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Quantum Mechanics

Quantum Mechanics 

 Theory built on observations in the 1900s 
Why is it the way it is?

Postulates
Two Postulates of Quantum Mechanics

Probability Linearity



Probability
Finite system has a finite set of energies

Continuous observables and symmetries
Deterministic 
Observables?}

Could an electron in an atom have a well defined position?

Rotation

Infinite 
Degeneracy  

Quantum Mechanics 

Sacrifice Determinism.  
Preserve finite set of energy states, continuous symmetries and observables

Bell Inequalities, Kochen-Specker, SSC Theorems 



The Postulates of Quantum Mechanics
Quantum State: |Ψ>

<latexit sha1_base64="LFoyI2hh/BE2hpyyi4uycT69EEE=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISURXxuh6KbLCvYBTSmTyaQdOpmEmRuhxP6EG3/FjQtF3Aru/Bunj4VtPXDhcM693HuPnwiuwXF+rNzS8srqWn69sLG5tb1j7+7VdZwqymo0FrFq+kQzwSWrAQfBmoliJPIFa/j925HfeGBK81jewyBh7Yh0JQ85JWCkjn3CsRcqQrMAP3pVzT1FZFewYRbAEF/jyozasYtOyRkDLxJ3SopoimrH/vaCmKYRk0AF0brlOgm0M6KAU7Ok4KWaJYT2SZe1DJUkYrqdjb8a4iOjBDiMlSkJeKz+nchIpPUg8k1nRKCn572R+J/XSiG8amdcJikwSSeLwlRgiPEoIhxwxSiIgSGEKm5uxbRHTEhggiyYENz5lxdJ/bTkXpTO786K5ZtpHHl0gA7RMXLRJSqjCqqiGqLoCb2gN/RuPVuv1of1OWnNWdOZfTQD6+sXIJ2e0Q==</latexit>

i
d| i
dt

= H| iTime Evolution: Schrodinger Equation

H: Hermitean Hamiltonian => U is unitary. Reversible.

Time Evolution Operator
<latexit sha1_base64="Mw+TdoWsS1XRK0DoqY+yOnjTOL0=">AAAB9XicbVDLTgJBEOz1ifhCPXqZSEy8SHaNr4sJ0QtHTFwggYXMDgNMmH1kpldDNvyHFw8a49V/8ebfOMAeFKykk0pVd7q7/FgKjbb9bS0tr6yurec28ptb2zu7hb39mo4SxbjLIhmphk81lyLkLgqUvBErTgNf8ro/vJv49UeutIjCBxzF3AtoPxQ9wSgaqe2SG8Lb6akgFYLjTqFol+wpyCJxMlKEDNVO4avVjVgS8BCZpFo3HTtGL6UKBZN8nG8lmseUDWmfNw0NacC1l06vHpNjo3RJL1KmQiRT9fdESgOtR4FvOgOKAz3vTcT/vGaCvWsvFWGcIA/ZbFEvkQQjMomAdIXiDOXIEMqUMLcSNqCKMjRB5U0IzvzLi6R2VnIuSxf358XybRZHDg7hCE7AgSsoQwWq4AIDBc/wCm/Wk/VivVsfs9YlK5s5gD+wPn8Aa+6RLw==</latexit>

U = e�iHt

Linear Time Evolution
<latexit sha1_base64="7Rab9lA4DtDj0hFCtHnC6AhzlpM="></latexit>

| i =
X

k

ck| ki allowed solution

No Restriction on physical size of |Ψk>

Could be macroscopic object



The “Problems” of Schrodinger
<latexit sha1_base64="LFoyI2hh/BE2hpyyi4uycT69EEE=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISURXxuh6KbLCvYBTSmTyaQdOpmEmRuhxP6EG3/FjQtF3Aru/Bunj4VtPXDhcM693HuPnwiuwXF+rNzS8srqWn69sLG5tb1j7+7VdZwqymo0FrFq+kQzwSWrAQfBmoliJPIFa/j925HfeGBK81jewyBh7Yh0JQ85JWCkjn3CsRcqQrMAP3pVzT1FZFewYRbAEF/jyozasYtOyRkDLxJ3SopoimrH/vaCmKYRk0AF0brlOgm0M6KAU7Ok4KWaJYT2SZe1DJUkYrqdjb8a4iOjBDiMlSkJeKz+nchIpPUg8k1nRKCn572R+J/XSiG8amdcJikwSSeLwlRgiPEoIhxwxSiIgSGEKm5uxbRHTEhggiyYENz5lxdJ/bTkXpTO786K5ZtpHHl0gA7RMXLRJSqjCqqiGqLoCb2gN/RuPVuv1of1OWnNWdOZfTQD6+sXIJ2e0Q==</latexit>

i
d| i
dt

= H| i

Unitary time evolution is reversible

Time evolution is deterministic - no probability

BUT: We see probabilities when we measure! Cannot Reverse Measurement 

Invoke Additional Postulates

<latexit sha1_base64="7Rab9lA4DtDj0hFCtHnC6AhzlpM="></latexit>

| i =
X

k

ck| ki allowed solution

Macroscopic  |Ψk>

Why do we not “see” macroscopic superpositions?



The Measurement Postulate
|Ψ> : Quantum State. Undergoes unitary evolution 

<latexit sha1_base64="LFoyI2hh/BE2hpyyi4uycT69EEE=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISURXxuh6KbLCvYBTSmTyaQdOpmEmRuhxP6EG3/FjQtF3Aru/Bunj4VtPXDhcM693HuPnwiuwXF+rNzS8srqWn69sLG5tb1j7+7VdZwqymo0FrFq+kQzwSWrAQfBmoliJPIFa/j925HfeGBK81jewyBh7Yh0JQ85JWCkjn3CsRcqQrMAP3pVzT1FZFewYRbAEF/jyozasYtOyRkDLxJ3SopoimrH/vaCmKYRk0AF0brlOgm0M6KAU7Ok4KWaJYT2SZe1DJUkYrqdjb8a4iOjBDiMlSkJeKz+nchIpPUg8k1nRKCn572R+J/XSiG8amdcJikwSSeLwlRgiPEoIhxwxSiIgSGEKm5uxbRHTEhggiyYENz5lxdJ/bTkXpTO786K5ZtpHHl0gA7RMXLRJSqjCqqiGqLoCb2gN/RuPVuv1of1OWnNWdOZfTQD6+sXIJ2e0Q==</latexit>

i
d| i
dt

= H| i

But then, “measurement” of some operator O occurs 

“Stop” Hamiltonian Evolution

Wavefunction “collapses” to an eigenstate |fk> of O

<latexit sha1_base64="+46PF9hx0t8NUr9vRcmkBYP05r0=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiuSiK+NkLRjcsK9gFNCJPppB0yMwkzE6Gk/QQ3/oobF4q4denOv3HaZqGtBy4czrmXe+8JU0aVdpxva2FxaXlltbRWXt/Y3Nq2d3abKskkJg2csES2Q6QIo4I0NNWMtFNJEA8ZaYXxzdhvPRCpaCLu9SAlPkc9QSOKkTZSYB8NvbqinkSixwi8gp7KeJDHI4iDGA6jIC6swK44VWcCOE/cglRAgXpgf3ndBGecCI0ZUqrjOqn2cyQ1xYyMyl6mSIpwjHqkY6hAnCg/nzw0godG6cIokaaEhhP190SOuFIDHppOjnRfzXpj8T+vk+no0s+pSDNNBJ4uijIGdQLH6cAulQRrNjAEYUnNrRD3kURYmwzLJgR39uV50jypuufVs7vTSu26iKME9sEBOAYuuAA1cAvqoAEweATP4BW8WU/Wi/VufUxbF6xiZg/8gfX5A5JvnPI=</latexit>

| i =
X

k

ck|fki
<latexit sha1_base64="8f75hOSATEUkEhtSn2B5M1e1+7k=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQnitSBVsLBRJPqQmihyHKe14jiR7SBVoT/Awq+wMIAQKzsbf4PbZigtR7J0dM49ur7HTxmVyrJ+jNLC4tLySnm1sra+sbllbu+0ZJIJTJo4YYno+EgSRjlpKqoY6aSCoNhnpO1H1yO//UCEpAm/V4OUuDHqcRpSjJSWPPPg9jH0Ikcg3mMEXkKH6WyAvAhO6Z5ZtWrWGHCe2AWpggINz/x2ggRnMeEKMyRl17ZS5eZIKIoZGVacTJIU4Qj1SFdTjmIi3Xx8zRAeaiWAYSL04wqO1elEjmIpB7GvJ2Ok+nLWG4n/ed1MhRduTnmaKcLxZFGYMagSOKoGBlQQrNhAE4QF1X+FuI8EwkoXWNEl2LMnz5PWcc0+q53enVTrV0UdZbAH9sERsME5qIMb0ABNgMETeAFv4N14Nl6ND+NzMloyiswu+APj6xcNdZuS</latexit>

O|fki = �k|fki

Born Rule: Probability to obtain λk is |ck|2

Subsequent time evolution is with |fk> - forget |Ψ> completely

No macroscopic superpositions because macroscopic system is always “measured”

No doubt that this is what we experience



The “Measurement Problem” 
What is “Measurement”?

|Ψ> : Quantum State. Undergoes unitary evolution 
<latexit sha1_base64="LFoyI2hh/BE2hpyyi4uycT69EEE=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISURXxuh6KbLCvYBTSmTyaQdOpmEmRuhxP6EG3/FjQtF3Aru/Bunj4VtPXDhcM693HuPnwiuwXF+rNzS8srqWn69sLG5tb1j7+7VdZwqymo0FrFq+kQzwSWrAQfBmoliJPIFa/j925HfeGBK81jewyBh7Yh0JQ85JWCkjn3CsRcqQrMAP3pVzT1FZFewYRbAEF/jyozasYtOyRkDLxJ3SopoimrH/vaCmKYRk0AF0brlOgm0M6KAU7Ok4KWaJYT2SZe1DJUkYrqdjb8a4iOjBDiMlSkJeKz+nchIpPUg8k1nRKCn572R+J/XSiG8amdcJikwSSeLwlRgiPEoIhxwxSiIgSGEKm5uxbRHTEhggiyYENz5lxdJ/bTkXpTO786K5ZtpHHl0gA7RMXLRJSqjCqqiGqLoCb2gN/RuPVuv1of1OWnNWdOZfTQD6+sXIJ2e0Q==</latexit>

i
d| i
dt

= H| i

But then, “measurement” stops the Schrödinger Equation! 

“Picks” random outcome and some eigenstate - resets norm of quantum state and then time 
evolve new state!

Why are electrons and protons in a detector doing a “measurement” suddenly acting differently 
i.e. not undergoing unitary evolution? 

 How is the wavefunction “collapsing” and getting you the outcome λk? 

What determines the size of a macroscopic body that somehow cannot be in superposition?



Shut Up and Calculate

Quantum State: |Ψ>
<latexit sha1_base64="LFoyI2hh/BE2hpyyi4uycT69EEE=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISURXxuh6KbLCvYBTSmTyaQdOpmEmRuhxP6EG3/FjQtF3Aru/Bunj4VtPXDhcM693HuPnwiuwXF+rNzS8srqWn69sLG5tb1j7+7VdZwqymo0FrFq+kQzwSWrAQfBmoliJPIFa/j925HfeGBK81jewyBh7Yh0JQ85JWCkjn3CsRcqQrMAP3pVzT1FZFewYRbAEF/jyozasYtOyRkDLxJ3SopoimrH/vaCmKYRk0AF0brlOgm0M6KAU7Ok4KWaJYT2SZe1DJUkYrqdjb8a4iOjBDiMlSkJeKz+nchIpPUg8k1nRKCn572R+J/XSiG8amdcJikwSSeLwlRgiPEoIhxwxSiIgSGEKm5uxbRHTEhggiyYENz5lxdJ/bTkXpTO786K5ZtpHHl0gA7RMXLRJSqjCqqiGqLoCb2gN/RuPVuv1of1OWnNWdOZfTQD6+sXIJ2e0Q==</latexit>

i
d| i
dt

= H| iTime Evolution:

Only Axiom of Quantum Mechanics: Schrodinger Equation

No “Measurement” Postulates.  

From Deterministic equation, derive the phenomenology of measurement 

(1) Probabilistic Outcomes  

(2) Wavefunction “Collapse” 

(3) Do not “see” macroscopic 
superpositions 

(4) Born Rule



Ingredients

<latexit sha1_base64="LFoyI2hh/BE2hpyyi4uycT69EEE=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISURXxuh6KbLCvYBTSmTyaQdOpmEmRuhxP6EG3/FjQtF3Aru/Bunj4VtPXDhcM693HuPnwiuwXF+rNzS8srqWn69sLG5tb1j7+7VdZwqymo0FrFq+kQzwSWrAQfBmoliJPIFa/j925HfeGBK81jewyBh7Yh0JQ85JWCkjn3CsRcqQrMAP3pVzT1FZFewYRbAEF/jyozasYtOyRkDLxJ3SopoimrH/vaCmKYRk0AF0brlOgm0M6KAU7Ok4KWaJYT2SZe1DJUkYrqdjb8a4iOjBDiMlSkJeKz+nchIpPUg8k1nRKCn572R+J/XSiG8amdcJikwSSeLwlRgiPEoIhxwxSiIgSGEKm5uxbRHTEhggiyYENz5lxdJ/bTkXpTO786K5ZtpHHl0gA7RMXLRJSqjCqqiGqLoCb2gN/RuPVuv1of1OWnNWdOZfTQD6+sXIJ2e0Q==</latexit>

i
d| i
dt

= H| i

Claim: Measurement is simply interactions between various systems 

(e.g. quantum system and measuring device) 

All of these systems are made of atoms - so they all obey quantum mechanics 

Time evolution given by Schrodinger.  

What kinds of interactions are there in the Hamiltonian?

Requirement: Want causality.  

Hamiltonians are local! 
<latexit sha1_base64="yK8sSDRD0uiFK/dK/EPF6lPXehI=">AAACMXicbZDJSgNBEIZ7XGPcRj16aQxCvIQZcTsGveQYwSyQCaGnU5M06VnorhHDkFfy4puIlxwU8epL2FkOmvhDw89XVVTX7ydSaHScsbWyura+sZnbym/v7O7t2weHdR2nikONxzJWTZ9pkCKCGgqU0EwUsNCX0PAHd5N64xGUFnH0gMME2iHrRSIQnKFBHbtSoZ5OEw1IPZ+pzKtqMfIkBFh88pTo9fGMTtgiSvoLqGMXnJIzFV027twUyFzVjv3qdWOehhAhl0zrlusk2M6YQsEljPJeqiFhfMB60DI2YiHodja9eERPDenSIFbmRUin9PdExkKth6FvOkOGfb1Ym8D/aq0Ug5t2JqIkRYj4bFGQSooxncRHu0IBRzk0hnElzF8p7zPFOJqQ8yYEd/HkZVM/L7lXpcv7i0L5dh5HjhyTE1IkLrkmZVIhVVIjnDyTN/JOPqwXa2x9Wl+z1hVrPnNE/sj6/gF0dKph</latexit>

H �  ̄ (x) (x)� (x)

<latexit sha1_base64="OOrZr60Z7+9C1wgSlCiDhedCzDE="></latexit>

H 6�  ̄ (x1) (x2)� (x3)



Inner Products of Macroscopic Bodies
Suppose B is a macroscopic object - that is B is composed of a large number (N) of particles

The states |Ψ> are product states of a large number of individual particle states

For any local operator H, super easy for the inner products <Φ|H|Ψ> = 0 

Key Point

This is true even under time evolution of |Φ> and |Ψ>

Relevant for what makes a “detector”

Why is this true?

<latexit sha1_base64="Fa6E2TocAurnm8ON3QDQ3qbxbjk=">AAACI3icbVDLSgMxFM3UV62vUZdugkVwVWZEqghC0Y0rqWAf0BlKJk3b0ExmSO4IZey/uPFX3LhQihsX/otpO4K2HgicnHNvbu4JYsE1OM6nlVtaXlldy68XNja3tnfs3b26jhJFWY1GIlLNgGgmuGQ14CBYM1aMhIFgjWBwPfEbD0xpHsl7GMbMD0lP8i6nBIzUti8evarmniKyJxi+xNNr2/0RvAh4yDT2OhHozLzNzLZddErOFHiRuBkpogzVtj02z9AkZBKoIFq3XCcGPyUKOBVsVPASzWJCB6THWoZKYib76XTHET4ySgd3I2WOBDxVf3ekJNR6GAamMiTQ1/PeRPzPayXQPfdTLuMEmKSzQd1EYIjwJDDc4YpREENDCFXc/BXTPlGEgom1YEJw51deJPWTklsule9Oi5WrLI48OkCH6Bi56AxV0A2qohqi6Am9oDf0bj1br9bY+piV5qysZx/9gfX1DSz6pKI=</latexit>

| i = | 1i ⌦ . . . | N i



Inner Products of Macroscopic Objects
Super easy for the inner products <Φ|H|Ψ> = 0 

<latexit sha1_base64="drlgu6nWVgbsE2MItFoK0S1nxeA=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7IrUr0IRS+9WcF+QLss2TRtQ5PskmQLZek/8eJBEa/+E2/+G9N2D1p9MPB4b4aZeVHCmTae9+UU1tY3NreK26Wd3b39A/fwqKXjVBHaJDGPVSfCmnImadMww2knURSLiNN2NL6b++0JVZrF8tFMExoIPJRswAg2Vgpdt45uUE+nIszYDN2HLHTLXsVbAP0lfk7KkKMRup+9fkxSQaUhHGvd9b3EBBlWhhFOZ6VeqmmCyRgPaddSiQXVQba4fIbOrNJHg1jZkgYt1J8TGRZaT0VkOwU2I73qzcX/vG5qBtdBxmSSGirJctEg5cjEaB4D6jNFieFTSzBRzN6KyAgrTIwNq2RD8Fdf/ktaFxW/Wqk+XJZrt3kcRTiBUzgHH66gBnVoQBMITOAJXuDVyZxn5815X7YWnHzmGH7B+fgGNSeSww==</latexit>

H =
X

i

Oi

<latexit sha1_base64="OCb8MjiYMhx6uysLkGqDlOICqP0="></latexit>

h�|H| i =
X

i

(⇧i 6=jh�j | ji) h�i|Oi| ii

<latexit sha1_base64="Fa6E2TocAurnm8ON3QDQ3qbxbjk=">AAACI3icbVDLSgMxFM3UV62vUZdugkVwVWZEqghC0Y0rqWAf0BlKJk3b0ExmSO4IZey/uPFX3LhQihsX/otpO4K2HgicnHNvbu4JYsE1OM6nlVtaXlldy68XNja3tnfs3b26jhJFWY1GIlLNgGgmuGQ14CBYM1aMhIFgjWBwPfEbD0xpHsl7GMbMD0lP8i6nBIzUti8evarmniKyJxi+xNNr2/0RvAh4yDT2OhHozLzNzLZddErOFHiRuBkpogzVtj02z9AkZBKoIFq3XCcGPyUKOBVsVPASzWJCB6THWoZKYib76XTHET4ySgd3I2WOBDxVf3ekJNR6GAamMiTQ1/PeRPzPayXQPfdTLuMEmKSzQd1EYIjwJDDc4YpREENDCFXc/BXTPlGEgom1YEJw51deJPWTklsule9Oi5WrLI48OkCH6Bi56AxV0A2qohqi6Am9oDf0bj1br9bY+piV5qysZx/9gfX1DSz6pKI=</latexit>

| i = | 1i ⌦ . . . | N i
<latexit sha1_base64="ekkXBPLBK2b3fTky9PPV4VogRVM=">AAACI3icbVDLSgMxFM3UV62vUZdugkVwVWZEqghC0Y0rqWAf0BmGTJq2oZnMkNwRSu2/uPFX3LhQihsX/otpO4K2HgicnHNvbu4JE8E1OM6nlVtaXlldy68XNja3tnfs3b26jlNFWY3GIlbNkGgmuGQ14CBYM1GMRKFgjbB/PfEbD0xpHst7GCTMj0hX8g6nBIwU2BePXrXHPUVkVzB8iafXwP0RvBh4xDT22jHozLzNzMAuOiVnCrxI3IwUUYZqYI/NMzSNmAQqiNYt10nAHxIFnAo2KnipZgmhfdJlLUMlMZP94XTHET4ySht3YmWOBDxVf3cMSaT1IApNZUSgp+e9ifif10qhc+4PuUxSYJLOBnVSgSHGk8BwmytGQQwMIVRx81dMe0QRCibWggnBnV95kdRPSm65VL47LVausjjy6AAdomPkojNUQTeoimqIoif0gt7Qu/VsvVpj62NWmrOynn30B9bXN/Z6pIE=</latexit>

|�i = |�1i ⌦ . . . |�N i

<latexit sha1_base64="bIwvni+2o6acOn1QbF/co4rWZdw="></latexit>

u
X

i

h�j | jiN�1h�i|Oi| ii

For large N, easily zero!



Inner Products of Macroscopic Objects
Super easy for the inner products <Φ|H|Ψ> = 0 

<latexit sha1_base64="drlgu6nWVgbsE2MItFoK0S1nxeA=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7IrUr0IRS+9WcF+QLss2TRtQ5PskmQLZek/8eJBEa/+E2/+G9N2D1p9MPB4b4aZeVHCmTae9+UU1tY3NreK26Wd3b39A/fwqKXjVBHaJDGPVSfCmnImadMww2knURSLiNN2NL6b++0JVZrF8tFMExoIPJRswAg2Vgpdt45uUE+nIszYDN2HLHTLXsVbAP0lfk7KkKMRup+9fkxSQaUhHGvd9b3EBBlWhhFOZ6VeqmmCyRgPaddSiQXVQba4fIbOrNJHg1jZkgYt1J8TGRZaT0VkOwU2I73qzcX/vG5qBtdBxmSSGirJctEg5cjEaB4D6jNFieFTSzBRzN6KyAgrTIwNq2RD8Fdf/ktaFxW/Wqk+XJZrt3kcRTiBUzgHH66gBnVoQBMITOAJXuDVyZxn5815X7YWnHzmGH7B+fgGNSeSww==</latexit>

H =
X

i

Oi

<latexit sha1_base64="OCb8MjiYMhx6uysLkGqDlOICqP0="></latexit>

h�|H| i =
X

i

(⇧i 6=jh�j | ji) h�i|Oi| ii

<latexit sha1_base64="Fa6E2TocAurnm8ON3QDQ3qbxbjk=">AAACI3icbVDLSgMxFM3UV62vUZdugkVwVWZEqghC0Y0rqWAf0BlKJk3b0ExmSO4IZey/uPFX3LhQihsX/otpO4K2HgicnHNvbu4JYsE1OM6nlVtaXlldy68XNja3tnfs3b26jhJFWY1GIlLNgGgmuGQ14CBYM1aMhIFgjWBwPfEbD0xpHsl7GMbMD0lP8i6nBIzUti8evarmniKyJxi+xNNr2/0RvAh4yDT2OhHozLzNzLZddErOFHiRuBkpogzVtj02z9AkZBKoIFq3XCcGPyUKOBVsVPASzWJCB6THWoZKYib76XTHET4ySgd3I2WOBDxVf3ekJNR6GAamMiTQ1/PeRPzPayXQPfdTLuMEmKSzQd1EYIjwJDDc4YpREENDCFXc/BXTPlGEgom1YEJw51deJPWTklsule9Oi5WrLI48OkCH6Bi56AxV0A2qohqi6Am9oDf0bj1br9bY+piV5qysZx/9gfX1DSz6pKI=</latexit>

| i = | 1i ⌦ . . . | N i
<latexit sha1_base64="ekkXBPLBK2b3fTky9PPV4VogRVM=">AAACI3icbVDLSgMxFM3UV62vUZdugkVwVWZEqghC0Y0rqWAf0BmGTJq2oZnMkNwRSu2/uPFX3LhQihsX/otpO4K2HgicnHNvbu4JE8E1OM6nlVtaXlldy68XNja3tnfs3b26jlNFWY3GIlbNkGgmuGQ14CBYM1GMRKFgjbB/PfEbD0xpHst7GCTMj0hX8g6nBIwU2BePXrXHPUVkVzB8iafXwP0RvBh4xDT22jHozLzNzMAuOiVnCrxI3IwUUYZqYI/NMzSNmAQqiNYt10nAHxIFnAo2KnipZgmhfdJlLUMlMZP94XTHET4ySht3YmWOBDxVf3cMSaT1IApNZUSgp+e9ifif10qhc+4PuUxSYJLOBnVSgSHGk8BwmytGQQwMIVRx81dMe0QRCibWggnBnV95kdRPSm65VL47LVausjjy6AAdomPkojNUQTeoimqIoif0gt7Qu/VsvVpj62NWmrOynn30B9bXN/Z6pIE=</latexit>

|�i = |�1i ⌦ . . . |�N i

Also zero if <Φj|Ψj> = 0 for some j

Super easy for this to happen - gas molecule scatters off me!



<latexit sha1_base64="C0Bqn5r2gZ/a8DTHPg1las4C4nE=">AAAB7nicbVDLSgMxFM34bOur6tJNsAiuyowLdVl047KCfWA7lEyaaUMzSUjuiGXoR7gRVMStO//FnV+j6WOhrQcuHM65l3PvjbTgFnz/y1taXlldW8/lCxubW9s7xd29ulWpoaxGlVCmGRHLBJesBhwEa2rDSBIJ1ogGl2O/cceM5UrewFCzMCE9yWNOCTip0VbAE2Y7xZJf9ifAiySYkVIlr59uP+6/q53iZ7uraJowCVQQa1uBryHMiAFOBRsV2qllmtAB6bGWo5K4kDCbrDvCR07p4lgZVxLwRP09kZHE2mESuc6EQN/Oe2PxP6+VQnweZlzqFJik06A4FRgUHt+Ou9wwCmLoCKGGu10x7RNDKLgPFdwTgvmTF0n9pBycloProFS5QFPk0AE6RMcoQGeogq5QFdUQRQP0gJ7Ri6e9R+/Ve5u2LnmzmX30B977D6dmk4I=</latexit>⌦
<latexit sha1_base64="T3ahyqQKIfA7yFzGP/TlABrSmHc=">AAAB8nicbZDLSgMxFIYzXut4q7p0EyyCqzLjQt2IRTcuK9gLTIeSSTNtaCYZkjNKGfoYblwo0q3v4d6N+Daml4W2/hD4+P9zyDknSgU34HnfztLyyuraemHD3dza3tkt7u3Xjco0ZTWqhNLNiBgmuGQ14CBYM9WMJJFgjah/M84bD0wbruQ9DFIWJqQrecwpAWsFLc27PSBaq8d2seSVvYnwIvgzKF19uJfp6MuttoufrY6iWcIkUEGMCXwvhTAnGjgVbOi2MsNSQvukywKLkiTMhPlk5CE+tk4Hx0rbJwFP3N8dOUmMGSSRrUwI9Mx8Njb/y4IM4osw5zLNgEk6/SjOBAaFx/vjDteMghhYIFRzOyumPaIJBXsl1x7Bn195EeqnZf+s7N/5pco1mqqADtEROkE+OkcVdIuqqIYoUugJvaBXB5xn580ZTUuXnFnPAfoj5/0HJJmU0Q==</latexit>! <latexit sha1_base64="C0Bqn5r2gZ/a8DTHPg1las4C4nE=">AAAB7nicbVDLSgMxFM34bOur6tJNsAiuyowLdVl047KCfWA7lEyaaUMzSUjuiGXoR7gRVMStO//FnV+j6WOhrQcuHM65l3PvjbTgFnz/y1taXlldW8/lCxubW9s7xd29ulWpoaxGlVCmGRHLBJesBhwEa2rDSBIJ1ogGl2O/cceM5UrewFCzMCE9yWNOCTip0VbAE2Y7xZJf9ifAiySYkVIlr59uP+6/q53iZ7uraJowCVQQa1uBryHMiAFOBRsV2qllmtAB6bGWo5K4kDCbrDvCR07p4lgZVxLwRP09kZHE2mESuc6EQN/Oe2PxP6+VQnweZlzqFJik06A4FRgUHt+Ou9wwCmLoCKGGu10x7RNDKLgPFdwTgvmTF0n9pBycloProFS5QFPk0AE6RMcoQGeogq5QFdUQRQP0gJ7Ri6e9R+/Ve5u2LnmzmX30B977D6dmk4I=</latexit>⌦

<latexit sha1_base64="C0Bqn5r2gZ/a8DTHPg1las4C4nE=">AAAB7nicbVDLSgMxFM34bOur6tJNsAiuyowLdVl047KCfWA7lEyaaUMzSUjuiGXoR7gRVMStO//FnV+j6WOhrQcuHM65l3PvjbTgFnz/y1taXlldW8/lCxubW9s7xd29ulWpoaxGlVCmGRHLBJesBhwEa2rDSBIJ1ogGl2O/cceM5UrewFCzMCE9yWNOCTip0VbAE2Y7xZJf9ifAiySYkVIlr59uP+6/q53iZ7uraJowCVQQa1uBryHMiAFOBRsV2qllmtAB6bGWo5K4kDCbrDvCR07p4lgZVxLwRP09kZHE2mESuc6EQN/Oe2PxP6+VQnweZlzqFJik06A4FRgUHt+Ou9wwCmLoCKGGu10x7RNDKLgPFdwTgvmTF0n9pBycloProFS5QFPk0AE6RMcoQGeogq5QFdUQRQP0gJ7Ri6e9R+/Ve5u2LnmzmX30B977D6dmk4I=</latexit>⌦

Interaction Hamiltonian between spin and Human: Register state changes

<latexit sha1_base64="teHBhdTXzsgf1kULpSUnIRA+6O8=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lUT8Oha9eKxg2kobymY7aZfubsLuRii1v8KLB0W8+nO8+W/ctjlo64OBx3szzMyLUs608bxvZ2l5ZXVtvbBR3Nza3tkt7e3XdZIpigFNeKKaEdHImcTAMMOxmSokIuLYiAY3E7/xiEqzRN6bYYqhID3JYkaJsdLDU9BWRPY4dkplr+JN4S4SPydlyFHrlL7a3YRmAqWhnGjd8r3UhCOiDKMcx8V2pjEldEB62LJUEoE6HE0PHrvHVum6caJsSeNO1d8TIyK0HorIdgpi+nrem4j/ea3MxFfhiMk0MyjpbFGccdck7uR7t8sUUsOHlhCqmL3VpX2iCDU2o6INwZ9/eZHUTyv+ReX87qxcvc7jKMAhHMEJ+HAJVbiFGgRAQcAzvMKbo5wX5935mLUuOfnMAfyB8/kD8YCQhA==</latexit>

|Ui
<latexit sha1_base64="C0Bqn5r2gZ/a8DTHPg1las4C4nE=">AAAB7nicbVDLSgMxFM34bOur6tJNsAiuyowLdVl047KCfWA7lEyaaUMzSUjuiGXoR7gRVMStO//FnV+j6WOhrQcuHM65l3PvjbTgFnz/y1taXlldW8/lCxubW9s7xd29ulWpoaxGlVCmGRHLBJesBhwEa2rDSBIJ1ogGl2O/cceM5UrewFCzMCE9yWNOCTip0VbAE2Y7xZJf9ifAiySYkVIlr59uP+6/q53iZ7uraJowCVQQa1uBryHMiAFOBRsV2qllmtAB6bGWo5K4kDCbrDvCR07p4lgZVxLwRP09kZHE2mESuc6EQN/Oe2PxP6+VQnweZlzqFJik06A4FRgUHt+Ou9wwCmLoCKGGu10x7RNDKLgPFdwTgvmTF0n9pBycloProFS5QFPk0AE6RMcoQGeogq5QFdUQRQP0gJ7Ri6e9R+/Ve5u2LnmzmX30B977D6dmk4I=</latexit>⌦

<latexit sha1_base64="fMJbHUSp4PN8YSAmGvNERhUpr20=">AAAB8HicbVDJSgNBEK2JW4xb1KOXwSB4CjPidgzqwWMEs0gyhJ5OTdKku2fo7hHCmK/w4kERr36ON//GznLQxAcFj/eqqKoXJpxp43nfTm5peWV1Lb9e2Njc2t4p7u7VdZwqijUa81g1Q6KRM4k1wwzHZqKQiJBjIxxcj/3GIyrNYnlvhgkGgvQkixglxkoPTzdtRWSPY6dY8sreBO4i8WekBDNUO8WvdjemqUBpKCdat3wvMUFGlGGU46jQTjUmhA5ID1uWSiJQB9nk4JF7ZJWuG8XKljTuRP09kRGh9VCEtlMQ09fz3lj8z2ulJroMMiaT1KCk00VRyl0Tu+Pv3S5TSA0fWkKoYvZWl/aJItTYjAo2BH/+5UVSPyn75+Wzu9NS5WoWRx4O4BCOwYcLqMAtVKEGFAQ8wyu8Ocp5cd6dj2lrzpnN7MMfOJ8/10WQcw==</latexit>

|Di

<latexit sha1_base64="T3ahyqQKIfA7yFzGP/TlABrSmHc=">AAAB8nicbZDLSgMxFIYzXut4q7p0EyyCqzLjQt2IRTcuK9gLTIeSSTNtaCYZkjNKGfoYblwo0q3v4d6N+Daml4W2/hD4+P9zyDknSgU34HnfztLyyuraemHD3dza3tkt7u3Xjco0ZTWqhNLNiBgmuGQ14CBYM9WMJJFgjah/M84bD0wbruQ9DFIWJqQrecwpAWsFLc27PSBaq8d2seSVvYnwIvgzKF19uJfp6MuttoufrY6iWcIkUEGMCXwvhTAnGjgVbOi2MsNSQvukywKLkiTMhPlk5CE+tk4Hx0rbJwFP3N8dOUmMGSSRrUwI9Mx8Njb/y4IM4osw5zLNgEk6/SjOBAaFx/vjDteMghhYIFRzOyumPaIJBXsl1x7Bn195EeqnZf+s7N/5pco1mqqADtEROkE+OkcVdIuqqIYoUugJvaBXB5xn580ZTUuXnFnPAfoj5/0HJJmU0Q==</latexit>!
<latexit sha1_base64="HH2B8CG6GYyMl3BB3mbsTTCapI8=">AAAB8HicbZDLSsNAFIYn9VbrrerSzdAiCEJJBC/LoBuXFexFmlAm05N26GQSZiZCiH0KXbhQxK2P465v4/Sy0NYfBj7+/xzmnBMknClt22OrsLK6tr5R3Cxtbe/s7pX3D5oqTiWFBo15LNsBUcCZgIZmmkM7kUCigEMrGN5M8tYjSMVica+zBPyI9AULGSXaWA9PtieJ6HPolqt2zZ4KL4Mzh6pb8U5fxm5W75a/vV5M0wiEppwo1XHsRPs5kZpRDqOSlypICB2SPnQMChKB8vPpwCN8bJweDmNpntB46v7uyEmkVBYFpjIieqAWs4n5X9ZJdXjl50wkqQZBZx+FKcc6xpPtcY9JoJpnBgiVzMyK6YBIQrW5UckcwVlceRmaZzXnonZ+51TdazRTER2hCjpBDrpELrpFddRAFEXoGb2hd0tar9aH9TkrLVjznkP0R9bXD9Nik2s=</latexit>

|0i

<latexit sha1_base64="HH2B8CG6GYyMl3BB3mbsTTCapI8=">AAAB8HicbZDLSsNAFIYn9VbrrerSzdAiCEJJBC/LoBuXFexFmlAm05N26GQSZiZCiH0KXbhQxK2P465v4/Sy0NYfBj7+/xzmnBMknClt22OrsLK6tr5R3Cxtbe/s7pX3D5oqTiWFBo15LNsBUcCZgIZmmkM7kUCigEMrGN5M8tYjSMVica+zBPyI9AULGSXaWA9PtieJ6HPolqt2zZ4KL4Mzh6pb8U5fxm5W75a/vV5M0wiEppwo1XHsRPs5kZpRDqOSlypICB2SPnQMChKB8vPpwCN8bJweDmNpntB46v7uyEmkVBYFpjIieqAWs4n5X9ZJdXjl50wkqQZBZx+FKcc6xpPtcY9JoJpnBgiVzMyK6YBIQrW5UckcwVlceRmaZzXnonZ+51TdazRTER2hCjpBDrpELrpFddRAFEXoGb2hd0tar9aH9TkrLVjznkP0R9bXD9Nik2s=</latexit>

|0i

<latexit sha1_base64="0UFTbsQ1+ve5J1LP84OwiN93PRs=">AAACBHicbVDLSsNAFJ34rPUVddnN0CIIQkkEH8ugG5cVTFtoQplMp+3QyUyYmQgh7cKNX+A/uHGhiFs/wl3/xuljoa0HLhzOuZd774kSRpV2nLG1srq2vrFZ2Cpu7+zu7dsHh3UlUomJjwUTshkhRRjlxNdUM9JMJEFxxEgjGtxM/MYDkYoKfq+zhIQx6nHapRhpI7Xt0tAPJOI9RmAgNI2JgkN3rrTtilN1poDLxJ2TilcOTp/HXlZr299BR+A0JlxjhpRquU6iwxxJTTEjo2KQKpIgPEA90jKUI7MuzKdPjOCxUTqwK6QpruFU/T2Ro1ipLI5MZ4x0Xy16E/E/r5Xq7lWYU56kmnA8W9RNGdQCThKBHSoJ1iwzBGFJza0Q95FEWJvciiYEd/HlZVI/q7oX1fM7t+JdgxkKoATK4AS44BJ44BbUgA8weAQv4A28W0/Wq/Vhfc5aV6z5zBH4A+vrB7p2myQ=</latexit>

|Ui ⌦ |1i

<latexit sha1_base64="aXGBkNB8IPbUFpXD20ci3Z6hi08=">AAACBHicbVDLSgMxFM34rPU16rKb0CIIQpkp+FgO6sJlBfuAzlAyadqGZpIhyQjDtAs3foH/4MaFIm79CHf9G9PHQlsPXDiccy/33hPGjCrtOGNrZXVtfWMzt5Xf3tnd27cPDutKJBKTGhZMyGaIFGGUk5qmmpFmLAmKQkYa4eB64jceiFRU8HudxiSIUI/TLsVIG6ltF4Y3vkS8xwj0haYRUXBYmSttu+SUnSngMnHnpOQV/dPnsZdW2/a33xE4iQjXmCGlWq4T6yBDUlPMyCjvJ4rECA9Qj7QM5cisC7LpEyN4bJQO7Appims4VX9PZChSKo1C0xkh3VeL3kT8z2slunsZZJTHiSYczxZ1Ewa1gJNEYIdKgjVLDUFYUnMrxH0kEdYmt7wJwV18eZnUK2X3vHx255a8KzBDDhRAEZwAF1wAD9yCKqgBDB7BC3gD79aT9Wp9WJ+z1hVrPnME/sD6+gGglJsU</latexit>

|Di ⌦ |2i

<latexit sha1_base64="GR8+wWa5IkiV33xoVDfpeYzf61w=">AAACAnicbVDLSsNAFJ3UV62vqCtxM7QIglCSgo+NEHTjsoJ9QBPKZDpph04mYWYihFjc+An+ghsXirj1K9z1b5w2XWjrgQtnzrmXuff4MaNSWdbYKCwtr6yuFddLG5tb2zvm7l5TRonApIEjFom2jyRhlJOGooqRdiwICn1GWv7weuK37omQNOJ3Ko2JF6I+pwHFSGmpax64DPE+I9CGD7AGXZG/LqHVNStW1ZoCLhJ7RipO2T15HjtpvWt+u70IJyHhCjMkZce2YuVlSCiKGRmV3ESSGOEh6pOOphyFRHrZ9IQRPNJKDwaR0MUVnKq/JzIUSpmGvu4MkRrIeW8i/ud1EhVceBnlcaIIx/lHQcKgiuAkD9ijgmDFUk0QFlTvCvEACYSVTq2kQ7DnT14kzVrVPque3toV5wrkKIJDUAbHwAbnwAE3oA4aAINH8ALewLvxZLwaH8Zn3lowZjP74A+Mrx9Jd5hr</latexit>

h1|2i = 0

What happens when I do a measurement?
How does this Human interact with a spin? 

Toy Model of Human’s Brain

Brain contains say M registers to deal with spins. Initially, all registers are in quantum state |0>

<latexit sha1_base64="83F0c95TQMaM6jkJK//PWlAZvrg=">AAACBnicbVDLSsNAFJ34rPUVdSnC0CIIQkm6qG6EoJsuK9gHNKFMppN26GQSZiZCiF258QP8CTcuFHHrN7jr3zhtutDWAxcO59zLvff4MaNSWdbEWFldW9/YLGwVt3d29/bNg8OWjBKBSRNHLBIdH0nCKCdNRRUjnVgQFPqMtP3RzdRv3xMhacTvVBoTL0QDTgOKkdJSzzxxGeIDRqANH2BdVxW6IleuoNUzy1bFmgEuE3tOyk7JPX+eOGmjZ367/QgnIeEKMyRl17Zi5WVIKIoZGRfdRJIY4REakK6mHIVEetnsjTE81UofBpHQxRWcqb8nMhRKmYa+7gyRGspFbyr+53UTFVx6GeVxogjH+aIgYVBFcJoJ7FNBsGKpJggLqm+FeIgEwkonV9Qh2IsvL5NWtWLXKrVbu+xcgxwFcAxK4AzY4AI4oA4aoAkweAQv4A28G0/Gq/FhfOatK8Z85gj8gfH1A4cHmZg=</latexit>

h1|H|2i = 0



What happens when I do a measurement?

In Addition, human has a “Predictivity" circuit Ck 

This register looks at k-1 spins and asks if it can predict the next one

<latexit sha1_base64="ik2dX7g+R4kE/xePDsw6BGWkNPQ="></latexit>

|UU . . . Ui|00 . . . 0i ! |UU . . . Ui|11 . . . 1i

Instead of one spin, give the human N spins all in state |U>

<latexit sha1_base64="KIvSHyIbzdTwc71e63fVRXb+S8Q=">AAACUXicjVHLSgMxFL0dX7W+qi7dBIvgqsyIVJdiN66kgtMK7TBk0rQNzWSG5I5SWn/Rha78DzcuFNN2BF8LL4QczrnnJjmJUikMuu5zwVlYXFpeKa6W1tY3NrfK2ztNk2SacZ8lMtE3ETVcCsV9FCj5Tao5jSPJW9GwPtVbt1wbkahrHKU8iGlfiZ5gFC0Vlgf1cEgmvk863QQNsbumqi85mRDPm3PeJ9XRoj9AqnVy91/L5LKRw7BccavurMhv4OWgAnk1wvKjncWymCtkkhrT9twUgzHVKJjk96VOZnhK2ZD2edtCRWNugvEskXtyYJku6SXaLoVkxn51jGlszCiObGdMcWB+alPyL62dYe80GAuVZsgVmx/UyyTBhEzjJV2hOUM5soAyLexdCRtQTRnaTyjZELyfT/4NmkdVr1atXR1Xzs7zOIqwB/twCB6cwBlcQAN8YPAAL/AG74WnwqsDjjNvdQq5Zxe+lbP2Ac4Isio=</latexit>

Ck|UU . . . Ui|11 . . . 1i ! |UU . . . Ui|11 . . . 1i|NP i

If it can, it says |NP> (i.e. non probabilistic) 
If not, it says |P> (i.e. probabilistic)

No probability here - “eigenstate of operator being measured”



Probabilistic Outcomes
Now send α|U> + β|D>

Per the Hamiltonian that describes the interaction: 
<latexit sha1_base64="kWsApBGEHN2NLZHoc6gIuNS/VqQ="></latexit>

(↵|Ui+ �|Di)⌦ |0i ! ↵|Ui|1i+ �|Di|2i

Prediction of Linear Quantum Mechanics

NOT |U>|1> OR |D>|2>. But the entangled superposition. 

<latexit sha1_base64="anZKsPqiE9N6Y1IYAeGbrw7W0Hs="></latexit>

(↵|Ui+ �|Di)⌦ |0i Nice factorized 
interpretation

<latexit sha1_base64="xQIlr0Nxocs2dz/HmLa5qd9UpAU=">AAACHnicbZBNSwMxEIaz9bt+rXr0EiyCUCi7BavHoh48KtgqdEuZTadtaDa7JFmhVP+FNy/+FS8eFBE82X9j+iFo6wuBl/eZYTITJoJr43kDJzM3v7C4tLySXV1b39h0t7arOk4VwwqLRaxuQtAouMSK4UbgTaIQolDgddg9HfLrW1Sax/LK9BKsR9CWvMUZGBs13MMARNIBelcJFMi2wDt/YmieBiEai85+UPEHNdycV/BGorPGn5hceS/IPwzKvYuG+xk0Y5ZGKA0ToHXN9xJT74MynAm8zwapxgRYF9pYs1ZChLreH613T/dt0qStWNknDR2lvzv6EGndi0JbGYHp6Gk2DP9jtdS0jut9LpPUoGTjQa1UUBPT4a1okytkRvSsAaa4/StlHVDAjL1o1h7Bn1551lSLBb9UKF36ufIJGWuZ7JI9ckB8ckTK5JxckAph5JE8k1fy5jw5L8678zEuzTiTnh3yR87XN7ffpTk=</latexit>

↵|Ui|1i+ �|Di|2i
Entangled State - no 

factorized interpretation.  
Correlated States



“Collapse” of the Wave Function
Measurement has created entanglement between system and macroscopic human

|1> and |2> are orthogonal states of the macroscopic detector

For macroscopic detectors, we have seen that <1(t)|H|2(t)> = 0

Immediate Consequence

Want to track subsequent evolution of |U>|1>? We can totally ignore the existence of |D>|2>

Only way for this NOT to be true is if <1(t)|H|2(t)> != 0 

If we want to track |U>|1>, can say wavefunction “collapsed” to |U>|1>

<latexit sha1_base64="K9kCalSrqeBINQOFtLPkSY3BdLM="></latexit>

(↵|Ui+ �|Di)⌦ |0i ! ↵|Ui|1i+ �|Di|2i

<latexit sha1_base64="Y3ZiusxfclvJJjpybRza85vLtJg="></latexit>

| (↵|Ui+ �|Di) |0i ! ↵|Ui|1i+�|Di|2i ! ↵|Ui|SR plays cricketi+�|Di|SR eats Indian Foodi



Probabilistic Outcomes
Send α|U> + β|D> again

<latexit sha1_base64="BZI9pzsLI8yY6IiLWLniZrXdKjc="></latexit>

(↵|Ui+ �|Di)⌦ (↵|Ui|10i+ �|Di|20i) !

Now think about the predictivity circuit |C2> - this bit looks at the first bit in the 
spin register after the first interaction and tries to guess what the next bit would be

What does this look like?

<latexit sha1_base64="gnEiyNNyMsKMcBnSDddG91xw0nk="></latexit>

↵2|UUi|11i+ ↵�|DUi|21i+ �↵|UDi|12i+ �2|DDi|22i

<latexit sha1_base64="XAwn4RIpbE29ztswcRCgeS2H/9Y=">AAACLnicdZDLSsNAFIYnXmu9VV26GVoEQShJF9VlsQouK9gLNCFMppN06GQSZiZKSfsWvoUbX0UXQhVx62M4vQja6oGBj///D2fO8WJGpTLNkbG0vLK6tp7ZyG5ube/s5vb2GzJKBCZ1HLFItDwkCaOc1BVVjLRiQVDoMdL0etWx37wlQtKI36h+TJwQBZz6FCOlJTd3WXVLcFC/sAXiASNwYJW+0RY06CokRHT3T2JQm5GbK5hFc1JwEawZFCp5++R+VOnX3Nyz3YlwEhKuMENSti0zVk6KhKKYkWHWTiSJEe6hgLQ1chQS6aSTdYfwSCsd6EdCP67gRP3ZkaJQyn7o6WSIVFfOe2PxL6+dKP/MSSmPE0U4ng7yEwZVBMe3gx0qCFasrwFhQfVfIe4igbDSF87qI1jzKy9Co1S0ysXytVWonINpZcAhyINjYIFTUAFXoAbqAIMH8ARewZvxaLwY78bHNLpkzHoOwK8yPr8A9Curig==</latexit>

C2|UDi|12i ! |UDi|12i|P i

For some large number of spins
<latexit sha1_base64="NWfROVxASW80jFG2/lO+Rg2l3PA="></latexit>

Ck|UDUUDU . . . i|121121 . . . i ! |UDUUDU . . . i|121121 . . . i|P i



Why can’t we “see” Macroscopic Superpositions?
<latexit sha1_base64="7Rab9lA4DtDj0hFCtHnC6AhzlpM="></latexit>

| i =
X

k

ck| ki allowed solution

<latexit sha1_base64="C0Bqn5r2gZ/a8DTHPg1las4C4nE=">AAAB7nicbVDLSgMxFM34bOur6tJNsAiuyowLdVl047KCfWA7lEyaaUMzSUjuiGXoR7gRVMStO//FnV+j6WOhrQcuHM65l3PvjbTgFnz/y1taXlldW8/lCxubW9s7xd29ulWpoaxGlVCmGRHLBJesBhwEa2rDSBIJ1ogGl2O/cceM5UrewFCzMCE9yWNOCTip0VbAE2Y7xZJf9ifAiySYkVIlr59uP+6/q53iZ7uraJowCVQQa1uBryHMiAFOBRsV2qllmtAB6bGWo5K4kDCbrDvCR07p4lgZVxLwRP09kZHE2mESuc6EQN/Oe2PxP6+VQnweZlzqFJik06A4FRgUHt+Ou9wwCmLoCKGGu10x7RNDKLgPFdwTgvmTF0n9pBycloProFS5QFPk0AE6RMcoQGeogq5QFdUQRQP0gJ7Ri6e9R+/Ve5u2LnmzmX30B977D6dmk4I=</latexit>⌦
<latexit sha1_base64="T3ahyqQKIfA7yFzGP/TlABrSmHc=">AAAB8nicbZDLSgMxFIYzXut4q7p0EyyCqzLjQt2IRTcuK9gLTIeSSTNtaCYZkjNKGfoYblwo0q3v4d6N+Daml4W2/hD4+P9zyDknSgU34HnfztLyyuraemHD3dza3tkt7u3Xjco0ZTWqhNLNiBgmuGQ14CBYM9WMJJFgjah/M84bD0wbruQ9DFIWJqQrecwpAWsFLc27PSBaq8d2seSVvYnwIvgzKF19uJfp6MuttoufrY6iWcIkUEGMCXwvhTAnGjgVbOi2MsNSQvukywKLkiTMhPlk5CE+tk4Hx0rbJwFP3N8dOUmMGSSRrUwI9Mx8Njb/y4IM4osw5zLNgEk6/SjOBAaFx/vjDteMghhYIFRzOyumPaIJBXsl1x7Bn195EeqnZf+s7N/5pco1mqqADtEROkE+OkcVdIuqqIYoUugJvaBXB5xn580ZTUuXnFnPAfoj5/0HJJmU0Q==</latexit>! <latexit sha1_base64="C0Bqn5r2gZ/a8DTHPg1las4C4nE=">AAAB7nicbVDLSgMxFM34bOur6tJNsAiuyowLdVl047KCfWA7lEyaaUMzSUjuiGXoR7gRVMStO//FnV+j6WOhrQcuHM65l3PvjbTgFnz/y1taXlldW8/lCxubW9s7xd29ulWpoaxGlVCmGRHLBJesBhwEa2rDSBIJ1ogGl2O/cceM5UrewFCzMCE9yWNOCTip0VbAE2Y7xZJf9ifAiySYkVIlr59uP+6/q53iZ7uraJowCVQQa1uBryHMiAFOBRsV2qllmtAB6bGWo5K4kDCbrDvCR07p4lgZVxLwRP09kZHE2mESuc6EQN/Oe2PxP6+VQnweZlzqFJik06A4FRgUHt+Ou9wwCmLoCKGGu10x7RNDKLgPFdwTgvmTF0n9pBycloProFS5QFPk0AE6RMcoQGeogq5QFdUQRQP0gJ7Ri6e9R+/Ve5u2LnmzmX30B977D6dmk4I=</latexit>⌦

<latexit sha1_base64="C0Bqn5r2gZ/a8DTHPg1las4C4nE=">AAAB7nicbVDLSgMxFM34bOur6tJNsAiuyowLdVl047KCfWA7lEyaaUMzSUjuiGXoR7gRVMStO//FnV+j6WOhrQcuHM65l3PvjbTgFnz/y1taXlldW8/lCxubW9s7xd29ulWpoaxGlVCmGRHLBJesBhwEa2rDSBIJ1ogGl2O/cceM5UrewFCzMCE9yWNOCTip0VbAE2Y7xZJf9ifAiySYkVIlr59uP+6/q53iZ7uraJowCVQQa1uBryHMiAFOBRsV2qllmtAB6bGWo5K4kDCbrDvCR07p4lgZVxLwRP09kZHE2mESuc6EQN/Oe2PxP6+VQnweZlzqFJik06A4FRgUHt+Ou9wwCmLoCKGGu10x7RNDKLgPFdwTgvmTF0n9pBycloProFS5QFPk0AE6RMcoQGeogq5QFdUQRQP0gJ7Ri6e9R+/Ve5u2LnmzmX30B977D6dmk4I=</latexit>⌦
<latexit sha1_base64="teHBhdTXzsgf1kULpSUnIRA+6O8=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lUT8Oha9eKxg2kobymY7aZfubsLuRii1v8KLB0W8+nO8+W/ctjlo64OBx3szzMyLUs608bxvZ2l5ZXVtvbBR3Nza3tkt7e3XdZIpigFNeKKaEdHImcTAMMOxmSokIuLYiAY3E7/xiEqzRN6bYYqhID3JYkaJsdLDU9BWRPY4dkplr+JN4S4SPydlyFHrlL7a3YRmAqWhnGjd8r3UhCOiDKMcx8V2pjEldEB62LJUEoE6HE0PHrvHVum6caJsSeNO1d8TIyK0HorIdgpi+nrem4j/ea3MxFfhiMk0MyjpbFGccdck7uR7t8sUUsOHlhCqmL3VpX2iCDU2o6INwZ9/eZHUTyv+ReX87qxcvc7jKMAhHMEJ+HAJVbiFGgRAQcAzvMKbo5wX5935mLUuOfnMAfyB8/kD8YCQhA==</latexit>

|Ui
<latexit sha1_base64="C0Bqn5r2gZ/a8DTHPg1las4C4nE=">AAAB7nicbVDLSgMxFM34bOur6tJNsAiuyowLdVl047KCfWA7lEyaaUMzSUjuiGXoR7gRVMStO//FnV+j6WOhrQcuHM65l3PvjbTgFnz/y1taXlldW8/lCxubW9s7xd29ulWpoaxGlVCmGRHLBJesBhwEa2rDSBIJ1ogGl2O/cceM5UrewFCzMCE9yWNOCTip0VbAE2Y7xZJf9ifAiySYkVIlr59uP+6/q53iZ7uraJowCVQQa1uBryHMiAFOBRsV2qllmtAB6bGWo5K4kDCbrDvCR07p4lgZVxLwRP09kZHE2mESuc6EQN/Oe2PxP6+VQnweZlzqFJik06A4FRgUHt+Ou9wwCmLoCKGGu10x7RNDKLgPFdwTgvmTF0n9pBycloProFS5QFPk0AE6RMcoQGeogq5QFdUQRQP0gJ7Ri6e9R+/Ve5u2LnmzmX30B977D6dmk4I=</latexit>⌦

<latexit sha1_base64="fMJbHUSp4PN8YSAmGvNERhUpr20=">AAAB8HicbVDJSgNBEK2JW4xb1KOXwSB4CjPidgzqwWMEs0gyhJ5OTdKku2fo7hHCmK/w4kERr36ON//GznLQxAcFj/eqqKoXJpxp43nfTm5peWV1Lb9e2Njc2t4p7u7VdZwqijUa81g1Q6KRM4k1wwzHZqKQiJBjIxxcj/3GIyrNYnlvhgkGgvQkixglxkoPTzdtRWSPY6dY8sreBO4i8WekBDNUO8WvdjemqUBpKCdat3wvMUFGlGGU46jQTjUmhA5ID1uWSiJQB9nk4JF7ZJWuG8XKljTuRP09kRGh9VCEtlMQ09fz3lj8z2ulJroMMiaT1KCk00VRyl0Tu+Pv3S5TSA0fWkKoYvZWl/aJItTYjAo2BH/+5UVSPyn75+Wzu9NS5WoWRx4O4BCOwYcLqMAtVKEGFAQ8wyu8Ocp5cd6dj2lrzpnN7MMfOJ8/10WQcw==</latexit>

|Di

<latexit sha1_base64="T3ahyqQKIfA7yFzGP/TlABrSmHc=">AAAB8nicbZDLSgMxFIYzXut4q7p0EyyCqzLjQt2IRTcuK9gLTIeSSTNtaCYZkjNKGfoYblwo0q3v4d6N+Daml4W2/hD4+P9zyDknSgU34HnfztLyyuraemHD3dza3tkt7u3Xjco0ZTWqhNLNiBgmuGQ14CBYM9WMJJFgjah/M84bD0wbruQ9DFIWJqQrecwpAWsFLc27PSBaq8d2seSVvYnwIvgzKF19uJfp6MuttoufrY6iWcIkUEGMCXwvhTAnGjgVbOi2MsNSQvukywKLkiTMhPlk5CE+tk4Hx0rbJwFP3N8dOUmMGSSRrUwI9Mx8Njb/y4IM4osw5zLNgEk6/SjOBAaFx/vjDteMghhYIFRzOyumPaIJBXsl1x7Bn195EeqnZf+s7N/5pco1mqqADtEROkE+OkcVdIuqqIYoUugJvaBXB5xn580ZTUuXnFnPAfoj5/0HJJmU0Q==</latexit>!
<latexit sha1_base64="HH2B8CG6GYyMl3BB3mbsTTCapI8=">AAAB8HicbZDLSsNAFIYn9VbrrerSzdAiCEJJBC/LoBuXFexFmlAm05N26GQSZiZCiH0KXbhQxK2P465v4/Sy0NYfBj7+/xzmnBMknClt22OrsLK6tr5R3Cxtbe/s7pX3D5oqTiWFBo15LNsBUcCZgIZmmkM7kUCigEMrGN5M8tYjSMVica+zBPyI9AULGSXaWA9PtieJ6HPolqt2zZ4KL4Mzh6pb8U5fxm5W75a/vV5M0wiEppwo1XHsRPs5kZpRDqOSlypICB2SPnQMChKB8vPpwCN8bJweDmNpntB46v7uyEmkVBYFpjIieqAWs4n5X9ZJdXjl50wkqQZBZx+FKcc6xpPtcY9JoJpnBgiVzMyK6YBIQrW5UckcwVlceRmaZzXnonZ+51TdazRTER2hCjpBDrpELrpFddRAFEXoGb2hd0tar9aH9TkrLVjznkP0R9bXD9Nik2s=</latexit>

|0i

<latexit sha1_base64="HH2B8CG6GYyMl3BB3mbsTTCapI8=">AAAB8HicbZDLSsNAFIYn9VbrrerSzdAiCEJJBC/LoBuXFexFmlAm05N26GQSZiZCiH0KXbhQxK2P465v4/Sy0NYfBj7+/xzmnBMknClt22OrsLK6tr5R3Cxtbe/s7pX3D5oqTiWFBo15LNsBUcCZgIZmmkM7kUCigEMrGN5M8tYjSMVica+zBPyI9AULGSXaWA9PtieJ6HPolqt2zZ4KL4Mzh6pb8U5fxm5W75a/vV5M0wiEppwo1XHsRPs5kZpRDqOSlypICB2SPnQMChKB8vPpwCN8bJweDmNpntB46v7uyEmkVBYFpjIieqAWs4n5X9ZJdXjl50wkqQZBZx+FKcc6xpPtcY9JoJpnBgiVzMyK6YBIQrW5UckcwVlceRmaZzXnonZ+51TdazRTER2hCjpBDrpELrpFddRAFEXoGb2hd0tar9aH9TkrLVjznkP0R9bXD9Nik2s=</latexit>

|0i

<latexit sha1_base64="0UFTbsQ1+ve5J1LP84OwiN93PRs=">AAACBHicbVDLSsNAFJ34rPUVddnN0CIIQkkEH8ugG5cVTFtoQplMp+3QyUyYmQgh7cKNX+A/uHGhiFs/wl3/xuljoa0HLhzOuZd774kSRpV2nLG1srq2vrFZ2Cpu7+zu7dsHh3UlUomJjwUTshkhRRjlxNdUM9JMJEFxxEgjGtxM/MYDkYoKfq+zhIQx6nHapRhpI7Xt0tAPJOI9RmAgNI2JgkN3rrTtilN1poDLxJ2TilcOTp/HXlZr299BR+A0JlxjhpRquU6iwxxJTTEjo2KQKpIgPEA90jKUI7MuzKdPjOCxUTqwK6QpruFU/T2Ro1ipLI5MZ4x0Xy16E/E/r5Xq7lWYU56kmnA8W9RNGdQCThKBHSoJ1iwzBGFJza0Q95FEWJvciiYEd/HlZVI/q7oX1fM7t+JdgxkKoATK4AS44BJ44BbUgA8weAQv4A28W0/Wq/Vhfc5aV6z5zBH4A+vrB7p2myQ=</latexit>

|Ui ⌦ |1i

<latexit sha1_base64="aXGBkNB8IPbUFpXD20ci3Z6hi08=">AAACBHicbVDLSgMxFM34rPU16rKb0CIIQpkp+FgO6sJlBfuAzlAyadqGZpIhyQjDtAs3foH/4MaFIm79CHf9G9PHQlsPXDiccy/33hPGjCrtOGNrZXVtfWMzt5Xf3tnd27cPDutKJBKTGhZMyGaIFGGUk5qmmpFmLAmKQkYa4eB64jceiFRU8HudxiSIUI/TLsVIG6ltF4Y3vkS8xwj0haYRUXBYmSttu+SUnSngMnHnpOQV/dPnsZdW2/a33xE4iQjXmCGlWq4T6yBDUlPMyCjvJ4rECA9Qj7QM5cisC7LpEyN4bJQO7Appims4VX9PZChSKo1C0xkh3VeL3kT8z2slunsZZJTHiSYczxZ1Ewa1gJNEYIdKgjVLDUFYUnMrxH0kEdYmt7wJwV18eZnUK2X3vHx255a8KzBDDhRAEZwAF1wAD9yCKqgBDB7BC3gD79aT9Wp9WJ+z1hVrPnME/sD6+gGglJsU</latexit>

|Di ⌦ |2i

For spins, given states |U> and |D>, we could find an interacting Hamiltonian which permits:

That is, given the state |U> or |D>, we “see” them because our registers suitably change
Can I “see” the state α|U> + β|D>? What does that mean?

Why can’t we see it?



Why can’t we “see” Macroscopic Superpositions?

<latexit sha1_base64="C0Bqn5r2gZ/a8DTHPg1las4C4nE=">AAAB7nicbVDLSgMxFM34bOur6tJNsAiuyowLdVl047KCfWA7lEyaaUMzSUjuiGXoR7gRVMStO//FnV+j6WOhrQcuHM65l3PvjbTgFnz/y1taXlldW8/lCxubW9s7xd29ulWpoaxGlVCmGRHLBJesBhwEa2rDSBIJ1ogGl2O/cceM5UrewFCzMCE9yWNOCTip0VbAE2Y7xZJf9ifAiySYkVIlr59uP+6/q53iZ7uraJowCVQQa1uBryHMiAFOBRsV2qllmtAB6bGWo5K4kDCbrDvCR07p4lgZVxLwRP09kZHE2mESuc6EQN/Oe2PxP6+VQnweZlzqFJik06A4FRgUHt+Ou9wwCmLoCKGGu10x7RNDKLgPFdwTgvmTF0n9pBycloProFS5QFPk0AE6RMcoQGeogq5QFdUQRQP0gJ7Ri6e9R+/Ve5u2LnmzmX30B977D6dmk4I=</latexit>⌦
<latexit sha1_base64="T3ahyqQKIfA7yFzGP/TlABrSmHc=">AAAB8nicbZDLSgMxFIYzXut4q7p0EyyCqzLjQt2IRTcuK9gLTIeSSTNtaCYZkjNKGfoYblwo0q3v4d6N+Daml4W2/hD4+P9zyDknSgU34HnfztLyyuraemHD3dza3tkt7u3Xjco0ZTWqhNLNiBgmuGQ14CBYM9WMJJFgjah/M84bD0wbruQ9DFIWJqQrecwpAWsFLc27PSBaq8d2seSVvYnwIvgzKF19uJfp6MuttoufrY6iWcIkUEGMCXwvhTAnGjgVbOi2MsNSQvukywKLkiTMhPlk5CE+tk4Hx0rbJwFP3N8dOUmMGSSRrUwI9Mx8Njb/y4IM4osw5zLNgEk6/SjOBAaFx/vjDteMghhYIFRzOyumPaIJBXsl1x7Bn195EeqnZf+s7N/5pco1mqqADtEROkE+OkcVdIuqqIYoUugJvaBXB5xn580ZTUuXnFnPAfoj5/0HJJmU0Q==</latexit>! <latexit sha1_base64="C0Bqn5r2gZ/a8DTHPg1las4C4nE=">AAAB7nicbVDLSgMxFM34bOur6tJNsAiuyowLdVl047KCfWA7lEyaaUMzSUjuiGXoR7gRVMStO//FnV+j6WOhrQcuHM65l3PvjbTgFnz/y1taXlldW8/lCxubW9s7xd29ulWpoaxGlVCmGRHLBJesBhwEa2rDSBIJ1ogGl2O/cceM5UrewFCzMCE9yWNOCTip0VbAE2Y7xZJf9ifAiySYkVIlr59uP+6/q53iZ7uraJowCVQQa1uBryHMiAFOBRsV2qllmtAB6bGWo5K4kDCbrDvCR07p4lgZVxLwRP09kZHE2mESuc6EQN/Oe2PxP6+VQnweZlzqFJik06A4FRgUHt+Ou9wwCmLoCKGGu10x7RNDKLgPFdwTgvmTF0n9pBycloProFS5QFPk0AE6RMcoQGeogq5QFdUQRQP0gJ7Ri6e9R+/Ve5u2LnmzmX30B977D6dmk4I=</latexit>⌦

<latexit sha1_base64="HH2B8CG6GYyMl3BB3mbsTTCapI8=">AAAB8HicbZDLSsNAFIYn9VbrrerSzdAiCEJJBC/LoBuXFexFmlAm05N26GQSZiZCiH0KXbhQxK2P465v4/Sy0NYfBj7+/xzmnBMknClt22OrsLK6tr5R3Cxtbe/s7pX3D5oqTiWFBo15LNsBUcCZgIZmmkM7kUCigEMrGN5M8tYjSMVica+zBPyI9AULGSXaWA9PtieJ6HPolqt2zZ4KL4Mzh6pb8U5fxm5W75a/vV5M0wiEppwo1XHsRPs5kZpRDqOSlypICB2SPnQMChKB8vPpwCN8bJweDmNpntB46v7uyEmkVBYFpjIieqAWs4n5X9ZJdXjl50wkqQZBZx+FKcc6xpPtcY9JoJpnBgiVzMyK6YBIQrW5UckcwVlceRmaZzXnonZ+51TdazRTER2hCjpBDrpELrpFddRAFEXoGb2hd0tar9aH9TkrLVjznkP0R9bXD9Nik2s=</latexit>

|0i

Want to find an interacting Hamiltonian which maps:

If such a Hamiltonian existed, we would have “seen” the spin in the state α|U> + β|D>

Can I “see” the state α|U> + β|D>? What does that mean?

α|U> + β|D> (α|U> + β|D>)|1>

For spins, this is easy - all you need to do, for example, is to rotate some magnetic field and 
align it along the direction of the spin and you can create this Hamiltonian

<latexit sha1_base64="C0Bqn5r2gZ/a8DTHPg1las4C4nE=">AAAB7nicbVDLSgMxFM34bOur6tJNsAiuyowLdVl047KCfWA7lEyaaUMzSUjuiGXoR7gRVMStO//FnV+j6WOhrQcuHM65l3PvjbTgFnz/y1taXlldW8/lCxubW9s7xd29ulWpoaxGlVCmGRHLBJesBhwEa2rDSBIJ1ogGl2O/cceM5UrewFCzMCE9yWNOCTip0VbAE2Y7xZJf9ifAiySYkVIlr59uP+6/q53iZ7uraJowCVQQa1uBryHMiAFOBRsV2qllmtAB6bGWo5K4kDCbrDvCR07p4lgZVxLwRP09kZHE2mESuc6EQN/Oe2PxP6+VQnweZlzqFJik06A4FRgUHt+Ou9wwCmLoCKGGu10x7RNDKLgPFdwTgvmTF0n9pBycloProFS5QFPk0AE6RMcoQGeogq5QFdUQRQP0gJ7Ri6e9R+/Ve5u2LnmzmX30B977D6dmk4I=</latexit>⌦
<latexit sha1_base64="T3ahyqQKIfA7yFzGP/TlABrSmHc=">AAAB8nicbZDLSgMxFIYzXut4q7p0EyyCqzLjQt2IRTcuK9gLTIeSSTNtaCYZkjNKGfoYblwo0q3v4d6N+Daml4W2/hD4+P9zyDknSgU34HnfztLyyuraemHD3dza3tkt7u3Xjco0ZTWqhNLNiBgmuGQ14CBYM9WMJJFgjah/M84bD0wbruQ9DFIWJqQrecwpAWsFLc27PSBaq8d2seSVvYnwIvgzKF19uJfp6MuttoufrY6iWcIkUEGMCXwvhTAnGjgVbOi2MsNSQvukywKLkiTMhPlk5CE+tk4Hx0rbJwFP3N8dOUmMGSSRrUwI9Mx8Njb/y4IM4osw5zLNgEk6/SjOBAaFx/vjDteMghhYIFRzOyumPaIJBXsl1x7Bn195EeqnZf+s7N/5pco1mqqADtEROkE+OkcVdIuqqIYoUugJvaBXB5xn580ZTUuXnFnPAfoj5/0HJJmU0Q==</latexit>! <latexit sha1_base64="C0Bqn5r2gZ/a8DTHPg1las4C4nE=">AAAB7nicbVDLSgMxFM34bOur6tJNsAiuyowLdVl047KCfWA7lEyaaUMzSUjuiGXoR7gRVMStO//FnV+j6WOhrQcuHM65l3PvjbTgFnz/y1taXlldW8/lCxubW9s7xd29ulWpoaxGlVCmGRHLBJesBhwEa2rDSBIJ1ogGl2O/cceM5UrewFCzMCE9yWNOCTip0VbAE2Y7xZJf9ifAiySYkVIlr59uP+6/q53iZ7uraJowCVQQa1uBryHMiAFOBRsV2qllmtAB6bGWo5K4kDCbrDvCR07p4lgZVxLwRP09kZHE2mESuc6EQN/Oe2PxP6+VQnweZlzqFJik06A4FRgUHt+Ou9wwCmLoCKGGu10x7RNDKLgPFdwTgvmTF0n9pBycloProFS5QFPk0AE6RMcoQGeogq5QFdUQRQP0gJ7Ri6e9R+/Ve5u2LnmzmX30B977D6dmk4I=</latexit>⌦

<latexit sha1_base64="HH2B8CG6GYyMl3BB3mbsTTCapI8=">AAAB8HicbZDLSsNAFIYn9VbrrerSzdAiCEJJBC/LoBuXFexFmlAm05N26GQSZiZCiH0KXbhQxK2P465v4/Sy0NYfBj7+/xzmnBMknClt22OrsLK6tr5R3Cxtbe/s7pX3D5oqTiWFBo15LNsBUcCZgIZmmkM7kUCigEMrGN5M8tYjSMVica+zBPyI9AULGSXaWA9PtieJ6HPolqt2zZ4KL4Mzh6pb8U5fxm5W75a/vV5M0wiEppwo1XHsRPs5kZpRDqOSlypICB2SPnQMChKB8vPpwCN8bJweDmNpntB46v7uyEmkVBYFpjIieqAWs4n5X9ZJdXjl50wkqQZBZx+FKcc6xpPtcY9JoJpnBgiVzMyK6YBIQrW5UckcwVlceRmaZzXnonZ+51TdazRTER2hCjpBDrpELrpFddRAFEXoGb2hd0tar9aH9TkrLVjznkP0R9bXD9Nik2s=</latexit>

|0iα|D> + β|U> (α|D> + β|U>)|2>



Why can’t we “see” Macroscopic Superpositions?
What about superpositions of macroscopic states, each localized at different points in space?

<latexit sha1_base64="79bc+QxkZbDqiLNh4jGjDH0uGlI=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUBLxtRGKblxWsA9oQphMp+2QmUmYmQgl9iPc+CtuXCji1oU7/8ZpGkFbD1w4nHMv994TJowq7Thf1tz8wuLScmmlvLq2vrFpb203VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0gqjq7HfuiNS0Vjc6mFCfI76gvYoRtpIgX1479UV9SQSfUbgBfRUyoMsGkEcRDD3gujHDeyKU3VywFniFqQCCtQD+9PrxjjlRGjMkFId10m0nyGpKWZkVPZSRRKEI9QnHUMF4kT5Wf7UCO4bpQt7sTQlNMzV3xMZ4koNeWg6OdIDNe2Nxf+8Tqp7535GRZJqIvBkUS9lUMdwnBDsUkmwZkNDEJbU3ArxAEmEtcmxbEJwp1+eJc2jqntaPbk5rtQuizhKYBfsgQPggjNQA9egDhoAgwfwBF7Aq/VoPVtv1vukdc4qZnbAH1gf30w0nlw=</latexit>

| i =
X

k

ck| ki

To see this state, we need a Hamiltonian which yields:
<latexit sha1_base64="Y5+RgPcKMBMh3qgqOh6h9cAdtro="></latexit> 
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ck| ki
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⌦ |0i !
 
X

k

ck| ki
!

⌦ |1i

<latexit sha1_base64="NdJFv/DAJryWH/fZgOf1Wx7BThU="></latexit> 
X

k

dk| ki
!

⌦ |0i !
 
X

k

dk| ki
!

⌦ |2i

If such a Hamiltonian existed, we would “see” the superposition 

But: world only has local Hamiltonians! 

Cannot create required Hamiltonian that needs to act on multiple points in space at once 

Unlike the case of spin - local object!



The Born Rule
Given the state α |U> + β |D>, if we make measurements on N copies of this state, the probability 

of getting the outcome |U> is |α|2 and probability of getting |D> is |β|2

When the spins interact with the detector, we realize all outcomes - not just one or the other
<latexit sha1_base64="Mj6PzdY6kHpvi2yoJT2QnFfUTIY="></latexit>

(↵|Ui+ �|Di)N ⌦ |000...0i !
NX

k=0

C (N, k)↵k�N�k|Uik|DiN�k|1ik|2iN�k

Thus, even if α != 1, the interaction will create the state |UU…U>|11…1> where the human sees 
all the spins being up

Probability is a counterfactual question: given some outcome (i.e. what the human sees), 
we ask if that outcome was unlikely or it is what was expected

How can we quickly figure out the statistics of this distribution?



The Born Rule
Stern Gerlach

(α|U> + β|D>)|0>

|U>|1>

|D>|2>
Now Send N spins

|0>, |1>, |2> refer to 
position of spin

Put a SQUID around the final state spins

(α|U> + β|D>)N|000…0>

|U>|1>

|D>|2>

SQUID responds to 
coherent 

electromagnetic field 
sourced by spins

<latexit sha1_base64="Mj6PzdY6kHpvi2yoJT2QnFfUTIY="></latexit>

(↵|Ui+ �|Di)N ⌦ |000...0i !
NX

k=0

C (N, k)↵k�N�k|Uik|DiN�k|1ik|2iN�k



The Born Rule

(α|U> + β|D>)N|000…0>

|U>|1>

|D>|2>

SQUID responds to 
coherent 

electromagnetic field 
sourced by spins

In the limit of large N, the electromagnetic field sourced by these spins is a coherent state

This state is fully characterized by its expectation value

Binomial distribution

<latexit sha1_base64="kc7r3KJV8j6HrjDJoURFq3h3lbA="></latexit>

h |A| i =
1X

j=0

C (N, k) |↵|2k|�|2(N�k)
�
F
�
|Uik, |DiN�k

��



Conclusions
Only Axiom of Quantum Mechanics: Schrodinger Equation

No “Measurement” Postulates.  

Require local Hamiltonians. Accept that everything is made of atoms, subject 
to superposition. Concrete toy models for measurement.  

Shut up and Calculate.

(1) Probabilistic Outcomes  

(2) Wavefunction “Collapse” 

(3) Do not “see” macroscopic 
superpositions 

(4) Born Rule


