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Quantum simulation of gauge theories
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Rishon formulation of lattice gauge theories
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[Review: U.J. Wiese, Ann. Phy. 525 (2013)]
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Gauss's law 
> total color singlet <

Non-Abelian gauge theory
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left rishon right rishon

(Dynamical) gauge field / link

(1) Integrate out degrees-of-freedom

Paths towards (large-scale) quantum simulation

(2) Enforce constraints energetically

[Surace et al., PRX (2020)]

[Yang et al., Nature (2020); Semeghini et al., Science (2021)]

(1) Integrate out degrees-of-freedom

Paths towards (large-scale) quantum simulation

(2) Enforce constraints energetically

[Surace et al., PRX (2020)]

[Yang et al., Nature (2020); Semeghini et al., Science (2021)]
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Gauge protection scheme

4

1 2 3

Single vertex
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ĤJ =
J

2

X

r

Ĝ2
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→
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SU(2) quantum link model
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⇣
| i � | i

⌘

SU(2) color singlet

Physical states: Singlet covering

(ii) Link Hilbert space (one rishon)

tunneling t

(i) Matter Hilbert space

empty N colors

.  .  .

 N colors N colors

.  .  . .  .  .

from: J.C.Halimeh*, LH* et al., arXiv:2305.06373

Next: Induce dynamics within  
constrained Hilbert space 

vertex r 

rishon site
matter site

Heisenberg 
interaction 
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X
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~̂Si · ~̂Sj

one rishon per link
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Emergent gauge theory
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Ĥe↵

SU(2) charge 

tunneling

unphysical 
state

physical 
state

physical 
state

link 

tunneling
matter tunneling

from: J.C.Halimeh*, LH* et al., arXiv:2305.06373

inter-vertex
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see also: Banerjee et al., PRL 110 (2013)
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Controllable gauge protection
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Emergent gauge-invariant dynamics
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0
<latexit sha1_base64="cKTEg/L5AtSEkQMOVTx8s4kRxHg=">AAACK3icdVDLSsNAFJ34rPXV2qWbwSK4Ckna9LErunFZxT6gDWUynbRDJw9mJmIJ/QO3+hd+jSvFrf/hpK1gRA9cOJx7L/fc40aMCmkYb9rG5tb2zm5uL79/cHh0XCiedEUYc0w6OGQh77tIEEYD0pFUMtKPOEG+y0jPnV2l/d494YKGwZ2cR8Tx0SSgHsVIKum2YowKZUM36matUoOGbttVy2oq0mw2bNOCpm4sUQZrtEdFrTQchzj2SSAxQ0IMTCOSToK4pJiRRX4YCxIhPEMTMlA0QD4RTrK0uoDnShlDL+SqAgmX6s+NBPlCzH1XTfpITsXvXir+2UsVLjyRuZ+4HM2IXOQVMrak13ASGkSxJAFeufJiBmUI05DgmHKCJZsrgjCn6jGIp4gjLFWUmQMPq7/yKsbvrOD/pGvpZk23b6rl1uU60Bw4BWfgApigDlrgGrRBB2DggUfwBJ61F+1Ve9c+VqMb2nqnBDLQPr8Anium1w==</latexit>

30

<latexit sha1_base64="xTiAtW+VRQoDL7A+nsvOw5pwIVk="></latexit> er
ro
r

<latexit sha1_base64="CP/SuuoLZ5cgTUJQUEUTB7PC18U=">AAACKHicdVDLTgIxFO34RHyBLt00EhNXkwIDwo7oxiUk8kiAkE65Aw2dR9qOkUz4Arf6E36NO8PWL7E8TMToSZqcnPvouceNBFeakLm1tb2zu7efOkgfHh2fnGayZy0VxpJBk4UilB2XKhA8gKbmWkAnkkB9V0Dbndwt6u1HkIqHwYOeRtD36SjgHmdUG6lBBpkcsasVp1x0MLHLBVIqEkNI0alWyzhvkyVyaI36IGtle8OQxT4EmgmqVDdPIt1PqNScCZile7GCiLIJHUHX0ID6oPrJ0ukMXxlliL1QmhdovFR/TiTUV2rqu6bTp3qsftcW4p+1hSKVpzb+T1xJJ6Bn6U1T2qv0Ex5EsYaArTx5scA6xIuE8JBLYFpMDaFMcnMWZmMqKdMmx431T6ur0ibE76Tw/6RVsPNlu9RwcrXbdZwpdIEu0TXKoxtUQ/eojpqIIUDP6AW9Wm/Wu/VhzVetW9Z65hxtwPr8AiSGpnc=</latexit>

0

<latexit sha1_base64="1lODzdKOdsgYrD6AO2HrSnfsS5A="></latexit>

electric field
<latexit sha1_base64="18jAGsqN8k4LCZIzBMQQvrAELec="></latexit>

staggered occupation

Microscopic versus 
effective Hamiltonian

Emergent non-Abelian 
gauge theory *

Scalable and gauge-invariant 
by construction

Two-body interactions

Realistic timescale

*This example: SU(2) gauge theory with 
hardcore bosonic matter in (2+1)D
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Experimental proposals

9

Gauge theory with matter: 
molecules in optical tweezers

Pure gauge theory: 
molecules in optical lattice

Multirishon models with 
fermionic matter

x
y

z

J

see also: L. Christakis et al., 
Nature 614 (2023)
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Proposal for cold molecules

10

x
y

z

J

B-field magnetic 
interaction

tunneling

Rishon link

<latexit sha1_base64="fHH06sPDqBK4JC7Dxg+wvZjexQI="></latexit>�t
<latexit sha1_base64="fHH06sPDqBK4JC7Dxg+wvZjexQI="></latexit>�t

2-body XY + Floquet

from: D. Barredo et al., 
Nature 561 (2018)

Floquet driving

from: LH et al., PRL 132 (2024)

time

<latexit sha1_base64="jTylygSL0RKf9OGehO16sRzhkzw=">AAAB/HicdVDLTsJAFJ3iC/GFunQzkZi4Im2DFXdENy4hESSBhkyHC0yYTpuZqZE0+ANu9Q/cGbf+iz/gdzgFTMToSW5ycs69ufeeIOZMadv+sHIrq2vrG/nNwtb2zu5ecf+gpaJEUmjSiEeyHRAFnAloaqY5tGMJJAw43Abjq8y/vQOpWCRu9CQGPyRDwQaMEm2khugVS3bZq7iuU8F22bbdqutmxHE97wI7RslQQgvUe8XPbj+iSQhCU06U6jh2rP2USM0oh2mhmyiICR2TIXQMFSQE5aezQ6f4xCh9PIikKaHxTP05kZJQqUkYmM6Q6JH67WXiX14n0YOqnzIRJxoEnS8aJBzrCGdf4z6TQDWfGEKoZOZWTEdEEqpNNktb7uenFkww39/j/0nLLTte+axRKdUuFxHl0RE6RqfIQeeohq5RHTURRYAe0RN6th6sF+vVepu35qzFzCFagvX+BVaPlbs=</latexit>n

<latexit sha1_base64="B/jD0XMIeLCwK6ObxHE9ZVPMeH4=">AAACGHicbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiOYBZIh9HR6kjY9C901YhjyD17N13gTr978GMGeZA4m8UHB470qqup5sRQabfvbWlldW9/YLGwVt3d29/ZLB4cNHSWK8TqLZKRaHtVcipDXUaDkrVhxGniSN73hXeY3n7nSIgofcRRzN6D9UPiCUTRSo4M06TrdUtmu2FOQZeLkpAw5at3ST6cXsSTgITJJtW47doxuShUKJvm42Ek0jykb0j5vGxrSgGs3nV47JqdG6RE/UqZCJFP170RKA61HgWc6A4oDvehl4r9epijt63Fx/gD0b9xUhHGCPGSz/X4iCUYkS4T0hOIM5cgQypQwLxA2oIoyNLnNLXiZfVA0eTmL6SyTxnnFuapcPlyUq7d5cgU4hhM4AweuoQr3UIM6MHiCV3iDiTWx3q0P63PWumLlM0cwB+vrF6FkoO8=</latexit>⌧1
<latexit sha1_base64="rCyBPgyTKHaqYnT/OSWuzeQhiJo=">AAACGHicbVDLSsNAFL2prxpfVZduBovgqiTF17LoxmUF+4A2lMl00o6dTMLMRCyh/+DWfo07cevOjxGctFnY1gMXDufcy733+DFnSjvOt1VYW9/Y3Cpu2zu7e/sHpcOjpooSSWiDRDySbR8rypmgDc00p+1YUhz6nLb80V3mt56pVCwSj3ocUy/EA8ECRrA2UrOrcdKr9kplp+LMgFaJm5My5Kj3Sj/dfkSSkApNOFaq4zqx9lIsNSOcTuxuomiMyQgPaMdQgUOqvHR27QSdGaWPgkiaEhrN1L8TKQ6VGoe+6QyxHqplLxP/9TJFqkBN7MUDdHDjpUzEiaaCzPcHCUc6QlkiqM8kJZqPDcFEMvMCIkMsMdEmt4UFL/MPbJOXu5zOKmlWK+5V5fLholy7zZMrwgmcwjm4cA01uIc6NIDAE7zCG0ytqfVufVif89aClc8cwwKsr1+jE6Dw</latexit>⌧2

<latexit sha1_base64="SynBckqncFI3c6lXg7LRRSPK4jM=">AAACP3icbVC7TsMwFHXKq4RXCyNLRITEVCW8xwoWxiLRh9RGleM6ranjRPYNoor6D6zwN3wGX8CGWNlw2gyk5UiWjs59+Nzjx5wpcJwPo7Syura+Ud40t7Z3dvcq1f2WihJJaJNEPJIdHyvKmaBNYMBpJ5YUhz6nbX98m9XbT1QqFokHmMTUC/FQsIARDFpq9QAn/bN+xXZqzgzWMnFzYqMcjX7VsHuDiCQhFUA4VqrrOjF4KZbACKdTs5coGmMyxkPa1VTgkCovndmdWsdaGVhBJPUTYM3UvxMpDpWahL7uDDGM1GItE/+tZYpUgSr8n/oSjyksaOHU1CjYhODaS5mIE6CCzF0GCbcgsrLgrAGTlACfaIKJZPpQi4ywxAR0vIXlz/M7TR2ruxjiMmmd1tzL2sX9uV2/yQMuo0N0hE6Qi65QHd2hBmoigh7RC3pFb8a78Wl8Gd/z1pKRzxygAoyfX9PBryY=</latexit>⌧3
<latexit sha1_base64="GO/V4wZ4fSkbqgUKENwvr+RHiVE=">AAACP3icbVDJTsMwFLTLVsLWwpFLRITEqUpQWY4VXDgWiS5SG1WO67SmziL7BVFF/Qeu8Dd8Bl/ADXHlhtPmQFpGsjSat3jeeLHgCmz7A5fW1jc2t8rbxs7u3v5BpXrYVlEiKWvRSESy6xHFBA9ZCzgI1o0lI4EnWMeb3Gb1zhOTikfhA0xj5gZkFHKfUwJaaveBJIP6oGLZNXsOc5U4ObFQjuagiq3+MKJJwEKggijVc+wY3JRI4FSwmdFPFIsJnZAR62kakoApN53bnZmnWhmafiT1C8Gcq38nUhIoNQ083RkQGKvlWib+W8sUqXxV+D/1JJkwWNKCmaFRsAn+tZvyME6AhXTh0k+ECZGZBWcOuWQUxFQTQiXXh5p0TCShoOMtLH9e3GnoWJ3lEFdJ+7zmXNYu7utW4yYPuIyO0Qk6Qw66Qg10h5qohSh6RC/oFb3hd/yJv/D3orWE85kjVAD++QXVl68n</latexit>⌧4

<latexit sha1_base64="UVXp0ad9Yhais8yy73OGDju9yNc=">AAACP3icbVC7TsMwFHXKq4RXCyNLRITEVCWIAmMFC2OR6ENqo8pxndbUcSL7BlFF/QdW+Bs+gy9gQ6xsOG0G0nIkS0fnPnzu8WPOFDjOh1FaW9/Y3Cpvmzu7e/sHlephW0WJJLRFIh7Jro8V5UzQFjDgtBtLikOf044/uc3qnScqFYvEA0xj6oV4JFjACAYttfuAk0F9ULGdmjOHtUrcnNgoR3NQNez+MCJJSAUQjpXquU4MXoolMMLpzOwnisaYTPCI9jQVOKTKS+d2Z9apVoZWEEn9BFhz9e9EikOlpqGvO0MMY7Vcy8R/a5kiVaAK/6e+xBMKS1o4MzUKNiG49lIm4gSoIAuXQcItiKwsOGvIJCXAp5pgIpk+1CJjLDEBHW9h+fPiTlPH6i6HuEra5zX3sla/v7AbN3nAZXSMTtAZctEVaqA71EQtRNAjekGv6M14Nz6NL+N70Voy8pkjVIDx8wvXba8o</latexit>⌧5
<latexit sha1_base64="9ze6nKtLinoYZcqoUGYs3Lzs4IY=">AAACP3icbVC7TsMwFHXKq4RXCyOLRYTEVCUICmMFC2OR6ENqo8pxndbUeci+QVRR/4EV/obP4AvYECsbTpuBtBzJ0tG5D597vFhwBbb9YZTW1jc2t8rb5s7u3v5BpXrYVlEiKWvRSESy6xHFBA9ZCzgI1o0lI4EnWMeb3Gb1zhOTikfhA0xj5gZkFHKfUwJaaveBJIP6oGLZNXsOvEqcnFgoR3NQNaz+MKJJwEKggijVc+wY3JRI4FSwmdlPFIsJnZAR62kakoApN53bneFTrQyxH0n9QsBz9e9ESgKlpoGnOwMCY7Vcy8R/a5kila8K/6eeJBMGS1owMzUKNsG/dlMexgmwkC5c+onAEOEsODzkklEQU00IlVwfiumYSEJBx1tY/ry409SxOsshrpL2ec2p1y7vL6zGTR5wGR2jE3SGHHSFGugONVELUfSIXtArejPejU/jy/hetJaMfOYIFWD8/ALZQ68p</latexit>⌧6

<latexit sha1_base64="WLilKmnEIhs6nMfMlFzmVE8Tqfo=">AAACP3icbVC7TsMwFHXKq4RXCyOLRYTEVCUIKGMFC2OR6ENqo8pxndbUeci+QVRR/4EV/obP4AvYECsbTpuBtBzJ0tG5D597vFhwBbb9YZTW1jc2t8rb5s7u3v5BpXrYVlEiKWvRSESy6xHFBA9ZCzgI1o0lI4EnWMeb3Gb1zhOTikfhA0xj5gZkFHKfUwJaaveBJIP6oGLZNXsOvEqcnFgoR3NQNaz+MKJJwEKggijVc+wY3JRI4FSwmdlPFIsJnZAR62kakoApN53bneFTrQyxH0n9QsBz9e9ESgKlpoGnOwMCY7Vcy8R/a5kila8K/6eeJBMGS1owMzUKNsG/dlMexgmwkC5c+onAEOEsODzkklEQU00IlVwfiumYSEJBx1tY/ry409SxOsshrpL2ec25ql3eX1iNmzzgMjpGJ+gMOaiOGugONVELUfSIXtArejPejU/jy/hetJaMfOYIFWD8/ALbGa8q</latexit>⌧7
<latexit sha1_base64="hcJZCdMs98dtBcTvy/JkywpnIco=">AAACP3icbVDJTsMwFHTKVsLWwpGLRYTEqUoQS48VXDgWiS5SG1WO67SmziL7BVFF/Qeu8Dd8Bl/ADXHlhtPmQFpGsjSat3jeeLHgCmz7wyitrW9sbpW3zZ3dvf2DSvWwraJEUtaikYhk1yOKCR6yFnAQrBtLRgJPsI43uc3qnScmFY/CB5jGzA3IKOQ+pwS01O4DSQb1QcWya/YceJU4ObFQjuagalj9YUSTgIVABVGq59gxuCmRwKlgM7OfKBYTOiEj1tM0JAFTbjq3O8OnWhliP5L6hYDn6t+JlARKTQNPdwYExmq5lon/1jJFKl8V/k89SSYMlrRgZmoUbIJfd1MexgmwkC5c+onAEOEsODzkklEQU00IlVwfiumYSEJBx1tY/ry409SxOsshrpL2ec25ql3eX1iNmzzgMjpGJ+gMOegaNdAdaqIWougRvaBX9Ga8G5/Gl/G9aC0Z+cwRKsD4+QXc768r</latexit>⌧8

<latexit sha1_base64="7yrcVeMQPJR43IWT4BUA7x0dsbU=">AAACP3icbVC7TsMwFHXKq4RXCyNLRITEVCWI51bBwlgk+pDaqHJcpzV1nMi+QVRR/4EV/obP4AvYECsbTpuBtBzJ0tG5D597/JgzBY7zYZRWVtfWN8qb5tb2zu5epbrfUlEiCW2SiEey42NFORO0CQw47cSS4tDntO2Pb7N6+4lKxSLxAJOYeiEeChYwgkFLrR7gpH/dr9hOzZnBWiZuTmyUo9GvGnZvEJEkpAIIx0p1XScGL8USGOF0avYSRWNMxnhIu5oKHFLlpTO7U+tYKwMriKR+AqyZ+ncixaFSk9DXnSGGkVqsZeK/tUyRKlCF/1Nf4jGFBS2cmhoFmxBceSkTcQJUkLnLIOEWRFYWnDVgkhLgE00wkUwfapERlpiAjrew/Hl+p6ljdRdDXCat05p7UTu/P7PrN3nAZXSIjtAJctElqqM71EBNRNAjekGv6M14Nz6NL+N73loy8pkDVIDx8wvexa8s</latexit>⌧9

<latexit sha1_base64="Z1GEM5lk3CCEfs6MP7PiMp8byJY=">AAACFXicdVBNS8NAEJ3Urxq/qh69LBbBU0ikVnsrevFY0dpCG8pmu2mXbjZhdyOW0p/g1f4ab+LVsz9GcNNWsH48GHi8N8PMvCDhTGnXfbdyS8srq2v5dXtjc2t7p7C7d6fiVBJaJzGPZTPAinImaF0zzWkzkRRHAaeNYHCZ+Y17KhWLxa0eJtSPcE+wkBGsjXTTTlinUHSdUqXsVkroN/Ecd4oizFHrFD7a3ZikERWacKxUy3MT7Y+w1IxwOrbbqaIJJgPcoy1DBY6o8kfTU8foyChdFMbSlNBoqn6fGOFIqWEUmM4I67766WXin16mSBWqsb14gA7P/RETSaqpILP9YcqRjlEWB+oySYnmQ0Mwkcy8gEgfS0y0CW1hwcPsA9vk9RUK+p/cnThe2Tm9LhWrF/Pk8nAAh3AMHpxBFa6gBnUg0INHeIKJNbGerRfrddaas+Yz+7AA6+0TF6CgMA==</latexit>⇡ <latexit sha1_base64="Z1GEM5lk3CCEfs6MP7PiMp8byJY=">AAACFXicdVBNS8NAEJ3Urxq/qh69LBbBU0ikVnsrevFY0dpCG8pmu2mXbjZhdyOW0p/g1f4ab+LVsz9GcNNWsH48GHi8N8PMvCDhTGnXfbdyS8srq2v5dXtjc2t7p7C7d6fiVBJaJzGPZTPAinImaF0zzWkzkRRHAaeNYHCZ+Y17KhWLxa0eJtSPcE+wkBGsjXTTTlinUHSdUqXsVkroN/Ecd4oizFHrFD7a3ZikERWacKxUy3MT7Y+w1IxwOrbbqaIJJgPcoy1DBY6o8kfTU8foyChdFMbSlNBoqn6fGOFIqWEUmM4I67766WXin16mSBWqsb14gA7P/RETSaqpILP9YcqRjlEWB+oySYnmQ0Mwkcy8gEgfS0y0CW1hwcPsA9vk9RUK+p/cnThe2Tm9LhWrF/Pk8nAAh3AMHpxBFa6gBnUg0INHeIKJNbGerRfrddaas+Yz+7AA6+0TF6CgMA==</latexit>⇡ <latexit sha1_base64="Z1GEM5lk3CCEfs6MP7PiMp8byJY=">AAACFXicdVBNS8NAEJ3Urxq/qh69LBbBU0ikVnsrevFY0dpCG8pmu2mXbjZhdyOW0p/g1f4ab+LVsz9GcNNWsH48GHi8N8PMvCDhTGnXfbdyS8srq2v5dXtjc2t7p7C7d6fiVBJaJzGPZTPAinImaF0zzWkzkRRHAaeNYHCZ+Y17KhWLxa0eJtSPcE+wkBGsjXTTTlinUHSdUqXsVkroN/Ecd4oizFHrFD7a3ZikERWacKxUy3MT7Y+w1IxwOrbbqaIJJgPcoy1DBY6o8kfTU8foyChdFMbSlNBoqn6fGOFIqWEUmM4I67766WXin16mSBWqsb14gA7P/RETSaqpILP9YcqRjlEWB+oySYnmQ0Mwkcy8gEgfS0y0CW1hwcPsA9vk9RUK+p/cnThe2Tm9LhWrF/Pk8nAAh3AMHpxBFa6gBnUg0INHeIKJNbGerRfrddaas+Yz+7AA6+0TF6CgMA==</latexit>⇡
<latexit sha1_base64="Osetpfh8iQGWsS7vlztbqWU49DE=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw0yoY90V3bisYB/QGUomzbShmYdJRizD/IA/4Fb/wJ249S/8Ab/DTFvBih4IHM65l3ty/IQzqSzrw1haXlldWy9tlDe3tnd2K3v7bRmngtAWiXksuj6WlLOIthRTnHYTQXHoc9rxx5eF37mjQrI4ulGThHohHkYsYAQrLXluIDDJ3ITlGcr7laplOjWE7Bq0TMtCdYQKYiPHOYe2VgpUwRzNfuXTHcQkDWmkCMdS9mwrUV6GhWKE07zsppImmIzxkPY0jXBIpZdNQ+fwWCsDGMRCv0jBqfpzI8OhlJPQ15MhViP52yvEv7xeqoK6l7EoSRWNyOxQkHKoYlg0AAdMUKL4RBNMBNNZIRlh3YPSPS1cuZ9FLetivn8P/ydtZNqOeXpdqzYu5hWVwCE4AifABmegAa5AE7QAAbfgETyBZ+PBeDFejbfZ6JIx3zkACzDevwD5cZsU</latexit>⇡

2

<latexit sha1_base64="Osetpfh8iQGWsS7vlztbqWU49DE=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw0yoY90V3bisYB/QGUomzbShmYdJRizD/IA/4Fb/wJ249S/8Ab/DTFvBih4IHM65l3ty/IQzqSzrw1haXlldWy9tlDe3tnd2K3v7bRmngtAWiXksuj6WlLOIthRTnHYTQXHoc9rxx5eF37mjQrI4ulGThHohHkYsYAQrLXluIDDJ3ITlGcr7laplOjWE7Bq0TMtCdYQKYiPHOYe2VgpUwRzNfuXTHcQkDWmkCMdS9mwrUV6GhWKE07zsppImmIzxkPY0jXBIpZdNQ+fwWCsDGMRCv0jBqfpzI8OhlJPQ15MhViP52yvEv7xeqoK6l7EoSRWNyOxQkHKoYlg0AAdMUKL4RBNMBNNZIRlh3YPSPS1cuZ9FLetivn8P/ydtZNqOeXpdqzYu5hWVwCE4AifABmegAa5AE7QAAbfgETyBZ+PBeDFejbfZ6JIx3zkACzDevwD5cZsU</latexit>⇡

2
<latexit sha1_base64="Z1GEM5lk3CCEfs6MP7PiMp8byJY=">AAACFXicdVBNS8NAEJ3Urxq/qh69LBbBU0ikVnsrevFY0dpCG8pmu2mXbjZhdyOW0p/g1f4ab+LVsz9GcNNWsH48GHi8N8PMvCDhTGnXfbdyS8srq2v5dXtjc2t7p7C7d6fiVBJaJzGPZTPAinImaF0zzWkzkRRHAaeNYHCZ+Y17KhWLxa0eJtSPcE+wkBGsjXTTTlinUHSdUqXsVkroN/Ecd4oizFHrFD7a3ZikERWacKxUy3MT7Y+w1IxwOrbbqaIJJgPcoy1DBY6o8kfTU8foyChdFMbSlNBoqn6fGOFIqWEUmM4I67766WXin16mSBWqsb14gA7P/RETSaqpILP9YcqRjlEWB+oySYnmQ0Mwkcy8gEgfS0y0CW1hwcPsA9vk9RUK+p/cnThe2Tm9LhWrF/Pk8nAAh3AMHpxBFa6gBnUg0INHeIKJNbGerRfrddaas+Yz+7AA6+0TF6CgMA==</latexit>⇡

<latexit sha1_base64="33rHoSkRoqNEIsAshZtaI0gJ3mo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoPgadld4hpvQS8eEzAPSJYwO+kkQ2YfzMxKwhJ/wKv+gTfx6r/4A36Hs0kEI1rQUFR1093lx5xJZVkfRm5tfWNzK79d2Nnd2z8oHh41ZZQICg0a8Ui0fSKBsxAaiikO7VgACXwOLX98k/mtexCSReGdmsbgBWQYsgGjRGmpPukVS5bplh3HLmPLtCyn4jgZsR3XvcK2VjKU0BK1XvGz249oEkCoKCdSdmwrVl5KhGKUw6zQTSTEhI7JEDqahiQA6aXzQ2f4TCt9PIiErlDhufpzIiWBlNPA150BUSP528vEv7xOogYVL2VhnCgI6WLRIOFYRTj7GveZAKr4VBNCBdO3YjoiglCls1nZMlmcWtDBfH+P/ydNx7Rd86JeLlWvlxHl0Qk6RefIRpeoim5RDTUQRYAe0RN6Nh6MF+PVeFu05ozlzDFagfH+BWZ/lcU=</latexit>x<latexit sha1_base64="33rHoSkRoqNEIsAshZtaI0gJ3mo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoPgadld4hpvQS8eEzAPSJYwO+kkQ2YfzMxKwhJ/wKv+gTfx6r/4A36Hs0kEI1rQUFR1093lx5xJZVkfRm5tfWNzK79d2Nnd2z8oHh41ZZQICg0a8Ui0fSKBsxAaiikO7VgACXwOLX98k/mtexCSReGdmsbgBWQYsgGjRGmpPukVS5bplh3HLmPLtCyn4jgZsR3XvcK2VjKU0BK1XvGz249oEkCoKCdSdmwrVl5KhGKUw6zQTSTEhI7JEDqahiQA6aXzQ2f4TCt9PIiErlDhufpzIiWBlNPA150BUSP528vEv7xOogYVL2VhnCgI6WLRIOFYRTj7GveZAKr4VBNCBdO3YjoiglCls1nZMlmcWtDBfH+P/ydNx7Rd86JeLlWvlxHl0Qk6RefIRpeoim5RDTUQRYAe0RN6Nh6MF+PVeFu05ozlzDFagfH+BWZ/lcU=</latexit>x<latexit sha1_base64="33rHoSkRoqNEIsAshZtaI0gJ3mo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoPgadld4hpvQS8eEzAPSJYwO+kkQ2YfzMxKwhJ/wKv+gTfx6r/4A36Hs0kEI1rQUFR1093lx5xJZVkfRm5tfWNzK79d2Nnd2z8oHh41ZZQICg0a8Ui0fSKBsxAaiikO7VgACXwOLX98k/mtexCSReGdmsbgBWQYsgGjRGmpPukVS5bplh3HLmPLtCyn4jgZsR3XvcK2VjKU0BK1XvGz249oEkCoKCdSdmwrVl5KhGKUw6zQTSTEhI7JEDqahiQA6aXzQ2f4TCt9PIiErlDhufpzIiWBlNPA150BUSP528vEv7xOogYVL2VhnCgI6WLRIOFYRTj7GveZAKr4VBNCBdO3YjoiglCls1nZMlmcWtDBfH+P/ydNx7Rd86JeLlWvlxHl0Qk6RefIRpeoim5RDTUQRYAe0RN6Nh6MF+PVeFu05ozlzDFagfH+BWZ/lcU=</latexit>x<latexit sha1_base64="33rHoSkRoqNEIsAshZtaI0gJ3mo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoPgadld4hpvQS8eEzAPSJYwO+kkQ2YfzMxKwhJ/wKv+gTfx6r/4A36Hs0kEI1rQUFR1093lx5xJZVkfRm5tfWNzK79d2Nnd2z8oHh41ZZQICg0a8Ui0fSKBsxAaiikO7VgACXwOLX98k/mtexCSReGdmsbgBWQYsgGjRGmpPukVS5bplh3HLmPLtCyn4jgZsR3XvcK2VjKU0BK1XvGz249oEkCoKCdSdmwrVl5KhGKUw6zQTSTEhI7JEDqahiQA6aXzQ2f4TCt9PIiErlDhufpzIiWBlNPA150BUSP528vEv7xOogYVL2VhnCgI6WLRIOFYRTj7GveZAKr4VBNCBdO3YjoiglCls1nZMlmcWtDBfH+P/ydNx7Rd86JeLlWvlxHl0Qk6RefIRpeoim5RDTUQRYAe0RN6Nh6MF+PVeFu05ozlzDFagfH+BWZ/lcU=</latexit>x <latexit sha1_base64="33rHoSkRoqNEIsAshZtaI0gJ3mo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoPgadld4hpvQS8eEzAPSJYwO+kkQ2YfzMxKwhJ/wKv+gTfx6r/4A36Hs0kEI1rQUFR1093lx5xJZVkfRm5tfWNzK79d2Nnd2z8oHh41ZZQICg0a8Ui0fSKBsxAaiikO7VgACXwOLX98k/mtexCSReGdmsbgBWQYsgGjRGmpPukVS5bplh3HLmPLtCyn4jgZsR3XvcK2VjKU0BK1XvGz249oEkCoKCdSdmwrVl5KhGKUw6zQTSTEhI7JEDqahiQA6aXzQ2f4TCt9PIiErlDhufpzIiWBlNPA150BUSP528vEv7xOogYVL2VhnCgI6WLRIOFYRTj7GveZAKr4VBNCBdO3YjoiglCls1nZMlmcWtDBfH+P/ydNx7Rd86JeLlWvlxHl0Qk6RefIRpeoim5RDTUQRYAe0RN6Nh6MF+PVeFu05ozlzDFagfH+BWZ/lcU=</latexit>x <latexit sha1_base64="33rHoSkRoqNEIsAshZtaI0gJ3mo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoPgadld4hpvQS8eEzAPSJYwO+kkQ2YfzMxKwhJ/wKv+gTfx6r/4A36Hs0kEI1rQUFR1093lx5xJZVkfRm5tfWNzK79d2Nnd2z8oHh41ZZQICg0a8Ui0fSKBsxAaiikO7VgACXwOLX98k/mtexCSReGdmsbgBWQYsgGjRGmpPukVS5bplh3HLmPLtCyn4jgZsR3XvcK2VjKU0BK1XvGz249oEkCoKCdSdmwrVl5KhGKUw6zQTSTEhI7JEDqahiQA6aXzQ2f4TCt9PIiErlDhufpzIiWBlNPA150BUSP528vEv7xOogYVL2VhnCgI6WLRIOFYRTj7GveZAKr4VBNCBdO3YjoiglCls1nZMlmcWtDBfH+P/ydNx7Rd86JeLlWvlxHl0Qk6RefIRpeoim5RDTUQRYAe0RN6Nh6MF+PVeFu05ozlzDFagfH+BWZ/lcU=</latexit>x
<latexit sha1_base64="mNA5UpnhpK+f5l8mTEDdtGJo/pU=">AAAB/HicdVDLSsNAFL2pr1pfVZduBovgKiShxrorunHZgq2FNpTJdNoOnTyYmYgh1B9wq3/gTtz6L/6A3+GkrWBFD1w4nHMv997jx5xJZVkfRmFldW19o7hZ2tre2d0r7x+0ZZQIQlsk4pHo+FhSzkLaUkxx2okFxYHP6a0/ucr92zsqJIvCG5XG1AvwKGRDRrDSUjPtlyuW6VYdx64iy7Qsp+Y4ObEd171AtlZyVGCBRr/82RtEJAloqAjHUnZtK1ZehoVihNNpqZdIGmMywSPa1TTEAZVeNjt0ik60MkDDSOgKFZqpPycyHEiZBr7uDLAay99eLv7ldRM1rHkZC+NE0ZDMFw0TjlSE8q/RgAlKFE81wUQwfSsiYywwUTqbpS3381NLOpjv79H/pO2YtmueNauV+uUioiIcwTGcgg3nUIdraEALCFB4hCd4Nh6MF+PVeJu3FozFzCEswXj/AmgXlcY=</latexit>y<latexit sha1_base64="mNA5UpnhpK+f5l8mTEDdtGJo/pU=">AAAB/HicdVDLSsNAFL2pr1pfVZduBovgKiShxrorunHZgq2FNpTJdNoOnTyYmYgh1B9wq3/gTtz6L/6A3+GkrWBFD1w4nHMv997jx5xJZVkfRmFldW19o7hZ2tre2d0r7x+0ZZQIQlsk4pHo+FhSzkLaUkxx2okFxYHP6a0/ucr92zsqJIvCG5XG1AvwKGRDRrDSUjPtlyuW6VYdx64iy7Qsp+Y4ObEd171AtlZyVGCBRr/82RtEJAloqAjHUnZtK1ZehoVihNNpqZdIGmMywSPa1TTEAZVeNjt0ik60MkDDSOgKFZqpPycyHEiZBr7uDLAay99eLv7ldRM1rHkZC+NE0ZDMFw0TjlSE8q/RgAlKFE81wUQwfSsiYywwUTqbpS3381NLOpjv79H/pO2YtmueNauV+uUioiIcwTGcgg3nUIdraEALCFB4hCd4Nh6MF+PVeJu3FozFzCEswXj/AmgXlcY=</latexit>y

<latexit sha1_base64="Osetpfh8iQGWsS7vlztbqWU49DE=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw0yoY90V3bisYB/QGUomzbShmYdJRizD/IA/4Fb/wJ249S/8Ab/DTFvBih4IHM65l3ty/IQzqSzrw1haXlldWy9tlDe3tnd2K3v7bRmngtAWiXksuj6WlLOIthRTnHYTQXHoc9rxx5eF37mjQrI4ulGThHohHkYsYAQrLXluIDDJ3ITlGcr7laplOjWE7Bq0TMtCdYQKYiPHOYe2VgpUwRzNfuXTHcQkDWmkCMdS9mwrUV6GhWKE07zsppImmIzxkPY0jXBIpZdNQ+fwWCsDGMRCv0jBqfpzI8OhlJPQ15MhViP52yvEv7xeqoK6l7EoSRWNyOxQkHKoYlg0AAdMUKL4RBNMBNNZIRlh3YPSPS1cuZ9FLetivn8P/ydtZNqOeXpdqzYu5hWVwCE4AifABmegAa5AE7QAAbfgETyBZ+PBeDFejbfZ6JIx3zkACzDevwD5cZsU</latexit>⇡

2

<latexit sha1_base64="Osetpfh8iQGWsS7vlztbqWU49DE=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw0yoY90V3bisYB/QGUomzbShmYdJRizD/IA/4Fb/wJ249S/8Ab/DTFvBih4IHM65l3ty/IQzqSzrw1haXlldWy9tlDe3tnd2K3v7bRmngtAWiXksuj6WlLOIthRTnHYTQXHoc9rxx5eF37mjQrI4ulGThHohHkYsYAQrLXluIDDJ3ITlGcr7laplOjWE7Bq0TMtCdYQKYiPHOYe2VgpUwRzNfuXTHcQkDWmkCMdS9mwrUV6GhWKE07zsppImmIzxkPY0jXBIpZdNQ+fwWCsDGMRCv0jBqfpzI8OhlJPQ15MhViP52yvEv7xeqoK6l7EoSRWNyOxQkHKoYlg0AAdMUKL4RBNMBNNZIRlh3YPSPS1cuZ9FLetivn8P/ydtZNqOeXpdqzYu5hWVwCE4AifABmegAa5AE7QAAbfgETyBZ+PBeDFejbfZ6JIx3zkACzDevwD5cZsU</latexit>⇡

2

see also: L. Christakis et al., Nature 614 (2023)
from: J.C.Halimeh*, LH* et al., arXiv:2305.06373

<latexit sha1_base64="d+IUKxwth1UMc9P9h2A4Ud9Ejhc=">AAACAXicdVDJSgNBEK1xjXGLevTSGARPw0zUaG5BPXiMYBZIhtDT6Una9PQM3T1iGHLyB7zqH3gTr36JP+B32FkE4/Kg4PFeFVX1/JgzpR3n3ZqbX1hcWs6sZFfX1jc2c1vbNRUlktAqiXgkGz5WlDNBq5ppThuxpDj0Oa37/fORX7+lUrFIXOtBTL0QdwULGMHaSLXWBeUat3N5xy6UioXDEvpNXNsZIw9TVNq5j1YnIklIhSYcK9V0nVh7KZaaEU6H2VaiaIxJH3dp01CBQ6q8dHztEO0bpYOCSJoSGo3V7xMpDpUahL7pDLHuqZ/eSPzLayY6OPVSJuJEU0Emi4KEIx2h0euowyQlmg8MwUQycysiPSwx0SagmS13k1OzJpiv79H/pFaw3aJ9fHWUL59NI8rALuzBAbhwAmW4hApUgcANPMAjPFn31rP1Yr1OWues6cwOzMB6+wQ8c5fp</latexit>

�

<latexit sha1_base64="gX16lggpuuCqpCDt/IMeXGf0bQo="></latexit>

| " i = |R = 2i

<latexit sha1_base64="l2o0xtGvuwccqLDBOMlFqnz7FB0="></latexit>

| # i = |R = 1i
<latexit sha1_base64="sc6LoJCEUb3P1ns26KEHUxxUnYw="></latexit>

|?i = |R = 0i

<latexit sha1_base64="D7DVybKhxt2ozj1v9p11HDKGnUE="></latexit>�
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<latexit sha1_base64="QDIWY1JL1vKci9rzOgSUGauFJsc=">AAACE3icdVDLSsNAFJ3UV62vqks3g0VwFSbammZXdOOyBdMKbSiT6aQdOnkwMxFL6Be4tV/jTtz6AX6M4KStYEUPXDiccy/33uMnnEmF0IdRWFvf2Nwqbpd2dvf2D8qHR20Zp4JQl8Q8Fvc+lpSziLqKKU7vE0Fx6HPa8cc3ud95oEKyOLpTk4R6IR5GLGAEKy213H65gkzHsZFVg8i0Hdt2LjWpIgvV69Ay0RwVsESzX/7sDWKShjRShGMpuxZKlJdhoRjhdFrqpZImmIzxkHY1jXBIpZfND53CM60MYBALXZGCc/XnRIZDKSehrztDrEbyt5eLf3q5ImQgp6XVA1RQ9zIWJamiEVnsD1IOVQzzMOCACUoUn2iCiWD6BUhGWGCidGQrCx4XH5R0Xt+hwP9J+8K0rsxaq1ppXC+TK4ITcArOgQVs0AC3oAlcQAAFT+AZzIyZ8WK8Gm+L1oKxnDkGKzDevwBQPp86</latexit>

U

<latexit sha1_base64="QDIWY1JL1vKci9rzOgSUGauFJsc=">AAACE3icdVDLSsNAFJ3UV62vqks3g0VwFSbammZXdOOyBdMKbSiT6aQdOnkwMxFL6Be4tV/jTtz6AX6M4KStYEUPXDiccy/33uMnnEmF0IdRWFvf2Nwqbpd2dvf2D8qHR20Zp4JQl8Q8Fvc+lpSziLqKKU7vE0Fx6HPa8cc3ud95oEKyOLpTk4R6IR5GLGAEKy213H65gkzHsZFVg8i0Hdt2LjWpIgvV69Ay0RwVsESzX/7sDWKShjRShGMpuxZKlJdhoRjhdFrqpZImmIzxkHY1jXBIpZfND53CM60MYBALXZGCc/XnRIZDKSehrztDrEbyt5eLf3q5ImQgp6XVA1RQ9zIWJamiEVnsD1IOVQzzMOCACUoUn2iCiWD6BUhGWGCidGQrCx4XH5R0Xt+hwP9J+8K0rsxaq1ppXC+TK4ITcArOgQVs0AC3oAlcQAAFT+AZzIyZ8WK8Gm+L1oKxnDkGKzDevwBQPp86</latexit>

U

<latexit sha1_base64="i4Q1rfzJqsZOM4WhnGdavcBUqQg=">AAACFHicdVDLSgMxFM3UVx1fVZdugkVw45DR1unsim5cVrEPaIeSSTNtaOZBkhFL6R+4tV/jTty692MEM20FK3rgwuGce7n3Hj/hTCqEPozcyura+kZ+09za3tndK+wfNGScCkLrJOaxaPlYUs4iWldMcdpKBMWhz2nTH15nfvOBCsni6F6NEuqFuB+xgBGstHR3prqFIrJc10F2GSLLcR3HvdCkhGxUqUDbQjMUwQK1buGz04tJGtJIEY6lbNsoUd4YC8UIpxOzk0qaYDLEfdrWNMIhld54dukEnmilB4NY6IoUnKk/J8Y4lHIU+rozxGogf3uZ+KeXKUIGcmIuH6CCijdmUZIqGpH5/iDlUMUwSwP2mKBE8ZEmmAimX4BkgAUmSme2tOBx/oGp8/oOBf5PGueWfWmVb0vF6tUiuTw4AsfgFNjAAVVwA2qgDggIwBN4BlNjarwYr8bbvDVnLGYOwRKM9y/1bp+Q</latexit>�t

<latexit sha1_base64="6wr2gPZXEY+Jl81zmpwyBDJ5LN4="></latexit>

�

<latexit sha1_base64="6rbWNxoPyNguYrdBvuHn5q8dtAo="></latexit>

�

vertex r rishon site

 Superlattice

matter/ 
auxiliary site

Superexchange

attractive Hubbard interaction 
+ 

potential landscape 
+ 

tunneling

Generic protection scheme  
for SU(N) fermionic LGTs

from: J.C.Halimeh*, LH* et al., arXiv:2305.06373
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<latexit sha1_base64="QDIWY1JL1vKci9rzOgSUGauFJsc=">AAACE3icdVDLSsNAFJ3UV62vqks3g0VwFSbammZXdOOyBdMKbSiT6aQdOnkwMxFL6Be4tV/jTtz6AX6M4KStYEUPXDiccy/33uMnnEmF0IdRWFvf2Nwqbpd2dvf2D8qHR20Zp4JQl8Q8Fvc+lpSziLqKKU7vE0Fx6HPa8cc3ud95oEKyOLpTk4R6IR5GLGAEKy213H65gkzHsZFVg8i0Hdt2LjWpIgvV69Ay0RwVsESzX/7sDWKShjRShGMpuxZKlJdhoRjhdFrqpZImmIzxkHY1jXBIpZfND53CM60MYBALXZGCc/XnRIZDKSehrztDrEbyt5eLf3q5ImQgp6XVA1RQ9zIWJamiEVnsD1IOVQzzMOCACUoUn2iCiWD6BUhGWGCidGQrCx4XH5R0Xt+hwP9J+8K0rsxaq1ppXC+TK4ITcArOgQVs0AC3oAlcQAAFT+AZzIyZ8WK8Gm+L1oKxnDkGKzDevwBQPp86</latexit>

U

<latexit sha1_base64="QDIWY1JL1vKci9rzOgSUGauFJsc=">AAACE3icdVDLSsNAFJ3UV62vqks3g0VwFSbammZXdOOyBdMKbSiT6aQdOnkwMxFL6Be4tV/jTtz6AX6M4KStYEUPXDiccy/33uMnnEmF0IdRWFvf2Nwqbpd2dvf2D8qHR20Zp4JQl8Q8Fvc+lpSziLqKKU7vE0Fx6HPa8cc3ud95oEKyOLpTk4R6IR5GLGAEKy213H65gkzHsZFVg8i0Hdt2LjWpIgvV69Ay0RwVsESzX/7sDWKShjRShGMpuxZKlJdhoRjhdFrqpZImmIzxkHY1jXBIpZfND53CM60MYBALXZGCc/XnRIZDKSehrztDrEbyt5eLf3q5ImQgp6XVA1RQ9zIWJamiEVnsD1IOVQzzMOCACUoUn2iCiWD6BUhGWGCidGQrCx4XH5R0Xt+hwP9J+8K0rsxaq1ppXC+TK4ITcArOgQVs0AC3oAlcQAAFT+AZzIyZ8WK8Gm+L1oKxnDkGKzDevwBQPp86</latexit>

U

<latexit sha1_base64="6wr2gPZXEY+Jl81zmpwyBDJ5LN4="></latexit>

�

<latexit sha1_base64="6rbWNxoPyNguYrdBvuHn5q8dtAo="></latexit>

�

<latexit sha1_base64="i4Q1rfzJqsZOM4WhnGdavcBUqQg=">AAACFHicdVDLSgMxFM3UVx1fVZdugkVw45DR1unsim5cVrEPaIeSSTNtaOZBkhFL6R+4tV/jTty692MEM20FK3rgwuGce7n3Hj/hTCqEPozcyura+kZ+09za3tndK+wfNGScCkLrJOaxaPlYUs4iWldMcdpKBMWhz2nTH15nfvOBCsni6F6NEuqFuB+xgBGstHR3prqFIrJc10F2GSLLcR3HvdCkhGxUqUDbQjMUwQK1buGz04tJGtJIEY6lbNsoUd4YC8UIpxOzk0qaYDLEfdrWNMIhld54dukEnmilB4NY6IoUnKk/J8Y4lHIU+rozxGogf3uZ+KeXKUIGcmIuH6CCijdmUZIqGpH5/iDlUMUwSwP2mKBE8ZEmmAimX4BkgAUmSme2tOBx/oGp8/oOBf5PGueWfWmVb0vF6tUiuTw4AsfgFNjAAVVwA2qgDggIwBN4BlNjarwYr8bbvDVnLGYOwRKM9y/1bp+Q</latexit>�t
<latexit sha1_base64="i4Q1rfzJqsZOM4WhnGdavcBUqQg=">AAACFHicdVDLSgMxFM3UVx1fVZdugkVw45DR1unsim5cVrEPaIeSSTNtaOZBkhFL6R+4tV/jTty692MEM20FK3rgwuGce7n3Hj/hTCqEPozcyura+kZ+09za3tndK+wfNGScCkLrJOaxaPlYUs4iWldMcdpKBMWhz2nTH15nfvOBCsni6F6NEuqFuB+xgBGstHR3prqFIrJc10F2GSLLcR3HvdCkhGxUqUDbQjMUwQK1buGz04tJGtJIEY6lbNsoUd4YC8UIpxOzk0qaYDLEfdrWNMIhld54dukEnmilB4NY6IoUnKk/J8Y4lHIU+rozxGogf3uZ+KeXKUIGcmIuH6CCijdmUZIqGpH5/iDlUMUwSwP2mKBE8ZEmmAimX4BkgAUmSme2tOBx/oGp8/oOBf5PGueWfWmVb0vF6tUiuTw4AsfgFNjAAVVwA2qgDggIwBN4BlNjarwYr8bbvDVnLGYOwRKM9y/1bp+Q</latexit>�t

<latexit sha1_base64="YafE2rdWdDFJ9ZSs6Pp7FinG+bA=">AAACPXicbVDLSsNAFJ3xWeOr1aWbYBDcWBKR6rLoxmUF+4A2lMl00g6dTMLMjVhCf8Gt/o3f4Qe4E7dunbRZ2NYDA4dzH3PuCRLBNbjuB15b39jc2i7tWLt7+weH5cpRS8epoqxJYxGrTkA0E1yyJnAQrJMoRqJAsHYwvsvr7SemNI/lI0wS5kdkKHnIKYFcuoC+6pcdt+rOYK8SryAOKtDoV7DTG8Q0jZgEKojWXc9NwM+IAk4Fm1q9VLOE0DEZsq6hkkRM+9nM7NQ+M8rADmNlngR7pv6dyEik9SQKTGdEYKSXa7n4by1XlA71wv9ZoMiYwZIWTS2DBZsQ3vgZl0kKTNK5yzAVNsR2Hps94IpREBNDCFXcHGrTEVGEggl3Yfnz/E7LxOoth7hKWpdVr1atPVw59dsi4BI6QafoHHnoGtXRPWqgJqJohF7QK3rD7/gTf+HveesaLmaO0QLwzy8ZzK5N</latexit>�tr
<latexit sha1_base64="YafE2rdWdDFJ9ZSs6Pp7FinG+bA=">AAACPXicbVDLSsNAFJ3xWeOr1aWbYBDcWBKR6rLoxmUF+4A2lMl00g6dTMLMjVhCf8Gt/o3f4Qe4E7dunbRZ2NYDA4dzH3PuCRLBNbjuB15b39jc2i7tWLt7+weH5cpRS8epoqxJYxGrTkA0E1yyJnAQrJMoRqJAsHYwvsvr7SemNI/lI0wS5kdkKHnIKYFcuoC+6pcdt+rOYK8SryAOKtDoV7DTG8Q0jZgEKojWXc9NwM+IAk4Fm1q9VLOE0DEZsq6hkkRM+9nM7NQ+M8rADmNlngR7pv6dyEik9SQKTGdEYKSXa7n4by1XlA71wv9ZoMiYwZIWTS2DBZsQ3vgZl0kKTNK5yzAVNsR2Hps94IpREBNDCFXcHGrTEVGEggl3Yfnz/E7LxOoth7hKWpdVr1atPVw59dsi4BI6QafoHHnoGtXRPWqgJqJohF7QK3rD7/gTf+HveesaLmaO0QLwzy8ZzK5N</latexit>�tr

<latexit sha1_base64="VQGkJPxIra7PV5k2vcsKVlNkZa8=">AAACPHicbVDLSsNAFJ3UV42vVpduBoPgqiQi1Y1QdOOyon1AG8pkOmmHTh7M3Igl9BPc6t/4H+7diVvXTtosTOuBgcO5jzn3eLHgCmz7wyitrW9sbpW3zZ3dvf2DSvWwraJEUtaikYhk1yOKCR6yFnAQrBtLRgJPsI43uc3qnScmFY/CR5jGzA3IKOQ+pwS09ADXzqBi2TV7DrxKnJxYKEdzUDWs/jCiScBCoIIo1XPsGNyUSOBUsJnZTxSLCZ2QEetpGpKAKTede53hU60MsR9J/ULAc/XvREoCpaaBpzsDAmO1XMvEf2uZIpWvCv+nniQTBktaMDM1CjbBv3JTHsYJsJAuXPqJwBDhLDU85JJREFNNCJVcH4rpmEhCQWdbWP68uNPUsTrLIa6S9nnNqdfq9xdW4yYPuIyO0Qk6Qw66RA10h5qohSgaoRf0it6Md+PT+DK+F60lI585QgUYP7/ra62z</latexit>

t = 1
<latexit sha1_base64="i3xqS914aAB2rc/nUbFQHVpwQV8=">AAACSnicbVDJTgJBFOxBVBwXQI9eJhITL+KMC3oxIerBIyayJEBIT/MGO/Qs6X5jJBO+xKv+jT/gb3gzXmyWgwNW0kml3tL1yo0EV2jbn0ZmJbu6tp7bMDe3tnfyheJuQ4WxZFBnoQhly6UKBA+gjhwFtCIJ1HcFNN3h7aTefAapeBg84iiCrk8HAfc4o6ilXiHfuQOB9ASvjx27fHbRK5Tssj2FtUycOSmROWq9olHq9EMW+xAgE1SptmNH2E2oRM4EjM1OrCCibEgH0NY0oD6objJ1PrYOtdK3vFDqF6A1Vf9OJNRXauS7utOn+KQWaxPx39pEkcpTqf8TV9Ih4ILmj02NlE30rroJD6IYIWAzl14sLAytSYZWn0tgKEaaUCa5PtRiT1RShjrp1PKX2Z2mjtVZDHGZNE7LTqVceTgvVW/mAefIPjkgR8Qhl6RK7kmN1AkjMXklb+Td+DC+jG/jZ9aaMeYzeySFTPYXjkGwxQ==</latexit>

�/t = �10.35
<latexit sha1_base64="ttLc11gOf47H0w0c6T+zpjF+2NI=">AAACRHicbVDJSgNBFOxxjXFL9OilMQie4kyQ6EUIevEYwSyQhNDT8yZp0rPQ/UYMQz7Dq/6N/+A/eBOvYmc5OIkFDUW9peuVG0uh0bY/rLX1jc2t7dxOfndv/+CwUDxq6ihRHBo8kpFqu0yDFCE0UKCEdqyABa6Elju6m9ZbT6C0iMJHHMfQC9ggFL7gDI3U6XogkV3gTcXuF0p22Z6BrhJnQUpkgXq/aJW6XsSTAELkkmndcewYeylTKLiESb6baIgZH7EBdAwNWQC6l848T+iZUTzqR8q8EOlM/TuRskDrceCazoDhUC/XpuK/tamitK8z/6euYiPAJS2Y5A0yNtG/7qUijBOEkM9d+omkGNFpetQTCjjKsSGMK2EOpXzIFONoMs4sf57fmTexOsshrpJmpexUy9WHy1LtdhFwjpyQU3JOHHJFauSe1EmDcBKRF/JK3qx369P6sr7nrWvWYuaYZGD9/AJA1LDJ</latexit>

�/t = 20
<latexit sha1_base64="G1OYnRC3xUWlncwLFVBX6JgP8gM=">AAACQnicbVDLTsJAFJ3iC/EFunTTSEzcWFui6MaE6MYlJhYw0JDpMIUJM20zc2skDV/hVv/Gn/AX3Bm3LhweCwueZJKTcx9z7vFjzhTY9oeRW1ldW9/Ibxa2tnd294ql/YaKEkmoSyIeyZaPFeUspC4w4LQVS4qFz2nTH95O6s0nKhWLwgcYxdQTuB+ygBEMWnp0z+D61LYqF91i2bbsKcxl4sxJGc1R75aMcqcXkUTQEAjHSrUdOwYvxRIY4XRc6CSKxpgMcZ+2NQ2xoMpLp47H5rFWemYQSf1CMKfq34kUC6VGwtedAsNALdYm4r+1iSJVoDL/p77EQwoLmhgXNDI2IbjyUhbGCdCQzFwGCTchMifZmT0mKQE+0gQTyfShJhlgiQnohDPLn2d3FnSszmKIy6RRsZyqVb0/L9du5gHn0SE6QifIQZeohu5QHbmIIIFe0Ct6M96NT+PL+J615oz5zAHKwPj5BShWrzQ=</latexit>

U/t = �0.25

<latexit sha1_base64="c9ZZagfFDV4GdLaKrvBFhMTSU0k=">AAACS3icbVDLTgIxFO2gKI4v0KWbxomJK5xBgy6JbowrTOSRACGd0oGGziPtHQKZ8Cdu9W/8AL/DnXFhB1g44EmanJz76LnHjQRXYNufRm5rO7+zW9gz9w8Oj46LpZOmCmNJWYOGIpRtlygmeMAawEGwdiQZ8V3BWu74Ia23JkwqHgYvMItYzyfDgHucEtBSv1h8ugLcJVEkwym2y9eVftGyy/YCeJM4K2KhFer9kmF1ByGNfRYAFUSpjmNH0EuIBE4Fm5vdWLGI0DEZso6mAfGZ6iUL63N8oZUB9kKpXwB4of6dSIiv1Mx3dadPYKTWa6n4by1VpPJU5v/ElWTMYE3z56ZGxiZ4d72EB1EMLKBLl14sMIQ4DREPuGQUxEwTQiXXh2I6IpJQ0FFnlk+Xd5o6Vmc9xE3SrJSdarn6fGPV7lcBF9AZOkeXyEG3qIYeUR01EEUT9Ire0LvxYXwZ38bPsjVnrGZOUQa5/C/Wr7Fr</latexit>

J/t ⇡ 0.32
protection strength

perturbation
<latexit sha1_base64="Vme2L8O3gBVAN5DkT0FY0APGBWs=">AAACRnicbVDJSgNBFHwTtxi3RI9eGoPgKc6IRi9C0It4imAWSIbQ0+lJmvQsdr8Rw5Dv8Kp/4y/4E97Eq53lYBILGop6S9crL5ZCo21/WpmV1bX1jexmbmt7Z3cvX9iv6yhRjNdYJCPV9KjmUoS8hgIlb8aK08CTvOENbsf1xjNXWkThIw5j7ga0FwpfMIpGcrGjTu/JNbFLztlFJ1+0S/YEZJk4M1KEGaqdglVsdyOWBDxEJqnWLceO0U2pQsEkH+XaieYxZQPa4y1DQxpw7aYT1yNybJQu8SNlXohkov6dSGmg9TDwTGdAsa8Xa2Px39pYUdrXc/+nnqIDjgtaMMoZzNlE/8pNRRgnyEM2deknkmBExvmRrlCcoRwaQpkS5lDC+lRRhiblueUv0ztzJlZnMcRlUj8rOeVS+eG8WLmZBZyFQziCE3DgEipwB1WoAYMneIU3eLc+rC/r2/qZtmas2cwBzCEDv7IGr2c=</latexit>

tr/J = 0.125
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Thank you 
for your attention!

Experimental 
proposals

Non-Abelian 
gauge protection

Emergent gauge theory

Hubbard 
+ 

AFM Heisenberg

<latexit sha1_base64="JQvs2gsjOKM9frAA+s0Lt3/yZ68="></latexit> el
ec
tr
ic

fi
el
d

<latexit sha1_base64="x9Eh5/y5Su4AZmBZzP/XnrqOFOg="></latexit> st
ag
ge
re
d
oc
cu
p
at
io
n

<latexit sha1_base64="4ixWAtlni7PYTPSISBu671HwKds="></latexit>

time [2⇡/J ]

<latexit sha1_base64="zXvhvhY7loLvZP4BJbMzkyfH7J0="></latexit>

-1
<latexit sha1_base64="XgdHHtTNZy6pbETGV0NwWguCuwQ=">AAACKHicdVDLSgMxFM34rPXV6tJNsAiuhkxftruiG5ct2Ae0pWTSO21o5kGSEcvQL3CrP+HXuJNu/RLTh2BFDwQO5z5y7nEjwZUmZG5tbe/s7u2nDtKHR8cnp5nsWUuFsWTQZKEIZcelCgQPoKm5FtCJJFDfFdB2J3eLevsRpOJh8KCnEfR9Ogq4xxnVRmo4g0yO2NVKsVwoYmKX86RUIIaQQrFaLWPHJkvk0Br1QdbK9oYhi30INBNUqa5DIt1PqNScCZile7GCiLIJHUHX0ID6oPrJ0ukMXxlliL1QmhdovFR/TiTUV2rqu6bTp3qsftcW4p+1hSKVpzb+T1xJJ6Bn6U1T2qv0Ex5EsYaArTx5scA6xIuE8JBLYFpMDaFMcnMWZmMqKdMmx431T6ur0ibE76Tw/6SVt52yXWoUc7XbdZwpdIEu0TVy0A2qoXtUR03EEKBn9IJerTfr3fqw5qvWLWs9c442YH1+ASZKpng=</latexit>

1

<latexit sha1_base64="CP/SuuoLZ5cgTUJQUEUTB7PC18U=">AAACKHicdVDLTgIxFO34RHyBLt00EhNXkwIDwo7oxiUk8kiAkE65Aw2dR9qOkUz4Arf6E36NO8PWL7E8TMToSZqcnPvouceNBFeakLm1tb2zu7efOkgfHh2fnGayZy0VxpJBk4UilB2XKhA8gKbmWkAnkkB9V0Dbndwt6u1HkIqHwYOeRtD36SjgHmdUG6lBBpkcsasVp1x0MLHLBVIqEkNI0alWyzhvkyVyaI36IGtle8OQxT4EmgmqVDdPIt1PqNScCZile7GCiLIJHUHX0ID6oPrJ0ukMXxlliL1QmhdovFR/TiTUV2rqu6bTp3qsftcW4p+1hSKVpzb+T1xJJ6Bn6U1T2qv0Ex5EsYaArTx5scA6xIuE8JBLYFpMDaFMcnMWZmMqKdMmx431T6ur0ibE76Tw/6RVsPNlu9RwcrXbdZwpdIEu0TXKoxtUQ/eojpqIIUDP6AW9Wm/Wu/VhzVetW9Z65hxtwPr8AiSGpnc=</latexit>
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<latexit sha1_base64="XgdHHtTNZy6pbETGV0NwWguCuwQ=">AAACKHicdVDLSgMxFM34rPXV6tJNsAiuhkxftruiG5ct2Ae0pWTSO21o5kGSEcvQL3CrP+HXuJNu/RLTh2BFDwQO5z5y7nEjwZUmZG5tbe/s7u2nDtKHR8cnp5nsWUuFsWTQZKEIZcelCgQPoKm5FtCJJFDfFdB2J3eLevsRpOJh8KCnEfR9Ogq4xxnVRmo4g0yO2NVKsVwoYmKX86RUIIaQQrFaLWPHJkvk0Br1QdbK9oYhi30INBNUqa5DIt1PqNScCZile7GCiLIJHUHX0ID6oPrJ0ukMXxlliL1QmhdovFR/TiTUV2rqu6bTp3qsftcW4p+1hSKVpzb+T1xJJ6Bn6U1T2qv0Ex5EsYaArTx5scA6xIuE8JBLYFpMDaFMcnMWZmMqKdMmx431T6ur0ibE76Tw/6SVt52yXWoUc7XbdZwpdIEu0TVy0A2qoXtUR03EEKBn9IJerTfr3fqw5qvWLWs9c442YH1+ASZKpng=</latexit>
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0
<latexit sha1_base64="cKTEg/L5AtSEkQMOVTx8s4kRxHg=">AAACK3icdVDLSsNAFJ34rPXV2qWbwSK4Ckna9LErunFZxT6gDWUynbRDJw9mJmIJ/QO3+hd+jSvFrf/hpK1gRA9cOJx7L/fc40aMCmkYb9rG5tb2zm5uL79/cHh0XCiedEUYc0w6OGQh77tIEEYD0pFUMtKPOEG+y0jPnV2l/d494YKGwZ2cR8Tx0SSgHsVIKum2YowKZUM36matUoOGbttVy2oq0mw2bNOCpm4sUQZrtEdFrTQchzj2SSAxQ0IMTCOSToK4pJiRRX4YCxIhPEMTMlA0QD4RTrK0uoDnShlDL+SqAgmX6s+NBPlCzH1XTfpITsXvXir+2UsVLjyRuZ+4HM2IXOQVMrak13ASGkSxJAFeufJiBmUI05DgmHKCJZsrgjCn6jGIp4gjLFWUmQMPq7/yKsbvrOD/pGvpZk23b6rl1uU60Bw4BWfgApigDlrgGrRBB2DggUfwBJ61F+1Ve9c+VqMb2nqnBDLQPr8Anium1w==</latexit>

30
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<latexit sha1_base64="CP/SuuoLZ5cgTUJQUEUTB7PC18U=">AAACKHicdVDLTgIxFO34RHyBLt00EhNXkwIDwo7oxiUk8kiAkE65Aw2dR9qOkUz4Arf6E36NO8PWL7E8TMToSZqcnPvouceNBFeakLm1tb2zu7efOkgfHh2fnGayZy0VxpJBk4UilB2XKhA8gKbmWkAnkkB9V0Dbndwt6u1HkIqHwYOeRtD36SjgHmdUG6lBBpkcsasVp1x0MLHLBVIqEkNI0alWyzhvkyVyaI36IGtle8OQxT4EmgmqVDdPIt1PqNScCZile7GCiLIJHUHX0ID6oPrJ0ukMXxlliL1QmhdovFR/TiTUV2rqu6bTp3qsftcW4p+1hSKVpzb+T1xJJ6Bn6U1T2qv0Ex5EsYaArTx5scA6xIuE8JBLYFpMDaFMcnMWZmMqKdMmx431T6ur0ibE76Tw/6RVsPNlu9RwcrXbdZwpdIEu0TXKoxtUQ/eojpqIIUDP6AW9Wm/Wu/VhzVetW9Z65hxtwPr8AiSGpnc=</latexit>
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Additional slides



non-Abelian LGT



Top-down
> experimentally imposing gauge constraints

> dynamics induced perturbatively

> enables large-scale quantum simulation

[Z2 w/o matter (2+1)D:            G. Semeghini et al., Science 374 (2021), 
U(1) QLM w/ matter (1+1)D:    B. Yang et al., Nature 587 (2020), 
U(1) QLM w/ matter (1+1)D:    F. Surace et al., PRX 10 (2020)]

Bottom-up
> engineering gauge-invariant Hamiltonian ĤSU(2)

> experimental errors break gauge constraint

[D. Banerjee et al., PRL 110 (2013),  
E. Zohar et al., PRL 110 (2013),  
L. Tagliacozzo et al., Nat. Comm. 4 (2016), 
Review: M. Aidelsburger et al., C. R. Phys. 19 (2018)]

Ĥerr ĤSU(2)

physical state physical stateunphysical state

energy gauge  
protection! [Review: Halimeh & Hauke, arXiv:2204.13709]

Method



Effective Hamiltonian
<latexit sha1_base64="1kUxW+a2gCcwwOQEZOAsLjdpz4E="></latexit>
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�i�tĤmic | i ⇡ (1� i�tĤe↵) | iConstruct effective Hamiltonian in gauge-invariant subspace:
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<latexit sha1_base64="9SbVFHWqmqBOtJCLCn0SdJsf0u0="></latexit>
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<latexit sha1_base64="9SbVFHWqmqBOtJCLCn0SdJsf0u0="></latexit>
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<latexit sha1_base64="9SbVFHWqmqBOtJCLCn0SdJsf0u0="></latexit>
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<latexit sha1_base64="9SbVFHWqmqBOtJCLCn0SdJsf0u0="></latexit>
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<latexit sha1_base64="XR9mz7zx7iDM5DNwDCrfDNJInDQ="></latexit>

/ t2/J2

<latexit sha1_base64="4MrWFISZc4s5catxK2IeD0hHcQs=">AAACKnicdVDLSgMxFM34rOOr1aWbYBFcjRn7UHdFN+KqolWhLZJJMzU08yC5I5ahn+BWf8KvcVfc+iFm2gqO6IHA4dxHzj1eLIUGQsbW3PzC4tJyYcVeXVvf2CyWtm50lCjGWyySkbrzqOZShLwFAiS/ixWngSf5rTc4y+q3j1xpEYXXMIx5N6D9UPiCUTDSFRxc3BfLxDkhx6RSwcSpV9xqrWaIS6p1coJdh0xQRjM070tWqdOLWBLwEJikWrddEkM3pQoEk3xkdxLNY8oGtM/bhoY04LqbTryO8J5RetiPlHkh4In6cyKlgdbDwDOdAYUH/buWiX/WMkVpX+f+Tz1FBxxGdt4U+MfdVIRxAjxkU09+IjFEOMsI94TiDOTQEMqUMGdh9kAVZWCSzK1/ml5lmxC/k8L/k5tDx607tctquXE6i7OAdtAu2kcuOkINdI6aqIUY6qNn9IJerTfr3RpbH9PWOWs2s41ysD6/AKXbpzo=</latexit>

t/J

<latexit sha1_base64="VNDj45ADaqgqP9m31T6ZF5QqZBs="></latexit>

time [2⇡/J ]

<latexit sha1_base64="XR9mz7zx7iDM5DNwDCrfDNJInDQ="></latexit>

/ t2/J2

<latexit sha1_base64="XR9mz7zx7iDM5DNwDCrfDNJInDQ="></latexit>

/ t2/J2

<latexit sha1_base64="4MrWFISZc4s5catxK2IeD0hHcQs=">AAACKnicdVDLSgMxFM34rOOr1aWbYBFcjRn7UHdFN+KqolWhLZJJMzU08yC5I5ahn+BWf8KvcVfc+iFm2gqO6IHA4dxHzj1eLIUGQsbW3PzC4tJyYcVeXVvf2CyWtm50lCjGWyySkbrzqOZShLwFAiS/ixWngSf5rTc4y+q3j1xpEYXXMIx5N6D9UPiCUTDSFRxc3BfLxDkhx6RSwcSpV9xqrWaIS6p1coJdh0xQRjM070tWqdOLWBLwEJikWrddEkM3pQoEk3xkdxLNY8oGtM/bhoY04LqbTryO8J5RetiPlHkh4In6cyKlgdbDwDOdAYUH/buWiX/WMkVpX+f+Tz1FBxxGdt4U+MfdVIRxAjxkU09+IjFEOMsI94TiDOTQEMqUMGdh9kAVZWCSzK1/ml5lmxC/k8L/k5tDx607tctquXE6i7OAdtAu2kcuOkINdI6aqIUY6qNn9IJerTfr3RpbH9PWOWs2s41ysD6/AKXbpzo=</latexit>

t/J

<latexit sha1_base64="VNDj45ADaqgqP9m31T6ZF5QqZBs="></latexit>

time [2⇡/J ]

<latexit sha1_base64="XR9mz7zx7iDM5DNwDCrfDNJInDQ="></latexit>

/ t2/J2

Gauge violation



Tweezer geometry
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Rishon mapping



Wilson's lattice gauge theory

[Review: U.J. Wiese, Ann. Phy. 525 (2013)]

Commutation Relations
<latexit sha1_base64="gAv3SDqFFkr/2Df6IBrxOwsVx/Q="></latexit>

[L̂a, L̂b] = 2ifabcL̂
c

<latexit sha1_base64="W7TENT5BtdJtjCdlerbAK3I6FbA="></latexit>

[R̂a, R̂b] = 2ifabcR̂
c

<latexit sha1_base64="xerBsYSBu+YcVga95wo8Tpa6x6g="></latexit>

[L̂a, Û ] = �T aÛ
<latexit sha1_base64="GhhK/QsmB5l0tlju4q+QVjlgLtA="></latexit>

[R̂a, Û ] = �ÛT a

link = particle in infinite dimensional group space SU(N)

<latexit sha1_base64="+IJGZbUMHFuXiW+rf9xGDxoW5hA="></latexit>

 ̂†
j,� ̂j,�

Matter / Quark

SU(3)

<latexit sha1_base64="ggoTOn5DEcQEDvAj702V+YfAQVE="></latexit>

Û��0

hj,j+1i
gauge field

<latexit sha1_base64="xLELjZmntOREcYubceA5jSrZWQ8=">AAACE3icdVDLSsNAFL2prxpfVZduBovgKiTFapdFNy5bsK3QhjKZTtqxk0mYmYgl9Avc2q9xJ279AD9GcPoQrI8DFw7n3Mu99wQJZ0q77ruVW1ldW9/Ib9pb2zu7e4X9g6aKU0log8Q8lrcBVpQzQRuaaU5vE0lxFHDaCoZXU791T6VisbjRo4T6Ee4LFjKCtZHqd91C0XXKrlsqV9Bv4jnuDEVYoNYtfHR6MUkjKjThWKm25ybaz7DUjHA6tjupogkmQ9ynbUMFjqjys9mhY3RilB4KY2lKaDRTv09kOFJqFAWmM8J6oH56U/FPb6pIFaqxvXyADit+xkSSairIfH+YcqRjNA0D9ZikRPORIZhIZl5AZIAlJtpEtrTgYf6BbfL6CgX9T5olxzt3yvWzYvVykVwejuAYTsGDC6jCNdSgAQQoPMITTKyJ9Wy9WK/z1py1mDmEJVhvnzwWny0=</latexit>

j
<latexit sha1_base64="QIxkEG0yTjZoWZxHFMlaSGSJzjk=">AAACFXicdVDJSgNBEK2JWxy3qEcvjUEQhGEmGM0x6MVjRLNAMoSeTk/Spmehu0cMQz7Bq/kab+LVsx8j2JNEMC4PCh7vVVFVz4s5k8q2343c0vLK6lp+3dzY3NreKezuNWSUCELrJOKRaHlYUs5CWldMcdqKBcWBx2nTG15mfvOeCsmi8FaNYuoGuB8ynxGstHRzd+J0C0XbKtt2qVxBv4lj2VMUYY5at/DR6UUkCWioCMdSth07Vm6KhWKE07HZSSSNMRniPm1rGuKASjednjpGR1rpIT8SukKFpur3iRQHUo4CT3cGWA3kTy8T//QyRUhfjs3FA5RfcVMWxomiIZnt9xOOVISyOFCPCUoUH2mCiWD6BUQGWGCidGgLCx5mH5g6r69Q0P+kUbKcM6t8fVqsXsyTy8MBHMIxOHAOVbiCGtSBQB8e4QkmxsR4Nl6M11lrzpjP7MMCjLdPIiifnQ==</latexit>

j + 1

Gauss's law

<latexit sha1_base64="vIveRUIiturU04C4RjLzxzGHWQ4="></latexit>

N2�1X

a=1

Ĝa
j | i = 0

<latexit sha1_base64="VGUgk+lM3j3ay1qGM21aqG4u1ZM="></latexit>

Ĝa
j =  ̂†

j,�T
a
��0  ̂j,�0 + L̂a

hj�1,ji + R̂a
hj,j+1i

 : (N x N)-matrix 
-valued

Û
ℂ

<latexit sha1_base64="OuRWRAX6MAWIPNHzF80r+FedCpQ="></latexit>

Û =

0

B@
U11 . . . U1N
...

. . .
UN1 UNN

1

CA

 generators of SU(N)N2 − 1



Quantum link formulation

[Review: U.J. Wiese, Ann. Phy. 525 (2013)]

<latexit sha1_base64="+IJGZbUMHFuXiW+rf9xGDxoW5hA="></latexit>

 ̂†
j,� ̂j,�

Matter / Quark

SU(3)

<latexit sha1_base64="ggoTOn5DEcQEDvAj702V+YfAQVE="></latexit>

Û��0

hj,j+1i
gauge field

Gauss's law

<latexit sha1_base64="vIveRUIiturU04C4RjLzxzGHWQ4="></latexit>

N2�1X

a=1

Ĝa
j | i = 0

Commutation Relations
<latexit sha1_base64="gAv3SDqFFkr/2Df6IBrxOwsVx/Q="></latexit>

[L̂a, L̂b] = 2ifabcL̂
c

<latexit sha1_base64="W7TENT5BtdJtjCdlerbAK3I6FbA="></latexit>

[R̂a, R̂b] = 2ifabcR̂
c

Quantum link formulation = discretized link Hilbert space

<latexit sha1_base64="xLELjZmntOREcYubceA5jSrZWQ8=">AAACE3icdVDLSsNAFL2prxpfVZduBovgKiTFapdFNy5bsK3QhjKZTtqxk0mYmYgl9Avc2q9xJ279AD9GcPoQrI8DFw7n3Mu99wQJZ0q77ruVW1ldW9/Ib9pb2zu7e4X9g6aKU0log8Q8lrcBVpQzQRuaaU5vE0lxFHDaCoZXU791T6VisbjRo4T6Ee4LFjKCtZHqd91C0XXKrlsqV9Bv4jnuDEVYoNYtfHR6MUkjKjThWKm25ybaz7DUjHA6tjupogkmQ9ynbUMFjqjys9mhY3RilB4KY2lKaDRTv09kOFJqFAWmM8J6oH56U/FPb6pIFaqxvXyADit+xkSSairIfH+YcqRjNA0D9ZikRPORIZhIZl5AZIAlJtpEtrTgYf6BbfL6CgX9T5olxzt3yvWzYvVykVwejuAYTsGDC6jCNdSgAQQoPMITTKyJ9Wy9WK/z1py1mDmEJVhvnzwWny0=</latexit>

j
<latexit sha1_base64="QIxkEG0yTjZoWZxHFMlaSGSJzjk=">AAACFXicdVDJSgNBEK2JWxy3qEcvjUEQhGEmGM0x6MVjRLNAMoSeTk/Spmehu0cMQz7Bq/kab+LVsx8j2JNEMC4PCh7vVVFVz4s5k8q2343c0vLK6lp+3dzY3NreKezuNWSUCELrJOKRaHlYUs5CWldMcdqKBcWBx2nTG15mfvOeCsmi8FaNYuoGuB8ynxGstHRzd+J0C0XbKtt2qVxBv4lj2VMUYY5at/DR6UUkCWioCMdSth07Vm6KhWKE07HZSSSNMRniPm1rGuKASjednjpGR1rpIT8SukKFpur3iRQHUo4CT3cGWA3kTy8T//QyRUhfjs3FA5RfcVMWxomiIZnt9xOOVISyOFCPCUoUH2mCiWD6BUQGWGCidGgLCx5mH5g6r69Q0P+kUbKcM6t8fVqsXsyTy8MBHMIxOHAOVbiCGtSBQB8e4QkmxsR4Nl6M11lrzpjP7MMCjLdPIiifnQ==</latexit>

j + 1

 : (N x N)-matrix 
operator-valued

Û

<latexit sha1_base64="kvhsA5MZXASr+bxMQOeY9OIAqSw="></latexit>

Û =

0

B@
Û11 . . . Û1N
...

. . .

ÛN1 ÛNN

1

CA

<latexit sha1_base64="VGUgk+lM3j3ay1qGM21aqG4u1ZM="></latexit>

Ĝa
j =  ̂†

j,�T
a
��0  ̂j,�0 + L̂a

hj�1,ji + R̂a
hj,j+1i

<latexit sha1_base64="xerBsYSBu+YcVga95wo8Tpa6x6g="></latexit>

[L̂a, Û ] = �T aÛ
<latexit sha1_base64="GhhK/QsmB5l0tlju4q+QVjlgLtA="></latexit>

[R̂a, Û ] = �ÛT a



Gauss's law 
> total color singlet <

Rishon formulation

[Review: U.J. Wiese, Ann. Phy. 525 (2013)]

Schwinger fermion representation

<latexit sha1_base64="y3JG4uTEka6fGQqGXip+a1MnRvw="></latexit>

Û��0

hj,j+1i = ĉhj,j+1il,� ĉ
†
hj,j+1ir,�0

<latexit sha1_base64="9H9hNDvzCrUx5Dz2s8yPiyaosSU="></latexit>

N =
X

�

⇣
ĉ†hj,j+1il,�

ĉhj,j+1il,� + ĉ†hj,j+1ir,�
ĉhj,j+1ir,�

⌘

<latexit sha1_base64="z4TUkK0RJ6QztZseI8b1hKtAqNw="></latexit>

Ŝa
hj,j+1ir

= ĉ†hj,j+1il,�
T a
��0 ĉhj,j+1il,�0

<latexit sha1_base64="+IJGZbUMHFuXiW+rf9xGDxoW5hA="></latexit>

 ̂†
j,� ̂j,�

Matter / Quark

left rishon

<latexit sha1_base64="xLELjZmntOREcYubceA5jSrZWQ8=">AAACE3icdVDLSsNAFL2prxpfVZduBovgKiTFapdFNy5bsK3QhjKZTtqxk0mYmYgl9Avc2q9xJ279AD9GcPoQrI8DFw7n3Mu99wQJZ0q77ruVW1ldW9/Ib9pb2zu7e4X9g6aKU0log8Q8lrcBVpQzQRuaaU5vE0lxFHDaCoZXU791T6VisbjRo4T6Ee4LFjKCtZHqd91C0XXKrlsqV9Bv4jnuDEVYoNYtfHR6MUkjKjThWKm25ybaz7DUjHA6tjupogkmQ9ynbUMFjqjys9mhY3RilB4KY2lKaDRTv09kOFJqFAWmM8J6oH56U/FPb6pIFaqxvXyADit+xkSSairIfH+YcqRjNA0D9ZikRPORIZhIZl5AZIAlJtpEtrTgYf6BbfL6CgX9T5olxzt3yvWzYvVykVwejuAYTsGDC6jCNdSgAQQoPMITTKyJ9Wy9WK/z1py1mDmEJVhvnzwWny0=</latexit>

j
<latexit sha1_base64="QIxkEG0yTjZoWZxHFMlaSGSJzjk=">AAACFXicdVDJSgNBEK2JWxy3qEcvjUEQhGEmGM0x6MVjRLNAMoSeTk/Spmehu0cMQz7Bq/kab+LVsx8j2JNEMC4PCh7vVVFVz4s5k8q2343c0vLK6lp+3dzY3NreKezuNWSUCELrJOKRaHlYUs5CWldMcdqKBcWBx2nTG15mfvOeCsmi8FaNYuoGuB8ynxGstHRzd+J0C0XbKtt2qVxBv4lj2VMUYY5at/DR6UUkCWioCMdSth07Vm6KhWKE07HZSSSNMRniPm1rGuKASjednjpGR1rpIT8SukKFpur3iRQHUo4CT3cGWA3kTy8T//QyRUhfjs3FA5RfcVMWxomiIZnt9xOOVISyOFCPCUoUH2mCiWD6BUQGWGCidGgLCx5mH5g6r69Q0P+kUbKcM6t8fVqsXsyTy8MBHMIxOHAOVbiCGtSBQB8e4QkmxsR4Nl6M11lrzpjP7MMCjLdPIiifnQ==</latexit>

j + 1

right rishon

<latexit sha1_base64="ArtJGAA3i3PzreUh24J/2fZSEAc="></latexit>

Ŝa
hj,j+1il

<latexit sha1_base64="zf6HOK1XkNJQelri3Yj/IKqzssw="></latexit>

Ŝa
hj,j+1ir



Bosonic t-J model



Bosonic t-J model - molecules

from: LH et al., PRL 132 (2024)

<latexit sha1_base64="KfGDrc5IRXlwNXv//XP3NND6K2w=">AAACKXicdVDLSgMxFM3UV62vUZdugkVwUYaZYrXLohuXFewDpkPJpJk2NJMZkoxYhv6Ev+EPuNU/cKduBb/DdNqCtXohcHLOvbknx48Zlcq2343cyura+kZ+s7C1vbO7Z+4fNGWUCEwaOGKRaPtIEkY5aSiqGGnHgqDQZ6TlD68meuuOCEkjfqtGMfFC1Oc0oBgpTXXNUtrJHnFF3/dS26rYdrlSLS2BMVRw3DWL8ztcBo5lZ1UEs6p3za9OL8JJSLjCDEnpOnasvBQJRTEj40InkSRGeIj6xNWQo5BIL80MjeGJZnowiIQ+XMGM/TmRolDKUejrzhCpgfytTci/NDdRQdVLKY8TRTieLgoSBlUEJxHBHhUEKzbSAGFBtVeIB0ggrHSQC1vup1YLOpj57+H/oFm2nHOrcnNWrF3OIsqDI3AMToEDLkANXIM6aAAMHsATeAYvxqPxarwZH9PWnDGbOQQLZXx+A926o08=</latexit>

t

<latexit sha1_base64="Jyj1LAE4bmOWKd9BwbhZDIV7unU=">AAACKXicdVDLSgMxFM34rPU16tJNsAguyjBTrHZZdCOuKtgHTIeSSTNtaCYzJBmxDPMT/oY/4Fb/wJ26FfwO0xdYqxcCJ+fcm3ty/JhRqWz73VhaXlldW89t5De3tnd2zb39howSgUkdRywSLR9JwigndUUVI61YEBT6jDT9weVIb94RIWnEb9UwJl6IepwGFCOlqY5ZTNvjR1zR873Utsq2XSpXigsgg9cw65iF2R0uAseyx1UA06p1zK92N8JJSLjCDEnpOnasvBQJRTEjWb6dSBIjPEA94mrIUUikl44NZfBYM10YREIfruCY/TmRolDKYejrzhCpvvytjci/NDdRQcVLKY8TRTieLAoSBlUERxHBLhUEKzbUAGFBtVeI+0ggrHSQc1vuJ1bzOpjZ7+H/oFGynDOrfHNaqF5MI8qBQ3AEToADzkEVXIEaqAMMHsATeAYvxqPxarwZH5PWJWM6cwDmyvj8Bpp2oyU=</latexit>

J

<latexit sha1_base64="QHWiBaNfab42Fe2/dqgwkgiFe3Y=">AAACEXicdVBLTsMwFHT4lvILnx0bQ4XEqkqiEsqugg3LItGP1ESV47qtVceJbAcooafgAmzhBuwQW07ABTgHTlskimAkS6OZ9/TGE8SMSmVZH8bc/MLi0nJuJb+6tr6xaW5t12WUCExqOGKRaAZIEkY5qSmqGGnGgqAwYKQRDM4zv3FNhKQRv1LDmPgh6nHapRgpLbXN3Xtv30tiJER0Az2BeI8R2DYLVtEtOY5dglbRspyy42TEdlz3FNpayVAAU1Tb5qfXiXASEq4wQ1K2bCtWfoqEopiRUd5LJIkRHqAeaWnKUUikn47Tj+ChVjqwGwn9uIJj9edGikIph2GgJ0Ok+vK3l4l/ea1Edct+SnmcKMLx5FA3YVBFMKsCdqggWLGhJggLqrNC3EcCYaULm7lyO4ma18V8/x7+T+pO0XaLx5elQuVsWlEO7IEDcARscAIq4AJUQQ1gcAcewRN4Nh6MF+PVeJuMzhnTnR0wA+P9CxWRnbY=</latexit>

|↑⟩

<latexit sha1_base64="rdW5jdbSHQJgmHJD4dW8YI4CKIE="></latexit>

|↓⟩

<latexit sha1_base64="K7KZkh6/pL5J2SCzcea4NPKzumk=">AAACHXicdVDLSsNAFJ3UV42vqks3g0VwFZL0oe6KblxWtA9oY5lMJ+3YyYOZiVhDPsOt/Rp34lb8GMFJW8GKHrhwOOde7r3HjRgV0jQ/tNzS8srqWn5d39jc2t4p7O41RRhzTBo4ZCFvu0gQRgPSkFQy0o44Qb7LSMsdXWR+655wQcPgRo4j4vhoEFCPYiSV1OkOkUyu09vH3l2vUDQN07ZKpQo0Dds+K9m2ImXFqia0DHOKIpij3it8dvshjn0SSMyQEB3LjKSTIC4pZiTVu7EgEcIjNCAdRQPkE+Ek05NTeKSUPvRCriqQcKr+nEiQL8TYd1Wnj+RQ/PYy8U8vU7jwRKovHiC9UyehQRRLEuDZfi9mUIYwiwX2KSdYsrEiCHOqXoB4iDjCUoW3sOBh9oGu8voOBf5PmrZhVY3KVblYO58nlwcH4BAcAwucgBq4BHXQABiE4Ak8g4k20V60V+1t1prT5jP7YAHa+xeqRKOp</latexit>

Ŝz
j

<latexit sha1_base64="QHWiBaNfab42Fe2/dqgwkgiFe3Y=">AAACEXicdVBLTsMwFHT4lvILnx0bQ4XEqkqiEsqugg3LItGP1ESV47qtVceJbAcooafgAmzhBuwQW07ABTgHTlskimAkS6OZ9/TGE8SMSmVZH8bc/MLi0nJuJb+6tr6xaW5t12WUCExqOGKRaAZIEkY5qSmqGGnGgqAwYKQRDM4zv3FNhKQRv1LDmPgh6nHapRgpLbXN3Xtv30tiJER0Az2BeI8R2DYLVtEtOY5dglbRspyy42TEdlz3FNpayVAAU1Tb5qfXiXASEq4wQ1K2bCtWfoqEopiRUd5LJIkRHqAeaWnKUUikn47Tj+ChVjqwGwn9uIJj9edGikIph2GgJ0Ok+vK3l4l/ea1Edct+SnmcKMLx5FA3YVBFMKsCdqggWLGhJggLqrNC3EcCYaULm7lyO4ma18V8/x7+T+pO0XaLx5elQuVsWlEO7IEDcARscAIq4AJUQQ1gcAcewRN4Nh6MF+PVeJuMzhnTnR0wA+P9CxWRnbY=</latexit>

|↑⟩
<latexit sha1_base64="bphiFo7vAV+h7EkwXe0Oaqv6Xak=">AAACKnicdVDLSsNAFJ34rPEVFdy4GSyCCwlpsdpl0Y3uKtgHtDFMppN27OTBzEStMT/j1n6Nu+LW3xCctBWsjwMXDufcy733uBGjQlrWSJubX1hcWs6t6Ktr6xubxtZ2XYQxx6SGQxbyposEYTQgNUklI82IE+S7jDTc/nnmN+4IFzQMruUgIraPugH1KEZSSY6x2+4hmVymN49OcnvUjiPEeXifOkbeMkuWVSyV4W9SMK0x8mCKqmN8tDshjn0SSMyQEK2CFUk7QVxSzEiqt2NBIoT7qEtaigbIJ8JOxven8EApHeiFXFUg4Vj9PpEgX4iB76pOH8me+Oll4p9epnDhiVSfPUB6ZTuhQRRLEuDJfi9mUIYwywh2KCdYsoEiCHOqXoC4hzjCUiU5s+Bh8oGu8voKBf5P6kWzcGKWro7zlbNpcjmwB/bBISiAU1ABF6AKagCDJ/AMXsBQG2qv2kh7m7TOadOZHTAD7f0Tqrio0Q==</latexit>

Îzj,↑
<latexit sha1_base64="gJtV4WyDoaGXy0cmny1jXP1o17k=">AAACG3icdVDLSsNAFJ3UV42vqks3g0VwFZI2rborunFZwT6kDWUynbRDJ5MwMxFL7Fe4tV/jTty68GMEJ20FK3rgwuGce7n3Hj9mVCrb/jByK6tr6xv5TXNre2d3r7B/0JRRIjBp4IhFou0jSRjlpKGoYqQdC4JCn5GWP7rK/NY9EZJG/FaNY+KFaMBpQDFSWrp7HHYF4gNGeoWibdluybGr0LbK5arrVjRxK07ZuYCOZc9QBAvUe4XPbj/CSUi4wgxJ2XHsWHkpEopiRiZmN5EkRniEBqSjKUchkV46O3gCT7TSh0EkdHEFZ+rPiRSFUo5DX3eGSA3lby8T//QyRchATszlA1Rw7qWUx4kiHM/3BwmDKoJZKLBPBcGKjTVBWFD9AsRDJBBWOrqlBQ/zD0yd13co8H/SLFlO1arcuMXa5SK5PDgCx+AUOOAM1MA1qIMGwCAET+AZTI2p8WK8Gm/z1pyxmDkESzDevwAHsKLN</latexit>

|h⟩

<latexit sha1_base64="rdW5jdbSHQJgmHJD4dW8YI4CKIE="></latexit>

|↓⟩
<latexit sha1_base64="tplrWlysFN8pxBXhxgx3DRtKa/I=">AAACLHicdVDLSgMxFM3UVx1fVTeCm2ARXMgwLVa7LLrRXQX7gLYOmTTTxmYyQ5Kx1mH8Grf2a9yIuPUvBNOHYH0cCBzOuZebc9yQUals+8VIzc0vLC6ll82V1bX1jczmVlUGkcCkggMWiLqLJGGUk4qiipF6KAjyXUZqbu9s5NduiZA04FdqEJKWjzqcehQjpSUns9PsIhVfJNf3Tnxz2GwHfY6ECPqJk8naVsG284Ui/E1ylj1GFkxRdjIfehtHPuEKMyRlI2eHqhUjoShmJDGbkSQhwj3UIQ1NOfKJbMXjBAnc10obeoHQjys4Vr9vxMiXcuC7etJHqit/eiPxT2+kCOnJxJz9gPKKrZjyMFKE48l9L2JQBXDUEmxTQbBiA00QFlRHgLiLBMJKdzlz4G6SwNR9fZUC/yfVvJU7tgqXR9nS6bS5NNgFe+AA5MAJKIFzUAYVgMEDeARPYGgMjWfj1XibjKaM6c42mIHx/glqv6m4</latexit>

Îzj,↓
<latexit sha1_base64="gJtV4WyDoaGXy0cmny1jXP1o17k=">AAACG3icdVDLSsNAFJ3UV42vqks3g0VwFZI2rborunFZwT6kDWUynbRDJ5MwMxFL7Fe4tV/jTty68GMEJ20FK3rgwuGce7n3Hj9mVCrb/jByK6tr6xv5TXNre2d3r7B/0JRRIjBp4IhFou0jSRjlpKGoYqQdC4JCn5GWP7rK/NY9EZJG/FaNY+KFaMBpQDFSWrp7HHYF4gNGeoWibdluybGr0LbK5arrVjRxK07ZuYCOZc9QBAvUe4XPbj/CSUi4wgxJ2XHsWHkpEopiRiZmN5EkRniEBqSjKUchkV46O3gCT7TSh0EkdHEFZ+rPiRSFUo5DX3eGSA3lby8T//QyRchATszlA1Rw7qWUx4kiHM/3BwmDKoJZKLBPBcGKjTVBWFD9AsRDJBBWOrqlBQ/zD0yd13co8H/SLFlO1arcuMXa5SK5PDgCx+AUOOAM1MA1qIMGwCAET+AZTI2p8WK8Gm/z1pyxmDkESzDevwAHsKLN</latexit>

|h⟩

<latexit sha1_base64="rdW5jdbSHQJgmHJD4dW8YI4CKIE="></latexit>

|↓⟩

<latexit sha1_base64="QHWiBaNfab42Fe2/dqgwkgiFe3Y=">AAACEXicdVBLTsMwFHT4lvILnx0bQ4XEqkqiEsqugg3LItGP1ESV47qtVceJbAcooafgAmzhBuwQW07ABTgHTlskimAkS6OZ9/TGE8SMSmVZH8bc/MLi0nJuJb+6tr6xaW5t12WUCExqOGKRaAZIEkY5qSmqGGnGgqAwYKQRDM4zv3FNhKQRv1LDmPgh6nHapRgpLbXN3Xtv30tiJER0Az2BeI8R2DYLVtEtOY5dglbRspyy42TEdlz3FNpayVAAU1Tb5qfXiXASEq4wQ1K2bCtWfoqEopiRUd5LJIkRHqAeaWnKUUikn47Tj+ChVjqwGwn9uIJj9edGikIph2GgJ0Ok+vK3l4l/ea1Edct+SnmcKMLx5FA3YVBFMKsCdqggWLGhJggLqrNC3EcCYaULm7lyO4ma18V8/x7+T+pO0XaLx5elQuVsWlEO7IEDcARscAIq4AJUQQ1gcAcewRN4Nh6MF+PVeJuMzhnTnR0wA+P9CxWRnbY=</latexit>

|↑⟩

<latexit sha1_base64="gJtV4WyDoaGXy0cmny1jXP1o17k=">AAACG3icdVDLSsNAFJ3UV42vqks3g0VwFZI2rborunFZwT6kDWUynbRDJ5MwMxFL7Fe4tV/jTty68GMEJ20FK3rgwuGce7n3Hj9mVCrb/jByK6tr6xv5TXNre2d3r7B/0JRRIjBp4IhFou0jSRjlpKGoYqQdC4JCn5GWP7rK/NY9EZJG/FaNY+KFaMBpQDFSWrp7HHYF4gNGeoWibdluybGr0LbK5arrVjRxK07ZuYCOZc9QBAvUe4XPbj/CSUi4wgxJ2XHsWHkpEopiRiZmN5EkRniEBqSjKUchkV46O3gCT7TSh0EkdHEFZ+rPiRSFUo5DX3eGSA3lby8T//QyRchATszlA1Rw7qWUx4kiHM/3BwmDKoJZKLBPBcGKjTVBWFD9AsRDJBBWOrqlBQ/zD0yd13co8H/SLFlO1arcuMXa5SK5PDgCx+AUOOAM1MA1qIMGwCAET+AZTI2p8WK8Gm/z1pyxmDkESzDevwAHsKLN</latexit>

|h⟩

a) Bosonic           model

b) Optical tweezers

c) Spin model mapping

<latexit sha1_base64="kW5jFnntg/zbxnpvUNsUm936/5Q="></latexit>

n̂h
j + n̂↓

j + n̂↑
j = 1

d) Floquet sequence

time

<latexit sha1_base64="jTylygSL0RKf9OGehO16sRzhkzw=">AAAB/HicdVDLTsJAFJ3iC/GFunQzkZi4Im2DFXdENy4hESSBhkyHC0yYTpuZqZE0+ANu9Q/cGbf+iz/gdzgFTMToSW5ycs69ufeeIOZMadv+sHIrq2vrG/nNwtb2zu5ecf+gpaJEUmjSiEeyHRAFnAloaqY5tGMJJAw43Abjq8y/vQOpWCRu9CQGPyRDwQaMEm2khugVS3bZq7iuU8F22bbdqutmxHE97wI7RslQQgvUe8XPbj+iSQhCU06U6jh2rP2USM0oh2mhmyiICR2TIXQMFSQE5aezQ6f4xCh9PIikKaHxTP05kZJQqUkYmM6Q6JH67WXiX14n0YOqnzIRJxoEnS8aJBzrCGdf4z6TQDWfGEKoZOZWTEdEEqpNNktb7uenFkww39/j/0nLLTte+axRKdUuFxHl0RE6RqfIQeeohq5RHTURRYAe0RN6th6sF+vVepu35qzFzCFagvX+BVaPlbs=</latexit>n

<latexit sha1_base64="B/jD0XMIeLCwK6ObxHE9ZVPMeH4=">AAACGHicbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiOYBZIh9HR6kjY9C901YhjyD17N13gTr978GMGeZA4m8UHB470qqup5sRQabfvbWlldW9/YLGwVt3d29/ZLB4cNHSWK8TqLZKRaHtVcipDXUaDkrVhxGniSN73hXeY3n7nSIgofcRRzN6D9UPiCUTRSo4M06TrdUtmu2FOQZeLkpAw5at3ST6cXsSTgITJJtW47doxuShUKJvm42Ek0jykb0j5vGxrSgGs3nV47JqdG6RE/UqZCJFP170RKA61HgWc6A4oDvehl4r9epijt63Fx/gD0b9xUhHGCPGSz/X4iCUYkS4T0hOIM5cgQypQwLxA2oIoyNLnNLXiZfVA0eTmL6SyTxnnFuapcPlyUq7d5cgU4hhM4AweuoQr3UIM6MHiCV3iDiTWx3q0P63PWumLlM0cwB+vrF6FkoO8=</latexit>τ1
<latexit sha1_base64="rCyBPgyTKHaqYnT/OSWuzeQhiJo=">AAACGHicbVDLSsNAFL2prxpfVZduBovgqiTF17LoxmUF+4A2lMl00o6dTMLMRCyh/+DWfo07cevOjxGctFnY1gMXDufcy733+DFnSjvOt1VYW9/Y3Cpu2zu7e/sHpcOjpooSSWiDRDySbR8rypmgDc00p+1YUhz6nLb80V3mt56pVCwSj3ocUy/EA8ECRrA2UrOrcdKr9kplp+LMgFaJm5My5Kj3Sj/dfkSSkApNOFaq4zqx9lIsNSOcTuxuomiMyQgPaMdQgUOqvHR27QSdGaWPgkiaEhrN1L8TKQ6VGoe+6QyxHqplLxP/9TJFqkBN7MUDdHDjpUzEiaaCzPcHCUc6QlkiqM8kJZqPDcFEMvMCIkMsMdEmt4UFL/MPbJOXu5zOKmlWK+5V5fLholy7zZMrwgmcwjm4cA01uIc6NIDAE7zCG0ytqfVufVif89aClc8cwwKsr1+jE6Dw</latexit>τ2

<latexit sha1_base64="DcdKY1bxepucLd/sR68LsJj0obk="></latexit>g

<latexit sha1_base64="xqmfB13KJWxkI2lOmaM85SVOnh0="></latexit>

t− J

<latexit sha1_base64="SynBckqncFI3c6lXg7LRRSPK4jM=">AAACP3icbVC7TsMwFHXKq4RXCyNLRITEVCW8xwoWxiLRh9RGleM6ranjRPYNoor6D6zwN3wGX8CGWNlw2gyk5UiWjs59+Nzjx5wpcJwPo7Syura+Ud40t7Z3dvcq1f2WihJJaJNEPJIdHyvKmaBNYMBpJ5YUhz6nbX98m9XbT1QqFokHmMTUC/FQsIARDFpq9QAn/bN+xXZqzgzWMnFzYqMcjX7VsHuDiCQhFUA4VqrrOjF4KZbACKdTs5coGmMyxkPa1VTgkCovndmdWsdaGVhBJPUTYM3UvxMpDpWahL7uDDGM1GItE/+tZYpUgSr8n/oSjyksaOHU1CjYhODaS5mIE6CCzF0GCbcgsrLgrAGTlACfaIKJZPpQi4ywxAR0vIXlz/M7TR2ruxjiMmmd1tzL2sX9uV2/yQMuo0N0hE6Qi65QHd2hBmoigh7RC3pFb8a78Wl8Gd/z1pKRzxygAoyfX9PBryY=</latexit>τ3
<latexit sha1_base64="GO/V4wZ4fSkbqgUKENwvr+RHiVE=">AAACP3icbVDJTsMwFLTLVsLWwpFLRITEqUpQWY4VXDgWiS5SG1WO67SmziL7BVFF/Qeu8Dd8Bl/ADXHlhtPmQFpGsjSat3jeeLHgCmz7A5fW1jc2t8rbxs7u3v5BpXrYVlEiKWvRSESy6xHFBA9ZCzgI1o0lI4EnWMeb3Gb1zhOTikfhA0xj5gZkFHKfUwJaaveBJIP6oGLZNXsOc5U4ObFQjuagiq3+MKJJwEKggijVc+wY3JRI4FSwmdFPFIsJnZAR62kakoApN53bnZmnWhmafiT1C8Gcq38nUhIoNQ083RkQGKvlWib+W8sUqXxV+D/1JJkwWNKCmaFRsAn+tZvyME6AhXTh0k+ECZGZBWcOuWQUxFQTQiXXh5p0TCShoOMtLH9e3GnoWJ3lEFdJ+7zmXNYu7utW4yYPuIyO0Qk6Qw66Qg10h5qohSh6RC/oFb3hd/yJv/D3orWE85kjVAD++QXVl68n</latexit>τ4

<latexit sha1_base64="UVXp0ad9Yhais8yy73OGDju9yNc=">AAACP3icbVC7TsMwFHXKq4RXCyNLRITEVCWIAmMFC2OR6ENqo8pxndbUcSL7BlFF/QdW+Bs+gy9gQ6xsOG0G0nIkS0fnPnzu8WPOFDjOh1FaW9/Y3Cpvmzu7e/sHlephW0WJJLRFIh7Jro8V5UzQFjDgtBtLikOf044/uc3qnScqFYvEA0xj6oV4JFjACAYttfuAk0F9ULGdmjOHtUrcnNgoR3NQNez+MCJJSAUQjpXquU4MXoolMMLpzOwnisaYTPCI9jQVOKTKS+d2Z9apVoZWEEn9BFhz9e9EikOlpqGvO0MMY7Vcy8R/a5kiVaAK/6e+xBMKS1o4MzUKNiG49lIm4gSoIAuXQcItiKwsOGvIJCXAp5pgIpk+1CJjLDEBHW9h+fPiTlPH6i6HuEra5zX3sla/v7AbN3nAZXSMTtAZctEVaqA71EQtRNAjekGv6M14Nz6NL+N70Voy8pkjVIDx8wvXba8o</latexit>τ5
<latexit sha1_base64="9ze6nKtLinoYZcqoUGYs3Lzs4IY=">AAACP3icbVC7TsMwFHXKq4RXCyOLRYTEVCUICmMFC2OR6ENqo8pxndbUeci+QVRR/4EV/obP4AvYECsbTpuBtBzJ0tG5D597vFhwBbb9YZTW1jc2t8rb5s7u3v5BpXrYVlEiKWvRSESy6xHFBA9ZCzgI1o0lI4EnWMeb3Gb1zhOTikfhA0xj5gZkFHKfUwJaaveBJIP6oGLZNXsOvEqcnFgoR3NQNaz+MKJJwEKggijVc+wY3JRI4FSwmdlPFIsJnZAR62kakoApN53bneFTrQyxH0n9QsBz9e9ESgKlpoGnOwMCY7Vcy8R/a5kila8K/6eeJBMGS1owMzUKNsG/dlMexgmwkC5c+onAEOEsODzkklEQU00IlVwfiumYSEJBx1tY/ry409SxOsshrpL2ec2p1y7vL6zGTR5wGR2jE3SGHHSFGugONVELUfSIXtArejPejU/jy/hetJaMfOYIFWD8/ALZQ68p</latexit>τ6

<latexit sha1_base64="WLilKmnEIhs6nMfMlFzmVE8Tqfo=">AAACP3icbVC7TsMwFHXKq4RXCyOLRYTEVCUIKGMFC2OR6ENqo8pxndbUeci+QVRR/4EV/obP4AvYECsbTpuBtBzJ0tG5D597vFhwBbb9YZTW1jc2t8rb5s7u3v5BpXrYVlEiKWvRSESy6xHFBA9ZCzgI1o0lI4EnWMeb3Gb1zhOTikfhA0xj5gZkFHKfUwJaaveBJIP6oGLZNXsOvEqcnFgoR3NQNaz+MKJJwEKggijVc+wY3JRI4FSwmdlPFIsJnZAR62kakoApN53bneFTrQyxH0n9QsBz9e9ESgKlpoGnOwMCY7Vcy8R/a5kila8K/6eeJBMGS1owMzUKNsG/dlMexgmwkC5c+onAEOEsODzkklEQU00IlVwfiumYSEJBx1tY/ry409SxOsshrpL2ec25ql3eX1iNmzzgMjpGJ+gMOaiOGugONVELUfSIXtArejPejU/jy/hetJaMfOYIFWD8/ALbGa8q</latexit>τ7
<latexit sha1_base64="hcJZCdMs98dtBcTvy/JkywpnIco=">AAACP3icbVDJTsMwFHTKVsLWwpGLRYTEqUoQS48VXDgWiS5SG1WO67SmziL7BVFF/Qeu8Dd8Bl/ADXHlhtPmQFpGsjSat3jeeLHgCmz7wyitrW9sbpW3zZ3dvf2DSvWwraJEUtaikYhk1yOKCR6yFnAQrBtLRgJPsI43uc3qnScmFY/CB5jGzA3IKOQ+pwS01O4DSQb1QcWya/YceJU4ObFQjuagalj9YUSTgIVABVGq59gxuCmRwKlgM7OfKBYTOiEj1tM0JAFTbjq3O8OnWhliP5L6hYDn6t+JlARKTQNPdwYExmq5lon/1jJFKl8V/k89SSYMlrRgZmoUbIJfd1MexgmwkC5c+onAEOEsODzkklEQU00IlVwfiumYSEJBx1tY/ry409SxOsshrpL2ec25ql3eX1iNmzzgMjpGJ+gMOegaNdAdaqIWougRvaBX9Ga8G5/Gl/G9aC0Z+cwRKsD4+QXc768r</latexit>τ8

<latexit sha1_base64="7yrcVeMQPJR43IWT4BUA7x0dsbU=">AAACP3icbVC7TsMwFHXKq4RXCyNLRITEVCWI51bBwlgk+pDaqHJcpzV1nMi+QVRR/4EV/obP4AvYECsbTpuBtBzJ0tG5D597/JgzBY7zYZRWVtfWN8qb5tb2zu5epbrfUlEiCW2SiEey42NFORO0CQw47cSS4tDntO2Pb7N6+4lKxSLxAJOYeiEeChYwgkFLrR7gpH/dr9hOzZnBWiZuTmyUo9GvGnZvEJEkpAIIx0p1XScGL8USGOF0avYSRWNMxnhIu5oKHFLlpTO7U+tYKwMriKR+AqyZ+ncixaFSk9DXnSGGkVqsZeK/tUyRKlCF/1Nf4jGFBS2cmhoFmxBceSkTcQJUkLnLIOEWRFYWnDVgkhLgE00wkUwfapERlpiAjrew/Hl+p6ljdRdDXCat05p7UTu/P7PrN3nAZXSIjtAJctElqqM71EBNRNAjekGv6M14Nz6NL+N73loy8pkDVIDx8wvexa8s</latexit>τ9
<latexit sha1_base64="Z1GEM5lk3CCEfs6MP7PiMp8byJY=">AAACFXicdVBNS8NAEJ3Urxq/qh69LBbBU0ikVnsrevFY0dpCG8pmu2mXbjZhdyOW0p/g1f4ab+LVsz9GcNNWsH48GHi8N8PMvCDhTGnXfbdyS8srq2v5dXtjc2t7p7C7d6fiVBJaJzGPZTPAinImaF0zzWkzkRRHAaeNYHCZ+Y17KhWLxa0eJtSPcE+wkBGsjXTTTlinUHSdUqXsVkroN/Ecd4oizFHrFD7a3ZikERWacKxUy3MT7Y+w1IxwOrbbqaIJJgPcoy1DBY6o8kfTU8foyChdFMbSlNBoqn6fGOFIqWEUmM4I67766WXin16mSBWqsb14gA7P/RETSaqpILP9YcqRjlEWB+oySYnmQ0Mwkcy8gEgfS0y0CW1hwcPsA9vk9RUK+p/cnThe2Tm9LhWrF/Pk8nAAh3AMHpxBFa6gBnUg0INHeIKJNbGerRfrddaas+Yz+7AA6+0TF6CgMA==</latexit>π <latexit sha1_base64="Z1GEM5lk3CCEfs6MP7PiMp8byJY=">AAACFXicdVBNS8NAEJ3Urxq/qh69LBbBU0ikVnsrevFY0dpCG8pmu2mXbjZhdyOW0p/g1f4ab+LVsz9GcNNWsH48GHi8N8PMvCDhTGnXfbdyS8srq2v5dXtjc2t7p7C7d6fiVBJaJzGPZTPAinImaF0zzWkzkRRHAaeNYHCZ+Y17KhWLxa0eJtSPcE+wkBGsjXTTTlinUHSdUqXsVkroN/Ecd4oizFHrFD7a3ZikERWacKxUy3MT7Y+w1IxwOrbbqaIJJgPcoy1DBY6o8kfTU8foyChdFMbSlNBoqn6fGOFIqWEUmM4I67766WXin16mSBWqsb14gA7P/RETSaqpILP9YcqRjlEWB+oySYnmQ0Mwkcy8gEgfS0y0CW1hwcPsA9vk9RUK+p/cnThe2Tm9LhWrF/Pk8nAAh3AMHpxBFa6gBnUg0INHeIKJNbGerRfrddaas+Yz+7AA6+0TF6CgMA==</latexit>π

<latexit sha1_base64="1Tu9WO7KOOpLXDPRvNpiwg7GMMg=">AAACTnicbVDLTsJAFJ3iC/EFsnTT2Ji4kbTG15LoxiVGeSSAZDrcwoTpIzO3BtL0W9zq37j1R9wZHaALAU8yycm5jzn3uJHgCm3708itrW9sbuW3Czu7e/sHxdJhQ4WxZFBnoQhly6UKBA+gjhwFtCIJ1HcFNN3R3bTefAGpeBg84SSCrk8HAfc4o6ilXrHcGVJMHtPnpIMwxuQsHae9omVX7BnMVeJkxCIZar2SYXX6IYt9CJAJqlTbsSPsJlQiZwLSQidWEFE2ogNoaxpQH1Q3mblPzROt9E0vlPoFaM7UvxMJ9ZWa+K7u9CkO1XJtKv5bmypSeWrh/8SVdAS4pPlpQWPBJno33YQHUYwQsLlLLxYmhuY0R7PPJTAUE00ok1wfarIhlZShTnth+Xh+Z0HH6iyHuEoa5xXnqnL5cGFVb7OA8+SIHJNT4pBrUiX3pEbqhJEJeSVv5N34ML6Mb+Nn3pozspkyWUAu/wsJgbSa</latexit>

Ŝ-x
<latexit sha1_base64="ccb196C/+cqKEx5XPT6clTRruXQ=">AAACRHicbVDJTsMwFHRYS9haOHKxqJA4VQliO1Zw4VgEXaQ2VI7rtFadRfYLahXlM7jC3/AP/AM3xBXhtDmQlpEsjeYtnjduJLgCy/owVlbX1jc2S1vm9s7u3n65ctBSYSwpa9JQhLLjEsUED1gTOAjWiSQjvitY2x3fZvX2M5OKh8EjTCPm+GQYcI9TAlrq9kYEkof0KZmk/XLVqlkz4GVi56SKcjT6FaPaG4Q09lkAVBClurYVgZMQCZwKlpq9WLGI0DEZsq6mAfGZcpKZ5xSfaGWAvVDqFwCeqX8nEuIrNfVd3ekTGKnFWib+W8sUqTxV+D9xJRkzWND81NQo2ATv2kl4EMXAAjp36cUCQ4iz9PCAS0ZBTDUhVHJ9KKYjIgkFnXFh+WR+p6ljtRdDXCats5p9Wbu4P6/Wb/KAS+gIHaNTZKMrVEd3qIGaiKIQvaBX9Ga8G5/Gl/E9b10x8plDVIDx8wsq1LHS</latexit>

Ŝx
<latexit sha1_base64="KDnUBNfIURpQZhQwsTmemCf+mHE=">AAACUXicbVDJSgNBEK0Zt5i4JApevAwGwVOYEbej6EVvEUwUkhhqOj2mSc9Cd40axvkZr/o3nvwUb3aWg4k+aHi8V1Vd9fxECk2u+2XZC4tLyyuF1WJpbX1js1zZauo4VYw3WCxjde+j5lJEvEGCJL9PFMfQl/zOH1yO/LsnrrSIo1saJrwT4mMkAsGQjNQt77T7SNl1/pC95N2snSaoVPycd8tVt+aO4fwl3pRUYYp6t2JV272YpSGPiEnUuuW5CXUyVCSY5HmxnWqeIBvgI28ZGmHIdScbH5A7+0bpOUGszIvIGau/OzIMtR6GvqkMkfp63huJ/3ojRelAz/yf+QoHnOa0MC8azKxJwVknE1GSEo/YZMsglQ7FzihKpycUZySHhiBTwhzqsD4qZGQCnxn+MrmzaGL15kP8S5qHNe+kdnxzVD2/mAZcgF3YgwPw4BTO4Qrq0AAGr/AG7/BhfVrfNtj2pNS2pj3bMAO79AP5irQt</latexit>

Îx↑
<latexit sha1_base64="BRY07h19c6l8wxBAKi/YtdRqxM8="></latexit>

Î-x↑
<latexit sha1_base64="dHhUopu1bnp/LB7uKXquxylrbpE="></latexit>

Î-x↓
<latexit sha1_base64="pruyTlTVMWfrxUUwc6xEw+N6iAc="></latexit>

Î-y↓
<latexit sha1_base64="5JTcHgXEqJd12LTArHBjhfT/+9M=">AAACU3icbVBNS8NAEN3E+lWtVr0IXoJB8FQS8esoetFbBauCrWWy3bRLN5uwO1FDiL/Gq/4bD/4WL24/Dqb6YOHx3szszAsSwTV63pdlz1XmFxaXlqsrq7W19frG5q2OU0VZi8YiVvcBaCa4ZC3kKNh9ohhEgWB3wfBi5N89MaV5LG8wS1gngr7kIaeARurWt9sDwPyqeMyzopu3e/GzBKXi56Jbd72GN4bzl/hT4pIpmt0NyzXtNI2YRCpA6wffS7CTg0JOBSuq7VSzBOgQ+uzBUAkR0518fELh7Bml54SxMk+iM1Z/d+QQaZ1FgamMAAd61huJ/3ojRelQl/7PAwVDhjNaVFQNSmtieNrJuUxSZJJOtgxT4WDsjMJ0elwxiiIzBKji5lCHDkABRRN5afjL5M6qidWfDfEvuT1o+MeNo+tD9+x8GvAS2SG7ZJ/45ISckUvSJC1CySt5I+/kw/q0vm3brkxKbWvas0VKsGs/3Ki1FQ==</latexit>

Îy↓
<latexit sha1_base64="yyRIqFq/JHq1VLdinQ1wjUXS0KE=">AAACU3icbVBNS8NAEN3EqrV+Vb0IXoJB8FQS8etY9KK3CrYKtpbJdmOXbjZhd6ItIf4ar/pvPPhbvLj9OJjqg4XHezOzMy9IBNfoeV+WvVBaXFour1RW19Y3Nqtb2y0dp4qyJo1FrO4D0ExwyZrIUbD7RDGIAsHugsHl2L97ZkrzWN7iKGGdCJ4kDzkFNFK3utvuA2bX+WM2zLtZuxe/SFAqfsm7VdereRM4f4k/Iy6ZodHdslzTTtOISaQCtH7wvQQ7GSjkVLC80k41S4AO4Ik9GCohYrqTTU7InQOj9JwwVuZJdCbq744MIq1HUWAqI8C+nvfG4r/eWFE61IX/s0DBgOGcFuUVg8KaGJ53Mi6TFJmk0y3DVDgYO+MwnR5XjKIYGQJUcXOoQ/uggKKJvDB8OL2zYmL150P8S1pHNf+0dnJz7NYvZgGXyR7ZJ4fEJ2ekTq5IgzQJJa/kjbyTD+vT+rZtuzQtta1Zzw4pwF7/AdrEtRQ=</latexit>

Îx↓
<latexit sha1_base64="Z1GEM5lk3CCEfs6MP7PiMp8byJY=">AAACFXicdVBNS8NAEJ3Urxq/qh69LBbBU0ikVnsrevFY0dpCG8pmu2mXbjZhdyOW0p/g1f4ab+LVsz9GcNNWsH48GHi8N8PMvCDhTGnXfbdyS8srq2v5dXtjc2t7p7C7d6fiVBJaJzGPZTPAinImaF0zzWkzkRRHAaeNYHCZ+Y17KhWLxa0eJtSPcE+wkBGsjXTTTlinUHSdUqXsVkroN/Ecd4oizFHrFD7a3ZikERWacKxUy3MT7Y+w1IxwOrbbqaIJJgPcoy1DBY6o8kfTU8foyChdFMbSlNBoqn6fGOFIqWEUmM4I67766WXin16mSBWqsb14gA7P/RETSaqpILP9YcqRjlEWB+oySYnmQ0Mwkcy8gEgfS0y0CW1hwcPsA9vk9RUK+p/cnThe2Tm9LhWrF/Pk8nAAh3AMHpxBFa6gBnUg0INHeIKJNbGerRfrddaas+Yz+7AA6+0TF6CgMA==</latexit>π

<latexit sha1_base64="Osetpfh8iQGWsS7vlztbqWU49DE=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw0yoY90V3bisYB/QGUomzbShmYdJRizD/IA/4Fb/wJ249S/8Ab/DTFvBih4IHM65l3ty/IQzqSzrw1haXlldWy9tlDe3tnd2K3v7bRmngtAWiXksuj6WlLOIthRTnHYTQXHoc9rxx5eF37mjQrI4ulGThHohHkYsYAQrLXluIDDJ3ITlGcr7laplOjWE7Bq0TMtCdYQKYiPHOYe2VgpUwRzNfuXTHcQkDWmkCMdS9mwrUV6GhWKE07zsppImmIzxkPY0jXBIpZdNQ+fwWCsDGMRCv0jBqfpzI8OhlJPQ15MhViP52yvEv7xeqoK6l7EoSRWNyOxQkHKoYlg0AAdMUKL4RBNMBNNZIRlh3YPSPS1cuZ9FLetivn8P/ydtZNqOeXpdqzYu5hWVwCE4AifABmegAa5AE7QAAbfgETyBZ+PBeDFejbfZ6JIx3zkACzDevwD5cZsU</latexit>π

2

<latexit sha1_base64="Osetpfh8iQGWsS7vlztbqWU49DE=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw0yoY90V3bisYB/QGUomzbShmYdJRizD/IA/4Fb/wJ249S/8Ab/DTFvBih4IHM65l3ty/IQzqSzrw1haXlldWy9tlDe3tnd2K3v7bRmngtAWiXksuj6WlLOIthRTnHYTQXHoc9rxx5eF37mjQrI4ulGThHohHkYsYAQrLXluIDDJ3ITlGcr7laplOjWE7Bq0TMtCdYQKYiPHOYe2VgpUwRzNfuXTHcQkDWmkCMdS9mwrUV6GhWKE07zsppImmIzxkPY0jXBIpZdNQ+fwWCsDGMRCv0jBqfpzI8OhlJPQ15MhViP52yvEv7xeqoK6l7EoSRWNyOxQkHKoYlg0AAdMUKL4RBNMBNNZIRlh3YPSPS1cuZ9FLetivn8P/ydtZNqOeXpdqzYu5hWVwCE4AifABmegAa5AE7QAAbfgETyBZ+PBeDFejbfZ6JIx3zkACzDevwD5cZsU</latexit>π

2

<latexit sha1_base64="Osetpfh8iQGWsS7vlztbqWU49DE=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw0yoY90V3bisYB/QGUomzbShmYdJRizD/IA/4Fb/wJ249S/8Ab/DTFvBih4IHM65l3ty/IQzqSzrw1haXlldWy9tlDe3tnd2K3v7bRmngtAWiXksuj6WlLOIthRTnHYTQXHoc9rxx5eF37mjQrI4ulGThHohHkYsYAQrLXluIDDJ3ITlGcr7laplOjWE7Bq0TMtCdYQKYiPHOYe2VgpUwRzNfuXTHcQkDWmkCMdS9mwrUV6GhWKE07zsppImmIzxkPY0jXBIpZdNQ+fwWCsDGMRCv0jBqfpzI8OhlJPQ15MhViP52yvEv7xeqoK6l7EoSRWNyOxQkHKoYlg0AAdMUKL4RBNMBNNZIRlh3YPSPS1cuZ9FLetivn8P/ydtZNqOeXpdqzYu5hWVwCE4AifABmegAa5AE7QAAbfgETyBZ+PBeDFejbfZ6JIx3zkACzDevwD5cZsU</latexit>π

2

<latexit sha1_base64="Osetpfh8iQGWsS7vlztbqWU49DE=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw0yoY90V3bisYB/QGUomzbShmYdJRizD/IA/4Fb/wJ249S/8Ab/DTFvBih4IHM65l3ty/IQzqSzrw1haXlldWy9tlDe3tnd2K3v7bRmngtAWiXksuj6WlLOIthRTnHYTQXHoc9rxx5eF37mjQrI4ulGThHohHkYsYAQrLXluIDDJ3ITlGcr7laplOjWE7Bq0TMtCdYQKYiPHOYe2VgpUwRzNfuXTHcQkDWmkCMdS9mwrUV6GhWKE07zsppImmIzxkPY0jXBIpZdNQ+fwWCsDGMRCv0jBqfpzI8OhlJPQ15MhViP52yvEv7xeqoK6l7EoSRWNyOxQkHKoYlg0AAdMUKL4RBNMBNNZIRlh3YPSPS1cuZ9FLetivn8P/ydtZNqOeXpdqzYu5hWVwCE4AifABmegAa5AE7QAAbfgETyBZ+PBeDFejbfZ6JIx3zkACzDevwD5cZsU</latexit>π

2
<latexit sha1_base64="Z1GEM5lk3CCEfs6MP7PiMp8byJY=">AAACFXicdVBNS8NAEJ3Urxq/qh69LBbBU0ikVnsrevFY0dpCG8pmu2mXbjZhdyOW0p/g1f4ab+LVsz9GcNNWsH48GHi8N8PMvCDhTGnXfbdyS8srq2v5dXtjc2t7p7C7d6fiVBJaJzGPZTPAinImaF0zzWkzkRRHAaeNYHCZ+Y17KhWLxa0eJtSPcE+wkBGsjXTTTlinUHSdUqXsVkroN/Ecd4oizFHrFD7a3ZikERWacKxUy3MT7Y+w1IxwOrbbqaIJJgPcoy1DBY6o8kfTU8foyChdFMbSlNBoqn6fGOFIqWEUmM4I67766WXin16mSBWqsb14gA7P/RETSaqpILP9YcqRjlEWB+oySYnmQ0Mwkcy8gEgfS0y0CW1hwcPsA9vk9RUK+p/cnThe2Tm9LhWrF/Pk8nAAh3AMHpxBFa6gBnUg0INHeIKJNbGerRfrddaas+Yz+7AA6+0TF6CgMA==</latexit>π



Bosonic t-J model - molecules

<latexit sha1_base64="NFjwgRTN653yER+rTConE85GC7A=">AAACRnicbVDLSgMxFL1TX7W+Wl26CRbBVZkRqS6Lgris0Be0Q8mkmTY08zC5I5ah3+FW/8Zf8CfciVszbRe29UDgcO4j5x4vlkKjbX9auY3Nre2d/G5hb//g8KhYOm7pKFGMN1kkI9XxqOZShLyJAiXvxIrTwJO87Y3vsnr7mSstorCBk5i7AR2GwheMopHcRv++xwYRkh4biX6xbFfsGcg6cRakDAvU+yWr3BtELAl4iExSrbuOHaObUoWCST4t9BLNY8rGdMi7hoY04NpNZ66n5NwoA+JHyrwQyUz9O5HSQOtJ4JnOgOJIr9Yy8d9apijt66X/U0/RMccVLZgWDJZson/jpiKME+Qhm7v0E0kwIll+ZCAUZygnhlCmhDmUsBFVlKFJeWn5y/zOgonVWQ1xnbQuK061Un28KtduFwHn4RTO4AIcuIYaPEAdmsDgCV7hDd6tD+vL+rZ+5q05azFzAkvIwS90PLDl</latexit>

TF · χ

<latexit sha1_base64="IIN2TEFP863b1Px28QeYLYmO5Sw=">AAACRXicbVDLTsJAFJ3iC/EFunQzsTFxha0x6JLoxp2YyCOhhEyHW5gw0zYzUyNp+A23+jd+gx/hzrjVKXQh4EkmOTn3MeceP+ZMacf5sApr6xubW8Xt0s7u3v5BuXLYUlEiKTRpxCPZ8YkCzkJoaqY5dGIJRPgc2v74Nqu3n0AqFoWPehJDT5BhyAJGiTaS590LGJJz7NER65dtp+rMgFeJmxMb5Wj0K5btDSKaCAg15USpruvEupcSqRnlMC15iYKY0DEZQtfQkAhQvXRmeopPjTLAQSTNCzWeqX8nUiKUmgjfdAqiR2q5lon/1jJFqkAt/J/6koxBL2liWjJYsKmD617KwjjRENK5yyDhWEc4iw8PmASq+cQQQiUzh2I6IpJQbUJeWP48v7NkYnWXQ1wlrYuqW6vWHi7t+k0ecBEdoxN0hlx0heroDjVQE1EUoxf0it6sd+vT+rK+560FK585Qguwfn4BTAexTw==</latexit>

Ω/χ

<latexit sha1_base64="AUkz3MdokD47hAQKA9pjGrpeqpY=">AAACOnicbVDLSsNAFJ3UV42vVpdugkFwVRLR6rLoxmUL9gFtKJPpTTt0JgkzE7GEfoFb/Rt/xK07cesHOGmzMK0HBg7nPubc48eMSuU4H0ZpY3Nre6e8a+7tHxweVarHHRklgkCbRCwSPR9LYDSEtqKKQS8WgLnPoOtP77N69wmEpFH4qGYxeByPQxpQgpWWWtfDiu3UnAWsdeLmxEY5msOqYQ9GEUk4hIowLGXfdWLlpVgoShjMzUEiIcZkisfQ1zTEHKSXLpzOrXOtjKwgEvqFylqofydSzKWccV93cqwmcrWWif/WMkXIQBb+T32Bp6BWND43NQo2VXDrpTSMEwUhWboMEmapyMoys0ZUAFFspgkmgupDLTLBAhOlky0sf17eaepY3dUQ10nnsubWa/XWld24ywMuo1N0hi6Qi25QAz2gJmojggC9oFf0Zrwbn8aX8b1sLRn5zAkqwPj5BWIrrPI=</latexit>

5

<latexit sha1_base64="19NOOGKnBQ7mQpLBHhkPIKjwiZs=">AAACOnicbVDLSsNAFJ3UV62vVpduBoPgqiQi1WXRjcsW7APaUCbTm3boZBJmJmIJ/QK3+jf+iFt34tYPcNJmYaoHBg7nPubc48ecKe0471ZpY3Nre6e8W9nbPzg8qtaOuypKJIUOjXgk+z5RwJmAjmaaQz+WQEKfQ8+f3WX13iNIxSLxoOcxeCGZCBYwSrSR2u6oajt1Zwn8l7g5sVGO1qhm2cNxRJMQhKacKDVwnVh7KZGaUQ6LyjBREBM6IxMYGCpICMpLl04X+NwoYxxE0jyh8VL9PZGSUKl56JvOkOipWq9l4r+1TJEqUIX/U1+SGeg1LVxUDAo2dXDjpUzEiQZBVy6DhGMd4SwzPGYSqOZzQwiVzByK6ZRIQrVJtrD8aXVnxcTqrof4l3Qv626j3mhf2c3bPOAyOkVn6AK56Bo10T1qoQ6iCNAzekGv1pv1YX1aX6vWkpXPnKACrO8fWtOs7g==</latexit>

1

<latexit sha1_base64="e4QJPmraycr3wikEoF+PCIuVcqk=">AAACO3icbVC7TsMwFLXLq4RXCyOLRYTEVCUICmMFC2NB9CG1UeW4TmvVTiLbQVRR/4AV/oYPYWZDrOw4bQbSciRLR+c+fO7xY86UdpwPWFpb39jcKm9bO7t7+weV6mFbRYkktEUiHsmujxXlLKQtzTSn3VhSLHxOO/7kNqt3nqhULAof9TSmnsCjkAWMYG2kh0tnULGdmjMHWiVuTmyQozmoQrs/jEgiaKgJx0r1XCfWXoqlZoTTmdVPFI0xmeAR7RkaYkGVl86tztCpUYYoiKR5oUZz9e9EioVSU+GbToH1WC3XMvHfWqZIFajC/6kv8YTqJU3MLIOCTR1ceykL40TTkCxcBglHOkJZaGjIJCWaTw3BRDJzKCJjLDHRJtrC8ufFnZaJ1V0OcZW0z2tuvVa/v7AbN3nAZXAMTsAZcMEVaIA70AQtQEAAXsAreIPv8BN+we9FawnmM0egAPjzC9+2rSw=</latexit>

50
<latexit sha1_base64="tRGVWrYmjMm9aFGdYkIe17p3fzM=">AAACPHicbVC7TsMwFLXLq4RXCyOLRYTEVCUIFcYKFsYi6ENqo8pxndaq7US2g6iifgIr/A3/wc6GWJlx2gy0cCRLR+c+fO4JE8608bx3WFpb39jcKm87O7t7+weV6mFbx6kitEViHqtuiDXlTNKWYYbTbqIoFiGnnXByk9c7j1RpFssHM01oIPBIsogRbKx073veoOJ6NW8O9Jf4BXFBgeagCt3+MCapoNIQjrXu+V5iggwrwwinM6efappgMsEj2rNUYkF1kM29ztCpVYYoipV90qC5+nsiw0LrqQhtp8BmrFdrufhvLVeUjvTS/1mo8ISaFU3MHIslmya6CjImk9RQSRYuo5QjE6M8NTRkihLDp5Zgopg9FJExVpgYm+3S8qfFnY6N1V8N8S9pn9f8eq1+d+E2rouAy+AYnIAz4INL0AC3oAlagIAReAYv4BW+wQ/4Cb8WrSVYzByBJcDvH1YirWI=</latexit>

100
<latexit sha1_base64="KLcnLfl8OwX9fUp8vA/NsJi0BFg=">AAACPHicbVC7TsMwFLXLq4RXCyOLRYTEVCUVKowVLIxF0IfURpXjOq1VO4lsB1FF/QRW+Bv+g50NsTLjtBlIy5EsHZ378LnHjzlT2nE+YGljc2t7p7xr7e0fHB5VqscdFSWS0DaJeCR7PlaUs5C2NdOc9mJJsfA57frT26zefaJSsSh81LOYegKPQxYwgrWRHuqOM6zYTs1ZAK0TNyc2yNEaVqE9GEUkETTUhGOl+q4Tay/FUjPC6dwaJIrGmEzxmPYNDbGgyksXXufo3CgjFETSvFCjhfp3IsVCqZnwTafAeqJWa5n4by1TpApU4f/Ul3hK9Yom5pZBwaYOrr2UhXGiaUiWLoOEIx2hLDU0YpISzWeGYCKZORSRCZaYaJNtYfnz8k7LxOquhrhOOvWa26g17i/t5k0ecBmcgjNwAVxwBZrgDrRAGxAwBi/gFbzBd/gJv+D3srUE85kTUAD8+QVX+q1j</latexit>

200

a) Initial state

c) Exact vs. Floquet dynamics

1 2 3 

b) Pulse sequence

<latexit sha1_base64="mDLg0FYEw0hwZc3XEGsItL8+4/0=">AAACTHicbVDLSgMxFM3UVx1frS7dBIvgqs4UqW6Eoht3VrAP6JSSSe+0ocnMkGTUMvRT3OrfuPc/3Ilg+lg4rQcCh3MfOff4MWdKO86nlVtb39jcym/bO7t7+weF4mFTRYmk0KARj2TbJwo4C6GhmebQjiUQ4XNo+aPbab31BFKxKHzU4xi6ggxCFjBKtJF6haJ3L2BAzj06ZPgaVxynVyg5ZWcGvErcBSmhBeq9olXy+hFNBISacqJUx3Vi3U2J1IxymNheoiAmdEQG0DE0JAJUN515n+BTo/RxEEnzQo1n6t+JlAilxsI3nYLooVquTcV/a1NFqkBl/k99SUaglzQxsQ0yNnVw1U1ZGCcaQjp3GSQc6whPU8R9JoFqPjaEUMnMoZgOiSRUm6wzy1/md9omVnc5xFXSrJTdarn6cFGq3SwCzqNjdILOkIsuUQ3doTpqIIqe0St6Q+/Wh/VlfVs/89actZg5QhnkNn8BVh2xog==</latexit>

Ω/χ = 200

<latexit sha1_base64="oJ2cIo0H/onUp9KNOMyIwZeYk/0=">AAACTXicbVDLSgMxFM3UR2t9tXXpJlgEV2VGpLoRioK4rNAXtMOQSTNtaDIzJHekZeivuNW/ce2HuBMx03ZhqwcSDufcm9x7/FhwDbb9YeW2tnd284W94v7B4dFxqVzp6ChRlLVpJCLV84lmgoesDRwE68WKEekL1vUn95nffWZK8yhswSxmriSjkAecEjCSV6q0vAc8oMMIzD3m+BY7Xqlq1+wF8F/irEgVrdD0ylZ1MIxoIlkIVBCt+44dg5sSBZwKNi8OEs1iQidkxPqGhkQy7aaL4ef43ChDHETKnBDwQv3dkRKp9Uz6plISGOtNLxP/9TJF6UCv/Z/6ikwYbGhyXjRYGxOCGzflYZwAC+lyyiARGCKcxYiHXDEKYmYIoYqbRTEdE0UomLDXHp8u9yyaWJ3NEP+SzmXNqdfqT1fVxt0q4AI6RWfoAjnoGjXQI2qiNqJoil7QK3qz3q1P68v6XpbmrFXPCVpDLv8DQaayFg==</latexit>

TF · χ = 1

from: LH et al., PRL 132 (2024)



Bosonic t-J model - Rydbergs

<latexit sha1_base64="zf5WHIkiWWxSdmw9D0+NvthrhCE=">AAACUXicbVDLSgMxFL0zvlsfVcGNm2ARBKXMiK+l6Malom0FW0omvdOGJpkhyYhl7M+41b9x5ae4M30sbPVA4HDOvTf3nigV3Ngg+PL8ufmFxaXllUJxdW19o7S5VTNJphlWWSIS/RhRg4IrrFpuBT6mGqmMBNaj3vXQrz+jNjxRD7afYlPSjuIxZ9Q6qVXaeSWkoWWuDsMjcj9wnKqOwFapHFSCEchfEk5IGSa4bW165UY7YZlEZZmgxjyFQWqbOdWWM4GDQiMzmFLWox18clRRiaaZjw4YkH2ntEmcaPeUJSP1d0dOpTF9GblKSW3XzHpD8V9vqGgTm6n/80jTHtoZTQ4KDlNr2viimXOVZhYVG28ZZ4LYhAyjJG2ukVnRd4Qyzd2hhHWppsy6wKeGv4zvLLhYw9kQ/5LacSU8q5zenZQvryYBL8Mu7MEBhHAOl3ADt1AFBq/wBu/w4X163z74/rjU9yY92zAFv/gD/oqyDw==</latexit>

|n + 1, Si

<latexit sha1_base64="kyO7hBGGIUNL2udM9HJaMUKfb1Q=">AAACT3icbZDLTgIxFIY7eAO8gbpz00hMXBgyY7wtiW5cYpRLAoR0yhloaDuTtmPEkXdxq2/j0idxZywwCwH/pMmX/5y25/x+xJk2rvvlZFZW19Y3srn85tb2zm6huFfXYawo1GjIQ9X0iQbOJNQMMxyakQIifA4Nf3g7qTeeQGkWykcziqAjSF+ygFFirNUtHLxi3FYikaf4YWyJyD6HbqHklt2p8DJ4KZRQqmq36JTavZDGAqShnGjd8tzIdBKiDKMcxvl2rCEidEj60LIoiQDdSabjj/GxdXo4CJU90uCp+/dGQoTWI+HbTkHMQC/WJua/tYmjdKDn/k98RYZgFjwxzlvNjWmC607CZBQbkHQ2ZRBzbEI8CRL3mAJq+MgCoYrZRTEdEEWosXHPPf482zNvY/UWQ1yG+lnZuyxf3J+XKjdpwFl0iI7QCfLQFaqgO1RFNUTRC3pD7+jD+XS+nZ9M2ppxUthHc8rkfgEjS7Ke</latexit>

|n, Si

<latexit sha1_base64="f7LAS7DQmK3UVMUoe/lq+y+nqac=">AAACT3icbZDLTgIxFIY7eAO8gbpz00hMXBgyY7wtiW5cYiKXBAjplDPY0HYmbceII+/iVt/GpU/iztiBWQj4J02+/Oe0Pef3I860cd0vJ7eyura+kS8UN7e2d3ZL5b2mDmNFoUFDHqq2TzRwJqFhmOHQjhQQ4XNo+aPbtN56AqVZKB/MOIKeIEPJAkaJsVa/dPCKcVeJRJ7i+sQSkUMO/VLFrbpT4WXwMqigTPV+2al0ByGNBUhDOdG647mR6SVEGUY5TIrdWENE6IgMoWNREgG6l0zHn+Bj6wxwECp7pMFT9++NhAitx8K3nYKYR71YS81/a6mjdKDn/k98RUZgFjwxKVrNjWmC617CZBQbkHQ2ZRBzbEKcBokHTAE1fGyBUMXsopg+EkWosXHPPf4827NoY/UWQ1yG5lnVu6xe3J9XajdZwHl0iI7QCfLQFaqhO1RHDUTRC3pD7+jD+XS+nZ9c1ppzMthHc8oVfgEdrrKb</latexit>

|n,Pi

<latexit sha1_base64="V8+1oNjEj6hF0fx3UM3yOym4vbo=">AAACQHicbVDLSsNAFJ34rPHV6tJNMAiuSiK+lkU34qqCfUAbymR60w6ZTMLMRCyhH+FW/8a/8A/ciVtXTtosTOuBgcO5jzn3+AmjUjnOh7Gyura+sVnZMrd3dvf2q7WDtoxTQaBFYhaLro8lMMqhpahi0E0E4Mhn0PHD27zeeQIhacwf1SQBL8IjTgNKsNJS537QT0Akg6rt1J0ZrGXiFsRGBZqDmmH3hzFJI+CKMCxlz3US5WVYKEoYTM1+KiHBJMQj6GnKcQTSy2Z+p9aJVoZWEAv9uLJm6t+JDEdSTiJfd0ZYjeViLRf/reWKkIEs/Z/5AoegFrRoamqUbKrg2ssoT1IFnMxdBimzVGzlyVlDKoAoNtEEE0H1oRYZY4GJ0vmWlj/P7zR1rO5iiMukfVZ3L+sXD+d246YIuIKO0DE6RS66Qg10h5qohQgK0Qt6RW/Gu/FpfBnf89YVo5g5RCUYP7/s86+0</latexit>

J?

<latexit sha1_base64="t6XnK92CUS8mcizyYYrWBud9+yM=">AAACPHicbVC7TsMwFHXKq4RXCyOLRYTEVCWI11jBgpiKoA+pjSrHdVqrthPZDqJE/QRW+Bv+g50NsTLjtBlI4UiWjs59+NwTxIwq7brvVmlpeWV1rbxub2xube9UqrstFSUSkyaOWCQ7AVKEUUGammpGOrEkiAeMtIPxVVZvPxCpaCTu9SQmPkdDQUOKkTbS3U3/qV9x3Jo7A/xLvJw4IEejX7Wc3iDCCSdCY4aU6npurP0USU0xI1O7lygSIzxGQ9I1VCBOlJ/OvE7hoVEGMIykeULDmfp7IkVcqQkPTCdHeqQWa5n4by1TpApV4f80kGhM9ILGp7ZBwaYOL/yUijjRROC5yzBhUEcwSw0OqCRYs4khCEtqDoV4hCTC2mRbWP44v9M2sXqLIf4lreOad1Y7vT1x6pd5wGWwDw7AEfDAOaiDa9AATYDBEDyDF/BqvVkf1qf1NW8tWfnMHijA+v4BYkyt8w==</latexit>

Jz

<latexit sha1_base64="Pj/enzk4PWZLJ5iTMhyLqGQJULo=">AAACRXicbVDLSsNAFJ3UV42vVpdugkFwVRKR6rLoxmUF+4A2lMl00g6dTMLMjbWE/oZb/Ru/wY9wJ2510mZhWg8MHM59zLnHjzlT4DgfRmljc2t7p7xr7u0fHB5VqsdtFSWS0BaJeCS7PlaUM0FbwIDTbiwpDn1OO/7kLqt3nqhULBKPMIupF+KRYAEjGLTUh0F/GE0FljKaDiq2U3MWsNaJmxMb5WgOqoatp0kSUgGEY6V6rhODl2IJjHA6N/uJojEmEzyiPU0FDqny0oXpuXWulaEVRFI/AdZC/TuR4lCpWejrzhDDWK3WMvHfWqZIFajC/6kv8YTCihbOTY2CTQhuvJSJOAEqyNJlkHALIiuLzxoySQnwmSaYSKYPtcgYS0xAh1xY/ry809SxuqshrpP2Zc2t1+oPV3bjNg+4jE7RGbpALrpGDXSPmqiFCIrRC3pFb8a78Wl8Gd/L1pKRz5ygAoyfXwWCsj0=</latexit>

t#

<latexit sha1_base64="bmsx4loz8K2pjhfoiKxOvikqEIA=">AAACQ3icbVDLSsNAFJ3UV42vVpdugkFwVRKR6rLoxmUF+8A2lMl00g6dTMLMjVpC/8Kt/o0f4Te4E7eCkzYL03pg4HDuY849fsyZAsf5MEpr6xubW+Vtc2d3b/+gUj1sqyiRhLZIxCPZ9bGinAnaAgacdmNJcehz2vEnN1m980ilYpG4h2lMvRCPBAsYwaClBxj0kxhLGT0NKrZTc+awVombExvlaA6qht0fRiQJqQDCsVI914nBS7EERjidmf1E0RiTCR7RnqYCh1R56dzyzDrVytAKIqmfAGuu/p1IcajUNPR1Z4hhrJZrmfhvLVOkClTh/9SXeEJhSQtnpkbBJgRXXspEnAAVZOEySLgFkZWFZw2ZpAT4VBNMJNOHWmSMJSagIy4sf17caepY3eUQV0n7vObWa/W7C7txnQdcRsfoBJ0hF12iBrpFTdRCBAn0gl7Rm/FufBpfxveitWTkM0eoAOPnFy7nsVY=</latexit>

t"

17.25 GHz

17.6 GHz

|60S, mj = 1/2⟩

|60P3/2, mj = 1/2⟩

|61S, mj = 1/2⟩

|g⟩

Ω1

Ω2

Ω3

from: LH et al., PRL 132 (2024)



Bosonic t-J model - Rydbergs

Preliminary data: Browaey's group

from: LH et al., PRL 132 (2024)


