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Determinant quantum Monte Carlo

Write Path-integral into determinant
<latexit sha1_base64="F+f0FwsOdD/vxpqJ2umxIUsORdY="></latexit>

Z = Tr[
mY

l=1

e��⌧Ĥte��⌧ĤU ]
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X
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det[1+BmBm�1 · · ·B1]
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Bl = e��⌧Hte��⌧HU(~s(l))
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HU(~s(l)) / ↵~s(l)
Monte Carlo sampling in configuration space

 Sign Problem in quantum Monte Carlo simulation, Gaopei Pan & ZYM, arXiv:2204.08777

https://arxiv.org/abs/2204.08777
https://arxiv.org/abs/2204.08777


Fermions couple to critical boson / gauge modes

 PNAS 116 (34), 16760 (2019)

 PRX 9, 021022 (2019)

Itinerant quantum critical point


Non-Fermi-liquid


Pseudogap and superconductivity


Z2 gauge field, orthogonal metal, Fermi arc


U1 gauge field, Dirac / algebraic spin liquid


 Nat. Comm. in press (2022)

 PRB 103, 165131 (2021)



Model

H = ∑
k,α

vk ⋅ (k − kF)c†
k,αck,α + ∑

q

χ−1
0 (q)Sq ⋅ S−q + g ∑

q,k,α,β

c†
k+q,ασα,βck,β ⋅ S−q

Revealing fermionic quantum criticality from new Monte Carlo techniques 
Xiao Yan Xu, Zi Hong Liu, Gaopei Pan, Yang Qi, Kai Sun, ZYM 

J. Phys.: Condens. Matter 31 463001 (2019)  

https://iopscience.iop.org/article/10.1088/1361-648X/ab3295
https://iopscience.iop.org/article/10.1088/1361-648X/ab3295
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SU(2)⇥ SU(2)| {z }
orbital rotation for " and #
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U(1)⇥ U(1)| {z }
charge conservation for " and #
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Z2|{z}
interchange " and # while flipping sz
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g ≪ bandwidth/EF
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 PRB 105, L041111 (2022)

K = 1

H = Hf + Hqr + Hqr−f



 Nat. Comm. 13, 2655 (2022)

• Pseudogap filling, 
not BCS 

• DOS progressively 
depleted upon 

lowering T
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Tc ⇠ 1/20

K = 4



 PNAS 116, 16760 (2019)
nFL and critical scaling χ(T, h, q, ωn) =

1
ctTat(cq |q |2 + cωω)1−η + c′�ωω2 η ∼

1
8



1. Non-Fermi-Liquid  
Quantum critical metals  
Luttinger’s theorem 
Matter fields coupled to gauge fields

2. Fractionalisation, topological order in frustrated magnets 
Quantum dimer models

Content  PRX 7, 031058 (2017)

 PNAS 116 (34), 16760 (2019)

 npj Quantum Materials 5, 65 (2020)

 PRB 105, L041111 (2022) 

 Nat. Comm. 13, 2655 (2022)

 …… 

 PRX 9, 021022 (2019)

 PRB 101, 235118 (2020)

 CPL 37, 047103 (2020)

 PRB 103, 165131 (2021)

 ……

 PRL 121, 077201 (2018)

 PRL 121, 057202 (2018)

 Nat. Comm. 12, 5347 (2021)

 npj Quantum Materials 6, 39 (2021)

 arXiv: 2202.11100

 arXiv: 2205.04472

 ……



Z2 gauge field 
couples to 

matter fields
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z
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h

 Hohenadler, Assaad, PRB 100, 125133 (2019)

 Chuang Chen et al., CPL 37, 047103 (2020) 

 Gazit, Assaad, Sachdev, PRX 10, 041057 (2020)

 Chuang Chen et al., PRB 103, 165131 (2021)

zero-flux

 CPL 37, 047103 (2020) Express Letter

J = − 1

 Nandkishore, Metlitski, Senthil, PRB 86, 045128 (2012)

 Hohenadler, Assaad, PRL 121, 086601 (2018)

 Gazit, Assaad, Sachdev, Vishwanath, Wang, PNAS 115, E6987 (2018) 



Z2 gauge field couples to matter field

Continuous phase transition (Higgs) between NM and OM without symmetry breaking

<latexit sha1_base64="VzC93ENx+hoVCm9S2u0rQnugt/8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUGPXLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDz5+M8Q==</latexit>

h
Normal metal Orthogonal metal

Gauge-invariant string operator

Chuang Chen et al., CPL 37, 047103 (2020)

Z2 gauge field confined Z2 gauge field deconfined



Z2 gauge field couples to matter field

<latexit sha1_base64="VzC93ENx+hoVCm9S2u0rQnugt/8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUGPXLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDz5+M8Q==</latexit>

h

Normal metal Orthogonal metal

<latexit sha1_base64="aFwSm0hTPVFLg0GF1Nwnb6pNcq0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU9iIXxeh6MVjBdMW2lA22027dLMJuxuhhP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF1wbjb6e0srq2vlHerGxt7+zuVfcPmjrJFGU+TUSi2iHRTHDJfMONYO1UMRKHgrXC0d3Ubz0xpXkiH804ZUFMBpJHnBJjJX94g92LXrWGXTwDWiZeQWpQoNGrfnX7Cc1iJg0VROuOh1MT5EQZTgWbVLqZZimhIzJgHUsliZkO8tmxE3RilT6KEmVLGjRTf0/kJNZ6HIe2MyZmqBe9qfif18lMdB3kXKaZYZLOF0WZQCZB089RnytGjRhbQqji9lZEh0QRamw+FRuCt/jyMmmeud6lix/Oa/XbIo4yHMExnIIHV1CHe2iADxQ4PMMrvDnSeXHenY95a8kpZg7hD5zPH6F+jek=</latexit>

h = 0.5
<latexit sha1_base64="M6mpep4nWeiao71faOpiFRUNyx4=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktoh6LXjxWsB/QXUo2zbah2SQkWbGU/g0vHhTx6p/x5r8xbfegrQ8GHu/NMDMvVpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jMw0oU0iudSdGBvKmaBNyyynHaUpTmNO2/Hodua3H6k2TIoHO1Y0SvFAsIQRbJ0UDnskxEpp+YRqvXLFr/pzoFUS5KQCORq98lfYlyRLqbCEY2O6ga9sNMHaMsLptBRmhipMRnhAu44KnFITTeY3T9GZU/ookdqVsGiu/p6Y4NSYcRq7zhTboVn2ZuJ/XjezyXU0YUJllgqyWJRkHFmJZgGgPtOUWD52BBPN3K2IDLHGxLqYSi6EYPnlVdKqVYPLqn9/Uanf5HEU4QRO4RwCuII63EEDmkBAwTO8wpuXeS/eu/exaC14+cwx/IH3+QOfnpFp</latexit>

hc ⇡ 2
<latexit sha1_base64="k2dGKUub2NOi1Q/AMXg4eol9a0U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWjzhOuB/RgRKhYBSt9DC8Pu+VK27VnYEsEy8nFchR75W/uv2YpRFXyCQ1puO5CfoZ1SiY5JNSNzU8oWxEB7xjqaIRN342O3VCTqzSJ2GsbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiuGVnwmVpMgVmy8KU0kwJtO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2+vEyaZ1Xvouren1dqN3kcRTiCYzgFDy6hBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBxcmNdg==</latexit>

h = 4

<latexit sha1_base64="5MP4yc6v8W92630T1HW+U98o+OI=">AAACA3icbVDLSsNAFJ3UV62vqDvdBItQQUoiom4KRTcuK9gHNKFMppN26DzizEQooeDGX3HjQhG3/oQ7/8ZJm4VWD1w4nHMv994TxpQo7bpfVmFhcWl5pbhaWlvf2Nyyt3daSiQS4SYSVMhOCBWmhOOmJpriTiwxZCHF7XB0lfnteywVEfxWj2McMDjgJCIIaiP17D0fDUnFZ1APwyi9mxz7guEBrLlHtZ5ddqvuFM5f4uWkDHI0evan3xcoYZhrRKFSXc+NdZBCqQmieFLyE4VjiEZwgLuGcsiwCtLpDxPn0Ch9JxLSFNfOVP05kUKm1JiFpjM7Vs17mfif1010dBGkhMeJxhzNFkUJdbRwskCcPpEYaTo2BCJJzK0OGkIJkTaxlUwI3vzLf0nrpOqdVd2b03L9Mo+jCPbBAagAD5yDOrgGDdAECDyAJ/ACXq1H69l6s95nrQUrn9kFv2B9fAPlfpcH</latexit>

�(q,! = 0) =

Chuang Chen et al., CPL 37, 047103 (2020)

<latexit sha1_base64="Ge0dpdyk3KTj5NChTCxIj2rGFbY=">AAACGHicbZDLSsNAFIYnXmu9RV26GSyCq5iIWDdC0Y3LCvYCbQiT6Uk7dDIJMxOhhD6GG1/FjQtF3Hbn2zi9gLX1h4Gf75zDmfOHKWdKu+63tbK6tr6xWdgqbu/s7u3bB4d1lWSSQo0mPJHNkCjgTEBNM82hmUogccihEfbvxvXGE0jFEvGoByn4MekKFjFKtEGBfd7mRHQ5YBFQ3JZTf4N/aTRHXacc2CXXcSfCy8abmRKaqRrYo3YnoVkMQlNOlGp5bqr9nEjNKIdhsZ0pSAntky60jBUkBuXnk8OG+NSQDo4SaZ7QeELnJ3ISKzWIQ9MZE91Ti7Ux/K/WynR07edMpJkGQaeLooxjneBxSrjDJFDNB8YQKpn5K6Y9IgnVJsuiCcFbPHnZ1C8c78pxHy5LldtZHAV0jE7QGfJQGVXQPaqiGqLoGb2id/RhvVhv1qf1NW1dsWYzR+iPrNEPrTqeQA==</latexit>

hnci = hnf i = 0.7

n(μ)@h = 4



<latexit sha1_base64="txxt0i7CKmAA7Ti+niRFFD+kLd0=">AAACJXicbVBNSwMxEM36bf2qevQSLIIHKbsiKqIgevGoaFVo65JNZ21oslmSWbEu+2e8+Fe8eFBE8ORfMa09+PVg4OW9GTLzolQKi77/7g0Nj4yOjU9MlqamZ2bnyvML51ZnhkONa6nNZcQsSJFADQVKuEwNMBVJuIg6hz3/4gaMFTo5w24KTcWuExELztBJYXm3gXCLOdcq1VYg0BiMco7doQXlYS7WGkymbVbsxd8ep1f5XRGKsFzxq34f9C8JBqRCBjgOyy+NluaZggS5ZNbWAz/FZs4MCi6hKDUyCynjHXYNdUcTpsA28/6VBV1xSovG2rhKkPbV7xM5U9Z2VeQ6FcO2/e31xP+8eobxdjMXSZohJPzroziTFDXtRUZbwgBH2XWEcSPcrpS3mWEcXbAlF0Lw++S/5Hy9GmxW/ZONyv7BII4JskSWySoJyBbZJ0fkmNQIJ/fkkTyTF+/Be/Jevbev1iFvMLNIfsD7+ASGUaZ+</latexit>

composite fermions: ci,↵ = fi,↵S
z
i

<latexit sha1_base64="DMNR1tlJnMoe0hCGx3O8Jug3fDw="></latexit>

Hf = �
X

hi,ji

(f†
i,↵�

z
bhi,ji

fj,↵ + h.c.)� µ

X

i

f
†
i,↵fi,↵

<latexit sha1_base64="opw7egkF9BCnHDb1AlLVAjC0Zac=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgQoaZUh8boehGXFWwD2iHkkkzbWgmMyaZQhn6HW5cKOLWj3Hn35i2s9DWA5d7OOdecnP8mDOlHefbyq2srq1v5DcLW9s7u3vF/YOGihJJaJ1EPJItHyvKmaB1zTSnrVhSHPqcNv3h7dRvjqhULBKPehxTL8R9wQJGsDaSd3/t2O4ZGphWPu8WS47tzICWiZuREmSodYtfnV5EkpAKTThWqu06sfZSLDUjnE4KnUTRGJMh7tO2oQKHVHnp7OgJOjFKDwWRNCU0mqm/N1IcKjUOfTMZYj1Qi95U/M9rJzq48lIm4kRTQeYPBQlHOkLTBFCPSUo0HxuCiWTmVkQGWGKiTU4FE4K7+OVl0ijb7oXtPFRK1ZssjjwcwTGcgguXUIU7qEEdCDzBM7zCmzWyXqx362M+mrOynUP4A+vzBzvoj80=</latexit>

J = 0.1, h = 0.25

<latexit sha1_base64="R1KJE9A78A8lv9HLH+19LOLFy94=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9CJ4qWg/oA1ls520SzebsLsRSuhP8OJBEa/+Im/+G7dtDlp9MPB4b4aZeUEiuDau++UUlpZXVteK66WNza3tnfLuXlPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo+up33pEpXksH8w4QT+iA8lDzqix0v3tpdcrV9yqOwP5S7ycVCBHvVf+7PZjlkYoDRNU647nJsbPqDKcCZyUuqnGhLIRHWDHUkkj1H42O3VCjqzSJ2GsbElDZurPiYxGWo+jwHZG1Az1ojcV//M6qQkv/IzLJDUo2XxRmApiYjL9m/S5QmbE2BLKFLe3EjakijJj0ynZELzFl/+S5knVO6u6d6eV2lUeRxEO4BCOwYNzqMEN1KEBDAbwBC/w6gjn2Xlz3uetBSef2YdfcD6+AZUPjVY=</latexit>

K = 1 pi-flux

<latexit sha1_base64="qQs83HeHbSBGz/rGb983ZSxBU9M=">AAACDnicbZDLSgMxFIYzXmu9jbp0EyyFCjJMiqibQtGNywr2Ap2hZNJMG5rJDElGKEOfwI2v4saFIm5du/NtTNtZaOsPgY//nMPJ+YOEM6Vd99taWV1b39gsbBW3d3b39u2Dw5aKU0lok8Q8lp0AK8qZoE3NNKedRFIcBZy2g9HNtN5+oFKxWNzrcUL9CA8ECxnB2lg9u+xFaQ051TOPYzHgFIpeCD055xpEDqpW0GnPLrmOOxNcBpRDCeRq9Owvrx+TNKJCE46V6iI30X6GpWaE00nRSxVNMBnhAe0aFDiiys9m50xg2Th9GMbSPKHhzP09keFIqXEUmM4I66FarE3N/2rdVIdXfsZEkmoqyHxRmHKoYzjNBvaZpETzsQFMJDN/hWSIJSbaJFg0IaDFk5ehVXXQhePenZfq13kcBXAMTkAFIHAJ6uAWNEATEPAInsEreLOerBfr3fqYt65Y+cwR+CPr8wd+7Zky</latexit>

µ = 1.2, hnf i = 1.12(1)

<latexit sha1_base64="8Irf4WedBteagy22C6g9WdVkSKg=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgQcKuiHoMevEYwZhAsoTZyWwyZB7LzKwQlvyCFw+KePWHvPk3TjZ70MSChqKqm+6uKOHMWN//9korq2vrG+XNytb2zu5edf/g0ahUE9oiiivdibChnEnassxy2kk0xSLitB2Nb2d++4lqw5R8sJOEhgIPJYsZwTaXztCwX635dT8HWiZBQWpQoNmvfvUGiqSCSks4NqYb+IkNM6wtI5xOK73U0ASTMR7SrqMSC2rCLL91ik6cMkCx0q6kRbn6eyLDwpiJiFynwHZkFr2Z+J/XTW18HWZMJqmlkswXxSlHVqHZ42jANCWWTxzBRDN3KyIjrDGxLp6KCyFYfHmZPJ7Xg8u6f39Ra9wUcZThCI7hFAK4ggbcQRNaQGAEz/AKb57wXrx372PeWvKKmUP4A+/zB2G/jc4=</latexit>

t, g

 PRB 103, 165131 (2021)

 Nandkishore, Metlitski, Senthil, PRB 86, 045128 (2012)

 Hohenadler, Assaad, PRL 121, 086601 (2018)

 Gazit, Assaad, Sachdev, Vishwanath, Wang, PNAS 115, E6987 (2018) 

 Hohenadler, Assaad, PRB 100, 125133 (2019)

 Chuang Chen et al., CPL 37, 047103 (2020) 

 Gazit, Assaad, Sachdev, PRX 10, 041057 (2020)

 Chuang Chen et al., PRB 103, 165131 (2021)



<latexit sha1_base64="DMNR1tlJnMoe0hCGx3O8Jug3fDw="></latexit>
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z
bhi,ji

fj,↵ + h.c.)� µ

X

i

f
†
i,↵fi,↵

<latexit sha1_base64="opw7egkF9BCnHDb1AlLVAjC0Zac=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgQoaZUh8boehGXFWwD2iHkkkzbWgmMyaZQhn6HW5cKOLWj3Hn35i2s9DWA5d7OOdecnP8mDOlHefbyq2srq1v5DcLW9s7u3vF/YOGihJJaJ1EPJItHyvKmaB1zTSnrVhSHPqcNv3h7dRvjqhULBKPehxTL8R9wQJGsDaSd3/t2O4ZGphWPu8WS47tzICWiZuREmSodYtfnV5EkpAKTThWqu06sfZSLDUjnE4KnUTRGJMh7tO2oQKHVHnp7OgJOjFKDwWRNCU0mqm/N1IcKjUOfTMZYj1Qi95U/M9rJzq48lIm4kRTQeYPBQlHOkLTBFCPSUo0HxuCiWTmVkQGWGKiTU4FE4K7+OVl0ijb7oXtPFRK1ZssjjwcwTGcgguXUIU7qEEdCDzBM7zCmzWyXqx362M+mrOynUP4A+vzBzvoj80=</latexit>

J = 0.1, h = 0.25

<latexit sha1_base64="R1KJE9A78A8lv9HLH+19LOLFy94=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9CJ4qWg/oA1ls520SzebsLsRSuhP8OJBEa/+Im/+G7dtDlp9MPB4b4aZeUEiuDau++UUlpZXVteK66WNza3tnfLuXlPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo+up33pEpXksH8w4QT+iA8lDzqix0v3tpdcrV9yqOwP5S7ycVCBHvVf+7PZjlkYoDRNU647nJsbPqDKcCZyUuqnGhLIRHWDHUkkj1H42O3VCjqzSJ2GsbElDZurPiYxGWo+jwHZG1Az1ojcV//M6qQkv/IzLJDUo2XxRmApiYjL9m/S5QmbE2BLKFLe3EjakijJj0ynZELzFl/+S5knVO6u6d6eV2lUeRxEO4BCOwYNzqMEN1KEBDAbwBC/w6gjn2Xlz3uetBSef2YdfcD6+AZUPjVY=</latexit>

K = 1 pi-flux

<latexit sha1_base64="qQs83HeHbSBGz/rGb983ZSxBU9M=">AAACDnicbZDLSgMxFIYzXmu9jbp0EyyFCjJMiqibQtGNywr2Ap2hZNJMG5rJDElGKEOfwI2v4saFIm5du/NtTNtZaOsPgY//nMPJ+YOEM6Vd99taWV1b39gsbBW3d3b39u2Dw5aKU0lok8Q8lp0AK8qZoE3NNKedRFIcBZy2g9HNtN5+oFKxWNzrcUL9CA8ECxnB2lg9u+xFaQ051TOPYzHgFIpeCD055xpEDqpW0GnPLrmOOxNcBpRDCeRq9Owvrx+TNKJCE46V6iI30X6GpWaE00nRSxVNMBnhAe0aFDiiys9m50xg2Th9GMbSPKHhzP09keFIqXEUmM4I66FarE3N/2rdVIdXfsZEkmoqyHxRmHKoYzjNBvaZpETzsQFMJDN/hWSIJSbaJFg0IaDFk5ehVXXQhePenZfq13kcBXAMTkAFIHAJ6uAWNEATEPAInsEreLOerBfr3fqYt65Y+cwR+CPr8wd+7Zky</latexit>

µ = 1.2, hnf i = 1.12(1)

 PRB 103, 165131 (2021)



<latexit sha1_base64="5MP4yc6v8W92630T1HW+U98o+OI=">AAACA3icbVDLSsNAFJ3UV62vqDvdBItQQUoiom4KRTcuK9gHNKFMppN26DzizEQooeDGX3HjQhG3/oQ7/8ZJm4VWD1w4nHMv994TxpQo7bpfVmFhcWl5pbhaWlvf2Nyyt3daSiQS4SYSVMhOCBWmhOOmJpriTiwxZCHF7XB0lfnteywVEfxWj2McMDjgJCIIaiP17D0fDUnFZ1APwyi9mxz7guEBrLlHtZ5ddqvuFM5f4uWkDHI0evan3xcoYZhrRKFSXc+NdZBCqQmieFLyE4VjiEZwgLuGcsiwCtLpDxPn0Ch9JxLSFNfOVP05kUKm1JiFpjM7Vs17mfif1010dBGkhMeJxhzNFkUJdbRwskCcPpEYaTo2BCJJzK0OGkIJkTaxlUwI3vzLf0nrpOqdVd2b03L9Mo+jCPbBAagAD5yDOrgGDdAECDyAJ/ACXq1H69l6s95nrQUrn9kFv2B9fAPlfpcH</latexit>

�(q,! = 0) =

<latexit sha1_base64="lcqbv6tHaxeVQ3KVRRl5NcBT3RE=">AAAB8nicbVDLSgMxFL1TX7W+qi7dDBbBhZSZUh+bQtGNCxcV+oLpUDJppg3NJEOSEcrQz3DjQhG3fo07/8a0nYW2Hgg5nHMv994TxIwq7TjfVm5tfWNzK79d2Nnd2z8oHh61lUgkJi0smJDdACnCKCctTTUj3VgSFAWMdILx3czvPBGpqOBNPYmJH6EhpyHFSBvJe6hVqhfNmlN2LvvFkvnmsFeJm5ESZGj0i1+9gcBJRLjGDCnluU6s/RRJTTEj00IvUSRGeIyGxDOUo4goP52vPLXPjDKwQyHN49qeq787UhQpNYkCUxkhPVLL3kz8z/MSHd74KeVxognHi0Fhwmwt7Nn99oBKgjWbGIKwpGZXG4+QRFiblAomBHf55FXSrpTdq7LzWC3Vb7M48nACp3AOLlxDHe6hAS3AIOAZXuHN0taL9W59LEpzVtZzDH9gff4AYJ2PXA==</latexit>

L = 24, T = 0.05

<latexit sha1_base64="7iWXrOjdu/fDnOlz82aq4uRPjtE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4kGHG90YounFZwT5gOpRMmrahmWRI7ghl6Ge4caGIW7/GnX9j2s5CWw8kHM65l3vviRLBDXjet1NYWl5ZXSuulzY2t7Z3yrt7DaNSTVmdKqF0KyKGCS5ZHTgI1ko0I3EkWDMa3k385hPThiv5CKOEhTHpS97jlICVArjx3LOTvv0vOuWK53pT4EXi56SCctQ65a92V9E0ZhKoIMYEvpdAmBENnAo2LrVTwxJCh6TPAksliZkJs+nKY3xklS7uKW2fBDxVf3dkJDZmFEe2MiYwMPPeRPzPC1LoXYcZl0kKTNLZoF4qMCg8uR93uWYUxMgSQjW3u2I6IJpQsCmVbAj+/MmLpHHq+peu93Beqd7mcRTRATpEx8hHV6iK7lEN1RFFCj2jV/TmgPPivDsfs9KCk/fsoz9wPn8As/6Pkg==</latexit>

t = 0.3, g = 0.5

<latexit sha1_base64="i2tv1cU9AqPxalXB4lC/gtFt+WY=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8yLIrvi6BoBePEcxDkiXMTmaTITOzy8ysEJZ8hRcPinj1c7z5N06SPWhiQUNR1U13V5hwpo3nfTtLyyura+uFjeLm1vbObmlvv6HjVBFaJzGPVSvEmnImad0ww2krURSLkNNmOLyd+M0nqjSL5YMZJTQQuC9ZxAg2Vno0Ff+0X/Hci26p7LneFGiR+DkpQ45at/TV6cUkFVQawrHWbd9LTJBhZRjhdFzspJommAxxn7YtlVhQHWTTg8fo2Co9FMXKljRoqv6eyLDQeiRC2ymwGeh5byL+57VTE10HGZNJaqgks0VRypGJ0eR71GOKEsNHlmCimL0VkQFWmBibUdGG4M+/vEgaZ65/6Xr35+XqTR5HAQ7hCE7Ahyuowh3UoA4EBDzDK7w5ynlx3p2PWeuSk88cwB84nz/UVY8e</latexit>

t = 1, g = 0.5

 PRB 103, 165131 (2021)

⟨nf⟩ = 1.12 respects Luttinger

⟨nf⟩ = 1.12 Fermi arc



average Z2 flux per plaquette

Z2 flux susceptibility 
<latexit sha1_base64="UgFHLeKy/43zUbNv/e5ouLckswI=">AAACF3icbZBNS8MwGMfT+TbnW9Wjl+AQPNVWRL0IY148TnAvsJaSZmkXlqYlSYVR9i28+FW8eFDEq978NqZbEd18IPDj/3+eJM8/SBmVyra/jMrS8srqWnW9trG5tb1j7u51ZJIJTNo4YYnoBUgSRjlpK6oY6aWCoDhgpBuMrgu/e0+EpAm/U+OUeDGKOA0pRkpLvmm5eEj95pWbIqEoYtBliEeMwCZ0xYxO4I8Z+WbdtuxpwUVwSqiDslq++ekOEpzFhCvMkJR9x06Vlxf3YUYmNTeTJEV4hCLS18hRTKSXT/eawCOtDGCYCH24glP190SOYinHcaA7Y6SGct4rxP+8fqbCSy+nPM0U4Xj2UJgxqBJYhAQHVBCs2FgDwoLqv0I8RAJhpaOs6RCc+ZUXoXNqOeeWfXtWbzTLOKrgAByCY+CAC9AAN6AF2gCDB/AEXsCr8Wg8G2/G+6y1YpQz++BPGR/fQXCeuA==</latexit>

�B = @hBi/@g
<latexit sha1_base64="avE6DOJxPdikLscKTBKIG1LjBYI=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgIcdeELUJBG0sLCLkQ0yOsLfZS5bs7R27e0II+Rc2ForY+m/s/Ddukis08cHA470ZZuYFieDaYPzt5FZW19Y38puFre2d3b3i/kFTx6mirEFjEauHgGgmuGQNw41gD4liJAoEawXDm6nfemJK81jWzShhfkT6koecEmOlx7tKGZ/VK9j1usUSdvEMaJl4GSlBhlq3+NXpxTSNmDRUEK3bHk6MPybKcCrYpNBJNUsIHZI+a1sqScS0P55dPEEnVumhMFa2pEEz9ffEmERaj6LAdkbEDPSiNxX/89qpCa/8MZdJapik80VhKpCJ0fR91OOKUSNGlhCquL0V0QFRhBobUsGG4C2+vEyaZde7cPH9eal6ncWRhyM4hlPw4BKqcAs1aAAFCc/wCm+Odl6cd+dj3ppzsplD+APn8wfkZo8a</latexit>

L = 20, T = 0.1

Superconductivity in FL

<latexit sha1_base64="ykPtID39Ih/cB7/WXE9lnwu5hGw=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKe5KUC9C0IvHCOYByRJmJ5NkyOzsOtMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslItwJquBSK11Gg5K1YcxoGkjeD0e3Ubz5xbUSkHnAccz+kAyX6glG0UqvDkV57Z5VuseSW3RnIMvEyUoIMtW7xq9OLWBJyhUxSY9qeG6OfUo2CST4pdBLDY8pGdMDblioacuOns3sn5MQqPdKPtC2FZKb+nkhpaMw4DGxnSHFoFr2p+J/XTrB/5adCxQlyxeaL+okkGJHp86QnNGcox5ZQpoW9lbAh1ZShjahgQ/AWX14mjfOyd1F27yul6k0WRx6O4BhOwYNLqMId1KAODCQ8wyu8OY/Oi/PufMxbc042cwh/4Hz+AOKvjzY=</latexit>

⌘ = 1/4 <latexit sha1_base64="E2FvUcXwDhzRNk2+Bjqnu847Yds=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbB05Itol6EohePFfoF7VKyabYNzWbXJCuUpX/CiwdFvPp3vPlvTNs9aOuDgcd7M8zMCxLBtcH42ymsrW9sbhW3Szu7e/sH5cOjlo5TRVmTxiJWnYBoJrhkTcONYJ1EMRIFgrWD8d3Mbz8xpXksG2aSMD8iQ8lDTomxUqfRpzfY9ar9cgW7eA60SrycVCBHvV/+6g1imkZMGiqI1l0PJ8bPiDKcCjYt9VLNEkLHZMi6lkoSMe1n83un6MwqAxTGypY0aK7+nshIpPUkCmxnRMxIL3sz8T+vm5rw2s+4TFLDJF0sClOBTIxmz6MBV4waMbGEUMXtrYiOiCLU2IhKNgRv+eVV0qq63qWLHy4qtds8jiKcwCmcgwdXUIN7qEMTKAh4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AWN3juM=</latexit>
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Particle-like conductivity 

Particle-like conductivity

Vortex-like conductivity


Particle-Vortex duality at the scale of T* 

 Nat. Comm. 12, 5347 (2021)
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Dynamically self-duality at the scale of T*

Thermally excited visions 

 Nat. Comm. 12, 5347 (2021)



 PNAS 118, e2015785118 (2021)Kagome and its medial triangle 

Maps to quantum dimer models on 
triangular lattice with varying density

Constrained quantum lattice models 
are hard to solve 



Sweeping cluster quantum Monte Carlo method

Zheng Yan

 Zheng Yan et al., PRB 99, 165135 (2019)

loop update for classical dimer model

quantum loop update in the path-integral define the matrix elements in time evolution

 Zheng Yan, global scheme sampling topological sectors, arXiv:2011.08457

 Zheng Yan et al., square lattice mixed phase, PRB 103, 094421 (2021)



 npj Quantum Materials 6, 39 (2021)

Cd(rij, τ) = ∑
i, j

⟨Di(τ)Dj(0)⟩ − ⟨Di⟩⟨Dj⟩

CV(rij, τ) = ∑
i, j

⟨Vi(τ)Vj(0)⟩ = ∑
i, j

⟨(−1)Nt+NPij⟩

NPij
# dimers along path from plaq i to j

• Bound state of vison pair inside QSL


• Symmetry fractionalisation at transition 



Quantum loop model on triangular lattice:   
Hidden Vison Plaquette phase and Cubic phase transitions

 arXiv: 2205.04472

O(3) vison order parameter

Previous literatures disagree on phase diagram

Assume direct LN-QSL transition with emergent O(3) 

 Roychowdhury et al., PRB 92, 075141(2015), ED 

 Plat et al., PRB 92, 174402 (2015), projection QMC




Chester et al., PRD 104, 105013 (2021): O(3) conformal fixed point is unstable against cubic anisotropy 

order parameter Monte Carlo histogram (ϕ1, ϕ2, ϕ3)

First order transition from face-cubic (nematic) to corner cubic (vison plaquette)

 arXiv: 2205.04472



Hidden Vison Plaquette phase and Cubic phase transitions

4x4 ED

Off-diagonal order 

CT = ∑
ij

⟨TiTj⟩

Cubic* transition

LN

VP

Z2 QSL

 arXiv: 2205.04472



 arXiv:2202.11100

t = 1,h = 0.4

bridging QDM with Fendley, Sengupta, Sachdev
⟨string⟩ = ⟨(−1)# dimer⟩



1. Non-Fermi-Liquid  
Quantum critical metals  
Luttinger’s theorem 
Matter fields coupled to gauge fields

2. Fractionalisation, topological order in frustrated magnets 
Quantum dimer models
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