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Probabilistic
measurements

oni No-signalling

No-cloning
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Feynman’s Rules of
Quantum Theory

RIS a0 S 00 O e e I =i e B e S e T e e et T e e TRePage*18/1s¢76



Pirsa: 10050055 Page 19/176



Pirsa: 10050055 Page 20/176



Z:Z1+...+Z5

irsa: 10050055 Page 21/176



Pirsa: 10050055 Page 22/176



irsa: 10050055 Page 23/176



Pr(BIA) o |z|’

Pirsa: 10050055



Pr(BIA) o |z|’

Pirsa: 10050055



Feynman's Rules of Quantum Theory

e Sum Rule
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Feynman's Rules of Quantum Theory

e Sum Rule

Z=ZI_+ZQ+ZS+'.'

* Product Rule

Zp = U vy

* Probability Rule
P= z|”
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p=p1+p2+ 2\/p1p2coso
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Experimental Framework
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Stern Gerlach Measurement
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Stern Gerlach Measurement
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—xperimental Setups

Pirsa: 10050055



Pirsa: 10050055

Combining Sec

UENCES

PPPPPPPPPP



Combining Sequences
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I
Commutativity of Parallel Combination

AV B —BvVaA

Pirsa: 10050055



Pirsa: 10050055




Pirsa: 10050055 Page 47/176



Pirsa: 10050055 Page 48/176



BIES a0 0 S 0 S S E i ™ e e e o T e e i Pl e i e . s e e e o 1 e SPage 149176



(AV B)VC
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(AV B)VC



Associativity of Parallel Combination

(AVB)VC = AV (BVvVC(C)
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Associativity of Series Combination

€4 By-C— A (i O
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(AVB)-C



(AVB)-C=(A-C)V (B-C)
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Distributivity

(AVB)-C=(A-C)V (B-C)
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Distributivity

(AVB)-C=(A-C)V (B-C)

A-(BvC)=(A-B)V(A-C)
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Logic of Process
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Logic of Process

(AvVB)VC =AvVv (BVvC(C)
AvB=BVA
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Logic of Process

(AvBYVC=Av(BVvC)
AvB=BVA

(2B -C_A (i €
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Logic of Process

(AVB)yVC =Av(BvC)
AvB=BVA
(A-B)-C=A-(B-C)
(AvVB)-C=(A-C)Vv(B-C)

A-(BVC)=(A-B)V(A-O)
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Logic of Process

(AvB)vC =Av (BVvC)
AvB=BVA
(A-B)-C=A-(B-C)

(AVB)-C=A-C)Vv(B-C)

Pirsa: 10050055

A-(BvVC)=(A-B)V(A-O)
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(AvB)vC=Av (BvC(C)
AvB=BVA
(2-B)-C—A-(B-C]

(AvVvB)-C=A-C)Vv(B-C)

A-(BvC)=(A-B)V(A-C)




Logic
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Representation

Logic |—P| Calculus
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Complementarity
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Representation

a — ((1,1, ag)
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l Representation

a — ((1,1, 0,2)

< 7

Pr(ms, ms|mq)
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(AvB)vC=AV(BVC)
AvVB=BVA Representation
(A-B)-C=A-(B-C) —> Calculus
(AVB)-C=(A-C)V (B-C)

A-(BVC)=(A-B)V(A-C)
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(AvB)vVC=AVv(BVvC(C) | atsb=b%a
(azb)zc=a< (bzc)

AvB=BVA Representation F
(A-B)-C=A-(B-C) q (a@b)0e=ac(be¢)
(AvB)-C=(A-C)v(B-C) | (aob)Oe=(aGe)d(be €

A-(BvC)=(A-B)Vv(A-C) a@ (bse)= (a0 b)®(ade)
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a¢cb=b%sa
(asb)ece=a% (bsc)

(a@b)oe=a®(bd )

(a2 b)Ce=(aCe)& (be e
a®(bgfe)=(acGb)E(acc)
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acbhb—bCa

(azb)cec=a<(bzc)

Aczel & Hosszu
(1956)
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atsb=bc¢a

(azb)cc=a+(b%c)

Aczel & Hosszu
(1956)

'b) = f(a) + £(b) (acb)sc=ac(bec)

(a2 b)Ce=(aCe) & (b e)
ac(besec)=(ac@b)&(acc)

pay
~
&)

One-to-one
transformation of
pair-space
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a:b — (_”l —"—h[-”‘_}: _'_hj]
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acb=(a;+b,a>+b)
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a%b — [{I.l =3 bl.{l-g +b3)
(agbhcece=(ace) = (bae)

aE(bSe)=[(aah c{at e

(a@b)oe=a® (b®c)
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a%b — ({I.l +b1.{12 —1"—62)

(2D oce={azc)= (baa)
az (b@e)=[(acoh) & (a3 )
a® b= (ma1b1 +vy2a1b2 + y3a2b1 +y1a2bs, (a ~ b) Ce—=a0 (b P C)

vsa1by +vea1bz + yrazby + yzazba)
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r‘l ‘ b::"fi'.l'r';}] :_H'Tf.r'llr_,i-‘l—_":if'r-')';r_.l-: __'-:ff-',lf?.l‘-'l_ ; )
’ Ry e B vsaniy (a@ b)

vsa1by +v6a1be + v7a2by +y=azbs
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a® b= (yv1a1by +y2a1b2 + y3a2by + v4a2bs.

"3”151 . ‘.n”lhj 5} T ”T”:fn + “.h”jhzz )

ac(boec)

(acGb)Ee
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a® b= (y1a1b1 + y2a1b2 + y3a2b1 + Y4a2b2,

".-aﬁlbl + vea1b2 + "::*“-251 5 = ".-:.-s*f--!zb?.]

(acGb)oe=ac(bo )

Commutative
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a® b= (y1a1b1 + v2a1b2 + y3a2by + v4a2b2,

Y5a1b1 + Yvea1b2 + yraz2by + ysa2b2)

(acb)ece=ac(bo c)

Commutative

Non-Commutative
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a® b= (y1a1b1 +y2a1b2 + y3a2b1 + v4a2b2,

-

..,.-;ulbl — "'j-{;ﬂ-lbg -5 "‘;';*r.l,gbl -+ "‘Iu;_-gu-_]bg]

(acb)oe=ad(bo )

(@1b1 — azba, a1ba + azby)
({Ilbl ) {1162 + {121)1) Cﬂmmutﬂﬂve

acCh= (a1b1 + asbs, ar1bs + ashy)

Non-Commutative
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Consistency with
Probability Theory
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1--1'119- > IT1-
J
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[p(a © b)J

acb)
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pla

p(a) p(b)
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p(a® b) = p(a) p(b)
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p(a® b) = p(a) p(b)

((I,lb]_ — {IQbQj (I,lbg = (Igb]_)
(a1b1 ,a1ba + azbq)

aGOb= (@104 ,~. asbs)
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p(a©b) = p(a) p(b)

(alb]_ — (IQbQ? albg =3 (Igbl)

(a1bq ,a1ba + a2by)
a® b= (@104 : azb)
(a1bl , a1bs )

(ﬁlbl ; G2b1)
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a®b
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((I.lbl = (I,ng,, ale = 3 (Igb]_)

(ﬁlbl

(@104

(albl

(ﬂlbl

p(a® b) = p(a) p(b)

,a1bs + a2by) pla) = |a;
asbs) pla) = |a;
3 albz )
azb1)

pla) = (a% + a3

)ﬂ/{

o E,:_"}ag/a.l

a|a2|,d



p(a© b) = p(a) p(b)

(a1by — azbz, arbs + azb1)  pa) = (af +a3)”
((I]_b]_ ’ '1162 5 3 azb]_) p(a) = |aq ‘—Te.ﬁﬁ‘.ﬂ./‘ﬁ-l

a® | = ('(I,lbl ] agbg) p(a) = |ay alazld
(ﬂrlbl ] a1bs ) p(a) = |a-l|a

(a1b asby)
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p(a® b) = p(a) p(b)

' (a1by — a2ba, a1bs + azby) p(a) = (a? +a2)™
(a1b1 ,a1bo + asbq) p(a) = |a, [*efa2/a
a® b — (ﬂ’:lbl ; ﬂgbg) p(a) = |ay a|a2|j
|
l




p(a® b) = p(a) p(b)

(a1by — asbz, arbs +azh1)  p(a) = (af +a3)”

o _[Pas/ai

a®b= (@161 ,a1bs + azby) p(a) = |a1|"e

(a10q ; ﬂsz) pla) = |ay ":'5|=’1--'_t»~.|"j
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Repeated Measurements
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Repeated Measurements
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Repeated Measurements
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Repeated Measurements

(albl == (Igbg, albg S = (lgbl)
a = ((lel . a162 5 = azbl)

(@1bq : a2bs)



Repeated Measurements

atG b=

(:{Ilbl — Cijb*'_}.fllb‘_) = B {Egbl)
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Repeated Measurements

a ’E‘ b — (a.lbl — a.gbg. {I-lbg = 3 agbl)

p(a) = (af + a3)



Summary
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Summary

e Sum Rule

a® b= (a;+ b,as + bo)
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Summary

¢ Sum Rule

a® b= (a;+ b,as + bo)

e Product Rule

a® b= ((Ilbl — asbs,a1bs + (lgbl)
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Summary

¢ Sum Rule

a® b= (a;+ b,as + bs)

e Product Rule

a® b= ((Ilbl — asbs.,a1bs + (Lgbl)

* Probability Rule

p(a) = ai + a3
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Associativity and
Commutativity of &
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Associativity and
Commutativity of @

H.":Tb:(ﬂ]_ ‘|—b1:ﬂ-2 ‘i‘bg)

Distributivity (of © over @)
and Associativity of ©
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Associativity and
Commutativity of @

aEﬁ—:b:(ul +b1,ﬂg+bg)

Distributivity (of © over @)
and Associativity of ©

(@1by — asba, arbs + asby)

(@iby ,aybs + asbhy)
ac b= (@rby + asbs. aybs + aszby )
(ﬂ.lbl 3 ﬂlbg }
(@1by ; asby )
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Associativity and . e,
Commutativity of @ | p(a® b) = p(a) p(b)

a%b:(ul +b1:{12+62)

Distributivity (of © over @)
and Associativity of ©

(@phy — asba. arbs + asby )

(@yby ,arbo + ashy)
ac b= (@rby + asbs. aybs + aszby)
(@yby .aybs )
[ﬂlbl = ﬂgb]_}

Pirsa: 10050055 e Page 133/176



Associativity and =
Commutativity of @ pr(a© b) = p(a) p(b)

(@1by —asbs.aybs + aaby)
a@ b= (arby .airbs +asby)
(@a1br + asbs. a1bas +aab)

acb=(a; +b;,a2 +b)

1

| I

Distributivity (of © over @)
and Associativity of © |

(@1by — asbs, arbs + a2by)

(@iby ,arbo + ashy)
ac b= (@rby + asbs. aybs + asxby)
[ﬂ.lbl = ﬂ.]_bg ]
(@1by ; asb )
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Associativity and w5
Commutativity of @ | 'p(a © b) = p(a) p(b)

(@b —asbs. aybs + asby )

ac b= (@1b1 .arbs +asby )
([I-lbg_ +aoba.ai1bo —'|—£Egbl)

a%b:(ul +b1:ﬂ-g‘|—bg)

| I

Distributivity (of © over @)

and Associativity of © Repeated Measurements

(@b — asbs, arbs + asby)

(@iby .arbs +ashy)
ac@ b= (@rhy + asbs. aybs + azby)
(ﬂ.lbl 3 ﬂ.]_bg :I
(@1by ; asby )
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Associativity and =
Commutativity of @ | p(a ® b) =p(a) p(b)

(@1by —az2bs, a1by + azby)
ac b= (a@1by .arby +asby)
(a1br + a2bs. a1bs +aaby)

T

H."jb:(ﬂl ‘i‘bl:ﬂ-g‘I‘bE)

Distributivity (of © over @)

S5
and Associativity of © . | Repeated Measurements

(@1by — asba. arbs + asby )
a®b = (aib; — azby, a1bs + azb,)

(@1by ,arbo + asby)

a E b = [ﬂ.lbl — ﬂﬂ.b?_.f ﬂ}_b?__ :_azbl}
e 2
(@1by . aybs ) p(A) = aj + as

(@1br : asby)
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Steps to von Neumann—Dirac Formalism




Steps to von Neumann—Dirac Formalism

* Composite Systems

aaokb—= (a.lbl = C{.gbg, (11()2 & f.!jbl)
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Steps to von Neumann—Dirac Formalism

* Composite Systems

aab— (a.lbl — ﬂ.gbg. ﬂ.lbg i L’ijl)

* Hermitian Representation of Measurements
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Steps to von Neumann—Dirac Formalism

*« Composite Systems

aakb—= ((I-lbl = C{.gbg. (I.lb-_’:-! & (ijl)

* Hermitian Representation of Measurements

* Unitary Evolution of State Vector

v =Uv
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Steps to von Neumann—Dirac Formalism

* Composite Systems

aakb = (a.lbl = C{.gbg, (I.lbg —+ L’ijl)

* Hermitian Representation of Measurements

* Unitary Evolution of State Vector

v =Uv

* Temporal Evolution Operator
U:(dt) = exp(tH dt/h)
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Feynman’s rules are a

of a which is

consistent with probability theory




A . S

_——

- I *.f; D
An implication

‘The Quantum Formalism is

-
_—

explicitlviabout and

r - F

(particles & fields).




Representation
E ) Real Number

Loglc Arithmetic
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Logic

Pirsa: 10050055

Representation

—

at+b=>b+a
(a+b)+c=a+ (b+c)

(aeb) xe=ax{@xe)

(a+b) xe=(axec)+(bxe)
ax (b+e¢)=(axb)+(axc)
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Logic

irsa: 10050055

atb—0"Ia
(a+b)+c=a+ (b+c)

(axb) xe=ax ({(Bxe)

(a+b) xec=(axec)+(bxe)
ax (b+e¢)=(axb)+(axc)
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(AvB)vC=AVv(BVvC)
AvB=BVA
(A-B)-C=A-(B-C)
(AvVB)-C=(A-C)Vv(B-C)

A-(BVC)=(A-B)V(A-C)

irsa: 10050055

Abutraction

|

a+b=>b+a
(a+b) +c=a+ (b+c)

(axb) xe=ax({@xe)

(a+b) xe=(axec)+(bxe)
ax (b+e¢)=(axb)+(axc)

Page 148/176



(AVB)VC=AV(BVC)
AvVB=BV A

(A-B)-C=A-(B-C) q

(AVB)-C=(A-C)V (B-C)

A-(BVC)=(A-B)V(A-C)
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(AVB)VC=AV (BVC)
AVB=BV A
(A-B)-C=A-(B-C)
(AVB)-C=(A-C)V(B-C)

A-(BVC)=(A-B)V(A-C)

Pirsa: 10050055

atcb=bga
(aesb)sc=as (bzc)

Greneral

R

Representation

(acGb)oe=ae(bee)
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(AvVB)vC=AvVvV(BVC)

AVB=BVA Real-Valued

(A-B)-C=A-(B-C) q

(AVB)-C=(A-C)V(B-C) Representation

A-(BYC)—(A- BV (4-C)

Pirsa: 10050055 Page 151/176



P (AVB)VC=AV(BVC)

AvB=BVA Real-Valued l @ b — a _I_ b

(A-B)-C=A-(B-C) q

(AvVB)-C=(A-C)V (B-C) Rt’Pf't’Jt’!E&IJ_’I}}H '

A-(BVC)=(A-B)V(A-C)
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(AVB)VC=AV (BVC)
AVB=BVA
(A-B)-C=A-(B-C)
[}|:(AVB)-C‘—(A-C‘)V(B-C)

A-(BVE)—(A-B)V(4-C)

irsa: 10050055

Real-Valued

—

Representation

abb=—alb

aRb=axb
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(AVB)VC=AV (BVC)
AVvB=BV A
(A-B)-C=A-(B-C) —>
(AVB)-C=(A-C)V(B-C)

A-(BYC)—(A-B)v(4-€)
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(AvVB)vVC=Av(BVvC)

AvB=BVA Pair-Valued

(A-B)-C=A-(B-C) q

(AVB)-C=(A-C)Vv (B-OC) Rﬂpf‘ﬂit’nfdnﬁn -

A-(BVEC)—(A B)v(4-€)
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a®c b= (a; + b1.a2 + bs)
E |:(AVB)VC.4V(BV(’)

AvB=BVA Pair-Valued

(A-B)-C=A-(B-C) _”

(A V B] - = {A : C’) \/ (B : C) prf‘t’dt’nhlfﬂ?ﬂ '

A-(BVC)=(A-B)V(A-C)
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(AvB)vC=Av(BVvC)
AvB=BVA
(A-B)-C=A-(B-C)

PliavB)-c=Aa-¢)v(B-C)

A-(BVC)=(A-B)V(A-C)

Pair-Valued I

| q | (a1 ,a1bs + ashy)
|

Pirsa: 10050055

act b= (a1 + bi,az + b2)

=

I | (a1by — asbs.aybs + asby) |

Representation, a@b = | | (aiby + azbs,a1bs +asby) |
| ; S

| {H.]_E)]_ .aibs )

. | |

| | (a1by - azby)
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Quantum Theory

-

=2h—he a2

(azb)sc=as (bEc)

(aob)oec=ae (bee)

 @a@b)oc=(acc)@(boc) |

: a®@(bgsc)=(@aeb)e(adc)

-

p(a® b) = p(a) p(b)

Repeatability Argument

irsa: 10050055

'

Complex Structure

#

.,

Mathematics

x.

acsb=b&a ]
(azb)zc=a= (b=c)

(acdb)cec=ac (bee) ]

(aeb)Oec=(aGe) & (bCc) l

a® (b&c)=(a@b) g (a@ ¢

—_

Existence of multiplicative
Inverses

v

Complex Structure
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Quantum Theory Mathematics

f acb=baa w f acb=baa

. (aeb)sc=as (bsc) (azb)Ec=a<+(bzc)

[ (acb)oec=ac (b c) |  (aob)ee=ac (bo¢) ]
Gehce Gaoga@ae | oo e—GodaiBes |
a®(bgc)=(@eb)e(adc) ‘ a®@(béec)=(acb)® (a® c)

\:‘“ ¥, \ ";_)'
+ +
p(a®b) = p(a) p(b) ! Existence of multiplicative !
Repeatability Argument inverses

Complex Structure Complex Structure
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Classical Measurement
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Classical Measurement
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Classical Measurement

Every agent has “God’s Eye” view
of the state of a system

Concept of Information is
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Classical Measurement ~  Quantum Measurement

Every agent has “God’s Eye” view
of the state of a system

Concept of Information is
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Classical Measurement Quantum Measurement

Every agent has “God’s Eye” view
of the state of a system

Concept of Information is |
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Classical Measurement Quantum Measurement

Deterministic outcomes Probabilistic outcomes
Complete Accessibility of State Partial Accessibility of State
(Complementarity)

Every agent has “God’s Eye” view Agents have informationally-restricted
of the state of a system view of the state of a system

___Concept of Information is Concept of information is
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redundant fundamental
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