
 
 

Statistical Physics 

Classical Thermodynamics 

Laws of Thermodynamics 

0. If two systems are both in thermal equilibrium with a third, they must also be in thermal  

equilibrium with each other 

1. An equilibrium thermodynamic state can be characterized by an internal energy   such that 

         

2. A  thermodynamic  state  of  equilibrium  can  be  characterized  by  its entropy (S) such that 

in any process in which a thermally isolated system changes state,      

3. As     Kelvin,       a constant.    is independent of the particular system 

Postulates of Thermodynamics 

1. There exist equilibrium states characterised completely by the variables E, V, N 

2. There exists a function of the extensive macroscopic variables, called entropy:           

3. The entropy is maximised when a constraint is removed 

4.   is additive over subsystems, and a continuous and differentiable increasing function of the 

total internal energy, so 
  

  
   

5. States for which 
  

  
   have zero entropy 

Thermodynamic Equilibrium 

A system is at thermodynamic equilibrium when E, V, and N are freely exchanged and net flow is 

zero. This corresponds respectively to thermal, mechanical, and chemical equilibrium. 

 

  



 
 

Distinguishability 

Consider two different gases (red and blue) at the same temperature and pressure, separated by a 

partition. Remove the partition and let the gases mix. Expect  the  entropy  to  increase  since  a  

constraint  has  been  removed. Physically, the red gas mixes with the blue gas: we get a purple gas. 

The process  is  irreversible, i.e. there is no thermodynamic  way  to  separate back into separate 

volumes of blue and red gas. In an irreversible process the entropy increases. 

 

If instead we have two gases of the same colour and then remove the partition, we find that the 

entropy does not increase. When the gases are the same, removing  the partition is a reversible 

process. We can always  reinsert  the partition  and  return  to  a  situation  indistinguishable  from  

the initial state. Thus in this case the entropy should not change. 

 

To resolve this paradox, we must adjust our multiplicity calculations by adding a factor of 
 

  
 to 

account for the number of indistinguishable states.  

 

Ergodic Hypothesis 

The average value of some quantity   which is a function of the position and momentum of all the 

particles in the system can be defined as the integral: 

    
 

 
               

    

  

   

The ergodic hypothesis says: during any time interval   the location of the system in phase space is 

equally likely to be anywhere on a surface of constant energy. Hence we can rewrite the integral as: 

                
  

              
 

                   

Where               is the delta function which ensures we only include those states that have 

the desired energy. In thermodynamics we assume that the macroscopic properties of a system are 

completely described by a set of a few macroscopic variables, such as E, N and V. 



 
 

Quantum Statistics 

Ensembles 

Microcanonical ensemble ergodic hypothesis, uniform distribution. Other ensembles give you the 

same results in thermodynamic limit because of sharp peak. In equilibrium with environment   

Modelling Solids 

Dulong Petit: classical, constant specific heat capacity 

Einstein: atomic vibrations, useful at higher temperatures but below classical limit 

Debye: considers phonons rather than atomic vibrations, for even lower temperatures 

Fermi gas: adds effect of electron clouds to Debye, important for metals 

 

 

Fermion and Boson Gases 

By the Pauli exclusion principle, no quantum state can be occupied by more than one fermion with 

an identical set of quantum numbers. Thus a noninteracting Fermi gas, unlike a Bose gas, is 

prohibited from condensing into a Bose–Einstein condensate. The total energy of the Fermi gas at 

absolute zero is larger than the sum of the single-particle ground states because the Pauli principle 

implies a sort of interaction or pressure that keeps fermions separated and moving. For this reason, 

the pressure of a Fermi gas is non-zero even at zero temperature, in contrast to that of a classical 

ideal gas. This so-called degeneracy pressure stabilizes a neutron star (a Fermi gas of neutrons) or a 

white dwarf star (a Fermi gas of electrons) against the inward pull of gravity, which would ostensibly 

collapse the star into a Black Hole. 



 
 

 

Correspondance principle for both bose and fermi gases at high T, at low T fermi has more pressure 

because condensate does not contribute to pressure 

Bose-Einstein - ground state energy important in three dimensions as T goes to zero  



 
 

Paramagnets 

Approaches a constant in the strong-field limit and Curie law in the weak-field limit 

 

 

  



 
 

Blackbody Radiation 

Black-body  radiation  can  be  considered  as  a  gas  of  photons.  Since photons do not interact with 

each other this gas is an ideal one. If the radiation is not in a vacuum but in a material, then, for the 

photon gas  to  be ideal,  the  interaction  of  the  radiation with  the  medium  must also  be  small. 

Applying the boson partition function with density of states expressed in wavelengths, we arrive at 

Planck's formula: 

    
       

  

 

          
   

    
  

    

  

      
   

For small frequencies this reduces to the Rayleigh-Jeans formula: 

    
    

    
     

For large frequencies it reduces to the Wien formula: 

    
  

     
          

Specific Heat of Diatomic Gas 

The equipartition theorem says that each of the 6 translational degrees of freedom of a diatomic 

molecule gives a quadratic term in the kinetic energy, so there should be an energy of at least 

        . This  conclusion  was  reached  by Maxwell  in  one  of  the  very  first papers  on 

kinetic theory. Maxwell also  knew  that  for  the  diatomic gases  in  air, the value    
 

 
     was  

observed,  violating  this  inequality. Maxwell concluded that there must  be  something  wrong  with  

the whole theory  -  I will  refer  to  this observation as Maxwell's paradox. 

Maxwell's  paradox  resolved:  At  room  temperature     
 

 
    .  This reduction in the specific 

heat is due to the freezing out of the vibrational degrees  of  freedom:  i.e.  at  room  temperature  

the  rotational  degrees  of freedom are thermally accessible but the vibrational modes are not. 

 


