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Monday 29 July
Session 1
(Invited) Reducing resources required to error-correct quantum simulations of fermions
R Babbush
Google Inc, USA
This talk will overview recent advances increasing the practicality of fault-tolerant quantum simulations of interacting
electrons. In particular, I'll discuss low T complexity algorithms for simulating the Hubbard model [1, 2], condensedphase electronic structure [1, 2], quantum chemistry in both first [3] and second [4] quantization, and a
holographic toy model of black holes, the Sachdev-Ye-Kitaev model [5]. I'll then discuss compiling circuits to
surface code fault-tolerant gates for specific instances of these problems which are scientifically important and
classically intractable. I'll conclude by presenting our most updated resource estimates for error-correcting these
systems, and speculate about promising future directions.
[1]
[2]
[3]
[4]
[5]

R. Babbush, C. Gidney, D. Berry, N. Wiebe, J. McClean, A. Paler, A. Fowler, and H. Neven, Physical Review X
8, 041015 (2018)
I. D. Kivlichan, C. Gidney, D. W. Berry, N. Wiebe, J. McClean, W. Sun, Z. Jiang, N. Rubin, A. Fowler, A.
Aspuru-Guzik, R. Babbush, and H. Neven, arXiv:1902.10673 (2019)
R. Babbush, D. W. Berry, J. R. McClean, and H. Neven, arXiv:1807.09802 (2018)
D. Berry, C. Gidney, M. Motta, J. McClean, and R. Babbush, arXiv:1902.02134 (2019)
R. Babbush, D. Berry, and H. Neven, arXiv:1806.02793 (2018)

Quantum advantage with noisy shallow circuits in 3D
S Bravyi1, D Gosset2, R König3 and M Tomamichel4,5
1

IBM T.J. Watson Research Center, USA, 2University of Waterloo, Canada, 3Technical University of Munich, Germany,
4
University of Technology Sydney, Australia, 5Stellenbosch Institute for Advanced Studies, South Africa
Prior work has shown that there exists a relation problem which can be solved with certainty by a constant-depth
quantum circuit composed of geometrically local gates in two dimensions, but cannot be solved with high
probability by any classical constant depth circuit composed of bounded fan-in gates. Here we provide two
extensions of this result. Firstly, we show that a separation in computational power persists even when the constantdepth quantum circuit is restricted to geometrically local gates in one dimension. The corresponding quantum
algorithm is the simplest we know of which achieves a quantum advantage of this type. It may also be more
practical for future implementations. Our second, main result, is that a separation persists even if the shallow
quantum circuit is corrupted by noise. We construct a relation problem which can be solved with near certainty
using a noisy constant-depth quantum circuit composed of geometrically local gates in three dimensions, provided
the noise rate is below a certain constant threshold value. On the other hand, the problem cannot be solved with
high probability by a noise-free classical circuit of constant depth. A key component of the proof is a quantum errorcorrecting code which admits constant-depth logical Clifford gates and single-shot logical state preparation. We
show that the surface code meets these criteria. To this end, we provide a protocol for single-shot logical state
preparation in the surface code which may be of independent interest.
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(Invited) Noise-resilient quantum circuits
I Kim
Stanford University, USA
In a traditional approach to quantum computing, one often deals with noise by building a fully fault-tolerant
quantum device from which a universal set of quantum gates can be executed with negligible error. I will introduce a
new quantum computing paradigm in which the algorithm itself is designed to be robust to noise. Such algorithms
are expected to require far less overhead compared to the ones that require full-fledged fault-tolerance. I will
discuss how this approach, with a realistic near-term quantum computer, can overcome the main computational
bottleneck for simulating strongly interacting quantum many-body systems.
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Session 2
(Invited) The intersection of physical-layer control and quantum error correction
H Ball1, C Edmunds1,2, V M Frey1,2, R Harris3, C Hempel1, M Hush2, A Milne1, T Stace3 and M Biercuk1,2
1

Q-CTRL, Australia, 2University of Sydney, Australia, 3University of Queensland, Australia

Addressing the impact of errors in quantum circuits is a critical challenge driving a substantial fraction of research in
the quantum information science community. These efforts build on quantum error correction (QEC) and the theory
of fault tolerance as the fundamental developments that support the concept of large-scale quantum computation.
Underlying these fields is a common simplifying assumption that errors are statistically independent, i.e. the
emergence of a qubit error at a specific time is uncorrelated with errors arising in other qubits or at any other times.
The practicality of this assumption has long been questioned, as laboratory sources of noise commonly exhibit long
ranges and strong temporal correlations, captured through spectral measures exhibiting high weight at low
frequencies. Efforts to address this in the theory of QEC suggest that revision of postulated fault-tolerant thresholds
may be required, or resource requirements for encoding may become less favorable in a practical setting.
In this talk we address the role of dynamic error suppression at the interface with logical encoding as an enabler for
the efficient implementation of error correction in the presence of realistic laboratory error sources. We demonstrate
that the deterministic replacement of physical logic operations with logically equivalent dynamically corrected gates
(DCGs) virtualizes the underlying imperfect hardware, changing the statistical correlation properties of errors as well
as their magnitudes.
We introduce a new quantitative measure of the presence of spatio-temporal error correlations in randomized
benchmarking: specifically the scaling of the variance of the distribution (over sequence randomizations) of
measurement outcomes at a fixed sequence length with experimental averaging. We present first-principles
analyses of the impact of temporal error correlations on varying timescales in order to produce unambiguous
signatures of correlations between errors in gates within a sequence.
Experimental measurements on individual trapped ions validate the predictions of these theoretical models using
engineered noise. Replacing all gates in a sequence with DCGs, constructed in such a way as to filter low-frequency
noise whitens the effective frequency spectrum of errors experienced at the single-Clifford level. We experimentally
validate that this procedure reduces residual error-correlations between gates, and show that even in strongly
correlated noise environments randomized benchmarking sequences using DCGs produce signatures of
uncorrelated gate errors.
We also present experimental measurements under ambient noise conditions where the single-qubit randomized
benchmarking metric, pRB~1.5x10-5. We show that even in cases where the replacement of conventional gates with
DCGs does not result in an appreciable change in pRB, we are still able to observe modification of the underlying
statistical properties of those errors to reduce signatures of correlations. Finally, we demonstrate that in linear ion
chains we are able to quantify and reduce the cross-correlation of error magnitudes in space using the same
techniques due to residual magnetic and microwave field gradients across the ion chain.
This work highlights the way in which low-level controls and QEC may be co-designed to improve the overall
performance of logically encoded qubits through hardware virtualization.
[1]
[2]

H. Ball et al, Phys. Rev. A 93, 022303 (2015)
C. Edmunds, et al., arXiv: 1712.04954
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Universal Uhrig dynamical deocupling for bosonic systems
M Heinze and Robert König
Technical University of Munich, Germany
Dynamical decoupling (DD) provides an approach to protecting quantum information which is complementary to
standard QEC: contrary to the latter, DD can be applied without incurring a measurement/encoding overhead. The
basic idea of DD is to rapidly apply suitably chosen unitary pulses to the system in order to approximately average
out decoherence caused by an unknown system-bath Hamiltonian HSB . DD has successfully been realized in finitedimensional (qudit) settings, but the problem of developing similar techniques protecting continuous variable (CV)
systems from decoherence has only been formalized recently [1]: The goal is to design N-th order
decoupling/homogenization schemes. These consist of appropriately chosen unitaries U1 ,... ,Um and times t1 , ... ,tm
such that for every HSB
𝑒𝑒 𝑖𝑖(𝑇𝑇−𝑡𝑡𝑚𝑚)𝐻𝐻𝑆𝑆𝑆𝑆 (𝑈𝑈𝑚𝑚 ⨂𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏ℎ ) ··· 𝑒𝑒 𝑖𝑖(𝑡𝑡2 −𝑡𝑡1 )𝐻𝐻𝑆𝑆𝑆𝑆 (𝑈𝑈1 ⨂𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏ℎ )𝑒𝑒 𝑖𝑖𝑖𝑖1 𝐻𝐻𝑆𝑆𝑆𝑆 = 𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖0 ⨂𝑈𝑈𝑏𝑏𝑏𝑏𝑏𝑏ℎ + 𝑂𝑂(𝑇𝑇 𝑁𝑁+1 ).

(1)

In other words, when interleaving the uncontrolled evolution with these pulses, the system and bath are decoupled
and the system’s evolution is homogenized up to order N, i.e. it evolves under H0 , the sum of free oscillator
Hamiltonians rotating at the same frequency. An effective evolution of the form (1) is highly beneficial for faulttolerant quantum information processing as the eigenspaces of the number operator H0 are decoherence-free.
We construct the first decoupling/homogenization schemes for quadratic system-bath interactions which achieve
arbitrary suppression order N (prior work only considered N=1). Our constructions are related to those of the wellstudied Uhrig DD schemes, the current state of the art for multi-qubit systems. Our schemes are as efficient as their
finite-dimensional counterparts, requiring a number of pulses that scales only polynomially in the suppression
order. The pulses are extremely simple as they consist of single-mode passive Gaussian unitaries and two-mode
SWAPs. Fig.1 shows an example.

Fig 1: (a) The nested Uhrig DD sequence for two qubits and (b) the deduced bosonic homogenization sequence for
two bosonic modes; both schemes achieve suppression order N=2 by interleaving the uncontrolled decoherence
evolution (black lines) with instantaneous control pulses. Here homogenization is the process of transforming a
system evolution which is already decoupled from the bath into that generated by H0 . See Ref. [2] for separate
schemes for decoupling, and a noise spectrum analysis of general decoupling pulse sequences.
Central to our construction is a new mapping between m qubits and 2m−1 bosonic modes. This is of independent
interest, as it may allow to generalize other fault-tolerance schemes from one setting to the other. We believe our
contribution to be of immediate practical relevance in the design of fault-tolerant CV protocols. In the long run, a
combination of such DD techniques with more standard fault-tolerance methods may prove to be most
resourceeffective.
[1]
[2]

C. Arenz, D. Burgarth, R. Hillier, Journal of Phys. A, 50, 135303 (2017)
M. Heinze, R. König, arXiv preprint: 1810.07117 (2018)
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Session 3
All-Gaussian fault-tolerant universality and bosonic subsystem codes
G Pantaleoni, B Baragiola and N Menicucci
RMIT University, Australia
Bosonic codes embed discrete quantum information into continuous-variable (CV) systems in a way that maps
general CV noise into logical noise on the encoded qubits. Such codes are promising for fault-tolerant computation
due to redundancy afforded by the infinitedimensional CV Hilbert space. The Gottesman-Kitaev-Preskill (GKP) [1]
encoding is particularly appealing for fault-tolerant quantum computing with bosons because Gaussian operations
on encoded Pauli eigenstates enable Clifford quantum computing with error correction.
I will show that applying GKP error correction to Gaussian input states produces distillable magic states, thus
achieving fault-tolerant universality with no additional non-Gaussian elements beyond GKP-encoded Pauli
eigenstates [2]. Surprisingly, nearly every state produced by error correcting the vacuum state is distillable.
Then, I will present the construction and an application of bosonic subsystem codes. We formally decompose the CV
Hilbert space of a bosonic mode into two subsystems: a twodimensional qubit and a “leftover” infinite-dimensional
subsystem. For shift-type codes (which includes GKP codes), the subsystem decomposition is based on periodicity
of the wavefunction using modular variables [3]. A subsystem decomposition reveals that GKP codes lie in a
broader class of codes whose wavefunctions are periodic. To demonstrate the utility of the bosonic subsystem code,
I will use it to uncover a bona fide qubit cluster state hidden within a CV cluster state.

Fig 1: Probability of producing an H-type resource state of at least fidelity F by performing GKP error correction on a
thermal state of mean occupation n. Fig 2: Subsystem decomposition of a two-mode CV cluster state revealing a
hidden two-qubit cluster state. This graphical representation shows the entanglement structure between the qubit
cluster state and the two “leftover” subsystems.
[1]
[2]
[3]

Gottesman, Daniel, Alexei Kitaev, and John Preskill. "Encoding a qubit in an oscillator." Physical Review A
64.1 (2001): 012310
Baragiola, Ben Q., et al. "All-Gaussian universality and fault tolerance with the Gottesman-Kitaev- Preskill
code." arXiv preprint arXiv:1903.00012 (2019)
Aharonov, Yakir, Hugh Pendleton, and Aage Petersen. "Modular variables in quantum theory.” International
Journal of Theoretical Physics 2.3 (1969): 213-230
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(Invited) Gate Fidelities and Spatial Noise Correlations in a Silicon Two-Qubit Device
J Boter1,2,3, X Xue1,2,3, T Watson1,2,3, T Krähenmann1,2,3, V Premakumar5, J Helsen1,3, J Dehollain1,2,3, T Hensgens1,2,3, J
van Dijk1,2,3, F Sebastiano1,2,3, R Versluis1,4, R Naus1,4, D Ward5, D Savage5, M Lagally5, M Friesen5, S Coppersmith5,
M Eriksson5, S Wehner1,3, R Joynt5 and L Vandersypen1,3
1

QuTech, The Netherlands, 2Kavli Institute of Nanoscience, The Netherlands, 3Delft University of Technology, The
Netherlands, 4Netherlands Organisation for Applied Scientific Research (TNO), The Netherlands, 5University of
Wisconsin-Madison, USA
Silicon spin qubits show great promise for quantum computation, because of their long coherence times, as well as
the potential integration with conventional CMOS technology. We present a comprehensive study of both single- and
two-qubit gate fidelities, as well as spatial noise correlations for spin qubits in a two-qubit device in a Si/SiGe
hetrostructure [1].
Here we report the first complete characterization of single-qubit and two-qubit gate fidelities in silicon-based spin
qubits, including cross-talk and error correlations between the two qubits. Single-qubit gates are benchmarked on
both qubits individually as well as simultaneously, to probe cross-talk effects. In addition to characterizing the twoqubit controlled-phase (CPhase) gate by standard two-qubit randomized benchmarking, we develop and
experimentally verify a new procedure called character randomized benchmarking [2, 3]. It allows us to extract the
fidelity of the CPhase gate by studying the additional decay induced by interleaving CPhase gates in a reference
sequence of single-qubit gates only. This is more resource efficient and moreover provides tighter bounds on the
CPhase gate fidelity than the traditional methods. With these methods, we demonstrate a two-qubit CPhase gate
with 92% fidelity, and single-qubit gates close to the fault-tolerant threshold of 99%.
In addition to errors during gate operations, noise also affects qubits while idling inducing qubit errors. Most
quantum error correction schemes assume negligible correlations in these qubit errors, but this assumption might
prove problematic for qubits only separated by a (few) hundred nanometer. Here we investigate spatial correlations
in the noise by studying the decay of two Bell states [4]. The different nature of these Bell states makes them
insensitive to either correlated or anti-correlated noise. This resembles the concept of decoherence-free subspaces,
and allows us to extract the correlation factor between the noise acting on both qubits from the dephasing times of
the different Bell states. Our measurements indicate that naturally occurring noise shows only small spatial
correlations, which we interpret by a combination of several scaled correlated noise sources. These results are
positive in view of the prospects of quantum error correction schemes, since they justify the assumption of little
correlations in qubit errors.
Finally, we propose a design for a sparse spin qubit array that overcomes some of the fabrication and scaling
challenges of earlier proposals, capable of running the surface code.
Acknowledgements
Research was sponsored by the Army Research Office (ARO), and was accomplished under Grant Number W911NF-17-1-0274. The views
and conclusions contained in this document are those of the authors and should not be interpreted as representing the official policies, either
expressed or implied, of the Army Research Office (ARO), or the U.S. Government. The U.S. Government is authorized to reproduce and
distribute reprints for Government purposes notwithstanding any copyright notation herein.

[1]
[2]
[3]
[4]

T. F. Watson et al., Nature 555, 633 (2018)
X. Xue et al., arXiv:1811.04002 (2018)
J. Helsen et al., arXiv:1806.02048 (2018)
J. M. Boter, X. Xue et al., in preparation
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Tuesday 30 July
Session 4
(Invited) Good approximate quantum LDPC codes from spacetime circuit Hamiltonians
E Crosson
University of New Mexico, USA
We study approximate quantum low-density parity-check (QLDPC) codes, which are approximate quantum errorcorrecting codes specified as the ground space of a frustration-free local Hamiltonian, whose terms do not
necessarily commute. Such codes generalize stabilizer QLDPC codes, which are exact quantum error-correcting
codes with sparse, low-weight stabilizer generators (i.e. each stabilizer generator acts on a few qubits, and each
qubit participates in a few stabilizer generators). Our investigation is motivated by an important question in
Hamiltonian complexity and quantum coding theory: do stabilizer QLDPC codes with constant rate, linear distance,
and constant-weight stabilizers exist? We show that obtaining such optimal scaling of parameters (modulo
polylogarithmic corrections) is possible if we go beyond stabilizer codes. The code space is stabilized by a set of 10local noncommuting projectors, with each physical qubit only participating in O(polylogN) projectors. We prove the
existence of an efficient encoding map, and we show that arbitrary Pauli errors can be locally detected by circuits of
polylogarithmic depth. Finally, we show that the spectral gap of the code Hamiltonian is 1/poly(n) by analyzing a
spacetime circuit-to-Hamiltonian construction for a bitonic sorting network architecture that is spatially local in
polylog(N) dimensions.
Continuous symmetries and approximate quantum error correction
P Faist1, S Nezami2, V Albert1, G Salton1, 2, F Pastawski3, P Hayden2 and John Preskill1
1

Caltech, USA, 2Stanford University, USA, 3Freie Universität Berlin, Germany

Quantum error correction and symmetry arise in many areas of physics, including many-body systems, metrology in
the presence of noise, fault-tolerant computation, and holographic quantum gravity. Here we study the compatibility
of these two important principles by analyzing “covariant” quantum codes.
If a logical quantum system is encoded into n physical subsystems, we say that the code is covariant with respect to
a symmetry group G if a G transformation on the logical system can be realized by performing transformations on
the individual subsystems (i.e., transversally). For a G-covariant code with G a continuous group, we derive a lower
bound on the error correction infidelity following erasure of a subsystem. Our figure of merit for quantifying the
quality of the codes is the worst-case infidelity
2
2
(𝐾𝐾) = 𝑚𝑚𝑚𝑚𝑚𝑚∣∅〉 〈 ∅ ∣ (𝐾𝐾⨂𝑖𝑖𝑖𝑖)(∣ ∅ 〉〈∅ ∣) ∣ ∅〉 is the
(𝑅𝑅 ∘ 𝑁𝑁 ∘ 𝜀𝜀), where 𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝜖𝜖𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑅𝑅 �1 − 𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤𝑠𝑠𝑡𝑡
worst-case entanglement fidelity of channels, 𝜀𝜀𝐿𝐿→𝐴𝐴 (∙) = 𝑉𝑉𝐿𝐿→𝐴𝐴 (∙)𝑉𝑉 † is the encoding, 𝑁𝑁 is the noise channel
(erasure of a random subsystem), and finally, 𝑅𝑅 is the recovery map. On the other hand, Lie groups have
infinitesimal generators, which we refer to as “charges”. Indicate the charge operator on L by 𝑇𝑇𝐿𝐿 and on A by
𝑇𝑇𝐴𝐴 = ∑ 𝑇𝑇𝑖𝑖 , where each 𝑇𝑇𝑖𝑖 acts on the individual system 𝐴𝐴𝑖𝑖 . The key insight is that covariant codes preserve the
expectation value of the charge operator, hence the information about the charge value leaks to the environment,
preventing the code from performing well. Building on this insight, we derive our first main bound:
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Bound 1 (simplified):

𝜖𝜖𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 (𝑁𝑁 ∘ 𝜀𝜀) ⩾ ∆𝑇𝑇𝐿𝐿 /(2𝑛𝑛 max ∆𝑇𝑇𝑖𝑖 ),
𝑖𝑖
𝑖𝑖

where ∆𝑇𝑇 is the difference between the maximum and minimum eigenvalue of 𝑇𝑇. Our full main result is more
general in several ways: one can consider the entanglement fidelity of recovery, instead of the worstcase
entanglement fidelity; the code may be approximately covariant; multiple simultaneous erasures may be accounted
for; the physical charge operator need not be strictly local. Our bound approaches zero when the number of
subsystems n or the local dimensions d are large, and we construct codes achieving approximately the same
scaling of infidelity with 𝑛𝑛 or 𝑑𝑑 as our lower bound.

Furthermore, leveraging tools from representation theory, we prove an approximate version of the Eastin-Knill
theorem: If a code admits a universal set of transversal gates and corrects erasure with fixed accuracy, then, for
each logical qubit, we need a number of physical qubits that is inversely proportional to the error parameter:
Bound 2 (simplified):
𝑖𝑖

𝑚𝑚𝑚𝑚𝑚𝑚 ln 𝑑𝑑𝑖𝑖 >
ln 𝑑𝑑𝐿𝐿 /(2𝑛𝑛𝜖𝜖𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ), for constant 𝜖𝜖𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 and large 𝑑𝑑𝐿𝐿
~
𝑖𝑖

Our bounds are significantly improved for the non-abelian groups, and the dependence on ∆𝑇𝑇 is translated to
dependence on local dimensions. We emphasize that the full result is valid for all ranges of 𝑑𝑑𝐿𝐿 and 𝜖𝜖𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 . In
addition, we construct codes covariant with respect to the full logical unitary group, achieving good accuracy for
large d (using random codes) or n (using codes based on W-states). We systematically construct codes covariant
with respect to general groups, obtaining natural generalizations of qubit codes to, for instance, oscillators and
rotors. In the context of the AdS/CFT correspondence, our approach provides insight into how time evolution in the
bulk corresponds to time evolution on the boundary without violating the Eastin-Knill theorem, and our five-rotor
code can be stacked to form a covariant holographic code.
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Session 5
(Invited) Hamiltonian simulation meets holographic duality
T Cubitt
University College London, UK
"Analogue" Hamiltonian simulation involves engineering a Hamiltonian of interest in the laboratory and studying its
properties experimentally.
Large-scale Hamiltonian simulation experiments have been carried out in optical lattices, ion traps and other
systems for two decades. Despite this, the theoretical basis for Hamiltonian simulation is surprisingly sparse. Even a
precise definition of what it means to simulate a Hamiltonian was lacking.
AdS/CFT duality postulates that quantum gravity in a d-dimensional anti-de-Sitter bulk space is equivalent to a
strongly interacting field theory on its d-1 dimensional boundary. Recently, connections between AdS/CFT duality
and quantum error-correcting codes have led (amongst other things) to tensor network toy models that capture
important aspects of this holographic duality. However, these toy models struggle to encompass dualities between
bulk and boundary energy scales and dynamics.
On the face of it, these two topics seem to have nothing whatsoever to do with one another.
In my talk, I will explain how we put analogue Hamiltonian simulation on a rigorous theoretical footing, by drawing
on techniques from Hamiltonian complexity theory and Jordan algebras. I will show how this proved far more fruitful
than a mere mathematical tidying-up exercise, leading to the discovery of universal quantum Hamiltonians
[Science, 351:6 278, p.1180, 2016], [Proc. Natl. Acad. Sci. 115:38 p.9497, 2018], and encompassing
approximate quantum error correcting codes as a special case. I will end by sketching how this new formalism,
together with hyperbolic Coxeter groups, allowed us to extend the toy models of AdS/CFT to encompass energy
scales, dynamics, and even (toy models of) black hole formation [arXiv:1810.08992].
Statistical mechanical models for quantum codes with correlated noise
C Chubb1 and S Flammia2
1

University of Sydney, Australia, 2Yale University, USA

Quantum mechanical systems are inherently sensitive to noise. The inability to completely suppress environmental
noise, and perform noiseless quantum operations, therefore provides a significant barrier to scalable quantum
information processing. To mitigate this, quantum error correcting codes were developed, which allow for quantum
information to be encoded into a larger system, whose redundant degrees of freedom provide protection from
physical noise.
These codes play an important role in the threshold theorem, which states that there exists a constant error
threshold, below which arbitrary quantum computations may be reliably performed. For a specific implementation of
error correction or fault tolerance, there is a trade-off between the error threshold and the resource overhead (e.g.
the number of redundant qubits or quantum operations required). Importantly, the value of the threshold depends
on the details of the error model used. As such, it is important that the methods we are using to compare the
behaviour of error correction protocols can account for physically realistic models of noise.
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A well-studied model is that of iid noise , in which each qubit is subjected to an independent noise process. Whilst
this model is mathematically convenient, it cannot account for any spatial correlations between errors. Indeed,
many of the architectures in which we might hope to implement quantum error correction are known to experience
correlated noise.
An important technique for analysing the threshold of error correction procedures is the statistical mechanical
mapping [1]. In this technique the performance of a code can be studied by considering a (classical) statistical
mechanical model whose thermodynamic properties are related to the error correction properties of the code.
Specifically these codes are designed such that the error correction threshold (with respect to the optimal decoder)
in the code corresponds to a phase transition in the corresponding statistical mechanical system.
In this work [2] we provide a broad generalisation of the statistical mechanical mapping of quantum error correcting
codes. We show how the mapping can be extended to arbitrary stabiliser/subsystem codes subject to correlated
Pauli noise models, including import models of fault tolerance such as the circuit model.
As error correction threshold relates to a phase transition in this model, existing method for finding phase transitions
(e.g. Monte Carlo) can be applied to find the threshold of any such code. As an example, we numerically determine
the phase diagram of a variant of the random bond Ising model involving both two and four body interactions,
showing that even weak correlations can bring the bit-flip threshold of the toric code down from piid = (10.94 ±
0.02)% to pcorr = (9.7 ± 0.1)%.
Simultaneously, we show that the mapping allows us to utilise any algorithm which can approximate partition
functions to perform optimal decoding. Specifically, for 2D codes subject to locally correlated noise, we give a
tensor network-based algorithm for approximate optimal decoding which extends the MPS decoder of Bravyi,
Suchara and Vargo [3].
[1]
[2]
[3]

E. Dennis, A. Kitaev, A. Landahl, and J. Preskill, J. Math. Phys. 43 , 4452 (2001)
C.T. Chubb and S.T. Flammia, arXiv:1809.10704 (2018)
S. Bravyi, M. Suchara, and A. Vargo, Phys. Rev. A 90 , 032326 (2014)
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Session 6
(Invited) Encoding logical qubits in the internal and motional degrees of freedom of trapped ions
J Home
ETH Zurich, Switzerland
Useful large-scale quantum computers are expected to spend a vast majority of their resources on error correction.
Quantum error correction requires storing qubits in systems with enlarged Hilbert spaces, on which measurements
can be made to extract error information without disturbing the stored information. In the context of codes utilizing
many physical qubits, we have utilized mixed-species ion chains to repeatedly stabilize correlations and
entanglement through measurements and feedback [1]. Nevertheless demonstrating a fully encoded qubit will
require control of a complex system of many ions. As an alternative path exploring error-correction, I will describe
trapped-ion experiments in which we encode a logical qubit using the motion of a single trapped ion. One powerful
code of this type due to Gottesman Kitaev and Preskill is constructed from a set of logical and error-check operators
which are displacements in the oscillator phase space [2,3]. The code states are superpositions of displaced
squeezed states. We create, measure and manipulate logical information stored in such a code, including
teleportation of non-Clifford rotations onto the code space [4]. Alongside the direct focus on quantum computation,
the techniques developed for this work also provide new perspectives for quantum control and measurement.
We acknowledge support for this research from the Swiss National Fund, the NCCR QSIT, ETH Zürich, and IARPA.
[1]
[2]
[3]
[4]

Negnevitsky et al. Nature 563, 527 (2018)
Gottesman et al. PRA 64, 012310 (2001)
Noh et al. arXiv:1801.07271 (2018)
Flühmann et al. Nature 566, 513 (2019)

Encoding a qubit in a molecule
V Albert and John Preskill
Caltech, USA
MOTIVATION ― The physical subsystem of an idealized quantum computer is a qubit. But in any real-world
scenario, each physical qubit resides in a larger configuration or state space that does not participate in the
computation. Instead of ignoring this space, one can make use of it by encoding the qubits in an error-correcting
code that protects against fluctuations in position and momentum. This strategy seems promising for qubits
encoded in continuous variable systems, as codes have been constructed [GKP] that perform well against physical
noise [AND+,NAJ] and that are experimentally realizable [FNM+].
Another candidate state space is the space of all orientations of an asymmetric molecule, described as a
threedimensional rigid body. Its “position” states are labeled by the 𝑺𝑺𝑶𝑶(3) rotation necessary to obtain a specified
orientation from some reference state. One can consider storing quantum information in a molecule using either
single rotational position states or single angular momentum states, such as eigenstates of the rigid rotor
Hamiltonian [D,ADD+]. Such states allow protection from shifts in the molecule’s orientation or jumps in the
molecule’s angular momentum, respectively, but not against both. In light of the subsequent technological strides in
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molecular trapping and control [KLS,MCM+], we consider rotational states that are optimal from the point of view of
error correction, protecting against shifts in both position and momentum.
MAIN RESULTS ― Our work introduces CSS-like codes for the rigid body and, more generally, for state spaces
�∣ 𝑔𝑔〉}𝑔𝑔𝑔𝑔𝑔𝑔 with 𝐺𝐺 being a group. This unifies CSS codes (𝐺𝐺 = 𝒁𝒁×𝑛𝑛
𝐷𝐷 ) with GKP codes for quidits (𝒁𝒁𝐷𝐷 ), oscillators
(𝑹𝑹), and rotors (𝑼𝑼(1) or 𝒁𝒁). Ideal codewords consist of quantum superpositions of several precise positions, but
as for the case of the oscillator, there exist finite-energy approximations that inherit most of the error-correcting
properties.
Our construction requires two subgroups 𝐻𝐻2 ⊂ 𝐻𝐻1 ⊂ 𝐺𝐺; we first describe it using the previously known code with
𝒁𝒁3 ⊂ 𝒁𝒁6 ⊂ 𝑼𝑼(1) [GKP], encoding a qubit in a planar rotor. Here 𝒁𝒁6 contains 𝑼𝑼(1) rotations by integer multiples
2𝜋𝜋

2𝜋𝜋

𝜋𝜋

of 𝜋𝜋/3, and 𝒁𝒁3 in 𝒁𝒁6 : ∣ 𝑔𝑔�〉𝐿𝐿 ∝∣ 𝑔𝑔�〉+ ∣ 𝑔𝑔� + 〉+ ∣ 𝑔𝑔� − 〉, where 𝑔𝑔�𝜖𝜖 �0, � = 𝒁𝒁6 /𝒁𝒁3 . In this basis, the logical 𝑋𝑋
3
3
3
operation is a (𝑼𝑼)1 rotation contained in 𝒁𝒁6 , and the logical 𝑍𝑍 operation is a function on 𝒁𝒁6 representing 𝒁𝒁3
trivially, shifting the angular momentum ℓ by a multiple of 3. Therefore, the code can correct rotational shifts by
𝜋𝜋 𝜋𝜋
angles in the range (− 3 , 3 ), and angular momentum shifts by {−1,0,1}. In Fig. 1(a), left panel, 𝑼𝑼(1) s depicted
as a rod with opposite points identified, black/white balls represent the logical codewords, correctable rotations are
highlighted in blue, and uncorrectable rotations are highlighted in orange. The right panel depicts the angular
momentum ladder ℓ 𝜖𝜖 𝒁𝒁 for ∣ℓ∣ ≤ 2, and black squares indicate uncorrectable phase shifts.
Now consider the code with 𝒁𝒁3 ⊂ 𝒁𝒁6 ⊂ 𝑺𝑺𝑺𝑺(3), where elements of 𝒁𝒁3 , 𝒁𝒁6 are rotations about a fixed axis. Figure
1(b), left panel, depicts 𝑺𝑺𝑺𝑺(3) as a ball of radius 𝜋𝜋 with antipodal points identified, where the radial (angular)
coordinate is the angle (axis) of each rotation. The codewords (black/white balls) correspond to cosets in the lens
space 𝑺𝑺𝑺𝑺(3)/𝒁𝒁3 (orange boundary). Correctable rotations are bounded by the blue region, and the maximum
correctable angle depends on the rotation axis. The right panel shows undetectable angular momentum shifts
(black), where there are now components −ℓ ≤ 𝑚𝑚, 𝑛𝑛 ≤ ℓ with ℓ ≥ 0. Codes based on other subgroups of
𝐺𝐺 = 𝑺𝑺𝑺𝑺(3) are shown in Fig. 1(c-e), admitting a more uniform distribution of maximum correctable angles.

For general 𝐺𝐺, the code space has dimension |𝐻𝐻1 /𝐻𝐻2 |, with basis states �𝑔𝑔�〉𝐿𝐿 ∝ ∑ℎ𝜖𝜖𝐻𝐻2 |𝑔𝑔�ℎ〉. The 𝑋𝑋-type logical
operators are elements of 𝐻𝐻1 , and 𝑍𝑍-type logical operators are functions on 𝐻𝐻1 representing 𝐻𝐻2 trivially. Modifying
the amplitudes of |𝑔𝑔�ℎ〉 can increase performance, akin constructing oscillator GKP codes using non-square lattices.

Fig 1: (a) Sketch of the 𝒁𝒁3 ⊂ 𝒁𝒁6 ⊂ 𝑼𝑼(1) code described in the text. (b) Analogous sketch for 𝒁𝒁3 ⊂ 𝒁𝒁6 ⊂
𝑺𝑺𝑺𝑺(3). (c-e) Similar plots for qudit codes for other subgroups 𝑫𝑫2 , 𝑻𝑻, 𝑶𝑶, 𝑰𝑰 ⊂ 𝑺𝑺𝑺𝑺(3). The orange and blue regions
depict a prism space 𝑺𝑺𝑺𝑺(3)/𝑫𝑫2, tetrahedral spaces 𝑺𝑺𝑺𝑺(3)/𝑻𝑻, octahedral spaces 𝑺𝑺𝑺𝑺(3)/𝑶𝑶, and the Poincare
homology sphere 𝑺𝑺𝑺𝑺(3)/𝑰𝑰 [TS].

[GKP] arXiv:quant-ph/0008040; [AND+] arXiv:1708.05010; [NAJ] arXiv:1801.07271; [FNM+] arXiv:1807.01033;
[D] arXiv:quant-ph/0109083;
[ADD+] arXiv:quant-ph/0605201; [KLS] arXiv:1810.11338; [MCM+] arXiv:1610.07711; [TS]
doi:10.1007/BF01457920
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Session 7
Encoding an oscillator into many oscillators
K Noh, S Girvin and L Jiang
Yale University, USA
Harmonic oscillator modes or continuous-variable (CV) quantum systems are ubiquitous in various quantum
computing and communication architectures and provide unique advantages, for example, to quantum simulation
of bosonic systems such as boson sampling and simulation of vibrational quantum dynamics of molecules. Since
CV quantum information processing is typically implemented by using harmonic oscillator modes in photonic or
phononic systems, realistic imperfections such as photon (or phonon) losses, thermal noise and dephasing noise
are major challenges for realizing large-scale fault-tolerant CV quantum information processing. Therefore, bosonic
quantum error correction (QEC) is essential.
In many bosonic QEC schemes proposed so far, a finite-dimensional discrete-variable (DV) quantum system
(consisted of qubits) is encoded into an oscillator or into many oscillators. However, in such DV-into-CV QEC
schemes, the bosonic nature of the physical oscillator modes is lost at the logical level because the error-corrected
logical system is described by discrete quantum variables such as Pauli operators. Therefore, the error-corrected
logical DV system is not itself tailored to CV quantum information processing tasks.
On the other hand, if an infinite-dimensional CV system is encoded into noisy CV systems, the error-corrected
bosonic system will still be tailored to e.g., boson sampling. However, such CV-into-CV QEC is more challenging than
DV-into-CV QEC because in the former we aim to protect an infinite-dimensional bosonic Hilbert space, whereas in
the latter we only aim to protect a finite-dimensional Hilbert space embedded in infinite-dimensional bosonic
modes. Indeed, while there exist many DV-into-CV QEC schemes that can correct experimentally relevant Gaussian
errors [1], none of the previously proposed CV-into-CV QEC schemes can correct Gaussian errors because they are
Gaussian quantum error correction schemes, and established no-go theorems state that Gaussian errors cannot be
corrected by Gaussian QEC schemes.
In our work [2], we circumvent the established no-go results and provide, for the first time, non-Gaussian CV-into-CV
QEC schemes that can correct Gaussian errors using Gottesman-Kitaev-Preskill (GKP) states as non-Gaussian
resources. In particular, we introduce a broad class of GKP-stabilizer codes and show that there exists a highly
hardware-efficient GKP stabilizer code, the two-mode GKP-squeezed-repetition code, that can quadratically
suppress additive Gaussian noise errors in both the position and momentum quadrature operators. Moreover, we
show that our codes can also correct a broader class of Gaussian errors such as excitation losses and thermal noise
via a suitable noise conversion through a quantum-limited amplification channel. Finally, we show that, for any
GKP-stabilizer code, logical Gaussian operations can be readily implemented by using only physical Gaussian
operations. Therefore, our GKP-stabilizer codes will be useful for implementing various CV quantum information
processing tasks such as boson sampling in an error-corrected manner.
Since our GKP-stabilizer coding schemes only require Gaussian operations and preparation of GKP states (which
need not be deterministic), they can be implemented in circuit QED systems and trapped ion systems in which GKP
states have recently been realized. Also, our GKP-stabilizer formalism is as flexible as the stabilizer formalism for DV
QEC and therefore opens up many interesting research avenues. For example, one can search for efficient GKPstabilizer codes that can be implemented locally in a low dimensional space, or for ones that can be implemented
fault-tolerantly even in the presence of realistic noises in GKP states and Gaussian operations.
[1]
[2]

V. V. Albert, KN, K. Duivenvoorden et al., Phys. Rev. A 97, 032346 (2018)
KN, S. M. Girvin, Liang Jiang, arXiv:1903.12615 (2019)
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(Invited) Quantum error correction tailored to biased noise cat qubits
S Puri
Yale University, USA
Qubits that exhibit biased or asymmetric error channels are ubiquitous in quantum computing architectures. The
bosonic cat qubit encoded in a parametrically driven nonlinear oscillator is an example of such a system. Recently,
it has been shown that quantum error correcting codes tailored to biased noise qubits can have significantly larger
thresholds. Importantly, these codes assume the existence of gate operations that respect (i.e. preserve) the bias. A
particularly important gate is the controlled-NOT or CX gate that is essential for error syndrome extraction. However,
it is known that in strictly two-level systems, it is impossible to realize a bias-preserving CX gate. I will show that it is
possible to overcome this no-go result by using the topological properties of the cat qubit in the continuous-variable
phase-space of the oscillator. I will then show that the availability of bias-preserving CX gates with moderately sized
cat qubits improves the fault-tolerance thresholds and decreases physical resource overheads.
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Wednesday 31 July
Session 8
(Invited) Constant overhead quantum fault-tolerance with quantum expander codes
O Fawzi
École Normale Supérieure de Lyon, France
We prove that quantum expander codes can be combined with quantum fault-tolerance techniques to achieve constant
overhead: the ratio between the total number of physical qubits required for a quantum computation with faulty hardware
and the number of logical qubits involved in the ideal computation is asymptotically constant, and can even be taken
arbitrarily close to 1 in the limit of small physical error rate. This improves on the polylogarithmic overhead promised by
the standard threshold theorem. To achieve this, we exploit a framework introduced by Gottesman together with a family
of constant rate quantum codes, quantum expander codes. Our main technical contribution is to analyze an efficient
decoding algorithm for these codes and prove that it remains robust in the presence of noisy syndrome measurements, a
property which is crucial for fault-tolerant circuits. We also establish two additional features of the decoding algorithm
that make it attractive for quantum computation: it can be parallelized to run in logarithmic depth, and is single-shot,
meaning that it only requires a single round of noisy syndrome measurement.
Based on joint work with Antoine Grospellier and Anthony Leverrier available https://arxiv.org/abs/1808.03821

Higher-dimensional quantum hypergraph-product codes & concatenated codes
W Zeng and L Pryadko
University of California, USA
Quantum low-density parity-check (q-LDPC) codes is the only class of codes known to combine finite rates with
non-zero fault-tolerant thresholds, to allow scalable quantum computation with a finite multiplicative overhead.
However, unlike in the classical case where capacity-approaching codes can be constructed from random sparse
matrices, matrices suitable for constructing quantum LDPC codes are highly atypical in the corresponding
ensembles. Thus, an algebraic ansatz is required to construct large-distance q-LDPC codes. Preciously few examples
of algebraic constructions are known that give finite rate codes and also satisfy sufficient conditions for faulttolerance: bounded weight of stabilizer generators and minimum distance that scales logarithmically or faster with
the block length n. Quantum hypergraph-product (QHP) codes by Tillich & Zémor (2009) is the only such
construction so far with the minimum distance known explicitly.
In the original work [1] we presented a family of quantum error-correcting codes which generalize both the QHP
codes, and all families of toric codes on m-dimensional hypercubic lattices. Similar to the former, these codes
include families of finite-rate q-LDPC codes with bounded-weight generators and power-law distance scaling.
Similar to the toric codes, our codes form m-complexes,
𝐾𝐾 (𝑚𝑚) = {0} 𝜕𝜕← 𝐾𝐾 0

𝐾𝐾1
←

𝐾𝐾 1 ← …

𝐾𝐾𝐾𝐾
←

𝐾𝐾 m

𝜕𝜕
←

𝑛𝑛𝑛𝑛

{0}, 𝐾𝐾 j = 𝔽𝔽 2 ,

where 𝑚𝑚 > 1 and the binary matrices Kj serving as boundary operators satisfy KjKj+1 = 0 (boundary of a boundary is
zero). These are defined recursively, with K(𝑚𝑚) obtained as a tensor product of a complex K (𝑚𝑚 − 1) with a 1complex parameterized by a binary matrix. For m ≥ 4, similar to toric codes in 4D, the entire set (both X and Z ) of
low-weight stabilizer generators is overcomplete, which can be used to improve the accuracy of syndrome
measurement in fault-tolerant setting, and even allows for single-shot quantum error correction [Campbell (2018)].
Structurally, the construction is formulated as a tensor product of two chain complexes, where the space at level ℓ is
decomposed as ∁ℓ ≅ ⨁𝑖𝑖+𝑗𝑗= ℓ 𝐴𝐴𝑖𝑖 ⨂𝐵𝐵𝑗𝑗 . Combining with the Künneth theorem and a related codeword ansatz, one
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(𝐶𝐶)

obtains the dimension (block length) 𝑛𝑛ℓ = Σ𝑖𝑖+𝑗𝑗= ℓ 𝑛𝑛𝑖𝑖 (A) 𝑛𝑛𝑛𝑛 (B), rank of the homology group (number of encoded
(𝐶𝐶)

(𝐶𝐶)

qubits) 𝑘𝑘ℓ = Σ𝑖𝑖+𝑗𝑗= ℓ 𝑘𝑘𝑖𝑖 (A) 𝑘𝑘𝑗𝑗 (B), and an upper bound on the distance of the ℓth homology group, 𝑑𝑑ℓ ≤
min𝑖𝑖+𝑗𝑗= ℓ [𝑑𝑑𝑖𝑖 (A)𝑑𝑑𝑗𝑗 (B)]. Here we use the convention that 𝑑𝑑𝑗𝑗 = ∞ iff the 𝑗𝑗 th homology group is trivial, 𝑘𝑘𝑗𝑗 = 0. A
quantum CSS code is obtained as a direct sum of homology and co-homology groups whose elements correspond
to logical operators of X and Z type, respectively. Our main result and major technical advance is the matching lower
bound on the distance in the case where one of the complexes has length two.
Here we present an alternative, much simpler, proof of the lower bound on the distance. For a given pair 𝑖𝑖 + 𝑗𝑗 = ℓ,
we consider an erasure in 𝐶𝐶ℓ preserving only the subspace 𝐴𝐴𝑖𝑖 ⨂ 𝐵𝐵𝑗𝑗 , and use the corresponding blocks from the
boundary operators of the product complex to construct a subsystem code with parameters [[𝑛𝑛𝑖𝑖 (A) 𝑛𝑛𝑗𝑗 (B), 𝑘𝑘𝑖𝑖 (A) 𝑘𝑘𝑗𝑗 (B)]]
and an upper bound on the distance, 𝑑𝑑 ≤ 𝑑𝑑𝑖𝑖 (A)𝑑𝑑𝑗𝑗 (B). We show that when the second complex has length two,
𝑗𝑗 𝜖𝜖 {0,1}, a matching lower bound can be computed simply as the distance of a concatenated code, to give
𝑑𝑑 = 𝑑𝑑𝑖𝑖 (A)𝑑𝑑𝑗𝑗 (B).
A similar argument can be also made in the case of the product of two 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 chain complexes. Here as well
gauge fixing can be used to obtain a concatenated code from the single-block subsystem code. However, the code
whose X -distance equals that of the subsystem code has a different generator structure. Although an extensive
numerical search did not reveal any instances where the equality 𝑑𝑑 = 𝑑𝑑𝑖𝑖 (A)𝑑𝑑𝑗𝑗 (B) would be violated, so far we could
not come up with a formal proof.
[1]

W. Zeng and L. P. Pryadko, \Higher-dimensional quantum hypergraph-product codes" (2018)
arXiv:1810.01519
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Session 9
Stabilizer slicing: coherent error cancellations in low-density parity-check codes
D Debroy1, M Li2, M Newman1 and K Brown1
1

Duke University, USA, 2Georgia Institute of Technology, USA

In our manuscript we discuss a circuit compilation technique which can be used when implementing stabilizer
measurement circuits on a quantum computer [1]. Our technique aims to eliminate coherent overrotation errors on
gates, which are a major source of error on a variety of quantum computing architectures. These errors are unitary
and can combing constructively to form highly damaging errors, however by taking advantage of the coherence we
can direct these gate errors opposite each other and greatly reduce logical infidelities.
The essential idea of our technique is to slice stabilizers into two equally weighted Pauli operators and then apply
them through oppositely directed rotations. When such a circuit is applied to a state in the logical subspace, these
errors will combing coherently, and by directing the rotations in opposite directions the errors will cancel. Our
technique never increases error rates as long as more than half the stabilizers are satisfied, and requires no
overhead in the way of qubits, time, or additional gates.
With access to native gates generated by three-body Hamiltonians, we can completely eliminate purely coherent
overrotation errors in rotated surface codes, and for overrotation noise of 0.99 unitarity we achieve a 135-fold
improvement in the logical error rate. For more conventional two-body ion trap gates, we observe an 89-fold
improvement for Bacon-Shor-13 with purely coherent errors which should be testable in near-term fault-tolerance
experiments. This second scheme takes advantage of the prepared gauge degrees of freedom, and is an example in
which the state of the gauge directly affects the robustness of a code’s memory. This work demonstrates that
coherent noise is preferable to stochastic noise within certain code and gate implementations when the coherence
is utilized effectively.

Fig 1: Logical error rates for Bacon-Shor-13 (left) and Surface-17 (right) under coherent overrotation error models
with and without our technique implemented. The unitarity parameter plotted indicates the ratio of the error which is
coherent, while the error fidelities are fixed. As the plots show our technique has no impact when the errors are
purely stochastic but greatly reduces the logical error rate as the gate errors become more coherent.
[1]

D.M. Debroy, M. Li, M. Newman, K.R. Brown, Phys. Rev. Lett. 121, 250502 (2018)

Combining Hard and Soft Decoders for Hypergraph Product Codes
A Grospellier1, L Groues1, A Krishna2 and A Leverrier1
1

Inria Paris, France, 2Universite de Sherbrooke, Canada

Finding good quantum low density parity check (LDPC) codes is an essential step for the design of efficient
quantum fault-tolerant protocols. The hypergraph product construction [1] is a combinatorial way to build an LDPC
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CSS code with parameters [[n, Θ(n), Θ(√n)]] from a well-chosen classical code. Moreover, the hypergraph product
obtained from a classical expander code [2] can be used to perform fault-tolerant quantum computation with
constant overhead in space and has the single-shot error correction property [3, 4]. Although these codes exhibit
good features asymptotically, it is unknown whether they are suitable for small block lengths [5, 6, 7]. In this work,
we take steps towards addressing this problem.
Our motivations stem from classical coding theory. Sipser and Spielman discovered a linear time decoder for
classical expander codes [2]. This inspired the quantum decoding algorithm small-setflip introduced in [8]. The bitflip algorithm, however, is never used in practice because it is outperformed by message passing algorithms such as
belief propagation. Naively generalizing belief propagation to the quantum LDPC codes is ineffective due to
degeneracy [9, 10, 11]. In particular, the belief propagation decoder does not perform well on hypergraph product
codes [7]. In this work, we show that running the BP algorithm followed by the small-set-flip decoder significantly
improves the decoding threshold and the finite-length behavior.
In [5] it has been shown that an exponential time decoder achieves a threshold near 7% and [6] shows that the
small-set-flip algorithm has a threshold near 4.5%. This work shows that combining the belief propagation and the
small-set-flip decoder, leads to a threshold above 7% for hypergraph product codes with rate 4% constructed from
(3, 4)-regular codes. In addition, running the smallset-flip decoder alone requires quantum codes with generators of
weight at least 11 [6] whereas combining the two decoders allows us to use codes with generators of weight 7.
Reducing the generators weight improves the running time of the decoder and is required to perform the
corresponding quantum measurements on real devices.

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]

J.-P. Tillich, G. Zémor, IEEE TIT, 60(2):1193–1202 (2014)
M. Sipser, D. A. Spielman, IEEE TIT, 42(6):1710–1722 (1996)
D. Gottesman, QIC, 14(15-16):1338–1372 (2014)
O. Fawzi, A. Grospellier, A. Leverrier, FOCS (2018)
A. A. Kovalev, et al., Phys. Rev. A, 97(6):062320 (2018)
A. Grospellier, A. Krishna, arXiv:1810.03681 (2018)
D. Maurice. PhD thesis, Université Pierre et Marie Curie-Paris VI (2014)
A. Leverrier, J.-P. Tillich, G. Zémor, FOCS (2015)
A. Rigby, J. Olivier, P. Jarvis, arXiv:1903.07404 (2019)
Y.-H. Liu, D. Poulin, arXiv:1811.07835 (2018)
D. Poulin, Y. Chung, QIC, 8(10), 987-1000 (2008)
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Session 10
(Invited) High threshold color-code decoders from toric-code decoders
A Kubica1 and N Delfosse2
1

Perimeter Institute for Theoretical Physics, Canada 2Microsoft Research, USA

The color code provides an alternative to the toric code that makes fault tolerant computation on encoded qubits
easier. Namely, by code switching and gauge fixing [1] between the 2D and 3D color codes one can fault-tolerantly
implement the logical T gate. Unfortunately, the color code is generally considered to be more difficult to decode [2]
and the highest reported error-correction thresholds for the 2D color code with efficient decoding algorithms are
around 8.7% [3-5]. Those threshold values are clearly below the thresholds of 9.9%~10.3% for the best efficient
toric code decoders [6-7]. This seemingly suboptimal performance of the color code is one of the reasons why the
2D toric code, not the 2D color code, is the leading quantum computation approach.
Here, we show that the color code performs almost as well as the toric code. We first consider the 2D case, see Fig.
1(a)(b). We propose the Projection Decoder, which is a substantial simplification and an improved version of the
decoder in Ref. [5]. Importantly, we estimate the threshold of the Projection Decoder for the 2D color code to be
~10%, which is almost as high as the threshold of the best efficient toric code decoders, see Fig. 1(c). Our key
improvement is a local lifting procedure (compared to the global one in Ref. [5]) from the toric code to the color
code.
We generalize the Projection Decoder to d ≥ 2 dimensions (see [8] for details). The Projection Decoder uses as a
subroutine any d-dimensional toric code decoder and successfully corrects errors if the toric code decoder
succeeds. Our construction and the proof of the performance use: (i) an isomorphism of chain complexes of the
color and toric codes, (ii) a local lift that estimates the color code correction from the corresponding toric code
correction. In short, our result resolves an open problem of how to efficiently decode the color code in d ≥ 2
dimensions by locally reducing the color code decoding problem to that of the d-dimensional toric code.
We also provide numerical estimates of the Projection Decoder threshold for the 3D color code against the bit-flip
and phase-flip noise with perfect syndrome extraction. We establish analytical lower bounds on the color code
threshold in terms of the 3D toric code thresholds. One version of the Projection Decoder which we consider is fully
local, as it uses as a subroutine a cellular-automaton toric code decoder proposed in Ref. [9].

Fig 1: (a)-(b) The Projection Decoder allows to find an error estimate by first pairing up red and blue vertices, then
red and green vertices, and finally applying local lift to red vertices; see [8] for details. (c) The decoding failure
probability for the Projection Decoder for the 2D color code on the square-octagon lattice.
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]

H. Bombin, NJP 18, 043038 (2016)
A. J. Landahl, J. T. Anderson, and P. R. Rice, arXiv:1108.5738 (2011)
D. S. Wang, A. G. Fowler, C. D. Hill, and L. C. L. Hollenberg, QIC 10, 780 (2010)
H. Bombin, G. Duclos-Cianci, and D. Poulin, NJP 14 (2012)
N. Delfosse, PRA 89, 012317 (2014)
E. Dennis, A. Kitaev, A. Landahl, and J. Preskill, JMP 43, 4452 (2002)
N. Delfosse and N. H. Nickerson, arXiv:1709.06218 (2017)
A. Kubica, Ph.D. thesis, California Institute of Technology (2018)
A. Kubica and J. Preskill, arXiv:1809.10145 (2018)
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Lower bounds on the non-Clifford resources for quantum computations
M Beverland¹, E Campbell², M Howard³ and V Kliuchnikov¹
¹Microsoft Quantum, USA, ²University of Sheffield, UK, ³ National University of Ireland, Ireland
Fault tolerance considerations imply that stabilizer operations (consisting of Pauli measurement and preparations,
along with Clifford gates) generically have a much lower space-time cost than non-stabilizer resource state
preparation. In this work we ask: What is the minimum number of copies of a resource state that must be consumed
to perform a given computational task using an arbitrary number of stabilizer operations? Where an upper bound
can be obtained from an explicit algorithm, proving that no algorithm exists with certain properties can be very
difficult. Our resource lower bounds significantly strengthen the best that were previously known and in some cases
are the first non-trivial bounds that apply. We consider three different types of bound:
Type 1: Bounds on resource state conversion.- We give separate bounds in terms of a variety of the most common
basic resource states and map out how these basic states themselves can be converted into one another. We
foresee these conversion results being used to compare seemingly incomparable algorithms, such as protocols that
distill T-states with protocols that distill CCZ-states. The power of stabilizer operations can be increased not only by
consuming resource states, but also by borrowing resource states, known as catalyst states, and returning them at
the end of the algorithm. After establishing a general no-go result (Theorem 2.8), we give several examples of
resource state conversion where catalysis is necessary and sufficient, broadening beyond a number of previously
known examples. Thankfully, the stabilizer nullity is additive, such that ν(|ψ⟩⊗|φ⟩)=ν(|ψ⟩)+ν(|φ⟩) which allows
us to prove bounds that apply for catalysed conversions, most of which are summarized in Tables 1 and 2.
Type 2: Bounds on synthesis of single qubit unitaries.- We provide the first resource lower bounds for approximate
unitary synthesis under arbitrary stabilizer operations. Crucially these bounds apply to algorithms which include
measurements, can be adaptive, and have access to an arbitrary number of ancillas. Previous bounds which hold
for more restricted settings are beaten by the most efficient known algorithm, which requires at most 2⋅log₂(1/ε)
copies of T to approximate an arbitrary rotation gate to diamond norm precision ε. Our lower bound in this setting is
1/7⋅log₂(1/ε) - 4/3, a special case of Theorem 5.2.
Type 3: Computational task bounds.- We obtain bounds on the cost of implementing a computational task by
relating this to the cost of producing a state which can be addressed using the stabilizer nullity. For example, we
show that for n≥3, the multiply-controlled-Z gate on n qubits (key for many algorithms, including Grover’s search)
cannot be implemented consuming fewer than n/3 copies of |CCZ⟩ state (Proposition 4.1). The most efficient
known algorithm uses n-2 copies of |CCZ⟩. We find that the n-qubit modular adder (a fundamental quantum
arithmetic operations) cannot be implemented with fewer than (n−2)/3 copies of |CCZ⟩ (Proposition 4.3). The most
efficient known implementation of a modular adder uses n−1 |CCZ⟩ states. We also address bounds in terms of
other resource states. Finally, a number of these lower bounds can be tightened to be optimal within an additive
constant for a very commonly used setting in which Pauli measurements must have outcomes which occur with
probability one half (Lemma 6.8).
Technical tools.- We leverage two monotones for pure states under stabilizer operations: the stabilizer nullity ν(|ψ⟩)
introduced here in Definition 2.2, and the recently established stabilizer extent. We also develop number-theoretic
tools (including the dyadic monotone in Definition 6.1) and a canonical form for stabilizer operations (Theorem 5.3)
which allow us to give stronger bounds in some scenarios that are not resolved by these monotones.
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Session 11
(Invited) Achieving the Heisenberg limit in quantum metrology using quantum error correction
L Jiang
Yale University, USA
Quantum metrology has many important applications in science and technology, ranging from frequency
spectroscopy to gravitational wave detection. Quantum mechanics imposes a fundamental limit on
measurement precision, called the Heisenberg limit, which can be achieved for noiseless quantum systems, but is
not achievable in general for systems subject to noise. We study how measurement precision can be
enhanced through quantum error correction, a general method for protecting a quantum system from the damaging
effects of noise. We find a necessary and sufficient condition for achieving the Heisenberg limit using quantum
probes subject to Markovian noise, assuming that noiseless ancilla systems are available, and that fast, accurate
quantum processing can be performed. When the sufficient condition is satisfied, a quantum error-correcting code
can be constructed that suppresses the noise without obscuring the signal; the optimal code, achieving the
best possible precision, can be found by solving a semidefinite program.
(Invited) Error suppression for Hamiltonian quantum computing
M Marvian
Massachusetts Institute of Technology, USA
In this talk, I will highlight various strategies to suppress errors for Hamiltonian-based quantum computation and
discuss how quantum codes can be used to perform the desired computation while providing protection against
noise. In particular, I will review earlier work on the problem of encoding a Hamiltonian into a noise-resilient
Hamiltonian, by introducing penalty terms. I will discuss the advantage of subsystem codes to reduce the locality of
the encoded Hamiltonians, and present general conditions to achieve perfect error suppression.
By introducing a new family of subsystem codes, I will present recent results on the sufficiency of two-body
interactions to perform noise-resilient universal ground state quantum computation. Finally, I will discuss how
randomness in the strength of interactions can reduce the effect of noise on the computation.
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Thursday 1 August
Session 12
(Invited) Exploring building blocks for topological codes with superconducting qubits
M Takita
IBM T.J. Watson Research Center, USA
The experimental demonstration of a fully fault tolerant quantum computer will require a steady path of hardware
development for increasing the number of qubits with good connectivity while achieving lower and lower error rates
with good coherence times. Recent advances in materials and design of superconducting qubits have made highcoherence multi-qubit devices readily available with high yield. While we ultimately hope to demonstrate a fault
tolerant error correcting code for protection of logical qubits, we are not quite there yet. However, the small scale
devices being built today already allow us to start studying the building blocks of quantum error correcting codes. In
this talk, I will discuss an experimental implementation of parity measurements [1] and the first demonstration of a
fault tolerant state preparation of a small code using superconducting qubits [2]. I will also discuss the type of
devices and hardware necessary for multiple syndrome extractions, where fast high fidelity quantum non-demolition
measurement will be required.
[1]
[2]

Maika Takita, A.D. Córcoles, et al., Phys. Rev. Lett. 117, 210505 (2016)
Maika Takita, Andrew Cross, et al., Phys. Rev. Lett. 119, 180501 (2017)

Conditions for fault tolerance in the presence of leakage
N Brown1, M Newman2 and K Brown1,2
1

Georgia Institute of Technology, USA, 2Duke University, Durham, USA

Leakage is a particularly damaging error. If left untreated, it corrupts data and renders error syndromes useless.
Leakage errors are typically handled by implementing leakage reducing circuits (LRCs) which convert leakage errors
into Pauli errors at the cost of additional overhead. How leakage is modeled greatly affects how much leakage
reduction is needed and the cost of overhead can become quite expensive. So where does the balance between
leakage reduction and overhead lie? What are methods for effectively handling leakage errors? What can be done
at the physical, circuit, and error correction level?
The standard error model for a leaked qubit interacting with a second unleaked qubit is to depolarize the second
qubit. In this model, the most basic LRCs are not strictly fault tolerant. Ancilla leakage is so damaging, a single
leaked ancilla immediately leads to a suppressed logical error rate. Interestingly, if leakage can be restricted to only
data qubits, the code distance can be preserved (see Fig. 1 (a)). This could be realized through gates that have a
noise biased, or by the mixing of different qubit types [1].
This depolarizing leakage model may also be too pessimistic. Changing the leakage model to reflect a more
accurate description of the physical system can lead to fault tolerance, as is the case for a Mølmer-Sørenson
leakage model, where no two-qubit interaction occurs if one qubit is leaked. In this leakage model, ancilla leakage
is less damaging. In fact, if leakage can be restricted only to ancilla qubits, then leakage can be effectively handled
without the use of LRCs entirely [1, 2].
The way in which leakage is modeled will also determine the effectiveness of an error correction code. Certain
subsystem surface codes are more adept at handling the correlated errors associated with leakage and offer better
per qubit protection than subspace surface codes (see Fig. 1 (b)) [2].
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Accurately describing the behavior of leakage errors is crucial when designing and implementing LRC’s in a system.
The leakage model can affect qubit choice, syndrome extraction circuits and the most effective error correction
code. In this presentation, we shall discuss the conditions under which the surface code will behave fault tolerantly
in the presence of leakage and address how the model of leakage impacts the basic building blocks of error
correction.

Fig 1: (a) distance = 3, 5, 7 comparison of data leakage with an LRC and ancilla leakage with no LRC for a
depolarizing leakage model (b) distance = 3, 5, 7 comparison of three systems with varying leakage and LRCs for a
Mølmer-Sørenson leakage model.
[1]
[2]

N. C. Brown, K. R. Brown. “Leakage mitigation using a mixed ion scheme”, in preparation (2019)
N. C. Brown, M. Newman, and K. R. Brown, arXiv preprint quantph/1903.03937 (2019)
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A silicon surface code architecture resilient against leakage errors
Z Cai1, 2, M Forgarty1, 3, S Schaal1, 3, S Patomaki1, 3, S Benjamin1, 2 and J Morton1, 3
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Spin qubits in silicon quantum dots (SS qubits) are one of the most promising building blocks for large scale
quantum computers thanks to their high qubit density and compatibility with the existing semiconductor
technologies. High-fidelity gates exceeding the threshold of error correction codes like the surface code have been
demonstrated. However, controlling SS qubits involve tuning tunnelling barriers, changing on-site energies and/or
shuttling electrons around, and each of these operations may lead to electrons ending up on the wrong quantum
dots. Since such leakage errors cannot be corrected (and may even be exacerbated) by the usual quantum error
correction protocols, they will accumulate and eventually corrupt the surface code even if the probability of these
leakage errors is very small.
Previous schemes [1-4] on leakage correction have been focusing on leakage events that are independent of each
other, while in the case of an array of quantum dots, a leaked charge from one dot might propagate through the
array and corrupt other dots, leading to correlated leakage errors. Applying conventional leakage reduction or
detection schemes to such charge leakage errors would require the integration of additional components like charge
reservoirs or charge detectors around every quantum dot, which is impossible in a densely packed quantum dot
array. Furthermore, conventional leakage reduction schemes may also introduce additional qubit and runtime
overhead. Instead, we propose a surface code architecture for SS qubits that is robust against leakage errors by
incorporating multi-electron mediator dots. Charge leakage in the qubit dots is transferred to the mediator dots via
charge relaxation processes and then removed using charge reservoirs attached to the mediators. We also
constructed a stabiliser-check cycle, optimised for our hardware, to remove the correlations between the residual
computational errors. There are no additional components needed for our leakage correction since the reservoirs are
also used for qubit initialisations and no additional runtime since the mediator resets can be carried out in parallel
with other error checking stage in the surface code. Through simulations we obtain the surface code threshold for
the leakage errors and show that in our architecture the damage due to leakage errors is reduced to a similar level
to that of the usual depolarising gate noise.
Given the hardware-dependent nature of leakage errors, it is likely that the optimal solution to them will be highly
hardware specific. Our proposal provides such a hardware efficient solution for charge leakage errors in quantum
dot surface code at an architecture level. Our use of an elongated mediator dots creates spaces throughout the
quantum dot array for charge reservoirs, measuring devices and control gates, providing the scalability in the
design.
The manuscript with the same title is in the last stage of preparation and should appear in the arXiv by 15 April.
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Passive error correction using microwave-cavity mediated long range interactions
P Brookes1, E Ginossar2, E Grosfeld3, M Stern4 and M Szymanska1
1
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The development of a passively corrected quantum memory is a significant open problem in the field of quantum
information and, although there are known models which would produce a stable qubit at finite temperature, it
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remains challenging to implement such models in experiment. One such example is the 4D toric code, which has
been shown to have a memory lifetime which scales exponentially with the size of the system [1]. It is possible that
such a model could be realized experimentally by embedding it in 3D using non-local interactions, but it is unclear
how to achieve this using the currently available experimental platforms.
Here we propose a system which is realizable with current technology. It consists of an isotropic Heisenberg chain of
flux qubits with the addition of long range spin-spin interactions mediated by a microwave-cavity [2]. A parameter
regime can be found in which there exist two quasi-degenerate ground states which are symmetry-protected against
local noise [3]. We examine how the memory lifetime of this system scales with the chain length and show that it
has potential as a candidate for a quantum memory. We also characterize the robustness of our model against
experimental imperfections by adding Gaussian distributed disorder to the transverse and longitudinal fields acting
on the flux qubits.

Fig 1: By coupling two qubits to a microwave cavity in the dispersive regime it is possible to generate a spin-spin
interaction between them with a strength J which is independent of their separation. We intend to couple every spin
in a Heisenberg chain to the same cavity and thus engineer long range all-to-all couplings which give rise to
protected ground states.
[1]
[2]
[3]

R. Alicki, et al., Open Systems & Information Dynamics 17(01), 1-20 (2010)
A. Blais, et al. Physical Review A 96(6), 062320 (2004)
A. Callison, et al., Physical Review B 96(8), 085121 (2017)

34

Session 14
Degenerate quantum LDPC codes with good finite length performance
P Panteleev1,2 and G Kalachev1,2
1

Lomonosov Moscow State University, Russia, 2Huawei Russian Research Center, Russia

We study[1] the performance of small and medium length quantum LDPC (QLDPC) codes in the depolarizing
channel. Only degenerate codes with the maximal stabilizer weight much smaller than their minimum distance are
considered. It is shown that with the help of an OSD-like post-processing the performance of the standard belief
propagation (BP) decoder on many QLDPC codes can be improved by several orders of magnitude.
Using this new modified BP decoder we study the performance of several known classes of degenerate QLDPC
codes including the hypergraph product codes, the hyperbicycle codes, the homological product codes, and the
Haah's cubic codes.
We also construct several interesting examples of short generalized bicycle codes. Some of them have an additional
property that their syndromes are protected by small BCH codes that may be useful for the fault-tolerant syndrome
measurement. Besides that we propose a new large family of QLDPC codes that contains the class of hypergraph
product codes, where one of the used parity-check matrices is square. It is shown that in several cases such codes
have better performance than the hypergraph product codes.
Besides that, we compare (see Fig. 1) the new modification of BP with other known modifications such as the
random perturbation, the enhanced feedback, and the matrix augmentation algorithm proposed recently[2].
Moreover, we demonstrate that the performance on the proposed modified BP decoder for some of the new
constructed codes ([[1270, 28]] generalized hypergraph code) is better than for the surface [[1201, 1, 25]] code
decoded by a near-optimal MPS-based decoder proposed in [3].

Fig. 1. BP-OSD vs other decoders vs Surface code + MPS
[1]
[2]
[3]

P. Panteleev, G. Kalachev, Degenerate Quantum LDPC Codes With Good Finite Length Performance, arXiv,
April (2019).
J. Rigby, et al., Modified belief propagation decoders for quantum ldpc codes, arXiv, March (2019).
S. Bravyi, M. Suchara, and A. Vargo, Phys. Rev. A 90, 032326 (2014)
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Fault-tolerant gates on hypergraph product codes
A Krishna and D Poulin
Université de Sherbrooke, Canada
Quantum error correcting codes are imperative to construct a robust quantum computer [1, 2, 3, 4]. A fault-tolerant
circuit simulates an ideal circuit, and provided that the gate errors are below a certain threshold, will allow for
quantum computations of arbitrary length. An important metric to evaluate the effectiveness of a fault-tolerant
quantum circuit is the overhead, defined as the ratio of the qubits required by the fault-tolerant circuit to the number
of qubits in the ideal circuit it is simulating. Overhead estimates for implementing Shor’s algorithm using the surface
code are daunting [5, 6].
Quantum low density parity check (LDPC) codes could potentially lead to savings in overhead [7, 8]. An important
candidate is the hypergraph product (HGP) code family [9]. These codes are capable of encoding a number of
qubits growing linearly in the block size. Leverrier et al. [10] demonstrated the existence of a linear time decoding
algorithm called small-set-flip that is capable of correcting errors of weight up to O( √𝑛𝑛) for a subclass of HGP
codes. Fawzi et al. have recently shown that HGP codes equipped with the small-set-flip algorithm can correct a
constant fraction of local stochastic errors and furthermore, that these codes exhibit a threshold [11]. In [12], the
authors extend this result and show that it is also resilient against syndrome errors.
To use these codes for quantum computation, we also require techniques to manipulate encoded information. We
shall describe the first technique to perform Clifford gates fault tolerantly on hypergraph product codes. Our method
is an instance of code deformation, a general framework to perform gates on quantum codes. Continuing in the
spirit of the hypergraph product formalism, we cast objects in algebraic or graph theoretical concepts. Importantly,
the code remains LDPC over the course of code deformation. Furthermore, since the modifications we make at each
step are local (in a graph theoretic sense), the resulting operations are fault-tolerant.
We shall illustrate our ideas using the surface code as an example. We demonstrate how introducing a small
amount of non-locality in the surface code gives rise to novel defects on the toric code which we call wormholes. We
shall show that we can use wormholes to encode logical information and how we can perform all Clifford operations
on the logical information. This can be seen as a unification of previous defect based encoding schemes combining
puncture and twist defects [13, 14, 15, 16]. For the surface code in particular, locality poses severe restrictions on
storing and processing encoded quantum information [17, 18, 19]. Furthermore, the strict assumption of locality
does not apply to all architectures. These reasons motivate searching for codes that possess a small amount of nonlocality. This work can therefore be seen as a proposal for codes in the spectrum between entirely local codes on the
one end and quantum LDPC codes on the other.
Returning to HGP codes, the generalized defects we obtain are capable of encoding several logical qubits, although
not all of them will be equally protected against logical errors. We shall show that under certain conditions, we can
encode our information in a way that the ‘bad’ logical qubits are not a liability. Finally, we also explore the
movement of point charges on these graphs and show that non-trivial operations are possible. We shall use this to
argue that we can perform all Clifford gates on the logical qubits embedded in the graph by entangling them with
logical qubits on punctures. Using state injection, we arrive at a universal set of fault-tolerant gates for hypergraph
product codes.
Our manuscript is in preparation and a copy can be made available upon request.
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D. Aharonov and M. Ben-Or. Fault-tolerant quantum computation with constant error. In Proceedings of the
twenty-ninth annual ACM symposium on Theory of computing, pages 176–188. ACM, 1997
P. Aliferis, D. Gottesman, and J. Preskill. Quantum accuracy threshold for concatenated distance-3 codes.
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A. Y. Kitaev. Quantum computations: algorithms and error correction. Russian Mathematical Surveys,
52(6):1191–1249, 1997

36

[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]

E. Knill, R. Laflamme, and W. H. Zurek. Resilient quantum computation: error models and thresholds. In
Proceedings of the Royal Society of London A: Mathematical, Physical and Engineering Sciences, volume
454, pages 365–384. The Royal Society, 1998
M. Suchara, A. Faruque, C.-Y. Lai, G. Paz, F. T. Chong, and J. Kubiatowicz. Comparing the overhead of
topological and concatenated quantum error correction. arXiv preprint arXiv:1312.2316, 2013
J. O’Gorman and E. T. Campbell. Quantum computation with realistic magic-state factories. Physical Review
A, 95(3):032338, 2017
A. A. Kovalev and L. P. Pryadko. Fault tolerance of quantum low-density parity check codes with sublinear
distance scaling. Physical Review A, 87(2):020304, 2013
D. Gottesman. Fault-tolerant quantum computation with constant overhead. Quantum Information &
Computation, 14(15-16):1338–1372, 2014
J.-P. Tillich and G. Z´emor. Quantum LDPC codes with positive rate and minimum distance proportional to
the square root of the blocklength. IEEE Transactions on Information Theory, 60(2):1193–1202, 2014
A. Leverrier, J.-P. Tillich, and G. Z´emor. Quantum expander codes. In Foundations of Computer Science
(FOCS), 2015 IEEE 56th Annual Symposium on, pages 810–824. IEEE, 2015
O. Fawzi, A. Grospellier, and A. Leverrier. Efficient decoding of random errors for quantum expander codes.
In Proceedings of the 50th Annual ACM SIGACT Symposium on Theory of Computing, pages 521–534.
ACM, 2018
O. Fawzi, A. Grospellier, and A. Leverrier. Constant overhead quantum fault-tolerance with quantum
expander codes. In 2018 IEEE 59th Annual Symposium on Foundations of Computer Science (FOCS),
pages 743–754. IEEE, 2018
R. Raussendorf and J. Harrington. Fault-tolerant quantum computation with high threshold in two
dimensions. Physical Review Letters, 98(19):190504, 2007
H. Bombin. Topological order with a twist: Ising anyons from an abelian model. Physical Review Letters,
105(3):030403, 2010
H. Bombin. Clifford gates by code deformation. New Journal of Physics, 13(4):043005, 2011.2
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Session 15
A fault tolerant non-Clifford gate for the surface code in two dimensions
B Brown
University of Sydney, Australia
Magic-state distillation, used to perform non-Clifford gates, consumes an overwhelming majority of the resources of
a surface code architecture for universal quantum computing. Here we show how to perform a fault-tolerant nonClifford gate with the surface code. This alleviates the need for distillation or higher-dimensional components to
complete a universal set of quantum logical gates. Remarkably, our gate is completed using parity checks of weight
no greater than four. As such, we expect it to be experimentally amenable with technology that is now under
development. As this gate circumvents the need for magic-state distillation, it may reduce the resource overhead of
surface-code quantum computation dramatically.
The gate uses local transversal gates and code deformations on a two-dimensional architecture over a time that
scales with the size of the qubit array. Specifically, we show that we can perform a fault-tolerant non-Clifford gate
with three overlapping copies of the surface code that interact locally. Each of the two-dimensional arrays of live
qubits replicates a copyof the three-dimensional generalisation of the surface code. We use that the full threedimensional model is natively capable of performing a controlled-controlled-phase gate to realise a twodimensional non-Clifford gate.
Important to the recovery of the three-dimensional surface code using a two-dimensional array of qubits is a just-intime decoder. Such decoding algorithms allow us to draw upon the advantages of a three-dimensional model using
only a two-dimensional array of live qubits via gauge fixing. We find that a just-in-time decoder can fix the gauge of
the two-dimensional array of qubits onto a thin layer of the three-dimensional surface code sufficiently well using
only the syndrome data available from the past and present. We accomplish this by deferring the time at which a
correction is applied until we have enough confidence in the predicted correction between the defects that have
already been realised.
The results we present are best described in terms of the topological cluster state model. In this talk we will begin by
defining measurement-based model, and its connection with the two- and three-dimensional surface code. We then
explain how we project the non-Clifford gate onto a two-dimensional surface. We finally discuss the just-in-time
decoder that permits a two-dimensional implementation of the gate. In particular, we will show how errors
accumulate using a just-in-time decoder as we fix the gauge of the two-dimensional array, and we will argue that for
a sufficiently low error rate the logical failure rate of the gate will decay rapidly.

The just in time decoder. The logical gate is conducted using gauge fixing and transversal gates over a threedimensional spacetime, represented by three-dimensional boxes above. By maintaining a two-dimensional array of
qubits (highlighted in gray layers), we only obtain syndrome data of the spacetime one temporal layer at a time
(left). As such, we defer pairing defects until more of the syndrome is revealed (middle). This introduces gauge-fixing
errors after the transversal gate is applied (right). The just-in-time decoder controls the gauge fixing errors such that
we can obtain a threshold.
[1]

B. J. Brown, arXiv:1903.11634 (2019)
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Quantum Pin Codes
C Vuillot1 and N Breuckmann2
1

QuTech TU Delft, The Netherlands, 2University College London, UK

The implementation of fault-tolerant and universal quantum computation presents many challenges both for
experiments and theory. Of particular theoretical relevance, is the design and study of quantum error correcting
codes. Not only do they have to protect quantum information using a reasonable amount of resources, but also
allow fault-tolerant implementation of quantum gates. The latter can be achieved by operating on physical qubits
individually, preventing errors from spreading. A code permitting such so-called transversal gates can either be used
directly or in magic state distillation protocols [1].
In this work, we introduce quantum pin codes, a class of CSS codes whose structure makes them naturally capable
of having transversal non-Clifford gates. Furthermore they can easily be turned into subsystem codes by introducing
non-commuting gauge operators permitting syndrome measurements of lower weight. Pin codes are a vast
generalization of Reed-Muller and quantum color codes of all dimensions which are known for their transversal nonClifford gates [2,3]. The flexibility of the definition of pin codes allows for the exploration of larger variety of quantum
codes. For example, by giving up some of the geometrical locality, we can construct codes with a much higher
encoding rate while keeping multi-orthogonality properties [6]. Pin codes also have an unfolding procedure [4],
similar to that of color codes.
We give two concrete ways of constructing pin codes, one relies on certain discrete groups called Coxeter groups
and one on chain complexes, a concept from algebraic topology. We study examples obtained from both methods.
Further exploring possible applications for pin codes, we follow some of the techniques developed in [5,6] to devise
distillation protocols. Randomly puncturing pin code variations of Reed-Muller(2,7) we are able to find triorthogonal codes with parameters such as [[175,17,4]], [[224,32,3]], [[261,27,4]] or [[453,59,3]] which are
comparable to that of [6].

Fig 1: (a) The 2D hexagonal color code viewed as a pin code; (b) Some chain complexes
corresponding to pin code variations on Reed-Muller(2,7).
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M. B. Hastings and J. Haah, Phys. Rev. Lett. 120, 050504 (2018)
J. Haah and M. B. Hastings, Quantum 2, 71 (2018)

39

Friday 2 August
Session 16
(Invited) Variational algorithms: Error-resilient tools for simulation, compilation and discovery
Z Cai, S Endo, T Jones, S McArdle, X Xu, X Yuan, S Benjamin
In this talk I will offer an overview of my group’s recent work designing and evaluating variational quantum
algorithms for diverse purposes.
We recently reported a variety of applications related to simulation of quantum systems, ranging from general open
systems [1] to specific novel uses in quantum chemistry [2,3]. These approaches involve seeking a ground state,
and can be adapted to a yet-more diverse range of problems including the optimal compilation of quantum circuits
[4], or the discovery of new circuits for the preparation of high-value quantum states, and even linear algebra [5].
The methods are already being demonstrated experimentally by collaborating teams (see e.g. [6]).

Can these approaches be impactful on real-world problems? Efficient exploration of the space spanned by the
variational circuit, or ansatz, is crucial and I will describe our work using imaginary time as a one of the most
effective options [7]. Achieving results of practical significance beyond the QIP field will also require using ‘every
trick’ to control errors; our group is among those that pioneered quantum error mitigation techniques [8], which can
can now be extended to incorporate concepts such as error detection without necessarily increasing the qubit count
[9].
I will also describe QuEST, the Quantum Exact Simulation Toolkit [10], an open source tool which our group has
developed to allow researchers to leverage any hardware, from laptop to GPU to distributed cluster, all from a single
intuitive interface.
[1]
[2]
[3]
[4]
[5]
[6]

Theory of variational quantum simulation, Xiao Yuan, Suguru Endo, Qi Zhao, SCB, Ying Li.
arXiv:1812.08767
Variational quantum algorithms for discovering Hamiltonian spectra, Suguru Endo, Tyson Jones, Sam
McArdle, Xiao Yuan, SCB, To appear in Phys. Rev. A (available as arXiv:1806.05707)
Quantum computation of molecular vibrations, Sam McArdle, Alex Mayorov, Xiao Shan, SCB, Xiao Yuan, To
appear in Chemical Science [R. Sc. Chem] (available as arXiv:1811.04069)
Quantum compilation and circuit optimisation via energy dissipation Tyson Jones and SCB,
arXiv:1811.03147
Variational quantum simulation of general processes, Suguru Endo, Ying Li, SCB, Xiao Yuan,
arXiv:1812.08778
Demonstration of Adiabatic Variational Quantum Computing with a Superconducting Quantum Coprocessor
Ming-Cheng Chen et al, arXiv:1905.03150
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Variational quantum simulation of imaginary time evolution, Sam McArdle, Tyson Jones, Suguru Endo, Ying
Li, SCB, Xiao Yuan arXiv:1804.03023
Practical Quantum Error Mitigation for Near-Future Applications Suguru Endo, SCB, Ying Li Phys. Rev. X 8,
031027 (2018) (available as arXiv:1712.09271)
Error mitigated digital quantum simulation, Sam McArdle, Xiao Yuan, SCB, Phys. Rev. Lett. 122, 180501
(2019) (available as arXiv:1807.02467)
QuEST and High Performance Simulation of Quantum Computers Tyson Jones, Anna Brown, Ian Bush, SCB
arXiv:1802.08032

(Invited) Measurement based fault tolerance beyond foliation
N Nickerson
PsiQuantum, USA
Quantum error correction is most commonly considered from a ‘circuit-based’ point of view, as codes being
operated on with measurements. Alternatively all of quantum error correction can be phrased in the language of
measurement based quantum computing (MBQC) as the construction of fault tolerant cluster states (FTCSs). While
MBQC is often thought of as a hardware driven choice, it is also a useful theoretical tool regardless of the eventual
physical implementation. Surprisingly, while any 2-d stabilizer code can be used to construct an equivalent FTCS
through foliation, there are FTCSs that cannot be constructed through foliation of a stabilizer code. I will talk about
some examples of this type of cluster state with remarkable properties. These approaches to fault tolerance are
particularly relevant in linear optical quantum computing where there is a unique flexibility in hardware options,
such such as connectivity beyond nearest neighbor interactions.
Single-Shot-Decoding with high thresholds in LDPC quantum codes with constant encoding rate
N Breuckmann1 and V Londe2
1

University College London, UK, 2INRIA, France

It is believed that active quantum error correction will be an essential ingredient to build a scalable quantum
computer. The currently favored scheme is the surface code due to its high decoding threshold and efficient
decoding algorithm. However, it suffers from large overheads which are even more severe when parity check
measurements are subject to errors and have to be repeated. Furthermore, the number of encoded qubits in the
surface code does not grow with system size, leading to a sub-optimal use of the physical qubits. Finally, the
decoding algorithm, while efficient, has non-trivial complexity and it is not clear whether it can be implemented in
hardware that can keep up with the classical processing.
We present a class of low-density-parity check (LDPC) quantum codes which fix all three of the concerns mentioned
above. They were first proposed in [1] and called 4D hyperbolic codes, as their definition is based on fourdimensional, curved geometries. They have the remarkable property that the number of encoded qubits grows
linearly with system size, while their distance grows polynomially with system size, i.e. d~na with 0.1 < a < 0.3. This
is remarkable since it was previously conjectured that such codes could not exist [1]. Their structure allows for
decoders which can deal with erroneous syndrome measurements, a property called single-shot error correction [2]
as well as local decoding schemes [3].
Although [1] analyzed the encoding rate and distance of this code family abstractly, it is a non-trivial task to
actually construct them. There is no known efficient deterministic procedure for obtaining small examples. Only
single examples of reasonable size had been obtained previously [4,5]. These previous examples were part of
different code families, so that it was not possible to determine a threshold. We succeeded to construct several
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small examples by utilizing a combination of randomized search and algebraic tools. We analyze the performance of
these codes under several different local decoding procedures via Monte Carlo simulations. The decoders all share
the property that they can be executed in parallel in O(1) time. Under the phenomenological noise model and
including syndrome errors we obtain a threshold of ~5% which to our knowledge is the highest threshold among all
local decoding schemes. Furthermore, we obtain the optimal decoding performance by analysing the associated
statistical mechanics model [6,7].

Fig 1: 120-cell, a 4D polytope used in the construction; Fig 2: Sparse parity checks a of [[720,164,12]]-code.
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Session 17
Tailoring surface codes for highly biased noise
D Tuckett1, C Chubb1, S Bravyi2, S Bartlett1 and S Flammia1,3
1

The University of Sydney, Australia, 2IBM T.J. Watson Research Center, USA, 3Yale University, USA

The surface code, with a simple modification, exhibits ultra-high error correction thresholds when the noise is biased
towards dephasing [1]. Here we identify features of the surface code responsible for these ultra-high thresholds and
show how to exploit them to achieve significant improvement in logical failure rate. First, by considering the infinite
bias limit, meaning pure dephasing, we show that error correction of the modified surface code is equivalent to a
classical concatenated code of a single top-level cycle code and bottom-level repetition codes. With this
equivalence, we prove that the error threshold of the modified surface code for pure dephasing noise is 50%, i.e.,
that all qubits are fully dephased, and this threshold can be achieved by a polynomial time decoding algorithm. The
sub-threshold behavior of the code is controlled by the parameter 𝑔𝑔 = gcd (𝑗𝑗, 𝑘𝑘), where 𝑗𝑗 and 𝑘𝑘 are dimensions of
the surface code lattice, such that in codes with small 𝑔𝑔 the more effective repetition code dominates. We
demonstrate a significant improvement in logical failure rate with pure dephasing for co-prime codes that have 𝑔𝑔 =
1. The effect is dramatic: the same logical failure rate achievable with a square surface code and 𝑛𝑛 physical qubits
can be obtained with a co-prime surface code using only 0(√𝑛𝑛) physical qubits. Finally, we use an approximate
optimal decoder to demonstrate that this improvement persists for a general Pauli noise biased towards dephasing.
In particular, we observe a significant improvement in logical failure rate against biased noise using a smaller coprime 𝑗𝑗 − 1 ×𝑗𝑗 surface code compared with a square 𝑗𝑗×𝑗𝑗 surface code, see Fig. 1.

Fig. 1. Logical failure rates 𝑓𝑓8×8 and 𝑓𝑓7×8 as a function of physical error probability 𝑝𝑝 for small comparable

square 8×8 and co-prime 7×8 codes, and the logarithm of the ratio of logical failure rates log (f7x8 / f 8/8) with noise
biases 𝜂𝜂 ∈ {0.5, 10, 30, 100, 300,∞}, where bias is defined on the modified surface code as 𝜂𝜂 = pz / (px + py) and
px, py, pz are the probabilities of single qbit Pauli X, Y, Z errors. Data points are sample means over 60000 runs
using the BSV decoder [2] with approximation parameter 𝜒𝜒 = 96. Dotted lines connect successive data points for a
given 𝜂𝜂.
Based on arXiv:1812.08186
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D. K. Tuckett, S.D. Bartlett, S. T. Flammia, Phys. Rev. Lett. 120, 050505 (2018)
S. Bravyi, M. Suchara, A. Vargo, Phys. Rev. A 90, 032326 (2014)
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(Invited) A game of surface codes: large-scale quantum computing with lattice surgery
D Litinski
Freie Universität Berlin, Germany
Useful, classically intractable quantum computations can be very long, potentially consisting of billions of quantum
gates. Some of these computations use as few as 100 qubits, but these need to be logical error-corrected qubits,
rather than physical qubits, as the coherence times of currently available physical qubits are many orders of
magnitude shorter than the execution times of these computations. With logical qubits, the set of available
operation is determined by the error-correcting code, independently of the underlying physical hardware. For fullscale quantum computations on hundreds of logical qubits (i.e., potentially hundreds of thousands of physical
qubits), it is useful to have a framework that describes logical qubits
and operations without keeping track of the details of the physical hardware and errorcorrection protocols. This talk
is based on a paper [1] that introduces such a framework with a focus on surface codes, but can also be applied to
other topological codes. It uses lattice surgery to describe all logical operations via the easy-to-understand concepts
of qubits and measurements, avoiding anyons and topological braiding diagrams. Using this framework, a complete
full-scale quantum computer is constructed, consisting of qubit blocks that perform magic state distillation and
blocks that consume magic states to advance the computation. Finally, space-time trade-offs are discussed, i.e.,
how to use more qubits to compute faster.
[1]

D. Litinski, Quantum 3, 128 (2019)
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Poster Programme
(P.01) Adaptive Bayesian phase estimation for quantum error correcting codes
F Martinez Garcia
Swansea University, UK
Numerous error sources appear in the experimental realisation of quantum algorithms. A characterisation and
minimization of these errors must be performed in order to improve the fidelity of quantum operations. In this work,
we propose a method relying on the application of Bayesian inference that can be used to determine systematic,
unknown phase shifts of multi-qubit states. This method offers important advantages as compared to Ramsey-type
protocols. In particular, it yields the optimal amount of information about the phase shifts of the state by selecting
an adaptive basis at each measurement step. Moreover, it leads to a substantial decrease in the resources needed
for the estimation of the phases as it can process the outcomes of different observables at the same time. To prove
these advantages, we apply this method to correct the relative phases appearing in the preparation of the logical
states of the 7-qubit error correcting code.
(P.03) Information leakage in Round-robin-differential-phase-shift quantum key distribution
Z-Q Yin, S Wang, W Chen, G-C Guo and Z-F H
University of Science and Technology of China, China
The round-robin-differential-phase-shift (RRDPS) quantum key distribution (QKD) protocol is a novel protocol.
However, its security bound is unsatisfactory. Here, through introducing the phase randomization, an improved
bound on information leakage is developed.
Unlike public-key cryptography, whose security relies on unproven mathematical assumptions, quantum key
distribution (QKD) [1, 2] can information theoretically distribute secret key bits between distant peers (such as Alice
and Bob). In QKD protocols, Alice and Bob can bound the information leakage for the eavesdropper (Eve) by
collecting the error rate of their raw key bits or some other parameters reflecting the signal disturbance. Surprisingly,
the recently proposed roundrobin-differential-phase-shift (RRDPS) [3] protocol is an exception. The main merit of
the RRDPS protocol is that the estimation of information leakage 𝐼𝐼𝐴𝐴𝐴𝐴 does not depend on the error rate of key bits.
Despite these experimental successes [4–7], it is still a great challenge to realize a practical measurement system
with a large 𝐿𝐿 value. Therefore, an improved estimate of 𝐼𝐼𝐴𝐴𝐴𝐴 would be very useful, especially if it could allow
operation with few pulses. To address this issue, we report an improved theoretical bound on 𝐼𝐼𝐴𝐴𝐴𝐴 . Through
numerical simulation, we show that with our theory, the performance of the real-life RRDPS implementation can be
improved. One can see Ref.[8] for the detailed version of this summary.

𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒. For the RRDPS protocol with 𝐿𝐿-pulse packet, where each packet contains N photons (L ⩾ N + 1), Eve’s
information can be bounded by
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∑ 𝑁𝑁 + 1 𝑥𝑥𝑖𝑖 = 1
𝑖𝑖 = 1
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With this new formula, information leakage of RRDPS protocol can be estimated tighter than before.
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]

Bennett, C. H. & Brassard, G. in Proc.IEEE Int.Conf.on Comp.Sys.and Signal Processing 175-179
(Bangalore, India, 1984)
Ekert, A. K. Quantum cryptography based on Bell’s theorem. Phys. Rev. Lett. 67, 661 (1991)
Sasaki, T., Yamamoto, Y.& Koashi, M. Practical quantum key distribution protocol without monitoring
signal disturbance. Nature 509, 475 (2014).
Guan, J. -Y. et al. Experimental Passive Round-Robin Differential Phase-Shift Quantum Key Distribution.
Phys. Rev. Lett. 114, 180502 (2015)
Takesue, H. et al. Experimental quantum key distribution without monitoring signal disturbance. Nat.
Photon. 9, 827-831 (2015)
Wang, S. et al. Experimental demonstration of a quantum key distribution without signal disturbance
monitoring. Nat. Photon. 9, 832-836 (2015)
Li, Y. -H. et al. Experimental round-robin differential phase-shift quantum key distribution. Phys. Rev. A.
93, 030302 (2016).
Yin, Z. -Q. et al. Improved security bound for the round-robin-differential-phase-shift quantum key
distribution. Nat. Commun. 9, 457 (2018)

(P.04) Cluster State Constructions of Holographic Quantum Codes
N McMahon1, R Harris1, G Brennen2, and T Stace1
1

University of Queensland, Australia, 2Macquarie University, Australia

Holographic quantum codes are a class of error correcting quantum codes movitevated the AdS/CFT
correspondence of string theory [1]. This correspondence is a theory relating negatively curved, Anti de-Sitter (AdS)
space in D + 1 spatial dimensions, to a conformal field theory (CFT) on the boundary in D spatial dimensions. This
geometric relationship is retained in holographic codes, being a kind of concatenated code over a tiling of
negatively curved, hyperbolic 2D space. Each tile has a seed code and associated logical qubits are embedded in
the negatively curved space. While after the concatenation the physical qubits of the code lie along the boundary of
the tiled subspace. This structure leads to the two-fold benefit of finite rate codes and high resistance to loss errors.
One example of this is the (CSS) holographic Steane code, introduced previously by the authors [2], that has a loss
threshold of about 1/3 and an asymptotic encoding rate of 1/√21.
Here I will discuss how these codes may be constructed from cluster states given the assumptions that each seed
code has its own cluster state construction. This method is systematic and constructive with a guarantee of a
constant depth circuit construction of the cluster state irrespective of the chosen hyperbolic subregion. This
construction method extends to both CSS and non-CSS seed codes (giving rise to CSS and non-CSS holographic
codes).
This systematic construction also describes how measurement outcomes of ancilla qubits of the cluster state of the
holographic code influence corresponding stabiliser gauges. Therefore, with the assumption of perfect
measurements, we can always construct a holographic code from the cluster state. Finally I will discuss some
results of Pauli error decoding and whether the cluster state construction of the holographic Steane code has an
error threshold.
[1]
[2]

Holographic quantum error-correcting codes: toy models for the bulk/boundary correspondence, Fernando
Pastawski, Beni Yoshida, Daniel Harlow, John Preskill, Journal of High Energy Physics, June 2015,
2015:149
Calderbank-Shor-Steane holographic quantum error-correcting codes, Robert J. Harris, Nathan A.
McMahon, Gavin K. Brennen, Thomas M. Stace, Phys. Rev. A 98, 052301
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(P.05) Entanglement Stabilization using Parity Detection and Real-Time Feedback in Superconducting
C Andersen, A Remm, S Balasiu, S Krinner, J Heinsoo, J-C Besse, M Gabureac, A Wallraff, C Eichler
ETH Zurich, Switzerland
In recent years, quantum computing has seen a surge of progress both theoretically and experimentally. However,
the long-term success of quantum computers relies on the ability to perform fault-tolerant quantum computations
using quantum error correction. In this approach, errors are detected through the repeated measurement of multiqubit parity operators and corrected using feedback operations conditioned on the measurement outcomes.
In our work [1], we experimentally demonstrate the use of an ancillary qubit to repeatedly measure the ZZ and XX
parity operators of two data qubits and to thereby project their joint state into the respective parity subspaces. By
applying feedback operations conditioned on the outcomes of individual parity measurements, we demonstrate the
real-time stabilization of a Bell state with a fidelity of F≈74% in up to 12 cycles of the feedback loop. We also
perform the protocol using Pauli frame updating and, in contrast to the case of real-time stabilization, observe a
steady decrease in fidelity from cycle to cycle, which demonstrates a practical advantage of actively stabilizing the
target state. We expect these results to stimulate additional experimental and theoretical research that will further
clarify the potential benefits of active feedback operations for near-term quantum error correction codes.
The ability to stabilize parity over multiple feedback rounds with no reduction in fidelity provides strong evidence for
the feasibility of executing stabilizer codes on timescales much longer than the intrinsic coherence times of the
constituent qubits.

Fig 1: (a) Joint eigenstates of the parity operators ZZ and XX for the four different combinations of eigenvalues.
Mapping to the target state is achieved by applying a π-rotation to qubit D2 around the x-axis (z-axis), if ZZ (XX) is
measured to be −1. (b) Gate sequence of the parity stabilization protocol which deterministically projects the qubits
onto a unique Bell state.
[1]

C.K. Andersen, et al., arXiv:1902.06946 (2019)
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(P.06) Near-Hashing-Bound Multiple-Rate Quantum Turbo Short-Block Codes
D Chandra, Z Babar, S Ng, L Hanzo
University of Southampton, UK
Quantum stabilizer codes (QSCs) suffer from a low quantum coding rate, since they have to recover the quantum
bits (qubits) in the face of both bit-flip and phase-flip errors. In this treatise, we conceive a low-complexity
concatenated quantum turbo code (QTC) [1] design exhibiting a high quantum coding and multiple quantum coding
rate in a single quantum encoder. The high quantum coding rate is achieved by combining the quantum-domain
version of short-block codes (SBCs) also known as single parity check (SPC) codes as the outer codes and quantum
unity-rate codes (QURCs) as the inner codes. The QURCs was obtained using extrinsic information transfer (EXIT)chart-aided search [2]. Despite its design simplicity, the proposed QTC yields a near-hashing-bound error correction
performance. For instance, compared to the best half-rate QTC known in the literature, namely the QIrCC-QURC
scheme [3], which operates at the distance of D = 0.037 from the quantum hashing bound, our novel QSBC-QURC
scheme can operate at the distance of D = 0.029. As an additional benefit, compared to QIrCC-QURC scheme,
which relies on quantum convolutional codes (QCCs) as the outer codes, our QSBC-QURC scheme relies on simple
block-codes as the outer codes. This property may reduce the potential catastrophic error propagation within the
quantum encoder. It is worth also mentioning that this is the first instantiation of QTCs exhibiting multiple quantum
coding rate, which enables the capability of adjusting the quantum encoders according to the quantum coding rate
required for mitigating the Pauli errors given the different depolarizing probabilities of the quantum channel. Finally,
the possibility of creating irregular version of the QSBC-QURC scheme is also considered.
Part of this work is available at https://arxiv.org/abs/1903.10927

Fig 1: The general schematic of QSBC-QURC. Fig 2: Goodput results for different quantum coding rate and their
associated distance to their quantum hashing bound
[1]
[2]
[3]

D. Poulin, J. Tillich, H. Ollivier, IEEE Transactions of Information Theory 55, 2776 (2009)
Z. Babar, S. X. Ng, L. Hanzo, IEEE Transactions of Vehicular Technology 64, 866 (2015)
Z. Babar, H. V. Nguyen, P. Botsinis, D. Alanis, D. Chandra, S. X. Ng, L. Hanzo, IEEE Communications Letters
20, 1916 (2016)
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(P.07) Spectra of Gauge Code Hamiltonians
S Burton
University College London, UK
We study the spectral gap of frustrated spin (qubit) Hamiltonians constructed from quantum subsystem (gauge)
codes. Such a Hamiltonian can be block diagonalized, with blocks labelled by eigenvalues of extensively many
integrals of motion. These are the stabilizers of the code. Using Perron-Frobenius theory we constrain the location of
first and second eigenvalues among the blocks of the Hamiltonian. Of particular interest is the 3D gauge color
code[1, 2], whose Hamiltonian has been conjectured to act as a quantum memory at finite temperature. We show
how the 3D gauge color code Hamiltonian decomposes as a sum of six mutually commuting Hamiltonians. Using all
of these techniques we are able to numerically find the gap of some large instances of the 3D gauge color code, up
to 175 qubits, which is compared to other frustrated spin Hamiltonians. Finally, we suggest a relation between
bounded stabilizers and gapped spectra. Please see [3] for more details.
[1]
[2]
[3]

H. Bombín. Gauge color codes: optimal transversal gates and gauge fixing in topological stabilizer codes.
New Journal of Physics, 17(8):083002, 2015
H. Bombín. Single-shot fault-tolerant quantum error correction. Physical Review X, 5(3):031043, 2015
S. Burton. Spectra of gauge code hamiltonians. arXiv preprint arXiv:1801.03243, 2018

(P.08) Estimation of gate fidelities for a MoS2-monolayer spin-valley two-qubit system
J Pawlowski
Wroclaw University of Science and Technology, Poland
Two-dimensional crystals consisting of single layers of atoms are modern materials that can be used for
implementation of quantum computation. 2D monolayers of transition metal dichalcogenides, e.g. MoS2, seem to
be better candidates than graphene because they have wide band gaps and strong electrically induced spin-orbit
coupling of the Rashba type [1,2]. Considering the valley degree of freedom of an electron together with its spin
extends the ability to define a qubit into: spin, valley and hybrid spin-valley qubit [3]. However, the most interesting
is the definition based on spin and valley of a single electron as a two-qubit system [4,5].
We propose a nanodevice based on a gate-defined quantum dot within a MoS2 monolayer in which we confine a
single electron. By applying control voltages to the device gates we modulate the confinement potential and force
inter-valley transitions [6]. The present Rashba spin-orbit coupling additionally allows for spin operations as well as
the spin-valley swap. By performing numerical simulations, we show how by electrically controlling the state of the
electron in such a device, we can obtain single- and two-qubit gates in the spin-valley two-qubit system.
Calculations are performed for exact, non-model potentials with assumed realistic nanodevice structure and
material parameters. Therefore, the gate fidelities can be reasonably estimated. Properly calculated fidelities allow
for planning the right error correction strategy for such quantum spin-valley two-qubit systems.
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Fig 1: Proposed nanodevice composed of control gates and MoS2 flake.
[1]
[2]
[3]
[4]
[5]
[6]

Q. H. Wang, et al., Nat. Nanotech. 7, 699 (2012)
A. Kormanyos, et al., Phys. Rev. X 4, 011034 (2014)
G. Széchenyi, L. Chirolli and A Pályi, 2D Mater. 5, 035004 (2018)
N. Rohling, G. Burkard, New J. Phys. 14, 083008 (2012)
Y. Wu, et al., Phys. Rev. B 93, 045313 (2016)
J. Pawłowski, D. Żebrowski, and S. Bednarek, Phys. Rev. B 97, 155412 (2018)

(P.10) Optimal Quantum Subtracting machine
F Kianvash, M Fanizza, and V Giovannetti
NEST, Italy
The impossibility of undoing a mixing process is analysed in the context of quantum information theory. The optimal
machine to undo the mixing process is studied in the case of pure states, focusing on qubit systems. Exploiting the
symmetry of the problem we parametrise the optimal machine in such a way that the number of parameters grows
polynomially in the size of the problem. This simplification makes the numerical methods feasible. For simple but
non-trivial cases we computed the analytical solution, comparing the performance of the optimal machine with
other protocols.
(P.11) Dissipative self-interference and robustness of continuous error-correction to miscalibration
V Albert1, K Noh2 and F Reiter3
1

Caltech, USA, 2Yale University, USA, 3Harvard University, USA

In arXiv:1809.07324, we derive an effective equation of motion within the steady-state subspace of a large family
of Markovian open systems (i.e., Lindbladians) subject to perturbations of their Hamiltonians and system-bath
couplings. We derive a set of conditions under which competing dissipative processes destructively interfere,
producing no dissipation within the steady-state subspace. Due to the mildness of the conditions, such destructive
interference turns out to be much more generic than expected. For quantum error-correction, these effects imply that
continuously error-correcting Lindbladians are robust to calibration errors, including miscalibrations consisting of
operators undetectable by the code. A similar interference is present in more general systems if one implements a
particular Hamiltonian drive, resulting in a coherent cancellation of dissipation. On the opposite extreme, instead of
suppressing dissipation, we provide a simple implementation of universal Lindbladian simulation.
(P.12) Efficient quantum error correction of dephasing induced by a common fluctuator
D Layden, M Chen and P Cappellaro
Massachusetts Institute of Technology, USA
Quantum error correction (QEC) is expected to be essential in large-scale quantum technologies. However, the
substantial overhead of qubits it requires is thought to greatly limit its utility in smaller, near-term devices. In Ref.
[1], we introduce a new family of special-purpose quantum error-correcting codes that offer an exponential
reduction in overhead compared to the usual repetition code. This reduction is achieved by tailoring the codes for a
common and important source of decoherence in current experiments, whereby a register of qubits is subject to
phase noise through coupling to a common fluctuator, such as a resonator or a spin defect. This is the limiting
source of decoherence for many nuclear spin qubits near an electronic spin impurity such as the nitrogen-vacancy
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(NV) center in diamond, and an important source in superconducting qubits coupled to a common readout
resonator. In these settings, conventional QEC codes cast a wider net than is often necessary, given the correlations
present in the dominant noise source. Instead, we propose an efficient hardware-adapted approach which exploits
these noise correlations.
Hardware-adapted codes have been shown to be especially beneficial for error-corrected quantum sensing [2,3],
but the techniques developed there can be used more broadly. The smallest instance of our codes encodes one
logical qubit into two physical qubits, and corrects decoherence to leading-order using a constant number of oneand two-qubit operations. More generally, these codes correct errors to order 𝑤𝑤 using (log𝑤𝑤) qubits, in contrast with
the repetition code, which uses (𝑤𝑤) qubits. While these are not stabilizer codes, syndrome measurements can still
often be made by performing phase estimation on local operators, as shown in Fig. 1 for the smallest instance. We
are currently working on an experimental implementation of this two-qubit code using an NV center at room
temperature.
Our results demonstrate that it is possible to find hardware-adapted QEC codes with a well-defined advantage (here
exponential) over known, general codes. Our proposed codes are similar in spirit to the hardware-adapted bosonic
codes that have had remarkable experimental success of late (see, e.g., [4]), but are tailored to a different physical
setting. New QEC codes of this type could provide a middle ground between small-scale uncorrected devices and
large-scale fault-tolerant ones, thanks to specialized codes that tame the dominant decoherence mechanisms with
only modest overheads. This view of near-term QEC as quantum “firmware” rather than “software” suggests a
possible interplay between theory and experiment, whereby Noisy Intermediate-Scale Quantum (NISQ) hardware
and efficient QEC codes both guide each other's development.

Fig 1: The recovery operation for the smallest instance of our codes, which corrects correlated dephasing on two
qubits. |𝜓𝜓𝐿𝐿〉 and |𝜓𝜓𝐸𝐸〉 denote logical and error states respectively. The unitaries 𝑈𝑈𝑧𝑧 and 𝑈𝑈𝑥𝑥 are 𝜋𝜋-rotations about
axes determined by the noise correlations, which are readily measurable.

[1]
[2]
[3]
[4]

D. Layden, M. Chen, P. Cappellaro, arXiv:1903.01046
D. Layden, S. Zhou, P. Cappellaro, L. Jiang, Phys. Rev. Lett. 122, 040502 (2019)
D. Layden, P. Cappellaro, npj Nature Quantum Inf. 4, 30 (2018)
N. Ofek et al., Nature 536, 441 (2016)

(P.13) Benchmarking 9 Qubit Codes with Realistic Ion Trap Error Models
M Li1, D Debroy2, S Huang2 and K Brown2
1

Georgia Institute of Technology, USA, 2Duke University, USA

Quantum computing experiments are progressing into the scale where error correction on small devices will soon be
viable. These near-term devices will be the predecessors to far larger fault tolerant quantum computers in the future
which can run interesting algorithms at high success rates. While most work regarding the theory of quantum error
correction consider the general Pauli error model on large scale devices, it is also worthwhile to study small error
correction codes in the settings of realistic error channels that exist in specific computing architectures [1,2,3,4].
With the goal of error correction for near-term ion trap devices in mind, this study can help transform realistic
problems that occur in experiments into error channels that can be well described in theory.
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In this work we perform numerical simulations of some small and well-studied quantum error correction codes under
a set of realistic error models specific to the ion trap architecture. In particular, the codes that are being considered
are the 17-qubit rotated surface code [5], the 13-qubit Bacon-Shor code [6], and the [[9,1,3]] Shor’s code. We
benchmark the error-correction performance of these codes under a combination of gate (overrotation) errors, T2
dephasing errors, and crosstalk errors in a circuit consisting of logical state preparation, quantum error correction,
and measurement. We also present a tool for finding qubit to ion mappings for each code which minimize the
damage of crosstalk errors, and in the case of Surface-17 and Shor's code allow us to achieve fault tolerance in the
presence of crosstalk errors. In general, we find that the [[9,1,3]] Shor’s code gives the best performance among
the three codes.

Fig 1: All possible pairs of qubits that the nearest neighbor corsstalk can have effect on when applying a two-qubit
gate on qubits A and B. Note that if an ion C is directly neighboring both qubits A and B then the crosstalk error
strength is significantly higher on C.
[1]
[2]
[3]
[4]
[5]
[6]

T. Obrien, B. Tarasinski, and L. DiCarlo, npj Quantum Information 3, 39 (2017)
A. Bermudez, X. Xu, R. Nigmatullin, J. O’Gorman, V. Negnevitsky, P. Schindler, T. Monz, U. G. Poschinger, C.
Hempel, J. Home, et al., Phys. Rev. X 7, 041061 (2017)
C. J. Trout, M. Li, M. Gutierrez, Y. Wu, S.-T. Wang, L. Duan, and K. R. Brown, New Journal of Physics 20,
043038 (2018)
D. M. Debroy, M. Li, M. Newman, K. R. Brown, Phys. Rev. Lett. 121, 250502 (2018)
Y. Tomita, K. M. Svore, Phys. Rev. A 90, 062320 (2014)
M. Li, D. Miller, K. R. Brown, Phys. Rev. A 98, 050301(R) (2018)

(P.15) Fault-tolerant Quantum Error Correction using Flag and Bridge Qubits
L Lao and C Almudever
Delft University of Technology, The Netherlands
General error syndrome extraction protocols for fault-tolerant (FT) quantum error correction (QEC) such as Shor,
Steane, and Knill can be applied to various stabilizer codes. But these error correction schemes all require many
ancilla qubits, which are scarce resources in near-term quantum processors. A flag-based error correction scheme
with low qubit overhead has been proposed [1-4]. The idea is to replace a non-FT parity check circuit by a flag
circuit which can detect correlated errors by adding only one or a few extra ancilla qubits, called flag qubits. This
flag QEC scheme provides an efficient way to demonstrate fault tolerance in small experiments.
However, it is difficult or even impossible to directly map available flag circuits onto near-term quantum processors,
which have geometrical interaction constraints such as the nearest-neighbor (NN) connectivity in IBM, Intel, and
Google's superconducting processors. One may need to apply extra operations like SWAP gates to move qubits to
be neighbors, leading to a larger circuit which not only will have higher error rates but also might not be fault
tolerant.
In this work, we propose a flag-bridge error correction scheme to enable the implementation of FT QEC on near-term
quantum devices. We extend available flag circuits to a variety of equivalent circuits which perform the same
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stabilizer measurement (parity check) fault-tolerantly. In these circuits, the flag qubits are also used as bridges to
cope with the connectivity constraints. Therefore, by using flag-bridge circuits, one can fault-tolerantly map a QEC
code to a geometrically-constrained device without using SWAP gates. Furthermore, we develop a tool to
automatically generate error decoders of some low-distance QEC codes for any given error correction circuit. We
show some mapping examples and analyze their fault tolerance numerically. One example of the Steane code is
shown in Figure 1, where its stabilizer generators are X(Z)1,2,4,5 , X(Z)1,3,4,7,, X(Z)4,5,6,7.

Fig 1: (a) FT circuits using 2 ancillas for measuring one weight-4 Z-stabilizer; (b) FT circuits using 3 ancillas for (top)
measuring one weight-4 Z-stabilizer and (bottom) two weight-4 Z-stabilizers in parallel; (c) Mapping of the Steane
code error correction by using the sequential check circuits in (a) and parallel check circuits in (b) to NN
architectures (top) and (bottom) respectively, where ancillas in each circuit are represented by a colored ellipse; (d)
Fault tolerance comparison of two different mappings in (c) of the Steane code error correction under circuit level
noise.
[1]
[2]
[3]
[4]

T. J. Yoder and I. H. Kim, Quantum, 1, 2 (2017)
R. Chao and B. W. Reichardt, Phys. Rev. Lett. 121, 050502 (2018)
C. Chamberland and M. E. Beverland, Quantum, 2, 53 (2018)
B. W. Reichardt, arXiv:1804.06995 (2018)

(P.16) Optimal Raman pulses for enhanced atom interferometers
J Saywell, M Carey, I Kuprov and T Freegarde
University of Southampton, UK
Ultra-precise atom interferometric sensors and information processors are fundamentally limited by the accuracy of
the atomic state manipulation. In atom interferometers, the laser pulses that act as mirrors and beamsplitters often
suffer from inhomogeneities in coupling strength and effective detuning because different atoms see different laser
intensities, Zeeman and Doppler shifts and are in different Zeeman sub-states. This limits the fringe visibility for a
simple interferometer, which falls off rapidly if extra pulses are added, for example to increase the interferometer
area [1] or implement algorithmic cooling sequences [2]. In practice, one usually therefore filters the atomic
sample, thus losing signal, and/or restricts operation to small-area interferometers with low sensitivity.
The problem is familiar in the field of NMR [3], where, instead of using simple π or π/2 pulses, the phase and
potentially amplitude are modulated during the pulse so as to make the result robust to the inhomogeneities
encountered. Despite the similarities with NMR systems, the numbers, correlations and performance measures for
atom interferometry are different. We have used optimal control theory to obtain robust high-fidelity control pulses
for atom interferometry (Fig.1, a). Importantly, while the designs are found by computational simulation, we can
validate them experimentally, with remarkably good agreement (Fig. 1, b). Our robust state transfer pulse achieves a
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fidelity of 99.8(3)% where the conventional π pulse fidelity has fallen to 75(3)%. We have also extended our
optimization to all three pulses of an interferometer sequence, and obtained a three-fold increase in visibility when
compared with conventional pulses.

Fig 1: (a) Phase profile of optimal state transfer pulse; (b) Measured fraction of excited state atoms during optimal
pulse (solid line represents a numerical simulation); (c) Measured interference fringes produced by standard
rectangular pulses (orange), and optimized pulse sequence (blue), for an atom cloud at ∼ 150μK, showing a threefold improvement in visibility
We have addressed the optimization of individual mirror and beamsplitter pulses [4, 5], but our eventual aim is to
optimize the interferometer as a whole: errors introduced in one pulse can be compensated at a later stage, for
example. Our pulses yield high contrast without the need to filter the atomic sample (Fig. 1, c), and maintain this
even in the case of extended pulse sequences, allow for significant increases in sensitivity compared with
conventional pulses.

[1]
[2]
[3]
[4]
[5]

D. L. Butts et al., J. Opt. Soc. Am. B 30, 922, (2013)
T. Freegarde and D. Segal, Phys. Rev. Lett. 91, 037904, (2003)
N. Khaneja et al., J. Magn. Reson. 172, 296, (2005)
J. Saywell et al., Phys. Rev. A 98, 023625, (2018)
J. Saywell et al., in preparation, (2019)

(P.17) Quantum convolutional data-syndrome codes
W Zeng,1 A Ashikhmin,2 M Woolls,1 and L Pryadko1
1

University of California, USA, 2Bell Labs, USA

Quantum stabilizer codes are designed to be robust against qubit errors. However, syndrome measurement cannot
be done perfectly: necessarily, there are some measurement errors whose probability grows with the weight of the
checks (stabilizer generators). Furthermore, both the syndrome measurement protocol and the syndrome-based
decoding have to operate in a fault-tolerant (FT) regime, to be robust against errors that happen during the
measurement.
Two conventional approaches to deal with measurement errors are repeated measurements and redundant
measurements. In data-syndrome (DS) codes, the redundant syndromes are encoded by a classical code. Typically,
this classical code may outperform the repetition code, which is embedded in the repeated measurement protocol.
However, the advantage may be reduced by the increase in generators' weights and corresponding depth (duration)
of the measurement circuit.
The goal of this work [1] is to compare the two techniques in application to quantum convolutional codes (QCCs).
Generally, main advantage of QCCs is the availability of an efficient Viterbi decoder. Here, we introduce a class of
quantum convolutional data-syndrome (QC-DS) codes, where the redundant checks of a QCC are encoded by an
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auxiliary classical convolutional code. We show that for such codes, soft-decision Viterbi decoder can be used to
efficiently decode syndrome and data errors simultaneously. We performed extensive numerical simulations in the
FT regime, using both the phenomenological error model and the circuit-based error model. This was the first time a
DS code has been simulated with the circuit error model.
We chose simulation parameters to represent the current Noisy Intermediate-Scale Quantum (NISQ) devices based
on superconducting transmon qubits with dispersive readout. Here, measurement time can be as large as 500ns,
compared to under 50ns two-qubit gates, with the error probabilities scaling accordingly.
Specifically, starting with a simple quantum convolutional code with the parameters [[24; 6; 3]] and syndrome
generators of weight 6, we constructed several single-shot and repeated measurement/decoding protocols using
the classical Viterbi algorithm to decode data and syndrome errors sequentially or simultaneously. Our
phenomenological error model includes two parameters: probability 𝑝𝑝 of a randomly selected Pauli error on each
qubit, and probability 𝑞𝑞 of an error in syndrome measurement. For circuit model simulations, we used single-qubit
error probability 𝑝𝑝1 per time step (any one- or two-qubit gate, including idle qubits), and an additional syndrome bit
error probability 𝑞𝑞1 added to the measurement result. In particular, our simulations show that with 𝑞𝑞1 = 10𝑝𝑝1 , a DS
code which requires measuring generators of weight up to 𝑤𝑤𝑚𝑚𝑚𝑚𝑚𝑚 = 9 has performance (successful decoding
probability) exceeding that of the repeated measurement scheme.
There are several open questions. First, whether degenerate QCCs exist, with small-weight generators, large
distances, and trellises with reasonably small memory sizes. For the purpose of constructing convolutional DS
codes, one would further like to have a QCC with a redundant set of minimum-weight stabilizer generators. Second,
whether similarly constructed non-convolutional DS codes could be useful in the regime with significant
measurement errors, e.g., for optimizing the performance of surface codes with the current or near-future NISQ
devices.
[1]

W. Zeng, A. Ashikhmin, M. Woolls, and L. P. Pryadko, “Quantum convolutional data-syndrome codes,”
(2019), unpublished, arXiv:1902.07395

(P.19) Holographic quantum error correction with Majorana dimers
A Jahn, M Gluza, F Pastawski and J Eisert
Free University of Berlin, Germany
Holographic pentagon codes [1] are a family of stabilizer quantum error-correcting codes inspired by the AdS/CFT
duality. These codes realize the bulk/boundary correspondence through a regular tensor network arranged in a
hyperbolic tessellation of pentagons. Each pentagon represents an encoding isometry for the [[5,1,3]] stabilizer
code, thus providing a concrete mapping between bulk and boundary degrees of freedom, in accordance with
AdS/CFT predictions [2].
In this work, we show that these codes can also be fully described in the language of Majorana dimers [3], nonlocal oriented pairs of entangled Majorana modes. This Majorana dimer interpretation makes explicit many features
of code-states which would have been otherwise buried in unwieldy calculations.
We introduce a diagrammatic representation akin to Feynman diagrams (see Fig. 1) together with a precise
operational definition, where each qubit index in the network is expanded into two Majorana modes. A key feature of
this representation is that tensor networks based on Majorana dimer states – such as the holographic pentagon
code – can be efficiently contracted. From this perspective, the entanglement structure of such tensor networks
becomes manifest, making feasible the direct computation of code properties as well as physical observables on
the boundary.
Applied to the holographic pentagon code, we present new results on its entanglement scaling, showing similarities
to the bit thread proposal [4]. Furthermore, we show that its boundary states resemble a conformal field theory
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(CFT), underscoring its implementation of the AdS/CFT conjecture. We also hint at possible generalizations of this
code that our approach makes possible.
In summary, our work provides a fresh perspective to understanding holographic tensor networks. Our interpretation
offers new tools to probe the physical properties of holographic codes, providing direct access to entanglement and
quantum error correction properties.

Fig 1: Representing the two logical code states of the [[5,1,3]] stabilizer code as Majorana dimers.
[1]
[2]
[3]
[4]

F. Pastawski, B. Yoshida, D. Harlow and J. Preskill, JHEP 1506, 149 (2015)
A. Almheiri, X. Dong and D. Harlow, JHEP 1504, 163 (2015)
B. Ware, et al., Phys. Rev. B 94, 115127 (2016)
M. Freedman and M. Headrick, Commun. Math. Phys. 352, no. 1, 407 (2017)

(P.20) Permutation-invariant constant-excitation quantum codes for amplitude damping
Y Ouyang
University of Sheffield, UK
We present constant-excitation quantum codes that can not only correct amplitude damping errors, but are also
immune against permutations of their underlying modes. We use the nullspace of a specially constructed matrix to
construct such quantum codes that can correct any chosen number of amplitude damping errors.
(P.21) Quantum storage in quantum ferromagnets
Y Ouyang1, 2, 3
1

University of Sheffield, UK, 2Singapore University of Technology and Design, Singapore, 3National University of
Singapore, Singapore

Quantum data is inherently fragile and must be protected to unlock the potential of quantum technologies. A
pertinent concern in schemes for quantum storage is their potential to be implemented in the near future. While
Heisenberg ferromagnets are readily available and can be potentially implemented, quantum storage in them has
never before been addressed. We address this issue by considering the storage of quantum data within a special
quantum ferromagnet, where every pair of spins interacts with equal strength. We analyze the storage error for a
unital and local noise model, and optimize the memory lifetime with respect to system size. Our analysis relies on
Taylor decompositions of unitary evolutions in terms of Fréchet matrix derivatives, and uses Davis' divided
difference representation for these Fréchet derivatives, and the recursive structure of these divided differences. We
thereby obtain upper bounds on the error for passive quantum storage. With our bounds, we numerically study the
potential to enhance memory lifetimes. Our approach lays the foundation for optimization of the memory lifetime
based on the spectral structure of any physical system.
Monday 29 July 2019
Poster session 1: Odd numbers

56

Tuesday 30 July 2019
Poster session 2: Even numbers

(P.22) VanQver: Variational and adiabatically navigated quantum eigensolver
S Matsuura, T Yamazaki, V Senicourt, L Huntington, A Zaribafiyan, A Scherer and A Pesah
1QBit, Canada
The rapid progress in the manufacturing of quantum computing hardware has opened up the possibility of exploring
its application in solving computationally challenging problems. Some important limitations common to all nearterm quantum hardware are the absence of error correction and the short coherence time, which restrict the
computational power of these devices. Therefore, shortening the time taken to perform a single run of a quantum
algorithm is essential for reducing environment-induced errors and successfully obtaining accurate results. In this
work, we present a variational method in AQC for solving quantum chemistry problems more efficiently and noiseresiliently than standard adiabatic methods. In particular, we study variational adiabatic quantum computation in
the presence of different noise models. We demonstrate how the completion of each calculation is shortened to
provide a higher level of inherent resilience to noise compared to standard AQC by using the freedom to choose the
qubit coupling strength during annealing. We investigate how these variational degrees of freedom provide an
opportunity to devise new error correcting schemes amenable to near-term adiabatic quantum computing hardware.
The currently available quantum annealing machines provide only ZZ couplings between qubits, limiting their
application to solving only classical combinatorial optimization problems. Employing XX couplings additionally
opens the door to more-generalized quantum annealing, thereby enabling these machines to solve a more diverse
set of problems. These inherently include quantum mechanical problems like computing the electronic structure of a
chemical compound or problems in condensed matter physics, both of which have applications in advanced
materials science. A few groups have successfully realized ZZ and XX couplings in real quantum devices.
The standard AQC method uses a time-dependent Hamiltonian, connecting an initial Hamiltonian to a final
Hamiltonian. In the current approach, we determine the annealing method variationally. In one example, we
introduce a navigator Hamiltonian that has an amplitude of zero at the beginning and end of the annealing process,
and a non-zero amplitude otherwise. Both the initial and navigator Hamiltonians are determined using variational
methods. The efficiency of the method is demonstrated in the ground-state energy estimation of simple molecular
systems, namely, 𝐻𝐻2 , P4, and LiH. Compared with the standard AQC method, our variational algorithm \Van-Qver"
shows significant improvements in the annealing time and robustness against noise required to achieve chemical
accuracy by two to three orders of magnitude.
[1]

Shunji Matsuura, Takeshi Yamazaki, Valentin Senicourt, Lee Huntington and Arman Zaribafiyan. VanQver:
The Variational and Adiabatically Navigated Quantum Eigensolver, 2018; arXiv:1810.11511

(P.23) Symmetry-protected self-correcting quantum memories
S Roberts and S Bartlett
The University of Sydney, Australia
This abstract is based on the work in Ref [1].
Introduction. Quantum error correcting codes can be used to protect information in a noisy quantum computer.
While most quantum codes require complex active error correction procedures to be performed at regular intervals, it
is theoretically possible for a code to be self-correcting [2]. That is, the energetics of a self-correcting quantum
memory (SCQM) can supress errors for a time that increases without bound in the system size, without the need for
active control. Such a memory is typically envisioned as a many-body spin system with a degenerate ground space
that can be used to encode quantum information. Despite considerable research effort, there is no known model
that is self-correcting in three dimensions or less, and a number of no-go results make this search very challenging
[3-11].
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In this work, we take a symmetry-first approach to the study of self-correction. With symmetries, the landscape of
ordered spin lattice models becomes much richer: new novel phases can appear under the protection of symmetry,
including symmetry-protected topological (SPT) phases and symmetry-enriched topological (SET) phases. We
investigate quantum memories derived from 2D symmetry-enriched topological (SET) phases that appear naturally
on the boundary of 3D symmetry-protected topological (SPT) phases and discuss under what conditions they can
be self-correcting.
Results. In this talk, we show 3D topologically ordered models can be self correcting, provided an appropriate
symmetry is enforced. We first formulate the conditions that need to be met for a symmetry-protected self-correcting
quantum memory, noting that, in general, arbitrarily strong symmetries cannot be used to achieve self-correction, as
logical information in such memories may be inaccessible. We then argue that the generic presence of point-like
excitations in commuting Hamiltonian models protected by conventional onsite symmetries precludes thermal
stability (mirroring the instability of the 2D toric code), and so we are naturally led to consider higher-form
symmetries. Models with higher form symmetries have excitations that are higher-dimensional objects, such as
strings or membranes, rather than point-like excitations that are typical in models with onsite symmetries. We give
two examples of 3D models that are self-correcting when a 1-form symmetry is enforced. The first example is based
on the 3D ‘cluster state’ model of Raussendorf, Bravyi and Harrington (RBH) [12], while the second example is
based on the 3D gauge color code [13]. The mechanism for self-correction in these models is based on a
‘confinement’ of excitations, where potentially harmful errors on the boundary of the model pick up an attractive
tension through the bulk. Finally, we consider whether 1-form symmetries that lead to self-correction can be
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒, rather than enforced; such symmetries need not to be externally enforced, as they are intrinsic to the
model and stable under perturbations. We give evidence that the 1-form symmetry used in the 3D gauge color code
example may be emergent.
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]

S Roberts, S Bartlett arXiv:1805.01474
E Dennis, A Kitaev, A Landahl J Preskill quant=ph/0110143
S Bravyi, B Terhal 0810.1983
S Bravyi, J Haah 1112.3252
O Landon-Cardinal, D Poulin 1209.5750
B Yoshida 1103.1885
F Pastawski, B Yoshida 1408.1720
O Landon-Cardinal, B Yoshida, D Poulin, J Preskill 1501.04112
A Kómár, O Landon-Cardinal, K Temme 1601.01324
K Temme 1412.2858
K Temme, M Kastoryano 1505.07811
R Raussendorf, S Bravyi, J Harrinton quant=ph/0407255
H Bombín 1311.0879

(P.25) Universal fault-tolerant measurement-based quantum computation
B Brown and S Roberts
University of Sydney, Australia
This abstract is based on the work in Ref. [1] and references therein.
Owing to their abundance and their coherence time that is comparable to the age of the universe, photons are
among the best systems we might choose to encode the physical qubits of a scalable quantum computer. To this
end it is important to find robust and resource-efficient protocols to perform quantum logical operations on qubits
that are encoded using photonic qubits. Here we propose a new model of universal quantum computation that
simulates the braiding and fusion of Majorana modes using linear optics.
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We derive a framework that enables us to map modern schemes of fault-tolerant quantum computation that have
been natively designed for the more familiar circuit-based model into the so-called measurement-based picture; a
model of quantum computation that is much more natural to describe photonic quantum computing. There have
been a number of developments in the field of fault-tolerant quantum computation in recent years using the
stabilizer code formalism. These models are better suited architectures with static qubits, for instance,
superconducting architectures where qubits are fixed on a chip. Our framework allows us to adapt models of
quantum computation with static qubits onto photonic system where the qubits are necessarily flying at the speed
of light.
In this talk we show how we can view measurement-based quantum computation with the cluster-state model from
the perspective of gauge fixing with subsystem codes. Specifically, we give an intuitive picture of measurementbased quantum computation as fixing the gauge of the initial resource state onto the prescribed measurement
pattern. With this picture we show that we can map any input system, described by a stabilizer code, according to
any code deformation permitted within the stabilizer formalism using measurement-based quantum computation.
We use this general framework to map recent models of quantum computation that rely on the fusion and braiding
of Majorana modes onto a measurement-based model. Interestingly, the mapping reveals the spacetime diagram of
the Clifford gates we achieve by manipulating the Majorana modes of the surface code as we would expect. Given
the remarkable performance that topological quantum computation with Majorana modes promises, our new
proposal will provide a very robust and resource efficient model of photonic quantum computation as scalable
technology approaches experimental realisation.

We give a constructive description of a channel: a specified resource state that will propagate a quantum error
correcting code over a channel while undergoing some code deformation. Composing many of these channels give
us computational protocols (left). We build up channels using primitive elements such as the cluster-state above
(right). A channel is composed of one-dimensional cluster states (shown by red and black qubits) together with
ancilla qubits (shown in blue) that make parity measurements.
[1]

B. J. Brown and S. Roberts, arXiv:1811.11780 (2018)

(P.26) Parallelized quantum error correction with fracton topological codes
B Brown1 and D Williamson2
1

University of Sydney, Australia, 2Yale University, USA

This abstract is based on the work in Ref. [1] and references therein.
Fracton topological phases possess a large number of emergent symmetries that enforce a rigid structure on their
excitations. Remarkably, we find that the symmetries of a quantum error-correcting code based on a fracton phase
enable us to design highly parallelized decoding algorithms. In this talk we describe how we design and implement
decoding algorithms for the three-dimensional X-cube model. We find that we can subdivide decoding into a series
of two-dimensional matching problems, thus significantly simplifying the most time consuming component of the
decoder. Notably, the rigid structure of its point excitations enable us to obtain high threshold error rates.
Monday 29 July 2019
Poster session 1: Odd numbers

59

Tuesday 30 July 2019
Poster session 2: Even numbers

The algorithms we propose will find neutralizable sets by grouping pairs of nearby defects within specifically chosen
subregions of the lattice that reflect the emergent symmetries of the model. The intuition behind this approach is
that defects are created in clusters such that all emergent symmetries are respected. Conversely, for the model of
interest, we find that we obtain neutralizable clusters by ensuring that every defect of the cluster is paired multiple
times, once to another defect within each emergent symmetry it is involved in.
Our decoding algorithms bring to light some key ideas that we expect to be useful in the design of decoders for
general topological stabilizer codes. Indeed, a close study of the matching-based decoders in the literature show
that they all pair defects such that the symmetries of the system are respected. Moreover, the notion of
parallelization unifies several concepts in quantum error correction. We conclude by speculating about broad
applicability of our methods beyond topological stabilizer codes, and explain the connection between parallelizable
codes and other methods of quantum error correction. In particular we propose that the new concept represents a
generalization of single-shot error correction.

Defects of the fracton models are paired along planes that respect the symmetries of the system. We find that by
grouping defects such that they are paired with one other for each of the symmetries of which they are a part, that
we can find a correction operator. The operator at the left of the image shows how to move pairs of defects on a
common plane of the Xcube model onto another plane. It is straight forward to correct a collection of defects on a
common plane if they respect all the symmetries of the system.
[1]

B. J. Brown and D. J. Williamson, arXiv:1901.08061 (2019)

(P.27) Fault tolerance by braiding defects in topological stabiliser codes of any spatial dimension
P Webster and S Bartlett
The University of Sydney, Australia
Topological stabiliser codes have emerged as a widely-studied and extremely promising approach to quantum error
correction. However, their utility is limited by significant challenges in realising a universal fault-tolerant gate set on
the information they encode. In particular, the most natural fault-tolerant operators – locality-preserving logical
operators – are known to be insufficient to realise universality in any topological stabiliser code [3]. Considering
this, we study a more general approach to fault tolerance in topological stabiliser codes, by including operators
implemented by braiding defects. This approach has been widely studied in codes of two spatial dimensions. In
particular, it is known that there exist two dimensional topological stabiliser codes for which the set of logical
operators implementable by braiding defects is larger than that implementable as locality-preserving logical
operators [4]. However, while more exotic two dimensional models can admit a universal gate set by braiding
defects, no known topological stabiliser code allows this.
In this work [1], we explore the potential of generalising this approach of braiding defects to topological stabiliser
codes of any spatial dimension. In particular, braiding defects in more than two spatial dimensions has previously
received very little attention. However, three and higher dimensional codes are known to admit a much richer range
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of defects, excitations, braiding phenomena and locality-preserving logical operators than two dimensional codes.
Specifically, we note that higher dimensional analogues of two dimensional defects are not necessarily point-like
and can necessitate non-Pauli stabiliser operators. We may thus expect such codes to allow for a greater range of
operators by braiding defects. In particular, one may wonder if such operators may allow for universality.
We show, however, that a universal gate set cannot be realised by braiding defects in topological stabiliser codes of
any dimension [1]. This remains true even when supplemented by locality-preserving logical operators. This shows
that allowing for braiding of defects is not sufficient to overcome the challenge to fault-tolerant universality raised in
[3]. Indeed, we also show that, under natural assumptions on the encoding of information on defects, the set of
operators implementable by braiding defects are restricted to the Clifford group [2] – a strictly stronger condition
than for locality-preserving logical operators [3]. Included within the scope of these assumptions are all proposed
two-dimensional braiding schemes, as well as natural generalisations of these schemes to higher dimensional
codes. We show that both these results also naturally generalise to abelian quantum double models.
Nevertheless, we also show that a range of interesting higher-dimensional braiding schemes are possible [1].
Specifically, within the limits of our no-go results, we demonstrate how the Clifford group may be implemented by
braiding defects in more than two dimensions. Specifically, we present such schemes in even-dimensional surface
codes, and the three dimensional Levin-Wen fermion model. In addition to their intrinsic interest, we believe the
phenomena exhibited by such schemes could motivate further study and understanding of braiding phenomena,
and their potential for fault tolerance, in a broader range of more exotic higher dimensional models.
Finally, we also present a scheme that achieves universality by circumventing our no-go results [1]. Specifically,
allowing for adaptivity based on logical Pauli measurements suffices to raise combinations of locality-preserving
logical operators and braiding operators to universality. Our scheme, based on a similar approach to [5], allows for
implementation of a universal gate set on arbitrarily many logical qubits encoded in punctures in a threedimensional colour code. In particular, braiding allows for this within a single code block, without requiring lattice
surgery as in [5].
[1]
[2]
[3]
[4]
[5]

P. Webster and S. D. Bartlett, in preparation (2019)
P. Webster and S. D. Bartlett, arXiv:1811.11789 (2018)
S. Bravyi and R. König, Phys. Rev. Lett. 102, 110502 (2009)
B. J. Brown et al., Phys. Rev. X 7, 021029 (2017)
M. Vasmer and D. E. Browne, arXiv:1801.04255 (2018)

(P.28) Experimental multi-qubit robustness by local encoding
J Ho1, M Proietti1, M Ringbauer1, F Graffitti1, P Barrow1, A Pickston1, D Kundys1, D Cavalcanti2, L Aolita3, R Chaves4
and A Fedrizzi1
1

Heriot-Watt University, UK, 2The Barcelona Institute of Science and Technology, Spain, 3Universidade Federal do
Rio de Janeiro, Brazil, 4Federal University of Rio Grande do Norte, Brazil

The first generation of multi-qubit quantum technologies will consist of noisy, medium-scale devices for which active
quantum error correction (QEC) is out of reach due to complex encodings involving many physical qubits per logical
qubit. A high level of passive error protection will thus be imperative for such devices to be useful in any realistic
quantum task. Here, we report on an in-depth experimental study of the robustness enhancement that can be
gained from only local encodings and no additional physical qubits [1, 2]. We employ a state-of-the-art photonic
platform with single-photon sources based on spontaneous parametric downconversion in periodically-poled KTP
crystals. We embed such crystals within a Sagnac-type interferometer to generate Bell pairs [3], see Fig. 1(a). Using
our sources, we prepare the 4-qubit GHZ and linear-cluster (CL4) state, covering all local equivalence classes of 4qubit graph states [4]. We implement the local encoding that is unique for each state, requiring only Hadamard
gates and identity operators. We show the effect of the local encoding scheme enables both states to maintain
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larger negativity (a signature of entanglement) in the presence of increasing dephasing noise when compared to no
encoding, see Fig. 1(b). We also demonstrate the enhancement offered by this method in a realistic quantum
metrology setting, e.g., using a GHZ state to perform phase estimation in noisy environments. We measure the
expectation value of the diagonal basis ⟨𝐷𝐷1 𝐷𝐷2 𝐷𝐷3 𝐷𝐷4 ⟩ as a function of phase and in the presence of dephasing
strengths, p = 0, 0.5 and 1, see Fig. 1(c). We demonstrate in the absence of noise, p = 0, the local-encoded state
behaves optimally just like the GHZ state without encoding. While in the most adversarial scenario of full dephasing
noise, p = 1, phase estimation is still possible with our local encoding scheme, unlike the unencoded GHZ state.

Fig 1: (a) Experimental setup for the two 4-qubit states under study. (b) Robustness enhancement of negativity in
partition (1|234), with and without encoding for a range of dephasing strengths. (c) Phase estimation using a GHZ
state with (gold) and without (blue) encoding at different dephasing strengths, p.
[1]
[2]
[3]
[4]

M. Proietti, et al. arXiv preprint: 1903.08667 (2019)
R. Chaves, L. Aolita, & A. Acin, Phys. Rev. A 86, 020301 (2012)
A. Fedrizzi, T. Herbst, A. Poppe, T. Jennewein, A. Zeilinger, Optics Express, 15, 15377 (2007)
M. Hein, J. Eisert, & H.J. Briegel, Phys. Rev. A 69, 062311 (2004)

(P.29) Symmetries in quantum error correcting codes
S Beale1,2 and J Wallman2,1
1

University of Waterloo, Canada, 2Quantum Benchmark Incorporated, Canada

Quantum error correction protocols have been developed in an attempt to offset the high sensitivity to noise
inherent in quantum systems. However, much is still unknown about the behaviour of noise in a quantum error
correction code, making it difficult to correct errors effectively; this is largely due to the high computational cost of
simulating a quantum system. In this talk, we present methods for reducing the computational complexity of
calculating the set of effective logical noises conditioned on recovery operations by finding conditions under which
symmetries in a code cause different recovery operations to produce the same effective logical noise. In addition to
simplifying simulation of different syndrome paths, these symmetries can also be used to reduce the size of a
lookup table to speed up the error correction step in implementations of quantum error correcting codes. We give
examples of such symmetries for the 3-qubit, 5-qubit, Steane, Shor, and toric codes.
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(P.30) Modeling a near term spin qubit device for quantum error correction
M Rispler,1 P Cerfontaine,1 and B Terhal1,2
1
2

JARA Institute for Quantum Information Forschungszentrum Jülich GmbH and RWTH Aachen University, Germany
QuTech, Delft University of Technology, The Netherlands

Spin qubits formed by electron spins in semiconductor quantum dots provide a competitive platform for a scalable
quantum computing architecture. One of the milestones on the way to fault tolerant quantum computing is the proof
of principle of quantum error correction. In this work, we model a concrete small near term device that is realistic
with current experimentally available technology and hosts a (classical) phaseip code [2] in a GaAs spin qubit
array. As parameters of this device, we take recent high-fidelity single and two-qubit gates [1] as well as the most
recent achievements for preparation, readout and qubit relaxation and coherence times. We perform a full density
matrix simulation [5] of the code, which enables us to explore the code performance for arbitrary noise models. Our
numerics confirm a threshold of the phaseip code of 3% for the standard depolarizing circuit noise. One bottleneck
of small QEC codes with scarce number of qubits is the long measurement integration time. We explore the tradeoff
between integration time, during which the data qubits experience dephasing, and measurement readout fidelity on
the background of the realistic gate noise. A further debated issue is how much the coherence of errors influences
the code performance. With the full density matrix approach, we investigate the influence of the Pauli twirl
approximation of coherent gate errors stemming from quasi-static noise.

[1]
[2]

[3]
[4]
[5]

Pascal Cerfontaine, Rene Otten, M. A. Wolfe, Patrick Bethke, and Hendrik Bluhm. A High-Fidelity Gateset for
Exchange-Coupled Singlet-Triplet Qubits. arXiv:1901.00851, January 2019
J. Kelly, R. Barends, A. G. Fowler, A. Megrant, E. Jeffrey, T. C. White, D. Sank, J. Y. Mutus, B. Campbell, Yu
Chen, Z. Chen, B. Chiaro, A. Dunsworth, I.-C. Hoi, C. Neill, P. J. J. O'Malley, C. Quintana, P. Roushan, A.
Vainsencher, J. Wenner, A. N. Cleland, and John M. Martinis. State preservation by repetitive error detection
in a superconducting quantum circuit. arXiv, Nov 2014
Filip K. Malinowski, Frederico Martins, Peter D. Nissen, Edwin Barnes, Lukasz Cywinski, Mark S. Rudner,
Saeed Fallahi, Geoffrey C. Gardner, Michael J. Manfra, Charles M. Marcus, and Ferdinand Kuemmeth.
Notch filtering the nuclear environment of a spin qubit. Nat. Nanotechnol., 12(1):16, Oct 2016
Takashi Nakajima, Matthieu R. Delbecq, Tomohiro Otsuka, Peter Stano, Shinichi Amaha, Jun Yoneda, Akito
Noiri, Kento Kawasaki, Kenta Takeda, Giles Allison, Arne Ludwig, Andreas D. Wieck, Daniel Loss, and Seigo
Tarucha. Robust single-shot spin measurement with 99.5dot array. Phys. Rev. Lett., 119:017701, Jul 2017
T.E. O'Brien, B. Tarasinski, and L. DiCarlo. Density-matrix simulation of small surface codes under current
and projected experimental noise. npj, (3):39, 2017
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(P.31) Topological defects in finite-rate quantum LDPC codes
K Shtengel and L Pryadko
University of California, USA
One of the many advantages of surface codes is the flexibility they offer in the design of encoded qubits and
associated logical operators. To add an extra qubit one just needs to create a hole in the surface. A larger hole well
separated from other defects offers better protection (larger minimal code distance). Pairs of such holes can be
moved around to perform encoded Clifford gates, etc.
Can quantum information be similarly stored in a defect of a more general 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 quantum LDPC code,
necessarily non-local? How many logical qubits are associated with a given defect? What determines the minimum
weight of the associated logical operators? Is there stability to small deformations? In this work, we answer these
questions constructively for any family of weight-limited quantum LDPC codes with divergent distance.
Consider a quantum code 𝑄𝑄 with parameters [[𝑛𝑛, 𝑘𝑘, 𝑑𝑑]], defined via the stabilizer group 𝑆𝑆 whose generators (not
necessarily independent) have weights not exceeding 𝑤𝑤 > 0. Let 𝐴𝐴 be an erasable region, and 𝐵𝐵 = 𝐴𝐴̅ its
complement. For any stabilizer state |𝜓𝜓⟩ 𝜖𝜖 𝑄𝑄, the entanglement entropy Υ𝐴𝐴 of region 𝐴𝐴 is the same, Υ𝐴𝐴 = |𝐵𝐵| −
rank 𝑆𝑆𝐵𝐵 − 𝑘𝑘 [Fattal et al. (2004)]. Here 𝑆𝑆𝐵𝐵 is the subgroup of 𝑆𝑆 formed by its elements supported on 𝐵𝐵. Related
is the subsystem “erasure” code 𝑄𝑄𝐵𝐵 with the gauge group 𝐺𝐺𝐵𝐵 ≡ 𝑆𝑆[𝐵𝐵] obtained by puncturing from 𝑆𝑆 the qubits in
𝐴𝐴. This code has parameters [[𝑛𝑛 − |𝐴𝐴|, 𝑘𝑘 𝑑𝑑𝐵𝐵 ]], where |𝐴𝐴| = 𝑛𝑛 − |𝐵𝐵| is the number of qubits in 𝐴𝐴, and 𝑑𝑑𝐵𝐵 ≤ 𝑑𝑑.
The corresponding stabilizer group is just 𝑆𝑆𝐵𝐵 , while 𝐺𝐺𝐵𝐵 contains additional 𝑝𝑝 = Υ𝐵𝐵 conjugated generator pairs.
By construction, the gauge group 𝐺𝐺𝐵𝐵 has all generators of weight 𝑤𝑤 or smaller. However, the stabilizer group
𝑆𝑆𝐵𝐵 ⊆ 𝐺𝐺𝐵𝐵 may have some generators of weight larger than 𝑤𝑤. We define a 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 code 𝑄𝑄�𝐵𝐵 with parameters
[[𝑛𝑛 − |𝐴𝐴|, 𝑘𝑘 + 𝜅𝜅, 𝛿𝛿]], whose stabilizer group 𝑆𝑆𝐵𝐵̅ is obtained by dropping 𝜅𝜅 generators of weight 𝑣𝑣 ≥ 𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚 > 𝑤𝑤
from a stabilizer group obtained by gauge fixing 𝑄𝑄𝐵𝐵 .

We prove the following statements: (i) Denote 𝜕𝜕𝜕𝜕 ⊂ 𝐵𝐵 the union of the support of stabilizer generators split
between 𝐴𝐴 and 𝐵𝐵. Let 𝑑𝑑′𝐵𝐵 ≤ 𝑑𝑑𝐵𝐵 be the distance of the subsystem code 𝑄𝑄𝐵𝐵\𝜕𝜕𝜕𝜕 obtained from 𝑄𝑄𝐵𝐵 by erasing
qubits in 𝜕𝜕𝐵𝐵. Then the minimum distance of any defect code 𝑄𝑄�𝐵𝐵 is lower bounded by min(𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚 , 𝑑𝑑′𝐵𝐵 ). (ii) The
corresponding upper bound on the distance is given by min(|𝜕𝜕𝜕𝜕|, 𝑑𝑑𝐵𝐵 ). (iii) Consider a large region 𝐴𝐴 characterized
by the topological entanglement entropy (TEE) 𝛾𝛾𝐴𝐴 . Then, for a sufficiently large 𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚 (but small compared to |𝐴𝐴|),
𝜅𝜅 = 𝛾𝛾𝐴𝐴 . In this case the defect code 𝑄𝑄�𝐵𝐵 is stable with respect to local deformations (local changes of the region 𝐵𝐵
and/or the gauge fixing of the original subsystem code 𝑄𝑄𝐵𝐵 ). (iv) Particularly simple is the case where 𝐴𝐴 supports no
stabilizer generators. In this case gauge fixing adds generators of weight strictly smaller than 𝑤𝑤, and the spectrum of
(𝜅𝜅, 𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚 ) is determined solely by 𝑆𝑆𝐵𝐵 .
Our first example are hyperbolic codes. The case of locally planar codes was considered by Breuckmann et al.
(2017); the structure of defects and operations which can be achieved by code deformations and Dehn twists here
are the same as in the usual surface codes. Similarly, for higher-dimensional hyperbolic codes, the structure of
defects can be understood using the arguments for TEE in 𝐷𝐷-dimensional toric codes local in Euclidean space
[Grover et al. (2011)]. In particular, for𝐷𝐷 ≤ 3, TEE 𝛾𝛾𝐴𝐴 is determined by the number of connected components of the
boundary of 𝐴𝐴.

Second example are quantum hypergraph-product (QHP) codes obtained from two or more full-row-rank binary
matrices 𝐻𝐻𝑖𝑖, 𝑖𝑖 = 1, … , 𝐷𝐷. Structure of the homology group here allows for a particularly simple class of defects
whose (𝜅𝜅, 𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚 ) spectra are defined by the structure of shortened binary codes with just one parity check matrix 𝐻𝐻𝑖𝑖 .
We analyze properties of these and more general defects for families of QHP codes obtained from random
(2, 3), (3, 3), and (3, 4)-regular matrices.
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(P.32) Neural Network Decoders for Large-Distance 2D Toric Codes
X Ni
TU Delft, Netherlands
Main results
Recently, a few neural network based decoders have been studied [1{4, 8, 9, 13, 14]. A common motivation of
these works is that the neural decoders can adapt to a wide range of noise models. However, the largest code
distance d tested in each previous work is around 10. This beg the question of whether neural decoders can handle
large 2D topological codes. The main contribution of this work is the following:
1. Designing neural network decoders for large-distance toric codes, where the numerical experiments are
done for distance up to 64. With very little computational resource in today's standard, the neural decoder
can achieve performance close to the minimum-weight perfect matching algorithm (MWPM). The noise
model is bit-ip errors on qubits and noiseless syndrome extraction.
2. Although we use convolutional neural networks in neural decoders, we show that with a simple strategy
they can adapt to spatially varying noise model. To achieve this, we only need to retrain the early layers of
the networks.
For more details, see the full paper [11].
Discussion
Our neural decoder is built based on the fact that the toric code has a decent RG decoder, where the main
component of each renormalization step is belief propagation. Therefore, we expect that the neural decoder design
and training process can be applied to other topological codes which support abelian anyons. We also expect that
with few modifications, we can handle codes which live on lattices with boundaries, or when measurement errors are
present. One aspect which is not so clear currently is the performance at low error rates. Given our training
procedure, we anticipate that we can achieve similar performance compared to the RG decoder. How to improve
neural decoder at low error rates is an interesting question, but it is not the focus of this work.
It is also worth mentioning that neural networks feature a very different computation architecture compared to
running traditional algorithms on CPUs. For example, convolutional neural networks have massive parallel
processing capability. Some of this capability will be automatically utilized when running neural networks on
specialized chips, e.g. GPU, TPU [7], neuromorphic chips [10]. Compared to running neural nets on CPU, running on
these chips can provide speed-ups and/or more power efficiency. Future developments of these chips will improve
the corresponding aspects of neural decoders, which we should keep in mind when evaluating their potential.
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Nikolas P. Breuckmann and Xiaotong Ni. Scalable neural network decoders for higher dimensional quantum
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William Gulland, Robert Hagmann, C. Richard Ho, Doug Hogberg, John Hu, Robert Hundt, Dan Hurt, Julian
Ibarz, Nishant Patil, Aaron Jaffey, Alek Jaworski, Alexander Kaplan, Harshit Khaitan, Daniel Killebrew, Andy
Koch, Naveen Kumar, Steve Lacy, James Laudon, James Law, David Patterson, Diemthu Le, Chris Leary,
Zhuyuan Liu, Kyle Lucke, Alan Lundin, Gordon MacKean, Adriana Maggiore, Maire Mahony, Kieran Miller,
Rahul Nagarajan, Gaurav Agrawal, Ravi Narayanaswami, Ray Ni, Kathy Nix, Thomas Norrie, Mark Omernick,
Narayana Penukonda, Andy Phelps, Jonathan Ross, Matt Ross, Amir Salek, Raminder Bajwa, Emad
Samadiani, Chris Severn, Gregory Sizikov, Matthew Snelham, Jed Souter, Dan Steinberg, Andy Swing,
Mercedes Tan, Gregory Thorson, Bo Tian, Sarah Bates, Horia Toma, Erick Tuttle, Vijay Vasudevan, Richard
Walter, Walter Wang, Eric Wilcox, Doe Hyun Yoon, Suresh Bhatia, and Nan Boden. In-datacenter
performance analysis of a tensor processing unit. In Proceedings of the 44th Annual International
Symposium on Computer Architecture - ISCA '17. ACM Press, 2017. doi: 10.1145/3079856.3080246
Stefan Krastanov and Liang Jiang. Deep neural network probabilistic decoder for stabilizer codes. Scientific
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decoding for topological codes. 2018
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L Jackson, Nabil Imam, Chen Guo, Yutaka Nakamura, et al. A million spiking-neuron integrated circuit with
a scalable communication network and interface. Science, 345 (6197):668{673, 2014
Xiaotong Ni. Neural network decoders for large-distance 2d toric codes. 2018. URL
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Pradeep Sarvepalli and Robert Raussendorf. Efficient decoding of topological color codes. Phys. Rev. A,
85:022317, Feb 2012. doi: 10.1103/PhysRevA.85.022317
Giacomo Torlai and Roger G Melko. A neural decoder for topological codes. Physical Review Letters,
119(3):030501, 2017. doi: 10.1103/PhysRevLett.119.030501
Savvas Varsamopoulos, Ben Criger, and Koen Bertels. Decoding small surface codes with feedforward
neural networks. Quantum Science and Technology, 3(1):015004, nov 2017. doi:10.1088/20589565/aa955a

(P.33) Optimal quantum subsystem codes in 2-dimensions
T Yoder
IBM T.J. Watson Research Center, USA
Bravyi [1] introduced a family of generalized Bacon-Shor codes that could achieve optimal code parameters ⟦𝑁𝑁,,⟧
for stabilizer codes local in 2-dimensions. That is, he showed there exist code families saturating the bound
𝐾𝐾𝐷𝐷=(𝑁𝑁) [1]. These codes, which we call Bravyi-Bacon-Shor (BBS) codes, are subsystem codes with gauge group
generated by 2-qubit operators. Here, we provide further insight into the BBS codes. First, we show how a BBS code
can be created from two classical codes, and, if these classical codes are “good” in the formal coding theory sense,
then the BBS code saturates 𝐾𝐾𝐷𝐷=(𝑁𝑁). This makes Bravyi’s existence proof in [1] constructive. Second, we show
how to decode BBS codes made from classical expander codes [2] in linear time. Third, we generalize the procedure
that gauge-fixes Bacon-Shor codes to surface codes to a procedure that gauge-fixes BBS codes to hypergraph
product (HGP) codes [3].
We believe our results provide an interesting new way to turn classical codes into quantum codes, complementing
the already (theoretically) successful [4] HGP construction. The realization that one can fault-tolerantly move
encoded data between BBS codes and hypergraph product codes via gauge-fixing initiates the study of subsystem
versions of HGP codes. Finally, Bacon-Shor codes have proved quite resilient at small and intermediate sizes [5],
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and we expect BBS codes to perform similarly, but encode more logical qubits.
BBS codes are defined by a binary matrix 𝐴𝐴 ∈ 𝔽𝔽𝑛𝑛×𝑛𝑛
, which indicates where qubits should be placed on a square
2
lattice. Gauge operators are generated by 𝑍𝑍𝑍𝑍 interactions between consecutive qubits in rows of the lattice and 𝑋𝑋𝑋𝑋
interactions between consecutive qubits in columns. We show that from classical codes 𝒞𝒞1:[𝑛𝑛1, 𝑘𝑘1 , 𝑑𝑑1 ] and
𝒞𝒞2:[ 𝑛𝑛1, 𝑘𝑘, 𝑑𝑑2 ] with generator matrices 𝐺𝐺1 and 𝐺𝐺2 we can construct a BBS code with 𝐴𝐴 = 𝐺𝐺1𝑇𝑇 𝐺𝐺2 and parameters
𝑁𝑁≤𝑛𝑛1 , 𝑛𝑛2 𝐾𝐾=𝑘𝑘, and 𝐷𝐷=min(𝑑𝑑1 , 𝑑𝑑1 ). Thus, one can see that if 𝑛𝑛𝑖𝑖 ∝𝑘𝑘∝𝑑𝑑𝑖𝑖 (i.e. the classical codes are good), then
𝐾𝐾𝐷𝐷=(𝑁𝑁). Technically, while BBS codes may not be local in 2D, an augmented Bravyi-Bacon-Shor (aBBS)
construction is and has parameters ⟦𝑁𝑁′,,⟧, 𝑁𝑁′≤2𝑛𝑛1 , 𝑛𝑛2 .

While BBS codes have no asymptotic threshold, we can still consider decoding them up to the code distance. Given
the above construction of 𝐴𝐴 we observe that stabilizers of the BBS code correspond precisely to parity checks of 𝒞𝒞1
and 𝒞𝒞2. We can use a decoder for 𝒞𝒞1 to decode 𝑍𝑍 errors and one for 𝒞𝒞2 to decode 𝑋𝑋 errors. The only catch is that in
addition to decoding the classical code well, the classical decoders should tolerate measurement noise on the
parity checks (which corresponds to measurement error on the quantum side). We note the flip decoder for classical
expander codes applies to this scenario [6].
Finally, we broadly depict our gauge-fixing theorem in the figure. Let 𝒞𝒞𝑅𝑅 be the classical repetition code. An aBBS
code defined on lattices 𝐿𝐿1 and 𝐿𝐿2 can be gauge-fixed to either the hypergraph product of 𝒞𝒞1 and 𝒞𝒞𝑅𝑅 (defined on 𝐿𝐿2
and 𝑙𝑙2) or the hypergraph product of 𝒞𝒞𝑅𝑅 and 𝒞𝒞2 (defined on 𝐿𝐿1 and 𝑙𝑙1). The initialization of qubits in 𝑙𝑙1 and 𝑙𝑙2 is
irrelevant as these are gauge degrees of freedom that get fixed. The fixing itself operates by measuring all the
stabilizers of the HGP code.
[1]
[2]
[3]
[4]
[5]
[6]

S. Bravyi, PRA 83, 012320 (2011)
M. Sipser, D. Spielman, IEEE Trans. Info. Th. 42, 1710 (1996)
J.P. Tillich, G. Zemor, IEEE Trans. Info. Th. 60, 1193 (2014)
O. Fawzi, A. Grospellier, A. Leverrier, FOCS (2018)
M. Li, D. Miller, K. Brown, PRA 98, 050301 (2018); N. Brown, M. Newman, K. Brown arXiv:1903:03937
(2019)
D. Spielman, IEEE Trans. Info. Th. 42, 1723 (1996)

(P.34) Twins Percolation for Qubit Losses in Topological Color Codes
D Vodola1, D Amaro1, M Martin-Delgado2 and M Müller1
1

Swansea University, UK, 2Universidad Complutense, Spain

We are witnessing big efforts to realise increasingly larger quantum processors, which must be protected against
various error sources that arise due to technical imperfections and unavoidable coupling to the environment. Here,
the loss of qubits constitutes a fundamental error source that comes in various incarnations such as leakage from
the computational space or the loss of particles hosting qubits from their traps.
In our work [1] we introduce a protocol to cope with qubit losses in 2D topological color codes. The method is based
on the identification and removal of a twin qubit from the code, and it guarantees the recovery of a valid threecolorable and trivalent reconstructed color code. Moreover, we show that determining the corresponding qubit loss
error threshold is equivalent to a new generalized classical percolation problem. We numerically compute the
associated qubit loss thresholds for all three families of regular 2D color code and find that with p = 0.461 ± 0.005
these are close to satisfying the fundamental limit of 50% as imposed by the no-cloning theorem. Our findings
reveal a new connection between quantum information theory and classical statistical mechanics, show high
robustness of color codes against qubit loss, and are directly relevant for implementations of topological quantum
error correction in various physical platforms, including ions, atoms or superconducting circuits.
[1]

D. Vodola, D. Amaro, M. A. Martin-Delgado, and M. Müller, Phys. Rev. Lett. 121, 060501 (2018)
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(P.35) Dissipative discrete time crystals
J O'Sullivan1, O Lunt1, C Zollitsch1, M Thewalt2, J Morton1 and A Pal2
1

University College London, UK, 2Simon Fraser University, Canada

Understanding and classifying different phases of matter is a central paradigm of condensed matter physics. While
historically the focus has been on the phases which exist in thermal equilibrium, recent years have seen increased
focus on non-equilibrium phases, which are distinguished by their distinct dynamical behaviour. Discrete time
crystals provide a crisp example of a non-equilibrium phase, defined by the fact that they spontaneously break
time-translation symmetry. Here we present an experimental observation of a discrete time crystal in phosphorousdoped silicon, in a regime where the primary mechanism stabilising the symmetry-breaking is dissipation [1]. We
study its phase diagram and demonstrate its robustness to interactions provided the dissipation is sufficiently
strong. This opens up questions about the interplay of coherent interactions and dissipation for time-translation
symmetry breaking in driven many-body systems.
[1]

J. O'Sullivan, O. Lunt, C. W. Zollitsch, M. L. W. Thewalt, J. J. L. Morton, and A. Pal, \Dissipative discrete time
crystals", (2018), arXiv:1807.09884

(P.36) Cellular Automaton Decoder for Topological Codes with Boundaries
M Vasmer1, A Kubica2 and D Browne1
1

University College London, UK, 2Perimeter Institute for Theoretical Physics, Canada

Topological codes are a class of quantum error-correcting codes with desirable properties such as low weight
stabilizer generators and high error thresholds. We can find upper bounds on the error thresholds of such codes by
relating them to condensed matter models [1-3]. However, to use these codes in practice and estimate their
performance, we need efficient decoding algorithms.
In our work, we develop and benchmark a cellular automaton decoder for topological codes with boundaries in D≥3
dimensions. Our work builds on the sweep rule decoder introduced in [4]. To deal with the complications introduced
by the boundaries, we alternate the sweep direction throughout the decoding procedure. We prove that the adapted
sweep rule decoder has a threshold when measurements are perfect, and we provide numerical evidence of a
threshold when measurements are noisy (Figure 1a). The error correction procedure is essentially the same whether
measurements are perfect or noisy, which shows that this decoder exhibits a form of single-shot error correction. We
emphasize that the decoder is inherently parallelizable so it could be easily scaled up to the large code sizes which
will be necessary in future fault-tolerant quantum computers.
We have optimized the sweep rule decoder parameters to achieve the best performance. We observed that the
performance of the decoder strongly depends on some of the parameters, e.g. the schedule for changing between
the different sweep directions (Figure 1b).
Fig 1. (a, left) The error threshold, pth, of the 3D toric code defined on
a rhombic dodecahedral lattice (with boundaries) plotted as a
function of the number of error correction cycles, N. The fitted
sustainable threshold is approximately 1.5% (grey dashed line). Inset:
the logical error probability, pL, as a function of the physical error
probability, p, for N=256. (b, bottom) Comparison of the decoder
performance for changing between the eight sweep directions
randomly and changing between the sweep directions according to a
fixed schedule (for N=0, code capacity noise).
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(P.37) Finite Squeezing Errors in GKP Error Correction
J Conrad1,2, C Vuillot1 and B Terhal1,3
1

QuTech, TU Delft, The Netherlands, 2RWTH Aachen, Germany, 3JARA IQI, FZ Jülich

Being the most common and well-understood physical structure in nature, it is appealing to implement qubits using
the quantum harmonic oscillator. Many practical approaches take advantage of its discrete spectrum, for instance
by singling out two of the eigenstates to embed qubits into such an oscillator.
With recent advances in experimental control over quantum systems, such as microwave cavities, one expects to
obtain better qubits by a more efficient distribution of the logical information over the Fock states and active
monitoring and correction of errors.
We consider a GKP qubit [1] to encode logical information into a Dirac-comb structure in the oscillator phasespace. To monitor errors on this oscillator, one needs to perform repeated measurements of stabilizer operators.
Stabilizer measurements are implemented by coupling the data-oscillator to an ancillary oscillator and
measurement of its p- resp. q-quadrature (Fig. 1). Clearly, for this error-correction scheme to be successful, it is
necessary that errors on the ancillary oscillators themselves do not lead to logical disturbances of the encoded
qubit.

Fig 1: m repetitions of measurements of GKP stabilizers. Stabilizer measurements are implemented using perfect
� ⟩, |+
� ⟩ on the ancilla-oscillators. Finite squeezing errors on the ancilla-oscillators (E) may
GKP code-states, |0
accumulate on the data-oscillator.

In our work, we investigate the effect of errors due to finite squeezing of the ancillary oscillators. This error arises in
realistic scenarios due to energy constraints, feeds back to the data-oscillator and disturbs the measurement
outcomes. In particular, we examine the similarities and differences of error accumulation on the data-oscillator
(Fig. 1) in comparison to a stochastic model which has been considered in [2].
We derive an expression for the wave function evolution under repeated stabilizer measurement with finitely
squeezed ancillas, which we use in our numerical studies, and propose different recovery processes that map the
record of measurement outcomes onto the expected displacement.
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Fig 2: Numerical results for m = 3.
Finally, we numerically compare the tailored recovery processes as well as ones originally designed for stochastic
noise in [2]. Fig. 2 shows numerical results of logical error rates PL with varying squeezing parameter ∆ for 3 ECrounds. The decoders tested include MLD, referring to the optimal maximum-likelihood decision, and Forward from
[2].
We find, that, errors from finite squeezing behave qualitatively different from stochastic noise and cause less harm
to the logical information. Furthermore, the tailored decoding schemes improve on both the logical error rate and the
efficiency of the classical processing.
[1]
[2]

D. Gottesman, A. Kitaev, J. Preskill, Phys. Rev. A 64, 012310
C. Vuillot, H. Asasi, Y. Wang, L. P. Pryadko, B. M. Terhal, Phys. Rev. A 99, 032344

(P.38) Fault-tolerant gates via homological product codes
T Jochym-O'Connor
California Institute of Technology, USA
Motivation – Low-density parity check (LDPC) codes have recently risen in notoriety in the quantum setting for their
potential ability to dramatically reduce the overhead of fault-tolerant quantum computation [2{5]. They are a
general form of stabilizer code with a set of generators such that all are supported on few physical qubits (the weight
of the generators is constant as the code grows) and each qubit is in the support of few generators (constant
number as the code grows). The intuitive motivation is that if one can measure the stabilizer syndrome by measuring
low-weight generators then experimental measurement outcomes will be more reliable, leading to a smaller
infrastructure to perform active error correction. An famous example of an LDPC code is the toric code, where each
qubit is a part of at most four weight-4 stabilizer checks and is one of the primary reasons for the high threshold rate
under circuit-level noise [6, 7].
Homological Product Codes - This work presents a method to implement fault-tolerant quantum logic in a general
class of LDPC codes, homological product codes [8]. These codes are defined by a (𝑛𝑛 x 𝑛𝑛) binary matrix 𝜕𝜕 = 𝛿𝛿1 ⊗
𝟙𝟙 + 𝟙𝟙 ⊗ 𝛿𝛿2 , where each 𝛿𝛿𝑖𝑖2 = 0 mod 2. Each matrix 𝛿𝛿𝑖𝑖 defines a stabilizer code whose 𝑋𝑋 (𝑍𝑍) stabilizers are given
by the support of the rows (columns) of 𝛿𝛿𝑖𝑖 . Commutativity of the stabilizers is guaranteed by the property 𝛿𝛿𝑖𝑖2 = 0.
Moreover, if each of the matrices 𝛿𝛿𝑖𝑖 are sparse, the homological product 𝜕𝜕 will be sparse, resulting in a LDPC code.
The final important property is that there always exist invertible operators Wi that map each code into their canonical
basis form corresponding to unencoded qubits: 𝜕𝜕 = (𝑊𝑊1 ⊗ 𝑊𝑊2 )�𝛿𝛿1,0 ⊗ 𝟙𝟙 + 𝟙𝟙 ⊗ 𝛿𝛿2,0 �(𝑊𝑊2−1 ). Wi is a binary
matrix representation of the encoding unitary Ui.
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Fig 1: Circles represent the initial state of the homological product code prior to encoding [8]. Each circle represents
a qubit, with the black qubits representing those holding the logical information to be encoded. Blue qubits are
prepared in the |0⟩ state, while red qubits are prepared in |+⟩. The yellow qubits joined by an oscillating edge are
prepared in a Bell pair (|00⟩ + |11⟩)/√2 . The green vertical (pink horizontal) bands represent the encoding
unitary of the code 𝛿𝛿1 (𝛿𝛿2 ).

Fault tolerance - The key for visualizing the fault tolerance of the method is by understanding the encoding of the
homological product code from an initial state represented in Fig. 1. The overall encoding is achieved by
sequentially applying the encoding unitary of each of the underlying codes: U1 to each of the columns followed by
the encoder U2 to each of the rows. The requirement for the implementation of fault-tolerant gates is for each code
to have their respective classes of transversal gates. Then, one of the codes can be unencoded by applying the
corresponding 𝑈𝑈𝑖𝑖† to the appropriate rows or columns of qubits from Fig 1, yielding a set of logical states encoded in
the other code. The transversal unitary from the complementary code can then be applied, followed by a
reencoding. Overall, the process can spread errors across the rows or columns that were coupled by the
decoding/encoding operations, yet importantly the code always remains protected by code that remains encoded
at all times. As such, while generally the spreading of errors is to be avoided, the code will be resilient against a
macroscopic number of such spreading of errors (upto half the distance number of errors will be allowed to spread
along columns/rows of Fig. 1) and thus the process is fault-tolerant. The presented construction can then be made
universal by finding underlying LDPC codes with different sets of transversal gates.
Outlook - For this scheme to have a practical impact, good LDPC codes with different sets of transversal gates must
be further developed. The known LDPC code families with transversal gates are topological codes, who are
experimentally appealing due to having geometrically local stabilizer generators in a given dimension. However, the
drawback of topological codes is that their coding parameters (encoding rate and distance) are limited by the
dimension in which they are geometrically local [9]. Rather, LDPC codes with good coding parameters are typically
constructed randomly, making it very challenging to make statements about their non-Pauli logical operators. Any
breakthrough in the development of good LDPC codes with non-Pauli transversal gates could significantly decrease
the overhead of quantum computation by avoiding state distillation [10, 11] while also having the advantages of an
LDPC code construction.
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[5]
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T. Jochym-O'Connor, Quantum 3, 120 (2019)
D. Gottesman, Quantum Information & Computation 14, 1338 (2014)
A. Leverrier, J.-P. Tillich, and G. Zemor, in Foundations of Computer Science (FOCS), 2015 IEEE 56th
Annual Symposium on (IEEE, 2015) pp. 810{824
O. Fawzi, A. Grospellier, and A. Leverrier, in Proceedings of the 50th Annual ACM SIGACT Symposium on
Theory of Computing (ACM, 2018) pp. 521{534
O. Fawzi, A. Grospellier, and A. Leverrier, arXiv:1808.03821 (2018)
A. Y. Kitaev, Annals of Physics 303, 2 (2003)
A. G. Fowler, M. Mariantoni, J. M. Martinis, and A. N. Cleland, Phys. Rev. A 86, 032324 (2012)
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S. Bravyi and M. B. Hastings, in Proceedings of the forty-sixth annual ACM symposium on Theory of
computing (ACM, 2014) pp. 273{282
S. Bravyi, D. Poulin, and B. Terhal, Phys. Rev. Lett. 104, 050503 (2010)
E. Knill, Physical Review A 71, 042322 (2005)
S. Bravyi and A. Kitaev, Phys. Rev. A 71, 022316 (2005)

(P.39) Quantum Error-Detection at Low Energies
M Gschwendtner1, R König1, B Şahinoğlu2 and E Tang2
1

Technical University of Munich, Germany, 2California Institute of Technology, USA

Quantum error-detection is essential for fault-tolerant quantum computation. Due to close connections between
quantum error-detection and physical phenomena ranging from topological order to AdS/CFT, a natural question is
whether the error-detecting features appear in general quantum many-body systems. In this work, we study the
presence of quantum error-detecting codes within the low-energy subspaces of 1D quantum many-body systems.
We first introduce an operational definition of approximate quantum error-detecting codes (AQEDC). In our definition
of approximate error-detection we demand that the post-measurement state approximates the original encoded
state only up to some small error tolerance 𝜖𝜖. Moreover, we require this to be true only if the projection back onto
the code space succeeds with non-negligible probability. This is motivated by the fact that measurements
succeeding with low probabilities can be neglected. We establish Knill-Laamme type necessary and sufficient
conditions for our approximate error-detecting codes which quantifies the parameters of the code using matrix
elements of the error operators.
We then apply this definition to study approximate error-detecting codes in the low energy subspaces of 1D local
Hamiltonians. In order to achieve this, we employ the formalism of Matrix Product states (MPS), which are good
ansatz for low energy states in 1D. Our first result along this line is a no-go theorem: the ground space of a 1D local
gapped Hamiltonian (with open boundary conditions) can form only a trivial code, i.e., a code whose distance is
constant.
To get around this no-go result we next consider low energy excited states. First, we consider single-particle
excitations of varying momenta and use the excitation ansatz for MPS to construct codes from isolated energy bands
in gapped 1D Hamiltonians. This result shows that general 1D gapped Hamiltonians contain, within their low energy
subspaces, an assortment of error-detecting codes. Secondly, we look at multi-particle excitations in gapless
systems by showing that the Heisenberg-XXX model, whose energy eigenstates can be described by Bethe ansatz
tensor networks, contains AQEDC spanned by multi-magnon states within its low energy eigenspace. Both of these
codes yield approximate error-detecting codes with distance Ω(𝑛𝑛1−𝑣𝑣 ) for any 𝑣𝑣 𝜖𝜖 (0, 1) and Ω(log 𝑛𝑛) encoded
qubits. These codes detect arbitrary 𝑑𝑑-local, though not necessarily geometrically local, errors.

We anticipate that our work is going to inspire many other future investigations towards the relation of many-body
physics in connection with quantum error-correction. Our operational definition of approximate error-detection and
the corresponding Knill-Laamme type conditions can be used generally for any quantum spin system in any spatial
dimension. Our analysis using MPS in 1D has the potential to be generalized to higher dimensions using Projected
Entangled-Pair States (PEPS). By allowing MPS with system-size dependent bond dimensions we may also gain
further insight into 1D gapless systems. These results will help pave the way in elucidating any operational and
physical differences between the error-correcting codes arising from gapped, gapless, and holographic theories. We
hope that the use of tensor networks – as exemplified by our contribution - may further help to deepen our
understanding of the physics of many-body theories in connection with quantum error-correction, and quantum
information theory in general.
[1]

M. Gschwendtner, R. Konig, B. Sahinoglu, and E. Tang, Quantum Error-Detection at Low Energies,
arXiv:1902.02115
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(P.40) 2-D compass codes
M Li1, D Miller2, M Newman3, Y Wu4 and K Brown3
1

Georgia Institute of Technology, USA, 2Heinrich-Heine-Universitat Dusseldorf, Germany, 3Duke University, USA,
University of Michigan, USA

4

In the investigation of scalable fault-tolerant quantum computing two code families have emerged as leading
candidates: the surface code which requires only local interactions, and the subsystem Bacon-Shor codes [1],
which have a 2-local gauge group. Unfortunately, while the Bacon-Shor codes offer some of the highest
concatenated thresholds, they fail to yield any threshold when grown as a local family on a lattice without
concatenation. In the present article, we investigate codes derived from the quantum compass model on a square
lattice, which we refer to as compass codes. This model provides a natural framework for constructing subsystem
and subspace stabilizer codes. The compass codes can be viewed as different gauge-fixes of the Bacon-Shor code,
and so include the (rotated) surface codes [2] as members. Two advantages of this family are its malleability,
making it suitable for correcting asymmetric noise, and fault-tolerant bare ancilla syndrome extraction inherited from
measuring along the gauges [3].
Here, we study the threshold behavior of these compass codes. These codes provide a framework for interpolating
between the Bacon-Shor and surface codes. Using the relation between statistical mechanics and code thresholds,
we find that the threshold scales linearly as the code family moves from the gauge-free Bacon-Shor code to the
symmetrically gauge-fixed surface code. For randomized code families interpolating between Bacon-Shor codes and
Shor’s subspace codes, we find that the threshold scales nearly optimal with respect to certain entropic bounds.
These studies suggest that the threshold is determined predominantly by the density of syndrome measurements,
rather than their specific configuration, for symmetrically distributed noise.
We also study the effects of tailoring these codes and decoders to biased and spatially inhomogeneous noise
models. To design codes on the compass model for asymmetric Pauli noise, we design stabilizers according to the
relative likelihood of errors in that part of the lattice. We analyze these codes numerically in the code capacity and
phenomenological noise models, and observe considerably higher thresholds in these settings, illustrating the
advantages that partially biased noise may yield.

Fig 1: An example of a compass code on a 9x9 lattice. Red and blue plaquettes represent cuts in the Z-type and Xtype stabilizers, respectively. The bold lines outline the Z- and X-type stabilizers in the left- and right-side pictures,
respectively. As there are no blank plaquettes, all of the gauge degrees of freedom are fixed.
[1]
[2]
[3]

D. Bacon, Phys. Rev. A 73, 012340 (2006)
Y. Tomita and K. M. Svore, Phys. Rev. A 90, 062320 (2014)
M. Li, D. Miller, and K. R. Brown, Phys. Rev. A 98, 050301(R) (2018)
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(P.41) Approximate recovery with locality and symmetry constraints
C Bény1 , Z Zimborás2 and F Pastawski3
1

Hanyang University (ERICA), Korea, 2Budapest University of Technology and Economics, Hungary, 3Freie Universität
Berlin, Germany
Numerous quantum many-body systems are characterized by either fundamental or emergent constraints—such as
gauge symmetries or superselection rules—which effectively limit the accessible observables and realizable
operations. Moreover, these constraints combine non-trivially with the potential requirement that operations be
performed locally. The combination of symmetry and locality constraints influence our ability to perform quantum
error correction in two counterposing ways. On the one hand, they constrain the effect of noise, limiting its possible
action over the quantum system. On the other hand, these constraints also limit our ability to perform quantum error
correction, or generally to reverse the effect of a noisy quantum channel.
The natural framework to study these question is the operator-algebra quantum error correction and its
generalization to the approximate setting [1]. In the present work, we extend the result of [1] on approximate
channel recovery to settings where the channels are restricted by symmetry and/or locality constraints. In particular,
we show that, as in the unconstrained setting, the optimal decoding fidelity can be expressed in terms of a dual
fidelity characterizing the information available in the environment. As the duality itself has already proven useful
conceptually, we expect that our results will be widely applicable to the QEC aspects of symmetry protected
topological phases as well as in some realistic realizations of holography. As an illustrative example for the
developed formalism, we characterize all the correctable errors on Majorana chains, when both the channel and the
noise are physical (i.e., obeying the parity superselection rule), see Fig. 1. For the details of this work, see [2].

Fig 1: The figure illustrates a how 13 fermions which have been fractionalized into 26 Majorana modes geometrically
arranged on a circle. A Hamiltonian pairs the Majorana modes into effective local fermions leaving four unpaired
Majorana modes. These modes are expected to be well protected against naturally occurring noise forms with the
protection initially increasing with the length of the intervals I j .
[1]
[2]

C. Bény and O. Oreshkov, Phys. Rev. Lett., 104 120501 (2010)
C. Bény, Z. Zimborás, and F. Pastawski, arXiv:1806.10324 (2018)
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(P.42) Performance estimator of codes on surfaces
C Ryan-Anderson
Swansea University, UK
This work discusses the Python package called Performance Estimator of Codes On Surfaces (PECOS) [1,2]. PECOS
serves as a framework for studying, developing, and evaluating quantum error-correcting codes (QECCs).
PECOS was designed to aid researchers in the quantum error-correction (QEC) community who have at least a basic
understanding of coding. The package attempts to balance usability, functionality, and simplicity. PECOS uses an
object-oriented approach to represent basic concepts used to describe and evaluate quantum error-correcting
protocols as classes. While these classes capture the most common use cases for studying QECCs, the classes are
highly extendable and can be easily replaced by custom classes developed by the user. Thus, PECOS is a highly
flexible framework that can be utilized even when studying novel concepts in QEC.
PECOS also boasts an implementation of a new stabilizer simulation algorithm that was developed concurrently with
the package PECOS. This stabilizer simulator gives an average square-root speedup for topological stabilizer codes
(TSCs) over previous stabilizer simulation algorithms [1,3,4]. This increased speed is a result of utilizing the row and
column-wise sparsity of stabilizer tableaus. Stabilizer simulators allow stochastic error models that can apply errors
beyond Pauli errors such as Clifford errors and measurement-like errors. Thus, the new stabilizer simulation
algorithm, implemented in PECOS, greatly reduces the runtime of Monte Carlo simulations of such error models for
TSCs and other similar QECCs.
It is hoped that PECOS will serve as a useful tool in studying and evaluating QEC protocols and encourage code
reuse and transparency in the QEC community.
[1]
[2]
[3]
[4]

Ciarán Ryan-Anderson, aXiv:1812.04735
Ciarán Ryan-Anderson, https://github.com/PECOS-packages/PECOS
Scott Aaronson and Daniel Gottesman, Phys. Rev. A.70.052328 (2004)
Simon Anders and Hans J. Briegel, Phys. Rev. A.73.022334 (2005)

(P.43) The role of entropy in topological quantum error correction
M Beverland, B Brown2, M Kastoryano2 and Q Marolleau2
1

Microsoft Quantum, USA, 2University of Sydney, Australia, 3University of Cologne, Germany 4Normale Supérieure,
Paris Saclay, France
Abstract based on the work in arXiv:1812.05117 and references therein.
The physics of the quantum error correction process is naturally captured by its free energy; a quantity specified by
an energetic and an entropic contribution. Broadly speaking, the likelihood that the environment can introduce an
error that will corrupt encoded logical information corresponds to both the configurational energy, and the number
of configurations which will lead the system to failure, i.e., the entropic contribution to the free energy.
Characterising both of these quantities will enable us to establish the performance of a given quantum errorcorrection procedure precisely.
We illustrate the subtle effect of entropy by comparing two different variants of the surface code with a comparable
number of qubits: the surface code defined on a square lattice and the same model on a lattice that is rotated by
45°, see below. This seemingly innocuous change increases the distance of the code by a factor of 2½. However, as
we show, this gain can come at the expense of significantly increasing the number of different failure mechanisms
that are likely to occur.
In this talk we describe a number of different methods that we use to explore this tradeoff over a large range of
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parameter space under an independent and identically distributed noise model. First of all, we rigorously analyze
the leading order performance for low error rates, where the larger distance code performs best for all system sizes.
We verify the analytical expressions we obtain using sophisticated numerics, originally proposed by Bennett, that
were adapted for use with topological quantum error correction by Bravyi and Vargo.
Beyond the lowest order approximation, we develop an analytical model and use Monte Carlo sampling, to show the
performance difference of the two codes persists for fixed sub-threshold error rates for large system size. However,
we find that the improvement vanishes close to threshold. Remarkably, intensive numerics uncover a region of
system sizes and sub-threshold error rates where the square lattice surface code marginally outperforms the largerdistance rotated model, even with a lattice of four fewer physical qubits.

We compare the logical failure rates of the surface code on two differently oriented lattices. While one orientation
increases the distance of the system using a similar number of physical qubits, we find the logical failure rates are
comparable in certain parameter regimes. We attribute this to the increase in the entropic term in the free energy
that determines the failure rates of these systems.
(P.44) Frustrated hexagonal gauge 3D color code
T Jochym-O'Connor1, S Roberts2, S Bartlett2 and J Preskill1
1

Caltech, USA 2University Sydney, Australia

Motivation - Self-correcting quantum memories are many-body Hamiltonians that can store and protect logical
information in a degenerate groundspace. They are deemed self-correcting as the Hamiltonian dynamics suppress
the growth of physical errors without the need for active error correction (syndrome measurement and correction),
thus preventing logical errors from occurring at short time scales. They are often described as the quantum analogue
of a classical hard-disk and have been shown to exist in four spatial dimensions [1]. Unfortunately, the landscape
of Hamiltonians based on stabilizer (subspace) codes in lower dimensions is heavily constrained by numerous nogo results [2{10]. Here, we focus on subsystem codes which have the potential to evade such constraints and
present a new candidate in this direction. The model – based on the 3D gauge color code [11, 12] – is a noncommuting, frustrated lattice model for which we can solve the energy spectrum. The model exhibits many
promising features, necessary for self correction, including a bulk energy barrier. While with certain tetrahedral
boundary conditions [12] the model fails to be self-correcting in the strictest sense, the failure mechanisms differ
from previous proposals (such as entropy in the Haah code [3, 13]) and we believe may potentially be overcome
with more sophisticated boundary conditions.
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Fig 1: (left) Unit cells of the lattice. (right) Gauge chains for the non-commuting model. Hexagonal faces along
different directions commute with one another, yet faces along the same spatial direction anti-commute with their
neighbors. Colors on the left and right are unrelated.
Main results - We present a new model based on the gauge color code [11, 12] that we call the Frustrated
Hexagonal Gauge 3D Color Code, see Fig. 1. The Hamiltonian is composed of commuting stabilizer terms HS and
non-commuting gauge terms HG: H = HS +HG = Σq𝜖𝜖Q�𝑆𝑆𝑞𝑞𝑋𝑋 + 𝑆𝑆𝑞𝑞𝑍𝑍 � − Σ⎔𝜖𝜖F (λ𝐺𝐺⎔𝑋𝑋 + (1 – λ) 𝐺𝐺⎔𝑍𝑍 ), where the terms 𝐺𝐺⎔𝑃𝑃 and
𝑆𝑆𝑄𝑄𝑃𝑃 are given by a tensor product of Pauli P on all qubits belonging to the hexagonal face ⎔ 3-cell q, respectively. A
first observation to note is that each hexagonal face anti-commutes with exactly two neighboring faces along one of
three axes in the lattice, see Fig. 1 for an explicit depiction. As such, the Hamiltonian can be expressed as H = HS
+Σi Hi, where [HS,Hi] = [Hi,Hj] = 0, 𝑖𝑖 ≠ 𝑗𝑗 and each Hi is unitarily equivalent to the 1D XY-model: H1D = Σk (λXkXk+1 + (1
– λ)ZkZk+1) which is exactly solvable [14, 15]. The overall groundspace will be in the joint eigenspace of each Hi and
will have a degenerate groundspace whose dimension depends on the chosen boundary conditions. The model is
1
gapped on the unit interval, except at the λ = 2 gapless point. In the case of tetrahedral boundary conditions [12]
the groundspace contains a single logical qubit and in the limits λ = {0,1} corresponds to that of the 3D color code
(including being in the eigenspace of the missing square terms). One may then be immediately tempted to
conclude that the hexagonal gauge code with tetrahedral boundaries cannot be self-correcting due to the thermal
instability of the stabilizer 3D color code. However, such a conclusion cannot be made, as we show that the
topological quantum order conditions [16] for topological stability do not apply in the λ = {0,1} limits, warranting a
more details analysis of the dynamics of the presented model.
In commuting subspace codes, groundstates are in the +1 eigenspace of each individual term in the Hamiltonian,
however this is impossible for non-commuting models. Yet, a critical component of the presented model is that the
groundstates |Ω⟩ have the property that ⟨Ω|𝐺𝐺⎔𝑃𝑃 |Ω⟩ > c(λ) where c(λ) is some constant independent of system
size. This can be used to show that the model has a form of bulk energy barrier against Pauli noise. That is, given
any Pauli error P and resulting stabilizer syndrome (set of terms from HS that anti-commute with P), the resulting
energy cost will scale linearly with the weight of P: minGb Tr[H(QGbP∏PQGb)] ≥ c’wt(P), where ∏ is the codespace
projector, and we have allowed for a freedom to multiply over all bulk gauge degrees of freedom QGb that commute
with the stabilizer Hamiltonian HS. This is an additional freedom that the thermal bath has access to in the case of
subsystem codes, where bulk refers to those terms unperturbed by imposing boundary conditions as below.
Unfortunately, the hexagonal gauge model with tetrahedral boundary conditions will likely fail to be self-correcting
due to the presence of low energy logical error channels that follow paths in analogy to space-filling curves which
connect all boundaries. This issue is fundamentally due to the gauge freedom that allows violated gauge terms to
propagate along lattice directions and eventually be removed on boundaries. This type of propagation resembles
the behaviour of excitations in fracton models and is distinct from failure mechanisms present in the 3D color code.
Whether an effective fracton model can describe our frustrated model is an exciting but currently unsolved question.
An exciting open direction is to study the model in the case of periodic boundary conditions, where the energy
barrier is recovered. The bulk properties of the hexagonal gauge code give reason to be optimistic about selfcorrection in the periodic case, however the form of logical operators (bare or dressed) in such a model are currently
poorly understood.
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Progress in this direction would be instrumental in understanding the potential for self-correction in 3D.
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(P.46) Unifying the Clifford Hierarchy via symmetric matrices over rings
N Rengaswamy, R Calderbank, and H Pfister
Duke University, USA
The Clifford hierarchy of unitary operators is a foundational concept for universal quantum computation. It was
introduced to show that universal quantum computation can be realized via quantum teleportation, given access to
certain standard resources. While the full structure of the hierarchy is still not understood, Cui et al. (Phys. Rev. A
95, 012329) recently described the structure of diagonal unitaries in the hierarchy. They considered diagonal
unitaries whose action on a computational basis qudit state is described by a 2k-th root of unity raised to some
polynomial function of the state, and they established the level of such unitaries in the hierarchy as a function of k
and the degree of the polynomial. For qubit systems, in [1] we considered k-th level diagonal unitaries that can be
described just by quadratic forms of the state over the ring 𝑍𝑍2𝑘𝑘 of integers modulo 2k. The quadratic forms involve
symmetric matrices over 𝑍𝑍2𝑘𝑘 that can be used to efficiently describe all two-local and certain higher locality diagonal
gates in the hierarchy. We also provided explicit algebraic descriptions of their action on Pauli matrices, which
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establishes a natural recursion to diagonal unitaries from lower levels. The result involves symplectic matrices over
𝑍𝑍2𝑘𝑘 and hence our perspective unifies a subgroup of diagonal gates in the Clifford hierarchy with the binary
symplectic framework for gates in the Clifford group. We augmented our description with simple examples for certain
standard gates. In addition to demonstrating structure, these formulas might prove useful in applications such as (i)
classical simulation of quantum circuits, especially via the stabilizer rank approach, (ii) synthesis of logical nonClifford unitaries, specifically alternatives to expensive magic state distillation, and (iii) decomposition of arbitrary
unitaries beyond the Clifford+T set of gates, perhaps leading to shorter depth circuits. Our results suggest that some
non-diagonal gates in the hierarchy might also be understood by generalizing other binary symplectic matrices to
integer rings.
In ongoing work, we are utilizing the above simple characterization of certain diagonal gates to synthesize general
stabilizer codes that support transversal π/2k single-qubit Z-rotations, i.e., this transversal physical operation
realizes a non-trivial logical operation on the encoded qubits. The main idea is to observe that a necessary and
sufficient condition for a code to support this physical operation is that the transversal gate commute with the code
projector. Since this is a constraint on the (linear combination of the) outputs of conjugating all (Pauli) stabilizers by
the transversal gate, which is diagonal and has a symmetric matrix representation, we are able to leverage our
above formulas to identify the most general stabilizer codes that support this operation. The framework of triorthogonal codes for transversal T appears to be (and must be) a special case of these codes, and we have verified
the [[15,1,3]] Reed-Muller code explicitly. Our approach ultimately produces linear constraints on the stabilizer
elements (i.e., their binary representations) and allows one to construct non-CSS codes as well. We intend to
investigate the implications for magic state distillation, but we also plan to explore the logical Clifford operations for
these general codes, using our logical Clifford synthesis algorithm [2], so that one might be able to use the code
directly for computation, possibly with constant-depth circuits, thereby avoiding expensive magic state distillation.
We believe our manuscript will be on arXiv by the time of QEC, but the latest draft is available at:
http://pfister.ee.duke.edu/qec19.pdf.
[1]
[2]

N. Rengaswamy, R. Calderbank, H. D. Pfister, Unifying the Clifford Hierarchy via Symmetric Matrices over
Rings, submitted to Phys. Rev. A, arXiv preprint arXiv:1902.04022 (2019). [Online]. Available:
https://arxiv.org/abs/1902.04022.
N. Rengaswamy, R. Calderbank, S. Kadhe, H. D. Pfister, Synthesis of Logical Clifford Operators via
Symplectic Geometry, in Proc. IEEE Int. Symp. Inform. Theory, pp. 791-795, June 2018, arXiv preprint
arXiv:1803.06987. [Online]. Available: https://arxiv.org/abs/1803.06987.

(P.48) Efficient decoder for the color code
P Parrado Rodriguez, C Ryan-Anderson and M Müller
Swansea University, UK
Arguably, the most realistic and promising approach towards practical FTQC are topological quantum error
correcting codes, where quantum information is stored in interacting, topologically ordered 2D or 3D many-body
quantum systems. This approach offers the highest known error thresholds, which are already today within reach of
the experimental accuracy in state-of-the-art setups.
Whereas small-scale quantum error correction codes have been implemented, one of the main theoretical
challenges remains to develop new and improve existing efficient strategies (decoders) to derive near-optimal error
correction operations in the presence of experimentally accessible measurement information and realistic noise
sources.
In this work, we study a scalable and efficient decoder for the color code, based on an iterative algorithm. In our
work, we extend a decoder, first introduced in Ref. [1] and applied to a toric hexagonal color code, to work for the
4.8.8 lattice with both periodic and open boundary conditions.
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The main idea behind the algorithm is to solve the problem in an iterative way by correcting errors at a small scale,
and rescaling the system to solve errors at bigger scales. We subdivide the code in small cells, solve the errors in
the cells, and then rescale the system to a smaller lattice. Then, we can repeat the process until we get to a lattice
that is small enough to apply a look-up table decoder.
[1]

P. Sarvepalli and R Raussendorf, Phys. Rev. A 86, 022317 (2012)

(P.49) Towards simplified feedback architectures for continuous-time quantum error correction
G Cardona1, A Sarlette2, and P Rouchon1
1

PSL Research University, France, 2 QUANTIC lab, France

Quantum error correction is often presented as discrete-time operations relying on fast unitary gates and projective
measurements. The development of quantum technologies that allow for weak measurements motivate the study of
continuous-time approaches [1,2,3]. We present here a scheme for quantum error correction employing feedback
and continuous measurements. We present analytical results about the convergence of a QEC system,
corresponding to the three qubit bit-flip code, towards a nominal codeword manifold, based on our investigations in
[4,5]. In particular we show an exponential convergence property, which is an indicator of robustness towards
unmodeled dynamics. To obtain such an exponential convergence, our approach adds a novel element different to
existing control schemes: the controls are driven by Wiener processes whose gain is adjusted in real-time . Besides
the already announced improvement on convergence rate for the closed-loop dynamics, our strategy allows to work
with a reduced state estimator: our controller only tracks the populations on the various joint eigenspaces of the
syndrome measurement operators, via classical Bayesian estimation. This could open the door towards simplified
filters in practical setups.
[1]
[2]
[3]
[4]
[5]

C. Ahn et. al. Phys. Rev. A 65, (2002).
M. Sarovar et. al. Phys. Rev. A 69, (2004).
Mabuchi, New J. Phys. 11, 105044 (2009).
G. Cardona et al., IEEE Conf. on Decision and Control (2018).
G. Cardona et al., arXiv:1902.00115 (2019).

(P.50) Realising a logical qubit in an ion shuttling microtrap architecture
A Owens¹ ², D Bretaud¹ S Hile¹, S Weidt1, D Browne2, and W Hensinger1
¹Sussex University, UK, ²University College London, UK
Development of practical QEC codes will be informed by small prototype experiments as well as the existing theory.
In particular, the effort to preserve a logical qubit longer than it's constituent physical qubits may lead to tailored
QEC schemes that exploit the attributes of a given implementation. In addition, a better understanding of the error
processes in a given system will accelerate the development of optimised codes.
We aim to realise a stabilizer measurement cycle for the surface-17 QEC code in a programmable shuttled-ion
processor. In the near-term hardware limitations provide only a single interaction zone suitable for performing multiqubit entangling gates, so no parallelism in gate operations is possible. Serial gate operation means the QEC is
unlikely to extend the lifetime of the logical qubit as compared to an individual physical qubit, but we expect to
measure both X and Z stabilizers of the surface-17 code, and show the efficacy of topological error protection
through a reduced error rate of the encoded logical qubit with QEC compared to without QEC.
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The programmable shuttled-ion processor developed is a significant step toward providing the basis for a
parallelized version of the surface-17 code (and potentially a demonstration of 'beneficial QEC') as larger, multiple
X-junction trap arrays are fabricated.
We present an overview of the large scale future architecture [1] (and it's suitability for universal QC) with a focus
on the ion shuttling scheme and the physics behind spin-motion entangling gates based on global microwave gate
fields in a static magnetic field gradient [2]. We also outline a roadmap of the various stabilizer measurement cycle
algorithms planned, given the hardware limitations at each stage of development.

Fig 1: A single X-junction trapped ion processor . Each of the 4 branches are defined by RF electrodes that generate
the quadrupole trapping field. The segmented electrodes around the X can be individually biased, creating moving
potential wells to shuttle the ions along and between the 4 branches. By splitting/recombining ion crystals, different
subsets of qubits can be measured, interacted, or stored whilst additional ions can be loaded in the trapping region.
[1]
[2]

Bjoern Lekitsch et al. Science Advances 3.2 (2017)
S.Weidt et al. Phys. Rev. Lett. 117, 220501 (2016)

(P.51) The ZX calculus is a language for surface code lattice surgery
N de Beaudrap1 and D Horsman2
1

University of Oxford, UK, 2Université Grenoble Alpes, France

Surface codes with lattice surgery represent the current state-of-the-art for proposed large-scale fault tolerant
quantum error correction architectures [1,2]. Lattice surgery involves quantum transformations of memories by CPTP
maps which are not unitary transformations. Two-qubit operations such as CNOTs may be realised deterministically,
using classical processing similar to that involved in standard teleportation, but the primitive operations (“split" and
“merge") do not rest easily with the standard unitary circuit model. This makes it hard effciently to design, verify,
and compile procedures involving lattice surgery, beyond the realisation of a few CNOTs.
Our submission demonstrates that lattice surgery is a model for a segment of the ZX calculus, a graphicallypresented system to perform calculations with tensor networks. We show how diagrams in the calculus describe
exactly the lattice surgery primitives of split and merge, including their non-deterministic byproduct operations. By
simple transformations of these diagrams, we present new surgery protocols to realise common operations to be
performed on encoded quantum information. This work provides a ready-made syntax for computations realised
using surface codes via lattice surgery, and a deeply practical spur for further development of tools for the ZX
calculus. This is an extended abstract for [3].
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The ZX calculus is a graphical notation for tensor networks, equipped with rules to transform those networks in a way
that preserves equality [4]. We show that the Kraus operators of the CPTP maps of the transformations performed by
lattice surgery, on the logical surface-coded qubits, may be represented by the ZX diagrams (reading from bottom to
top)

This observation allows us to reason about the effect of arbitrary compositions of lattice surgery merge and split
operations, by using the existing techniques provided by the ZX calculus.
As an example, we show that this allows us to use the ZX calculus as a tool to design new procedures for phase
rotations using magic states. Rather than using teleported gates, we can verify that merges will do the same
operation (including specifying corrections). For example, the negative outcome branch of a merge with the state
|𝐴𝐴⟩ ∝ |0⟩ + 𝑒𝑒 𝑖𝑖𝑖𝑖/4 |1⟩ is

As with a teleported T gate, the rotation to correct this to +𝜋𝜋/4 uses |𝑌𝑌⟩ ∝ |0⟩ + 𝑒𝑒 𝑖𝑖𝑖𝑖/2 |1⟩. This merge itself can
then be corrected, if necessary, by a bit flip.

There is a large body of work on the ZX calculus, including automated re-writing tools, that now has direct practical
relevance to the compilation and optimisation of protocols directly in terms of lattice surgery split and merges rather
than gates. It has already begun to be used for on-the-ground verification of medium scale lattice surgery protocols
[5]. These results are a first taste of the power of the calculus to verify and design procedures that are novel,
efficient, and highly configurable.
[1]
[2]
[3]
[4]
[5]

C. Horsman, A. Fowler, S. Devitt, R. Van Meter, New J. Phys. 14 123011 (2012)
A. Fowler, C. Gidney, arXiv:1808.06709 (2018)
N. de Beaudrap, D. Horsman, QPL'17 arXiv:1704.08670 (2017)
B. Coecke, A. Kissinger, Picturing Quantum Processes, Cambridge University Press (2017)
C. Gidney, A. Fowler, arXiv:1812.01238 (2018)

(P.52) Scalable cryogenic experiment for trapped-ion quantum computing with long ion strings
R Matt, R Oswald, C Axline, C Decaroli, N Schwegler, A Kadir, and J Home
ETH Zurich, Switzerland
I will describe the development of a new cryogenic experimental apparatus for the implementation of quantum errorcorrection to keep a logical qubit alive. Current proposals for realizing a crucial building block of a scalable quantum
computer, an error-corrected logical qubit, require splitting and recombination of ion strings and the usage of a
second ion species as an ancilla qubit for non-intrusive stabilizer readout [1]. We plan to trap mixed ion strings
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consisting of two Ca+ isotopes in order to realize sympathetic cooling of the logical ions and high fidelity ancilla
qubit readout with low crosstalk. The segmented ion trap architecture complete with junctions is optimized for ion
string transport and manipulation in physically separated zones.
High-fidelity gate operations require both a stable qubit system and precise control over optical fields. In order to
control multiple ions in parallel, we have developed a scalable single ion addressing system based on an array of
waveguides matched to the ion positions, making the optical addressing system compact and robust against
mechanical noise. What is more, this single ion addressing capability will mitigate the need for ion transport
operations and allow for parallel qubit manipulations thereby simplifying the overall computation. In order to
improve qubit coherence times we have implemented a set of superconducting coils in a "self-shielding"
configuration, which enables the suppression of magnetic field fluctuations at all frequencies down to DC [2]. Ion
imaging will be performed using a camera with low pixel count with state-detection via FPGA-based image
processing. This should allow low-latency readout of many ions in parallel, which is essential for implementing fast
feedback required for error-correction. Design considerations and experimental progress will be presented.
This work is supported by IARPA.
(P.53) Toy Models of Holographic Duality between Local Hamiltonians
T Kohler, and T Cubitt
University College London, UK
The AdS/CFT correspondence is a conjectured duality between quantum gravity in (d+1) dimensional
asymptotically AdS space, and a conformal field theory defined on its boundary [1]. It has provided insight into
theories of quantum gravity, and has also been used as a tool for studying strongly interacting quantum field
theories. Recently it has been shown that important insight into the emergence of bulk locality in AdS/CFT can be
gained through the theory of quantum error correcting codes [2]. This idea has been used to construct holographic
quantum error correcting codes (HQECC) [3], which realise many of the interesting structural features of AdS/CFT.
Holographic codes give a map from bulk to boundary Hilbert space, hence also from observables in the bulk to
corresponding boundary observables. But AdS/CFT duality is also a mapping between models, not just between
states and observables; it relates quantum theories of gravity in the bulk to conformal field theories in one
dimension lower on the boundary. For holographic code models, this means realising a mapping between local
Hamiltonians in the bulk and local Hamiltonians on the boundary.
Since HQECC give a mapping from any bulk operator to the boundary, one can certainly map any local bulk
Hamiltonian to the boundary. But this gives a completely non-local boundary Hamiltonian, with global interactions
that act on the whole boundary Hilbert space at once. Local observables deep in the bulk are expected to map
under AdS/CFT duality to non-local boundary observables, so this is fine - indeed, expected - for observables. But a
global Hamiltonian acting on the entire boundary Hilbert space has lost all relation to the boundary geometry; there
is no meaningful sense in which it acts in one dimension lower. Indeed, for toy spin models, any Hamiltonian
whatsoever can be realised using a global operator. For the correspondence between bulk and boundary models to
be meaningful, the local Hamiltonian describing the bulk physics needs to map to a local Hamiltonian on the
boundary. For this reason, [3] study the mapping of observables and states in their construction, and do not apply it
to local Hamiltonians.
By standing on the shoulders of the HQECC results, in particular the HaPPY code [3], and combining stabilizer code
techniques with the recent mathematical theory of Hamiltonian simulation, we build on these previous results to
construct a bulk/boundary duality which maps local Hamiltonians in 3D hyperbolic space, to local Hamiltonians on
its 2D boundary.
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This allows us to construct a duality between models, encompassing the relationship between bulk and boundary
energy scales and time dynamics. It also allows us to construct a map in the reverse direction: from local boundary
Hamiltonians to the corresponding Hamiltonian in the bulk. Under this boundary-to-bulk mapping, the bulk
geometry emerges as an approximate, low-energy, effective theory living in the code-space of an (approximate)
HQECC on the boundary. At higher energy scales, this emergent bulk geometry is modified in a way that matches
the toy models of black holes proposed previously for HQECC. Moreover, the duality on the level of dynamics shows
how these toy-model black holes can form dynamically.
This work is available on the arXiv as arXiv:1810.08992.
[1]
[2]
[3]

J.M. Maldacena. Eternal black holes in anti-de Sitter. JHEP, 2003.
A. Almheiri, X. Dong and D. Harlow. Bulk locality and quantum error correction in AdS/CFT. JHEP, 2015.
F. Pastawski, B. Yoshida, D. Harlow and J. Preskill. Holographic quantum errorcorrecting codes: toy models
for the bulk/boundary correspondence. JHEP, 2015.

(P.55) Decoding quantum error correction with Ising model hardware
J Roffe1, S Zohren2, D Horsman3 and, N Chancellor4
1

University of Sheffield, UK, 2University of Oxford, UK, 3Université Grenoble Alpes, France, 4Durham University, UK

Fault tolerant quantum computers will require efficient co-processors for real-time decoding of their adopted
quantum error correction protocols. In this work we examine the possibility of using specialised Ising model
hardware to perform this decoding task. Examples of Ising model hardware include quantum annealers such as
those produced by D-Wave Systems Inc., as well as classical devices such as those produced by Hitatchi and
Fujitsu and optical devices known as coherent Ising machines. We use the coherent parity check (CPC) framework
[1] to derive an Ising model mapping of the quantum error correction decoding problem for an uncorrelated
quantum error model. A specific advantage of our Ising model mapping is that it is compatible with maximum
entropy inference techniques which can outperform maximum likelihood decoding in some circumstances. We use
numerical calculations within our framework to demonstrate that maximum entropy decoding cannot only lead to
improved error suppression, but can also shift threshold values for simple codes, as depicted in Fig. 1. As a high
value problem for which a small advantage can lead to major gains, we argue that decoding quantum codes is an
ideal use case for quantum annealers. In addition, the structure of quantum error correction codes allows
application specific integrated circuit (ASIC) annealing hardware to reduce embedding costs, a major bottleneck in
quantum annealing. Finally, we also propose a way in which a quantum annealer could be optimally used as part of
a hybrid quantum-classical decoding scheme. This submission is based on [2].
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Fig 1: Encoded error probability versus raw qubit error rate for a simple [[5,1,3]] code with an error model consisting
of equally probable X and Z errors, Red: no decoding, Blue: perfect maximum likelihood decoding, Green: perfect
maximum entropy decoding. The black line is the error rate for non-encoded qubits. Insets are the same plots with
different levels of zoom and dotted lines are a guide to the eye to show thresholds.
[1]
[2]

Nicholas Chancellor et al., arXiv:1611.08012 (2016).
Joschka Roffe et al., arXiv:1903.10254 (2019).

(P.56) Towards logical operations in an integrated ion-trap quantum computer
C Axline, K Mehta, S Miller, M Malinowski, C Zhang, T Nguyen, R Matt, R Oswald, and J Home
ETH Zürich, Switzerland
In order to form logical qubits and perform quantum error correction, a useful multi-purpose ion-trap quantum
computer may likely require more than one million ions. Choosing a robust scaling methodology, therefore, is
critical. Several architectures for scaling trapped ion quantum computers have been proposed, but must overcome
challenging technological hurdles.
In this work, we discuss efforts towards a scalable, multi-qubit ion trap quantum processor capable of practical
quantum error correction (QEC) routines, using recently demonstrated technological capabilities [1] to deliver laser
light via waveguides integrated into a multi-zone ion trap chip. Operations, including readout and cooling [2], could
be performed independently on each ion within a string, offering fully connected, multiple-ion control within a single
logical trap zone. Multiple zones would be connected by ion shuttling, realizing more complex algorithms (Fig. 1).
Such a system could demonstrate sequential multi-qubit stabilizer readout, beginning with weight-four parity
measurement on a string of five ions, to realize an error-corrected logically encoded qubit. This operation is critical
to small codes like the 5-qubit [3] or 7-qubit Steane code [4]. Integrated control would simplify proposed error
correction algorithms [4] through parallel, independent operations. Using multi-isotope ion chains, we could reduce
cross-talk, improve fidelities, and ultimately implement repeated logical qubit operations. This powerful framework
would constitute a significant advance over the state of the art [5], towards a universal, scalable architecture for
quantum information processing.
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Fig 1: Geometry of two zones in an ion trap with integrated control.
[1]
[2]
[3]
[4]
[5]

K. K. Mehta, et al., Nature Nanotechnology 11, 12 (2016)
F. Lindenfelser, et al., New Journal of Physics 19, 063041 (2017)
M. Takita, et al., Physical Review Letters 117, 21 (2016)
A. Bermudez, et al., Physical Review X 7, 4 (2017)
D. Nigg, et al., Science 345, 6194 (2014)

(P.57) A high threshold code for modular hardware with asymmetric noise
X Xu1, Q Zhao2, X Yuan1, and S Benjamin1
1

University of Oxford, UK, 2Tsinghua University, China

We consider an approach to fault tolerant quantum computing as the substrate for a conventional surface code. Our
method is to concatenate the surface code with a two-qubit phase detection code. By applying local error detection
for each data qubit, we gain extra information concerning the locations of potential errors. Such information is
translated into modified weights for a minimum-weight matching decoder, allowing superior decisions to be made at
the surface code level. We apply the Dijkstra’s algorithm to determine the minimal distance for each pair of
syndrome ancilla qubits and the corresponding path connecting them. The ‘shortest path’ provides the proper
weighting for each pair of syndrome events, which are then matched with the decoder.
We numerically test the capacity of the concatenated code. A mixture of dephasing and depolarising noise is
considered. A threshold gate-level error rate of 1.42% is found for the concatenated code given highly asymmetric
noise. This is superior to the standard surface code and remains so as we introduce a significant component of
depolarising noise; specifically, until the latter is 70% the strength of the former. Moreover, given the asymmetric
noise case, the threshold rises to 6.24% if we additionally assume that the computer is in a modular structure such
that the local operations have 20 times higher fidelity than the long range gates. Thus for systems that are both
modular and prone to asymmetric noise our code structure can be very advantageous.
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Fig 1: (a) The dependence of threshold on the relative strength of dephasing and depolarising errors. The threshold
quantity along the y-axis is the total probability of a physical error; each such error is assigned to one of the two
possible models with relative probabilities given by the x-axis. The purple (brown) curve corresponds to the
concatenated code where the gates in error detection have three times the error rate (the same error rate) as the
gates in parity check. For reference the standard surface code is plotted as the green curve; (b) The increase in
noise threshold as we alter the relative error rates for local error detection and global parity check, in a scenario with
pure phase errors. The threshold error rate represents the error rate applied for global parity check. A larger ratio
leads to an increase of threshold.
[1]

Xu X, Zhao Q, Yuan X, et al. arXiv preprint arXiv:1812.01505, 2018.

(P.58) Quantum error correction in multi-parameter quantum metrology
W Górecki1, S Zhou2, L Jiang2 and R Demkowicz Dobrzański1
1

University of Warsaw, Poland, 2Yale University, USA

Quantum metrology aims at exploiting all possible features of quantum systems, such as coherence or
entanglement, in order to boost the precision of measurements beyond that achievable by metrological schemes
that operate within classical or semi-classical paradigms. The most persuasive promise of quantum metrology is the
possibility of obtaining the so-called Heisenberg scaling (HS), which manifests itself in the quadratically improved
scaling of precision as a function of number of elementary probe systems involved in the experiment or the total
interrogation time of a probe system. In either of these cases, the presence of decoherence typically restricts the
quadratic improvement to small particle number or short-time regimes. However, for peculiar class of models even
in presence of decoherence the asymptotic HS may be preserved via application of appropriate quantum error
correction (QEC) protocols [1,2].
Note also that a lot of relevant metrological problems, like vector field sensing (e.g. magnetic field), imaging or
multiple-arm interferometry or waveform estimation are inherently multiparameter estimation problems. In such
case, apart from eliminating the effects of noise, there is another way to improve precision. Measuring all
parameters simultaneously may lead to more efficient use of resources. However, it leads to new difficulties –
different probe states may be optimal depending on which parameter we want to estimate and moreover
measurements optimally extracting information about different parameters may be incompatible. Therefore typically
used tools (as quantum Cramér-Rao bound) are not enough here, which makes applying protocols known form
single parameter estimation for such problem rather challenging.
In this presentation we introduce a general method, which allows to combine the advantages coming from the use
of QEC protocols against noise and measuring many parameters simultaneously. We show the necessary and
sufficient condition for achieving the HS in multi-parameter estimation under Markovian noise, and a numerical
algorithm, which allow to find the optimal estimation strategy in such situations. Finally, we provide examples of
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significant advantages offered by multi-parameter metrology compared with schemes where each parameter is
being estimated separately.
[1]
[2]
[3]

R. Demkowicz-Dobrzański, J. Czajkowski, P. Sekatski, Phys. Rev. X 7, 041009 (2017)
S. Zhou, M. Zhang, J. Preskill, L. Jiang, Nat. Comms. 9, 78 (2018)
W. Górecki, S. Zhou, L. Jiang, R. Demkowicz-Dobrzański, arXiv:1901.00896 (2019)

(P.59) Optimising topological quantum circuits with ZX-Calculus
M Hanks, M Estarellas and K Nemoto
National Institute of Informatics, Japan
Mapping any quantum algorithm to a large-scale quantum computer requires a series of compilations and
optimisations. At the level of fault-tolerant encoding, one likely requirement is translation into a 3D-topological
circuit expressed in terms of braided defects [1]. Given such a circuit, we would like to reduce the resources
associated with the circuit volume, i.e. the time and number of defects. These optimisations have typically been
performed in the language of 3-dimensional diagrams [2]. However, due to the complicated nature of large circuits
expressed in this representation, it is difficult to intuit and keep track of transformation rules. Additionally, local
Pauli operations are not represented and therefore their locations are not maintained through the optimisation.
Importantly, this representation provides no strategy to ensure the independence of errors arising from different
local gates in distillation circuits or to verify such circuits.
We propose the use of the ZX-calculus representation [3] as an alternative language for topological circuit
optimisation. While we acknowledge the need to place restrictions on the set of transformations considered in this
language, we observe that the ZX-calculus clarifies our intuition about topological transformations and provides a
straightforward method for the verification of the circuit and of error independence [4]. We find that the simplifying
transformations of the ZX-calculus correspond to maps between the braided gates of a topological circuit and lattice
surgery between defect qubits; the primitive elements of the ZX-calculus can be mapped directly to elements of a
topological circuit each requiring specified resources. This allows us to optimise the circuit with the ZX-calculus and
convert back to the 3D representation to apply final trivial transformations such as compression rules.
Although we cannot assert that we reach any global optimum, all known transformations of topological circuits are
able to be described in this language and we have identified transformations not previously exploited in the 3D
representation; see Fig. 1. This indicates the potential to further minimize the resources needed for specific circuits.
We demonstrate such advantages by comparing results using the ZX-calculus with those previously obtained in the
3D representation for circuits such as those for the distillation of the |𝐴𝐴⟩ and |𝑌𝑌⟩ magic states.

Fig 1: Rule derivation, previously not exploited in the $3$D representation, for the GHZ state creation, using the ZXCalculus optimisation rules and involving a clear reduction of resources.
[1]

Robert Raussendorf, Daniel E Browne, and Hans J Briegel. Physical review A, 68(2):022312 (2003).
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[2]
[3]
[4]

Austin G Fowler and Simon J Devitt. arXiv preprint arXiv:1209.0510 (2012).
Bob Coecke. Contemporary physics, 51(1):59–83 (2010).
Nicholas Chancellor, Aleks Kissinger, Joschka Roffe, Stefan Zohren, and Dominic Horsman. arXiv
preprint arXiv:1611.08012 (2016).

(P.60) Improved maximum likelihood decoding of the surface code
A Darmawan1, D Tuckett2 and S Bartlett2
1

Kyoto University, Japan, 2The University of Sydney, Australia

Maximum-likelihood decoding takes into account all errors consistent with a given syndrome, and returns a recovery
operation maximising the probability of successfully correcting the error. For stochastic noise models it is, by
definition, optimal.
Bravyi et al. [1] proposed a maximum likelihood decoding algorithm for the surface code with noiseless syndrome
extraction based on tensor networks. In this approach, approximate maximum-likelihood decoding is achieved by
heuristic contraction of a 2D tensor network. The runtime of the algorithm is 𝑂𝑂(𝑁𝑁𝑋𝑋 3 ) where 𝑋𝑋 is an approximation
parameter. Here we demonstrate how this approximate maximum-likelihood decoding algorithm can be
substantially improved via a modification to the boundary conditions of the code, and the layout of the tensor
network.
The main benefit is a striking improvement in the performance of the code under highly biased noise. In the case of
noise fully biased towards phase damping, the decoder becomes exact with 𝑋𝑋 = 1. This is in contrast to the
standard tensor-network algorithm that requires more than 𝑋𝑋 ≈ 48 to see convergence [2, 3]. A comparison is
shown Fig. 1(a). In the challenging case of highly biased (but not fully biased) noise, there is a significant
improvement in the rate of convergence with 𝑋𝑋 compared to the original decoder, as shown in Fig. 1(b).
As a side benefit, the modified layout also allows exact calculation of coset probabilities, and therefore exactly
optimal decoding, for relatively large surface codes (𝑑𝑑 ≈ 25) under arbitrary local Pauli noise. Although this exact
algorithm has exponential runtime, it nevertheless provides a useful benchmark.

Fig 1: Logical error probability vs. physical error probability for (a) pure dephasing with various lattice sizes and (b)
noise biased towards dephasing pz = 100(px + py) for 21 x 21 code, comparing standard and improved surfacecode maximum-likelihood decoding.
[1]
[2]
[3]

Sergey Bravyi, Martin Suchara, and Alexander Vargo. Phys. Rev. A, 90(3):032326, September 2014
David K. Tuckett, Stephen D. Bartlett, and Steven T. Flammia. Phys. Rev. Lett., 120(5):050505, January
2018
David K. Tuckett, Christopher T. Chubb, Sergey Bravyi, Stephen D. Bartlett, and Steven T. Flammia.
arXiv:1812.08186, December 2018
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(P.61) Stellated color codes: low overhead codes in two dimensions using boundary twist defects
M Kesselring1, F Pastawski1, J Eisert1 and B Brown2
1

Freie Universität Berlin, Germany, 2University of Sydney, Australia

Many of the big advances in quantum error correction come from a deep understanding of the features of
topological phases of matter. Here we make a thorough investigation of the color code; a model of great interest due
to its many symmetries, and its applications to fault tolerant quantum computation. Using the objects realizable in
the color code model, we discover several new ways of encoding quantum information. Notable among which are a
new family of new quantum error-correcting codes that we introduce, known as stellated color codes, see figures
below. Our new codes encode logical qubits at the same distance as the next best color code, but using
approximately half the number of physical qubits. To the best of our knowledge, our new topological codes have the
highest encoding rate of local stabilizer codes with boundedweight stabilizers in two dimensions. Similarly, we find
stellated surface codes which combine the relatively high encoding rates of stellated color codes with the low weight
stabilizers of surface codes. We expect these codes may be particularly amenable to realisation due to their
relatively small resource cost within the constraints of their dimensionality.
An important part of our discovery is our exhaustive study of the boundaries and twist defects of the color code
model. We expect the catalogue of boundaries and defects for the color code will serve as a toolbox to discover
improved quantum computational protocols in the future. In the talk we will explain the new models we have found,
and we will describe the new features of the color code that we used to find them. First, we express the color code
model in terms of its anionic quasiparticle excitations. In particular, we find it very instructive to lay out the bosonic
color code excitations on a three-by-three grid to reveal its structure. A thorough study of its Lagrangian subgroups
and symmetries allows us to comprehensively catalogue the objects as they are realizable in color codes. Together
with our classification we also provide lattice representations of these objects which include three new types of
boundaries as well as a generating set for all 72 two dimensional color code twist defects. As well as offering a
toolbox to find new codes with the color code, our work therefore also provides an explicit toy model that will help to
better understand the abstract theory of domain walls of topologically ordered phases of matter. In addition to the
stellated color codes, we will also discuss how our new toolbox has led us to find improved methods for performing
quantum computations by code deformation as well as a new four-qubit error-detecting code.
Finally, we will briefly discuss ongoing generalisations of our work in three dimensions where we are considering
universal quantum computation by code deformations using twist defects.

Based on: The boundaries and twist defects of the color code and their applications to topological quantum
computation, https://arxiv.org/abs/1806.02820, Published: Quantum 2, 101 (2018), DOI:10.22331/q-201810-19-101
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(P.63) Compressed Bosonic Codes
B Criger1,2, L Rieth3 and B Terhal1,4
1

TU Delft, The Netherlands, 2IGDORE, Estonia, 3Maastricht University, The Netherlands, 4JARA IQI, Germany

Most quantum error-correcting codes are implemented using multiple qubits. This approach has many advantages;
small Hilbert spaces are easier to understand and control, errors can often be assumed to be independent between
the different subsystems, and there is a large body of literature in classical coding theory which can be applied.
However, there are also disadvantages to using multiple qubits. Every qubit is subject to noise, which results in a
large number of constraints on the code states arising from the Knill-Laflamme criteria [quant-ph/9604034],
limiting the set of codes which may be explored.
Recently, experimentalists have learned to control larger Hilbert spaces, such as low-temperature microwave
cavities, which can be accurately modelled as harmonic oscillators. The noise in these systems can be accurately
modelled using photon loss and dephasing, regardless of the size of the Hilbert space being used, allowing greater
freedom in code design. This has revived interest in earlier research concerning encoding logical qubits into
harmonic oscillators [quant-ph/0008040], and has spurred the development of new codes, both approximate
[quant-ph/9809037] and exact [1602.00008].
Many of the code families studied in these works use states which have no support on the odd-n subspace of the
Fock space of the resonator. This results in an easy error-detection protocol; the resonator is coupled to a qubit
using a dispersive interaction such that the qubit will be flipped iff the photon number parity of the resonator state is
odd. However, this sparsity in the code states also increases their average photon number, increasing the
probability that a photon is lost during transmission through a lossy bosonic channel.
Recently, during a comparative study of the performance of different bosonic codes [1708.05010], Albert et al
numerically derived a code which is not restricted to the even-n Fock subspace:

Though the origin of this code was unknown, Albert et al observed that it is exact, and allows high-fidelity
transmission through the lossy bosonic channel.
We demonstrate that this code can be derived analytically, and without optimization. For this purpose, we use a
greedy construction to assign Fock subspaces to logical states, and solve a quadratic equation for the coefficients.
We also extend this construction to logical qudits exposed to the lossy bosonic channel.
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The codes we derive embed 𝑑𝑑 logical states into the 3𝑑𝑑 lowest-energy levels of a harmonic oscillator, such that the
logical states have at most three components in the Fock basis. These ‘three-term’ codes use an average photon
number of ~ √2𝑑𝑑, and correct a single loss error. In contrast, binomial codes embed d logical states into the
~ 4𝑑𝑑 lowest-energy levels of the oscillator, with an average photon number of ~ 2𝑑𝑑. We show that the newlyconstructed codes also allow transmission through a lossy bosonic channel with higher fidelity than cat codes or
binomial codes, when an SDP-based optimal decoder [quant-ph/0606035] is used (see figure). We conclude with
a discussion of the possible avenues for implementation of these codes, as well as extensions of our construction to
other noise maps.
(P.64) Calderbank-Shor-Steane holographic quantum error correcting codes
R Harris1, N McMahon1,2, G Brennen2 and T Stace1
1

University of Queensland, Australia, 2Macquarie University, Australia

The correspondence between anti-de Sitter (AdS) space and conformal field theories (CFT) [1] is an example of the
holographic principle between a bulk d + 1-dimensional AdS and a boundary d-dimensional CFT [2]. This
correspondence suggests that the boundary degrees of freedom possess substantial redundancy, making it a
candidate for robustly encoding quantum information.
Holographic codes were first proposed as a way to connect quantum information with the bulk/boundary
correspondence [3]. We focus on the construction introduced in Ref. [3], which combines three desirable features:
they are stabiliser codes and thus exactly solvable, they are quantum error correction codes, and their encoding is
described by a tensor network which is a uniform tiling of hyperbolic space. A key requirement of Pastawski et al. is
that the network be comprised exclusively of perfect tensors which strongly constrains the encoding circuit.
We show that the perfect tensor constraint can be relaxed to a less restrictive class that still generates a holographic
code. This is motivated by the observation that in the hyperbolic tessellation in [3], input legs to a given seed tensor
can be grouped into a contiguous block. This new class includes the seven qubit Steane code tensor, which we use
in a CSS holographic code based on a tiling of heptagons [4].
Using the seven legged Steane tensor as a seed, we develop the heptagon code shown in figure 1, which is built on
a 2D tiling with negative curvature. This is a tessellation of heptagons, with four heptagons meeting at each vertex.
Using an optimal decoder, the heptagon code has a threshold against erasure of 1=3. Additionally, we demonstrate
an optimisation based decoder provides thresholds of 5% against Pauli error channels. These promising thresholds
show that holographic codes have potential for practical use. Finally we show a constructive method to create the
heptagon code with graph states for measurement based implementations.
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Fig 1: Tessellation of the heptagonal seed in a larger tensor network representation of a heptagon code. The small
circles around the boundary represent physical qubits and the red dots represent the bulk logical input qubits. The
arrows show the conventional direction from the centre to the boundary, which we adopt for constructive purposes.
Numbered indices indicate a consistent ordering required to produce an isometry from the bulk logical qubits to
boundary physical qubits.
[1]
[2]
[3]
[4]

J. Maldacena, ‘The large-N limit of superconformal field theories and supergravity.” International journal of
theoretical physics, 38(4), pp.1113-1133, 1999.
J. Maldacena, “Eternal black holes in anti-de Sitter.” Journal of High Energy Physics 2003(04), pp.021,
2003
F. Pastawski, B. Yoshida, D. Harlow and J. Preskill, “Holographic quantum error-correcting codes: Toy
models for the bulk/boundary correspondence.” Journal of High Energy Physics 2015(6), pp.149, 2015.
R. J. Harris, N. A. McMahon, G. K. Brennen, T. M. Stace, “Calderbank-Shor-Steane Holographic Quantum
Error Correcting Codes“, Phys. Rev. A 98, 052301

(P.65) Improving entanglement transmission over Earth-satellite channels via quantum error correction
E Villasenor Alvarez and R Malaney
University of New South Wales, Australia
Non-Gaussian continuous variable (CV) quantum states have proven to be valuable resources capable of more
effectively withstanding the noise effects of specific error channels relative to their Gaussian counterparts. Previous
works demonstrate that specifically non-Gaussian states produced by photon subtraction can produce better results
compared to non-Gaussian states produced by photon addition when used in a CV quantum key distribution (QKD)
protocol (1). Furthermore, a more sophisticated non-Gaussian operation known as quantum scissors has risen as a
prominent tool for distilling states with a higher entanglement from several copies of noisy entangled states (2).
Quantum scissors work as probabilistic noiseless linear amplifiers on low mean photon number states, as such, it is
possible to concatenate multiple scissors in order to increase the entanglement distilled at the final state at the cost
of a lower success rate.
In this work we will focus on evaluating the effectiveness of states produced by the photon subtraction and quantum
scissors techniques. We will assess these states in terms of the key rates obtained from performing QKD over an
Earth-satellite noise channel. The Earth-satellite channel corresponds to a free-space channel connecting terrestrial
receivers to a low-earth-orbit satellite. We provide results that allow us to compare both techniques, showing that
when optimized quantum scissors states can produce higher key rates relative to photon subtraction states.
Moreover, we found that states produced from more complex techniques can yield higher key rates in contrast to the
ones produced from simpler techniques. These results motivate further research on error correction techniques to
improve quantum communications over free-space channels.
[1]

Photonic Engineering for CV-QKD over Earth-Satellite Channels. Mingjian He, Robert Malaney, Jonathan

Green. 2019, arXiv:1902.09175 [quant-ph].
[2]

Continuous-variable entanglement distillation over a pure loss channel. Kaushik P. Seshadreesan, Hari

Krovi, Saikat Guha. 2018, arXiv:1812.00355 [quant-ph].
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(P.66) System Architectural Impacts of Topological Error Correction Decoding
Adam Holmes1, 2, Shavindra Premaratne1, and Anne Matsuura1
1

Intel Corporation, USA, 2University of Chicago, USA

Realizing practical fault tolerant quantum computing requires tight coordination between many system layers
including qubit device characteristics, control electronics, and error correction protocols. As intermediate scale
devices are being constructed, design choices are now being faced that will have significant impacts on scalability
and the effectiveness of error correction for these devices. This work studies the relationship between these layers in
quantum system design, and specifically focuses on the interface between the classical decoding logic layer and
error correction syndrome data generation. Of primary importance in this layer is decoder speed – the decoder must
be able to keep up with the production of syndrome data, otherwise algorithms may experience an exponential
latency overhead while processing syndrome data backlogs. In particular, using Monte Carlo simulation we
benchmark the accuracy thresholds and expected time to solution of different decoders including a novel single-flux
quantum logic based decoding accelerator, and analyze the impact of several different design choices including
expected time to solution, decoding accuracy, resulting accuracy thresholds, and expected latency overhead
induced by decoder lag. Feasible real-time decoding systems utilizing integrated single-flux quantum hardware
based acceleration are designed and characterized for feasibility of construction and co-location within a dilution
refrigerator. We use insights from this study to guide the design of these layers of a quantum system, balancing the
feasibility of construction, accuracy of decoding, and syndrome data processing rate with the goal of maximizing
likelihood of achieving fault tolerance.

(P.67) Improved Noise Simulation via Clifford+C3 Sampling
A Holmes1, 2, Y Ding1 and F Chong1
1

University of Chicago, USA, 2Intel Corporation, USA

Simulating the effects of realistic noise channels is crucial to the benchmarking of error correcting procedures, and
to the design of fault tolerant quantum computing systems. Many strides have been taken towards more efficient
and more accurate simulations of these types of channels, often resulting in inflexible routines tailored to specific
applications. We present a novel technique that offers tunability between accuracy and efficiency of simulation,
based upon simulation by gadgetization. Conventional techniques for simulating an arbitrary quantum channel
involve decomposing it into a probabilistic combination of easily simulable channels, comprised typically of Clifford
operators. By decomposing an arbitrary quantum channel into a set of Clifford operations along with a select set of
operators from the third level of the Clifford hierarchy, we observe that there exist subsets of operators that lead to
greatly reduced decomposition negativity with only moderate increase in simulation complexity. We stochastically
simulate by sampling terms from the decomposition, and use gadgetization when third level clifford gates are
sampled. We control complexity expansion by exploring several approximation techniques after gadgetization
including threshold stabilizer state truncation and evenly-weighted quasi-probability multi-sampling. In its limits, our
technique recovers the accuracy afforded by techniques like low-rank stabilizer decomposition, or to the
computational efficiency of quasi-probability sampling. Away from these limits, our technique allows for benefits of
both styles of simulation to be used. Accuracy and complexity can be tailored to specific applications as necessary.
We benchmark the techniques by simulating a set of well-known error channels including amplitude damping, as
well as a set of random channels of various degrees of unitarity.
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(P.68) Reducing Qubit Counts with a Surface Code Data Bus
A Paler1, D Herr2, and S Devitt3
1

Johannes Kepler University, Austria, 2RIKEN, Japan, 3University of Technology Sydney, Australia

We present a new technique for performing fault-tolerant logic in the surface code. This new technique allows us to
reach the minimal number of encoded qubits in the computer, eliminating resource costly ancillary systems
traditionally needed to enable logic operations using planar code encoded qubits and lattice surgery [1].
All known industrially relevant quantum algorithms have to be fault-tolerant. At least in the short to medium term
when qubit error rates at the hardware level are expected to be subpercent at best. This necessity comes at the cost
of time and hardware resource overheads. Orders of magnitude more qubits are necessary compared to the not
fault-tolerant, non-error corrected version of the algorithm.
The scalability of Noisy Intermediate Scale Quantum computers poses great scientific challenges for fault-tolerant
computations - we have too few qubits, and too large quantum algorithms. These technological barriers require a
highly interdisciplinary research effort that focuses on reducing the qubit counts necessary for error correction, while
maintaining computational fault-tolerance.
Our data bus reduces the number of qubits necessary for error correction significantly, compared to the most
advanced techniques [2,3], by eliminating resource hungry ancillary regions of the encoded computer. We provide
two examples where the qubit counts are convincingly reduced: 1) interaction of two surface code patches on NISQ
machines with 28 and 68 qubits, and 2) very large-scale circuits with a structure similar to state-of-the-art quantum
chemistry circuits. The data bus has the potential to transform all layers of the quantum computing stack (e.g., as
envisioned by Google, IBM, Riggeti, Intel), because it simplifies quantum computation layouts, hardware
architectures and introduces lower qubits counts at the expense of a reasonable time penalty.

Fig 1: (a) A standard arrangement of planar code qubits (of distance 2) to enable an arbitrary set of quantum gates
between Qubits 1 and Qubit 2. b) Our new data bus arrangement which allows for the same set of universal gates,
with fewer physical qubits.
[1]
[2]
[3]

A. Paler, D. Herr, S.J. Devitt and F. Nori, arXiv:1902.08117 (2019)
D. Litinski., arXiv:1808.02892 (2018)
A.G. Fowler and C. Gidney, arXiv:1808.06709 (2018)
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(P.69) Quantum Error Correction Suppresses Coherence in the Noise
J Iverson and J Preskill
California Institute of Technology, USA
We study the effectiveness of quantum error correction against coherent noise. Coherent noise behaves differently
than incoherent noise; when a fixed noise channel is applied many times in succession, the infidelity accumulates
quadratically if the noise is coherent, rather than linearly as in the case of incoherent noise. (For example, a unitary
noise channel is coherent, while a Pauli noise channel is incoherent.) Therefore, in a long computation where the
noise accumulates over many steps, a coherent channel will have a far larger infidelity. Also, for an incoherent
channel, the diamond distance from the identity is equal to the average infidelity, while in contrast the diamond
distance for a coherent channel is proportional to the square root of the average infidelity. Therefore, if we compare
the average infidelity with fault tolerance thresholds, it must be much smaller if the noise is coherent.
We consider the performance of stabilizer quantum codes against a noise model in which a unitary physical rotation
is applied to each qubit. The axis and angle of each single-qubit rotation is allowed to be arbitrary. For the case of
the toric code subjected to such independent coherent noise, and for minimal weight decoding, we prove that the
logical channel after error recovery becomes incoherent as the size of the code increases, assuming that the
physical noise strength is below a specified constant. A similar conclusion holds for weakly correlated coherent
noise. We also comment on extensions of these results to other codes and other decoders.
Recent simulations have shown that, for the toric code, when a fixed unitary rotation is applied to each qubit, the
coherence of the logical noise is suppressed as the size of the code increases [1]. Our work helps to explain this
result and also predicts that something similar should happen even in the case of arbitrary rotation axes for each
qubit. The authors of [2] performed a calculation similar to ours for the repetition code and discussed the
generalization to other stabilizer codes. Our proof applies only to the toric code, but, in contrast to [2], it yields
useful results in the limit of a large code block. Protocols to suppress coherent noise have been proposed [3], but
even if such techniques are used there will be some remaining coherence which might accumulate. In any case, it is
independently interesting to ask how error correction suppresses coherence in the noise.
Our proof starts with an analysis of the repetition code, where we can calculate exactly the coherent and incoherent
components of the process matrix or chi matrix for the logical noise. For the toric code, we use a path counting
argument which justifies restricting our attention to a set of relatively short logical strings. Then we use a calculation
similar to our analysis of the repetition code, applied to a set of terms corresponding to each logical string. After
summing over logical strings we are able to prove a relation between coherent and incoherent components of the
logical noise channel. This in turn lets us prove statements about the growth of infidelity and the diamond distance
from the identity for the logical noise channel. In the end we conclude that the logical noise channel becomes less
coherent as the size of the toric code block increases.
Our work provides evidence indicating that fault-tolerant quantum computing schemes will work effectively against
coherent noise. The result is encouraging for experimentalists who might worry about control errors or possible
coherent interaction with the environment. Our methods should also be useful for analyzing coherent noise in the
context of other codes and fault tolerant protocols.
[1]
[2]
[3]

S. Bravyi, et al., npj Quantum Information 4, 55 (2018).
E. Huang, A. C. Doherty, S. Flammia, Phys. Rev. A, 99, 022313 (2019).
J. Wallman, J. Emerson, Phys. Rev. A 94, 052325 (2018).
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(P.70) Quantum Error Correction in AdS/CFT: An Algebraic Treatment of the Boundary
H Kamal1 and G Penington2
1

University of California, USA, 2Stanford University, USA

In recent years, an interpretation of the Anti-de Sitter/Conformal Field Theory (AdS/CFT) correspondence in the
language of quantum error correction has been developed [2]. This language shines light on several puzzling
features of the correspondence and has therefore played a crucial role in advancing our understanding of AdS/CFT.
In a recent work by Daniel Harlow [3], it is shown that sub-algebra quantum erasure-correcting codes with
complementary recovery naturally give rise to a version of quantum-corrected Ryu-Takayanagi formula that captures
the physics of AdS/CFT. Other features of the correspondence such as radial commutativity and entanglement
wedge reconstruction can also be implemented using this language. Harlow’s key insight was that the most accurate
description of the error correcting properties of AdS/CFT is obtained through an algebraic treatment of the code
space, i.e. the bulk degrees of freedom. In his construction of sub-algebra quantum erasure-correcting codes, a von
Neumann algebra is defined on the bulk, while a simple tensor product structure is assumed for the boundary CFT
Hilbert space. The issue is that the CFT Hilbert space is assumed to factorize into a tensor product of degrees of
freedom of two complementary subregions. This assumption is often not valid for gauge theories.
In this work, we resolve this issue by developing the mathematical framework for extending Harlow's results to the
more physical and accurate case where a von Neumann algebra is given on the boundary CFT. By obtaining an
algebraic version of Ryu-Takayanagi that very closely resembles the original formula, as well as clear formulations of
radial commutativity and entanglement wedge reconstruction, we show that our code more accurately captures the
properties of AdS/CFT.
[1]
[2]
[3]

H. Kamal, G. Penington, Quantum Error Correction in AdS/CFT: An Algebraic Treatment of the Boundary, In
preparation.
A. Almheiri, X. Dong, and D. Harlow, Bulk Locality and Quantum Error Correction in AdS/CFT, JHEP 04
(2015) 163, [arXiv:1411.7041].
D. Harlow, The Ryu-Takayanagi Formula from Quantum Error Correction, Commun. Math. Phys. 354 (2017)
865, [arXiv:1607.03901].

(P.71) Quantum routing and resource allocation in quantum teleportation networks
N Chen
Shandong University of Science and Technology, China
Quantum communication networks enable long-distance qubit transmission and distributed quantum computation.
We are working on quantum routing and resource allocation algorithms in a quantum communication network.
Based on Bell-Ford algorithm, quantum routing algorithms are investigated to select the highest-throughput path
between two arbitrary end-user nodes [1-4]. In a quantum teleportation network, apart from Classical Data
channels (CDchs), two additional channels, called Quantum Entanglement channels (QEchs) and Quantum
Communication Assistant channels (QCAchs), are required to support quantum teleportation between two arbitrary
end-user nodes. How to allocate network resources to CDchs, QEchs, and QCAchs is emerging as a novel problem
for the design of quantum communication network [5]. We focus our attention on resource allocation problem in
quantum communication networks We first discuss a possible architecture for a quantum teleportation network,
where an SDN controller is in charge of allocating the three types of channels (CDchs, QEchs, QCAchs) over different
wavelengths exploiting WDM. To save wavelength resources, we propose to adopt TDM to allocate multiple QEchs
and QCAchs over the same wavelength. An algorithm is designed to allocate wavelength and time slot resources for
the three types of channels.
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[1]
[2]
[3]
[4]
[5]

N Chen, D X Quan, Chin. Phys. B 24: 020304 (2015)
N Chen, L X Zhang, C X Pei, Quantum Inf. Process. 17: 79 (2018)
X T Yu, J Xu, Z C Zhang, Chin. Phys. B 22: 090311 (2013)
X T Yu, Z C Zhang, J Xu, Chin. Phys. B 23 010303 (2014)
Y L Zhao, Y Cao, W Wang, et al IEEE Communications Magazine 56: 130 (2018)

(P.72) Errors in Adiabatic Quantum Computation based on a Riemannian distance
M Taddei, M Passos Pinto and R Matos Filho
Federal University of Rio de Janeiro, Brazil
Adiabatic Quantum Computation is a universal quantum computation architecture which has come a long way from
its textbook version valid in the limit of infinitely long driving time. Nowwadays, error assessment is done in terms of
a tradeoff of the run time with some figure of merit indicating the error. We present error-run time relations based on
a very well defined, Riemannian distance – the Bures angle – as figure of merit for error. Our results, in terms of
quantities with straightforward definition and physical interpretation, are based on a perturbative analysis which
allows for the obtention of its validity constraints. Important adiabatic phenomena such as boundary cancelation is
recovered, and we are able to correctly predict the quantum Grover advantage in different interpolation regimes.
Note to organizers: I recognize that my work is not intimately related to most of the topics of the Conference.
However, since I will attend it, I feel compelled to offer some form of scientific contribution.
(P.73) Deterministic mapping of arbitrary continuous variable states into a discrete system for hybrid quantum
information processing
J Hastrup, K Park and U Lund Andersen
Technical University of Denmark, Denmark
Quantum information can be encoded and manipulated using either discrete variable (DV) systems, such as
collections of qubits, or continuous variable (CV) systems, such as the quadratures of electromagnetic field modes.
Both types of systems have various advantages and disadvantages, depending on their particular implementation.
For example, CV quantum computing is highly scalable, allowing entanglement of millions of modes with current
technology [1]. However, the non-Gaussian operations required for universal quantum computations have proven
extremely difficult to realize [2]. On the other hand, universal control of few-qubit systems has become available,
but truly scalable systems remains to be demonstrated.
Here we present a deterministic protocol for transferring quantum information between arbitrary CV states and
states in a finite collection of qubits (fig. 1a-c). Such a protocol enables CV-DV hybrid schemes that can utilize
advantages of both CV and DV systems. Our protocol efficiently utilizes the Hilbert space of the qubit system, such
that the mapping-efficiency scales exponentially with the number of qubits (see fig. 1d). As a result, large complex
CV states can be efficiently transferred to a small number of qubits. Our protocol uses only a single type of
interaction between the systems, namely the Rabi-interaction – the fundamental interaction between a two-level
dipole and an electromagnetic field.
This type of mapping has several useful applications: First, the qubit system can be used as a quantum memory for
CV states. Since many types of CV quantum computation and CV error correction are based on heralded, nondeterministic operations, a quantum memory for arbitrary CV states is highly desired. The system also maps
quantum gates on the qubit system into non-Gaussian transformations on the CV mode. Furthermore, arbitrary CV
states can be generated, by preparing appropriate states in the qubit system. Finally, multi-qubit states can be
transferred into a single CV mode. This can be used to transfer information between stationary multi-qubit nodes, via
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a single electromagnetic mode, enabling hardware efficient communication between DV quantum nodes. Our
protocol thus enables CV-DV hybrid schemes that can utilize advantages of both CV and DV systems. In addition, it
demonstrates the strength of Rabi-interactions as a highly non-Gaussian resource.

Fig 1: (a) Circuit of the CV-DV mapping protocol. The U’s are different Rabi interactions, which do not depend on the
input state. (b)-(c) Wigner functions of a 10-photon state and a random input state. The output CV modes are
similar for the two very different inputs, indicating a complete transfer of information to the qubit system. (d) As the
number of qubits increases the purity of the qubit system approaches 1, showing that the qubits are decoupled
from the CV mode.
[1]
[2]

Yoshikawa, Jun-ichi, et al., APL Photonics 1.6 (2016): 060801
Andersen, Ulrik L., et al., Nature Physics 11.9 (2015): 713

(P.74) A fault-tolerant preparation scheme of the [[5,1,3]] code with post-selection, fine-tuned for diamond NVcenters
Y Wang1 and B Terhal1,2
1

Delft University of Technology, The Netherlands, 2JARA Institute for Quantum Information, Germany

The ag fault-tolerance proposed by Chao and Reichardt [2] requires only 7 qubits to implement fault-tolerant
quantum error correction (QEC) and fault-tolerant state preparation for the [[5,1,3]] code. This technique could
enable a demonstration of fault-tolerance at a diamond Nitrogen-Vacancy (NV) center as the state-of-the-art
experiment has demonstrated a 10-qubit spin register and spins have long coherence times and can be controlled
with high fidelity [1]. However, in order to improve on the coherence of a bare qubit, QEC with ags requires the
fidelity of a two-qubit gate to be in the order of 99:9%, which is demanding for NV-centers which have gate fidelity
around 98%. Thus a more realistic task is to fault-tolerantly prepare logical states with ags and use post-selection.
We propose a preparation scheme of the [[5,1,3]] code (see Fig. 1), using ags and post-selection, which is finetuned for NV-centers in three aspects. First, the proposed scheme only uses 2-qubit gates between the NV-electron
spin and nuclear spins, as these are the main entangling gates in this physical set-up [3], where the NV electronspin is used as the ancilla qubit. Second, the carbon nuclear spins are to be used as data qubits, while the nitrogen
nuclear spin is used as a ag ancilla qubit due to its strong coupling with the NV electron-spin. Furthermore by
choosing the ordering of two-qubit gates to control the propagation of errors, the proposed fault-tolerant scheme
uses fewer operations than a preparation scheme proposed by Chao and Reichardt, and only 7 entangling gates
and 3 measurements are required on top of the simplest non-fault-tolerant preparation. Thirdly, in the NV center setup the only qubit which can be read-out directly is the NV electron-spin. This read-out, using a spin-selective optical
excitation, is characterized by readout fidelity and projectiveness (the probability that the state after the
measurement corresponds to the measurement outcome), both have an average value of approximately 97% [4].
We optimize the measurements by analyzing these two factors, e.g. since the fourth parity check in Fig. 1 is
introduced to do post-selection, the measurement outcome of the syndrome ancilla is determined by the parity
checks in the red box, by initializing the electron spin in an appropriate state each time, we can make sure that the
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prepared state is accepted only when the NV electron-spin is read-out to be in j0i, where the conditional readout
fidelity could be as high as 99%.
Although the fault-tolerance of the proposed scheme can be argued in case of a simple depolarizing noise model, it
outperforms the simplest non-fault-tolerant version (the red box in Fig.(1)) even at a depolarizing error rate of 15%
with an acceptance rate well above 20%, making it promising to be implemented in the lab.

Fig 1: The circuit is an abstraction of the proposed scheme, which fault-tolerantly prepares a logical |+⟩ state of the
[[5,1,3]] code up to a Pauli frame. The ordering of gates is carefully designed to control the error propagation. The
operations in the red box prepare the state non-fault-tolerantly, and the rest is introduced for fault-tolerant postselection, making sure that an accepted state has at most a single qubit error if there's at most a single fault during
the whole scheme.
[1]
[2]
[3]
[4]

C. Bradley, J. Randall, and et al. arxiv preprint arxiv:1905.02094. 2019.
R. Chao and B. W. Reichardt. Physical Review Letters, 121(5), 2018.
J. Cramer. PhD thesis, TU Delft, 2016.
S. van Dam, J. Cramer, and et al. arxiv preprint arxiv:1902.08842. 2019.

(P.75) Variational Quantum Computation of Excited States
O Higgott1, D Wang1, and S Brierley2
1

University College London, UK, 2University of Maryland, UK

The calculation of excited state energies of electronic structure Hamiltonians has many important applications, such
as the calculation of optical spectra and reaction rates. While low-depth quantum algorithms, such as the
variational quantum eigenvalue solver (VQE), have been used to determine ground state energies, methods for
calculating excited states currently involve the implementation of high-depth controlled-unitaries or a large number
of additional samples. Here we show how overlap estimation can be used to deflate eigenstates once they are
found, enabling the calculation of excited state energies and their degeneracies.
Numerically, we showed that our method, using a generalised unitary coupled cluster singles and doubles ansatz,
can be used to compute the bond-dissociation curve of H2 in the STO-3G basis to within chemical accuracy
(compared to exact diagonalisation), as shown in Fig. 1.
We propose an implementation that requires the same number of qubits as VQE and at most twice the circuit depth.
Our method is robust to control errors, is compatible with error-mitigation strategies and can be implemented on
near-term quantum computers.
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Fig 1: All ground and excited state energy levels of H2, calculated in the STO-3G basis by exact diagonalisation
(blue dotted line) and our variational quantum deflation (VQD) method (red filled circles) over a range of
internuclear separations.
[1]

Oscar Higgott, Daochen Wang, and Stephen Brierley. Variational quantum computation of excited states.
arXiv preprint arXiv:1805.08138, 2018

(P.76) Quantifying magic for multi-qubit operations
J Seddon1, and E Campbell2
1

University College London, UK, 2University of Sheffield, UK

The development of a framework for quantifying “non-stabiliserness” of quantum operations is motivated by the
magic state model of fault-tolerant quantum computation, and by the need to estimate classical simulation cost for
noisy intermediate-scale quantum (NISQ) devices. The robustness of magic was recently proposed as a wellbehaved magic monotone for multi-qubit states and quantifies the simulation overhead of circuits composed of
Clifford+T gates, or circuits using other gates from the Clifford hierarchy.
Here we present a general theory of the “non-stabiliserness” of quantum operations rather than states, which are
useful for classical simulation of more general circuits. Technical details can be found in Ref. [1]. We introduce two
magic monotones, called channel robustness and magic capacity, which are well-defined for general n-qubit
channels and treat all stabiliser-preserving CPTP maps as free operations. We present two complementary Monte
Carlo-type classical simulation algorithms with sample complexity given by these quantities and provide examples
of channels where the complexity of our algorithms is exponentially better than previous known simulators. We
present additional techniques that ease the difficulty of calculating our monotones for special classes of channels.
[1]

J. Seddon, E. Campbell, arXiv:1901.03322 (2019).
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(P.77) Demonstrating quantum error mitigation techniques on IBM Q devices
K Gui1 and M Suchara2
1

The University of Chicago, USA, 2Argonne National Laboratory, USA

Environmental errors remain the primary roadblock on the route to quantum computing. In this poster, we report on
our practical experience with error mitigation using techniques that incur small space and time overhead. Circuit
recompiling that considers the quality of individual qubits [1] and symmetry verification [2] are among the most
promising methods that only require a small number of extra ancilla qubits.
We used IBM Q Tokyo [3], a 20-qubit superconducting quantum processor, to perform noise characterization tests
and evaluate various error mitigation techniques. Our noise characterization tests of the device showed that gate
fidelities of one-qubit gates did not vary significantly. The fidelity of two-qubit gates varied depending on location,
as shown in Figure 1. All results were averaged over 25,600 runs and performed over a 48-hour period to ensure the
use of samples for several recalibrations of the device. The variability of two-qubit gate noise allowed us to
demonstrate that recompiling circuits to use the most reliable gates can improve circuit fidelity even at the cost of
lengthening the gate sequence.

Fig 1: Two-qubit gate errors on the IBM Q Tokyo processor.
We also demonstrated the practical use of symmetry verification [2], a technique that mitigates errors by discarding
results that violate symmetry in a process called post-selection. Figure 2 shows the results obtained on IBM Q. We
constructed circuits consisting of one-qubit and two-qubit gates with gate depths varying between 4 and 40 and
mapped them to qubit ⑤ and ⑪. Qubit ⑩ was used as an ancilla to measure the Pauli symmetry defined in [2].
In addition to the single ancilla, we used two rotation gates per qubit. As shown in Figure 2, the single symmetry
verification at the end of the calculation achieved significant error reduction that was more prominent for deeper
circuits. In the future, we plan to investigate whether performing multiple symmetry verifications can lead to
additional noise suppression. This goal can be achieved by using multiple ancillas or by leveraging a soon-to-beavailable feature on IBM Q systems that allows ancilla reuse after its measurement. The most promising
applications of symmetry verification will be problem specific and leverage symmetry that naturally occurs in some
circuits, such as performing total electron number parity checks, spinup and spin-down parity checks, or electron
number checks in quantum chemistry.
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Fig 2: Circuit fidelity improvement with symmetry verification
[1]
[2]
[3]

P. Murali, J. Baker, A. Abhari, F. Chong, and M. Martonosi. Noise-Adaptive Compiler Mappings for Noisy
Intermediate-Scale Quantum Computers, in ASPLOS, Apr 2019.
X. Bonet-Monroig, R. Sagastizabal, M. Singh, and T. E. O’Brien. Low-Cost Error Mitigation by Symmetry
Verification. Phys. Rev. A, 98:062339, Dec 2018.
IBM Q devices and simulators. https://www.research.ibm.com/ibm-q/technology/devices/, Apr 2019.

(P.78) Extended ising anyons and the 2D colour code
T Scruby and D Browne
University College London, UK
The braided S-gate in the surface code can be understood by relating the corners/twists of the code to σ Ising
anyons (a correspondance first shown by H. Bombin [1]) and considering the braiding statistics of these anyons.
We use this idea and build upon recent work by M. S. Kesselring et al [2] to assess the braiding statistics of twists in
the colour code. We develop a hierarchy of “extended” Ising anyons to which three of the nine conjugacy classes of
colour code twist appear to belong and derive the fusion and braiding statistics for the general case.
[1]
[2]

H. Bombin, Phys.Rev.Lett.105 030403 (2010)
M. S. Kesselring et al, Quantum 2 101 (2018)

(P.79) Practical designs for permutation symmetric problem Hamiltonians on hypercubes
A Dodds, V Kendon, C Adams, and N Chancellor
Durham University, UK
We present a method to experimentally realize large-scale permutation-symmetric Hamiltonians for continuous-time
quantum protocols such as quantum walk and adiabatic quantum computation. In particular, the method can be
used to perform an encoded continuous-time quantum search on a hypercube graph with 2n vertices encoded into
2n qubits. We provide details for a realistically achievable implementation in Rydberg atomic systems. Although the
method is perturbative, the realization is always achieved at second order in perturbation theory, regardless of the
size of the mapped system. This highly efficient mapping provides a natural set of problems which are tractable both
numerically and analytically, thereby providing a powerful tool for benchmarking quantum hardware and
experimentally investigating the physics of continuous-time quantum protocols.
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Fig 1: Action of the perturbative Hamiltonians on the total solution spaces for four qubits (left) and six qubits (right).
States are labelled as data qubits|auxilliary qubits. Transitions between states with different logical Hamming
weights are drawn as dashed red lines, with the traversed faces colored yellow. Transitions between states with the
same logical Hamming weight are drawn as black dashed lines (closer dashes) with the traversed faces colored
green. The transitions between logical Hamming weight two states have been omitted from the bottom figure for
visual clarity.
[1]

Full paper at arXiv:1812.07885
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