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7. Stars: classification, formation, 
energy production, and evolution 



Stars in the sky 

• By naked eye:  
– In optimal circumstances 3000 – 5000 stars, in 

Finland 1000 – 1500, in the light pollution of large 
cities a few hundred at most.   
 

• Celestial sphere is divided into 88 constellations 
with well-defined borders.  
– Latin names of the constellations and Greek 

alphabets are used in naming stars. For example, α 
Ursae Minoris (α UMi) is the seemingly brightest 
star of Ursa Minor, β UMi the next brightest etc. 

 
• About stellar catalogues:   

– In ancient Greece: Coordinates and (apparent) 
brightness of about 1000 stars in Ptolemy’s 
Almagest (measured by Hipparcus). 

– Currently, the most extensive catalogue includes 
over one billion stars (U.S. Naval Observatory). 

– The most precise measurements have an error of 
only 0.002’’ (Hipparcos-satellite; Tycho-catalogue).  



The distance and motion of stars 
• The distances of nearby stars can be measured with trigonometric parallax: if 

the position of the star relative to the background stars changes in half a year, 
then its distance can be calculated. 
 
 
 
 
 
 
 
 

• Transverse speed (= proper motion): 
– How the position of the star changes with time (in years – decades). 
– A typical value few ’’/year 

 
• Radial speed: 

– Measured from spectral lines: if the star is moving towards us, the spectral lines are 
shifted towards shorter wavelengths (”blueshift”); if the star is moving away from 
us, the lines are shifted towards longer wavelengths (”redshift”). 

– A typical value below 30 km/s. 

 



Brightness and magnitudes 

• The brightness of stars is measured in magnitudes.  
– Smaller number means increase in brightness. 
– For Sirius, (apparent) magnitude is -1.46; by naked eye, one 

can distinguish typically objects of about magnitude 6 at 
most. 

– Magnitudes: Sun -27, full Moon -12.5, Polaris 1.97. 
 

• Apparent magnitude tells how bright the star appears to 
be when observed from the Earth.  
 

• Absolute magnitude measures true brightness – it takes 
the distance into account.  
– Definition: the apparent magnitude the star would have if it 

would be on a distance of 10 pc. 
 

 







About stellar spectra 

• Remember: absorption 
and emission spectra, 
black-body radiation. 

 
• Spectroscopic observations 

of a star tell us about:  
– the composition of the 

star’s atmosphere 
(absorption lines), 

– surface temperature (the 
wavelength of the 
maximum intensity; the 
color of the star), 

– radial speed,  
– possible companions, ... 



 Classification 

• Harvard spectral classification (the changes in spectra 
as a function of temperature; organized from highest 
to lowest temperatures): 
– O, B, A, F, G, K, M (Mnemonic: Oh, Be A Fine Girl Kiss Me). 
– Each class is subdivided into 10 classes: 0 – 9 
– For example, the Sun is a G2 star. 
 

• Yerkes brightness classification:  
– I, II, III, IV: Supergiants, bright giants, normal giants, 

subgiants 
– V: main sequence stars (i.e., ordinary stars) 
– WD: white dwarfs 
– The exact class of the Sun is G2V; Betelgeuse is M2I. 

 



Spectral classification 

class temperature hydrogen lines 

O > 25 000 K weak 

B > 11 000 K medium 

A   > 7 500 K strong 

F   > 6 000 K medium 

G   > 5 000 K weak 

K   > 3 500 K very weak 

M   < 3 500 K very weak 

Most stars in the sky appear to be white, because they are too  
dim for us to distinguish their colour. 



HR diagram 



Star formation  

• Stars originate from interstellar 
clouds (nebulas) that collapse 
due to gravity. The core starts to 
heaten up as it collects more 
matter: the loss of potential 
energy in the collapse is partially 
converted into heat. 
 

• Conservation of angular 
momentum: the nebula rotated 
slowly but the collapsed part (the 
core) rotates fast. 
 

• The mass of the star depends on 
the mass of the cloud, the mass 
of the protoplanetary disc, and 
the amount of mass-loss in the 
early stages of formation. 



• Low-mass stars (below about 3 solar masses): 
– Form in dark, dense cloud cores called globules 

(temperature ~10 K, mass 1-100 solar masses). 
– The contracting core may fragment in the process 
 binaries, multiple star systems. 

– Forming stars spend a long time in the parent 
globule; observable only in infrared. 
 

• High-mass stars (> 3 solar masses): 
– Not well known; the process probably similar to 

low-mass stars but considerably faster (difficult to 
observe!).  

– In gigantic molecular clouds (104 - 106 solar 
masses). 

– Formation of one star may trigger more star 
formation in the cloud due to radiation pressure 
 also low-mass stars. 

– Only a few percentages of the cloud mass can be 
turned into stars before the cloud disperses due 
to the strong radiation of young, massive stars. 

 



• During the collapse: 
– A protoplanetary disc may form around the equator. 

– The star accretes more mass while gas keeps spiralling in 
from the parent cloud;  also, from the disc. 

– Rapid rotation in the inner disc often forms jets that can 
reveal ongoing star formation. 

 

• Formation of a protostar: 
– At first, most of thermal energy (heat) escapes the 

transparent core (because of the low density).  

– As density increases, the core becomes opaque, photons 
are trapped, and temperature starts to rise more rapidly  
the pressure rises and stops the core collapse. 

– H2  2 H dissociation at 2000 K turns the core unstable, 
and it contracts some more. 



• Pre-main sequence (e.g., T Tauri stars): 
– Star continues to accrete matter from the parent cloud and is constantly 

contracting  Pressure and temperature keep rising. 
– When the core temperature reaches a few million degrees, the nuclear 

reactions start. Up to this point, all the radiated energy has been due to 
the loss of potential energy in contraction! 

– Star enters the main sequence once most of its energy is produced by 
nuclear reactions. 

– About time scales: massive stars evolve to main sequence in only about   
60 000 years; whereas, for low-mass stars, this can take up to 100 million 
years.  

A close-up of the 
Carina Nebula. 
Young stars are 
emitting jets from 
their poles. The jets 
collide with the 
surrounding 
medium, creating 
bow shocks. 



• Main sequence: 
– Star spends most of its 

lifetime in the main 
sequence. 

– Hydrogen is constantly 
burned to helium in fusion 
reactions. 

– Hydrostatic equilibrium: 
outward-directed radiation 
pressure equals to gravity  
the star is in balance. 

– The mass of the star 
determines the gravity and, 
therefore, also the pressure 
in the core which affects the 
temperature of the star.  
The mass of the star 
determines the properties 
and further evolution.  



Energy production by fusion reactions 

• In the simplest fusion process, 4 hydrogen atoms turn into 1 helium 
atom.  
 

• Part of the mass becomes energy (E = mc2)!  
– In the Sun, every second 4 000 000 000 kg becomes energy! 
– During 10 billion years, less than 0.1% of the total mass becomes 

energy. 

  
• In more massive stars, also helium turns into heavier elements in 

fusion reactions.  
 

• Fusion releases energy all the way up to iron; for heavier elements 
than iron, fusion requires energy! 
 

• Heavier elements than iron are produced in supernovas. 



Table of elements 



• P-P chain (proton-proton chain reaction): 
– Main energy production method in low-mass stars; 

requires temperature of about 4 million K (in the core of 
the Sun, 13 600 000 K = 13.6 million K). 

– 2 protons  1 deuterium nucleus  

– 1 deuterium nucleus + 1 proton  1 light helium nucleus 

– 2 light helium nuclei  1 helium nucleus + 2 protons 



• CNO cycle (carbon-nitrogen-oxygen cycle): 
– Requires a higher temperature (> 17 million K to become 

the dominant fusion reaction type); efficient energy 
production in massive stars. 

– Carbon nucleus + proton  nitrogen nucleus 

– Nitrogen nucleus + proton  oxygen nucleus 

– Oxygen breaks down into carbon and helium 

– Carbon nucleus + proton  nitrogen nucleus (etc.)  



Energy transport in stars 

• Nuclear fusion reactions are the source of energy (in the form of photons) 
in stellar cores. 

 
• Energy needs to be transported to the surface of the star. Two methods: 

radiation and convection. 
 
• Radiation:  

– Ions in the dense stellar plasma absorb and re-emit photons. 
– After a short distance, the photons get absorbed and re-emitted again, in a 

random direction. 
– A slow process  even though photons travel at the speed of light.  
 

• Convection: 
– Circulating movement of stellar plasma: energy is transferred as heat. 
– Hot plasma of low density rises to the surface of the convective layer where it 

radiates the heat as photons. After this, cooler plasma sinks to the bottom of 
the convective layer to be heated up again.  



• Low-mass stars (M < 0.26 solar masses) are thoroughly convective 
outside the core. 
 

• Stars with masses between 0.26-1.5 solar masses have a radiative 
layer around the core and a convective surface layer. 

 
• Most massive stars have a convective midlayer and a radiative 

surface layer. 
 

Energy transport in stars 
of different masses. 
Photosphere indicates 
the surface of the star. 



Left: surface of the Sun.  
 
Right: an animation of the granulation visible on the 
Sun’s surface. This is caused by convection – Sun’s 
convective layer reaches all the way to the surface. 



Evolution of stars 

• The life cycle of a star is largely determined by its 
mass:  
– In massive stars, the fusion reactions are very efficient and, 

therefore, burn up all ”fuel” rapidly. The largest stars can 
be very short-lived (millions of years). 

– Stars with lower mass burn up hydrogen more slowly  due 
to the lower core temperature; can have enough hydrogen 
for tens of billions of years. 

 
• Next, the evolution of stars with different masses is 

presented.  



Brown dwarfs 

• If the star's mass remains under 0.08 solar 
masses, the core temperature never rises high 
enough for the fusion reactions to begin. 

 

• These "failed stars" radiate weakly as they 
cool down. 

 

• Very low-mass brown dwarfs are difficult to 
distinguish from giant planets. 

 



0.08 - 0.26 M
 stars 

• Hydrogen is burnt into helium very slowly: 
– The main-sequence evolution lasts longer than the current 

age of the universe – tens of billions of years. 

 

• Low-mass stars are thoroughly convective  
hydrogen and helium are constantly remixed. When 
the rate of fusion eventually declines, the star's inner 
pressure starts to decrease, making it contract. While 
contracting, the star heats up and becomes a white 
dwarf. The temperature doesn't rise high enough for 
helium to ignite. 



 

 

 

A 

0.26-3 M
 stars 

• Because of the dense, radiative layer surrounding the core, 
the star cannot use all of its hydrogen in fusion reactions.  
 

• At the end of main sequence, the fusion reactions move 
from the core to a layer surrounding the He-core. 
 

• The core starts to contract and heat up   H is burned 
more efficiently in the layer. 
 

• The surface layers expand and become cooler  the star 
turns into a red giant. 
 

• When the He-core becomes hot enough, fusion from He to 
carbon begins explosively with a helium flash. 

 
• Once the core is all carbon, He continues burning in the 

layer around the core and H burns still above it. 
– As He starts burning around the core, the surface layers get 

blown away, forming a planetary nebula. 
– The dense carbon core remains and becomes a white dwarf. 

G K 

planetary 
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Ring Nebula, an 
example of a 
planetary nebula. 



3-15 M
 stars 

• Stars larger than about 3 solar 
masses are massive enough for 
carbon fusion to begin in the 
core (temperature rises high 
enough). 

 
• The more massive stars burn 

carbon into oxygen quite 
peacefully. 

 
• Once the carbon/oxygen fusion 

begins, it happens 
instantaneously and the star 
explodes completely in a 
supernova. 

A 

 

 

B 

super- 

nova 

A supernova in the outskirts of 
galaxy NGC 4526 (Hubble). 



15 - 120 M
 stars 

• Fusion in the core proceeds all the way up to iron.  
 

• Through the contraction-heating cycle, an onion-like shell 
structure of hydrogen, helium, carbon, oxygen, neon, 
magnesium, silicon, and iron is formed. The heavier 
elements burn up more violently. 

 
• Once only iron is left in the core, the fusion reactions cease, 

and suddenly, as the radiation pressure disappears, the star 
is no longer in hydrostatic equilibrium and begins to collapse 
due to gravity. 
 

• When the collapse begins, all remaining non-iron layers 
ignite at once, causing a massive supernova explosion. 

  
• Depending on the amount of mass lost in the explosion, the 

remnant becomes either a neutron star (1.4 - 5 solar 
masses; formed from stars under about 20 solar masses) or 
a black hole (everything more massive) - or nothing, if all 
mass is lost in the supernova. 
 

super- 
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Supernovas (SN) 

• Extremely energetic explosions caused 
by fusion reactions in a massive star. 

 

• A supernova can outshine the entire 
galaxy it is in, radiating more energy 
(not just in visible light, throughout the 
entire EM spectrum!) in a short interval 
than Sun would radiate in 10 billion 
years. 

 

• Because massive stars are very rare and 
supernovas are brief phenomena, 
supernova detections are extremely 
rare. 
– On average, a star explodes as a 

supernova once every 30-40 years in 
our Galaxy. 

The internal structure of a massive star 
just before a supernova explosion. 


