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Abstract
The objective of this thesis is to physically characterize the Lynds Dark Nebula(LDN)1622.

LDN1622 has been studied in infrared (IR) and ultraviolet (UV), and regions of low mass star
formation have been contracted. In the microwave range, LDN1622 has also been observed and
the results of these observations do not conform to galactic emission models in the vicinity of the
Sun. For this reason, this work will plot the morphology of this cloud, to determine where you
find the warm and dense nuclei and the transition zones. As future work, we want to compare
these results with detailed observations in the microwave range.

To analyze the morphology of the cloud we analyzed molecular emission lines, these were
12CO(2-1), 13CO(2-1), C18O(2-1) taken with the APEX telescope, 12CO(3-2) taken by the telescope
ASTE, and 12CO(4-3) and CI[P1 − P0], both taken by the APEX telescope. With the cubes of
data obtained by these emission lines, temperature and velocity maps of LDN1622 were made,
with which it was possible to trace the densest nuclei, and the zones of transitions called PDR
(photodissociation regions), and to make a molecular density map. To determine the PDR, we
analyzed the Meudon PDR code, which is usually used to analyze the chemistry and physics
of different interstellar clouds. From this model, neutral carbon information was extracted and
used as PDR tracer, which made possible to establish a relationship between neutral carbon and
visual extinction. Once we could establish the visual extinction where we expect to find PDR, we
compared our results with a LDN1622 visual extinction map produced by NICER and with the
column density map.

It was found that the density of LDN1622 should be less than 105[cm−3]. PDR was estimated
precisely in the contours of the density map of LDN1622, this agrees with the idea that the UV
radiation of nearby stars does not manage to penetrate the cloud, and this transition zone is
established, between a molecular region and an atomic region. As in the neighborhoods, similar
morphologies were found for CI and CO(4-3), which suggests that although the PDR is a transition
zone, the cloud is sufficiently porous to allow part of the UV radiation to penetrate the cloud and
dissociate molecules.



Chapter 1

Introduction

In this chapter, we discuss topics related to the interstellar medium.
The interstellar medium can be studied (among other things) by the radiation that reaches

the Earth. Therefore, understanding the physical mechanisms responsible for radiation, whether
through the continuum, emission or absorption lines, is very important.

1.1 Definitions of temperatures

1.1.1 Kinetic temperature

Is the temperature given by the average of the translational kinetic energy of particles, it appears
in the law of an ideal gas.
The kinetic energy is defined through the Work-Energy Theorem:

4K = 4W

=
∫

~F· d~r

=
∫

m~a· d~r

= m
∫ d~v

dt
· d~r

= m
∫ d~r

dt
· d~v

= m
∫
~v· d~v

=
1
2

mv2 − 1
2

mv2
0

Typically, initial velocity v0 is set to 0. So the kinetic energy is

4K =
1
2

mv2 (1.1.1)

1
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1.1.2 Excitation temperature

The relationship between two populations and two levels of energy, involved in the transition, is
given by the Boltzmann law by the temperature that defines the thermodynamic equilibrium.

n1

n2
=

g1

g2
e

hν21
kTex (1.1.2)

In other words the excitation temperature is equal to the kinetic temperature in the limit of
thermodynamic equilibrium.

1.1.3 Brightness temperature

Is a property of a radiating body connected to its a specific intensity of emission. Is equal to the
temperature of an ideal black body, that it should emit that same intensity.

Iv =
2hν3

c2
1

e
hν

kTB − 1
(1.1.3)

1.1.4 Rayleigh-Jeans temperature

Also called radiation temperature.

Iν =
2kTν2

c2 (1.1.4)

The brightness temperature converges to Rayleigh-Jeans temperature for long wavelengths,
in the equation 1.1.3 (to long wavelengths) we have that hν � kT, so the denominator can be
written as exp( hν

kT )− 1 = hν
kT + ...; despise the other terms. With this simple approach we have

Rayleigh-Jeans temperature.

1.1.5 Antenna temperature

The power received from an antenna, expressed as temperature

Psource = kTA∆ν (1.1.5)

or expressed in terms of flux.

TA =
A
2k

FνηA (1.1.6)

where ηA is the antenna efficiency

1.1.6 Temperature of the main beam

It is the antenna temperature corrected for the telescope efficiency.

Tmb =
TA
ηA

(1.1.7)
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The temperature of the main beam and radiation temperature are equal when the source is
resolved

Tmb = Tr
Ωsource

Ωbeam
(1.1.8)

1.2 Interstellar medium

The interstellar medium (ISM) is the most important component in the Milky Way (MW), because
is the place where stars are born. With the evolution of galaxies the ISM is transformed into stars,
sometimes the ISM can disappear, it is known in Giant Ellipticals. Despite the importance of ISM,
it represents only 10% of MW, and is composed by

• Interstellar dust (Small particles whose size is less than 1[µm]).

• Interstellar gas (ions, atoms and molecules in the gas phase. The distribution of velocity is
near to the thermal).

• Dark matter (Unknown particles whose interactions remain speculative).

• Cosmic rays (Ions and electrons with relativistic energies at 1021[eV]).

• Gravitational field (due to all matter in the galaxy).

• Interstellar magnetic fields (due to electron currents).

• Electromagnetic radiation (CMB, stellar atmospheres, radiation of ions, atoms and molecules,
thermal emission, free-free emission, Synchrotron emission, gamma rays).

The total mass of the MW (in a radius of 15[kpc]) is about 1012 solar masses. To give typical values
the 10% is baryonic matter and the 90% should be dark matter; and only the 10% of baryonic
matter is gas, hydrogen and helium mainly. The amount of hydrogen is much higher than that of
helium, therefore hydrogen is the most important element of the ISM. The 60% of the Hydrogen
of ISM in the MW is in the form of HI, the 20% is in the form of H2 and the 20% in the form of
HII. The star formation lies in a thin disk in the MW, this disk is composed of gas and dust with a
thickness of a few parsecs and it is symmetrical with respect to the galactic plane.

But the ISM is dynamic, it can manifest in different phases. Those phases are divided in 7
phases called Coronal gas, HII gas, Warm HI, Cool HI, Diffuse molecular gas, Dense molecular
cloud and Stellar winds; in simple words those phases represents different temperatures and
density.
Coronal gas
Gas with temperature ≥ 105.5[K]. This gas is heated by supernova waves. It is ionized by ions
such as O [VI]. It is a gas with low density and it is often called hot ionized medium (HIM), see
the Table 1.1.
HII gas
Gas with temperature ≥ 104[K]. Is a gas where H is photoionized by UV photons, from hot stars.
Due to its high density this region is called HII region, but when the density is low this region is
called warm ionized medium (WIM), see the Table 1.1.
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Warm HI
Atomic gas with temperature T ≥ 103.7[K] and density of nH ≥ 0.6[cm−3], is often called warm
neutral medium (WNM), see the Table 1.1.

Cold HI
Atomic gas at a temperature ≥ 102[k] with density nH ≥ 30[cm−3], often called cold neutral
medium (CNM), see the Table 1.1.

Diffuse molecular gas
Typical temperature T ≥ 50[K], is similar to Cold HI, but with high density; this causes that
Hydrogen is formed in its interior. See the Table 1.1.

Dense molecular cloud
Temperature at T ∼ 10− 50[k] and density nH ≥ 103[cm−3], often called dark nebula with visual
extinction Av ≥ 3[mag] in its interior. Here the dust grains are coated with water and other ice
molecules. See the Table 1.1.

Stellar winds
Stellar winds cause stars to lose mass, with velocities up to 30[km/s], temperatures of 50− 103[K]
observed in the Optic, UV, IR, HI, CO, OH emission.

Table 1.1: Here are listed the most critical characteristic of the different phases of the interstellar
medium.

Phases It is cooled by It is warmed by Is observed by
Gas coronal Adiabatic expansion Collision ionization UV, radio, x-ray emission

and x-ray emission synchrotron emission
HII gas Optic, free-free, and Photoelectrons of H Optic and thermal emission

fine structure emission and He (photoionization) in pressure equilibrium
Warm HI Optical and fine Photoelectrons of dust [HI], Absorption of UV

structure emission and optical
Cool HI Fine structure emission Photoelectrons of dust [HI]

Diffuse molecular gas Fine structure emission [HI], and absorption of CO,
optic and UV

Dense molecular cloud CO and [CI] Photoelectrons of dust CO and emission of dust (IR)

The ISM is far from thermodynamic equilibrium, and it is able to keep this state due to the
input of free energy. Mainly this free energy is UV radiation from stars and kinetic energy from
supernovae. In simple words, non-thermodynamic equilibrium in the ISM means that it does
not radiate as a black body, so it does not radiate according to its temperature. For example,
every collisional excitation is followed by radioactive decay, and these types of processes impede
the thermodynamic equilibrium. Keeping this, the valid distribution in the ISM is the Maxwell
distribution of velocities, given by

f (v)dv =
4√
π
(

m
2kT

)
3
2 v2e

−v2m
kT dv

where m is the mass of the particle, k is the Boltzmann constant, T is the temperature, v is the
velocity. The elastic collisions are sufficiently frequent to thermalize the velocity distribution. Also,
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the interstellar medium is a region where statistical balance can be assumed, between levels of
population in a certain energy ”i” and levels of population in another energetic level ”j”, therefore
it is fulfilled that

dni
dt

= ∑
j
(−Rijni + Rjinj) = 0

Where ”n” is the number of particles in that state, and ”R” transition of radioactive processes. But
in the other hand distribution like the Boltzmann and Planck are not valid, since Tkin 6= Tex.

1.2.1 Collisional Processes

The reason that the ISM is treated as a fluid is due to collisions between particles, this result
in the emission of photons. Collisions depend on the density and temperature of the medium,
and obviously the velocity distribution function for the particles will be close to a Maxwellian
distribution.

For two-body collisional process the reaction rate per unit volume is nAnB〈σ(v)〉AB, where
〈σ(v)〉 is the collisional rate coefficient (to particles A and B), and is given by

〈σ(v)〉AB ≡
∫ ∞

0
σAB(v)v fvdv (1.2.1)

In the last equation σAB(v) is the velocity-dependent reaction cross section, f (v)dv is the probability
that A and B have a relative velocity v in dv. It is possible to give an algebraic approximation for
the collisions.

Figure 1.1: Good approximation of an impact. There is a target and a projectile moving with
respect to target with constant speed, b is the ”impact parameter”. Bruce T. Draine (2011)

Assuming that the projectile and target velocities remain constant during the encounter, there is
an exchange of momentum between projectile and target. The force perpendicular to the trajectory
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between particles with charges Z1e and Z2e is given by

F⊥ =
Z1Z2e2

( b
cos(θ) )

2
cos(θ) (1.2.2)

=
Z1Z2e2

b2 cos3(θ) (1.2.3)

For equation 1.2.2 it is necessary to consider the figure 1.1. The parameter b is the distance of
closest approach if the projectile were to travel undeflected. In Figure 1.1 v1 is the relative velocity,
so

dt =
d(btg(θ))

v1
(1.2.4)

=
b
v1

dθ

cos2(θ)
(1.2.5)

To calculate the momentum transfer the classic definition is used, see the equation 1.2.6

∆p⊥ =
∫ ∞

−∞
F⊥dt (1.2.6)

=
Z1Z2e2

bv1

∫ π
2

−π
2

cos(θ)dθ (1.2.7)

= 2
Z1Z2e2

bv1
(1.2.8)

1.2.1.1 Electron-Ion Inelastic Scattering

This kind of collision (and emission line) is present from HII regions to supernova remnants. The
basic scheme is a collision between an ion and an electron (attracted by the Coulomb potential),
this collision leaves the ion in an excited state, from which it will decay emitting a photon. In the
case when the ion is excited to a state u, the thermally averaged rate coefficient for de-excitation
to a lower energy level l can be written in terms of a dimensionless quantity called ”collision
strength” (Ωul) as

〈σv〉u→l ≡
h2

(2πme)
3
2

1

(kT)
1
2

Ωul(T)
gu

(1.2.9)

≡ 8.629× 10−10
√

T
Ωul
gu

[cm3s−1] (1.2.10)

where gu is the electrical degeneration. The collision strength is a function of temperature, but the
theory (in quantum-mechanics) show that Ωul is independent of temperature for T ≤ 104[K] and
typically have values in the range 1 to 10.

1.2.1.2 Ion-Neutral Collision Rates

In this case, the situation is the interaction between charged particles and neutral particles, if
their separation is more than a few Å the neutral particle is polarized due to the electric field
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of the ion. The ion has an electric charge of Ze and the neutral particle has a polarizability αn.
For the magnetic field to remain constant, it is required an electric dipole moment ~P = αN~E. The
polarizability of atoms is of order a few a3

0, where a0 ≡ h̄2

mee2 = 5.292−9[cm] is the Bohr radius.
Examples of those exothermic reactions include

O+ + H → O(3P0) + H+

H+
2 + H2 → H+

3 + H

CH+ + H2 → CH+
2 + H

1.2.1.3 Electron-Neutral Collision Rates

Regions with low ionization rate have a strong electron-neutral scattering, in this case the primary
collision is H2, followed by He. At energies E < 0.044[eV] the scattering is purely elastic, for
E > 0.044[eV], rotational excitation can occur; at E ≥ 0.5[eV] vibrational excitation is also possible
and for E > 11[eV] electronic excitation can take place. Collisions are much more likely to occur
with H2 because the cross section for electron scattering by He is smaller that for H2.

1.2.2 Radiative transfer

The equation of radiative transfer describes the propagation of radiation through absorbing and
emitting media. See Figure 1.2.

Figure 1.2: Radiative transfer geometry. Bruce T. Draine (2011)

The specific intensity Iν is the amount of energy per units of area, time, frequency and solid
angle. In thermal equilibrium, the intensity is given by

I(ν,~n,~r, t) =
dEν

dAcos(θ)dtdνdΩ
(1.2.11)

=
2hν3

c
1

e
hν
kT − 1

(1.2.12)
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It is useful specific energy density uν given by

uν =
1

cm

∫
IνdΩ

where cm is the speed of light in the medium.
Let ”s” the measure path length along the direction of propagation, so the equation of radiative

transfer is
dIν = −Iνκνds + jνds (1.2.13)

The first term is the total change of Iν due to the absorption and stimulated emission. The
second term is the change of Iν due to spontaneous emission by the material. In the last equation,
there are two coefficients, κν is the attenuation coefficient at frequency ν, and jν coefficient of
emissivity at frequency ν.

The radiative transfer can be written in terms of the optical depth which is defined by

dτν ≡ κνds (1.2.14)

So, the radiative transfer is
dIν = −Iνdτν + Sνdτν (1.2.15)

where Sν = jν
κν

is a source function.
Working with the equation 1.2.15, the radiative transfer equation can be written in an integral way,
this is

dIν + Iνdτν = Sνdτν (1.2.16)

eτν(dIν + Iνdτν) = eτν Sνdτν (1.2.17)

d(eτν Iν) = eτν Sνdτν (1.2.18)

eτν Iν − Iν(0) =
∫ τν

0
eτ′ν Sνdτ′ν (1.2.19)

eτν Iν − Iν(0) =
∫ τν

0
eτ′ν Sνdτ′ν (1.2.20)

(1.2.21)

1.2.3 Photoionized gas

There are stars (OB) which produce a flux of photons with energy higher than the binding potential
between the H-nucleus and its electron, therefore a photoionized gas is formed around the star.
The star ionizes the HI is forming an HII-region called sphere of Stromgren, given by

Rs = 9.77× 1018(
Q0

1049 )
1
3 n
−2
3

2 T0.28
4 [cm]

For stars with T < 5000[K] the ionizing photons have an energy of ∼ 18[eV] and its cross-
section is σ = 2.95x10−8[cm2]. The mean free path is

m f p =
1

n(H)σ
= 3.39× 1017[(

cm−3

n(H)
)cm]
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For a typical value of Q0 (Ionizing photon ratio), the m f p is much smaller than Rs. In other words,
the transition zone between the sphere of Stromgren and HI is very small. Radiation in the vicinity
of hot stars is given by Figure 1.3.

Figure 1.3: Neutral dust adjacent to an HII region, this region is called PDR. Typical SED of a PDR
is shown in this figure with typical parameters as EM = 4× 106[cm−6 pc], T = 3.5× 104[K], near
to star O8V. Bruce T. Draine (2011)

All energy photons between 13.6 and 100 [eV] are absorbed by this HII region. Radiation with
energy, lower than 13.6 [eV] leaves this region absorbed only by the dust. When leaving this region,
the photons enter the region of photodissociation (PDR) where the molecules are dissociated by
the photons.

1.2.4 Nebular diagnostics

The population of the excited levels of the atoms depends on the electron density and temperature.
So we can use atoms and their radiation to estimate the temperature and density of the ISM. There
are two kinds of diagnostics:

• The first uses atoms that have two energy levels that differ an amount of energy comparable
to the thermal energy kT of the gas.

• The second uses atoms that have two energy levels that have almost the same energy.

The most important processes that cool a HI cloud are the emission lines of the C and O. Another
cooling process can be produced by a collision, where the energy is transferred to the particle
that collides instead of being emitted as electromagnetic energy. In this case the gas does not
cool. Since the density in a cloud is very low, the probability of a collision between particles is
negligible.
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1.2.5 Interstellar dust

Interstellar dust grains have their origin in the material ejected by stars, it contains a large amount
of carbon and silicon atoms, producing visual extinction and thermal emission. Dust plays a very
important role in the evolution of the Galaxy, helps in the formation of complex molecules, heats
the gas by means of the emission of photoelectrons, and in dense regions its infrared emission is a
very important cooling mechanism.
But there are different types of dust grains, with different compositions, size and shape.

• In composition, they are composed of carbonaceous, silicate and/or metallic.

• In shape, are spherical, spheroidal, fractal, disk/sheetlike (expected for polycyclic aromatic
hydrocarbons) and needle-like. Even with formation of ice mantles.

• In size, smaller than 100[µm].

1.3 Coefficients of Einstein

The atoms in the ISM, can absorb photons and achieve a higher energy state. If l is the state with
less energy, and u is the state with more energy. The absorption is described by

Xl + hν→ Xu

This introduces an inversely proportional relationship between both populations (u and l) given
by

(
dnu

dt
)l→u = −(dnl

dt
)l→u = nl Bluuν

where n is the number density, uν is the radiation energy density per unit frequency, and Blu is
the Einstein coefficient for the transition l → u. The atom in an excited level u, (spontaneously or
stimulated) can emit a photon decaying to a lower level. For spontaneous emission

Xu → Xl + hν

and for stimulated emission
Xu + hν→ Xl + 2hν

The spontaneous emission is a random process, is independent of the presence of a radiation
field. This random process has a probability per unit time given by the Einstein A coefficient Aul .
Stimulated emission occurs with a photon with identical frequency, polarization and direction of
propagation. Therefore the total rate of depopulation of level u due to emission of photons, can be
written as

(
dnl
dt

)u→l = −(
dnu

dt
)u→l = nu(Buluν + Aul)

Where Bul is the Einstein B coefficient for the downward transition u → l and uν is the energy
density of the radiation surrounding the atom.
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1.3.1 Relation between Aul, Bul and Blu

The specific energy density in thermal equilibrium is

(uν)LTE =
4π

c
Bν(T) (1.3.1)

=
8πhν3

c3
1

e
hν
kT − 1

(1.3.2)

To a blackbody radiation field, the net rate of change of level u is

dnu

dt
= (

dnu

dt
)l→u + (

dnu

dt
)u→l

= nl Blu
8π jν3

c3
1

e
hν
kT − 1

− nu(Aul + Bul
8πhν3

c3
1

e
hν
kT − 1

)

In Thermodynamic equilibrium

0 =
dnu

dt
(1.3.3)

= (
dnu

dt
)l→u + (

dnu

dt
)u→l (1.3.4)

= nuBluuν − (nu Aul + nuBuluv) (1.3.5)

⇒ nuBluuν = (nu Aul + nuBuluv) (1.3.6)
uν(nl Blu − nuBul)

nl Blu − nuBul
=

nuAul

nl Blu − nuBul
(1.3.7)

⇒ uν =

Aul
Bul

nl Blu
nuBul

− 1
(1.3.8)

from equation 1.1.2, it is known that

uν =

Aul
Bul

gl Blu
guBul

e
hν
kT − 1

and comparing terms with equation 1.3.1, the following expression is obtained

Bul =
c3

8πhν3 Aul

and from gl Blu = guBul the other Einstein coefficient is

Blu =
gu

gl

c3

8πhν3 Aul

1.4 Usual mechanisms of emission

The usual mechanisms of emission from galactic background are Free-free, thermal and syn-
chrotron. These mechanisms of emissions produce energy in most of the electromagnetic spectrum.
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1.4.1 Free-Free

This kind of emission is often produced by free electrons scattering. Consider three scenarios
identical particles, electron-electron and electron-ion interaction. Interactions between identical
particles often do not radiate significantly, because the accelerations of two particles has equal
magnitude but opposite direction, so their radiated electric field are equal magnitude but opposite
in sign.The radiation from electron-electron collision will be ignored for the same reason. In an
electron-ion collision, the electron will therefore radiate at least (mp

me
)2 ≈ 4 · 106 as much power as

the ion (with mp is the ion mass and me is the electron mass), so we may neglect the radiation
from all of the ions and we will assume that the energy lost by an electron when it interacts with
an ion is much smaller than the initial electron energy. In conclusion ”Only electron-ion collisions
are important and only the electrons radiate signifactly”3 .

Just electrons are considered like charged particles responsible of free-free emission, and emit
radio radiation because are accelerated electrostatically following to Larmur’s formula

E⊥ =
qv̇sin(θ)

rc2 (1.4.1)

where q is charge, θ is the angle between the acceleration v̇ and the line-of-sight of the observer, c
is the speed of light and r is the distance. Radio free-free emission is expected to manifest from
any environment populated by an ionized plasma.

1.4.2 Synchrotron

When an electron is accelerated due to a magnetic field this emit radiation that is known as
synchrotron radiation. Is a radiation strongly polarized, where the electron moves close to the
speed of light. The power of just one electron can be described by the Larmor’s formula, see
equation 1.4.2 in an inertial frame in which the electron is instantaneously at rest.

P =
2
3

merea2

c
(1.4.2)

Where a is the acceleration, and re is the classical electron radius. But is necessary Lorentz
transform to calculate the power these results to the frame of an observer at rest in the Galaxy
where the effects of general relativity cannot be despised. In this case the average power is given
by

〈P〉 = 4
3

σTγ2β2cUB (1.4.3)

Where β = v
c , σT ≡ 8π

3 ( e2

mec2 )
2 called Thomson cross section, the magnetic energy density is

UB = B2

8π , γ ≡ (1− β2)
−1
2 , c is the speed of light.

1.4.3 Thermal

All matter with a temperature greater than absolute zero emits thermal radiation. The frequency
distribution is given by Planck’s law of black-body radiation for an idealized emitter, see Figure
1.4.

3 http://www.cv.nrao.edu/course/astr534/FreeFreeEmission.html
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Figure 1.4: Continuous light given by four different temperatures. The graph follows Planck’s
function. 4

Planck’s law is given by equation 1.4.4, introducing the Planck’s constant h = 6.6260693×
1034[Js]

Iv =
2hν3

c2
1

e
hν

kTB − 1
(1.4.4)

TB is Brightness temperature

1.4.3.1 Thermal emission of dust

The emission of dust grain is approximately expressed by

Sν ∝ ν
2+β
1+∆ Bν(Td) (1.4.5)

In figure 2.1 from (Tibbs et al., 2012) there is a spectrum of emission dust. In this case, β is
the opacity index, opacity is κν = κ0(

ν
ν0
)β (Hildebrand, 1983), ν is the frequency, Td is the dust

temperature, Bν is the Planck function and Sν is the flux density.
β depends of the composition, size and distribution of the dust. The smaller grains a have

higher opacity index (Scaife, 2013).

β = (1 + ∆)(α− 2)

4 http://motls.blogspot.cl/2010/04/on-importance-of-black-bodies.html
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β is related to α (flux density index) and ∆ that is the ratio of optically thick to optically thin
emission and decreases at longer wavelengths. Has been observationally determined in the region
350[µm] to 1.3[µm] for dark clouds as ∆ ' 0.2 (Rodmann et al., 2006; Lommen et al., 2007). β ∼ 0
is proposed for the tail of the spectrum of a grey body, usually for young stellar objects which
are dominated by dust grain. For diffuse interstellar medium β ≈ 1.8− 2.For grains with a size
distribution dn

da ∝ ap, where the grain size a ≤ amax and amax ≥ 3λ, where λ is the wavelength of
observation, the measured opacity index will be

β(λ) ≈ (p− 3)β ISM (1.4.6)

Tipically the power-law index is p = 3.5 (Mathis et al., 1977), grains with β ISM ≈ 2 will have β ≈ 1
when amax ≥ λ and by extension β ≤ 1 when amax > 3λ (Draine, 2006); p = 3 for protoplanetary
disks (Tanaka et al., 2005) and β is even smaller.

The contribution at microwave frequencies (λ > 3[mm]) is expected to come from the largest
grains. From (Draine and Lazarian, 1998) and (Boulanger and Perault, 1988) is known that the
rotational emission of the small grain has no effect on the grey-body tail.

1.4.4 Fields of interstellar radiation in the vicinity of the sun

The interaction between dust and gas with the interstellar radiation is critical to determine the
physical state of the ISM. The chemical and ionization state depends on the rates of photoion-
ization and photodissociation, the heating depends on the interaction with the photons of the
electromagnetic field. Specifically, interstellar radiation in the proximity of the Sun is dominated
by 6 components:

• Galactic synchrotron radiation from relativistic electrons.

• The cosmic microwave background radiation.

• Far-infrared (FIR) and infrared (IR) emission from dust grains heated by starlight.

• Emission from ∼ 104[K] plasma -free-free, free-bound, and bound-bound transitions.

• Starlight-photons from stellar photospheres.

• X-ray emission from hot (105 to 108[K]) plasma.

1.5 Origin of Fine-Structure lines

Driven by nucleosynthesis in stars, the three most abundant elements in the Universe after
hydrogen and helium are oxygen, carbon, and nitrogen. The emission or absorption lines,
represents electrons moving from one energy level to another, about an atomic nucleus. Such
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Table 1.2: A denotes the total orbital angular momentum of the electrons in an atom. This table
shows the different values and names that the angular momentum of an electron can take.

Notation value
S 0
P 1
D 2
F 3

transitions involve significant changes of energy, ∆E. These energy levels are described by the
principal quantum number, n, which indicates the distance of the energy level from the nucleus.
In fact, the main quantum number refers to a probability of finding the electron in a certain energy,
however the distance interpretation gives a good notion. The other quantum numbers are l, m
and s. For one electron, the orbital angular momentum, li , and spin angular momentum, si,
are also quantized. Summing over all electrons within the atom, are obtained the total spin and
angular momentum quantum numbers, S ≡ ∑ si and L ≡ ∑ li. The interaction of S and L split the
energy shell in subshells. These subshells are relatively low-energy and are the source of THz
fine-structure lines.

These transitions are denoted by 2S+1 AJ , where the superscript 2S + 1 is equivalent to the total
number of levels into which the spin term is split, A denotes the total orbital angular momentum
given by table 1.2

J denotes the magnitude of the vector sum of L and S: J ≡ L + S (See figure 1.5), and each
J level has a degeneracy given by mJ = 2J + 1, since these transitions do not result in a change
of electronic configuration, they are classified as forbidden lines, meaning they radiate through
less efficient magnetic dipole transitions, not through electric dipole transitions. Compared to the
probability of an electric dipole transition, magnetic dipole transitions are metastable, its transition
times are measured in days.
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Figure 1.5: L and S generate sub-shells, which are seen as atomic fine-structure lines. And J is the
total angular momentum operator.

1.6 Molecular Line Spectra

Symmetric molecules have no permanent electric dipole moment and these are called ”apolar”.
A molecule is called ”polar” if it has nonzero permanent electric dipole moment (because have
significantly asymmetric charge distributions). Polar molecules radiate at their rotation frequency
ω. The angular momentum is quantized, to see that, is used the De Broglie wavelengths.

λ =
h
p
=

h
mev

In the last equation p is the electron’s momentum and v is its speed. Approximately, orbits whose
circumferences are equal to an integer number n of Broglie wavelengths corresponding to orbits
permitted. Therefore

2πan = nλ =
nh

mev

where an is the Bohr’s radio. In this case is equal to

an =
nh

2πmev
(1.6.1)

=
nh̄

mev
(1.6.2)

The orbital angular momentum is |~L| = |~rx~p| = |rpsin(θ)|. If ~r and ~p are perpendicular, the
module of ~L is L = rmv = anmev. The module of angular momentum can be written as

L = nh̄ (1.6.3)



Master Thesis: Characterization of the PDR in LDN1622 17

In the case of a diatomic molecule with masses mA and mB separated by a distance re = rA + rB,
rA and rB are the distance from the center of the mass. The masses and distances must obey.

rAmA = rBmB (1.6.4)

If the molecule is rotating about its center of mass, the angular momentum can be written as

~L = I~ω (1.6.5)

where I = mAr2
A + mBr2

B is the moment of inertia and ω is the angular velocity of the rotation.
Therefore

~L = (
mAmB

mA + mB
)r2

e ~ω (1.6.6)

~L = mr2
e ~ω (1.6.7)

Where m is the reduced mass of the molecule. The rotational kinetic energy of a rotating system is

Erot =
Iω2

2
=

L2

2I
(1.6.8)

Using the eigenvalues of the Schrödringer equation, the kinetic energy is

Erot =
J(J + 1)h̄2

2I
(1.6.9)

And the changes in rotational energy are also quantized, by ∆J = ±1. The frequency emitted by a
transition is

ν =
∆Erot

h
(1.6.10)

The electric dipole moment ~d of a charge distribution ρ(~x) is

~d ≡
∫

ρ(~x)dx (1.6.11)

If there are only two point charges +q and −q separated by re on some direction x, the electric
dipole moment is |d| = qre. For a molecule rotating with angular velocity ω , the projection of
the dipole moment perpendicular to the line of sight varies with time as qreexp(−iωt). For each
charge the energy is

E⊥ =
qasin(θ)

rc2 (1.6.12)

=
q(ω2rA + ω2rB)sin(θ)

rc2 exp(−iωt) (1.6.13)

Where a is the module of acceleration, θ is the angle between the acceleration vector and the
line from the charge to the observer and c is the speed of light. The instantaneous power emitted
is

P =
2q2

3c3 ω4|r3exp(−iωt)|2 (1.6.14)
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The time-averaged power is

〈P〉 =
2q2

3c3 (2πν)4 r2
e
2

(1.6.15)

=
64π4

3c3 ν4(
qre

2
)2 (1.6.16)

=
64π4

3c3 ν4|µ|2 (1.6.17)

Where |µ|2 ≡ ( qre
2 )2 is the mean electric dipole moment, and is related with the spontaneous

emission coefficient as

Aul =
|P|
hνul

(1.6.18)

=
64π4

3hc3 ν3
ul |µul |2 (1.6.19)

One of the most abundant molecules in the universe is CO, this molecule can excite its angular
momentum, as explained in this section, mainly due to shocks with molecular gas (H2). If the
density of the medium is very high, the molecule can excite very high transitions. Some transitions
and its frequencies are shown in figure 1.6

Figure 1.6: Transitions of molecule of CO. CO(1-0) is the first excitation of this molecule and
emits at the lowest frequency compared to the other transitions. When the density of the medium
increases, the molecule can rotate with greater energy exiting its operator angular momentum to
higher values. To de-excite emits radiation, this radiation has the frequencies shown in the figure
(if they are not affected by redshift).



Chapter 2

Theoretical framework

In this chapter we describe the essential topics of this thesis. In this part, the contents are very
specific and are necessary to justify the research topic. First, AME is described and how can be
produced. To finish with a lot of Interstellar mediums that have the same phenomenon.

2.1 Theoretical Basis

2.1.1 AME

Dust grains can be bombarded by FUV, and when the dust excite its angular moment operator,
spontaneously emits radiation to de-excite itself, and this spontaneous radiation is the best
candidate for AME, and this process in the literature is often associated to spinning dust. It is
easy to make the analogy between the angular moment and orbitals of an atom, regarding the
excitation.

AME, anomalous microwave emission, was discovered in 1990 studying CMB. Was an excess
in detected power between 10-60 [GHz] and the usual mechanisms of emission couldn’t explain
this excess. AME was found in different molecular clouds in our galaxy, even in extragalactic
sources. The best candidate to be responsible for this excess emission is the spinning dust, which
was predicted in 1950 ( Dickinson et al. (2013)).

The theory predicts a peak between 10-100[GHz]. This peak covers a very long range of
frequencies and it is very dependent on the size of the dust grains. There is still debate about the
real nature of AME.

This emission is very correlated with the dust in the ISM, and we can see an excess of emission
with respect to the predicted thermal emission and dust emission at these frequencies There are a
few handfuls of detections, Perseus and Oph molecular clouds, LDN 1622, LDN 1621, LDN 1111,
and a variety of HII regions. Additionally, the first detection of AME in a star forming region in
the external galaxy NGC6946, was reported.

AME occurs in the frequency range 10 -100 [GHz] and is highly correlated with the mid-
infrared dust emission ( Draine and Lazarian (1998)). This correlation led to Draine and Lazarian
to postulate their model of spinning dust emission, here the excess is produced by the very smallest
dust grains (very small grains; VSGs or Polyclinic Aromatic Hydrocarbons; PAHs), characterized

19
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by an electric dipole moment, rotating rapidly, resulting in the production of electric dipole
radiation. The model is very well defined to 20-30 [GHz].

Adaptations to the model by Ali-Haimoud, Hirata and Dickinson, 2009; Hoang et al., 2010;
Ysard and Verstreate, 2010; Hoang et al.,2011; Silsbee et al, 2011 (Y. Ali-Haı̈moud et al., 2009;
Hoang et al., 2010; Ysard & Verstraete, 2010; Hoang et al., 2011; Silsbee et al., 2011); incorporate a
variety of grain rotational excitation and damping processes: collisions with neutral and ionized
gas particles, plasma drag (the interaction between the electric field of ions and the electric
dipole moment of the dust grains), absorption and emission of a photon, the photoelectric effect,
microwave emission and the formation of H2 on the grain surface.
Adaptations to the model by Hoang et al, 2010 and 2011 (Hoang et al., 2010; Silsbee et al., 2011);
Silsbee et al 2011 (Hoang et al., 2011), incorporate dust grain that are not only spinning about
their axis of the greatest inertia and dust grains of irregular shape.

2.1.1.1 Definition of AME emissivity

Given the strong association between the AME and the dust grains in the ISM, the AME emissivity
is usually defined as the ratio between the antenna temperature of the AME at wavelengths of 1
[cm] and the surface brightness of the thermal dust emission at 100 [µm]. This ratio is calculated as
a cross-correlation coefficient over a variety of individual regions in which AME has been detected
(see table 2.1 (Tibbs et al., 2012)).

Don’t forget that antenna temperature is measured in K and the surface brightness (in radio
astronomy) is measured in W

m2 Hzsr−1 and is very useful and used 1[Jy] = 10−26[W/m2Hz].

In table 2.1 there are listed AME emissivities defined relative to the 100[µm] emission, it is pos-
sible to identify the observed range of values of the AME emissivity, from 3 to 25 µK(MJysr−1)−1,
with a typical value of 10µK(MJysr−1)−1. Using this value, we have that

Tan

Bsource
=

10
1

µK
MJy

sr

(2.1.1)

=
10−11

1
K
Jy
sr

(2.1.2)

(2.1.3)

In term of flux density we have.

S =
2k× 10−5(3× 1010)2

(3× 108)2 (2.1.4)

=
2, 484× 10−7[(J/K)Hz2K]

9× 1016[m2/s2]
(2.1.5)

= 2, 76× 10−24[J/m2] (2.1.6)

= 276[Jy] (2.1.7)
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Table 2.1: Sample of AME emissivity values, for AME detections in a variety of different environ-
ments computed relative at emission at 100 [µm].

Source AME Emissivity Reference
(µK (MJy sr−1)−1)

Hii Regions
6 southern Hii regions 3.3 ± 1.7 Dickinson et al. (2007)
9 northern Hii regions 3.9 ± 0.8 Todorović et al. (2010)
Pleiades 2.01 ± 0.09 Génova-Santos et al. (2011)
RCW49 13.6 ± 4.2 Dickinson et al. (2007)
RCW175 14.2 ± 2.7 Tibbs et al. (2012a)

High Latitudes
15 regions WMAP 11.2 ± 1.5 Davies et al. (2006)
All-sky WMAP 10.9 ± 1.1 Davies et al. (2006)

Molecular Clouds
Perseus 15.7 ± 0.3 Watson et al. (2005)
Perseus A1 2.8 ± 0.7 Tibbs et al. (2010)
Perseus A2 16.4 ± 4.1 Tibbs et al. (2010)
Perseus A3 12.8 ± 6.1 Tibbs et al. (2010)
Perseus B 13.2 ± 3.6 Tibbs et al. (2010)
Perseus C 13.0 ± 3.2 Tibbs et al. (2010)

Dark Clouds
LDN1621 18.1 ± 4.4 Dickinson et al. (2010)
LDN1622 21.3 ± 0.6 Casassus et al. (2006)
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The flux density with 10µK is approximately 300[Jy], so

San

Ssource
=

300[Jy]
1[MJy]

(2.1.8)

=
300[Jy]
106[Jy]

(2.1.9)

= 3× 10−4 (2.1.10)

Here we see that, 1[Jy] of AME at 1[cm] for every 3000[Jy] at 100[µm]. Observation at far-IR
and sub-millimeter wavelengths ((e.g. Reach et al., 1995; Boulanger et al., 1996)) show that the
spectrum of the dust emission is well represented by a modified black body function of the form,
see the figure 2.1 (Tibbs et al., 2012)

Sν ∝
2hν3+β

c2
1

exp(hν/kTdust)− 1
(2.1.11)

Figure 2.1: The grey body spectrum representing the thermal dust emission for a range of dust
temperatures from 15 to 45 K with a fixed dust emissivity spectral index of 1.8. The 100[µm]
emission (vertical dashed line) increases with increasing dust temperature.

This spectrum is produced by a balance between absorption (of big dust grains absorbing
ultra-violet photons) and emission (the dust re-radiating that ultra-violet photons thermally), this
keeps the big grains in thermal equilibrium. AME emissivity can be calculated relative to the
hydrogen column density, NH , this has several advantages; first because the AME emissivity is
more comparable with the theoretical values as the current spinning dust theories compute an
emissivity in units Jysr−1cm2 per H atom. The term Jysr−1 is given by the surface brightness of
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Table 2.2: AME emissivity values computed relative to the hydrogen column density.

Source NH AME Emissivity Reference
(1022 H cm−2) (10−18 Jy sr−1 cm2/H)

Perseus A1 0.82 ± 0.19 2.2 ± 0.5 (Tibbs et al., 2012)
Perseus A2 1.19 ± 0.27 2.7 ± 0.6 (Tibbs et al., 2012)
Perseus A3 1.28 ± 0.29 1.2 ± 0.3 (Tibbs et al., 2012)
Perseus B 0.79 ± 0.18 3.4 ± 0.8 (Tibbs et al., 2012)
Perseus C 0.74 ± 0.17 3.6 ± 0.8 (Tibbs et al., 2012)

Cirrus 0.15 ± 0.07 4.6 ± 2.0 Leitch et al. (1997)
ζ Oph 0.22 ± 0.02 4.1 ± 0.6 Vidal et al. (2011)
LDN1780 0.45 ± 0.04 3.5 ± 0.4 Vidal et al. (2011)
LDN1622 1.50 ± 0.15 2.0 ± 0.2 Casassus et al. (2006)
ρ Oph 5.00 ± 0.50 3.2 ± 0.5 Casassus et al. (2008)
M78 22.80 ± 0.23 0.9 ± 0.1 Castellanos et al. (2011)

AME at 1 [cm], and cm2 is given by the column density. Using NH also mitigates the effects of
dust temperature. See the table 2.2 (Tibbs et al., 2012)

Would be very useful use Ndust, but is more difficult to estimate than NH . NH may be computed
by fitting the far-IR SED with a dust model which incorporates the physical properties of the dust
grains. To finish this section, in the figure 2.2 (Battistelli et al., 2012) different models of AME are
showed.

2.1.1.2 Other possibilities of AME

• According to (Bennett et al. , 2003), AME is produced by hot ferromagnetic grains, but
observations have placed limits of a few percent on the fractional polarization toward AME
targets.

• There are other alternative explanation of AME based on flat-spectrum synchrotron emission
associated to star-forming regions, but this idea is in disagreement with ARCADE data and
with results from (A. De Oliveira-Costa et al. , 2010), (S. Fernández-Cerezo et al. , 2006),
(S. R. Hildebrandt et al., 2007) and (Ysard & Verstraete, 2010).

2.1.2 Dust grain

The interstellar dust seems perfect to describe the AME (due to its rotation). But there are different
types of dust grains, with different compositions, size and shape.

Dust grain can be bombarded by FUV and it can start to spin, and this component is often
called ”spinning dust”. The best candidate to produces AME is by small grains such as PAHs.
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Figure 2.2: The combination of free-free emission (dashed line) plus thermal emission(dot-dashed
line) is inconsistent with the 33[GHz] signal shown here. Is necessary, consider an additional
contribution (spinning dust). This is provided by different models of AME for electric dipole (ED
(Draine and Lazarian, 1998)) and magnetic dipole (MD (Draine and Lazarian, 1990))
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2.1.2.1 The original DL98 Model

Given the great diversity of dust grains, we need to have a model that allows to have certain
assumptions and approximations that emulate and represent the state of the dust grains.

The DL98 model explains how AME is produced by small grains. In this model the smallest
PAH particles are expected to be planar for a < a2 and spherical for a > a2 with a2 = 6[Å], where
the size a is defined as the radius of an equivalent sphere of the same mass. PAHs usually have
electric dipole moment ν arising from asymmetric polar molecules. The angular momentum J 5

(∼ 70) (Draine and Lazarian, 1998) is parallel to a1(symmetry axis), and J is isotropically oriented
in space. To fixed, J the spinning grain emits electric dipole radiation at a unique frequency,
ν = ω

2π . The grain collides with neutral atoms and ions, and emits electric dipole radiation, in
this process the angular velocity randomly fluctuates and its distribution can be approximated
as the Maxwellian distribution function fMw(ω). And the total emissivity per H atom of the
electric dipole radiation from spinning dust at frequency ν is given by equation 2.1.12 (Hoang
and Lazarian, 2012)

jν
nH

=
1

4π

1
nH

∫ amax

amin

da
dn
da

4πω2 fMw(ω)2π(
2µ2
⊥ω4

3c3 ) (2.1.12)

nH is the density per H atom, µ⊥ is the electric dipole moment perpendicular to the rotation axis,
dn
da is the grain size distribution.

The instantaneous power radiated is given by

P(t) =
2

3c3 µ̈2 (2.1.13)

Averaging the power radiative over many cycles (Yacine, 2013), is obtained the following expression

〈P〉 =
2

3c3 〈µ̈
2〉 (2.1.14)

〈P〉 =
∫

dν
2

3c3 (2πν)4 ∑
i

Sµi (ν) (2.1.15)

Sµi (ν) is the power spectrum of the ith Cartesian component of µ. The power radiated per unit
frequency is

dP
dν

(ν|L, ω̄) =
2

3c3 (2πν)4 ∑
i

Sµi (ν) (2.1.16)

where ω̄ is a set of angles between grain axes and dipole moment with respect to L. The most
simple case is a freely rotating spherical grain, with angular velocity given by ~ω0 =

~L
I , (I is the

moment of inertia). The power spectra is given by Sµz = 0 and Sµx = Sµy = 1
2 µ2
⊥δ(ν− L

2π I ).

The calculation for a triaxial grain is not analytical and the spectral power is obtained numeri-
cally.

The Fokker-Planck (FP) (Yacine, 2013) equation describes the rotational excitation of a spheri-
cal grain if the discrete nature of impulses from single-ion collisions can be neglected, and was
necessary include this kind of description of grain rotation, therefore this equation include new
considerations: (Silsbee et al., 2011)

5 Actually the angular moment is given by L and J = L
h̄ , but both describe the same physics
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Figure 2.3: This figure show the angular moment plane and principle axis plane, using Euler
angles we can describe an axisymmetric grain. (Hoang et al., 2010, 2011).

• a1 is not perfectly aligned with J, due to internal thermal fluctuations.

• The Fourier transform can be used to obtain the power spectrum of a freely spinning dust.

• fMw(ω), J and ω can be obtained using the Langevin equation (LE) (Hoang and Lazarian,
2012).

• Infrequent collisions of single ions are treated as Poisson-distributed events.

• The wobbling disk-like grain has anisotropic rotational damping and excitation.

• I1 ≥ I2 ≥ I3 are the principal moments of a very small grain triaxial ellipsoid (irregular).

• The orientation of µ can be changed due to internal thermal fluctuations.

• There are considerable effects of compressible turbulence on the rotation of a grain.

For axisymmetric grains I3 > I2 = I1. To describe the misalignment between L and the principal
axis, the Euler angles are used, see Figure 2.3 . So

θ = constant (2.1.17)

φ̇ =
L
I1

(2.1.18)

ψ̇ = −( L
I1
− L

I3
)cos(θ) (2.1.19)

From (Yacine, 2013) electromagnetic radiation is now emitted at the frequencies φ̇
2π , |ψ̇|2π , φ̇±ψ̇

2π :

dP
dν

=
2µ2
||

3c3 φ̇4sin2(θ)δ(ν− φ̇

2π
)+

µ2
⊥

3c3 ψ̇4sin2(θ)δ(ν− |ψ̇|
2π

)+∑
±

µ2
⊥

6c3 (φ̇± ψ̇)4(1± cos(θ))2δ(ν− (φ̇± ψ̇)

2π
)

(2.1.20)
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With these considerations, the amplitude of µ̈x at the frequency νk, is defined as

µ̈(x, k) =
∫ +∞

−∞
µ̈x(t)exp(−i2πνkt)dt (2.1.21)

Where k denotes the frequency mode. The emission power at the positive frequency νk is given by

Ped,k(J, q) =
4

3c3 (µ̈
2
x,k + µ̈2

z,k + µ̈2
y,k) (2.1.22)

q is important to describe the torque-free motion of an irregular grain having a rotational energy
Erot. In this case, the conserved quantities are taken, including the angular moment J and a
dimensionless parameter that characterizes the deviation of the grain rotational energy from its
minimum value

q =
2I3Erot

J2

The total emission power from all frequency modes for a given J and q then becomes

Ped(J, q) = ∑
k

Ped,k(J, q) ≡ 1
T

∫ T

0
dt(

2
3c3 µ̈2) (2.1.23)

2.2 State of the art

2.2.1 Objects of the interstellar medium

AME is usually detected in regions associated to star formation. These regions are Molecular
clouds, Warm ionized medium, Reflection Nebulae, Photodissociation region and Dark clouds.

2.2.1.1 Molecular clouds

Is an interstellar cloud, whose density and temperature are enough to form molecules, obviously
H2 is the most common molecule. Is necessary to note that Molecular clouds, Warm ionized
medium, Reflection Nebulae, Photodissociation region and Dark clouds are a set of molecules
(many molecules and atoms interacting) and in this way molecular cloud is a generic name to the
rest of the regions.

Perseus is a very well known molecular cloud which AME was detected. Planck telescope
confirmed its excess to 17.1σ (Encrenaz, 1974). It was the first cloud that polarization was
measured with a detection of 3% fractional polarization.

Other detection was found in ρ Ophiuchi (Watson et al., 2005; Kulesa et al., 2005; Young et al.,
2006) in the Gould Belt. It is a region with a high degree of photoionization towards its periphery
due to UV flux from its hottest young stars.

Planck satellite detected an excess of microwave emission (AME) in ρ-Ophiuchus at a signif-
icance of 8.4σ (Watson et al., 2005). The last tree detections show an excess in the microwave
spectrum, however, were produced by different components of spinning dust in different envi-
ronmental conditions. Ideally AME is better identified using telescopes with large-scale angular
(∼ 20[arcmin]).
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2.2.1.2 Warm ionized medium

This kind of regions is characteristic in pulsars. It shows Hα in its emission lines. The typical
values of temperature an density of warm ionized medium (WIM), cold neutral medium (CNM)
and warm neutral medium (WNM) are shown in table 2.3.

Table 2.3: Typical values of density and temperture for WIM, CNM and WNM

Medium nH Temperature
[cm−3] [K]

WIM 0.3 103 − 104

WNM 0.3 103 − 104

CNM 30 100

AME have been detected in HII regions, but is important consider some situations. A sample
of six HII regions was observed in the southern hemisphere (Dickinson et al., 2007) and they
showed a possible small excess correlated with IRAS 100[µm] data with an average emissivity
of 3.3 ± 1.7[µm(MJysr−1)−1] at 31[GHz] over the full sample and a 95% confidence limit of
< 6.1[µm(MJysr−1)−1]. The most significant detection was towards RCW 49 which indicated
a 3.3σ excess at 31[GHz]. But in the other hand a sample of 16 HII regions in the Northern
hemisphere (Scaife et al., 2008) showed no statistically significant excess.
There are important differences between these observations

• Were observed in not exactly the same frequency.

• Were observed in different range of angular scales. The sample of southern HII region was
observed with an instrument that had sensitivity to marginally larger angular scales than
the northern sample.

• In general the northern sample has less associated diffuse emission relative to the resolution
of the telescope.

With the results of these observations one can think that AME can be present on larger scales free-
free emission or AME may be a consequence of an inverse relationship between VSG abundance
and density resulting in a lower spinning dust emissivity. Another possibility for the identification
of AME from HII can be by the presence of Ultra -or hypercompact HII regions because have a
significant contamination from dense plasma (Scaife, 2013).

The HII region RCW 175 have the most convincing detection of AME, the excess at 31− 33[GHz]
with 8.6σ significance, this excess is shown in figure 2.4. It has three different scenarios in figure
2.4 to explain the SED of RCW 175. In (a) a simple power law radio spectrum plus a greybody
thermal dust spectrum, with spectral index α = −0.00± 0.003. In (b) a model including a thermal
bremsstrahlung emission component suffering from dust absorption at high frequencies. In (c) a
model with a power law component and a spinning dust component. And the last is the most
consistent scenario with the observations.
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Figure 2.4: SED of RCW 175, with β = 2 and Td = 22.9[K]. The data are fitting using three different
scenarios. (a) Power-law radio emission plus thermal dust greybody. (b)Thermal bremsstrahlung
with dust absorption plus thermal dust greybody. (c) Power-law radio emission plus spinning
dust plus thermal dust greybody (Scaife, 2013)
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2.2.1.3 Dark clouds

This kind of region has a high visual extinction (Av ≈ 3[mag]). The extinction of the light is caused
by interstellar dust grains located in the coldest, densest parts of larger molecular clouds (the
most important element that attenuate the light are C and S). Unlike the HII regions, in dark
clouds the radio emission not expected due to its low ionization fraction. LDN 1622 have the
most significant AME found in a dark cloud(see the following sections). From a sample of 14
dark clouds (Scaife, 2013), AME was identified only in two samples L675 and L111, and only
three possible candidates L944, L1103 and L1246 (L944 and L1246 are proto-stellar clouds). The
values of AME to L675 and L111 are 16.4± 1.8 and 28.5± 3.3[µK(MJysr−1)−1], respectively. This
5 dark clouds were re-observed at higher resolution at radio frequencies (Scaife, Nikolic et al.,
2010) (Scaife, Green et al., 2010) to establish whether the microwave emission followed the same
distribution as the dust traced by sub-mm observations. The dark cloud L675, which was assumed
to be starless, hosted a compact radio source coincident with the peak of the 850[µm] sub-mm
emission. And the coincidence of a compact sub-mm peak with a radio point source is strong
evidence for protostellar activity (Rodriguez et al., 1993). This raised the question of whether it is
possible to accurately investigate any correlation of AME with protostellar activity, but it is still an
open question. In L1246 was detected a correlation with PAH (Scaife, Nikolic et al., 2010) (Scaife,
Green et al., 2010) given by the observations of Spitzer band 4.

The dark clouds sample of (Scaife et al., 2009) was selected from the sub-mm survey of (Visser
et al., 2001) and an inverse relationship between column density and molecular hydrogen was
found. It is possible that this negative correlation represents the depletion of small grains in denser
environments, see Figure 2.5, (Scaife, 2013).

2.2.1.4 Reflection Nebulae

Reflection Nebulae are regions of gas bombarded by FUV insufficient to ionize but enough to
illuminate. This kind of regions are associated with massive regions of stellar formation and object
pre-SP.

Reflection nebulae are not expected to emit at radio frequencies because they lack a high
degree of ionization. The M78 region is part of the dark cloud L1630 within the Orion molecular
cloud. It contains a number of reflection nebulae (NGC 2068, NGC 2071, NGC 2064, and NGC
2067). AME was found in NGC 2023 and L1630 6 (both in Orion molecular cloud).

The LDN 1622 also hosts a reflection nebula (Scaife, 2013).

2.2.1.5 Photodissociation Regions

Are regions dissociated by FUV, enough to dissociate molecules like 02 in outer layers, but
insufficient to ionize the gas and insufficient to dissociate H2.

The first, tentative, detection of AME was made with VSA telescope (Scaife et al., 2007). This
PDR was associated with the supernova remnant 3C396. The excess emission at 33[GHz] was
significant at the 7σ level. Strong 31[GHz] emission from ρ-Ophiuchus W PDR was detected with
CBI telescope (Casassus et al., 2008), but no data on radio emission to complement the study.

6 P. Andre, D. Ward-Thompson, and M. Barsony, in Proceedings of the Protostars and Planets Conference, p. 59.
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Figure 2.5: Relative emissivity of microwave emission at 100 [µm] FIR emission as a function of
molecular hydrogen column density, N(H2), for dark clouds. Clouds from (Scaife et al., 2009) and
(Scaife, Hurley-Walker et al., 2009)are shown as filled circles, LDN 1622 (Casassus et al., 2006) is
shown as filled stars, and LDN 1621 (Dickinson et al., 2010) is shown as a filled square.



Chapter 3

Observations and Data reductions

3.1 Observations

In order to trace dense and cooler nuclei we observe CO(2− 1), 13CO(2− 1), C18O(2− 1),
CO(3 − 2), CO(4 − 3) and CI[1 − 0]. All those observations were taken using the technique
On-The-Fly (OTF).

CO(3− 2) was observed with ASTE telescope (with the 1024 channel autocorrelator backend)
in September 2015 (See Figure 3.2) located 4,800 meters above sea level at the Atacama Desert in
Northern Chile. ASTE has a diameter of 10[m] and its beam at 350[GHz] is of 22′′. The observation
was centered in RA/DEC = 05 : 54 : 23/ + 01 : 46 : 54, and the pointing was realized every 4.6′′

in RA. The total time of integration is of 4[h] with a mean water vapor of 0.75.
CO(2− 1) 13CO(2− 1) and C18O(2− 1) was observed with CSO in February 2015 (See Figure

3.1), is housed in a compact dome at 4070 m altitude near the summit of Maunakea, Hawaii.
It has a diameter of 10.4[m]. The time for each scan was 1[s], the observation was centered in
RA/DEC = 05 : 45 : 14/ + 01 : 45 : 00 and tracking was done every 15′′ in RA.

The rest of the observations were taken with APEX(SHeFI) telescope in September 2017 (See
Figure 3.3). APEX is located at Llano de Chajnantor, 50[Km] east of San Pedro de Atacama,
Northern Chile. The time for each scan was 1[s] and 0.2[s] for CI and CO(4-3) respectively, the
observation was centered in the same coordinates as COS observations and tracking was done
every 4′′ in RA.

The data of ASTE was reduced using NOSTAR; the rest of the data was reduced using
GILDAS/CLASS. Here we use the typical mechanisms to work with the data. Just from maps of
CI and CO(4-3) was to necessary remove saturated pixel.

The rest frequencies of the targeted lines are listed in Table 3.1.

32
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Table 3.1: Lines observed in this work.

Line Transition Rest Freq (MHz)
CO 2-1 230538

13CO 2-1 220398
C18O 2-1 219560
CO 3-2 345795
CO 4-3 461040
CI 3P1 −3 P0 492160

Figure 3.1: The CSO consists of a 10.4[m] diameter Leighton telescope on Mauna Kea, Hawaii. A
full complement of heterodyne receivers covers the atmospheric windows from 177 to 920[GHz].
The Surface accuracy is less than 15[µm ∗ r.m.s.], pointing accuracy if of 3[arcsec ∗ r.m.s.] and its
highest angular resolution is 8[arcseconds]
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Figure 3.2: ASTE is located 4,800 meters above sea level, at the Atacama Desert in Northern Chile,
it observes sub-millimeter (0.1[mm]-1[mm]) wavelengths. Telescope diameter is 10[m] and Beam
size at 350 [GHz] is 22′′.

Figure 3.3: APEX is a 12-meter diameter telescope, operating at millimeter and sub-millimeter
wavelengths between infrared light and radio waves. A beam of 18′′ at 345[GHz] CO(3-2)
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3.2 Data reductions

NOSTAR was used to work the data from ASTE (CO (3-2)). The first function used is SPLIT,
because the raw data contains spectra of all the spectrometers used. Next was used the ”Scaling”
function to scale the data the files resulting from the split function.

At this point was necessary to subtract the baseline, with this it is sought to eliminate any own
contribution of the sky or noise granted by the instrument. To do this, the functions ”Baseline”
and ”Base” are used. The most important is to give the degree to the polynomial of adjustment
and establish the range of speeds where the emission is. See Figure 3.4.

Figure 3.4: In this window, the data reduction process is started. A mainly grade 1 polynomial
baseline was used. Using the cursor, the range of the base line is marked. The x-axis was left
in Km / s, and the y-axis was adjusted between -5 and 20 [K] for most spectra. This function
generates two new files ending in .base and .base.his. Source: Our work.

By last, ”Make Map” and ”Basket-Weave” were used for creates the data cube. Specifically,
”Basket-Weave”, combines the two images created in the previous functions, to form a data cube.
It is very important that the two images that we will merge to create the data cube must have the
same dimension.

From the data cube we obtained the image of LDN1622 in CO(3-2).
GILDAS/CLASS was used to reduce CSO and APEX data. This software is compatible with

any linux distribution. In this case it was convenient to make a script(Appendix 4) that would
reduce the data of the 5 molecular lines, CO(2-1), 13CO(2-1), C18O(2-1), CI[1-0] and CO(4-3). As in
NOSTAR, here we also had a data cube. From which it was necessary to indicate the speed range
of interest, See Figure 3.6.
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Figure 3.5: In this figure LDN 1622 is shown at the corresponding frequency of the molecular
transition of CO (3-2). The contours represent temperatures of 0.05[K], 2.54[K], 5.13[K], 7.73[K]
and 10.32[K]. Source: Our work.

Figure 3.6: Above: On the left side there is a graphic representation of what a data cube is, each
slice has spatial coordinates (RA, DEC) and represents a certain speed range. The set of all the
slices is what we know as a data cube. On the right side we have the average spectrum of all the
slices and all the pixels. You can see 3 broadcast peaks. Below: We zoom to the 3 peaks above
and obtain from left to right graphs of temperature (K) v/s speed (km/s) of 13CO, 12CO and C18O.
To obtain the temperature graphs, you must select the desired speed ranges, as shown in the 3
graphs. Source: Our work.
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Figure 3.7: This Figure shows the speed maps of LDN1622 at the frequencies of 13CO(2-1) (Left)
C18O(2-1) (Middle) and CO(2-1) (Right) transitions.13CO(2-1) thin compared to CO(2-1), so with
13CO(2-1) we can observe deeper regions. However, the densest and most agglomerated nuclei
can be seen with C18O(2-1, between the declinations 1o40′00′′ and 1o45′00′′ a very dense region is
appreciated as well as near the declination 1o50′00′′ and straight elevation 5h54m35s. Source: Our
work.

3.3 Results

In order to establish a correlation between CO(3-2) and CO(2-1), the contours of CO (3-2) over
CO(2-1) are shown in Figure 3.8. Both observations are well correlated and are intended to trace
cold and dense nuclei. The locations of these nuclei were found inside the cloud (as expected) and
not on the periphery. For the set of stars that is near the cloud prevents the formation of these
nuclei in the outer layers of the cloud, because the UV flow heats these zones.
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Figure 3.8: Left:Temperature map of LDN1622 at 345[GHz]. Right: Temperature map of LDN1622
at 230[GHz], the green contours come from the emission of CO(3-2), with level steps of about
2.6[K]. The images shows a good spatial correlation. Source: Our work.

With CO(2-1) and 13CO(2-1) data, the molecular gas column density (N(H2)) will be estimated.
The procedure described here was taken from (Pineda et al., 2010).

The procedure will be different for regions that have CO(2-1) and 13CO(2-1) emissions (mask 2)
and for those that only have emission of CO(2-1) (mask 1).
For regions with both detections, it is necessary to extract temperature maps from the CO(2-1)
and 13CO(2-1) maps of Figure 3.7. These maps are shown in Figure 3.9.
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Figure 3.9: Left: Map of temperature of LDN1622 at the transitions of C18O(2-1). Right: Map of
temperature of LDN1622, at the transition of 13CO(2-1). 13CO(2-1) is distributed evenly within the
cloud, while C18O(2-1) begins to be noticed only in the interior regions. Source: Our work.

Equation 3.3.1 should be used to obtain the transition temperature of 13CO at its transition
(2-1)

Tmb,c = T0[
1

e
T0
Tex − 1

− 1

e
T0

Tbg − 1
](1− e−τ) (3.3.1)

Where Tmb,c is the antenna temperature corrected for the main beam factor, which is 0.76, T0 = hν
k

where h is the Planck constant, k is the Boltzmann constant, and ν is the frequency at which the
molecule emits. Tbg is the background radiation temperature, τ is the optical depth. And Tex is
the excitation temperature required to clear.

To obtain Tex, it is necessary to estimate the value of τ, which is approximately given by
equation 3.3.2

τ = ln(
R

R− 1
) (3.3.2)

Where R is valid only for regions where there is emission in the maps of Figure 3.7 with a signal
to noise greater than 3.5 sigma. However, R is the ratio (specifically, ratio of 12CO/13CO) between
the temperature maps of Figure 3.9.

In addition, it is necessary to calculate the column density for 13CO(2-1), this is obtained with
equation 3.3.3

NU(thin) =
8πkν2

0
hc3 AUL

∫
Tmb(v)dv (3.3.3)

Where Aul is the Einstein A-coefficient, in this case the value of Aul is 6.04x10−1[ 1
s ]. In the part of

the integral, we use pixel by pixel the image of 13CO(2-1) of the Figure 3.9. With this, the total
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column density of the 13CO molecule can be calculated. See equation 3.3.4

N(13CO) = NU
1

2J + 1
[

∞

∑
J=0

(2J + 1)e
−hB0(J+1)

kTex ]e
−hB0 J(J+1)

kTex (3.3.4)

Where B0 is the rotational constant of 13CO given by 5.52 × 1010[ 1
s ]. It is assumed that the

relationship between 13CO and 12CO is given by

N(12CO) ≈ 57× N(13CO)

In the galactic plane we can assume that the extinction is given by

Av =
N(12CO)

1.01× 1017 (3.3.5)

To finally reach the relationship between extinction and molecular gas density. See equation
3.3.6

N(H2) = 9.4× 1020 × Av (3.3.6)

In figure 3.10 we can see the final density map, resulting from the procedure described above.

Figure 3.10: The final column density map of LDN1622 is displayed, only were considered regions
where 13CO and 12CO were detected. Left: CO column density map. Right: H2 column density
map. Source: Our work.
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Figure 3.11: UP: Maps obtained with APEX, on the left is the CO(4-3) temperature map and on
the right the CI[P1-P0] temperature map. DOWN: Both images correspond to the column density
map of LDN1622, in the image on left the CO(4-3) contours are superimposed, in the image on
the right side the CI[P1-P0] contours are superimposed. Both quantities are spatially correlated
because the radiation dissociates the CO molecule. Therefore probable to find neutral carbon in
regions bordering on CO. Source: Our work.

With data of APEX we obtain the maps shown in Figure 3.11. Since it is expected that some
regions suffers of molecular dissociation, the CO will dissociate into C and O. It was expected to
be able to find CI within LDN1622. See Figure 3.12.
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Figure 3.12: Left: Image of LDN1622 observed at 461.040[GHz] with contours of neutral carbon
emission. Right: Image of LDN1622 observed at 492.160[GHz] with contours of CO(4-3). Both
images show a similar spatial correlation, in particular the distribution of CI within the LDN1622
is more homogeneous than the distribution of CO(4-3). Source: Our work.

Although, with equation 3.3.5 we produced an extinction map, it is possible that this map
has underestimated the extinction of very dense regions. Applying ”NICER” (Near-Infrared
Color Excess method Revisited) method to 2MASS near-infrared maps ldn1622 an extinction map
was produced, See Figure 3.13. The NICER algorithm calculates extinction values based on the
difference between the observed average near-IR color of stars within a sampling box to the stars’
intrinsic average color, (Lombardi and Alves , 2001)
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Figure 3.13: Extinction map of LDN1622, produced by 2MASS NICER. The actual size of the pixel
is approximately 0.7 times the FWHM, so we have about 1.4 arcmin per pixel. Source: Our work.

3.4 A model of the physical and chemical structure of the LDN1622

We modeled the physical and chemical structures of the L1622 by using a 1D astrochemical model.
To do so, we ran the Meudon PDR Code (Le Bourlot et al. , 1993) (Le Petit et al. , 2006) (Le Bourlot
et al. , 2012). The 1D astrochemical Meudon PDR Code is based on a stationary plane-parallel
geometry of gas and dust illuminated by an ultraviolet (UV) radiation field coming from one or
both sides of the cloud, our modeling took into consideration both sides. See Figure 3.14. From
starting physical and chemical parameters, the code resolves at each point of the cloud the UV
radiative transfer and computes the thermal balance at steady state. That grid of isobaric PDR
1.5.2 models (revision 1787) covers photo-dominated regions conditions. Explored parameters
are proton density, UV field intensity and size of the clouds. The full grid contains 1372 2-side
models where the back side of the cloud is submitted to the ISRF. The chemistry takes into
account 222 species, including C and O isotopes, linked by 6243 chemical reaction. No surface
reactions are considered excepted for H2. H2 formation model takes into account Eley-Rideal
and Langmuir-Hinshelwood mechanisms as described in Le Bourlot et al. (2012). These models
give access to all quantities computed by PDR 1.5.2 (line intensities, column densities, densities,
temperature of gas and grains, ...). We used Mathis expression for the ISRF since it takes into
account more precisely near-UV to near-IR components of the ISRF.

Table 3.2 lists the input parameters we adopted from the literature and observations.
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Table 3.2: Input parameters for the modelling of the PDR of LDN1622 using the Meudon PDR
Code.

Property Values
Initial density nH(cm−3) 104

GO observer side (Mathis units) 35000
GO back side (Mathis units) 10

Rv 3.1
NH/E(B−V) 5.8× 1021

m(dust)/m(gas) 0.01
Extinction curve Galaxy

ISRF Mathis
State equation isobaric

thermal balance

Figure 3.14: Meudon is a model that allows us to simulate the physical conditions of a PDR, is
based on a stationary plane-parallel geometry of gas and dust illuminated by an ultraviolet (UV)
radiation field coming from one or both sides of the cloud. In the left case, radp = 0 to not add the
ISRF on the back side.

With these parameters we have worked with two models, one with maximum extinction
equal to 10 [mag] and another with maximum extinction equal to 30 [mag]. For the model of
Avmax = 30[mag] we have to the Figure 3.15, where in order to analyze the physical structure
of LDN1622 we plot the gas state, specifically, the proton density and the total density of the
gas. Also gas and dust temperature they were graphed, see Figure 3.15. The MEUDON PDR
Code, indicate that the total density is approximately constant to Av > 5. When Av < 4 the
gas temperature is higher than dust temperature, but in inner regions the UV flux is blocked up
therefore temperatures either gas or dust decrease. The degree of ionization describes a curve
similar to the temperature of the gas.
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Figure 3.15: All panels are represented as function of the visual extinction, Av. The first panel
shows the proton density (n(H)+n(H2)+n(H+)) and the total density (n(H)+n(H2)+n(He)), both
quantities become constant for high visual extinctions. The second panel represents the grain
and gas temperature profiles. The blue area covers the range of dust temperature given by the
MEUDON PDR Code for different grain size values in the range 0.03 to 0.3 µm. The third graph
shows how the degree of ionization of the molecules varies depending on the extinction. Source:
Our work.

To determine the PDR of L1622, we plot N(CO), N(C), N(C+), See Figure 3.16. Given that N(C) is
a tracer of PDR, we try to estimate to which visual extinction it is probable to find this species.

The second model that we consider Avmax = 10[mag]. We extract the same graphs as the
model with Av = 30[mag]. In Figure 3.17 we see the state of the gas, temperature of the gas,
temperature of the dust grains, and the degree of ionization. And in Figure 3.18 it is possible to
see the densities of columns and volumetric densities of C+, C and CO, as in the model where we
used Avmax = 30[mag].
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Figure 3.16: The behavior of these 3 molecules was extracted from the Meudon model. In the graph
above it shows the density of columns depending on the extinction. Around Av = 5 the formation
of CO is noted, but the abundance of C is even greater. For Av = 7 the column density of CO is
much greater than C, and almost equal to that of C+. Although for even greater extinctions the
column density is much higher than the other two species, it is important to note that the column
density of C continues to increase slowly while extinction increases. In the graph above we have
the volumetric densities of the same chemical species. Precisely where C+ is decreasing and CO
increasing, we find a peak in abundance of C, around Av = 4. Source: Our work.
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Figure 3.17: The same as Figure 3.15, but with Avmax = 10[mag]. Source: Our work.
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Figure 3.18: The same as Figure 3.16, but with Avmax = 10[mag]. Source: Our work.



Chapter 4

Conclusion and Discussion

From observations (See Figure 3.11) and the Meudon model (See Figures 3.16 and 3.17), you can
see that CI abundance increases when the density of the cloud increases. In the case of Figure
3.16 this increment is smooth, and it can be easily appreciated that it has an almost homogeneous
distribution in the region of interest. However in both grills, for extinctions between 3 and 5
we can find an area where C is greater than the CO and C+. It is in this region where we can
expect molecular dissociation, PDR, to occur. Along with that, the CO begins to be predominant
with respect to C and C+ (for Av ≈ 5) and H2 with respect to H, so it is expected that at higher
extinction values there will be regions formed mainly by molecules, as can be seen in Figures 3.8,
3.9, 3.12. Using the extinction map obtained with 2MASS-NICER, the extinction limits will be
demarcated where it would be expected to find the PDR, ie. visual extinction between 3 and 5.
See Figure 4.1.

Figure 4.1: Left: Extinction map of LDN1622, all regions with magnitudes less than 3 and greater
than 5 were eliminated. Right: Column density map of LDN1622, with contours that delimit
visual extinctions between 3 and 5 magnitudes, obtained directly from the image above. The
region between these limits is the probable PDR area. Source: Our work.

48
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From the maps of Figure 3.10 we can see the densest areas. However from the map of C18O
the small agglomerations of LDN1622 are identified. Map of C13O has the advantage over map
12CO because it is more optically thin, so we can identify deeper regions. According to (Viscuso
& Chernoff , 1988) CO(4-3) traces warm (50[K]) and dense (105cm−3) nuclei; while CI(P1 − PO)
requires a minimum excitation temperature of 24[K] and a density of 103cm−3, due to collisions
with H2 ( (Schroder et al. , 1991)).
Previous galactic observations show that 12CO and CI are well related together with 13CO, in J(1-0)
and J(2-1) transitions. (Stutzki et al. , 1988) suggests that this effect results from the agglomeration
of material in a molecular state within a molecular cloud, so that CI is distributed in outer layers.
However, the models have not been satisfactory enough to explain the uniformity of the CI found
observationally. And it is remarkable that this occurs, since CO(4-3) and CI require very different
excitation temperatures and critical densities. One possibility is attributed to the fact that the
ISM is lumpy, therefore the UV radiation manages to penetrate the internal areas of the cloud.
According to (Kaufman et al. , 1999) CI is insensitive to the radiation field. When we take the
average in intensities of CI and CO (4-3), we see that ICI/ICO ≈ 1, this implies that the cloud must
have a density less than 105[cm−3], which agrees with (Harper et al., 2015).

LDN1622 was observed by Hershel at 160, 250, 350 and 500 [µm]; these wavelengths traces
zones of high densities. Specifically we can expect that at 250, 350 and 500 [µm] the maps doesn’t
show significant differences. From Figure 4.2, it is possible to see the density map of the column
with the contours at 160, 250, 350 and 500 [µm] observed by Hershel. As expected, the contours
show morphologies very similar to that of the column density map.

It is important to note that in this work, the PDR area of LDN1622 was estimated from a joint
analysis between a density map and an extinction map. To determine a map of column density
from molecular gas has its advantages and disadvantages with respect to other methods, (Pineda
et al., 2008), 13CO is able to be observed in more internal areas of the cloud, which is adversely
affected by the optical depth. Other ways to estimate molecular density is using dust, which
is expected to have differences with our analysis because in general they do not trace the same
portions along some line of sight, nevertheless the study of the gas the study with the dust entails
a greater dynamic range. When gas is used, it is difficult to determine a specific density range in
which a specific line is possible, which leads to associated errors, but the great advantage of gas
over other methods is that it allows studying the kinematics through a line of sight.

The CO column density found in our observations, see Figure 3.10, is in agreement with the
CO column density found by the MEUDON model, see Figures 3.18 and 3.16. The same is true
for the molecular gas column density (H2). From our observations, see Figure 3.10 , we obtain
on average a column density close to 2.5× 1021, while the results of the models show an average
of 3× 1021 for visual extinctions greater than 5 magnitudes. It was to be expected that when
introducing the same parameters except one to the MEUDON model, the behavior would be
similar.

In spite of the multiple approaches, such as not considering all the isotopes of C and O that can
make up the CO molecule, nor all of its transitions. The column density results of the molecular
gas were very close to those obtained by the Meudon model. As future work it would be important
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Figure 4.2: The figure shows the map of column density calculated in this work. Top-left: Contours
at 160[µm]. Top-right: Contours at 250[µm]. Bottom-left: Contours at 350[µm]. Bottom-right:
Contours at 500[µm]. Source: Our work.

to compare the PDR area found here, with molecular gas, with other methods. It can also compare
maps in the microwave range, close to 30 [GHz], with the PDR area found in this thesis work.
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Figure 4.3: Density of the H2 column obtained from the Meudon model, both have the same input
parameters, the only difference is that the graph on the left results from considering a maximum
visual extinction of 30 magnitudes and the one on the left considers a maximum visual extinction
of 10 Magnitudes. Both results show a maximum column density around 3× 1021. Source: Our
work.
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Appendix
This is the script with which the LDN1622 13CO(2-1) intensity map was generated. Changing
the name, intervals of speeds and frequencies in the script can obtain the map of CO(2-1) and
C18O(2-1)

s e t format l
s e t p l o t h
s e t ang s
s e t uni t v f
s e t var spec read
f i l e in 12 feb2015 . cso
f ind
s e t mode x auto
s e t mode y auto
s e t sou LDN1622C ! s e t sou LDN1622∗

s e t t e l e ”CSO FFTS 1W”

s e t range −600 600 −600 600 ! s e t range −600 600 −600 600

f ind
s e t win −580 −550
$rm ldn1622 base18 . dat
f i l e out ldn1622 base18 . dat m

f o r i 1 to found
get n
s e t uni t c !
f o r k 4095 .8 to 4098 .3 !
draw k k !
next !
s e t uni t v
sm
base 1 /pl
pen 0
pl
! f i l l 6 16 357 373 534 540 /noise ! ESTO NO ESTABA
mod band
mod l i n e C18O2−1
mod f r e q 219560 .358
wri te
next

f i l e in ldn1622 base18 . dat
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f ind
s e t uni t v
$rm map 18co . tab
p r i n t area −5E5 5E5 /output map c18o . tab !−5 5

c l e a r

! column x 2 y 3 z 4 / f i l e map 12co . tab
! column x 2 y 3 z 4 / f i l e map 13co . tab
column x 2 y 3 z 4 / f i l e map c18o . tab
l e v e l s 2 to 5 by 1
rgdata /blanking −1000
l i m i t s /rgdata /reverse x
! s e t box l o c a t i o n −5 5 −5 5
s e t box match
pl
box
s e t ang s
pl
box
rgmap /grey
rgmap /per 20
! rgmap
l a b e l ”RA O f f s e t ( arcmin )” /x
l a b e l ”Dec O f f s e t ( arcmin )” /y
wedge

$rm c18o21∗
t a b l e c18o21 new /math tdv (−5 ,5) ! −5 5
xy map c18o21
l e t name c18o21
l e t type lmv
go view
go b i t
hardcopy ldn1622c18o . png /dev eps c o l o r /over
vec tor \ f i t s ldn1622c18o . f i t s FROM c18o21 . lmv


