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Probing the fundamental structure of matter
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Quantum chromodynamics (QCD)



F. Ringer Introduction December 17, 2024 3

Large Hadron Collider CERN

RHIC & EIC
BNL

CEBAF JLab

High-energy collider 
experiments
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Quantum chromodynamics
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• QCD coupling constant

Asymptotic 
freedom

Nobel Prize 2004
Huston, Rabbertz, Zanderighi (PDG)

↵s =
g2s
4⇡

• The Lagrangian

• Theory of the strong interaction between quarks and gluons
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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

� = �(0) + ↵s�
(1) + ↵2

s�
(2) + . . .↵2

s↵s =
g2s
4⇡

Wilson; Kogut, Susskind `70s

• Simulations using a lattice discretization

• Path integral vs. Hamiltonian formulation 

(imaginary vs. real time)

• Quantum computing for real-time dynamics?
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Quantum computing & fundamental physics
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• Quantum advantage for random 
circuit sampling (2019)

• Progress toward long-lived logical qubits 
using quantum error correction (2023, 24)
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Quantum computing & fundamental physics
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• Is QCD scattering in BQP?

P/BPP

BQP
NP

• Scalar field theory
Jordan, Lee, Preskill `10-`17
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�

Scalar Field
Theory

• Quantum advantage for random 
circuit sampling (2019)

• Progress toward long-lived logical qubits 
using quantum error correction (2023, 24)
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Toward simulating scattering processes

8

• Need to simulate classically intractable 
real-time dynamics

• Compton scattering amplitudes, in-
medium correlation functions or 
full scattering events

QCD factorization
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Outline
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Qubits, qudits & 
qumodes

Lattice models and 
non-Abelian theories

Applications in 
fundamental physics
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Quantum chromodynamics

Huston, Rabbertz, Zanderighi (PDG)

• The Lagrangian

• Theory of the strong interaction between quarks and gluons

L =  ̄ (i@µ�µ �m) + gs ̄�
µTa A
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Simulate quarks and gluons with 
different quantum resources?
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Qubits, qudits and qumodes
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Elementary units for computing

•Qubits

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

• Digital gate-based computing
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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]
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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 for collider physics
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Kogut, Susskind `70s, Jordan, Lee, Preskill `11-`17
• Use the Hamiltonian formulation instead

• Discretize spatial component

• Truncate the local Hilbert space
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�(x)

• Take limits                             +  finite volume formalism
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x = an , n = 0, ..., L� 1
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hO(t1)O(t2)i

Time-dependent n-point 
correlation functions
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Toward quantum simulations for QCD
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�, t continuous, discretized on a lattice
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x = an , n = 0, ..., L� 1

Marshall, Pooser, Siopsis, Weedbrock `15
Briceno, Edwards, Eaton, Gonzalez, Pfister, Siopsis `23

Abel, Spannowsky, Williams `24

• Qumodes or continuous variables well suited 
for bosonic modes, scalar    , and gauge fields

<latexit sha1_base64="IZcHd017jQa4EGYtvLr1VFcP43A=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAcka5idTJIxs7PLTK8Qlpz8Aa/6B97Eq1/iD/gdTpI9aGJBQ1HVTTUVxFIYdN0vJ7eyura+kd8sbG3v7O4V9w8aJko043UWyUi3Amq4FIrXUaDkrVhzGgaSN4PR9dRvPnJtRKTucBxzP6QDJfqCUbRSoxMPxf15t1hyy+4MZJl4GSlBhlq3+N3pRSwJuUImqTFtz43RT6lGwSSfFDqJ4TFlIzrgbUsVDbnx09m3E3JilR7pR9qOQjJTf1+kNDRmHAZ2M6Q4NIveVPzXCzQdcVxIx/6lnwoVJ8gVm4f3E0kwItM6SE9ozlCOLaFMC/s/YUOqKUNbWsEW4y3WsEwaZ2WvUq7cnpeqV1lFeTiCYzgFDy6gCjdQgzoweIBneIFX58l5c96dj/lqzsluDuEPnM8fjsSXWA==</latexit>

�4
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• QCD Lagrangian L =  ̄ (i@µ�µ �m) + gs ̄�
µTa A

a
µ � 1

4
Fµ⌫
a F a

µ⌫

Qubits Qumodes

Qubit-qumode coupling

<latexit sha1_base64="hX36kkHJKIPL3tvULxOJKzKc8u0=">AAACAnicbVBLSgNBFHwTfzH+oi7dNAbBhYQZCeoy6MZlBPOBZAg9nZ6kTc+H7jdiGLLzAG71CO7ErRfxBF7DTjILk1jQUFS9R70uL5ZCo21/W7mV1bX1jfxmYWt7Z3evuH/Q0FGiGK+zSEaq5VHNpQh5HQVK3ooVp4EnedMb3kz85iNXWkThPY5i7ga0HwpfMIpGanTigTjDbrFkl+0pyDJxMlKCDLVu8afTi1gS8BCZpFq3HTtGN6UKBZN8XOgkmseUDWmftw0NacC1m06vHZMTo/SIHynzQiRT9e9GSgOtR4FnJgOKA73oTcR/vacsYD4e/Ss3FWGcIA/ZLN1PJMGITPogPaE4QzkyhDIlzAcIG1BFGZrWCqYZZ7GHZdI4LzsX5cpdpVS9zjrKwxEcwyk4cAlVuIUa1IHBA7zAK7xZz9a79WF9zkZzVrZzCHOwvn4BQTuXqA==</latexit>

�, t continuous, discretized on a lattice
<latexit sha1_base64="hsqCOiiHenRMOtFve5VoKXReveo=">AAACAXicbVDLSsNAFJ3UV62vqhvBzWARXMSQSFE3haIbFy4q2Ac0oUwmk3boZBJnJmIpdeOvuHGhiFv/wp1/47TNQlsPXDiccy/33uMnjEpl299GbmFxaXklv1pYW9/Y3Cpu7zRknApM6jhmsWj5SBJGOakrqhhpJYKgyGek6fcvx37znghJY36rBgnxItTlNKQYKS11insPFcRd03TvUhRAXrFNy7LM62OnUyzZlj0BnCdORkogQ61T/HKDGKcR4QozJGXbsRPlDZFQFDMyKripJAnCfdQlbU05ioj0hpMPRvBQKwEMY6GLKzhRf08MUSTlIPJ1Z4RUT856Y/E/r52q8NwbUp6kinA8XRSmDKoYjuOAARUEKzbQBGFB9a0Q95BAWOnQCjoEZ/bledI4sZxTq3xTLlUvsjjyYB8cgCPggDNQBVegBuoAg0fwDF7Bm/FkvBjvxse0NWdkM7vgD4zPH5vAlGo=</latexit>

x = an , n = 0, ..., L� 1

Develop a hybrid qubit/qumode approach

• Qumodes or continuous variables well suited 
for bosonic modes, scalar    , and gauge fields

<latexit sha1_base64="PTL6iYr8xIhbgCQ0CBnH+tWZ8q8=">AAACHXicbVDLSgMxFM34rPVVdekmWARXZUaKuiy66bKCfUCnLZk0bUOTyZjcEcowP+LGX3HjQhEXbsS/MW1noa0HAodz7uHmniAS3IDrfjsrq2vrG5u5rfz2zu7efuHgsGFUrCmrUyWUbgXEMMFDVgcOgrUizYgMBGsG45up33xg2nAV3sEkYh1JhiEfcErASr1COfEpEbia9hJfS3wfS9VnaVf6CrhkZtENOKRdGyu6JXcGvEy8jBRRhlqv8On3FY0lC4EKYkzbcyPoJEQDp4KleT82LCJ0TIasbWlI7OpOMrsuxadW6eOB0vaFgGfq70RCpDETGdhJSWBkFr2p+J/XjmFw1Ul4GMXAQjpfNIgFBoWnVeE+14yCmFhCqOb2r5iOiCYUbKF5W4K3ePIyaZyXvItS+bZcrFxndeTQMTpBZ8hDl6iCqqiG6oiiR/SMXtGb8+S8OO/Ox3x0xckyR+gPnK8fE2KjLA==</latexit>

H
m
qumode ⌦H

n
qubit

<latexit sha1_base64="IZcHd017jQa4EGYtvLr1VFcP43A=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAcka5idTJIxs7PLTK8Qlpz8Aa/6B97Eq1/iD/gdTpI9aGJBQ1HVTTUVxFIYdN0vJ7eyura+kd8sbG3v7O4V9w8aJko043UWyUi3Amq4FIrXUaDkrVhzGgaSN4PR9dRvPnJtRKTucBxzP6QDJfqCUbRSoxMPxf15t1hyy+4MZJl4GSlBhlq3+N3pRSwJuUImqTFtz43RT6lGwSSfFDqJ4TFlIzrgbUsVDbnx09m3E3JilR7pR9qOQjJTf1+kNDRmHAZ2M6Q4NIveVPzXCzQdcVxIx/6lnwoVJ8gVm4f3E0kwItM6SE9ozlCOLaFMC/s/YUOqKUNbWsEW4y3WsEwaZ2WvUq7cnpeqV1lFeTiCYzgFDy6gCjdQgzoweIBneIFX58l5c96dj/lqzsluDuEPnM8fjsSXWA==</latexit>

�4

Marshall, Pooser, Siopsis, Weedbrock `15
Briceno, Edwards, Eaton, Gonzalez, Pfister, Siopsis `23

Abel, Spannowsky, Williams `24
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• Quadratures         with                  and state
<latexit sha1_base64="gdierf8u8RQglFUqtI1vaJyJozo=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFcSJmRoi4LIrisYB/QDpJJM21oJjMmdwql9DvcuFDErR/jzr8xnc5CWw+EHM45l9ycIJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3sz81ohrI2L1gOOE+xHtKxEKRtFKfndAkbTPs6v+WCq7FTcDWSZeTsqQw+a/ur2YpRFXyCQ1puO5CfoTqlEwyafFbmp4QtmQ9nnHUkUjbvxJtvSUnFqlR8JY26OQZOrviQmNjBlHgU1GFAdm0ZuJ/3mdFMNrfyJUkiJXbP5QmEqCMZk1QHpCc4ZybAllWthdCRtQTRnanoq2BG/xy8ukeVHxLivV+2q5dpvXUYBjOIEz8OAKanAHdWgAgyd4hld4c0bOi/PufMyjK04+cwR/4Hz+AISfkU4=</latexit>

X̂, P̂
<latexit sha1_base64="mPIVNkP6hO1d3/CXLjKZz61Tcgw=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXEhJpKgboSCCywr2AUkok+mkGTp5MHMjlNqFv+LGhSJu/Q13/o3TNAttPXC5h3PuZe4cPxVcgWV9G6Wl5ZXVtfJ6ZWNza3vH3N1rqySTlLVoIhLZ9YligsesBRwE66aSkcgXrOMPr6d+54FJxZP4HkYp8yIyiHnAKQEt9cwDxw0J4O5p3preFXdDn8ieWbVqVg68SOyCVFGBZs/8cvsJzSIWAxVEKce2UvDGRAKngk0qbqZYSuiQDJijaUwiprxxfv8EH2ulj4NE6ooB5+rvjTGJlBpFvp6MCIRq3puK/3lOBsGlN+ZxmgGL6eyhIBMYEjwNA/e5ZBTESBNCJde3YhoSSSjoyCo6BHv+y4ukfVazz2v1u3q1cVPEUUaH6AidIBtdoAa6RU3UQhQ9omf0it6MJ+PFeDc+ZqMlo9jZR39gfP4AjhCVMA==</latexit>

[X̂, P̂ ] = i~
<latexit sha1_base64="H4t/S93eO4aMyljmjSehpPfW1fQ="></latexit>

| i =
Z

R
 (x) |xi dx

• Visualize using Wigner functions

<latexit sha1_base64="SGHr6n3UWyl3fg7uxrFRc1kJygQ="></latexit>

W (x, p) =
1

⇡~

Z 1

�1
 ⇤(x+ y) (x� y)e2ipy/~dy

Ground state (in the Fock basis)

see Lloyd, Braunstein `99
• Bosonic raising/lowering 
operators        and Fock states

<latexit sha1_base64="2Rtn5dVSS5NTqIomD6NJ5JYCMQk=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgQkoiRV0WRHBZwT6gieVmMkmHTiZhZiKUUPBX3LhQxK3f4c6/cfpYaOuByz2ccy9z5wQZZ0o7zre1tLyyurZe2ihvbm3v7Np7+y2V5pLQJkl5KjsBKMqZoE3NNKedTFJIAk7bweB67LcfqVQsFfd6mFE/gViwiBHQRurZh14fNIazaXvwQohjKnt2xak6E+BF4s5IBc3Q6NlfXpiSPKFCEw5KdV0n034BUjPC6ajs5YpmQAYQ066hAhKq/GJy/gifGCXEUSpNCY0n6u+NAhKlhklgJhPQfTXvjcX/vG6uoyu/YCLLNRVk+lCUc6xTPM4Ch0xSovnQECCSmVsx6YMEok1iZROCO//lRdI6r7oX1dpdrVK/mcVRQkfoGJ0iF12iOrpFDdREBBXoGb2iN+vJerHerY/p6JI12zlAf2B9/gA9YJUN</latexit>

â, â†

<latexit sha1_base64="nvLl0j4pw+KvaMG0w9TmicC6lvI=">AAACBXicbVDLTgIxFL2DL8QX6tJNIzFxRWYMUZdENy4xkYeBCemUDjS0nUnbMZKRtR/gVj/BnXHrd/gF/oYFZiHgSZqcnHNvzu0JYs60cd1vJ7eyura+kd8sbG3v7O4V9w8aOkoUoXUS8Ui1AqwpZ5LWDTOctmJFsQg4bQbD64nffKBKs0jemVFMfYH7koWMYGOl+ye3o7Dsc9otltyyOwVaJl5GSpCh1i3+dHoRSQSVhnCsddtzY+OnWBlGOB0XOommMSZD3KdtSyUWVPvp9OAxOrFKD4WRsk8aNFX/bqRYaD0SgZ0U2Az0ojcR//Ues4D5eBNe+imTcWKoJLP0MOHIRGhSCeoxRYnhI0swUcx+AJEBVpgYW1zBNuMt9rBMGmdl77xcua2UqldZR3k4gmM4BQ8uoAo3UIM6EBDwAq/w5jw7786H8zkbzTnZziHMwfn6Bb3kmQo=</latexit>

|0i

<latexit sha1_base64="DpcIbYGqdlOpyd8aQf+NoXv0Wvk=">AAACAnicbVDLTgIxFL2DL8QX6tJNIzHBxJAZQtQl0Y1LTOSRwIR0Sgcqnc6k7RjIhJ0f4FY/wZ1x64/4Bf6GBWYh4EmanJxzb87t8SLOlLbtbyuztr6xuZXdzu3s7u0f5A+PGiqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0hrdTv/lEpWKheNDjiLoB7gvmM4K1kRrN4ugiOu/mC3bJngGtEiclBUhR6+Z/Or2QxAEVmnCsVNuxI+0mWGpGOJ3kOrGiESZD3KdtQwUOqHKT2bUTdGaUHvJDaZ7QaKb+3UhwoNQ48MxkgPVALXtT8V9vlAYsxmv/2k2YiGJNBZmn+zFHOkTTPlCPSUo0HxuCiWTmA4gMsMREm9ZyphlnuYdV0iiXnMtS5b5SqN6kHWXhBE6hCA5cQRXuoAZ1IPAIL/AKb9az9W59WJ/z0YyV7hzDAqyvX3HUlyc=</latexit>

W (x, p)

<latexit sha1_base64="vRmGkGfmX39nmtvG6EbgYS1MIi8=">AAAB/XicbVBLTgJBFHyDP8Qf6tJNR2LiiswYoi6JblxCIp8EJqSneQMdej7p7jGQCfEAbvUI7oxbz+IJvIYNzELASjqpVL2Xel1eLLjStv1t5TY2t7Z38ruFvf2Dw6Pi8UlTRYlk2GCRiGTbowoFD7GhuRbYjiXSwBPY8kb3M7/1hFLxKHzUkxjdgA5C7nNGtZHq416xZJftOcg6cTJSggy1XvGn249YEmComaBKdRw71m5KpeZM4LTQTRTGlI3oADuGhjRA5abzQ6fkwih94kfSvFCTufp3I6WBUpPAM5MB1UO16s3Ef71xFrAcr/1bN+VhnGgM2SLdTwTREZlVQfpcItNiYghlkpsPEDakkjJtCiuYZpzVHtZJ86rsXJcr9Uqpepd1lIczOIdLcOAGqvAANWgAA4QXeIU369l6tz6sz8Vozsp2TmEJ1tcvro+VsQ==</latexit>x
<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="Sgq8iB3Zja+jW5jnNFdHwr+0vBM=">AAACHXicbVBNS8NAFNz4WetX1aOXaBH0UhIp6kUoevGoYLXQ1PKyfYmLm03c3QglzR/x4l/x4kERD17Ef+O25qDWgYVhZh5v3/gJZ0o7zqc1MTk1PTNbmivPLywuLVdWVi9UnEqKTRrzWLZ8UMiZwKZmmmMrkQiRz/HSvzke+pd3KBWLxbnuJ9iJIBQsYBS0kbqV+kB4EkTI8dALJNBsG64yrwdhiDLfuRJ55qlbqTOxkecDp4h2K1Wn5oxgjxO3IFVS4LRbefd6MU0jFJpyUKrtOonuZCA1oxzzspcqTIDeQIhtQwVEqDrZ6Lrc3jJKzw5iaZ7Q9kj9OZFBpFQ/8k0yAn2t/npD8T+vnergoJMxkaQaBf1eFKTc1rE9rMruMYlU874hQCUzf7XpNZiStCm0bEpw/548Ti52a+5erX5WrzaOijpKZJ1skm3ikn3SICfklDQJJffkkTyTF+vBerJerbfv6IRVzKyRX7A+vgB23qNo</latexit>

|ni = (a†)np
n!

|0i
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• Displacement

• Squeezing

• Two-qumode beam splitter

• Non-Gaussian operations

Universal gate set
see Lloyd, Braunstein `99

<latexit sha1_base64="DpcIbYGqdlOpyd8aQf+NoXv0Wvk=">AAACAnicbVDLTgIxFL2DL8QX6tJNIzHBxJAZQtQl0Y1LTOSRwIR0Sgcqnc6k7RjIhJ0f4FY/wZ1x64/4Bf6GBWYh4EmanJxzb87t8SLOlLbtbyuztr6xuZXdzu3s7u0f5A+PGiqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0hrdTv/lEpWKheNDjiLoB7gvmM4K1kRrN4ugiOu/mC3bJngGtEiclBUhR6+Z/Or2QxAEVmnCsVNuxI+0mWGpGOJ3kOrGiESZD3KdtQwUOqHKT2bUTdGaUHvJDaZ7QaKb+3UhwoNQ48MxkgPVALXtT8V9vlAYsxmv/2k2YiGJNBZmn+zFHOkTTPlCPSUo0HxuCiWTmA4gMsMREm9ZyphlnuYdV0iiXnMtS5b5SqN6kHWXhBE6hCA5cQRXuoAZ1IPAIL/AKb9az9W59WJ/z0YyV7hzDAqyvX3HUlyc=</latexit>

W (x, p)

<latexit sha1_base64="vRmGkGfmX39nmtvG6EbgYS1MIi8=">AAAB/XicbVBLTgJBFHyDP8Qf6tJNR2LiiswYoi6JblxCIp8EJqSneQMdej7p7jGQCfEAbvUI7oxbz+IJvIYNzELASjqpVL2Xel1eLLjStv1t5TY2t7Z38ruFvf2Dw6Pi8UlTRYlk2GCRiGTbowoFD7GhuRbYjiXSwBPY8kb3M7/1hFLxKHzUkxjdgA5C7nNGtZHq416xZJftOcg6cTJSggy1XvGn249YEmComaBKdRw71m5KpeZM4LTQTRTGlI3oADuGhjRA5abzQ6fkwih94kfSvFCTufp3I6WBUpPAM5MB1UO16s3Ef71xFrAcr/1bN+VhnGgM2SLdTwTREZlVQfpcItNiYghlkpsPEDakkjJtCiuYZpzVHtZJ86rsXJcr9Uqpepd1lIczOIdLcOAGqvAANWgAA4QXeIU369l6tz6sz8Vozsp2TmEJ1tcvro+VsQ==</latexit>x
<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�

• Rotation
<latexit sha1_base64="liFCUrDDGAshWWLCwDpz+phTz2g=">AAACEnicbZC7SgNBFIZnvRtvUUubwSCYJuxKUBshaGOpYjSQjeHs5CQZnL0wc1YIS57BxlexsVDE1srOt3FyKTTxh4Fv/nMOM+cPEiUNue63MzM7N7+wuLScW1ldW9/Ib27dmDjVAqsiVrGuBWBQyQirJElhLdEIYaDwNrg/G9RvH1AbGUfX1EuwEUInkm0pgKzVzBev9n3qIkHxBO8yOWK/C8Thzm9Bp4N6dOs38wW35A7Fp8EbQ4GNddHMf/mtWKQhRiQUGFP33IQaGWiSQmE/56cGExD30MG6xQhCNI1suFKf71mnxduxticiPnR/T2QQGtMLA9sZAnXNZG1g/lerp9Q+bmQySlLCSIweaqeKU8wH+fCW1ChI9SyA0NL+lYsuaBBkU8zZELzJlafh5qDkHZbKl+VC5XQcxxLbYbtsn3nsiFXYObtgVSbYI3tmr+zNeXJenHfnY9Q644xnttkfOZ8/wp6djg==</latexit>

R(✓) = ei✓â
†â

e.g. Kerr gate

Quantum simulations with qumodes

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

Ubs(z) = ezâb̂
†�z⇤â†b̂
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• Qubits:  electronic states 
of the trapped ion

<latexit sha1_base64="qdMFXR5afEYMiUAlEoVC1Z91ZwY=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBU0mkqMeiF48V7A+0oXzZbtqlm03Y3bSUkGfwBbzqG3gTrz6DL+BzuG1zsK0DC8N8M+wwfsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikqaJEEtogEY9k2wdFORO0oZnmtB1LCqHPacsf3c/urTGVikXiSU9j6oUwECxgBLSRerbdHVGddvvRRICU0STr2WWn4syB14mbkzLKUe/ZPyZNkpAKTTgo1XGdWHspSM0Ip1mpmygaAxnBgHYMFRBS5aXz5hm+MEofB5E0T2g8V/8mUgiVmoa+cYagh2rp5ksw5bNV/8z4n7+T6ODWS5mIE00FWXweJBzrCM+mwX0mKdF8aggQyUx/TIYggWgzYMkM467OsE6aVxX3ulJ9rJZrd/lERXSGztElctENqqEHVEcNRNAYvaBX9GY9W+/Wh/W5sBasPHOKlmB9/QIZ+ZyT</latexit>

|#i
<latexit sha1_base64="qdMFXR5afEYMiUAlEoVC1Z91ZwY=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBU0mkqMeiF48V7A+0oXzZbtqlm03Y3bSUkGfwBbzqG3gTrz6DL+BzuG1zsK0DC8N8M+wwfsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikqaJEEtogEY9k2wdFORO0oZnmtB1LCqHPacsf3c/urTGVikXiSU9j6oUwECxgBLSRerbdHVGddvvRRICU0STr2WWn4syB14mbkzLKUe/ZPyZNkpAKTTgo1XGdWHspSM0Ip1mpmygaAxnBgHYMFRBS5aXz5hm+MEofB5E0T2g8V/8mUgiVmoa+cYagh2rp5ksw5bNV/8z4n7+T6ODWS5mIE00FWXweJBzrCM+mwX0mKdF8aggQyUx/TIYggWgzYMkM467OsE6aVxX3ulJ9rJZrd/lERXSGztElctENqqEHVEcNRNAYvaBX9GY9W+/Wh/W5sBasPHOKlmB9/QIZ+ZyT</latexit>

|#i
<latexit sha1_base64="qdMFXR5afEYMiUAlEoVC1Z91ZwY=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBU0mkqMeiF48V7A+0oXzZbtqlm03Y3bSUkGfwBbzqG3gTrz6DL+BzuG1zsK0DC8N8M+wwfsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikqaJEEtogEY9k2wdFORO0oZnmtB1LCqHPacsf3c/urTGVikXiSU9j6oUwECxgBLSRerbdHVGddvvRRICU0STr2WWn4syB14mbkzLKUe/ZPyZNkpAKTTgo1XGdWHspSM0Ip1mpmygaAxnBgHYMFRBS5aXz5hm+MEofB5E0T2g8V/8mUgiVmoa+cYagh2rp5ksw5bNV/8z4n7+T6ODWS5mIE00FWXweJBzrCM+mwX0mKdF8aggQyUx/TIYggWgzYMkM467OsE6aVxX3ulJ9rJZrd/lERXSGztElctENqqEHVEcNRNAYvaBX9GY9W+/Wh/W5sBasPHOKlmB9/QIZ+ZyT</latexit>

|#i
<latexit sha1_base64="qdMFXR5afEYMiUAlEoVC1Z91ZwY=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBU0mkqMeiF48V7A+0oXzZbtqlm03Y3bSUkGfwBbzqG3gTrz6DL+BzuG1zsK0DC8N8M+wwfsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikqaJEEtogEY9k2wdFORO0oZnmtB1LCqHPacsf3c/urTGVikXiSU9j6oUwECxgBLSRerbdHVGddvvRRICU0STr2WWn4syB14mbkzLKUe/ZPyZNkpAKTTgo1XGdWHspSM0Ip1mpmygaAxnBgHYMFRBS5aXz5hm+MEofB5E0T2g8V/8mUgiVmoa+cYagh2rp5ksw5bNV/8z4n7+T6ODWS5mIE00FWXweJBzrCM+mwX0mKdF8aggQyUx/TIYggWgzYMkM467OsE6aVxX3ulJ9rJZrd/lERXSGztElctENqqEHVEcNRNAYvaBX9GY9W+/Wh/W5sBasPHOKlmB9/QIZ+ZyT</latexit>

|#i

Circuit QED, see Bosonic Qiskit, Girvin, Wiebe et al. `22

<latexit sha1_base64="ykz4dYGr6kKIFJNprvSVPN3k7+o=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVCUIAWNFF8Yi0YfURpXjOq1VOwn2DaKKOrDwKywMIMTKR7DxN7hpBmg5kqWjc+7V9Tl+LLgGx/m2Ciura+sbxc3S1vbO7p69f9DSUaIoa9JIRKrjE80ED1kTOAjWiRUj0hes7Y/rM799z5TmUXgLk5h5kgxDHnBKwEh9u9wD9gBpPZJxAplGBL5LfA562rcrTtXJgJeJm5MKytHo21+9QUQTyUKggmjddZ0YvJQo4FSwaamXaBYTOiZD1jU0JJJpL81CTPGxUQY4iJR5IeBM/b2REqn1RPpmUhIY6UVvJv7ndRMILr2UhyYgC+n8UJAIDBGeNYIHXDEKYmIIoYqbv2I6IopQML2VTAnuYuRl0jqtuufVs5uzSu0qr6OIyugInSAXXaAaukYN1EQUPaJn9IrerCfrxXq3PuajBSvfOUR/YH3+APcwmPM=</latexit>

Computational qubits

Araz, Grau, Montgomery, FR `24
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• Qubits:  electronic states 
of the trapped ion

• Qumodes:  collective vibrational 
modes of the ion chain (phonons)

<latexit sha1_base64="AyCFuscbl6m+YT2yGD/N4lPTdNs=">AAACEXicbVC7SgNBFJ2N7/iKWtoMBsEq7EpQS9HGMoKJQrKE2dm7yZDZmWXmbjAs+QUbf8XGQhFbOzv/xklM4evAwOGcc7lzT5RJYdH3P7zS3PzC4tLySnl1bX1js7K13bI6NxyaXEttbiJmQQoFTRQo4SYzwNJIwnU0OJ/410MwVmh1haMMwpT1lEgEZ+ikbuWgg3CLhQtK4CiGQFMdg6U6odgH6jKU95lQ426l6tf8KehfEsxIlczQ6FbeO7HmeQoKuWTWtgM/w7BgBgWXMC53cgsZ4wPWg7ajiqVgw2J60ZjuOyWmiTbuKaRT9ftEwVJrR2nkkinDvv3tTcT/vHaOyUlYCJXlCIp/LUpySVHTST00Fsb1IEeOMG6E++vkfsM4uhLLroTg98l/SeuwFhzV6pf16unZrI5lskv2yAEJyDE5JRekQZqEkzvyQJ7Is3fvPXov3utXtOTNZnbID3hvn5hCnX4=</latexit>

Collective modes of the ion chain

<latexit sha1_base64="AyCFuscbl6m+YT2yGD/N4lPTdNs=">AAACEXicbVC7SgNBFJ2N7/iKWtoMBsEq7EpQS9HGMoKJQrKE2dm7yZDZmWXmbjAs+QUbf8XGQhFbOzv/xklM4evAwOGcc7lzT5RJYdH3P7zS3PzC4tLySnl1bX1js7K13bI6NxyaXEttbiJmQQoFTRQo4SYzwNJIwnU0OJ/410MwVmh1haMMwpT1lEgEZ+ikbuWgg3CLhQtK4CiGQFMdg6U6odgH6jKU95lQ426l6tf8KehfEsxIlczQ6FbeO7HmeQoKuWTWtgM/w7BgBgWXMC53cgsZ4wPWg7ajiqVgw2J60ZjuOyWmiTbuKaRT9ftEwVJrR2nkkinDvv3tTcT/vHaOyUlYCJXlCIp/LUpySVHTST00Fsb1IEeOMG6E++vkfsM4uhLLroTg98l/SeuwFhzV6pf16unZrI5lskv2yAEJyDE5JRekQZqEkzvyQJ7Is3fvPXov3utXtOTNZnbID3hvn5hCnX4=</latexit>

Collective modes of the ion chain

<latexit sha1_base64="ykz4dYGr6kKIFJNprvSVPN3k7+o=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVCUIAWNFF8Yi0YfURpXjOq1VOwn2DaKKOrDwKywMIMTKR7DxN7hpBmg5kqWjc+7V9Tl+LLgGx/m2Ciura+sbxc3S1vbO7p69f9DSUaIoa9JIRKrjE80ED1kTOAjWiRUj0hes7Y/rM799z5TmUXgLk5h5kgxDHnBKwEh9u9wD9gBpPZJxAplGBL5LfA562rcrTtXJgJeJm5MKytHo21+9QUQTyUKggmjddZ0YvJQo4FSwaamXaBYTOiZD1jU0JJJpL81CTPGxUQY4iJR5IeBM/b2REqn1RPpmUhIY6UVvJv7ndRMILr2UhyYgC+n8UJAIDBGeNYIHXDEKYmIIoYqbv2I6IopQML2VTAnuYuRl0jqtuufVs5uzSu0qr6OIyugInSAXXaAaukYN1EQUPaJn9IrerCfrxXq3PuajBSvfOUR/YH3+APcwmPM=</latexit>

Computational qubits

<latexit sha1_base64="qdMFXR5afEYMiUAlEoVC1Z91ZwY=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBU0mkqMeiF48V7A+0oXzZbtqlm03Y3bSUkGfwBbzqG3gTrz6DL+BzuG1zsK0DC8N8M+wwfsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikqaJEEtogEY9k2wdFORO0oZnmtB1LCqHPacsf3c/urTGVikXiSU9j6oUwECxgBLSRerbdHVGddvvRRICU0STr2WWn4syB14mbkzLKUe/ZPyZNkpAKTTgo1XGdWHspSM0Ip1mpmygaAxnBgHYMFRBS5aXz5hm+MEofB5E0T2g8V/8mUgiVmoa+cYagh2rp5ksw5bNV/8z4n7+T6ODWS5mIE00FWXweJBzrCM+mwX0mKdF8aggQyUx/TIYggWgzYMkM467OsE6aVxX3ulJ9rJZrd/lERXSGztElctENqqEHVEcNRNAYvaBX9GY9W+/Wh/W5sBasPHOKlmB9/QIZ+ZyT</latexit>

|#i
<latexit sha1_base64="qdMFXR5afEYMiUAlEoVC1Z91ZwY=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBU0mkqMeiF48V7A+0oXzZbtqlm03Y3bSUkGfwBbzqG3gTrz6DL+BzuG1zsK0DC8N8M+wwfsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikqaJEEtogEY9k2wdFORO0oZnmtB1LCqHPacsf3c/urTGVikXiSU9j6oUwECxgBLSRerbdHVGddvvRRICU0STr2WWn4syB14mbkzLKUe/ZPyZNkpAKTTgo1XGdWHspSM0Ip1mpmygaAxnBgHYMFRBS5aXz5hm+MEofB5E0T2g8V/8mUgiVmoa+cYagh2rp5ksw5bNV/8z4n7+T6ODWS5mIE00FWXweJBzrCM+mwX0mKdF8aggQyUx/TIYggWgzYMkM467OsE6aVxX3ulJ9rJZrd/lERXSGztElctENqqEHVEcNRNAYvaBX9GY9W+/Wh/W5sBasPHOKlmB9/QIZ+ZyT</latexit>

|#i
<latexit sha1_base64="qdMFXR5afEYMiUAlEoVC1Z91ZwY=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBU0mkqMeiF48V7A+0oXzZbtqlm03Y3bSUkGfwBbzqG3gTrz6DL+BzuG1zsK0DC8N8M+wwfsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikqaJEEtogEY9k2wdFORO0oZnmtB1LCqHPacsf3c/urTGVikXiSU9j6oUwECxgBLSRerbdHVGddvvRRICU0STr2WWn4syB14mbkzLKUe/ZPyZNkpAKTTgo1XGdWHspSM0Ip1mpmygaAxnBgHYMFRBS5aXz5hm+MEofB5E0T2g8V/8mUgiVmoa+cYagh2rp5ksw5bNV/8z4n7+T6ODWS5mIE00FWXweJBzrCM+mwX0mKdF8aggQyUx/TIYggWgzYMkM467OsE6aVxX3ulJ9rJZrd/lERXSGztElctENqqEHVEcNRNAYvaBX9GY9W+/Wh/W5sBasPHOKlmB9/QIZ+ZyT</latexit>

|#i
<latexit sha1_base64="qdMFXR5afEYMiUAlEoVC1Z91ZwY=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBU0mkqMeiF48V7A+0oXzZbtqlm03Y3bSUkGfwBbzqG3gTrz6DL+BzuG1zsK0DC8N8M+wwfsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikqaJEEtogEY9k2wdFORO0oZnmtB1LCqHPacsf3c/urTGVikXiSU9j6oUwECxgBLSRerbdHVGddvvRRICU0STr2WWn4syB14mbkzLKUe/ZPyZNkpAKTTgo1XGdWHspSM0Ip1mpmygaAxnBgHYMFRBS5aXz5hm+MEofB5E0T2g8V/8mUgiVmoa+cYagh2rp5ksw5bNV/8z4n7+T6ODWS5mIE00FWXweJBzrCM+mwX0mKdF8aggQyUx/TIYggWgzYMkM467OsE6aVxX3ulJ9rJZrd/lERXSGztElctENqqEHVEcNRNAYvaBX9GY9W+/Wh/W5sBasPHOKlmB9/QIZ+ZyT</latexit>

|#i

Circuit QED, see Bosonic Qiskit, Girvin, Wiebe et al. `22

Araz, Grau, Montgomery, FR `24
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• Qubits:  electronic states 
of the trapped ion

• Qumodes:  collective vibrational 
modes of the ion chain (phonons)

• Collective modes are more 
resilient to environmental noise 
compared to local modes

• N ions            N axial and 2N radial modes

<latexit sha1_base64="AyCFuscbl6m+YT2yGD/N4lPTdNs=">AAACEXicbVC7SgNBFJ2N7/iKWtoMBsEq7EpQS9HGMoKJQrKE2dm7yZDZmWXmbjAs+QUbf8XGQhFbOzv/xklM4evAwOGcc7lzT5RJYdH3P7zS3PzC4tLySnl1bX1js7K13bI6NxyaXEttbiJmQQoFTRQo4SYzwNJIwnU0OJ/410MwVmh1haMMwpT1lEgEZ+ikbuWgg3CLhQtK4CiGQFMdg6U6odgH6jKU95lQ426l6tf8KehfEsxIlczQ6FbeO7HmeQoKuWTWtgM/w7BgBgWXMC53cgsZ4wPWg7ajiqVgw2J60ZjuOyWmiTbuKaRT9ftEwVJrR2nkkinDvv3tTcT/vHaOyUlYCJXlCIp/LUpySVHTST00Fsb1IEeOMG6E++vkfsM4uhLLroTg98l/SeuwFhzV6pf16unZrI5lskv2yAEJyDE5JRekQZqEkzvyQJ7Is3fvPXov3utXtOTNZnbID3hvn5hCnX4=</latexit>

Collective modes of the ion chain

<latexit sha1_base64="AyCFuscbl6m+YT2yGD/N4lPTdNs=">AAACEXicbVC7SgNBFJ2N7/iKWtoMBsEq7EpQS9HGMoKJQrKE2dm7yZDZmWXmbjAs+QUbf8XGQhFbOzv/xklM4evAwOGcc7lzT5RJYdH3P7zS3PzC4tLySnl1bX1js7K13bI6NxyaXEttbiJmQQoFTRQo4SYzwNJIwnU0OJ/410MwVmh1haMMwpT1lEgEZ+ikbuWgg3CLhQtK4CiGQFMdg6U6odgH6jKU95lQ426l6tf8KehfEsxIlczQ6FbeO7HmeQoKuWTWtgM/w7BgBgWXMC53cgsZ4wPWg7ajiqVgw2J60ZjuOyWmiTbuKaRT9ftEwVJrR2nkkinDvv3tTcT/vHaOyUlYCJXlCIp/LUpySVHTST00Fsb1IEeOMG6E++vkfsM4uhLLroTg98l/SeuwFhzV6pf16unZrI5lskv2yAEJyDE5JRekQZqEkzvyQJ7Is3fvPXov3utXtOTNZnbID3hvn5hCnX4=</latexit>

Collective modes of the ion chain

<latexit sha1_base64="ykz4dYGr6kKIFJNprvSVPN3k7+o=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVCUIAWNFF8Yi0YfURpXjOq1VOwn2DaKKOrDwKywMIMTKR7DxN7hpBmg5kqWjc+7V9Tl+LLgGx/m2Ciura+sbxc3S1vbO7p69f9DSUaIoa9JIRKrjE80ED1kTOAjWiRUj0hes7Y/rM799z5TmUXgLk5h5kgxDHnBKwEh9u9wD9gBpPZJxAplGBL5LfA562rcrTtXJgJeJm5MKytHo21+9QUQTyUKggmjddZ0YvJQo4FSwaamXaBYTOiZD1jU0JJJpL81CTPGxUQY4iJR5IeBM/b2REqn1RPpmUhIY6UVvJv7ndRMILr2UhyYgC+n8UJAIDBGeNYIHXDEKYmIIoYqbv2I6IopQML2VTAnuYuRl0jqtuufVs5uzSu0qr6OIyugInSAXXaAaukYN1EQUPaJn9IrerCfrxXq3PuajBSvfOUR/YH3+APcwmPM=</latexit>

Computational qubits

<latexit sha1_base64="qdMFXR5afEYMiUAlEoVC1Z91ZwY=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBU0mkqMeiF48V7A+0oXzZbtqlm03Y3bSUkGfwBbzqG3gTrz6DL+BzuG1zsK0DC8N8M+wwfsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikqaJEEtogEY9k2wdFORO0oZnmtB1LCqHPacsf3c/urTGVikXiSU9j6oUwECxgBLSRerbdHVGddvvRRICU0STr2WWn4syB14mbkzLKUe/ZPyZNkpAKTTgo1XGdWHspSM0Ip1mpmygaAxnBgHYMFRBS5aXz5hm+MEofB5E0T2g8V/8mUgiVmoa+cYagh2rp5ksw5bNV/8z4n7+T6ODWS5mIE00FWXweJBzrCM+mwX0mKdF8aggQyUx/TIYggWgzYMkM467OsE6aVxX3ulJ9rJZrd/lERXSGztElctENqqEHVEcNRNAYvaBX9GY9W+/Wh/W5sBasPHOKlmB9/QIZ+ZyT</latexit>

|#i
<latexit sha1_base64="qdMFXR5afEYMiUAlEoVC1Z91ZwY=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBU0mkqMeiF48V7A+0oXzZbtqlm03Y3bSUkGfwBbzqG3gTrz6DL+BzuG1zsK0DC8N8M+wwfsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikqaJEEtogEY9k2wdFORO0oZnmtB1LCqHPacsf3c/urTGVikXiSU9j6oUwECxgBLSRerbdHVGddvvRRICU0STr2WWn4syB14mbkzLKUe/ZPyZNkpAKTTgo1XGdWHspSM0Ip1mpmygaAxnBgHYMFRBS5aXz5hm+MEofB5E0T2g8V/8mUgiVmoa+cYagh2rp5ksw5bNV/8z4n7+T6ODWS5mIE00FWXweJBzrCM+mwX0mKdF8aggQyUx/TIYggWgzYMkM467OsE6aVxX3ulJ9rJZrd/lERXSGztElctENqqEHVEcNRNAYvaBX9GY9W+/Wh/W5sBasPHOKlmB9/QIZ+ZyT</latexit>

|#i
<latexit sha1_base64="qdMFXR5afEYMiUAlEoVC1Z91ZwY=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBU0mkqMeiF48V7A+0oXzZbtqlm03Y3bSUkGfwBbzqG3gTrz6DL+BzuG1zsK0DC8N8M+wwfsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikqaJEEtogEY9k2wdFORO0oZnmtB1LCqHPacsf3c/urTGVikXiSU9j6oUwECxgBLSRerbdHVGddvvRRICU0STr2WWn4syB14mbkzLKUe/ZPyZNkpAKTTgo1XGdWHspSM0Ip1mpmygaAxnBgHYMFRBS5aXz5hm+MEofB5E0T2g8V/8mUgiVmoa+cYagh2rp5ksw5bNV/8z4n7+T6ODWS5mIE00FWXweJBzrCM+mwX0mKdF8aggQyUx/TIYggWgzYMkM467OsE6aVxX3ulJ9rJZrd/lERXSGztElctENqqEHVEcNRNAYvaBX9GY9W+/Wh/W5sBasPHOKlmB9/QIZ+ZyT</latexit>

|#i
<latexit sha1_base64="qdMFXR5afEYMiUAlEoVC1Z91ZwY=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBU0mkqMeiF48V7A+0oXzZbtqlm03Y3bSUkGfwBbzqG3gTrz6DL+BzuG1zsK0DC8N8M+wwfsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikqaJEEtogEY9k2wdFORO0oZnmtB1LCqHPacsf3c/urTGVikXiSU9j6oUwECxgBLSRerbdHVGddvvRRICU0STr2WWn4syB14mbkzLKUe/ZPyZNkpAKTTgo1XGdWHspSM0Ip1mpmygaAxnBgHYMFRBS5aXz5hm+MEofB5E0T2g8V/8mUgiVmoa+cYagh2rp5ksw5bNV/8z4n7+T6ODWS5mIE00FWXweJBzrCM+mwX0mKdF8aggQyUx/TIYggWgzYMkM467OsE6aVxX3ulJ9rJZrd/lERXSGztElctENqqEHVEcNRNAYvaBX9GY9W+/Wh/W5sBasPHOKlmB9/QIZ+ZyT</latexit>

|#i

Araz, Grau, Montgomery, FR `24

Circuit QED, see Bosonic Qiskit, Girvin, Wiebe et al. `22
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• Laser interacts with qubits

<latexit sha1_base64="AyCFuscbl6m+YT2yGD/N4lPTdNs=">AAACEXicbVC7SgNBFJ2N7/iKWtoMBsEq7EpQS9HGMoKJQrKE2dm7yZDZmWXmbjAs+QUbf8XGQhFbOzv/xklM4evAwOGcc7lzT5RJYdH3P7zS3PzC4tLySnl1bX1js7K13bI6NxyaXEttbiJmQQoFTRQo4SYzwNJIwnU0OJ/410MwVmh1haMMwpT1lEgEZ+ikbuWgg3CLhQtK4CiGQFMdg6U6odgH6jKU95lQ426l6tf8KehfEsxIlczQ6FbeO7HmeQoKuWTWtgM/w7BgBgWXMC53cgsZ4wPWg7ajiqVgw2J60ZjuOyWmiTbuKaRT9ftEwVJrR2nkkinDvv3tTcT/vHaOyUlYCJXlCIp/LUpySVHTST00Fsb1IEeOMG6E++vkfsM4uhLLroTg98l/SeuwFhzV6pf16unZrI5lskv2yAEJyDE5JRekQZqEkzvyQJ7Is3fvPXov3utXtOTNZnbID3hvn5hCnX4=</latexit>

Collective modes of the ion chain

<latexit sha1_base64="AyCFuscbl6m+YT2yGD/N4lPTdNs=">AAACEXicbVC7SgNBFJ2N7/iKWtoMBsEq7EpQS9HGMoKJQrKE2dm7yZDZmWXmbjAs+QUbf8XGQhFbOzv/xklM4evAwOGcc7lzT5RJYdH3P7zS3PzC4tLySnl1bX1js7K13bI6NxyaXEttbiJmQQoFTRQo4SYzwNJIwnU0OJ/410MwVmh1haMMwpT1lEgEZ+ikbuWgg3CLhQtK4CiGQFMdg6U6odgH6jKU95lQ426l6tf8KehfEsxIlczQ6FbeO7HmeQoKuWTWtgM/w7BgBgWXMC53cgsZ4wPWg7ajiqVgw2J60ZjuOyWmiTbuKaRT9ftEwVJrR2nkkinDvv3tTcT/vHaOyUlYCJXlCIp/LUpySVHTST00Fsb1IEeOMG6E++vkfsM4uhLLroTg98l/SeuwFhzV6pf16unZrI5lskv2yAEJyDE5JRekQZqEkzvyQJ7Is3fvPXov3utXtOTNZnbID3hvn5hCnX4=</latexit>

Collective modes of the ion chain

<latexit sha1_base64="ykz4dYGr6kKIFJNprvSVPN3k7+o=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVCUIAWNFF8Yi0YfURpXjOq1VOwn2DaKKOrDwKywMIMTKR7DxN7hpBmg5kqWjc+7V9Tl+LLgGx/m2Ciura+sbxc3S1vbO7p69f9DSUaIoa9JIRKrjE80ED1kTOAjWiRUj0hes7Y/rM799z5TmUXgLk5h5kgxDHnBKwEh9u9wD9gBpPZJxAplGBL5LfA562rcrTtXJgJeJm5MKytHo21+9QUQTyUKggmjddZ0YvJQo4FSwaamXaBYTOiZD1jU0JJJpL81CTPGxUQY4iJR5IeBM/b2REqn1RPpmUhIY6UVvJv7ndRMILr2UhyYgC+n8UJAIDBGeNYIHXDEKYmIIoYqbv2I6IopQML2VTAnuYuRl0jqtuufVs5uzSu0qr6OIyugInSAXXaAaukYN1EQUPaJn9IrerCfrxXq3PuajBSvfOUR/YH3+APcwmPM=</latexit>

Computational qubits

<latexit sha1_base64="skmyiLnCyavzA+NJKh7c8CszOhU=">AAACBXicbVA9SwNBEN3z2/h1aqnFYhCswp0EtQzaWCoYIyRH2NubxMW93XN3TgxHGhv/io2FIrb+Bzv/jZuPQo0PBh7vzTAzL86ksBgEX97U9Mzs3PzCYmlpeWV1zV/fuLQ6NxzqXEttrmJmQQoFdRQo4SozwNJYQiO+ORn4jTswVmh1gb0MopR1legIztBJbX+7hXCPxXme6gQo1wqNlvQ2jwXaftsvB5VgCDpJwjEpkzHO2v5nK9E8T0Ehl8zaZhhkGBXMoOAS+qVWbiFj/IZ1oemoYinYqBh+0ae7TkloRxtXCulQ/TlRsNTaXhq7zpThtf3rDcT/vGaOnaOoECrLERQfLerkkqKmg0hoIgxwlD1HGDfC3Ur5NTOMowuu5EII/748SS73K+FBpXpeLdeOx3EskC2yQ/ZISA5JjZySM1InnDyQJ/JCXr1H79l7895HrVPeeGaT/IL38Q1miZkp</latexit>

Qumode control qubitsNeed several qubits to 
control and readout qumodes

But keep as many “computational 
qubits” as possible

Araz, Grau, Montgomery, FR `24

Circuit QED, see Bosonic Qiskit, Girvin, Wiebe et al. `22

• Qubits:  electronic states 
of the trapped ion

• Qumodes:  collective vibrational 
modes of the ion chain (phonons)

<latexit sha1_base64="EAcPfw+LIhEOXBkXXDgJUyTea8U=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZDZmeXmV4hLLn5A171D7yJV3/EH/A7nCR70MSChqKqm+6uIJHCoOt+OYW19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++5FrI2L1gJOE+xEdKhEKRtFK7d6YY+ZO++WKW3XnIKvEy0kFcjT65e/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn83PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/FfL9DU/rO0HcNrPxMqSZErtlgeppJgTGZ5kIHQnKGcWEKZFvZ+wkZUU4Y2tZINxluOYZW0LqperVq7v6zUb/KIinACp3AOHlxBHe6gAU1gMIZneIFX58l5c96dj0VrwclnjuEPnM8fqg6X+w==</latexit>

|0i
<latexit sha1_base64="EAcPfw+LIhEOXBkXXDgJUyTea8U=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZDZmeXmV4hLLn5A171D7yJV3/EH/A7nCR70MSChqKqm+6uIJHCoOt+OYW19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++5FrI2L1gJOE+xEdKhEKRtFK7d6YY+ZO++WKW3XnIKvEy0kFcjT65e/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn83PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/FfL9DU/rO0HcNrPxMqSZErtlgeppJgTGZ5kIHQnKGcWEKZFvZ+wkZUU4Y2tZINxluOYZW0LqperVq7v6zUb/KIinACp3AOHlxBHe6gAU1gMIZneIFX58l5c96dj0VrwclnjuEPnM8fqg6X+w==</latexit>

|0i
<latexit sha1_base64="EAcPfw+LIhEOXBkXXDgJUyTea8U=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZDZmeXmV4hLLn5A171D7yJV3/EH/A7nCR70MSChqKqm+6uIJHCoOt+OYW19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++5FrI2L1gJOE+xEdKhEKRtFK7d6YY+ZO++WKW3XnIKvEy0kFcjT65e/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn83PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/FfL9DU/rO0HcNrPxMqSZErtlgeppJgTGZ5kIHQnKGcWEKZFvZ+wkZUU4Y2tZINxluOYZW0LqperVq7v6zUb/KIinACp3AOHlxBHe6gAU1gMIZneIFX58l5c96dj0VrwclnjuEPnM8fqg6X+w==</latexit>

|0i
<latexit sha1_base64="EAcPfw+LIhEOXBkXXDgJUyTea8U=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZDZmeXmV4hLLn5A171D7yJV3/EH/A7nCR70MSChqKqm+6uIJHCoOt+OYW19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++5FrI2L1gJOE+xEdKhEKRtFK7d6YY+ZO++WKW3XnIKvEy0kFcjT65e/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn83PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/FfL9DU/rO0HcNrPxMqSZErtlgeppJgTGZ5kIHQnKGcWEKZFvZ+wkZUU4Y2tZINxluOYZW0LqperVq7v6zUb/KIinACp3AOHlxBHe6gAU1gMIZneIFX58l5c96dj0VrwclnjuEPnM8fqg6X+w==</latexit>

|0i
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• Laser interacts with qubits

Need several qubits to 
control and readout qumodes

Feasibility studies with a minimal 
number of control qubits

<latexit sha1_base64="AyCFuscbl6m+YT2yGD/N4lPTdNs=">AAACEXicbVC7SgNBFJ2N7/iKWtoMBsEq7EpQS9HGMoKJQrKE2dm7yZDZmWXmbjAs+QUbf8XGQhFbOzv/xklM4evAwOGcc7lzT5RJYdH3P7zS3PzC4tLySnl1bX1js7K13bI6NxyaXEttbiJmQQoFTRQo4SYzwNJIwnU0OJ/410MwVmh1haMMwpT1lEgEZ+ikbuWgg3CLhQtK4CiGQFMdg6U6odgH6jKU95lQ426l6tf8KehfEsxIlczQ6FbeO7HmeQoKuWTWtgM/w7BgBgWXMC53cgsZ4wPWg7ajiqVgw2J60ZjuOyWmiTbuKaRT9ftEwVJrR2nkkinDvv3tTcT/vHaOyUlYCJXlCIp/LUpySVHTST00Fsb1IEeOMG6E++vkfsM4uhLLroTg98l/SeuwFhzV6pf16unZrI5lskv2yAEJyDE5JRekQZqEkzvyQJ7Is3fvPXov3utXtOTNZnbID3hvn5hCnX4=</latexit>

Collective modes of the ion chain

<latexit sha1_base64="AyCFuscbl6m+YT2yGD/N4lPTdNs=">AAACEXicbVC7SgNBFJ2N7/iKWtoMBsEq7EpQS9HGMoKJQrKE2dm7yZDZmWXmbjAs+QUbf8XGQhFbOzv/xklM4evAwOGcc7lzT5RJYdH3P7zS3PzC4tLySnl1bX1js7K13bI6NxyaXEttbiJmQQoFTRQo4SYzwNJIwnU0OJ/410MwVmh1haMMwpT1lEgEZ+ikbuWgg3CLhQtK4CiGQFMdg6U6odgH6jKU95lQ426l6tf8KehfEsxIlczQ6FbeO7HmeQoKuWTWtgM/w7BgBgWXMC53cgsZ4wPWg7ajiqVgw2J60ZjuOyWmiTbuKaRT9ftEwVJrR2nkkinDvv3tTcT/vHaOyUlYCJXlCIp/LUpySVHTST00Fsb1IEeOMG6E++vkfsM4uhLLroTg98l/SeuwFhzV6pf16unZrI5lskv2yAEJyDE5JRekQZqEkzvyQJ7Is3fvPXov3utXtOTNZnbID3hvn5hCnX4=</latexit>

Collective modes of the ion chain

<latexit sha1_base64="ykz4dYGr6kKIFJNprvSVPN3k7+o=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVCUIAWNFF8Yi0YfURpXjOq1VOwn2DaKKOrDwKywMIMTKR7DxN7hpBmg5kqWjc+7V9Tl+LLgGx/m2Ciura+sbxc3S1vbO7p69f9DSUaIoa9JIRKrjE80ED1kTOAjWiRUj0hes7Y/rM799z5TmUXgLk5h5kgxDHnBKwEh9u9wD9gBpPZJxAplGBL5LfA562rcrTtXJgJeJm5MKytHo21+9QUQTyUKggmjddZ0YvJQo4FSwaamXaBYTOiZD1jU0JJJpL81CTPGxUQY4iJR5IeBM/b2REqn1RPpmUhIY6UVvJv7ndRMILr2UhyYgC+n8UJAIDBGeNYIHXDEKYmIIoYqbv2I6IopQML2VTAnuYuRl0jqtuufVs5uzSu0qr6OIyugInSAXXaAaukYN1EQUPaJn9IrerCfrxXq3PuajBSvfOUR/YH3+APcwmPM=</latexit>

Computational qubits

<latexit sha1_base64="skmyiLnCyavzA+NJKh7c8CszOhU=">AAACBXicbVA9SwNBEN3z2/h1aqnFYhCswp0EtQzaWCoYIyRH2NubxMW93XN3TgxHGhv/io2FIrb+Bzv/jZuPQo0PBh7vzTAzL86ksBgEX97U9Mzs3PzCYmlpeWV1zV/fuLQ6NxzqXEttrmJmQQoFdRQo4SozwNJYQiO+ORn4jTswVmh1gb0MopR1legIztBJbX+7hXCPxXme6gQo1wqNlvQ2jwXaftsvB5VgCDpJwjEpkzHO2v5nK9E8T0Ehl8zaZhhkGBXMoOAS+qVWbiFj/IZ1oemoYinYqBh+0ae7TkloRxtXCulQ/TlRsNTaXhq7zpThtf3rDcT/vGaOnaOoECrLERQfLerkkqKmg0hoIgxwlD1HGDfC3Ur5NTOMowuu5EII/748SS73K+FBpXpeLdeOx3EskC2yQ/ZISA5JjZySM1InnDyQJ/JCXr1H79l7895HrVPeeGaT/IL38Q1miZkp</latexit>

Qumode control qubits

Araz, Grau, Montgomery, FR `24

Circuit QED, see Bosonic Qiskit, Girvin, Wiebe et al. `22

• Qubits:  electronic states 
of the trapped ion

• Qumodes:  collective vibrational 
modes of the ion chain (phonons)

<latexit sha1_base64="EAcPfw+LIhEOXBkXXDgJUyTea8U=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZDZmeXmV4hLLn5A171D7yJV3/EH/A7nCR70MSChqKqm+6uIJHCoOt+OYW19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++5FrI2L1gJOE+xEdKhEKRtFK7d6YY+ZO++WKW3XnIKvEy0kFcjT65e/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn83PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/FfL9DU/rO0HcNrPxMqSZErtlgeppJgTGZ5kIHQnKGcWEKZFvZ+wkZUU4Y2tZINxluOYZW0LqperVq7v6zUb/KIinACp3AOHlxBHe6gAU1gMIZneIFX58l5c96dj0VrwclnjuEPnM8fqg6X+w==</latexit>

|0i
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Araz, Grau, Montgomery, FR `24

<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�where

171Yb+ ions in a 
linear Paul trap
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Araz, Grau, Montgomery, FR `24

<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�where

171Yb+ ions in a 
linear Paul trap
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• Hybrid gate example

Red sideband gate
<latexit sha1_base64="sJ9x5hGcucFOQInhqj88nBiiKWA=">AAACG3icbVDLSgNBEJz1GeNr1aOXwSCIYtgNQT2KXjxGMImQTULvpLMZnH0wMyvEJf/hxV/x4kERT4IH/8ZJsgdfBQ1FVTfdXX4iuNKO82nNzM7NLywWlorLK6tr6/bGZkPFqWRYZ7GI5bUPCgWPsK65FnidSITQF9j0b87HfvMWpeJxdKWHCbZDCCLe5wy0kbp2BTsZv/MGoCl4igchdA7oAeV3nX06VTteD4IAZe4ejrp2ySk7E9C/xM1JieSode13rxezNMRIMwFKtVwn0e0MpOZM4KjopQoTYDcQYMvQCEJU7Wzy24juGqVH+7E0FWk6Ub9PZBAqNQx90xmCHqjf3lj8z2ulun/SzniUpBojNl3UTwXVMR0HRXtcItNiaAgwyc2tlA1AAtMmzqIJwf398l/SqJTdo3L1slo6PcvjKJBtskP2iEuOySm5IDVSJ4zck0fyTF6sB+vJerXepq0zVj6zRX7A+vgCjQmggg==</latexit>

eizâ�
++iz⇤â†��

Red sideband detuned laser

• Preserves the total number of excitations

<latexit sha1_base64="Jr3qx02JNs6BHKTFISjBlG4LvGU=">AAAB9HicbVBNSwMxEM36WetX1aOXYBG8WHalqMeiHjxWsB/QXUo2nW1Ds8maZAtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzwoQzbVz321lZXVvf2CxsFbd3dvf2SweHTS1TRaFBJZeqHRINnAloGGY4tBMFJA45tMLh7dRvjUBpJsWjGScQxKQvWMQoMVYK/Dvghpz7MoY+6ZbKbsWdAS8TLydllKPeLX35PUnTGIShnGjd8dzEBBlRhlEOk6KfakgIHZI+dCwVJAYdZLOjJ/jUKj0cSWVLGDxTf09kJNZ6HIe2MyZmoBe9qfif10lNdB1kTCSpAUHni6KUYyPxNAHcYwqo4WNLCFXM3orpgChCjc2paEPwFl9eJs2LindZqT5Uy7WbPI4COkYn6Ax56ArV0D2qowai6Ak9o1f05oycF+fd+Zi3rjj5zBH6A+fzB2Kxkd0=</latexit>

�� !

<latexit sha1_base64="CPOWNKhSMqgCYhOlDxPL3GXRaoU=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9kPaUDbbSbt0swm7G6HE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+W9GSfoR3QgecgZNVZ6eJJdReVAYK9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx28IScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo96XOFzIixJZQpbm8lbEgVZcZmVLIheIsvL5PmWdW7qJ7fnVdq13kcRTiCYzgFDy6hBrdQhwYwiOAZXuHNUc6L8+58zFsLTj5zCH/gfP4AF9CQnA==</latexit>

|ni
<latexit sha1_base64="QG2QGbxpAKEPnow/3P8gmk9mWg0=">AAAB8nicbVBNS8NAEN34WetX1aOXYBG8WBIp6rHoxWMF+wFtKJvtpF262Q27E6HE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTAQ36Hnfzsrq2vrGZmGruL2zu7dfOjhsGpVqBg2mhNLtkBoQXEIDOQpoJxpoHApohaPbqd96BG24kg84TiCI6UDyiDOKVuo8yXO/q6kcCOiVyl7Fm8FdJn5OyiRHvVf66vYVS2OQyAQ1puN7CQYZ1ciZgEmxmxpIKBvRAXQslTQGE2SzkyfuqVX6bqS0LYnuTP09kdHYmHEc2s6Y4tAselPxP6+TYnQdZFwmKYJk80VRKlxU7vR/t881MBRjSyjT3N7qsiHVlKFNqWhD8BdfXibNi4p/WaneV8u1mzyOAjkmJ+SM+OSK1MgdqZMGYUSRZ/JK3hx0Xpx352PeuuLkM0fkD5zPH/TFkQ4=</latexit>

|n� 1i

<latexit sha1_base64="z0UwZbhefaGXg9JAef5te6tZAnk=">AAAB8XicbVBNT8JAEN3iF+IX6tFLIzHxRFpD1CPBi0f84CNCQ7bLFDZst83u1Ega/oUXDxrj1X/jzX/jAj0o+JJJXt6bycw8PxZco+N8W7mV1bX1jfxmYWt7Z3evuH/Q1FGiGDRYJCLV9qkGwSU0kKOAdqyAhr6Alj+6mvqtR1CaR/IexzF4IR1IHnBG0UgPXYQnTG/vapNeseSUnRnsZeJmpEQy1HvFr24/YkkIEpmgWndcJ0YvpQo5EzApdBMNMWUjOoCOoZKGoL10dvHEPjFK3w4iZUqiPVN/T6Q01Hoc+qYzpDjUi95U/M/rJBhceimXcYIg2XxRkAgbI3v6vt3nChiKsSGUKW5utdmQKsrQhFQwIbiLLy+T5lnZPS9Xbiqlai2LI0+OyDE5JS65IFVyTeqkQRiR5Jm8kjdLWy/Wu/Uxb81Z2cwh+QPr8weieZDn</latexit>

RSB
<latexit sha1_base64="LQxUP5vN33bpXHfjKZ3JmROFUHE=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNRDx4r2A9oQ9lsJ+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVHBpcSaXbATMgRQwNFCihnWhgUSChFYxupn7rCbQRKn7AcQJ+xAaxCAVnaKVm9xYksl654lbdGegy8XJSITnqvfJXt694GkGMXDJjOp6boJ8xjYJLmJS6qYGE8REbQMfSmEVg/Gx27YSeWKVPQ6VtxUhn6u+JjEXGjKPAdkYMh2bRm4r/eZ0Uwys/E3GSIsR8vihMJUVFp6/TvtDAUY4tYVwLeyvlQ6YZRxtQyYbgLb68TJpnVe+ien5/Xqld53EUyRE5JqfEI5ekRu5InTQIJ4/kmbySN0c5L8678zFvLTj5zCH5A+fzB2N6jwU=</latexit>

�

<latexit sha1_base64="LQxUP5vN33bpXHfjKZ3JmROFUHE=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNRDx4r2A9oQ9lsJ+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVHBpcSaXbATMgRQwNFCihnWhgUSChFYxupn7rCbQRKn7AcQJ+xAaxCAVnaKVm9xYksl654lbdGegy8XJSITnqvfJXt694GkGMXDJjOp6boJ8xjYJLmJS6qYGE8REbQMfSmEVg/Gx27YSeWKVPQ6VtxUhn6u+JjEXGjKPAdkYMh2bRm4r/eZ0Uwys/E3GSIsR8vihMJUVFp6/TvtDAUY4tYVwLeyvlQ6YZRxtQyYbgLb68TJpnVe+ien5/Xqld53EUyRE5JqfEI5ekRu5InTQIJ4/kmbySN0c5L8678zFvLTj5zCH5A+fzB2N6jwU=</latexit>

�

<latexit sha1_base64="FKVVuK/QF6Zxyqgga10PVtDvo6s=">AAACAXicbZDLSgMxFIYz9VbrrerSTbAIrsqMFC+7ghuXFewF2qFk0tM2NpchyQhl6MoXcKtv4E7c+iS+gM9h2s7Ctv4Q+PjPf8jhj2LOjPX9by+3tr6xuZXfLuzs7u0fFA+PGkYlmkKdKq50KyIGOJNQt8xyaMUaiIg4NKPR7XTefAJtmJIPdhxDKMhAsj6jxDqr0VECBqRbLPllfya8CkEGJZSp1i3+dHqKJgKkpZwY0w782IYp0ZZRDpNCJzEQEzoiA2g7lESACdPZtRN85pwe7ivtnrR45v7dSIkwZiwilxTEDs3CLNJkBHaynJ8G/8u3E9u/DlMm48SCpPPP+wnHVuFpHbjHNFDLxw4I1czdj+mQaEKtK63gigmWa1iFxkU5uCxX7iul6k1WUR6doFN0jgJ0haroDtVQHVH0iF7QK3rznr1378P7nEdzXrZzjBbkff0C6HeXgw==</latexit>!

<latexit sha1_base64="BAj6372WQF14Hlti6K++laBoWo0=">AAAB+HicbVBNS8NAEJ34WetHox69LBahXkoiRb0IRS8eK5i20Iaw2W7bpZtN2N0Ibegv8eJBEa/+FG/+G7dtDtr6YODx3gwz88KEM6Ud59taW9/Y3Nou7BR39/YPSvbhUVPFqSTUIzGPZTvEinImqKeZ5rSdSIqjkNNWOLqb+a0nKhWLxaMeJ9SP8ECwPiNYGymwS16QdWWEpAqnlcn5TWCXnaozB1olbk7KkKMR2F/dXkzSiApNOFaq4zqJ9jMsNSOcTovdVNEEkxEe0I6hAkdU+dn88Ck6M0oP9WNpSmg0V39PZDhSahyFpjPCeqiWvZn4n9dJdf/az5hIUk0FWSzqpxzpGM1SQD0mKdF8bAgmkplbERliiYk2WRVNCO7yy6ukeVF1L6u1h1q5fpvHUYATOIUKuHAFdbiHBnhAIIVneIU3a2K9WO/Wx6J1zcpnjuEPrM8f7tWSoA==</latexit>

Ursb(z) =

Araz, Grau, Montgomery, FR `24

• Beam splitter using two detuned red sidebands

<latexit sha1_base64="I176QwY+lLbzfcp10Uq1KXtTARw=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZDZmeXmV4hLLn5A171D7yJV3/EH/A7nCR70MSChqKqm+6uIJHCoOt+OYW19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++5FrI2L1gJOE+xEdKhEKRtFK7d6YY+ZN++WKW3XnIKvEy0kFcjT65e/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn83PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/FfL9DU/rO0HcNrPxMqSZErtlgeppJgTGZ5kIHQnKGcWEKZFvZ+wkZUU4Y2tZINxluOYZW0LqperVq7v6zUb/KIinACp3AOHlxBHe6gAU1gMIZneIFX58l5c96dj0VrwclnjuEPnM8fq6eX/A==</latexit>

|1i

<latexit sha1_base64="EAcPfw+LIhEOXBkXXDgJUyTea8U=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZDZmeXmV4hLLn5A171D7yJV3/EH/A7nCR70MSChqKqm+6uIJHCoOt+OYW19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++5FrI2L1gJOE+xEdKhEKRtFK7d6YY+ZO++WKW3XnIKvEy0kFcjT65e/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn83PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/FfL9DU/rO0HcNrPxMqSZErtlgeppJgTGZ5kIHQnKGcWEKZFvZ+wkZUU4Y2tZINxluOYZW0LqperVq7v6zUb/KIinACp3AOHlxBHe6gAU1gMIZneIFX58l5c96dj0VrwclnjuEPnM8fqg6X+w==</latexit>

|0i

<latexit sha1_base64="r8ZOaI4+GFyAJAJVDFBzRqjpbnc=">AAACKnicbVDLSsNAFJ34tr6qLt0Ei+DGkohUl6IblxXsA0wok+lNO3QyCTM3Sgn5Cn/DH3Crf+CuuBW/w2mahVYPDHM4517uvSdIBNfoOBNrYXFpeWV1bb2ysbm1vVPd3WvrOFUMWiwWseoGVIPgElrIUUA3UUCjQEAnGF1P/c4DKM1jeYfjBPyIDiQPOaNopF71xBsBZk5efDL3BISo+GCIVKn4sVDd0jxx81615tSdAvZf4pakRko0e9Uvrx+zNAKJTFCt710nQT+jCjkTkFe8VENC2YgO4N5QSSPQflacldtHRunbYazMk2gX6s+OjEZaj6PAVEYUh3rem4r/eoGi5qK56Rhe+BmXSYog2Wx4mAobY3uam93nChiKsSGUKW72t9mQKsrQpFsxwbjzMfwl7dO626g3bs9ql1dlRGvkgBySY+KSc3JJbkiTtAgjT+SFvJI369l6tybWx6x0wSp79skvWJ/f9kmpKw==</latexit>

|0i |ni $ |1i |n� 1i
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Qubit & qumodes with trapped ions

27

Araz, Grau, Montgomery, FR `24

<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�where

171Yb+ ions in a 
linear Paul trap
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Qubit & qumodes with transmons

Native transmon gates
Liu, Singh, Smith et al. `24

Crane, Smith, Tomesh et al. `24

• Different native gate set
• Connectivity
• Coherence times

<latexit sha1_base64="UkHPW5UukAcEJ6D4AI4bZrS3mgE=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2VXinosevFmBfsB26Vk02wbmk2WZFYoS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewtr6xuVXcLu3s7u0flA+P2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vp35nSemDVfyESYJC2IylDzilICV/KxHicD306o575crbs2dA68SLycVlKPZL3/1BoqmMZNABTHG99wEgoxo4FSwaamXGpYQOiZD5lsqScxMkM1PnuIzqwxwpLQtCXiu/p7ISGzMJA5tZ0xgZJa9mfif56cQXQcZl0kKTNLFoigVGBSe/Y8HXDMKYmIJoZrbWzEdEU0o2JRKNgRv+eVV0r6oeZe1+kO90rjJ4yiiE3SKqshDV6iB7lATtRBFCj2jV/TmgPPivDsfi9aCk88coz9wPn8AWrWQqA==</latexit>

O(s)
<latexit sha1_base64="eSpJE1W7maic54hYfgcw/FQ0fx8=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OLNCvYDukvJptk2NMkuSVYoS/+GFw+KePXPePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXWcKkJbJOax6oZYU84kbRlmOO0mimIRctoJx7czv/NElWaxfDSThAYCDyWLGMHGSn7mE8zR/bQq9Hm/XHFr7hxolXg5qUCOZr/85Q9ikgoqDeFY657nJibIsDKMcDot+ammCSZjPKQ9SyUWVAfZ/OYpOrPKAEWxsiUNmqu/JzIstJ6I0HYKbEZ62ZuJ/3m91ETXQcZkkhoqyWJRlHJkYjQLAA2YosTwiSWYKGZvRWSEFSbGxlSyIXjLL6+S9kXNu6zVH+qVxk0eRxFO4BSq4MEVNOAOmtACAgk8wyu8Oanz4rw7H4vWgpPPHMMfOJ8/KOWRHw==</latexit>

O(ms)

Trapped ions:

Qubits       , qumodes

Transmons:
<latexit sha1_base64="UkHPW5UukAcEJ6D4AI4bZrS3mgE=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2VXinosevFmBfsB26Vk02wbmk2WZFYoS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewtr6xuVXcLu3s7u0flA+P2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vp35nSemDVfyESYJC2IylDzilICV/KxHicD306o575crbs2dA68SLycVlKPZL3/1BoqmMZNABTHG99wEgoxo4FSwaamXGpYQOiZD5lsqScxMkM1PnuIzqwxwpLQtCXiu/p7ISGzMJA5tZ0xgZJa9mfif56cQXQcZl0kKTNLFoigVGBSe/Y8HXDMKYmIJoZrbWzEdEU0o2JRKNgRv+eVV0r6oeZe1+kO90rjJ4yiiE3SKqshDV6iB7lATtRBFCj2jV/TmgPPivDsfi9aCk88coz9wPn8AWrWQqA==</latexit>

O(s)
<latexit sha1_base64="eSpJE1W7maic54hYfgcw/FQ0fx8=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OLNCvYDukvJptk2NMkuSVYoS/+GFw+KePXPePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXWcKkJbJOax6oZYU84kbRlmOO0mimIRctoJx7czv/NElWaxfDSThAYCDyWLGMHGSn7mE8zR/bQq9Hm/XHFr7hxolXg5qUCOZr/85Q9ikgoqDeFY657nJibIsDKMcDot+ammCSZjPKQ9SyUWVAfZ/OYpOrPKAEWxsiUNmqu/JzIstJ6I0HYKbEZ62ZuJ/3m91ETXQcZkkhoqyWJRlHJkYjQLAA2YosTwiSWYKGZvRWSEFSbGxlSyIXjLL6+S9kXNu6zVH+qVxk0eRxFO4BSq4MEVNOAOmtACAgk8wyu8Oanz4rw7H4vWgpPPHMMfOJ8/KOWRHw==</latexit>

O(ms)Qubits          , qumodes
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Outline
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Lattice models and 
non-Abelian theories

Qubits, qudits & 
qumodes

Applications in 
fundamental physics
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The many-body Jaynes-Cummings model
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<latexit sha1_base64="OzNJscKsV7r5qlADPZY4u5/WrHQ=">AAACLXicbVDLSgMxFM34rPU16tJNsAhCocxIUZdFXbisYB/QGcudNG1DM5khyQhl6A+58VdEcFERt/6G6bQFbT0QOJxzDzf3BDFnSjvO2FpZXVvf2Mxt5bd3dvf27YPDuooSSWiNRDySzQAU5UzQmmaa02YsKYQBp41gcDPxG09UKhaJBz2MqR9CT7AuI6CN1LZvPcVC7PVBY2inouiOHlOvA70elaO5LIpzsuxlkbZdcEpOBrxM3BkpoBmqbfvN60QkCanQhINSLdeJtZ+C1IxwOsp7iaIxkAH0aMtQASFVfppdO8KnRungbiTNExpn6u9ECqFSwzAwkyHovlr0JuJ/XivR3Ss/ZSJONBVkuqibcKwjPKkOd5ikRPOhIUAkM3/FpA8SiDYF500J7uLJy6R+XnIvSuX7cqFyPasjh47RCTpDLrpEFXSHqqiGCHpGr2iMPqwX6936tL6moyvWLHOE/sD6/gEOWqgI</latexit>

⇠ â†n+1ân + â†nân+1

<latexit sha1_base64="83D69C0jxLGXuA2eKmxobWMKcIM=">AAACH3icbVDLSgMxFM34rPVVdekmWAShWGakVJdFNy4r2Ad02nInTaehSWZIMkIp/RM3/oobF4qIu/6N6UPR1gOBk3PuIbkniDnTxnXHzsrq2vrGZmorvb2zu7efOTis6ihRhFZIxCNVD0BTziStGGY4rceKggg4rQX9m4lfe6BKs0jem0FMmwJCybqMgLFSO1P0NRPY74HB0JbY3kIBrZyluR+15XcgDKn6ds/bNph18+4UeJl4c5JFc5TbmU+/E5FEUGkIB60bnhub5hCUYYTTUdpPNI2B9CGkDUslCKqbw+l+I3xqlQ7uRsoeafBU/Z0YgtB6IAI7KcD09KI3Ef/zGonpXjWHTMaJoZLMHuomHJsIT8rCHaYoMXxgCRDF7F8x6YECYmylaVuCt7jyMqle5L1ivnBXyJau53Wk0DE6QWfIQ5eohG5RGVUQQY/oGb2iN+fJeXHenY/Z6IozzxyhP3DGX/reobo=</latexit>

⇠ ân�
+
n + â†n�

�
n

• 1-dimensional Hamiltonian with N lattice sites

<latexit sha1_base64="Fc+MYlj1jfZPDyFrKr3Qw2m4USE="></latexit>

H =
NX

n=1

!ca
†
nan +

NX

n=1

!a�
+
n �

�
n + 

NX

n=1

⇣
a
†
n+1an + a

†
nan+1

⌘
+ ⌘

NX

n=1

�
an�

+
n + a

†
n�

�
n

�

<latexit sha1_base64="Fc+MYlj1jfZPDyFrKr3Qw2m4USE="></latexit>

H =
NX

n=1

!ca
†
nan +

NX

n=1

!a�
+
n �

�
n + 

NX

n=1

⇣
a
†
n+1an + a

†
nan+1

⌘
+ ⌘

NX

n=1

�
an�

+
n + a

†
n�

�
n

�

<latexit sha1_base64="Fc+MYlj1jfZPDyFrKr3Qw2m4USE="></latexit>

H =
NX

n=1

!ca
†
nan +

NX

n=1

!a�
+
n �

�
n + 

NX

n=1

⇣
a
†
n+1an + a

†
nan+1

⌘
+ ⌘

NX

n=1

�
an�

+
n + a

†
n�

�
n

�

<latexit sha1_base64="Fc+MYlj1jfZPDyFrKr3Qw2m4USE="></latexit>

H =
NX

n=1

!ca
†
nan +

NX

n=1

!a�
+
n �

�
n + 

NX

n=1

⇣
a
†
n+1an + a

†
nan+1

⌘
+ ⌘

NX

n=1

�
an�

+
n + a

†
n�

�
n

�

N qumodes

N qubits

Qumode nearest-
neighbor hopping

Onsite qumode-qubit 
interaction

<latexit sha1_base64="3fLP0C0uYxurTpGZG04Kpw0VxAA=">AAACCXicdVBLSgNBEO3xG+Mv6tJNYxBcDR0TkrgT3bhMwCRCMkpPp6JNej5014hhyAm8gFu9gTtx6ym8gOewJ4mgog8KHq9eUVXPj5U0yNi7Mze/sLi0nFvJr66tb2wWtrbbJkq0gJaIVKQvfG5AyRBaKFHBRayBB76Cjj88zfqdW9BGRuE5jmLwAn4dyoEUHK102UO4w7SZBFEfzPiqUGQuq9Vr9TplbvmQHR1lpFquVFiZllw2QZHM0LgqfPT6kUgCCFEobky3xGL0Uq5RCgXjfC8xEHMx5NfQtTTkARgvnVw9pvtW6dNBpG2FSCfq94mUB8aMAt86A4435kfP13wIOP7tz4x/+bsJDupeKsM4QQjFdPkgURQjmsVC+1KDQDWyhAst7f1U3HDNBdrw8jaYr+/p/6R96JaqbqVZKR6fzCLKkV2yRw5IidTIMTkjDdIigmjyQB7Jk3PvPDsvzuvUOufMZnbIDzhvn20mm8c=</latexit>

Qumodes
<latexit sha1_base64="PZvyaSIPjoknl00vcF/TyOqJD1E=">AAACCHicdVBLSgNBEO3xb/xFXbppDIKrYSYfY3aiG5cJmBhIhtDTqSRNej5214hhyAW8gFu9gTtx6y28gOew8xFU9EHB49Urqur5sRQaHefdWlhcWl5ZXVvPbGxube9kd/caOkoUhzqPZKSaPtMgRQh1FCihGStggS/h2h9eTPrXt6C0iMIrHMXgBawfip7gDI3ktRHuMK0lvkA97mRzju1UKoVSgTp2sVLIl0qGuPlS2XGpaztT5Mgc1U72o92NeBJAiFwyrVuuE6OXMoWCSxhn2omGmPEh60PL0JAFoL10evSYHhmlS3uRMhUinarfJ1IWaD0KfOMMGA70j56v2BBw/Ns/Mf7lbyXYO/VSEcYJQshny3uJpBjRSSq0KxRwlCNDGFfC3E/5gCnG0WSXMcF8fU//J4287Z7YxVoxd3Y+j2iNHJBDckxcUiZn5JJUSZ1wckMeyCN5su6tZ+vFep1ZF6z5zD75AevtE4eEm0c=</latexit>

Qubits

<latexit sha1_base64="8Wl6MP908D90hUlDNk5LVhgoYM0=">AAACDnicbVBLSgNBEO3xG+Nvoks3jUFwIWFGgroRgm6ykgjmA5Mh9HR6kiY9H7prlDDkDl7Ard7Anbj1Cl7Ac9iZzMIkPijq8eoVVTwvFlyBZX0bK6tr6xubha3i9s7u3r5ZOmipKJGUNWkkItnxiGKCh6wJHATrxJKRwBOs7Y1up/P2I5OKR+EDjGPmBmQQcp9TAlrqmSWnOySA62dZu3OvrZ5ZtipWBrxM7JyUUY5Gz/zp9iOaBCwEKohSjm3F4KZEAqeCTYrdRLGY0BEZMEfTkARMuWn2+gSfaKWP/UjqCgFn6t+NlARKjQNPOwMCQzU38yQZMZgs+qfG//xOAv6Vm/IwToCFdHbcTwSGCE+zwX0uGQUx1oRQyfX/mA6JJBR0gkUdjL0YwzJpnVfsi0r1vlqu3eQRFdAROkanyEaXqIbqqIGaiKIn9IJe0ZvxbLwbH8bnzLpi5DuHaA7G1y/Z2Jsf</latexit>

[Ĥ, N̂ ] = 0

Araz, Grau, Montgomery, FR `24
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• 1-dimensional Hamiltonian
<latexit sha1_base64="OzNJscKsV7r5qlADPZY4u5/WrHQ=">AAACLXicbVDLSgMxFM34rPU16tJNsAhCocxIUZdFXbisYB/QGcudNG1DM5khyQhl6A+58VdEcFERt/6G6bQFbT0QOJxzDzf3BDFnSjvO2FpZXVvf2Mxt5bd3dvf27YPDuooSSWiNRDySzQAU5UzQmmaa02YsKYQBp41gcDPxG09UKhaJBz2MqR9CT7AuI6CN1LZvPcVC7PVBY2inouiOHlOvA70elaO5LIpzsuxlkbZdcEpOBrxM3BkpoBmqbfvN60QkCanQhINSLdeJtZ+C1IxwOsp7iaIxkAH0aMtQASFVfppdO8KnRungbiTNExpn6u9ECqFSwzAwkyHovlr0JuJ/XivR3Ss/ZSJONBVkuqibcKwjPKkOd5ikRPOhIUAkM3/FpA8SiDYF500J7uLJy6R+XnIvSuX7cqFyPasjh47RCTpDLrpEFXSHqqiGCHpGr2iMPqwX6936tL6moyvWLHOE/sD6/gEOWqgI</latexit>

⇠ â†n+1ân + â†nân+1

<latexit sha1_base64="83D69C0jxLGXuA2eKmxobWMKcIM=">AAACH3icbVDLSgMxFM34rPVVdekmWAShWGakVJdFNy4r2Ad02nInTaehSWZIMkIp/RM3/oobF4qIu/6N6UPR1gOBk3PuIbkniDnTxnXHzsrq2vrGZmorvb2zu7efOTis6ihRhFZIxCNVD0BTziStGGY4rceKggg4rQX9m4lfe6BKs0jem0FMmwJCybqMgLFSO1P0NRPY74HB0JbY3kIBrZyluR+15XcgDKn6ds/bNph18+4UeJl4c5JFc5TbmU+/E5FEUGkIB60bnhub5hCUYYTTUdpPNI2B9CGkDUslCKqbw+l+I3xqlQ7uRsoeafBU/Z0YgtB6IAI7KcD09KI3Ef/zGonpXjWHTMaJoZLMHuomHJsIT8rCHaYoMXxgCRDF7F8x6YECYmylaVuCt7jyMqle5L1ivnBXyJau53Wk0DE6QWfIQ5eohG5RGVUQQY/oGb2iN+fJeXHenY/Z6IozzxyhP3DGX/reobo=</latexit>

⇠ ân�
+
n + â†n�

�
n

• The total number of excitations is conserved

<latexit sha1_base64="Fc+MYlj1jfZPDyFrKr3Qw2m4USE="></latexit>
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<latexit sha1_base64="Fc+MYlj1jfZPDyFrKr3Qw2m4USE="></latexit>
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<latexit sha1_base64="8Wl6MP908D90hUlDNk5LVhgoYM0=">AAACDnicbVBLSgNBEO3xG+Nvoks3jUFwIWFGgroRgm6ykgjmA5Mh9HR6kiY9H7prlDDkDl7Ard7Anbj1Cl7Ac9iZzMIkPijq8eoVVTwvFlyBZX0bK6tr6xubha3i9s7u3r5ZOmipKJGUNWkkItnxiGKCh6wJHATrxJKRwBOs7Y1up/P2I5OKR+EDjGPmBmQQcp9TAlrqmSWnOySA62dZu3OvrZ5ZtipWBrxM7JyUUY5Gz/zp9iOaBCwEKohSjm3F4KZEAqeCTYrdRLGY0BEZMEfTkARMuWn2+gSfaKWP/UjqCgFn6t+NlARKjQNPOwMCQzU38yQZMZgs+qfG//xOAv6Vm/IwToCFdHbcTwSGCE+zwX0uGQUx1oRQyfX/mA6JJBR0gkUdjL0YwzJpnVfsi0r1vlqu3eQRFdAROkanyEaXqIbqqIGaiKIn9IJe0ZvxbLwbH8bnzLpi5DuHaA7G1y/Z2Jsf</latexit>

[Ĥ, N̂ ] = 0

<latexit sha1_base64="U3Nm5Tuh+fmW2Gv123bX7NPA3ko=">AAACGHicbVDLSgMxFM34rPU16rKbYBFcSJmRom6Egi66kgr2Ae0wZNK0Dc1khuSOUIZZ+Bv+gFv9A3fi1p0/4HeYPha29cDlHs49l+SeIBZcg+N8Wyura+sbm7mt/PbO7t6+fXDY0FGiKKvTSESqFRDNBJesDhwEa8WKkTAQrBkMb8bz5iNTmkfyAUYx80LSl7zHKQEj+Xah3RkQwNWzSbvz044KMUSQedeObxedkjMBXibujBTRDDXf/ul0I5qETAIVROu268TgpUQBp4Jl+U6iWUzokPRZ21BJQqa9dHJEhk+M0sW9SJmSgCfq342UhFqPwsA4QwIDPTcLFBkyyBb9Y+N//nYCvSsv5TJOgEk6fbyXCHM5HqeEu1wxCmJkCKGKm/9jOiCKUDBZ5k0w7mIMy6RxXnIvSuX7crFyO4sohwroGJ0iF12iCqqiGqojip7QC3pFb9az9W59WJ9T64o12zlCc7C+fgEJMJ+O</latexit>

[Ĥ, N̂tot] = 0 where
<latexit sha1_base64="fA8XOqwnzdEpaRyk0eDahELjJ6A=">AAACDnicbVDLSsNAFJ3UV62vVJduBovgqiRS1I1Q0IUrqWBroQlhMp20QycPZm6UEvIP/oBb/QN34tZf8Af8DqdtFrb1wIXDuedy7z1+IrgCy/o2Siura+sb5c3K1vbO7p5Z3e+oOJWUtWksYtn1iWKCR6wNHATrJpKR0BfswR9dTfoPj0wqHkf3ME6YG5JBxANOCWjJM6vOkAC+9TJHhhhiyC89s2bVrSnwMrELUkMFWp754/RjmoYsAiqIUj3bSsDNiAROBcsrTqpYQuiIDFhP04iETLnZ9PQcH2ulj4NY6ooAT9W/ExkJlRqHvnaGBIZqrudLMmKQL/onxv/8vRSCCzfjUZICi+hseZAK/TeeZIP7XDIKYqwJoZLr+zEdEkko6AQrOhh7MYZl0jmt22f1xl2j1rwuIiqjQ3SETpCNzlET3aAWaiOKntALekVvxrPxbnwYnzNryShmDtAcjK9fY4ucFQ==</latexit>

N̂tot =

<latexit sha1_base64="E39zlBRmHCcEFT+u1gqHWR3OmhA="></latexit>

NX

n=1

a†nan

<latexit sha1_base64="96Mssm0AirDwgui+gN25WDiyU0Q="></latexit>

+
NX

n=1

�+��

• Related to the Schwinger model, 
U(1) gauge theory + fermions

Araz, Grau, Montgomery, FR `24
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Qumode rotation

Qubit
<latexit sha1_base64="2a5JkYK0Vvk1TtTavqB+MHa2S9M=">AAACFXicbVDLSsNAFJ3UV62vqBvBzWARBKEkUtRlQRe6q2Af0IQwmU7aoTNJmJkINcTf8Afc6h+4E7eu/QG/w0mbhW09cOHMuecy9x4/ZlQqy/o2SkvLK6tr5fXKxubW9o65u9eWUSIwaeGIRaLrI0kYDUlLUcVINxYEcZ+Rjj+6yvudByIkjcJ7NY6Jy9EgpAHFSGnJMw8cSTl0OFJD309vs1P9HnDkPXpm1apZE8BFYhekCgo0PfPH6Uc44SRUmCEpe7YVKzdFQlHMSFZxEklihEdoQHqahogT6aaTCzJ4rJU+DCKhK1Rwov6dSBGXcsx97cxXlTM9X6ARUdm8Pzf+5+8lKrh0UxrGiSIhnn4eJAyqCOYRwT4VBCs21gRhQfX+EA+RQFjpICs6GHs+hkXSPqvZ57X6Xb3auC4iKoNDcAROgA0uQAPcgCZoAQyewAt4BW/Gs/FufBifU2vJKGb2wQyMr19Udp9P</latexit>

⇠ I+ �z

Qumode beam splitter

Red sideband

Trotter decomposition

• Real-time evolution

<latexit sha1_base64="3YKrjVh1kbE9ERV4gSmhnXqlcMA=">AAACGHicbZDLSgMxFIYz3q23UZfdBItQF5YZKepGEHTRZQXbCu04ZNLTGpu5kJwRytCFr+ELuNU3cCdu3fkCPofpZWGrPwQ+/vMfkvxBIoVGx/my5uYXFpeWV1Zza+sbm1v29k5dx6niUOOxjNVNwDRIEUENBUq4SRSwMJDQCHoXw3njAZQWcXSN/QS8kHUj0RGcobF8O1/z3SIenLUSFbf9ewq32aGgFUM48O2CU3JGon/BnUCBTFT17e9WO+ZpCBFyybRuuk6CXsYUCi5hkGulGhLGe6wLTYMRC0F72egTA7pvnDbtxMqcCOnI/b2RsVDrfhiYZMjwTk/NAsV6gIPZ/DD4X76ZYufUy0SUpAgRH1/eSSXFmA5bom2hgKPsG2BcCfN+yu+YYhxNlzlTjDtbw1+oH5Xc41L5qlw4v5xUtELyZI8UiUtOyDmpkCqpEU4eyTN5Ia/Wk/VmvVsf4+icNdnZJVOyPn8AV0WfIw==</latexit>

U1(t) =
Y

j

e�iHjt

<latexit sha1_base64="Fc+MYlj1jfZPDyFrKr3Qw2m4USE="></latexit>
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<latexit sha1_base64="Fc+MYlj1jfZPDyFrKr3Qw2m4USE="></latexit>
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<latexit sha1_base64="8Wl6MP908D90hUlDNk5LVhgoYM0=">AAACDnicbVBLSgNBEO3xG+Nvoks3jUFwIWFGgroRgm6ykgjmA5Mh9HR6kiY9H7prlDDkDl7Ard7Anbj1Cl7Ac9iZzMIkPijq8eoVVTwvFlyBZX0bK6tr6xubha3i9s7u3r5ZOmipKJGUNWkkItnxiGKCh6wJHATrxJKRwBOs7Y1up/P2I5OKR+EDjGPmBmQQcp9TAlrqmSWnOySA62dZu3OvrZ5ZtipWBrxM7JyUUY5Gz/zp9iOaBCwEKohSjm3F4KZEAqeCTYrdRLGY0BEZMEfTkARMuWn2+gSfaKWP/UjqCgFn6t+NlARKjQNPOwMCQzU38yQZMZgs+qfG//xOAv6Vm/IwToCFdHbcTwSGCE+zwX0uGQUx1oRQyfX/mA6JJBR0gkUdjL0YwzJpnVfsi0r1vlqu3eQRFdAROkanyEaXqIbqqIGaiKIn9IJe0ZvxbLwbH8bnzLpi5DuHaA7G1y/Z2Jsf</latexit>

[Ĥ, N̂ ] = 0

Araz, Grau, Montgomery, FR `24
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• Real-time evolution

• Open boundary conditions
• 4 sites and qumodes truncated to 4 levels for the classical simulation

<latexit sha1_base64="Fc+MYlj1jfZPDyFrKr3Qw2m4USE="></latexit>
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<latexit sha1_base64="U3Nm5Tuh+fmW2Gv123bX7NPA3ko=">AAACGHicbVDLSgMxFM34rPU16rKbYBFcSJmRom6Egi66kgr2Ae0wZNK0Dc1khuSOUIZZ+Bv+gFv9A3fi1p0/4HeYPha29cDlHs49l+SeIBZcg+N8Wyura+sbm7mt/PbO7t6+fXDY0FGiKKvTSESqFRDNBJesDhwEa8WKkTAQrBkMb8bz5iNTmkfyAUYx80LSl7zHKQEj+Xah3RkQwNWzSbvz044KMUSQedeObxedkjMBXibujBTRDDXf/ul0I5qETAIVROu268TgpUQBp4Jl+U6iWUzokPRZ21BJQqa9dHJEhk+M0sW9SJmSgCfq342UhFqPwsA4QwIDPTcLFBkyyBb9Y+N//nYCvSsv5TJOgEk6fbyXCHM5HqeEu1wxCmJkCKGKm/9jOiCKUDBZ5k0w7mIMy6RxXnIvSuX7crFyO4sohwroGJ0iF12iCqqiGqojip7QC3pFb9az9W59WJ9T64o12zlCc7C+fgEJMJ+O</latexit>

[Ĥ, N̂tot] = 0

As expected for

<latexit sha1_base64="eTZt3hngw3l0hqsU0mfp4QRy5OQ=">AAACCHicbZDNSsNAFIUn9a/Wv6pLN8Ei1E1IpKjLgi5cVrCt0IYymd60Qyc/ztyIJeQFfAG3+gbuxK1v4Qv4HE7bLGzrgYGPc89lLseLBVdo299GYWV1bX2juFna2t7Z3SvvH7RUlEgGTRaJSN57VIHgITSRo4D7WAINPAFtb3Q1mbcfQSoehXc4jsEN6CDkPmcUteV2EZ4wrVIrsU6zXrliW/ZU5jI4OVRIrkav/NPtRywJIEQmqFIdx47RTalEzgRkpW6iIKZsRAfQ0RjSAJSbTo/OzBPt9E0/kvqFaE7dvxspDZQaB55OBhSHam7mSToCzBbzk+B/+U6C/qWb8jBOEEI2+9xPhImROWnF7HMJDMVYA2WS6/tNNqSSMtTdlXQxzmINy9A6s5xzq3Zbq9Sv84qK5IgckypxyAWpkxvSIE3CyAN5Ia/kzXg23o0P43MWLRj5ziGZk/H1C47Vmgs=</latexit>

(a.u.)

<latexit sha1_base64="zwPKpmeqlPEifUoyy5xJ1H8Qhws=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5JIUY9FL56kgv2AJobNdtMu3WzC7kYptT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMC1POlHacb6uwsrq2vlHcLG1t7+zu2eX9lkoySWiTJDyRnRArypmgTc00p51UUhyHnLbD4dXUbz9QqVgi7vQopX6M+4JFjGBtpMAueyqLA4G8AdboJhD3LLArTtWZAS0TNycVyNEI7C+vl5AspkITjpXquk6q/TGWmhFOJyUvUzTFZIj7tGuowDFV/nh2+gQdG6WHokSaEhrN1N8TYxwrNYpD0xljPVCL3lT8z+tmOrrwx0ykmaaCzBdFGUc6QdMcUI9JSjQfGYKJZOZWRAZYYqJNWiUTgrv48jJpnVbds2rttlapX+ZxFOEQjuAEXDiHOlxDA5pA4BGe4RXerCfrxXq3PuatBSufOYA/sD5/AJxmk5c=</latexit>X

n

N̂ i
n

Araz, Grau, Montgomery, FR `24
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• Ground state preparation

<latexit sha1_base64="Fc+MYlj1jfZPDyFrKr3Qw2m4USE="></latexit>
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<latexit sha1_base64="8Wl6MP908D90hUlDNk5LVhgoYM0=">AAACDnicbVBLSgNBEO3xG+Nvoks3jUFwIWFGgroRgm6ykgjmA5Mh9HR6kiY9H7prlDDkDl7Ard7Anbj1Cl7Ac9iZzMIkPijq8eoVVTwvFlyBZX0bK6tr6xubha3i9s7u3r5ZOmipKJGUNWkkItnxiGKCh6wJHATrxJKRwBOs7Y1up/P2I5OKR+EDjGPmBmQQcp9TAlrqmSWnOySA62dZu3OvrZ5ZtipWBrxM7JyUUY5Gz/zp9iOaBCwEKohSjm3F4KZEAqeCTYrdRLGY0BEZMEfTkARMuWn2+gSfaKWP/UjqCgFn6t+NlARKjQNPOwMCQzU38yQZMZgs+qfG//xOAv6Vm/IwToCFdHbcTwSGCE+zwX0uGQUx1oRQyfX/mA6JJBR0gkUdjL0YwzJpnVfsi0r1vlqu3eQRFdAROkanyEaXqIbqqIGaiKIn9IJe0ZvxbLwbH8bnzLpi5DuHaA7G1y/Z2Jsf</latexit>

[Ĥ, N̂ ] = 0

• Hamiltonian-based VQA

1 layer with non-Gaussian 
red sideband gate

cf. Lloyd et al. `18, Siopsis et al. `23

<latexit sha1_base64="3fLP0C0uYxurTpGZG04Kpw0VxAA=">AAACCXicdVBLSgNBEO3xG+Mv6tJNYxBcDR0TkrgT3bhMwCRCMkpPp6JNej5014hhyAm8gFu9gTtx6ym8gOewJ4mgog8KHq9eUVXPj5U0yNi7Mze/sLi0nFvJr66tb2wWtrbbJkq0gJaIVKQvfG5AyRBaKFHBRayBB76Cjj88zfqdW9BGRuE5jmLwAn4dyoEUHK102UO4w7SZBFEfzPiqUGQuq9Vr9TplbvmQHR1lpFquVFiZllw2QZHM0LgqfPT6kUgCCFEobky3xGL0Uq5RCgXjfC8xEHMx5NfQtTTkARgvnVw9pvtW6dNBpG2FSCfq94mUB8aMAt86A4435kfP13wIOP7tz4x/+bsJDupeKsM4QQjFdPkgURQjmsVC+1KDQDWyhAst7f1U3HDNBdrw8jaYr+/p/6R96JaqbqVZKR6fzCLKkV2yRw5IidTIMTkjDdIigmjyQB7Jk3PvPDsvzuvUOufMZnbIDzhvn20mm8c=</latexit>

Qumodes

<latexit sha1_base64="PZvyaSIPjoknl00vcF/TyOqJD1E=">AAACCHicdVBLSgNBEO3xb/xFXbppDIKrYSYfY3aiG5cJmBhIhtDTqSRNej5214hhyAW8gFu9gTtx6y28gOew8xFU9EHB49Urqur5sRQaHefdWlhcWl5ZXVvPbGxube9kd/caOkoUhzqPZKSaPtMgRQh1FCihGStggS/h2h9eTPrXt6C0iMIrHMXgBawfip7gDI3ktRHuMK0lvkA97mRzju1UKoVSgTp2sVLIl0qGuPlS2XGpaztT5Mgc1U72o92NeBJAiFwyrVuuE6OXMoWCSxhn2omGmPEh60PL0JAFoL10evSYHhmlS3uRMhUinarfJ1IWaD0KfOMMGA70j56v2BBw/Ns/Mf7lbyXYO/VSEcYJQshny3uJpBjRSSq0KxRwlCNDGFfC3E/5gCnG0WSXMcF8fU//J4287Z7YxVoxd3Y+j2iNHJBDckxcUiZn5JJUSZ1wckMeyCN5su6tZ+vFep1ZF6z5zD75AevtE4eEm0c=</latexit>

Qubits

Araz, Grau, Montgomery, FR `24
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The many-body Jaynes-Cummings model

35

• Ground state preparation

<latexit sha1_base64="Fc+MYlj1jfZPDyFrKr3Qw2m4USE="></latexit>
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<latexit sha1_base64="Fc+MYlj1jfZPDyFrKr3Qw2m4USE="></latexit>
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<latexit sha1_base64="Fc+MYlj1jfZPDyFrKr3Qw2m4USE="></latexit>
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<latexit sha1_base64="Fc+MYlj1jfZPDyFrKr3Qw2m4USE="></latexit>
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<latexit sha1_base64="8Wl6MP908D90hUlDNk5LVhgoYM0=">AAACDnicbVBLSgNBEO3xG+Nvoks3jUFwIWFGgroRgm6ykgjmA5Mh9HR6kiY9H7prlDDkDl7Ard7Anbj1Cl7Ac9iZzMIkPijq8eoVVTwvFlyBZX0bK6tr6xubha3i9s7u3r5ZOmipKJGUNWkkItnxiGKCh6wJHATrxJKRwBOs7Y1up/P2I5OKR+EDjGPmBmQQcp9TAlrqmSWnOySA62dZu3OvrZ5ZtipWBrxM7JyUUY5Gz/zp9iOaBCwEKohSjm3F4KZEAqeCTYrdRLGY0BEZMEfTkARMuWn2+gSfaKWP/UjqCgFn6t+NlARKjQNPOwMCQzU38yQZMZgs+qfG//xOAv6Vm/IwToCFdHbcTwSGCE+zwX0uGQUx1oRQyfX/mA6JJBR0gkUdjL0YwzJpnVfsi0r1vlqu3eQRFdAROkanyEaXqIbqqIGaiKIn9IJe0ZvxbLwbH8bnzLpi5DuHaA7G1y/Z2Jsf</latexit>

[Ĥ, N̂ ] = 0

• Hamiltonian-based VQA

1 layer with non-Gaussian 
red sideband gate

cf. Lloyd et al. `18, Siopsis et al. `23

<latexit sha1_base64="3fLP0C0uYxurTpGZG04Kpw0VxAA=">AAACCXicdVBLSgNBEO3xG+Mv6tJNYxBcDR0TkrgT3bhMwCRCMkpPp6JNej5014hhyAm8gFu9gTtx6ym8gOewJ4mgog8KHq9eUVXPj5U0yNi7Mze/sLi0nFvJr66tb2wWtrbbJkq0gJaIVKQvfG5AyRBaKFHBRayBB76Cjj88zfqdW9BGRuE5jmLwAn4dyoEUHK102UO4w7SZBFEfzPiqUGQuq9Vr9TplbvmQHR1lpFquVFiZllw2QZHM0LgqfPT6kUgCCFEobky3xGL0Uq5RCgXjfC8xEHMx5NfQtTTkARgvnVw9pvtW6dNBpG2FSCfq94mUB8aMAt86A4435kfP13wIOP7tz4x/+bsJDupeKsM4QQjFdPkgURQjmsVC+1KDQDWyhAst7f1U3HDNBdrw8jaYr+/p/6R96JaqbqVZKR6fzCLKkV2yRw5IidTIMTkjDdIigmjyQB7Jk3PvPDsvzuvUOufMZnbIDzhvn20mm8c=</latexit>

Qumodes

<latexit sha1_base64="PZvyaSIPjoknl00vcF/TyOqJD1E=">AAACCHicdVBLSgNBEO3xb/xFXbppDIKrYSYfY3aiG5cJmBhIhtDTqSRNej5214hhyAW8gFu9gTtx6y28gOew8xFU9EHB49Urqur5sRQaHefdWlhcWl5ZXVvPbGxube9kd/caOkoUhzqPZKSaPtMgRQh1FCihGStggS/h2h9eTPrXt6C0iMIrHMXgBawfip7gDI3ktRHuMK0lvkA97mRzju1UKoVSgTp2sVLIl0qGuPlS2XGpaztT5Mgc1U72o92NeBJAiFwyrVuuE6OXMoWCSxhn2omGmPEh60PL0JAFoL10evSYHhmlS3uRMhUinarfJ1IWaD0KfOMMGA70j56v2BBw/Ns/Mf7lbyXYO/VSEcYJQshny3uJpBjRSSq0KxRwlCNDGFfC3E/5gCnG0WSXMcF8fU//J4287Z7YxVoxd3Y+j2iNHJBDckxcUiZn5JJUSZ1wckMeyCN5su6tZ+vFep1ZF6z5zD75AevtE4eEm0c=</latexit>

Qubits

Araz, Grau, Montgomery, FR `24

<latexit sha1_base64="gMbXJnrQX2ewX3eEK4+GGOb+JEc=">AAACAXicbZDLSsNAFIYnXmu9Rd0IboJFcGNJRKoboagLlxXsBZoQTqYn7dDJhZmJUErd+CpuXCji1rdw59s4bbPQ1h8GPv5zDmfOH6ScSWXb38bC4tLyymphrbi+sbm1be7sNmSSCYp1mvBEtAKQyFmMdcUUx1YqEKKAYzPoX4/rzQcUkiXxvRqk6EXQjVnIKCht+ea+e4NcwaWbRNgFn57kAL5Zssv2RNY8ODmUSK6ab365nYRmEcaKcpCy7dip8oYgFKMcR0U3k5gC7UMX2xpjiFB6w8kFI+tIOx0rTIR+sbIm7u+JIURSDqJAd0agenK2Njb/q7UzFV54QxanmcKYTheFGbdUYo3jsDpMIFV8oAGoYPqvFu2BAKp0aEUdgjN78jw0TstOpVy5OytVr/I4CuSAHJJj4pBzUiW3pEbqhJJH8kxeyZvxZLwY78bHtHXByGf2yB8Znz8ElJai</latexit> �
=

!
c
�
!
a Fixed vs. 

variable
<latexit sha1_base64="M7d5cgfTE0CVlYnCPD6sxF3mmEY=">AAACEXicbVDLSsNAFJ34rPUVHzs3g0VwVRKR6rLoxpVUsA9oQphMJ+3QySTM3Ag19Cv8Abf6B+7ErV/gD/gdTtsstPXAhcM593LvPWEquAbH+bKWlldW19ZLG+XNre2dXXtvv6WTTFHWpIlIVCckmgkuWRM4CNZJFSNxKFg7HF5P/PYDU5on8h5GKfNj0pc84pSAkQL70AsVGTLIb4PcUzGGBMbjwK44VWcKvEjcglRQgUZgf3u9hGYxk0AF0brrOin4OVHAqWDjspdplhI6JH3WNVSSmGk/n14/xidG6eEoUaYk4Kn6eyInsdajODSdMYGBnvcm4r/e7LO57RBd+jmXaQZM0tnyKBPmbzyJB/e4YhTEyBBCFTf3YzogilAwIZZNMO58DIukdVZ1a9Xa3XmlflVEVEJH6BidIhddoDq6QQ3URBQ9omf0gl6tJ+vNerc+Zq1LVjFzgP7A+vwB1WieCg==</latexit>

hNtoti

<latexit sha1_base64="YvJItNd4wmBH2XEkabWuj1nOXjQ=">AAACI3icbVDLTgIxFO34RHyhLt00Eo0rMkOIusTowiUk8kiYkXTKBRo6nUnbMSEDf+Bv+ANu9Q/cGTcu3PodFpiFgCdpcnrOubnt8SPOlLbtL2tldW19YzOzld3e2d3bzx0c1lUYSwo1GvJQNn2igDMBNc00h2YkgQQ+h4Y/uJn4jUeQioXiXg8j8ALSE6zLKNFGaufORi4noscBu5Fi7cSVAa5Xr8ejydWVU2v0UGzn8nbBngIvEycleZSi0s79uJ2QxgEITTlRquXYkfYSIjWjHMZZN1YQETogPWgZKkgAykum/xnjU6N0cDeU5giNp+rfiYQESg0D3yQDovtqzvMlGYAeL+Ynwf/yrVh3r7yEiSjWIOhseTfmWId4UhjuMAlU86EhhEpm3o9pn0hCtak1a4pxFmtYJvViwbkolKqlfPk2rSiDjtEJOkcOukRldIcqqIYoekIv6BW9Wc/Wu/Vhfc6iK1Y6c4TmYH3/ArPgpUw=</latexit>

|h VQA| i|2
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<latexit sha1_base64="Ed/PKpYNTSRLR0zxhGj428/yp7M="></latexit>
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X
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i � g
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ni · nj

Qumodes and the O(3) model

36

• Hamiltonian 1+1d

•The fields are treated as continuous variables

Unit 3-vectors at sites i,j

Global non-abelian
symmetry

Angular momentum
Jha, FR, Siopsis, Thompson `23

<latexit sha1_base64="HWTOPKJzQ3iaPKhijrdf9yFzHOY=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48JmAcka5id7U2GzD6Y6VXDkv/w4kERr/6LN//GSbIHTSxoKKq66e7yEik02va3VVhZXVvfKG6WtrZ3dvfK+wctHaeKQ5PHMlYdj2mQIoImCpTQSRSw0JPQ9kY3U7/9AEqLOLrDcQJuyAaRCARnaKT7HsITZo00jH3Qk365YlftGegycXJSITnq/fJXz495GkKEXDKtu46doJsxhYJLmJR6qYaE8REbQNfQiIWg3Wx29YSeGMWnQaxMRUhn6u+JjIVaj0PPdIYMh3rRm4r/ed0Ugys3E1GSIkR8vihIJcWYTiOgvlDAUY4NYVwJcyvlQ6YYRxNUyYTgLL68TFpnVeeiet44r9Su8ziK5Igck1PikEtSI7ekTpqEE0WeySt5sx6tF+vd+pi3Fqx85pD8gfX5A0TCkwY=</latexit>

Qumodes

<latexit sha1_base64="EH5xFD5UP+HyihbLG/NkeYU9GOI=">AAACEHicbVC7TsMwFHV4lvIKMLJYVAimKkEVMFawMBaJPqQmihzHaU0dO7IdpCrqJ7DwKywMIMTKyMbf4LQZoOVIlo/OuVf33hOmjCrtON/W0vLK6tp6ZaO6ubW9s2vv7XeUyCQmbSyYkL0QKcIoJ21NNSO9VBKUhIx0w9F14XcfiFRU8Ds9TomfoAGnMcVIGymwT7xQsEiNE/PlfBJQ6OFIaDgn3wd2zak7U8BF4pakBkq0AvvLiwTOEsI1Zkipvuuk2s+R1BQzMql6mSIpwiM0IH1DOUqI8vPpQRN4bJQIxkKaxzWcqr87cpSoYjlTmSA9VPNeIf7n9TMdX/o55WmmCcezQXHGoBawSAdGVBKs2dgQhCU1u0I8RBJhbTKsmhDc+ZMXSees7p7XG7eNWvOqjKMCDsEROAUuuABNcANaoA0weATP4BW8WU/Wi/VufcxKl6yy5wD8gfX5A0WungM=</latexit>ni · nj

Introduce 3 qumodes per 
lattice site and enforce

<latexit sha1_base64="43kRb9LCQ4Sd7kLVEZ6/rmItfuQ=">AAACGXicbZDLSsNAFIYnXmu9RV3qYrAIglCSKNWNUHTjsoK9QJuGyXTSDp1MwsxEKKEbX8MXcKtv4E7cuvIFfA6naQRt/WHg4z/ncM78fsyoVJb1aSwsLi2vrBbWiusbm1vb5s5uQ0aJwKSOIxaJlo8kYZSTuqKKkVYsCAp9Rpr+8HpSb94TIWnE79QoJm6I+pwGFCOlLc886MQD6tld5yQD5wdOu86l7Zklq2xlgvNg51ACuWqe+dXpRTgJCVeYISnbthUrN0VCUczIuNhJJIkRHqI+aWvkKCTSTbNfjOGRdnowiIR+XMHM/T2RolDKUejrzhCpgZytTcx/a75AQ6Jmtqvgwk0pjxNFOJ4uDxIGVQQnMcEeFQQrNtKAsKD6fogHSCCsdJhFHYw9G8M8NJyyXSlXbs9K1as8ogLYB4fgGNjgHFTBDaiBOsDgATyBZ/BiPBqvxpvxPm1dMPKZPfBHxsc3jtyfNA==</latexit>

�2
1 + �2

2 + �2
3 = 1
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Qumodes and the O(3) model

37

• Real-time 
evolution Infinite 

squeezing limit

<latexit sha1_base64="Ed/PKpYNTSRLR0zxhGj428/yp7M="></latexit>
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2g2

X

i

L2
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2
X
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• Hamiltonian 1+1d

Unit 3-vectors at sites i,j

Global non-abelian
symmetry

Angular momentum

<latexit sha1_base64="BaZSWQUoBdDOZHMru194pYW/hFY=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2J2IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzvz2I2gjYvWAkwT8iA2VCAVnaKVuD+EJMxQRTPvlilt156CrxMtJheRo9MtfvUHM0wgUcsmM6Xpugn7GNAouYVrqpQYSxsdsCF1LFYvA+Nn85Ck9s8qAhrG2pZDO1d8TGYuMmUSB7YwYjsyyNxP/87ophtd+JlSSIii+WBSmkmJMZ//TgdDAUU4sYVwLeyvlI6YZR5tSyYbgLb+8SloXVe+yWruvVeo3eRxFckJOyTnxyBWpkzvSIE3CSUyeySt5c9B5cd6dj0VrwclnjskfOJ8/+6aRuQ==</latexit>

time

<latexit sha1_base64="xpKblelyhBDTPdmBbPmPnJ1JM34=">AAAB/XicbVDLSgNBEJyNrxhf8XHzshiEeAm7EtRj0IvHCOYB2RBmJ73JkNnZZaZXjDH4K148KOLV//Dm3zhJ9qCJBQ1FVTfdXX4suEbH+bYyS8srq2vZ9dzG5tb2Tn53r66jRDGosUhEqulTDYJLqCFHAc1YAQ19AQ1/cDXxG3egNI/kLQ5jaIe0J3nAGUUjdfIH1eKjh3CPIy7HnqKyJ+Ckky84JWcKe5G4KSmQFNVO/svrRiwJQSITVOuW68TYHlGFnAkY57xEQ0zZgPagZaikIej2aHr92D42StcOImVKoj1Vf0+MaKj1MPRNZ0ixr+e9ifif10owuGibv+IEQbLZoiARNkb2JAq7yxUwFENDKFPc3GqzPlWUoQksZ0Jw519eJPXTkntWKt+UC5XLNI4sOSRHpEhcck4q5JpUSY0w8kCeySt5s56sF+vd+pi1Zqx0Zp/8gfX5A6hAlV4=</latexit> P
(|i
n
i)

Jha, FR, Siopsis, Thompson `23

<latexit sha1_base64="ZkrkzH/MeyJxMJlGGOMwhRvbCpw=">AAAB9HicbVDLTgJBEJzFF+IL9ehlIjHBy2bXEPVI9OIRE3kksCGzQwMTZh/O9BLJhu/w4kFjvPox3vwbB9iDgpV0UqnqTneXH0uh0XG+rdza+sbmVn67sLO7t39QPDxq6ChRHOo8kpFq+UyDFCHUUaCEVqyABb6Epj+6nfnNMSgtovABJzF4ARuEoi84QyN5HYQnTMvMTuzzabdYcmxnDrpK3IyUSIZat/jV6UU8CSBELpnWbdeJ0UuZQsElTAudREPM+IgNoG1oyALQXjo/ekrPjNKj/UiZCpHO1d8TKQu0ngS+6QwYDvWyNxP/89oJ9q+9VIRxghDyxaJ+IilGdJYA7QkFHOXEEMaVMLdSPmSKcTQ5FUwI7vLLq6RxYbuXduW+UqreZHHkyQk5JWXikitSJXekRuqEk0fyTF7JmzW2Xqx362PRmrOymWPyB9bnDwlWkaE=</latexit>

(a.u.)
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Qumodes and the O(3) model

38

• Extension to SU(2) 
gauge theories Ale, Bauer, Jha, FR, Siopsis, Thompson `24

<latexit sha1_base64="Ed/PKpYNTSRLR0zxhGj428/yp7M="></latexit>

H =
1

2g2

X

i

L2
i � g

2
X

hi,ji

ni · nj

• Hamiltonian 1+1d

Unit 3-vectors at sites i,j

Global non-abelian
symmetry

Angular momentum
Jha, FR, Siopsis, Thompson `23

Alternatively Schwinger-boson formulation
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Outline

39

Lattice models and 
non-Abelian theories

Qubits, qudits & 
qumodes

Applications in 
fundamental physics
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Applications in fundamental physics

40

• Full scattering process

Elastic Resonant Inelastic

Jha, Milsted, Neuenfeld, Preskill, Vieira `24

<latexit sha1_base64="BQknrsXtminVR2t0H6Jvd6zH8TQ=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUqS6LblxWsA9oh5JJM21sJhmSjFCG/oMbF4q49X/c+Tem01lo64HA4Zx7yT0niDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqa5koQltEcqm6AdaUM0FbhhlOu7GiOAo47QST27nfeaJKMykezDSmfoRHgoWMYGOldq1vJLoYlCtu1c2AVomXkwrkaA7KX/2hJElEhSEca93z3Nj4KVaGEU5npX6iaYzJBI9oz1KBI6r9NLt2hs6sMkShVPYJgzL190aKI62nUWAnI2zGetmbi/95vcSE137KRJwYKsjiozDhyEacR0dDpigxfGoJJorZWxEZY4WJsQWVbAnecuRV0q5VvXq1fn9ZadzkdRThBE7hHDy4ggbcQRNaQOARnuEV3hzpvDjvzsditODkO8fwB87nD550joU=</latexit>

2 ! 3

• Tensor network simulations for Ising Field Theory in 1+1d with up to 2000 sites

see also e.g. Savage et al., Davoudi et al.
<latexit sha1_base64="LcAG+ESQrxJ6XHWqxXhEZqPsFE8=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUSkuhGKblxWtA9oYphMJu3QmUmYmQgldOXGX3HjQhG3foM7/8Zpm4W2HrhwOOde7r0nTBlV2nG+rYXFpeWV1dJaeX1jc2vb3tltqSSTmDRxwhLZCZEijArS1FQz0kklQTxkpB0OrsZ++4FIRRNxp4cp8TnqCRpTjLSRAvvAS2USBTm9cEf3wqNCw9yTHEaN24COArviVJ0J4DxxC1IBBRqB/eVFCc44ERozpFTXdVLt50hqihkZlb1MkRThAeqRrqECcaL8fPLGCB4ZJYJxIk2ZOybq74kccaWGPDSdHOm+mvXG4n9eN9PxuZ9TkWaaCDxdFGcM6gSOM4ERlQRrNjQEYUnNrRD3kURYm+TKJgR39uV50jqpurVq7ea0Ur8s4iiBfXAIjoELzkAdXIMGaAIMHsEzeAVv1pP1Yr1bH9PWBauY2QN/YH3+APAkmMw=</latexit> nY

i=1

Z
dPSi
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Applications in fundamental physics

41

Jha, Milsted, Neuenfeld, Preskill, Vieira `24
see also e.g. Savage et al., Davoudi et al.• Full scattering process

Inelastic
<latexit sha1_base64="BQknrsXtminVR2t0H6Jvd6zH8TQ=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUqS6LblxWsA9oh5JJM21sJhmSjFCG/oMbF4q49X/c+Tem01lo64HA4Zx7yT0niDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqa5koQltEcqm6AdaUM0FbhhlOu7GiOAo47QST27nfeaJKMykezDSmfoRHgoWMYGOldq1vJLoYlCtu1c2AVomXkwrkaA7KX/2hJElEhSEca93z3Nj4KVaGEU5npX6iaYzJBI9oz1KBI6r9NLt2hs6sMkShVPYJgzL190aKI62nUWAnI2zGetmbi/95vcSE137KRJwYKsjiozDhyEacR0dDpigxfGoJJorZWxEZY4WJsQWVbAnecuRV0q5VvXq1fn9ZadzkdRThBE7hHDy4ggbcQRNaQOARnuEV3hzpvDjvzsditODkO8fwB87nD550joU=</latexit>

2 ! 3

• Tensor network simulations for Ising Field Theory in 1+1d with up to 2000 sites

<latexit sha1_base64="LcAG+ESQrxJ6XHWqxXhEZqPsFE8=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUSkuhGKblxWtA9oYphMJu3QmUmYmQgldOXGX3HjQhG3foM7/8Zpm4W2HrhwOOde7r0nTBlV2nG+rYXFpeWV1dJaeX1jc2vb3tltqSSTmDRxwhLZCZEijArS1FQz0kklQTxkpB0OrsZ++4FIRRNxp4cp8TnqCRpTjLSRAvvAS2USBTm9cEf3wqNCw9yTHEaN24COArviVJ0J4DxxC1IBBRqB/eVFCc44ERozpFTXdVLt50hqihkZlb1MkRThAeqRrqECcaL8fPLGCB4ZJYJxIk2ZOybq74kccaWGPDSdHOm+mvXG4n9eN9PxuZ9TkWaaCDxdFGcM6gSOM4ERlQRrNjQEYUnNrRD3kURYm+TKJgR39uV50jqpurVq7ea0Ur8s4iiBfXAIjoELzkAdXIMGaAIMHsEzeAVv1pP1Yr1bH9PWBauY2QN/YH3+APAkmMw=</latexit> nY

i=1

Z
dPSi

cf. Zamolodchikov, Ziyatdinov `11
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• Real-time quasi-PDFs
Grieninger, Ikeda, Zahed `24

• Continuum limit requires a large lattice
• Extension to 3D hadron structure
• Fragmentation functions

see also Xing et al., Rico et al.

Grieninger, Zahed `24

<latexit sha1_base64="Xu501lERNllHJ99jJQKEfxVpH/A="></latexit>

L =  (i /D �m) � 1

4
Fµ⌫Fµ⌫• Schwinger model
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Schwinger `62• QED in 1+1 dimensions

• Model of hadronization

• Confining potential       <latexit sha1_base64="Xu501lERNllHJ99jJQKEfxVpH/A="></latexit>

L =  (i /D �m) � 1

4
Fµ⌫Fµ⌫

<latexit sha1_base64="FiebVGkinHXDDzyGKEcLb2auMR4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHoxWME84BkCbOT2WTIzOwy0yuEkI/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bNskM4w2WyMS0I2q5FJo3UKDk7dRwqiLJW9Hobua3nrixItGPOE55qOhAi1gwik5qNbtWKGJ6pbJf8ecgqyTISRly1Hulr24/YZniGpmk1nYCP8VwQg0KJvm02M0sTykb0QHvOKqp4jaczM+dknOn9EmcGFcayVz9PTGhytqxilynoji0y95M/M/rZBjfhBOh0wy5ZotFcSYJJmT2O+kLwxnKsSOUGeFuJWxIDWXoEiq6EILll1dJs1oJrirVh8ty7TaPowCncAYXEMA11OAe6tAABiN4hld481LvxXv3Phata14+cwJ/4H3+APXaj1Q=</latexit>

V ⇠ r

QCD string breaking
Pythia Lund string hadronization

Florio, Kharzeev et al. `23, Kharzeev, Zahed et al. `23

<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t
<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t

<latexit sha1_base64="IZTywYQOmLMf5Bsd/7S0Vt6TEzQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AN6LjP4=</latexit>q

<latexit sha1_base64="nFnMx8mJ0zUU0jrEDYefIAVHB3w=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeiF48V7Ae0S8mm2TY2m6xJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoZuq3npg2XMl7O05YEJOB5BGnxDqp2Q2Jxo+9csWrejPgZeLnpAI56r3yV7evaBozaakgxnR8L7FBRrTlVLBJqZsalhA6IgPWcVSSmJkgm107wSdO6eNIaVfS4pn6eyIjsTHjOHSdMbFDs+hNxf+8TmqjqyDjMkktk3S+KEoFtgpPX8d9rhm1YuwIoZq7WzEdEk2odQGVXAj+4svLpHlW9S+q53fnldp1HkcRjuAYTsGHS6jBLdShARQe4Ble4Q0p9ILe0ce8tYDymUP4A/T5Ay0OjuE=</latexit>

q̄



F. Ringer Applications in nuclear and particle physics December 17, 2024

Hadronization and string breaking

44

• Full scattering process Florio, Frenklakh, Kharzeev et al. `24

<latexit sha1_base64="jHq/E9KlMRqF5rcBMldlSWaaV7w=">AAAB+nicbZDLSsNAFIYnXmu9pbp0M1gEVyURqS6LIrisYC/QhDKZnrRDJ5MwM1FK7KO4caGIW5/EnW/jNM1CW38Y+PjPOZwzf5BwprTjfFsrq2vrG5ulrfL2zu7evl05aKs4lRRaNOax7AZEAWcCWpppDt1EAokCDp1gfD2rdx5AKhaLez1JwI/IULCQUaKN1bcrHidiyAHfYE/m1LerTs3JhZfBLaCKCjX79pc3iGkagdCUE6V6rpNoPyNSM8phWvZSBQmhYzKEnkFBIlB+lp8+xSfGGeAwluYJjXP390RGIqUmUWA6I6JHarE2M/+r9VIdXvoZE0mqQdD5ojDlWMd4lgMeMAlU84kBQiUzt2I6IpJQbdIqmxDcxS8vQ/us5tZr9bvzauOqiKOEjtAxOkUuukANdIuaqIUoekTP6BW9WU/Wi/VufcxbV6xi5hD9kfX5A4Lak4k=</latexit>

hEi

<latexit sha1_base64="btBImx+q22s0LPdZZQXngQnTYmU=">AAACBXicbVBNS8NAEJ3Ur1q/oh71sFgETyURqR6LXjxWsB/QhLLZbtulm03Y3Qgl9OLFv+LFgyJe/Q/e/Ddu0hy09cHA470ZZuYFMWdKO863VVpZXVvfKG9WtrZ3dvfs/YO2ihJJaItEPJLdACvKmaAtzTSn3VhSHAacdoLJTeZ3HqhULBL3ehpTP8QjwYaMYG2kvn3scSxGnCIvwNKLFcsKeTIX+3bVqTk50DJxC1KFAs2+/eUNIpKEVGjCsVI914m1n2KpGeF0VvESRWNMJnhEe4YKHFLlp/kXM3RqlAEaRtKU0ChXf0+kOFRqGgamM8R6rBa9TPzP6yV6eOWnTMSJpoLMFw0TjnSEskjQgElKNJ8agolk5lZExlhiok1wFROCu/jyMmmf19x6rX53UW1cF3GU4QhO4AxcuIQG3EITWkDgEZ7hFd6sJ+vFerc+5q0lq5g5hD+wPn8AeBSYkw==</latexit>

h ̄ i

Studies of entanglement 
and thermalization
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• Full scattering process Florio, Frenklakh, Kharzeev et al. `24

• Evolution of a hadron wave packet

<latexit sha1_base64="jHq/E9KlMRqF5rcBMldlSWaaV7w=">AAAB+nicbZDLSsNAFIYnXmu9pbp0M1gEVyURqS6LIrisYC/QhDKZnrRDJ5MwM1FK7KO4caGIW5/EnW/jNM1CW38Y+PjPOZwzf5BwprTjfFsrq2vrG5ulrfL2zu7evl05aKs4lRRaNOax7AZEAWcCWpppDt1EAokCDp1gfD2rdx5AKhaLez1JwI/IULCQUaKN1bcrHidiyAHfYE/m1LerTs3JhZfBLaCKCjX79pc3iGkagdCUE6V6rpNoPyNSM8phWvZSBQmhYzKEnkFBIlB+lp8+xSfGGeAwluYJjXP390RGIqUmUWA6I6JHarE2M/+r9VIdXvoZE0mqQdD5ojDlWMd4lgMeMAlU84kBQiUzt2I6IpJQbdIqmxDcxS8vQ/us5tZr9bvzauOqiKOEjtAxOkUuukANdIuaqIUoekTP6BW9WU/Wi/VufcxbV6xi5hD9kfX5A4Lak4k=</latexit>

hEi

<latexit sha1_base64="btBImx+q22s0LPdZZQXngQnTYmU=">AAACBXicbVBNS8NAEJ3Ur1q/oh71sFgETyURqR6LXjxWsB/QhLLZbtulm03Y3Qgl9OLFv+LFgyJe/Q/e/Ddu0hy09cHA470ZZuYFMWdKO863VVpZXVvfKG9WtrZ3dvfs/YO2ihJJaItEPJLdACvKmaAtzTSn3VhSHAacdoLJTeZ3HqhULBL3ehpTP8QjwYaMYG2kvn3scSxGnCIvwNKLFcsKeTIX+3bVqTk50DJxC1KFAs2+/eUNIpKEVGjCsVI914m1n2KpGeF0VvESRWNMJnhEe4YKHFLlp/kXM3RqlAEaRtKU0ChXf0+kOFRqGgamM8R6rBa9TPzP6yV6eOWnTMSJpoLMFw0TjnSEskjQgElKNJ8agolk5lZExlhiok1wFROCu/jyMmmf19x6rX53UW1cF3GU4QhO4AxcuIQG3EITWkDgEZ7hFd6sJ+vFerc+5q0lq5g5hD+wPn8AeBSYkw==</latexit>

h ̄ i

Studies of entanglement 
and thermalization

Farrell, Illa, Ciavarella, Savage `24

<latexit sha1_base64="vFIICG/mLyGwr3T+7iyPn5f4mUA=">AAAB8XicjVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BL16EiOaByRJmJ73JkNnZZaZXDEv+wosHRbz6N978GyePg4qCBQ1FVTfdXUEihUHX/XByC4tLyyv51cLa+sbmVnF7p2HiVHOo81jGuhUwA1IoqKNACa1EA4sCCc1geD7xm3egjYjVDY4S8CPWVyIUnKGVbjsI95hd1q7H3WLJK7tT0L9JicxR6xbfO72YpxEo5JIZ0/bcBP2MaRRcwrjQSQ0kjA9ZH9qWKhaB8bPpxWN6YJUeDWNtSyGdql8nMhYZM4oC2xkxHJif3kT8zWunGJ76mVBJiqD4bFGYSooxnbxPe0IDRzmyhHEt7K2UD5hmHG1Ihf+F0Dgqe5Vy5eq4VD2bx5Ene2SfHBKPnJAquSA1UiecKPJAnsizY5xH58V5nbXmnPnMLvkG5+0TtSKQ9Q==</latexit>

MPS
<latexit sha1_base64="dZUcRvh2xKa59GUVhl/k5szkeEI=">AAAB8nicjVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHEix6EBMwDkiXMTmaTIbM7y0yvGJZ8hhcPinj1a7z5N04eBxUFCxqKqm66u4JECoOu++EsLa+srq3nNvKbW9s7u4W9/aZRqWa8wZRUuh1Qw6WIeQMFSt5ONKdRIHkrGF1O/dYd10ao+BbHCfcjOohFKBhFK3W6yO8xu67e1Ce9QtEruTOQv0kRFqj1Cu/dvmJpxGNkkhrT8dwE/YxqFEzySb6bGp5QNqID3rE0phE3fjY7eUKOrdInodK2YiQz9etERiNjxlFgOyOKQ/PTm4q/eZ0Uwws/E3GSIo/ZfFGYSoKKTP8nfaE5Qzm2hDIt7K2EDammDG1K+f+F0DwteeVSuX5WrFQXceTgEI7gBDw4hwpcQQ0awEDBAzzBs4POo/PivM5bl5zFzAF8g/P2CTQikTg=</latexit>

IBMQ
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Lee, Mulligan, FR, Yao `24

<latexit sha1_base64="3DxPmasXH1kOrr+tZC2V7hRLk7E=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAIrkpSRF0WRXBZwV6giWUynbRDJ5MwMxFL6Ku4caGIW1/EnW/jNM1CW38Y+PjPOZwzf5BwprTjfFsrq2vrG5ulrfL2zu7evn1Qaas4lYS2SMxj2Q2wopwJ2tJMc9pNJMVRwGknGF/P6p1HKhWLxb2eJNSP8FCwkBGsjdW3Kx7HYsgpunmoezLHvl11ak4utAxuAVUo1OzbX94gJmlEhSYcK9VznUT7GZaaEU6nZS9VNMFkjIe0Z1DgiCo/y2+fohPjDFAYS/OERrn7eyLDkVKTKDCdEdYjtVibmf/VeqkOL/2MiSTVVJD5ojDlSMdoFgQaMEmJ5hMDmEhmbkVkhCUm2sRVNiG4i19ehna95p7X6ndn1cZVEUcJjuAYTsGFC2jALTShBQSe4Ble4c2aWi/Wu/Uxb12xiplD+CPr8wdXJpP/</latexit>

hE2i

Vacuum

•String breaking in vacuum
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Lee, Mulligan, FR, Yao `24

<latexit sha1_base64="3DxPmasXH1kOrr+tZC2V7hRLk7E=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAIrkpSRF0WRXBZwV6giWUynbRDJ5MwMxFL6Ku4caGIW1/EnW/jNM1CW38Y+PjPOZwzf5BwprTjfFsrq2vrG5ulrfL2zu7evn1Qaas4lYS2SMxj2Q2wopwJ2tJMc9pNJMVRwGknGF/P6p1HKhWLxb2eJNSP8FCwkBGsjdW3Kx7HYsgpunmoezLHvl11ak4utAxuAVUo1OzbX94gJmlEhSYcK9VznUT7GZaaEU6nZS9VNMFkjIe0Z1DgiCo/y2+fohPjDFAYS/OERrn7eyLDkVKTKDCdEdYjtVibmf/VeqkOL/2MiSTVVJD5ojDlSMdoFgQaMEmJ5hMDmEhmbkVkhCUm2sRVNiG4i19ehna95p7X6ndn1cZVEUcJjuAYTsGFC2jALTShBQSe4Ble4c2aWi/Wu/Uxb12xiplD+CPr8wdXJpP/</latexit>

hE2i

Medium

Thermalization

Delayed breaking

•String breaking in a thermal 
background

•Lindblad evolution

<latexit sha1_base64="H7QljbcPeOvO2bgBQglF4dp8n54="></latexit>

d

dt
⇢S = �i [HS , ⇢S ] +

mX

j=1

✓
Lj⇢SL

†
j �

1

2
L
†
jLj⇢S � 1

2
⇢SL

†
jLj

◆

<latexit sha1_base64="H7QljbcPeOvO2bgBQglF4dp8n54="></latexit>

d

dt
⇢S = �i [HS , ⇢S ] +

mX

j=1

✓
Lj⇢SL

†
j �

1

2
L
†
jLj⇢S � 1

2
⇢SL

†
jLj

◆
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Lee, Mulligan, FR, Yao `24

<latexit sha1_base64="3DxPmasXH1kOrr+tZC2V7hRLk7E=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAIrkpSRF0WRXBZwV6giWUynbRDJ5MwMxFL6Ku4caGIW1/EnW/jNM1CW38Y+PjPOZwzf5BwprTjfFsrq2vrG5ulrfL2zu7evn1Qaas4lYS2SMxj2Q2wopwJ2tJMc9pNJMVRwGknGF/P6p1HKhWLxb2eJNSP8FCwkBGsjdW3Kx7HYsgpunmoezLHvl11ak4utAxuAVUo1OzbX94gJmlEhSYcK9VznUT7GZaaEU6nZS9VNMFkjIe0Z1DgiCo/y2+fohPjDFAYS/OERrn7eyLDkVKTKDCdEdYjtVibmf/VeqkOL/2MiSTVVJD5ojDlSMdoFgQaMEmJ5hMDmEhmbkVkhCUm2sRVNiG4i19ehna95p7X6ndn1cZVEUcJjuAYTsGFC2jALTShBQSe4Ble4c2aWi/Wu/Uxb12xiplD+CPr8wdXJpP/</latexit>

hE2i

Medium

Thermalization

Delayed breaking

Simulations may inform modeling of 
nuclear medium effects

• String breaking in a thermal 
background

•Lindblad evolution

<latexit sha1_base64="H7QljbcPeOvO2bgBQglF4dp8n54="></latexit>

d

dt
⇢S = �i [HS , ⇢S ] +

mX
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†
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◆

<latexit sha1_base64="H7QljbcPeOvO2bgBQglF4dp8n54="></latexit>

d

dt
⇢S = �i [HS , ⇢S ] +

mX
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L
†
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†
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◆
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Outline

49

Lattice models and 
non-Abelian theories

Applications in 
fundamental physics

Qubits, qudits & 
qumodes
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Conclusions

• Quantum computing well-suited to address challenges in fundamental physics

• Exploration of qubits, qudits, qumodes

• Small-scale simulations

• Continuum extrapolations

• Building up toward simulations of the Standard Model

<latexit sha1_base64="qdMFXR5afEYMiUAlEoVC1Z91ZwY=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBU0mkqMeiF48V7A+0oXzZbtqlm03Y3bSUkGfwBbzqG3gTrz6DL+BzuG1zsK0DC8N8M+wwfsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikqaJEEtogEY9k2wdFORO0oZnmtB1LCqHPacsf3c/urTGVikXiSU9j6oUwECxgBLSRerbdHVGddvvRRICU0STr2WWn4syB14mbkzLKUe/ZPyZNkpAKTTgo1XGdWHspSM0Ip1mpmygaAxnBgHYMFRBS5aXz5hm+MEofB5E0T2g8V/8mUgiVmoa+cYagh2rp5ksw5bNV/8z4n7+T6ODWS5mIE00FWXweJBzrCM+mwX0mKdF8aggQyUx/TIYggWgzYMkM467OsE6aVxX3ulJ9rJZrd/lERXSGztElctENqqEHVEcNRNAYvaBX9GY9W+/Wh/W5sBasPHOKlmB9/QIZ+ZyT</latexit>

|#i
<latexit sha1_base64="qdMFXR5afEYMiUAlEoVC1Z91ZwY=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBU0mkqMeiF48V7A+0oXzZbtqlm03Y3bSUkGfwBbzqG3gTrz6DL+BzuG1zsK0DC8N8M+wwfsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikqaJEEtogEY9k2wdFORO0oZnmtB1LCqHPacsf3c/urTGVikXiSU9j6oUwECxgBLSRerbdHVGddvvRRICU0STr2WWn4syB14mbkzLKUe/ZPyZNkpAKTTgo1XGdWHspSM0Ip1mpmygaAxnBgHYMFRBS5aXz5hm+MEofB5E0T2g8V/8mUgiVmoa+cYagh2rp5ksw5bNV/8z4n7+T6ODWS5mIE00FWXweJBzrCM+mwX0mKdF8aggQyUx/TIYggWgzYMkM467OsE6aVxX3ulJ9rJZrd/lERXSGztElctENqqEHVEcNRNAYvaBX9GY9W+/Wh/W5sBasPHOKlmB9/QIZ+ZyT</latexit>

|#i
<latexit sha1_base64="qdMFXR5afEYMiUAlEoVC1Z91ZwY=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBU0mkqMeiF48V7A+0oXzZbtqlm03Y3bSUkGfwBbzqG3gTrz6DL+BzuG1zsK0DC8N8M+wwfsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikqaJEEtogEY9k2wdFORO0oZnmtB1LCqHPacsf3c/urTGVikXiSU9j6oUwECxgBLSRerbdHVGddvvRRICU0STr2WWn4syB14mbkzLKUe/ZPyZNkpAKTTgo1XGdWHspSM0Ip1mpmygaAxnBgHYMFRBS5aXz5hm+MEofB5E0T2g8V/8mUgiVmoa+cYagh2rp5ksw5bNV/8z4n7+T6ODWS5mIE00FWXweJBzrCM+mwX0mKdF8aggQyUx/TIYggWgzYMkM467OsE6aVxX3ulJ9rJZrd/lERXSGztElctENqqEHVEcNRNAYvaBX9GY9W+/Wh/W5sBasPHOKlmB9/QIZ+ZyT</latexit>

|#i
<latexit sha1_base64="qdMFXR5afEYMiUAlEoVC1Z91ZwY=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBU0mkqMeiF48V7A+0oXzZbtqlm03Y3bSUkGfwBbzqG3gTrz6DL+BzuG1zsK0DC8N8M+wwfsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikqaJEEtogEY9k2wdFORO0oZnmtB1LCqHPacsf3c/urTGVikXiSU9j6oUwECxgBLSRerbdHVGddvvRRICU0STr2WWn4syB14mbkzLKUe/ZPyZNkpAKTTgo1XGdWHspSM0Ip1mpmygaAxnBgHYMFRBS5aXz5hm+MEofB5E0T2g8V/8mUgiVmoa+cYagh2rp5ksw5bNV/8z4n7+T6ODWS5mIE00FWXweJBzrCM+mwX0mKdF8aggQyUx/TIYggWgzYMkM467OsE6aVxX3ulJ9rJZrd/lERXSGztElctENqqEHVEcNRNAYvaBX9GY9W+/Wh/W5sBasPHOKlmB9/QIZ+ZyT</latexit>

|#i
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• Two-qumode beam splitter Katz, Monroe `22,  Kim et al. `23

Potential bottleneck

• Laser does not interact with 
the two modes directly

<latexit sha1_base64="kl13rK4m1lV6/qV3328RZnqM/AE=">AAACH3icbVDLTgIxFO3gC/E16tJNAzFxRWYIUZdENy4xkUcCk0mnFGjotJO2IyGT2fsb/oBb/QN3xi0/4HdYhlkIeJImp+eee3t7gohRpR1nbhW2tnd294r7pYPDo+MT+/SsrUQsMWlhwYTsBkgRRjlpaaoZ6UaSoDBgpBNM7hf1zjORigr+pGcR8UI04nRIMdJG8u1yf0J00h+IKUdSimma3d3UdzPipH7NtytO1ckAN4mbkwrI0fTtHzMPxyHhGjOkVM91Iu0lSGqKGUlL/ViRCOEJGpGeoRyFRHlJ9pcUXhplAIdCmsM1zNS/HQkKlZqFgXGGSI/VSi2QyGydrvsXxv/8vVgPb72E8ijWhOPl48OYQS3gIiw4oJJgzWaGICyp2R/iMZIIaxNpyQTjrsewSdq1qntdrT/WK427PKIiuABlcAVccAMa4AE0QQtg8ALewDv4sF6tT+vL+l5aC1becw5WYM1/ARsxo/k=</latexit>

|#i |1i1 |0i2
<latexit sha1_base64="2Kmj8P2M6Do/UcO3WtWvRSd3xe8=">AAACH3icbVDLTgIxFO3gC/E16tJNAzFxRWYIUZdENy4xkUcCk0mnFGjotJO2IyGT2fsb/oBb/QN3xi0/4HdYhlkIeJImp+eee3t7gohRpR1nbhW2tnd294r7pYPDo+MT+/SsrUQsMWlhwYTsBkgRRjlpaaoZ6UaSoDBgpBNM7hf1zjORigr+pGcR8UI04nRIMdJG8u1yf0J00h+IKUdSimma3Z3UdzPipn7NtytO1ckAN4mbkwrI0fTtHzMPxyHhGjOkVM91Iu0lSGqKGUlL/ViRCOEJGpGeoRyFRHlJ9pcUXhplAIdCmsM1zNS/HQkKlZqFgXGGSI/VSi2QyGydrvsXxv/8vVgPb72E8ijWhOPl48OYQS3gIiw4oJJgzWaGICyp2R/iMZIIaxNpyQTjrsewSdq1qntdrT/WK427PKIiuABlcAVccAMa4AE0QQtg8ALewDv4sF6tT+vL+l5aC1becw5WYM1/ARsoo/k=</latexit>

|#i |0i1 |1i2

<latexit sha1_base64="aqeryOfV2jDepOEqJM09wpX5MPQ=">AAACHXicbZDLSgMxFIYzXmu9jbp0EyyCqzJTirosunFZwV6gU4ZMmmlDM8mQZJQyzNbX8AXc6hu4E7fiC/gcptMRbOsPgS/n/Iec/EHMqNKO82WtrK6tb2yWtsrbO7t7+/bBYVuJRGLSwoIJ2Q2QIoxy0tJUM9KNJUFRwEgnGF9P+517IhUV/E5PYtKP0JDTkGKkTcm3oTcmOvWSGEkpHrL85mS++ws13644VScXXAa3gAoo1PTtb28gcBIRrjFDSvVcJ9b9FElNMSNZ2UsUiREeoyHpGeQoIqqf5j/J4KmpDGAopDlcw7z6dyJFkVKTKDDOCOmRmusFEpmts0X/1Pifv5fo8LKfUh4nmnA8ezxMGNQCTqOCAyoJ1mxiAGFJzf4Qj5BEWJtAyyYYdzGGZWjXqu55tX5brzSuiohK4BicgDPgggvQADegCVoAg0fwDF7Aq/VkvVnv1sfMumIVM0dgTtbnD2O5oxE=</latexit>

|"i |0i1 |0i2

Qumodes 1&2Control qubit

Two non-resonant 
RSB transitions

<latexit sha1_base64="IX/jEPN4h4vhEPlrc3+MuAznnyk=">AAACG3icbVDJSgNBEO1xjXGLevTSGAQRDDMhqMegF48RzALZqOlUkiY9C909QjLkP7z4K148KOJJ8ODf2ElG0MQHDa/eq6K6nhsKrrRtf1lLyyura+upjfTm1vbObmZvv6KCSDIss0AEsuaCQsF9LGuuBdZCieC5Aqvu4HriV+9RKh74d3oYYtODns+7nIE2UjuTx1Y8avRBU2g1OtDroaTT0j0btU5nxqz+scftTNbO2VPQReIkJEsSlNqZj0YnYJGHvmYClKo7dqibMUjNmcBxuhEpDIENoId1Q33wUDXj6W1jemyUDu0G0jxf06n6eyIGT6mh55pOD3RfzXsT8T+vHunuZTPmfhhp9NlsUTcSVAd0EhTtcIlMi6EhwCQ3f6WsDxKYNnGmTQjO/MmLpJLPOee5wm0hW7xK4kiRQ3JETohDLkiR3JASKRNGHsgTeSGv1qP1bL1Z77PWJSuZOSB/YH1+AyJ6oN4=</latexit>

ezâ
†b̂�z⇤âb̂†<latexit sha1_base64="Fw1qI03XlhCl/q4VwaWiY6plVtk=">AAAB9XicbVBNTwIxEJ31E/EL9eilkZjghewaol5MiF48YuICCSDpli40tN1N29Xghv/hxYPGePW/ePPfWGAPCr5kkpf3ZjIzL4g508Z1v52l5ZXVtfXcRn5za3tnt7C3X9dRogj1ScQj1QywppxJ6htmOG3GimIRcNoIhtcTv/FAlWaRvDOjmHYE7ksWMoKNle79btpWAgV6XHo6uewWim7ZnQItEi8jRchQ6xa+2r2IJIJKQzjWuuW5semkWBlGOB3n24mmMSZD3KctSyUWVHfS6dVjdGyVHgojZUsaNFV/T6RYaD0Sge0U2Az0vDcR//NaiQkvOimTcWKoJLNFYcKRidAkAtRjihLDR5Zgopi9FZEBVpgYG1TehuDNv7xI6qdl76xcua0Uq1dZHDk4hCMogQfnUIUbqIEPBBQ8wyu8OY/Oi/PufMxal5xs5gD+wPn8AZ+SkfM=</latexit>

Ubs(z) =

Araz, Grau, Montgomery, FR `24
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<latexit sha1_base64="K3ApUTBasYiP57HJlyY2vHvpAYU=">AAACCHicbVDLSsNAFJ34rPVVdekmWARXJRGpLotuXLZgH9CGMpnctEMnmThzI5bQH/AH3OofuBO3/oU/4Hc4bbPQ1gMXDufcy7kcPxFco+N8WSura+sbm4Wt4vbO7t5+6eCwpWWqGDSZFFJ1fKpB8BiayFFAJ1FAI19A2x/dTP32AyjNZXyH4wS8iA5iHnJG0UheD+ERs0YayQAm/VLZqTgz2MvEzUmZ5Kj3S9+9QLI0ghiZoFp3XSdBL6MKORMwKfZSDQllIzqArqExjUB72ezpiX1qlMAOpTIToz1Tf19kNNJ6HPlmM6I41IveVPzX8xUdAS6kY3jlZTxOUoSYzcPDVNgo7WkrdsAVMBRjQyhT3PxvsyFVlKHprmiKcRdrWCat84pbrVQbF+XadV5RgRyTE3JGXHJJauSW1EmTMHJPnskLebWerDfr3fqYr65Y+c0R+QPr8wf8qprz</latexit>

Qumode

<latexit sha1_base64="K3ApUTBasYiP57HJlyY2vHvpAYU=">AAACCHicbVDLSsNAFJ34rPVVdekmWARXJRGpLotuXLZgH9CGMpnctEMnmThzI5bQH/AH3OofuBO3/oU/4Hc4bbPQ1gMXDufcy7kcPxFco+N8WSura+sbm4Wt4vbO7t5+6eCwpWWqGDSZFFJ1fKpB8BiayFFAJ1FAI19A2x/dTP32AyjNZXyH4wS8iA5iHnJG0UheD+ERs0YayQAm/VLZqTgz2MvEzUmZ5Kj3S9+9QLI0ghiZoFp3XSdBL6MKORMwKfZSDQllIzqArqExjUB72ezpiX1qlMAOpTIToz1Tf19kNNJ6HPlmM6I41IveVPzX8xUdAS6kY3jlZTxOUoSYzcPDVNgo7WkrdsAVMBRjQyhT3PxvsyFVlKHprmiKcRdrWCat84pbrVQbF+XadV5RgRyTE3JGXHJJauSW1EmTMHJPnskLebWerDfr3fqYr65Y+c0R+QPr8wf8qprz</latexit>

Qumode

• Eight 171Yb+ ions in a 
linear Paul trap

Araz, Grau, Montgomery, FR `24

• E.g. two-qumode beam 
splitter

<latexit sha1_base64="IX/jEPN4h4vhEPlrc3+MuAznnyk=">AAACG3icbVDJSgNBEO1xjXGLevTSGAQRDDMhqMegF48RzALZqOlUkiY9C909QjLkP7z4K148KOJJ8ODf2ElG0MQHDa/eq6K6nhsKrrRtf1lLyyura+upjfTm1vbObmZvv6KCSDIss0AEsuaCQsF9LGuuBdZCieC5Aqvu4HriV+9RKh74d3oYYtODns+7nIE2UjuTx1Y8avRBU2g1OtDroaTT0j0btU5nxqz+scftTNbO2VPQReIkJEsSlNqZj0YnYJGHvmYClKo7dqibMUjNmcBxuhEpDIENoId1Q33wUDXj6W1jemyUDu0G0jxf06n6eyIGT6mh55pOD3RfzXsT8T+vHunuZTPmfhhp9NlsUTcSVAd0EhTtcIlMi6EhwCQ3f6WsDxKYNnGmTQjO/MmLpJLPOee5wm0hW7xK4kiRQ3JETohDLkiR3JASKRNGHsgTeSGv1qP1bL1Z77PWJSuZOSB/YH1+AyJ6oN4=</latexit>

ezâ
†b̂�z⇤âb̂†<latexit sha1_base64="Fw1qI03XlhCl/q4VwaWiY6plVtk=">AAAB9XicbVBNTwIxEJ31E/EL9eilkZjghewaol5MiF48YuICCSDpli40tN1N29Xghv/hxYPGePW/ePPfWGAPCr5kkpf3ZjIzL4g508Z1v52l5ZXVtfXcRn5za3tnt7C3X9dRogj1ScQj1QywppxJ6htmOG3GimIRcNoIhtcTv/FAlWaRvDOjmHYE7ksWMoKNle79btpWAgV6XHo6uewWim7ZnQItEi8jRchQ6xa+2r2IJIJKQzjWuuW5semkWBlGOB3n24mmMSZD3KctSyUWVHfS6dVjdGyVHgojZUsaNFV/T6RYaD0Sge0U2Az0vDcR//NaiQkvOimTcWKoJLNFYcKRidAkAtRjihLDR5Zgopi9FZEBVpgYG1TehuDNv7xI6qdl76xcua0Uq1dZHDk4hCMogQfnUIUbqIEPBBQ8wyu8OY/Oi/PufMxal5xs5gD+wPn8AZ+SkfM=</latexit>

Ubs(z) =

Feasible with current platforms
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• Real-time evolution

• Lattice sites

<latexit sha1_base64="Fc+MYlj1jfZPDyFrKr3Qw2m4USE="></latexit>
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<latexit sha1_base64="StkgGuOm95xEXhSxxUT5Cda41oc=">AAACG3icbVDLSgMxFM34rPVVdSlIsAiu6owUdVnQhcsKVoV2KJn0tg3NTMbkRixDd/6GP+BW/8CduHXhD/gdpnUWvg5cOJxzLsk9USqFQd9/96amZ2bn5gsLxcWl5ZXV0tr6hVFWc2hwJZW+ipgBKRJooEAJV6kGFkcSLqPB8di/vAFthErOcZhCGLNeIrqCM3RSu7TVQrjF7MxGAveubaw6QBXnNp34o3ap7Ff8CehfEuSkTHLU26WPVkdxG0OCXDJjmoGfYpgxjYJLGBVb1kDK+ID1oOlowmIwYTa5Y0R3nNKhXaXdJEgn6veNjMXGDOPIJWOGffPDizQbAI5+58fB//JNi92jMBNJahES/vV410qKio6Loh2hgaMcOsK4Fu7/lPeZZhxdnUVXTPC7hr/kYr8SHFSqZ9Vy7SSvqEA2yTbZJQE5JDVySuqkQTi5Iw/kkTx5996z9+K9fkWnvHxng/yA9/YJI8Widw==</latexit> Q
u
b
it
/q

u
m
od

e
oc
cu

p
at
io
n

<latexit sha1_base64="BUaQWd/1r6JmZChOuXESQQyNDPg=">AAACEXicbZBLSgNBEIZ7fBtf8bFz0xgEFxJmQlBBhIAuXEYwGsiEUNOpxCY9D7prhBhyCi/gVm/gTtx6Ai/gOezEWWjiDw0ff/1FF3+QKGnIdT+dmdm5+YXFpeXcyura+kZ+c+vGxKkWWBOxinU9AINKRlgjSQrriUYIA4W3Qe98NL+9R21kHF1TP8FmCN1IdqQAslYrv+P3IEngzC2WDv1T7iPBmdfKF9yiOxafBi+DAstUbeW//HYs0hAjEgqMaXhuQs0BaJJC4TDnpwYTED3oYsNiBCGa5mB8/ZDvW6fNO7G2LyI+dn9vDCA0ph8GNhkC3Zk/s0BDD2k4mR8F/8s3UuqcNAcySlLCSPx83kkVp5iP6uFtqVGQ6lsAoaW9n4s70CDIlpizxXiTNUzDTanoHRXLV+VC5SKraIntsj12wDx2zCrsklVZjQn2wJ7YM3txHp1X5815/4nOONnONvsj5+Mbko+cAw==</latexit>

 = 0.2, ⌘ = 1

Initial 
configuration

Excitation 
initially localized

Araz, Grau, Montgomery, FR `24
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• Ground state preparation

<latexit sha1_base64="Fc+MYlj1jfZPDyFrKr3Qw2m4USE="></latexit>
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<latexit sha1_base64="Fc+MYlj1jfZPDyFrKr3Qw2m4USE="></latexit>
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<latexit sha1_base64="Fc+MYlj1jfZPDyFrKr3Qw2m4USE="></latexit>
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<latexit sha1_base64="Fc+MYlj1jfZPDyFrKr3Qw2m4USE="></latexit>
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<latexit sha1_base64="8Wl6MP908D90hUlDNk5LVhgoYM0=">AAACDnicbVBLSgNBEO3xG+Nvoks3jUFwIWFGgroRgm6ykgjmA5Mh9HR6kiY9H7prlDDkDl7Ard7Anbj1Cl7Ac9iZzMIkPijq8eoVVTwvFlyBZX0bK6tr6xubha3i9s7u3r5ZOmipKJGUNWkkItnxiGKCh6wJHATrxJKRwBOs7Y1up/P2I5OKR+EDjGPmBmQQcp9TAlrqmSWnOySA62dZu3OvrZ5ZtipWBrxM7JyUUY5Gz/zp9iOaBCwEKohSjm3F4KZEAqeCTYrdRLGY0BEZMEfTkARMuWn2+gSfaKWP/UjqCgFn6t+NlARKjQNPOwMCQzU38yQZMZgs+qfG//xOAv6Vm/IwToCFdHbcTwSGCE+zwX0uGQUx1oRQyfX/mA6JJBR0gkUdjL0YwzJpnVfsi0r1vlqu3eQRFdAROkanyEaXqIbqqIGaiKIn9IJe0ZvxbLwbH8bnzLpi5DuHaA7G1y/Z2Jsf</latexit>

[Ĥ, N̂ ] = 0

• VQA ansatz

• Include additional number-nonconserving gates

Can achieve variable Hamiltonian ansatz
<latexit sha1_base64="cjcSLqWcRWhY7PcaOaJ5k8D2dnI=">AAACHHicbVDLSgNBEJyN7/iKevTgYBA8hV0J6jGgB0+iYIyQDaF30kmGzM4uM71CWHL0N/wBr/oH3sSr4A/4HU5iDr4KGorqarq7olRJS77/7hVmZufmFxaXissrq2vrpY3Na5tkRmBdJCoxNxFYVFJjnSQpvEkNQhwpbESDk3G/cYvGykRf0TDFVgw9LbtSADmpXdoJFeieQh72gfh5Ow9NzCmhUWgmertU9iv+BPwvCaakzKa4aJc+wk4ishg1CQXWNgM/pVYOhqRQOCqGmcUUxAB62HRUQ4y2lU8eGfE9p3R4NzGuNPGJ+n0ih9jaYRw5ZwzUtz96kYEB0ui3f2z8z9/MqHvcyqVOM0ItvpZ3M+W+5+OkeEcaFKSGjoAw0t3PRR8MCHJ5Fl0wwe8Y/pLrg0pwWKleVsu102lEi2yb7bJ9FrAjVmNn7ILVmWB37IE9sifv3nv2XrzXL2vBm85ssR/w3j4BuG6iKA==</latexit>

hN̂toti

Araz, Grau, Montgomery, FR `24


