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Exchange statistics beyond bosons and fermions

Quantum topologically protected operations

Majorana zero modes 

Heat pumping from a Majorana exchange cycle

Outline



Exchange statistics and anyons

[Wilczek (1982), Moore & Read (1991)] Read &Green (2000), Kitaev (2001)... ]

3d: 𝑃2 = 1

2d: 𝑃2 ≠ 1

permutations

braiding

Exchange statistics in low dimensions is 

constrained by topology

ۧ𝜓 → ෡𝑈෡𝑈 ۧ𝜓 ≠ ۧ𝜓 → ෡𝑈෡𝑈 ۧ𝜓

Unitary evolution of the ground state by 

exchange

෡𝑈 Is fixed only by the exchange statistics



Majorana zero modes

Zero energy excitations which 

are their own antiparticles

gap



Protected exchange

gap

Exponentially protected degeneracyTopologically protected exchange



Majorana zero modes in nanostructures

Delft (2012)

InSb wires

Princeton (2014)

Fe atomic chainsInAs wires

Copenhagen (2014)

InAs wires

Weizmann (2012)

Experiments in nanostructures

Spin-orbit semicond.

𝑉𝑔
[L. Fu and C.L. Kane (2008)] 

Engineering topological phases in nanostructures

Semiconductor wires → experiments

[Y. Oreg et al. (2010), J. D. Sau et al. (2010)]



Transport & signatures

Spin-orbit semicond.

𝑉𝑔

Theoretical tool for topological classification

Experimental 

signatures in 

transport

Charge measurements give only partial indication



Setup



Pumped heat and charge 

LeadsSystem

low temperature



Results

Heat pumped at low energy is fixed by braiding, independent on driving details 

No charge pumped by driving



Protection …

The protected evolution of the state in the degenerate subspace is mapped to a 

protected cycle in the scattering matrix space at low energies. 



…and non-protection

Upper lead

Γ𝑅
Γ𝐿

= 1, 2, 3

Γ𝑈
𝜇
= 0, 0.01, 0.1, 0.3



Outlook

Heat (vs. charge) senses Majorana zero modes  

Heat pumped at low energy is fixed by the braiding 

topological protected operations and 

thermodynamics…


