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1. Definition of interstellar medium

« The Milky Way is composed of 100 billion stars that are quite distant from each
other and occupy a small volume.

* The space between stars is called interstellar medium (ISM)



1. Definition of interstellar medium

« The Milky Way is composed of 100 billion stars that are quite distant from each
other and occupy a small volume.

* The space between stars is called interstellar medium (ISM)

o Mass: 10-20%

o it hosts two main components: gas (99%) and dust (1%)

o gas composition: H, He (98% of the mass of the ISM)
metals (C, O + others; 2%)

o gas phases: atomic, ionized, molecular: H, + other molecules (CO, NH;, H,O,
CH;0H, ...)

o dust: half of the heavier elements form dust (relatively large grains composed
of carbon-containing molecules, e.g., PAHs)

o magnetic field and cosmic rays
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» The first indication of its existence was
obtained by Hartmann in 1904 by observing
a stationary Ca Il absorption line in a
spectroscopic binary, 8 Orionis. The
line appeared stationary in the star's
spectrum, meaning that: the calcium line
does not share in the periodic
displacements of the lines caused by the
orbital motion of the star (binary star)

% ..A_‘S-O'rionisv
sy ackia Mintaka
> ons : ..‘~ ..‘3‘ .

» Several hypothesis for the origin were
proposed and discarded:

o Earth’s atmosphere
o Binary second component

* Final hypothesis: an interstellar cloud of
calcium vapor located between the Sun and
& Orionis produces the absorption



2. Brief historical overview

* Interstellar dust was observationally
discovered by Trumplerin 1930 by
studying the relationship between
apparent brightness and the angular expected
diameter (@) of open clusters.

* Alinear dependence between brightness apparent
and the square of the angular diameter brightness far " near
(proportional to 1/distance?) was expected
if the dimensions of open clusters do not
depend on their heliocentric distance
(clusters of similar constitution have on an observed
average everywhere the same dimensions).

*  However, Trumpler found that the most 92 o (distance)?
distant clusters were less bright than
expected: their light was absorbed by
interstellar dust.



2. Brief historical overview

« The modern study of the ISM started when
the observational techniques allowed
observation at long wavelengths
(radioastronomy and FIR astronomy):
interstellar dust extinction is not significant
and the types of processes characteristic of
very cold regions can be studied naturally.

fo = 1420 MHz

/\0 =21 cm

e Hlat21 cm (1420 MHz) was detected in
1951 by Ewen & Purcell at Harvard

University. =
* Inthe 60s, the first molecules were Hyperfine transition lines for H | are produced when a
detected: OH (1963), NH; and H,O (1968). hydrogen atom with proton and electron spins aligned (

top) undergoes a flip of the electron spin

* CO, the most important tool to study the H,
clouds, was detected in 1970.

» CH;OH, the first complex organic molecule
(COM), was detected in 1970.
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3. Components of the ISM

 Cold atomic medium (H I)

* Cold molecular medium (H,)

* Warm atomic medium (intercloud gas)
* Photoionized regions (H Il)

« Collisionally/hot ionized medium (coronal gas)



3. Components of the ISM

« Cold/difuse atomic/neutral medium (H 1)

o Diffuse H | regions are composed of neutral atomic hydrogen (H I),
with the presence of some low-excitation ions (C II, Ca ll).

o T=50-150K, with a typical value of 80 K.

o Detected by means of the 21 cm line of H |, although the absorption
lines of Ca Il are also detected against the stellar background.

o The morphology of diffuse H | regions is cloud-like, with a
characteristic size L = 5 pc, a density n(HI) = 1-100 cm~3, and a mass
M = 50-500 Mg. The internal (turbulent) velocity of the clouds is 1-4
km s—7.

o The distribution of the clouds has a characteristic height above the
Galactic plane 2H =~ 250 pc and occupies a small fraction, 2-3%, of

the Galactic volume.

o Their mass is about half the mass of the ISM.



3. Components of the ISM

* Cold molecular medium (H,)

o Molecular clouds are mainly composed of molecular hydrogen (H,),
with traces of other molecules (CO, NH;, H,O,....).

o T=10-30K. They are mainly detected from the emission of CO
rotational transitions, which have an energy of the order of the
thermal energy of the region (AE = kT).

o Typical sizes L =5 pc, n(H,) = 103-10>cm=3and M = 1000 up to 10°¢
Mo. The turbulent velocity of molecular clouds is typically ~ 1-5 km

s—1.

o Distribution of molecular clouds close to the Galactic plane, 2H = 120
pc, and they occupy a small fraction ~ 2% of the Galactic volume.

o Their mass is about half the mass of the ISM.

o Molecular clouds are the sites of star formation.



3. Components of the ISM

 Warm atomic/neutral medium (intercloud gas)

o The intercloud gas is composed of hot atomic hydrogen (H 1), with an
ionization fraction of 10-20%.

o T=5000-6000 K and it is detected by the 21 cm line of H I.

o Its density is more or less uniform, with a low value of n(HI) =~ 0.1-1
cm-3.

o lItis distributed at a great height above the Galactic plane, 2H ~ 400
pc, and occupies approximately half of the Galactic volume.



3. Components of the ISM

* Photoionized regions (H Il)

o Hllregions are formed by photoionized hydrogen around young
stars. They are found within molecular clouds and are regions created
and maintained by stellar ultraviolet photons. They are detected from
free-free emission in the continuous spectrum and from
recombination lines.

o T=5000-10000 K, with a typical value of 8000 K.
o M =few 100sto 10> M.
o Typical densities are n =~ 102-104 cm~3 and their sizesare L =~ 1 pc

o Distribution of H Il regions close to the Galactic plane



3. Components of the ISM

« Collisionally/hot ionized medium (coronal gas)

o Coronal gas is formed by collisional ionization of hydrogen due to the
extremely high temperatures (T = 10°>-10¢ K) in the region. It is
detected based on its soft X-ray emission (0.1-2 keV).

o Coronal gas is produced by supernova explosions. The shock wave
heats the gas as it passes through to temperatures of 104-107 K, and
the gas takes a long time to cool down.

o lts characteristic height above the Galactic plane is 2H =~ 700 pc.
Coronal gas occupies approximately 50% of the Galactic volume.



3. Components of the ISM

Component Fractional Temperature Scale State of Observational
Volume (%) (K) height,2H Hydrogen techniques
(pc)
Diffuse H | 2-3 50-150 50-500 1-100 250 neutral H | line absorption
region atomic
Molecular ~2 10-30 1000-10¢ 103-10° 120 molecular CO and molecular
clouds lines
Intercloud 50% 5000-6000 50% 0.1-1 400 neutral H | line emission
gas atomic
H Il regions negligible 5000-10* 100-10° 102-104 80-100 ionized free-free, radio
recombination lines,
Ha
Coronal gas 50% 10°%-108 0.1% 10-4-10-2 700 ionized X-ray, absorption
lines of highly
ionized metals




3. Components of the ISM

e Dust

o Interstellar dust consists of grains with a
characteristic size of 0.1pum, which is on the order
of the wavelength of visible light.

o lIts effects are: extinction of starlight, reddening
due to differential extinction (blue light undergoes
more extinction than red light), and interstellar
polarization.




Gas and dust absorb almost all the The dugt produces
visible light from the background reddening

Dust stars
e

o Dust only makes up about 1% of the
ISM but is very good at absorbing
visible light, particularly toward the
blue end of the spectrum. As a result,
starlight shining through a cloud of
dust appears redder, and sometimes
can be blocked entirely.

o Dust clouds are studied at radio and
infrared wavelengths, because the
emission is optically thinner at those
wavelengths and light passes through
dust clouds more easily.



3. Components of the ISM

e Dust

o Interstellar dust consists of grains with a
characteristic size of 0.1pum, which is on the order
of the wavelength of visible light.

o lIts effects are: extinction of starlight, reddening
due to differential extinction (blue light undergoes
more extinction than red light), and interstellar
polarization.

o Extinction is « 1/A in the visible region of the
spectrum, with a peak in the UV at 2200 A. A
typical value for extinction in the Galaxy is ~ 1

mag/kpc.
o There is a good correlation between the column N(H,) 21 Ay
density of molecular gas and the visible extinction [ 2| = ]
cm mag

produced by interstellar dust, A,



3. Components of the ISM

e Dust

o To explain interstellar polarization, we

assume that dust grains are elongated sxagound o s
and partially aligned. The latter is B
explained by the rotation of the grains, W,
which tends to occur around an axis in ék &
the direction of the local magnetic field J:ll
(dust grains aligned with their minor BSIE b
axes parallel to the local magnetic field.) J?.”*"'ﬁm/ a "N
o As starlight interacts with the interstellar v\?'f\[ 1
dust, part of it becomes absorbed by j
the dust grains, which preferentially BN
absorb light along their long axis. This
causes the light to become polarized
along the short axis of the grain. As dust Light Passing Through Crossed Polarizers

grains are aligned with their short axis Polarizer 1

along the direction of the local (Vertical)
magnetic field, the starlight's incident Beam

polarization is also parallel to the
magnetic field.



3. Components of the ISM

e Dust

o The light that is absorbed by the dust
grains is not lost: it heats the grains and
is re-emitted as thermal (black-body)
radiation.

o In emission, light emerges preferentially
along the long axis of the dust grains.
So the polarization of the thermal dust
emission is perpendicular to the
magnetic field.
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3. Components of the ISM

e Dust

o Cosmic dust originates primarily in the envelopes of cool evolved stars (AGBs) and
supernovae (SNe) explosions. These stars eject material, including elements like carbon,
oxygen, silicon, and iron, into space. As this gas cools, these elements condense and form
molecules, which then clump together to create dust particles.

The stellar winds from
AGB stars are sites

of cosmic

dust formation, and are : W %00
believed to be the _ $i0, H, CO
main production sites
of dust in the universe.

In the dust formation
zone, refractory

HCN — CN +H
elements and v . CN—-C+N

compounds (Fe, Si,
MgO, etc.) are

, , ‘ -5
removed from the gas y ‘
; | 3-30 kmis inmerstellar

C/0>1

phase and end up

. . 105104 _iyr radiation field
in dust grains.

t fem) 100 10 104 10" 101
T K} 10° 3000 1000 100 20


https://en.wikipedia.org/wiki/Cosmic_dust
https://en.wikipedia.org/wiki/Cosmic_dust
https://en.wikipedia.org/wiki/Circumstellar_dust

3. Components of the ISM

e Dust

o Interstellar dust is associated with molecular gas and is therefore found in molecular clouds.

o Dust grains play an important role in the formation of some molecules (among them, the most
abundant, H,) and in their preservation once formed by protecting them from ultraviolet
radiation.

HERSCHEL'S VIEW OF THE ORION B MOLECULAR CLOUD‘_’}'
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a
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Continuum emission from dust a different temperatures Blue PACS 70 micron
Green 160 micron
Red SPIRE 250 micron



3. Components of the ISM

- Magnetic field

o Magnetic fields are everywhere
and influence the ISM in many
different ways.

o The physical conditions in the
ISM are significantly affected by
the coupling of charged
particles to the magnetic field.

o Their role in many astrophysical
processes is usually neglected
because it is difficult to take into
account/quantify. Planck Collaboration (2014)




3. Components of the ISM

- Magnetic field

B vs. ny for diffuse and molecular clouds

o The Galactic magnetic field n'H _ n(Hl)'+ 2n(H2)’ | | / s
strength varies cross different S
regions, but on average, it is of | ¢ |
the order a few uG (2-3 uG),
quite weak compared to Earth's

magnetic field (0.2-0.6 G).

[Biosl (HG)

o lts strength depends on the
density of the interstellar
medium, B « n9, with a = 1/3- |
2/3, although there are
significant local variations.

o In star-forming regions, B can Crutcher (2012)

can reach 1 mG in filamentary
structures and ~ 10 mG in

massive star-forming cores (e.g
G31.41+0.31: Beltran et al.

2024)



3. Components of the ISM

« Tools to measure the magnetic field

Dust linear polarization observations:
To explain interstellar polarization, we
assume that dust grains are elongated
and partially aligned. The latter is
explained by the rotation of the grains,
which tends to occur around an axis in
the direction of the local magnetic field
(dust grains aligned with their minor
axes parallel to the local magnetic field.)

As starlight interacts with the interstellar
dust, part of it becomes absorbed by
the dust grains, which preferentially
absorb light along their long axis. This
causes the light to become polarized
along the short axis of the grain. As dust
grains are aligned with their short axis
along the direction of the local
magnetic field, the starlight's
polarization is also parallel to the
magnetic field.

Background Star Emits
Unpolarized Radiation

B
k 4
‘}\: -
.
\ -
-
3
3
‘« -
/ i T
o
/N,
Most Likely A i
Grain Orientation \ " Fs N/ Polarized Light
/L Transmitted
F 4 ¥ E

Polarizer 1 Polarizer 2
(Vertical) (Horizontal) —

Incident Beam
(Unpolarized)



3. Components of the ISM

« Tools to measure the magnetic field

o Dust linear polarization observations:
The light that is absorbed by the dust
grains is not lost: it heats the grains and
is re-emitted as thermal (black-body)
radiation.

o Inemission, light emerges preferentially
along the long axis of the dust grains.
So the polarization of the thermal dust
emission is perpendicular to the
magnetic field.
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3. Components of the ISM

« Tools to measure the magnetic field

The light that is absorbed by the dust
grains is not lost: it heats the grains and
is re-emitted as thermal (black-body)

o Dust linear polarization observations: G31.41+0.31
T R o [

b I e ]

radiation. : =\
—1°12'45" i v=§§'~ ]
o Inemission, light emerges preferentially & 5\;%;‘&;‘15’%’!] ]
. . (@) | ! \'@igéé :

along the long axis of the dust grains. S P = N ]
So the polarization of the thermal dust ~ + B = =) ]
emission is perpendicular to the S 51“2’ SMA | i s
magnetic field. = 18"47734% 34% 342 340

o Linearly polarized dust emission SMA @ 1" (3750 au) ALMA @ 0.24" (900 au)

observations at (sub)mm A's are the
most used technique to probe the
magnetic field morphology in star-
forming regions.

* Dust polarization can also be produced by scattering (in very high dense
regions with large dust grains) = polarization # magnetic field



3. Components of the ISM

« Tools to measure the magnetic field

NGC1333 IRAS4A

an' b JJF\B, PR I

)

o Linear polarization of thermal lines:
Goldreich-Kylafis effect. Linear
polarization of spectral line radiation
(CO, CS) under anisotropic conditions
(Goldreich & Kylafis 1981) trace the
magnetic field direction. Ambiguous :
interpretation (polarization can be || or o oS A g
L or perpendicular to the magnetic o s S Craens T [ g i:tﬁ 1
field) N ATI I 01 T

ah2e™i1%0 10% 10°%0 Chlng+ (2016)

o (J2000)

& {J2000)

;‘iﬁ' x VOB
LW E e

CO linear polarization
in a low-mass core



« Tools to measure the magnetic field

o Circular polarization of thermal (maser)
lines: the only direct way to estimate the
B-field strength is through Zeeman
splitting of spectral lines of
paramagnetic species (CN, SO, C,H) in

the presence of a magnetic field Transitions Egeé%y
(observed either in absorption or i
emission).

o This splitting occurs because the I BRI Spectrum

magnetic field interacts with the
magnetic dipole moment of the atom,
causing their atomic energy levels to
shift and split and resulting in distinct
spectral lines.

without magnetic field with magnetic field




3. Components of the ISM

« Tools to measure the magnetic field

o Circular polarization of thermal (maser)

lines: the only direct way to estimate the 7 "
B-field strength is through Zeeman / NI o
splitting of spectral lines of o / N
paramagnetic species (CN, SO, C,H) in L B ol
the presence of a magnetic field \ P -
(observed either in absorption or b G T
emission). . °

18 T T T T

16t 291.610-0.529 s

o This splitting occurs because the
magnetic field interacts with the
magnetic dipole moment of the atom,
causing their atomic energy levels to
shift and split and resulting in distinct
spectral lines.

14 1667-MHz

Flux Density (Jy)

1 1
10 25

o Clearly observed in masers (H,O, OH),

15 20
. e LSR Velocity (km/s)
also for linear polarization

Zeeman effect splitting the 1665 MHz line in the OH
2 I 3/2 ground state with different transitions

possible



3. Components of the ISM

« Tools to measure the magnetic field

On Galactic scales: Faraday rotation

The Faraday effect is caused by left and
right circularly polarized waves
propagating at slightly different speeds.

It causes a polarization rotation which is
proportional to the projection of

the magnetic field along the direction of
the light propagation.

The magnetic field can be estimated from
rotation measures (RM) if the electron
number density in the ISM is known,

The rotation angle B is directly
proportional to the parallel component of
the field as well as to the square of

wavelength

B=RM-A*




3. Components of the ISM

« Tools to measure the magnetic field

o On Galactic scales: polarization of diffuse
synchrotron radiation

o Diffuse synchrotron radiation is polarized log T, (MK)
due to the emission from relativistic
electrons spinning around Galactic
magnetic field lines.

o Significant tracer of magnetic field strength
and orientation by measuring the total
radio intensity and polarization
respectively.

-3.58

- 11

Map of the Galactic diffuse synchrotron emission



Cosmic rays

The entire galaxy is traversed by
relativistic particles, especially high-
energy electrons, protons, and atomic
nuclei (can also contain high-energy
photons such as gamma rays, and
neutrinos) primarily originating from
supernovae.

The acceleration of electrons in the
Galactic magnetic field produces
Galactic synchrotron background
radiation, concentrated in the Galactic
plane, with a maximum in the direction
of the Galactic center.

Their interactions with the ISM are
crucial for understanding Galactic
evolution. These high-energy particles

influence the dynamics, turbulence, and

evolution of the ISM, affecting
chemistry, star formation, and other
Galactic processes.
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4. Detection of molecules

vibrational transition on CO

o The atoms in molecules can vibrate or rotate around an axis,
emitting or absorbing pulses of energy known as photons at a
certain frequency (radio, sub-millimeter, IR)

o We study interstellar molecules by observing the spectral lines
they emit due to their rotational and vibrational transitions.

o Athree-dimensional molecule such as NH; emits
electromagnetic radiation by reversing its configuration
(inverse transition).




4. Detection of molecules

o A molecule can also present electronic transitions (which involve a change in the distribution of the
electron cloud). This type of transition also occurs in atoms, while the other two are exclusive to
molecules.

Etot s Erot i Evib + Eel

o rotational transitions: T,,; = E,o//xg ~ 5 K
o vibrational transitions: T,;, = E,ip/xg~ 600 K

o electronic transitions: Ty = Eo/xg~ 9 x 104K



4. Detection of molecules

o A molecule can also present electronic transitions (which involve a change in the distribution of the
electron cloud). This type of transition also occurs in atoms, while the other two are exclusive to
molecules.

Etot s Erot i Evib + Eel

Win AV,(R) higher
electronic . '
rotational levels W, .
state [ R e VI(R)
\ l \\'1 h :4
lower \ L\ =, vibrational
electronic L 1 = = levels, W,/
state ) =0 B
T rotational levels W, " VA(R)
V/(R$)-V"(RY) ,, -
- v'=3 _ vibrational
=2 levels, W,"
] I

0 > R




4. Detection of molecules

When the vibrational or rotational state of a certain molecule changes discretely,
obeying quantum dynamics, they emit or absorb photons at a certain frequency,
producing molecular lines.

Energy above Ground State (K)

H,CO Energy Level Diagram
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4. Detection of molecules

Each molecule produces a unique spectrum.
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4. Detection of molecules

When the vibrational or rotational state of a certain molecule changes discretely,
obeying quantum dynamics, they emit or absorb photons at a certain frequency,
producing molecular lines.

Energy above Ground State (K)

H,CO Energy Level Diagram
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E, = hB.o, JU+1)
EJ+1 - EJ = hv = h(2J+1)Brot

where B,., is the rotational constant of a molecule that

represents the spacing between its rotational energy levels

and it's a function of the moment of inertia I: B,,; = #21

B...~ 1— 200 GHz
> v~ 1-200 GHz (for J=0)
- v~ 3 -600 GHz (for J=1)



4. Detection of molecules

The vibrational and rotational transitions produce photons with energies (with
frequencies) in the radio, microwave (sub-millimeter), and IR regime.

o rotational transitions: T, = E,ot/xg ~ 5 K
o vibrational transitions: T, = E,,/xg~ 600 K

o electronic transitions: Ty = Eo/xg~ 9 x 104K

THE ELECTROMAGNETIC SPECTRUM

Wavelength

Microwave. Infrared Visible Ultraviolet Gamma Ray
(meters)
103 102 105 5x100 108 1010 1012
Frequency
(Hz)
104 108 1012 1013 1016 1018 1020

Temperature
of bodies emitting D)
the wavelength

(K) 1K 100 K 10,000 K 10 Million K




4. Detection of molecules

Cepheus Flare phmehng

Orion Complex

Dame+ (2001)



4. Detection of molecules

* H, like other diatomic homonuclear molecules (C,, Ny, O, ...), is highly symmetric and will
always have a linear geometry. Due to this symmetry, the molecule has no dipole moment and
all ro-vibrational transitions within the electronic ground state are forbidden for electric dipole
transitions and instead occur through electric quadrupole transitions with low spontaneous
coefficient values (A;).

* A molecule whose dipole moment is zero cannot emit radiation through rotational transitions:
for electromagnetic energy to be emitted, there must be a change in the dipole moment vector,
and rotation does not produce a change in the dipole moment vector if it is zero.

Bt =

No net dipole moment Net dipole moment
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Taurus molecular cloud in CO

Half of interstellar gas is compressed into 2% of
the volume, and forms interstellar clouds.

The densest interstellar clouds are the
molecular clouds.

Molecular clouds are very dense by ISM
standards, and very cold.

Molecular clouds are formed of dust and gas
with the most common component of these
clouds being molecular hydrogen (H,).

The Sword of Orion (M42) Spitzer Space Telescope * IRAC

NASA / JPLCaltech / S.T. Megeath (University of Toledo, Ohio) 55c2006-16a




(©)

Molecular clouds are not homogeneous and
range greatly in size and density, from small

dense cores with densities > 104 cm-3, up to
giant molecular clouds (GMCs).

Star formation occurs in the densest regions of
molecular clouds: dense cores or dark clouds




5. Molecular clouds

* Properties

Dark clouds Cores in GMCs
Mass (Mg) 0.3-10 10-103
Diameter (pc) 0.05-0.5 0.1-3
Density (cm-3) 104-10° 104-107/
Temperature 10 20-100
Associations Single/binaries OB clusters

NGC 3603 T

B Barnard 59 |B




5. Molecular clouds: composition

o H,

o He (25% in mass)

o dust (1% in mass)

o CO (104 by number)

o CS(~10 by number)
o NH3 (107 by number)
o NoH* (1010 by number)

and many other molecules with low abundances.



5. Molecular clouds

* Morphology

~~"snake” nebula* -

Galactic Latitude

11.30°  11.25°  11.20°  11.15°  11.10°  11.05°  11.00°
Galechc Longitite Taurus molecular cloud




5. Molecular clouds: filaments

« Filamentary structure

Taurus molecula_r cloud

Adapted from J. Jackson




5. Molecular clouds: filaments

« Filamentary structure
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Adapted from J. Jackson




5. Molecular clouds: filaments

« Morphology G14.225-0.506
APEX 870 UM pp o s
o Network of filaments intersecting in high- [ S I .
density hubs (Myers+ 2009; Liu+ 2012), > I - -

where compact cores are found.

o Filaments velocity maps indicate velocity
gradients along them.

- . A
T velocity b7 %%

e i p ¥ Y
SPitzer Spm ) s 3] dispersion
o P, 0 ol ! ol !

20 . 0%0 18"18™20" \®
alJ2000) 18 ]B 20" a{42000) g s o0

Busquet+ (2013)



5. Molecular clouds: filaments

« Formation

o Formation of filaments: large-scale
turbulence (Arzoumanian+ 2011);
convergence of flows or filament-filament
collisions (e.g., Heitsch+ 2008; Jiménez-
Serra+ 2010; Henshaw+ 2013);
Nakamura+ 2012); magnetic fields (e.g.,
Nagai+ 1998; Nakamura & Li 2008).

. intersection of two
* colliding sheets

gravity and/or compressive
component of turbulent flow

type G/C:

oblique MHD shock

type O: induced flow

type S: shear stretching by
" turbulence

Pineda+ (2023)

Schematics of the filament formation mechanisms, where the blue

sheets are shock compressed layers in which filaments are formed,
the black thin arrows represent the magnetic fields, and the thick a
rrows show the gas flow orientations.



5. Molecular clouds: filaments

« Dynamics

o Filaments present either subsonic or

supersonic non-thermal motions (e.qg.
Hacar & Tafalla 2011; Pineda+ 2011).

o Coherent velocity along the filaments (e.g.
Jackson+ 2010; Busquet+ 2010) that
suggests longitudinal collapse (e.g.
Peretto+ 2014) towards the center of the
system.

—-17°32'00"

36.94

(s/w) KiooleA

36.78

Declination (J2000)

~17°34'00"

36.62

36.56

36.40

o Velocity dispersion increases in the hubs,

i 18"14™35° 30°
where star formation occurs. B i e

36.24

40 1gham3s® 30° 25°
Right Ascension (J2000)

Peretto+ (2014)



5. Molecular clouds

- Different evolutionary phases

o e ‘
m n.'.'-'. 7,

w . - : ..

_O Pz 3 » '

cv? wes . -' - 8

1.7 degrees

Spitzer 4.5/8/24 um

pre-stellar core candidate

Adapted from J. Jackson




5. Molecular clouds

- Different evolutionary phases
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5. Molecular clouds

- Different evolutionary phases
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5. Molecular clouds

- Different evolutionary phases
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5. Molecular clouds

- Different evolutionary phases
bubble
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HIl region
Adapted from J. Jackson




5. Molecular clouds

- Different evolutionary phases
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5. Molecular clouds: cloud properties

The standard CO analysis to estimate the physical parameters of a cloud from CO observations

consists in observing the same transition e.g. J=1—0 or 2—1 for 12CO and one isotopologue, usually
IHCO o CEO,

1. Thermalized emission = LTE = T, = T_,(12CO) = T_(3CO) = T,

2. 12CO optically thick: T3 > 1

3. 13CO optically thin: T3 «< 1

4. [1BCO/2CO] = 1/90

5.  Notin R-J because high frequency = TB = Uv(Tex) — ]v (Tbg)](l o e_TO)

e
Where]v(T) = hV/
e

kT-1



5. Molecular clouds: temperature diagnostics

From radiative
transfer equation

N

LTE
N2

If o > 1 (optically thick) = T = To, = Ty = Ty = Ty

If 1o < 1 (optically thin) = Tg = (T, — Tyg) To = knowing T, = 1

optically thin

I
|

(Tox — Tbg)rv
¢ (Tex — Tog)(1 —e7™)

Tex = T'l)g

The line saturates and the
— linewidth increases

optically |
thick % Av, A
N
| | |
3 -2 -1 0 1 2 3

(v — visr)/Av



5. Molecular clouds: temperature diagnostics

Obtaining T,

Tg

In the limit of large optical depth for the 12CO line,

T12 5 12(T ) o 12('1" )

B —'] ex ] bg
-3 =2 -1 0 1
where T, (= T, because LTE) is (v — visr)/Av
hv
T — /i
ex — hV/k
In|1+
Tg® +J12(2.7) | e—— T,z=2.7K
5.53 11.06

ForJ=150: T,, = for J=2->1: Toy =

ln[1+—5'53 ]

11.06
Tg"+0.82

12
TB +0.19



5. Molecular clouds: optical depth

Obtaining 7

Tg
In the limit of small optical depth for the 13CO line, and for T, (12CO) =
Tex(13CO)

T3 = [ (To) = 3 (Tog) (1 - &%)

T313 — UlS(Tex) _]13(Tbg)]r(%3

where 1,13 is

T13
120 i B
e [1 T2 (Te) = (T
ex bg
13 Tg®
ForJ=1-20: Ty~ = —In|1 - 5.29
5_29/ — 0.87
e Tex_q
13 Tg"
10.58/ —0.21
e Tex—_q

-3 -2 -1 0 1 2 3
(v — viLsr)/Av



5. Molecular clouds: optical depth

Obtaining 7

Assuming that the frequencies of the two isotopologues are similar, the
optical depth can also be obtained:

T13
B
3= —In|1-=—=
T12
B
13 _ Tg°
If 75> < 1, then Ty~ = =)

B

-3 =2 -1 0 1 2
(v —vLsr)/Av



5. Molecular clouds: column density

Obtaining N3

The optical depth in 13CO is then converted into a column density as follow

2]+ 1Dhc3A,,_ hvyj-1 —U+Dhvy 4
To=( J 2 £ i 1N(e kTex—l)e /ZkTex
16mjv?,_AVT,,
For 3CO J=1-0, A;,= 6.29x108 s'1

13

13
N _ i [ AV ] [Tex] T
Cm—z km S—l K 1 _ e—5..29/Tex

Obtaining Ny,

If the abundance of 13CO [H,/13CQ] is known, then:

N(H,) = [ ]N13

13co



5. Molecular clouds: mass

Obtaining M(H>)

N(H,) = [ 2% N3

13¢co

If R is the radius or the cloud, then:

M(Hz) = T[RZN(HZ) Mmy-
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Taurus molecular cloud
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5. Molecular clouds: kinematics

Declination (J2000)

-2°03'

04'

05'

06'

07'

08'

09'

Vo1 ’ |
18s 12s 06s 18h30m00s
Right Ascension (J2000)
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7.50

7:35

6.75
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