
Quantum electrodynamics and quantum optics

Fall 2024



Quantum Science
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• Quantum computation
• Quantum network/communication
• Quantum simulation
• Quantum metrology

• Manipulation of quantum systems is unprecedented: 
atoms, ions, molecules, superconducting circuits, solid 
state systems to macroscopic systems…

• Quantum theory has affected every day of our 
lives: atomic clocks for GPS, transistors, optical 
comm.

atomic clocks transistors Photoelectric 
effect
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QST potential across disciplines

Very active research fields 
• Largescale efforts (e.g. EU Flagship on 

Quantum)
• Large Quantum Progams at leading institutions 

(ETHZ, Kavli Delft, 
• Nobel Prizes: BEC, Laser Cooling, Quantum 

Control,…
Quantum across disciplines
• Astronomy
• Gravitational wave detectors
• Biology
• Chemistry

Superconducting detectors 
offer high-speed astronomy

A quantum-enhanced 
prototype gravitational-wave 
detector

Ultracold
molecules for 
quantum chemistry

Superconducting quantum 
computing
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Quantum Science for Precision Measurements
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QST potential across disciplines

• Single-cell magnetic imaging using 
a quantum diamond microscope, 
Nature Methods

• Electric-field sensing using 
single diamond spins  Nature 
Physics

Use solid quantum systems (e.g. defects in NV) and 
quantum optics methods to creates nanoscale 
sensors for Voltage, Charge, Temperature and apply 
it to Biology or nanoscale NMR.
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Experimental Research in QST at EPFL
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Molecular quantum 
optomechanics (Galland) 
• S. Tarrago-Velez, Galland

PRX 2019

4 K

Ultracold atoms Quantum 
Simulations (Brantut)
• Roux Nature Comm. 2020
• Brantut Nature, 2015
• Brantut Science 2013

Quantum measurements (TJK)
• Wilson, Nature, 2015
• Aspelmeyer Rev. Mod. Phys. 2015

Superconductor Quantum Information
(Manucharyan)
Mehta al. Nature (2023)

Hybrid Quantum Systems 
(Scarlino)
• Stockklauser, Scarlino, PRX 2017

Superconducting quantum 
optomechanics and qubits 
• Youssefi et al. Nature (2022)
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Course topics

Quantization of the electromagnetic field
▶ Week 1: Quantization of a Harmonic Oscillator, quantization of electrical circuits, field quantization
▶ Week 2-3: Fock states, coherent states and squeezed states

Measuring the quantum States of Light
▶ Week 4: Phase space representations (Q-function, Wigner function, P-representation)
▶ Week 5: Homodyne detection
▶ Measurements, photon counting
▶ Photon correlations, HBT effect, g(2) measurements

Superconducting circuits
▶ Week 6: Josephson Junctions
▶ Copper pair box and Transmon
▶ Circuit quantization

Fall 2024 Quantum electrodynamics and quantum optics 7 / 45



Course topics

Atom field interaction
▶ Week 7-8: Light matter interaction, dipole approximation, atom-field interaction Hamiltonian
▶ Week 9: Quantum optics of an open cavity, Purcell effect
▶ Week 10: Cavity quantum electrodynamics (cQED): strong coupling, dispersive regime
▶ Applications of cQED: Generation of arbitrary quantum state of a harmonic oscillator, Quantum Metrology,

QND measurements of TLS

Introduction to quantum mesaurements
▶ Week 11: Quantum non-demolition measurements
▶ Quantum backaction in linear measurements
▶ Week 12: Quantum limits of interferometric measurements
▶ Week 13: Pondermotive Squeezing
▶ Week 14: Backaction-Evading Measurements
▶ Quantum theory of an amplifier
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Course rules

The course will be held in hybrid mode. In person lectures will be held and streamed via
zoom.

Written exam at the end of the semester. The content will be communicated towards
the end of the semester.

Homework is due by the beginning of the next week’s exercise session, late submissions
will not be graded. Only the starred exercises are graded.

The exercise session will be held in person in Q&A format.

Handwritten notes are uploaded to Moodle for reference only. We welcome mistake
spotting (feedback to TAs).
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Course Structure

A video lecture will be uploaded to Moodle each week for self learning. In some parts the
video quality might not be very good, we apologize for the inconvenience.

Each week a student will present a paper. The presentation should be around 40 minutes
long. Presenters should follow the Beamer template on course Moodle. The slides should
be shared with the TAs at least one day before the course.

Sign up for a presentation/question slot shortly after this lecture (google doc link on
Moodle). 13 Topics in total. Send an email to evgenii.guzovskii@epfl.ch

In week (n+ 1)’s classroom, first a 30 min summary will be given of week n’s lecture
video, then the one student will present the paper for one hour.

Students should both watch the videos and read the paper of week n before next
thursday’s course.
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Grading Policy

Depending on whether you submit homeworks and/or make a presentation, the weight of the
final exam towards the final grade might be different:

Option 1: 100% - exam

Option 2: 90% - exam, 10% - homework/presentation

Option 3: 80% - exam, 10% - homework, 10% - presentation

Your final grade will be the maximum between these three options
The assessment of the presentation is binary. The assessment of the homeworks is also binary
with an 80% threshold.
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Course Comments
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Course Comments

Active learning does require everyone’s participation.

The course recordings are at times not perfect. We are working on re-making the audio.

This course is a lot of work (more than the credits suggest)

Handwritten notes are not always well legible - but note, they are not replacing the actual
primary sources that are referenced.

Now most of the homework solutions will be uploaded to moodle.
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Teaching Philosophy: post COVID
From: https://www.science.org/doi/epdf/10.1126/science.abj9957

Teaching philosophy
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Quantum Electrodynamics (QED) effects
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Quantum Electrodynamics (QED) effects

The existence of zero point energy of size ℏ"/2 is possible.

____ Albert Einstein 1913
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Quantum Electrodynamics (QED) effects

1900 Planck discovered that spectral distribution of thermal light can be derived from 
postulating energy of an harmonic oscillator to be quantized.
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Quantum Electrodynamics (QED) effects

1930 The theory of the spontaneous emission under the QED framework was first calculated by 
Weisskopf and Wigner.
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Quantum Electrodynamics (QED) effects

1948 The Casimir effect was first predicted in 1948 by Hendrik 
Casimir of Philips Research Laboratories in the Netherlands.
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Quantum Electrodynamics (QED) effects

1947 The Lamb shift was first measured in 1947 
in the Lamb–Retherford experiment on 
the hydrogen microwave spectrum and 
this measurement provided the stimulus 
for renormalization theory to handle the 
divergences..
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Historical Development of Quantum Optics
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Historical Development of Quantum Optics

1905 Photoelectric effect could be explained by quantized energy states of light.
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Historical Development of Quantum Optics

1909 G.I. Talyor attempted to find quantum effects of light via optical interference using single 
photons.
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Historical Development of Quantum Optics

1954 Hanbury-Brown-Twiss experiment realized the 
measurement of two-time intensity autocorrelation 
functions which gives photon bunching.
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Historical Development of Quantum Optics

1954 Working with Herbert J. Zeiger and graduate 
student James P. Gordon, Townes demonstrates 
the first maser at Columbia University. 

1960 Theodore H. Maiman, a physicist at Hughes 
Research Laboratories in Malibu, Calif., 
constructs the first laser using a cylinder of 
synthetic ruby measuring 1 cm in diameter and 
2 cm long, with the ends silver-coated to make 
them reflective and able to serve as a Fabry-
Perot resonator. Maiman uses photographic 
flashlamps as the laser’s pump source.
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Historical Development of Quantum Optics

1963 Glauber’s quantum theory of coherence 
predicted anti-bunching of light (classical theory 
would require negative probabilities)
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Historical Development of Quantum Optics

1975-1976 Prediction and measurement of non-classical light in two 
level systems (resonance fluorescence) → Quantum Optics
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Modern Developments of Quantum Optics
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Quantum Entanglement

©Johan Jarnestad/The Royal Swedish Academy of Sciences

Bell Test

Entangled Photons

Fall 2024 Quantum electrodynamics and quantum optics 31 / 45



EPR paradox
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Gravitational wave detection

23/03/16	 Nonequilibrium	Sta6s6cal	Physics	–T.J	Kippenberg	2015	 24	

Nonequilibrium Statistical Physics 

4.	B.	Quantum	noise	limits	of	gravitaBonal	wave	detectors		

Quantum	and	
thermal	noises	in	
gravitaBonal	wave	
detectors	

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-2

Fall 2024 Quantum electrodynamics and quantum optics 33 / 45



Gravitational wave detection
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Cavity quantum electrodynamicsNonequilibrium Statistical Physics 

Control of individual quantum system
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Cavity quantum electrodynamics
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Nonequilibrium Statistical Physics 

TexPoint	fonts	used	in	EMF.		
Read	the	TexPoint	manual	before	you	delete	this	box.:	AAAAAAA	

4.	B.	Decoherence	of	nonclassical	states	of	the	microwave	field	

How	nonclassical	states	are	prepared	and	how	their	
decoherence	can	be	measured.	
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Quantum Computing and Quantum Simulation
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Artificial atoms (qubits) with Josephson junctions

Josephson junctions

Cooper pair box (charge qubit)
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Circuit quantum electrodynamics (cQED) Architectures

Single qubit coupled to a 3D cavity Superconducting circuit device with 
two transmon-type qubits
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Dispersive regime

Fall 2024 Quantum electrodynamics and quantum optics 40 / 45



Circuit quantum electrodynamics
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Circuit quantum electrodynamics
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Circuit quantum electrodynamics
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TexPoint	fonts	used	in	EMF.		
Read	the	TexPoint	manual	before	you	delete	this	box.:	AAAAAAA	

5.	Decoherence	of	Quantum	States	

Master	equaBon	descripBon	of	decoherence	
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Transition from Quantum to Classical
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4.	B.	Decoherence	of	macroscopic	objects		

How	to	probe	
decoherence	of	
macroscopic	objects	
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Toolbox
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TexPoint	fonts	used	in	EMF.		
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5.	QuTip	Quantum	Toolbox	

Master	equaBon	descripBon	of	
decoherence	
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