
21/11/24

1

Statistical 
Mechanics 
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Correlations
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Fluctuations
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Strongly interacting particles
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Microscopic origin of thermodynamic laws
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The founding fathers
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Systems: closed and semi-closed
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Hamiltonian dynamics for closed systems
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Ensembles
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Preliminaries
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η = mean number of systems that occupy a quantum state at location 
{q, p} in an ensemble’s 2W-dimensional phase space, at time t
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Distribution function
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Conservation law for systems & Liouville equation
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Liouville’s theorem
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Boltzmann transport equation
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Canonical distribution
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Translational, rotational and vibrational degrees of 
freedom
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Entropy
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For an ensemble

Microcanonical
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Entropy is maximized when 𝜌 is constant 
(microcanonical ensemble)
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Examples
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Paradox ? 

There is an apparent paradox at the heart of statistical mechanics, and, 
at various stages in the development of the subject it has led to 
confusion and even despair.

It still creates controversy (see, e.g., Hawking and Penrose, 2010; 
Penrose, 1999). 

Its simplest and most direct expression is to ask: how can the time-
reversible, microscopic laws, encoded in a time-independent 
hamiltonian, lead to the remorseless increase of entropy?
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Entropy increase

129

Assume, for simplicity, that at time t = 0 all the systems are concentrated in a small but 
finite region of phase space with volume  ,    as shown in Fig. 4.2a, with                              
in the occupied region and ρ = 0 everywhere else.

129

As time passes each system evolves under the action of the systems’ common hamiltonian. As 
depicted in Fig. 4.2b, this evolution distorts the occupied region of phase space; but Liouville’s 
theorem dictates that the occupied region’s volume remain unchanged and, correspondingly,         
that the ensemble’s entropy remains unchanged. 

How can this be so? The ensemble is supposed to evolve into statistical equilibrium, with its 
distribution function uniformly spread out over that entire portion of phase space allowed by the 
hamiltonian’s constants of motion—a portion of phase space far, far larger —and in the process      
the entropy is supposed to increase.
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Coarsening
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Discarding correlations

132

132



21/11/24

20

Gravity
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Galaxies as closed systems of non-interacting stars 

Age of galaxy  
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Entropy of a galaxy
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Probability density of N stars Are galaxies at equilibrium ?
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The galaxy entropy increases
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Galaxies are not in 
statistical equilibrium  
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First law of thermodynamics & BH Entropy
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More on Black Hole Thermodynamics & 
SM (D. Wallace)
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Structure of the milky way
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Entropy and 
information
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