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Simulating the Theory - From First Principles

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

 Real Time

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

dimH / |G|NV

complex S(C) for non vanishing ✓
<latexit sha1_base64="uL5gSxhGDRklOqw89ERgoIYAOlw="></latexit><latexit sha1_base64="uL5gSxhGDRklOqw89ERgoIYAOlw="></latexit><latexit sha1_base64="uL5gSxhGDRklOqw89ERgoIYAOlw="></latexit><latexit sha1_base64="uL5gSxhGDRklOqw89ERgoIYAOlw="></latexit>

Sign problem

CLASSICAL
 HARD

Euclidean Spacetime

hOi =
P

C O(C)W (C)P
C W (C)

<latexit sha1_base64="NnjuOEUJLjH4E8nFPiAWlMXE0dA="></latexit>

Imaginary time problem :W (C) ⇠ exp(�S(C))

<latexit sha1_base64="S5djf3qnJ9fUihbQcv9tCW4pkxE="></latexit>

From 1970s

<latexit sha1_base64="lU3w4w6FJ1n9hr8A8XNRKGSKZt4="></latexit>

field configurations

C on lattice with

NV lattice sites

QFT - path integral in the background of quantum fields

# of classical bits: exponential function of  
(CLASSICAL HARD)

<latexit sha1_base64="9EGeJU8lVp6S2D7IeA33GNMDDOw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRiyepaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVI44T7kd0oEQoGEUrPdz1mr1yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4ABraNpA==</latexit>

NV

# of quantum bits: power-law function of  
(QUANTUM EASY)

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

Nq / NV log |G|
<latexit sha1_base64="9EGeJU8lVp6S2D7IeA33GNMDDOw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRiyepaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVI44T7kd0oEQoGEUrPdz1mr1yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4ABraNpA==</latexit>

NV
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CLASSICAL 
EASY

real-time dynamics
finite density

quantum interference
out-of equilibrium

``strongly interacting many-body system’’

High Energy Physics

polynomial time

QUANTUM EASY
QUANTUM HARD

e.g. traveling salesmen
problem

Problems in  HEP that are beyond classical easy but are 
``QUANTUM EASY” 
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Quantum Computing

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

22 qubits

1121 qubits
access to 133 qubits 

176 qubits 54 qubits

Jiuzhang - 255 qubits

superconducting processor

photon qubits trapped ion qubits
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Quantum Computing

Next decades

🔍
~200 qubits
~1000 gates
corrections!
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世界趋势
• 2023年美国P5 report: “The particle 

physics community needs to invest 
now in order to train and retain the 
next generation of quantum scientists.” 

• Quantum simulation and information 
processing: applications to QCD 

“offers the fascinating opportunity to solve problems 
which are extremely hard or even impossible to 
address on conventional computers”
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世界趋势
[PRX Quantum 4 (2023) 2, 027001]

International Conference on Quantum Technology for High-Energy Physics (QT4HEP), CERN, 2022 
Quantum Computing Methods For High Energy Physics, Munich, 2023

Quantum Computing and Machine Learning Workshop, 青岛, 2023 
⼈⼯智能、量⼦信息、量⼦计算在粒⼦物理、核物理和宇宙学等学科前沿的应⽤，吉林，2024

Quantum Technologies and Computation for High Energy Physics, Munich, 2024
2nd Edition of QT4HEP, CERN, January 2025 

Lattice 2024
@Liverpool
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Quantum Computing for HEP

U |GiL ! | 0i

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

Initialization ground/thermal/bound state prep

Discretization infinities in space

|qiN ! |Gi

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

Digitization infinities in field variables

Error mitigation/corrections

[Jordan, Lee, Preskill, 2011] 

U | 0i ! | (t)i

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

efficiency of time evolutionsPropagation

hOi

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

Evaluation parton distribution function,

gauge symmetry for error corrections

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

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)

�

Discretization

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

K2L = Ei(x)Ui(x)Ei(x+ ai)U†
i (x)

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

Improved 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="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

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

HI

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>

The number of qubits, also trotter
 steps can be reduced
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infinities in QFTDiscretization

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

K2L = Ei(x)Ui(x)Ei(x+ ai)U†
i (x) Improved Hamiltonian

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

<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>
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�<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

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

HI

It conserves the product of group elements! 
Thus can be reduced to the matrix elements

 of the one-link kinetic term

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>
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�

<latexit sha1_base64="SlVhCs+za4UrRi/kI97Hj+pwZv4="></latexit>
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2
i +D2

j )Fij +O(a4)

�

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="3+T4qC7r+JmRCZ4vpx37BSTHZw4="></latexit>

hU 0
1, U

0
2| UK2L |U1, U2i = �U 0

1U
0
2,U1U2

hU 0
1| ei✓KL1 |U1i

quantum circuits
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Digitization
infinities in field variables

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>
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�

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

3-sphere

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

|Ui

[Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]

qudit?

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
• quantum algorithms developed for its time evolutions
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<latexit sha1_base64="EIsCS7OvmQ9FdYkargiy89/3k74=">AAAB+XicbZC7SgNBFIbPxluMt1VLm8EgWIVdEbWwCNpYRjAXSJZldjKbDJm9MHM2EJa8iY2FIra+iZ1v4yTZQhN/GPj4zzmcM3+QSqHRcb6t0tr6xuZWebuys7u3f2AfHrV0kinGmyyRieoEVHMpYt5EgZJ3UsVpFEjeDkb3s3p7zJUWSfyEk5R7ER3EIhSMorF82+4FHKkfktsFaN+uOjVnLrIKbgFVKNTw7a9eP2FZxGNkkmrddZ0UvZwqFEzyaaWXaZ5SNqID3jUY04hrL59fPiVnxumTMFHmxUjm7u+JnEZaT6LAdEYUh3q5NjP/q3UzDG+8XMRphjxmi0VhJgkmZBYD6QvFGcqJAcqUMLcSNqSKMjRhVUwI7vKXV6F1UXOvapePl9X6XRFHGU7gFM7BhWuowwM0oAkMxvAMr/Bm5daL9W59LFpLVjFzDH9kff4A7YmTNw==</latexit>

�f < �s

In the Scaling Regime:
significantly reduces the errors in 

simulating SU(2) physics 

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

�f > �s

[Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]

[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

systematic ways to quantify/
improve the errors?
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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

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

<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 invariant

(Gauss’s law)

Should we keep the 
redundancies or not?
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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

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

Hfull = span({|Ui , U 2 G})⌦NL

Hamiltonian complexity?   

<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="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>

Digitization

[Carena, Lamm,YYL, Liu, arXiv:2402.16780]

If we keep the redundancies…

preparing gauge 
invariant state

time evolution
with quantum noise

Measure Gauss’s 
Law and recover 
gauge invariance

KL 
condition

• quantum algorithms to correct errors for general gauge theories
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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

error corrections could lead to 
HIGHER fidelity

• error thresholds derived as guidelines 
to keep gauge redundancies

[Carena, Lamm,YYL, Liu, arXiv:2402.16780]

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

If we keep the redundancies…

All these can be applied to QCD calculations
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Propagation

time-evolution while keep the gauge redundancies

|Â0Í |Â(t)Í||U ≠ e≠iHt|| < ‘

digital quantum computer



Ying-Ying Li 20

<latexit sha1_base64="m0vq3Fae1miz8ygGut+G/aO1zcU="></latexit>

⇡
⇥
e�i�tKLe�i�tU⇤

⇤t/�t

<latexit sha1_base64="y3CIeMS7b5hcljFpykpcAceLsZc=">AAACB3icbVBNS8NAEN34WetX1KMgwSJ4sSRSVDxI0YMeK5i20ISy2U7apbtJ2N0IJfbmxb/ixYMiXv0L3vw3btsctPXBwOO9GWbmBQmjUtn2tzE3v7C4tFxYKa6urW9smlvbdRmngoBLYhaLZoAlMBqBq6hi0EwEYB4waAT9q5HfuAchaRzdqUECPsfdiIaUYKWltrl3nXmCHwno6l0ghuceg1A9uJ6g3Z66aJslu2yPYc0SJycllKPWNr+8TkxSDpEiDEvZcuxE+RkWihIGw6KXSkgw6eMutDSNMAfpZ+M/htaBVjpWGAtdkbLG6u+JDHMpBzzQnRyrnpz2RuJ/XitV4Zmf0ShJFURksihMmaViaxSK1aECiGIDTTARVN9qkR4WmOhIZFGH4Ey/PEvqx2XnpFy5rZSql3kcBbSL9tEhctApqqIbVEMuIugRPaNX9GY8GS/Gu/ExaZ0z8pkd9AfG5w96j5m2</latexit>

G�register : |Ui

<latexit sha1_base64="9Fd+uw8jSANZty29UcQOzdV3PGs=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL8EieCqJFPVY9OKxgmkLTQib7aZdutmE3YlQQr34V7x4UMSr/8Kb/8ZNm4O2Phh4vDfDzLww5UyBbX8blZXVtfWN6mZta3tnd8/cP+ioJJOEuiThieyFWFHOBHWBAae9VFIch5x2w/FN4XcfqFQsEfcwSakf46FgESMYtBSYR16MYRRJPM7daZB7wGKqpp5XC8y63bBnsJaJU5I6KtEOzC9vkJAspgIIx0r1HTsFP8cSGOF0WvMyRVNMxnhI+5oKrBf5+eyDqXWqlYEVJVKXAGum/p7IcazUJA51Z3GvWvQK8T+vn0F05edMpBlQQeaLooxbkFhFHNaASUqATzTBRDJ9q0VGWGICOrQiBGfx5WXSOW84F43mXbPeui7jqKJjdILOkIMuUQvdojZyEUGP6Bm9ojfjyXgx3o2PeWvFKGcO0R8Ynz/spJcy</latexit>

U⇥

<latexit sha1_base64="GpEx2nDL3MC8Xvjkyzp58NU6fP0=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4sSRS1GXRjcsKpi20IUymk3bo5MHMRCkxn+LGhSJu/RJ3/o2TNgttPTBwOOde7pnjJ5xJZVnfxsrq2vrGZmWrur2zu7dv1g46Mk4FoQ6JeSx6PpaUs4g6iilOe4mgOPQ57fqTm8LvPlAhWRzdq2lC3RCPIhYwgpWWPLM2CLEaBwJPMif3sjM798y61bBmQMvELkkdSrQ982swjEka0kgRjqXs21ai3AwLxQineXWQSppgMsEj2tc0wiGVbjaLnqMTrQxREAv9IoVm6u+NDIdSTkNfTxZB5aJXiP95/VQFV27GoiRVNCLzQ0HKkYpR0QMaMkGJ4lNNMBFMZ0VkjAUmSrdV1SXYi19eJp3zhn3RaN41663rso4KHMExnIINl9CCW2iDAwQe4Rle4c14Ml6Md+NjPrpilDuH8AfG5w9O7ZQK</latexit>

U�1 <latexit sha1_base64="63kXLgpz0AZtssHEook/7b+LbX4=">AAAB/nicbVBPS8MwHE3nvzn/VcWTl+AQPI1WhnocevE4Yd0Gaylplm5hSVqSVBhl4Ffx4kERr34Ob34b060H3XwQeLz3+/F7eVHKqNKO821V1tY3Nreq27Wd3b39A/vwqKuSTGLi4YQlsh8hRRgVxNNUM9JPJUE8YqQXTe4Kv/dIpKKJ6OhpSgKORoLGFCNtpNA+8TnS41iiSe7NwtyXHHbkLLTrTsOZA64StyR1UKId2l/+MMEZJ0JjhpQauE6qgxxJTTEjs5qfKZIiPEEjMjBUIE5UkM/jz+C5UYYwTqR5QsO5+nsjR1ypKY/MZBFWLXuF+J83yHR8E+RUpJkmAi8OxRmDOoFFF3BIJcGaTQ1BWFKTFeIxkghr01jNlOAuf3mVdC8b7lWj+dCst27LOqrgFJyBC+CCa9AC96ANPIBBDp7BK3iznqwX6936WIxWrHLnGPyB9fkDrYeV9Q==</latexit>

UTr

<latexit sha1_base64="j2rHFtPId0fpVce+w2wUuAQSJMo=">AAAB+XicbVBNS8NAFHypX7V+RT16WSyCp5KIqMeiIB4rmLbQhrDZbtqlm03Y3RRK6D/x4kERr/4Tb/4bN20O2jqwMMy8x5udMOVMacf5tipr6xubW9Xt2s7u3v6BfXjUVkkmCfVIwhPZDbGinAnqaaY57aaS4jjktBOO7wq/M6FSsUQ86WlK/RgPBYsYwdpIgW33Y6xHkcTj3JsF+f0ssOtOw5kDrRK3JHUo0Qrsr/4gIVlMhSYcK9VznVT7OZaaEU5ntX6maIrJGA9pz1CBY6r8fJ58hs6MMkBRIs0TGs3V3xs5jpWaxqGZLHKqZa8Q//N6mY5u/JyJNNNUkMWhKONIJ6ioAQ2YpETzqSGYSGayIjLCEhNtyqqZEtzlL6+S9kXDvWpcPl7Wm7dlHVU4gVM4BxeuoQkP0AIPCEzgGV7hzcqtF+vd+liMVqxy5xj+wPr8Af9Hk+g=</latexit>

UF

<latexit sha1_base64="j2rHFtPId0fpVce+w2wUuAQSJMo=">AAAB+XicbVBNS8NAFHypX7V+RT16WSyCp5KIqMeiIB4rmLbQhrDZbtqlm03Y3RRK6D/x4kERr/4Tb/4bN20O2jqwMMy8x5udMOVMacf5tipr6xubW9Xt2s7u3v6BfXjUVkkmCfVIwhPZDbGinAnqaaY57aaS4jjktBOO7wq/M6FSsUQ86WlK/RgPBYsYwdpIgW33Y6xHkcTj3JsF+f0ssOtOw5kDrRK3JHUo0Qrsr/4gIVlMhSYcK9VznVT7OZaaEU5ntX6maIrJGA9pz1CBY6r8fJ58hs6MMkBRIs0TGs3V3xs5jpWaxqGZLHKqZa8Q//N6mY5u/JyJNNNUkMWhKONIJ6ioAQ2YpETzqSGYSGayIjLCEhNtyqqZEtzlL6+S9kXDvWpcPl7Wm7dlHVU4gVM4BxeuoQkP0AIPCEzgGV7hzcqtF+vd+liMVqxy5xj+wPr8Af9Hk+g=</latexit>

UF
<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>

)

U | 0i ! | (t)i

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

Propagation
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[Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]

<latexit sha1_base64="GpEx2nDL3MC8Xvjkyzp58NU6fP0=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4sSRS1GXRjcsKpi20IUymk3bo5MHMRCkxn+LGhSJu/RJ3/o2TNgttPTBwOOde7pnjJ5xJZVnfxsrq2vrGZmWrur2zu7dv1g46Mk4FoQ6JeSx6PpaUs4g6iilOe4mgOPQ57fqTm8LvPlAhWRzdq2lC3RCPIhYwgpWWPLM2CLEaBwJPMif3sjM798y61bBmQMvELkkdSrQ982swjEka0kgRjqXs21ai3AwLxQineXWQSppgMsEj2tc0wiGVbjaLnqMTrQxREAv9IoVm6u+NDIdSTkNfTxZB5aJXiP95/VQFV27GoiRVNCLzQ0HKkYpR0QMaMkGJ4lNNMBFMZ0VkjAUmSrdV1SXYi19eJp3zhn3RaN41663rso4KHMExnIINl9CCW2iDAwQe4Rle4c14Ml6Md+NjPrpilDuH8AfG5w9O7ZQK</latexit>

U�1

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

|Ui = | i

U | 0i ! | (t)i

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

Propagation
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[Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]

<latexit sha1_base64="GpEx2nDL3MC8Xvjkyzp58NU6fP0=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4sSRS1GXRjcsKpi20IUymk3bo5MHMRCkxn+LGhSJu/RJ3/o2TNgttPTBwOOde7pnjJ5xJZVnfxsrq2vrGZmWrur2zu7dv1g46Mk4FoQ6JeSx6PpaUs4g6iilOe4mgOPQ57fqTm8LvPlAhWRzdq2lC3RCPIhYwgpWWPLM2CLEaBwJPMif3sjM798y61bBmQMvELkkdSrQ982swjEka0kgRjqXs21ai3AwLxQineXWQSppgMsEj2tc0wiGVbjaLnqMTrQxREAv9IoVm6u+NDIdSTkNfTxZB5aJXiP95/VQFV27GoiRVNCLzQ0HKkYpR0QMaMkGJ4lNNMBFMZ0VkjAUmSrdV1SXYi19eJp3zhn3RaN41663rso4KHMExnIINl9CCW2iDAwQe4Rle4c14Ml6Md+NjPrpilDuH8AfG5w9O7ZQK</latexit>

U�1

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

|Ui = | i

U | 0i ! | (t)i

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

Propagation

optimization?
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To reach the observables — How to do…

Measurements

State preparation 

Systematic uncertainties

Error corrections

and reach the continuum limit

<latexit sha1_base64="Dj96JhijXyqQ1LF4s6VoJbVKYLw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP5JuNAg==</latexit>u
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Physics Benchmarks

Now - Noisy Intermediate Scale Quantum (NISQ) era 

With               well controlled qubits, not error-corrected yet
<latexit sha1_base64="ZZNgryjgPljzZcq34H9Nd1Ke+Ho=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyWRUl0W3bizgn1AG8pkOmmHTiZhZlIooX/ixoUibv0Td/6NkzYLbT0wcDjnXu6Z48ecKe0431ZhY3Nre6e4W9rbPzg8so9P2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ3eZ35lSqVgknvQspl6IR4IFjGBtpIFt90OsxwTz9GFecR3ncmCXnaqzAFonbk7KkKM5sL/6w4gkIRWacKxUz3Vi7aVYakY4nZf6iaIxJhM8oj1DBQ6p8tJF8jm6MMoQBZE0T2i0UH9vpDhUahb6ZjLLqVa9TPzP6yU6uPFSJuJEU0GWh4KEIx2hrAY0ZJISzWeGYCKZyYrIGEtMtCmrZEpwV7+8TtpXVbderT3Wyo3bvI4inME5VMCFa2jAPTShBQSm8Ayv8Gal1ov1bn0sRwtWvnMKf2B9/gAoK5Kz</latexit>

O(100)
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Physics Benchmarks for Quantum Computing

[YYL, Sajid, Unmuth-Yockey, Phys.Rev.D 110 (2024) 3, 034507]

Holography

entanglement 
entropy?

fragmentation dynamics

[Lee, Turro, Yao, arXiv:2409.13830]

Lager lattices 
and with higher 

truncations?
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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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BACK UP
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TRAJECTORY TO THE CONTINUUM LIMIT

To reach observables in the continuum limit

<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="47cX61LTyH759gU0cOa1kI4gIIA=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3SzSbsTtQS8le8eFDEq3/Em//GbZuDtj4YeLw3w8y8IBFcg+N8W6W19Y3NrfJ2ZWd3b//APqx2dJwqyto0FrHqBUQzwSVrAwfBeoliJAoE6waTm5nffWBK81jewzRhXkRGkoecEjCSb1cz4sNA8dEYiFLxI3Zy3645dWcOvErcgtRQgZZvfw2GMU0jJoEKonXfdRLwMqKAU8HyyiDVLCF0Qkasb6gkEdNeNr89x6dGGeIwVqYk4Ln6eyIjkdbTKDCdEYGxXvZm4n9eP4Xwysu4TFJgki4WhanAEONZEHjIFaMgpoYQqri5FdMxUYSCiatiQnCXX14lnfO6e1Fv3DVqzesijjI6RifoDLnoEjXRLWqhNqLoCT2jV/Rm5daL9W59LFpLVjFzhP7A+vwBLXqUiQ==</latexit>

at ! 0

 continuous 
space-time limit

[Carena, Lamm,YYL, Liu, PRD. 104, 094519]


