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•  Problems of Reductionism and the search for fundamental dofs.
     (e.g. free-electron model of metal conductivity)
•  P.W.Anderson opened the season of “complexity” in 1972
      (P.W. Anderson, More is different. Science, 177, 393-396 (1972)).
     In a nutshell:

•  THERE IS NO FUNDAMENTAL SCALE
•  AT EACH SCALE THERE IS NEW PHYSICS
•  EACH SCALE HAS ITS OWN LEVEL OF COMPREHENSION



    MOLECULAR STRUCTURE

     An intrinsically classical notion

•  Mechanical equilibrium configurations
•  No net force condition (what is a force in QM?)
•  Minima of the potential energy landscape



The “fundamental” law at atomic scale

Non relativistic time dependent Schroedinger Equation with the “matter hamiltonian”:
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Born-Oppenheimer approximation
Nuclear masses exceed electronic ones by 2-3 orders of magnitude:

We split the molecular Schr. Equation into two: electronic and nuclear

Electronic wave-functions are more delocalized
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adiabatic approximation: B. O. 1927



�0(R; t)The evolution of the nuclear approximated w.f.                               is given by:
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The dynamics of the nuclei, apparently independent from the electrons, is driven 
by Eo(R) as the interaction potential (a mean field, modelizable, no more Coulomb!);
the ground state electronic function parametrized by R. 

In the rigid adiabatic approx. no excited electronic states, jumps are considered. 

The force fields of protein MD come from models of Eo



If nuclei are heavy enough and/or temperature is high enough so that the thermal quantum length is 
negligible w.r. to nuclear separations:
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Then the dynamics is no more quantum, but 
Newton: and nuclei move classically in the 
effective potential built up by electronic glue



⬥    a classical system of quantum particles interacting via an 
effective interaction potential,

       is be obtained ab initio, from quantum mechanics, (AIMD) by 
some suitable fitting procedure➔phenomenological model, e.g.  with a 
Pairwise Additive Potential,                                   

⬥    if PAP, the equations of motion are numerically integrable for a 
number of particles finite but large enough to study, by statistical 
approach, the thermal properties of matter



Equilibrium (classical) Statistical Mechanics (1)

 a closed system evolving in time under time-independent 
forces will reach a STATIONARY state

 the microscopic properties are ‘irrelevant’ while the 
statistical (or macroscopic) are stable and interesting 
(THERMODYNAMICS).

They can be computed by time or ensemble averages:



Equilibrium (classical) Statistical Mechanics (2)

Temporal average of an observable along a trajectory generated by the newtonian dynamics
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Estimator of (1) as an expected value over a probability scheme attached to “ states”,
 to be considered as statistically independent bunches of snapshots, similar to meso-states
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Ensemble average as in MC:  (1) and (4) are the same if the dynamics is ergodic





Molecular eigen-value problem

Separation of scales, adiabatic factorization…

Electronic eq

nuclear



Nuclear motions are ruled by the time dependent Schroedinger Eq.

Coupling the nuclear dynamics with electronic on the flight solutio of the electronic eigen-value problem is 
Ab-Initio Car-Parrinello MD







So, we have grounded the notion of molecular structure and 
molecular dynamics on quantume mechanics. Moreover, we have 
given, through Hellmann-Feynman’ theorem a meaning to the notion of
Molecular forces. E scusate se è poco






