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Abstract

This paper presents a statistical study of the division of the [C II] 158 μm line into ionized and neutral
components, using a new carbon-to-nitrogen abundance ratio, log(C/N)= 0.75, for a sample of 108 local
galaxies. We investigate the correlation between the ionized-to-total [C II] ratio ([C II]ionized/[C II]total) and the far-
infrared color f60/f100, 9nding a moderate negative correlation. Additionally, we explore the dependence of
[C II]ionized/[C II]total on various physical properties. We 9nd that [C II]ionized/[C II]total exhibits a weak negative
correlation with the offset from the main sequence and a moderate negative correlation with the [O III]88 μm/
[N II] 122 μm. Furthermore, no signi9cant correlation with molecular gas mass is found. It shows a positive
correlation with metallicity. Our results suggest that [C II]ionized/[C II]total is in=uenced by the ionization
parameter, star formation ef9ciency and metallicity.
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1. Introduction

The interstellar medium (ISM) plays an important role in
galactic evolution, acting as both the birthplace of stars and the
repository of stellar feedback products. Its multiphase structure
(McKee & Ostriker 1977; Ferrière 2001) is determined by
thermal instability, supernova feedback, and the in=ow of
gas onto the galactic disk (e.g., Kritsuk & Norman 2002;
Elmegreen & Scalo 2004; Ballesteros-Paredes et al. 2007;
Elmegreen 2007; McKee & Ostriker 2007; Joung et al. 2009;
Elmegreen & Burkert 2010; Seifried et al. 2011). Among the
various phases of the ISM, the cold neutral medium
(Tk < 100 K) provides the exclusive environments conducive
to star formation (Kennicutt & Evans 2012).

Molecular clouds comprise cold neutral medium cores
enveloped by atomic gas, with transition regions exhibiting
molecular hydrogen and atomic carbon (van Dishoeck &
Black 1988). These regions, known as photodissociation
regions (PDRs; Hollenbach & Tielens 1999), are responsible
for much of the galactic infrared line and continuum emission
(Crawford et al. 1985; Stacey et al. 2010; Wol9re et al. 2022).
The infrared emission originates when far-ultraviolet (FUV;
6–13.6 eV) photons from young massive stars (Hollenbach &
Tielens 1999; Meijerink 2006) are absorbed by dust grains,
heating the gas. Such thermal energy is then re-emitted
through far-infrared (FIR) 9ne-structure lines, primarily [O I]

63 μm, [N II] 122 μm, [C II] 158 μm, and [N II] 205 μm, which
are the dominant coolants in the neutral gas and can be as
bright as 0.1%–1% of the total FIR luminosity.

Quantitative analyses of PDRs rely on diagnostic line ratios
(e.g., ([C II]+[O I]63 μm)/FIR, [C II]/CO, [C I]/CO) to con-
strain radiation 9eld intensity (G0) and gas density (nH)

(Tielens & Hollenbach 1985a; Kaufman et al. 1999). These
diagnostics provide crucial insights into the star formation
ef9ciency. Owing to carbon’s high abundance, its sub-Rydberg
ionization potential enabling ef9cient excitation, and minimal
dust attenuation at long wavelengths (Heiles 1994; Luhman
et al. 1998), [C II] 158 μm (

2P3/2→
2P1/2) is typically the

brightest among 9ne-structure lines in star-forming galaxies. It
accounts for approximately 0.1%∼1% of the total FIR
luminosity (Stacey et al. 1991, 2010; Malhotra et al.
1997, 2001; Brauher et al. 2008; Carilli & Walter 2013;
Sargsyan et al. 2014; Zhao et al. 2016c), although this fraction
can drop to 0.1% in luminous galaxies or galaxies with intense
star formation activity (Zhang et al. 2018). In addition, [C II]

158 μm is the main coolant in the ISM (Tielens &
Hollenbach 1985a, 1985b; Wol9re et al. 1995, 2003). It serves
as a key diagnostic for probing the physical properties of the
ISM. For example, it acts as a reliable tracer of star formation
rate (SFR) in galaxies (De Looze et al. 2014; Vallini et al.
2015; Zhang et al. 2018; Sutter et al. 2019), and a critical
probe of CO-dark molecular gas, where H2 remains abundant
but CO emission is faint or absent (Pineda et al. 2013; Madden
et al. 2020; Zhao et al. 2024).

However, the relatively low ionization potential of carbon
(11.26 eV, below that of hydrogen at 13.6 eV) allows its
presence across multiple phases of the ISM, including PDRs,
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cold atomic gas, low-density H II regions, and diffuse warm
ionized media (Kaufman et al. 1999; Sutter et al. 2019). This
ubiquity necessitates a careful decomposition of [C II]

emission components when employing it as a diagnostic tool,
particularly separating between neutral gas-dominated emis-
sion and ionized gas contributions (Zhang et al. 2018). De
Looze et al. (2014) found a [C II]-SFR relation with a
dispersion of 0.42 dex, while Sutter et al. (2019) demonstrated
that the [C II] emission originating from neutral phases
robustly correlates with SFR, with a scatter of 0.23 dex. In
contrast, the ionized gas component exhibits a larger scatter of
0.33 dex. The star formation correlates well with gas content,
including molecular gas and atomic gas (Kennicutt 1998; de los
Reyes & Kennicutt 2019; Kennicutt & De Los Reyes 2021).
However, de los Reyes & Kennicutt (2019) found no signi9cant
relationship between star formation surface density and atomic
gas in normal and dwarf galaxies. Therefore, separating [C II]

158 μm emission from different phases may be important for
quantitatively deriving molecular gas mass and SFR.

[C II] 158μm emission is crucial for probing the physical
conditions of star-forming gas, particularly in high-redshift
galaxies where alternative emission lines are fainter (Carilli &
Walter 2013). With the advent of the Herschel Space Observatory
(hereafter Herschel; Pilbratt et al. 2010) and Atacama Large
Millimeter/submillimeter Array (hereafter ALMA. Wootten &
Thompson 2009), more and more high-redshift (z ≈ 3–5.5) [C II]

surveys appear (e.g., ALMA-SPT; Spilker et al. 2016), ALMA
Large Program to Investigate C+ at Early Times (ALPINE; Le
Fèvre et al. 2020); Reionization Era Bright Emission Line Survey
(REBELS; Bouwens et al. 2022); ALMA Spectroscopic Survey
(ASPECS; Uzgil et al. 2021). Carniani et al. (2020) discovered
the most distant [C II] 158μm emission at z ∼ 9.1.

Ultraluminous infrared galaxies (ULIRGs) and luminous
infrared galaxies (LIRGs) are pivotal tracers of galaxy evolution,
powered by dust-obscured starbursts and/or active galactic nuclei
(AGNs) with total luminosity comparable to that of quasars
(Sanders & Mirabel 1996). LIRGs cover a complete evolutionary
sequence from isolated galaxies to late-stage mergers, with high
SFRs and speci9c SFR (e.g., sSFR= SFR/M

�
), and bridge the

population of main-sequence galaxies and starbursts (Díaz-Santos
et al. 2013). Compared to ULIRGs, LIRGs generally show lower
AGN contributions to their total luminosities (Veilleux et al. 2009;
Petric et al. 2011; Alonso-Herrero et al. 2012), making them key
laboratories for studying the connection between normal star-
forming galaxies and extreme AGN-dominated systems (Sanders
& Mirabel 1996). Multi-band observations, including infrared,
submillimeter, and X-ray data, enable the separation of AGN and
starburst contributions (Armus et al. 2007), while FIR spectrosc-
opy (e.g., [C II], [O III]88μm) reveals the chemical evolution and
energy balance of the ISM (Sturm et al. 2011).

Cosmologically, high-redshift (z ∼ 1–3) LIRGs dominate
dust-obscured star formation (Berta et al. 2011; Magnelli et al.
2011), with their local analogs providing essential templates

for interpreting high-redshift observations (Desai et al. 2007;
Pope et al. 2008; Menéndez-Delmestre et al. 2009; Díaz-Santos
et al. 2010; Stacey et al. 2010). Systematic studies of local
LIRGs’ ISM properties not only reveal extreme starbursts
(SFR > 100M⊙ yr−1

) with merger-driven morphological
transitions (Hopkins et al. 2008), but also resolve feedback
mechanism of LIRGs on star formation density (>50%, Caputi
et al. 2007; Rodighiero et al. 2010; Madau & Dickinson 2014).

In summary, quantifying the phase resolved [C II] distribu-
tion in local galaxies, especially (U)LIRGs whose [C II]

emission from ionized gas can reach 30%(Herrera-Camus
et al. 2018a), establishes a critical benchmark for interpreting
ISM conditions in high-redshift galaxies. While velocity-
resolved observations allow for separating different [C II]-
emitting components in the Milky Way (Pineda et al. 2014),
such resolution is rarely achievable in extragalactic studies.
Only a few nearby galaxies achieve suf9cient velocity
resolution in CO, H I, and 9ne-structure line pro9les to
separate multiphase ISM contributions (Lebouteiller et al.
2019; Okada et al. 2019; Tarantino et al. 2021). This resolution
gap highlights the need for alternative separation methods such
as using another two bright emission lines, [N II] 122 μm
(
3P2→

3P1) and [N II] 205 μm (
3P1→

3P0).
Nitrogen has a higher ionization energy (14.53 eV) than

hydrogen, restricting its presence only in ionized gas (Zhang
et al. 2018). Moreover, [N II] 205 μm has similar ionization
properties and a critical density in ionized regions to those of
[C II] (ncrit ∼ 46 cm−3, Te = 8000 K). Therefore, it can be
utilized to separate contributions of [C II] 158 μm emission
from ionized and neutral gas (Oberst et al. 2006; Walter et al.
2009; Goldsmith et al. 2012; Goldsmith et al. 2015). However,
the [N II] 205 μm line is generally unobservable for local
galaxies and extragalactic objects, with only a limited number
of detections by satellites prior to Herschel. Wright et al.
(1991) demonstrated that in the Milky Way, the [N II] 122 μm
and [N II] 205 μm emission lines are the second brightest in the
far-infrared/submillimeter bands, aside from [C II], contribut-
ing approximately 0.05% of the total FIR luminosity.
Similarly, Brauher et al. (2008), Zhao et al. (2013), and Zhao
et al. (2016a) reported that in starbursts and normal star-
forming galaxies, these emission lines account for roughly
0.1% of the total FIR luminosity.

Assumptions for carbon and nitrogen abundances are
required to separate [C II] fractions from different phases
(Oberst et al. 2006). Recent work by Berg et al. (2019)

measured a nearly constant log(C/N) of approximately 0.75
across a range of metallicities in low-metallicity dwarf galaxies,
suggesting a revised carbon-to-nitrogen abundance ratio. Another
analysis of Micheva et al. (2022) demonstrated that the mean
metallicity in the diffuse ionized gas (DIG) (8.48) is consistent
with that in the H II regions (8.53) across all distances within
inner regions (D ≲ 245″), showing no signi9cant difference
between the two regions. These 9ndings show an increase in
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carbon abundance, while the nitrogen abundance remains
unchanged compared with Oberst et al. (2006).

Above all, [C II] emission from neutral gas is a critical
diagnostic for determining radiation 9eld strength and
gas density in PDR models (Tielens & Hollenbach 1985a;
Kaufman et al. 1999). It also provides a reliable tracer for SFR
and molecular gas masses (De Looze et al. 2014; Vallini et al.
2015; Sutter et al. 2019; Madden et al. 2020; Zhao et al. 2024).
Recently, Zhao et al. (2024) investigated the global correlation
between [C II] and CO(1-0) emission to derive [C II]-to-H2

conversion factors (α[C II]). However, their analysis did not
account for the separating contributions of [C II] from neutral
and ionized gas phases. Based on these, we recalculated the
proportional distribution of [C II] and conducted a statistical
analysis of its dependence on ISM properties across a diverse
sample of galaxies, including LIRGs, ULIRGs, early-type
galaxies (ETGs), Key Insights on Nearby Galaxies: a Far-
Infrared Survey with Herschel (KINGFISH; Kennicutt et al.
2011), “Survey with Herschel of the ISM in Nearby Infrared
Galaxies” (SHINING; PI Sturm), and AGNs. To examine the
universality of our 9ndings, we gathered observational data
from high-redshift galaxies.

The paper is organized as follows: In Section 2, we present the
Herschel spectroscopy of our sample and the ancillary observa-
tions used in this work. In Section 3, we discuss the relationship
between the fractional contribution of [C II] 158μm emission
from ionized gas and physical properties in galaxies. The
summary of the results and conclusions is given in Section 4.

2. Sample and Data

In this study, metallicity is de9ned as the gas-phase oxygen
abundance, expressed as 12+log(O/H). All metallicity
measurements were calibrated using the Pettini & Pagel
(2004) (hereafter PP04) O3N2 method, which utilizes the
[O III]λ5007/Hβ and [N II]λ6584/Hα line ratios. For values
of 12+log(O/H) derived from alternative methods, we
converted them to the PP04 O3N2 calibration (Kewley &
Ellison 2008).

2.1. The GOALS Sample

The Great Observatories All-sky LIRG Survey (GOALS;
Armus et al. 2009) has compiled a complete sample of nearby
(0.003 < z < 0.0918) galaxies, encompassing the mostly of the
60 μm-band =ux-limited IRAS Revised Bright Galaxy Sample
(RBGS), including approximately 240 individual galaxies
with 1010∼12.3L⊙ across 202 galaxy systems (comprising
180 LIRGs (1011 L⊙ < LTIR < 1012 L⊙) and 22 ULIRGs
(LTIR > 1012 L⊙)). This survey spans the complete galaxy
merger continuum: from isolated/disk galaxies or widely
separated galaxy pairs to advanced mergers where galactic
nuclei have merged (Haan et al. 2011; Kim et al. 2013;
Stierwalt et al. 2013, 2014). Moreover, it covers the spectrum

from main-sequence galaxies to starburst galaxies, with
approximately 1/4–1/3 of GOALS galaxies classi9ed as
main-sequence galaxies (Díaz-Santos et al. 2013).

Until now, numerous endeavors have utilized multi-band
data across various research domains. These data sets
primarily originate from space-based facilities, encompassing
GALEX UV data (Howell et al. 2010), HST optical and near-
infrared imaging data (Haan et al. 2011; Kim et al. 2013),
Chandra X-ray data (Iwasawa et al. 2011), Spitzer/IRS data
(Díaz-Santos et al. 2010, 2011; Petric et al. 2011; Inami et al.
2013; Stierwalt et al. 2013, 2014), and PACS and SPIRE
spectroscopic data of Herschel (Zhao et al. 2013; Zhao et al.
2016a; Díaz-Santos et al. 2017; Lu et al. 2017a). Additionally,
VLA, CARMA, and ALMA, these ground-based observatories
have been employed to observe GOALS samples (e.g.,
Murphy et al. 2013; Xu et al. 2014, 2015; Zhao et al. 2016b).

We collected observations of the [O III]88 μm, [C II],
[N II] 122 μm, and [N II] 205 μm 9ne-structure lines from Lu
et al. (2017a), Díaz-Santos et al. (2017), and Zhao et al.
(2016a), along with FIR color data ( f60/f100) of IRAS data. To
balance the linear scale of the galaxies with the telescope time
required to achieve the target sensitivity (see Lu et al. 2017a),
we selected galaxies with IR =ux (FIR) greater than
6.5 × 10−13 W m−2. Finally, 58 galaxies are selected with
all three lines ([C II], [N II] 122 μm, and [N II] 205 μm)

detected, while three galaxies only have 3σ upper limit
measurements. These 9ne-structure line observations were
conducted using the PACS and SPIRE instruments onboard the
Herschel Space Telescope.

In the 9nal sample, CO(1-0) data were obtained for 31
galaxies from Jiao et al. (2017), 5 from Kamenetzky et al.
(2016), 3 from Yamashita et al. (2017), 3 from Herrero-Illana
et al. (2019), and 3 from Alatalo et al. (2024). For six galaxies
without CO(1-0) data, the molecular gas mass was estimated
using the [C II] luminosity according to Zhao et al. (2024). The
data for the remaining 9ve galaxies were adopted from Combes
et al. (2009), Papadopoulos et al. (2011), González-Alfonso
et al. (2015), and Montoya Arroyave et al. (2023). Additionally,
for the three galaxies with only 3σ upper limits, the CO(1-0)

data were taken from Jiao et al. (2017), Yamashita et al. (2017),
and Gao et al. (2022).

We obtained metallicity measurements for 19 sources from
Pérez-Díaz et al. (2024), who calculated the chemical
abundances using 9ne-structure lines in the mid-to-far-infrared
range (Fernández-Ontiveros et al. 2021). According to Zhao
et al. (2024), who compared the metallicities of 30 sources
measured in PP04 and IR-based methods, we added 0.1 dex
to convert to PP04 O3N2 calibration. We collected the
metallicities of some sources from Sánchez-Menguiano et al.
(2017) and Spinoglio et al. (2022). The 12+log(O/H) values
of UGC 3608 and NGC 2341 were obtained from Rupke et al.
(2008) and converted to PP04 O3N2 adopting the calibration
of Kewley & Ellison (2008). The other metallicities were
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derived from the integrated line =uxes in Kewley et al. (2001),
Corbett et al. (2003), and Moustakas & Kennicutt (2006) using
the PP04 O3N2 method. The SFRs are in the range of
101∼102 M⊙ yr−1, and the stellar masses are in the range
of 1010∼1012M⊙ adopted from Howell et al. (2010) and
U et al. (2012).

2.2. ETG and KINGFISH Sample

This sample includes 30 early-type galaxies and the
KINGFISH sample with [C II] 158 μm, [N II] 122 μm, and
[N II] 205 μm detections and FIR > 6.5 × 10−13 W m−2. The
[C II] 158 μm, [N II] 122 μm, and [N II] 205 μm lines observed
by Herschel PACS/SPIRE were collected from Lapham et al.
(2017), and ten sources have [O III]88 μm measurements from
Fernández-Ontiveros et al. (2016). The CO data for ten sources
were adopted from Helfer et al. (2003), seven sources from
Alatalo et al. (2013), two sources from Young et al. (2008),
and two sources from Sorai et al. (2019). The others were
adopted from Kohno et al. (2003), Sofue et al. (2003),
Albrecht et al. (2004), Kuno et al. (2007), Baan et al. (2008),
Tsai et al. (2009), Ali et al. (2018) and Cao (2018). The stellar
masses were calculated using the K-band absolute magnitude
given in Cappellari et al. (2011). We adopted a mass-to-light
ratio of M

�
/LK = 0.6 (Bell et al. 2003) for a Kroupa initial

mass function (IMF, Kroupa 2002). The SFRs were adopted
from Davis et al. (2014) in the range of 0.01 to several
M⊙ yr−1, except for NGC 2146, which has an SFR of 14.93
M⊙ yr−1. We also collected 12+log(O/H) measurements from
Rémy-Ruyer et al. (2014) and converted them to PP04 O3N2
(Pettini & Pagel 2004) using the calibration in Kewley &
Ellison (2008).

2.3. SHINING Sample

The SHINING sample comprises galaxies observed in six of
the brightest PDR and H II region lines within the Herschel/
PACS spectral range, speci9cally [C II] 158 μm, [O I] 145 μm,
[O I]63μm PDR lines, and [N II] 205μm, [O III]88μm, and
[N III] H II region lines (Herrera-Camus et al. 2018a). We
selected galaxies with detected [C II] 158μm, [N II] 122μmand
[N II] 205μm lines and FIR> 6.5× 10−13 W m−2. This selection
resulted in eight galaxies, with [N II] 122μm, [O III]88μm, and
[C II] 158μm lines sourced from Herrera-Camus et al. (2018a)

and [N II] 205μm lines from Kamenetzky et al. (2014). The
stellar masses of these galaxies range from 1010 to 1013M⊙, and
their SFRs span from several to 101.6M⊙ yr−1. Metallicity
measurements for three sources were taken from Pérez-Díaz et al.
(2024) and converted to the PP04 O3N2 calibration by adding
0.1 dex. For the remaining sources, 12+log(O/H) values were
obtained from Spinoglio et al. (2022) and Casasola et al. (2022).

2.4. AGN Sample

The AGN sample from Fernández-Ontiveros et al. (2016) was
cross-matched with the previous samples to remove duplicate
sources. Based on the selection criteria described earlier, 15 new
sources were added. The 12+log(O/H) values for NGC 3031 and
NGC 5194 were obtained from Pilyugin et al. (2004), while the
metallicities for four sources were collected from Dors et al.
(2015) and Spinoglio et al. (2022). The 12+log(O/H) for IRAS
23365+3604 was acquired from Rupke et al. (2008) and
converted to the PP04 O3N2 using the calibration in Kewley &
Ellison (2008). Additional metallicities sourced from Pérez-Díaz
et al. (2021) and Pérez-Díaz et al. (2024) were converted to the
PP04 O3N2 calibration by adding 0.1 dex. The CO data were
collected from van Driel et al. (1991), Evans et al. (2002), Leroy
et al. (2008), Papadopoulos et al. (2011), Xia et al. (2012),
Esposito et al. (2022) and Montoya Arroyave et al. (2023), with
stellar masses ranging from 1010 to 1012M⊙ while their SFRs
range from 0.1 to a few hundreds M⊙ yr−1

(Kang et al. 2015;
Cullen et al. 2019; George et al. 2019; Esposito et al. 2022;
Farrah et al. 2022; Vinod et al. 2023; Graham et al. 2024; Nandi
& Subramonian Stalin 2024).

2.5. High-Redshift Galaxies

Of the 10 high-redshift (z > 4) galaxies in our sample with
both [C II] and [N II] 205μm measurements, three exhibit
[N II] 122μm detections (including a 3σ upper limit for
SPT0346-52). Molecular gas masses were calculated from
CO transition lines using a (U)LIRGs calibrated αCO

conversion factor. For CO(2-1) emission, we adopted R21 =
I(CO(2–1))/I(CO(1–0)) = 0.85. SFRs and stellar masses were
gathered from previous studies (Solomon & Vanden Bout 2005;
Gilli et al. 2014; Ma et al. 2015; Yun et al. 2015; Lu et al. 2017b;
Cheng et al. 2020; Jones et al. 2020; Dye et al. 2022; Tripodi
et al. 2022; Salak et al. 2024; Sun et al. 2024).

3. Results and Discussion

3.1. [C II] 158 μm Emission

The emission of [C II] 158 μm arises from both ionized gas
and PDRs due to the differing ionization potentials between
carbon (11.26 eV) and hydrogen (13.6 eV). At a temperature
of T = 8000 K, when ionized carbon is excited through
collisions with free electrons or protons, the de-excitation
density reaches approximately 44 cm−3

(Goldsmith et al.
2012), enabling rapid thermalization of the [C II] 158 μm line
within moderately dense ionized environments. In summary, in
galaxies with active star formation, the primary source of [C II]

emission is the dense PDRs enveloping young, massive stars,
where excitation of [C II] occurs via collisions with neutral and
molecular hydrogen (Tielens & Hollenbach 1985a; Kaufman
et al. 1999). The emission mechanisms of [C II] in H II regions
and PDRs are in=uenced by several factors, such as the density
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and temperature of the gas, the presence of dust grains, and the
intensity of the radiation 9eld (Abel et al. 2005). In PDRs,
photoelectric heating from dust grains plays a signi9cant role
in the excitation of C+ (Weingartner & Draine 2001; Wol9re
et al. 2003), while in H II regions, the contribution is more
from the direct ionization by high-energy photons (Rubin 1985;
Goldsmith et al. 2012). These variations in emission mechan-
isms re=ect the intricate interplay between the physical
conditions and the ambient radiation 9eld in these regions.

3.1.1. [C II] 158 μm Arises from PDRs

The 9ne-structure lines of nitrogen can be categorized into
[N II] 122μm and [N II] 205μm based on distinct energy level
transitions. Notably, the critical density of [N II] 205μm is close
to that of [C II] (ncrit ∼ 46 cm−3, Te = 8000 K), implying
analogous excitation conditions. The ionization energy of
nitrogen atoms (14.53 eV) is close to that of carbon but arises
only in the ionization region. Additionally, ionization potentials
required to get to the next ionization state are close for [C II] and
[N II] 205μm, 24.38 eV and 29.60 eV, respectively. Thus, we can
use [N II] 205μm to estimate the fraction of [C II] arising from
the ionized gas (Oberst et al. 2006; Zhang et al. 2018).

As mentioned in Oberst et al. (2006), the line ratio of
[N II] 205 μm to [C II] 158 μm in the ionized gas depends
solely on the abundance ratio of N+/C+. At temperature
T= 8000 K, the carbon gas-phase abundance they adopted
is n(C+)/ne = 1.4 × 10−4 while the nitrogen gas-phase
abundance is n(N+)/ne = 7.9 × 10−5

(Savage & Sembach
1996). This implies a gas-phase abundance ratio of ( )/ =

+ +log C N

( )/× ×log 1.4 10 7.9 10 0.254 5 . They corrected the frac-
tion of the two elements expected in the 9rst ionization
state using the H II region models from Rubin (1985).
Furthermore, in cool diffuse clouds, Savage & Sembach (1996)

derived log(C/H)=−3.86 and log(N/H)=−4.10, leading
to log(C/N)= log(C/H)–log(N/H)= 0.24. Thus, we adopt log
(C/N)= 0.24 to calculate the fraction of [C II] originating from
ionized gas following the method of Oberst et al. (2006). As
demonstrated by Berg et al. (2019), a larger constant value of
carbon-to-nitrogen abundance ratio is derived in low-metallicity
galaxies, ( )/ =log C N 0.75 with 0.2 dex scatter. Adopting the
solar metallicity of 12+log(O/H)= 8.69 (Asplund et al. 2009),
we obtain ( )/ =log C N 0.9. This value falls within the reported
scatter, and the sample size is small at this metallicity.
Consequently, we have adopted two carbon-to-nitrogen abun-
dance ratios, ( )/ =log C N 0.75 and ( )/ =log C N 0.24, to
estimate the proportion of [C II] 158μm originating from the
ionized gas, utilizing the method outlined by Oberst et al. (2006).
This method computes the theoretical line ratios of [C II] 158μm,
[N II] 122μm and [N II] 205μm as a function of the electron
density. Since the critical densities of [N II] 205μm and
[N II] 122μm are 44 and 293 cm−3, respectively, the electron

density of our sample can be inferred from the observed
[N II] 122μm/[N II] 205μm ratio as illustrated in Figure 1.

Most of the 108 galaxies in our sample with line =ux
measurements (excluding upper limits) have electron densities
in the range 10∼100 cm−3. The median electron density for
GOALS and the total sample are 32 and 23 cm−3

(corresp-
onding [N II] 122 μm/[N II] 205 μm ratios are 1.53 and 1.27),
respectively. The average ne are 44 and 43 cm−3

(corresp-
onding [N II] 122 μm/[N II] 205 μm = 1.8), respectively. This
median line ratio for the total sample matches the value found
by Zhao et al. (2016a) for a sample of 12 (U)LIRGs, while the
GOALS shows a higher ratio. This suggests that the density of
the ionized medium in our sample is relatively high and [N II]

205 μm emission is dominated by the low-density ionized gas.
Draine (2011) shows that the ionization parameter U is

almost proportional to the density, so the ionization parameter
in the high-density region is also high. Most N+ is likely
ionized to N++ (Abel et al. 2009; Fischer et al. 2014), and UV
photons in dense environments are also ef9ciently absorbed by
dust grains (Voit 1992; Bottorff et al. 1998; Draine 2011). The
[N II]205 μm emission in the high-density region will be
signi9cantly reduced. So the [N II]205 μm emission of our
sample should mostly come from the low-density regions that
surround the dense regions (Xu et al. 2014, 2015).

The method described in Oberst et al. (2006), Goldsmith
et al. (2012), and Goldsmith et al. (2015) was employed to
derive the [C II]ionized/[N II] 205 μm ratio based on the ne. This
ratio is then utilized to calculate the [C II] 158 μm arising from
the ionized gas, which is subsequently subtracted to determine
the contribution of [C II] 158 μm from neutral gas. The
uncertainty is calculated by a Monte Carlo (MC) simulation as
follows. First, we generate a [N II] 122μm/[N II] 205μm ratio
depending on the observational data and errors. Second, we
calculate the [C II]ionized/[N II] 205μm ratio using the generated
[N II] 122 μm/[N II] 205μm ratio. Finally, we calculate the
standard deviation of the [C II]ionized/[N II] 205μm ratios as the
uncertainty after repeating the previous steps 10,000 times.

Figure 2 shows the fraction of [C II] 158 μm originating
from PDRs as a function of galaxy FIR color, f60/f100. The
dashed and solid lines show the trends. It is evident that the
[C II]neutral increases with increasing FIR color of the galaxy.
For the GOALS sample, the Spearman correlation coef9cient,
which is a non-parametric measure of the monotonic relation-
ship of two variables, between [C II]neutral/[C II]Total and
f60/f100 is calculated. Adopting the two different carbon-to-
nitrogen abundance ratios, the Spearman correlation coef9-
cients are both 0.374, and the associated P-values for the null
hypothesis of no monotonic relationship are 0.005 (<0.05).
This suggests a moderate positive correlation between
[C II]neutral/[C II]total and f60/f100. However, the two variables
have a stronger correlation for the full sample, with a
Spearman correlation coef9cient of 0.5 and a P-value of
3.8 × 10−8.
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The [C II] 158 μm emission from PDRs decreases as the
C/N increases. This is primarily attributable to the method
used to calculate [C II]ionized/[N II] 205 μm. The electron
density is derived from the two nitrogen emission lines,

[N II] 122μm and [N II] 205μm, independent of abundance due to
the same chemical element and ionization state. Consequently, the
derived electron density remains essentially unchanged. However,
the theoretical [C II]ionized/[N II] 205μm ratio is correlated with the
electron density and the carbon-to-nitrogen abundance ratio (Zhang
et al. 2018), so the [C II] 158μm/[N II] 205μm is higher than
adopting log(C/N)= 0.24.

3.1.2. [C II] Arises from Ionized Gas

Figure 3 presents a histogram illustrating the fraction of
[C II] arising from the ionized gas. The dashed line indicates
the total sample, while the colored and bordered regions
represent subsamples with log(C/N) = 0.24 and 0.75,
respectively. Note that for sources where [C II]ionized/
[C II]total exceeds 1, we take the value equal 1. At log(C/N)

is 0.75, the GOALS subsample exhibits a mean and median
[C II]ionized/[C II]total of 55% and 51%, respectively, while the
corresponding values for the total sample are 60% and 53%,
respectively. Correspondingly, for log(C/N)= 0.24, the
mean and median values are 18% and 15%, and 23% and
16% for the total sample, respectively. It is evident that
[C II]ionized/[C II]total increases approximately threefold at log
(C/N)= 0.75, primarily due to a threefold increase in carbon-
to-nitrogen abundance ratio (100.75/100.24 = 3.24).

Figure 1. Line ratio of [N II] 122 μm to [N II] 205 μm as a function of electron density, ne, for our sample. Colors denote different subsamples, as shown in the legend. The
golden solid line indicates the theoretical ratio from Oberst et al. (2006). Most sources fall within 10∼100 cm−3. The mean value is 43 cm−3, and median is 23 cm−3. The
arrows mean the densities below 1 cm−3. The mean and median densities for GOALS and the total sample are indicated in pink and black, respectively.
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Figure 2. The fraction of [C II] arising from PDRs as a function of the f60/f100

for our sample. The left panel shows the derived [C II] fraction from PDRs
based on the Oberst et al. (2006) model, assuming a carbon-to-nitrogen
abundance ratio of ( )/ =log C N 0.75. The right panel presents a similar plot,
but with a different log(C/N) value of 0.24. In both panels, the stars represent
(U)LIRGs as outlined in Lu et al. (2017a), the squares denote the ETGs and
KINGFISH sample mentioned in Section 2, the diamonds represent the
SHINING sample, and the open circles indicate AGNs. Arrows indicate lower
limits on the fraction of [C II] arising from PDRs. Each data point includes
error bars calculated using the MC method. The red points and lines in the left
and right panels represent the median values in each f60/f100 bin for the total
sample and (U)LIRGs, respectively.
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As shown in Figure 4, the fraction of [C II] originating from
ionized gas exhibits a trend with f60/f100. The absolute value of
the Spearman correlation coef9cient and P-value are identical
to those presented in Figure 2. In contrast to the [C II]neutral, the
proportion of ionized carbon ([C II]ionized) decreases with
increasing FIR color. This phenomenon may be attributed to
the enhanced ionization of C+ to higher ionization states (e.g.,
C++) in environments with higher FIR color, indicative of
more intense radiation 9elds. We will discuss this in the
following sections.

3.2. The Effect of Δ(MS)

AGNs are usually observed in (U)LIRGs (Petric et al. 2011;
Alonso-Herrero et al. 2012). To explain the trend mentioned
above, the fraction of [C II] emission from ionized gas decreases
as the FIR color f60/f100 increases; we 9rst consider the AGN
contribution. Díaz-Santos et al. (2013, 2017) have shown that
despite the prevalence of AGNs in numerous GOALS sources,
the contribution of mid-infrared emission or photometric AGNs
is minimal based on Spitzer/IRS spectrum diagnostic and 6.2 μm
PAH equivalent width diagnostic analysis. Herrera-Camus et al.
(2018b) also found [C II] emission is unaffected by AGNs in 12
ULIRGs. Consequently, the 9ne-structure lines are not signi9-
cantly in=uenced by AGNs.

In general, the f60/f100 serves as an indicator of dust
temperature, which is closely linked to the physical conditions
in star-forming (SF) regions within galaxies. Morokuma-

Matsui et al. (2020) found a strong correlation between f60/f100

and speci9c star formation rate (sSFR= SFR/M
�
), which is

attributed to the intense ultraviolet (UV) radiation emitted by
young, massive stars (Magnelli et al. 2014; Matsuki et al.
2017). In such environments, radiation from these young, hot
stars heats the surrounding dust, enhancing infrared radiation
at shorter wavelengths. UV photons from these stars heat the
surrounding dust, which emits thermal infrared radiation.
Therefore, the decrease of [C II]ionized portion may be caused
by the stronger star formation activity. In these regions, the
stronger radiation 9elds could ionize C+ further to C++,
reducing the observed [C II]ionized emission.

Figure 3. Histogram shows the fraction of [C II] emission arising from the ionized gas. The 9lled regions represent fractions calculated by the model from Oberst
et al. (2006) with a carbon-to-nitrogen abundance ratio of 0.24, while the bordered areas represent results for log(C/N) = 0.75. The red dashed line indicates the
distribution of the total sample for log(C/N) = 0.24, and the black dashed line represents the distribution for log(C/N) = 0.75.
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Figure 4. The proportion of [C II] arising from ionized gas as a function of the
f60/f100 for our sample. The symbols are the same as in Figure 2. Both axes are
shown on a logarithmic scale.
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To investigate the effect of SF, we utilize ΔMS de9ned by
Accurso et al. (2017). ΔMS is the offset from the SF main
sequence, which explains the SFR-Stellar mass relationship for
SF galaxies and is recognized both in the local and distant
universe. Here, the offset from the main sequence is de9ned as
follows:

( ) ( )=MS log
sSFR

sSFR
1

MS

with sSFR and sSFRMS denoting the speci9c star formation
rate of the galaxy and the main-sequence galaxies, respec-
tively. The expression for sSFRMS is given by Whitaker et al.
(2012):

( ( ))

( )

( )[ ] ( )

= + +

×

*

*

z M

z z z

M

log sSFR ,

1.12 1.14 0.19 0.3 0.13

log 10.5 Gyr , 2

ms

2

1

where z is the redshift and M* is the stellar mass of the galaxy.
In this study, we analyze the Spearman correlation between

f60/f100 and Δ(MS) as shown in the top panel of Figure 5. For
the GOALS sample and a total of 108 sources, their ρ values
were 0.755 and 0.741, respectively, with corresponding p-
values of 2.71 × 10−11 and 4.60 × 10−20. These results
indicate a strong positive correlation between them. This
9nding aligns with the observations reported by Magnelli et al.
(2014) and Matsuki et al. (2017), who reported a strong
positive correlation between dust temperature, as characterized
by different tracers, and Δ(MS). Additionally, Morokuma-
Matsui et al. (2020) also found a strong positive correlation
between sSFR and f60/f100 for the COMING sample. The
strong positive correlation can be adequately explained by the
premise that higher values of Δ(MS) imply higher radiative
energy and sSFR (Magnelli et al. 2014). Furthermore, UV
radiation is known to heat the surrounding dust, thereby
resulting in galaxies with higher Δ(MS) exhibiting higher dust
temperatures.

In addition, the Spearman correlation and Kendall rank
correlation between [C II]ionized/[C II]total and Δ(MS) are
calculated. The Kendall’s τ correlation coef9cients were
determined using the cenken function of the NADA package
in the R software.4 The Spearman correlation coef9cients ρ and
p-values are −0.224 and 0.1 for the GOALS sample, and
−0.312 and 0.001 for the total sample. The Kendall correlation
coef9cients τ and p-values are −0.15 and 0.1 for the GOALS
sample, and −0.19 and 0.004 for the total sample. Overall, there
is a weak negative correlation between [C II]ionized/[C II]total and
Δ(MS) for the total sample, while no signi9cant correlation is
observed for the GOALS sample. This discrepancy may be
attributed to the fact that the Δ(MS) of the GOALS sample is

concentrated between 0.5 and 2, whereas the total sample covers
a broader range, as displayed in Figure 5.

The bottom panel in Figure 5 shows the [C II]ionized/[C II]total
as a function of Δ(MS). As illustrated in 9gure, the
[C II]ionized/[C II]total exhibits a decline as Δ(MS) increases.
High-redshift galaxies, represented by blue 9lled triangles in
Figure 5, consistently follow this trend. For high-redshift
galaxies, we calculate [C II]ionized/[C II]total adopt [N II] 122μm/
[N II] 205μm ratio of 2.2, based on the median value of the total
sample. This 9nding supports the conclusions of Herrera-Camus
et al. (2018a), who determined that the majority of [C II] 158μm
originates from neutral gas, and this proportion increases in most
active SF regions. The increasing pressures in H II regions can
potentially suppress [C II] 158μm and [N II] 205μm emission,
and [C II] 158μm emission from neutral gas appears less
sensitive to this effect (Croxall et al. 2017).

Furthermore, previous studies have established that Δ(MS)

is related to the UV radiation 9eld (Zhao et al. 2024). This
suggests the possibility of a connection between [C II]ionized/
[C II]total and the intensity of the radiation 9eld. To explore this
hypothesis, we utilize [O III]88 μm//[N II] 122 μm to examine
the relationship between the radiation 9eld strength and
[C II]ionized/[C II]total in the following section.

3.3. The Effect of Radiation Field

The [O III]88 μm/[N II] 205 μm ratio has been identi9ed as
an indicator of the hardness of the radiation 9eld. However, it
is essential to note that this ratio is sensitive to the electron
density (Rubin 1985), given the signi9cant difference in the
critical densities of the two emission lines (Zhao et al. 2016a).
Consequently, the ratio of [O III]88 μm and [N II] 122 μm, with
comparable critical densities (∼300 and ∼500 cm−3, respec-
tively) but distinct ionization potentials (∼35.1 eV and
∼14.5 eV, respectively), is utilized as an indicator of the
hardness of the radiation 9elds (Ferkinhoff et al. 2011; Zhang
et al. 2018) for further analysis of the radiation 9eld effect. We
plot the observed [O III]88 μm/[N II] 122 μm for 79 sources as
a function of FIR color in the top panel of Figure 6. The
Spearman coef9cients and p-values are 0.313 and 0.02 for
GOALS, and 0.391 and 0.0004 for the total sample,
respectively. The best-9t linear regression is shown in the
top-left corner of the panel. These results indicate a moderate
positive correlation between the [O III]88 μm/[N II] 122 μm
and FIR color, consistent with the study of Δ(MS) in
Section 3.2.

The log([C II]ionized/[C II]total) is plotted as a function of log
([O III]88 μm/[N II] 122 μm) in the bottom panel of Figure 6.
Red 9lled circles and connecting lines represent the median
values in different [O III]88 μm/[N II] 122 μm bins, indicating
a decreasing trend of [C II]ionized/[C II]total with increasing
[O III]88 μm/[N II] 122 μm. It is evident that, different
from the Δ(MS) analysis, the [O III]88 μm/[N II] 122 μm4 http://www.R-project.org/
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encompasses a wider range for the GOALS and the total
sample. The Spearman coef9cients and p-values are −0.439
and 0.0008 for GOALS, and −0.493 and 3.88 × 10−6 for the
total sample. The Kendall’s τ and p-value are −0.47 and

2.69 × 10−4 for GOALS, and −0.51 and 1.22 × 10−6 for the
total sample. These 9ndings suggest a moderate negative
correlation between [C II]ionized/[C II]total and [O III]88 μm/
[N II] 122 μm, which is stronger than Δ(MS).
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Figure 5. Top panel: The sSFR/sSFRMS vs. FIR color calculated by f60/f100 for individual galaxies in our sample. The dashed green line represents the linear 9t for
the GOALS sample, while the solid line corresponds to the 9t for the total sample. Bottom panel: [C II]ionized/[C II]total vs. sSFR/sSFRMS. All values are shown on a
logarithmic scale. The signs are the same as Figure 2, and the blue 9lled triangles represent high-z galaxies. In the bottom panel, the upper panel shows the
[C II]ionized/[C II]total derived by log(C/N) = 0.75, while the lower panel corresponds to log(C/N) = 0.24. The red points and lines in the upper and lower panels
represent the median values in each f60/f100 bin for the total sample and (U)LIRGs, respectively.
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However, it is important to note that the [O III]88 μm/
[N II] 122 μm ratio is not only sensitive to the hardness of the
radiation 9eld, but also correlates with the ionization
parameter U under a 9xed radiation hardness (Cormier et al.
2015; Zhao et al. 2016a). Since the FIR color is closely related
to U (Abel et al. 2009; Fischer et al. 2014; Cormier et al. 2015;
Zhao et al. 2016a), variations in [O III]88 μm/[N II] 122 μm
may partly re=ect changes in the ionization parameter.
Díaz-Santos et al. (2017) showed that [O III]88 μm/
[N II] 122 μm ratio probes mostly another ionization parameter
q for starbursts with ages of a few Myr.

U can trace the galaxies hosting young stellar populations
and experiencing high excitation conditions (e.g., Feltre et al.
2016; Gutkin et al. 2016; Jaskot & Ravindranath 2016;
Micheva et al. 2020). Although the physical mechanisms of

the [C III] emission are currently not well understood, galaxies
with high U are expected to enhance the generation of [C III].
The observations of young, low-mass, low-metallicity galaxies
have supported this 9nding (e.g., Erb et al. 2010; Stark et al.
2014, 2015; Berg et al. 2016; Maseda et al. 2017; Stark et al.
2017; Senchyna et al. 2017; Nakajima et al. 2018). As shown
in Figure 5 of Berg et al. (2019), the ionization fraction
of the C+ decreases with increasing log U, which suggests that
more [C II] in the H II region may be ionized to the next
ionization state, C++. This would result in a decrease in the
[C II]ionized/[C II]total.

Moreover, the [O III]88 μm/[N II] 122 μm ratio is also
in=uenced by the nitrogen-to-oxygen abundance ratio (N/O).
Pérez-Montero (2014) showed that N/O increases with
metallicity (12+log(O/H)). Berg et al. (2019) found that
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Figure 6. Top panel: The [O III]88 μm/[N II] 122 μm vs. FIR color for our sample. Bottom panel: (log [C II]ionized/ [C II]total) vs. [O III]88 μm/[N II] 122 μm.
Symbols are the same as Figure 4.
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( )/log N O 1.0 at 12+log(O/H)= 8.25 rises to
( )/log N O 0.8 at 12+log(O/H)= 8.75. In our sample,

the metallicity spans 12 + log(O/H)= 8.3–8.9, consistent
with the range covered in these studies. Zhang et al. (2018)

reported that adopting H II region abundances from Savage &
Sembach (1996) (with log(N/O)=−0.88) yields [O III]

88 μm/[N II] 122 μm ratio approximately 1.15 × higher than
that derived from Rubin (1985), whose log(N/O)=−0.77.
Meanwhile, the simulation by Díaz-Santos et al. (2017)

demonstrated a factor of ∼2.5× decrease in [O III]88 μm/
[N II] 122 μm ratio when metallicity increases from 1 Z⊙ to
2 Z⊙ (Z⊙: 12+log(O/H)= 8.69; Asplund et al. 2009). In our
sample, the observed [O III]88 μm/[N II] 122 μm span 0.3–10,
exceeding the scale attributable solely to N/O abundance
effects, suggesting that U remains the dominant driver. We
will further explore the impact of metallicity on
[C II]ionized/[C II]total in the following section.

3.4. The Effect of Metallicity

In dwarf galaxies, Cormier et al. (2015) found that the
radiation 9eld is stronger in low-metallicity galaxies, while
[C II]ionized/[C II]total is low in these galaxies. Similarly,
Maseda et al. (2017) have demonstrated a negative correlation
between the strength of [C III] and the metallicity in low-
metallicity galaxies. To further explore the relationship
between [C II]ionized/[C II]total and 12+log(O/H), we utilize
the total 75 metallicity measurements collected in Section 2.

The Spearman correlation coef9cients and p-values between
[C II]ionized/[C II]total and 12+log(O/H) for GOALS and total
samples are (0.336,0.06) and (0.388,0.0006), respectively.
Kendall’s τ and p-values are (0.21,0.08) and (0.28,0.0006),
respectively. These results indicate a moderate positive
correlation between [C II]ionized/[C II]total and 12+log(O/H).
This trend is consistent with 9ndings of Croxall et al. (2017),
who found a clear decrease in observed [C II]/[N II] 205 μm
ratio with increasing metallicity, suggesting that [C II]ionized/
[C II]total increases as metallicity rises. The median [C II]ionized/
[C II]total demonstrates an increasing trend with increasing
metallicity. However, an in=ection point is evident at

( )/+ =12 log O H 8.5 8.6. This turning point is also appar-
ent at this position when using the loc8t function in R to 9t as
shown in Figure 7. One possible explanation is the signi9cant
increase in log(C/N) from ( )/+ >12 log O H 8.5 8.6, as
reported by Berg et al. (2019). It is noteworthy that our
calculations adopt a uniform log(C/N) of 0.75, which may result
in an underestimation of the [C II]ionized/[C II]total.

According to Senchyna et al. (2017), galaxies with oxygen
abundance approximately 12 + log O/H ∼ 7.7 (Berg et al. 2016)

to ∼8.5 show strong [C III] detections. The strength of [C III]

signi9cantly decreases in more metal-rich galaxies because of
ef9cient cooling or in metal-poor galaxies due to the low carbon
abundance (Micheva et al. 2020). Therefore, for the sample with

metallicity below 8.5, the [C II]ionized/[C II]total may be affected by
metallicity due to its strong [C III] emission.

Nevertheless, it is important to acknowledge the limita-
tions of the present study, including the relatively small
sample size and the potential inaccuracies in metallicity
calibration for AGNs. Future research could explore this
domain by expanding the sample and considering more
reliable metallicity calibrators to improve understanding of
this correlation.

3.5. Does Molecular Gas In9uence the
[C II]ionized/[C II]total?

A strong correlation between SF activity and molecular gas
has been established by Kennicutt (1998), Liu et al. (2015),
Saintonge et al. (2016), and Accurso et al. (2017). Addition-
ally, Berg et al. (2019) found that galaxies with higher star
formation ef9ciency exhibit elevated log(C/N) values. Since
the [C II]ionized/[C II]total is in=uenced by both the electron
density and log(C/N), it is pertinent to explore the relationship
between molecular gas content and the [C II]ionized/[C II]total.
To investigate this relationship, we plot molecular gas mass as
a function of [C II]ionized/[C II]total, as shown in Figure 8.

We calculate the molecular gas mass (MH2
) from CO(1-0)

luminosity ( ( )LCO 1 0 ) using the expression provided by
Dickman et al. (1986) and Obreschkow & Rawlings (2009):

( )( )=M L 3H CO CO 1 02

Here, MH2
is expressed in solar mass (M⊙). The CO(1-0)

luminosity, ( )L 1 0CO , in units of K km s−1 pc2, is related to
the observed velocity integrated =ux density, following
Solomon et al. (1997):

( ) ( )( ) = × +L I v D z3.25 10 v 1 4CO 1 0
7
CO obs

2

L

2 3

In this equation, vobs is the observed frequency in GHz, DL is the
luminosity distance in Mpc and ICOΔv is the integrated line
luminosity in Jy kms−1. The factor αCO is the CO-to-H2
conversion factor. The empirical CO(1–0) conversion factor for
the Milky Way is typically ( )M4.36 K km s 1 1, which
includes a 36% correction for helium gas (Strong & Mattox 1996;
Abdo et al. 2010; Sandstrom et al. 2013). We adopt the
conversion factor αCO of ( )M4.0 K km s 1 1 for (U)LIRGs,

( )M4.7 K km s 1 1 for ETG, KINGFISH, and SHINING
galaxies, and ( )M4.8 K km s 1 1 for AGNs, including helium
contributions (see Table 7 in Dunne et al. 2022).

The red dots and line in the bottom panel of Figure 8
represent the median [C II]ionized/[C II]total in MH2

bins for
GOALS (with the last two bins combined due to the small
sample size). Almost all (U)LIRGs in our sample have a
molecular gas mass greater than 109.5M⊙. The lack of
correlation between molecular gas and [C II]ionized/[C II]total
may be attributed to a bias in the GOALS sample. Among the
total sample, four sources, NGC 4151, NGC 2976, IC 342 and
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NGC 3077, have molecular gas masses less than 108.0M⊙. CO
emission is known to be de9cient in low-metallicity galaxies
(e.g., Indebetouw et al. 2013; Lebouteiller et al. 2017; Vallini
et al. 2017; Jameson et al. 2018; Chevance et al. 2020; Wol9re
et al. 2022). Madden et al. (2020) estimate that more than 70%
of molecular gas is not traced by CO(1-0) in the DGS. The

( )/+12 log O H values for NGC 4151 and IC 342 are 8.34 and

8.49, respectively, suggesting that the molecular gas masses in
these galaxies may be underestimated. Accurso et al. (2017)

found that galaxies with stellar masses <1010M⊙ (for
NGC 2976, M

�
= 1010.5M⊙; for NGC 3077, M

�
=109.054M⊙)

exhibit signi9cantly lower CO luminosities due to CO
photodissociation effects. However, even after removing
these four points, no clear correlation is observed ((ρ, p) =

(−0.177, 0.07) for GOALS, (ρ, p) = (−0.173, 0.2) for the total
sample), and only a slightly downward trend is visible in
Figure 8. High-redshift galaxies (represented by blue 9lled
triangles in Figure 8) also follow this trend. The αCO values for
high-redshift galaxies are the same as those for (U)LIRGs.

3.6. Can [C II]neutral Trace SFR and MH2
Well?

Star formation predominantly occurs within neutral ISM,
rendering the [C II]neutral a more reliable tracer of both SFR and
MH2

compared to [C II]total. We study the relationship between
[C II]neutral and LCO(1−0) as shown in Figure 9 to compare with
the result presented in Zhao et al. (2024), whose [C II] is not
separated. Although there is a moderate positive correlation
between [C II]neutral and LCO(1−0), the rms deviation is
0.42 dex, which is higher than Zhao et al. (2024) (0.28 dex
for their whole sample). This is mainly due to the fact that in
galaxies with high [C II]ionized, the [ ] ( )/L LC II CO 1 0total

is low,
and there is too little [C II] emission from neutral gas as

8.3 8.4 8.5 8.6 8.7 8.8 8.9

-0
.8

-0
.6

-0
.4

-0
.2

0
.0

12+log(O/H)

lo
g
(f
C
II
,i
o
n
)

(U)LIRGs,Lu2017
Lapham2017
SHINING
AGN
Total
(U)LIRGs,Lu2017

Figure 7. (log [C II]ionized/[C II]total) vs. 12+log(O/H). Asterisks represent the (U)LIRGs in the samples of Lu et al. (2017a) and Díaz-Santos et al. (2017), while
squares, diamonds, and circles represent ETG+KINGFISH, SHINING, and AGN samples, respectively. The green solid line indicates the best-9t to the total sample
using loc8t function in R. The dashed line represents the corresponding 9t for the GOALS sample.

8 9 10 11 12

1.0

0.5

0.0

y= 0.11x+ 0.86,Lu 2017
y= 0.07x+ 0.43,ALL

8 9 10 11 12
log(MH2)

1.0

0.5

0.0 y= 0.12x+ 0.46,Lu 2017
y= 0.12x+ 0.40,ALL

lo
g(

[C
II]

io
ni

ze
d/[

CI
I] t

ot
al

)

Figure 8. (log [C II]ionized/[C II]total) vs. log(MH2
). The signs are the same as in

the bottom panel of Figure 5.

12

Research in Astronomy and Astrophysics, 25:075003 (16pp), 2025 July Liu, Zhao & Bai



displayed in the top panel of Figure 9. Additionally, we
include high-redshift (z > 4) galaxies (blue triangles) with
both [C II], CO, and [N II] 205 μm detections (two sources only
have 3σ upper limits on [N II] 205 μm emission), and adopt
[N II] 122 μm/[N II] 205 μm of 2.2, based on a median value
of our sample. Five of these high-redshift systems reside
within the correlation’s 1σ con9dence interval. [C II]ionized

is low in high-z galaxies, and [C II]neutral may be a
reliable tracer for molecular gas mass when an appropriate
[N II] 122 μm/[N II] 205 μm ratio is adopted. However, com-
pared to [C II]total, [C II]neutral is not a better tracer for
molecular gas mass.

We further explore the relationship of [C II]neutral–SFR and
[C II]total–SFR relations as shown in Figure 10, comparing the
results with those from Sutter et al. (2019). The slope and
scatter of [C II]total–SFR (slope = 0.987, rms = 0.44 dex) are
consistent with the 9ndings of De Looze et al. (2014). While a
positive correlation exists between [C II]neutral and SFR
(Kendall’s τ = 0.51, p = 1.74 × 10−12

), the scatter
(rms = 0.54 dex) signi9cantly exceeds that reported by Sutter
et al. (2019) (0.23 dex), and the slope (0.832) is shallower. The
higher scatter likely results from limited sampling at

([ ] ) <log C 7II neutral , where the small number of data points
leads to increased statistical uncertainty. Our analysis
incorporates high-redshift systems (blue triangles) with
[C II], SFR, and [N II] 205 μm measurements, adopting our
local sample’s median [N II] 122 μm/[N II] 205 μm ratio (2.2).
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Notably, eight high-redshift galaxies fall within the 1σ
con9dence interval of the [C II]neutral–SFR relation. This
9nding indicates that [C II]neutral–SFR may be suitable for
high-z galaxies. In comparison to the [C II]total–FR relation for
the total sample (Kendall’s τ and p are 0.67 and 4.77 × 10−25,
respectively), [C II]neutral shows a weaker correlation with
SFR, characterized by greater scatter and a noticeable
deviation from linearity, as shown in Figure 10. Therefore,
[C II]neutral does not trace the SFR well.

4. Conclusions

We utilize FIR emission line observations to ascertain the
[C II]ionized/[C II]total relative to the galaxy FIR color f60/f100

for a sample of galaxies, including GOALS, ETGs, KING-
FISH, SHININGs, and AGNs. The fraction of [C II] 158 μm
from the ionized gas was recalculated using a revised carbon-
to-nitrogen abundance ratio. Based on the emission line ratios,
we investigated the correlation between the new
[C II]ionized/[C II]total and various galactic properties, including
the environment and star formation activity. The conclusions
derived from these analyses are as follows:

1. The electron density is derived from [N II] 122μm/
[N II] 205μm. For the 108 total and 55 GOALS samples,
the mean electron densities are 43 cm−3 and 44 cm−3,
respectively, with corresponding median values of 23 cm−3

and 32 cm−3. Most of the derived densities fall within the
range of 10–100 cm−3. The corresponding [N II] 122μm/
[N II] 205μm are 1.8, 1.27, and 1.53, respectively.

2. When adopting a log(C/N) of 0.75, the derived ionized-
to-total [C II] ratio ([C II]ionized/[C II]total) is three times
the previous value (log(C/N)= 0.24). The derived
[C II]ionized/[C II]total ratios for both adopted C/N values
exhibit a declining trend with increasing FIR color,
showing a moderate negative correlation for the total
sample and the GOALS sample (Spearman coef9cient,
(ρ, p) = (−0.5, 2.8 × 10−8

) for the total sample,
(ρ, p) = (–0.374, 0.005) for the GOALS sample).

3. For the GOALS subsample, no signi9cant correlation is
found between [C II]ionized/[C II]total and Δ(MS), likely
due to inherent biases in the Δ(MS) measurements
within this particular sample. However, a weak negative
correlation emerges when considering the total sample of
106 galaxies with both sSFR and stellar mass measure-
ments (τ, p = −0.19, 0.004). This observed antic-
orrelation may be attributed to suppressed [C II] emission
from H II regions in galaxies exhibiting enhanced star
formation activity relative to the main sequence, possibly
due to increased radiation 9eld or ISM conditions.

4. The investigation focused on the GOALS and total samples
reveals a stronger moderate negative correlation between
[C II]ionized/[C II]total and [O III]88μm/[N II] 122μm (for
the total sample:ρ, p = −0.493, 3.88 × 10−6; for GOALS:

ρ, p = −0.439, 0.0008), which is notably stronger than the
weak anticorrelation with Δ(MS). The [C II] in ionized gas
may undergo further ionization, decreasing the [C II]ionized
in galaxies with active star formation.

5. A moderate positive correlation is found between
the [C II]ionized/[C II]total and metallicity for the 75
galaxies with metallicity measurements in Section 2.
However, a notable decline in the [C II]ionized/[C II]total at

( )/+ =12 log O H 8.5 8.6 is evident. This decline is
likely attributable to a substantial increase in log(C/N)

starting at ( )/+ =12 log O H 8.5 (Berg et al. 2019),
which has not been considered in our calculations.

6. For both the GOALS sample and the total sample, we 9nd
no signi9cant correlation between [C II]ionized/[C II]total and
molecular gas mass (for GOALS:(ρ, p) = (−0.177, 0.07);
for the total sample: (ρ, p)= (–0.173, 0.2)), though there is a
slightly downward trend with increasing molecular gas mass.

7. Our analysis reveals signi9cant scatter in the

( ) [ ]L LCO 1 0 C II neutral
correlation (σ = 0.42 dex), exceed-

ing the dispersion presented in the ( ) [ ]L LCO 1 0 C II total

relation reported by Zhao et al. (2024) (σ = 0.28 dex).
This 9nding implies that the latter method may serve as a
more reliable tracer of molecular gas mass in galaxies
with elevated [C II]ionized/[C II]total. The combination of
increased scatter and a shallower slope in the

[ ]L SFRC II neutral
relation (Figure 10) underscores the

limitations of [C II]neutral as a standalone tracer of star
formation in ionization-dominated systems.

Above all, we can tentatively attribute the variation of
[C II]ionized/[C II]total mainly to metallicity, star formation activity,
and ionization parameters. The [C II]ionized/[C II]total exhibits a
negative correlation with the intensity of star formation activity and
the magnitude of the ionization parameter. Additionally, an
increase in metallicity may lead to a decrease in the [C III]

emission and an increase in [C II]ionized/[C II]total.
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