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The interstellar medium

● The Circumstellar Medium:
− Individual astrophysical 

objects, generally associated 
to young and luminous stars 
or end-life-phases of stars

● The diffuse component 
-more generally defined 
Interstellar Medium (ISM)







656.28 nm



 Hourglass Nebula 
1996 (HST)





Discovery of the Interstellar Medium

● 1795 → Sir William Herschell 
● Stellar distribution was patch 

in the sky
● Existence of dark regions in 

the sky particularly devoid of 
stars:
− “holes in heavens”

Dark cloud B68



 





Historical evidence for dust
The apparent size of an open cluster 
decreases like the inverse of the 
diameter distance.
The total flux of an open cluster 
decreases like the inverse square of 
the luminosity distance.
If open clusters have on average the 
same size and luminosity, one can 
get their luminosity ("photometric" in 
the plot) and diameter distances from 
observed flux and angular size.
As we are inside the galaxy, 
luminosity and diameter distances 
are the same.
Extinction of more distant objects is 
revealed by a flattening of the relation 
of luminosity vs diameter distance.
Because it is a continuum 
absorption, it must be due to dust.
Where there is dust, there must be 
gas!

Trumpler, 1930



Dust

● Today we now that apparent 
“holes in heavens” are opaque 
clouds of dust grains and 
molecules → Extinction of 
light

Dark cloud B68



The Interstellar Medium (ISM)

The insterstellar medium is characterized by:
● very low density (prohibited lines),
● a large range of temperatures, from ~10 to 106 K,
● possibly different temperatures for electrons and ions,
● a large range of ionization states,
● complex geometry, complex kinematics,
● significant presence of dust,
● very long mean free paths for particles, thermodynamic 

equilibrium is hard to achieve,
● several coexistent phases in rough pressure equilibrium,
● rough vertical equilibrium with different, 

temperature-dependent scale heights for various phases,
● weak magnetic fields,
● significant presence of cosmic rays.



ISM COMPOSITION

Polycyclic aromatic hydrocarbon 



The ISM: basic concepts

● Subject to gravity collapses and formes new 
stars

● Also gas pressure, magnetic forces,cosmic 
rays (complex!)

● Mass of gas not related to T→ hard to 
measure distances

● In optically thin emission, mass is 
proportional to intensity

● We need to find these optically thin regions!



How do we observe the ISM?



The ISM of Galaxies

● Composed of:
−Gas(~99%, of which~90% is hydrogen)
−Dust Particles
−Magnetic field
−Relativistic particles

Dust causes the extinction, and reddeninig!!



relative visibility 

2175 Å feature:
Origin not completely understood: 
graphite and Polycyclic aromatic 
hydrocarbon (PAH)?

Color excess



● Absorption of starlight

● Caused by interstellar dust
● Scatter/absorb light at wavelength smaller than its 

characteristic size
● UV light is absorbed while infrared light passes
● Absorption warms dust grains to~10K





Dust in the ISM

● Dust particles are grains of size of the order of 0.1 um
● Dust is ~1% of total ISM
● Absorbs and re-emits light (Interpretation of SFR) 
● Dust as a coolant:

− Dust as a catalyst for H2 (Star formation process)
− Dust depletes metals (Metallicity and chemical abundances)



Interstellar extinction: observations

● DIRBE:Diffuse InfraRed 
Background 
Experiment@COBE:
− A direct measurement of the 

extragalactic background light 
in the 125 to 5000 μm 
wavelength region by the 
Diffuse Infrared Background 
Experiment (DIRBE) and Far 
Infrared Absolute 
Spectrophotometer (FIRAS) 
on board the Cosmic 
Background Explorer (COBE).



Interstellar extinction: observations

ISSA: IRAS Sky Survey Atlas
● Scanned the MW at different wavelengths(12,25,60,100μm)
● Determined dust column density and then E(B-V)using B-V colours of elliptical galaxies
● Convert to extinction using standard Rv=3.1
● Integrated extinction in the line of sight

Blue: 12 μm Green: 60 μm Red: 100μm



Interstellar extinction: observations

● Extremely high in the Galactic bulge

Gonzalez et al. 2012, A&A



Interstellar extinction: observations



Objects: Dark nebulae

● Dark bands straddle the Milky 
Way

● Dark clouds range from tiny (0.01 
pc) so -called Bok globules, to 
tens of pc for large clouds; large 
range in AV

● Sometimes very faint reflected 
light and often bright in MID/Far IR

● Some even dark at mid - IR: 
Infrared Dark Clouds (IRDCs)



Dust in the ISM



Dust in the ISM
Summary of the Evidence for Interstellar Dust:
● Extinction, reddening, polarization of starlight
● Dark clouds 
● Scattered light:
− reflection nebulae 
− diffuse galactic light

● Continuum IR emission:
− diffuse galactic emission correlated with HI & CO
− young and old stars with large infrared excesses

● Depletion of refractory elements from the 
interstellar gas (e.g., Ca, Al, Fe, Si)













Molecular Gas

● Looking for Polar Molecules:



Molecular Hydrogen: H2

● Molecular hydrogen, H2, is symmetric and therefore has no 
permanent electric dipole moment. So despite the fact that H2 is the most abundant molecule in the Universe, it only radiates 
when shocked or irradiated to T≥1000 K, while most H2 is at 
T~10–100 K.

● Because H2 is very difficult to observe directly, we use CO to 
trace the molecular gas content of the Milky Way (and other 
galaxies, too!)

● We use a conversion between CO intensity and H2 mass 
called the “XCO-factor”, which is roughly constant in the Milky 
Way, but is highly unlikely to be universal, and this uncertainty 
plagues extra- galactic CO observations (one part in 105).



CO

● CO is the second most abundant 
molecule in the galaxy (after H2), 
with J=0-1 and J=1-2 transitions at 
2.6 mm (115 GHz) and 1.3 mm 
(230 GHz) respectively

● For CO J=0-1 and J=1-2, the 
excitation temperatures are ~11 K 
and 17 K, respectively

● The critical density, at which 
collisional excitation is in 
equilibrium with emission, for CO 
J=1-2 is 700 cm-3, typical of giant 
molecular clouds in the MW



Phase: Molecular gas



Phase: Molecular gas

Heyer & Dame (2015)



Radio observations (21cm line):

● By late 20s we knew MW was differentially rotating (dynamics of stars 
in our stellar neighbourhood)

● To study large scale rotations, we needed to observe the “other side” of 
our Galaxy

● Dust absorption limits our ability to map the MW

● Radio waves can travel through dust

● Hydrogen: hyperfine transition of HI

● Jan Oort (in Leiden) wondered if 21cm line could be observed from ISM

VISIBLE

RADIO



History of 21cm line

● 1947 → Van de Hulst predicted 
that 21cm line from ISM should 
be easily detectable

● Oort and his student Mueller 
used a radar antenna from 
WWII in Wurzburg to detect 
21cm line:
− A fire destroyed the equipment

● At the same time Edward and 
Ewen built a horn-antenna to 
detect 21cm line

● First time detected on easter of 
1950

● Waited until Oort and Mueller 
rebuilt their experiment and 
published together (1951)

Jan Oort

Henk van de Hulst

Edward Mills Purcell

Harold Ewen



Radio observations (21cm line):

Hydrogen is the most abundant 
element in the Universe and in the 
interstellar medium (ISM) of the 
Milky Way. The cold interstellar 
gas does not emit radiation at 
visible wavelength…
... But at radio wavelengths due to 
a hyperfine line from two closely 
spaced energy levels in the 
ground state of the neutral H atom 
(HI). An HI atom with the spins 
aligned will spontaneously flip 
back to the lower energy, 
non-aligned, state after sometime.

Hyperfine transitions are a consequence of coupling 
between nuclear spin and the magnetic field 
generated by the orbiting electron.



Radio observations (21cm line):

The frequency of the centre of this line is defined from quantum mechanics:

gI ≈5.58569 is the nuclear g-factor

α is the fine structure constant

RMc is the hydrogen Rydberg frequency

Radiative half-life ~11million years (small width) → The average hydrogen atom takes a long time to make this transition;
but, since hydrogen is by far the most abundant element, 21 cm radio emission is ubiquitous in the Galaxy.



Mapping the Milky Way in HI





Mapping the Milky Way in HI

Oort et al. 1958, MNRAS



Mapping the Milky Way in HI



The ISM of Galaxies

● Observations in e.g.,Hα and 
21cm line in galaxies

● Measurement of intensity from 
each position

● Done in narrow frequency 
ranges (channels)

● Doppler effect: results in a range 
of velocities

Maps of the 21 cm line radiation. The heliocentric velocity (in 
km/s of each channel map is indicated in the lower right 
corner; the crosses refer to star positions.



The ISM of Galaxies

● Optically thin line: amount 
of material moving

● HI column density



Galaxy NGC 7331

● Since the gas is moving within the 
galaxy, its line emission is Doppler 
shifted according to the radial velocity 
Vr; 

● Set the telescope to observe 
simultaneously in a number of closely 
spaced frequency channels; typically, 
each covers a few kilometers per 
second in velocity.

● For the most part, HI in galaxy disks is 
optically thin; the 21 cm line suffers 
little absorption, so the mass of gas is 
just proportional to the intensity of its 
emission.

1.1 × 1010M
⊙
 of atomic hydrogen; this is twice as much as in M31.



● Neutral atomic gas (HI) and dust (seen in IR) are largely 
confined in the spiral arms



MeerKAT - Fornax Survey 
(Serra+23)



Rotation Curves

● Vera Rubin observations (‘70s)
● Second (after Zwicky in Galaxy Clusters) evidence for DM 







21 cm redshift to z=6 (200 MHz) to z=17 (80 MHz)





HII Regions

● When hot, massive stars reach the zero age main 
sequence (ZAMS) with O or B spectral types, they do 
so shrouded in a cloak of gas and dust. The bulk of 
their radiation is emitted in the ultraviolet portion of the 
electromagnetic spectrum. Those photons that are 
produced with energies in excess of 13.6 eV can 
ionize the ground-state hydrogen gas (H I) in the ISM 
that still surrounds the newly formed star.



Stromgren sphere

H II regions are in equilibrium, the rate of ionization 
must equal the rate of recombination; photons must be 
absorbed and ions must be produced at the same rate 
that free electrons and protons recombine to form 
neutral hydrogen atoms.



Stromgren sphere



Resonant scattering of Lyman alpha: Fluorescence



HII Regions
● H II regions surrounding early - type (<B2, Teff >25,000 K) 

stars, emitting lots of photons beyond Lyman limit (13.6 eV) 
ionized gas, bright visible nebulous objects

● Associated with massive star - forming regions optical spectra 
dominated by H and He recombination lines (fluorescence)

● Collisionally excited, (forbidden) optical lines from ions like [O 
II], [O III], and [N II]

● Volume contained is called Strömgren sphere
● Balmer lines emit prominently in optical
● Dust absorbs blue light stronger than red 
● Ratio of Hβ to Hα tells us about dust properties (absorption)
● Strong sources of thermal radio emission (free - free) + 

infrared emission from warm dust



Diffuse ionized gas (DIG)
Also called warm ionized medium (WIM) – Not to be confused 

with Warm Hot Intergalactic Medium (WHIM)
● Hα emission dominated 

by H II regions, but most 
ionized gas resides in a 
huge, diffuse reservoir 
(109 M

⊙
 )

● Diffuse Ionized Medium, 
0.2 cm-3 , 8000 K

● Ionized by photons 
escaped from HII regions

● Produces a faint 
emission-line spectrum 
that is seen in every 
direction of the Galaxy

● Constitutes 90% of the 
ionized hydrogen mass in 
the Galaxy



Diffuse ionized gas





How do we observe the ISM?




















