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In recent years, many researchers has paid exten-
sive effort for the realization of quantum comput-
ers. Quantum computers with over 50 qubits have
been developed so far, for example, by Google and
IBM [1, 2]. These are now considered as noisy-
intermediate scale quantum devices, and their ap-
plications are explored. To execute quantum algo-
rithms such as Shor’s and Grover’s algorithms, it is
essential to construct reliable logical qubits, which
are protected from noise by quantum error correc-
tion. A surface code, a sort of two-dimensional topo-
logical codes, has a high error threshold despite that
the syndrome measurement for the error detection
requires only nearest-neighbor two-qubit gates on a
square array of physical qubits [3-5]. Specifically,
the rotated surface code requires 2d> — 1 qubits to
achieve a code distance d [5]. For example, the re-
quired number of qubits with d = 5 is 49, and hence
an experimental realization of one fault-tolerant log-
ical qubit is now within a reach of the-state-of-the-
art quantum devices [1]. However, it is still challeng-
ing to demonstrate that a logical error probability
is suppressed sufficiently so that a logical lifetime
of quantum information is longer than a coherence
time of the physical qubit under a realistic situation.
To this end, numerical analyses are indispensable
along with experimental effort.

Regarding the numerical analyses of quantum er-
ror correction, most existing works assume stochas-
The error thresholds are esti-
mated in various noise modes such as code capac-
ity (10.3% [3]), phenomenological (2.97% [6]), and
circuit-level (0.75% [7]) noise models.

tic Pauli errors.

However,
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more general noise, including coherent errors, oc-
curs in actual experiments. Numerical analyses for
the coherent errors have been done for restricted
cases, where the syndrome measurement error is ig-
nored [8, 9] and the case for one-dimensional repe-
tition code [10]. In both cases, the error thresholds
are smaller than those for the stochastic Pauli errors,
and hence it is vital to evaluate an error threshold
under the coherent errors. Unfortunately, simula-
tion of the coherent errors cannot be done efficiently
in general and hence it will be challenging to do
numerical analyses for fault-tolerant quantum error
correction with existing or near-term quantum de-
vices.

In this work, we perform a full simulation of fault-
tolerant quantum error correction with a rotated
surface code with d = 5 under general noise models.
The number of the physical qubits is 49, and hence a
straightforward simulation storing a full state vector
requires memory of 8GB. While it is not impossible
for the-state-of-the-art supercomputer, it is not so
feasible if we think about the number of samples 10%-
10% required to achieve accuracy. To overcome this,
we cleverly design the simulation of syndrome mea-
surements so that the syndrome measurement qubit
is reused through the simulation. This reduces the
dimension of the state vector prepared for a simula-
tion from 29 to 226, and simulation becomes feasible
even on a single-node workstation; one sample can
be simulated within 8 secs on GPU (Nvidia Tesla
V100). We numerically determine the error thresh-
old with circuit-level noise under a mixture of co-
herent and incoherent noises and discuss whether or
not the logical error probability is suppressed with
experimentally realistic noise levels.



References

1]

F. Arute, K. Arya, R. Babbush, D. Bacon,
J. C. Bardin, R. Barends, R. Biswas, S. Boixo,
F. G. S. L. Brandao, D. A. Buell, B. Burkett,
Y. Chen, Z. Chen, B. Chiaro, R. Collins, W.
Courtney, A. Dunsworth, E. Farhi, B. Foxen,
A. Fowler, C. Gidney, M. Giustina, R. Graff,
K. Guerin, S. Habegger, M. P. Harrigan, M. J.
Hartmann, A. Ho, M. Hoffmann, T. Huang,
T.S. Humble, S. V. Isakov, E. Jeffrey, Z. Jiang,
D. Kafri, K. Kechedzhi, J. Kelly, P. V. Klimov,
S. Knysh, A. Korotkov, F. Kostritsa, D. Land-
huis, M. Lindmark, E. Lucero, D. Lyakh,
S. Mandra, J. R. McClean, M. McEwen, A.
Megrant, X. Mi, K. Michielsen, M. Mohseni, J.
Mutus, O. Naaman, M. Neeley, C. Neill, M. Y.
Niu, E. Ostby, A. Petukhov, J. C. Platt, C.
Quintana, E. G. Rieffel, P. Roushan, N. C. Ru-
bin, D. Sank, K. J. Satzinger, V. Smelyanskiy,
K. J. Sung, M. D. Trevithick, A. Vainsencher,
B. Villalonga, T. White, Z. J. Yao, P. Yeh,
A. Zalcman, H. Neven, and J. M. Martinis,
“Quantum supremacy using a programmable
superconducting processor”, Nature 574, 505—
510 (2019).

IBM’s Roadmap For Scaling Quantum Tech-
nology, en-US, (Sept. 2020) https: //www .
ibm. com/blogs/research/2020/09/ibm-
quantum-roadmap/ (visited on 11/13/2020).

E. Dennis, A. Kitaev, A. Landahl, and
J. Preskill, “Topological quantum memory”,
Journal of Mathematical Physics 43, Pub-
lisher: American Institute of Physics, 4452—
4505 (2002).

A. G. Fowler, M. Mariantoni, J. M. Martinis,
and A. N. Cleland, “Surface codes: Towards
practical large-scale quantum computation”,
Phys. Rev. A 86, Publisher: American Physi-
cal Society, 032324 (2012).

C. Horsman, A. G. Fowler, S. Devitt, and R. V.
Meter, “Surface code quantum computing by

lattice surgery”, New Journal of Physics 14,
Publisher: IOP Publishing, 123011 (2012).

C. Wang, J. Harrington, and J. Preskill,
“Confinement-Higgs transition in a disordered
gauge theory and the accuracy threshold for
quantum memory”, Annals of Physics 303,
31-58 (2003).

[7]

[10]

R. Raussendorf, J. Harrington, and K. Goyal,
“Topological fault-tolerance in cluster state
quantum computation”, New Journal of
Physics 9, Publisher: IOP Publishing, 199-199
(2007).

A. S. Darmawan and D. Poulin, “Tensor-
Network Simulations of the Surface Code un-
der Realistic Noise”, Physical Review Letters
119, Publisher: American Physical Society,
040502 (2017).

S. Bravyi, M. Englbrecht, R. Ko6nig, and N.
Peard, “Correcting coherent errors with sur-

face codes”, npj Quantum Information 4, 55
(2018).

Y. Suzuki, K. Fujii, and M. Koashi, “Effi-
cient Simulation of Quantum Error Correction
Under Coherent Error Based on the Nonuni-
tary Free-Fermionic Formalism”, Phys. Rev.
Lett. 119, Publisher: American Physical Soci-
ety, 190503 (2017).



