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Probably, most of what you’ve heard about

Quantum Mechanics is wrong

E.g., redlity isnot subjective
« Wedon’t get to choose our own reality

« But some of what you’ve heard is true:

 Particles can have components in two (or more) places at once

« Each component evolvesin time asif it were the whole particle
(the whole mass, whole charge, whole spin)

« We’ll come back to this soon
Even most physicists get it wrong

« \We need to update our physics
education

« More and more physicists are coming
out to “set the record straight” on QM

Beware of the Internet
« Especially on technical subjects like physics
« The most reliable sites are professors’
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Who am |?

« Background

e PhD Physics UCSD, June 2010
» Research: Lunar Laser Ranging
» Study of gravity, aka General Relativity

My book on quantum mechanics was published
In February, 2014, by Springer

* Quirky Quantum Concepts

e It’s on Amazon!

» It’s a technical book for serious scientists & engineers

 Software Engineering
« BSEE: electrical engineer for afew decades | Frick Michelsen™ ~ %

« Integrated Circuits: circuit & device design Quirky Quantum
- Digital Signal Processing Concepts

* Interests: | Pitoal Pyt tha D it o
« Human Rights B

« Medical physics
» Quantum Field Theory
» Scubadiving (again someday)
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Outline

« The Language of Science

* Prelude to Quantum Mechanics
 Probabilistic reality
« Superpositions
* Interference
e The “measurement problem”
Entanglement
Motivation for decoherence

Decoherence overview

« Complementarity?
« The four distractions I-‘_. S
- Consistency, and role of the observer ™ WSS
* SpeCUIation on free will Thanksto Dr. Eve Armstrong for very

helpful comments and suggestions
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The purpose of physicsisto relate
mathematics to reality

Single Stage Fehskens-Malewicki Equations:

burnowut velocity:

M= ;'F'kﬂ tanhl%ﬁfk(lz—mg)l

burneut altitude:

¥, = % ln[coshl% [ k(F - mg) ”

coast altitude:

2
my kvh
= +1
¥e 2k In [ m, g l

coast time:

m - !k
gk gmy,

k:%PCDA

P = atrnospheric density
Cr, = drag coefficient

A = frontal area

ty, = hrntime

F = awverage thrust

m = average thrusting rass
my = burnout mass

o = acceleration due to gravity '

g (CZ—VZ)((l—;/eX)V+;/exe)_ m

where dm<0
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Physics Is nhot math

* Physicsincludes math ...
 But we don’t hide behind it

 Without a conceptual understanding,
math is gibberish

1. Explain Hewtons First Maokka Foob Mos, GRUG
Law or Motion in your ‘ fubbawulf zink wattoom
oW wWords, ; GaloRK . CHUMBLE Spuzz.
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Fundamental (macroscopic)
measurable quantities

* How many fundamental (macroscopic)
measurable quantities are there?

* What are they?
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Four fundamental (macroscopic)
guantities
« MKSA
o distance: meter, m
 mass. kilogram, kg
 fime. second, s
» charge. ampere => coulomb, C
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* “Now in the further development of science, we want more than just aformula.
 First we have an observation,
» Then we have numbers that we measure,
* Then we have alaw which summarizes all the numbers.

 But the real glory of scienceisthat we can find a way of thinking such that the
law is evident.” - Richard Feynman, Feynman Lectures on Ph cs Volume 026-3.

L
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The pedagogical structure of physics

Thermodynamics, &
Statistical Mechanics

Classical
Electromagnetics

Classicd
M echanics
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The language of science (1)

« Speculation: aguess
» Possibly hinted at by evidence, but not well

supported

» The sky Is blue because light reflected from the blue
ocean illuminatesit (not true)

» Some dinosaurs had green skin (unknown)

» Every scientific fact and theory started as a
speculation

The Ocean Is Big

And The Sky Is Blue

pyright 2015 Er




« Fact: A small piece of
Information

« Backed by solid evidence

 In hard science, usually repeatable evidence

* The sky isblue

» Copper is agood conductor of electricity
» A fact is beyond genuine doubt

» Despite arguments that “nothing can be proved 100%
 If someone disputes afact, it isstill afact

| say the earth isflat

* Does that mean there is a “debate” about the earth’s
shape?

» “If a thousand people say a foolish thing,
it 1s still a foolish thing.”
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travel

The language of MD_ad 25
Ve W

science (3) 1T
+ Theory: The highest level N
of scientific achievement Grayiational

1
)

A quantitative, predictive, testable model
which unifies and relates a body of facts

» Every scientific theory was, at
one time, not generally accepted

* A theory becomes accepted science only after
being supported by overwhelming evidence
* A theory is not a speculation
Atomic theory of matter

Hegg{ham :

Sun

Maxwell’s electromagnetic theory

Newton’s theory of gravity
Germ theory of disease
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“Interpretations™ are

not science

e Asking “What 1s the meaning of the o i 5V
science?” is not a scientific question & '
* Perhaps it is aphilosophical question
 |nterpretations are rooted, essentially by
definition, in our everyday experience

* Thereis no reason to expect that the world ;
beyond our experience should be explainable ‘e ¢' |

by our experience ¥
* As a scientist, I don’t have an .

“Interpretation” of quantum mechanics
e ltiswhatitis:

« The most accurate physical theory ever devel oped
e [ don’t have to like 1t

12/17/2015 SD Wetlab, Copyright 2015 Eric L. Michelsen. All rights reserved.
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What 1s quantum
mechanics?

...........

'''''''''
IIII

ppppp
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Reality is probabilistic

* The exact same setup, measured multiple times, or not
produces different results ©  satters

» If two possible outcomes never cross paths,
they are indistinguishable from a coin toss

A particle scatters, or it doesn’t ‘ heavy
 Classical probability (nothing weird) obstacle
» |f two possible outcomes are recombined, T
we get interference o

« Even from one particle at atime
« Everything isawave

_ beam dit
anything  splitter A
' ' hoton
| pﬁ@
Pd— % detector st it
Mach-Zehnder I nterferometer Double-slit (Young’s experiment)
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Superpositions. not classical probabilities

* The particle “divides” and pieces takes both paths

« Each component gets a “weight,” or fraction
« Say, Y2and ¥, but it could be 1/10 and 9/10, etc.

 But ... each component behaves as if it were the whole
particle (whole mass, whole charge, whole spin, ...)

 Intheend, for each particle, only one component is

observed
O~ N
p=12 photon
p=1/2 )
R detector
P % gt il
Mach-Zehnder Interferometer Double-slit (Young’s experiment)
|z+>
|z+)+ | —
|X+) =

- A

s
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What’s up with that cat?

« Cat inabox, with an unstable atom rigged to poison
 If the atom remainsintact, the cat isalive
« |If the atom decays, the cat is dead |
« After one half-life the atom isin a superposition of %2 . Ervin

=
decayed and %z intact Schrodinger

» |tisnot aclassical probability of decay:
not “decayed” or “intact”, because ...

» Each path evolves asif it were the whole atom/cat system
* Impliesthe cat isin asuperposition of dead and alive
» Wecan (in principle) recombine the paths to get interference

——___—_——-—__~
- - ~~~
-~

Ilfe \\\\\ — ThecaIIS
detector JJ \\— entangled
with the atom,

| and then the

/ detectors, until
dgt%?:ttr;)r ﬁ 1 || we observe the
Lo result.

Time —
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The “measurement problem”

 Why don’t we ever measure superpositions?
« What would that even mean?

» We aways measure definite values

 For decades, 1t’s been said,
“Measurement ‘collapses’ the
wave-function (quantum state).”

* Meaning that a measurement
eliminates a superposition in favor
of amore-definite state

« A measurement picks one
component, and makes it “real”

« But what, exactly, iIsa
“measurement”?

e Can acat make a measurement? i
« Aninsect? A bacterium? I

12/17/2015 SD Wetlab, Copyright 2015 Eric L. Michelsen. All rights reserved. 20



Testing Entanglement

« A spin zero source emits 2 particles at atime:

« Randomly, oneis up (positive), the other is down (negative)

« Alice & Bob each measure spin

 Thesum iszero (every time)
* Now, Alice’s measuring device gets tilted, introducing an error
« Therefore, sometimes their measurements are the same (both up or both down)
* Now her devicetilts 90° off: sheiswrong %z the time
 Now Bob’s device aso getstilted, but the other way: he is also wrong %2 the time

« Classically: ¥ of thetime, they’re both right, + ¥ of the time, they’re both wrong
« Classicaly, the net effect: the measurements add to O half thetime

Z4 .detector axis
ST
: spin
§pln up fgletector — QO
spin down
Alice
12/17/2015

Zy
L

«O-»
source

1} spin
O —

spin up

detectorQ
©)

spin down

Bob
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The winner, and still
champeen is...

« Recap:
« A spin zero source emits 2 particles at atime:
« Randomly, one is up (positive), the other is down (negative)
» Alice’s measuring device getstilted; she iswrong % the time
« Bob’sdevice gets tilted the other way: heis also wrong %2 the time
« Classicaly, the net effect: the measurements add to O half the time

* Intheactual experiment: the spins always measure the same, they never add to zero

« As predicted by quantum mechanics, because the particles are entangled
« No matter how far apart are Alice and Bob
« Quantum mechanicsis right; classical mechanicsiswrong

« Entanglement is “spooky action at a distance”

» Redlity is ether nonlocal, or noncausal
* Inlight of relativity, those are actually the same thing

Z
74 ,detector axis y
V\tilt TL'X

: 1} spin f} Spin :
§p|n up fg]letector — O «0O~- o — detecto% §p|n up
spin down source @ spin down
Alice Bob
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Motivation for

“decoherence”

 Resolve the measurement
problem
» There are no observed macroscopic superpositions, so ...
* Where s the transition from quantum to classical?

e \What i1s a measurement?

* |.e., when does the quantum
state collapse?
« Canacat collapseit?
* This has been resolved for 30 year

» Asof 1980s
* But even most physicists don’t understand it

12/17/2015 SD Wetlab, Copyright 2015 Eric L. Michelsen. All rights reserved. 23



It’s time to bring QM

Into the modern era
« OM 1s~90 yearsold
 But it is still taught like the 1930s

« Modern textbooks still ignore
measurement theory

 Worse, they till teach hand-wavy ° collapse without
precise definitions

A surprising amount of current scientific literature is
devoted to “interpretations” of QM

* A disturbing amount of decoherence literature is defending
basic scientific principles, such as predictions and testability

e Decoherence has been around s nce the 1980s

* [t’s not that hard
« For agquantum physicist, anyway

12/17/2015 SD Wetlab, Copyright 2015 Heisenberg c. 1925 -



Decoherence overview

: 2
» The decoherence model explains  |in aa"t” ¥ ;‘ V2 +Vy
b ! L m
everything from two principles: i
* Time evolution, according to the Schrodinger Equation q“g‘t’a‘tgm

e “Mini-collapse” when a result 1s observed (by me!)

e IMHO mywords

 Decoherence is the ssmplest, most intuitive QM model
* |tiscorrect: It predicts the outcomes of experiments
« Most consistent with other laws of physics

 Much of the literature discussion around -
decoherence is meaningless

* “Decoherence is wrong because it contradicts my [ -.
preconceived notions of what reality should be like.”
? | WANT TO

12/17/2015 SD Wetlab, Copyright 2015 Eric L. Michelsen. All rights reserved. B E LI EVE



|nterference iIs the hallmark
of quantum mechanics

e If a particle interferes, 1t’s quantu

o [f it doesn’t, 1t’s classical

- Quantum interference requires two things.

m

=
- Lr
.

» Recombining two components of the
guantum state

* Many “trials”
 Possibly of one particle each

12/17/2015 SD Wetlab, Copyright 2015 Eric L. Michelsen. All rights reserve:"-_,
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Which way did it go?

o If we try to see “which way” (welcher Weg) the
photon went, we prevent interference

 One photon triggers only one detector
« And no interference

* Suggests “complementarity:” a photon 1s either a wave, or a
particle, but not both at the same time

e But how does it know which to be?

pho/ton detectors

A X
photon
/\/\, [
no
Interference

".t':;‘IM N
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Aside: QM 1s more than
just interference

* It’s phase coherence between components of any
superposition
» E.g., Stern-Gerlach is not a measurement

e Unlesswe look at the result

 Or any other macroscopic device gets entangled with the
result

——
|Z"'>v IX+>

il e

’ y time evolution — e e

|Z+ +|z //, g
/W\ /,///’ |Z+> Or |Z_

|Z—> M anaa but not both

S reserved. Vs

|z+ +|z

|X+) =

|X+) =

12/17/2




Y e olde complementarity (c. 1929)

» Prevention of interference led to
“Wave-particle duality,” aka “complementarity”

» Particles behave like either awave or a particle, but not both

 Which one depends on the experiment

» There are 4 completely different phenomenathat have

all been called examples of “complementarity”
» Bohr microscope
» “Fake” decoherence e ]
» Measurement entanglement | f

e “Real” decoherence

CNENAVA:

12/17/2015 SD Wetlab, Copyright 2015 Er




(1) Bohr microscope

* Position-momentum uncertainty is
from measurement clumsiness

* Measurement “bumps’ the particle
out of a consistent state

» Prevents an interference pattern

e | never liked this

e Beliesthe nature of wave-functions

 It’s not: apartlcle has a well-defined momentum and position, ¢ g5
but nature is mean, and won’t let you know them both iy /’”—\\ &

 Itis: A particle cannot have awell-defined position and momentum
» The error motivates a search for a “kinder, gentler” measuring device
» Such a device exists, and disproves “clumsy measurement”! (More Soon.)

particle with well-defined illumi natlon% reflected
position and momentum AJ light
O O paSt N

now future

4

O
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(2) “Fake” Decoherence

» Consider a 2-dlit experiment where the energy of one
path is controllable

 Position of interference pattern is then controllable

» What If energy is uncontrollable and unrepeatable,
I.e. noise?

* |nterference pattern moves randomly, washes out

» Uncontrolled and unrepeatable energy transfer leads to
classical probabilities
» Loss of coherence ~10 s

electron ~L
voltage
3 ==
v P

detector

>

_ no
Interference

12/17/2015
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(3) Measurement device entanglement

 Excited atom radiates a photon into the cavities

‘aup>+|adn> » ‘aup>‘7/up>+|adn>|7/dn> entanglement!
e |SIt a measurement?
» Does it cause collapse?

Pr(x)=

2
Wup(x)‘Vup> Ve (97an) interference terms

=V up | Visar{ 7o Tan) + VanttugrranlTip)| Ve an

— nointerference because<7/up ‘7dn> . <7/dn ‘7/Up> =0

1. The presence or absence
of an observer is

=%

excited P
atom

VAN atom Irrelevant.
resonant

cavities 2. The non-overlap of the
_ Oy AL atom measurement (photon)

: no states is important.
Interference

p=2

Scully, et. al., Nature, 351, 9-May-91, p111. |ichelsen. All rights reserved. 32




Measurement device entanglement
(cont.)

* Thisis akinder, gentler measurement

 The radiated photon has insignificant effect on the
atom’s center-0f-mass wave-function

 Disproves the Bohr microscope “clumsy
measurement” 1dea

QNDM: quantum non-

excited demolition measurement: we
atom resonant e ¥
> cavities > measure “which way” the atom
went, but without disturbing it!

_ no
Interference

12/17/2015 SD Wetlab, Copyright 2015 Eric L. Michelsen. All rights reserved. 33




What If the entangled states overlap
(1.e., are not orthogonal)?
* Then interference is possible

o Wit
Pr(x) =|sys(x)

=WupWup 7

* = Q)+ v 72)

‘2

N reduced visibility (smaller wiggles)

VepWan (7] 72) +WanWup (V2 |7+ WanWan

— interference because (3, |75 ) = (y2|r1) # 0

The overlap of the entangled states
sets the visibility of any interference

excited
atom

)

-
I/\‘ e
/RN
~ 1\ -
A v,
x> i
77 L
- \ T -
\ e
v /
\/ N

overlapping
entanglements

P

reduced
visibility

12/17/2015
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(4) “Real” decoherence

» The two components of the split particle interact with their
Macroscopic environment
 Evolving through a cascade of progressively more entanglement with

time

« Every air molecule it encounters introduces another entanglement

« Even though the environmental states may have large overlap
* The product of millions of numbers<1~=0

W =Wip +Vn = Vup|@)|€2)-

interference terms o (g |€'; )(6,

S, ooo,ooo> T Wan

e'2>---<91, 000,000

e'1>|e'2>---‘e'1,ooo,ooo>

e 1,ooo,ooo> ~0

7 laler) -{8.000.0m)
excited b ) )
atom environment Decoherence
R oyl > IS
s entanglement.
Cleen). e no
e'1)|es)...|e _
| l>| 2> ‘ L000,000> interference
12/17/2015 SD Wetlab, Copyright 2015 Eric L. Michelsen. All rights reserved.
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“Real” decoherence: why we
don’t measure superpositions

» Real experiments are inevitably
connected to their surrounding environment

« Macroscopic experiments become entangled with billions of
particles (“subsystems”) in the environment
« This means they decohere on extremely short timescales, ~10718 s

» The decoherence model still requires a[mini]collapse:
» Consistency: after | see ameasurement, all other components of the
superposition disappear (the wave function collapses)

* |n the decoherence model, thisisthe only
“weird” phenomenon of quantum mechanics

* Therest isjust adeterministic time evolution of the
guantum state according to the Schrddinger equation

12/17/2015 SD Wetlab, Copyright 2015 Eric L. Michelsen. All rights re



Decoherence vs.
collapse

e Total loss of coherenceis equivalent to collapse

e [t doesn’t matter what causes loss of coherence
(fake or real decoherence)

 Both total loss of coherence and (old-fashioned,
mythical) collapse |ead to classical probabilities

« Equivalent to: the particle isin one definite state, 5
but we just don’t know which state 1t 1s

 But the old collapse modéel has problems:

» Cannot explain partial coherence (i.e., reduced visibility’

» Collapse 1s binary: it happens or it doesn’t A

» Decoherence Is continuous:. the overlap of entangled components
becomes smoothly less

* Interference (wiggles) visibility smoothly dropsto zero

12/17/2015 SD Wetlab, Copyright 2015 Eric L. Michelsen. All rights reserved. 37



Consistency and collapse

e The “consistency postulate” requires a
collapse somewhere along theline

» Once | observe aresult, all other possible outcomes
disappear

« Nonlinear (nonunitary?) collapse
 Even in the decoherence model

« To allow for partial coherence, atheory (physical
model) must defer any collapse to the last possible
moment

« All other time evolution ssimply
follows the Schrodinger equation

2
ih——==—Vw + Vgl
ot ol e gttgtagtum
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Role of the observer (1)

» Observers are macroscopic

« When | look at a measurement device, my
macroscopic body totally decoheres the
possible measurement outcomes long before
my brain can interpret the results

» Therefore, the decoherence model implies
that “mini-collapse” occurs only after total
decoherence

* |.e., mini-collapse implies classical
probabilities

« Thisis more complete than ol d-fashioned
collapse, because it connects the measurement

all the way to the observer with just
entanglement and the Schrddinger Equation

o Itisfully consistent with partial coherence

12/17/2015 SD Wetlab, Copyright 2015 Eric L. Michelsen. All rig TS ON A VIKIUE IF YOU'RE HoT A Scriwur.



Role of the observer (2)

» Observers have no say in outcom
* nO control
* Nno choice

» Reality Isnot subjective
 Science works, even Quantum Mechanics
» Science predicts future events based on

current information
* Quantum Mechanicsis probabilistic, but
complies with calculable probabilities

» Observation by one person (of a detector)
has no effect on measurements by any
other observers

« Sofar as| am concerned, you are just abig
guantum blob

12/17/2015 SD Wetlab, Copyright 2015 Eric L. Michelsen. All rights reserved. [ #4
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Quantum summary

« A measurement is defined to be
iIrreversible (for all practical purposes)
 Impliestotal loss of coherence (no interference)
» Classical probabilities
 The decoherence modd is (IMHO) the simplest, most
Intuitive quantum mode
* |sjust the Schrodinger Equation + mini-collapse

 Eliminates any confusion about when is a measurement,
when iIs collapse, etc.

=
=
&

| don’t think “interpretations” of
QM have any scientific basis
» Angels on the head of apin

12/17/2015 SD Wetlab, Copyright 2015 Eric L. Michelsen. All righ



|S quantum uncertainty an
opening for free will?

* As a scientist, I don’t talk about this much
 To date, there isno scientific input on this question

- L {
o

* “Free will” 1s a hard thing to measure
* [N my view, quantum uncertainty might be a venue for
» Free will is consistent with
entanglement
* Freewill isdifferent than
+ Infact, free will is consistent \ g..
with all the laws of QM )
« As ahumanitarian, | ask you

free will
so-called “hidden variables” A ‘?
to use your free will wisaly

12/17/2015 SD Wetlab, Copyright 2015 Eric L. Michelsen. All rights reserved. 42
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	Fundamental (macroscopic) measurable quantities
	How many fundamental (macroscopic) measurable quantities are there?
	What are they?


	Four fundamental (macroscopic) quantities
	MKSA
	distance: meter, m
	mass: kilogram, kg
	time: second, s
	charge: ampere => coulomb, C

	Science goals
	“Now in the further development of science, we want more than just a formula.
	First we have an observation,
	Then we have numbers that we measure,
	Then we have a law which summarizes all the numbers.

	But the real glory of science is that we can find a way of thinking such that the law is evident.” - Richard Feynman, Feynman Lectures on Physics, Volume 1, p26-3.

	The pedagogical structure of physics
	start here
	Thermodynamics, & Statistical Mechanics
	2C, 215
	225
	110B
	130C, 215
	130AB
	215

	The language of science (1)
	(unknown)
	(not true)
	Speculation: a guess
	Possibly hinted at by evidence, but not well supported
	The sky is blue because light reflected from the blue ocean illuminates it
	Some dinosaurs had green skin

	Every scientific fact and theory started as a speculation


	The language of science (2)
	Fact
	A fact is beyond genuine doubt
	Despite arguments that “nothing can be proved 100%”

	If someone disputes a fact, it is still a fact
	I say the earth is flat
	Does that mean there is a “debate” about the earth’s shape?

	“If a thousand people say a foolish thing, it is still a foolish thing.”

	: A small piece of information
	Backed by solid evidence
	In hard science, usually repeatable evidence
	The sky is blue
	Copper is a good conductor of electricity



	The language of science (3)
	Theory: The highest level of scientific achievement
	A quantitative, predictive, testable model which unifies and relates a body of facts
	Every scientific theory was, at one time, not generally accepted
	A theory becomes accepted science only after being supported by overwhelming evidence
	A theory is not a speculation
	Atomic theory of matter
	Maxwell’s electromagnetic theory
	Newton’s theory of gravity
	Germ theory of disease



	“Interpretations” are not science
	Asking “What is the meaning of the science?” is not a scientific question
	Perhaps it is a philosophical question

	Interpretations are rooted, essentially by definition, in our everyday experience
	There is no reason to expect that the world beyond our experience should be explainable by our experience

	As a scientist, I don’t have an “interpretation” of quantum mechanics
	It is what it is:
	The most accurate physical theory ever developed
	I don’t have to like it



	What is quantum mechanics?
	It’s this one
	Is it mystic?
	Or is it science?

	Reality is probabilistic
	heavy obstacle
	beam splitter
	anything
	or not
	scatters

	Superpositions: not classical probabilities
	What’s up with that cat?
	Erwin Schrödinger
	super-position
	The cat is entangled with the atom, and then the detectors, until we observe the result.
	death detector
	life detector

	The “measurement problem”
	For decades, it’s been said, “Measurement ‘collapses’ the wave-function (quantum state).”
	Meaning that a measurement eliminates a superposition in favor of a more-definite state
	A measurement picks one component, and makes it “real”

	But what, exactly, is a “measurement”?
	Can a cat make a measurement?
	An insect?  A bacterium?


	Why don’t we ever measure superpositions?
	What would that even mean?
	We always measure definite values


	Testing Entanglement
	spin down
	spin up
	y
	x
	tilt
	detector axis
	z
	detector

	The winner, and still champeen is ...
	spin down
	spin up
	y
	x
	tilt
	detector axis
	z
	detector

	Motivation for “decoherence”
	Resolve the measurement problem
	There are no observed macroscopic superpositions, so ...
	Where is the transition from quantum to classical?

	What is a measurement?
	I.e., when does the quantum state collapse?
	Can a cat collapse it?


	This has been resolved for 30 years
	As of 1980s
	But even most physicists don’t understand it


	It’s time to bring QM into the modern era
	QM is ~90 years old
	But it is still taught like the 1930s
	Modern textbooks still ignore measurement theory
	Worse, they still teach hand-wavy “collapse” without precise definitions

	A surprising amount of current scientific literature is devoted to “interpretations” of QM
	A disturbing amount of decoherence literature is defending basic scientific principles, such as predictions and testability

	Decoherence has been around since the 1980s
	It has been surprisingly neglected
	It’s not that hard
	For a quantum physicist, anyway


	Heisenberg c. 1925

	Decoherence overview
	quantum state
	my words
	The decoherence model explains everything from two principles:
	Time evolution, according to the Schrödinger Equation
	“Mini-collapse” when a result is observed (by me!)

	IMHO
	Decoherence is the simplest, most intuitive QM model
	It is correct: It predicts the outcomes of experiments
	Most consistent with other laws of physics

	Much of the literature discussion around decoherence is meaningless
	“Decoherence is wrong because it contradicts my preconceived notions of what reality should be like.”



	Interference is the hallmark of quantum mechanics
	If a particle interferes, it’s quantum
	If it doesn’t, it’s classical

	Quantum interference requires two things:
	Recombining two components of the quantum state
	Many “trials”
	Possibly of one particle each



	Which way did it go?
	no interference

	Aside: QM is more than just interference
	coherence between components is maintained
	|z+> or |z−>, but not both
	|z−>
	|z+>
	|z−>
	|x+>

	Ye olde complementarity (c. 1929)
	?
	Prevention of interference led to “Wave-particle duality,” aka “complementarity”
	Particles behave like either a wave or a particle, but not both
	Which one depends on the experiment

	There are 4 completely different phenomena that have all been called examples of “complementarity”
	Bohr microscope
	“Fake” decoherence
	Measurement entanglement
	“Real” decoherence


	(1) Bohr microscope
	past
	future
	now
	particle with well-defined position and momentum
	reflected light
	illumination

	(2) “Fake” Decoherence
	no interference
	electron
	noisy source
	−
	+
	voltage source

	(3) Measurement device entanglement
	p=½
	p=½
	atom
	atom
	entanglement!
	interference terms
	no interference

	Measurement device entanglement (cont.)
	QNDM: quantum non-demolition measurement: we measure “which way” the atom went, but without disturbing it!
	no interference
	excited atom
	resonant cavities

	What if the entangled states overlap (i.e., are not orthogonal)?
	The overlap of the entangled states sets the visibility of any interference
	excited atom
	overlapping entanglements

	(4) “Real” decoherence
	“Decoherence” is entanglement.
	excited atom
	environment
	no interference
	The two components of the split particle interact with their macroscopic environment
	Evolving through a cascade of progressively more entanglement with time
	Every air molecule it encounters introduces another entanglement

	Even though the environmental states may have large overlap
	The product of millions of numbers < 1 ≈ 0



	“Real” decoherence: why we don’t measure superpositions
	Real experiments are inevitably connected to their surrounding environment
	Macroscopic experiments become entangled with billions of particles (“subsystems”) in the environment
	This means they decohere on extremely short timescales, ~10−18 s

	The decoherence model still requires a [mini]collapse:
	Consistency: after I see a measurement, all other components of the superposition disappear (the wave function collapses)
	In the decoherence model, this is the only “weird” phenomenon of quantum mechanics
	The rest is just a deterministic time evolution of the quantum state according to the Schrödinger equation



	Decoherence vs. collapse
	Total loss of coherence is equivalent to collapse
	It doesn’t matter what causes loss of coherence (fake or real decoherence)
	Both total loss of coherence and (old-fashioned, mythical) collapse lead to classical probabilities
	Equivalent to: the particle is in one definite state, but we just don’t know which state it is

	But the old collapse model has problems:
	Cannot explain partial coherence (i.e., reduced visibility)
	Collapse is binary: it happens or it doesn’t
	Decoherence is continuous: the overlap of entangled components becomes smoothly less
	Interference (wiggles) visibility smoothly drops to zero



	Consistency and collapse
	quantum state
	The “consistency postulate” requires a collapse somewhere along the line
	Once I observe a result, all other possible outcomes disappear
	Nonlinear (nonunitary?) collapse

	Even in the decoherence model

	To allow for partial coherence, a theory (physical model) must defer any collapse to the last possible moment
	All other time evolution simply follows the Schrodinger equation


	Role of the observer (1)
	Observers are macroscopic
	When I look at a measurement device, my macroscopic body totally decoheres the possible measurement outcomes long before my brain can interpret the results

	Therefore, the decoherence model implies that “mini-collapse” occurs only after total decoherence
	I.e., mini-collapse implies classical probabilities
	This is more complete than old-fashioned collapse, because it connects the measurement all the way to the observer with just entanglement and the Schrödinger Equation
	It is fully consistent with partial coherence


	Role of the observer (2)
	Observers have no say in outcomes
	no control
	no choice

	Reality is not subjective
	Science works, even Quantum Mechanics
	Science predicts future events based on current information

	Quantum Mechanics is probabilistic, but complies with calculable probabilities
	Observation by one person (of a detector) has no effect on measurements by any other observers
	So far as I am concerned, you are just a big quantum blob


	Quantum summary
	A measurement is defined to be irreversible (for all practical purposes)
	Implies total loss of coherence (no interference)
	Classical probabilities


	The decoherence model is (IMHO) the simplest, most intuitive quantum model
	Is just the Schrödinger Equation + mini-collapse
	Eliminates any confusion about when is a measurement, when is collapse, etc.

	I don’t think “interpretations” of QM have any scientific basis
	Angels on the head of a pin


	Is quantum uncertainty an opening for free will?
	As a scientist, I don’t talk about this much
	To date, there is no scientific input on this question
	“Free will” is a hard thing to measure

	In my view, quantum uncertainty might be a venue for free will
	Free will is consistent with entanglement
	Free will is different than so-called “hidden variables”

	In fact, free will is consistent with all the laws of QM

	As a humanitarian, I ask youto use your free will wisely

	Join us in La Jolla for…
	www.thewetlab.org
	Jan 5th, 6pm: Dr. James Pearce
	Probiotics for Crops? 
	How microbes offer sustainable solutions for agriculture
	Learn how Monsanto is leveraging symbiotic relationships between plants and microorganisms that live in the soil to control disease, improve nutrient access and more to help nourish our growing world.  
	Jan 2nd, 3pm:
	Bioinformatics Basics
	Learn how to use public databases and free software to investigate the patterns of life with Dr. Callen Hyland!

	Join us Downtown in January for…
	January 21st, 6pm: Dr. Callan Hyland, The Wet Lab
	Simple Life: What the tiniest animals can tell us about regeneration, stem cells, and immortality
	Humans have a lot to learn from the simplest animals on the planet- the masters of regeneration that can regrow whole body parts, reconstruct their bodies from small fragments of tissue, and even (maybe) live forever.  
	www.thewetlab.org


