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	Abstract

In	 quantum	mechanics,	 par1cles	 are	 divided	 into	 two	 categories:	 fermions	 and	 bosons.	 Fermions	
obey	Fermi-Dirac	sta1s1cs	and	bosons	obey	Bose-Einstein	sta1s1cs.	 	This	entails	that	an	exchange	of	
two	 fermions	 in	 a	 group	 of	 fermions	 results	 in	 a	 change	 of	 the	 many-par1cle	 state,	 whereas	 an	
exchange	of	 two	bosons	does	not	affect	 the	many-par1cle	 state	of	a	group	of	bosons	 (this	 implies	
that	while	bosons	 can	be	 in	 the	 same	single-par1cle	 state,	 fermions	 cannot).	Quantum	mechanical	
par1cles	can	also	possess	either	integer	spin	or	half-integer	spin.		In	rela1vis1c	quantum	field	theory,	
there	 is	 a	 fundamental	 connec1on	 between	 spin	 and	 sta1s1cs	 that	 is	 derived	 from	 the	 theory's	
axioms:	 	 fermions	must	possess	half-integer	spin	and	bosons	must	possess	 integer	spin.	 	However,	
there	 is	no	similar	explana1on	 in	non-rela1vis1c	quantum	mechanics.	 	 In	simpler	terms	there	 is	no	
simple	explana1on	for	why	two	half-integer	spin	par1cles	(such	as	electrons)	cannot	exist	in	the	same	
state,	whereas	integer	spin	par1cles	can.	 	This	raises	the	ques1on:	What	explains	the	spin-sta1s1cs	
connec1on	in	nonrela1vis1c	quantum	mechanics?	

In	 this	project,	we	conduct	a	 literature	 review	of	aNempts	 to	answer	 this	ques1on.	 	We	sort	each	
aNempt	 in	terms	of	the	type	of	philosophical	explana1on	it	provides:	causal-mechanical,	structural,	
or	unifying.	 	We	also	assess	its	strengths	and	weaknesses.	 	It	 is	important	to	take	this	philosophical	
approach	because	each	explana1on	purports	 to	describe	 reality	 in	 a	different	way.	 For	 example,	 a	
causal-mechanical	explana1on	always	requires	a	cause	while	a	structural	one	says	the	phenomenon	
is	a	consequence	of	imposing	mathema1cal	constraints.		

Introduc.on

“An	explana1on	has	been	worked	out	by	Pauli	from	complicated	arguments	of	quantum	field	theory	
and	rela1vity...	we	have	not	been	able	to	find	a	way	of	reproducing	his	arguments	on	an	elementary	
level...		This	probably	means	we	do	not	have	a	complete	understanding	of	the	fundamental	principle	
involved.”										(Feynman	1965,	pg.	4–3.)	
v Boltzmann	sta1s1cs:	imagine	modelling	all	the	par1cles	in	a	mole!	
v Fermi-Dirac	Sta1s1cs	Vs.	Bose-Einstein	sta1s1cs	
v What	explains	the	spin	sta1s1cs	connec1on	on	an	elementary	level?	

	

		

Background informa.on

What	is	the	probability	that	a	par1cle	is	in	state	A	and	a	par1cle	is	in	state	B?	

	

What	are	the	philosophical	categories	of	scien1fic	explana1ons?	

Deduc/ve	–
Nomological	

Explains	a	phenomenon	by	showing	how	it	can	be	derived	from	a	law	of	nature	(in	conjunc1on	with	
appropriate	ini1al/boundary	condi1ons).	

Unifica/on	 Explains	a	phenomenon	by	showing	how	it	can	be	derived	from	a	unifying	theore1cal	framework	
(i.e.,	a	theory)	that	maximizes	scope,	simplicity	and	stringency.	

Causal	 Explains	a	phenomenon	by	iden1fying	its	causes.	

Structural	 Explains	a	phenomenon	by	showing	how	it	is	a	result	of	constraints	imposed	by	the	mathema1cal	
structure	of	a	theory.	

Table	1.		Four	Types	of	Explana1on.	
	

Methodology


Read	and	analyze	papers	published	on	the	topic	

Sort	papers	into	different	philosophical	categories	

Assess	strengths	and	weaknesses	of	each	
explana1on	(in	nonrela1vis1c	quantum	mechanics)	

Data & results

Approach Explana/on	of	SSC Type	of	Explana/on Limita/ons 
Real	Forces	
(Mullin	&	Blaylock		2003;	Holland	1993) 

FD	 stats	 are	 due	 to	 repulsive	 forces	 and	 BE	 stats	 are	 due	 to	 aNrac1ve	
forces. 

Causal Not	an	aNempt	to	explain	SSC.		Only	works	for	spinless	systems. 

Topology	and	Kinks	
(Finkelstein	&	Rubinstein	1968) 

3-dim	 exchange	 of	 two	 indis1nguishable	 par1cles	 is	 topologically	
equivalent	to	a	twist	(kink)	in	one	of	them	and	the	iden1ty	on	the	other	
(first	rubberband	theorem). 

Causal	(in	the	appeal	to	kink-an1kink	pair	crea1on	and	
annihila1on)	 and	 Structural	 (in	 the	 appeal	 to	
topological	features	of	the	configura1on	space). 

To	 be	 applicable	 to	 non-rela1vis1c	 QM,	 must	 assume	 the	 existence	 of	
nonlinear	kink-an1kink	pairs	in	non-rela1vis1c	many	par1cle	systems. 

Topology	and	An/par/cles	
(Balachandran	et	a.	1991) 

3-dim	 exchange	 of	 indis1nguishable	 par1cles	 is	 accompanied	 by	 the	
corresponding	par1cle-an1par1cle	pair	crea1on	and	annihila1on	in	a	way	
that	underwrites	Finkelstein's	first	rubberband	theorem. 

Causal	 (in	 the	 appeal	 to	 par1cle-an1par1cle	 pair	
crea1on	and	annihila1on)	and	Structural	(in	the	appeal	
to	topological	features	of	the	configura1on	space). 

To	 be	 applicable	 to	 non-rela1vis1c	 QM,	 must	 assume	 the	 existence	 of	
par1cle-an1par1cle	pairs	in	non-rela1vis1c	many	par1cle	systems. 

Geometric	phase	
(Berry	 &	 Robbins	 1997,	 2000;	 Twamley	
1997) 

Transported	 spin	 basis	 part	 of	 wavefunc1on	 picks	 up	 a	 phase	 of	 (-1)K	
upon	exchange,	where	K	=	2	×	(spin). 

Structural The	condi1on	K	=	2	×	(spin)	does	not	hold	in	general. 

Con/nuity	
(Peshkin	2006) 

Truncated	configura1on	space	for	2	impenetrable,	 indis1nguishable	spin	
zero	par1cles	imposes	a	constraint	on	the	wavefunc1on	that	forces	it	to	
be	even. 

Structural Limited	to	two	spin	zero	par1cles	in	3-dim. 

Algebraic	
(Kuckert	2004) 

Given	a	2-dim	2-par1cle	quantum	system,	if	the	total	angular	momentum	
of	 the	center	of	mass	 is	equal	 to	 twice	 the	 total	angular	momentum	of	
either	par1cle,	then	the	spin-sta1s1cs	connec1on	holds. 

Structural Limited	to	two	par1cles	in	2-dim.	 	Constraint	is	a	classical	mechanical	result,	
but	does	not	hold	in	general	in	quantum	mechanics. 

Composite	Par/cle	
(Aitchison	 &	 Mavromatos	 1991;	 Wilczek	
1982) 

For	 a	 2-dim	 charged	 composite	 par1cle	 (par1cle	 with	 flux	 tubes	
aNached),	 sta1s1cs	 determines	 orbital	 angular	 momentum	 Lz	 (i.e.,	 FD	
stats	entails	half-integer	Lz,	and	BE	stats	entails	integer	Lz). 

Causal	 (Aharonov–Bohm	 effect	 causally	 influences	
composite	par1cle	exchange	sta1s1cs). 

Limited	 to	 2-dim.	 	 Only	 establishes	 a	 connec1on	 that	 goes	 from	 stats	 to	
angular	 momentum,	 and	 not	 from	 angular	 momentum	 to	 stats	 (so	 leaves	
open	the	possibility	of	anyonic	stats	in	2-dim).	 	Only	establishes	a	connec1on	
between	sta1s1cs	and	orbital	angular	momentum,	not	spin. 

Table	2.		ANempts	to	Explain	the	Spin-Sta1s1cs	Connec1on	in	Non-Rela1vis1c	Quantum	Mechanics.	
	

Conclusion

The	 purpose	 of	 this	 project	 was	 to	 answer	 Feynman’s	 ques1on	 about	 an	 elementary	
(non-rela1vis1c)	 explana1on	 for	 the	 spin	 sta1s1cs	 connec1on.	 Aler	 conduc1ng	 the	
literature	 review	 and	 sor1ng	 present	 literature	 into	 different	 categories	 we	 conclude	
that	 none	 of	 the	 explana1ons	 present	 to	 this	 day	 are	 flawless.	Most	 explana1ons	 are	
limited	by	their	assump1ons	and	constraints.	Some	of	them	assume	constraints	that	only	
apply	 to	 rela1vis1c	 quantum	 mechanics,	 while	 others	 mathema1cally	 derive	 the	
connec1on	 in	 two	 dimensions	 which	 does	 not	 represent	 our	 physical	 world	 and	 isn’t	
elementary	enough.	While	these	theories	are	all	fascina1ng	and	crea1ve,	we	would	need	
a	physical	experiment	to	verify	them.	
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Indis1nguishable,	
dis1nct.		¼	+	¼=	½		

Indis1nguishable.	
1/3	

Indis1nguishable.	
1	

Analysis 

From	the	table	one	can	observe	that	all	the	explana1ons	go	into	two	categories:	causal	

or	 structural.	 This	 is	 probably	 because	 none	 of	 these	 explana1ons	 are	 unifying	 in	 the	
theory	 of	 non-rela1vis1c	 quantum	mechanics.	 It	 also	 seems	 to	 be	 the	 case	 that	 all	 of	
these	explana1ons	only	prove	the	SSC	for	very	specialized	and	unique	cases	and	fail	 to	
provide	 a	 general	 theory.	 For	 example,	 the	 last	 three	 ar1cles	 have	 excellent	
mathema1cal	 deriva1ons	 for	 2-dimensional	 spaces	 that	 cannot	 manifest	 on	 the	
“elementary	 level”	Feynman	seeks.	 It	can	also	be	understood	from	the	table	that	most	
papers	 use	 assump1ons	 and	 constraints	 that	 only	 serve	 their	 purpose	 in	 rela1vis1c	
quantum	mechanics	and	not	in	non-rela1vis1c	frames	of	reference.		

Spin	in	par1cles	

v  Spin	is	an	intrinsic	property	of	quantum	par1cles	like	mass	and	charge	are.	
v  Quantum	par1cles	can	possess	two	types	of	spin:	integer	spin	and	half-

integer	spin.	
v  Spin	is	related	to	its	analogue	in	classical	mechanics	but	is	also	quite	

dis1nct.	
v  By	exhaus1ve	empirical	evidence	it	has	been	found	that	par1cles	that	

have	integer	spin	are	bosons	while	those	that	have	half-integer	spin	are	
fermions	


