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Very interesting theory

[quantum mechanics] - 

it makes no sense at all!


— attributed to Groucho Marx —



Plan
1. Why ”quantum” mechanics?


2. It’s all probabilities and correlations!


  Bohr-Einstein debate


3. Quantum entanglement, Bell inequalities


4. And what does it all mean? 


5. Quantum information and computation…



1. Why ”quantum” mechanics?

In classical mechanics, a system is described by position 
(x) and momentum (p) of particles, which exert forces 
on each other.

Physical law = equations of motion. 

These allow us to extrapolate the state from 

the present into the future… (by computer!)
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1. Why ”quantum” mechanics?
But really not that different: Still have dynamical 
variables (x, p, …) that describe the system, which 
follow equations of motion. However, they are 
”q-numbers” with non-commutative algebraic 
rules: xp ≠ px, and do not have definite values.


Leads to paradoxical consequences, such as 

non-classical particle statistics: Fermions, Bosons, 
…



1. Why ”quantum” mechanics?
Fundamental insight: q-numbers do not have 
definite values, only on observation they 
instantiate. They do this not deterministically, but 
following a law of probability (Born’s rule).

Stern-Gerlach experiment 
demonstrating the quantisation 
of angular momentum (spin).



2. Probabilities & correlations

A consequence of Born’s rule is Heisenberg’s 
uncertainty relation: Δx.Δp ≥ ℏ/2.


It is interpreted as saying that a particle cannot 
have simultaneously definite values of position 
and momentum.


Or does it, and we just do not know the ”true” 
values? How can we tell the difference? Is this 
just a matter of philosophy or of physics?
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2. Probabilities & correlations
Bohr-Einstein debates, 1927-1935

Unobserved variables

have no values. You

cannot talk about

   them.

The moon is there 

even when nobody

     looks…

God doesn’t 

throw dice!



…I think i can safely say that

nobody understands

quantum mechanics.


— Richard P. Feynman —

Time for another great quote



…I think i can safely say that

nobody understands

quantum mechanics.


— Richard P. Feynman —

Time for another great quote

My own two pennies on this is that perhaps we 
already don’t really understand probability :-)



2. Probabilities & correlations
Bohr-Einstein debates, 1927-1935: Einstein’s idea 
was that quantum mechanics was essentially 
correct but incomplete. He was convinced that

it was necessary to augment it with ”hidden 
variables”, which would give objective values to

all observables, and reduce quantum uncertainty 
to simple ignorance of those hidden variables.


This remained a metaphysical point until 1935…



3. Entanglement (Verschränkung)

Einstein-Podolsky-Rosen 1935 (in the version of 
Bohm): It is possible to set up a source of two 
spin-1/2 particles, emitted in opposite directions, 
such that parallel Stern-Gerlach measurements 
are always anti-correlated
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3. Entanglement (Verschränkung)

However, if the directions are orthogonal, then 
the outcomes are random and independent.

[If the directions are tilted, the outcomes are 
locally random, and somewhat (anti-)correlated.]



3. Entanglement (Verschränkung)

How can the particles coordinate? There is no 
time for them to compare the measurement 
directions they are facing (relativistic separation).

So, it seems inevitable that the choice of each 
particle regarding any possible direction existed 
before the measurement, and independent of it.



3. Entanglement (Verschränkung)

Bell (1965) realised that one can derive an observable 
prediction from this: Assume two different settings 
on each side, with outcomes A, A’ ∈ {±1} on the 

left (Alice), and B, B’ ∈ {±1} on the

right (Bob). Then,

|<AB>+<AB’>+<A’B>-<A’B’>| ≤ 2.
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left (Alice), and B, B’ ∈ {±1} on the

right (Bob). Then,

|<AB>+<AB’>+<A’B>-<A’B’>| ≤ 2.

However, quantum mechanics predicts up to 2√2!

+1

-1



3. Entanglement (Verschränkung)

Bell reasoning (a la Clauser et al.): A, A’ ∈ {±1} on 
the left (Alice), B, B’ ∈ {±1} on the right (Bob). By 
simple arithmetics,

AB+AB’+A’B-A’B’ = A(B+B’)+A’(B-B’)

                  = ±2.A + 0.A’ or = 0.A ± 2.A’

                  ≤ 2
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3. Entanglement (Verschränkung)

Bell reasoning (a la Clauser et al.): A, A’ ∈ {±1} on 
the left (Alice), B, B’ ∈ {±1} on the right (Bob). By 
simple arithmetics,

AB+AB’+A’B-A’B’ = A(B+B’)+A’(B-B’)

                  = ±2.A + 0.A’ or = 0.A ± 2.A’

                  ≤ 2

Now take expectation value…

+1

-1



3. Entanglement (Verschränkung)
+1

-1
Bell inequality |<AB>+<AB’>+<A’B>-<A’B’>| ≤ 2
violated in quantum experiments; with subtly tilted 
directions rather than with EPR settings:

-Aspect 1982 (optics); De Martini, Zeilinger, …

-Henson 2015 (light and spins)

-Weinfurter 2017 (light and trapped ions)

Need: independence between particle and settings

     (free will) and between Alice and Bob’s choices

     (spacelike separation)
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3. Entanglement (Verschränkung)
Schrödinger (1935) realised that the EPR 
states, rather than being curiosities, are 
the generic feature of composite 
quantum systems.

In a (pure) entangled state, we have 
maximum knowledge of the whole, but 
the parts are completely unpredictable 
(indeed, in EPR, all measurement 
outcomes are equally likely). 
Entanglement manifests itself in the 
curious and ”spooky” correlations 
between different local observables…
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4. And what does it mean?
Application of entanglement in statistical 
mechanics: Since the 19th century, we associate 
thermal equilibrium of a macroscopic system 
with the Boltzmann-Gibbs distribution over 
exponentially many microstates. 

This is puzzling: In classical mechanics one 
can in principle know the state initially and 
then for all future times. How do we end up 
in a distribution? And is it just subjective 
ignorance?
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with the Boltzmann-Gibbs distribution over 
exponentially many microstates. 

This is puzzling: In classical mechanics one 
can in principle know the state initially and 
then for all future times. How do we end up 
in a distribution? And is it just subjective 
ignorance? But the second law depends on it!
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4. And what does it mean?
Quantum mechanical picture: system (S) 
interacts with a bath (B), and jointly at all 
times in a pure quantum state: However, it 
builds up entanglement, and eventually the 
entanglement is such that S on its own 
approximately behaves as the Boltzmann-

Gibbs equilibrium density:

|Ψ(0)>S B

[Lloyd, 1988; Popescu/Short/AW, Nature Phys., 2006]
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4. And what does it mean?
Quantum mechanical picture: system (S) 
interacts with a bath (B), and jointly at all 
times in a pure quantum state. However, it 
builds up entanglement, and eventually the 
entanglement is such that S on its own 
approximately behaves as the Boltzmann-

Gibbs equilibrium density:

|Ψ(t)>
S B

[Lloyd, 1988; Popescu/Short/AW, Nature Phys., 2006]

➣ Objective equilibration. Typical behaviour.
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computers and quantum communication lines, 
using quantum states and effects internally.



5. Quantum information!

Rather than treating it as a kind of 
intermediate limbo, we should consider the 
quantum state as a new type of information.

And the physical processes transforming it as 
”quantum information processing”.

We already have rudimentary quantum 
computers and quantum communication lines, 
using quantum states and effects internally.
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Carrier is any two-level quantum system, for 
instance a spin-1/2 particle.
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These are perfectly distinguishable 
by measurement, their superpositions 
are precisely the spin pointing in any 
spatial direction: |↑ >v



5. Quantum information!
Information unit: qubit (=quantum bit)

Carrier is any two-level quantum system, for 
instance a spin-1/2 particle.

|↑ >Z |↓ >Z|↑ >v

Rolf Landauer: ”Information is physical”, 
i.e. we need to mind the representation 
of information. Physics determines our 
information theory
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5. Quantum information!
Physical transformations have to respect 
superpositions, i.e. they have to be ”linear”.
➣ Severe restriction on what can be done to 
states. For instance, No-Cloning Theorem 
[Wootters-Zurek (1982)]:

?

Classical information is cloneable quantum info!
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5. Quantum information!
More generally, for any source of not perfectly 
distinguishable states, measurements extracting 
information must disturb the states.
Basis for quantum cryptography: BB84 
[Bennett-Brassard (1984)] uses the four states

|↑ > |↓ >ZZ |↑ >X |↓ >X

to generate physically certified secure keys (QKD).
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matrix ρ, which has an entropy S(ρ) 
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5. Quantum information!
Quantum information is fungible: Any source 
of states is described by a so-called density 
matrix ρ, which has an entropy S(ρ) 

[von Neumann (1929)].
Schumacher (1994): A quantum source 
of entropy S can be compressed into 
sequences of qubits at S qubits (per 
system).
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Instead, entangled states exist. E.g. for two 
spins, |Ψ > is pure, but the individual spins are 
completely undetermined. Yet, when measured in 
the same direction, they always give anti-
correlated outcomes:

-

➣ Entanglement is a resource: pure entangled 
states are interconvertible, rate given by von 
Neumann entropy of the local state [Bennett 
et al. (1996)]; singlet |Ψ > its unit — ebit.-

|Ψ >-



Qubits, ebits and cbits are distinct resources, 
but they are not completely independent: 

-Sending a qubit can transmit a cbit

-Sending a qubit can create an ebit between

 two parties 

-However, no number of cbits can transmit a

 qubit — otherwise cloning!

-No number of ebits can transmit anything,

 because entanglement creates correlations, not

 causal influence between systems.



Qubits, ebits and cbits are distinct resources, 
but they are not completely independent: 

-Sending a qubit can transmit a cbit

-Sending a qubit can create an ebit between

 two parties 

-However, no number of cbits can transmit a

 qubit — otherwise cloning!

-No number of ebits can transmit anything,

 because entanglement creates correlations, not

 causal influence between systems.



Qubits, ebits and cbits are distinct resources, 
but they are not completely independent: 

-Sending a qubit can transmit a cbit

-Sending a qubit can create an ebit between

 two parties 

-However, no number of cbits can transmit a

 qubit — otherwise cloning!

-No number of ebits can transmit anything,

 because entanglement creates correlations, not

 causal influence between systems.



Qubits, ebits and cbits are distinct resources, 
but they are not completely independent: 

-Sending a qubit can transmit a cbit

-Sending a qubit can create an ebit between

 two parties 

-However, no number of cbits can transmit a

 qubit — otherwise cloning!

-No number of ebits can transmit anything,

 because entanglement creates correlations, not

 causal influence between systems.



Qubits, ebits and cbits are distinct resources, 
but they are not completely independent: 

-Sending a qubit can transmit a cbit

-Sending a qubit can create an ebit between

 two parties 

-However, no number of cbits can transmit a

 qubit — otherwise cloning!

-No number of ebits can transmit anything,

 because entanglement creates correlations, not

 causal influence between systems.



*Teleportation [Bennett/Brassard/Crépeau/
Jozsa/Peres/Wootters (1993)]: One ebit and 
two cbits of communication can transmit one 
qubit.



*Teleportation [Bennett/Brassard/Crépeau/
Jozsa/Peres/Wootters (1993)]: One ebit and 
two cbits of communication can transmit one 
qubit.



*Teleportation [Bennett/Brassard/Crépeau/
Jozsa/Peres/Wootters (1993)]: One ebit plus 
two cbits of communication can transmit one 
qubit.

|Ψ >-
A B



*Teleportation [Bennett/Brassard/Crépeau/
Jozsa/Peres/Wootters (1993)]: One ebit plus 
two cbits of communication can transmit one 
qubit.

|Ψ >-

x

A B



*Teleportation [Bennett/Brassard/Crépeau/
Jozsa/Peres/Wootters (1993)]: One ebit plus 
two cbits of communication can transmit one 
qubit.

}
A B

x



5. Quantum Shannon theory
Quantum channel transforms states to states:

NA B
ρ N(ρ)

Despite the fragility of quantum information 
(losses, decoherence), and in spite of the no-
cloning theorem, quantum error correction is 
possible [Shor (1995)].



5. Quantum Shannon theory
Quantum channel transforms states to states:

NA B
ρ N(ρ)

Despite the fragility of quantum information 
(losses, decoherence), and in spite of the no-
cloning theorem, quantum error correction is 
possible [Shor (1995)].

➣ Quantum capacity Q(N),

 classical capacity C(N), plus

 the same assisted by ebits,

 feedback, etc.
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power proportional to photon number:

  E = nℏω [Planck/Einstein].
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Capacity of quantum additive white noise 
channel — monochromatic light at frequency ω, 
power proportional to photon number:

  E = nℏω [Planck/Einstein].

Then, at power P and noise N (mean photon #’s), 

  C = g(P+N)-g(N)

≈ -P log P for N=0 and P ≪ 1
No direct classical analogue. But can

compare w/ N=1 (vacuum fluctuations) 

➣ C  = const.P

➣ infinite quantum advantage

Sh

5. Quantum Shannon theory



It’s not that we understand everything, 
though… For example, there exist channels M 
and N each with quantum capacity 0, 
Q(M)=Q(N)=0, but jointly positive capacity:

Q(M⊗N)>0 [Smith/Yard (2008)]. 


For which other tasks can this happen?


Maybe we’re judging capacity wrongly? We 
might want to consider rather the potential of 
a channel to perform well in the right context 
[AW/Yang (2016)]…
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5. Quantum resource theories
It doesn’t end with qubits, ebits, cbits:

-It appears that the very concept of quantum

 superposition is a resource [”cosbits”]. 

-Likewise reference frames with respect to

 conservation laws (symmetries) [refbits?].

-Thermodynamics can be recast as the

 resource theory of non-equilibrium w.r.t.

 energy-conserving transformations and

 interactions with baths [work!].

…



Selected further reading:


*  Charles Bennett & Peter Shor. Quantum 
Information Theory. IEEE Transaction on 
Information Theory, 1999.


*  Scott Aaronson. Quantum Computing Since 
Democritus. Cambridge University Press, 2013.


*  David Kaiser. How the Hippies Saved Physics. 
Norton & Co Publishing, 2011.


