
  

Astrophysics and Cosmology
Scratching the surface of the universe

• Sun
• Stellar story – Hetrzsprung-Russell Diagram
• Life of a star – Main sequence, Giants, Dwarfs, 
Neutron stars and black holes

•

•

• Reference: Manton and Mee, The Physical 
World 



  

The Sun

Radius = 7 x 10^8 meters

Mass = 2 x 10^30 kg

Density = 1.4 times water!

Mostly made of hydrogen 
and helium

Surface temperature 
~ 6000K 



  

Stars

● Characterized by luminosity 
(“brightness/intensity”) and peak wavelength

● Peak wavelength can be used to determine the 
surface temperature

● Observations fall nicely into a picture called the 
Hertzsprung-Russel diagram



  

Hertzsprung-Russell Diagram

● Data from 22,000 stars from 
wikipedia

● Main sequence, Giants/supers, 
dwarfs



  

Stellar Story

● Stars from when gas clouds collapse under gravity
● Gas clouds are mostly hydrogen and helium (where did 

this come from?)
● Reduction of gravitation energy goes to heating the gas 

could in its densest part
● Temperatures can exceed millions of K, and this triggers 

nuclear fusion reaction which fuses hydrogen to helium
● The energy and consequent pressure sustains the star 

against further collapse
●  These qualitative ideas can be made into nice models 

(experimentally tested)



  

Important Ideas

● Virial theorem – relates gravitational energy 
reduction to ``internal energy’’

● Mass-luminosity relation (Flux ~ Mass^3)
● Key puzzle of early 1900s – how do stars 

generate energy



  

Life of a star

● A star starts off with a certain mass (from the 
collapsed cloud) mostly hydrogen and helium

● It “burns’’ hydrogen to helium – nuclear fusion
● There are several important ``routes’’ to fusion 

of hydrogen to helium
● Eg. Proton-proton chain, CNO cycle etc.



  

Proton-Proton Chain



  

CNO Cycle



  

After hydrogen…

● Eventually the star will burn up all its hydrogen (fun 
fact: more massive stars will do this faster than 
smaller stars!)

● What happens after the hydrogen is burnt up?
● Gravity is still operative! Starts of the order of solar 

masses with start burning helium to sustain!
● This process makes the star bloat up...giving rise to 

the ``giant’’ starts (this is the fate of the sun as 
well...)



  

Processes in a giant star



  

Life of a star

● Stars from the main sequence after burning 
hydrogen will evolve to a ``giant stage’’ and 
burn up everything until fusion produces iron 
and nickel!

● There is no more fuel left to burn!



  

After all fusion...

● What happens when the star has exhausted 
everything? 

● This depends on the mass of the star
● For small mass stars (below the Chandrasekhar 

limit ~ 1.5 Solar Mass) the fate is to become a 
White Dwarf

● In a White dwarf  gravity is countered by the Pauli 
pressure of the electrons...very high density  10^6 
of water...and small radius (like the earth)



  

After all fusion…supernova
● If the mass of the star is larger, 

then there is nothing to prevent 
the collapse of the star...leading 
to a violent explosion called the 
supernova...to core collapses 
leading to very high temperatures 
(10^11 K) which blows out 
everything in the star

● This violent explosion results in 
production of many heavy nuclei 
including gold!

● All elements heavier than Li were 
produced in stars or supernovae!

● We are all stardust!



  

Remanant of supernova…

● Depending on the mass of the initial star the core of 
the star may become

● A neutron star – Neutron degeneracy pressure/and 
strong interactions keeps the star stable

● This requires tremendous densities...roughly 10^15 
of water!

● Very small radius about 10-15 km!
● If the mass is more than about 2-3 solar masses the 

stars fate is to become a black hole



  

More structure…

● Stars come in 
groups...billion
s and billions 
of them...there 
are called 
galaxies…

● Galaxies come 
in clusters…

● And clusters 
come in 
superclusters
…!



  

On the largest scales...

● Scale here is 50 million light years (computer 
simulation)!

● Over even larger scales the universe looks 
homogeneous...



  

Some questions…

● Where did the hydrogen ``come from’’?
●

●



If we look at distant galaxies, beyond our immediate galactic neighbors, we find that they are 

all moving away (receding) from us!  

 

In 1929 Edwin P. Hubble connected the recession speed v of a galaxy and its distance r from 

us—they are directly proportional: 

 

 

H is called the Hubble constant. The value of H is usually measured in the unit kilometers 

per second-megaparsec (km/s  Mpc), where the megaparsec is a length unit commonly used 

in astrophysics and astronomy: 

 

 

The Hubble constant H has not had the same value since the universe began. Extrapolating 

backwards, Hubble’s law is consistent with the hypothesis that the universe began with the 

big bang and has been expanding ever since. 

 

If H is assumed constant, then the age of the universe, T, can be approximated as: 

 

 

 

       = 

 

The Universe is Expanding:  



Edwin Hubble's plot of the Velocity-Distance relationship for galaxies 



Example, Using Hubble’s law to relate distance and recessional speed: 

The most distant objects that we can detect are quasars (quasistellar objects),  

which are the extremely bright cores of galaxies that are as much as 13 x109 ly  

from us. Each such core contains a gigantic black hole. As material (gas and even  

stars) is pulled into one of those black holes, the material heats up and  

radiates a tremendous amount of light, enough for us to detect in spite of  

the huge distance. Therefore, we “see” a quasar not as it looks today but as  

it once was, when that light began its journey to us billions of years ago. 



Example, Using Hubble’s law to relate distance and Doppler shift: 



















Cosmic Background Radiation (CBR) 

• CBR represents the cosmic “glow” 
left over from the Big Bang 

• The radiation was nearly isotropic 
– i.e., had equal strengths in all 
directions 

• The wavelength distribution fits 
that of a black body at 2.7K 

• There are small irregularities that 
allowed for the formation of 
galaxies and other objects 

• The COBE satellite found that the 
background radiation had 
irregularities that corresponded 
to temperature variations of 
0.0003 K  











44.13: Dark Matter:  

The only explanation for the findings that is 

consistent with Newtonian mechanics is that a 

typical galaxy contains much more matter than 

what we can actually see. The visible portion of a 

galaxy represents only about 5 to 10% of the total 

mass of the galaxy.  

 

In addition to these studies of galactic rotation, 

many other observations lead to the conclusion 

that the universe abounds in matter that we cannot 

see. 

 

This unseen matter is called dark matter because 

either it does not emit light or its light emission is 

too dim for us to detect. 

 

This dark normal matter is only a small part of the 

total dark matter. The rest is called nonbaryonic 

dark matter because it does not contain protons 

and neutrons. 



Another Remaining Question About 

the Universe 

• Is there mysterious energy in the universe? 

– Observations have led to the idea that the 

expansion of the universe is accelerating 

– To explain this acceleration, dark energy has 

been proposed 

– The dark energy results in an effective 

repulsive force that causes the expansion rate to 

increase 





Some Questions in Astro/Particle 
Physics 

• Why so little antimatter in the Universe? 
• Why do quarks and leptons form similar but distinct 

families? 
• Why are some particles charged and others not? 
• Why do quarks carry fractional charge? 
• What determines the masses of fundamental particles? 
• How does one quantize Gravity? 
• How does one make up a theory unifying gravity with all 

the other forces? 



A New Perspective –  
String Theory 

• String theory is one current effort at answering 
some of the previous questions 

• It is an effort to unify the four fundamental forces 
by modeling all particles as various vibrational 
modes of an incredibly small string 

• The typical length of a string is 10-35 m 
– This is called the Planck length 

• According to the string theory, quantized modes 
of vibration of the string give rise to the different 
elementary particles in the Standard Model 



Some features of String Theory 

• It requires space-time to have ten dimensions 
– Four of the ten dimensions are visible to us, the other 

six are compactified (curled) 

• One prediction of string theory is supersymmetry 
(SUSY) 
– It suggests that every elementary particle has a 

superpartner (differing in spin by half a unit) that has 
not yet been observed 

– Supersymmetry is a broken symmetry and the masses 
of the superpartners are above our current 
capabilities to detect 


