
[image: image1.png]


Approved by: Prof. DSc Dreishuh



Dean

 Date.............................

SOFIA UNIVERSITY “ST. KLIMENT OHRIDSKI”

Faculty: PHYSICS
Subject area: (code and name)

	
	
	
	
	
	
	
	
	


Speciality  NUCLEAR AND PARTICLE PHYSICS
Bachelor  Program: (code and name)

	P
	H
	H
	1
	2
	0
	1
	1
	6


NUCLEAR AND PARTICLE PHYSICS
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Course:  Theoretical Mechanics


Lecturer: Associate Professor Dr.  Hristo Dimov
Assistant: Chief. Assist. Prof. Dr. Dimo Arnaudov
	Academic work
	Components
	Acad. hours

	In-class work
	Lectures
	60

	
	Seminars
	30

	
	Practical exercises (school internships)
	

	Total in-class work
	90

	Out-of-class work
	Individual work with relevant literature
	50

	
	Two homework assignments
	40

	
	Self-exam preparation
	60

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	Total out-of-class work
	105

	TOTAL ACADEMIC WORK
	195

	ECTS credits in-class work
	3

	ECTS credits out-of-class work
	3.5

	TOTAL ECTS CREDITS
	6.5

	№
	Grade components

	% of the grade

	1. 
	Homeworks
	10

	2. 
	Test 
	30

	3. 
	Final written exam with a theory interview
	60

	4. 
	
	

	Outline of the course:

	The course in Theoretical Mechanics, designed for the students of Physics, Bachelor's degree, is the last theoretical summary of the experimental facts and the accumulated knowledge of the students of classical (non-quantum) mechanics from the secondary school and the general physics course. The course introduces in turn consistently enough the fundamentals and apparatuses of Newtonian mechanics, Lagrange formalism, as well as the canonical - Hamiltonian formalism of classical mechanics and the corresponding variation principles. Particular attention is paid to the relationship between the laws of conservation of mechanical quantities and symmetries. The theoretical material is illustrated with numerous concrete physical examples considered at the required theoretical and mathematical level. The main idea of ​​the course is to follow the clear relations with the experimental foundations of mechanics to the most modern level and to point out the exact physical scope of applicability of classical mechanics as a model of physical reality.


	Preliminary requirements:

	In the course the results are presented at the necessary high level with the free use of the adequate mathematical apparatus, utilized by the students of Mathematical Analysis, Linear Algebra, Vector and Tensor Calculus, and especially the course of Ordinary Differential Equations and Variation Calculus as the main apparatus of the theoretical mechanics. The successful advancement of the courses listed above is a prerequisite for acquiring the content of the course in Theoretical Mechanics.


	Key competences acquired:

	The aim of the course is not only to present the basic facts and approaches of the classical mechanics in a sufficiently general form by developing the necessary apparatus, but also to prepare the students for their further training in electrodynamics, statistical physics and especially in quantum mechanics.


Lessons plan 

	№
	Topic:
	Acad. hours

	
	Lectures
	

	
	Space and time in Newtonian mechanics. Law of motion and trajectory. Velocity and acceleration. Curvature and torsion of three-dimensional curve, tangential and normal acceleration. Frenet–Serret frame and Frenet–Serret formulas. Angular velocity. Surface velocity.
	3

	1. 
	Newton's laws (Newton's Principles). Basic physical assumptions set out in Newton's principles and their validity. Importance and range of validity. Basic forces.
	2

	2. 
	Example: harmonic oscillator oscillation under the action of an external simple-harmonic force. Resonance. Phase portraits, boundary cycles, and windings on torus in the 6-dimensional phase space.
	2

	3. 
	Linear momentum and angular momentum of a point particle.  Conservation of the linear momentum, conservation of the angular momentum. Total momentum and total angular momentum for system of point particles and their conservation laws. Consequences of the conservation laws.
	2

	4. 
	Work and power of force. Work as a functional on the state space. Conservative forces. Kinetic and potential energy. Law of conservation of Total Mechanical Energy. Potential for forces of weight, elastic force, Newtonian gravity and Coulomb force.
	3

	5. 
	One-dimensional motions, conservative of forces. Equation of motion. Qualitative theory of one-dimensional motions. Law of motion and time to reach a turning point. Period of one-dimensional finite motions.
	4

	6. 
	Frames of reference. Measuring motion versus two frames of reference and relations between kinematic characteristics. Motion in Non-inertial reference frames, inertial forces. Coriolis forces in motion on the surface of the Earth. Energy Conservation Law.
	2

	7. 
	Galilean invariant. Symmetries and groups. Galilean group transformations.
	2

	8. 
	Two-body problem. Two-body central forces. Reduction to a one-body problem in the center of mass frame and relative motion of reduced mass.
	3

	9. 
	König theorems for two or more particles.
	1

	10. 
	Motion of the reduced mass in the classical central-force field of conservative force. Complete reduction of the two-body problem to one-body problem by using conservation laws of angular momentum and energy. Condition for trajectory closure.
	2

	11. 
	The Kepler (and Culomb) problem. Тrajectories at different energies. The Laplace-Runge-Lenz Vector. Scattering of a classical particle into a field of central potential. Rutherford scattering theorem and scattering cross section. The virial theorem.
	2

	12. 
	Systems with constraints and types of constraints. Lagrange's equations of the first kind and Lagrange multipliers. Degrees of freedom and generalized coordinates of a mechanical system. D'Alembert's principle. Obtaining of the second kind Lagrange equations from  D'Alembert principle. Conjugate momenta. Generalized energy. Dissipation of energy.
	4

	13. 
	Hamilton’s variation Principle. Euler–Lagrange equations and Hamilton's principle. Obtaining of the second kind Lagrange equations from the Hamilton Principle in the case of conservative forces. Physical meaning of the variation principle. Generalized potential of the electromagnetic forces.
	2

	14. 
	Lagrangian of a free point particle in Galilean invariant mechanics. Lagrangians of paticles in external fields and particle systems. Lagrangian of a relativistic free particle in Puancaré - invariant mechanics. Relativistic particle in external fields.
	3

	15. 
	Emmy Noether's theorem in classical mechanics. Conserved quantities. General relation between symmetries and conservation laws. Laws to conserve full mechanical energy, full pulse and full moment of impulse as a consequence of space and time symmetries.
	3

	16. 
	Generalized momentа. Conjugate momenta. Canonical coordinates in the phase space. Legendre transforms. Hamiltonian and canonical equations of Hamilton. The action as a function of the generalized coordinates and the time. Phase space variation principle.
	3

	17. 
	Derivative over time and Poisson Brackets. Basic properties of Poisson Brackets. Poisson Brackets between the generalized coordinates, the conjugate momenta, the Heisenberg algebra.
	2

	18. 
	First Integrals of Hamiltonian Systems. Poisson Brackets and equation for the first integrals. The Poisson-Jacobi Theorem for the First Integrals, the Lie algebra of the First Integrals. Decrease the order of a dynamic system using first integers. Reduction of Whitaker for autonomous Hamiltonian systems.
	2

	19. 
	Canonical transformations and their generating functions. Examples. Infinitizimal canonical transformations. Generators of translations in coordinate and impulse space, spin generators, Hamiltonian as a time translation generator.
	3

	20. 
	The evolution of a mechanical system as a time-driven canonical transformation. Equation of Hamilton-Jakobi and Jacobi's Theorem, examples. Stationary equation of Hamilton-Jacobi, shortened action. Examples of solving the Hamilton-Jacobi stationary equation by separation of the variables.
	4

	21. 
	Rigid Body motion. Configuration space for a rigid body. Orthogonal transformations . Groups. Kinematics in a rotating coordinate system. The moment of inertia tensor. Motion about a fixed point. More General Motion. Dynamics. Euler’s Equations. Euler angles. The symmetric top.
	4

	22. 
	Small oscillations about stable equilibrium. Simultaneous diagonalization of two quadratic forms and normal coordinates.
	2

	
	
	

	
	Seminars/Practical exercises
	

	1.
	Space and time in Newtonian mechanics. Law of motion and trajectory. Velocity and acceleration. Curvature and torsion of three-dimensional curve, tangential and normal acceleration. Frenet–Serret frame and Frenet–Serret formulas. Angular velocity. Surface velocity.
	2

	2.
	Newton's laws (Newton's Principles). Basic physical assumptions set out in Newton's principles and their validity. Importance and range of validity. Basic forces.
	2

	3.
	One-dimensional motions, conservative of forces. Equation of motion. Qualitative theory of one-dimensional motions. Law of motion and time to reach a turning point. Period of one-dimensional finite motions.
	3

	4.
	Frames of reference. Measuring motion versus two frames of reference and relations between kinematic characteristics. Motion in Non-inertial reference frames, inertial forces. Coriolis forces in motion on the surface of the Earth. Energy Conservation Law.
	2

	5.
	Motion of the reduced mass in the classical central-force field of conservative force. Complete reduction of the two-body problem to one-body problem by using conservation laws of angular momentum and energy. Condition for trajectory closure.
	3

	6.
	The Kepler (and Culomb) problem. Тrajectories at different energies. The Laplace-Runge-Lenz Vector. Scattering of a classical particle into a field of central potential. Rutherford Scattering. The virial theorem.
	2

	7.
	Systems with constraints and types of constraints. Lagrange's equations of the first kind and Lagrange multipliers. Degrees of freedom and generalized coordinates of a mechanical system. D'Alembert's principle. Obtaining of the second kind Lagrange equations from  D'Alembert principle. Conjugate momenta. Generalized energy. Dissipation of energy.
	3

	8.
	Hamilton’s variation Principle. Euler–Lagrange equations and Hamilton's principle. Obtaining of the second kind Lagrange equations from the Hamilton Principle in the case of conservative forces. Physical meaning of the variation principle. Generalized potential of the electromagnetic forces.
	2

	9.
	Derivative over time and Poisson Brackets. Basic properties of Poisson Brackets. Poisson Brackets between the generalized coordinates, the conjugate momenta, the Heisenberg algebra.
	2

	10.
	Canonical transformations and their generating functions. Examples. Infinitizimal canonical transformations. Generators of translations in coordinate and impulse space, spin generators, Hamiltonian as a time translation generator.
	2

	11.
	The evolution of a mechanical system as a time-driven canonical transformation. Equation of Hamilton-Jakobi and Jacobi's Theorem, examples. Stationary equation of Hamilton-Jacobi, shortened action. Examples of solving the Hamilton-Jacobi stationary equation by separation of the variables.
	3

	12.
	Rigid Body motion. Configuration space for a rigid body. Orthogonal transformations . Groups. Kinematics in a rotating coordinate system. The moment of inertia tensor. Motion about a fixed point. More General Motion. Dynamics. Euler’s Equations. Euler angles. The symmetric top.
	2

	13.
	Small oscillations about stable equilibrium. Simultaneous diagonalization of two quadratic forms and normal coordinates.
	2

	
	
	


	Topics Covered on the Final Exam

№
	Topic

	1
	Space and time in Newtonian mechanics. Law of motion and trajectory. Velocity and acceleration. Curvature and torsion of three-dimensional curve, tangential and normal acceleration. Frenet–Serret frame and Frenet–Serret formulas.

	2
	Angular velocity. Surface velocity.

	3
	Newton's laws (Newton's Principles). Basic physical assumptions set out in Newton's principles and their validity. Importance and range of validity. Basic forces.

	4.
	Harmonic oscillator oscillation under the action of an external simple-harmonic force. Resonance. Phase portraits, boundary cycles, and windings on torus in the 6-dimensional phase space.

	5.
	Linear momentum and angular momentum of a point particle.  Conservation of the linear momentum, conservation of the angular momentum. Total momentum and total angular momentum for system of point particles and their conservation laws. Consequences of the conservation laws.

	6.
	Work and power of force. Work as a functional on the state space. Conservative forces. Kinetic and potential energy. Law of conservation of Total Mechanical Energy. Potential for forces of weight, elastic force, Newtonian gravity and Coulomb force.

	7.
	One-dimensional motions, conservative of forces. Equation of motion. Qualitative theory of one-dimensional motions. Law of motion and time to reach a turning point.

	8.
	One-dimensional motion in the field of quadratic potentials: potential pit and potential barrier. Phase portraits.

	9.
	Period of one-dimensional finite motions. Example: degree potentials.

	10.
	An-harmonic oscillator with symmetric potential.

	11.
	Frames of reference. Measuring motion versus two frames of reference and relations between kinematic characteristics.

	12.
	Motion in Non-inertial reference frames, inertial forces. Coriolis forces in motion on the surface of the Earth. Energy Conservation Law.

	13. 
	Galilean invariance and covariance of equations of motion. Symmetries and groups. Galilean group transformations.

	14. 
	Two-body problem. Two-body central forces

	15.
	Reduction of two-body problem to a one-body problem in the center of mass frame and relative motion of reduced mass.

	16.
	König theorems for two or more particles.

	17.
	Motion of the reduced mass in the classical central-force field of conservative force. Complete reduction of the two-body problem to one-body problem by using conservation laws of angular momentum and energy. Condition for trajectory closure.

	18.
	The Kepler (and Culomb) problem. Тrajectories at different energies. The Laplace-Runge-Lenz Vector. 

	19.
	The virial theorem.

	20.
	Scattering of a classical particle into a field of central potential. Rutherford scattering theorem and scattering cross section.

	21.
	Systems with constraints and types of constraints. Lagrange's equations of the first kind and Lagrange multipliers.

	22.
	Degrees of freedom and generalized coordinates of a mechanical system. D'Alembert's principle. Obtaining of the second kind Lagrange equations from  D'Alembert principle. Conjugate momenta. Generalized energy. Dissipation of energy.

	23.
	Hamilton’s variation Principle. Euler–Lagrange equations and Hamilton's principle. Obtaining of the second kind Lagrange equations from the Hamilton Principle in the case of conservative forces. Physical meaning of the variation principle. 

	24.
	Generalized potential of the electromagnetic forces.

	25.
	Lagrangian of a free point particle in Galilean invariant mechanics. Lagrangians of paticles in external fields and particle systems. Lagrangian of a relativistic free particle in Puancaré - invariant mechanics. Relativistic particle in external fields.

	26.
	Emmy Noether's theorem in classical mechanics. Conserved quantities. 

	27.
	General relation between symmetries and conservation laws. Laws to conserve full mechanical energy, full pulse and full moment of impulse as a consequence of space and time symmetries.

	28.
	Generalized momentа. Conjugate momenta. Canonical coordinates in the phase space. Legendre transforms. Hamiltonian and canonical equations of Hamilton.

	29.
	The action as a function of the generalized coordinates and the time. Phase space variation principle.

	30.
	Derivative over time and Poisson Brackets. Basic properties of Poisson Brackets. 

	31.
	Poisson Brackets between the generalized coordinates, the conjugate momenta, the Heisenberg algebra.

	32.
	First Integrals of Hamiltonian Systems. Poisson Brackets and equation for the first integrals. The Poisson-Jacobi Theorem for the First Integrals, the Lie algebra of the First Integrals. Decrease the order of a dynamic system using first integers. Reduction of Whitaker for autonomous Hamiltonian systems.

	33.
	Canonical transformations and their generating functions. Examples.

	34.
	Infinitizimal canonical transformations. Generators of translations in coordinate and impulse space, spin generators, Hamiltonian as a time translation generator.

	35.
	The evolution of a mechanical system as a time-driven canonical transformation. Equation of Hamilton-Jakobi and Jacobi's Theorem, examples.

	36.
	Stationary equation of Hamilton-Jacobi, shortened action. Examples of solving the Hamilton-Jacobi stationary equation by separation of the variables. Examples.

	37.
	Integral Invariants of Poincare-Cartan. Universal Poincaré Invariant.

	38.
	Conservation of phase space volume and Liouville's theorem.

	39.
	Rigid Body motion. Configuration space for a rigid body. Orthogonal transformations . Groups. Euler angles. Cayley-Klein parameters. Kinematics in a rotating coordinate system.

	40.
	The moment of inertia tensor. Motion about a fixed point. More General Motion. Dynamics. 

	41.
	Euler’s Equations. The symmetric top.

	42.
	Small oscillations about stable equilibrium. Simultaneous diagonalization of two quadratic forms and normal coordinates.
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� Depending on the course specificity and on the requirements of the teacher, other types of activity can be added or the unnecessary ones can be removed. 






