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

n ⇠ 103

GeV

TeV

PDF~~

簇射和强⼦化

质⼦-质⼦对撞机上的物质演化
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⾮微扰区域
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Relativistic Quantum Mechanics           Quantum Field Theory (QFT)

A

B

对量⼦涨落的所有可能路径进⾏积分

⾮微扰量⼦场论 —格点QCD
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蓝⾊球和红⾊球的权重：
<latexit sha1_base64="ESzrnheBfByEMD/OmLUqsyPjevQ=">AAACEXicjVDLSsNAFJ34rPUVdelmsAhxYUmlqMtiNy4r2gc0IUymk3bozCTMTMQS+gtu/BU3LhRx686df+Ok7aKKggcuHM65l3vvCRNGlXbdT2thcWl5ZbWwVlzf2Nzatnd2WypOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw3rut2+JVDQWN3qUEJ+jvqARxUgbKbCdtuNxpAcYsaw+PoKeohx65C5xjq+DeSewS5WyOwH8m5TADI3A/vB6MU45ERozpFS34ibaz5DUFDMyLnqpIgnCQ9QnXUMF4kT52eSjMTw0Sg9GsTQlNJyo8xMZ4kqNeGg68xvVTy8Xf/O6qY7O/YyKJNVE4OmiKGVQxzCPB/aoJFizkSEIS2puhXiAJMLahFj8Xwitk3LltFy9qpZqF7M4CmAfHAAHVMAZqIFL0ABNgME9eATP4MV6sJ6sV+tt2rpgzWb2wDdY718SZZyP</latexit>

W (C) ⇠ exp(�SC)蓝⾊球和红⾊球的权重：
<latexit sha1_base64="ESzrnheBfByEMD/OmLUqsyPjevQ=">AAACEXicjVDLSsNAFJ34rPUVdelmsAhxYUmlqMtiNy4r2gc0IUymk3bozCTMTMQS+gtu/BU3LhRx686df+Ok7aKKggcuHM65l3vvCRNGlXbdT2thcWl5ZbWwVlzf2Nzatnd2WypOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw3rut2+JVDQWN3qUEJ+jvqARxUgbKbCdtuNxpAcYsaw+PoKeohx65C5xjq+DeSewS5WyOwH8m5TADI3A/vB6MU45ERozpFS34ibaz5DUFDMyLnqpIgnCQ9QnXUMF4kT52eSjMTw0Sg9GsTQlNJyo8xMZ4kqNeGg68xvVTy8Xf/O6qY7O/YyKJNVE4OmiKGVQxzCPB/aoJFizkSEIS2puhXiAJMLahFj8Xwitk3LltFy9qpZqF7M4CmAfHAAHVMAZqIFL0ABNgME9eATP4MV6sJ6sV+tt2rpgzWb2wDdY718SZZyP</latexit>

W (C) ⇠ exp(�SC)
蓝⾊球和红⾊球的权重：

<latexit sha1_base64="ESzrnheBfByEMD/OmLUqsyPjevQ=">AAACEXicjVDLSsNAFJ34rPUVdelmsAhxYUmlqMtiNy4r2gc0IUymk3bozCTMTMQS+gtu/BU3LhRx686df+Ok7aKKggcuHM65l3vvCRNGlXbdT2thcWl5ZbWwVlzf2Nzatnd2WypOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw3rut2+JVDQWN3qUEJ+jvqARxUgbKbCdtuNxpAcYsaw+PoKeohx65C5xjq+DeSewS5WyOwH8m5TADI3A/vB6MU45ERozpFS34ibaz5DUFDMyLnqpIgnCQ9QnXUMF4kT52eSjMTw0Sg9GsTQlNJyo8xMZ4kqNeGg68xvVTy8Xf/O6qY7O/YyKJNVE4OmiKGVQxzCPB/aoJFizkSEIS2puhXiAJMLahFj8Xwitk3LltFy9qpZqF7M4CmAfHAAHVMAZqIFL0ABNgME9eATP4MV6sJ6sV+tt2rpgzWb2wDdY718SZZyP</latexit>

W (C) ⇠ exp(�SC)

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

1708

5979
!

P
exp(�Sblue)P

exp(�Sblue) +
P

exp(�Sred)

蓝球和红球的权重：
<latexit sha1_base64="PnNMIdfkm/rfnb7odN3Yzwg/9Zs=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WIC0siRV0Wu3FZ0T6gCWEynbZDJ5MwMxFL6C+48VfcuFDErTt3/o2TNovaeuDC4Zx7ufeeIGZUKtv+MQorq2vrG8XN0tb2zu6euX/QklEiMGniiEWiEyBJGOWkqahipBMLgsKAkXYwqmd++4EISSN+r8Yx8UI04LRPMVJa8k2rbbkhUkOMWFqfnEJX0hC65DG2zu78ecc3y3bFngIuEycnZZCj4Zvfbi/CSUi4wgxJ2XXsWHkpEopiRiYlN5EkRniEBqSrKUchkV46/WgCT7TSg/1I6OIKTtX5iRSFUo7DQHdmN8pFLxP/87qJ6l95KeVxogjHs0X9hEEVwSwe2KOCYMXGmiAsqL4V4iESCCsdYkmH4Cy+vExa5xXnolK9rZZr13kcRXAEjoEFHHAJauAGNEATYPAEXsAbeDeejVfjw/ictRaMfOYQ/IHx9QsOAJyM</latexit>

W (C) ⇠ exp(�SC)

欧⽒时空⾮微扰格点计算
(蒙特卡罗⽅法)

格点QCD - 经典⽅法
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蓝⾊球和红⾊球的权重：
<latexit sha1_base64="ESzrnheBfByEMD/OmLUqsyPjevQ=">AAACEXicjVDLSsNAFJ34rPUVdelmsAhxYUmlqMtiNy4r2gc0IUymk3bozCTMTMQS+gtu/BU3LhRx686df+Ok7aKKggcuHM65l3vvCRNGlXbdT2thcWl5ZbWwVlzf2Nzatnd2WypOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw3rut2+JVDQWN3qUEJ+jvqARxUgbKbCdtuNxpAcYsaw+PoKeohx65C5xjq+DeSewS5WyOwH8m5TADI3A/vB6MU45ERozpFS34ibaz5DUFDMyLnqpIgnCQ9QnXUMF4kT52eSjMTw0Sg9GsTQlNJyo8xMZ4kqNeGg68xvVTy8Xf/O6qY7O/YyKJNVE4OmiKGVQxzCPB/aoJFizkSEIS2puhXiAJMLahFj8Xwitk3LltFy9qpZqF7M4CmAfHAAHVMAZqIFL0ABNgME9eATP4MV6sJ6sV+tt2rpgzWb2wDdY718SZZyP</latexit>

W (C) ⇠ exp(�SC)蓝⾊球和红⾊球的权重：
<latexit sha1_base64="ESzrnheBfByEMD/OmLUqsyPjevQ=">AAACEXicjVDLSsNAFJ34rPUVdelmsAhxYUmlqMtiNy4r2gc0IUymk3bozCTMTMQS+gtu/BU3LhRx686df+Ok7aKKggcuHM65l3vvCRNGlXbdT2thcWl5ZbWwVlzf2Nzatnd2WypOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw3rut2+JVDQWN3qUEJ+jvqARxUgbKbCdtuNxpAcYsaw+PoKeohx65C5xjq+DeSewS5WyOwH8m5TADI3A/vB6MU45ERozpFS34ibaz5DUFDMyLnqpIgnCQ9QnXUMF4kT52eSjMTw0Sg9GsTQlNJyo8xMZ4kqNeGg68xvVTy8Xf/O6qY7O/YyKJNVE4OmiKGVQxzCPB/aoJFizkSEIS2puhXiAJMLahFj8Xwitk3LltFy9qpZqF7M4CmAfHAAHVMAZqIFL0ABNgME9eATP4MV6sJ6sV+tt2rpgzWb2wDdY718SZZyP</latexit>

W (C) ⇠ exp(�SC)
蓝⾊球和红⾊球的权重：

<latexit sha1_base64="ESzrnheBfByEMD/OmLUqsyPjevQ=">AAACEXicjVDLSsNAFJ34rPUVdelmsAhxYUmlqMtiNy4r2gc0IUymk3bozCTMTMQS+gtu/BU3LhRx686df+Ok7aKKggcuHM65l3vvCRNGlXbdT2thcWl5ZbWwVlzf2Nzatnd2WypOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw3rut2+JVDQWN3qUEJ+jvqARxUgbKbCdtuNxpAcYsaw+PoKeohx65C5xjq+DeSewS5WyOwH8m5TADI3A/vB6MU45ERozpFS34ibaz5DUFDMyLnqpIgnCQ9QnXUMF4kT52eSjMTw0Sg9GsTQlNJyo8xMZ4kqNeGg68xvVTy8Xf/O6qY7O/YyKJNVE4OmiKGVQxzCPB/aoJFizkSEIS2puhXiAJMLahFj8Xwitk3LltFy9qpZqF7M4CmAfHAAHVMAZqIFL0ABNgME9eATP4MV6sJ6sV+tt2rpgzWb2wDdY718SZZyP</latexit>

W (C) ⇠ exp(�SC)

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

1708

5979
!

P
exp(�Sblue)P

exp(�Sblue) +
P

exp(�Sred)

蓝球和红球的权重：
<latexit sha1_base64="PnNMIdfkm/rfnb7odN3Yzwg/9Zs=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WIC0siRV0Wu3FZ0T6gCWEynbZDJ5MwMxFL6C+48VfcuFDErTt3/o2TNovaeuDC4Zx7ufeeIGZUKtv+MQorq2vrG8XN0tb2zu6euX/QklEiMGniiEWiEyBJGOWkqahipBMLgsKAkXYwqmd++4EISSN+r8Yx8UI04LRPMVJa8k2rbbkhUkOMWFqfnEJX0hC65DG2zu78ecc3y3bFngIuEycnZZCj4Zvfbi/CSUi4wgxJ2XXsWHkpEopiRiYlN5EkRniEBqSrKUchkV46/WgCT7TSg/1I6OIKTtX5iRSFUo7DQHdmN8pFLxP/87qJ6l95KeVxogjHs0X9hEEVwSwe2KOCYMXGmiAsqL4V4iESCCsdYkmH4Cy+vExa5xXnolK9rZZr13kcRXAEjoEFHHAJauAGNEATYPAEXsAbeDeejVfjw/ictRaMfOYQ/IHx9QsOAJyM</latexit>

W (C) ⇠ exp(�SC)

欧⽒时空⾮微扰格点计算
(蒙特卡罗⽅法)

格点QCD - 经典⽅法
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PDF:光锥上的关联函数 — 闵⽒时空问题

格点QCD - 经典⽅法
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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>

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

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

蒙特卡罗采样
``符号问题” 

格点QCD - 经典⽅法

PDF:光锥上的关联函数 — 闵⽒时空问题
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<latexit sha1_base64="yPcWqvZoa1/7F25VqMGAZ12HBWQ="></latexit>Z
D�eiS = hx| e�iHt |yi

格点⾮微扰计算 — 闵⽒时空

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

dimH / |G|NV

 (CLASSICAL HARD)

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

Nb / |G|NV所需经典⽐特数：

量⼦场论


实时空⾮微扰计算—量⼦模拟

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

 (QUANTUM EASY)

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

Nq / NV log |G|所需量⼦⽐特数：

1982

格点QCD - 量⼦计算⽅法
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1996 - Seth LIoyd: efficient simulation of LOCAL Hamiltonians 

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

N( ) / Nm
q

Polynomial Time Complexity

格点QCD - 量⼦计算⽅法



11

1996 - Seth LIoyd: efficient simulation of LOCAL Hamiltonians 

格点QCD - 量⼦计算⽅法

[Jordan, Lee, Preskill, 2011] 

时间复杂度为多项式形式的标量场量⼦模拟⽅法
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1996 - Seth LIoyd: efficient simulation of LOCAL Hamiltonians 

格点QCD - 量⼦计算⽅法

[Jordan, Lee, Preskill, 2011] 

时间复杂度为多项式形式的标量场量⼦模拟⽅法

Q: ⾮阿贝尔规范场和费⽶⼦场量⼦模拟⽅法是什么？
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infinities in QFTDiscretization

Gauge invariant Hamiltonian 

in terms of gluon field operators

(second quantization) 

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

H =

Z
dx(E2 +B

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

HKS

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

a ! 0

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

|Ui
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
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<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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Digitization

数字化-⾮阿贝尔规范场：对称性
infinities in field variables

U1
U2

Pxy

Ryz

Rzx Cxyz

xy

z

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

U⇤

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

Rtu ⇡ I� g2a4
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�

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

R ⇡ I� g2a4
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2F 2

ij +
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6
Fij(4D

2
i +D2

j )Fij +O(a4)

�

gluon

Formulations & bases: examples

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

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

Casimir variables: Klco, Savage, Stryker, Ciavarella

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

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

Qubit models: Chandrasekhara, Singh, et al.

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

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

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

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



15

gauge equivalent states

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

⇥̂⌦(x) |U�1U1U�2U2i =
��U 0

�1U
0
1U

0
�2U

0
2

↵

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

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

U1

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

U�2

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

U2

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

⌦†

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

⌦†

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

⌦

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

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

U1

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

U�2

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

U2

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

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

U�1

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

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

⇥̂⌦(x) = exp(i�(⌦)Ĝa(x))

gauge transformation

infinities in QFT|qiN ! |Gi

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

Digitization

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

|Ui
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infinities in QFT|qiN ! |Gi

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

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

How to do gauge fixing…

Prepare gauge-
invariant states
（gauge fixing）

Digitization
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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>

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

How to do gauge fixing…

Prepare gauge-
invariant states
（gauge fixing）

Digitization

for other digitization methods?
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How to prepare proton states from 
quarks and gluons? Inverse problem of PDF!!

U |GiL ! | 0i

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

Initial State Preparation
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U |GiL ! | 0i

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

Initial State Preparation

VQA
ansatz

How to prepare proton states from 
quarks and gluons?

ground state for the sector with B = 1
Variational Quantum Algorithms (VQA)
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U |GiL ! | 0i

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

Initial State Preparation

LLM Helps to find
proper VQA

ansatz from scratch

scalability 



21

Practicality in the NISQ era 

U |GiL ! | 0i

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

Initial State Preparation

LLM Helps to find
proper VQA

ansatz from scratch

scalability 
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U |GiL ! | 0i

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

Initial State Preparation

LLM Helps to find
proper VQA

ansatz from scratch

scalability 
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U |GiL ! | 0i

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

Initial State Preparation

LLM Helps to find
proper VQA

ansatz from scratch

scalability 

Extending to 2+1d non-Abelian gauge theories?
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Digitization

数字化-费⽶⼦场：对易关系

泡利算符：对易关系

费⽶⼦场：反对易关系

[Everett You, UCSD]

JW变换 ⾼维时空⾮局域相互作⽤
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⾮微扰QCD计算量⼦⽐特资源估计
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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)

�

<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

•规范场的哈密顿量 infinities in QFT
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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~~

<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

•规范场的哈密顿量 infinities in QFT
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<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 |?

28

<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

•规范场的哈密顿量 infinities in QFT
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Digitization

数字化
infinities in field variables

U1
U2

Pxy

Ryz

Rzx Cxyz

xy

z

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

U⇤

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

Rtu ⇡ I� g2a4

2F 2

ij +
a2

6
Fij(4D

2
i +D2

j )Fij +O(a4)

�

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

R ⇡ I� g2a4

2F 2

ij +
a2

6
Fij(4D

2
i +D2

j )Fij +O(a4)

�

gluon

Formulations & bases: examples

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

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

Casimir variables: Klco, Savage, Stryker, Ciavarella

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

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

Qubit models: Chandrasekhara, Singh, et al.

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

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

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

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

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

nq ⇠ f ⇥ 125
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Measurements

State preparation 

Systematic uncertainties

Error corrections

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

To be continued:

⾮微扰QCD计算量⼦线路深度估计
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Where are we?

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

J. Preskill 
2020 - 

2030s - 

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

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

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

2011-

⇠ ⇠ 10

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

various 
methods

``also told you…”

“We need time, so start now” 
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Next decades

🔍
~200 qubits
~1000 gates
corrections!
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Benchmarks

Parton Shower [Nachman, Provasoli, Bauer, arXiv:1904.03196]


