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ABSTRACT

In the final paper of this series, we discuss new perspectives and challenges in the study of interstel-
lar medium (ISM), leveraging comprehensive catalogs and physical insights presented in our previous
papers. We focus on key questions of far-infrared (FIR) fine-structure lines (FSLs): their origins, diag-
nostic value, and implications of correlations. Our analysis reveals a strong dependence on elemental
abundance, so that FSL/Ha traces metallicity, [N 11]/[C 11] traces N/O, and ~80% of [C 11] emission
arises from neutral gas without systematic variations. We conclude a coherence exists between the
emissions from ionized and neutral gases regarding energy sources and distribution. We argue that
[C 11] is physically a metallicity-dependent star formation rate (SFR) tracer, while its correlations with
atomic or molecular gas masses are secondary. Crucially, the [C 11] “deficit” is only part of a universal
“deficit” problem that shows in all neutral and ionized gas lines including extinction-corrected He,
caused by infrared (IR) luminosities and characterized by a dichotomy in gas and dust behaviors.
This universal “deficit” marks a breakdown of the obscuration-corrected star-formation rate (SFR)
calibration and imperils SFR estimates. We argue that it is caused by either IR “excess” or ionized
gas “deficit”, and present possible scenarios. A renewed picture of ISM structure is needed to reconcile
with ionized—neutral gas coherence, metallicity dependence, and gas—dust dichotomy. We also discuss
differences of FIR FSL at high redshifts: the offset in “deficit” trends, the similar [O 1m1]/[C 11] in
metal-poor galaxies, and elevated [O 111]/[C 11] in dusty galaxies.

Keywords: Far-infrared; Fine-structure lines; Interstellar medium; Chemical abundance; Photodisso-

,¥ CHRISTOPHER ROONEY

5
)

ciation regions; Star-formation rate; High redshift; Galaxy Evolution

1. INTRODUCTION

In the first paper of this series (Peng et al. 2025,
hereafter Paper I), we presented a comprehensive com-
pilation of far-infrared (FIR) and mid-infrared (MIR)
fine-structure line (FSL) detections, encompassing the
majority of sources known to date. Building upon this
dataset, the second paper (Peng et al. 2025, hereafter
Paper II) introduced an extensive grid of photoioniza-
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tion models that extend into the neutral gas phase, pro-
viding a robust theoretical framework to interpret the
observed trends of FSLs in Paper I. With both a rich
observational sample and model based diagnostics in
hand, we are now in a position to revisit several long-
standing questions concerning the origin and interpreta-
tion of FIR FSLs.

As summarized in Paper I, earlier studies of FSLs of-
ten neglected comparisons with their well-studied opti-
cal counterparts. This disconnect now poses a significant
limitation—particularly in the era of JWST, which is
capable of observing rest-frame optical spectra of high-
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redshift (z) galaxies, even highly dust-obscured ones,
previously accessible only via FIR or submillimeter (sub-
mm) observations (e.g., Birkin et al. 2023; Arribas et al.
2024; Jones et al. 2024a; Zamora et al. 2024). In Paper
I and Paper II, we demonstrate the concordance of the
two wavelength regimes in measuring metallicity and ra-
diation field strength. In this work, we will explore the
connection of FIR FSLs with the most prominent optical
line Ha.

One of the highlights of FSL studies is the interpre-
tation of the [C 11 line, a major coolant of the neutral
interstellar medium (ISM). Traditionally, [C 11] has been
used as a tracer of the global star formation rate (SFR)
(e.g., Stacey et al. 1991; Herrera-Camus et al. 2015; Sut-
ter et al. 2019) and as a diagnostic of photodissociation
regions (Tielens & Hollenbach 1985; Hollenbach et al.
1991; Hollenbach & Tielens 1997; Wolfire et al. 2022).
However, due to the low ionization potential to turn car-
bon into C*, [C 11] emission can originate from both neu-
tral and ionized gas phases, complicating its interpreta-
tion. Observational studies have suggested substantial
variation in the relative contributions of these phases
across different galaxy populations (Brauher et al. 2008;
Cormier et al. 2015).

Much effort has been devoted to understanding the so-
called [C 11] “deficit”—the observed drop in Lic 1/ Lir
ratio with increasing IR luminosity—but no consensus
has emerged. This issue is more than a breakdown of a
simple correlation as it calls into question the reliabil-
ity of both [C 11] and Lig as SFR indicators (Herrera-
Camus et al. 2015; Schaerer et al. 2020). In PDRs, [C 11]
emission is powered by photoelectric heating, which is
itself closely tied to dust heating and hence to Lig. Dis-
crepancies between these tracers thus have far-reaching
implications for SFR estimation.

Beyond [C 11], other FIR lines such as [O 111] also
present interpretive challenges. Since the first high-z
detections of [O 111] (Ferkinhoff et al. 2010), numerous
studies have reported elevated [O m1]/[C 11| ratios in
high-z dusty star-forming galaxies (DSFGs) compared
to local ultraluminous and luminous infrared galaxies
(U/LIRGS) (e.g., Zhang et al. 2018; Marrone et al. 2018;
De Breuck et al. 2019). This offset, also noted in Paper
I, suggests evolving physical conditions in the ISM.

Moreover, recent studies of Lyman-break and Ly«
emitter galaxies (LBG/LAESs) at z > 5 have suggested
that their [O 111]88/[C 11] ratios lie systematically above
local dwarf galaxy scaling relations with SFR (e.g.,
Harikane et al. 2020). These findings indicate that the
high-z ISM in low-metallicity environment may exhibit
enhanced excitation conditions or different ionization
structures compared to local “analogs.”

In this paper, we revisit these open questions in
FSL studies using our comprehensive dataset (table
FLAMES-low and FLAMES-high, referenced in Ap-
pendix A) in Paper I and insights into line diagnos-
tics obtained in Paper II. Specifically, we will reassess
the neutral-ionized phase diagnostics using a nitrogen-
corrected [C 11]/[N 11] ratio in Sec. 2; explore the com-
monality among the “deficit” trends in different FIR
lines in Sec. 3; investigate the enhanced oxygen line
emission at high redshifts in Sec. 4.8). In Sec. 4, we will
provide a coherent framework for understanding the ob-
served trends of emission lines and their ratios, discuss
the implications of the dichotomy between emission lines
and IR luminosities, as well as the interpretation of FIR
FSLs observed at high-z.

The paper adheres to the same plotting style of the
series. The low-z galaxies are plotted as small dots,
with the color scheme: blue-dwarf galaxies, orange—star-
forming (SF) galaxies, red—(ultra-)luminous infrared
galaxies (U/LIRGs), cyan—-LINERs, black—active galac-
tic nuclei (AGNs), gray—early type galaxies (ETGs),
green-yellow—regions. All high-z data points are shown
as larger symbols with black outline, in the following
colors and symbols: blue star-Lyman break galaxies
(LBGs) or Lya emitters (LAEs), orange diamond-SF,
red circle-dusty star-forming galaxies (DSFGs), black
square—QSOs or AGNs, gray hexagon—ETGs, green-
yellow “x”—damped Lya system hosts (DLAs), brown
“+”—proto-clusters. The Upper or lower limit is plotted
at the 3 o value with the same color and a smaller sym-
bol corresponding to its type, but it is translucent and
has an arrow showing the direction of the constraint.

2. COMPARISON OF NEUTRAL AND IONIZED
GAS EMISSIONS

2.1. [Cuj/[Nu]: [C1] Origin or N/O Abundance

The fraction of [C 1] emission arising from neutral
gas—commonly referred to as the [C 11] neutral frac-
tion (fic 11),neutral)—1s a key diagnostic used in stud-
ies of PDRs and star formation rates (SFR; e.g., Sut-
ter et al. 2019). A widely adopted method to estimate
Jic 11],neutra1 is based on the [C 11] /[N 11]205 ratio (Oberst
et al. 2006), based on the fact that [N 11| arises exclu-
sively from ionized gas and that the emissivity ratio of
[C 11] and [N 11]205 remains relatively invariant across a
wide range of electron densities (n.).

In this framework, any excess in [C 11 flux over
the expected [C 1Ifion/[N 11]205 ratio is attributed
to additional emission from the neutral ISM. How-
ever, this approach neglects the impact of elemental
abundances—specifically the carbon-to-nitrogen abun-
dance ratio (C/N)—on the interpretation of line ra-
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Figure 1. N/O vs. a, [C 1]-to-[N 1]122; or b,

[C 11]-to-[N 11]205. The increasingly denser and longer seg-
mented diagonal lines represent N/O corrected [C 11] neutral
fraction fic jneutrar (Eq. 1) from 0% to 95%. The thick
short-dashed gray line in (b) represent the [C II]ion /[N 11]205
baseline used in Oberst et al. (2006).

tios. On the other hand, nitrogen abundance shows
a large variation across galaxies relative to « elements
due to an additional secondary production channel in
intermediate-mass stars, resulting in a N/O-O/H rela-
tion (Edmunds & Pagel 1978; Henry et al. 2000; Pilyu-
gin et al. 2003). As demonstrated in sec. 3.7 in Paper I,
the observed [C 1]/[N 1] ratio correlates directly with
the nitrogen-to-oxygen abundance ratio (N/O), which

is linked to the C/N ratio through the relatively stable
C/0 ratio (Romano et al. 2020)—both being « elements
and originating in supernova events.

The original calibration presented in Oberst et al.
(2006) assumes a fixed C/N ratio, appropriate for lo-
calized Galactic ISM environments. However, when ap-
plied to a diverse galaxy population, this assumption in-
troduces systematic errors—especially given the order-
of-magnitude variation in N/O across different galaxy
types. While early warnings about abundance effects
were noted (e.g., Malhotra et al. 2001), they have not
been sufficiently accounted for in subsequent studies.
As a result, works using fixed C/N ratios have re-
ported a wide range of fic 11, neutral values strongly de-
pendent on galaxies types: from low values (down to
~50%) in metal-rich systems (Brauher et al. 2008) to
high values (exceeding 95%) in dwarf galaxies (Cormier
et al. 2015); or correlations with dust temperature and
[O 11]88/[N 11]122 ratios (Diaz-Santos et al. 2017).

Croxall et al. (2017) found a metallicity dependence
of [C 1]/[N 11)205 in resolved observations, but at-
tributed the variation primarily to fic 11, neutral Tather
than to underlying abundance differences, due to an un-
derestimated nitrogen abundance trend in their adopted
C/N-metallicity relation.

To address this, we revisit the [C 11]/[N 11] diagnos-
tic by explicitly including abundance corrections. Fig. 1
shows [C 11]/[N 11]122 and [C 11]/[N 11]205 ratios plot-
ted against N/O. Diagonal lines correspond to constant
JiC 1] neutral values after correcting for abundance ef-
fects, following:

. (I H}) (C> (5[0 H],e>

f[C II],neutral 1 <L[C - N 67[1\] - (1)
where C/N is approximated via C/N = (C/0)g x (O/N),
adopting (C/0)s = 10926, Emissivities are computed
with PyNeb (Luridiana et al. 2015) using T, = 10* K,
ne = 50 cm™, assuming collisional excitation by electron.
We also plot the original baseline value of [C 11] /[N 11]205
calibration used in Oberst et al. (2006) for comparison.

After correcting for abundance, the inferred
JiC 1] neutral values across galaxy types converge to a
narrower range (60-90%) with a median around 80%, in
contrast to the wide range suggested by fixed-abundance
calibrations. The use of [N 11]122 yields a scatter and
a trend similar to [N 11]205, indicating that, in real-
ity, the density effect is minimal—consistent with the
small nevariation found in Paper I and Paper II. Most
importantly, we find no intrinsic correlation between
J1C 11],neutral and galaxy types—at least when consider-
ing integrated galaxy properties. Dwarf galaxies that
occupy the low N/O part of the parameter space serve as
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valuable benchmarks, demonstrating how N/O actually
causes the variation in [C 11]/[N 11].

The relatively tight distribution of fic 1) neutrar val-
ues implies that large-scale [C II] emission is generally
dominated by neutral gas, and [N 11]/[C 11] is practi-
cally a tracer of N/O. Residual scatter could also arise
from several effects in addition to fic 11 neutral: Observa-
tional uncertainties (especially for faint [N 11]205 lines),
systematic errors in N/O measurements (typically 0.1
dex), and the assumption of a constant C/O. Further-
more, the observed correlation of fi¢ 11 neutral With other
properties in earlier works can now be unified under the
framework of N/O-driven line ratio differences. For in-
stance, low fic 11),neutral in metal-rich galaxies and high
JIC 11],neutral in dwarfs are naturally explained by their
respective differences in N/O. Similarly, apparent cor-
relations between fic 11 neutral and dust temperature or
[O m1]88/[N 11]122 may result from underlying trends
linking metallicity, ionization parameter U, and dust
heating (see Sec. 7).

Nevertheless, we caution that the current data is
sparse and subject to large uncertainties, which may ob-
scure subtle residual trends.

2.2. FIR FSL-to-Hoa Ratios

Due to the lack of a direct tracer of total ionized hy-
drogen (H") in the FIR, and the limited availability
of free-free radio continuum data, we use extinction-
corrected Ha (Hotext.corr.) €mission as a normalization
baseline to investigate the impact of absolute gas-phase
metallicity (O/H) on FIR FSL luminosities.

In Fig. 3, we plot the ratios of [O 111]88, [C 11], and the
[O 1] doublet relative to Ha as a function of log (O/H).
The bottom panels show the same ratios scaled by O/H
to highlight residual trends or scatters. All four FIR
lines exhibit a clear and approximately linear correlation
with metallicity when normalized by He, indicating a
strong abundance dependence.

For [O 111]88, the best-fit linear scaling factor is 10359,
which closely matches the theoretical emissivity ratio
£[o 1mss/@B,Ha = 10*°7 computed at T, = 10* K and
ne = 50cm™ with PyNeb, and a case-B recombination
coefficient ap forHa (Osterbrock 1989; Draine 2011a).
Similarly, the fitted [C 11]/Ha/(O/H) ratio of 10321
is consistent with the expected value, derived using
€[C 11],e~ /O[B,H(Dc/(1 - f[C II],neutral) * (C/O)Q = 103'357
where €.- denotes the emissivity in ionized gas for [C 11]
assuming the aforementioned conditions. We adopt
JiC 1),neutral = 0.8 as estimated in the previous section.

These empirical relations show that FIR FSL lumi-
nosities scale directly with metallicity, or in words, con-
tent of emitting ions. It also demonstrates the effective-

ness of extinction-corrected Ha as a normalization for
the FIR-based metallicity measurement.

It is worth noting that the observed trends are pri-
marily driven by dwarf galaxies, which span more than
1.5 dex in log (O/H), while more massive galaxy popula-
tions cluster within a narrower metallicity range (~0.5
dex), thus appearing compressed along the z-axis and
effectively anchoring the linear-fit.

A notable deviation from linearity is evident in the
[O 111]88/Ha ratio at log (O/H) > —3.75. This turnover
reflects the a decline of the filling factor of doubly ion-
ized oxygen (ffoz+) in metal-rich galaxies, which typ-
ically exhibit lower ionization parameters (U). As U
decreases and [O 111)88/[C 11] falls below ~1.5, the dom-
inant ionization state of oxygen shifts from O?* to O,
as is also found quantatively in Paper II. Consequently,
both [O m1]88/Ha and [O 111]88/[C 11] decline by over
an order of magnitude, as shown in the inset of Fig. 3.
To avoid bias from this ionization effect, only galaxies
with log (O/H)-< —3.75 are included in linear fitting and
scatter analysis.

[C 11]/Ha plot also shows a hint of deviation, as high-
z LBG/LAEs appear preferentially lower than both the
linear fit (dashed line) and the distribution of low-z
dwarf galaxies. However, 8 of the 12 high-» LBG/LAEs
below the linear fit are from the same sample (REBELS
Bouwens et al. 2022; Inami et al. 2022; Sommovigo et al.
2022; Rowland et al. 2025; Harikane et al. 2025), and re-
moving the REBELS galaxies would recover a consistent
[C 11]/Ha—O/H relation, even for other z >6 data points.
Therefore, we caution that evidence for deviation from
this trend is elusive. We postulate that the offset of
REBELS data points could be a result of intrinsically
low [C 11]/Ha in z >6 galaxies, or the properties of the
galaxies selected in REBELS survey, or the systematic
difference in how the metallicity measurement and/or
extinction correction is performed in REBELS survey
compared to the rest of the FLAMES sample.

The [O 1]145/Ha ratio shows weaker correlation and
larger scatter compared to the other lines. Despite
its theoretical advantage—lower optical depth than
[O 1]63—0 1]145 suffers from limited detections and in-
trinsically lower luminosity (typically ~1/10 of [O 1]63)
leading to poorer data quality. These factors likely con-
tribute to the observed scatters.

The consistency between the observed [C 11]/Ha ratio
and its theoretical expectation further supports a nearly
constant [C 11| neutral fraction of ~80%, as shown in
Sec. 2.1. The residual scatter in the [C 11]/Ha relation
is 0.22 dex, with no discernible dependence on galaxy

types.
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These results emphasize the dominant role of elemen-
tal abundance in determining FIR FSL luminosities, es-
pecially when normalized by a tracer of ionized gas such
as Ha. They also highlight the potential of FIR FSLs—
particularly [C 11] and [O 111]88—as alternative empirical
metallicity indicators in high-redshift galaxies where a
whole suite of optical lines is not easily accessible, as
well as dust-poor UV-selected systems where Ha is less
attenuated.

3. LINE “DEFICITS”
3.1. Similarities among FIR FSL “Deficits”

As highlighted in Paper I, the FIR line-to-IR luminos-
ity “deficit”—most prominently observed in the [C 11]
line—is not unique to [C 11|, but is a widespread phe-
nomenon affecting all major FIR fine-structure lines
(FSLs). To further investigate whether these “deficits”
arise from a shared physical mechanism, Fig. 4 directly
compares the “deficit” of [C 11] with that of other FIR
FSLs.

Strikingly, all lines except [O 111]88 show strong, nearly
linear correlations with Lc IH/LIR over two orders of
magnitude throughout the sample. These “deficit-to-
deficit” relations suggest a common origin for the de-
clining line-to-IR luminosity ratios, a conclusion fur-
ther supported by the fact that high-z galaxies—despite

their offsets in IR-“deficit” relations—follow the same
“deficit-to-deficit” trends. The apparent universality of
these correlations across different environments and red-
shifts implies that the mechanism reducing line-to-IR
luminosity ratios is both fundamental and widespread.

While the general trends are robust, the degree of scat-
ter and slope deviations vary across lines. The [O 1] lines
exhibit the tightest correlation with [C 11], with a scatter
below 0.3 dex, although slight deviations from the linear
scaling are observed. These are likely driven by the cor-
relation between gas density and dust temperature, as
will be explored further in Sec. 3.3. The [N 11] lines also
show good agreement with the [C 11] “deficit” trend, with
the exception of dwarf galaxies and LBG/LAEs, which
systematically fall below the main relation, reflecting
their lower nitrogen abundance.

In contrast, the [O 111]88 line shows the largest scat-
ter. However, within each galaxy class, a linear corre-
lation between Lo 1iss/Lir and Lic 11/ Lir still per-
sists. The total scatter arises from systematic offsets
between galaxy populations: local dwarf galaxies and
high-z LBG/LAEs show lower [C 11]/[O 111)88 ratios,
and high-z DSFGs and AGNs are offset to higher val-
ues, while low-z U/LIRGs and AGNs display the highest
values of [C 11]/[O 111]88. These offsets are attributed to
variations in the ionizing radiation field, as discussed in



FLAMES III: NEwW ANSWERS AND NEW QUESTIONS 7

a T T YT L B B [P i
 [O HI]88/IR . 1 [ [OI]63/IR 1 [ [OI]145/IR
107 F #%T. f i F 1 F E
] ’
& -3 w.
S0 il 1 1F ‘ E
£ F Poe
o “"r;::. IR ?i+
L - . * e o8
10 k> 1k ¢ 1k S et
E L\/;V E M//.\+~ «\ * +? *L'A*
R ST N gl AR
\\\\ . \\\5' . \\\k u # '
10’57('\ - N Q - (’\ % ] LN -
E RN RS ) N\ S r“ LN
i 1. 1 1 1 Ll Lol 1 1 PR Wi o1 Ll 1
d T R T T e[ T S IR ALY B LA ALY BN LAY
1073 F [N IIJ/IR 4 | [NI]122/IR 4 L [NII]205/1 4

o il

lee/ LIR
7
/z\/
—
e
—e_
-
—
-
-
.

10°

—/0

N\
S
S
sl

10’ Lol PR - L \\\HH|7 MR |
10° 10 10° 10

Licm/Lir

L
—2

1
Licm/Lir Licm/Lir

Figure 4. Comparison of [C 11] “deficit” (x-axis) with the “deficit” of other FIR FSLs (y-axis). Gray dashed lines indicate
constant [C 11]-to-line luminosity ratios. Note that the [O 1]145 and [N 11122 panels include a significant number of upper limits.

sec. 3.6 of Paper I and quantified in Sec. 3.3 of Paper
II, and the offset of high-z dusty galaxies will be further
examined in Sec. 4.8.

3.2. Ha “Deficit”

While most discussions of the line “deficit” have fo-
cused on FIR lines, this phenomenon is not restricted
to FIR. Fig. 5 shows that the well-known SFR tracer,
the extinction-corrected Hor (Hovoxt corr.) also exhibits a
“deficit” at high Lig. The Lpg ext.corr./Lir ratio de-
clines significantly for Lig > 10! Ly in (a), mirror-
ing the trend seen in Lic 1yj/Lir. Moreover, the two
“deficits” are tightly correlated in (b), with a scatter of
less than 0.2 dex.

This alignment between Hoa and [C 11] “deficits” is
particularly revealing. As shown in Fig. 3(a), the
[C 11]/Ha ratio correlates strongly with metallicity. But
U/LIRGs and AGNs typically span a narrow range in
log (O/H), the observed agreement between their [C 11]
and Ha “deficits” suggests a metallicity-independent
mechanism.

Unlike [C 11], which arises from both neutral and ion-
ized regions and is sensitive to heating efficiency and
gas phase, Ha originates unambiguously from ionized
gas and directly traces the ionizing photon rate. Al-
though affected by dust extinction, Ha is corrected for
attenuation here. Therefore, the parallel behavior of
[C 11] and Ha “deficits” rules out explanations based on
metallicity, [C 11] excitation conditions, fc 11 neutral; OF
extinction effects.

A common factor influencing both tracers is electron
density, which affects emissivity. However, as shown
in Sec. 3.5 of Paper I, n. varies only modestly across
galaxy populations and redshifts. The change in line
emissivity due to n. is typically within an order of mag-
nitude—insufficient to explain the 1-2 dex suppression
seen in line-to-IR ratios. Moreover, no systematic corre-
lation is observed between n. and galaxy type, making
density an unlikely primary driver for the trend.

3.3. Abnormal Behaviour of IR Luminosity

The tight linear correlations among FIR line “deficits”
and with Ha suggest a common denominator driving the
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decreasing ratio of line emission to Lig. Given that the span over two orders, the variation must originate from
relative line luminosities to each other differ by less than Lig.
an order of magnitude, while the observed “deficits”
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are color-coded by log (O/H), otherwise showing only the
errorbars. Model lines correspond to constant Lia/Mdust
ratios derived from OT-MBB SEDs.

As discussed in sec. 3.2 of Paper I, Lig is highly
sensitive to dust temperature (Tqyus;), which can be
traced by 560/5100. Fig. 6 shows that the FIR line
“deficits” correlate with S60/5100. The optically thin
modified blackbody (OT-MBB) spectral energy distri-
bution (SED) models predict the observed trends under
constant Liyne/Maust, indicating that increasing Tyust
alone—without changing gas excitation or line emis-
sivity or dust-to-gas ratio—can explain the observed
“deficit” trends.

The same trend holds for Ha, as shown in Fig. 7, rein-
forcing the hypothesis that elevated dust temperatures
enhance Lir disproportionately relative to gas emission.
The correspondence of data points with lines of constant
Liine/ Maust again suggests that the “deficit” is primarily
driven by enhanced emissivity in warmer dust.

Scatters remain, particularly for [C 11] and [O 11|88,
due to effects discussed earlier. High-z points are more
uncertain, with large error bars and limited statistics.

We also examine the physical basis of this trend.
Fig. 8 confirms a weak but positive correlation be-
tween S60/5100 and n. traced by [N 11]122/205, consis-
tent with previous findings (Herrera-Camus et al. 2016).
A tighter correlation is seen between S60/5100 and
[O 1]/[C 1], though this may partly reflect data qual-
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Figure 8. Dust color temperature S60/5100 vs. density
diagnostics a, [N 11]122/205 (ionized gas density); and b,
[O 1]145/[C 1] (neutral gas density proxy).

ity differences. And the interpretation is complicated
by degeneracies between density and optical depth.

Finally, Fig. 9 explores the relationship between
metallicity and dust properties. A “V”-shaped trend
is evident in the S60/5100-log (O/H) plot: as metal-
licity increases to log (O/H) ~ —3.5, dust temperature
decreases monotonically, before rising again at higher
Lir. This reflects the turnover of the Tyust—O/H rela-
tion found in Engelbracht et al. (2008), but with much
higher significance and extending to higher Tyus. A
similar bimodal trend is seen in IRX. These transitions
correlate with an increase in Lyg, and the decoupling
from metallicity dependence occurs at Lig > 10! Ly,
suggesting a shift in dust heating regimes. The impli-
cations for line “deficits” and dust physics are discussed
further in the following section.

4. DISCUSSION
4.1. The Ionized — Neutral Emission Coherence

A recurring theme throughout this study is the strong
correlation between the line emissions arising from neu-
tral gas—mainly [C 11] and [O 1]—and those originat-
ing in low-ionization ionized gas, such as [N 1] and
Haext.corr.- These correlations are particularly evident
compared to high-ionization lines (Paper I, sec. 3.6) or
total infrared luminosity (line “deficits” in Sec. 4). In
contrast to the strong variations relative to Lig, the FIR
FSLs from neutral and low-ionization gas are coupled so
closely that they often appear interchangeable in diag-
nostic plots.

This behavior is physically intuitive: both neutral
and ionized gas phases serve as cooling channels for the
ISM, and both are primarily heated by ultraviolet (UV)
photons emitted by young, massive stars. The result-
ing tight correlations among the corresponding emission
lines reflect a shared energy source.

Beyond a shared energy source, the data suggest that
neutral and ionized gas phases are not only energetically
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but also spatially coherent. Among all physical param-
eters examined in Paper I, metallicity emerges as the
dominant factor that influences the relative strengths
of neutral and low-ionization lines (Paper I, sec. 3.7),
particularly evident in comparisons of neutral gas trac-
ers with Ha emission (see Sec. 2.2). These direct de-
pendences on O/H or N/O imply a shared volume, or
in other words a close spatial association, between the
emitting regions of the two phases.

In principle, differences in ionization energy—EUV
photons for ionized gas and far-ultraviolet (FUV) pho-

tons for neutral gas—could introduce significant vari-
ability due to geometry-dependent photon escape frac-
tions, gas density and pressure, and the heating effi-
ciency of dust grains or gas particles. If the emitting
regions were physically separated, these factors would
lead to observable scatter or decoupling in the line ra-
tios. However, the observed tight correlations suggest
that these influences are either negligible or highly self-
regulated, and that the neutral-to-ionized gas mass ratio
in the line-emitting regions remains approximately con-
stant across galaxy types and environments.

This interpretation is further supported by
the remarkably consistent [C 1] neutral fraction
(fic 11],neutra1), as derived independently from both
[C 1]/[N 11] and [C 11]/Ha ratios (see Sec. 2.1 and
2.2).

The coherence between neutral and ionized gas emis-
sion has practical implications for ISM studies. The
strong coupling between these phases allows for the use
of neutral gas lines—[C 11] and [O 1]—in conjunction
with ionized gas tracers to probe physical conditions like
elemental abundances and radiation field strengthes in
galaxies. This is particularly valuable in high-z systems,
where optical lines are challenging to obtain from the
ground and FIR lines may serve as the primary obser-
vational window into their ISM.

In summary, the tight correlation between the neu-
tral and low-ionization FIR lines underscores the phys-
ical and spatial coherence in their emitting gas. This
coherence reflects a common UV heating source and a
stable mass ratio between the emitting (or irradiated)
neutral and ionized gas phases, reinforcing the utility of
FIR lines as reliable diagnostics of ISM conditions across
cosmic time.

4.2. Caution on Applying PDR Models on Galazy
Integrated Observations

The coherence between ionized and neutral gas emis-
sion discussed in the previous section presents a signifi-
cant challenge to the classical PDR framework. In this
section, we critically assess the validity of applying PDR
models to galaxy-integrated observations and argue that
such an approach may not be appropriate for interpret-
ing FIR FSLs and IR continuum emission on unresolved
scales.

The PDR paradigm (Tielens & Hollenbach 1985) has
served as the foundational theory for studying atomic
and molecular ISM for nearly four decades. Its success
lies in its ability to link atomic and molecular phases
through photochemistry and to describe how UV radi-
ation couples to the neutral medium via photoelectric
heating on dust grains. These models have been suc-
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cessful in reproducing the emission structures and line
intensities of resolved PDRs around Galactic H 11 re-
gions and molecular clouds (Hollenbach & Tielens 1997;
Wolfire et al. 2022).

However, the application of PDR models has extended
far beyond their original domain. They are now fre-
quently used to interpret unresolved observations of en-
tire galaxies, including high-z systems. This extrapola-
tion is often made without critical evaluation, relying on
implicit assumptions that may not hold at global scales,
and frequently lacking validation from independent di-
agnostics or consistency with other ISM tracers.

Applying PDR models to unresolved galaxy obser-
vations implicitly assumes: (1) all observed FIR line
emission originates from PDRs; (2) the observed dust
continuum emission is also produced within PDRs; (3)
the ensemble of emitting regions can be represented as
a mixture of PDRs described by the model parameter
space; (4) the primary energy sources for both gas and
dust are those included in the model (i.e., FUV, X-rays,
cosmic rays). While these assumptions may be reason-
able for resolved Galactic regions, they are simplistic
and may not hold valid for integrated galaxy measure-
ments. For example, in the Milky Way, most FIR dust
emission arises from diffuse ISM heated by a mild in-
terstellar radiation field (ISRF), rather than from dense
PDRs (Caux et al. 1984; Lonsdale Persson & Helou 1987;
Draine & Anderson 1985; Li & Draine 2001). Simi-
lar findings have been reported in extragalactic studies,
where diffuse dust emission dominates the FIR luminos-
ity in normal star-forming systems (Draine et al. 2007).

Regarding gas emission, about half of the Galactic
[C 11] originates in dense PDRs (Pineda et al. 2013). Ob-
servations of high-z galaxies frequently reveal that dust
continuum emission is more spatially compact than [C 11]
line emission (e.g., Carniani et al. 2018a; Fujimoto et al.
2019; Rybak et al. 2020a; Meyer et al. 2025; Rooney
et al. 2025). These findings indicate a spatial discon-
nect between the two and contradict the assumption of
co-spatial origin for FIR continuum and line emission in
PDRs. Resolution limitations and the blending of mul-
tiple ISM phases further complicate the interpretation
of unresolved data (see also Wolfire et al. 2022).

PDR-based interpretations of integrated galaxy data
are often the only accessible observational tool but
have lacked cross-validation with independent diagnos-
tics. Justifications for their use tend to fall into two
categories: (1) Similarity to Galactic PDR line ratios:
Early studies (e.g., Stacey et al. 1991; Kaufman et al.
1999; Malhotra et al. 2001) noted that normal galaxies
and starburst nuclei exhibited FIR line ratios consistent
with dense PDR models. However, these comparisons

were later extrapolated to more extreme systems, such
as U/LIRGs and high-z galaxies, without reevaluating
the underlying assumptions. In many of these cases,
the observed line ratios were interpreted as evidence for
extremely high densities and strong ISRF (e.g., Rybak
et al. 2019).

(2) Self-consistency in parameter space: PDR model
applications often involve fitting ratios of a small num-
ber of observables (at most five independent observables
Lpir, [C 1], [O 1], low and mid-J CO lines) to a model
grid with two primary parameters (typically density n
and radiation field strength G). While fitting four inde-
pendent ratios to two parameters may appear as strong
parameter marginalization and yield a well-constrained
solution, in practice the degrees of freedom are often
insufficient. Typically, only three or four observables
are available, and uncertainties in line ratios (up to 0.5
dex) limit their constraining power. Several ad hoc
corrections—such as adjusting the [C 1I] neutral frac-
tion, accounting for [O 1)63 self-absorption, CO optical
depth, or contributions from shock or x-ray-dominated
ragions (XDRs)—are selectively invoked to tune a fit,
undermining the physical robustness of the model infer-
ence.

Beyond a lack of validation, PDR-based interpreta-
tions can contradict other well-established observational
diagnostics using ionized gas. Observations consistently
show that metal-poor dwarf galaxies exhibit higher U
than metal-rich systems like ULIRGs, evidenced by
stronger high-ionization lines such as [O 111] (Paper I
Kewley et al. 2019). Since no significant difference in
electron density (n.) is observed between these popula-
tions, U should scale directly with the ISRF strength
G (Cormier et al. 2019). Photoionization models that
couple H 11 regions with PDRs do predict a correlation
between increasing U and rising [O 111] nd [N 111] over
low-ionization lines or Ly (Paper II Abel et al. 2005,
2009). The high G in dwarf galaxies is further backed
by their high Tqust-

However, PDR-based fits to Ljc y/Lrir or
Lio j/Lrir ratios yield the opposite conclusion:
ULIRGs are inferred to have the highest GG, while dwarf
galaxies are interpreted to have mild ISRF due to their
lack of a [C 11] “deficit.” This contradicts the intense
radiation field expected in dwarf galaxies, not only
because of high U, but also the low dust-to-gas ratio
(D/G) that further increases FUV photo-to-dust grain
contrast and lowers heating efficiency. To reconcile this
contradiction, another degree of freedom, PDR poros-
ity, had to be introduced to explain Lic 11/ Lir in dwarf
galaxies (Cormier et al. 2019).
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The PDR framework also struggles to explain the tight
correlation between neutral and ionized gas lines iden-
tified in this study (Sec. 4.1). It appears as if the
ionization structure extends beyond the classical ion-
ization front, making low-ionization lines only reflect
the amount of the photons that creates CT, so that
[O 111)88/[C 11] measures U, while [C 11]/Ha is a func-
tion of metallicity. However, this contradicts the PDR
paradigm where neutral gas is heated independently by
all the incidence of FUV photons in regions offset from
ionized gas. Although D/G is affected by metallicity,
it mainly changes the physical thickness of PDR, while
PDR strucutre should remain similar as a funciton of
Ay. As a result, total heating in PDR reflected in [C 11]
and IR luminosity should not depend on elemental abun-
dance.

Furthermore, the PDR framework faces an intrinsic
limitation in explaining the observed line “deficit,” par-
ticularly for ionized gas emission. PDRs are, by defini-
tion, powered by non-ionizing FUV (6 < hv < 13eV)
photons that escape from the surrounding ionized re-
gions and deposit energy downstream in the neutral
medium. As such, any mechanism proposed within the
PDR paradigm to explain the [C 11] “deficit”—such as
reduced photoelectric heating efficiency, suppression of
[C 11] emissivity due to thermalization at high densities,
self-absorption, or dust extinction—can only affect the
neutral gas phase. These mechanisms cannot account
for the simultaneous and equally significant suppression
of ionized gas emission lines like [N 11] or Hey, which are
powered by ionizing (EUV) photons and arise upstream
in the energy flow.

To understand all these, we may need to re-evaluate
our conceptual model of the neutral ISM heating and
distribution, or develop additional theories that can ex-
plain the observations.

This critique is not intended to undermine the value
of PDR models, which remain indispensable for inter-
preting detailed, resolved observations of galactic clouds.
PDRs undoubtedly exist in all galaxies and could con-
tribute significantly to FIR line and continuum emis-
sion. However, interpreting galaxy-integrated data—
particularly in IR-luminous systems showing strong line
“deficits” —using this prescriptive framework often leads
to inferred physical conditions that are extreme and in-
consistent with other ISM tracers.

We therefore urge caution when applying PDR models
to unresolved extragalactic observations. Conclusions
drawn from such modeling should be critically evalu-
ated in light of: (1) the assumptions about emission ori-
gins; (2) the lack of external validation from independent
tracers; (3) the apparent contradictions with ionized gas
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Figure 10. Metallicity log (O/H) v.s. dust properties, col-
or-coded by IR luminosity Lir, according to the color bar
displayed on the top right. a, log (O/H) v.s. the dust ob-
scuration fraction fir = Lir/(Lir+Lruv), the gray dashed
line illustrates a linear fit of the low fir part of the data.
b, log (O/H) v.s. IRX, same as Fig. 9(b). The black dotted
line represents IRX = log fir/(1 — fir) using the linear fit
of fir in (a). ¢, log(O/H) v.s. Lir/Lta,ext.corr., another
measure of obscuration fraction that is normalized by ex-
tinction-corrected Ha, same as Fig. 5(c). The gray dashed
line shows a linear fit to the low-metallicity data, the faint
blue and red arrows denote the trends of data points along
increasing Lir, for normal and dusty galaxies, respectively.
d, log (O/H) v.s. dust color temperature S60/5100, same as
Fig. 9(a). The black dotted line shows the predicted scaling
between the steady state temperature Tis and metallicity,
adopting OT-MBB SED. The arrows denotes the trends of
data points distribution along Lir.

diagnostics; (4) the inability to self-consistently explain
the line “deficit” phenomenon across gas phases. With-
out appropriately addressing these issues—through mul-
tiphase modeling, improved spatial resolution, or more
comprehensive diagnostics—the interpretation of FIR
lines in galaxy-integrated data should not rely solely on
classical PDR models.

4.3. Ionized & Neutral Gas — Dust Dichotomy

In Sec. 3.1 and 3.2, we demonstrate that the line
“deficit” is a universal phenomenom and is primarily
driven by the wildly varying Lig. Sec. 3.3 shows that the
line “deficit” is mainly caused by the fact that dust be-
comes warmer, instead of just a higher dust mass-to-line
luminosity ratio. In fact, this trend of increasing dust
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temperature corresponds to the abrupt deviation from
the Tqust-O/H relation seen in normal galaxies (Fig. 9
and 10). Here, we argue that this “deficit” reflects a
deeper phenomenon: a decoupling between dust emis-
sion and gas spectral line emission in dusty galaxies,
which we refer to as the gas—dust dichotomy. We will
summarize the observed characteristics of the anoma-
lous behavior of dust emission in these galaxies, and
propose several potential scenarios in the next section.

We begin by examining the behavior of dust emission
in normal galaxies.

As shown in Fig. 10, across the range from low-
metallicity dwarfs to SF galaxies, increasing metallic-
ity (log (O/H) from —5.0 to —3.5) is accompanied by a
steady rise in Lig. Simultaneously, the dust-obscuration
fraction—quantified either as fir = Lir/(Lir +
Lryv), obscuration of the bolometric luminosity, or as
Lir /Ly ext.corr., which tracks the fraction of ionizing
radiation reprocessed by dust—increases linearly with
metallicity (Fig. 10(a) and (c)). These trends can be
approximated as:

fIR ~ 103'40 . (O/H), LIR/LHa,ext.corr. ~ 105'82 ' (O/H)

(2)

This linear relation in fig also reproduces the curved
trend of IRX versus metallicity (Fig. 9(b)), shown as
the dotted line in Fig. 10(b).

The linear scaling between fig and metallicity is non-
trivial, given that the D/G has been shown to corre-
late more steeply with log (O/H) (De Vis et al. 2019).
If the dust absorption cross-section remains constant,
one would expect the obscuration fraction to drop more
rapidly than metallicity in more meta-poor environ-
ments due to the super linear D/G. The observed lin-
ear trend therefore implies the presence of an additional
compensating factor: increased dust temperature.

In fact, as metallicity decreases from —-3.5 to —5.0,
560/5100 rises (Fig. 9(a) and 10(d)), suggesting en-
hanced heating efficiency. A likely explanation is that
the ISRF becomes more intense in metal-poor galax-
ies. This is consistent with the well-established anti-
correlation between metallicity and the ionization pa-
rameter U (see sec. 3.7 in Paper I, sec. 4.1 in Paper II,
and Kewley et al. 2019).

Assuming a scaling relation U o« (O/H)7!, as es-
timated in Paper II, and extrapolating to the ISRF
strength G, we can estimate the equilibrium dust tem-
perature using eq. 24.18 in Draine (2011a) as Ty =~
(<Qabs>*/Q0)1/(4+ﬂ) (G/Go)l/(4+6). Adopting 8 = 2,
and normalizing to Ty = 25 K at log(O/H) = —3.31,
we derive Ty ~ (O/H)fl/G, shown as the dotted line
in Fig. 10(d). The observed trend aligns reasonably

well with this scaling, though the data suggest a slightly
steeper slope, implying either a stronger increase in G
or an enhanced dust absorption cross-section in low-
metallicity environments.

Additionally, the fact that fig scales linearly with
the total metal content—rather than the dust mass—
compensated by higher dust temperatures in low-
metallicity galaxies, as well as a similar linear O/H de-
pendence of [C 11]/Hea, may point to a gas-, instead of
dust-, regulated heating—cooling balance in neutral gas.
These behaviors are consistent with gas heating through
a component that scales linearly with O/H, e.g., pho-
toionization of carbon (Werner 1970). However, explor-
ing this possibility in detail is beyond the scope of this
work.

IR-luminous dusty galaxies deviate significantly from
the trends described above. As metallicity increases to
~-3.4, L1g surpasses 10! L), and the obscuration frac-
tion fir saturates near 100% (Fig. 10(a)). However, Lig
continues to increase, and Lig /Hext corr. rises well be-
yond the linear trend (Fig. 10(c)), despite little or no
change in metallicity (also supported by Fig. 5). This
results in an over an order-of-magnitude increase in the
obscuration fraction of ionizing radiation—manifesting
as the Ha “deficit.”

This deviation is driven by a sharp increase in dust
temperature. In Fig. 10(d), $60/5100 for dusty galaxies
rises steeply and becomes uncorrelated with metallicity,
forming a distinct “V”-shaped trend. Sec. 3.3 further
demonstrates that this rapid increase in Tyus;, rather
than D/G or line emissivity, is manly responsible for
the observed line “deficit.”

This abnormal behavior indicates a fundamental
change in the dust heating mechanism. While gas heat-
ing continues to “trace” the ionizing radiation field—
evidenced by the strong correlation between gas line
emission across phases (see Sec. 4.1)—dust heating be-
comes increasingly decoupled.

The breakdown of the Tgust—log (O/H) relation in
dusty galaxies marks the onset of a gas—dust dichotomy:
a physical decoupling between the luminosities of gas-
phase spectral lines emission and the cold dust con-
tinuum. While gas emission remains anchored to the
ionizing photon budget, dust emission becomes dispro-
portionately enhanced, leading to the systematic sup-
pression of line-to-continuum ratios observed as line
“deficits.”

4.4. The [C 1] “Deficit” Problem: Ionized Gas
“Deficit” or Dust IR “Excess”

In this section, we present a new perspective on the
well-known [C 11] “deficit” problem. Before exploring
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theoretical explanations, we first summarize the key
observational features of galaxies that fall along the
“deficit” branch:

1. The [C 11] “deficit” is defined as a significant drop
in the [C 11]/Lir ratio below 1073, observed in
heavily dust-obscured environments. This typi-
cally occurs at Lig >3 x10'! L for low-z galax-
ies, and Lig >3 x10'? L, for high-z galaxies.

2. Along the “deficit” sequence, Lig increases by
more than two orders of magnitude, while Lc 1y
increases by less than an order of magnitude.

3. These galaxies exhibit tight correlations
among low-ionization lines from both ionized
([N 11]122,205, Her) and neutral gas ([C 11, [O 1)),
after correcting for elemental abundances.

4. All low-ionization lines including Haovext.corr, dis-
play line “deficit.” Even high-ionization lines like
[O 111)88 follow the same “deficit” trend within
each galaxy population.

5. After correcting for nitrogen abundance effects,
dusty galaxies show similar fi¢ 11, neutral values to
those of galaxies without a [C 11] “deficit.”

6. The decline in Ljipe/Lig is primarily driven by
an increase in Tyus, with only a modest change
(~0.5 dex) in the line luminosity to dust mass ra-

tio (Lline/Mdust ) .
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7.

Any

The rise in Tqust and Lig marks a break from the
Taust—O/H relation observed in normal galaxies.
Dusty galaxies show little variation in metallicity,
and based on diagnostics from Paper I and Paper
IT, they also exhibit the lowest U and T, among
star-forming systems.

. Dust temperature (Tgust) shows a mild corre-

lation with ionized gas density as traced by
[N 11]122/[N 11]205, and a strong correlation with
neutral gas density inferred from [O 1]/[C 11].

explanation of the [C 11] or general line “deficit”

must account for all of these constraints.
With these observational constraints in mind, we re-

visit

1.

the previous explanations for the [C 11] “deficit”:

Reduced photoelectric heating in PDR due to in-
tense ISRF or charged dust (Kaufman et al. 1999;
Malhotra et al. 2001; Herrera-Camus et al. 2018a).

. Reduced fi¢ 11 neutral leading to lower L 1 (Mal-
hotra et al. 2001; Croxall et al. 2017).

. Optically thick [C 11] (Abel et al. 2007; Gerin et al.
2015).

. [C 1] attenuated by dust (Papadopoulos et al.
2010).

. Carbon mostly in higher ionization state (Langer
& Pineda 2015).

. Thermalization in dense environments (Luhman
et al. 2003; Diaz-Santos et al. 2017; Sutter et al.
2021).

. IR from dust in H 11 region (Luhman et al. 2003).

. Dust heated by non-FUV radiation (Luhman et al.
2003; Kaufman et al. 1999).

. AGN activity contributes significantly to dust lu-
minosity (Sargsyan et al. 2012).

Several of the hypotheses are inconsistent with obser-
vations.

- Despite popularity, the PDR-based explanation 1
is limited by the fact that PDRs sit downstream of
ionized gas in the radiation energy flow, and there-
fore cannot account for the observed “deficits” in
ionized gas lines like [N 11], He, or [O 1m1]. We
discuss this further below.

- Explanation 2 is ruled out by our findings in
Sec. 2.1, which show that fc 11 neutral Temains
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consistent across galaxy types when corrected for
elemental abundance, and cannot explain the si-
multaneous “deficit” in both ionized and neutral
gas lines.

- Explanations 3 and 4 are unlikely because they
would affect different lines to varying degrees, de-
pending on wavelengths and optical depths. In-
stead, we observe similar “deficit” trends across
lines with very different properties.

- Explanation 5 is incompatible with the observed

Ha and [O m1] “deficits,” particularly since the
strongest “deficits” occur in ULIRGs with the
lowest inferred ionization states, while metal-poor
dwarf galaxies with the strongest radiation fields
do not show “deficits.”

- Explanation 6 does not align with measured gas
densities. ~ The typical electron density from
[N 11]122/[N 11]205 is ~50 cm ™2, and the neutral
gas density inferred from [O 1]/[C 1] is ~3000
cm 3, both near the critical density for [C 11}, and
insufficient for strong thermalization effects. This
explanation also fails to account for the similar
“deficit” observed in [O 1] lines, which have even
higher critical densities.

To understand the root of the “deficit,” we consider
the energy flow in the ISM. As shown in Fig. 11, stellar
radiation originates from young massive stars; ionizing
photons create H 1I regions and are fully absorbed lo-
cally, while non-ionizing FUV photons propagate farther
into the PDRs, where they heat dust and neutral gas.

In this framework, both dust and neutral gas lie down-
stream of the ionized gas in terms of energy input.
Therefore, explanations that reduce the heating or ex-
citation efficiencies in neutral gas—such as 1 and 6—
cannot account for the observed suppression of ionized
gas lines. Nor can they explain how the dust continuum
can increase significantly without affecting the neutral-
to-ionized gas line ratios.

If LHa,ext.corr. s used as a proxy for the total ioniz-
ing luminosity, then deviations in the Lir/Lia,ext.corr.—
log (O/H) relation imply either a substantial upstream
depletion of ionizing photon radiation, or an additional
energy source not traced by EUV and FUV radiations.
To resolve this, we propose two conceptual categories of
explanations (Fig. 11).

e ITonized Gas “Deficit”: Dust is located up-
stream in the energy flow, intercepting radiation
before it reaches the gas. This reduces the energy
available to ionize or excite the gas, suppressing
line emission.

e Dust IR “Excess”: An additional energy source
preferentially heats dust, enhancing IR continuum
without proportionally increasing gas line emis-
sion.

Among previous theories, explanation 7—IR emis-
sion from dust in H 11 regions—fits the ionized gas
“deficit” scenario, while 8—non-FUV heating, and 9—
AGN heated dust, fit the IR “excess” scenario.

Inspired by this framework, we propose two additional
scenarios:

10. Emission from diffuse ISM dominates both dust
and gas line luminosities, leading to a geometrical
or energetic decoupling.

11. Dust is heated by non-radiative energy sources,
such as turbulence or low-velocity shocks.

The scenario 10 aligns with the ionized gas “deficit”
model, while 11 is compatible with the IR “excess”
framework.

These five scenarios—two in the ionized gas “deficit”
group and three in the IR “excess” group—are illus-
trated in Fig. 12. Although none of them can fully ex-
plain all observations on their own, they offer heuristic
frameworks to guide future studies. We do not claim
that these are definitive solutions; other explanations
may exist beyond those currently considered.

This discussion has focused on ionized and neutral
atomic gas, and does not include molecular gas. How-
ever, cross-matched CO observations from Israel et al.
(2015); Rosenberg et al. (2015); Kamenetzky et al.
(2016); Lu et al. (2017a) reveal strong correlations be-
tween CO and [C 1] line excitation and dust temperature,
similar to the results in Rosenberg et al. (2015). This
places CO and [C 1] on the “dust side” in the gas—dust
dichotomy, suggesting they behave more like dust trac-
ers in these systems. A full treatment of molecular gas
in this context is deferred to a forthcoming study.

4.4.1. IR Emission from AGN

AGN contributions to Lyr are often dismissed, as
MIR emission—tracing warm dust—has been shown to
correlate more closely with AGN activity. Nevertheless,
we include this scenario for completeness and because
it cannot be ignored as many high-z quasars exhibit
Lir 2 1013 L, and the hottest low-z galaxies often host
AGNs (see fig. 1 and 3 in Paper I, and Sargsyan et al.
2012).

While AGN hosts do exhibit enhanced 24 ym emis-
sion (fig. 31 in Paper I), the bulk of their IR luminosity
still originates from the FIR (i.e., cold dust). This high
Ly1r is often attributed to either starbursts triggered by
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Figure 12. Illustration of the five models considered in the text that involved either IR “excess” (left three scenarios) or ionized
gas “deficit” (right two scenarios) to explain the line “deficit” and dust—gas dichotomy seen in dusty galaxies.

AGN feedback or the co-evolution scenarios where cold
gas fuels both star formation and AGN accretion. How-
ever, AGNs could also act as an independent, powerful
energy source that heats dust and produces an IR *
cess,” thereby increasing Ty.st without proportionally
enhancing gas line emission.

Recent studies suggest that AGNs may heat dust on
kpc scales and potentially dominate even FIR emission
in some systems (Symeonidis & Page 2018; McKinney
et al. 2021), making this scenario physically plausible.
Conversely, other observations argue that AGN bolo-
metric luminosities derived from X-ray data are insuffi-
cient to account for the observed FIR output (e.g., Ue-
matsu et al. 2023). Thus, the prevalence and energetic
significance of AGNs in powering cold dust emission re-
mains an open question that requires further observa-
tional evidence.

4.4.2. Dust heated by Cirrus Emission

An alternative explanation for the IR “excess” is in-
creased dust heating from non-FUV photons, particu-
larly from older stellar populations. This radiation—
often referred to as the “cirrus” component—is the dom-
inant heating source for FIR-emitting dust in normal
galaxies like Milky Way (Lonsdale Persson & Helou
1987; Caux et al. 1984; Draine & Anderson 1985; Draine
et al. 2007). Enhancing either the fraction of this cirrus

component or its effective obscuration can boost FIR
emission without impacting gas excitation, thereby de-
coupling dust and gas luminosities.

This scenario could be tested by modeling the ex-
tremely dusty galaxy SED under the constraint of en-
ergy conservation between stellar attenuation and FIR
re-emission. However, such modeling is beyond the
scope of this work.

The origin of the enhanced cirrus heating remains un-
certain. One possibility is a top-light initial mass func-
tion (IMF), suppressing the formation of massive stars
and thus the ionizing photon budget. Another possibil-
ity involves geometric changes, such as more compact
star clusters, higher internal dust obscuration, or more
enshrouded stellar populations—any of which could si-
multaneously increase Tqust and reduce gas excitation.

A significant concern with this scenario is its ener-
getic feasibility. To explain Lig 2> 10'* L in high-z
galaxies via old stellar populations, the total bolometric
luminosity of evolved stars would need to exceed this
number, implying an extraordinarily large mass of old
stellar populations at z > 3—a requirement that would
challenge current models of galaxy formation.

4.4.3. Dust Emission Powered by Non-Radiative Processes

All explanations thus far assume that dust IR emis-
sion is powered by stellar radiation. A more unconven-
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tional but physically motivated alternative involves non-
radiative energy sources—specifically, mechanical heat-
ing through turbulence or weak shocks in the ISM.

This hypothesis requires mechanisms that can heat
dust significantly (up to two orders of magnitude in en-
ergy) without simultaneously exciting gas-phase emis-
sion lines. This constraint rules out energetic cosmic
rays, magnetic fields, and strong radiative shocks, which
would also boost line emission. Instead, moderate me-
chanical processes such as turbulence or low-velocity
shocks in dense neutral or molecular gas remain viable
candidates.

In this scenario, dust in these dense regions is heated
to preferentially higher temperatures, and its thermal
emission—scaling as 71, ,—acts as the primary cooling
channel, matching the mechanical energy input. Mean-
while, FIR fine-structure lines (FSLs), which are more
sensitive to gas density than temperature, would be af-
fected to lesser extend—explaining the apparent gas—
dust decoupling. This mechanism aligns with the ob-
served correlation between Tyus and [O 1]/[C 11], and
with the frequent association of IR-luminous systems
with AGNs and/or mergers.

Observational support includes examples of luminous
dust emission powered in part by shocks, such as in radio
galaxies (Ogle et al. 2007, 2010; Villa-Vélez et al. 2024)
and U/LIRGs (Beirao et al. 2009; Chandar et al. 2023).
However, this hypothesis faces substantial observational
and theoretical challenges.

Observationally, the proposed mechanical heating
must be moderate—unlike the strong shocks com-
monly studied in molecular gas—and would need to
heat cold dust without exciting gas lines. The re-
sulting observables—enhanced cold dust luminosity and
Taust, slightly elevated gas densities, boosted low-
excitation molecular lines (e.g., CO), and spatial overlap
with regions of AGN-driven outflows or merger-induced
turbulence—are subtle and difficult to detect.

Theoretically, dust destruction via sputtering in
shocks poses a problem, as does the limited efficiency
of gas-to-dust energy transfer, which is only effective in
dense regions and for small grains. These issues suggest
that this scenario may require a revised understanding
of dust grain populations and ISM structures in dusty
galaxies.

4.4.4. Dust Emission in H 11 Regions

Another potential explanation involves enhanced FIR
emission from dust within H 11 regions. This has long
been a topic of research and debate (e.g., Petrosian et al.
1972; Draine 2011b; Jones et al. 2017a). In this scenario,
dust coexists with ionized gas and absorbs a significant

fraction of EUV and FUV photons, thereby reducing the
energy available for gas heating and line emission, result-
ing in both the ionized and neutral gas line “deficits.”

This model naturally explains the increase in Tgust
and the shift in energy balance towards dust. It also
preserves the neutral-ionized line coherence seen in ob-
servations. However, it faces some major shortcom-
ings: First, theoretical models and observations suggest
that dust within H 11 regions typically reaches tempera-
tures of 100-200 K—much higher than the Ty, inferred
from FIR SEDs (20-50K). Although some studies have
found cold dust (~25-75K) within H 11 regions (e.g.,
Ochsendorf & Tielens 2015), such cases are rare and are
not representative of the bulk FIR emission. Second,
radiation pressure and dust opacity limit the fraction of
ionizing photons that can be absorbed by dust to about
80% (Draine 2011b; Inoue 2002), which corresponds to
a maximum “deficit” factor of ~0.25-insufficient to ex-
plain the observed trends. Additionally, cooler large
grains are expected to migrate outward from ionized re-
gions, making it difficult to reconcile this model with
the observed FIR emission (Ishiki et al. 2018). Further-
more, explaining the large variations in Ha obscuration
fractions in Sec. 4.3 without major changes in metallic-
ity or D/G may require complex dust distributions or
star—dust geometries.

Nevertheless, these constraints are based primarily on
Galactic H 11 regions, and more extreme dust geometries
or obscuration conditions may exist in extragalactic en-
vironments.

4.4.5. Line Emission from Diffuse ISM structures

The final hypothesis challenges the conventional pic-
ture of line emission originating from compact, hierar-
chical structures (i.e., OB stars surrounded by H 11 re-
gions and dense PDRs). Instead, it posits that a sig-
nificant fraction of gas emission arises from extended,
diffuse ISM phases in normal galaxies in the first place.

For this to occur, most of the EUV and FUV photons
must escape from their natal clouds into the surrounding
diffuse medium. In dusty galaxies with high star forma-
tion rates, either (1) dust in the diffuse ISM becomes
more effective at intercepting these photons, or (2) the
H 11 regions become more porous or density-bounded,
increasing the photon escape fraction. In either case,
more radiation is absorbed by dust rather than gas, re-
sulting in suppressed gas line emission and elevated FIR
continuum—a manifestation of the ionized gas “deficit.”

This model is motivated by our growing understand-
ing of the diffuse ISM. Observations show that diffuse
ionized gas (DIG) can contribute up to ~50% of to-
tal Ly, (Ferguson et al. 1996; Belfiore et al. 2022), and
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that a significant fraction of [C 11] emission in the Galac-
tic plane originates from diffuse, non-PDR gas (Madden
et al. 1993; Pineda et al. 2013; Gerin et al. 2015; Heyer
et al. 2022; Madden & LMC+ Consortium 2023).

However, this scenario also faces pressures and den-
sity constraints. The electron densities and gas pres-
sures derived in sec. 3.5 and 3.8 in Paper I (P/kp ~
3 x 10°Kem™3) are more than an order of magnitude
higher than those of typical DIG (Ferguson et al. 1996;
Della Bruna et al. 2020), bringing the emission closer
to the regime of normal H 1I regions or molecular cloud
envelopes.

We therefore speculate that the emitting gas may rep-
resent a transitional phase—spanning moderately dense
ionized gas, diffuse PDRs, and molecular envelopes—
similar to the extended warm ionized medium or warm
dark clouds described by Langer et al. (2010, 2015,
2021). Confirming this scenario observationally is chal-
lenging due to the low surface brightness and need for
high spatial resolution (<100pc) to separate extended
structures from compact sources.

In addition, this hypothesis cannot explain the cor-
relation with dust temperatures, and predicts an anti-
correlation between “deficit” trend with gas density, op-
posite to the observations. The implied changes in the
photon escape fraction and dust geometry also require
further investigation.

4.5. Crisis of SFR Measurements in Dusty Galaxies

The significance of the [C 11] “deficit” problem lies
in the fact that [C 1] has been widely proposed as
a extinction-insensitive tracer of star formation rate
(SFR). However, the breakdown of its linear correlation
with Lig or Loy challenges this usage, especially since
the Lig and mid-IR luminosities are themselves estab-
lished SFR indicators and are used to calibrate other
tracers (Murphy et al. 2011). Consequently, some stud-
ies such as De Looze et al. (2014) suggested that [C 11]
may not be a reliable SFR indicator.

As discussed in previous sections, all low-ionization
emission lines—whether from neutral or ionized gas—
exhibit a similar “deficit” relative to Lig. This fun-
damentally undermines the foundation of widely used
SFR tracers, particularly in dusty galaxies. To il-
lustrate this, we revisit one of the most influen-
tial obscuration-corrected SFR calibrations: the IR-
corrected Ha method from Kennicutt et al. (2009).

In fig. 7 and 8 of Kennicutt et al. (2009), Lig is
compared against the extinction-corrected Ha, but no
“deficit” trend (i.e., Luo/Lr < 1072%) is observed—
unlike what we find in our Fig. 5, despite both studies
using the same IR and optical datasets.
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Figure 13. Reproduction of fig. 6-8 from Kennicutt et al.
(2009), using the same data sources but without imposing
their sample selection criteria. Galaxies that would be ex-
cluded by the H3 S/N cut of 15 (as described in their sec.
2.1) are marked with cross symbols.

Upon re-examination, we realize that this difference
arises from a key aspect of sample selection. As de-
scribed in sec. 2.1 of Kennicutt et al. (2009), a signal-
to-noise (S/N) requirement is imposed on the Balmer
decrement, specifically through a combination of for-
mal S/N cuts and visual inspection of the continuum-
subtracted Ha spectra. The authors noted that this
selection roughly corresponds to an S/N cut of 15 at

HA.
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In Fig. 13, we reproduce the analysis of Kennicutt
et al. (2009) following their methodology but highlight
galaxies with S/N(Hf) < 15 using a cross marker. Com-
paring their sample to ours, this S/N criterion effec-
tively excludes a large number of IR-luminous galaxies
(Lir > 10% erg/s; see (b)) and removes most of the
outliers in the IR-corrected Ha versus Hoveyt corr. COM-
parisons ((g) & (h)). While the simple S/N cut yields
157 galaxies, Kennicutt et al. (2009) selected 147 out
of 410 galaxies from Moustakas & Kennicutt (2006a),
effectively excluding most outliers.

Thus, the Haeyt corr. “deficit” was already present in
earlier datasets but was dismissed as a possible result
of poor extinction correction, rather than recognized
as an intrinsic discrepancy. More importantly, for IR-
bright galaxies—including U/LIRGs, AGN hosts, high-z
DSFGs, and QSOs—the dust-corrected Ha luminosity
was never directly calibrated against other SFR tracers,
but rather inferred under assumptions that they follow
the same calibration. The limitation in sample range
and ”anomalously large Lig /Ha” were already noted in
sec. 6.2 of Kennicutt et al. (2009). These caveats on ap-
plicability limits were, however, ignored by most of the
later studies that make use of these calibrations.

Another widely referenced study is Murphy et al.
(2011), which provides a more comprehensive frame-
work for IR-based SFR measurements. It acknowledged
that IR emission may arise from ionizing photons ab-
sorbed by dust before interacting with gas—a mecha-
nism consistent with the ionized gas “deficit” scenario
7. However, Murphy et al. (2011) did not discuss the
observational or theoretical implications of this mode of
obscuration.

Similar discrepancies also appear in other hydrogen
recombination lines, such as Paschen and Brackett lines,
which are less sensitive to dust attenuation due to their
near-IR wavelengths. Notably, integrated SFRs derived
from Paschen lines also underestimate the total SFR
compared to IR-based estimates at the highest SFR end,
as shown in fig. 5 of Piqueras Lépez et al. (2016) and
figs. 14-15 of Giménez-Arteaga et al. (2022).

All of this evidence suggests that the “deficits” of
Haovext corr. and other recombination lines have been
present in SFR studies, though previously attributed
to poor extinction corrections rather than recognized
as intrinsic deviations. As discussed earlier, the inter-
pretation of this discrepancy depends on the physical
scenarios: (1) In the case of an ionized gas “deficit”,
Lir remains a valid SFR tracer, as dust absorbs ioniz-
ing photons before they can heat or ionize gas. (2) In
the case of an IR “excess”, Lir significantly overesti-

19
Qa «F T T T T T T Tgqbf T T T T T T T3
10 F - T F -
— F1°F ¥ E
T0'f s 1K - g1
- 2 9l 1 L1 ]
o 10" F * 1 F 3
= 1 ) ] e E
10 F LS 4 F e E
2 of Dk o ] -‘i L ]
SI0F e 1F it
S0 E ot o0 4
& E . . E
7 F E
10 Ee f 1 EFE 3
107 L 1L 13* e g e TS
10 °10 10 10" 10 10" 10" 10" 10 10 10 10" 10 10" 10" 10
SFRir +uv [Mo yr™'] SFRic 1y [Mo yr™']
C P s e e B B B
10 3 Low-z only e
10" - ,’%
o S
Lol ¥
107 [ o
- F(#
I8 PR T N S T N
A
§ 10 F
) !
m 0 . ¥ T
= 10" F ¢ ot
73] 3 Kﬁw E_.‘._ .
4ot .
* . v
107 proet J( 4
S PO 4 Dwarf #  high- LBG/LAE ]
i - SF %+ high-z SF
o[ t R N Region & high-z DSFG
2 U/LIRG o J
10 ] o 4 aoN HH hfghuQSO/AGN;
E 4 Lmer & highzDLAhost ]
I +  ETG W proto-cluster
T ST SV EUPHY BT Ry S e Sy
10 10 10 10 10 10 10 10

SFRir 4 uv [Mo yr™']

Figure 14. Comparison of different SFR indicators. Ex-
tinction-corrected Ha based SFRHq, ext.corr. cOmpared to a,
Lir and Lruv based totol SFRirt+uv; and b, L[C 11] based
SFR(c 1. ¢, SFRir+uv compared to SFR(c 1. The gray di-
agonal line in each panel denotes a unity relation. The inset
in (c) show the same plot but include only low-z data points
for clarity. Note that for DSFGs and QSOs, only Lig is used
to compute SFRir+uv.

mates the true SFR, and extinction-corrected Ha is a
more faithful tracer.

Extending the discussion on gas—dust dichotomy, we
argue that this discrepancy is not limited to recom-
bination lines, but extends to FIR fine-structure lines
(FSLs). In this view, the SFRs derived from neutral or
ionized gas lines are consistently lower than those in-
ferred from Lig.

This discrepancy has profound implications. In
Fig. 14, we compare the total SFR estimated from Ly
and Lpyv (SFRigtuvy; following Murphy et al. 2011, ;
high-z DSFGs and QSOs only use Lig ) to the SFR
derived from [C 11] emission, which we calibrate in
Sec. 4.7. In a scenario where IR “excess” dominates,
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SFRs would need to be revised downward by factors up
to 100, and merely any galaxy (excluding proto-clusters)
exhibits SFRs exceeding 1000 M, /yr—well below the
sometimes-quoted 10 M, /yr for DSFGs.

This calls into question the validity of previously ac-
cepted dust-corrected SFR. calibrations and reveals a
potential order-of-magnitude uncertainty in SFR esti-
mates for dusty galaxies. We therefore face a serious
crisis in SFR measurement in the most luminous and
dust-obscured systems.

4.6. Puzzles of FSL Emitting Region

As discussed in previous sections, the line “deficit”
challenges the classical picture of the ISM, where star
formation is embedded in compact star-forming regions
with orion-like H 11 regions surrounded by dense PDRs
(e.g., Rybak et al. 2020a). Several other properties of
FIR FSLs also disfavor this picture.

One notable characteristic of FSLs is that they ap-
pear to arise from ionized gas with universally low den-
sities. As discussed in Paper I and Paper II, the typical
electron density derived from the [N 11]122/[N 11]205 ra-
tio is ~50cm™. This is at the low end of the density
distribution for classical H 11 regions (Hunt & Hirashita
2009), which typically exhibit densities ranging from 100
to 10° cm™, especially in compact, high-luminosity H 11
regions such as Orion. On the other hand, such low
densities are common for more extended or evolved H 11
regions like the Carina Nebula or for emission-line clus-
ters in the Antennae Galaxy (Gilbert & Graham 2007).
They are also higher than the densities found in extra-
galactic giant H 11 regions studied in integrated spectra
of nearby galaxies (Kennicutt 1984). Based on the H 11
region size-density scaling relation, an electron density
of 50 cm cm™ corresponds to an H 1T region with a typ-
ical size of ~50 pc.

Given that FSL emission is density-weighted up to
the line’s critical density (nepit), this low n, value—
especially for [N 1I] with ne ¢ ~ 300 cm3—suggests
that the bulk of the emission arises from low-density
gas (see discussion in sec. 4.1 in Paper I). Other ion-
ized gas density tracers also place the emission in their
low-density limits. This implies that dense, compact
star-forming regions like Orion contribute negligibly to
the total FSL luminosity integrated over galaxies, and
that more diffuse gas in and around normal to giant H 11
regions dominate the emission.

Another puzzling observation is the prevalence of ex-
tended emission in neutral gas lines, particularly [C 11]
and [O 1]. Multiple studies on cloud scales (e.g., Cigan
et al. 2016; Heyer et al. 2022; Madden & LMC+ Con-
sortium 2023) and galactic scales (Madden et al. 1993;

Pineda et al. 2013; Gerin et al. 2015) report that [C 11]
and [O 1] emission often extend well beyond the narrow
PDR layers, with high filling factors and distributions
that sometimes follow H 1 21 cm emission.

At high z, this phenomenon is even more pronounced.
Observations frequently show that [C 11] emission is more
spatially extended than the compact FIR continuum,
across a range of systems including LBG/LAEs (e.g.,
Carniani et al. 2018a; Fujimoto et al. 2019), QSOs (e.g.,
Venemans et al. 2020; Meyer et al. 2025), and DSFGs
(e.g., Rybak et al. 2019; Rooney et al. 2025). The ori-
gin of this extended emission remains uncertain, with
possible contributors including CO-dark molecular gas
clouds, diffuse PDRs, cold neutral medium, or even cir-
cumgalactic medium.

The contribution of extended neutral gas emission in
galaxies beyond the Milky Way remains poorly con-
strained due to the lack of facilities capable of high-
resolution and deep low-surface brightness observations.
Reconciling this extended structure with the observed
constancy of fic 11 neutral @and the presence of the ion-
ized gas “deficit” is particularly challenging. It suggests
either that the fractional luminosity of the extended
emission is negligible in most galaxies (unlikely given
the observations), or more plausibly, that both neutral
and ionized gas lines originate from similarly extended,
physically associated structures in the diffuse ISM.

The ionized—neutral gas coherence (Sec. 4.1) further
complicates the traditional interpretation of FIR FSLs.
As is already discussed in Sec. 4.2, in a traditional PDR
framework, the neutral gas line luminosities are con-
trolled mainly by incident FUV strength and photo-
electric heating efficiency, rather than metallicity. But
observationally, the luminosities of both major cooling
lines in PDR ([C 1] and [O 1]) and IR luminosity are
primarily correlated with ionized gas tracers Haext.corr.
after accounting for the linear O/H abundance depen-
dence.

Combining discussion in Sec. 3.3 and 4.3, we argue
that these observations support a scenario in which
both ionized and neutral FIR FSLs arise from radiation-
bounded, physically coherent regions—possibly ex-
tended envelopes of normal-to-giant H 1I regions
or mixed diffuse ionized/neutral structures (see also
Werner 1970). And the metallicity dependence likely
arises from gas heating through agents that’s directly
proportional to O/H. Since the emission discussed here
is spatially integrated over entire galaxies, this suggests
that the dominant sources of FIR FSLs differ from the
classical picture of dust photo-electric heating powered
dense PDRs layers.
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Figure 15. log(O/H) vs. Lic 11j/LHa ext.corr., showing
only detections. The right axis converts Lic 11j/Lua to
Lic 17/SFR using the Ha-to-SFR conversion from Murphy
et al. (2011). Literature [C 11]-to-SFR calibrations and scat-
ters from Herrera-Camus et al. (2015), Schaerer et al. (2020),
and De Looze et al. (2014) are shown for comparison.

4.7. What Does [C 11] Actually Trace?

[C 11] is one of the brightest FIR fine-structure lines
and is often the only accessible spectral feature in high-
z galaxies. For this reason, it has been widely used
as a tracer of various physical quantities, including
SFR, atomic hydrogen mass (Mg 1), molecular gas mass
(Mmo1), and more. However, many of these applications
implicitly assume fixed relationships between physical
properties such as molecular gas fraction or star forma-
tion efficiency (SFE). In this section, we critically assess
what [C 11] truly traces, based on empirical trends and
physical interpretation.

4.7.1. SFR? Yes, with Caveats.

[C 11] has frequently been used as a tracer of SFR,
particularly for galaxies where traditional optical or UV
tracers are obscured by dust. However, as discussed ear-
lier, the validity of this approach varies between normal
galaxies and dusty systems showing FIR line “deficits.”

For galaxies with normal dust heating, a tight correla-
tion exists between Lic 111 and Lya ext.corr., modulated
by metallicity (see Sec. 2.2 and Fig. 3(a)). Converting
Lo ext.corr. t0 SFR using the calibration from Murphy
et al. (2011), we derive a metallicity-dependent [C 11]-
to-SFR relation:

L\ ( O/H \7' .
SFR[C 11] =2.59 (108 L@> <10_3.31 M@ yr
3)

This relation, shown in Fig. 15, has a scatter of 0.22
dex. It can be approximated by combining the emis-

sivity ratio (PyNeb) of [C 11] and He in ionized gas (as-
sumed n, = 50cm™, (C/0) = 10°2¢) with an ionized
gas [C H] fraction f[C 11],ion — 20% (1.6.7 f[C 11],neutral —
80%), shown as the dotted line in Fig. 15. Comments on
the seemingly offset of high-z LBG/LAEs can be found
in Sec. 2.2.

This metallicity dependent SFR calibration clarifies
the different [C 11]-to-SFR conversion factors identified
in previous studies (right side in Fig. 15), which primar-
ily depend on the metallicity of galaxies in each sample.
For instance, studies of high-z LBGs (e.g., Schaerer et al.
2020, ALPINE survey) which are often metal-poor, or
studies that include dwarf galaxies (e.g., De Looze et al.
2014), show lower [C 11]/SFR ratios compared to studies
focusing on star-forming galaxies (Herrera-Camus et al.
2015). The comprehensive sample in De Looze et al.
(2014), which spans a wide metallicity range, also ex-
hibits the largest scatter. Besides, this calibration offers
an explanation for the weak or non-detection of [C 11
in galaxies in the early universe (Carniani et al. 2020;
Binggeli et al. 2021; Popping 2023; Schouws et al. 2025a)
without requiring adjustments to the carbon-to-oxygen
abundance ratio or IMF (Katz et al. 2022).

This metallicity dependence also limits the utility of
[C 11] as a universal SFR tracer. A single [C 11]-SFR re-
lation cannot be extrapolated to galaxies with different
metallicities or redshifts. Since both the star formation
main sequence (M,—SFR) and mass-metallicity relations
(M,—O/H) evolve with cosmic time, the [C 11]-SFR re-
lation must be adjusted accordingly. This explains the
offset seen between the [C 11]-SFR relations in Herrera-
Camus et al. (2015) and Schaerer et al. (2020), despite
both targeting star-forming galaxies at their respective
epochs.

This limitation has critical implications for line-
intensity mapping (LIM) studies aimed at probing cos-
mic star formation history. [C 11] LIM at z~6 is designed
to capture emission from low-mass low-luminosity galax-
ies that potentially dominate the SFR density and ion-
izing photon budget during the epoch of reionization.
However, such low-mass galaxies are typically metal-
poor and thus faint in [C 11|, diminishing their ex-
pected contribution to the total intensity signal (e.g.,
Karoumpis et al. 2022).

In practice, [C 11| is less reliable than Ha as an
SFR tracer, especially in low-metallicity galaxies such as
dwarfs and high-z main-sequence galaxies. The abun-
dance dependence (reducing Lic 11j/SFR by up to 1.5
dex) severely limits its utility, compounded by the rela-
tively low dust attenuation in these systems.

For dusty galaxies showing FIR line “deficits” (see
Sec. 4.4), the choice of SFR. tracer depends on the phys-
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ical scenario: (1) Under the IR “excess” scenario, emis-
sion lines better estimate SFR, and Eq. 3 can be ap-
plied—possibly simplified by assuming a fixed metallic-
ity (e.g., log (O/H) ~ —3.4). (2) Under the ionized gas
“deficit” scenario, only Lig probes the total SFR, and
[C 11] serves only as a rough proxy with an empirical
“deficit” correction.

In summary, [C 11] can be used to estimate SFR for its
correlation to Havexs.corr., but only with careful attention
to metallicity and the understanding of the line-to-IR
“deficits.”

4.7.2. ITonized Gas Mass? No.

Given the empirical correlation between [C 11] and He,
one might infer that [C 11] traces ionized gas mass. How-
ever, this is incorrect. Approximately 80% of [C 11| emis-
sion originates from neutral gas, as shown in Sec. 2.1.
Therefore, while Lc 11y correlates with Ly, it does not
physically “trace” the ionized gas mass.

This apparent contradiction is resolved by recognizing
that Ha itself is not a direct tracer of total ionized gas
mass. Rather, it measures the total heating of ionized
gas, primarily in irradiated H II regions. In contrast,
most of the ionized gas mass resides in high-filling factor
diffuse phases (e.g., DIG) with relatively small contribu-
tion to the Ha luminosity. Thus, Ly, traces the energy
input from young stars, not the total ionized gas mass.

The ionized—neutral gas coherence implies that [C 11]
and Ha both “trace” the energy budget of the corre-
sponding gas phases, not the total mass their respective
phases. As a cooling line, [C 11| primarily traces
the energy incident on neutral gas, modulated by
carbon abundance. If converted to a mass, Lic 1
corresponds to the mass of CT in the irradiated neutral
gas, not the total ionized gas mass.

4.7.3. Neutral Gas Mass? No.

Because [C 11| predominantly arises from neutral gas,
it has been proposed as a tracer of neutral gas mass
(Mpy 1), traditionally measured via the 21-cm line. This
idea has been explored in gamma-ray burst (GRB) sight-
lines (Heintz et al. 2021) and simulations (Vizgan et al.
2022; Casavecchia et al. 2024), but lacks validation from
local galaxy observations.

Fig. 16(a) shows a sublinear correlation between
Lic 1 and My 1, with a power-law index of ~0.6 and
very substantial scatter. The Ljc 117/ Mgy 1 ratio strongly
depends on metallicity, as seen in the inset. Even af-
ter correcting for metallicity (b), a residual trend re-
mains, similar to that seen in Ly,/Mp 1 (c), pointing
to a broader variation in ionized-to-neutral gas ratios
across galaxy types.
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Figure 16. a, total H 1 mass My 1 vs. [C 1I] luminosity
Lic 1. The gray dashed line and shade denote the power-law
fit result, which is printed at the lower right corner. The
dotted lines correspond to constant [C 11] light-to-H I mass
values. The inset panel shows the absolute metallicity of
every data point in color, plotted in the same coordinate.
Lower row: light-to-H 1 mass Liine/Mmu 1 ratio of b, [C 11;
and ¢, extinction-corrected Ha. Note that the plotted [C 11]
L/M is further corrected for the absolute metallicity O/H.

This trend likely reflects an increase in molecular gas
fractions in metal-rich galaxies, due to more abundant
dust as catalysts and metals as coolents. The result is
a higher efficiency of converting H 1 into Hs, and thus
stronger ionized line emission per unit My ;. Conse-
quently, Lic 11/Mu 1 depends quadratically on metal-
licity, as Lic 1] ~ (O/H)% My 1, contrasting with the
shallower dependence found in GRB studies. Beacause
the H 1 disk is much more extended than [C 11] (de Blok
et al. 2016), and the data is often integrated over larger
areas, we limit the comparison in Fig. 16 to galaxies
with a H 1 size estimated to be less than 200" by using
the mass-size relation (Wang et al. 2016a). Although we
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warn that the mismatch in field of views might still add
to the scatters and outliers seen in the figure.

A recent study by Wilson et al. (2023) attempted to
calibrate Lo 1]/MH 1, also using high-z GRBs. How-
ever, our local galaxy data show a steeper metallicity
dependence, concluding that Lo yj and L(c 11 do not
robustly “trace” total H I mass in diverse galaxy popu-
lations.

4.7.4. Molecular Gas Mass? No.

[C 11] has also been proposed as a tracer of CO-dark
molecular gas (Stacey et al. 1991; Madden et al. 2020),
and even as a proxy for the total molecular gas mass
(Zanella et al. 2018). While the former has physical
merit and requires detailed modeling that we defer to
future work, the latter can be discussed on empirical
grounds.

First, the correlation between SFR and molecular gas
mass (Kennicutt—Schmidt law; Kennicutt & Evans 2012,
and references therein) naturally leads to a correlation
between the star-formation powered L[C 1] and Myo1-
This correlation does not mean that [C 1] physically
“traces” molecular gas mass.

Second, accurate calibration of [C 11]-Mpy, requires
reliable M, measurements. But My, is often esti-
mated from SFR (circular logic) or from CO with as-
sumed CO-to-Hy conversion factors (aco), which are
metallicity and environment dependent. For example,
in Zanella et al. (2018), many galaxies used to cali-
brate the [C 11]-My,e relation have M, from either
SFR or CO with a uniform or weakly (power index
—1.5) metallicity-dependent aco. However, for low-
metallicity dwarf galaxies, the true aco may be much
steeper—aco ~ (O/H)7339 as found in Madden et al.
(2020)—which would increase their M, by over an or-
der of magnitude and break the claimed linear [C 11]—
M o1 relation.

This also leads to a paradox: if My, estimates are
correct based on CO-only observations, there is little
need for invoking [C 11] to trace CO-dark gas; if they are
incorrect, then there is no reliable reference to calibrate
[C 11] as a molecular gas tracer. Without independent,
accurate Mo measurements, [C 11] cannot be reliably
calibrate to “trace” total molecular gas mass.

In summary, [C 1I] is a major cooling line in neu-
tral gas, its luminosity mainly traces the energy input
from star formation on neutral gas. In practice, it is a
metallicity-dependent tracer for SFR. [C 11] luminosity
does not physically “trace” the total gas mass of any
phase, except for the mass of CT in irradiated neutral
gas. Although observationally, Lic 11 shows correlations

with My 1 and My, these correlations reflect a convo-
lution of many effects: (1) “bigger-things-brighter,” (2)
the Kennicutt—Schmidt law for atomic and molecular
gas, and (3) the metallicity-dependent [C 11]-Ha rela-
tion. These empirical correlations should not be mis-
taken for physical tracers.

4.8. High-z Difference

As discuseed in sec. 4.4 of Paper I, only a limited num-
ber of ISM diagnostics display clear, systematic differ-
ences between low- and high-z galaxies when grouped
by galaxy types. These include: (1) an offset in the FIR
line “deficit” trend, (2) enhanced [O 111] ratios in high-z
dusty galaxies, and (3) elevated [O 1]/[C 11] ratios. In
this section, we investigate the underlying causes and
implications of these differences in the context of the
ionized and neutral gas properties and dust emission
behavior.

4.8.1. FEwolution in Line “Deficit”
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Figure 17. [C 11] “deficit” at Low- and high-z in four red-
shift bins: a, z < 1 (low-2); b, 1 < 2 < 3;¢,3< 2z < 5;d,
z > 5. The none-“deficit” branch, low-z [C 11] “deficit” and
total high-z “deficit” branches are shown as blue, red, and
gray translucent shades, respectively.

One of the most prominent differences between low-
and high-z galaxies is the systematic offset in the FIR
FSL “deficit” trends. As shown in Fig. 17, the turnover
point of the “deficit” branch for [C 11] shifts toward one
order of magnitude higher Lig at higher redshifts. This
trend is not unique to [C 11]-a similar offset is observed
in other FIR lines, as shown in figs. 7 of Paper I.
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Notably, while the turnover point shifts, the slope of
the “deficit” trend remains largely unchanged. Further-
more, there is no strong evidence for evolution in the
“deficit” slope or normalization across different high-z
bins: (b), 1 < z < 3 (Cosmic Noon); (c), 3 < z < 5;
and (d), z > 5 (Epoch of Reionization).

This redshift-dependent offset means that, for galaxies
with the same Ligr, high-z dusty galaxies exhibit higher
IR line luminosities than their low-z counterparts. Inter-
preting this result depends on the physical origin of the
line “deficit,” which we discussed in Sec. 4.4 under two
main scenarios: IR “excess” and ionized gas “deficit”.

Under the IR “excess” scenario, line luminosities is
related to SFR, while Lir reflects both star formation
and additional energy input. The offset suggests that,
at high z, a given level of this additional energy source
corresponds to a higher SFR. This could imply that ei-
ther AGN growth lags behind stellar mass assembly at
high z (AGN heated dust), or high-z galaxies have a
lower fraction of evolved stellar populations (cirrus emis-
sion to dust), or feedback processes are less efficient or
merger-triggered starbursts are more prominent (non-
radiatively heated dust), in the three scenarios. Each in-
terpretation offers valuable insight into the co-evolution
of galaxies, AGN, and the ISM, but all require further
study using detailed modeling and high-resolution data.

In contrast, under the ionized gas “deficit” scenario,
the offset suggests that a smaller fraction of ionizing
photons are intercepted by dust at high redshift, ei-
ther within H 11 regions or along escape channels into
the diffuse ISM. This could reflect more porous ISM
geometries, less dust per unit gas mass, or evolution-
ary differences in dust composition. It also implies that
upstream dust heating—responsible for suppressing gas
line emission—only becomes significant at higher SFRs
in high-z galaxies.

Both scenarios are consistent with current theoretical
expectations for high-z galaxies, including lower dust
content, higher gas fractions, and more turbulent and
porous ISM structures. However, the implications are
far-reaching and highlight the need for comprehensive,
multi-wavelength modeling to understand the evolution
of galaxy-scale energy budgets.

A small but notable deviation is observed among high-
z QSOs, particularly in (d). These sources lie slightly
(~0.1-0.2dex) below the composite high-z “deficit”
trend (gray region), as well as below DSFGs at similar
redshifts. This may indicate a systematically lower line-
to-IR ratio in QSOs compared to starburst-dominated
DSFGs. However, this discrepancy could also result
from systematics in the measurement of Lig for high-z
QSOs, which often rely on limited photometric data and
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Figure 18. Lo nyss/Lic iy vs. total star formation

rate SFRir+uv. a, axis limits match fig. 5 in Harikane
et al. (2020). The blue and red shaded regions repre-
sent the [O 111]/[C 11]-SFR relations derived by dividing the
[O m]-SFR and [C 11]-SFR fits from De Looze et al. (2014)
for dwarf and starburst galaxies, respectively. b, zoomed-out
view to show the full parameter space of both the [O 111] /[C 11]
and SFR. The gray box indicates the region shown in panel
(a). Arrows indicate the shifts in SFR due to redshift evo-
lution in the mass—metallicity (O/H-M,) and star-forming
main sequence (M,-SFR) relations.

template fitting. Given these uncertainties, we refrain
from making claims about a population- or redshift-
dependent divergence in the FIR line “deficit” among
high-z QSOs.

4.8.2. Invariant [O 11]/[C 11] in High-z Normal
Galazies—Fualse Analogy of Low-z “Analogs”

The line ratio [O 1m1]/[C 11] in high-z galaxies has of-
ten been a focus of study, particularly in two contexts:
(1) normal metal-poor galaxies like LBG/LAEs, and (2)
dusty galaxies including DSFGs and QSOs. In this sec-
tion, we focus on the first category.

Several studies have reported “elevated” [O 111)/[C 11]
ratios in high-z LBG/LAEs compared to local dwarf
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galaxies—often referred to as “low-z analogs” (e.g., La-
porte et al. 2019; Harikane et al. 2020). In some
cases, the observed low [C 11] luminosities were mis-
characterized as a “deficit,” despite the true [C 1I]
“deficit” phenomenon refers to dusty galaxies. This
claim has led to various hypotheses, including altered
C/O ratios, top-heavy IMFs, harder radiation fields, low
PDR covering fractions, and extended emission regions
(Carniani et al. 2020; Harikane et al. 2020; Katz et al.
2022).

However, we argue that the [O 1m1]/[C 11] ratios in high-
z LBG/LAEs are not systematically higher than in local
dwarfs. The apparent discrepancy is the product of how
SFR is used as the baseline for comparison.

Fig. 18(a) reproduces the common [O 1m1]/[C 11]-
SFR plot from the literature (e.g., Harikane et al.
2020). The high-z LBG/LAE data appear to lie above
the dwarf galaxy trend (blue line), suggesting elevated
[O 11)/[C 11]. However, this comparison is mislead-
ing for several reasons. First, very few dwarf galax-
ies are actually plotted in this figure. Second, the
[O m]88/[C 1]-SFR relation is constructed by divid-
ing two SFR calibration fits ([O 111]88-SFR and [C 11]—
SFR) from De Looze et al. (2014), which are not in-
tended to define a physically meaningful line ratio of
[O 111]/[C 11], and the very shallow slope (power index
0.16) hints at non-correlation. Third, the shaded regions
result from a quadratic sum of the fit scatters, without
proper propagation of uncertainties that accounts for the
slope. Fourth, the use of SFR on the x-axis introduces
a systematic offset between LBG/LAEs and dwarfs due
to galaxy evolution, not intrinsic line ratio differences.

Fig. 18(b) expands the axis range to include the full
distribution of low-z dwarf galaxies. This more complete
view shows that both LBG/LAEs and dwarfs occupy
the same range of [O 111]/[C 11] (~1-10) with no clear
trend with SFR. The perceived offset in (a) is entirely
driven by the use of SFR as x-axis, misunderstanding a
[O 111]88/[C 11]-SFR relation, as well as the evolution in
the global galaxy property, SFR.

Here we provide a more accurate interpretation: at
fixed [O m1]88/[C 11], high-z galaxies have significantly
higher SFR than their low-z counterparts. This in-
crease in SFR is expected from the evolution of two well-
established scaling relations: (1) the mass—metallicity
relation (O/H-M,), such that log (O/H) = -—4.0 corre-
sponds to ~ 10% Mg at z ~ 0 (Andrews & Martini 2013;
Lee et al. 2006) and ~ 10° Mg 2 > 5 (Nakajima et al.
2023; Curti et al. 2024); (2) the star-forming main se-
quence (M,—SFR), which at fixed mass shows a ~2 dex
increase in SFR from z ~ 0 to z ~ 6 (Speagle et al.
2014; Forster Schreiber & Wuyts 2020; Popesso et al.

2023; Curti et al. 2024). These evolutionary shifts ex-
plain the ~3 dex increase in SFR at fixed [O 111)88/[C 11
seen in Fig. 18, assuming [O 111)88/[C 11] probes U, which
is correlated with O/H (sec. 3.7 in Paper I and sec. 4.1
in Paper II).

This issue highlights a broader problem in the use of
low-z “analogs” to study high-z galaxies. ISM proper-
ties such as metallicity, gas density, and radiation field
are governed by local physical processes and can be esti-
mated via line ratios. In contrast, global properties such
as stellar mass, SFR, and size scale with galaxy mass and
evolve over time. Attempting to match both types of
properties simultaneously is often impossible due to the
evolution of scaling relations. While low-z dwarf galax-
ies may mimic the ISM conditions of high-z galaxies,
they differ dramatically in mass, SFR, and compactness
(Nakajima et al. 2023; Sanders et al. 2024; Curti et al.
2024; Sarkar et al. 2025; Popesso et al. 2023; Ward et al.
2024). Therefore, any use of local “analogs” must be ex-
plicit in which properties are being matched, and avoid
conflating gas-phase similarity with global morphologi-
cal or evolutionary equivalence.

4.8.3. Enhanced [O 1m1] and [O 1] in High-z Dusty Galazies

Although [O 111)88/[C 11] shows no systematic redshift
evolution in normal metal-poor galaxies, it behaves dif-
ferently in dusty systems. In Paper I, we show that
both [O m1]88/[C 11] and [O 111]88/[N 11] are elevated
by ~0.5 dex in high-z DSFGs and QSOs compared to
their low-z counterparts. Fig. 2 also shows elevated
[O 111] /Havext.corr., though the sample of high-z dusty
galaxies with both measurements is limited.

The ionized gas density does not evolve significantly
across redshifts (sec. 3.5 of Paper I), ruling it out as
the cause. The coherence between low-ionization and
neutral lines also remains at high z, suggesting that the
elevated Lo 1yjss caueses the difference.

Interestingly, this enhancement also extends to neu-
tral oxygen lines. The [O 1] doublet show elevated lu-
minosities at high redshift, relative to lines like [C 11],
[N 11], and Hovext.corr.. This simultaneous increase in
both low- and high-ionization oxygen lines cannot be
easily explained by a stronger radiation field alone.

Two viable explanations remain, either an increase in
oxygen abundance relative to other metals, or an ad-
ditional emission source that enhances both [O 111] and
[O 1]—most plausibly, AGN activity (exemplified in Pa-
per I sec. 4.2).

While some high-z studies have invoked a low C/O
ratio to explain “elevated” [O 11]/[C 11] (e.g., Harikane
et al. 2020), those arguments are only relevant to low-
mass low-metallicity galaxies. For chemically mature
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Figure 19. [O 1]/[C 1] vs. [O 111]88/[C 11], the diagonal
dashed lines represent different [O 111]88/[O 1)63 values. The
colored track shows the expected trajectory as AGN frac-
tion increases, based on decomposition models from Paper I.
Horizontal and vertical shaded bands indicate the 50% AGN
contribution levels for [O 111] and [O 1], respectively.

dusty galaxies, an oxygen overabundance of 0.5 dex rel-
ative to all other elements is not theoretically expected.
And such abundance anomaly should be detectable in
their descendant at low redshift, namely elliptical galax-
ies. On the other hand, carbon and nitrogen abun-
dances, despite their different nucleosynthetic origins,
show little evolution in [N 11]/[C 11] ratios between low-
and high-z dusty galaxies. Moreover, changes in abun-
dance of carbon or nitrogen cannot explain enhanced
[O 11]/Ha and [O 1]/Ha, which are normalized to hy-
drogen. Thus, an abundance-driven explanation is in-
consistent with the observations.

As suggested in De Breuck et al. (2019), AGN activ-
ity provides a more plausible explanation. In Fig. 19,
we plot the effectss of increasing AGN contributions on
both [O m1]88 and [O 1] using decomposition recipe from
Paper I sec. 4.2. The colored trajectory follows an in-
creasing AGN fraction ( fagn), and the majority of high-
z dusty galaxies lie in the quadrant where AGN domi-
nates both lines (i.e., fagn > 50%). This makes AGN
activity a quantitatively viable explanation for the en-
hanced oxygen lines.

However, verifying this scenario is challenging due to
the lack of robust AGN diagnostics in heavily obscured

systems. In particular, DSFGs at high z often lack X-ray
or MIR AGN observations that are deep enough, mak-
ing indirect line diagnostics such as those shown here
essential for future studies.

4.9. New Questions for Future FIR FSL Studies

The increasing availability of FIR FSL observations
has significantly advanced our understanding of the ISM
conditions and the physical parameters that control
these lines. However, serious discrepancies and uncer-
tainties remain. Long-standing assumptions about the
origin, diagnostic power, and calibration of FIR contin-
uum and FSLs—particularly [C 11], [O 1], and [O 111]—
require critical revision. The findings presented in this
work raise several open questions that define the priori-
ties for future FIR FSL studies.

The empirical relations discussed in this work are de-
rived from unresolved, galaxy-integrated measurements.
However, galaxies are composed of diverse ISM phases
and structures, and integrated quantities can conflate
physically distinct emission regions. Future studies need
to explore and validate these relations on resolved spa-
tial scales, both in nearby and high-redshift galaxies.
Mapping FIR FSLs alongside multi-wavelength data
(e.g., Ha, CO, dust continuum) will help disentangle
the dominant emission zones and determine how reli-
ably global line ratios reflect local physical conditions.

As discussed in Sec. 4.4, the interpretation of the line
“deficit” problem has critical implications for whether
Lir overestimates or spectral line emission underesti-
mates SFR. Disentangling this requires line-independent
SFR measurements. One promising approach is the use
of core-collapse supernova (SN) rates as direct tracers of
massive star formation. Upcoming time-domain obser-
vatories, such as the Nancy Grace Roman Space Tele-
scope and the Vera C. Rubin Observatory, will offer
new opportunities to apply this method, particularly in
nearby galaxies with rich archival data.

The physical origin of FIR FSLs—whether from com-
pact H 11 regions, dense PDRs, diffuse ionized gas, or
extended neutral media—remains a core uncertainty.
While cloud-scale studies in the Milky Way and nearby
systems provide valuable insight, most extragalactic FIR,
FSL measurements remain spatially unresolved. Future
instruments with enhanced sensitivity to low-surface
brightness emission, such as balloon-borne or space-
based FIR telescopes and next-generation interferom-
eters, will be essential to detect and characterize the
diffuse, extended components of FIR line emission. A
critical goal is to quantify the filling factors and spatial
associations of FIR lines with their ionizing or heating
sources.
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The spatial relationship between FIR continuum emis-
sion and FIR FSLs remains poorly understood, espe-
cially at high redshifts. Although the dust continuum
emission often appears compact, FIR lines such as [C 11]
can be significantly more extended. Understanding this
mismatch is essential for interpreting the line “deficit”
problem and for constructing physically motivated mod-
els of global ISM structures and energy balance. High-
angular-resolution observations from ALMA and future
FIR facilities will be needed to map both line and con-
tinuum emission and evaluate their spatial correlations
and morphological differences.

As shown in sec. 4.2 in Paper I, AGN activity can sig-
nificantly enhance FIR FSL emission, particularly for
[O 111] and [O 1] at high z (Sec. 19). Disentangling AGN
and star formation contributions remains challenging,
especially in dusty systems where traditional AGN trac-
ers (e.g., BPTdiagram, X-ray emission, MIR colors) are
obscured. Future studies should refine AGN-sensitive
diagnostics using FIR line ratios and develop robust
decomposition methods that isolate AGN-related line
components. Combining FIR spectroscopy with JW-
ST/NIRSpec data and future FIR, MIR and X-ray ob-
servations will be critical to establishing a comprehen-
sive picture of obscured AGN populations at high red-
shift and their influence on FIR FSLs.

5. SUMMARY

In this work, we investigate the origins, diagnostic
power, and empirical correlations of FIR FSLs in galax-
ies, based on the comprehensive catalogs compiled in Pa-
per I and physical insights obtained in Paper II. By com-
bining FIR data with ancillary multi-wavelength data,
we reassess long-standing questions and propose a new
perspective for FIR FSLs and ISM structures.

New Answers

e a common fraction of ~80% [C 11] emission arise
from neutral gas, and no systematic differences
exist in fl¢ 11 neutral Petween galaxy populations
when using the N/O-corrected [N 11]/[C 11] cali-
brations.

e FIR FSL/Haext corr. Practically measures metallic-
ity.

e FIR FSLs from low-ionized state gas are strongly
coupled to those of neutral gas with abundance
bring the sole modulation, showing an ionized—
neutral gas coherence in terms of both energy
source and spatial structure.

e Lic 17 as a cooling line is physically a metallicity-
dependent tracer of SFR.

e Lc 17 also display poor correlation to atomic gas
mass (Mpy 1), with quadratic dependence on metal-
licity.

e [C 11] is correlated to My 1 and My, through sec-
ondary relations, rather than being physical trac-
ers.

e Extra justifications are needed for the applicability
of PDR models on galaxy-integrated data.

e The [C 11] “deficit” is only a manifestation of a
universal phenomenon affecting ionized and neu-
tral gas lines, even including extinction-corrected
Ha.

e The obscuration-corrected SFR was not calibrated
on dusty galaxies, and comparison with FIR FSL
“deficits” shows that the calibration breaks down
for dusty galaxies.

e Line-based calibrations suggest a crisis in SFR es-
timations in dusty galaxies, and a potential down-
revised SFR by factors up to 100.

e Line “deficits” are tightly correlated with each
other, caused by the common denominator Lig.

e Metallicity only controls dust properties in normal
galaxies, linearly to obscuration fraciton and a —
1 / 6 power to dust temperature.

e Line “deficits” correspond to a gas—dust di-
chotomy, characterzied by deviation of dust tem-
perature from the normal metallicity dependence
and an increase in density.

o Offset in line “deficits” trends in high-z galaxies
have profound implications in feedback and galaxy
evolution, depending on scenarios.

e High-z LBG/LAEs do mnot have elevated
[O m]/[C 11], and the offset in SFR can be read-
ily explained by redshift evolution of the galaxy
scaling relations.

e Extra justifications are needed for invoking low-z
“analogs”.

New Questions

e The line “deficit” and “gas—dust dichotomy” re-
flect a decoupling of dust heating from gas, caused
by either an IR “excess” or intrinsic ionized gas
“deficit”. We discuss five possible scenarios.
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e The spatial origins of FIR FSLs and their posi-
tions in ISM structures remain elusive, compli-
cated by low density, tonized—neutral gas coher-
ence, and metallicity dependence.

e The true SFR tracers in dusty galaxies rely on the
understanding of the “deficit” problem, and may
require significant revision.

e Obscured AGN may be prevalent in high-z DSFGs
and cause the enhanced oxygen emission, though
data of extinction-free AGN tracers are missing for
these galaxies.

e To reconcile various questions presented in this
work, further understanding of FIR FSLs requires
a new theoretical picture of ISM structures, sup-

plemented by resolved, deep low-surface brightness
observations.
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