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Objectives
• Quantum computing for first-principle calculations in High Energy Physics

• The framework for this calculation: resources we need to simulate QFT

• Simulating dynamics of gauge theories on quantum computer

• 1+1d Schwinger models on quantum computer

Image courtesy of N.  Klco and S. Trieu 

现象学
量⼦计算
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Relativistic Quantum Mechanics           Quantum Field Theory (QFT)

A

B

path integral on the background of field configurations

Simulating the Theory
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Lattice QCD - Euclidean Spacetime

path integral in 
Euclidean spacetime

Monte Carlo 
sampling of lattice 
field configurations

Euclidean 
correlations and 

physical observables 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>

<latexit sha1_base64="Cv68jpcYCn/A/kq7MnXyWDFYEYA=">AAACInicbVDLSsNAFJ3Ud31VXboZLIKrkoj42BXduKxgq9CEMpnc1KGTmTAzEUpIf8WNv+LGhaKuBD/GSezC14GBwzn33rn3hCln2rjuu1ObmZ2bX1hcqi+vrK6tNzY2e1pmikKXSi7VdUg0cCaga5jhcJ0qIEnI4SocnZX+1S0ozaS4NOMUgoQMBYsZJcZKg8ZJ7qsExwx4NKFSxGyYqcrSk8L3635CzA0lPD8rysKJFBNOjGEUikGj6bbcCvgv8aakiaboDBqvfiRploAwlBOt+56bmiAnyo7jUNT9TENK6IgMoW+pIAnoIK9OLPCuVSIcS2WfMLhSv3fkJNF6nIS2slxZ//ZK8T+vn5n4OMiZSDMDgn59FGccG4nLvHDEFFDDx5YQqpjdFdMbogg1NtW6DcH7ffJf0ttveYetg4uDZvt0Gsci2kY7aA956Ai10TnqoC6i6A49oCf07Nw7j86L8/ZVWnOmPVvoB5yPT8gnplE=</latexit>

field configurations

C on lattice

<latexit sha1_base64="Cv68jpcYCn/A/kq7MnXyWDFYEYA=">AAACInicbVDLSsNAFJ3Ud31VXboZLIKrkoj42BXduKxgq9CEMpnc1KGTmTAzEUpIf8WNv+LGhaKuBD/GSezC14GBwzn33rn3hCln2rjuu1ObmZ2bX1hcqi+vrK6tNzY2e1pmikKXSi7VdUg0cCaga5jhcJ0qIEnI4SocnZX+1S0ozaS4NOMUgoQMBYsZJcZKg8ZJ7qsExwx4NKFSxGyYqcrSk8L3635CzA0lPD8rysKJFBNOjGEUikGj6bbcCvgv8aakiaboDBqvfiRploAwlBOt+56bmiAnyo7jUNT9TENK6IgMoW+pIAnoIK9OLPCuVSIcS2WfMLhSv3fkJNF6nIS2slxZ//ZK8T+vn5n4OMiZSDMDgn59FGccG4nLvHDEFFDDx5YQqpjdFdMbogg1NtW6DcH7ffJf0ttveYetg4uDZvt0Gsci2kY7aA956Ai10TnqoC6i6A49oCf07Nw7j86L8/ZVWnOmPVvoB5yPT8gnplE=</latexit>

field configurations

C on lattice

remains the only tool for  
precise, controllable,  

first principle calculations



6

finite density

<latexit sha1_base64="lp6Yb1EGCQdEl2cZSKQRTqpLr8k=">AAAB/3icbVBNS8NAEJ3Ur1q/ooIXL4tFEISSSFGPRS8eK7Uf0Iaw2W7apZtN2N0opfbgX/HiQRGv/g1v/hu3bQ7a+mDg8d4MM/OChDOlHefbyi0tr6yu5dcLG5tb2zv27l5DxakktE5iHstWgBXlTNC6ZprTViIpjgJOm8HgeuI376lULBZ3ephQL8I9wUJGsDaSbx/UOpL1+hpLGT+gGjpFDNV817eLTsmZAi0SNyNFyFD17a9ONyZpRIUmHCvVdp1EeyMsNSOcjgudVNEEkwHu0bahAkdUeaPp/WN0bJQuCmNpSmg0VX9PjHCk1DAKTGeEdV/NexPxP6+d6vDSGzGRpJoKMlsUphzpGE3CQF0mKdF8aAgmkplbEeljiYk2kRVMCO78y4ukcVZyz0vl23KxcpXFkYdDOIITcOECKnADVagDgUd4hld4s56sF+vd+pi15qxsZh/+wPr8AQoulNI=</latexit>

S ! S + iS1

real-time dynamics

<latexit sha1_base64="lI/23bwbu3QYjt86fcJNEOna0uQ=">AAACBnicbVDLSsNAFL3xWesr6lKEwSK4KokUdVnUhcuK9gFNLJPppB06eTAzEUrIyo2/4saFIm79Bnf+jZM2C209MHA4517m3OPFnEllWd/GwuLS8spqaa28vrG5tW3u7LZklAhCmyTikeh4WFLOQtpUTHHaiQXFgcdp2xtd5n77gQrJovBOjWPqBngQMp8RrLTUMw8cFirkBFgNCebpVYaceMgQvU8Zus16ZsWqWhOgeWIXpAIFGj3zy+lHJAloqAjHUnZtK1ZuioVihNOs7CSSxpiM8IB2NQ1xQKWbTs7I0JFW+siPhH461ET9vZHiQMpx4OnJPK+c9XLxP6+bKP/cTVkYJ4qGZPqRn3CkIpR3gvpMUKL4WBNMBNNZERligYnSzZV1CfbsyfOkdVK1T6u1m1qlflHUUYJ9OIRjsOEM6nANDWgCgUd4hld4M56MF+Pd+JiOLhjFzh78gfH5A4ACmIM=</latexit>Z
D�eiS

PDF

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>

Lattice QCD - Euclidean Spacetime - first principle calculations
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Lattice QCD - 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>

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

configuration space C is exponentially large in system size

<latexit sha1_base64="i9GZem0xYIxHfcuEuLLL2UmX4Us="></latexit>

configuration space C is exponentially large in system size

<latexit sha1_base64="i9GZem0xYIxHfcuEuLLL2UmX4Us="></latexit>

<latexit sha1_base64="VCgZE765NgMDd35v5VXZQPDYRLc=">AAACHXicbVDLSgMxFM34rPVVdekmWARXZUaKiquiG1dSwVahLSWT3mmDSWZI7gh1aD/Ejb/ixoUiLtyIf2P6WPg6EDicc26Se8JECou+/+nNzM7NLyzmlvLLK6tr64WNzbqNU8OhxmMZm+uQWZBCQw0FSrhODDAVSrgKb05H/tUtGCtifYn9BFqKdbWIBGfopHahnDWNorZvEdTQijsYDs7b9WM6lnWqQjDDOBpKhig4uASCHbQLRb/kj0H/kmBKimSKarvw3uzEPFWgkUtmbSPwE2xlzLhLJQzyzdRCwvgN60LDUc0U2FY23m5Ad53SoVFs3NFIx+r3iYwpa/sqdEnFsGd/eyPxP6+RYnTUyoROUgTNJw9FqaQY01FVtCMMcJR9Rxg3wv2V8h4zjKMrNO9KCH6v/JfU90vBQal8US5WTqZ15Mg22SF7JCCHpELOSJXUCCf35JE8kxfvwXvyXr23SXTGm85skR/wPr4AaA6kAQ==</latexit>

system size NV : number of lattice sites
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<latexit sha1_base64="yPcWqvZoa1/7F25VqMGAZ12HBWQ="></latexit>Z
D�eiS = hx| e�iHt |yi

Lattice QCD -  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

<latexit sha1_base64="VCgZE765NgMDd35v5VXZQPDYRLc=">AAACHXicbVDLSgMxFM34rPVVdekmWARXZUaKiquiG1dSwVahLSWT3mmDSWZI7gh1aD/Ejb/ixoUiLtyIf2P6WPg6EDicc26Se8JECou+/+nNzM7NLyzmlvLLK6tr64WNzbqNU8OhxmMZm+uQWZBCQw0FSrhODDAVSrgKb05H/tUtGCtifYn9BFqKdbWIBGfopHahnDWNorZvEdTQijsYDs7b9WM6lnWqQjDDOBpKhig4uASCHbQLRb/kj0H/kmBKimSKarvw3uzEPFWgkUtmbSPwE2xlzLhLJQzyzdRCwvgN60LDUc0U2FY23m5Ad53SoVFs3NFIx+r3iYwpa/sqdEnFsGd/eyPxP6+RYnTUyoROUgTNJw9FqaQY01FVtCMMcJR9Rxg3wv2V8h4zjKMrNO9KCH6v/JfU90vBQal8US5WTqZ15Mg22SF7JCCHpELOSJXUCCf35JE8kxfvwXvyXr23SXTGm85skR/wPr4AaA6kAQ==</latexit>

system size NV : number of lattice sites

exponentially large number 
 of classical bits in system size
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CLASSICAL 
EASY

real-time dynamics
finite density

quantum interference
out-of equilibrium

``strongly interacting many-body system’’

High Energy Physics

``a computing system that scales well with the system size?”

polynomial time



Quantum Computing
1982

“ if you want to make a simulation of Nature, you’d better make it quantum 
mechanical”

“nature isn’t classical”

10

R. P. Feynman



Quantum Computing

 e <latexit sha1_base64="+dwCdfB0qiIA+5HrV8EDdn1rRYY="></latexit>

| i = ↵ |"i+ � |#i

<latexit sha1_base64="G/e1A3ufF1aJcIWRMSwkzdFEewc="></latexit>

2300 classical bits are needed to describe the system of 300 qubits

11

<latexit sha1_base64="PD6KX/8nxMdxEj0KL6Wf/z0eheo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9nVol6EohdPUsF+SLuUbJptQ5PsmmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3klpZXVtfy64WNza3tneLuXkNHiSK0TiIeqVaANeVM0rphhtNWrCgWAafNYHg98ZtPVGkWyXsziqkvcF+ykBFsrPRw231El+jUdbvFklt2p0CLxMtICTLUusWvTi8iiaDSEI61bntubPwUK8MIp+NCJ9E0xmSI+7RtqcSCaj+dHjxGR1bpoTBStqRBU/X3RIqF1iMR2E6BzUDPexPxP6+dmPDCT5mME0MlmS0KE45MhCbfox5TlBg+sgQTxeytiAywwsTYjAo2BG/+5UXSOCl7Z+XKXaVUvcriyMMBHMIxeHAOVbiBGtSBgIBneIU3RzkvzrvzMWvNOdnMPvyB8/kDssyPCw==</latexit>

Nq = 300

``a computer that uses qubits” 
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1996 - Seth LIoyd: efficient simulation of LOCAL Hamiltonians 

Quantum Computing

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

N( ) / Nm
q

Polynomial Time Complexity
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CLASSICAL 
EASY

QUANTUM EASY

High Energy Physics
real-time dynamics

finite density
quantum interference

out-of equilibrium
``strongly interacting many-body system’’

QUANTUM HARD

How Powerful It is?

e.g. traveling salesmen
problem
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1990s  -  error-correcting codes and fault-tolerant methods

Quantum Threshold Theorem

Quantum Computing

2019 - Google: Quantum Computational Supremacy

The quantum hardware is 
producing meaningful results

P.  Shor
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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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Quantum Computing for HEP
<latexit sha1_base64="yPcWqvZoa1/7F25VqMGAZ12HBWQ="></latexit>Z

D�eiS = hx| e�iHt |yi

mapping

DOF to qubits

time evolution 
to quantum gates

non-trivial vacuum,
composite initial state,

bosonic and fermionic DOF, 
symmetries, …



Where are we? General Framework

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>

(2010s) galactic algorithms

2020 - 

various 
methods

⇠ ⇠ 10

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

(2020s) pocket of methods for every steps, 
             continuum limits,
             error corrections

2030s - 

(2030s) ?

2011- 18
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2011 - S. Jordan, K. Lee, J. Preskill
Quantum algorithms for QFT

Quantum Simulation for Quantum Field Theory

•Discretization of space: KS Hamiltonian

•Digitization of field degree of freedom: 

     truncation, discrete subgroup |qiN ! |Gi

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

•Initialization of registers as a state: stochastically
U |GiL ! | 0i

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

•Propagation of state-discrete time: trotterization, etc 

  U | 0i ! | (t)i

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

•Evaluation of observables
hOi

<latexit sha1_base64="6ZD20VBihU0PQrQBWzohU51m280=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FQSKehBpOjFmxXsBzSlbLabdulmE3YnQgn14l/x4kERr/4Lb/4bN20O2vpg4PHeDDPz/FhwDY7zbRWWlldW14rrpY3Nre0de3evqaNEUdagkYhU2yeaCS5ZAzgI1o4VI6EvWMsfXWd+64EpzSN5D+OYdUMykDzglICRevaBJ1gAF15IYEiJSG8nnuKDIVz27LJTcabAi8TNSRnlqP fsL68f0SRkEqggWndcJ4ZuShRwKtik5CWaxYSOyIB1DJUkZLqbTj+Y4GOj9HEQKVMS8FT9PZGSUOtx6JvO7FI972Xif14ngeC8m3IZJ8AknS0KEoEhwlkcuM8VoyDGhhCquLkV0yFRhIIJrWRCcOdfXiTN04pbrVTvquXaVR5HER2iI3SCXHSGaugG1VEDUfSIntErerOerBfr3fqYtRasfGYf/YH1+QPFZ5ca</latexit>

•Error Mitigation

See references in [M. Carena, H. Lamm, YYL, W. Liu, PRD. 104, 094519]

空间离散化

场的数字化

时间演化算符
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2011 - S. Jordan, K. Lee, J. PreskillQuantum algorithms for QFT
•Discretization of space: KS Hamiltonian

•Digitization of field degree of freedom: 

     truncation, discrete subgroup |qiN ! |Gi

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

•Initialization of registers as a state: stochastically
U |GiL ! | 0i

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

•Propagation of state-discrete time: trotterization, etc 

   U | 0i ! | (t)i

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

•Evaluation of observables
hOi

<latexit sha1_base64="6ZD20VBihU0PQrQBWzohU51m280=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FQSKehBpOjFmxXsBzSlbLabdulmE3YnQgn14l/x4kERr/4Lb/4bN20O2vpg4PHeDDPz/FhwDY7zbRWWlldW14rrpY3Nre0de3evqaNEUdagkYhU2yeaCS5ZAzgI1o4VI6EvWMsfXWd+64EpzSN5D+OYdUMykDzglICRevaBJ1gAF15IYEiJSG8nnuKDIVz27LJTcabAi8TNSRnlqP fsL68f0SRkEqggWndcJ4ZuShRwKtik5CWaxYSOyIB1DJUkZLqbTj+Y4GOj9HEQKVMS8FT9PZGSUOtx6JvO7FI972Xif14ngeC8m3IZJ8AknS0KEoEhwlkcuM8VoyDGhhCquLkV0yFRhIIJrWRCcOdfXiTN04pbrVTvquXaVR5HER2iI3SCXHSGaugG1VEDUfSIntErerOerBfr3fqYtRasfGYf/YH1+QPFZ5ca</latexit>

•Error Mitigation

Quantum Simulation for Quantum Field Theory

空间离散化

场的数字化

时间演化算符

See references in [M. Carena, H. Lamm, YYL, W. Liu, PRD. 104, 094519]
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•规范场的哈密顿量—KS哈密顿量，改进哈密顿量

•规范场的量⼦模拟—普遍⽅法，简化体系举例
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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

quark

Ui(x) = eig
R 0
a dtAi(x+t̂i)

<latexit sha1_base64="dBP4O6vow+uNdc8m68B8v9AeENE="></latexit>
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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

quark

 Phys. Rev. D 11, 395 (1975)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="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="WNIixpFv6fq2rPeVq+o0HgBcHp8=">AAACBHicbVBNS8NAEN3Ur1q/oh57WSyCp5KIqMeiF48VTFtoYthstum2m03Y3Qgl9ODFv+LFgyJe/RHe/Ddu0xy09cHA470ZZuYFKaNSWda3UVlZXVvfqG7WtrZ3dvfM/YOOTDKBiYMTlohegCRhlBNHUcVILxUExQEj3WB8PfO7D0RImvA7NUmJF6OI0wHFSGnJN+tuKqlP790QRRER0PFzOpoW4sg3G1bTKgCXiV2SBijR9s0vN0xwFhOuMENS9m0rVV6OhKKYkWnNzSRJER6jiPQ15Sgm0suLJ6bwWCshHCRCF1ewUH9P5CiWchIHujNGaigXvZn4n9fP1ODSyylPM0U4ni8aZAyqBM4SgSEVBCs20QRhQfWtEA+RQFjp3Go6BHvx5WXSOW3a582z27NG66qMowrq4AicABtcgBa4AW3gAAwewTN4BW/Gk/FivBsf89aKUc4cgj8wPn8AGQOYZg==</latexit>

 †
iUij j

<latexit sha1_base64="JYSlZcX05hxdBJBcnCVa1LgKOSk=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWRoi6LblxWsA9oYphMJunQmUmYmQglFPwVNy4Ucet3uPNvnLZZaOuBC2fOuZe594QZo0o7zrdVWVldW9+obta2tnd29+z9g65Kc4lJB6cslf0QKcKoIB1NNSP9TBLEQ0Z64ehm6vceiVQ0Ffd6nBGfo0TQmGKkjRTYR9zLFA3ogxehJCFy/grsutNwZoDLxC1JHZRoB/aXF6U450RozJBSA9fJtF8gqSlmZFLzckUyhEcoIQNDBeJE+cVs/Qk8NUoE41SaEhrO1N8TBeJKjXloOjnSQ7XoTcX/vEGu4yu/oCLLNRF4/lGcM6hTOM0CRlQSrNnYEIQlNbtCPEQSYW0Sq5kQ3MWTl0n3vOFeNJp3zXrruoyjCo7BCTgDLrgELXAL2qADMCjAM3gFb9aT9WK9Wx/z1opVzhyCP7A+fwCveJX3</latexit>

m †
i i

<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
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infinities in QFT

U1
U2

Pxy

Ryz

Rzx Cxyz

xy

z

U1
U2

Pxy

Ryz

Rzx Cxyz

xy

z

<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="U2FGfc+oqGqfP6gknUBoazRaWwg="></latexit>

nqubits ⇠ (ngluon + nquark)⇥ nd

⇠ f ⇥ nd

<latexit sha1_base64="e3/9sSZVJLE7oHlPW/wnyj1aWfg=">AAACDHicbVDLSgMxFM34rPVVdekmWIS6sMxIUZdFEVxWsA9ox3InzbShmcyQZIQy9APc+CtuXCji1g9w59+YTgfR1gOBwznncnOPF3GmtG1/WQuLS8srq7m1/PrG5tZ2YWe3ocJYElonIQ9lywNFORO0rpnmtBVJCoHHadMbXk785j2VioXiVo8i6gbQF8xnBLSRuoViScDRXXLsjDucKqVYgK/wD4XUMSm7bKfA88TJSBFlqHULn51eSOKACk04KNV27Ei7CUjNCKfjfCdWNAIyhD5tGyogoMpN0mPG+NAoPeyH0jyhcar+nkggUGoUeCYZgB6oWW8i/ue1Y+2fuwkTUaypINNFfsyxDvGkGdxjkhLNR4YAkcz8FZMBSCDa9Jc3JTizJ8+TxknZOS1XbirF6kVWRw7towNUQg46Q1V0jWqojgh6QE/oBb1aj9az9Wa9T6MLVjazh/7A+vgGAUmaWA==</latexit>

(na)�1 . E . a�1

<latexit sha1_base64="vB35JjERHyMjh4GgmYNJMhN/vQY=">AAACAnicbVDLSgMxFL1TX7W+Rl2Jm2ARXJUZKeqy6MZlBfuAdiiZTNqGJjNDkhHK0LrxV9y4UMStX+HOvzHTzkJbDwROzrn3Jvf4MWdKO863VVhZXVvfKG6WtrZ3dvfs/YOmihJJaINEPJJtHyvKWUgbmmlO27GkWPictvzRTea3HqhULArv9TimnsCDkPUZwdpIPfso7UqBVGyumE8DJmiY1U4nQc8uOxVnBrRM3JyUIUe9Z391g4gkZoImHCvVcZ1YeymWmhFOJ6VuomiMyQgPaMfQEAuqvHS2wgSdGiVA/UiaE2o0U393pFgoNRa+qRRYD9Wil4n/eZ1E96+8lIVxomlI5g/1E450hLI8UMAkJZqPDcFEMvNXRIZYYqJNaiUTgru48jJpnlfci0r1rlquXedxFOEYTuAMXLiEGtxCHRpA4BGe4RXerCfrxXq3PualBSvvOYQ/sD5/AGKhmBU=</latexit>

spatial dimension d
<latexit sha1_base64="71Hai8xhwUNQxBwRcpxw9U+vIUI=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4KrMSFGXRTcuK9haaIeSSe+0oUlmSDJCGdqFv+LGhSJu/Qx3/o1pOwttPRA4nHMfuSdMONPG876dwsrq2vpGcbO0tb2zu+fuHzR1nCoKDRrzWLVCooEzCQ3DDIdWooCIkMNDOLyZ+g+PoDSL5b0ZJRAI0pcsYpQYK3Xdo6yjBObEGEZhohNCmexPxqTrlr2KNwNeJn5OyihHvet+dXoxTQVIQznRuu17iQkyouxgDuNSJ9Vgpw9JH9qWSiJAB9nsgDE+tUoPR7GyTxo8U393ZERoPRKhrRTEDPSiNxX/89qpia6CjMkkNSDpfFGUcmxiPE0D95gCavjIEkIVs3/FdEAUocZmVrIh+IsnL5PmecW/qFTvquXadR5HER2jE3SGfHSJaugW1VEDUTRGz+gVvTlPzovz7nzMSwtO3nOI/sD5/AGexJcV</latexit>

lattice spacing a

gluon

<latexit sha1_base64="U2FGfc+oqGqfP6gknUBoazRaWwg="></latexit>

nqubits ⇠ (ngluon + nquark)⇥ nd

⇠ f ⇥ nd

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

n ⇠ 103

Energy Scales

GeV

TeV

PDF~~

infinities in QFTDiscretization

<latexit sha1_base64="r12iUFscnQPteSn+a8PxayHk+Ww=">AAACEXicbZDLSsNAFIYn9VbrrerSzWARuiqJFHVZFNGNUMFeoAllMj1ph84kYWYilNBXcOOruHGhiFt37nwbp20QbT0w8PH/53Dm/H7MmdK2/WXllpZXVtfy64WNza3tneLuXlNFiaTQoBGPZNsnCjgLoaGZ5tCOJRDhc2j5w4uJ37oHqVgU3ulRDJ4g/ZAFjBJtpG6x7Nh26kqBb6A5djkopZjAlz809a6M1y2W7Io9LbwITgYllFW9W/x0exFNBISacqJUx7Fj7aVEakY5jAtuoiAmdEj60DEYEgHKS6cXjfGRUXo4iKR5ocZT9fdESoRSI+GbTkH0QM17E/E/r5Po4MxLWRgnGkI6WxQkHOsIT+LBPSaBaj4yQKhk5q+YDogkVJsQCyYEZ/7kRWgeV5yTSvW2WqqdZ3Hk0QE6RGXkoFNUQ9eojhqIogf0hF7Qq/VoPVtv1vusNWdlM/voT1kf314RnMI=</latexit>

100MeV . E . GeV

non-perturbative regime

<latexit sha1_base64="9okHp5znf66Go/+hpgeCkOmeclM=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEV2VS66O7ohuXFWwrNCFMppN26GQSZyZCCQV/xY0LRdz6He78G6dthCp64MLhnHu5954g4UxphD6twsLi0vJKcbW0tr6xuWVv77RVnEpCWyTmsbwNsKKcCdrSTHN6m0iKo4DTTjC8nPideyoVi8WNHiXUi3BfsJARrI3k23vCv4OuYhEMXc0iqqCDEPLtMqqgKeAcqZ9U6+gYOrlSBjmavv3h9mKSRlRowrFSXQcl2suw1IxwOi65qaIJJkPcp11DBTabvGx6/hgeGqUHw1iaEhpO1fmJDEdKjaLAdEZYD9RvbyL+5XVTHZ57GRNJqqkgs0VhyqGO4SQL2GOSEs1HhmAimbkVkgGWmGiTWMmE8P0p/J+0qxXntFK7rpUbF3kcRbAPDsARcMAZaIAr0AQtQEAGHsEzeLEerCfr1XqbtRasfGYX/ID1/gV6nZSK</latexit>

nq ⇠ f ⇥ 1000

<latexit sha1_base64="U2FGfc+oqGqfP6gknUBoazRaWwg="></latexit>

nqubits ⇠ (ngluon + nquark)⇥ nd

⇠ f ⇥ nd
<latexit sha1_base64="U2FGfc+oqGqfP6gknUBoazRaWwg="></latexit>

nqubits ⇠ (ngluon + nquark)⇥ nd

⇠ f ⇥ nd
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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)

�

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

HI

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
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infinities in QFTDiscretization

<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="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="+nbnHHlPI+ogLaQM9h1nAIgsC5k=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRS48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqz0UO97/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+qenl/Wand5nEU4QRO4Rw8uIYa1KEBTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPFb415</latexit>

H1

<latexit sha1_base64="SxzwRXEL/1CsQmjiAgToP4DCOcU=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY9ELxwxyiOBDZkdemHC7OxmZtaEED7BiweN8eoXefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzSRBP6JDyUPOqLHSQ71f6RdLbtldgKwTLyMlyNDoF796g5ilEUrDBNW667mJ8adUGc4Ezgq9VGNC2ZgOsWuppBFqf7o4dUYurDIgYaxsSUMW6u+JKY20nkSB7YyoGelVby7+53VTE974Uy6T1KBky0VhKoiJyfxvMuAKmRETSyhT3N5K2IgqyoxNp2BD8FZfXietStm7Klfvq6XabRZHHs7gHC7Bg2uoQR0a0AQGQ3iGV3hzhPPivDsfy9ack82cwh84nz/G8416</latexit>

H2 <latexit sha1_base64="4Qy4o2VVtkJzUbS6WWD8tfSII9g=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRS48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ilh3pf9csVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqndVvby/rNRu8ziKcAKncA4eXEMN6tCAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AEh8o22</latexit>

Hn

<latexit sha1_base64="tSt4AsScgkmYuQudhMaJyFxAPUI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqMeiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04Lpur1zxXG8Oskr8nFQgR71X/ur2E5bFKA0TVOuO76UmmFBlOBM4LXUzjSllIzrAjqWSxqiDyfzUKTmzSp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif18lMdB1MuEwzg5ItFkWZICYhs79JnytkRowtoUxxeythQ6ooMzadkg3BX355lTQvXP/Srd5XK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBO0o0r</latexit>...

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

HI

Hamiltonian in continuous space
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Symanzik improved Hamiltonian, correcting classical       errorsa2

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

[J. Carlsson, et al, hep-lat/0105018]

HKS = KKS + VKS ,

KKS =
X

x,i

g
2
t

a
TrL2

i (x)

VKS = �
X

x,i<j

2

g2sa
ReTrPij(x)

<latexit sha1_base64="ZVM4l5tb5Hc64KUZee3Uws7RYIs="></latexit>

•规范场的哈密顿量
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[J. Carlsson, et al, hep-lat/0105018]

Symanzik improved Hamiltonian, correcting classical       errorsa2

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

HKS = KKS + VKS ,

KKS =
X

x,i

g
2
t

a
TrL2

i (x)

VKS = �
X

x,i<j

2

g2sa
ReTrPij(x)

<latexit sha1_base64="ZVM4l5tb5Hc64KUZee3Uws7RYIs="></latexit>

•规范场的哈密顿量
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Symanzik improved Hamiltonian, correcting classical       errorsa2

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

[J. Carlsson, et al, hep-lat/0105018]

Symanzik improved Hamiltonian, correcting classical       errorsa2

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

HKS = KKS + VKS ,

KKS =
X

x,i

g
2
t

a
TrL2

i (x)

VKS = �
X

x,i<j

2

g2sa
ReTrPij(x)

<latexit sha1_base64="ZVM4l5tb5Hc64KUZee3Uws7RYIs="></latexit>

•规范场的哈密顿量

deviations from the continuum 
starts from           at quantum levela2g2

<latexit sha1_base64="xLxe/2tjZh7vhhDjOCu1uvp09GM=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4CjMhoMegF48RzALJJNR0epImPT1Dd48QhnyEFw+KePV7vPk3dhYhbg8KHu9VUVUvSATXxnU/nNza+sbmVn67sLO7t39QPDxq6jhVlDVoLGLVDlAzwSVrGG4EayeKYRQI1grG1zO/dc+U5rG8M5OE+REOJQ85RWOlFvYqZNir9Islr+zOQdxf5MsqwRL1fvG9O4hpGjFpqECtO56bGD9DZTgVbFroppolSMc4ZB1LJUZM+9n83Ck5s8qAhLGyJQ2Zq6sTGUZaT6LAdkZoRvqnNxP/8jqpCS/9jMskNUzSxaIwFcTEZPY7GXDFqBETS5Aqbm8ldIQKqbEJFVZD+J80K2WvWq7eVku1q2UceTiBUzgHDy6gBjdQhwZQGMMDPMGzkziPzovzumjNOcuZY/gG5+0TLGGO0A==</latexit>

HI = KI + VI

VI = �V 0VKS + �V 1Vrect + �V 2Vbent

KI = �K0KKS + �K1K2L

<latexit sha1_base64="03zHXYnArQLtVugEYj74Q7JhOSA="></latexit>

HI = KI + VI

VI = �V 0VKS + �V 1Vrect + �V 2Vbent

KI = �K0KKS + �K1K2L

<latexit sha1_base64="03zHXYnArQLtVugEYj74Q7JhOSA="></latexit>



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)

�

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 |?

Discretization

31

<latexit sha1_base64="r12iUFscnQPteSn+a8PxayHk+Ww=">AAACEXicbZDLSsNAFIYn9VbrrerSzWARuiqJFHVZFNGNUMFeoAllMj1ph84kYWYilNBXcOOruHGhiFt37nwbp20QbT0w8PH/53Dm/H7MmdK2/WXllpZXVtfy64WNza3tneLuXlNFiaTQoBGPZNsnCjgLoaGZ5tCOJRDhc2j5w4uJ37oHqVgU3ulRDJ4g/ZAFjBJtpG6x7Nh26kqBb6A5djkopZjAlz809a6M1y2W7Io9LbwITgYllFW9W/x0exFNBISacqJUx7Fj7aVEakY5jAtuoiAmdEj60DEYEgHKS6cXjfGRUXo4iKR5ocZT9fdESoRSI+GbTkH0QM17E/E/r5Po4MxLWRgnGkI6WxQkHOsIT+LBPSaBaj4yQKhk5q+YDogkVJsQCyYEZ/7kRWgeV5yTSvW2WqqdZ3Hk0QE6RGXkoFNUQ9eojhqIogf0hF7Qq/VoPVtv1vusNWdlM/voT1kf314RnMI=</latexit>

100MeV . E . GeV

non-perturbative regime

<latexit sha1_base64="4zw6IL4+tyyMTMXK6ntSuHl2trA=">AAAB/XicdVDLSgMxFM34rPU1PnZugkVwVWZqq3ZXdOOygn1AZxgyaaYNTTJjkhFqKf6KGxeKuPU/3Pk3pu0IVfTAhcM593LvPWHCqNKO82ktLC4tr6zm1vLrG5tb2/bOblPFqcSkgWMWy3aIFGFUkIammpF2IgniISOtcHA58Vt3RCoaixs9TIjPUU/QiGKkjRTY+yK4hZ6iHEaeppwo6JYqgV1wis4UcI5UK6WqcwLdTCmADPXA/vC6MU45ERozpFTHdRLtj5DUFDMyznupIgnCA9QjHUMFMov80fT6MTwyShdGsTQlNJyq8xMjxJUa8tB0cqT76rc3Ef/yOqmOzv0RFUmqicCzRVHKoI7hJArYpZJgzYaGICypuRXiPpIIaxNY3oTw/Sn8nzRLRfe0WL4uF2oXWRw5cAAOwTFwwRmogStQBw2AwT14BM/gxXqwnqxX623WumBlM3vgB6z3LxCalFc=</latexit>

nq ⇠ f ⇥ 125

improved Hamiltonian



32

Digitization
infinities in field variables
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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

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

 continuous field variables 

<latexit sha1_base64="Ehjyd8cVhNQV9gHjUTxPb8G0Psk=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmkqBuh6sZlBdMW+mIymbRDJ5MwcyOUUHDjr7hxoYhbf8Kdf+P0sdDWAxcO59zLvff4ieAaHOfbyi0tr6yu5dcLG5tb2zv27l5Nx6mizKOxiFXDJ5oJLpkHHARrJIqRyBes7g9uxn79gSnNY3kPw4S1I9KTPOSUgJG69oGHLzHrZBz3WlxCx+lmZIQDwFejrl10Ss4EeJG4M1JEM1S79lcriGkaMQlUEK2brpNAOyMKOBVsVGilmiWEDkiPNQ2VJGK6nU1+GOFjowQ4jJUpCXii/p7ISKT1MPJNZ0Sgr+e9sfif10whvGhnXCYpMEmni8JUYIjxOBAccMUoiKEhhCpubsW0TxShYGIrmBDc+ZcXSe205J6VynflYuV6FkceHaIjdIJcdI4q6BZVkYcoekTP6BW9WU/Wi/VufUxbc9ZsZh/9gfX5A/qXlns=</latexit>

U = eig
R 0
a dtA

discrete subgroup

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

G�register : |Ui
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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
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<latexit sha1_base64="Ehjyd8cVhNQV9gHjUTxPb8G0Psk=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmkqBuh6sZlBdMW+mIymbRDJ5MwcyOUUHDjr7hxoYhbf8Kdf+P0sdDWAxcO59zLvff4ieAaHOfbyi0tr6yu5dcLG5tb2zv27l5Nx6mizKOxiFXDJ5oJLpkHHARrJIqRyBes7g9uxn79gSnNY3kPw4S1I9KTPOSUgJG69oGHLzHrZBz3WlxCx+lmZIQDwFejrl10Ss4EeJG4M1JEM1S79lcriGkaMQlUEK2brpNAOyMKOBVsVGilmiWEDkiPNQ2VJGK6nU1+GOFjowQ4jJUpCXii/p7ISKT1MPJNZ0Sgr+e9sfif10whvGhnXCYpMEmni8JUYIjxOBAccMUoiKEhhCpubsW0TxShYGIrmBDc+ZcXSe205J6VynflYuV6FkceHaIjdIJcdI4q6BZVkYcoekTP6BW9WU/Wi/VufUxbc9ZsZh/9gfX5A/qXlns=</latexit>

U = eig
R 0
a dtA

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

|Ui = | i

<latexit sha1_base64="XqB0IeL5Jjfm8/LpC5jUDRJk/d8=">AAACDnicbVDLSgMxFM3UV62vUZdugqXgopQZKSquim5cVrAPaEu5k6ZtaJIZk0yhDPUH3Pgrblwo4ta1O//G9LHQ1gOBwzn3cHNPEHGmjed9O6mV1bX1jfRmZmt7Z3fP3T+o6jBWhFZIyENVD0BTziStGGY4rUeKggg4rQWD64lfG1KlWSjvzCiiLQE9ybqMgLFS280lTSVwwCSo0cMQFAOb1ONLLPJY5nGYx1Ee37fdrFfwpsDLxJ+TLJqj3Ha/mp2QxIJKQzho3fC9yLQSUIYRTseZZqxpBGQAPdqwVIKgupVMzxnjnFU6uBsq+6TBU/V3IgGh9UgEdlKA6etFbyL+5zVi071oJUxGsaGSzBZ1Y45NiCfd4A5TlBg+sgSIYvavmPRBATG2wYwtwV88eZlUTwv+WaF4W8yWruZ1pNEROkYnyEfnqIRuUBlVEEGP6Bm9ojfnyXlx3p2P2WjKmWcO0R84nz8655rq</latexit>

binary variables : m,n, o, p, q

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

|Ui = | i

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

|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="+PiBlWg3P+4eW5N0on2C1xgOAJg=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRKpj2XRjcsK9gFNDJPJpB06M4kzE6GG4q+4caGIW//DnX/jtM1CWw9cOJxzL/feE6aMKu0439bC4tLyympprby+sbm1be/stlSSSUyaOGGJ7IRIEUYFaWqqGemkkiAeMtIOB1djv/1ApKKJuNXDlPgc9QSNKUbaSIG9L4J76CnK4amnKScKirsosCtO1ZkAzhO3IBVQoBHYX16U4IwToTFDSnVdJ9V+jqSmmJFR2csUSREeoB7pGiqQWeTnk+tH8MgoEYwTaUpoOFF/T+SIKzXkoenkSPfVrDcW//O6mY4v/JyKNNNE4OmiOGNQJ3AcBYyoJFizoSEIS2puhbiPJMLaBFY2IbizL8+T1knVPavWbmqV+mURRwkcgENwDFxwDurgGjRAE2DwCJ7BK3iznqwX6936mLYuWMXMHvgD6/MHg9WUog==</latexit>

nq ⇠ 5⇥ nd

<latexit sha1_base64="r12iUFscnQPteSn+a8PxayHk+Ww=">AAACEXicbZDLSsNAFIYn9VbrrerSzWARuiqJFHVZFNGNUMFeoAllMj1ph84kYWYilNBXcOOruHGhiFt37nwbp20QbT0w8PH/53Dm/H7MmdK2/WXllpZXVtfy64WNza3tneLuXlNFiaTQoBGPZNsnCjgLoaGZ5tCOJRDhc2j5w4uJ37oHqVgU3ulRDJ4g/ZAFjBJtpG6x7Nh26kqBb6A5djkopZjAlz809a6M1y2W7Io9LbwITgYllFW9W/x0exFNBISacqJUx7Fj7aVEakY5jAtuoiAmdEj60DEYEgHKS6cXjfGRUXo4iKR5ocZT9fdESoRSI+GbTkH0QM17E/E/r5Po4MxLWRgnGkI6WxQkHOsIT+LBPSaBaj4yQKhk5q+YDogkVJsQCyYEZ/7kRWgeV5yTSvW2WqqdZ3Hk0QE6RGXkoFNUQ9eojhqIogf0hF7Qq/VoPVtv1vusNWdlM/voT1kf314RnMI=</latexit>

100MeV . E . GeV

non-perturbative regime

<latexit sha1_base64="hpO4/IAKWMjTzSTlV3oKU0i8M6o=">AAAB8nicbVBNTwIxEO3iF+IX6tFLIzHxRHYJokeiF4+YCJIsG9ItXWhou2s7a0I2/AwvHjTGq7/Gm//GAntQ8CWTvLw3k5l5YSK4Adf9dgpr6xubW8Xt0s7u3v5B+fCoY+JUU9amsYh1NySGCa5YGzgI1k00IzIU7CEc38z8hyemDY/VPUwSFkgyVDzilICVfNV/7BkucaN20S9X3Ko7B14lXk4qKEerX/7qDWKaSqaACmKM77kJBBnRwKlg01IvNSwhdEyGzLdUEclMkM1PnuIzqwxwFGtbCvBc/T2REWnMRIa2UxIYmWVvJv7n+SlEV0HGVZICU3SxKEoFhhjP/scDrhkFMbGEUM3trZiOiCYUbEolG4K3/PIq6dSqXqNav6tXmtd5HEV0gk7ROfLQJWqiW9RCbURRjJ7RK3pzwHlx3p2PRWvByWeO0R84nz84kpCR</latexit>

nq ⇠ 625
<latexit sha1_base64="Lem1Uv1E5Exw07CoiZaA3A2XHzk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRS71VMG2hLWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR08SpZtxnsYx1O6CGS6G4jwIlbyea0yiQvBWM72Z+64lrI2L1iJOE9yI6VCIUjKKV/Ho/u5/2yxW36s5BVomXkwrkaPTLX91BzNKIK2SSGtPx3AR7GdUomOTTUjc1PKFsTIe8Y6miETe9bH7slJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif95nRTDm14mVJIiV2yxKEwlwZjMPicDoTlDObGEMi3srYSNqKYMbT4lG4K3/PIqaV5Uvavq5cNlpXabx1GEEziFc/DgGmpQhwb4wEDAM7zCm6OcF+fd+Vi0Fpx85hj+wPn8Aa4sjp0=</latexit>

HI

M. Carena, H. Lamm,YYL, W. Liu, PRL. 129, 051601
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<latexit sha1_base64="hcacq0nfHTT5aBygjrgKKSVqCH4=">AAACEnicbVBNS8NAEN34WetX1KOXxSLopSRS1ItS9OKxgmkLTSib7aZduvlgdyKUWP+CF/+KFw+KePXkzX/jtg2orQ8GHu/NMDPPTwRXYFlfxtz8wuLScmGluLq2vrFpbm3XVZxKyhwai1g2faKY4BFzgINgzUQyEvqCNfz+5chv3DKpeBzdwCBhXki6EQ84JaCltnnoChbAneNK3u3BOT7DE+H+B7nVNktW2RoDzxI7JyWUo9Y2P91OTNOQRUAFUaplWwl4GZHAqWDDopsqlhDaJ13W0jQiIVNeNn5piPe10sFBLHVFgMfq74mMhEoNQl93hgR6atobif95rRSCUy/jUZICi+hkUZAKDDEe5YM7XDIKYqAJoZLrWzHtEUko6BSLOgR7+uVZUj8q28flynWlVL3I4yigXbSHDpCNTlAVXaEachBFD+gJvaBX49F4Nt6M90nrnJHP7KA/MD6+AQtjnwA=</latexit>

|Ui = | i

<latexit sha1_base64="Ehjyd8cVhNQV9gHjUTxPb8G0Psk=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmkqBuh6sZlBdMW+mIymbRDJ5MwcyOUUHDjr7hxoYhbf8Kdf+P0sdDWAxcO59zLvff4ieAaHOfbyi0tr6yu5dcLG5tb2zv27l5Nx6mizKOxiFXDJ5oJLpkHHARrJIqRyBes7g9uxn79gSnNY3kPw4S1I9KTPOSUgJG69oGHLzHrZBz3WlxCx+lmZIQDwFejrl10Ss4EeJG4M1JEM1S79lcriGkaMQlUEK2brpNAOyMKOBVsVGilmiWEDkiPNQ2VJGK6nU1+GOFjowQ4jJUpCXii/p7ISKT1MPJNZ0Sgr+e9sfif10whvGhnXCYpMEmni8JUYIjxOBAccMUoiKEhhCpubsW0TxShYGIrmBDc+ZcXSe205J6VynflYuV6FkceHaIjdIJcdI4q6BZVkYcoekTP6BW9WU/Wi/VufUxbc9ZsZh/9gfX5A/qXlns=</latexit>

U = eig
R 0
a dtA

block product encoding: BT, BI

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

qudit system?

[Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]
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•规范场的量⼦模拟 

 

Digital quantum computers

<latexit sha1_base64="XxrBIQPBGV4hFVDJHO8oTS/s/dg=">AAACD3icbVC7TgJBFJ31ifhCLW0mEo0NZNcQtbAg2lBi4gIJi2R2uAsTZh+ZmTUhC39g46/YWGiMra2df+MsbKHgSSY5OefczL3HjTiTyjS/jaXlldW19dxGfnNre2e3sLffkGEsKNg05KFouUQCZwHYiikOrUgA8V0OTXd4k/rNBxCShcGdGkXQ8Uk/YB6jRGmpWzgZjx2fqAElPLEnJQz3SYnhGlYTPB5fYQciyXgaLJplcwq8SKyMFFGGerfw5fRCGvsQKMqJlG3LjFQnIUIxymGSd2IJEaFD0oe2pgHxQXaS6T0TfKyVHvZCoV+g8FT9PZEQX8qR7+pkuruc91LxP68dK++yk7AgihUEdPaRF3OsQpyWg3tMAFV8pAmhguldMR0QQajSFeZ1Cdb8yYukcVa2zsuV20qxep3VkUOH6AidIgtdoCqqoTqyEUWP6Bm9ojfjyXgx3o2PWXTJyGYO0B8Ynz8U8ZwP</latexit>

||U � e�iHt|| < ✏

building blocks:
One-qubit/two-qubit gate set
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ANALOG Cold neutral atoms, Trapped ions, Cavity quantum electrodynamics
Superconducting circuits

     …

DIGITAL

[Bauer et al, arXiv:2204.03381]

superconducting qubit/trapped-ion system

optimal asymptotically?
overload of resources?
easy implementation?<latexit sha1_base64="XxrBIQPBGV4hFVDJHO8oTS/s/dg=">AAACD3icbVC7TgJBFJ31ifhCLW0mEo0NZNcQtbAg2lBi4gIJi2R2uAsTZh+ZmTUhC39g46/YWGiMra2df+MsbKHgSSY5OefczL3HjTiTyjS/jaXlldW19dxGfnNre2e3sLffkGEsKNg05KFouUQCZwHYiikOrUgA8V0OTXd4k/rNBxCShcGdGkXQ8Uk/YB6jRGmpWzgZjx2fqAElPLEnJQz3SYnhGlYTPB5fYQciyXgaLJplcwq8SKyMFFGGerfw5fRCGvsQKMqJlG3LjFQnIUIxymGSd2IJEaFD0oe2pgHxQXaS6T0TfKyVHvZCoV+g8FT9PZEQX8qR7+pkuruc91LxP68dK++yk7AgihUEdPaRF3OsQpyWg3tMAFV8pAmhguldMR0QQajSFeZ1Cdb8yYukcVa2zsuV20qxep3VkUOH6AidIgtdoCqqoTqyEUWP6Bm9ojfjyXgx3o2PWXTJyGYO0B8Ynz8U8ZwP</latexit>

||U � e�iHt|| < ✏

building blocks:
one-qubit/two-qubit gate set

Trotter-Suzuki decomposition

<latexit sha1_base64="UfClpePynZMTf+CkImrdMyoqDMg=">AAAB9HicbVBNS8NAFHypX7V+VT16WSyCp5JIUS9C0YvHCqYttKFstpt26WYTdzeFEvo7vHhQxKs/xpv/xk2ag7YOLAwz7/Fmx485U9q2v63S2vrG5lZ5u7Kzu7d/UD08aqsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ3eZ35lSqVgkHvUspl6IR4IFjGBtJK8fYj0mmKfuHN0MqjW7budAq8QpSA0KtAbVr/4wIklIhSYcK9Vz7Fh7KZaaEU7nlX6iaIzJBI9oz1CBQ6q8NA89R2dGGaIgkuYJjXL190aKQ6VmoW8ms5Bq2cvE/7xeooNrL2UiTjQVZHEoSDjSEcoaQEMmKdF8ZggmkpmsiIyxxESbniqmBGf5y6ukfVF3LuuNh0ateVvUUYYTOIVzcOAKmnAPLXCBwBM8wyu8WVPrxXq3PhajJavYOYY/sD5/AHG7keU=</latexit>

U =

Taylor series expansion (LCU) Quantum singular value transformation

Quantum signal processing, blocking encoding, off-diagonal Hamiltonian expansion, etc…

<latexit sha1_base64="gBAxLNr/50yfv38M+vcBHqZ7K2Y="></latexit>

e
�iHt = (e�iHt/r)r ⌘ V

r

V ⇡ Ṽ =
KX

k=0

1

k!
(
�iHt

r
)k

U = Ṽ
r

||Ṽ � V || < ✏/r

K values depends on the aimed errors
Ancillary qubits are needed

Complex circuits implementation

<latexit sha1_base64="NCcZeXQiMGkR1FXjU1qbdtTtVwo=">AAACC3icbZDLSgMxFIYz9VbrbdSlm9Ai1IVlRoq6EYpuuqxgL9AZSybNtKGZZEgyQhm6d+OruHGhiFtfwJ1vY9rOQlt/CHz85xxOzh/EjCrtON9WbmV1bX0jv1nY2t7Z3bP3D1pKJBKTJhZMyE6AFGGUk6ammpFOLAmKAkbawehmWm8/EKmo4Hd6HBM/QgNOQ4qRNlbPLpL79JTCOtQTeAU9LFTZ8ImxPEX5jHt2yak4M8FlcDMogUyNnv3l9QVOIsI1ZkipruvE2k+R1BQzMil4iSIxwiM0IF2DHEVE+enslgk8Nk4fhkKaxzWcub8nUhQpNY4C0xkhPVSLtan5X62b6PDSTymPE004ni8KEwa1gNNgYJ9KgjUbG0BYUvNXiIdIIqxNfAUTgrt48jK0zirueaV6Wy3VrrM48uAIFEEZuOAC1EAdNEATYPAInsEreLOerBfr3fqYt+asbOYQ/JH1+QN5O5gp</latexit>

e
�iHt = cos(Ht)� i sin(Ht)

Ancillary qubits are needed
Complex circuits implementation

Errors depends on t and r
No ancillary overhead

Simpler implementation

p-th order trotterization: 
<latexit sha1_base64="vqKq6ei9vTe8RTQHxY8VM+4x4N0=">AAACD3icbVDLSsNAFJ34rPUVdelmsCjtpiRS1GXRjTsr2Ac0sUymk3boZBJmJkIJ+QM3/oobF4q4devOv3GSZqGtBy4czrmXe+/xIkalsqxvY2l5ZXVtvbRR3tza3tk19/Y7MowFJm0cslD0PCQJo5y0FVWM9CJBUOAx0vUmV5nffSBC0pDfqWlE3ACNOPUpRkpLA/PECZAaY8SSm9Tx6GhUrTq+QDhRaSLS2n2Ui7WBWbHqVg64SOyCVECB1sD8coYhjgPCFWZIyr5tRcpNkFAUM5KWnViSCOEJGpG+phwFRLpJ/k8Kj7UyhH4odHEFc/X3RIICKaeBpzuz6+W8l4n/ef1Y+RduQnkUK8LxbJEfM6hCmIUDh1QQrNhUE4QF1bdCPEY6DqUjLOsQ7PmXF0nntG6f1Ru3jUrzsoijBA7BEagCG5yDJrgGLdAGGDyCZ/AK3own48V4Nz5mrUtGMXMA/sD4/AFOfpzV</latexit>

O

✓
(
t

r
)p
◆

Jacobi-Anger expansion for cos and sin

error: truncation order of the expansion
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<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="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>

)

Propagation with gauge redundant encodings

G�register : |gi

<latexit sha1_base64="Qu+8fkmQ7BinhXO7vXuBIHAwSYA=">AAACB3icbVBNS8NAEN3Ur1q/oh4FCRbBiyWRguJBih70WMF+QBPKZjtJl+4mYXcjlNibF/+KFw+KePUvePPfuG1z0NYHA4/3ZpiZ5yeMSmXb30ZhYXFpeaW4Wlpb39jcMrd3mjJOBYEGiVks2j6WwGgEDUUVg3YiAHOfQcsfXI391j0ISePoTg0T8DgOIxpQgpWWuub+deYKfiwg1LtAjM5dBoF6CF1Bw7666Jplu2JPYM0TJydllKPeNb/cXkxSDpEiDEvZcexEeRkWihIGo5KbSkgwGeAQOppGmIP0sskfI+tQKz0riIWuSFkT9fdEhrmUQ+7rTo5VX856Y/E/r5Oq4MzLaJSkCiIyXRSkzFKxNQ7F6lEBRLGhJpgIqm+1SB8LTHQksqRDcGZfnifNk4pTrVRvq+XaZR5HEe2hA3SEHHSKaugG1VEDEfSIntErejOejBfj3fiYthaMfGYX/YHx+QOVrZnG</latexit>
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<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>

)

Propagation with gauge redundant encodings
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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)

�

|U1Í U†
F

Uphase UF

Propagation with gauge redundant encodings

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

⇡
⇥
e�i�tKLe�i�tU⇤

⇤t/�t
|U1Í • U≠1 • U≠1

|U2Í UL
◊ • • UL

◊

|U3Í U≠1 UL
◊ • U≠1 • UR

◊

|U4Í U≠1 UL
◊ UTr UL

◊ U≠1

UVKS assuming linear register connectivity

<latexit sha1_base64="UN6LJu0IBZF+KT1LmztP3Yi8+Fs="></latexit>

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

⇡
⇥
e�i�tKLe�i�tU⇤

⇤t/�t

M. Carena, H. Lamm,YYL, W. Liu, PRL. 129, 051601
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•规范场的量⼦模拟—简化体系举例



U | 0i ! | (t)i

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

Propagation

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

|Ui = | i

<latexit sha1_base64="Ehjyd8cVhNQV9gHjUTxPb8G0Psk=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmkqBuh6sZlBdMW+mIymbRDJ5MwcyOUUHDjr7hxoYhbf8Kdf+P0sdDWAxcO59zLvff4ieAaHOfbyi0tr6yu5dcLG5tb2zv27l5Nx6mizKOxiFXDJ5oJLpkHHARrJIqRyBes7g9uxn79gSnNY3kPw4S1I9KTPOSUgJG69oGHLzHrZBz3WlxCx+lmZIQDwFejrl10Ss4EeJG4M1JEM1S79lcriGkaMQlUEK2brpNAOyMKOBVsVGilmiWEDkiPNQ2VJGK6nU1+GOFjowQ4jJUpCXii/p7ISKT1MPJNZ0Sgr+e9sfif10whvGhnXCYpMEmni8JUYIjxOBAccMUoiKEhhCpubsW0TxShYGIrmBDc+ZcXSe205J6VynflYuV6FkceHaIjdIJcdI4q6BZVkYcoekTP6BW9WU/Wi/VufUxbc9ZsZh/9gfX5A/qXlns=</latexit>

U = eig
R 0
a dtA

block product encoding: BT

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

<latexit sha1_base64="ayW0KlQLr/3IOywdX2Jkdd3rfYI=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoiRcWDFL14rGA/oAlls920SzebsDsRauwv8eJBEa/+FG/+G7dtDtr6YODx3gwz84JEcA2O820VVlbX1jeKm6Wt7Z3dsr2339Jxqihr0ljEqhMQzQSXrAkcBOskipEoEKwdjG6mfvuBKc1jeQ/jhPkRGUgeckrASD277AkWwhPxFB8M4eqyZ1ecqjMDXiZuTiooR6Nnf3n9mKYRk0AF0brrOgn4GVHAqWCTkpdqlhA6IgPWNVSSiGk/mx0+wcdG6eMwVqYk4Jn6eyIjkdbjKDCdEYGhXvSm4n9eN4Xwws+4TFJgks4XhanAEONpCrjPFaMgxoYQqri5FdMhUYSCyapkQnAXX14mrdOqe1at3dUq9es8jiI6REfoBLnoHNXRLWqgJqIoRc/oFb1Zj9aL9W59zFsLVj5zgP7A+vwBs+yTIA==</latexit>

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

U�1

U | 0i ! | (t)i

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

Propagation

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

|Ui = | i

[Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]
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<latexit sha1_base64="GpEx2nDL3MC8Xvjkyzp58NU6fP0=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4sSRS1GXRjcsKpi20IUymk3bo5MHMRCkxn+LGhSJu/RJ3/o2TNgttPTBwOOde7pnjJ5xJZVnfxsrq2vrGZmWrur2zu7dv1g46Mk4FoQ6JeSx6PpaUs4g6iilOe4mgOPQ57fqTm8LvPlAhWRzdq2lC3RCPIhYwgpWWPLM2CLEaBwJPMif3sjM798y61bBmQMvELkkdSrQ982swjEka0kgRjqXs21ai3AwLxQineXWQSppgMsEj2tc0wiGVbjaLnqMTrQxREAv9IoVm6u+NDIdSTkNfTxZB5aJXiP95/VQFV27GoiRVNCLzQ0HKkYpR0QMaMkGJ4lNNMBFMZ0VkjAUmSrdV1SXYi19eJp3zhn3RaN41663rso4KHMExnIINl9CCW2iDAwQe4Rle4c14Ml6Md+NjPrpilDuH8AfG5w9O7ZQK</latexit>

U�1

U | 0i ! | (t)i

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

Propagation

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

|Ui = | i

[Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]
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<latexit sha1_base64="GpEx2nDL3MC8Xvjkyzp58NU6fP0=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4sSRS1GXRjcsKpi20IUymk3bo5MHMRCkxn+LGhSJu/RJ3/o2TNgttPTBwOOde7pnjJ5xJZVnfxsrq2vrGZmWrur2zu7dv1g46Mk4FoQ6JeSx6PpaUs4g6iilOe4mgOPQ57fqTm8LvPlAhWRzdq2lC3RCPIhYwgpWWPLM2CLEaBwJPMif3sjM798y61bBmQMvELkkdSrQ982swjEka0kgRjqXs21ai3AwLxQineXWQSppgMsEj2tc0wiGVbjaLnqMTrQxREAv9IoVm6u+NDIdSTkNfTxZB5aJXiP95/VQFV27GoiRVNCLzQ0HKkYpR0QMaMkGJ4lNNMBFMZ0VkjAUmSrdV1SXYi19eJp3zhn3RaN41663rso4KHMExnIINl9CCW2iDAwQe4Rle4c14Ml6Md+NjPrpilDuH8AfG5w9O7ZQK</latexit>

U�1

U | 0i ! | (t)i

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

Propagation

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

|Ui = | i

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

U⇥

[Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]
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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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•规范场的量⼦模拟—简化体系

|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 • •
|U2Í • •
|U3Í • •
|U4Í • •
|U5Í • •

|U6Í Rz(◊)

Z2

<latexit sha1_base64="Tox/FbmTNXhzUpVJkSJGlJnDqQE=">AAACCnicbVDLSsNAFJ3UV62vqks3wSK4Kkkp6LLoxmUF+8AmlMl00g6dzISZG6GE/IFrt/oN7sStP+En+BdO2ixs64GBwzn3zj2cIOZMg+N8W6WNza3tnfJuZW//4PCoenzS1TJRhHaI5FL1A6wpZ4J2gAGn/VhRHAWc9oLpbe73nqjSTIoHmMXUj/BYsJARDEbyvAjDJAjSx2zYGFZrTt2Zw14nbkFqqEB7WP3xRpIkERVAONZ64Dox+ClWwAinWcVLNI0xmeIxHRgqcES1n84zZ/aFUUZ2KJV5Auy5+ncjxZHWsygwk3lGverl4n/eIIHw2k+ZiBOggiwOhQm3Qdp5AfaIKUqAzwzBRDGT1SYTrDABU9PSlfxvkJLrrGK6cVebWCfdRt1t1pv3zVrrpmipjM7QObpELrpCLXSH2qiDCIrRC3pFb9az9W59WJ+L0ZJV7JyiJVhfv7d5m4I=</latexit>

1 ! |0i
�1 ! |1i

<latexit sha1_base64="1vue2sm4d05yfktKdbv7szNNLyc=">AAACP3icbVDLSsNAFJ3UV62vqks3g0UQxJJIQZdFNy4r2Ac0oUymk3boJBNmbpQS8hF+jVv7GX6BO3HrQnDSdmFbDwwczrmPucePBddg2+9WYW19Y3OruF3a2d3bPygfHrW0TBRlTSqFVB2faCZ4xJrAQbBOrBgJfcHa/ugu99tPTGkuo0cYx8wLySDiAacEjNQrXziu4oMhEKXksztikNqZ65YuV2Qnw71yxa7aU+BV4sxJBc3R6JV/3L6kScgioIJo3XXsGLyUKOBUsKzkJprFhI7IgHUNjUjItJdOj8rwmVH6OJDKvAjwVP3bkZJQ63Hom8qQwFAve7n4n9dNILjxUh7FCbCIzhYFicAgcZ4Q7nPFKIixIYQqbv6K6ZAoQsHkuLAlnw1SCr1wSuorYhLLSiYvZzmdVdK6qjq1au2hVqnfzpMrohN0is6Rg65RHd2jBmoiil7QK3pDE2tifVif1testGDNe47RAqzvX7UFsPA=</latexit>

M. Carena, H. Lamm,YYL, W. Liu, PRL. 129, 051601
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•规范场的量⼦模拟

|U4Í

|U2Í|U1Í |U3Í

|U5Í|qsÍ |U6Í

ibm_perth device

|0Í

�̂n UVrec U†
Vrec �̂†

n

|0Í
|0Í
|0Í
|0Í
|0Í

:number of states measured in the 1 state

•规范场的量⼦模拟—简化体系

M. Carena, H. Lamm,YYL, W. Liu, PRL. 129, 051601
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•规范场的量⼦模拟

0.1

0.2

0.3

0.4

0 1 2 3 4 5 6

P
(w

H
)

wH

| 0i
| 2i
| 4i
| 6i

| 6inoPT
Noise

F� ⇡ 0.25

<latexit sha1_base64="1ggJ6kD1efd1S5IGN/fydGBuMXs=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwFZJS0WVREJcV7AOaEG4mk3bo5MHMRCyhWzf+ihsXirj1D9z5N04fC209cOFwzr3ce0+QcSaVbX8bpZXVtfWN8mZla3tnd8/cP2jLNBeEtkjKU9ENQFLOEtpSTHHazQSFOOC0EwyvJn7nngrJ0uROjTLqxdBPWMQIKC35JnZjUAMCvLge+4UbUq5g7EKWifQB21btzDertmVPgZeJMydVNEfTN7/cMCV5TBNFOEjZc+xMeQUIxQin44qbS5oBGUKf9jRNIKbSK6afjPGJVkIcpUJXovBU/T1RQCzlKA505+RuuehNxP+8Xq6iC69gSZYrmpDZoijnWKV4EgsOmaBE8ZEmQATTt2IyAAFE6fAqOgRn8eVl0q5ZTt2q39arjct5HGV0hI7RKXLQOWqgG9RELUTQI3pGr+jNeDJejHfjY9ZaMuYzh+gPjM8fMwuZ/g==</latexit>

demonstration of improved Hamiltonian is allowed in the near future

•规范场的量⼦模拟—简化体系

M. Carena, H. Lamm,YYL, W. Liu, PRL. 129, 051601
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•费⽶⼦场的量⼦模拟 
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•费⽶⼦场的量⼦模拟

<latexit sha1_base64="VOqBMs9WbrkxqXI1leidN1l9DWM="></latexit>

i�0@t (x, t) + i�1@x (x, t)�m (x, t) = 0

<latexit sha1_base64="W677hVien3tglE7q3gGzpycrCI0="></latexit>

i�0@t (x, t) + i�1
 (x+ a, t)�  (x� a, t)

2a
�m (x, t) = 0

e.g. spin -1/2 fermion in a single spatial dimension

<latexit sha1_base64="SYxJPeWZ4pkkmRqgm/j4tjDLizI=">AAACC3icbVDLSgMxFM34rPU16tJNaBEEocxIUXFVdOOygn1AW0omTdvQvEgyShnatRt/xY0LRdz6A+78G9N2Ftp64MLhnHuTe0+kGDU2CL69peWV1bX1zEZ2c2t7Z9ff268aGWtMKlgyqesRMoRRQSqWWkbqShPEI0Zq0eB64tfuiTZUijs7VKTFUU/QLsXIOqnt55rK0EuYNDWH9kGOseRKCiKsGVMxDk/Czqjt54NCMAVcJGFK8iBFue1/NTsSx9y9ghkyphEGyrYSpC3FjIyyzdgQhfAA9UjDUYE4Ma1kessIHjmlA7tSuxIWTtXfEwnixgx55Do5sn0z703E/7xGbLsXrYQKFVsi8OyjbsyglXASDOxQTbBlQ0cQ1tTtCnEfaYStiy/rQgjnT14k1dNCeFYo3hbzpas0jgw4BDlwDEJwDkrgBpRBBWDwCJ7BK3jznrwX7937mLUueenMAfgD7/MHVW6bPw==</latexit>

 : two components in 1 + 1d

With locality, hermiticity, and translational symmetry, 
fermions have doublers (Nielsen-Ninomiya Theorem)
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•费⽶⼦场的量⼦模拟

e.g. spin -1/2 fermion in a single spatial dimension

<latexit sha1_base64="VXhR2uHInwYVJEVOzBAvp26O8jk="></latexit>

plane wave ansatz :  (x, t) = ei(Et�px)u(p,E)

Continuum :�1 < p < +1
(��0E + �1p�m)u(p,E) = 0

Lattice :� ⇡/a < p < +⇡/a

(��0E + i�1
e�ipa � e+ipa

2a
�m)u(p,E) = 0

i.e.

(��0E + �1
sin(pa)

a
�m)u(p,E) = 0

With locality, hermiticity, and translational symmetry, 
fermions have doublers (Nielsen-Ninomiya Theorem)
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•费⽶⼦场的量⼦模拟

e.g. spin -1/2 fermion in a single spatial dimension

<latexit sha1_base64="tPAxycgCiBukZi6OKPle7rUl6Hs="></latexit>

plane wave ansatz :  (x, t) = ei(Et�px)u(p,E)

Continuum :u = (��0E + �1p+m)v

(E2 � p2 �m2)v = 0

Lattice :u = (��0E + �1 sin(pa)/a+m)v

(E2 � (
sin pa

a
)2 �m2)v = 0

With locality, hermiticity, and translational symmetry, 
fermions have doublers (Nielsen-Ninomiya Theorem)
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•费⽶⼦场的量⼦模拟

With locality, hermiticity, and translational symmetry, 
fermions have doublers (Nielsen-Ninomiya Theorem)

e.g. spin -1/2 fermion in a single spatial dimension

<latexit sha1_base64="tPAxycgCiBukZi6OKPle7rUl6Hs="></latexit>

plane wave ansatz :  (x, t) = ei(Et�px)u(p,E)

Continuum :u = (��0E + �1p+m)v

(E2 � p2 �m2)v = 0

Lattice :u = (��0E + �1 sin(pa)/a+m)v

(E2 � (
sin pa

a
)2 �m2)v = 0

For every discretized spacetime dimension, states are “duplicated” 
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•费⽶⼦场的量⼦模拟

Ways to discretize fermions without unphysical states:

— Staggered (KS) fermions: chirality components on different lattice sites

— Wilson Fermions: add new terms to give doublers heavy masses

— Domain wall Fermions: increase dimensionality

— Overlap Fermions: remove doubles with non-local operators

…

Further improvements to remove lattice artifacts
Not all are formulated in Hamiltonian?
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•费⽶⼦场的量⼦模拟

— Staggered fermions: chirality components on different lattice sites

<latexit sha1_base64="IDd3iinjJ7RmcZU5U0t5XK7CULg=">AAACEnicbZDLSsNAFIYn9VbrLerSzWARWpSSlKJuhKIblxXsBdoQJtNJO3QyCTMToYQ+gxtfxY0LRdy6cufbOEmzqNUfBn6+cw5nzu9FjEplWd9GYWV1bX2juFna2t7Z3TP3DzoyjAUmbRyyUPQ8JAmjnLQVVYz0IkFQ4DHS9SY3ab37QISkIb9X04g4ARpx6lOMlEauWR1Ekrp2hVfhFcRuUuezM5ix+gI7tWcl1yxbNSsT/Gvs3JRBrpZrfg2GIY4DwhVmSMq+bUXKSZBQFDMyKw1iSSKEJ2hE+tpyFBDpJNlJM3iiyRD6odCPK5jRxYkEBVJOA093BkiN5XIthf/V+rHyL52E8ihWhOP5Ij9mUIUwzQcOqSBYsak2CAuq/wrxGAmElU4xDcFePvmv6dRr9nmtcdcoN6/zOIrgCByDCrDBBWiCW9ACbYDBI3gGr+DNeDJejHfjY95aMPKZQ/BLxucPIPCanQ==</latexit>

 1(n) = c2n, 2(n) = c2n+1

Create/annihilation operator from Pauli matrices satisfy commutation relation 
on different site 

<latexit sha1_base64="6Y/7fcIK6pHpCpGUfzDWEx0JnZY=">AAACFHicbVDLSsNAFJ34rPUVdelmsAhCS0mkqBuh6EZ3FewDmhgm00k7diYJMxOhhHyEG3/FjQtF3Lpw5984bbPQ1gMXDufcy733+DGjUlnWt7GwuLS8slpYK65vbG5tmzu7LRklApMmjlgkOj6ShNGQNBVVjHRiQRD3GWn7w8ux334gQtIovFWjmLgc9UMaUIyUljyz7KTOAKnUkbTPUXZX9u4rcFZxMngOryueWbKq1gRwntg5KYEcDc/8cnoRTjgJFWZIyq5txcpNkVAUM5IVnUSSGOEh6pOupiHiRLrp5KkMHmqlB4NI6AoVnKi/J1LEpRxxX3dypAZy1huL/3ndRAVnbkrDOFEkxNNFQcKgiuA4IdijgmDFRpogLKi+FeIBEggrnWNRh2DPvjxPWsdV+6Rau6mV6hd5HAWwDw7AEbDBKaiDK9AATYDBI3gGr+DNeDJejHfjY9q6YOQze+APjM8fswed8A==</latexit>

{�̂+
j , �̂

+
j } = I,

sacrifice translational symmetry

Fermion anti-commutation relation, nontrivial maps to qubits
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•费⽶⼦场的量⼦模拟

Jordan-Wigner transformation to preserve the anti commutation relations

[Everett You, UCSD]

leading to non-local interactions

Good in 1+1d, but expensive in higher dimension, non-local terms
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•费⽶⼦场的量⼦模拟—举例
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•费⽶⼦场的量⼦模拟

[arXiv:1612.08653]

—1+1 D Schwinger Model

Two-component spinor fields

Canonical momentum
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•费⽶⼦场的量⼦模拟

[arXiv:1612.08653]

— on Lattice

Gauge invariance!



63

•费⽶⼦场的量⼦模拟

[arXiv:1612.08653]

— on Lattice

Gauge transformation to remove the \theta operator

Jordan-Wigner transformation
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•费⽶⼦场的量⼦模拟

[arXiv:1612.08653]

— on Lattice

Gauss’s Law
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•费⽶⼦场的量⼦模拟

[arXiv:1612.08653]

— on Lattice
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•费⽶⼦场的量⼦模拟

[arXiv:1612.08653]

— on Lattice
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•费⽶⼦场的量⼦模拟

[arXiv:1612.08653]

Quantum circuits

[M. Nielsen, I. Chuang, Quantum computation and quantum information]



68

•费⽶⼦场的量⼦模拟

[B. Chakraborty et al., arXiv:2001. 00485]
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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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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]
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Could we further reduce the resources needed?
—— improved Hamiltonian
—— gauge invariant subspace encoding?
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<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

|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†
F

Uphase UF U≠1 • U≠1

|U2Í UL
◊ UL

◊

Demonstration of improved Hamiltonian is allowed in the near future

Improved Hamiltonian

<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

M. Carena, H. Lamm,YYL, W. Liu, PRL. 129, 051601
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• # of Gates here for a single 
trotter is increasing only 
multiplicatively, could be

compensated by the 
decreasing of links.

•Larger trotter steps, instead 
could be used 

for improved Hamiltonian. 

|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

◊

•规范场的量⼦模拟-Trotterization

M. Carena, H. Lamm,YYL, W. Liu, PRL. 129, 051601
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So far, circuits for 
improved Hamiltonian 

are designed, 
reducing the number of 

qubits required, with 
comparable or less 

quantum gates. 

Demonstration

|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

◊

•规范场的量⼦模拟-Trotterization

M. Carena, H. Lamm,YYL, W. Liu, PRL. 129, 051601
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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

Keeping Gauge Redundancy or Not?



76

|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 invariant states
<latexit sha1_base64="nPu5/CwtAaiOBVDBBS8JuW8N6NI="></latexit>

Ĝa(x) | physi = 0

⇥̂⌦(x) | physi = | physi

<latexit sha1_base64="gWFautjf7uJ1kcc795bFtp1nUbI="></latexit>

Ĝa(x) =
dX

i=1

h
Êa

R(x� ei, ei)� Êa
L(x, ei)

i

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

Ĝa(x) | physi = 0

⇥̂⌦(x) | physi = | physi

<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))

neutral charge
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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

[M. Carena, H. Lamm,YYL, W. Liu, arXiv:2402.16780]

Gauss’s Law
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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

[M. Carena, H. Lamm,YYL, W. Liu, arXiv:2402.16780]

gauge redundant

<latexit sha1_base64="bV6k1rYOeFAOPzZTNUDDazj0+ig="></latexit>

⇥̂⌦(x) | i = | 0i
<latexit sha1_base64="nPu5/CwtAaiOBVDBBS8JuW8N6NI="></latexit>

Ĝa(x) | physi = 0

⇥̂⌦(x) | physi = | physi
<latexit sha1_base64="yXMw08zfyszhUrVzWPpqHHSmLsI=">AAACDnicbVC7SgNBFJ31GeMramkzGCKxCbsS1EYJWmgZwTwgG8PsZDY7ZPbBzF0xrPkCG3/FxkIRW2s7/8ZJsoUmHrhwOOde7r3HiQRXYJrfxtz8wuLScmYlu7q2vrGZ29quqzCWlNVoKELZdIhiggesBhwEa0aSEd8RrOH0L0Z+445JxcPgBgYRa/ukF3CXUwJa6uQKtkcguRzekuL9AbYFc+HBjhS3Je95cIb3T7Fp251c3iyZY+BZYqUkj1JUO7kvuxvS2GcBUEGUallmBO2ESOBUsGHWjhWLCO2THmtpGhCfqXYyfmeIC1rpYjeUugLAY/X3REJ8pQa+ozt9Ap6a9kbif14rBveknfAgioEFdLLIjQWGEI+ywV0uGQUx0IRQyfWtmHpEEgo6wawOwZp+eZbUD0vWUal8Xc5XztM4MmgX7aEistAxqqArVEU1RNEjekav6M14Ml6Md+Nj0jpnpDM76A+Mzx9y9ZsU</latexit>

Ĝa(x) | i = 0

<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

78
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|qiN ! |Gi

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

Digitization

79

state preparation:
encoding Gauss’s law

charge
computation

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

Hinv = span({|Ui , U 2 G})⌦NL�NV +1

<latexit sha1_base64="CMLNcb5TDy7OEzd2ASJshCij688=">AAACAnicbZDNSsNAFIUn9a/Gv6gbwc1gEVyVRIq6LLrpsoKthTaEyWTSDp1JwsxEKCGufBRXgoK49S1c+TZO0iy09cDAx7n3MvceP2FUKtv+Nmorq2vrG/VNc2t7Z3fP2j/oyzgVmPRwzGIx8JEkjEakp6hiZJAIgrjPyL0/vSnq9w9ESBpHd2qWEJejcURDipHSlmcdjThSE4xY1sm9kgXPBAlyz2rYTbsUXAanggao1PWsr1EQ45STSGGGpBw6dqLcDAlFMSO5OUolSRCeojEZaowQJ9LNygtyeKqdAIax0C9SsHR/T2SISznjvu4sdpSLtcL8rzZMVXjlZjRKUkUiPP8oTBlUMSzigAEVBCs204CwoHpXiCdIIKx0aKapU3AWb16G/nnTuWi2bluN9nWVRx0cgxNwBhxwCdqgA7qgBzB4BM/gFbwZT8aL8W58zFtrRjVzCP7I+PwBB0KXoQ==</latexit>

Hred

Gauge redundancy utilized for error corrections
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|qiN ! |Gi

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

Digitization

[M. Carena, H. Lamm,YYL, W. Liu, arXiv:2402.16780]

gauge redundant

<latexit sha1_base64="bV6k1rYOeFAOPzZTNUDDazj0+ig="></latexit>

⇥̂⌦(x) | i = | 0i
<latexit sha1_base64="nPu5/CwtAaiOBVDBBS8JuW8N6NI="></latexit>

Ĝa(x) | physi = 0

⇥̂⌦(x) | physi = | physi
<latexit sha1_base64="yXMw08zfyszhUrVzWPpqHHSmLsI=">AAACDnicbVC7SgNBFJ31GeMramkzGCKxCbsS1EYJWmgZwTwgG8PsZDY7ZPbBzF0xrPkCG3/FxkIRW2s7/8ZJsoUmHrhwOOde7r3HiQRXYJrfxtz8wuLScmYlu7q2vrGZ29quqzCWlNVoKELZdIhiggesBhwEa0aSEd8RrOH0L0Z+445JxcPgBgYRa/ukF3CXUwJa6uQKtkcguRzekuL9AbYFc+HBjhS3Je95cIb3T7Fp251c3iyZY+BZYqUkj1JUO7kvuxvS2GcBUEGUallmBO2ESOBUsGHWjhWLCO2THmtpGhCfqXYyfmeIC1rpYjeUugLAY/X3REJ8pQa+ozt9Ap6a9kbif14rBveknfAgioEFdLLIjQWGEI+ywV0uGQUx0IRQyfWtmHpEEgo6wawOwZp+eZbUD0vWUal8Xc5XztM4MmgX7aEistAxqqArVEU1RNEjekav6M14Ml6Md+Nj0jpnpDM76A+Mzx9y9ZsU</latexit>

Ĝa(x) | i = 0

<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

80

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

Frestored > Ffixed
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Physics Benchmarks

Now - Noisy Intermediate Scale Quantum (NISQ) era 

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



Physics Benchmarks for Quantum Computing

proton state preparation

Atas et al, Nat Commun 12, 6499 (2021) Lamm, et al., T. Li, et al, 

PDF

82

topological objects preparation

Huang,YYL, Liu, Wang, Zhang,
in preparation

[YYL, Sajid, Unmuth-Yockey, arXiv:2312.10544]

Holography

entanglement 
entropy?
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Quantum Machine Learning

Quantum variational circuits, quantum annealing, QSVM, etc.

Variational Quantum Approach Quantum Support Vector Machine

[K. Terashi et al., arXiv:2002.09935]
[A. Fadol, arXiv:2209.12788]

computational complexity improvements, computational speed-ups

Supervised Learning—better separation power?

Quantum Annealing

[S. Wu, arXiv:2104.05059]

larger sample size?
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Quantum Machine Learning - Anomaly detection

[J. Hajer, YYL, T. Liu, H. Wang, PRD 101 7, 076015]
[X.-H. Jiang, YYL, A. Juste, T. Liu, JHEP 10 (2022) 085]

ANOMALY DETECTION QUANTUM ANOMALY DETECTION

[Ngairangbam, Spannowsky, 
Takeuchi, PRD. 105, 095004]

Quantum weakly-supervised 
learning (bg VS bg +     signal)

Quantum auto encoder

[Alvi, Bauer, Nachman, arXiv:2206.08391][Terashi et al, arXiv:2002.09935]

<latexit sha1_base64="pxCsljL5+1ZnkmpQIdJjuiELoIU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6WGiuYhlv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7vlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jwZcIXMiIkllClubyVsRBVlxkZUsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQwEPMMrvDmPzovz7nwsWgtOPnMMf+B8/gBPv5Ap</latexit>✏

<latexit sha1_base64="ZYEDh+cYgHZiS1s8iKIcjE8Tzrw=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVRIp6rLopssK9gFNKJPptB06mQwzN0II9VfcuFDErR/izr9x0mahrQdmOJxzL/feE0rONLjut1Xa2Nza3invVvb2Dw6P7OOTro4TRWiHxDxW/RBrypmgHWDAaV8qiqOQ0144u8v93iNVmsXiAVJJgwhPBBszgsFIQ7sqpQ+x08o/P8QqgzkM7Zpbdxdw1olXkBoq0B7aX/4oJklEBRCOtR54roQgwwoY4XRe8RNNJSYzPKEDQwWOqA6yxfJz59woI2ccK/MEOAv1d0eGI63TKDSVEYapXvVy8T9vkMD4JsiYkAlQQZaDxgl3zKV5Es6IKUqAp4ZgopjZ1SFTrDABk1fFhOCtnrxOupd176reuG/UmrdFHGV0is7QBfLQNWqiFmqjDiIoRc/oFb1ZT9aL9W59LEtLVtFTRX9gff4ApQSUyQ==</latexit>

pp ! H ! t̄t
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“Quantum potential for first-principle calculations!” 

85

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
• improving algorithms                        —— efficient Fourier transformations
• theoretical studies of uncertainties  —— phase diagrams for improved H
• hardware co-design                            —— qudits for blocking encodings
• benchmark studies 
• …
                  HEP case calculations for experiments

2011- 85

⇠ ⇠ 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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infinities in QFTDiscretization

<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))

<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

gauge transformation

<latexit sha1_base64="gWFautjf7uJ1kcc795bFtp1nUbI="></latexit>

Ĝa(x) =
dX

i=1

h
Êa

R(x� ei, ei)� Êa
L(x, ei)

i

lattice analog of covariant 
divergence of chromo-electric field

<latexit sha1_base64="YkKU9cEHkPBe6K/cEr9mctEB5G8="></latexit>

quadratic Casmir : Ê2 |jmLmRi = j(j + 1) |jmLmRi
<latexit sha1_base64="XgRbxg5AAKq9c4iu+mju6Aav12A=">AAACMnicbVC9TsMwGHT4p/wVGFksKiSmKkEImBCChYGhIFKQ2ihyXKc12HFkfwFVpe/BgzCzwivAhpiQeAjcNAO0nGTpdHefP/uiVHADrvvmTExOTc/Mzs2XFhaXllfKq2t1ozJNmU+VUPo6IoYJnjAfOAh2nWpGZCTYVXR7MvCv7pg2XCWX0E1ZIEk74TGnBKwUlneagsXwcCPDMxleNDVvd+AQ52LOidbqfpjxCzcsV9yqmwOPE68gFVSgFpa/mi1FM8kSoIIY0/DcFIIe0cCpYP1SMzMsJfSWtFnD0oRIZoJe/rc+3rJKC8dK25MAztXfEz0ijenKyCYlgY4Z9Qbif14jg/gg6PEkzYAldLgozgQGhQdF4RbXjILoWkKo5vatmHaIJhRsnX+2DO4GpYTpl2w33mgT46S+U/X2qrvnu5Wj46KlObSBNtE28tA+OkKnqIZ8RNEjekYv6NV5ct6dD+dzGJ1wipl19AfO9w/myaxf</latexit>

|jmLmRi $ |Ui
FT
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<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

gauge invariant 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="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>

)

quadratic Casimir 


