


Dr. Andreas Shalchi
Office: 219 Allen Building
Email: Andreas.Shalchi@umanitoba.ca

Classes:
Mondays, Wednesdays & Fridays 9:30-10:20,
527 Buller

Office Hours:
Mondays and Fridays 13:30-14:30

Course Website:
www2.physics.umanitoba.ca/u/shalchi/PHYS3386

Best way to reach me!





Will be posted online the night before the lecture on the website!

Lecture notes









If you are a student with a disability, please contact SAS for 
academic accommodation supports and services such as 
note-taking, interpreting, assistive technology and exam 
accommodations. Students who have, or think they may 
have, a disability (e.g. mental illness, learning, medical, 
hearing, injury-related, visual) are invited to contact SAS to 
arrange a confidential consultation.

Student Accessibility Services
520 University Centre
204 474 7423
http://umanitoba.ca/student/saa/accessibility/
Student_accessibility@umanitoba.ca



 Remain calm

 if it is safe, evacuate the classroom or lab

 go to the closest fire exit

 do not use the elevators

 If you need assistance to evacuate the building, inform your 
professor or instructor immediately.

 If you need to report an incident or a person left behind during a 
building evacuation, report it to a fire warden or call security 
services 204-474-9341.

 Do not reenter the building until the “all clear” is declared by a fire 
warden, security services or the fire department.

 Important: only those trained in the use of a fire extinguisher 
should attempt to operate one! 





(A detailed course schedule will be part of the ROASS!)

* This refers to the course PHYS 2386: Introduction 
to Special Relativity and Quantum Physics

*



➢ Different Descriptions of Quantum Mechanics (QM)

• Wave Mechanics:

Electrons and other particles are described by wave equations such
as Schrödinger‘s equation (1926). The mathematical formulation is
very similar compared to other waves (e.g., sound waves,
electromagnetic waves).

• Matrix Mechanics:

Describes QM based on operators and matrices. It was developed
by Heisenberg, Born, and Jordan in 1925. Pauli derived the
hydrogen atom spectrum in 1926 before the development of wave
mechanics.

• Path Integrals (is more advanced, not discussed in 3386):

Describes QM based on functional integrals also known as Wiener
integrals. This formulation was introduced into QM by Feynman
and Dirac. Each path is possible but with a different probability.



➢ Wave Mechanics and Wave Equations

• Schrödinger‘s Equation: non-relativistic particles without spin

• Pauli‘s Equation: non-relativistic particles with spin

• Klein-Gordon Equation: relativistic particles without spin

• Dirac‘s Equation: relativistic particles with spin

Laplace operator



➢ Principles of Wave Mechanics

• Assume that particles are described by a wave Ψ rather than a 
classical trajectory

• The probability density to find the particle at a certain time and 
position in space is then ΨΨ*.

• Note the similarity with statistical physics!

• Linear waves have the form

complex conjugate



➢ Derivation of Schrödinger’s Equation

• The energy of a non-relativistic particle is given by

• Use the de Broglie relations (1924)

• This gives us the relation between frequency ω and wave number k

• Assume there is an equation for the wave function Ψ. This equation
must contain only first derivatives wrt time. Only then the theory is
deterministic. Note, deterministic means that if we know the initial
wave function, we are able to compute the wave for any later time.



➢ Derivation of Schrödinger’s Equation

• We derived

• Assume that the wave equation we are looking for is linear. If this is 
the case, the solution can be written as Fourier representation

• Because of the reason discussed on the previous slide, we compute 
the first time-derivative

• Using the relation derived above gives us



➢ Derivation of Schrödinger’s Equation

• We derived

• Consider the first term on the right-hand-side

• Using this above yields

• This is the time-dependent Schrödinger equation.

• It describes non-relativistic particles without spin.

• It is a Partial Differential Equation (PDE)!



➢ Operators in Quantum Mechanics

• The energy-momentum relation is given by

• Multiply this by the wave function to obtain

• Replace the quantities E and p by the following operators

• Using those formal replacements of classical quantities by the 
corresponding operators gives us



➢ Normalization and Moments

• Assume that we describe the bound state of a single particle. Then 
we require that the following normalization condition is satisfied

• Consider the time-independent one-dimensional case. Then we have

• In this case the normalization condition becomes simply

• We define the nth moment via



➢ The Heisenberg Uncertainty Relation

• Consider a simple 1D Gaussian wave of the form

• Determine the constant Ψ0 via the normalization condition

• By using the Gaussian integral

we find



➢ The Heisenberg Uncertainty Relation

• Therefore, we need

• The second moment is given by

• We use the Fourier transforms



➢ The Heisenberg Uncertainty Relation

• Compute the Fourier transform of the Gaussian

• Calculate the second moment in Fourier space

Is also a Gaussian!!!



➢ The Heisenberg Uncertainty Relation

• We derived for the two moments

• Therefore, we find for the product of the two second moments

• Note that the widths of the two Gaussians are

This is a property of the 
Fourier transform!



➢ The Heisenberg Uncertainty Relation

• For the product of the two widths we, therefore, obtain

• Using the de Broglie relation                yields

• Note that this was derived for a Gaussian wave.

• In general we have

• This is the famous uncertainty relation!

• The proof will be discussed later.



➢ The Continuity Equation

• Schrödinger‘s equation is given by

• Its complex conjugate is

• Remember that the probability density is ΨΨ*.

• The time-derivative of the probability density is

Assume a real potential

Use Schrödinger‘s equation



➢ The Continuity Equation

• With the help of the Schrödinger equation we derive

• To rewrite this we consider the following (just product rule)

Subtract these two 
equations



➢ The Continuity Equation

• By combining all this, we derive

• For the probability density we can use ρ=ΨΨ*.

• Furthermore, we define the particle current density via

• Using this above yields
This is a typical 
continuity equation.



➢ The Continuity Equation

• We found the continuity equation

• Integrating this over the volume V yields

• We rewrite the left-hand-side and for the right-hand-side we use the 
divergence theorem to derive

Number of 
particles in V

Particle flux through 
surface of the volume V

Describes 
conservation of 
particles!
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