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What does happen to a
quantum state when it is
measured?



A gquantum state may follow two types of time evolution:

1. On itself, it evolves with the Schrodinger equation
(unitary and deterministic)

2. During a measurement, it evolves with the Born rule
(non-unitary and stochastic)



Can Particles be Quantum Entangled Across Time?
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Proposed Solutions to the Measurement Problem
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Stating the Measurement Problem



up) down)

The Feynman Lectures on Physics Ill, Ch. 8 & 9



The Measurement Problem

* The problem of outcomes:
How and why a single outcome is chosen?

Schlosshauer. Decoherence, 2007






The quantum state can
be written in any basis
in the Hilbert space
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The Measurement Problem

* The problem of outcomes:
How and why a single outcome is chosen?

* The problem of preferred basis:
What singles out preferred outcomes in nature?

Schlosshauer. Decoherence, 2007



Double-slit experiment
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The Measurement Problem

* The problem of outcomes:
How and why a single outcome is chosen?

* The problem of preferred basis:
What singles out preferred outcomes in nature?

* The problem of nonobservability of interference:
Why don’t we see superposition effects everywhere?

Schlosshauer. Decoherence, 2007



Decoherence:
A Quantum World in Disguise



Decoherence transters quantum information to
the environment and suppresses the interference
terms
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Decoherence is fast!



Oft-diagonal terms
ps (up,down,t) = p, (up,down,0)e™"'™

1
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Joos; Zeh. Z Phys B 1985, 59, 223



But sometimes,
decoherence may take longer



Long-lived coherences are the heart of quantum computing

Classical Bit

Binary system

guantum bit “qubit”

Arbitrarily manipulable two-state quantum system

SUPERPOSITION

Overlay of
different states

MEASURING

Clear definition
of the state

!
e

Parallel arithmetic
operations possible

Exponential
multiplication per gubit

fMassive amounts of
data can be handled in
plausible time

devopedia.org/qubit



https://devopedia.org/qubit

On which basis does decoherence occur?

Einselection:
Decoherence drives the quantum state to the
basis least entangled with the environment

Zurek. Phys Rev D 1981, 24,1516



In a molecule, electrons lose coherence
to nuclear vibrations because H,;,. > H,;;

The least entangled basis is
H,,.. eigenstates (electronic energy)

In a gas, a molecule loses coherence
to the environment because H;,; > H,,,;

The least entangled basis is

AN

H;,; eigenstates (molecular position)

Paz; Zurek. Phys Rev Lett 1999, 82, 5181



Decoherence solves:

* The problem of preferred basis:
What singles out preferred outcomes in nature?

* The problem of nonobservability of interference:
Why don't we see superposition effects everywhere?

Decoherence does NOT solve:

* The problem of outcomes:
How and why a single outcome is chosen?
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Collapse is not a consensus



Many-Worlds Interpretation
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Obijective Collapse
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A Quasi-Classical World

1. Excitation

A 2. Relaxation
Potential 3. Transition

energy \/\

hv

4. Decoherence

l ‘ 5. Collapse?

Shu: Truhlar. JCTC 2023, 19, 380

Nuclear
displacement



Where are the quarks?






Quantum field theory: quantum waves — quantum particles

(second quantization)




Fermion field
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proton/neutron

virtual quark

) \\\ quark

) gluon

<

10 YA

ifetime 1034 years

mass 1836
charge 1 (proton) / 0 (neutron)

spin 1/2
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From the molecular perspective, subnuclear effects
are so localized that nuclei and electrons can be
treated as point-like particles

A molecule is a stable collection of point-like
nuclei and point-like electrons



Quantum mechanics: point particles > quantum waves

(first quantization)
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Quantum theory




Framing molecules in the
Core Theory



The Core Theory (Frank Wilczek)

The Core Theory encompasses

* the standard model of elementary particles
* theirinteractions

« and general relativity

We can express the Core Theory in the language of path integrals



S is the Action

> 1









Path integral formulation
of quantum mechanics

Action in the entire
space and time

/

W = J- Dgoexp{iS [go]}

Integral over every
field configurations



The Core Theory (Frank Wilczek)
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gravity strong nuclear matter Higgs
weak nuclear
electromagnetic forces

quantum chemistry

& molecular physics
Carroll. The Big Picture, 2016



"As science continues to learn more about the universe, we will
keep adding to the Core Theory, and perhaps we will even find a
more comprehensive theory underlying it that doesn't refer to
quantum field theory at all. But none of that will change the fact
that the Core Theory is an accurate description of nature in its
claimed domain. The fact that we have successfully put together
such a theory is one of the greatest triumphs of human
intellectual history.”

- Carroll. The Big Picture, 2016
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To know more:

Decoherence Inside the proton
« Sabine Hossenfeld, youtu.be/igsulul HAQ * Wood and Shreman, Quanta Magazine, 2022
«  Phillip Ball, Aeon Magazine, 2017 * Quanta Magazine, youtu.be/Unl1jXFnzgo
Many worlds interpretation Quantum field theory
+  PBS Space Time, youtu.be/z-syaCogkZA « Science click, tinyurl.com/sciclickgft
« \ViaScience, tinyurl.com/viasciQFT (full course)
Pilot wave « Carroll, The Biggest Ideas in the Universe, v. 2, 2024

« PBS Space Time, youtu.be/RIXdsyctD50

The Core theory
Objective collapse  Carroll. The Big Picture, 2016

« PBS Space Time, youtu.be/FP6iyVJ700U

QBism
« Corin S. Powell, Aeon Magazine, 2017



https://www.quantamagazine.org/inside-the-proton-the-most-complicated-thing-imaginable-20221019/
https://youtu.be/Unl1jXFnzgo
https://tinyurl.com/sciclickqft
https://tinyurl.com/viasciQFT
https://youtu.be/igsuIuI_HAQ
https://tinyurl.com/aeondecoh
https://youtu.be/z-syaCoqkZA
https://youtu.be/RlXdsyctD50
https://youtu.be/FP6iyVJ70OU
https://aeon.co/essays/materialism-alone-cannot-explain-the-riddle-of-consciousness
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