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CLIFFORD (GATES

GOTTESMAN-KNILL THEOREM (GOTTESMAN, |998)
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MATCHGATES
Valiant (SAIM |. Comp., 2002)
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Parity conservation



CNOT IS NOT A MATCHGATE!
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Parrty Is not preserved.

cf. Loss & DiVincenzo (PRA, 1993)




SWAP IS NOT A MATCHGATE!

cf. Loss & DiVincenzo (PRA, 1993)




VALIANT'S | HEOREM
Valiant (SAIM |. Comp., 2002)

* Any (possibly non-unitary) gate satisfying the matchgate
identrties.

» Arbitrary single-qubit gates on the first qubrt.



FREE-FERMION GATES
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» Knill (2001)

+ Jerhal & DiVincenzo (PRA, 2002)
» Cal, Choudhary, Lu (2009)

* Jozsa, Miyake, Strelchuk (2015)




FERMIONIC QUANTUM COMPUTATION
Bravyl & Kitaev (Ann. Phys., 2002)

* Interacting fermions
* Non-demolition fermion-parity measurements



FERMIONIC GAUSSIAN SIMULATION

FERMIONIC OPEN QUANTUM SYSTEM

Sravyl (2005, 2012)
Fang, Chol, Lee, M.-5. Choi (2026)




(GAUSSIAN/

Gaussian = kvery higher moment from two-point correlator



FERMIONIC GAUSSIAN PURE STATES
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{bi,b1} =055, {bi,b;} = {b},bl} = 0.



FERMIONIC GAUSSIAN MIXED STATES



FERMIONIC GAUSSIAN PROCESS

CHOI-JAMIOLKOWSKI ISOMORPHISM

Fermionic dual state 2n
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FERMIONIC GAUSSIAN PROCESS

CHOI-JAMIOLKOWSKI ISOMORPHISM
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—HERMITIAN NON-HERMITIAN DYNAMICS
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Matrix Riccati equation




FERMION MEASUREMENT
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FERMION DISSIPATION

prrbpbl, b= we;



FERMION DEPHASING

INCLUDING CONTINUOUS MONITORING

— (bTb bT ; b := szcz



FERMIONIC RANDOM CIRCUIT SIMULATION
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CONTINUOUS MONITORING
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B Fermionic Quantum Computation

* {} | QuantumMob/Q3/guide/FermionicQuantumComputation

QUANTUM MOB/ Q3 GUIDE Functions V¥V Related Guides WV Tech Notes URL WV

Fermionic Quantum Computation

Fermionic quantum computation is a model of quantum computation based on local fermionic modes. It was introduced by
Bravyi and Kitaev in 2002.

Q3 provides tools to efficiently simulate a subclass of fermionic quantum computation models called Bravyi circuits, where unitary gates are
associated with quadratic Hamiltonian (describing non-interacting fermions) and interspersed complete von Neumann measurement in the

computational basis (measurement outcome describing an empty or occupied fermionic mode), which is described in Terhal and DiVincenzo
(2002) and Knill (2001).

Random Bravyi circuits may be one of prototype quantum circuits that exhibit the phenomenon of measurement-induced entanglement
transition, a transition between two distinct phases with the entanglement entropy characterized by area- and volume-law scaling. See also Li,
Chen, and Fisher (2018), Skinner, Ruhman, and Nahum (2019), Chan et. al. (2019), Sang et al. (2021), and Weinstein, Bao, and Altman (2022).

Elementary Tools

Optimized for fermionic Gaussian processes without pairing correlation:

WickState — Represents a fermionic Gaussian pure state without pairing correlation

WickUnitary — Represents a Gaussian-type unitary operator

WickNonunitary — Represents a Gaussian-type evolution operator governed by a non-Hermitian Hamiltonian
WickMeasurement — Represents a measurement of the occupation number on fermion modes

WickJump — Represents a set of quantum jump operators that are linear combinations of Direac fermion operators
WickOdds * WickFlop

Elementary Tools

For general fermionic Gaussian processes including pairing correlation:

BravyiState — Represents a fermionic Gaussian (pure or mixed) state with pairing correlation

BravyiUnitary — Represents a Gaussian-type unitary operator

BravyiNonunitary — Represents a Gaussian-type evolution operator governed by a non-Hermitian Hamiltonian
BravyiMeasurement — Represents a measurement of the occupation number on fermion modes

BravyiJump — Represents a set of quantum jump operators that are linear combinations of Majorana operators

BravyiElements = BravyiCoefficients

Physical Properties

Fang, Chol, Lee, M.-5. Chol (Adv. Quant. Tech. 2026)
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NON-HERMITIAN SKIN EFFECT

HATANO-NELSON MODEL

Kawabata, Numasawa, Ryu (PRX, 2025)
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KITAEV MODEL
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cFFECTIVE MAJORANA MODEL
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QUENCH DYNAMICS

(Ju, Jy, J2) = (0,0,1)
70
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KIBBLE-ZUREK MECHANISM

“J

196 W.H. Zurek/Physics Reporis 276 (1996) 177- 221
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Fig. 5. A'ormation of topological defects in the course of a rapid phasc transition. Above the phase transition, the two-
dimersional order parameter fluctuates around the minimum of the potential, assuming instantaneously values which
“point™ in approximately the same direction on the (¥,, ¥,) plane in the domains of correlation-length size . If this
configuration was frozen out by an instantancous phase transition, the symmetric vacuum would be trapped, resulting in
the formaticn of topological defects.
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KIBBLE-ZUREK SCALING IN KITAEV MODEL

Sengupta et al. (PRL, 2008)
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Where Is the topological effect?




SUMMARY

* Fermionic Gaussian simulation methods
* Liouvillian skin effect with OTOC
» lopological effects Iin the Kibble-Zurek mechanism



