
*19/02/20

 Complementary Astrophysics
L7 - The Interstellar Medium 



What did we learn?



What did we learn?

1. Galaxy constituents
2. Star formation cycle
3. Molecular Clouds
4. Star formation Tracer
5. Star Formation Laws
6. Starburst Systems



Highlights
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Outline of the course
1. History
2. Review of the general concepts
3. Galaxies in our local Universe
4. Galaxies kinematics
5. Scaling relations
6. Star formation
7. Interstellar Medium



ISM: What is?
One of the slides in previous lesson showed that galaxies are essentially ‘void’: the stars are a 
small fraction of the total volume and the distance between stars is big compared to the galaxy size.

In reality, the interstellar regions are filled with a dilute gas called ISM. The main constituents are:
- 99% = Hydrogen and Helium
- 1% = dust grains and heavy elements
ISM spans ~10 orders of magnitude in density and ~8 order of magnitude in temperature. The 
number density of the air we breathe is 3x1019 atoms/cm3  (extremely diffuse gas but still…..)   



ISM: What is?
The ISM represents ∼10-15% of the total mass of the Galactic disk. The 
distribution of the ISM is not homogeneous, concentrating near the Galactic 
plane and along the spiral arms. 
Half of the ISM mass is in discrete clouds occupying ∼1-2 % of the 
interstellar volume.

Gouliemis et al. 2018



Type of Clouds
The interstellar clouds can be divided into three types:
a) Dark Clouds: made of very cold molecular gas (T∼10-20 

K) that absorbs the light from background stars.



Type of Clouds
The interstellar clouds can be divided into three types:
b) Diffuse Clouds: made of cold atomic gas  (T∼100 K) 

almost transparent to the background starlight, except at 
specific wavelengths, giving rise to the absorption lines.



Type of Clouds
The interstellar clouds can be divided into three types:
c) Translucent Clouds: made of molecular and atomic 

gases, shows intermediate visual extinctions.

Zhao et al. 2015



ISM
The interstellar clouds can be divided into three types:
a) Dark Clouds: made of very cold molecular gas (T∼10-20 K) that absorbs the light 

from background stars
b) Diffuse Clouds: made of cold atomic gas  (T∼100 K) almost transparent to the 

background starlight, except at specific wavelengths, giving rise to the absorption 
lines.

c) Translucent Clouds: made of molecular and atomic gases, shows intermediate 
visual extinctions.



https://docs.google.com/file/d/1F7sWhTb8qKcbHt44kQUIvDMt-gMCsIor/preview


ISM: Molecular
- Interstellar molecules (CH, CH+, and CN) were 
discovered in the late 1930s, through the analysis of 
the optical absorption lines in stellar spectra.
- In 1970 ultraviolet astronomy from above the Earth’s 
atmosphere detected the most abundant interstellar 
molecule, H2.
- CO, the second most abundant element, was 
identified in a UV stellar spectrum in Smith and 
Stecher, 1971.

Evans et al. 2016



ISM: Molecular
Molecular gas is structured in discrete clouds:
- giant complexes with sizes of a few tens of parsecs, a mass of M~106 M

⊙
, and 

hydrogen number density n∼100-1000 cm-3

- small dense cores with sizes of a few tenths of a parsec, a mass M∼0.3-103 M
⊙
, and 

hydrogen number density ∼104−106 cm-3.



ISM: Molecular
Most of the molecular clouds are sufficiently massive to be in dynamic equilibrium because of self-gravity, 

satisfying the virial theorem, G*M/R∼σ2, (M, R, and σ are the cloud mass, radius, and internal velocity 
dispersion, G is the gravitational constant).

Measurements of the CO emission lines show that molecular clouds are very cold, with temperatures 
around 10-20 K (Goldsmith, 1987). 

Thermal speeds at these temperatures are negligible with respect to internal velocity dispersions. This 
means that the gas pressure inside molecular clouds is dominated by internal turbulent motions.

Simon et al. 2001



ISM: Neutral
Neutral atomic hydrogen, usually denoted by HI (as opposed to HII for ionized 
hydrogen), is not observable at optical wavelengths: particle collisions are so rare that 
nearly all hydrogen atoms have their electron in the ground energy level. 

All the electronic transitions between the ground level and an excited state (the Lyman 
series) fall in the UV regime, with the most common line, Lyman α (n=2 → n=1) being 
at 1216 ̊A.

Dickey & Lockman 1990



ISM: Neutral
Neutral atomic hydrogen, usually denoted by HI (as opposed to HII for ionized hydrogen), is not 
observable at optical wavelengths: particle collisions are so rare that nearly all hydrogen atoms 
have their electron in the ground energy level. 

All the electronic transitions between the ground level and an excited state (the Lyman series) fall in 
the UV regime, with the most common line, Lyman α (n=2 → n=1) being at 1216 ̊A.

Shapley & Steidel 2018



ISM: Neutral
The event that opened the era of radio-astronomical observations of interstellar HI was the 
detection of the interstellar 21-cm line emission predicted by Hendrik van de Hulst.

This line is due to the “hyperfine” structure of the hydrogen atom: the interaction between the 
magnetic moment of the electron and that of the proton leads to a splitting of the electronic ground 
level into two extremely close energy levels, in which the electron spin is either parallel (upper 
level) or antiparallel (lower level) to the proton spin.

It is the “spin-flip” transition between these two energy levels that correspond to the now-famous 
21-cm line.  The major advantage of 21-cm photons resides in their ability to penetrate deep into 
the ISM, thereby offering a unique opportunity to probe the interstellar HI gas out to the confines of 
the Milky Way.

Price 2016



ISM: Neutral
The event that opened the era of radio-astronomical 
observations of interstellar HI was the detection of the 
interstellar 21-cm line emission predicted by Hendrik 
van de Hulst.

This line is due to the “hyperfine” structure of the 
hydrogen atom: the interaction between the magnetic 
moment of the electron and that of the proton leads to 
a splitting of the electronic ground level into two 
extremely close energy levels, in which the electron 
spin is either parallel (upper level) or antiparallel (lower 
level) to the proton spin.

It is the “spin-flip” transition between these two energy 
levels that correspond to the now-famous 21-cm line.  
The major advantage of 21-cm photons resides in their 
ability to penetrate deep into the ISM, thereby offering a 
unique opportunity to probe the interstellar HI gas out 
to the confines of the Milky Way.

This image shows a galactic "superbubble" in HI (green) and 
HII (purple) about 7 kpc distant and 3 kpc in height.  Stellar 
winds and supernovae in young star clusters blow these 
bubbles.  Images of HI away from the galactic plane are 
easily contaminated by sidelobe responses to the strong and 
widespread HI emission from the plane itself.  The low 
sidelobe levels of the clear-aperture GBT make such HI 
images possible.  Image credit: NRAO



Warm ISM
- O and B stars, massive and hot, 
emit a strong UV radiation which 
below 912 ̊A (corresponding to an 
energy of 13.6 eV), is sufficiently 
energetic to ionize hydrogen atoms. 
For this reason, these stars are 
surrounded by HII regions within 
which hydrogen is almost fully 
ionized. 

- Ionizing UV photons are promptly 
absorbed by neutral hydrogen, and 
the transition between the HII 
region and the ambient ISM is 
abrupt. Inside the HII region, ions 
and free electrons keep 
recombining before being 
separated again by fresh UV 
photons from the central star.  
Thus, the HII region grows until the 
rate of recombinations within it 
becomes large enough to balance 
the rate of photoionizations.

NGC 604, a giant H II region in the Triangulum Galaxy



Warm ISM
The radio continuum radiation of an HII region arises from the “bremsstrahlung” or 
“free-free” emission generated as free electrons are accelerated in the Coulomb field 
of positive ions (H+, He+, He++). Paron et al. 2013

The observed radio/FIR spectrum of M82 is the sum 
(solid line) of synchrotron (dot-dash line), free-free 
(dashed line), and dust (dotted line) components.

Klein et al. 1988



Warm ISM

Schweizer et al. 2013

- Emission lines, found at optical, infrared, and radio wavelengths, are primarily due to radiative 
recombination of hydrogen and helium ions with free electrons, and to radiative de-excitation of 
collisionally excited ionized metals.
- Of special importance are the optical hydrogen Balmer lines produced by electronic transitions 
from an excited state n > 2 to the first excited state n=2 because each recombination of a free 
proton with a free electron into an excited hydrogen atom leads sooner or later to the emission of 
one Balmer photon.



Dust
The dust is made of particles of silicates, carbon, ice, and iron with a typical size of 0.1 microns. 
Optical and UV emission, at similar wavelengths, can be scattered or absorbed by dust: interstellar 
reddening.

Porous chondrite 
interplanetary dust



Dust

- The dust is made of 
particles of silicates, 
carbon, ice, and iron 
with a typical size of 0.1 
microns. 

- Optical and UV 
emission, at similar 
wavelengths, can be 
scattered or absorbed 
by dust: interstellar 
reddening.

- The IR bands at 9.7 
μm and 18 μm maybe 
imputed to amorphous 
silicates (Knacke and 
Thomson, 1973; Draine 
and Lee, 1984).

De Jong et al. 2000



Dust
- The carrier of a set of five mid-IR emission lines 
between 3.3 and 11.3 μm has been identified with 
polycyclic aromatic hydrocarbons (PAHs; Duley and 
Williams, 1981; Leger and Puget, 1984).

- Other weaker features attest to the presence of 
additional species, amongst which amorphous carbon 
and organic refractory material (Tielens and Allamandola, 
1987).

Li et al. 2020



Stars-ISM
Stars affect the ISM through: 
- UV radiation field
- Stellar wind
- Supernova explosion

Henry et al. 2002



UV radiation field
UV photons from O-B stars interacting with the ISM produce:

1)  dissociation of H2 molecules (if λ <1120 ̊A) at the surface of molecular clouds (Federman et 
al.,1979), in photodissociation regions (Hollenbach and Tielens, 1999)

2) ionization of the gas: compact HII regions and more remote diffuse areas (warm ISM)

3) heat the ISM in the HII regions up to ∼8000 K, causing an expansion of the ionized bubble into 
the ambient ISM.

Henry et al. 2002



Stellar wind
- Low-mass stars before joining the main sequence (prolonged phase of hydrogen burning in the stellar 
core) experience energetic outflows (Lada, 1985). 

- When stars go off the main sequence, they successively pass through the red-giant, 
asymptotic-giant-branch (AGB), and planetary-nebula stages, during which they lose mass (Salpeter, 
1976; Knapp et al.,1990).

- High-mass stars suffer rapid mass loss throughout their lifetime (Conti, 1978; Bieging, 1990). Their wind 
becomes increasingly powerful over the course of the main-sequence phase (e.g., Schaller et al.,1992)



Supernova explosion
Supernovae come into two types:
- Type I supernovae arise from old, low-mass stars, accreting material from a 
companion, which produces a thermonuclear instability.
- Type II supernovae arise from young stars with initial mass>∼8M

⊙
, whose 

core collapses gravitationally once it has exhausted all its fuel (Woosley and 
Weaver, 1986).



What did we learn?

1. What is the ISM
2. Type of clouds
3. Molecular component of the ISM
4. Neutral component of the ISM
5. Dust component of the ISM
6. Stars-ISM relation


