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Course title:
Computational Statistical Mechanics

Instructors:
Giovanni Bachelet (giovanni.bachelet@roma1.infn.it), Saverio Moroni (saveriomoroni@gmail.com)
Fermi building, room 304, ext. 2-3474 

Subject and scope:
Computational Statistical Mechanics aims at the evaluation of macroscopic collective and average properties
of many-body systems (up to ~1022 particles) through the microscopic numerical evolution (e.g. by
Molecular Dynamics or Monte Carlo methods) of very large (yet much smaller) samples of their constituent
(classical or quantum) particles. In this context the course will focus on "realistic" many-body systems like
electrons in atoms, molecules and solids, or atoms in classical and quantum solids and fluids. To attack them
we will need tools common to other branches of Computational Physics (series expansions, matrix inversion
and diagonalization, root-finding algorithms, numerical approaches to eigenvalue-eigenfunction systems),
and specific tools (like Monte Carlo methods or molecular dynamics). This course will deal with some of
these tools. On one hand, it will deal with the electronic structure theories which over the last 40 years,
along with the ever-increasing computer power, have allowed a reliable description of many molecular and
solid-state systems, and, in particular, a very accurate prediction of their interatomic forces, and thus their
structural and dynamical properties "from first-principles". On the other hand, it will deal with quantum
Monte Carlo methods, which over the last 40 years have proved a powerful, "numerically exact" simulation
tool for realistic and model quantum many-body systems. In particular, the course will deal with:

1. the Density Functional theory, which reduces the many-electron problem to a self-consistent-field
problem, and the pseudopotential theory, which further simplifies atoms by eliminating their inner-
core electrons: two crucial ingredients for the first-principles prediction of the stability of a compund
and of its lattice and molecular dynamics;

2. quantum (variational, diffusion, path-integral) Monte Carlo methods, their applicability and the
motivations of their use in the numerical study of quantum many-body interacting systems (like the
electron gas, electrons in atoms and molecules, solid or liquid helium).

At the end of the course the student should:

a. have clear ideas on the theories and algorithms which presently allow the calculation from first
principles of many properties of atoms, molecules, and solids, and also on their limits and on the
directions of development of this field of research;

b. be able to implement on a computer at least one of the methods learned from this course to a quantum
many-body system (electrons in an isolated atom or in a periodic crystal; a quantum liquid or solid).

Teaching methods:
Along with the essential elements of the theory (frontal lectures), examples and applications will be both
presented and tested in practice (computer lab). Hands-on sessions will represent a larger portion of the
Monte Carlo part of the course. A numerical project within the methods spanned by the course, conceived,
implemented on the computer, summarized and presented (with a short report or slide presentation) by a
single individual or a small group is an integral part of the student's responsibilities.

Evaluation method:
The final examination consists of an individual discussion of (i) one or more subjects covered by the course,
as listed in the short table of contents; and (ii) the numerical project which the student has performed.

Frontal lecture plan (very approximate):
Hartree and Hartree-Fock method for interacting electrons (7 hours) / Periodic Table (2 hours) / Density
Functional Theory (6 hours) / Electrons in solids and pseudopotentials (7 hours) 
Variational Monte Carlo (6 hours) / Diffusion Monte Carlo (6 hours) / Path-Integral Monte Carlo (6 ore)
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Short table of contents:

     Self-consistent field (Giovanni Bachelet)

     Schrödinger equation, variational principle
     Interacting electrons
     Hartree-Fock approximation
     Density Functional Theory
     Electrons in atoms: shell structure, Periodic Table
     Electrons in crystals: Bloch, plane waves, pseudopotentials
     Total energy and interatomic forces: Hellmann-Feynman

     Quantum Monte Carlo (Saverio Moroni)

     Variational Monte Carlo:
         Stochastic integration, Metropolis algorithm
         Correlated wavefunctions, local energy
         Expectation values
         Optimization by correlated sampling
     Projection Monte Carlo:
         Imaginary time evolution
         Variational Path Integral, mixed and pure estimation

         Diffusion Monte Carlo, branching random walk
         Fermion sign problema and Fixed Node Approximation

     NB
     Theoretical, methodological and computational aspects of the 
     above subject list are addressed by the course. More details, 
     references, notes on http://www.giovannibachelet.it/CSM-15-16/.


