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Hybrid	devices	for	Quantum	Informa8on	Processing	

Lectures	1	and	2:			with	Fabio	Pedrocchi	
Thermal	Quasipar8cles	and	Majorana	Braiding		
I	discuss	a	model	calcula8on	of	the	decohence	of	Majorana	qubits	during	braiding	in	a	
trijunc8on,	due	to	thermally	generated	quasipar8cles	(bosonic	environment).		The	
limita8ons	to	coherence	are	significant.		
	
Lecture	3:	
Semiconductor	Hall-effect	Gyrators	and	Circulators		
Calcula8ons	of	driven	propaga8on	of	chiral	edge	magnetoplasmons	in	the	integer	
quantum	Hall	effect	indicate	a	promising	route	for	these	devices	in	current	
experiments.		They	are	very	important	for	the	miniaturiza8on	of	mul8-qubit	quantum	
computers.		



For	today:	
	
•  What	are	anyons	in	general?		Compute	by	braiding!	
•  Our	anyons:	Majorana	modes	
•  Canonical	model:	“Kitaev”	wire	
•  Diagonalize	using	Majorana-operator	representa8on	
•  Our	first	qubit	–	a	ground-state	degeneracy	
•  Moving	and	braiding	Majoranas	–	the	T	junc8on	
•  Why	are	Majoranas	non-abelian?	
•  The	problem	for	lecture	2:		
•  Does	“topological”	really	make	Majorana	qubits	fault	tolerant?	



Topological	Quantum	Compu8ng	
Topological	Quantum	Computa8on	
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“Kitaev”	Wire	
Archetypical	(1D)	model	with	anyons	
(simple	model	for	a	nanowire)	

fermionic	site	

chemical	poten8al	 superconduc8ng	pairing	
(proximity	effect,	Mourik	et	

al.	Science	336,	1003	(2012))	
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A.	Kitaev,	Phys.-Usp.	44,	131	(2001)	
Lieb,	Mads,	Schultz,	Ann.	Phys.	16	(1961)	

�† = �

H = �
LX

j=1

µja
†
jaj �

L�1X

j=1

(ta†jaj+1 ��ajaj+1 + h.c.)



Majorana	modes	

µj = 0

�1 �2Land	 are	decoupled	from	H	

Non-local	mode	 d0 =
�1 + i�2L
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Kitaev	Wire	
Archetypical	(1D)	model	with	anyons	
(simple	model	for	a	nanowire)	
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Topological	phase	(Majorana	bound	states)	

Non	Topological	phase	(No	Majorana	bound	states)	

Kitaev	Wire	



µj = 0 t = �

In	the	ground-state	subspace	
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Kitaev	Wire	
Archetypical	(1D)	model	with	anyons	
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non	topological	 topological	

Majorana	bound	states	appear	at	the	junc?on	between	
topological	and	non	topological	segments	

µj

Majoranas	can	be	moved	

Kitaev	Wire	



Trijunc8on	
Not	enough	space	to	exchange	Majoranas	

Trijunc8on	

Encoding	in	fixed	parity	sector	
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i�1�2 i�3�4 = +1
Fourfold	
degeneracy	

Alicea	et	al.,	Nat.	
Phys.	7,	412	(2011)		

HT (⌧) = HH(⌧) +HV (⌧)� (ta†L/2aL+1 ��aL/2aL+1 + h.c.)



Logical	errors	
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Braiding	
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Alicea	et	al.,	Nat.	Phys.	7,	
412	(2011)		

Ising	anyons	

Adiaba?city:	braiding	
8me	slow	compared	
to	1/Δ	



(Hermi8city)	

(physical	electron	number	->	
Bogoliubov	fermion	parity)	

(conven8on)	

Fabian	Hassler,	“Majorana	Qubits”,	
arXiv:1404.0897		

Erroneous	prime!!	



Thermal	environment	

Main	focus:	how	does	a	thermal	environment	destroy	the	stored	
quantum	informa8on	when	braiding	is	executed?	

H(⌧) = HT (⌧) +HB +HSB

Bosonic	Bath	 HB =
X

j

Bj

System-Bath	coupling	

⇢̇S(⌧) = �i[HT (⌧), ⇢S(⌧)] +D(⇢S(⌧))

Markovian	master	equa8on	in	adiaba8c	limit	

Unitary	evolu8on	 Dissipa8on								Γ	(Ohmic	bath)	
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Approximately	end	of	lecture	1	



Hybrid	devices	for	Quantum	Informa8on	Processing	

Lectures	1	and	2:			with	Fabio	Pedrocchi	
Thermal	Quasipar8cles	and	Majorana	Braiding		
I	discuss	a	model	calcula8on	of	the	decohence	of	Majorana	qubits	during	braiding	in	a	
trijunc8on,	due	to	thermally	generated	quasipar8cles	(bosonic	environment).		The	
limita8ons	to	coherence	are	significant.		
	
Lecture	3:	
Semiconductor	Hall-effect	Gyrators	and	Circulators		
Calcula8ons	of	driven	propaga8on	of	chiral	edge	magnetoplasmons	in	the	integer	
quantum	Hall	effect	indicate	a	promising	route	for	these	devices	in	current	
experiments.		They	are	very	important	for	the	miniaturiza8on	of	mul8-qubit	quantum	
computers.		



For	today	(Tuesday):	
	
•  The	problem	for	lecture	2:		
•  Does	“topological”	really	make	Majorana	qubits	fault	tolerant?	

•  Bosonic	bath	–	no	parity	problem?	
•  Bath	causes	crea8on,	hopping,	and	destruc8on	of	thermal	

quasipar8cles	
•  Deriva8on	(Davies)	of	how	all	these	terms	emerge	from	one	

deforma8on	poten8al	
•  Failure	of	error	correc8on	when	the	Majoranas	are	braided	





Basic	error	processes	
Excita8ons	are	always	created	in	pairs	

Non	topological	

Crea8on	bulk,	energy	cost	is	-4Δ	

Annihila8on	bulk,	energy	cost	is	4Δ	

Hopping	bulk,	energy	cost	is	0	

Ψ	

Crea8on	boundary,	energy	cost	is	-2Δ	

Annihila8on	boundary,	energy	cost	is	
2Δ	

Ψ	

Hopping	onto	(out	from)	
Majorana,	energy	cost	2Δ	(-2Δ)	

HSB = �i
X

j

Bj ⌦ �2j�1�2j







Thermal	environment	

Main	focus:	how	does	a	thermal	environment	destroy	the	stored	
quantum	informa8on	when	braiding	is	executed?	

H(⌧) = HT (⌧) +HB +HSB

Bosonic	Bath	 HB =
X

j

Bj

System-Bath	coupling	

⇢̇S(⌧) = �i[HT (⌧), ⇢S(⌧)] +D(⇢S(⌧))

Markovian	master	equa8on	in	adiaba8c	limit	

Unitary	evolu8on	 Dissipa8on								Γ	(Ohmic	bath)	
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Davies	Prescrip8on	
Markovian	master	equa8on	in	the	weak-coupling	limit	

Jump	operator	

Spectral	func8on	

�ij(!) =

Z +1

�1
ds ei!shB†

i (s)Bj(0)i



Davies	Prescrip8on	

HSB = �
X

j

Bj ⌦ a†jaj

System-Bath	interac8on	

Rewrite	in	terms	of	eigenoperators	 (corrects	a	few	factors	of	2	on	p.	
17	of	Pedrocchi	et	al.	PRB.		Our	
apologies!		No	change	of	the	
physics.	
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Davies	Prescrip8on	

Energy	cost:	±2Δ	 Energy	cost:	0	

Terms	have	a	clear	physical	meaning:	

Energy	cost:	-2Δ	 Energy	cost:	-4Δ	



Davies	Prescrip8on	
Time	evolu8on	under		HS

Fourier	transform	gives	the	jump	operators	

A⇣(!) =
X

✏m�✏n=!

|mihm|A⇣ |nihn|



Fourier	transform	gives	the	jump	operators	

A⇣(!) =
X

✏m�✏n=!

|mihm|A⇣ |nihn|

Davies	Prescrip8on	

Example	of	jump	operators:	



Davies	Prescrip8on	
Pauli	Master	equa8on	

Technical	Condi?on:	(sa8sfied	in	our	model)	

No	other	jump	
operators	cause	
transi8ons	
|nki $ |m�i

Diagonal	elements	decouple	from	off-diagonal	
elements	



Davies	Prescrip8on	

Diagonal	elements	decouple	from	off-diagonal	
elements	

With	transi8on	rates	

We	take	in	our	model	an	Ohmic	spectral	func8on	



Error	Correc8on	

Successful	
recovery	

With	immobile	Majoranas,	the	
probability	of	failure	at	a	
given	8me	becomes	smaller	
for	larger	trijunc8ons	



Majoranas	and	Interac8ons	
Ψ	 Ψ	Ψ	 Ψ	

Ψ	

Ψ	
Ψ	

Ψ	

Adiaba8c	evolu8on	in	the	
presence	of	excita8ons	



Dangerous	errors	

Local	error	process	+	
braiding	mo8on	

Non	local	error	process		

X-ERROR	



Dangerous	errors	

Are	dangerous	errors	
really	a	problem	?	

Error	correc8on:		
-  only	Ψ	in	the	bulk	are	visible	
-  Pair	quasipar8cles	at	

minimal	distance	



Dangerous	errors	

X-ERROR	



Dangerous	errors	

Are	dangerous	errors	
really	a	problem	?	

Error	correc8on:	only	Ψ	in	
the	bulk	are	visible	

NO	ERROR	



0 500000 1.0 ×106 1.5 ×106 2.0 ×106 2.5 ×106 3.0 ×106

0.02

0.04

0.06

0.08

0.10

0.12

Dangerous	errors	

Confirmed	via	Monte	Carlo	simula?ons	

L = 20

L = 30

L = 50

pfailure

8me	



Dangerous	errors	

Two	different	error	processes	lead	to	the	same	error	syndrome	

No	error	correc8ng	algorithm	can	dis8nguish	the	faulty	
and	the	successful	cases	

Life8me	is	independent	of	the	system’s	size	

Confirmed	via	Monte	Carlo	simula?ons	
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Dangerous	errors	
Braiding	Majoranas	in	a	trijunc8on	setup	is	problema8c	

Braiding	renders	errors	non	local	

Dangerous	errors	

Life?me	does	not	grow	with	system	size	

Other	schemes	?	

THANK	YOU	!	



Backup	



One	Majorana	is	delocalized	

Linear	case	

µ(t)

Delocalized	Majorana	



Trijunc?on	case	

µ(t)
Delocalized	Majorana	


