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Abstract: | analyze a series of common objections to Everett\'s Many Worlds Interpretation. | discuss which ones are unique to quantum mechanics,
and which have nothing to do with quantum mechanics per se as they can aso be debated in the context of other areas of physics
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(And which ones is it unfair to blame this guy for?)
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What do you think?

Do you believe that new physics violating the Schrodinger equation will make

large quantum computers impossible?
(Yes/No/Undecided)

Page 3/89




What do you think?

Do you believe that new physics violating the Schrodinger equation will make
large quantum computers impossible?
(Yes/No/Undecided)

Do you believe that all isolated systems obey the Schrodinger equation
(evolve unitanly)?
(Yes/No/Undecided)

Page 4/89




What do you think?

Do you believe that new physics violating the Schrodinger equation will make
large quantum computers impossible?
(Yes/No/Undecided)

Do you believe that all isolated systems obey the Schrodinger equation
(evolve unitanly)?
(Yes/No/Undecided)

Which interpretation of quantum mechanics is closest to your own?
* Copenhagen or consistent histories (including postulate of explicit collapse)
* Modified dynamics (Schrodinger equation modified to give explicit collapse,

» Many worlds/consistent histories (no collapse)
= Bohm

» Modal
= None of the above/undecided
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Are these many world worries, uniquely quantum?

- Occam worry: parallel universes feel wasteful
- Equal probability worry
* How derive probabilities from causal theory?
* How judge evidence for and against such a theory?
- Unequal probability worry: Why square the amplitudes?
- Invisibility worry: Why can't we detect the parallel worlds
- Basis worry: What selects preferred basis?

- Word worry: What do we mean by “exist”, “real”, “is”, etc?
- Weirdness worry Savage Chickens
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Where are the parallel universes?

1) Far away in space

3
I I 4) Elsewhere in “math space”

MIT
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Do you yearn for a TOE with an intuitive
interpretation?
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Do you yearn for a TOE with an intuitive
interpretation?

Forget it!

“It’s all just
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External Reality Hypothesis (ERH):

There exists an external physical reality
completely independent of us humans.

Mathematical Universe Hypothesis (MUH):

Or external physical reality is a mathematical
Structure.

arXiv 0704.0646 [ gr-qc] Page 4719



Tegmark 1997, gr-gc/9704009, Ann. Phys, 270, 151
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If our frog’s view of our ...requires more bits to ...the bird’s view of our
observable universe... describe than... mathematical structure...

we re in a multiverse!

So if you 're lookin
for a simple

mathematical TO}

you 're [G6RIhg for

' T
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Where are the parallel universes?

1) Far away in space

| -
I I 4) Elsewhere in “math space”

MIT
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What are the 4 multiverse levels like?

0100 bits?

1) Same effective laws of physics,
different initial conditions

103 bits?

2) Same fundamental laws of physics,
different effective laws (“bylaws”™)

|02 bits?

3) Nothing qualitatively new

4) Different fundamental laws of
physics
) bits!
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Are these many world worries, uniquely quantum?

No! - Occam worry: parallel universes feel wasteful
- Equal probability worry
* How derive probabilities from causal theory?
* How judge evidence for and against such a theory?
- Unequal probability worry: Why square the amplitudes?
- Invisibility worry: Why can't we detect the parallel worlds®
- Basis worry: What selects preferred basis?

- Word worry: What do we mean by “exist™, “real”, “is”, etc?
- Weirdness worry
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* Some mathematical structures have multiple observers
who can't interact (in FAPP parallel universes)

Page 55/89







Are these many world worries, uniquely quantum?

- No! - Occam worry: parallel universes feel wasteful
No! - Equal probability worry
* How derive probabilities from causal theory?
* How judge evidence for and against such a theory?
- Unequal probability worry: Why square the amplitudes?
- Invisibility worry: Why can't we detect the parallel worlds®
- Basis worry: What selects preferred basis?
- Word worry: What do we mean by “exist™, “real”, “is”, etc?
- Weirdness worry




Are these many world worries, uniquely quantum?

No! - Occam worry: parallel universes feel wasteful

No! - Equal probability worry

* How derive probabilities from causal theory?

* How judge evidence for and against such a theory?

Y es!- Unequal probability worry: Why square the amplitudes?

- Invisibility worry: Why can't we detect the parallel worlds®
- Basis worry: What selects preferred basis?

- Word worry: What do we mean by “exist”, “real”, “is”, etc?
- Weirdness worry

A
%3 04
%2 e dilep
, - """'Ca Page 58/89




Are these many world. worries, uniquely quantum?

No! - Occam worry: parallel universes feel wasteful
- Equal probability worry
* How derive probabilities from causal theory?
* How judge evidence for and against such a theory?
Y es! - Unequal probability worry: Why square the amplitudes?
- Invisibility worry: Why can't we detect the parallel worlds®
- Basis worry: What selects preferred basis?
- Word worry: What do we mean by “exist™, “real”, “is”, etc?
- Weirdness worry




Are these many world worries uniquely quantum?

No! - Occam worry: parallel universes feel wasteful
- Equal probability worry
* How derive probabilities from causal theory?
_ * How judge evidence for and against such a theory?
Y es! - Unequal probability worry: Why square the amplitudes?
= od by - InvINQil] ry: Why can't we detect the parallel worlds®
Serence! S W : What selects preferred basis?
- Word worry: What do we mean by “exist™, “real”, “is”, etc?
- Weirdness worry

.
O O

2 ' ﬂﬁﬁ‘ f
*
|




Decoherence
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Some handy decoherence formulas:
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Table 1. Properties of various scattering processes

Cause of collapse Acsy dlem™*57']  Teiectron
300K air at 1 atm pressure 0.14 104 10 s
300K air in lab vacuum 0.14 10! ls
Sunlight on earth 900 nm 107 6 months
300K photons 0.02 mm 10+ 1 day
Background radioactivity 10~ m 10—4 104 yrs
Quantum gravity 1km— 10"%m 10'%° 30s
GRW effect 100 nm n/a 10%yrs
Cosmic microwave background 2mm 1044 1[]‘*!_;:-3
Solar neuntrinos 0.1A4 10! 102 yrs
Cosmic background neutrinos 3 mm 1043 10Yyrs

Table 2. Decoherence rate A in em*s~! for
various objects and scattering processes

Cause of apparent Free 10pm Bowling
wave function collapse electron dust  ball
300K air at 1 atm pressure 103t 1037 10%8
300K air in lab vacuum 1012 1033 102!
Sunlight on earth 10! W2 1p™
300K photons 10° 101 1937
Background radioactivity 104 1015 10%
Quantum gravity 10*8 1pi%  jgRs
GRW effect 107 10° 10%!
Cosmic microwave background 10~ 106  10'7
Solar neutrinos 10—15 10! 10"
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Tabde 2. Localzzmtion rate .1 in cm for three sires od ot
r‘ilnLL'i.L'b Afd S al|dus '~-|._1.I[4."1"I|'|!:f IO ESSES
1= " cm a = I = |k LT
dust ilnzse laree
TR SR Y
Cosmec backeround v {1 1
radsarien
Room Lemperature 1o+ {1 11
Sunbight 1on earth) 102! ot [
Al n'" [ pipte
Luboragory sacuum 104 gt iy
(10* parucies cm®)
radiation.
- a -
4 ha T 33
st " _ =
l=——a’c|—) 515 (3.73)
h=T1 S

{compare {3.66), where .1 depends in a guite different
on radius and temperatare). Table I gives a
listing of various scattermg processes for three sizes
a of 'dust parucles’ The last value a=10""cm
corresponds to large molecules. The table contains
rough estimartes for the locahzauon rate (A for the
differsnt measuring agents hsted 1 the first column,
1 15 given m units of cm ™~ s~

The table shows that in general scauering of air
molecules is most important. mamnly because of the
small thermal de Brogle wavelength of the scattered
particles.

Wkl

[11.2.2.2. Equation of Motion. In the preceding sec-
tions the mfluence of scattermg processes on the
density matrix was considered neglecting internal
dvnamics. For a complete treatment including also
the unitary evolution of the system itsell. the full
Eq. 13.25%) has 10 be discussed.

osamd 30 £oo Emereence of €lassvisd Properises
[1 15 consenient to miroduce rotaked » anibies
=% y |;-..'h1|.|
==X i 3. 76 b
which transtorm the above egualion nto
N - oy = -
[ | W - i v =y

= - —ilv p i

'l L B

One mal construct specal solutions ol this equation
by a Gaussian ansatz

plv. s ti=exp—[ 4= —iBin vz + Ciny === Duny |,
13 TR)

where ; 15 Hermunean if the ume-dependent coei-
ficients 4. B. C are reai. DN normalizes trace p o
umty. This ansatz appears sufficienty genecral to
exhibit the essenuial properties of the soluuons of
(3.75). Obvwusiy 4) describes the range of coher-
ence conlained in p. whereas Cir) specifies the exten-
sion in space of the ensemble. exphciely

i |
ldx)f =——.

1379
.14
The spread in momentum is given by
H:
(Aprr=2|4+—|. | 3.80)
(43¢

hence the lefthand side of the uncertaimy relation
can be writien as

i . 174 5 =
(dxi*{dpyr =- {—_-— B_,] {3.81)
41C 4C
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Table 3. Coherence lengths Ar caused by various decoherence sources

Cause of apparent Free 10um Bowling
wave function collapse electron dust ball

300K air at 1 atm pressure 10°%m J 10°Y"m 107%m
300K air in lab vacuum 107 m 10~ Bm 100%¥m
Sunlight on earth 10°m §107Z%m 107 m
300K photons 10 41072, 107%m
Background radioactivity n/a 1107 m 107 m
Quantum gravity ‘Iﬂ" m 107%m 107¥m
GRW effect Tﬁfﬂ m 107 %°m 107%m
Cosmic microwave background 10%m 1107%m 107" m
Solar neutrinos n/a ,,nfn. 10 %

MT, gr-qc/9310032, Found. Phys. Lett. 6, 571-590
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Implications for
consciousness




(- NEUROSCIENCE

Cold Numbers Unmake the
Quantum Mind

Caleulations show that collapsing wave functions in the scaffolding of the
brain can’t explain the mystery of consciousness

Sir Roger Penrose is incoherent, and Max
Tegmark says he can prove iL According to
Tegmarks calculations, the neurons in Pen-
rose’s brain are oo warm to be performing
quanium computations—a key requirement
for Penrose’s favorite theory of consciousness.

Penrose, the Oxford mathematician fa-
mous for his work on tiling the planc with
varous shapes, is one of a kandfial of scien-
tists who belicve that the cphemeral natunc
of consciousness sugpests a quanium pro-
eess. In the realm of the extremely small, an
object with a property such as polarization
or spin may exist in any of a number of
quantum states. Or, bizarrely, it may inhabit
several quantum stales af once, 2 PrOPerty
called superposition. A quantum supcrposi-
tion is extremely fragile. If an atom in such

-4 stale inferacts with its cmaronment—by
being bumped or prodded by nearby atoms,
for instance—its waveform can “collapse”
ending the superposition by forcing the
atom to commit to one of its possible states.

To some investigators, this process of co-
herence and collapse seems sirikingly sinilar
to what goes on in the mind. Mudtiple ideas
flit around below the threshold of awarcness,
then somchow solidify and wind up at the
front of our consciousness, Quanum con-
scioumess aficionados suspect that the analo-
gy might be more than a coincidence. Eleven
years ago. Penrose publicly joined their num-
ber, speculating in 2 popular book called The
Emperar s New Ming that the bram maght be
acting Fike 2 quanium computer.

“Detween the preconscious and con-
scwous ransition, theres no obvous thresh-
old” says Penrose’s sometime collaborator
Stuart Hameroff, an anesthesiologist at the
University of Arizona in Tucson. Ideas start
out In superposttion 1n the preconscions and
then wind up m the conscious mimd as the
perposition ends and the woveform col-

z lapscs. “The collapse s whene conscious-

E Pess comes in,” says Homerofl.

But what exactly is collapsing? From his

studics of neurophysiology, Hamerofl knew
of a possible seat for the quantum nature:
“microtubules,” oy ubeg constructed out of
a protein called tubulin that make up the
skeletons of our cells, including neurons.
Tubulin proteins can take at least two differene
shapes—extended and contracted—so, in the-
ory, they might be able to take both states at
once. If 50, then an individual wbulin protein
mipght affect its neighbors® quantem states,
winch in turm affect their neighbors™—and so
forth, throughout the brain, In the 1990s,
Penrose and Hamerodl showed how soch a
tubulin-based quantam messaging system
could act like a hoge quantum computer that
might be the seat of our conscious expericnee.

The wdea aftracted a fow physicists, some
consciousness researchers, and a larpe num-
ber of mystics. Quantum plysicists, however,
largely ignored it as too speculative to be
waorth testing with numerical caleulations.
Mow Tegmark, a plysicist at the University of
Pennsylvania, has done the numbers. In the
Fechruary issue of Physical Review E,
Tegmark presemes calculations showing just

Broken thread. Microtubules decobers too fast
ta penerate our thought patterns.

what a terrible cnvironment the bmin is for
uarE SOt

Combining data about the brain’s tempera-
ture, the s1zes of vanous proposed quanium
objects, and disturbances caused by such
thinges x5 nearby ions, Tegmark caleulated how
long microtuboles and other possible quantum
computers within the baim might rermam in
superposition before they decohere. His an-
swers The superpositions disappear m 10 1o
10 scconds. Because the fastest neurons
tend 1o operate on a time scale of 107 scconds
or so, Tegmark concludes that whatever the
brain'’ quartem nature i, it deeoheres {ar too
rapidiy for the nevrons w0 ke advanese of it

*1f our neurons have anything at all to do
with our thinking, if all these clectrical [ir-
ings cormespond in any way to our thought
patterns, we arc pot quantum computers,”
says Tegmark. The problem is that the mat-
ter inside our skulls is warm and ever-
chamging on an atomic scale, an cOviron-
ment that dooms any nascent quanium com-
putation before it can affect our thought pat-
terns. For quantum cffects to become impor-
tant, the brain would have to be a tiny froe-
tion of a degree above absolute zomo,

Hameroff is unconvinced. “Its obvious
that thermal decoherence is going to be a
problem, but | think biology has ways
around it he says. Water molecules in the
brain tissue, for instance, might keep wbulin
colscrent by shielding the microtubules from
their enviromment. “In back-of-the-envelope
calculations, | made up those |3 crders of
magnilude premy easily”

Some members of the guantum-
CONSCICUSNCSS community, kowever, con-
cade that Tegmark has landed a body blow
un Penrose-Hameroff-type views of the
brain. “Thoze models are seversly impacted
by thesc rcsults,” says physicist Henry
Stapp of Lawrence Berkeley Mational Lab-
orztory in Califorma. (Stapp’s own theory
of quantum consciousness, he says, 5 unad-
fected by Tegmark's arpuments. }

Physicists outside the fray, such as IBM%
lobm Smolin, say the calculations conlirm
wihiat they had suspected il along. ™We'ne not
working with 2 bram that’s near absolute
zero. % reasonably unlikely that the bran
evolved quantum bolunorn” he says, qub:lm
adds: “1'm conscicntiously staymng away
from the debate. —CHARLES SEIFE
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FIG. 4. Time evolution of the 6 x 6 density matrix for the basis
states |~ 1), |Z4), |=1), [=4), | =1). | =]) as the object evolves in
isolation. then decoheres, then gets observed by the subject. The
final result is a statistical mixture of the states | = 1) and | = |).

simple zero-entropy states like the one we started with.
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Are these many world worries, uniquely quantum?

No! - Occam worry: parallel universes feel wasteful
- Equal probability worry

* How derive probabilities from causal theory?

* How judge evidence for and against such a theory?
Y es! - Unequal probability worry: Why square the amplitudes?

= od by - InvINil] rry: Why can't we detect the parallel worlds®
alerence! S W : What selects preferred basis?
- Word worry: What do we mean by “exist”, “real”, “is”, etc?
- Weirdness worry
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FIG. 4. Time evolution of the 6 x 6 density matrix for the basis
states |~ 1), |Z4), |=1), | =4), | =1). | =]) as the object evolves in
isolation. then decoheres, then gets observed by the subject. The
final result is a statistical mixture of the states | = 1) and | = ]).

simple zero-entropy states like the one we started with.
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FIG. 4. Time evolution of the 6 x 6 density matrix for the basis
states |~ 1), |Z4), |=1), | =4), | =1). | =]) as the object evolves in
isolation. then decoheres, then gets observed by the subject. The
final result is a statistical mixture of the states | = 1) and | = []).

simple zero-entropy states like the one we started with.
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Are these many world worries uniquely quantum?

No! - Occam worry: parallel universes feel wasteful
- Equal probability worry
* How derive probabilities from causal theory?
_ * How judge evidence for and against such a theory?
Nes!- Unequal probability worry: Why square the amplitudes?
B ed by - Inv rry: Why can't we detect the parallel worlds®
Blerence! S W : What selects preferred basis?
- Word worry: What do we mean by “exist”, “real”, “is”, etc?
- Weirdness worry
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Are these many world worries, uniquely quantum?

No! - Occam worry: parallel universes feel wasteful
- Equal probability worry
* How derive probabilities from causal theory?
* How judge evidence for and against such a theory?
Y es! - Unequal probability worry: Why square the amplitudes?
= od by - InvINQil rry: Why can't we detect the parallel worlds®
lcrence! S W : What selects preferred basis?
- Word worry: What do we mean by “exist™, “real”, “is”, etc?
- Weirdness worry
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We’'re
not
taking
this guy
seriously
enough!




he strongest form of the anthropic principle:

&

“The Universe must be such that we like it.”’
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Are these many world worries, uniquely quantum?

No! - Occam worry: parallel universes feel wasteful
- Equal probability worry

* How derive probabilities from causal theory?

* How judge evidence for and against such a theory?
Yes!- Unequal probability worry: Why square the amplitudes?
B od bx - Inv rry: Why can't we detect the parallel worlds®
gerence! S W : What selects preferred basis?
- Word worry: What do we mean by “exist™, “real”,
- Weirdness worry
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