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///f someone Tells you z%e%
understand ?aan@m mechanics
then all ym/ ve learned is

- that %ou/ve met a Liar-
(R.P Feynman )

//74770729 who 45 not shocked
@ ngn‘&zm f%em;g has not

- wunderstood it
(N. Botr)

e fave to ash what it

means!’
(K.G Witson)
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!/ [mfmdcccm /
J0%* Ceniw)% P@ms has

brought s

 vindication Of an old
/owraa/c;mz domism’ k,
S
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P
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g, % => Loss af dete mu'm;m
2 realism’
New theortes arise as Ziefé'r—

mations @f precursor s
P és,% : Defmmaﬁons 0% ASSAC.

atelian a?. (07{ %us.

over /%ase space )

, Eramfo/es /
c™ De/%rmzfém gf S%mm.
{; .- ; of geomeé%

More recent progress: Comte
o s3 out of kAL,

p— — == ——————————————




/Dmymm - In which vay Ao
new 1hecries aféﬁfer jé‘om

/@recursm” ”cézss.//i%eon'es ;

bow do the {atter reappear
 in Umiting regimes of the
former & 7 0%
foday : fy4 4
s atomistic M a realisitic
M Z%emy that tells us what
%app ens — rather than
/usf what m{%ﬁf %a/b/@en ¢

Kote 0/’/ notions such as
event  observer ”freguenc%




Om%na/ /@ﬁ 0// view of %
Sﬂﬁm”“d[nfer: [ Y, [ tells us
what %a/o/oensf’ Schro-
d[?’?’@?‘ eq.- in. or NL-

= Hamiltornian evolution eg

7/07” wave /L'e(&/ %&t)

This «ni 0// QM (s not
 fenatle (#@ésenﬁer%ﬂzmc‘/
Born ) - unsitabte 5?@4'72315
a/e/ ( ’fz’”dymnﬁzaécbn)
—> Wﬂ%—é&dy GM, w
non-~atelian ﬂ?. q‘ﬁ oS




2. What 4s a“pé%/,m,' gysz‘em 3
Realistic vs. ldeatistic Theories
P@ s s%%‘e m, S, 5}0@04%’@4 in
terms Ofv&*ermfé /oﬁysx'ca/

- qua ntities rep. as Un gaemfars;

— ;enemzle aty. Ao € B,

B, - atgetbm ofﬂ possibie eve nts,
(e some exp equipment )

Fundamental data :
(7) 7%5 = 235 s a Cfdég.@’e/o.m@)
(1) &, : ‘states’on B, (standard)
() G- i?;mmefrz'esﬂﬁf S, inct

Lime eviotution




Symmfrsfg %om Gy act as -
maorptisms on B ; ex: Zime
evotution . (¢.s) —a, € Aui(@)

(V) Saﬁsyszf/ com p@:s,dwn :
- ScS' = B, c B
(Sfxs.z) = S! VSZ ) W it &35/52:/3918/352

.[72 S=528 5/06647% Zm%ec/c/[r% :
o s & LB statistics

- (Chotce of (1) (r) () a’epena/sm

eg'uo/omemf avaitatle to-observe

Nature, O (chserver’) '

New heories arise @ %fmma/-

iﬁu’(msﬂﬂf (—7)/ (—7/—7)/ @7)/ (F%"/

Faddeev )




cont- tho of matter
atomism

ctass mecﬁczmcs——> QM
(i ) Gatilel symm <, Pmncare/ LN

de Sititer
[ /foemufafm stat. — traid stat

() grotp Symm.— guanfum groups
/

1h.of broided ©

caz‘eym'es , dxa&f%

(Tannaka - Krein th.)

Ex. Vasov t. %> Newdonian mech,

VA
yave mechanics

(7)




< realisitc ( f'c(ﬁss.y theories 7€

ideatistic @mn/fum) ths. @
(R) Realistic Theories

.+ B, a&e&a%e /Z:a’ B.~C, (MS)

M= 5/060335 C?.% M.=T) l
+ . = {pm&measures onMS}
Pure States = {5 - 7@5. on MS}

1 ~ {chars. of B
ne sa/oe r/oosafm /on'ncé/o/e ;
no em%m;/emenf et S, 2.5,

anv%.

: *czoulﬁmmpﬁésms of B

<> fomeomornhisms of M




Protbleml When does T, evisz

(is My a diff (sympl- )777,73)9
It it does then %Ame evot. {o, }
yenemfea/ 6% VF, Xé,mM

X (g,g) §LL€M
—>/€ea&ssz s det. a/es,crofs /
‘e'zoczfé(z Z §ét Z?gt(ﬂ‘)
 Jhen f&rfeMS,

O (/7?) Oorl!
”E{fecz‘a/e a/ynaméc;s-
T =%, wl T ="

Z,L.S' S, u ;{;u

— Stoch, processes onM /



(@) Quantum theories

A hence @,non-aée&an
Emm/o/e - I3, zf%oe I C- a@.
(e 4. group aly. ffxcm/oacf Lée
_om spins—.or Weyl
nge n/f of degs of ffecf;)
Z = cenire of B, :atelian— R,
‘ Bsff@ B(Jfg), § espec’,

specZS
/fg - Hilbert space




T = {a’enséiﬁg matrices on Jz’f} ®

{prob- meas.on spec ZJ
Pure states
= {amf TS Zn%} I's'es/oec%}

. Su/za e;oos,a'xfzm princ within ezfeywé

. Em‘a%/ememf bet S5 inSv S,

J%S nen —commuitative

ancerzlmnziy reds a/ec>L (S cat’)

(Heisente raq) emézr%/ememf
/( Sc/ar’é‘c&'ryer)
Bell <, CHSH <, (tochen-)Specker-

L Tsireloon «Grothendiock

7&3@7 ntr orotrabitistic
— sep. Lect
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ﬂ%fresswn

Froblem 2. (Quantum mar-

%m//m" ~ A /f%%’é’)
B(a”f) dém% <o, (=11

77Le7z 33 V - ®B(JZ)

[et P 46 a a/enszzfﬁ mm‘rzx

o7 %@ od, /2 (s 4*F

mary/cmf Y

tr(P 1e-6qe--of)=r(Pa)
L i#k stort
va e Be,)

Find conds. on f,,, F,
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/c'mp@,m? that 7 P st
/Li' _ marg&naf Of/o/zr-f,---,n.
(+ A Klyachto, )

Note: P pure & P=Fy Jek
S, 9, emfanj/ed in P=F;,
JekXok, e F,F no%/ow*e.

_@QC_-. /D=Pip<=>/?£»/fare

4’5’0’5}066%7‘@5
(/” Schmid# a’ec.) '

Some frown resutts (on
demand )

Prottem 3. Simitar /om'g/ems W
S,=S, it By, s =8 s

n L={ %

rote 07! statistics! DFT
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Further 4’771/{)&6@%40725 o

7O7— mmufazﬁéw'f% 072 ﬂ{q :

(A) Z/ncerzfaéniy redations

(B) Non- existence of fidden
variatles : '

Aza=a"— o, Q>R (rV)

%{9@ — Oz @mﬁ meas.on ()
() (B B@)E) = pg (% 2)
74c R ; and

[ A, 2 B@), dim¥ >3 then
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em%ec/dm? Smf/c's@m%
(/c' ) & (a‘ ) LS Am /oxossz&”e |
Fuc’ Spin 1. Then 55,55
are comm. orth. prog. with
SXZ+S;+S:= 21

 for an arts choice 07/2\1%.
If K-S map extsted #hen 1
e, 6, on unii sphere, Stst
6(n;)=0or1, i=12,3,
5.6(7,)= 2, for an art orth
3-ben’ (ﬁﬁzﬁj). ?
Such a fu. 6 does not exist
( dra WZ?’Z; / ) ‘




(C) Correlation matrices % Bett < s )
S=SIV5’Z , J%S_ = B(&’fi), i=12
P . state 07[ S; a, -, a, in 7%5;/
| %,--',5’[‘ AT J%SZ saéc'sf%ng
a'=1,4 =1 TrL
e LL”"(P% %) @)
Al such [s %mm a compact
convex subset My, in M, (R)
[# atl a's and at! 4, s
commute then (spect. #hm.).
o) @), () dp(e) €)
wiih 06?=ﬁ;5 1, Vk,{ where

dp 4s a prmf*. measuyre.




Matrices as in (C) Horm a m_/6
pact cony: sutser, N, in M, (R)
Oﬁéms{:g M. My
7 heorem. ( B Tsirelson)
Fe My = K, Tel,
Ko =173+ 0.06 ( Grothendieck's cst )
(exact when K,L art.; for K =
L=2, k,—72)
%C 5_— M&
Em:m/.)/e (exc.) - CHSH <
[ o= 2r(Pla,(6+4)46-4)])
(c) max [ = 292

P/Q/'é’

(i) If [e M, then [<2
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(720’ reatisitic it of QM -~ 3; ron -
exfenda&&f% - CotbeckaRenmer)

. D%mmt’s {oC /f,s} —> amz‘a:?/
/mgoaﬁafars on & K {ow.on
Spec T

Eff mes Lindbtadions

Ve re/oamzl/m - S can be ;ore —

/oamo,d n pure states [ velk,,

without /w’é/aer" 7 /0< on initial

conditions. In exp., observabte

a=a e, can be measured

with [a /?&]74 0.

Attrac Zfér%_ /{&m&es 0/ stades”
— S@/Od?"afe ’Z@C/-éure./
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3. _l{éz; must a ‘reatistic’
intenpretation of QM ol 2
/he no- Sx%naé@&g lmmma

Realistic (det.) int Uf QM
QM does sometimes /orec/c'cé
7%151‘3 (%em;g %ﬁr@p&zmﬁm
of Gt ayuionsi)

%@é, there remains an red,

element 07/ chance whenever
A 48 non-abelian

Exaﬁ;/pcé 620'—- ng&%% Lernma—
F-P-S ) 2 electrorns prep. an
span 54}7 tet state




= (ot + thoshJe(0o0)- /W‘))

"
\. \d
. Y

s

==
SOt

"&\\

eriendin
(.T Lransm. lL absorted
Exfaerimemf: ] observed

Hen v predicted; (1)
/('f lL obs. Then TR /oredcbfed
% P /zym/@a:gwfes into €,
except 7%w :ém taitls
Initial state 4:’7/ co‘mposed s /szf

@ %SL«, %7&%97306
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Dymxmacs H=H+

H dyn 0% uncou/o/ed S%Sf
- int. electrons- 7‘74&‘@7“
tlocalized around 7/ Hiter

L 55 - /1‘/7‘95

Lemma ( no szym&

lUnder reasonable ﬁ;;gin 1.,
©,5, 890, 0

767’ all T
Cbnsegu Of Coot, arg. & cluster

Props. - 5u/0p056 that (R)

(@S, 2-(4)8, @
i)
(2) & (1) or (|1) contradict (1)!

I




= (1), ie. (R) ,c'm/wssﬁ,/e a
=3 Fregu. ' of transm. of left
el L%mugﬁ ﬁﬁer ~ Yy oo
[#us, @, does not describe
what %a/o/oens ina det vay,
Z%¢Oﬂé(W%de%%L%%%wﬂ,
Zghﬂ%awauanﬁé;nmﬁmm%&i

~ JF,PP,6CS.
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% Some furdamenital notions

and éueszfakms atrowt QM
System, S, (eq, €, atom, )
to tre ex/v/érea/ W exp. equip-
ment, (e.y./ /czsers/ﬁwynezfg
detectors, ﬁfé@m, )
SvE descrited by (~2,(I)):
(7) C*-a{g. B=8,, ., states’
\70(9@,(3,---) on 3
() Time evotution,{w, |,
e /fec’senfery /ochure
(Mfmnmp&smsq/ B )

() 3 DJ%S - v Neumann a?




ger erated @ qoemzfors re/orﬁ

p/iys. guanf/éﬁes %efem’ng o
S at some Zime Z,, (comp
of position, mome nium, s /%'n
of pm&c/e geénj&nj S
ot time Z,)
for ofs. a-a € A,

@ =0, (@) e I3

denotes obs. /cm.s;afacz at Zime
t
@é (1): spect. prog. ot a,
corresp. ZolIcR
2U)=Ea)-1-F (1)



7%
Quesitions 1o fe raised :

(1) tHow can one prepare spec
nitial states, @, 472 SvE
all Zime %, when exps start @
(7h, of prep. <> attracting fams
of states & relaxation tometa
stable states & g.5. Sep. fect.)

(2) Exps. on S usx'n; E., done o
//omdccce oé/ events/ faczfs f
e.q, measured vatues 07‘0 ots.

a,=a, ae . — Whatare
;oossxcﬁ/e events' in M ?

Possitte event ‘at time 2

o spect. proj. P=1, (1), ac A




072/50{27;%_ ” undertying G - /6
[ime - ordered Segas.ofﬂ events’
= Histories’ z‘m%ered by E
£, e, } chosen such that a
class 07/ events { P P 1) <>

ICR

su/r:e/ sel Seafms 0;/ r
(~ ‘pointer positions,) identi-
Liable in non- demolition
measurements 0% E
= No = sequ. E*‘EQ—EQ—'"
needed 2o z‘%g?er events !
(3) Rote »of £ in rendemnﬁ
/O/OSSAJ%Q events /= /D (7) & P

/COWZ/O&?’/’/P/’MJQW/ ga/en 5%%—-



.segaemf events (7 Weyl ) —>
Evidence for events to have
%a/o/oenea/ i given the ]éiw’e.
(4)Can QM /Oreafc'czf fre?uemes
(em/@. //omﬁs)of /00534'%/9 '
Histories’ and Aow °

5. Calewtus of frequencies

( Luders, Sé%wz'ng% Mgner)
[B P, Bt Lime-ordered

7)

tistory of possitle events

P = /Zz (Z,),
= (a‘)*e 7%5/ %0< t<t,<<t, Lk,
%'Ven E/ {06255}. -




QM /oreafccz‘s /re7zzenc%/em/ow

/'OM Of A f’} ven an
/cm/éca{ S/zfa,fe, w cf SvE at %,

77{521 /P{} - (3)
wEE-REE,RE)

. L
/%/oe rties of F.
I

(’6) ?— n/ /B}

0
@ set B-F, 5

/&
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For realistic’ sysf S oﬁeys
a 0-1 Law 4fw (s pure

\ (ééi) Symm. betw. prediction &
rezfmdwzﬁcm -y £ 0//1‘7’ (A-B-L)

Cé?f) (/ “/07‘_ ) COTY. e //ffz//_ /*;// O‘Z ever Z/[.,

72,20} i?'{f;, 2B
;;%:{ )

wntess f=n, Kecwse L9,
éﬁa)( BB P”P)%O ()
' )L ’/’/ /,w

= For 7, >, no meamn;faf

notion Of /cmanmaf robabi-
/&LL%”O% , given /{afure,(» £-S1)
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A /00554'5/8 el/ené,@, can tecome
a rec. '/af df it doesrot inferfer
W com/of events, P- ,A>1, %a/en
%xzfure events

f/,:fs, 7’5/‘]13 ZLO” ﬁappen
5 (P/z.’f’})
/— ma:x‘ Z /a)&a P PE /?)/

L >/ x#ﬁ /

#45&‘0/% {n, WATA (/-J)-amsxs—
tent wrio @ 4#

EBIEY) > 1-8, v (7)
Or é’/’ K - consistent tistories

W 0s 1-xX < A@, a’&,ﬂ’/f a m ,,52?4///7—

ﬁ/ vl ‘class. //fc/;t)r'e/fasz/ FAPP



E/mm/o/e (n=z) /%7 ex;o.ﬂ
vith screen & laser /&m/o

How do x - consistent histories
arise (/—7\:<< /A ) 2 |
6. De/oﬁasmg g decoherence

Consider %ﬁc’s@ AR
L=l (L), a'~ (@) e A,
LcR, £t >->t>4t

At some Time /ZL< 22,;_{,
measurement 0% a? starts
(choice /0][ E s of interactions
So £ after Lime t.), with




o2

/00554/?/8 outcome P f; ( )
ot time z‘ >Z. ’
Under Wﬁ@é condiitions canzD
be considered a faczf given fﬁai
at times T, >- >2§H, é,eVewfs
Lnss Lue may fiappen @
£ Venés cmp/ememfay /ZLO’P

!

State 0% SvE mfﬁame z.
fact’ iff

2
I WAL, Z?{m A
N?{n,', 04,+1} (8)

e
7
7&
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Sa//,cccenf condition for (8) -
<& 7T é(a)eﬁsm‘/
a; € f,, Vi D

. ’5;]-%5—’7—%; defined @/
T, (é):ﬁoc %f(a)
o Deptuas (ya/erz E @)
) - )
+) P(P“’t’ (4)]’)

oC>2

. TD bmit 075 E h/%ere
() denotes erg. average over z

for %mee Zimes & %mfe E
deptasin 9 can be wza/one @
DS, O E




S affzczem[ 7’67’ a/e/bﬁasmﬂ, &cf

szfmryer’ (s
Decof?erence ( ?a/en E )

as 7é—+oo &mTD ZcmofE
(eg, T, asy. abelian’' on #, )

Given m@ measurements at

mucﬁ later Limes, +—

% 4 (a) becomes cemfmé

743 zf—> 0o decoherence cannot
be undcme @ ps. on E

/rssumm% dep%asmg or
decotrerence, frequency of




event /3 cz/o/omacfes (3@),
/L'ndep. 0;‘” laiter measure-

ments at much Llateritimes

Born's Rute’

Abmost classical (> consistent)
Aistories ' are close Lo class

histories ”, AN /éﬂmnr? sense .
Given #ist. (P, B} with
//[fz/@]//< €, V,{///' ;
then C?2 <o g AUt {E,f}
s T ?Z ‘an orth /om// wilh
//E-—@//< Ce, Vi, &
[B,E]=0, Vi
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Nodeds for a’ep/zasmg %
decoterence : Frimas,
Co{éman—_@ﬁ/g_ (/Qerz), Zet,
- Déorret al., Batan et al,
JFetal , CS, .

Quantum Z%W Of tems
With o0 many a/egs. q/J eedom.

7r




