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eiad sorming! Last nmight | had o dreane. | dreamd that | was stonding up
hefors an sudience of very distinnished people, and that | wits sboud 1
wive a talk, and thal | stared by saying thit the very hig difficulty m gelting
staried in o ek like this s 1 find the switch on the projecior, 5o this maming |
came gardy und found the swiich on the projecior. | dbon't wauadly drewm sbool
tliings like that — | think 18 just shows how panticularly apprehensive [ weas aboud
thie particolur k. The work of Professor Schwingir b hei amiong much else
ait extroomlinary  demonstration of the power andd precision ol  gaaniuam
mechanics, und vet here Tem with o ttke which suggests that thers is stmetiing
pmperfect bl quuntmm risachmnics. mnd which might even lead you o imogine
that | thoaght | knew bow 1o perfect i, Well, you can only be disappoinied.. but 1
will do what I con
M debate nbout guintum mechanics was and is dominafed by Chec st v IMCT)
(Fig, 1). Bmszin is the msprstion of s of ws whi think that there is a
problem with quamium mechanics, ind Miels Bohs ks the greal father figure ol
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quantum mechanics?




the measurement problem?
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the deeper problem
(of which the
measurement
problem is just a
manifestation)...




Fundamenlal ombiguity:
Nobody Knows what
quantum mechonics soys
exacktly about any sitvation,

For nobody Knows where
the boundary really is ,
between wavy gquontuw
system and the world of

John Stewart Bell
(1928 - 1990) purl:icul.ur events.

THIS 1S THE PROBLEM
OF QUANTUH MECHANICS

It is no problewm

in prﬂﬂtlce — because
broctice is not accuroate
enough — ond maybe never

will be.




This is the problem

* Non-Relativistic
Quantum Mechanies

* All the variants of
Quantuw Field Theory
(Cut-otfs, Algebraic,
ete.)




Are there solutions of
the the problem?
Yes!
There are many,
indeed!
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Lorbidden words
system ubburlﬂfug
microscobic  wmacroswobic
reversible (rreversible
observable
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measurement
OK_Words:

beable

Rinematics (bossibilik EE)
before
dynamics (brﬁbubi Li{ieg)




Beables

“The terminology, be-able
as against observ-able, is
not designed to frighten
with metaphysic those
dedicated to realphysic. It
is chosen rather to
help in making
explicit some notions

already implicit in, o/ algebra of operators on 77
and basic to, ordinary

quantum theory. For, in operators as observables
the words of Bohr, 'it is
decisive to recognize that,
however far the phenomena
transcend the scope of < T > = <¢7 A¢>
classical physical ¥ <¢ ¢>
: )

explanation, the account of

all evidence must be

expressed in classical

19

terms.

macroscopic variables
A < . .
€ o classical variables




“The concept of 'observable' lends itself to very
precise mathematics when identified with 'self-
adjoint operator'. But physically, it is a rather
wooly concept. It is not easy to identify precisely
which physical processes are to be given status
of 'observations' and which are to be relegated
to the limbo between one observation and
another. So it could be hoped that some increase
in precision might be possible by concentration
on the beables, which can be described in
'classical terms', because they are there. The
beables must include the settings of switches and
knobs on experimental equipment, the currents in
coils, and the readings of instruments.
'Observables’ must be made,
somehow, out of beables. The theory
of local beables should contain, and
give precise physical meaning to, the
algebra of local observables.”

(Y1, Z)

(¥, X)

LOCAL BEABLES
EXACT (on all scales)



] " not real 7 what is ?
in{ormation T what about 7

When von Bortkewitch collected

" H soldiers statistics on the kicking of soldiers to
h death by horses, in the Prussian army, in
P) O SE5 different years, he found a Poisson
kicks distribution. Now, you don’t go out into
the world looking for the Poisson
Al ?LLQLLOWQd distribution, you go out looking for

- % soldiers and horses and kicks.

o states
¢ jumbs |

bicture (aooo\ ouly Sfor
weakly wmteracting
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V is not all | what elsel

ollowed stales 1 jumps
{I'r(t’ Fee), XE) ‘

de Broglie Bokm 142b,1952
X's are \nt‘h'dt bOS
" bilot -wave Picture
mx@h%m log Y(t, )
no jumps Qlo)= \\)((O»ﬂ\L
rational, clear, exact
oqrees with experimen b

Lorewt 2 - invariance !
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universal wave function  expressing the laws which govern the
behavior of the Q variables in a simple

\:[j and natural way.
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Q variables: what the
theory is fundamentally
about

for example, particles,
fields, strings, et.
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universal wave function expressing the laws which govern the
behavior of the Q variables in a simple

q:j and natural way.
up to the universal
scale

(v, Z)
!

(@, ¥)

down to the microscopic
scale

Q variables: what the

theory is fundamentally Y
about

environment

for example, particles,
fields, strings, et.




plug the actual configuration Y of the
environment into the second slot of ¥(zx, y)
to obtain a function of =,

¢($) — gp(x, Y)

(Almost) all implications of BM follow
from this formula
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l'\V is not ria\a\‘. , Since When?

ﬁ"(“’u"’ 15 ) — n’:g or Wi

when SCnoticed T | ‘observer’
when you noticed 1

\ : O\ /
Sen 1 ootical 1) TARE
when the difference Lecame 2cticeable!
8
stochastic 2 non Linear ¢ -

PhiLtib Pearle
G.C. Ghlrardi} Phys Rev. D3y

. Rimin|
:i &/eber (“\“) 213

shontaneovs wavefunction
collabse
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GRW sbontaneous wf collabse.

In* one particle’ system:
’\P-(ts l’) — 'll"'oc j(x"r) ‘Vr(t‘r)

with brobability L.

dtdx | §(x=F)r]

T = [dx | 4(x- l-)lt

jumbs per unit time,

In a ‘many- particle’ system

'qr(t\ '10'/31 ik e ';I)
indebendent jumping for each
orgument r gives
Ry
jumbs per umit time. GRW:

T ~ IO'sscc. ~J IO' year
width of 4(x) ~ 1075 em.

Ahere are

— — — ‘—



Ghirardi, Rimini, and Weber

® wzw(QM'“aq]V))qiERSaizlw")N

1 _(@z’—w)Q
AZ(ZU) — (27_‘_0_2)3/2 € 202 g r~ 10_7m

® for any point z in R?

® the evolution of v is the Schrodinger evolution
interrupted by collapses

® When the wave function is 9 a collapse with center z and label

1 occurs at rate

r(z, i) = A | Ai()Y) A~ 10710 571

@® when this happens

= Ni(2) 2 /|| As(x) 2|
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GRW jump shoils symmetry.
Take *wolecvlar” model of matter
with “different “ nvclei. For

many nuclei a given valve of '
F will be accessible only through

either Y%, or U5,. Very quickly

“ q’Li(‘Kz*"l)Zz)—P rq);z @\"Wz

| How about internal economy 7
F= R+ (T-R)
I V,vew & 8(F-E=38)

iG-7) 2 J(x-a-R)
— obproximate localivatiow of |

Cot M ouly — or more geverally
[ of ‘quasiclassical’ coordinates

——

—  with internal economy |
Little disturbed,
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...] the GRW jumps (which are part of the wave function, not something
else) are well localized in ordinary space. Indeed each is centered on a par-
ticular spacetime point (x,t). So we can propose these events as the basis of
the ‘local beables’ of the theory. These are the mathematical counterparts

in the theory to real events at definite places and times in the real world (as

distinct from the many purely mathematical constructions that occur in the
working out of physical theories, as distinct from things which may be real
but not localized, and distinct from the ‘observables’ of other formulations
of quantum mechanics, for which we have no use here). A piece of matter

then is a galaxy of such events. (Bell, 1987a)




GRWwm

dSZE‘l
zmz /

s a GRW process
wt 1S

_ xz)
d°zn 0% (2

wt(ﬂfl, c .

2
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Those paradoxes are simply disposed of by the 1952
theory of Bohm, leaving as the question, the question
of Lorentz invariance. So one of my missions in life is
to get people to see that if they want to talk about the
problems of quantum mechanics — the real problems

of quantum mechanics — they must be talking about
Lorentz invariance. Bell (1990)

The big question, in my opinion, is which, if either,
of these two precise pictures |[GRW and Bohm| can be
redeveloped in a Lorentz invariant way.  Bell (1990)




Lorentz invariance
[2'=v(=-vH) ., E'=r(E-va)|

| Supbose: vl va1
| Let (2| be very Large:

V2 &
Then Lorentz trans. becomes
Lz' == t'= b r_ﬂ

i.e. for widely separated
systems : LI.=

[ relative- time invarmncej

—— even Hor nonrelat ivistic
. systems, So:

Schrodinger £ = Dirac t, b

l




(i) There is a clear primitive ontology, and it describes matter in space and time.

(ii) There is a state vector 1 in Hilbert space that evolves either unitarily or, at least,
for microscopic systems very probably for a long time approximately unitarily.

(iii) The state vector 1 governs the behavior of the PO by means of (possibly stochastic)
laws.

(iv) The theory provides a notion of a typical history of the PO (of the universe), for
example by a probability distribution on the space of all possible histories; from
this notion of typicality the probabilistic predictions emerge.

(v) The predicted probability distribution of the macroscopic configuration at time ¢
determined by the PO (usually) agrees (at least approximately) with that of the
quantum formalism.




Now in what I said probably many of you think that I have been wasting not
only my time but yours, and therefore I would like to end up on a more
harmonious note, with some concepts of which we all approve (Fig. 21). The
theories that I presented to you are certainly not beautiful. I think they are not
true either; it may be that they give some hint of where truth is to be found, but in
their present brutally simplistic form the truth is certainly not there. I do think
however that they have a certain kind of goodness — these little spots are halos

— In the sense that they are honest attempts to replace the wooly words by real
mathematical equations — equations which you don’t have to talk away —

equations which you simply calculate with and take the results seriously. Thank
you,
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quantum probability

P(A=alB=p)=|<alf >

< Plx > probability amplitude
< |y > |7 probability

non- Kolmogorovian !



momentum

4 )
~ probability to find the value p of P
| < w |p = |2 — w (p) — if the system is (initially)
L in the the state ¥ y

Fourier transform

time of flight measurement of momentum
(Heisenberg, Bohm52, Feynman & Hibbs)

Y wt at time 0
free evolution
measure X at large time 7T’

N 1 - A N




Bohm

The particle has a well defined position X whose evolution is guided by )

X(t) = LYY (x (1))

mo Yy

P(X(t) = 2|, t = 0) = |1 (2)]°

A

P(X(t) = 2|, t = 0) = |1 (x)]

Thus the asymptotic momentum P = mXT(T) (T large) is a

RANDOM VARIABLE on the space on initial conditions
with probability distribution

~

P(P = ply,t =0) = [4(p)[*



|T>:<(1)> and \¢>:<

| < | > | probability spin up along z

— O
N

| < | |>|>  probability spin down along 2

Classically Non-Describable Two-Valuedness (Pauli)



Stern Gerlach measurement of spin

H; = ud- B~ (b+az)o,

initial U = 1) @ ®(2)



T - o, T?

m 2m
in the space of initial positions with
prob. distribution |®(z)|?

Thus the RANDOM VARIABLI

(-

B 2mz
- aT?

Fr(Z(T)),  Fr(z)
in the limit of 1" large has values

+1 with probability < | +> |?
—1 with probability < | {> |?

Fr(z) is the calibration function of the experiment

A

( assighment of num. values to the outcome of the exp. )




Morals

® Association between random variable Z
(numerical result of the experiment) and
operators

® Operators compactly express the statistics of
the experiment

A =< 1| Ay > mean value of Z
< P|(A — A)*yp > variance of Z
< Y|A™p > higher moments of 7




® One can completely understand what's going on in
the experiments measuring momentum or spin.

® No need of invoking any putative property of the
electron such as its actual z-component of spin that

is supposed to be revealed in the experiment.

® There is nothing the least bit remarkable about the
nonexistence of this property.

® Measurements are ‘“active.’



