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Triangular lattice antiferromagnet

H = J
�

�ij⇥

⌅Si · ⌅Sj

Nearest-neighbor model has non-collinear Neel order 



Bosons at half-filling,  
or a spin model with S=1/2 per unit cell 

P. Fazekas and P. W. Anderson, Philos. Mag. 30, 23 (1974).
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Excitations with boson number 1/2  
                  a “spinon”
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• The boson creation
operator B† creates
a pair of spinons.

• A single spinon carries
boson number B†B = 1/2:
fractionalization!

RVB: Z2 spin liquid 
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Excitations with boson number 0  
          a vison (m particle)

N. Read and B. Chakraborty, Phys. Rev. B  40, 7133 (1989)
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RVB: Z2 spin liquid 
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Read and Sachdev (1990); Wen (1991)

The simplest stable spin liquid (which need not break time-reversal) is
the deconfined phase of a Z2 gauge theory. There are ‘spinon’ excitations
which carry unit Z2 electric charges, and ‘vison’ excitations which carry ⇡
Z2 magnetic flux.

Anyon e (spinon) ✏ (spinon) m (vison)
Boson number 1/2 1/2 0
Self-statistics boson fermion boson

Any pair of e, ✏, m are mutual semions.

These anyons are ‘topological’: they cannot be created individually by any
local operator, and their existence implies a four-fold ground state degen-
eracy on a large torus.



Pure Z2 gauge theory: only describes vison sector
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[HZ2 , Gi] = 0 , Gi = (�1)2S for spin S antiferromagnets

R. Jalabert and S. Sachdev, Physical Review B 44, 686 (1991)

S. Sachdev and M. Vojta, Journal of the Physical Society of Japan 69, Suppl. B, 1 (2000); cond-mat/9910231
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Gi = (�1)2S for spin S antiferromagnets

For S = 1/2 we have an ‘odd’ spin liquid.



Pure Z2 gauge theory: only describes vison sector
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Two visons (indicated by the
�1’s in the plaquettes)

connected by an invisible string.
The dashed lines indicate the

links, `, on which Z` = �1. The
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carry no Z2 fluxes, and so are

‘invisible’.
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Read and Sachdev (1990); Wen (1991)

The simplest stable spin liquid (which need not break time-reversal) is
the deconfined phase of a Z2 gauge theory. There are ‘spinon’ excitations
which carry unit Z2 electric charges, and ‘vison’ excitations which carry ⇡
Z2 magnetic flux.

Anyon e (spinon) ✏ (spinon) m (vison)
Boson number 1/2 1/2 0
Self-statistics boson fermion boson

Any pair of e, ✏, m are mutual semions.

These anyons are ‘topological’: they cannot be created individually by any
local operator, and their existence implies a four-fold ground state degen-
eracy on a large torus.



Z2 gauge theory with matter: describes visons and spinons 
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X` , [HZ2 , Gi] = 0

Now we choose Gi = 1 and sgn(h) = (�1)2S .

The ⌧xi operator creates a Z2 electric charge – a ‘spinon’
which has mutual semionic statistics with a vison.
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QPTs in a Rydberg quantum simulator
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FSS model on the kagome lattice
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Rydberg atoms on site-kagome lattice: theory
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Rydberg atoms on site-kagome lattice: theory
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Topological spin liquid
described by emergent

Z2 gauge theory ?
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From the FSS model to an emergent Z2 gauge theory
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Identify hard core bosons with a qubitX,Y, Z

b` + b†` , Z`

n` , (1�X`)/2

Z will become the Z2 gauge field
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`-lattice

R. Samajdar, Wen Wei Ho, H. Pichler, M. D. Lukin, S. Sachdev, PNAS 118, e2015785118 (2021)

<latexit sha1_base64="wfcHeJlkO+HAL4KEXEsfqbd6lqI="></latexit>
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Introduce Z2 matter fields on ‘i sites’. Gauge invariance: ⌧zi ! %i⌧zi , Zij ! %iZij%j ,
⌧xi ! ⌧xi , X` ! X`, %i = ±1. Gauss law constraint: Gi = ⌧xi

Q
`2i X` = 1.

<latexit sha1_base64="+rq1jym+bKI0crRFUW79zB07MOg=">AAACCHicdVDLSgNBEJyN7/iKevQyGARPYVfXxGPQi0cFE8VsCLOTTjI6O7vM9KphyQ948qpf4U28+hd+hP/g5CGoaEFDUdVNd1eYSGHQdd+d3NT0zOzc/EJ+cWl5ZbWwtl43cao51HgsY30RMgNSKKihQAkXiQYWhRLOw+ujoX9+A9qIWJ1hP4FmxLpKdARnaKX6ZSsAKVuFolty9/Z936WWjGBJxfN9v0y9iVIkE5y0Ch9BO+ZpBAq5ZMY0PDfBZsY0Ci5hkA9SAwnj16wLDUsVi8A0s9G1A7ptlTbtxNqWQjpSv09kLDKmH4W2M2LYM7+9ofiX10ixc9DMhEpSBMXHizqppBjT4eu0LTRwlH1LGNfC3kp5j2nG0QaUDwzY9FQXe1mAcIe3om33ZBWhBjafrxDo/6S+W/LKJf/UL1YPJ0nNk02yRXaIRyqkSo7JCakRTq7IA3kkT8698+y8OK/j1pwzmdkgP+C8fQJx8ptG</latexit>

Z`
<latexit sha1_base64="ojDnsB90zKxqMPmC30tGn1jNB00=">AAACCnicdVDLSgNBEJz1bXxFPXoZDIKnsKtr4jHoxaOCMYFsDLOTTjJkdnaZ6VXjkj/w5FW/wpt49Sf8CP/BSYygogUNRVU33V1hIoVB131zpqZnZufmFxZzS8srq2v59Y0LE6eaQ5XHMtb1kBmQQkEVBUqoJxpYFEqohf3jkV+7Am1ErM5xkEAzYl0lOoIztFI9QJZe3rZEK19wi+7+ge+71JIxLCl7vu+XqDdRCmSC01b+PWjHPI1AIZfMmIbnJtjMmEbBJQxzQWogYbzPutCwVLEITDMb3zukO1Zp006sbSmkY/X7RMYiYwZRaDsjhj3z2xuJf3mNFDuHzUyoJEVQ/HNRJ5UUYzp6nraFBo5yYAnjWthbKe8xzTjaiHKBAZuf6mIvCxBu8Fq07Z6sLNTQ5vMVAv2fXOwVvVLRP/MLlaNJUgtki2yTXeKRMqmQE3JKqoQTSe7JA3l07pwn59l5+WydciYzm+QHnNcPTYqcTg==</latexit>

⌧zi

<latexit sha1_base64="026YMSdHQJj4/aYAWS1TIWqep4g=">AAACCnicdVDLSgNBEJz1bXxFPXoZDIKnsKtr4lH04jGCiYFsDLOTTjI6O7vM9KpxyR948qpf4U28+hN+hP/gJEZQ0YKGoqqb7q4wkcKg6745E5NT0zOzc/O5hcWl5ZX86lrNxKnmUOWxjHU9ZAakUFBFgRLqiQYWhRLOwsujoX92BdqIWJ1iP4FmxLpKdARnaKV6gCw9v21dtPIFt+ju7vm+Sy0ZwZKy5/t+iXpjpUDGqLTy70E75mkECrlkxjQ8N8FmxjQKLmGQC1IDCeOXrAsNSxWLwDSz0b0DumWVNu3E2pZCOlK/T2QsMqYfhbYzYtgzv72h+JfXSLGz38yESlIExT8XdVJJMabD52lbaOAo+5YwroW9lfIe04yjjSgXGLD5qS72sgDhBq9F2+7JykINbD5fIdD/SW2n6JWK/olfODgcJzVHNsgm2SYeKZMDckwqpEo4keSePJBH5855cp6dl8/WCWc8s05+wHn9AE8pnE8=</latexit>

⌧zj

<latexit sha1_base64="R25V+mX/Dtp1JigD1T9Bi9Smoys=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1nWBmWyo7dqNU910OOXXW8SqNqiLMEcnNShhytYelzMIpJGlGhCcdK9V0n0X6GpWaE03lxkCqaYDLFY9o3VOCIKj9bnjpHl0YZoTCWpoRGS/XnRIYjpWZRYDojrCdq3VuI/3n9VIcNP2MiSTUVZLUoTDnSMVr8jUZMUqL5zBBMJDO3IjLBEhNt0imaENz1l/+STsV2a7Z355Wb13kcBTiHC7gCF+rQhFtoQRsIjOEJXuDV4taz9Wa9r1o3rHzmDH7B+vgGJcmNug==</latexit>

V2
<latexit sha1_base64="Jr7Fhi+cDjruEGOC9YJlDFlY6bU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1n6A5LZcdu1Oqe6yHHrjpepVE1xFkCuTkpQ47WsPQ5GMUkjajQhGOl+q6TaD/DUjPC6bw4SBVNMJniMe0bKnBElZ8tT52jS6OMUBhLU0KjpfpzIsORUrMoMJ0R1hO17i3E/7x+qsOGnzGRpJoKsloUphzpGC3+RiMmKdF8ZggmkplbEZlgiYk26RRNCO76y39Jp2K7Ndu788rN6zyOApzDBVyBC3Vowi20oA0ExvAEL/BqcevZerPeV60bVj5zBr9gfXwDJEWNuQ==</latexit>

V1

Ancilla 
qubits



<latexit sha1_base64="J8jtbQKek1YxGvViTB2yAg9/1TM="></latexit>

From the FSS model to an emergent Z2 gauge theory

<latexit sha1_base64="X0h5oxwZ6lJzQaHx6DCw9/wffUk=">AAAB8nicbVDLSgMxFM3UV62vqks3wVZwY5kpoi6LblxWsA+YDiWTZtrQTDIkd4Qy9DPcuFDErV/jzr8xbWehrQcCh3Puvbn3hIngBlz32ymsrW9sbhW3Szu7e/sH5cOjtlGppqxFlVC6GxLDBJesBRwE6yaakTgUrBOO72Z+54lpw5V8hEnCgpgMJY84JWAlv8qrF4IAcMr65Ypbc+fAq8TLSQXlaPbLX72BomnMJFBBjPE9N4EgI9pOE2xa6qWGJYSOyZD5lkoSMxNk85Wn+MwqAxwpbZ8EPFd/d2QkNmYSh7YyJjAyy95M/M/zU4hugozLJAUm6eKjKBUYFJ7djwdcMwpiYgmhmttdMR0RTSjYlEo2BG/55FXSrte8q9rlQ73SuM3jKKITdIrOkYeuUQPdoyZqIYoUekav6M0B58V5dz4WpQUn7zlGf+B8/gBppJCz</latexit>

i-lattice

<latexit sha1_base64="3rZnVTbsz4zcnQ39khSWEhrkGJw=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIph4kewSox6JXjxiIo8EVjI79MKE2UdmZjVkw3948aAxXv0Xb/6NA+xBwUo6qVR1z3SXFwuutG1/W7mV1bX1jfxmYWt7Z3evuH/QVFEiGTZYJCLZ9qhCwUNsaK4FtmOJNPAEtrzRzdRvPaJUPArv9ThGN6CDkPucUW2kh3IXhSifCao1Z9grluyKPQNZJk5GSpCh3it+dfsRSwIMNRNUqY5jx9pNqTSvCZwUuonCmLIRHWDH0JAGqNx0tvWEnBilT/xImgo1mam/J1IaKDUOPNMZUD1Ui95U/M/rJNq/clMexonGkM0/8hNBdESmEZA+l8i0GBtCmeRmV8KGVFKmTVAFE4KzePIyaVYrzkXl/K5aql1nceThCI7hFBy4hBrcQh0awEDCM7zCm/VkvVjv1se8NWdlM4fwB9bnD7LWkgE=</latexit>

`-lattice

R. Samajdar, Wen Wei Ho, H. Pichler, M. D. Lukin, S. Sachdev, PNAS 118, e2015785118 (2021)

<latexit sha1_base64="+rq1jym+bKI0crRFUW79zB07MOg=">AAACCHicdVDLSgNBEJyN7/iKevQyGARPYVfXxGPQi0cFE8VsCLOTTjI6O7vM9KphyQ948qpf4U28+hd+hP/g5CGoaEFDUdVNd1eYSGHQdd+d3NT0zOzc/EJ+cWl5ZbWwtl43cao51HgsY30RMgNSKKihQAkXiQYWhRLOw+ujoX9+A9qIWJ1hP4FmxLpKdARnaKX6ZSsAKVuFolty9/Z936WWjGBJxfN9v0y9iVIkE5y0Ch9BO+ZpBAq5ZMY0PDfBZsY0Ci5hkA9SAwnj16wLDUsVi8A0s9G1A7ptlTbtxNqWQjpSv09kLDKmH4W2M2LYM7+9ofiX10ixc9DMhEpSBMXHizqppBjT4eu0LTRwlH1LGNfC3kp5j2nG0QaUDwzY9FQXe1mAcIe3om33ZBWhBjafrxDo/6S+W/LKJf/UL1YPJ0nNk02yRXaIRyqkSo7JCakRTq7IA3kkT8698+y8OK/j1pwzmdkgP+C8fQJx8ptG</latexit>

Z`
<latexit sha1_base64="ojDnsB90zKxqMPmC30tGn1jNB00=">AAACCnicdVDLSgNBEJz1bXxFPXoZDIKnsKtr4jHoxaOCMYFsDLOTTjJkdnaZ6VXjkj/w5FW/wpt49Sf8CP/BSYygogUNRVU33V1hIoVB131zpqZnZufmFxZzS8srq2v59Y0LE6eaQ5XHMtb1kBmQQkEVBUqoJxpYFEqohf3jkV+7Am1ErM5xkEAzYl0lOoIztFI9QJZe3rZEK19wi+7+ge+71JIxLCl7vu+XqDdRCmSC01b+PWjHPI1AIZfMmIbnJtjMmEbBJQxzQWogYbzPutCwVLEITDMb3zukO1Zp006sbSmkY/X7RMYiYwZRaDsjhj3z2xuJf3mNFDuHzUyoJEVQ/HNRJ5UUYzp6nraFBo5yYAnjWthbKe8xzTjaiHKBAZuf6mIvCxBu8Fq07Z6sLNTQ5vMVAv2fXOwVvVLRP/MLlaNJUgtki2yTXeKRMqmQE3JKqoQTSe7JA3l07pwn59l5+WydciYzm+QHnNcPTYqcTg==</latexit>

⌧zi

<latexit sha1_base64="026YMSdHQJj4/aYAWS1TIWqep4g=">AAACCnicdVDLSgNBEJz1bXxFPXoZDIKnsKtr4lH04jGCiYFsDLOTTjI6O7vM9KpxyR948qpf4U28+hN+hP/gJEZQ0YKGoqqb7q4wkcKg6745E5NT0zOzc/O5hcWl5ZX86lrNxKnmUOWxjHU9ZAakUFBFgRLqiQYWhRLOwsujoX92BdqIWJ1iP4FmxLpKdARnaKV6gCw9v21dtPIFt+ju7vm+Sy0ZwZKy5/t+iXpjpUDGqLTy70E75mkECrlkxjQ8N8FmxjQKLmGQC1IDCeOXrAsNSxWLwDSz0b0DumWVNu3E2pZCOlK/T2QsMqYfhbYzYtgzv72h+JfXSLGz38yESlIExT8XdVJJMabD52lbaOAo+5YwroW9lfIe04yjjSgXGLD5qS72sgDhBq9F2+7JykINbD5fIdD/SW2n6JWK/olfODgcJzVHNsgm2SYeKZMDckwqpEo4keSePJBH5855cp6dl8/WCWc8s05+wHn9AE8pnE8=</latexit>

⌧zj

<latexit sha1_base64="R25V+mX/Dtp1JigD1T9Bi9Smoys=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1nWBmWyo7dqNU910OOXXW8SqNqiLMEcnNShhytYelzMIpJGlGhCcdK9V0n0X6GpWaE03lxkCqaYDLFY9o3VOCIKj9bnjpHl0YZoTCWpoRGS/XnRIYjpWZRYDojrCdq3VuI/3n9VIcNP2MiSTUVZLUoTDnSMVr8jUZMUqL5zBBMJDO3IjLBEhNt0imaENz1l/+STsV2a7Z355Wb13kcBTiHC7gCF+rQhFtoQRsIjOEJXuDV4taz9Wa9r1o3rHzmDH7B+vgGJcmNug==</latexit>

V2
<latexit sha1_base64="Jr7Fhi+cDjruEGOC9YJlDFlY6bU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1n6A5LZcdu1Oqe6yHHrjpepVE1xFkCuTkpQ47WsPQ5GMUkjajQhGOl+q6TaD/DUjPC6bw4SBVNMJniMe0bKnBElZ8tT52jS6OMUBhLU0KjpfpzIsORUrMoMJ0R1hO17i3E/7x+qsOGnzGRpJoKsloUphzpGC3+RiMmKdF8ZggmkplbEZlgiYk26RRNCO76y39Jp2K7Ndu788rN6zyOApzDBVyBC3Vowi20oA0ExvAEL/BqcevZerPeV60bVj5zBr9gfXwDJEWNuQ==</latexit>

V1

<latexit sha1_base64="mXajf6nXJs15dO32oGkcmSUlRtE="></latexit>
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Kloop

Y

`1,`2,`3...2 loop

Z`1Z`2Z`3 . . .

<latexit sha1_base64="aD0CSWyLj2EnuY/6rEH9qAKQv1o="></latexit>

The Kloop terms are generated in a large V expansion: ‘resonance’ between Rydberg
states can stabilize a phase with deconfined Z2 gauge charges i.e. a Z2 spin liquid

Ancilla 
qubits



<latexit sha1_base64="J8jtbQKek1YxGvViTB2yAg9/1TM="></latexit>

From the FSS model to an emergent Z2 gauge theory

<latexit sha1_base64="X0h5oxwZ6lJzQaHx6DCw9/wffUk=">AAAB8nicbVDLSgMxFM3UV62vqks3wVZwY5kpoi6LblxWsA+YDiWTZtrQTDIkd4Qy9DPcuFDErV/jzr8xbWehrQcCh3Puvbn3hIngBlz32ymsrW9sbhW3Szu7e/sH5cOjtlGppqxFlVC6GxLDBJesBRwE6yaakTgUrBOO72Z+54lpw5V8hEnCgpgMJY84JWAlv8qrF4IAcMr65Ypbc+fAq8TLSQXlaPbLX72BomnMJFBBjPE9N4EgI9pOE2xa6qWGJYSOyZD5lkoSMxNk85Wn+MwqAxwpbZ8EPFd/d2QkNmYSh7YyJjAyy95M/M/zU4hugozLJAUm6eKjKBUYFJ7djwdcMwpiYgmhmttdMR0RTSjYlEo2BG/55FXSrte8q9rlQ73SuM3jKKITdIrOkYeuUQPdoyZqIYoUekav6M0B58V5dz4WpQUn7zlGf+B8/gBppJCz</latexit>

i-lattice

<latexit sha1_base64="3rZnVTbsz4zcnQ39khSWEhrkGJw=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIph4kewSox6JXjxiIo8EVjI79MKE2UdmZjVkw3948aAxXv0Xb/6NA+xBwUo6qVR1z3SXFwuutG1/W7mV1bX1jfxmYWt7Z3evuH/QVFEiGTZYJCLZ9qhCwUNsaK4FtmOJNPAEtrzRzdRvPaJUPArv9ThGN6CDkPucUW2kh3IXhSifCao1Z9grluyKPQNZJk5GSpCh3it+dfsRSwIMNRNUqY5jx9pNqTSvCZwUuonCmLIRHWDH0JAGqNx0tvWEnBilT/xImgo1mam/J1IaKDUOPNMZUD1Ui95U/M/rJNq/clMexonGkM0/8hNBdESmEZA+l8i0GBtCmeRmV8KGVFKmTVAFE4KzePIyaVYrzkXl/K5aql1nceThCI7hFBy4hBrcQh0awEDCM7zCm/VkvVjv1se8NWdlM4fwB9bnD7LWkgE=</latexit>

`-lattice

<latexit sha1_base64="R25V+mX/Dtp1JigD1T9Bi9Smoys=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1nWBmWyo7dqNU910OOXXW8SqNqiLMEcnNShhytYelzMIpJGlGhCcdK9V0n0X6GpWaE03lxkCqaYDLFY9o3VOCIKj9bnjpHl0YZoTCWpoRGS/XnRIYjpWZRYDojrCdq3VuI/3n9VIcNP2MiSTUVZLUoTDnSMVr8jUZMUqL5zBBMJDO3IjLBEhNt0imaENz1l/+STsV2a7Z355Wb13kcBTiHC7gCF+rQhFtoQRsIjOEJXuDV4taz9Wa9r1o3rHzmDH7B+vgGJcmNug==</latexit>

V2
<latexit sha1_base64="Jr7Fhi+cDjruEGOC9YJlDFlY6bU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1n6A5LZcdu1Oqe6yHHrjpepVE1xFkCuTkpQ47WsPQ5GMUkjajQhGOl+q6TaD/DUjPC6bw4SBVNMJniMe0bKnBElZ8tT52jS6OMUBhLU0KjpfpzIsORUrMoMJ0R1hO17i3E/7x+qsOGnzGRpJoKsloUphzpGC3+RiMmKdF8ZggmkplbEZlgiYk26RRNCO76y39Jp2K7Ndu788rN6zyOApzDBVyBC3Vowi20oA0ExvAEL/BqcevZerPeV60bVj5zBr9gfXwDJEWNuQ==</latexit>

V1

R. Samajdar, Wen Wei Ho, H. Pichler, M. D. Lukin, S. Sachdev, PNAS 118, e2015785118 (2021)

<latexit sha1_base64="+rq1jym+bKI0crRFUW79zB07MOg=">AAACCHicdVDLSgNBEJyN7/iKevQyGARPYVfXxGPQi0cFE8VsCLOTTjI6O7vM9KphyQ948qpf4U28+hd+hP/g5CGoaEFDUdVNd1eYSGHQdd+d3NT0zOzc/EJ+cWl5ZbWwtl43cao51HgsY30RMgNSKKihQAkXiQYWhRLOw+ujoX9+A9qIWJ1hP4FmxLpKdARnaKX6ZSsAKVuFolty9/Z936WWjGBJxfN9v0y9iVIkE5y0Ch9BO+ZpBAq5ZMY0PDfBZsY0Ci5hkA9SAwnj16wLDUsVi8A0s9G1A7ptlTbtxNqWQjpSv09kLDKmH4W2M2LYM7+9ofiX10ixc9DMhEpSBMXHizqppBjT4eu0LTRwlH1LGNfC3kp5j2nG0QaUDwzY9FQXe1mAcIe3om33ZBWhBjafrxDo/6S+W/LKJf/UL1YPJ0nNk02yRXaIRyqkSo7JCakRTq7IA3kkT8698+y8OK/j1pwzmdkgP+C8fQJx8ptG</latexit>

Z`
<latexit sha1_base64="ojDnsB90zKxqMPmC30tGn1jNB00=">AAACCnicdVDLSgNBEJz1bXxFPXoZDIKnsKtr4jHoxaOCMYFsDLOTTjJkdnaZ6VXjkj/w5FW/wpt49Sf8CP/BSYygogUNRVU33V1hIoVB131zpqZnZufmFxZzS8srq2v59Y0LE6eaQ5XHMtb1kBmQQkEVBUqoJxpYFEqohf3jkV+7Am1ErM5xkEAzYl0lOoIztFI9QJZe3rZEK19wi+7+ge+71JIxLCl7vu+XqDdRCmSC01b+PWjHPI1AIZfMmIbnJtjMmEbBJQxzQWogYbzPutCwVLEITDMb3zukO1Zp006sbSmkY/X7RMYiYwZRaDsjhj3z2xuJf3mNFDuHzUyoJEVQ/HNRJ5UUYzp6nraFBo5yYAnjWthbKe8xzTjaiHKBAZuf6mIvCxBu8Fq07Z6sLNTQ5vMVAv2fXOwVvVLRP/MLlaNJUgtki2yTXeKRMqmQE3JKqoQTSe7JA3l07pwn59l5+WydciYzm+QHnNcPTYqcTg==</latexit>

⌧zi

<latexit sha1_base64="026YMSdHQJj4/aYAWS1TIWqep4g=">AAACCnicdVDLSgNBEJz1bXxFPXoZDIKnsKtr4lH04jGCiYFsDLOTTjI6O7vM9KpxyR948qpf4U28+hN+hP/gJEZQ0YKGoqqb7q4wkcKg6745E5NT0zOzc/O5hcWl5ZX86lrNxKnmUOWxjHU9ZAakUFBFgRLqiQYWhRLOwsujoX92BdqIWJ1iP4FmxLpKdARnaKV6gCw9v21dtPIFt+ju7vm+Sy0ZwZKy5/t+iXpjpUDGqLTy70E75mkECrlkxjQ8N8FmxjQKLmGQC1IDCeOXrAsNSxWLwDSz0b0DumWVNu3E2pZCOlK/T2QsMqYfhbYzYtgzv72h+JfXSLGz38yESlIExT8XdVJJMabD52lbaOAo+5YwroW9lfIe04yjjSgXGLD5qS72sgDhBq9F2+7JykINbD5fIdD/SW2n6JWK/olfODgcJzVHNsgm2SYeKZMDckwqpEo4keSePJBH5855cp6dl8/WCWc8s05+wHn9AE8pnE8=</latexit>

⌧zj

<latexit sha1_base64="mXajf6nXJs15dO32oGkcmSUlRtE="></latexit>
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<latexit sha1_base64="aD0CSWyLj2EnuY/6rEH9qAKQv1o="></latexit>

The Kloop terms are generated in a large V expansion: ‘resonance’ between Rydberg
states can stabilize a phase with deconfined Z2 gauge charges i.e. a Z2 spin liquid

Ancilla 
qubits



<latexit sha1_base64="J8jtbQKek1YxGvViTB2yAg9/1TM="></latexit>

From the FSS model to an emergent Z2 gauge theory

<latexit sha1_base64="X0h5oxwZ6lJzQaHx6DCw9/wffUk=">AAAB8nicbVDLSgMxFM3UV62vqks3wVZwY5kpoi6LblxWsA+YDiWTZtrQTDIkd4Qy9DPcuFDErV/jzr8xbWehrQcCh3Puvbn3hIngBlz32ymsrW9sbhW3Szu7e/sH5cOjtlGppqxFlVC6GxLDBJesBRwE6yaakTgUrBOO72Z+54lpw5V8hEnCgpgMJY84JWAlv8qrF4IAcMr65Ypbc+fAq8TLSQXlaPbLX72BomnMJFBBjPE9N4EgI9pOE2xa6qWGJYSOyZD5lkoSMxNk85Wn+MwqAxwpbZ8EPFd/d2QkNmYSh7YyJjAyy95M/M/zU4hugozLJAUm6eKjKBUYFJ7djwdcMwpiYgmhmttdMR0RTSjYlEo2BG/55FXSrte8q9rlQ73SuM3jKKITdIrOkYeuUQPdoyZqIYoUekav6M0B58V5dz4WpQUn7zlGf+B8/gBppJCz</latexit>

i-lattice

<latexit sha1_base64="3rZnVTbsz4zcnQ39khSWEhrkGJw=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIph4kewSox6JXjxiIo8EVjI79MKE2UdmZjVkw3948aAxXv0Xb/6NA+xBwUo6qVR1z3SXFwuutG1/W7mV1bX1jfxmYWt7Z3evuH/QVFEiGTZYJCLZ9qhCwUNsaK4FtmOJNPAEtrzRzdRvPaJUPArv9ThGN6CDkPucUW2kh3IXhSifCao1Z9grluyKPQNZJk5GSpCh3it+dfsRSwIMNRNUqY5jx9pNqTSvCZwUuonCmLIRHWDH0JAGqNx0tvWEnBilT/xImgo1mam/J1IaKDUOPNMZUD1Ui95U/M/rJNq/clMexonGkM0/8hNBdESmEZA+l8i0GBtCmeRmV8KGVFKmTVAFE4KzePIyaVYrzkXl/K5aql1nceThCI7hFBy4hBrcQh0awEDCM7zCm/VkvVjv1se8NWdlM4fwB9bnD7LWkgE=</latexit>

`-lattice

<latexit sha1_base64="R25V+mX/Dtp1JigD1T9Bi9Smoys=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1nWBmWyo7dqNU910OOXXW8SqNqiLMEcnNShhytYelzMIpJGlGhCcdK9V0n0X6GpWaE03lxkCqaYDLFY9o3VOCIKj9bnjpHl0YZoTCWpoRGS/XnRIYjpWZRYDojrCdq3VuI/3n9VIcNP2MiSTUVZLUoTDnSMVr8jUZMUqL5zBBMJDO3IjLBEhNt0imaENz1l/+STsV2a7Z355Wb13kcBTiHC7gCF+rQhFtoQRsIjOEJXuDV4taz9Wa9r1o3rHzmDH7B+vgGJcmNug==</latexit>

V2
<latexit sha1_base64="Jr7Fhi+cDjruEGOC9YJlDFlY6bU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1n6A5LZcdu1Oqe6yHHrjpepVE1xFkCuTkpQ47WsPQ5GMUkjajQhGOl+q6TaD/DUjPC6bw4SBVNMJniMe0bKnBElZ8tT52jS6OMUBhLU0KjpfpzIsORUrMoMJ0R1hO17i3E/7x+qsOGnzGRpJoKsloUphzpGC3+RiMmKdF8ZggmkplbEZlgiYk26RRNCO76y39Jp2K7Ndu788rN6zyOApzDBVyBC3Vowi20oA0ExvAEL/BqcevZerPeV60bVj5zBr9gfXwDJEWNuQ==</latexit>

V1

R. Samajdar, Wen Wei Ho, H. Pichler, M. D. Lukin, S. Sachdev, PNAS 118, e2015785118 (2021)

<latexit sha1_base64="+rq1jym+bKI0crRFUW79zB07MOg=">AAACCHicdVDLSgNBEJyN7/iKevQyGARPYVfXxGPQi0cFE8VsCLOTTjI6O7vM9KphyQ948qpf4U28+hd+hP/g5CGoaEFDUdVNd1eYSGHQdd+d3NT0zOzc/EJ+cWl5ZbWwtl43cao51HgsY30RMgNSKKihQAkXiQYWhRLOw+ujoX9+A9qIWJ1hP4FmxLpKdARnaKX6ZSsAKVuFolty9/Z936WWjGBJxfN9v0y9iVIkE5y0Ch9BO+ZpBAq5ZMY0PDfBZsY0Ci5hkA9SAwnj16wLDUsVi8A0s9G1A7ptlTbtxNqWQjpSv09kLDKmH4W2M2LYM7+9ofiX10ixc9DMhEpSBMXHizqppBjT4eu0LTRwlH1LGNfC3kp5j2nG0QaUDwzY9FQXe1mAcIe3om33ZBWhBjafrxDo/6S+W/LKJf/UL1YPJ0nNk02yRXaIRyqkSo7JCakRTq7IA3kkT8698+y8OK/j1pwzmdkgP+C8fQJx8ptG</latexit>

Z`
<latexit sha1_base64="ojDnsB90zKxqMPmC30tGn1jNB00=">AAACCnicdVDLSgNBEJz1bXxFPXoZDIKnsKtr4jHoxaOCMYFsDLOTTjJkdnaZ6VXjkj/w5FW/wpt49Sf8CP/BSYygogUNRVU33V1hIoVB131zpqZnZufmFxZzS8srq2v59Y0LE6eaQ5XHMtb1kBmQQkEVBUqoJxpYFEqohf3jkV+7Am1ErM5xkEAzYl0lOoIztFI9QJZe3rZEK19wi+7+ge+71JIxLCl7vu+XqDdRCmSC01b+PWjHPI1AIZfMmIbnJtjMmEbBJQxzQWogYbzPutCwVLEITDMb3zukO1Zp006sbSmkY/X7RMYiYwZRaDsjhj3z2xuJf3mNFDuHzUyoJEVQ/HNRJ5UUYzp6nraFBo5yYAnjWthbKe8xzTjaiHKBAZuf6mIvCxBu8Fq07Z6sLNTQ5vMVAv2fXOwVvVLRP/MLlaNJUgtki2yTXeKRMqmQE3JKqoQTSe7JA3l07pwn59l5+WydciYzm+QHnNcPTYqcTg==</latexit>

⌧zi

<latexit sha1_base64="026YMSdHQJj4/aYAWS1TIWqep4g=">AAACCnicdVDLSgNBEJz1bXxFPXoZDIKnsKtr4lH04jGCiYFsDLOTTjI6O7vM9KpxyR948qpf4U28+hN+hP/gJEZQ0YKGoqqb7q4wkcKg6745E5NT0zOzc/O5hcWl5ZX86lrNxKnmUOWxjHU9ZAakUFBFgRLqiQYWhRLOwsujoX92BdqIWJ1iP4FmxLpKdARnaKV6gCw9v21dtPIFt+ju7vm+Sy0ZwZKy5/t+iXpjpUDGqLTy70E75mkECrlkxjQ8N8FmxjQKLmGQC1IDCeOXrAsNSxWLwDSz0b0DumWVNu3E2pZCOlK/T2QsMqYfhbYzYtgzv72h+JfXSLGz38yESlIExT8XdVJJMabD52lbaOAo+5YwroW9lfIe04yjjSgXGLD5qS72sgDhBq9F2+7JykINbD5fIdD/SW2n6JWK/olfODgcJzVHNsgm2SYeKZMDckwqpEo4keSePJBH5855cp6dl8/WCWc8s05+wHn9AE8pnE8=</latexit>

⌧zj

<latexit sha1_base64="mXajf6nXJs15dO32oGkcmSUlRtE="></latexit>
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<latexit sha1_base64="aD0CSWyLj2EnuY/6rEH9qAKQv1o="></latexit>

The Kloop terms are generated in a large V expansion: ‘resonance’ between Rydberg
states can stabilize a phase with deconfined Z2 gauge charges i.e. a Z2 spin liquid

Ancilla 
qubits



<latexit sha1_base64="J8jtbQKek1YxGvViTB2yAg9/1TM="></latexit>

From the FSS model to an emergent Z2 gauge theory

<latexit sha1_base64="X0h5oxwZ6lJzQaHx6DCw9/wffUk=">AAAB8nicbVDLSgMxFM3UV62vqks3wVZwY5kpoi6LblxWsA+YDiWTZtrQTDIkd4Qy9DPcuFDErV/jzr8xbWehrQcCh3Puvbn3hIngBlz32ymsrW9sbhW3Szu7e/sH5cOjtlGppqxFlVC6GxLDBJesBRwE6yaakTgUrBOO72Z+54lpw5V8hEnCgpgMJY84JWAlv8qrF4IAcMr65Ypbc+fAq8TLSQXlaPbLX72BomnMJFBBjPE9N4EgI9pOE2xa6qWGJYSOyZD5lkoSMxNk85Wn+MwqAxwpbZ8EPFd/d2QkNmYSh7YyJjAyy95M/M/zU4hugozLJAUm6eKjKBUYFJ7djwdcMwpiYgmhmttdMR0RTSjYlEo2BG/55FXSrte8q9rlQ73SuM3jKKITdIrOkYeuUQPdoyZqIYoUekav6M0B58V5dz4WpQUn7zlGf+B8/gBppJCz</latexit>

i-lattice

<latexit sha1_base64="3rZnVTbsz4zcnQ39khSWEhrkGJw=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIph4kewSox6JXjxiIo8EVjI79MKE2UdmZjVkw3948aAxXv0Xb/6NA+xBwUo6qVR1z3SXFwuutG1/W7mV1bX1jfxmYWt7Z3evuH/QVFEiGTZYJCLZ9qhCwUNsaK4FtmOJNPAEtrzRzdRvPaJUPArv9ThGN6CDkPucUW2kh3IXhSifCao1Z9grluyKPQNZJk5GSpCh3it+dfsRSwIMNRNUqY5jx9pNqTSvCZwUuonCmLIRHWDH0JAGqNx0tvWEnBilT/xImgo1mam/J1IaKDUOPNMZUD1Ui95U/M/rJNq/clMexonGkM0/8hNBdESmEZA+l8i0GBtCmeRmV8KGVFKmTVAFE4KzePIyaVYrzkXl/K5aql1nceThCI7hFBy4hBrcQh0awEDCM7zCm/VkvVjv1se8NWdlM4fwB9bnD7LWkgE=</latexit>

`-lattice

<latexit sha1_base64="R25V+mX/Dtp1JigD1T9Bi9Smoys=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1nWBmWyo7dqNU910OOXXW8SqNqiLMEcnNShhytYelzMIpJGlGhCcdK9V0n0X6GpWaE03lxkCqaYDLFY9o3VOCIKj9bnjpHl0YZoTCWpoRGS/XnRIYjpWZRYDojrCdq3VuI/3n9VIcNP2MiSTUVZLUoTDnSMVr8jUZMUqL5zBBMJDO3IjLBEhNt0imaENz1l/+STsV2a7Z355Wb13kcBTiHC7gCF+rQhFtoQRsIjOEJXuDV4taz9Wa9r1o3rHzmDH7B+vgGJcmNug==</latexit>

V2
<latexit sha1_base64="Jr7Fhi+cDjruEGOC9YJlDFlY6bU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1n6A5LZcdu1Oqe6yHHrjpepVE1xFkCuTkpQ47WsPQ5GMUkjajQhGOl+q6TaD/DUjPC6bw4SBVNMJniMe0bKnBElZ8tT52jS6OMUBhLU0KjpfpzIsORUrMoMJ0R1hO17i3E/7x+qsOGnzGRpJoKsloUphzpGC3+RiMmKdF8ZggmkplbEZlgiYk26RRNCO76y39Jp2K7Ndu788rN6zyOApzDBVyBC3Vowi20oA0ExvAEL/BqcevZerPeV60bVj5zBr9gfXwDJEWNuQ==</latexit>

V1

R. Samajdar, Wen Wei Ho, H. Pichler, M. D. Lukin, S. Sachdev, PNAS 118, e2015785118 (2021)

<latexit sha1_base64="+rq1jym+bKI0crRFUW79zB07MOg=">AAACCHicdVDLSgNBEJyN7/iKevQyGARPYVfXxGPQi0cFE8VsCLOTTjI6O7vM9KphyQ948qpf4U28+hd+hP/g5CGoaEFDUdVNd1eYSGHQdd+d3NT0zOzc/EJ+cWl5ZbWwtl43cao51HgsY30RMgNSKKihQAkXiQYWhRLOw+ujoX9+A9qIWJ1hP4FmxLpKdARnaKX6ZSsAKVuFolty9/Z936WWjGBJxfN9v0y9iVIkE5y0Ch9BO+ZpBAq5ZMY0PDfBZsY0Ci5hkA9SAwnj16wLDUsVi8A0s9G1A7ptlTbtxNqWQjpSv09kLDKmH4W2M2LYM7+9ofiX10ixc9DMhEpSBMXHizqppBjT4eu0LTRwlH1LGNfC3kp5j2nG0QaUDwzY9FQXe1mAcIe3om33ZBWhBjafrxDo/6S+W/LKJf/UL1YPJ0nNk02yRXaIRyqkSo7JCakRTq7IA3kkT8698+y8OK/j1pwzmdkgP+C8fQJx8ptG</latexit>

Z`
<latexit sha1_base64="ojDnsB90zKxqMPmC30tGn1jNB00=">AAACCnicdVDLSgNBEJz1bXxFPXoZDIKnsKtr4jHoxaOCMYFsDLOTTjJkdnaZ6VXjkj/w5FW/wpt49Sf8CP/BSYygogUNRVU33V1hIoVB131zpqZnZufmFxZzS8srq2v59Y0LE6eaQ5XHMtb1kBmQQkEVBUqoJxpYFEqohf3jkV+7Am1ErM5xkEAzYl0lOoIztFI9QJZe3rZEK19wi+7+ge+71JIxLCl7vu+XqDdRCmSC01b+PWjHPI1AIZfMmIbnJtjMmEbBJQxzQWogYbzPutCwVLEITDMb3zukO1Zp006sbSmkY/X7RMYiYwZRaDsjhj3z2xuJf3mNFDuHzUyoJEVQ/HNRJ5UUYzp6nraFBo5yYAnjWthbKe8xzTjaiHKBAZuf6mIvCxBu8Fq07Z6sLNTQ5vMVAv2fXOwVvVLRP/MLlaNJUgtki2yTXeKRMqmQE3JKqoQTSe7JA3l07pwn59l5+WydciYzm+QHnNcPTYqcTg==</latexit>

⌧zi

<latexit sha1_base64="026YMSdHQJj4/aYAWS1TIWqep4g=">AAACCnicdVDLSgNBEJz1bXxFPXoZDIKnsKtr4lH04jGCiYFsDLOTTjI6O7vM9KpxyR948qpf4U28+hN+hP/gJEZQ0YKGoqqb7q4wkcKg6745E5NT0zOzc/O5hcWl5ZX86lrNxKnmUOWxjHU9ZAakUFBFgRLqiQYWhRLOwsujoX92BdqIWJ1iP4FmxLpKdARnaKV6gCw9v21dtPIFt+ju7vm+Sy0ZwZKy5/t+iXpjpUDGqLTy70E75mkECrlkxjQ8N8FmxjQKLmGQC1IDCeOXrAsNSxWLwDSz0b0DumWVNu3E2pZCOlK/T2QsMqYfhbYzYtgzv72h+JfXSLGz38yESlIExT8XdVJJMabD52lbaOAo+5YwroW9lfIe04yjjSgXGLD5qS72sgDhBq9F2+7JykINbD5fIdD/SW2n6JWK/olfODgcJzVHNsgm2SYeKZMDckwqpEo4keSePJBH5855cp6dl8/WCWc8s05+wHn9AE8pnE8=</latexit>

⌧zj

<latexit sha1_base64="mXajf6nXJs15dO32oGkcmSUlRtE="></latexit>
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<latexit sha1_base64="aD0CSWyLj2EnuY/6rEH9qAKQv1o="></latexit>

The Kloop terms are generated in a large V expansion: ‘resonance’ between Rydberg
states can stabilize a phase with deconfined Z2 gauge charges i.e. a Z2 spin liquid

Ancilla 
qubits



<latexit sha1_base64="J8jtbQKek1YxGvViTB2yAg9/1TM="></latexit>

From the FSS model to an emergent Z2 gauge theory

<latexit sha1_base64="X0h5oxwZ6lJzQaHx6DCw9/wffUk=">AAAB8nicbVDLSgMxFM3UV62vqks3wVZwY5kpoi6LblxWsA+YDiWTZtrQTDIkd4Qy9DPcuFDErV/jzr8xbWehrQcCh3Puvbn3hIngBlz32ymsrW9sbhW3Szu7e/sH5cOjtlGppqxFlVC6GxLDBJesBRwE6yaakTgUrBOO72Z+54lpw5V8hEnCgpgMJY84JWAlv8qrF4IAcMr65Ypbc+fAq8TLSQXlaPbLX72BomnMJFBBjPE9N4EgI9pOE2xa6qWGJYSOyZD5lkoSMxNk85Wn+MwqAxwpbZ8EPFd/d2QkNmYSh7YyJjAyy95M/M/zU4hugozLJAUm6eKjKBUYFJ7djwdcMwpiYgmhmttdMR0RTSjYlEo2BG/55FXSrte8q9rlQ73SuM3jKKITdIrOkYeuUQPdoyZqIYoUekav6M0B58V5dz4WpQUn7zlGf+B8/gBppJCz</latexit>

i-lattice

<latexit sha1_base64="3rZnVTbsz4zcnQ39khSWEhrkGJw=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIph4kewSox6JXjxiIo8EVjI79MKE2UdmZjVkw3948aAxXv0Xb/6NA+xBwUo6qVR1z3SXFwuutG1/W7mV1bX1jfxmYWt7Z3evuH/QVFEiGTZYJCLZ9qhCwUNsaK4FtmOJNPAEtrzRzdRvPaJUPArv9ThGN6CDkPucUW2kh3IXhSifCao1Z9grluyKPQNZJk5GSpCh3it+dfsRSwIMNRNUqY5jx9pNqTSvCZwUuonCmLIRHWDH0JAGqNx0tvWEnBilT/xImgo1mam/J1IaKDUOPNMZUD1Ui95U/M/rJNq/clMexonGkM0/8hNBdESmEZA+l8i0GBtCmeRmV8KGVFKmTVAFE4KzePIyaVYrzkXl/K5aql1nceThCI7hFBy4hBrcQh0awEDCM7zCm/VkvVjv1se8NWdlM4fwB9bnD7LWkgE=</latexit>

`-lattice

<latexit sha1_base64="R25V+mX/Dtp1JigD1T9Bi9Smoys=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1nWBmWyo7dqNU910OOXXW8SqNqiLMEcnNShhytYelzMIpJGlGhCcdK9V0n0X6GpWaE03lxkCqaYDLFY9o3VOCIKj9bnjpHl0YZoTCWpoRGS/XnRIYjpWZRYDojrCdq3VuI/3n9VIcNP2MiSTUVZLUoTDnSMVr8jUZMUqL5zBBMJDO3IjLBEhNt0imaENz1l/+STsV2a7Z355Wb13kcBTiHC7gCF+rQhFtoQRsIjOEJXuDV4taz9Wa9r1o3rHzmDH7B+vgGJcmNug==</latexit>

V2
<latexit sha1_base64="Jr7Fhi+cDjruEGOC9YJlDFlY6bU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1n6A5LZcdu1Oqe6yHHrjpepVE1xFkCuTkpQ47WsPQ5GMUkjajQhGOl+q6TaD/DUjPC6bw4SBVNMJniMe0bKnBElZ8tT52jS6OMUBhLU0KjpfpzIsORUrMoMJ0R1hO17i3E/7x+qsOGnzGRpJoKsloUphzpGC3+RiMmKdF8ZggmkplbEZlgiYk26RRNCO76y39Jp2K7Ndu788rN6zyOApzDBVyBC3Vowi20oA0ExvAEL/BqcevZerPeV60bVj5zBr9gfXwDJEWNuQ==</latexit>

V1

<latexit sha1_base64="gT8YT+hXsti4v+q7RhkVBd9BfFQ=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1nWB2Wyo7dqNU910OOXXW8SqNqiLMEcnNShhytYelzMIpJGlGhCcdK9V0n0X6GpWaE03lxkCqaYDLFY9o3VOCIKj9bnjpHl0YZoTCWpoRGS/XnRIYjpWZRYDojrCdq3VuI/3n9VIcNP2MiSTUVZLUoTDnSMVr8jUZMUqL5zBBMJDO3IjLBEhNt0imaENz1l/+STsV2a7Z355Wb13kcBTiHC7gCF+rQhFtoQRsIjOEJXuDV4taz9Wa9r1o3rHzmDH7B+vgGJ02Nuw==</latexit>

V3

<latexit sha1_base64="R25V+mX/Dtp1JigD1T9Bi9Smoys=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1nWBmWyo7dqNU910OOXXW8SqNqiLMEcnNShhytYelzMIpJGlGhCcdK9V0n0X6GpWaE03lxkCqaYDLFY9o3VOCIKj9bnjpHl0YZoTCWpoRGS/XnRIYjpWZRYDojrCdq3VuI/3n9VIcNP2MiSTUVZLUoTDnSMVr8jUZMUqL5zBBMJDO3IjLBEhNt0imaENz1l/+STsV2a7Z355Wb13kcBTiHC7gCF+rQhFtoQRsIjOEJXuDV4taz9Wa9r1o3rHzmDH7B+vgGJcmNug==</latexit>

V2

<latexit sha1_base64="Jr7Fhi+cDjruEGOC9YJlDFlY6bU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1n6A5LZcdu1Oqe6yHHrjpepVE1xFkCuTkpQ47WsPQ5GMUkjajQhGOl+q6TaD/DUjPC6bw4SBVNMJniMe0bKnBElZ8tT52jS6OMUBhLU0KjpfpzIsORUrMoMJ0R1hO17i3E/7x+qsOGnzGRpJoKsloUphzpGC3+RiMmKdF8ZggmkplbEZlgiYk26RRNCO76y39Jp2K7Ndu788rN6zyOApzDBVyBC3Vowi20oA0ExvAEL/BqcevZerPeV60bVj5zBr9gfXwDJEWNuQ==</latexit>

V1
<latexit sha1_base64="X0h5oxwZ6lJzQaHx6DCw9/wffUk=">AAAB8nicbVDLSgMxFM3UV62vqks3wVZwY5kpoi6LblxWsA+YDiWTZtrQTDIkd4Qy9DPcuFDErV/jzr8xbWehrQcCh3Puvbn3hIngBlz32ymsrW9sbhW3Szu7e/sH5cOjtlGppqxFlVC6GxLDBJesBRwE6yaakTgUrBOO72Z+54lpw5V8hEnCgpgMJY84JWAlv8qrF4IAcMr65Ypbc+fAq8TLSQXlaPbLX72BomnMJFBBjPE9N4EgI9pOE2xa6qWGJYSOyZD5lkoSMxNk85Wn+MwqAxwpbZ8EPFd/d2QkNmYSh7YyJjAyy95M/M/zU4hugozLJAUm6eKjKBUYFJ7djwdcMwpiYgmhmttdMR0RTSjYlEo2BG/55FXSrte8q9rlQ73SuM3jKKITdIrOkYeuUQPdoyZqIYoUekav6M0B58V5dz4WpQUn7zlGf+B8/gBppJCz</latexit>

i-lattice

<latexit sha1_base64="3rZnVTbsz4zcnQ39khSWEhrkGJw=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIph4kewSox6JXjxiIo8EVjI79MKE2UdmZjVkw3948aAxXv0Xb/6NA+xBwUo6qVR1z3SXFwuutG1/W7mV1bX1jfxmYWt7Z3evuH/QVFEiGTZYJCLZ9qhCwUNsaK4FtmOJNPAEtrzRzdRvPaJUPArv9ThGN6CDkPucUW2kh3IXhSifCao1Z9grluyKPQNZJk5GSpCh3it+dfsRSwIMNRNUqY5jx9pNqTSvCZwUuonCmLIRHWDH0JAGqNx0tvWEnBilT/xImgo1mam/J1IaKDUOPNMZUD1Ui95U/M/rJNq/clMexonGkM0/8hNBdESmEZA+l8i0GBtCmeRmV8KGVFKmTVAFE4KzePIyaVYrzkXl/K5aql1nceThCI7hFBy4hBrcQh0awEDCM7zCm/VkvVjv1se8NWdlM4fwB9bnD7LWkgE=</latexit>

`-lattice

R. Verresen, M. D. Lukin,  A. Vishwanath, PRX 11, 031005 (2021)R. Samajdar, Wen Wei Ho, H. Pichler, M. D. Lukin, S. Sachdev, PNAS 118, e2015785118 (2021)

<latexit sha1_base64="mXajf6nXJs15dO32oGkcmSUlRtE="></latexit>
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<latexit sha1_base64="aD0CSWyLj2EnuY/6rEH9qAKQv1o="></latexit>

The Kloop terms are generated in a large V expansion: ‘resonance’ between Rydberg
states can stabilize a phase with deconfined Z2 gauge charges i.e. a Z2 spin liquid



<latexit sha1_base64="J8jtbQKek1YxGvViTB2yAg9/1TM="></latexit>

From the FSS model to an emergent Z2 gauge theory

<latexit sha1_base64="X0h5oxwZ6lJzQaHx6DCw9/wffUk=">AAAB8nicbVDLSgMxFM3UV62vqks3wVZwY5kpoi6LblxWsA+YDiWTZtrQTDIkd4Qy9DPcuFDErV/jzr8xbWehrQcCh3Puvbn3hIngBlz32ymsrW9sbhW3Szu7e/sH5cOjtlGppqxFlVC6GxLDBJesBRwE6yaakTgUrBOO72Z+54lpw5V8hEnCgpgMJY84JWAlv8qrF4IAcMr65Ypbc+fAq8TLSQXlaPbLX72BomnMJFBBjPE9N4EgI9pOE2xa6qWGJYSOyZD5lkoSMxNk85Wn+MwqAxwpbZ8EPFd/d2QkNmYSh7YyJjAyy95M/M/zU4hugozLJAUm6eKjKBUYFJ7djwdcMwpiYgmhmttdMR0RTSjYlEo2BG/55FXSrte8q9rlQ73SuM3jKKITdIrOkYeuUQPdoyZqIYoUekav6M0B58V5dz4WpQUn7zlGf+B8/gBppJCz</latexit>

i-lattice

<latexit sha1_base64="3rZnVTbsz4zcnQ39khSWEhrkGJw=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIph4kewSox6JXjxiIo8EVjI79MKE2UdmZjVkw3948aAxXv0Xb/6NA+xBwUo6qVR1z3SXFwuutG1/W7mV1bX1jfxmYWt7Z3evuH/QVFEiGTZYJCLZ9qhCwUNsaK4FtmOJNPAEtrzRzdRvPaJUPArv9ThGN6CDkPucUW2kh3IXhSifCao1Z9grluyKPQNZJk5GSpCh3it+dfsRSwIMNRNUqY5jx9pNqTSvCZwUuonCmLIRHWDH0JAGqNx0tvWEnBilT/xImgo1mam/J1IaKDUOPNMZUD1Ui95U/M/rJNq/clMexonGkM0/8hNBdESmEZA+l8i0GBtCmeRmV8KGVFKmTVAFE4KzePIyaVYrzkXl/K5aql1nceThCI7hFBy4hBrcQh0awEDCM7zCm/VkvVjv1se8NWdlM4fwB9bnD7LWkgE=</latexit>

`-lattice

<latexit sha1_base64="R25V+mX/Dtp1JigD1T9Bi9Smoys=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1nWBmWyo7dqNU910OOXXW8SqNqiLMEcnNShhytYelzMIpJGlGhCcdK9V0n0X6GpWaE03lxkCqaYDLFY9o3VOCIKj9bnjpHl0YZoTCWpoRGS/XnRIYjpWZRYDojrCdq3VuI/3n9VIcNP2MiSTUVZLUoTDnSMVr8jUZMUqL5zBBMJDO3IjLBEhNt0imaENz1l/+STsV2a7Z355Wb13kcBTiHC7gCF+rQhFtoQRsIjOEJXuDV4taz9Wa9r1o3rHzmDH7B+vgGJcmNug==</latexit>

V2
<latexit sha1_base64="Jr7Fhi+cDjruEGOC9YJlDFlY6bU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1n6A5LZcdu1Oqe6yHHrjpepVE1xFkCuTkpQ47WsPQ5GMUkjajQhGOl+q6TaD/DUjPC6bw4SBVNMJniMe0bKnBElZ8tT52jS6OMUBhLU0KjpfpzIsORUrMoMJ0R1hO17i3E/7x+qsOGnzGRpJoKsloUphzpGC3+RiMmKdF8ZggmkplbEZlgiYk26RRNCO76y39Jp2K7Ndu788rN6zyOApzDBVyBC3Vowi20oA0ExvAEL/BqcevZerPeV60bVj5zBr9gfXwDJEWNuQ==</latexit>

V1

<latexit sha1_base64="gT8YT+hXsti4v+q7RhkVBd9BfFQ=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1nWB2Wyo7dqNU910OOXXW8SqNqiLMEcnNShhytYelzMIpJGlGhCcdK9V0n0X6GpWaE03lxkCqaYDLFY9o3VOCIKj9bnjpHl0YZoTCWpoRGS/XnRIYjpWZRYDojrCdq3VuI/3n9VIcNP2MiSTUVZLUoTDnSMVr8jUZMUqL5zBBMJDO3IjLBEhNt0imaENz1l/+STsV2a7Z355Wb13kcBTiHC7gCF+rQhFtoQRsIjOEJXuDV4taz9Wa9r1o3rHzmDH7B+vgGJ02Nuw==</latexit>

V3

<latexit sha1_base64="R25V+mX/Dtp1JigD1T9Bi9Smoys=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1nWBmWyo7dqNU910OOXXW8SqNqiLMEcnNShhytYelzMIpJGlGhCcdK9V0n0X6GpWaE03lxkCqaYDLFY9o3VOCIKj9bnjpHl0YZoTCWpoRGS/XnRIYjpWZRYDojrCdq3VuI/3n9VIcNP2MiSTUVZLUoTDnSMVr8jUZMUqL5zBBMJDO3IjLBEhNt0imaENz1l/+STsV2a7Z355Wb13kcBTiHC7gCF+rQhFtoQRsIjOEJXuDV4taz9Wa9r1o3rHzmDH7B+vgGJcmNug==</latexit>

V2

<latexit sha1_base64="Jr7Fhi+cDjruEGOC9YJlDFlY6bU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1n6A5LZcdu1Oqe6yHHrjpepVE1xFkCuTkpQ47WsPQ5GMUkjajQhGOl+q6TaD/DUjPC6bw4SBVNMJniMe0bKnBElZ8tT52jS6OMUBhLU0KjpfpzIsORUrMoMJ0R1hO17i3E/7x+qsOGnzGRpJoKsloUphzpGC3+RiMmKdF8ZggmkplbEZlgiYk26RRNCO76y39Jp2K7Ndu788rN6zyOApzDBVyBC3Vowi20oA0ExvAEL/BqcevZerPeV60bVj5zBr9gfXwDJEWNuQ==</latexit>

V1
<latexit sha1_base64="X0h5oxwZ6lJzQaHx6DCw9/wffUk=">AAAB8nicbVDLSgMxFM3UV62vqks3wVZwY5kpoi6LblxWsA+YDiWTZtrQTDIkd4Qy9DPcuFDErV/jzr8xbWehrQcCh3Puvbn3hIngBlz32ymsrW9sbhW3Szu7e/sH5cOjtlGppqxFlVC6GxLDBJesBRwE6yaakTgUrBOO72Z+54lpw5V8hEnCgpgMJY84JWAlv8qrF4IAcMr65Ypbc+fAq8TLSQXlaPbLX72BomnMJFBBjPE9N4EgI9pOE2xa6qWGJYSOyZD5lkoSMxNk85Wn+MwqAxwpbZ8EPFd/d2QkNmYSh7YyJjAyy95M/M/zU4hugozLJAUm6eKjKBUYFJ7djwdcMwpiYgmhmttdMR0RTSjYlEo2BG/55FXSrte8q9rlQ73SuM3jKKITdIrOkYeuUQPdoyZqIYoUekav6M0B58V5dz4WpQUn7zlGf+B8/gBppJCz</latexit>

i-lattice

<latexit sha1_base64="3rZnVTbsz4zcnQ39khSWEhrkGJw=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIph4kewSox6JXjxiIo8EVjI79MKE2UdmZjVkw3948aAxXv0Xb/6NA+xBwUo6qVR1z3SXFwuutG1/W7mV1bX1jfxmYWt7Z3evuH/QVFEiGTZYJCLZ9qhCwUNsaK4FtmOJNPAEtrzRzdRvPaJUPArv9ThGN6CDkPucUW2kh3IXhSifCao1Z9grluyKPQNZJk5GSpCh3it+dfsRSwIMNRNUqY5jx9pNqTSvCZwUuonCmLIRHWDH0JAGqNx0tvWEnBilT/xImgo1mam/J1IaKDUOPNMZUD1Ui95U/M/rJNq/clMexonGkM0/8hNBdESmEZA+l8i0GBtCmeRmV8KGVFKmTVAFE4KzePIyaVYrzkXl/K5aql1nceThCI7hFBy4hBrcQh0awEDCM7zCm/VkvVjv1se8NWdlM4fwB9bnD7LWkgE=</latexit>

`-lattice

R. Verresen, M. D. Lukin,  A. Vishwanath, PRX 11, 031005 (2021)R. Samajdar, Wen Wei Ho, H. Pichler, M. D. Lukin, S. Sachdev, PNAS 118, e2015785118 (2021)

<latexit sha1_base64="mXajf6nXJs15dO32oGkcmSUlRtE="></latexit>
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<latexit sha1_base64="aD0CSWyLj2EnuY/6rEH9qAKQv1o="></latexit>

The Kloop terms are generated in a large V expansion: ‘resonance’ between Rydberg
states can stabilize a phase with deconfined Z2 gauge charges i.e. a Z2 spin liquid



<latexit sha1_base64="J8jtbQKek1YxGvViTB2yAg9/1TM="></latexit>

From the FSS model to an emergent Z2 gauge theory

<latexit sha1_base64="X0h5oxwZ6lJzQaHx6DCw9/wffUk=">AAAB8nicbVDLSgMxFM3UV62vqks3wVZwY5kpoi6LblxWsA+YDiWTZtrQTDIkd4Qy9DPcuFDErV/jzr8xbWehrQcCh3Puvbn3hIngBlz32ymsrW9sbhW3Szu7e/sH5cOjtlGppqxFlVC6GxLDBJesBRwE6yaakTgUrBOO72Z+54lpw5V8hEnCgpgMJY84JWAlv8qrF4IAcMr65Ypbc+fAq8TLSQXlaPbLX72BomnMJFBBjPE9N4EgI9pOE2xa6qWGJYSOyZD5lkoSMxNk85Wn+MwqAxwpbZ8EPFd/d2QkNmYSh7YyJjAyy95M/M/zU4hugozLJAUm6eKjKBUYFJ7djwdcMwpiYgmhmttdMR0RTSjYlEo2BG/55FXSrte8q9rlQ73SuM3jKKITdIrOkYeuUQPdoyZqIYoUekav6M0B58V5dz4WpQUn7zlGf+B8/gBppJCz</latexit>

i-lattice

<latexit sha1_base64="3rZnVTbsz4zcnQ39khSWEhrkGJw=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIph4kewSox6JXjxiIo8EVjI79MKE2UdmZjVkw3948aAxXv0Xb/6NA+xBwUo6qVR1z3SXFwuutG1/W7mV1bX1jfxmYWt7Z3evuH/QVFEiGTZYJCLZ9qhCwUNsaK4FtmOJNPAEtrzRzdRvPaJUPArv9ThGN6CDkPucUW2kh3IXhSifCao1Z9grluyKPQNZJk5GSpCh3it+dfsRSwIMNRNUqY5jx9pNqTSvCZwUuonCmLIRHWDH0JAGqNx0tvWEnBilT/xImgo1mam/J1IaKDUOPNMZUD1Ui95U/M/rJNq/clMexonGkM0/8hNBdESmEZA+l8i0GBtCmeRmV8KGVFKmTVAFE4KzePIyaVYrzkXl/K5aql1nceThCI7hFBy4hBrcQh0awEDCM7zCm/VkvVjv1se8NWdlM4fwB9bnD7LWkgE=</latexit>

`-lattice

<latexit sha1_base64="R25V+mX/Dtp1JigD1T9Bi9Smoys=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkb2h6LXjxWtB/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IOFMacf5sjY2t7Z3dgt7xf2Dw6Pj0slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Gbhdx+pVCwWD3qWUD/CY8FCRrA20n1nWBmWyo7dqNU910OOXXW8SqNqiLMEcnNShhytYelzMIpJGlGhCcdK9V0n0X6GpWaE03lxkCqaYDLFY9o3VOCIKj9bnjpHl0YZoTCWpoRGS/XnRIYjpWZRYDojrCdq3VuI/3n9VIcNP2MiSTUVZLUoTDnSMVr8jUZMUqL5zBBMJDO3IjLBEhNt0imaENz1l/+STsV2a7Z355Wb13kcBTiHC7gCF+rQhFtoQRsIjOEJXuDV4taz9Wa9r1o3rHzmDH7B+vgGJcmNug==</latexit>

V2
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The Kloop terms are generated in a large V expansion: ‘resonance’ between Rydberg
states can stabilize a phase with deconfined Z2 gauge charges i.e. a Z2 spin liquid
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From the FSS model to an emergent Z2 gauge theory
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The Kloop terms are generated in a large V expansion: ‘resonance’ between Rydberg
states can stabilize a phase with deconfined Z2 gauge charges i.e. a Z2 spin liquid
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Rydberg atoms on link-kagome lattice: theory
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The sites j are on the links of the kagome lattice.
Examine the PXP model, Vnearest neighbor = 1, other Vk = 0.
For � > 0, ⌦ = 0 the ground states are the dimer coverings of the kagome lattice.

  

Phase diagram of the blockade model

we put the model on an in8nitely-long cylinder
9 use density matrix renormalization group (DMRG) 
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featureless phase

VBS pattern studied before in context of
Heisenberg model on kagome lattice
(Nikolic and Senthil, Singh and Huse, ...)
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Probing Topological Spin Liquids on a Programmable Quantum Simulator
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Quantum spin liquids, exotic phases of matter with topological order, have been a major focus
of explorations in physical science for the past several decades. Such phases feature long-range
quantum entanglement that can potentially be exploited to realize robust quantum computation.
We use a 219-atom programmable quantum simulator to probe quantum spin liquid states. In our
approach, arrays of atoms are placed on the links of a kagome lattice and evolution under Rydberg
blockade creates frustrated quantum states with no local order. The onset of a quantum spin liquid
phase of the paradigmatic toric code type is detected by evaluating topological string operators
that provide direct signatures of topological order and quantum correlations. Its properties are
further revealed by using an atom array with nontrivial topology, representing a first step towards
topological encoding. Our observations enable the controlled experimental exploration of topological
quantum matter and protected quantum information processing.

Motivated by visionary theoretical work carried out
over the past five decades, a broad search is currently
underway to identify signatures of quantum spin liquids
(QSL) in novel materials [1, 2]. Moreover, inspired by
the intriguing predictions of quantum information the-
ory [3], techniques to engineer such systems for topologi-
cal protection of quantum information are being actively
explored [4]. Systems with frustration [5] caused by the
lattice geometry or long-range interactions constitute a
promising avenue in the search for QSLs. In particular,
such systems can be used to implement a class of so-
called dimer models [6–10], which are among the most
promising candidates to host quantum spin liquid states.
However, realizing and probing such states is challeng-
ing since they are often surrounded by other competing
phases. Moreover, in contrast to topological systems in-
volving time-reversal symmetry breaking, such as in the
fractional quantum Hall e↵ect [11], these states cannot
be easily probed via, e.g., quantized conductance or edge
states. Instead, to diagnose spin liquid phases, it is es-
sential to access nonlocal observables, such as topolog-
ical string operators [1, 2]. While some indications of
QSL phases in correlated materials have been previously
reported [12, 13], thus far, these exotic states of matter
have evaded direct experimental detection.

Programmable quantum simulators are well suited for
the controlled exploration of these strongly correlated
quantum phases [14–20]. In particular, recent work
showed that various phases of quantum dimer models
can be e�ciently implemented using Rydberg atom ar-
rays [21] and that a dimer spin liquid state of the toric
code type could be potentially created in a specific frus-
trated lattice [22]. We note that toric code states have

been dynamically created in small systems using quan-
tum circuits [23, 24]. However, some of the key prop-
erties, such as topological robustness, are challenging to
realize in such systems. Spin liquids have also been ex-
plored using quantum annealers, but the lack of coher-
ence in these systems has precluded the observation of
quantum features [25].

Dimer Models in Rydberg Atom Arrays. The key
idea of our approach is based on a correspondence [22]
between Rydberg atoms placed on the links of a kagome
lattice (or equivalently the sites of a ruby lattice), as
shown in Fig. 1A, and dimer models on the kagome lattice
[8, 10]. The Rydberg excitations can be viewed as “dimer
bonds” connecting the two adjacent vertices of the lat-
tice (Fig. 1B). Due to the Rydberg blockade [26], strong
and properly tuned interactions constrain the density of
excitations such that each vertex is touched by a maxi-
mum of one dimer. At 1/4 filling, each vertex is touched
by exactly one dimer, resulting in a perfect dimer cov-
ering of the lattice. Smaller filling fractions result in a
finite density of vertices with no proximal dimers, which
are referred to as monomers. A quantum spin liquid
can emerge within this dimer-monomer model close to
1/4 filling [22], and can be viewed as a coherent superpo-
sition of exponentially many degenerate dimer coverings
with a small admixture of monomers [10] (Fig. 1C). This
corresponds to the resonating valence bond (RVB) state
[6, 27], predicted long ago but so far still unobserved in
any experimental system.

To create and study such states experimentally, we uti-
lize two-dimensional arrays of 219 87Rb atoms individu-
ally trapped in optical tweezers [29, 30] and positioned
on the links of a kagome lattice, as shown in Fig. 1A. The
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FIG. 1. Dimer model in Rydberg atoms arrays. (A) Fluorescence image of 219 atoms arranged on the links of a kagome
lattice. The atoms, initially in the ground state |gi, evolve according to the many-body dynamics U(t). The final state of the
atoms is determined via fluorescence imaging of ground state atoms. Rydberg atoms are marked with red dimers on the bonds
of the kagome lattice. (B) We adjust the blockade radius to Rb/a = 2.4, by choosing ⌦ = 2⇡ ⇥ 1.4 MHz and a = 3.9 µm,
such that all six nearest neighbors of an atom in |ri are within the blockade radius Rb. A state consistent with the Rydberg
blockade at maximal filling can then be viewed as a dimer covering of the kagome lattice, where each vertex is touched by
exactly one dimer. (C) The quantum spin liquid state corresponds to a coherent superposition of exponentially many dimer
coverings. (D) Detuning �(t) and Rabi frequency ⌦(t) used for quasi-adiabatic state preparation. (E) (Top) Average density
of Rydberg excitations hni in the bulk of the system, excluding the outer three layers [28]. (Bottom) Probabilities of empty
vertices in the bulk (monomers), vertices attached to a single dimer, or to double dimers (weakly violating blockade). After
�/⌦ ⇠ 3, the system reaches ⇠ 1/4 filling, where most vertices are attached to a single dimer, consistent with an approximate
dimer phase.

atoms are initialized in an electronic ground state |gi and
coupled to a Rydberg state |ri via a two-photon optical
transition with Rabi frequency ⌦. The atoms in the Ry-
dberg state |ri interact via a strong van der Waals po-
tential V = V0/d

6, with d the interatomic distance. This
strong interaction prevents the simultaneous excitation
of two atoms within a blockade radius Rb = (V0/⌦)1/6

[26]. We adjust the lattice spacing a and the Rabi fre-
quency ⌦ such that, for each atom in |ri, its six nearest
neighbors are all within the blockade radius (Fig. 1B),
resulting in a maximum filling fraction of 1/4. The re-
sulting dynamics corresponds to unitary evolution U(t)
governed by the Hamiltonian

H

~ =
⌦(t)

2

X

i

�
x

i
� �(t)

X

i

ni +
X

i<j

Vijninj (1)

where ~ is the reduced Planck constant, ni = |riihri| is
the Rydberg state occupation at site i, �x

i
= |giihri| +

|riihgi| and �(t) is the time-dependent two-photon de-
tuning. After the evolution, the state is analyzed by
projective readout of ground state atoms (Fig. 1A, right
panel) [29].

To explore many-body phases in this system, we uti-
lize quasi-adiabatic evolution, in which we slowly turn
on the Rydberg coupling ⌦ and subsequently change the
detuning � from negative to positive values using a cu-
bic frequency sweep over about 2 µs (Fig. 1D). We stop

the cubic sweep at di↵erent endpoints and first measure
the density of Rydberg excitations hni. Away from the
array boundaries (which result in edge e↵ects permeat-
ing just two layers into the bulk), we observe that the
average density of Rydberg atoms is uniform across the
array (see Fig. S3 and [28]). Focusing on the bulk den-
sity, we find that for �/⌦ & 3, the system reaches the
desired filling fraction hni ⇠ 1/4 (Fig. 1E, top panel).
The resulting state does not have any obvious spatial or-
der (Fig. 1A) and appears as a di↵erent configuration
of Rydberg atoms in each experimental repetition (see
Fig. S4 and [28]). From the single-shot images, we evalu-
ate the probability for each vertex of the kagome lattice
to be attached to: one dimer (as in a perfect dimer cover-
ing), zero dimers (i.e. a monomer), or two dimers (repre-
senting weak blockade violations). Around �/⌦ ⇠ 4 we
observe an approximate plateau where ⇠ 80% of the ver-
tices are connected to a single dimer (Fig. 1E), indicating
an approximate dimer covering.

Measuring topological string operators. A defin-
ing property of a phase with topological order is that it
cannot be probed locally. Hence, to investigate the pos-
sible presence of a QSL state, it is essential to measure
topological string operators, analogous to those used in
the toric code model [3]. For the present model, there
are two such string operators, the first of which charac-
terizes the e↵ective dimer description, while the second
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Quantum spin liquids, exotic phases of matter with topological order, have been a major focus
of explorations in physical science for the past several decades. Such phases feature long-range
quantum entanglement that can potentially be exploited to realize robust quantum computation.
We use a 219-atom programmable quantum simulator to probe quantum spin liquid states. In our
approach, arrays of atoms are placed on the links of a kagome lattice and evolution under Rydberg
blockade creates frustrated quantum states with no local order. The onset of a quantum spin liquid
phase of the paradigmatic toric code type is detected by evaluating topological string operators
that provide direct signatures of topological order and quantum correlations. Its properties are
further revealed by using an atom array with nontrivial topology, representing a first step towards
topological encoding. Our observations enable the controlled experimental exploration of topological
quantum matter and protected quantum information processing.

Motivated by visionary theoretical work carried out
over the past five decades, a broad search is currently
underway to identify signatures of quantum spin liquids
(QSL) in novel materials [1, 2]. Moreover, inspired by
the intriguing predictions of quantum information the-
ory [3], techniques to engineer such systems for topologi-
cal protection of quantum information are being actively
explored [4]. Systems with frustration [5] caused by the
lattice geometry or long-range interactions constitute a
promising avenue in the search for QSLs. In particular,
such systems can be used to implement a class of so-
called dimer models [6–10], which are among the most
promising candidates to host quantum spin liquid states.
However, realizing and probing such states is challeng-
ing since they are often surrounded by other competing
phases. Moreover, in contrast to topological systems in-
volving time-reversal symmetry breaking, such as in the
fractional quantum Hall e↵ect [11], these states cannot
be easily probed via, e.g., quantized conductance or edge
states. Instead, to diagnose spin liquid phases, it is es-
sential to access nonlocal observables, such as topolog-
ical string operators [1, 2]. While some indications of
QSL phases in correlated materials have been previously
reported [12, 13], thus far, these exotic states of matter
have evaded direct experimental detection.

Programmable quantum simulators are well suited for
the controlled exploration of these strongly correlated
quantum phases [14–20]. In particular, recent work
showed that various phases of quantum dimer models
can be e�ciently implemented using Rydberg atom ar-
rays [21] and that a dimer spin liquid state of the toric
code type could be potentially created in a specific frus-
trated lattice [22]. We note that toric code states have

been dynamically created in small systems using quan-
tum circuits [23, 24]. However, some of the key prop-
erties, such as topological robustness, are challenging to
realize in such systems. Spin liquids have also been ex-
plored using quantum annealers, but the lack of coher-
ence in these systems has precluded the observation of
quantum features [25].

Dimer Models in Rydberg Atom Arrays. The key
idea of our approach is based on a correspondence [22]
between Rydberg atoms placed on the links of a kagome
lattice (or equivalently the sites of a ruby lattice), as
shown in Fig. 1A, and dimer models on the kagome lattice
[8, 10]. The Rydberg excitations can be viewed as “dimer
bonds” connecting the two adjacent vertices of the lat-
tice (Fig. 1B). Due to the Rydberg blockade [26], strong
and properly tuned interactions constrain the density of
excitations such that each vertex is touched by a maxi-
mum of one dimer. At 1/4 filling, each vertex is touched
by exactly one dimer, resulting in a perfect dimer cov-
ering of the lattice. Smaller filling fractions result in a
finite density of vertices with no proximal dimers, which
are referred to as monomers. A quantum spin liquid
can emerge within this dimer-monomer model close to
1/4 filling [22], and can be viewed as a coherent superpo-
sition of exponentially many degenerate dimer coverings
with a small admixture of monomers [10] (Fig. 1C). This
corresponds to the resonating valence bond (RVB) state
[6, 27], predicted long ago but so far still unobserved in
any experimental system.

To create and study such states experimentally, we uti-
lize two-dimensional arrays of 219 87Rb atoms individu-
ally trapped in optical tweezers [29, 30] and positioned
on the links of a kagome lattice, as shown in Fig. 1A. The
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FIG. 2. Detecting a dimer phase via diagonal string
operator. (A) The Z string operator measures the par-
ity of dimers along a string. (B) A perfect dimer cover-
ing always has exactly one dimer touching each vertex of
the array, so that hZi = �1 around a single vertex and
hZi = (�1)#enclosed vertices for larger loops. (C) Z parity
measurements following the quasi-adiabatic sweep of Fig. 1D,
with the addition of a 200 ns ramp-down of ⌦ at the end
to optimize preparation. At di↵erent endpoints of the sweep
and for di↵erent loop sizes (inset), we measure a finite hZi,
consistent with an approximate dimer phase.

probes quantum coherence between dimer states [22]. We
first focus on the diagonal operator Z =

Q
i2S

�
z

i
, with

�
z

i
= 1�2ni, that measures the parity of Rydberg atoms

along a string S perpendicular to the bonds of the kagome
lattice (Fig. 2A). For the smallest closed Z loop, which
encloses a single vertex of the kagome lattice, hZi = �1
for any perfect dimer covering. Larger loops can be de-
composed into a product of small loops around all the
enclosed vertices, resulting in hZi = (�1)# enclosed vertices

(Fig. 2B). Note that the presence of monomers or double-
dimers reduces the e↵ective contribution of each vertex,
resulting in a reduced hZi.

To measure hZi for di↵erent loops (Fig. 2C), we eval-
uate the string observables directly from single-shot im-
ages, averaging over many experimental repetitions and
over all loops of the same shape in the bulk of the lat-
tice [28]. In the range of detunings where hni ⇠ 1/4, we
clearly observe the emergence of a finite hZi for all loops,
with the sign matching the parity of enclosed vertices, as
expected for dimer states (Fig. 2B). The measured val-
ues are generally |hZi| < 1 and decrease with the loop
size, suggesting the presence of a finite density of defects,
as discussed below. Nevertheless, these observations in-
dicate that the state we prepare is consistent with an

approximate dimer phase.

We next explore quantum coherence properties of the
prepared state. To this end, we consider the o↵-diagonal
X operator, which acts on strings along the bonds of the
kagome lattice. It is defined in Fig. 3A by its action on
a single triangle [22]. Applying X on any closed string
maps a dimer covering to another valid dimer covering
(see e.g. Fig. 3B for a loop around a single hexagon). A
finite expectation value for X therefore implies that the
state contains a coherent superposition of one or more
pairs of dimer states coupled by that specific loop, a
prerequisite for a quantum spin liquid. The measure-
ment of X can be implemented by performing a collec-
tive basis rotation [22] illustrated in Fig. 3C. This rota-
tion is implemented by time-evolution under the Rydberg
Hamiltonian (eq. (1)) with � = 0 and reduced blockade
radius Rb/a = 1.53, such that only the atoms within
the same triangle are subject to the Rydberg blockade
constraint. Under these conditions, it is su�cient to
consider the evolution of individual triangles separately,
where each triangle can be described as a 4-level sys-
tem ( ). Within this subspace, after a time

⌧ = 4⇡/(3⌦
p
3), the collective 3-atom dynamics realizes

a unitary Uq which implements the basis rotation that
transforms an X string into a dual Z string [28].

Experimentally, the basis rotation is implemented fol-
lowing the state preparation by quenching the laser de-
tuning to �q = 0 and increasing the laser intensity
by a factor of ⇠ 200 to reduce the blockade radius to
Rb/a = 1.53 (Fig. 3D and [28]). We calibrate ⌧ by
preparing the state at �/⌦ = 4 and evolving under the
quench Hamiltonian for a variable time. We measure the
parity of a Z string that is dual to a target X loop, and
observe a sharp revival of the parity signal at ⌧ ⇠ 30 ns
(Fig. 3E) [22]. Fixing the quench time ⌧ , we measure
hXi for di↵erent values of the detuning � at the end of
the cubic sweep (Fig. 3F) and observe a finite X par-
ity signal for loops that extend over a large fraction of
the array. We emphasize that, in light of experimental
imperfections [28], the observation of finite parities for
string observables of up to 28 atoms within µs-long exper-
iments is rather remarkable. These observations clearly
indicate the presence of long-range coherence in the pre-
pared state.

Probing spin liquid properties. The study of closed
string operators shows that we prepare an approximate
dimer phase with quantum coherence between dimer cov-
erings. While these closed loops are indicative of topo-
logical order, it is important to compare their properties
to those of open strings to distinguish topological e↵ects
from trivial ordering—the former being sensitive to the
topology of the loop [31–33]. This comparison is shown in
Fig. 4D,E, indicating several distinct regimes. For small
�, we find that both Z and X loop parities factorize into
the product of the parities on the half-loop open strings—
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1Department of Physics, Harvard University, Cambridge, MA 02138, USA
2Institute for Theoretical Physics, University of Innsbruck, Innsbruck A-6020, Austria

3Institute for Quantum Optics and Quantum Information,
Austrian Academy of Sciences, Innsbruck A-6020, Austria

4 QuEra Computing Inc., Boston, MA 02135, USA
5 Department of Physics and Research Laboratory of Electronics,

Massachusetts Institute of Technology, Cambridge, MA 02139, USA

Quantum spin liquids, exotic phases of matter with topological order, have been a major focus
of explorations in physical science for the past several decades. Such phases feature long-range
quantum entanglement that can potentially be exploited to realize robust quantum computation.
We use a 219-atom programmable quantum simulator to probe quantum spin liquid states. In our
approach, arrays of atoms are placed on the links of a kagome lattice and evolution under Rydberg
blockade creates frustrated quantum states with no local order. The onset of a quantum spin liquid
phase of the paradigmatic toric code type is detected by evaluating topological string operators
that provide direct signatures of topological order and quantum correlations. Its properties are
further revealed by using an atom array with nontrivial topology, representing a first step towards
topological encoding. Our observations enable the controlled experimental exploration of topological
quantum matter and protected quantum information processing.

Motivated by visionary theoretical work carried out
over the past five decades, a broad search is currently
underway to identify signatures of quantum spin liquids
(QSL) in novel materials [1, 2]. Moreover, inspired by
the intriguing predictions of quantum information the-
ory [3], techniques to engineer such systems for topologi-
cal protection of quantum information are being actively
explored [4]. Systems with frustration [5] caused by the
lattice geometry or long-range interactions constitute a
promising avenue in the search for QSLs. In particular,
such systems can be used to implement a class of so-
called dimer models [6–10], which are among the most
promising candidates to host quantum spin liquid states.
However, realizing and probing such states is challeng-
ing since they are often surrounded by other competing
phases. Moreover, in contrast to topological systems in-
volving time-reversal symmetry breaking, such as in the
fractional quantum Hall e↵ect [11], these states cannot
be easily probed via, e.g., quantized conductance or edge
states. Instead, to diagnose spin liquid phases, it is es-
sential to access nonlocal observables, such as topolog-
ical string operators [1, 2]. While some indications of
QSL phases in correlated materials have been previously
reported [12, 13], thus far, these exotic states of matter
have evaded direct experimental detection.

Programmable quantum simulators are well suited for
the controlled exploration of these strongly correlated
quantum phases [14–20]. In particular, recent work
showed that various phases of quantum dimer models
can be e�ciently implemented using Rydberg atom ar-
rays [21] and that a dimer spin liquid state of the toric
code type could be potentially created in a specific frus-
trated lattice [22]. We note that toric code states have

been dynamically created in small systems using quan-
tum circuits [23, 24]. However, some of the key prop-
erties, such as topological robustness, are challenging to
realize in such systems. Spin liquids have also been ex-
plored using quantum annealers, but the lack of coher-
ence in these systems has precluded the observation of
quantum features [25].

Dimer Models in Rydberg Atom Arrays. The key
idea of our approach is based on a correspondence [22]
between Rydberg atoms placed on the links of a kagome
lattice (or equivalently the sites of a ruby lattice), as
shown in Fig. 1A, and dimer models on the kagome lattice
[8, 10]. The Rydberg excitations can be viewed as “dimer
bonds” connecting the two adjacent vertices of the lat-
tice (Fig. 1B). Due to the Rydberg blockade [26], strong
and properly tuned interactions constrain the density of
excitations such that each vertex is touched by a maxi-
mum of one dimer. At 1/4 filling, each vertex is touched
by exactly one dimer, resulting in a perfect dimer cov-
ering of the lattice. Smaller filling fractions result in a
finite density of vertices with no proximal dimers, which
are referred to as monomers. A quantum spin liquid
can emerge within this dimer-monomer model close to
1/4 filling [22], and can be viewed as a coherent superpo-
sition of exponentially many degenerate dimer coverings
with a small admixture of monomers [10] (Fig. 1C). This
corresponds to the resonating valence bond (RVB) state
[6, 27], predicted long ago but so far still unobserved in
any experimental system.

To create and study such states experimentally, we uti-
lize two-dimensional arrays of 219 87Rb atoms individu-
ally trapped in optical tweezers [29, 30] and positioned
on the links of a kagome lattice, as shown in Fig. 1A. The
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FIG. 3. Probing coherence between dimer states via o↵-diagonal string operator. (A) Definition of X string operator
on a single triangle of the kagome lattice. (B) On any closed loop, the X operator maps any dimer covering into another valid
dimer covering, such that hXi measures the coherence between pairs of dimer configurations. (C) The X operator is measured
by evolving the initial state under Hamiltonian (eq. (1)) with � = 0 and reduced blockade radius to encompass only atoms
within each individual triangle, implementing a basis rotation that maps X into Z. (D) In the experiment, after the state
preparation, we set the laser detuning to �q = 0 and we increase ⌦ to 2⇡ ⇥ 20 MHz to reach Rb/a = 1.53. (E) By measuring
the Z parity on the dual string (red) of a target X loop (blue) after a variable quench time, we identify the time ⌧ for which
the mapping in (C) is implemented. (F) We measure hXi for di↵erent final detunings of the cubic sweep and for di↵erent loop
sizes (inset), and find that the prepared state has long-range coherence that extends over a large fraction of the array [28].

in particular, the finite hZi is a trivial result of the low
density of Rydberg excitations. In contrast, loop parities
no longer factorize in the dimer phase (3 . �/⌦ . 5).
Instead, the expectation values for both open string oper-
ators vanish in the dimer phase, indicating the nontrivial
nature of the correlations measured by the closed loops
(see also [28]). More specifically, topological ordering in
the dimer-monomer model can break down either due to
a high density of monomers, corresponding to the trivial
disordered phase at small�/⌦, or due to the lack of long-
range resonances, corresponding to a valence bond solid
(VBS) [22]. Open Z and X strings distinguish the target
QSL phase from these proximal phases: when normalized
according to the definition from Bricmont, Frölich, Fre-
denhagen and Marcu [31, 32] (BFFM) (Fig. 4B,C), these
open strings can be considered as order parameters for
the QSL. In particular, open Z strings have a finite ex-
pectation value when the dimers form an ordered spatial
arrangement, as in the VBS phase. At the same time,
open X strings create pairs of monomers at their end-
points (Fig. 4A), so a finite hXi can be achieved in the
trivial phase where there is a high density of monomers.
Therefore, the QSL can be identified as the unique phase
where both order parameters vanish for long strings [22].

Figures 4F,G show the measured values of these or-
der parameters. We find that hZiBFFM is compatible
with zero on the entire range of �/⌦ where we ob-
served a finite Z parity on closed loops, indicating the
absence of a VBS phase (Fig. 4F), consistent with our
analysis of density-density correlations (Fig. S5 and [28]).
At the same time, hXiBFFM converges towards zero on
the longest strings for �/⌦ & 3.3 (Fig. 4G), indicat-

ing a transition out of the disordered phase. By com-
bining these two measurements with the regions of non-
vanishing parity for the closed Z and X loops (Figs. 2,3),
we conclude that for 3.3 . �/⌦ . 4.5 our results con-
stitute a direct detection of the onset of a quantum spin
liquid phase (shaded area in Fig. 4F,G).
The measurements of the closed loop operators in

Fig. 2,3 show that |hZi|, |hXi| < 1 and that the amplitude
of the signal decreases with the loop size, which results
from a finite density of quasiparticle excitations. Specifi-
cally, defects in the dimer covering such as monomers and
double-dimers can be interpreted as electric (e) anyons in
the language of lattice gauge theory [22]. Since the pres-
ence of a defect inside a closed loop changes the sign of Z,
the parity on the loop is reduced according to the number
of enclosed e-anyons as |hZi| = |h(�1)#enclosed e-anyonsi|.
The average number of defects inside a loop is expected to
scale with the number of enclosed vertices, i.e. with the
area of the loop, and indeed we observe an approximate
area-law scaling of |hZi| for small loop sizes (Fig. 4H).
However, for larger loops we notice a deviation towards a
perimeter-law scaling, which can emerge if pairs of anyons
are correlated over a characteristic length scale smaller
than the loop size (see [28] for a discussion of the ex-
pected scaling). Pairs of correlated anyons which are
both inside the loop do not change its parity since their
contributions cancel out; they only a↵ect hZi when they
sit across the loop, leading to a scaling with the length
of the perimeter. These pairs can be viewed as resulting
from the application of X string operators to a dimer
covering (Fig. 4A), originating, e.g., from virtual exci-
tations in the dimer-monomer model [28] or from errors

4

FIG. 3. Probing coherence between dimer states via o↵-diagonal string operator. (A) Definition of X string operator
on a single triangle of the kagome lattice. (B) On any closed loop, the X operator maps any dimer covering into another valid
dimer covering, such that hXi measures the coherence between pairs of dimer configurations. (C) The X operator is measured
by evolving the initial state under Hamiltonian (eq. (1)) with � = 0 and reduced blockade radius to encompass only atoms
within each individual triangle, implementing a basis rotation that maps X into Z. (D) In the experiment, after the state
preparation, we set the laser detuning to �q = 0 and we increase ⌦ to 2⇡ ⇥ 20 MHz to reach Rb/a = 1.53. (E) By measuring
the Z parity on the dual string (red) of a target X loop (blue) after a variable quench time, we identify the time ⌧ for which
the mapping in (C) is implemented. (F) We measure hXi for di↵erent final detunings of the cubic sweep and for di↵erent loop
sizes (inset), and find that the prepared state has long-range coherence that extends over a large fraction of the array [28].

in particular, the finite hZi is a trivial result of the low
density of Rydberg excitations. In contrast, loop parities
no longer factorize in the dimer phase (3 . �/⌦ . 5).
Instead, the expectation values for both open string oper-
ators vanish in the dimer phase, indicating the nontrivial
nature of the correlations measured by the closed loops
(see also [28]). More specifically, topological ordering in
the dimer-monomer model can break down either due to
a high density of monomers, corresponding to the trivial
disordered phase at small�/⌦, or due to the lack of long-
range resonances, corresponding to a valence bond solid
(VBS) [22]. Open Z and X strings distinguish the target
QSL phase from these proximal phases: when normalized
according to the definition from Bricmont, Frölich, Fre-
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Electrons move with momentum k through the lattice with dispersion "(k)

Fermi surface
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2⇥ Volume inside Fermi surface
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= density of electrons (mod 2)

Luttinger relation
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Density of the electrons
per unit cell = 1 + p
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Luttinger volume “large” Fermi surface.
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Kondo lattice:   FL* phase
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quantum rotor’ �i coupled to otherwise free fermions ci�.
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<latexit sha1_base64="oFBTFjNvIwQmnOAc423KrvZJv9w=">AAAB/3icbVA9T8MwEL3wWcpXgZHFokJiqhJAwFjBwlgE/UBtVDmu01q1nch2kKooA7+BFWY2xMpPYeSf4LYZaMuTTnp6705394KYM21c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HN2G8+UaVZJB/MKKa+wH3JQkawsdJj2gkEus+6XrdUdivuBGiReDkpQ45at/TT6UUkEVQawrHWbc+NjZ9iZRjhNCt2Ek1jTIa4T9uWSiyo9tPJwRk6tkoPhZGyJQ2aqH8nUiy0HonAdgpsBnreG4v/ee3EhFd+ymScGCrJdFGYcGQiNP4e9ZiixPCRJZgoZm9FZIAVJsZmNLMlEJnNxJtPYJE0TiveReXs7rxcvc7TKcAhHMEJeHAJVbiFGtSBgIAXeIU359l5dz6cz2nrkpPPHMAMnK9f+4WWmA==</latexit>

S1

<latexit sha1_base64="HVT3ni3pZLbKVXc0/wRx5ptWq/M=">AAAB/3icbVA9TwJBEJ3DL8Qv1NJmIzGxIndo1JJoY4lRPgxcyN6ywIbdvcvungm5XOFvsNXaztj6Uyz9Jy5whYAvmeTlvZnMzAsizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6jBWhdRLyULUCrClnktYNM5y2IkWxCDhtBqObid98okqzUD6YcUR9gQeS9RnBxkqPSScQ6D7tVrrFklt2p0DLxMtICTLUusWfTi8ksaDSEI61bntuZPwEK8MIp2mhE2saYTLCA9q2VGJBtZ9MD07RiVV6qB8qW9Kgqfp3IsFC67EIbKfAZqgXvYn4n9eOTf/KT5iMYkMlmS3qxxyZEE2+Rz2mKDF8bAkmitlbERlihYmxGc1tCURqM/EWE1gmjUrZuyif3Z2XqtdZOnk4gmM4BQ8uoQq3UIM6EBDwAq/w5jw7786H8zlrzTnZzCHMwfn6Bf0Ylpk=</latexit>

S2

<latexit sha1_base64="1TlvZkGaSEVSUOo4PWUq04wEYGQ="></latexit>

Hparamagnon =
X

p

"pc
†
p�cp� � �

X

i

c†i�
⌧��0

2
ci�0 ·�i + . . .

Paramagnon theory of the Hubbard model 
Hubbard  
model of 
density 

1-p

Ancilla 
qubits



<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="VJHSPPvUlYegQO3NC8QMWQHeglo="></latexit>

m
Free  

electrons of  
density 

1-p
<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�

<latexit sha1_base64="oFBTFjNvIwQmnOAc423KrvZJv9w=">AAAB/3icbVA9T8MwEL3wWcpXgZHFokJiqhJAwFjBwlgE/UBtVDmu01q1nch2kKooA7+BFWY2xMpPYeSf4LYZaMuTTnp6705394KYM21c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HN2G8+UaVZJB/MKKa+wH3JQkawsdJj2gkEus+6XrdUdivuBGiReDkpQ45at/TT6UUkEVQawrHWbc+NjZ9iZRjhNCt2Ek1jTIa4T9uWSiyo9tPJwRk6tkoPhZGyJQ2aqH8nUiy0HonAdgpsBnreG4v/ee3EhFd+ymScGCrJdFGYcGQiNP4e9ZiixPCRJZgoZm9FZIAVJsZmNLMlEJnNxJtPYJE0TiveReXs7rxcvc7TKcAhHMEJeHAJVbiFGtSBgIAXeIU359l5dz6cz2nrkpPPHMAMnK9f+4WWmA==</latexit>

S1

<latexit sha1_base64="HVT3ni3pZLbKVXc0/wRx5ptWq/M=">AAAB/3icbVA9TwJBEJ3DL8Qv1NJmIzGxIndo1JJoY4lRPgxcyN6ywIbdvcvungm5XOFvsNXaztj6Uyz9Jy5whYAvmeTlvZnMzAsizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6jBWhdRLyULUCrClnktYNM5y2IkWxCDhtBqObid98okqzUD6YcUR9gQeS9RnBxkqPSScQ6D7tVrrFklt2p0DLxMtICTLUusWfTi8ksaDSEI61bntuZPwEK8MIp2mhE2saYTLCA9q2VGJBtZ9MD07RiVV6qB8qW9Kgqfp3IsFC67EIbKfAZqgXvYn4n9eOTf/KT5iMYkMlmS3qxxyZEE2+Rz2mKDF8bAkmitlbERlihYmxGc1tCURqM/EWE1gmjUrZuyif3Z2XqtdZOnk4gmM4BQ8uoQq3UIM6EBDwAq/w5jw7786H8zlrzTnZzCHMwfn6Bf0Ylpk=</latexit>

S2

<latexit sha1_base64="1TlvZkGaSEVSUOo4PWUq04wEYGQ="></latexit>

Hparamagnon =
X
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"pc
†
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X

i

c†i�
⌧��0

2
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<latexit sha1_base64="QtJHfLgpRszaYiDfhEe95EcFbNo="></latexit>

� paramagnon

Paramagnon theory of the Hubbard model 
Hubbard  
model of 
density 

1-p

Ancilla 
qubits



<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="VJHSPPvUlYegQO3NC8QMWQHeglo="></latexit>

m
Free  

electrons of  
density 

1-p
<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�

<latexit sha1_base64="oFBTFjNvIwQmnOAc423KrvZJv9w=">AAAB/3icbVA9T8MwEL3wWcpXgZHFokJiqhJAwFjBwlgE/UBtVDmu01q1nch2kKooA7+BFWY2xMpPYeSf4LYZaMuTTnp6705394KYM21c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HN2G8+UaVZJB/MKKa+wH3JQkawsdJj2gkEus+6XrdUdivuBGiReDkpQ45at/TT6UUkEVQawrHWbc+NjZ9iZRjhNCt2Ek1jTIa4T9uWSiyo9tPJwRk6tkoPhZGyJQ2aqH8nUiy0HonAdgpsBnreG4v/ee3EhFd+ymScGCrJdFGYcGQiNP4e9ZiixPCRJZgoZm9FZIAVJsZmNLMlEJnNxJtPYJE0TiveReXs7rxcvc7TKcAhHMEJeHAJVbiFGtSBgIAXeIU359l5dz6cz2nrkpPPHMAMnK9f+4WWmA==</latexit>

S1

<latexit sha1_base64="HVT3ni3pZLbKVXc0/wRx5ptWq/M=">AAAB/3icbVA9TwJBEJ3DL8Qv1NJmIzGxIndo1JJoY4lRPgxcyN6ywIbdvcvungm5XOFvsNXaztj6Uyz9Jy5whYAvmeTlvZnMzAsizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6jBWhdRLyULUCrClnktYNM5y2IkWxCDhtBqObid98okqzUD6YcUR9gQeS9RnBxkqPSScQ6D7tVrrFklt2p0DLxMtICTLUusWfTi8ksaDSEI61bntuZPwEK8MIp2mhE2saYTLCA9q2VGJBtZ9MD07RiVV6qB8qW9Kgqfp3IsFC67EIbKfAZqgXvYn4n9eOTf/KT5iMYkMlmS3qxxyZEE2+Rz2mKDF8bAkmitlbERlihYmxGc1tCURqM/EWE1gmjUrZuyif3Z2XqtdZOnk4gmM4BQ8uoQq3UIM6EBDwAq/w5jw7786H8zlrzTnZzCHMwfn6Bf0Ylpk=</latexit>

S2

<latexit sha1_base64="1TlvZkGaSEVSUOo4PWUq04wEYGQ="></latexit>

Hparamagnon =
X

p

"pc
†
p�cp� � �

X

i

c†i�
⌧��0

2
ci�0 ·�i + . . .

<latexit sha1_base64="QtJHfLgpRszaYiDfhEe95EcFbNo="></latexit>

� paramagnon

Paramagnon theory of the Hubbard model 
Hubbard  
model of 
density 

1-p

Ancilla 
qubits



<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="VJHSPPvUlYegQO3NC8QMWQHeglo="></latexit>

m
Free  

electrons of  
density 

1-p
<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�

<latexit sha1_base64="oFBTFjNvIwQmnOAc423KrvZJv9w=">AAAB/3icbVA9T8MwEL3wWcpXgZHFokJiqhJAwFjBwlgE/UBtVDmu01q1nch2kKooA7+BFWY2xMpPYeSf4LYZaMuTTnp6705394KYM21c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HN2G8+UaVZJB/MKKa+wH3JQkawsdJj2gkEus+6XrdUdivuBGiReDkpQ45at/TT6UUkEVQawrHWbc+NjZ9iZRjhNCt2Ek1jTIa4T9uWSiyo9tPJwRk6tkoPhZGyJQ2aqH8nUiy0HonAdgpsBnreG4v/ee3EhFd+ymScGCrJdFGYcGQiNP4e9ZiixPCRJZgoZm9FZIAVJsZmNLMlEJnNxJtPYJE0TiveReXs7rxcvc7TKcAhHMEJeHAJVbiFGtSBgIAXeIU359l5dz6cz2nrkpPPHMAMnK9f+4WWmA==</latexit>

S1

<latexit sha1_base64="HVT3ni3pZLbKVXc0/wRx5ptWq/M=">AAAB/3icbVA9TwJBEJ3DL8Qv1NJmIzGxIndo1JJoY4lRPgxcyN6ywIbdvcvungm5XOFvsNXaztj6Uyz9Jy5whYAvmeTlvZnMzAsizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6jBWhdRLyULUCrClnktYNM5y2IkWxCDhtBqObid98okqzUD6YcUR9gQeS9RnBxkqPSScQ6D7tVrrFklt2p0DLxMtICTLUusWfTi8ksaDSEI61bntuZPwEK8MIp2mhE2saYTLCA9q2VGJBtZ9MD07RiVV6qB8qW9Kgqfp3IsFC67EIbKfAZqgXvYn4n9eOTf/KT5iMYkMlmS3qxxyZEE2+Rz2mKDF8bAkmitlbERlihYmxGc1tCURqM/EWE1gmjUrZuyif3Z2XqtdZOnk4gmM4BQ8uoQq3UIM6EBDwAq/w5jw7786H8zlrzTnZzCHMwfn6Bf0Ylpk=</latexit>

S2

<latexit sha1_base64="1TlvZkGaSEVSUOo4PWUq04wEYGQ="></latexit>

Hparamagnon =
X

p

"pc
†
p�cp� � �

X

i

c†i�
⌧��0

2
ci�0 ·�i + . . .

<latexit sha1_base64="QtJHfLgpRszaYiDfhEe95EcFbNo="></latexit>

� paramagnon

Paramagnon theory of the Hubbard model 
Hubbard  
model of 
density 

1-p

Ancilla 
qubits



<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="VJHSPPvUlYegQO3NC8QMWQHeglo="></latexit>

m
Free  

electrons of  
density 

1-p
<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�

<latexit sha1_base64="oFBTFjNvIwQmnOAc423KrvZJv9w=">AAAB/3icbVA9T8MwEL3wWcpXgZHFokJiqhJAwFjBwlgE/UBtVDmu01q1nch2kKooA7+BFWY2xMpPYeSf4LYZaMuTTnp6705394KYM21c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HN2G8+UaVZJB/MKKa+wH3JQkawsdJj2gkEus+6XrdUdivuBGiReDkpQ45at/TT6UUkEVQawrHWbc+NjZ9iZRjhNCt2Ek1jTIa4T9uWSiyo9tPJwRk6tkoPhZGyJQ2aqH8nUiy0HonAdgpsBnreG4v/ee3EhFd+ymScGCrJdFGYcGQiNP4e9ZiixPCRJZgoZm9FZIAVJsZmNLMlEJnNxJtPYJE0TiveReXs7rxcvc7TKcAhHMEJeHAJVbiFGtSBgIAXeIU359l5dz6cz2nrkpPPHMAMnK9f+4WWmA==</latexit>

S1

<latexit sha1_base64="HVT3ni3pZLbKVXc0/wRx5ptWq/M=">AAAB/3icbVA9TwJBEJ3DL8Qv1NJmIzGxIndo1JJoY4lRPgxcyN6ywIbdvcvungm5XOFvsNXaztj6Uyz9Jy5whYAvmeTlvZnMzAsizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6jBWhdRLyULUCrClnktYNM5y2IkWxCDhtBqObid98okqzUD6YcUR9gQeS9RnBxkqPSScQ6D7tVrrFklt2p0DLxMtICTLUusWfTi8ksaDSEI61bntuZPwEK8MIp2mhE2saYTLCA9q2VGJBtZ9MD07RiVV6qB8qW9Kgqfp3IsFC67EIbKfAZqgXvYn4n9eOTf/KT5iMYkMlmS3qxxyZEE2+Rz2mKDF8bAkmitlbERlihYmxGc1tCURqM/EWE1gmjUrZuyif3Z2XqtdZOnk4gmM4BQ8uoQq3UIM6EBDwAq/w5jw7786H8zlrzTnZzCHMwfn6Bf0Ylpk=</latexit>

S2

<latexit sha1_base64="1TlvZkGaSEVSUOo4PWUq04wEYGQ="></latexit>

Hparamagnon =
X

p

"pc
†
p�cp� � �

X

i

c†i�
⌧��0

2
ci�0 ·�i + . . .

<latexit sha1_base64="QtJHfLgpRszaYiDfhEe95EcFbNo="></latexit>

� paramagnon

Paramagnon theory of the Hubbard model 
Hubbard  
model of 
density 

1-p

Ancilla 
qubits



<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
Hubbard  
model of 
density 

1-p
<latexit sha1_base64="VJHSPPvUlYegQO3NC8QMWQHeglo="></latexit>

m
Free  

electrons of  
density 

1-p

<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK

<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="oFBTFjNvIwQmnOAc423KrvZJv9w=">AAAB/3icbVA9T8MwEL3wWcpXgZHFokJiqhJAwFjBwlgE/UBtVDmu01q1nch2kKooA7+BFWY2xMpPYeSf4LYZaMuTTnp6705394KYM21c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HN2G8+UaVZJB/MKKa+wH3JQkawsdJj2gkEus+6XrdUdivuBGiReDkpQ45at/TT6UUkEVQawrHWbc+NjZ9iZRjhNCt2Ek1jTIa4T9uWSiyo9tPJwRk6tkoPhZGyJQ2aqH8nUiy0HonAdgpsBnreG4v/ee3EhFd+ymScGCrJdFGYcGQiNP4e9ZiixPCRJZgoZm9FZIAVJsZmNLMlEJnNxJtPYJE0TiveReXs7rxcvc7TKcAhHMEJeHAJVbiFGtSBgIAXeIU359l5dz6cz2nrkpPPHMAMnK9f+4WWmA==</latexit>

S1

<latexit sha1_base64="HVT3ni3pZLbKVXc0/wRx5ptWq/M=">AAAB/3icbVA9TwJBEJ3DL8Qv1NJmIzGxIndo1JJoY4lRPgxcyN6ywIbdvcvungm5XOFvsNXaztj6Uyz9Jy5whYAvmeTlvZnMzAsizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6jBWhdRLyULUCrClnktYNM5y2IkWxCDhtBqObid98okqzUD6YcUR9gQeS9RnBxkqPSScQ6D7tVrrFklt2p0DLxMtICTLUusWfTi8ksaDSEI61bntuZPwEK8MIp2mhE2saYTLCA9q2VGJBtZ9MD07RiVV6qB8qW9Kgqfp3IsFC67EIbKfAZqgXvYn4n9eOTf/KT5iMYkMlmS3qxxyZEE2+Rz2mKDF8bAkmitlbERlihYmxGc1tCURqM/EWE1gmjUrZuyif3Z2XqtdZOnk4gmM4BQ8uoQq3UIM6EBDwAq/w5jw7786H8zlrzTnZzCHMwfn6Bf0Ylpk=</latexit>

S2

Antiferromagnetic Kondo coupling
Ferromagnetic  
Kondo coupling

<latexit sha1_base64="8NWZSPrHhV4UB01wlnu35Q5zXNc="></latexit>

Each rotor has eigenvalues g`(`+ 1)/2, degeneracy 2`+ 1, ` = 0, 1, 2 . . .
Restrict to the ` = 0, 1 states, and represent each rotor by 2 “ancilla qubits”,

S = 1/2 spins S1i and S2i, with an antiferromagnetic coupling J? = g

Li = S1i + S2i

�i =
1p
3
(S2i � S1i)

<latexit sha1_base64="1TlvZkGaSEVSUOo4PWUq04wEYGQ="></latexit>

Hparamagnon =
X

p

"pc
†
p�cp� � �

X

i

c†i�
⌧��0

2
ci�0 ·�i + . . .

Paramagnon fractionalization theory of the Hubbard model 

Ancilla 
qubits



<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="VJHSPPvUlYegQO3NC8QMWQHeglo="></latexit>

m
Free  

electrons of  
density 

1-p

<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK

<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="oFBTFjNvIwQmnOAc423KrvZJv9w=">AAAB/3icbVA9T8MwEL3wWcpXgZHFokJiqhJAwFjBwlgE/UBtVDmu01q1nch2kKooA7+BFWY2xMpPYeSf4LYZaMuTTnp6705394KYM21c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HN2G8+UaVZJB/MKKa+wH3JQkawsdJj2gkEus+6XrdUdivuBGiReDkpQ45at/TT6UUkEVQawrHWbc+NjZ9iZRjhNCt2Ek1jTIa4T9uWSiyo9tPJwRk6tkoPhZGyJQ2aqH8nUiy0HonAdgpsBnreG4v/ee3EhFd+ymScGCrJdFGYcGQiNP4e9ZiixPCRJZgoZm9FZIAVJsZmNLMlEJnNxJtPYJE0TiveReXs7rxcvc7TKcAhHMEJeHAJVbiFGtSBgIAXeIU359l5dz6cz2nrkpPPHMAMnK9f+4WWmA==</latexit>

S1

<latexit sha1_base64="HVT3ni3pZLbKVXc0/wRx5ptWq/M=">AAAB/3icbVA9TwJBEJ3DL8Qv1NJmIzGxIndo1JJoY4lRPgxcyN6ywIbdvcvungm5XOFvsNXaztj6Uyz9Jy5whYAvmeTlvZnMzAsizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6jBWhdRLyULUCrClnktYNM5y2IkWxCDhtBqObid98okqzUD6YcUR9gQeS9RnBxkqPSScQ6D7tVrrFklt2p0DLxMtICTLUusWfTi8ksaDSEI61bntuZPwEK8MIp2mhE2saYTLCA9q2VGJBtZ9MD07RiVV6qB8qW9Kgqfp3IsFC67EIbKfAZqgXvYn4n9eOTf/KT5iMYkMlmS3qxxyZEE2+Rz2mKDF8bAkmitlbERlihYmxGc1tCURqM/EWE1gmjUrZuyif3Z2XqtdZOnk4gmM4BQ8uoQq3UIM6EBDwAq/w5jw7786H8zlrzTnZzCHMwfn6Bf0Ylpk=</latexit>

S2

Antiferromagnetic Kondo coupling
Ferromagnetic  
Kondo coupling

<latexit sha1_base64="dlkISFVi6VHofDqjS/s40X2HqU8="></latexit>

Hparamagnon =
X

p

"pc
†
p�cp� + JK

X

i

c†i�
⌧��0

2
ci�0 · S1i +� eJK

X

i

c†i�
⌧��0

2
ci�0 · S2i + . . .

<latexit sha1_base64="RN2yjk3EYDyCVjh9OpI3o2M4tI8="></latexit>

0

<latexit sha1_base64="Zcjpn7pcgKgArvXOqPQ4UFGSaM0="></latexit>

JK
Kondo 

RG

Hubbard  
model of 
density 

1-p

Paramagnon fractionalization theory of the Hubbard model 

Ancilla 
qubits



<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="VJHSPPvUlYegQO3NC8QMWQHeglo="></latexit>

m
Free  

electrons of  
density 

1-p

<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK

<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="oFBTFjNvIwQmnOAc423KrvZJv9w=">AAAB/3icbVA9T8MwEL3wWcpXgZHFokJiqhJAwFjBwlgE/UBtVDmu01q1nch2kKooA7+BFWY2xMpPYeSf4LYZaMuTTnp6705394KYM21c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HN2G8+UaVZJB/MKKa+wH3JQkawsdJj2gkEus+6XrdUdivuBGiReDkpQ45at/TT6UUkEVQawrHWbc+NjZ9iZRjhNCt2Ek1jTIa4T9uWSiyo9tPJwRk6tkoPhZGyJQ2aqH8nUiy0HonAdgpsBnreG4v/ee3EhFd+ymScGCrJdFGYcGQiNP4e9ZiixPCRJZgoZm9FZIAVJsZmNLMlEJnNxJtPYJE0TiveReXs7rxcvc7TKcAhHMEJeHAJVbiFGtSBgIAXeIU359l5dz6cz2nrkpPPHMAMnK9f+4WWmA==</latexit>

S1

<latexit sha1_base64="HVT3ni3pZLbKVXc0/wRx5ptWq/M=">AAAB/3icbVA9TwJBEJ3DL8Qv1NJmIzGxIndo1JJoY4lRPgxcyN6ywIbdvcvungm5XOFvsNXaztj6Uyz9Jy5whYAvmeTlvZnMzAsizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6jBWhdRLyULUCrClnktYNM5y2IkWxCDhtBqObid98okqzUD6YcUR9gQeS9RnBxkqPSScQ6D7tVrrFklt2p0DLxMtICTLUusWfTi8ksaDSEI61bntuZPwEK8MIp2mhE2saYTLCA9q2VGJBtZ9MD07RiVV6qB8qW9Kgqfp3IsFC67EIbKfAZqgXvYn4n9eOTf/KT5iMYkMlmS3qxxyZEE2+Rz2mKDF8bAkmitlbERlihYmxGc1tCURqM/EWE1gmjUrZuyif3Z2XqtdZOnk4gmM4BQ8uoQq3UIM6EBDwAq/w5jw7786H8zlrzTnZzCHMwfn6Bf0Ylpk=</latexit>

S2

Antiferromagnetic Kondo coupling
Ferromagnetic  
Kondo coupling

Hubbard  
model of 
density 

1-p

Paramagnon fractionalization theory of the Hubbard model 

<latexit sha1_base64="3Q5aOR4qSrAB1Gcsptr7ZdVlATE="></latexit>

A FL* state is realized when the antiferromagnetic Kondo coupling dominates,
and the c� and S1 form a “large” Fermi surface of hole density

(1 + p) + 1 = 2 + p = p mod 2!
The S2 must form an ‘odd’ spin liquid which does not break translational
symmetry, to obtain a metal with a non-Luttinger volume Fermi surface.
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<latexit sha1_base64="oFBTFjNvIwQmnOAc423KrvZJv9w=">AAAB/3icbVA9T8MwEL3wWcpXgZHFokJiqhJAwFjBwlgE/UBtVDmu01q1nch2kKooA7+BFWY2xMpPYeSf4LYZaMuTTnp6705394KYM21c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HN2G8+UaVZJB/MKKa+wH3JQkawsdJj2gkEus+6XrdUdivuBGiReDkpQ45at/TT6UUkEVQawrHWbc+NjZ9iZRjhNCt2Ek1jTIa4T9uWSiyo9tPJwRk6tkoPhZGyJQ2aqH8nUiy0HonAdgpsBnreG4v/ee3EhFd+ymScGCrJdFGYcGQiNP4e9ZiixPCRJZgoZm9FZIAVJsZmNLMlEJnNxJtPYJE0TiveReXs7rxcvc7TKcAhHMEJeHAJVbiFGtSBgIAXeIU359l5dz6cz2nrkpPPHMAMnK9f+4WWmA==</latexit>

S1

<latexit sha1_base64="HVT3ni3pZLbKVXc0/wRx5ptWq/M=">AAAB/3icbVA9TwJBEJ3DL8Qv1NJmIzGxIndo1JJoY4lRPgxcyN6ywIbdvcvungm5XOFvsNXaztj6Uyz9Jy5whYAvmeTlvZnMzAsizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6jBWhdRLyULUCrClnktYNM5y2IkWxCDhtBqObid98okqzUD6YcUR9gQeS9RnBxkqPSScQ6D7tVrrFklt2p0DLxMtICTLUusWfTi8ksaDSEI61bntuZPwEK8MIp2mhE2saYTLCA9q2VGJBtZ9MD07RiVV6qB8qW9Kgqfp3IsFC67EIbKfAZqgXvYn4n9eOTf/KT5iMYkMlmS3qxxyZEE2+Rz2mKDF8bAkmitlbERlihYmxGc1tCURqM/EWE1gmjUrZuyif3Z2XqtdZOnk4gmM4BQ8uoQq3UIM6EBDwAq/w5jw7786H8zlrzTnZzCHMwfn6Bf0Ylpk=</latexit>

S2

Antiferromagnetic Kondo coupling
Ferromagnetic  
Kondo coupling

Hubbard  
model of 
density 

1-p

Paramagnon fractionalization theory of the Hubbard model 

<latexit sha1_base64="3Q5aOR4qSrAB1Gcsptr7ZdVlATE="></latexit>

A FL* state is realized when the antiferromagnetic Kondo coupling dominates,
and the c� and S1 form a “large” Fermi surface of hole density

(1 + p) + 1 = 2 + p = p mod 2!
The S2 must form an ‘odd’ spin liquid which does not break translational
symmetry, to obtain a metal with a non-Luttinger volume Fermi surface.

Ancilla 
qubits



{
{<latexit sha1_base64="U6Yue7B12tNdGrOfQBxAgHXgXi0="></latexit>

Spin liquid

density 
1+p

<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK

FL<latexit sha1_base64="Mk7mTC2Z38SfXt/Mu9JRZ2bsk1Y="></latexit>

JK
FL*

<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+
<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+

<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+
<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+

<latexit sha1_base64="ocLQ3nRRNwrFQbmyRNG4KyqN33g="></latexit>

Small Fermi surface.
Size 2 + p ⇠= p

Trial wavefunctions in the paramagnon fractionalization theory 

<latexit sha1_base64="flPvnP6wtceGGbQ+O/NtxhaNqaU=">AAACBHicbVDLSsNAFL3xWeur6tLNYBFcSElKUZdFNy4r2ge0MUymk3boTBJmJkIJ2foNbnXtTtz6Hy79E6dtFrb1wIXDOfdyLsePOVPatr+tldW19Y3NwlZxe2d3b790cNhSUSIJbZKIR7LjY0U5C2lTM81pJ5YUC5/Ttj+6mfjtJyoVi8IHPY6pK/AgZAEjWBvpMe35At1nXvUcBV7VK5Xtij0FWiZOTsqQo+GVfnr9iCSChppwrFTXsWPtplhqRjjNir1E0RiTER7QrqEhFlS56fTrDJ0apY+CSJoJNZqqfy9SLJQaC99sCqyHatGbiP953UQHV27KwjjRNCSzoCDhSEdoUgHqM0mJ5mNDMJHM/IrIEEtMtClqLsUXmenEWWxgmbSqFeeiUrurlevXeTsFOIYTOAMHLqEOt9CAJhCQ8AKv8GY9W+/Wh/U5W12x8psjmIP19QvFMZgP</latexit>

S2, f2

<latexit sha1_base64="95XpI8jB5C2p7//WgFbhyRMk82Q=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgQkoiRV0W3bisaB/QxjCZTtqhM0mYmQglZOs3uNW1O3Hrf7j0T5y2WdjWAxcO59zLuRw/5kxp2/62Ciura+sbxc3S1vbO7l55/6ClokQS2iQRj2THx4pyFtKmZprTTiwpFj6nbX90M/HbT1QqFoUPehxTV+BByAJGsDbSY9rzBbrPPOcMBZ7jlSt21Z4CLRMnJxXI0fDKP71+RBJBQ004Vqrr2LF2Uyw1I5xmpV6iaIzJCA9o19AQC6rcdPp1hk6M0kdBJM2EGk3VvxcpFkqNhW82BdZDtehNxP+8bqKDKzdlYZxoGpJZUJBwpCM0qQD1maRE87EhmEhmfkVkiCUm2hQ1l+KLzHTiLDawTFrnVeeiWrurVerXeTtFOIJjOAUHLqEOt9CAJhCQ8AKv8GY9W+/Wh/U5Wy1Y+c0hzMH6+gXCBpgN</latexit>

S1, f1

<latexit sha1_base64="J632fGseC0VTAFXN3oBwdRyRsfo="></latexit>

Small Fermi surface of size p

|FL⇤i = [Projection onto rung singlets of f1, f2]
./ |Slater determinant of (c, f1)i

⌦ |Slater determinant of f2i

<latexit sha1_base64="if6sHtWd1ylC4M4Sa0RkncN10pQ="></latexit>

doping p



{
{<latexit sha1_base64="U6Yue7B12tNdGrOfQBxAgHXgXi0="></latexit>

Spin liquid

density 
1+p

<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK

FL<latexit sha1_base64="Mk7mTC2Z38SfXt/Mu9JRZ2bsk1Y="></latexit>

JK
FL*

<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+
<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+

<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+
<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+

<latexit sha1_base64="ocLQ3nRRNwrFQbmyRNG4KyqN33g="></latexit>

Small Fermi surface.
Size 2 + p ⇠= p

Trial wavefunctions in the paramagnon fractionalization theory 

<latexit sha1_base64="flPvnP6wtceGGbQ+O/NtxhaNqaU=">AAACBHicbVDLSsNAFL3xWeur6tLNYBFcSElKUZdFNy4r2ge0MUymk3boTBJmJkIJ2foNbnXtTtz6Hy79E6dtFrb1wIXDOfdyLsePOVPatr+tldW19Y3NwlZxe2d3b790cNhSUSIJbZKIR7LjY0U5C2lTM81pJ5YUC5/Ttj+6mfjtJyoVi8IHPY6pK/AgZAEjWBvpMe35At1nXvUcBV7VK5Xtij0FWiZOTsqQo+GVfnr9iCSChppwrFTXsWPtplhqRjjNir1E0RiTER7QrqEhFlS56fTrDJ0apY+CSJoJNZqqfy9SLJQaC99sCqyHatGbiP953UQHV27KwjjRNCSzoCDhSEdoUgHqM0mJ5mNDMJHM/IrIEEtMtClqLsUXmenEWWxgmbSqFeeiUrurlevXeTsFOIYTOAMHLqEOt9CAJhCQ8AKv8GY9W+/Wh/U5W12x8psjmIP19QvFMZgP</latexit>

S2, f2

<latexit sha1_base64="95XpI8jB5C2p7//WgFbhyRMk82Q=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgQkoiRV0W3bisaB/QxjCZTtqhM0mYmQglZOs3uNW1O3Hrf7j0T5y2WdjWAxcO59zLuRw/5kxp2/62Ciura+sbxc3S1vbO7l55/6ClokQS2iQRj2THx4pyFtKmZprTTiwpFj6nbX90M/HbT1QqFoUPehxTV+BByAJGsDbSY9rzBbrPPOcMBZ7jlSt21Z4CLRMnJxXI0fDKP71+RBJBQ004Vqrr2LF2Uyw1I5xmpV6iaIzJCA9o19AQC6rcdPp1hk6M0kdBJM2EGk3VvxcpFkqNhW82BdZDtehNxP+8bqKDKzdlYZxoGpJZUJBwpCM0qQD1maRE87EhmEhmfkVkiCUm2hQ1l+KLzHTiLDawTFrnVeeiWrurVerXeTtFOIJjOAUHLqEOt9CAJhCQ8AKv8GY9W+/Wh/U5Wy1Y+c0hzMH6+gXCBpgN</latexit>

S1, f1

<latexit sha1_base64="J632fGseC0VTAFXN3oBwdRyRsfo="></latexit>

Small Fermi surface of size p

|FL⇤i = [Projection onto rung singlets of f1, f2]
./ |Slater determinant of (c, f1)i

⌦ |Slater determinant of f2i

<latexit sha1_base64="if6sHtWd1ylC4M4Sa0RkncN10pQ="></latexit>

doping p



{
{<latexit sha1_base64="U6Yue7B12tNdGrOfQBxAgHXgXi0="></latexit>

Spin liquid

density 
1+p

<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK

FL<latexit sha1_base64="Mk7mTC2Z38SfXt/Mu9JRZ2bsk1Y="></latexit>

JK
FL*

<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+
<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+

<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+
<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+

<latexit sha1_base64="ocLQ3nRRNwrFQbmyRNG4KyqN33g="></latexit>

Small Fermi surface.
Size 2 + p ⇠= p

Trial wavefunctions in the paramagnon fractionalization theory 

<latexit sha1_base64="flPvnP6wtceGGbQ+O/NtxhaNqaU=">AAACBHicbVDLSsNAFL3xWeur6tLNYBFcSElKUZdFNy4r2ge0MUymk3boTBJmJkIJ2foNbnXtTtz6Hy79E6dtFrb1wIXDOfdyLsePOVPatr+tldW19Y3NwlZxe2d3b790cNhSUSIJbZKIR7LjY0U5C2lTM81pJ5YUC5/Ttj+6mfjtJyoVi8IHPY6pK/AgZAEjWBvpMe35At1nXvUcBV7VK5Xtij0FWiZOTsqQo+GVfnr9iCSChppwrFTXsWPtplhqRjjNir1E0RiTER7QrqEhFlS56fTrDJ0apY+CSJoJNZqqfy9SLJQaC99sCqyHatGbiP953UQHV27KwjjRNCSzoCDhSEdoUgHqM0mJ5mNDMJHM/IrIEEtMtClqLsUXmenEWWxgmbSqFeeiUrurlevXeTsFOIYTOAMHLqEOt9CAJhCQ8AKv8GY9W+/Wh/U5W12x8psjmIP19QvFMZgP</latexit>

S2, f2

<latexit sha1_base64="95XpI8jB5C2p7//WgFbhyRMk82Q=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgQkoiRV0W3bisaB/QxjCZTtqhM0mYmQglZOs3uNW1O3Hrf7j0T5y2WdjWAxcO59zLuRw/5kxp2/62Ciura+sbxc3S1vbO7l55/6ClokQS2iQRj2THx4pyFtKmZprTTiwpFj6nbX90M/HbT1QqFoUPehxTV+BByAJGsDbSY9rzBbrPPOcMBZ7jlSt21Z4CLRMnJxXI0fDKP71+RBJBQ004Vqrr2LF2Uyw1I5xmpV6iaIzJCA9o19AQC6rcdPp1hk6M0kdBJM2EGk3VvxcpFkqNhW82BdZDtehNxP+8bqKDKzdlYZxoGpJZUJBwpCM0qQD1maRE87EhmEhmfkVkiCUm2hQ1l+KLzHTiLDawTFrnVeeiWrurVerXeTtFOIJjOAUHLqEOt9CAJhCQ8AKv8GY9W+/Wh/U5Wy1Y+c0hzMH6+gXCBpgN</latexit>

S1, f1

<latexit sha1_base64="J632fGseC0VTAFXN3oBwdRyRsfo="></latexit>

Small Fermi surface of size p

|FL⇤i = [Projection onto rung singlets of f1, f2]
./ |Slater determinant of (c, f1)i

⌦ |Slater determinant of f2i

<latexit sha1_base64="if6sHtWd1ylC4M4Sa0RkncN10pQ="></latexit>

doping p



Trial wavefunctions in the paramagnon fractionalization theory 
density 

1+p
<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�{

{<latexit sha1_base64="7AxdXvKW1bGu3IVeRFFkbHQBSpg="></latexit>

Trivial insulator

<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK

FL<latexit sha1_base64="Mk7mTC2Z38SfXt/Mu9JRZ2bsk1Y="></latexit>

JK

<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+
<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+<latexit sha1_base64="AmB4sMIjpJKklcPaI5CUbouZqn0="></latexit>

Large Fermi surface.
Size: 1 + p

<latexit sha1_base64="flPvnP6wtceGGbQ+O/NtxhaNqaU=">AAACBHicbVDLSsNAFL3xWeur6tLNYBFcSElKUZdFNy4r2ge0MUymk3boTBJmJkIJ2foNbnXtTtz6Hy79E6dtFrb1wIXDOfdyLsePOVPatr+tldW19Y3NwlZxe2d3b790cNhSUSIJbZKIR7LjY0U5C2lTM81pJ5YUC5/Ttj+6mfjtJyoVi8IHPY6pK/AgZAEjWBvpMe35At1nXvUcBV7VK5Xtij0FWiZOTsqQo+GVfnr9iCSChppwrFTXsWPtplhqRjjNir1E0RiTER7QrqEhFlS56fTrDJ0apY+CSJoJNZqqfy9SLJQaC99sCqyHatGbiP953UQHV27KwjjRNCSzoCDhSEdoUgHqM0mJ5mNDMJHM/IrIEEtMtClqLsUXmenEWWxgmbSqFeeiUrurlevXeTsFOIYTOAMHLqEOt9CAJhCQ8AKv8GY9W+/Wh/U5W12x8psjmIP19QvFMZgP</latexit>

S2, f2

<latexit sha1_base64="95XpI8jB5C2p7//WgFbhyRMk82Q=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgQkoiRV0W3bisaB/QxjCZTtqhM0mYmQglZOs3uNW1O3Hrf7j0T5y2WdjWAxcO59zLuRw/5kxp2/62Ciura+sbxc3S1vbO7l55/6ClokQS2iQRj2THx4pyFtKmZprTTiwpFj6nbX90M/HbT1QqFoUPehxTV+BByAJGsDbSY9rzBbrPPOcMBZ7jlSt21Z4CLRMnJxXI0fDKP71+RBJBQ004Vqrr2LF2Uyw1I5xmpV6iaIzJCA9o19AQC6rcdPp1hk6M0kdBJM2EGk3VvxcpFkqNhW82BdZDtehNxP+8bqKDKzdlYZxoGpJZUJBwpCM0qQD1maRE87EhmEhmfkVkiCUm2hQ1l+KLzHTiLDawTFrnVeeiWrurVerXeTtFOIJjOAUHLqEOt9CAJhCQ8AKv8GY9W+/Wh/U5Wy1Y+c0hzMH6+gXCBpgN</latexit>

S1, f1

<latexit sha1_base64="3pgoJ1jNdTNRpdKec/18LfHlkdM="></latexit>

Large Fermi surface of size 1 + p

|FLi = |Rung singlets of f1, f2i
⌦ |Slater determinant of ci

<latexit sha1_base64="if6sHtWd1ylC4M4Sa0RkncN10pQ="></latexit>

doping p



Paramagnon fractionalization 

<latexit sha1_base64="E1mVRTfwBcHJ8qh6cMoDbxpE3qI="></latexit>

Electron c†�
Spin 1/2
Charge -1

<latexit sha1_base64="a58AvuLtoxkNnBqVjlTAQxt4iVE="></latexit>

Hole c�
Spin 1/2

Charge 1

<latexit sha1_base64="uXRZTIZMjvZlk2HeGE9ggCGH+6o=">AAACT3icbZFPT9swGMadbmwQ2Oi24y7WChKHqUoqxDhW48KxaCsg1VXlOG8TC9uJ7DdAFeUr7btM2mUH+Ay7cZvmdN20Aa9k6afneV//eZyUSjqMou9B58nTtWfP1zfCza0XL7e7r16fuqKyAsaiUIU9T7gDJQ2MUaKC89IC14mCs +TiqPXPLsE6WZjPuChhqnlm5FwKjl6adY9ZApk0tQCDYJtwxC1vWwpDd2qWaMpGuWx2KGPhp1IaGns4yrnNgEYhA5P+mZx1e1E/Whb9C/F96JFVjWbdHywtRKX9uFDcuUkclTituUUpFDQhqxyUXFzwDCYeDdfgpvXyxQ3d9UpK54X1yyBdqv9O1Fw7t9CJ79Qcc3ffa8X3iX7MnlQ4P5zW0pQVghG/z5pXimJB2wRpKi0IVAsPXFjpr0uFT4QLH4PfyYH/BJNhXjOEa7ySKeZNPZCmjehBIA/hdNCPD/r7J4Pe8OMqrHXylrwjeyQmH8iQHJMRGRNBvpBv5IbcBl+Du+BnZ9XaCVbwhvxXnY1fVJSz5w==</latexit>

Paramagnon �
Spin 1

Charge 0

(quasi) bound state



Paramagnon fractionalization 

<latexit sha1_base64="E1mVRTfwBcHJ8qh6cMoDbxpE3qI="></latexit>

Electron c†�
Spin 1/2
Charge -1

<latexit sha1_base64="iJHSOhbNlW+hN0oo4mVd+HsILh0="></latexit>

Spinon-2 f†
2�

Spin 1/2
Charge 0

<latexit sha1_base64="a58AvuLtoxkNnBqVjlTAQxt4iVE="></latexit>

Hole c�
Spin 1/2

Charge 1

<latexit sha1_base64="uXRZTIZMjvZlk2HeGE9ggCGH+6o=">AAACT3icbZFPT9swGMadbmwQ2Oi24y7WChKHqUoqxDhW48KxaCsg1VXlOG8TC9uJ7DdAFeUr7btM2mUH+Ay7cZvmdN20Aa9k6afneV//eZyUSjqMou9B58nTtWfP1zfCza0XL7e7r16fuqKyAsaiUIU9T7gDJQ2MUaKC89IC14mCs +TiqPXPLsE6WZjPuChhqnlm5FwKjl6adY9ZApk0tQCDYJtwxC1vWwpDd2qWaMpGuWx2KGPhp1IaGns4yrnNgEYhA5P+mZx1e1E/Whb9C/F96JFVjWbdHywtRKX9uFDcuUkclTituUUpFDQhqxyUXFzwDCYeDdfgpvXyxQ3d9UpK54X1yyBdqv9O1Fw7t9CJ79Qcc3ffa8X3iX7MnlQ4P5zW0pQVghG/z5pXimJB2wRpKi0IVAsPXFjpr0uFT4QLH4PfyYH/BJNhXjOEa7ySKeZNPZCmjehBIA/hdNCPD/r7J4Pe8OMqrHXylrwjeyQmH8iQHJMRGRNBvpBv5IbcBl+Du+BnZ9XaCVbwhvxXnY1fVJSz5w==</latexit>

Paramagnon �
Spin 1

Charge 0

<latexit sha1_base64="Au7h330s1+q4hTBiT0UC1ssYV0c="></latexit>

Spinon-1 f†
1�

Spin 1/2
Charge 0

fractionalization

(quasi) bound state



Paramagnon fractionalization 

<latexit sha1_base64="E1mVRTfwBcHJ8qh6cMoDbxpE3qI="></latexit>

Electron c†�
Spin 1/2
Charge -1

<latexit sha1_base64="iJHSOhbNlW+hN0oo4mVd+HsILh0="></latexit>

Spinon-2 f†
2�

Spin 1/2
Charge 0

<latexit sha1_base64="a58AvuLtoxkNnBqVjlTAQxt4iVE="></latexit>

Hole c�
Spin 1/2

Charge 1

<latexit sha1_base64="uXRZTIZMjvZlk2HeGE9ggCGH+6o=">AAACT3icbZFPT9swGMadbmwQ2Oi24y7WChKHqUoqxDhW48KxaCsg1VXlOG8TC9uJ7DdAFeUr7btM2mUH+Ay7cZvmdN20Aa9k6afneV//eZyUSjqMou9B58nTtWfP1zfCza0XL7e7r16fuqKyAsaiUIU9T7gDJQ2MUaKC89IC14mCs +TiqPXPLsE6WZjPuChhqnlm5FwKjl6adY9ZApk0tQCDYJtwxC1vWwpDd2qWaMpGuWx2KGPhp1IaGns4yrnNgEYhA5P+mZx1e1E/Whb9C/F96JFVjWbdHywtRKX9uFDcuUkclTituUUpFDQhqxyUXFzwDCYeDdfgpvXyxQ3d9UpK54X1yyBdqv9O1Fw7t9CJ79Qcc3ffa8X3iX7MnlQ4P5zW0pQVghG/z5pXimJB2wRpKi0IVAsPXFjpr0uFT4QLH4PfyYH/BJNhXjOEa7ySKeZNPZCmjehBIA/hdNCPD/r7J4Pe8OMqrHXylrwjeyQmH8iQHJMRGRNBvpBv5IbcBl+Du+BnZ9XaCVbwhvxXnY1fVJSz5w==</latexit>

Paramagnon �
Spin 1

Charge 0

<latexit sha1_base64="Au7h330s1+q4hTBiT0UC1ssYV0c="></latexit>

Spinon-1 f†
1�

Spin 1/2
Charge 0

fractionalization

<latexit sha1_base64="Au7h330s1+q4hTBiT0UC1ssYV0c="></latexit>

Spinon-1 f†
1�

Spin 1/2
Charge 0

<latexit sha1_base64="XMU915uTPGa1A0GGPKsnYexJM0E="></latexit>

Holon b
Spin 0

Charge 1

fractionalization

<latexit sha1_base64="a58AvuLtoxkNnBqVjlTAQxt4iVE="></latexit>

Hole c�
Spin 1/2

Charge 1

Electron fractionalization 

(quasi) bound state



Paramagnon fractionalization 

<latexit sha1_base64="E1mVRTfwBcHJ8qh6cMoDbxpE3qI="></latexit>

Electron c†�
Spin 1/2
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“Fermi arc” spectral functionsFL* in a one-band model 
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“Fermi arcs”
Kyle M. Shen, F. Ronning, D. H. Lu, F. Baumberger, N. J. C. Ingle, W. S. Lee, W. Meevasana,

Y. Kohsaka, M. Azuma, M. Takano, H. Takagi, Z.-X. Shen, Science 307, 901 (2005)
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at x = 0.10

Photoemission at small p



“Fermi pockets”

Photoemission at small p

are larger than the presumed doping levels, 0.11, 0.085, and
<0:05, respectively, it is clear that the pocket size scales
qualitatively with the doping level as predicted theoreti-
cally [6,10]. Interestingly, two fluid models of the pseudo-
gap state do predict the observed discrepancy between the
pocket size and carrier concentration or doping level [22].
The finding of a finite nodal FS rather than a ‘‘nodal’’ point
at low T for the Tc ¼ 0 K sample is at variance with
recently reported findings under the same conditions
[23]. The measured Fermi pockets are, however, in
good agreement with those predicted by the YRZ
ansatz. In Fig. 2(b) we show the spectral function calcu-

lated at EF as a function of doping, where Að ~k; 0Þ ¼
$ð1=!Þ ImGYRZð ~k; 0Þ and where GYRZð ~k; 0Þ is Green’s
function taken from Ref. [6]. The experimental observa-
tions are remarkably well reproduced by this model with
the doping level as the only adjustable parameter.

Turning to the question of whether the pocket areas are
temperature dependent, we show in Fig. 3(a) the observed
Fermi arc for the Tc ¼ 45 K sample measured at three
different temperatures: 60, 90, and 140 K, all in the normal
state but well below T%. The measured FS crossings in
the figure are determined by the same method used in
Figs. 1 and 2 rather than from the spectral weight at the
Fermi level. In Fig. 3(b) we show the measured arc length
as a function of temperature. It is clear that any changewith
temperature is minimal and certainly not consistent with an
increase by more than a factor of 2 between the data taken
at 140 and 60 K as would be expected by a T=T% scaling of
the arc length [21]. The discrepancy arises because pre-
vious experiments have not fully determined whether or
not a band actually crosses the Fermi level.

The picture of the low energy excitations of the normal
state emerging from the present study is of a nodal FS
characterized by a Fermi ‘‘pocket’’ that, at temperatures
above Tc, shows a minimal temperature dependence and an
area proportional only to the doping level. We now turn our
attention to the antinodal pseudogap itself.

Several theories of the pseudogap phase propose the
formation of preformed singlet pairs above Tc in the anti-
nodal region of the Brillouin zone [24]. The YRZ spin
liquid based on the RVB picture is one such model as it
recognizes the formation of resonating pairs of spin sin-
glets along the copper-oxygen bonds of the square lattice
as the lowest energy configuration. Figures 4(a)–4(d) show
a series of spectral plots along the straight sector of the
LDA FS in the antinodal region at a temperature of 140 K
for the Tc ¼ 65 K sample at the locations indicated in
Fig. 4(e). Figure 4(f) shows intensity cuts through these
plots along the horizontal lines indicated in Figs. 4(a)–4(d).
It is evident that a symmetric gap exists at all points along
this line. The particle-hole symmetry in binding energy
observed here is in marked contrast to the particle-hole
symmetry breaking predicted in the presence of density
wave order and is a necessary condition for the formation
of Cooper pairs. Thus the present observations add support
to the hypothesis that the normal state is characterized by
pair states forming along the copper-oxygen bonds and is
consistent with earlier studies.
The combination of Figs. 2 and 4 points to a more

complete picture of the low energy excitations in the nor-
mal state of the underdoped cuprates. For Tc < T < T%, a
Fermi pocket exists in the nodal region with an area pro-
portional to the doping level. One does not need to invoke
discontinuous Fermi arcs to describe the FS of underdoped
Bi2212, and Luttinger’s sum rule, properly understood, is
seen to still approximately stand. However, as is evident in
the inset of Fig. 2(a), the area of the hole pockets would
appear to be larger than assumed doping level at the higher
doping levels. This may reflect the presence of electron
pockets at the higher doping level or it may reflect the
presence of a bilayer splitting, even though the latter is
not observed in the present study. We note that the splitting
will be smaller in the underdoped region and in the nodal
region. Although not verified in the present study, one
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FIG. 2 (color online). (a) The pseudopockets determined for
three different doping levels. The black data correspond to the
Tc ¼ 65 K sample, the blue data correspond to the Tc ¼ 45 K
sample, and the red data correspond to the nonsuperconducting
Tc ¼ 0 K sample. The area of the pockets xARPES scales with the
nominal of doping level xn, as shown in the inset. (b) The Fermi
pockets derived from YRZ ansatz with different doping level.
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FIG. 3 (color online). (a) The Fermi surface crossings deter-
mined for the Tc ¼ 45 K sample at three different temperatures.
The triangles indicate measurements at a sample temperature of
140 K, the circles measurements at 90 K, and the diamonds
measurements at 60 K. (b) The measured arc lengths in (a)
plotted as a function of temperature. We note that rather than
cycling the temperatures on the same sample, the data in (a) are
measured on different samples cut from the same crystal.
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Electronic dispersionFL* in a one-band model 
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ARPES on Bi2201 

FL* in a  
one-band model
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Anti-node: kx = ⇡
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Spin liquid

Dynamic consequences of the spin liquid 
density 

1+p
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Small Fermi surface.
Size 2 + p ⇠= p
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The only singular gauge fluctuations are those in the spin liquid of the  2.
We can compute their influence on the electronic spectrum perturbatively
in the exchange couplings in terms of the dynamic spin susceptibility �sl.
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Antinodal EDC and MDC

(c,d) Theory with SYK spin liquid in

 2 layer. Similar EDC obtained by

gapless Z2 spin liquid

(e,f) Experiments on Bi2212 by

S.-D. Chen, M. Hashimoto, Y. He,

D. Song, K.-J. Xu, J.-F. He,

T. P. Devereaux, H. Eisaki,

D.-H. Lu, J. Zaanen, and Z.-X. Shen,

Science 366, 1099 (2019).
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Summary

• Probing Z2 spin liquid with Rydberg atoms:
Two-state Rydberg atoms on the kagome and ruby lattices can be
written exactly as a Z2 gauge theory. Evidence for intermediate scale
deconfinement of a Z2 gauge theory on the ruby lattice.

• Paramagnon fractionalization theory of FL* for the pseudogap metal
of the cuprate high temperature superconductors:
Don’t fractionalize the mobile electron, but fractionalize the
paramagnon into ‘ancilla qubits’.
Predicts electronic spectra in good agreement with observations in
both nodal and anti-nodal regions.
(SU(2)1⇥SU(2)2⇥SU(2)S)/Z2 theory for transition from FL* to FL.
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