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Resumen

En entornos de baja metalicidad, la escasa abundancia de polvo reduce la capacidad

de las nubes moleculares para protegerse de la radiación ultravioleta lejana, lo que

favorece la fotodisociación del monóxido de carbono (CO) y da lugar a envolturas

extendidas de gas molecular con débil o nula detección en CO ("CO-faint" o

"CO-dark", respectivamente). En este contexto, la línea de emisión proveniente de

la estructura �na de [C ii ], a 158� m, constituye uno de los principales mecanismos

de enfriamiento del medio interestelar y un trazador fundamental de estas fases

moleculares poco visibles en CO.

El objetivo de este trabajo es caracterizar el origen multifásico de la emisión

de [Cii ] y cuanti�car la fracción de gas molecular que no es detectada en CO

en distintas regiones de la Pequeña Nube de Magallanes. Esta galaxia, con una

metalicidad de� 0.2 Z � , representa el laboratorio más cercano para estudiar las

condiciones físicas propias de entornos de baja metalicidad, análogos a los de las

galaxias en el universo temprano, y así poner a prueba modelos de regiones de

fotodisociación.

Para ello, combinamos observaciones de alta resolución espectral de la línea

[C ii ] a 158� m, obtenidas con SOFIA/GREAT y upGREAT, junto con datos de

CO(2�1) de APEX y el mapa de [Hi] a 21 cm de ATCA+Parkes. A partir de

estos datos realizamos una descomposición espectral de la emisión de [Cii ] en

sus componentes atómica y molecular. Mediante un enfoque de descomposición

lineal, estimamos las fracciones de [Cii ] asociadas a [Hi] y H2, y convertimos la

componente molecular en densidades de columna asumiendo condiciones típicas de

regiones de fotodisociación, restringidas por estudios previos de la Nube Pequeña de

Magallanes. Posteriormente, comparamos el contenido de gas molecular obtenido

con estimaciones basadas en CO y con la densidad super�cial de la tasa de

formación estelar local,� SFR ,derivada a partir de los trazadores H� y LTIR .

Encontramos que, el ancho de línea de [Cii ] en las líneas de visión analizadas se

sitúa sistemáticamente entre los anchos de línea de [Hi] y CO, lo que indica que su

emisión se origina tanto del gas atómico como molecular. En promedio,(81� 1)%

de la intensidad de [Cii ] proviene de la fase molecular, mientras que(15 � 1)%

está asociada al gas atómico. El H2 trazado por [Cii ] representa aproximadamente

(77 � 4)% de la densidad de columna total de gas molecular, lo que indica que
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el reservorio molecular de la Nube Pequeña de Magallanes está dominado por

gas "CO-dark". Además, no encontramos correlaciones signi�cativas entre la

fracción de gas "CO-dark" y la densidad de columna total, ni con� SFR, lo que

sugiere que la abundancia de este componente está controlada principalmente por

la e�ciencia del blindaje por polvo y gas, más que por la actividad reciente de

formación estelar.

En conjunto, estos resultados demuestran que [Cii ] es el principal trazador del

gas molecular en la SMC y con�rman la presencia de una fase molecular "CO-

dark" extensa y estable en entornos de baja metalicidad. Esto tiene implicancias

importantes para la interpretación de observaciones de [Cii ] en galaxias no

resueltas, tanto en el universo local como a alto "redshift", donde el CO puede no

representar completamente el contenido total de gas molecular.

Keywords � [C ii ] 158 � m, gas molecular, gas "CO-dark", Nube Pequeña de

Magallanes, ISM, baja metalicidad, formación estelar
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Abstract

In low-metallicity environments, the reduced dust abundance debilitates the

shielding of molecular clouds against far-ultraviolet (FUV) radiation, enhancing

CO photodissociation and producing extended envelopes of �CO-faint� or �CO-

dark� molecular gas. The [Cii ] 158 � m �ne-structure line is one of the brightest

coolants of the interstellar medium (ISM) and a key tracer of these CO-faint

molecular phases.

We aim to characterize the multiphase origin of the [Cii ] line emission and quantify

the fraction of molecular gas that remains undetected in CO across several regions

of the Small Magellanic Cloud (SMC), the nearest low-metallicity (� 0.2 Z � )

galaxy that provides an ideal laboratory for testing photodissociation region

(PDR) models under conditions that resemble those in early galaxies.

We combine high spectral resolution SOFIA/GREAT and upGREAT [Cii ] 158

� m observations with APEX CO(2�1) data and the ATCA+Parkes H I 21 cm

map to perform a spectral decomposition of the [Cii ] emission into its atomic and

molecular contribution. Using the linear decomposition approach, we derive the

[C ii ] fractions associated with H I and H2, and convert the molecular component

into column densities assuming typical PDR conditions constrained by previous

SMC studies. We then compare the resulting molecular gas content with CO-based

estimates and with the local star formation rate surface density (� SFR) derived

from H� and LTIR tracers.

The [Cii ] line width in the analyzed SMC lines of sight consistently falls between

the H I and CO line widths, indicating that the [C ii ] emission arises from both

molecular and atomic gas. On average,(81 � 1)% of the [Cii ] intensity originates

from the molecular phase, while(15� 1)% is associated with atomic gas. The [Cii ]-

traced H2 accounts for roughly(77� 4)% of the total molecular gas column density,

implying that the SMC's molecular reservoir is dominated by CO-faint gas. This

estimation yields to a calibrated H2-to-CO conversion factor XCO � 7:94� 1020

cm� 1(K km s� 1)� 1, 4 times larger than the canonical Galactic conversion factor.

We �nd no signi�cant correlation between the CO-dark fraction and either total

column density or� SFR , suggesting that the abundance of CO-faint gas is primarily

governed by the e�ciency of dust and gas shielding rather than by current star

formation activity.



v

Our results demonstrate that [Cii ] is the dominant tracer of molecular gas in the

SMC and con�rm the prevalence of an extended, stable CO-dark molecular phase

in low-metallicity environments. This has important implications for interpreting

[C ii ] observations in unresolved galaxies, both locally and at high redshift, where

CO may not fully trace the molecular gas reservoir.

Keywords � [C ii ] 158 � m, molecular gas, CO-dark gas, Small Magellanic Cloud,

ISM, low metallicity, star formation



vi

List of Abreviations

� CO CO-to-H2 conversion factor

� surface density

A � visual extinction

Aul spontaneous emission rate coe�cient from the upper to lower level

ALMA Atacama Large Millimeter/submillimeter Array

APEX Atacama Path�nder Experiment

ATCA Australian Telescope Compact Array

C+ ionized carbon

C0 neutral carbon

CLASS Continuum and Line Analysis Single-dish Software

CNM cold neutral medium

CO carbon monoxide

FUV far-ultraviolet

FIR far-infrared

FWHM full width at half maximum

GREAT German Receiver for Astronomy at Terahertz Frequencies

HERITAGE Herschel Inventory of the Agents of Galaxy Evolution

H2 molecular hydrogen

I integrated intensity

IMF initial mass function

ISM interstellar medium

L luminosity

LFA Low Frequency Receiver

LMC Large Magellanic Cloud

LOS line of sight

L � Solar luminosity

LSRK local standard of rest kinematic

LTE local thermodynamic equilibrium

M � stellar mass

M � Solar mass

MW Milky Way

N(H2) molecular hydrogen column density



vii

ncrit critical density

PAHs polycyclic aromatic hydrocarbons

PACS Photoconductor Array Camera and Spectrometer

PDR photodissociation region

Rul collisional de-excitation rate coe�cient from the upper to lower level

SED spectral energy distribution

SFR star formation rate

SMC Small Magellanic Cloud

SNR signal-to-noise ratio

SOFIA Stratospheric Observatory for Infrared Astronomy

SPIRE Spectral and Photometric Imaging Receiver

TIR total Infrared

U radiation �eld

upGREAT upgraded German Receiver for Astronomy at Terahertz Frequencies

WNM warm neutral medium

XCO CO-to-H2 conversion factor

Z metallicity

Z� Solar metallicity

[C i] neutral carbon forbidden transition

[C ii ] singly ionized carbon forbidden transition

[H i] neutral atomic hydrogen

[N ii ] singly ionized nitrogen forbidden transition

[O i] neutral oxygen forbidden transition



viii Contents

Contents

AGRADECIMIENTOS i

Resumen ii

Abstract iv

List of Abreviations vi

1 Introduction 1
1.1 The need of a CO-to-H2 conversion factor . . . . . . . . . . . . . . 4
1.2 Outline of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Basic Concepts 7
2.1 PDR model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.1 CO-dark gas . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Surface density Star formation rate . . . . . . . . . . . . . . . . . 9

2.2.1 Unobscured SFR . . . . . . . . . . . . . . . . . . . . . . . 9
2.2.2 Obscured SFR . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3 Draine & Li 2007 dust model . . . . . . . . . . . . . . . . . . . . 10
2.3.1 SMC infrared emission . . . . . . . . . . . . . . . . . . . . 10

3 Data and observations 12
3.1 Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.1.1 SOFIA [Cii ] 158� m . . . . . . . . . . . . . . . . . . . . . 12
3.1.2 APEX 12CO(2-1) . . . . . . . . . . . . . . . . . . . . . . . 14

3.2 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.2.1 ATCA+Parkes [Hi] . . . . . . . . . . . . . . . . . . . . . . 16

3.3 Sample selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

4 Methodology 17
4.1 Infrared luminosity and star formation rate of the SMC . . . . . . 17

4.1.1 Infrared luminosity . . . . . . . . . . . . . . . . . . . . . . 17
4.1.1.1 Special case of region SWbarN . . . . . . . . . . 18

4.1.2 Star formation rate . . . . . . . . . . . . . . . . . . . . . . 18
4.2 Line widths of [Cii ], CO and [Hi] . . . . . . . . . . . . . . . . . . 19



Contents ix

4.3 [Cii ] emission decomposition . . . . . . . . . . . . . . . . . . . . . 21
4.4 Tracing H2 with CO and [C ii ] . . . . . . . . . . . . . . . . . . . . 23

4.4.1 ConvertingI [CII] to N (H2) . . . . . . . . . . . . . . . . . . 24
4.4.2 ConvertingI CO to N (H2) . . . . . . . . . . . . . . . . . . 25

5 Results and Discussion 27
5.1 Comparing velocities and line widths across tracers . . . . . . . . 27
5.2 Decomposition analysis of the [Cii ] transition . . . . . . . . . . . 28
5.3 The CO-faint gas in the SMC: Comparing the [Cii ]- and CO-based

N (H2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
5.4 N83-R2, N83-R4 and SWDarkPeak-R7 . . . . . . . . . . . . . . . 33
5.5 The interesting case of SWDarkPeak . . . . . . . . . . . . . . . . 34

6 Conclusion 38

References 40

Apéndices 46

A 46
A1 Complementary Data . . . . . . . . . . . . . . . . . . . . . . . . . 46

A1.1 H� emission map . . . . . . . . . . . . . . . . . . . . . . . 46
A1.2 Draine & Li 2007 mixture maps . . . . . . . . . . . . . . . 47

A2 Modeled [Cii ] emission line pro�les . . . . . . . . . . . . . . . . . 49
A3 Spectral lines parameters summary . . . . . . . . . . . . . . . . . 53



x List of Tables

List of Tables

3.1.1Observed SMC regions with the observed (�lled squares) and
unobserved (open squares) transitions and their coordinates
(Eq.(J2000.0)), radial velocity, and di�erent molecule/atom
transitions that are available and studied in this work. . . . . . . 14

5.3.1Average H2 molecular gas column density estimates, based on CO,
[C ii ] and CO+[C ii ], respectively, for the SMC regions. . . . . . . 31

5.5.1Carbon phase ratios for the 2 kinematic components along the LOS
in the SWDarkPeak region. . . . . . . . . . . . . . . . . . . . . . 36

A3.1 [Cii ] properties for each SMC region. . . . . . . . . . . . . . . . . 54
A3.2 CO properties for each SMC region. . . . . . . . . . . . . . . . . . 55
A3.3 [Hi] properties for each SMC region. . . . . . . . . . . . . . . . . 55



List of Figures xi

List of Figures

2.1.1(Left) Abundances of C+, C and CO as functions of optical depth
A � within a molecular cloud from Wol�re et al. (2010). The blue
dashed box shows the range of AV values where the H2 gas is
CO-faint (or CO-dark) and thus can be better traced by [Cii ] and
[C i] emission. (Right) E�ect of metallicity on CO and H 2 in a
spherical clump immersed in a uniform radiation �eld from Bolatto
et al. (2013). As the metallicity of the cloud decreases, the CO
emitting region (dark grey) is pushed further into the clump. . . . 8

2.3.1Comparison of the DL07 model (solid line) to the observed
IR emission from the SMC by Li and Draine (2002). The
measured emission obtained by COBE/DIRBE (diamonds) and
IRAS (squares) is averaged over a 6.25 deg2 region including the
SMC optical bar and the Eastern Wing (Stanimirovi¢ et al., 2000).
Triangles show the model spectrum convolved with the DIRBE �lter. 11

3.1.1Far-infrared dust emission in the Small Magellanic Cloud (SMC).
The background image shows the160 � m surface brightness
map obtained with the Herschel PACS instrument as part of
the HERITAGE survey. White circles indicate the SMC regions
analyzed in this study, and light blue circles mark the observed
regions listed in Table 3.1.1 . . . . . . . . . . . . . . . . . . . . . 13

3.1.2Spectral emission lines for the SMC region N22-R1 in [Cii ],
[H i],[C i]and the di�erent CO transitions on the left plot, normalized
to the [C ii ] peak intensity, where it is shown that the [Cii ] 158
� m line pro�le lies between [Hi] and the other low-J CO lines.
Integrated intensity maps of APEX 12CO(2-1) emission for the SMC
regionstop right N22 and SWbarN,bottom SWbarS, SWDarkPeak
and N83. Light pink contours represent12CO(2-1) emission levels at
3� , 5� , 8� , 11� , and 15� [K km s� 1], while lime green contours trace
H� emission at 3� , 5� , and 10� signi�cance levels erg cm� 2 s� 1.
The white circles indicate the locations of the 14.1SOFIA/GREAT
(top panels) and the upGREAT 7-pixel array (bottom panels) 158� m
observations for each SMC region (labeled as Ri , with i = 1 � 7).
The white squares correspond to the regions selected for the analysis
(See Section 3.3). . . . . . . . . . . . . . . . . . . . . . . . . . . . 15



xii List of Figures

4.2.1Multi-Gaussian �t to the [C ii ] 158�m (left), CO(2-1) (middle)
and [Hi] (right ) emission lines (gray) from N22-R1. Individual
Gaussian components are shown as black dashed lines. The middle
panels show the �t residual for each tracer. The bottom panel
plots illustrate the Bayesian Information Criterion as a function
of the number of Gaussian components, N. For the [Hi] spectrum
we consider a broader velocity interval between 80 and 200 km
s� 1, within which the BIC analysis reveals four distinct kinematic
components. Among these, the component centered at� 125 km
s� 1 coincides with the velocity range of the [Cii ] and CO emission
shown in the spectra (yellow shaded area). . . . . . . . . . . . . . 20

4.3.1Rebined espectra of [Cii ] 158 �m (yellow), CO(2-1) (light blue),
for SWbarS-R5, that match the [Hi] line pro�le (brown) velocity
resolution. The [Hi] and CO spectra are normalized to the
maximum intensity of the [Cii ] spectra. The dashed black line
corresponds to the decomposed [Cii ] 158 �m emission with linear
coe�cients wCO � 0:85 and wHI � 0:15 and reduced� 2

� � 1:63
(� 2 � 125:5), estimated with the methodology described in Section
4.3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

5.1.1Line width comparison among the [Cii ] 158� m, CO(2�1) ( circles),
and H i (triangles) emission line pro�les. Points lying on the left
side of x-axis correspond to regions where the tracers' line width is
narrower than [Cii ]. Meanwhile, points on the right side, indicate
regions where the CO and [Hi] are broader than [Cii ]. The gray
shaded area represents the velocity-shift tolerance range described
in Section 4.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

5.2.1Estimated [Cii ] 158�m emission fractions associated with(a) CO-
bright H 2 molecular gas and(b) [H i] atomic gas, based on the [Cii ]
linear decomposition. The average [Cii ] fractions along the SMC
targeted regions are indicated by the light blue and brown solid lines,
where the shaded areas represent the average weighted error of the
estimations. Both panels include the estimations of the [Cii ] 158
�m emission fractions made by Tarantino et al. (2021) for nearby
galaxies (clay and orange dashed lines), with their corresponding
error bands, and by Jameson et al. (2018) for the SMC (pink
dash-dotted line), associated with the di�erent gas phases. . . . . 29



List of Figures xiii

5.3.1Total molecular hydrogen column densit,yN (H2)total , traced by
[C ii ] and CO across the analyzed SMC regions, as function of
the hydrogen column density traced only by [Cii ] N (H2)[C ii ] (See
errorbar values in Table 5.3.1). On average, [Cii ] accounts for
about � (77 � 4)% (purple line and shaded region) of the total
N (H2), demonstrating that the bulk of the molecular gas is found
in the �CO-dark� phase. This highlights the dominant role of [Cii ]
as a tracer of molecular gas in low-metallicity environments such as
the SMC.The color coding indicates the star formation rate surface
density, log(� SFR), in units of [M � yr � 1 kpc� 2]. . . . . . . . . . . 32

5.5.1Spectral emission for the SWDarkPeak region in [Cii ] (gold),
[C i] (green), CO(2-1) (light blue) and [H i](brown), normaand the
dotted black line indicated the SWDarkPeak-A and SWDarkPeak-B
component, respectively. . . . . . . . . . . . . . . . . . . . . . . . 35

A1.1 SMC continuum substracted mosaic H� emission map, from
Winkler et al. (2015), with [10� 17 erg/cm2/s] units. The selected
SMC targets are pointed with cyan dots. . . . . . . . . . . . . . . 46

A1.2 Dust mass weighted mean interstellar radiation �eld from Chastenet
et al. (2025) to the SMC.hUi is expressed relative to the local
Solar neighborhood �eld (U = 1). Higher values, located mainly in
the surroundings areas of our selected SMC regions (cyan circles),
represent regions with strong FUV radiation. . . . . . . . . . . . . 47

A1.3 Map of the DL07 inferred dust mass per pixel across the SMC from
Chastenet et al. (2025) (colorbar in Solar masses). The distribution
highlights dust concentrations in the main body and Wing. Blank
(white and black) pixels indicate areas outside the reliable �t region.48

A1.4 Map of dust luminosity per pixel, in solar luminosity units, based
on the SMC DL07 mixture results of Chastenet et al. (2025) and
the DL07 model of Draine et al. (2007). Our SMC regions are
pointed with cyan circles. . . . . . . . . . . . . . . . . . . . . . . . 48

A1.5 Computed DL07 SMC mixture map from Chastenet et al. (2025)
where is shown the NaN pixel within the SWbarN regions (black
empty circles.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

A2.1 N22-R1 modeled [Cii ] 158 �m emission with linear coe�cients
wCO � 0:89 and wHI � 0:11 and reduced� 2 � 58:5. The residual
between the decomposed and the rebinned emission of [Cii ] is
mainly positive. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

A2.2 N22-R2 modeled [Cii ] 158 �m emission with linear coe�cients
wCO � 0:98 and wHI � 0:02 and reduced� 2 � 80:4. The residual
between the decomposed and the rebinned emission of [Cii ] is
mainly positive. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

A2.3 N22-R3 modeled [Cii ] 158 �m emission with linear coe�cients
wCO � 0:97 and wHI � 0:03 and reduced� 2 � 241:1. The residual
between the decomposed and the rebinned emission of [Cii ] is
positive, with minor negative contributions. . . . . . . . . . . . . 51



xiv List of Figures

A2.4 SWbarN-R4 modeled [Cii ] 158�m emission with linear coe�cients
wCO � 0:98 and wHI � 0:02 and reduced� 2 � 80:4. The residual
between the decomposed and the rebinned emission of [Cii ] is
positive with a negative counterpart. . . . . . . . . . . . . . . . . 51

A2.5 SWbarN-R5 modeled [Cii ] 158�m emission with linear coe�cients
wCO � 0:97 and wHI � 0:03 and reduced� 2 � 279. The residual
between the decomposed and the rebinned emission of [Cii ] is
mainly positive, with a minor negative features. . . . . . . . . . . 52

A2.6 SWnarN-R6 modeled [Cii ] 158�m emission with linear coe�cients
wCO � 0:89 and wHI � 0:11 and reduced� 2 � 58:5. The residual
between the decomposed and the rebinned emission of [Cii ] is
mainly positive, yet it still presents negative atributes. . . . . . . 52

A2.7 N83-R1 modeled [Cii ] 158 �m emission with linear coe�cients
wCO � 0:89 and wHI � 0:11 and reduced� 2 � 58:5. The residual
between the decomposed and the rebinned emission of [Cii ] is
mainly positive. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

A2.8 N83-R3 modeled [Cii ] 158 �m emission with linear coe�cients
wCO � 0:95 and wHI � 0:05 and reduced� 2 � 158. The residual
between the decomposed and the rebinned emission of [Cii ] is
positive with a negative counterpart. . . . . . . . . . . . . . . . . 53

A2.9 SWbarS-R6 modeled [Cii ] 158 �m emission with linear coe�cients
wCO � 0:94 and wHI � 0:06 and reduced� 2 � 51:3. The residual
between the decomposed and the rebinned emission of [Cii ] is
mainly positive. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54



Chapter 1. Introduction 1

Chapter 1

Introduction

Understanding how gas is transformed into stars is one of the main questions in

astrophysics. Star formation plays a key role in galaxy formation and evolution,

regulating the conversion of gas into stars and enriching the ISM through stellar

feedback (Kennicutt and Evans (2012)). The rate at which gas is converted

into stars correlates with the amount of molecular material, as expressed in the

empirical Kennicutt�Schmidt relation, where the surface density of star formation

scales with the gas surface density (� SFR / � 1+ p
gas ; Kennicutt (1998); Kennicutt

et al. (2009)). Due to this, tracing the molecular gas accurately is essential to

understanding the physical mechanisms that control star formation e�ciency in

di�erent galactic environments (Sun et al. (2018); Leroy et al. (2016)).

Observationally, the challenge of studying this cold gas phase lies in tracing the

molecular components of the ISM, which is composed mainly of H2. Molecular

hydrogen is the most abundant molecule in the Universe, yet it is di�cult to

observe directly because it lacks a permanent dipole moment and its rotational

transitions are not excited under typical cold ISM conditions (Bolatto et al. (2013)).

For this reason, astronomers depend on indirect molecular gas tracers, such as low

transitions of CO or the far-infrared �ne-structure line of ionized carbon, [Cii ]

158� m, to infer the presence and amount of cold molecular gas (Crawford et al.

(1985); Wol�re et al. (2010); Cormier et al. (2019)).

However, the reliability of these tracers strongly depends on the environmental

conditions. In particular, in low-metallicity systems the reduced dust-to-gas

ratio weakens the shielding of molecular clouds against far-ultraviolet radiation,
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enhancing the photodissociation of CO while leaving H2 largely self-shielded.

As a consequence, a signi�cant fraction of the molecular gas reservoir becomes

�CO-faint� or �CO-dark�, remaining undetected in CO observations while still

contributing substantially to the total H 2 mass (Wol�re et al. (2010); Bolatto

et al. (2013)).

In this regime, the [Cii ] 158 � m line becomes a crucial tracer of molecular gas.

The transition at 158� m originates from the2P0
3=2 ! 2 P0

1=2 level of ionized carbon

(C+ ), with an excitation energy of 91 K (Crawford et al. (1985)). Since carbon

has a lower ionization potential (11:26 eV) than hydrogen (13:6 eV), C+ can

exist in a variety of environments, including the cold and warm neutral medium

(CNM/WNM), the outer layers of molecular clouds (photodissociation regions),

and weakly ionized gas. In PDR models, [Cii ] is expected to dominate the cooling

in regions where CO is photodissociated but H2 remains self-shielded (Kaufman

et al. (1999, 2006); Wol�re et al. (2010); Hollenbach et al. (2012)). Observationally,

the [Cii ] line is one of the brightest far-infrared (FIR) emission lines in galaxies

and a major coolant of the ISM (Herrera-Camus et al. (2018); Cormier et al.

(2019)).

Within the PDR framework developed by Kaufman et al. (1999, 2006), [Cii ]

emission arises mainly from the surface layers of molecular clouds exposed to FUV

radiation, where hydrogen transitions from the atomic to the molecular phase and

carbon changes from C+ to C and then to CO. The relative intensities of [Cii ],

[C i], and CO therefore describe the structure of the gas across this transition. In

dense PDRs, [Cii ] traces the warm molecular surface where H2 is already formed

but CO is photodissociated, while in di�use gas it can originate from neutral

atomic layers or low-ionization regions. Interpreting [Cii ] as a molecular tracer

thus requires separating its various phase contributions, ideally by comparing

velocity-resolved spectra of [Cii ], CO, and [Hi], and by constraining possible

ionized contributions through lines such as [Nii ] 205� m (Herrera-Camus et al.

(2016); Tarantino et al. (2021)).

At low metallicity, where both the dust-to-gas ratio and carbon abundance are

reduced, PDR models predict an increase in the [Cii ]-emitting envelope relative

to the CO core (e.g. Wol�re et al. (2010); Hollenbach et al. (2012)). This shift

enhances the [Cii ]/CO luminosity ratio and implies that a large fraction of the

molecular gas is CO-faint. Empirically, this behavior has been observed in nearby
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dwarf galaxies such as the LMC and SMC (Israel and Maloney (2011); Jameson

et al. (2018); Okada et al. (2019)), as well as in other low-metallicity systems

(Cormier et al. (2019); Madden et al. (2020)).

Recent studies in Galactic and extragalactic environments have shown that [Cii ]

emission can trace a signi�cant fraction of molecular gas not visible in CO (Pineda

et al. (2014); Langer et al. (2014); Jameson et al. (2018); Tarantino et al. (2021)).

However, because [Cii ] arises from multiple ISM phases, separating its molecular,

atomic, and ionized contributions requires combining it with complementary

tracers such as CO and [Hi] at matched velocity resolution (Okada et al. (2015);

Requena-Torres et al. (2016)). This is particularly important in low-metallicity

environments, where complex and blended line pro�les can obscure the underlying

physical structure if only integrated quantities are considered.

The impact of these e�ects is particularly evident in nearby low-metallicity galaxies,

where observations have revealed that a large fraction of the molecular gas is

not traced by CO but instead by [Cii ] emission. This is re�ected in enhanced

[C ii ]/CO ratios and the presence of extended molecular envelopes surrounding

compact CO cores (Madden et al. (2020); Okada et al. (2019); Jameson et al.

(2018)).

The Small Magellanic Cloud (SMC) provides an ideal laboratory for studying these

e�ects. Its proximity ( � 61 kpc), stellar mass (log(M � =M� ) = 8 :5), and metallicity

of � 0:2 Z � allow spatially resolved studies of the ISM while probing conditions

similar to those in early galaxies. Previous works have revealed CO-faint molecular

gas on large scales in the SMC (e.g. Sandstrom et al. (2010)), and velocity-resolved

SOFIA/GREAT observations have shown that a large fraction (� 60%) of the

molecular gas resides in extended CO-faint envelopes traced by [Cii ] emission

(Requena-Torres et al. (2016)).

Jameson et al. (2018) further investigated the relationship between [Cii ]-bright

and CO-bright gas usingHerschel and ALMA spectroscopy of several SMC

regions, including SWbarS, SWbarN, N22, N83, and SWDarkPeak, �nding that

on average� 70% of the molecular gas is associated with [Cii ]-bright emission.

By comparing integrated intensities and spatial distributions, they showed that

[C ii ] preferentially traces extended molecular envelopes surrounding compact CO

cores, consistent with PDR expectations at low metallicity.
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Despite these advances, a detailed, velocity-resolved characterization of the

multiphase origin of the [Cii ] emission and a quantitative census of the molecular

gas reservoir traced by [Cii ] across di�erent environments in the SMC remain

essential. Disentangling the atomic and molecular contributions to the [Cii ] line

is key to accurately constraining the total H2 content and understanding the role

of CO-dark gas in regulating star formation.

In this context, we combine new velocity-resolved SOFIA/GREAT [Cii ] 158 � m

observations toward 10 lines of sight across the SMC with APEX CO and ATCA

[H i] data to (i) determine the kinematic properties (centroid and linewidth) of

[C ii ] relative to atomic and molecular gas, (ii) decompose the [Cii ] emission

into its molecular and atomic components, (iii) estimate the H2 column densities

traced by [Cii ] and compare them with CO-based values, and (iv) relate these

results to the SMC's dust and star-formation properties derived from infrared

SED modeling. Together, these analyses provide a self-consistent picture of how

[C ii ] emission traces the multiphase ISM in a low-metallicity environment and

quantify the fraction of the molecular gas reservoir that remains undetected in

CO.

1.1 The need of a CO-to-H 2 conversion factor

While CO is the most widely used tracer of molecular gas, converting its observed

emission into a molecular hydrogen mass requires the adoption of a CO-to-H2

conversion factor, commonly denoted asX CO or � CO . This factor relates the

integrated CO intensity to the H2 column density (or mass surface density) and

is typically calibrated in the Milky Way using virial mass estimates, dust-based

measurements, or
 -ray observations (Bolatto et al. (2013)).

In environments with near-solar metallicity,X CO is found to be relatively constant,

re�ecting the fact that CO emission traces well-shielded molecular gas where the

carbon is predominantly in molecular form. However, this assumption breaks down

in low-metallicity systems, where reduced dust shielding allows far-ultraviolet

radiation to penetrate deeper into molecular clouds. As a result, CO-emitting

regions become con�ned to the densest and most shielded cores, while a signi�cant

fraction of the molecular gas resides in more extended envelopes where CO is

photodissociated but H2 survives (Wol�re et al. (2010); Bolatto et al. (2013)).
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This e�ect leads to a systematic increase in the CO-to-H2 conversion factor with

decreasing metallicity, as CO traces only a subset of the total molecular gas

reservoir. Observational studies of nearby dwarf galaxies, including the Magellanic

Clouds, have shown thatX CO can be an order of magnitude or more higher

than the canonical Galactic value (P. (1997); Leroy et al. (2011); Bolatto et al.

(2013)). Consequently, relying solely on CO emission can lead to a signi�cant

underestimation of the total H2 content in these environments.

These limitations highlight the importance of complementary tracers such as [Cii ]

and dust emission to obtain a more complete census of the molecular gas. In

particular, combining CO with tracers sensitive to CO-dark H2 allows for a more

accurate determination of the total molecular gas reservoir and provides critical

constraints on the variation ofX CO across di�erent physical conditions.

1.2 Outline of the thesis

Chapter 2 introduces the theoretical and observational concepts required to

interpret the [C ii ] emission and molecular gas properties analyzed throughout

this thesis. We �rst describe the physical structure of PDRs, focusing on the

interaction between far-ultraviolet radiation and neutral gas, the thermal balance

regulated by gas heating and cooling processes, and the layered transition between

C+ , C0, and CO inside molecular clouds.

And chapter 3 presents the observational dataset used throughout this thesis

and describes the selection criteria applied to de�ne the �nal sample analyzed.

The chapter explains how the �nal set of analyzed regions was de�ned based

on the availability of matched [Cii ], CO, and [Hi] observations, signal-to-noise

requirements, and kinematic consistency between the molecular and ionized carbon

tracers.

Then chapter 4 describes the methodology adopted to characterize the physical

conditions of the Small Magellanic Cloud interstellar medium and to quantify the

molecular gas traced by [Cii ] and CO emission. The chapter combines infrared

dust modeling, star formation diagnostics, spectral-line kinematic analysis, and

emission-line decomposition techniques to construct a consistent framework for

studying the multiphase structure of the low-metallicity ISM.
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Finally, chapter 5 presents the main observational and physical results derived from

the analysis of the [Cii ], CO(2�1), and [C i] emission in the selected SMC regions.

The discussion is organized around four key aspects: (i) the kinematic comparison

between the di�erent gas tracers, (ii) the decomposition of the [Cii ] emission

into molecular and atomic components, (iii) the molecular gas content traced

by [C ii ] and CO, and (iv) the implications for the CO-to-H2 conversion factor

in low-metallicity environments. Special attention is given to the SWDarkPeak

region, which provides a clear example of the transition between CO-bright and

CO-dark molecular gas.
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Chapter 2

Basic Concepts

2.1 PDR model

Photodissociation regions correspond to predominantly neutral interfaces between

ionized and neutral molecular gas that are exposed to FUV photons in the energy

range 6-13:6 eV. These photons regulate the thermal balance, chemistry, and

structure of the gas without ionizing hydrogen. In PDRs, gas heating is mainly

driven by the photoelectric e�ect on small dust grains and polycyclic aromatic

hydrocarbons (PAHs), where FUV photons eject energetic electrons that transfer

kinetic energy to the surrounding gas (Bakes and Tielens (1994); Hollenbach and

Tielens (1999)). The dominant cooling channels depend on the local density and

temperature, but are typically governed by far-infrared �ne-structure lines such

as [Cii ] 158 � m and [Oi] 63/145 � m, together with low-J rotational transitions

of CO deeper inside the cloud (Hollenbach and Tielens, 1999).

The classical PDR framework predicts a layered chemical structure controlled by

the penetration of FUV radiation into the cloud (Tielens and Hollenbach (1985);

Kaufman et al. (1999); Hollenbach and Tielens (1999)). In the left panel of Figure

2.1.1 is shown that at low visual extinctions (AV . 1), carbon is predominantly

ionized (C+ ), producing strong [Cii ] emission from the warm surface layers. As

the extinction increases and the FUV �eld becomes attenuated, carbon recombines

into neutral atomic carbon (C0), traced by the [CI] �ne-structure lines. Deeper

into the cloud (AV & 2-4, depending on metallicity and density), CO becomes self-

shielded and dominates the carbon reservoir, while the gas temperature decreases
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Figure 2.1.1: (Left) Abundances of C+, C and CO as functions of optical depth
A � within a molecular cloud from Wol�re et al. (2010). The blue dashed box
shows the range of AV values where the H2 gas is CO-faint (or CO-dark) and
thus can be better traced by [Cii ] and [Ci] emission.(Right) E�ect of metallicity
on CO and H2 in a spherical clump immersed in a uniform radiation �eld from
Bolatto et al. (2013). As the metallicity of the cloud decreases, the CO emitting
region (dark grey) is pushed further into the clump.

and CO rotational transitions become the main cooling mechanism. Molecular

hydrogen forms at shallower depths than CO because H2 self-shields much more

e�ciently against photodissociation (Wol�re et al. (2010); Bolatto et al. (2013)).

As a consequence, an intermediate layer of molecular gas can exist in which

hydrogen is predominantly molecular while carbon remains in ionized form, giving

rise to the so-called CO-dark molecular gas phase traced by [Cii ].

Increasing the FUV radiation �eld G0 enhances gas heating and pushes the

C+ /CO transition deeper into the cloud, while higher gas densities favor molecular

formation and more e�cient shielding. PDR models therefore predict speci�c

line ratios such as [Cii ]/CO, [C ii ]/[C i] and [Ci]/CO as a function of nH and G0,

allowing observational constraints on the physical conditions of the molecular gas

(Kaufman et al., 2006). In low-metallicity environments, the reduced dust-to-gas

ratio weakens FUV attenuation and enlarges the C+ -emitting envelope relative

to the CO core, substantially increasing the fraction of CO-dark molecular gas

(Wol�re et al. (2010); Hollenbach et al. (2012); Madden et al. (2020)), as shown

in the right panel of Figure 2.1.1.
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2.1.1 CO-dark gas

CO-dark (or CO-faint ) H2 refers to molecular gas where H2 survives by self-

shielding but CO is photodissociated or underexcited, making it faint in CO while

still present in other tracers. This component can be signi�cant, especially in low-

metallicity environments or under strong FUV radiation �elds, and is often inferred

from [C ii ], dust, or 
 -ray constraints (Wol�re et al. (2010); Grenier et al. (2005);

Langer et al. (2014)). In these environments, the reduced dust abundance weakens

the attenuation of ultraviolet photons, allowing FUV radiation to penetrate deeper

into molecular clouds and selectively destroy CO molecules while H2 remains largely

protected through self-shielding (Bolatto et al. (2013); Wol�re et al. (2010)). As a

result, the molecular cloud structure develops extended C+ -emitting envelopes

surrounding compact CO-bright cores, increasing the fraction of molecular gas

that is invisible to standard CO observations. This e�ect is expected to become

progressively more important at decreasing metallicity, where both the dust-to-gas

ratio and the carbon abundance are reduced, leading to enhanced [Cii ]/CO ratios

and larger reservoirs of CO-dark molecular gas (Madden et al. (2020); Cormier

et al. (2019); Jameson et al. (2018)).

2.2 Surface density Star formation rate

The surface density of star formation quanti�es the recent rate of stellar birth

per unit area. Empirically, � SFR correlates with gas surface density (the

Kennicutt�Schmidt relation), with normalization and scatter in�uenced by local

conditions and timescales Kennicutt (1998); Kennicutt and Evans (2012).

2.2.1 Unobscured SFR

Unobscured star formation is traced by the UV continuum and hydrogen

recombination lines (e.g. H� ), which respond to massive, short lived stars over

� 5� 100Myr. These tracers require dust attenuation corrections and care with

di�use emission Kennicutt and Evans (2012); Hao et al. (2011).
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2.2.2 Obscured SFR

Dust reprocessed emission in the infrared traces the obscured fraction of young

stellar light. Total infrared (TIR) luminosity or selected monochromatic bands

can be used alone or combined with H� /UV in hybrid calibrations to recover total

� SFR Kennicutt et al. (2009); Calzetti et al. (2007); Kennicutt and Evans (2012).

2.3 Draine & Li 2007 dust model

The Draine et al. (2007) (DL07) considers that dust is exposed to a range of

radiation �elds U, within a range Umin < U < U max , coming from a di�use

ISM component that is mostly dust. The DL07 model represents interstellar

dust as a mixture of amorphous silicate and carbonaceous grains (with the

smallest carbonaceous grains having the physical properties of PAH particles)

heated by a distribution of starlight intensities parameterized byUmin , the least

interstellar radiation �eld, and a power-law tail up to Umax , which represents the

PDR component (U > 100). This dust emission model predicts full IR SEDs

(3� 1100� m), enabling estimates of dust mass, PAH fraction, and radiation �eld

parameters.

2.3.1 SMC infrared emission

Infrared emission from dust in the SMC has been observed by the Infrared

Astronomical Satellite (IRAS; Schwering and Israel (1990); Sauvage et al. (1990)),

the Di�use Infrared Background Experiment (DIRBE) instrument on the Cosmic

Background Explorer (COBE) satellite (Stanimirovi¢ et al., 2000). Li and Draine

(2002) model the dust emission for the SMC Bar by assuming that the IR emission

is due to the the carbonaceous grain population extends from grains with graphitic

properties at radii a � 0:01� m down to particles with PAH-like properties at

very small sizes. To constrain the model they use the observed 12, 25, 60, 100,

140, and 240� m DIRBE band surface brightnesses [I]obs and uncertainties from

Stanimirovi¢ et al. (2000). The speci�ed parameters are the column density of

gasN (H ), the size distribution of the population that contributes to the PAHs

and environmental properties, such as Umin , Umax and � (dust emissivity spectral

index, which characterizes the wavelength dependence of the grain opacity) (Li

and Draine, 2002).
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Figure 2.3.1: Comparison of the DL07 model (solid line) to the observed IR
emission from the SMC by Li and Draine (2002). The measured emission obtained
by COBE/DIRBE (diamonds) and IRAS (squares) is averaged over a 6.25 deg2

region including the SMC optical bar and the Eastern Wing (Stanimirovi¢ et al.,
2000). Triangles show the model spectrum convolved with the DIRBE �lter.

In Figure 2.3.1 they show that their best-�t model reproduces the entire SMC

spectrum with emission from dust (N (H ) � 5:4 � 1021 cm� 2) illuminated by a

wide range of starlight radiation with Umin = 10� 1:0, Umax = 102:5 and � = 1:8.
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Chapter 3

Data and observations

3.1 Observations

We observed 17 line-of-sight (LOS) with SOFIA distributed in �ve SMC regions,

namely N83, SWDarkPeak, SWbarN, N22, and SWbarS. These pointings are

overlaid on the 160�m emission map of the SMC, as shown in Figure 3.1.1,

and sample a diverse range of environments in terms of star formation activity,

radiation �eld strength, and gas content. In this study, we make use of existing

CO and [Hi] observations.

3.1.1 SOFIA [C ii ] 158� m

Cycle 3 SOFIA [Cii ] (2P3=2� 2P1=2) at 1900.5369 GHz (rest frame) observations

(� � 157:7 � m) were obtained for six regions in the SMC (Proposal ID

03_0120, PI Herrera-Camus; N22-R1, N22-R2, N22-R3, SWbarN-R4, SWbarN-

R5, and SWbarN-R6) using the German Receiver for Astronomy at Terahertz

Frequencies (GREAT). The [Cii ] line was detected with the L2 channel, which

covers a radio-frequency range of 1815-1910 GHz. GREAT is a dual-channel

heterodyne instrument for far-infrared (FIR) spectroscopy that provides high

spectral resolution (R � 108) in several frequency windows in the 0.490�4.747 THz

range, with a beam size of 14.1 (Heyminck et al. (2012)), which corresponds to

� 4:3 pc for the SMC. The velocity resolution is� V � 0:1 [km s� 1].

Cycle 5 SOFIA [Cii ] 158� m observations targeting seven additional SMC regions

(Proposal ID 05_0210, PI Herrera-Camus; N83-R1, N83-R2, N83-R3, N83-4,
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