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pdf DOI cite claim reference search 0 citations

Quantum Computation Using Large Spin Qudits #7

Sivaprasad Omanakuttan (May 13, 2024)

e-Print: 2405.07885 [quant-ph]

pdf cite claim reference search 1 citation

Barren plateaus induced by the dimension of qudits #8

Lucas Friedrich, Tiago de Souza Farias, Jonas Maziero (May 13, 2024)

e-Print: 2405.08190 [quant-ph]

pdf cite claim reference search 1 citation

Beyond Bell sampling: stabilizer state learning and quantum pseudorandomness lower bounds on
qudits

#9

Jonathan Allcock (Unlisted, CN), Joao F. Doriguello (Renyi Inst. Math., Budapest), Gábor Ivanyos (Budapest, RMKI), Miklos

Santha (Singapore Natl. U. (main) and IRIF, Paris) (May 10, 2024)

e-Print: 2405.06357 [quant-ph]

pdf cite claim reference search 0 citations

Dissipative phase transition: from qubits to qudits #10

Lukas Pausch, François Damanet, Thierry Bastin, John Martin (May 2, 2024)

e-Print: 2405.01223 [quant-ph]

pdf cite claim reference search 0 citations

Optimal Control of Spin Qudits Subject to Decoherence Using Amplitude-and-Frequency-
Constrained Pulses

#11

Alonso Hernández-Antón, Fernando Luis, Alberto Castro (Mar 23, 2024)

e-Print: 2403.15785 [quant-ph]

pdf cite claim reference search 0 citations

Fiber-based higher dimensional quantum key distribution implementation using time-bin qudits #12

Gokul A. (Bangalore, Indian Inst. Sci.), Harinee Natarajan (Bangalore, Indian Inst. Sci.), Varun Raghunathan (Bangalore, Indian

Inst. Sci.) (Mar 13, 2024)

Published in: Proc.SPIE Int.Soc.Opt.Eng. 12911 (2024) 129110C • Contribution to: SPIE Photonics West 2024, SPIE

Photonics West 2024, 111-118

DOI cite claim reference search 0 citations

Toward quantum networking with frequency-bin qudits #13

Karthik V. Myilswamy (Purdue U.), Suparna Seshadri (Purdue U.), Hsuan-Hao Lu (Oak Ridge), Junqiu Liu (LPHE, Lausanne),

Tobias J. Kippenberg (CERN) et al. (Mar 13, 2024)

Published in: Proc.SPIE Int.Soc.Opt.Eng. 12911 (2024) 129111A • Contribution to: SPIE Photonics West 2024, SPIE

Photonics West 2024, 375-381

DOI cite claim reference search 0 citations

Estimating the electrical energy cost of performing arbitrary state preparation using qubits and
qudits in integrated photonic circuits

#14

Maria Carolina Volpato, Pierre-Louis de Assis (Feb 26, 2024)

e-Print: 2402.16603 [quant-ph]

pdf cite claim reference search 1 citation

Digital quantum simulation of a (1+1)D SU(2) lattice gauge theory with ion qudits #15

Giuseppe Calajò, Giuseppe Magnifico, Claire Edmunds, Martin Ringbauer, Simone Montangero et al. (Feb 12, 2024)

e-Print: 2402.07987 [quant-ph]

pdf cite claim reference search 8 citations

Safeguarding Oscillators and Qudits with Distributed Two-Mode Squeezing #16

Anthony J. Brady (USC, Los Angeles), Jing Wu (Arizona U., Optical Sci. Ctr.), Quntao Zhuang (USC, Los Angeles) (Feb 8,

2024)

e-Print: 2402.05888 [quant-ph]

pdf cite claim reference search 0 citations

Speed limits of two-qubit gates with qudits #17

Bora Basyildiz (Colorado School of Mines), Casey Jameson (Colorado School of Mines), Zhexuan Gong (Colorado School of

Mines and NIST, Boulder) (Dec 14, 2023)

e-Print: 2312.09218 [quant-ph]

pdf cite claim reference search 1 citation

Stabilizer Rényi entropy on qudits #18

Yiran Wang (Xian, Shaanxi Norm. U.), Yongming Li (Xian, Shaanxi Norm. U.) (Dec 14, 2023)

Published in: Quant.Inf.Proc. 22 (2023) 12, 444

DOI cite claim reference search 1 citation

Passive dynamical decoupling of trapped-ion qubits and qudits #19

R. Tyler Sutherland (Unlisted, US, CO and Texas U., San Antonio), Stephen D. Erickson (Unlisted, US, CO) (Dec 14, 2023)

Published in: Phys.Rev.A 109 (2024) 2, 022620 • e-Print: 2312.09399 [quant-ph]

pdf DOI cite claim reference search 1 citation

Study of entanglement in symmetric multi-quDits systems through information diagrams #20

Julio Guerrero (Jaen U. and Granada U.), Antonio Sojo (Jaen U.), Alberto Mayorgas (Granada U.), Manuel Calixto (Granada U.)

(Nov 24, 2023)

Published in: SciPost Phys.Proc. 14 (2023) 029 • Contribution to: 34th International Colloquium on Group Theoretical

Methods in Physics, 029

pdf DOI cite claim reference search 0 citations

Realization of quantum algorithms with qudits #21

Evgeniy O. Kiktenko (Russian Quantum Ctr., Moscow and Natl. U. Sci. Tech., Moscow), Anastasiia S. Nikolaeva (Russian

Quantum Ctr., Moscow and Natl. U. Sci. Tech., Moscow), Aleksey K. Fedorov (Russian Quantum Ctr., Moscow and Natl. U. Sci.

Tech., Moscow) (Nov 20, 2023)

e-Print: 2311.12003 [quant-ph]

pdf cite claim reference search 7 citations

Stochastic modeling of superconducting qudits in the dispersive regime #22

Kangdi Yu (UCLA), Murat C. Sarihan (UCLA), Jin Ho Kang, Madeline Taylor (UCLA), Cody S. Fan (UCLA) et al. (Oct 28, 2023)

e-Print: 2310.18856 [quant-ph]

pdf cite claim reference search 2 citations

Molecular Spin Qudits and Chiral-Induced Spin Selectivity: two interesting tools for Quantum
Technologies

#23

S. Carretta (Parma U. and INFN, Parma and INFN, Milan Bicocca) (Oct 22, 2023)

Contribution to: NMDC 2023, 41-42

DOI cite claim reference search 0 citations

Trade-off between Noise and Banding in a Quantum Adder with Qudits #24

Gaurang Agrawal (IISER, Pune and Harish-Chandra Res. Inst.), Tanoy Kanti Konar (Harish-Chandra Res. Inst.), Leela Ganesh

Chandra Lakkaraju (Harish-Chandra Res. Inst.), Aditi Sen De (Harish-Chandra Res. Inst.) (Oct 17, 2023)

e-Print: 2310.11514 [quant-ph]

pdf cite claim reference search 0 citations

On the Nonclassicality Distance Indicator of Qudits #25

Arsen Khvedelidze (Javakhishvili State U. and GTU, Tbilisi and Dubna, JINR), Astghik Torosyan (Dubna, JINR) (Oct 15, 2023)

Published in: Phys.Part.Nucl. 55 (2024) 3, 591-593 • e-Print: 2310.12173 [quant-ph]

pdf DOI cite claim reference search 0 citations
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Optimally robust shortcuts to population inversion in cat-state qubits #1

Shao-Wei Xu, Zhong-Zheng Zhang, Yue-Ying Guo, Ye-Hong Chen, Yan Xia (Aug 1, 2024)

e-Print: 2408.00464 [quant-ph]

pdf cite claim reference search 0 citations

Multi-Purpose Architecture for Fast Reset and Protective Readout of Superconducting Qubits #2

Jiayu Ding (Nanjing U. and BAQIS, Beijing and USTC, Hefei), Yulong Li (BAQIS, Beijing), He Wang (BAQIS, Beijing), Guangming

Xue (BAQIS, Beijing), Tang Su (BAQIS, Beijing) et al. (Jul 31, 2024)

e-Print: 2407.21332 [quant-ph]

pdf cite claim reference search 0 citations

Error-tolerant parity detector of cat-state qubits based on a topological quantum phase transition #3

Yi-Hao Kang (Hangzhou Normal U.), Yu Wang (Hangzhou Normal U.), Qi-Ping Su (Hangzhou Normal U.), Guo-Qiang

Zhang (Hangzhou Normal U.), Wei Feng (Hangzhou Normal U.) et al. (Jul 30, 2024)

Published in: Phys.Rev.A 110 (2024) 1, 012463

DOI cite claim reference search 0 citations

Search for QCD axion dark matter with transmon qubits and quantum circuit #4

Shion Chen, Hajime Fukuda (Tokyo U.), Toshiaki Inada (Tokyo U., ICEPP), Takeo Moroi (Tokyo U. and KEK, Tsukuba), Tatsumi

Nitta (Tokyo U., ICEPP) et al. (Jul 29, 2024)

e-Print: 2407.19755 [hep-ph]

pdf cite claim reference search 0 citations

Impact of Parallel Gating on Gate Fidelities in Linear, Square, and Star Arrays of Noisy Flip-Flop
Qubits

#5

Marco De Michielis (IMM, Bologna), Elena Ferraro (IMM, Bologna) (Jul 29, 2024)

e-Print: 2407.20166 [quant-ph]

pdf cite claim reference search 0 citations

Mitigating Losses of Superconducting Qubits Strongly Coupled to Defect Modes #6

Dante Colao Zanuz (Zurich, ETH and ETH, Zurich (main)), Quentin Ficheux (Zurich, ETH), Laurent Michaud (Zurich, ETH),

Alexei Orekhov (Zurich, ETH), Kilian Hanke (Zurich, ETH) et al. (Jul 26, 2024)

e-Print: 2407.18746 [quant-ph]

pdf cite claim reference search 0 citations

Bit-flip errors in dissipative cat qubits: second-order perturbation theory #7

Kirill S. Dubovitskii (Jul 24, 2024)

e-Print: 2407.17299 [quant-ph]

pdf cite claim reference search 0 citations

Pure kinetic inductance coupling for cQED with flux qubits #8

Simon Geisert (KIT, Karlsruhe), Soeren Ihssen (KIT, Karlsruhe), Patrick Winkel (KIT, Karlsruhe and Yale U.), Martin

Spiecker (KIT, Karlsruhe), Mathieu Fechant (KIT, Karlsruhe) et al. (Jul 23, 2024)

e-Print: 2407.16342 [quant-ph]

pdf cite claim reference search 0 citations

Dynamics of nonlocal correlation of two superconducting charge qubits induced by intrinsic
decoherence

#9

Fahad Aljuaydi, Nour Zidan, A.-B.A. Mohamed (Jul 23, 2024)

Published in: Alexandria Eng.J. 104 (2024) 371-377

DOI cite claim reference search 0 citations

24 days-stable CNOT-gate on fluxonium qubits with over 99.9% fidelity #10

Wei-Ju Lin (Maryland U.), Hyunheung Cho (Maryland U.), Yinqi Chen (Wisconsin U., Madison), Maxim G. Vavilov (Wisconsin

U., Madison), Chen Wang (Massachusetts U., Amherst) et al. (Jul 22, 2024)

e-Print: 2407.15783 [quant-ph]

pdf cite claim reference search 0 citations

Spin Qubits with Scalable milli-kelvin CMOS Control #11

Samuel K. Bartee, Will Gilbert, Kun Zuo, Kushal Das, Tuomo Tanttu et al. (Jul 21, 2024)

e-Print: 2407.15151 [quant-ph]

pdf cite claim reference search 1 citation

Aging of coupled qubits #12

Huining Zhang (Changchun, Northeast Normal U.), Dianzhen Cui (Changchun, Northeast Normal U.), W. Wang (Changchun,

Northeast Normal U.), X.X. Yi (Changchun, Northeast Normal U.) (Jul 18, 2024)

Published in: Phys.Rev.A 110 (2024) 1, 012221

DOI cite claim reference search 0 citations

Spatial Addressing of Qubits in a Dispersive Waveguide #13

Maximilian Zanner (Innsbruck U., Quant. Opt. and Info. and Innsbruck U.), Romain Albert (Innsbruck U., Quant. Opt. and Info.

and Innsbruck U. and Unlisted, FR), Eric I. Rosenthal (Stanford U., Ginzton Lab.), Silvia Casulleras (Innsbruck U., Quant. Opt.

and Info. and Innsbruck U.), Ian Yang (Innsbruck U., Quant. Opt. and Info. and Innsbruck U.) et al. (Jul 15, 2024)

e-Print: 2407.10617 [quant-ph]

pdf cite claim reference search 0 citations

Encoded probabilistic imaginary-time evolution on a trapped-ion quantum computer for ground
and excited states of spin qubits

#14

Hirofumi Nishi (Unlisted, JP and Tokyo U.), Yuki Takei (Shizuoka U., Ohya and Tokyo Inst. Tech.), Taichi Kosugi (Unlisted, JP

and Tokyo U.), Shunsuke Mieda (Shizuoka U., Ohya and Tokyo Inst. Tech.), Yutaka Natsume (Shizuoka U., Ohya and Tokyo

Inst. Tech.) et al. (Jul 15, 2024)

e-Print: 2407.10555 [quant-ph]

pdf cite claim reference search 0 citations

Scalable Networking of Neutral-Atom Qubits: Nanofiber-Based Approach for Multiprocessor
Fault-Tolerant Quantum Computer

#15

Shinichi Sunami (Waseda U. and Oxford U.), Shiro Tamiya (Waseda U.), Ryotaro Inoue (Waseda U.), Hayata Yamasaki (Waseda

U. and Tokyo U.), Akihisa Goban (Waseda U.) (Jul 15, 2024)

e-Print: 2407.11111 [quant-ph]

pdf cite claim reference search 0 citations

Exactly-solved model of light-scattering errors in quantum simulations with metastable trapped-
ion qubits

#16

Phillip C. Lotshaw (Oak Ridge), Brian C. Sawyer (Georgia Tech., Atlanta), Creston D. Herold (Georgia Tech., Atlanta), Gilles

Buchs (Oak Ridge) (Jul 12, 2024)

e-Print: 2407.09349 [quant-ph]

pdf cite claim reference search 0 citations

Direct Measurement of Microwave Loss in Nb Films for Superconducting Qubits #17

B. Abdisatarov (Fermilab and Jefferson Lab and Old Dominion U.), D. Bafia (Fermilab), A. Murthy (Fermilab), G.

Eremeev (Fermilab), H.E. Elsayed-Ali (Jefferson Lab and Old Dominion U.) et al. (Jul 11, 2024)

e-Print: 2407.08856 [cond-mat.supr-con]

linkspdf cite claim reference search 0 citations

Scalable, high-fidelity all-electronic control of trapped-ion qubits #18

C.M. Löschnauer (Unlisted, UK), J. Mosca Toba (Unlisted, UK), A.C. Hughes (Unlisted, UK), S.A. King (Unlisted, UK), M.A.

Weber (Unlisted, UK) et al. (Jul 10, 2024)

e-Print: 2407.07694 [quant-ph]

pdf cite claim reference search 1 citation

Transforming qubits via quasi-geometric approaches #19

Nyirahafashimana Valentine (Putra Malaysia U.), Nurisya Mohd Shah (Putra Malaysia U.), Umair Abdul Halim (Putra Malaysia

U.), Sharifah Kartini Said Husain (Putra Malaysia U.), Ahmed Jellal (Chouaib Doukkali U. and CQRC, Vernon) (Jul 10, 2024)

e-Print: 2407.07562 [quant-ph]

pdf cite claim reference search 0 citations

Integration of buried nanomagnet and silicon spin qubits in a one-dimensional fin structure #20

Shota Iizuka (AIST, Tsukuba), Kimihiko Kato (AIST, Tsukuba), Atsushi Yagishita (AIST, Tsukuba), Hidehiro Asai (AIST, Tsukuba),

Tetsuya Ueda (AIST, Tsukuba) et al. (Jul 9, 2024)

Published in: Jap.J.Appl.Phys. 63 (2024) 7, 074001

pdf DOI cite claim reference search 0 citations

Precision frequency tuning of tunable transmon qubits using alternating-bias assisted annealing #21

Xiqiao Wang (Rigetti Computing), Joel Howard (Rigetti Computing), Eyob A. Sete (Rigetti Computing), Greg Stiehl (Rigetti

Computing), Cameron Kopas (Rigetti Computing) et al. (Jul 8, 2024)

e-Print: 2407.06425 [quant-ph]

pdf cite claim reference search 0 citations

Application of RFSoC-based arbitrary waveform generator for coherent control of atomic qubits #22

Kazunori Maetani (Osaka U.), Akinori Machino (Osaka U.), Keisuke Koike (Unlisted, JP), Shinichi Morisaka (Osaka U. and NII,

Tokyo), Koichiro Miyanishi (Osaka U.) et al. (Jul 8, 2024)

Published in: Jap.J.Appl.Phys. 63 (2024) 7, 078001

DOI cite claim reference search 0 citations

Teleporting two-qubit entanglement across 19 qubits on a superconducting quantum computer #23

Haiyue Kang (Melbourne U.), John F. Kam (Monash U.), Gary J. Mooney (Melbourne U.), Lloyd C.L. Hollenberg (Melbourne U.)

(Jul 3, 2024)

e-Print: 2407.02858 [quant-ph]

pdf cite claim reference search 0 citations

Collective advantages in qubit reset: effect of coherent qubits #24

Yue Liu (Xiamen U.), Chenlong Huang (Xiamen U.), Xingyu Zhang (Xiamen U.), Dahai He (Xiamen U.) (Jul 3, 2024)

e-Print: 2407.03096 [quant-ph]

pdf cite claim reference search 0 citations

Classicality concept test on neutral pseudoscalar meson qubits with Wigner inequalities #25

Efimova Anna (Geneva U.), Nikitin Nikolay (Moscow State U. and SINP, Moscow and Moscow, ITEP and Higher Sch. of

Economics, Moscow) (Jul 1, 2024)

e-Print: 2407.01446 [quant-ph]

pdf cite claim reference search 0 citations
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Date of paper

2006

2024

Number of authors

Single author 16

10 authors or less 101

Exclude RPP

Exclude Review of Particle Physics

107

Document Type

article 86

published 64

conference paper 13

thesis 8

Author

Show 90 more

Andrey Fedorov 7

S. Carretta 6

A.S. Nikolaeva 5

E.O. Kiktenko 5

Nicolas Brunner 4

Alessandro Chiesa 4

Mamoru Fujiwara 3

Pedro Facal San Luis 3

Paolo Maria Santini 3

Mehul Malik 3

Subject

Quantum Physics 104

General Physics 10

Computing 8

Condensed Matter 5

Math and Math Physics 5

Other 5

Lattice 2

Phenomenology-HEP 2

Theory-Nucl 2

Theory-HEP 1

arXiv Category

Show 10 more

quant-ph 55

cs.LG 3

math-ph 3

math.MP 3

cond-mat.mes-hall 2

cond-mat.str-el 2

hep-lat 2

hep-ph 2

nucl-th 2

physics.app-ph 2

107 results cite all Citation Summary Most Recent
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Systematic study of High  transmon qudits up to #1

Z. Wang (Rochester U.), R.W. Parker (Rochester U.), E. Champion (Rochester U.), M.S. Blok (Rochester U.) (Jul 24, 2024)

e-Print: 2407.17407 [quant-ph]

E /EJ C d = 12

pdf cite claim reference search 0 citations

Quantum Constacyclic BCH Codes over Qudits: A Spectral-Domain Approach #2

Shikha Patel, Shayan Srinivasa Garani (Jul 23, 2024)

e-Print: 2407.16814 [quant-ph]

pdf cite claim reference search 0 citations

Heralded generation of displaced qudits from quantum optical catalysis #3

Devibala Esakkimuthu, Merlin Jayapaul, A.Basherrudin Mahmud Ahmed Abduljaffer (Jul 18, 2024)

Published in: Eur.Phys.J.D 78 (2024) 7, 96

DOI cite claim reference search 0 citations

Cheshire qudits from fractional quantum spin Hall states in twisted MoTe #4

Rui Wen (British Columbia U.), Andrew C. Potter (British Columbia U.) (Jul 3, 2024)

e-Print: 2407.03401 [cond-mat.str-el]

2

pdf cite claim reference search 0 citations

Ligand Effects on the Spin Relaxation Dynamics and Coherent Manipulation of Organometallic
La(II) Potential Qudits

#5

Lydia E. Nodaraki (Manchester U.), Ana-Maria Ariciu (Manchester U.), Daniel N. Huh (UC, Irvine and Rhode Island U.), Jingjing

Liu (Manchester U.), Daniel O.T. A. Martins (Manchester U.) et al. (May 24, 2024)

Published in: J.Am.Chem.Soc. 146 (2024) 22, 15000-15009

pdf DOI cite claim reference search 0 citations

On the properties of qudits #6

A.B. Balantekin (Wisconsin U., Madison), Anna M. Suliga (Wisconsin U., Madison and LBL, Berkeley and UC, San Diego) (May

22, 2024)

Published in: Eur.Phys.J.A 60 (2024) 6, 124, Eur.Phys.J.A 60 (2024) 124 • e-Print: 2405.13862 [quant-ph]

pdf DOI cite claim reference search 0 citations

Quantum Computation Using Large Spin Qudits #7

Sivaprasad Omanakuttan (May 13, 2024)

e-Print: 2405.07885 [quant-ph]

pdf cite claim reference search 1 citation

Barren plateaus induced by the dimension of qudits #8

Lucas Friedrich, Tiago de Souza Farias, Jonas Maziero (May 13, 2024)

e-Print: 2405.08190 [quant-ph]

pdf cite claim reference search 1 citation

Beyond Bell sampling: stabilizer state learning and quantum pseudorandomness lower bounds on
qudits

#9

Jonathan Allcock (Unlisted, CN), Joao F. Doriguello (Renyi Inst. Math., Budapest), Gábor Ivanyos (Budapest, RMKI), Miklos

Santha (Singapore Natl. U. (main) and IRIF, Paris) (May 10, 2024)

e-Print: 2405.06357 [quant-ph]

pdf cite claim reference search 0 citations

Dissipative phase transition: from qubits to qudits #10

Lukas Pausch, François Damanet, Thierry Bastin, John Martin (May 2, 2024)

e-Print: 2405.01223 [quant-ph]

pdf cite claim reference search 0 citations

Optimal Control of Spin Qudits Subject to Decoherence Using Amplitude-and-Frequency-
Constrained Pulses

#11

Alonso Hernández-Antón, Fernando Luis, Alberto Castro (Mar 23, 2024)

e-Print: 2403.15785 [quant-ph]

pdf cite claim reference search 0 citations

Fiber-based higher dimensional quantum key distribution implementation using time-bin qudits #12

Gokul A. (Bangalore, Indian Inst. Sci.), Harinee Natarajan (Bangalore, Indian Inst. Sci.), Varun Raghunathan (Bangalore, Indian

Inst. Sci.) (Mar 13, 2024)

Published in: Proc.SPIE Int.Soc.Opt.Eng. 12911 (2024) 129110C • Contribution to: SPIE Photonics West 2024, SPIE

Photonics West 2024, 111-118

DOI cite claim reference search 0 citations

Toward quantum networking with frequency-bin qudits #13

Karthik V. Myilswamy (Purdue U.), Suparna Seshadri (Purdue U.), Hsuan-Hao Lu (Oak Ridge), Junqiu Liu (LPHE, Lausanne),

Tobias J. Kippenberg (CERN) et al. (Mar 13, 2024)

Published in: Proc.SPIE Int.Soc.Opt.Eng. 12911 (2024) 129111A • Contribution to: SPIE Photonics West 2024, SPIE

Photonics West 2024, 375-381

DOI cite claim reference search 0 citations

Estimating the electrical energy cost of performing arbitrary state preparation using qubits and
qudits in integrated photonic circuits

#14

Maria Carolina Volpato, Pierre-Louis de Assis (Feb 26, 2024)

e-Print: 2402.16603 [quant-ph]

pdf cite claim reference search 1 citation

Digital quantum simulation of a (1+1)D SU(2) lattice gauge theory with ion qudits #15

Giuseppe Calajò, Giuseppe Magnifico, Claire Edmunds, Martin Ringbauer, Simone Montangero et al. (Feb 12, 2024)

e-Print: 2402.07987 [quant-ph]

pdf cite claim reference search 8 citations

Safeguarding Oscillators and Qudits with Distributed Two-Mode Squeezing #16

Anthony J. Brady (USC, Los Angeles), Jing Wu (Arizona U., Optical Sci. Ctr.), Quntao Zhuang (USC, Los Angeles) (Feb 8,

2024)

e-Print: 2402.05888 [quant-ph]

pdf cite claim reference search 0 citations

Speed limits of two-qubit gates with qudits #17

Bora Basyildiz (Colorado School of Mines), Casey Jameson (Colorado School of Mines), Zhexuan Gong (Colorado School of

Mines and NIST, Boulder) (Dec 14, 2023)

e-Print: 2312.09218 [quant-ph]

pdf cite claim reference search 1 citation

Stabilizer Rényi entropy on qudits #18

Yiran Wang (Xian, Shaanxi Norm. U.), Yongming Li (Xian, Shaanxi Norm. U.) (Dec 14, 2023)

Published in: Quant.Inf.Proc. 22 (2023) 12, 444

DOI cite claim reference search 1 citation

Passive dynamical decoupling of trapped-ion qubits and qudits #19

R. Tyler Sutherland (Unlisted, US, CO and Texas U., San Antonio), Stephen D. Erickson (Unlisted, US, CO) (Dec 14, 2023)

Published in: Phys.Rev.A 109 (2024) 2, 022620 • e-Print: 2312.09399 [quant-ph]

pdf DOI cite claim reference search 1 citation

Study of entanglement in symmetric multi-quDits systems through information diagrams #20

Julio Guerrero (Jaen U. and Granada U.), Antonio Sojo (Jaen U.), Alberto Mayorgas (Granada U.), Manuel Calixto (Granada U.)

(Nov 24, 2023)

Published in: SciPost Phys.Proc. 14 (2023) 029 • Contribution to: 34th International Colloquium on Group Theoretical
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Abstract:

On the program it says this is a keynote speech--and I don't know what a keynote speech is. I do not intend in any way to suggest what should be in this meeting as a keynote of the

subjects or anything like that. I have my own things to say and to talk about and there's no implication that anybody needs to talk about the same thing or anything like it. So what I

want to talk about is what Mike Dertouzos suggested that nobody would talk about. I want to talk about the problem of simulating physics with computers and I mean that in a

specific way which I am going to explain. The reason for doing this is something that I learned about from Ed Fredkin, and my entire interest in the subject has been inspired by him.

It has to do with learning something about the possibilities of computers, and also something about possibilities in physics. If we suppose that we know all the physical laws

perfectly, of course we don't have to pay any attention to computers. It's interesting anyway to entertain oneself with the idea that we've got something to learn about physical laws;

and if I take a relaxed view here (after all I'm here and not at home) I'll admit that we don't understand everything.
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Where Monte Carlo fails

> Non-zero chemical potential

– early universe

– neutron stars, new phases, ...
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Where Monte Carlo fails
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> Real time dynamics

– heavy ion collisions, scattering

– quenches, ...
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> Non-zero chemical potential

– early universe

– neutron stars, new phases, ...

> Topological terms

– CP-violation

– topological materials, ...

> Real time dynamics

– heavy ion collisions, scattering

– quenches, ...

> Minkowski time observables, PDFs, S-matrix, ...
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Where Monte Carlo fails

> Non-zero chemical potential

– early universe

– neutron stars, new phases, ...

> Topological terms

– CP-violation

– topological materials, ...

> Real time dynamics

– heavy ion collisions, scattering

– quenches, ...

> Minkowski time observables, PDFs, S-matrix, ...

⇒ Hamiltonian formulation
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A problem with Hamiltonian approach

• determine wave function |Ψ >

|Ψ >=
∑

i1,i2,··· ,iN Ci1,i2,··· ,iN |i1i2 · · · iN >

Ci1,i2,··· ,iN coefficient matrix with 2N entries

→ problem scales exponentially
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Two solutions for Hamiltonian approach

> Tensor Networks

– gapped, local Hamiltonians

→ area law

→ very fast (exponential) convergence

– costly: entanglement

→ phase transitions, (long) real time evolution

> Quantum Computing

– conceptually clean path

– noise, low number of qubits, ...

> Here: focus on quantum computing Quantum Field Theories
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Quantum computer: from the outside
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some qubit players

> Superconducting

– fast, high fidelity, needs cooling

> Trapped ions

– very high fidelity, no extreme cooling, slow

> Photonics

– extremely fast, no cooling, noisy

> Neutral atoms

– long coherence times, no cooling, ultrahigh vacuum

> Silicon Spin/Quantum dots

– fast and good fidelity, very much in development

> analoque computing, adiabatic computing, ...
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Quantum computer: from the inside (superconducting)

• Shielded to 50,000 times less

than Earth’s magnetic field

• In a high vacuum: pressure is 10 billion

times lower than atmospheric pressure

• Cooled 180 times colder than

interstellar space (0.015 Kelvin)

→ prevent quantum noise

• IBMQ: 433 qubits 2022, >1000 qubits 2023, >4000 qubits 2024

→ 10K to 100K error corrected, parallelized

• Google promise: 1.000.000 qubits 2030, 1000 qubits error corrected
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Computing challenge for High-Lumi LHC

µ pile up

• presently: event every 25 nano seconds

(1 billion events per second)

• expected: values of µ ∝ O(1000)
• need: new algorithms and methods

• ≈ 99% of data not considered

• see also talk by M. Yamazaki on

Quantum Parton Showers

DESYª | Quantum Computing: a future perspective for scientific computing | Karl Jansen | Cairns, The XVIth Quark Confinement and the Hadron Spectrum Conference, 19.8.2024 Page 16



Overview

> Application to QED

in 1+1, 2+1 and 3+1 dimensions
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Schwinger model in the continuum and phase diagram

H = −iψ̄γ1 (∂1 − igA1)ψ +mψ̄ψ + 1
2

(
Ȧ1 +

gθ
2π

)2

2

The VQE, introduced as an alternative to quantum phase
estimation [36], aligns with the capabilities of current
and near-term quantum devices. We test our VQE us-
ing noiseless classical simulations between 6 to 12 qubits,
to identify the best possible setup regarding the ansatz
and gates that would capture the relevant ground states
most e�ciently. After the optimal ansatz-gate combina-
tion and variational parameters are found, the ground
states across the phase transition are prepared on IBM’s
quantum devices. We deomstrate that using state-of-the-
art error mitigation techniques—zero noise extrapola-
tion [37], readout error mitigation [38], Pauli twirling [39]
and dynamical decoupling [40]—allows for obtaining pre-
cise results from the quantum measurements. To under-
stand the minimum system sizes required to extrapolate
faithfully to the continuum limit with a quantum com-
puter, we use matrix product states (MPS). We numeri-
cally simulate intermediate system sizes and perform the
continuum extrapolation, which we compare to analytical
results. Our study also shows universality for the consid-
ered observables, as both discretizations lead to the same
continuum values.

The rest of the paper is structured as follows. In
Sec. II, we briefly introduce the Schwinger model and
review its phase structure in the presence of a topolog-
ical ✓-term. Moreover, we discuss two di↵erent ways of
discretizing it on a lattice using Wilson and staggered
fermions. We proceed with presenting our ansatz for
the VQE as well as the MPS techniques we use to esti-
mate the resources for taking a reliable continuum limit
in Sec. III. Our numerical results demonstrating the per-
formance of the ansatz in various parameter regimes are
presented in Sec. IV, before concluding in Sec. V.

II. THE SCHWINGER MODEL

The Schwinger model describes quantum electrody-
namics in (1+1)-dimensions coupled to a single, massive
Dirac fermion [25]. Here we briefly introduce the Hamil-
tonian formulation and review its phase diagram in the
presence of a topological ✓-term. We then discuss two
di↵erent discretizations for the fermionic matter fields of
the model, namely Wilson and staggered fermions.

A. Hamiltonian formulation in the continuum

The continuum Hamiltonian density of the Schwinger
model in the presence of a topological ✓-term is given by

H = �i �1 (@1 � igA1) +m  +
1

2

✓
Ȧ1 +

g✓

2⇡

◆2

, (1)

where  (x) is a two-component Dirac spinor describ-
ing the fermionic matter. The spinor components,  ↵,
↵ = 1, 2, fulfill the standard fermionic anticommuta-
tion relations { †

↵(x), �(y)} = �(x � y)�↵� . The gauge

field Aµ, µ = 0, 1, mediates the interaction between the
matter fields. Here we have chosen the temporal gauge,
A0 = 0, hence only the spatial component A1 appears in
the Hamiltonian. The parameters m and g are the bare
fermion mass and the coupling between fermions and the
gauge fields. The matrices �µ are two dimensional ma-
trices obeying the Cli↵ord algebra {�µ, �⌫} = 2⌘µ⌫ , with
⌘ = diag(1, �1), and  corresponds to  †�0. The phys-
ically relevant gauge invariant states of the Hamiltonian
have to fulfill Gauss’s law

�@1Ȧ
1 = g �0 , (2)

where �Ȧ1 is the electric field and g �0 represents the
charge density.

The topological term, g✓/2⇡, appearing in the Hamil-
tonian corresponds to a constant background electric field
whose e↵ect has been assessed both theoretically and nu-
merically. Coleman argued that the physics of the model
is periodic in ✓ with a period of 2⇡, and that above a cer-
tain critical mass, mc/g, the model undergoes a first or-
der quantum phase transition at ✓ = ⇡ [30]. This picture
was later on confirmed in numerical simulations, where
it was found that the critical line ends in a second-order
quantum phase transition at mc/g ⇠ 0.33 [29, 34, 41].
Figure 1 provides a sketch of the phase diagram, high-
lighting the first-order phase transition line, which cul-
minates with a second-order phase transition at mc/g.
The physics of the model can also be understood qual-

FIG. 1. Illustration of the phase diagram of the Schwinger
model in the presence of a topological term in the m/g � ✓
plane. Since the physics is periodic in ✓ with period 2⇡, only
the first period is shown. The critical line (shown in black)
indicates the first-order phase transitions occurring at ✓ = ⇡
for masses larger than the critical one mc/g ⇡ 0.33, which
ends in a second-order phase transition (green dot) exactly at
mc/g. Below the critical mass no transitions occur.

itatively in an intuitive picture. For large values of the
mass in units of the coupling, m/g � 1, it is generally
unfavorable to generate charged particles. In the regime

• constant external electric field: θ
• for m/g > 0.33, 1st order phase transition

• CP violating

• 2nd order endpoint at m/g = 0.33
• hard to explore with Monte Carlo methods
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Schwinger model on the lattice: Wilson fermions
(Takis Angelides, Arianna Crippa, Lena Funcke, Karl Jansen,

Stefan Kühn, Pranay Naredi, Ivano Tavernelli, Derek Wang, arxiv:2312.12831 )

> Wilson Hamiltonian

HW =

N−2∑
n=0

(
φ̄n

(
1 + iγ1

2a

)
Unφn+1 + h.c.

)

+

N−1∑
n=0

(
mlat +

1

a

)
φ̄nφn +

N−2∑
n=0

ag2

2
(Ln + l0)

2 , Uµ = eiagAµ

> mass mlat; coupling g; lattice spacing a; electric field l0 =
θ
2π

> mass shift MS :

mr/g = mlat /g +MS (V, ag, l0)
→ needs to be determined non-perturbatively
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Pauli representation through
Jordan-Wigner transformation

> Jordan-Wigner transformation

φn,α → χ2n−bα
2
c+1

χn =
∏

k<n(iZk)σ
−
n

> (dimensionless) Wilson Hamiltonian, x = 1/(ag)2

→ open boundary conditions: eliminate gauge fields

WW = x
∑N−2

n=0 (X2n+2X2n+3 + Y2n+2Y2n+3) +(
mlat

g

√
x+ x

)∑N−1
n=0 (X2n+1X2n+2 + Y2n+1Y2n+2) +

∑N−2
n=0 (l0 +

∑n
k=0Qk)

2

> see also talk by M. Honda based on Digital Quantum Simulation for Spectroscopy of

Schwinger Model, D. Ghim and M. Honda, arxiv:2404.14788
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Variational Quantum Eigensolver (VQE)

> a hybrid quantum/classical variational approach
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The Ansatz

6

For the particle number we find

PS =
N

2
+

1

2

N�1X

n=0

(�1)nZn. (18)

When there are no particles present, i.e. the state of the
system is given by spin down on even sites and spin up
on odd sites, the sum in the equation above contributes a
�1 for every site. In contrast, for even sites with spin up
and on odd sites with spin down, the sum contributes a
+1. Hence, the first term in Eq. (18) is added to render
PS positive semidefinite.

In summary, both staggered and Wilson fermions pro-
vide a viable discretization of the continuum Schwinger
Hamiltonian. For a lattice system with N physical sites
the Wilson discretization results in a Hamiltonian on 2N
qubits, whereas the staggered approach only requires N
qubits. While both formulations reproduce the correct
continuum limit, as we demonstrate explicitly in Sec. IV,
it is a priori not clear which of the two discretizations con-
verges faster. Although the staggered approach requires
less qubits than the Wilson one, this does not imply it
will produce better results given a fixed amount of re-
sources. The latter question is particularly relevant for
quantum computing, as current and near-term devices
only o↵er a limited number of qubits that still su↵er from
a considerable level of noise. Here, we aim at testing both
approaches in a realistic scenario to benchmark their per-
formance. For the rest of the paper we will focus on the
sector of vanishing total charge,

P
n Qn = 0, for both

approaches.

III. METHODS

In order to assess both fermion discretizations, we
study their performance with a VQE as well as their
convergence towards the continuum limit. Here, we intro-
duce the VQE setup we consider, including a description
of the parametric ansatz circuits and the optimization
procedure for the parameters we utilize. Moreover, we
discuss the error mitigation techniques used for the in-
ference runs on quantum hardware. Finally, we briefly
describe the MPS techniques we use to explore the behav-
ior of both discretizations towards the continuum limit.

A. Parametric ansatz circuits for VQE

In order to test the performance of the di↵erent dis-
cretizations for VQE, we focus on two di↵erent types of
parametric ansätze and consider two di↵erent types of
gates, as shown in Fig. 2. We refer to the two ansatz
architectures as “brick” (c.f. Fig. 2(c)) and “ladder” (c.f.
Fig. 2(d)). The two types of parametric gates we con-
sider are the SO(4) gates and the RXX+Y Y gates, whose
decomposition in standard controlled-NOT (CNOT) and
Pauli rotation gates is shown in Figs. 2(a) and 2(b). Here,

we have chosen SO(4) instead of SU(4) gates, because the
Hamiltonians we study are real, and hence their ground
states are real. Thus, we can restrict our ansätze to the
real subspace of the Hilbert space. While the SO(4) gates
are in principle more expressive than the RXX+Y Y ones,
they do not conserve the total charge. As a result, if
we use SO(4) gates, we need to manually enforce van-
ishing total charge, which we do by adding a penalty

term �
⇣PN�1

n=0 Qn

⌘2
to the Hamiltonians in Eq. (9) and

Eq. (16). The Lagrange multiplier � has to be chosen
su�ciently large that one obtains a ground state with
vanishing total charge. In contrast, the RXX+Y Y gate
preserves the total charge, but is generally less expres-
sive. In all our simulations, we choose the initial param-

SO(4) =

RZ R(✓1, ✓2, ✓3) R†
Z

RZ RY R(✓4, ✓5, ✓6) R†
Y R†

Z

(a)

RXX+Y Y
=

RZ RY (✓) R†
Z

RX RZ RY (✓) R†
Z R†

X

(b)

...

|q0i

| ini

G

|q1i
G

|q2i

|qN�3i
G

|qN�2i
G

|qN�1i

(c)

. . .

. . .

. . .

...
. . .

. . .

. . .

. . .

|q0i

| ini

G

|q1i
G

|q2i

|qN�3i
G

|qN�2i
G

|qN�1i

(d)

FIG. 2. Decomposition of a generic SO(4) gate depend-
ing on the six parameters ✓1, . . . , ✓6 (a) the RXX+Y Y (✓) =
exp(�i✓(XX + Y Y )/2) (b), into CNOT and Pauli rotation
gates. Boxes acting on a single qubit correspond to Pauli
rotation gates, RP (↵) = exp{�i↵P/2} with P 2 {X,Y, Z}.
Single-qubit gates where the argument is omitted refer to ro-
tations around an angle ⇡/2, RP (⇡/2). The light blue boxes
represent the parameterized gates which are R(↵,�, �) =
RX(�)RZ(�)RX(↵) in (a) and RY (✓) in (b). Panel (c) and
(d) illustrate one layer of the brick and ladder ansatz, respec-
tively, both following a non-parametric part for preparing the
initial state | ini (yellow box). The first layer in the brick
ansatz has a CNOT-depth of 4 whereas in ladder it is 2n� 2,
where n is the number of qubits, and in both cases it increases
by 4 with each layer.

eters for the parametric part of this ansatz randomly in
the interval [0, 0.001), such that the parametric part of
the circuit is close to the identity and we start the VQE
with a state close to | ini.

For Wilson fermions, three options for the ansatz’s

• decomposition of

SO(4) and RXX+Y Y gates

• brick and ladder ansatz
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Results: small mass
> results for mr/g = 0.01 (remember: x = 1/(ag)2)

0.1 0.2 0.3 0.4 0.5 0.6 0.7
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0.0025
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F
g

Mass perturbation theory

Staggered with theory MS (same num. of qubits as Wilson), MSE = 5.989e-07

Staggered (same x as Wilson), MSE = 9.804e-09

Staggered with theory MS (same x as Wilson), MSE = 9.816e-07

Staggered (same num. of qubits as Wilson), MSE = 2.787e-08

Wilson, MSE = 3.581e-09

2

The VQE, introduced as an alternative to quantum phase
estimation [36], aligns with the capabilities of current
and near-term quantum devices. We test our VQE us-
ing noiseless classical simulations between 6 to 12 qubits,
to identify the best possible setup regarding the ansatz
and gates that would capture the relevant ground states
most e�ciently. After the optimal ansatz-gate combina-
tion and variational parameters are found, the ground
states across the phase transition are prepared on IBM’s
quantum devices. We deomstrate that using state-of-the-
art error mitigation techniques—zero noise extrapola-
tion [37], readout error mitigation [38], Pauli twirling [39]
and dynamical decoupling [40]—allows for obtaining pre-
cise results from the quantum measurements. To under-
stand the minimum system sizes required to extrapolate
faithfully to the continuum limit with a quantum com-
puter, we use matrix product states (MPS). We numeri-
cally simulate intermediate system sizes and perform the
continuum extrapolation, which we compare to analytical
results. Our study also shows universality for the consid-
ered observables, as both discretizations lead to the same
continuum values.

The rest of the paper is structured as follows. In
Sec. II, we briefly introduce the Schwinger model and
review its phase structure in the presence of a topolog-
ical ✓-term. Moreover, we discuss two di↵erent ways of
discretizing it on a lattice using Wilson and staggered
fermions. We proceed with presenting our ansatz for
the VQE as well as the MPS techniques we use to esti-
mate the resources for taking a reliable continuum limit
in Sec. III. Our numerical results demonstrating the per-
formance of the ansatz in various parameter regimes are
presented in Sec. IV, before concluding in Sec. V.

II. THE SCHWINGER MODEL

The Schwinger model describes quantum electrody-
namics in (1+1)-dimensions coupled to a single, massive
Dirac fermion [25]. Here we briefly introduce the Hamil-
tonian formulation and review its phase diagram in the
presence of a topological ✓-term. We then discuss two
di↵erent discretizations for the fermionic matter fields of
the model, namely Wilson and staggered fermions.

A. Hamiltonian formulation in the continuum

The continuum Hamiltonian density of the Schwinger
model in the presence of a topological ✓-term is given by

H = �i �1 (@1 � igA1) +m  +
1

2

✓
Ȧ1 +

g✓

2⇡

◆2

, (1)

where  (x) is a two-component Dirac spinor describ-
ing the fermionic matter. The spinor components,  ↵,
↵ = 1, 2, fulfill the standard fermionic anticommuta-
tion relations { †

↵(x), �(y)} = �(x � y)�↵� . The gauge

field Aµ, µ = 0, 1, mediates the interaction between the
matter fields. Here we have chosen the temporal gauge,
A0 = 0, hence only the spatial component A1 appears in
the Hamiltonian. The parameters m and g are the bare
fermion mass and the coupling between fermions and the
gauge fields. The matrices �µ are two dimensional ma-
trices obeying the Cli↵ord algebra {�µ, �⌫} = 2⌘µ⌫ , with
⌘ = diag(1, �1), and  corresponds to  †�0. The phys-
ically relevant gauge invariant states of the Hamiltonian
have to fulfill Gauss’s law

�@1Ȧ
1 = g �0 , (2)

where �Ȧ1 is the electric field and g �0 represents the
charge density.

The topological term, g✓/2⇡, appearing in the Hamil-
tonian corresponds to a constant background electric field
whose e↵ect has been assessed both theoretically and nu-
merically. Coleman argued that the physics of the model
is periodic in ✓ with a period of 2⇡, and that above a cer-
tain critical mass, mc/g, the model undergoes a first or-
der quantum phase transition at ✓ = ⇡ [30]. This picture
was later on confirmed in numerical simulations, where
it was found that the critical line ends in a second-order
quantum phase transition at mc/g ⇠ 0.33 [29, 34, 41].
Figure 1 provides a sketch of the phase diagram, high-
lighting the first-order phase transition line, which cul-
minates with a second-order phase transition at mc/g.
The physics of the model can also be understood qual-

FIG. 1. Illustration of the phase diagram of the Schwinger
model in the presence of a topological term in the m/g � ✓
plane. Since the physics is periodic in ✓ with period 2⇡, only
the first period is shown. The critical line (shown in black)
indicates the first-order phase transitions occurring at ✓ = ⇡
for masses larger than the critical one mc/g ⇡ 0.33, which
ends in a second-order phase transition (green dot) exactly at
mc/g. Below the critical mass no transitions occur.

itatively in an intuitive picture. For large values of the
mass in units of the coupling, m/g � 1, it is generally
unfavorable to generate charged particles. In the regime

• blue circles: exact diagonalization, red pluses: exact simulations,

black crosses: IBM quantum hardware
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Results: large mass mr/g = 10
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The VQE, introduced as an alternative to quantum phase
estimation [36], aligns with the capabilities of current
and near-term quantum devices. We test our VQE us-
ing noiseless classical simulations between 6 to 12 qubits,
to identify the best possible setup regarding the ansatz
and gates that would capture the relevant ground states
most e�ciently. After the optimal ansatz-gate combina-
tion and variational parameters are found, the ground
states across the phase transition are prepared on IBM’s
quantum devices. We deomstrate that using state-of-the-
art error mitigation techniques—zero noise extrapola-
tion [37], readout error mitigation [38], Pauli twirling [39]
and dynamical decoupling [40]—allows for obtaining pre-
cise results from the quantum measurements. To under-
stand the minimum system sizes required to extrapolate
faithfully to the continuum limit with a quantum com-
puter, we use matrix product states (MPS). We numeri-
cally simulate intermediate system sizes and perform the
continuum extrapolation, which we compare to analytical
results. Our study also shows universality for the consid-
ered observables, as both discretizations lead to the same
continuum values.

The rest of the paper is structured as follows. In
Sec. II, we briefly introduce the Schwinger model and
review its phase structure in the presence of a topolog-
ical ✓-term. Moreover, we discuss two di↵erent ways of
discretizing it on a lattice using Wilson and staggered
fermions. We proceed with presenting our ansatz for
the VQE as well as the MPS techniques we use to esti-
mate the resources for taking a reliable continuum limit
in Sec. III. Our numerical results demonstrating the per-
formance of the ansatz in various parameter regimes are
presented in Sec. IV, before concluding in Sec. V.

II. THE SCHWINGER MODEL

The Schwinger model describes quantum electrody-
namics in (1+1)-dimensions coupled to a single, massive
Dirac fermion [25]. Here we briefly introduce the Hamil-
tonian formulation and review its phase diagram in the
presence of a topological ✓-term. We then discuss two
di↵erent discretizations for the fermionic matter fields of
the model, namely Wilson and staggered fermions.

A. Hamiltonian formulation in the continuum

The continuum Hamiltonian density of the Schwinger
model in the presence of a topological ✓-term is given by

H = �i �1 (@1 � igA1) +m  +
1

2

✓
Ȧ1 +

g✓

2⇡

◆2

, (1)

where  (x) is a two-component Dirac spinor describ-
ing the fermionic matter. The spinor components,  ↵,
↵ = 1, 2, fulfill the standard fermionic anticommuta-
tion relations { †

↵(x), �(y)} = �(x � y)�↵� . The gauge

field Aµ, µ = 0, 1, mediates the interaction between the
matter fields. Here we have chosen the temporal gauge,
A0 = 0, hence only the spatial component A1 appears in
the Hamiltonian. The parameters m and g are the bare
fermion mass and the coupling between fermions and the
gauge fields. The matrices �µ are two dimensional ma-
trices obeying the Cli↵ord algebra {�µ, �⌫} = 2⌘µ⌫ , with
⌘ = diag(1, �1), and  corresponds to  †�0. The phys-
ically relevant gauge invariant states of the Hamiltonian
have to fulfill Gauss’s law

�@1Ȧ
1 = g �0 , (2)

where �Ȧ1 is the electric field and g �0 represents the
charge density.

The topological term, g✓/2⇡, appearing in the Hamil-
tonian corresponds to a constant background electric field
whose e↵ect has been assessed both theoretically and nu-
merically. Coleman argued that the physics of the model
is periodic in ✓ with a period of 2⇡, and that above a cer-
tain critical mass, mc/g, the model undergoes a first or-
der quantum phase transition at ✓ = ⇡ [30]. This picture
was later on confirmed in numerical simulations, where
it was found that the critical line ends in a second-order
quantum phase transition at mc/g ⇠ 0.33 [29, 34, 41].
Figure 1 provides a sketch of the phase diagram, high-
lighting the first-order phase transition line, which cul-
minates with a second-order phase transition at mc/g.
The physics of the model can also be understood qual-

FIG. 1. Illustration of the phase diagram of the Schwinger
model in the presence of a topological term in the m/g � ✓
plane. Since the physics is periodic in ✓ with period 2⇡, only
the first period is shown. The critical line (shown in black)
indicates the first-order phase transitions occurring at ✓ = ⇡
for masses larger than the critical one mc/g ⇡ 0.33, which
ends in a second-order phase transition (green dot) exactly at
mc/g. Below the critical mass no transitions occur.

itatively in an intuitive picture. For large values of the
mass in units of the coupling, m/g � 1, it is generally
unfavorable to generate charged particles. In the regime

• including hardware results
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The Hamiltonian of 2+1 dimensional QED

> fermionic matter fields on lattice sites

Ĥkin =
i

2

∑
~n

(
φ†~nÛ~n,xφ~n+x − h.c.

)
− (−1)nx+ny

2

∑
~n

(
φ†~nÛ~n,yφ~n+y + h.c.

)
Ĥm = m

∑
~n

(−1)nx+ny φ̂†~nφ̂~n

> set “bare” lattice spacing a = 1, physical a = a(g)

> electric field and plaquette operators

ĤE = g2

2

∑
~n

(
Ê2
~n,x + Ê2

~n,y

)
, ĤB = − 1

2g2
∑

~n

(
P̂~n + P̂ †

~n

)
> plaquette operator → magnetic effects

P̂~n = Û~n,xÛ~n+x,yÛ
†
~n+y,xÛ

†
~n,y
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2+1-dimensional QED

Sites:

Links:

where

  plaquette operator

Kogut-Susskind Hamiltonian

( : encodes how the fermion field changes 
as it moves between sites with an electromagnetic 
interaction)

4

the circuit in Fig.1 to represent a gauge field. The ac-
tion of the circuit is straightforward: starting from the
state |00i, setting both parameters ✓1 and ✓2 to zero al-
lows exploration of the physical state |�1iph. The in-
troduction of a non-zero value for ✓1 allows the state to
change to |01i, which represents the vacuum state |0iph,
with a certain probability. A complete rotation occurs if
✓1 = ⇡, resulting in the exclusive presence of the second
state with a probability of 1.0. Subsequently, the second
controlled gate operates only when the first qubit is |1i,
limiting exploration to |11i (|1iph) and excluding |10i.

|0i Ry(✓1)

|0i Ry(✓2)

FIG. 1: Variational circuit for Gray encoding with l = 1.
State excluded |10i and vacuum state=|01i.

This procedure can be expanded to arbitrary l, allow-
ing the exclusion of unphysical combinations, and to mul-
tiple gauge fields with entangling gates. For further de-
tails, refer to Appendix A which provides an extension
to four additional values of truncation.

IV. RESULTS: MATCHING STRATEGY FOR
3⇥ 3 PBC SYSTEM

In this section, we describe the matching between
the quantum variational approach and MCMC. For our
study, we consider a 3⇥3 lattice with Periodic Boundary
Conditions (PBC) and with only gauge fields, Fig.2. The
quantity we will consider is the expectation value of the
plaquette operator, hP i.

state |2iph and use a generic variational ansatz. However, the

variational results did not have a high fidelity. In the following,

we will not describe this option further. It may be considered in

future work.

FIG. 2: Illustration of a 3 ⇥ 3 lattice with periodic
boundary conditions: The spheres represent the matter
sites, where blue (orange) spheres indicate sites with even
(odd) parity. The lines connecting the vertices represent the
gauge links where the arrows indicate the orientation of the
lattice. The links sticking out on the top (right) indicate the
periodic boundary conditions and connect to the vertices on
the bottom (left).

We focus on a coupling interval of 0.8  �  2.6, se-
lected to synchronize with the requirements of the Monte
Carlo method. We analyse the convergence behaviour of
the results with Exact Diagonalization (ED) with respect
to the truncation parameter l, as illustrated by the lines
in the upper panel of Fig.3. In particular, it is evident
that a truncation parameter of l = 3 produces a satis-
factory approximation. The vertical line in the graph
marks the point where our exact results align with those
obtained by the Monte Carlo approach.

For the Monte Carlo simulation, part of the authors
are investigating the same U(1) gauge theory in 2+1 di-
mensions in the Lagrangian formalism and take the con-
tinuum limit in time, keeping the spatial lattice spacing
fixed. A first, preliminary account of this work can be
found in Ref. [33]. This procedure delivers a �MC-value
for which we know the corresponding bare coupling value
of the 2 + 1 dimensional discretised theory with up to
lattice artifacts identical spatial lattice spacing. At this
value of the coupling we can then perform large volume
Monte Carlo simulations of the 2 + 1 dimensional the-
ory and set the physical scale. Since this analysis is still
ongoing, we use here the preliminary value �MC = 1.43.

3
We remark that it is not necessary to know the final value for

�MC for this work, because there is no physical system available

we could use to set the scale.
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Static potential from a quantum computer

> static potential in 2+1-dimensional QED

V (r) = c1 + c2α(r) ln(r) + c3σr

– α(r) running coupling

– σ string tension

– fixed distance in lattice units

– lattice spacing a↘ when g ↘
→ physical distance

becomes smaller

DESY. Page 14| 2+1-dimensional QED | Arianna Crippa, 20/02/2024

Static potential: ED results
Gauge and matter fields*

In order to study the three regimes and testing the variational algorithm, we will consider a 

point for each region of the static potential, i.e. coulomb, linear and string breaking part.

*fixed also m=2 Ω=1 (and l=1)

string breaking
linear

Coulomb

> flux configurations at

different disctances

→ see talk by Enrico Rinaldi
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Running coupling from MC and QC

(A. Crippa, S. Romiti, L. Funcke, K. Jansen, S. Kühn, P. Stornati, C. Urbach, arXiv:2404.17545)

→ see poster
> QC: step scaling at very small lattice spacing
> MC: provide value of lattice spacing

MC=1.4 6.032 21.206 72.859

= 1/g2
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step scaling “running” coupling

> Simulating 2D lattice gauge theories on a qudit quantum computer

(M. Meth, J. Haase, J. Zhang, C. Edmunds, L. Postler, A. Steiner, A. Jena, L. Dellantonio, R.

Blatt, P. Zoller, T. Monz, P. Schindler, C. Muschik, M. Ringbauer, arXiv:2310.12110)
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Chern-Simons term in 2+1 dimensional QED
(C. Peng, C. Diamantini, L. Funcke, A. Hassan, K. Jansen, Stefan Kühn, D. Luo, P. Naredi,

arxiv:2407.20225)

Ĥ =
∑

x∈ sites
e2

2a2

[(
p̂x;1 − ka2

4π Âx−2̂;2

)2
+
(
p̂x;2 +

ka2

4π Âx−1̂;1

)2
]
+ 1

2e2

(
�Âx;1,2

)2

> energy bands

pure Maxwell theory adding Chern-Simons term

massless photon topological mass generation

> opens door to investigate e.g. fermion/boson dualities, fractional quantum Hall effect,
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Topological term in 3+1 dimensional compact QED

(A. Kan, L. Funcke, S. Kühn, L. Dellantonio, J. Zhang, J Haase, C. Muschik, K. Jansen,

arxiv:2105.06019)

Ĥtopo = θ̃Q̂ = −i θβ
∑

~n

∑
(i,j,k)∈ even

(
Ê~n−î,i + Ê~n,i

)(
Û~n,jk − Û †

~n,jk

)

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1
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〈Q
〉

θ̃

β = 0.75
β = 0.5
β = 0.3
β = 0.1

β = 0.05
β = 0.01
β = 0.005

topological charge

• 1st order phase transition for β < 1
• observe avoided level crossing
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Higher dimension tensor network QED simulations

> 2+1 dimensional QED at finite density on up to 16 x 16 lattices

(T. Felser, P. Silvi, M. Collura, S. Montangero, arxiv:1911.09693)

> 3+1 dimensional QED at finite charge density

G. Magnifico, T. Felser, P. Silvi, S. Montangero, arxiv:2011.10658)
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2+1D QED density profile 3+1D QED static potential
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Overview

> Non-abelian gauge theories
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Non-abelian lattice gauge theory

Ĥ =
1

2a

∑
~n

∑
α,β

(
iψ̂α(~n)

†Ûαβ(~n, i)ψ̂β(~n+ î) + (−1)~nψ̂α(~n)
†Ûαβ(~n, j)ψ̂β(~n+ ĵ) + H.c.

)
+m

∑
~n

∑
α

(−1)~nψ̂†
α(~n)ψ̂α(~n)

+
g2

2ad−2

∑
~n,l

∑
b

[
Êb(~n, l)

]2
− 1

2a4−dg2

∑
~n

∑
α,β,γ,δ

Ûαβ(~n, i)Ûβγ(~n+ î, j)Û †
δγ(~n+ ĵ, i)Û †

αδ(~n, j) + H.c.

• Isn’t it a nice Hamiltonian?
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SU(2) LGT for qudit architecture

> quditing SU(2)

(D. González-Cuadra, T. Zache, J. Carrasco, B. Kraus, P. Zoller, arxiv:2203.15541)

=

qubits

qudits

• Rydberg atoms for qudits

• qudit circuit

• comparing to qubit circuit

> promising realization of SU(2)

q-deformed Kogut-Susskind gauge theories

(T. Zache, D. González-Cuadra, P. Zoller, arXiv:2304.02527)
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Non-abelian lattice gauge theory

> approach of SU(2) partitionings

> Hermite polynomial based operators

(M. Garofalo, T. Hartung, T. Jakobs, K. Jansen,

J. Ostmeyer, S. Romiti and C. Urbach, to appear)

3.1

3.2

3.3

3.4

3.5

M

10−1 100

g2

4.5
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5.5

6.0

E
0

HP nmax = 6, lmax = 1

HP nmax = 6, lmax = 2

HP nmax = 15, lmax = 2

CG Jmax = 5.0 (Max. Tree)

• E0 ground state

•M mass gap

• solid curve:

character expansion with electric operators

• data points:

hermite polynomial based operators
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Other approaches, non exhaustive examples ...
> Non-abelian gauge theories in optical lattices

– L.Tagliacozzo, A.Celi, P.Orland, M. Mitchell, M. Lewenstein, Nature communications,

4(1):1–8, 2013

> Clebsch-Gordaning

– N. Klco, M. Savage, and J. Stryker, Physical Review D, 101(7):074512

– Sarmed Rahman, Randy Lewis, Emanuele Mendicelli, Sarah Powell, Phys. Rev. D 104,

034501 (2021)

> Integrating out gauge fields

– Y. Atas, J. Haase, J. Zhang, V. Wei, S. Pfaendler, R. Lewis, and C. Muschik,

arXiv:2207.03473

– Y. Atas, J. Haase, J. Zhang, V. Wei, S. Pfaendler, R. Lewis, and C. Muschik, Nature

communications, 12(1):1–11, 2021

> General quantum algorithm approach

– Z. Davoudi, A. Shaw, J. R. Stryker, arXiv:2212.14030v2

> Highly-efficient quantum Fourier transformations for some nonabelian groups – E. Murairi, M.

Alam, H. Lamm, S. Hadfield, E. Gustafson, arXiv:2408.00075
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Overview

> Real time dynamics
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real time dynamics

> Common scheme for real time dynamics

– ground state preparation of considered model

– generate hadron wavepacket on the ground state

– real time evolution of the wave packet

– measurement of relevant observables

> algorithms:

VQE, Trotterization,

Givens rotation, ...

> ansätze:

brick, ladder,

charge conservation, ...

4

FIG. 1. a) Mapping the L = 56 lattice onto the qubits of IBM’s quantum computer ibm_torino (bottom left). The dynamical
re-arrangement of charges in the vacuum screens the interactions between electric charges in the Schwinger model, giving rise to
an exponential decay of correlations between spatial-site charges, hQ̂

n
Q̂

n+d
i (top and bottom right). b) The charge screening

informs an efficient construction of the quantum circuits used to simulate hadron dynamics. SC-ADAPT-VQE is used to
prepare the vacuum and wavepacket, which are time-evolved using Trotterized circuits implementing e�itĤ with a truncated
electric interaction.

the preparation of the Schwinger model vacuum on 100 qubits of ibm_cusco. SC-ADAPT-VQE uses symmetries and
hierarchies in length scales to determine low-depth quantum circuits for state preparation. Using a hybrid workflow,
quantum circuits are determined and optimized on a series of small and modest-sized systems using classical computers,
and then systematically scaled to large systems to be executed on a quantum computer. In Sec. III, SC-ADAPT-VQE
is extended to the preparation of localized states, and used to establish a hadron wavepacket on top of the interacting
vacuum; see Fig. 1b). The wavepacket preparation circuits are optimized on a series of a small lattices by maximizing
the overlap with an adiabatically prepared wavepacket. The locality of the target state ensures that these circuits can
be systematically extrapolated to prepare hadron wavepackets on large lattices.

Quantum circuits for state preparation and time evolution are developed in Sec. IV. The circuit design minimizes
the two-qubit gate count for implementation on devices with nearest-neighbor connectivity, such as those available
from IBM. A building block for these circuits is a new gate decomposition for RZZ rotations acting between all pairs
of a set of qubits. This nearest-neighbor decomposition uses the same number of two-qubit gates as decompositions
for devices with all-to-all connectivity, at the cost of an increased circuit depth. Results from classical simulations
performed on small lattices are presented in Sec. V. These simulations quantify the systematic errors originating from
the approximations introduced in previous sections: preparation of the hadron wavepacket with SC-ADAPT-VQE,
use of a truncated Hamiltonian for time evolution, and Trotterization of the time evolution operator.

In Sec. VI, the techniques and ideas described in the previous paragraphs are applied to quantum simulations of
hadron dynamics on L = 56 (112 qubit) lattices using IBM’s quantum computer ibm_torino. The initial state is
prepared using SC-ADAPT-VQE, and time evolution is implemented with up to 14 Trotter steps, requiring 13,858
CNOTs (CNOT depth 370). After applying a suite of error mitigation techniques, measurements of the local chiral
condensate show clear signatures of hadron propagation. The results obtained from ibm_torino are compared to clas-
sical simulations using the cuQuantum Matrix Product State (MPS) simulator. In these latter calculations, the bond
dimension in the tensor network simulations grows with the simulation time, requiring increased classical computing
overhead. Appendix F provides details about the convergence of the MPS simulations, and App. G provides details
of our error mitigation strategy, for our simulations using 112 qubits of IBM’s quantum computers. This work points
to quantum simulations of more complex processes, such as inelastic collisions, fragmentation and hadronization, as
being strong candidates for a near-term quantum advantage.

II. SYSTEMATIC TRUNCATION OF THE ELECTRIC INTERACTIONS

The Schwinger model is quantum electrodynamics in 1+1D, the theory of electrons and positrons interacting via
photon exchange. In 1+1D, the photon is not a dynamical degree of freedom, as it is completely constrained by
Gauss’s law. As a result, the photon can be removed as an independent field, leaving a system of fermions interacting
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Quantum Simulations of Hadron Dynamics in the
Schwinger Model
(R. Farrell, M. Illa, A. Ciavarella, M. Savage, arXiv:2401.08044)

– ground state preparation:

use locality of interaction: effective Hamiltonian

Scalable Circuits-ADAPT-VQE (SC-ADAPT-VQE) algorithm: → define pool of operators
{Ô}vac =
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Ŷ1Ẑ
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)
rank the operators, e.g. according to infidelity

perform all this on small lattices and extrapolate to large lattice

→ demonstrated on 100 qubits in

(R. Farrell, M. Illa, A. Ciavarella, M. Savage, arXiv:2308.04481)
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Quantum Simulations of Hadron Dynamics in the
Schwinger Model

– generate hadron wavepacket on the the ground state

→ adiabatically evolving ground state

– real time evolution of the wave packet:

→ 2nd order trotterization

13

FIG. 7. An efficient nearest-neighbor CNOT decomposition for RZZs between all pairs of Nq qubits.

FIG. 8. A quantum circuit that implements a single second-order Trotter step associated with the � = 1 truncated Hamiltonian
in Eq. (6) for L = 8. The orange boxes implement the kinetic term (the right circuit in Fig. 5) and the blue “barbells” are ẐẐ
rotations. With this ordering, some of the CNOTs in the barbells can be combined with the ones in the kinetic terms. The ↵i

angles can be derived from Eq. (6) and are given in App. D.

1. The vacuum is prepared using the 2-step SC-ADAPT-VQE circuits. This furnishes an infidelity density of
IL = I/L = 0.01 with the exact vacuum.11

2. A hadron wavepacket is prepared using the 2-step SC-ADAPT-VQE circuits. This furnishes an infidelity of
I = 0.05 with an adiabatically prepared wavepacket.

3. A Hamiltonian with the electric interactions truncated beyond � = 1 spatial sites is used to evolve the prepared
wavepacket forward in time.

11 The infidelity density IL is a relevant measure for the vacuum as the state is being established across the whole lattice, whereas the
infidelity is a relevant figure of merit for the (localized) hadron wavepacket.
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Quantum Simulations of Hadron Dynamics in the
Schwinger Model on 112 qubits

– measurement of relevant observables:

→ chiral condensate

16

t NT # of CNOTs
(per t)

CNOT depth
(per t)

# of distinct
circuits (per t)

# of twirls
(per circuit)

# of shots
(per twirl)

Executed
CNOTs (⇥109)

Total # of
shots (⇥106)

1 & 2 2 2,746 70 4 480 8,000 4 ⇥ 2 ⇥ 10.5 4 ⇥ 2 ⇥ 3.8

3 & 4 4 4,598 120 4 480 8,000 4 ⇥ 2 ⇥ 17.7 4 ⇥ 2 ⇥ 3.8

5 & 6 6 6,450 170 4 480 8,000 4 ⇥ 2 ⇥ 24.8 4 ⇥ 2 ⇥ 3.8

7 & 8 8 8,302 220 4 480 8,000 4 ⇥ 2 ⇥ 31.9 4 ⇥ 2 ⇥ 3.8

9 & 10 10 10,154 270 4 160 8,000 4 ⇥ 2 ⇥ 13.0 4 ⇥ 2 ⇥ 1.3

11 & 12 12 12,006 320 4 160 8,000 4 ⇥ 2 ⇥ 15.4 4 ⇥ 2 ⇥ 1.3

13 & 14 14 13,858 370 4 160 8,000 4 ⇥ 2 ⇥ 17.7 4 ⇥ 2 ⇥ 1.3

Totals 1.05 ⇥ 1012 1.54 ⇥ 108

TABLE III. Details of our quantum simulations performed using 112 qubits of IBM’s ibm_torino Heron processor. For a given
simulation time, t (first column), the second column gives the number of employed Trotter steps NT . The third and fourth
columns give the number of CNOTs and corresponding CNOT depth. The CNOT totals given in the third column include the
cancellations that occur during transpilation, and the CNOT depth should be compared to the minimum depth that is equal to
twice the number of CNOTs/qubit (49, 82, 115, 148, 181, 214, 247 for increasing NT ) to assess the sparsity of the circuits. The
fifth column gives the number of distinct circuits per t (this number does not include the circuits needed for readout mitigation)
and the sixth column gives the number of Pauli-twirls executed per distinct circuit. For each twirl, 8,000 shots are performed
(seventh column). The total number of executed CNOT gates are given in the eighth column, and the total number of shots are
given in the ninth column. The total number of CNOT gates applied in this production is one trillion, and the total number
of shots is 154 million.

0 12 24 36 48 11199877563
Fermion staggered site j
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X
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FIG. 10. The time evolution of the vacuum subtracted chiral condensate Xj(t), defined in Eq. (18), for a L = 56 (112
qubits) spatial-site lattice. The initial state is prepared using the 2-step SC-ADAPT-VQE vacuum and wavepacket preparation
circuits. Time evolution is implemented using a second-order Trotterization of the Hamiltonian with the � = 1 truncated electric
interaction. The left side shows the results of error-free classical simulations from the cuQuantum MPS simulator, while the right
side shows the CP-averaged results obtained using IBM’s superconducting-qubit digital quantum computer ibm_torino (both
sides show the MPS result for t = 0). Due to CP symmetry, the right and left halves would be mirror images of each other in
the absence of device errors. A more detailed view for each time slice is given in Fig. 11, and discussions of the error-mitigation
techniques are presented in the main text and App. G.

These ⌘O are used to estimate the expectation values from the physics circuits (using the same relation). For
wavepacket (vacuum) time evolution, we choose a mitigation circuit that creates the wavepacket (vacuum), time
evolves with half of the Trotter steps until t/2 and then evolves for �t/2 with the remaining Trotter steps [50]. This
forwards-backwards time evolution corresponds to the identity operator in the absence of device errors, and restricts
our simulations to an even number of Trotter steps. To determine the ⌘O, the prediction of a desired observable from
the mitigation circuit must be known. In our case, this requires classically computing h�̂ji in both the SC-ADAPT-
VQE vacuum and wavepacket. This can be accomplished even for large systems using the qiskit or cuQuantum
MPS simulator, as was demonstrated in Ref. [132] for the SC-ADAPT-VQE vacuum up to L = 500. Interestingly,
our numerical calculations highlight that it is the time evolution, and not the state preparation, that is difficult for
classical MPS techniques.

We implement time evolution for t = {1, 2, . . . , 14} with 2d
t
2e second-order Trotter steps (a maximum step size of

�t = 1). As shown in the previous section, this step size does not introduce significant Trotter errors. The number of
CNOTs and corresponding CNOT depth for each simulation time are given in Table III, and range from 2,746 CNOTs
(depth 70) for 2 Trotter steps to 13,858 CNOTs (depth 370) for 14 Trotter steps. The results for Xj(t) obtained
from ibm_torino and the MPS simulator are shown in Fig. 10, with a breakdown of each t given in Fig. 11 (the
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Scattering in the Thirring model
(Y. Chai, A. Crippa, K. Jansen, S. Kühn, I. Tavernelli, F. Tacchino, arxiv:2312.02272 )

> Gaussian wave packets φ
c(d)
k = 1

N c(d)
k

e−ikµ
c(d)
n e−(k−µ

c(d)
k )2/4σ2

k

> time evolution: Givens rotation
> time evolution for free fermions: charge distribution
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Quantum circuit

> blue box: vacuum preparation

> green and yellow boxes: wave packet preparation and time evolution
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Interacting case
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Hardware runs

> Ideal versus hardware
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FIG. 8. (a) particle density for N = 12 and m = 1.0 as a
function of time obtained from an ideal simulation. (b) Same
as panel (a), but with the time steps at t = 0, 6, 12, 18, 24
replaced by the ones obtained from the quantum hardware
(indicated by the gray dashed boxes).

agreement between the exact result and the experimental
data from the quantum device, in most cases both results
agree within the error bar. In particular, the time-slices
for the particle density illustrate once more the presence
of two separated wave packets, showing up as a peak in
the particle density around site 2 and a dip at site 9 for
t = 0 (c.f. Fig. 9(a)). These are moving towards the
center as time progresses resulting in a particle density
noticeably di↵erent from zero in the center of the system,
as shown in Fig. 9(b). Eventually, after the two wave
packets pass through each other, we observe again a well
separated peak and a dip in the particle density around
t = 18 in Fig. 9(c).

V. CONCLUSION AND OUTLOOK

In this work, we proposed a framework for studying
fermion scattering on digital quantum computing. Using
the lattice Thirring model as an example, we demon-
strated our framework by simulating the elastic collision
for fermion-antifermion wave packets both classically and
on quantum hardware.

Guided by the free theory, corresponding to the
Thirring model at vanishing coupling, we derived a set
of operators that allow us to create approximate fermion
and antifermion wave packets for the interacting theory
on top of the ground state. Starting from such an initial
state, we showed how to e�ciently obtain the expected
value of observables from a quantum device throughout
the evolution and provided the necessary quantum cir-
cuits to measure them.

To demonstrate our approach, we first simulated the
dynamics of a fermion-antifermion wave packet in the
free theory exactly before proceeding to the interacting
case. Observing the particle density and the von Neu-
mann entropy produced throughout the elastic scatter-
ing, we characterized the process and showed that our
framework provides an avenue towards simulating these
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FIG. 9. Time slices showing the site-resolved particle density
for N = 12 and m = 1.0, the di↵erent panels correspond to
t = 0 (a), 12 (b), and 18 (c). The blue diamonds correspond
to the ideal result on a noise-free quantum computer taking
an infinite number of measurements. The yellow dots repre-
sent the data from the quantum hardware, where error bars
represent uncertainties due to a finite number of measure-
ments. As a guide for the eye, the data points are connected
with lines. The horizontal dashed grey line indicates the zero
value of �h⇠†n⇠nit.

dynamics on quantum devices. While the entropy can
in general not be obtained e�ciently on a quantum de-
vice, the particle density can be readily measured on a
digital quantum computer. Moreover, we carried out a
proof-of-principle demonstration simulating the scatter-
ing of a fermion and an antifermion wave packet for the
free theory on IBM’s quantum devices. Using state-of-
the-art error mitigation methods, the data obtained from
the quantum device is in good agreement with the the-
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Quantum computing real time evolution, not exhaustive

> A Cold-Atom Particle Collider (Guo-Xian Su, Jesse Osborne, Jad C. Halimeh,

arxiv:2401.05489 )

> Meson Mass Sets Onset Time of Anomalous Dynamical Quantum Phase Transitions (Jesse

J. Osborne, Johannes Knaute, Ian P. McCulloch, Jad C. Halimeh, arxiv:2407.03394)

> Quantum Computing Universal Thermalization Dynamics in a (2+1)D Lattice Gauge Theory

(Niklas Mueller, Tianyi Wang, Or Katz, Zohreh Davoudi, Marko Cetina, arxiv:2408.00069)

> Simulating Meson Scattering on Spin Quantum Simulators (Elizabeth R. Bennewitz, Brayden

Ware, Alexander Schuckert, Alessio Lerose, Federica M. Surace, Ron Belyansky, William

Morong, De Luo, Arinjoy De, Kate S. Collins, Or Katz, Christopher Monroe, Zohreh Davoudi,

Alexey V. Gorshkov, arXiv:2403.07061v2)

> Applying the noiseless extrapolation error mitigation protocol to calculate real-time quantum

field theory scattering phase shifts (Zachary Parks, Arnaud Carignan-Dugas, Erik Gustafson,

Yannick Meurice, Patrick Dreher, arXiv:2212.05333)

> Real-time chiral dynamics at finite temperature from quantum simulation (Kazuki Ikeda,

Zhong-Bo Kang, Dmitri E. Kharzeev, Wenyang Qian, Fanyi Zhao, arXiv:2407.21496)
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Overview

> PDFs
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Quantum computing parton distribution functions

(S. Grieninger, K. Ikeda, I. Zahed), arXiv:2404.05112v1)

> employing the Schwinger model Hamiltonian

> parton distribution function from “time” evolution
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qη(x, v) → a
4π

∑
z e

−izζmηv
〈
η(0)

∣∣∣(ψ†
e(z) + ψ†

o(z)
)
e−i2vzH (ψe(−z) + ψo(−z))

∣∣∣ η(0)〉
≡ 1

2π

∑
n=even e

−inζaP (v)D(na)

-10 -5 5 10
z

-0.2

0.2

0.4

0.6

0.8

1.0

Re(D
˜
(z))

-10 -5 5 10
z

-0.5

0.5

Im(D
˜
(z))

DESYª | Quantum Computing: a future perspective for scientific computing | Karl Jansen | Cairns, The XVIth Quark Confinement and the Hadron Spectrum Conference, 19.8.2024 Page 47



Quantum computing parton distribution functions
> related work

– Parton Physics on a Quantum Computer,

(H. Lamm, S. Lawrence, Y. Yamauchi, arXiv:1908.10439)

– Quantum Simulation of Light-Front Parton Correlators,

(M.G. Echevarria, I.L. Egusquiza, E. Rico, G. Schnell, arXiv:2011.01275v2)

– Partonic collinear structure by quantum computing,

(T. Li, X. Guo, W. Kin Lai, X. Liu, E. Wang, H. Xing, D. Zhang, S. Zhu, arXiv:2106.03865 )

– work on distribution amplitudes,

(T. Li, X. Guo, W. Kin Lai, X. Liu, E. Wang, H. Xing, D. Zhang, S. Zhu, arXiv:2207.13258 )

2

eigensolver for faithful preparation of hadronic states of
given quantum numbers, with the advantage of e�cient
parametrization and almost trap-free optimization. As a
conceptual proof of our algorithm, we realize, for the first
time, a practical quantum simulation of the meson PDFs.
For the purpose of illustration, we present the formula-
tion in the 1+1 dimensional Nambu-Jona-Lasinio (NJL)
model [35, 36], also known as the Gross-Neveu (GN)
model [37], which captures many fundamental features
of QCD and provides a unified picture of the vacuum,
mesons, and nucleons [38]. We show in detail how to
prepare the hadronic bound states e�ciently on a quan-
tum computer and how the real-time parton correlators
in coordinate space can be evaluated directly.

Parton distribution functions and the NJL model.—In
order to illustrate the calculation of PDFs using quantum
computing, we take the hadron PDFs in the 1+1 dimen-
sional NJL model as a concrete example to introduce our
quantum algorithm. The Lagrangian for the NJL model
is given by

L =  ̄↵(i�
µ@µ �m↵) ↵ + g( ̄↵ ↵)

2 , (1)

where g is the strong coupling constant and m↵ is the
quark mass, with ↵ the flavor index. In the hadron rest
frame, the quark PDFs can be written as

fq/h(x) =

Z
dz

4⇡
e�ixMhz

⇥ hh| eiHt ̄(0,�z)e�iHt�+ (0, 0) |hi ,
(2)

where we have written the quark field  ̄(znµ) with
the light-front coordinate znµ = z(1,�1) as  ̄(znµ) =
eiHz ̄(0,�z)e�iHz with H the Hamiltonian of the NJL
model, and we set t = z in Eq. (2). Here Mh is the mass
of the hadron h. Throughout this work, the hadron state
in the h rest frame will be denoted by |hi.

One of the major di�culties to directly compute the
PDFs by classical lattice simulations is rooted in the eval-
uation of the real-time lightlike correlators in Eq. (2).
In this work, we will manifest how the time-dependent
correlators can be computed on a quantum computer in
polynomial time.

For later evaluations of Eq. (2) on a quantum com-
puter, we discretize the space with N/2 lattice sites for
each flavor ↵ and put the quark fields on the lattice using
the staggered fermion approach,

 ↵(x) =

✓
 ↵,1(x)
 ↵,2(x)

◆
⌘

✓
�↵,2n
�↵,2n+1

◆
, (3)

with 0  n  N

2 � 1, where we used �, instead of  ,
to denote the discretized up and down components of
the Dirac spinor on the lattice, and we denoted and or-
dered the flavor indices ↵,�, . . . as 1, 2, . . . . We further
apply the Jordan-Wigner transformation [39] to rewrite

the fermionic fields in terms of the Pauli matrices that
can be operated on quantum computers,

�↵,n =
↵�1Y

�=1

�̃3
�,

N
2
�̃3
↵,n
�+
↵,n

⌘ ⌅3
↵,n
�+
↵,n

, (4)

where we used the raising and lowering operators �±
↵,n

=
1
2 (�

1
↵,n

±i�2
↵,n

) and introduced the string operator �̃3
↵,n

⌘Q
i<n

�3
↵,i

to simplify the notations. Here �j

↵,i
is the jth

component of the Pauli matrix on the lattice site i for
flavor ↵. Throughout the work, we always impose the
periodic boundary condition on the lattice sites for each
quark flavor ↵. The PDFs are then found to be

fq↵/h =
X

z

1

4⇡
e�ixMhzD(z) , (5)

where the PDFs in position space are

D(z) =
1X

i,j=0

hh| eiHz�†
↵,�2z+i

e�iHz�↵,j |hi . (6)

Now we are ready to elaborate on the quantum algorithm
we propose for the direct PDF evaluation.
Quantum Algorithms.—The quantum algorithm we

propose for calculating the PDFs consists of two parts:
1. prepare the hadronic state using the quantum-num-
ber-resolving variational quantum eigensolver (VQE);
2. calculate the dynamical light-front correlation func-
tion in Eq. (2) or, equivalently, Eq. (6).
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FIG. 1. Quantum circuit for the calculation of PDFs. On the
left-hand side of the dashed line is the circuit for hadronic
state preparation, while the right-hand side is for the corre-
lation function.

1. Hadronic state preparation. Simulating hadronic
states for a generic quantum field system on a quantum
computer typically involves preparing excited states with
specified quantum numbers. For this purpose, we develop
a framework of the quantum-number-resolving VQE. The
quantum circuit for hadronic state preparation is illus-
trated on the left-hand side of the dashed line shown in
Fig. 1 and involves two steps.
First of all, we construct trial hadronic states for the

kth excited state with a set of quantum numbers l as

| lk(✓)i = U(✓) | lkiref , (7)
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Abstract

Quantum computers offer an intriguing path for a paradigmatic change of computing in the natural

sciences and beyond, with the potential for achieving a so-called quantum advantage, namely a significant

(in some cases exponential) speed-up of numerical simulations. In particular, the high-energy physics

community plays a pivotal role in accessing the power of quantum computing, since the field is a driving

source for challenging computational problems. ...
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Algorithms, methods and application for HEP
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See also Quantum Simulation for High-Energy Physics, C. Bauer et.al., arxiv:2204.03381
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QC for high energy, nuclear and condensed matter physics
Leaving the era of 1+1 dimensional toy models

> abelian and non-abelian

pure gauge theories

in 2 space dimensions

> QED in 2+1 dimensions

> abelian Higgs

model

> topological terms

→ CP-violation

> PDFs for simple models

> abelian and non-abelian

gauge theories in 3

space dimensions

> QED in 3+1 dimensions

> non-abelian Higgs

model

> topological terms

→ topological materials

> SU(2) and SU(3) ‘QCD’ in

2+1 and 3+1 dimensions

> QCD with topological term

> chiral gauge theories

> extensions of

standard model

> non-zero

matter density
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QC for high energy, nuclear and condensed matter physics
Leaving the era of 1+1 dimensional toy models

> real time simulation

→ thermalization

→ scattering

→ quenching

> various spin models

> thermal field theory

> ...

> real time simulation

→ string breaking,

formation of bound states

> collisions, scattering

> non-perturbative

renormalization

> ...

> simulations of heavy ion

collisions

> quark gluon plasma

> nuclear physics

> multi-Higgs models

> conformal field theories

> ...

⇒ Completely new insight in condensed matter and high energy physics!
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Thank you!

Contact

DESYª Deutsches Karl Jansen

Elektronen-Synchrotron 0000-0002-1574-7591
Center for Quantum Technologies and Applications
karl.jansen@desy.de

www.desy.de +49–33762–77286
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