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i) Physics is fundamentally quantum
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I will review the “tricks” large physical 
systems use hide their quantum nature.

…and invite you to try to develop insights 
about new quantum effects to look for in 

the data

The universe works hard to hide its 
quantum nature, but also we are not so 

good at seeking it out

I’ll give examples 
of new ideas that 

were just 
published  this 

year

My goal is to 
equip you for 

your own 
path of 

discovery



This talk is NOT about:

i) The wavefunction of the Universe. (aka “the quantum state for 
the background metric”). 

• This topic connects to very interesting but also very poorly understood 
questions about the very origins of the universe, the arrow of time, 
start of inflation, cosmological tuning problems etc. 

• By contrast, we have a good idea of the classical background metric 
that describes our universe, and very concrete proposals for the 
quantum state of the perturbations. 
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This talk is NOT about:

ii) Quantum Measurement 

• I personally am completely satisfied with ideas about quantum 
measurement that involved putting both the measurer and measuree 
in the Hilbert space together and letting them interact. 

• Not everyone is this satisfied, and some feel major elements are 
missing from our theory.
o Many people feel that our theory is so egregiously incomplete that 

they have difficulty doing cosmology with quantum physics (and 
quantum computation as well) 
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• The “coherence” of a quantum state only means something in relation to 
what measurement you are going to make. 

• If                  corresponds to classical wavepacket, and you only ever expect 
to measure the particle in a wavepacket basis, then the particle simply 
moves from here to there, and there is no particular meaning to 
“quantum coherence”.  

Quantum coherence
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• Even though the expression               technically 
gives the amplitudes representing the 
wavepacket as a coherent superposition of 
eigenstates of 
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• The double slit experiment is a striking example of quantum coherence 
because there is a large discrepancy between the diffracted quantum 
state of the particle and the localized basis in which the screen makes the 
measurement. 

Quantum coherence

https://www.nature.com/articles/35089156/figures/1

https://www.nature.com/articles/35089156/figures/1
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• The double slit experiment is a striking example of quantum coherence 
because there is a large discrepancy between the diffracted quantum 
state of the particle and the localized basis in which the screen makes the 
measurement. 

Quantum coherence

• If instead of a screen making localized 
measurements, you had an apparatus that 
could measure the particle in a “double slit 
state”, the narrative would be much more 
mundane, and the concept of “quantum 
coherence” would not be needed. 
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Special case:

General case:
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In general, the state of a subsystem will be 
described by a density matrix, (not a pure state)

Expectation value of observable in s:

( ) ( )s s s i s s s
i

O tr O p i O i= =

eigenvalues and eigenstates of s

“Classical mixture” 
(no cross terms)

A very quantum phenomenon 
(can know “everything about 
the whole, but nothing about 

the parts”)

As with the topic of coherence, 
the degree things “look 

quantum” depends on the 
questions you ask
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Interactions can create entanglement
1 1 2 2

1 1

2 2
tot b b 

    = +

Entangled state 
after   collision

In the example of the photon striking the ball, the 
Schrödinger cat initial state evolved into a classical 
mixture of localized packets, thanks to the locality of 
the interactions and the locality of the photon state

(need                         which 
is natural for ball 
separation much greater 
than that photo coherence 
length)

b i j ijb
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1 1 2 2

1 1

2 2
tot b b 

    = +
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In the example of the photon striking the ball, the 
Schrödinger cat initial state evolved into a classical 
mixture of localized packets, thanks to the locality of 
the interactions and the locality of the photon state

One could imagine probing the “Schrödinger 
cat” nature of the initial ball state with a 
coherent plane wave, suitably measure after 
the collision.  
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Zurek 2009 https://arxiv.org/abs/0903.5082

• The actual macroscopic world is awash in localized 
photon (and air) wavepackets

• If you try to introduce a Schrodinger cat state, the 
environment will “get there first” and decohere it 
into a classical mixture of wavepacket states

• In the real macroscopic world, this phenomenon is 
simply unavoidable (e.g. blackbody radiation from 
the walls of the lab)

• Furthermore, you “measure” the object simply by 
sampling a small part of the environment

• The “relativity of coherence” is not a meaningful 
feature of the macroscopic world.  The environment 
makes all the choices for you.

https://arxiv.org/abs/0903.5082
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• The actual macroscopic world is awash in localized 
photon (and air) wavepackets

• If you try to introduce a Schrodinger cat state, the 
environment will “get there first” and decohere it 
into a classical mixture of wavepacket states

• In the real macroscopic world, this phenomenon is 
simply unavoidable (e.g. blackbody radiation from 
the walls of the lab)

• Furthermore, you “measure” the object simply by 
sampling a small part of the environment

• The “relativity of coherence” is not a meaningful 
feature of the macroscopic world.  The environment 
makes all the choices for you.

Which states 
are “prepared”

In what basis you 
make measurements
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all eternity” 

• When you turn on the light to look at (measure) 
the pendulum, quantum Darwinism kicks in and 
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The decoherence process 
chooses the measurement 

basis for you



A. Albrecht @ ICTS Sep 2, 2020 82

OUTLINE

I) Some key elements of quantum physics
• Quantum coherence
• Quantum entanglement
• Quantum Darwinism
• Wavefunction as a classically evolving distribution 

II) The actual Universe 
• Discuss the roles of the above phenomena 

III) Some examples 

IV) Conclusions 



A. Albrecht @ ICTS Sep 2, 2020 83

OUTLINE

I) Some key elements of quantum physics
• Quantum coherence
• Quantum entanglement
• Quantum Darwinism
• Wavefunction as a classically evolving distribution

II) The actual Universe 
• Discuss the roles of the above phenomena 

III) Some examples 

IV) Conclusions 



II) The actual Universe 

Most current theories of cosmology create the state of 
cosmological perturbations by expanding the QFT vacuum state to 
all observable cosmological scales.

• The QFT vacuum is one of the most quantum states there is!

A. Albrecht @ ICTS Sep 2, 2020 84



II) The actual Universe 

Most current theories of cosmology create the state of 
cosmological perturbations by expanding the QFT vacuum state to 
all observable cosmological scales.

• The QFT vacuum is one of the most quantum states there is!

This occurs in both 
inflationary and cyclic models

A. Albrecht @ ICTS Sep 2, 2020 85



II) The actual Universe 

Most current theories of cosmology create the state of 
cosmological perturbations by expanding the QFT vacuum state to 
all observable cosmological scales.

• The QFT vacuum is one of the most quantum states there is!

This occurs in both 
inflationary and cyclic models

A. Albrecht @ ICTS Sep 2, 2020 86



II) The actual Universe 

Most current theories of cosmology create the state of 
cosmological perturbations by expanding the QFT vacuum state to 
all observable cosmological scales.
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III) Some examples

• Maldacena 2015 https://arxiv.org/abs/1508.01082 (Constructs an extremely exotic inflation 
model specially designed to give observable quantum effects.)

• Quantum Entanglement in Cosmology workshop (IPMU May 2019) 
https://indico.ipmu.jp/event/300/overview

• J. Martin talk here and at IPMU workshop

• Kanno et al Noise and decoherence induced by gravitons https://arxiv.org/abs/2007.09838

• Parikh et al  https://arxiv.org/abs/2005.07211 (with story)
• Still, we are not used to checking for quantum effects, especially in large systems.  We could 

overlook opportunities. 

https://arxiv.org/abs/1508.01082
https://indico.ipmu.jp/event/300/overview
https://arxiv.org/abs/2007.09838
https://arxiv.org/abs/2005.07211
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The universe works hard to hide its 
quantum nature, but also we are not so 

good at seeking it out

I’ll give examples 
of new ideas that 
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