ot um
Fouﬂda*mns,

Ashher Peves 5'\’7/\6/

C. A. Fuchs

Perimeler L nst,
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A uontum Mechonics

1) States

&,
1w
f 7> ey

le, > = ; a,leo

2) Evolutions

:D,," \v">
%4 [¥> = Ulv>
Un'\\'cw‘)/
(5 chro A\n%e\")



More QM

3) Measurement

*aleld
: an)/
: — L orthonormal
&0 A~ ’| , basis
u” ¢ (Hermitian opem'\'or)

o(blwy) = AL 24

4) C omPosﬂ‘{on
\\94.) \*l'ﬂ)

/———)/\8 / > &>

e 'L> Tenser \ | ‘F,_)

pProdunce

\__/—-..V__ S

P> = % Cuple ) f5) =

Y

\F et

en‘bn%\ec\
% L2400



" A waves unction is viot

some+\/\1w% which ‘exists’

A ot uve

— A. Pevres
Aw. T. Phys. (1986)



E_XQMP\Q, : ]—hf’/ Q\Ab.\'\—

A fwo -leve)l atom
oYy a P\no‘\'ovw )

cw‘\?.a'\_IOV\

Twe sp\n o{" an

electron

Fb\u 0

/S A

Schro Aingev“‘ﬁ

0 o

"\}'> = og\0> t /3l1>

X
Py

T = 1W<) = (a*(o)Kol 4+ «f¥lod (]
;o8 110400 & et 11>l






The \nﬁ)o‘\'\wes'\ss that theve s an
external world, wol dependedt on
human wminds, made of something
is so obvicusly useful and so strongly
contivwmed by experience down '\'\'\rou%\ﬁ
the ages that we can say without
GXA%%eA‘a‘\"\n% that H is betrer con-
firmed Ythan any other empirical

\ny Po‘\'\ne,s'nﬁ .

— Mov¥ivn Gavrdwner



Tvnformation/ know\e.a\%e,
about what ?

g
——

077

... The Consequences of ouv

e,xp er‘men'\'a\\ '\v\'\"e,Y'V&v\'\"\ons

.ln+0 '\'\f\e course Og' Nq'\‘mr‘e_..



No+a+ ¥oX2 qun'sn%__.

5\099&\7 call both

VD> awd TV =Dyl
¥ ‘HA& Cz’ua\n‘\'v\m 5‘\'6\"(‘6”.

But thatss thve
Y‘l%\ﬁ'\— oneée ,

T ATV = 4 LA Ww<i] = <pia v
W e A= \‘P)(‘P‘ 3

e AT = LW1edelyd = [y o>t .



What counts as a

2 U\O\Y\'\' um meas uv‘e,men"f ?

And w\'l)/ v



VvOon N&umann N\easuremen S

1\ _\_ V74
yneasuvremwmen

@ H&fm;+;ah Opefa'\_'or
O = ZL <; T

{ /§
e..\%_&hva nwes e.naenrfo_\e-c—.\?r’s

When state is P

P(i) = +v P n;

" Could sc\)/,
“measarement ” & T3
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Bloch Sphere
o= 1w e Z(H) e qubit

G,____{o1] 6_'06 1 0
x 1 o Y Tl - e 55:0-1

(T « Ap O + 0,03 + Q;6; ;)

vl=

-:.,1_[14"‘: a.,(_+i.q,]

p =

C\z—oaf 1 —a;

a = (a,,a,,a,)  wih 13%=1 ,

—

_L\ne,orem 'h- /.)Tr = 0 K€ a

[



POVM s

Pos'\’f{ve, Opexq"('or Va‘uecl Me.aswwre,s

v .lmmense,\)l U\SGJQ'U\\ '\'oo\
Let P =3L % 0¢<¥IEIPD¢L VIWh

Ah7 E_Qi O‘Q o‘oerq"'ofs
iEbZ E e P Z,;Eb:l}

cor(eSPonas +o o Fo‘\'en+;Q\ mm‘\',

Pro‘:a\oo\\.\"'/ o'; ou"fc.omea b

)

sz +r/oE_b .



G’ eney q\ i 1&3\ M eq5u¢emen’\'s

oY POVMS — Pos.\‘\'.we, o?e,v‘af\'ov—\la\ue,A

YN ASUY &S5

X
AN
/)

1) Cou?\ea SYS'\'Q.N‘V\ "("o bve “me.QSu\ve.a\”

Yo seme “ancf\“a_”.

2.) Le)\' the ‘\‘wo .\\n’\"e-rqc.‘\' un""‘qr'\\/.

3) ?e,.v"g'ovm S\'aunAqrA me,asuv'e.me.n'\"

onn ancilla .,

(o) = +r AE £ arbitvar
P C o [I./ ° :\'he.rw?s{.-
with <¥EIW> 20 YV 1
QY\A\ 2\; ﬁb — AI



Divrac Notation

Tewnsor Peoduct Space .

Fov twe Hilbert spaces M, and H,
cl&'g'me. 9"!“@‘7"&_ to be c,om?ose.A of
all ovdered paws [P, where WX,

and l‘P,}GGH,_ 3 and all linear Su?er?os:\‘\“\ons
thereof,

C,Omqur'\b}\'\'\‘), veclu\'w'e,men S —

(<14 + B 10) = («DIPD + (BW))Ie
= [ (<\ed) + 1> (aled)

TPy L 1edg>) = ied>uie

roanexr ?roc\ VAT

etc,



Dirac Nototion

Opexa\‘\‘ors % O’(W.@#,_):

1‘? ‘9},;> and \6’3> avre, or'\'\r\onovmq\
bases ‘gor %‘} and d):-ﬁ_) Y‘esPe,c'\_'\ve,\)/’
“'\f\en le},>‘6’:> 1S one for W,QW,_.

Thus any Ae U(”H’,@ﬁ;_) can be

wvitte n

A = Z.\ A,-:-\k, lenes><e kel !

T,

Ponr'\"\a\ 'hmce_. .

by A = 2 A 1E5KeE

afn

Yo A= 0 A le<eld



Gewnevralized Measuryem el s

OOOOOOOOOOOOOOOOOOOOOOOO

........................

1) C/oup\e Sys*em to be measuvred

\\ . .
"ro Soyme anc,\\\q” 5 f*’sQf’A

2) Let twe two vitevact um.\'ﬁ'cw'\\)/'.
Ps®p — U(p00) U

3) Pevform basic meaSuremev{\'

1P ...,P% on ancilla alone
4#) Outcome b occurs with on\oq\o'\\'\"')/

p(b) = % [\l(fsﬁ’pA\u*(I@Pb)l



Whevre POVMs Come From

p(b) = tv Lu(psepdut (1er,)]
= +e L(p000) Ut (T07,)u]
= tr L(pse (T op) ut(T of,)ul
= 4, | oy ol (T epur(zer)ul]
=t p,E,

W\nexe,

E. = tl(Teuw(Ter)ul

X

POYM elewment



But why POVMs 7

%>

% 1>

Needed !
POVM Proror‘\';onc\\

,/]/ to pf’o:\ ecYors

E':L:%F’— E., = %‘P‘




But why POVMs 7

Needed!

1¥,>

¥ ¥



But why POVMs 7?

Needed !

1¥,>

|¥,> \¥>

SomeYimes eliminates one

bu‘\‘ V\o"f a\w O\YS .



But why POVMe 7

Needed !

1,

¥ ¥

A\ways eliminates one .



\/\/\n)/ not take POVM ¢

AS bQS‘O Y\O'\".\OT\ 0'9 measuwem&n+

o



5f‘anc\a\"3\ Genevalized
Me asurem ents M easuremevits

e

§TT. 3 3 ES

WTAY> >0, Viwy | HIEI¥Y> 20, VIV
n

z:_-_".; =T z‘: E,= L
P(i) = '\'r,o I ‘ F(b) =t IOEB

Does '\'\n'\s e.x‘\'v‘q Msum?"“an

fe,ax\\y wake the pPYrcess
any less mys“"erioms

?



S¥andavd

Measurements

T S e —e S

G'e;ne,fa“i.e,O\
Measuremevils

$ TR
YT 20 Viv

ZL;TF,; =1L
p(i) = v /o'“;,
“,T‘-J = SUT(-L

{

tEL
CVIEY>> 0 VIvD
5% E, =T
ple) ='\‘r(OEB

Does that req\\y mak e
H‘ any wnove mys*ex;ous

5

e



1)
2.)

3)

_DE_—- y Opev‘a‘\“’ows
7

L ]
lineavr

/1/ OP e.v'ar\‘o\"s

e L ()
(O

OOMF‘&X
vectov space

c,o\'\'c\\ocz. of

Mnceﬂ""\'c\‘\n'\";es

r=r

\ -1 connvex hull of twe
A set WYL L 1wpeR

l‘_(p) Zz 0O

N\ el %e.rwq\ wes



Gleason’s _\_\ne,ire..m

Let P(%”,\) be the sef of 1-0 i;rojzc'\'crs

o\r\"‘o a (re«\ oY com?\ex) veo'\-or S?QC.Q;

WA of dimension A>3,

Su?‘:ose, thevre exists a 'gunc.',f:on
£1P(H) = 18,11 such that

fmy =1
whenever i'ITJ forms a com?\e:\'e,

or t\w og.on al set,

Theerem « | hemn theve exists a
Aean“"r o?e,ra.'\'or /O 3 such "an“'

£ = 4 ,O_ﬂ_ .

M ain P\ssum‘:'\'lovxs (m)/ Yoke) ¢

l. Me,asureme,n"'s ar e ;nc,om?q'\"(\o\e.

No 3.00& no'\'\on e meas\u'ma_ i-ﬂ'j AND ifﬁig-

2-. Nonc-on“fea;(“f“q\'\"t‘/ o‘q‘ f\’obab'l“'l'l.esc
Prob (b\ iT[Kg) = 'F(_n{,) .



C/owgmem'\‘s

1) Proot s \on?,\now'ét)u%ly.

o) Reduce problem to c,\-ne,c\«\'ng R3.

b) Prove oon‘\‘;nu;'\'r o .
&) Equ'ncl £ in s?\ser;oq\ harmonies

amo\ mas.Sa.s,e. .

2;) DOQ}SV‘\‘.\' WOY‘\( 'Q‘or A-..:.Z’.
<)
P

3) Gave Vave Me)re,r omo"(\ﬂe,r ?R\—!

Theorem Fails For Sields other
‘\‘\nam C anA ‘P\ > “\(e.

Q — 4ne f‘a"(';ona‘ﬁ.

Prom?'\'s fe.o?\e. *‘o
5a.7 “theve's noh'\;na

1uah+um a.\:ou"‘ a
single zu\n'\\‘ o



| Ergof' (for rational M)

Consider E,,E, €P .t E+tE, P,
Em\oe,A :n 3-ou'\_c.ome, POVM.

SCE) +5(E) + 86y =1
fCE+e) + §(EY =1

= L(E+E) = F(E) +F(ED

5’(m:\qr\7 $or 'm'\‘e,%e,rs Fs9 >
)= fGGE)=9fGE) = fGE)=54(E),
e,'\'c, .

NO"’e, P Spans ‘hﬂe.. space o‘? o?e_.ra'\'ors,
C hoose a c.,om?\e,‘\‘e basis E—LGP) i=—|,....,<=‘2-‘I

$(e) = $(RxE) = g fCe)

De,‘;'me, /J +o So:\-\.s‘?)/ 0\1 ezuq"\':ons
+r/C‘E'L - _(':(Ei)‘qz- numbers

and use \inecar '\‘\7 ot trace,



Caves ,Fuchs,

G\ eoasSon - \ .\\KQ, T\’\Q’OY‘QMS Maane ,Renes

* S0 0 200 g oo ¢
Buscn

Assumptions
1) Measurements = POVMss
2) NOnoon'\'e,xjt'U\Q\{'\')/
Prob (E; | 1EZ) = Prob (E;11E3)
when 1EXR and $EX share E.: .

T.e. Ly £12P 1011 be such that
Zb.\ F(E) =1 Whenever 5‘:; E =1,

Thm L 3 0o, 5.t F(£)= tv 0B,

Payobf 2

1) Works for d=2,

L) Works Sor vational .
3) Peoot easy,



E x"('wr evwne Po'm'\'s

Chavacterization 1
P = 22264

Chavrackevization 2 °

/\) ;s \ﬂe,'(‘m.l"f:an

P =P
‘I'rfo’-‘l

Chavractevization 3°

/0 is Pos'r\'ive, sevmr-daefinit e
v P = 1
s [a” =1



Be,w\qv-\(q\o\e, Theorevn

Jones ¢ Lindewn , PRA 11 (2005)
Flamwia , (unFu\:,LOO'*)

Led A bLe Hevmmitian. A=A

’

Then, A= WYL W and °“‘)’ o

+Y'AL='\'Y'A3=1



kpv"oog .

o, = e,"ch,e,vaa.\ue,s o A

Ye A = o =1 = a1 &1

2

Ye N -5 = Lad(i-ay)

O

é a, =0 or 1—0\{_ =0

'\"r A‘L =1 => Q.= 1 £or ome and on\)r svne t.

QED



The \F/\/e,oc‘r\nemm an

¥ ph,d)
p(h)




The Weothervwian

;
(W)
d > 4 o l
nrh o(n1d)
L]

Bayeslaw U‘f"*"‘*‘“gf

p(h) —> po(kid)



p(h)

L _— A
o(h) z}?(o\)?(m )

A\ f
mea $\AY'e,me_““\' /

s any

1-know —v\o'\'..wkq-*-
that twduces such

Yransition .
p(nld) * Trans

-0~
o--0




:\_ e \L\/e,o:\‘\n &Y v o

p(h,d)
p(h)
d = d .- l
Nk p(hid)

T s this Tvransition a mys*em),
?hys{cs should covitend with ?

Even so . what does i} Vave Yo

)

do with the weather T



Jim Hartle 1968 (section 1v) Interpretation
of Quantum Mechanics (suitably modifiea)

Am. J. Phys. 36, 704-712 (1968)

A quantum state, being a summary of the observers’ in-

formation about an individual physical system, changes

both by dynamical laws and whenever the observer ac-
quires new imformation about the system through the
process of measurement. The existence of two laws for
the evolution of the state vector becomes problematical
only if it is believed that the state vector is an objec-
tive property of the system. If the state of a system is
defined as a list of [ezperimental] propositions together
with [their probabilities of occurrence], it is not surprising
that after a measurement the state must be changed to

be in accord with the new information. The “reduction

of the wave packet” does take place in the consciousness

R R - mh

of the observer, not because of any unique physical pro-

cess which takes place there, but only because the state is

a construct of the observer and not an ob jective property

of the physical system.




Quantum Axiom D

Suppose 585, consists of two

Yioni n“'evac‘\"m% sy sfews
\

> ¢ oW, s of the Sorm
> = 2 Jp el

and

for some orthonormal set lepeH, |

and 18> e B with <wlwd=1, (Rg=1)

Then a measurement of i\e,;)(e,;li
on S, v-e,ve.a\in% outcome k \eaves

the observer i a ma ximal state of

knowledge about S,

5'\‘q'\‘e.( 5,.\\’\) = I":Uk><wk‘ )



The More Pure Einstein

Granted: “The individual system (before the measurement) has
no definite value of ¢ (or p). The value of the measurement only
arises in cooporation with the unique probability which is given to
it in view of the -function only through the act of measurement
itself.”

Consider spatially separated systems 5; and S ini-
tially attributed with an entangled quantum state 1,.

“Now it appears to me that one may speak of the real factual
situation at Ss. ... [O]n one supposition we should, in my opinion,
absolutely hold fast: the real factual situation of the system S,
is independent of what is done with S;. ... According to the
type of measurement which I make of S, I get, however, a very
different v for [Sy]. ... For the same real situation of 95 it is
possible therefore to find, according to one’s choice, different types
of ¥-function.

If now [physicist B] accepts this consideration as valid, then |he]
will have to give up his position that the 1)-function constitutes a
complete description of a real factual situation. For in this case it
would be impossible that two different types of ¥-functions could

be coordinated with the identical factual situation of 55.”
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13> = 7= (110> = 1451))

LeX Alice measure ) ,14> basis.
Bob’s 5ys“'em will be iw S"\'a’\"e,
11> or 14> aftecward,

Led Allce wmeasuve 1"’>>_.,\<"> basis,
Bob’s s)(s'\'e,m will be in S'\‘q'\‘e,
‘b> oY l-?> ak'¥ '\‘e. Y‘wqrc* °

Czownc.-\ﬂsioﬂ
\v )

:n'co(‘mq'\';ov‘l o

1S



APP\icoc\'ion 1.

Q uow\j\'uum

Te,\e,por‘\'a‘\'ion

(Bevmett , Brassard , Crépeau,

Jozsa , Peves, Wootters )
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A Tool

Ent om%\e,ci Measuremevits

[

Measure B = 2. ledke;l

\941> o em\‘o\nc}\eck vectors

J

T e

g emmm s




Exam?\e, . The Bell Basis

The 6‘\'&‘\'&5

17> = 7 (10311 - 11)1e))
> = T2 (10511) + 11)10))
27> = 7 (1ed1ed - 11311))
13+ = 7 (1oploy + 11511))

form an ovTthonovrmal basis

Sovr Wﬂ.® ?’Px .

T\'\e,y are a\\ n'\ce,\)/ en'\"qn%\eo\.'



Tel ePorTa\‘ion
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Tel e,Por‘i‘q*\'?on

WY

_.(,c:vf
St W

512> = («10) + a11)) 32 (1od11) - 11)109)
=% (10210311> -10311310%) + (11312 11> 111151

= 219> (-«l0Y -811))
+ 21D (Cxlo)y 4 610))
+ 213>(plod + «11))
+ 18D (- plo) + 1))

= 211 w) + £\ o lvd)

212D w) + 212 (s ivd)



Note |

1) Alice %a'ms no inFormation

about VS

2) Teleportation not complete

until Bob veceives classical
]n'gov'ma\'\"\on. (0“\)’ 2 wits 1)

2) Eﬂ‘\'&ﬂ%\emeﬂ'\' \Yee\f
Ccan bve ‘\‘e,\e,g)ov\'e,o\.



Summary
/

o njrom%\eme,njv

Good [f



| W

E‘)_e,\\'ef? T&\e.__?or'\'gtiﬁ ?

I

T

Beb

Alice

Cavi \learw par \‘k'y

ol C‘PA ‘oul no'\'htna,

e\se , ?ra cess
Yy'on Aom;'l_e.s C.oun Poﬂ'\'sovl-

Can furn comn
over bul cannet
See..

Chwav\ie
has Fow'-\'\a\ kuow‘e&&, % ¢

Knows A+ B corvelated
P(Hc) = 1 - P(T‘J = x &2r veal number

F(HA,HB) = F(TA"TB) = Y2
Telepor takion o

O Alice checks Pdw'\‘\'/ y AnViounces vesu\t
BshH

1) Bsb Yuvns cowm over 1F fvaur"\‘/ oo\és‘_‘
otherwise does \nd‘\"n'xng.

Upshet ¢ P(Hc_) —_ P(HB)



Weatherman &

How does \e.qrn}n% '\'oAa)r’s Wea"'\nev

moc\'\-q)/ \n;s e,x\:’_eo'\'a.'\"\ons ‘For ‘\'omorrow's?

Oiuantur Obsevver .

How does le.mrn'mﬁ'\'\ne, Consequence

o§ This me.asuve.me,n‘\' Ih‘\’ex‘ac.‘\';on

moc\}‘;’)f Whis e,x?e,c."l'a'\'\'ans for the

c,onse,iuenc,e, of that measuremen+

hecackion?
™
Nl
/

T
\ /

R

S

\

/




O‘ole,c‘k'; of Luterest

Weatherman .

][%v\ov‘a\nc.e, O‘Q \N\’\Ot'\' 13_.

Q W QV\'\' uwm Obs ervey ..

I_%,v'\or‘aw\c..e, 0'9 w\nq'\\‘ wou\o\

come abou(\" :\f_ .

/

““‘\r\e,” Ci’uqn-\'um 5\—4\‘\’6



N N\ eoSWnWYemm e,ﬂ"l':

Does ¥ veveaol a ?re.,-e,hs‘\‘ln% ;

bu+ U\ﬂ\&nowr\) VO\\U\E.?
oY

Does t v some sence g0 toward

X'y &q'\"'\v\% tve very va\v\&?



EPR Cvriterion of Rbaﬁ"l‘y

" If, without in any wWay o\}s‘\"ur\o'sna, a
575"\'e.m Lone can 9«\'\«2& *he informalion
vecLu'we.:\ +o] Al e,clic,"f‘ W.I-"\’\ c,e,r“‘a'\n"\'y
(':.-.e,., with f)ro\oqb"\ier eiuq\ to ku“')/)
twe value of a F\n}rs:ctﬂ q’uav\'\':'b/,
then theve exists an element of
P\nys'nca\ v'ea\‘n'\'/ c.ov'wre,spono\'nhg, +o
+his F\r\)r.s'\c al iuan"':‘\?’.”



Motivared b’j EPR

Conside,v '\'wo SPQ'\"\Q\\)/ Se,pooro\'\'e,c\
clux‘\'rl'\‘s  oa ma\x'\v-nO\\\)r en‘\‘qn%\ec\
S a'\'&: 3

lEPR) = DA

7 7

Ass Uuynm & \ocq\'\‘\‘y.

Now weasure the left one any
WQY yau \1ke.. Say wl“‘\‘\ A oYy B y '\‘wo

Y\OY\AQ.%Q,T\ evaYe Y\o'nc,ommu"('.\n%

K

obsevvables.



S0 measurement s s'\mP\eJ

revela¥ion after all ?

3

1+ hevre |
r 12 3
i C an ?Y‘e,o\;cf" “'\nexe,,
JL"L

4
elewent of

Y‘e.q\;'\"y

F R

I-FA heve,
3 1 2
Cawn P*”e'cl'\cf\“/L there,
3 } 3

elem &n’\' a‘r'

re.od'd')/



EPR STill Twmelodes

But wust consider many mere

boses than Two. ("‘44‘46)

€L el emevit
# OF Y'Q.Q‘;"')/
= &) elewent
O'F Y‘e.f-\‘;"')a

e\ em e.n+

= o& re.n‘:'\y

\An'\';\ (..on‘\'\f‘qc»\;c:\-;o‘ﬂ.

(H'\n"\")'\'\'\\n\k o'c Koc\-\en-specke.r.)



K.OC.-\’\&-Y\ - SP e,c.\«e,v'

Su?pose, -\-\r\e,y a1 a Pre,-e,x‘\s\‘.

Then we should be able Yo
C.o\or e,ve,v-y 5&‘\' o'? ov'"t\nogowq\

Y'Q.)lS IV\ \'R3 Y‘&A' 3Y’€;€.ﬂ —%v’e.e,n.

\




Kochen - Specker

C Ow\Y‘\o‘\' b& C.O\OY‘QJCX .o

33 rays , Peres

( Wwhewn c.om‘:\e;\‘eés wite Full triads, covnsisYs
of 4O Yviads made Tvom 57 f‘o;ys)






World Competition

d-3
n_ W Whoe
‘\7 V\oc‘qe,n a\rA S\oec\(er
o —JoS‘\'
33 Schutte
33 Peres
33 Penvrose
31 C on way and, Koc\-\e__h
A =4
40 Ve,-nr'ose,
28 Zimba and Penrose
14 Peves
10 Ker‘\f\qz\-,a;n
18 C ave Vo ; et al.




OWF@:OJ fw..mn,w\ Mu,\.ocuﬂ TS ﬂu.wﬁ

_ __ ; , : 4
UOQOH.,O oorﬁ‘:-pmvéwéaooeo 1-1-11! :.-HLH»-H»TFH-L

| , _ﬂ
|00t0/0100/11411111 0100(1211/111 411144111
1100/1010 H»oo:.o.ao..»ooﬁwoo-af-poomHopo:oo:

1100/10 1000110101 |100-1 Oﬂ-ﬂo_ooimo»o-:oﬁ.woﬁ
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The Pauli’an Idea, 1

[Einstein and I] often discussed these questions, and I invariably prof-
ited very greatly even when I could not agree with Einstein's views.
“Physics is after all the description of reality,” he said to me, continu-
ing, with a sarcastic glance in my direction, “or should I perhaps say
physics is the description of what one merely imagines?” This question
clearly shows Einstein’s concern that the objective character of physics
might be lost through a theory of the type of quantum mechanics, in that
as a consequence of its wider conception of objectivity of an explanation of
nature the difference between physical reality and dream or hallucination
become blurred.

The objectivity of physics is however fully ensured in quantum mechan-
ics in the following sense. Although in principle, according to the theory, it
is in general only the statistics of series of experiments that is determined
by laws, the observer is unable, even in the unpredictable single case, to
influence the result of his observation—as for example the response of a
time. Further personal-gquahttesofthre

Iy
)
= EME R o b o s

counter at a particular instant of

Just as in the theory of

relativity a group of mathematical transformations connects all possible

coordinate systems, so in quantum mechanics a group of mathematical

transformations connects the possible experimental arrangements.
Einstein however advocated a narrower form of the reality concept ...

Wolfgang Pauli
“Albert Einstein and the Development of Physics,” 1958
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Bell Theorems
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Axioms: Quantum
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I want you to frame a question, as sharp and clear as possible—one to
which you do not yet know the answer, but desperately want to know,
and expect someday to know.

Pretend to be David Hilbert. The Millennium is approaching. Issue
a challenge to the quantum theorists of the 21st century. List the key
questions they should seek to answer. Hard questions, but not hopelessly
hard, questions whose answers could transform our understanding of how
the physical world works.

— John Preskill
12 August 1998
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