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Improved framework for quantum simulation of bosonic QFT

— quantum simulations for HEP

Ying-Ying Li 
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<latexit sha1_base64="tfF1hi/j4sQs73b1g7QEZgdXpxw=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVoh6LXjxWsB/YriWbZtvQJLskWaEs/RdePCji1X/jzX9jtt2Dtj4YeLw3w8y8IOZMG9f9dgorq2vrG8XN0tb2zu5eef+gpaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvsn89hNVmkXy3kxi6gs8lCxkBBsrPcieZgJ57uN5v1xxq+4MaJl4OalAjka//NUbRCQRVBrCsdZdz42Nn2JlGOF0WuolmsaYjPGQdi2VWFDtp7OLp+jEKgMURsqWNGim/p5IsdB6IgLbKbAZ6UUvE//zuokJr/yUyTgxVJL5ojDhyEQoex8NmKLE8IklmChmb0VkhBUmxoZUsiF4iy8vk9ZZ1buo1u5qlfp1HkcRjuAYTsGDS6jDLTSgCQQkPMMrvDnaeXHenY95a8HJZw7hD5zPH1RMkAw=</latexit>

n ⇠ 103

GeV

TeV

PDF （Parton distribution function）~~

Parton Shower and Hadronization

At large hadron colliders— zero temperature

Rich non-perturbative phenomenon

Real-time dynamics of QCD
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❖ Powerful probe of confinement, 
e.g. via EEC

❖ Precision measurements of SM, e.g. 
via EEEEC

[Wang, Gao, YYL, Zhu, arXiv: 2601.22248]

CP phase in Hgg coupling

HL-LHCFCC-ee
CEPC

❖ Results from leading-order approximation

First-principles calculation to fully include correlation information in the 
evolution of parton to hadron is missing…

[Phys. Rev. Lett. 133, 071903]

❖ Large uncertainties from Pythia, etc..
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How color confinement happens?
outstanding problem in physics at the end of the 

twentieth century
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Lattice QCD - classical methods
Euclidean spacetime

(Monte Carlo methods)

static properties of QCD

<latexit sha1_base64="JnUqzC4xGQKN5Rz+BN6jsyuXSvM="></latexit>

1708

5979
!

P
exp(�Sblue)P

exp(�Sblue) +
P

exp(�Sred)
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Dynamical process (out-of-equilibrium physics) in QCD

Euclidean spacetimeMinkowski spacetime

Classical methods become ineffective
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 (CLASSICAL HARD)

<latexit sha1_base64="RO+ly+pqrGfrZeqvFafGHL4YuX8=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyFpg213RRe6KhVsK7QxTKaTdujkwcxEKGnBX3HjQhG3foc7/8ZJW0FFD1w4nHMv997jxYwKaZofWm5peWV1Lb9e2Njc2t7Rd/faIko4Ji0csYjfeEgQRkPSklQychNzggKPkY43Os/8zh3hgkbhtRzHxAnQIKQ+xUgqydUPGq4HezGPYhnBycXkNm247amrF02jUiuVqlVoGmbZrlmljFi1sm1DyzBnKIIFmq7+3utHOAlIKDFDQnQtM5ZOirikmJFpoZcIEiM8QgPSVTREARFOOjt/Co+V0od+xFWFEs7U7xMpCoQYB57qDJAcit9eJv7ldRPpV52UhnEiSYjni/yEQfVqlgXsU06wZGNFEOZU3QrxEHGEpUqsoEL4+hT+T9olwzo17Cu7WD9bxJEHh+AInAALVEAdXIImaAEMUvAAnsCzdq89ai/a67w1py1m9sEPaG+fRQWVuQ==</latexit>

Nb / |G|NV# of classical bits：

Lattice calculations — Minkowski spacetime (real-time)

From 1970s  Phys. Rev. D 11, 395 (1975) KS Hamiltonian

Quantum methods from first principles

<latexit sha1_base64="yPcWqvZoa1/7F25VqMGAZ12HBWQ="></latexit>Z
D�eiS = hx| e�iHt |yi

<latexit sha1_base64="c99/ND2vD1cf5aBW7OmyHPbyM/c=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUpQBYwVDHRCRaIPqQmR4zqtVTuJbAepSrOw8CssDCDEyj+w8Te4bQZoOZKlo3Pu1fU5fsyoVJb1bRSWlldW14rrpY3Nre0dc3evJaNEYNLEEYtEx0eSMBqSpqKKkU4sCOI+I21/eDXx2w9ESBqFd2oUE5ejfkgDipHSkmcepo7gsEd5VodOLKJYRXB8Pb5Pb7xW5pllq2JNAReJnZMyyNHwzC+nF+GEk1BhhqTs2las3BQJRTEjWclJJIkRHqI+6WoaIk6km05TZPBYKz0YREK/UMGp+nsjRVzKEff1JEdqIOe9ifif101UcOGmNIwTRUI8OxQkDOqok0p0ekGwYiNNEBZU/xXiARIIK11cSZdgz0deJK3Tin1Wqd5Wy7XLvI4iOABH4ATY4BzUQB00QBNg8AiewSt4M56MF+Pd+JiNFox8Zx/8gfH5A1HdmHk=</latexit>

dimH / |G|NV
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 (CLASSICAL HARD)

<latexit sha1_base64="RO+ly+pqrGfrZeqvFafGHL4YuX8=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyFpg213RRe6KhVsK7QxTKaTdujkwcxEKGnBX3HjQhG3foc7/8ZJW0FFD1w4nHMv997jxYwKaZofWm5peWV1Lb9e2Njc2t7Rd/faIko4Ji0csYjfeEgQRkPSklQychNzggKPkY43Os/8zh3hgkbhtRzHxAnQIKQ+xUgqydUPGq4HezGPYhnBycXkNm247amrF02jUiuVqlVoGmbZrlmljFi1sm1DyzBnKIIFmq7+3utHOAlIKDFDQnQtM5ZOirikmJFpoZcIEiM8QgPSVTREARFOOjt/Co+V0od+xFWFEs7U7xMpCoQYB57qDJAcit9eJv7ldRPpV52UhnEiSYjni/yEQfVqlgXsU06wZGNFEOZU3QrxEHGEpUqsoEL4+hT+T9olwzo17Cu7WD9bxJEHh+AInAALVEAdXIImaAEMUvAAnsCzdq89ai/a67w1py1m9sEPaG+fRQWVuQ==</latexit>

Nb / |G|NV# of classical bits：

Lattice calculations — Minkowski spacetime (real-time)

From 1970s  Phys. Rev. D 11, 395 (1975) KS Hamiltonian

Quantum methods from first principles

# of qubits：

<latexit sha1_base64="JgpC8jCwcPNzkLTnxNAYOhJFPOU=">AAACAHicbVDLSgMxFM3UV62vURcu3ASLUDdlRoq6LLpxVSrYB7TjkEkzbWiSGZOMUIa68FfcuFDErZ/hzr8xbWehrQcCh3Pu5eacIGZUacf5tnJLyyura/n1wsbm1vaOvbvXVFEiMWngiEWyHSBFGBWkoalmpB1LgnjASCsYXk381gORikbiVo9i4nHUFzSkGGkj+fZBrfRoACE86cYyinUEa/79HfftolN2poCLxM1IEWSo+/ZXtxfhhBOhMUNKdVwn1l6KpKaYkXGhmygSIzxEfdIxVCBOlJdOA4zhsVF6MIykeULDqfp7I0VcqREPzCRHeqDmvYn4n9dJdHjhpVTEiSYCzw6FCYMm5qQN2KOSYM1GhiAsqfkrxAMkEdams4IpwZ2PvEiap2X3rFy5qRSrl1kdeXAIjkAJuOAcVME1qIMGwGAMnsEreLOerBfr3fqYjeasbGcf/IH1+QNPXZWa</latexit>

N( ) / Nm
q

 (QUANTUM EASY)

<latexit sha1_base64="yPcWqvZoa1/7F25VqMGAZ12HBWQ="></latexit>Z
D�eiS = hx| e�iHt |yi

<latexit sha1_base64="c99/ND2vD1cf5aBW7OmyHPbyM/c=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUpQBYwVDHRCRaIPqQmR4zqtVTuJbAepSrOw8CssDCDEyj+w8Te4bQZoOZKlo3Pu1fU5fsyoVJb1bRSWlldW14rrpY3Nre0dc3evJaNEYNLEEYtEx0eSMBqSpqKKkU4sCOI+I21/eDXx2w9ESBqFd2oUE5ejfkgDipHSkmcepo7gsEd5VodOLKJYRXB8Pb5Pb7xW5pllq2JNAReJnZMyyNHwzC+nF+GEk1BhhqTs2las3BQJRTEjWclJJIkRHqI+6WoaIk6km05TZPBYKz0YREK/UMGp+nsjRVzKEff1JEdqIOe9ifif101UcOGmNIwTRUI8OxQkDOqok0p0ekGwYiNNEBZU/xXiARIIK11cSZdgz0deJK3Tin1Wqd5Wy7XLvI4iOABH4ATY4BzUQB00QBNg8AiewSt4M56MF+Pd+JiNFox8Zx/8gfH5A1HdmHk=</latexit>

dimH / |G|NV

❖ Storage

❖ Operations

<latexit sha1_base64="B7LOb0kg3hCCCsnXON2mqiug1Qs=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARXA0z7WDbXdGFrkoF+4C2DJk0bUMzkzHJCKWtG3/FjQtF3PoX7vwbM20FFT0QOJxzLzfn+BGjUtn2h5FaWl5ZXUuvZzY2t7Z3zN29uuSxwKSGOeOi6SNJGA1JTVHFSDMSBAU+Iw1/eJ74jVsiJOXhtRpFpBOgfkh7FCOlJc88qHg3sB0JHikOK14dthnvw8nFxDOztlUo5XLFIrQtO++WnFxCnFLedaFj2TNkwQJVz3xvdzmOAxIqzJCULceOVGeMhKKYkWmmHUsSITxEfdLSNEQBkZ3xLMEUHmulC3tc6BcqOFO/b4xRIOUo8PVkgNRA/vYS8S+vFatesTOmYRQrEuL5oV7MoE6b1AG7VBCs2EgThAXVf4V4gATCSpeW0SV8JYX/k3rOck4t98rNls8WdaTBITgCJ8ABBVAGl6AKagCDO/AAnsCzcW88Gi/G63w0ZSx29sEPGG+frq6Wbg==</latexit>

Nq / NV log |G|

Quantum simulation



9

Now - Noisy Intermediate Scale Quantum (NISQ) era 

48 logical
qubits

more than 50 well controlled qubits, not error-corrected yet

multi-chip quantum processor

80 qubits

36 qubits

1121 qubits
access to 133 qubits 

176 qubits 54 qubits

Jiuzhang - 255 qubits

superconducting processor

photon qubits trapped ion qubits

Quantum methods from first principles
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Next decades

🔍
~200 qubits
~1000 gates
corrections!

Quantum methods from first principles
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<latexit sha1_base64="yPcWqvZoa1/7F25VqMGAZ12HBWQ="></latexit>Z
D�eiS = hx| e�iHt |yi

[Jordan, Lee, Preskill, 2011] 

Dynamics of HEP with quantum computer

Discretization
空间离散化

Digitization
数字化

Initialization 
初态制备

Propagation
时间演化

Evaluation
测量

Error mitigation/corrections
误差缓解和纠错

From the theoretical framework to practical computational implementation, 
numerous theoretical challenges and technical bottlenecks remain to be overcome

The Theoretical Framework 
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Scalar Field Theory
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infinities in QFTDiscretization

U1
U2

Pxy

Ryz

Rzx Cxyz

xy

z

<latexit sha1_base64="xQ8OmzCI7NYKQJQkN6KvX7/q6eE=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaoh4JXjxi4gIJbEi3dKHSbTdt10g2/AcvHjTGq//Hm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEeoTyaXqhFhTzgT1DTOcdhJFcRxy2g7HNzO//UiVZlLcm0lCgxgPBYsYwcZKLb/fa8infrniVt050CrxclKBHM1++as3kCSNqTCEY627npuYIMPKMMLptNRLNU0wGeMh7VoqcEx1kM2vnaIzqwxQJJUtYdBc/T2R4VjrSRzazhibkV72ZuJ/Xjc10XWQMZGkhgqyWBSlHBmJZq+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/nlVdK6qHqX1dpdrVJv5HEU4QRO4Rw8uII63EITfCDwAM/wCm+OdF6cd+dj0Vpw8plj+APn8wdPm474</latexit>

U⇤

<latexit sha1_base64="QQ1JSvV1NTmLrxDrNY5+y+XK/vk="></latexit>

Rtu ⇡ I� g2a4

2F 2

ij +
a2

6
Fij(4D

2
i +D2

j )Fij +O(a4)

�

<latexit sha1_base64="SlVhCs+za4UrRi/kI97Hj+pwZv4="></latexit>

R ⇡ I� g2a4

2F 2

ij +
a2

6
Fij(4D

2
i +D2

j )Fij +O(a4)

�

gluon
<latexit sha1_base64="e4IIbxIS1Jq0GpRP0DrTq8Exn+k=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqCcJevEYwU0C2TXMTnqTIbMPZnqVEPMfXjwo4tV/8ebfOEn2oIkFDUVVN91dQSqFRtv+tgpLyyura8X10sbm1vZOeXevoZNMcXB5IhPVCpgGKWJwUaCEVqqARYGEZjC4nvjNB1BaJPEdDlPwI9aLRSg4QyPdexJCfHI9JXp9vOyUK3bVnoIuEicnFZKj3il/ed2EZxHEyCXTuu3YKfojplBwCeOSl2lIGR+wHrQNjVkE2h9Nrx7TI6N0aZgoUzHSqfp7YsQirYdRYDojhn09703E/7x2huGFPxJxmiHEfLYozCTFhE4ioF2hgKMcGsK4EuZWyvtMMY4mqJIJwZl/eZE0TqrOWfX09rRSu8rjKJIDckiOiUPOSY3ckDpxCSeKPJNX8mY9Wi/Wu/Uxay1Y+cw++QPr8wenIpKf</latexit>

|Ui
scalar
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Digitization

scalar field theory 

<latexit sha1_base64="e0AooxK2/a8YLrhwpSgXEGhDFjk=">AAACMXicbVBNS8NAFNz4bf2qevSyWAQPWhIR9SKIXjwq2FZoannZvMbFzSbuboQS+5e8+E/EiwdFvPon3LZBrDqwMMzM4+2bIBVcG9d9ccbGJyanpmdmS3PzC4tL5eWVuk4yxbDGEpGoywA0Ci6xZrgReJkqhDgQ2AhuTvp+4w6V5om8MN0UWzFEknc4A2OldvkUrvwQoghVO/eDRIQ07d1/sy0qtz1fgYwE0kPq61tlcjkaKOx2ueJW3QHoX+IVpEIKnLXLT36YsCxGaZgArZuem5pWDspwJrBX8jONKbAbiLBpqYQYdSsfXNyjG1YJaSdR9klDB+rPiRxirbtxYJMxmGv92+uL/3nNzHQOWjmXaWZQsuGiTiaoSWi/PhpyhcyIriXAFLd/pewaFDBjSy7ZErzfJ/8l9Z2qt1fdPd+tHB0XdcyQNbJONolH9skROSVnpEYYeSDP5JW8OY/Oi/PufAyjY04xs0pG4Hx+AZdWqnQ=</latexit>

a†p|p, n� 1i =
p
n|p, ni

<latexit sha1_base64="8wbuIRSMojH3+yX8zLe2MeLKXA4=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEN5ZEirosunElFewDmlAm00k7dB5xZiKUUPBX3LhQxK3f4c6/cdpmoa0HLhzOuZd774kSRrXxvG+nsLS8srpWXC9tbG5t77i7e00tU4VJA0smVTtCmjAqSMNQw0g7UQTxiJFWNLye+K1HojSV4t6MEhJy1Bc0phgZK3XdAxEw8gBvu1mgOMSpOZVxPO66Za/iTQEXiZ+TMshR77pfQU/ilBNhMENad3wvMWGGlKGYkXEpSDVJEB6iPulYKhAnOsym54/hsVV6MJbKljBwqv6eyBDXesQj28mRGeh5byL+53VSE1+GGRVJaojAs0VxyqCRcJIF7FFFsGEjSxBW1N4K8QAphI1NrGRD8OdfXiTNs4p/XqneVcu1qzyOIjgER+AE+OAC1MANqIMGwCADz+AVvDlPzovz7nzMWgtOPrMP/sD5/AHNDpVm</latexit>

n  Ncut�o↵❖ Digitization

<latexit sha1_base64="4SfSbax+kFxxxO1Sud8iKJBm/tk=">AAAB9HicbVDLSgMxFM3UV62vqks3wSK4cciUVrsRim5cVrAPaIchk2ba0ExmmmQKZeh3uHGhiFs/xp1/Y9oOqNUDFw7n3Mu99/gxZ0oj9Gnl1tY3Nrfy24Wd3b39g+LhUUtFiSS0SSIeyY6PFeVM0KZmmtNOLCkOfU7b/uh27rcnVCoWiQc9jakb4oFgASNYG8n1vVR44wtnBq8h8oolZNdQuVKtQmSjBb6Jk5ESyNDwih+9fkSSkApNOFaq66BYuymWmhFOZ4VeomiMyQgPaNdQgUOq3HRx9AyeGaUPg0iaEhou1J8TKQ6Vmoa+6QyxHqpVby7+53UTHdTclIk40VSQ5aIg4VBHcJ4A7DNJieZTQzCRzNwKyRBLTLTJqWBCcFZf/ktaZdu5tCv3lVL9JosjD07AKTgHDrgCdXAHGqAJCBiDR/AMXqyJ9WS9Wm/L1pyVzRyDX7DevwBB55Ef</latexit>

bnq�1 = 0
<latexit sha1_base64="ko4Y9+1rCDNy5kBYh1ldl+inkF8=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4WrKl1V6EohePFeyHtEvJpmkbmuwuSVYoS3+FFw+KePXnePPfmLYLavXBwOO9GWbmBbHg2mD86aysrq1vbOa28ts7u3v7hYPDpo4SRVmDRiJS7YBoJnjIGoYbwdqxYkQGgrWC8fXMbz0wpXkU3plJzHxJhiEfcEqMle6DXoqn6BLhXqGI3SoulSsVhF08xzfxMlKEDPVe4aPbj2giWWioIFp3PBwbPyXKcCrYNN9NNIsJHZMh61gaEsm0n84PnqJTq/TRIFK2QoPm6s+JlEitJzKwnZKYkV72ZuJ/Xicxg6qf8jBODAvpYtEgEchEaPY96nPFqBETSwhV3N6K6IgoQo3NKG9D8JZf/kuaJdc7d8u35WLtKosjB8dwAmfgwQXU4Abq0AAKEh7hGV4c5Tw5r87bonXFyWaO4Bec9y92Po+L</latexit>

b0 = 0
<latexit sha1_base64="exeKIxAxwNGkVdBniBVMrYKBIBg=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hKq70IRS8eK9gPaUPZbDft2t0k7G6EEvorvHhQxKs/x5v/xm0bUKsPBh7vzTAzz485U9pxPq3cyura+kZ+s7C1vbO7V9w/aKkokYQ2ScQj2fGxopyFtKmZ5rQTS4qFz2nbH1/N/PYDlYpF4a2exNQTeBiygBGsjXTn99P7KbpAbr9YcuyaU65Uq8ixnTm+iZuREmRo9IsfvUFEEkFDTThWqus6sfZSLDUjnE4LvUTRGJMxHtKuoSEWVHnp/OApOjHKAAWRNBVqNFd/TqRYKDURvukUWI/UsjcT//O6iQ5qXsrCONE0JItFQcKRjtDsezRgkhLNJ4ZgIpm5FZERlphok1HBhOAuv/yXtMq2e2ZXbiql+mUWRx6O4BhOwYVzqMM1NKAJBAQ8wjO8WNJ6sl6tt0VrzspmDuEXrPcv0MyPxg==</latexit>

bj = 1

<latexit sha1_base64="KRkphne6KEYbHmKjGlB+vgMzHIg="></latexit>

|p, ni = | "# · · · # · · · ""i

<latexit sha1_base64="0Ntfg0BMoJZVeYE7VS2duLKMBzM=">AAACB3icbVDLSgMxFM34rPU16lKQYBHqwjJTqq0LoejGlVSwD2jLkEkzbWgmGZOMUIbu3Pgrblwo4tZfcOffmD5ArR64cDjnXu69x48YVdpxPq25+YXFpeXUSnp1bX1j097arikRS0yqWDAhGz5ShFFOqppqRhqRJCj0Gan7/YuRX78jUlHBb/QgIu0QdTkNKEbaSJ69x71beAZbTHS9PMxeeUlLhhDH+kgEwfDQszNOrnh8WiyVoJNzxvgm7pRkwBQVz/5odQSOQ8I1ZkipputEup0gqSlmZJhuxYpECPdRlzQN5Sgkqp2M/xjCA6N0YCCkKa7hWP05kaBQqUHom84Q6Z6a9Ubif14z1kGpnVAexZpwPFkUxAxqAUehwA6VBGs2MARhSc2tEPeQRFib6NImBHf25b+kls+5J7nCdSFTPp/GkQK7YB9kgQuKoAwuQQVUAQb34BE8gxfrwXqyXq23SeucNZ3ZAb9gvX8B7H2YGw==</latexit>

nq = log2(Ncut�o↵)

❖ Occupation basis

<latexit sha1_base64="o0GstJVXTSixIHok79b39ZAv8VA=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQNyWRoi6LblxWsA9oQplMJu3QyUyYmYgh1F9x40IRt36IO//GaZuFth64cDjnXu69J0gYVdpxvq3S2vrG5lZ5u7Kzu7d/YB8edZVIJSYdLJiQ/QApwignHU01I/1EEhQHjPSCyc3M7z0Qqajg9zpLiB+jEacRxUgbaWhXvTHSuZeM6bTuBYKF8PFsaNechjMHXCVuQWqgQHtof3mhwGlMuMYMKTVwnUT7OZKaYkamFS9VJEF4gkZkYChHMVF+Pj9+Ck+NEsJISFNcw7n6eyJHsVJZHJjOGOmxWvZm4n/eINXRlZ9TnqSacLxYFKUMagFnScCQSoI1ywxBWFJzK8RjJBHWJq+KCcFdfnmVdM8b7kWjedesta6LOMrgGJyAOnDBJWiBW9AGHYBBBp7BK3iznqwX6936WLSWrGKmCv7A+vwBQ3yUhg==</latexit>

�̂(x)
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<latexit sha1_base64="o0GstJVXTSixIHok79b39ZAv8VA=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQNyWRoi6LblxWsA9oQplMJu3QyUyYmYgh1F9x40IRt36IO//GaZuFth64cDjnXu69J0gYVdpxvq3S2vrG5lZ5u7Kzu7d/YB8edZVIJSYdLJiQ/QApwignHU01I/1EEhQHjPSCyc3M7z0Qqajg9zpLiB+jEacRxUgbaWhXvTHSuZeM6bTuBYKF8PFsaNechjMHXCVuQWqgQHtof3mhwGlMuMYMKTVwnUT7OZKaYkamFS9VJEF4gkZkYChHMVF+Pj9+Ck+NEsJISFNcw7n6eyJHsVJZHJjOGOmxWvZm4n/eINXRlZ9TnqSacLxYFKUMagFnScCQSoI1ywxBWFJzK8RjJBHWJq+KCcFdfnmVdM8b7kWjedesta6LOMrgGJyAOnDBJWiBW9AGHYBBBp7BK3iznqwX6936WLSWrGKmCv7A+vwBQ3yUhg==</latexit>

�̂(x)

❖ Amplitude basis
<latexit sha1_base64="SN8WMbarBTNo3b+K4CinAbvjjSg="></latexit>

�(x) 2 {��max + n �� | n = 0, 1, . . . , N� � 1} ,
<latexit sha1_base64="1LEQyTiZ32OdXVVZVYu8ujMC6ts=">AAACF3icbVDLSsNAFJ3UV42vqks3g0VwY0lKUTdC0Y0rqWAf0IQwmU7aoTNJmJmIJeQv3Pgrblwo4lZ3/o2TtAttPXDhzDn3MvceP2ZUKsv6NkpLyyura+V1c2Nza3unsrvXkVEiMGnjiEWi5yNJGA1JW1HFSC8WBHGfka4/vsr97j0RkkbhnZrExOVoGNKAYqS05FVqzoAwhTwnHlHzwnQCgXBaz19e6ggOOXrIsvSm8E/szKtUrZpVAC4Se0aqYIaWV/lyBhFOOAkVZkjKvm3Fyk2RUBQzkplOIkmM8BgNSV/TEHEi3bS4K4NHWhnAIBK6QgUL9fdEiriUE+7rTo7USM57ufif109UcO6mNIwTRUI8/ShIGFQRzEOCAyoIVmyiCcKC6l0hHiEdjdJRmjoEe/7kRdKp1+zTWuO2UW1ezuIogwNwCI6BDc5AE1yDFmgDDB7BM3gFb8aT8WK8Gx/T1pIxm9kHf2B8/gCDCJ+K</latexit>

�� =
2�max

N� � 1

<latexit sha1_base64="P5gEOLijUtZkbMdRG3es8C0wcvo=">AAACBHicbVDLSsNAFJ3UV62vqMtuBotQNyUp1daFUHTjSirYBzQhTKbTduhkEmcmQglduPFX3LhQxK0f4c6/cdoG1OqBC4dz7uXee/yIUaks69PILC2vrK5l13Mbm1vbO+buXkuGscCkiUMWio6PJGGUk6aiipFOJAgKfEba/uhi6rfviJA05DdqHBE3QANO+xQjpSXPzHPvFp5Bh4UDrwyLV17iiAA60ZBOjjyzYJWqx6fVWg1aJWuGb2KnpABSNDzzw+mFOA4IV5ghKbu2FSk3QUJRzMgk58SSRAiP0IB0NeUoINJNZk9M4KFWerAfCl1cwZn6cyJBgZTjwNedAVJDuehNxf+8bqz6NTehPIoV4Xi+qB8zqEI4TQT2qCBYsbEmCAuqb4V4iATCSueW0yHYiy//Ja1yyT4pVa4rhfp5GkcW5MEBKAIbVEEdXIIGaAIM7sEjeAYvxoPxZLwab/PWjJHO7INfMN6/ALmxluY=</latexit>

nq = log2(N�)

<latexit sha1_base64="tlvxHgVcES3waO/E9qAhrSecbEk="></latexit>

|�(x)i = | "# · · · # · · · ""i
<latexit sha1_base64="7Kdc6RuvQYcHPfuekd1EC52uhtY="></latexit>

�(x) =
��
2

nq�1X

j=0

2jbj
<latexit sha1_base64="0VF2g2KJpylZN5i8UBCessHmS+8=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgxWU3JJqLEPTiMYJ5QLKE2clsMmR2djMzGwhLvsOLB0W8+jHe/BsnD1CjBQ1FVTfdXX7MmdKO82ll1tY3Nrey27md3b39g/zhUUNFiSS0TiIeyZaPFeVM0LpmmtNWLCkOfU6b/vB25jfHVCoWiQc9iakX4r5gASNYG8nzu6noji7cKbpGbjdfcOyKUyyVy8ixnTm+ibskBVii1s1/dHoRSUIqNOFYqbbrxNpLsdSMcDrNdRJFY0yGuE/bhgocUuWl86On6MwoPRRE0pTQaK7+nEhxqNQk9E1niPVArXoz8T+vneig4qVMxImmgiwWBQlHOkKzBFCPSUo0nxiCiWTmVkQGWGKiTU45E4K7+vJf0ija7qVdui8VqjfLOLJwAqdwDi5cQRXuoAZ1IDCCR3iGF2tsPVmv1tuiNWMtZ47hF6z3L0NrkSA=</latexit>

bnq�1 = 1
<latexit sha1_base64="/BPZVysXpA7hmTG/tFb3QDCfoKg=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4MSSl1V6EohePFewHtqFstpt27WYTdjdCCf0XXjwo4tV/481/47YNqNUHA4/3ZpiZ58ecKe04n9bS8srq2npuI7+5tb2zW9jbb6ookYQ2SMQj2faxopwJ2tBMc9qOJcWhz2nLH11N/dYDlYpF4laPY+qFeCBYwAjWRrrze+n9BF2gU7dXKDp21SmVKxXk2M4M38TNSBEy1HuFj24/IklIhSYcK9VxnVh7KZaaEU4n+W6iaIzJCA9ox1CBQ6q8dHbxBB0bpY+CSJoSGs3UnxMpDpUah77pDLEeqkVvKv7ndRIdVL2UiTjRVJD5oiDhSEdo+j7qM0mJ5mNDMJHM3IrIEEtMtAkpb0JwF1/+S5ol2z2zyzflYu0yiyMHh3AEJ+DCOdTgGurQAAICHuEZXixlPVmv1tu8dcnKZg7gF6z3LzzQj/0=</latexit>

bj = �1
<latexit sha1_base64="MOmAcAadMTmHGUMMh0RYij5lf7E=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4WnZLq70IRS8eK9gPaZeSTdM2NMkuSVYoS3+FFw+KePXnePPfmLYLavXBwOO9GWbmhTFn2njep7Oyura+sZnbym/v7O7tFw4OmzpKFKENEvFItUOsKWeSNgwznLZjRbEIOW2F4+uZ33qgSrNI3plJTAOBh5INGMHGSvdhL/Wm6BL5vULRc6teqVypIM/15vgmfkaKkKHeK3x0+xFJBJWGcKx1x/diE6RYGUY4nea7iaYxJmM8pB1LJRZUB+n84Ck6tUofDSJlSxo0V39OpFhoPRGh7RTYjPSyNxP/8zqJGVSDlMk4MVSSxaJBwpGJ0Ox71GeKEsMnlmCimL0VkRFWmBibUd6G4C+//Jc0S65/7pZvy8XaVRZHDo7hBM7AhwuowQ3UoQEEBDzCM7w4ynlyXp23ReuKk80cwS847193wo+M</latexit>

b0 = 1

❖ Digitization

Digitization

scalar field theory 
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<latexit sha1_base64="7mjsus6evDUilvdmH3q5pXkcg1M=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgIYRdCepFCHrxGME8IFnC7GQ2GTI7u8z0CiHkI7x4UMSr3+PNv3GS7EETCxqKqm66u4JECoOu++3k1tY3Nrfy24Wd3b39g+LhUdPEqWa8wWIZ63ZADZdC8QYKlLydaE6jQPJWMLqb+a0nro2I1SOOE+5HdKBEKBhFK7XK3bK5IdVeseRW3DnIKvEyUoIM9V7xq9uPWRpxhUxSYzqem6A/oRoFk3xa6KaGJ5SN6IB3LFU04safzM+dkjOr9EkYa1sKyVz9PTGhkTHjKLCdEcWhWfZm4n9eJ8Xw2p8IlaTIFVssClNJMCaz30lfaM5Qji2hTAt7K2FDqilDm1DBhuAtv7xKmhcV77JSfaiWardZHHk4gVM4Bw+uoAb3UIcGMBjBM7zCm5M4L86787FozTnZzDH8gfP5A7FBjoE=</latexit>

, s = 4

Amplitude basis

Occupation basis

The precision of the ground-state energy (a static property) converges 
exponentially with the number of states

<latexit sha1_base64="ESKTNWZi4FkbYUSnG8QjsA+XqAI=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEurDMSFGXRTeupIJ9QDuUTJppQ5PMkGSEMgxu/BU3LhRx61e482/MtLPQ1gMXTs65l9x7/IhRpR3n2yosLa+srhXXSxubW9s79u5eS4WxxKSJQxbKjo8UYVSQpqaakU4kCeI+I21/fJ357QciFQ3FvZ5ExONoKGhAMdJG6tsHt/2kJznEsT4NgyCtZO9oRNOTvl12qs4UcJG4OSmDHI2+/dUbhDjmRGjMkFJd14m0lyCpKWYkLfViRSKEx2hIuoYKxInykukJKTw2ygAGoTQlNJyqvycSxJWacN90cqRHat7LxP+8bqyDSy+hIoo1EXj2URAzqEOY5QEHVBKs2cQQhCU1u0I8QhJhbVIrmRDc+ZMXSeus6p5Xa3e1cv0qj6MIDsERqAAXXIA6uAEN0AQYPIJn8ArerCfrxXq3PmatBSuf2Qd/YH3+AKPUlvU=</latexit>

Ncut�o↵(N�)

[Klco, Savage, Phys. Rev. A 99, 052335 (2019)]

Digitization

scalar field theory 
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<latexit sha1_base64="7mjsus6evDUilvdmH3q5pXkcg1M=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgIYRdCepFCHrxGME8IFnC7GQ2GTI7u8z0CiHkI7x4UMSr3+PNv3GS7EETCxqKqm66u4JECoOu++3k1tY3Nrfy24Wd3b39g+LhUdPEqWa8wWIZ63ZADZdC8QYKlLydaE6jQPJWMLqb+a0nro2I1SOOE+5HdKBEKBhFK7XK3bK5IdVeseRW3DnIKvEyUoIM9V7xq9uPWRpxhUxSYzqem6A/oRoFk3xa6KaGJ5SN6IB3LFU04safzM+dkjOr9EkYa1sKyVz9PTGhkTHjKLCdEcWhWfZm4n9eJ8Xw2p8IlaTIFVssClNJMCaz30lfaM5Qji2hTAt7K2FDqilDm1DBhuAtv7xKmhcV77JSfaiWardZHHk4gVM4Bw+uoAb3UIcGMBjBM7zCm5M4L86787FozTnZzDH8gfP5A7FBjoE=</latexit>

, s = 4

[Cao, YYL, Liu, Zhang, Zhao, arXiv: 2604.26226]

<latexit sha1_base64="U4ePGNdk17WQCjiWbNQMfKtNVPU=">AAACAXicbZBNS8MwGMfT+TbnW9WL4CU4BA8yWhnqcejF44S9wVpKmqVbWJqUJBVGmRe/ihcPinj1W3jz25huPejmAwk//v/nIXn+YcKo0o7zbZVWVtfWN8qbla3tnd09e/+go0QqMWljwYTshUgRRjlpa6oZ6SWSoDhkpBuOb3O/+0CkooK39CQhfoyGnEYUI22kwD5qBZlzDj1zud7U08LL3JymgV11as6s4DK4BVRBUc3A/vIGAqcx4RozpFTfdRLtZ0hqihmZVrxUkQThMRqSvkGOYqL8bLbBFJ4aZQAjIc3hGs7U3xMZipWaxKHpjJEeqUUvF//z+qmOrv2M8iTVhOP5Q1HKoBYwjwMOqCRYs4kBhCU1f4V4hCTC2oRWMSG4iysvQ+ei5l7W6vf1auOmiKMMjsEJOAMuuAINcAeaoA0weATP4BW8WU/Wi/VufcxbS1Yxcwj+lPX5A0a1lYU=</latexit>

T0,{0,1}!{1,1}

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

Dynamical property

energy flow from

position {0,1} to

position {1, 1}
<latexit sha1_base64="B55pNQhJ6mEVlRPDnRwhSmc1mHs=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAIruqMFHVZdOOygn1AO5RMmmlDk8yQZIQ69EvcuFDErZ/izr8xbWehrQcuHM65N7n3hAln2njet1NYW9/Y3Cpul3Z29/bL7sFhS8epIrRJYh6rTog15UzSpmGG006iKBYhp+1wfDvz249UaRbLBzNJaCDwULKIEWys1HfLPSXQ4rVzzeS471a8qjcHWiV+TiqQo9F3v3qDmKSCSkM41rrre4kJMqwMI5xOS71U0wSTMR7SrqUSC6qDbL74FJ1aZYCiWNmSBs3V3xMZFlpPRGg7BTYjvezNxP+8bmqi6yBjMkkNlWTxUZRyZGI0SwENmKLE8IklmChmd0VkhBUmxmZVsiH4yyevktZF1b+s1u5rlfpNHkcRjuEEzsCHK6jDHTSgCQRSeIZXeHOenBfn3flYtBacfOYI/sD5/AGoKJMa</latexit>

source/sink

Digitization

scalar field theory 

Liang-Qi Zhang
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Amplitude basis

Occupation basis

Continuum limit

In the occupation basis, the precision of the energy flow (dynamical property) in 
certain parameter region converges faster with the number of states

<latexit sha1_base64="ESKTNWZi4FkbYUSnG8QjsA+XqAI=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEurDMSFGXRTeupIJ9QDuUTJppQ5PMkGSEMgxu/BU3LhRx61e482/MtLPQ1gMXTs65l9x7/IhRpR3n2yosLa+srhXXSxubW9s79u5eS4WxxKSJQxbKjo8UYVSQpqaakU4kCeI+I21/fJ357QciFQ3FvZ5ExONoKGhAMdJG6tsHt/2kJznEsT4NgyCtZO9oRNOTvl12qs4UcJG4OSmDHI2+/dUbhDjmRGjMkFJd14m0lyCpKWYkLfViRSKEx2hIuoYKxInykukJKTw2ygAGoTQlNJyqvycSxJWacN90cqRHat7LxP+8bqyDSy+hIoo1EXj2URAzqEOY5QEHVBKs2cQQhCU1u0I8QhJhbVIrmRDc+ZMXSeus6p5Xa3e1cv0qj6MIDsERqAAXXIA6uAEN0AQYPIJn8ArerCfrxXq3PmatBSuf2Qd/YH3+AKPUlvU=</latexit>

Ncut�o↵(N�)

<latexit sha1_base64="dlne1JFBSc60f0CIC8UqE10D4sU=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr41QdOOygn1AO5ZMJtOGZpIhyShl6H+4caGIW//FnX9j2s5CWw+EHM45l9ycIOFMG9f9dgpLyyura8X10sbm1vZOeXevqWWqCG0QyaVqB1hTzgRtGGY4bSeK4jjgtBUMbyZ+65EqzaS4N6OE+jHuCxYxgo2VHrrcRkOMrpBbdc965Yq9pkCLxMtJBXLUe+WvbihJGlNhCMdadzw3MX6GlWGE03Gpm2qaYDLEfdqxVOCYaj+bbj1GR1YJUSSVPcKgqfp7IsOx1qM4sMkYm4Ge9ybif14nNdGlnzGRpIYKMnsoSjkyEk0qQCFTlBg+sgQTxeyuiAywwsTYokq2BG/+y4ukeVL1zqund6eV2nVeRxEO4BCOwYMLqMEt1KEBBBQ8wyu8OU/Oi/PufMyiBSef2Yc/cD5/AD5SkQw=</latexit>

� = 0.05

Digitization

scalar field theory 

<latexit sha1_base64="7mjsus6evDUilvdmH3q5pXkcg1M=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgIYRdCepFCHrxGME8IFnC7GQ2GTI7u8z0CiHkI7x4UMSr3+PNv3GS7EETCxqKqm66u4JECoOu++3k1tY3Nrfy24Wd3b39g+LhUdPEqWa8wWIZ63ZADZdC8QYKlLydaE6jQPJWMLqb+a0nro2I1SOOE+5HdKBEKBhFK7XK3bK5IdVeseRW3DnIKvEyUoIM9V7xq9uPWRpxhUxSYzqem6A/oRoFk3xa6KaGJ5SN6IB3LFU04safzM+dkjOr9EkYa1sKyVz9PTGhkTHjKLCdEcWhWfZm4n9eJ8Xw2p8IlaTIFVssClNJMCaz30lfaM5Qji2hTAt7K2FDqilDm1DBhuAtv7xKmhcV77JSfaiWardZHHk4gVM4Bw+uoAb3UIcGMBjBM7zCm5M4L86787FozTnZzDH8gfP5A7FBjoE=</latexit>

, s = 4

[Cao, YYL, Liu, Zhang, Zhao, arXiv: 2604.26226]

Liang-Qi Zhang
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Propagation is hard

❖ Occupation basis

Wavepacket prep and 
measurements are easy
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Pauli string decomposition + Trotterization (with Trotter errors)

[Klco, Savage, Phys. Rev. A 99, 052335 (2019)]

Propagation

scalar field theory 

<latexit sha1_base64="7mjsus6evDUilvdmH3q5pXkcg1M=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgIYRdCepFCHrxGME8IFnC7GQ2GTI7u8z0CiHkI7x4UMSr3+PNv3GS7EETCxqKqm66u4JECoOu++3k1tY3Nrfy24Wd3b39g+LhUdPEqWa8wWIZ63ZADZdC8QYKlLydaE6jQPJWMLqb+a0nro2I1SOOE+5HdKBEKBhFK7XK3bK5IdVeseRW3DnIKvEyUoIM9V7xq9uPWRpxhUxSYzqem6A/oRoFk3xa6KaGJ5SN6IB3LFU04safzM+dkjOr9EkYa1sKyVz9PTGhkTHjKLCdEcWhWfZm4n9eJ8Xw2p8IlaTIFVssClNJMCaz30lfaM5Qji2hTAt7K2FDqilDm1DBhuAtv7xKmhcV77JSfaiWardZHHk4gVM4Bw+uoAb3UIcGMBjBM7zCm5M4L86787FozTnZzDH8gfP5A7FBjoE=</latexit>

, s = 4

non-diagonal matrix
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Propagation

scalar field theory 

diagonal matrix

<latexit sha1_base64="aSUqoJFNv/8Z6lLqtrhwCShAic4="></latexit>

=
Y

x2⇤

P (x)exp(�i✓�̃(x)s)P †(x)

non-diagonal matrix

Single-qubit rotation 
&Hermite Transformation

<latexit sha1_base64="7mjsus6evDUilvdmH3q5pXkcg1M=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgIYRdCepFCHrxGME8IFnC7GQ2GTI7u8z0CiHkI7x4UMSr3+PNv3GS7EETCxqKqm66u4JECoOu++3k1tY3Nrfy24Wd3b39g+LhUdPEqWa8wWIZ63ZADZdC8QYKlLydaE6jQPJWMLqb+a0nro2I1SOOE+5HdKBEKBhFK7XK3bK5IdVeseRW3DnIKvEyUoIM9V7xq9uPWRpxhUxSYzqem6A/oRoFk3xa6KaGJ5SN6IB3LFU04safzM+dkjOr9EkYa1sKyVz9PTGhkTHjKLCdEcWhWfZm4n9eJ8Xw2p8IlaTIFVssClNJMCaz30lfaM5Qji2hTAt7K2FDqilDm1DBhuAtv7xKmhcV77JSfaiWardZHHk4gVM4Bw+uoAb3UIcGMBjBM7zCm5M4L86787FozTnZzDH8gfP5A7FBjoE=</latexit>

, s = 4

[Cao, YYL, Liu, Zhang, Zhao, arXiv: 2604.26226]
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Propagation

scalar field theory 

diagonal matrix

<latexit sha1_base64="aSUqoJFNv/8Z6lLqtrhwCShAic4="></latexit>

=
Y

x2⇤

P (x)exp(�i✓�̃(x)s)P †(x)

non-diagonal matrix

Single-qubit rotation 
&Hermite Transformation

<latexit sha1_base64="7mjsus6evDUilvdmH3q5pXkcg1M=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgIYRdCepFCHrxGME8IFnC7GQ2GTI7u8z0CiHkI7x4UMSr3+PNv3GS7EETCxqKqm66u4JECoOu++3k1tY3Nrfy24Wd3b39g+LhUdPEqWa8wWIZ63ZADZdC8QYKlLydaE6jQPJWMLqb+a0nro2I1SOOE+5HdKBEKBhFK7XK3bK5IdVeseRW3DnIKvEyUoIM9V7xq9uPWRpxhUxSYzqem6A/oRoFk3xa6KaGJ5SN6IB3LFU04safzM+dkjOr9EkYa1sKyVz9PTGhkTHjKLCdEcWhWfZm4n9eJ8Xw2p8IlaTIFVssClNJMCaz30lfaM5Qji2hTAt7K2FDqilDm1DBhuAtv7xKmhcV77JSfaiWardZHHk4gVM4Bw+uoAb3UIcGMBjBM7zCm5M4L86787FozTnZzDH8gfP5A7FBjoE=</latexit>

, s = 4

[Cao, YYL, Liu, Zhang, Zhao, arXiv: 2604.26226]

no additional Trotter errors arise 
once it is diagonalized
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Achieving exponential improvements in the complexity for implementing the unitary 
time evolution operator with quantum circuits in the occupation basis.

diagonal matrix

<latexit sha1_base64="aSUqoJFNv/8Z6lLqtrhwCShAic4="></latexit>

=
Y

x2⇤

P (x)exp(�i✓�̃(x)s)P †(x)

non-diagonal matrix

Single-qubit rotation 
&Hermite Transformation

Propagation

scalar field theory 

<latexit sha1_base64="7mjsus6evDUilvdmH3q5pXkcg1M=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgIYRdCepFCHrxGME8IFnC7GQ2GTI7u8z0CiHkI7x4UMSr3+PNv3GS7EETCxqKqm66u4JECoOu++3k1tY3Nrfy24Wd3b39g+LhUdPEqWa8wWIZ63ZADZdC8QYKlLydaE6jQPJWMLqb+a0nro2I1SOOE+5HdKBEKBhFK7XK3bK5IdVeseRW3DnIKvEyUoIM9V7xq9uPWRpxhUxSYzqem6A/oRoFk3xa6KaGJ5SN6IB3LFU04safzM+dkjOr9EkYa1sKyVz9PTGhkTHjKLCdEcWhWfZm4n9eJ8Xw2p8IlaTIFVssClNJMCaz30lfaM5Qji2hTAt7K2FDqilDm1DBhuAtv7xKmhcV77JSfaiWardZHHk4gVM4Bw+uoAb3UIcGMBjBM7zCm5M4L86787FozTnZzDH8gfP5A7FBjoE=</latexit>

, s = 4

[Cao, YYL, Liu, Zhang, Zhao, arXiv: 2604.26226]

no additional Trotter errors arise 
once it is diagonalized
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Abelian Gauge Theories
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[Li, Xu, Dong, Huang,YYL, Lin, Shu, arXiv: 2607.09844]

Digitization

Abelian gauge theory  + matter

[Davoudi, Linke, Pagano, arXiv:2104.09346]

Hybrid realization 

https://arxiv.org/search/quant-ph?searchtype=author&query=Davoudi,+Z
https://arxiv.org/search/quant-ph?searchtype=author&query=Pagano,+G
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[Li, Xu, Dong, Huang,YYL, Lin, Shu, arXiv: 2607.09844]
[Davoudi, Linke, Pagano, arXiv:2104.09346]

Hybrid realization 

Gate Sets

<latexit sha1_base64="F4W4vn7CaXwaT58JljoNFtoR0y4="></latexit>

R�a
k,j(✓k,j , 0) = e�i✓k,j(a

r
k+ar†

k )�y
j ,

R�a
k,j

⇣
✓k,j ,

⇡

2

⌘
= e✓k,j(a

r
k�ar†

k )�y
j

Single qubit gate

AAnalog gate

CNOT gate

<latexit sha1_base64="nGHGAGpRGbOd3ivffV1oAqaRGfQ="></latexit>

R(✓,�) = e�i ✓
2 (cos(�)

P
j �j

x+sin(�)
P

j �j
y)

Digitization

Abelian gauge theory  + matter

https://arxiv.org/search/quant-ph?searchtype=author&query=Davoudi,+Z
https://arxiv.org/search/quant-ph?searchtype=author&query=Pagano,+G
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[Li, Xu, Dong, Huang,YYL, Lin, Shu, arXiv: 2607.09844]
[Davoudi, Linke, Pagano, arXiv:2104.09346]

Hybrid realization 

<latexit sha1_base64="UDIFsarjFyZEAxLiC5Qtx4wAU1M=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMquFvUiFL14rOC2hXYp2TTbxmaTJckKZelv8OJBEa/+IG/+G9N2D1p9MPB4b4aZeWHCmTau++UUlpZXVteK66WNza3tnfLuXlPLVBHqE8mlaodYU84E9Q0znLYTRXEcctoKRzdTv/VIlWZS3JtxQoMYDwSLGMHGSv7DFTs565UrbtWdAf0lXk4qkKPRK392+5KkMRWGcKx1x3MTE2RYGUY4nZS6qaYJJiM8oB1LBY6pDrLZsRN0ZJU+iqSyJQyaqT8nMhxrPY5D2xljM9SL3lT8z+ukJroMMiaS1FBB5ouilCMj0fRz1GeKEsPHlmCimL0VkSFWmBibT8mG4C2+/Jc0T6veebV2V6vUr/M4inAAh3AMHlxAHW6hAT4QYPAEL/DqCOfZeXPe560FJ5/Zh19wPr4B9RWOIw==</latexit>

j = i+ 3

<latexit sha1_base64="nRRiFF3J45Nc+TNjgfPqpoas5Fg=">AAACA3icbVDLSgNBEJz1GeNr1ZteBoPgxbArQT0GveQYwTwgiWF20kmGzM4uM71CWAJe/BUvHhTx6k9482+cPA6aWNBQVHXT3RXEUhj0vG9naXlldW09s5Hd3Nre2XX39qsmSjSHCo9kpOsBMyCFggoKlFCPNbAwkFALBjdjv/YA2ohI3eEwhlbIekp0BWdopbZ7CPfpmWh2QCKjSEvttKlDKhSORm035+W9Cegi8WckR2Yot92vZifiSQgKuWTGNHwvxlbKNAouYZRtJgZixgesBw1LFQvBtNLJDyN6YpUO7UbalkI6UX9PpCw0ZhgGtjNk2Dfz3lj8z2sk2L1qpULFCYLi00XdRFKM6DgQ2hEaOMqhJYxrYW+lvM8042hjy9oQ/PmXF0n1PO9f5Au3hVzxehZHhhyRY3JKfHJJiqREyqRCOHkkz+SVvDlPzovz7nxMW5ec2cwB+QPn8wdulJdo</latexit>

e�i�tHint

Hardware efficient setup, achieving polynomial complexity in both
Clifford operations and analog operations

<latexit sha1_base64="ZHiSKELZvd+Me0JfvROfS4dRE04="></latexit>

O(N3
p ) CNOT gates, O(N2

p ) analog gates

Digitization

Abelian gauge theory  + matter

https://arxiv.org/search/quant-ph?searchtype=author&query=Davoudi,+Z
https://arxiv.org/search/quant-ph?searchtype=author&query=Pagano,+G


28

[Li, Xu, Dong, Huang,YYL, Lin, Shu, arXiv: 2607.09844]

Hybrid realizations intense-field QED 

<latexit sha1_base64="fAjvRKhfXy7gg2+ROuCEgoWYNm8=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9mVUsVT0YvHCvYDukvJptk2NMkuSVYsS/+GFw+KePXPePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXWcKkJbJOax6oZYU84kbRlmOO0mimIRctoJx7czv/NIlWaxfDCThAYCDyWLGMHGSj7vZ74SSOCn6XW/XHGr7hxolXg5qUCOZr/85Q9ikgoqDeFY657nJibIsDKMcDot+ammCSZjPKQ9SyUWVAfZ/OYpOrPKAEWxsiUNmqu/JzIstJ6I0HYKbEZ62ZuJ/3m91ERXQcZkkhoqyWJRlHJkYjQLAA2YosTwiSWYKGZvRWSEFSbGxlSyIXjLL6+S9kXVq1dr97VK4yaPowgncArn4MElNOAOmtACAgk8wyu8Oanz4rw7H4vWgpPPHMMfOJ8/446RmQ==</latexit>

lmax : maximal number of photons absorbed from the laser

Digitization

Abelian gauge theory  + matter
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Realistic for near-term quantum devices

[Li, Xu, Dong, Huang,YYL, Lin, Shu, arXiv: 2607.09844]

Hybrid realizations intense-field QED Digitization

Abelian gauge theory  + matter
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Non-Abelian Gauge Theories

[Carena, Lamm,YYL, Liu, 
PRL. 129, 051601]

[Lamm,YYL, Shu, Wang, Bin, 
PRD 110 (2024) 5, 054505]

[Cao, Hou, YYL, Liu, Song, Zhang, Zhang, 
Zhao, arXiv:2505.06347]
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infinities in QFTDiscretization

U1
U2

Pxy

Ryz

Rzx Cxyz

xy

z

<latexit sha1_base64="xQ8OmzCI7NYKQJQkN6KvX7/q6eE=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaoh4JXjxi4gIJbEi3dKHSbTdt10g2/AcvHjTGq//Hm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEeoTyaXqhFhTzgT1DTOcdhJFcRxy2g7HNzO//UiVZlLcm0lCgxgPBYsYwcZKLb/fa8infrniVt050CrxclKBHM1++as3kCSNqTCEY627npuYIMPKMMLptNRLNU0wGeMh7VoqcEx1kM2vnaIzqwxQJJUtYdBc/T2R4VjrSRzazhibkV72ZuJ/Xjc10XWQMZGkhgqyWBSlHBmJZq+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/nlVdK6qHqX1dpdrVJv5HEU4QRO4Rw8uII63EITfCDwAM/wCm+OdF6cd+dj0Vpw8plj+APn8wdPm474</latexit>

U⇤

<latexit sha1_base64="QQ1JSvV1NTmLrxDrNY5+y+XK/vk="></latexit>

Rtu ⇡ I� g2a4

2F 2

ij +
a2

6
Fij(4D

2
i +D2

j )Fij +O(a4)

�

<latexit sha1_base64="SlVhCs+za4UrRi/kI97Hj+pwZv4="></latexit>

R ⇡ I� g2a4

2F 2

ij +
a2

6
Fij(4D

2
i +D2

j )Fij +O(a4)

�

gluon

 [Phys. Rev. D 11, 395 (1975)]

gauge invariant Hamiltonian
KS Hamiltonian

<latexit sha1_base64="xQ8OmzCI7NYKQJQkN6KvX7/q6eE=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaoh4JXjxi4gIJbEi3dKHSbTdt10g2/AcvHjTGq//Hm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEeoTyaXqhFhTzgT1DTOcdhJFcRxy2g7HNzO//UiVZlLcm0lCgxgPBYsYwcZKLb/fa8infrniVt050CrxclKBHM1++as3kCSNqTCEY627npuYIMPKMMLptNRLNU0wGeMh7VoqcEx1kM2vnaIzqwxQJJUtYdBc/T2R4VjrSRzazhibkV72ZuJ/Xjc10XWQMZGkhgqyWBSlHBmJZq+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/nlVdK6qHqX1dpdrVJv5HEU4QRO4Rw8uII63EITfCDwAM/wCm+OdF6cd+dj0Vpw8plj+APn8wdPm474</latexit>

U⇤

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+
<latexit sha1_base64="8651H29gQ9Rs9/8rYBXWTZoH2iY=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUS9C0UvBS0X7Ae1Ssmm2DU2ya5ItlKW/w4sHRbz6Y7z5b0zbPWjrg4HHezPMzAtizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6ShShdRLxSLUCrClnktYNM5y2YkWxCDhtBsPbqd8cUaVZJB/NOKa+wH3JQkawsZJf7aZ3DxN0jTo6Ed1iyS27M6Bl4mWkBBlq3eJXpxeRRFBpCMdatz03Nn6KlWGE00mhk2gaYzLEfdq2VGJBtZ/Ojp6gE6v0UBgpW9Kgmfp7IsVC67EIbKfAZqAXvan4n9dOTHjlp0zGiaGSzBeFCUcmQtMEUI8pSgwfW4KJYvZWRAZYYWJsTgUbgrf48jJpnJW9i/L5/XmpcpPFkYcjOIZT8OASKlCFGtSBwBM8wyu8OSPnxXl3PuatOSebOYQ/cD5/ALrokXA=</latexit>

HKS =
X

<latexit sha1_base64="ORNheOk5xc+wg1dRwU8RY7kjHYQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHhRHYNUY9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9wvltyKuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpcV76pSbVRLtdssjjycwTmUwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AG/njLU=</latexit>

(
<latexit sha1_base64="I7M8Rptcfj7965+LSlRwW+GxU74=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoOgl7ArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3FrjLY=</latexit>

)
<latexit sha1_base64="BqGrl6lVEIEdj/wCJyX+ggVGSGc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi6CHCqYttKFsttN26WYTdjdCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/0NBxqhj6LBaxaoVUo+ASfcONwFaikEahwGY4upn6zSdUmsfy0YwTDCI6kLzPGTVW8u+62f2kW664VXcGsky8nFQgR71b/ur0YpZGKA0TVOu25yYmyKgynAmclDqpxoSyER1g21JJI9RBNjt2Qk6s0iP9WNmShszU3xMZjbQeR6HtjKgZ6kVvKv7ntVPTvwoyLpPUoGTzRf1UEBOT6eekxxUyI8aWUKa4vZWwIVWUGZtPyYbgLb68TBpnVe+iev5wXqld53EU4QiO4RQ8uIQa3EIdfGDA4Rle4c2Rzovz7nzMWwtOPnMIf+B8/gC3U46j</latexit>

KL

<latexit sha1_base64="SEScpJgcioqV0Ntd6/I/klKB9tw=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUBFKUoq6EUpF6LKCfUCblslk0g6dTMLMRCyhG3/FjQtF3PoZ7vwbp20W2nrgwuGce7n3HjdiVCrL+jYyK6tr6xvZzdzW9s7unrl/0JRhLDBp4JCFou0iSRjlpKGoYqQdCYICl5GWO7qZ+q0HIiQN+b0aR8QJ0IBTn2KktNQ3j2rwuku5gh58hIXbXgmew2qvdNY381bRmgEuEzsleZCi3je/ul6I44BwhRmSsmNbkXISJBTFjExy3ViSCOERGpCOphwFRDrJ7IEJPNWKB/1Q6NK3zNTfEwkKpBwHru4MkBrKRW8q/ud1YuVfOQnlUawIx/NFfsygCuE0DehRQbBiY00QFlTfCvEQCYSVziynQ7AXX14mzVLRviiW78r5SjWNIwuOwQkoABtcggqogTpoAAwm4Bm8gjfjyXgx3o2PeWvGSGcOwR8Ynz8Yr5OF</latexit>

H =

Z
dx(E2 +B

2)
<latexit sha1_base64="fGwPbrsh+nB0xDWIUJk0ha8Yvc0=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVUj0WvRS8VLQf0C4lm2bb2GyyJFmhLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXhBzpo3rfju5tfWNza38dmFnd2//oHh41NIyUYQ2ieRSdQKsKWeCNg0znHZiRXEUcNoOxjczv/1ElWZSPJhJTP0IDwULGcHGSq16P729n/aLJbfszoFWiZeREmRo9ItfvYEkSUSFIRxr3fXc2PgpVoYRTqeFXqJpjMkYD2nXUoEjqv10fu0UnVllgEKpbAmD5urviRRHWk+iwHZG2Iz0sjcT//O6iQmv/JSJODFUkMWiMOHISDR7HQ2YosTwiSWYKGZvRWSEFSbGBlSwIXjLL6+S1kXZq5Yrd5VS7TqLIw8ncArn4MEl1KAODWgCgUd4hld4c6Tz4rw7H4vWnJPNHMMfOJ8/Vb2O/A==</latexit>

HKS

<latexit sha1_base64="dj053+d10dU2nHeGa2CrL+xW+UQ=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPRi8cK9gPaUCbbbbt0swm7m0oJ/SdePCji1X/izX/jts1BWx8MPN6bYWZemAiujed9O4W19Y3NreJ2aWd3b//APTxq6DhVlNVpLGLVClEzwSWrG24EayWKYRQK1gxHdzO/OWZK81g+mknCgggHkvc5RWOlrutm2FF8MDSoVPxEvGnXLXsVbw6ySvyclCFHret+dXoxTSMmDRWoddv3EhNkqAyngk1LnVSzBOkIB6xtqcSI6SCbXz4lZ1bpkX6sbElD5urviQwjrSdRaDsjNEO97M3E/7x2avo3QcZlkhom6WJRPxXExGQWA+lxxagRE0uQKm5vJXSICqmxYZVsCP7yy6ukcVHxryqXD5fl6m0eRxFO4BTOwYdrqMI91KAOFMbwDK/w5mTOi/PufCxaC04+cwx/4Hz+AJWrk6I=</latexit>

a ! 0

<latexit sha1_base64="e4IIbxIS1Jq0GpRP0DrTq8Exn+k=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqCcJevEYwU0C2TXMTnqTIbMPZnqVEPMfXjwo4tV/8ebfOEn2oIkFDUVVN91dQSqFRtv+tgpLyyura8X10sbm1vZOeXevoZNMcXB5IhPVCpgGKWJwUaCEVqqARYGEZjC4nvjNB1BaJPEdDlPwI9aLRSg4QyPdexJCfHI9JXp9vOyUK3bVnoIuEicnFZKj3il/ed2EZxHEyCXTuu3YKfojplBwCeOSl2lIGR+wHrQNjVkE2h9Nrx7TI6N0aZgoUzHSqfp7YsQirYdRYDojhn09703E/7x2huGFPxJxmiHEfLYozCTFhE4ioF2hgKMcGsK4EuZWyvtMMY4mqJIJwZl/eZE0TqrOWfX09rRSu8rjKJIDckiOiUPOSY3ckDpxCSeKPJNX8mY9Wi/Wu/Uxay1Y+cw++QPr8wenIpKf</latexit>

|Ui
scalar
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infinities in QFT

<latexit sha1_base64="oDlbcfK6l69YQ/pf3jbQ9l3oBuM="></latexit>

K2L = Ei(x)Ui(x)Ei(x+ ai)U†
i (x)

Discretization

[Carena, Lamm,YYL, Liu, PRL. 129, 051601]

U1
U2

Pxy

Ryz

Rzx Cxyz

xy

z

<latexit sha1_base64="xQ8OmzCI7NYKQJQkN6KvX7/q6eE=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaoh4JXjxi4gIJbEi3dKHSbTdt10g2/AcvHjTGq//Hm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEeoTyaXqhFhTzgT1DTOcdhJFcRxy2g7HNzO//UiVZlLcm0lCgxgPBYsYwcZKLb/fa8infrniVt050CrxclKBHM1++as3kCSNqTCEY627npuYIMPKMMLptNRLNU0wGeMh7VoqcEx1kM2vnaIzqwxQJJUtYdBc/T2R4VjrSRzazhibkV72ZuJ/Xjc10XWQMZGkhgqyWBSlHBmJZq+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/nlVdK6qHqX1dpdrVJv5HEU4QRO4Rw8uII63EITfCDwAM/wCm+OdF6cd+dj0Vpw8plj+APn8wdPm474</latexit>

U⇤

<latexit sha1_base64="QQ1JSvV1NTmLrxDrNY5+y+XK/vk="></latexit>

Rtu ⇡ I� g2a4

2F 2

ij +
a2

6
Fij(4D

2
i +D2

j )Fij +O(a4)

�

<latexit sha1_base64="SlVhCs+za4UrRi/kI97Hj+pwZv4="></latexit>

R ⇡ I� g2a4

2F 2

ij +
a2

6
Fij(4D

2
i +D2

j )Fij +O(a4)

�

<latexit sha1_base64="ipIH3KQsOOR2cW5Ve8Vd5Fa2XVo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL/EW0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh1rvrlcsuWV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjtT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0L8reZblyXylVb7I48nACp3AOHlxBFWpQhwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwB6c+NkQ==</latexit>

HI

<latexit sha1_base64="xQ8OmzCI7NYKQJQkN6KvX7/q6eE=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaoh4JXjxi4gIJbEi3dKHSbTdt10g2/AcvHjTGq//Hm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEeoTyaXqhFhTzgT1DTOcdhJFcRxy2g7HNzO//UiVZlLcm0lCgxgPBYsYwcZKLb/fa8infrniVt050CrxclKBHM1++as3kCSNqTCEY627npuYIMPKMMLptNRLNU0wGeMh7VoqcEx1kM2vnaIzqwxQJJUtYdBc/T2R4VjrSRzazhibkV72ZuJ/Xjc10XWQMZGkhgqyWBSlHBmJZq+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/nlVdK6qHqX1dpdrVJv5HEU4QRO4Rw8uII63EITfCDwAM/wCm+OdF6cd+dj0Vpw8plj+APn8wdPm474</latexit>

U⇤

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+
<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+
<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+
<latexit sha1_base64="ORNheOk5xc+wg1dRwU8RY7kjHYQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHhRHYNUY9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9wvltyKuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpcV76pSbVRLtdssjjycwTmUwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AG/njLU=</latexit>

(
<latexit sha1_base64="I7M8Rptcfj7965+LSlRwW+GxU74=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoOgl7ArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3FrjLY=</latexit>

)
<latexit sha1_base64="GWEb51bYZ1XQxH2UGqq4RtYu4NE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqBeh6MVjBdMW2lA22027dHcTdjdCCP0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphwpo3rfjultfWNza3ydmVnd2//oHp41NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ3czv/NElWaxfDRZQgOBR5JFjGBjJf+mr1MxqNbcujsHWiVeQWpQoDWofvWHMUkFlYZwrHXPcxMT5FgZRjidVvqppgkmEzyiPUslFlQH+fzYKTqzyhBFsbIlDZqrvydyLLTORGg7BTZjvezNxP+8Xmqi6yBnMkkNlWSxKEo5MjGafY6GTFFieGYJJorZWxEZY4WJsflUbAje8surpH1R9y7rjYdGrXlbxFGGEziFc/DgCppwDy3wgQCDZ3iFN0c6L86787FoLTnFzDH8gfP5A7crjqM=</latexit>

=
X

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+
<latexit sha1_base64="SlVhCs+za4UrRi/kI97Hj+pwZv4="></latexit>

R ⇡ I� g2a4

2F 2

ij +
a2

6
Fij(4D

2
i +D2

j )Fij +O(a4)

�<latexit sha1_base64="QQ1JSvV1NTmLrxDrNY5+y+XK/vk="></latexit>

Rtu ⇡ I� g2a4

2F 2

ij +
a2

6
Fij(4D

2
i +D2

j )Fij +O(a4)

�
<latexit sha1_base64="BqGrl6lVEIEdj/wCJyX+ggVGSGc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi6CHCqYttKFsttN26WYTdjdCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/0NBxqhj6LBaxaoVUo+ASfcONwFaikEahwGY4upn6zSdUmsfy0YwTDCI6kLzPGTVW8u+62f2kW664VXcGsky8nFQgR71b/ur0YpZGKA0TVOu25yYmyKgynAmclDqpxoSyER1g21JJI9RBNjt2Qk6s0iP9WNmShszU3xMZjbQeR6HtjKgZ6kVvKv7ntVPTvwoyLpPUoGTzRf1UEBOT6eekxxUyI8aWUKa4vZWwIVWUGZtPyYbgLb68TBpnVe+iev5wXqld53EU4QiO4RQ8uIQa3EIdfGDA4Rle4c2Rzovz7nzMWwtOPnMIf+B8/gC3U46j</latexit>

KL
<latexit sha1_base64="1AJjbD29uGyfD4AdLAnWl3MD9Qc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktpXosehH0UMF+QLuUbJptY7PJkmSFsvQ/ePGgiFf/jzf/jWm7B219MPB4b4aZeUHMmTau++3k1tY3Nrfy24Wd3b39g+LhUUvLRBHaJJJL1QmwppwJ2jTMcNqJFcVRwGk7GF/P/PYTVZpJ8WAmMfUjPBQsZAQbK7Vu+2nlbtovltyyOwdaJV5GSpCh0S9+9QaSJBEVhnCsdddzY+OnWBlGOJ0WeommMSZjPKRdSwWOqPbT+bVTdGaVAQqlsiUMmqu/J1IcaT2JAtsZYTPSy95M/M/rJia89FMm4sRQQRaLwoQjI9HsdTRgihLDJ5Zgopi9FZERVpgYG1DBhuAtv7xKWpWyVytX76ul+lUWRx5O4BTOwYMLqMMNNKAJBB7hGV7hzZHOi/PufCxac042cwx/4Hz+ACmfjt8=</latexit>

K2L

correcting classical       errorsa2

<latexit sha1_base64="CVvKfQkhuCcetj+sQMWexkUXbjY=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4CjMhoMegF48RzQLJGGo6PUmTnp6hu0cIQz7BiwdFvPpF3vwbO4sQtwcFj/eqqKoXJIJr47ofTm5ldW19I79Z2Nre2d0r7h80dZwqyho0FrFqB6iZ4JI1DDeCtRPFMAoEawWjy6nfumdK81jemnHC/AgHkoecorHSDd5VesWSV3ZnIO4v8mWVYIF6r/je7cc0jZg0VKDWHc9NjJ+hMpwKNil0U80SpCMcsI6lEiOm/Wx26oScWKVPwljZkobM1OWJDCOtx1FgOyM0Q/3Tm4p/eZ3UhOd+xmWSGibpfFGYCmJiMv2b9Lli1IixJUgVt7cSOkSF1Nh0Cssh/E+albJXLVevq6XaxSKOPBzBMZyCB2dQgyuoQwMoDOABnuDZEc6j8+K8zltzzmLmEL7BefsE7FyNkQ==</latexit>
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U1
U2

Pxy

Ryz

Rzx Cxyz

xy

z

<latexit sha1_base64="xQ8OmzCI7NYKQJQkN6KvX7/q6eE=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaoh4JXjxi4gIJbEi3dKHSbTdt10g2/AcvHjTGq//Hm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEeoTyaXqhFhTzgT1DTOcdhJFcRxy2g7HNzO//UiVZlLcm0lCgxgPBYsYwcZKLb/fa8infrniVt050CrxclKBHM1++as3kCSNqTCEY627npuYIMPKMMLptNRLNU0wGeMh7VoqcEx1kM2vnaIzqwxQJJUtYdBc/T2R4VjrSRzazhibkV72ZuJ/Xjc10XWQMZGkhgqyWBSlHBmJZq+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/nlVdK6qHqX1dpdrVJv5HEU4QRO4Rw8uII63EITfCDwAM/wCm+OdF6cd+dj0Vpw8plj+APn8wdPm474</latexit>

U⇤

<latexit sha1_base64="QQ1JSvV1NTmLrxDrNY5+y+XK/vk="></latexit>

Rtu ⇡ I� g2a4

2F 2

ij +
a2

6
Fij(4D

2
i +D2

j )Fij +O(a4)

�

<latexit sha1_base64="SlVhCs+za4UrRi/kI97Hj+pwZv4="></latexit>

R ⇡ I� g2a4

2F 2

ij +
a2

6
Fij(4D

2
i +D2

j )Fij +O(a4)

�

<latexit sha1_base64="oDlbcfK6l69YQ/pf3jbQ9l3oBuM="></latexit>

K2L = Ei(x)Ui(x)Ei(x+ ai)U†
i (x)

U1
U2

Pxy

Ryz

Rzx Cxyz

xy

z

<latexit sha1_base64="xQ8OmzCI7NYKQJQkN6KvX7/q6eE=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaoh4JXjxi4gIJbEi3dKHSbTdt10g2/AcvHjTGq//Hm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEeoTyaXqhFhTzgT1DTOcdhJFcRxy2g7HNzO//UiVZlLcm0lCgxgPBYsYwcZKLb/fa8infrniVt050CrxclKBHM1++as3kCSNqTCEY627npuYIMPKMMLptNRLNU0wGeMh7VoqcEx1kM2vnaIzqwxQJJUtYdBc/T2R4VjrSRzazhibkV72ZuJ/Xjc10XWQMZGkhgqyWBSlHBmJZq+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/nlVdK6qHqX1dpdrVJv5HEU4QRO4Rw8uII63EITfCDwAM/wCm+OdF6cd+dj0Vpw8plj+APn8wdPm474</latexit>

U⇤

<latexit sha1_base64="QQ1JSvV1NTmLrxDrNY5+y+XK/vk="></latexit>

Rtu ⇡ I� g2a4

2F 2

ij +
a2

6
Fij(4D

2
i +D2

j )Fij +O(a4)

�

<latexit sha1_base64="SlVhCs+za4UrRi/kI97Hj+pwZv4="></latexit>

R ⇡ I� g2a4

2F 2

ij +
a2

6
Fij(4D

2
i +D2

j )Fij +O(a4)

�

<latexit sha1_base64="TXEszO8kKfs9HBXB/VFWBVGR+Oo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTVtoQ9lsJ+3SzSbsboRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0O/NbT6g0T+SjGacYxHQgecQZNVZ68Hter1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mpU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6DqYcJlmBiVbLIoyQUxCZn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/zyKmleVL3Lau2+Vqnf5HEU4QRO4Rw8uII63EEDfGAwgGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPZPY2G</latexit>

U1

<latexit sha1_base64="wBxxuDFOUlK87puECHSurxuawS0=">AAAB73icbVBNTwIxEJ3FL8Qv1KOXRmLiiewaoh4JXjxi4gIJbEi3dKGh265t10g2/AkvHjTGq3/Hm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEeoTyaXqhFhTzgT1DTOcdhJFcRxy2g7HNzO//UiVZlLcm0lCgxgPBYsYwcZKHb+f9RryadovV9yqOwdaJV5OKpCj2S9/9QaSpDEVhnCsdddzExNkWBlGOJ2WeqmmCSZjPKRdSwWOqQ6y+b1TdGaVAYqksiUMmqu/JzIcaz2JQ9sZYzPSy95M/M/rpia6DjImktRQQRaLopQjI9HseTRgihLDJ5Zgopi9FZERVpgYG1HJhuAtv7xKWhdV77Jau6tV6o08jiKcwCmcgwdXUIdbaIIPBDg8wyu8OQ/Oi/PufCxaC04+cwx/4Hz+ABbLkAQ=</latexit>

U⇤

<latexit sha1_base64="FDz0HHCqgL6vdw5PsCmO3NOcPXI="></latexit>

| hHKS(a)�Hi | ⇠ | hHI(2a)�Hi |?

Nq ⇠
✓
L

a

◆d

<latexit sha1_base64="Za8im0S43cpHPqnx/KsO6muyPYc=">AAACCnicbVDLSsNAFJ34rPUVdelmtAh1UxIp6LLoxoVIBfuAJobJZJIOnTycmQglZO3GX3HjQhG3foE7/8ZpmoW2HrhwOOde7r3HTRgV0jC+tYXFpeWV1cpadX1jc2tb39ntijjlmHRwzGLed5EgjEakI6lkpJ9wgkKXkZ47upj4vQfCBY2jWzlOiB2iIKI+xUgqydEPrp17S9AQWi4Ngrrlc4SzqzxDeSEc33mOXjMaRgE4T8yS1ECJtqN/WV6M05BEEjMkxMA0EmlniEuKGcmrVipIgvAIBWSgaIRCIuyseCWHR0rxoB9zVZGEhfp7IkOhEOPQVZ0hkkMx603E/7xBKv0zO6NRkkoS4ekiP2VQxnCSC/QoJ1iysSIIc6puhXiIVBpSpVdVIZizL8+T7knDbDaaN81a67yMowL2wSGoAxOcgha4BG3QARg8gmfwCt60J+1Fe9c+pq0LWjmzB/5A+/wB9W+acQ==</latexit>

Same error level, larger lattice spacing,
less number of qubits 

needed for improved Hamiltonian

Discretization

[Carena, Lamm,YYL, Liu, PRL. 129, 051601]
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[Carena, Lamm,YYL, Liu, PRL. 129, 051601]

•# of Gates per link here for a 
single trotter is increasing only 
multiplicatively
With improved Hamiltonian
•# of links decreases
•# of trotter steps also decreases

|U1Í • •
|U2Í UL

◊ • U≠1 • UR
◊ U≠1

|U3Í UL
◊ • • UL

◊

|U4Í U≠1 UL
◊ • U≠1 • UR

◊

|U5Í U≠1 UL
◊ • • UL

◊ U≠1

|U6Í U≠1 UL
◊ UTr U≠1 UR

◊

U1
U2

Pxy

Ryz

Rzx Cxyz

xy

z

|U1Í • U≠1 • U≠1

|U2Í UL
◊ • • UL

◊

|U3Í U≠1 UL
◊ • U≠1 • UR

◊

|U4Í U≠1 UL
◊ UTr UL

◊ U≠1

|U1Í • U†
F

Uphase UF U≠1 • U≠1

|U2Í UL
◊ UL

◊
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Digitization

non-Abelian gauge theory 

U1
U2

Pxy

Ryz

Rzx Cxyz

xy

z

<latexit sha1_base64="xQ8OmzCI7NYKQJQkN6KvX7/q6eE=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaoh4JXjxi4gIJbEi3dKHSbTdt10g2/AcvHjTGq//Hm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEeoTyaXqhFhTzgT1DTOcdhJFcRxy2g7HNzO//UiVZlLcm0lCgxgPBYsYwcZKLb/fa8infrniVt050CrxclKBHM1++as3kCSNqTCEY627npuYIMPKMMLptNRLNU0wGeMh7VoqcEx1kM2vnaIzqwxQJJUtYdBc/T2R4VjrSRzazhibkV72ZuJ/Xjc10XWQMZGkhgqyWBSlHBmJZq+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/nlVdK6qHqX1dpdrVJv5HEU4QRO4Rw8uII63EITfCDwAM/wCm+OdF6cd+dj0Vpw8plj+APn8wdPm474</latexit>

U⇤

<latexit sha1_base64="QQ1JSvV1NTmLrxDrNY5+y+XK/vk="></latexit>

Rtu ⇡ I� g2a4

2F 2

ij +
a2

6
Fij(4D

2
i +D2

j )Fij +O(a4)

�

<latexit sha1_base64="SlVhCs+za4UrRi/kI97Hj+pwZv4="></latexit>

R ⇡ I� g2a4

2F 2

ij +
a2

6
Fij(4D

2
i +D2

j )Fij +O(a4)

�

gluon

Formulations & bases: examples
Kogut-Susskind Formulation
— Irrep/angular momentum basis: Byrnes, Yamamoto,
Zohar, Burrell, et al
— Group-element basis: Carena, Lamm, YYL, Liu, 
Zohar, et al. 
— Mixed basis: Bauer, D’Andrea, Freytsis, Grabowska
— Large N truncations: Bauer, Ciavarella
— Continuous-Variable quantum computing: Abel, 
Spannowsky, Williams, et al.

Gauge magnets/Quantum link models: Wiese, 
Chandrasekhara, et al.

Casimir variables: Klco, Savage, Stryker, Ciavarella

Schwinger boson formulations: Mathur, 
Anishetty, Raychowdhury, et al

Loop-string-hadron formulation: Raychowdhury,
Stryker, Davoudi, Kadam, et al.

Qubit models: Chandrasekhara, Singh, et al.

Dual/rotor formulations: Kaplan, Stryker, Haase, et 
al.

q-deformed Kogut-Susskind: Zache, Zoller et al

Dual/rotor formulations: Kaplan, Stryker, Haase, 
Dellantonio, et al.

Theory developments and algorithms are still in very early stages, vibrant research directions
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3-sphere

<latexit sha1_base64="e4IIbxIS1Jq0GpRP0DrTq8Exn+k=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqCcJevEYwU0C2TXMTnqTIbMPZnqVEPMfXjwo4tV/8ebfOEn2oIkFDUVVN91dQSqFRtv+tgpLyyura8X10sbm1vZOeXevoZNMcXB5IhPVCpgGKWJwUaCEVqqARYGEZjC4nvjNB1BaJPEdDlPwI9aLRSg4QyPdexJCfHI9JXp9vOyUK3bVnoIuEicnFZKj3il/ed2EZxHEyCXTuu3YKfojplBwCeOSl2lIGR+wHrQNjVkE2h9Nrx7TI6N0aZgoUzHSqfp7YsQirYdRYDojhn09703E/7x2huGFPxJxmiHEfLYozCTFhE4ioF2hgKMcGsK4EuZWyvtMMY4mqJIJwZl/eZE0TqrOWfX09rRSu8rjKJIDckiOiUPOSY3ckDpxCSeKPJNX8mY9Wi/Wu/Uxay1Y+cw++QPr8wenIpKf</latexit>

|Ui

discrete subgroup

<latexit sha1_base64="e4IIbxIS1Jq0GpRP0DrTq8Exn+k=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqCcJevEYwU0C2TXMTnqTIbMPZnqVEPMfXjwo4tV/8ebfOEn2oIkFDUVVN91dQSqFRtv+tgpLyyura8X10sbm1vZOeXevoZNMcXB5IhPVCpgGKWJwUaCEVqqARYGEZjC4nvjNB1BaJPEdDlPwI9aLRSg4QyPdexJCfHI9JXp9vOyUK3bVnoIuEicnFZKj3il/ed2EZxHEyCXTuu 3YKfojplBwCeOSl2lIGR+wHrQNjVkE2h9Nrx7TI6N0aZgoUzHSqfp7YsQirYdRYDojhn09703E/7x2huGFPxJxmiHEfLYozCTFhE4ioF2hgKMcGsK4EuZWyvtMMY4mqJIJwZl/eZE0TqrOWfX09rRSu8rjKJIDckiOiUPOSY3ckDpxCSeKPJNX8mY9Wi/Wu/Uxay1Y+cw++QPr8wenIpKf</latexit>

|Ui

|qiN ! |Gi

<latexit sha1_base64="OVUBOLikoVWeZMkb4zzR+F/49dU=">AAACEnicbZDLSsNAFIYn9VbrLerSTbAIuimJFHQlRRe6kgr2Ak0sk+mkHTrJxJkTpcQ+gxtfxY0LRdy6cufbOG2z0NYDAx//fw5nzu/HnCmw7W8jNze/sLiUXy6srK6tb5ibW3UlEklojQguZNPHinIW0Row4LQZS4pDn9OG3z8b+Y07KhUT0TUMYuqFuBuxgBEMWmqbBy6nATzcupJ1e3ByczkBLKW4n1jnmdU2i3bJHpc1C04GRZRVtW1+uR1BkpBGQDhWquXYMXgplsAIp8OCmygaY9LHXdrSGOGQKi8dnzS09rTSsQIh9YvAGqu/J1IcKjUIfd0ZYuipaW8k/ue1EgiOvZRFcQI0IpNFQcItENYoH6vDJCXABxowkUz/1SI9LDEBnWJBh+BMnzwL9cOSUy6Vr8rFymkWRx7toF20jxx0hCroAlVRDRH0iJ7RK3oznowX4934mLTmjGxmG/0p4/MHxYKeyw==</latexit>

Digitization

[Lamm,YYL, Shu, Wang, Bin, PRD 110 (2024) 5, 054505]



37

infinities in QFT

3-sphere

<latexit sha1_base64="e4IIbxIS1Jq0GpRP0DrTq8Exn+k=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqCcJevEYwU0C2TXMTnqTIbMPZnqVEPMfXjwo4tV/8ebfOEn2oIkFDUVVN91dQSqFRtv+tgpLyyura8X10sbm1vZOeXevoZNMcXB5IhPVCpgGKWJwUaCEVqqARYGEZjC4nvjNB1BaJPEdDlPwI9aLRSg4QyPdexJCfHI9JXp9vOyUK3bVnoIuEicnFZKj3il/ed2EZxHEyCXTuu3YKfojplBwCeOSl2lIGR+wHrQNjVkE2h9Nrx7TI6N0aZgoUzHSqfp7YsQirYdRYDojhn09703E/7x2huGFPxJxmiHEfLYozCTFhE4ioF2hgKMcGsK4EuZWyvtMMY4mqJIJwZl/eZE0TqrOWfX09rRSu8rjKJIDckiOiUPOSY3ckDpxCSeKPJNX8mY9Wi/Wu/Uxay1Y+cw++QPr8wenIpKf</latexit>

|Ui

discrete subgroup

<latexit sha1_base64="e4IIbxIS1Jq0GpRP0DrTq8Exn+k=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqCcJevEYwU0C2TXMTnqTIbMPZnqVEPMfXjwo4tV/8ebfOEn2oIkFDUVVN91dQSqFRtv+tgpLyyura8X10sbm1vZOeXevoZNMcXB5IhPVCpgGKWJwUaCEVqqARYGEZjC4nvjNB1BaJPEdDlPwI9aLRSg4QyPdexJCfHI9JXp9vOyUK3bVnoIuEicnFZKj3il/ed2EZxHEyCXTuu 3YKfojplBwCeOSl2lIGR+wHrQNjVkE2h9Nrx7TI6N0aZgoUzHSqfp7YsQirYdRYDojhn09703E/7x2huGFPxJxmiHEfLYozCTFhE4ioF2hgKMcGsK4EuZWyvtMMY4mqJIJwZl/eZE0TqrOWfX09rRSu8rjKJIDckiOiUPOSY3ckDpxCSeKPJNX8mY9Wi/Wu/Uxay1Y+cw++QPr8wenIpKf</latexit>

|Ui

<latexit sha1_base64="hcacq0nfHTT5aBygjrgKKSVqCH4=">AAACEnicbVBNS8NAEN34WetX1KOXxSLopSRS1ItS9OKxgmkLTSib7aZduvlgdyKUWP+CF/+KFw+KePXkzX/jtg2orQ8GHu/NMDPPTwRXYFlfxtz8wuLScmGluLq2vrFpbm3XVZxKyhwai1g2faKY4BFzgINgzUQyEvqCNfz+5chv3DKpeBzdwCBhXki6EQ84JaCltnnoChbAneNK3u3BOT7DE+H+B7nVNktW2RoDzxI7JyWUo9Y2P91OTNOQRUAFUaplWwl4GZHAqWDDopsqlhDaJ13W0jQiIVNeNn5piPe10sFBLHVFgMfq74mMhEoNQl93hgR6atobif95rRSCUy/jUZICi+hkUZAKDDEe5YM7XDIKYqAJoZLrWzHtEUko6BSLOgR7+uVZUj8q28flynWlVL3I4yigXbSHDpCNTlAVXaEachBFD+gJvaBX49F4Nt6M90nrnJHP7KA/MD6+AQtjnwA=</latexit>

|Ui = | i

block product encoding: BT

<latexit sha1_base64="e4IIbxIS1Jq0GpRP0DrTq8Exn+k=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqCcJevEYwU0C2TXMTnqTIbMPZnqVEPMfXjwo4tV/8ebfOEn2oIkFDUVVN91dQSqFRtv+tgpLyyura8X10sbm1vZOeXevoZNMcXB5IhPVCpgGKWJwUaCEVqqARYGEZjC4nvjNB1BaJPEdDlPwI9aLRSg4QyPdexJCfHI9JXp9vOyUK3bVnoIuEicnFZKj3il/ed2EZxHEyCXTuu3YKfojplBwCeOSl2lIGR+wHrQNjVkE2h9Nrx7TI6N0aZgoUzHSqfp7YsQirYdRYDojhn09703E/7x2huGFPxJxmiHEfLYozCTFhE4ioF2hgKMcGsK4EuZWyvtMMY4mqJIJwZl/eZE0TqrOWfX09rRSu8rjKJIDckiOiUPOSY3ckDpxCSeKPJNX8mY9Wi/Wu/Uxay1Y+cw++QPr8wenIpKf</latexit>

|Ui

block product encoding: BI

<latexit sha1_base64="hcacq0nfHTT5aBygjrgKKSVqCH4=">AAACEnicbVBNS8NAEN34WetX1KOXxSLopSRS1ItS9OKxgmkLTSib7aZduvlgdyKUWP+CF/+KFw+KePXkzX/jtg2orQ8GHu/NMDPPTwRXYFlfxtz8wuLScmGluLq2vrFpbm3XVZxKyhwai1g2faKY4BFzgINgzUQyEvqCNfz+5chv3DKpeBzdwCBhXki6EQ84JaCltnnoChbAneNK3u3BOT7DE+H+B7nVNktW2RoDzxI7JyWUo9Y2P91OTNOQRUAFUaplWwl4GZHAqWDDopsqlhDaJ13W0jQiIVNeNn5piPe10sFBLHVFgMfq74mMhEoNQl93hgR6atobif95rRSCUy/jUZICi+hkUZAKDDEe5YM7XDIKYqAJoZLrWzHtEUko6BSLOgR7+uVZUj8q28flynWlVL3I4yigXbSHDpCNTlAVXaEachBFD+gJvaBX49F4Nt6M90nrnJHP7KA/MD6+AQtjnwA=</latexit>

|Ui = | i

|qiN ! |Gi

<latexit sha1_base64="OVUBOLikoVWeZMkb4zzR+F/49dU=">AAACEnicbZDLSsNAFIYn9VbrLerSTbAIuimJFHQlRRe6kgr2Ak0sk+mkHTrJxJkTpcQ+gxtfxY0LRdy6cufbOG2z0NYDAx//fw5nzu/HnCmw7W8jNze/sLiUXy6srK6tb5ibW3UlEklojQguZNPHinIW0Row4LQZS4pDn9OG3z8b+Y07KhUT0TUMYuqFuBuxgBEMWmqbBy6nATzcupJ1e3ByczkBLKW4n1jnmdU2i3bJHpc1C04GRZRVtW1+uR1BkpBGQDhWquXYMXgplsAIp8OCmygaY9LHXdrSGOGQKi8dnzS09rTSsQIh9YvAGqu/J1IcKjUIfd0ZYuipaW8k/ue1EgiOvZRFcQI0IpNFQcItENYoH6vDJCXABxowkUz/1SI9LDEBnWJBh+BMnzwL9cOSUy6Vr8rFymkWRx7toF20jxx0hCroAlVRDRH0iJ7RK3oznowX4934mLTmjGxmG/0p4/MHxYKeyw==</latexit>

Digitization

[Lamm,YYL, Shu, Wang, Bin, PRD 110 (2024) 5, 054505]

• Block encoding can be extended to general finite group, such as S1080 of SU(3)
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<latexit sha1_base64="EIsCS7OvmQ9FdYkargiy89/3k74=">AAAB+XicbZC7SgNBFIbPxluMt1VLm8EgWIVdEbWwCNpYRjAXSJZldjKbDJm9MHM2EJa8iY2FIra+iZ1v4yTZQhN/GPj4zzmcM3+QSqHRcb6t0tr6xuZWebuys7u3f2AfHrV0kinGmyyRieoEVHMpYt5EgZJ3UsVpFEjeDkb3s3p7zJUWSfyEk5R7ER3EIhSMorF82+4FHKkfktsFaN+uOjVnLrIKbgFVKNTw7a9eP2FZxGNkkmrddZ0UvZwqFEzyaaWXaZ5SNqID3jUY04hrL59fPiVnxumTMFHmxUjm7u+JnEZaT6LAdEYUh3q5NjP/q3UzDG+8XMRphjxmi0VhJgkmZBYD6QvFGcqJAcqUMLcSNqSKMjRhVUwI7vKXV6F1UXOvapePl9X6XRFHGU7gFM7BhWuowwM0oAkMxvAMr/Bm5daL9W59LFpLVjFzDH9kff4A7YmTNw==</latexit>

�f < �s

<latexit sha1_base64="ggBaMrTleRcG5vstdgpMDw4QMQk=">AAAB+nicbZDLSgNBEEVr4ivG10SXbhqD4CrMiKgrCbpxGcE8IBmGnk5P0qTnQXeNEmI+xY0LRdz6Je78GzvJLDTxQsPhVhVVfYNUCo2O820VVlbX1jeKm6Wt7Z3dPbu839RJphhvsEQmqh1QzaWIeQMFSt5OFadRIHkrGN5M660HrrRI4nscpdyLaD8WoWAUjeXb5W7AkfohuSJz0r5dcarOTGQZ3BwqkKvu21/dXsKyiMfIJN W64zopemOqUDDJJ6VupnlK2ZD2ecdgTCOuvfHs9Ak5Nk6PhIkyL0Yyc39PjGmk9SgKTGdEcaAXa1Pzv1onw/DSG4s4zZDHbL4ozCTBhExzID2hOEM5MkCZEuZWwgZUUYYmrZIJwV388jI0T6vuefXs7qxSu87jKMIhHMEJuHABNbiFOjSAwSM8wyu8WU/Wi/VufcxbC1Y+cwB/ZH3+AEpKk2M=</latexit>

�f > �s

[Lamm,YYL, Shu, Wang, Xu, PRD 110 (2024) 5, 054505]

[Gustafson, Lamm, Lovelace, Mush, PRD 106, 114501]

infinities in QFT|qiN ! |Gi

<latexit sha1_base64="OVUBOLikoVWeZMkb4zzR+F/49dU=">AAACEnicbZDLSsNAFIYn9VbrLerSTbAIuimJFHQlRRe6kgr2Ak0sk+mkHTrJxJkTpcQ+gxtfxY0LRdy6cufbOG2z0NYDAx//fw5nzu/HnCmw7W8jNze/sLiUXy6srK6tb5ibW3UlEklojQguZNPHinIW0Row4LQZS4pDn9OG3z8b+Y07KhUT0TUMYuqFuBuxgBEMWmqbBy6nATzcupJ1e3ByczkBLKW4n1jnmdU2i3bJHpc1C04GRZRVtW1+uR1BkpBGQDhWquXYMXgplsAIp8OCmygaY9LHXdrSGOGQKi8dnzS09rTSsQIh9YvAGqu/J1IcKjUIfd0ZYuipaW8k/ue1EgiOvZRFcQI0IpNFQcItENYoH6vDJCXABxowkUz/1SI9LDEBnWJBh+BMnzwL9cOSUy6Vr8rFymkWRx7toF20jxx0hCroAlVRDRH0iJ7RK3oznowX4934mLTmjGxmG/0p4/MHxYKeyw==</latexit>

Digitization

• Convergence to predictions of SU(2)

In the scaling regime:
reduces errors in simulating SU(2) 

gauge theories
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<latexit sha1_base64="EIsCS7OvmQ9FdYkargiy89/3k74=">AAAB+XicbZC7SgNBFIbPxluMt1VLm8EgWIVdEbWwCNpYRjAXSJZldjKbDJm9MHM2EJa8iY2FIra+iZ1v4yTZQhN/GPj4zzmcM3+QSqHRcb6t0tr6xuZWebuys7u3f2AfHrV0kinGmyyRieoEVHMpYt5EgZJ3UsVpFEjeDkb3s3p7zJUWSfyEk5R7ER3EIhSMorF82+4FHKkfktsFaN+uOjVnLrIKbgFVKNTw7a9eP2FZxGNkkmrddZ0UvZwqFEzyaaWXaZ5SNqID3jUY04hrL59fPiVnxumTMFHmxUjm7u+JnEZaT6LAdEYUh3q5NjP/q3UzDG+8XMRphjxmi0VhJgkmZBYD6QvFGcqJAcqUMLcSNqSKMjRhVUwI7vKXV6F1UXOvapePl9X6XRFHGU7gFM7BhWuowwM0oAkMxvAMr/Bm5daL9W59LFpLVjFzDH9kff4A7YmTNw==</latexit>

�f < �s

<latexit sha1_base64="ggBaMrTleRcG5vstdgpMDw4QMQk=">AAAB+nicbZDLSgNBEEVr4ivG10SXbhqD4CrMiKgrCbpxGcE8IBmGnk5P0qTnQXeNEmI+xY0LRdz6Je78GzvJLDTxQsPhVhVVfYNUCo2O820VVlbX1jeKm6Wt7Z3dPbu839RJphhvsEQmqh1QzaWIeQMFSt5OFadRIHkrGN5M660HrrRI4nscpdyLaD8WoWAUjeXb5W7AkfohuSJz0r5dcarOTGQZ3BwqkKvu21/dXsKyiMfIJN W64zopemOqUDDJJ6VupnlK2ZD2ecdgTCOuvfHs9Ak5Nk6PhIkyL0Yyc39PjGmk9SgKTGdEcaAXa1Pzv1onw/DSG4s4zZDHbL4ozCTBhExzID2hOEM5MkCZEuZWwgZUUYYmrZIJwV388jI0T6vuefXs7qxSu87jKMIhHMEJuHABNbiFOjSAwSM8wyu8WU/Wi/VufcxbC1Y+cwB/ZH3+AEpKk2M=</latexit>

�f > �s

[Lamm,YYL, Shu, Wang, Xu, PRD 110 (2024) 5, 054505]

[Gustafson, Lamm, Lovelace, Mush, PRD 106, 114501]

infinities in QFT

Extend the study to SU(3)

|qiN ! |Gi

<latexit sha1_base64="OVUBOLikoVWeZMkb4zzR+F/49dU=">AAACEnicbZDLSsNAFIYn9VbrLerSTbAIuimJFHQlRRe6kgr2Ak0sk+mkHTrJxJkTpcQ+gxtfxY0LRdy6cufbOG2z0NYDAx//fw5nzu/HnCmw7W8jNze/sLiUXy6srK6tb5ibW3UlEklojQguZNPHinIW0Row4LQZS4pDn9OG3z8b+Y07KhUT0TUMYuqFuBuxgBEMWmqbBy6nATzcupJ1e3ByczkBLKW4n1jnmdU2i3bJHpc1C04GRZRVtW1+uR1BkpBGQDhWquXYMXgplsAIp8OCmygaY9LHXdrSGOGQKi8dnzS09rTSsQIh9YvAGqu/J1IcKjUIfd0ZYuipaW8k/ue1EgiOvZRFcQI0IpNFQcItENYoH6vDJCXABxowkUz/1SI9LDEBnWJBh+BMnzwL9cOSUy6Vr8rFymkWRx7toF20jxx0hCroAlVRDRH0iJ7RK3oznowX4934mLTmjGxmG/0p4/MHxYKeyw==</latexit>

Digitization

In the scaling regime:
reduces errors in simulating SU(2) 

gauge theories

• Convergence to predictions of SU(2)
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The Hilbert space is gauge redundant!!!

   need to do gauge fixing at some stage…
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gauge equivalent states

<latexit sha1_base64="2GU6ttVQyJIWxXm1Y8zjVliTNwo="></latexit>

⇥̂⌦(x) |U�1U1U�2U2i =
��U 0

�1U
0
1U

0
�2U

0
2

↵

<latexit sha1_base64="fNcT7rpX9oki8f8MSYfiKgiefjo=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiRbJrCHokevGIiQsksCHd0oVKt920XROy4T948aAxXv0/3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWavn97MKb9ssVt+rOgVaJl5MK5Gj2y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7RSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpia6DjIkkNVSQxaIo5chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLIheMsvr5LWZdWrV2v3tUrjJo+jCCdwCufgwRU04A6a4AOBR3iGV3hzpPPivDsfi9aCk88cwx84nz8IVI7J</latexit>

U�1
<latexit sha1_base64="dJ7MHOkaZwVPr2C/ICrBGrYtXR8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5fj/3pv1qza27c5BV4hWkBgWa/epXb5CwLEZpmKBadz03NUFOleFM4LTSyzSmlI3pELuWShqjDvL5sVNyZpUBiRJlSxoyV39P5DTWehKHtjOmZqSXvZn4n9fNTHQT5FymmUHJFouiTBCTkNnnZMAVMiMmllCmuL2VsBFVlBmbT8WG4C2/vEpaF3Xvqn75cFlr3BZxlOEETuEcPLiGBtxDE3xgwOEZXuHNkc6L8+58LFpLTjFzDH/gfP4AnZyOkg==</latexit>

U1

<latexit sha1_base64="ZFAS05J2hejeqcHBLmAalYx9F5s=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiRbJLiHokevGIiQsksCHd0oVKt920XROy4T948aAxXv0/3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWavn97KI27ZcrbtWdA60SLycVyNHsl796A0nSmApDONa667mJCTKsDCOcTku9VNMEkzEe0q6lAsdUB9n82ik6s8oARVLZEgbN1d8TGY61nsSh7YyxGellbyb+53VTE10HGRNJaqggi0VRypGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGRD8JZfXiWtWtW7rNbv65XGTR5HEU7gFM7BgytowB00wQcCj/AMr/DmSOfFeXc+Fq0FJ585hj9wPn8ACdmOyg==</latexit>

U�2

<latexit sha1_base64="6XCO4bt5+7Si8W5wzh+L5L9X7Fc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4rmLbQhrLZTtulm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJS8epYuizWMSqE1KNgkv0DTcCO4lCGoUC2+Hkbu63n1BpHstHM00wiOhI8iFn1FjJ9/tZbdYvV9yquwBZJ15OKpCj2S9/9QYxSyOUhgmqdddzExNkVBnOBM5KvVRjQtmEjrBrqaQR6iBbHDsjF1YZkGGsbElDFurviYxGWk+j0HZG1Iz1qjcX//O6qRneBBmXSWpQsuWiYSqIicn8czLgCpkRU0soU9zeStiYKsqMzadkQ/BWX14nrVrVu6rWH+qVxm0eRxHO4BwuwYNraMA9NMEHBhye4RXeHOm8OO/Ox7K14OQzp/AHzucPnyGOkw==</latexit>

U2

<latexit sha1_base64="9LvYe9YremfT5J+VFls0GRJfHk0=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRizcr2A9o0rLZTNKlm03Y3Sgl9H948aCIV/+LN/+N2zYHbX0w8Hhvhpl5fsqZ0rb9bZVWVtfWN8qbla3tnd296v5BWyWZpNCiCU9k1ycKOBPQ0kxz6KYSSOxz6Pijm6nfeQSpWCIe9DgFLyaRYCGjRBup797FEJG+G5AoAjmo1uy6PQNeJk5BaqhAc1D9coOEZjEITTlRqufYqfZyIjWjHCYVN1OQEjoiEfQMFSQG5eWzqyf4xCgBDhNpSmg8U39P5CRWahz7pjMmeqgWvan4n9fLdHjl5UykmQZB54vCjGOd4GkEOGASqOZjQwiVzNyK6ZBIQrUJqmJCcBZfXibts7pzUT+/P681ros4yugIHaNT5KBL1EC3qIlaiCKJntErerOerBfr3fqYt5asYuYQ/YH1+QNpc5J4</latexit>

⌦†

<latexit sha1_base64="9LvYe9YremfT5J+VFls0GRJfHk0=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRizcr2A9o0rLZTNKlm03Y3Sgl9H948aCIV/+LN/+N2zYHbX0w8Hhvhpl5fsqZ0rb9bZVWVtfWN8qbla3tnd296v5BWyWZpNCiCU9k1ycKOBPQ0kxz6KYSSOxz6Pijm6nfeQSpWCIe9DgFLyaRYCGjRBup797FEJG+G5AoAjmo1uy6PQNeJk5BaqhAc1D9coOEZjEITTlRqufYqfZyIjWjHCYVN1OQEjoiEfQMFSQG5eWzqyf4xCgBDhNpSmg8U39P5CRWahz7pjMmeqgWvan4n9fLdHjl5UykmQZB54vCjGOd4GkEOGASqOZjQwiVzNyK6ZBIQrUJqmJCcBZfXibts7pzUT+/P681ros4yugIHaNT5KBL1EC3qIlaiCKJntErerOerBfr3fqYt5asYuYQ/YH1+QNpc5J4</latexit>

⌦†

<latexit sha1_base64="MW8hrJAgFL8OnIEy2q7X4HirfQc=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF29GMA9IljA76U3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWaQoMqrnQ7IgY4k9CwzHJoJxqIiDi0otHN1G89gTZMyQc7TiAUZCBZzCixTmp27wQMSK9c8av+DHiZBDmpoBz1Xvmr21c0FSAt5cSYTuAnNsyItoxymJS6qYGE0BEZQMdRSQSYMJtdO8EnTunjWGlX0uKZ+nsiI8KYsYhcpyB2aBa9qfif10ltfBVmTCapBUnni+KUY6vw9HXcZxqo5WNHCNXM3YrpkGhCrQuo5EIIFl9eJs2zanBRPb8/r9Su8ziK6Agdo1MUoEtUQ7eojhqIokf0jF7Rm6e8F+/d+5i3Frx85hD9gff5A2IfjwQ=</latexit>

⌦

<latexit sha1_base64="MW8hrJAgFL8OnIEy2q7X4HirfQc=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF29GMA9IljA76U3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWaQoMqrnQ7IgY4k9CwzHJoJxqIiDi0otHN1G89gTZMyQc7TiAUZCBZzCixTmp27wQMSK9c8av+DHiZBDmpoBz1Xvmr21c0FSAt5cSYTuAnNsyItoxymJS6qYGE0BEZQMdRSQSYMJtdO8EnTunjWGlX0uKZ+nsiI8KYsYhcpyB2aBa9qfif10ltfBVmTCapBUnni+KUY6vw9HXcZxqo5WNHCNXM3YrpkGhCrQuo5EIIFl9eJs2zanBRPb8/r9Su8ziK6Agdo1MUoEtUQ7eojhqIokf0jF7Rm6e8F+/d+5i3Frx85hD9gff5A2IfjwQ=</latexit>

⌦
<latexit sha1_base64="dJ7MHOkaZwVPr2C/ICrBGrYtXR8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5fj/3pv1qza27c5BV4hWkBgWa/epXb5CwLEZpmKBadz03NUFOleFM4LTSyzSmlI3pELuWShqjDvL5sVNyZpUBiRJlSxoyV39P5DTWehKHtjOmZqSXvZn4n9fNTHQT5FymmUHJFouiTBCTkNnnZMAVMiMmllCmuL2VsBFVlBmbT8WG4C2/vEpaF3Xvqn75cFlr3BZxlOEETuEcPLiGBtxDE3xgwOEZXuHNkc6L8+58LFpLTjFzDH/gfP4AnZyOkg==</latexit>

U1

<latexit sha1_base64="ZFAS05J2hejeqcHBLmAalYx9F5s=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiRbJLiHokevGIiQsksCHd0oVKt920XROy4T948aAxXv0/3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWavn97KI27ZcrbtWdA60SLycVyNHsl796A0nSmApDONa667mJCTKsDCOcTku9VNMEkzEe0q6lAsdUB9n82ik6s8oARVLZEgbN1d8TGY61nsSh7YyxGellbyb+53VTE10HGRNJaqggi0VRypGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGRD8JZfXiWtWtW7rNbv65XGTR5HEU7gFM7BgytowB00wQcCj/AMr/DmSOfFeXc+Fq0FJ585hj9wPn8ACdmOyg==</latexit>

U�2

<latexit sha1_base64="6XCO4bt5+7Si8W5wzh+L5L9X7Fc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4rmLbQhrLZTtulm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJS8epYuizWMSqE1KNgkv0DTcCO4lCGoUC2+Hkbu63n1BpHstHM00wiOhI8iFn1FjJ9/tZbdYvV9yquwBZJ15OKpCj2S9/9QYxSyOUhgmqdddzExNkVBnOBM5KvVRjQtmEjrBrqaQR6iBbHDsjF1YZkGGsbElDFurviYxGWk+j0HZG1Iz1qjcX//O6qRneBBmXSWpQsuWiYSqIicn8czLgCpkRU0soU9zeStiYKsqMzadkQ/BWX14nrVrVu6rWH+qVxm0eRxHO4BwuwYNraMA9NMEHBhye4RXeHOm8OO/Ox7K14OQzp/AHzucPnyGOkw==</latexit>

U2

<latexit sha1_base64="jqylwcxBagMhesCQ8VFOWEkScmo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOknjQU=</latexit>x

<latexit sha1_base64="fNcT7rpX9oki8f8MSYfiKgiefjo=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiRbJrCHokevGIiQsksCHd0oVKt920XROy4T948aAxXv0/3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWavn97MKb9ssVt+rOgVaJl5MK5Gj2y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7RSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpia6DjIkkNVSQxaIo5chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLIheMsvr5LWZdWrV2v3tUrjJo+jCCdwCufgwRU04A6a4AOBR3iGV3hzpPPivDsfi9aCk88cwx84nz8IVI7J</latexit>

U�1

<latexit sha1_base64="jqylwcxBagMhesCQ8VFOWEkScmo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOknjQU=</latexit>x

<latexit sha1_base64="5Q2k3khYt9nUUyECjcKwjCe6hqc=">AAACI3icbVDLSgNBEJz1bXxFPXoZDEJyCbsiKoIgetCbCkaFbAy9k052cPbBTK8YlvyLF3/FiwdFvHjwX5w8Dr4KBoqqanq6glRJQ6774YyNT0xOTc/MFubmFxaXissrlybJtMCaSFSirwMwqGSMNZKk8DrVCFGg8Cq4Per7V3eojUziC+qm2IigE8u2FEBWahb3/BAo9y9CJOg1/dMIO1C+r/B97uN9WpbcT0NZHuoVPggf9276kUqzWHKr7gD8L/FGpMRGOGsW3/xWIrIIYxIKjKl7bkqNHDRJobBX8DODKYhb6GDd0hgiNI18cGOPb1ilxduJti8mPlC/T+QQGdONApuMgELz2+uL/3n1jNq7jVzGaUYYi+GidqY4JbxfGG9JjYJU1xIQWtq/chGCBkG21oItwft98l9yuVn1tqtb51ulg8NRHTNsja2zMvPYDjtgJ+yM1ZhgD+yJvbBX59F5dt6c92F0zBnNrLIfcD6/AJnVovs=</latexit>

⇥̂⌦(x) = exp(i�(⌦)Ĝa(x))

gauge transformation

infinities in QFT|qiN ! |Gi

<latexit sha1_base64="OVUBOLikoVWeZMkb4zzR+F/49dU=">AAACEnicbZDLSsNAFIYn9VbrLerSTbAIuimJFHQlRRe6kgr2Ak0sk+mkHTrJxJkTpcQ+gxtfxY0LRdy6cufbOG2z0NYDAx//fw5nzu/HnCmw7W8jNze/sLiUXy6srK6tb5ibW3UlEklojQguZNPHinIW0Row4LQZS4pDn9OG3z8b+Y07KhUT0TUMYuqFuBuxgBEMWmqbBy6nATzcupJ1e3ByczkBLKW4n1jnmdU2i3bJHpc1C04GRZRVtW1+uR1BkpBGQDhWquXYMXgplsAIp8OCmygaY9LHXdrSGOGQKi8dnzS09rTSsQIh9YvAGqu/J1IcKjUIfd0ZYuipaW8k/ue1EgiOvZRFcQI0IpNFQcItENYoH6vDJCXABxowkUz/1SI9LDEBnWJBh+BMnzwL9cOSUy6Vr8rFymkWRx7toF20jxx0hCroAlVRDRH0iJ7RK3oznowX4934mLTmjGxmG/0p4/MHxYKeyw==</latexit>

Digitization
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infinities in QFT

gauge redundant

<latexit sha1_base64="vQcD+MBGHWK8vuc7x7vk5ZbILcM="></latexit>

Hfull = span({|Ui , U 2 G})⌦NL

<latexit sha1_base64="ozzFZLkAgGdJOX1u5wtYvFjeF9o="></latexit>

⇥̂⌦(x) |U1U2U3U4i = |U 0
1U

0
2U

0
3U

0
4i

Gauge redundancy,

keep it in the Hilbert 
space, or not keep it

<latexit sha1_base64="nPu5/CwtAaiOBVDBBS8JuW8N6NI="></latexit>

Ĝa(x) | physi = 0

⇥̂⌦(x) | physi = | physi

<latexit sha1_base64="A8jRfcpRhUUWrxOAHgBxLQwx+u8="></latexit>

Hinv = span({|Ui , U 2 G})⌦NL�NV +1

<latexit sha1_base64="pHGYvWHkW1oOcecO9reNs5oEiVw=">AAACGXicbVDLSgNBEJyNrxhfUY9eBoMSL2FXgnpRgh70GMFEIRPD7GQ2O2T2wUyvGNb8hhd/xYsHRTzqyb9x8jhoYkFDUdVNd5cbS6HBtr+tzMzs3PxCdjG3tLyyupZf36jrKFGM11gkI3XjUs2lCHkNBEh+EytOA1fya7d7NvCv77jSIgqvoBfzZkA7ofAEo2CkVt4mPoX0vH9Li/d7mEjuwQOJtWilRAU49nu6T5To+HCCd4+xTUgrX7BL9hB4mjhjUkBjVFv5T9KOWBLwEJikWjccO4ZmShUIJnk/RxLNY8q6tMMbhoY04LqZDj/r4x2jtLEXKVMh4KH6eyKlgda9wDWdAQVfT3oD8T+vkYB31ExFGCfAQzZa5CUSQ4QHMeG2UJyB7BlCmRLmVsx8qigDE2bOhOBMvjxN6vsl56BUviwXKqfjOLJoC22jInLQIaqgC1RFNcTQI3pGr+jNerJerHfrY9SascYzm+gPrK8fhFqf+A==</latexit>

Ĝa(x) | physi = 0

gauge fixed

(Gauss’s law)

[see, e.g. Loop-string-hadron, arXiv:2407.19181]

|qiN ! |Gi

<latexit sha1_base64="OVUBOLikoVWeZMkb4zzR+F/49dU=">AAACEnicbZDLSsNAFIYn9VbrLerSTbAIuimJFHQlRRe6kgr2Ak0sk+mkHTrJxJkTpcQ+gxtfxY0LRdy6cufbOG2z0NYDAx//fw5nzu/HnCmw7W8jNze/sLiUXy6srK6tb5ibW3UlEklojQguZNPHinIW0Row4LQZS4pDn9OG3z8b+Y07KhUT0TUMYuqFuBuxgBEMWmqbBy6nATzcupJ1e3ByczkBLKW4n1jnmdU2i3bJHpc1C04GRZRVtW1+uR1BkpBGQDhWquXYMXgplsAIp8OCmygaY9LHXdrSGOGQKi8dnzS09rTSsQIh9YvAGqu/J1IcKjUIfd0ZYuipaW8k/ue1EgiOvZRFcQI0IpNFQcItENYoH6vDJCXABxowkUz/1SI9LDEBnWJBh+BMnzwL9cOSUy6Vr8rFymkWRx7toF20jxx0hCroAlVRDRH0iJ7RK3oznowX4934mLTmjGxmG/0p4/MHxYKeyw==</latexit>

Digitization
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<latexit sha1_base64="OVUBOLikoVWeZMkb4zzR+F/49dU=">AAACEnicbZDLSsNAFIYn9VbrLerSTbAIuimJFHQlRRe6kgr2Ak0sk+mkHTrJxJkTpcQ+gxtfxY0LRdy6cufbOG2z0NYDAx//fw5nzu/HnCmw7W8jNze/sLiUXy6srK6tb5ibW3UlEklojQguZNPHinIW0Row4LQZS4pDn9OG3z8b+Y07KhUT0TUMYuqFuBuxgBEMWmqbBy6nATzcupJ1e3ByczkBLKW4n1jnmdU2i3bJHpc1C04GRZRVtW1+uR1BkpBGQDhWquXYMXgplsAIp8OCmygaY9LHXdrSGOGQKi8dnzS09rTSsQIh9YvAGqu/J1IcKjUIfd0ZYuipaW8k/ue1EgiOvZRFcQI0IpNFQcItENYoH6vDJCXABxowkUz/1SI9LDEBnWJBh+BMnzwL9cOSUy6Vr8rFymkWRx7toF20jxx0hCroAlVRDRH0iJ7RK3oznowX4934mLTmjGxmG/0p4/MHxYKeyw==</latexit>

Digitization

<latexit sha1_base64="vQcD+MBGHWK8vuc7x7vk5ZbILcM="></latexit>

Hfull = span({|Ui , U 2 G})⌦NL

Hamiltonian complexity increases

<latexit sha1_base64="xQ8OmzCI7NYKQJQkN6KvX7/q6eE=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaoh4JXjxi4gIJbEi3dKHSbTdt10g2/AcvHjTGq//Hm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEeoTyaXqhFhTzgT1DTOcdhJFcRxy2g7HNzO//UiVZlLcm0lCgxgPBYsYwcZKLb/fa8infrniVt050CrxclKBHM1++as3kCSNqTCEY627npuYIMPKMMLptNRLNU0wGeMh7VoqcEx1kM2vnaIzqwxQJJUtYdBc/T2R4VjrSRzazhibkV72ZuJ/Xjc10XWQMZGkhgqyWBSlHBmJZq+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/nlVdK6qHqX1dpdrVJv5HEU4QRO4Rw8uII63EITfCDwAM/wCm+OdF6cd+dj0Vpw8plj+APn8wdPm474</latexit>

U⇤

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="BqGrl6lVEIEdj/wCJyX+ggVGSGc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi6CHCqYttKFsttN26WYTdjdCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/0NBxqhj6LBaxaoVUo+ASfcONwFaikEahwGY4upn6zSdUmsfy0YwTDCI6kLzPGTVW8u+62f2kW664VXcGsky8nFQgR71b/ur0YpZGKA0TVOu25yYmyKgynAmclDqpxoSyER1g21JJI9RBNjt2Qk6s0iP9WNmShszU3xMZjbQeR6HtjKgZ6kVvKv7ntVPTvwoyLpPUoGTzRf1UEBOT6eekxxUyI8aWUKa4vZWwIVWUGZtPyYbgLb68TBpnVe+iev5wXqld53EU4QiO4RQ8uIQa3EIdfGDA4Rle4c2Rzovz7nzMWwtOPnMIf+B8/gC3U46j</latexit>

KL

<latexit sha1_base64="8651H29gQ9Rs9/8rYBXWTZoH2iY=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUS9C0UvBS0X7Ae1Ssmm2DU2ya5ItlKW/w4sHRbz6Y7z5b0zbPWjrg4HHezPMzAtizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6ShShdRLxSLUCrClnktYNM5y2YkWxCDhtBsPbqd8cUaVZJB/NOKa+wH3JQkawsZJf7aZ3DxN0jTo6Ed1iyS27M6Bl4mWkBBlq3eJXpxeRRFBpCMdatz03Nn6KlWGE00mhk2gaYzLEfdq2VGJBtZ/Ojp6gE6v0UBgpW9Kgmfp7IsVC67EIbKfAZqAXvan4n9dOTHjlp0zGiaGSzBeFCUcmQtMEUI8pSgwfW4KJYvZWRAZYYWJsTgUbgrf48jJpnJW9i/L5/XmpcpPFkYcjOIZT8OASKlCFGtSBwBM8wyu8OSPnxXl3PuatOSebOYQ/cD5/ALrokXA=</latexit>

HKS =
X

<latexit sha1_base64="ORNheOk5xc+wg1dRwU8RY7kjHYQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHhRHYNUY9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9wvltyKuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpcV76pSbVRLtdssjjycwTmUwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AG/njLU=</latexit>

(
<latexit sha1_base64="I7M8Rptcfj7965+LSlRwW+GxU74=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoOgl7ArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3FrjLY=</latexit>

)

<latexit sha1_base64="nPu5/CwtAaiOBVDBBS8JuW8N6NI="></latexit>

Ĝa(x) | physi = 0

⇥̂⌦(x) | physi = | physi

<latexit sha1_base64="A8jRfcpRhUUWrxOAHgBxLQwx+u8="></latexit>

Hinv = span({|Ui , U 2 G})⌦NL�NV +1

<latexit sha1_base64="xQ8OmzCI7NYKQJQkN6KvX7/q6eE=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaoh4JXjxi4gIJbEi3dKHSbTdt10g2/AcvHjTGq//Hm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEeoTyaXqhFhTzgT1DTOcdhJFcRxy2g7HNzO//UiVZlLcm0lCgxgPBYsYwcZKLb/fa8infrniVt050CrxclKBHM1++as3kCSNqTCEY627npuYIMPKMMLptNRLNU0wGeMh7VoqcEx1kM2vnaIzqwxQJJUtYdBc/T2R4VjrSRzazhibkV72ZuJ/Xjc10XWQMZGkhgqyWBSlHBmJZq+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/nlVdK6qHqX1dpdrVJv5HEU4QRO4Rw8uII63EITfCDwAM/wCm+OdF6cd+dj0Vpw8plj+APn8wdPm474</latexit>

U⇤

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="BqGrl6lVEIEdj/wCJyX+ggVGSGc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi6CHCqYttKFsttN26WYTdjdCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/0NBxqhj6LBaxaoVUo+ASfcONwFaikEahwGY4upn6zSdUmsfy0YwTDCI6kLzPGTVW8u+62f2kW664VXcGsky8nFQgR71b/ur0YpZGKA0TVOu25yYmyKgynAmclDqpxoSyER1g21JJI9RBNjt2Qk6s0iP9WNmShszU3xMZjbQeR6HtjKgZ6kVvKv7ntVPTvwoyLpPUoGTzRf1UEBOT6eekxxUyI8aWUKa4vZWwIVWUGZtPyYbgLb68TBpnVe+iev5wXqld53EU4QiO4RQ8uIQa3EIdfGDA4Rle4c2Rzovz7nzMWwtOPnMIf+B8/gC3U46j</latexit>

KL

<latexit sha1_base64="8651H29gQ9Rs9/8rYBXWTZoH2iY=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUS9C0UvBS0X7Ae1Ssmm2DU2ya5ItlKW/w4sHRbz6Y7z5b0zbPWjrg4HHezPMzAtizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6ShShdRLxSLUCrClnktYNM5y2YkWxCDhtBsPbqd8cUaVZJB/NOKa+wH3JQkawsZJf7aZ3DxN0jTo6Ed1iyS27M6Bl4mWkBBlq3eJXpxeRRFBpCMdatz03Nn6KlWGE00mhk2gaYzLEfdq2VGJBtZ/Ojp6gE6v0UBgpW9Kgmfp7IsVC67EIbKfAZqAXvan4n9dOTHjlp0zGiaGSzBeFCUcmQtMEUI8pSgwfW4KJYvZWRAZYYWJsTgUbgrf48jJpnJW9i/L5/XmpcpPFkYcjOIZT8OASKlCFGtSBwBM8wyu8OSPnxXl3PuatOSebOYQ/cD5/ALrokXA=</latexit>

HKS =
X

<latexit sha1_base64="ORNheOk5xc+wg1dRwU8RY7kjHYQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHhRHYNUY9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9wvltyKuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpcV76pSbVRLtdssjjycwTmUwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AG/njLU=</latexit>

(
<latexit sha1_base64="I7M8Rptcfj7965+LSlRwW+GxU74=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoOgl7ArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3FrjLY=</latexit>

)

<latexit sha1_base64="CbnhpemjTBaPlsmm8OzljV99sw4="></latexit>

kinetic terms for U3, U7

depend on other links
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infinities in QFT|qiN ! |Gi

<latexit sha1_base64="OVUBOLikoVWeZMkb4zzR+F/49dU=">AAACEnicbZDLSsNAFIYn9VbrLerSTbAIuimJFHQlRRe6kgr2Ak0sk+mkHTrJxJkTpcQ+gxtfxY0LRdy6cufbOG2z0NYDAx//fw5nzu/HnCmw7W8jNze/sLiUXy6srK6tb5ibW3UlEklojQguZNPHinIW0Row4LQZS4pDn9OG3z8b+Y07KhUT0TUMYuqFuBuxgBEMWmqbBy6nATzcupJ1e3ByczkBLKW4n1jnmdU2i3bJHpc1C04GRZRVtW1+uR1BkpBGQDhWquXYMXgplsAIp8OCmygaY9LHXdrSGOGQKi8dnzS09rTSsQIh9YvAGqu/J1IcKjUIfd0ZYuipaW8k/ue1EgiOvZRFcQI0IpNFQcItENYoH6vDJCXABxowkUz/1SI9LDEBnWJBh+BMnzwL9cOSUy6Vr8rFymkWRx7toF20jxx0hCroAlVRDRH0iJ7RK3oznowX4934mLTmjGxmG/0p4/MHxYKeyw==</latexit>

Prepare gauge-
invariant states
（gauge fixing）

Digitization

Prepare gauge-invariant states using quantum circuits

[Carena, Lamm,YYL, Liu, PRD 110 (2024) 5, 054516]When keeping the redundancies…
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infinities in QFT|qiN ! |Gi

<latexit sha1_base64="OVUBOLikoVWeZMkb4zzR+F/49dU=">AAACEnicbZDLSsNAFIYn9VbrLerSTbAIuimJFHQlRRe6kgr2Ak0sk+mkHTrJxJkTpcQ+gxtfxY0LRdy6cufbOG2z0NYDAx//fw5nzu/HnCmw7W8jNze/sLiUXy6srK6tb5ibW3UlEklojQguZNPHinIW0Row4LQZS4pDn9OG3z8b+Y07KhUT0TUMYuqFuBuxgBEMWmqbBy6nATzcupJ1e3ByczkBLKW4n1jnmdU2i3bJHpc1C04GRZRVtW1+uR1BkpBGQDhWquXYMXgplsAIp8OCmygaY9LHXdrSGOGQKi8dnzS09rTSsQIh9YvAGqu/J1IcKjUIfd0ZYuipaW8k/ue1EgiOvZRFcQI0IpNFQcItENYoH6vDJCXABxowkUz/1SI9LDEBnWJBh+BMnzwL9cOSUy6Vr8rFymkWRx7toF20jxx0hCroAlVRDRH0iJ7RK3oznowX4934mLTmjGxmG/0p4/MHxYKeyw==</latexit>

Prepare gauge-
invariant states
（gauge fixing）

Quantum noises 
are present in the 

time evolution

Measure Gauss’s 
Law and recover
gauge invariance

KL 
condition

Digitization

Utilize the gauge redundancies for quantum error corrections 

[Carena, Lamm,YYL, Liu, PRD 110 (2024) 5, 054516]When keeping the redundancies…
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infinities in QFT|qiN ! |Gi

<latexit sha1_base64="OVUBOLikoVWeZMkb4zzR+F/49dU=">AAACEnicbZDLSsNAFIYn9VbrLerSTbAIuimJFHQlRRe6kgr2Ak0sk+mkHTrJxJkTpcQ+gxtfxY0LRdy6cufbOG2z0NYDAx//fw5nzu/HnCmw7W8jNze/sLiUXy6srK6tb5ibW3UlEklojQguZNPHinIW0Row4LQZS4pDn9OG3z8b+Y07KhUT0TUMYuqFuBuxgBEMWmqbBy6nATzcupJ1e3ByczkBLKW4n1jnmdU2i3bJHpc1C04GRZRVtW1+uR1BkpBGQDhWquXYMXgplsAIp8OCmygaY9LHXdrSGOGQKi8dnzS09rTSsQIh9YvAGqu/J1IcKjUIfd0ZYuipaW8k/ue1EgiOvZRFcQI0IpNFQcItENYoH6vDJCXABxowkUz/1SI9LDEBnWJBh+BMnzwL9cOSUy6Vr8rFymkWRx7toF20jxx0hCroAlVRDRH0iJ7RK3oznowX4934mLTmjGxmG/0p4/MHxYKeyw==</latexit>

Digitization

[Carena, Lamm,YYL, Liu, PRD 110 (2024) 5, 054516]

Fidelity
<latexit sha1_base64="XvBQYyS4WRaqhvXsX7YjEKWTKtg=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwFRIp6kYouumygn1AE8JkOmmHTiZhZlIoIX/hxl9x40IRt7rzb5y0WWjrgYHDOfcy95wgYVQq2/42KmvrG5tb1e3azu7e/oF5eNSVcSow6eCYxaIfIEkY5aSjqGKknwiCooCRXjC5K/zelAhJY/6gZgnxIjTiNKQYKS35puVGSI0xYlkr9zNXRDBMGcvhDVwxKJ/mvlm3LXsOuEqcktRBibZvfrnDGKcR4QozJOXAsRPlZUgoihnJa24qSYLwBI3IQFOOIiK9bJ4rh2daGcIwFvpxBefq740MRVLOokBPFsfKZa8Q//MGqQqvvYzyJFWE48VHOjdUMSxKgkMqCFZspgnCgupbIR4jgbDSVdZ0Cc5y5FXSvbCcS6tx36g3b8s6quAEnIJz4IAr0AQt0AYdgMEjeAav4M14Ml6Md+NjMVoxyp1j8AfG5w+/S6BN</latexit>

Hfull = Hinv
<latexit sha1_base64="+C49JGL16OjK0hiY0zVGlhUrgSo=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdSMU3XRZwT6gCWEynbRDZyZhZiKUkN9w46+4caGIS135N07aLLT1wMDhnHuZe06YMKq043xblZXVtfWN6mZta3tnd8/eP+iqOJWYdHDMYtkPkSKMCtLRVDPSTyRBPGSkF05uC7/3QKSisbjX04T4HI0EjShG2kiB7Xgc6TFGLGvlQeZJDqOUsRxewyVjhNIRyQO77jScGeAycUtSByXagf3pDWOcciI0Zkipgesk2s+Q1BQzkte8VJEE4QkakYGhAnGi/GyWLIcnRhnCKJbmCQ1n6u+NDHGlpjw0k8W5atErxP+8QaqjKz+jIkk1EXj+kUkOdQyLmuCQSoI1mxqCsKTmVojHSCKsTZk1U4K7GHmZdM8a7kXj/O683rwp66iCI3AMToELLkETtEAbdAAGj+AZvII368l6sd6tj/loxSp3DsEfWF8/SqehHQ==</latexit>

Hfull = Hgauge

<latexit sha1_base64="+C49JGL16OjK0hiY0zVGlhUrgSo=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdSMU3XRZwT6gCWEynbRDZyZhZiKUkN9w46+4caGIS135N07aLLT1wMDhnHuZe06YMKq043xblZXVtfWN6mZta3tnd8/eP+iqOJWYdHDMYtkPkSKMCtLRVDPSTyRBPGSkF05uC7/3QKSisbjX04T4HI0EjShG2kiB7Xgc6TFGLGvlQeZJDqOUsRxewyVjhNIRyQO77jScGeAycUtSByXagf3pDWOcciI0Zkipgesk2s+Q1BQzkte8VJEE4QkakYGhAnGi/GyWLIcnRhnCKJbmCQ1n6u+NDHGlpjw0k8W5atErxP+8QaqjKz+jIkk1EXj+kUkOdQyLmuCQSoI1mxqCsKTmVojHSCKsTZk1U4K7GHmZdM8a7kXj/O683rwp66iCI3AMToELLkETtEAbdAAGj+AZvII368l6sd6tj/loxSp3DsEfWF8/SqehHQ==</latexit>

Hfull = Hgauge

restore gauge symmetry
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infinities in QFT

• Below the error threshold, keeping 
gauge redundancies together with 
quantum error corrections leads to 
higher fidelity.

2d lattice

KL condition

<latexit sha1_base64="480SHsQ+u1Xj9MaR3h4vris9b2c=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdSVFQVxWsA9oQ5hMb9qhk0mYmYgldOvGX3HjQhG3/oE7/8ZpG0FbD1w4c869zL0nSDhT2nG+rMLC4tLySnG1tLa+sbllb+80VJxKCnUa81i2AqKAMwF1zTSHViKBRAGHZjC4HPvNO5CKxeJWDxPwItITLGSUaCP5Nr7ys46MsASlYwndET7/kUJ2b96+XXYqzgR4nrg5KaMcNd/+7HRjmkYgNOVEqbbrJNrLiNSMchiVOqmChNAB6UHbUEEiUF42uWSED4zSxWEsTQmNJ+rviYxESg2jwHRGRPfVrDcW//PaqQ7PvIyJJNUg6PSjMOVYx3gcC+4yCVTzoSGESmZ2xbRPJKHahFcyIbizJ8+TxlHFPakc3xyXqxd5HEW0h/bRIXLRKaqia1RDdUTRA3pCL+jVerSerTfrfdpasPKZXfQH1sc36bSZ2g==</latexit>

Frestored > Ffixed

|qiN ! |Gi

<latexit sha1_base64="OVUBOLikoVWeZMkb4zzR+F/49dU=">AAACEnicbZDLSsNAFIYn9VbrLerSTbAIuimJFHQlRRe6kgr2Ak0sk+mkHTrJxJkTpcQ+gxtfxY0LRdy6cufbOG2z0NYDAx//fw5nzu/HnCmw7W8jNze/sLiUXy6srK6tb5ibW3UlEklojQguZNPHinIW0Row4LQZS4pDn9OG3z8b+Y07KhUT0TUMYuqFuBuxgBEMWmqbBy6nATzcupJ1e3ByczkBLKW4n1jnmdU2i3bJHpc1C04GRZRVtW1+uR1BkpBGQDhWquXYMXgplsAIp8OCmygaY9LHXdrSGOGQKi8dnzS09rTSsQIh9YvAGqu/J1IcKjUIfd0ZYuipaW8k/ue1EgiOvZRFcQI0IpNFQcItENYoH6vDJCXABxowkUz/1SI9LDEBnWJBh+BMnzwL9cOSUy6Vr8rFymkWRx7toF20jxx0hCroAlVRDRH0iJ7RK3oznowX4934mLTmjGxmG/0p4/MHxYKeyw==</latexit>

Digitization

[Carena, Lamm,YYL, Liu, PRD 110 (2024) 5, 054516]
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Summary

• Exponential circuit-depth reduction for scalar QFT time evolution in the 
occupation basis.

• Hardware-efficient quantum simulation framework for QED, targeting 
intense-field QED.

• Improved digitization of non-Abelian gauge theories with scalable 
encodings for finite groups.

• Reduced complexity of non-Abelian gauge-theory time evolution by 
exploiting gauge redundancy.

• Enhanced quantum error correction fidelity through gauge redundancy.

Note: Efficient algorithm to simulation non-Abelian 
gauge theory is still missing…
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“Quantum potential for first-principle calculations!” 

S. P. Jordan, 
  K. S. M. Lee, 

J. Preskill 

|qiN ! |Gi

<latexit sha1_base64="OVUBOLikoVWeZMkb4zzR+F/49dU=">AAACEnicbZDLSsNAFIYn9VbrLerSTbAIuimJFHQlRRe6kgr2Ak0sk+mkHTrJxJkTpcQ+gxtfxY0LRdy6cufbOG2z0NYDAx//fw5nzu/HnCmw7W8jNze/sLiUXy6srK6tb5ibW3UlEklojQguZNPHinIW0Row4LQZS4pDn9OG3z8b+Y07KhUT0TUMYuqFuBuxgBEMWmqbBy6nATzcupJ1e3ByczkBLKW4n1jnmdU2i3bJHpc1C04GRZRVtW1+uR1BkpBGQDhWquXYMXgplsAIp8OCmygaY9LHXdrSGOGQKi8dnzS09rTSsQIh9YvAGqu/J1IcKjUIfd0ZYuipaW8k/ue1EgiOvZRFcQI0IpNFQcItENYoH6vDJCXABxowkUz/1SI9LDEBnWJBh+BMnzwL9cOSUy6Vr8rFymkWRx7toF20jxx0hCroAlVRDRH0iJ7RK3oznowX4934mLTmjGxmG/0p4/MHxYKeyw==</latexit>

U |GiL ! | 0i

<latexit sha1_base64="0VodhIs6LZa/kWMF+bQ7CdIQmMQ=">AAACInicbVDLSsNAFJ3UV62vqEs3wSK4KokU1I0UXejCRQXTFppYJtNJOzh5MHOjlNhvceOvuHGhqCvBj3HSZKGtBwYO59zLnXO8mDMJpvmllebmFxaXysuVldW19Q19c6slo0QQapOIR6LjYUk5C6kNDDjtxILiwOO07d2eZX77jgrJovAaRjF1AzwImc8IBiX19GMnwDAkmKf22OHUh4dzR7DBEE5uLnOChYjuc8uJJeuZhd/Tq2bNnMCYJVZBqqhAs6d/OP2IJAENgXAsZdcyY3BTLIARTscVJ5E0xuQWD2hX0RAHVLrpJOLY2FNK3/AjoV4IxkT9vZHiQMpR4KnJLJCc9jLxP6+bgH/kpiyME6AhyQ/5CTcgMrK+jD4TlAAfKYKJYOqvBhligQmoViuqBGs68ixpHdSseq1+Va82Tos6ymgH7aJ9ZKFD1EAXqIlsRNAjekav6E170l60d+0zHy1pxc42+gPt+wfWIqWy</latexit>

U | 0i ! | (t)i

<latexit sha1_base64="mfZxQFhqboFWKV17tjWIV8Ih5k4=">AAACJnicbVDLSsNAFJ34rPUVdekmWIS6KYkUdKMU3bisYNpCE8JkOmmHTh7M3Cgl9mvc+CtuXFRE3PkpTtqA2npgmMM59zJzjp9wJsE0P7Wl5ZXVtfXSRnlza3tnV9/bb8k4FYTaJOax6PhYUs4iagMDTjuJoDj0OW37w+vcb99TIVkc3cEooW6I+xELGMGgJE+/cEIMA4J5Zo8dTgN4dBLJPNMRrD+Ay9mFhYgfftwqnBS2p1fMmjmFsUisglRQgaanT5xeTNKQRkA4lrJrmQm4GRbACKfjspNKmmAyxH3aVTTCIZVuNo05No6V0jOCWKgTgTFVf29kOJRyFPpqMg8l571c/M/rphCcuxmLkhRoRGYPBSk3IDbyzoweE5QAHymCiWDqrwYZYIEJqGbLqgRrPvIiaZ3WrHqtfluvNK6KOkroEB2hKrLQGWqgG9RENiLoCb2gCXrTnrVX7V37mI0uacXOAfoD7esbC1qnVg==</latexit>

hOi

<latexit sha1_base64="6ZD20VBihU0PQrQBWzohU51m280=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FQSKehBpOjFmxXsBzSlbLabdulmE3YnQgn14l/x4kERr/4Lb/4bN20O2vpg4PHeDDPz/FhwDY7zbRWWlldW14rrpY3Nre0de3evqaNEUdagkYhU2yeaCS5ZAzgI1o4VI6EvWMsfXWd+64EpzSN5D+OYdUMykDzglICRevaBJ1gAF15IYEiJSG8nnuKDIVz27LJTcabAi8TNSRnlqPfsL68f0SRkEqggWndcJ4ZuShRwKtik5CWaxYSOyIB1DJUkZLqbTj+Y4GOj9HEQKVMS8FT9PZGSUOtx6JvO7FI972Xif14ngeC8m3IZJ8AknS0KEoEhwlkcuM8VoyDGhhCquLkV0yFRhIIJrWRCcOdfXiTN04pbrVTvquXaVR5HER2iI3SCXHSGaugG1VEDUfSIntErerOerBfr3fqYtRasfGYf/YH1+QPFZ5ca</latexit>

2020 - 

2030s - 

(2030s) narrow down the framework with
• systematic studies of errors              ——  phase diagrams with spontaneous  

from digitization                                          symmetry breaking, and for improved H
• hardware co-design                           —— qudits for blocking encodings and the  

                                                                        redundancies
• improving algorithms                       —— efficient quantum circuits based on qudits
• benchmark studies                             —— HEP case calculations for experiments
• …
               

2011-

⇠ ⇠ 10

<latexit sha1_base64="Cyldb6eFoCWXlfM9uW6LrTTTg1s=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48V7Ac2oWy2m3bp7ibsbsQS+i+8eFDEq//Gm//GTZuDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8SaciZp2zDDaS9RFIuQ0244ucn97iNVmsXy3kwTGgg8kixiBBsrPfhPzNdMIM8dVGtu3Z0DrRKvIDUo0BpUv/xhTFJBpSEca9333MQEGVaGEU5nFT/VNMFkgke0b6nEguogm188Q2dWGaIoVrakQXP190SGhdZTEdpOgc1YL3u5+J/XT010FWRMJqmhkiwWRSlHJkb5+2jIFCWGTy3BRDF7KyJjrDAxNqSKDcFbfnmVdC7qXqPeuGvUmtdFHGU4gVM4Bw8uoQm30II2EJDwDK/w5mjnxXl3PhatJaeYOYY/cD5/ALLvkEg=</latexit>

various 
methods



Thank you
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1990s  -  error-correction codes and fault-tolerant methods

Quantum Threshold Theorem

2019 - Google: Quantum Computational Supremacy

The quantum hardware is 
producing meaningful results

P.  Shor

LQCD - Quantum methods


