
The gas inside the galaxy 
& 

the interstellar medium



Gas at large scales in spiral galaxies

Pinwheel Galaxy (Messier 101)
Distance: 6.4 ± 0.5 Mpc



Infrared + visible + X-ray

Gas at large scales in spiral galaxies

Pinwheel Galaxy (Messier 101)
Distance: 6.4 ± 0.5 Mpc



Infrared + visible + X-ray
Blue: UV (star formation)
Red: infrared (dust)
Green: 21 cm emission (𝞶 = 1420 MHz)

Gas at large scales in spiral galaxies

Pinwheel Galaxy (Messier 101)
Distance: 6.4 ± 0.5 Mpc



A 21-cm photon is emitted when poles go from being aligned to opposite (a spin flip).

The hydrogen line, 21 centimeter line or HI line refers to the spectral line created by changes in the energy state of neutral hydrogen and occurs at a frequency of 
1420.40575 MHz, equivalent to a vacuum wavelength of around 21 cm. This line falls within the microwave region of the electromagnetic spectrum and is used extensively in 
astronomy, since it can penetrate dust clouds that are opaque to visible wavelengths. The radiation comprising the hydrogen line comes from the transition between the two 
hyperfine levels of the hydrogen 1s ground state.[1]

This transition is highly forbidden with an extremely small probability of 2.9×10−15 s−1. This means that the time for a single isolated atom of neutral hydrogen to undergo this 
transition is around 10 million (107) years and so is unlikely to be seen in a laboratory on Earth. However, as the total number of atoms of neutral hydrogen in the interstellar 
medium is very large, this emission line is easily observed by radio telescopes. Also, the lifetime can be considerably shortened by collisions with other hydrogen atoms and 
interaction with the cosmic microwave background.

Radio detection: 21-cm emission from neutral hydrogen gas

Highly forbidden transition (probability: 2.9×10−15 s−1 = one transition every 10 million years)
BUT: galaxies are big and have a lot of hydrogen! 



Dense cloud 
“Black Cloud” B68
Distance: 160 pc
Diameter: ~ 0.2 pc

Dense gas clouds



H II region

 H II regions: ionised hydrogen in star forming regions 
Inside dense clouds



Orion Giant Molecular Cloud
Average distance: 400 pc
Size: ~ 100 pc

Orion Nebula
Diffuse cloud

Distance: 412 pc

Orion Constellation

Giant molecular clouds



Dense cloud, CO emission

Dense cloud: CO map of the Orion-Monoceros complex which covers an area of 432!deg2 on the 

sky. 

432 deg2 on the sky

Orion Giant Molecular Cloud

Giant molecular clouds
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Type of region
Fraction ISM

(% by volume)
Fraction ISM
(% by mass)

Typical size
(pc)

Typical mass
(M!)

Form of 
hydrogen

Abundance of
molecules

Hot intercloud 
medium

~60 !0.1 ! ! H+ very low

Warm intercloud 
medium

~30 ~20 ! ! H+ or H very low

Diffuse clouds ~3 ~30 3 ! 100 1 ! 100 H or H2 CO

Dense clouds !1 ~45 0.1 ! 20 1 ! 104 H2
HCN, OH, 

CS, CO

HII regions ~10 ~1 1 ! 20 10 ! 104 H+ very low

Interstellar medium in a galaxy like the Milky Way

Dominating in terms of mass

Dominating in terms of volume



Regions of star formation (H II regions)



H II region

Ionised hydrogen in a star-forming region (H II region)



Regions of star formation (H II regions)



Jeans mass: critical mass for gravitational contraction

If mass of gas cloud higher than Jeans Mass              gravitational collapse ⇒
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Gas pressure

Number density

• In principle, dense clouds with  few solar masses contracts
• In practice, more massive clouds are necessary
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• Jeans Mass too small?
• Dense clouds much larger
• Triggering mechanisms help

Interstellar medium in a galaxy like the Milky Way



Mechanisms triggering the formation of stars



1. Shocks from supernova explosions trigger star formation

Supernova 1054 remnant



Young star cluster R136 
in region of star formation 
inside Tarantula nebula
of galaxy Large Magellanic Cloud

2. Shocks from radiation pressure in hot stars trigger 
star formation in nearby regions

OB associations (groups 
of O & B stars) produce 
strong UV emission ⟾ 
radiation pressure ⟾ 
gas compression ⟾ 
star formation



Pinwheel Galaxy (Messier 101)
Distance: 6.4 ± 0.5 Mpc

3. Spiral density waves trigger star formation



Merging galaxies “The mice” 
Distance: 89 Mpc

4. Interaction between galaxies triggers star formation



Next: fragmentation of dense clouds to smaller clouds 
This takes to formation of stars

Cloud initial mass:
Mcloud = 100−1000 M☉

• Open star clusters with 
hundreds stars

• Massive stars form first

Final total number: hundreds of stars only, a few % of initial mass
Inefficiency due to combination of turbulence, magnetic field, feedback 

Feedback: energy released in environment by nearby supernovae, stellar winds, 
radiation pressure, UV photons (destroying H2 , molecules, dust) & cosmic rays



Before the formation of a star: protostar



= time before main sequence

From protostars to stars
Hayashi tracks: theoretical tracks describing how protostars reach Main Sequence

More massive stars form first (longest time for small stars: t ≈ 108 years)



Protostellar system:
circumstellar disk  
with bipolar outflow

Jet speed: ~ 50 km/s
Outflow time duration: ~ 104 years artist’s impression



The L1157 dark cloud harbors one of the most illustrative cases of a bipolar outflow driven by a Class 0 protostar. Situated at a distance of only 440 pc from 

the Sun, this flow is highly collimated, and is highly inclined with respect to the line of sight. Thus the overall geometry is very favorable to study the effects 

of the propagation of the outflow in the surrounding medium. The driving source, identified as L1157-mm (IRAS 20386+6751) is known to be a low 

luminosity (11!) very young object. The blue lobe of this outflow has been mapped in CO and SiO lines using both single dish and interferometric 

observations (Umemoto et!al. 1992; Mikami et!al. 1992; Zhang et!al. 1995; Gueth et!al. 1996; Gueth et!al. 1998). The morphology of the shocked regions in 

a bipolar flow has important implications on the theoretical models. For instance, models for the propagation of a jet into the dense surrounding medium 

predict the formation of large molecular bow shocks (e.g. Raga & Cabrit 1993; Stahler 1994). These model predictions are indeed supported by the large 

bow shocks seen in the SiO and CO maps mentioned above and also in the near-IR images at 2.122!m of the H2 emission (Davis & Eislöffel 1995). We 

present complete CO maps of

" Figure 1: Integrated emission of CO( ) showing the bipolar structure of the L1157 outflow. Velocity intervals are from -20 to 2.7!kms-1 for the southern 

(blue) lobe and from 2.7 to 28!kms-1 for the northern (red) lobe. First contour and contour spacing are 11!K!kms-1. The white squares mark the positions 

studied in Figs.!4 and!5. Boldface labels indicate positions sampled for chemistry by BP97.

Emission of CO molecule 
in bipolar outflow of a protostar
Observed in radio waves

0.
7 

pc
 (2

.3
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y.)

Bipolar outflow in protostar



Protostellar systems are called Herbig–Haro object



Protostellar systems are called Herbig–Haro object

Herbig–Haro 30 
Observed with HST

Protostellar disk and jet
Gas speed in jets: ~ 200 km/s

Dark disk of dust which encircles the star



Protoplanetary systems 
&

extrasolar planets



Orion Constellation

Betelgeuse

Distance: 197 pc

Rigel

Distance: 260 pc

Orion Nebula
Distance: 412 pc



Region of star formation: Orion nebula
Distance: 412 pc
Apparent magnitude: m = +4.0
Age: 300,000 years old

65″

60″ = 4.68  light m
onths



1 light month 

Orion nebula

5 protoplanetary disks



Size of Solar System

Protoplanetary disks in Orion nebula



Explanation: What did our Solar System look like as the planets were forming? Since the 1980s, astronomers have been pointing toward Beta Pictoris, a 

young, sun-like star a mere 50 light-years distant, as a likely example. Beta Pic is surrounded by a disk of dust which we view nearly edge-on. The dust disk 

shines by reflected starlight and has been examined with ever increasing detail to search for signs of planetary formation. The trick is to follow the disk as 

close in to the star as possible, without being overwhelmed by the direct starlight. To make this Hubble Space Telescope image, a coronagraph was used to 

block the direct starlight and achieve the closest view yet. The false color picture shows the inner section of the dusty disk to about the scale of the orbit of 

Uranus. The obvious warp is indirect evidence that a planet now orbits this young sun, slightly inclined to the disk. The planet's gravitational pull would 

produce the visible distortion.

The young star Beta Pictoris
Distance: d = 19.44 ± 0.05 pc
Mass: M = 1.75 M⊙
HST images in infrared taken with coronagraph 
Seen disk of gas & dust 

Warped disk is indirect evidence of presence of planet 
with orbit slightly inclined to the disk, producing distortion



The young star Beta Pictoris
Exoplanets β Pictoris b 
Detect with infrared image & coronagraph 
Very Large Telescope



Une planète s’évapore

Eight planets in the solar system

Mars
d = 1.5 AU

Neptune
d = 30 AU

1 Astronomical Unit (AU) = distance Earth-Sun = 150 000 000 km



Mercury                                       Venus                                                            Earth                                             Mars

Planets in the Solar System
Telluric (rocky) planets

12800 km

Pluto
Moon



Saturn

Neptune

Uranus

Jupiter

Giant gaseous planets

140,000 km
Mass: MJ = 318 ME = 0.0009 M⊙

M = 14.5 ME

M = 17.1 ME

M = 95 ME

Planets in the Solar System

Earth

ME : Earth’s mass 
M⊙: Sun’s mass 



Used for the discovery of Neptune (1846)
confirmed Newton’s Laws of gravitation

Gravitational perturbation induced by planets 

Mathematician Urbain Le Verrier

Uranus

Neptune

Discovery of planet Neptune



Inner planets in solar system & Main Asteroid Belt

Planetesimals in asteroid belt were strongly perturbed by Jupiter's gravity to form a planet



Oort cloud
Where most comets are 

Outer limit defines the boundary of the solar system

AU

2 light years

More than 99% of small bodies in Solar System are in Kuiper Belt and Oort Cloud

Dwarf planets 
& asteroids in 
Kuiper Belt

Main Asteroid Belt



SednaSedna

ErisEris

PlutoPluto

QuaoarQuaoar

NeptuneNeptune

To this scale, the Oort Cloud starts about 10 meters
 from the center of the orbit of Neptune. The Earth’s orbit 

extends much less than a millimeter from the center.

Enough Way Beyonds 33

Sedna as seen by Hubble Space Telescope

Discovered in 2003

Diameter: d = 995 ± 80 km

Aphelion ≈  936 AU

Perihelion = 76.0917±0.0087 AU

Perihelion foreseen for 2076 

The Trans Neptunian Objects (TNO):

Pluto, Quaoar, Eris, and Sedna 

(diameters 1000 − 2400 km, dwarf planets)

About 10 dwarf planets with diameters 900 — 2400 km 
Over 200 dwarf planets with diameters 400— 900 km
Distance between 30 AU and 50 AU





1995: confirmed discovery of first planet outside solar system

Star: 51 Pegasi
Apparent magnitude (V ): m = 5.49
Mass: M = 1.11 M⦿

Distance: d = 15.6 pc (50.9 l.y)



Radial velocity of 51 Pegasi

Planet mass: M > 0.472 ± 0.039 MJ

MJ: mass of Jupiter

1995: confirmed discovery of first planet outside solar system



Nobel Prize 2019 given to those who discovered 51 Pegasi b 



Kepler  space observatory (NASA) 
to discover extrasolar Earth-size planets

Launch date: March 2009 
Deactivated: November 2018



Sizes of known exoplanets   

Exoplanet discoveries before and after Kepler mission



Super-Earth 
planets

Number of planets per size range among first 2213 Kepler discoveries

Earth-size planets are most common type of exoplanets around Sun-like stars



Habitable zone as a function of stellar mass

Habitable Zone (blue region)

Definition: orbital region around a star in which an Earth-like planet can possess liquid H20 

Proxima Centauri: the closest star to the Sun



July 2015: Kepler-186f first Earth-size planet in Habitable Zone 
Main-sequence M1 dwarf star: Kepler-186
Distance from Earth: d = 151 ± 18 pc

Habitable Zone

Artist’s impression

(artist view)

https://en.wikipedia.org/wiki/Spectral_class#Class_M


1. Direct imaging 
2. Radial velocity
3. Transiting
4. Gravitational lensing
5. Transit-timing variation

How extrasolar planets are found
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Extrasolar planet M1207b
Distance: 52 pc

Date of discovery: September 2004

3-20 times the mass of Jupiter

7.8 tim
es th

e dista
nce Ju

piter−S
un

1. Direct imaging



1. Direct imaging

Two main difficulties: 
a) Angular separation very small 
b)Large contrast in luminosity



Apparent separation Sun–Jupiter 
at 4 light years distance = 4 arcsec

Sun–Jupiter at 100 light years = 0.15 arcsec
Sun–Earth at 100 light years = 0.03 arcsec

The Sun

Jupiter



Star up to 109 times brighter than planetStar up to 109 times brighter than planet



Star up to 109 times brighter than planet



Main-sequence star HR 8799
Distance: 129 l.y. (39 pc) 
Mass: M = 1.5  M⊙

One solution: coronograph to block light

20 AU

0.5 arcsec



Possible several alternative 
methods to direct imaging



Period: 11.9 years
Distance: 5.2 AU
Velocity: 13 km/s
Mass: m = 1.9×1027 kg

Period: 11.9 years
Distance: 0.005 AU
Velocity: 12 m/s
Mass: M = 2.0×1030 kg

Gravitational perturbation induced by Jupiter on Sun

Sun orbit

Jupiter orbit 

Mass center

2. Radial Velocity

M / m =  dm / dM  = vm / vM

d : distance from center of mass
v : velocity around center of mass



Radial Velocity
Sensible to short periods and massive planets

Animation: https://www.youtube.com/watch?v=nTq0gG_PpgU



Highest resolution used today to find exoplanets:
λ/∆λ = 300 000 000 ⟾  v ≈ 1 m/s 

Jupiter−Sun  ⟾ Amplitude = 12.5 m/s  Period = 11.9 years

Earth−Sun ⟾ Amplitude =  0.1 m/s  Period = 1 year

Sensitive to short periods and more massive planets !

Doppler shift for light

It gives lower limit to mass of 
planet because sensitive to 
inclination of plane of orbits



Edge-on orbit (angle i = 90o) 
Maximum radial velocity can be measured

Face-on orbit (angle i = 0o) 
Mass estimate is not possible

Mass of the planet depend on inclination 
of plane of orbit

Mass of planet is proportional to sin (i) thus only upper limit on mass possible



Proxima Centauri

Distance: 1.295 pc (4.22 light years)

Apparent magnitude: 11.13

Luminosity: L = 0.1 L⊙

Surface temperature: T = 3050 K (red dwarf)

Mass: M = 0.123 ± 0.006 M⊙	
Age: t = 4.8 Gyr

Terrestrial planet in habitable zone around the closest star 
Proxima Centauri found with radial velocity



Radial Velocity of Proxima Centauri 

and discovery in August 2016 of planet Proxima b
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Planet: Proxima b
Orbital period: 11.2 days
Mass: M > 1.27 ME 
Distance from star: d ~ 0.05 AU (7.5 million km)

ME : Earth’s mass

Radial Velocity: 

v ~ 1.4 m/s



Habitable Zone

Habitability of planets orbiting M-dwarf stars



Spectrum of Proxima Centauri at the distance of 
planet Proxima b (compared to solar spectrum)

Proxima b receives ~0.66 times the stellar flux of Earth at 1 AU from the Sun

But habitability is not guaranteed:


1. In case of no atmosphere surface temperature: T ~ −40℃               ✘

2. If atmosphere present with CO2 or CH4  ⟹ greenhouse effect        ✔


3. If H2O present ⟹ in liquid form                ✔

4. But red dwarf stars have strong magnetic activity ⟹ More intense X-ray and UV flux from flares than for Sun     ✘


5. More intense stellar wind will erode planet atmosphere                 ✘

6. Temperature depends on coverage of vegetation, ice and ocean ⟹ effect on the Albedo (reflection of stellar radiation) 



Top-of-atmosphere full spectral irradiance received by 
Proxima b (orbital distance of 0.0485 AU) and the Earth


Almost 60 times higher than Earth
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Eclipse 4/01/2011 
& International Space Station

 3. Occultation or transit
If  small stars are observed, this method is sensitive to planets as small as Mercury

Image Credit: Thierry Legault



Mercury transiting in front of the Sun  (09/05/2016)

Mercury

Mercury’s radius: 2440 km

Moon’s radius: 1737 km



Star: COROT-7
Distance: 150 pc
Mass: M = 0.91 M⊙ 
Apparent magnitude: mV = 11.67

Observations with French mission COROT

Planet: COROT-7b
Period: 0.85 days (20 hours)   
Mass: M = 8.0 ± 1.2 ME 
Radius: R = 1.58 RE

99.965% of maximum flux

Phase (hours)

∆F
/F

Light curve of star with transiting planet



Edge-on orbit 
(angle i = 90o)

Face-on orbit 
(angle i = 0o)

Transit probability depends on inclination of 
plane of orbit

Consequences: physical parameters of planet are uncertain



Transits allow measurements not possible with other methods

• Size of transiting planet
• If mass is known (radial velocity) 

planet’s density
• Thus, physical structure
• Radiation of star through planet’s 

⟹ planet’s atmosphere
• Planet's orbital eccentricity
• Planet's temperature (subtraction 

of signal during different phases)

Primary eclipse

⟹Secondary eclipse

Primary         Secondary         Primary



 52  54  56  58  60  62

0.980

0.985

0.990

0.995

1.000

1.005

 62  64  66  68  70  72

0.980

0.985

0.990

0.995

1.000

1.005

 . .

Barycentric Julian Date  2,457,600 [day]

Re
lat

ive
 b

rig
ht

ne
ss

Re
lat

ive
 b

rig
ht

ne
ss

space ground

space ground

1b 1c 1d 1e 1f 1g 1h

1b 1c 1d 1e 1f 1g 1h

Relative flux emitted by TRAPPIST-1 as a function time

February 2017: found 7 terrestrial planets
Around dwarf star TRAPPIST-1 (mass: M = 0.089 M⦿, distance from Earth: d = 12.1± 0.4 pc)
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February 2017: found 7 terrestrial planets
Around dwarf star TRAPPIST-1 (mass: M = 0.089 M⦿, distance from Earth: d = 12.1± 0.4 pc)

Multiple transits



25% Fe + 75% MgSiO3
100% MgSiO3

25% H2O 
50% H2O

100% H2O

100% Fe

50% Fe
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Radius & mass of planets around TRAPPIST-1

Radius-mass relation depends on chemical composition

Comparison with planets in the solar system



Habitability of planets around dwarf star TRAPPIST-1

The star is strong variable coronal X-ray source similar to Sun but at short distance
Habitability is not guaranteed (same as in planet Proxima b around star Proxima Centauri)

TRAPPIST-1

Sun

Active

 

Inactive



Habitability of planets around dwarf star TRAPPIST-1

Litho-panspermia in TRAPPIST-1 much more efficient than on Earth because planets are close
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Litho-panspermia: life distributed from one planet to another by meteoroids, asteroids, comets

Planets close to resonance
(ratios of periods close to integers)



4. Gravitational lensing

Albert Einstein

Effect predicted by theory of General Relativity: deformation of geometry of 
space-time due to presence of mass



T



Gravitational (micro)-lensing 78 candidates (in 2019)

M = 2.6 (+0.8/−0.6) MJ

Semi-major axis: 4.3 (+2.5/−0.8) AU

Video: http://www3.nd.edu/~bennett/moa53-ogle235/



Used for the discovery of Neptune (1846)
confirmed Newton’s Laws of gravitation

Gravitational perturbation induced by planets 

Mathematician Urbain Le Verrier

Uranus

Neptune

5. Transit-timing variation



Transit-timing variation

Animation: https://www.youtube.com/watch?v=rqQ1xKsNIQE



Discovered extrasolar planets per year and by detection method 
(as of April 2018)

Year of discovery
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     Transit (77.0%)
     Radial velocity (18.8%)
     Microlensing (1.9%)

     Direct imaging (1.2%)
     Transit-timing variation (0.4%)
     Pulsar timing (0.1%)

Total number of confirmed exoplanets as of October 2019: 4073 (mostly from Kepler )
In addition, 3297 candidate exoplanets (from Kepler )

New NASA mission: Transiting Exoplanet Survey Satellite (TESS )





Une planète s’évapore

Future: bio signatures

Present: atmosphere


