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Abstract

We report the discovery of a complex density-stratified interstellar medium (ISM) in the star-forming galaxy
COS-2987 at z = 6.81, revealed by the unprecedented synergy between James Webb Space Telescope (JWST)/
NIRSpec integral field spectroscopy and Atacama Large Millimeter/submillimeter Array (ALMA) observations.
These observations detect key emission lines, including [O 1] A\ 3727, 3730, [O 111] 4364, [O III] A\ 4960, 5008,
and [O111] 88 um, as well as Ha and HB. JWST spectroscopy alone indicates ISM properties that are typical for
galaxies at z ~ 7. These include low dust extinction (Ay = 0.14 mag), moderate electron density (n. ~ 500 cm ),
and low gas-phase metallicity (~10%). However, the strong far-infrared [O III] 88 pm emission detected by
ALMA cannot be explained by a single-component ionized medium with uniform electron density and
temperature. Instead, a two-component ISM model—comprlsmg compact, high-temperature, and high-density gas
components (7, ~ 26, OOO K; n, ~ 600cm°) and an extended, cooler, and lower-density component
(T, ~ 8000K; n, ~ 50cm™ )—successfully reproduces the observed line ratios of [O 111] 88 pm/[O 111] 5008 A
and [O111] 4364 /[0 111] SOOSA with a volume ratio of 1 : 300 between the two components. Our results
demonstrate that JWST alone probes only a fraction of the ISM and highlight the critical importance of combining

8 Kavli Institute for the Physics and Mathematics of the Universe (WPI), UT Institute for Advanced Study, The University of Tokyo, Kashiwa, Chiba 277-8583,

JWST and ALMA to reveal the density-stratified ISM of early galaxies.
Unified Astronomy Thesaurus concepts: Galaxy formation (595); Galaxy evolution (594); Interstellar

medium (847)

1. Introduction

Understanding the physical properties of the interstellar
medium (ISM) in galaxies is crucial for studying galaxy
formation and evolution. With the advent of the James Webb
Space Telescope (JWST; J. P. Gardner et al. 2023) and the
Atacama Large Millimeter/submillimeter Array (ALMA;
A. Wootten & A. R. Thompson 2009), fundamental physical

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

quantities in HI regions—such as the electron density (7.),
electron temperature (7,), ionization parameter, and gas-phase
metallicity—can now be measured even in galaxies at redshifts
(z) beyond 4 out to the epoch of reionization (z 2 6; e.g., Y. Isobe
et al. 2023; M. Killi et al. 2023; K. Nakajima et al. 2023;
Abdurro’uf et al. 2024; S. Arribas et al. 2024; 1. H. Laseter et al.
2024; R. L. Sanders et al. 2024; J. Alvarez—Mérquez et al. 2025;
J. A. Zavala et al. 2025).

Recent studies have reported evidence for a density-stratified
ISM in high-z galaxies based on emission-line diagnostics
spanning the rest-frame ultraviolet (UV) and optical wavelengths.
Specifically, n. derived from high-ionization UV lines such as
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Cr] A\ 1907, 1909 and NTV] A\ 1483, 1486°" often exceed
10*-10° cm™, while lower densities (102—103 cm° ) are
inferred from optical dia 2gnostics such as [O 1I] A\ 3727, 3730
or [SII] AA 6718 67332 (e.g., M. Mingozzi et al. 2022; X. Ji
et al. 2024; J. Alvarez-Marquez et al. 2025; M. W. Topping et al.
2025; A. Crespo Gémez et al. 2025, in preparation). This apparent
discrepancy is interpreted as evidence for a density-stratified ISM,
in which UV lines such as C1II] and N IV] trace highly ionized,
high-density regions, whereas optical lines like [OTI] and [SII]
originate from lower-ionization, lower-density gas.

A similar trend is also seen in the far-infrared (FIR) regime.
Based on Herschel/PACS observations of LMC-NI11, the
second-largest giant H II region in the LMC after 30 Doradus,
V. Lebouteiller et al. (2012) found that [O III] 88 pm emission
is spatially extended well beyond the area predicted from the
number of massive stars. The emission requires low-density
gas with n, < 16 cm™>, which is much lower than the values
inferred from optical [O I1] and [S II] doublets (~100 cm73) or
[CITII] AN5517, 5538 (~1700 cm ™). They interpreted this as
evidence that [O1II] 88 pm emission is photoionized by far-
UV photons that penetrate into low-density regions due to a
clumpy ISM structure.

Motivated by these findings, we investigate whether a
similar stratification of highly ionized gas can be identified by
combining rest-frame optical and FIR [O IlI] emission lines.*

In principle, one can determine both 7, and n. of an H II
region with uniform physical conditions using emission lines of
[O ). For example, the flux ratio of [O 1] 5008 A/4364A
depends primarily on T, whereas the flux ratio of [O 1]
88 1m/5008 A depends on both T, and . (e.g., H. L. Dinerstein
et al. 1985; D. E. Osterbrock & G. J. Ferland 2006; L. J. Kewley
et al. 2019; T. Jones et al. 2020; S. Yang & A. Lidz 2020;
Y. Nakazato et al. 2023). This technique has recently
been applied to local analogs of high-z galaxies to investigate
ISM properties such as T, n., and elemental abundance ratios
(e.g., Y. Chen et al. 2023, 2024; see also N. Kumari et al.
2024).

At z 2 6, the powerful synergy between JWST and ALMA
enables, for the first time, complementary observations of rest-
frame optical and FIR [O III] emission lines. S. Fujimoto et al.
(2024), M. Stiavelli et al. (2023), and A. Harshan et al. (2024)
have estimated n, in z ~ 8-9 galaxies based on measurements
of T, from optical spectroscopy and the flux ratio of [O1II]
88 1m/5008 A. However, these studies utilized the NIRSpec
multi-object spectroscopy (MOS) mode to observe optical
[O 111] emission lines, which are subject to uncertainties arising
from slit-loss corrections and from effects related to the
position angle, particularly when the high-z source has a
clumpy morphology or is elongated along a specific axis. In
contrast, ALMA observations are free from such observational
limitations. To accurately characterize the global properties of
galaxies, a combination of NIRSpec integral field spectroscopy

CIH] has an ionization potential of 24.4 eV, with critical densities of
~8.7 x 10* and ~2.8 x 10> cm > for AA1907, 1909, respectively. N 1V] has a
higher 10n12at10n potential of 47.5 eV and ng; values of ~1.5 X 10° and
~5 0 x 10° cm > for AA1483, 1486 (e.g., D. E. Osterbrock & G. J. Ferland 2006).

[O 1] has an 1omzat10n potentlal of 13.6 eV, with critical densities of
~1.4 x 10% and ~3.4 x 10* cm ™~ for A\3727, 3730 respecnvely [S 11] has an
ionization potential of 10.4 eV and n values of ~1.5 x 10% and ~3.9 x 10°
cm ~3 for AA6718, 6733 (e.g., D. E. Osterbrock & G. J. Ferland 2006).

[O 1] has an 1omzat10n potential of 35.1 eV and critical densities of
3.0 x 10% 6.8 x 10°, and 510 cm™ for \4364 A, A\5008 A, and 88 um,
respectively (e.g., D. E Osterbrock & G. J. Ferland 2006).
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(IFS; T. Boker et al. 2022) and ALMA observations is a
crucial next step (see, e.g., J. Scholtz et al. 2025; J. A. Zavala
et al. 2025).

The Reionization and the ISM/Stellar Origins with JWST
and ALMA (RIOJA) project JWST GO1 PID 1840; PIs:
J. Alvarez-Mérquez and T. Hashimoto; T. Hashimoto et al.
2023; K. Mawatari et al. 2025; Y. Sugahara et al. 2025)
conducts follow-up observations of 12 ALMA [O11I] 88 ym
emitters using NIRSpec/IFS and NIRCam. Here, we present a
combined analysis of optical and FIR [O II] emission lines in
CO0S-2987030247 (hereafter COS-2987; R. Smit et al. 2015,
2018; N. Laporte et al. 2017; J. Witstok et al. 2022;
A. C. Posses et al. 2023; Y. Harikane et al. 2025a; K. Mawatari
et al. 2025), a star-forming galaxy at z = 6.81. We find that a
simple homogeneous ISM model cannot reproduce the observed
[O 1] line ratios, suggesting the presence of hidden complexity in
the ionized-gas structure, such as multiple ionized-gas compo-
nents with distinct physical conditions in terms of 7, and 7.

In a companion paper (K. Mawatari et al. 2025), we provide
an overview of the observations of COS-2987, discuss its
stellar populations based on combined JWST and ALMA data,
and present the ISM properties derived from JWST’s spatially
resolved observations.

Throughout this Letter, we adopt a ACDM cosmology, with
Q,, =0.3,0Q),=0.7, and Hy = 70 km s Mpcfl. We assume
a solar luminosity of L, = 3.839 x 10*ergs ' and a solar
metallicity of 12 + log(O/H), = 8.69 (M. Asplund et al.
2009). Hereafter, [O 1] A\ 3727, 3730, [0 111] 4364 A, [O 111]
A 4960, 5008, and [O 111] 88 pm are referred to as [O 11] 3727,
3730, [O1] 4364, [O1] 4960, 5008, and [O1] 88,
respectively, unless otherwise specified.

2. Observations and Data
2.1. JWST NIRSpec IFS Data

The JWST NIRSpec IFS data were obtained as part of the
RIOJA project. The specific observations can be accessed via the
Mikulski Archive for Space Telescopes at the Space Telescope
Science Institute: 10.17909/6mmv-2944. Details of the observa-
tions and data reduction procedures are presented in K. Mawatari
et al. (2025). Briefly, we used the G395H/F290LP grating /filter
combination, which provides a high spectral resolution
(R ~ 2700) and covers a wavelength range from 2.87 to 5.27 um.

The raw data were processed using the JWST reduction
pipeline, version 1.14.0 (H. Bushouse et al. 2024), under
the CRDS context jwst 1223.pmap. We performed the
following custom steps to improve the data quality: (1) sigma
clipping, to reject bad pixels and cosmic rays; and (2) subtraction
of the median background from the calibrated images (e.g.,
M. A. Marshall et al. 2023; M. Perna et al. 2023; H. Ubler et al.
2023). The final data cube was combined using the “drizzle”
method, sampled with a pixel size of 0705. To ensure that the line
fluxes are measured from the same spatial region, the point-spread
function (PSF) of the cube was matched to that of the Ha
emission line, which corresponds to the longest wavelength
among the detected lines (see Appendix A).

As presented in K. Mawatari et al. (2025), we detected
multiple emission lines, including [O 1] 3727, 3730, Hp,
[O 1] 4364, [O 1] 4960, 5008, and Ha, all at 40 significance
in the integrated spectrum. The left panel of Figure 1 shows the
integrated intensity map of the [OIII] 5008 emission, while the


https://doi.org/10.17909/6mmv-2944
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Figure 1. Left: integrated intensity map of the NIRSpec [O 1] 5008 emission. The red contours show the +2"c significance levels (n = 1, 2, 3, ... ), where
o0 =1.16 x 107>  erg s~ cm 2 pixel "', Positive and negative contours are shown by the solid and dashed lines, respectively. The orange circle at the bottom left
indicates the FWHM of 0721 at the observed wavelength of Ha (5.125 um). Right: one-dimensional spectra of [O 1II] 4364, [O 111] 5008, and [O 111] 88, where the
horizontal axis is the velocity relative to the best-fit redshift to the [O I1I] 5008 line. In each panel, the red solid histogram and gray shade indicate the observed flux
density and 1o uncertainty, respectively. The gray shade is not visible for [O IIT] 5008, due to its negligible 1o uncertainty.

spatially integrated one-dimensional spectra of [O1II] 4364 and
[O 1] 5008 are shown in the right panel.

Table 1 shows the line fluxes. The fluxes were obtained by
applying Gaussian fitting to each line profile, where the spectra
were extracted from regions with =20 significance in the
[O 1] 5008 intensity map (Figure 1). Based on a curve-of-
growth analysis, we estimate that the adopted aperture misses
~ 10% of the total flux. Therefore, we applied a 10% aperture
correction to all line flux values, because we use the PSF-
matched data. This aperture correction does not affect the line
ratios of the NIRSpec IFS data, but it is required when
comparing NIRSpec IFS and ALMA data.

2.2. ALMA [O 1i1] 88 wm Data

ALMA Band 8 (Y. Sekimoto et al. 2008)** observations
targeting [O I1T] 88 in COS-2987 were conducted as part of an
ALMA Cycle 6 program (ID: 2018.1.00429.S; PI: R. Smit).
Although J. Witstok et al. (2022) presented the initial detection
and results of the [O III] 88 line, we reanalyzed the data cube to
uniformly measure the line flux of COS-2987 in a manner
consistent with other RIOJA studies.

The data were reduced using the Common Astronomy
Software Applications (CASA; CASA Team et al. 2022)m
version 5.6. Imaging was performed with the CASA tclean
task, adopting natural weighting to optimize point-source
sensitivity. The final cube has a synthesized beam size of
0”80 x 0”61 with a positional angle of 86°, consistent with
J. Witstok et al. (2022). The typical rms noise of the cube is
0.576 mJy beam ' per 30km s~ ' channel.

24 See also T. Bakx & . Conway (2024) for a summary of ALMA receiver
references.

As shown in Figure B1 in Appendix B, we integrated the
emission over the frequency range of 434.2-434.9 GHz,
corresponding to a velocity width of 480kms™' (ie., ~
times the FWHM of the optical lines), to generate the
integrated intensity (moment-0) map of the [O IIT] 88 emission.
The noise level of the map is o = 82.6 mJy beam™ ' kms ™',
and the [O 111] 88 line is detected at a peak significance of 7.5¢.

We measure an integrated line flux of 1.06 + 0.23 Jykms ',

corresponding to a flux of (15.3 4+ 3.3) x 10 ¥ ergs™'ecm ™2,
consistent with the values reported in J. Witstok et al. (2022)
within uncertainties. The bottom right panel of Figure 1 shows

the spectrum of [O IIT] 88 emission.

3. Properties Obtained from NIRSpec/IFS
3.1. Integrated Internal Dust Extinction

We estimate the internal dust extinction (Ay) of COS-2987
to correct the observed emission-line fluxes. We derive Ay,
based on the Balmer decrement of Ho/HS as follows:*’

1%

2.5 X Ry (Ha/HB)obs
= log; s (1)
k(AuB) — k(M) (Ha/HB)heo

where k(\) denotes the extinction curve, and Ry = Ay/E(B — V)
is the total-to-selective extinction ratio. We adopt the SMC
extinction curve with Ry = 2.74 (K. D. Gordon et al.
2003). (Ha/HPB)ops and (Ha/HPB)geo represent the observed

25 At the sky position of the target and over the wavelength range of
~3-5 pm, the Galactic extinction is negligible (A, < 0.01 mag; D. J. Schlegel
et al. 1998).
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Table 1
The Spatially Integrated Properties for COS-2987

Line Fluxes®*
(10718 erg st cm’z)

Fiou 3727 7.1 £ 0.9
Fio 1 3730 76+ 1.2
Fio m 4364 1.8 £0.5
Fup 8.0 + 0.8
Fio mn 4960 174 + 1.8
Fio un s008 523+ 54
Fro 239 + 24
F[O 1] 88 153 4+ 33
Line Ratios®

Ha/HA 3.00 + 0.40
[0 111] 4364/5008 0.038%4617
[0 1] 3730/3727 1.05 £ 0.21
[0 11] 3727,3730/H3 1.99°0%7
[O 1] 4960,5008/H.3 8.647003

[0 111] 88/5008° 02233

Physical Properties

Ay/mag 0.14733
T([O m])/K 2.021930 x 10*
T([O 1) /K¢ 1724938 x 104
([0 11]) /em ™ 4941338
12+1og(O/H) 7671013
Dust-corrected Line Luminosity [x10® L]

Lo ur) 4364 3.3513%
Lio m 5008 88.5113
Loy 88 214 + 4.6
Notes.

% All values before the dust correction.

b All values corrected by dust extinction, except the Balmer decrement, for
which we present the observed value.

¢ The [O 1] 88 /5008 ratio includes 10% absolute flux calibration uncertain-
ties for both the [O I11] 5008 and 88 fluxes (see Section 4).

4 Scaled from T.([O 11]) with Equation (2).

and theoretical Balmer-line ratios, respectively. We obtain
(Ha/HB)ops = 3.00 £ 0.40 (Table 1).

To account for the dependence of (Ha/Hf) e, On electron
density and temperature, we perform an iterative calculation,
following B. Welch et al. (2024), who carefully derived ISM
properties for two high-z star-forming galaxies using data from
the TEMPLATES JWST Early Release Science program
(J. R. Rigby et al. 2025).?® To estimate the uncertainty in Ay,
we perform a Monte Carlo simulation with 10,000 realizations,
randomly perturbing the observed Ha and Hf fluxes within
their uncertainties.

We find AV:0.14J_r8jﬁ mag. This result indicates that
COS-2987 1is dust-poor, consistent with the nondetection of

26 We first calculate (Ha/HB)eo in Case B recombination, assuming an
electron density of n. = 100 cm ™ and an electron temperature of 7. = 10* K,
using the PyNeb RecAtom function (V. Luridiana et al. 2015). We then
derive Ay from Equation (1), correct the observed emission-line fluxes for dust
attenuation, and remeasure the electron density and temperature from the
[O 1] 3730/3727 and [O 111] 5008 /4364 line ratios, respectively. This process
is repeated until the change in temperature between iterations becomes less
than 10 K.

Usui et al.

dust continuum emission by ALMA (R. Smit et al. 2018;
J. Witstok et al. 2022). Hereafter, unless otherwise stated, we
base our analysis on the dust-corrected line ratios in Table 1.

3.2. Electron Temperature

We measure the electron temperature of the highly ionized gas,
T([O1m]), based on the [OTII] 4364/5008 line ratio, using the
PyNeb getTemDen function (V. Luridiana et al. 2015). The
uncertainty in T.([O IIT)) is estimated via a Monte Carlo method,
following the same approach as for Ay (Section 3.1). Based on the

measured line ratio of [O TII] 4364,/5008 =0.0380:019 (Table 1),

we derive an electron temperature of T.([O1I])=2.027539 x

10* K. This value is comparable to those found in other z ~ 7
galaxies with similar gas-phase metallicity to COS-2987 (~10%
of the solar metallicity; see Section 3.4) observed by JWST (e.g.,
D. Schaerer et al. 2022; K. Nakajima et al. 2023; J. E. Rhoads
et al. 2023; M. Curti et al. 2024; 1. H. Laseter et al. 2024;
T. Morishita et al. 2024; R. L. Sanders et al. 2024).

We estimate the electron temperature of the lower-
ionization gas, T.([O I1]), using the relation from A. Campbell
et al. (1986) and G. Stasiniska (1982):

T.([011]) = 0.7 x T.([O1I1]) + 3000 K. 2)
Applying this relation, we obtain 7,([0O 1]) =1.72703) x 10*K.

3.3. Electron Density

We estimate the electron density based on the [O11] 3730/
3727 line ratio, using the PyNeb getTemDen function
(V. Luridiana et al. 2015). We adopt T.([O1I]) derived in
Section 3.2, although the [O1I] 3730/3727 ratio has a weak
dependence on electron temperature. The uncertainty in
n.([O11]) is evaluated using a Monte Carlo method, following
the same procedure as for Ay (Section 3.1). From the measured
line ratio of [O11] 3730/3727=1.05 + 0.21 (Table 1), we
derive an electron density of n.([O II]) =494 336 cm 3.

Figure 2 shows the redshift evolution of the electron density,
where the red star represents n. of COS-2987. The n, values at
z~ 0-3 in R. L. Davies et al. (2021) are derived from the [S II]
ratio, while those in R. L. Sanders et al. (2016) are obtained
from either the [S II] or [O II] line ratios. Our measurement is
consistent with typical values for z ~ 5-10 galaxies derived
from the [O1I] ratio (Y. Isobe et al. 2023; Abdurro’uf et al.
2024; C. Marconcini et al. 2024), and also agrees with the
best-fit redshift—electron density relation shown by the blue
dashed line (Abdurro’uf et al. 2024). We stress that the data
point of COS-2987 nicely falls in the redshift gap (z ~ 6-8) in
the previous study of Y. Isobe et al. (2023).

3.4. Gas-phase Metallicity Based on the Direct T, Method

We estimate the oxygen abundance, 12 + log(O/H), as a
proxy for the gas-phase metallicity, using the direct 7, method
with the PyNeb getIonAbundance function (V. Luridiana
et al. 2015). We assume that the total oxygen abundance O/H
is the sum of O""/H" and O"/H". The O""/H" abundance
is estimated from the [OT1] 4960,5008/HG3 ratio and
T.([O11]), while the O" /H" abundance is derived from the
[O11] 3727,3730/H ratio and T.([O11]) (Table 1).

The uncertainty in 12 + log(O/H) is evaluated using the
same Monte Carlo technique adopted for Ay, (Section 3.1). We
obtain a metallicity of 12 + log(O/H) = 7.67"513, corresp-
onding to 10% =+ 2% of the solar metallicity.
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Figure 2. Redshift evolution of the electron density n.. The red star indicates
the electron density of COS-2987, derived from the [O II] ratio. Literature data
at z ~ 0-3 are compiled from R. L. Sanders et al. (2016; [S 11] or [O 1I]) and
R. L. Davies et al. (2021; [S 11]), while data at z 2 4 are taken from Y. Isobe
et al. (2023), Abdurro’uf et al. (2024), and C. Marconcini et al. (2024), all
based on the [O1I] ratios. The filled symbols represent measurements for
individual galaxies, and the open symbols represent median values for the
sample galaxies. The electron density of COS-2987, derived from the [O II]
ratio, is consistent with the overall redshift evolution trend indicated by the
blue dashed line (Abdurro’uf et al. 2024).

4. [O111] Line Ratio Diagnostics Combining JWST
and ALMA

One of the major strengths of this study is that we have four
[O11I] emission lines: the rest-frame optical emission lines of
[O1I] 4364 and [O1I] 4960, 5008 observed with JWST/
NIRSpec IFS, together with the rest-frame FIR emission line
[O 111] 88 observed with ALMA. Since these are emitted from
the same ion of oxygen, we can derive the physical properties
of nebulae without assumptions of abundance ratios.

The left panel of Figure 3 presents a diagnostic diagram of
the optical [O 111] line ratio ([O III] 4364 /5008) versus the FIR-
to-optical [O 1] line ratio ([O1I1] 88/5008), overlaid with
model grids covering a wide range of n. and T, values. These
model grids are calculated with PyNeb, assuming that all
[O 1] lines originate from a homogeneous ionized gas with
uniform electron temperature and density.

The red star in the left panel of Figure 3 shows the observed
[O 1] line ratios for COS-2987, where the [O111] 88/5008
ratio incorporates a 10% absolute flux calibration uncertainty
for both [O111] 5008 (T. Boker et al. 2023)27 and [O 1] 88
(ALMA Cycle 6 Proposer’s Guide).?®

For comparison, we also plot [OII] line ratios from the
literature. The black filled symbols represent high-z star-forming
galaxies. These include COS-3018 at z = 6.85 (R. Smit et al. 2018;
J. Witstok et al. 2022; J. Scholtz et al. 2025), SXDF-NB1006-2 at
z = 721 (A. K. Inoue et al. 2016; Y. W. Ren et al. 2023;
Y. Harikane et al. 2025b; Y. W. Ren et al. 2025, submitted),

27 See also the “Data Calibration Considerations” in the JWST User
Documentation: https://jwst-docs.stsci.edu/jwst-calibration-status /jwst-absolute-
flux-calibration#gsc.tab=0.

8 https:/ /almascience.eso.org/documents-and-tools /cycle6/alma-
proposers-guide
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J0217-0208 at z = 6.20 (Y. Harikane et al. 2020, 2025b), and
J1211-0118 at z = 6.03 (Y. Harikane et al. 2020, 2025b), where
[O 1] 4364 and [O 11] 5008 were observed using the NIRSpec/
IFS mode and [OmI] 88 with ALMA. We additionally plot
MACS0416-Y1 at z = 838 (T. J. L. C. Bakx et al. 2020;
Y. Tamura et al. 2023; A. Harshan et al. 2024; M. Hagimoto et al.
2025), SMACS0723-04590 at z = 8.50 (S. Fujimoto et al. 2024),
and MACS1149-JD1 at z = 9.11 (T. Hashimoto et al. 2018;
T. Tokuoka et al. 2022; M. Stiavelli et al. 2023), where [O1III]
4364 and [O 1] 5008 were observed using the NIRSpec /MOS29
mode and [O1II] 88 with ALMA. The black open symbols
show local dwarf galaxies, including Mrk 71 at a distance of
34Mpc (Y. Chen et al. 2023), Pox 186 at z = 0.0041
(N. Kumari et al. 2024), and Haro 3 at z = 0.0032 (Y. Chen
et al. 2024), where both the optical and FIR [O 1] lines were
observed with IFS.

In the left panel of Figure 3, the observed ratios for COS-2987,
COS-3018, and J0217-0218 lie outside the T.—n. model grids,
whereas the other high-z galaxies fall within the grids. Moreover,
the high-z data points from the literature (black filled symbols)
suggest 1. = 100-500 cm >, while the redshift dependence
presented in Figure 2 indicates typical densities of n. > 500 cm .
Therefore, the lower-n, values from the FIR-to-optical [O I1I] line
ratios seem to be common in high-z galaxies (see also a recent
similar conclusion by Y. Harikane et al. 2025b).

We stress that the lower-n, values derived from the FIR-to-
optical [O 1] ratios are not limited to high-z galaxies. As noted in
Section 1, observations of the nearby massive star-forming region
LMC-NI11 reveal spatially extended and bright [OTI] 88
emission, which is inconsistent with the n. values inferred from
the optical [O 1], [S11], or [ClHI] lines (V. Lebouteiller et al.
2012). These optical diagnostics have higher critical densities and
therefore likely trace more compact regions than [O III] 88.

The results indicate that the [O III] line ratios of COS-2987
cannot be reproduced by a simple model of homogeneous
ionized gas with uniform temperature and density. In
Section 5, we discuss two possible origins for this discrepancy.

5. Discussion

The FIR-to-optical [O IIT] line ratio diagnostics presented in the
left panel of Figure 3 demonstrate that the observed values in
COS-2987 cannot be explained by a homogeneous ionized gas
with a single set of electron density and temperature. This
discrepancy highlights the need to explore more complex scenarios
for the ISM. In the following subsections, we discuss two possible
origins of this tension: (i) the presence of inhomogeneously
distributed dust within the ISM (Section 5.1); and (ii) a density-
stratified ionized ISM structure (Sections 5.2 and 5.3).

5.1. Inhomogeneously Distributed Dust

One possibility to explain the observed [OIII] line ratios
could be an inhomogeneous dust distribution. This idea is
suggested by ISM studies of local dwarf galaxies using rest-
frame optical to FIR emission lines (e.g., Y. Chen et al. 2023,
2024; N. Kumari et al. 2024).

Y. Chen et al. (2024) analyzed both optical and FIR
emission lineso of [O1I1] (4364, 5008 A and 88 pm) and [N 1I]
(5755, 6583 A and 122 pm) in Haro3, to estimate both

P In MACS0416-Y1, the NIRSpec prism mode does not spectrally resolve
[O 111] 4364 and Hr, but the authors were able to decompose these line fluxes
based on the Balmer decrement obtained from Ha and Hf.
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Figure 3. Left: diagnostic diagram of the [O III] line ratios overlaid with T.—n, model grids generated using PyNeb (V. Luridiana et al. 2015). The red star indicates
the observed [O I11] line ratios of COS-2987 (Table 1). The gray star shows the ratios dust-corrected on a pixel-by-pixel basis using the Ay map shown in the right
panel (Section 5.1). The black filled symbols represent high-z star-forming galaxies (J. Witstok et al. 2022; M. Stiavelli et al. 2023; S. Fujimoto et al. 2024;
A. Harshan et al. 2024; Y. Harikane et al. 2025b), where the optical [O IIT] data are obtained from NIRSpec/IFS for COS-2987, COS-3018, SXDF-NB1006-2,
J0217-0208, and J1211-0118 and from NIRSpec/MOS for the remaining galaxies. The open symbols represent local dwarf galaxies (Y. Chen et al. 2023, 2024;
N. Kumari et al. 2024). The [O 111] line ratios of COS-2987 lie outside the model grids, indicating that they cannot be reproduced by a homogeneous ionized gas with
a single set of electron temperature and density. Right: Ay map derived from the Ha/Hg ratio, constructed within the 3o regions of both the Ha and Hf integrated
intensity maps after the Voronoi binning (M. Cappellari & Y. Copin 2003; M. Cappellari 2009). The gray and cyan contours indicate the [O IIT] 5008 and [O 111] 4364

integrated intensity maps, respectively, at the 20 and 30 levels.

electron temperatures and chemical abundance ratios. They
found a significant discrepancy between the N*/H* and
NT/O™™ ratios derived from the optical and FIR [N 11] lines,
which they interpreted as evidence for the strong attenuation of
optical lines due to inhomogeneously distributed dust.

In Y. Chen et al. (2024), the dust extinction correction was
applied using the Balmer decrement measured from spatially
integrated fluxes. However, if dust is distributed inhomogen-
eously within the galaxy, such integrated measurements would
be biased toward regions with less dust extinction, leading to
an underestimation of the true dust extinction.

If this hypothesis holds for COS-2987, the intrinsic
[Om] 5008 and 4364 fluxes would be underestimated.
Equivalently, the intrinsic [O111] 88/5008 and [O 111] 4364/
5008 ratio would be overestimated, potentially affecting the
derived ISM physical properties. We test this hypothesis for
COS-2987 as follows.

First, we generate an Ay map from the PSF-matched Ha/HS
ratio map within the 30 regions of both line-intensity maps
(the right panel of Figure 3). We apply Voronoi pixel binning
(M. Cappellari & Y. Copin 2003; M. Cappellari 2009) to the
integrated intensity maps of HS and Ha in order to optimize
the signal-to-noise ratio in each pixel. The observed [O III]
4364 and [O11] 5008 intensity maps are then corrected for
dust extinction on a pixel-by-pixel basis using the resulting Ay
map.”” Outside the region where the Ay map is not reliably

30 We note that the [O111] 4364 detection region (the cyan contours in
Figure 3) is smaller than the Ay map coverage. The dust extinction correction
is applied even to low-significance pixels in the [O 11I] 4364 map. This could
result in an underestimation of the dust-corrected [O 111] 4364 flux and thus of
the [O 11] 4364 /5008 ratio. Nevertheless, even if the ratio is underestimated,
the true value would shift upward along the vertical axis in Figure 3, which
does not alter our conclusion.

defined (i.e., where either Ha or H@ is not detected above 30),
we assume Ay = 0 for simplicity.

We measure the total dust-corrected [O I1I] 5008 and [O III]
4364 fluxes in a similar manner to the observed total fluxes
(Section 2.1). We perform isophotal photometry on both dust-
corrected line-intensity maps, where we use the 20 isophotal
aperture defined in the [O II] 5008 map (the outermost gray
contour in the right panel of Figure 3). Then, we apply a 10%
aperture correction (see Section 2.1) to both line flux values.

Finally, we estimate the pixel-by-pixel dust-corrected [O III]
4364/5008 and [O111] 88/5008 ratios, represented by a gray
star in the left panel of Figure 3. As a result, we find that the
[O111] 4364 /5008 and [O 111] 88/5008 ratios change by factors
of ~1.07 and ~0.82, respectively. However, even after this
correction, the integrated [OII] ratios of COS-2987 still
cannot be explained by a homogeneous ionized gas with
densities comparable to those inferred from the [OII] lines.

We therefore conclude that the integrated [O1III] ratios
cannot be reproduced by an ISM characterized by a single set
of electron density and temperature, even after accounting for
the spatial structure of dust attenuation. This supports the view
that inhomogeneously distributed dust is not the primary cause
of the observed discrepancy in the [OII] line ratios of
COS-2987.

5.2. Evidence for a Density-stratified lonized ISM

A common assumption in deriving nebular physical
parameters is that all emission lines originate from a
homogeneous ionized gas with uniform electron density and
temperature (see L. J. Kewley et al. 2019 and references
therein). However, the critical density of [OII] 88
(Mecric = 510 cm ) is approximately 3—4 orders of magnitude
lower than those of [OT1I] 4364 (3.0 x 10°cm™>) and [O111]
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5008 (6.8 x 10° cm_3; e.g., D. E. Osterbrock & G. J. Ferland
2006; B. T. Draine 2011). This large difference in critical
densities suggests that the [O IIT] 88, [O1I] 5008, and [O III]
4364 lines may originate from physically distinct ionized-gas
conditions with different densities and temperatures.

We tested this possibility by examining the spatial and
kinematic distributions of the [O 11I] 5008 and [O 111] 88 lines.
As shown in Figure B2 (Appendix B), the radial profiles of the
two lines are consistent within uncertainties, indicating no
significant spatial segregation at the current ALMA resolution.
Similarly, Figure C1 in Appendix C shows that the spectral
profiles of the two lines are broadly consistent, although the
[O 111] 88 line appears marginally broader. These results do not
provide evidence for spatial or kinematic separation between
the emitting regions at the given spatial and spectral
resolutions of the current data. Moreover, we do not find any
velocity components that are detected in the [O III] 88 line but
absent from the [O1II] 5008 line, which would otherwise be
expected if dust attenuation played a major role. This further
supports our conclusion in Section 5.1 that inhomogeneously
distributed dust is not the primary cause of the observed
discrepancy.

Motivated by the large differences in critical densities, we
explore the possibility that the ionized gas in COS-2987
consists of multiple components with different electron
densities and temperatures (i.e., a density-stratified ionized
ISM). Although no significant spatial or kinematic offsets are
observed, these findings do not rule out the presence of
physically distinct gas. While comprehensive models for
ionized gas with multiple physical conditions, such as
MULTIGRIS (V. Lebouteiller & L. Ramambason 2022;
L. Ramambason et al. 2022), are available, we adopt a
simplified two-component toy model that focuses on three
emission lines from doubly ionized oxygen: [O 1] 4364,
[O1] 5008, and [O11] 88. A similar analysis has been
independently conducted for galaxies at z = 6-9 by Y. Harik-
ane et al. (2025b). By limiting the number of free parameters,
our aim is to identify the key physical conditions responsible
for the observed line ratios.

In a two-component ionized-gas model, the luminosity of a
given emission line (L., where “line” refers to [OIII] 4364,
[O111] 5008, or [O 1] 88) can be expressed as

‘ 3
Liine = (—Elme’ Lo cm‘3)(£ )
erg cm

A 3
+ (_ﬂme, 2 ¢ cm3)(£ ), 3)
erg cm

where €jpe; and V; (i = 1 or 2) are the volume emissivity and
the volume of each ionized-gas component, respectively. The
emissivity €jine; 1S given by

Atnei(nes To) nei \(no .
ine = | Dineilleis Ted) 13 Bet ), @
erg cm 3 /\ em™

where Ay, is the cooling rate, and ng++; is the number
density of doubly ionized oxygen. We calculate Ay, ; for each
line using PyNeb (V. Luridiana et al. 2015), by assuming
specific values of n.;, and 7., We assume ng++; =
ne; x 1074, corresponding to O™"/H" = 107* (ie.,
12 + log(O*™*/H') = 8). The aim of this analysis is not to
determine the best-fit parameters, but rather to assess whether
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the observed [O 1] luminosity ratios can be reproduced within
the framework of a density-stratified ionized ISM.

In principle, the line luminosity ratios predicted by the two-
component model can be expressed as a linear combination of
the ratios corresponding to the individual components.
Accordingly, in the top left panel of Figure 4, which is the
same as Figure 3 but shown with linear scales on both axes,
hot and dense gas (component 1) and relatively cool and
diffuse gas (component 2) reside on the model grid represent-
ing a homogeneous ionized medium. The composite (i.e.,
global) line ratios are therefore expected to lie along the
straight line connecting these two components.

We find that the observed [OIII] line ratios are well
reproduced by a model consisting of component 1 with
(Te.1, ne,1) = (26,000K, 500 cm ) and component 2 with
(Te2, ne2) = (8000 K, 50 cm ). The components 1 and 2 are
marked by the dark red and orange squares in the top left panel
of Figure 4. As shown in the figure, the observed line ratios
(indicated by the red star) can be reproduced by a linear
combination of the two components with an appropriate
volume ratio. We also note that other sets of physical
conditions could reproduce the observed line ratios, such as
a higher 7, for component 1 and a higher n, for component 2.
The top right panel of Figure 4 shows the predicted line ratios
of the two-component model as a function of the volume ratio
V1/Va,, with T, 1, ne1, Te2, and ne held fixed. By comparing
the model predictions with the observed values of [O111] 88/
5008 and [O111] 4364/5008, we derive a volume ratio of
Vi/V, ~ 1/300. The corresponding mass ratio of the two gas
components is M;/M, ~ 1/30, where the mass of each
component is calculated as M; = n.;V;.

We stress again that the specific combination of the T, n.,
and V,/V, parameters presented above is not a unique
solution. Nevertheless, our two-component model successfully
reproduces both the observed [O 111] 88 /5008 and [O 111] 4364/
5008 ratios simultaneously, which cannot be achieved by a
commonly assumed homogeneous gas. We also note that the
observed [O11] 3727, 3730 emission likely originates from a
different ionization phase not included in our current model.
One possible explanation is the presence of a third component
with lower ionization and relatively high density, perhaps
located at the surface of H 1 gas clouds in the galaxy. Exploring
this additional phase is beyond the scope of the present work,
but it will be an important direction for future modeling
efforts.

5.3. Interpretation of the the Density-stratified lonized ISM

The bottom panel of Figure 4 provides a schematic
illustration of the density-stratified ionized ISM scenario. In
this framework, component 1 corresponds to compact, dense,
and high-temperature ionized regions associated with young
massive stars or stellar clusters. Such regions are expected to
be more common in high-z galaxies (M. Mingozzi et al. 2022;
M. W. Topping et al. 2025). The relatively cool and diffuse gas
(component 2) is expected to surround the component 1
regions, because their volumes are different by a factor of
~300. The diffuse and extended gas component may originate
from hydrogen-ionizing photons—i.e., Lyman continuum
(LyC) photons—leaking from dense high-temperature H1I
regions (component 1), resembling the so-called “picket-fence
model” (T. M. Heckman et al. 2011; E. Leitet et al. 2013).
This scenario is supported by observations of nearby massive
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star-forming regions: AKARI observations of 30 Doradus
(M. Kawada et al. 2011) and Herschel /PACS observations of
LMC-N11 (V. Lebouteiller et al. 2012) revealed spatially
extended [O 1] 88 emission beyond the regions expected from
the number of massive stars, likely due to a clumpy low-
density medium that allows ionizing photons to propagate over
large scales. Similarly, the modeling of the Herschel Dwarf
Galaxy Survey (D. Cormier et al. 2015, 2019; L. Ramambason
et al. 2022) also requires such a high-ionization, low-density
component to reproduce the observed [O1II] 88 flux. Such
porous conditions would facilitate the leakage of LyC photons
into the surrounding medium, relevant to the study of cosmic
reionization (e.g., D. Cormier et al. 2019; L. Ramambason
et al. 2022; M. Hagimoto et al. 2025).

Indeed, the detection of Lya emission from COS-2987 at
z ~ 6.8 (N. Laporte et al. 2017), prior to the completion of
cosmic reionization, supports the presence of clear sight lines
that facilitate LyC escape. We refer readers to the estimate of
the LyC photon escape fraction for COS-2987 presented by

K. Mawatari et al. (2025). Using the analytic prescription of
N. Choustikov et al. (2024), which incorporates parameters
such as the 032 ratio ([O 111] 4960,5008 /[O 11] 3727,3730) and
Hp luminosity, K. Mawatari et al. (2025) obtained a nonzero
escape fraction of f,. = 575%. This estimate is consistent
with the high [O 1II] 88 um-to-[C 1I] 158 pm luminosity ratio
of ~6 in COS-2987 (J. Witstok et al. 2022). Based on the
empirical relation proposed by R. Ura et al. (2023),*! we infer
Jese = 4%—14%. Taken together, the results for COS-2987,
along with similar trends in other high-z galaxies (Figure 3),
may hint that high-z ALMA [O1I] 88 pum emitters—with
potentially porous ionized-gas structures—contributed to
cosmic reionization.

3R, Ura et al. (2023) combined two positive correlations: (i) between the
optical O32 ratio and f.s; and (ii) between the optical O32 ratio and the [O III]
88 um-to-[C II] 158 ym luminosity ratio, thereby obtaining a correlation
between the [O I1I] 88 pm-to-[C II] 158 pum ratio and fec.
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To account for the extremely high electron temperature
(T, ~ 20,000 K) and the resulting strong [O III] 4364 emission
of component 1, we note that one speculative possibility is the
presence of an extreme stellar population, such as very
massive stars (VMSs, with M 2> 150, M.; P. A. Crowther
et al. 2010; J. S. Vink et al. 2015). Future follow-up
observations in the rest-frame UV may provide useful clues,
by examining spectral features that could be indicative of
VMSs, such as an enhanced N/O ratio and a strong He IT 1640
equivalent width (J. S. Vink 2023; P. Senchyna et al. 2024;
A. Upadhyaya et al. 2024).

6. Conclusions

In this Letter, we have investigated the ionized ISM of the
7z = 6.8 galaxy COS-2987 using JWST/NIRSpec IFS and
ALMA spectroscopy. Our main conclusions are summarized
as follows:

1. JWST/NIRSpec spectra revealed multiple rest-frame
optical emission lines in COS-2987, including [O II] A\
3727, 3730, [O11] 4364, [O1I] AN 4960, 5008, and
[O111] 88 pum, as well as Ho and HG (Figure 1; Table 1).
Using only the JWST/NIRSpec lines, we derived an
electron density of n, ~ 500 cm from the [O11]
doublet, consistent with the redshift evolution trend of n.
reported in previous studies (Figure 2).

2. From the combination of optical and FIR [O III] lines, we
constructed a diagnostic diagram based on the [O III]
88/[0MI] 5008 and [O1m] 4364/[0O1I] 5008 ratios.
COS-2987 falls well outside the grid predicted by
homogeneous models computed with PyNeb. Further-
more, a compilation of other high-z galaxies shows a
similar behavior, in which the n. values inferred from the
two combinations of [O 1], [OII1] 88/[O 1] 5008 and
[O 1] 4364 /[0 1] 5008, are systematically lower than
those derived from optical diagnostics such as [O1I].
This indicates that the discrepancy is likely a general
trend and demonstrates that the assumption of a uniform
ionized gas with a single set of electron density and
temperature could not be valid in a large fraction of high-
z galaxies with strong [O IIT] 88 (Figure 3).

3. We examined whether inhomogeneously distributed dust
could explain the high [O 111] 88/[O 111] 5008 ratios. We
conclude that a clumpy dust distribution is not the
primary cause of the discrepancy (see Section 5.1 and the
right panel of Figure 3).

4. Instead, we showed that the observations can be reproduced
by invoking a density-stratified ionized ISM. A simple
two-component ionized-gas toy model with (7., n.) ~
(26,000 K, 500 cm ) and (8000 K, 50 cm ™) successfully
reproduces the observed [OII] ratios. We discussed a
physical scenario for such stratification: porous ISM
conditions in which LyC photons leak from dense regions
into a low-density medium, akin to a “picket-fence”
geometry (Sections 5.2 and 5.3; Figure 4).

In summary, these results highlight the complex ionized-gas
structure of the star-forming galaxy COS-2987, which may
reflect its clumpy and extended morphology (K. Mawatari
et al. 2025). Given that such clumpy multicomponent stellar
structures are not uncommon among high-redshift galaxies
(e.g., Y. Harikane et al. 2025a; Y. Sugahara et al. 2025), a
future systematic investigation into the ubiquity of the density-
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stratified ionized ISM at high redshift would be of great
interest. A more detailed modeling of the multicomponent ISM
in a larger sample of high-z galaxies will be addressed in a
forthcoming paper (Y. Sugahara et al. 2025, in preparation).
Given their high critical densities, rest-frame UV emission
lines such as OII] and CII] offer promising avenues for
probing density stratification in high-z galaxies. In addition,
high-angular-resolution observations with ALMA are essential
for obtaining spatially resolved measurements of the electron
temperature, electron density, and [O11] 88/5008 ratio,
thereby enabling constraints on the structure and physical
conditions of density-stratified ionized ISM.
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Appendix A
PSF of the NIRSpec IFS Data Cube

To ensure that the line fluxes are measured from the same
spatial region, we use a PSF-matched data cube, as described
in K. Mawatari et al. (2025). Here, we briefly summarize the
procedure used to create the PSF-matched data cube. To obtain
an empirical PSF for the data cube, we analyzed observations
of the A3V star 1808347 (2MASS J18083474+6927286)
taken during the commissioning program (PID 1128; PI:
N. Liitzgendorf; T. Boker et al. 2023), using the same grating/
filter combination (G395H/F290LP) as for COS-2987. The
data reduction for the standard star was performed with the
same JWST pipeline version and CRDS context as for
COS-2987.

NIRSpec [OII1]5008
[1071 erg s7! em~? pixel™!]

0.0 0.1 0.2 0.3 0.4

2°13'04"

03"

Dec (ICRS)

02"

0

10°00™29.95°  29.90° 29.85°

RA (ICRS)

0.5
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From the data cube of the A3V star, we generated PSF images
at the wavelengths corresponding to the emission lines detected
in COS-2987. We then created convolution kernels to homo-
genize all PSFs to match the PSF at 5.125 pum, corresponding to
the observed wavelength of Ha in COS-2987, which has the
largest FWHM of 0”21 among the detected lines.

Appendix B
Radial Profiles of [O I11] 5008 and [O 111] 88

We examined the spatial distributions of the [O III] 5008 and
[O 1] 88 emission lines, as shown in Figures B1 and B2. In
Figure B1, we present the integrated intensity maps of both
lines, where the [O I1I] 5008 map has been convolved to match
the ALMA beam size (0”8 x 076). To quantitatively assess
the spatial difference, we compare the radial profiles of [O III]
5008 and [O 111] 88 in Figure B2. The blue and red lines with
shaded regions represent the radial profiles of [O IIT] 5008 and
[O1m] 88, respectively. The two emission lines exhibit
consistent radial distributions within the uncertainties, indicat-
ing that there is no significant evidence of spatial separation
between the two lines at the current ALMA resolution.

We note, however, that this result does not exclude the
possibility that future high-angular-resolution observations
could reveal subtle morphological differences between the
[O111] 5008 and [O11I] 88 emissions.

ALMA [OI11]88

[Jy km s7! beam™!]
0.2

0.0 0.1 0.3 0.4

10%00™29.95%  29.90°

RA (ICRS)

29.85% 29,807

Figure B1. Left: integrated intensity map of the NIRSpec [O 11I] 5008 emission, after convolution to match the ALMA beam size (0780 x 0761). The red contours
show the +2"¢ significance levels (n = 1, 2, 3, ... ), where 0 = 1.16 x 1072 erg s 'em™? pixelfl. The orange circle at the bottom left indicates the FWHM of 0721
at the observed wavelength of Har (5.125 pm). Right: integrated intensity map of the ALMA [O 1] 88 emission. The white contours show the £(2, 4, 6)c
significance levels, where o = 82.6 mJy beam™ ' km s~ '. Positive and negative contours are shown by the white solid and dashed lines, respectively. The white

ellipse at the bottom left represents the synthesized beam size of 0780 x 0761.
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Figure B2. Radial profiles of the [O I11] 5008 and [O I1I] 88 emission lines. The blue and red lines represent the profiles of [O I1I] 5008 and [O 111] 88, respectively,
with the shaded regions indicating their corresponding uncertainties.

Appendix C
Line Profiles of [O 111] 5008 and [O 111] 88

We investigated potential differences in the line profiles
between the [OTI] 5008 and [OTI] 88 emissions. Figure Cl
shows the velocity profiles of [OTI] 5008 and [O1I] 88,
represented by the blue and red lines, respectively. Fitting each
line with a single Gaussian profile and correcting for instrumental
broadening, we obtain FWHM;spg =146 + 2kms ! and
FWHMgg =239 + 45kms . These values are consistent within
~20, although the [O 1] 88 line appears marginally broader.
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—— [Oll1]5008
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Figure C1. Comparison of the velocity profiles of the [O 1II] 5008 and [O 111] 88 emission lines. The blue and red lines represent the profiles of [O I11] 5008 and
[O 111] 88, respectively, normalized to their peak intensities.
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