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Summer of 1999: superconducting 
Majoranas debut
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Majorana edge modes of a topological 
superconductor

half-integer quantised thermal conductance
“superconducting QHE”

2 Majoranas = 1 ordinary (Dirac) fermion,  
so this is half the “text book” value 3



ν=5/2 quantum Hall effect, 
Majorana mode predicted 
by Read & Green (2000)
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new evidence:
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© Marcel Franz

two vortices which move around each other 
exchange a fermion: 

non-Abelian braiding →topological quantum computation 

fermion
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Zhang’s question [PNAS 115, 10938 (2018)]:  
how to braid Majorana edge modes? 6



Proposal for edge vortex braiding
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Proposal for edge vortex braiding

• Majorana fermions have Abelian statistics, we need 
vortices (“Majorana zero-modes”) 

• a 2π phase slip in a Josephson junction injects a pair 
of vortices in the edge mode

• a pair of edge vortices can carry charge ±e/2

• an edge vortex can be braided with a bulk vortex, 
exchanging charge e

PRL 122, 146803 (2019); SciPost 6, 022 (2019); 8, 013 (2020)   
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Edge vortex primer (1)

h/2e flux increment advances the superconducting phase φ by 2π 
⇒ π-phase domain wall for unpaired fermions (“edge vortex), 
propagating chirally along the edge 8



separation of time scales: width of the φ-phase domain walls 
is smaller than their spacing by a factor ξ/W (coherence 
length/junction width)

Edge vortex primer (2)
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Fusion of edge modes 
injects a current pulse. 
Injected charge Q=±e/2 per 
π-phase for each vortex pair.

Edge vortex primer (3)

(Brouwer formula)
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Fusion of edge modes 
injects a current pulse. 
Injected charge Q=±e/2 per 
π-phase for each vortex pair.

Edge vortex primer (3)

(Brouwer formula)

braiding flips the sign of the charge 10



Edge vortex primer (4)

braiding of two pairs of edge vortices 11
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Fusion of edge modes 
injects a current pulse. 
Injected charge Q=±e/2 per 
π-phase for each vortex pair

is the fractional charge a sharp observable, 
without quantum fluctuations?

Edge vortex primer (3)

(Brouwer formula)

– on average.
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Zero-modes in a gapped 
system have a fractional 
charge without quantum 
fluctuations. Does this carry 
over to gapless Majorana 
modes?
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The noise paradox

Only integer charge can enter a normal metal. For half-
integer charge transfer this would require binomial 
statistics: either charge e or charge 0 is transferred with 
equal probability ⇒ variance = e2/4 

And yet: a straightforward calculation using the 
bosonisation technique gives zero charge noise. 
How is this possible?
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Bosonisation approach to electron counting 
statistics (Levitov, Lee, Lesovik 1996)

bosonic density operator ρ, in 
terms of the Majorana fields ψ1,ψ2 

commutator

vortex field in terms of the 
phase profile Λ

we have recovered the Brouwer formula 15



linear in ξ, so  no charge fluctuations

because the conjugation of the vortex field σ 
with the charge density ρ is a c-number, 
there are no fluctuations around the average.

cumulant generating function
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linear in ξ, so  no charge fluctuations

because the conjugation of the vortex field σ 
with the charge density ρ is a c-number, 
there are no fluctuations around the average.

cumulant generating function

except 
equilibrium 
fluctuations
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The noise paradox – resolved

The integer value constraint 
of a charge counting 
measurement is avoided by 
the equilibrium noise, which 
persists at zero temperature 
in a gapless system.
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Edge vortices rule!
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• mobile counterpart to Majorana zero-
modes

• can be injected on-demand by a 
Josephson junction

• chiral motion implements braiding

• electrical detection as a ±e/2 charge 
pulse

• sharp observable (no excess noise) 

Edge vortices rule!
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