Title: The logic of quantum mechanics - take |l
Date: May 10, 2011 10:50 AM
URL.: http://pirsa.org/11050032

Abstract: It is now exactly 75 years ago that John von Neumann denounced his own Hilbert space formalism: | would like to make a conf
which may seem immoral: | do not believe absolutely in Hilbert space no more."” (sic) [1] His reason was that Hilbert space does not elucidate
direct manner the key quantum behaviors. One year later, together with Birkhoff, they published &quot;The logic of quantum mechanics&
However, it is fair to say that this program was never successful nor does it have anything to do with logic. So what is logic? We will conceive
in two manners: (1) Something which captures the mathematical content of language (cf "and’, “or, 'no', 'if ... then' are captured by B
algebra); (2) something that can be encoded in a ‘'machine' and enables it to reason. Recently we have proposed a new kind of “logic of .
mechanics' [4]. It follows Schrodinger in that the behavior of compound quantum systems, described by the tensor product [2, again 75 yea
that captures the quantum behaviors. Over the past couple of years we have played the following game: how much quantum phenomen:
derived from “composition + epsilon'. It turned out that epsilon can be taken to be “very little', surely not involving anything like continuum, fi
vector spaces, but merely a "two-dimensional space' of temporal composition (cf "and then') and compoundness (cf "while'), together with sol
natural purely operational assertion. In a very short time, this radically different approach has produced a universal graphical language for g
theory which helped to resolve some open problems. Most importantly, it paved the way to automate quantum reasoning [5,6], and also en
model meaning for natural languages [7,8]. That is, we are truly taking "quantum logic' now! If time permits, we also discuss how this logica
has helped to solve concrete problems in quantum information. [1] M Redei (1997) Why John von Neumann did not like the Hilbert -
formalism of quantum mechanics (and what he liked instead). Stud Hist Phil Mod Phys 27, 493-510. [2] G Birkhoff and J von Neumann (193t
logic of quantum mechanics. Annals of Mathematics 37, 823843. [3] E Schroedinger, (1935) Discussion of probability relations between sej
systems. Proc Camb Phil Soc 31, 555-563; (1936) 32, 446-451. [4] B Coecke (2010) Quantum picturalism. Contemporary Physics 51,
arXiv:0908.1787 [5] L Dixon, R Duncan, A Kissinger and A Merry. http://dream.inf.ed.ac.uk/projects/quantomatic/ [6] L Dixon and R Dun
(2009) Graphical reasoning in compact closed categories for quantum computation. Annals of Mathematics and Articial Intelligence 56, 2342
Coecke, M Sadrzadeh &amp; S Clark (2010) Linguistic Analysis 36. Mathematical foundations for a compositional distributional mod
meaning. arXiv:1003.4394 [8] New scientist (11 Dec 2011) Quantum links let computers read.
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INTRODUCTION




TENESIS —

[von Neumann 1932] Formalized quantum mechanics

In vViathemall € Urundlagcn der
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[von Neumann 1932] Formalized quantum mechanics
in “Mathematische Grundlagen der Quantenmechanik™

[von Neumann to Birkhoff 1935] I v
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[von Neumann 1932] Fn!m‘.:hhk quantum mechanics
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[von Neumann to Birkhoif 19335] 1 v

[Birkhoff and von Neumann 1936] The Logic of
Quantum Mechanics \f 1t
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— genesis —

[‘s on Neumann 1932] annuh?u quantum mechanics
in “Mathematische Grundlaeen der Quantenmechanik™

[von Neumann to Birkhoff 1935] 1 would hke

‘_:L._. e "‘::-"'."'*! =) . 1y T

[Birkhoff and von Neumann 1916] The Logic of
Quantum Mechanics 1 Vat

[1936 — 2000] many followed th
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[von Neumann 1932] FH!HL:[I?L d quantum mechanics

‘A 1'

in ““Mathematische Grundlagen der Quantenmechanik™

[von Neumann to Bll"l\hi}ff 1935] -

[Birkhoff and von Neumann 1‘)16] The Loegic of
Quantum Mechanics in Annals of Mar ?

[1936 - 2000] many followed them. ... and FAILED
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— [f1e mathnemarics ojJ i —

Hilber space stuff: continuum. field structure of com-
plex numbers. vector space over it, inner-product, etc.
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— (1€ matnnemarics ojJ i —

Hilber space stuff: continuum. field structure of com-
plex numbers. vector space over it, inner-product. etc.

WHY?

von Neumann: only used i7 since ir was ‘available’.
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Hilber space stuff: continuum. field structure of com-
plex numbers. vector space over it, inner-product. etc.

WHY?
von Neumann: only used /7 since /7 was “available’.

Model theory: one can do almost anything with
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— the mathematics of it —

Hilber space stuff: continuum. field structure of com-
plex numbers. vector space over it, inner-product. etc.

WHY?
von Neumann: only used /7 since ir was “available’.

Model theory: one can do almost anything with /7.

'= i comes with little conceptual content =
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— the mathematics of 1f —

Hilber space stuff: continuum. field structure of com-
plex numbers. vector space over it, inner-product. etc.

WHY?
von Neumann: only used 7 since /7 was “available .

Model theory: one can do almost anything with 7.

\—= ir comes with little conceptual content =

SO WHAT ELSE SHOULD ONE USE THEN?
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%

von Neumann crafted Birkhotf-von Neumann Q
Logic to capture the concept of superpeosition.
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von Neumann crafted Birkhoft-von Neumann Quan-
‘Logic to capture the concept of superpeosition.

Schriodinger (1935): the stuff which is the true soul of
quantum theory is how quantum svstems compose.
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— the physics of 1t —

von Neumann crafted Birkhoff-von Neumann Quan-

‘Logic’ to capture the concept of superposition.

Schriodinger (1935): the stuff which is the true soul of
quantum theory 1s how quantum svstems compose.

Quantum Computer Scientists: Schrodinger is right!

Page 18/175



Pirsa: 11050032

— the {Jﬁrf_l'kf{'\ of 1f —

von Neumann crafted Birkhott-von Neumann Quan-

_

‘Logic’ to capture the concept of superpeosition.

Schrodinger (1935): the stuff which 1s the true soul of
quantum theory 1s how quantum svstems compose.

Quantum Computer Scientists: Schrodinger is right!

73 years later Birkhoff-von Neumann quantum ‘logi-

cians still fail to elegantly capture composition of quan-
tum systems. ... nor much else neiter. ...
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— the physics of it —

von Neumann crafted Birkhoft-von Neumann Quan-
‘Logic’ to capture the concept of superposition.

Schrodinger (1935): the stuff which is the true soul of
quantum theory 1s how quantum systems compose.

Quantum Computer Scientists: Schrodinger 1s right!
73 vears later Birkhoff-von Neumann quantum ‘logi-

cians still fail to elegantly capture composition of quan-
tum systems. ... nor much else neiter. ...
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1.c. axiomatize -~ without reference to spaces.
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— the gcame plan —
Task 0. Solve:
‘—;1-—» e e T R N R TR T -_—_-‘—-_,----!-—!-‘—--r-;
e L e N B ;--—---H-'.-ll.-.-'.- e e A N b A L N
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1.c. axiomatize -7 without reference to spaces.

Task 1. Investieate which assumptions (1.e. which struc-
| s needed to deduce physical phenomena
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1.c. axiomatize -~ without reference to spaces.

Task 1. Investigate which assumptions (i.e. which struc-
leduce physical phenomena

Task 2. Investicate wether such an “interaction struc-

Isewhere 1n ““our classical reality™
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Outcome la:

Pirsa: 11050032 Page 27/175



came plan —
Task 0. Solve:
T O e, T . — py ag— g 17 M
snsor product structure
LT ~+ A ot EF ==
. Ny = - . B O, TR et e b L L

1.c. axiomatize ~ -~ without reference to spaces.

Task 1. Investicate which assumptions (1.e. which struc-
=duce physical phenomena’

Task 2. Investicate wether such ai

Isewhere 1n “*our classical reality™
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Outcome la:
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— [11e game plan —
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1.¢. axiomatize - without reference to spaces.

deduce physical phenomena

Task 2. Investicate wethes

Isewhere 1n *“our classical reality™
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Outcome la: “*Sheer ratio of results to assumptions™
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Outcome la: “*Sheer ratio of results to assumptions™

confirms that we are probing something very essential.
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Outcome la: “*Sheer ratio of results to assumptions™
confirms that we are probing something very essential.

Outcome 1b: Exposing this structure has already helped
to solve open problems elsewhere. (e¢.g. 2< ICALP 10)
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Outcome la: “*Sheer ratio of results to assumptions™
confirms that we are probing something very essential.

Outcome 1b: Exposing this structure has already helped
to solve open problems elsewhere. (e.g. 2:< ICALP’10)

Outcome lc: Framework is a simple intuitive (but
ricorous) diagrammatic language.
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Outcome la: “*Sheer ratio of results to assumptions™
confirms that we are probing something very essential.

Outcome 1b: Exposing this structure has already helped
to solve open problems elsewhere. (e.g. 2x< ICALP'10)

Outcome lc: Framework is a simple intuitive (but
rigorous) diagrammatic language. meanwhile adopted
by others e.g. Lucien Hardy in arXiv: 10035.5164:

. we join the guantum picturalism revolution [1]”
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Outcome 2a:
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Outcome la: “Sheer ratio of results to assumptions™
confirms that we are probing something very essential.

Outcome 1b: Exposing this structure has already helped
to solve open problems elsewhere. (c.g. 2< I[CALP 10)
Outcome l¢: Framework is a simple intuitive (but
rigorous) diagrammatic language. meanwhile adopted
by others e.g. Lucien Hardy in arXiv: 1003.5164:

"... we join the guantum picturalism revolution [1]”
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Outcome 2a:
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Outcome 2a:

Behaviors of matter /4 hH ' ¥ [1CS ()4 want-ph( 4
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WHAT IS “LOGIC™?
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WHAT IS “LOGIC™™?

Definitely not Birkhofif-von Neumann quantum logic.

which. by definition. 1s
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WHAT IS “LOGIC™?
Definitely not Birkhoff-von Neumann guantum logic,

which. by definition. is “logic v ut deduction’, nor

1s it some metaphysical jaregon (cf. Putnam. Omnés, ...)
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WHAT IS “LOGIC™?

Pragmatic option 1: Logic is structure in language.
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WHAT IS “LOGIC™?

Pragmatic option 1: Logic is structure in language.
“Alice and Bob ate evervthing or nothing, then got sick.”

connectives (/. - and. or
eoation - not (cf. nothine = not something)

iilment = ) : then

! B —| . everviining). somelining)
e S RTERE
RS LATIES . rmng

riable . .1.'Jf-t't:". th*"-'

predicates |/ F /1) earing, getting sick
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— the logic of it —
WHAT IS “LOGIC™™?
Pragmatic option 1: Logic is structure in language.

Pragmatic option 2: Logic lets machines reason.
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WHAT IS “LOGIC™?
Pragmatic option 1: Logic is structure in language.
Pragmatic option 2: Logic lets machines reason.

Cf. the soff incarnation of Al in robotics. automated
theorem proving. automated theory exploration, ...

theory 1 8§ B ~oucreren

s J'\E—i Sarus 3 | e | = At L] O B gy ¥ et reapm Ly
~y ~
rooss 3 ra -~ 3 I i
nEme meCneT gre=t gift
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— the logic of it —

WHAT IS “LOGIC™?
Pragmatic option 1: Logic is structure in language.
Pragmatic option 2: Logic lets machines reason.

Our framework appeals to both senses of logic,
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— the logic of 1t —

WHAT IS “LOGIC™™?
Pragmatic option 1: Logic is structure in language.
Pragmatic option 2: Logic lets machines reason.

Our framework appeals to both senses of logic, and
moreover induces important new applications:

| . ey 1L TRy S PR TR SO T T
1_11' Lxlik;.'. !\.:.a.].l' }..ll.l"'_\. I"I.i'.".-'ﬂu.--"‘I"""JI.‘].._.I--

truth to mean 1 1 0

cientist

~ News

December 2010
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— the logic of it —

WHAT IS “LOGIC™™?
Pragmatic option 1: Logic is structure in language.
Pragmatic option 2: Logic lets machines reason.

Our framework appeals to both senses of logic, and
moreover induces important new applications:

From truth to meaning in natural language processing:
= NewSuentlst December 2010

utomated theorem generation for graphical theories:
— L ; ittp://sites._google.com/site/gquantomat

-~
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— N1e data .h'_.“ [ensor J‘H:__;'-I{' _—

~—output wire(s)

Dox =

~—input wire(s)
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BASIC TENSOR LOGIC




— the data of tensor logic —

~—output wire(s)

Dox :=

<— input wire(s)
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— the data of tensor :It'fifh' _

~—output wire(s)

Box :=

~—input wire(s)

Interpretation: wire := system : box := process
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— [ Ef{f.r{! H}*‘-f['ff\'r”' fru;‘ﬂf.j.(‘ —

—output wire(s)

BDox:=
~—— input wire(s)

Interpretation: wire := system : box := process

one system: n subsystems: no system:
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— [F€ Conneciives oy tensor ogic —
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— the connectives of tensor logic —

or causal or connected composition:
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— the connectives ;{I."" [ENSOr ;‘Ff!_.‘.{fi{' —

uential or causal or connected composition:

arallel or acausal or disconnected composition:
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— merely a new notation? —
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— e {_1' (d nNew HH&IHIHHLJ —_—

TR
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— EH‘EHHII !r. u’/l H”{ ft:[”ﬁ'\\ (as d ”t’”it’df N —

AL

connected dzsconnected
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— topological connectedness as a paradigm —

AL

connected disconnected
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T

connected disconnected

This is a digital paradigm:
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— topological connectedness as a paradigm —

f

connected disconnected
This is a digital paradigm:

() ~ no information-flow 1| ~ information-flow
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— topological connectedness as a paradigm —

dot = \?J ground = —T—

mixedness decoherencel| eigenstate

e I J—
: 3 \ A 4

complementarity | GHZ-state vs W-state
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A MINIMAL LANGUAGE
FOR QUANTUM REASONING




— Orapnical nolalion Jor siaies and {_er_I IS
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— graphical notation jor states and ejjects —
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I

notation Jor siailes and e _fi"f_ CIS =

— grapnicai

%
1
s

- —— -'——1_'"-“-' T

R — R
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* * ¢

e
_-\. F . \‘-\.1 " ‘/ ¥
i =2 s *s
&t o'
\M- T
. .~
'l'l . ™
" * \'.
o -\.. .-’r \‘ 3
. > . S
- ‘\-

Pirsa: 11050032 Page 77/175



Pirsa: 11050032 Page 78/175




F . Ir i .'F- : £ L i i ..'I y 3
grapnical notanon jJor siates and ejjecis —
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— adjoint —
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classical
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— N -'t"f‘H‘I?:{ (PUTE) ¢ Hﬁufi{{t meni —

guantum

classical

= introduce *parallel connection between systems’:

, &5
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L
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& s-a 2 B '.1--r
— guantum-like —

=

(L) =
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— \'fftﬁﬁ?{

- -
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— asserting (pure) entanglement —

:f‘rirff?f:’_ff??

classical

= introduce *parallel connection between systems’:

S
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— sliding

- -
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— quantum teleportation
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