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Classical simulation of quantum circuits

Product states

Single qubit
gates

Stabilizer states

Clifford gates

Gaussian states

FLO gates

Classical simulation of large quantum circuits is exponentially slow in general, 
but there are some exceptions:

Non-entangled states Clifford circuits Fermionic Linear Optics 
(FLO)
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From qubits to fermions

C4 code – A fermionic system that realizes a qubit (Abrikosov representation)

Fermions in a double quantum dot:
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Qubit subspace (    ):
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C4 code stabilizer:

Pauli operators:

Qubit states:
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From fermions to Majoranas

Majorana fermions:

”Real” fermions

Pauli operators:

Pauli operators 
in the qubit subspace 

More Pauli operators:C4 code stabilizer:
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Fermionic Gaussian states and Fermionic Linear Optics

Definition: A pure fermionic state is Gaussian iff it is a ground state of a quadratic Hamiltonian.

Definition: FLO gates take Gaussian states to Gaussian states.

Gaussian states1,2:
1. Take a general quadratic Hamiltonian
2. Determine its ground state
3. Show that this state can be fully characterized by the covariance matrix
4. Show that every expectation value can be calculated efficiently from the covariance matrix

FLO Gates1,2:
1. Define the two types of FLO gates: Non-interacting time evolution, measurement of Majorana pairs 
2. Show the covariance matrix transformations representing FLO gates.

A concrete example
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Pure Gaussian states

General quadratic Hamiltonian:

Take a system with N fermionic modes (N/2 qubits 2N Majoranas)

(+const) 0 energy offset:

is a real, antisymmetric matrix

Theorem:                                     real, orthogonal matrix:                                                       ,

Introduce new Majorana fermions: Ground state:
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Covariance matrix

Covariance matrix:

Wick’s theorem:

If        is Gaussian

Expectation values can be expressed with the covariance matrix!

Example:
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FLO gates

Definition: FLO gates take Gaussian states to Gaussian states.

1. Non-interacting time evolution 2. Measurement of Majorana pairs

Covariance matrix transformations:

(Generally:                                           )
Calculation of probabilities

+
Application of projectors

Wick’s 
theorem

can be constructed from
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Algorithms for covariance matrix transformations

1. Non-interacting time evolution 2. Measurement of Majorana pairs
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XX measurement can be simulated with FLO gates

Mxx

mxx

mxx can be sampled efficiently with Fermionic Linear Optics

is a Gaussian state

XX measurement is not an FLO gate
How to sample the measurement outcome?
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C4 stabilizer:
GaussianFLO

Single qubit states are Gaussian

Single qubit states:

The covariance matrix:
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Sampling the XX measurement

Sampling the measurement outcome of the XX measurement 
can be done by measuring link-operators.

Measurement of link-operators:

Fermionic Linear Optics is useless in this case!

XX measurement can be sampled 
with individual X measurements
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Mxx

mxx

Sampling XX and ZZ measurements

Mxx

mxx mzz

Mzz

mxx and mzz can be sampled efficiently with 
FLO, but NOT with single qubit measurements. 

Measurement of 3 link-operators is enough:

,
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Simulation of quantum error correction
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Surface code layout

• Noisy state preparation1

• Coherent Z errors1

• Coherent Z errors in planar graphs2

• Coherent Z errors and readout errors3

[1] Bravyi, Sergey, et al. "Correcting coherent errors with surface codes." npj Quantum Information 4.1 (2018)

[2] Venn, F., and B. Béri. "Error-correction and noise-decoherence thresholds for coherent errors in planar-graph surface codes.

" Physical Review Research 2.4 (2020)
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Summary

Classical simulation of quantum circuits:
1. Product states
2. Clifford simulations
3. Fermionic Linear Optics

Qubit Majorana mapping (C4 code)

Pure Gaussian states           Covariance matrix

FLO gates:  - Free time evolution 
                    - Measurement of Majorana pairs 

Possible application: 
Quantum error correction

Thank you for your attention!
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