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Outline for Week 1:

Lecture 
Number (Week)

Planned content

1 (Week 1)
Introduction to Quantum Nanoscience, Qutip, How to read a scientific paper, Quantum harmonic 
oscillator revision.

2 (Week 1) Cavity QED: Jaynes Cummings Hamiltonian

3 (Week 1) Introducing loss, different regimes of dynamics
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Introduction to Quantum Nanoscience
Canvas page:
https://canvas.sydney.edu.au/courses/49783/pages/introduction-to-quantum-nanoscience

https://canvas.sydney.edu.au/courses/49783/pages/introduction-to-quantum-nanoscience
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Introduction to Quantum Nanoscience
Primary reading:

Module 1: 
D. I. Schuster et al., “Resolving photon number states in a superconducting circuit”, Nature 445, 515–518 (2007)

Module 2: 
R. E. Evans et al., “Photon-mediated interactions between quantum emitters in a diamond nanocavity”, Science, 362, 662–665 (2018).

Module 3: 
V. M. Schafer et al., "Fast Quantum Logic Gates with Trapped-Ion Qubits", Nature 555, 75 (2018).

Module 4:
R. M. Lutchyn et al., “Majorana zero modes in superconductor-semiconductor heterostructures”, Nature Reviews Materials 3, 52 (2018).

• Download and start reading these papers now!
• This is not the only reading that will be useful for this course – keep an eye out for references in slides.

https://canvas.sydney.edu.au/courses/49783/pages/qn-research-papers-and-resources?module_item_id=1876776
https://canvas.sydney.edu.au/courses/49783/pages/research-papers-and-other-resources
https://canvas.sydney.edu.au/courses/41075/pages/research-papers-and-other-resources
https://canvas.sydney.edu.au/courses/49783/pages/qn-research-papers-and-resources?module_item_id=1876776
https://canvas.sydney.edu.au/courses/49783/pages/qn-research-papers-and-resources?module_item_id=1876776
https://canvas.sydney.edu.au/courses/49783/pages/qn-research-papers-and-resources?module_item_id=1876776
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Introduction to Quantum Nanoscience
Qutip:

• Example work books for Modules 1 & 2
https://canvas.sydney.edu.au/courses/49783/pages/qutip-jupyter-notebooks?module_item_id=1876777

• Assignments to be submitted as Qutip notebooks

https://canvas.sydney.edu.au/courses/49783/pages/qutip-jupyter-notebooks?module_item_id=1876777
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M. Mitzenmacher, How to read a research paper (https://www.eecs.harvard.edu/~michaelm/postscripts/ReadPaper.pdf)

• Read critically and creatively
• After the first pass, summarise the paper in one or two sentences (Due Lecture 2)

How to read a scientific paper

10 stages of reading a scientific paper:

Optimism → Fear → Regret → Corner cutting → Bafflement → Distraction → Realisation → Determination → Rage → Career change

https://www.sciencemag.org/careers/2016/01/how-read-scientific-paper

S. Keshav, How to Read a Paper = 3 pass approach (https://web.stanford.edu/class/ee384m/Handouts/HowtoReadPaper.pdf)

1. 5 – 10 minutes: concentrate on the 5 C’s
2. ~1 hour: concentrate on the figures
3. 4 – 5 hours: recreate the authors’ results based on their assumptions

https://violentmetaphors.com/2013/08/25/how-to-read-and-understand-a-scientific-paper-2/

https://www.eecs.harvard.edu/%7Emichaelm/postscripts/ReadPaper.pdf
https://www.sciencemag.org/careers/2016/01/how-read-scientific-paper
https://web.stanford.edu/class/ee384m/Handouts/HowtoReadPaper.pdf
https://violentmetaphors.com/2013/08/25/how-to-read-and-understand-a-scientific-paper-2/
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Superconducting quantised circuits

D. I. Schuster et al., “Resolving photon number states in a superconducting circuit”, Nature 445, 515–518 (2007)

https://canvas.sydney.edu.au/courses/41075/pages/research-papers-and-other-resources
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Introductory material to a paper
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Superconducting quantised circuits

D. I. Schuster et al., “Resolving photon number states in a superconducting circuit”, Nature 445, 515–518 (2007)

https://canvas.sydney.edu.au/courses/32479/files/14782727/download?wrap=1
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Superconducting quantised circuits

Additional recommended reading and resources:

P. Krantz et al., “A Quantum Engineer’s Guide to Superconducting Qubits” https://arxiv.org/pdf/1904.06560.pdf

A. Blais et al., “Circuit quantum electrodynamics”, Reviews of Modern Physics, 93 (2021) 
https://journals.aps.org/rmp/pdf/10.1103/RevModPhys.93.025005

Walls and Milburn, Quantum Optics https://link.springer.com/book/10.1007%2F978-3-540-28574-8

Scully and Zubairy, Quantum Optics 
https://books.google.com.au/books?id=9lkgAwAAQBAJ&printsec=frontcover#v=onepage&q&f=false

https://arxiv.org/pdf/1904.06560.pdf
https://journals.aps.org/rmp/pdf/10.1103/RevModPhys.93.025005
https://link.springer.com/book/10.1007%2F978-3-540-28574-8
https://books.google.com.au/books?id=9lkgAwAAQBAJ&printsec=frontcover#v=onepage&q&f=false
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Quantised electromagnetic field

L

x

y
z

Maxwell’s equations in free space give rise to the homogeneous electromagnetic
wave equation:

Assume that E(r, t) is polarised along x
& hence B(r, t) is polarised along y

The wave equation then simplifies to:

Solutions:



Page 12The University of Sydney

Quantised electromagnetic field
Solutions:

Electromagnetic field energy:
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Quantised electromagnetic field

Energy of classical harmonic oscillator Energy of the jth mode of the EM field in a 1D lossless 
cavity
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Quantised electromagnetic field
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Quantised electromagnetic field
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PHYS4126 – Quantum Nanoscience
Lecture 2
Superconducting quantised circuits
L2, Week 1

https://sydney.padlet.org/johnbartholomew1/PHYS4126

https://sydney.padlet.org/johnbartholomew1/PHYS4126
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Outline for Week 1:

Lecture 
Number (Week)

Planned content

1 (Week 1)
Introduction to Quantum Nanoscience, Qutip, How to read a scientific paper, Quantum harmonic 
oscillator revision.

2 (Week 1) Cavity QED: Jaynes Cummings Hamiltonian

3 (Week 1) Introducing loss, different regimes of dynamics
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M. Mitzenmacher, How to read a research paper (https://www.eecs.harvard.edu/~michaelm/postscripts/ReadPaper.pdf)

• Read critically and creatively
• After the first pass, summarise the paper in one or two sentences (Due Lecture 2)

How to read a scientific paper

10 stages of reading a scientific paper:

Optimism → Fear → Regret → Corner cutting → Bafflement → Distraction → Realisation → Determination → Rage → Career change

https://www.sciencemag.org/careers/2016/01/how-read-scientific-paper

S. Keshav, How to Read a Paper = 3 pass approach (https://web.stanford.edu/class/ee384m/Handouts/HowtoReadPaper.pdf)

1. 5 – 10 minutes: concentrate on the 5 C’s
2. ~1 hour: concentrate on the figures
3. 4 – 5 hours: recreate the authors’ results based on their assumptions

https://violentmetaphors.com/2013/08/25/how-to-read-and-understand-a-scientific-paper-2/

https://sydney.padlet.org/johnbartholomew1/PHYS4126

https://www.eecs.harvard.edu/%7Emichaelm/postscripts/ReadPaper.pdf
https://www.sciencemag.org/careers/2016/01/how-read-scientific-paper
https://web.stanford.edu/class/ee384m/Handouts/HowtoReadPaper.pdf
https://violentmetaphors.com/2013/08/25/how-to-read-and-understand-a-scientific-paper-2/
https://sydney.padlet.org/johnbartholomew1/PHYS4126
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Quantised electromagnetic field
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Maxwell’s equations in free space give rise to the homogeneous electromagnetic
wave equation:

1D wave equation

Energy of the EM field
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Quantised electromagnetic field
Solutions:

Electromagnetic field energy:
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Quantised electromagnetic field

Energy of classical harmonic oscillator Energy of the jth mode of the EM field in a 1D lossless 
cavity
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Quantised electromagnetic field
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Quantised electromagnetic field
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Quantised electromagnetic field
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z

Maxwell’s equations in free space give rise to the homogeneous electromagnetic
wave equation:
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Quantised atom
Let’s keep the model for the ‘atom’ simple and generic to start with
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Atom-field interaction
Briefly to atomic physics and work in the semi-classical approximation to introduce atom-field interaction.

Atom Hamiltonian is: 

, which becomes 

in an external electromagnetic field (𝐻𝐻| ⟩𝜓𝜓 = 𝑖𝑖ℏ 𝜕𝜕
𝜕𝜕𝜕𝜕

| ⟩𝜓𝜓 is the Pauli Equation).
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Atom-field interaction

Dipole approximation: electromagnetic field can be considered a plane wave at the atom.
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Atom-field interaction

Note: Hint, 1 and Hint, 2 are equivalent in the Coulomb gauge (Radiation gauge).
Proof – see Quantum Optics, Scully & Zubairy, Section 5.1, 5A, p178 (see also p148-151)

– see Introductory Quantum Optics, Gerry & Knight, Section 4.1, p74
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Atom-field interaction: quantum mechanically

What about E ?
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Atom-field interaction: quantum mechanically
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Jaynes Cummings Hamiltonian
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Exercise:

What is the key message of this figure?
Define the important terms and parameters.
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PHYSx126 – Quantum Nanoscience
Lecture 3
Superconducting quantised circuits
L3, Week 1
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Outline for Week 1:

Lecture 
Number (Week)

Planned content

1 (Week 1)
Introduction to Quantum Nanoscience, Qutip, How to read a scientific paper, Quantum harmonic 
oscillator revision.

2 (Week 1) Cavity QED: Jaynes Cummings Hamiltonian

3 (Week 1) Introducing loss, different regimes of dynamics
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2 Sentence summaries:
2021 2022
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Atom-field interaction

Note: Hint, 1 and Hint, 2 are equivalent in the Coulomb gauge (Radiation gauge).
Proof – see Quantum Optics, Scully & Zubairy, Section 5.1, 5A, p178 (see also p148-151)

– see Introductory Quantum Optics, Gerry & Knight, Section 4.1, p74
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Atom-field interaction: quantum mechanically

What about E ?
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Atom-field interaction: quantum mechanically

^

^

^
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Atom-field interaction: quantum mechanically

^

^

^
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Jaynes Cummings Hamiltonian

^

Edwin Jaynes Frederick Cummings
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Jaynes Cummings Hamiltonian

What assumptions have we made thus far?
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Adding loss to the Jaynes Cummings Hamiltonian
Cavity field decay rate:

Atom decay rate:
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Time dynamics when 𝜿𝜿 = 𝜸𝜸 = 𝟎𝟎

Jupyter notebook #1:
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Time dynamics when 𝜿𝜿,𝜸𝜸 ≠ 𝟎𝟎
Jupyter notebook #2 & Extra notebook #1
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Different regimes of the JC Hamiltonian

Strong coupling regime

Condition: 

In this case, the system Hamiltonian can be approximated by the Jaynes Cummings Hamiltonian.
The coherent coupling rate between the cavity mode and the ‘atom’  is large compared to the (irreversible) dissipation rates.

Rabi oscillations occur: 
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Different regimes of the JC Hamiltonian

Weak coupling regime

Condition: 

In this case, the (irreversible) dissipation rates dominate the coherent coupling.
An interesting way to consider this is that the atom interacts with many fields. The resulting Rabi oscillations are all at
different frequencies, which leads to destructive interference of probability amplitudes corresponding to the different 
interactions. The result is irreversible spontaneous emission.
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Different regimes of the JC Hamiltonian

Resonant regime

Condition: 

Dispersive regime

Condition:
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Different regimes of the JC Hamiltonian

Exercise:

What is the key message of this figure?
Define the important terms and parameters.
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Primer on unitary transformations
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Dispersive limit of the JC model
Useful formula (Corollary of the Baker – Campbell – Hausdorff Theorem)

Exercise: Show that by choosing                     : 
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Dispersive limit of the JC model
Exercise: Show that by choosing                     : 
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For next lecture:

Lecturer: Dr Kun Zuo


