
Milestones toward Majorana-based 
quantum computing

Jason Alicea  
(Caltech, IQIM, & Walter Burke Institute)

Majorana-based 
quantum computing

“Majorana mountain”Device 
fabrication

Majorana 
signatures

Exponential 
degeneracy

Albrecht et al., 
Nature 531, 206 (2016)



Dave Aasen 
(current KITP grad fellow)

Michael Hell Ryan Mishmash Andrew Higginbotham

Jeroen Danon Martin Leijnse Thomas Jespersen Josh Folk Charlie Marcus Karsten Flensberg

Physical Review X 6, 031016 (2016)



(Ising) non-Abelian anyons
Excited 
states

Gap

Ground state 
with no anyons



Ground states w/
anyons present

Excited 
states

Gap

(Ising) non-Abelian anyons



Ground states w/
anyons present

Excited 
states

Gap

(Ising) non-Abelian anyons



Ground states w/
anyons present

Excited 
states

Gap

(Ising) non-Abelian anyons



Ground states w/
anyons present

Excited 
states

Gap

But what about, say, free spin-1/2’s?

Gap

(Ising) non-Abelian anyons



Ground states w/
anyons present

Excited 
states

Gap

But what about, say, free spin-1/2’s?

Gap

(Ising) non-Abelian anyons



Ground states w/
anyons present

Excited 
states

Gap

But what about, say, free spin-1/2’s?

Gap

???

(Ising) non-Abelian anyons



Ground states w/
anyons present

Excited 
states

Gap

But what about, say, free spin-1/2’s?

B

(Ising) non-Abelian anyons



Ground states w/
anyons present

Excited 
states

Gap

But what about, say, free spin-1/2’s?

B

B

(Ising) non-Abelian anyons



Excited 
states

Gap
Locally 
indistinguishable 
ground states

Majorana zero modes 
encode degeneracy

(Ising) non-Abelian anyons



Locally 
indistinguishable 
ground states

Excited 
states

Gap

(Ising) non-Abelian anyons

�i ! Uij�j



Locally 
indistinguishable 
ground states

Excited 
states

Gap

(Ising) non-Abelian anyons

�i ! Uij�j



Locally 
indistinguishable 
ground states

Excited 
states

Gap

(Ising) non-Abelian anyons

�i ! Uij�j�i ! Uij�j

Non-Abelian statistics



Locally 
indistinguishable 
ground states

Excited 
states

Gap

Non-Abelian statistics Nontrivial fusion rules

(Ising) non-Abelian anyons

� ⇥ � = I +  
�i ! Uij�j�i ! Uij�j

I

 



Locally 
indistinguishable 
ground states

Excited 
states

Gap

Non-Abelian statistics Nontrivial fusion rules

(Ising) non-Abelian anyons

� ⇥ � = I +  
�i ! Uij�j�i ! Uij�j

I
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1. New all-electrical Majorana control scheme

Goal: leverage quantum dot/spin qubit tools for 
experiments below

Related to T. W. Larsen, K. D. Petersson, F. Kuemmeth, T. S. Jespersen, P. Krogstrup, J. Nygard, and C. M. Marcus, PRL 115, 127001 (2015); 
G. de Lange, B. van Heck, A. Bruno, D. J. van Woerkom, A. Geresdi, S. R. Plissard, E. P. A. M. Bakkers, A. R. Akhmerov, and L. DiCarlo, PRL 
115, 127002 (2015); B. van Heck, A. R. Akhmerov, F. Hassler, M. Burrello, and C. W. J. Beenakker, New Journal of Physics 14, 035019 
(2012); T. Hyart, B. van Heck, I. C. Fulga, M. Burrello, A. R. Akhmerov, and C. W. J. Beenakker, Phys. Rev. B 88, 035121 (2013).
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Readily extends 
to networks 
(braiding).

Suffice for fusion rules, 
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Related to W. Bishara, P. Bonderson, C. Nayak, K. Shtengel, and J. K. Slingerland, PRB 80, 155303 (2009); JA, Y. Oreg, G. Refael, F. von 
Oppen, and M. P. A. Fisher, Nat. Phys. 7, 412 (2011); J. Ruhman, E. Berg, and E. Altman, PRL 114, 100401 (2015).
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2
(|QL, QRi+ |QL � 1, QR + 1i)

Islands entangled!

Deterministic charge 
measurement

Control (boring) Nontrivial

Fuse Fuse

Comments
1. Experiment is “non-Abelian”
2. Control distinguishes from probabilistic 
outcome due to noise
3. Charge sensing unnecessary—can use 
“Majorana-mediated pump”!

� ⇥ � = I +  Probabilistic charge 
measurement!
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Measuring oscillation frequency & T2
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Evolution on 
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Unitary evolution for time t
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Time-averaged quantities & fluctuations deeply linked for topological qubit!
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Initialize 

Readout (Deterministic!) 

|QL � 1, QR + 1i

i|1i



Fusion-rule 
detection

Topological qubit 
validation

Braiding

�1 �2

� ⇥ � = I +  

Milestones for the Majorana control era



Fusion-rule 
detection

Topological qubit 
validation

Braiding

�1 �2

� ⇥ � = I +  

Realizable with single-wire devices! 
 (May generalize to other platforms/schemes)

Milestones for the Majorana control era



Fusion-rule 
detection

Topological qubit 
validation

Braiding

�1 �2

� ⇥ � = I +  

Milestones for the Majorana control era

Reveals defining property 
of non-Abelian anyons; 

natural braiding precursor

Realizable with single-wire devices! 
 (May generalize to other platforms/schemes)



Fusion-rule 
detection

Topological qubit 
validation

Braiding

�1 �2

� ⇥ � = I +  

Milestones for the Majorana control era

Verify basic tenets of topological 
quantum computing

All protocols very difficult to mimic in non-topological setups.

Realizable with single-wire devices! 
 (May generalize to other platforms/schemes)

Reveals defining property 
of non-Abelian anyons; 

natural braiding precursor


