Cover Page

The following handle holds various files of this Leiden University dissertation:
http://hdl.handle.net/1887/80413

Author: Steudtner, M.

Title: Methods to simulate fermions on quantum computers with hardware limitations
Issue Date: 2019-11-20


https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/80413
https://openaccess.leidenuniv.nl/handle/1887/1�

Bibliography

[10]

R. P. Feynman. Simulating physics with computers. Int. J. Theor.
Phys. 21, 467 (1982).

S. Lloyd. Universal quantum simulators. Science 273, 1073 (1996).

D. S. Abrams and S. Lloyd. Simulation of many-body Fermi systems
on a universal quantum computer. Phys. Rev. Lett. 79, 2586 (1997).

J. Preskill. Quantum Computing in the NISQ era and beyond. Quan-
tum 2, 79 (2018).

A.Y. Kitaev. Quantum measurements and the Abelian stabilizer prob-
lem. arXiv:quant-ph/9511026 (1995).

R. Cleve, A. Ekert, C. Macchiavello, and M. Mosca. Quantum algo-
rithms revisited. Proc. R. Soc. A 454, 339 (1998).

J. R. McClean, ]J. Romero, R. Babbush, and A. Aspuru-Guzik.
The theory of variational hybrid quantum-classical algorithms. New J.
Phys. 18, 023023 (2016).

M. Suzuki. Fractal decomposition of exponential operators with appli-
cations to many-body theories and Monte Carlo simulations. Phys. Lett.
A 146, 319 (1990).

M. Suzuki. General theory of fractal path integrals with applications
to many-body theories and statistical physics. . Math. Phys. 32, 400
(1991).

G. H. Low and I. L. Chuang. Hamiltonian simulation by qubitization.
arXiv:1610.06546 (2016).


http://dx.doi.org/10.22331/q-2018-08-06-79
http://dx.doi.org/10.22331/q-2018-08-06-79

222

BIBLIOGRAPHY

[11]

[12]

J. R. McClean, K. J. Sung, I. D. Kivlichan, Y. Cao, C. Dai, E. S.
Fried, C. Gidney, B. Gimby, P. Gokhale, T. Haner, T. Hardikar, V.
Havlicek, O. Higgott, C. Huang, J. Izaac, Z. Jiang, X. Liu, S. McAr-
dle, M. Neeley, T. O’'Brien, B. O’'Gorman, I. Ozfidan, M. D. Radin,
J. Romero, N. Rubin, N. P. D. Sawaya, K. Setia, S. Sim, D. S. Steiger,
M. Steudtner, Q. Sun, W. Sun, D. Wang, F. Zhang, and R. Babbush.
OpenFermion: the electronic structure package for quantum computers.
arXiv:1710.07629 (2017).

G. Aleksandrowicz, T. Alexander, P. Barkoutsos, L. Bello, Y. Ben-
Haim, D. Bucher, E J. Cabrera-Hernddez, J. Carballo-Franquis,
A. Chen, C.-E. Chen, J. M. Chow, A. D. Cércoles-Gonzales, A. ].
Cross, A. Cross, J. Cruz-Benito, C. Culver, S. D. L. P. Gonzélez,
E. D. L. Torre, D. Ding, E. Dumitrescu, I. Duran, P. Eendebak, M.
Everitt, I. F. Sertage, A. Frisch, A. Fuhrer, ]. Gambetta, B. G. Gago,
J. Gomez-Mosquera, D. Greenberg, I. Hamamura, V. Havlicek, J.
Hellmers, L. Herok, H. Horii, S. Hu, T. Imamichi, T. Itoko, A.
Javadi-Abhari, N. Kanazawa, A. Karazeev, K. Krsulich, P. Liu,
Y. Luh, Y. Maeng, M. Marques, F. ]. Martin-Fernandez, D. T.
McClure, D. McKay, S. Meesala, A. Mezzacapo, N. Moll, D. M.
Rodriguez, G. Nannicini, P. Nation, P. Ollitrault, L. ]. O’Riordan,
H. Paik, J. Pérez, A. Phan, M. Pistoia, V. Prutyanov, M. Reuter, J.
Rice, A. R. Davila, R. H. P. Rudy, M. Ryu, N. Sathaye, C. Schn-
abel, E. Schoute, K. Setia, Y. Shi, A. Silva, Y. Siraichi, S. Sivara-
jah, J. A. Smolin, M. Soeken, H. Takahashi, I. Tavernelli, C. Tay-
lor, P. Taylour, K. Trabing, M. Treinish, W. Turner, D. Vogt-Lee, C.
Vuillot, J. A. Wildstrom, ]J. Wilson, E. Winston, C. Wood, S. Wood,
S. Worner, 1. Y. Akhalwaya, and C. Zoufal, Qiskit: an open-source
framework for quantum computing, 2019.

G. H. Low, N. P. Bauman, C. E. Granade, B. Peng, N. Wiebe, E. J.
Bylaska, D. Wecker, S. Krishnamoorthy, M. Roetteler, K. Kowal-
ski, M. Troyer, and N. A. Baker. Q# and NWChem: tools for scalable
quantum chemistry on quantum computers. arXiv:1904.01131 (2019).

D. S. Wang, A. G. Fowler, and L. C. L. Hollenberg. Surface code
quantum computing with error rates over 1%. Phys. Rev. A 83, 020302
(2011).


https://arxiv.org/abs/1710.07629

BIBLIOGRAPHY 223

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

A. G. Fowler, A. M. Stephens, and P. Groszkowski. High-threshold
universal quantum computation on the surface code. Phys. Rev. A 80,
052312 (2009).

A. Y. Kitaev. Fault-tolerant quantum computation by anyons. Ann.
Phys. 303, 2 (2003).

H Bombin and M. A. Martin-Delgado. Optimal resources for topolog-
ical two-dimensional stabilizer codes: Comparative study. Phys. Rev. A
76, 012305 (2007).

R. Li, L. Petit, D. P. Franke, |J. P. Dehollain, ]J. Helsen, M. Steudtner,
N. K. Thomas, Z. R. Yoscovits, K. J. Singh, S. Wehner, L. M. K.
Vandersypen, J. S. Clarke, and M. Veldhorst. A crossbar network for
silicon quantum dot qubits. Sci. Adv. 4, eaar3960 (2018).

E. P. Wigner and P. Jordan. Uber das Paulische Aquivalenzverbot. Z.
Phys. 47, 631 (1928).

T. Fujita, T. A. Baart, C. Reichl, W. Wegscheider, and L. M. K. Van-
dersypen. Coherent shuttle of electron-spin states. npj Quantum Inf.
3,22 (2017).

R. Somma, G. Ortiz, J. E. Gubernatis, E. Knill, and R. Laflamme.
Simulating physical phenomena by quantum networks. Phys. Rev. A
65, 042323 (2002).

R. Somma, G. Ortiz, E. Knill, and J. Gubernatis. Quantum simula-
tions of physics problems. Int. J. Quantum Inf. 1, 189 (2003).

A. Aspuru-Guzik, A. D. Dutoi, P. ]. Love, and M. Head-Gordon.
Simulated quantum computation of molecular energies. Science 309,
1704 (2005).

B. P. Lanyon, J. D. Whitfield, G. G. Gillet, M. E. Goggin, M. P.
Almeida, I. Kassal, J. D. Biamonte, M. Mohseni, B. J. Powell, M.
Barbieri, A. Aspuru-Guzik, and A. G. White. Towards quantum
chemistry on a quantum computer. Nat. Chem. 2, 106 (2009).

F. Verstraete and J. I. Cirac. Mapping local Hamiltonians of fermions
to local Hamiltonians of spins. J. Stat. Mech.: Theory Exp. 2005,
P09012 (2005).

S. B. Bravyi and A. Y. Kitaev. Fermionic quantum computation. Ann.
Phys. 298, 210 (2002).



BIBLIOGRAPHY

[35]

[36]

[37]

J. T. Seeley, M. ]. Richard, and P. J. Love. The Bravyi-Kitaev trans-
formation for quantum computation of electronic structure. J. Chem.
Phys. 137, 224109 (2012).

N. C. Jones, J. D. Whitfield, P. L. McMahon, M.-H. Yung, R. Van
Meter, A. Aspuru-Guzik, and Y. Yamamoto. Faster quantum chem-
istry simulation on fault-tolerant quantum computers. New J. Phys.
14, 115023 (2012).

V. Havli¢ek, M. Troyer, and ]. D. Whitfield. Operator locality in
the quantum simulation of fermionic models. Phys. Rev. A 95, 032332
(2017).

I. D. Kivlichan, J. McClean, N. Wiebe, C. Gidney, A. Aspuru-
Guzik, G. K.-L. Chan, and R. Babbush. Quantum simulation of elec-
tronic structure with linear depth and connectivity. Phys. Rev. Lett.
120, 110501 (2018).

C. Tian, V. A. Vaishampayan, and N. Sloane. Constant weight codes:
a geometric approach based on dissections. arXiv:0706.1217 (2007).

S. Bravyi, G. Smith, and J. A. Smolin. Trading classical and quantum
computational resources. Phys. Rev. X 6, 021043 (2016).

N. Moll, A. Fuhrer, P. Staar, and I. Tavernelli. Optimizing qubit re-
sources for quantum chemistry simulations in second quantization on a
quantum computer. J. Phys. A: Math. Theor. 49, 295301 (2016).

S. Bravyi, ]. M. Gambetta, A. Mezzacapo, and K. Temme. Taper-
ing off qubits to simulate fermionic Hamiltonians. arXiv:1701.08213
(2017).

J. Romero, J. P. Olson, and A. Aspuru-Guzik. Quantum autoen-
coders for efficient compression of quantum data. Quantum Sci. Tech-
nol. 2, 045001 (2017).

M. Steudtner and S. Wehner. Fermion-to-qubit mappings with vary-
ing resource requirements for quantum simulation. New J]. Phys. 20,
063010 (2018).

A. Tranter, S. Sofia, ]J. Seeley, M. Kaicher, J. McClean, R. Babbush,
P. V. Coveney, F. Mintert, F. Wilhelm, and P. ]J. Love. The Bravyi—
Kitaev transformation: Properties and applications. Int. J. Quantum
Chem. 115, 1431 (2015).



BIBLIOGRAPHY 225

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

J. D. Whitfield, J. Biamonte, and A. Aspuru-Guzik. Simulation
of electronic structure Hamiltonians using quantum computers. Mol.
Phys. 109, 735 (2011).

M. B. Hastings, D. Wecker, B. Bauer, and M. Troyer. Improving
quantum algorithms for quantum chemistry. Quantum Inf. Comput.
15, 1 (2015).

A. E. Ruckenstein, P. J. Hirschfeld, and ] Appel. Mean-field theory of
high-T c superconductivity: The superexchange mechanism. Phys. Rev.
B 36, 857 (1987).

P. J. J. O’'Malley, R. Babbush, I. D. Kivlichan, J. Romero, J. R.
McClean, R. Barends, J. Kelly, P. Roushan, A. Tranter, N. Ding,
B. Campbell, Y. Chen, Z. Chen, B. Chiaro, A. Dunsworth, A. G.
Fowler, E. Jeffrey, A. Megrant, J. Y. Mutus, C. Neill, C. Quintana,
D. Sank, A. Vainsencher, ]J. Wenner, T. C. White, P. V. Coveney,
P.J. Love, H. Neven, A. Aspuru-Guzik, and ]J. M. Martinis. Scal-
able quantum simulation of molecular energies. Phys. Rev. X 6, 031007
(2016).

A. Barenco, C. H. Bennett, R. Cleve, D. P. DiVincenzo, N. Margo-
lus, P. Shor, T. Sleator, J. A. Smolin, and H. Weinfurter. Elementary
gates for quantum computation. Phys. Rev. A 52, 3457 (1995).

M. Steudtner and S. Wehner. Quantum codes for quantum simula-
tion of fermions on a square lattice of qubits. Phys. Rev. A 99, 022308
(2019).

J. Du, N. Xu, X. Peng, P. Wang, S. Wu, and D. Lu. NMR implemen-
tation of a molecular hydrogen quantum simulation with adiabatic state
preparation. Phys. Rev. Lett. 104, 030502 (2010).

A. Peruzzo, J. McClean, P. Shadbolt, M.-H. Yung, X.-Q. Zhou,
P.J. Love, A. Aspuru-Guzik, and J. L. O’Brien. A variational eigen-

value solver on a photonic quantum processor. Nat. Commun. 5, 4213
(2014).

R. Barends, L. Lamata, J. Kelly, L. Garcia-Alvarez, A. G. Fowler,
A. Megrant, E. Jeffrey, T. C. White, D. Sank, J. Y. Mutus, B. Camp-
bell, Y. Chen, Z. Chen, B. Chiaro, A. Dunsworth, I. C. Hoi, C. Neill,
P.J.]. O'Malley, C. Quintana, P. Roushan, A. Vainsencher, ]. Wen-
ner, E. Solano, and J. M. Martinis. Digital quantum simulation of



226

BIBLIOGRAPHY

[48]

fermionic models with a superconducting circuit. Nat. Commun. 6,
7654 (2015).

Y. Wang, F. Dolde, J. Biamonte, R. Babbush, V. Bergholm, S. Yang,
I. Jakobi, P. Neumann, A. Aspuru-Guzik, J. D. Whitfield, and J.
Wrachtrup. Quantum simulation of helium hydride cation in a solid-
state spin register. ACS nano 9, 7769 (2015).

C. Hempel, C. Maier, ]. Romero, ]J. McClean, T. Monz, H. Shen,
P. Jurcevic, B. Lanyon, P. Love, R. Babbush, A. Aspuru-Guzik, R.
Blatt, and C. Roos. Quantum chemistry calculations on a trapped-ion
quantum simulator. Phys. Rev. X 8, 031022 (2018).

D. Wecker, B. Bauer, B. K. Clark, M. B. Hastings, and M. Troyer.
Gate-count estimates for performing quantum chemistry on small quan-
tum computers. Phys. Rev. A 90, 022305 (2014).

T Holstein and H. Primakoff. Field dependence of the intrinsic domain
magnetization of a ferromagnet. Phys. Rev. 58, 1098 (1940).

E. Fradkin. Jordan-Wigner transformation for quantum-spin systems
in two dimensions and fractional statistics. Phys. Rev. Lett. 63, 322
(1989).

Y. Wang. Ground state of the two-dimensional antiferromagnetic
Heisenberg model studied using an extended Wigner-Jordon transfor-
mation. Phys. Rev. B 43, 3786 (1991).

R. Ball. Fermions without fermion fields. Phys. Rev. Lett. 95, 176407
(2005).

Y.-A. Chen, A. Kapustin, and D. Radicevié. Exact bosonization in
two spatial dimensions and a new class of lattice gauge theories. Ann.
Phys. 393, 234 (2018).

J. D. Whitfield, V. Havli¢ek, and M. Troyer. Local spin operators for
fermion simulations. Phys. Rev. A 94, 030301 (2016).

E. Zohar and ]. I. Cirac. Eliminating fermionic matter fields in lattice
gauge theories. Phys. Rev. B 98, 075119 (2018).

K. Setia and J. D. Whitfield. Bravyi-Kitaev Superfast simulation of
fermions on a quantum computer. arXiv:1712.00446 (2017).

R. Beals, S. Brierley, O. Gray, A. W. Harrow, S. Kutin, N. Linden,
D. Shepherd, and M. Stather. Efficient distributed quantum comput-
ing. Proc. R. Soc. A 469, 20120686 (2013).



BIBLIOGRAPHY 227

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

R. Babbush, N. Wiebe, J. McClean, J. McClain, H. Neven, and
G. K.-L. Chan. Low-depth quantum simulation of materials. Phys. Rev.
X 8,011044 (2018).

Y. Subasi and C. Jarzynski. Nonperturbative embedding for highly
nonlocal Hamiltonians. Phys. Rev. A 94, 012342 (2016).

D. Poulin, A. Kitaev, D. S. Steiger, M. B. Hastings, and M. Troyer.
Quantum algorithm for spectral measurement with a lower gate count.
Phys. Rev. Lett. 121, 010501 (2018).

R. Babbush, C. Gidney, D. W. Berry, N. Wiebe, J. McClean, A.
Paler, A. Fowler, and H. Neven. Encoding electronic spectra in quan-
tum circuits with linear T complexity. Phys. Rev. X 8, 041015 (2018).

R. ]J. Bartlett, S. A. Kucharski, and J. Noga. Alternative coupled-
cluster ansitze ii. the unitary coupled-cluster method. Chem. Phys.
Lett. 155, 133 (1989).

F. Motzoi, M. Kaicher, and F. Wilhelm. Linear and logarithmic time
compositions of quantum many-body operators. Phys. Rev. Lett. 119,
160503 (2017).

D. Poulin, M. B. Hastings, D. Wecker, N. Wiebe, A. C. Doberty,
and M. Troyer. The trotter step size required for accurate quantum
simulation of quantum chemistry. Quantum Information & Compu-
tation 15, 361 (2015).

A. M. Childs, A. Ostrander, and Y. Su. Faster quantum simulation
by randomization. arXiv:1805.08385 (2018).

E. Campbell. A random compiler for fast hamiltonian simulation.
arXiv:1811.08017 (2018).

J. Haah, M. B. Hastings, R. Kothari, and G. H. Low. Quantum
algorithm for simulating real time evolution of lattice Hamiltonians.
arXiv:1801.03922 (2018).

D. Wecker, M. B. Hastings, N. Wiebe, B. K. Clark, C. Nayak, and
M. Troyer. Solving strongly correlated electron models on a quantum
computer. Phys. Rev. A 92, 062318 (2015).

S. McArdle, X. Yuan, and S. Benjamin. Error-mitigated digital quan-
tum simulation. Phys. Rev. Lett. 122, 180501 (2019).



BIBLIOGRAPHY

X Bonet-Monroig, R Sagastizabal, M Singh, and T. O’Brien. Low-
cost error mitigation by symmetry verification. Phys. Rev. A 98, 062339
(2018).

R Versluis, S Poletto, N Khammassi, B Tarasinski, N Haider, D.
Michalak, A Bruno, K Bertels, and L DiCarlo. Scalable quantum cir-

cuit and control for a superconducting surface code. Phys. Rev. Appl.
8, 034021 (2017).

G. Zhu, Y. Subast, J. D. Whitfield, and M. Hafezi. Hardware-efficient
fermionic simulation with a cavity—-QED system. npj Quantum Inf. 4,
16 (2018).

Z. Jiang, J. McClean, R. Babbush, and H. Neven. Majorana loop

stabilizer codes for error correction of fermionic quantum simulations.
arXiv:1812.08190 (2018).

K. Setia, S. Bravyi, A. Mezzacapo, and J. D. Whitfield. Superfast
encodings for fermionic quantum simulation. arXiv:1810.05274 (2018).

J. Colless. Control and readout of scaled-up quantum dot systems. PhD
Thesis, University of Sydney (2014).

L. M. K. Vandersypen, H. Bluhm, J. S. Clarke, A. S. Dzurak, R.
Ishihara, A. Morello, D. J. Reilly, L. R. Schreiber, and M. Veldhorst.
Interfacing spin qubits in quantum dots and donors—hot, dense, and
coherent. npj Quantum Inf. 3, 34 (2017).

C.D. Hill, E. Peretz, S.]. Hile, M. G. House, M. Fuechsle, S. Rogge,
M. Y. Simmons, and L. C. Hollenberg. A surface code quantum com-
puter in silicon. Sci. Adv. 1, 1500707 (2015).

M. Veldhorst, H. G. J. Eenink, C. H. Yang, and A. S. Dzurak. Sili-
con CMOS architecture for a spin-based quantum computer. Nat. Com-
mun. 8, 1766 (2017).

D. Gottesman. Theory of fault-tolerant quantum computation. Phys.
Rev. A 57,127 (1998).

D. A. Lidar, T. A. Brun, and T. Brun, eds. Quantum error correction.
(Cambridge University Press, 2009).

E. Dennis, A. Kitaev, A. Landahl, and J. Preskill. Topological quan-
tum memory. . Math. Phys. 43, 4452 (2002).

H. Bombin and M. A. Martin-Delgado. Topological quantum distil-
lation. Phys. Rev. Lett. 97, 180501 (2006).



BIBLIOGRAPHY 229

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

T. Heijmen. “Soft errors from space to ground: historical overview,
empirical evidence, and future trends”. In Soft errors in modern
electronic systems (Springer US, 2010), pp. 1-25.

R. Hanson, L. P. Kouwenhoven, J. R. Petta, S. Tarucha, and L. M. K.
Vandersypen. Spins in few-electron quantum dots. Rev. Mod. Phys.
79, 1217 (2007).

J. M. Taylor, H.-A. Engel, W. Diir, A. Yacoby, C. M. Marcus, P.
Zoller, and M. D. Lukin. Fault-tolerant architecture for quantum com-

putation using electrically controlled semiconductor spins. Nat. Phys.
1,177 (2005).

M. Veldhorst, J. C. C. Hwang, C. H. Yang, A. W. Leenstra, B. de
Ronde, J. P. Dehollain, J. T. Muhonen, F. E. Hudson, K. M. Itoh, A.
Morello, and A. S. Dzurak. An addressable quantum dot qubit with
fault-tolerant control-fidelity. Nat. Nanotechnol. 9, 981 (2014).

M. A. Nielsen and I. Chuang. Quantum computation and quantum
information. AAPT (2002).

J. R. Petta. Coherent manipulation of coupled electron spins in semicon-
ductor quantum dots. Science 309, 2180 (2005).

T. Meunier, V. E. Calado, and L. M. K. Vandersypen. Efficient
controlled-phase gate for single-spin qubits in quantum dots. Phys. Rev.
B 83, 121403 (2011).

T. E. Watson, S. G. J. Philips, E. Kawakami, D. R. Ward, P. Scar-
lino, M. Veldhorst, D. E. Savage, M. G. Lagally, M. Friesen, S. N.
Coppersmith, M. A. Eriksson, and L. M. K. Vandersypen. A pro-

grammable two-qubit quantum processor in silicon. Nature 555, 633
(2018).

M. Veldhorst, C. H. Yang, J. C. C. Hwang, W. Huang, J. P. Dehol-
lain, J. T. Muhonen, S. Simmons, A. Laucht, F. E. Hudson, K. M.
Itoh, A. Morello, and A. S. Dzurak. A two-qubit logic gate in silicon.
Nature 526, 410 (2015).

N. Schuch and ]. Siewert. Natural two-qubit gate for quantum com-
putation using the XY interaction. Phys. Rev. A 67, 032301 (2003).

J. Helsen, M. Steudtner, M. Veldhorst, and S. Wehner. Quantum
error correction in crossbar architectures. Quantum Sci. Technol. 3,
035005 (2018).


http://dx.doi.org/10.1103/physreva.67.032301

230

BIBLIOGRAPHY

[95]

[100]

[101]

[102]

[103]

J. Helsen. Quantum computing in the real world, Diagnosing and cor-
recting errors in practical quantum devices. PhD thesis, TU Delft
(2019).

B. M. Terhal. Quantum error correction for quantum memories. Rev.
Mod. Phys. 87, 307 (2015).

A. G. Fowler, M. Mariantoni, J. M. Martinis, and A. N. Cle-
land. Surface codes: Towards practical large-scale quantum computa-
tion. Phys. Rev. A 86, 032324 (2012).

Y. Tomita and K. M. Svore. Low-distance surface codes under realistic
quantum noise. Phys. Rev. A 90, 062320 (2014).

A. M. Tyryshkin, S. Tojo, J. ]. L. Morton, H. Riemann, N. V. Abrosi-
mov, P. Becker, H.-]. Pohl, T. Schenkel, M. L. W. Thewalt, K. M.
Itoh, and S. A. Lyon. Electron spin coherence exceeding seconds in
high-purity silicon. Nat. Mater. 11, 143 (2011).

A.J.Landahl, J. T. Anderson, and P. R. Rice. Fault-tolerant quantum
computing with color codes. arXiv:1108.5738 (2011).

J. R. Wootton, A. Peter, ]J. R. Winkler, and D. Loss. Proposal for a
minimal surface code experiment. Phys. Rev. A 96, 032338 (2017).

D. K. Tuckett, S. D. Bartlett, and S. T. Flammia. Ultrahigh error
threshold for surface codes with biased noise. Phys. Rev. Lett. 120,
050505 (2018).

C. Horsman, A. G. Fowler, S. Devitt, and R. V. Meter. Surface
code quantum computing by lattice surgery. New J. Phys. 14, 123011
(2012).



