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Quantum chromodynamics
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1.    Perturbative QCD at high energies

Huston, Rabbertz, Zanderighi (PDG)

2.    Nonperturbative at low energies
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Wilson; Kogut, Susskind `70s

• Simulations using a lattice discretization

• Path integral and Hamiltonian formulation
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Hadron structure and hadronization
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Perturbative

Non-perturbative

• QCD factorization fa/p

fa/p

Q2
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Collins, Soper, Sterman et al.

• Non-perturbative dynamics at low energies

N-point lightcone correlation functions
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→ F.T. ↑p|O(t, ωx)O(0)|p↓
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t2 → ωx 2 = 0

Zhao et al. `22
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Momentum fraction x
Quasi-PDF/FF, see Jake Montgomery’s talk
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Quantum computing for nuclear physics
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• Quantum advantage for random 
circuit sampling (2019)

• Progress toward long-lived logical qubits 
using quantum error correction

• Hybrid quantum hardware
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Qubits, qudits and qumodes

5

Elementary units for computing

•Qubits

• Superconducting circuits, cold atoms, 
trapped ions, topological qubits

• Digital gate-based computing

• Superposition

• Entanglement
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Qubits, qudits and qumodes
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Elementary units for computing

•Qubits •Qudits

• Superconducting circuits, cold atoms, 
trapped ions, topological qubits

• Digital gate-based computing

• Multi-level          computational units

• Various hardware platforms
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d > 2

• Gates e.g.
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Xd, Zd, C2[Rd]

see e.g. Savage et al., Zoller et al.
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Qubits, qudits and qumodes
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Elementary units for computing

•Qubits •Qumodes

• Superconducting circuits, cold atoms, 
trapped ions, topological qubits

• Photonics, trapped ions, 
superconducting circuits

• Infinite-dimensional Hilbert space• Digital gate-based computing
• Gate based but with continuous variables
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Quantum simulations with qumodes
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• Quadratures         with                  and state

• Visualize using Wigner functions

Ground state

see Lloyd, Braunstein `99
• Bosonic raising/lowering 
operators        and Fock states
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Phase space
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[q̂, p̂] = i

<latexit sha1_base64="59oZsxc87NP81Z6w0UC5C/67GfI="></latexit>

|ω→ =
∫

R
ω(q) |q→ dq

<latexit sha1_base64="3SMgenZU1Ko1/GBtnvxffPhT9xU="></latexit>

W (q, p) → F.T. ω→(q + q↑)ω(q ↑ q↑)

<latexit sha1_base64="YElDW8zkHqVIO9IZeutX7pgA2Pc=">AAACAnicbZDNSsNAFIVv/K31r+rSzWARKkhJRKrLgiAuK9im0IYymU7aIZNJnJkIJXTnC7jVN3Anbn0RX8DncNpmYVsPDHycey5zOX7CmdK2/W2trK6tb2wWtorbO7t7+6WDw5aKU0lok8Q8lm0fK8qZoE3NNKftRFIc+Zy6fngzmbtPVCoWiwc9SqgX4YFgASNYG8t1K4/nKDnrlcp21Z4KLYOTQxlyNXqln24/JmlEhSYcK9Vx7ER7GZaaEU7HxW6qaIJJiAe0Y1DgiCovm547RqfG6aMgluYJjabu340MR0qNIt8kI6yHam7mSxxSPV7MT4L/5TupDq69jIkk1VSQ2edBypGO0aQP1GeSEs1HBjCRzNyPyBBLTLRprWiKcRZrWIbWRdWpVWv3l+X6bV5RAY7hBCrgwBXU4Q4a0AQCIbzAK7xZz9a79WF9zqIrVr5zBHOyvn4BLFCXDA==</latexit>

W (q, p)

<latexit sha1_base64="18BFs2cbJP5jgEIvG6oB17QFhGU=">AAAB/HicbZDfSgJBFMbP2j+zf1aX3QxJ0JXsRliXQhBdKqQGusjseNTB2dltZjaQxV6g23qD7qLb3qUX6DkadS9S+2Dgx3e+wxy+IBZcG9f9dnJr6xubW/ntws7u3v5B8fCoqaNEMWywSETqIaAaBZfYMNwIfIgV0jAQ2ApGN9N56wmV5pG8N+MY/ZAOJO9zRo216o/dYsktuzORVfAyKEGmWrf40+lFLAlRGiao1m3PjY2fUmU4EzgpdBKNMWUjOsC2RUlD1H46O3RCzqzTI/1I2ScNmbl/N1Iaaj0OA5sMqRnqhVmg6AjNZDk/Df6Xbyemf+2nXMaJQcnmn/cTQUxEpk2QHlfIjBhboExxez9hQ6ooM7avgi3GW65hFZoXZa9SrtQvS9XbrKI8nMApnIMHV1CFO6hBAxggvMArvDnPzrvz4XzOozkn2zmGBTlfvxELlWw=</latexit>q
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Quantum simulations with qumodes

9

• Displacement • Squeezing

• Two-qumode beam splitter

• Non-Gaussian operations

Universal gate set
see Lloyd, Braunstein `99

<latexit sha1_base64="XZlJoh6IL8dE+oUwrwgfFSYU0ik=">AAAB/XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5ct2Ae0Q8mkt21oJjMkGbEMxQ9wq5/gTtz6LX6Bv2HazsK2HggczrmXc3OCWHBtXPfbya2tb2xu5bcLO7t7+wfFw6OGjhLFsM4iEalWQDUKLrFuuBHYihXSMBDYDEZ3U7/5iErzSD6YcYx+SAeS9zmjxkq1uFssuWV3BrJKvIyUIEO1W/zp9CKWhCgNE1TrtufGxk+pMpwJnBQ6icaYshEdYNtSSUPUfjo7dELOrNIj/UjZJw2ZqX83UhpqPQ4DOxlSM9TL3lT813vKAhbjTf/GT7mME4OSzdP7iSAmItMqSI8rZEaMLaFMcfsBwoZUUWZsYQXbjLfcwyppXJS9q/Jl7bJUuc06ysMJnMI5eHANFbiHKtSBAcILvMKb8+y8Ox/O53w052Q7x7AA5+sXoceVqQ==</latexit>p
<latexit sha1_base64="XBBed3v7TYSj7Wi1KGvjV3Xnkf4=">AAACEnicbVDLSgNBEJyNrxhfUY9eBoOQCIZdCepFEPXgUcGYQF70TjrJkNkHM7NCsuw3ePFXvHhQxKsnb/6NkxhBowUNRVU33V1uKLjStv1hpWZm5+YX0ouZpeWV1bXs+saNCiLJsMwCEciqCwoF97GsuRZYDSWC5wqsuP2zkV+5Ral44F/rQYgND7o+73AG2kitbOE8PywcYzOmQ1rvgY4hacb1NnS7KJO9YXP3W01a2ZxdtMegf4kzITkywWUr+15vByzy0NdMgFI1xw51IwapOROYZOqRwhBYH7pYM9QHD1UjHr+U0B2jtGknkKZ8Tcfqz4kYPKUGnms6PdA9Ne2NxP+8WqQ7R42Y+2Gk0WdfizqRoDqgo3xom0tkWgwMASa5uZWyHkhg2qSYMSE40y//JTf7ReegWLoq5U5OJ3GkyRbZJnnikENyQi7IJSkTRu7IA3kiz9a99Wi9WK9frSlrMrNJfsF6+wRsO51e</latexit>

D(z) = ezâ
†�z⇤â

<latexit sha1_base64="/tr3R24sJVoJtj76koN4o/qAxbM="></latexit>

S(z) = e
1
2 (z

⇤â2�zâ†2)

<latexit sha1_base64="2nrmDK9COBzo0H2XXnZmq/YDPyU=">AAAB+3icbVDLSgNBEJyNrxhfazx6GQyCp7ArQb0IQS8eI5gHJDHMTjrJkNkHM71iXPZXvHhQxKs/4s2/cZLsQRMLGoqqbrq7vEgKjY7zbeVWVtfWN/Kbha3tnd09e7/Y0GGsONR5KEPV8pgGKQKoo0AJrUgB8z0JTW98PfWbD6C0CIM7nETQ9dkwEAPBGRqpZxefLjs4AmQU7hPRiUYi7dklp+zMQJeJm5ESyVDr2V+dfshjHwLkkmnddp0IuwlTKLiEtNCJNUSMj9kQ2oYGzAfdTWa3p/TYKH06CJWpAOlM/T2RMF/rie+ZTp/hSC96U/E/rx3j4KKbiCCKEQI+XzSIJcWQToOgfaGAo5wYwrgS5lbKR0wxjiauggnBXXx5mTROy+5ZuXJbKVWvsjjy5JAckRPiknNSJTekRuqEk0fyTF7Jm5VaL9a79TFvzVnZzAH5A+vzBwW5lHI=</latexit>

z = ✓ei�

e.g. Kerr gate

<latexit sha1_base64="l7ELoS2m7Dihe77jMSFe79dKiXw="></latexit>

Ubs(z) = ezâb̂
†�z⇤â†b̂

<latexit sha1_base64="YElDW8zkHqVIO9IZeutX7pgA2Pc=">AAACAnicbZDNSsNAFIVv/K31r+rSzWARKkhJRKrLgiAuK9im0IYymU7aIZNJnJkIJXTnC7jVN3Anbn0RX8DncNpmYVsPDHycey5zOX7CmdK2/W2trK6tb2wWtorbO7t7+6WDw5aKU0lok8Q8lm0fK8qZoE3NNKftRFIc+Zy6fngzmbtPVCoWiwc9SqgX4YFgASNYG8t1K4/nKDnrlcp21Z4KLYOTQxlyNXqln24/JmlEhSYcK9Vx7ER7GZaaEU7HxW6qaIJJiAe0Y1DgiCovm547RqfG6aMgluYJjabu340MR0qNIt8kI6yHam7mSxxSPV7MT4L/5TupDq69jIkk1VSQ2edBypGO0aQP1GeSEs1HBjCRzNyPyBBLTLRprWiKcRZrWIbWRdWpVWv3l+X6bV5RAY7hBCrgwBXU4Q4a0AQCIbzAK7xZz9a79WF9zqIrVr5zBHOyvn4BLFCXDA==</latexit>

W (q, p)

<latexit sha1_base64="18BFs2cbJP5jgEIvG6oB17QFhGU=">AAAB/HicbZDfSgJBFMbP2j+zf1aX3QxJ0JXsRliXQhBdKqQGusjseNTB2dltZjaQxV6g23qD7qLb3qUX6DkadS9S+2Dgx3e+wxy+IBZcG9f9dnJr6xubW/ntws7u3v5B8fCoqaNEMWywSETqIaAaBZfYMNwIfIgV0jAQ2ApGN9N56wmV5pG8N+MY/ZAOJO9zRo216o/dYsktuzORVfAyKEGmWrf40+lFLAlRGiao1m3PjY2fUmU4EzgpdBKNMWUjOsC2RUlD1H46O3RCzqzTI/1I2ScNmbl/N1Iaaj0OA5sMqRnqhVmg6AjNZDk/Df6Xbyemf+2nXMaJQcnmn/cTQUxEpk2QHlfIjBhboExxez9hQ6ooM7avgi3GW65hFZoXZa9SrtQvS9XbrKI8nMApnIMHV1CFO6hBAxggvMArvDnPzrvz4XzOozkn2zmGBTlfvxELlWw=</latexit>q
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Qubit & qumode universality
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Girvin, Wiebe et al. `24

• Minimal gate sets

Barenco et al., Gottesman, Knill Lloyd, Braunstein `97

Universal
Gaussian

D(α)
R(θ)
S(ζ)
BS(θ, ϕ)

Non − Gauss {V = e−i γ
3 ̂q3

Universal
CD(α)
Rσφ

(θ)

BS(θ, ϕ)
Universal

Clifford
S = Z1/2

H
CNOT

Magic {T = e−i π
8 Z

Qubits Hybrid Qumodes

<latexit sha1_base64="HkfHmJywekSgls8uW8wTtKpUSH8=">AAACHXicbVDLSgNBEJyNrxhfUY9eBoMQQcKuSPQY9OIxgnlAdgm9k0kyZPbBTK8YQq7+hj/gVf/Am3gVf8DvcJLswSQWNF1UV9Mz5cdSaLTtbyuzsrq2vpHdzG1t7+zu5fcP6jpKFOM1FslINX3QXIqQ11Cg5M1YcQh8yRv+4GYybzxwpUUU3uMw5l4AvVB0BQM0UjtPXS16AbSFG6EIuKbVotsHpI9n0xaftvMFu2RPQZeJk5ICSVFt53/cTsSSgIfIJGjdcuwYvREoFEzycc5NNI+BDaDHW4aGYK56o+lPxvTEKB3ajZSpEOlU/bsxgkDrYeAbZwDY13MzX8GA43jRPzH+528l2L3yRiKME+Qhmx3vJpJiRCdR0Y5QnKEcGgJMCfN+yvqggKEJNGeCcRZjWCb185JTLpXvLgqV6zSiLDkix6RIHHJJKuSWVEmNMPJEXsgrebOerXfrw/qcWTNWunNI5mB9/QJB1qHH</latexit>

ωi → P (x̂, p̂)<latexit sha1_base64="R0YMG+4bGqQ5W4UGu+3B2eHA6+s=">AAACA3icbZDNSsNAFIUn/tb6V3XpZrAIrkoiUl0W3bisYH+gDeVmOmmHTiZh5kYooUtfwK2+gTtx64P4Aj6H0zYL23pg4OPcc5nLCRIpDLrut7O2vrG5tV3YKe7u7R8clo6OmyZONeMNFstYtwMwXArFGyhQ8naiOUSB5K1gdDedt564NiJWjzhOuB/BQIlQMEBrtbtGDCLoiV6p7FbcmegqeDmUSa56r/TT7ccsjbhCJsGYjucm6GegUTDJJ8VuangCbAQD3rGoIOLGz2b3Tui5dfo0jLV9CunM/buRQWTMOApsMgIcmoVZoGHEcbKcnwb/y3dSDG/8TKgkRa7Y/PMwlRRjOi2E9oXmDOXYAjAt7P2UDUEDQ1tb0RbjLdewCs3LiletVB+uyrXbvKICOSVn5IJ45JrUyD2pkwZhRJIX8krenGfn3flwPufRNSffOSELcr5+AYa7mHI=</latexit>ωiPauli string Polynomial

<latexit sha1_base64="XHWAlF5C5TkDL0pqxeDzITuGX3w=">AAAB/HicbZDNSgMxFIUz/tb6V3XpJlgEV2VGpLosuumyBfsD7VAy6W0bmskMyR2hDPUF3OobuBO3vosv4HOYtrOwrQcCH+eeSy4niKUw6Lrfzsbm1vbObm4vv39weHRcODltmijRHBo8kpFuB8yAFAoaKFBCO9bAwkBCKxg/zOatJ9BGROoRJzH4IRsqMRCcobXq1V6h6Jbcueg6eBkUSaZar/DT7Uc8CUEhl8yYjufG6KdMo+ASpvluYiBmfMyG0LGoWAjGT+eHTumldfp0EGn7FNK5+3cjZaExkzCwyZDhyCzNAs3GgNPV/Cz4X76T4ODOT4WKEwTFF58PEkkxorMmaF9o4CgnFhjXwt5P+YhpxtH2lbfFeKs1rEPzuuSVS+X6TbFyn1WUI+fkglwRj9ySCqmSGmkQToC8kFfy5jw7786H87mIbjjZzhlZkvP1C85wlT8=</latexit>

H
<latexit sha1_base64="ab7nHD4M6YUm+lQfhndosoFwxEM=">AAACBXicbZDNSgMxFIUz9a/Wv6pLN8EiuCozItVlsRtXWqF/2A4lk2ba0ExmSO4IZZi1L+BW38CduPU5fAGfw7SdhW09EPg491xyOV4kuAbb/rZya+sbm1v57cLO7t7+QfHwqKXDWFHWpKEIVccjmgkuWRM4CNaJFCOBJ1jbG9em8/YTU5qHsgGTiLkBGUruc0rAWI9JTwW4dnffSPvFkl22Z8Kr4GRQQpnq/eJPbxDSOGASqCBadx07AjchCjgVLC30Ys0iQsdkyLoGJQmYdpPZxSk+M84A+6EyTwKeuX83EhJoPQk8kwwIjPTCzFNkzCBdzk+D/+W7MfjXbsJlFAOTdP65HwsMIZ5WggdcMQpiYoBQxc39mI6IIhRMcQVTjLNcwyq0LspOpVx5uCxVb7KK8ugEnaJz5KArVEW3qI6aiCKJXtArerOerXfrw/qcR3NWtnOMFmR9/QJYqJjY</latexit>

CNOT

<latexit sha1_base64="HF8OahSYzSCEUscNk9g9OcLvJE4=">AAACBnicbZDNSsNAFIUn9a/Wv6pLN8Ei1E1JRKrLohuXVewPpKFMprft0MkkzNwIJXTvC7jVN3Anbn0NX8DncNpmYVsPDHycey5zOUEsuEbH+bZya+sbm1v57cLO7t7+QfHwqKmjRDFosEhEqh1QDYJLaCBHAe1YAQ0DAa1gdDudt55AaR7JRxzH4Id0IHmfM4rG8h66vNzBISA97xZLTsWZyV4FN4MSyVTvFn86vYglIUhkgmrtuU6MfkoVciZgUugkGmLKRnQAnkFJQ9B+Ojt5Yp8Zp2f3I2WeRHvm/t1Iaaj1OAxMMqQ41AuzQNER4GQ5Pw3+l/cS7F/7KZdxgiDZ/PN+ImyM7Gkndo8rYCjGBihT3NxvsyFVlKFprmCKcZdrWIXmRcWtVqr3l6XaTVZRnpyQU1ImLrkiNXJH6qRBGInIC3klb9az9W59WJ/zaM7Kdo7JgqyvXwnZmTg=</latexit>

Ri(ω)

<latexit sha1_base64="eJTvGW9Z8esVloqudEdqx0Xz0f4=">AAACEnicbZBLSgNBFEWr4y/GX6s4clIYhAgSukWiwxAnDiOaD6RDqK68JEWqP1S9FkKTXbgBp7oDZ+LUDbgB12HlMzDRCwWH++6jHtePpdDoOF9WZmV1bX0ju5nb2t7Z3bP3D+o6ShSHGo9kpJo+0yBFCDUUKKEZK2CBL6HhD28m88YjKC2i8AFHMbQD1g9FT3CGxurYR6mnAlq5Hxc8HACycy8eiLOOnXeKzlT0L7hzyJO5qh372+tGPAkgRC6Z1i3XibGdMoWCSxjnvERDzPiQ9aFlMGQB6HY6PX9MT43Tpb1ImRcinbq/N1IWaD0KfJMMGA70wsxXbAg4Xs5Pgv/lWwn2rtupCOMEIeSzz3uJpBjRST+0KxRwlCMDjCth7qd8wBTjaFrMmWLc5Rr+Qv2i6JaKpbvLfLkyryhLjskJKRCXXJEyuSVVUiOcpOSZvJBX68l6s96tj1k0Y813DsmCrM8f6Q2dZA==</latexit>

BS(ω,ε)

<latexit sha1_base64="HXYAykXezV0ZX8tu64rcHNc15tQ="></latexit>

CD(ω) = eωz(εâ
†→ε→â)

<latexit sha1_base64="HBB7zLRcUiqYdDwG4VXi5cNwDEk=">AAACHHicbVDLSgNBEJz1bXxFPXpwMAjxYNhVUS+C6MWjgkmEJIbeSccMmX040yuEJUd/wx/wqn/gTbwK/oDf4eRxMNGChprqanq6/FhJQ6775UxMTk3PzM7NZxYWl5ZXsqtrJRMlWmBRRCrSNz4YVDLEIklSeBNrhMBXWPbb571++QG1kVF4TZ0YawHchbIpBZCV6tnNUr5KLSTYOcHbdFcOHrzaAuL3t/vdejbnFtw++F/iDUmODXFZz35XG5FIAgxJKDCm4rkx1VLQJIXCbqaaGIxBtOEOK5aGEKCppf1DunzbKg3ejLStkHhf/T2RQmBMJ/CtMwBqmZGer6GN1B3394z/+SsJNY9rqQzjhDAUg+XNRHGKeC8p3pAaBamOJSC0tP/nogUaBNk8MzYYbzyGv6S0V/AOC4dXB7nTs2FEc2yDbbE889gRO2UX7JIVmWCP7Jm9sFfnyXlz3p2PgXXCGc6ssxE4nz9JnqFI</latexit>

V (ω) = e→iωq̂3

<latexit sha1_base64="eJTvGW9Z8esVloqudEdqx0Xz0f4=">AAACEnicbZBLSgNBFEWr4y/GX6s4clIYhAgSukWiwxAnDiOaD6RDqK68JEWqP1S9FkKTXbgBp7oDZ+LUDbgB12HlMzDRCwWH++6jHtePpdDoOF9WZmV1bX0ju5nb2t7Z3bP3D+o6ShSHGo9kpJo+0yBFCDUUKKEZK2CBL6HhD28m88YjKC2i8AFHMbQD1g9FT3CGxurYR6mnAlq5Hxc8HACycy8eiLOOnXeKzlT0L7hzyJO5qh372+tGPAkgRC6Z1i3XibGdMoWCSxjnvERDzPiQ9aFlMGQB6HY6PX9MT43Tpb1ImRcinbq/N1IWaD0KfJMMGA70wsxXbAg4Xs5Pgv/lWwn2rtupCOMEIeSzz3uJpBjRST+0KxRwlCMDjCth7qd8wBTjaFrMmWLc5Rr+Qv2i6JaKpbvLfLkyryhLjskJKRCXXJEyuSVVUiOcpOSZvJBX68l6s96tj1k0Y813DsmCrM8f6Q2dZA==</latexit>

BS(ω,ε)

<latexit sha1_base64="a33mOOGPwN+F4JQ68dL9ZD0+Eao=">AAACDHicbZBLSgNBFEWr/cb4SatDJ4VBiJPQLRIdBnXgMIL5QDqE6spLUqT6Q9VrITTZghtwqjtwJk7dgxtwHVaSHpjECwWH++6jHtePpdDoON/W2vrG5tZ2bie/u7d/ULAPjxo6ShSHOo9kpFo+0yBFCHUUKKEVK2CBL6Hpj26n8+YTKC2i8BHHMXQCNghFX3CGxurahdRTAb2blDwcArLzrl10ys5MdBXcDIokU61r/3i9iCcBhMgl07rtOjF2UqZQcAmTvJdoiBkfsQG0DYYsAN1JZ4dP6JlxerQfKfNCpDP370bKAq3HgW+SAcOhXpj5io0AJ8v5afC/fDvB/nUnFWGcIIR8/nk/kRQjOm2G9oQCjnJsgHElzP2UD5liHE1/eVOMu1zDKjQuym6lXHm4LFZvsopy5ISckhJxyRWpkntSI3XCSUJeyCt5s56td+vD+pxH16xs55gsyPr6BYrBmw4=</latexit>

D(ω)

<latexit sha1_base64="JD42Q0ucZgfkImxDFitCRQiYAts=">AAACDHicbZBLSgNBFEWr/cb4SdShk8IgxEnoFokOg04cRjEfSDehuvKSFKn+UPVaCE1vwQ041R04E6fuwQ24DiufgUm8UHC47z7qcf1YCo22/W2trW9sbm3ndvK7e/sHheLhUVNHieLQ4JGMVNtnGqQIoYECJbRjBSzwJbT80e1k3noCpUUUPuI4Bi9gg1D0BWdorG6xkLoqoA9Z2cUhIDvvFkt2xZ6KroIzhxKZq94t/ri9iCcBhMgl07rj2DF6KVMouIQs7yYaYsZHbAAdgyELQHvp9PCMnhmnR/uRMi9EOnX/bqQs0Hoc+CYZMBzqhZmv2AgwW85Pgv/lOwn2r71UhHGCEPLZ5/1EUozopBnaEwo4yrEBxpUw91M+ZIpxNP3lTTHOcg2r0LyoONVK9f6yVLuZV5QjJ+SUlIlDrkiN3JE6aRBOEvJCXsmb9Wy9Wx/W5yy6Zs13jsmCrK9foY+bHA==</latexit>

R(ω)

<latexit sha1_base64="2SJ5ritNk78c/gSgPhSuBS5lknc=">AAACDHicbZBLSgNBFEWr/cb4SdShk8IgxEnoFokOg04cRjQfSDehuvKSFKn+UPVaCE1vwQ041R04E6fuwQ24DiufgUm8UHC47z7qcf1YCo22/W2trW9sbm3ndvK7e/sHheLhUVNHieLQ4JGMVNtnGqQIoYECJbRjBSzwJbT80e1k3noCpUUUPuI4Bi9gg1D0BWdorG6xkLoqoA9Z2cUhIDvvFkt2xZ6KroIzhxKZq94t/ri9iCcBhMgl07rj2DF6KVMouIQs7yYaYsZHbAAdgyELQHvp9PCMnhmnR/uRMi9EOnX/bqQs0Hoc+CYZMBzqhZmv2AgwW85Pgv/lOwn2r71UhHGCEPLZ5/1EUozopBnaEwo4yrEBxpUw91M+ZIpxNP3lTTHOcg2r0LyoONVK9f6yVLuZV5QjJ+SUlIlDrkiN3JE6aRBOEvJCXsmb9Wy9Wx/W5yy6Zs13jsmCrK9fozCbHQ==</latexit>

S(ω)<latexit sha1_base64="0wD9XqQcfuxh3Ot+4AIDzGprfHk=">AAACDXicbZDLSgMxGIUz9VbrbdSlm2ARXNWZItWNUHTjsqK9QDsOmTRtQ5PMkGQKdZhn8AXc6hu4E7c+gy/gc5i2s7CtBwIf5z8/+TlBxKjSjvNt5VZW19Y38puFre2d3T17/6ChwlhiUschC2UrQIowKkhdU81IK5IE8YCRZjC8mcybIyIVDcWDHkfE46gvaI9ipI3l2/b9VUfRPkf+02PinpVT3y46JWcquAxuBkWQqebbP51uiGNOhMYMKdV2nUh7CZKaYkbSQidWJEJ4iPqkbVAgTpSXTC9P4YlxurAXSvOEhlP370aCuFJjHpgkR3qg5maBREOi08X8JPhfvh3r3qWXUBHFmgg8+7wXM6hDOKkGdqkkWLOxAYQlNfdDPEASYW0KLJhi3MUalqFRLrmVUuXuvFi9zirKgyNwDE6BCy5AFdyCGqgDDEbgBbyCN+vZerc+rM9ZNGdlO4dgTtbXL1TRm3w=</latexit>

S = ω1/2
z

<latexit sha1_base64="BVII0sUsnWSFlNgAqgM5EsRLsPk=">AAACDXicbZDNTsJAFIWn+If4V3XpppGYuCKtMeiS6MYlJgIm0JDpcAsTptNm5pZIGp7BF3Crb+DOuPUZfAGfwymwEPAkk5yc+93MzQkSwTW67rdVWFvf2Nwqbpd2dvf2D+zDo6aOU8WgwWIRq8eAahBcQgM5CnhMFNAoENAKhrf5vDUCpXksH3CcgB/RvuQhZxRN1LXtDsITZg3Jc4qKSdcuuxV3KmfVeHNTJnPVu/ZPpxezNAKJTFCt256boJ9RhZwJmJQ6qYaEsiHtQ9tYSSPQfja9fOKcmaTnhLEyT6IzTf9uZDTSehwFhowoDvTCLFB0CDhZ5nPwP76dYnjtZ1wmKYJks8/DVDgYO3k1To8rYCjGxlCmuLnfYQOqKENTTckU4y3XsGqaFxWvWqneX5ZrN/OKiuSEnJJz4pErUiN3pE4ahJEReSGv5M16tt6tD+tzhhas+c4xWZD19QsTa5yQ</latexit>

Universal

<latexit sha1_base64="0KnupRsWxeyYhzzLmb0EmXiJ6Ks=">AAACDHicbVDLSsNAFJ3UV62PRl26CRbBVUlEqstiNy4r2Ae0oUwmN+3QyYOZG7GE/oI/4Fb/wJ249R/8Ab/DaZuFbT1w4XDuuZzL8RLBFdr2t1HY2Nza3inulvb2Dw7L5tFxW8WpZNBisYhl16MKBI+ghRwFdBMJNPQEdLxxY7bvPIJUPI4ecJKAG9JhxAPOKGppYJb7CE+YNQQPglj604FZsav2HNY6cXJSITmaA/On78csDSFCJqhSPcdO0M2oRM4ETEv9VEFC2ZgOoadpRENQbjZ/fGqda8W3dLCeCK25+vcio6FSk9DTzpDiSC3tPEnHgNNV/8z4n7+XYnDjZjxKUoSILcKDVFgYW7NmLJ9LYCgmmlAmuf7fYiMqKUPdX0kX46zWsE7al1WnVq3dX1Xqt3lFRXJKzsgFccg1qZM70iQtwkhKXsgreTOejXfjw/hcWAtGfnNClmB8/QIBYpv2</latexit>

Cli!ord

<latexit sha1_base64="1cZswBGCyiuP9ulcvNj8eJQTq5k=">AAACB3icbZBLSgNBFEWr/cb4izp0UhgER6FbJDoMOnEiRDAfSDehuvKSFKn+UPVaDE0vwA041R04E6cuww24DitJD0zihYLDffdRj+vHUmi07W9rZXVtfWOzsFXc3tnd2y8dHDZ1lCgODR7JSLV9pkGKEBooUEI7VsACX0LLH91M5q1HUFpE4QOOY/ACNghFX3CGxnJdhCdM79hA8KxbKtsVeyq6DE4OZZKr3i39uL2IJwGEyCXTuuPYMXopUyi4hKzoJhpixkdsAB2DIQtAe+n05oyeGqdH+5EyL0Q6df9upCzQehz4JhkwHOq5ma/YCDBbzE+C/+U7CfavvFSEcYIQ8tnn/URSjOikFNoTCjjKsQHGlTD3Uz5kinE01RVNMc5iDcvQPK841Ur1/qJcu84rKpBjckLOiEMuSY3ckjppEE5i8kJeyZv1bL1bH9bnLLpi5TtHZE7W1y/9A5pf</latexit>

Magic

<latexit sha1_base64="BVII0sUsnWSFlNgAqgM5EsRLsPk=">AAACDXicbZDNTsJAFIWn+If4V3XpppGYuCKtMeiS6MYlJgIm0JDpcAsTptNm5pZIGp7BF3Crb+DOuPUZfAGfwymwEPAkk5yc+93MzQkSwTW67rdVWFvf2Nwqbpd2dvf2D+zDo6aOU8WgwWIRq8eAahBcQgM5CnhMFNAoENAKhrf5vDUCpXksH3CcgB/RvuQhZxRN1LXtDsITZg3Jc4qKSdcuuxV3KmfVeHNTJnPVu/ZPpxezNAKJTFCt256boJ9RhZwJmJQ6qYaEsiHtQ9tYSSPQfja9fOKcmaTnhLEyT6IzTf9uZDTSehwFhowoDvTCLFB0CDhZ5nPwP76dYnjtZ1wmKYJks8/DVDgYO3k1To8rYCjGxlCmuLnfYQOqKENTTckU4y3XsGqaFxWvWqneX5ZrN/OKiuSEnJJz4pErUiN3pE4ahJEReSGv5M16tt6tD+tzhhas+c4xWZD19QsTa5yQ</latexit>

Universal
<latexit sha1_base64="BVII0sUsnWSFlNgAqgM5EsRLsPk=">AAACDXicbZDNTsJAFIWn+If4V3XpppGYuCKtMeiS6MYlJgIm0JDpcAsTptNm5pZIGp7BF3Crb+DOuPUZfAGfwymwEPAkk5yc+93MzQkSwTW67rdVWFvf2Nwqbpd2dvf2D+zDo6aOU8WgwWIRq8eAahBcQgM5CnhMFNAoENAKhrf5vDUCpXksH3CcgB/RvuQhZxRN1LXtDsITZg3Jc4qKSdcuuxV3KmfVeHNTJnPVu/ZPpxezNAKJTFCt256boJ9RhZwJmJQ6qYaEsiHtQ9tYSSPQfja9fOKcmaTnhLEyT6IzTf9uZDTSehwFhowoDvTCLFB0CDhZ5nPwP76dYnjtZ1wmKYJks8/DVDgYO3k1To8rYCjGxlCmuLnfYQOqKENTTckU4y3XsGqaFxWvWqneX5ZrN/OKiuSEnJJz4pErUiN3pE4ahJEReSGv5M16tt6tD+tzhhas+c4xWZD19QsTa5yQ</latexit>

Universal

<latexit sha1_base64="wsEbsX97NWqNiHN5A4Ya9x/4J6I=">AAACEHicbZBNSgNBEIV74l+Mf9Es3QwGwY1hRiS6DLrQlUQwRkhCqOlUkiY9PUN3jRiGXMILuNUbuBO33sALeA47MQtNfNDw8eoVXbwglsKQ5306mYXFpeWV7GpubX1jcyu/vXNrokRzrPFIRvouAINSKKyRIIl3sUYIA4n1YHA+ntfvURsRqRsaxtgKoadEV3Aga7XzhSbhA6VXkTq8gMQYAWrUzhe9kjeROw/+FIpsqmo7/9XsRDwJURGXYEzD92JqpaBJcImjXDMxGAMfQA8bFhWEaFrp5PiRu2+djtuNtH2K3In7eyOF0JhhGNhkCNQ3f2aBhgHSaDY/Dv6XbyTUPW2lQsUJoeI/n3cT6VLkjttxO0IjJzm0AFwLe7/L+6CBk+0wZ4vxZ2uYh9ujkl8ula+Pi5WzaUVZtsv22AHz2QmrsEtWZTXG2ZA9sWf24jw6r86b8/4TzTjTnQL7I+fjG/BsnYg=</latexit>

Non-Gaussian

<latexit sha1_base64="mUdE6eXL7k/8hBrSt+uclzpxD3k=">AAACDHicbZDNSsNAFIUn/lt/GnXpJlgEVyURqS6LLnSpYG2hDeVmeluHTiZh5kYsoa/gC7jVN3Anbn0HX8DncFqz0OqBgY9zz2UuJ0qlMOT7H87c/MLi0vLKamltfWOz7G5t35gk0xwbPJGJbkVgUAqFDRIksZVqhDiS2IyGZ5N58w61EYm6plGKYQwDJfqCA1mr65Y7hPeUn0NmjAA17roVv+pP5f2FoIAKK3TZdT87vYRnMSriEoxpB35KYQ6aBJc4LnUygynwIQywbVFBjCbMp4ePvX3r9Lx+ou1T5E3dnxs5xMaM4sgmY6Bb82sWaRgijWfzk+B/+XZG/ZMwFyrNCBX//ryfSY8Sb9KM1xMaOcmRBeBa2Ps9fgsaONn+SraYYLaGv3BzWA1q1drVUaV+WlS0wnbZHjtgATtmdXbBLlmDcZaxR/bEnp0H58V5dd6+o3NOsbPDfsl5/wIeeJwI</latexit>

Gaussian

<latexit sha1_base64="uYSb+LjzQal6RKz+N61tcjKqcZw=">AAACHHicbZDLSgMxGIUzXmu9jbp0YbAIbiwzIrUboejGZYXeoDOWTPpPG5q5kGSEOszS1/AF3OobuBO3gi/gc5heFrb1QOBw/vOT5PNizqSyrG9jaXlldW09t5Hf3Nre2TX39hsySgSFOo14JFoekcBZCHXFFIdWLIAEHoemN7gZzZsPICSLwpoaxuAGpBcyn1GidNQxj2pXcJ+eMez4gtDUiVmWljPsSNYLSOcx65gFq2iNhReNPTUFNFW1Y/443YgmAYSKciJl27Zi5aZEKEY5ZHknkRATOiA9aGsbkgCkm44/kuETnXSxHwl9QoXH6d+NlARSDgNPNwOi+nJm5gkyAJXN90fF//rtRPllN2VhnCgI6eRyP+FYRXhECneZAKr4UBtCBdPvx7RPNCWleeY1GHsew6JpnBftUrF0d1GoXE8R5dAhOkanyEaXqIJuURXVEUVP6AW9ojfj2Xg3PozPSXXJmO4coBkZX7+OzaIR</latexit>

T = e→iω
8 ωz

<latexit sha1_base64="RckCLKwxsIrri7h3FcrjohHP8n8=">AAACDXicbVBLSgNBEO2Jvxh/oy7dNAYhgoQZkegyIIjLCOYDyRB6Op2kSU/P2F0TCEPO4AXc6g3ciVvP4AU8h53JLEzig6Ier15RxfMjwTU4zreVW1vf2NzKbxd2dvf2D+zDo4YOY0VZnYYiVC2faCa4ZHXgIFgrUowEvmBNf3Q7mzfHTGkeykeYRMwLyEDyPqcEjNS17VqpMySAny7SFp137aJTdlLgVeJmpIgy1Lr2T6cX0jhgEqggWrddJwIvIQo4FWxa6MSaRYSOyIC1DZUkYNpL0s+n+MwoPdwPlSkJOFX/biQk0HoS+MYZEBjqhZmvyIjBdNk/M/7nb8fQv/ESLqMYmKTz4/1YYAjxLBrc44pREBNDCFXc/I/pkChCwQRYMMG4yzGsksZl2a2UKw9XxepdFlEenaBTVEIuukZVdI9qqI4oGqMX9IrerGfr3fqwPufWnJXtHKMFWF+/VN6a4g==</latexit>

P (q̂, p̂)
<latexit sha1_base64="RckCLKwxsIrri7h3FcrjohHP8n8=">AAACDXicbVBLSgNBEO2Jvxh/oy7dNAYhgoQZkegyIIjLCOYDyRB6Op2kSU/P2F0TCEPO4AXc6g3ciVvP4AU8h53JLEzig6Ier15RxfMjwTU4zreVW1vf2NzKbxd2dvf2D+zDo4YOY0VZnYYiVC2faCa4ZHXgIFgrUowEvmBNf3Q7mzfHTGkeykeYRMwLyEDyPqcEjNS17VqpMySAny7SFp137aJTdlLgVeJmpIgy1Lr2T6cX0jhgEqggWrddJwIvIQo4FWxa6MSaRYSOyIC1DZUkYNpL0s+n+MwoPdwPlSkJOFX/biQk0HoS+MYZEBjqhZmvyIjBdNk/M/7nb8fQv/ESLqMYmKTz4/1YYAjxLBrc44pREBNDCFXc/I/pkChCwQRYMMG4yzGsksZl2a2UKw9XxepdFlEenaBTVEIuukZVdI9qqI4oGqMX9IrerGfr3fqwPufWnJXtHKMFWF+/VN6a4g==</latexit>

P (q̂, p̂)
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Qubit & qumodes hardware platforms

11

Chuang, Girvin, Wiebe, et al. `24

• Native gate sets • Coherence times • ConnectivityPlatform dependence:
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Quantum chromodynamics

12

• Simulate quarks and gluons with different quantum resources?

• QCD Lagrangian L =  ̄ (i@µ�µ �m) + gs ̄�
µTa A

a
µ � 1

4
Fµ⌫
a F a

µ⌫

Qubits Qumodes

Qubit-qumode coupling

Develop a hybrid qubit/qumode approach
<latexit sha1_base64="PTL6iYr8xIhbgCQ0CBnH+tWZ8q8=">AAACHXicbVDLSgMxFM34rPVVdekmWARXZUaKuiy66bKCfUCnLZk0bUOTyZjcEcowP+LGX3HjQhEXbsS/MW1noa0HAodz7uHmniAS3IDrfjsrq2vrG5u5rfz2zu7efuHgsGFUrCmrUyWUbgXEMMFDVgcOgrUizYgMBGsG45up33xg2nAV3sEkYh1JhiEfcErASr1COfEpEbia9hJfS3wfS9VnaVf6CrhkZtENOKRdGyu6JXcGvEy8jBRRhlqv8On3FY0lC4EKYkzbcyPoJEQDp4KleT82LCJ0TIasbWlI7OpOMrsuxadW6eOB0vaFgGfq70RCpDETGdhJSWBkFr2p+J/XjmFw1Ul4GMXAQjpfNIgFBoWnVeE+14yCmFhCqOb2r5iOiCYUbKF5W4K3ePIyaZyXvItS+bZcrFxndeTQMTpBZ8hDl6iCqqiG6oiiR/SMXtGb8+S8OO/Ox3x0xckyR+gPnK8fE2KjLA==</latexit>

H
m
qumode ⌦H

n
qubit
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Quantum electrodynamics in 2+1d

13

• QED Lagrangian
Ale, Rainaldi, Rico, FR, Siopsis `25

Fermions

Gauge fields

<latexit sha1_base64="CwaRIfQ+qE+S9QMUllL7EukswB0="></latexit>

L = ω̄ (iεµϑµ →m)ω + eω̄ϑµωAµ → 1

4
FµωFµω

• Discretize on a spatial lattice

<latexit sha1_base64="37IrB7Gp1ZV6Nc/lKF++tA1A6GM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaN87JXKVfuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A56SNkQ==</latexit>

e+

<latexit sha1_base64="/Zn7JXPfx9QLR/mR6vUf4ryNJ7g=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedmrlCt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6qyNkw==</latexit>

e→
<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>ω

See also e.g. Girvin, Wiebe et al., Zoller et al., Savage et al. 

<latexit sha1_base64="eiIMqPxM2UiNVHaNc18IhFit+xw=">AAAB+nicbVDLSgMxFL3js9bXVJdugkUQhDIjUt0IpSIMiFDBPqAdhkyaaUMzD5KMUmo/xY0LRdz6Je78G9N2Ftp64MDhnHvJzfETzqSyrG9jaXlldW09t5Hf3Nre2TULew0Zp4LQOol5LFo+lpSziNYVU5y2EkFx6HPa9AdXk7z5QIVkcXSvhgl1Q9yLWMAIVtryzIJz6XjXJ45X1bzVvPHMolWypkCLws5EETLUPPOr041JGtJIEY6lbNtWotwRFooRTsf5TippgskA92hbywiHVLqj6eljdKSdLgpioRkpNHV/b4xwKOUw9PVkiFVfzmcT87+snargwh2xKEkVjcjsoSDlSMVo0gPqMkGJ4kMtMBFM34pIHwtMlG4rr0uw57+8KBqnJbtcKt+dFSvVrI4cHMAhHIMN51ABB2pQBwKP8Ayv8GY8GS/Gu/ExG10ysp19+APj8wdVppIh</latexit>

H = HE +HB +HM +HK

<latexit sha1_base64="jmr+3iC4WJPrKk+pays/Rbt+Uz8="></latexit>

HE =
g
2

2

∑

n

E
2
n,i, HB = → 1

2g2a2

∑

n

(
Pn + P

†
n → 2

)

with
<latexit sha1_base64="qDYxb8xeZp23Xzvh88D0I8+enyM="></latexit>

Pn → Un,xUn+ex,yU
†
n+ey,xU

†
n,y
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Quantum electrodynamics in 2+1d

14

• QED Lagrangian
Ale, Rainaldi, Rico, FR, Siopsis `25

<latexit sha1_base64="CwaRIfQ+qE+S9QMUllL7EukswB0="></latexit>

L = ω̄ (iεµϑµ →m)ω + eω̄ϑµωAµ → 1

4
FµωFµω

• Discretize on a spatial lattice

<latexit sha1_base64="37IrB7Gp1ZV6Nc/lKF++tA1A6GM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaN87JXKVfuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A56SNkQ==</latexit>

e+

<latexit sha1_base64="/Zn7JXPfx9QLR/mR6vUf4ryNJ7g=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedmrlCt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6qyNkw==</latexit>

e→
<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>ω

See also e.g. Girvin, Wiebe et al., Zoller et al., Savage et al. 

<latexit sha1_base64="eiIMqPxM2UiNVHaNc18IhFit+xw=">AAAB+nicbVDLSgMxFL3js9bXVJdugkUQhDIjUt0IpSIMiFDBPqAdhkyaaUMzD5KMUmo/xY0LRdz6Je78G9N2Ftp64MDhnHvJzfETzqSyrG9jaXlldW09t5Hf3Nre2TULew0Zp4LQOol5LFo+lpSziNYVU5y2EkFx6HPa9AdXk7z5QIVkcXSvhgl1Q9yLWMAIVtryzIJz6XjXJ45X1bzVvPHMolWypkCLws5EETLUPPOr041JGtJIEY6lbNtWotwRFooRTsf5TippgskA92hbywiHVLqj6eljdKSdLgpioRkpNHV/b4xwKOUw9PVkiFVfzmcT87+snargwh2xKEkVjcjsoSDlSMVo0gPqMkGJ4kMtMBFM34pIHwtMlG4rr0uw57+8KBqnJbtcKt+dFSvVrI4cHMAhHIMN51ABB2pQBwKP8Ayv8GY8GS/Gu/ExG10ysp19+APj8wdVppIh</latexit>

H = HE +HB +HM +HK

<latexit sha1_base64="jmr+3iC4WJPrKk+pays/Rbt+Uz8="></latexit>

HE =
g
2

2

∑

n

E
2
n,i, HB = → 1

2g2a2

∑

n

(
Pn + P

†
n → 2

)

<latexit sha1_base64="qDYxb8xeZp23Xzvh88D0I8+enyM="></latexit>

Pn → Un,xUn+ex,yU
†
n+ey,xU

†
n,y

<latexit sha1_base64="M5ezSyLAs27gmD6mbjrR+kTnpOc="></latexit>

HM = m0

∑

n

(→)nx+ny!†
n!n, HK =

1

2

∑

n

∑

i→{x,y}

[
!†

nU
†
n,ei

!n+ei + h.c.
]

with Fermions

Gauge fields
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• Scalar field theory

Ale, Rainaldi, Rico, FR, Siopsis `25
• Qumodes are non-compact

Marshall, Pooser, Siopsis, Weedbrock `15

<latexit sha1_base64="gWPNeb3pzxJ1/HV1/iFEsXsWkgM=">AAACMnicbVDLSgMxFM34qLW+WnXnZrAIFWqZEakui25cVrAPaIeSSTNtaCYzJneEcei/uNW1P6M7cetHmLazsI8LyT2ce064OW7ImQLL+jTW1jc2M1vZ7dzO7t7+Qb5w2FRBJAltkIAHsu1iRTkTtAEMOG2HkmLf5bTlju4m89YzlYoF4hHikDo+HgjmMYJBU7388VOXidKFvjyIy7N23ssXrYo1LXMZ2CkoorTqvYKR6fYDEvlUAOFYqY5theAkWAIjnI5z3UjREJMRHtCOhgL7VDnJdP2xeaaZvukFUh8B5pT970iwr1Tsu1rpYxiquZkr8YjCeFE/EZZTX9n1V85XvdeJwLtxEibCCKggs+W8iJsQmJP8zD6TlACPNcBEMv0/kwyxxAR0yjmdnL2Y0zJoXlbsaqX6cFWs3aYZZtEJOkUlZKNrVEP3qI4aiKAX9Ire0LvxYXwZ38bPTLpmpJ4jNFfG7x8DY6mM</latexit>

q → (↑↓,↓)
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• U(1) link variable

• Qumodes are non-compact

• Scalar field theory

<latexit sha1_base64="8yxEstqewuu/f1quSRWeys43GRc=">AAACJnicbZBNSwMxEIaz9avWr6pHL8EiVChlV0S9CEUvHhWsFrpryabTNjSbXZNZsSz9NV78K148KCLe/CmmtYJfLwRenplhMm+YSGHQdd+c3NT0zOxcfr6wsLi0vFJcXbswcao51HksY90ImQEpFNRRoIRGooFFoYTLsH88ql/egDYiVuc4SCCIWFeJjuAMLWoVD+tl/wY4vd0+hKtM+NgDZF9oWPGvU9amP6kvVNOt7PiJCFrFklt1x6J/jTcxJTLRaav45LdjnkagkEtmTNNzEwwyplFwCcOCnxpIGO+zLjStVSwCE2TjM4d0y5I27cTaPoV0TL9PZCwyZhCFtjNi2DO/ayP4X62ZYucgyIRKUgTFPxd1UkkxpqPMaFto4CgH1jCuhf0r5T2mGUebbMGG4P0++a+52Kl6e9W9s91S7WgSR55skE1SJh7ZJzVyQk5JnXByRx7IE3l27p1H58V5/WzNOZOZdfJDzvsH7+GkPA==</latexit>

U(ωx) = eiω(εx), ε(ωx) → [0, 2ϑ]

• Gauge theories typically involve compact variables

Ale, Rainaldi, Rico, FR, Siopsis `25

• With qubits typically use either finite representation or finite subgroup

Marshall, Pooser, Siopsis, Weedbrock `15

<latexit sha1_base64="aW46gZR/fFaNMJFj+rzXc+xH+QE=">AAACPXicbVA9SwNBFNzzI8b4FbW08DAIFhLuRKKNINpYRjBRSGLY27wkS3b3jt13Qjiu9NfYau3v8AfYia2tm+QQTRxYGGbmPfZNEAlu0PPenLn5hcXcUn65sLK6tr5R3NyqmzDWDGosFKG+C6gBwRXUkKOAu0gDlYGA22BwOfJvH0AbHqobHEbQkrSneJczilZqF3dr7aQZyESl6RncJ7yJfUD6o6XtYskre2O4s8TPSIlkqLY3nVyzE7JYgkImqDEN34uwlVCNnAlIC83YQETZgPagYamiEkwrGV+SuvtW6bjdUNun0B2rvycSKo0ZysAmJcW++eMFmg4A0+n8KHiYzR0G8l//v32NGLunrYSrKEZQbPK5bixcDN1RlW6Ha2AohpZQprm9z2V9qilDW3jBNudP9zRL6kdlv1KuXB+Xzi+yDvNkh+yRA+KTE3JOrkiV1Agjj+SJPJMX59V5dz6cz0l0zslmtskfOF/fxR6vmA==</latexit>

Un = eiωn
<latexit sha1_base64="RV4BF/9fHrLRGzIRMM2byyPu/mU=">AAACOXicbVBNSwMxFMz6bf2qevQSLIJCKbtF1KPoxaOCtYVuKdn01YYm2SV5K5RlD/4ar3r2l3j0Jl79A6Z1D1o7EBhm5j3yJkqksOj7b97c/MLi0vLKamltfWNzq7y9c2fj1HBo8FjGphUxC1JoaKBACa3EAFORhGY0vBz7zQcwVsT6FkcJdBS716IvOEMndct7IQ4AWTcLI5XpPA+Fpm2/Wg8TcdQtV/yaPwH9T4KCVEiB6+62txT2Yp4q0Mgls7Yd+Al2MmZQcAl5KUwtJIwP2T20HdVMge1kkytyeuCUHu3Hxj2NdKL+nsiYsnakIpdUDAf2jxcZNgTMp/PjYLWYq0Zqpj9rXzvF/lknEzpJETT/+Vw/lRRjOq6R9oQBjnLkCONGuPsoHzDDOLqyS665YLqn/+SuXgtOaic3x5Xzi6LDFbJH9skhCcgpOSdX5Jo0CCeP5Ik8kxfv1Xv3PrzPn+icV8zskj/wvr4Byw+sbA==</latexit>

ωn → [0, 2ε)

<latexit sha1_base64="gWPNeb3pzxJ1/HV1/iFEsXsWkgM=">AAACMnicbVDLSgMxFM34qLW+WnXnZrAIFWqZEakui25cVrAPaIeSSTNtaCYzJneEcei/uNW1P6M7cetHmLazsI8LyT2ce064OW7ImQLL+jTW1jc2M1vZ7dzO7t7+Qb5w2FRBJAltkIAHsu1iRTkTtAEMOG2HkmLf5bTlju4m89YzlYoF4hHikDo+HgjmMYJBU7388VOXidKFvjyIy7N23ssXrYo1LXMZ2CkoorTqvYKR6fYDEvlUAOFYqY5theAkWAIjnI5z3UjREJMRHtCOhgL7VDnJdP2xeaaZvukFUh8B5pT970iwr1Tsu1rpYxiquZkr8YjCeFE/EZZTX9n1V85XvdeJwLtxEibCCKggs+W8iJsQmJP8zD6TlACPNcBEMv0/kwyxxAR0yjmdnL2Y0zJoXlbsaqX6cFWs3aYZZtEJOkUlZKNrVEP3qI4aiKAX9Ire0LvxYXwZ38bPTLpmpJ4jNFfG7x8DY6mM</latexit>

q → (↑↓,↓)
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• U(1) link variable

• Scalar field theory

Start with two qumodes

and enforce the constraint

with the conjugate electric field

<latexit sha1_base64="fcUYhSEigoqFvJv+IhYI5VyiSuw=">AAAB83icbVDLSsNAFL2pr1pfUZduBovgqiRFqsuiG5dV7AOaWCbTSTt0MgkzE6GE/oYbF4q49Wfc+TdO2iy09cDA4Zx7uWdOkHCmtON8W6W19Y3NrfJ2ZWd3b//APjzqqDiVhLZJzGPZC7CinAna1kxz2kskxVHAaTeY3OR+94lKxWLxoKcJ9SM8EixkBGsjeV6E9TgIsvvZY31gV52aMwdaJW5BqlCgNbC/vGFM0ogKTThWqu86ifYzLDUjnM4qXqpogskEj2jfUIEjqvxsnnmGzowyRGEszRMazdXfGxmOlJpGgZnMM6plLxf/8/qpDq/8jIkk1VSQxaEw5UjHKC8ADZmkRPOpIZhIZrIiMsYSE21qqpgS3OUvr5JOveY2ao27i2rzuqijDCdwCufgwiU04RZa0AYCCTzDK7xZqfVivVsfi9GSVewcwx9Ynz/ttJGh</latexit>

R2

<latexit sha1_base64="3+69sg/xnCFRwfdZhZhXrQmATKM=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAIghB2g0QvQtCLxwjmAclmmZ3MJkNmH5mZFeKSL/HiQRGvfoo3/8ZJsgdNLGgoqrrp7vJizqSyrG8jt7a+sbmV3y7s7O7tF82Dw6aMEkFog0Q8Em0PS8pZSBuKKU7bsaA48DhteaPbmd96pEKyKHxQk5g6AR6EzGcEKy25ZnHsWr0KOkdj1+5Vrm3XLFllaw60SuyMlCBD3TW/uv2IJAENFeFYyo5txcpJsVCMcDotdBNJY0xGeEA7moY4oNJJ54dP0alW+siPhK5Qobn6eyLFgZSTwNOdAVZDuezNxP+8TqL8KydlYZwoGpLFIj/hSEVolgLqM0GJ4hNNMBFM34rIEAtMlM6qoEOwl19eJc1K2a6Wq/cXpdpNFkcejuEEzsCGS6jBHdShAQQSeIZXeDOejBfj3fhYtOaMbOYI/sD4/AHVxZFG</latexit>

q20 + q21 = 1

<latexit sha1_base64="UfJmbmrxscOu9Pz5aQfoaQcAN2s=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuSPQY9OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6he9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlZ9irlSv2qVL3N4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3abjLs=</latexit>,

continuous and compact variable

Ale, Rainaldi, Rico, FR, Siopsis `25
• Qumodes are non-compact

Marshall, Pooser, Siopsis, Weedbrock `15

• Gauge theories typically involve compact variables
<latexit sha1_base64="8yxEstqewuu/f1quSRWeys43GRc=">AAACJnicbZBNSwMxEIaz9avWr6pHL8EiVChlV0S9CEUvHhWsFrpryabTNjSbXZNZsSz9NV78K148KCLe/CmmtYJfLwRenplhMm+YSGHQdd+c3NT0zOxcfr6wsLi0vFJcXbswcao51HksY90ImQEpFNRRoIRGooFFoYTLsH88ql/egDYiVuc4SCCIWFeJjuAMLWoVD+tl/wY4vd0+hKtM+NgDZF9oWPGvU9amP6kvVNOt7PiJCFrFklt1x6J/jTcxJTLRaav45LdjnkagkEtmTNNzEwwyplFwCcOCnxpIGO+zLjStVSwCE2TjM4d0y5I27cTaPoV0TL9PZCwyZhCFtjNi2DO/ayP4X62ZYucgyIRKUgTFPxd1UkkxpqPMaFto4CgH1jCuhf0r5T2mGUebbMGG4P0++a+52Kl6e9W9s91S7WgSR55skE1SJh7ZJzVyQk5JnXByRx7IE3l27p1H58V5/WzNOZOZdfJDzvsH7+GkPA==</latexit>

U(ωx) = eiω(εx), ε(ωx) → [0, 2ϑ]
<latexit sha1_base64="aW46gZR/fFaNMJFj+rzXc+xH+QE=">AAACPXicbVA9SwNBFNzzI8b4FbW08DAIFhLuRKKNINpYRjBRSGLY27wkS3b3jt13Qjiu9NfYau3v8AfYia2tm+QQTRxYGGbmPfZNEAlu0PPenLn5hcXcUn65sLK6tr5R3NyqmzDWDGosFKG+C6gBwRXUkKOAu0gDlYGA22BwOfJvH0AbHqobHEbQkrSneJczilZqF3dr7aQZyESl6RncJ7yJfUD6o6XtYskre2O4s8TPSIlkqLY3nVyzE7JYgkImqDEN34uwlVCNnAlIC83YQETZgPagYamiEkwrGV+SuvtW6bjdUNun0B2rvycSKo0ZysAmJcW++eMFmg4A0+n8KHiYzR0G8l//v32NGLunrYSrKEZQbPK5bixcDN1RlW6Ha2AohpZQprm9z2V9qilDW3jBNudP9zRL6kdlv1KuXB+Xzi+yDvNkh+yRA+KTE3JOrkiV1Agjj+SJPJMX59V5dz6cz0l0zslmtskfOF/fxR6vmA==</latexit>

Un = eiωn
<latexit sha1_base64="RV4BF/9fHrLRGzIRMM2byyPu/mU=">AAACOXicbVBNSwMxFMz6bf2qevQSLIJCKbtF1KPoxaOCtYVuKdn01YYm2SV5K5RlD/4ar3r2l3j0Jl79A6Z1D1o7EBhm5j3yJkqksOj7b97c/MLi0vLKamltfWNzq7y9c2fj1HBo8FjGphUxC1JoaKBACa3EAFORhGY0vBz7zQcwVsT6FkcJdBS716IvOEMndct7IQ4AWTcLI5XpPA+Fpm2/Wg8TcdQtV/yaPwH9T4KCVEiB6+62txT2Yp4q0Mgls7Yd+Al2MmZQcAl5KUwtJIwP2T20HdVMge1kkytyeuCUHu3Hxj2NdKL+nsiYsnakIpdUDAf2jxcZNgTMp/PjYLWYq0Zqpj9rXzvF/lknEzpJETT/+Vw/lRRjOq6R9oQBjnLkCONGuPsoHzDDOLqyS665YLqn/+SuXgtOaic3x5Xzi6LDFbJH9skhCcgpOSdX5Jo0CCeP5Ik8kxfv1Xv3PrzPn+icV8zskj/wvr4Byw+sbA==</latexit>

ωn → [0, 2ε)

<latexit sha1_base64="b8ycYQhSxdxP6WdBkNyynzWDgAk=">AAACMnicbVBPSwJBHJ21MrN/Wt26DEkQJLIbYV0CqUtHg1YFlWV2HHVwZnadmQ1s2e/Stc59mbpF1z5Eo+4htQcDj/fe78dvnh8yqrRtf1iZtfWN7GZuK7+9s7u3XygeNFQQSUxcHLBAtnykCKOCuJpqRlqhJIj7jDT90d3Ubz4RqWggHvUkJF2OBoL2KUbaSF7hyPXijs9jkSQ3Y88+p3DsOV6hZFfsGeAqcVJSAinqXtHKdnoBjjgRGjOkVNuxQ92NkdQUM5LkO5EiIcIjNCBtQwXiRHXj2fkJPDVKD/YDaZ7QcKb+nYgRV2rCfZPkSA/VgudLNCI6Wc5Pg+V0ruzzf/3/9rUj3b/uxlSEkSYCz4/rRwzqAE77gz0qCdZsYgjCkpr/QTxEEmFtWs6b5pzlnlZJ46LiVCvVh8tS7TbtMAeOwQk4Aw64AjVwD+rABRg8gxfwCt6sd+vT+rK+59GMlc4cggVYP7+9p6lh</latexit>

Un = q0 + iq1
<latexit sha1_base64="pl1DUnNh7xjvxT+Sb75NqQs00tY=">AAACOHicbVDLSgMxFM34qLW+Wt3pZrAIFWqZEakui25cVrAPaMuQSTNtaCYzJneEMgz4NW517Z+4cydu/QLTdhb2cSG5h3PPCbnHDTlTYFmfxtr6xmZmK7ud29nd2z/IFw6bKogkoQ0S8EC2XawoZ4I2gAGn7VBS7LucttzR3WTeeqZSsUA8wjikPR8PBPMYwaApJ3/85MRW2U66TJQu9OXBuDxr506+aFWsaZnLwE5BEaVVdwpGptsPSORTAYRjpTq2FUIvxhIY4TTJdSNFQ0xGeEA7GgrsU9WLp0sk5plm+qYXSH0EmFP2vyPGvlJj39VKH8NQzc1ciUcUkkX9RFhOfWXXXzlf9V4nAu+mFzMRRkAFmX3Oi7gJgTlJ0ewzSQnwsQaYSKb3M8kQS0xAZ53TydmLOS2D5mXFrlaqD1fF2m2aYRadoFNUQja6RjV0j+qogQh6Qa/oDb0bH8aX8W38zKRrRuo5QnNl/P4BUSerrA==</latexit>

q0,1 → (↑↓,↓)

<latexit sha1_base64="gWPNeb3pzxJ1/HV1/iFEsXsWkgM=">AAACMnicbVDLSgMxFM34qLW+WnXnZrAIFWqZEakui25cVrAPaIeSSTNtaCYzJneEcei/uNW1P6M7cetHmLazsI8LyT2ce064OW7ImQLL+jTW1jc2M1vZ7dzO7t7+Qb5w2FRBJAltkIAHsu1iRTkTtAEMOG2HkmLf5bTlju4m89YzlYoF4hHikDo+HgjmMYJBU7388VOXidKFvjyIy7N23ssXrYo1LXMZ2CkoorTqvYKR6fYDEvlUAOFYqY5theAkWAIjnI5z3UjREJMRHtCOhgL7VDnJdP2xeaaZvukFUh8B5pT970iwr1Tsu1rpYxiquZkr8YjCeFE/EZZTX9n1V85XvdeJwLtxEibCCKggs+W8iJsQmJP8zD6TlACPNcBEMv0/kwyxxAR0yjmdnL2Y0zJoXlbsaqX6cFWs3aYZZtEJOkUlZKNrVEP3qI4aiKAX9Ire0LvxYXwZ38bPTLpmpJ4jNFfG7x8DY6mM</latexit>

q → (↑↓,↓)

<latexit sha1_base64="6TnRlodh7ICzW9KCA9G3L3TFWoA=">AAACOXicbVDLSgMxFM1UrbW+Wl12EyyCi1pmRKoboSiCywr2AW0ZMmnahiaZaZIRyjALv8atrv0Sl+7ErT9g2s7CPi6EHM4j5B4vYFRp2/60UhubW+ntzE52d2//4DCXP2ooP5SY1LHPfNnykCKMClLXVDPSCiRB3GOk6Y3upnrzmUhFffGkJwHpcjQQtE8x0oZyc4V7N4o6Hocijm/Grg0D1zkfu465bTdXtMv2bOAqcBJQBMnU3LyV7vR8HHIiNGZIqbZjB7obIakpZiTOdkJFAoRHaEDaBgrEiepGsy1ieGqYHuz70hyh4Yz9n4gQV2rCPePkSA/VguZJNCI6XvZPjaUkV/L4Wn3de+1Q96+7ERVBqInA88/1Qwa1D6c1wh6VBGs2MQBhSc1+EA+RRFibsrOmOWe5p1XQuCg7lXLl8bJYvU06zIACOAFnwAFXoAoeQA3UAQYv4BW8gXfrw/qyvq2fuTVlJZljsDDW7x8Ij6tv</latexit>

En = q0p1 → q1p0
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• Enforcing the constraint per link variable

• Penalty term in the Hamiltonian

• Modifying the inner product

<latexit sha1_base64="fcUYhSEigoqFvJv+IhYI5VyiSuw=">AAAB83icbVDLSsNAFL2pr1pfUZduBovgqiRFqsuiG5dV7AOaWCbTSTt0MgkzE6GE/oYbF4q49Wfc+TdO2iy09cDA4Zx7uWdOkHCmtON8W6W19Y3NrfJ2ZWd3b//APjzqqDiVhLZJzGPZC7CinAna1kxz2kskxVHAaTeY3OR+94lKxWLxoKcJ9SM8EixkBGsjeV6E9TgIsvvZY31gV52aMwdaJW5BqlCgNbC/vGFM0ogKTThWqu86ifYzLDUjnM4qXqpogskEj2jfUIEjqvxsnnmGzowyRGEszRMazdXfGxmOlJpGgZnMM6plLxf/8/qpDq/8jIkk1VSQxaEw5UjHKC8ADZmkRPOpIZhIZrIiMsYSE21qqpgS3OUvr5JOveY2ao27i2rzuqijDCdwCufgwiU04RZa0AYCCTzDK7xZqfVivVsfi9GSVewcwx9Ynz/ttJGh</latexit>

R2
<latexit sha1_base64="RZUBshzCs2OWj1+HUs09ESSgPfE="></latexit>

Hµ =
µ

2

∑

n,i

(
q2
n,i → 1

)2

<latexit sha1_base64="mm4h2oi9x4IuDY3lTH8gXCipvco="></latexit>

|ω(Q)→ ↑
∫

d2q ε
(
q2 ↓ 1

)
ω(q)|q→

Ale, Rainaldi, Rico, FR, Siopsis `25

<latexit sha1_base64="nnatx3buEtkfAger0mXQFnKo3oE=">AAACBXicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+8AmlMn0ph06mYSZiVBC1/6AW/0Dd+LW7/AH/A6nbRa29cCFw7nncg8nSDhT2nG+rcLa+sbmVnG7tLO7t39QPjxqqTiVFJs05rHsBEQhZwKbmmmOnUQiiQKO7WB0O923n1AqFosHPU7Qj8hAsJBRoo306I1QZ16i2KRXrjhVZwZ7lbg5qUCORq/84/VjmkYoNOVEqa7rJNrPiNSMcpyUvFRhQuiIDLBrqCARKj+bJZ7YZ0bp22EszQhtz9S/FxmJlBpHgXFGRA/Vwi6QxMSeLPunxv/83VSH137GRJJqFHT+PEy5rWN7WondZxKp5mNDCJXM5LfpkEhCtSmuZIpxl2tYJa2Lqlur1u4vK/WbvKIinMApnIMLV1CHO2hAEygIeIFXeLOerXfrw/qcWwtWfnMMC7C+fgGBrZmR</latexit>

|ω→

Without discretization of the gauge group

Direct extension to SU(2) possible
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• Enforcing the constraint per link variable
<latexit sha1_base64="fcUYhSEigoqFvJv+IhYI5VyiSuw=">AAAB83icbVDLSsNAFL2pr1pfUZduBovgqiRFqsuiG5dV7AOaWCbTSTt0MgkzE6GE/oYbF4q49Wfc+TdO2iy09cDA4Zx7uWdOkHCmtON8W6W19Y3NrfJ2ZWd3b//APjzqqDiVhLZJzGPZC7CinAna1kxz2kskxVHAaTeY3OR+94lKxWLxoKcJ9SM8EixkBGsjeV6E9TgIsvvZY31gV52aMwdaJW5BqlCgNbC/vGFM0ogKTThWqu86ifYzLDUjnM4qXqpogskEj2jfUIEjqvxsnnmGzowyRGEszRMazdXfGxmOlJpGgZnMM6plLxf/8/qpDq/8jIkk1VSQxaEw5UjHKC8ADZmkRPOpIZhIZrIiMsYSE21qqpgS3OUvr5JOveY2ao27i2rzuqijDCdwCufgwiU04RZa0AYCCTzDK7xZqfVivVsfi9GSVewcwx9Ynz/ttJGh</latexit>

R2

<latexit sha1_base64="MjKqpYx+puaLVgxZ4YTc8WMEp6c="></latexit>

H
(Q)
E = g

2
∑

n,n→

(
H

(2)
nn→JnJn→ +H

(1)
nn→QnJn→ +H

(0)
nn→QnQn→

)
,

H
(Q)
B =

1

2g2

∑

n

(
qn+ey → qn

)2
,

H
(Q)
M = m0

∑

n

(→)nx+nyQn,

H
(Q)
K =

1

2

∑

n

(
q
0
n → iq

1
n

)
X

+
nX

→
n+ex +

1

2

∑

n

PL(n,n+ey)X
+
nX

→
n+ey + h.c.

Qumode Qubit/qumode

Ale, Rainaldi, Rico, FR, Siopsis `25

• Full Hamiltonian

see also Wiebe, Girvin et al.
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• Enforcing the constraint per link variable
<latexit sha1_base64="fcUYhSEigoqFvJv+IhYI5VyiSuw=">AAAB83icbVDLSsNAFL2pr1pfUZduBovgqiRFqsuiG5dV7AOaWCbTSTt0MgkzE6GE/oYbF4q49Wfc+TdO2iy09cDA4Zx7uWdOkHCmtON8W6W19Y3NrfJ2ZWd3b//APjzqqDiVhLZJzGPZC7CinAna1kxz2kskxVHAaTeY3OR+94lKxWLxoKcJ9SM8EixkBGsjeV6E9TgIsvvZY31gV52aMwdaJW5BqlCgNbC/vGFM0ogKTThWqu86ifYzLDUjnM4qXqpogskEj2jfUIEjqvxsnnmGzowyRGEszRMazdXfGxmOlJpGgZnMM6plLxf/8/qpDq/8jIkk1VSQxaEw5UjHKC8ADZmkRPOpIZhIZrIiMsYSE21qqpgS3OUvr5JOveY2ao27i2rzuqijDCdwCufgwiU04RZa0AYCCTzDK7xZqfVivVsfi9GSVewcwx9Ynz/ttJGh</latexit>

R2

<latexit sha1_base64="MjKqpYx+puaLVgxZ4YTc8WMEp6c="></latexit>

H
(Q)
E = g

2
∑

n,n→

(
H

(2)
nn→JnJn→ +H

(1)
nn→QnJn→ +H

(0)
nn→QnQn→

)
,

H
(Q)
B =

1

2g2

∑

n

(
qn+ey → qn

)2
,

H
(Q)
M = m0

∑

n

(→)nx+nyQn,

H
(Q)
K =

1

2

∑

n

(
q
0
n → iq

1
n

)
X

+
nX

→
n+ex +

1

2

∑

n

PL(n,n+ey)X
+
nX

→
n+ey + h.c.

QumodeQubit/qumode

Due to Gauss’s law

Electron/photon coupling
<latexit sha1_base64="37IrB7Gp1ZV6Nc/lKF++tA1A6GM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaN87JXKVfuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A56SNkQ==</latexit>

e+

<latexit sha1_base64="/Zn7JXPfx9QLR/mR6vUf4ryNJ7g=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedmrlCt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6qyNkw==</latexit>

e→
<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>ω

Ale, Rainaldi, Rico, FR, Siopsis `25

• Full Hamiltonian
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• More efficient formulation involving trigonometric gates

• Electric & magnetic part

<latexit sha1_base64="EurdeW7WgriRCq65Y8Fa35pcW/g="></latexit>

Qi = !†
i!i →

1→ (→1)i

2
I

• Non-compact             
• Non-polynomial trigonometric gate

<latexit sha1_base64="i9PYyIrVv49p7ksT+FmQlb6iQ6Q=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1iEClISkeqy6MZlBXuBNoTJdNIOnVycORFCqK/ixoUibn0Qd76N0zQLbf1h4OM/53DO/F4suALL+jZWVtfWNzZLW+Xtnd29ffPgsKOiRFLWppGIZM8jigkesjZwEKwXS0YCT7CuN7mZ1buPTCoehfeQxswJyCjkPqcEtOWaldpgTAA/uPwsh9jlp65ZtepWLrwMdgFVVKjlml+DYUSTgIVABVGqb1sxOBmRwKlg0/IgUSwmdEJGrK8xJAFTTpYfP8Un2hliP5L6hYBz9/dERgKl0sDTnQGBsVqszcz/av0E/Csn42GcAAvpfJGfCAwRniWBh1wyCiLVQKjk+lZMx0QSCjqvsg7BXvzyMnTO63aj3ri7qDavizhK6Agdoxqy0SVqolvUQm1EUYqe0St6M56MF+Pd+Ji3rhjFTAX9kfH5Ayjsk9Q=</latexit>

(q̂i, p̂i)

<latexit sha1_base64="CjfeJI48bnDexXJ0KV3O+TGMSbo="></latexit>

ĤE =
g
2

2

∑

ij

(
p̂iH

(2)
ij p̂j + p̂iH

(1)
ij Qj +QiH

(0)
ij Qj

)

ĤB = →
1

g2

∑

j

cos (q̂j)

ĤJ = →J

∑

j

cos (2ωp̂j)

Rainaldi, Ale, Grau, Kharzeev, Rico, FR, Shome, Siopsis  `25, Kassel, Tan et al. `15
Ale, Rainaldi, Rico, FR, Siopsis, in preparation
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• More efficient formulation involving trigonometric gates

• Non-compact             
• Non-polynomial trigonometric gate

Rainaldi, Ale, Grau, Kharzeev, Rico, FR, Shome, Siopsis  `25, Kassel, Tan et al. `15
Ale, Rainaldi, Rico, FR, Siopsis, in preparation

• Electric & magnetic part

<latexit sha1_base64="W0Hb1QUhzk/RmyTFyI73cbEGxV0="></latexit>

ωω(ε) = N
∑

n→Z
exp

[
→ϑ

2
(ε+ 2ϖn)2

]
, ε ↑ [→ϖ,ϖ)

<latexit sha1_base64="i9PYyIrVv49p7ksT+FmQlb6iQ6Q=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1iEClISkeqy6MZlBXuBNoTJdNIOnVycORFCqK/ixoUibn0Qd76N0zQLbf1h4OM/53DO/F4suALL+jZWVtfWNzZLW+Xtnd29ffPgsKOiRFLWppGIZM8jigkesjZwEKwXS0YCT7CuN7mZ1buPTCoehfeQxswJyCjkPqcEtOWaldpgTAA/uPwsh9jlp65ZtepWLrwMdgFVVKjlml+DYUSTgIVABVGqb1sxOBmRwKlg0/IgUSwmdEJGrK8xJAFTTpYfP8Un2hliP5L6hYBz9/dERgKl0sDTnQGBsVqszcz/av0E/Csn42GcAAvpfJGfCAwRniWBh1wyCiLVQKjk+lZMx0QSCjqvsg7BXvzyMnTO63aj3ri7qDavizhK6Agdoxqy0SVqolvUQm1EUYqe0St6M56MF+Pd+Ji3rhjFTAX9kfH5Ayjsk9Q=</latexit>

(q̂i, p̂i)
<latexit sha1_base64="Kq0m23+kqX5HOvqGywmNzHRGDaA=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJDapUoqVBgrWBgYyqMPqUkrx3Vaq44T2Q5SFXVg4VdYGECIlY9g429w2gzQciRLR+fcK99zvIhRqSzr21hZXVvf2Mxt5bd3dvf2zYPDlgxjgUkThywUHQ9JwignTUUVI51IEBR4jLS98WXqtx+IkDTk92oSETdAQ059ipHSUt8sXPeqJSdAauR5ye207KgQptJdzy73zaJVsWaAy8TOSBFkaPTNL2cQ4jggXGGGpOzaVqTcBAlFMSPTvBNLEiE8RkPS1ZSjgEg3mYWYwhOtDKAfCv24gjP190aCAikngacn03PlopeK/3ndWPnnbkJ5FCvC8fwjP2ZQJ00bgQMqCFZsognCgupbIR4hgbDSveV1CfZi5GXSqlbsWqV2c1qsX2R15EABHIMSsMEZqIMr0ABNgMEjeAav4M14Ml6Md+NjPrpiZDtH4A+Mzx8QWpZz</latexit>

L2(R) → L2(S1)

<latexit sha1_base64="CjfeJI48bnDexXJ0KV3O+TGMSbo="></latexit>

ĤE =
g
2

2

∑

ij

(
p̂iH

(2)
ij p̂j + p̂iH

(1)
ij Qj +QiH

(0)
ij Qj

)

ĤB = →
1

g2

∑

j

cos (q̂j)

ĤJ = →J

∑

j

cos (2ωp̂j)

<latexit sha1_base64="QDzLVl1ESjbo944AArk9mDg6VD4=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBhZREpApuim5cVrAPbEKZTKft0MkkzEzEEvIrblwo4tYfceffOGm70NYDA4dz7uWeOUHMmdKO820VVlbX1jeKm6Wt7Z3dPXu/3FJRIgltkohHshNgRTkTtKmZ5rQTS4rDgNN2ML7J/fYjlYpF4l5PYuqHeCjYgBGsjdSzy6feVewxgbwQ61EQpA9Zz644VWcKtEzcOanAHI2e/eX1I5KEVGjCsVJd14m1n2KpGeE0K3mJojEmYzykXUMFDqny02n2DB0bpY8GkTRPaDRVf2+kOFRqEgZmMk+oFr1c/M/rJnpw6adMxImmgswODRKOdITyIlCfSUo0nxiCiWQmKyIjLDHRpq6SKcFd/PIyaZ1V3Vq1dndeqV/P6yjCIRzBCbhwAXW4hQY0gcATPMMrvFmZ9WK9Wx+z0YI13zmAP7A+fwBiWJQM</latexit>

, p → Z

<latexit sha1_base64="8EF7RqACLDbTJpoVT1GAU9y0TPs=">AAAB9XicbVBNS8NAEN34WetX1aOXYBE8lUSkeizqwWMF+wFtLJvtpF262YTdiRpC/4cXD4p49b9489+4bXPQ1gcDj/dmmJnnx4JrdJxva2l5ZXVtvbBR3Nza3tkt7e03dZQoBg0WiUi1fapBcAkN5CigHSugoS+g5Y+uJn7rAZTmkbzDNAYvpAPJA84oGum+i/CE2TVIzTEd90plp+JMYS8SNydlkqPeK311+xFLQpDIBNW64zoxehlVyJmAcbGbaIgpG9EBdAyVNATtZdOrx/axUfp2EClTEu2p+nsio6HWaeibzpDiUM97E/E/r5NgcOFlXMYJgmSzRUEibIzsSQR2nytgKFJDKFPc3GqzIVWUoQmqaEJw519eJM3TilutVG/PyrXLPI4COSRH5IS45JzUyA2pkwZhRJFn8krerEfrxXq3PmatS1Y+c0D+wPr8AUf7kwo=</latexit> D
en
si
ty

<latexit sha1_base64="1qbInkcBfAaRPL3bDm4vqSy+3oE=">AAAB/3icbZBLSwMxFIUz9VXra1Rw4yZYBFdlRqS6LLpxWcE+oB1KJs20oZnJmNwRy9iFf8WNC0Xc+jfc+W/MtLPQ1gOBj3PuJcnxY8E1OM63VVhaXlldK66XNja3tnfs3b2mlomirEGlkKrtE80Ej1gDOAjWjhUjoS9Yyx9dZXnrninNZXQL45h5IRlEPOCUgLF69kEX2AOkdal5ZuBJd0gA3/XsslNxpsKL4OZQRrnqPfur25c0CVkEVBCtO64Tg5cSBZwKNil1E81iQkdkwDoGIxIy7aXT90/wsXH6OJDKnAjw1P29kZJQ63Hom8mQwFDPZ5n5X9ZJILjwUh7FCbCIzi4KEoFB4qwM3OeKURBjA4Qq0wDFdEgUoWAqK5kS3PkvL0LztOJWK9Wbs3LtMq+jiA7RETpBLjpHNXSN6qiBKHpEz+gVvVlP1ov1bn3MRgtWvrOP/sj6/AFL9pZK</latexit>

Position q̂

<latexit sha1_base64="LKa6J01HcOgNXvcSm36jvsyIRPs=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BDwpeIpgHJkuYnfQmQ2Znl5leMSz5Cy8eFPHq33jzb5w8DhotaCiquunuChIpDLrul5NbWl5ZXcuvFzY2t7Z3irt7DROnmkOdxzLWrYAZkEJBHQVKaCUaWBRIaAbDy4nffABtRKzucJSAH7G+EqHgDK1030F4xOzqpjbuFktu2Z2C/iXenJTIHLVu8bPTi3kagUIumTFtz03Qz5hGwSWMC53UQML4kPWhbaliERg/m148pkdW6dEw1rYU0qn6cyJjkTGjKLCdEcOBWfQm4n9eO8Xw3M+ESlIExWeLwlRSjOnkfdoTGjjKkSWMa2FvpXzANONoQyrYELzFl/+SxknZq5Qrt6el6sU8jjw5IIfkmHjkjFTJNamROuFEkSfyQl4d4zw7b877rDXnzGf2yS84H9+bZpDk</latexit>

GKP
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• Electric & magnetic part

GKP stabilizers converting non-compact 
to compact variables
+ quantum error correction

GKP/qunaught  Wigner function

<latexit sha1_base64="G+gKxGT3KunB407VLA1ka8dzcyA=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwVBKR6rHoxWMF+wFtKJvtpl26ycbdibSE/BUvHhTx6h/x5r9x0+agrQ8GHu/NMDPPjwXX4Djf1tr6xubWdmmnvLu3f3BoH1XaWiaKshaVQqquTzQTPGIt4CBYN1aMhL5gHX9ym/udJ6Y0l9EDzGLmhWQU8YBTAkYa2JU+sCmkTal5LuAMPw7sqlNz5sCrxC1IFRVoDuyv/lDSJGQRUEG07rlODF5KFHAqWFbuJ5rFhE7IiPUMjUjItJfOb8/wmVGGOJDKVAR4rv6eSEmo9Sz0TWdIYKyXvVz8z+slEFx7KY/iBFhEF4uCRGCQOA8CD7liFMTMEEKV+Z5iOiaKUDBxlU0I7vLLq6R9UXPrtfr9ZbVxU8RRQifoFJ0jF12hBrpDTdRCFE3RM3pFb1ZmvVjv1seidc0qZo7RH1ifPyuWlIk=</latexit>

Position q

<latexit sha1_base64="r9NCCBE+JTE3f1uLugyVhIGr3UM=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFclUSkuiy6cSNUsA9oQ5lMJ+3QmSTM3EhLyK+4caGIW3/EnX/jpM1CWw9cOJxz78y9x48F1+A439ba+sbm1nZpp7y7t39waB9V2jpKFGUtGolIdX2imeAhawEHwbqxYkT6gnX8yW3ud56Y0jwKH2EWM0+SUcgDTgkYaWBX+sCmkN5HkoWQSJzheGBXnZozB14lbkGqqEBzYH/1hxFN8heoIFr3XCcGLyUKOBUsK/cTzWJCJ2TEeoaGRDLtpfPdM3xmlCEOImUqBDxXf0+kRGo9k77plATGetnLxf+8XgLBtZfyME6AhXTxUZAIDBHOg8BDrhgFMTOEUMXNrpiOiSIUTFxlE4K7fPIqaV/U3Hqt/nBZbdwUcZTQCTpF58hFV6iB7lATtRBFU/SMXtGblVkv1rv1sWhds4qZY/QH1ucPJUGUhQ==</latexit> M
om

en
tu
m

p

<latexit sha1_base64="CjfeJI48bnDexXJ0KV3O+TGMSbo="></latexit>

ĤE =
g
2

2

∑

ij

(
p̂iH

(2)
ij p̂j + p̂iH

(1)
ij Qj +QiH

(0)
ij Qj

)

ĤB = →
1

g2

∑

j

cos (q̂j)

ĤJ = →J

∑

j

cos (2ωp̂j)

Rainaldi, Ale, Grau, Kharzeev, Rico, FR, Shome, Siopsis  `25, Kassel, Tan et al. `15
Ale, Rainaldi, Rico, FR, Siopsis, in preparation

<latexit sha1_base64="WTTUWk7cyl1rcHS3TurpomeHA34="></latexit>

W (q, p) =
1

ω

∫
dq→ ε↑(q + q→)ε(q → q→)e2ipy

<latexit sha1_base64="6WknmTuVxEZSRD2JwcPei07tPXo=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6kUoevFYwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jVZW19Y3Ngtbxe2d3b390sFh06hUU9agSijdDolhgkvWsNwK1k40I3EoWCsc3U791hPThiv5YMcJC2IykDzilFgnNbt0yK+9XqnsVbwZ8DLxc1KGHPVe6avbVzSNmbRUEGM6vpfYICPacirYpNhNDUsIHZEB6zgqScxMkM2uneBTp/RxpLQrafFM/T2RkdiYcRy6zpjYoVn0puJ/Xie10VWQcZmklkk6XxSlAluFp6/jPteMWjF2hFDN3a2YDokm1LqAii4Ef/HlZdI8r/jVSvX+oly7yeMowDGcwBn4cAk1uIM6NIDCIzzDK7whhV7QO/qYt66gfOYI/gB9/gD1s46+</latexit>

ω = 0
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• Qubit/qumode circuit for

Rainaldi, Ale, Grau, Kharzeev, Rico, FR, 
Shome, Siopsis  `25
Kassel, Tan et al. `15
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e→iω cos(cq̂)

• Using unitary & hermitian Pauli operator
• First order Trotter approximation

Qubit decouples
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Quantum electrodynamics in 2+1d
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• Real-time evolution

• E.g. single plaquette, one-point function

Ale, Rainaldi, Rico, FR, Siopsis, in preparation
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Conclusions
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• Quantum computing is well-suited to address challenges in fundamental physics

• Exploration of qubits, qudits, qumodes

• Study lightcone correlators in 2+1d

• Build up toward quantum utility in nuclear physics
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