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Physics before quantum 

mechanics

• Classical mechanics (Newton, Lagrange, 

Hamilton,…)

• Electromagnetism (Maxwell, Ampere, 

Faraday, Ohm,…)

• Thermodynamics (Gibbs, Watt, Carnot, 

Thomson, Clausius,…)

• Statistical Mechanics (Boltzmann, 

Nernst, Helmholtz)



At the end of 19th century:

• Albert Michelson (not Lord Kelvin) stated in 

1894:

“it seems probable that most of the grand 

underlying principles have been firmly 

established… the future truths of physical 

science are to be looked in the sixth decimal 

place”

In other words: “physics is finished”



1900: Max Planck: energy quantization explains the black body

radiation spectrum

1905: Einstein explains the photoelectric effect using photon

energy transfer

1913: Bohr explains atomic emission/absorption spectra using

electron energy quantization

1924: Louis de Broglie introduces the idea of wave-particle

duality

1925: Heisenberg and Schrödinger develop equivalent

formulations (operator and wave function eqs)

1927: Heisenberg formulates the uncertainty principle

1927: Dirac unifies quantum mechanics with the theory of

relativity

1932: John von Neumann provides a rigorous mathematical

formulation

1940’s:Feynman, Schwinger and Tomonaga introduce quantum

electrodynamics (QED) as a quantum field theory

The timeline for the quantum revolution
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A ball, a car or point-like objects called particles can be located at
a space point at a given time; can be at rest, moving or accelerating.

Falling Ball: mass m, (x,y,z,t) v, a

Ground level

Material Objects (Particles)
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Examples of Waves

Ripples, surf, ocean waves, sound waves, radio waves.

Waves are oscillations in space and time.

Direction of travel, velocity

Up-down
oscillations

Wavelength, frequency, velocity and amplitude define waves 

crests and troughs define the amplitude.
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Particles and Waves: 
Basic differences in behaviour

When particles collide they cannot pass through each other ! 
They can bounce off or they can shatter

Before collision After collision

OR

after collision one 
particles is shattered 
into three
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Waves and Particles: 

Waves

Spread in space and time

Wavelength Frequency

Can be superposed : 
interference effects

Pass through each other

Particles

Localized in space and time (x,t), move
as one unit

Cannot pass through each other -
they bounce or shatter.



Why was there a need for 

quantum physics?

Classical physics could not explain:

• Atomic emission/absorption line spectra

• electron configuration in atoms

• black body radiation

• photoelectric effect

• specific heat of solids

• Compton scattering of X-rays off electrons



Solvay Conferences

Brussels 1927

the birth of quantum mechanics



Quantum theory in essence

• systems exist in discrete states but can be in any number at the 

same time

• physically-observable quantities are events that need probes to 

“see”

• only the probability of events is predictable; non-deterministic

• light is always emitted and absorbed in discrete amounts of 

energy called quanta.

Einstein: ‘God does not play dice.’

Feynman: ‘things on a small scale behave nothing like things on a 

large scale.’ ‘I hope you can accept Nature as She is – absurd.’

Bohr: ‘Anyone who is not shocked by quantum theory has not 

fully understood it.’



Basics of Quantum Mechanics

◼ Classical physics explains well MACROSCOPIC 
phenomena such as motion of billiard balls or rockets.

◼ Quantum mechanics is needed to explain 
MICROSCOPIC phenomena such as photon-atom 
scattering and flow of the electrons in a semiconductor. 

◼ But there are macroscopic quantum effects in: 
superfluids, superconductors, lasers and crystal 
dynamics (phonons)

◼ QUANTUM MECHANICS developed postulates based 
on a huge number of experimental observations. It has a 
precise mathematical formalism of Hermitian
operators in Hilbert spaces



Basics of Quantum Mechanics
◼ Microscopic physical systems can act as both particles 

and waves ➔ WAVE-PARTICLE DUALITY

◼ Quantum mechanics uses the language of  
PROBABILITY theory 

◼ An observer cannot observe a microscopic system 
without altering some of its properties (an OBSEREVER 
PROBLEM)

◼ QUANTIZATION of energy applies to "microscopic" 
particles and gradually disappears as the systems 
become large
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Classical world is deterministic
(Simon de Laplace):
Knowing the position and velocity of physical objects 
at a particular time, their future can be predicted using 
Newton's laws of motion.
Quantum world is probabilistic
(Copenhagen interpretation):
It is impossible to know both the position and velocity of any 
object with certainty at any time.

Only probability of future states can be predicted using
known laws of force and equations of quantum mechanics.

Observer Observed 
Tied together 
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MILESTONES OF QUANTUM PHYSICS:

J.J.Thomson: discovered an electron as a fundamental
particle of nature and measured its charge to mass
ratio e/m

Electric current = flow of electrons

Crooke's tube:
Evacuated tube
Visualization of 
electron beam.



Marie Sklodowska-Curie
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Radioactivity - 1898

Certain elements spontaneously emit radiation and change 

into different elements (transmutation). 

The only woman to receive two Nobel Prizes:

one in chemistry and the other in physics.
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Wave Nature of Matter

Louis de Broglie: (1923) particles exhibit wave 
properties just as light waves exhibit
particle properties. 

But matter waves have very short wavelengths so 
that their presence was difficult to observe

They were observed a few years later by Davisson and
G.P. Thomson with high energy electrons. They
Show the same pattern as X-rays scattered from crystals

Electron microscope
picture of a fly



Electron

diffraction

polycrystalline target 
(a 2-dimensional grating)

de Broglie

l =
h

mev
=

h

p

STM image. Electron density waves in a corral of 

48 iron atoms on a copper surface.

Electron has a wavelength:

The double-slit experiment with increasing

numbers of electrons:

a: 10 electrons

b: 200

c: 6000

d: 40 000

e: 140 000



The Heisenberg uncertainty principle:

” The more precisely  the POSITION is determined,

the less precisely  the MOMENTUM is known”

Virtually no uncertainty for a macroscopic particle given  that m>>h

4

h
px 

Δx→ position incertainty 

Δp→ momentum incertainty

m

h
vx

4
 m→ particle mass 

v → particle velocity

:

The same applies to time and energy uncertainty 20

Werner 

Heisenberg



E=n h f

h=Planck’s constant, f=frequency, n=1,2,…
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The Structure of the Atom

Ernest Rutherford (1910) scattered alpha-particles to reveal the structure of

the atom which was solved mathematically by Niels Bohr

Niels Bohr

✓Positive and negative charges in an atom are separated.

✓The positive charge is contained in a small volume of the nucleus

✓ The negatively charged electrons occupy a much greater volume that

is centered at the nucleus.

✓In analogy to our solar system, a picture emerged of the atom with

electrons orbiting the nucleus.

✓In classical physics, the electron would radiate away its kinetic

energy and fall into the nucleus!

✓Niels Bohr explained it by energy quantization of the electrons

leading to electron transitions between their energy levels

Rutherford’s atom model



Line spectra

of atoms and molecules
There is a ‘ladder’ of energy 

levels in the atom. 

Electron transitions between the 

energy states lead to the 

emission or absorption of a 

photon of light.

where h is the Planck constant,

Js106.6 34−



hc
hfEE ==−
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=>      Atomic and molecular spectroscopy



Molecular spectra
Molecules absorb & emit photons of characteristic energy or 

frequency, by changing their vibrational, rotational and 

electronic states according to the molecular structure

Spectroscopy is used to

• to find the composition of stars

• to analyze pigments in a paint

• to identify pollutants in the air

• to map a patient’s internal organs

• to monitor car exhausts



Schrödinger’s wave function 
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Schrödinger introduced the wave function Ψ to describe the particle’s spatial

distribution in time and its quantum state

Y =y (x ,t)

Nobel Prize in 

Physics

1933



The Photoelectric Effect 

Larger frequency, 

means smaller 

wavelength, and 

larger energy=hf.

Albert Einstein 



➢Wolfgang Pauli (Nobel Prize in Physics in 1945):

introduced spin to explain the behavior of electrons in atomic 

orbitals which explains the Periodic Table of Elements (Mendeleev)

➢He linked spin with two types of particles: 

fermions (half integer spin) and bosons (integer spins)

➢Fermions do not allow other fermions to be in the same state which is called 

the Pauli exclusion principle and explains the periodic table of elements 

(oocupation of orbital states)

There can be no magnetism without spin => magnetism is a quantum 

phenomenon

Wolfgang Ernst Pauli
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SPIN



Two fermions cannot be found in the same state.   

Any number of bosons can be found in the same state…

quasi-particles or collective modes: phonons, magnons, 

polarons, excitons, polaritons, etc. exist in solids

QUANTUM STATISTICS



QUANTUM SYSTEMS OF MANY PARTICLES DIFFER FROM 

CLASSICAL SYSTEMS OF MANY PARTICLES

Bosons “like” to 

be in the same 

energy state, 

Fermions don’t 
“like” to be in the 

same energy 

state

CLASSICAL

QUANTUM B-E

QUANTUM F-D
ENERGY

PROBABILITY



(Debye)



Quantum Physics
Quantum mechanics (electrons in atoms, i.e. atomic physics, 

electrons in molecules, i.e. quantum chemistry, 

electrons in solids, i.e. superconductors, lasers, semiconductor 

electronics)

Quantum field theory 
… interactions mediated by messenger particles

• quantum electrodynamics (interactions of light & matter)

• electroweak unification (weak force + electromagnetism)

• quantum chromodynamics (quarks & gluons)

Matter and anti-matter

predicted by Dirac equation (1928). Positron discovered in cosmic rays 

(1932). Experimentally produced anti-proton (1955), anti-neutron 

(1956).

Quantum Physics explains everything except gravity!



Macroscopic Quantum Effects

• Superconductivity

• Superfluidity

• Laser Action

• Crystal Vibrations (Phonons)

• Semiconductors

• Magnetism



QUANTUM PHYSICS IS THE BASIS FOR 

MOST MODERN TECHNOLOGY:

-consumer electronics (TV, cell phones)

-computers

-laser scanners

-spectroscopy (chemical composition analysis)

-MRI, NMR

-precise atomic clocks (cesium) and GPS

-X-rays

-Solar batteries

-Photosensors, photodetectors

-PET Scans



Quantum Mechanics and Life? 

• Nature over 2B years of 
parallel experiments on 
Earth must have taken 
advantage quantum 
mechanics

• Natural selection 
amplifies and retains 
evolutionary 
achievements

• Schroedinger:

“What is Life”, 1944



• “Gifts” of Quantum Mechanics to Nature

– Stability of Electrons in Atoms

– Complexity out of Symmetry

– Entanglement (Quantum Correlations)

– Coherence (Lasers)

– Quantum Information Storage & Processing

– Stochasticity (Universe not Clockwork)

– Quantum Statistics (Bose-Einstein 

Condensation, Spin States)

– Tunneling (Enables Improbable Catalytic 

Reactions)



Dimensions Matter

Organism

Cell

System

Biomolecule

Molecule

Atom

1020 Atoms

1010 Atoms

105 Atoms

103 Atoms

101 Atoms

1      Atom

Thermodynamics

Mesoscale:

Quantum Biology?

Quantum

Chemistry

Quantum

Physics
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10-11 10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 1 10m
“nano” world

UV infrared
microwavesoft X-ray

Electron orbital ~0.1 Å

Covalent bond ~1Å

Hydrogen bond ~ 3.5Å

hair 

(~0.1 mm)

ant 

(~5 mm)

large virus

(~100 nm)

human

(~1.5 – 2m)

DNA

(d~2 nm)

H ~1Å

ribosome

(~20x30 nm)

Radiation:

carbon buckyball

(d~1 nm)

E. coli

(~2 m)

Red blood cell

(~2-5 m)

Electron 

microscopy

MEMS – Micro Electro 

Mechanical devices  

10 – 100 m

CryoEM light microscopy

The scale of biological systems
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10-7 10-6 10-5 10-4 10-3 10-2 10-1 10 105 107

Life on Earth: 4.5 – 3.7 billion years

1017s109

human life span

MD 

simulations

Rapid 

mixing

Molecular events,

Channel gating

social

104102

rational
Cognitive 

response: 

1031

unite task
operations

deliberate act

cell division

106

Protein turnover

Biological 

responses 
(based on physiological 

properties of neurons)Neuron

Neural circuits

Cellular 

events:

The biological time scales

diffusion; cell signaling

Chemical bond 

vibration:

 0.2 ps

Enzymatic turnover



So, Is QM Relevant to Biology?
At a small enough scale, definitely!

Energy transport in FMO 
photosynthetic complex

(Engel et al. 2007, Mohseni et al. 
2008, Sarovar et al. 2010…)

Magnetoreception in 
European robins

(Ritz et al. 2004, Gauger et al. 
2011)



Physiological Quantum Effects

• Light detection by the human eye

• Resonant recognition of aromatic 

molecules in olfaction (sense of smell)

• Migratory bird navigation (magneto-

sensing)

• Photosynthesis

• Mitochondrial Metabolism 

• Anesthesia (?), Consciousness (?)

• Maybe protein folding; gene mutations ? 



NKS 2008

Does biological computation use 

quantum search algorithms?

• Mystery:  DNA code uses an alphabet of size 4

(nucleic acids) and protein synthesis uses an 

alphabet of size 20 (20 amino acids).

• Observation: Quantum search is most efficient 

when carried out for databases of size:

4 - (requires 1 query)

10  - (requires 2 queries)

20 – (requires 3 queries)

• Quantum search is rapid as it evolves a 

wavefunction over the entire space of states



Photosynthesis

• Photosynthesis in plants is extremely

efficient – unlike chemical & 

biological reactions, it is able to transport almost  100% 

photon energy to the desired locations

• A possible explanation by

Fleming et al (Nature, 2007) as 

the transfer of light into electronic energy flows

in chlorophyll of plant leaf cells as

a spatial quantum search problem. 



FMO Complex is involved in the capture of 

light quanta and energy transfer into 

electron excitations into reaction centers



Shape vs Vibrational Theory of Odor Specificity

Shape matching

versus

Vibrational resonance

theory



Cell-cell communication

by electromagnetic waves

(G. Albrecht-Buehler)

Cells have ‘eyes’ in the form of centrioles.  They are 

able to detect infrared signals and steer the cell 

movements towards their source.

Percentage of cells that removed 

the light scattering particle as a 

function of wavelength. The near 

infrared wavelength, between 800 

and 900 nm, is most attractive.

Quantum emission and reception



Electron transfer chain

Metabolism is essential for all life forms



Results – e vs. V0, T = 300 K

• Only Type IIB behaviour

below e of 7.8.

• A narrow range of

parameters are defined for

MTs capable of

information processing.



L.Demetrius (2003): metabolic enzymes exhibit quantum 

coherence



The Human Brain:
Where is memory stored?

What is the computational power of the brain?

How can the brain work with so low energy 

consumption compared to computers?

Is information processing in the brain classical, 

quantum, or something else?

• 1011 neurons in the brain

• 1015 synapses operating at about 10 impulses/second 
Approximately 1016 synapse operations per second i.e. at 
least 10 PF ( Blue Gene performs at 1015)

• Total energy consumption of the brain is about 25 W

• (Blue Gene requires 1.5 MW= 1500 000 W)



Is QM Relevant to the Brain?

1. Is the brain a quantum computer

2. Is “collapse of the wavefunction” an effect of 
consciousness = realized thought

3. Are there quantum-mechanical limits on the 
physical predictability of the brain

?

?
?

Let’s first understand the 

brain’s functional unit:

neuron



Memory storage
Cell level:

Long-term Potentiation (LTP):

synaptic strength

Molecular level:

MT phosphorylation

By CaMKII enzyme

MT=microtubule

Craddock, Tuszynski, Hameroff (2012).
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Geometric Matching

•models of CaMKII and 

MT.

•Positional geometry 

aligned. 

•Kinase regions match  

MT lattice geometry

52

CaMKII

MT
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Electrostatic Matching

• Field lines show 

electrostatic attraction.

• Considerable binding 

energy.

53
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Information Storage

• Phosphorylation conveys 

biological information.

• Each CaMKII – MT event 

conveys 64 - 5218 bits.

• Robust pattern encoding

• 1 GB per neuron!

• Information storage 

capacity able to store all 

lifetime memories in brain

54



Microtubules are “On-Pathway”

Targets for Anesthetics 

• Tubulin expression altered by 

desflurane and sevoflurane

• Halothane and anthracene bind 

specifically to tubulin in humans

• Taxane-treated patients are 

resistant to anesthetics that 

destabilize microtubules.

• Of ~500 detectable proteins, 

tubulin among the ~2%  affected 

by halothane, and ~1% altered by 

isoflurane

55

Emerson, et al. 2013 135 (14), 5389-5398



Anesthetics disrupt resonant 

energy transfer
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• In the presence of 
halothane the system 
requires ~20% additional 
energy for the dipoles to 
oscillate.

• Effectively, cancels 
coherent transfer of 
energy across the 
system.



Relation of dipole oscillations 

to anesthetic potency
frequency shift    compared to         Meyer-Overton

57Craddock, Hameroff, Tuszynski (2015)



Quantum Physics and 
Psychology

A MATTER OF PERCEPTION

reality is probabilistic and uncertain. 

the universe is a cloud rather than a clock.*

Including our brain/mind

* Popper, 1977



PERCEPTION OF MATTER 
OR 

MATTER OF PERCEPTION?
• Either reality is not real but only subjective…

• …Or there is a missing link which makes reality real

• …Or reality is real but there is more than one version.

If there is no single objective reality as a benchmark for our internal 
experience, then 

…the current definition of such psychiatric phenomena as
delusion may not hold.

Current concepts of delusions (beliefs held with conviction, which are 
impossible or false or irrcorrigible) rely on the assumption that one 
single objective reality exists.

(U. Werneke)



Toward Quantum Psychology

The Development of a New Formalism: Second Quantization: 

Creation and Annihilation Operators for Mental States

Transitions between Normal States of Mind: Fermions (1 or 0) 

or Bosons (many: multiple personality disorders)

Commutator and anti-commutator operators (experiences 

affects mental states)

Excitation in affective or psychotic terms (q-deformed operators 

and schizophrenia)

Coherent states (meditation, mysticism)



Implications for Health and 

Disease in General

Quantum coherence= a healthy state 

Decoherence=transition to disease

Location of decoherence determines 

“disconnection” from the rest of the organism

canonical example: cancer 61



“We have no choice but to accept the world
as it seems, but should be aware that the
world as it seems is not the world as it is.

We cannot know anything about the world as
it is, other than that there is a world as it is.
“

(Immanuel Kant, 1787).

Philosophy to the rescue


