




We will learn about…

• Interstellar matter and nebulae.

• How stars are born.

• The evolution of stars over their lifetimes.

The star-forming region NGC 3324 in the Carina Nebula, captured in infrared.
Credits: NASA, ESA, CSA, STScI



The interstellar medium

• The interstellar medium (ISM) is the matter that exists in the space 
between the stars.

• Some interstellar matter is concentrated into giant clouds called 
nebulae.
• Plural of nebula, pronounced “NEH-byoo-lee”.

• Nebulae often glow or reflect light, and can be seen from Earth.



The interstellar medium

• Interstellar clouds constantly shift, merge, grow, and disperse –
much like clouds in Earth’s atmosphere.

• A star is born when an interstellar cloud becomes dense and 
massive enough to collapse under its own gravity.
• We will learn more about that later.

• When a star dies, it ejects some of its material into interstellar 
space, which can then form new clouds.



The interstellar medium

• ~99% of the mass of the interstellar medium is interstellar gas, 
mostly hydrogen and helium, but also heavier elements.

• The other ~1% are solid particles, called interstellar dust.

• A typical grain of interstellar dust has:
• A core of silicates (rock-like material consisting of silicon and oxygen) or 

graphite (a form of carbon),

• Surrounded by a mantle of ices (mostly water, methane, or ammonia).



The interstellar medium

• Interstellar gas has an extremely low density of ~1 atom/cm3.
• This is the average density, if we spread out all the gas in the galaxy 

smoothly.

• Compare this to air on Earth, which has a density of ~1019

atoms/cm3.

• Interstellar dust has an even lower density of ~1,000 grains/km3. 
Each grain is typically less than ~0.1 μm (micrometer, a millionth 
of a meter) in diameter.



The interstellar medium

• Interstellar matter takes up much more volume than stars.

• For example:
• The diameter of the Sun is ~4.6 light-seconds.

• In comparison, the distance from the Sun to the nearest star, Proxima 
Centauri, is ~4.2 light-years, which is ~29 million times larger.

• As a result, despite its extremely low density, the total mass of 
interstellar gas and dust in the Milky Way is ~10 billion 𝑀⊙.

• This is ~15% of the total mass of stars in the galaxy.



Interstellar gas

• Interstellar gas can have temperature between a few degrees above 
absolute zero to millions of degrees, depending where it is located.

• Hot stars can heat nearby interstellar gas up to ~10,000 K.

• The UV light from the star also ionizes the hydrogen in the gas.
• Remember: ionize = strip an electron from the atom.

• Regions of interstellar gas can be characterized based on whether 
the hydrogen is neutral (H I region) or ionized (H II region).
• In astronomy, I means not ionized (neutral), II means singly-ionized (one 

electron stripped), III means doubly-ionized (two electrons stripped) and 
so on.



Interstellar gas

• In an H II region, the ionized atoms recapture electrons and they 
cascade down the energy levels until they reach the ground state.

• As usual, whenever the electron drops to a lower energy level, it 
emits a photon.

• The light that ionized the hydrogen atom was UV, but the light that 
is emitted is visible.
• So H II regions “convert” UV light to visible light. This process is called 

fluorescence, and it also happens in e.g. fluorescent lamps.

• H II regions are a type of emission nebulae: interstellar clouds of 
ionized gas that emit their own light.



The Balmer series.
Credits: Jan Homann

• The spectral lines corresponding to an electron dropping to energy 
level 𝑛 = 2 in the hydrogen atom are called Balmer lines (or the 
Balmer series).

• The red line on the right, with wavelength ~656 nm, corresponds 
to a drop from 𝑛 = 3 to 𝑛 = 2. It is called the Hα (H alpha) line.

• This line is responsible for the characteristic red glow in some 
images of nebulae.



The Orion Nebula in visible light. Note the red glow, indicating ionization due to hot stars nearby. The blue at the edges of some clouds is produced by dust that scatters the light of the stars.
Credits: NASA, ESA, M. Robberto (Space Telescope Science Institute/ESA) and the Hubble Space Telescope Orion Treasury Project Team



Video

• This video simulates “flying through” the Orion Nebula in 3 
dimensions, in both visible and infrared light.

• When watching the video, remember that the nebula is 24 light-
years across!

• The video can be found at this URL:

https://youtu.be/fkWrjrdT3Zg

https://youtu.be/fkWrjrdT3Zg


Interstellar gas

• The very hot stars required to produce H II regions are rare, and 
most interstellar matter is not close enough to them to be ionized.

• Therefore, most of the volume of the interstellar medium is filled 
with neutral hydrogen (H I).

• The Balmer lines are only emitted when an excited electron drops 
to a lower energy level.

• In the cold interstellar medium, away from stars, hydrogen atoms 
are all in the ground state, so they don’t produce the Balmer lines. 
Therefore, they cannot be seen in visible light.



Interstellar gas

• Neutral hydrogen in H I regions produces a strong line with a very 
long wavelength of ~21 cm.

• It is called the 21 cm line, the hydrogen line, or the H I line.

• In the electromagnetic spectrum, this line is found in the 
microwave or radio range.

• This wave has a frequency of ~1.4 GHz and an extremely small 
photon energy of ~5.9 μeV (micro electron volt, or millionths of 
electron volt).

• This is such a small energy that it cannot possibly come from 
electrons jumping between energy levels.



Interstellar gas

• Spin 1/2 particles like protons and electrons can be in two spin 
states: spin up and spin down.

• The energy of a hydrogen atom is slightly higher when the spins of 
the proton and the electron are parallel – both up or both down.

• An electron can flip its spin (from up to down or vice versa) so that 
the spins are no longer parallel. This is called a spin-flip transition.

• Since the atom now has a lower energy, the difference in energy 
(~5.9 μeV) is emitted as a photon.



Interstellar gas

• The electron did not change energy levels, it just flipped its spin 
within the same energy level.

• Either the atom started out with parallel spins, or a random 
collision with an atom or electron caused the spins to become 
parallel.

• The spin flip transition is extremely rare. It will take a hydrogen 
atom with parallel spins ~10 million years to undergo a spin flip.

• However, because there are so many hydrogen atoms in the 
universe, this happens all the time.

• Therefore, we detect the 21 cm line coming from all around us.



Parallel spins
(higher energy)

Anti-parallel spins
(lower energy)



Interstellar gas

• When a massive star dies, it explodes in a supernova. This happens 
once per ~100 years somewhere in our galaxy.

• This explosion is extremely energetic, launching gas into 
interstellar space at enormous speeds of up to 20,000 km/s.

• When this gas collides with interstellar gas, it can heat it to tens of 
millions of degrees.

• Gas at these temperatures emits very energetic light in the X-ray 
range.

• This is emitted, for example, by extremely ionized oxygen atoms 
stripped of 5 out of their 8 electrons (which takes a lot of energy)



A remnant of a supernova ~11,000 years ago in the constellation Vela. We can still see the filaments from the explosion. The edges are colliding with interstellar gas and heating it.
Credits: Digitized Sky Survey, ESA/ESO/NASA FITS Liberator



The Crab Nebula  is a supernova remnant in the constellation Taurus.
Credits: NASA, ESA, J. Hester and A. Loll (Arizona State University)



Interstellar gas

• Molecular clouds are giant clouds, with mass up to 1 million 𝑀⊙.

• They contain mostly molecular hydrogen (H2), but also smaller 
quantities of molecules like water (H2O), carbon monoxide (CO), 
and even more complex molecules like ethyl alcohol (C2H6O).

• These clouds can have densities of thousands of atoms per cm3, 
much higher than average for interstellar gas.

• Although they account for a very small fraction of the volume of 
interstellar gas, they contain 20-30% of its mass.

• Due to their high density, molecular clouds block UV light, which 
heats interstellar gas, so they tend to be very cold, ~10 K.



Interstellar dust

• Dense clouds of interstellar dust, or sometimes molecular clouds, 
can be seen because they block the light from stars behind them.

• Such a cloud is called a dark nebula (because it’s dark) or 
absorption nebula (because it absorbs light).

• The largest dark nebulae are visible to the naked eye as dark 
patches across the Milky Way.



The dark nebula Barnard 68. It has a temperature of ~16 K, mass of 2 𝑴⊙, and diameter of ~1/2 light-year.

Credits: ESO



The Milky Way as seen by Gaia, with prominent dark features labeled in white, and prominent star clouds labeled in black.
Credits: Nsae Comp (Wikipedia)



Interstellar dust

• Dust clouds are dark because they are too cold to emit light in the 
visible spectrum.

• However, the small dust grains absorb visible and UV light very 
efficiently.

• This causes them to heat to temperatures of 10-500 K, and radiate 
this heat as infrared light.

• Therefore, they are typically dark in visible light but glow in 
infrared.



The Horsehead Nebula in the constellation Orion is an extension of a large dust cloud. It is dark in visible light (left) but bright in infrared (right).
Credits left: modification of work by ESO and Digitized Sky Survey, right: modification of work by NASA/JPL-Caltech)



Interstellar dust

• A reflection nebula is a dust cloud close to a luminous star, which 
becomes visible by reflecting (or scattering) light from the star.

• The small dust grains scatter blue light (short wavelength) more 
efficiently than red light (long wavelength).

• Therefore, they appear bluer than the illuminating star.

• This effect is similar to Rayleigh scattering (lecture 12), which is 
responsible for the sky being blue.



The Pleiades (PLY-a-deez) star cluster is surrounded by a reflection nebula, which scatters blue light from the stars in the cluster.
Credits: NASA, ESA, AURA/Caltech, Palomar Observatory



The reflection nebula NGC 1999 reflects the light of the variable star V380 Orionis.
Credits: NASA and The Hubble Heritage Team (STScI)



Interstellar dust

• When light is absorbed or scattered by dust, the stars behind the 
dust look dimmer. This is called interstellar extinction.

• Because dust scatters blue more than red, the stars will also appear 
more red than they really are. This is called interstellar reddening.

• Reddening also happens in other places. For example, if the Sun is 
lower in the sky, light travels a longer path through the 
atmosphere, so it undergoes more scattering, and appears redder.

• This means we can see through dust clouds if we observe in 
infrared, which has a longer wavelength and gets scattered less.



Scattering of blue and red light by a dust cloud.
Credits: OpenStax Astronomy



The dark nebula Barnard 68 in infrared. We can see that although visible light does not pass through due to extinction, infrared light, which has a longer wavelength, does pass through.
Credits: ESO



Cosmic rays

• Cosmic rays are charged particles traveling at very high speed.
• Note: despite the name, they are not “rays” of light, they’re matter particles.

• They can achieve speeds of up to ~90% of the speed of light!

• ~90% of cosmic rays are protons (hydrogen nuclei).

• Another ~9% are helium and heavier nuclei.

• The remaining ~1% are electrons or (in 10-20% of the cases) 
positrons (the antiparticles of electrons – see lecture 11).



Cosmic rays

• Cosmic rays reach Earth in substantial numbers, but it’s hard to 
know where they came from.

• Light from stars travels in straight lines, so we can tell exactly 
where it comes from.
• The exception is gravitational lensing, which we will learn about later.

• Cosmic rays are charged particles, so their path is affected by 
magnetic fields (unlike light).

• This includes magnetic fields in interstellar space as well as Earth’s 
own magnetic field.



Cosmic rays

• However, we know that cosmic rays most likely come from 
supernova explosions.

• The material ejected by the explosion produces a shock wave (an 
abrupt, violent, and fast-moving wave) in the interstellar medium.

• Charged particles can become trapped by the shock wave, bouncing 
back and forth. Magnetic fields inside the shock wave accelerate the 
particles more and more.

• Eventually, they are traveling at close to the speed of light, and can 
escape from the shock to become cosmic rays.



The life cycle of interstellar matter

• The interstellar medium is not static. Interstellar gas moves in orbit 
through the Galaxy, and as it does so, it can change drastically.

• For example:
• A specific cloud of gas may start out as neutral hydrogen.

• Then it moves near a young, hot star, and becomes part of an H II region.

• The star later explodes as a supernova, heating the nearby gas up to 
millions of degrees.

• Over millions of years, the gas may cool down and become neutral again.

• Later, it can collect into a dense region and be gathered into a giant 
molecular cloud by gravity.



The life cycle of interstellar matter

• In the Milky Way, most interstellar gas is atomic hydrogen.

• Molecular clouds occupy a tiny fraction of the volume but up to 
~30% of the total mass of interstellar gas.

• The hot gas produced by supernova explosions contributes a 
negligible mass but occupies a significant volume.

• H II regions constitute only a very small fraction of either the mass 
or volume of interstellar material.



The life cycle of interstellar matter

• The interstellar medium is not a closed system; gas is constantly 
being added or removed.

• Gas from intergalactic space falls onto the Milky Way due to its 
gravity. This gas is added to the interstellar medium.

• Conversely, gas in giant molecular clouds can collapse to form new 
stars. This gas is removed from the interstellar medium.

• As the stars age, evolve, and die, ~1/3 of the matter in them goes 
back into interstellar space.

• Powerful supernova explosions can drive interstellar matter out of 
the Galaxy into intergalactic space (the space between galaxies).



The life cycle of interstellar matter

• The total amount of interstellar medium is determined by a 
competition between all these factors.

• This process is known as the baryon cycle.
• A baryon is a composite subatomic particle with an odd number of quarks.

• For example, protons (2 up, 1 down quark) and neutrons (1 up, 2 down 
quark) are types of baryons.

• Electrons and neutrinos (not made of quarks) are classified as leptons.

• So all the atoms in the universe are composed of baryons (protons and 
neutrons) inside the nuclei, along with leptons (electrons). But most of the 
mass is due to baryons, which is the origin of “baryon cycle”.



In this computer simulation of the Milky Way’s interstellar medium, we see neutral hydrogen in green, giant molecular clouds in yellow, and low-density “holes” due to supernovae in blue.
Credits: modification of work by Mark Krumholz
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