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Abstract

The main objective of this work was to determine the optical depth of the ionized
carbon and to study the effects that could be arise from this optical depth. For this
reason, high spectral resolution and sensitivity observations were done of the ['*CII]
*P3/9-°P1 /2 158 pm fine structure line and the ['*CII] hyperfine structure line split-
ted into three components. The observations were done simultaneously with up-
GREAT 7x2 array receiver on board the airborne observatory SOFIA towards four
photodissociation regions covering a wide range of physical conditions: the HII re-
gion M43, the edge-on and faint Horsehead photodissociation region, the spherical
and highly ionized Monoceros R2 and the massive and clumpy M17 SW. Addition-
ally, the M17 complex was observed in [CI] *P;-*P, 609 pm line in order to study the
large scale [CI] emission along M17 SW and M17 N. The observations were done
with the SMART array receiver of the NANTEN?2 telescope at high spatial and spec-
tral resolution.

As a first step, direct comparisons of the ['2CII] and [**CII] emission line pro-
files and intensities for multiple positions in each source, assuming a single homo-
geneous layer and a reasonable '*C/!*C abundance ratio, have revealed that the
Cp13 line, scaled up by the canonical abundance ratio between *C and '*C, com-
pletely overshoots the ['2CII] emission with different line profiles. Thus, [**CII] is
optically thick in all sources and, in the case of Mon R2 and M17 SW, is heavily
affected by self-absorption effects. Column densities derived from the [**CII] inte-
grated intensity show extremely high column densities, four times higher than the
column densities derived directly from [*?CII] integrated intensity. This situation
required a more sophisticated analysis. A multi-component dual layer model of
the radiative transfer equation has been developed to take into account the discrep-
ancy between the line profiles of both isotopes,as well as the intensities between
them. The model allows the simultaneous fit of the emission of both isotopes and
the derivation of the physical properties of the [CII] gas, namely column density
and excitation temperature. The model is composed of a background emitting layer
and a foreground absorbing layer. The parameters derived from the model show
extremely high background column densities, up to 10'” cm™2 or as an equivalent
visual extinction around 41 magnitudes; and cold foreground column densities up

A%



to 10'® cm™2 or 13 mag. Also, a multi-component single layer model has been stud-
ied, but it has been discarded as a physically unlikely scenario. The extreme back-
ground column densities require multiple PDR surfaces stacked along the line of
sight, showing a clumpy structure. The cold high column density foreground gas
can not be explained with any known scenario and only speculations can be done
to explain its origin.

The M17 SW [CI] observations have shown the velocity distribution of the [CI]
emission and, through the analysis of momenta maps, three distinctive velocity
structures have been identified. Each structure can be associated with HI atomic
gas, Hy molecular gas and as a part of a foreground molecular cloud associated
to the M17 complex, respectively. The [CI] column density of the complex ranges
between 10'7 and 10'® cm™?, or in equivalent visual extinction, between 1 and 10
magnitudes. M17 SW has the larger amount of material and the larger column den-
sity. The [CI] spectra are shifted to the redder part of the spectra, with respect to
molecular and ionized tracers. Also, the [CI] equivalent visual extinction is much
lower compared to the other tracers. This can be explained as an expected deficit of
neutral carbon, but precise measurements of the local abundances needed to derive
the extinctions would require the use of numerical models and large scale data sets
of complementary tracers, that will be part of future work.
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Zusammenfassung

Das Hauptziel dieser Arbeit war es, die optische Tiefe des ionisierten Kohlenstoffs
zu bestimmen, und Effekte die daraus herriihren. Zu diesem Zweck wurden spek-
Py 5 158 pm Feinstrukturlinie und den [**CII] Hyperfeinstrukturlinien, die in drei
Komponenten aufgespaltet sind, gemacht. Diese Beobachtungen wurden simultan
mit dem upGREAT 7x2 Array-Empfanger an Bord des SOFIA-Flugzeugs in Rich-
tung von vier Photodissoziationsregionen (PDR) erlangt, die eine grofse Vielfalt von
physikalischen Bedingungen abbilden: die HII-Region M43, die leuchtschwache
“edge-on” Horsehead Photodissoziationsregion, die sphérische und hochionisierte
Monoceros R2, und die massive und klumpige M17 SW Region. Zusitzlich wurde
der M17 Komplex in der [CI] *P;-*P; 609 pum Linie beobachtet um die grofraumige
[CI] Emission entlang von M17 SW und M17 N zu untersuchen. Diese Beobach-
tungen wurden mit dem SMART Array-Empfanger des NANTEN2-Teleskops mit
hoher spektraler und rdumlicher Auflosung erlangt.

In einem ersten Schritt wurden die Emissionslinienprofile von ['*CII] und [**CII]
verglichen, sowie die Intensitdten fiir etliche Positionen in jeder Quelle. Dies geschah
unter der Annahme einer einzelnen, homogenen, emittierenden Schicht und eines
angemessenen 2C/!3C Isotopenverhéltnisses. Diese Analyse ergab, dass die mit
dem kanonischen Isotopenverhiltnis von '*C/'3C skalierte ['*CII] Linie komplett
die [**CII] Emission mit verschiedenen Linienprofilen tibertrifft. Das ldsst darauf
schlielen, dass ['2CII] in allen Quellen optisch dick und, im Falle von Mon R2 und
M17 SW, stark von Selbstabsorptionseffekten betroffen ist. Die Sdulendichten, die
aus den integrierten ['3CII] Intensititen gewonnen wurden, sind extrem hoch; vier
mal hoher als die aus den integrierten Intensitidten von [*2CII]. Diese Situation er-
forderte eine wesentlich anspruchsvollere Analyse. Hierfiir wurde ein Zweischicht-
modell mit mehreren Komponenten der Strahlungstransportgleichung erwickelt,
um sowohl den Unterschieden zwischen den Linienprofilen beider Isotope Rech-
nung zu tragen, wie auch den Unterschieden ihrer Intensititen. Das Modell er-
laubt den gleichzeitigen Fit der Emission beider Isotope und die Herleitung der
physikalischen Eigenschaften des [CII] Gases, genauer die Sdulendichte und Anre-
gungstemperatur. Das Modell besteht aus einer emittierenden Hintergrundschicht
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und einer absorbierenden Vordergrundschicht. Die Parameter aus dem Modell zeigen
extrem hohe Sdulendichten im Hintergrund, bis zu 10" cm™? oder einer dquiva-
lenten visuellen Extinktion von 41 Magnituden; die kalte Vordergrundkomponente
hat eine Sdulendichte von bis zu 10'® cm™2 oder 13 Magnituden. Weiterhin wurde
ein Einschichtmodell mit mehreren Komponenten untersucht, doch als physikalisch
unwahrscheinlich verworfen. Die extremen Sdulendichten im Hintergrund wer-
den durch mehrere, entlang der Sichtlinie {ibereinander liegende PDR Oberfliachen
erzeugt, die eine klumpige Struktur besitzen. Die hohe Sdulendichte des kalten
Vordergrundgases kann mit keinem bekannten Szenario erklart werden und bisher
kann zu seinem Ursprung nur spekuliert werden.

Die M17 SW [CI] Beobachtungen zeigen die Geschwindigkeitsverteilung der
[CI]-Emission und es konnten, durch die Analyse der Momentekarten, drei ver-
schiedene Geschwindigkeitsstukturen identifiziert werden. Jede dieser Strukturen
kann mit atomarem Wasserstoffgas (HI), molekularem Wasserstoffgas (H,), oder als
Teil der molekularen Vordergrundwolken in Verbindung mit dem M17-Komplex
in Verbindung gesetzt werden. Die [CI] Sdulendichte des Komplexes liegt zwis-
chen 10" und 10'® cm ™2, entsprechend einer visuellen Extinktion von 1 bis 10 Mag-
nituden. M17 SW hat eine hohere Menge an Material und eine hohere Saulen-
dichte. Die [CI]-Spektren sind relativ zu den molekularen und ionisierten Emissio-
nen zum roten (langwelligen) Teil des Spektrums hin verschoben. Weiterhin ist die
[CI] dquivalente visuelle Extinktion wesentlich niedriger im Vergleich zu den Werter
anderer Indikatoren. Dies kann als ein erwartetes Defizit neutralen Kohlenstoffs
erklart werden, doch werden hierzu prazise Messungen der lokalen Haufigkeiten
bendtigt, um die Extinktion herzuleiten, die wiederum numerische Modelle und
grofiere Datensdtze komplementdrer Indikatoren erfordern, was Teil von zukiin-
ftiger Arbeit sein wird.
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1 Introduction

Photodissociation Regions (PDRs) are zones of the interstellar medium (ISM) in
which Far-UV photons dominate the thermal balance, chemistry, structure and dis-
tribution of the gas and dust of such regions. The incident FUV field photodissoci-
ates molecules, photoionizes atoms and molecules and heats the gas and dust. The
gas is mainly cooled through fine structure line emission of excited atoms, such as
[CII], [O]] and [CI]. These lines are key to study the ISM structure and dynamics.

The [CII] 158 pm fine structure line is one of the brightest emission lines in
PDRs and the main cooling line in the atomic and molecular gas. The [CII] line
is not only used to study the local galactic ISM, but is also used as a star-formation
tracer for nearby and high redshift galaxies (eg. Boselli et al. 2002; De Looze et al.
2011; Herrera-Camus et al. 2015) due to its ionization by FUV photons produced by
nearby OB stars, creating a link between the star formation activity and the [CII]
emission. Therefore, it is essential to know whether the [CII] line emission is opti-
cally thin or thick. The concern to know the optical depth of [CII] has been present
since the first observations of [CII]. Russell et al. (1980) refers in the first [CII] ob-
servation article that: "Optical depth effects in the 157 pm line may be significant but
have not been taken into account in our calculations because our data base is still too re-
stricted”. Traditionally, [CII] has been considered as an optically thin line with an
optical depth around unity, but systematic measurements of the optical depth has
been only done in a few cases in the last years.

As this issue has not been sufficiently addressed, the main objective of this work
was to determine the optical depth of the ionized carbon, to study the effects that
could be arise from this optical depth and determine the physical parameters of the
ionized carbon through the observations of ['*CII] and [**CII]. This key analysis has
not been done before because, just recently, it has been tecnically feasible to observe
both lines simultaneously at high sensitivity and spectral resolution.

Additionally, a fundamental element in the development of a new generation
of receivers and observatories, is to have a selection of targets that may act as test
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CHAPTER 1. INTRODUCTION

cases for the future observations. Hence, for one of the sources observed in [CII],
observations were done in [CI] to be used as a pathfinder for large scale mapping of
star forming regions. Therefore, an additional objective for this work was to study
the large scale [CI] emission of the observations mentioned above.



2 Physical Background

The present chapter explains the physical framework required to understand the
emission of radiation by atoms and molecules in the GHz and THz frequency regimes
studied for this work. This chapter outlines the basic physics of the radiation pro-
cess, describes photodissociation regions in which the line emission originates, as
well as details the characteristics of the different atoms and molecules employed
in this work. The physical background is based on the following books: Radiative
Processes in Astrophysics (Rybicki & Lightman 1979), The Physics and Chemistry of the
Interstellar Medium (Tielens 2005), Tools of Radio Astronomy (Wilson et al. 2009) and
Physics of the Interstellar and Intergalactic Medium (Draine 2011).

2.1 Radiation

The electromagnetic radiation can be considered as waves or photons of the elec-
tromagnetic field which radiate through the space, traveling in straight lines called
rays. Hence, the energy of a ray crossing an area dA normal to the direction of the
ray within a solid angle dw in a time dt in a frequency range dv can be defined as:

dE = I, dAdt dQ) dv 2.1)

Where, 1, represents the specific intensity in units of erg s™* cm~2 ster! Hz ™'

By definition, the specific intensity I, is constant, as long as there is no emission or
absorption. In particular, it is constant along the ray, independent of the distance to
the source. Additionally, and knowing that the radiation propagates at the velocity
of light ¢, the specific energy density u, is defined as the amount of energy contained
in a volume of length cdt and area dA:

dE = u,(Q) dA cdtdQ dv (2.2)
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Combining both equations above, u, (2) results in:

u(Q) = 21, 2.3)

Therefore, the mean intensity J, can be defined as:

J, = i 1,d02 (2.4)
47

2.2 Planck Function

2.2.1 Planck Spectrum

The Planck spectrum describes the electromagnetic radiation emitted by a black
body i.e. a radiation source in thermal equilibrium. A proper derivation can be
found in physics textbooks such as Radiative Processes in Astrophysics (Rybicki &
Lightman 1979). Thus, the specific intensity defined above in case of thermal equi-
librium is described by the black body emission B, (T), for a given temperature T
and frequency v, as:

(2.5)

C2 ehl//k‘BT _ 1

with kp the Boltzmann’s constant (1.38x107' erg K™!). Figure 2.1 shows B, (T)
at different temperatures, on a double logarithmic scale.

2.2.2 Radiation and Rayleigh-Jeans Brightness Temperature

At low frequencies and at sufficiently large temperatures (>20 K), hv << kpT.

Therefore, ¢"*/k2T can be approximated as:
v /kBT o 1 4 hv L0 v i (2.6)
kT kgT ’

and using Eq 2.6 to first order in 2.5, B, (T") becomes:

2V2k}BT

B,(T) (2.7)
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Figure 2.1: Black bodies at different temperatures with their Planck spectrum (Wil-
son et al. 2009).

This is also known as the Rayleigh-Jeans law, and it is a valid approximation in
the limit of low frequencies and large temperatures in thermodynamic equilibrium.
From there, we can define the Rayleigh-Jeans equivalent temperature J(T') as:

c? hv 1

_ ry="r__1 2
202k ( k ew/kT — 1 (2.8)

J(T)

And, for the general case, outside thermodynamic equilibrium, the Rayleigh-
Jeans brightness temperature 7}, can be defined as:

02

B 21/2/{53 v

T, (2.9)

The brightness temperature will be similar to the physical blackbody tempera-
ture only in the Rayleigh-Jeans limit (low frequencies and/or high temperatures).

2.3 Radiative Transfer Equation

The specific intensity is independent of the distance along the ray for the radiation
in free space. But, it will change if radiation is absorbed or emitted. This change
is described by the radiative transfer equation. The equation of radiative transfer
can be defined for radiation with an intensity I, traversing a slab of material with a
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path-length s along the direction of propagation as:

dl,
ds

= —a 1, + 7, (2.10)

The first term, o, [, represents the change in I, due to absorption of the incident
radiation by the material. «, is the attenuation coefficient at frequency v. The sec-
ond term, j,, corresponds to the emissivity at frequency v, and changes I, due to
spontaneous emission of the material and is independent of I,

Thus, the optical depth, 7, can be defined as:

dr, = a,ds, or 1,(s) = / a,(s')ds' (2.11)
50

The optical depth is a measure of the absorption along the path of ray. A medium
is considered as optically thin or transparent when the optical depth integrated
along the path through the medium is lower than unity (7, <1). This means that
the photon absorptions are neglectable. On the other hand, a medium is optically
thick or opaque when the optical depth is higher than unity (7, >1) and photon ab-
sorptions become important.

Rearranging Eq. 2.10 and using Eq. 2.11, the radiative transfer equation can be
expressed as:

dl,

dr,

= 1,485, (2.12)

with S, the source function, defined as the ratio of the emission and absorption
coefficient by:

s, =7 (2.13)

oy

Hence, the radiative transfer equation can be formally solved by multiplying
Eq. 2.12 by e™ at both sides, and solving the resulting differential equation. The
formal solution is:

I(1,) =L,(0)e™ + / e~ =TS, (7)) dr!, (2.14)
0
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The first term represents the initial intensity I, (0), coming from behind the medium,
attenuated by the optical depth factor e . The second term represents the integral
over the source function along the medium attenuated by the factor e (™ ~7) due to
its internal absorption. There is a special case to consider, when S, is constant. Then
equation 2.14 becomes:

IL(r,)=L0)e™+S(1—-e™)=S5,+e™(,(0)—S,) (2.15)

Hence, if 7, — oo, then I, — S,, which means that in an opaque medium, the
only radiation emitted is the one produced by the medium itself. On the other hand,
if 7, — 0, then [, — I,(0), meaning that one sees the emission from the background,
unaltered by the medium in between.

2.4 Einstein Coefficients

2.4.1 Line Profile Function

Let’s suppose a system with two energy levels, a lower level with energy E; and a
statistical weight g;, and an upper one with energy F, and statistical weight g,,, and
E, — E; = hyy. The energy levels have a finite energy spread, then the difference
between them can be described by a line profile function, named ¢(v), which peaks
at v = 1. ¢(v) is normalized.

/000 o(v)dv =1 (2.16)

And from Eq. 2.4, the mean line average intensity can be defined as:

_ 1 e
J=—

), J,o(v)dv (2.17)

The processes responsible for the finite line broadening in the ISM are natural
broadening due to the Heisenberg uncertainty principle sue to the finite lifetime of
the upper state, and Doppler broadening due to thermal motion and microturbu-
lence of the gas. The natural broadening is due to the uncertainty principle, for a
given atomic level i, there is not a perfectly defined energy FE;, but a superposition
of energies around FE;. Therefore, transitions of electrons between levels are not de-
fined by an exact energy difference. Then, the line profile function is described by a
Lorentz function, given by:
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B r
CAr(v — )2 + (T/2)2

o(v) (2.18)

with I' the quantum-mechanical damping constant, defined as the sum of all
transition probabilities for spontaneous emission (see definition below in the next
subsection). An additional process, not relevant for this work, is Collisional or
Pressure Broadening due to collisions between particles. The line profile is also
described by a Lorentzian profile.

Doppler line broadening is the dominant broadening process for line emission
in the ISM. It is produced by a combination of random thermal motions and non-
thermal turbulent motions by atoms. A gas with a kinetic temperature Tk will
have its individual atoms moving towards or away from the observer, producing
a Doppler shift. The net effect is to spread the line profile. In combination, there are
non-thermal random movements as a product of microturbulence inside the gas.
Both of these processes characterize the line profile function by a Gaussian profile.
Hence, the total Doppler, that it is a convolution between them, also characterizes
¢(v) by a Gaussian profile and it is defined as:

1 —(v—1)2/Ar2
¢(v) = NN s (2.19)

where Av is the equivalent width of the line profile of line center v,. Also, the
line profile, and consequently the optical depth, can be expressed as a function of
the velocity as:

1 71}7”02 2
qb(v):Avﬁe (v=v0)*/A (2.20)

with Av = cAv/vy.

2.4.2 Definition of the Coefficients

If the two level system defined above interacts with a photon of energy hy through
emission or absorption, there are three processes that could happen:

e Spontaneous emission: The system starts in the upper state and emits a photon
of energy hu, dropping to the lower state, even in absence of a radiation field.
We can define the Einstein’s coefficient A as:

A, = transition probability per unit of time for spontaneous emission.
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e Absorption: The system makes a transition from the lower state to the upper
one through the absorption of a photon of energy hyy. The absorption proba-
bility is proportional to the density of photons at frequency 1,. The absorption
probability is:

B, J = transition probability per unit of time for absorption.

e Stimulated Emission: The stimulated emission is given by the interaction of
an incoming photon with an excited atom or molecule. This interaction makes
an electron of the atom or molecule drop to a lower energy level and emit a
photon of energy hu. The probability of emission is:

B, J = transition probability per unit of time for stimulated emission.

2.4.3 Equations of Detailed Balance

In thermodynamic equilibrium, the number of transitions from the lower to the up-
per state is equal to the number of transitions in the opposite direction. Defining
the upper and lower state number densities of atoms as n,, and n; respectively, the
equation of balance is:

nlBluj = nuBulj -+ nuAul (221)

Isolating J from Eq 2.21 results in:

7 AUZ/Bul
/= 2.22
(/1) (Biu/ But) — 1 (2:22)
But in thermodynamic equilibrium, the ratio between the densities is:
—E/kgT
=0 (2.23)

Ny gue—E+h0)/ksT

The levels are populated following the same Boltzmann distribution. From the
expression above, the excitation temperature 7., can be defined as the ratio between
relative population of two adjacent levels, independent of whether the system is in
thermodynamic equilibrium or not.



CHAPTER 2. PHYSICAL BACKGROUND

@ — g_ue_hVO/kBTex,ul (2,24)
L gi

In thermodynamic equilibrium, the excitation temperature becomes the physical
temperature and is the same for all levels. On the other hand, outside equilibrium,
different temperatures may characterize the population of each level. Additionally,
assuming local thermodynamic equilibrium (LTE), the radiative transfer equation
from Eq. 2.15 can be expressed in terms of T = T.. Therefore, S, = B(T.), and ex-
pressing B(T.) in terms of the radiation temperature J,(1") defined above in Eq. 2.8,
J,(T') can be written as:

JAT) = J(Thg)e™ + J(Tod) (1 — ™) (2.25)

With T, the radiation coming from behind the medium. SubtractingJ, (7}, ) from
both sides of Eq. 2.25, the line temperature after the subtraction of the background
continuum emission becomes:

JZ/(T) - Jy(Tbg) = [JV(Tex) - JV<Tbg)] (1 - e_TV) (226)

Then, using Eq.2.24 in Eq. 2.22, J, in thermal equilibrium, yields:

Aul/Bul

J =
(nlBlu/nuBul)thO/kBT -1

(2.27)

But in thermodynamic equilibrium, J = B,. For Eq. 2.27 to be equal to the Planck
function (Eq. 2.5) the Einstein Coefficients must fulfill:

guBul = nglu (228)
and
2hv?

The two equations above are called equations of detailed balance and they guar-
antee that the probability for stimulated emission and absorption are the same, ex-
cept for the degeneracy factors. Also, transitions with high probability of absorption
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will have high probability of emission, whether stimulated or spontaneous.

These relationships are independent of the temperature and they are fulfilled al-
ways, even when the system is not in thermodynamic equilibrium. Therefore, the
Einstein coefficients are intrinsic properties of the atom.

2.4.4 Absorption and Emission Coefficients: relationship to the Ein-
stein Coefficients

The emission and absorption coefficients defined in Sect. 2.3 can be related to the
Einstein coefficients defined above after some assumptions. For the emission coef-
ficient j,, it can be assumed that the emission is distributed according to the line
profile function ¢(v) (Eq. 2.16), in a similar way to the absorption. Hence, the emis-
sion can be written as:

hvg

The absorption coefficient («,) takes into account naturally the Einstein absorp-
tion coefficient. But, the stimulated emission is also proportional to the intensity, in
a similar way to the absorption. Also, both processes happen at the same time and
can not be disentangled. For these reasons, the stimulated emission can be treated
as a negative absorption. Thus, the absorption coefficient becomes:

h
@, = T26(v) (mBuu = nuBu) (2.31)

Also, Eq. 2.10 and the source function S, (Eq. 2.13) can be expressed in terms of
the Einstein coefficients as:

dl, hv hv
= o (ny B, — nyBu) o(v)1, + ENuAulqb(V) (2.32)
nuAul
= —— 2.33
S nlBlu - nuBul ( )

Hence, using Equations 2.28 and 2.29 in 2.31 and 2.33, o, and S, result in:

h
a, = ﬂnzBZu (1 - gmu) o(v) (2.34)
4 GuTh

11
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2h13 1
g, = v (2.35)

C2 Guhy 1
giny

Finally, using Eq. 2.24 for both equations above, «,, and S, become:

o, — %nszu [1 B e_hy/kBTex] o(v) (2.36)

Su = Bu(Tex) (237)

2.4.5 Optical Depth in terms of Einstein Coefficient

From above, Eq. 2.36 express the relationship between the absorption coefficient and
the Einstein coefficients. Thus, using Eq. 2.11 with Eq. 2.36, the optical depth can be
expressed as:

hu,
Ty = 4_7:NlBlu [1 — €_hy/kBTex] gb(V) (238)

With N; = n;s the column density. Then, in the LTE regime, the partition function
Z can be defined. The partition function describes the statistical properties of a
system in thermodynamic equilibrium. It is defined as:

Z =Y ge Pt (2.39)

Then, the relative column density /V;, can be expressed as:

N’L glesz/k'BTez

R 2.40
i 7 (2.40)
Therefore, Eq. 2.38 can be rewritten using Eq. 2.40 as:
hVO Yy giefEi/kBTez
Ty = ENBlu (1 —€ h /kBT) |:T ¢(V> (241)

12
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And using the Einstein coefficients relationships (Eqgs. 2.28 and 2.29) in Eq. 2.41,
the optical depth can be expressed as a function of the frequency as:

2 *Ez’/k'BTez

€ Gu —hv/kpTY | 9i€
-, = ZENA, (1 — BY) | Fe———— 242
= G N A (1 e [ p } o) 42)

Hence, using Eq. 2.20, the optical depth as a function of the Doppler velocity
becomes:

A g g
— _uNAu 1 _ —hV/k‘BT 1
T(U) 87TV§ gl l ( € )

] o(0) 2.43)

2.5 Description of the Observed Atoms and Molecules

The study of the atom and molecular physics, quantum levels and line emission is
an extensive field that will not be covered here in depth. The purpose of this section
is to describe the atoms and molecules observed through fine structure line, hyper-
fine line structure line or rotational line transition that will be analyzed below in
Chapter. 5. The atoms are ionized carbon, neutral carbon and ionized nitrogen. For
the molecules, low-]J carbon monoxide will be analyzed below. Extensive discussion
over the subject, as well as some summaries, can be found in textbooks such as Ra-
diative Processes in Astrophysics (Rybicki & Lightman 1979), Tools of Radio Astronomy
(Wilson et al. 2009), The Physics of Atoms and Quanta (Haken & Wolf 2000) and Molec-
ular Physics and Elements of Quantum Chemistry (Haken & Wolf 2004).

It is important to define first the description of the species, the basic terminol-
ogy used in Astrophysics. The atomic element in neutral state is written as the
species with an uppercase 0 (A%), and in single ionized state as the element with
an uppercase + (A"). In Astrophysics, the transitions are named using the name
of the species and successive Roman numbers. The atom with a number I refers to
fine or hyperfine structure line transitions of the neutral atom (AI), the atom with
a number II refers to transition for a single ionized atom (A/I), and so on. If the
transition is written between brackets ([ ]), it means that the transition is forbidden
([AI], [AlI],etc). Forbidden transitions are transitions that are unlikely to occur, re-
quiring a longer time to happen. At first order, transitions are governed by electric
dipole transitions, at second order, magnetic dipoles and electric quadropoles and
so on at higher orders. Transition with no contribution from the electric dipole mo-
ment are forbidden. They are dominant, i.e. brighter, in space due to the extremely

13
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Figure 2.2: Fine-structure levels of C* and hyper-fine structure levels of *C* (see
also Table 2.1).

low gas density. This makes collision unlikely, allowing the gas to decay by emitting
a forbidden-line photon.

2.51 2C* and ¥C* - Ionized Carbon

C* ground electronic state 1s*2s*2P° is divided into two fine-structure levels *P{ ,
and °P3 ,, as we can see in Fig. 2.2. C* is excited to the “P} , level through collisions
with electrons (Keenan et al. 1986; Blum & Pradhan 1991; Wilson & Bell 2002; Wil-
son et al. 2005), atomic hydrogen (Launay & Roueff 1977b; Barinovs et al. 2005) or
molecular hydrogen (Flower & Launay 1977; Flower 1988), depending on whether
the collision partner is available in the different layers of the PDR. The excitation is
followed by a subsequent radiative decay to the *P{ , level by spontaneous emission
or collisions, producing a photon of frequency 1900.5369 GHz or 157.7 ;im (Cooksy
et al. 1986), see table 2.1 for the ['2CII] spectroscopic parameters. [CII] fine structure
line has a spontaneous emission probability of Ajp =2.29x107% s—1 (Mendoza 1983;
Tachiev & Froese Fischer 2001; Wiese & Fuhr 2007).

13C* is one of the isotopes of C*. Due to the presence of an additional spin of
the unpaired neutron in the nucleus, the two C* fine-structure levels are splitted
into 4 hyper-fine structure levels, as we can see in Fig. 2.2. This hyper-fine split-
ting produces three components. These components are labeled by the total angular
momentum change F=2—1, F=1—0 and F=1—1. Figure 2.3 illustrates the resulting
spectrum for the case of a sufficiently narrow intrinsic line width, in such a way that

14
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Figure 2.3: Spectral signature of the ['*CII] hyperfine structure and [**CII] for a
hypothetical, narrow line width (see also Table 2.1).

Table 2.1: [**CII] and ['*CII] Spectroscopic parameters

Line Statistical Weight Frequency Vel. offset Relative
Su g v d vpop  intensity
(GHz) (km/s) Sy
[**CII] *P3/o—>P1 2 4 2 1900.5369 0 -
[**CII] F=2—1 5 3 1900.4661 +11.2 0.625
[**CII] F=1—0 3 1 1900.9500 -65.2 0.250
[**CII] F=1—1 3 3 1900.1360 +63.2 0.125

the strongest hyperfine satellite of ['**CII], F=2—1, does not blend with the ['*CII]
line. The frequencies of the hyper-fine transitions were determined by Cooksy et al.
(1986). Ossenkopf et al. (2013) confirmed that the hyper-fine frequencies were cor-
rect through direct astronomical observations, with an accuracy of 3 MHz. They also
computed the relative line strengths of the [**CII] hyperfine satellites and noted that
the relative strengths given by Cooksy et al. (1986) were incorrect. The right ratios
forthe F/ — F =2—1:1—-0:1— 1 transitions are 0.625:0.25:0.125, and the old line
ratios were 0.444:0.356:0.20. This anomaly had also been reported before by Graf
et al. (2012).

The relevant ['2CII] and [**CII] spectroscopic parameters are summarized in Ta-
ble 2.1, including the velocity offsets of the [**CII] hyperfine components relative to
[12CII]. The frequency separation of the hyperfine lines is small enough that all lines
can be observed simultaneously with the bandwidth available in current, state-of-
the-art high resolution heterodyne receivers, the 130 km/s separation of the outer
hfs-satellites corresponds to slightly below 1 GHz frequency separation.
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2.5.1.1 [CII] Optical Depth Estimation from the Main Beam Temperature ratio

For a direct estimation of the optical depth from the observed main beam tempera-
ture ratio, it can be assumed, as a first approximation, that the source is composed
of a single, homogeneous layer. The optical depth is proportional to the line of
sight integral of the population differences between the upper and lower states. We
can estimate the ratio between the optical depth of [**CII] and [**CII] if two con-
ditions are met: The chemical abundance ratio between >C* and *C*, defined as
12C* /13CT=a', is constant across the source; and the excitation temperature of the
main isotopic line and all three [**CII] hyperfine satellites are identical at each posi-
tion in the source.

Instead of calculating the [*2CII] optical depth for each [**CII] hyperfine satellite
separately, the noise weighted average is used, of the appropriate velocity shifted
and scaled-up three hyperfine satellites:

Tmb,13(U - AUF—>F/)
Wy p
D g WP p—_—

ZF,F’ Wp—Fr (244)
3F—>F’>2
g

Tmb,13,tot (U> =

WrSpr = <

with sp_, 7 the relative intensities from Table 2.1 and o is the rms noise level of
the observation. The F, F'-sum in eq. 2.44 runs over all satellites that are not blended
with the main ['?CII] line. From the radiative transfer equation from Eq. 4.13, the
ratio between the temperatures of both isotopes can be expressed as:

Tmb,lQ(’U) B 1— 6*7'12(1))
Tmb,l?),tot(U) a 1 — e—T13,t0t (V)

(2.45)

Furthermore, the optical depth of ['3CII] is inversely proportional to the abun-
dance ratio o as:

T13,t0t (V) = Brot T12(V) (2.46)
1
Brot = o Z SFF (2.47)
FF'

If the three hyper-fine components are used it = 1/a™, sp_p is the relative
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intensity of the ['"*CII] hyperfine satellite (Table 2.1). Combining Eq. 2.45 and 2.46,
the ['2CII] optical depth can be estimated as:

Tb,12(v) 1 — e 7(v2)

~ 2.48
Tmb7137tot(v) Brot T(U12) ( )
2.5.1.2 [CII] Column Density and Optical Depth
For an atomic fine-structure level transition, the energy E; is:

To estimate the ['*CII] column density, the partition function Z from Eq. 2.39 for
a two level system is:

—hu /KT

Z = qe + gye /KT (2.50)

And the optical depth from Eq. 2.43 becomes:

3

¢ G
= —=—NA,
m(©) 8118 gy :

1 — e—hu/sz

] 6(v) (251)

1 _|_ g_ue—hl/l/kT
g

From here, the column density can be derived from the integrated intensity. This
is calculated from the integration of the main beam temperature from Eq. 4.13 de-
fined below in Chapter 4, assuming that the background contribution is negligible
and approximating the optical depth as (1-e7") ~ 7. Therefore, the integrated main
beam temperature is:

hv, 1
/Tmb(v) dv = / Toehlfo/k—T_l,r(U) dv (252)

and replacing Eq. 2.42 into 2.52:

hv ¢ 1
T = — AuN 2.53

Rearranging Eq. 2.53 for the column density, becoming:

8kl

N(ern = 7550 pr) / () do (2.54)
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with f(T) = 1 + 2¢™/*T In the high limit case for the temperature, if T goes to
infinity, f(T) goes to 3/2. Higher values of f(T) occur at lower excitation tempera-
tures. Therefore, a minimum column density can be defined for the high limit case
as:

3 Smku?
Nmin(CI[) = §hC3A0l /Tmb(v) dv (255)

and the column density from Eq. 2.54 as:

N(CII) = ; f(T) Nuin(CIT) (2.56)

Figure 2.4 shows how the value of the excitation temperature affects the column
density estimated from the integrated intensity, specially below the 91.2 K.

10

N(CII)
Nmin(CIl)

0 50 100 150 200 250
Tex [K]

Figure 2.4: Ratio between N(CII) and N, (CII) as a function of the excitation tem-
perature. Above the temperature of the [CII] transition, 91.2 K, the increase relative
to the minimum value is well below a factor of 2.

2.5.2 (Y- Neutral Carbon

Carbon ground electronic state is 1s2s?2p®. The ground state is divided into three
fine-structure levels ®Py, *P; and *P, (Saykally & Evenson 1980), see Fig. 2.5 for the
fine-structure level diagram.
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Efk (K) J

P 2

v =808.3420 GHz

P 1

v =482.1607 GHz

[CI]

Figure 2.5: Fine-structure levels of atomic carbon

It is excited mainly by collisions with atomic hydrogen (Yau & Dalgarno 1976;
Launay & Roueff 1977a; Abrahamsson et al. 2007), but also with He and H; (Mon-
teiro & Flower 1987). [CI] ?P,-*P; transition emits a photon with a frequency of
809.3 GHz and a spontaneous emission probability of Ay; =2.68x107" s—1 and *P;-
*Py transition has a frequency of 492.2 GHz and a spontaneous emission probability
of Ajg =7.93x107% s—1 (Draine 2011).

2.5.21 [CI] Column Density

From Gerin et al. (1998), the neutral carbon column density, under LTE conditions,
is:

N(C)=1.9 x 1015/Tmb dv Q(Tkm)eEl/kain (em™?) (2.57)

with the partition function Q(T') = 1 + 3e EV/*T 4 5¢=F2/*T carbon atom energy
levels £, /k = 23.6 Kand E,/k = 62.5 K, the integrated intensity in units of K km
s~ and Ti;, the kinetic temperature of the carbon gas.
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2.5.3 N7 -Ionized Nitrogen

N corresponds to ionized nitrogen. The atom has an ionization potential of 14.5 eV,
higher than hydrogen. For this reason, it can be found in HII regions and in diffuse
ionized gas, tracing the ionized hydrogen and reflecting the effects of the UV pho-
tons, as well as the electron density. N7 is created mainly by UV photoionization,
but also by cosmic rays and x-rays ionization, electron collisional excitation and pro-
ton charge exchange (Langer et al. 2015). It is depleted in fully ionized regions by
electron radiative and dielectronic recombination, and in partially ionized regions
also by exothermic charge exchange with atoms.

Efk (K) J

v =2459.371 GHz

v =1461.134 GHz

[NII]

Figure 2.6: Fine-structure levels of ionized nitrogen N*

N in the ground electronic state is distributed as 1s*2s?2p®. Due to its electronic
distribution, it is divided in three fine structure levels, similar to neutral carbon. P,
has a E;/k of 118 K with a g» =5, ?P; has a E; /k of 70 K with a g; = 3 and *P, has a
E;/k of 0 K with a gy = 1. [NII] ®P,-*P; transition has a frequency of 2459.371 GHz
(121.9 um), meanwhile 3P;-3P, transition has a frequency of 1461.134 GHz (205.2
pm) (Brown et al. 1994). The spontaneous emission probability Ay, corresponds to
7.5x107% s—1 and Ajj to 2.1x107° s—1 (Galavis et al. 1997). It is excited through
collision with electrons (Lennon & Burke 1994; Hudson & Bell 2004; Tayal 2011).
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2.5.3.1 [NII] Column Density

From Langer et al. (2015), the [NII] column density can be estimated from the inte-
grated intensity in the optically thin limit as:
he?

La(INI) = [ T() do = 2 A fuN(NY) (2.58)

ul

where A,; is the Einstein A coefficient for the transition, v,; the transition fre-
quency, f, is the fractional population of the upper state, N(N) is the column den-
sity and the integrated intensity is in units of K km s~ 1. For the 205 um *P;-*P,
transition, it can be written as (Langer et al. 2015):

Ly(INIT]) =5.06 x 107 f{N(NT) (Kkms™1) (2.59)

with f; fractional population of N in the *P; state. The fractional population
has the condition of f; + f1 + fo =1, with f; the fractional population of the different
levels. N7 is excited by electron collision, therefore, the level populations depend
directly from the electron density of the HII region. From Goldsmith et al. (2015),
Fig. 2.7 shows how the population fraction for the different levels changes for a ki-
netic temperature of 8000 K.

If only the *P;-*P, transition has been observed, it is not possible to derive the
electron density. But assuming a kinetic temperature of 8000 K, the population frac-
tion of the level ?P; peaks at 0.45 with an electron density of 100 cm 3. Therefore,
this value can be used to derive the column density as a lower limit.

2.5.4 CO - Carbon Monoxide Rotational Transitions

CO, carbon monoxide is a diatomic heteronuclear molecule. Diatomic molecules
correspond to molecules formed by two atoms. Each electronic state can be defined
by a vibrational quantum number v and a rotational quantum number J, that cor-
responds to the total angular momentum, that is the sum of the electronic angular
momentum L and the angular momentum N. Heteronuclear diatomic molecules
are molecules formed by different atoms, such as CO, OH or HD. They have a per-
manent electric dipole, hence vibrational and rotational transitions are allowed in
the ground electronic state. The spontaneous emission coefficient A,; is given by
(Mangum & Shirley 2015):

6473

A, =207
ul 3he3

|| (2.60)
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Figure 2.7: Fractional populations of three N* fine structure levels for kinetic tem-
perature of 8000 K, as a function of electron density. From Goldsmith et al. (2015)

with |p,|? the dipole matrix element. For a pure rotational transition in the
ground electric and vibrational levels, from .J to J-1, the dipole matrix element is:

|| = J—J—1 (2.61)

2J+1

with 12 the permanent electric dipole moment of the molecule. The energy levels
for the rotational transitions, using the rigid rotor approximation, are:

E; = hBoJ(J +1) (2.62)

with B, the rigid rotor rotation constant. The partition function Z from Eq. 2.39
can be approximated for a diatomic molecule as (Schneider et al. 2016b):

kB Tex

0

+1/3 (2.63)

CO has a permanent dipole moment of 1 = 0.11 x 107!® esu cm, the ground rota-
tional transition has rotational frequency B =v/2/J, h?/1k ~ 5.5 K and a critical den-
sity of 2200 cm~?. The combination of these three conditions results in the CO being
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easily excited, even in cold molecular clouds. CO is excited mainly through collision
with H, and by radiative trapping (Scoville & Solomon 1974; Green & Thaddeus
1976). Radiative trapping means that the emission of excited CO is reabsorbed by
an unexcited one, trapping the photons inside the cloud at large optical depths.

Also, the beam average total column density can be determined from the ob-
served integrated main beam intensity as (Schneider et al. 2016b):

3hZmol B /klex
C 8m3p2J [1 — e w/Fex|(J(Toy) — J(Twa))

/Tmb dv (em™?) (2.64)

with J(T') the brightness temperature from Eq. 2.8, T = 2.7 K, .J the upper rota-
tional quantum number value of the transition and [ T,,;, dv the velocity integrated

line intensity in units of K km s™.
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3 Astrophysics

In this chapter, there is a discussion of the characteristics of the Photodissociation
Regions, such as physical and chemical processes, regions that are part of them and
the main atoms and molecules that form the gas on them. This description is a gen-
eral review about this kind of regions and serves as an introduction to the subject.
For more in-depth reviews, readers are invited to check artciles such as Photodissoci-
ation regions. I - Basic model. 1I - A model for the Orion photodissociation region (Tielens
& Hollenbach 1985), Dense Photodissociation Regions (PDRs) (Hollenbach & Tielens
1997) and Photodissociation Regions in the Interstellar Medium of Galaxies (Hollenbach
& Tielens 1999). There is a discussion also about the origin of the ?C/*C Isotopic
Abundance Ratio and how it changes across the Galaxy. Finally, a description is
given of the four PDR sources observed for this thesis work: M43, the Horsehead
PDR, Monoceros R2 and M17. Their physical characteristics and observations that
have been done before this work are described below.

3.1 Photodissociation Regions

A Photodissociation Region (PDR) is a region of the interstellar medium (ISM) where
the structure, thermal balance and chemistry are dominated by Far-UV (FUV) pho-
tons that interact with the gas and dust of the region. The PDR is a transition region
between the fully ionized to the dense molecular gas. The FUV photons are gener-
ated by nearby OB stars and they have energies between 6 eV and 13.6 eV (Tielens &
Hollenbach 1985; Hollenbach & Tielens 1997, 1999). At lower energies, most atoms
are not ionized and photoelectric in dust grains is negligible. At higher energies, hy-
drogen is ionized and it is not part of a PDR. The FUV average interstellar radiation
is usually expressed in terms of the Habing field (Habing 1968) corresponding to:

u(6 — 13.6eV)

Gy =
0= 5.20 x 1014 ergcem—3

(3.1)

with u(6-13.6 eV) the energy density between 6 and 13.6 eV. It can be expressed
also in Draine units (Draine 1978), with x = 1.71 Gy. The incident flux for a PDR
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ranges from the local average interstellar radiation field (ISRF) of 1.7 G, (Draine
1978), which contains contributions from early-type stars from the Galaxy, to G, >
106.

The incident FUV field photodissociates molecules, photoionizes atoms and molecules
and heats the gas and dust through photoelectric heating or direct absorption of
photons. These mechanisms produce a layered structure, as shown in Fig. 3.1. As-
suming that the incident FUV flux comes from the left, and going deeper into the
cloud from left to right, the column density progressively increases and the tempera-
ture of the gas and dust decrease. Outside the PDR, there is the so-called HII region,
where hydrogen is ionized by the incident FUV field, with gas temperatures~10* K
and visual extinction (A,) lower than 0.1 magnitudes. Due to the photoionization of
hydrogen, all the photons with energy higher than 13.6 eV are absorbed, creating an
ionization front, separating the HII region from the PDR itself and forming a layered
structure. Additionally, species with a ionization potential higher than hydrogen be-
come completely neutral inside the PDR, such as nitrogen (14.5 eV) or oxygen (13.6
eV), and species with a ionization potential lower than H are photoionized inside
the PDR, such as carbon (11.3 eV).

3.1.1 H/H, Transition Zone

Thus, inside the PDR, the gas temperature in the outer layers ranges from 10? to 10*
K. The abundance of atomic hydrogen is kept in equilibrium between the reduction
of atomic hydrogen through the formation of molecular hydrogen (H,) on the sur-
face of dust grains, and the increase of it through the photodissociation of H, by the
absorption of FUV photons in the Lyman and Werner transitions in the 912 to 1100
A wavelength range, pumping H, to a bound excited electronic state. This absorp-
tion is followed by fluorescence back to an excited vibrational state in the ground
electronic state, and leads to dissociation only 10% of the time. The electronic ex-
cited H, dissociates through reactions with atoms such as C* or O or collisions with
H or H, to overcome the activation barrier and fluorescence back to the vibrational
continuum and then dissociate.

When the molecular hydrogen column density increases (> 10'* cm™2), Hy be-
comes optically thick and self-shields Lyman and Werner transitions. This allows
for an increase of Hj, helped by the progressive attenuation of the FUV radiation
by dust grains. Therefore, the photodissociation rate depends on the H, abundance
and level population as a function of the depth in the cloud. Therefore, an H/H,
transition zone or dissociation front appears, with a sharp profile at A, ~ 1 — 2
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Figure 3.1: Photodissociation region structure. In the scheme, the FUV radiation
comes from nearby OB stars to the left. The PDR starts from the ionization front,
goes through the atomic region and ends inside the the molecular cloud (Draine &
Bertoldi 1999).

magnitudes. Due to the self-shielding, the H/H, transition is located closer to the
ionization front than the C*/C/CO or O/, transition fronts.

3.1.2 C'/C/CO Transition Zone

Deeper into the cloud, there is a C*/C/CO transition region with temperatures be-
tween 10 and 100 K. Fig. 3.2 shows the complex chemical network of carbon. In
general, the networks are complex systems with a large number of species playing a
role in the formation and destruction of different atoms and molecules, depending
on the physical conditions of the gas, such as density, column density, incident FUV
flux and others.

Here, a description is offered of the atoms and molecules observed for this thesis
and their main mechanisms of formation and destruction. This transition region can
present a layered structure, when the gas is not extremely clumpy, with the ionized
carbon (CT) closer to the ionization front, carbon (C) present in the intermediate
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Figure 3.2: PDR chemical network with the most important reaction from the
carbon-bearing compounds (Hollenbach & Tielens 1997).

layer and carbon monoxide (CO) in the last layer. The abundance of C* decreases
with the deepness of the cloud. The transition region takes place due to a competing
process between the recombination of C* into neutral carbon (C) or carbon monox-
ide (CO), and the photoionization of C into C*.

C* corresponds to ionized carbon and is created through photoionization of car-
bon, with an ionization potential to overcome of 11.2 eV (Tielens & Hollenbach
1985). Due to its low ionization potential, compared to hydrogen, it is abundant
in HII regions and in the UV illuminated surface of atomic and molecular clouds.

C+hy—CHte (3.2)

The dominant reactions of destruction of C* are through radiative recombination
into C with the abundant free electrons located closer to the ionization front. Much
deeper, the main mechanism is radiative association with H, (Rollig et al. 2006), this
lead to the formation of CH or CH,, which reacts with O and produces CO.

Ctie = C+v (3.3)
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Ct+Hy,— CH"/CHS +v (3.4)

It is also important to name *C*, even if its abundance is low compared to the
other species, but, is a key atom studied for this thesis. *C* plays a role in the
isotopic exchange reaction that forms *CO (Watson et al. 1976; Smith & Adams
1980; Langer et al. 1984), being inversely proportional to each other as seen below:

BOT + 200 = BCO + 2CT + AE(35K) (3.5)

At high temperatures, both reactions are equally probable, but when the temper-
ature decreases below 35 K, the back reaction becomes less likely. This would lead
to fractionation, as explained below (Sect. 3.2).

In parallel, carbon (C°) is formed and destroyed simultaneously. It is found in
PDRs and is abundant in HI regions. Carbon plays an important role as a key com-
ponent in the chemical network for the formation of molecules as CO. Carbon is
formed by the reionization of C* (Eq. 3.3), charge exchange with sulfur (S) and pho-
todissociation of CO (Réllig & Ossenkopf 2013):

Ct+8—C+8* (3.6)

CO+hv—C+0 (3.7)

Deeper into the cloud, where the abundance of electrons drops, carbon is formed
by charge exchange reactions with sulfur and SiO (Tielens & Hollenbach 1985):

Ct+S—C+St (3.8)

C* + Si0 — C + SiO* 3.9

Atlow A,, carbon is destroyed through photoionization by the UV field, forming
C* (Eq. 3.2). Deeper into the cloud, carbon turns into carbon monoxide through
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the neutral-neutral exchange reactions with OH and O,. The last reaction becomes
dominant deeper due to a decrease in the ionization rate of OH. This leads to an
increase of CO much deeper into the cloud and it is one of the main mechanisms of
CO formation:

C+0H - CO+H (3.10)

C+0y—CO+0 (3.11)

In PDRs, CO is formed in different ways (Tielens & Hollenbach 1985). At the
edge of the cloud, it can be formed by the radiative association of C* with Hj, they
form CH and CH, (Eq. 3.4), the latter molecules react with O and form CO.

CHf +0 — CO+ H"/Hy (3.12)

Deeper into the cloud, C* reacts with SiO and forms CO. Another way is by the
reaction of OH with C* or C, to form CO, as well as many other routes. CO has a
dissociation energy of 9.6 eV and at the edge of the cloud is destroyed mainly by
photodissociation (van Dishoeck & Black 1988; Visser et al. 2009), and deeper into
the cloud, it is destroyed by reactions with He™ and HJ and collisions.

CO+ Het — Ot +0 + He (3.13)

CO + Hei — HCO™ + H, (3.14)

All these competing processes form a C*/C/CO layered structure, less sharp
than the H/H, transition zone.

3.1.3 Heating and Cooling

The dominant gas cooling process in PDRs is through collisional excitation and then
FIR fine structure line emission of abundant atoms in the PDR, such as [CII] at 158
pm, [OI] at 63 and 145 pum or to a lesser extent [Sill] at 35 ym and [CI] at 370 and
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609 um. Main collisional partners are electrons located closer to the ionization front,
atomic and molecular hydrogen. The collisions subtract kinetic energy from the
gas, exciting electrons in the atoms to higher energy levels. Other processes, less
important, are absorption of FUV photons by H, resulting in rovibrational transi-
tions emission, and emission of molecular rotational lines, in particular CO. Both
processes happen deeper into the cloud at higher densities than the [CII] fine struc-
ture emission.

For heating, the main two mechanisms are heating by photoelectric effect on
PAHSs (Polycyclic Aromatic Hydrocarbons) and small dust grains, and FUV pump-
ing of H, molecules. The photoelectric heating is produced by FUV photons that hit
the surface of the PAHs and create energetic electrons of several eV. For grains, the
FUV photons are absorbed inside the grains, producing photoelectrons that diffuse
through the grain due to collisions or escape from the grains. These electrons are
injected into the gas with an excess of kinetic energy. The heating process is dom-
inated by small grains (<50 A). For large grains, the photoelectrons rarely escape,
because the photons are absorbed deeper into the grain (~100 A) and for the pho-
toelectrons, it is much harder to escape due to the grain size. PAHs also play a role
in the photoelectric heating, but they are less efficient in heating than small grains.
They are limited by their ionization potential, that sometimes can be larger than 13.6
eV; so, absorbed photons do not produce photoelectrons. The photoelectric heating
efficiency depends also on the charge of the grain. The higher the charge, the higher
the ionization potential to overcome. This leads to neutral grains and PAHs as much
more efficient heaters than positively charged ones. Larger grains in the ISM tend
to be positively charged, whereas, small grains are neutral.

The other heating mechanism named above is the absorption of FUV photons
by H,. Part of this mechanism is the same that photodissociates the molecule. The
absorption will pump the molecule to a bound excitation state. From there, 10-15%
of the time, the molecule will fluoresce back to the vibrational continuum of the
ground electronic state and dissociate. The rest of the time, it will fluoresce back
to an excited vibrational state. At high densities (>10* cm™?), it will heat the gas
through collisional excitation with atomic hydrogen and to a thermalization of the
rovibrational states. Other mechanisms are photoionization of atoms and molecules,
where the electron removes some photon energy in the form of kinetic energy; dust-
gas heating, due to the difference in temperature between them, only if the dust is
warmer than the gas (if not, it is a cooling process), and cosmic-ray heating due to
the ionization by cosmic-rays emission.
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3.1.4 Numerical Models

A series of theoretical models have been developed over the last 30 years to infer the
PDRs physical condition. This is done through numerical simulations to describe
physical and chemical processes using different setups for it. A good summary of
how the PDRs codes works and a comparison between them can be found in an ar-
ticle by Rollig et al. (2007). The models solve the radiative transfer equation for the
dust and gas in a cloud, the chemical balance of formation and destruction for the
different species included in them and the thermal balance of heating and cooling in
the cloud. Most models are steady-state, static PDR models, which assume thermal
and chemical balance and ignore any flow through the PDR. The assumed model ge-
ometry is a key input for the models; in general, one of the two approaches is plane
parallel geometry, with a source illuminating from one or both sides. This simplifies
the radiative transfer equation and easily generates a layered structure. Some mod-
els are the Meudon Code (Le Petit et al. 2006), CLOUDY (Ferland et al. 1998; Shaw
et al. 2005) or the PDR Toolbox (Kaufman et al. 2006; Pound & Wolfire 2008). The
other approach is the assumption of a spherical cloud that even allows for clumpy
clouds with codes such as the KOSMA-7 model (Rollig et al. 2006). The numerical
models are an important tool to derive the physical properties of the cloud using the
observed data.

3.2 2C/¥C Isotopic Abundance Ratio

2C and '3C are formed by different processes and environments. Comprehensive
reviews of isotopes abundance in the interstellar medium are Wilson & Matteucci
(1992) and Wilson (1999), with detailed description of the formation of both carbon
isotopologues and nucleosynthesis in stars. '?C is produced mainly in high mass
stars (M> 6 M) as a primary product. The massive stars burn helium and trans-
form it into carbon through the triple alpha process (Burbidge et al. 1957; Timmes
et al. 1995), where three alpha particles (*He nucleus) combine to form a carbon nu-
cleus. The carbon is then expelled through supernova explosions. '*C is principally
produced from '?C as an intermediate step of the carbon-nitrogen-oxygen (CNO)
cycle (Wilson & Matteucci 1992; Wilson 1999) in intermediate mass AGB stars (1.5-6
M;). The **C is later ejected into the ISM through solar winds.

The timescales required to produce *C are much longer than the ones for *C.
This difference causes an imbalance in the isotopic ratio between ?C and '*C. Hence,
the '2C/!3C elemental isotopic ratio («) decreases with time. On the other hand,
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there is a positive gradient for « in the galactic disk, that increases with the galacto-
centric distance (Wilson & Matteucci 1992). This can be understood as a reduction
of *C and an increment of *C due to the cycle of enrichment of the interstellar gas
with metals by stars of all masses over the life of the Galaxy. The star formation rate
(SFR) and the star population concentrate in the galactic center and the inner spiral
arms, and because the star formation started before in the center of the Galaxy, there
has been enough time for an increase of the *C. Therefore, o decreases with time
and increases with galactocentric distance.

The '2C/"C elemental isotopic ratio has been studied for several decades (e.g.
Penzias 1980; Langer et al. 1984; Giisten et al. 1985; Henkel et al. 1985; Langer & Pen-
zias 1990, 1993; Wilson & Rood 1994; Wouterloot & Brand 1996; Savage et al. 2002;
Milam et al. 2005; Giannetti et al. 2014). The common approach has been to derive
the ratio from the comparison of *C and '*C line intensities of common molecules
containing carbon such as CO, H,CO or CN. The studies show in all cases that a
increases with Galactic radius. Milam et al. (2005), by compiling CO and H,CO and
CN data, derive a common galacto-centric gradient according to:

a = 6.21(1.00) Dac + 18.71(7.37) [kpc] (3.15)

where D is the galacto-centric radius.

Another effect that may arise is chemical fractionation. Chemical fractionation
can be understood as a change in the isotopic abundance ratio due to the action of
the interstellar chemistry. This occurs because of the difference between isotopes in
the zero-point vibrational energy of their relative nucleus masses. The differences
are small, of the order of ~1072 eV, but they affect the way chemical reactions work,
specially at low temperatures (Wilson & Matteucci 1992). The charge exchange re-
action described in Eq. 3.5, that involves BC* and CO, becomes more efficient for
the forward reaction at low temperatures. This would lead to an enrichment of *C,
shifting "*C* into *CO, with a decrease of the 1?CO/**CO chemical abundance ratio
and an increment of the *C*/3C* (™) ratio (Woods & Willacy 2009; Rollig & Os-
senkopf 2013). Ionized carbon can be found in the outer parts of the PDR, hence this
reaction should not affect molecules in dense cores; however, in a clumpy medium,
with small clumps and large surface area, chemical fractionation could arise.
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3.3 PDRs Sources

For this thesis work, a wide range of PDRs sources have been observed in the
Galaxy. For the original project, six PDRs sources were observed in ['2CII] fine
structure and [**CII] hyper-fine structure line emission using the SOFIA /upGREAT
receiver : M43, the Horsehead PDR, DR21, S106, Monoceros R2 and M17. DR21 and
5106 were partially observed and the rms noise levels were too high for an analysis.
The sources were selected covering a wide range of physical conditions, from the
low density, single ionizing source and simple geometry of M43, to the complex,
massive, cluster ionized source and clumpy structure of M17. The objective was to
study the ['2CII] and [**CI]] in different environments and study their similarities
and differences between them. As an additional project, a large scale map of [CI]
5P,-3Py was observed using the NANTEN2/SMART receiver in M17. In this sec-
tion, there is a description of the physical properties and observational history of
the four sources analyzed in this thesis: M43, the Horsehead PDR, Monoceros R2
and M17.

3.3.1 M43

M43 is a close-by ideal spherical nebula conformed by a relatively dust-free HII re-
gion with an exciting star in the center (Thum et al. 1978; Smith et al. 1987). The
region has a circular shape and is obscured by a small and dense molecular cloud
(Hanel 1987). M43 is located northeast of the Orion Nebula or M42 (Goudis 1982). It
is part of the Orion complex and has a distance of 389 pc (Kounkel et al. 2018). The
region has one single ionizing source, an early B type star HD37061 or NU Ori (Abt
et al. 1991; Preibisch et al. 1999; Sim6n-Diaz et al. 2011). A dust lane formed by a
wall of dense material separates M43 from Orion (Khallesse et al. 1980). Therefore,
M43 is isolated from the ionizating photons coming from the Trapezium cluster of
M42 and it is only affected by HD37061.

M43 was first observed by an heterodyne instrument at 408 MHz by Mills &
Shaver (1968). Dust emission was observed by Smith et al. (1987) between 28 and
180 pm and CO and "CO J=1-0. They estimated dust temperatures ~ 45 K and
confirmed NU Ori as the primary source of excitation for the dust, and a density of
4000 cm ™~ for a mixture of dust and gas. Subrahmanyan (1992) studied the region at
330-MHz radio continuum and concluded that the region is a spherically symmetric
HII region with an electron temperature of 9000 K. It has been studied also at optical
wavelengths and through spectrography at those wavelengths (O’Dell 2001; Smith
et al. 2005; O’Dell & Harris 2010; Simoén-Diaz et al. 2011). Due to its close distance,
its simple spherical geometry and a single ionization source, M43 is well suited as a
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simple, properly characterized test case for the present study.

3.3.2 The Horsehead PDR

The Horsehead nebula is a dark cloud filament protruding out of the Orion Molec-
ular Cloud complex (Abergel et al. 2003) and is visible in the optical against the
prominent Ha emission of the large-scale ionized surface of the Orion Molecular
Cloud complex. The region is located at a distance of 360 pc (Gaia Collaboration
et al. 2016). The cloud features a PDR with an edge-on geometry that corresponds
to the illuminated edge of the molecular cloud L1630 on the near side of the HII
region IC 434. It is illuminated by two OB systems, ¢ Ori and ¢ Ori, with a mod-
erate far-UV intensity of ~100 (Reipurth & Bouchet 1984), and a projected distance
between o Ori and the nebula of 3.2 pc (Ochsendorf et al. 2014). It was studied in
[CII] by Zhou et al. (1993) and CO and *CO by Kramer et al. (1996). Philipp et al.
(2006) studied the nebula in CI (1-0) and CO (4-3) using the CHAMP array.

More recently, it was the target of an extended molecular line survey with the
IRAM 30-m telescope (Guzmadn et al. 2012; Pety et al. 2012; Gratier et al. 2013; Guzman
et al. 2013) and IRAM PdB (Guzman et al. 2015). Lately, an extensive ['*CII] map
was observed by upGREAT/SOFIA as part of the SOFIA Director’s Discretionary
Time and these data are publicly available ! and it has been started to be used for
analysis (Pabst et al. 2017; Bally et al. 2018). Pabst et al. (2017) estimated a gas mass
of 3 M, and a gas density for the molecular cloud of 4 x 10* cm*for the Horsehead
PDR. The Horsehead PDR with its simple edge-on geometry is an excellent source
for studying the PDR structure resulting from the penetration of the UV field into
the molecular cloud.

3.3.3 Monoceros R2

Monoceros R2 (Mon R2) is an ultra compact HII region located at 830 pc (Racine
1968; Herbst & Racine 1976). The region contains a reflection nebula and the UCHII
region is surrounded by several PDRs with different physical conditions (Pilleri et al.
2014; Trevino-Morales et al. 2014). R2 refers to the 2nd reflection nebula. IRS1 is the
main ionizing source (Choi et al. 2000) with a high UV field G, > 10° (Rizzo et al.
2003). The region can be seen as spherical concentric layers involving IRS1.

https://www.sofia.usra.edu/science/proposing-and-observing/
proposal-calls/sofia-directors—-discretionary-time/horsehead-nebula
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Figure 3.3: Schematic of the geometry of Mon R2 with the physical parameters of
each layer, as a function of the distance from IRS1. From Pilleri et al. (2013).

A schematic of the geometry of Mon R2 from Pilleri et al. (2013) can be seen in
Fig. 3.3. The geometry was derived from previous observations and modeling by
Pilleri et al. (2012). They model the gas deriving the physical conditions of the gas
analyzing the velocity and the physical distribution of the emission and their inten-
sity. The HII region is an envelope around the star with no molecular gas and it
expands at 10 km s~* (Choi et al. 2000). The next layer is an exposed PDR ionized
directly by IRS1 with a density ~ 10° cm ™ and a kinetic gas temperature of 100
K (Berné et al. 2009). Inside the PDR, the kinetic temperature is 70 K with a high
density ~ 10° em™® (Rizzo et al. 2003). The molecular cloud is also illuminated by
external sources from the outside with a Gy = 100 (Pilleri et al. 2012). First observa-
tions in CO (1-0) were done by Loren et al. (1974). Over the last years, Mon R2 has
been extensively studied using Spitzer/IRS, Herschel /HIFI and IRAM 30m/EMIR,
covering a wide range of atomic and molecular lines (Berné et al. 2009; Pilleri et al.
2012, 2013; Ossenkopf et al. 2013; Trevifio-Morales et al. 2014, 2016).

334 M17

M17 is one of the brightest and most massive star forming regions in the Galaxy.
The M17 complex is located at a distance of 1.98 kpc. Xu et al. (2011) determined
the distance to the complex through the observation of CH;OH 12 GHz masers and
used trigonometrix parallaxes to accurately estimate the distance. M17 is associated
with the cluster NGC 6618, a highly obscured cluster (Av>10) with more than 100
OB stars ionizing the ISM (Beetz et al. 1976; Hoffmeister et al. 2008) and relatively
young age (<1 Myr) (Lada et al. 1991). The massive binaries CEN1 (Kleinmann
1973) are part of the cluster. CENI1 is formed by 2 O4 visual binary stars and they
seem to be the main ionization source of the complex (Hoffmeister et al. 2008). Due
to its youth, no supernova explosion has happened yet.
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Lada et al. (1974) observed *CO and C'®O toward the complex and detected two
bright spots of CO emission, one to the southwest of the optical nebula and a second,
less bright, to the north. Therefore, the complex can be split into two regions, M17

North (M17 N) and M17 Southwest (M17 SW).

M17 N is located 10’ north of the exciting stars and it has not been studied much.
More recently, it has been studied through continuum infrared observations (Hen-
ning et al. 1998; Klein et al. 1999), dust continuum at 850 and 450 pm (Reid & Wilson
2006) and large scale maps of the whole M17 complex of different CO transition lines
and isotopologues (Wilson et al. 1999, 2003; Nishimura et al. 2018), JHKs imaging
polarimetric observations (Chen et al. 2012) and X-rays emission (Broos et al. 2007).
The density ranges between 10*-10° cm 3. The region seems to be externally ionized
by the nearby cluster.

M17-SW is located in the southwestern side of the M17 complex and contains
the nearby UCHII region (Felli et al. 1984; Chini et al. 2000) and it has been consid-
ered as a prototype of an edge-on interface. The large-scale, simple edge on geom-
etry is much more complex on smaller scales. The M17 SW interface has a highly
clumpy structure, proven by several studies of ionized, atomic and molecular emis-
sion (Stutzki et al. 1988; Genzel et al. 1988; Stutzki & Giisten 1990; Meixner et al.
1992; Snell et al. 2000; Pérez-Beaupuits et al. 2010, 2012, 2015b,a). The large extent of
the [CII] emission, evident since the first observations of [CII] (Russell et al. 1981),
has been successfully interpreted as being due to UV penetration between clumps
(Stutzki et al. 1988). The high column densities involved across this complex source
make it an ideal testbed for optical depth studies. In fact, early observations of the
neutral atomic carbon fine structure line intensity in correlation with rare isotopic
CO emission have been interpreted as evidence for moderate optical depth in this
otherwise optically thin fine structure line (Genzel et al. 1988).

The gas clumps near the HII region/molecular cloud interface seems to be dis-
tributed in high density clumps (< 10° cm~*) encapsulated in interclump material (~
10% cm~?) surrounded by diffuse gas (~ 300 cm %), embedded in the strong UV field
from the exciting cluster, which is estimated to provide a UV field of Gy= 5.6x10*
(Meixner et al. 1992). Pérez-Beaupuits et al. (2015a) fitted the line spectral energy
distribution (SED) of the CO, HCN and HCO™ species for a molecular gas model di-
vided into two layers. The results were a cold layer with a density of ~6 x 10* cm™
and a warm layer with densities as high as 10° cm . Additionally, Pérez-Beaupuits

et al. (2015b) detected that at least 64% of [CII] is not associated with molecular or
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atomic emission traced by [CI] and C'®O lines. The structure of the neutral and
molecular gas are also affected by magnetic fields, with an intensity as high as ~
500 G (Brogan et al. 1999; Brogan & Troland 2001). Due to the high magnetic fields,
Pellegrini et al. (2007) proposed that the regions is dominated by magnetic pressure
rather than gas pressure, increasing the column density and amplifying the local
cosmic-ray density.

M17 presents an interesting case of study because is one of the most prominent
and bright HII region-molecular cloud complexes. The high density and UV radia-
tion field are a good example of massive and extreme regions. Also, it is a prime case
of star formation triggered by the compression of the gas due to the expansion of the
HII region. It is an ideal source for studying the clumpy structure of the molecular
cloud, from the ionizing source to the atomic gas and into the molecular cloud. The
high densities suggest optical depth effects and it is a good candidate for studying
the physical conditions of the cloud and to extrapolate them to extra-galactic condi-
tions.
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In this chapter, there is a general discussion of how the telescopes are involved in
the observations, detailing the temperature scales when dealing with observations
from a telescope, as well as the efficiencies related to these temperatures. We de-
scribe the observational history of ['2CII] and ['*CII] and the telescopes involved
through history with these observations. Finally, there is a description of the re-
ceivers used during the observations for this thesis and the observational strategies
for each source and receiver.

4.1 Temperature Scales and Telescope Efficiencies

In this section,basic concepts regarding the temperature scales and the telescope ef-
ficiencies are explained. Extensive discussion about the subject can be found in Rec-
ommendations for calibration of millimeter-wavelength spectral line data (Kutner & Ulich
1981), Calibrations of spectral line data at the IRAM 30m radio telescope, Version 2.1, Jan-
uary 24th (Kramer 1997) and Tools of Radio Astronomy (Wilson et al. 2009).

An antenna is a device that converts electromagnetic radiation into electrical cur-
rents or vice-versa. A radio telescope is a receiving antenna. An antenna pattern is
characterized by a power pattern P(v, ¢). The power pattern is not a single perfect
beam, but instead, is composed by a main lobe, where most of the reception is fo-
cused, side near lobes that contributes to the reception and weaker far side lobes
that can be represented as noise. A power pattern diagram is shown in Fig. 4.1.

The normalized power pattern is defined as:

Pn(v790) =

(4.1)

From here, the beam solid angle (€24) can be defined as the power pattern inte-
grated over the full sphere, the main beam solid angle (2,,,,) as the power pattern
integrated over only the main beam lobe, the forward beam solid angle () as the
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Figure 4.1: Power beam pattern in polar coordinates showing the main lobe, near
side lobes and weaker far side lobes in a stray pattern. From Tools of Radio Astronomy
(Wilson et al. 2009)

power pattern integrated over the forward side of the telescope and the diffraction
pattern solid angle ({)p) as the power pattern integrated over the solid angle sub-
tended by the central diffraction beam pattern of the telescope:

0 = / /4 Riv.4)40 (4.2)
0 = / / Pu(v,¢)dQ (4.4)

From the equations above, the main beam efficiency (7,,,) and the forward beam
efficiency (7s) can be defined as:
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= omb 4
Thmb Qf ( 6)
Qg
= — 4.7
Mfss Qf ( )

The main beam efficiency can be estimated from continuum observations of
planets, whose disk radiation temperature is known and their angular diameter fills
the beam. The forward beam efficiency is measured from very extended source like
the moon.

Now, the antenna temperature (74-) can be defined as the convolution between
the Rayleigh-Jeans brightness temperature 7}, (defined in Sect. 2 Eq. 2.9) and the
power beam pattern of the telescope. Basically, this is the temperature of the source
observed by the telescope:

]' / / / / !
Tx(v, ) = Q_A//4 Pi(v =10 — @)V, ¢")dQ (4.8)

The forward beam antenna temperature (75/) can be defined as the equivalent
temperature of a source that fills completely the forward side of the telescope pat-
tern:

TX, = Tlfss TZ (4.9)

And the main beam temperature can be defined as the equivalent temperature
of a source that fills the main beam telescope pattern completely as:
1

Ty = — T (4.10)
TImb

If the source size is smaller than the beam size, beam dilution happens. The beam
dilution decreases the observed intensity of the source. If a source temperature with
temperature 7; and solid angle () is observed by a telescope with a beam solid angle
s, the observed temperature (75,) is:

Q, = / / Pa(v, 0)dQ (4.11)
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Q
T, = —> 1T, = &4, (4.12)
me

with the beam filling factor &g = Qs/ Q.

The radiative transfer equation (Eq. 2.26 from Chapter 2) can be combined with
the beam filling factor defined above and the main beam temperature corrected af-
ter the subtraction of the background temperature. Hence, the radiative transfer
equation results in:

Tmb = q)ff [JI/(Tex) - JV(Tbg>] (1 - e_TV) (413)

4.2 [CII] Observational History

The observation of far infrared spectral emission coming from outside the Earth
presents inherent challenges to its realization that need to be addressed. First, the
atmosphere of the Earth in this regime is largely opaque, hence the requirement
of observations at stratospheric altitudes through airborne observatories, or space
satellites. Second, in order to simply detect photons in this regime, instrumenta-
tion and detector technology have needed substantial advance through the decades.
Therefore, the first astronomical detection had to wait until 1980, when Russell et al.
(1980) (Fig. 4.2) observed the [CII] line towards the Orion Nebula M42 and NGC
2024 with the Lear-Jet observatory, soon followed by a strip-map of the M17 SW
PDR interface (Russell et al. 1981), showing a surprisingly large spatial extent of
the [CII] emission. The observations were done with the 30 cm Lear Jet telescope
and the £/6.5 liquid-helium cooled grating spectrometer (Houck & Ward 1979). The
spectral resolution was ~ 0.3 ym or 1E12 KHz (modern instruments such as up-
GREAT /SOFIA have a resolution of ~ 150 KHz.)

The Lear-Jet observatory was soon replaced by the improved capabilities and
instrumentation of the Kuiper Airborne Observatory (KAO, Gillespie 1981). The
observatory studied a larger sample composed by Milky Way sources and nearby
galaxies in [CII] and the other relevant FIR-fine structure lines (e.g. Genzel et al.
1984, 1985; Crawford et al. 1985, 1986; Stacey et al. 1987; Stutzki et al. 1988). KAO
went from single pixel heterodyne receivers (Betz & Zmuidzinas 1984; Roeser et al.
1987) to a 5x5 low resolution Fabry-Perot spectrometer called FIFI (Poglitsch et al.
1990). Subsequent early balloon observations (BICE, Nakagawa et al. 1998) demon-

42



4.2. [CII] OBSERVATIONAL HISTORY

T T T T T T T
1 M42 Colibrated by Venus
10" -
5
l}l
E i LA SRR Y] } f i ]
3+ [ LI 3 PP i 4
W
16" -
IC‘J“_ | } 1 R
[ NGC 2024 Colibrated by Venus | Covbated by w2
i H
- Z2 } } ¥
g St
“."E { B
; o' i 157 58 |
T el
[
=16 1 1 1 1 L 1 L 1 L 1 1 |
10 152 154 56 158 160 162

Wavelength (microns)

Figure 4.2: First [CII] spectra by Russell et al. (1980). Spectra of NGC 2024 and M42,
from 152 to 160 pm.

strated that the [CII] emission is prominently extended across the Milky Way. The
ISO satellite extended the [CII] observations to a large sample of galactic and extra-
galactic sources and started to exploit the possibility of using the [CII] 158 ym line
to study the star forming history of galaxies (e.g. Malhotra et al. 1997; Luhman et al.
1998; Colbert et al. 1999).

The Herschel Space Observatory (Pilbratt et al. 2010) expanded the observations
of far-infrared and submillimeter wavelengths for galactic and extragalactic sources.
The PACS (Poglitsch et al. 2010) far-infrared photometer and medium resolution
spectrometer gave access to images in two simultaneous bands of galactic and ex-
tragalactic sources (e.g. Davies et al. 2010; Smith et al. 2012; Contursi et al. 2013; Elia
et al. 2014; Cormier et al. 2015; Schneider et al. 2016a). Many of these observations
were integrated line intensities of FIR fine structure lines, due to technological rea-
sons. The most common technology available was the one for building reliable low
resolution spectrometers with high observing speed. The integrated line intensity
observations were interpreted thanks to the new tools provided by the PDR nu-
meric models. But, these observations were limited by its spectral resolution, being
insufficient for resolving the intrinsic, thermal and turbulent line width of the [CII]
emission.

To spectrally resolve the [CII] line, it was necessary to wait for heterodyne detec-
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tion technology with high spectral resolution. Pioneering observations were done
on KAO towards M42 region in Orion (see Fig. 4.3 below in the next section). The
HIFI instrument on Herschel (de Graauw et al. 2010) was the first instrument able
to routinely obtain velocity resolved spectra of [CII] 158 ym and other tracers ([NII]
205 pm or [OI] 145 pum) (e.g. Ossenkopf et al. 2013; Velusamy & Langer 2014; Ibar
et al. 2015; Mookerjea et al. 2016; Garcia et al. 2016; Lebouteiller et al. 2017). HIFI also
allowed a blind [CII] survey to a sample of pointed observations (GOTC+ project,
Pineda et al. 2013; Langer et al. 2014; Pineda et al. 2014). The survey traced a large
amount of hydrogen not detected by molecular tracers such as CO, the so-called
CO-dark H,, and most of the emission came from dense PDRs.

These observations were still limited in bandwith and spectral baseline stabil-
ity, but the rapid technological progress in the field, resulted in the state-of-the-art
upGREAT heterodyne array instrument (Risacher et al. 2016) on board the Strato-
spheric Observatory for Infrared Astronomy (SOFIA, Young et al. 2012). upGREAT
now allows routinely high sensitivity, high spectral resolution observations of [CII]
and other FIR fine structure lines.

4.3 ['3CII] First Observations

The detection of the [**CII] lines, apart from the challenges associated to the [**CII]
detection described above, has its own intrinsic difficulties: on the one hand, it
needs high spectral resolution, for the outer satellite lines which are in addition
very weak, still require a spectral resolution higher or at least half of their velocity
separation, around 30 km/s. In the case of intrinsically very narrow lines, one can
use the much brighter F=2—1 satellite, requiring a spectral resolution below 5 km/s.

On the other hand, an elemental abundance ratio in the range of 30 to 70 im-
plies that the lines are very weak, thus requiring long integration times even with
modern, sensitive detectors. Hence observation of [**CII] hyper-fine structure line
satellites have presented an observational challenge and it has been observed and
published to date only in four cases: A marginal detection of [**CII] F=2—1 was
reported by Boreiko et al. (1988) in M42 Orion with the KAO using their pioneer-
ing FIR heterodyne receiver (Fig. 4.3). They partially detected the strongest [**CII]
F=2-1 satellite, but the high signal to noise (S5/N) did not allow for a certain confir-
mation. Stacey et al. (1991) independently reported the detection of [**CII] F=2—1
in M42 with the ultra-high resolution central pixel of the Fabry-Perot spectrometer
instrument FIFI on board the KAO (Fig. 4.4).
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Graf et al. (2012), with the improved sensitivity and larger bandwidth of the
GREAT receiver (Heyminck et al. 2012) on board SOFIA detected for the first time
all three ['?CII] satellites, as well as deep self-absorption by cold foreground gas
in [*2CII] as clear indication of high optical depth in NGC 2024. They were even
able to map the extended ['*CII] emission (Fig. 4.5). Finally, Ossenkopf et al. (2013)
reported the detection of the ["*CII] emission in the Orion bar with Herschel /HIF]I,
during the analysis of four PDRs, followed by an extended analysis by Goicoechea
etal. (2015) (Fig. 4.6).

4.4 SOFIA Telescope

The Stratospheric Observatory For Infrared Astronomy (SOFIA, Becklin & Gehrz
2009; Young et al. 2012) is a joint project between NASA and the German Space
Agency (DLR). The observatory is an extensively modified Boeing 747SP aircraft
carrying a reflective telescope (Fig. 4.7). The SOFIA telescope is composed of a 2.7
m primary mirror with 2.5 m of effective diameter, a hyperbolic secondary mirror in
a Cassegrain configuration and a flat tertiary mirror.

The main objective of the observatory is to perform Infrared (IR) observations at
high altitudes to a wide range of astronomical sources such as star forming regions,
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Figure 4.7: SOFIA airborne observatory. Credit: NASA /Jim Ross

46



4.4. SOFIA TELESCOPE

PDRs, planets, comets and asteroids in the solar system, nearby galaxies and plan-
etary nebulae. SOFIA is also a pioneer in the study of atomic and molecular line
emission and in the identification of complex molecules in the ISM such as Ortho-
D,H* (Harju et al. 2017) or HeH™ (Gisten et al. 2019). The high altitudes (13.7 Km)
allow to avoid more than 98% of the atmospheric water vapor. The Earth atmo-
sphere is largely opaque at ground level in the IR regime. The typical precipitable
water vapor at these altitudes is 10 pm.

The wide range of instruments on board SOFIA cover a wavelength range from
0.3 to 609 pm. Main instruments are upGREAT, FIFI-LS, HAWC+, FORCAST and
EXES. upGREAT is a a Terahertz 7x2 pixels array heterodyne receiver that provides
high resolution spectra of fine and hyper-fine structure atomic lines as well as ro-
vibrational molecular transitions for a frequency window in the 0.490-4.747 THz
range. FIFI-LS is an integral field, far-infrared spectrometer conformed by a 5x5
pixel array in the wavelength range of 51-200 ym. It provides large field of view
images of fine structure atomic lines and continuum. HAWC+ is a FIR camera and
imaging polarimeter that operates in the wavelength range of 50 to 240 pm. It uses
two 64*40 pixel arrays of bolometers. It allows the study of polarization and the
structure of magnetic fields. FORCAST is a dual-channel id-infrared camera and
spectrograph that operates between 5 and 40 ;m. Each channel has a 256x256 pixel
array and it allows the study of the continuum and line emission in the mid-IR
range. Finally, EXES is a Spectrograph that operates in the 4.5-28.3 ym wavelength
range and is formed by a 1024x1024 detectors array. It allows the observation of low
resolution spectra for lines such as the H,O absorption lines.

4.4.1 GREAT Receiver

The German REceiver for Astronomy at Terahertz Frequencies (GREAT) (Young
et al. 2012) was a DSB single pixel heterodyne receiver on board SOFIA. It had a
modular design with four detectors available to install. The two low frequency de-
tectors were able to run in parallel. The first low frequency detector was the L1 chan-
nel. It operated in the range between 1.27 to 1.39 THz and 1.43 to 1.52 THz, with a
gap in between due to a frequency block of the atmosphere. Lines such as high-J
CO rotational lines and the [NII] 205 pm fine structure line were possible to observe.
The second low frequency detector was the L2 channel. It operated between 1.82 to
1.92 THz and allowed to observe high-] CO lines and [CII] 158 pymfine structure line.

The mid-frequency detector was the M channel. It operated between 2.4 and 2.7
THz. It allowed to observe HD 1-0 at 2.6 THz and OH. Finally, the high frequency
detector was the H channel. It operated at 4.7 THz and allowed to observe the [OI]
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63 pm fine structure line. The backends were AFTT with 1.5 GHz of bandwidth and
a resolution of 212 kHz. Later, they were updated to XFFTS with 2.5 GHz of band-
with. GREAT was slowly replaced in a step by step process by two instruments.
One of them is the 2x7 upGREAT array that operates two detectors in parallel in the
same bands as the old L2 and H channels. The other instrument is the four-color
single-pixel detector 4GREAT. It operates in four frequency bands simultaneously.
The bands are between 492 and 635 GHz, 892 and 1100 GHz, the old L1 and M chan-
nels. GREAT was fully replaced in 2018 with the introduction of the last 4GREAT
detector.

4.4.2 upGREAT Receiver

The upGREAT receiver (Risacher et al. 2016) is a DSB array 7x2 pixel heterodyne re-
ceiver that operates in the airborne telescope SOFIA. The receiver, with its modular
design, allows up to two channels with different frequencies to work in parallel. The
receiver is an upgrade of the original GREAT receiver, and it has 2 separated chan-
nels. Each of them has a (2x)7 pixel array and they are the low frequency array (LFA)
channel, and the high frequency array (HFA) channel. The LFA channel operates in
a frequency between 1.9 to 2.5 THz, with an LO composed of photonic mixers that
cover the full bandwidth range. The array layout is formed by 2x7 pixels working
at both polarizations, H and V, in an hexagonal pattern and a pixel separation in
the sky of 34” for this frequency range. This range allows to observe the [**CII] and
[13CII] structure line and the [OI] 145 pm fine structure line.

The second channel is the HFA channel working at a specific frequency of 4.754
THz. The array layout is distributed in a similar way as in the LFA band, but with
the pixels working at a single polarization in the hexagonal layout with a pixel sepa-
ration of 13.8”. This channel allows to observe the [OI] 63 um fine structure line. The
receiver has also a beam rotator that allows to rotate the array configuration for any
angle. The mixers for both channels are Hot Electron Bolometer (HEB) mixers (Piitz
et al. 2012; Buchel et al. 2015). The backends are MPIfR-built fast Fourier transform
(FFT) spectrometers (Klein et al. 2012) with 4 GHz of instantaneous bandwidth with
a number of channels of 32 k and a channel spacing of 122 kHz.

4.4.3 SOFIA Observations

The observations carried out for this thesis were done with the SOFIA airborne ob-
servatory using either the single pixel GREAT receiver (Heyminck et al. 2012) or the
upGREAT array receiver. As the observations were performed over several observ-
ing campaigns, during which the receiver evolved and its configuration changed,
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some of the [CII] observations were done with the GREAT L2 single pixel channel
and some with the upGREAT 7 pixel/2 polarization configuration (LFAH, LFAV).
The [CII] channel was combined with different receivers in the other GREAT fre-
quency channel: for M43, the Horsehead PDR and M17, the L1 single pixel channel
tuned to [NII] 205 m was used in parallel. And for Mon R2, the available upGREAT
7 pixel HFA was used in parallel, tuned to [OI] 63 pm. As spectrometers, the FFTS
backends were used with an intrinsic velocity resolution of 38 m/s. All the obser-
vations were done in total power mode.

The calibration of the data to a main beam brightness temperature intensity scale,
T\, was done with the kalibrate task (Guan et al. 2012), including bandpass gain cal-
ibration from counts into intensities, fitting an atmospheric model to the observed
sky-hot scans in order to correct for the frequency dependent atmospheric trans-
mission from the signal and image sideband. The main beam efficiencies of the
individual pixels was derived through the observation of planets such as Jupiter
and Saturn and for each observing epoch.

On average, the main beam efficiencies were ~0.65, consistent with the opti-
cal layout of the receiver and telescope. The main beam temperature scale is used
because SOFIA’s main beam pattern is clean, with low side lobes. Then, the data
was further processed with the CLASS 90 package, part of the GILDAS ! software.
The long integration time in addition to the improved sensitivity of the new up-
GREAT/SOFIA allowed to resample the spectra to a velocity resolution of 0.3 km/s
in order to obtain an rms of typically 0.2 K.

4.4.3.1 M43 Observation Strategy

The central coordinates used for these observations are 05 h 35 m 31.36 s and -
05° 16’ 02.6"”. During the observations, a map of 600" x 140”extent was observed,
shown in Fig. 4.8, in total power on-the-fly (OTF, Mangum et al. 2007) mode for
identifying the [CII] peak. A off-source reference position was used with an offset
relative to the center of the map of (603",76"). This off position was selected from
CO J=2-1 observations without emission, and with a far distance from the central
emission. For the deep integration to detect the ['*CII] line, the position of the peak
emission was selected at offsets relative to the center the map of (-107.6”,28.5”). The
pointing of the array was done with an orientation angle of 0° in total power mode.
Weak contamination was found in the off position for [CII] with an intensity of
about 2 K. The contamination was corrected through a Gaussian profile fit to the
OFF emission extracted from the sky-hot spectra, which was then applied as a cor-

nttps://www.iram.fr/IRAMFR/GILDAS/
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Figure 4.8: M43 [CII] integrated intensity map between 05 to 15 km/s with the
position of the upGREAT array at 0°.
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Table 4.1: M43 positions

RA DEC Rel. Rel. rms

(J2000) (J2000)  Offset Offset
(h:m:s) (") 1(") b(®) (K
Pos.0 5:35:24.16 —5:15:34.14 —-107.6 285 0.18
Pos.1 5:35:23.18 —5:15:59.82 —122.3 2.8 0.20
Pos.2 5:35:22.19 —-5:15:36.07 —137.1 26.5 0.20
Pos.3 5:35:23.35 —5:15:03.49 —-119.7 59.1 0.17
Pos.4 5:35:25.39 —-5:15:07.15 —89.3 55,5 0.18
Pos.5 5:35:26.42 —5:15:35.11 —-739 275 0.16
Pos.6 5:35:25.23 —5:16:01.35 —91.7 1.3 0.15

rection to the contaminated observations (see Appendix A). The T,.. in DSB mode
during the observations was 2800 K with a pwv of 12 ym and a total observing time
of 60 minutes. The rms noise of the observations was between 0.15 and 0.20 K.

4.4.3.2 The Horsehead PDR Observation Strategy

The Horsehead PDR coordinates used for these observations were 05 h 40 m 54.27
s and -02° 28’ 00.0”. The observations were performed in two separate flight legs.
The selection of the positions for the deep ['?CII] and ['*CII] integrations were made
from the previous [CII] Horsehead map observed within the SOFIA Director’s Dis-
cretionary Time. We pointed the LFA [CII] array to the map coordinate offsets (-
5.5",45.9") with an array orientation angle of 30° (so that three pixels are aligned
N-S) in total power mode, thus covering three positions along the bright [CII] ridge
and the other 4 positions of the array being pointed slightly off, but parallel to the
main ridge on both sides (see Fig. 4.9). An off-source position at (-733",-27.5") was
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Figure 4.9: The Horsehead PDR [CII] integrated intensity map between 09 and
13 km /s with the position of the upGREAT array at 30°.

used. The T,.. in DSB mode was 2200 K and 2100 K for each flight respectively, with
a total observing time of 154 minutes and a pwv of 8 ym and 11 um respectively

during the observations. The rms noise of the observations is between 0.08 and 0.10
K.

4.4.3.3 Monoceros R2 Observation Strategy

The Monoceros R2 (MonR2) coordinates used for these observations are 06 h 07 m
46.20 s and -06° 23" 08.0". For the observations, two positions were observed at map
offsets (0”,05”) and (—20”,05") with the single pixel L2 GREAT channel. The po-
sitions were selected for being the two main peaks of [CII] emission (Pilleri et al.
2014), Fig. 4.10. The off-source position was at (—200”,0”). Weak contamination was
found for [CII] with an intensity of around 2.5 K. The contamination was corrected
following the procedure described in Appendix A against a further out off-source
position at (—400”,0”). The observations were performed in total power mode. The
Tiec in DSB mode during the observations was 1700 K with a pwv of 13 ym and a
total observing time of 32 minutes. The rms noise of the observations is between
0.17 and 0.30 K.
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Table 4.2: Horsehead PDR

RA DEC Rel. Rel. rms

(J2000) (J2000) Offset Offset
(h:m:s) ¢ 1) b()  (K)
Pos.0 5:40:53.91 -—2:27:14.09 5.8 459 0.08
Pos.1 5:40:52.11 —2:27:29.27 -32.4 30.7 0.10
Pos.2 5:40:52.14 —-2:26:59.76 —32.1 60.2 0.10
Pos.3 5:40:53.98 —2:26:4354 —44 76.5 0.10
Pos.4 5:40:55.80 —2:27:00.60 22.8 59.4 0.09
Pos.5 5:40:55.75 —2:27:32.54 22.1 275 0.08
Pos.6 5:40:53.91 —2:27:4524 5.6 14.8 0.09

Intensity [K lon/s]
—-15 -1 —¢5 0 05

AR4 ["] ARA ["] ARA []

Figure 4.10: Mon R2 [CII] integrated map intensity from Pilleri et al. (2014) in black
contours in overlay with other species, the 2 observed positions has been pointed
out as red circles for contrast.

Table 4.3: Monoceros R2

RA DEC Rel. Rel. rms
(J2000) (J2000) Offset Offset
(h:m:s) ¢ 1) b()  (K)
Pos.1 6:07:46.21 —6:23:03.01 0 5 0.17
Pos.2 6:07:44.87 —6:23:03.01 -20 5 03
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Figure 4.11: M17 SW [CII] integrated intensity map (Pérez-Beaupuits et al. 2012)
between 15 to 25 km /s with the position of the upGREAT array at 0°.

4.4.3.4 M17 Observation Strategy

The M17 SW observations used the position of the SAO star 161357 as the map cen-
ter position (18 h 20 m 27.60 s & -16° 12’ 00.9”). Based on previous observations
(Pérez-Beaupuits et al. 2012) of M17 SW in [CII] with GREAT, the array was pointed
to follow the main emission ridge. The map was centered at the relatives coordi-
nates of (—60”,0”) with an angle of 0°, see Fig. 4.11. A close-by offset position was
used at (537”,—67") selected from a Spitzer 8 ym map of M17 from a region without
emission. This off-source position was observed against a second far distant refer-
ence position at (1040”,—535"). Indeed, due to the large extent of the [CII] emission
around M17 SW, weak contamination for [CII] was found with an intensity of 3.5 K
peak brightness temperature at the nearby OFF position, that was corrected accord-
ing to Appendix A. The T,.. in DSB mode was 3200 K, with a total observing time of
84 minutes and a precipitable water vapor (pwv) of 9 um during the observations.
The rms noise of the observations is between 0.18 and 0.33 K.

4.5 NANTEN2 Telescope

The NANTEN?2 observatory (Kawamura et al. 2005) is a joint collaboration between
the University of Nagoya from Japan, and the Universitdt zu Kéln and the Arge-
lander Institute for Astronomy at the University of Bonn from Germany, with addi-
tional collaborators such as the University of New South Wales and the University
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Table 4.4: M17 SW

RA DEC Rel. Rel. rms

(J2000) (J2000) Off. Off.
(h:m:s) ¢ () b() (K
Pos.0 18:20:23.46 —-16:12:02.01 -60.6 —-1.1 0.32
Pos.1 18:20:22.45 -16:12:30.20 —-75.1 —-29.3 0.33
Pos.2 18:20:21.34 -16:12:05.00 —-91.1 —-4.1 0.23
Pos.3 18:20:22.32 —16:11:35.89 —-76.9 25.0 0.22
Pos.4 18:20:24.61 —-16:11:34.82 —44.0 26.1 0.31
Pos.5 18:20:25.70 -16:12:02.77 —-282 —-19 0.18
Pos.6 18:20:24.66 —16:12:29.23 —43.3 —-283 0.31

of Adelaide from Australia and the Universidad de Chile from Chile. The observa-
tory is located in the Atacama Desert of northern Chile at an altitude of 4800 m a.s.1.,
on Pampa la Bola next to Cerro Chajnantor. The telescope is a 4-m submillimeter
telescope.

The main objective of the NANTEN2 observatory is the large scale mapping of
southern hemisphere sources in molecular and atomic spectral lines between 110
and 880 GHz. The focus is the study of the distribution, structure, dynamics and
chemistry of the ISM in the Galaxy and nearby external galaxies. It has two inde-
pendent instruments that work separately in turns, depending on the weather con-
ditions. A low frequency heterodyne receiver operated by the University of Nagoya,
able to observe low-] CO rotational transitions at 110 and 220 GHz. This receiver
operates when the precipitable water vapor is higher than 1 mm. And a mid fre-
quency heterodyne receiver 8 pixel array called SMART operated by the University
of Cologne. SMART capabilities are detailed below.

4.5.1 SMART Receiver

The Submillimeter Array Receiver for Two Frequencies (SMART, Graf et al. 2003) is
a DSB dual channel 2x8 pixels heterodyne receiver installed in the 4 meter NAN-
TEN2 telescope. It operates simultaneously in two frequencies in the submillimetric
regime. The low frequency 460 GHz channel has a frequency range between 435 to
495 GHz, with an IF frequency of 4 GHz. And the high frequency 810 GHZ channel,
with a frequency range between 795 and 880 GHz and an IF frequency of 1.5 GHz.
The array configuration consists in two rows of four pixels in a rectangular shape
with a separation between the pixels of 85" for the 460 GHz band. A beam rotator
allows to rotate the array in any angle possible.
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The mixers are SISs mixers with a bandwidth of 4 GHz for both channels. The
backends correspond to 16 xFFTS spectrometers with a 2.5 GHz bandwidth and
32768 channels. For the 460 GHz channel, [CI] 3P;-*P, atomic line or the CO J=4-3
molecular line can be tuned. For the 810 GHz channel, due to the bandwidth avail-
able, the [CI] ®P,-3P; atomic line and the CO J=7-6 molecular line can be observed
simultaneously.

4.5.2 M17 Observation Strategy

The NANTEN2 observations of M17 SW use the position of the SAO star 161357 as
the map center position (18 h 20 m 27.60 s,-16° 12’ 00.9”). For SMART, the basic unit
for observing maps in OTF mode is a rectangular footprint of 340" by 170" to be ob-
served in horizontal or vertical mode with respect to the orientation of the footprint.
From there, the footprint is shifted in a horizontal or vertical direction creating a tile
pattern with the footprint as a measuring unit.

Therefore, the 460 GHz receiver was tuned to the [CI] *P;-*P, atomic line (the
810 GHz channel was not available during the observations). The array was ro-
tated 90°and a map of 680 x 1360 arcsec” was observed. The map was built by 4x4
footprint tiles with a step size along the OTF line of 8.5” for a 37.4"” beamsize for a
fully sampled map (see Fig. 4.12). An additional footprint was observed to cover the
emission in the north-east side of M17. For each footprint, the integration time per
position is 3 secs. The map was observed four times, two times in horizontal OTF-
mode, and two times in vertical OTF-mode. The OFF position was selected away
from the main emission ridge, with relative coordinates of (1000”, 0”) and presented
marginal contamination away from the velocity range of the source at 60 km/s.

The calibration of the data was done with the kalibrate task to scale the data to
a main brightness temperature intensity scale. The main beam efficiency was 0.5,
and the forward efficiency was 0.86. Then, the data was reduced with the CLASS 90
package, part of the GILDAS software. Due to the experimental state of the receiver,
50% of the data was discarded after quality checks. Finally, the data was resampled
to a velocity resolution of 0.5 km/s, resulting in a noise rms of 2 K.
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Figure 4.12: M17 [CI] °P;-°P, observing strategy. In colors, 8 ym map from Spitzer.
Each rectangle corresponds to a SMART footprint.
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5 [1>CII] and ['3CII] Optical Depth
and Multi-component Dual Layer
Model

This chapter shows the results of the ['*CII] and [**CII] observations, the derivation
of the optical depth of the [**CII] and the development of a multi-component dual
layer radiative transfer model to derive the physical properties of the [CII]. It also
discusses the implications of the optical depth and self-absorption effects, deals with
the possibility of alternative models for the [CII] emission and finally, shows the
analysis of complementary data observed along the [CII] observations.

5.1 ['2CII] and [**CII] Observations

The observations done toward the four sources, M43, the Horsehead PDR, Mono-
ceros R2 and M17 SW, resulted in high signal-to-noise (S/N) spectra with the ['*CII]
line and at least one of the ['*CII] satellites clearly detected for all the sources. In this
section, the line profiles of the four sources and their characteristics are described.
In M43, all seven positions observed with the upGREAT-array showed a narrow line
profile with the main emission peak located at v sg ~10 km/s. The four positions
with the strongest emission also showed a secondary peak in velocity, located at
~5 km/s, see Fig. 5.1 below. All three [*CII] satellites were well defined and sepa-
rated from the main ['2CII] line emission.

In the Horsehead PDR, the line profile was also narrow, with a single peak at
~10.5 km/s, see Fig. 5.2. In addition, the line profile showed an extended wing to-
ward higher velocities from the ['2CII] peak, from 16 to 30 km/s, see Fig. 5.3. Pabst
et al. (2017) did not detect this broad wing in their extended analysis of the Horse-
head PDR from large scale observations available through the SOFIA Director’s Dis-
cretionary Time. This feature could only be detected thanks to the long integration
time and correspondingly high sensitivity achieved for this [**CII] detection. Only
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Figure 5.1: Mosaic observed in M43. For each position ['**CII] line profile is shown in
the top box. Below the spectra, the windows for the base line subtraction is shown
(-65,-45) (-10,30) (60,80) km/s. The bottom box shows a zoom to the ['3CII] satellites.

the strongest ['3CII] satellite (["*CII]r—,_1) was well detected in the positions that
trace the ridge emission: positions 0, 2, 3 and 6 (Fig. 4.9 from Chapter 4).

For Mon R2, the two positions observed showed a broad emission from 0 to
35 km/s. The [**CII] line profile of each position presented large differences be-
tween them, but shared a strong dip at 12 km/s. This situation was already noted
by Ossenkopf et al. (2013) from Herschel [CII] observations towards Mon R2. In
contrast, ['*CII] showed a single peak, at both positions filling the dip visible in the
[12CII] emission, see Fig. 5.4. All [**CII] satellites were strong enough to be detected,
but [**CII] F = 2 — 1 was blended with the ['*CII] line due to the large width of the
[*2CII] emission line.

For M17 SW, the ['2CII] emission was also broad, ranging from 0 to 40 km/s and
the line profiles at the seven positions of the upGREAT array pixels showed large
differences among each other. The ['2CII] profiles showed several narrow peaks
and dips between them as discussed by Pérez-Beaupuits et al. (2015b) (see Fig. 5.5).
Only the two outer ['*CII] satellites could be clearly identified, [**CII]g—; o and
[BCI]p=1-1. [F*CII]p—s_; was blended due to the width of the [!2CII] emission line.
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Figure 5.2: Same as Fig. 5.1, but for the Horsehead PDR observations, with the win-
dows for the base line subtraction at (-65,-45) (0,30) (60,80) km/s.
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Figure 5.3: The Horsehead PDR ['*CII] F=2-1 emission, with the contribution from
the [*2CII] broad wing extending from 16 to 30 km/s. The line in red represents a
baseline of order 3 and the blue dashed line represents the zero intensity level.
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5.2. ZEROTH ORDER ANALYSIS: HOMOGENEOUS SINGLE LAYER

5.2 Zeroth Order Analysis: Homogeneous Single Layer

As a first approximation, and without knowing the optical depth or column density
of the ['*CII], two simplifying assumptions have been made. First, the sources con-
sist of a single, homogeneous layer and second, both isotopes (['*CII] and ['*CII])
are in thermodynamic equilibrium and share the same excitation temperature. Due
to the split of the [**CII] into three satellites, the noise weighted average was esti-
mated for the available ['*CII] hfs satellites using Eq. 2.44 from Chapter 2. For each
source, the ['*CII] line spectra was scaled up by a* and compared to the ['*CII] one.
These average ['*CII] spectra, scaled up by the factor o, are plotted as the red his-
tograms in the upper panel of each mosaic from Figures 5.6 to 5.9 below.

For M43 (Fig. 5.6), the ['*CII] line profile showed, within its higher noise, a shape
consistent with the main isotope line. However, the scaled up intensity was con-
sistently higher than the observed main isotopic line in 4 of the 7 positions. This
indicated that the emission is optically thick, as discussed below. The Horsehead
PDR required an additional step for performing the profile comparison. In order
to separate the [**CII] line profile from the ['*CII] broad wing emission described
above, the wing emission was fitted with a third order polynomial in the velocity
range between 12 and 30 km/s. The fit was subtracted from the observed spectra as
is shown in Fig. 5.7. This was necessary in order not to confuse the derivation of the
line ratios and the optical depths (see below) with additional emission. Similar to
the case of M43, the ['*CII] line profile, scaled up by o™, showed a similar shape to
['2CII], within its higher noise, but the intensity was higher than the ['2CII] one in
positions 0, 2 and 6, indicating an optical depth above 1.

For Mon R2, the scaled up [**CII] line profile had a much higher intensity than
the main isotopic line. This suggested that the ['2CII] line is clearly optically thick
with a significant opacity and the emission dip suggested self-absorption in [**CII],
as discussed already by Ossenkopf et al. (2013). Finally, for M17 SW, the ['*CII] pro-
file, unlike [*?CII], showed a simple, close to Gaussian profile with only one peak
at ~ 20 km/s. In a similar way to the other sources, the scaled up ['*CII] showed a
much higher intensity than the ['*?CII] one. And similar to Mon R2, the comparison
suggested that the M17 SW ['?CII] emission is optically thick with emission dips in
the ['2CII] profile produced by self-absorption.

In summary, the scaled up [**CII] presents a much higher intensity than the
[2CII] main isotopic emission in all cases. The match between line profiles is closer
in the line wings, but typically the line center emission in [**CII] overshoots the
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['CII] one. This indicated that the implicit assumptions for of low optical depth
and a single emission does not apply here.

5.2.1 ["*CI/['*CII] Abundance Ratio and ['*CII] Optical Depth

The next step in the zeroth order analysis was the direct estimation of the optical
depth, numerically solving Eq. 2.48 from Chapter 2 for 7i5(v) for each velocity bin
for all sources. Additionally, the abundance ratio between ['*CII] and [**CII] was
derived for each velocity bin. The results are plotted below in the lower panel of
each mosaic in Figures 5.6 to 5.9. The gray bar histograms give the ['2CII]/['*CII]
intensity ratio calculated for each velocity bin; the velocity range was restricted to
where the ['*CII] profiles show an intensity above 1.5 . The derived opacity spectra
are shown as blue histograms. The velocity ranges above the ['**CII] thresholds for
each source are also given.

M43 results are shown in Fig. 5.6. The 1.5 o [**CII] threshold of 0.35 K resulted
in a velocity range from 3 km/s to 17 km/s. The [**CII]/[**CII] line ratio ranged
typically around 40 in those spectral regimes, where the ['*CII] intensity was weak
compared to the peak value; closer to the threshold emission level. The deep inte-
grations with upGREAT /SOFIA resulted in high S/N spectra and arose the possi-
bility of measuring directly the [**CII]/[**CII] abundance ratio from these regions
of weak ["*CII] emission. The opacity derived from the observed [*?CII]/[**CII] line
ratio showed the presence of optically thick lines along the main emission region for
positions 0, 1 and 4, with an optical depth of 2 around the [**CII] peak.

For the Horsehead PDR, the red wing emission visible in the ['*CII] was already
subtracted. The ['*CII] and [**CII] emission profiles were similar and peak at the
same LSR-velocity. The velocity range used was 3 km/s to 17 km/s for a [**CII]
threshold of 0.22 K (see Fig. 5.7). The [**CII] S/N was not sufficient for a proper
estimation of the line ratio outside the line center. The emission was optically thick
along the main ridge for positions 0, 3 and 6, with an optical depth of ~ 2. For the
outer positions, the low S/N did not allow a good estimate of the optical depth.

For Mon R2, the useful velocity range went from 0 to 25 km/s above a [*3CI]
threshold of 0.37 K (see Fig. 5.8). The line profiles matched only in the red line wing
emission. The [*2CII]/[**CII] T,y ratio varied outside the peak, and reached an av-
erage values of about 29, lower than the value of a™ = 67 assumed above. The
value of the optical depth, derived following the zeroth order analysis, was very
high at the line centers of both spectra, reaching up to a value of 7 around the [**CII]
peak for both position. The LSR-velocities of the peak emission in [**CII] and ['*CII]
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Figure 5.8: Same as Fig. 5.6, but for the 2 positions in Mon R2 observed with
GREAT L2.

were slightly shifted with respect to each other. The ['*CII] line profile at position 1
was flat topped and both positions showed strong dips in the emission profile. This
indicated that the assumption of the zeroth order analysis, namely that of a sin-
gle component, homogeneous source, is insufficient for explaining the complex line
profile of Mon R2.

The situation was similar for M17 SW. For the seven positions observed, the
['3CII] spectra, scaled up with the assumed abundance ratio, overshot the [*CII]
spectra in the line centers and matched in the line wings. In addition, the ['*CII]
spectra showed several emission peaks and/or absorption dips, whereas the [**CII]
spectra exhibited smooth line profiles. The available velocity range went from 12 km/s
to 28 km/s with a [**CII] threshold of 1K, t (see Fig. 5.9). The [*2CII]/[**CII] T}, ra-
tio along the line wings tended to be between 15 and 30 presenting large variations
in the values, but in average well below 40 (the value for a* assumed above). Cor-
respondingly, the optical depth was still well above unity, even in the wings. In
resume, the [*CII] emission was optically thick in the line centers in all positions,
with an optical depth between 4 and 7, except at position 5. This position was lo-
cated outside the main ridge of emission, with an optical depth closer to unity.

For all four sources, the zeroth order analysis showed that the ['2CII] emission
is optically thick, in particular for Mon R2 and M17 SW. For both of these sources,
the ['2CII] spectra are partially flat-topped with line profiles showing a complex ve-
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Figure 5.9: Same as Fig. 5.6, but for the M17 SW observations.

locity structure with several emission components and/or absorption dips, clearly
indicating that the simplified assumptions of the zeroth order analysis are not met
and no further conclusions can be derived. A more sophisticated, multi-component
analysis (see Sect. 5.3) had to be used to analyze the complex line profiles.

5.2.2 [3CII] Column Density

The [**CII] minimum column density (N, ([**CII])) was estimated from the inte-
grated intensity of [**CII] using 2.55 from Chapter 2 for each position and source.
The values are listed below in Table 5.1. From this values, the ['2CII] minimum
column densities were estimated by scaling the N ([**CII]) values with a*. Addi-
tionally, the minimum N ([**CII]) was derived directly from the ['*CII] integrated
intensity assuming optically thin emission (although as it was discussed above, the
emission is optically thick), after the subtraction of the ["*CII] F=2—1 emission us-
ing the ['*CII] F=1—0 satellite as a model. Also, the ratio between the N,,;,([**CII])
derived from the scaled-up [**CII] and the N, ([**CII]) derived from the assump-
tion of optically thin ['2CII] emission was estimated for comparison. This was done
to demonstrate how the derived ['*CII] column density underestimates the total
value by taking into account the optical depth and the self-absorption effects de-
scribed above. In the following, the derived ['?CII] column densities was always
converted to an equivalent visual extinction, where the standard value of 1.2 x 10™*
was used for the relative abundance of hydrogen to ionized carbon (Wakelam &
Herbst 2008). Also, it was used the canonical conversion factor between hydro-
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gen column density and visual extinction of 1.87 x 10*' cm™?/Ay (Reina & Tarenghi
1973; Bohlin et al. 1978; Diplas & Savage 1994; Predehl & Schmitt 1995), hence
Ay = N([**CII]) % 0.83 x 10*/1.87 x 10*' ecm~2. Note that these equivalent extinc-
tions were a lower limit as they assumed that all carbon is the form of C*.

Table 5.1 shows high column densities and equivalent visual extinctions for the
four sources, especially for Mon R2 and M17 SW. Using the [**CII] intensities, the
global equivalent Ay peak was 36 magnitudes for one of the position. Also, the min-
imum column density and the equivalent visual extinction estimated directly for the
assumed optically thin [**CII] emission showed much lower values, with a ratio as
high as four between the two column densities.

The equivalent visual extinctions derived from [**CII] were in the range of 1 to a
few magnitudes for the Horsehead PDR, and reached up to about 7 magnitudes for
M43. Note that the Horsehead PDR optical depths estimated above in Section 5.2.1
were similar to the ones derived for M43, whereas the ['*CII] column density was
lower: the optical depth is given by the column density per velocity element, and
hence the smaller line width of the Horsehead PDR compensated for the lower col-
umn density. Thus, the derived ['2CII] equivalent extinctions and the ratio between
both isotopes showed that the scaled-up ['*CII] equivalent extinctions were simi-
lar or higher than the ones from the assumed optically thin [*2CII], specially in the
Horsehead PDR. For M43, the ratios around unity likely resulted from a combina-
tion of optically thin emission in the outer positions, low sensitivity in the [**CII]
wings plus the additional [**CII] emission not traced by [**CII]. For the Horsehead
PDR, with its similar optical depth, the higher ratios resulted from the higher noise
that tends to increase the estimation of the [*CII] integrated intensity. For Mon R2
and M17 SW, the column densities derived from ['*CII] corresponded to an equiva-
lent Ay of 20 and up to 36 mag.

It is important to emphasize that the unexpectedly high [CII] column densities
derived here do not change due to the wrong assumption of a single homogeneous
layer and the self-absorption effects produced by the high optical depth. In fact,
the column densities derived here are the minimum possible, because the column
densities were derived in the high excitation temperature limit.
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5.3 Multi-component Analysis: Multi-component Dual
Layer Model

From the discussion in the previous section, the four sources had high column den-
sity and optically thick emission and, for Mon R2 and M17 SW, additional absorp-
tion features. Therefore, it is clear that the simple approximation of a single layer
was not adequate. For this reason, an approach similar to the one by Graf et al.
(2012) was followed to derive the physical properties of the [CII] emission. The ob-
jective was to explain the ["*CII] and ['*CII] main beam temperature line profiles
by a composition of multiple Gaussian source components through a simultaneous
least-square fit of both observed profiles. Also, the following assumption was done
to explain the discrepancy in the line profiles: the source contained two layers, a
background emission layer with a variable number of components adapted to the
observed structure of the ['"*CII] and ['*CII] line profile, and, in the case of absorp-
tion features in the ['*CII] profile, a foreground absorption layer with a different
number of Gaussian components.

Additionally, three assumptions were done for the modeling process: The exci-
tation temperature was the same for the ['2CII] and all three [**CII] hyperfine struc-
ture lines. ['*CII] was always optically thin. And, if a ['*CII] component did not
have a visible ['*CII] counterpart above the noise level, the ["*CII] component was
not affected by self-absorption effects. A superposition of Gaussian line profiles was
used for the analysis. Therefore, the line profile ¢(v) from Eq. 2.20 from Chapter 2
was defined for each individual Gaussian source component i, characterized by its
LSR-velocity, visr i, and full-width-half-maximum line width Avpw; by:

00) = gl Mo (1 e L) ) 61)

=Y 7 ex
Avpwin,iv/T (Avpwin,i)?

with the full-width-half-maximum line width Avpwun,; = 2 /In(2) Av;/+/7, and
Aw; the equivalent width. The combined line profile of each component ¢ for both
the [*2CII] main line and all three ['**CII] hyperfine satellites can be written as:

®;(v) = ¢i(v) + > Bromdi(v — dvpp) (5.2)

F.F

where dvp_,p is the [*CII] hyperfine satellite’s velocity offset with respect to
['*CII] (Table 2.1), and fp_,pr = 3. For the equation above, the first term cor-
responds to the line profile of the ['*CII] emission and the second one is the com-

68



5.3. MULTI-COMPONENT ANALYSIS: MULTI-COMPONENT DUAL LAYER
MODEL

bined line profile of the three [**CII] satellites. With these definitions, the optical
depth profile 7;(v) can be defined for each individual source component i (using the
optical depth from Eq. 2.51 of Chapter 2) as:

" CS 1 _ e_TO/Tex,z'
TZ'(’U) = q)i(v)%gﬂ'y:i Aul N12’Z<C[I) ( )

5.3
1 + %G*TO/Tex,i ( )

Finally, using Eq. 4.13 from Chapter 4, the observed main beam temperature T,
can be defined as the combination of the emission from the components i, of the
background layer and the absorption done by the components i of the foreground
layer, plus the emission from the foreground . Hence, 7;,,(v) was given by:

6_ Zif Tif(v)+

Tmb(v) = [Z jV(TeX,ib) (1 _ e—Tib(U))
Z jV(Tex,if) (1 — e—Tif(v)>
if

(5.4)

The multi-component fitting applied Eq. 5.4 in a physically motivated iterative
process. This fitting process is degenerate without any further constraints, as multi-
ple combinations of T¢y, N12;(C1I) and Avygg exist for the same optical depth. Tix
and Ni,,;(C1I) are roughly inversely proportional to each other in relation to the
optical depth, as shown in Eq. 5.3. Therefore, 7., was fixed to a reasonable value.

For the background layer, T¢, has as a lower limit the Rayleigh-Jeans corrected,
observed T},,, which, to first order, adds 7p/2 = 45.6 K to the brightness tempera-
ture. Also, according to PDR models, excitation temperature of 50 K to a few 100 K
maximum are expected. Therefore, the background 7. was fixed to values between
30 and 200 K, depending on the source (see below). This was done for keeping the
background optical depth at reasonable values, closer to unity or a bit higher.

For the foreground layer, 7., must be low to act as an absorption layer without
significant [**CII] emission: an upper boundary is given by the Rayleigh-Jeans cor-
rected brightness temperature in the center of the absorption dips. Lower values
result in lower column densities of the absorbing layer, as less material is needed to
build up sufficient optical depth. Therefore, 1., was fixed for the absorbing layer
with values between 20 K and 40 K. These temperatures were selected because for
lower temperatures, the optical depth is insensitive to changes. Below 20 K, any
change to the excitation temperatures for the same column density affects the opti-
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Figure 5.10: Composition of the fitting process. Each plot is built in the same way:.
Top Left - This panel represents the fitted model in green and the observed spectrum
in red. Middle Left - Zoom of the fitted model and the observed spectrum to better
show the ['*CII] satellites. Bottom Left - Residual between the observed spectrum
and the model. Top Right - In blue, each emitting component, in cyan the resulting
background emitting model from the addition of all the blue components and in red
the observed spectrum. Bottom Right - Optical depth of each absorbing Gaussian
component in pink. First step of the fitting process. Fitting of the [**CII] emission,
masking the ['2CII] one.

cal depth by less than a 5%. Above 20 K, effects in the optical depth can be seen.
Plus, this temperature range fulfills the assumption that the contribution from the
foreground layer is insignificant.

In order to illustrate the iterative fitting procedure, position 1 of Monoceros R2
was selected as an example. The procedure is described step by step below:

e Fig. 5.10: The [**CII] emission is fitted as part of the background layer, mask-
ing the ['2CII] line. The excitation temperature is fixed and the other parame-
ters are left free. As the fitting function models simultaneously both lines, the
[**CII] fitting produces a [*2CII] profile (scaled by the abundance ratio o) that
overshoots the observed ['*CII] profile. In this example, an excitation temper-
ature of 160 K was used for the background component with an abundance
ratio of o™ = 67, keeping the optical depth close to unity.

e Fig. 5.11: The ['*CII] remaining emission is fitted by additional background
layer components, which, due to their low column density, have a negligi-
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Figure 5.11: Same as Fig. 5.10, but for the second step of the routine, the fitting of
the remaining [**CII] background emission

ble contribution to the [**CII] emission, using the smallest possible number of
Gaussian components for the fitting. In this example, T was fixed to of 150 K
for the remaining background components.

e Fig. 5.12: as the fitted line profile of these combined background emission
components now overshoots the observed profile in several narrow velocity
ranges, the foreground absorption features are fitted, using a fixed low T,.
For this example, T, was fixed at 20 K for these foreground components. This
step is necessary only if the source is affected by self-absorption.

The two layer/multi-component fitting procedure was applied to the ['2CII] and
['*CII] emission for each position observed in all four sources. The line center opti-
cal depth of each component was also calculated from the parameters of the fitting,
following Eq. 5.3. For M43 and the Horsehead PDR, as it has seen above, the [**CII]
line profiles followed the [**CII] ones and their emissions peaked at the same ve-
locity. Thus, no absorbing foreground layer was needed and the [*?CII] and['*CII]
emission was modeled by using only a single layer with multiple emission compo-
nents. In this case, 7. was left as a free fit parameter instead of fixing it. For Mon R2
and M17 SW, the fitting required the inclusion of foreground absorption due to the
absorption dips discussed above.

The fitting results are summarized in Tables 5.2 and 5.3. The full set of fit pa-
rameters of each component for all positions of the sources is shown in Appendix B.
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Figure 5.12: Same as Fig. 5.10, but for the last step the routine, the fitting of the
foreground absorbing components

Appendix C shows the resulting components for each fitting. The parameters listed
in each table are the x? of the fit result, a representative excitation temperature for
the background layer (7. s), selected from excitation temperature that traces the
[**CII] emission, and the temperature of the foreground layer component that has
the highest optical depth (7). Also, the table shows the total column density
Ny2(C1I1I) for each layer and the peak optical depth of the component closest in LSR-
velocity to the ['*CII] peak temperature for the background (7},) and foreground
layers (77,), respectively. These optical depths were selected as representative values
for two reasons: The bulk of the [*2CII] emission comes from the material traced
by the ['*CII] emission (as shown in Fig. 5.10). And, they are the components that
suffers the largest self-absorption effects. The equivalent visual extinctions corre-
sponding to the [CII] column densities are also shown.

5.3.1 M43 Analysis

The T, fitted for the components that trace the ['*CII] emission was close to 100 K
for the different positions, while the T, fitted for the ['*CII] background emission
not covered within the [**CII] profile was much lower, with values between 30 K and
70 K. Figure 5.13 shows an example of the fitting corresponding to position 0, the
central observed position. The total ['2CII] column density for the different positions
varied between 1x10'® and 4x10'® cm ™2, with equivalent visual extinctions between
4.9 and 18.3 mag (Table 5.2).
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Figure 5.13: Same as Fig. 5.10, but for M43 ['*CII] spectra of position 0 with no
foreground absorption.

5.3.2 Horsehead PDR Analysis

For the multi-component analysis, the spectra were fitted without applying the wing
subtraction through a polynomial. In the Horsehead PDR, due to the blending of
the [3CIl]p_y_,; satellite with the ['*CII] wing at higher LSR-velocities (Fig. 5.3), the
wing emission was first fitted with several Gaussian components while masking the
[BCH]p—g_1 velocity range. This was necessary because the wing overlapped with
the [*CII]r_,_,; emission and it could affect the [**CII] fitting process. Then, the fit-
ting of the ['2CII] and [**CII]r_5_,; emission continued. The excitation temperatures
were left as a free parameter, resulting in a value for all the components at the dif-
ferent positions of around 30 K. For the positions that are located outside the main
interface ridge, positions 1, 4 and 5 (Fig. 4.9), the ['"*CII]r_,_,; satellite emission was
heavily blended with the wing emission, so that column densities fitted for these po-
sitions should be considered as a rough estimate, because they are not constrained
by the optically thin [*3CII] emission. The total [**CII] column densities derived for
the different positions were within a range from 3.6x10'" cm™? to 1.3x10'® cm ™2
(see Table 5.2), much lower than the ones derived for M43 due to the smaller line
widths. The equivalent visual extinctions varied between 1.6 and 5.8 mag. Fig. 5.14
shows an example of the fitting of the position 6.

5.3.3 Monoceros R2 Analysis

For Mon R2, the background 7., was fixed to 150 K and the foreground T to 20 K.
The total [CII] column density was determined for both positions and each layer.
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Figure 5.14: Same as Fig. 5.10, but for the Horsehead ['*CII] spectra of position 6

with no foreground absorption.

Table 5.2: M43 and the Horsehead PDR column density for the background compo-

o

10
Vi [km/a]

1

nents
Positions No. 2 Tex Background 7* Back.
Back. N12(CH) AV CII
Comp. (K) (cm™2) (mag.)
M43 0 5 1.7 110.7 4.1E18 2.07 183
M43 1 5 1.6 973 2.9E18 1.75 129
M43 2 2 1.6 60.0 2.5E18 143 11.2
M43 3 2 1.2 70.0 1.1E18 0.43 49
M43 4 6 1.1 108.4 2.7E18 1.68 12.0
M43 5 4 1.5 108.0 2.0E18 0.96 9.0
M43 6 5 1.1 101.04 3.0E18 1.66 134
HOR 0 4 1.2 38.0 7.9E17 2.16 3.6
HOR 1 4 1.1 267 5.7E17 0.78 2.5
HOR 2 4 12 372 8.5E17 1.80 3.8
HOR 3 4 14 38.0 6.2E17 1.34 2.8
HOR 4 4 1.3 355 43E17 0.75 1.9
HOR 5 4 14 48.0 3.6E17 0.52 1.6
HOR 6 5 1.0 43.0 1.3E18 2.84 5.8

74



5.3. MULTI-COMPONENT ANALYSIS: MULTI-COMPONENT DUAL LAYER
MODEL

[en]

» X1

Tmi
e @
=3 =1
T T T T T T T T

= 194
20 25.0% 82.5% 12.8% Q(J%“
10 | oA | | soct
i e
. _ \ e 0
o o “
s | | - 50
- 1k J - 0
=) i I‘ / L 30
" I
A o lhalh td pule dalbiie] 1o s, My u;," Ll T 20
[ i TR AT 1L 10
— —{0
[y I P | .
e T \ EW
E r Residuals 1 E E
a E- E
i | [ [ L1 E | | | I I EP)
—60 0 &0 —10 o 10 20 30 B0
vign [kem/5] vige [lm/a]

Figure 5.15: Same as Fig. 5.10, but for M17 SW ['2CII] spectra of position 6.

2 and

For each position, the total background column densities were 4.2x10'® cm™
4.7x10'™ cm™2 and the total foreground column densities were 8.3x10'7 cm™

6.4x10'" cm™?, respectively. The equivalent visual extinction at the positions ob-

2 and

served corresponded to 18.7 mag and 21.0 mag for the background, and 3.7 mag
and 2.9 mag for the foreground, respectively.

5.3.4 M17 SW Analysis

For M17 SW, the ['*CII] emission was fitted using a fixed excitation temperature
of 200 K for the background components. A brighter temperature than Mon R2
was selected, because the brighter [**CII] emission required a larger temperature
for keeping the optical depth close to unity. For the foreground components, a fixed
temperature between 25 and 45 K was used. Figure 5.15 shows the fit results for
position 6 as an example; the other positions are shown in detail in Appendixes B
and C. Table 5.3 shows the total column density for each of the seven positions. The
column densities ranged from 3.0x10'® em™2 to 9.2x10'® em~? for the background
layer, and from 3.9x10'" cm =2 to 3x10'® cm ™ for the foreground layer. The equiv-
alent visual extinctions were between 13.4 mag and 41.0 mag for the background
layer, and 1.7 mag to 13.4 mag for the foreground layer.

The multi-component analysis have shown for the sources with absorption dips,
that the background layer is composed by high temperature broad emission com-
ponents with extremely high column density, covering a wide velocity range; and
a foreground layer composed by low temperature narrow absorption notches with
high column density, restricted to velocities closer to the [**CII] peak. The possi-
ble mechanism for reaching high column densities as well as the origin of the fore-
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Table 5.3: MonR2 and M17 SW column density for the background and foreground components for the dual layer model

Positions  No. No.  x* Teng Background 73, Back. Tey Foreground 7  Fore.
Back. Fore. N2 (CII) Ay CII N2 (CII) Ay CII
Comp. Comp. (K) (cm™2) mag. (K) (cm—2) mag.
MonR2 1 5 2 31 160 4.2E18 098 187 20 8.3E17 099 37
MonR2 2 6 4 41 150 4.7E18 1.03 210 20 6.4E17 1.52 29
M17SW 0 4 6 1.8 250 9.2E18 143 410 40 2.0E18 1.63 92
M17SW 1 5 4 1.2 200 8.0E18 1.61 356 30 1.7E18 152 7.6
M17SW 2 4 5 1.3 200 5.6E18 0.84 249 30 3.0E18 1.58 134
M17SW 3 4 2 3.5 180 4.4E18 0.66 19.6 25 7.7E17 1.61 35
M175W 4 5 5 1.9 200 7.6E18 1.14 339 30 1.3E18 090 58
M17SW 5 4 3 45 200 3.0E18 024 134 30 3.9E17 063 1.7
M17SW 6 5 4 1.3 250 7.7E18 1.11 343 45 1.8E18 146 8.0
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ground gas is discussed below in Sect. 5.10.

5.4 Alternative Scenario: Multi-component Single Layer
Model

In the multi-component dual-layer scenario, the complex line profiles of Mon R2
and M17 SW have been interpreted as broad emission from the background and
narrow absorption notches from cold foreground material. This was not the only
possible way of fitting the profiles. An alternative scenario is explored here: a multi-
component, but single emission layer model. In order to match the observed pro-
files, this scenario required the observed ['*CII] smooth profiles to be reflected by
a similarly broad, but highly optically thick, and therefore flat-topped ['*CII] emis-
sion profiles. The corresponding gas had to be relatively cold to not overshoot the
observed emission. The complex profile shape was then achieved by adding addi-
tional narrow line emission components. This alternative scenario is discussed in
this section and it was perfectly feasible in terms of obtaining a reasonable fit solu-
tion. However, the follow up analysis of the resulting column densities compared
to other tracers, as well as the resulting physical scenario, made this solution physi-
cally unrealistic.

The resulting multi-component fit, assuming this single layer model, is summa-
rized In Table 5.4, with the number of components per position for each source, the
X* of the fitting, the [CII] column density, the peak optical depth and the equivalent
visual extinction. As an example of the results, position 2 for Mon R2 is shown in
Fig. 5.16 and position 6 for M17 SW is shown in Fig. 5.17. As indicated above, the
components were separated into two types. The first type was cold high density
gas showing a flat-top ['2CII] profile due to high optical depth that contributes to
the ['3CII] emission. The other type was warmer, lower density gas with much nar-
rower ['?CII] profiles tracing the velocity peaks of the ['"*CII] emission and, due to
their low column density, negligible in [**CII].

M17 SW followed this scenario. On the one hand, it had cold components with
a Ttk ~ of 50 K, extremely high [CII] column density and a peak optical depth of
14. On the other hand, it had narrow warmer components with an T, between 50
and 70 K and lower column density, on the order of 10'" cm™2 per individual com-
ponent, fitting the [**CII] peaks. The composition was similar for Mon R2 (see the
Appendixes B and C for a description of each source).

Note that in this scenario the warm, narrow line components are only visible,
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Figure 5.16: Same as Fig. 5.10, but for M17 SW [*2CII] spectra of position 6 with no
foreground absorption.

when they are located in front of the optically thick low-temperature central emis-
sion, as they would otherwise be absorbed away by the central component.

5.5 ["?CII)/['**CII] Abundance Ratio

It has been discussed above that the assumption of a simple, single layer PDR model
was consistent only for M43 and the Horsehead PDR, due to the absence of self-
absorption dips. For Mon R2 and M17 SW, a more complex dual layer model was
considered, obtained through the multi-component analysis. The model showed a
more consistent picture to illustrate the self-absorption effects through a foreground
absorbing layer. The large equivalent visual extinctions imply, at least, several PDR
layers along the line of sight in the framework of PDR models. The existence of these
layers requires the assumption of clumpiness and the piling of several PDR surfaces
along the line of sight. A key point for all this analysis is the assumed ['*CII]/[**CII]
abundance ratio for the scaling of the [**CII] intensity.

In Section 5.2.1 above, it was discussed how the observed [*2CII]/['*CII] abun-
dance ratio is much lower in the line centers than the one assumed for each source.
This can be interpreted as an optical depth effect due to self-absorption in the line
centers. Towards the line wings the ratio increased, but only in the case of M43, it
reached a value close to the assumed abundance ratio for this source. For Mon R2
and M17 SW, the ratio towards the line wings only reached up to about half of the
assumed abundance. This is of course linked to the S/N threshold that was applied
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Figure 5.17: Same as Fig. 5.10, but for Mon R2 [*2CII] spectra of position 2 with no

foreground absorption.

Table 5.4: Mon R2 and M17 SW column density and equivalent extinction for the

single layer model

Positions  No. x? To Np(CI) 7 Ay
Comp. [CIT]
(K) (cm™?) (mag.)
MonR2 1 5 12.8 35 7.1E18 2.62 31.7
MonR2 2 8 3.8 40 1.7E19 10.17 75.8
M17SW 0 11 1.3 50 26E19 13.88 1159
M17SW 1 4 1.8 50 25E19 14.02 1114
M17SW 2 7 1.5 45 1.6E19 8.04 71.3
M17SW 3 12 80 40 1.1E19 7.26 49.0
M175SW 4 12 1.4 55 1.8E19 7.59 80.2
M17SW 5 9 3.6 55 7.7E18 1.54 34.3
M17SW 6 7 29 60 1.5E19 11.26 66.8
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to define the useful velocity range: better signal to noise would allow to derive also
a ratio further out in the line wings. In fact, for the case of the Horsehead PDR with
its relatively weak lines, the signal to noise was sufficient only near the line center
and an increase toward the line wings was not observed, because there was no valid
data there above the selected threshold.

If the abundance ratio in the source were in fact lower than the assumed lit-
erature value, the derived optical depths would be correspondingly lower. Thus,
the important question is, whether the derived high optical depths are an artifact,
based on an assumed high abundance ratio, or they are real values. Higher sensi-
tivity would increase the useful velocity range and would thus allow to trace the
line intensity ratio further out in the line wings. Therefore, it is essential to verify
whether the intensity ratio in this regime keeps increasing until it reaches a plateau
at the (assumed) value for the 2C* /*3C* abundance ratio, namely a".

This scenario was checked for the case of M17 SW by averaging 6 of the 7 po-
sitions observed (the ones with high intensity, i.e. excluding position no. 5) and by
analyzing the average spectrum. Figure 5.18 shows this average spectrum. For this
spectrum, the useful velocity range with a ['*CII] intensity above 1.5 o was extended
to a range between 10 and 28 km/s. The intensity ratio in the outer wings clearly
rose up to values = 45, close to the assumed abundance ratio of 40. This value is
higher than the one assumed before, and this could be a sign of fractionation, but
the abundance ratio plateau was not reached so the results are not conclusive yet.
Also, the value of 40 was derived from analysis of the abundance ratio gradient and
not from direct estimations. Further analysis would require direct estimations of the
abundance ratio, for both neutral carbon and ionized carbon. Neutral carbon can be
estimated from the observations of isotopologues of molecular species that contain
carbon, such as CO, HNCO or HCO™. The ionized carbon ratio could be estimated
from modeling of the physical conditions of the gas through PDR codes, such as the
KOSMA-T model.

Unfortunately, it was possible to do this test only for the case of M17 SW. For
Mon R2, the other source with significant optical depth even in the line wings, and
therefore an ['2CII]/['*CII] intensity ratio in the wings still below the assumed abun-
dance ratio, there were only two spectra observed with the GREAT L2 single pixel
instrument. The average of these two positions did not give a sufficient increase
in S/N to allow the tracing of the line intensity ratio further out in the wings. Fu-
ture observations are needed to check on the assumed abundance ratio also in this
and the other sources, as well as further analysis to study this fractionation sign in
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Figure 5.18: Same as Fig. 5.6, but for the M17 SW average spectra of six positions
observed by upGREAT.

M17 SW.

5.6 Comparison Between the Single and the Dual Layer
Model Against CO

So far, only the physical properties of the ['*?CII]-emitting gas has been considered.
In order to compare the [CII] with the molecular gas traced by CO and its isotopo-
logues, low-J CO rotational line data, including the rare isotopologues of C'*O 1-0
for all sources and C'"O 1-0 in one source, were used to perform this comparison.
The sources available for this were M43, Mon R2 and M17 SW.

For M43, CO data was observed with the Combined Array for Millimeter-Wave
Astronomy (CARMA), within the CARMA-NRO Orion Survey project (Kong et al.
2018). The molecular lines observed were 3COJ = 1-0 and C!*O J = 1-0 for the seven
positions observed in [CII]. Figure 5.19 shows a comparison of the different CO iso-
topic line profiles against the ['2CII] and [**CII] emission. On the one hand, the line
profiles of the CO isotopologues and [CII] tended to be similar for the main emis-
sion located at 10 km/s, with the [CII] peak shifted to the blue part of the spectra.
On the other hand, there was no molecular counterpart to the secondary peak at
4 km/s. The [NII] peaked at the same velocity of the secondary peak (see the analy-
sis below) and the integrated intensity map at that velocity range showed a ring-like
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Figure 5.19: M43 line profile comparison between [*?CII] (in black), ['*CII] (in red),
scaled up by a*, CO (1-0) (in green), '*CO (1-0) (in blue) and C'®*O (1-0) (in cyan).
CO and its isotopologues have been scaled up by the factors indicated only to be
compared with [**CII].

structure, see Fig. 5.20. This can be interpreted as that the gas at the secondary peak
corresponds to ionized material, meanwhile the gas at 10 km/s correlates with the
molecular region traced by CO.

For Mon R2, the published data by Ginard et al. (2012) at the two positions ob-
served in [CII] was used. The molecular lines available were *CO J = 1-0 and C**O
J = 1-0 observed with the EMIR receiver (Carter et al. 2012) at the IRAM 30 m tele-
scope. The CO isotopologues (Fig. 5.21) showed a similar profile to the [**CII] emis-
sion at the 10 km /s peak, with the [CII] emission more extended at higher velocities.
There was no molecular emission at 15 km/s; so, it is safe to assume that this higher
velocity gas correlates with ionized gas due to the absence of molecular gas.

For M17 SW, the published data from Pérez-Beaupuits et al. (2015b) at the seven
positions observed in [CII] were used. The CO isotopologue lines available were
BCOJ = 3-2, observed with FLASH (Heyminck et al. 2006) at the APEX telescope
(Giisten et al. 2006), C**O J = 1-0 and C!"O J = 1-0, observed with the EMIR re-
ceiver at the IRAM 30 m telescope. Even if the molecular tracers were low-] CO,
Pérez-Beaupuits et al. (2015a) compared the CO emission of different transitions for
different positions from CO ] = 1-0 up to CO J = 16-15. The line profile of the differ-
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Figure 5.20: Top - M43 [CII] integrated intensity map between 2 and 6 km/s. Bottom
- Same as before but between 6 and 20 km/s.
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Figure 5.21: Mon R2 comparison between ['*CII] in black, [**CII] in red scaled up
using «, *CO (1-0) in blue and C'*O (1-0) in cyan. CO and its isotopologues has been

scaled up only to be compared with [**CII]. [**CII] has been smoothed for display
purposes.
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Figure 5.22: M17 SW comparison between ['*CII] in black, [**CII] in red scaled up
using «, 1*CO (3-2) in blue, C'®*O (1-0) in cyan and C'"O (1-0) in purple. CO and its
isotopologues has been scaled up only to be compared with [**CII].

ent CO transitions were similar among them. This allowed to use the available low-]
CO data with confidence for the comparison with [CII]. Figure. 5.22 shows the com-
parison between the different line profiles of the different species. The comparison
between the molecular and the [ CII] showed that the molecular emission correlated
with the [CII] gas only in the central velocities where the [**CII] emission peaks. But
at lower velocities (lower than 15 km/s) there was no molecular emission. From the
comparison against [NII], as can be seen below, [NII] peaked at 0 km/s, with a long
wing from 0 to 20 km/s. Therefore, this correlation suggested that the ionized gas
is located at 0 km/s and has only weak [CII] emission associated. For larger veloc-
ities, the emission got associated with the molecular region, showing the transition
from the ionized to the molecular regime. This scenario had already been studied
by Pérez-Beaupuits et al. (2015b). They found correlations between [CII] and HI
emission at 10 kmm/s, with molecular material at 20 km/s and ionized at 30 km/s
from the residuals. In comparison, from the observations available for this work,
HII was found 0 km/s (traced by [NII]), molecular H; at 20 km /s and HI at 10 km/s
from the remaining emission. For velocities higher than 25 km/s is only possible to
affirm that [CII] does not correlate with any other tracer.

Figures 5.23 and 5.24 show the M17 SW line profiles of the dual and the sin-
gle layer ['?CII] models against the C'®O 1-0 emission profiles (scaled up to match
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Figure 5.23: Comparison between C'*OJ = 1-0 and the ['*CII] Gaussian components
from the dual layer model. Scaled up C'®O observations are in black, [*2CII] back-
ground components are in blue and ['*CII] foreground optical depth components
are in pink.

the [CII] components), respectively. The comparison between the dual layer and
the molecular emission showed that, in the dual layer model, the brightest back-
ground emission component in [*?CII] had a line profile that, though wider in ve-
locity, shared a similar line profile with the C'®*O emission profile at the central line
velocities that correlate with the molecular emission. The ['2CII] absorption dips
also showed profiles that partially match the C'*O emission. On the contrary, the
single layer model needed cold and high density [CII] emission components with-
out any correlation to the C'*O emission profile. In particular, it would be expected
that the high density cold components (labeled “[CII] high d.” in Fig. 5.24) would
correlate with the molecular gas, being closer in their physical conditions. Similarly,
the bright, narrow, lower density and warmer emission ([CII] low d.) notches at var-
ious velocities did not correlate with the C'®O emission. This comparison suggests
that the single layer model, even if formally providing a good fit, is physically less
plausible.

From the C'®*O J = 1-0 observations, the C'*O column density was estimated for
all available sources and each position, following Mangum & Shirley (2015) and
Schneider et al. (2016b). For the excitation temperature, the values of the dust tem-
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Figure 5.24: Comparison between C'*OJ = 1-0 and the [*CII] Gaussian components
from the single layer model. Scaled up C*®O observations are in black, [**CII] high
density low temperature components are in green ([CII] high d.) and [**CII] low
density high temperature components are in red ([CII] low d.

peratures were used, obtained from the Herschel Gould Belt (André et al. 2010) and
HOBYS (Motte et al. 2010) imaging key programs and published by Stutz & Kainu-
lainen (2015) for M43, Rayner et al. (2017) for Mon R2, and Schneider, priv. comm.
for M17 SW. Typical dust temperatures in regions of peak [CII] emission are 16 K for
M43, 26 K for Mon R2 and 35 K for M17 SW, respectively. Using these dust tempera-
tures as the C'*O excitation temperature (assuming the gas and dust are well mixed),
the C'®O column densities were derived and listed in Table 5.5. The column densi-
ties were also converted to an equivalent H, column density, assuming an 0 /'%0O
ratio of 490 for M43, 500 for Mon R2 and 425 for M17 SW according to Wilson &
Rood (1994), and an assumed CO/H, ratio of 1.2x10~* (Wakelam & Herbst 2008).
Also, it was assumed that all carbon in the molecular region is in molecular form as
CO. Finally, the equivalent visual extinctions were estimated knowing that 2N(Hs)
= 1.87x10*" cm™2 Ay. As an independent verification, the dust column densities
derived from Herschel were checked. The dust column densities agreed within 30%
with the values determined from C'®O using these excitation temperatures.

From here, a comparison was done between the equivalent extinctions (or for
that matter, the derived Hy column densities) estimated from [CII] and the CO iso-
topologues lines for both models. The comparison is shown in Figure 5.25. For po-
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Table 5.5: M43, Mon R2 and M17 SW C*¥O 1-0 column density and equivalent ex-
tinction

Positions N(C*0O) N(H,) Ay
C18O CISO
(m?) (m?) (mag)
M43 0 1.16E16 4.75E22  50.8
M43 1 1.44E16 5.88E22 62.9
M43 2 1.50E16 6.13E22 65.6
M43 3 1.42E16 5.80E22 62.1
M43 4 9.89E15 4.03E22 43.2
M43 5 746E15 3.05E22 326
M43 6 8.00E15 3.27E22 34.9
MonR21 8.98E15 3.74E22 40.0
MonR22 9.99E15 4.16E22 445
M17SW 0 2.00E16 7.07E22 75.6
M17SW 1 3.39E16 1.20E23 128.2
M17SW 2 3.33E16 1.18E23 126.1
M17SW 3 3.82E16 1.35E23 144.6
M17SW 4 1.67E16 5.92E22 63.3
M17SW 5 249E15 8.83E21 94
M17SW 6 6.20E15 2.19E22 23,5

sition 5 and 6, the [CII] equivalent Ay were higher, for both model scenarios, than
the ones estimated from C*®O. This was no surprise, because from velocity channel
maps between the molecular and ionized line observations (Pérez-Beaupuits et al.
2015b), these positions were located off the main molecular ridge and hence, domi-
nated by PDR material. For the other positions, the equivalent Ay of the [CII] layer
estimated for the single layer model were similar or even higher than the ones de-
rived from the C'®O emission, whereas the dual layer [CII] emission model gave
much lower equivalent [CII] column densities, on average 25% of the molecular col-
umn densities.

This comparison showed that the single layer model requires extremely high
column densities for [CII] in comparison to CO. These conditions are unlikely to be
present in a dense, high extinction cloud core traced by C'*O and C'O. This would
require to have molecular column densities corresponding to visual extinctions of
up to 100 Ay. In addition, these high column densities of [CII] for the single layer
model, would be required to have, in the bulk of the emission, low excitation tem-
perature of around 50 K (see above); there is no reasonable physical scenario that
can explain these properties. In a PDR, it is expected that the largest amount of hy-
drogen is located in the molecular core in molecular form. The single layer scenario

87



CHAPTER 5. ['2CII] AND ['3CII] OPTICAL DEPTH AND MULTI-COMPONENT
DUAL LAYER MODEL

160 Av C180

Av [ClI] 2 layer background

140
Av [ClI] 2 layer foreground

tt4¢

120 A Av [Cll] single layer

100 A

80

Ay

60

40 -

20

M17 SW Position

Figure 5.25: M17 SW Av comparison between the extinction of C'*O,the [CII] from
both the background and foreground layers of the dual layer model and the [CII]
from the single layer model.

showed the opposite scenario, with large amounts of material in the form of CO-
dark gas. But, it is known that for M17 SW, even when it is affected by a strong UV
field, the molecular gas is clumpy and the CO presents high column density and
optically thick emission, proof enough that the molecular gas is shielded from the
UV ftield. Hence, the single layer model was ruled out for M17 SW.

For Mon R2, the situation was similar. The equivalent visual extinctions of the
molecular gas traced by C'®*O were 40.0 for position 1 and 44.5 mag for position 2,
whereas the single layer scenario gave an equivalent Ay of the [CII] emission of 31.7
and 75.8 mag, respectively. The dual layer scenario had significantly lower, although
still relatively high equivalent visual extinctions, 21 mag for the warm background
and 3 mag for the foreground [CII] emission. As in the case of M17 SW, the single
layer scenarios would thus require to have a column of [CII] emission at relatively
low T that is about equally large to that of the molecular gas.

In resume, the single layer model can be ruled out for several reasons. The phys-
ical conditions required to model the ['"*CII] line profile are extremely improbable,
with low temperature and high column density [CII] components accompanied by
warmer and narrow low density bright notches. This would require the presence of
extended and cold high density ionized gas surrounded by small clumps of bright
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low density ionized material, a scenario physically very unlikely. Also, the molec-
ular line emission profile traced in CO do not match the single layer model [CII]
emission profile, the latter showing high column density velocity components that
are not at all matched by the molecular emission. In contrast, the velocity com-
ponents with the bulk of the column density, matched much better between the
molecular emission and the [CII] emission for the dual layer scenario. Moreover, the
equivalent visual extinction derived for the [CII] emission in the single layer model
would be equal or even exceeding the one derived from molecular emission, with
the implausible scenario of much more hydrogen in the form of CO-dark gas gas
visible in CO, therefore, the single layer model was discarded, although it provided
a formally fitting scenario, as physically unlikely.

5.7 [NII] Observations

[NII] 205 pum fine structure line observations were done for the central position of
M43, the Horsehead PDR and M17 SW during the [CII] SOFIA /upGREAT obser-
vations. For this reason, a simply analysis was made for these observations, with
a discussion about their line profiles and a estimation of the [NII] column density.
A comparison between the [NII] and [CII] line profiles are shown in Fig. 5.26. For
M43, the [NII] emission was shifted to the blue side of the spectra with respect to the
['2CII] peak and it had a Tpeax of 0.5 K at 4 km/s. For the Horsehead PDR, the [NI]]
emission was shifted to the red side of the spectra with respect to the ['*CII] peak.
And for M17 SW, the [NII] emission was shifted to the blue side of the spectra with
respect the [*2CII] emission. The different velocity distributions were an indication
that the [NII] emission originates in a separate component of the cloud, likely the
HII region.

The [NII] column densities were estimated from Eq. 2.59 in the optically thin
limit. Due to the dependency of the fractional population of the different N* states
to the electron density of the gas, a kinetic temperature of 8000 K and a fractional
population of 0.45 were assumed. The assumed values for the estimation of the
column density can only give a lower limit. Additionally, assuming that all the ni-
trogen is ionized, the ionized hydrogen column density and its equivalent visual
extinction were estimated. Using a N/H abundance ratio of 5.1 x 10~° (Jensen et al.
2007) and an Ay = N(H)/1.87E21, the above mentioned values were derived and
they are given in Table 5.6.

The [NII] emission for the three sources had, compared to [CII], much lower
column densities and hence, lower equivalent visual extinctions. Thus, the [NII]
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Figure 5.26: [CII] and [NII] emission for the central pixel for the 3 sources, M43,
M17 SW and the Horsehead PDR.

Table 5.6: M43, the Horsehead PDR and M17 SW [NII] column densities and equiv-
alent extinction for the central pixel of the upGREAT array.

Sources  N(NII) N(H) Ay
INI]  [NII]
(cm™?) (cm™?) (mag.)
M43 1.43E16 2.80E20 0.14
HOR PDR 1.21E16 2.37E20 0.13
M17 SW 3.84E16 7.53E20 0.40
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emission was consistent with its origin in the HII region. When the HII region is
visible in the optical, it is located in front of the molecular emission and its emission
is expected to be displaced to the blue side of the spectra; this is indeed what was
found for M43 and M17 SW. The Horsehead PDR, in contrast, is visible as a dark
cloud against the background HII region, which is located behind the molecular
cloud; correspondingly, its [NII] emission was red-shifted with respect to [CII].

An interesting question is whether the ionized emission originates from inside
the HII region, or whether it is part of an ionized photoevaporation flow. Such
flows are ionized material that come from the molecular region and flow back into
the ionized region as a result of the hit of the ionization front into the the molecular
region. As a result, a shift for the emission in velocity with respect to the molecular
gas is expected. Facchini et al. (2016) estimated a shift in velocity of 1 km/s for the
ionized emission when molecules are dissociated, but for the case of protoplanetary
disks. Henney et al. (2005) estimated a shift of 10 km/s over large volumes of mate-
rial, and even up to 17 km/s in dense and magnetized molecular globules (Henney
et al. 2009). It was found that the [NII] emission was shifted 8 km/s for M43 and
15 km/s for M17 SW with respect to the molecular emission, inside the range dis-
cussed above. For the Horsehead PDR, the [NII] emission was shifted 5 km/s with
respect to [CII]. The most probable scenario for an origin of the [NII] emission is a
combination of ionized gas from the HII region, and from a photoevaporation flow.
For M17 SW, in particular, it could be that the emission peaking at 0 km /s originates
from the HII region, whereas the emission at 15 km/s where there is a secondary
peak or even a plateau, originates from the photoevaporation flow. However, this is
speculative and more evidence is required.

5.8 M17 SW HI Comparison

In the case of M17 SW, an HI absorption spectrum was extracted from the HI-OH-
Recombination line survey of the inner Milky Way (THOR, Beuther et al. 2016), and
compared the velocity profile with its corresponding counterparts in [CII] and [NII].
The position corresponded to the [CII] position O (Fig. 4.11). Figure 5.27 shows that
the HI emission is much more extended in velocity, embracing both the [CII] and
[NII] emissions. The HI spectrum peaked at 20 kms/s, the same velocity as the [CII]
peak emission, and it had an asymmetric profile with a long wing at lower velocities,
matching at 0 kms/s the low intensity emission of the weak [NII].
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Figure 5.27: Top - M17 SW position 0 HI absorption spectra. Bottom - M17 SW po-
sition 6 [CII] spectra for the observed and calculated background emission, respec-
tively, [NII] and an inverted HI spectra for profile comparison.

5.9 Beam Filling and Absorption Factor Effects

In the following, there is a discussion of how a beam filling factor ®4 (fraction of
the telescope beam filled by the source defined in Section 4.1) smaller than unity
changes the derived physical properties. The multi-component source model has to
consider, in principle, individual beam filling factors for each component. However,
this would result in a too large number of free parameters in the fitting. Hence, the
discussion was restricted to using one single beam filling factor that was applied
to all background emission components in common. For the background emis-
sion component, the main effect of a beam filling factor smaller than unity was to
raise the source intrinsic brightness, thus requiring higher excitation temperatures
and/or higher optical depth to reach the higher brightness. To first order, both ef-
fects resulted in a larger column density of the emitting material, raising inversely
proportional to the beam filling factor, so that the beam average column density
stayed constant to first order.

To quantify this, as a first step, a multi-component fit was performed, adding as
an extra parameter a fixed value ®4 for the background layer in emission, decreas-
ing it step by step. Position 6 of the Horsehead PDR was used for the beam filling
factor analysis. As expected, a decrease in @4 increased the excitation temperature,
column density and optical depth of the background emission. For example, fix-
ing ®g at 0.5 increased the T.« from the original fit (g = 1) between 15 K and 20

92



5.9. BEAM FILLING AND ABSORPTION FACTOR EFFECTS

160
160
140
130
120
110
100

GwE—T—T—T—T—— T ——
[co] ,

F=1-0 flp=a—1 F=1-1

30 |- i -

Background
20 25.0%

Tmb 1X]

4
10 | —

e

o S—

& -
[13011] j{ \L
\
i1l
ulit Ll H’" u]lhlljl. ll.l-h”h,,‘ '1'”

E“ L] Lkl i

r Bl J0
[ Residuals 1 E El
o E EET
E 1 E Foreground 3
el o T B I I ! ! =P

-60 0 80 -10 0 10 20 ac 40
Vi [lm/5] Vi [kam/9]

rT 1 T 17T 1T 1T 17 1T 17T 1T 1T T 17 1T 1T 17
T e Y
3
ji

T 1X]

Tmp K]

Figure 5.28: Same as Fig. 5.10, but for Mon R2 ['2CII] spectra at position 1 fitted with
a beam filling factor of 0.5

K (from 43 K to 60 to 65 K) and the total column density changes from 1.3x10'® to
1.4x10'"® cm~2. An even lower value of ®3 = 0.3, resulted in an increment for the T,
between 20 and 30 K and a [CII] column density of 1.7x10'® cm 2. Table 5.7 shows
a summary of the effects of the variations over ®g.

Then, the next step was to consider that foreground absorption was present. For
this, position 1 of Mon R2 was used as a test case. The resulting fits are shown in
Fig. 5.28 and Table 5.7. Fixing ®¢ to 0.5 produced the same changes for the back-
ground layer as expected from the Horsehead PDR analysis, namely an increase of
50% for the excitation temperature, and 100% for the column density and the optical
depth. Then, for the foreground layer, there was also an increase of the column den-
sity and optical depth similar to the ones of the background layer, 50% and 100%,
respectively. This was because the increase in the background required a corre-
sponding increase in the absorption of the foreground to obtain the same observed
Twp- Due to the higher brightness of the background, even a slightly increased ex-
citation temperature of the foreground absorbing layer can be tolerated to give the
same beam average brightness in the center of the absorption dip. Therefore, the
introduction of a &4 allowed to increase the excitation temperature and in particu-
lar, the column density of the background layer, as well as both parameters for the
foreground layer, without affecting the observed main beam temperature.

Then, a even more complex case for the analysis was considered. The case was
that the foreground absorption material only partially covers the background emis-
sion. To take this into account, an absorption factor ®,; was defined. The absorption
factor represents the fraction of the background emission layer absorbed by the fore-
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Figure 5.29: Same as Fig. 5.10, but fot MonR2 ['2CII] spectra at position 1, fitted with
an foreground absorption factor of 0.75 for the 3 main background components

ground layer. Position 1 from Mon R2 was selected as a source with self-absorption
to study this effect, similar to before.

The analysis started with a value of 0.9 for @, for the three main background
components. It was found that, naturally, the background remained the same, and
the foreground column density and optical depth increased. The foreground Ny, ;(CII)
increased from 8.3x10'7 to 2.0x10'® cm~2 and the optical depth from 0.99 to 6.26.
This was plausible, as the smaller fraction of absorption had to compensate the fact
that a fraction of the bright background emission was not absorbed by the fore-
ground. Then, ®,; was decreased further down to 0.75. This was the lowest limit
possible, because for values lower than this one, the 25% of the background that
was not absorbed could not be compensated even, by a complete absorption (down
to zero brightness) of the foreground layer. In this limiting case, the foreground
Nis;(CII) increased even more, to 2.9x10'® cm ™2, same situation as the optical depth
that increased to 7.72. In resume, the introduction of an absorption factor ®,; in-
creases the column density and the optical depth of the foreground material, with-
out affecting much the excitation temperature, becoming the foreground layer much
more massive and thick.

In conclusion, the introduction of both a foreground and background filling fac-
tor less than unity leads to an increase in the excitation temperature of the back-
ground component and the column density for both layers, in particular the fore-
ground absorbing layer. With the current beam resolution, it is not possible to con-
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CHAPTER 5. ['2CII] AND ['3CII] OPTICAL DEPTH AND MULTI-COMPONENT
DUAL LAYER MODEL

strain the beam filling factor for the [CII] emission, neither the absorption factor. The
analysis above, however, showed that the excitation temperatures and column den-
sities of the background layers are lower limits, and for the absorbing foreground,
the excitation temperatures derived with a unity filling factor are upper limits, while
the absorbing foreground column densities are lower limits.

5.10 Origin of the Gas

The high column densities of the warm background layer in M43, Mon R2 and
M17 SW are difficult to explain in the context of standard PDR-models and ISM
phases. In this scenario, the C* layer in a single PDR layer has typically an A, of
a few magnitudes(Hollenbach & Tielens 1997). The large values for the C* column
density derived here, with equivalent visual extinctions up to 43 mag, thus require
tens of layers of C* stacked on top of each other along the line of sight. This may be
possible if the cloud material is very clumpy and fractal with a large fraction of the
total cloud material being located in UV-affected clump surfaces. This scenario can
be possible, in particular for M17 SW with its edge-on geometry and known com-
plex structure. Non standard PDR scenarios might apply; for example, Pellegrini
et al. (2007) proposed for M17 SW that a high column density of the PDR layer can
be obtained by including magnetic fields, raising the pressure and density of the
heated gas.

For the foreground material, the situation is much more puzzling: the observed
line profiles need ionized gas with high column densities of C* at an T.x much lower
than possible in PDR scenarios. It is only possible to speculate about its origin: a
high X-ray or cosmic ray emission might keep a high fraction of ionized carbon in
dense, cold clouds, as long as cooling is efficient to avoid heating through the ion-
ization. For all three sources, for which foreground [*2CII] absorption was observed,
namely the two presented in this work, Mon R2 and M17 SW, and also NGC 20204
(Graf et al. 2012), there is evidence for a high Y-ray and/or CR flux: M17 SW shows
strong emission of X-rays due to the large number of young stars (Broos et al. 2007),
Mon R2, has an enhanced X-rays flux coming from T Tauri stars (Gregorio-Hetem
et al. 1998; Nakajima et al. 2003), and NGC-2024 also has strong X-ray activity (Skin-
ner et al. 2003).

Even if the nature of the high column density foreground gas is unknown, there
is evidence that it is not diffuse, low 7., ionized gas. There are variations in both
the line profiles and the absorption patterns between the different observed posi-
tions, separated by only 30”. Figures 5.30 and 5.31 show the line profile for the
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5.10. ORIGIN OF THE GAS

optical depth for Mon R2 and M17 SW, respectively. It can be seen, even if certain
positions share similarities between them, that there are variations in intensity and
velocity between the different components. The separation between the positions
corresponded to a distance of 0.27 pc for M17 SW and 0.12 pc for Mon R2. The
spatial extend of the absorption feature thus has to be of this order. In combination
with values of the column density of the order of 7 x 10! cm™* for the foreground
gas derived above (and being a lower limit), the absorbing layer has thus to have,
as a minimum, a density around 1.3 x 10* cm™ for M17 SW and 2.9 x 10* cm™
for Mon R2. Therefore, the origin of the gas is still unknown and the observation of
additional tracers, such as [OI] would be required to disentangle the origin of the

gas.

MonR2 Pos 1 MonR2 Pos 2
Foreground [ Foreground

15F + 415

5 10 15 20 5 10 15 20
Velocity (km/s) Velocity (km/s)

Figure 5.30: Mon R2 line profile for the optical depth for the foreground component
derived from the multi-component dual layer model in pink.
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Figure 5.31: Same as Fig. 5.30 but for M17 SW.
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6 M17 [CI] 5P;-°P;, Observations

This chapter shows the results of these observations towards the M17 complex, the
velocity structure of the region and the column density and equivalent visual extinc-
tion for the [CI] *P;-°P, atomic fine structure line. Finally, both regions are separated
for the discussion of their particular characteristics in detail.

6.1 The M17 Complex

The [CI] 3P;-?P, atomic fine structure line observations towards the massive M17
complex covered an area of approximately 680 x 1360 arcsec?, as shown in Fig. 6.1.
The cloud is separated into two regions, M17 North (M17 N) in the northern area
and M17 South West (M17 SW) in the southwestern area. M17 SW is located next
to the young cluster of OB stars and gathers the largest amount of gas. Both re-
gions have been studied as separated entities in the millimetric and submillimetric
regimes, probably due to the small size of the maps available in the past. The small
size of the maps can be attributed to the observing capabilities of past heterodyne
receivers, with lower mapping speed due to single pixel receivers and higher noise
for their observations. Now, that there is a large scale map of the region, it can be
seen that both regions are connected and they are part of a larger gas complex. Ap-
pendix D shows integrated intensity maps by velocity bins of 1 km/s.

6.2 Momenta Maps and Velocity Structure of M17

The first and second momenta maps were created for the M17 complex from the
[CI] ®P;-*Py emission. The first momenta map shows the velocity peak of the [CI]
line (Fig. 6.2) for an intensity above 3 K. The objective was to use the first momenta
map as a velocity bin identifier, allowing the identification of velocity structures
of interest. In general, the average velocity peak was around 21 km/s, specially
for M17 SW. North of M17 SW, the velocity peaks of the [CI] spectra decreased to
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Figure 6.1: M17 [CI] °P;-°P, integrated intensity map between 10 and 30 km/s. The
contour levels increase in steps of 10% with respect to the peak integrated intensity
value of 170 K km/s.
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Figure 6.2: M17 [CI] first momentum (velocity) map in colors and [CI] integrated
intensity in contours. The momentum map has been calculated for temperatures
over 3 K.

18 km/s. Also, an individual cloud was visible with a velocity peak of 24 km/s,
Northeast of M17 SW. Therefore, three characteristic velocity bins were identified,
at 18,21 and 24 km/s.

The second momenta map shows the characteristic width of the [CI] *P;-*P, line
emission for the whole map. As expected, M17 SW presented broader lines, between
4 and 6 km/s meanwhile M17 N had a much narrower line emission. The velocity
width were within what is expected for a PDR.

From the three velocities identified above, the [CI] emission was separated into
three distinctive velocity structures. At lower velocities, between 17 and 19 km/s
with a central velocity of 18 km/s (Fig. 6.4), the complex showed an elongated,
edge-on and narrow structure along M17 SW and part of M17 N, plus some indi-
vidual clouds to the East. At central velocities, between 20 and 22 km/s with a
central velocity of 21 km/s (Fig. 6.5, the main peak velocity of the [CI] emission was
located, where the main intensity is concentrated. M17 SW showed a more rounded
profile at the core, with extended emission from M17 SW to M17 N. Finally, at higher
velocities, between 23 and 25 km/s with a central velocity of 24 km/s (Fig. 6.6), the
cloud presented an elongated horizontal shape for M17 SW and additional emission
in the northern part.
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Figure 6.3: M17 [CI] second momentum (width) map in colors and [CI] integrated
intensity in contours. The momentum map has been calculated for temperatures
over 3 K.

M17 has been considered as a blister HII region, with the ionization front carv-
ing out into the molecular cloud (eg. Meixner et al. 1992; Pellegrini et al. 2007).
Pérez-Beaupuits et al. (2015b) compared a large set of atomic and molecular data
in M17 SW and the correlation between them to disentangle the ionized, atomic
and molecular components along the velocity. They have found that the the ionized
HII gas is located at velocities below 20 km/s and above 24 km/s, meanwhile the
atomic neutral HI is located in a velocity range between 5 and 17 km/s with some
emission between 23 and 30 km/s, and the molecular H, gas can be found along
the whole velocity range, between 0 and 40 km/s, with a peak at 20-21 km/s. This
velocity distribution can provide some insight for the interpretation of the different
structures for the whole M17 in [CI] *P;-*P,. The lower velocity [CI] structure can
be associated with the HI emission alongside the PDR, showing its characteristic
edge-on structure. The velocity structure at 21 km/s can be associated closer to the
molecular component, explaining its rounded shape, deeper into the cloud. Finally,
the cloud at 24 km/s has been previously identified as a local foreground cloud de-
tected in CO that obscures the M17 complex (Meixner et al. 1992). This fact accounts
for its independent structure, with respect to the other two distributions.
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Figure 6.4: [CI] ®P;-°P, integrated inten-  Figure 6.5: [CI] *P;-*P, integrated inten-
sity map between 17 and 19 km/s. sity map between 20 and 22 km/s.

[CI] integrated intensity map 23-25 km/s
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Figure 6.6: [CI] °P;-°P integrated inten-
sity map between 23 and 25 km/s.
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6.3 Column Density Maps

The atomic carbon column density was estimated from the [CI] ®*P;-*P, emission
using Eq. 2.57. Hence,a carbon column density map was generated, as shown in
Fig. 6.7. Pérez-Beaupuits et al. (2015b) derived the excitation temperature of [CI] for
M17 SW from the ratio of both [CI] atomic line transitions, with an excitation tem-
peratures that ranged between 40 and 100 K for the molecular region, that was in
concordance with previous analysis (Genzel et al. 1988; Pérez-Beaupuits et al. 2010).
The early analysis indicated that the [CI] gas arises from the interclump medium
with a kinetic temperature of 50 K and n(H,) ~ 3 x 10*> cm™?). Therefore, a kinetic
temperature of 50 K was assumed for the whole complex, as a first approximation
to the column density derivation. For a more precise derivation, the [CI] *Py-*P;
atomic transition line would be needed.

As expected, the largest column densities were located in M17 SW, with an aver-
age of 1.03 x 10'® cm—2 for the whole region. M17 N had an average column density
almost 5 times lower, with an average value of 2.67 x 10" cm—2. The average values
for both regions, as well as selected positions in them, can be seen below in Table 6.1.

It has also been estimated the column density of the hydrogen, derived from
the [CI] 3P;-*P, atomic line emission as shown in Fig. 6.7. A H/C ratio of 1.2x10~*
(Wakelam & Herbst 2008) has been used, assuming that all the carbon is in atomic
neutral form. Therefore, the column density derived was a lower limit and results
could be higher. From there, the peak hydrogen column density corresponded to
1.87 x 10*? cm™2.

Then, knowing the hydrogen column density, the equivalent visual extinction
traced by the [CI] ?P;-*P, atomic line emission was estimated. The canonical value
of 1.87 x 10 cm™?/A, has been used (Reina & Tarenghi 1973; Bohlin et al. 1978;
Diplas & Savage 1994; Predehl & Schmitt 1995). The visual extinction map is shown
in Fig. 6.7. The peak visual extinction was located in M17 SW with a value of 10
magnitudes. The region also had an average visual extinction of 4.6 magnitudes.
M17 N, on the contrary, presented much lower values, with an average visual ex-
tinction of 1.2 magnitudes.
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Figure 6.7: M17 composite map formed by the [CI] column density map, hydro-
gen column density map derived from the carbon emission and equivalent visual
extinction map. The contour levels increase in steps of 10% with respect to the peak.
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Table 6.1: Observational parameters for the sources.

Positions Relative Integrated [CI] Column H Column  Av¢
Coordinates® Intensity Density Density®
(ra,dec) (Kkm/s) (cm™2) (cm™%)  (mag.)
M17SW (1)  -100",-25" 161.1 2.11x10* 1.76x10%2 94
M17SW (2) -120”,15" 153.4 2.01x10*® 1.68x 1022 9.0
M17SW (3)  -160",55" 130.0 1.70x10'® 1.42x10% 7.6
M17SW (4)  -200”,-45" 117.2 1.54x10'® 1.28x10% 6.8
M17SW (5) -60",0” 105.1 1.38x10'8 1.15x10%2 6.1
<M17SW> 79.0 1.03x10'® 8.6x10% 4.6
M17N (6) -220”,305" 77.6 1.02x10'® 8.48x10%! 4.5
MI17N (7)  110”,670" 54.6 716x107  597x102! 3.2
<M17N> 20.4 2.67x 107 2.22x10% 1.2

2 Relative coordinates from reference position ra: 18 h 20 m 27.60 s & dec: -16° 12’ 00.9”.
PH/C=12x10""
¢ Av = HI/1.87x10%! magnitudes.

6.4 M17 Regions

Traditionally, both regions has been separated for analysis, and this is the approach
followed here, for taking into account their individual characteristics. Points of in-
terest and local peaks has been labeled with consecutive Arabic numbers. The peak
integrated intensity emission for the whole map, located in M17 SW (see Fig. 6.8 be-
low) was labeled as 1, meanwhile the local M17 SW peaks were labeled as 2, 3 and
4 respectively. Also, it was labeled as position 5, the selected M17 SW position in
which the [CI] ?P;-*P, spectrum and equivalent visual extinctions were compared
with complementary tracers. In M17 N, the local peaks were labeled as positions 6
and 7 respectively (see Fig. 6.12 below). Table 6.1 summarizes the [CI] integrated in-
tensities, [CI] column densities, H column densities and equivalent visual extinction
of the recently listed selected positions, as well as the average values for each region.

6.4.1 M17 Southwest

M17 SW, as said above, presents an edge-on geometry with clumpy gas, as can be
seen in Fig. 6.8. The OB stars cluster is situated to the East, with the ionization front
coming from this direction. It has the largest [CI] *P;-*Py column density with a
peak value of 2.11x10'® em™2 (Table 6.1). Its structure is basically a large core of
material with larger density, with a sharp profile to the East, and a more extended
tail to the West, product of the ionization front probably.
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Figure 6.8: M17 SW [CI] ®P;-°P, inte-
grated intensity map between 10 and 30
km/s.

The average spectrum for the whole region is shown in Fig. 6.9. The average
M17 SW [CI] emission presented only one Gaussian component, with a velocity
range from 12 to 28 km/s and a velocity peak at 21 km/s. Also, the [CI] average
spectrum was compared with the [CII] 158 ymaverage spectrum for M17 SW, from
Pérez-Beaupuits et al. (2012). [CII] showed a double peak profile, with the [CI] peak
intensity located between the two peaks, but as it will be discussed in Chapter 5,
[CII] is affected by self-absorption effects with absorption dips that mimic veloc-
ity components, hence the comparison of the velocity profiles should be take with
caution. Fig. 6.10 shows a comparison of the integrated intensity line maps for both
lines. [CI] 3P;-3Py is plotted in contours for a velocity range between 10 and 30 km/s,
and [CII] 158 pum is plotted in color scale for a velocity range between 0 and 50 km/s.
It can be seen that there is stratification, even in the clumpy environment of M17 SW.
[CII] emission peaked closer to the East of the OB cluster, compared to the [CI] peak.

As it was said above, a comparison has also been made for position 5. The [CI]
P;-3P, spectrum was compared with complementary data of different tracers cov-
ering a wide range of conditions, from ionized to molecular emission. The available
tracers were ['2CII] and ['3CII] atomic line emission, and 3CO (3-2) and C*O (1-0)
rotational molecular emission. The comparison of the spectra is shown in Fig. 6.11.
The complementary data is analyzed in Chapter 5, where it is offered a study of the
[CIT] optical depth and the physical conditions of the gas using the ['**CII] isotopic
line. The equivalent visual extinction traced by [CI] for this position corresponded
to 6.1 magnitudes, but for [CII], it corresponded to 41 magnitudes (see Section 5.3)
and 75.6 magnitudes for the C'*O (1-0) molecular line (Section 5.6). There is a large
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Figure 6.10: M17 SW [CII] integrated intensity map between 0 and 50 km/s from
Pérez-Beaupuits et al. (2012). In contours [CI] *P;-°P, integrated intensity between
10 and 30 km/s.

discrepancy between [CI] and the other tracers, situation discussed below in the
next section.

Then, the position 5 [CI] 3P,-3P, line profile peaked at 21 km/s and was shifted
to the red part of the spectrum compared to the other lines. First of all, the [CI] line
was compared with the ionized emission, and it can be seen that the [CI] spectrum is
much narrower than [*?CII] and, in particular, to the optically thin [**CII] line. The
[**CII] completely enveloped the [CI] emission, and their wings between 22 and 28
km /s matched. This suggested us that both species coexists at different velocities in
the clumpy medium of M17. Also, for the foreground cloud at 24 km/s detected in
CO named above, [CII] and [CI] are well mixed with each other.

The situation was different with the molecular components. Their velocity peaks
were displaced with respect to each other and their profiles were also different. Both
molecular lines showed a symmetric profile with respect to the velocity peak; on the
other hand, the [CI] profile was asymmetric, with a long wing towards lower ve-
locities, between 17 and 20 km/s. At these lower velocities, the molecular emission
wings and the [CI] line emission matched well, where the hydrogen atomic gas is
predominant. This match suggested that only in the atomic part of the cloud both
species behave in a similar way, but closer to the molecular layer at 20 km/s, it is
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Figure 6.11: M17 SW comparison between [CI] *P;-*P, and [CII], *CO (3-2) and
C'™O (1-0) from Chapter 5.

not the case. It has been suggested that [CI] could work as a good tracer for column
density for molecular clouds (eg. Glover et al. 2015; Clark et al. 2019), but as it can
be seen here from the line profiles, M17SW does not behave in this way. The profiles
are completely different at the molecular velocities and only match in the atomic
side of the spectrum. This discrepancy could be explained due to the massiveness
and clumpiness of M17, with cold molecular clumps surrounded by warmer atomic
gas in different layers.

6.4.2 M17 North

M17 N is ionized by the OB cluster located to the South of it, but from a larger
distance than M17 SW, as can be seen in Fig. 6.12. It presented two local [CI] *P;-
Py column density peaks, with a column density of 1.02x10'® and 7.16x10'" cm ™2
respectively, or 4.5 and 3.2 magnitudes in equivalent extinction (Table 6.1). The
region was less dense than M17 SW and its morphology presented a much more ex-
tended emission along the map with respect to M17 SW. The average spectrum for
the whole region is shown in Fig. 6.13. The emission was less intense than M17 SW,
with the main emission showing a single Gaussian component with a velocity be-
tween 15 and 25 km/s. There was additional components visible in the spectra, in
emission around 40 km/s and in absorption at 60 km/s. The emission in absorption
is due to contamination in the OFF position. These components has also been iden-
tified from *CO 1-0 and "*CO 1-0 observations of the whole M17 complex observed

with the Nobeyama 45m telescope (Nguyen Luong, in prep.) as emission associated
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with the Scutum and Norma arms respectively.

6.5 Carbon Column Density Deficit

There is a large discrepancy in the equivalent visual extinction estimated for the
[CI], compared to [CII] and C'®O 1-0, in almost one order of magnitude of differ-
ence, with the [CI] tracing much less emission than the others. This situation could
be explained probably due to the lower abundance of carbon, compared to the other
traces. From Roéllig & Ossenkopf (2013) for example, Fig. 6.14 shows a model of the
chemical abundance for the different tracers in ionized, neutral and molecular form.

In the outer parts of the PDR, photoionization is the dominant process, turning
almost all carbon into ionized one, with some carbon remaining in neutral form
through recombinations with electrons. Here, neutral carbon abundance is almost
one order of magnitude lower than the ionized carbon one. Then, when the FUV
field attenuates and the dust increases, recombination dominates over photoioniza-
tion and carbon is distributed along many species, including neutral carbon. But at
Ay 2 of 1 mag., the majority of carbon becomes carbon monoxide. Hence, carbon
becomes just a transitional species between C* and CO, with a much lower abun-
dance ratio than C* or CO. In the estimations of the carbon column density, it was
assumed that all carbon is in neutral form. This order of magnitude of difference
could account for part of the visual extinction missing by the tracer. Additionally,
neutral carbon is really sensitive to changes in the physics and chemistry of the gas,
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Figure 6.14: Chemical abundance of a modeled clump for a density of 10° cm™—3

mass of 100 M, and x = 10, from Rollig & Ossenkopf (2013).

, a

unlike C* and CO, and M17 with its clumpyness an high density has particular
characteristics that makes it different from the standard PDR.

A precise estimation of the local abundance of carbon for the local physical con-
ditions of M17 would require a direct comparison of the different tracers using PDR
models, to derive the physical properties of the gas and its chemical abundance
along the cloud. Due to the clumpiness of M17, a model such as the KOSMA TAU
model would be an excellent tool for analysis. But, this would require large scale
maps of the whole M17 complex, to analyze the different regions and their physical
conditions in detail. Just recently, there have been released observations of CO 1-0
and "CO 1-0 from the Nobeyama 45m telescope of the whole M17 complex, giving
access to molecular data. Also, is planned a large public survey of PDRs using the
SOFIA /upGREAT receiver to observe large scale maps of the [CII] fine structure
line, and one of the sources in this survey is the M17 complex. For this reason, the
modeling of the M17 complex will remain as a future project, when both maps will
be available.
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7 Summary

In this thesis, two large datasets of fine structure atomic lines have been presented:
First, [*CII] fine structure line and ['*CII] hyperfine structure line observations with
the SOFIA /upGREAT array receiver at signal to noise and high spectral resolution
towards four selected PDRs covering a wide range of physical conditions, namely
M43, the Horsehead PDR, Monoceros R2 and M17 SW. The [CII] observations are
key to unravel the question about the optical depth of the [CII] line through the ob-
servations of the optically thin ['*CII] isotope. And second, large scale observations
of the [CI] P, -%P, fine structure line transition with the NANTEN2/SMART hetero-
dyne array receiver at high spectral and spatial resolution towards the M17 complex
tracing the neutral atomic gas in the PDR. These observations are an important test
case and a pathfinder for the new generation of radio telescopes and multipixel het-
erodyne receivers.

7.1 ['2CII] and [**CII] Observations

The [*¥CII] and [**CII] observations and analyses confirmed the long standing sus-
picion (Russell et al. 1980; Langer et al. 2016), already proven for the single case of
Orion-B (Graf et al. 2012) that ['2CII] emission is heavily affected by high optical
depth and self-absorption effects. The observed ['*CII] emission, if scaled up by the
abundance ratio of 12C/!3C (a™) in all cases overshot the observed ['2CII] intensi-
ties, giving a first indication that the [?CII] emission has an optical depth above
unity. Moreover, the line profiles of the optically thin [**CII] emission for Mon R2
and M17 SW were completely different than their complex counterparts in [**CII].
This showed clear indications of self-absorption effects at the line centers or an oth-
erwise non-homogeneous source structure.

A zeroth order analysis, assuming a homogeneous single layer source, gave an
['2CII] optical depth of about 2 for M43 and the Horsehead PDR; for the other two
sources, Mon R2 and M17 SW, the thus derived optical depths were much higher,
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around 5 to 7. It was possible to derive a minimum [*3*CII] column density from the
integrated intensity line for the case of high excitation temperature limit of the C*
tine structure levels. Assuming a T large enough that tends to infinity, the thus
derived value was a lower limit, rapidly increasing for temperatures lower than 100
K. And from there, the [*?*CII] column density was derived scaling-up the [**CII]
column density with the abundance ratio . Additionally, an estimation of the
[2CII] column density was done directly from the ['2CII] integrated intensity line,
ignoring the knowledge given by the observed [**CII] emission and following the
standard approach of assuming that the ['*CII] emission is optically thin. The di-
rectly derived ["*CII] minimum column density systematically underestimated the
C* column density, by a factor as high as 4.

The complexity of the sources, the high optical depth and the large discrepancy
between the C™ column densities derived directly from ['?CII] and [**CII] gave rise
to the need of a more sophisticated approach than the simple single layer assump-
tion. For these reasons, a multi-component Gaussian source model with two lay-
ers has been developed, with an emitting background layer and an absorbing fore-
ground one, in particular for Mon R2 and M17 SW. When fitting the [**CII] and
['2CII] emission simultaneously in a multi-component source model, the emission
of the first two sources (M43 and the Horsehead PDR) could be fitted by emission
components only, allowing also to determine the excitation temperature. The result-
ing 7. turned out to be around 100 K, thus obtaining a higher column density than
the ones derived from the [**CII] integrated intensity using an extremely high T..,.

For the other two sources, the complex line profiles with the apparent self ab-
sorption notches visible in [**CII] required to include a low temperature absorbing
foreground layer. These dual layer, multi-component fits could reproduce the com-
bined [**CII] and [**CII] profiles. Due to the high number of free parameters, it was
required to assume a fixed value for T¢y, both for the background and the foreground
layer. For the background components, typical values for the C* layer in PDRs were
used, from 150 to 250 K; for the foreground, the brightness temperatures in the cen-
ter of the absorption notches gave an upper limit to the 7, between 20 and 40 K. In
these fits, the ['*CII] optical depth of the individual components was much lower
than the one derived in the zeroth order analysis, covering a range up to 2. This
was plausible because the unjustified assumption of a constant, uniform 7, for the
whole spectrum in the zeroth order analysis (clearly not applicable with the com-
plex line profiles) was now released. The total C* column densities derived for the
sources that present absorption dips were slightly larger in the multi-component
analysis, compared to the ones derived from the [**CII] integrated intensity. The
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bulk of the column density was, of course, constrained by the ['*CII] emission,
but the multi-component source models now added additional components, which
were not visible in ['*CII], as their optical depth or excitation temperature were too
low for being visible above the noise level. This included the additional emission
components and the foreground absorption components. The latter typically con-
tributed 10 to 50% of the total column density. The multi-component analysis has
established a scenario with two layers. A background layer where broad compo-
nents with high temperature and extremely high column density produce emission
over a wide range of LSR-velocities. And a foreground layer composed by low tem-
perature and high column density narrow components of ionized gas that absorb
the background at velocities closer to the [**CII] peak.

Formally, a second scenario for the source model, namely a single layer, pure
emission model, could also reproduce the observed ["*CII] and ['*CII] emission.
Here, the [**CII] emission component was represented on the [*?CII] side by an ex-
tremely high optical depth (and column density) component, that had a relatively
low T,x. This resulted in a broad, flat topped [*?CII] emission. The complex line pro-
files in Mon R2 and M17 SW then required a set of additional narrow line and higher
temperature emission components that were not visible in [**CII] due to their lower
column density. This model was ruled out as being physically unlikely, because the
extremely large column of low-temperature C* emission was physically implausi-
ble and, in addition, the comparison with the low-.J CO isotopologues line profiles
showed that the individual components traced in [CII] and CO isotopologues do
not match.

The value of the isotopic abundance ratio o is, of course, an important parame-
ter. A lower ratio would imply a lower ["*CII]/[*3CII] intensity ratio in the optically
thin limit, and correspondingly lower optical depths derived in the zeroth order
analysis and vice versa for a higher value. Although the S/N was not sufficient in
the individual spectra of the present observations, it has been shown that for the av-
erage spectrum of M17 SW, the S/N was high enough that it was possible to derive
a value higher than the one assumed before. Although, a consistent value in the
wings was not reached, showing still large variations between different bins. This
may indicate fractionation effects for the ionic and the molecular isotopic species.
Observations with higher sensitivity both for the ionized fine structure lines and
the molecular lines, a well as direct derivation of the abundance ratio through the
observation of isotopologues that contain carbon or through modeling, may resolve
this issue in the future.
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The [*?CII] and [*3CII] analysis presented here showed that the origin of [CII]
emission is somewhat more complex than simple model scenarios suggest. The
complex line profiles and high optical depth visible in particular in the bright sources
of strong [CII] emission in the Milky Way revealed substantially higher [CII] col-
umn densities than the ones estimated in the optically thin approximation from in-
tegrated line profiles. The self-absorption implied significant column densities of
C* at low temperatures of, at present, unknown origin. Therefore, line integrated
intensities and line integrated intensity ratios, derived from velocity unresolved
spectra ignoring these effects, often used to derive the physical parameters of the
source in comparison with, for instance a standard PDR scenario, have to be re-
garded with caution, in particular for external galaxies. Interesting issues to solve
will be how empirical correlations between the [CII] integrated line intensity and
bulk parameters like star formation rate are affected by this more complex origin of
the [CII] emission; and to study if the other cooling [OI] lines are affected also by
self-absorption effects.

7.2 [CI] °P;-°P, Observations

The first momenta map have shown three distinctive velocity structures for the M17
complex in CI] 3P,-3P,. The first velocity bin centered at 18 km/s showed an elon-
gated edge-on structure with a direction from north to south between M17 SW and
M17 N that correlated with the neutral atomic emission of the HI gas. The second
velocity bin centered at 21 km/s showed a rounded core for M17 SW that extended
towards the north and correlated with the molecular gas. The third velocity bin cen-
tered at 24 km/s showed an elongated east to west ridge for M17 SW that spread
towards M17 N and it has been identified as a foreground cloud associated to the
M17 complex. The peak [CI] column density was found in M17 SW, with a value
of 2.11x10" em™~2, whereas the average column density for M17 SW was 1.03x10*®
cm 2 and for M17 N 2.67x10'" em™2, 5 times lower than in M17 SW. The equivalent
visual extinction was 9.4, 4.6 and 1.2, respectively.

M17 SW showed some stratification between [CI] and [CII], found from the com-
parison between the integrated intensity map of both of them. The [CI] main peak
and emission ridge was located further West of the [CII] one. The average spectra
peaked at 21 km/s and showed a symmetric profile. One position was available for
comparison with complementary data in [*2CIT], [**CII], C'*O 1-0 and '*CO 4-3. The
[CI] peak was shifted to the red part of the spectrum compared to the rest of the
species. The optically thin [**CII] completely embraced the narrower [CI] spectrum
and matched towards the wings, showing that both species are well mixed. The
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situation was different for the molecular tracers, their line profiles were different,
with the [CI] showing an asymmetric profile with a longer wing towards the lower
velocities that matched with the molecular tracers and where the neutral atomic HI
is located.

M17 N had a much lower column density and equivalent visual extinction com-
pared to M17 SW. The average spectrum showed an asymmetric line profile with
additional emission at 22 km/s, where the foreground cloud is located. Also, there
were additional components at high velocities outside the velocity range of M17.
These contributions have been identified as emission from the Scutum and Norma
arms.

In general, the [CI] column density was much lower compared to the other
species, namely [CII] and CO. This phenomenon can be partially explained due to
the lower abundance of neutral carbon in PDRs, with C* and CO the dominant
species in the outer and inner layers of PDRs, respectively. Also, for the estimation
of the hydrogen column density, all carbon was assumed as being in atomic neu-
tral form, lowering the ratio between hydrogen and carbon; and consequently, the
estimation of the hydrogen column density and equivalent extinction. An estima-
tion of the real abundance of carbon for the local conditions of M17 would require
the modeling of the PDR through numerical simulations and the derivation of the
physical properties. This would need a large set of different tracers for the whole
M17 complex, situation that is not available at the moment but it will be in the near
future thanks to future projects and telescopes.
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A OFF Contamination Procedure

The ubiquitous presence of C* ISM and the new conditions of observation estab-
lished by the use of multi-pixels arrays, together with the large size of the observed
sources have brought the challenge of selecting a good OFF position, being neces-
sary now not only for a single beam-size position free from emission but also for the
whole array. Using the observation of the OFF against a second far away OFF in
some cases, or the SKY-HOT spectra in others, a weak contamination in [CII] was
detected, and the observed spectra was corrected by adding this emission to the
ON-OFF spectra.

A direct addition of the identified OFF emission would add the relative high
noise of each spectral element in to the corrected spectra. This can be avoided by
first determining a good, few parameter fit to the identified OFF-emission and then
add this OFF-source emission model to correct the ON-OFF spectra. For this reason,
it was decided to fit a profile composed of multiple gaussians to the OFF positions.
Examples of the OFF spectra and their respective gaussian multi-component fits are
shown in Figures A.1, A.2 and A.3

Next, with the different OFF gaussian profiles fitted for each pixel of the array,
the fit was added to each contaminated spectrum channel by channel, correcting the
contamination and recovering the lost emission.

Table A.1: Gaussian parameters for the OFF positions

Source Gaussian Position Width  Tpeax
number (FWHM)
M43 Pos. 0 1 114 51 1.27
M43 Pos. 0 2 7.7 33 1.74
M43 Pos. 1 1 12.6 5.3 0.88
M43 Pos. 1 2 7.3 39 171
M43 Pos. 2 1 8.2 28 1.71
M43 Pos. 2 2 10.8 58 1.11
M43 Pos. 3 1 11.0 6.2 0.59

Continued on next page
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Table A.1 — Continued from previous page

Source Gaussian Position Width Tpeax
number (FWHM)
M43 Pos. 3 2 9.5 3.8 1.68
M43 Pos. 4 1 11.2 5.2 0.86
M43 Pos. 4 2 8.8 34 181
M43 Pos. 5 1 12.8 43 0.75
M43 Pos. 5 2 8.0 3.3 116
M43 Pos. 6 1 9.9 32 1.11
M43 Pos. 6 2 6.8 25 1.88
MonR2 1 12.1 28 1.71
MonR2 2 5.2 8.0 046
MonR2 3 10.2 34 040
MonR2 4 9.0 24 213
M17SW Pos. 0 1 20.5 48 218
M17SW Pos. 0 2 15.2 12.7 0.93
M17SW Pos. 0 3 11.1 3.6 0.76
M17SW Pos. 1 1 20.1 45 1.58
M17SW Pos. 1 2 15.2 10.8 0.96
M17SW Pos. 1 3 10.7 2.6  0.99
M17SW Pos. 1 4 21.6 1.1 0.29
M17SW Pos. 2 1 19.6 41 262
M17SW Pos. 2 2 20.3 14.6  0.55
M17SW Pos. 2 3 10.5 44 0.71
M17SW Pos. 2 4 23.0 21 0.14
M17SW Pos. 3 1 20.5 44 3.53
M17SW Pos. 3 2 10.2 71 042
M17SW Pos. 3 3 9.2 41 0.55
M17SW Pos. 3 4 24.4 2.0 056
M17SW Pos. 4 1 20.6 39 4.70
M17SW Pos. 4 2 11.3 75 0.83
M17SW Pos. 4 3 10.6 71 047
M17SW Pos. 5 1 20.2 54 262
M17SW Pos. 5 2 12.5 119 0.39
M17SW Pos. 5 3 15.0 9.7 1.04
M17SW Pos. 5 4 10.6 24 117
M17SW Pos. 5 5 21.2 23 111
M17SW Pos. 6 1 19.0 59 299

Continued on next page
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Table A.1 - Continued from previous page

Source Gaussian Position Width Tpeax
number (FWHM)
M17SW Pos. 6 2 23.5 73 0.16
M17SW Pos. 6 3 17.4 141 045
M17SW Pos. 6 4 9.7 54 1.20
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Figure A.1: M43 S-H observation of position 0. The green fit represents the multi-
component Gaussian profile fitted to the OFF and added back into the ON-OFF
spectra.
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Figure A.2: Mon R2 S-H observation. As in Figure A.1, the green line shows the
OFF-correction.

J 1‘ﬁ"l1wh|!zﬁﬂ"ﬂl

-20 [+] 20 40 60
Velocity (km/s)

Figure A.3: M17 SW OFF observation of position 6. As in Figure A.1, the green line
shows the OFF-correction.
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B [3CI1] Gaussian Fitting Tables

Here we list the multicomponent analysis fit parameters for each position of the
different sources.

Table B.4: Gaussian components parameters for M17 SW for the double layer model

Components Tex N, ,;(CII) Vel AV T Ay
(K) 10 (cm™2) (km/s) (km/s)
0 Background 1 250.0 8.13 20.8 54 143 45.19
0 Background 2 200.6 0.14 2.5 94 002 077
0 Background 3 200.0 0.06 33.0 45 002 033
0 Background 4 250.0 0.82 12.5 59 013 458
0 Foreground 1 ~ 40.6 0.74 21.4 25 163 4.09
0 Foreground 2 40.7 0.09 24.1 06 081 048
0 Foreground 3  40.7 0.03 224 08 017 0.14
0 Foreground 4  53.7 0.65 16.4 22 128 3.61
0 Foreground 5  30.6 0.35 19.0 32 071 196
0 Foreground 6  30.6 0.24 241 20 077 134
1 Background 1  200.0 7.76 18.0 57 1.61 43.09
1 Background 2 200.0 0.17 10.8 27 0.08 096
1 Background 3 200.0 0.05 5.1 6.5 0.01 027
1 Background 4 200.0 0.02 259 1.6 0.01 0.11
1 Background 5 200.0 0.01 8.2 14 0.01 0.08
1 Foreground1 ~ 30.0 0.09 241 0.6 098 0.52
1 Foreground 2 30.0 0.58 21.3 25 152 324
1 Foreground 3  30.0 0.53 16.4 37 091 297
1 Foreground 4  30.9 0.45 18.7 32 089 251
2 Background 1 200.0 4.66 19.3 6.6 084 2590
2 Background 2 200.0 0.51 12.5 58 0.11 284
2 Background 3  200.0 0.43 12.5 195 0.03 241
2 Background 4 200.0 0.04 34.8 6.2 001 021
2 Foreground 1  30.0 0.61 24.3 31 124 338

Continued on next page
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Table B.4 — Continued from previous page

Components Tex Ny2,;(CII) Vel AV T Ay
(K) 10*® (cm=2) (km/s) (km/s)
2 Foreground 2 30.0 0.55 21.2 22 158 3.03
2 Foreground 3 ~ 52.2 0.91 16.0 36 114 5.06
2 Foreground 4  50.0 0.55 14.0 27 097 3.07
2 Foreground 5  30.0 0.35 19.1 28 080 1.93
3 Background 1 180.0 292 22.0 59 0.66 16.23
3 Background 2 150.0 0.69 15.4 294 0.04 382
3 Background 3 150.0 0.72 10.9 45 026 4.00
3 Background 4 150.0 0.04 46.2 123 0.01 025
3 Foreground 1  25.0 0.51 21.3 22 161 285
3 Foreground 2 25.0 0.26 23.7 14 132 145
4 Background 1 200.0 4.00 194 42 114 2222
4 Background 2 200.0 2.63 245 48 0.65 14.58
4 Background 3 200.0 0.62 11.5 46 0.16 342
4 Background 4 200.0 0.27 20.6 405 0.01 1.52
4 Background 5 200.0 0.04 31.3 34 001 023
4 Foreground 1~ 30.0 0.38 214 27 090 212
4 Foreground 2 30.0 0.14 23.8 1.0 086 0.76
4 Foreground 3  41.0 0.26 26.8 38 036 142
4 Foreground 4  30.9 0.27 16.6 30 056 147
4 Foreground 5  30.0 0.21 19.6 23 056 1.14
5 Background 1 200.0 1.14 23.9 57 024 632
5 Background 2 200.0 0.38 29.8 124 0.04 2.09
5 Background 3  200.0 1.52 14.3 82 022 842
5 Background 4 200.0 0.03 2.5 3.8 001 0.17
5 Foreground 1~ 30.0 0.14 18.4 22 042 0.80
5 Foreground 2 30.0 0.07 23.9 0.7 063 0.38
5 Foreground 3 30.0 0.18 12.7 25 046 1.02
6 Background 1 250.0 5.20 20.9 44 111 28.89
6 Background 2 200.0 1.65 20.6 98 020 9.15
6 Background 3 200.0 0.15 10.9 45 004 085
6 Background 4 200.0 0.64 15.7 42 018 3.55
6 Background 5 200.0 0.04 31.7 57 0.01 025
6 Foreground 1~ 40.5 0.32 19.1 24 072 179
6 Foreground 2 45.3 0.76 21.6 26 146 4.20
6 Foreground 3  39.9 0.57 17.2 34 092 3.18

Continued on next page
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Table B.4 — Continued from previous page

Components Ty Ny2,;(CII) Vel AV T Ay
(K) 10® (cm~2) (km/s) (km/s)
6 Foreground 4 41.5 0.14 24.1 0.7 1.06 0.79

Table B.6: Gaussian components parameters for M17 SW considering a single layer
model

Components Tex Ni2,(CII) Vel AV T Ay
(K) 10 (cm™2) (km/s) (km/s)
0 Background1  52.0 3.21 20.5 3.6 4.03 17.84
0 Background 2 50.0 16.22 20.7 55 13.88 90.12
0 Background 3  50.0 0.14 35.7 88 0.08 0.79
0 Background 4  50.0 1.30 12.7 76 080 7.20
0 Background 5  50.0 0.27 1.5 75 017 148
0 Background 6  50.0 1.64 12.5 43 178 9.09
0 Background 7 50.0 1.29 18.6 21 292 715
0 Background 8  50.0 0.40 19.5 1.6 120 224
0 Background 9  50.0 0.11 249 07 074 0.60
0 Background 10 50.0 0.82 23.0 0.8 4.67 4.56
0 Background 11  50.0 0.43 255 39 052 241
1 Background 1~ 50.0 13.15 18.6 56 1096 73.04
1 Background 2 45.0 2.33 14.1 9.7 122 1297
1 Background 3  45.0 8.14 17.2 29 14.02 45.20
1 Background 4  45.0 1.01 13.1 34 149 5.60
2 Background 1 50.0 9.86 19.5 57 8.04 54.76
2 Background 2 45.0 2.44 12.1 59 212 1357
2 Background 3  50.0 1.13 14.0 71 075 6.30
2 Background 4  50.0 1.73 18.4 21 387 9.61
2 Background 5  50.0 0.20 2.6 6.5 014 1.09
2 Background 6  50.0 0.08 26.7 23 016 043
2 Background 7  50.0 0.04 22.7 09 022 024
3 Background 1  40.0 6.57 21.7 50 7.26 36.52
3 Background 2 45.0 0.53 231 1.2 228 297
3 Background 3  75.3 0.89 10.7 36 079 493
3 Background 4  70.0 0.29 21 197 0.05 1.61
3 Background 5  70.0 0.80 13.7 10.7 026 445
3 Background 6  70.0 0.69 19.1 21 114 383
3 Background 7  70.0 0.61 25.7 22 094 337

Continued on next page
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Table B.6 — Continued from previous page

Components Tex Ny2,;(CII) Vel AV T Ay
(K) 10*® (cm™2) (km/s) (km/s)
3 Background 8  70.0 0.02 19.8 0.8 0.07 0.09
3 Background 9  70.0 0.20 35.9 159 004 113
3 Background 10 70.0 0.06 22.3 08 025 033
3 Background 11  70.0 0.05 28.1 14 014 030
3 Background 12 70.0 0.08 249 0.8 033 043
4 Background 1  55.0 7.35 19.4 42 759 40.85
4 Background 2 = 44.2 1.44 24.5 26 289 8.03
4 Background 3  55.0 0.79 18.1 1.6 216 441
4 Background 4  55.0 0.97 16.9 196 022 541
4 Background 5  55.0 1.81 11.4 3.0 258 10.07
4 Background 6  55.0 1.85 26.6 26 3.07 10.30
4 Background 7 55.0 0.62 25.6 1.8 144 343
4 Background 8  55.0 1.64 19.4 19 376 9.11
4 Background 9 55.0 0.10 21.1 12 035 053
4 Background 10 60.0 0.84 22.7 1.2 280 4.65
4 Background 11  55.0 0.46 28.9 242 0.08 2.53
4 Background 12 55.0 0.42 24.8 08 233 231
5 Background 1  55.0 2.25 23.9 6.3 154 1251
5 Background 2 55.0 2.87 14.3 80 154 1597
5 Background 3  55.0 0.57 15.3 25 098 3.14
5 Background 4  55.0 0.80 29.5 112 031 443
5 Background 5  55.0 0.23 10.9 3.0 034 130
5 Background 6  55.0 0.16 211 1.7 040 0.88
5 Background 7  55.0 0.38 253 1.6 101 211
5 Background 8  55.0 0.34 229 1.0 149 191
5 Background 9  55.0 0.08 2.8 45 0.08 045
6 Background1  60.0 5.28 20.5 94 225 293
6 Background 2 60.0 7.84 21.1 28 11.26 43.5
6 Background 3  60.0 1.22 14.8 63 0.78 6.8
6 Background 4  60.0 0.13 20.2 1.0 053 0.7
6 Background 5  60.0 0.02 32.6 45 0.02 0.1
6 Background 6  60.0 0.23 249 09 1.06 1.3
6 Background 7 60.0 0.68 23.1 08 335 38




Table B.1: Gaussian components parameters for M43

Components Tex Ny ;(CII) Vel AV T Ay
(K) 10'¥ (cm=2) (km/s) (km/s)
0 Background 1 110.7 1.99 10.0 21 207 11.07
0 Background 2 55.4 0.63 5.0 19 142 349
0 Background 3  43.1 0.72 7.5 1.3 296 3.99
0 Background 4  33.2 0.54 3.5 31 1.09 3.02
0 Background 5  55.0 0.21 12.1 34 027 1.19
1 Background 1  97.3 1.81 9.3 26 175 10.04
1 Background2  90.5 0.32 5.7 29 030 1.80
1 Background 3  54.4 0.15 3.5 7.6 0.09 083
1 Background 4  38.5 0.47 11.6 33 080 2.63
1 Background 5 23.3 0.17 16.5 23 052 096
2 Background1  52.3 0.89 10.0 28 143 492
2 Background 2 60.0 1.58 8.1 50 127 877
3 Background1  76.4 0.32 10.2 24 043 177
3 Background 2 70.0 0.77 8.0 45 060 4.30
4 Background 1 108.4 1.44 10.4 19 168 8.01
4 Background 2 44.0 0.15 1.4 46 017 0.86
4 Background 3 80.0 0.48 49 26 057 269
4 Background 4  79.6 0.20 12.1 26 024 1.13
4 Background 5  50.6 0.25 8.6 1.0 119 141
4 Background 6  99.9 0.13 7.6 1.5 020 0.70
5 Background 1 108.0 1.10 10.7 25 098 611
5 Background 2 45.0 0.12 1.3 6.8 0.09 0.66
5 Background 3  70.0 0.18 4.8 1.7 037 1.01
5 Background 4  66.7 0.61 8.0 6.7 033 3.37
6 Background 1 101.4 1.83 9.7 27 1.66 10.16
6 Background 2 39.7 0.20 2.3 6.1 018 1.13
6 Background 3  80.0 0.28 49 24 036 1.58
6 Background 4  30.5 0.20 12.7 14 092 112
6 Background 5 324 0.45 6.9 12 241 250
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Table B.2: Gaussian components parameters for Horsehead PDR

Components Tex Ny2,;(CII) Vel AV T Ay
(K) 10'® (cm=2) (km/s) (km/s)
0 Background 1 38.0 0.27 10.6 0.7 216 153
0 Background 2 55.0 0.30 10.6 14 093 1.67
0 Background 3 31.5 0.10 17.6 14.7 0.04 0.56
0 Background 4 40.0 0.11 11.6 53 0.12 0.63
1 Background 1 26.7 0.11 10.5 1.0 0.78 0.62
1 Background 2 24.5 0.21 10.8 25 058 1.16
1 Background 3 36.1 0.14 14.3 184 0.04 0.76
1 Background 4 23.6 0.11 13.8 25 031 0.63
2 Background 1 37.2 0.20 10.5 0.7 1.66 1.10
2 Background 2 35.5 0.40 10.4 1.3 1.80 223
2 Background 3  32.0 0.16 11.8 48 022 092
2 Background 4 39.7 0.08 14.4 17.7  0.03 0.47
3 Background 1 38.0 0.17 10.5 0.7 134 0.96
3 Background 2 39.8 0.25 10.6 1.5 090 1.36
3 Background 3 31.9 0.17 11.9 39 026 092
3 Background 4 53.8 0.04 17.0 132 0.01 0.20
4 Background 1 35.5 0.14 10.8 1.1 075 0.78
4 Background 2 31.4 0.14 10.9 27 032 0.76
4 Background 3 27.2 0.11 20.3 9.8 0.08 0.63
4 Background 4 50.1 0.04 13.3 44 0.04 021
5 Background 1 48.0 0.06 10.7 1.0 027 0.31
5 Background 2 31.6 0.17 10.9 20 052 093
5 Background 3 66.2 0.02 17.9 13.0 0.01 0.11
5 Background 4 31.3 0.11 12.7 48 0.15 0.63
6 Background 1 43.0 0.48 10.7 09 284 267
6 Background 2 40.4 0.41 10.6 1.5 152 229
6 Background 3 44.6 0.07 10.8 33 0.11 0.39
6 Background 4 23.3 0.27 12.9 45 042 149
6 Background 5 29.7 0.08 18.3 85 0.06 045




Table B.3: Gaussian components parameters for Mon R2 for the double layer model

Components Tox Ny2;(CII) Vel AV T Ay
(K) 10'¥ (cm=2) (km/s) (km/s)
1 Background 1  160.0 2.37 8.8 36 098 13.14
1 Background 2 150.0 1.12 12.4 96 019 6.20
1 Background 3  150.0 0.11 31.2 99 0.02 0.62
1 Background 4 150.0 0.54 18.2 11.6 0.08 3.02
1 Background 5 150.0 0.09 6.4 202 0.01 049
1 Foreground1 ~ 20.0 0.24 11.4 1.5 1.14 132
1 Foreground 2 20.0 0.59 8.8 42 099 3.28
2 Background 1 150.0 0.33 12.0 123 0.04 1.83
2 Background 2 150.0 1.20 8.5 9.8 020 6.67
2 Background 3  150.0 2.49 10.8 58 0.69 13.83
2 Background 4 150.0 0.64 11.0 1.0 1.03 3.56
2 Background 5 150.0 0.01 3.6 3.8 0.01 0.08
2 Background 6 150.0 0.01 20.1 2.8 0.01 0.08
2 Foreground 1~ 20.0 0.16 12.0 1.1 1.03 0.88
2 Foreground 2 20.0 0.09 7.3 1.7 038 0.49
2 Foreground 3  20.0 0.25 11.1 1.2 152 137
2 Foreground 4  20.0 0.14 9.7 41 024 0.76

Table B.5: Gaussian components parameters for Mon R2 considering a single layer

model
Components Tex N2, (CII) Vel AV T Ay
(K) 10 (cm™2) (km/s) (km/s)
1 Background1  70.0 2.51 8.3 33 262 134
1 Background 2 35.0 2.85 14.7 251 0.68 15.8
1 Background 3  50.0 0.56 20.1 48 055 31
1 Background 4  50.0 0.03 54 29 004 02
1 Background 5  70.0 1.19 14.7 43 096 6.6
2 Background1 404 2.44 10.8 1.3 10.17 13.6
2 Background 2 27.7 10.89 8.7 125 575 60.5
2 Background 3  95.6 1.08 6.7 49 056 6.0
2 Background 4 120.0 0.07 10.4 07 020 04
2 Background 5  85.0 0.22 13.0 1.0 061 12
2 Background 6  85.0 0.31 15.3 37 024 17
2 Background 7  85.0 0.58 13.8 21 078 32
2 Background 8 120.0 0.57 9.3 19 060 32
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Table B.7: Gaussian components parameters for the Horsehead PDR for Position 6
considering a beam filling factor of 0.5

Components Tex Ny2,;(CII) Vel AV T Ay
(K) 108 (cm=2) (km/s) (km/s)

Background 1 57.0 0.63 10.7 0.9 3.07 3.49
Background 2 57.3 0.57 10.6 1.5 163 3.18
Background 3 60.8 0.12 114 42 0.11 0.66
Background 4 47.2 0.08 16.1 7.7 005 043
Background 5 24.6 0.04 22.8 1.5 019 0.23

Table B.8: Gaussian components parameters for the Horsehead PDR for Position 6
considering a beam filling factor of 0.3

Components Tex Ni2,(CII) Vel AV T Ay
(K) 10'¥ (ecm=2) (km/s) (km/s)
Background1  73.4 0.81 10.7 0.8 3.19 452
Background 2 79.3 0.72 10.6 1.5 149 398
Background 3 104.1 0.13 11.5 44 0.07 0.71
Background 4  50.0 0.13 16.8 95 0.06 0.71

Table B.9: Gaussian components parameters for Mon R2 for Position 1 considering
a beam filling factor of 0.5

Components Tex Ny2,;(CII) Vel AV T Ay
(K) 10*® (cm~2) (km/s) (km/s)

Background 1 220.0 4.33 8.8 3.6 128 24.04
Background 2 200.0 3.44 13.4 96 043 19.11
Background 3 170.0 0.33 29.0 109 0.04 1.82
Background 4 170.0 0.15 22.1 3.8 0.06 0.86
Background 5 160.0 0.14 4.4 104 0.02 0.78
Foreground1  40.0 0.31 11.5 13 134 1.72
Foreground2  30.0 0.81 9.3 57 092 451
Foreground 3  30.0 0.06 16.6 40 0.09 031
Foreground 4  30.0 0.01 8.3 1.1 0.06 0.06

140



Table B.10: Gaussian components parameters for MonR2 for Position 1 considering
an absorbing factor of 0.9

Components Tex N2 ;(CII) Vel AV T Ay
(K) 10*® (ecm=2) (km/s) (km/s)

Background 1 160.0 2.37 8.8 3.6 098 13.17
Background 2 150.0 1.12 12.4 96 019 6.20
Background 3 150.0 0.53 17.6 114 0.08 295
Background 4 150.0 0.12 31.2 99 0.02 0.69
Background 5 150.0 0.06 4.4 20.2 0.00 0.32
Foreground1  35.0 1.14 11.5 11 626 6.32
Foreground 2 30.0 0.88 8.9 42 134 4091

Table B.11: Gaussian components parameters for Mon R2 for Position 1 considering
an absorbing factor of 0.75

Components Tox N2 ,;(CII) Vel AV T Ay
(K) 10 (cm™2) (km/s) (km/s)
Background 1 160.0 2.37 8.8 3.6 098 13.17
Background 2 150.0 1.12 12.4 96 019 6.20
Background 3 150.0 0.53 17.6 114 0.08 295
Background 4 150.0 0.12 31.2 99 0.02 0.69
Background 5 150.0 0.06 44 20.2 0.00 0.32
Foreground1  30.0 1.62 11.3 1.3 772 9.02
Foreground 2 30.0 0.85 8.8 23 239 471
Foreground 3  30.0 0.40 6.6 40 064 221
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C

['SCII] Fitting Procedure Figures

This Appendix shows the results of the multicomponent fitting process for each
source. Each plot is built in the same way. The top left panel represents the fitted
model in green and the observed spectrum in red. The middle left panel corre-
sponds to a zoom of the fitted model and the observed spectrum to show the [**CII]
satellites. The bottom left panel represents the residual between the observed spec-
trum and the model. For the top right panel, each emitting component is plotted in
blue, the resulting background emitting model in cyan, made from the addition of
all the blue components and the observed spectrum in red. Finally, the bottom right
panel shows the optical depth of each absorbing Gaussian component in pink.

C.1 M43 Multicomponent Analysis
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Figure C.1: M43 position 0 fitting result
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Figure C.2: M43 position 1 fitting result
for the multicomponent model
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Figure C.3: M43 position 2 fitting result
for the multicomponent model
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Figure C.5: M43 position 4 fitting result
for the multicomponent model
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Figure C.4: M43 position 3 fitting result
for the multicomponent model
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Figure C.6: M43 position 5 fitting result
for the multicomponent model
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for the multicomponent model
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C.2. THE HORSEHEAD PDR MULTICOMPONENT ANALYSIS

C.2 The Horsehead PDR Multicomponent Analysis
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Figure C.8: The Horsehead PDR posi-
tion 0 fitting result for the multicompo-
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Figure C.10: The Horsehead PDR posi-
tion 2 fitting result for the multicompo-
nent model
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Figure C.9: The Horsehead PDR posi-
tion 1 fitting result for the multicompo-
nent model
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Figure C.11: The Horsehead PDR posi-
tion 3 fitting result for the multicompo-
nent model

145



APPENDIX C. ['3CII] FITTING PROCEDURE FIGURES

Ta [K]

)
the 1, ot
A T e

I I

10
Vin [em/s]

Figure C.12: The Horsehead PDR posi-
tion 4 fitting result for the multicompo-
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C.3. MONOCEROS R2 MULTICOMPONENT ANALYSIS DUAL LAYER

C.3 Monoceros R2 Multicomponent Analysis Dual Layer
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Figure C.15: Monoceros R2 position 1
fitting result for the multicomponent
dual layer model

w0 T o= = 150
\‘ r — 140
80~ \‘i Tk 130
Y il s 120
_ I i P
Z owf ,H‘H 1t - 100
< L ‘ ‘H?Tx ‘ 1 :g:ﬁ
I =
to- o\ 1rF EE]
. J .
A o A s
REE ;‘ ! L 4
z 'E ,‘ ElS %0
H % f p L a0
"lﬁf!rw s Ll “'u'v'ff-"fv‘ ru‘w‘-ﬁiu"-‘wl‘v”nl‘wln"'”"" L 10
R | | |
2 \W
1 \ Foreground § "
| . | . . .
E B En 2 3

o
Vi [em/s]

Figure C.16: Monoceros R2 position 2
fitting result for the multicomponent
dual layer model

C.4 M17 SW Multicomponent Analysis Dual Layer
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Figure C.17: M17 SW position 0 fit-
ting result for the multicomponent dual
layer model
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Figure C.18: M17 SW position 1 fit-
ting result for the multicomponent dual
layer model
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Figure C.19: M17 SW position 2 fit- Figure C.20: M17 SW position 3 fit-
ting result for the multicomponent dual  ting result for the multicomponent dual
layer model layer model
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Figure C.21: M17 SW position 4 fit- Figure C.22: M17 SW position 5 fit-
ting result for the multicomponent dual  ting result for the multicomponent dual
layer model layer model

80— = 180

im0

w0 | B 180
] | B

60l il - 150

sl I i {140

- I {130

2 o ‘ N 1

Kl - | L.

L F=1-0 f gt Fe1-1 | 7:;:_
w0l 250% 5% e I
10 ‘ \ ‘ ‘ — Boef

. “ 7
o L e 1%
N L {50

tusem|

o 1 ( 40

E EEd

T oy | e

& e il L

o J'M ' VAN uvrnr A'#" d10
o

s ! ! T
T T } 1 o

z Residuel

S 0

K] 1
s 1 1 I | ! I ! I 2

“s0 o 50 -10 o 10 E) E) 0 50

v [lan /5] vim [km/s]

Figure C.23: M17 SW position 6 fit-
ting result for the multicomponent dual
layer model
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C.5. MONOCEROS R2 MULTICOMPONENT ANALYSIS SINGLE LAYER

C.5 Monoceros R2 Multicomponent Analysis Single Layer
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Figure C.24: Monoceros R2 position 1 ~ Figure C.25: Monoceros R2 position 2
fitting result for the multicomponent fitting result for the multicomponent
single layer model single layer model

C.6 M17 SW Multicomponent Analysis Single Layer
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Figure C.26: M17 SW position 0 fit- Figure C.27: M17 SW position 1 fit-
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Figure C.28: M17 SW position 2 fit-
ting result for the multicomponent sin-
gle layer model
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Figure C.30: M17 SW position 4 fit-
ting result for the multicomponent sin-
gle layer model
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Figure C.29: M17 SW position 3 fit-
ting result for the multicomponent sin-
gle layer model
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Figure C.31: M17 SW position 5 fit-
ting result for the multicomponent sin-
gle layer model
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Figure C.32: M17 SW position 6 fit-
ting result for the multicomponent sin-
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C.7. BEAM FILLING AND ABSORPTION FACTORS
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Figure C.33: The Horsehead PDR po-
sition 6 fitting result for a &3 = 0.5
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Figure C.35: Monoceros R2 position 1

fitting result for

adg =05

Beam Filling and Absorption Factors
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Figure C.34: The Horsehead PDR po-
sition 6 fitting result for a &5 = 0.3
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Figure C.36: Monoceros R2 position 1

titting result for a ®,¢ = 0.9
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D [CI] Integrated Intensity Chan-
nel Maps

[CI] ®P,-°P; integrated intensity maps between 10 and 30 km/s of the whole region,
M17 N and M17 SW in veloity biens of 1 km/s. The contour levels increases in steps
of 10% with respect to the absolute peak integrated intensity value for all the chan-
nels. For this case, correspons to 42 K km/s.

[CI] integrated intensity map 10-11 km/s [Cl] integrated intensity map 11-12 km/s.
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Figure D.1: [CI] ?P;-*P, integrated in-  Figure D.2: [CI] ®P;-°P, integrated in-
tensity map between 10 and 11 km/s. tensity map between 11 and 12 km/s.

153



APPENDIX D. [CI] INTEGRATED INTENSITY CHANNEL MAPS

[CI] integrated intensity map 12-13 km/s [CI] integrated intensity map 13-14 km/s
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Figure D.3: [CI] ®P;-°P, integrated in-  Figure D.4: [CI] *P;-*P, integrated in-
tensity map between 12 and 13 km/s. tensity map between 13 and 14 km/s.

[CI] integrated intensity map 14-15 km/s [CI] integrated intensity map 15-16 km/s
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Figure D.5: [CI] ?P;-*P, integrated in-  Figure D.6: [CI] *P;-°P, integrated in-
tensity map between 14 and 15 km/s. tensity map between 15 and 16 km/s.
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[CI] integrated intensity map 16-17 km/s. [CI] integrated intensity map 17-18 km/s
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Figure D.7: [CI] ®P;-*P, integrated in-  Figure D.8: [CI] *P;-°P, integrated in-
tensity map between 16 and 17 km/s. tensity map between 17 and 18 km/s.

[Cl] integrated intensity map 18-19 km/s [CI] integrated intensity map 19-20 km/s
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Figure D.9: [CI] *P;-*P, integrated in-  Figure D.10: [CI] *P;-*P, integrated in-
tensity map between 18 and 19 km/s. tensity map between 19 and 20 km/s.
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[CI] integrated intensity map 20-21 km/s

[CI] integrated intensity map 21-22 km/s
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Figure D.11: [CI] *P;-°Py integrated in-  Figure D.12: [CI] ?P;-*P, integrated in-
tensity map between 20 and 21 km/s. tensity map between 21 and 22 km/s.

[CI] integrated intensity map 22-23 km/s [CI] integrated intensity map 23-24 km/s
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Figure D.13: [CI] °P;-°P, integrated in-  Figure D.14: [CI] ?P;-*P, integrated in-
tensity map between 22 and 23 km/s. tensity map between 23 and 24 km/s.
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[CI] integrated intensity map 24-25 km/s [CI] integrated intensity map 25-26 km/s
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Figure D.15: [CI] *P;-°Py integrated in-  Figure D.16: [CI] *P;-*P, integrated in-
tensity map between 24 and 25 km/s. tensity map between 25 and 26 km/s.

[Cl] integrated intensity map 26-27 km/s. [CI] integrated intensity map 27-28 km/s

-16°00'00.0" -16°00'00.0"
05'00.0" 05'00.0"
25— —
Ed Ed
g £ g £
s x S x
I = I =
S > S >
o 100 0" k- g '00.0" b
8 10'00.0 202 8 10'00.0 z
£ £
15'00.0" 15'00.0"
20'00.0" | HWardi 20'00.0" | HWadi
21m00.00s  48.00s 36.00s 24.00s 12.00s 18h20m00.00s 21m00.00s  48.00s 36.00s 24.00s 12.00s 18h20m00.00s
RA (J2000) RA (J2000)

Figure D.17: [CI] °P;-°P, integrated in-  Figure D.18: [CI] *P;-*P, integrated in-
tensity map between 26 and 27 km/s. tensity map between 27 and 28 km/s.
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[CI] integrated intensity map 28-29 km/s [CI] integrated intensity map 29-30 km/s
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Figure D.19: [CI] *P;-°P, integrated in-  Figure D.20: [CI] ®*P;-’P, integrated in-
tensity map between 28 and 29 km/s. tensity map between 29 and 30 km/s.
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