E > 0), the radius expands monotonically, and the density remains
lower than the average density. In contrast, for the bound solution (E < 0), the sphere initially
expands but eventually collapses.

The turning point from expansion to contraction corresponds to the maximum radius, oc-
curring at # = w. At this turning point, the time, radius, and density fluctuation are given
by

" — A2 —9 1/3 42 _ ﬁ _
turn — T s Tturn — (GM) A 5 &mm = 16 1. (269)
The point where r — 0 is a collapse point and corresponds to 8 = 27. Time at the collapsing
point is
teoll = 2ttun = 2mA2. (2.70)

At the time of collapse, the density fluctuation diverges, 6 — oo.

2.2.3 Virial Equilibrium in a Spherical Model

In reality, the density does not diverge infinitely. Instead, a sphere is gravitationally bound and
reaches virial equilibrium. For a gravitationally bound system in equilibrium, the total energy
FE and the potential energy U satisfy the following relationship,

E= §<U>, (2.71)
Consider a sphere of uniform density that is gravitationally bound and in equilibrium. Its density

can be expressed in terms of its mass M and radius R as p = The mass enclosed within

ATR3’
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4mr3

a radius 7 (0 < r < R) is *f~p, and the mass of a thin shell located between radii r and 7 + dr
is 4r?pdr. Thus, the gravitational potential energy of the sphere is calculated by integrating
over the entire volume,

r R R} 5 R

R G 4mr3 R G Mr®3Mr2d 3 GM?

U:—/ bl .4ﬂr2dr:_/ " rar 2 . (2.72)
o T 0

We now follow the non-linear collapse of a sphere with uniform density using the virial theorem.

The non-linear growth of a spherically symmetric model has already been described in Section

2.2.2. A sphere has the maximum radius Ry, at the turning point, and the total energy is

E=U=-° . (2.73)

After reaching this turning point, the sphere begins to contract. While in Section 2.2.2 we
assumed velocity dispersion could be neglected, in reality, velocity dispersion provides support
against gravitational collapse, and the sphere eventually settles into virial equilibrium. The
potential energy in virial equilibrium is expressed as

3GM?
Ujir = —= . 2.74
5 Rvir ( )
1
According to the virial theorem FE = iUVir’ and the virial radius is given by
1
Rvir == iRturn. (275)

The time to reach virial equilibrium can be considered the same as the time to reach the collapse
point, teon. Thus, the density fluctuation at ¢ = .oy is

p 3M 1
Sl == —1=—"p— 1 (2.76)
o L e
= 1872 — 1~ 178. (2.77)

For baryons, we consider an ideal gas consisting of N molecules with an average molecular
weight p, uniformly distributed within a sphere of radius Ryi;, assuming the gas is in virial
equilibrium. The total kinetic energy of the gas is

1
E = §N,umH<v2>, (2.78)

where my and (v?) are proton mass and the mass-weighted mean square velocity of the molecules,
respectively. From Eq.(2.71) and (2.74), (v?) is re-write using the gas total mass Mgas = N pmy,

3GMM,
Mpe(v?) = S 828 2.79
gas (V) 5 Rur (2.79)
3GM
L) =2 2.80
(v%) 5 Ror’ (2.80)

where M is the total masses within Ry;;. When the gas is in thermal equilibrium, energy is

equally partitioned among the molecules as ;
1 3
5,mH(v2> = SksT. (2.81)

The temperature T defined by Eq.(2.81) is called the virial temperature;

2
M
pmy(v?)  GMpmyg P o (2.82)

Tv' = = - )
“” 3kp 5kp Ryir 5kg ¢
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where the second equality follows from the assumption of a uniform sphere. Here, V, is known
as the circular velocity, defined as V, = \/GM /Ry;,.

In summary, a halo with mass My, collapsing at redshift z has a virial radius (Ryi;), circular
velocity (Veirc), and virial temperature (Tyiy) given by

_ M, 3 AN Y2 1+ 2\ 7
Ryir = 0.784 h ™ tkpe | ————— 2.83
pe (108h—1M@) 1872 10 (283)
GM M, U3 ACNYS /14 2o\ V2
circ — =234k R v 2.84
Ve Ry 204 ks (108 th@) 1872 10 (2:84)

2 2/3 1/3
. Mmpv;:irc . 4 ( M ) Mh Ac 1+ 2vir
Ty = MR Vel _ g8 g0t K () (M0 . (2.85
2hn . 0.6/ \10° h-1M, 1872 10 (2.:85)

2.3 Gas Cooling/ Heating

After the system reaches virial equilibrium, the gas can further contract by radiative cooling,
while the dark matter halo cannot. The evolution of the gas is described by the continuity
equation, the Euler equation, and the energy equation;

g’g—l-v-(pv) =0 (2.86)
ov VP

0 v? v P
at[p<2+5>}+v-[p<2—|—p—|—€>]—pv-V<I>—H—C, (2.88)

where p, P,v and £ are gas mass density, pressure, velocity, and specific internal energy of the
fluid, respectively. The gravitational potential ® follows the Poisson equation,

Ad = 47TGpt0t, (289)

where pior represents the mass density for matters (=baryons+dark matters). Here, H and C
are heating and cooling rates per unit volume, and the following processes contribute to these
terms.

2.3.1 Compton Cooling (Inverse Compton Scattering)

When low-energy photons (14,) pass through hot but non-relativistic ionized gas (plasma) with
temperature T, (i.e., hvp, = kT, < kpTe < mec?), the gas is cooled through the inverse
Compton scattering. The volume emissivity (=cooling rate per unit volume) is written as

4kpT,

Ccomp = WCO‘TnearTé, (290)
€

where o1 and a, are the Thomson cross-section and the radiation constant, respectively. The

corresponding cooling timescale is written as the ratio of internal energy® and the cooling rate;

3nckpTs _ 3mec
Coomp  4ora,TH

tComp = (2.91)

This cooling timescale is independent of the gas density and temperature. If we consider the
Cosmic Microwave Background (CMB) as the radiation source, its temperature is given by T, =

3The internal energy per unit volume is € = (3/2)ngasksT’, with gas density defined as ngas = nu + nue + Ne.
Assuming the primordial gas composition, we have nge = nu/12 and ne = 2nue + nu = 7nu/6, leading to
Ngas = 27ne/14. Thus, € ~ 3nckpTe.
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2.7(1+42),K. Comparing the Compton cooling timescale to the Hubble time (¢ = ﬁ(l +2)73/2,
from Eq. 2.40), we obtain

tcomp -5/2 HO
— = 250(1 . 2.92
t (1+2) 70kms—! Mpc—1 (2.92)

This indicates that Compton cooling due to the CMB becomes important (i.e., tcomp/t S 1) at
high redshifts, typically for z = 8.

2.3.2 Radiative Cooling

When the gas temperature exceeds Tgas > 10%,K for primordial gas (or a few x107,K for
metal-enriched gas), the gas becomes fully ionized through collisional ionization. In such highly
ionized gas, free-free radiation (bremsstrahlung) is the dominant cooling mechanism. The volume
emissivity per unit frequency is given by (Rybicki and Lightman, 1986);

327 Z2qéi 2TMeC? 1/2 hpv
- —5 ilte 7T - 2.
6ff<V) 3 m<2304 < 3kpTe ) nn g(V )exp ( kBTe> ( 93)

NiNe hpv
e

= 6.8 x 1073872 T1/29(V’ T) exp (— T ) ergs tem P Hz (2.94)

where g(v,T) ~ 1 is the velocity-averaged Gaunt factor. Here, Z is the charge number of an ion,
n; is the ion number density, g, is the electron charge, and hp is Planck’s constant. Integrating
over frequency, the total volume emissivity of free-free radiation is

Cff:/Eff(l/)dV (295)

2
L?)) ergs ™' cm ™. (2.96)

— 1.4 x 107197}/ (
lem—

Here, we assume fully ionized hydrogen gas (Z = 1 and ne = n;). For a fully ionized primordial
gas mixture, Eq. (2.96) should be multiplied by a factor of 8/7.

As the temperature decreases, collisional ionization, recombination, and collisional excitation
become significant mechanisms for gas cooling. Collisional ionization removes the kinetic energy
from the gas equivalent to the ionization potential. Some ions subsequently recombine with free
electrons, and during recombination, electrons cascade down through progressively lower energy
levels. The corresponding recombination-line photons are emitted, radiatively cooling the gas.

Collisional excitation produces two types of emission lines: permitted lines and forbidden
lines. At gas temperatures T' > 10* K, collisional excitation from the ground state (n = 1)
to the first excited state (n = 2), corresponding to an energy gap of 10.2Z2eV, occurs. The
subsequent Ly« radiation cools the gas. For atomic hydrogen, the volume emissivity of Ly«
emission is expressed as?

1 118348
_ 19 o1 =3
Cyp=75x%x10""ergs  cm ° x T (T/IP )12 exp <_T> NeNo, (2.97)

where npo denotes the number density of neutral hydrogen atoms. For gas temperatures T <
10* K, radiative cooling through permitted transitions becomes inefficient. Cooling is dominated
by collisional excitation of fine-structure levels, producing forbidden-line emission. The physics
of forbidden-line emission is discussed in Chapter 3.

4The Lya cooling rate from collisional excitation can be derived similarly to the volume emissivity for forbidden
lines described in Section 3.2.2, assuming a two-level system.
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The cooling processes discussed above, including bremsstrahlung, have volume emissivities

proportional to nine. Thus, we define the cooling function A(T'), with units of [ergs™! cm?], as
C
AT) = 25, (2.98)
Ny

where Ciot includes bremsstrahlung, collisional ionization, recombination, and collisional excita-
tion. Figure 2.3 shows cooling functions for different metallicities. In all cases, bremsstrahlung
dominates at temperatures T > 107, K, with A(T) o T2, as derived in Eq. (2.96). For pri-
mordial gas at T < 10°° K, most atoms recombine and collisional excitation becomes efficient.
The two peaks at T ~ 1.3 x 10*K and T ~ 10° K for primordial gas result from Lya cooling
by HY and He™, respectively. Additional peaks at 7" > 10° K for metal-enriched gas are due to
permitted-line emission from collisionally excited metal ions.

T Illl]lll T IIIIIIII T 1IIIIII| T T T TTITTH

100

—
(@]

A [1072% erg cm?® s7!]

7=7,/100

Z=0

1 1 IlIJlIl 1 1 IIlIIlI 1 1 lllllll 1 L1 1111l
104 108 108 107 108
T [K]

Figure 2.3: Cooling functions for primordial gas, and for gases with metallicities Z/Z5 =
0.01,0.1 and 1.0, as indicated. The figure is taken from (Mo et al., 2010).

Note that the cooling functions described above are valid for gas in collisional ionization
equilibrium (CIE) and do not account for external radiation sources. In HiI regions around
massive stars, photoionization dominates over collisional ionization. Additionally, the assump-
tion of CIE fails when the cooling timescale becomes significantly shorter than the recombination
timescale. This situation often occurs in diffuse, hot gas, such as galactic halos, leading to gas
that is over-ionized relative to the CIE assumption (Gnat and Sternberg, 2007). Conversely, if
the heating timescale is much shorter than the collisional ionization timescale, the gas becomes
under-ionized compared to the CIE scenario. Strong shocks from supernova explosions provide
a typical example of this condition.

2.3.3 Photoelectric Heating

As mentioned previously, external radiation fields can cause photoionization. The portion of
photon energy exceeding the ionization potential is converted into kinetic energy, thus heating
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1

the gas. The volume heating rate for each ion, with units of [ergs™! em™2], is given by

4
Hi = ni/ Waphotod(u)(hpu — hpv)dy, (2.99)
v P

where J(v) and ophoto i () represent the intensity of the radiation field and the photoionization
cross-section for ion species i, respectively. In addition to photoionization heating, other pro-
cesses such as photoelectric heating by dust and photodissociation of Hy by ultraviolet (UV)
photons also contribute significantly to gas heating.

When the gas density and temperature is high, cooling process works effectively, and gas
sphere contracts. However, the cooling timescale is longer than the dynamical timescale (~
free-fall time scale, see Section 2.4.2), the gas sphere with mass Mg,s, radius R keeps virial
equiriblium within a dark matter halo with Mpy;, and the temperature is inverse to virial radius
(see Eq.2.82), which implies that temperature increases as the gas sphere contracts. The cooling
timescale for primordial gas (ngas = (27/12)ny)is written as

When the gas density and temperature are high, the cooling processes become effective,
and the gas sphere contracts. However, if the cooling timescale is longer than the dynamical
timescale (~~ free-fall timescale, see Section 2.4.2), the gas sphere with mass Mg,s and radius R
remains in virial equilibrium within a dark matter halo of mass Mpy;. The cooling timescale for
the primordial gas (ng.s = (27/12)ng) is expressed as

3 —1

3 sk T T ni -1 A(T)
po = 2lesTBY g s 100 ( ) (2100
cool nZA(T) T 105K ) \10-3 em—3 10~23ergs—! cm? ( )

The dynamical time scale is written as

3 37ngas 9 1/2 nH —1/2
tagn = 1/ =/ ~ 3.0 x 10 (7) : 2.101
dy 16G prot 32G pgas XA0TYT foas (155 s (2.101)

where prot = ppM~+Pgas Within the halo and fg,s is the gas fraction defined as fgas = Mgas/ Mot =
Mgas/(Mgas + Mpar). The gas sphere in virial equilibrium satisfies

3 Mg 3 G Mot Migas
25#'51 kBT:g% (2.102)
P
Sk 3/2 3 1/2 -
Mgas B (;UfmpG> 47T,ump T3/2 fga{g nHl/2 (2'103)
T '/ n ~1/2
~ 12 3/2(  nH
~ 8.4 x 10'2 M, <106K> () - (2.104)

Thus, by determining the combination of ny and T' that satisfies t.oo1 < tqyn, We can obtain the
corresponding gas (halo) mass. The typical threshold gas mass is approximately Mg ~ 102 M,
for cooling rates with solar metallicity.

2.4 Star formation

2.4.1 Jeans Instability

When the cooling timescale becomes significantly shorter than the dynamical timescale as de-
scribed above, the gas continues to contract and eventually reaches the Jeans instability. Here,
we examine the gravitational stability of a self-gravitating gas by adding small perturbations.
Consider an arbitrary quantity ) in an equilibrium state, which experiences small fluctua-
tions @1, such that @ = Qo + @1 and |Q1]| < Qo. We assume that the perturbation @1 can
be described by a plane-wave solution of the form ()1 elkz=wt)  Tp the initial equilibrium
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state, the gas pressure, density, and velocity are Py, pg, and vg = 0, respectively. When small
perturbations are added adiabatically, these physical quantities become p = pg + p1 and v = v;.
Substituting these into Eqs. (2.86), (2.87), and (2.89), and ignoring second-order terms, we
obtain

% + oV vy =0 (2.105)
ovq 2

— =-—2Vp; — VD 2.106
T Pl 1 (2.106)
Aq)l = 47['Gp1, (2.107)

where c¢; is the sound speed. Performing a Fourier transform of the equations above, we obtain

—twp1r + po - tkvy =0 (2.108)
2 ~
it = — kg, — ik, (2.109)
Po
(ik)*®, = 4nGp (2.110)

In matrix form, these equations can be expressed as

—iw  ipgk 0 o1 0
.kcg . . _
iLe  —iw ik v | =10 (2.111)
—4rG 0 —k? 31 0
A T

Thus, we have A - = 0. For a non-trivial solution « # 0, A requires

dotA = (w? 4 47Gpy — 2k*)k* = 0 (2.112)
o w? =2k — 4nGpo (2.113)

Equation (2.113) is known as the dispersion relation, which defines the critical Jeans wavenumber
k J is k‘J = @.

When k > kj, we have w? > 0, and the system remains stable. Conversely, when k < kj, we
have w? < 0, and the system becomes unstable, with perturbations growing exponentially. The
threshold wavelength for gravitational instability is the Jeans length;

2 s
A] = — =cCgy | —. 2.114
1=, = ﬂ/Gpo ( )

If the perturbation wavelength exceeds the Jeans length (Ajy), self-gravity dominates over pres-
sure support. The Jeans mass, corresponding to a sphere with radius equal to half the Jeans
length Aj, is given by

_Am (A ’ _ T c 3/2 —1/2

Once perturbations occur, pressure fluctuations generate sound waves that propagate through
the cloud. The characteristic timescale for these sound waves to cross the cloud and re-establish
pressure equilibrium is known as the sound crossing time;

_N

Cs

tee (2.116)

Jeans instability can also be discussed by comparing the sound crossing time (tg.) with the free-
fall time (tg), the gravitational collapse timescale explained in the next section. When tg. < ty,
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pressure effectively stabilizes the cloud against gravitational collapse. Conversely, if ts. > i,
gravitational perturbations grow unabated, resulting in the cloud collapse.

It is important to note that this Jeans analysis assumes contradictory initial conditions.
The unperturbed state assumes constant density and pressure (pg, pp = const.) and zero initial
velocity (vgp = 0). Substituting these conditions into the equation of motion (Eq.2.87) requires
V&, = 0. However, the Poisson equation (Eq.2.89) cannot be satisfied unless pg = 0. This
contradiction is referred to as the Jeans swindle.

2.4.2 Runaway Collapse

When the mass of a gas clump exceeds the Jeans mass (M > Mj), gravitational collapse begins.
The characteristic timescale for this gravitational collapse is known as the free-fall time. Here,
we consider a spherical gas cloud with no pressure gradient, influenced solely by self-gravity.
The cloud initially has a uniform density, and at ¢ = 0, a shell within the cloud at radius r = a
is at rest (velocity v = 0). At a later time ¢, the radius of this shell is denoted as R(t) = af(t, a),
where 0 < f < 1. The equation of motion for the shell at time ¢ is

R .  GM(<a) _ 1 4ma
L f= -“gf;”. (2.118)

In Eq.(2.118), the function f is independent of the initial radius a, indicating that a homo-
geneous gas sphere, regardless of its initial size, contracts simultaneously toward its center if
collapse begins at the same initial time. Integrating Eq.(2.118) with respect to time, we obtain

8mGp(0)

/
3 )12 (f = cos®B) (2.119)

B+ %sin(QB) = t<

As f changes from f = 1 (initial state) to f = 0 (collapse to the center), the corresponding

s s

parameter 3 evolves from 0 to 7. Substituting 8 = § into Eq.(2.118), we obtain the free-fall

timescale /2
3T
e — 2.120

which represents the time it takes for a self-gravitating system to collapse from rest to an
infinite density under its gravity. Eq.(2.120) indicates that higher-density inner regions collapse
more rapidly than lower-density outer regions. Consequently, the central region contracts faster,
forming a dense core while leaving behind an envelope. This phenomenon is known as runaway
collapse.

Larson (1969) numerically calculated the collapse of an isothermal, spherical gas cloud with
an initially uniform density distribution. They found that the density profile of the resulting
envelope follows a power law of approximately p o 7~2. Even in the presence of pressure
gradients, the central region collapses approximately on the free-fall timescale. The size of
the central density peak roughly corresponds to the Jeans length, which scales as p~ /2 (see
Eq. 2.114).

The power-law density distribution of the envelope can be roughly explained as follows;

AJ 1
2 ot~ —— 2.121
il dabv/er (2.121)
Cs T
. — X —5. 2.122
poc ool (2122)

A more detailed derivation is presented in Larson (1969).



Chapter 3

Physics of Inter Stellar Medium

As mentioned in Section 2.4, gas cooling in dense regions triggers gravitational instability, leading
to a runaway collapse and initiating star formation. Subsequently, massive stars born through
this process end their short lifetimes (within tens of millions of years) as supernovae (SNe),
significantly enriching their surroundings with heavy elements. This metal enrichment enables
more efficient gas cooling through metal-line radiation, thus facilitating the formation of the next-
generation stars. Additionally, the ionizing photons emitted by these young stellar populations
ionize the surrounding gas, producing characteristic nebular emission lines that are observable
with current telescopes such as JWST and ALMA. The metal enrichment by supernovae also
leads to the formation of dust grains, crucial for interpreting multi-wavelength observations of
high-redshift galaxies.

Figure 3.1 schematically summarizes these processes, highlighting the connections among star
formation, metal enrichment, nebular emission, and dust formation, all of which are essential
for understanding the chemical evolution of galaxies.

/ " N,

Sta'l' forrlnatitlm Icrll Return as enriched
rpo ecufarc ouﬁ gas with dust

IGM
/\ Ejected to IGM
Massive stars Less massive
Type Il SN stars AGB stars (C, N, O)
(:Pelements) =3 Type-la SNe (Fe)
~10 Myr 1-10 Gyr  Kilonova (r-process elements)

Figure 3.1: Schematic illustration of the metal enrichment process in galaxies.

The left path for massive stars may be important in high-redshift galaxies i.e., low-metallicity
environments. This is because stellar mass is thought to scale with cloud mass (Jeans mass),
which is proportional to Tiéid (Eq.(2.115)). Lower metallicity implies fewer available coolants,

leading to higher cloud temperatures (T¢joud) compared to environments with higher metallicity
1

!The evolutionary paths for stars depend strongly on their ZAMS masses. High-mass stars typically evolve
from the Main Sequence through stages such as Red Supergiants, Blue Supergiants, Luminous Blue Variables,
and Wolf-Rayet stars, ultimately ending their lives as core-collapse supernovae (CCSN). On the other hand, mid-
and low-mass stars evolve from the Main Sequence to the Red Giant Branch, then proceed to the Asymptotic
Giant Branch (AGB), followed by the Thermal Pulsing-AGB phase, and eventually become Planetary Nebulae,
leaving behind White Dwarfs.

21
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Here we summarize the production timescales for four major elements: oxygen, nitrogen,
carbon, and iron. Immediately following star formation, core-collapse supernovae (CCSNe)
dominate the enrichment of the interstellar medium, primarily supplying oxygen and carbon
within the first 30-40 Myr. After about 30 Myr, Type la supernovae begin to contribute
significantly, enriching the environment predominantly with iron. Nitrogen enrichment occurs
on slightly longer timescales (~40 Myr after star formation), primarily through stellar winds
from asymptotic giant branch (AGB) stars. Metallicity (Z) is defined as the total mass fraction
of all elements heavier than helium relative to the baryon mass as

Mmetal

Z = .
M, baryon

(3.1)

The solar metallicity is typically taken as Zz = 0.02 (Anders and Grevesse, 1989). The metal-
licity of stars is commonly expressed using the iron-to-hydrogen abundance ratio;

[Fe/H] = log(Mpe/Mp) — log(MFe/MH)®
= log(NFe/NH) - log(NFe/NH)Q.
For gas-phase metallicities, the oxygen-to-hydrogen number ratio is frequently used;
12 +log (O/H) = 12 + log(No /Nu). (3.4)

The adopted solar oxygen abundance varies between studies, for example, 12 +1og(O/ H)® = 8.6
in Asplund et al. (2009), and 8.9 in Woosley and Weaver (1995).

3.1 Star-forming Regions in a Galaxy

Star-forming regions generally consist of three main components: HIil regions, photodissoci-
ation regions (PDRs), and molecular gas regions, as illustrated in Figure 3.2. These regions
are primarily composed of ionized hydrogen, neutral hydrogen atoms, and molecular hydro-
gen, respectively. Heavier elements (metals) are also present in these regions. Emission lines
from metals are crucial for studying the characteristics of star-forming regions. The detailed
mechanisms behind metal-line emissions are discussed in Section 3.2.

CONMNAA

Molecular HIl region

cloud
H+ O++

Figure 3.2: Hlustration of star-forming regions. HII regions, PDRs, and molecular clouds are
located progressively further from the central stars.

3.1.1 Hir Regions

Massive stars, such as O-type and B-type stars, emit ionizing photons with energies hv >
13.6 eV. These photons ionize the surrounding gas, creating regions known as HII regions.
We define the recombination rate Nyec [cm_3sec_1] as the number of recombinations per unit
volume per unit time.
Nree = npne(oeve) = npnea(T), (3.5)
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where o, is the cross-section for electron capture and (oeve) is a velocity-averaged value

oo

(0eve) :/ 0o f (Ve)vedv. (3.6)
— 00

Since hydrogen is the dominant component, we approximate n, ~ n.. Therefore, Eq. (3.5) can

be rewritten as
Te

Nree = a(T)n2 = a(T)z*nk (3: = nH) , (3.7)

where ny is the total number density of hydrogen atoms (both ionized and neutral), and z is
the ionization fraction.

Let us assume that the gas is optically thick?, meaning that no ionizing photons escape from
the nebula. Additionally, we assume this condition holds within a spherical region of radius Rgs.
Integrating Ny, over the spherical region, we obtain the balance equation as follows,

4
Qo = / NyeedV = ?ﬂRgexzn%a(T), (3.8)

where Qg is the ionizing photon number per unit time emitted from the source stars. In Eq.(3.8),
we introduce filling factor e (Gutiérrez and Beckman, 2008), which is defined as

(volume occupied by the clumps)

€

3.9

(total volume of HiI region) (3:9)
Real Hil regions do not have perfectly spherical shapes but rather complex morphologies, con-
sisting of highly dense, fully ionized gas clumps surrounded by otherwise nearly empty regions
(e.g., Osterbrock and Flather, 1959). Hence, € characterizes the inhomogeneous structure of
Hir regions.

Let us assume that the gas within Rg is totally ionized (x = 1) and that the case B approxi-
mation is valid. A gas is optically thick® to all Lyman Series photons and ionizing photons with
hv > 13.6 eV. Such photons are immediately absorbed by other atoms nearby (“on-the-spot
approximation”). Then, Eq.(3.8) becomes

47
Qo = ?Rgn%ﬁleag,, (3.10)
where nyy is the density of HiI region, and ap is effective recombination coefficient for hydrogen
atoms. The coefficient ap is given by

ap (H,T) = as (H°,T) — oy (H°, T) (3.11)

= ian (H°,T) (3.12)

—0.85
=26x10713 ( Te > cm3s ™! (3.13)
T 104 K ‘ ‘

Here, o, denotes the recombination coefficient for free-bound transitions to energy level n. Using
Eq.(3.10), the size of the Hir region, Rg, can be derived as follows;

3 1/3
Re— (30 (3.14)
Arn2
TN EOB
. NHI —2/3 Qo Y3 — 104 —

2In this sentence, optically thick globally.
3In this sentence, “optically thick” is meant locally.
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which is called Stréomgren radius.

The ionization parameter U is defined as the ratio of the number density of ionizing photons
to that of hydrogen atoms. It quantifies the ionization state within an HiI region and serves as an
indicator of star formation activity, as ionizing photons are primarily produced by young, massive
stars. Since the ionization parameter varies spatially, a volume-averaged ionization parameter
is typically expressed by assuming a spherical HiI region with uniform density (Panuzzo et al.,
2003):

Bs U(r)dnr? Q(r)
= — d h = . 1
(U) /0 %TR% r, where U(r) o (3.16)

Here Q(r) is the number of ionizing photons passing through a spherical shell of radius r per
unit time,

Q(r) = #(total ionizing photons from the source) — #(photons absorbed within r)  (3.17)

47
= Qo — grgn%{neag. (. Eq. (3.10)) (3.18)

Substituting Eq.(3.10) and the Stromgren radius (Eq. (3.15)) into Eq.(3.16), we obtain

Rg
(0 :/O ( Q rnHHaBe> 3r? dr (3.19)

47Tr2nHHc 3c Rg

_ 3@0 47TTL%HIO(B6 2/3 B NHITAOBE 3Q0 1/3 (3 20)
4mngric 3Qo 4c 47m%{HozBe '
30&213/3 3Q€2nHH 1/3

 dc 4 (3.21)

1/3
o -2 N H 1/3 Qo 104 _
=1.0x 10 (W) (5)(10495_1 (fOI’ Te =10 K, € = 1) (322)

The radius that satisfies (U) = U(r) can be derived from the equation z3 + (9/4)z? — 1 = 0,
where x = r/Rg. The solution to this equation is r ~ 0.6 Rs.

3.1.2 Photodissociation Regions (PDR)

Photons with energies below 13.6 eV reach outside HiI region. Hydrogen molecules are pho-
todissociated and exist as neutral hydrogen atoms, and we call such regions photodissociation
regions, short for PDR. In PDR, carbon is first ionized (first ionization potential: 11.26 eV),
and oxygen exists as neutral atoms (first ionization potential: 13.62 eV). Fine-structure lines
such as [C11] 158 pum and [O1] 63 pm are emitted from PDR and their emissivity depends on
the incident radiation field G within the Habing band (6 - 13.6 €V) and the gas number density
n. In reality, these properties have various distributions and HI gases have two-phase states;
warm neutral medium (WNM, 7' ~ 10* K,nyg ~ 0.1 cm~3) and cold neutral medium (CNM,
T ~ 10?2 K,ng ~ 10! — 102 cm™3) as illustrated in Figure 3.3.
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Figure 3.3: Phase diagram in HI region. Points on the black solid line satisfy radiative equilib-
rium between heating and cooling. The phase diagram is for an absorbing column of 10 cm ™2
in Wolfire et al. (1995). The dashed lines indicate constant temperatures.

3.1.3 Molecular Gas Regions

Molecular hydrogen (H,) gas regions are found beyond the PDR. Among the three regions,
molecular gas has the highest density (102 — 10° ecm™3) and the lowest temperature (typically a
few tens of Kelvin). Under typical conditions, molecular gas regions have high internal pressure,
undergo self-gravitationally collapse, and can lead to star formation. Due to their very low
temperature, emission lines from H, are difficult to observe directly because the lowest excitation
energy of Hy corresponds to an excitation temperature of 512 K. Instead, CO emission lines are
commonly used as effective tracers of molecular gas regions.

3.2 Radiative Processes

3.2.1 Selection Rules and Forbidden Lines

Emission lines arising from electric dipole radiation are termed permitted lines and must satisfy
the following selection rules;

1. AL =0, £1(but L' =0 — L = 0 is forbidden)

2. AJ =0, +1

3. AS =0,

where L is the orbital angular momentum, S is the spin quantum number, and J is the total
angular momentum, i.e., J = L+ 5. However, even when transitions by electric dipole radiation
are forbidden, transitions by magnetic dipole or electric quadrupole radiation are permitted.
These transitions can occur in low-density environments, where collisional de-excitation is un-
likely to occur. The corresponding emission lines are called forbidden lines and are generally
denoted by brackets around the ion, such as [O111] or [Cr11].

Also, there are the other emission lines coined semi-forbidden lines, which are electric dipole
radiation but with changes of AS = +1. The semi-forbidden lines are denoted by | around the
ion, such as Cri].
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3.2.2 Collisionally Excited Line Emission and Critical Density

Collisionally excited line emissions, such as [O11] , [O111] , and [N11], play a crucial role in radiative
processes within nebulae. The abundance of these ions is small relative to hydrogen (e.g.,
No/Nyp ~ 10732 Nx/Ny ~ 10740 for solar abundance (Grevesse and Sauval, 1998). However,
their excitation potential of a few electron volts, and thus can be dominant radiation in a diffuse
nebula. The details are described in Seaton (1954, 1960); Osterbrock and Ferland (2006).

We consider a two-level system, as illustrated in Figure 3.4. Here, Xo1 represents the tran-
sition coefficient from the upper level (2) to the lower level (1). The Einstein coefficient for
radiative de-excitation is denoted by Asi[s~!], and the collisional de-excitation rate per unit
volume per unit time is represented by go1[cm3s™1].

Two-level system

2

»

A21| nigi2' in2Q21

POy SEya——

Y

Radiation Collision

Figure 3.4: Transitions in a two-level system via radiation (solid arrows) and collisions (dashed
arrows). The quantities n1qi2, A1, and nago; represent the excitation and de-excitation rates
per unit time.

We calculate the collisional excitation and de-excitation rates qia, g21. The relationship
between ¢i2 and o1 is derived using the principle of detailed balance, which states that an
elementary process (such as collisional excitation) is in equilibrium with its reverse process (col-
lisional de-excitation) in a microscopic system in thermal equilibrium. In thermal equilibrium,
we have

(rate of collisional excitation with velocities u; ~ uy + duq)

= (rate of collisional de-excitation with velocities ug ~ ug + dug).

We can express this by using the collisional cross-section ¢ and Maxwell-Boltzmann velocity

distribution f(u) = NG <2I~ZT> u? exp <2TZ:T> as follows,

nenlulalg(ul)f(ul)dul = NeN2U2091 (UQ)f(UQ)dUQ (323)

cn2 _ uidug o12(uwr) f(u1)

S = 3.24
n1  ugdug 021(u2) f(us2) (3:24)

o12(u1) U% m 2 2

_ 21 _ - 2
O'21(U2) u% oXp 2]€BT (ul u2) (3 5)
Here, u; and us have the following relationship;
1 1

—mu? = x + ~mu3, (3.26)

2 2

where x is the excitation potential.
In thermal equilibrium, the Boltzmann distribution between the two levels gives

Wwexp< X ) (3.27)

ny N w1 _kBT
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where w; is a statistical weight. From Eq. (3.25) and Eq. (3.27), we obtain the relation;

wous oo (ug) = wiudora(uy). (3.28)
1 .. oL . . 9
When §mu1 > ¥, the collisional excitation can occur and its cross-section o9 scales as 019 < u
due to electronic repulsion as follows (Hebb and Menzel, 1940),
wh? Q(1,2)
ur) = , 3.29
0'12( 1) mgu% w1 ( )

where (1, 2) is the collision strength, a quantum mechanically determined quantity. The cross-
section of collisional de-excitation o9; is also calculated by Eq.(3.28) and Eq.(3.29),

h? Q(1,2)
=— . 3.30
o21(u2) - R ( )
Finally, the collisional de-excitation rate per unit time per unit volume is
o
g1 = / u2091 f (u2)dus (3.31)
0

27 1/2 hz T(172) B 00 mv% m’(}%
_<kBT) m3/2  wo <T(1,2)=/0 Q(1,2) exp <_2kBTe>d<2kBTe)> (3.32)

8629 x 107°7(1,2)

T o [cm3 sec™!], (3.33)

where T (1 9) is the average collisional strength {2 5). The cross-section of collisional excitation
is also calculated in the same way,

no 8.629 x 1076 Y1 2) X 3.1
Q12=n*1Q21= T-1/2 w1 exp _kBiT [cm? sec™ "] (3.34)

Since electrons can be excited by collision* and be de-excited by collision or radiation, the
balance equations are

neN1q12 = Nenagz1 + nz Ao (3.35)

S22 Neq12 (3 36)

.. ny A21 |:1 + njgil]

The Einstein coefficient Asq is determined by quantum physics, while the collisional excita-
tion and de-excitation rates 12 and g2; are calculated using Eq.(3.34) and Eq.(3.33), respectively.
The density at which collisional de-excitation and radiative de-excitation occur at equal rates is
termed the critical density, defined as;

A
Nerit = —2%. (3.37)
q21
From Eq.(3.36), the volume emission rate 1o [ergs™ cm™3] is
1
€21 = naAg1hpior = neniqra————hpror. (3.38)
1+ —
Ncrit

4Electrons are primary collision particles in HII regions.
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When the electron density is very low (1. < nerit), collisional de-excitation can be neglected;

€21 = naA21hpror = neniqiahpron (3.39)
8.629 x 1076 Y (1 9) X
= NeNqVa1 Ti o exp <_/€BT> (3.40)

We see that the emission rate is proportional to nen; in the low-density limit, implying that eo;
becomes maximum around ne = Nt -

In the high-density limit (ne > neit), collisional de-excitation is dominant and Eq.(3.38)
becomes

€21 = n2Ao1hpro (3.41)
= 112 Agy hpumy (3.42)
ni
w2 X . .
=ni1—exp | ———= | Ao1hpre;. (" Boltzmann distribution) (3.43)
w1 kT

We see that €15 x n; at given temperature 7', and the emission rate is much smaller than that
of low-density (n. < neit) case because n < ne.

In practice, ions often have multiple energy levels. For example, ions whose configurations
are 2p? or 3p? (¢ = 2,3,4) have five levels. The thermal equilibrium at level i is expressed as

Z Nn;Neqj; + Z njAji = Z NiNeqij + Z niAij Z n; =mn (3.44)
J

J# J>i J# J<i
From Eq.(3.44), we derive the critical density for multi-level systems as;

_ Zj<i Aij

ne(7)
i Ui

(3.45)
Note that we have to consider both collisional and radiative excitation rates in the multiple
systems.

The left panel of Figure 3.5 shows the volume emissivity (¢) of [O111] 5007A as a function of
electron density. The middle panel indicates € &< n? (n) in low(high)-density limit as shown in
Eq.(3.40) and Eq.(3.43). The volume of HII region satisfies V oc ng? and the total luminosity

decreases as L o< n; ! in high-density limit as shown in the right panel of Figure 3.5.

10720 4 —5.0 2 /7 39
r]”_‘ : ane,, -
- ] H ’
E E 773 P ‘:ﬂ 381
=10y T -100 L 5
[ . : X e =
o 20 125 A S 77
o) L S =
—_ —-22 - w
f=3 . vy -
= 20000 (K] ad <
S 107234 KT c% 200 - < 351
= —— 30000 K] : o i w
—— 40000 [K]  : £ s -
T . '. . . . . . 34 , . . .
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
log n, [cm™3] log n, [cm™3] log n, [cm™3]

Figure 3.5: (Left) Cooling rate of [O111] 5007 A. (Middle) Volume emissivity of [O111] 5007 A.
Emissivity is calculated from € = neng++ A by assuming ng++ = 10%n,. (Right) Total luminos-
ity of [O111] 5007A from HiI region. Luminosity is calculated from L = e x V = e x Qq/(n2ag) by
assuming Qo = 5 x 10*s~!. The dotted vertical lines represent the critical density of [O111] 5007
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Table 3.1 summarizes the critical densities and excitation temperatures for emission lines
particularly important in diffuse nebulae. Ions whose ionization potentials (Ejq,) exceed 13.6 eV
can exist only in HII regions, and thus mainly collide with free electrons. In contrast, ions with
ionization potentials below 13.6 eV can exist in both HiI regions and PDRs, mainly colliding with
free electrons and neutral hydrogen atoms, respectively. Note that the [S1] 6717A and 6731A
lines have ionization potentials below 13.6 €V but relatively high excitation temperatures (Tox >
10* K). This indicates that these lines primarily originate from the edges of HiI regions rather
than from PDRs. On the other hand, the [C11] 158um line also has a low ionization potential,
but its lower excitation temperature (~ 100 K) suggests it originates from both Hil regions and
PDRs.

Table 3.1: Properties of significant forbidden lines from HII regions. ‘config’: electron config-
urations, Fion: ionization potential, ng;,: critical density with colliders of electrons (hydrogen
atoms) at the temperature of 10* K. Teye: excitation energy from the ground state (= Ejo/kB).
Values are adopted from Osterbrock and Ferland (2006) and Draine (2011).

ion config FEjo[eV] transition (u —1) wavelength — Texc[K] N it [cm_?’]
Cu 2p! 11.3 “Pyjy —* Pijo 158 pm 91.2 50
N 2p? 14.5 3P, 3 Py 122 ym 188 310
3p -3 PRy 205 pm 70 80

1D, -3 P 6548 A 2.20 x 10*  6.60 x 10*

1Dy, -3 Py 6584 A 2.20 x 10*  6.60 x 10*

N 2pt 29.6 2P50 =2 Py 57 pm 302 1.50 x 103

Oon  2p° 13.6 D52 —* 830 3727 A 3.86 x 107 3.40 x 107

2D35 —* S50 3720 A 3.86 x 10*  1.50 x 10*

Om  2p? 35.1 Sp, -3 Py 52 pm 441 3.60 x 103

3p -3 PR 88 pm 163 5.10 x 102

16y =1 Dy 4363 A 6.12x10* 2.78 x 107

1D, -3 P 4959 A 291 x 10*  6.80 x 10°

1Dy =3 Py 5007 A 291 x 10*  6.80 x 10°

Nemr  2p? 41 1Sy =1 Dy 3343 A 8.02x10* 1.37x108

1Dy -3 P, 3068 A 3.72x10*  9.50 x 106

1D, =3 py 3869 A 3.72x 10*  9.50 x 106

su  2p? 10.4 *Ds/5 —* S5 6717 A 214 x 10" 157 x 10

*D35 —* S35 6731 A 214 x10*  1.49 x 10*

St 2p? 23.3 Sp, -3 Py 18 pm 1.20 x 10> 1.31 x 10*

3P -3 Py 33um 429 4.22 x 103

1Sy —1 Dy 6312 A 3.91x10* 1.52 x 107

3.3 Nebula diagnostics by line ratios

As derived in Section 3.2.2, the emission rate of a radiative transition from an upper level j to
a lower level i (j > i) is given by

€ji = EjiAjinj7 (3.46)

A= (2J;+1)A(L;, S;,J; — Li, Si, Ji 3.47

" (2Lj+1 )(2S; + 1) D @+ 32833 = Lis Sis ). (347)
J]7JL

where Ej; is the transition energy, n; is the number density of particles in the upper level, and

Aj; is the Einstein A coefficient averaged over the fine-structure levels of the upper term and
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summed over those of the lower term. In what follows, we describe several commonly used
emission-line diagnostics for inferring the physical conditions of ionized gas.

3.3.1 Electron Temperature Estimation

Hydrogen recombination lines are relatively insensitive to both the electron temperature (7¢)
and electron density (ne), as their emissivities are primarily governed by radiative cascades de-
termined by the Einstein coefficients. Table 3.2 summarizes the emissivities of selected hydrogen
lines relative to HB, assuming the Case B approximation.

Table 3.2: Hydrogen emission line intensities relative to Hj, denoted as X /Hf = jx/jug. The
Case B approximation and low-density limit are assumed. Values are adopted from Osterbrock
and Ferland (2006).

Temperature [K] 2,500 5,000 10,000 20,000
Amjus/(nenp) g 70 4 1075 154 x 1075 830 x 10-26 421 x 1020
[ergs™ cm™°]
Lyman series Lya/Hp 33.0 32.5 32.7 34.0
Balmer series Ho/HpB 3.42 3.10 2.86 2.69
Hy/HS 0.439 0.458 0.470 0.485
Hé/Hp 0.237 0.250 0.262 0.271
Paschen series Pa/Hp 0.684 0.562 0.466 0.394
Pg/HpS 0.267 0.241 0.216 0.196

In contrast to hydrogen recombination lines, forbidden emission lines of metal species serve
as more sensitive diagnostics of T;, in HII regions. Accurate determination of the electron tem-
perature is essential for deriving gas-phase metallicities, as discussed in Section 3.3.3. Electron
temperature is typically inferred from the ratio of line intensities originating from transitions
between levels with significantly different excitation energies within the same ion. In this study,
we adopt the classical formulation introduced by Seaton (1954, 1960) to derive Tt from these
emission line ratios.

The electron configurations of the relevant ions are of the form 2p? or 3p? with ¢ = 2, 3,4,
and we denote the energy levels by n = 3,2,1 as illustrated in Figure 3.6.

[OIlll] energy diagram

1So n=3
4363
2321
: Dy n=2
5007 | : |ag59
2 :
1 » v+52umv 3P n= 1
0 \ "4 W 88um
4931

Figure 3.6: [O111] energy diagram. Blue, green and red arrows indicate UV, optical and FIR
emission lines, respectively. [O111] 4931A is emitted only by an electric-quadrupole transition
and its emission is weak.
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In equilibrium, the population of each level is determined by the balance between collisional
excitations, de-excitations, and radiative transitions. For a three-level system, the population
equations for levels n = 2 and n = 3 are written as

=2) niqi2 +n3(Asz + Cs2) = na (A1 + Co1 + Ca3) (3.48)
(n = 3) n1C13 + noCas = ngs (A31 + Ao + C31 + 032) , (3.49)

where C}; denotes the collisional transition rate (per unit time) from level j to 4, given by
Cji = neqji, (350)

with ¢j; being the rate coefficient per unit volume, as defined in Eq. (3.33). By eliminating n;
from Egs. (3.48) and (3.49), the level population ratio ny/ns can be expressed as

n2 _ Cr { (Az1 + C31) + (As2 + C32) [1 + C13/C12] } (3.51)
ng  Ciz | (A21 + Co1) + (C12C23/C3) [1 + C13/Ch2] | '
Using Eq. (3.50) and the definition of gj;, the ratio C13/C12 simplifies to
Cis  neqis Y13 ( E32>
—_ 2 = ——"¢e — . 3.52
Ciz neqiz Y PR (3:52)

In the low-density limit, collisional de-excitation from the upper level n = 3 is negligible com-
pared to spontaneous radiative transitions. Thus, we assume

T C
—3) < 1, A31 > 031, Azo > C30 = —13 < 1. (3.53)
T1,2) Chz

Under these conditions, Eq. (3.51) reduces to a simpler form:

ng  Ciz | A2i + C2(Cs1 + C32)/Cs1 | '
The emissivity ratio of the two transitions, €1 /€3;, is then expressed as
e _ EnAnny  Exnda Cu{ Az + Az } (3.55)
€3i  E3iAzing  E3iAs Ci3 | Aor + Co1(C31 + C32)/C31 ‘
Eo Y12 <E32) Az1 + Asz] 1
= — exp — 3.56
|:E3i T(13) kT, As; + %70‘“&?‘2 (3.56)
1 1
=[-1 1+ ne_921(g31+932) =l 14 ne T2 (TantYse) (3.57)
Ao q31 T1/2 Agiwa T(3,1)
Kiexp (%)
_ =) (3.58)
1+ K2ﬁ
where K and K5 are constants depending on the atomic structure of the ion.
For the [O111] line ratio with ¢ = 2, the constants are given by
j j 7.90 exp (3.29 x 10*/T,
€21 _ J4959 + Js007 _ p ( /Te) (3.59)

€32 J4363 14+4.5x 10*4ne/Tel/2 '

Other ions with similar electron configurations (np?), such as [N, [Ner], and [Sr],
exhibit comparable behavior and can also be used as electron temperature diagnostics. The
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Table 3.3: Values of K1, Ks, E3y for line ratios of [Om1], [N11], [Nermi], [Sii], adopted from
Osterbrock and Ferland (2006).
ion )\21 [A] )\32 [A] K1 K2 E32/k‘B
[Om1] 495945007 4363  7.90 4.5 x10~*% 3.29 x 10*
[N1] 654846583 5755  8.23 4.4 x107% 2.50 x 10*
[Nerrr]  3869+3968 3343  13.7 3.8x 107° 4.30 x 10*
[St] 953249069 6312 544 3.5x107*% 228 x 104

corresponding values of K7, Ks, and E3o are summarized in Table 3.3. The dependence of the
line ratios on 7T, at a typical electron density of n, = 100 cm™? is shown in Figure 3.7.

10 5
] —— [OIII] (5007 + 4959)/4363
—— [NII] (6548 + 6583)/5755
——  [NellI] (3869 + 3968)/3348
10° [SIII] (9532 + 9069)/6312
o ]
=
<
(o'
107 4
10!

5000 75b0 lO(I)OO 125IOO 15(I)00 175|00 20000
Temperature [K]

Figure 3.7: Line ratio as a function of electron temperature with the electron density of n, =
100 cm™3.

3.3.2 Density estimation

The electron density ne can be derived using line ratios of transitions from levels with similar
excitation energies but different critical densities. In particular, we focus on transitions within
the same ion that share a common lower level, differing primarily in total angular momentum.
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[OIl] energy diagram [Sll] energy diagram
2Pys2 2Pg/o
I 2P32 I 2Py2
7330 7319 4076 4068
n=2 5/2 3/2
3729] 13726 6731] |6716
A 4S3/2 4 4S3/2

n=1

Figure 3.8: The first five energy diagram of O1r and Si1, which have np? configuration. Note
that only the main optical emission lines are drawn as green arrows.

Figure 3.8 illustrates the first five energy levels of [O11]and [S11], both of which have an
electron configuration of np3. The optical transitions indicated by green arrows arise from closely
spaced levels 2Ds /2 and ’Ds /2, which have nearly identical excitation energies. Consequently,
their population ratio is largely insensitive to electron temperature, making their line ratio an
effective diagnostic of electron density due to their different critical densities.

Denoting the levels D5 /2 ’D; /2, and 48, /2 as levels 3, 2, and 1 respectively, the intensity
ratio of the two emission lines is written using Eq. (3.38) as®

. Ne
Jar _ €1 quzhva T+ e (3.60)
g e L4 gtes qushus '
_ @2V21Nait21 Merit3l TN _ ab + ne (3.61)
q13V31Mcrit,31  Merit,21 1 Me Cc+ne
Solving for n. as a function of the observed line ratio R = jo1/j31 gives
cR —ab
R)=—. 3.62
ne(R) = S (362)
In the low-density limit, where collisional de-excitation is negligible, the line ratio simplifies to
Jor _ €1 quehvy (3.63)
Js1 €1 qushvs '
wo Eo w1 E3y
= e ——— | Ey1 - —e — | E 3.64
o1 XP< kT> 21 3 Xp<+kT> 31 ( )
W Ez\ FEo1  we
_ w2 i s 3.65
» exp(kT) e (3.65)

where w; is the statistical weight of level i, and the final approximation holds for F3o < kT and
FE35 < Eo;. This is valid because the collisional excitation strengths and energy separations are
nearly equal for the two transitions. For [O111], the low-density limit yields

JA3729

, — 1.5, (low density limit) (3.66)
JIN3726

In the high-density limit (ne — 00), the level populations approach thermal equilibrium, and
the ratio becomes
j Teri wy A
Jg 5 12Merit,21 _ W2 ﬂ' (3.67)
J31 q13Mcrit,31 wg Az

5In these D33 — S3/2, D52 — S3/2 transitions, we can treat them as two-level systems.
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Thus, for [O11], the high-density limit gives

JA3729 o 3 3.6 x 1075
3726 2 1.6x104

= 0.34. (high-density limit) (3.68)

Figure 3.9 shows the dependence of [O1]and [Si]optical line ratios on electron density at
T. = 10* K.

1.50 1

1.25 1

1.00 -

0.75 A

Ratio
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— [OI1]3729/3726
— [SII]6716/6731

0.25 A

0.00
10° 10! 10? 103 10* 10°

Ne T4— 172 [Cm—3 ]

Figure 3.9: Line ratio as a function of electron density at 7, = 10* K.

In the far-infrared, the [O111] 52, um /88, pm line ratio also serves as a sensitive probe of ne.
The levels involved in these transitions are 3P, 3P;, and 3Py, denoted as levels 2, 1, and 0,
respectively. The line ratio is given by

] ] Ao1h
o2 Jal_ TefollPal (3.69)
jss  Jjio  miAiohvio

Three-level system

R 2
:EA:1
l, Ly Y

A10A21 Co2Cz Co1Cro 0
Radiation Collision

Figure 3.10: Transition through radiation (solid) and collision (dashed) in three-level systems.

Assuming a three-level system and neglecting radiative cascades from higher levels (Fig-
ure 3.10), the equilibrium level populations satisfy

(n = 2) Coong + Ciang = (020 4+ Agg + Co1 + Agl) n9 (3.70)

(n=1) Coing + (Co1 + Ag1) n2 = (C1p + A0 + C12) 11 (3.71)
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Eliminating ng from the above two equations, we obtain

ny _ Co2 (C10 + A1o) + Co2C12 + C12C01 (3.72)
n1 Cop (Coo + Agp) + Cor (Co1 + A21) + (Co1 + A1) Coo '

In Eq. (3.69), under the low-density limit, second-order terms in C' (i.e., O(C?)) can be
neglected. In this case, the population ratio simplifies to

n9 Co2410 Co2410

— ~ " Agy K Aogq). 3.73
n1  Co1 (A2 + A21) + A21Co2  (Cor + Co2) A2y (A2 21) (3.73)
Therefore, the FIR line ratio becomes
] ] A Asrh —FEo /KT E
gs2 _ Jun _ Coaduo othvar  qeoexp(—E2/kT) 2L (low density limit)

jsg 10 (Cor+ Co2)Az1  Ajohvng  quo + qaoexp(—Eo1 /KT)  Eng’ (374
3.74

In the high-density limit, where collisional transitions dominate over radiative ones, the
system approaches thermal equilibrium. The level populations then follow the Boltzmann dis-
tribution, and the emission line ratio becomes

Js2 J21  we FEo1\ Az Ea . .
=~ "exp|l—>=]- . high density limit 3.75
Jss  Jio w1 P ( kT > AoEr (hig Y ) (3.75)

The collisional excitation and de-excitation rates, Cj; (for i > j) and Cj;, scale as ne/ T2 x
exp(—Eji/kT.) and ne/Tel/Q7 respectively. Therefore, the [O111] 52um /88um line ratio can be

characterized as a function of neT), 1 2, where Ty = T,./10*K, as shown in Figure 3.11.

[OIII]52um/88um
104 — T.=10°K -
--=- T.=2x10*K
8 wevenn Te:3X104K

Ratio

10! 10? 103 10* 10° 10°
Ne T4— 1/2 [Cm—S]

Figure 3.11: Line ratio [O111] 52um /88um as a function of ne TZI/Z with different electron
temperatures of T, = 10% (solid), 2 x 10* (dashed), and 3 x 10* K (dotted).

3.3.3 Metallicity Estimation
3.3.3.1 Direct Method for Electron Temperature Measurement

In Hi1 regions, oxygen atoms are ionized and the oxygen abundance relative to hydrogen can be
written as

O O+ O—H—
H -\ Hb

(3.76)



36 CHAPTER 3. PHYSICS OF INTER STELLAR MEDIUM

The abundance O /H* is derived from the line ratio of [O111] to H3. The emissivity of the
[O111] AX5007, 4959 lines is calculated using Eq. (3.40) as

4 4

—1/2 Eso
€X5007 T €X4959 = 56,\5007 = gnenZQB2hV32 X nen(o++)Te / exp <— T ) ) (3-77)
[$]

where the ratio €xs007 : €xa959 = 3 : 1 is set by quantum mechanical selection rules (Storey and
Zeippen, 2000).
The emissivity of HB is expressed as

ens = nenyp afls Bug o< nen(HT)T, (3.78)
Combining these expressions, the line ratio becomes

€A5007 1 €959 n(0*F) 12 E3o
e T _
€HpB U@ty ° P kT, )’

(3.79)

where the coefficient C is determined by atomic parameters and is only weakly dependent on
temperature.
The abundance O /H™ is derived in the same manner using the [O11] AA3726, 3729 lines:

€A3726 T €A3729 n(0O%) 1/2 Ex3726 E3729
= C! T - - . 3.80
o 2omny e PP\ ) TP T (3:80)
From Egs. (3.79) and (3.80), the total oxygen abundance is obtained as
0)
_ Gsnr DU(Ty) + EA5007 F EM959 Do(To), (3.81)
H €HJ €HB

where the electron temperature T, is determined via the method described in Section 3.3.1.

However, detection of the auroral line [O111] A4363 is challenging due to its weak intensity at
low temperatures. Since this line can only be efficiently emitted in high-T, environments, direct
estimation of T, is often limited to low-metallicity systems.

3.3.3.2 Strong-Line Method

As an alternative to the Te-based method, metallicity can be estimated using strong-line diag-
nostics, which rely on bright emission lines such as [O111], [O11], HB, or [N11] and Hev.
A widely used indicator is the R23 index, defined as

[O11] x3727 + [O111] A4959,5007
HpBx4861

It has been empirically established that Rgg correlates with gas-phase metallicity (e.g., Pagel
et al., 1979; McGaugh, 1991; Nagao et al., 2006; Maiolino et al., 2008; Curti et al., 2017, 2020).
Note, however, that R23 is a double-valued function of metallicity and must be interpreted with
care. Additionally, since the involved lines span a wide range of wavelengths, dust extinction
can significantly affect the ratio, and proper correction is essential.

Another useful diagnostic is the N2 index,

R23 =

(3.82)

N11] r6584

[
N2 = , 3.83
Haxgs63 (383)

which benefits from the proximity of the two lines in wavelength, making it less sensitive to dust
attenuation. Unlike R23, the N2 index is a monotonic function of metallicity.

However, [N11] \6584 tends to be extremely faint in low-metallicity environments. This is
because nitrogen is predominantly synthesized in asymptotic giant branch (AGB) stars, which
begin to contribute only after ~40 Myr following a star formation episode, as will be discussed
in the next section.
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3.4 Dust Physics

From the discussions in the previous sections, we introduced that star-forming regions consist of
multi-phase gas, and all gas phases with non-zero metallicity contain dust. Dust is a small solid
particle, typically less than 0.1 pum in size. Although the total dust mass typically accounts
for less than 1% of the total ISM gas mass, dust particles have interaction cross-sections for
continuum radiation 10% times larger than gas particles. Thus, dust efficiently absorbs the
rest-UV and optical emission from stars and re-emits it as infrared radiation. Consequently,
understanding dust physics is crucial for interpreting dust-obscured star formation histories in
the early Universe (see Chapter 4 for an observational overview).

In this section, we first summarize how dust is produced, destroyed, and grows in the early
Universe. We then review its composition, size distribution, and optical properties. Finally, we
outline the Monte Carlo techniques commonly employed to model radiative transfer through
dusty media.

3.4.1 Dust Production and Evolution

At least within HII regions, the optical properties of dust and the dust-to-gas mass ratio are
roughly similar to those found in the general interstellar medium. This leads to three fundamen-
tal questions: How are dust particles initially formed? How long can they survive? And how
are they eventually destroyed? Considerable research has been dedicated to addressing these
questions, and the main findings are summarized here. This section is based on Schneider and
Maiolino (2024).

First, let us consider the formation of dust particles. In the early Universe, a primary dust
production site is the ejecta from Type II supernovae (SNe). Immediately after a massive star
explodes, metal-enriched gas is expelled at velocities of several thousand kms™—!, and its initial
temperature exceeds 108 K, too hot to produce dust. A few hundred days after the explosion,
however, the gas cools to a few thousand Kelvin due to radiative cooling and expansion. During
this phase, certain atoms combine to form molecules such as CO and SiO, and dust nucleation
begins within the SN ejecta. Dust grains nucleate according to classical nucleation theory, and
subsequently, these molecules collide and coagulate, growing into larger dust grains. About 103-
10* years after the explosion, a reverse shock interacts with this dust, destroying small grains
(< 0.2 um) through sputtering, a process in which impinging atoms or ions erode dust grains by
collision. Finally, the surviving larger grains (> 0.2 um) are mixed into the interstellar medium
(ISM).

Both theoretical and experimental studies indicate that dust grains, once formed, can grow
through the accretion of individual atoms from the interstellar gas. However, initial dust for-
mation via atomic collisions alone is not possible, even at the highest densities found in gaseous
nebulae.

The other major production site is AGB stars. AGB stars represent the late evolutionary
stage of low-mass stars in the mass range 0.8 — 8 My, consisting of helium and hydrogen shell
burning surrounding a degenerate carbon-oxygen core. These stars experience pulsations near
their surfaces, causing continuous mass loss at rates of roughly ~ 107 — 107" My, yr~'. At-
mospheric shock waves driven by stellar pulsations propagate through the stellar atmosphere,
lifting gas above the stellar surface and creating dense, cool layers favorable for solid particle
formation (e.g., Hoefner et al., 1998). The ejected gas cools a few au away from the stellar
surface, allowing molecules such as CO, SiO, and CyHs to form, with molecular abundances
determined by the local C/O ratio. As the temperature drops to around 1000-1500 K, these
molecules collide and coagulate, forming seed nuclei. Metals present in the surrounding gas
then accrete onto these seed nuclei, facilitating dust grain growth. These grains absorb optical
radiation from the star and are subsequently blown out by radiation pressure. The resulting
dust grain size distribution typically ranges from 0.01 — 0.1 pgm.
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In addition to AGB stars and core-collapse supernovae, massive stars can also contribute to
dust formation during their late evolutionary stages, particularly in the red supergiant (RSG)
and Wolf-Rayet (WR) phases. RSGs represent the evolved helium-burning stage of massive
O/B stars with initial masses < 40 M. The duration of the RSG phase depends on the initial
stellar mass. For instance, it lasts approximately 0.4 Myr for a 25 M, star and about 2 Myr
for a 10 M, star (Meynet and Maeder, 2003). RSGs have low surface temperatures and drive
slow, dense stellar winds, leading to favorable conditions for dust formation. The estimated dust
formation rate in RSGs is ~ 3 x 1078 M yr—! kpc=2, which corresponds to roughly 1 % of the
dust production rate of AGB stars. WR stars are the evolved descendants of RSGs that have
lost their hydrogen envelopes. They exhibit strong, fast stellar winds (~ 1000 — 3000 kms™1!)
capable of destroying pre-existing dust grains produced in the preceding RSG phase. For single
WR stars, surface temperatures are too high (2 30,000 K) to allow dust formation. However,
in binary systems, gas can cool effectively in wind-wind interaction regions, enabling dust to
form. Despite dust formation during these massive-star phases, much of the newly formed dust
may be subsequently destroyed during the supernova explosion. UV flashes from supernovae can
evaporate grains, and shock waves from the explosion can sputter or completely destroy dust
particles, as observed in the supernova remnant Cas A (e.g., Dwek et al., 2008).

In summary, the primary sites of dust formation are supernova ejecta and the stellar surfaces
of AGB stars. Since the evolutionary timescale for massive stars to explode as supernovae is
about 4-40 Myrs, whereas low-mass stars require more than 300 Myrs to reach the AGB phase,
the dominant dust formation channel in the high-redshift Universe (at z > 6) is thought to be
Type II supernovae (Mancini et al., 2015).

However, the amount of stellar-produced dust is insufficient to explain the observed dust
masses in galaxies. Subsequent dust growth via accretion in the ISM plays an important role in
significantly increasing the dust mass. Metals present in the cold neutral medium of PDRs and
molecular clouds accrete onto dust grain surfaces through weak electrostatic (van der Waals)
forces, increasing grain sizes.

Dust grains can also be destroyed by several processes, including erosion by FUV photons
with E > 5.6eV and grain-grain or gas—grain collisions. When dust grains are exposed to strong
FUYV radiation fields, erosion can occur through photodesorption and photodissociation, which
break down C-C and C-H bonds. Small grains such as PAHs are particularly susceptible to
destruction by FUV radiation. Furthermore, shocks in the turbulent ISM can cause collisions
between dust grains, leading to shattering or vaporization. The typical threshold velocity for
such grain—grain collisions is ~ 10kms~!.

3.4.2 Dust Composition

Dust composition and its size distribution in the interstellar medium (ISM) have been investi-
gated indirectly through observations of elemental depletion patterns, extinction curves, polar-
ization, and infrared spectral features.

In the absence of dust, the gas-phase elemental abundances in the local ISM would be
expected to resemble the solar abundance. However, absorption line measurements have revealed
that elements such as C, Mg, Si, and Fe are underabundant in the gas phase (i.e., depleted),
indicating that a substantial fraction of them is incorporated into dust grains (e.g., Jenkins,
2009). In a typical diffuse interstellar cloud, about 2/3 of carbon and more than 90% of Mg, Si,
and Fe are believed to reside in solid grains.

The extinction curve also provides information on the dust composition. Extinction is the
combined effect of dust absorption and scattering. It is measured by comparing the spectra of
two similar stars, one of which is reddened while the other is unaffected by dust. Assuming that
the extinction tends to zero at infinite wavelengths (A — 00), one can determine the wavelength
dependence of the dust attenuation. The extinction Ay at wavelength A in magnitudes is defined
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as

Ax [mag] = 2.5logyo (For/F)) (3.84)

where F) is the observed flux and Fj  is the intrinsic stellar flux without dust. The extinction
in magnitudes is related to the optical depth by

Ay [mag] = 2.5log;ye™ = 1.0867). (3.85)

Figure 3.12 shows the extinction curves in the Milky Way. Because photons with A < 1000 A
are absorbed by atomic hydrogen, the extinction curve is shown up to A™' = 10 um~'. These
extinction curves vary from sightline to sightline. The slope in the optical regime is characterized
by the dimensionless ratio:

_ Ay Ay
V= Ap— Ay EB-VY)

R (3.86)

where Ap and Ay are the extinctions measured in the B(4405A) and V(5470A) photometric
bands, and E(B — V) = Ap — Ay is the redding. The average value in the diffuse Milky Way is
Ry ~ 3.1, although there are variations depending on the environment.

The extinction curves also exhibit a prominent bump at A™' = 4.6 yum~"

A = 2175 A. This feature is well described by a Drude (Lorentzian) profile:

, corresponding to

4mg? v

me 4(w —wp)2 + 2’

Cas = (3.87)

where ¢ is the charge of the dust grain, m is the grain mass, w is the radiation frequency, and wyq is
the natural (resonant) frequency of the dust particle. Here, the damping constant v is defined as

y = 2989 The Full Width Half Maximum (FWHM) is equal to . While the central wavelength
is nearly identical across different sightlines, the feature width varies considerably (Fitzpatrick
and Massa, 1986). The extinction peak is widely attributed to aromatic carbonaceous materials,
most likely a cosmic mixture of PAH molecules (e.g., Joblin et al., 1992; Li and Draine, 2001).
The feature arises from the m — 7* electronic transition in sp?>-bonded carbon sheets.

Infrared extinction features also offer clues to dust composition. In Figure 3.13, the Milky
Way ISM shows strong absorption at 9.7 ym and 18 pm , which are attributed to Si-O stretching
and Si-O-Si bending modes in silicate minerals, respectively. Another broad feature at 3.4
pm arises from C-H stretching modes in hydrocarbons (Pendleton and Allamandola, 2002). In
dense molecular clouds, additional absorption features due to ices, such as HoO, NHg, and COa,
can also be seen.
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Figure 3.12: Interstellar extinction curves of the Milky Way with different Ry (Ry =

2.75,3.1,4.0,5.5). Here Ry = 3.1 is the average value. The MW extinction curves are plot-
ted using the CCM fitting functions (Cardelli et al., 1989).
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Figure 3.13: Extinction curve relative to the extinction at 8020A. The extinction bumps at
A =09.7, 18 um are originated from silicate. This figure is taken from Draine (2011).

The IR emission spectrum also provides valuable information on dust composition. As shown
in Figure 3.14, strong features at 3.3, 6.2, 7.7, 8.6, and 11.3 pm are now widely identified as
vibrational modes of PAHs (e.g., Leger and Puget, 1984; Allamandola et al., 1985), and these
features are seen in a wide range of Galactic and extragalactic environments (Draine and Li,

2007).
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Figure 3.14: The PAH emission spectrum between 5 yum and 15 um observed in the reflection
nebula NGC7023 (Cesarsky et al., 1996). Each emission feature is labeled with a black dashed
line. Above each feature, the corresponding emission mechanism is indicated.

3.4.3 Grain Size Distribution

A comprehensive model for interstellar dust must specify both the composition and the geometry
(size and shape) of the grains. To reproduce the observed polarization of starlight, a fraction of
grains must be non-spherical and magnetically aligned.

Grains absorb and scatter light most effectively when their size is comparable to the wave-
length, i.e., A\ ~ 2ma. Therefore, the wavelength dependence of extinction places strong con-
straints on the grain size distribution. The observed extinction curve, which extends down to
~ 1000 AA and scales approximately as A~!, requires the presence of grains with a < 0.015 um
to account for UV extinction.

One model of grain size distribution is the MRN distribution (Mathis et al., 1977), which
assumes two types of grains, amorphous silicates and carbonaceous materials, and assumes a
power-law size distribution:

dn/da o< a=3% (0.005 pm < a < 0.25 um). (3.88)

This distribution successfully reproduces the extinction curve from the near-infrared to the
ultraviolet.

As noted in Section 3.4.2, PAHs are now understood to be an essential component. Wein-
gartner and Draine (2001) extended the grain models to include amorphous silicates, graphite,
and PAHs. Their model assumes power-law distributions for large grains and log-normal dis-
tributions for PAHs and very small (¢ < 0.005um) carbonaceous grains. The resulting size
distribution for the Milky Way is shown in Figure 3.15.
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Figure 3.15: Size distributions for carbonaceous-silicate grain models for Milky Way dust with
Ry = 3.1 derived by Weingartner and Draine (2001). The black dashed line indicates the slope
of MRN distribution (Mathis et al., 1977).

Polarization of starlight also constrains the size of aligned grains. Although stellar light is
initially unpolarized, passage through aligned, non-spherical dust grains produces linear polar-
ization. The Serkowski law describes the polarization spectrum in the Milky Way, which peaks
at Amax =~ 0.55 pum. This corresponds to a characteristic grain size of a = Apax/27 ~ 0.1 pm.
Furthermore, the polarization decreases toward the UV (A < 0.3 um), implying that the small
grains dominating UV extinction (¢ < 0.05pum) are either spherical or poorly aligned with
magnetic fields.

Finally, it is worth noting that while most of the mass in the ISM dust is in larger grains,
most of the surface area, which is relevant for processes like accretion and photoelectric heating,
is in small grains.

3.4.4 Absorption and Scattering Cross Sections

In order to describe the absorption and scattering properties of dust grains, we need to un-
derstand the electromagnetic response functions, i.e., how dust particles respond to incident
electric and magnetic fields. Since the magnetization timescale is much longer than the oscil-
lation period of the incident electromagnetic waves (1/frequency), magnetization effects can be
neglected. Thus, we assume a magnetic permeability i ~ 1 and only focus on the electric field
response. The electric field within a dielectric medium (i.e., a dust particle) is represented as
a plane wave, F(z,t) x ekr—iwt where k is the wavenumber, and w is the angular frequency.
We introduce the dielectric function e(w) = €; + iea and the complex refractive index m(w),
defined as m(w) = y/e(w). The real part Re(m) and the imaginary part Im(m) correspond
to the refractive index and the absorption index, respectively. From Maxwell’s equations, the
wavenumber k can be expressed as

k:mfw (3.89)
The electric field is then expressed as follows,
E o ehe=iot — exp {—Im(m)wm +i <wRe(m):1: - wt)] (3.90)
c c

— oxp [—Im(m)zzx i (W(m)x - wt)] , (3.91)
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where A is a vacuum wavelength of incident radiation A = 2wc/w. Its amplitude decreases as
9 2wx
|E|* x exp | ———Im(m) ] . (3.92)
c

When the grain size is much smaller than the wavelength of the incident radiation (the
Rayleigh limit, < a < ), the electric field depends only on time, as E o< e”™!, Assuming
the external electric field is uniformly distributed, a dipole moment P is induced in the grain.
The grain response is expressed through its atomic polarizability «, satisfying P = aFE. The
absorbed energy per unit time, P,pg, and the incident radiation flux, F', are given by

w
Paps = 51m(a)|E0|2 (393)
C
F = _—|Ey|> 3.94
—|E (3.94)

Therefore, the absorption cross-section is

For scattering the scattered power is,
4 4
_ W 2 W 2
Pyca = 3?’1)| = @‘QEO‘ . (3.96)
The corresponding scattering cross-section is
P, 8T rwy4
Cn = 5" = 5 <E> a2, (3.97)
The polarizability « is expressed as
3€—1
= 3.98
a=a’- ) ( )

For an insulator, the dielectric function € can be described as the response of a bound electron

undergoing forced oscillation;

w2

=14+ 2 3.99
¢ * wi — w? —iyw (3.99)

where wy, and wp are the plasma angular frequency and resonance angular frequency, respectively.
In the Rayleigh limit, i.e., when w% —w? e~ wg and w% > | —iyw|, Eq. (3.99) is approximated as

2 ;03
w. W W
e 14 by ER¥T (3.100)
“o “o

Comparing to € = €1 + i€s, we obtain €; = ¢y and €2 = Aw, where ¢y and A are constants. From
Egs. (3.95) and (3.97), we have
1287548

e— 1% 128758 (g — 1)2 + (Aw)?  1287°a8 (eg — 1)

a ~ A 101

¢ AL et 2 SN (0 122+ (Aw)?  3M (e +2)2 (8-101)
8r2a3_ |e—1| 8n%a3 3Aw 4873a3  Ac

Cabs = = ~ A2 3.102

b X 6—2' A (eo+2)2 + (Aw)? X (0 +22 (8.102)

For conductors, € is described as the Drude model as

w2

=1 P 1
€ T i (3.103)
wpi TR
~ 1+ —— (For Rayleigh limit) (3.104)

yw
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We then obtain €; = 1 and €3 = 470 /w, where oy is the conductivity defined as og = wg JATy.
Using Egs.(3.95) and (3.97), the scattering and absorption cross-sections are derived as follows;
2

o _ 1287%a% |1 > 12878 () 1287%a8 (3.105)
sca T 4 - 4 4 9 — 4 .
3\ €+2 3A* 324 (4mo0) 3\
2.3 -1 2.3 3. 4mog 12 3..3
CabS:87raIm € ‘:87ra N 7702a (3.106)
A €— 2 A 1+(47T00) oo

w
For both insulator and conductor cases in the Rayleigh limit, the ratio of scattering to absorption
cross-sections is given by Csea/Cans < a®/A?, satisfying the condition Cyca/Caps < 1. In this
regime, extinction is dominated by absorption, and thus we have Ceys ~ Capg 0¢ A7 2.

In the above discussion, we assume the Rayleigh limit, i.e., a << A\. However, this assumption
becomes invalid in the UV-optical regime, where the spatial variation of the electric field can no
longer be neglected (see Eq. 3.91). Mie (1908) derived an analytical solution for electromagnetic
scattering and absorption by spherical grains, known as Mie theory. This theory describes the
electric field using spherical harmonics and Bessel functions. The Mie coefficients are obtained by
applying appropriate boundary conditions at the grain surface. Consequently, the absorption
and scattering cross-sections are expressed as functions of the dimensionless size parameter
x = 2ma/\ and the complex refractive index m.

For grains with a small absorption index (Im(m) < 1), the extinction efficiency factor defined
as Qext = Qabs + Qsca =~ Qsca exhibits significant oscillations arising from interference effects.
In contrast, for grains with a large absorption index (Im(m) 2> 1), such interference effects are
suppressed, and thus, the oscillations do not appear.

As the size parameter x becomes large (x > 1), Qext asymptotically approaches 2, and thus,
the extinction cross-section becomes Cey; = 2ma®. Geometrically, one might expect the cross-
sectional area of a grain, ma?, to represent an upper limit for extinction. However, this apparent
paradox can be resolved by taking into account diffraction effects: light rays grazing the grain’
s edge undergo diffraction, contributing to additional forward scattering. This leads to a total
extinction cross-section twice the geometric area.

3.4.5 Dust Temperatures

Dust grains absorb stellar radiation primarily in the ultraviolet and optical regimes, and re-
emit this energy thermally in the infrared as blackbody radiation—more precisely, as modified
(graybody) emission due to their wavelength-dependent emissivity. The shape and peak of
the emission spectrum are determined by the dust temperature. Observationally, this thermal
emission is very important, as it allows us to estimate both the temperature and the mass of
dust in galaxies or interstellar regions. Understanding the dust temperature is therefore essential
for interpreting infrared observations and constraining the energy balance within the interstellar
medium.

Absorption of UV /optical radiation from stars is the primary heating source for dust grains.
Although collisional heating can contribute significantly in very dense environments, we neglect
this effect here. The heating rate is then written as

dE
<> = /d)\ U +C - Qaps (@, \)Ta? (3.107)
dt abs 7

= <Qabs>*7ra20/d>\u)\,* (3.108)

where uy , is the stellar energy density per unit wavelength [erg ecm 3 A1, Here we define a
spectrally averaged absorption cross-section as follows

_ f d)\u)\,* Qabs

<Qabs>* = fd)\ U (3.109)
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Once the spectrum of the incident radiation is specified, we can determine (Qaps) -
The heated grain cools via thermal emission, which can be approximated as blackbody
radiation with temperature Ty. The cooling rate is then given by

dE
<dt> :/d)\47TB)\(Td)Cabs(a, /\) (3.110)

Here, we introduce the Plank-averaged emission frequency,

f d)‘B/\(Td) Qabs
abs = . 3.111
(Qabs)7; TdxBA(Ty) (3.111)
Substituting Eq.(3.111) into Eq.(3.110), we re-write the cooling rate as
dFE o
<dt> . = 471’(12<Qabs>TdUSBTé1 < /d)\B)\(Td) = 7STBTC‘11> , (3.112)

where ogp is Stefan-Boltzmann constant. From Eqs.(3.102) and (3.106), Qaps is written as
power-law with X in the ayleigh limit. By setting Qaps(A\) = Qo(A/ o) ™?, Eq.(3.111) is re-
written as

AOkBT‘1>B (3.113)

hpc

where T'(t) and ((¢) are the gamma function and zeta function, respectively. Equations (3.102)
and (3.106) indicate that dust re-emission in the infrared regime satisfies the Rayleigh limit and
follows Qaps < A72, i.e., B~ 2.

From energy balance, we have

(Qabs)Ty = ngf(ﬁ +4)C(B+4) <

47“12<62abs>Td(TSBTéL = 7Ta2<Qabs>*u*C (3114)
15 XoksTa\?
47ra2ﬁQ0I‘(B +4)C(B+4) ( Oh BC d) ospT = ma?(Qaps)wtisC (3.115)
P
Ty — < hpc >6/(4+3) { TH{Qans) <C ]1/(/3+4) u /By (3.116)
N kAo 601 (8 +4)¢(B8 +4)Qoos ’

If the spectral shape of the interstellar radiation field (ISRF) remains unchanged, the mean
absorption efficiency factor (Qaps)« can be treated as a constant. The radiation energy density
uy is usually expressed in terms of the dimensionless scaling parameter U, which represents the
intensity of the local radiation field normalized to that of the MW interstellar radiation field
(ISRF). Assuming the spectral shape of MW ISRF (Mathis et al., 1983), the dust temperature

18

-1/15
Ty~ 164K ( ) U/ (silicate 0.01 < a [um] < 1) (3.117)

0.1 pm

—~1/40
~ 223K ( > U/, (graphite 0.005 < a [um] < 0.15) (3.118)

0.1 ym

The observed re-emission is the combination of re-emission from various grain populations,
which is written as

, dn; dP ,
IN= ;/da da /dT <dT>l‘7a Cabs()‘72aa)B)\(T)> (3119)

where dn;/da represents the number density distribution of grain type ¢ in the size interval
[a,a + da], and (dP;/dT) is the temperature distribution function of the grains. Large grains
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typically reach thermal equilibrium with the radiation field, thus exhibiting a nearly constant
temperature distribution function, approximated by a delta function §(7 — Tg). On the other
hand, small grains such as graphite and PAHs undergo stochastic heating due to their small
heat capacities. For these very small grains, the absorption of even a single UV /optical pho-
ton can significantly elevate their temperature. Consequently, these small grains do not settle
into thermal equilibrium, but instead experience rapid temperature fluctuations, stochastically
emitting radiation at temperatures far exceeding the equilibrium temperature.

3.4.6 Observational Diagnostics of Dust

Dust plays a central role in shaping the observed spectral energy distributions (SEDs) of galaxies,
through both absorption and scattering of stellar light and subsequent re-emission in the infrared.
In this section, we focus on observational diagnostics that constrain the amount, distribution,
and properties of dust in galaxies, particularly through the UV attenuation law and the relation
between infrared excess and UV spectral slope.

3.4.6.1 Extinction/ Attenuation Law

It is essential to clearly distinguish between the concepts of extinction and attenuation. Extinc-
tion refers to the combined absorption and scattering (removal from the line of sight) of light
by dust. The light is provided by a background point source (star, quasar), and the dust is
an entirely foreground source. Since the source is a background point, the observed extinction
depends solely on the optical properties and column density of dust, and is independent of the
spatial distribution or geometry of the foreground dust layer.

Attenuation, in contrast, refers to the net effect of dust in a complex geometrical distribution,
where radiation sources are embedded within the dust at various depths, including positions both
in front of and behind the dust. Because both the radiation sources and the dust have extended
distributions, their relative geometry significantly influences the net absorbed and scattered
radiation, the latter now including scattering into the line of sight. Dust scattering into the line
of sight tends to produce a greyer overall attenuation compared to the case where only scattering
out of the line of sight occurs, resulting in an observed SED that is relatively bluer than in the
case of pure extinction, and vice versa. This situation is typically encountered when studying
galaxies or extended regions within galaxies.

Moreover, the relative distributions of dust and stars significantly affect the resulting at-
tenuation. Here we consider two simplified geometric models: a distant uniform dust screen
and a well-mixed slab, as illustrated in Figure 3.16. In the case of the uniform dust screen,
the attenuation behaves similarly to extinction for a single background star, and the attenuated
intensity is expressed as:

I, =Tpe ™, (3.120)

where I,, (I,0) is the attenuated (intrinsic) intensity, and 7, is the optical depth. In contrast, for
the well-mixed geometry where dust and stars are homogeneously distributed, the attenuated
intensity becomes:

1—e ™
I, =I,0——— = Ige ™ttv, (3.121)

Tv
where 7., is the effective optical depth, incorporating the averaged effect of scattering into
the line of sight (Mathis et al., 1983). In this case, the optical depth from an external observer
to stars located close to the surface of the slab is smaller than in the foreground screen case,
resulting in an observed spectral energy distribution (SED) that is relatively bluer. Figure 3.17
shows the obscuration rate fons = I/Ip and the effective optical depth as a function of optical
depth.
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Additionally, clumpiness within the dusty medium increases its transparency compared to a
uniform dust distribution, as photons can escape through regions with lower dust column den-
sity(e.g., Gordon et al., 1997; Inoue, 2005; Inoue et al., 2020). Likewise, the clumpiness in the
stellar distribution also affects attenuation. Some attenuation models also incorporate different
treatments for stellar populations of varying ages. For instance, young stars are generally as-
sumed to be embedded in denser clouds and thus experience stronger attenuation compared to
older stellar populations. Such models predict a flattening of the ultraviolet (UV) bump feature
in the attenuation curve (Granato et al., 2000).

Screen Geometry e Pusty Well-mixed Geometry

medium
> > D

Figure 3.16: Schematic illustrations of stellar and dusty medium distributions. The left and right
panels show a distant uniform screen geometry and a well-mixed geometry, respectively. There
are also considerations of additional geometries, such as a clumpy medium and a close uniform
screen geometry, where scattered light contributes significantly to the observed radiation.
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Figure 3.17: Dust obscuration (left) and effective optical depth (right) as a function of optical
depth. The uniform screen and well-mixed cases are shown by the black solid and dashed lines,
respectively. The red lines indicate the case of 7, = 1.

The extinction curve is derived from observations of individual stars, as described in Sec-
tion 3.4.2. Extinction curves have so far been measured for the Milky Way (MW), M31, the
Small Magellanic Cloud (SMC), and the Large Magellanic Cloud (LMC) (Cardelli et al., 1989;
Bianchi et al., 1996; Fitzpatrick, 1999; Gordon et al., 2003). These galaxies are unique in that
individual stars can be resolved, allowing the determination of extinction properties from the
foreground dust. Figure 3.18 shows extinction curves for the MW (with Ry = 3.1), LMC, and
SMC. The MW and LMC curves exhibit a prominent bump at 2175 A, implying the presence
of small carbonaceous grains or polycyclic aromatic hydrocarbons (PAHs), as discussed in Sec-
tion 3.4.2. In contrast, the extinction curve for the SMC lacks this 2175 A bump and instead
shows a nearly linear, steep rise with increasing A~!. This suggests that dust grains in the
SMC are smaller than those in the Galactic diffuse interstellar medium, possibly due to either
more efficient dust destruction or limited grain growth in the lower metallicity environment
(~1/3Zs).

Especially, extinction curves could be approximated by a seven-parameter function of A,

AN/ Ay = f(N Ry, C1,Ca,C3,Cy4, No, 7). (3.122)



48 CHAPTER 3. PHYSICS OF INTER STELLAR MEDIUM

At wavelength of A = 3030 A — 3.5 um, the function depends only on A and a single parameter of
Ry. The parameters Cs3, Ao,y determine the slope and curvature of the 2175 A bump, and the
C1, Cy determine the slope and curvature of the continuous extinction at A < 3030 AA. Cardelli
et al. (1989) showed that if the single quantity R, is known, it is possible to estimate the values
of the other six parameters (C1_4, A, 7y) so that the optical-UV extinction can be approximated
by a one-parameter family of curves, i.e., A\/A) _ =~ f(\;Ry). Figure 3.12 shows the Milky
Way extinction curves for several Ry values, each corresponding to a different line of sight.
Significant variations in the optical/UV regions of the curve reflect differences in the dust grain
size distribution along those sightlines.
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Figure 3.18: Extinction curves and the Calzetti attenuation curve (Calzetti et al., 2000). The
solid blue and black lines show extinction curves for the SMC(Bar region) and MW, respectively,
plotted using the fitting functions provided by Gordon et al. (2003) and Cardelli et al. (1989).
The orange lines represent extinction curves for the LMC; the dashed orange line specifically
corresponds to the region around 30 Doradus, where bursty star formation activity occurs,
accompanied by supershell structures. The solid green line denotes the Calzetti curve, plotted
using Eq.(3.124).

As we focus on more distant galaxies, we no longer obtain their extinction curves, but
attenuation curves, which include geometrical effects of stars/dusts distribution and scattering.
Calzetti et al. (1994) selected UV-bright starburst galaxies and empirically obtained the following
attenuation law, known as Calzetti’s attenuation law:

Fint(A) = fops(A) x 1004k Beas(B=V) (3.123)

where fint(A)(fobs(A)) is an intrinsic (observed) flux, and Eg,s(B—V) is a color excess for ionized
nebulae. The obscuration curve is given by Calzetti et al. (2000),

1.040
ke(N) = 1.17 (—1.857 + A) +1.78 (for 0.63 ym < A < 2.20 ym)

(3.124)
1.509  0.198  0.011

A /\2+/\3

ke(A) = 1.17 <—2.156 + ) +1.78 (for 0.12 pm < X < 0.63 pum).

The ke(\) contains a variety of effects, extinction proper, scattering, and the geometrical distri-
bution of the dust relative to the emitters and entire stellar populations. Regarding the color
excess, the reddening of the ionized gas is about twice that of the stellar continuum, expressed
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quantitatively as

Estar(B — V) = 0.44E4,s(B - V). (3.125)
The color excess Egas(B—V) can be derived from the Balmer decrement, defined as the line ratio
of hydrogen Balmer series lines, typically Ha and HB. These emission lines originate from dusty
ionized gas regions, while the stellar continuum primarily arises from gas with significantly less
dust, resulting in a larger color excess for the gas as expressed by Eq.(3.125). Using Eq.(3.123),
the observed line ratio of two Balmer lines H; and H; can be expressed as follows;

fint()\Hi) — fobs()‘Hi) X 100-4(A(/\Hi)*A(>‘HJ))
fint()\Hj) fobs()\Hj)

L AQ) — AQw,)) = 25 [loglo <f nt ) (fObS(AH >>} (3.127)

(3.126)

fmt )\H fobs(AH)
. _ . 2.5 o fmt(A ) —lo fobs()\Hi)
sl V) = 5050 = h0y) [l 810 (fmt< )) o810 (fobsMHj))]‘ (3.128)

The intrinsic line ratio is uniquely determined by assuming case B with little dependence on
temperature and electron densities.

Also, Calzetti law has Ry = Avy/FEgar(B — V) = 4.05 (Calzetti et al., 2000). As seen in
Figure 3.18, there is no 217, A bump in the Calzetti law. Two possible explanations for this
absence are geometrical effects or intrinsic properties of the underlying extinction curves, which
themselves may not exhibit the UV bump.mp.

3.4.6.2 IRX-( Relation

The infrared excess (IRX)-UV slope (8) relation provides a widely used empirical diagnos-
tic for estimating dust attenuation solely from UV observations. First introduced by Meurer
et al. (1999) for local UV-bright starburst galaxies, the IRX~f relation connects the total dust-
reprocessed radiation, quantified as the ratio Lig/Lyy, with the slope 8 of the UV continuum
defined by fy o< M. This technique is particularly valuable for studies of high-redshift galaxies,
where infrared observations are often unavailable or sensitivity-limited. Using the IRX-g rela-
tion, we can estimate the dust-attenuated UV luminosity and the re-emitted infrared luminosity,
and finally derive the total star formation rate (SFR) by assuming energy balance between dust
absorption and emission. The inferred SFR thus provides a robust measure to calibrate the
cosmic SFR density evolution accurately (e.g., Madau and Dickinson, 2014).

The TRX-Fyy relation for local starburst galaxies was first investigated by Meurer et al.
(1999) and Calzetti et al. (2000), known as the Calzetti IRX-Fyv relation. Takeuchi et al. (2012)
later modified this relation by accounting for aperture effects in UV photometry. Observations
indicate that the SMC exhibits lower IRX values compared to the Calzetti relation (e.g., Mao
et al., 2014). Herschel and ALMA studies have shown that galaxies at z ~ 2 — 5 generally
follow either the Calzetti or the SMC IRX~-Syy curves (e.g., Fudamoto et al., 2017; Koprowski
et al., 2018; McLure et al., 2018; Reddy et al., 2018). However, at z > 5, some galaxies show
significantly lower IRX values than these relations (e.g., Capak et al., 2015; Bouwens et al., 2016;
Barisic et al., 2017), suggesting a significant evolution of dust properties from z ~ 0 to z > 5.
There are several possible explanations for the origin of these low IRX values in high-redshift
galaxies. A key uncertainty is that the dust temperature (Tyust) is not directly measured in most
galaxies at z > 5, as highlighted by multiple studies (e.g., Bouwens et al., 2016; Faisst et al.,
2017; Behrens et al., 2018). Since these galaxies are typically observed in only a single FIR
band, their dust temperatures are usually assumed to match those of local galaxies to estimate
their IR luminosities.

The way to get IRX-3 curves is as follows. Meurer et al. (1999) defined TRXy199 as

TRX g9 = Frir = Flyat fgo;; Soll = n= = ( o > (3.129)
Fie00 Fi600,0 1070441600 Faust,bol )~
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Figure 3.19: IRX-( relations derived from different observations and theoretical models. The
black line shows the IRX-/ relation for local UV starburst galaxies from Meurer et al. (1999), ap-
plying total IR luminosity corrections from Calzetti et al. (2000). The gray line corresponds to
the same galaxy samples but with photometric aperture corrections applied (Takeuchi et al.,
2012). Both the black and gray lines adopt the same stellar bolometric correction factor
BC(1600),, derived using STARBURST99 (Leitherer et al., 1999), assuming a Salpeter IMF,
constant star formation history, and solar metallicity. The blue lines are derived using BPASS
SED models (Eldridge et al., 2017), assuming a constant star formation history of 100 Myr with
nebular emission, a double power-law IMF, and low stellar metallicity of Z = 0.14, Z® (Reddy
et al., 2018). The solid and dashed blue lines correspond to attenuation curves assuming Calzetti
attenuation and SMC extinction laws, respectively.



3.4. DUST PHYSICS o1

where Ffig is the flux of between 42-122 pum , and Figoo is UV flux. Here, F1y, is Lyman-o flux
produced by the recombination cascade. Here we assume that ionizing photons with A < 912 A
are not absorbed by dust. The total flux of dust emission is expressed as Fyust bol, and Ay is
obtained assuming attenuation curves. The flux f) ¢ is the intrinsic flux. Since the dominant
radiation from massive stars is UV photons, Eq.(3.129) is approximated as

Fiya+ [ d\ [ R
TRX g9 & (100441000 _ 1) =1y Jora Fro ( FIR > (3.130)
Fi600 Faust,bol
BC(1600),
— (1004At600 _ 1y A% 3.131
( ' BOFIR) gue (3.131)
Here -
Fioo + dA F,
BC(lﬁOO)* _ Lyo fglg f)\,O : C(FIR)dust _ dust bol (3132)
Fig00 Frir

The value BC(1600), is calculated assuming stellar SED models and star formation histories.
In Meurer et al. (1999), BC(1600), = 1.66 was adopted. The bolometric dust correction
BC(FIR)qust was obtained empirically from observations as BC(FIR)gust = 1.4. The attenu-
ation Ai500 and UV slope 8 have a linear relationship Aigo0 = 4.43 + 1.995 for the observed
starburst galaxies. Therefore, we obtain

log o (IRXp199) = logo(10%-4443+1-998) _ 1) 4 0.076. (3.133)

Currently, IRX adopts total IR luminosity, and Eq.(3.133) is corrected as

P
IRX = TRX 199 X —2, (3.134)
Frr

where Frrr/Frir is corrected following Calzetti et al. (2000). Figure 3.19 shows the IRX-( re-
lations. Meurer et al. (1999) and Takeuchi et al. (2012) adopted the same bolometric corrections
but used different Aj600—f relations. Reddy et al. (2018) employed a lower-metallicity stellar
SED, which yields a harder spectrum and smaller 3 values. Even when the same BC(1600)x
value is adopted, differences in the assumed attenuation curves alter the resulting A1600-5 re-
lation. Therefore, the IRX-f relation depends on both the attenuation curves and the intrinsic
stellar SEDs. When comparing galaxy samples with similar stellar populations, the observed
scatter in IRX—-f can be interpreted primarily as resulting from differences in the attenuation
curves.

3.4.7 Radiative Transfer with Dust

The radiative transfer equation is generally expressed as
n-Vi(z,n,\) = —r(x,\)p(x)l(x,n, ) + j(x,n,N). (3.135)

The left-hand side of Eq. (3.135) represents the change in intensity as radiation propagates an
infinitesimal distance ds from position x in direction n, which can be written as d (a:, n, ). The
right-hand side accounts for the loss of radiation intensity due to absorption and scattering by the
medium, and for emission from the medium itself at position & toward direction n. Here, p(x) is
the mass density, and x(x, \) is the mass extinction coefficient of the medium (Kext = Ksca+ Fabs)-
The three-dimensional dust radiative transfer equation can thus be expressed as

%(w,n, A) = —Kext(, N p(x) [ (x, 1, \) + ju(, 1, A) + j(2, A) (3.136)

+ Ksca(@, A\)p / O(n,n',x, \)I(x,n', \)dY (3.137)
4

7/
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Regarding the terms on the right-hand side of Eq. (3.137), the first term describes absorption by
dust. The second term represents the primary emission, which typically originates from stars but
may also include nebular emission (continuum and emission lines) or radiation from active galac-
tic nuclei (AGN). The third term accounts for dust re-emission, which significantly contributes at
wavelengths A > 1 um. The fourth term represents scattering of radiation originally propagating
in direction n’, scattered at position x, and redirected into direction n. Here, ®(n,n’, x, \) is
the scattering phase function, satisfying the normalization condition f 1 @, 2, \),dQ = 1.
Dust consists of various grain types differing in chemical composition, size, and shape, each
having distinct absorption and scattering coefficients, raps,i(A), and Kgea,i(A). Introducing w; as
the fraction of the total number density contributed by type i dust, we obtain

kxx(x, \) Zwl x)rxx,i(A) (XX = abs, sca, ext) (3.138)
i Wi ScaiQi 3 ,7A
B(n,n,z,\) = ZZ“’ (@)hscai®ilm, 1, A) (3.139)
Zi Wi () Ksca,i (A)
The dust re-emission is written as
Zwl ) ks i (N p(x) B(Ti(x), \) (3.140)

_sz ) Kb i () p() UOOOB(T,x)B(T,A)dT , (3.141)

where B(T, \) is the Planck function and T; is the equilibrium temperature for dust type i.
Eq.(3.140) is valid for large grains because they reach thermal equilibrium and emit as modified
blackbodies. However, when we consider the small grains such as PAHs, we need to include
stochastic heating effect as Eq.(3.141). Here P;(T,x) is the temperature distribution for dust
grains as introduced in Section 3.4.5. This temperature distribution depends not only on the
grain type but also on the intensity and hardness of the radiation field in which it is embedded.

The above discussion is valid for unpolarized light. Photons scattered by dust are naturally
polarized. Polarized radiation is generally expressed by Stokes vector S = (I,Q, U, V), where I
is the total specific intensity, @) and U are the linearly polarized intensity, and V' is the circularly
polarized intensity. The corresponding radiative transfer equation is written by replacing I with
S, and ® with Mueller matrix M (n,n’, x.)\), which described the changes in the Stockes vector
when radiation is scattered from propagation direction n’ to a new direction n.

To summarize, Eq. (3.137) is a six-dimensional differential equation involving three-dimensional
(3D) spatial position x, two-dimensional (2D) direction n, and one-dimensional (1D) wavelength
A. Solving this equation numerically is computationally expensive. For instance, if each dimen-
sion of the six-dimensional phase space is discretized into 100 grid points, the intensity vector
would contain 10'2? entries, demanding significant computational resources and memory usage.
Generally, two main numerical approaches are employed for solving dust radiative transfer in 3D
simulations: ray-tracing and Monte Carlo methods. The ray-tracing method involves emitting
rays from radiation sources and calculating the extinction of intensity I along each ray using
the relation I — I x e~ 7. At each interaction point, scattering and re-emission processes are
considered, and the resulting intensities are integrated along the line-of-sight. On the other
hand, the Monte Carlo method involves generating numerous photon packets and stochastically
simulating the propagation, absorption, scattering, and re-emission processes for each packet.
Specifically, the Monte Carlo approach includes the following four processes.

Step 1: Generation of Photon Packets
Ltot(>\)

Firstly, we prepare N photon packets that have an energy of L = , where Lo (\) is the

total luminosity of the source at wavelength A. Photon packets are emitted from the radiation
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source, with position, direction, and wavelength randomly selected according to the following
probability distribution function (PDF);

J«(x,m, N)dzdn

LoV (3.142)

p(x,n)dxdn =

dn

Generally, stellar radiation and dust re-emission are isotropic and satisfy p(n)dn = -
T

Step 2: Determination of the Interaction Point
Next, the optical depth is randomly sampled as 7 = —log,(R), where R is a uniformly dis-
tributed random number in the interval (0,1). The path length of the photon packet is then

p
determined by s = —, where k) is determined by the dust types.

R
Step3: Determination of Absorption and Scattering
The position is updated from x to &+ sn. At this new position, we determine whether scattering
or absorption occurs. Using a uniformly distributed random number R, we compare it to the
albedo w = Kgca/Kext, With scattering occurring if R < w, and absorption if R > w.

Step 4-1: Scattering Case
When scattering occurs, we determine a new propagation direction n with the probability dis-

tribution of o e
n,n',x
=7 14
p(n) . (3.143)

Steps 2 to 4-1 are repeated until the photon packet either escapes from the system or is absorbed.

Step 4-2: Absorption Case
If absorption occurs, the absorbed luminosity at each wavelength is stored within the corre-
sponding spatial grid.

After performing the above calculations for all wavelengths, the accumulated absorbed lu-
minosity is used to calculate the mean intensity J(x, ) and the corresponding dust re-emission
ja(x, A). The newly computed emission term jq(x, \) is recalculated as a secondary source, and
this process is repeated until jq(a, \) converges.

Several Monte Carlo codes are available for performing three-dimensional dust radiative
transfer calculations, including SKIRT(Baes et al., 2011), SUNRISE(Jonsson et al., 2010), and
POWDERDAY (Narayanan et al., 2021). Other codes are summarized in Table 1 of Salim and
Narayanan (2020). In Chapter 7, we utilize the SKIRT code for post-processing radiative transfer
calculations.
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Chapter 4

Latest High Redshift Observations in
JWST and ALMA Era

4.1 Historical Context and Motivation for High-redshift Studies

Galaxy surveys at high-redshift (z 2 6) represent the frontier of extragalactic astronomy. As
discussed in Chapter 1, understanding the formation, evolution, and ISM properties of these
galaxies is essential, as it provides critical insights into cosmic reionization and the star formation
history at Cosmic Dawn (e.g., Dayal and Ferrara, 2018).

Prior to the 2020s, our understanding of high-redshift galaxies was primarily based on deep
imaging and spectroscopy conducted using the Hubble Space Telescope (HST) and the Subaru
Telescope. These observations provided extensive samples of Lyman-a emitters (LAEs) and
Lyman-break galaxies (LBGs) out to z ~ 8 (e.g., Furusawa et al., 2016; Maiolino et al., 2015;
Matsuoka et al., 2018; Pentericci et al., 2016; Ouchi et al., 2013; Sobral et al., 2015). However,
cosmic reionization is ongoing at z 2 8, causing Lyman-a photons to be scattered significantly
by neutral hydrogen atoms in the intergalactic medium (IGM). Currently, only two galaxies have
been detected in Ly emission at z > 10 (GN-z11:Bunker et al. (2023), and JADES-GS-z13-1-
LA:Witstok et al. (2025)), while other confirmed Ly« emitters reside at z < 8.5 (see Figure 3
of Kageura et al., 2025). Therefore, alternative emission lines, which are neither absorbed nor
scattered by the IGM, are crucial to confirm the galaxy redshifts at z > 8.

The Atacama Large Millimeter/submillimeter Array (ALMA) has opened a new observa-
tional window by detecting rest-frame far-infrared (FIR) lines from high-redshift galaxies in
the epoch of reionization (EoR). The most notable among these lines are [C11] 158um and
[O111] 88pm . While the [C11] line has traditionally served as a standard tracer of star formation
in nearby galaxies, several bright LAEs at high redshift resulted in non-detections of [C11] (e.g.,
Ouchi et al., 2013; Ota et al., 2014; Schaerer et al., 2015), implying that the ISM conditions
in high-redshift galaxies may differ substantially from those in local star-forming galaxies. In
contrast, the [O111] 88um line is often among the brightest FIR lines in galaxies with low metallic-
ities (Cormier et al., 2012; Madden et al., 2013). Inoue et al. (2014) theoretically predicted that
high-redshift galaxies could be strong [O111] emitters, and indeed, the [O111] line was successfully
detected at z = 7.2 by ALMA for the first time (Inoue et al., 2016a). Since then, galaxies in the
EoR have been increasingly spectroscopically confirmed by [O111] 88um (e.g., Hashimoto et al.,
2018; Laporte et al., 2017; Tamura et al., 2019; Hashimoto et al., 2019; Carniani et al., 2017;
Wong et al., 2022; Witstok et al., 2022; Harikane et al., 2020; Tadaki et al., 2022).

The James Webb Space Telescope (JWST; Gardner et al., 2006), which began science
operations in July 2022, has opened a new era of high-redshift galaxy studies. JWST offers
photometric and spectroscopic sensitivities more than an order of magnitude greater than those
of its predecessors, as illustrated in Figure 4.1. By combining multiple photometric bands from
NIRCam, two-color diagrams can efficiently select high-z galaxy candidates via the dropout
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Figure 4.1: Sensitivity of photometric (left) and spectroscopic (right) instruments. Plots are
the faintest flux for a point source that can be detected at SNR=10 in a 10,000 sec integra-
tion with JWST instruments. We also plot the other instruments for comparison. The fig-
ure is reproduced from the plots from https://www.stsci.edu/jwst/about-jwst/history/
historical-sensitivity-estimates.

technique (e.g., Naidu et al., 2022; Harikane et al., 2023). Subsequent NIRSpec! observations
then provide secure redshift confirmations through detections of Lyman breaks or rest-frame
UV /optical emission lines. Prior to JWST, the highest spectroscopically confirmed galaxy was
MACS1149-JD1 at z=9.11, observed via [O111] 88um (Hashimoto et al., 2018)2. JWST is now
routinely identifying galaxies at z > 10. The latest observations have reported galaxies as distant
as z = 14.44 (Naidu et al., 2025).

4.2 ALMA Observations of Galaxies at z > 6

Rest-frame FIR emission lines detected by ALMA not only enable the spectroscopic confirmation
of distant galaxies but also provide insight into their multi-phase ISM. In particular, highly
ionized lines such as [O111] 88um mostly trace Hil regions associated with recent star formation
(Cormier et al., 2012; Vallini et al., 2017; Arata et al., 2020), whereas [CI1] 158 um originates
from a variety of environments, though mainly from photodissociation regions (PDRs; Stacey
et al., 2010; Gullberg et al., 2015; Vallini et al., 2015; Lagache et al., 2018; Cormier et al., 2019).
In addition, CO emission lines are accessible to ALMA, which traces molecular gas and directly
traces star-forming sites. However, CO emission line detection remains limited to submillimeter
galaxies (SMGs) or quasars up to z ~ 6 (Ono et al., 2022).

Ratios between FIR emission lines serve as powerful diagnostics of ISM properties. For exam-
ple, the [O111] 52pm /[O111] 88pum ratio probes electron densities. However, detecting [O111] 52pum remains
challenging with current ALMA bands, despite its intrinsically higher luminosity compared to
[O111] 88um . Several attempts to detect this line at high redshift have resulted only in upper
limits (e.g., Killi et al., 2023; Zavala et al., 2024, , Ren et al. in prep.). Very recently (May
2025), (Harikane et al., 2025b) have reported the first detection of [O111] 52um in a z > 6 galaxy
and confirmed electron density with [O111] 52um /[O111] 88um as nepr = 500 cm ™3, which is
four times lower than that estimated by [O11] doublet (see also Section 4.4).

Emission line ratios between different ions, as well as ratios between lines from the same
ion, offer valuable diagnostics for probing the multi-phase ISM. The line ratio [Or1] /[C11],
in particular, provides insight into the ISM ionization state, given their substantially different

INIRCam Wide Field Slitless Spectroscopy (WFSS) also facilitates rapid spectroscopic confirmation for larger
galaxy samples.

2GN-z11 was initially reported at z ~ 11 (Oesch et al., 2016), but subsequent JWST/NIRSpec observations
revised its redshift to z = 10.6 (Bunker et al., 2023).
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Figure 4.2: The [O111] /[C11] luminosity ratio versus star formation rate. The orange plots with
error bars are observations for z 2 6 galaxies(Hashimoto et al., 2019; Laporte et al., 2019;
Tamura et al., 2019; Bakx et al., 2020; Hashimoto et al., 2018; Carniani et al., 2017; Maiolino
et al., 2015; Harikane et al., 2020; Wong et al., 2022; Witstok et al., 2022; Algera et al., 2024;
Schouws et al., 2024, 2025; Bakx et al., 2024; Fujimoto et al., 2024b). The z ~ 0 GOALS
(U)LIRGs from Diaz-Santos et al. (2017) are shown as grey dots, and the local relations for
starburst and dwarf galaxies from De Looze et al. (2014) are indicated by blue solid and dashed
lines.

ionization potentials ([O111]: 35.1 €V; [CI11]: 11.2 V). Observed high-redshift galaxies commonly
exhibit high [Omi1] /[C11] ratios (~ 3 — 20), whereas local (z ~ 0) ULIRGs typically show much
lower ratios ([O111] /[C11] ~ 0.04—1), as illustrated in Figure 4.2. Although several cosmological
simulations have attempted to reproduce and clarify the origin of the elevated [O111] /[C11] ratios
at high redshift, a definitive explanation remains elusive. This is because the ratio is influenced
by multiple interrelated factors, including chemical abundances, ionization parameter, covering
fractions, CMB attenuation, and observational biases.

In addition to FIR emission lines, ALMA provides essential insights into dust properties
through continuum observations. Dust continuum emission has already been detected in certain
galaxies at z 2> 6.5 (e.g., Watson et al., 2015; Laporte et al., 2017; Bowler et al., 2018; Laporte
et al., 2019; Witstok et al., 2022; Schouws et al., 2022; Inami et al., 2022). The Reionization
Era Bright Emission Line Survey (REBELS; Bouwens et al., 2022b) has provided the first
statistically significant perspective on dust and ISM characteristics in the UV-selected galaxies
above z 2 6.5. Inami et al. (2022) reported dust detections in at least 40% of REBELS sources,
suggesting dust is prevalent even among UV-bright, high-redshift galaxies. Indeed, at z = 7, a
significant fraction (~ 30%) of cosmic star formation may be obscured by dust (see also Algera
et al., 2023; Barrufet et al., 2023).

Dust plays a crucial role in obscuring star formation in high-redshift galaxies and significantly
impacts cosmic reionization by absorbing ionizing photons (e.g., Hayes et al., 2011; Katz et al.,
2017). Additionally, dust influences the chemical balance within galaxies, providing surfaces
for Hy formation, thereby enhancing star formation (Gould and Salpeter, 1963; Hirashita and
Ferrara, 2002). However, the mechanisms that produce substantial amounts of dust within
a few hundred million years after the Big Bang remain actively debated topics in theoretical
and observational research (e.g., Vijayan et al., 2019; Sommovigo et al., 2020). At present, most
dust detections at z 2 7 rely on single-wavelength continuum measurements, requiring uncertain
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extrapolations of dust mass and IR luminosity from only a single data point (e.g., Bowler et al.,
2018; Inami et al., 2022; Schouws et al., 2022; Witstok et al., 2022). While novel theoretical
frameworks have been developed to infer dust properties (such as mass and temperature) from
single-band continuum observations (e.g., Inoue et al., 2020; Sommovigo et al., 2021; Fudamoto
et al., 2023), larger observational samples are essential for validating these approaches and
assessing their reliability.

A key observational goal is therefore to constrain dust temperature Ty,st. Multi-band ALMA
observations enable us to disentangle dust temperature and mass, since IR luminosity scales as
Lir o< Mgyst Tdi:l, where 5 ~ 1.5 — 2 (see Eq. 3.112). Therefore, even small uncertainties in
dust temperature translate into considerable variations in inferred dust mass and IR luminosity
(Hodge and da Cunha, 2020; Bakx et al., 2021). Accurate measurements of dust temperature
are essential for reliably assessing dust-obscured star formation and refining our understanding
of dust enrichment mechanisms in the high-redshift Universe. Observationally, several groups
have reported that dust temperatures may be higher at higher redshifts (e.g., Schreiber et al.,
2018; Laporte et al., 2019; Bakx et al., 2020; Viero et al., 2022). Physically, such elevated
temperatures may result from more compact galaxy morphologies (van der Wel et al., 2014;
Fudamoto et al., 2022), leading to high star-formation rate surface densities (e.g., Schreiber et al.,
2018). Additionally, galaxies with smaller dust reservoirs are exposed to more intense stellar
radiation per dust grain, resulting in higher dust heating efficiencies (Sommovigo et al., 2022).
However, multi-band ALMA observations at z 2 6—7 remain limited, frequently affected by non-
detections, modest signal-to-noise ratios, or selection biases toward warmer and thus intrinsically
brighter sources. Therefore, obtaining larger datasets of galaxies with well-constrained dust
temperature measurements is crucial for a comprehensive understanding of dust-obscured star
formation during the epoch of reionization.

In addition to probing ISM properties, ALMA enables detailed studies of gas dynamics due
to its high velocity resolution (~ 10kms~!). This resolution is significantly better than that
of JWST/NIRSpec (Av ~ 111kms~!) or MIRI(LRS)/NIRSpec(prism) (Av ~ 3000kms™1).
Typical galaxies observed at z > 6 have circular velocities in the range of 100 — 200kms™?,
making ALMA particularly well-suited for investigating kinematic structures such as rotating
disks and outflows.

Since [C11] emission primarily arises from neutral gas, which typically represents the dominant
gas phase within galaxies, it is frequently used to trace gas motions. Galaxies at high redshift
often experience frequent mergers and turbulent gas accretion (Conselice et al., 2008; Dekel
et al., 2009b). Therefore, their gas dynamics are generally expected to be dispersion-dominated.
However, several galaxies have been reported to host cold, rotating disks as revealed by [C11] -
based velocity maps (e.g., Rizzo et al., 2020, 2021; Tsukui and Iguchi, 2021; Lelli et al., 2021;
Parlanti et al., 2023; Roman-Oliveira et al., 2023; Neeleman et al., 2023; Fujimoto et al., 2024a).
Furthermore, extended kinematic features indicative of galaxy interactions, such as bridges, have
also been identified via [CI1] observations in merging systems (e.g., Izumi et al., 2024; Zanella
et al., 2024; Posses et al., 2024; Telikova et al., 2024). Outflowing gas components have similarly
been probed through [C11] emission (e.g., Herrera-Camus et al., 2021; Ginolfi et al., 2020; Birkin
et al., 2025), potentially driving extended [C11] halos as proposed by recent studies (Fujimoto
et al., 2019; Ikeda et al., 2025; Solimano et al., 2024).

4.3 JWST Observations of Galaxies at z > 6

JWST has observed rest-frame optical emission lines at high-redshift galaxies for the first time.
So far, JWST has spectroscopically identified over 1,300 galaxies at z > 6 (Adamo et al., 2024a;
Roberts-Borsani et al., 2024), exceeding by more than a factor of 20 the sample confirmed before
JWST launched (see Figure 2 of Adamo et al., 2024a).

Specifically, JWST discovers z > 10 galaxies for the first time, and currently, around 30
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galaxies are confirmed at z > 10. Such discoveries allow us to investigate the UV luminosity
function beyond z 2 10, revealing unexpectedly luminous galaxies compared to previous theo-
retical predictions (e.g., Finkelstein et al., 2022; Bouwens et al., 2022a). Several new scenarios
have thus been proposed to explain these bright UVLFs such as (i) increasing star formation
efficiencies (SFE) (e.g., Dekel et al., 2023; Li et al., 2024; Ceverino et al., 2024; Inayoshi et al.,
2022), (ii) stochastic bursty star formation (e.g., Pallottini and Ferrara, 2023a; Shen et al., 2023;
Mason et al., 2023; Sun et al., 2023; Gelli et al., 2024; Sugimura et al., 2024), (iii) increasing
the light-to-mass ratio (L/M.,) via a top-heavy IMF (e.g., Haslbauer et al., 2022; Trinca et al.,
2024; Cueto et al., 2024; Hutter et al., 2025; Yung et al., 2024; Jeong et al., 2025; Lu et al., 2025;
Mauerhofer et al., 2025), and (iv) dusty outflow(e.g., Ferrara et al., 2023; Ferrara, 2024; Ferrara
et al., 2025; Fiore et al., 2023; Ziparo et al., 2023; Nakazato and Ferrara, 2024). Even modified
ACDM models can explain the observed UVLF such as blue power-spectrum at small-scale (Hi-
rano and Yoshida, 2024) via primordial BH (Liu and Bromm, 2022; Huang et al., 2024; Zhang
et al., 2024), or primordial magnetic fields (Parashari and Laha, 2023; Ralegankar et al., 2024).

JWST observations not only enable the spectroscopic identification of galaxies at high red-
shift but also provide essential constraints on the physical properties of their ISM through
diagnostic emission-line ratios. For example, the ratios among rest-frame optical emission lines
such as [Or11] 5007A, 4959A, and Hp enable the estimation of gas-phase oxygen abundances
(i.e., metallicities; Nakajima et al. 2023; Curti et al. 2023). In particular, galaxies exhibiting
auroral lines like [O111] 4363A allow direct measurements of electron temperatures (Morishita
et al., 2024). Using these lines, the mass—metallicity relation has recently been constrained at
z =4 — 10 for the first time (Morishita et al., 2024; Laseter et al., 2024).

JWST has also detected rest-frame UV emission lines and reported non-solar abundance pat-
terns in high-redshift galaxies. Ratios among emission lines such as CI11] 1907,1909A, Ori] 16664,
and N1v]1483, 1486A suggest unusual C/O and N/O abundance ratios compared to those ob-
served in local galaxies (Cameron et al., 2023; D’Eugenio et al., 2024; Topping et al., 2024b).
Recently, some high-redshift galaxies have been identified as “N-emitters”, showing super-solar
N/O abundances based on highly-ionized UV emission lines (e.g., N1v]; Isobe et al. 2023b).

By measuring emission line ratios of different ionization stages of oxygen, JWST enables
the construction of the 032-R23 diagram, where 032 = [O111] 5007A /[O11] 3727, 3729A and
R23 = ([O111] 4959, 5007A + [On1] 3727, 3729A) /HA. Tt is well established that 032 mainly traces
the ionization parameter, whereas R23 is strongly correlated with metallicity (e.g., Nakajima
and Ouchi, 2014). JWST has extended this diagnostic to EoR galaxies, providing deeper insights
into ISM conditions within HII regions at cosmic dawn.

Furthermore, JWST enables the estimation of electron densities via ratios of collisionally
excited emission lines arising from the same ion but with closely spaced excitation energies, such
as [O11) 3729/3727A, [S1] 6733/6718A, C111)1909/C111]1907, and N1v]1483/N1v]1486. Electron
densities measured from these ratios at high redshift are found to range from 500 to 10*, cm™3
(e.g., Isobe et al., 2023a; Topping et al., 2025; Harikane et al., 2025b; Scholtz et al., 2024;
Marconcini et al., 2024), over an order of magnitude higher than typical local galaxy values
derived from [O11] and [S11] lines (Kashino et al., 2017; Mingozzi et al., 2022; Davies et al., 2021;
Sanders et al., 2016).

In addition to its unprecedented sensitivity, JWST offers remarkable spatial resolution, pro-
viding new insights into the internal structures of high-redshift galaxies. Typical spatial res-
olutions are ~ 1” for ground-based telescopes (e.g., Keck in seeing-limited mode), ~ 0.2” for
HST, and ~ 0.07” for JWST. Such capabilities have revealed that some z > 6 galaxies con-
sist of multiple sub-components previously unresolved in pre-JWST observations (e.g., Harikane
et al., 2025b; Hainline et al., 2024a; Chen et al., 2023). Furthermore, combining JWST’ s
high spatial resolution with gravitational lensing magnification, stellar clusters with masses of
M, = 105""M have been resolved down to parsec scales at z = 6 — 10 (e.g., Adamo et al.,
2024b; Mowla et al., 2024; Vanzella et al., 2023a). Such observations suggest these clusters could
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Figure 4.3: SED models for galaxies at z = 6,7,8,9, and 10, generated using the FSPS stellar
population synthesis code (Conroy et al., 2009; Conroy and Gunn, 2010). The strong emission
lines labeled are Hf, [O111] 5007A, and Ha. The thick red line marks the 5 ym boundary between
the NIRSpec (0.6-5 pm) and MIRI (5-28 pm) coverage.

be potential proto-globular clusters, providing fundamental clues to characterize clustered star
formation in the early Universe, including their cluster mass functions, formation efficiencies,
and survival rates.

4.4 Synergetic Insights from JWST and ALMA

Combining JWST and ALMA observations provides comprehensive constraints on both the
physical conditions and the kinematics of the multi-phase ISM in high-redshift galaxies. Phys-
ical conditions can be investigated through emission-line ratios spanning from optical to FIR
wavelengths, while gas kinematics are probed via ALMA moment-1 maps and integral field unit
(IFU) spectroscopy from JWST. Figure 4.4 illustrates the panchromatic spectral energy dis-
tribution (SED) of a typical star-forming galaxy at z = 7. JWST probes emission lines from
the rest-frame UV to optical, whereas ALMA detects FIR emission lines and dust continuum
emission from large grains at rest wavelengths of Ajest = 40 um. The planned space mission
PRIMA (the PRobe far-Infrared Mission for Astrophysics; Moullet et al., 2023) will further
extend observations to mid-infrared wavelengths, detecting emission from Polycyclic Aromatic
Hydrocarbons (PAHs), continuum emission from small dust grains, and mid-IR fine-structure
lines such as [Nel1]13 pym and [Ner1]16 pym .

Taking ratios of rest-frame optical emission lines observed with JWST to rest-frame FIR
emission lines detected by ALMA enables investigations into ISM conditions that JWST alone
cannot probe. For instance, by combining electron temperatures measured from the [O111] 4363A
line with the [O111] 88/[O111] 5007 line ratio, electron densities in the FIR-emitting gas (ne rir)
can be estimated (Harshan et al., 2024; Fujimoto et al., 2024b). Recently, Harikane et al. (2025b)
reported that these nepir values are systematically lower than electron densities derived from
rest-frame UV and optical emission lines, suggesting the existence of a multi-phase ionized gas
structure. Furthermore, they noted that assuming a single-phase ionized gas model based solely
on electron temperatures from the [O111] 4363A line could lead to underestimating gas-phase
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Figure 4.4: Mock SEDs of star-forming galaxies at z = 7, generated using the FSPS stellar
population synthesis code (Conroy et al., 2009; Conroy and Gunn, 2010). The blue (gray) lines
indicate the SEDs with (without) dust attenuation. The observational wavelength coverage of
JWST, PRIMA, and ALMA is indicated by arrows at the top of the figure.

metallicities by up to 0.8 dex.

From a theoretical perspective, line-ratio diagrams utilizing synergies between JWST and
ALMA have also been explored (Nakazato et al., 2023). Figure 4.5 shows line-ratio diagrams
combining rest-frame optical and FIR [O111] emission lines. These diagrams are sensitive to gas-
phase metallicity and electron density (n rir). The upper panel specifically targets galaxies for
which [O111] 52 gum emission has been detected, whereas the lower panel can be broadly applied
to galaxies at z = 6 — 12.

Moreover, panchromatic SEDs obtained by combining JWST and ALMA data significantly
improve the accuracy of the derived galaxy properties through a comprehensive SED fitting (e.g.,
Sugahara et al., 2025). As discussed in Section 4.2, [C11], O1, and CO emissions are also available
by ALMA. Combining these emissions and JWST-detected emissions, we can understand multi-
phase ISM from HII regions, photodissociation regions, and molecular clouds, and kinematics in
each phase (Fujimoto et al., 2024b; Fudamoto et al., 2025).

4.5 Remaining Open Questions and Challenges

So far, there are several scientific cases for high-redshift galaxies. Among them, this thesis
focuses on the interstellar medium (ISM) properties of galaxies at z > 6. In particular, I
will address the following topics throughout the thesis: (i) Formation and evolution of clumpy
structures (kinematics, morphologies), (ii) Nature of dust formation and evolution at high
redshift (dust physics), and (iii) The origin of high [Om1] /[C1] ratios (multi-phase ISM
properties).

In light of the observational trends described above, this thesis employs cosmological zoom-in
simulations coupled with detailed emission-line modeling of multi-phase gas and dust. Zoom-in
simulations enable us to spatially resolve the internal structures of high-redshift galaxies and
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Figure 4.5: Top: The line luminosity ratio [O11] 5007A/[O1m] 88um  versus
[Om] 52pm  /[O11] 88um . Solid circles represent simulated galaxies from the FirstLight
simulations at z = 7, with colors indicating gas metallicity. Gray star symbols denote local
galaxies from Moustakas and Kennicutt (2006) and Brauher et al. (2008), while red star symbols
represent local planetary nebulae from Dinerstein et al. (1985). The CLOUDY model results are
shown as lines color-coded by metallicity (log(Z/Zs) = —1.30, —0.70, —0.40, 0.0). Solid, dashed,
and dotted lines correspond to ionization parameters of logU = —1.5,—2,—3, respectively.
The tick marks on each CLOUDY model line represent the gas densities of the HiI region of
log ny, [em ™3] = 1, 2, 3 from left to right. Bottom: An example demonstrating the diagnostic
capability of line-ratio diagrams based on CLOUDY calculations. Degeneracies with parameters
such as electron temperature or ionizing radiation strength can be resolved by fully modeling
all available emission lines (including several oxygen transitions and auroral lines in some
cases) and by performing spectrophotometric SED-fitting techniques. For comparison, galaxies
at z ~ 10 from the FirstLight simulations are plotted, color-coded by their [O111] 88um line
luminosity. The top panel is adapted from Nakazato et al. (2023).
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investigate their detailed ISM properties (see Chapter 5). By comparing simulation results with
recent JWST and ALMA observations, we aim to elucidate the physical origins of the observed
emission-line ratios, dust content, and morphological characteristics of galaxies before and during
the Epoch of Reionization.

A significant advantage of simulations is their ability to track the formation and evolution of
galaxies over cosmic time, whereas observations typically capture galaxies at a single evolution-
ary snapshot. Tracking time evolution allows us to better understand star formation histories
and the feedback processes that shape observed galaxy properties. Furthermore, simulations
provide fully three-dimensional spatial distributions (x, y, z-coordinates), whereas observational
data are limited to two spatial dimensions (x, y) along with one-dimensional wavelength in-
formation. This detailed spatial information enables simulations to clearly distinguish between
different morphological features such as disks and mergers. Observationally limited spatial res-
olution at high redshifts sometimes misinterprets velocity gradients arising from mergers as
signatures of rotating disks (e.g., Rizzo et al., 2022), leading to potential misunderstandings
about the redshift evolution of galaxy disk structures.

Moreover, simulations can resolve internal structures within galaxies that remain inaccessible
to current observations®. Accurately interpreting the emission properties of observed galaxies
requires resolving distributions of key physical parameters, including gas density, temperature,
metallicity, stellar mass surface density, mass-weighted stellar age, and radiation fields. To fa-
cilitate direct comparisons between multi-wavelength observational results and simulations, it is
essential to develop robust emission-line and dust attenuation/re-emission models based on the
simulated data. This approach allows us to pinpoint the physical origins of observed morpholo-
gies and ISM properties of high-redshift galaxies, ultimately accelerating our understanding of
galaxy formation processes and the sources and mechanisms driving cosmic reionization.

The results of this study are expected to significantly enhance our comprehensive under-
standing of the dynamical and chemical properties of high-redshift galaxies, thereby providing
valuable insights into the history of structure formation, star formation in the early Universe.

SRecent JWST observations with gravitational lensing reveal pc-scale stellar clusters (e.g., Adamo et al.,
2024Db).
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Chapter 5

Galaxy Formation Simulation

In order to interpret the latest high-redshift observational results introduced in Chapter 4,
there are several theoretical approaches: analytical calculations, semi-analytical models, and
numerical simulations.

The first approach involves describing galaxy formation using theoretical models and ap-
proximate formulations. For example, halo formation can be described using Press-Schechter
theory and spherical collapse models; star formation is modeled via cooling criteria and the
Kennicutt-Schmidt relation; and feedback processes are treated using simplified models such as
the Eddington limit. This approach helps us understand which physical processes are dominant
in galaxy formation, and the computational cost is very low.

The second approach uses halo merger trees derived from N-body simulations or Press-
Schechter theory, and models galaxy evolution through simplified analytic recipes. These in-
clude gas accretion, star formation, supernova and AGN feedback, metal enrichment, and dust
evolution. This method is called the semi-analytical approach. Its primary advantage is com-
putational efficiency compared to full N-body + hydrodynamical simulations. This enables the
generation of galaxy samples that are orders of magnitude larger than those produced by cos-
mological simulations and allows rapid exploration of parameter and model space (e.g., adding
new physics and assessing their impacts). Major disadvantages are that they lack morphological
and spatial information of galaxies, and rely on simplified models.

The third approach, full numerical simulations (N-body + hydro), is the most physically
realistic, as it directly solves the coupled equations governing dark matter, gas dynamics, cooling,
star formation, and feedback processes. However, it is computationally expensive and often
difficult to re-run with varying parameters.

In what follows, we review galaxy formation simulations.

5.1 Galaxy Formation Simulations

There are two types of galaxy formation simulations: cosmological simulations and isolated
simulations. Both simulations solve the dynamics of dark matter and gas by integrating the
following five basic equations:

a as
’ Continuity eq. ‘ ggt + V- (pgasv) = Sp,ae (5.2)
0 VP,
Gt V=TT Ve s, (53)
gas
1))
Energy eq. B + V- [(E + Pihermal)V] = —pgasv - VO + (I' = A) + S (5.4)
‘Equation of State‘ Prihermal = (7 — 1)pgase  (E = pgas(e + v?)), (5.5)
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where pgas, v, and P denote the gas mass density, gas velocity, and gas pressure, respectively.
The total gas energy density is given by E = pgas(€ + v?), where ¢ is the internal energy per
unit mass of the gas. The total mass density is expressed as piot, including contributions from
gas, stars, and dark matter. The adiabatic index is denoted by . Here I' and A represent the
heating rate from stellar winds and supernova feedback, and the cooling rate due to metal-line
radiation, respectively, as explained in Section 2.3. The terms S,,,., Sy, and Sg are source and
sink terms determined by star formation and stellar mass loss processes.

In addition to the hydrodynamical equations, the advection of metals produced in stars and
released into the gas via supernovae, stellar winds, and evolved stars is solved self-consistently:

apZi
ot

+ V- (pz,v) = Sz, Fp + Sz, ML + Sz, sF, (5.6)

where FD, ML, and SF stand for feedback, mass loss, and star formation, respectively. Z;
represents two types of metals originating from Type IT and Type Ia supernovae (i = SNII, SNIa),
and pz, is the mass density of the ejected metals.

The main sub-grid physics considered in these simulations include star formation, feedback
from stellar winds, supernovae, and AGN, metal enrichment, and the UV background. The de-
tailed implementations vary between simulations. The specific models adopted in the FirstLight
and RAMSES-RT simulations are described in Chapters 6 and 8, respectively.

In general, there are two types of galaxy formation simulations: isolated simulations and
cosmological simulations. In isolated simulations, the mass and density profiles of galaxy com-
ponents—such as the dark matter halo, gas, disk, and bulge—are manually specified as initial
conditions, and the subsequent evolution is followed. The computational cost is relatively low
compared to cosmological simulations. Therefore, isolated simulations are advantageous for test-
ing various sub-grid physics, such as feedback models (e.g., Hopkins et al., 2011; Agertz et al.,
2013; Rosdahl et al., 2015), or for comparing different simulation codes, as in the AGORA
project (Kim et al., 2014).

They are also useful for studying specific dynamical processes with high spatial resolution,
such as galaxy mergers, by explicitly setting the initial positions, velocities, and spin orientations
of two galaxies (e.g., Renaud et al., 2013, 2015; Fensch et al., 2017; Maji et al., 2017). In the
following, we focus on cosmological simulations.

5.1.1 Cosmological Simulations

Cosmological simulations follow galaxy formation by setting cosmological parameters as initial
conditions. First, we specify the cosmological parameters and compute the linear growth of
density fluctuations to obtain the density power spectrum P(k, z) at an initial redshift z = zjp;;.
Based on the obtained power spectrum, a random Gaussian field is generated in Fourier space’.

By applying an inverse Fourier transform, we obtain the initial density field in real space.
From this, we compute the displacement vector and determine the initial positions @ using the
Zel’dovich approximation?:

x=q+ Dy(2)®P, (5.9)

where q is the Lagrangian coordinate and Dy is the linear growth factor. The initial velocity is
then given by v = aD; ®, where a is the scale factor. Figure 5.1 illustrates the initial condition
generation for cosmological simulations.

IThe initial overdensity field satisfies the following relations:
(0(z)) =0 (5.7)
(6(k)™ (K')) = P(K)6” (k — k'), (5.8)

where 6P is the Dirac delta function.
2Simulations typically consider second-order perturbation theory (2LPT).
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Figure 5.1: Illustration of the initial conditions for an N-body simulation. The left panel shows
the dimensionless linear power spectrum for cold dark matter. The vertical dashed lines indicate
the modes corresponding to the simulation’s box size and resolution scale. The right panel shows
the dark matter density field at z = 127, generated based on the power spectrum shown in the
left panel. The initial conditions for gas are also produced in the same way. The side length of
the simulated region is 40 cMpc/h. This figure is adapted from Zavala and Frenk (2019).

After preparing the initial density and velocity fields at z = zj,;t, the simulation evolves them
self-consistently under gravity and hydrodynamics based on the above five basic equations (5.2)
- (5.5).

There are mainly two types of cosmological simulations: full-box (non-zoom-in) and zoom-in
simulations. In full-box simulations, we follow the evolution of all galaxies within the simulation
volume. This allows us to study the large-scale galaxy distribution, which is useful for line-
intensity mapping and statistical analyses such as scaling relations and luminosity functions.
However, full-box simulations typically have limited spatial resolution (Azmin ~ 200 pc, see
Table 5.1), making it difficult to resolve low-mass galaxies or the internal structures of galaxies.

In contrast, zoom-in simulations focus on individual galaxies at higher resolution. We first
run a low-resolution dark matter-only simulation from z = zji t0 2 = 2zenq, identify spe-
cific(massive) halos, and determine their Lagrangian regions, which are the initial positions of
the particles that form each target halo. We then regenerate the initial conditions for dark mat-
ter and gas with higher resolution in these regions, while the surrounding regions are simulated
at lower resolution. For each of the selected target halos, a hydrodynamical + N-body simula-
tion is carried out individually. The concept of zoom-in simulations is illustrated in Figure 5.2.

With their high spatial (and temporal) resolution, zoom-in simulations allow us to follow
detailed galaxy formation processes and internal structures. This makes it easier to directly
compare simulated galaxies with individual observed galaxies. However, their main disadvantage
is that statistical analyses are limited, as only a small number of selected progenitors are followed.
Moreover, zoom-in simulations do not allow the study of large-scale spatial distributions of
galaxies.

Table 5.1 summarizes the properties of recent cosmological simulations targeting z > 6
galaxies. Figure 5.3 shows the relation between simulation box size and dark matter particle
mass for each simulation listed in Table 5.1. Simulations that appear in the upper-right region
of the plot correspond to rare, massive objects resolved with high resolution. Depending on the
specific science goal for high-redshift galaxies, it is important to choose appropriate simulations.
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Figure 5.2: Illustration of the zoom-in technique. Some zoom-in simulations employ multiple
resolution layers. From left to right, the side lengths of the projected regions are 50 Mpc, 5
Mpc, and 1 Mpe, respectively. This figure is adapted from Ricotti et al. (2022).
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Figure 5.3: Comparison with recent cosmological simulations. Circles and diamonds represent
non zoom-in and zoom-in simulations, respectively. The x-axis shows the simulation boxsize, and
the y-axis shows the dark matter particle mass. To achieve a simulation with ten times larger
box size at the same resolution, approximately ten times more computational cost is required.
Similarly, achieving ten times higher mass resolution at fixed box size demands about twenty
times more computational cost because both the number of particles and the number of time
steps increase. Moving toward the upper right corner represents the frontier of next-generation
high-resolution cosmological volume simulations, which is an extraordinarily demanding com-
putational challenge.
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5.2 Baryonic Physics

To model the galaxy population, the hydrodynamical equations need to be augmented by a
variety of astrophysical processes, such as gas cooling, star formation, stellar feedback, AGN
feedback, magnetic fields, cosmic rays, dust physics, and so on. Most of these processes are
implemented through effective, so-called subresolution models, which are necessary due to the
limited numerical resolution of simulations. Here, we review two of the most important physical
processes: star formation and stellar feedback.

5.2.1 Star Formation Recipe

In cosmological galaxy formation simulations, the parameters defining the onset of star formation
(the temperature and density thresholds) and the star formation efficiency per free-fall time
(efr) play a crucial role. In large-volume simulations, the limited spatial resolution motivates
relatively low density thresholds of nyg ~ 0.1-1cm ™ and efficiencies of e ~ 0.01-1 per free-fall
time (e.g., Springel and Hernquist, 2003; Schaye and Dalla Vecchia, 2008), which have been
shown to reproduce the observed Kennicutt-Schmidt relation (Kennicutt, 1998a). Some zoom-
in simulations with much higher resolution often adopt higher thresholds, nyg > 10-10%2 cm ™3
(e.g., Pallottini et al., 2022; Katz et al., 2024). Regarding the local star formation efficiency e,
some simulations adopt more physically motivated values based on molecular gas fractions (e.g.,
FIRE-2; Hopkins et al., 2018; Gnedin and Kravtsov, 2011). Moreover, the latest high-resolution
simulations, adopting results from cloud—scale studies, often use much higher thresholds (nyg 2
10* cm™3) and variable g as a function of cloud metallicity, mass, and gas density (e.g., He
et al., 2019; Garcia et al., 2023; Sugimura et al., 2024). The stellar component is created by
converting gas into collisionless particles with stochastic probabilities at each timestep.

5.2.2 Stellar Feedback Models

Stellar feedback is an essential component of galaxy formation models, regulating the conversion

of gas into stars, shaping the interstellar medium (ISM), and driving galactic-scale outflows. In

cosmological simulations, feedback is implemented through subgrid prescriptions that capture

the unresolved energy, momentum, and metal injection from stars into the surrounding gas.
The primary channels of stellar feedback are as follows:

1. Supernova (SN) feedback: Both Type II and Type Ia SNe inject thermal energy, mo-
mentum, and heavy elements into the ISM. Implementations include thermal energy de-
position (e.g., Okamoto et al., 2010), momentum injection (e.g., Oppenheimer and Davé,
2006), and delayed cooling schemes to overcome numerical overcooling, as pointed out
by White and Frenk (1991) and Navarro and Benz (1991). Implementation styles vary.
Some models deposit energy and momentum directly into neighboring gas cells or particles
(thermal or momentum mode), while others temporarily decouple wind particles from hy-
drodynamics to mimic unresolved breakout from dense regions (e.g., Pillepich et al., 2018).
Momentum-boosting factors are sometimes applied to capture the terminal momentum of
SN remnants unresolved at the simulation resolution.

2. Radiative feedback: Young, massive stars emit copious ionizing and non-ionizing radi-
ation. Feedback channels include:
« Photoionization heating, which raises gas temperatures to ~ 10* K.
o Photoelectric heating on dust grains, important in neutral regions.
o Direct radiation pressure from UV /optical photons.

o Infrared (IR) multiple scattering, potentially boosting momentum injection in dusty,
high-density environments.
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3. Stellar winds: OB star winds and asymptotic giant branch (AGB) winds contribute
to early gas removal and enrichment before the onset of SNe. These winds are often
implemented as continuous mass and energy injection tied to stellar evolution tracks.

The parameters of stellar feedback models can either be chosen based on physical arguments
or require a calibration procedure. The former approach is often used in zoom-in simulations;
for instance, SN energy values, event frequencies, and stellar wind energies are derived from an
assumed IMF and stellar SEDs. The latter approach is common in large-volume simulations
(e.g., MlustrisTNG, EAGLE), where subresolution models are less detailed compared with those
of zoom-in simulations. Calibration typically involves exploring the parameter space of the ef-
fective models through a large number of smaller-volume simulations. The resulting parameters
are selected by comparing the simulated galaxy population with key observables, such as the
star formation rate density (SFRD) as a function of cosmic time, the galaxy stellar mass func-
tion(SMF) at z = 0, and the present-day stellar-to-halo mass relation (e.g., Vogelsberger et al.,
2014).

5.3 Recent Theoretical Interpretations with JWST /ALMA Ob-
servations

As discussed in Chapter 4, observations with JWST and ALMA have dramatically advanced our
understanding of galaxy formation at z 2 6, providing statistical samples as well as spatially
resolved views of individual galaxies. In this section, I review recent simulation-based works
that aim to explain and reproduce these high-redshift observations.

5.3.1 Statistical Properties of Galaxy Populations

Recent cosmological simulations have made it possible to statistically investigate various galaxy
properties at high redshift, such as the ultraviolet and infrared luminosity functions (UVLF,
IRLF), the mass—metallicity relation (MZR), the size-mass relation, dust statistics, and galaxy
kinematics. While some studies utilize large non-zoom-in cosmological simulations that follows
all galaxies within the box, zoom-in simulations with sufficient sample sizes (e.g., more than
100 halos) can also provide statistically meaningful results. Moreover, recent techniques enable
the estimation of number densities from zoom-in simulations by applying volume corrections
or combining simulations with different zoom-in regions and box sizes. Table 5.2 summarizes
recent simulation-based statistical studies for each key observable.

The UVLF, especially at z ~ 9-15, has received particular attention due to JWST’s discovery
of UV-luminous galaxies in this epoch. To interpret these findings, large-volume simulations are
essential, along with appropriate treatment of dust attenuation, which can significantly alter the
observed UV fluxes.

The advent of NIRCam slitless spectroscopy has enabled the detection of rest-frame optical
emission-line galaxies at specific redshifts, leading to observational constraints on the luminosity
functions of lines such as Ha and [Om1] 5007 A. Ha is a direct tracer of recent star formation
(< 10 Myr, Kennicutt, 1998b), so its luminosity function can inform the distribution of star
formation rates (SFRs) across the galaxy population and constrain the cosmic SFR density.
[O111] 5007 A, which traces high-ionization regions around young massive stars, is often stronger
than Ha in low-metallicity, high-redshift galaxies, offering complementary insights into their
star-forming conditions.

Metallicity constraints at z > 6 have become possible only recently thanks to JWST, based
on emission-line diagnostics using rest-frame optical lines. These include both the T,-based direct
method and the strong-line method (see Section 3.3.3). Comparisons between simulations and
observations can reveal the metal enrichment history of early galaxies and provide constraints
on the implemented feedback and chemical evolution models.
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The size-mass relation provides a probe of galaxy structural evolution, offering insights into
whether galaxy growth proceeds inside-out or outside-in, the role of stellar and AGN feedback,
and the epoch at which galaxies transition from compact to extended morphologies.

Dust-related statistics, including dust attenuation corrections for UV continuum and line
emission and the infrared luminosity function, are crucial for interpreting observed spectral en-
ergy distributions (SEDs). Some simulations track dust mass on the fly and investigate the
redshift evolution of dust-to-gas and dust-to-metal ratios. However, many cosmological simula-
tions instead assume a fixed dust distribution and dust-to-metal mass ratio, and calculate dust
properties based on these assumptions. In particular, recent theoretical studies have focused
on dust temperature, infrared luminosity, the IRX-Gyy relation, and the Suyy—-Myy relation,
although these quantities are typically analyzed only in a galaxy-integrated manner.

5.3.2 Individual Galaxy Properties and Internal Structures

Zoom-in simulations with resolutions of ~0.1-30 pc or better enable detailed studies of internal
galaxy structures and are especially suitable for tracing the formation and evolution of individual
high-z galaxies. Table 5.3 summarizes recent simulation works that focus on spatially resolved
galaxy structures or individual star formation histories (SFHs). Except for SPHINX20, which uses
a small box but achieves 11 pc resolution without zoom-in techniques, all of these simulations
are of the zoom-in type.

In terms of morphologies, simulations have been used to interpret clumpy and disk-like
galaxies observed by JWST. Some studies select simulated galaxies that match the observed
redshift, stellar mass, and SFR of individual targets, and investigate their formation pathways,
SFHs, and morphological evolution (e.g., Tanaka et al., 2024; Kiyota et al., 2025; Rodighiero
et al., 2024b; Fujimoto et al., 2024b). Others generate mock observations from simulations,
process them through synthetic pipelines, and compare them directly with actual observations
(e.g., Costantin et al., 2023; Rizzo et al., 2022).

In the context of ALMA observations, simulations have been used to predict rest-frame
FIR emission. The [O111] 88 pm line, originating in ionized gas, can be modeled by assigning
Stromgren spheres around young stellar particles even without on-the-fly radiative transfer as
shown in Table 5.3. However, the [C11] 158 pum line, which arises from photodissociation regions
(PDRs), requires detailed modeling of the UV radiation field and thus demands on-the-fly or
post-processed radiative transfer.

Dust physics in simulations is often limited to galaxy-integrated quantities such as the IRX-
Puvy relation, and spatially resolved distributions of dust grain sizes remain underexplored (see
also Chapter 7). While some low-redshift studies have investigated line-of-sight dust attenua-
tion effects (e.g., Cochrane et al., 2019), few high-redshift simulations have examined similar
phenomena (Cochrane et al., 2024), possibly because inclination effects are expected to be small
due to the compactness and lower dust content of early galaxies.

Simulated SFHs are also used to quantify the degree of burstiness in high-z star formation,
including stochastic variations in SFRs. Some works have even investigated the emergence of
quiescent galaxies at z 2 6 (e.g., Gelli et al., 2023).

As illustrated above, even when using the same set of simulation data, we can obtain valuable
insights into a wide range of scientific topics by changing the focus of which observables are
compared with the latest JWST and ALMA data.

5.4 Outlook for Galaxy Formation Simulations
Recent observations of high-redshift galaxies have revolutionized our understanding of early

galaxy formation, revealing a wealth of new physical insights, as introduced in Chapter 4.
However, many of the observed features remain challenging to reproduce simultaneously and
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Table 5.2: Summary of recent cosmological simulation studies focusing on z = 6 galaxies and
key statistical observational results.

Topic Simulation Reference Comment
FIRE-2 Ma et al. (2019)
FIREbox-HR ~ Feldmann et al. (2025)
UVLF FLARES Wilkins et al. (2023b)
FirstLight Ceverino et al. (2024) empirical dust correction
MilleniumTNG  Kannan et al. (2023)
MlustrisTNG Vogelsberger et al. (2020)
MustrisTNG Hirschmann et al. (2023) also taking line ratio diagnostics
FLARES Wilkins et al. (2023a)
Emission line LF~ SPHINX20 Katz et al. (2023c)
THESAN Kannan et al. (2022)
BLUETIDES Wilkins et al. (2020) CLOUDY
MustrisTNG Torrey et al. (2019)
FIRE-2 Ma et al. (2016)
) . Langan et al. (2020
MZR FirstLight Nakazato et al(. (2033)
FLARES Wilkins et al. (2023c)
THESAN Garaldi et al. (2024)
MlustrisTNG Pillepich et al. (2018)
FLARES Roper et al. (2022)
Sizo-Mass relation Punyasheel et al. (2025)
THESAN Shen et al. (2024)
BLUETIDES  Marshall et al. (2022)
SIMBA Wu et al. (2020)
FIRE-2 Ma et al. (2018a)
dusty gadget Graziani et al. (2020) on-the-fly
gadget3-osaka  Aoyama et al. (2018) on-the-fly

FLARES Vijayan et al. (2022)
FirstLight Mushtaq et al. (2023) post-process RT

Dust statistics THESAN Kannan et al. (2025)
CROC Esmerian and Gnedin (2022) post-process
SIMBA Li et al. (2019)
MassiveFIRE Liang et al. (2019, 2021) post-process RT (SKIRT)
FIRE-2 Ma et al. (2019) post-process RT (SKIRT)
SERRA Pallottini et al. (2022) post-process RT (SKIRT)
SERRA Kohandel et al. (2024) disk galaxies

Kinematics FirstLight Nakazato et al. (2024) clumpy galaxies
VELA Mandelker et al. (2017) clumpy galaxies




74

CHAPTER 5. GALAXY FORMATION SIMULATION

Table 5.3: Summary of recent cosmological simulation studies focusing on individual z 2 6
galaxies and their comparison with key observational results.

Topic Simulation References Comments
SERRA Kohandel et al. (2024) disk galaxies
Kohandel et al. (2019), . .
Morphologies Gelli et al. (2020) merging galaxies
VELA Mandelker et al. (2017) clumpy galaxies
FirstLight Nakazato et al. (2024) clumpy galaxies

THESAN-ZOOM

McClymont et al. (2025a)

galaxy size

Dwarf galaxies/

Kimm et al. (2016)

stellar clusters SIEGE Calura et al. (2022, 2025)
Sugimura et al. (2024) Garcia et al. (2023, 2025)
FirstLight Ceverino et al. (2021)

Emission lines/ FLARES Wilkins et al. (2023a)

(rest-optical)

Katz et al. (2018)
Katz et al. (2023a)

Katz et al. (2019)
Katz et al. (2023a)

massive EoR galaxies
focusing on pop II1

FirstLight Nakazato et al. (2023) [O111] 88pm
SERRA Kohandel et al. (2023, 2025) [O111] 88pum
SERRA Pallottini et al. (2022) [O111] 88pm , [C11] 158um
Ermission lines/ Katz et al. (2018) Katz et al. (2019) [Om1) 88pm , [C11] 158 um
SPHINX20 Katz et al. (2022) [Omm] 88um , [C11] 158um
(rest-FIR) Shimizu et al. (2014)  Moriwaki et al. (2018) [O111] 88pm
PONOS Schimek et al. (2024) [Omm] 88um , [C11] 158um
Yajima et al. (2017) Arata et al. (2020) [O111) 88pm , [C11] 158 um
Sugimura et al. (2024) 1(\1(?}11{:;2;) 8e)t al. (2025) [O111] 88pm , [C11] 158m
SERRA Behrens et al. (2018) SKIRT
Dust FirstLight Chapter 6 SKIRT
Yajima et al. (2017) Arata et al. (2019) ART?
SERRA Gelli et. afl. (2023), quench g.alaxies.
Pallottini and Ferrara (2023b) stochastic burstiness
Pallottini et al. (2017) Pallottini et al. (2017)
SFH FirstLight Ceverino et al. (2018)

THESAN-ZOOM
THESAN-ZOOM

McClymont et al. (2025b)
Shen et al. (2025)

focusing on SFE
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self-consistently in simulations, particularly across the wide range of physical scales from the in-
terstellar medium (ISM) to the intergalactic medium (IGM). In this section, I outline promising
directions for future galaxy formation simulations that aim to bridge this gap.

5.4.1 On-the-Fly Radiative Transfer in Massive Galaxies

Simulations with on-the-fly radiative transfer (RT) for massive galaxies (M, > 10® M) are
expected to become increasingly important. Resolving ionized gas structures in such systems
requires spatial resolutions with a few parsecs or even sub-parsec scales. While some zoom-
in cosmological simulations have already achieved sub-pc resolution with on-the-fly RT (e.g.,
Sugimura et al., 2024), these are mostly limited to the formation of low-mass, star-cluster-scale
first galaxies (M, ~ 10°76Mg). In contrast, current zoom-in simulations for more massive
galaxies detectable by JWST typically resolve ~10-20 pc, which is usually larger than the
Hir regions and might be insufficient to capture ionization structures accurately (see Table 5.1).

Sub-pc scale on-the-fly RT simulations of massive galaxies would allow us to resolve both
ionized and neutral gas within galaxies, and provide direct access to electron density and temper-
ature, which are observationally measured using emission line ratios, such as the [O11] doublet,
[O111] 88pm /5007A for electron density, and [O111] 4363/5007A for electron temperature. These
simulations can be used to study how individual galaxies evolve in emission-line diagnostic di-
agrams (e.g., 032-R23 plane) over cosmic time, as well as the spatial distributions of these
quantities within a single snapshot.

In addition, such simulations will offer predictions for the escape fraction of ionizing photons
(fesc), which cannot be directly measured in z 2 6 galaxies due to IGM absorption. For example,
observable line ratios such as 032 and C43 have been proposed as fesc tracers (e.g., Nakajima
and Ouchi, 2014; Schaerer et al., 2022) using 1D radiative transfer calculations. Correlations
between such emission lines and fes. for simulated galaxies could be tested and calibrated for
application to future observations. These simulations will also produce spatially resolved maps of
electron density and temperature, providing insights into the internal structure of high-z galaxies
that are recently been studied observationally via IFU surveys (e.g., Venturi et al., 2024; Kiyota
et al., 2025). In particular, they can provide a theoretical mechanism of formation of multiphase
ionized gas that has been recently revealed by joint JWST and ALMA observations (e.g., Usui
et al., 2025; Harikane et al., 2025b, , see also Section 4.4).

Furthermore, on-the-fly RT enables a self-consistent treatment of radiation pressure over
multiple cells, allowing studies of radiatively driven outflows. This mechanism may play a key
role in explaining the emergence of UV-bright galaxies at z > 10, as suggested by recent JWST
results (see Section 4.3).

5.4.2 BH Injection and AGN Feedback Models at z 2 4

At redshifts z = 4, the contribution of black hole (BH) feedback has generally been considered
negligible due to the small BH masses and their low number densities. As a result, most cosmo-
logical simulations in this epoch do not include BH feedback. At lower redshifts, however, AGN
feedback is known to play an important role in quenching star formation, and models such as
ILLUSTRISTNG and SIMBA incorporate AGN feedback accordingly. These implementations
are calibrated to reproduce global relations such as the stellar mass functions and the cosmic
star formation rate density (SFRD) at z ~ 0 (e.g., IllustrisTNG:Weinberger et al. (2018), EA-
GLE:Schaye et al. (2015), SIMBA:Davé et al. (2019)). However, the tuned parameter values
are often chosen empirically rather than being derived from physically motivated assumptions,
reflecting the intrinsic complexity of modeling AGN feedback in a self-consistent manner. The
need to revisit BH feedback at high redshift has been renewed by recent JWST observations,
which have revealed a novel population of compact red sources known as “Little Red Dots”
(LRDs). These objects represent a unique class of active galactic nuclei (AGNs) with distinctive
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properties, potentially marking a critical phase in the formation and growth of early BHs, as
discussed in Section 4.3.

Analytical studies suggest that LRDs consist of a black hole accreting near the Eddington
limit (Inayoshi et al., 2024; Pacucci and Narayan, 2024), embedded within a massive, optically
thick envelope with a characteristic temperature of 5000-7000 K (e.g., Kido et al., 2025; Liu
et al., 2025). The super-Eddington accretion scenario naturally explains the observed weakness
in X-ray and radio emission and the low variability of LRDs. Meanwhile, the optically thick
envelope accounts for the red optical continuum and distinct spectral features such as a V-shaped
continuum and Balmer breaks (Inayoshi and Maiolino, 2025).

It is becoming essential to investigate whether such objects can be reproduced in simulations.
Because the structure around BHs in LRDs is expected to exist on sub-parsec scales, dedicated
high-resolution simulations of individual BHs are necessary as a first step. Based on the physical
insights gained from such simulations, the next challenge is to incorporate LRDs into galaxy-
scale and cosmological simulations to investigate their formation, evolution, and impact on their
host galaxies. It is also important to quantify the extent to which the blue side of the observed
spectrum (rest-UV) is contributed by the host galaxy, as opposed to the emission from the
central black hole and its surrounding envelope.

Implementing LRDs in galaxy formation simulations also opens a pathway to study the co-
evolution between central BHs and their host galaxies, including the BH-tellar mass relation and
the influence of BH feedback on star formation. Moreover, by modeling LRDs in non zoom-in
cosmological simulations, it will be possible to assess whether the simulated number density of
LRDs is consistent with that inferred from JWST observations.

5.4.3 Dust Evolution

In future studies, it will be increasingly important to incorporate dust formation, destruction,
and grain size evolution into cosmological simulations. At present, however, implementing de-
tailed dust physics in large-scale simulations remains technically challenging. Most current
cosmological simulations do not compute dust properties on the fly. As a result, assumptions
must be made regarding the spatial distribution, composition, and total mass of dust. These
assumptions inevitably introduce uncertainties when interpreting dust-related observables.

Historically, in the past decade, physically motivated one-zone models have been used to
study the evolution of dust grains and their size distributions (e.g., Lisenfeld and Ferrara, 1998;
Dwek, 1998; Hirashita, 1999). These models have been incorporated into cosmological simu-
lations (e.g., Aoyama et al., 2017, 2020). In these implementations, the dust size distribution
is typically approximated using a two-size model, while only isolated galaxy simulations can
consider the additional size distributions (e.g., Romano et al., 2022; Matsumoto et al., 2024).
However, this simplification limits the ability to track variations in dust attenuation curves,
such as the strength of the 2175 A bump and the possible transition from SMC-like to MW-like
curves inferred from high-redshift galaxy observations.

To provide theoretical insights into the observed diversity and evolution of dust attenuation
curves, future cosmological simulations should aim to resolve the full dust size distribution by
employing finely sampled size bins (e.g., 20-30 bins covering the 0.001-1 pgm range). This would
require on-the-fly treatment of key dust processes such as coagulation, accretion, shattering, and
sputtering. Importantly, coagulation and accretion predominantly occur in cold, dense molecular
clouds, while shattering and sputtering take place in hot, diffuse media. Thus, cosmological
simulations must either achieve the spatial resolution necessary to resolve molecular clouds (i.e.,
< 0.1pc), or implement physically motivated subgrid models to capture these multi-phase dust
processes.

With such modeling in place, post-processing radiative transfer calculations can be performed
to quantify dust attenuation and re-emission. This would enable predictions of redshift evolution
in attenuation curves, spatial variations in dust grain sizes within galaxies, and the evolution
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of size distributions across a statistical sample of simulated galaxies. Mock UV-IR spectral
energy distributions (SEDs) could then be generated for direct comparison with observations
from JWST and ALMA, providing a powerful testbed for models of high-redshift dust physics.

5.4.4 Chemical Abundances

Most current galaxy formation simulations treat all metals as a single quantity, without distin-
guishing individual chemical elements. Only a limited number of simulations have implemented
element-by-element tracking of chemical abundances. For example, the simulations by Arata
et al. (2020) and THESAN-zZOOM simulations (Kannan et al., 2025) follow the abundances of
seven individual metal elements (N, O, Ne, Mg, Si, and Fe) for each gas or star particle. This
enables a detailed investigation of the contributions of Type Ia and Type II supernovae, as well
as asymptotic giant branch (AGB) stars, to the evolution of elemental abundances.

Similarly, the MEGATRON simulations (Katz et al., 2024) track the same set of elements
and include yields from additional sources such as pair-instability supernovae (PISNe), which are
thought to originate from Population III stars, and hypernovae (HNe) from massive Population
IT stars (ms > 25 Mg). Furthermore, MEGATRON calculates the ionization states of each
element on the fly during the simulation, enabling a more realistic prediction of emission lines.

As discussed in Section 4.3, recent JWST observations have revealed a population of high-
redshift galaxies with prominent nitrogen emission lines in the rest-frame ultraviolet. These
so-called “N emitters” exhibit super-solar N/O abundance ratios, inferred from strong [N111] and
[N1v] emission lines. Theoretical interpretations suggest that such N enrichment may arise from
very massive stars (VMS) (Nagele and Umeda, 2023; Marques-Chaves et al., 2024) or nitrogen-
rich winds from Wolf-Rayet (WR) stars(Kobayashi and Ferrara, 2024; Watanabe et al., 2024;
Fukushima and Yajima, 2024). However, it is worth noting that the classification of N emitters
to date is largely based on UV emission lines. In some cases, galaxies identified as N emitters
in the UV do not show elevated N/O ratios when derived from optical [N11] /[O11] line ratios
(Ji et al., 2024). This highlights the importance of combining accurate abundance tracking
with proper modeling of ionized regions and the ionization states of individual metal species in
simulations.

In addition to nitrogen-rich galaxies, several carbon-rich systems have also been reported at
high redshift. Some of these exhibit low overall metallicity (as traced by oxygen abundance) but
super-solar C/O ratios (D’Eugenio et al., 2024; Nakajima et al., 2025; Scholtz et al., 2025). Such
abundance patterns are difficult to explain with conventional stellar yields and may require con-
tributions from Population III stars. Indeed, theoretical studies suggest that C-enhanced yields
from normal Pop III stars or VMSs may be necessary to reproduce these observations(Vanni
et al., 2023).

To address these questions, future simulations should aim to incorporate detailed chemical
evolution models that include the contributions of Population III stars (both normal poplIII
stars and VMS), as well as metal yields from WR stellar winds. Element-by-element abundance
tracking will enable simulations to investigate whether N emitters arise naturally without se-
lection bias from UV line-diagnostics, and to study the evolution of N/O and C/O abundance
ratios across cosmic time. This will be crucial for interpreting the physical origins of chemically
peculiar galaxies observed by JWST.

5.4.5 Stellar Clusters at z > 6

Most of the simulation-based predictions discussed so far have focused on relatively massive
galaxies (M, > 108 M) that are detectable without gravitational lensing. However, thanks to
the high sensitivity of JWST combined with lensing magnification, compact stellar clusters at
z > 6 with effective radii of less than ~10 pc and stellar masses of M, = 10°~% M, have begun
to be discovered (e.g., Vanzella et al., 2023a, also see Section 4.3). Some of these clusters also
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exhibit exceptionally high stellar surface densities of ¥, = 10576 M pc=2(e.g., Adamo et al.,
2024b).

These high-z stellar clusters are significantly denser and more compact than typical young
star clusters in the local Universe, as well as than Galactic globular clusters (GCs). This off-
set is expected, as the physical conditions for star formation in galaxies during the epoch of
reionization (EoR) are much more extreme. Such dense, compact stellar systems are consid-
ered promising candidates for proto-globular clusters, which may evolve into local GCs through
several dynamical processes over a Hubble time, such as (i) mass loss due to stellar evolution,
(ii) relaxation through two-body interactions, and (iii) the formation and dynamical influence
of stellar-mass black holes.

Mass loss due to stellar evolution leads to adiabatic expansion of star clusters under the
assumption of virial equilibrium. For example, a reduction of 50% in mass results in approxi-
mately a factor of 2 increase in the cluster radius, and consequently, a decrease in stellar density
by roughly a factor of 8 (Gieles et al., 2021). Relaxation processes accelerated by the presence
of stellar-mass black holes also contribute to structural evolution. Furthermore, external tidal
fields can affect the long-term survival of these bound stellar systems.

Theoretical studies of stellar cluster formation have traditionally been carried out using
isolated simulations (e.g., Fujii et al., 2021; Fukushima et al., 2020; Fukushima and Yajima,
2021; Menon et al., 2023, 2024). More recently, several efforts have begun to explore high-
redshift stellar cluster formation in cosmological settings (e.g., Garcia et al., 2023, 2025; Calura
et al., 2025, 2022). However, due to computational limitations, it remains difficult to trace the
full evolution of these clusters down to z = 0 and to determine whether they can truly survive
to become local GCs.

Future simulations should aim to follow the long-term dynamical evolution of such compact
stellar systems across cosmic time to address key questions: Do these stellar clusters survive
to become globular clusters? How universal is their high surface density at high redshift? In
what environments do they preferentially form? Addressing these questions requires statistically
significant samples and high-resolution simulations capable of resolving such compact systems
within a cosmological context.

In addition to stellar clusters, gravitational lensing has also enabled the detection of low-
mass galaxies with M, ~ 107 My at z > 6 (e.g., Asada et al., 2023; Fujimoto et al., 2024b;
Asada et al., 2024). Some of these are observed as multiple-component systems. Owing to
their low masses, such galaxies are expected to undergo frequent major mergers, leading to high
clumpy fractions. Observations further suggest that these systems are in a bursty phase of star
formation, characterized by elevated ratios of Ha emission to UV continuum flux.

Given that low-mass galaxies dominate the galaxy population in number, it is crucial to
investigate them statistically in simulations. Doing so will allow us to quantify their contribu-
tion to cosmic reionization, particularly through their ionizing photon production and escape
efficiencies.



Chapter 6

Clumpy Galaxy Formation in the
Epoch of Reionization

6.1 Introduction

Recent observations by the James Webb Space Telescope (JWST) have significantly advanced
our understanding of galaxy formation and evolution in the early Universe. A number of high-z
galaxies have been observed so far, and the record of the most distant galaxies has been renewed
(e.g., Curtis-Lake et al., 2023; Wang et al., 2023; Arrabal Haro et al., 2023; Harikane et al.,
2024; Carniani et al., 2024). For galaxies at z 2 9.5, strong rest-frame optical emission lines
such as [O111] 5007 A are outside the range of JWST NIRSpec. Additionally, because of the
vast distance, these galaxies appear typically to be compact single-component systems (e.g.,
Ono et al., 2023; Tacchella et al., 2023). Thus, it is difficult to obtain detailed information on
kinematics and internal structure.

Galaxies at z = 6 — 9 are promising targets for detailed studies on clump formation and
evolution using emission lines. NIRCam has a resolution of 0.03”/pixel for long wavelength
(2.4-5.0 pm), corresponding to ~ 150 pc/pixel at z = 8 1. NIRSpec Integral Field Unit (IFU)
has a pixel scale of 0.0572, corresponding to ~ 250 pc/pixel at z = 8. Gravitational lensing
with magnification u increases the effective spatial resolution by ,/u, allowing detailed studies
of internal structure of galaxies (e.g., Hsiao et al., 2023; Bradac et al., 2023,; Alvarez-Mérquez
et al., 2023; Jones et al., 2024c; Hashimoto et al., 2023; Morishita et al., 2023; Mestri¢ et al.,
2022; Claeyssens et al., 2023; Fujimoto et al., 2024a).

Especially, recent JWST photometry observations have reported a large number of galaxies
at z > 6 that contain star-forming clumps and /or elongated structures with a scale of ~ 100 pc
in the rest-UV and optical wavelengths (e.g., Hainline et al., 2024a; Chen et al., 2023; Huertas-
Company et al., 2024; Tacchella et al., 2023; Baker et al., 2023; Lines et al., 2025; Kiyota et al.,
2025; Claeyssens et al., 2025; Morishita et al., 2025). A prominent example is JADES-GN-
189.18051462.18047, which consists of five clumps, and four of them are located within a small
region of ~ 7 kpc.

Some NIRSpec IFU observations also discovered merging systems of star-forming galaxies
and core regions of proto-clusters at z > 6 with the strong detection of [O111]5007 A (e.g.,
Hashimoto et al., 2023; Jones et al., 2024c; Arribas et al., 2024; Venturi et al., 2024). Hashimoto
et al. (2023) and Jones et al. (2024c) found over four components within a ~ 11 kpc regions.
While these observations suggest a rapid assembly of high redshift galaxies, it remains largely
unknown how the compact clumpy systems emerge in the early epochs.

INIRCam has a pixel scale of 0.063” /pixel on the sky, but the post-process image data reduction allows the
grid resolution 0.03” per pixel (Kashino et al., 2023; Matthee et al., 2023).

2NIRSpec IFU elements are 0.1”7/pixel on the sky, but the combination of dithering and drizzle weighting
allows sub-sampling of the detector pixels with 0.05” (Jones et al., 2024a,b,c; Hashimoto et al., 2023).
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Clump formation at lower redshift z = 0 — 4 have been widely investigated both by obser-
vations (Genzel et al., 2011; Tadaki et al., 2014; Guo et al., 2015; Elmegreen et al., 2013) and
theoretical studies (Oklop¢i¢ et al., 2017; Ceverino et al., 2010; Bournaud and Elmegreen, 2009;
Agertz et al., 2009; Romeo et al., 2010; Romeo and Agertz, 2014). They have proposed two
major mechanisms for clump formation: violent disk instability (VDI) and mergers.

The former is driven by, for example, cold gas accretion flowing along the cosmic web (Dekel
et al., 2009b; Ceverino et al., 2010; Dekel and Krumholz, 2013; Rodriguez-Gomez et al., 2016),
and the local disk instability is regulated by the Toomre parameter Q (Toomre, 1964). This is
originally defined as @ = o,x/mGX for an infinitesimally thin gas disk, where o, k, G, ¥ are the
radial velocity dispersion, the epicyclic frequency, the gravitational constant, and gas surface
density. Clumps formed in massive disk galaxies have been studied by cosmological simulations
(Agertz et al., 2009; Ceverino et al., 2010; Mandelker et al., 2014, 2017; Buck et al., 2017;
Ceverino et al., 2023; Inoue et al., 2016b; Genel et al., 2012) as well as isolated disk models
(Tamburello et al., 2017; Faure et al., 2021; Bournaud et al., 2014; Bournaud and Elmegreen,
2009; Hopkins et al., 2012). Observations also identified clumps induced by VDI with significant
rotations (e.g., Genzel et al., 2006, 2008). The fate of formed clumps (survival and disruption)
has often been discussed from theory and observations (Dekel et al., 2009b; Renaud et al., 2014;
Elmegreen et al., 2007).

The later competitive mechanism is mergers. Galaxy mergers cause significant gas density
perturbations and even promote star formation (e.g., Di Matteo et al., 2008), and thus may
be another promising formation path for clumps. Such clumpy galaxies via mergers are often
discussed with a major-merger rate or a pair fraction. Numerical simulations suggest that the
galaxy merger rate may increase at higher redshifts (e.g., Genel et al., 2008, 2009; Fakhouri and
Ma, 2009; Hopkins et al., 2010; Rodriguez-Gomez et al., 2015).

Since observations cannot measure the rate directly, they instead quantify pair fractions (e.g.,
Tasca et al., 2014; Ribeiro et al., 2017; Lopez-Sanjuan et al., 2013), which has been statistically
investigated at lower redshift z < 6 with a large samples by HST. Ribeiro et al. (2017) argued
that the obtained pair fraction infers a major merger fraction of ~20 % over the redshift range
2 < z<6.

In addition to a pair fraction, a clumpy fraction fumpy has also been investigated to evaluate
the contribution of merger and VDI (e.g., Guo et al., 2015; Shibuya et al., 2016; Ribeiro et al.,
2017). Ribeiro et al. (2017) found that a clumpy fraction increases from 35 to 50 percent from
z = 2-6, while Shibuya et al. (2016) reported the opposite trend and suggested that VDI is the
main origin of clumps. The clumpy fraction may also depend on stellar mass (Guo et al., 2015),
making it difficult to understand the redshift evolution.

While clumpy galaxies at z > 7 are newly observed by JWST in multiwavelength and their
stellar mass and size are statistically investigated (e.g., Mestri¢ et al., 2022; Claeyssens et al.,
2023), the redshift evolution of clumpy fractions and constraints on the formation scenario are
not well understood. For numerical simulations, large-scale cosmological simulations such as
Mlustris TNG (Pillepich et al., 2018), THESAN (Shen et al., 2024), FLARES (Roper et al.,
2022), BLUETIDES (Marshall et al., 2022), and SIMBA (Wu et al., 2020) have a minimum
resolution of a few hundred pc, making it hard to resolve internal structures of galaxies at high
redshift.

Zoom-in simulations can achieve better resolution, and clumpy structures are also reported
(Barrow et al., 2017; Ma et al., 2018¢c; Katz et al., 2019; Arata et al., 2020; Gelli et al., 2020,
2021; Kohandel et al., 2020; Kimm et al., 2016; Calura et al., 2022). However, their samples
are often limited to only a few galaxies, and there are few theoretical studies at z > 6 that
qualitatively and statistically discuss the formation of clumps and their fates, their physical
properties, and the clumpy fractions.

In this paper, we use the FirstLight simulation suite, which achieves a very high resolution
of 17 pc and provides a large sample size to allow robust statistical analysis. We use outputs
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for 62 simulated galaxies with 4092 snapshots in z = 6 — 9. Our main objective is to study the
properties of galaxy clumps at the epoch of reionization, and their formation and evolution.

In our previous study (Nakazato et al., 2023), we devised a physical model of HII regions
and calculated the luminosity of emission lines for the same FirstLight galaxy samples. The
resulting relation between the star formation rate and [O111] luminosity is consistent with recent
observations (e.g., Hashimoto et al., 2018; Tamura et al., 2019; Harikane et al., 2020). We use
the same model to characterize clumpy galaxies that are bright in rest-frame optical emission
lines such as [O111] 5007 A.

This chapter is organized as follows. In Section 6.2, we introduce the numerical simulation
and describe the method to calculate line luminosities and define clumps. In Section 6.3, we
discuss in detail the formation and evolution of a few clumpy systems. Summary and conclusions
are given in Section 6.4. Throughout this paper, we assume a set of parameters in ACDM
cosmology with Q,,, = 0.307, Q, = 0.048, h = 0.678 and og = 0.823 from Planckl3 results
(Planck Collaboration et al., 2014).

6.2 Method

6.2.1 Zoom-in Simulation:FirstLight

The simulations used in this work were first presented in Ceverino et al. (2017). We perform a
cosmological zoom-in simulation for massive galaxies comparable to the observed ones. We use
the simulation code ART, which adopts an Adaptive Mesh Refinement (Kravtsov et al., 1997;
Kravtsov, 2003; Ceverino and Klypin, 2009).

6.2.1.1 Cosmological Initial Conditions

We begin by running a low-resolution (1283 particles) dark matter (DM) only simulation in
a cosmological box with a side length of 40 comoving Mpc/h. Initial conditions are generated
with MUSIC (Hahn and Abel, 2011) at z = 150 using a Planck cosmology (Planck Collaboration
et al., 2014). Dark matter halos are identified using the Bound-Density-Maxima (BDM) halo
finder (Klypin and Holtzman, 1997). We selected all dark matter halos with a maximum circular
velocity greater than Vi, = 178kms™! at z = 5, resulting in a sample of 62 halos. For each
of them, we perform zoom-in simulations targeting the Lagrangian region defined by the initial
positions of dark matter particles that reside within a spherical region of radius 2Ry, centered
on each identified halo at z = 5. The zoom-in initial conditions are constructed with a dark
matter particle mass of 8 x 10* M. All simulations are evolved down to z = 5.5.

6.2.1.2 Refinement

Grid refinement occurs on-the-fly in the simulation. When a cell contains more than eight
particles for both DM and star particles, it is flagged for refinement. In addition to the above
criteria, cells are flagged so that Jeans lengths are resolved by Nj cells. We set Ny = 7 for cells
with Az (Ceverino et al., 2010), where Az is the cell size. The smallest cells have a physical
size of Axpin = 31pc(7/1 + 2).

6.2.1.3 Star Formation

Stars form in high-density (p > pn) and low-temperature (7' < Ty ) gas cells. In our simulations,
we adopt thresholds of py, = 0.035 Mg pc™ (ng, = 1em™3) and Ty, = 10* K. Ceverino et al.
(2014) showed that over 90% of stars form at 7' < 103 K, and more than 50% form at T < 300 K.
When the above conditions are satisfied, stellar particles are formed as single stellar populations
(SSPs), each characterized by an initial mass function (IMF), age, and metallicity. We adopt a
Chabrier IMF (Chabrier, 2005) in the mass range of 0.1-100 M.
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Stars are formed at discrete time intervals of Atgp = 5, Myr, a value determined by compu-
tational constraints®. During each time step, star formation in a gas cell occurs stochastically

with the following probability:
P=min (02, /L& ), (6.1)
"\ 1000p41,

This prescription ensures that gas cells with higher densities are more likely to form stars,
leading to a globally enhanced star formation efficiency (Ceverino et al., 2024). The maximum
probability of 0.2 is introduced to avoid forming an excessive number of star particles in a single
time interval.

The star formation rate associated with an individual stellar particle is proportional to the
gas mass, expressed as m, = MgasAtgp/7, with 7 = 12, Myr. The value of 7 is calibrated
to reproduce the observed Kennicutt—-Schmidt relation (Kennicutt, 1998a). Indeed, Figure Al
of Ceverino et al. (2014) demonstrates the relationship between star formation surface density
and gas surface density in several 1 kpc? regions within galaxies, which is consistent with the
Kennicutt-Schmidt law (Kennicutt, 1998a).

Cooling rates are calculated assuming equilibrium (either collisional or photoionization) for
each metal species. The net cooling rates for atomic hydrogen, helium, and metals are interpo-
lated from precomputed CLOUDY tables (Ferland et al., 1998). The simulations assume an ideal
monoatomic gas with an adiabatic index v = 5/3.

6.2.1.4 UV Background Radiation

As the cosmic star formation rate density increases, the intergalactic medium is gradually filled
with ultraviolet background (UVB) radiation (Haardt and Madau, 1996), which heats the gas
and alters the ionization states of both primordial and metal-enriched gas. We use the redshift-
dependent UVB model of Haardt and Madau (1996). For gas cells with ng,s > 0.1cm™3, the
UVB intensity is significantly suppressed to 5.9 x 10% ergs™ ' ecm™2Hz ™! to mimic partial self-
shielding in dense gas.

6.2.1.5 Stellar and Radiative Feedback

In the FirstLight simulations, we incorporate the following stellar feedback mechanisms: super-
novae (SNe) and stellar winds, radiation pressure on dust grains that absorb UV photons, and
infrared (IR) radiation pressure via a subgrid model.

For feedback from SNe and stellar winds, we include both thermal and momentum compo-
nents. These act as heating sources, with the total heating rate given by

]‘ /
r=y Z MT (tages), (6.2)

where M; and t,g.; are the mass and age of each stellar particle, respectively. The specific
heating rate I'' depends on the feedback type, which varies with stellar age.

Stellar winds are driven by massive stars with M > 5 My during the first 6 Myr of stellar
evolution (Lamers and Cassinelli, 1999). We implement thermal feedback as a constant heating
rate over 40 Myr, which corresponds to the lifetime of the lightest stars that end as core-collapse
supernovae (SNII)?. The constant heating rate is set to I'' = 1.18 x 10%* ergs™! Mgl, which
corresponds to a total energy injection of Egnir = 2 x 10°! erg from stellar winds and supernova

3 Although the star formation time step is 5Myr, the gas dynamics are computed with a maximum time
resolution of 10* years.

“In the first few Myr, stellar winds from massive stars such as OB main-sequence and Wolf-Rayet stars dominate
the energy injection. Later, core-collapse supernovae contribute. Both processes result in comparable momentum
injection (Agertz et al., 2013).
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explosions of massive stars with M > 8 M.

After 40 Myr, thermal feedback is provided by AGB stars, although their injection rate is
six orders of magnitude lower than that during the first 40 Myr.

We also include thermal feedback from Type Ia supernovae (SNIa), assuming a characteristic
timescale of 1 Gyr. The event rate is three orders of magnitude lower than that of core-collapse
SNe, and the specific heating rate is given by

dNsNia

dth (tage)7 (63)

SNIa (tage) = EsNra X

where Fgnia = 10°! erg is the energy per SNIa, and the event rate is expressed as

dNsN1a
dtdM

fSNIa —z2 7fpeak
t = 28 o7 e, =2 6.4
(fage) 1.75% peak tage (6:4)

with fenia denoting the number of SNIa events per solar mass (derived from the assumed IMF),
and tpeax = 1 Gyr being the peak of the delay-time distribution. The heating rate I from SNla
is thus approximately three orders of magnitude lower than that from SNII.

In addition to thermal energy feedback, we include momentum injection from the (unre-
solved) expansion of gaseous shells driven by SNe and stellar winds (Ostriker and Shetty, 2011).
A total momentum of 3 x 105 Mz kms™! is injected per massive star with M > 8 M), distributed
uniformly over 40 Myr. This corresponds to the typical lifetime of stars that end as Type II SNe.
The resulting IMF-averaged specific momentum is 3.75 x 103kms~!. The momentum injection
is implemented as a non-thermal pressure component, similarly to radiation pressure.

For radiation pressure, we adopt the “RadPre_ IR” model described in Ceverino et al. (2014).
This model includes both direct radiation pressure and that from reprocessed IR radiation, but
excludes photoionization and photoheating effects. Among the models explored in Ceverino
et al. (2014), RadPre_IR provides the strongest radiative feedback. The resulting pressure is
added as a non-thermal component to the total gas pressure in regions where ionizing photons
from young stars are produced and trapped. We summarize the two types of radiation pressure
below.

(i) Radiation Pressure on Dust

A fraction of the UV radiation from young stars is absorbed by dust grains, imparting

outward momentum to the gas (e.g., Murray et al., 2005; Yajima et al., 2017). Assuming an

47
isotropic radiation field, the radiation pressure is given by P,,q = —1, where [ is the radiation

intensity, and the pressure equals one-third of the radiation energy density. The intensity is
calculated as I = I"m, /(47 R?), where I" is the ionizing luminosity per unit stellar mass. This
yields Praq = I"m./(R?c), with R set to half the cell size of neighboring cells. This approximation
is accurate within a factor of a few. Ceverino et al. (2014) showed that variations in I by up
to a factor of four do not significantly affect the results.

Only stellar particles with ages < 5 Myr contribute to radiation pressure, as the number of
ionizing photons declines sharply after this time due to the death of massive stars (e.g., Xiao
et al., 2018). We use the SSP code STARBURST99 (Leitherer et al., 1999) to compute I",
adopting IV = 1036 ergs~! Mg 1 as the time-averaged luminosity during the first 5 Myr.

Radiation pressure is applied only to gas cells that contain young stellar particles (< 5 Myr)
and have hydrogen column densities above 102! cm™2. Assuming a UV opacity of kyy ~
103 cm? g=! (Thompson et al., 2005), gas mixed with dust becomes optically thick at Ny >
10%° cm™—2. To ensure efficient trapping of ionizing radiation, we adopt a threshold of NH thres =
10%' cm 2.

(ii) Infrared Radiation
We also include the enhancement of radiation pressure due to reprocessed IR photons. These

5This threshold is appropriate for high-redshift galaxies, where dust content is lower and gas is more trans-
parent.
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photons undergo multiple scattering events in dusty regions, thereby increasing momentum
transfer to the gas (Agertz et al., 2013; Hopkins et al., 2011; Murray et al., 2010). The total
radiation pressure, including the contribution from infrared (IR) radiation, can be expressed as
Pragr = (1 + 7R)Prad, where 7 represents the optical depth in the IR regime. We assume
that gas becomes optically thick to IR radiation above a density threshold of ng,s = 300 cm ™3,
yielding Tir = ngas/300 cm 3.

To summarize, thermal and kinetic feedback from SNe and stellar winds primarily affect
diffuse gas, while radiation pressure from stellar UV photons becomes dominant in moderately
dense gas (~ 100cm~2), and IR radiation pressure becomes significant in even denser regions
(> 300 cm™3).

6.2.1.6 Numerical Resolution and Pressure Floor

In our simulations, we impose a pressure floor on the condensing gas in galaxies to prevent
artificial fragmentation. It is known that fragmentation can occur if the local Jeans length Ay is
not well resolved by computational grids with a cell size Azyi,. Truelove et al. (1997) show that
artificial fragmentation can be prevented if the Jeans length is always resolved by at least four
resolution elements (i.e., Ny = Aj/Azpin = 4). Ceverino et al. (2010) suggest a more stringent
criteria of Ny = 7 by running long-term cosmological simulations.

In our simulations, we set an effective pressure floor at

2 N2 2
Plioor = %L‘]Axmm, (6.5)
™

with Nj = 7. We assume a ratio of specific heats of v = 5/3 for monoatomic gas and pgas is
the gas mass density. The pressure in the Euler equation is replaced by Eq. (6.5) when its pure
thermal pressure contribution has a lower value. Artificial fragmentation is effectively prevented
by implementing the pressure floor, which is meant to model crudely non-thermal contributions
such as local turbulence in the ISM.

Figure 6.1 shows a phase diagram for a snapshot of a clumpy system at z = 7.2 (see Figure
8.4). Gray dashed lines show the temperature threshold (horizontal, Ti.;; = 10* K) and density
threshold (vertical, nery = 1em™3) for star formation. The black dashed line in the left panel
shows the following relationship calculated from Eq. (6.5),

mp Proor Ngas Ny 2 AZmin 2
Ty = - R20or _ 35K (& =1 :
7 kB pgas 3 (1Cm_3> ( 7 ) ( 17pc ) (6.6)

where mp,, kg and ng,s are proton mass, Boltzmann constant, and gas number density, respec-
tively. Note that there are gas cells below the black dashed line, on which the pressure floor is
imposed in the simulation. Our pressure implementation prevents artificial fragmentation but
it also prevents the growth of structures below ~ 100 pc scales. Previous simulations with the
same implementation and resolution have already investigated low-redshift clumps (Mandelker
et al., 2014, 2017; Inoue et al., 2016b; Inoue and Yoshida, 2019; Ceverino et al., 2023).

6.2.1.7 Metal Enrichment

The metal enrichment of from SNII and SNIa is considered separately because both supernova
time-scales and release metal yields are quite different.

Single stellar particles release SNII metals in the first 40 Myrs as explained in section 6.2.1.5.
The total mass of heavy elements from SNII is Fz sn11M., where M is the mass of the stellar
population and Fz gnir is the metal mass fraction averaged over the IMF ¢ (m) within the range
of [mmin’ mmax]; m

Py — Jg = map(m) fz s (m)dm
’ [max mah(m)dm ’

Mmin

(6.7)
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Figure 6.1: Temperature-density phase diagram for a clumpy system FL958 at z = 7.2. The
color bar shows the gas mass within each bin (Alog;yngas, AlogigTeas) = (0.08,0.06). Gray
dashed lines show the temperature threshold (horizontal) and density threshold (vertical) for
star formation. The black dotted line shows the threshold of Eq. (6.6). We plot all of the gas
cells inside a cube with a side length of 10 kpc. The figure is taken from Nakazato et al. (2024).

where f7 gnir(m) is the mass fraction in metals from a Type-II SNe of a star with mass m and is
modeled as the following by Woosley and Weaver (1995), fzsnm(m) = min(0.2,0.01m — 0.06).
For a single SNIa, we set a fixed mass of ejected metal of 1.3 Mg, for 3 — 8 M, stars.

6.2.1.8 Stellar Mass Loss

A stellar population loses mass through SNe and stellar winds from massive stars, WR or AGB
stars. Stellar mass loss events inject mass, momentum, energy and metals to the surrounding
gas. We introduce mass loss rate floss(tage) as a function of the age of a single stellar population
tage provided by Jungwiert et al. (2001);

M* (.tage) _ Co
M*(tage = O) tage + TO,

where coefficients have the constant values of ¢y = 0.05 and Ty = 5 Myr. Therefore, the stellar
particle mas at age of ¢; is obtained by integrating Eq.(6.8),

" _ M(t) - M(©) "
/0 floss(t)dt = M(O) = /O tage T To de¢ (69)

(6.8)

floss (tage) = —

o M(ty) = [1 —¢olog (tl JTFOT‘))} M (0). (6.10)

For example, the stellar particle with age ¢; = 40 Myr has a mass of M (40 Myr) = 0.89 M (0),
which indicates that 10% of the stellar mass is lost during the first 40 Myr by SNII and stellar
winds from massive stars.

6.2.1.9 Runaway Stars

We also include the effect of runaway stars, which are primarily OB-type massive stars (Blaauw,
1961) that are ejected from their birth sites due to velocity kicks, typically following the su-
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pernova explosion of a binary companion. In our simulations, we assign a velocity kick of
~ 10kms™! to 30% of newly formed stellar particles to account for this effect.

6.2.1.10 Stellar Mass Distributions of Galaxy Samples

Our 62 galaxy samples have stellar masses greater than ~ 10'9M; at z = 5. The maximum
resolution in the zoom-in hydro simulations, particularly valid in dense clumps, enables the
simulations to resolve gas densities of ~ 103 cm™ with temperatures of ~ 300K. We store a
total of 66 snapshots between z = 9.5 and z = 5.5 for each galaxy, with a space of the cosmic
expansion parameter Aa = 0.001, corresponding to 7 — 10 Myr ®. The frequent output timing
is sufficient to follow dynamics during galaxy mergers that occur on the tidal timescale of 10-
100 Myrs (Renaud et al., 2013). Figure 6.2 shows the stellar mass evolution (left panel) and
cumulative stellar mass distribution (right panel) for our 62 simulated massive galaxies. In
the left panel, each galaxy exhibits diverse star formation histories. Even galaxies with similar
stellar masses at z >~ 9 evolve significantly differently by z = 6, resulting in substantial stellar
mass differences, as highlighted by the orange (most massive) and blue (least massive) lines. By
z = 6, the most massive galaxy is approximately 100 times more massive than the least massive
one.

The right panel of Figure 6.2 compares our cumulative stellar mass distribution with other
cosmological simulations (Moriwaki et al., 2018; Pallottini et al., 2019; Olsen et al., 2017). Our
sample is selected to include more massive galaxies, resulting in a larger number of high-mass
galaxies and fewer low-mass galaxies compared to the other simulation samples. Therefore, our
simulation results are particularly suitable for comparison with observations of galaxies with
stellar masses M, > 1087195 My at 2 =6 — 9.
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Figure 6.2: (Left) Stellar mass histories of the main galaxies from z = 9.5 to z = 5.5. Those
galaxies have a large circular velocity of V. > 178 km/s at z = 5. An orange (blue) line
traces the evolution of a galaxy which has the maximum (minimum) stellar mass at z = 6.
(Right) Cumulative distribution of stellar mass for massive galaxy samples (Viax > 187 km/s)
in FirstLight simulation. Dashed lines are results from Moriwaki et al. (2018) (purple and green),
a green dotted line and a yellow dashdot line are results from SERRA simulation (Pallottini et al.,
2022) and SIGAME simulation Olsen et al. (2017), respectively. Each color represents different
redshifts.

6.2.2 Line luminosity Calculation

We calculate the luminosities of emission lines from HII regions for the simulated galaxies and
clumps. We adopt essentially the same model as Nakazato et al. (2023) and assume that each
stellar particle is surrounded by a spherical HiI region (e.g. Panuzzo et al., 2003; Hirschmann

5The time step width in the simulation is much shorter than this, being typically 1000 years.
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et al., 2017, 2022). The shcematic pictures of our line calculation for each galaxy is described
in Figure 6.3.
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Figure 6.3: A simple cartoon of the modeling of HiI regions. Left: Gas number density distri-
bution with gray colormap and stellar particles younger than 10 Myr with red dots. One side
length of the region is 0.3Ryi;. Middle: an enlargement of the grids, which have a side length of
100 pc. Each grid contains several stellar particles. Right: HiI regions around stellar particles
as yellow circles. We assume spherical HII regions with a Strémgren radius.

We generate a table of a set of emission lines using cLOUDY (Ferland et al., 2013). As an
input stellar SEDs, we adopt a single star model of BPASS (Eldridge et al., 2017). According
to Eldridge et al. (2017), these SEDs are similar to other ones such as Starburst 99 (Leitherer
et al., 1999), GALAXEV (Bruzual and Charlot, 2003), and Maraston (2005) at the age of <
1 Gyrs. Note that BPASS binary star model can enhance the number of ionizing photons by
a factor of up to ~ 10 at the age of < 10 Myr, leading to the [O111] flux increase up to ~ 1.2
times higher than that of the single model (Ceverino et al., 2021). The input parameters for
CLOUDY are gas metallicity Zg,s, ionization parameter U, and gas density in HII regions ngyy.
The adopted values of the parameters are listed in Table 6.2. In our table, we normalize the
emission line luminosity for each stellar particle (Liine ;) by HS luminosity as

Lline,i = (1 - fesc)cline(ZgaSa U, nHH)L?geB- (6‘11)

Here fesc is the escape fraction and we assume fese = 0.1, a value suggested by both radia-
tion hydrodynamics simulations (Yajima et al., 2011; Kimm and Cen, 2014; Wise et al., 2014;
Trebitsch et al., 2017; Xu et al., 2016), and observations (e.g., Nakajima et al., 2020) for high-z
galaxies. Since individual HII regions are not resolved in our simulations, we assume that the
gas density of a HII region is given by

-3 , -3
—_— { 100 cm (Ngas,grid < 100cm™) (6.12)

-3
Ngasgrid  (Ngas,grid > 100cm™),

where ngag griq is the gas number density of a grid with a size of A = 50pc. Our motivation
for using a variable HII region density comes from the need to account for grid-to-grid density
variations in our simulations. Setting a fixed HII region density at a typical value of 100 cm ™3
(Osterbrock and Ferland, 2006; Hirschmann et al., 2017, 2022) could lead to unrealistic con-
ditions where the grid density exceeds this value. To address this, we adopt a model with a
variable HII region density if ngag gria > 100 em ™37, Our model results in a higher global-averaged
H1 region density in high-z (2 > 6) simulated galaxies compared to typical local HiI regions.

"Nakazato et al. (2023) assumed the fixed Hi1 density as nu; = 100 cm ™3, We also have checked the dependency
of [O11] 5007 A luminosity on the density model and found that the value changes within only <1%.
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This trend is also supported by recent JWST observations (e.g., Isobe et al., 2023a; Fujimoto
et al., 2024b; Abdurro’uf et al., 2024).
A volume-averaged ionization parameter is written as

<U> i 3&2]3/3 3Q€2nH11 13 (6 13)
e 4 ’ ’
The volume-filling factor of the gas € is defined by
_ (volume occupied by the clumps) _ ngas,grid’ (6.14)

(total volume of HII region) NHn

where ngag orid is the gas number density in each grid. In rare cases where the volume-averaged
gas density exceeds the adopted hydrogen density in the ionized regions (e > 1), we set the
filling factor to unity. Note that a larger ngas gria at fixed nyy implies a larger filling factor e,
i.e., more compact gas clumps around the ionizing source. To calculate the ionization photon
production rate @), we use the value from Binaly Polulationi and Spectral Synthesis (BPASS)
model (Byrne et al., 2022).

We compute the production rate of ionizing photons @ of the simulated galaxies using pub-

licly available tables from BPASS. All physical properties we have selected are summarized in
Table 6.1.

Table 6.1: BPASS table. We select the same population and IMF for all stellar particles. The
rest four parameters are chosen for each stellar particle.

population single stellar population
IMF ar = —1.3, ag = —2.35, M; = 0.5, Mpax = 300 M
[a/Fe] A(log(a/Fe)) = —0.2,40.0,+0.2,40.4,40.6
metallicity (Z,) 107%, 1074, 1073, 0.002, 0.004, 0.008, 0.01, 0.02(Z), 0.03, 0.04
Age 50 logarithmic bins in [1 Myr, 100 Gyr]; 106+017) 5 — 0 — 50
Mass Fixed stellar particle mass of 10° M in BPASS data

Our simulations adopt the stellar initial mass function modeled by broken power laws as

Ml M a1 Mmax M a2
N(M < Mypay) / () dM + MX / <> dM (6.15)
01 \ Mo M,y Mg

We re-assign all of young stellar age in order to remove the time step effect of a star formation
process in the simulations. This is because our simulations produce new stellar particles with a
times step of Atgp = 5 Myr as explained in section 6.2.1.3 and each galaxy usually has only two
kinds of stellar age younger than 10 Myr. Most emission lines from HII regions are originated
from young less than 10 Myr. For BPASS SED of a single stellar population, the number of
ionizing photons will decrease over 2 dex from age 1 Myr to 10 Myr (Xiao et al., 2018), which
might change the emissivity of each line for 2 dex from Eq. (6.11) and Eq. (6.16).
Then, we re-assign the stellar age as follows.
1. Consider stellar particle younger than 15 Myr. Notate three stellar ages T, To, T3 (11 <
Ty < T3) [Myr].
2. Reassign stellar age ramdomly within the range of [T3,75], [T2,71], and [T7, 1] Myr, re-
spectively.

After re-assigning stellar age, we calculate ionizing photon rate @ for each young stellar particle
(< 10 Myr).
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We generate a library of emission lines using cLOUDY (Ferland et al., 2013). The library
covers a wide range of gas metallicity Zgas, ionization parameter U as given in Table 6.2. We
adopt SEDs from BPASS single stellar population with the same set of Zg,s. For each case
of Zgas, we input the corresponding stellar spectrum into the code because of Z, ~ Zg.s. We
assume the plane-parallel geometry for all the calculations. Notice that CLOUDY codes set the
abundance of elements to be the solar one by default. The electron temperatures in the nebulae
are calculated in the code with energy balance between heating and cooling rates. Especially,
metal element works as a coolant and ionization parameter works as a heating source. Notice
that when we substitute the ionization parameter to the cLOUDY Table 6.2, we use the value
Uinner at the inner surface of Hil region. For plane-parallel case, Uinner is twice (U). The
library lists the line luminosity, Lj,e, normalized by the HS line luminosity with the case-B
approximation (Dopita and Sutherland, 2003). We look for the line ratio table Ci,e with the
three parameters Zgas, U, nyy which are closest to those of the target stellar particles in our
simulation.

parameter values

10810 Zgas 0.001, 0.004, 0.008, 0.02 (Z), 0.04
log,, U 4.0,-3.9, ..., -1.1,-1.0
logy (np/cm™3) 2.0 (fixed)

Table 6.2: The parameters used to calculate the line luminosities with CLOUDY.

Since the obtained values from cloudy are normalized to Hf luminosities (Lyg), we calculate
Ly for each stellar particle as

ff
LB — gni =, Vo 6.16
nn! Inn'V = NMVpp! B Q, ( . )

where jpg is the HB emission rate per unit volume per unit time per unit solid angle, and a%ffﬁ

is an effective recombination coefficient V' = Q/(n#a) is a volume of Hir region and acff,

an effective recombination coefficient. Here hv,, is a transition energy n = 4 — n’ = 2, i.e.,
hvug = 2.55 eV. The effective recombination coefficient for Hf line is a‘f{% =3.72x 10713 cm?/s

for T, = 10* K. We finally obtain the line luminosity for each grid as Liine,gria = va Liine,i
where N is the number of stellar particles that the grid contains.

In our previous study (Nakazato et al., 2023; Mushtaq et al., 2023), we find that the mag-
nitude of dust attenuation at rest-frame 5007 A is approximately Aspor [mag] = 0.08,0.24,0.7
for individual galawies with M, /M, = 10%,10%, 100, respectively. Thus, we expect that dust
attenuation affects the line luminosity of a small clump by a factor of a few. We further discuss
this issue of dust attenuation in Section 6.4.

is

6.2.3 Clump Finder

In order to compare the properties of the simulated clumpy galaxies with observations, we
identify clumps in two-dimensional “images" using projection along a random line of sight (z-
axis) of a cube with a fixed side length of 10 kpc. The size is larger than the main central galaxy,
and is close to a field of view of NIRSpec IFU at z = 8. We assign masses of gas, stars, and dark
matter to a uniform grid with A = 50 pc by using a cloud-in-cell interpolation also employed
in Mandelker et al. (2014, 2017) and Ceverino et al. (2023). The value is about three times
the maximum AMR resolution. We first mark grids that contain young (< 10 Myr) stars with
their surface mass density (X, (young)) greater than 108 Mykpce =2, corresponding to the surface
SFR density of 10'° Mo yr~'kpc=2. We then identify candidate groups by running a Friends-of-
Friends finder with linking length A to the marked grids. Groups with at least 16 grids (Ngria)
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Figure 6.4: The [O111] 5007 A luminosity vs. SFR for our 62 simulated galaxies at z = 9
(purple), 8 (blue), 7 (green), and 6 (yellow). This figure is taken from Nakazato et al. (2024).

are identified as clumps. The threshold grouping number of grids corresponds to the minimum
radius of clump Ruyin = \/NgiaA?/m = 113 pc. The threshold surface stellar mass density and
the minimum number of grids are chosen to ensure that the identified clumps are resolved by
observations by NIRSpec IFU and NIRCam with the line flux of Fioyy 2 107 ®ergs™! cm ™2
at z = 8. The details of threshold determination are described in the next section 6.2.3.1. We
have also checked the effect of line of sight by changing inclination, and it does not change the
number of clumps.

6.2.3.1 Parameter Determination

We set three parameters for our clump finder; grid size (A), threshold surface mass density of
young stellar population (¥, (young)), and the minimum number of grids (Ng:iq). We assume
that a HII region exists around each stellar particle. The grid size is set to be larger than the
typical Stromgren radius for each stellar particle in our line emission model. The Strémgren
radius Ry is given by

1/3 _ 1/3
n () e () (2 ) e

4mnZan 102cm—3 5 x 1049 s—1

where nyyr is the gas density in HII regions and ()¢ is the number of ionizing photons per unit
time. The electron temperature is T, = 10* K, and a filling factor of € = 1 is assumed. The value
of @y depends on stellar age, mass, and spectrum, which means the value varies to simulation
resolutions and model SEDs. We have checked the distribution of @y values for all stellar
particles in our simulations and obtained the median (maximum) value of Qo = 5 x 10%9 (5 x
10°2)s™!, and the corresponding Stromgren radius is Ry ~ 15 (54) pc for ng = 100cm ™3, We
thus set A = 50 pc.

To determine the threshold of surface young stellar mass density (X, (young)), We consider
the relationship between L[Onﬂ s007A and star formation rate (SFR). This relationship is implied
from pre-JWST observations that have shown the tight correlation between [O111] 88 pm and
SFR at z > 6 (e.g., Harikane et al., 2020; Moriwaki et al., 2018; Katz et al., 2019; Pallottini
et al., 2022; Kohandel et al., 2023). There are still few statistical investigations of [O111] 5007
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A emitters at z > 6 (Matthee et al., 2023; Meyer et al., 2024), but lower-redshift (z < 2)
galaxies are already reported to have tight correlation between [O111] 5007 A and SFR by both
observations and simulations (e.g., Villa-Vélez et al., 2021; Hirschmann et al., 2023). Figure 6.4
shows the [O111] 5007 A luminosity against SFR for our galaxy samples. It is approximated as®

SFR M

7 *(young)

Lo s007a ~ 6 x 10 (M@yr—1> Lo =6 x <J\4@) Lo, (6.18)
where M, (young) 1s the mass of very young (< 10 Myrs) stars, and the instantaneous SFR is

estimated as (M, (young)/ 107) Mo yr~!. The flux limit to detect a clump by [O111] 5007A line
is ~ 3 x 107 ®ergs™! cm™2, which corresponds to signal-to-noise ratio of S/N > 5 with an
exposure time of ~ 10* sec (Hashimoto et al., 2018; Jones et al., 2024c; Arribas et al., 2024;
Matthee et al., 2023). The corresponding luminosity is L[Om] s007A ~ 6 X 10" L, at z = 8.

Substituting this into Eq.(6.18), we obtain M, (young) ~ 10" M, for a “detectable" clump.

We set the minimum radius to be Rejump ~ 100 pc, which can be resolved by recent JWST
NIRCam/NIRSpec IFU observations (e.g. Chen et al., 2023; Hainline et al., 2024a; Hashimoto
et al., 2023; Harikane et al., 2025a). We therefore set the threshold grid grouping number
as Ngriq = 16, corresponding to Rcump = «/NgridAQ/W = 113 pc, where one grid area is
A? = 502 pc?. The minimum clump size is around seven times larger than the minimum AMR
resolution of 17 pc. We emphasize that our identified clumps correspond to unlensed observed
clumps. Strong lensing can enhance the resolution up to the ~ 10 pc level (e.g. Adamo et al.,
2024b; Bradley et al., 2024; Mowla et al., 2024).

For this minimum clumps to have “detectable” luminosity, i.e., to have young stellar mass
of M, (young) = 10" M, each grid should have a surface stellar mass density of X M, (young) =
107 /16 Megrid—! = 1035 Mokpc=2. This value also corresponds to the surface SFR. density of
Y(SFR) > 1/16 Mgyr—tgrid—! = 101° Mgyyr—tkpe=2. Figure 6.5 shows schematic pictures of
our clump identification algorithm. By running Friends-of-Friends after picking up the pixels,
we identify four clumps.

6.2.4 Abundance Matching

FirstLight simulation provides a velocity-selected sample of massive galaxies with log Veiye [km/s] >
2.3 at z = 5. The output of the zoom-in simulations contains the galaxies and their progenitors
but not other smaller galaxies in a cosmological volume. In order to estimate the comoving
number density of low mass galaxies, we use the circular velocity function of Bolshoi N-body
simulation, which has a larger volume of (250 h~1cMpc)? (Klypin et al., 2011, 2016; Rodriguez-
Puebla et al., 2016). Figure 6.6 compares the velocity functions at z = 9 — 6 obtained from
FirstLight (solid lines) with those from the Bolshoi simulation (dashed lines). The latter can be
well approximated by

n(> V) = AV=3exp (— [‘2] a) , (6.19)

80ur linear fitted line for each redshift is

10810 Liou] [Lo] = 1.16 x log,, SFR + 7.89 (2 = 9)
log,o Liow) [Le] = 1.16 x log,, SFR + 7.74 (z =8)
log, Lo [Le] = 0.87 x log,, SFR +7.97 (2 =7)

1 (z=6).

log,q Lo [Le] = 0.97 x log,, SFR + 7.67
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Figure 6.5: Schematic pictures of a clump finder. Left: The distribution of surface density
of young (< 10 Myr) stellar particles. We overlaid gray grids with one side length of 50 pc.
Right: Pixel distribution after picking up pixels with X, young) > 1085 Mg, /kpc?. Our clumpy
identification algorithms identifies clumps with the radius over 113 pc (see Section 6.2.3.1).

where
A =152 x 1003 **(2) (b Mpc/kms 1) 3, (6.20)
a=1+21502"(2), (6.21)
Vo = 3300— BByt (6.22)

1+ 2.502(z)

as derived in Klypin et al. (2011).

We reconstruct the halo and galaxy abundances in the following manner. We configure 20
velocity bins logarithmically scaled. In each bin, we calculate the ratio of the number density of
the Bolshoi and FirstLight simulations, R; = n(> Viire) Bolshoi/n(> Veire) FL. For each snapshot
subscripted 4, we compute the circular velocity (Veire,i) of the galaxy and count the total number
of galaxies within a velocity bin. We then use the ratio R; as a weighting factor to derive the
“true" number of single (clumpy) systems at a given redshift as

#snap(zpin)

Nsingle(clumpy) (Zbin) = Z OR;, (623)

where O is set to 1 when snapshot i is single (clumpy) system and otherwise 0. Here #snap(zpin)
represents the number of snapshots in each redshift bin. Dividing the number by the volume
of the FirstLight simulation, i.e., (40 cMpc/h)3, we obtain the number density of the single or
clumpy systems at each redshift in Figure 6.14.

6.3 Result

6.3.1 Projection of Physical Properties for Simulated Clumpy Galaxies

Figure 6.7 and 6.8 shows projected maps for three examples of identified clumpy galaxies. Two,
four, and three clumps are identified in these outputs as bright components. The clumps trace
the distribution of young stars but also that of dense gas with ng,s 2 100 cm 3. Tail features can
also be seen in [O111] emission, similar to the recent galaxies observed by JWST (e.g., Hashimoto
et al., 2023; Sugahara et al., 2025; Parlanti et al., 2025; Jones et al., 2024c). The distribution
of the stars older than 100 Myrs appears more diffuse than the young stellar population. The

underlying dark matter distribution shows signatures of mergers, which will be explained in
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Figure 6.6: Velocity function of halos at z =9(purple), 8(blue), 7(green), and 6(yellow). Solid
lines are obtained from FirstLight 62 samples, and dashed lines are from the Bolshoi simulation
using the same cosmological parameter (Klypin et al., 2011).

detail in Section 6.3.3. Some clumps (e.g., clump C in Figure 6.7) are located off-center. The
clumps are separated with ~ 0.1 —4kpc distances, similarly to the clumps at z ~ 6 —8 studied by
Chen et al. (2023), with typical separations of ~ 0.3 - 4.3 kpc. Such close clumps are also found
in other JWST observations at z > 6; the JADES (Hainline et al., 2024a), EIGER (Matthee
et al., 2023) and CANUCS (Asada et al., 2024) surveys. Figure 6.8 shows the similar projection
map as the same as Figure 1.7, but for old stellar population (> 100 Myr), dark matter, and
mass-weighted stellar age. Interestingly, old stellar distributions are different the young stellar
distributions. For instance, FL958 has three main young stellar components in Figure 6.7,
but has two old stellar components. This distinct distribution is also reflected in stellar age
distributions, where we see spatial separations. Similar features are are found by JWST MIRI
observations (e.g., Colina et al., 2023). Interestingly, even though our clump identification is
based on bright [O111] emitters, some clumps have old stellar age above 200 Myrs as shown in the
right bottom clumps of FL958 in Figure 6.8. This clump might represent a recent rejuvenation
of star formation, a scenario suggested by observations showing the coexistence of a Balmer
break and bright emission lines such as [O111] 5007A (e.g., Witten et al., 2025; Kuruvanthodi
et al., 2024).

The stellar age distributions in the right-most panels show a clear difference in the distri-
bution of young and old components. Interestingly, similar features are found by JWST MIRI
observations (e.g., Colina et al., 2023). Very recent observations report rejuvenate of star for-
mation in high-redshift galaxies, i.e., co-existence of Balmer break and strong emission lines
such as [O111] 5007A (Witten et al., 2025). The panels in the middle row focus on the galaxy
FL957, which contains the highest number of clumps at z > 6. To see if those clumps are grav-
itationally bound or not, we have estimated the virial parameter (Bertoldi and McKee, 1992),
iy = 502 R./GM, where o¢ump and R, are velocity dispersion within a clump and clump

clump
radius. All clumps have o ~ 0.2, which indicates that these clumps are gravitationally bound.

The four-clump feature motivates us to compare it with the recent observation by Hashimoto
et al. (2023), who spectroscopically studied the core of the most distant protocluster at z = 7.88,
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Figure 6.7: Three simulated clumpy galaxies at z = 9.00 (top, ID=FL977), z = 7.70 (middle,
ID=FL957), and z = 7.20 (bottom, ID=FL958). Each column from left to right represents the
averaged gas density, surface stellar mass density of young (< 10 Myr) population, [O111] 5007
Aline flux, respectively. Each panel has a side length of 10 proper kpc and the same size of
projected depth. This figure is taken from Nakazato et al. (2024).
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Figure 6.8: The same as Figure 6.7 but each column from left to right represents the surface
mass density of old (> 100 Myr) stellar population and dark matter, and mass-weighted stellar
age, respectively. This figure is taken from Nakazato et al. (2024).
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M*,(young) [M(D] M*,(all) [MQ] SFR [M@/yr] L[OHI} 5007A [LQ] R [pC] Age [Myr]

A 8.32 x 107 1.32 x 108 8.32 1.10 x 109 157 39
B 4.62 x 107 1.87 x 108 4.62 5.59 x 108 138 27
C 2.45 x 107 3.76 x 107 2.45 2.85 x 108 116 34
D 8.49 x 107 3.32 x 108 8.49 9.14 x 108 155 30

Table 6.3: Summary of properties of FLI957 at z = 7.70, which contains four clumps within
10 x 10 kpc region. Note that M, (young) refers to stellar masses younger than 10 Myrs and
M, (any are stellar masses for all ages. A clump radius R in the 5th column is obtained as

RC = \/A2Ngrid/7r.

‘ # of clumps M*,(all) [MQ] Ngas,clump [Cm_g] Age [Myl‘] R [pC]

single system 1503 5.2 x 107 283 134 234
clumpy system (total) 751 2.5 x 10° 241 108 180
clumpy system (< 50 Myr) 182 2.7 x 108 269 35 142
clumpy system (> 50 Myr) 569 3.2 x 107 232 131 192
(single + clumpy) system 2254 4.3 x 10° 269 125 216

Table 6.4: Summary of physical properties of galaxies we identify in single systems and clumpy
systems. The clumps in clumpy systems are further categorized into two groups: those with
ages younger than 50 Myr and older than 50 Myr. The last row of the table lists the average
values for both systems. We see that old clumps (> 50 Myr) in clumpy systems have similar
properties to ones in single systems, as discussed in section 6.3.2.

A2744-z7p90D, with JWST NIRSpec integral field spectroscopy. The core region contains four
clumps which are detected by [O111] 5007 A in a region of ~ 11 x 11 kpc. Table 6.3 summarizes
the clump properties. We find that the stellar mass, SFR, and [O111] luminosities are similar to
the observed clumps (see Table 1 in Hashimoto et al. (2023)). These properties are typical for
clumps younger than 50 Myrs identified in the multiple systems, as shown in Table 6.4, which
is discussed in the next section. We discuss that such properties are different from clumps older
than 50 Myr in Section 6.3.2. In Sections 6.3.3 and 6.3.4, we show the formation and evolution
of multi-clump systems.

6.3.2 Distributions of Clump Properties

Our clump finder identifies 2254 clumps in total. Of these, 1503 clumps are single systems, i.e.,
galaxies with one clump, often appearing as proto-bulge components. The remaining 751 clumps
are in 325 clumpy systems. Table 6.4 summarizes the physical properties of the clumps. Figure
6.9 shows the distribution of the clump age weighted by stellar mass for single and multi-clump
objects. The distribution for single systems has a peak at ~ 200 Myr, while the clumps in
clumpy systems have a peak at ~ 90 Myr. Based on the age distribution, we can separate them
into two types of clumps: clumps younger than 50 Myr and clumps older than 50 Myr, which
are indicated by blue and red histograms, respectively.

Table 6.4 also shows the properties of clumps younger than 50 Myr and older than 50 Myr,
respectively. We see that old clumps have similar stellar mass, age, and clump size to the clumps
identified in single systems. Young clumps are smaller and their stellar mass is ten times lower
than older clumps. Figure 6.10 shows the distributions of three properties for different systems:
single systems with one clump (Neump = 1, black solid line), and young and old clumps in
clumpy systems (Nejump = 2, red and blue). The probability distributions are normalized to the
total number of clumps in each of the three systems.

The left panel of Figure 6.10 refers to the gas fraction (fgas = Mgas/Mpbaryon) of individual
clumps. Single systems have a distribution in the range of fgas ~ 0.4 —0.95 and have the peak
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Figure 6.9: The distribution of mass-weighted clump ages. Black and dashed-purple histograms
represent single systems (detected one central clump, i.e., proto-bulge) and clumpy systems,
respectively. The histograms are normalized by the total number of clumps for each system.
We divide the clumpy system into clumps younger than 50 Myrs (blue) and those older than 50
Myrs (red). This figure is taken from Nakazato et al. (2024).

at roughly feas ~ 0.85. While clumps younger than 50 Myrs concentrate on the value of 0.95,
clumps older than 50 Myrs have almost the same distribution as single systems.

The middle panel of Figure 6.10 refers to the surface mass density ratio of baryon and dark
matter. Single systems have a peak at Xparyon/Xpm ~ 10, and the clumps older than 50 Myr
have almost the same distribution and peak value. The shape of the distribution of clumps
younger than 50 Myr is similar to the old ones, but the peak is shifted to a 0.5 dex larger value.
This implies that over 50% of young clumps are formed off-center of their host dark matter
halos, i.e., in a baryonic-rich environment.

The right panel of Figure 6.10 refers to the sSFR of individual clumps. The peak of the
distribution for single systems is at sSSFR ~ 6 Gyr~!, while the peaks for old and young clumps
are at ~ 10 and 55 Gyr~!, respectively. The sSFR values of single systems and old (> 50Myr)
clumps in clumpy systems are similar to that of main-sequence galaxies at z ~ 6, sSSFR ~ 6 Gyr—!
(Popesso et al., 2023). However, young clumps in clumpy systems have over 9 times larger sSFR
than that of main-sequence galaxies, and such large values are also seen in observed merging
galaxies at z > 6 (e.g., Sugahara et al., 2025).

From the three physical properties in Figure 6.10, we see that clumps older than 50 Myr
tend to have the same properties as single systems. On the other hand, clumps younger than
50 Myr are located in baryonic-rich environments. They are also gas-rich and in the process of
bursty star formation. This indicates a different formation path for young clumps.
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Figure 6.10: The probability distribution of the gas fraction, baryon-to-dark matter mass ratio,
and specific star formation rate for our clump samples. The histograms with black solid lines
are for single systems, and we color the histograms for clumps depending on their age. The
distributions are normalized to the total number of clumps in each of the colored types. This
figure is taken from Nakazato et al. (2024).

6.3.3 Clump Formation Induced by Merger

In this section, we study the formation of clumps during a merger. The top panels of Figure
6.11 show the time evolution of dark matter distribution around FL957, and the bottom panels
represent gas density distribution in the same central region of 10 kpc. At z = 8.01, we see
two dark matter halos, one in the center of the panel and the other one in the right bottom.
The two galaxies experience the first pericenter passage at z = 7.85, which enhances the tidal
compression of the surrounding gas and forms dense clumps. After the first passage (z = 7.70),
we identify four clumps and this number is larger than that of merging halos. These clumps
are formed off-center from the halos. Tail structures coming from clumps are formed by tidal
effects during the galaxy interaction ?. The formation of clumps triggered by galaxy merger
has been investigated by isolated simulations which initially set an Antennae-like galaxy merger
(e.g., Renaud et al., 2013, 2014, 2015). These previous studies have found that the first two
pericenter passages increase compressive (curl-free) turbulence and lead to clumpy morphologies
and bursty star formation with a timescale of 10-30 Myr. Their results are consistent with our
findings from cosmological simulations at high redshift. Unlike the isolated simulations, which
set initial parameters for galaxies and their orbits to reproduce the morphology and kinematics
of merging galaxies (e.g., Renaud et al., 2013, 2015; Fensch et al., 2017; Maji et al., 2017),
our cosmological simulations naturally demonstrate the formation of clumps due to mergers
occurring at high redshift. Our simulations can also investigate statistics by connecting to a
major merger rate density (see section 6.3.5).

We estimate the mass of a perturber that generates clumps based on the Oth-order approach
of a spherical collapse model for a homogeneous sphere (Steidel et al., 1998; Overzier, 2016). A
merger-induced clump is formed if the mass is

Mclump = :55 X chlump Z Mmina (624)

where My, is the minimum baryon mass of the observable clump we define. Here, p, 0, Velump
are the mean gas density around the progenitor, typical overdensity induced by the merger,
and volume of the formed clump. Assuming that the perturber compresses the surrounding gas
contained in a volume with its size ~ Rper, the formed clump mass is re-written as

M, =2x 10 M, po Fper \’ (6.25)
clump = © \250em=3 ) \ 200pc ) - ‘

9The movie of clump formation is obtained here. The movie shows the time evolution of gas (left) and dark
matter (right) densities from z = 8.5 to z = 7.0.
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Figure 6.11: Time evolution of dark matter density (top) and gas density distribution (bottom)
from z = 8.01 to z = 7.33. The side and projected lengths are 10 kpc for both projections. The
black circles represent the location of the identified clumps. We set ¢ = 0 at z = 7.70, when the
galaxy consists of four luminous clumps. This figure is taken from Nakazato et al. (2024).

We normalize the relevant quantities by typical values found in our simulations (Table 6.4). For
example, pd ~ 250cm~3. The minimum mass of a clump that emits [O111] lines bright enough
to be observed is derived based on the young stellar mass criteria M, (young),min = 107 Mg in
section 6.2.3.1,

M*(young),min 8 1- fgas -

M i ~ I 10° Mg ( 0.1 > ) (6.26)
where fgas is the gas fraction defined in section 6.3.2. Young clumps have fgas ~ 0.9 (Figure
6.10). Substituting equations (6.25) and (6.26) into Eq.(6.24), we obtain the characteristic size of
the baryonic “wake” induced by merger encounter (perturber) as Rper 2 150 —200 pc. The mass
ratio ¢ = Meenter/ Mper largely determines the subsequent morphological evolution and the mode
of triggered star formation. We assume the central one is more massive, i.e., Mcenter > Mper.
Considering that the central object in the system has a typical size of Recenter ~ 200 — 230 pc as
listed in Table 6.4 and assuming that both objects have similar gas densities, we estimate the
mass ratio to be ¢ = (Rcenter /Rper)3 =1 - 3.6. We thus argue that bright clumpy galaxies in
optical emission lines at z > 6 can be formed by a major merger.

6.3.4 Clump Fate

Figure 6.11 also follows the subsequent evolution of the clumpy system. A further 18 Myr after
the formation of the four clumps, Clump B and C merge with clump A and D resulting in two
clumps, which finally merge into a single system 26 Myrs later.

Figure 6.12 shows the redshift evolution of the number of clumps for the three galaxies shown
in Figure 6.7. Clumpy structures are observed temporarily and finally merge into the center of
the system 30-40 Myr after the multiple systems are formed, whose evolution is seen in other
galaxy samples. The typical timescale is the crossing time during the merger:

d d UV — Ucenter -
teross = ——————— ~ M y 2
VU — Vgenter 50 Myr <3kpc> < 60 km/s > (6:27)

where d and veepnter are the separation and the velocity of the central object. The derived crossing
timescale is consistent with the merger timescale in Figure 6.11, and roughly the same order
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Figure 6.12: Time evolution of clump number as a function of redshift for the three galaxies
shown in Figure 6.7. The inverted triangles represent the redshifts in Figure 6.7. Ngymp = 0
represents that clumps are too faint to be identified by the clump finder. This figure is taken
from Nakazato et al. (2024).

of the orbital (dynamical) timescale of this system in a 10 kpc region, ton, ~ tayn ~ 25 Myr.
Therefore, we see that clumpy systems which are bright in rest-frame optical emission lines are
temporary structures and finally merge into one massive galaxy within ~ 50 Myr.

Notice that the two galaxy systems (FL957, FL977) in Figure 6.12 are identified as Ngjymp = 0
at z ~ 9. This implies that these galaxies are too faint to be identified as an [O111] bright object
at z ~ 9. As noted in Section 6.2, our clump identification is based on surface SFR density and
the threshold value is 30 Mg yr~—!kpc=2 (corresponding to 1 Mg yr—! per clump). However, a
lensing effect enables us to identify clumpy features even at z 2 9 as the recent observations
report triply lensed galaxies at z = 10.17 (Hsiao et al., 2023, 2024).

We check other clumpy galaxies evolutions and the formed clumps are ended in merger into
the central component within a few tens of Myrs.

Since our simulations end at z = 5, we cannot follow the further evolution to the present day.
Some galaxies form clumps via disk instabilities at z < 6, outside the redshift range investigated
here. Such clumps still exist at the final snapshot, z = 5, but most probably they migrate to the
center or they are disrupted due to feedback. Due to our limited resolution, we cannot exclude
the possibility that the densest regions of the clumps formed proto-globular clusters that may
survive all these events. Future modeling will be required to follow their evolution.

6.3.5 Number Abundance of Clumpy Galaxies

Figure 6.13 represents the fraction of clump number at each redshift. Around 90% of galaxies
at z = 8 — 6 are observed as a single system (Ncump = 1). From Table 6.3 and 6.4, we see that
both observable clumpy galaxies tend to have stellar masses of M, > 10° M, in their systems,
even though our clump definition sets a minimum clump mass of M. > M, (young),min = 107 M.
Our sample galaxies at z > 8.5 have small stellar masses of M, < 10° M), resulting in that all

~

of our samples at 8.5 < z < 9 are identified as a single system. At these high-redshifts, the
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Figure 6.13: The fraction of each clump number at z ~ 9 (purple), z ~ 8 (blue), z ~ 7 (green),
and z ~ 6 (yellow). The clump number Nejymp is referred to as the number of clumps in the
galaxy system within 10 kpc x10 kpc region. This figure is taken from Nakazato et al. (2024).

corresponding UV magnitude is Myy > —19.7 0. Galaxies at z < 8 are bright (Myy < - 19.7)
and multiple clumps are identified, which are formed by mergers. This trend is interestingly
consistent with the recent JWST observations of Chen et al. (2023), who find that luminous
z ~ 6 — 8 galaxies with Myy < —20.7 tend to have 3-4 clumps and fainter galaxies with
Myy > —20.7 tend to be a single system. The fraction of galaxies with three or more clumps
(Netump 2 3) is ~ 0.5 - 1%. Since the third/forth components are formed by tidal debris, the
multi-clump formation efficiency might be affected by the orbit of mergers. (Renaud et al., 2009)
follow a merger system in a non-cosmological simulations and find that protograde configurations
can form tidal tails but retrograde configuration does not form tails because of less tidal torques.

We also evaluate whether some physical processes such as AGN feedbacks and cosmic rays
can suppress the formation of clump. Since these processes are not considered in our simulations,
we roughly estimate their effects in the following discussions. or AGN feedback, the timescale
is assumed to be roughly the same as BH growth timescales, i.e., Salpeter timescale

. Mpy OTCER
Sal — — =
Mpaa ~ 47Gmy

— 45 Myt (gil) , (6.30)

where or,er are the cross section of Thomson scattering and the radiative efficiency. The
average clump gas density in our simulation is ~ 250 cm ™3, and the corresponding free-fall time

scale is

37 1
tr= 1/ ~32M (
=V 32 /o yr

10We use the scaling relation between stellar mass and UV magnitude obtained from Ceverino et al. (2017,
2019) as follows,

Ngas )—1/2

—_— 31
250 cm—3 (6.31)

log,o My — )
Muyy = Ogmaif; + M (for z=6—7), (6.28)
log,o My — .
Muy = OgNTGJrM* —1 (for z=8—9), (6.29)

where o, = —0.394 £ 0.002 and M, = —12.13 £ 0.03.
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Therefore, the clump formation (star formation in clumps) can occur before the AGN feedback
becomes dominant. For cosmic rays (CR) feedback, CR loses the energy by Coulomb and
ionization interactions and heats the thermal gas (Enfilin et al. (2007)), which leads to increasing
of effective pressure of gas and suppressing star formation. Jubelgas et al. (2008) perform
cosmological simulations including CR physics, and calculate the contribution of the CR pressure
to the total pressure (Pcr/(Pcr + Pihermal)). We compare their results at z = 6 and find
that the CR pressure contribution can be expected to be less than 10% for our clump gas
density(~ 250 cm™3), which implies CR does not affect the star formation in the formed clumps.

We do not find any clumpy systems formed by violent disk instability (VDI) through cold
accretion until z ~ 6. This is because VDI requires a massive disk with a large disk mass fraction
(Dekel et al., 2009b; Ceverino et al., 2010). We identify some disk-like galaxies at z = 8 — 9,
but the stellar masses are < 5 x 109 Mg, and have smoothed disk. Specifically, two galaxies with
five clumps are seen in a massive system; the total stellar mass in the field is M, ~ 10'° M
at z ~ 5.5. The clumps in such a massive system are expected to be formed via violent disk
instability as same as lower-redshift galaxies (Mandelker et al., 2014, 2017; Ceverino et al., 2023,;
Inoue et al., 2016D).

Figure 6.14 shows the number density of clumpy galaxies. As described in Section 6.2.1, our
study employs zoom-in simulations and we need to correct for incompleteness in the number
count of clumpy galaxies. We use the results of a larger boxsize N-body simulation (Klypin
et al., 2011) (refer to Appendix 6.2.4 for details). The number density of single systems is
(1 —3) x 1074cMpc™ at z = 6 — 9. We identify all the simulated galaxies at z = 9 as
single systems and the number density is consistent with the UVLF at Myy ~ —20 (Harikane
et al., 2023). At z = 6 — 8, we estimate the number density to be (1 —5) x 107° cMpc~3, and
this value is enough to be observed by recent JWST surveys. The EIGER survey (Kashino
et al., 2023) conducted deep JWST/NIRCam wide-field slitless spectroscopic observations and
identified 117 [O111] emitters at z = 5.33 — 6.93 (Matthee et al., 2023). They found that ~
1% of their observed [O111] emitters are closely separated within < 1”7 (corresponding to < 6
kpc at z ~ 6). They also derived the [O111]luminosity function at z ~ 6. We integrate it
within the luminosity range for their samples and obtain the number density of their observed
[O111] emitters, njou = 10728 cMpc~3. Thus, we can estimate the number density of clumpy
systems of their observed [O111] emitters as ~ 0.01 X ng; = 1.6 X 1075 cMpc 3
our theoretical abundance of clumpy galaxies at z =6 — 8.

, consistent with

We can also derive the merger rate density from the clumpy systems within a 10 kpc x 10
kpc region following Mo et al. (2010). Under the assumption that these pairs will merge on a
time scale Tyrg, the merger rate density is related to the clumpy factor feumpy = (# of clumpy
systems with Nejump = 2)/(# of total systems), according to

n _ 1 fclumpyngal
e <Nclump> Tmrg

-1
— 6.3 x 1077 Mpe3 Gy ( Jehumey Denl Tmre 6.32
A epe T ( 0.1 10~ cMpc—3 ) \80Myr ) (6:32)

where (Nejump) is the averaged clump number among clumpy systems. The factor 1/(Neiump)
takes into account the fact that a multi-clump system ends in a single merger. Figure 6.13 shows
that ~ 80 - 90% of clumpy systems consist of two clumps, and we thus adopt (Neiump) = 2.
We obtain the clumpy factor from Figure 6.14 as fcumpy ~ 0.1 — 0.2 and see that the value
does not change very much at z = 6 — 9, which is consistent with the recent JWST observation
results (Duan et al., 2025). For the comoving number density of galaxies population nga1, we
obtain ng, ~ 10~* cMpc=3 with M, > 10°My ! from Figure 6.14. The value also does not
change largely within a factor of 1-2. We adopt the crossing timescale (Eq. (6.27)) as the merger

HThis stellar mass is for a galaxy system within 10 kpc x 10kpc, not each clump stellar mass.
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Figure 6.14: The number density of clumpy galaxies as a function of redshift. The gray and
purple plots represent single systems and clumpy systems, respectively. The error bars are
calculated from Poisson errors, v N /Vbox, where N is the number of clumpy galaxies and Viox
is the comoving volume of the simulation box. This figure is taken from Nakazato et al. (2024).

timescale T,e. In our case, we take into account a galaxy pair located within a 10 kpc x 10 kpc
region, i.e., the separation of d ~ 5 kpc, which gives Ty ~ 80 Myr. The merging timescale is
also seen in the top panels of Figure 6.11. Adopting this merger as a typical case, we obtain the
merger rate density of 7y,,s = 6.3 X 10~° cMpc2 Gyr—!. This value is roughly consistent with
the results from Millennium Simulation at z > 6 (fig.2 in Kitzbichler and White, 2008). We
also compare our merger rate density with that of Illustris simulations. Rodriguez-Gomez et al.
(2015) derive the major merger rate ~ 1 Gyr~! for the descendant stellar masses of ~ 10? M, at
z =6 —9. From the stellar mass function at z > 6 of Illustris simulations (Genel et al., 2014),
the corresponding number density of the descendant mass is ~ 10~% cMpc™3. Therefore, the
major merger rate density is ~ 1074 cMpc ™3 Gyr—!, which is in good agreement with our values.
These consistencies infer that clumpy galaxies, which are bright in rest-frame optical emission
lines, can be linked to major mergers.

6.4 Discussion & Summary

We have studied formation of clumpy galaxies in the epoch of reionization observable in rest-
frame optical emission lines. The clumps we identify are bright in [O111] 5007A and have radii
of ~ 150 - 200 pc, which can be resolved by JWST. We have shown that the observable large
clumps are formed by major mergers. The clumps are categorized into two types: proto-bulges
dominated by stellar populations older than 50 Myr and off-centered clumps dominated by
younger stellar populations. The latter type of clump is formed from gas debris in tidal tails
induced by the mergers. The merger-driven clumps tend to have a high gas fraction of over
90%, trigger bursty star formation with sSFR ~ 20 — 100 Gyr~!, and produce young stellar
components. The clumpy galaxies account for ~ 10% of the population, and the fraction remains
roughly constant from z = 9 to z = 6. We also find that the clumpy systems are short-lived,
ending in a merger with a companion(s) within a few tens of Myrs. The number density of
clumpy systems is estimated to be (1 —5) x 107> cMpc ™2, which is large enough to be observed
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in recent JWST surveys (Matthee et al., 2023).

Formation of clumpy galaxies at z < 4 has been studied in detail (Mandelker et al., 2014,
2017; Buck et al., 2017; Ceverino et al., 2023; Inoue et al., 2016b). Especially, Mandelker et al.
(2014) study clump formation in 29 galaxy samples at z = 1 —4. They define clumps as baryonic
overdensities in three dimensions.

They find that 70% of the clumps are formed in situ by violent disk instability while the
remaining 30% are formed ez situ by minor mergers. In the present paper, we study clump
formation at z = 6 — 9 using high-resolution simulations.

We define the clumps as [O111] bright objects based on the threshold surface star formation
rate so that they can be observed by JWST with a reasonable exposure time. We find that most
of the observable clumps are formed by mergers of galaxies with roughly the same baryonic
mass. A sufficiently large “perturber" comparable to the central object with size ~ 200 pc can
generate gas wakes and overdensities to form large, bright clumps. Interestingly, we do not
identify any VDI-driven clumps at z > 6 in our simulations. There are two possibilities for no
VDI-driven clumps at z > 6; resolution limits or less disk fractions. For the former factor, Mayer
et al. (2025) recently reproduce VDI-driven clumps with less massive galaxies (M, ~ 108 M)
at z = 7 in their simulation. The sizes of formed clumps are a few pc, which are consistent with
Toomre wavelength (Boley et al., 2010). The clump size is smaller than both our simulation
resolution. However, such clumps are also smaller than the minimum size of our defined clumps,
and are not be observed without lensing effects and the derived clumpy fraction will not be
affected. The latter factor indicates that violent disk instability (VDI) might less likely to occur
in low-mass galaxies because the disk mass itself is small (Dekel et al., 2009b).

In the VDI case, even when it occurs, clumps contain only 1-2 % of the mass of the central
object (Ceverino et al., 2010), rendering them too faint to be detected through current obser-
vations. Our result suggests a change of the mode of clump formation from the predominantly
merger-driven scenario in the early universe to VDI at low redshifts at z < 4 — 5.

There are still some caveats in our study. Firstly, we define clumps by adopting a constant
threshold of surface star formation rate density. The constant value is motivated to identify
observable clumps, but at the same time, we might miss clumps in low-mass galaxies at z ~ 9.
Such unidentified low-mass clumps might correspond to proto-globular clusters. Recent JWST
photometric observations in gravitational lens fields have found young stellar cluster candidates
with M, = 10°—10° M at z = 6—10 (Vanzella et al., 2022, 2023a; Adamo et al., 2024b; Bradley
et al., 2024; Mowla et al., 2024). The star clusters are also very small in size with effective radii
of less than 1 pc (Adamo et al., 2024b), which our simulations cannot resolve. Some cosmological
simulations focus on the formation of dwarf galaxies and stellar clusters at z > 6 and have sub-
pc scale resolution (Ma et al., 2018a,b; Calura et al., 2022; Garcia et al., 2023; Sugimura et al.,
2024; Garcia et al., 2025), allowing one to study the formation of smaller-scale structures.

Second, our clump identification is based on rest-frame optical emission lines. Statistics of
high-z (z > 6) clumpy galaxies have been conducted from rest-frame UV observation by HST
(e.g., Shibuya et al., 2016; Bowler et al., 2017, 2022; Mestri¢ et al., 2022). Some samples have also
been observed by ALMA, and they have offsets between FIR emission regions and UV emission
regions (Carniani et al., 2017). Recent JWST multi-band photometry or IFU observations enable
us to perform multiwavelength studies of clumpy galaxies, from the rest-UV to NIR. The number
of clumps is often reported to have spatial offsets between UV, optical, and NIR wavelengths
(Colina et al., 2023; Bik et al., 2023; Kalita et al., 2024; Rodighiero et al., 2024a), while Treu et al.
(2023) find no dramatic morphology changes across multi-bands. We note that multi-component
observations at high redshift (z > 6) are more challenging than at lower redshift (e.g. z ~ 2 —3,
Mestri¢ et al., 2022; Zanella et al., 2024), where galaxy morphologies are most of the times
less disturbed and present clearer features. Our study focuses on young giant clumps that are
bright in [O111] because rest-optical emission lines are less affected by dust attenuation than UV
emission. These lines trace dense star-forming regions that are gravitationally bound and exist
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as physical components (Claeyssens et al., 2023; Matthee et al., 2023). Clumps identified in
UV-bands are expected to be heavily attenuated by dust in dense clouds of ng,s > 100 cm ™3
(Figure 8.4). To detect UV clumps in the simulated galaxies and compare them with the current
multiwavelength observations, we need to conduct post-processed three-dimensional radiative
transfer calculation (e.g., SKIRT, Baes et al., 2011; Camps and Baes, 2020).

We have found that a clumpy system contains different stellar/clump populations: old (>
50 Myr) clumps at the center of dark matter halos, and young (< 50 Myr) off-centered clumps.
The latter type of clumps originates from dense gas clouds that are formed in tidal tails during
mergers. Observationally, it would be interesting to identify old clumps with ages of a few
hundred Myrs. As shown in Figure 6.7 and 6.8, there are spatial offsets between the young
(< 50Myr) and old (~ 300 Myr) components. Those old components are not detected as a
clump based on our criteria. Recent JWST observations show that some clumps are detected
in rest-frame optical emission lines and continuum, while others are detected only in continuum
(e.g., Hashimoto et al., 2023). Detailed radiative transfer calculations would also enable us to
understand the cause of the spatial offsets between young stellar populations and dust continuum
emitting regions as seen in recent observations at z > 6 by ALMA (Tamura et al., 2023).

Emission line flux ratios provide crucial information on clump properties such as the ISM
electron density, metallicity, and ionization parameters. For instance, Yang et al. (2023) use
a zoom-in simulation to show that the ratio of F[Om] 5007 A/ F[OH] 3797 A can be used to trace
stellar populations younger than several Myr. The ratio is taken by some NIRSpec IFU/NIRISS
observations to evaluate the ionization state and metalicity gradients in each pixel (Arribas et al.,
2024; Saxena et al., 2024; Tripodi et al., 2024; Rodriguez Del Pino et al., 2024; Wang et al.,
2022; Venturi et al., 2024). Line ratios are also measured for z ~ 4 lensed galaxies to determine
and produce resolved dust-to-gas ratio maps (Birkin et al., 2023). Applying the same method
to clumpy galaxies at higher redshift will enable us to characterize young and old clumps and
to test the merger-driven scenario we propose here.

Furthermore, several Lya emitters at z 2 6 are reported to be clumpy systems (e.g.,
MACS0416-Y1, SXDF-NB1006-2, BDF3299), indicating that clumps are distributed three-
dimensionally and that such a distribution facilitates the escape of LyC and Lya photons.
Indeed, Witten et al. (2024) found that nine of their target galaxies at z > 7 exhibit clumpy
structures in NIRCam photometry. Since the Lya escape fraction correlates with the LyC es-
cape fraction (Choustikov et al., 2024; Begley et al., 2024; Izotov et al., 2022), a large number of
LyC photons can escape from such clumpy systems and contribute to the cosmic reionization.

Also, as shown in Figure 6.11, clumpy systems eventually merge into the central galaxy and
evolve into massive single galaxies. After clumps fully merge, some galaxies in the FirstLight
simulations develop extended, gas-rich disks, potentially contributing to the formation of the
highest-redshift (cold-) disk galaxies, which have recently been observed with JWST and ALMA
(Rowland et al., 2024). We conclude that by quantifying the contribution of environmental
effects, such as galaxy mergers, to star formation histories and cosmic reionization, we can also
gain insights into the subsequent dynamical evolution of galaxies.
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Chapter 7

Spatially Resolved Dust Properties
in Clumpy (Galaxies

7.1 Introduction

Understanding when, where, and how dust forms in galaxies in the early Universe is crucial
for accurately tracing the star formation history and galaxy evolution at high redshifts. The
chemical composition, grain size distribution, and spatial geometry of dust relative to stellar
populations all critically influence the dust attenuation curves of galaxies. Precisely determining
these attenuation properties enables the reconstruction of intrinsic spectral energy distributions
(SEDs) from observed attenuated SEDs, directly contributing to our understanding of the cosmic
star formation rate (SFR) density evolution (e.g., Madau and Dickinson, 2014). As introduced
in Chapter 4, dust-obscured star formation at high-redshift Universe is particularly helpful to
understand galaxy evolution over cosmic time(Bouwens et al., 2016; Fudamoto et al., 2021;
Algera et al., 2023; Barrufet et al., 2023; Zavala et al., 2021; Mitsuhashi et al., 2024).

Recent observational advances, particularly with the James Webb Space Telescope (JWST)
in the rest-frame UV /optical and ALMA in the far-infrared (FIR), have opened new opportuni-
ties for studying dust properties in high-redshift galaxies. JWST observations are now enabling
studies of dust attenuation curves through detailed SED fitting, revealing that approximately
20-30 % of high-z galaxies exhibit attenuation curves with pronounced UV bumps (Witstok
et al., 2023; Markov et al., 2023, 2025; Ormerod et al., 2025; Fisher et al., 2025). These bumps
imply the presence of polycyclic aromatic hydrocarbons (PAHs) or small carbonaceous grains (Li
et al., 2024; Lin et al., 2025; Nanni et al., 2025). Meanwhile, ALMA continuum observations at
FIR wavelengths, fitted with modified blackbody spectra, facilitate measurements of dust mass,
dust temperature, and total IR luminosity. These quantities can then be combined to derive the
IRX-( relation, defined as the relation between the infrared excess (IRX = Lig/Lyv) and the
UV spectral slope (fyy) as introduced in Section 3.4.6.2. Historically, the IRX-fyy relation
was first introduced as a canonical relationship by Meurer et al. (1999), becoming widely used
for correcting the total star formation activity in galaxies lacking direct infrared (IR) measure-
ments (e.g., Overzier et al., 2011; Bouwens et al., 2007, 2009). However, it is known that local
Ultra-Luminous Infrared Galaxies (ULIRGs) deviate significantly from this canonical relation,
showing systematically higher IRX values and bluer UV slopes (Goldader et al., 2002). Recent
ALMA observations of high-z galaxies reveal substantial scatter in their IRX-Syy distributions
(Fudamoto et al., 2020b,a; Capak et al., 2015; Barisic et al., 2017; Faisst et al., 2017; Bowler
et al., 2024; Hashimoto et al., 2019; Bowler et al., 2022; Sugahara et al., 2025; Mitsuhashi et al.,
2024), with examples of galaxies exhibiting either extremely high IRX values and blue slopes,
similar to local ULIRGs, or low IRX values with redder slopes. These findings challenge the
notion of a single “canonical” IRX-Byy relation applicable across cosmic time.

Additionally, observational techniques now allow for detailed examinations of internal dust
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distributions within galaxies at high redshifts. JWST high-resolution photometry using NIRCam
enables pixel-by-pixel SED fitting to generate maps of visual attenuation (Ay)(e.g., Abdurrouf
et al., 2023; Giménez-Arteaga et al., 2023, 2024; Sun et al., 2024; Tanaka et al., 2024; Lines et al.,
2025). NIRSpec integral field unit (IFU) observations allow construction of Balmer decrement
maps through Ha/Hp ratios (e.g., Parlanti et al., 2025; Ishikawa et al., 2025, , Mawatari et
al. in prep.). Several recent JWST observations have reported that galaxies in the Epoch of
Reionization (EoR) commonly exhibit clumpy morphologies (e.g., Chen et al., 2023; Hainline
et al., 2024b; Shibuya et al., 2024; Lines et al., 2025; Harikane et al., 2025a). These observations
highlight the importance of understanding how internal variations in dust properties and star
formation influence integrated galaxy-scale measurements.

Galaxy clumps at high-z generally form via two primary mechanisms: mergers (ex-situ
scenario) and violent disk instabilities (VDI, in-situ scenario) as discussed in Section 6.1. In
Chapter 6, we conclude that approximately 10-20% of massive galaxies (M, > 10° M) at
high redshifts could be identified observationally as merger-driven clumpy systems (Nakazato
et al., 2024). The observed clumpy fraction at EoR galaxies also supports the merger-driven
clumps (e.g., Duan et al., 2025; Matthee et al., 2023). As galaxies evolve to massive gas-rich
disks with M, > 5 x 10° M, VDI can produce 100 pc-scale clumps through gas accretion(e.g.,
Mandelker et al., 2025; Nakazato et al., 2024; Ceverino et al., 2010; Dekel et al., 2009b). While
such internal variations could potentially affect integrated galaxy observables such as IRX-Gyy
relations, previous theoretical studies based on cosmological simulations have mostly focused
on integrated galaxy scales (e.g., Liang et al., 2021; Vijayan et al., 2022; Behrens et al., 2018;
Mushtaq et al., 2023; Ma et al., 2019; Narayanan et al., 2018), which might overlook the detailed
internal distributions. To clarify the impact of internal galaxy structures, it is therefore essential
to quantitatively analyze dust attenuation and re-emission at sub-galactic scales and track their
time evolution with short time bins.

In this chapter, we use zoom-in cosmological simulations FirstLight Ceverino et al. (2017) and
quantitatively examine both the time evolution and internal dust properties in EoR galaxies. We
specifically focus on three key areas: (i) time evolution of galaxy-integrated dust properties (UV
slope, IRX, dust temperature) relative to SFR, (ii) the differences in dust properties between
individual clumps and the integrated galaxy, (iii) distinctions in dust characteristics resulting
from the two primary clump-formation pathways (merger-driven and VDI-driven). We utilize
the IRX-fyv relation as a diagnostic tool to interpret observed differences in dust and stellar
geometries.

The remainder of this chapter is structured as follows. Section 7.2 details our cosmologi-
cal zoom-in simulation suits and post-processed dust radiative transfer (RT) setup using SKIRT
(Baes et al., 2011). In Section 7.3, we present spatial distributions and redshift evolution of phys-
ical properties, and show differences between the properties of individual clumps and those of the
integrated galaxy. Section 7.4 introduces a toy model to interpret integrated and clump-specific
IRX-$ distributions in terms of star-dust geometry, applying these insights to observations.
Finally, Section 7.5 summarizes our main conclusions and provides future prospects.

7.2 Method

7.2.1 FirstLight Zoom-in Simulations

We use the same zoom-in cosmological simulations, FirstLight (Ceverino et al., 2017), as in
Chapter 6. The detailed settings for the initial conditions, star formation recipes, and subgrid
physics are described in Section 8.2.1.
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7.2.2 Post-processing Radiative Transfer

Dust attenuation and re-emission in our simulated galaxies are computed using the post-processing
radiative transfer (RT) code SKIRT (Baes et al., 2011; Camps and Baes, 2020). SKIRT is an
open-source, three-dimensional Monte Carlo dust RT code that consistently calculates dust tem-
peratures by accounting for both absorption and anisotropic scattering processes. The general
principles and procedures underlying the 3D Monte Carlo dust radiative transfer method are
described in detail in Section 3.4.7.

To perform the RT calculations, we specify the stellar emission properties (Section 7.2.2.1),
dust spatial distribution (Section 7.2.2.2), and adopted dust composition and grain-size distri-
butions (Section 7.2.2.3) as input parameters.

7.2.2.1 Stellar Emission

The spatial distribution of stellar emission is determined by the positions of stellar particles in
our hydrodynamical simulations. SKIRT supports directly importing data files that contain
the necessary information on these stellar particles.

We construct the SEDs of individual stellar particles using single stellar population (SSP)
models from BPASS (Eldridge et al., 2017), based on the mass, age, and metallicity of each
star cluster. Each stellar particle is treated as a single starburst. Among the BPASS models,
we adopt a Chabrier IMF with an upper mass limit of 300 M.

For stellar particles younger than 15 Myr, we reassign their ages. This adjustment is because
our simulations form stellar particles with a fixed time step of Atggp = 5 Myr, while the simulation
output times are not synchronized with this interval (see Section 6.2.1.3). We therefore re-assign
the stellar ages as described in Section 6.2.2. Specifically, for stellar particles younger than 15
Myr with age stamps at 17,75, and T3 (T} < Ty < T3), we randomly sample new ages within
each interval. For example, for a star with age 77, we randomly draw a new age within [1,77]
Myr and assign it as the updated age.

We note that we consider only the stellar continuum and do not include nebular continuum
emission. Although recent JWST observations suggest that nebular emission may dominate the
UV continuum in some systems (e.g., Cameron et al., 2024), such spectra can be reproduced
by models with a large number of very hot stars (e.g., Wolf-Rayet stars) with effective temper-
atures of Ty > 10° K. Inoue (2011) calculate the contribution of the nebular continuum and
demonstrate that stellar continuum dominates for metallicities of log(Z/Zs) = —0.7 under a
constant star formation rate over 10 Myr. Based on this, we expect that the nebular continuum
does not significantly affect the UV slopes Suv or the IR re-emission calculated in the following
analysis.

The SED (including both stellar and dust emission) is sampled using 150 logarithmically
spaced wavelength bins, covering the range from 0.1 to 1000 um . To ensure good convergence,
a total of 107 photon packets per wavelength bin are emitted from the stars in each calculation.
The numerical convergence with respect to the number of photon packets and the wavelength
binning is verified in Section 7.2.4.

The radiative transfer calculations are iterated until the IR re-emission luminosity converges
within 3%, or until a maximum of seven iterations is reached. An octree structure is used to
construct the dust grid, where cells are recursively subdivided until each contains less than
1075 of the total dust mass. The highest grid level corresponds to a cell width of ~ 4.9 pc,
approximately one-fourth of the minimal cell size in the hydrodynamical simulation.

7.2.2.2 Dust Spatial Distribution

The spatial distribution of dust is imported from the hydrodynamical simulation by assuming
that it scales with the metal distribution, using a constant dust-to-metal ratio defined as DTM =
Maust/ Mietal- The choice of DTM sets the overall normalization of the extinction curve.
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Figure 7.1: Dust opacity curve of the Weingartner and Draine (2001) dust model that is used
for analysis in this work. Blue and green lines represent the opacity curve for the MW and SMC
grain size distribution model, respectively. The solid and dashed lines show the extinction (=
absorption + scattering) and scattering. In the mid- and far-IR (> 30 um), dust opacity scales
with wavelength as xy o< A72.

We adopt a fixed value of DTM = 0.4, which is commonly used for the Milky Way and
similarly assumed in various high-redshift simulation studies (e.g., Behrens et al., 2018; Lovell
et al., 2021a; Mushtaq et al., 2023). Although the value of DTM can influence the RT outputs,
including the dust-to-gas mass ratio, dust temperature, and infrared luminosities, it remains
poorly constrained in high-redshift observations (e.g., Wiseman et al., 2017), and theoretical
models predict a wide range of values (e.g., Asano et al., 2013; Aoyama et al., 2017; Toyouchi
et al., 2025). The implications of adopting a time-dependent DTM are discussed in Section 7.4.3.

7.2.2.3 Dust Absorption, Scattering, and Re-emission

The size distribution and composition of dust grains determine their absorption and scattering
properties (e.g., Draine et al., 2014). We adopt the dust models developed by Weingartner and
Draine (2001), which reproduce the observed extinction curves of the Milky Way (MW) and
the Small Magellanic Cloud (SMC). The grain size distributions of graphite, silicate, and PAH
components for the MW and SMC are sampled using 10/10/10 and 10/10/0 bins, respectively.

Figure 7.1 presents the dust opacity curves from UV to far-infrared (FIR) wavelengths based
on the MW and SMC dust models from Weingartner and Draine (2001). Both dust absorption
and scattering contribute significantly to opacity in the UV and optical regimes. At wavelengths
longer than ~ 30, um, dust absorption dominates the total opacity, scaling approximately as
k < AP, where the dust emissivity spectral index is 3 = 2. The MW opacity curve exhibits a
characteristic small bump at A ~ 0.22, um (the well-known 2175 AA UV bump), while the IR
peaks at A = 9.7 and 18 um arise from silicate grains due to the Si—-O stretching and bending
vibrational modes, respectively (see Section 3.4.2).

The exact nature of dust grains in high-redshift galaxies remains an open question. Recent
JWST observations have investigated the dust attenuation curves in galaxies at z > 4 (Fisher
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et al., 2025; Ormerod et al., 2025; Witstok et al., 2023; Markov et al., 2023, 2025), and found
that 20-25% of the REBELS and JADES samples exhibit evidence for the 2175 A bump. This
feature is often attributed to polycyclic aromatic hydrocarbons (PAHs) (Li et al., 2024; Lin
et al., 2025; Nanni et al., 2025), as seen in the MW extinction curve (Cardelli et al., 1989), but
absent in that of the SMC (Gordon et al., 2003). We therefore adopt both the MW and SMC
dust models for comparison, and use the MW model as the default.

We include the self-absorption of dust emission, which becomes important in dense regions
with high optical depth. The impact of self-absorption is examined in Section 7.2.4. Our
simulations also account for transient heating processes, which are critical for computing non-
local thermal equilibrium (NLTE) dust emission from stochastically heated small grains and
PAH molecules (Camps and Baes, 2015).

SKIRT outputs an indicative dust temperature for each cell (Teep), defined as the mass-
weighted equilibrium temperature (Toq). The equilibrium temperature of each dust species in a
cell is computed by solving the radiative balance equation:

o0 . S .
/ KEDSLT dy = / KPS B, (Toq.i) dv, (7.1)
0 0

where /ﬁ{a,bs’i is the absorption opacity of dust type ¢, and J, is the local radiation intensity. The

indicative temperature Ty is then obtained by mass-weighted averaging over dust types as:

Z'PiTeqi
Ty = =ilizeat (7.2
wll = )

where p; is the mass (or number) density of dust type 3.

We also include heating by the cosmic microwave background (CMB), whose temperature
increases with redshift as Toyp(z) = (1 + 2) X Temp(z=0), making its effect non-negligible at
high redshift (da Cunha et al., 2015).

7.2.3 Clump identification

We identify [Or11]-bright clumps based on the surface density of the star formation rate as
described in Section 6.2.3. The re-constructed grid size A, the threshold grouping number
Ngriq are the same as in Section 6.2.3, but only changed the threshold surface SFR density
from X(SFR) > 1 Mg yr—!/Ngias = 1015 Mg yr~ kpe™2 to S(SFR) > 0.63 Mg yr—' /Ngsias =
10'3 Mg yr~'kpc=2. The 0.2-dex changing threshold does not change the clumpy fraction as
discussed in Chapter 6. We identify clumps based on the above threshold using a dendrogram
technique (Rosolowsky et al., 2008).

In Chapter 6, we have also checked the virial parameters of the identified clumps, which are
defined as ayiy = 50021umpRC1ump /(GM), where o¢lymp and M are the velocity dispersion within
a clump and baryon mass a clump, respectively. Clumps have ayir ~ 0.2, indicating that they
are gravitationally bound.

7.2.4 Numerical Convergence and Effects of Stochastic Heating and Self-
absorption

We have tested the numerical convergence of our radiative transfer (RT) simulations and eval-
uated the impact of stochastic heating and self-absorption. Table 7.1 summarizes the test
configurations. Here, n;, denotes the number of photon packets launched per wavelength bin,
and ny is the number of wavelength bins. Our default setup adopts (np,ny) = (107, 150).

Figure 7.2 shows the resulting SEDs for the high-resolution cases (np,n)) = (10%,150) and
(107,300). The differences between these and the fiducial setup are less than 30% across all wave-
lengths, and typically below 10% in both the rest-frame UV and FIR regions. These discrepancies
are negligible when integrated over broadband filters and do not affect our conclusions.



112CHAPTER 7. SPATIALLY RESOLVED DUST PROPERTIES IN CLUMPY GALAXIES

10_4;_ —— fiducial
E n; =300
0 np=108
= 10 | —— LTE
o ] : w/o self-absorption
> 1076}
1077
1078 L - - -
1.0
2 05}
£ 00p s,
~1.0%5¢0 10! 107 10°

Aobs [,le]

Figure 7.2: SEDs of FL958 at z = 7.2 with different SKIRT settings. In the upper panel, we plot
the SED for the fiducial case and two runs with more wavelength bins (ny = 300), and more
photon packages (n, = 108) launched per wavelength bin. Additionally, we show the outcome
of simulations for which stochastic heating or self-absorption is turned off (“LTE”, “w/o self-
absorption”). The detailed SKIRT settings in each model are described in Table 7.1. In the lower
panel, we show the fractional difference between the various runs and the fiducial model.

We also show the result for a model without stochastic heating, i.e., assuming that all dust
grains are in thermal equilibrium with the incident radiation field. The resulting SED, shown
in blue, lacks significant mid-IR emission that originates from stochastically heated small grains
such as PAHs. In this case, the re-emitted flux in the mid-IR is underestimated by up to a factor
of two. This wavelength range overlaps with the expected sensitivity window of the proposed
instrument PRIMA (Moullet et al., 2023), making it a promising probe of stochastic heating in
high-z galaxies.

The green line shows the SED computed without self-absorption of dust emission. This
model exhibits a net decrease in flux in both the mid-IR and FIR ranges. In the absence
of self-absorption, the re-absorption and subsequent re-emission of radiation within optically
thick dust regions are not accounted for, leading to an underestimation of the total luminosity.
Consequently, the flux can be underestimated by up to 40% compared to the fiducial simulation.

name np ny self-absorption stochastic heating
fiducial 107 150 O O
nw300 107 300 O O
nple8 108 150 O O
LTE 107 150 O X
w/o self-absorption | 107 150 X O

Table 7.1: The parameters used in each SKIRT calculation in Section 7.2.4. All cases adopt
MWe-like dust type (Weingartner and Draine, 2001) and a fixed dust-to-metal ratio of 0.4.
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7.2.5 Inclination Effects

Before proceeding to the main results, we investigate how galaxy inclination affects our radiative
transfer (RT) calculations. Because observed spectral energy distributions (SEDs) can depend
significantly on the line-of-sight (LoS), we performed additional RT calculations using two al-
ternative viewing angles for our fiducial simulation. Figure 7.3 presents the resulting SEDs for
a merger-induced clumpy galaxy (left panel) and a VDI-induced clumpy galaxy (right panel).
In the merger-induced clumpy galaxy, clumps are distributed three-dimensionally and are not
confined to a specific plane. Consequently, inclination effects on the SEDs are relatively minor.
We find a maximum deviation of approximately 20% in the rest-frame UV flux, accompanied by
a corresponding increase in re-emitted IR flux up to about 20%. In contrast, the VDI-induced
clumpy galaxy exhibits more pronounced inclination effects, as the clumps predominantly lie
in the xy-plane. Figure 7.3 illustrates that edge-on orientations (xz- and yz-planes) experience
significantly higher dust attenuation compared to the face-on orientation (xy-plane), due to
increased optical depth along the line-of-sight. This result is consistent with observations of
dust lanes commonly seen in edge-on galaxies in the local Universe (e.g., Xilouris et al., 1999;
Bianchi, 2007). For edge-on views, UV flux is suppressed by up to 50% relative to the face-on
orientation. Moreover, IR emission in edge-on views is partially absorbed by optically thick dust
layers, reducing the flux by up to 30% relative to the face-on orientation.

Throughout the subsequent results section, we present the xy-plane orientation as the face-
on view for ex-situ (merger-induced) clumpy galaxies, and we use the xy-plane (yz-plane) as the
face-on (edge-on) view for in-situ (VDI-induced) clumpy galaxies.

FL958, z="7.20 (ex-situ clumpy) FL958, z=5.94 (in-situ clumpy)
T xy (fiducial) /\ T xy (fiducial, face-on)
1074 Xz /\\ 1074 xz (edge-on)
yz f \ yz (edge-on)
— 107} ---- intrinsic \ ,s/ - intrinsic
= vV
Sl T e N -
1077} \‘\
hY
\I
10—8 L L : L
0.5 0.5
) )
ES ES
-Z? 0.0 / 3? 0.0
—0:55m 107 107 10° ~0:5500 107 107 10°
Aobs [ﬂm] Aobs [ﬂm]

Figure 7.3: Left: The top panel shows SEDs of an ex-situ (merger-induced) clumpy galaxy for
the fiducial orientation (xy-plane, face-on; blue) compared to alternative lines-of-sight (xz-plane,
yz-plane). The black solid line shows the intrinsic (dust-free) SED. The bottom panel shows
fractional differences in flux between each alternative orientation (xz, yz) and the fiducial xy-
plane. The black solid line is an intrinsic SED. The bottom panel shows the fractional difference
between each LoS and the fiducial xy-plane. Right: Same as the left panels, but for an in-situ
(violent disk instability-induced) clumpy galaxy. Here, the fiducial xy-plane corresponds to the
face-on view, while the xz- and yz-planes represent edge-on views.
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7.3 Result

7.3.1 General Properties of FL958

Among the 62 massive galaxies in our simulations, we select one representative galaxy named
FL958, which experienced both ex-situ and in-situ clump formation. FL958 underwent a major
merger between z = 7.33 and z = 6.69, during which clumps formed in the merging system,
particularly triggered by tidal tails created at the first pericentric passage. We trace the evolution
of FL958 across 66 snapshots from z = 9.5 to z = 5.25, with intervals of approximately 7-10
Myr.

Figure 7.4 presents the evolutionary history of FL958. In the left panel, we plot the total
masses of gas, stars, and dust, while the right panel shows the star formation rate (SFR) averaged
over 10 and 100 Myr, both as functions of redshift. The halo merger event occurred at z = 7.33,
and additional clumps subsequently formed at z = 7.2 (indicated by the vertical gray dotted
line in Figure 7.4). Based on our clump identification procedure, we detect three distinct clumps
within the galaxy system, as illustrated in Figure 7.5.

During the merger, the masses of gas, stars, and dust all increased by approximately a
factor of two. The corresponding 10 Myr-averaged SFR rose from 17 My yr~! at z = 7.62 to
85 My yr~! at z = 7.13. Subsequently, the gas mass decreased by a factor of about 1.5 due
to rapid consumption through merger-induced star formation. This was followed by a brief
quenching (mini-quench) lasting approximately 12 Myr at z = 6.6. After z < 6.5, the gas
mass gradually increased again through cold gas accretion (e.g., Dekel et al., 2009a), leading to
renewed star formation and corresponding growth in stellar and dust masses.

Throughout the merger and subsequent gas accretion phases, the galaxy acquired substantial
angular momentum, eventually forming a cold gas disk. This evolution resembles recent obser-
vations of rotationally-supported cold disks traced by [C11] emission at z = 7.2 (Rowland et al.,
2024). At z = 5.94, the sustained cold accretion triggered violent disk instabilities (VDI), lead-
ing to the formation of multiple in-situ clumps (see Figure 7.5). Such a VDI-driven scenario is
consistent with several other cosmological simulations (e.g., Dekel et al., 2009b; Ceverino et al.,
2010; Mandelker et al., 2014, 2025; Ceverino et al., 2023).

Cosmic age [Myr] Cosmic age [Myr]
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Figure 7.4: Masses (left panel) and SFRs (right panel) as functions of cosmic age. In the left
panel, the blue, red, and green lines represent the masses of gas (7' < 5x10° K and n > 0.1cm™3),
stars, and dust (assumed to be = 0.4x gas-phase metal mass), respectively. Vertical gray dotted
lines at z = 7.2 and z = 5.94 mark the timings of a major merger and violent disk instabilities
(VDI). In the right panel, the blue and red lines represent SFRs averaged over 10 and 100 Myr,
respectively, computed as the stellar mass formed over the past X Myr divided by X Myr, where
X =10 or 100.
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Figure 7.5: Projected distribution of our galaxy at z = 7.2 (top) and z = 5.94 (middle for face-
on, and bottom for edge-on), where the merger and VDI-driven clump formation occurs. From
left to right, we plot gas number density, surface SFR, surface mass distributions of stars older
than 100 Myrs, and mass-weighted stellar age. One side length of the panel and the projected
depth of each panel is 10 kpc. The identified clumps are labeled in light blue in the second

column.
Table 7.2: Properties of identified clumps.
(34 (SFR)) (ngas)  Age M, sSFR Relump

[Moyr—'kpe™®]  [em™]  [Myr] [Mo)] [Gyr™]  [pc]
merger-1 107 369 26 1.40 x 10® 45 138
merger-2 287 1021 139 2.00 x 10° 8 132
merger-3 89 478 83  2.40 x 108 20 132
VDI-1 33 87 42 6.10 x 107 22 113
VDI-2 (proto-bulge) 42 152 214 3.90 x 10° 2 231
VDI-3 40 134 52 4.40 x 107 56 141
VDI-4 38 94 71 3.90 x 107 39 113
VDI-5 32 86 58  3.50 x 107 58 141
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To qualitatively confirm this scenario, we show the face-on Toomre-Q map of FLI58 at
ok

z = 5.94 in Figure 7.6. The Toomre-Q parameter is defined as: @ = , Where oy, k, and

Y are the radial velocity dispersion, the epicyclic frequency of the disk, and the surface density,
respectively. Here, A is a numerical factor depending on the disk component: A = 7 for a
purely gaseous disk and A ~ 3.36 for a purely stellar disk (Toomre, 1964; Elmegreen, 2011; Inoue
et al., 2016b). A disk is stable against gravitational collapse if @ > 1, whereas gravitational
instabilities occur when @) < 1, leading to clump formation and subsequent fragmentation. We
compute the Toomre-Q parameter assuming a two-component disk consisting of gas and stars,
following the methods described in previous works (e.g., Romeo and Wiegert, 2011; Romeo and
Falstad, 2013; Inoue et al., 2016b). In Figure 7.6, we clearly see disk-like structures with @ > 1
and distinct clumps with @@ < 1, supporting the scenario of clump formation via violent disk
instability. Note, however, that some initial proto-clumps may have ) > 1, indicating that a low
Toomre-Q value alone does not exclusively indicate disk-instability origin (Inoue et al., 2016b).

The overall morphology evolution from z = 9.5 to z = 5.25 is obtained through the movie *.

Interestingly, during the VDI phase at z = 6 — 5.25, the 10 Myr-averaged SFR exhibits
fluctuations on intervals of approximately 7-10 Myr, driven primarily by variations in gas inflow
(left panel of Figure 7.4). Correspondingly, the number of clumps also varies between Nejymps = 0
and 5. Hereafter, we refer to the 10 Myr-averaged SFR simply as “SFR”.

Figure 7.4 also shows the 100 Myr-averaged SFR as a red line, since stellar populations
younger than 100 Myr contribute predominantly to UV radiation, while populations younger
than 10 Myr dominate nebular emission from HiI regions. Although the 10 Myr-averaged SFR
exhibits large fluctuations around the merger and during the VDI phase, the 100 Myr-averaged
SFR steadily increases throughout the entire evolution from z = 9.5 to z = 5.25.

Figure 7.5 shows the projected maps of physical properties at z = 7.2 and z = 5.94, where
the merger and VDI-driven clump formation occur. For FL958 at z = 5.94, we show both
face-on and edge-on maps. The corresponding gas, stellar, and dust masses are Mgy = 7.55 X
10° Mg, M, = 7.15x 10? Mg, Mg = 7.66 x 10° Mg at z = 7.2 and Mgas = 7.44 x 10° Mg, M, =
2.23 x 1010 My, My = 1.88 x 10" M, at z = 5.94, respectively. Each panel of Figure 7.5 shows
the distributions of gas number density, surface star formation rate density, surface stellar mass
of stars older than 100 Myrs, and mass-weighted stellar age. The top row of Figure 7.5 is the
same as the bottom row of Figures 6.7 and 6.8 in Chapter 6. Table 7.2 summarizes physical
properties of clumps identified in z = 7.2 (three clumps) and z = 5.94 (five clumps).

In the top panels, we present FL958 at z = 7.2. Clump 1 forms within a tidal tail produced by
the interaction between clumps 2 and 3, indicating an ex-situ origin. The gas surrounding clumps
2 and 3 is diffuse, appearing as tidal or extended components. Clumps 1, 2, and 3 each exhibit
gas densities exceeding ~ 350cm™3, triggering intense star formation with surface densities
> 90 Mg yr~ ' kpc=2. The distribution of stars older than 100 Myr shows that clumps 2 and 3
contain substantial pre-existing stellar populations with surface densities 3 g1q ~ 109 M kpe=2,
whereas clump 1 lacks such an older component. This result is consistent with its shorter
formation timescale of approximately 50 Myr, as discussed in Chapter 6. The rightmost column
of Figure7.8 further highlights this age contrast: clump 1 is dominated by younger stars (<
30 Myr), while clump 2 primarily hosts older stellar populations (~ 300 Myr).

In the middle panels, we show FLI58 at z = 5.94 in a face-on view. The galaxy exhibits
a clear disk structure containing multiple clumps formed via violent disk instability (VDI; i.e.,
in-situ origin), as confirmed by the Toomre-Q map shown in Figure 7.6. Regions of high gas
density closely coincide with enhanced surface star formation rates, while older stars are cen-
trally concentrated in the emerging proto-bulge. Interestingly, a small overdensity of older stars
appears just to the left of the bulge, lacking corresponding features in either gas-density or
SFR maps. This particular clump originated from micro-mergers with mass ratios of ¢ > 10
(also see the dark matter distributions in the animation). The stellar age map confirms that

!The link is here. The animation shows the time evolution of gas (left) and dark matter (right) densities.


https://www.dropbox.com/scl/fi/tyq0n8kv3gxok0dbu717o/FL958.gif?rlkey=mhkfu4x8aq1yg7f8hm5am7vwz&dl=0
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Figure 7.6: Toomre-Q map for FL958 at z = 5.94. One side length is 10 kpc. The value of @ is
computed assuming a two-component disk. The regions with ) < 1 are gravitationally unstable
for axisymmetric modes. The larger regions where 1 < @@ < 2 can be subject to higher modes
of instability.
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the VDI-driven clumps predominantly host younger stellar populations (~ 50 Myr), whereas the
proto-bulge consists primarily of older stellar populations (~ 200 Myr) as shown in Table 7.2.

The bottom panels show an edge-on view at z = 5.94. In this projection, the apparent
separations between clumps become narrow, making individual clumps difficult to identify. Such
projection effects are especially significant for VDI-driven clumpy systems, as we discuss in the
next section.

7.3.2 Radiation map

In Figure 7.7, we present the projected spatial distributions of dust properties for FLI58 at
z = 7.2 and z = 5.94. The four columns, from left to right, show the dust column density
(Xqust ), massweighted dust temperature (Tq mw), restframe V-band attenuation at 5500 A (Ay),
and dusttogas ratio (DTG). The spatial distribution of dust column density closely resembles
the gas density structure shown in Figure 7.5.

The mass-weighted dust temperature (T4 myw) is systematically higher at z = 7.2 than at
z = 5.94, consistent with a more bursty star formation at higher redshift (see Figure 7.4).
Massive young stars emit strong UV radiation (e.g., Xiao et al., 2018), which efficiently heats
the dust. The three clumps at z = 7.2 exhibit relatively moderate temperatures of Tq mw ~ 40K,
whereas the surrounding diffuse gas reaches higher temperatures of Ty 1, > 50 K. This inversion
occurs because low-density gas surrounding the clumps is directly exposed to UV radiation,
whereas dust within the clumps is self-shielded due to their higher column densities.

The distribution of Ay, closely traces the dust column density. In the edge-on projection, the
maximum attenuation reaches approximately Ay ~ 3 mag, while individual clumps formed via
VDI show Ay ~ 1 mag in the face-on view. Since the clumps and the central bulge align nearly
along the same line of sight, the total observed attenuation is roughly a sum of their individual
contributions.

The rightmost column displays the DTG distribution. Regions dominated by older stellar
populations, specifically merger-induced clump 2 at z = 7.2 and VDI-induced clump 2 (i.e.,
the central proto-bulge) at z = 5.94, reach DTG values of ~ 0.01. These values are in good
agreement with recent spatially resolved ALMA measurements at z ~ 4, which inferred a similar
DTG from the surfacebrightness ratio of the [C1] line and the restframe 380 pm dust continuum
(Birkin et al., 2023).

Figure 7.8 presents the dustprocessed emission of FL958 at z = 7.2 (top) and z = 5.94
(bottom). From left to right, each row shows: rest-frame UV surface brightness at 1600 A,
total IR (TIR) surface brightness (integrated over 8-1000 pum ), RGB composite without dust
attenuation, and RGB composite with dust attenuation.

The UV maps are noticeably more extended than the TIR maps, reflecting the fact that a
fraction of UV photons is scattered to large distances. This scattering effect is reflected as a
noisy image in Figure 7.8. Although the intrinsic UV luminosity is highest within the clumps,
the observed UV surface brightness in both clumps and their surroundings is comparable. This
is because the clumps have high dust columns that heavily attenuate UV radiation, whereas the
surrounding diffuse gas has less attenuation. The contrast between the third and fourth columns
(RGB composites) illustrates this effect.

In contrast, the TIR surface brightness closely traces the dust column density, and regions
with strong UV absorption re-emit more power in the IR. In the rightmost two columns, we show
mock JWST/NIRCam RGB images using the F115W, F220W, and F356W filters (third column
without dust, fourth with dust). Even without dust attenuation, older stellar populations appear
red. Once dust is included, all regions become noticeably redder, and in the edge-on view, the
dust heavily attenuates rest-frame optical emission as well as UV emission.
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Figure 7.7: Projected distributions of FL958 at z = 7.2 and z = 5.94 as similar as Figure
7.5 bur for dust properties. From left to right column, we plot dust column density(Xqust),
mass-weighted dust temperature, Av, and dust-to-gas ratio (DTG). For ¥q.s and DTG, we first
calculate surface gas metal mass and projected gas metallicity distribution, and multiply them
by dust-to-metal ratio of DTM = 0.4. For dust temperature and Av map, we obtain them as
the outputs of RT calculation. The side length and projected depth of each panel are 10 kpc,
as in Figure 7.5.
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Figure 7.8: Dust emission properties of FL958 at at z = 7.2 and z = 5.94 as in Figure 7.5 and 7.7.
From left to right, we plot the surface brightness in the rest-frame UV (vL, at 1600A), in the
total IR emission through Ajest = 8 — 1000 pm, and mock three-color images (JWST/NIRCam
F115W, F200W, and F356W) without / with dust attenuation. The field of view, one side
length, and the projection length are the same as Figure 7.5 and 7.7.
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Figure 7.9: SEDs of FL958 at z = 7.2 (left) and z = 5.94 (right). The solid black lines represent
the intrinsic stellar continuum, and the blue and green lines show SKIRT SEDs calculated with
MW and SMC-like dust models, respectively. For the right panel, we also plot the edge-on
SEDs as dotted lines, which are discussed in detail in Section 7.2.5. Shaded regions indicate the
wavelength ranges of ALMA bands 10 to 5.

7.3.3 Integrated Dust Properties of the Systems

In this section, we focus on the integrated dust properties within a 10-kpc radius.

7.3.3.1 SED and Temperature Calculation

Figure 7.9 shows the SEDs of FLI58 at z = 7.2 (left) and z = 5.94 (right), calculated using the
SKIRT radiative transfer code. The blue and green lines represent the SEDs computed for MW-
and SMC-type dust, respectively. The dashed lines represent the intrinsic stellar emission, i.e.,
the SEDs without dust attenuation.

The mid-IR SED (Aest = 6 — 25, um) differs significantly between the MW- and SMC-
type dust models due to the presence of PAH emission in the MW model, a feature that can
be probed by future PRIMA? observations (also see Section 4.4). The MW-type dust model
exhibits a prominent absorption feature at 2175A, in the near-UV extinction curve, leading to
a consistently negative rest-frame UV slope Byv.

The right panel also includes SEDs for the edge-on orientation. In the edge-on view, UV
attenuation is enhanced by up to 50% relative to the face-on view, while the difference in IR
re-emission within the ALMA bands is minor, typically less than 20%. The detailed inclination
effects are discussed in Section 7.2.5. Using these SEDs, we calculate the UV slope Syy and
dust temperatures as described below.

The UV continuum slope, Byuv, defined through the relation fy oc APvv (Calzetti et al., 1994),
is widely used as an indicator of UV-continuum attenuation. Thanks to JWST’s unprecedented
sensitivity in infrared imaging and spectroscopy extending up to Aops ~ 5 pm, robust measure-
ments of the UV slope Syy at z 2 7 have recently become available for the first time (e.g.,
Cullen et al., 2023; Topping et al., 2022; Morales et al., 2024; Cullen et al., 2024; Topping et al.,
2024a; Dottorini et al., 2024; Saxena et al., 2024).

We have tested the following two ways to calculate Syvy. Firstly, we calculate Syy in the rest-
frame wavelength range of \jest = 1268 — 2580 A as the same as Calzetti et al. (1994). Although
this method is commonly adopted in observational studies (e.g., Sugahara et al., 2025), it can be
significantly influenced by the 2175 A bump in MW-type dust extinction curves, as illustrated in
Figure 7.9. Consequently, this systematically leads to underestimations (more negative values)

2The PRobe far-Infrared Mission for Astrophysics; Moullet et al. 2023
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of the UV slope, typically producing Syy < —2.0 for galaxy FLI58 (see also Narayanan et al.,
2018). We then consider the second way as the same as Liang et al. (2021),

_logyo(fx1230a) — 1og10(f2,32004)
Puv = , (7.3)
logyg(A1230a) — log1g(A32004)

where f) 12304 and f) 32004 are the flux density at rest-frame 1230 A and 3200 A, respectively.
We adopt a relatively long wavelength range rather than the first method to avoid the UV bump
effect. In the following discussion, we adopt the second method.

Regarding dust temperature, there are different definitions both observationally and theo-
retically. We calculate the dust temperatures in the following three ways.
(i) Peak Temperature T peak
The peak dust temperature (T4 peak) is obtained from the Wien displacement law from the
rest-frame wavelength at which the infrared flux-density (F),) peaks (Apeak). This is defined as

2.898 x 103 pm K

)\peak

Td,peak = ) (74)

which follows the relation for ? %reybody?’ with a dust emissivity index § = 2, ie., L, x

U3+
(1—-e™)B, ~ 1B, = WZl'
studies (e.g., Casey et al., 2018; Schreiber et al., 2018; Burnham et al., 2021). A more realistic
form is the two-component dust SED model, consisting of a MBB function for old dust and
a power-law component for warmer dust (Casey, 2012). Nevertheless, an optically thin MBB
function at local equilibrium temperature is still a good approximation for the local dust emis-
sivity at rest-frame Aves; > 30 pm where non-LTE effects are negligible. Note that Ty peax is only
a proxy for Apeak, and the choice of the normalization is to compare with other theoretical and
observational studies.

This measure has been used in many observational

(ii) Mass-weighted Dust Temperature Ty
Next, we introduce the mass-weighted dust temperature

T > i Teelipd,iVa,i
dmw =
> i Pdi Veelli

where Ttep, ; is the mass-weighted dust temperature for cell ¢ as defined in Eq. (7.2) given by
SKIRT. This is the most straightforward one to calculate from dust radiative transfer calcula-
tions for simulated galaxies and is adopted by various authors in the literature (e.g., Behrens
et al., 2018; Liang et al., 2019; Ma et al., 2019). It is worth noting that the mass-weighted
temperature directly relates to the dust SED at Rayleigh-Jeans tail (e.g., Scoville et al., 2016;
Liang et al., 2019).

(7.5)

(iii) Luminosity-weighted Dust Temperature Ty jumis
Finally, we define the luminosity-weighted dust temperature as

> i TeeniLir,i

T rumis = : 7.6
d,lumis ZZ LIR,i ( )

where Lir; is the bolometric luminosity of dust re-emission per cell that satisfies Lir; o<
Md,iTé;%i = Pd,chelLiT;itéi- This T4 lumis is also introduced by Behrens et al. (2018); Lower
et al. (2024). Here we adopt 5 = 1.7. We note here that neither the mass-weighted nor the

3Note that the term greybody is often used interchangeably with modified blackbody (MBB), however the
former refers to the condition where the optical depth not wavelength dependent (Casey et al., 2014).
4The peak flux density is taken as B,, not B.
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luminosity-weighted temperatures are necessarily measurable quantities, as radiative transfer
effects can bias temperatures measured from dust luminosities (Lower et al., 2024).

We calculate the three temperatures at z = 7.2 and z = 5.94, and obtain the follows;
Tapeak = 475K, Ty myw = 49.7K, T umis = 64.1K at z = 7.2 and T4 peax = 439K, Ty mw =
40.9 KTy jumis = 48.5K at z = 5.94. In the next section, we will show the redshift evolution of
those dust temperatures and explain their correlations in detail.

7.3.3.2 Redshift Evolution of Physical Properties

Figure 7.10 summarizes the evolution of the global dust emission properties from z = 9.9 to
z = 5.25. From top to bottom, the panels show the star formation rate (SFR), UV slope (SByv),
UV magnitude (Myvy) and UV attenuation (Ayy), dust temperature (7y), and infrared excess
(IRX = Lyr/Luy). The UV slope Suy is defined by Eq. (7.3). The time evolution of fByy
roughly correlates with that of the 10 Myr-averaged SFR, specifically, when the SFR decreases,
the slope becomes redder. The intrinsic UV slope varies approximately in the range [—2.5, —2.0],
while the attenuated UV slope ranges between [—2.1, —1.2].

Regarding the UV magnitude (Myy), we calculate it from ALy at rest-frame A = 1600 A. The
fluctuations in both intrinsic and attenuated UV magnitudes correspond closely to those in the
10 Myr-averaged SFR, even though stellar populations with ages up to ~ 100 Myr contribute to
UV emission. The UV attenuation (Ayy) rapidly increases following the merger event at z ~ 7,
and subsequently, the global Ayy remains above 1 mag.

For dust temperatures, we consider the three types of temperatures as introduced in Section
7.3.3.1. The luminosityweighted temperatures Ty jumis always exceed the massweighted temper-
atures Tg mass by 10-25 K, reflecting that the most luminous dust is warm, whereas most of the
dust mass is cold (e.g., Behrens et al., 2018; Lower et al., 2024; Sommovigo et al., 2021; Liang
et al., 2019). The time fluctuation of peak temperatures Ty peak is complex. At z 2 8, when UV
attenuation and dust mass are small, Tq peax can exceed Ty magss; during the merger at z ~ 7, it
sits ~5 K above Ty mass- This behavior arises primarily from radiativetransfer effects and the
finite optical depth in the restFIR. Thermal dust emission in the restFIR is often assumed to
be optically thin, or to transition from thick to thin around 100-200 pum . This assumption
underpins both the modeling of FIR SEDs for UV and submillimeterselected galaxy samples
(Swinbank et al., 2014; Harikane et al., 2020; Sommovigo et al., 2022) and the definition of
T4 peax (Eq.7.4). However, in dense clumps this assumption breaks down. For instance, the
global SED in Figure 7.9 peaks at Arest,peak = 60 um. From Figure 7.1, the restFIR opacity is

kx=0.5 A _ﬁ cm?g™! (7.7)
870 pm
. Kgopm = 105cm? g™t (for B = 2). (7.8)

According to Figure 7.7, clumps typically have dust columns of ~ 100 M, pc™2 = 2.1x10"2 gecm ™2,
implying 760 ym =~ 2.2. Thus, in clumps the FIR emission is optically thick, and even as heating
increases Tq mass, the large optical depth prevents an increase in Ty peak. A similar trend has
been reported in several theoretical studies (e.g., Ma et al., 2019; Liang et al., 2019; Lower et al.,
2024).

In the bottom panel of Figure 7.10, we show the evolution of IRX, the UV luminosity Lyyv,
and the total IR luminosity Ltir. We define IRX as

Lrig 812?1?Hm LxdA

IRX = — : 7.9
LUV >\1600AL/\,1600 ( )

where all wavelengths are in the rest frame. The temporal variation of IRX closely tracks that
of UV attenuation Ayy, indicating that changes in dust absorption and reemission govern IRX.
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Figure 7.10: Redshift evolution of physical properties within 10 kpc regions. The top panel shows
the SFR averaged over 10 Myr (blue) and 100 Myr (red), as in Figure 7.4. The second panel
represents UV slopes before and after dust attenuation as dashed and solid lines, respectively.
The UV slopes are calculated using Eq. (7.3). The third panel shows UV magnitude, and Ayy.
The fourth panel shows three different dust temperatures. The solid, dashed, and dotted blue
lines are peak dust temperature, mass-weighted, and luminosity-weighted dust temperatures,
respectively, as detailed in the text. The bottom panel represents IRX in the blue line, and UV
/total-IR luminosities in the brown lines.
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Figure 7.11: The same as Figure 7.10 but for SMC-like grains.
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In contrast, the fluctuations of Lig and Lyy trace the time evolution of the 10 Myr-averaged
SFR, demonstrating that both the dustreprocessed IR output and the intrinsic UV emission
respond on similar timescales to bursts in star formation.

Figure 7.11 shows the time evolution of dust properties as the same as Figure 7.10, but for
SMC-like dust grains. The main difference is the attenuated UV-slope. As shown in Figure 3.18,
SMC has steeper extinction curves than MW and is expected to have steeper attenuation curves
as well (Behrens et al., 2018). Then the UV-slope is redder than that of MW by Apfyy ~ 0.5.
However, the extinction cross-sections at Apest = 1600 are almost the same, and the values of
Mvyvy and Ayy are almost the same as MW case. As shown in Figure 7.9, the IR emission does
not change largely between dust types, and the IRX values are almost the same. Although
differences in grain size distribution can affect dust temperatures, all three temperatures have
almost the same values as those for the MW.

7.3.4 Dust Properties of Individual Clumps

Figures 7.12 and 7.13 summarize the intrinsic and attenuated SEDs of each clump, identified as
described in Section 7.2.3. We immediately see that both the unreddened slope (Suv ) and the
dustreddened slope (Buv ymw) vary significantly from clump to clump.

In the z = 7.2 major-merger system, clumps 2 and 3 correspond to the central and companion
galaxies, respectively, while clump 1 traces the tidal tail formed during the peri-center passage.
As shown in Figure 7.5 and Table 7.2, clump 1 is dominated by young stars and exhibits steep
intrinsic UV slopes (Buv,y < —2.5). In contrast, clump 2 hosts the oldest stellar population
among the three clumps and already contains dust from pre-merger star formation, resulting in
the reddest observed UV slope (Suvmw = —1.65).

Figure 7.13 shows the VDI-driven system at z = 5.94. Here, clump 2 corresponds to the
central proto-bulge, whereas clumps 1, 3, 4, and 5 form via disk instabilities (see Figure 7.6).
Clump 2 has the reddest UV slope in both intrinsic and attenuated cases. However, the VDI-
driven clumps exhibit a wide range of UV slopes and IRX values, despite having similar stellar
ages (Figure 7.5). Notably, clump 5 exhibits a very blue UV slope (Buv vmw = —2.36) and a low
IRX (0.56). These features suggest that clump 5 is a newly formed VDI fragment, while the
others are older VDI-driven clumps.

Figure 7.14 shows the IRX-/ relationship for our simulated galaxy (FL958). The gray
points represent the integrated properties of FL.958 across the entire simulation from z = 9.5 to
z = 5.25. The red and blue circles indicate snapshots at z = 7.2 (merger-driven) and z = 5.94
(VDI-driven), respectively, highlighting epochs of distinctly clumpy morphologies. For reference,
we overlay theoretical IRX~/ relations calculated assuming two intrinsic UV slopes (Suv,): the
local calibration by Meurer et al. (1999) (Buv,o = —2.23) and the high-redshift calibration by
Reddy et al. (2018) (Buv,0 = —2.62). Both reference curves assume the Calzetti attenuation law
(Calzetti et al., 2000).

The integrated galaxy properties (gray points) closely follow the high-z Calzetti IRX-/ curve
(Reddy et al., 2018). As cosmic time progresses, the galaxy moves toward redder UV slopes
(larger fyv), while maintaining relatively constant IRX values (= 0.5). However, the IRX~
B relations for individual clumps deviate significantly from these integrated values. Both ex-
situ (merger-driven) and in-situ (VDI-driven) clumps show systematically higher IRX values
compared to the integrated system. Notably, the VDI-driven clumps follow closely the high-z
Calzetti curve, whereas the merger-driven clumps lie 1-2 dex above the reference curves. This re-
sult indicates that merger-driven clumps have bluer intrinsic UV slopes than VDI-driven clumps
but suffer substantially stronger dust attenuation. We discuss possible explanations for this
discrepancy, specifically related to the geometry of dust and star distributions, by introducing
a toy model in Section 7.4.1.
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Figure 7.12:  SEDs for the three clumps identified in FL958 at z = 7.2. The upper-left
panel shows the SFR surface-density map (as in Figure 7.5), with pixels exceeding the clump-
identification threshold highlighted in yellow and each clump labeled. The remaining panels
display the SED of each clump. The solid blue and green lines denote the attenuated SEDs
assuming Milky Way and SMC-like dust, respectively, while the dashed black line shows the
intrinsic stellar continuum. Each panel also reports the UV-3yy slopes (with and without dust)
and the infrared excess (IRX).
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Figure 7.13: Same as in Figure 7.12, but for FLI58 at z = 5.94.
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Figure 7.14: IRX-fByv relation assuming a Milky Way-like dust type. The gray points show the
integrated properties of FLL958 within a 10 kpc region from z = 9.5 to z = 5.25. The red and blue
points correspond to individual clumps at z = 7.2 (merger-driven) and z = 5.94 (VDI-driven),
respectively. The sizes of the red and blue markers are scaled by the peak dust temperatures
of the clumps. For reference, we show the IRX-[yy relations from Meurer et al. (1999) (black)
and Reddy et al. (2018) (gray), both of which adopt the Calzetti attenuation law.
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Figure 7.15: Hlustration of the four simplified dust-star geometry models characterized by dif-
ferent dust-to-star scale height ratios (R = Hq/H,). Stars represent the stellar layer with scale
height H,, and gray shaded areas indicate the uniform dust layer with scale height Hy. Orange
arrows schematically represent escaping UV radiation. The escape probability for each geometry
type is derived explicitly in the main text.

7.4 Discussion

7.4.1 Ex-situ vs. In-situ Dust Properties

In Section 7.3.4, we found different IRX-3 relations between integrated galaxy results and
individual clumps. Even among clumps, ex-situ and in-situ populations exhibit distinct IRX-
B relationships. To interpret these differences, we construct a simple toy model of dust and
star distributions and demonstrate how differences can be explained by variations in dust-star
geometry, parametrized by two physical quantities.

We assume star and dust layers with scale heights H, and Hg, respectively. The geometry
is symmetric, and the dust layer has a uniform dust density, nq. We define two important
parameters: the dust-to-star scale height ratio R = Hq/H,, and the fiducial optical depth
7'>f\id = oAngHq, where o) is the dust cross-section, uniquely determined by the chosen dust
extinction curve. We introduce the escape probability at wavelength X as Pese x = Lobs A/ Lint A
where Lops x and Ling ) are the observed and intrinsic luminosities, respectively.

The dust geometry is categorized into four types based on the scale-height ratio R, as
schematically illustrated in Figure 7.15:

(i) R = 0: There is no dust layer, and therefore the observed luminosity is equal to the intrinsic
luminosity, i.e., Poscx = 1.

(ii) 0 < R < 1: This corresponds to the sandwich geometry (Xu and Buat, 1995), with an
escape probability given by

1-R _fid R _fid
Pesc,A:T(1+€ A )+Tfid(1—6 2. (7.10)
A

(iii) R = 1: This corresponds to a well-mixed geometry, and the escape probability is given by
1—e "

fid
Y

Prger = (7.11)

Cases (ii) and (iii) can be considered as a continuous transition.
(iv) R > 1: This corresponds to a combination of well-mixed and screen geometries. The escape
probability is then given by

1 — e_T;\’nix _ rsScreen
Pesc,)\ = mix e A y (712)
Tx
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where we define optical depths for the well-mixed and screen components as

mix H* T)f\id
T = U)\TLdH* = O’)\ndeH = R (7.13)
d
Hi— H fid 1
T = oyng o = 2 (1 - R) . (7.14)

Next, we derive expressions for IRX and SByy from this toy model. We introduce an effective
optical depth defined as ey = —log,(Pesc,n). Assuming the intrinsic UV luminosity is balanced
by the observed UV and re-emitted IR luminosities, IRX is expressed as

£ff,UV
L1ir 1-— €_Te '
IRX = = o—Te UV

o 1-— Pesc,UV
Lobs,UV

Pesc,UV

(7.15)

We consider a wavelength of 1600 Aas representative of UV radiation.
To define the UV slope, we select two wavelengths consistent with Section 7.3.3: A1 = 1230,
and Ao = 3200,. The observed UV slope is then

By = logi(fa1) —10g19(/f2,) (7.16)
logip(A1) — logig(A2)

. loglo(f,(\)l) - 10g10(f§2) — (logyg €) X (Teft,n, — Teff,\y) (7.17)

logig(A1) — logip(A2) '
logyo(f3,) — logio(f3,) N —0.43(Tefr.n, — Teft\y) (7.18)

B log(A1) — logip(A2) log1o(A1) — logy(A2) '
= Buv,o + AB, (7.19)

where f) (fY) denotes the observed (intrinsic) flux density at wavelength .
Finally, we derive the fiducial optical depth at A = Ay as
fid fid A>q

™ = Tuv (AUV> ) (7.20)

where the attenuation ratio is uniquely set by the adopted extinction curve. The intrinsic UV
slope Buv, depends on the intrinsic SED, specifically stellar population age (star formation
history) and metallicity. According to Eq. (7.19), A is independent of the intrinsic SED and
depends only on the dust geometries, provided that the dust type is fixed.

We now construct theoretical grids on the IRX-Syvy plane by parametrizing dust-star ge-
ometry through R and the fiducial optical depth 719UV. The left panel of Figure 7.16 shows
IRX-BUV grids obtained by varying these two parameters, assuming an intrinsic UV slope of
Buv,0 = —2.5. This intrinsic value is chosen based on typical star-forming galaxy populations,
as indicated by Figure 7.10, though it fluctuates between approximately —2.5 and —2.0.

In the case of R = 0, the position on the IRX-fyy plane is fixed at (Byv,, IRX) = (=2.5, 0).
As R — 0, the toy model represents a scenario with a very thin dust sheet placed symmetrically
at the center of the stellar distribution. In the optically thick regime (7 > 1), radiation from
behind this central dust sheet is absorbed and re-emitted in the IR, whereas radiation from the
front side escapes directly as UV emission. These two contributions become equal, causing IRX
to asymptotically approach 1. For R < 1, the grid curves exhibit a characteristic inverted-C
shape because escaping radiation includes reddened contributions from the obscured backside.
When R = 1 (fully well-mixed), the UV slope remains nearly constant with increasing optical
depth (7i{, > 1), and IRX simply increases vertically. For large R values (R 2 3), the geometry
approaches a screen model as shown in the solid black line.

In simulations, intrinsic physical properties such as the intrinsic UV slope (Suv o) are readily
available, and the dust-type can be consistently fixed (MW-type dust is assumed throughout
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Figure 7.16: IRX-Buy (left) and IRX-Af (right) relations calculated with varying dust-star
geometry parameters R and fiducial UV optical depth T{}%. The solid black lines represent
theoretical curves assuming a screen geometry. Gray points show the integrated galaxy results
for each snapshot of FL958 measured within a 10 kpc region, identical to those presented in
Figure 7.14. Red and blue circles denote results for individual clumps, categorized into ex-situ
(merger-driven; red) and in-situ (VDI-driven; blue) scenarios, respectively, as also shown in
Figure 7.14. All simulation data points assume MW-type dust, and the toy-model grids adopt

an MW dust extinction curve with Ry = 3.1 (Cardelli et al., 1989).

Figure 7.16). As introduced in Equation (7.19), this allows us to directly compute the intrinsic
slope difference, defined as A = Buyv — Puv,e. Consequently, the distribution of simulated
galaxies on the IRX-Ap plane (right panel of Figure 7.16) exclusively reflects variations in
dust geometry. In what follows, we therefore utilize the IRX-AS plane to interpret the dust
geometry in our simulated galaxies. The right panel of Figure7.16 shows our simulated galaxies
on the IRX-Ap plane, enabling direct interpretation of dust-star geometry. The interpretation
of grid distribution here parallels that of the left panel. System-integrated results at z < 6
predominantly fall within 0.5 < R < 1 and 0 < T[fji‘\if < 3, indicating a sandwich-like geometry.
This reflects the coexistence of dense, optically thick star-forming regions obscured by dust layers
and diffuse, UV-bright stellar regions. VDI-driven clumps show slightly higher optical depth
(T{}% ~ 3-4) and scale-height ratios around R ~ 1.3. This geometry suggests that VDI-clumps
form from gravitational instabilities in gas-rich, metal-enriched disks, with clumps collapsing on
timescales set by disk gas density.

However, Merger-driven clumps exhibit significantly different geometries, clustering around
R = 0.8-1 (nearly well-mixed) with much higher optical depths (¢, = 30-100). Despite their
large optical depths, the escape probability for well-mixed geometry scales as Pesc uv ~ T[f}%_l,
allowing 1-3% UV photons to escape. This high optical depth results from gas compression
during interactions with companion galaxies, significantly enhancing local dust column densities.

Thus, given a known dust-type (extinction curve), the IRX-f (or IRX-AS) plane effectively
diagnoses dust-star geometry.

7.4.2 Application to Observations

Next, we apply our theoretical grids to interpret recent high-redshift observations. Some recent
studies have begun exploring IRX-/ relationships at the clump level in high-z galaxies (Suga-
hara et al., 2025; Lines et al., 2025, Mawatari et al. in prep.), although most available results
are integrated values. Unlike simulations, dust-type (extinction curves) in observed galaxies is
generally unknown. Nevertheless, overlaying observational points onto the IRX-3 plane with
toy-model geometry grids allows us to test consistency with MW- or SMC-like dust types. Fig-
ure 7.17 shows observational results for z > 5 galaxies plotted against grids calculated assuming
MW-like (left) and SMC-like (right) dust.
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Figure 7.17: IRX-( relation with theoretical grids adopting MW-like (left) and SMC-like (right)
dust extinction curves. Both panels also show observational data for galaxies at z > 5 as
gray points with error bars, compiled from Mitsuhashi et al. (2024), Harikane et al. (2020),
Hashimoto et al. (2019), Bakx et al. (2021), Akins et al. (2022), Witstok et al. (2022), and
Algera et al. (2023). Observational data points shown as gray circles correspond to galaxies
with dust continuum detections, while gray triangles represent non-detections (upper limits on
IRX). The theoretical grids are computed adopting the MW extinction curve with Ry = 3.1
(Cardelli et al., 1989) and the SMC-bar extinction curve with Ry = 2.74 (Gordon et al., 2003),
respectively.
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Figure 7.18: A schematic figure summarizing our interpretation of observed high-redshift galaxies
in the IRX-Byv plane. Gray points represent observed galaxies at z > 5, identical to those shown
in Figure 7.17. The light-blue shaded region indicates the parameter space that can be explained
by toy-model geometries assuming MW- or SMC-type dust. The dark-blue region corresponds
to galaxies hosting very young stellar populations (younger than ~ 10 Myr) with significant UV
opacity (Tg‘\i, ~ 100). The light-red region suggests older stellar populations than typical star-
forming galaxies or (and) potential underestimations of dust temperature. Finally, the dark-red
region may indicate quenched galaxies or (and) galaxies having steeper extinction curves with
smaller grain sizes than those of the SMC dust model.
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Since the SMC extinction curve is steeper at UV wavelengths compared to MW extinction,
this suggests smaller dust grains dominate in the SMC (Weingartner and Draine, 2001), shifting
the IRX-/ relation to redder slopes at fixed IRX. Observed galaxies located to the right of the
MW screen geometry curve can thus be partially explained by SMC-type dust.

An additional important consideration is the intrinsic UV slope (Buv,), which was set to
—2.5 in the previous plots. In reality, older stellar populations yield redder intrinsic slopes,
effectively shifting the curves toward larger (redder) 5 values. As an example, we computed Suv o
for a galaxy whose star formation ceased 100 Myr prior, adopting a BPASS SED with 0.1, Z,
and found Byv,o = —0.85. Such shifts toward older populations allow galaxies beyond the SMC
screen geometry curve to be explained naturally. Figure 7.18 schematically summarizes these
interpretations. The light-blue region highlights galaxies explained by typical MW- or SMC-
type dust geometries. Recent JWST observations have begun characterizing attenuation curves
in high-z galaxies(e.g., Markov et al., 2023, 2025), thus potentially identifying dust types. With
dust types constrained by JWST, our framework allows direct inferences about dust geometry.

The dark-blue region corresponds to galaxies hosting very young stellar populations combined
with significant UV opacity (r19UV ~ 100). Recent JWST observations of UV slopes have
indeed identified numerous dust-free galaxies at high-z characterized by intrinsically very blue
UV slopes (e.g., Cullen et al., 2024). If stellar populations are younger than 10 Myr, the intrinsic
slope (BUV,0) becomes even bluer than our default assumption of —2.5, effectively shifting the
theoretical grid lines toward the left. This scenario naturally explains a few observed galaxies
in the IRX-g3 diagram, as they can be characterized by very young stellar populations and thin
dust layers with large UV opacity.

The area to the right of the standard SMC screen geometry curve (assuming fuyy,o = —2.5) is
shaded in red. Within this region, we further subdivide based on a curve representing a quenched
galaxy population that ceased star formation 100 Myr prior, i.e., fuv,o = —0.85 (green dotted
line). This divides the region into two distinct subregions: region (a), shaded in light red, and
region (b), shaded in dark red.

Region (a) corresponds to galaxies with somewhat older stellar populations than typical star-
forming galaxies, or galaxies in which the dust continuum emission is undetected, leading to a
potential underestimation of dust temperature (Tgq). Non-detection scenarios force continuum
fitting based on upper limits, which can significantly underestimate the intrinsic dust tempera-
ture. Since total IR luminosity scales roughly as Lig TSHB R agsuming a gray-body spectrum,
this underestimation would result in artificially lowered IRX values. Correcting for this, these
galaxies might move into the canonical region (light-blue).

Finally, region (b) could represent either fully quenched galaxies, whose star formation has
halted for over 100 Myr, or galaxies that contain stellar populations intermediate in age (older
than typical star-forming galaxies, but younger than fully quenched galaxies) combined with a
dust population dominated by grains even smaller than those found in SMC-type dust. This
would produce a steeper extinction curve in the UV, thus explaining the galaxies’ position in
region (b). Future JWST observations of the rest-frame UV and optical continua will be crucial
to discriminating among these proposed scenarios.

Overall, the IRX-4 diagram provides a powerful diagnostic tool, capable of categorizing ob-
served galaxies by their dust geometries, intrinsic stellar populations, and dust grain properties.

7.4.3 Caveates

There are several caveats to our study. First, we have adopted a fixed dust—to—metal ratio of
0.4. According to Dayal et al. (2022), DTM keeps the constant value of 0.37 when considering
only stellar-path production. However, in reality, processes such as astration and destruction act
to reduce the DTM, while ejection (which preferentially removes gas-phase metals) and grain
growth act to increase it. Moreover, the efficiency of grain growth depends on the accretion
timescale for gas-phase metals to stick onto dust grains, which scales as t,cc nlT-1/27-1,
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The equation implies that higher-density, lower-temperature, higher-metallicity environments
such as molecular clouds favor collisions and subsequent sticking between gas-phase metals and
grains (Dwek, 1998; Zhukovska et al., 2008). In practice, one often writes tacc = tace,o (Z/Z@)_1 ,
and Dayal et al. (2022) shows that adopting tacc. = 30 Myr causes the DTM to decline from
0.6 at z >~ 12 to 0.47 by z ~ 7, whereas shortening t,cc, to 0.3 Myr raises the DTM by a factor
of ~ 2.7. In future work we will therefore implement a fully time-dependent DTM obtained
from semi-analytic models (e.g., Dayal et al., 2022; Tsuna et al., 2023; Toyouchi et al., 2025) and
cosmological simulations (e.g., Aoyama et al., 2017; Graziani et al., 2020; Kannan et al., 2025).

Second, we have assumed a fixed dust composition and size distribution: Milky Way-and
SMC-like mixtures. The high-redshift dust is believed to form predominantly in core-collapse
supernovae (Mancini et al., 2015) and to be processed by shocks in such a way that small
grains are preferentially destroyed, biasing the population toward larger particles (Makiya and
Hirashita, 2022). Because grains whose radii exceed the photon wavelength A scatter and absorb
nearly independently of A under Mie theory, a distribution dominated by large grains produces
a gray (flat) attenuation curve. We therefore plan to explore evolving dust yields, shattering,
coagulation, and ISM growth in a self-consistent framework that allows both composition and
size distribution to vary with redshift.

Third, we investigate a single simulated galaxy, even though Nakazato et al. (2024) estimates
that about 10-20 % of M, > 10° M, galaxies in the Epoch of Reionization appear as merger-
driven clumpy systems. To assess the diversity of clumpy-galaxy dust properties more robustly,
it will be necessary to extend our analysis to a statistically representative sample. Since the
FirstLight simulations contain the 62 zoom-in halos in the 40 cMpch™! (see Section 7.2), we
plan to perform statistical analysis in future work.

Finally, we identify clumps using a fixed [O111] -brightness threshold in SFR surface density
as the same as Nakazato et al. (2024), which by construction excludes dormant clumps lacking
ongoing star formation. For example, at z = 5.94 a small component immediately adjacent to
a disk-galaxy bulge is bright in rest-optical / near-IR continuum but dark in [O111] and would
therefore be missed in our identification. Indeed, clump identification in real observations is also
difficult since it depends sensitively on filter choice, exposure time, point-spread function, and
detection limits. We will in future quantify how the number, sizes, and inferred properties of
clumps vary in a statistical, filter-dependent manner across multiple bands and observational
setups (e.g., Punyasheel et al., 2025).

7.5 Conclusion and Summary

In this chapter, we have investigated dust properties at sub-galactic scales in high-redshift galax-
ies using cosmological zoom-in simulations combined with three-dimensional, post-processed
dust radiative transfer calculations. We traced the detailed time evolution of a simulated galaxy
undergoing both ex-situ (merger-driven) and in-situ (VDI-driven) clumpy phases, identifying
clumps based on their star formation rate surface densities.

We first examined the time evolution of integrated dust properties and found that the merger-
driven clumpy phase at z ~ 7.2 triggered highly bursty star formation, generating strong UV
radiation with an intrinsic magnitude of Myv, = —23.5 and the bluest UV slope of Buvo =
—2.6. The IRX peaked shortly after the merger, reaching log;,(IRX) = 0.74. In contrast,
during the VDI-driven phase at z ~ 5.9-5.5, the intrinsic UV slope became redder in response
to variability in the 10 Myr-averaged star formation rate, while the IRX remained relatively
constant around log;(IRX) ~ 0.5.

Focusing on two representative snapshots: z = 7.2 for merger-driven clumps and z = 5.94
for VDI-driven clumps, we found that both types of clumps exhibit IRX values that are approx-
imately 0.5-1.7 dex higher than their respective integrated galaxy values. Moreover, over 50% of
the clumps had redder UV slopes compared to the integrated galaxy, a discrepancy attributed
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to the significant contribution of diffuse stellar components around clumps, which lead to overall
bluer integrated UV slopes. These results indicate that the IRX— relation for spatially resolved
clumps differs from that for integrated systems. Consequently, observations of clumpy systems
may underestimate the total star formation rate if the IRX-/ relation calibrated for single (or
unresolved) systems is applied.

To interpret the observed scatter in the IRX-Byy plane, we introduced a toy model pa-
rameterized by the scale-height ratio of dust to stars (R = Hy/H,) and UV optical depth in
the dust layer (represented by T{}(\i,). We found that VDI-driven clumps possess optical depths
similar to their host galaxies (T[fji(\j/ ~ 3), whereas merger-driven clumps show significantly higher
optical depths (7‘{}% ~ 30 — 100), resulting from gas compression due to galaxy-galaxy interac-
tions. This enhances the dust column density and leads to higher attenuation. Furthermore, we
found that merger-driven clumps predominantly exhibit well-mixed dust-star geometries, while
some VDI-driven clumps are better described by combinations of well-mixed and screen-like
geometries.

Finally, we applied our toy model to observed galaxies and demonstrated the potential of the
IRX-Suvy relation as a diagnostic tool for distinguishing between different dust-star geometries,
particularly when dust-type information can be constrained observationally.

In the near future, detailed analyses of dust attenuation curves from JWST are expected to
place strong constraints on dust types. Upcoming observations with PRIMA (the PRobe far-
Infrared Mission for Astrophysics; Moullet et al., 2023), which will probe rest-frame mid-infrared
emission, are anticipated to further improve our understanding of dust properties. Moreover,
combining high-spatial-resolution data from JWST and ALMA will ultimately provide deeper
insights into the distinct stellar and dust properties associated with different clump-formation
pathways. These synergetic observations will enable direct constraints on spatially resolved

IRX-/ relations and facilitate more accurate estimates of total star formation rates.
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Chapter 8

Physical Origins of [OIII]/[CII]| Line
Ratios of High-Redshift Galaxies

8.1 Introduction

The interstellar medium (ISM) is fundamentally important for galaxy formation and evolution,
as it governs star formation activity, influences chemical enrichment processes, and mediates
various forms of feedback. While local galaxy observations have established the foundational
understanding of ISM physics, investigating the properties and behavior of the ISM at z > 6
is critical to comprehensively explore the early stages of galaxy formation occurring during and
before the Epoch of Reionization (EoR) as introduced in Chapter 4. Galaxies at such high
redshifts typically exhibit extreme physical conditions, including significantly lower metallicities
and more intense radiation fields compared to local galaxies, potentially leading to substantial
changes in physical state and chemical composition of the USM.

Among the various ISM tracers, the far-infrared (FIR) lines [O111] 88pm and [C11] 158 um have
been used most significantly for high-redshift studies. The [O111] line traces ionized gas surround-
ing massive star-forming regions, whereas the [C11] line originates both in neutral photodissocia-
tion regions (PDRs) and mildly ionized gas, although it is thought to mostly originate in PDRs
(Stacey et al., 2010; Gullberg et al., 2015; Vallini et al., 2015; Lagache et al., 2018; Cormier
et al., 2019). Observations of these FIR lines with the Atacama Large Millimeter/Submillimeter
Array (ALMA) have opened a new era for investigating the physical conditions in star-forming
regions of z > 6 galaxies.

Recent ALMA observations have succeeded in detecting the rest FIR emission lines [O111] 88pm and
[C1] 158um from galaxies at z > 6 (e.g., Inoue et al., 2016a), and have extended these detections
even beyond z > 10 for some spectroscopically confirmed galaxies identified by JWST (Schouws
et al., 2024; Carniani et al., 2025; Zavala et al., 2024). Notably, these high-redshift galaxies
exhibit elevated [O111] /[C11] line ratios ranging from approximately 1 to 20, significantly higher
than the typical ratios of 0.04-1 observed in local galaxies (Howell et al., 2010; De Looze et al.,
2014; Diaz-Santos et al., 2017) as shown in Figure 4.2 of Chapter 4. Furthermore, the non-
detection of [C11] emission in GS-z14-0—the highest-redshift galaxy observed to date constrains
a lower limit for the line ratio of [O111] /[C11] > 3.5 (Schouws et al., 2025).

These findings suggest that high-redshift galaxies might host unique ISM conditions. Several
explanations have been proposed, such as lower PDR covering fractions, higher ionization pa-
rameters, lower metallicities, and an enhanced oxygen-to-carbon abundance ratio (e.g., Harikane
et al., 2020; Katz et al., 2022; Nyhagen et al., 2024). However, the origin of the observed line
ratios remains under debate.

Theoretical efforts have aimed to interpret these puzzling observational results using var-
ious modeling approaches, including semi-analytic methods for line emission (Lagache et al.,
2018; Popping et al., 2019), cosmological zoom-in simulations focused on relatively small sam-
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ples (individual galaxy snapshots) (e.g., Vallini et al., 2015, 2017; Katz et al., 2019; Olsen et al.,
2017; Pallottini et al., 2019; Arata et al., 2020; Schimek et al., 2024; Nyhagen et al., 2024),
and larger-scale simulations encompassing statistically significant galaxy samples (Katz et al.,
2022; Pallottini et al., 2022; Ramos Padilla et al., 2023). However, most current simulations
do not incorporate fully coupled, on-the-fly radiative transfer (RT) calculations alongside chem-
ical reaction networks, thus requiring numerous assumptions when modeling the multi-phase
ISM. Although some simulations perform on-the-fly RT calculations, they typically have spatial
resolutions on the order of 10-20 pc, potentially neglecting small-scale ISM structures critical
for accurately determining the ionization state of gas. Despite the diverse range of theoretical
modeling approaches explored so far, reproducing the observed high [O111] /[C11] line ratios at
z > 6 has proven challenging for many of these models.

Indeed, the characteristic scale of an HiI region surrounding a single OB-type star can be
described by the Stromgren radius,

nam O\ 2/3 Q(H) 1/3
s = 185pc (500(:111*3) <5 x 1091 ) (8:1)

where ny and Q(H) are the gas number density of HiI region and the ionizing photon number
per unit time emitted from the source stars, respectively. Eq. (8.1) shows that for typical
densities observed in the ISM at high-z, sub-pc resolution simulations are needed to resolve the
multi-phase ISM accurately.

In this study, we introduce a novel suite of cosmological zoom-in simulations reaching spatial
resolutions down to 0.1 pc and incorporating on-the-fly radiative transfer (RT), allowing us to
realistically model the multi-phase ISM and accurately predict emission lines spanning from
the rest-frame UV to FIR wavelengths. We specifically target galaxies at redshifts z > 10
to investigate the physical mechanisms driving the elevated [O111] /[C11] line ratios observed in
high-redshift sources. Our analysis covers the spatial variations and temporal evolution of the
[O111] /[C11] ratio, complemented by an analytical toy model designed to interpret the multi-
phase nature of the gas. Furthermore, by exploring the interplay between ALMA-observed rest-
FIR lines ([Om1], [C11]) and JWST-observed rest-optical lines (e.g., HB, [O111] 4959, 5007A),
we demonstrate how observational data can be used to derive constraints on multi-phase gas
properties, thereby providing insights into the physical conditions and feedback processes shaping
galaxies in the early Universe.

This chapter is structured as follows. In Section 8.2, we describe our simulation setup and
line calculation methods. Section 8.3 presents the resulting emission line properties and compare
these results with observations and other theoretical works. In Section 8.4, we discuss the redshift
evolution of [O111] /[C11] from high-z to low-z and investigate the synergy with JWST rest-frame
optical lines. Finally, Section 8.5 summarizes our conclusions and outlines future prospects.

8.2 Methods

8.2.1 Zoom-in Cosmological Simulations

The simulation suite used in this study was initially presented in Garcia et al. (2023, 2025) and
Sugimura et al. (2024) (hereafter S24). S24 run cosmological zoom-in radiation-hydrodynamics
simulations focused on a dwarf galaxy, utilizing the RAMSES-RT code (Teyssier, 2002; Rosdahl
et al., 2013), which employs adaptive mesh refinement (AMR) techniques and solves radiative
transfer equations based on the M1 closure scheme (Rosdahl et al., 2013).

We begin with a low-resolution, dark-matter-only simulation within a comoving volume of
35k~ Mpc on a side. The initial conditions are generated at z = 127 with MUSIC (Hahn and
Abel, 2011). From this simulation, we select a dark matter halo with M;, = 8.8 x 109 M at
z = 0. This halo grows to a mass of 108 My, by z ~ 10, eventually becoming a dwarf galaxy in
the Local Group by z = 0 (Ricotti et al., 2022).
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We subsequently perform a zoom-in simulation targeting this specific halo. The refined
simulation volume extends approximately 300 h~!, ckpc on each side, achieving an initial spatial
resolution of 2h~1, ckpe, and employs dark matter particles with a mass of 800 M. Halos
are identified using the ROCKSTAR halo finder (Behroozi et al., 2013), with a minimum
requirement of 300 particles per halo. This particle-count threshold corresponds to resolving
halos down to a mass of 2.4 x10° M, comparable to the minihalos expected to host the formation
of the first stars (e.g., Yoshida et al., 2003). We evolve the simulation until z = 9.5.

AMR refinement takes place on the fly. A cell is flagged for refinement if it contains more
than eight dark matter or star particles. Additionally, the Jeans length must be resolved by Nj
cells. Truelove et al. (1997) argued that the Jeans length should be resolved by at least four cells
(N3 = 4) to prevent artificial fragmentation. Specifically, for cells with 2.4 pc[(1 + 2)/10]7! <
Az < T7pc[(1 + 2)/10]71, we set Ny = 8, and for cells with 0.3pc[(1 + 2)/10]7! < Az <
1.2pc[(1 + 2)/10]7L, we set Nj = 4. At the highest refinement level (I = 25), the minimum
physical cell size is therefore Az, = 0.15pe[(1 + 2)/10] 7L

We categorize the radiation field into four different energy bins: the Lyman-Werner band
(FUV, 11.2-13.6 eV), hydrogen(H)-ionizing radiation (EUV1, 13.6-24.6 eV), helium(He)-ionizing
radiation (EUV2, 24.6-54.4¢eV), and He'-ionizing radiation (EUV3, 54.4-200eV). To account
for dust attenuation, we adopt a cross-section that scales linearly with metallicity, oqer =
4 x 10721 (Z/Zs)em?, based on the assumption of a fixed dust-to-metal mass ratio (Katz et al.,
2017).

Photoionization and photoheating are modeled using a seven-species, non-equilibrium chem-
ical network that tracks H, H", e~, Hy, He, He™, He™ ™, following Park et al. (2021). We
assume that H™ remains in equilibrium with these species. We additionally include the ab-
sorption of FUV radiation in self-shielded regions following Park et al. (2021), as well as dust
photoelectric heating according to the prescription of Kimm et al. (2017). The self-shielding of
Lyman-Werner photons in dense gas is modeled using the analytic fitting function provided by
Draine and Bertoldi (1996). Metal and dust cooling/heating rates are calculated following Katz
et al. (2017), employing the cooling tables provided by GRACKLE (Smith et al., 2017). However,
unlike Katz et al. (2017), we do not adopt a sub-grid clumping factor to model dust-catalyzed
Hs formation, assuming instead that our spatial resolution explicitly resolves this process.

Star formation occurs in cells at the maximum refinement level (I = 25) whose gas density

satisfies
_ T 1+2\2/N,
n > Nerit = 5.0 x 104 cim 3 (1()0}(> ( 10 > ( 4CI‘> y (82)

which is derived from the Jeans criterion expressed in physical units, Axmyin < Aj/Nep. This
criterion corresponds to densities of approximately 10%~° cm™3, sufficiently high to accurately
capture the gravitational collapse of star-forming gas (see the density—temperature phase di-
agram in Fig. 9 of S24). Once a cell meets the star formation condition, star particles are
generated according to the procedure described below.

If the metallicity is below the critical threshold Z.j = 107> Z, we generate a single PopIII
star particle representing a binary of 40 My and 80 My stars. This choice is motivated by
recent radiation-hydrodynamics simulations, which indicate that Pop III stars preferentially
form in massive binary configurations (Sugimura et al., 2020, 2023). Both stars emit UV photons
following Schaerer (2002) for 4 Myr. The 40 Mg star eventually explodes as a hypernova,
releasing 3 x 1052 erg of thermal energy and leaving a 20 Mg black hole (Woosley et al., 2002;
Wise et al., 2012). The 80 M, star collapses directly into a black hole without an explosion,
resulting in the formation of a 100 Mg black hole binary modeled as a single sink particle. We
track subsequent black hole growth via Bondi-Hoyle-Lyttleton accretion but neglect mechanical
and X-ray feedback from these BHs.

If Z > Z.i, we instead form Popll star clusters by spawning multiple 100 M, Popll star
particles.Each particle represents an unresolved stellar population following a Salpeter initial
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mass function (IMF) (Salpeter, 1955) spanning 1-100 M. The total mass of a new cluster
M uster, is calculated as Meyster = fs Meloud, Where Mouq is the gas mass in cells with n >
10731 peak around the density peak (npeak is the peak density). The star formation efficiency f.

is given by
. choud 025 Mcloud 04
= 0.8,0.004 | ——=——
fe = min] (10—32@ 104 M,

TNcloud 0.91
14+ ———> .
% ( + 100(:m*3) ) (8.3)

where Zgoua and ncouq are the average metallicity and density of the cloud. This formulation
of star formation efficiency is motivated by radiation-hydrodynamics simulations of star cluster
formation conducted by He et al. (2019). For radiation from Popll stars, we use the stellar
population synthesis models of Bruzual and Charlot (2003). Each PoplI star particle (of 100 M)
contains approximately one massive star (2 8 M), which eventually explodes as a supernova
(SN). We assign the SN event randomly between 4 Myr and 40 Myr (Leitherer et al., 1999),
with an ejecta mass of 10 M), a thermal energy of 10°! erg, and a metal mass M etar,n = 0.5 Mg
(Kimm et al., 2015). Further details of our simulation setup and methodology are described in
S24.

8.2.2 Emission Line Calculations

We calculate metal line luminosities using the CLOUDY spectral synthesis code (v23.02; Ferland
et al., 2017; Chatzikos et al., 2023). Each simulation cell provides information about tempera-
ture, density, metallicity, and the local radiation field. Ideally, CLOUDY simulations would be
performed individually for every cell, incorporating the local spectral energy distribution (SED)
derived from our four radiation energy bins, the absolute radiation intensity, gas density, gas
temperature, metallicity, and slab thickness. However, since each snapshot contains over 10°
cells and our simulation includes roughly 200 snapshots (from z ~ 20 to z ~ 9), performing
individual CLOUDY calculations for all ~ 2 x 107 cells would be computationally infeasible. To
address this, we instead generate precomputed lookup tables separately for two cell categories:
photodissociation region (PDR) cells and Hir cells. Cells are classified into these categories based
on whether their hydrogen ionization fraction is below or above a threshold value yui1 thres-

Figure 8.1(a) shows the histogram of the ionization fraction ymr for snapshot 208 (z =
10.5, tuniv = 462 Myr), where the strongest burst of star formation begins (z = 10.5). We find
that the distribution is clearly bimodal: ionized cells are concentrated at ymr = 0.9, whereas
non-ionized cells are predominantly located at ypir < 0.2. We observe a similar trend in other
snapshots and thus adopt a threshold fraction of ymir thres = 0.8. The overall distribution does
not change significantly when we choose a threshold in the range yuir thres = 0.5 — 0.9.

Figure 8.1(b) and (c) show histograms of the gas number density and temperature, respec-
tively. From these histograms, we determine the parameter ranges for nyg and 7', as summarized
in Table 8.1. Although snapshot 208 does not include gas cells at densities reaching the critical
threshold for star formation (~ 104 Cm_3), we nevertheless extend our parameter space up to
this density to ensure completeness.

Figure 8.1(d) shows the metallicity histogram. We find that both Hir and PDR cells span
similar metallicity ranges, so we adopt the same parameter range for both in Table 8.1. Fig-
ure 8.1(e) shows the histogram of gas column density of each cell, revealing that both Hir and
PDR cells lie within log;,(Ny/ecm~2) = 17-22. The upper limit is consistent with the star for-
mation criterion described in Section 8.2.1, ~ 0.1 pc x 10*ecm ™3 = 3 x 102! cm~2. Figure 8.1(f)
shows the histogram of FUV radiation fields, where each field is normalized to the Milky Way
value Gy = 3.024 x 10~ *ergs™' em™2, calculated over 11.2-13.6eV using the fitting function
of Mathis et al. (1983). The value Gy corresponds to Jo; = 8, where Jy; is the specific FUV
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Figure 8.1:  Histograms of various physical properties of simulated cells at z = 10.5 (snap-
shot 208), which marks the largest SFR during the burst of star formation. Panels show (a)
ionization fraction, (b) gas number density, (c) gas temperature, (d) gas-phase metallicity, (e)
gas column density, and (f) FUV radiation field. For panels (b)—(f), the orange histograms cor-
respond to PDR cells (yum < 0.8), and the blue histograms correspond to Hir cells (ymm > 0.8).
This figure is taken from Nakazato et al. (2025).
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Figure 8.2: Histograms of the radiation field at z = 10.5 (snapshot 208). (a) The flux ratio of
FUV to EUV1. Orange and blue histograms correspond to PDR, and HiI cells, respectively. We
find that the FUV flux in PDR cells exceeds the EUV flux by ~ 20 orders of magnitude, making
the EUV component negligible. (b) The flux ratio of EUV1 to EUV2 for Hir cells. This figure
is taken from Nakazato et al. (2025).
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intensity in units of 1072 ergs ™ 'em™2sr"'Hz~!. The figure indicates that Hir and PDR cells
exhibit different FUV distributions, and we set the parameter ranges accordingly in Table 8.1.

To run CLOUDY, we must first specify the shape of the input SED. For PDR cells, we consider
only the radiation within the FUV energy bin, since the ionizing photon density is roughly 20
orders of magnitude lower than the FUV photon density in these regions. We therefore adopt a
power-law SED with slope v~!, approximating a nearly constant flux across the narrow energy
range 11.2-13.6eV. In principle, the FUV radiation field slope can vary spatially. For example,
cells near stars may exhibit steeper stellar SED slopes (e.g., Suyv ~ —2.5; Yanagisawa et al.
2024), whereas more distant cells often experience background radiation characterized by a
slope of v~=*4! (Mathis et al., 1983). Nevertheless, given the narrow energy range involved,
our results are insensitive to the exact choice of slope. For HiI cells, we characterize the SED
shape using two flux ratios: FE1 = FUV/EUV1 and E12 = EUV1/EUV2. We again assume
a power-law spectrum with slope v~! across these three energy bins (FUV, EUV1, EUV2).
Figure 8.2 presents histograms of these flux ratios, computed from photon number densities
using the median photon energy of each bin. Guided by these distributions, we select appropriate
parameter values as summarized in Table 8.1. In this work, we neglect EUV3 photons (hv >
54.4,eV). Since our primary focus is on the [O111] and [CI11] emission lines, whose ionization
potentials are 35.12 eV and 11.26 eV respectively, the exclusion of EUV3 radiation is not expected
to influence their emissivities. However, lines from species with higher ionization potentials,
such as Hell 1640 A, would require inclusion of the EUV3 bin. We will explore this additional
parameter space in future studies.

To summarize, we construct a lookup table using seven parameters: gas density ny, gas
metallicity Zgas, FUV radiation field G, gas temperature T', gas column density Ny, and (for
Hi cells) the two flux ratios (FE1, E12), as listed in Table 8.1.

Table 8.1: Parameter ranges for PDR cells (ygnr < 0.8) and Hir cells (yp > 0.8) used in the
CLouDY calculations. The table is taken from Nakazato et al. (2025).

PDR cells (yun < 0.8) Hir cells (yum > 0.8)
log(G/G) 0,1,2,3,4 2, 3, 4 5
log(n/cm™3) -2,-1,0,1,2,3, 4 -2 1 0,1,2,3
log(Z/ Zs) 4,-3,-2,-1,0 4,-3,-2,-1,0
log(T /K) 2,2.5,3, 3.5, 4 4,4.5,5
log (N /cm™2) 17, 18, 19, 20, 21, 22 17, 18, 19, 20, 21, 22
log(Fruv/Fruvi)  (considered only FUV radiation) 0,1,2,3,4,5
log(Fruvi/Fruva) (considered only FUV radiation) -2,-1,0, 1

In our CLOUDY calculations, we adopt a gas slab in an open geometry, assuming uniform
density, temperature, metallicity, FUV flux, and SED shape. Accordingly, we create input SEDs
parametrized by FE1 and E12, and use the “grid” command to vary G, Z,ng, T and Nyg. We
include an isotropic background from the cosmic microwave background (CMB) at z = 10 and
assume that the abundance ratios of individual elements follow solar values (GASS command;
Grevesse et al., 2010). The calculations are iterated until convergence and then stopped when
the slab reaches the column density Ny. The flux of each line is then extracted as the emergent
emissivity.

We determine the line emissivity of each cell by interpolating from the pre-computed emis-
sivity lookup table. For Hir and PDR cells, the interpolation is conducted in the seven- and
five-dimensional parameter spaces, respectively, using the nearest 27 and 2° grid points sur-
rounding the cell’s parameters.

The above emission calculations are conducted within the virial radius of the halo, which
ranges from Ryi; ~ 0.2kpc at z = 20 to Ryiy ~ 1.5kpc at z = 9. We include all gases within this
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region because strong SN feedback can expand HII regions out to the halo scale (see Figure 2 in
S24).

8.3 Results

8.3.1 Galaxy Formation Histories

Figure 8.3 presents the formation history of our simulated galaxy. In the left panel, we show the
evolution of gas mass, dark matter halo mass, and stellar mass. In the right panel, we display
the star formation rate (SFR), averaged over timescales of 3, 10, and 100 Myr, as functions of
cosmic age.

Pop III star formation begins at z = 24. At z ~ 17, the EUV feedback and subsequent
Pop III hypernova explosion sweep out gas to halo scales, reducing the gas mass by 0.3 dex.
After Pop III SNe, metal-enriched gas re-accumulates, and Pop II star formation begins at
z ~ 13.

Although the newly formed Pop II stars stochastically explode as supernovae (SNe) through-
out 4-40 Myr, the gravitational potential of the host halo is sufficiently deep to prevent these
SN explosions from driving gas outflows on a halo scale. However, star formation is continuously
suppressed by FUV radiation and SN feedback, primarily through photodissociation of Hs and
heating of the gas to temperatures around 7' ~ 10* K. This hot, pressurized gas resists grav-
itational collapse, delaying further star formation. During this suppression period, gas clouds
continue to grow via accretion of surrounding material and cool predominantly through Lyman-
alpha emission. Eventually, the cloud becomes gravitationally unstable at z ~ 10.5, triggering
rapid star formation characterized by relatively high star formation efficiencies (f. defined by
Eq. 8.3) of approximately 10% (S24).

The right-hand panel of Figure 8.3 presents the star formation rate (SFR) averaged over
three distinct timescales. The SFR averaged over 3 Myr closely follows the 10 Myr average,
though the 3 Myr average reveals finer-scale fluctuations reflecting highly stochastic starburst
events occurring roughly every ~ 1, Myr. In contrast, the 100 Myr-averaged SFR (shown in red)
displays a step-like growth pattern up to z ~ 9.1. Although three brief episodes of suppressed
star formation called mini-quenching occur at z ~ 12, 11, 10, each persists for less than 100 Myr.
Consequently, these short-term quiescent phases are smoothed out in the 100 Myr-averaged SFR,
giving the appearance of a nearly constant SFR during those intervals.

In observational work, star-formation histories (SFHs) are usually inferred from SED fitting
of the stellar continuum, and thus the shape of SFH tends to similar to our 100 Myr—-averaged
behavior. Short-timescale burstiness can still be probed observationally through indicators such
as the Ha-to-UV luminosity ratio (e.g. Asada et al., 2024; Endsley et al., 2024), which is sensitive
to SFR variations on ~10 Myr scales.

From the next section, we primarily analyze emission lines associated with the Popll star
formation phase at z = 9-13, since the star formation rate during the earlier Poplll phase
(z = 14-24) is relatively low and highly intermittent (see also Figure4 in S24). Emission lines
from the PopllIl phase may be essential for detecting signatures of PopllI stellar populations to
compare with the recently observed extremely metal-poor galaxies (e.g., Fujimoto et al., 2025;
Nakajima et al., 2025). We defer a detailed analysis of this early epoch to future work. In
this chapter, we present results based on 137 simulation snapshots covering the Popll formation
period.

8.3.2 Structural Properties during the Pop II Bursty Phase

Figure 8.4 shows the projected maps of physical properties at z = 10.45, where the SFR (specific
SFR; sSFR) reaches a maximum value of 0.051 Mayr—! (74.5 Gyr—1). The corresponding stellar

and gas masses are M, = 6.9x10° M), Mgas(tota) = 1.39% 10" Mg, Myy = 7.72x10% My, My =
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Figure 8.3: Mass (left panel) and SFR (right panel) as a function of the cosmic age. In the left
panel, the black, green, blue dashed, orange dotted, and thin red lines are masses of dark matter
(DM), total gas, neutral hydrogen, ionized gas, and stars, respectively. The vertical gray dotted
lines at typniy ~ 240 Myr (~ 460 Myr) represent the timing of popIII hypernovae (popll bursty
star formation). In the right panel, thin gray, blue, and red lines show SFRs averaged over 3,
10, and 100 Myrs. They are computed by summing the stellar mass formed over the past X
Myr and dividing by X Myr, where X = 3,10, 0r 100. This figure is taken from Nakazato et al.
(2025).
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Figure 8.4: Projected distributions of our galaxy at z = 10.45 (tyniy = 462 Myr), where the
largest bursty star formation proceeds with sSFR = 74.5Gyr~!. In the upper row, we plot
gas number density (ny), FUV radiation field (G), ionization fraction (y(H')), and surface
stellar mass density (34). In the bottom row, we show gas temperature (7), ionization pa-
rameter (Uion), neutral hydrogen fraction (y(H)), and gas-phase metallicity (Z). Note that
all ng, T, y(H'), y(H®), Uion, and Z are gas density-weighted averaged along the selected line of
sight. The FUV radiation field G is a photon number density-weighted average. One side length
of the panel and the projected depth of each panel is 600 pc. This figure is taken from Nakazato
et al. (2025).
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Figure 8.5: Same as Figure 8.4 but sliced maps at z = 10.45. Only 3, is a projected map. This
figure is taken from Nakazato et al. (2025).

6.22 x 10° M), and My, = 0.19 Mg, respectively. Here, Myur, Mun and My, are gas masses of
neutral atomic hydrogen gas, hydrogen ionized gas, and hydrogen molecular gas. Each panel of
Figure 8.4 illustrates projected distributions of gas density, FUV radiation field strength (G),
hydrogen ionization fraction, stellar mass surface density, gas temperature, ionization parameter
(Uion ), neutral gas fraction, and gas metallicity. The ionization parameter is defined as the ratio
of the ionizing photon number density to the gas number density.

In panel (a) of Figure 8.4, we identify two central cavities surrounded by dense gas with
typical densities of ny ~ 500 cm ™3 within the ~100 pc scale star-forming cloud. These cavities
are fully ionized (panel (a)) and spatially correlated with regions of enhanced metallicity (panel
(d)), indicating they have been created by supernova (SN) explosions. Regions exhibiting an
apparent ionization fraction of y(H") ~ 0.5 are primarily the result of projection effects. To
clarify these projection effects, we also plot sliced maps as shown in Figure 8.5. We see that
individual cells generally have ionization fractions very close to either fully ionized (y(H) = 1)
or fully neutral (y(H") = 0). The sliced maps also confirm that the two central cavities exhibit
very high temperatures (T > 5 x 10° K) and increased metallicities (Z ~ 1072 Z), strongly
supporting their origin from SN explosions. Additionally, the sliced views reveal several other
ionized bubbles in the upper and left regions, which are not as prominent in the projected maps.

Panel (g) in Figure 8.4 confirms that the gas surrounding the cavities is neutral. This dense
cloud is gravitationally unstable and is collapsing to form stars.

While SNe occur in the center, some stellar clusters remain bound (Garcia et al., 2023, 2025).
Panel (d) presents the surface stellar mass density, which peaks at ¥, ~ 3 x 10* Mg, pc=2. The
distribution of stellar clusters and their high surface density are interestingly consistent with the
recently observed stellar clusters at z 2 6 (Vanzella et al., 2023b; Welch et al., 2023; Bradley
et al., 2024; Mowla et al., 2024), while Adamo et al. (2024b) reported 1 dex-larger surface density.

The temperature map in panel (e) illustrates that the central regions are heated to around
2 x 10K due to photoionization by EUV photons emitted from massive stars. Additionally,
localized hot spots reaching temperatures above 7' > 5 x 10° K are visible, which originate from
SN explosions that initially produce gas as hot as 7' ~ 10 K. Both photoionized regions and
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Figure 8.6: FIR emission line distributions of our galaxy at z = 10.45, at the same time as in
Figure 8.4. The left and middle panels show the surface brightness of [O111] 88 pm and [C11] 158
pm , respectively. The right panel presents the line ratio of [O111] 88 pm to [CI1] 158 pm .
Pixels with low surface brightness (X(cmjisgum > 10% L /kpc?) are masked. The black contours
represent the [C11] flux 104, 10° L, /kpc?, respectively. The side length and projected depth of
each panel are 600 pc, as in Figure 8.4. A movie showing the time evolution of emission map is
available (link). This figure is taken from Nakazato et al. (2025).

collisionally ionized SN-driven bubbles contribute to the ionization structure. However, since
the recombination timescale typically exceeds the gas cooling timescale, these ionized regions
persist for extended periods (Hartley and Ricotti, 2016). Outside the ionized bubbles, the
neutral gas remains warm, maintaining temperatures of approximately T' ~ (5 — 8) x 103 K.
This elevated neutral-gas temperature results from strong FUV radiation penetrating beyond
the ionized regions, characterized by intensities of G/Go ~ 10® (equivalently, Jo; ~ 10%). Such
intense radiation effectively suppresses Hy cooling in low-metallicity gas environments (with
metallicities of a few x1072 Z; see panel (h)). As a result, cooling is dominated by Lyman-alpha,
emission under these conditions (Omukai et al., 2008; S24, see also Figure 8.7). This intense
FUYV field is also consistent with recent observational evidence from high-redshift galaxies at
z > 6 (Fudamoto et al., 2025).

The UV radiation emitted by these stars creates ionized regions that are highly anisotropic
and inhomogeneous, as shown by the maps of the ionization fraction (panel (c)) and the ioniza-
tion parameter (panel (f)). There are ionizing bubbles in the center with ~ 100 pc scale and the
ionization parameter peaks in the bubbles with log Ujo, ~ —1, which are co-located with recent
star formation events.

Interestingly, the FUV distribution differs from the Ui, map. The brightest central regions,
with G/Go ~ 104, coincide spatially with the ionized regions. However, EUV radiation drops
rapidly outside the Hir regions while FUV radiation extends over 600 pc, maintaining a high
value of G/Ggy ~ 102. These EUV and FUV radiation distributions largely affect the [O111] and
[Cr11] distributions, as explained in Section 8.3.3.

8.3.3 FIR Line Properties during the Pop II Bursty Phase
8.3.3.1 Luminosity Maps

In Figure 8.6, we show the emission maps of [O111]88um and [CII] 158 pm , as well as the
emission ratio of [O1] /[Cirjat z = 10.5. Their luminosities are Liony = 3.73 ¥ 10* L, and
Licy =159 x 103 L, respectively.


https://www.dropbox.com/scl/fi/4zh89k5huqp4fxxcutp9l/line_map.mp4?rlkey=loxnxwqxewolv9yndmogrh0l3&dl=0
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As shown by Nakazato et al. (2023), the [O111] emission traces the Uso, map with Uien > 1072,

It is concentrated within a compact area of ~ 100 pc, while the extended component in the upper
region is 100 times fainter.

In contrast, the spatial distribution of [C11] emission differs notably from that of the [O111] emission,
closely resembling instead the gas density distribution shown in Figure 8.4. The most intense
[C11] emission originates from dense gas regions with nyg ~ 500 cm ™3, which envelop the SN-
driven cavities. Additionally, diffuse [C11]emission at levels around 103 Lokpe™2 traces more
tenuous gas with densities of ny ~ 1em™3. The overall [C11] -emitting structure exhibits an
asymmetric morphology, extending out to scales of approximately 250 pc.

For quantitative analysis, we compute the half light radii of [O111]and [C1] !, and obtain
re[Om1] = 75pc, reo[C11] = 90 pc, and the ratio between the radii is r¢[Cl11] /7[O111] = 1.2. These
values should be interpreted with caution because [C11] is predominantly emitted from shell-like
regions offset from the [O1]region and both the [Cirjand [O111] distributions are anisotropic
and extended (Figure 8.6 and the accompanying movie). Nevertheless, we track the size ratio
throughout the bursty phase at z ~ 10.5 and find that it fluctuates between r.[C11] /r.[O11] =
1-2.

FEmission line ratios are commonly used diagnostics for probing galaxy properties. In partic-
ular, the ratio of the [Om1] 88 pm and [C11] 158 pm emission lines is of special interest because
these two bright FIR lines originate from gas in distinct phases, allowing us to constrain the
physical conditions of the ISM in high-redshift galaxies. The right-hand panel of Figure 8.6
displays the spatial distribution of the [O111] /[C11] line ratio, calculated from the ratio of surface
brightness between [O111] and [C11] emission in each pixel. We observe extremely high line ratios
of approximately 100 in the central ionized regions dominated by [O111] emission, whereas the
ratio sharply decreases to values of 0.01-0.1 in the dense neutral gas surrounding these regions.
Averaging over the entire halo within the virial radius Ry, we derive a global line ratio of
[Om] /[Ci] = 23.4.

Observations of [O11] /[C11] have been made in several galaxies at z > 6, as introduced in
Section 8.1, but most of these ratios are measured as a whole-galaxy average. Currently, only
the z = 7.13 galaxy A1689-zD1 shows the spatial variation of [O111] /[C11], as reported in Wong
et al. (2022). They found that the central region has a ratio ~ 3.5 times higher than the galaxy-
wide average, which is consistent with our result. Other theoretical studies (Schimek et al., 2024;
Nyhagen et al., 2024) have also presented [O111] /[C11] maps for z ~ 6 galaxies. They reproduced
the line ratio of [O111] /[C11] ~ 1-10 partially, but most regions have [O111] /[C11]~ 0.1-0.01,
resulting in the low total ratio of [O11] /[Cr1] = 0.17. This could be because these observations
probe large-scale structures (~ 10 kpc), including circumgalactic medium (CGM) gas and gas
bridges formed during galaxy mergers, where significant reservoirs of neutral gas contribute
prominently to the [CI1]emission. Indeed, recent ALMA observations have identified strong
[C11] emission originating from bridge-like gas structures connecting merging galaxies, providing
observational support for this scenario (Izumi et al., 2024; Zanella et al., 2024, Fudamoto et al.
in prep.).

Overall, our simulations with a high-spatial resolution of 0.1 pc can precisely capture the
difference between [O111] and [C11] distributions and reproduce high [O111] /[C11] ratios.

8.3.3.2 Physical Conditions of Gas Emitting [OIII] 88 ym and [CII] 158 ym Lines

Figure 8.7 shows the density—temperature phase diagram of gas at z=10.5, with colorbars indi-
cating the hydrogen ionization fraction, as well as the luminosities of [O111] and [C11] emission.
The gray contours represent the gas mass distribution within each phase-space bin. The hot gas
at T 2> 3 x 10° K originates predominantly from supernova feedback, whereas radiative feedback
from young stars heats gas to temperatures around 2 x 10* K. The left-hand panel demonstrates

1We take the center as the brightest point of [O111].
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Figure 8.7: Phase-space diagrams of gas number density versus temperature for all cells within
2Ryir(= 3.0kpc) at z = 10.45. The left panel shows the ionization fraction in the phase space.
The middle (right) panel presents the luminosities of [O111] 88um ([C11] 158 pm ) in each bin. In
the middle panel, we omit the hot gas with 7" > 3 x 10° K produced by SN heating. The gray
contours indicate four levels of gas mass in each bin: log My,s [Me] = 2, 3,4,5. The bin sizes are
Alogny [em ™3] = 0.09 and Alog T [K] = 0.065 in all panels. This figure is taken from Nakazato
et al. (2025).

that gas heated to these temperatures is fully ionized.

In the middle panel, we show the physical state of the gas that emits the [O111] line, which
originates entirely from ionized cells, as the ionizing energy of OT is 35.1 eV. We find that
the ionized gas spans a wide range of densities, from 0.1cm™ to 500 cm ™3, and contributes
to the [O111] emission. Such diffused ionized gas originates from Hil bubbles in the upper part
in panel (f) of Figure 8.4. We also compute the ionized-gas density weighted by mass and by
the [O111] 88um luminosity, obtaining (npr) = 37 and 120 em™3, respectively. Intriguingly,
the latter value matches the very recent measurements of Harikane et al. (2025b), who derive
electron densities for EoR galaxies from the [O111] 88um line and find values lower than those
inferred from rest-UV /optical line ratios. The luminosity-weighted average ionized gas density
(num) is discussed further in Section 8.4.2.

The hot SN-heated gas with temperatures 7 = 5 x 10° — 108 K exceeds the maximum
temperature of our CLOUDY calculation grid (Tyax = 10°K). Thus, the [O111] emission from
this extremely hot gas is artificial, since oxygen under these conditions is typically collisionally
ionized to OIV or OV (Osterbrock and Ferland, 2006). However, we have verified that this
artificial [O111] emission from SN-heated cells accounts for only about 0.2% of the total emission,
making its impact negligible.

The right panel shows the same type of diagram but for the [Cr11]line, indicating that 80%
of the emission comes from a neutral gas. In particular, gas with ng > 100cm™3 is the main
contributor (70% of the total luminosity: 14% from Hir and 56% from PDR) to the [C11] emission.
We derive neutralgas densities weighted by mass and by the PDR-[C11] 158 um luminosity, in the
same way as for (ng). The resulting values are (nyj) = 36 and 168 cm~3, respectively. Notice
that even though our simulation follows higher gas densities up to ng ~ 10*cm™2, these gases
are converted into stars immediately, and are not seen in most snapshots (see Fig. 9 of S24 for
a snapshot where gases reach ny > 10 cm™3).

Observationally, the ionization state of gas responsible for [C11] emission can be probed using
the line ratio of [C11] 158 pm and [N11] 205 pm . This diagnostic is effective because the ionization
potentials of neutral carbon (11.3eV) and nitrogen (14.5 eV) lie just below and above that
of hydrogen (13.6 eV), respectively. Consequently, [NII]emission originates exclusively from
ionized (HII ) regions, whereas [C11] emission arises from both ionized and neutral (PDR) regions.
Additionally, the similarity in ionization potentials makes this line ratio relatively insensitive
to variations in the ionization parameter (e.g., Nagao et al., 2012). Using the [N11] /[C11] ratio,
Cormier et al. (2015) analyzed local metal-poor dwarf galaxies and concluded that approximately
85% of their [C11] emission arises from neutral gas. Similarly, Witstok et al. (2022) examined
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[C11] -emitting gas in galaxies observed at z > 6, and found that the majority of observed
[C11] emission originates in PDR regions.

PDRs in high-metallicity environments (~ Zg) typically consist of a two-phase medium:
warm neutral medium (WNM) and cold neutral medium (CNM) (Wolfire et al., 1995) as ex-
plained in Section 3.1.2. However, our z 2 10 galaxy has almost only WNM due to the strong
FUV radiation from massive stars and the low abundance of metals and dust that work as
coolants (~ 1073Zy). A decline in the CNM fraction in galaxies at high redshift has also been
argued in previous theoretical studies (e.g., Vallini et al., 2013).

8.3.4 Time Evolution of Global Emission Properties

Figure 8.8 presents the time evolution of global emission properties of our simulated galaxy over
the redshift range from z = 13 to z = 9. The individual panels display the evolution of the star
formation rate (SFR), the FUV radiation field (G) and ionization parameter (Uion ), the emission
line luminosities of [O111] and [C11], the mass ratio between ionized and neutral hydrogen gas
(M / M), the [Omm] /[C1] line ratio, and metallicity. We compute the global values of G and
Uion as photon-number-weighted and gas-number-density-weighted averages, respectively.

In the left-middle panel, we show the [O111] and [C11] luminosities. The [O111] evolution follows
that of the SFR averaged over 10 Myr, because O%* ions exist in HiI regions produced by young
(< 10Myr), massive stars. The ionizing photon production rate Q(H) [s~!] decreases rapidly
when stellar ages exceed 10 Myr. Xiao et al. (2018) show that Q(H) at 3, 10, 30, and 100 Myr for
a single stellar population with M, = 10° M and Z = 1075 are log Q(H) [s~!] = 52.5,51.2,49.1,
and 47.1, respectively. The upper-right panel shows the evolution of Ui, and G. The Ui, peaks
at the z ~ 10.5 bursty phase with log Ujon >~ —1.5 suddenly decreases to log Ujon, = —5 within
50 Myrs. The time fluctuation is consistent with that of 10 Myr-averaged SFR and [O111] .

Meanwhile, the [C11] emission persists even during the “mini-quench” phases, closely tracking
the evolution of the FUV radiation field. This correlation arises because the [C11] line predom-
inantly originates from neutral gas illuminated by FUV photons (as illustrated in the right-
middle panel). To quantify this, we calculated the FUV luminosity for a stellar population
of M, = 10 My, metallicity Z = 107>, and ages of 3, 10, 30, and 100 Myr using BPASS
single stellar population SEDs (Stanway and Eldridge, 2018; Byrne et al., 2022)?. We found
log Lruv [Le] = 8.1, 7.7, 7.1, and 6.3, respectively. Over the period from 3 Myr to 30 Myr, the
FUV luminosity decreases by only one order of magnitude, whereas the ionizing photon pro-
duction rate drops by approximately 3.5 orders of magnitude. The decrease in [C11I] luminosity
observed during mini-quench phases is consistent with this moderate decline in the FUV flux
shown in the upper-right panel of Figure 8.8. Due to our simulation’s short snapshot interval of
1 Myr, compared with previous galaxy simulations (e.g., Arata et al., 2020; Katz et al., 2019),
we are uniquely able to investigate this temporal evolution in greater detail.

The orange dotted line indicates the [CII] emission originating from HII regions. Its time
evolution also tracks the 10 Myr-averaged SFR, but it contributes less than 1% most of the time
as shown in Section 8.3.3.2. Only at the cosmic age of 472-479 Myr does [C11] from HII regions
contribute about 56-66%.

The bottom-left panel illustrates the redshift evolution of the [Omi] /[C11]line ratio. As
discussed previously, the relatively smooth evolution of [C11] luminosity indicates that fluctua-
tions in the line ratio primarily trace variations in [O111] luminosity, log Uien, and the 10 Myr-
averaged SFR, which are recently reported by Kohandel et al. (2025). The highest starburst
phases exhibit peak line ratios of [O11] /[C11] ~ 50 at the onset of intense star formation activity
(tuniv ~ 460 Myr). Subsequently, the ratio rapidly declines to ~ 0.2 at the onset of a mini-
quench episode, then slightly rebounds to ~ 0.4 around tyniy ~ 500 Myr due to the different

20ur RT calculations employ the BC03 model. However, according to Eldridge et al. (2017), BPASS single
SEDs at ages younger than 1 Gyr closely resemble other models such as STARBURST99 (Leitherer et al., 1999),
GALAXEV (Bruzual and Charlot, 2003), and Maraston (2005).
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Figure 8.8: Redshift evolution of physical properties within 2R;;. In the left column, the top
panel shows the SFR averaged over 10 Myr (blue) and 100 Myr (red), as in Figure 8.3 (right).
The middle panel presents line luminosities of [O111] 88 pm (blue) and [C11] 158 pum (orange).
The orange dashed line shows the contribution of [C11] luminosity from Hir regions. The bottom
panel is the line ratio of [Om] /[C11]. In the right column, the ionization parameter and FUV
radiation field (top), the ratio of the HI mass to the Hil mass (middle), and gas metallicity
(bottom) are plotted. The ionization parameter and FUV radiation field are calculated as
averages weighted by gas number densities and FUV photon numbers, respectively. This figure

is taken from Nakazato et al. (2025).
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decreasing timescales of [O111] and [C11] luminosities. Interestingly, the temporal fluctuations of
the [Or111] /[C11] ratio closely resemble those of the gas mass ratio (Miyr/Mmr), despite the latter
exhibiting an amplitude roughly one order of magnitude smaller. We will further examine the
correlation between the [Or1] /[C11] ratio and the M/ My mass ratio in Section 8.4.1.

Finally, we show the redshift evolution of the metallicity in the bottom-right panel, motivated
by previous theoretical studies that suggest a correlation between the [O111] /[C11] line ratio and
metallicity (e.g., Arata et al., 2020). We find that the metallicity fluctuation is not very large
compared to radiation fluctuations. Since accelerated gas by SNe remains bound within the halo
at z < 13, the metallicity gradually increases with time even during the mini-quenched phase.
Therefore, the redshift evolution of FIR luminosity does not trace gas metallicity very much
in comparison to other properties (SFR, EUV/FUV radiation fields). However, the luminosity
would be correlated with the metallicity when we compare galaxies with the same SFR (e.g.,
Inoue et al., 2014).

8.3.5 Comparison with Observations

There are empirical correlations between FIR lines and SFR in galaxies, which have been exten-
sively investigated through both observations and simulations. These are widely used to validate
theoretical predictions against observational constraints.

In Figure 8.9, we show the [Om1]-SFR (left) and [Cu]-SFR (right) relationships for our
simulated galaxy at z = 9 — 13. Following previous theoretical studies (e.g., Pallottini et al.,
2019; Katz et al., 2019; Nakazato et al., 2023), we adopt the 10 Myr-averaged SFR defined
in Figure 8.3. For comparison, we also show the local empirical relationships for starburst
and metal-poor dwarf galaxies from De Looze et al. (2014), as well as the relation derived by
Harikane et al. (2020) for observed galaxies at z = 6. Note that the Harikane et al. (2020)
relation is based on galaxies with SFR ~ 4 — 220 M, yr~!, while the local relations from De
Looze et al. (2014) cover SFR ranges of SFR ~ 1073 — 30 Mg yr~! (metal-poor dwarfs) and
(1 — 1000), Mg, yr—! (starbursts). We extrapolate these empirical relations to the lower SFR
regime of our simulations. The gray points with error bars represent observational data from
galaxies at z 2 6, and their references are cited in the caption of Figure 8.9.

For the [Om1]-SFR relation, nearly all of our simulated points lie 1-2 dex above the local
starburst galaxies with the same SFR due to high-ionization states with log Ujon ~ [—1.5, —2],
whereas the local galaxies typically have log Ujon, ~ —3 (Harikane et al., 2020). However, our
[O111] luminosities are about 1-2 dex below the local metal-poor or z 2 6 observed relations.
The offset is readily explained by metallicity: the simulations have gas metallicities of only
(0.5 —5) x 1073 Zs, roughly two orders of magnitude lower than the ~ 0.25 Z, typical of local
metal-poor systems. Because the [O111] emissivity scales nearly linearly with metallicity in this
regime (see Figure 1 of Inoue et al., 2014), the predicted [O111] luminosities are correspondingly
reduced by a factor of ~ 100, yielding the observed 1-2 dex deficit.

For the [C11] -SFR relation, our simulation results lie approximately 1-2 dex below the local
empirical relations derived from starburst and metal-poor dwarf galaxies, but are closer to the
observed relation for galaxies at z 2 6. We suggest two primary reasons for this offset: (i)
negligible contributions from strongly ionized HII regions, where carbon is largely ionized to
C** (e.g., Liang et al., 2024), and (ii) significantly lower gas-phase metallicity. Indeed, Liang
et al. (2024) have shown that Liciy/SFR scales approximately linearly with gas metallicity, a
trend consistent with our simulation results. Interestingly, the slope of the [C11] -SFR relation
in our simulations is shallower than that of the corresponding [O111] -SFR relation. This differ-
ence arises because the [O111] luminosity closely tracks the 10 Myr-averaged SFR used in both
the [O11] -SFR and [C11] -SFR analyses, whereas the [C11] luminosity exhibits only a weak de-
pendence on the same averaged SFR, as demonstrated in Section 8.3.4. Both relations exhibit
significant scatter at a given SFR. The [O111] -SFR relation shows a scatter of 1-2 dex. Roughly
one dex of this dispersion is attributable to differences in metallicities, while additional scatter
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Figure 8.9: (Left) The [O11] 88 pum luminosity versus SFR. We adopt 10 Myr-averaged SFR.
The red stars represent our simulation snapshots (z = 9 — 13). For comparison, we show the
[O111] -SFR relations derived from observations of local galaxies by De Looze et al. (2014) and
z 2 6 galaxies by Harikane et al. (2020). Gray points are the observational results of high-
z (z > 6) galaxies from Hashimoto et al. (2018); Tamura et al. (2019); Inoue et al. (2016a);
Hashimoto et al. (2019); Carniani et al. (2017); Harikane et al. (2020); Wong et al. (2022);
Witstok et al. (2022); Zavala et al. (2024); Algera et al. (2024); Schouws et al. (2024); Bakx
et al. (2024); Fujimoto et al. (2024b). (Right) The [C1] 158 pm luminosity versus SFR. The
red stars again represent our simulation snapshots (z = 9 — 13). For comparison, we show the
[C11] -SFR relations derived from observations of local galaxies (De Looze et al., 2014), ALPINE
survey for z ~ 5 galaxies (Schaerer et al., 2020), and z 2 6 galaxies (Harikane et al., 2020). Gray
points are the observational results of high-z (z > 6) galaxies from Laporte et al. (2019); Bakx
et al. (2020); Hashimoto et al. (2019); Maiolino et al. (2015); Harikane et al. (2020); Wong et al.
(2022); Witstok et al. (2022); Algera et al. (2024); Schouws et al. (2025); Bakx et al. (2024);
Schaerer et al. (2015); Watson et al. (2015); Pentericci et al. (2016); Ota et al. (2014); Smit
et al. (2018); Bradac et al. (2017); Matthee et al. (2017); Carniani et al. (2017, 2018); Kanekar
et al. (2013); Matthee et al. (2019); Knudsen et al. (2016); Fujimoto et al. (2019); Capak et al.
(2015); Sommovigo et al. (2022); Fudamoto et al. (2024). This figure is taken from Nakazato
et al. (2025).
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Figure 8.10: Total [O111] /[C1] line luminosity ratio as a function of SFR for our simulated
galaxy at z = 9 — 13 (red stars). The gray points show the observations of z 2 6 galaxies where
both [O111] and [C11] lines are targeted. Some [C11] lines are upper-limits, and the ratio is plotted
accordingly. The blue and red lines are relationships for local galaxies (De Looze et al., 2014)
and z 2 6 galaxies (Harikane et al., 2020), respectively, as in Figure 8.9. This figure is taken
from Nakazato et al. (2025).

arises from spatial and temporal fluctuations in the gas density. Similar mechanisms can explain
the scatter observed in the [C11] -SFR relation.

Hashimoto et al. (2019) and Harikane et al. (2020) have pointed out that there exists a
negative correlation between the ratio of [O111] /[C11] and the bolometric luminosity of the host.
The bolometric luminosity is expected to scale with the SFR of the galaxy (i.e., Ly, x Lyy
SFR). Figure 8.10, we plot [O111] /[C11]-SFR relation for our galaxy at z = 9 — 13 as red stars.
We see that there is a roughly positive correlation between [O111] /[C11] but with the large scatter
of ratios with 1-2 dex at a fixed SFR, which reflects stochastic bursty star formation. We will
discuss this correlation in Section 8.3.6. Our galaxy has a variety of [O111] /[C11] = 0.1 — 50 at
z = 9 — 13. Recently, Schouws et al. (2025) targeted z = 14.2 galaxy JADES-GS-z14-0 and
reported non-detection of [C11], which constrained a lower limit [O1] /[C11] > 3.5. Our galaxy
successfully reproduces such a high line ratio during the bursty star formation phase (Figure
8.8).

8.3.6 Comparison with Simulations

In addition to the comparison to observations in the previous subsection, we compare our results
with other cosmological simulations at z 2> 6 in Figure 8.11 (references are in the caption).
Note that, except for the PONOS simulation (Schimek et al., 2024), the other simulations
analyze multiple galaxies at a fixed redshift, while our study tracks a single galaxy through
time. Therefore, scatter in the other simulations arises from galaxy-to-galaxy variation, whereas
in our case, it reflects temporal variability. Furthermore, our simulation explores a much lower
mass (lower SFR) regime than previous studies, complicating direct comparisons. Nonetheless,
our approach provides valuable insights into the FIR line-SFR relationship for high-z galaxies
over a wide range of masses and star formation rates.

For [Om]-SFR, some simulations of Moriwaki et al. (2018); Arata et al. (2020); Pallot-
tini et al. (2022); Nakazato et al. (2023) are located on the relationships of local metal-poor
and z > 6 galaxies and have more luminous [O111] 88um than the other ones (Olsen et al.,
2017; Schimek et al., 2024; Katz et al., 2022), which are around the local star-burst relations.
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Figure 8.11: Same as Figure 8.9 but comparison with z > 6 galaxy simulations. We compare
our results with FirstLight (Nakazato et al., 2023), Moriwaki et al. (2018), SERRA (Pallottini
et al., 2022), SIGAME (Olsen et al., 2017), Katz et al. (2022), Arata et al. (2020), TNG(Munoz-
Elgueta et al., 2024). FIRE-box(Liang et al., 2024), and PONOS(Schimek et al., 2024). We also
plot the semi-analytical model of Lagache et al. (2018) in the right panel. This figure is taken
from Nakazato et al. (2025).

As mentioned in Section 8.3.5, our simulated galaxy is consistent with the relation of local
metal-poor galaxies rather than that of local star-burst because of its very low-metallicity of
log(Z/Zz) = [—3.5,—2.7].

For [C11]-SFR, the slope of our data is shallower than that of [O111] -SFR, again as mentioned
in Section 8.3.5. This trend is similar to the other simulations with on-the-fly RT (Pallottini
et al., 2022; Katz et al., 2022).

Figure 8.12 shows the relationship between [O111] /[C11] and SFR in our simulation compared
with other theoretical studies at z = 6. We find a positive correlation consistent with the results
of Olsen et al. (2017), Pallottini et al. (2022), and Katz et al. (2022), although an anti-correlation
was reported by Arata et al. (2020). The differences among simulation trends, as well as the
absence of a clear observational correlation, can be interpreted in terms of galaxy mass and
associated star formation variability. Low-mass galaxies have shallow gravitational potentials,
allowing stellar feedback to strongly regulate star formation and thus produce large, stochastic
variations in SFR. In such galaxies, the [O111] /[C1] ratio closely tracks fluctuations in the 10
Myr-averaged SFR and ionization parameter Uijo, (see Section 8.3.4; also Kohandel et al. 2025).
As galaxies grow and their gravitational potentials deepen, the amplitude of SFR fluctuations
diminishes and the correlation weakens. Current observational samples at z 2 6, detected
simultaneously in [O111] and [C11], tend to represent relatively massive systems (M, > 10° M),
whose comparatively smooth star-formation histories may obscure the relationship predicted by
simulations of lower-mass galaxies.

The main difference with respect to previous studies is the values of the line ratios. Our sim-
ulation reaches values as high as [O111] /[C11] ~ 50, whereas other simulations typically find lower
ratios in the range 0.1 — 3 and fail to reproduce the high observed ratios shown in Figure 8.10.
The exact reasons behind this discrepancy are difficult to pinpoint, as star formation and feed-
back prescriptions vary considerably across simulations. One possibility is our exceptionally
short snapshot interval, especially around the intense starburst phase at z &~ 10.5, during which
we output snapshots every 1 Myr. This high temporal resolution allows us to capture transient
peaks in the [Om] /[C11] ratio, which can reach up to ~ 30 at the peak of star formation bursts.
In contrast, many other simulations analyze data from single snapshots or use coarser time
intervals, potentially missing these short-lived extreme episodes.

Another potential factor is the spatial resolution of radiative transfer (RT) calculations.
Many previous simulations employ RT at resolutions of 10 pc or coarser, which may not ac-
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Figure 8.12: Same as Figure 8.10 but comparison with previous theoretical works at z = 6 that
investigated both [O111] and [C11] lines. References are in the caption of Figure 8.11. This figure
is taken from Nakazato et al. (2025).

curately trace the ionization structure within dense gas. For instance, Pallottini et al. (2019)
noted that their simulation with a resolution of 28 pc could not adequately resolve ionized gas
at densities nyrr > 1,ecm ™3, potentially leading to underestimated [O111] luminosities and over-
estimated [C11] luminosities. By contrast, our simulations, with a much finer resolution of 0.1
pc, accurately resolve high-density ionized regions (num ~ 500 cm™3), resulting in stronger [O111]
emission (which scales as o n¥y;). We further discuss the impact of RT resolution on simulated
line ratios in Section8.4.3.

8.4 Discussion

8.4.1 Physical Origins of the High [OIII]/[CII] Ratio

Several possible explanations have been proposed for the high [O111] /[C11] ratios observed in
high-redshift galaxies. For instance, Harikane et al. (2020) and Katz et al. (2022) examined eight
potential contributing factors: (A) elevated ionization parameters, (B) lower gas metallicities,
(C) higher electron densities, (D) enhanced O/C abundance ratios, (E) reduced PDR covering
fractions, (F) attenuation by the cosmic microwave background (CMB), (G) spatially extended
halos, and (H) inclination effects. However, these factors often interact in complex ways, com-
plicating the identification of the dominant physical mechanism driving high [O111] /[C11] ratios.
Therefore, we return to the basic physical parameters and focus our analysis on three funda-
mental properties: gas density, gas temperature, and ion fractions.

8.4.1.1 Toy Model for Intrinsic Line Luminosities

Here we derive emission line luminosities from a simple model assuming constant temperature
and density in each gas phase. The intrinsic luminosities of forbidden lines (i.e., collisionally
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excited lines) can be written as

Ling = A(”gas; T)ngasnionv:gas
= A(T)n? XionVaas  (for ngas < nerit), (8.4)

gas

where A, Vgas, and Xijon are cooling rate [erg s7lem?3), gas volume, and the fraction of a target
ion, respectively. Here, ng,s denotes the number density of each gas phase and is written as
Ngas = Ny in HIT regions and ngas = nyr in PDRs. The main collision partners in HIT regions
and PDR are electrons and neutral hydrogen atoms, and their densities are n. = n. ~ ngy for
Hi1 regions and n. = npy for PDR. The observed luminosity is decreased to some extent via

several effects such as aperture and inclination effect, which will be discussed in Section 8.4.3:

Lobs = fobs Lint (0 < fobs < 1) ) (85)

where fops is the suppression factor related to observations. The intrinsic [Or111] and [C11] luminosities
and their ratio are given as 3

Liomn,int = Mo (Te)nfm Xo++ Vi , (8.6)
Liciint = Ajcy (Te)”%{HX((;}JIrH)VHH

+ Aoy (T ndn X5 Vi (8.7)

HII
s

Xo++
HI
2y X&) Vi

)
nI2‘III XO++ VHII

~—

Licmint _ A (Te
" Liomg,ine Ajormy(Ze
N Ajem (T

Ajorm (Te

(8.8)

where Ty is the gas temperature in the PDRs, and T (= Tyrr) is the electron (gas) temperature
in HII regions. In this analysis, we neglect [CI1] emission from molecular gas, since its mass
fraction remains below 1% even during the intense starburst phases in our simulation. Such
dominance of atomic hydrogen gas in high-redshift galaxies has also been reported by other
simulation studies (Casavecchia et al., 2025). Furthermore, the FIRE simulations (Liang et al.,
2024) reports that the molecular gas contributes less than 10% of the total [CI1] emission at
z=0-8.

8.4.1.2 Cooling Rates of [OIII] and [CII] Lines

From here, we will calculate the cooling rate of collisionally excited lines in HII regions. A
cooling rate for a collisionally excited line in the case of low-density and no stimulated emission
is expressed as:

A2y = ho1qio, (8.9)

where v is the frequency of the emission line and ¢;2 is the collisional excitation rate per unit
time per unit volume [cm3s~1]. The cooling rate is defined to calculate volume emissivity as

€91 — TLCTL1A21, (810)

where n; is the number density of lower levels. Since [Or111] and [C11] transitions are Py —3 Py
and 2P, /2 -2 P /2, 1 correspond to the base levels of their ions. From Eq. (3.34), the collisional

3The critical densities of [O111] 88um and [C11] 158um in HII regions with T = 10* K are 510 and 50 cm ™2,
respectively (Osterbrock and Ferland, 2006) The critical density of [C11] 158um in PDR with Tur = 5000(100) K
is 1.5(2.7) x 10*> cm™® (Draine, 2011).
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de-excitation rate go1 due to electron collisions is given by

8.629 x 1076 Y1 9)

a2 =~ " [cm3s™1], (8.11)
Y (1,2)[0mm = 0.55, (8.12)
T(]-:Q)[CIH == 215 (813)

Here Y (; 9y is the collision strength (dimensionless) and the temperature is expressed in kelvin
[K]. From eq. (8.33), we obtain ¢12 = ¢2192/91 exp(—T%/T), and the equivalent temperatures
for [Om1] 88pm and [C11] 158um are 163 K and 91.2 K, respectively. Finally, eq. (8.9) can be
written as

8.629 x 1076 11,9 T.
A21 = h,l/21 T 12 a exXp <—T> (814)
8.629 x 10767
>~ hV21 x @, 2) (815)

T-1/2 g1

The approximated eq. (8.15) can be satisfied when we consider FIR emission lines from HII re-
gions, ie., Ty < T¢ and exp (—T./T) — 1. The cooling rates for [Om1] 88um and [C11] 158
pum are

Ao (Te) =1.07 x 10~ 197,~1/2 ergs tem? (8.16)
A (Te) =1.17 x 107197, 742 ergs~tem®. (8.17)

From above discussion, we obtain Ajcpyj(7e)/Ajorm(Te) = 1 in HiI regions. Stellar radiation
in high-redshift galaxies tends to be dominated by young and low-metallicity populations and
to have hard SEDs (= high Uj,,). Consequently, ngl) is much smaller than that of local

galaxies: X, (HID < Xo++, and the first term in Eq. (8.8) can be negligible. The cooling rate
of [Cn] ([OIII]) is calculated considering collisions with atomic hydrogen (electrons) in PDR
(Hir regions). They are approximated as follows:

91.2
Aoy (Tar) = 107> exp (—)

Tyr
(16 + 0.344+/ Ty — 47.7/Typ) ergem®s 1 (8.18)
Aomm (Te) = 10719Te 12 ergcm’s L (8.19)

Eq. (8.18) is taken from Barinovs et al. (2005) and Eq. (8.19) is obtained from Eq. (8.16).
The temperature Ty in Eq. (8.18) and T, in Eq. (8.19) are expressed in Kelvin. Note that
Eq. (8.18) does not include the effect of CMB attenuation. We derive the attenuation factor in
the next paragraph.

8.4.1.3 Impact of Cosmic Microwave Background (CMB) Attenuation

In our CLOUDY setup, we include attenuation by the cosmic microwave background (CMB), as
detailed in Section 8.2. Below, we quantify its impact, following Goldsmith et al. (2012), Arata
et al. (2020), and Liang et al. (2024).

For [Ci1emission, we consider two-level populations and define level 1 (2) as the lower

(upper) level. The volume emissivity of [CI1] emission €|cy [erg s~lem?)is

eicm = [A21m2 + BainaJy (Thy) — Biani Ju(Th)] hvicm, (8.20)
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where A1, Bo1, B1o are Einstein’s coefficients, and they have the following relationship:
2
By = 2By (8.21)
91

@ _ 87Thl/[3CH]

.22
B21 02 (8 )

The value of Ag; is Ag; = 2.29 x 1070571 (Nussbaumer and Storey, 1981). The statistical weight
for level 1 (2) is g1 = 2(g2 = 4). Here J,,(T},) is the background radiation at temperature of Tj,,
i.e., Blackbody radiation at CMB temperature;

4 8rhy3 1

= _ 7 8.23
( b) - bb( CMB) 02 exp(T*/TCMB) -1 ( )

where T} is an equivalent temperature, T\ = hv|cp /kp = 91.2K. The excitation temperature
of the transition is defined to satisfy the following relationship;

ng g2 T >
— ==exp| — . 8.24
ni g1 P < Tex ( )

By substituting eq.(8.24) into eq.(8.20), we obtain

exp(Ti/Tex) — 1
exp(Ti/Th) — 1

€icm) = neAarhv [1 - ] = ngAo1hvn (8.25)

The n is the correction term for background radiation. To calculate this term, we derive
exp(Ty/Tex) from the rate equation;

ng [A21 + Ba1Jy + Ca1) = nq [BiaJ, + Chia] . (8.26)
From eq. (8.26), we get
n2 By, +Ci (8.27)
ny Az + BaJy, +Co .
T, B ¢
S22 exp (— ) = 12y + nediy —, (8.28)
91 Tex Az1 + BarJ, + negsy

where n. and ¢§,(¢5;) are the number density of a collision partner and collision rate efficiency for
the partner. The partners for Hil region, PDR, and molecular gas are electrons, neutral hydrogen
atoms, and hydrogen molecules, respectively. The corresponding collision rate efficiencies are
(Goldsmith et al., 2012)

g5 = 8.7 x 1075 cm®s~1(T/2000) 037 (8.29)
gat = 4.0 x 107 em?s (16 + 0.357°° + 48T 1) (8-30)
3oz = 3.8 x 1070 em®s~1(7/100)% 14, (8.31)

where the temperature T is expressed in kelvin [K]. We define G as the same as Goldsmith et al.
(2012); Liang et al. (2024), G = 1/[exp(T%/T}) — 1], and rewrite eq. (8.23) as

By J, = Ay G. (8.32)

From the detailed balance, we obtain

c T,
Q2 _ 92 o, <— > . (8.33)

451 91 Tiin
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Inserting eq. (8.32) and eq. (8.33) into eq.(8.28), we get

T, - A21(1 + G) + nc(él
exp | o) = Y
ex GAg + ncqgl €Xp (_ka )

in

(8.34)

In the case without CMB radiation, G reaches zero and Ty — Tkin. When the second term
in the numerator of eq.(8.34) is weak, i.e., diffuse gas n. < Aa1/¢S;, the CMB effect (G > 0)
becomes large to the excitation temperature Ty, decreasing 7.

To calculate eq. (8.34) for [C11] emission, we need to consider multi-phase gas; Hir , Hi , and
molecular gas. For Hil region, the typical gas temperature is ~ 10* K, and we can approximate
exp (—T1%/Tkin) — 0, obtaining

T* o (1 + G)A21 + nqul
exp = )
Tex GAy

(8.35)

We will obtain the cooling rate from HII regions by inserting eq.(8.35) into eq.(8.20). For
PDR (molecular gas), we replace n. and ¢$; as npr(nm,) and qgll(qgf), respectively. We then

obtain the cooling rate Agr(Am,). The total luminosity is the sum of the luminosity from each

. HIT HI H . HI) .
region (Licm = LECH]) + LECH)] + LECIQI%), but we can approximate Licry ~ LECH)] since the most

[C11] emission comes from PDR. Then we can evaluate the CMB effect as

(HI)
Licm(Tens)  Liem (Tows)
Liem(Th = 0) D (73, = 0)

[c1
6[(gIII)] (Tews) HI
=0
g op(T/Te) =1 (8.36)

exp(Ti/T}) — 1

Figure 8.13 shows how much [CI1]emission is suppressed by CMB at z = 10.0. Here, we
only consider collisions of neutral hydrogen atoms. For diffused gas with ng < 30cm™3, the
CMB effect becomes significant, resulting in a reduction of luminosity over 80%. The threshold
diffuse gas number density is lower at lower-redshift (e.g., ng < 10(1)em ™2 at z = 7(4)). If
the gas number density is higher than the critical density n.;, the rate equation is dominated
by the collision terms, and the CMB effect becomes negligible. We also plot the contours for
[C11] emission as the same as the right panel of Figure 8.7 and [C11] mainly comes from dens and
warm gas with ng = 10273 em ™3 and 7' = 5000 — 10* K. In this region, the CMB at z = 10(7)
affects 10-20 (~ 5)%.

Notice that the cosmic microwave background (CMB) at z = 0 can hinder detectability by
adding background noise that obscures the line signal (da Cunha et al., 2013; Kohandel et al.,
2019). We do not account for this effect here because our focus is on the intrinsic luminosity of
high-redshift galaxies. However, it could become significant when making detailed comparisons
of line profiles between simulations and observations.

In summary, although the CMB at z = 10(z = 7) suppresses [C11] luminosities by roughly
10-20% (~5%), this effect does not significantly alter the derived scaling relationship in the next
section (Section 8.4.1.4).

8.4.1.4 Scaling Relationship for the Intrinsic [OIII]/[CII] Ratio

From Figures 8.1 and 8.7, the typical temperatures of PDR and HiI regions are Ty ~ 5000 K
and T. ~ 2 x 10*K, and the corresponding cooling rates are A[CH] = 3.96 x 1072 ergcm?s~!

and Ajonn = 7.58 x 10722 ergcm®s™!, respectively. For ng) /Xo++, we can approximate
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Figure 8.13: The CMB effect to [C11] 158um luminosity at z = 10 as a function of hydrogen
nuclei density and temperature. The color scale indicates the reduction strength 1 — 7, where n
is the luminosity ratio of [C11] with (without) the CMB stimulated emission and absorption. The
blue solid line represents the critical density of hydrogen atoms. The gray contours show the
[Cr] luminosity in the phase-diagram with log Licmj/[Le/Alogny/AlogT]) = —0.5,0.5,1.5,
where Alogny = 0.12 and AlogT = 0.05. Note that the contoured [C11]luminosities are
calculated by considering the CMB effect in CLLOUDY. This figure is taken from Nakazato et al.
(2025).
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as the element abundance ratio A(C)/A(O) because ng) /X

Xo++/ X(()Hgiz ~ 1 in HII regions are satisfied. Here X((JHtIO)t and X(OHtICQ denote the total fraction
of carbon and oxygen, summed over all ionization states in each region. We then rewrite Eq.

(8.8) as

(HI)

Ciot ~ 1 in a neural gas and
.

Lionmt _ Ajom (Te) My num A(O)
Licm,ine Ajcm(Tar) Munr nun A(C)

- Myn/Mur\ (nan/nm\ (0/C)
_5.7( i >< 1 >(0/%, (8:37)

where My (Myr) is ionized (neutral hydrogen) gas mass and O/C = A(O)/A(C) is the abun-
dance ratio. We adopted typical values for the gas mass ratio from the middle-right panel in
Figure 8.8 and for the density ratio from Figure 8.7. Since the above derivation assumes constant
temperature and density in each phase, the density ratio that appears in Eq. (8.37), ngm/nu,
should be considered a global luminosity-weighted ratio: ny is the average weighted by the
[O111] 88pm line luminosity and nyy is the average weighted by the [C11] 158 um line luminosity.
This ratio is time dependent and varies between 0.3-1 during bursts of star formation, to 1072-
1073 during quiescence periods between starbursts. Eq. (8.37) shows that line ratios of about
5-6 can be obtained assuming typical values of My /My ~ 0.3 and ny/npr ~ 0.5. During
star-formation bursts, the ionized gas mass can be larger than the neutral gas mass, as shown
in Figure 8.3, leading to even more extreme values of the line ratio (> 10).

8.4.2 Redshift Evolution of [OIII]/[CII]

Here, we discuss how the [O111] /[C1] ratio evolves with redshift based on Eq. (8.37). Obser-
vations suggest that [O111] /[C11] ratios are higher at z 2 6 than in local star-forming galaxies
(see Sections 8.1 and 8.3.5). To unveil the origin of this redshift evolution, we examine the
redshift dependence of four key factors that influence the line ratio: cooling rates, gas masses,
gas densities, and elemental abundances.

Cooling Rates. As the metallicity increases, both the PDRs and the Hil regions cool to lower
temperatures through metal/dust cooling (e.g., Omukai et al., 2005). PDRs can cool to ~ 100 K,
while HIr regions cool to ~ 8000 K (e.g., Osterbrock and Ferland, 2006). Correspondingly, the
cooling rates change to Ajcy = 7.62 ¥ 107 ergs—! cm3?* and Ao = 1.2 X 1072 ergs™! cm?.
Interestingly, the [O111] 88 um cooling rate increases slightly, whereas that of [C11] 158 um de-
creases.” Consequently, the ratio Ao /Ajcm increases from about 19 to 157 as one moves from
high-z to lower-z. However, the impact of cooling rates is reversed by the three other effects

discussed below, and the [O111] /[C11] ratio turns out to be higher in high-z galaxies.

Gas Mass. From Figure 8.8, our simulated galaxies typically show a high ionized-to-neutral
gas mass ratio, Myn/Myr > 0.3, when the line ratio is large, [O111] /[Ci1] > 3. Such high
mass ratios are also found in other high-redshift galaxies, as we will discuss in Section 8.4.4. In
contrast, local galaxies, including the Milky Way, typically show much lower values, M/ Mpyr ~
0.01 (Tielens, 2005), suggesting a significantly lower ionized gas fraction relative to neutral gas
at low-z. This effect is therefore expected to reduce the line ratio at low-z.

4Here we assume that [CI1] emission from CNM dominates at lower redshifts since the gas density is over 10
times higher than that of WNM.

SHowever, rest-optical [O111] cooling rates rise with temperature (see Figure 3.2 of Osterbrock and Ferland,
2006).
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Density. In our simulation, we have computed the [O111] 88pm - and [C11] 158 um -luminosity-
weighted gas densities separately for ionized (Hi1 ) and neutral (PDR) gas. During bursty star
formation episodes, the simulated galaxy exhibits ionized gas densities of (nyy) = 20-200 cm ™3
and neutral gas densities of (ng;) = 70-600cm ™3, with their ratio fluctuating in the range
(num)/(nu1) = 0.3-1.0. Recently, Harikane et al. (2025b) estimated electron densities of galaxies
during the Epoch of Reionization using the FIR [O111] 88um emission line, obtaining values ne <
500 cm 3, with some galaxies even below 100 cm™3. These estimates, while systematically lower
than those derived from optical ([O11]-based) or UV (Ci1i]-based) emission lines, interestingly
match the [O111] 88um -weighted ionized gas densities derived in our simulations.

For local galaxies, Nakazato et al. (2023) and Harikane et al. (2025b) derived FIR-[O111]-
weighted electron densities using the [O111] 88um /52um  line ratio, based on observational data
from Fernandez-Ontiveros et al. (2016) and Brauher et al. (2008). Their estimated electron
densities are typically around 100 cm~3. Meanwhile, neutral gas densities of local star-forming
galaxies have been estimated by Malhotra et al. (2001), typically yielding ngr ~ 102 cm 3. Thus,
we expect that the gas density ratio np/nm decreases systematically from approximately 0.5
at high redshift to roughly 0.1 in local star-forming galaxies.

Elemental Abundances. Since we adopt solar abundance ratios in our current model, the
O/C ratio remains constant. In reality, however, high-redshift galaxies may be enriched primarily
by Typell SNe, possibly elevating O/C above the solar value (Nomoto et al., 2006; Stark et al.,
2017). For instance, TypelIl SNe yields at 1/20 Zg could lead to O/C ratios up to eight times
higher than the solar values. Some observations of z > 6 galaxies also suggest about twice the
solar O/C ratio (Stark et al., 2017), which can linearly decrease [C11] luminosity with respect to
[O111] luminosity and thus boost [O111] /[C11]. In lower-redshift galaxies, O/C would converge
closer to the solar ratio.’

Considering these four factors and Eq. (8.37), we estimate that the [O111] /[C11] ratio could
decrease from approximately 5.7 (or 11.2, if O/C is significantly enhanced) at high redshift to
roughly 0.3 at lower redshift. This is consistent with the [Om1] /[C11] ~ 0.04 — 1 values observed
in local starburst galaxies (De Looze et al., 2014).

8.4.3 Role of Numerical Resolution and f.,s in Reproducing High [OIII]/[CII]
Ratios at z > 6

In Figure 8.10, our simulated galaxies achieve the high [O111] /[C11] ratios (~ 3-30), reproducing
the values observed at z > 6. In contrast, Figure 8.12 shows that other simulations yield lower
[O111] /[C11] values, falling short of the high observed ratios at z > 6. A likely reason for
this discrepancy is our exceptionally high spatial resolution, which is sufficient to resolve dense
Hir regions whose typical size is estimated by the Stromgren radius with 1 pc order (Eq. (8.1)).
Previous on-the-fly RT simulations (e.g., Pallottini et al., 2019; Katz et al., 2019) employed
cell sizes an order of magnitude larger than these HiI regions’. Consequently, their simulations
can produce partially ionized cells where ionizing photons are absorbed within under-resolved
volumes, whereas our higher resolution allows cells to be either predominantly neutral (zyy = 0)
or ionized (zgn =~ 1) (see Figure 8.1). Insufficient resolution can lead to an underestimate of
both the ionized gas mass and its density, suppressing [O111] /[C11] to below unity according to
Equation (8.37).

5We note that a fraction of both carbon and oxygen is locked up in solid grains. Because carbon is more
heavily depleted onto dust than oxygen (Draine, 2011), the gas-phase O/C ratio can be up to ~ 2.5 times higher
than the solar value.

"Strictly speaking, the size of an individual HiI region around each star particle depends on Q(H), which scales
with the star-particle mass. For reference, Katz et al. (2022) employ stellar particles of 400 Mg, while Pallottini
et al. (2019) use 1.2 x 10* M. The corresponding Stromgren radii are ~ 3 pc and ~ 9 pc, respectively—both are
below the spatial resolution of their simulations.
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In the previous section, we focused on physical parameters affecting the intrinsic emission
line ratios. However, observational factors also influence the measured line luminosities through
the factor fons in Eq. (8.5). For instance, extended [CII] emission may be missed when using
small observational apertures, and a large velocity width (FWHM) could lower the peak flux
below detection limits. Harikane et al. (2020) adopted relatively large apertures (~ 2") to fully
capture halo-scale [CI11]| emission, yet still reported high [O111] /[C11] ratios of approximately 3.4~
8.8. They also showed that applying an extended [C11] spatial profile (Fujimoto et al., 2019) to
data obtained with smaller apertures (Inoue et al., 2016a; Laporte et al., 2019) increases the
recovered [CI1] flux by at most ~ 0.6 dex, keeping the [O111] /[C11] ratio high. Another factor,
large velocity widths due to edge-on views, might also reduce the observed flux density (Kohan-
del et al., 2019). However, Katz et al. (2022) analyzed simulated galaxies viewed from different
angles and found that [C11] emission lines are not systematically broader than [O111]. We there-
fore conclude that aperture losses and velocity—width effects can lower fops for [C11] luminosities,
thereby increasing [O111] /[C11] ratios in certain sources, but are unlikely to be the primary cause
of the observed high ratios. This figure is taken from Nakazato et al. (2025).

8.4.4 Synergy of JWST-detected Lines

In Section 8.4.1, we have shown [O111] /[C11] o< (Mun/Mmur)(nun/nur). To examine the valid-
ity of this relation, we derive the mass ratio My/Mmur observationally for the first time by
combining JWST and ALMA observations.

The ionized gas mass My can be calculated using HS luminosity (Finkelman et al., 2010):

Myn = _Lugmu/ne
47TjHﬂ/(ne”p)
L n -1
_ 6 Hp e
= 1.01 x 10° M, <104Oerg/s> (100cm_3) : (8.38)

where my and jug are the proton mass and HfB emission coefficient, respectively. The value of
Jug can be changed by electron temperatures, but its temperature dependency is insignificant
(Osterbrock and Ferland, 2006; Draine, 2011). For My, we use the conversion relation from
[C11] luminosity to gas mass derived by Vallini et al. (2025)%:

My = eqc Licn (8.39)
where
log (e /MoLg') = —0.39l0g(Z/ Zs) + 0.67. (8.40)

Figure 8.14 shows the relation between [O111] /[C11] and M/ Mur. We plot every z > 6 ob-
ject for which [Or11] 88 pm, [C11] 158 pum, Hf, and gas-phase metallicity are currently available
(references are in the caption of Figure 8.14). We successfully obtain the positive correlation
between [O111] /[C11] and My /My, as expected from Eq. (8.37), albeit with large scatter. The
theoretical relation given by Eq. (8.37) is plotted in Figure 8.14) as colored bands corresponding
to different density ratios. The width of the bands, corresponding to a factor of < 1.5 difference,

8We do not adopt the conversion factor derived from our own simulations, because we track only a single
galaxy whose bursty star—formation history at z > 10 produces a much larger scatter in the metallicity—acy
relation than that reported by Vallini et al. (2025). Once galaxies grow sufficiently massive, their SFR fluctuations
should subside and the scatter is expected to converge. We therefore apply the calibration of Vallini et al. (2025)
to the observed systems, assuming that the inferred gas mass is dominated by neutral atomic hydrogen, Mur. A
conversion between Loy and the neutral-gas mass (Mpr) has also been investigated by Heintz et al. (2021, 2025)
using GRB afterglows and damped-Lya spectrum. Because those methods can include large amounts of circum-
galactic gas, we do not employ their relations here and instead focus on the multi-phase ISM in star-forming
regions.
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Figure 8.14: The relationship between [O111] /[C11] and My /M. The red stars are our sim-
ulation results with SFR > 1073 Muyr~—! and gray plots are observational results at z > 6.
The information of Lo sgum: Licn) 158ums Lag, and 12 + log(O/H) are from the following ref-
erences; MACS1149-JD1 (Hashimoto et al., 2018; Laporte et al., 2019; Stiavelli et al., 2023),
MACS0416-Y1 (Tamura et al., 2019; Bakx et al., 2020; Harshan et al., 2024), SXDF-NB1006
(Inoue et al., 2016a, , Ren et al. submitted), B14-65666 (Hashimoto et al., 2019; Jones et al.,
2024a), COS2987030247 (Witstok et al., 2022, , Usui et al. in prep., Mawatari et al. in prep,),
REBELS-12 and REBELS-25 (Algera et al., 2024; Rowland et al., 2025), GS-z14-0 (Schouws
et al., 2024, 2025; Helton et al., 2025), ID4590 (Fujimoto et al., 2024b; Heintz et al., 2023). We
calculate My assuming ngm = 100 cm™2. The colorband shows the different density ratio cases
with ngm/nm = 0.1 — 1.0, with different neutral gas temperatures of Ty = 500 — 5000 K. This
figure is taken from Nakazato et al. (2025).
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Figure 8.15: [O111] /[C11] ratio as a function of [O111] 4959 5007 + Hf equivalent width. Star plots
are our simulation results at z = 9 — 13 with SFR > 1073 Myyr~!, and a colorbar represents the
averaged ionization parameters. Gray and black plots are z > 6 galaxies (Witstok et al., 2022;
Schouws et al., 2025) and local dwarf galaxies from the Dwarf Galaxy Survey (Kumari et al.,
2024), respectively. This figure is taken from Nakazato et al. (2025).

indicates the impact of varying the cooling-rate ratio by changing neutral-gas temperatures in
T = 500-5000 K. We also plots our simulation results with SFR > 1072 Mgyr~!, which exhibit
a clear positive correlation between [O111] /[C11] and My /Mmur. The physical conditions of large
Migr/ My environments are similar to density-bounded ISM, implying low PDR covering frac-
tions and large escape fractions. Our results show GS-z14-0, MACS1149-JD1, SXDF-NB1006-2,
and B14-65666 have relatively high mass ratio of My /My 2 0.3, and might have large escape
fractions.

We also investigate another synergetic diagnostic enabled by the combination of JWST
and ALMA, the relation between the [O111] /[C11] ratio and equivalent width of [O111] 4959 5007 +
Hp (EW([Om] +Hp)). Recent observations suggest that the [O1m] /[C11] line ratio correlates
with the EW([O111] +Hf3), because bursty star formation not only elevates the [Or1] /[C11] line
ratio (see Section 8.3.4) but also enhances the the emission lines ([O111] +Hf) relative to the
underlying stellar continuum. Figure 8.15 presents the relation between the [O111] /[C11] ratio
and EW([O111] +Hp3) for our simulation results with SFR > 1073 Mgyr—!. We have calculated
the stellar continuum by applying BPASS single SED to each stellar particle as a function of
age, stellar mass, and metallicity. The EW of an emission line is defined as Inoue (2011)

, (8.41)

where Ljjpe is the line luminosity and Ly yline is the stellar luminosity density at the line wave-
length Ajpe. Although we neglect the nebular continuum contribution to the continuum, which
would reduce the EW, the effect is expected to be modest, at most a factor of 3 (Inoue, 2011).
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The [O111] 49595007 + HB EW is obtained as

EW([OIII] 4959,5007 1 Hﬁ) = EW([OIII] 4959)
-+ EW([OIH} 5007) + EW(HB) (8.42)

Our simulated galaxy exhibits large equivalent widths of 500-2000 A, reflecting its very young
stellar populations with ages less than 10 Myrs. The distribution of our simulation results
also encompasses recent high-redshift observations, which report EW([O111] 4959 5007 + HB) =
500 — 1300 A and [O11] /[C11] ~ 3-10 (Witstok et al., 2022; Schouws et al., 2025). In this regime,
our simulation results exhibit high ionization parameters, with log Ujon, 2 —2.

8.4.5 Caveats

Several caveats should be considered in interpreting the results of this study. First, our anal-
ysis is based on a single galaxy simulated across multiple redshifts. Although our simulation
achieves high resolution (0.1 pc) and includes on-the-fly radiative transfer, the computational
cost restricts our sample size. Therefore, it remains uncertain whether the conclusions drawn
from this single galaxy can be generalized to the broader galaxy population.

Second, our simulated galaxy is less massive than typical observed high-redshift galaxies,
which have stellar masses of M, > 108, M. Our galaxy, destined to evolve into a dwarf galaxy
by z = 0, has a stellar mass of M, ~ 10°~%, M. at z > 10, comparable to stellar clusters rather
than massive galaxies. However, gravitational lensing can enable observations of such low-mass
galaxies at high redshifts. Recently, several proto-stellar clusters with M, ~ 10°75 M have
indeed been gravitationally magnified and detected at z = 6 — 10 (e.g., Vanzella et al., 2023b;
Adamo et al., 2024b). Given upcoming JWST observations targeting similarly low-mass systems
in gravitational lensing fields (e.g., GO5119, GO6882, GO7049), direct comparisons of the ISM
properties with our simulation results will soon be feasible. For massive high-z galaxies with
M, > 108 M), recent stellar mass functions indicate their number densities are ¢ < 1073 cMpc ™3
at z=9and ¢ <10 4cMpc~2 at z = 11 (e.g., Harvey et al., 2025; Weibel et al., 2024; Ceverino
et al., 2024; Shuntov et al., 2025). Identifying representative samples of such massive galaxies at
z>10 thus requires simulations with cosmological volumes V1 2 (20 chc)3. However, current
zoom-in simulations cannot simultaneously achieve both 0.1 pc spatial resolution and on-the-fly
radiative transfer for such large simulation volumes.

In summary, this study lacks statistics and massive samples. However, our sub-parsec reso-
lution and on-the-fly RT simulations can reveal the most detailed ISM structures and ionizing
states at high-z for the first time, and explain the physical origins of the observed emission line
ratios.

8.5 Conclusion and Summary

We have presented detailed emission-line calculations applied to a cosmological zoom-in simu-
lation at 0.1 pc resolution, incorporating on-the-fly radiative transfer. By combining CLOUDY
with seven physical parameters, we computed multi-wavelength emission lines from the rest-
frame UV to IR. Using 137 simulation snapshots at 1 Myr intervals, we analyzed the emission
properties of a galaxy at redshifts z = 9 — 13, with particular focus on the [O111] 88um and
[C11] 158 um lines.

We found that the [O111] emission primarily originates from central HiI regions with a high
ionization parameter (log(Uion) ~ —1), whereas the [CI1] emission is mainly produced in dense
surrounding PDRs that trace the overall gas distribution. This difference leads to a sharp spatial
contrast in the [O111] /[C11] ratio: values exceed 100 in the central ~100 pc but drop to ~0.01 just
outside the ionized region. Regarding to luminosity time evolution, the [O111] luminosity closely
tracks the 10 Myr-averaged SFR and ionization parameter, while the [C11] emission evolves more
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gradually, reflecting the FUV radiation field from longer-lived stars (10-100 Myr). As a result,
variations in the [O1m] /[C11] ratio are mainly driven by changes in [O111] luminosity, and only
during the peak starburst phase at z ~ 10 does the ratio exceed 10.

When examining emission-line v.s. SFR relations, we found that the [Or11] -SFR correlation
is steeper than local analogs, while the [C1I] -SFR relation is flatter. These trends are consis-
tent with recent ALMA observations and theoretical studies. Our simulations reproduce high
[O111] /[C11] ratios without assuming non-standard O/C abundances. We demonstrate that the
[Om1] /[Cu] ratio approximately scales with the ratios of gas masses (Mpm/Mur), gas densities
(num/nm), and elemental abundances (A(O)/A(C)).

To test this scaling relation, we estimated Myyy/ My for observed galaxies at z > 6 using Hj3
and [C11] emission lines, finding a positive correlation with the observed [O111] /[C11] ratios. The
scatter around this relation is primarily driven by variations in gas density and cooling efficiency.
We also explored the connection between the [O111] /[C11] ratio and the optical equivalent width of
EW ([O111] 4959 5007 + H/3). We found that galaxies with high [O111] /[C11] ratios (2 3) also exhibit
large equivalent widths of 50020004, both quantities reflecting high-ionization conditions. Since
My /My is expected to be positively correlated with the Lyman continuum escape fraction
(fese,Lyc), the observed galaxies with high [O111] /[Cl11] ratios may also have large fes 1yc values,
potentially contributing to cosmic reionization.

The highest priority for future work is to reproduce the high [O111] /[C11] ratios in massive
simulated galaxies with stellar masses comparable to observed systems (M, ~ 103710 M), such
as those in the FirstLight simulations used in Chapters 6 and 7. Ideally, cosmological simulations
with on-the-fly radiative transfer and sub-pc resolution would be performed for these massive
targets down to z ~ 5. However, this remains computationally infeasible with current resources.
Therefore, sub-grid modeling of multi-phase gas is required. Sub-grid models for emission lines
originating in HII regions have been developed in Chapter 6 (see also Nakazato et al., 2023),
while the remaining sub-grid treatment for PDRs can proceed as follows.

First, we need to investigate the dependence of [CI1] emissivity on the radiation field strength
(G), gas number density (ny), gas column density (Nyg), and metallicity (Z), and prepare
look-up tables as a function of these four parameters. Second, UV radiation fields should be
computed using the post-processing radiative transfer approach employed in Chapter 7, and the
[C11) luminosity can then be calculated on a grid-by-grid basis. Since the physical properties
are averaged within each grid and cannot resolve the internal structure of the multi-phase ISM,
the initial [C11] luminosities are expected to be underestimated. To address this, the gas column
density (or gas volume density) will need to be adjusted by a multiplicative factor as a sub-grid
correction, informed by the results presented in this chapter.

While sub-grid modeling will improve theoretical predictions, complementary observations
are equally essential. In the near future, upcoming synergetic observations with ALMA and
JWST will provide spatially resolved information on electron densities and the relative masses of
ionized and neutral gas, enabling detailed studies of ISM conditions and star formation processes
in high-redshift galaxies.



Chapter 9

Conclusions

Understanding the nature of galaxies formed within the first billion years of the Universe is cru-
cial to unravel the processes of cosmic reionization and the formation and evolution of the first
galaxies. Recent JWST observations have spectroscopically identified abundant high-redshift
galaxies via rest-frame UV and optical emission lines. In particular, JWST has opened up
galaxy science at z > 10, continually pushing the frontier of the most distant known galaxies.
To date, more than 1,300 galaxies at z > 6 (cosmic age <1 Gyr) have been confirmed, enabling
statistical investigations of their physical properties. Simultaneously, the Atacama Large Mil-
limeter/submillimeter Array (ALMA) has allowed detections of rest-frame far-infrared (FIR)
emission lines and dust re-emission from these high-redshift galaxies. Multi-wavelength emis-
sion characteristics thus hold crucial insights into star formation (mass assembly) histories and
galaxy kinematics.

To provide theoretical interpretations and complementary insights for these cutting-edge ob-
servations, this study employs cosmological galaxy formation simulations combined with com-
prehensive multi-wavelength emission modeling. In this thesis, we focus on galaxy dynamics,
dust physics, and ISM properties through the following topics: (i) the formation mechanism
of clumpy galaxies, (ii) the internal distribution of dust attenuation and re-emission associated
with dynamical events such as mergers and rotating disks, and (iii) the physical origins of high
[O111] /[C11] ratios observed in z > 6 galaxies. We develop multi-wavelength emission models for
nebular lines and continuum emission from the rest-frame UV to FIR. We then apply these mod-
els to zoom-in cosmological simulations and compare our predictions to the latest observations
from JWST and ALMA.

JWST’s high spatial resolution has unveiled previously unresolved internal structures in
galaxies at z > 6, revealing clumpy morphologies. While local galaxy clumps primarily form
through violent disk instabilities or minor mergers, the formation mechanisms for clumps in
high-redshift galaxies, which often lack well-developed disks, remain unclear. To clarify this,
we used large-scale, high-resolution cosmological zoom-in simulations (FirstLight), investigating
the nature and formation of clumps during the epoch of reionization (z = 5.5 —9). In order
to directly compare the observed clumpy galaxies, we focus on 100 pc-scale sub-galactic clumps
that are bright in the [O111] 5007 Aline with flux greater than ~ 108 ergs~! em—2, to be detected
by JWST with a reasonable exposure times of ~ 10%sec. For 62 simulated galaxies that have
stellar masses of (0.5—6) x 10'° M, at z = 5, we find clumps in 1828 snapshots. The clumps are
identified by the SFR surface densities from the relationships of [O111] 5007Aand SFR. About
one-tenth of the snapshots show the existence of clumpy systems with two or more components.
Most of the clumps are formed by mergers and can be characterized by their ages: central
clumps dominated by stellar populations older than 50 Myr, and off-centered clumps dominated
by younger stellar populations with specic SFRs of ~ 50Gyr~!. The latter type of young
clumps is formed from gas debris in the tidal tails of major mergers with baryonic mass ratios
of 1 < q < 4. The merger-induced clumps are short-lived and merge within a dynamical time
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of several tens of million years. The number density of the clumpy systems is estimated to be
~ 107° cMpc~3, which is consistent with major merger frequencies at z = 6 — 9. This merger-
driven clumpy formation scenario can interpret several features of observed clumpy systems at
z > 6, such as bursty star formation activity occurring a few tens of Myr before the observed
epoch, Lya emitters that may significantly contribute to cosmic reionization, and large cold disk
galaxies during the epoch of reionization (EoR).

In addition to the formation and dynamical evolution of clumpy systems, understanding their
dust properties is essential for accurately tracing star formation histories in the early universe.
To this end, we performed spatially resolved dust analyses by combining JWST’s capability
to probe rest-UV /optical dust attenuation with ALMA’s ability to measure rest-FIR dust re-
emission. Such analyses are critical for accurately reconstructing dust-obscured star formation
histories in the early Universe. In Chapter 7, we investigate differences in dust properties
between integrated galaxies and individual clumps formed through merger-driven and violent
disk instability (VDI)-driven processes. Utilizing the same FirstLight simulation framework from
Chapter 6, we performed post-processed three-dimensional dust radiative transfer calculations,
tracking a simulated galaxy from z = 9.5 to z = 5.25 and identifying clumps based on star
formation rate surface densities. For integrated properties, the merger-driven phase at z ~ 7.2
triggers highly bursty star formation, generating intense UV radiation with intrinsic magnitudes
reaching Myvy,y = —23.5 and blue UV slopes (fuyv ~ —2.3). The infrared excess (IRX) peaks
shortly after mergers at log;o(IRX) = 0.74. During the VDI phase (z ~ 5.9 — 5.2), UV slopes
become redder with Suy ~ —1.7 to -1.3, while IRX remains nearly constant log;o(IRX) ~ 0.5.
Comparing clumps and integrated galaxy properties, both merger-driven and VDI-driven clumps
show IRX values elevated by 0.5-1.7 dex relative to the integrated galaxy. More than half
the clumps exhibit redder UV slopes compared to the integrated galaxy, whose bluer slope
is dominated by diffuse stellar emission. We further introduce a toy model explaining IRX~-
Buv scatter by using two parameters: dust optical depth and the dust-to-star scale-height
ratio. Merger-driven clumps exhibit well-mixed geometries with optical depths approximately
ten times higher than VDI-driven clumps, which show optical depths similar to the integrated
galaxy and predominantly screen-like geometries. We finally propose that combining JWST
attenuation curve analyses with our toy model turns the IRX-Syvy relation into an effective
geometry diagnostic. The partially resolved IRX-Syy relation enables us to accurately estimate
the total SFR (UV + IR) of observed galaxies, while using system-integrated IRX-fyv relations
may lead to underestimates of both the total SFR and the dust-obscured fraction.

In addition to continuum-based diagnostics such as IRX-fyy, emission line ratios like
[O111] 88pm/[C11] 158um serve as powerful probes of the ISM phases and ionization conditions
in high-redshift galaxies. While JWST primarily traces emission from ionized gas, ALMA cap-
tures lines from both ionized and neutral gas ([O111]88um, [C1]158um). The synergy be-
tween JWST and ALMA thus enables a comprehensive view of the multi-phase interstellar
medium (ISM) in star-forming regions at high redshift. Observational studies have reported
[O111] 88pm/[C11] 158um line ratios at high redshift exceeding those of local star-forming galaxies
by factors of 10-100. Although various simulations attempted to reproduce these ratios, insuf-
ficient spatial resolution and simplified radiation modeling have typically prevented successful
explanations. In Chapter 8, we investigate the origin of rest-frame far-infrared [Or111] 88um and
[C11] 158 um emission by performing zoom-in cosmological simulations (RAMSES-RT) of dwartf-
galaxy progenitors at z = 9 — 13. Our simulations incorporate on-the-fly radiative transfer at
sub-pc (~ 0.1 pc) resolution, allowing us to resolve the multi-phase ISM. We compute emis-
sion lines on a cell-by-cell basis, taking into account local temperature, density, metallicity,
radiation field strength, column density, and spectral hardness of radiation bins. We find
that [O111] predominantly arises from centrally located ionizing bubbles with temperatures of
~ (1 —5) x 10*K and high ionization parameters of log Ujo, ~ —1.5. In contrast, [CI1]is pro-
duced in the surrounding dense neutral regions at ~ 5 x 103 K, which are heated by strong
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FUV radiation from the central stellar clusters. This spatial arrangement leads to large local
variations in [Om] /[C11], ranging from ~ 100 to 0.01. Our galaxy reproduces the global ra-
tio [O1mm] /[C11] ~ 5 — 30, consistent with recent ALMA detections at z > 6 without invoking
enhanced O/C abundance ratios. We further derive that [O111] /[C11] linearly scales with the
mass and density ratios of ionized to neutral gas, My /Mpr and np/ngr and show that the
[O111] /[C11] ratio typically changes from 5.7 to 0.3 from high-z to low-z. We quantitatively ex-
plain the redshift evolution of this line ratio for the first time. For future synergies of JWST
and ALMA, we derived M/ My for observed z > 6 galaxies using HS and [Cii] and show
the validity of our scaling relations. This detailed emission line modeling for multi-phase gas,
along with sub-pc spatially resolved emission maps, can be incorporated as a sub-grid model
into simulations of more massive galaxies that are comparable to observed systems.

Our multi-wavelength modeling framework provides valuable tools for next-generation tele-
scopes. For instance, the PRIMA Space Telescope, anticipated to launch in 2031, will probe
wavelengths not accessible by ALMA or JWST. This wavelength coverage enables the obser-
vation of small grain dust emissions, PAH emissions, and mid-infrared lines from HII regions
invisible to ALMA. Applying SEDs derived from our dust radiative transfer models, we can
predict the detectability of these emissions. Furthermore, Hil region line emission models estab-
lished in this thesis directly support future PRIMA observations. In addition, by incorporating
our [Ci1] emission line modeling in RAMSES-RT simulations into the FirstLight simulations,
it will become possible to reproduce the spatially extended [C11] emission maps of neutral gas
around clumpy galaxies. Although FirstLight simulations provide a sample of observable mas-
sive galaxies, radiative transfer and chemistries are not incorporated, making it difficult to model
[C11] emission maps accurately. By integrating subgrid models derived from our RAMSES-RT
simulations, such as the Habing radiation field strength and gas column densities in neutral gas
cells, we can now enable [CI1] emission line modeling within the FirstLight framework.

In this thesis, we have investigated gas dynamics, dust physics, and ISM properties of high-z
galaxies at z > 6 by combining multi-wavelength emission modeling with zoom-in cosmological
simulations. Our results will serve as valuable theoretical predictions that can be directly tested
against panchromatic observations conducted by JWST, ALMA, and next-generation telescopes,
thus deepening our understanding of the formation and evolution of the first galaxies and cosmic
star formation histories.
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