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Gas in the Milky Way

Between the stars in the disc of the Milky Way there is gas, which is the stuff from which 
the stars were originally made, and to which stars return heavy elements from their nuclear 
burning processes. Almost all the gas in the Milky Way lies in the disc, although the mass of 
gas is only 10% of the mass in stars.

Gas gives a galaxy its distinctive properties, without gas the Milky Way would be an S0 
galaxy, not a spiral, as the disc would have no young stars and no spiral pattern.

Only half the starlight from the Milky Way escapes the galaxy, dusty interstellar gas absorbs 
the rest.
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Gas in the Milky Way
Like the stars, the gas in the Milky Way is subject to gravity, which ultimately causes the 
densest gas to collapse and form new stars.

However, unlike stars, the interstellar gas is subject to additional forces like gas pressure, 
magnetic forces, and the pressure caused by Cosmic Rays. The gas is heated and ionised by 
stellar radiation; it is shocked and set into motion by fast stellar winds, violent supernovae 
explosions and passage through the spiral arms - it is a complex environment! 

Unlike stars, gas does not come in standard units of size. The mass of a clump of gas is not 
related to its temperature, or any other quantity we can measure independent of distance.

So the distances to gas clouds are very uncertain, except for very unusual cases where we 
know that the gas surrounds a star.

When we see absorption lines from the gas in the spectra of stars, then we know the gas is 
infront of the star.

From gas in circular orbits in the Milky Way disc we can determine kinematic distances. We 
can measure the radial velocity of the gas in all directions, and thus build up a picture of 
how the gas is distributed in the disc of the Milky Way.
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Gas in the Milky Way
When all radiation reaches us without being absorbed (optically thin emission), the mass of 
gas moving with a particular velocity is proportional to the intensity of the radiation.

Visible light is absorbed by interstellar dust, whereas radio waves can travel through.

But sometimes in a large disc of gas we can look through enough material that the radio 
waves from distant gas are partially absorbed by gas closer to us (optically thick emission). 
HI is optically thick in the inner parts of the Milky Way, for example.

Dense cool clouds are often traced by molecular emission, at millimetre wavelengths, of 
12CO, which are nearly always optically thick, much molecular gas is thus hidden from view.

The most common molecule is H2, but because it is a symmetric molecule there are no 
strong emission lines, making it very hard to detect directly.  The next most abundant 
molecule is CO (there is one CO molecule for every 104 of H2).

Interstellar gas is in motion on large and small scales. Like stars, interstellar gas clouds do 
not follow exactly circular orbits about the Galactic centre. They also have random 
motions, typically ~5km/s for molecular clouds, and 8-10km/s for clouds of HI.
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Neutral atomic hydrogen: HI
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.

The frequency of the center of this line is 
defined from quantum mechanics:
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where gI≈5.58569 is the nuclear g-factor for a proton,                                        is the fine 
structure constant, and RMc is the Rydberg frequency

This frequency corresponds to a wavelength, λ≈21 cm and therefore this line is often 
called “the 21-cm line”

↵ ⌘ e2/(~c) ⇡ 1/137.036

hyperfine transitions are a consequence of coupling 
between nuclear spin and the magnetic field generated 
by the orbiting electron.
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Neutral atomic hydrogen: HI
The 21-cm line is the result of the magnetic interaction between the electron and proton 
spins and so is a magnetic dipole transition

The emission coefficient of this magnetic dipole is: A10 =
64⇡4
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where         is the Bohr magneton, the intrinsic dipole moment of the electron: electrons 
have spin angular momentum              , classical radius                        , and charge e, so
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⇡ 9.27⇥ 10�21 ergG�1

One of the rare occasions in astronomy where a non-terrestrial phenomena was precisely 
predicted, by Henk van de Hulst in 1944 before it was actually observed, in 1951.

Thus the emission coefficient for the 21-cm line is

and therefore its radiative half-life is about

A10 = 2.85⇥ 10�15 s�1

⌧1/2 = A�1
10 ⇡ 3.5⇥ 10

14
s ⇡ 11million years

This is really long!  But there’s a lot of neutral hydrogen out there... 
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First Detection of HI First Dutch Radio Telescope, Kootwijk

First observations with the radio telescope near Kootwijk

Radio observations Measure flux density as function of frequency
i.e. as function of velocity (Doppler effect)

Integral of the observed flux density over
Frequency (velocity) provides the total number 
of HI atoms along the line of sight:  the column 
density NHI in cm-2

Ewen & Purcell 1951, Nature, 168, 356
Muller & Oort 1951, Nature, 168, 357
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By measuring the radial velocity of the 21cm line and 
its intensity, we can measure the distance to and 
amount of HI in the Milky Way

compare the observed frequency of the line with 
1420.406 MHz to get the radial velocity:

and integrate the observed intensity over frequency 
to get the column density (NHI in cm2) of neutral 
hydrogen
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and v = cz

Mapping the Milky Way in HI

Oort, Kerr & Westerhout 1958 MNRAS, 118, 379

8



The Leiden-Argentina-Bonn (LAB) HI Survey
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Kalberla et al. 2005 A&A

R = R0 sin l

V (R) = Vr + V0 sin l
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Kinematic distances to gas in the Milky Way
As we look across the MW, we see the HI gas take on a distribution of gas clouds with 
different radial velocities

These are clouds at different distances with different angular speeds

Kinematic of the Milky Way

Discovery of the 21-cm HI line:   possibility to “see”
 

the entire Milky Way

Example of an HI profile measures along a particular line of sight:

The locations labelled
 

A -
 

D cause HI emission at the velocities 
labelled

 
A -

 
D in the emission profile.

Can we understand their velocities? 

Cloud A has the highest velocity: it sits 
at the tangent point along our line of 
sight, so its radial velocity is maximized

Clouds B & C have different distances 
but the same velocity: they sit at the 
same radius from the GC with the same 
velocity

Cloud D is the furthest and has negative 
velocity because it sits at R>R0
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Sun

GC

The distribution of HI in the Milky Way
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The rotation curve of the Milky Way from HI
By mapping the MW in HI, we can then 
determine the rotation curve V(R)

This only works for circular motion 
around the Galactic centre: spiral arms 
and the Galactic bar will disturb the 
rotation curve by 10–20 km/s or more.

Spiral
arm

Bar

N: Northern HI (0º < l < 180º)
S: Southern HI (180º< l < 360º)

In the outer galaxy, we need to use 
other tracers, like young stars or their 
associated hot or cold gas clouds

Open points: v0=200 km/s
Crosses: v0=220 km/s
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The distribution of HI in the Milky Way
The column density of neutral hydrogen gas along some line of sight is defined:

NHI =

Z

los

nHIds

where nHI is the number density of neutral hydrogen (HI) atoms

If the optical depth of the cloud, τ ≪1, then we can measure the column density from the flux 
emitted by the cloud as

where Tb(v) is the observed 21cm brightness temperature, and the velocity integration extends 
over the entire HI profile.

NHI = 1.82⇥ 1018
Z 

Tb(v)

K
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Tb =
I⌫c2

2k⌫2

h⌫ ⌧ kT
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P. M. W. Kalberla et al.: The LAB Survey of Galactic HI 781

Fig. 3. H  emission integrated over the velocity range −400 < v < +400 km s−1 in the LAB dataset, shown in an Aitoff projection. The Galactic
center is in the middle. The integrated emission (0 < NH < 2 × 1022 cm−2, logarithmic scale) yields column densities under the assumption of
optical transparency; this assumption may be violated at latitudes within about 10◦ of the Galactic equator.

Fig. 4. Anticenter view of the H  emission integrated over the velocity range −400 < v < −100 km s−1 in the LAB dataset, shown in an Aitoff
projection. The integrated emission (0 < NH < 5 × 1020 cm−2, logarithmic scale) yields column densities under the assumption of optical
transparency; this assumption may be violated at latitudes within about 10◦ of the Galactic equator.

Fig. 5. Anticenter view of the H  emission integrated over the velocity range +100 < v < +400 km s−1 in the LAB dataset, shown in an Aitoff
projection. The integrated emission (0 < NH < 5 × 1020 cm−2, logarithmic scale) yields column densities under the assumption of optical
transparency; this assumption may be violated at latitudes within about 10◦ of the Galactic equator.

Kalberla et al. (2005): the Leiden-Argentina-Bonn Survey 

The distribution of HI in the Milky Way
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N: Northern HI
S: Southern HI

The distribution of HI & H2 in the Milky Way

“Spikes” are spiral-arm crossings

Note that the distribution of HI in 
the Northern and Southern MW is 
not the same

based on kinematic distances, using CO to trace H2. 

M(HI)MW ≈ 4-8 x 109 M⦿ twice the mass of H2.

almost all H2 but less than half HI lies within the solar circle
Molecular gas is piled up in a ring of radius 4 kpc.
HI disc is thicker than molecular disc.
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The distribution of HI in the Milky Way halo

HI can also be found far above the plane of the disc. These are high-velocity clouds of HI 
that rain down on the disc with velocities approaching 100km/s. Some of this may be disc 
material which has been thrown up by supernovae or winds from hot massive stars, and 
now it is falling back. Some are known to come from external systems (e.g., Magellanic 
Stream).

looking away from the Galactic centre
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The distribution of HI in the Milky Way halo
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The distribution of HI in the Milky Way halo
HIGH VELOCITY CLOUDS
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The distribution of HI in the Milky Way halo
HIGH VELOCITY CLOUDS
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The distribution of HI in the Milky Way halo

Wakker et al. 2007, 2008; Tripp et al. 2003 

Complex A 
d ≈ 8-10 kpc 
M ≈ 106 M!!

Complex C 
d ≈ 6-11 kpc 
M ≈ 107 M! 
Z ~ 0.15 Z!!

Cohen Stream 
d ≈ 4-11 kpc 
M ≈ 106 M!!

GCP 
d ≈ 9.8-15.1 kpc 
M ≈ 106 M!!

HIGH VELOCITY CLOUDS
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Molecular gas in the Milky Way
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.

A polar molecule has a non-zero electric dipole moment and so will radiate due to both 
rotational and vibrational modes

A rotating molecule has an angular moment that is quantized in units of ℏ:                              

where I is the moment of inertia of the molecule and ω is its angular frequency of rotation

L = n~ = I!

The energy of the state with rotational quantum level J is

And only transitions between states J and J±1 are permitted:

The emitted frequency of a transition is then

where m is the reduced mass of the molecule and req is its equilibrium radius

E
rot

=
J(J + 1)~2

2I
, where J = 0, 1, 2, ...

�J = ±1

⌫ =
~J

2⇡mr2eq
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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 and 1.3 mm respectively

The minimum required temperature to excite a molecule is Tmin~Erot/k

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

Molecular gas in the Milky Way

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.

22

+30°

−30°

−20°

0°

+20°

+10°

−10°

+30°

−30°

−20°

0°

+20°

+10°

−10°

Galactic Longitude

G
al

ac
ti

c 
L

at
it

u
de

180° 160° 140° 120° 100° 80° 60° 40° 20° 0° 340° 320° 300° 280° 260° 240° 220° 200° 180°170° 150° 130° 110° 90° 70° 50° 30° 10° 350° 330° 310° 290° 270° 250° 230° 210° 190°

Beam

S235

Per OB2

Polaris
   Flare

               Cam Cepheus
Flare

W3

G
r e a t R i f t

NGC7538
Cas A Cyg

OB7 Cyg X
W51 W44

Aquila
Rift

R CrA

Ophiuchus

Lupus

Galactic
Center G317−4

Chamaeleon

Coal
Sack

Carina
Nebula

Vela

Ori A & B

Mon R2

Maddalena’s
Cloud

CMa
OB1

Mon
OB1

Rosette

Gem
OB1

S147S147
CTA-1

S212

λ O r i

R i n g

Tau-Per-Aur
   Complex

Aquila
South

Pegasus

Lacerta
  Gum
Nebula    S. Ori

Filament

Hercules

Galactic Longitude

G
al

ac
ti

c 
L

at
it

u
de

Orion Complex

Ursa Major

0°60°120°180° 180°240°300°

−20°

0°

+20°

0.0 0.5 1.0 1.5 2.0

log Tmb dv  (K km s−1)∫

FIG.  2.–Velocity-integrated CO map of the Milky Way. The angular resolution is 9´ over most
of the map, including the entire Galactic plane, but is lower (15´ or 30´) in some regions out
of the plane (see Fig. 1 & Table 1). The sensitivity varies somewhat from region to region,
since each component survey was integrated individually using moment masking or clipping
in order to display all statistically significant emission but little noise (see §2.2). A dotted line
marks the sampling boundaries, given in more detail in Fig. 1.
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FIG.  3.—Longitude-velocity map of CO emission integrated over a strip ~4° wide in latitude
centered on the Galactic plane (see §2.2)—a latitude range adequate to include essentially all
emission beyond the Local spiral arm (i.e., at |v| > 20 km s–1). The map has been smoothed
in velocity to a resolution of 2 km s–1 and in longitude to a resolution of 12´. The sensitivity
varies somewhat over the map, since each component survey was integrated individually
using moment masking at the 3-σ level (see §2.2).
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Molecular gas in the Milky Way
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Almost all CO in the MW lies within the Solar circle

Only 20% of HI is at R<R0

CO concentrated with 4 kpc of GC, with a central hole

Molecular gas in the Milky Way

By associating CO in the outer Galaxy (R>R0) to young stellar associations, we can use 
distances to these associations and the velocities of their CO (i.e., their cold molecular gas) 
to determine the rotation curve of the Milky Way outside of the Solar circle

This is accurate enough to show that the rotation of the Galaxy does not fall as a function 
of radius beyond the Sun’s radius! 
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The rotation curve of the Milky Way
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If all gas is on circular orbits, and the mass is concentrated at the center of the Galaxy, then 
Kepler’s third law says

and so

But this isn’t what we see!

P 2 =
4⇡2

GM
R3 and P =

2⇡

V
R

V =

✓
GM

R

◆1/2

The rotation curve of the Milky Way
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We’ll see in one of the next lectures that the circular speed V at radius R is related to the 
enclosed mass M(<R) by

If V is close to constant with R, this implies that the mass must grow linearly with radius!

This is why we think that there is dark matter in the Milky Way

M(< R) =
RV 2

G

The rotation curve of the Milky Way
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Boomsma et al. 2008
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Oosterloo, Fraternali & Sancisi 2007
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Blue = HI (VLA, Rots et al.), White = optical  

M 51 
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