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What is a scar?
———————————————————————————————————————-

particle in a Bunimovich stadium can show scars along the trajectories 
where it is likely to be found

chaotic system: ball will cover every possible trajectory inside the stadium

if ball is started at a certain angle, it will instead retrace the same path forever

same situation for if ball is replaced by quantum particle 

•

•

•

Quantum Chaos: Bunimovich StadiumI
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Does this have an analogue in a quantum many-body system?

scarred wave function
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What is a quantum many-body scar?
———————————————————————————————————————-

each configuration is a vertex

vertices i and j are connected by  
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h i|H| ji

•

•

10 atoms oscillating between ground state (black) and excited state (white). Atoms 
can be simultaneously in the superposition of all possible 47 configurations.

I

I Top plot shows different probabilities of individual configurations over time.



———————————————————————————————————————-
Strong Ergodicity Breaking: MBL

=)
observable symmetry broken

1. energy gap

2. ground state degeneracy on
topologically nontrivial surfaces

3. fractionalized quasiparticle
excitations with exotic statistics:
Abelian, non-Abelian

systems with topological order

fractional Quantum Hall effect: 
        incompressable quantum liquid with
        fractionalized excitations (Laughlin, 1983) 

Quantum Spin Liquids:

 constructed from quantum Hall-type wave functions 
 (e. g. Kalmeyer-Laughlin,  Moore-Read, …
 dimer model on triangular and kagome lattice

 Resonating Valence Bond (RVB) quantum spin liquids

 … 

examples:

•

•

•
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area law � = ln(D)
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D =

sX

↵

d2↵
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topological entanglement entropy (TEE):

total quantum dimension

finger print  
of  

topological phase
B

A

SA / LA
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universal scaling 
 term

• • • • •
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•

site i

V trap
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rq
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square 
lattice

many-body localization

I interacting Hofstadter model

• topological phase: anyone charge 

———————————————————————————————————————-
Quantum Dynamics/Ergodicity

many-body physics beyond the ground states

I advances in experiments: isolated quantum systems

=)
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I fundamental questions: When and how is quantum information lost/retained?

ergocity=)
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isolated system: quantum quench | i
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A

B
ergodic dynamics: state relaxes to a locally thermal state 
regardless of initial condition/state

mechanism: system acts as its own bath

•

•

•



———————————————————————————————————————-
Motivation: Progress in Experiments

study of complex systems that evade the usual description in terms of 
local order parameters 

characterized by quantities that can only be measured non-locally

endow systems with unusual stability to perturbations 

Topological condensed matter physics:

prominent examples: spin liquids, the (fractional) quantum Hall effect, . . .

(ultracold) Rydberg atomsultracold atomic systems

systems are isolated from environment

non-equilibrium physics

quantum dynamics: prepare precise initial states 
and observe the ensuing dynamics in real time 

experimental realization of topological 
matter 

fermionic atoms in optical lattice: dynamics depend on 
(non)-interacting atoms alkali-metal atoms (lithium, sodium, potassium, rubidium, 

cesium, and francium) 
[Bloch group (MPQ, Munich)]

[Harvard group]



singlets

Ergodicity in Quantum Dynamics
———————————————————————————————————————-

I
time

spin system: spins will get entangled with other spins as time 
progresses

many-body time evolution washes away 
quantum correlations

many-body system is essentially devoid of any remaining 
structure

quantum information stored in local objects is 
rapidly lost as these get entangled with the rest 
of the systems.

I

I

ergodic dynamics: system relaxes to locally 
thermal state regardless of initial condition 

I

isolated system: quantum quench•

| i
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mechanism: system acts as its own bath

I

google



Ergodicity in Eigenstates
———————————————————————————————————————-

•

•

•

Deutsch 1991, Srednicki 1994

Eigenstate Thermalization Hypothesis (ETH)

LA
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⇢A = trB |EihE| �! 1

ZA

e��HA

<latexit sha1_base64="d6+/JgpSOO951P5CaN03TBQs9iU="></latexit>

SA = tr[⇢A ln ⇢A] = s(E)Ld
A

<latexit sha1_base64="eYBX0a1UT6grfPcm0TQOh06S5ew="></latexit>

interested in generic high energy eigenstates 
(finite energy density above ground state)

ETH: eigenstates of thermalizing systems appear 
thermal to all local measurements

ground states(s) are special: SA ⇠ Ld�1
A<latexit sha1_base64="UIcgAt1xVa8F/fl2G5LMJloWZkg=">AAAB/3icdVDLSsNAFJ34rPVVFdy4GSyCG8PENtjuWt24cFHRPqCNYTKZtkMnD2YmQolZ+CtuXCji1t9w59+YtBVU9MCFwzn3cu89TsiZVAh9aHPzC4tLy7mV/Ora+sZmYWu7JYNIENokAQ9Ex8GScubTpmKK004oKPYcTtvO6Czz27dUSBb412ocUsvDA5/1GcEqlezC7pVdhz3JPHhhx/XkJnaPjCSftwtFpCOzahoIIt1ERrWUkWq1UjZNaOhogiKYoWEX3ntuQCKP+opwLGXXQKGyYiwUI5wm+V4kaYjJCA9oN6U+9qi04sn9CTxIFRf2A5GWr+BE/T4RY0/KseeknR5WQ/nby8S/vG6k+hUrZn4YKeqT6aJ+xKEKYBYGdJmgRPFxSjARLL0VkiEWmKg0siyEr0/h/6R1rBslHV2Wi7XTWRw5sAf2wSEwwAmogXPQAE1AwB14AE/gWbvXHrUX7XXaOqfNZnbAD2hvn+dWlL8=</latexit>

Are there non-ergotic quantum systems?

area law

<latexit sha1_base64="jRwaklTVW/1cN1jOpelpfl7YScc=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVWZEqhuhKIUuK9gHtKVk0jttaCYzJBmhjF278VfcuFDErV/gzr8xbQfR1gOBk3Pu5d57vIgzpR3ny8osLa+srmXXcxubW9s79u5eXYWxpFCjIQ9l0yMKOBNQ00xzaEYSSOBxaHjD64nfuAOpWChu9SiCTkD6gvmMEm2krn3YDogeUMKTyvi+3JZE9DngS1z++XTtvFNwpsCLxE1JHqWodu3Pdi+kcQBCU06UarlOpDsJkZpRDuNcO1YQETokfWgZKkgAqpNMTxnjY6P0sB9K84TGU/V3R0ICpUaBZyoni6t5byL+57Vi7V90EiaiWIOgs0F+zLEO8SQX3GMSqOYjQwiVzOyK6YBIQrVJL2dCcOdPXiT104JbLBRvzvKlqzSOLDpAR+gEuegclVAFVVENUfSAntALerUerWfrzXqflWastGcf/YH18Q3iFJpk</latexit>

H|Ei = E|Ei
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Deutsch 1991, Srednicki 1994

Eigenstate Thermalization Hypothesis (ETH)

B

LA
<latexit sha1_base64="HfJ7F/7z/SDBECmffwOaS3dKydM=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0DJqY2ER0XxAcoS9zVyyZG/v2N0TwpGfYGOhiK2/yM5/4ya5QqMPBh7vzTAzL0gE18Z1v5zC0vLK6lpxvbSxubW9U97da+o4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdD31W4+oNI/lgxkn6Ed0IHnIGTVWur/tXfbKFbfqzkD+Ei8nFchR75U/u/2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QI6v0SRgrW9KQmfpzIqOR1uMosJ0RNUO96E3F/7xOasILP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5b+keVL1Tqvu3VmldpXHUYQDOIRj8OAcanADdWgAgwE8wQu8OsJ5dt6c93lrwcln9uEXnI9v4YONhg==</latexit>

A

|Ei
<latexit sha1_base64="R2eiXL9NZ3LqvnoBwH2gQDl7PV4=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lUQFPRZF8FjBfkgbymY7aZfubsLuRiixv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLE8608bxvZ2l5ZXVtvbBR3Nza3tkt7e03dJwqinUa81i1QqKRM4l1wwzHVqKQiJBjMxxeT/zmIyrNYnlvRgkGgvQlixglxkoPTzcdRWSfY7dU9ireFO4i8XNShhy1bumr04tpKlAayonWbd9LTJARZRjlOC52Uo0JoUPSx7alkgjUQTY9eOweW6XnRrGyJY07VX9PZERoPRKh7RTEDPS8NxH/89qpiS6DjMkkNSjpbFGUctfE7uR7t8cUUsNHlhCqmL3VpQOiCDU2o6INwZ9/eZE0Tiv+WcW7Oy9Xr/I4CnAIR3ACPlxAFW6hBnWgIOAZXuHNUc6L8+58zFqXnHzmAP7A+fwB1jqQbA==</latexit>

⇢A = trB |EihE| �! 1

ZA

e��HA

<latexit sha1_base64="d6+/JgpSOO951P5CaN03TBQs9iU="></latexit>

SA = tr[⇢A ln ⇢A] = s(E)Ld
A

<latexit sha1_base64="eYBX0a1UT6grfPcm0TQOh06S5ew="></latexit>

interested in generic high energy eigenstates 
(finite energy density above ground state)

ETH: eigenstates of thermalizing systems appear 
thermal to all local measurements

ground states(s) are special: SA ⇠ Ld�1
A<latexit sha1_base64="UIcgAt1xVa8F/fl2G5LMJloWZkg=">AAAB/3icdVDLSsNAFJ34rPVVFdy4GSyCG8PENtjuWt24cFHRPqCNYTKZtkMnD2YmQolZ+CtuXCji1t9w59+YtBVU9MCFwzn3cu89TsiZVAh9aHPzC4tLy7mV/Ora+sZmYWu7JYNIENokAQ9Ex8GScubTpmKK004oKPYcTtvO6Czz27dUSBb412ocUsvDA5/1GcEqlezC7pVdhz3JPHhhx/XkJnaPjCSftwtFpCOzahoIIt1ERrWUkWq1UjZNaOhogiKYoWEX3ntuQCKP+opwLGXXQKGyYiwUI5wm+V4kaYjJCA9oN6U+9qi04sn9CTxIFRf2A5GWr+BE/T4RY0/KseeknR5WQ/nby8S/vG6k+hUrZn4YKeqT6aJ+xKEKYBYGdJmgRPFxSjARLL0VkiEWmKg0siyEr0/h/6R1rBslHV2Wi7XTWRw5sAf2wSEwwAmogXPQAE1AwB14AE/gWbvXHrUX7XXaOqfNZnbAD2hvn+dWlL8=</latexit>

Are there non-ergotic quantum systems?

area law

<latexit sha1_base64="jRwaklTVW/1cN1jOpelpfl7YScc=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVWZEqhuhKIUuK9gHtKVk0jttaCYzJBmhjF278VfcuFDErV/gzr8xbQfR1gOBk3Pu5d57vIgzpR3ny8osLa+srmXXcxubW9s79u5eXYWxpFCjIQ9l0yMKOBNQ00xzaEYSSOBxaHjD64nfuAOpWChu9SiCTkD6gvmMEm2krn3YDogeUMKTyvi+3JZE9DngS1z++XTtvFNwpsCLxE1JHqWodu3Pdi+kcQBCU06UarlOpDsJkZpRDuNcO1YQETokfWgZKkgAqpNMTxnjY6P0sB9K84TGU/V3R0ICpUaBZyoni6t5byL+57Vi7V90EiaiWIOgs0F+zLEO8SQX3GMSqOYjQwiVzOyK6YBIQrVJL2dCcOdPXiT104JbLBRvzvKlqzSOLDpAR+gEuegclVAFVVENUfSAntALerUerWfrzXqflWastGcf/YH18Q3iFJpk</latexit>

H|Ei = E|Ei



singlets

Ergodicity in Eigenstates
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•

•

Deutsch 1991, Srednicki 1994

Eigenstate Thermalization Hypothesis (ETH)

B

LA
<latexit sha1_base64="HfJ7F/7z/SDBECmffwOaS3dKydM=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0DJqY2ER0XxAcoS9zVyyZG/v2N0TwpGfYGOhiK2/yM5/4ya5QqMPBh7vzTAzL0gE18Z1v5zC0vLK6lpxvbSxubW9U97da+o4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdD31W4+oNI/lgxkn6Ed0IHnIGTVWur/tXfbKFbfqzkD+Ei8nFchR75U/u/2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QI6v0SRgrW9KQmfpzIqOR1uMosJ0RNUO96E3F/7xOasILP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5b+keVL1Tqvu3VmldpXHUYQDOIRj8OAcanADdWgAgwE8wQu8OsJ5dt6c93lrwcln9uEXnI9v4YONhg==</latexit>

A

|Ei
<latexit sha1_base64="R2eiXL9NZ3LqvnoBwH2gQDl7PV4=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lUQFPRZF8FjBfkgbymY7aZfubsLuRiixv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLE8608bxvZ2l5ZXVtvbBR3Nza3tkt7e03dJwqinUa81i1QqKRM4l1wwzHVqKQiJBjMxxeT/zmIyrNYnlvRgkGgvQlixglxkoPTzcdRWSfY7dU9ireFO4i8XNShhy1bumr04tpKlAayonWbd9LTJARZRjlOC52Uo0JoUPSx7alkgjUQTY9eOweW6XnRrGyJY07VX9PZERoPRKh7RTEDPS8NxH/89qpiS6DjMkkNSjpbFGUctfE7uR7t8cUUsNHlhCqmL3VpQOiCDU2o6INwZ9/eZE0Tiv+WcW7Oy9Xr/I4CnAIR3ACPlxAFW6hBnWgIOAZXuHNUc6L8+58zFqXnHzmAP7A+fwB1jqQbA==</latexit>

⇢A = trB |EihE| �! 1

ZA

e��HA

<latexit sha1_base64="d6+/JgpSOO951P5CaN03TBQs9iU="></latexit>

SA = tr[⇢A ln ⇢A] = s(E)Ld
A

<latexit sha1_base64="eYBX0a1UT6grfPcm0TQOh06S5ew="></latexit>

interested in generic high energy eigenstates 
(finite energy density above ground state)

ETH: eigenstates of thermalizing systems appear 
thermal to all local measurements

Are there non-ergotic quantum systems?

⇠ Vol(A)
<latexit sha1_base64="afWAA+yCnyoN7VdFl4FThQD3DgA=">AAAB+nicbVDLSsNAFJ3UV62vVJduBotQNyVRQZdVNy4r2Ac0oUymk3boPMLMRCmxn+LGhSJu/RJ3/o3TNgttPXDhcM693HtPlDCqjed9O4WV1bX1jeJmaWt7Z3fPLe+3tEwVJk0smVSdCGnCqCBNQw0jnUQRxCNG2tHoZuq3H4jSVIp7M05IyNFA0JhiZKzUc8uBphxmgeKwJdmkenXScytezZsBLhM/JxWQo9Fzv4K+xCknwmCGtO76XmLCDClDMSOTUpBqkiA8QgPStVQgTnSYzU6fwGOr9GEslS1h4Ez9PZEhrvWYR7aTIzPUi95U/M/rpia+DDMqktQQgeeL4pRBI+E0B9inimDDxpYgrKi9FeIhUggbm1bJhuAvvrxMWqc1/6zm3Z1X6td5HEVwCI5AFfjgAtTBLWiAJsDgETyDV/DmPDkvzrvzMW8tOPnMAfgD5/MHCxyTMg==</latexit>

<latexit sha1_base64="Kx0m5nW411aZfa0E7edqV8tNlhg="></latexit>

/ Sther
thermal entropy is extensive at finite temperature 

<latexit sha1_base64="jRwaklTVW/1cN1jOpelpfl7YScc=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVWZEqhuhKIUuK9gHtKVk0jttaCYzJBmhjF278VfcuFDErV/gzr8xbQfR1gOBk3Pu5d57vIgzpR3ny8osLa+srmXXcxubW9s79u5eXYWxpFCjIQ9l0yMKOBNQ00xzaEYSSOBxaHjD64nfuAOpWChu9SiCTkD6gvmMEm2krn3YDogeUMKTyvi+3JZE9DngS1z++XTtvFNwpsCLxE1JHqWodu3Pdi+kcQBCU06UarlOpDsJkZpRDuNcO1YQETokfWgZKkgAqpNMTxnjY6P0sB9K84TGU/V3R0ICpUaBZyoni6t5byL+57Vi7V90EiaiWIOgs0F+zLEO8SQX3GMSqOYjQwiVzOyK6YBIQrVJL2dCcOdPXiT104JbLBRvzvKlqzSOLDpAR+gEuegclVAFVVENUfSAntALerUerWfrzXqflWastGcf/YH18Q3iFJpk</latexit>

H|Ei = E|Ei

<latexit sha1_base64="nX+R7C8ZLYCxZtC9hR8xSwTCrYU=">AAACVXichVFNSwMxFMyuWmv9qnr0EixivZRdkepFqIrgTQWrhW5Z3qZpG8wmS5IVy7J/shfxn3gRTNcetAo+CAwz815eJlHCmTae9+a4C4tLpeXySmV1bX1js7q1/aBlqghtE8ml6kSgKWeCtg0znHYSRSGOOH2Mni6n+uMzVZpJcW/GCe3FMBRswAgYS4VVHnAQQ05xEIMZEeDZTR5m53mgCjrMrnJ8hu9VPVAjWQg/fYc4gC RR8gX/O+ggD6s1r+EVhX8DfwZqaFa3YXUS9CVJYyoM4aB11/cS08tAGUY4zStBqmkC5AmGtGuhgJjqXlakkuN9y/TxQCp7hMEF+70jg1jrcRxZ53RlPa9Nyb+0bmoGp72MiSQ1VJCviwYpx0biacS4zxQlho8tAKKY3RWTESggxn5ExYbgzz/5N3g4avjNRvPuuNa6mMVRRrtoD9WRj05QC12jW9RGBE3Qu+M4rvPqfLiLbunL6jqznh30o9zNT7qYtSA=</latexit>

hOAiE = Tr(⇢AOA) ⇡ hOAiE0

• ground state(s) are special: SA ⇠ Ld�1
A<latexit sha1_base64="UIcgAt1xVa8F/fl2G5LMJloWZkg=">AAAB/3icdVDLSsNAFJ34rPVVFdy4GSyCG8PENtjuWt24cFHRPqCNYTKZtkMnD2YmQolZ+CtuXCji1t9w59+YtBVU9MCFwzn3cu89TsiZVAh9aHPzC4tLy7mV/Ora+sZmYWu7JYNIENokAQ9Ex8GScubTpmKK004oKPYcTtvO6Czz27dUSBb412ocUsvDA5/1GcEqlezC7pVdhz3JPHhhx/XkJnaPjCSftwtFpCOzahoIIt1ERrWUkWq1UjZNaOhogiKYoWEX3ntuQCKP+opwLGXXQKGyYiwUI5wm+V4kaYjJCA9oN6U+9qi04sn9CTxIFRf2A5GWr+BE/T4RY0/KseeknR5WQ/nby8S/vG6k+hUrZn4YKeqT6aJ+xKEKYBYGdJmgRPFxSjARLL0VkiEWmKg0siyEr0/h/6R1rBslHV2Wi7XTWRw5sAf2wSEwwAmogXPQAE1AwB14AE/gWbvXHrUX7XXaOqfNZnbAD2hvn+dWlL8=</latexit>

area law
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•

•

•

Deutsch 1991, Srednicki 1994

Eigenstate Thermalization Hypothesis (ETH)

B

LA
<latexit sha1_base64="HfJ7F/7z/SDBECmffwOaS3dKydM=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0DJqY2ER0XxAcoS9zVyyZG/v2N0TwpGfYGOhiK2/yM5/4ya5QqMPBh7vzTAzL0gE18Z1v5zC0vLK6lpxvbSxubW9U97da+o4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdD31W4+oNI/lgxkn6Ed0IHnIGTVWur/tXfbKFbfqzkD+Ei8nFchR75U/u/2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QI6v0SRgrW9KQmfpzIqOR1uMosJ0RNUO96E3F/7xOasILP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5b+keVL1Tqvu3VmldpXHUYQDOIRj8OAcanADdWgAgwE8wQu8OsJ5dt6c93lrwcln9uEXnI9v4YONhg==</latexit>

A

|Ei
<latexit sha1_base64="R2eiXL9NZ3LqvnoBwH2gQDl7PV4=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lUQFPRZF8FjBfkgbymY7aZfubsLuRiixv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLE8608bxvZ2l5ZXVtvbBR3Nza3tkt7e03dJwqinUa81i1QqKRM4l1wwzHVqKQiJBjMxxeT/zmIyrNYnlvRgkGgvQlixglxkoPTzcdRWSfY7dU9ireFO4i8XNShhy1bumr04tpKlAayonWbd9LTJARZRjlOC52Uo0JoUPSx7alkgjUQTY9eOweW6XnRrGyJY07VX9PZERoPRKh7RTEDPS8NxH/89qpiS6DjMkkNSjpbFGUctfE7uR7t8cUUsNHlhCqmL3VpQOiCDU2o6INwZ9/eZE0Tiv+WcW7Oy9Xr/I4CnAIR3ACPlxAFW6hBnWgIOAZXuHNUc6L8+58zFqXnHzmAP7A+fwB1jqQbA==</latexit>

⇢A = trB |EihE| �! 1

ZA

e��HA

<latexit sha1_base64="d6+/JgpSOO951P5CaN03TBQs9iU="></latexit>

interested in generic high energy eigenstates 
(finite energy density above ground state)

ETH: eigenstates of thermalizing systems appear 
thermal to all local measurements

ground state(s) are special: SA ⇠ Ld�1
A<latexit sha1_base64="UIcgAt1xVa8F/fl2G5LMJloWZkg=">AAAB/3icdVDLSsNAFJ34rPVVFdy4GSyCG8PENtjuWt24cFHRPqCNYTKZtkMnD2YmQolZ+CtuXCji1t9w59+YtBVU9MCFwzn3cu89TsiZVAh9aHPzC4tLy7mV/Ora+sZmYWu7JYNIENokAQ9Ex8GScubTpmKK004oKPYcTtvO6Czz27dUSBb412ocUsvDA5/1GcEqlezC7pVdhz3JPHhhx/XkJnaPjCSftwtFpCOzahoIIt1ERrWUkWq1UjZNaOhogiKYoWEX3ntuQCKP+opwLGXXQKGyYiwUI5wm+V4kaYjJCA9oN6U+9qi04sn9CTxIFRf2A5GWr+BE/T4RY0/KseeknR5WQ/nby8S/vG6k+hUrZn4YKeqT6aJ+xKEKYBYGdJmgRPFxSjARLL0VkiEWmKg0siyEr0/h/6R1rBslHV2Wi7XTWRw5sAf2wSEwwAmogXPQAE1AwB14AE/gWbvXHrUX7XXaOqfNZnbAD2hvn+dWlL8=</latexit>

Are there non-ergotic quantum systems?

area law

<latexit sha1_base64="TDJuN7I4fskBNevxXzQh1KhqB60="></latexit>

=)

SA = tr[⇢A ln ⇢A] = s(E)Ld
A

<latexit sha1_base64="eYBX0a1UT6grfPcm0TQOh06S5ew="></latexit>

<latexit sha1_base64="Kx0m5nW411aZfa0E7edqV8tNlhg="></latexit>

/ Sther ⇠ Vol(A)
<latexit sha1_base64="afWAA+yCnyoN7VdFl4FThQD3DgA=">AAAB+nicbVDLSsNAFJ3UV62vVJduBotQNyVRQZdVNy4r2Ac0oUymk3boPMLMRCmxn+LGhSJu/RJ3/o3TNgttPXDhcM693HtPlDCqjed9O4WV1bX1jeJmaWt7Z3fPLe+3tEwVJk0smVSdCGnCqCBNQw0jnUQRxCNG2tHoZuq3H4jSVIp7M05IyNFA0JhiZKzUc8uBphxmgeKwJdmkenXScytezZsBLhM/JxWQo9Fzv4K+xCknwmCGtO76XmLCDClDMSOTUpBqkiA8QgPStVQgTnSYzU6fwGOr9GEslS1h4Ez9PZEhrvWYR7aTIzPUi95U/M/rpia+DDMqktQQgeeL4pRBI+E0B9inimDDxpYgrKi9FeIhUggbm1bJhuAvvrxMWqc1/6zm3Z1X6td5HEVwCI5AFfjgAtTBLWiAJsDgETyDV/DmPDkvzrvzMW8tOPnMAfgD5/MHCxyTMg==</latexit>

thermal entropy is extensive at finite temperature 

<latexit sha1_base64="jRwaklTVW/1cN1jOpelpfl7YScc=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVWZEqhuhKIUuK9gHtKVk0jttaCYzJBmhjF278VfcuFDErV/gzr8xbQfR1gOBk3Pu5d57vIgzpR3ny8osLa+srmXXcxubW9s79u5eXYWxpFCjIQ9l0yMKOBNQ00xzaEYSSOBxaHjD64nfuAOpWChu9SiCTkD6gvmMEm2krn3YDogeUMKTyvi+3JZE9DngS1z++XTtvFNwpsCLxE1JHqWodu3Pdi+kcQBCU06UarlOpDsJkZpRDuNcO1YQETokfWgZKkgAqpNMTxnjY6P0sB9K84TGU/V3R0ICpUaBZyoni6t5byL+57Vi7V90EiaiWIOgs0F+zLEO8SQX3GMSqOYjQwiVzOyK6YBIQrVJL2dCcOdPXiT104JbLBRvzvKlqzSOLDpAR+gEuegclVAFVVENUfSAntALerUerWfrzXqflWastGcf/YH18Q3iFJpk</latexit>

H|Ei = E|Ei
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ETH systems: volume-law 
(ergodic)

I

I

ETH systems: every eigenstate thermalizes, all finite 
energy density eigenstates exhibit volume-law

Many-body localization (MBL) systems: all eigenstates 
have area-law entanglement 

Dynamics in MBL systems: all states retain memory of 
initial state (nonergodicity) 

I

Many-Body Localization 
phase: 

strong ergodicity breaking

Eigenstate Thermalization Hypothesis (ETH)

P.W. Anderson, Phys. Rev. 109, 1492 (1958)
Gornyi, Mirlin, Polyakov, PRL 95, 206603 (2005)
Pal and Huse, PRB 82, 174411 (2010)
Serbyn, Papic, Abanin, PRL 111, 12701 (2013)
Huse, Nandkishore, Oganesyan, PRB 90, 174202 
(2014)

entanglement behavior of generic highly excited many-body states

Deutsch 1991, Srednicki 1994
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ETH systems: volume-law 
(ergodic)

systems with Many-body 
localization: area-law (non-ergodic)

I

I

ETH systems: every eigenstate thermalizes, all finite 
energy density eigenstates exhibit volume-law

Many-body localization (MBL) systems: all eigenstates 
have area-law entanglement 

Dynamics in MBL systems: all states retain memory of 
initial state (nonergodicity) 

I

P.W. Anderson, Phys. Rev. 109, 1492 (1958)
Gornyi, Mirlin, Polyakov, PRL 95, 206603 (2005)
Pal and Huse, PRB 82, 174411 (2010)
Serbyn, Papic, Abanin, PRL 111, 12701 (2013)
Huse, Nandkishore, Oganesyan, PRB 90, 174202 
(2014)

Many-Body Localization 
phase: 

strong ergodicity breaking

entanglement behavior of generic highly excited many-body states
Eigenstate Thermalization Hypothesis (ETH) Deutsch 1991, Srednicki 1994
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generic eigenstates 
follow ETH predictions 

(ergodic)

few rebel states with 
low entanglement 

(non-ergodic)

systems with quantum many-body scars: almost every 
eigenstate thermalizes

systems with quantum many-body scars: a few eigenstates 
(scar states) exhibit sub-volume entanglement 

Dynamics: scar states DO retain memory of initial state 
(nonergodicity) 

quantum many-body 
scars: 

weak ergodicity breaking

Dynamics: almost all states do NOT retain memory of 
initial state (ergodicity) 

I
C.J. Turner et al., Nature 14, 745–749 (2018)

entanglement behavior of generic highly excited many-body states
Eigenstate Thermalization Hypothesis (ETH) Deutsch 1991, Srednicki 1994
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motivation in applications/advances in quantum information
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Quantum Memory: persistent long-lived oscillations relevant for quantum information storage, 
interest for applications in quantum memory and quantum error correction

•

Entanglement Properties: unique entanglement structures can be leveraged to study entanglement 
dynamics and correlations, critical for quantum information processing, understanding how 
entanglement evolves (entanglement dynamics) provides insights into non-equilibrium 
dynamics valuable for developing quantum algorithms/protocols 

•

Quantum Computing and Algorithms: efficient state preparation in quantum computing, 
robustness against decoherence

•

Exp. Realization in Cold Atoms: providing platforms for exploring quantum information concepts 
in controlled environments, serve as testbeds for developing quantum information technologies

•

Information Scrambling: study of QMBS can contribute to understanding how information is 
scrambled in quantum systems, relevant for quantum communication and information security

•
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scars in a quantum generic system

51 (Rydberg) Rb atoms placed in a row: every other atom in either a high-energy 
excited state or a low-energy ground state

atoms reach equilibrium, then quickly revert to the original "antiferromagnet” state

•

•

Rydberg experiment:

Experimental Realization
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FIG. 1: Experimental platform. a, Individual 87Rb atoms
are trapped using optical tweezers (vertical red beams) and
arranged into defect-free arrays. Coherent interactions Vij

between the atoms (arrows) are enabled by exciting them
(horizontal blue and red beams) to a Rydberg state, with
strength ⌦ and detuning � (inset). b, A two-photon process
couples the ground state |gi =

��5S1/2, F = 2,mF = �2
↵
to

the Rydberg state |ri =
��70S1/2, J = 1/2,mJ = �1/2

↵
via an

intermediate state |ei =
��6P3/2, F = 3,mF = �3

↵
with detun-

ing �, using circularly polarized 420 nm and 1013 nm lasers
with single-photon Rabi frequencies of ⌦B and ⌦R, respec-
tively. Typical experimental values are � ⇡ 2⇡ ⇥ 560MHz �

⌦B ,⌦R ⇡ 2⇡⇥60, 36MHz. c, The experimental protocol con-
sists of loading the atoms into a tweezer array (1) and rear-
ranging them into a preprogrammed configuration (2). After
this, the system evolves under U(t) with tunable parameters
�(t),⌦(t) and Vij . This evolution can be implemented in
parallel on several non-interacting sub-systems (3). We then
detect the final state using fluorescence imaging (4). Atoms
in state |gi remain trapped, whereas atoms in state |ri are
ejected from the trap and detected as the absence of fluo-
rescence (indicated with red circles). d, For resonant driving
(� = 0), isolated atoms (blue circles) display Rabi oscillations
between |gi and |ri. Arranging the atoms into fully blockaded
clusters of N = 2 (green circles) and N = 3 (red circles) atoms
results in only one excitation being shared between the atoms
in the cluster, while the Rabi frequency is enhanced by

p
N .

The probability of detecting more than one excitation in the
cluster is  5%. Error bars indicate 68% confidence intervals
(CI) and are smaller than the marker size.

The experimental protocol that we implement is de-
picted in Fig. 1c (see also Extended Data Fig. 1). First,
atoms are loaded from a magneto-optical trap into a
tweezer array created by an acousto-optic deflector. We
then use a measurement and feedback procedure that
eliminates the entropy associated with the probabilis-
tic trap loading and results in the rapid production of
defect-free arrays with more than 50 laser-cooled atoms,
as described previously [26]. These atoms are prepared in
a preprogrammed spatial configuration in a well-defined
internal ground state |gi (Methods). We then turn o↵
the traps and let the system evolve under the unitary
time evolution U(⌦,�, t), which is realized by coupling
the atoms to the Rydberg state |ri =

��70S1/2

↵
with laser

light along the array axis (Fig. 1a). The final states of
individual atoms are detected by turning the traps back
on, and imaging the recaptured ground-state atoms via
atomic fluorescence; the anti-trapped Rydberg atoms are
ejected. The atomic motion in the absence of traps limits
the time window for exploring coherent dynamics. For a
typical sequence duration of about 1µs, the probability
of atom loss is less than 1% (see Extended Data Fig. 2).

The strong, coherent interactions between Rydberg
atoms provide an e↵ective coherent constraint that pre-
vents simultaneous excitation of nearby atoms into Ryd-
berg states. This is the essence of the so-called Rydberg
blockade [15], demonstrated in Fig. 1d. When two atoms
are su�ciently close that their Rydberg-Rydberg interac-
tions Vij exceed the e↵ective Rabi frequency ⌦, multiple
Rydberg excitations are suppressed. This defines the Ry-
dberg blockade radius, Rb, at which Vij = ⌦ (Rb = 9µm
for |ri =

��70S1/2

↵
and ⌦ = 2⇡ ⇥ 2MHz, as used here).

In the case of resonant driving of atoms separated by
a = 23µm, we observe Rabi oscillations associated with
non-interacting atoms (blue curve in Fig. 1d). However,
the dynamics changes substantially as we bring multiple
atoms close to each other (a = 2.87µm < Rb). In this
case, we observe Rabi oscillations between the ground
state and a collective state with exactly one excitation
(W = (1/

p
N)

P
i |g1...ri...gN i) with the characteristic

p
N -scaling of the collective Rabi frequency [24, 28, 29].

These observations enable us to quantify the coherence
properties of our system (see Methods and Extended
Data Fig. 3). In particular, the amplitude of Rabi oscil-
lations in Fig. 1d is limited mostly by the state detection
fidelity (93% for |ri and ⇠ 98% for |gi; Methods). The
individual Rabi frequencies are controlled to better than
3% across the array, whereas the coherence time is lim-
ited ultimately by the small probability of spontaneous
emission from the intermediate state |ei during the laser
pulse (scattering rate 0.022/µs; Methods).

Many-body physics with Rydberg atoms

individual            atoms are trapped using optical tweezers (vertical red beams) and 
arranged into defect-free arrays  

87Rb
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•

•

Bernien et al., Nature 551, 579 (2017)

• strong van-der-Waals interaction between excited (spin-up) particles 

• tune atomic spacing so that                                   =  
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FIG. 1: Experimental platform. a, Individual 87Rb atoms
are trapped using optical tweezers (vertical red beams) and
arranged into defect-free arrays. Coherent interactions Vij

between the atoms (arrows) are enabled by exciting them
(horizontal blue and red beams) to a Rydberg state, with
strength ⌦ and detuning � (inset). b, A two-photon process
couples the ground state |gi =

��5S1/2, F = 2,mF = �2
↵
to

the Rydberg state |ri =
��70S1/2, J = 1/2,mJ = �1/2

↵
via an

intermediate state |ei =
��6P3/2, F = 3,mF = �3

↵
with detun-

ing �, using circularly polarized 420 nm and 1013 nm lasers
with single-photon Rabi frequencies of ⌦B and ⌦R, respec-
tively. Typical experimental values are � ⇡ 2⇡ ⇥ 560MHz �

⌦B ,⌦R ⇡ 2⇡⇥60, 36MHz. c, The experimental protocol con-
sists of loading the atoms into a tweezer array (1) and rear-
ranging them into a preprogrammed configuration (2). After
this, the system evolves under U(t) with tunable parameters
�(t),⌦(t) and Vij . This evolution can be implemented in
parallel on several non-interacting sub-systems (3). We then
detect the final state using fluorescence imaging (4). Atoms
in state |gi remain trapped, whereas atoms in state |ri are
ejected from the trap and detected as the absence of fluo-
rescence (indicated with red circles). d, For resonant driving
(� = 0), isolated atoms (blue circles) display Rabi oscillations
between |gi and |ri. Arranging the atoms into fully blockaded
clusters of N = 2 (green circles) and N = 3 (red circles) atoms
results in only one excitation being shared between the atoms
in the cluster, while the Rabi frequency is enhanced by

p
N .

The probability of detecting more than one excitation in the
cluster is  5%. Error bars indicate 68% confidence intervals
(CI) and are smaller than the marker size.

The experimental protocol that we implement is de-
picted in Fig. 1c (see also Extended Data Fig. 1). First,
atoms are loaded from a magneto-optical trap into a
tweezer array created by an acousto-optic deflector. We
then use a measurement and feedback procedure that
eliminates the entropy associated with the probabilis-
tic trap loading and results in the rapid production of
defect-free arrays with more than 50 laser-cooled atoms,
as described previously [26]. These atoms are prepared in
a preprogrammed spatial configuration in a well-defined
internal ground state |gi (Methods). We then turn o↵
the traps and let the system evolve under the unitary
time evolution U(⌦,�, t), which is realized by coupling
the atoms to the Rydberg state |ri =

��70S1/2

↵
with laser

light along the array axis (Fig. 1a). The final states of
individual atoms are detected by turning the traps back
on, and imaging the recaptured ground-state atoms via
atomic fluorescence; the anti-trapped Rydberg atoms are
ejected. The atomic motion in the absence of traps limits
the time window for exploring coherent dynamics. For a
typical sequence duration of about 1µs, the probability
of atom loss is less than 1% (see Extended Data Fig. 2).

The strong, coherent interactions between Rydberg
atoms provide an e↵ective coherent constraint that pre-
vents simultaneous excitation of nearby atoms into Ryd-
berg states. This is the essence of the so-called Rydberg
blockade [15], demonstrated in Fig. 1d. When two atoms
are su�ciently close that their Rydberg-Rydberg interac-
tions Vij exceed the e↵ective Rabi frequency ⌦, multiple
Rydberg excitations are suppressed. This defines the Ry-
dberg blockade radius, Rb, at which Vij = ⌦ (Rb = 9µm
for |ri =

��70S1/2

↵
and ⌦ = 2⇡ ⇥ 2MHz, as used here).

In the case of resonant driving of atoms separated by
a = 23µm, we observe Rabi oscillations associated with
non-interacting atoms (blue curve in Fig. 1d). However,
the dynamics changes substantially as we bring multiple
atoms close to each other (a = 2.87µm < Rb). In this
case, we observe Rabi oscillations between the ground
state and a collective state with exactly one excitation
(W = (1/

p
N)

P
i |g1...ri...gN i) with the characteristic

p
N -scaling of the collective Rabi frequency [24, 28, 29].

These observations enable us to quantify the coherence
properties of our system (see Methods and Extended
Data Fig. 3). In particular, the amplitude of Rabi oscil-
lations in Fig. 1d is limited mostly by the state detection
fidelity (93% for |ri and ⇠ 98% for |gi; Methods). The
individual Rabi frequencies are controlled to better than
3% across the array, whereas the coherence time is lim-
ited ultimately by the small probability of spontaneous
emission from the intermediate state |ei during the laser
pulse (scattering rate 0.022/µs; Methods).

Many-body physics with Rydberg atoms

experimental protocol  

1. atoms are loaded into a tweezer array  

2. atoms are re-arranged into a preprogrammed configuration  

3. the system evolves under U(t) with tunable parameters, this evolution can be implemented in 
parallel on several non-interacting sub-systems  

4. detect the final state using fluorescence imaging, atoms in state |g⟩ remain trapped, whereas 
atoms in state |r⟩ are ejected from the trap and detected as the absence of fluorescence (indicated 
with red circles)  

I
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are Pauli operators 
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projectors ensure that the nearby atoms are not 
simultaneously in the excited state  
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This model:

able to describe unexpected revivals in certain states

identifies special states responsible: quantum many-body 
scar states
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FIG. 6: Emergent oscillations in many-body dynamics after sudden quench. a, Schematic sequence (top, showing
�(t)) involves adiabatic preparation and then a sudden quench to single-atom resonance. The single-atom trajectories are
shown (bottom) for a 9 atom cluster, with the colour scale indicating the Rydberg probability. We observe that the initial
crystal with a Rydberg excitation at every odd trap site (left inset) collapses after the quench, and a crystal with an excitation
at every even site builds up (middle inset). At a later time the initial crystal revives with a frequency of ⌦/1.38(1) (right
inset). Error bars denote 68% confidence intervals. b, Domain-wall density after the quench. The dynamics decay slowly on
a timescale of 0.88 µs. Shaded region represents the standard error of the mean. Solid blue line is a fully coherent matrix
product state (MPS) simulation with bond dimension D = 256, taking into account measurement fidelity. c, Toy model of
non-interacting dimers (see main text). Blue (white) circles represent atoms in state |gi (|ri). d, Numerical calculations of the
dynamics after a quench, starting from an ideal 25-atom crystal, obtained from exact diagonalization. Domain-wall density
(red) and the growth of entanglement entropy of the half chain (13 atoms; blue) are shown as functions of time after the
quench. Dashed lines take into account only nearest-neighbour (NN) blockade constraint. Solid lines correspond to the full
1/R6 interaction potential.

quench dynamics of Rydberg crystals initially prepared
deep in the Z2 ordered phase, as we change the detun-
ing �(t) suddenly to the single-atom resonance � = 0
(Fig. 6a). After such a quench, we observe oscillations of
many-body states between the initial crystal and a com-
plementary crystal in which each internal atomic state is
inverted (Fig. 6a). Remarkably, we find that these oscil-
lations are robust, persisting over several periods with a
frequency that is largely independent of the system size.
This is confirmed by measuring the dynamics of the do-
main wall density, which signals the appearance and dis-
appearance of the crystalline states, shown in Fig. 6b for
arrays of 9 and 51 atoms. We find that the initial crystal
repeatedly revives with a period that is slower by a fac-
tor of 1.38(1) (error denotes the uncertainty in the fit)
compared to the Rabi-oscillation period for independent,
non-interacting atoms.

DISCUSSION

Several important features of these experimental obser-
vations should be noted. First, the Z2 ordered state can-
not be characterized by a simple thermal ensemble. More
specifically, if an e↵ective temperature is estimated based
on the experimentally determined, corrected domain wall
density of 0.1, then the corresponding thermal ensemble
predicts a correlation length ⇠th = 4.48(3), which is sig-
nificantly longer than the measured value ⇠ = 3.03(6)
(Methods). Such a discrepancy is also reflected in dis-
tinct probability distributions for the number of domain
walls (Fig. 5c). These observations suggest that the sys-
tem does not thermalize within the timescale of the Z2

state preparation.

Even more striking is the coherent and persistent oscil-
lation of the crystalline order after the quantum quench.
With respect to the quenched Hamiltonian (� = 0), the
energy density of our Z2 ordered state corresponds to
that of an infinite-temperature ensemble within the man-
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FIG. 6: Emergent oscillations in many-body dynamics after sudden quench. a, Schematic sequence (top, showing
�(t)) involves adiabatic preparation and then a sudden quench to single-atom resonance. The single-atom trajectories are
shown (bottom) for a 9 atom cluster, with the colour scale indicating the Rydberg probability. We observe that the initial
crystal with a Rydberg excitation at every odd trap site (left inset) collapses after the quench, and a crystal with an excitation
at every even site builds up (middle inset). At a later time the initial crystal revives with a frequency of ⌦/1.38(1) (right
inset). Error bars denote 68% confidence intervals. b, Domain-wall density after the quench. The dynamics decay slowly on
a timescale of 0.88 µs. Shaded region represents the standard error of the mean. Solid blue line is a fully coherent matrix
product state (MPS) simulation with bond dimension D = 256, taking into account measurement fidelity. c, Toy model of
non-interacting dimers (see main text). Blue (white) circles represent atoms in state |gi (|ri). d, Numerical calculations of the
dynamics after a quench, starting from an ideal 25-atom crystal, obtained from exact diagonalization. Domain-wall density
(red) and the growth of entanglement entropy of the half chain (13 atoms; blue) are shown as functions of time after the
quench. Dashed lines take into account only nearest-neighbour (NN) blockade constraint. Solid lines correspond to the full
1/R6 interaction potential.

quench dynamics of Rydberg crystals initially prepared
deep in the Z2 ordered phase, as we change the detun-
ing �(t) suddenly to the single-atom resonance � = 0
(Fig. 6a). After such a quench, we observe oscillations of
many-body states between the initial crystal and a com-
plementary crystal in which each internal atomic state is
inverted (Fig. 6a). Remarkably, we find that these oscil-
lations are robust, persisting over several periods with a
frequency that is largely independent of the system size.
This is confirmed by measuring the dynamics of the do-
main wall density, which signals the appearance and dis-
appearance of the crystalline states, shown in Fig. 6b for
arrays of 9 and 51 atoms. We find that the initial crystal
repeatedly revives with a period that is slower by a fac-
tor of 1.38(1) (error denotes the uncertainty in the fit)
compared to the Rabi-oscillation period for independent,
non-interacting atoms.

DISCUSSION

Several important features of these experimental obser-
vations should be noted. First, the Z2 ordered state can-
not be characterized by a simple thermal ensemble. More
specifically, if an e↵ective temperature is estimated based
on the experimentally determined, corrected domain wall
density of 0.1, then the corresponding thermal ensemble
predicts a correlation length ⇠th = 4.48(3), which is sig-
nificantly longer than the measured value ⇠ = 3.03(6)
(Methods). Such a discrepancy is also reflected in dis-
tinct probability distributions for the number of domain
walls (Fig. 5c). These observations suggest that the sys-
tem does not thermalize within the timescale of the Z2

state preparation.

Even more striking is the coherent and persistent oscil-
lation of the crystalline order after the quantum quench.
With respect to the quenched Hamiltonian (� = 0), the
energy density of our Z2 ordered state corresponds to
that of an infinite-temperature ensemble within the man-
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<latexit sha1_base64="G87v39aguGUKUFQJ8zTzrDYSSGw="></latexit>

|Z2i = | • � • � • � . . .i
<latexit sha1_base64="HRtmPVkpmFshPCnGaSCTUu7lPyA="></latexit>

H =
LX

i=1

PiXi+1Pi+2

<latexit sha1_base64="sa1fXrGM2HuQCbX0WgHq4PJeD+M=">AAACenicfVFNT9wwEHUCbSH92tIjqmSxWtoKaZVskegFCZULBw6L1IUVm2008XqzFo4d2ROqVZofwV/j1l/CpYc6Sw4tVB3J8pv3ZjyembSQwmIY/vT8tfUnT59tbAbPX7x89brzZuvc6tIwPmJaajNOwXIpFB+hQMnHheGQp5JfpFfHjX5xzY0VWn3FZcGnOWRKzAUDdFTSuen9iHPARZpWl3UyiA2oTHJ6SAMnpKWUHGnMhG H0v56cabRtctCLT7XKjMgWCMbo78GqAgNZndTu5diWeVKJw6j+dkqHiaBj5+1F9bC5BnXS6Yb9cGX0MYha0CWtDZPObTzTrMy5QibB2kkUFjitwKBgktdBXFpeALuCjE8cVJBzO61Wo6tpzzEzOtfGHYV0xf6ZUUFu7TJPXWTThH2oNeS/tEmJ88/TSqiiRK7YfaF5KSlq2uyBzoThDOXSAWBGuL9StgADDN22AjeE6GHLj8H5oB996odn+92jL+04Nsg22SEfSEQOyBE5IUMyIozcee+8Xe+998vf8T/6e/ehvtfmvCV/mb//G7h+v4Y=</latexit>

Zi
<latexit sha1_base64="s7Obtvn6luEdn5R5Ws9DtrndnJ8="></latexit>

Xi = |�ih•|+ |•ih�|
<latexit sha1_base64="hHdMyepvGaRf8jqTo6bG7WXji9M="></latexit>

Zi = |•ih•|� |�ih�|
<latexit sha1_base64="w7rAxN5TWR6SSBfeYMaTlXtNfQ4="></latexit>

Pi = |�ih�| = (1� Zi)/2
<latexit sha1_base64="qAuW5lTcqfAQFTMlnEcNW17dHsE="></latexit>

P1X2P3| � ��i = | � •�i
<latexit sha1_base64="TEOoxxBE4F2vvKNCPErJbM9Gwes="></latexit>

P1X2P3| • ��i = 0
<latexit sha1_base64="YR3KMHRD5l/8bbDfjMJDTPFUh6g="></latexit>

P1X2P3| � �•i = 0
<latexit sha1_base64="uz3NFzb/GAjF64DjtliS+9b7nVU="></latexit>

P1X2P3| • �•i = 0
<latexit sha1_base64="d2t1KRweye+KjTLX7Br44YtAdGY="></latexit>

Xi,
<latexit sha1_base64="QVFGnP61lJnBhAB4DxkwqtaaLDM="></latexit>

Yi,
<latexit sha1_base64="ISAFJloD/bLepu+3uWIxoCXttJs="></latexit>

projectors ensure that the nearby atoms are not simultaneously 
in the excited state  

I

I

local basis states at site i: |•i = | "i
<latexit sha1_base64="jyzbeexYkU5beWmsPgsAhGL1lG4="></latexit>

|�i = | #i
<latexit sha1_base64="YFY96DmcokJ/E3ScWNpkq2/Ok3I="></latexit>

This model:

able to describe unexpected revivals in certain states

identifies special states responsible: 
quantum many-body scar states

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

2d models?

2d topological models?

Challenge of the day: find those 2d topological  
quantum many-body scar models

copy 2:

H = H1 ⌦ 1+ 1⌦H2 + �cVc

<latexit sha1_base64="Zx48Erzd0GYf22Hc1MeiQ3hGtqY="></latexit>

H2

<latexit sha1_base64="1wDbVFwO5NObeaAwHwM9v6JiM0c="></latexit>

dim(H2) = dN

<latexit sha1_base64="Zu09+4N6Gd4fEQFEji5ZnLQw3YA="></latexit>

H1 =
PdN

n=1 En| nih n|

<latexit sha1_base64="FqZhfZd4P3KhINGAwr6yy6iWOok="></latexit>

H2 = �
PdN

n=1 En|M ⇤
nihM ⇤

n|

<latexit sha1_base64="83Dsy0RWy/QLFcI379RtiVu2Koc="></latexit>

and

with

H2 = �MH
⇤
1M

<latexit sha1_base64="v1Cje+67MgH1FOF2JtBwLMSbicY="></latexit>

M : i ! ĩ ⌘ 2N � i+ 1

<latexit sha1_base64="FFGwk2faPMTX5nV/SoU67nVGDJA="></latexit>

mirror symmetry

=)

<latexit sha1_base64="F9tpGxG994sabgQRcPJIMOnMoEg=">AAAGJXichVTdbtMwFM6ghVH+NrjkxmKq1NJuS6oh0FClCTRpk1g1BOsmzV3kOm5nzUm6xNmYXL8MN7wKN1wwISSueBVO0rRN0yEsNT3+zjnf+fGxuwPBQ2mavxdu3S4U79xdvFe6/+Dho8dLy0/aoR8FlB1QX/jBUZeETHCPHUguBTsaBIy4XcEOu2fvYv3hBQtC7nuf5NWAdVzS93iPUyIBspcLb8rYJfKUEqF2NGqizM5Wls </latexit>

|M ⇤
ni ⌘ (M| ni)⇤

<latexit sha1_base64="haegx34WM7eoDwHsoy+Z3qOkHGI="></latexit>

=)

<latexit sha1_base64="F9tpGxG994sabgQRcPJIMOnMoEg=">AAAGJXichVTdbtMwFM6ghVH+NrjkxmKq1NJuS6oh0FClCTRpk1g1BOsmzV3kOm5nzUm6xNmYXL8MN7wKN1wwISSueBVO0rRN0yEsNT3+zjnf+fGxuwPBQ2mavxdu3S4U79xdvFe6/+Dho8dLy0/aoR8FlB1QX/jBUZeETHCPHUguBTsaBIy4XcEOu2fvYv3hBQtC7nuf5NWAdVzS93iPUyIBspcLb8rYJfKUEqF2NGqizM5Wls </latexit>

�c = 0

<latexit sha1_base64="Muck5su/S3M3ufs99fcy1Zt4XFw="></latexit>

H�c=0| nmi = (En � Em)| nmi

<latexit sha1_base64="MYa90dSBnQgMdebtsmR3s2QeZjs="></latexit>

{| nm = | ni ⌦ |M ⇤
mi : 8n,m = 1, . . . , dN}

<latexit sha1_base64="5jEzmdgU40rH+Rwr3Y4tWf6aXxQ="></latexit>

copy 1: H1

<latexit sha1_base64="nUOVXwN1CVdpHgR3sEcL/kwpOH4="></latexit>

dim(H1) = dN

<latexit sha1_base64="iKJ6c0G90GpCZwDy4fon78yraXk="></latexit>

H2

<latexit sha1_base64="1wDbVFwO5NObeaAwHwM9v6JiM0c="></latexit>

copy 2:
dim(H2) = dN

<latexit sha1_base64="Zu09+4N6Gd4fEQFEji5ZnLQw3YA="></latexit>

sites i

<latexit sha1_base64="QruEYtK4pMso8RfIST/nKP8PXdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0hWM9Q==</latexit>

sites ĩ

<latexit sha1_base64="MeKYeWZMYPX5gdnWPIao9/JO3WM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ie0oWw223bpbhJ2J0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUkS8iQIl7ySaUxVI3g7GtzO//cS1EXH0gJOE+4oOIzEQjKKVHnsoZMgzMe2XK27VnYOsEi8nFcjR6Je/emHMUsUjZJIa0/XcBP2MahRM8mmplxqeUDamQ961NKKKGz+bHzwlZ1YJySDWtiIkc/X3REaVMRMV2E5FcWSWvZn4n9dNcXDtZyJKUuQRWywapJJgTGbfk1BozlBOLKFMC3srYSOqKUObUcmG4C2/vEpaF1WvVr28r1XqN3kcRTiBUzgHD66gDnfQgCYwUPAMr/DmaOfFeXc+Fq0FJ585hj9wPn8ALyqQqw==</latexit>
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General Construction: Bilayer System  

=)=)
observable symmetry broken

1. energy gap

2. ground state degeneracy on
topologically nontrivial surfaces

3. fractionalized quasiparticle
excitations with exotic statistics:
Abelian, non-Abelian

I

some experimental candidates:  no smoking gun measurement

very few theoretical models:
 i) RVB quantum spin liquid

ii) FQH lattice quantum spin liquid

I

I

I excitations: anyonsI

Many-body physics with Rydberg atoms

are Pauli operators 

creates or removes an excitation at site i 

effective model for 1d chain of Rydberg atoms: spin-1/2 model=)
<latexit sha1_base64="G87v39aguGUKUFQJ8zTzrDYSSGw="></latexit>

|Z2i = | • � • � • � . . .i
<latexit sha1_base64="HRtmPVkpmFshPCnGaSCTUu7lPyA="></latexit>

H =
LX

i=1

PiXi+1Pi+2

<latexit sha1_base64="sa1fXrGM2HuQCbX0WgHq4PJeD+M=">AAACenicfVFNT9wwEHUCbSH92tIjqmSxWtoKaZVskegFCZULBw6L1IUVm2008XqzFo4d2ROqVZofwV/j1l/CpYc6Sw4tVB3J8pv3ZjyembSQwmIY/vT8tfUnT59tbAbPX7x89brzZuvc6tIwPmJaajNOwXIpFB+hQMnHheGQp5JfpFfHjX5xzY0VWn3FZcGnOWRKzAUDdFTSuen9iHPARZpWl3UyiA2oTHJ6SAMnpKWUHGnMhG H0v56cabRtctCLT7XKjMgWCMbo78GqAgNZndTu5diWeVKJw6j+dkqHiaBj5+1F9bC5BnXS6Yb9cGX0MYha0CWtDZPObTzTrMy5QibB2kkUFjitwKBgktdBXFpeALuCjE8cVJBzO61Wo6tpzzEzOtfGHYV0xf6ZUUFu7TJPXWTThH2oNeS/tEmJ88/TSqiiRK7YfaF5KSlq2uyBzoThDOXSAWBGuL9StgADDN22AjeE6GHLj8H5oB996odn+92jL+04Nsg22SEfSEQOyBE5IUMyIozcee+8Xe+998vf8T/6e/ehvtfmvCV/mb//G7h+v4Y=</latexit>

Zi
<latexit sha1_base64="s7Obtvn6luEdn5R5Ws9DtrndnJ8="></latexit>

Xi = |�ih•|+ |•ih�|
<latexit sha1_base64="hHdMyepvGaRf8jqTo6bG7WXji9M="></latexit>

Zi = |•ih•|� |�ih�|
<latexit sha1_base64="w7rAxN5TWR6SSBfeYMaTlXtNfQ4="></latexit>

Pi = |�ih�| = (1� Zi)/2
<latexit sha1_base64="qAuW5lTcqfAQFTMlnEcNW17dHsE="></latexit>

P1X2P3| � ��i = | � •�i
<latexit sha1_base64="TEOoxxBE4F2vvKNCPErJbM9Gwes="></latexit>

P1X2P3| • ��i = 0
<latexit sha1_base64="YR3KMHRD5l/8bbDfjMJDTPFUh6g="></latexit>

P1X2P3| � �•i = 0
<latexit sha1_base64="uz3NFzb/GAjF64DjtliS+9b7nVU="></latexit>

P1X2P3| • �•i = 0
<latexit sha1_base64="d2t1KRweye+KjTLX7Br44YtAdGY="></latexit>

Xi,
<latexit sha1_base64="QVFGnP61lJnBhAB4DxkwqtaaLDM="></latexit>

Yi,
<latexit sha1_base64="ISAFJloD/bLepu+3uWIxoCXttJs="></latexit>

projectors ensure that the nearby atoms are not simultaneously 
in the excited state  

I

I

local basis states at site i: |•i = | "i
<latexit sha1_base64="jyzbeexYkU5beWmsPgsAhGL1lG4="></latexit>

|�i = | #i
<latexit sha1_base64="YFY96DmcokJ/E3ScWNpkq2/Ok3I="></latexit>

This model:

able to describe unexpected revivals in certain states

identifies special states responsible: 
quantum many-body scar states

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

2d models?

2d topological models?

Challenge of the day: find those 2d topological  
quantum many-body scar models

copy 2:

H = H1 ⌦ 1+ 1⌦H2 + �cVc

<latexit sha1_base64="Zx48Erzd0GYf22Hc1MeiQ3hGtqY="></latexit>

H2

<latexit sha1_base64="1wDbVFwO5NObeaAwHwM9v6JiM0c="></latexit>

dim(H2) = dN

<latexit sha1_base64="Zu09+4N6Gd4fEQFEji5ZnLQw3YA="></latexit>

H1 =
PdN

n=1 En| nih n|

<latexit sha1_base64="FqZhfZd4P3KhINGAwr6yy6iWOok="></latexit>

H2 = �
PdN

n=1 En|M ⇤
nihM ⇤

n|

<latexit sha1_base64="83Dsy0RWy/QLFcI379RtiVu2Koc="></latexit>

and

with

H2 = �MH
⇤
1M

<latexit sha1_base64="v1Cje+67MgH1FOF2JtBwLMSbicY="></latexit>

M : i ! ĩ ⌘ 2N � i+ 1

<latexit sha1_base64="FFGwk2faPMTX5nV/SoU67nVGDJA="></latexit>

mirror symmetry

=)

<latexit sha1_base64="F9tpGxG994sabgQRcPJIMOnMoEg=">AAAGJXichVTdbtMwFM6ghVH+NrjkxmKq1NJuS6oh0FClCTRpk1g1BOsmzV3kOm5nzUm6xNmYXL8MN7wKN1wwISSueBVO0rRN0yEsNT3+zjnf+fGxuwPBQ2mavxdu3S4U79xdvFe6/+Dho8dLy0/aoR8FlB1QX/jBUZeETHCPHUguBTsaBIy4XcEOu2fvYv3hBQtC7nuf5NWAdVzS93iPUyIBspcLb8rYJfKUEqF2NGqizM5Wls </latexit>

|M ⇤
ni ⌘ (M| ni)⇤

<latexit sha1_base64="haegx34WM7eoDwHsoy+Z3qOkHGI="></latexit>

=)

<latexit sha1_base64="F9tpGxG994sabgQRcPJIMOnMoEg=">AAAGJXichVTdbtMwFM6ghVH+NrjkxmKq1NJuS6oh0FClCTRpk1g1BOsmzV3kOm5nzUm6xNmYXL8MN7wKN1wwISSueBVO0rRN0yEsNT3+zjnf+fGxuwPBQ2mavxdu3S4U79xdvFe6/+Dho8dLy0/aoR8FlB1QX/jBUZeETHCPHUguBTsaBIy4XcEOu2fvYv3hBQtC7nuf5NWAdVzS93iPUyIBspcLb8rYJfKUEqF2NGqizM5Wls </latexit>

�c = 0

<latexit sha1_base64="Muck5su/S3M3ufs99fcy1Zt4XFw="></latexit>

H�c=0| nmi = (En � Em)| nmi

<latexit sha1_base64="MYa90dSBnQgMdebtsmR3s2QeZjs="></latexit>

{| nm = | ni ⌦ |M ⇤
mi : 8n,m = 1, . . . , dN}

<latexit sha1_base64="5jEzmdgU40rH+Rwr3Y4tWf6aXxQ="></latexit>

copy 1: H1

<latexit sha1_base64="nUOVXwN1CVdpHgR3sEcL/kwpOH4="></latexit>

dim(H1) = dN

<latexit sha1_base64="iKJ6c0G90GpCZwDy4fon78yraXk="></latexit>

H2

<latexit sha1_base64="1wDbVFwO5NObeaAwHwM9v6JiM0c="></latexit>

copy 2:
dim(H2) = dN

<latexit sha1_base64="Zu09+4N6Gd4fEQFEji5ZnLQw3YA="></latexit>

H2

<latexit sha1_base64="y2qStJ+F620Ckc8u7zLx3BDXJk0="></latexit>

+

<latexit sha1_base64="pnM6upfeQDwjUj5Zxp5rWxv9R7g="></latexit>

H = H1 +H2

<latexit sha1_base64="vhfyOOw/Xoq61sjtDnBIv2rqhFw="></latexit>

= �H1

<latexit sha1_base64="LwT/s75Izvbd8ScN5CgJIYiAvus="></latexit>

M : i ! ĩ

<latexit sha1_base64="D0NJqcXhpaO+SC7jqKXJTNnMymk=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSiIVxVXRjRuhgn1AE8pkMmmHTh7M3Cgl5Afc+CtuXCji1r07/8Zpm4W2HrhwOOde7r3HSwRXYFnfxsLi0vLKammtvL6xubVt7uy2VJxKypo0FrHseEQxwSPWBA6CdRLJSOgJ1vaGV2O/fc+k4nF0B6OEuSHpRzzglICWeuahExIYUCKym/wCc+xI3h8AkTJ+wA5w4bOM5z2zYlWtCfA8sQtSQQUaPfPL8WOahiwCKohSXdtKwM2IBE4Fy8tOqlhC6JD0WVfTiIRMudnkmxwfacXHQSx1RYAn6u+JjIRKjUJPd45vV7PeWPzP66YQnLsZj5IUWESni4JUYIjxOBrsc8koiJEmhEqub8V0QCShoAMs6xDs2ZfnSeukateqp7e1Sv2yiKOE9tEBOkY2OkN1dI0aqIkoekTP6BW9GU/Gi/FufExbF4xiZg/9gfH5A9BGnA0=</latexit>

mirror symmetry

sites i

<latexit sha1_base64="QruEYtK4pMso8RfIST/nKP8PXdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0hWM9Q==</latexit>

sites ĩ

<latexit sha1_base64="MeKYeWZMYPX5gdnWPIao9/JO3WM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ie0oWw223bpbhJ2J0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUkS8iQIl7ySaUxVI3g7GtzO//cS1EXH0gJOE+4oOIzEQjKKVHnsoZMgzMe2XK27VnYOsEi8nFcjR6Je/emHMUsUjZJIa0/XcBP2MahRM8mmplxqeUDamQ961NKKKGz+bHzwlZ1YJySDWtiIkc/X3REaVMRMV2E5FcWSWvZn4n9dNcXDtZyJKUuQRWywapJJgTGbfk1BozlBOLKFMC3srYSOqKUObUcmG4C2/vEpaF1WvVr28r1XqN3kcRTiBUzgHD66gDnfQgCYwUPAMr/DmaOfFeXc+Fq0FJ585hj9wPn8ALyqQqw==</latexit>

H1 =
dNX

n=1

En| nih n|

<latexit sha1_base64="j8xou9VH9oFLu6lbp7RxS0s4dXE="></latexit>

H | nmi = (En � Em)| nmi

<latexit sha1_base64="2GIDx3AAyrhdgv13UdB0izPAbVM="></latexit>

H2 = �

dNX

n=1

En| nih n|

<latexit sha1_base64="NEuvvigJiQYp4rNk9wYKSlEZDJQ="></latexit>

{| nmi = | ni ⌦ | mi : 8 n,m = 1, . . . dN}

<latexit sha1_base64="1TtCbVpw1j3kpHyzG8LecCzfMsk="></latexit>

with special case: H| nni = 0

<latexit sha1_base64="hBF4o9qeZ2qrNHdyzenwKlyacJQ="></latexit>

{| nni = | ni ⌦ | ni : 8 n = 1, . . . dN}

<latexit sha1_base64="5WBRv9HktAb0kPvX6c+Zvw2PtPQ="></latexit>

}

<latexit sha1_base64="85j0fDgq+2fsYEZJ/s1aYdISa30="></latexit>

•
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General Construction: Bilayer System  

=)=)
observable symmetry broken

1. energy gap

2. ground state degeneracy on
topologically nontrivial surfaces

3. fractionalized quasiparticle
excitations with exotic statistics:
Abelian, non-Abelian

I

some experimental candidates:  no smoking gun measurement

very few theoretical models:
 i) RVB quantum spin liquid

ii) FQH lattice quantum spin liquid

I

I

I excitations: anyonsI

Many-body physics with Rydberg atoms

are Pauli operators 

creates or removes an excitation at site i 

effective model for 1d chain of Rydberg atoms: spin-1/2 model=)
<latexit sha1_base64="G87v39aguGUKUFQJ8zTzrDYSSGw="></latexit>

|Z2i = | • � • � • � . . .i
<latexit sha1_base64="HRtmPVkpmFshPCnGaSCTUu7lPyA="></latexit>

H =
LX

i=1

PiXi+1Pi+2

<latexit sha1_base64="sa1fXrGM2HuQCbX0WgHq4PJeD+M=">AAACenicfVFNT9wwEHUCbSH92tIjqmSxWtoKaZVskegFCZULBw6L1IUVm2008XqzFo4d2ROqVZofwV/j1l/CpYc6Sw4tVB3J8pv3ZjyembSQwmIY/vT8tfUnT59tbAbPX7x89brzZuvc6tIwPmJaajNOwXIpFB+hQMnHheGQp5JfpFfHjX5xzY0VWn3FZcGnOWRKzAUDdFTSuen9iHPARZpWl3UyiA2oTHJ6SAMnpKWUHGnMhG H0v56cabRtctCLT7XKjMgWCMbo78GqAgNZndTu5diWeVKJw6j+dkqHiaBj5+1F9bC5BnXS6Yb9cGX0MYha0CWtDZPObTzTrMy5QibB2kkUFjitwKBgktdBXFpeALuCjE8cVJBzO61Wo6tpzzEzOtfGHYV0xf6ZUUFu7TJPXWTThH2oNeS/tEmJ88/TSqiiRK7YfaF5KSlq2uyBzoThDOXSAWBGuL9StgADDN22AjeE6GHLj8H5oB996odn+92jL+04Nsg22SEfSEQOyBE5IUMyIozcee+8Xe+998vf8T/6e/ehvtfmvCV/mb//G7h+v4Y=</latexit>

Zi
<latexit sha1_base64="s7Obtvn6luEdn5R5Ws9DtrndnJ8="></latexit>

Xi = |�ih•|+ |•ih�|
<latexit sha1_base64="hHdMyepvGaRf8jqTo6bG7WXji9M="></latexit>

Zi = |•ih•|� |�ih�|
<latexit sha1_base64="w7rAxN5TWR6SSBfeYMaTlXtNfQ4="></latexit>

Pi = |�ih�| = (1� Zi)/2
<latexit sha1_base64="qAuW5lTcqfAQFTMlnEcNW17dHsE="></latexit>

P1X2P3| � ��i = | � •�i
<latexit sha1_base64="TEOoxxBE4F2vvKNCPErJbM9Gwes="></latexit>

P1X2P3| • ��i = 0
<latexit sha1_base64="YR3KMHRD5l/8bbDfjMJDTPFUh6g="></latexit>

P1X2P3| � �•i = 0
<latexit sha1_base64="uz3NFzb/GAjF64DjtliS+9b7nVU="></latexit>

P1X2P3| • �•i = 0
<latexit sha1_base64="d2t1KRweye+KjTLX7Br44YtAdGY="></latexit>

Xi,
<latexit sha1_base64="QVFGnP61lJnBhAB4DxkwqtaaLDM="></latexit>

Yi,
<latexit sha1_base64="ISAFJloD/bLepu+3uWIxoCXttJs="></latexit>

projectors ensure that the nearby atoms are not simultaneously 
in the excited state  

I

I

local basis states at site i: |•i = | "i
<latexit sha1_base64="jyzbeexYkU5beWmsPgsAhGL1lG4="></latexit>

|�i = | #i
<latexit sha1_base64="YFY96DmcokJ/E3ScWNpkq2/Ok3I="></latexit>

This model:

able to describe unexpected revivals in certain states

identifies special states responsible: 
quantum many-body scar states

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

2d models?

2d topological models?

Challenge of the day: find those 2d topological  
quantum many-body scar models

copy 2:

H = H1 ⌦ 1+ 1⌦H2 + �cVc

<latexit sha1_base64="Zx48Erzd0GYf22Hc1MeiQ3hGtqY="></latexit>

H2

<latexit sha1_base64="1wDbVFwO5NObeaAwHwM9v6JiM0c="></latexit>

dim(H2) = dN

<latexit sha1_base64="Zu09+4N6Gd4fEQFEji5ZnLQw3YA="></latexit>

H1 =
PdN

n=1 En| nih n|

<latexit sha1_base64="FqZhfZd4P3KhINGAwr6yy6iWOok="></latexit>

H2 = �
PdN

n=1 En|M ⇤
nihM ⇤

n|

<latexit sha1_base64="83Dsy0RWy/QLFcI379RtiVu2Koc="></latexit>

and

with

H2 = �MH
⇤
1M

<latexit sha1_base64="v1Cje+67MgH1FOF2JtBwLMSbicY="></latexit>

M : i ! ĩ ⌘ 2N � i+ 1

<latexit sha1_base64="FFGwk2faPMTX5nV/SoU67nVGDJA="></latexit>

mirror symmetry

=)

<latexit sha1_base64="F9tpGxG994sabgQRcPJIMOnMoEg=">AAAGJXichVTdbtMwFM6ghVH+NrjkxmKq1NJuS6oh0FClCTRpk1g1BOsmzV3kOm5nzUm6xNmYXL8MN7wKN1wwISSueBVO0rRN0yEsNT3+zjnf+fGxuwPBQ2mavxdu3S4U79xdvFe6/+Dho8dLy0/aoR8FlB1QX/jBUZeETHCPHUguBTsaBIy4XcEOu2fvYv3hBQtC7nuf5NWAdVzS93iPUyIBspcLb8rYJfKUEqF2NGqizM5Wls </latexit>

|M ⇤
ni ⌘ (M| ni)⇤

<latexit sha1_base64="haegx34WM7eoDwHsoy+Z3qOkHGI="></latexit>

=)

<latexit sha1_base64="F9tpGxG994sabgQRcPJIMOnMoEg=">AAAGJXichVTdbtMwFM6ghVH+NrjkxmKq1NJuS6oh0FClCTRpk1g1BOsmzV3kOm5nzUm6xNmYXL8MN7wKN1wwISSueBVO0rRN0yEsNT3+zjnf+fGxuwPBQ2mavxdu3S4U79xdvFe6/+Dho8dLy0/aoR8FlB1QX/jBUZeETHCPHUguBTsaBIy4XcEOu2fvYv3hBQtC7nuf5NWAdVzS93iPUyIBspcLb8rYJfKUEqF2NGqizM5Wls </latexit>

�c = 0

<latexit sha1_base64="Muck5su/S3M3ufs99fcy1Zt4XFw="></latexit>

H�c=0| nmi = (En � Em)| nmi

<latexit sha1_base64="MYa90dSBnQgMdebtsmR3s2QeZjs="></latexit>

{| nm = | ni ⌦ |M ⇤
mi : 8n,m = 1, . . . , dN}

<latexit sha1_base64="5jEzmdgU40rH+Rwr3Y4tWf6aXxQ="></latexit>

copy 1: H1

<latexit sha1_base64="nUOVXwN1CVdpHgR3sEcL/kwpOH4="></latexit>

dim(H1) = dN

<latexit sha1_base64="iKJ6c0G90GpCZwDy4fon78yraXk="></latexit>

H2

<latexit sha1_base64="1wDbVFwO5NObeaAwHwM9v6JiM0c="></latexit>

copy 2:
dim(H2) = dN

<latexit sha1_base64="Zu09+4N6Gd4fEQFEji5ZnLQw3YA="></latexit>

H2

<latexit sha1_base64="y2qStJ+F620Ckc8u7zLx3BDXJk0="></latexit>

+

<latexit sha1_base64="pnM6upfeQDwjUj5Zxp5rWxv9R7g="></latexit>

H = H1 +H2

<latexit sha1_base64="vhfyOOw/Xoq61sjtDnBIv2rqhFw="></latexit>

= �H1

<latexit sha1_base64="LwT/s75Izvbd8ScN5CgJIYiAvus="></latexit>

M : i ! ĩ

<latexit sha1_base64="D0NJqcXhpaO+SC7jqKXJTNnMymk=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSiIVxVXRjRuhgn1AE8pkMmmHTh7M3Cgl5Afc+CtuXCji1r07/8Zpm4W2HrhwOOde7r3HSwRXYFnfxsLi0vLKammtvL6xubVt7uy2VJxKypo0FrHseEQxwSPWBA6CdRLJSOgJ1vaGV2O/fc+k4nF0B6OEuSHpRzzglICWeuahExIYUCKym/wCc+xI3h8AkTJ+wA5w4bOM5z2zYlWtCfA8sQtSQQUaPfPL8WOahiwCKohSXdtKwM2IBE4Fy8tOqlhC6JD0WVfTiIRMudnkmxwfacXHQSx1RYAn6u+JjIRKjUJPd45vV7PeWPzP66YQnLsZj5IUWESni4JUYIjxOBrsc8koiJEmhEqub8V0QCShoAMs6xDs2ZfnSeukateqp7e1Sv2yiKOE9tEBOkY2OkN1dI0aqIkoekTP6BW9GU/Gi/FufExbF4xiZg/9gfH5A9BGnA0=</latexit>

mirror symmetry

sites i

<latexit sha1_base64="QruEYtK4pMso8RfIST/nKP8PXdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0hWM9Q==</latexit>

sites ĩ

<latexit sha1_base64="MeKYeWZMYPX5gdnWPIao9/JO3WM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ie0oWw223bpbhJ2J0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUkS8iQIl7ySaUxVI3g7GtzO//cS1EXH0gJOE+4oOIzEQjKKVHnsoZMgzMe2XK27VnYOsEi8nFcjR6Je/emHMUsUjZJIa0/XcBP2MahRM8mmplxqeUDamQ961NKKKGz+bHzwlZ1YJySDWtiIkc/X3REaVMRMV2E5FcWSWvZn4n9dNcXDtZyJKUuQRWywapJJgTGbfk1BozlBOLKFMC3srYSOqKUObUcmG4C2/vEpaF1WvVr28r1XqN3kcRTiBUzgHD66gDnfQgCYwUPAMr/DmaOfFeXc+Fq0FJ585hj9wPn8ALyqQqw==</latexit>

H1 =
dNX

n=1

En| nih n|

<latexit sha1_base64="j8xou9VH9oFLu6lbp7RxS0s4dXE="></latexit>

H | nmi = (En � Em)| nmi

<latexit sha1_base64="2GIDx3AAyrhdgv13UdB0izPAbVM="></latexit>

H2 = �

dNX

n=1

En| nih n|

<latexit sha1_base64="NEuvvigJiQYp4rNk9wYKSlEZDJQ="></latexit>

{| nmi = | ni ⌦ | mi : 8 n,m = 1, . . . dN}

<latexit sha1_base64="1TtCbVpw1j3kpHyzG8LecCzfMsk="></latexit>

}

<latexit sha1_base64="85j0fDgq+2fsYEZJ/s1aYdISa30="></latexit>

•

with special case: H| nni = 0

<latexit sha1_base64="hBF4o9qeZ2qrNHdyzenwKlyacJQ="></latexit>

{| nni = | ni ⌦ | ni : 8 n = 1, . . . dN}

<latexit sha1_base64="5WBRv9HktAb0kPvX6c+Zvw2PtPQ="></latexit>



———————————————————————————————————————-
General Construction: Bilayer System  

=)=)
observable symmetry broken

1. energy gap

2. ground state degeneracy on
topologically nontrivial surfaces

3. fractionalized quasiparticle
excitations with exotic statistics:
Abelian, non-Abelian

I

some experimental candidates:  no smoking gun measurement

very few theoretical models:
 i) RVB quantum spin liquid

ii) FQH lattice quantum spin liquid

I

I

I excitations: anyonsI

Many-body physics with Rydberg atoms

are Pauli operators 

creates or removes an excitation at site i 

effective model for 1d chain of Rydberg atoms: spin-1/2 model=)
<latexit sha1_base64="G87v39aguGUKUFQJ8zTzrDYSSGw="></latexit>

|Z2i = | • � • � • � . . .i
<latexit sha1_base64="HRtmPVkpmFshPCnGaSCTUu7lPyA="></latexit>

H =
LX

i=1

PiXi+1Pi+2

<latexit sha1_base64="sa1fXrGM2HuQCbX0WgHq4PJeD+M=">AAACenicfVFNT9wwEHUCbSH92tIjqmSxWtoKaZVskegFCZULBw6L1IUVm2008XqzFo4d2ROqVZofwV/j1l/CpYc6Sw4tVB3J8pv3ZjyembSQwmIY/vT8tfUnT59tbAbPX7x89brzZuvc6tIwPmJaajNOwXIpFB+hQMnHheGQp5JfpFfHjX5xzY0VWn3FZcGnOWRKzAUDdFTSuen9iHPARZpWl3UyiA2oTHJ6SAMnpKWUHGnMhG H0v56cabRtctCLT7XKjMgWCMbo78GqAgNZndTu5diWeVKJw6j+dkqHiaBj5+1F9bC5BnXS6Yb9cGX0MYha0CWtDZPObTzTrMy5QibB2kkUFjitwKBgktdBXFpeALuCjE8cVJBzO61Wo6tpzzEzOtfGHYV0xf6ZUUFu7TJPXWTThH2oNeS/tEmJ88/TSqiiRK7YfaF5KSlq2uyBzoThDOXSAWBGuL9StgADDN22AjeE6GHLj8H5oB996odn+92jL+04Nsg22SEfSEQOyBE5IUMyIozcee+8Xe+998vf8T/6e/ehvtfmvCV/mb//G7h+v4Y=</latexit>

Zi
<latexit sha1_base64="s7Obtvn6luEdn5R5Ws9DtrndnJ8="></latexit>

Xi = |�ih•|+ |•ih�|
<latexit sha1_base64="hHdMyepvGaRf8jqTo6bG7WXji9M="></latexit>

Zi = |•ih•|� |�ih�|
<latexit sha1_base64="w7rAxN5TWR6SSBfeYMaTlXtNfQ4="></latexit>

Pi = |�ih�| = (1� Zi)/2
<latexit sha1_base64="qAuW5lTcqfAQFTMlnEcNW17dHsE="></latexit>

P1X2P3| � ��i = | � •�i
<latexit sha1_base64="TEOoxxBE4F2vvKNCPErJbM9Gwes="></latexit>

P1X2P3| • ��i = 0
<latexit sha1_base64="YR3KMHRD5l/8bbDfjMJDTPFUh6g="></latexit>

P1X2P3| � �•i = 0
<latexit sha1_base64="uz3NFzb/GAjF64DjtliS+9b7nVU="></latexit>

P1X2P3| • �•i = 0
<latexit sha1_base64="d2t1KRweye+KjTLX7Br44YtAdGY="></latexit>

Xi,
<latexit sha1_base64="QVFGnP61lJnBhAB4DxkwqtaaLDM="></latexit>

Yi,
<latexit sha1_base64="ISAFJloD/bLepu+3uWIxoCXttJs="></latexit>

projectors ensure that the nearby atoms are not simultaneously 
in the excited state  

I

I

local basis states at site i: |•i = | "i
<latexit sha1_base64="jyzbeexYkU5beWmsPgsAhGL1lG4="></latexit>

|�i = | #i
<latexit sha1_base64="YFY96DmcokJ/E3ScWNpkq2/Ok3I="></latexit>

This model:

able to describe unexpected revivals in certain states

identifies special states responsible: 
quantum many-body scar states

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

2d models?

2d topological models?

Challenge of the day: find those 2d topological  
quantum many-body scar models

copy 2:

H = H1 ⌦ 1+ 1⌦H2 + �cVc

<latexit sha1_base64="Zx48Erzd0GYf22Hc1MeiQ3hGtqY="></latexit>

H2

<latexit sha1_base64="1wDbVFwO5NObeaAwHwM9v6JiM0c="></latexit>

dim(H2) = dN

<latexit sha1_base64="Zu09+4N6Gd4fEQFEji5ZnLQw3YA="></latexit>

H1 =
PdN

n=1 En| nih n|

<latexit sha1_base64="FqZhfZd4P3KhINGAwr6yy6iWOok="></latexit>

H2 = �
PdN

n=1 En|M ⇤
nihM ⇤

n|

<latexit sha1_base64="83Dsy0RWy/QLFcI379RtiVu2Koc="></latexit>

and

with

H2 = �MH
⇤
1M

<latexit sha1_base64="v1Cje+67MgH1FOF2JtBwLMSbicY="></latexit>

M : i ! ĩ ⌘ 2N � i+ 1

<latexit sha1_base64="FFGwk2faPMTX5nV/SoU67nVGDJA="></latexit>

mirror symmetry

=)

<latexit sha1_base64="F9tpGxG994sabgQRcPJIMOnMoEg=">AAAGJXichVTdbtMwFM6ghVH+NrjkxmKq1NJuS6oh0FClCTRpk1g1BOsmzV3kOm5nzUm6xNmYXL8MN7wKN1wwISSueBVO0rRN0yEsNT3+zjnf+fGxuwPBQ2mavxdu3S4U79xdvFe6/+Dho8dLy0/aoR8FlB1QX/jBUZeETHCPHUguBTsaBIy4XcEOu2fvYv3hBQtC7nuf5NWAdVzS93iPUyIBspcLb8rYJfKUEqF2NGqizM5Wls </latexit>

|M ⇤
ni ⌘ (M| ni)⇤

<latexit sha1_base64="haegx34WM7eoDwHsoy+Z3qOkHGI="></latexit>

=)

<latexit sha1_base64="F9tpGxG994sabgQRcPJIMOnMoEg=">AAAGJXichVTdbtMwFM6ghVH+NrjkxmKq1NJuS6oh0FClCTRpk1g1BOsmzV3kOm5nzUm6xNmYXL8MN7wKN1wwISSueBVO0rRN0yEsNT3+zjnf+fGxuwPBQ2mavxdu3S4U79xdvFe6/+Dho8dLy0/aoR8FlB1QX/jBUZeETHCPHUguBTsaBIy4XcEOu2fvYv3hBQtC7nuf5NWAdVzS93iPUyIBspcLb8rYJfKUEqF2NGqizM5Wls </latexit>

�c = 0

<latexit sha1_base64="Muck5su/S3M3ufs99fcy1Zt4XFw="></latexit>

H�c=0| nmi = (En � Em)| nmi

<latexit sha1_base64="MYa90dSBnQgMdebtsmR3s2QeZjs="></latexit>

{| nm = | ni ⌦ |M ⇤
mi : 8n,m = 1, . . . , dN}

<latexit sha1_base64="5jEzmdgU40rH+Rwr3Y4tWf6aXxQ="></latexit>

dim(H1) = dN

<latexit sha1_base64="iKJ6c0G90GpCZwDy4fon78yraXk="></latexit>

dim(H2) = dN

<latexit sha1_base64="Zu09+4N6Gd4fEQFEji5ZnLQw3YA="></latexit>

H2

<latexit sha1_base64="y2qStJ+F620Ckc8u7zLx3BDXJk0="></latexit>

+

<latexit sha1_base64="pnM6upfeQDwjUj5Zxp5rWxv9R7g="></latexit>

H = H1 +H2

<latexit sha1_base64="vhfyOOw/Xoq61sjtDnBIv2rqhFw="></latexit>

= �H1

<latexit sha1_base64="LwT/s75Izvbd8ScN5CgJIYiAvus="></latexit>

M : i ! ĩ

<latexit sha1_base64="D0NJqcXhpaO+SC7jqKXJTNnMymk=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSiIVxVXRjRuhgn1AE8pkMmmHTh7M3Cgl5Afc+CtuXCji1r07/8Zpm4W2HrhwOOde7r3HSwRXYFnfxsLi0vLKammtvL6xubVt7uy2VJxKypo0FrHseEQxwSPWBA6CdRLJSOgJ1vaGV2O/fc+k4nF0B6OEuSHpRzzglICWeuahExIYUCKym/wCc+xI3h8AkTJ+wA5w4bOM5z2zYlWtCfA8sQtSQQUaPfPL8WOahiwCKohSXdtKwM2IBE4Fy8tOqlhC6JD0WVfTiIRMudnkmxwfacXHQSx1RYAn6u+JjIRKjUJPd45vV7PeWPzP66YQnLsZj5IUWESni4JUYIjxOBrsc8koiJEmhEqub8V0QCShoAMs6xDs2ZfnSeukateqp7e1Sv2yiKOE9tEBOkY2OkN1dI0aqIkoekTP6BW9GU/Gi/FufExbF4xiZg/9gfH5A9BGnA0=</latexit>

mirror symmetry

sites i

<latexit sha1_base64="QruEYtK4pMso8RfIST/nKP8PXdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0hWM9Q==</latexit>

ĩ

<latexit sha1_base64="MeKYeWZMYPX5gdnWPIao9/JO3WM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ie0oWw223bpbhJ2J0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUkS8iQIl7ySaUxVI3g7GtzO//cS1EXH0gJOE+4oOIzEQjKKVHnsoZMgzMe2XK27VnYOsEi8nFcjR6Je/emHMUsUjZJIa0/XcBP2MahRM8mmplxqeUDamQ961NKKKGz+bHzwlZ1YJySDWtiIkc/X3REaVMRMV2E5FcWSWvZn4n9dNcXDtZyJKUuQRWywapJJgTGbfk1BozlBOLKFMC3srYSOqKUObUcmG4C2/vEpaF1WvVr28r1XqN3kcRTiBUzgHD66gDnfQgCYwUPAMr/DmaOfFeXc+Fq0FJ585hj9wPn8ALyqQqw==</latexit>

sites

copy 2: H2

<latexit sha1_base64="1wDbVFwO5NObeaAwHwM9v6JiM0c="></latexit>

copy 1: H1

<latexit sha1_base64="nUOVXwN1CVdpHgR3sEcL/kwpOH4="></latexit>

+H12

<latexit sha1_base64="k1flJqFCcEdihlfDh7i7LHAO0kI="></latexit>

H12| nni = E12| nni

<latexit sha1_base64="P6WPkpNey4neeLFYY3zw9/XcRJk="></latexit>

We demand in addition:

{| nni = | ni ⌦ | ni : 8 n = 1, . . . dN}

<latexit sha1_base64="5WBRv9HktAb0kPvX6c+Zvw2PtPQ="></latexit>

are quantum many-body scar states ! 

Einstein-Podolsky-Rosen (EPR) scar states are born!=)
<latexit sha1_base64="vOMeINV/CaKBpR3JKNOrI3xKRQQ="></latexit>

•

• Wildeboer et al., PRB 106, 205142 (2022)

Langlett et al., PRB 105, L060301 (2021)
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EPR Scar States  

=)=)
observable symmetry broken

1. energy gap

2. ground state degeneracy on
topologically nontrivial surfaces

3. fractionalized quasiparticle
excitations with exotic statistics:
Abelian, non-Abelian

I

some experimental candidates:  no smoking gun measurement

very few theoretical models:
 i) RVB quantum spin liquid

ii) FQH lattice quantum spin liquid

I

I

I excitations: anyonsI

Many-body physics with Rydberg atoms

are Pauli operators 

creates or removes an excitation at site i 

effective model for 1d chain of Rydberg atoms: spin-1/2 model=)
<latexit sha1_base64="G87v39aguGUKUFQJ8zTzrDYSSGw="></latexit>

|Z2i = | • � • � • � . . .i
<latexit sha1_base64="HRtmPVkpmFshPCnGaSCTUu7lPyA="></latexit>

H =
LX

i=1

PiXi+1Pi+2

<latexit sha1_base64="sa1fXrGM2HuQCbX0WgHq4PJeD+M=">AAACenicfVFNT9wwEHUCbSH92tIjqmSxWtoKaZVskegFCZULBw6L1IUVm2008XqzFo4d2ROqVZofwV/j1l/CpYc6Sw4tVB3J8pv3ZjyembSQwmIY/vT8tfUnT59tbAbPX7x89brzZuvc6tIwPmJaajNOwXIpFB+hQMnHheGQp5JfpFfHjX5xzY0VWn3FZcGnOWRKzAUDdFTSuen9iHPARZpWl3UyiA2oTHJ6SAMnpKWUHGnMhG H0v56cabRtctCLT7XKjMgWCMbo78GqAgNZndTu5diWeVKJw6j+dkqHiaBj5+1F9bC5BnXS6Yb9cGX0MYha0CWtDZPObTzTrMy5QibB2kkUFjitwKBgktdBXFpeALuCjE8cVJBzO61Wo6tpzzEzOtfGHYV0xf6ZUUFu7TJPXWTThH2oNeS/tEmJ88/TSqiiRK7YfaF5KSlq2uyBzoThDOXSAWBGuL9StgADDN22AjeE6GHLj8H5oB996odn+92jL+04Nsg22SEfSEQOyBE5IUMyIozcee+8Xe+998vf8T/6e/ehvtfmvCV/mb//G7h+v4Y=</latexit>

Zi
<latexit sha1_base64="s7Obtvn6luEdn5R5Ws9DtrndnJ8="></latexit>

Xi = |�ih•|+ |•ih�|
<latexit sha1_base64="hHdMyepvGaRf8jqTo6bG7WXji9M="></latexit>

Zi = |•ih•|� |�ih�|
<latexit sha1_base64="w7rAxN5TWR6SSBfeYMaTlXtNfQ4="></latexit>

Pi = |�ih�| = (1� Zi)/2
<latexit sha1_base64="qAuW5lTcqfAQFTMlnEcNW17dHsE="></latexit>

P1X2P3| � ��i = | � •�i
<latexit sha1_base64="TEOoxxBE4F2vvKNCPErJbM9Gwes="></latexit>

P1X2P3| • ��i = 0
<latexit sha1_base64="YR3KMHRD5l/8bbDfjMJDTPFUh6g="></latexit>

P1X2P3| � �•i = 0
<latexit sha1_base64="uz3NFzb/GAjF64DjtliS+9b7nVU="></latexit>

P1X2P3| • �•i = 0
<latexit sha1_base64="d2t1KRweye+KjTLX7Br44YtAdGY="></latexit>

Xi,
<latexit sha1_base64="QVFGnP61lJnBhAB4DxkwqtaaLDM="></latexit>

Yi,
<latexit sha1_base64="ISAFJloD/bLepu+3uWIxoCXttJs="></latexit>

projectors ensure that the nearby atoms are not simultaneously 
in the excited state  

I

I

local basis states at site i: |•i = | "i
<latexit sha1_base64="jyzbeexYkU5beWmsPgsAhGL1lG4="></latexit>

|�i = | #i
<latexit sha1_base64="YFY96DmcokJ/E3ScWNpkq2/Ok3I="></latexit>

This model:

able to describe unexpected revivals in certain states

identifies special states responsible: 
quantum many-body scar states

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

2d models?

2d topological models?

Challenge of the day: find those 2d topological  
quantum many-body scar models

examples:=)
<latexit sha1_base64="vL+aoy03TDP9e7YkUApPFmr1dQ4=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqyHj213RjQsXFewD2qFk0kwbmkmGJKPUoV/ixoUibv0Ud/6N6QvUeuDC4Zx7ufeeMOFMG4S+nNzC4tLySn61sLa+sVl0t7ZrWqaK0CqRXKpGiDXlTNCqYYbTRqIojkNO62H/auTX76nSTIo7M0hoEOOuYBEj2Fip7RZbN1J0Fev2DFZKPrTdEvLQGBB5J8i/OPWhP1NmpASmqLTdz1ZHkjSmwhCOtW76KDFBhpVhhNNhoZVqmmDSx13atFTgmOogGx8+hPtW6cBIKlvCwLH6cyLDsdaDOLSdMTY9/dcbif95zdRE50HGRJIaKshkUZRyaCQcpQA7TFFi+MASTBSzt0LSwwoTY7Mq2BDmXp4ntUPPP/LQ7XGpfDmNIw92wR44AD44A2VwDSqgCghIwRN4Aa/Oo/PsvDnvk9acM53ZAb/gfHwDYgSTjw==</latexit>

quantum dimer model as bilayer system on square lattice, …

bilayer triangular lattice Heisenberg model with SU(2) symmetry

Bose-Hubbard model as bilayer system

… and more see Wildeboer et al., PRB 106, 205142 (2022) and future work



singlets

quantum spin liquid ?Z2

Quantum dimer models 
———————————————————————————————————————-

Quantum dimer models: 

restriction to nearest neighbor bonds

scalar product:

hardcore dimer

•

•

• hD|D0i = { 0
1 D = D0

D 6= D0for
for

topological sectors• | nx,ny i =
X

top. sector

|Di

kagome lattice

resonance move

• •

• •

=)
<latexit sha1_base64="oREfU+Iy6dTi2I9apUyGvKG+bPM=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOBS2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/5Z1bs7r9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9AwpN4</latexit>

basis states: dimer coverings on square lattice

hardcore dimers

scalar product:

hD|D0i ={0 for

1 for

D 6= D0

D = D0

•

•

restriction to nearest
neighbor bonds

•

replaced by dimer 
(rod-like object)

=)
<latexit sha1_base64="oREfU+Iy6dTi2I9apUyGvKG+bPM=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOBS2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/5Z1bs7r9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9AwpN4</latexit>

bare essentials of quantum dimer models (RVB physics):

Wildeboer et. al, PRL 109, 147208 (2012)

Misguich et al., PRL 89, 137202 (2002)

Moessner, Sondhi, PRL 86, 1881 (2001)

Rokhsar, Kivelson, PRL 61, 2376 (1988)

=
1p
2
(| "#i � | #"i)

<latexit sha1_base64="ZlyX8t4phYXmc2h7k9WnJqetAPQ="></latexit>

dimers: microscopic representations of spin singlets (valence bonds) assumed to be the 
building blocks of low energy subspace of an underlying quantum spin-1/2 problem 
with strong frustration

Wildeboer et. al, PRB  95, 100402 (2017)

Wildeboer et. al, PRB 102, 020401 (2020)

?
frustrated spin systems

valence bond solid order is melted by quantum 
fluctuations

giving rise to a quantum  
disordered state

quantum fluctuations

spin singlets = valence bonds



Dimers on the square lattice
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Quantum dimer model with interlayer coupling  

=)=)
observable symmetry broken

1. energy gap

2. ground state degeneracy on
topologically nontrivial surfaces

3. fractionalized quasiparticle
excitations with exotic statistics:
Abelian, non-Abelian

I

some experimental candidates:  no smoking gun measurement

very few theoretical models:
 i) RVB quantum spin liquid

ii) FQH lattice quantum spin liquid

I

I

I excitations: anyonsI

Many-body physics with Rydberg atoms

are Pauli operators 

creates or removes an excitation at site i 

effective model for 1d chain of Rydberg atoms: spin-1/2 model=)
<latexit sha1_base64="G87v39aguGUKUFQJ8zTzrDYSSGw="></latexit>

|Z2i = | • � • � • � . . .i
<latexit sha1_base64="HRtmPVkpmFshPCnGaSCTUu7lPyA="></latexit>

H =
LX

i=1

PiXi+1Pi+2

<latexit sha1_base64="sa1fXrGM2HuQCbX0WgHq4PJeD+M=">AAACenicfVFNT9wwEHUCbSH92tIjqmSxWtoKaZVskegFCZULBw6L1IUVm2008XqzFo4d2ROqVZofwV/j1l/CpYc6Sw4tVB3J8pv3ZjyembSQwmIY/vT8tfUnT59tbAbPX7x89brzZuvc6tIwPmJaajNOwXIpFB+hQMnHheGQp5JfpFfHjX5xzY0VWn3FZcGnOWRKzAUDdFTSuen9iHPARZpWl3UyiA2oTHJ6SAMnpKWUHGnMhG H0v56cabRtctCLT7XKjMgWCMbo78GqAgNZndTu5diWeVKJw6j+dkqHiaBj5+1F9bC5BnXS6Yb9cGX0MYha0CWtDZPObTzTrMy5QibB2kkUFjitwKBgktdBXFpeALuCjE8cVJBzO61Wo6tpzzEzOtfGHYV0xf6ZUUFu7TJPXWTThH2oNeS/tEmJ88/TSqiiRK7YfaF5KSlq2uyBzoThDOXSAWBGuL9StgADDN22AjeE6GHLj8H5oB996odn+92jL+04Nsg22SEfSEQOyBE5IUMyIozcee+8Xe+998vf8T/6e/ehvtfmvCV/mb//G7h+v4Y=</latexit>

Zi
<latexit sha1_base64="s7Obtvn6luEdn5R5Ws9DtrndnJ8="></latexit>

Xi = |�ih•|+ |•ih�|
<latexit sha1_base64="hHdMyepvGaRf8jqTo6bG7WXji9M="></latexit>

Zi = |•ih•|� |�ih�|
<latexit sha1_base64="w7rAxN5TWR6SSBfeYMaTlXtNfQ4="></latexit>

Pi = |�ih�| = (1� Zi)/2
<latexit sha1_base64="qAuW5lTcqfAQFTMlnEcNW17dHsE="></latexit>

P1X2P3| � ��i = | � •�i
<latexit sha1_base64="TEOoxxBE4F2vvKNCPErJbM9Gwes="></latexit>

P1X2P3| • ��i = 0
<latexit sha1_base64="YR3KMHRD5l/8bbDfjMJDTPFUh6g="></latexit>

P1X2P3| � �•i = 0
<latexit sha1_base64="uz3NFzb/GAjF64DjtliS+9b7nVU="></latexit>

P1X2P3| • �•i = 0
<latexit sha1_base64="d2t1KRweye+KjTLX7Br44YtAdGY="></latexit>

Xi,
<latexit sha1_base64="QVFGnP61lJnBhAB4DxkwqtaaLDM="></latexit>

Yi,
<latexit sha1_base64="ISAFJloD/bLepu+3uWIxoCXttJs="></latexit>

projectors ensure that the nearby atoms are not simultaneously 
in the excited state  

I

I

local basis states at site i: |•i = | "i
<latexit sha1_base64="jyzbeexYkU5beWmsPgsAhGL1lG4="></latexit>

|�i = | #i
<latexit sha1_base64="YFY96DmcokJ/E3ScWNpkq2/Ok3I="></latexit>

This model:

able to describe unexpected revivals in certain states

identifies special states responsible: 
quantum many-body scar states

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

thermo-field double scar states

square lattice bilayer

2D bilayer system

quantum dimer model on the square lattice

H1 =
X

hi,ji

�tij
⇣
b†i bj + h.c.

⌘
+ U

X

i

ni (ni � 1)

<latexit sha1_base64="ElPiid9Uzp5evvHAVJo04Gu9RHc="></latexit>

bosonic occupation operators

H2 = �H1

<latexit sha1_base64="9O1URJPyGC/Jg/Km8GCMeKwMJTc="></latexit>

H12 = �
X

i

(ni � nĩ)
2

<latexit sha1_base64="Fuu/h89qcqjsFWz9xraGgmeFiAk="></latexit>

=)
<latexit sha1_base64="vL+aoy03TDP9e7YkUApPFmr1dQ4=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqyHj213RjQsXFewD2qFk0kwbmkmGJKPUoV/ixoUibv0Ud/6N6QvUeuDC4Zx7ufeeMOFMG4S+nNzC4tLySn61sLa+sVl0t7ZrWqaK0CqRXKpGiDXlTNCqYYbTRqIojkNO62H/auTX76nSTIo7M0hoEOOuYBEj2Fip7RZbN1J0Fev2DFZKPrTdEvLQGBB5J8i/OPWhP1NmpASmqLTdz1ZHkjSmwhCOtW76KDFBhpVhhNNhoZVqmmDSx13atFTgmOogGx8+hPtW6cBIKlvCwLH6cyLDsdaDOLSdMTY9/dcbif95zdRE50HGRJIaKshkUZRyaCQcpQA7TFFi+MASTBSzt0LSwwoTY7Mq2BDmXp4ntUPPP/LQ7XGpfDmNIw92wR44AD44A2VwDSqgCghIwRN4Aa/Oo/PsvDnvk9acM53ZAb/gfHwDYgSTjw==</latexit>

|TFDi =
MmaxX

M=0

cM |TFDiM

<latexit sha1_base64="NpwX6JZIQu4IxVgwgPZyYpBGZMU="></latexit>

|TFDiM = PM

2

4
O

iN

 
1

p
↵BH

MX

n=0

|n, ni
!

i,̃i

3

5

<latexit sha1_base64="n4Axum1gcCCHGfLREQJM2YH9a0w="></latexit>

sector M bosons

“bosonic configurations 
identical in both layers”

work at Rokhsar-Kivelson (RK) point: t = v

<latexit sha1_base64="x7/OLEg0mhqoV03YxP0vJy1eqBY="></latexit>

I

I

spectrum is positive-semidefinite: H| i = En| i
<latexit sha1_base64="8iy+OWxHIqFvjIquU+9TuNaOKYY=">AAACEXicbVBNS8NAEN3Ur1q/oh69LBahp5KooBehKEKPFewHNKFMttt26WYTdjdCif0LXvwrXjwo4tWbN/+N2zYH2/pg4PHeDDPzgpgzpR3nx8qtrK6tb+Q3C1vbO7t79v5BQ0WJJLROIh7JVgCKciZoXTPNaSuWFMKA02YwvJn4zQcqFYvEvR7F1A+hL1iPEdBG6til1CPAcXX86NUU8ySIPqf4Ct92UjGndeyiU3amwMvEzUgRZah17G+vG5EkpEITDkq1XSfWfgpSM8LpuOAlisZAhtCnbUMFhFT56fSjMT4xShf3ImlKaDxV/06kECo1CgPTGYIeqEVvIv7ntRPdu/RTJuJEU0Fmi3oJxzrCk3hwl0lKNB8ZAkQycysmA5BAtAmxYEJwF19eJo3TsntWdu7Oi5XrLI48OkLHqIRcdIEqqIpqqI4IekIv6A29W8/Wq/Vhfc5ac1Y2c4jmYH39AmlknWI=</latexit>

En � 0
<latexit sha1_base64="FVqtUirBoFwqZr9LG/ijMcX0nzI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GNRBI8V7Ac0oWy203bpZhN3N0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqlGwSU2DDcC24lCGoUCW+HoZuq3nlBpHssHM04wiOhA8j5n1FjJv+1mckL8AT4St1uuuFV3BrJMvJxUIEe9W/7yezFLI5SGCap1x3MTE2RUGc4ETkp+qjGhbEQH2LFU0gh1kM1unpATq/RIP1a2pCEz9fdERiOtx1FoOyNqhnrRm4r/eZ3U9K+CjMskNSjZfFE/FcTEZBoA6XGFzIixJZQpbm8lbEgVZcbGVLIheIsvL5PmWdU7r7r3F5XadR5HEY7gGE7Bg0uowR3UoQEMEniGV3hzUufFeXc+5q0FJ585hD9wPn8ADLWRBw==</latexit>

ground state: | i =
X

D

|Di
<latexit sha1_base64="4/sLj8QExiCKlh6JPMfHoFctKA0=">AAACCXicbVBNS8NAEJ34WetX1KOXxSJ4KokKehGK9uCxgv2AJoTNdtsu3WzC7kYoaa9e/CtePCji1X/gzX/jts1BWx8MPN6bYWZemHCmtON8W0vLK6tr64WN4ubW9s6uvbffUHEqCa2TmMeyFWJFORO0rpnmtJVIiqOQ02Y4uJn4zQcqFYvFvR4m1I9wT7AuI1gbKbDRyKsp5kksepyiK+SpNAqy6nhUzbXALjllZwq0SNyclCBHLbC/vE5M0ogKTThWqu06ifYzLDUjnI6LXqpogskA92jbUIEjqvxs+skYHRulg7qxNCU0mqq/JzIcKTWMQtMZYd1X895E/M9rp7p76WdMJKmmgswWdVOOdIwmsaAOk5RoPjQEE8nMrYj0scREm/CKJgR3/uVF0jgtu2dl5+68VLnO4yjAIRzBCbhwARW4hRrUgcAjPMMrvFlP1ov1bn3MWpesfOYA/sD6/AFmgJok</latexit>

SA ⇠ LA
<latexit sha1_base64="xLHFXTrCrhUGslXBa/8qh084j9s=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkqigh5bvXjwUNF+QBvCZrttl242YXcj1NBf4sWDIl79Kd78N27aHLT1wcDjvRlm5gUxZ0o7zrdVWFldW98obpa2tnd2y/befktFiSS0SSIeyU6AFeVM0KZmmtNOLCkOA07bwfg689uPVCoWiQc9iakX4qFgA0awNpJvl+/9OuopFqJbP61PS75dcarODGiZuDmpQI6Gb3/1+hFJQio04VipruvE2kux1IxwOi31EkVjTMZ4SLuGChxS5aWzw6fo2Ch9NIikKaHRTP09keJQqUkYmM4Q65Fa9DLxP6+b6MGllzIRJ5oKMl80SDjSEcpSQH0mKdF8YggmkplbERlhiYk2WWUhuIsvL5PWadU9qzp355XaVR5HEQ7hCE7AhQuowQ00oAkEEniGV3iznqwX6936mLcWrHzmAP7A+vwBDGuSCQ==</latexit>

sub-volume

quantum dimer model on square lattice with ground states in critical U(1) spin liquid phase

<latexit sha1_base64="cFJsFUpIbnfdZtzOrwi091nq6lo=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCG0siUt0IRTeupIJ9QFvCZHrTDp1kwsxEKCFu/BU3LhRx61+482+ctllo64F7OZxzLzP3+DFnSjvOt7WwuLS8slpYK65vbG5t2zu7DSUSSaFOBRey5RMFnEVQ10xzaMUSSOhzaPrD67HffACpmIju9SiGbkj6EQsYJdpInr3f9NIO4fGAZPgS33qpyE5Mh8yzS07ZmQDPEzcnJZSj5tlfnZ6gSQiRppwo1XadWHdTIjWjHLJiJ1EQEzokfWgbGpEQVDedXJDhI6P0cCCkqUjjifp7IyWhUqPQN5Mh0QM1643F/7x2ooOLbsqiONEQ0elDQcKxFngcB+4xCVTzkSGESmb+iumASEK1Ca1oQnBnT54njdOyWylX7s5K1as8jgI6QIfoGLnoHFXRDaqhOqLoET2jV/RmPVkv1rv1MR1dsPKdPfQH1ucPzK2Wfg==</latexit>

W↵ = No �Newinding numbers
<latexit sha1_base64="8xKm8K+Say9diqcyci+JPZ/PbXY=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4kDAjEr0IQS8eI5gFkjHUdHqSJj0L3T3qMOQ/vHhQxKv/4s2/sbMcNPFBweO9KqrqebHgStv2t5VbWl5ZXcuvFzY2t7Z3irt7DRUlkrI6jUQkWx4qJnjI6pprwVqxZBh4gjW94fXYbz4wqXgU3uk0Zm6A/ZD7nKI20n3WQREPcEQuydNJ2i2W7LI9AVkkzoyUYIZat/jV6UU0CVioqUCl2o4dazdDqTkVbFToJIrFSIfYZ21DQwyYcrPJ1SNyZJQe8SNpKtRkov6eyDBQKg080xmgHqh5byz+57UT7V+4GQ/jRLOQThf5iSA6IuMISI9LRrVIDUEqubmV0AFKpNoEVTAhOPMvL5LGadmplCu3Z6Xq1SyOPBzAIRyDA+dQhRuoQR0oSHiGV3izHq0X6936mLbmrNnMPvyB9fkDuTmSBQ==</latexit>↵ = x, y

ground state degeneracy depends on lattice dimensions (Lx,Ly:
<latexit sha1_base64="O6kV8LS3CBr0YNqNePsiVmwYsA4=">AAACJnicbVBLSwMxGMzWV62vqkcvwSJUxLJbpHoRil48eKhgH9BdlmyabUOzD5OsuCz7a7z4V7x4qIh486eYtito24HAZGY+km+ckFEhdf1Lyy0tr6yu5dcLG5tb2zvF3b2WCCKOSRMHLOAdBwnCqE+akkpGOiEnyHMYaTvD67HffiRc0MC/l3FILA/1fepSjKSS7OLlqelyhJNbO3mC5fg4TZNqCk1GHmD7V5peTxYE7WJJr+gTwHliZKQEMjTs4sjsBTjyiC8xQ0J0DT2UVoK4pJiRtGBGgoQID1GfdBX1kUeElUzWTOGRUnrQDbg6voQT9e9EgjwhYs9RSQ/JgZj1xuIirxtJ98JKqB9Gkvh4+pAbMSgDOO4M9ignWLJYEYQ5VX+FeIBUG1I1W1AlGLMrz5NWtWLUKrW7s1L9KqsjDw7AISgDA5yDOrgBDdAEGDyDVzAC79qL9qZ9aJ/TaE7LZvbBP2jfP06ypHo=</latexit>

�
Lx(y)

2
 Wx(y)  +

Lx(y)

2

<latexit sha1_base64="onW0EMb6zMxu2Ciiz8FS8W2X3G0=">AAACFXicbVDLSgMxFM3UV62vUZdugkWoKGVGpLoRim5ciFSwD2jrkElv29DMwyQjlmF+wo2/4saFIm4Fd/6NmbYLrR4InHvOvdzc44acSWVZX0ZmZnZufiG7mFtaXlldM9c3ajKIBIUqDXggGi6RwJkPVcUUh0YogHguh7o7OEv9+h0IyQL/Wg1DaHuk57Muo0RpyTH3c5dOLIEmN3FL3kZEQIJPcOHCie+TPXu3RTuBSqthWjlm3ipaI+C/xJ6QPJqg4pifrU5AIw98RTmRsmlboWrHRChGOSS5ViQhJHRAetDU1CceyHY8uirBO1rp4G4g9PMVHqk/J2LiSTn0XN3pEdWX014q/uc1I9U9bsfMDyMFPh0v6kYcqwCnEeEOE0AVH2pCqGD6r5j2iSBU6SBzOgR7+uS/pHZQtEvF0tVhvnw6iSOLttA2KiAbHaEyOkcVVEUUPaAn9IJejUfj2Xgz3setGWMys4l+wfj4BlwYna8=</latexit>

N⇤
sec = (Lx + 1) · (Ly + 1)

=)
<latexit sha1_base64="und7lpwWbUjwai3HUHLawFG+QK8=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5L4dld048JFBfuANpTJdJIOncyEmRulhn6JGxeKuPVT3Pk3pg+xih64cDjnXu7h+LHgBhznw8rNzS8sLuWXCyura+tFe2OzblSiKatRJZRu+sQwwSWrAQfBmrFmJPIFa/j9i5HfuGXacCVvYBAzLyKh5AGnBDKpYxfbV0qGmoc9IFqru45dcsvOGNj5JkeOe3bs4i+rhKaoduz3dlfRJGISqCDGtFwnBi8lGjgVbFhoJ4bFhPZJyFoZlSRixkvHwYd4N1O6OFA6Gwl4rM5epCQyZhD52WZEoGd+eyPxL6+VQHDqpVzGCTBJJ4+CRGBQeNQC7nLNKIhBRgjVPMuKaY9oQiHrqjBbwv+kvl92D8rO9WGpcj6tI4+20Q7aQy46QRV0iaqohihK0AN6Qs/WvfVovVivk9WcNb3ZQj9gvX0CYVCTjw==</latexit>

=)
<latexit sha1_base64="und7lpwWbUjwai3HUHLawFG+QK8=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5L4dld048JFBfuANpTJdJIOncyEmRulhn6JGxeKuPVT3Pk3pg+xih64cDjnXu7h+LHgBhznw8rNzS8sLuWXCyura+tFe2OzblSiKatRJZRu+sQwwSWrAQfBmrFmJPIFa/j9i5HfuGXacCVvYBAzLyKh5AGnBDKpYxfbV0qGmoc9IFqru45dcsvOGNj5JkeOe3bs4i+rhKaoduz3dlfRJGISqCDGtFwnBi8lGjgVbFhoJ4bFhPZJyFoZlSRixkvHwYd4N1O6OFA6Gwl4rM5epCQyZhD52WZEoGd+eyPxL6+VQHDqpVzGCTBJJ4+CRGBQeNQC7nLNKIhBRgjVPMuKaY9oQiHrqjBbwv+kvl92D8rO9WGpcj6tI4+20Q7aQy46QRV0iaqohihK0AN6Qs/WvfVovVivk9WcNb3ZQj9gvX0CYVCTjw==</latexit>



———————————————————————————————————————-
Quantum dimer model with interlayer coupling  

=)=)
observable symmetry broken

1. energy gap

2. ground state degeneracy on
topologically nontrivial surfaces

3. fractionalized quasiparticle
excitations with exotic statistics:
Abelian, non-Abelian

I

some experimental candidates:  no smoking gun measurement

very few theoretical models:
 i) RVB quantum spin liquid

ii) FQH lattice quantum spin liquid

I

I

I excitations: anyonsI

Many-body physics with Rydberg atoms

are Pauli operators 

creates or removes an excitation at site i 

effective model for 1d chain of Rydberg atoms: spin-1/2 model=)
<latexit sha1_base64="G87v39aguGUKUFQJ8zTzrDYSSGw="></latexit>

|Z2i = | • � • � • � . . .i
<latexit sha1_base64="HRtmPVkpmFshPCnGaSCTUu7lPyA="></latexit>

H =
LX

i=1

PiXi+1Pi+2

<latexit sha1_base64="sa1fXrGM2HuQCbX0WgHq4PJeD+M=">AAACenicfVFNT9wwEHUCbSH92tIjqmSxWtoKaZVskegFCZULBw6L1IUVm2008XqzFo4d2ROqVZofwV/j1l/CpYc6Sw4tVB3J8pv3ZjyembSQwmIY/vT8tfUnT59tbAbPX7x89brzZuvc6tIwPmJaajNOwXIpFB+hQMnHheGQp5JfpFfHjX5xzY0VWn3FZcGnOWRKzAUDdFTSuen9iHPARZpWl3UyiA2oTHJ6SAMnpKWUHGnMhG H0v56cabRtctCLT7XKjMgWCMbo78GqAgNZndTu5diWeVKJw6j+dkqHiaBj5+1F9bC5BnXS6Yb9cGX0MYha0CWtDZPObTzTrMy5QibB2kkUFjitwKBgktdBXFpeALuCjE8cVJBzO61Wo6tpzzEzOtfGHYV0xf6ZUUFu7TJPXWTThH2oNeS/tEmJ88/TSqiiRK7YfaF5KSlq2uyBzoThDOXSAWBGuL9StgADDN22AjeE6GHLj8H5oB996odn+92jL+04Nsg22SEfSEQOyBE5IUMyIozcee+8Xe+998vf8T/6e/ehvtfmvCV/mb//G7h+v4Y=</latexit>

Zi
<latexit sha1_base64="s7Obtvn6luEdn5R5Ws9DtrndnJ8="></latexit>

Xi = |�ih•|+ |•ih�|
<latexit sha1_base64="hHdMyepvGaRf8jqTo6bG7WXji9M="></latexit>

Zi = |•ih•|� |�ih�|
<latexit sha1_base64="w7rAxN5TWR6SSBfeYMaTlXtNfQ4="></latexit>

Pi = |�ih�| = (1� Zi)/2
<latexit sha1_base64="qAuW5lTcqfAQFTMlnEcNW17dHsE="></latexit>

P1X2P3| � ��i = | � •�i
<latexit sha1_base64="TEOoxxBE4F2vvKNCPErJbM9Gwes="></latexit>

P1X2P3| • ��i = 0
<latexit sha1_base64="YR3KMHRD5l/8bbDfjMJDTPFUh6g="></latexit>

P1X2P3| � �•i = 0
<latexit sha1_base64="uz3NFzb/GAjF64DjtliS+9b7nVU="></latexit>

P1X2P3| • �•i = 0
<latexit sha1_base64="d2t1KRweye+KjTLX7Br44YtAdGY="></latexit>

Xi,
<latexit sha1_base64="QVFGnP61lJnBhAB4DxkwqtaaLDM="></latexit>

Yi,
<latexit sha1_base64="ISAFJloD/bLepu+3uWIxoCXttJs="></latexit>

projectors ensure that the nearby atoms are not simultaneously 
in the excited state  

I

I

local basis states at site i: |•i = | "i
<latexit sha1_base64="jyzbeexYkU5beWmsPgsAhGL1lG4="></latexit>

|�i = | #i
<latexit sha1_base64="YFY96DmcokJ/E3ScWNpkq2/Ok3I="></latexit>

This model:

able to describe unexpected revivals in certain states

identifies special states responsible: 
quantum many-body scar states

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

thermo-field double scar states

square lattice bilayer

2D bilayer system

quantum dimer model on the square lattice

H1 =
X

hi,ji

�tij
⇣
b†i bj + h.c.

⌘
+ U

X

i

ni (ni � 1)

<latexit sha1_base64="ElPiid9Uzp5evvHAVJo04Gu9RHc="></latexit>

bosonic occupation operators

H2 = �H1

<latexit sha1_base64="9O1URJPyGC/Jg/Km8GCMeKwMJTc="></latexit>

H12 = �
X

i

(ni � nĩ)
2

<latexit sha1_base64="Fuu/h89qcqjsFWz9xraGgmeFiAk="></latexit>

=)
<latexit sha1_base64="vL+aoy03TDP9e7YkUApPFmr1dQ4=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqyHj213RjQsXFewD2qFk0kwbmkmGJKPUoV/ixoUibv0Ud/6N6QvUeuDC4Zx7ufeeMOFMG4S+nNzC4tLySn61sLa+sVl0t7ZrWqaK0CqRXKpGiDXlTNCqYYbTRqIojkNO62H/auTX76nSTIo7M0hoEOOuYBEj2Fip7RZbN1J0Fev2DFZKPrTdEvLQGBB5J8i/OPWhP1NmpASmqLTdz1ZHkjSmwhCOtW76KDFBhpVhhNNhoZVqmmDSx13atFTgmOogGx8+hPtW6cBIKlvCwLH6cyLDsdaDOLSdMTY9/dcbif95zdRE50HGRJIaKshkUZRyaCQcpQA7TFFi+MASTBSzt0LSwwoTY7Mq2BDmXp4ntUPPP/LQ7XGpfDmNIw92wR44AD44A2VwDSqgCghIwRN4Aa/Oo/PsvDnvk9acM53ZAb/gfHwDYgSTjw==</latexit>

|TFDi =
MmaxX

M=0

cM |TFDiM

<latexit sha1_base64="NpwX6JZIQu4IxVgwgPZyYpBGZMU="></latexit>

|TFDiM = PM

2

4
O

iN

 
1

p
↵BH

MX

n=0

|n, ni
!

i,̃i

3

5

<latexit sha1_base64="n4Axum1gcCCHGfLREQJM2YH9a0w="></latexit>

sector M bosons

“bosonic configurations 
identical in both layers”

work at Rokhsar-Kivelson (RK) point: t = v

<latexit sha1_base64="x7/OLEg0mhqoV03YxP0vJy1eqBY="></latexit>

I

I

spectrum is positive-semidefinite: H| i = En| i
<latexit sha1_base64="8iy+OWxHIqFvjIquU+9TuNaOKYY=">AAACEXicbVBNS8NAEN3Ur1q/oh69LBahp5KooBehKEKPFewHNKFMttt26WYTdjdCif0LXvwrXjwo4tWbN/+N2zYH2/pg4PHeDDPzgpgzpR3nx8qtrK6tb+Q3C1vbO7t79v5BQ0WJJLROIh7JVgCKciZoXTPNaSuWFMKA02YwvJn4zQcqFYvEvR7F1A+hL1iPEdBG6til1CPAcXX86NUU8ySIPqf4Ct92UjGndeyiU3amwMvEzUgRZah17G+vG5EkpEITDkq1XSfWfgpSM8LpuOAlisZAhtCnbUMFhFT56fSjMT4xShf3ImlKaDxV/06kECo1CgPTGYIeqEVvIv7ntRPdu/RTJuJEU0Fmi3oJxzrCk3hwl0lKNB8ZAkQycysmA5BAtAmxYEJwF19eJo3TsntWdu7Oi5XrLI48OkLHqIRcdIEqqIpqqI4IekIv6A29W8/Wq/Vhfc5ac1Y2c4jmYH39AmlknWI=</latexit>

En � 0
<latexit sha1_base64="FVqtUirBoFwqZr9LG/ijMcX0nzI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GNRBI8V7Ac0oWy203bpZhN3N0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqlGwSU2DDcC24lCGoUCW+HoZuq3nlBpHssHM04wiOhA8j5n1FjJv+1mckL8AT4St1uuuFV3BrJMvJxUIEe9W/7yezFLI5SGCap1x3MTE2RUGc4ETkp+qjGhbEQH2LFU0gh1kM1unpATq/RIP1a2pCEz9fdERiOtx1FoOyNqhnrRm4r/eZ3U9K+CjMskNSjZfFE/FcTEZBoA6XGFzIixJZQpbm8lbEgVZcbGVLIheIsvL5PmWdU7r7r3F5XadR5HEY7gGE7Bg0uowR3UoQEMEniGV3hzUufFeXc+5q0FJ585hD9wPn8ADLWRBw==</latexit>

ground state: | i =
X

D

|Di
<latexit sha1_base64="4/sLj8QExiCKlh6JPMfHoFctKA0=">AAACCXicbVBNS8NAEJ34WetX1KOXxSJ4KokKehGK9uCxgv2AJoTNdtsu3WzC7kYoaa9e/CtePCji1X/gzX/jts1BWx8MPN6bYWZemHCmtON8W0vLK6tr64WN4ubW9s6uvbffUHEqCa2TmMeyFWJFORO0rpnmtJVIiqOQ02Y4uJn4zQcqFYvFvR4m1I9wT7AuI1gbKbDRyKsp5kksepyiK+SpNAqy6nhUzbXALjllZwq0SNyclCBHLbC/vE5M0ogKTThWqu06ifYzLDUjnI6LXqpogskA92jbUIEjqvxs+skYHRulg7qxNCU0mqq/JzIcKTWMQtMZYd1X895E/M9rp7p76WdMJKmmgswWdVOOdIwmsaAOk5RoPjQEE8nMrYj0scREm/CKJgR3/uVF0jgtu2dl5+68VLnO4yjAIRzBCbhwARW4hRrUgcAjPMMrvFlP1ov1bn3MWpesfOYA/sD6/AFmgJok</latexit>

SA ⇠ LA
<latexit sha1_base64="xLHFXTrCrhUGslXBa/8qh084j9s=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkqigh5bvXjwUNF+QBvCZrttl242YXcj1NBf4sWDIl79Kd78N27aHLT1wcDjvRlm5gUxZ0o7zrdVWFldW98obpa2tnd2y/befktFiSS0SSIeyU6AFeVM0KZmmtNOLCkOA07bwfg689uPVCoWiQc9iakX4qFgA0awNpJvl+/9OuopFqJbP61PS75dcarODGiZuDmpQI6Gb3/1+hFJQio04VipruvE2kux1IxwOi31EkVjTMZ4SLuGChxS5aWzw6fo2Ch9NIikKaHRTP09keJQqUkYmM4Q65Fa9DLxP6+b6MGllzIRJ5oKMl80SDjSEcpSQH0mKdF8YggmkplbERlhiYk2WWUhuIsvL5PWadU9qzp355XaVR5HEQ7hCE7AhQuowQ00oAkEEniGV3iznqwX6936mLcWrHzmAP7A+vwBDGuSCQ==</latexit>

sub-volume

quantum dimer model on square lattice with ground states in critical U(1) spin liquid phase

<latexit sha1_base64="cFJsFUpIbnfdZtzOrwi091nq6lo=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCG0siUt0IRTeupIJ9QFvCZHrTDp1kwsxEKCFu/BU3LhRx61+482+ctllo64F7OZxzLzP3+DFnSjvOt7WwuLS8slpYK65vbG5t2zu7DSUSSaFOBRey5RMFnEVQ10xzaMUSSOhzaPrD67HffACpmIju9SiGbkj6EQsYJdpInr3f9NIO4fGAZPgS33qpyE5Mh8yzS07ZmQDPEzcnJZSj5tlfnZ6gSQiRppwo1XadWHdTIjWjHLJiJ1EQEzokfWgbGpEQVDedXJDhI6P0cCCkqUjjifp7IyWhUqPQN5Mh0QM1643F/7x2ooOLbsqiONEQ0elDQcKxFngcB+4xCVTzkSGESmb+iumASEK1Ca1oQnBnT54njdOyWylX7s5K1as8jgI6QIfoGLnoHFXRDaqhOqLoET2jV/RmPVkv1rv1MR1dsPKdPfQH1ucPzK2Wfg==</latexit>

W↵ = No �Newinding numbers
<latexit sha1_base64="8xKm8K+Say9diqcyci+JPZ/PbXY=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4kDAjEr0IQS8eI5gFkjHUdHqSJj0L3T3qMOQ/vHhQxKv/4s2/sbMcNPFBweO9KqrqebHgStv2t5VbWl5ZXcuvFzY2t7Z3irt7DRUlkrI6jUQkWx4qJnjI6pprwVqxZBh4gjW94fXYbz4wqXgU3uk0Zm6A/ZD7nKI20n3WQREPcEQuydNJ2i2W7LI9AVkkzoyUYIZat/jV6UU0CVioqUCl2o4dazdDqTkVbFToJIrFSIfYZ21DQwyYcrPJ1SNyZJQe8SNpKtRkov6eyDBQKg080xmgHqh5byz+57UT7V+4GQ/jRLOQThf5iSA6IuMISI9LRrVIDUEqubmV0AFKpNoEVTAhOPMvL5LGadmplCu3Z6Xq1SyOPBzAIRyDA+dQhRuoQR0oSHiGV3izHq0X6936mLbmrNnMPvyB9fkDuTmSBQ==</latexit>↵ = x, y

ground state degeneracy depends on lattice dimensions (Lx,Ly:
<latexit sha1_base64="O6kV8LS3CBr0YNqNePsiVmwYsA4=">AAACJnicbVBLSwMxGMzWV62vqkcvwSJUxLJbpHoRil48eKhgH9BdlmyabUOzD5OsuCz7a7z4V7x4qIh486eYtito24HAZGY+km+ckFEhdf1Lyy0tr6yu5dcLG5tb2zvF3b2WCCKOSRMHLOAdBwnCqE+akkpGOiEnyHMYaTvD67HffiRc0MC/l3FILA/1fepSjKSS7OLlqelyhJNbO3mC5fg4TZNqCk1GHmD7V5peTxYE7WJJr+gTwHliZKQEMjTs4sjsBTjyiC8xQ0J0DT2UVoK4pJiRtGBGgoQID1GfdBX1kUeElUzWTOGRUnrQDbg6voQT9e9EgjwhYs9RSQ/JgZj1xuIirxtJ98JKqB9Gkvh4+pAbMSgDOO4M9ignWLJYEYQ5VX+FeIBUG1I1W1AlGLMrz5NWtWLUKrW7s1L9KqsjDw7AISgDA5yDOrgBDdAEGDyDVzAC79qL9qZ9aJ/TaE7LZvbBP2jfP06ypHo=</latexit>

�
Lx(y)

2
 Wx(y)  +

Lx(y)

2

<latexit sha1_base64="onW0EMb6zMxu2Ciiz8FS8W2X3G0=">AAACFXicbVDLSgMxFM3UV62vUZdugkWoKGVGpLoRim5ciFSwD2jrkElv29DMwyQjlmF+wo2/4saFIm4Fd/6NmbYLrR4InHvOvdzc44acSWVZX0ZmZnZufiG7mFtaXlldM9c3ajKIBIUqDXggGi6RwJkPVcUUh0YogHguh7o7OEv9+h0IyQL/Wg1DaHuk57Muo0RpyTH3c5dOLIEmN3FL3kZEQIJPcOHCie+TPXu3RTuBSqthWjlm3ipaI+C/xJ6QPJqg4pifrU5AIw98RTmRsmlboWrHRChGOSS5ViQhJHRAetDU1CceyHY8uirBO1rp4G4g9PMVHqk/J2LiSTn0XN3pEdWX014q/uc1I9U9bsfMDyMFPh0v6kYcqwCnEeEOE0AVH2pCqGD6r5j2iSBU6SBzOgR7+uS/pHZQtEvF0tVhvnw6iSOLttA2KiAbHaEyOkcVVEUUPaAn9IJejUfj2Xgz3setGWMys4l+wfj4BlwYna8=</latexit>

N⇤
sec = (Lx + 1) · (Ly + 1)

=)
<latexit sha1_base64="und7lpwWbUjwai3HUHLawFG+QK8=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5L4dld048JFBfuANpTJdJIOncyEmRulhn6JGxeKuPVT3Pk3pg+xih64cDjnXu7h+LHgBhznw8rNzS8sLuWXCyura+tFe2OzblSiKatRJZRu+sQwwSWrAQfBmrFmJPIFa/j9i5HfuGXacCVvYBAzLyKh5AGnBDKpYxfbV0qGmoc9IFqru45dcsvOGNj5JkeOe3bs4i+rhKaoduz3dlfRJGISqCDGtFwnBi8lGjgVbFhoJ4bFhPZJyFoZlSRixkvHwYd4N1O6OFA6Gwl4rM5epCQyZhD52WZEoGd+eyPxL6+VQHDqpVzGCTBJJ4+CRGBQeNQC7nLNKIhBRgjVPMuKaY9oQiHrqjBbwv+kvl92D8rO9WGpcj6tI4+20Q7aQy46QRV0iaqohihK0AN6Qs/WvfVovVivk9WcNb3ZQj9gvX0CYVCTjw==</latexit>

=)
<latexit sha1_base64="und7lpwWbUjwai3HUHLawFG+QK8=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5L4dld048JFBfuANpTJdJIOncyEmRulhn6JGxeKuPVT3Pk3pg+xih64cDjnXu7h+LHgBhznw8rNzS8sLuWXCyura+tFe2OzblSiKatRJZRu+sQwwSWrAQfBmrFmJPIFa/j9i5HfuGXacCVvYBAzLyKh5AGnBDKpYxfbV0qGmoc9IFqru45dcsvOGNj5JkeOe3bs4i+rhKaoduz3dlfRJGISqCDGtFwnBi8lGjgVbFhoJ4bFhPZJyFoZlSRixkvHwYd4N1O6OFA6Gwl4rM5epCQyZhD52WZEoGd+eyPxL6+VQHDqpVzGCTBJJ4+CRGBQeNQC7nLNKIhBRgjVPMuKaY9oQiHrqjBbwv+kvl92D8rO9WGpcj6tI4+20Q7aQy46QRV0iaqohihK0AN6Qs/WvfVovVivk9WcNb3ZQj9gvX0CYVCTjw==</latexit>

H2 = �H1

<latexit sha1_base64="9O1URJPyGC/Jg/Km8GCMeKwMJTc="></latexit>

square lattice bilayer

<latexit sha1_base64="5BM5eRT8Njq6tcafmOO+i2HEHcw=">AAACP3icbVBLS8NAEN74rPUV9ehlsQiCUJIi1YtQ9FJvFewDmhA22227dLMJuxuhhPwzL/4Fb169eFDEqzc3bYQ+HNjlm++bYWY+P2JUKst6NVZW19Y3Ngtbxe2d3b198+CwJcNYYNLEIQtFx0eSMMpJU1HFSCcSBAU+I21/dJvp7UciJA35gxpHxA3QgNM+xUhpyjNbToDUECOW1FN4DWcyL7FTJ1Q0IBLeQXiuv790rqqSam2+r5J6ZskqW5OAy8DOQQnk0fDMF6cX4jggXGGGpOzaVqTcBAlFMSNp0YkliRAeoQHpasiR3sNNJven8FQzPdgPhX5cwQk725GgQMpx4OvKbE+5qGXkf1o3Vv0rN6E8ihXheDqoHzOoQpiZCXtUEKzYWAOEBdW7QjxEAmGlLS9qE+zFk5dBq1K2q+Xq/UWpdpPbUQDH4AScARtcghqogwZoAgyewBv4AJ/Gs/FufBnf09IVI+85AnNh/PwCCUKu9A==</latexit>

H = H1 ⌦ I + I ⌦H2 +H12

<latexit sha1_base64="TDJuN7I4fskBNevxXzQh1KhqB60="></latexit>

=)

<latexit sha1_base64="C4pMGc7am9hUIJK1S7DHzR4JlvA="></latexit>

H12

Einstein-Podolsky-Rosen (EPR) scar states

perfectly correlated: dimer 
configurations identical in both 

layers



———————————————————————————————————————-
Quantum dimer model with interlayer coupling  

=)=)
observable symmetry broken

1. energy gap

2. ground state degeneracy on
topologically nontrivial surfaces

3. fractionalized quasiparticle
excitations with exotic statistics:
Abelian, non-Abelian

I

some experimental candidates:  no smoking gun measurement

very few theoretical models:
 i) RVB quantum spin liquid

ii) FQH lattice quantum spin liquid

I

I

I excitations: anyonsI

Many-body physics with Rydberg atoms

are Pauli operators 

creates or removes an excitation at site i 

effective model for 1d chain of Rydberg atoms: spin-1/2 model=)
<latexit sha1_base64="G87v39aguGUKUFQJ8zTzrDYSSGw="></latexit>

|Z2i = | • � • � • � . . .i
<latexit sha1_base64="HRtmPVkpmFshPCnGaSCTUu7lPyA="></latexit>

H =
LX

i=1

PiXi+1Pi+2

<latexit sha1_base64="sa1fXrGM2HuQCbX0WgHq4PJeD+M=">AAACenicfVFNT9wwEHUCbSH92tIjqmSxWtoKaZVskegFCZULBw6L1IUVm2008XqzFo4d2ROqVZofwV/j1l/CpYc6Sw4tVB3J8pv3ZjyembSQwmIY/vT8tfUnT59tbAbPX7x89brzZuvc6tIwPmJaajNOwXIpFB+hQMnHheGQp5JfpFfHjX5xzY0VWn3FZcGnOWRKzAUDdFTSuen9iHPARZpWl3UyiA2oTHJ6SAMnpKWUHGnMhG H0v56cabRtctCLT7XKjMgWCMbo78GqAgNZndTu5diWeVKJw6j+dkqHiaBj5+1F9bC5BnXS6Yb9cGX0MYha0CWtDZPObTzTrMy5QibB2kkUFjitwKBgktdBXFpeALuCjE8cVJBzO61Wo6tpzzEzOtfGHYV0xf6ZUUFu7TJPXWTThH2oNeS/tEmJ88/TSqiiRK7YfaF5KSlq2uyBzoThDOXSAWBGuL9StgADDN22AjeE6GHLj8H5oB996odn+92jL+04Nsg22SEfSEQOyBE5IUMyIozcee+8Xe+998vf8T/6e/ehvtfmvCV/mb//G7h+v4Y=</latexit>

Zi
<latexit sha1_base64="s7Obtvn6luEdn5R5Ws9DtrndnJ8="></latexit>

Xi = |�ih•|+ |•ih�|
<latexit sha1_base64="hHdMyepvGaRf8jqTo6bG7WXji9M="></latexit>

Zi = |•ih•|� |�ih�|
<latexit sha1_base64="w7rAxN5TWR6SSBfeYMaTlXtNfQ4="></latexit>

Pi = |�ih�| = (1� Zi)/2
<latexit sha1_base64="qAuW5lTcqfAQFTMlnEcNW17dHsE="></latexit>

P1X2P3| � ��i = | � •�i
<latexit sha1_base64="TEOoxxBE4F2vvKNCPErJbM9Gwes="></latexit>

P1X2P3| • ��i = 0
<latexit sha1_base64="YR3KMHRD5l/8bbDfjMJDTPFUh6g="></latexit>

P1X2P3| � �•i = 0
<latexit sha1_base64="uz3NFzb/GAjF64DjtliS+9b7nVU="></latexit>

P1X2P3| • �•i = 0
<latexit sha1_base64="d2t1KRweye+KjTLX7Br44YtAdGY="></latexit>

Xi,
<latexit sha1_base64="QVFGnP61lJnBhAB4DxkwqtaaLDM="></latexit>

Yi,
<latexit sha1_base64="ISAFJloD/bLepu+3uWIxoCXttJs="></latexit>

projectors ensure that the nearby atoms are not simultaneously 
in the excited state  

I

I

local basis states at site i: |•i = | "i
<latexit sha1_base64="jyzbeexYkU5beWmsPgsAhGL1lG4="></latexit>

|�i = | #i
<latexit sha1_base64="YFY96DmcokJ/E3ScWNpkq2/Ok3I="></latexit>

This model:

able to describe unexpected revivals in certain states

identifies special states responsible: 
quantum many-body scar states

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

thermo-field double scar states

square lattice bilayer

2D bilayer system

quantum dimer model on the square lattice

H1 =
X

hi,ji

�tij
⇣
b†i bj + h.c.

⌘
+ U

X

i

ni (ni � 1)

<latexit sha1_base64="ElPiid9Uzp5evvHAVJo04Gu9RHc="></latexit>

bosonic occupation operators

H2 = �H1

<latexit sha1_base64="9O1URJPyGC/Jg/Km8GCMeKwMJTc="></latexit>

H12 = �
X

i

(ni � nĩ)
2

<latexit sha1_base64="Fuu/h89qcqjsFWz9xraGgmeFiAk="></latexit>

=)
<latexit sha1_base64="vL+aoy03TDP9e7YkUApPFmr1dQ4=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqyHj213RjQsXFewD2qFk0kwbmkmGJKPUoV/ixoUibv0Ud/6N6QvUeuDC4Zx7ufeeMOFMG4S+nNzC4tLySn61sLa+sVl0t7ZrWqaK0CqRXKpGiDXlTNCqYYbTRqIojkNO62H/auTX76nSTIo7M0hoEOOuYBEj2Fip7RZbN1J0Fev2DFZKPrTdEvLQGBB5J8i/OPWhP1NmpASmqLTdz1ZHkjSmwhCOtW76KDFBhpVhhNNhoZVqmmDSx13atFTgmOogGx8+hPtW6cBIKlvCwLH6cyLDsdaDOLSdMTY9/dcbif95zdRE50HGRJIaKshkUZRyaCQcpQA7TFFi+MASTBSzt0LSwwoTY7Mq2BDmXp4ntUPPP/LQ7XGpfDmNIw92wR44AD44A2VwDSqgCghIwRN4Aa/Oo/PsvDnvk9acM53ZAb/gfHwDYgSTjw==</latexit>

|TFDi =
MmaxX

M=0

cM |TFDiM

<latexit sha1_base64="NpwX6JZIQu4IxVgwgPZyYpBGZMU="></latexit>

|TFDiM = PM

2

4
O

iN

 
1

p
↵BH

MX

n=0

|n, ni
!

i,̃i

3

5

<latexit sha1_base64="n4Axum1gcCCHGfLREQJM2YH9a0w="></latexit>

sector M bosons

“bosonic configurations 
identical in both layers”

work at Rokhsar-Kivelson (RK) point: t = v

<latexit sha1_base64="x7/OLEg0mhqoV03YxP0vJy1eqBY="></latexit>

I

I

spectrum is positive-semidefinite: H| i = En| i
<latexit sha1_base64="8iy+OWxHIqFvjIquU+9TuNaOKYY=">AAACEXicbVBNS8NAEN3Ur1q/oh69LBahp5KooBehKEKPFewHNKFMttt26WYTdjdCif0LXvwrXjwo4tWbN/+N2zYH2/pg4PHeDDPzgpgzpR3nx8qtrK6tb+Q3C1vbO7t79v5BQ0WJJLROIh7JVgCKciZoXTPNaSuWFMKA02YwvJn4zQcqFYvEvR7F1A+hL1iPEdBG6til1CPAcXX86NUU8ySIPqf4Ct92UjGndeyiU3amwMvEzUgRZah17G+vG5EkpEITDkq1XSfWfgpSM8LpuOAlisZAhtCnbUMFhFT56fSjMT4xShf3ImlKaDxV/06kECo1CgPTGYIeqEVvIv7ntRPdu/RTJuJEU0Fmi3oJxzrCk3hwl0lKNB8ZAkQycysmA5BAtAmxYEJwF19eJo3TsntWdu7Oi5XrLI48OkLHqIRcdIEqqIpqqI4IekIv6A29W8/Wq/Vhfc5ac1Y2c4jmYH39AmlknWI=</latexit>

En � 0
<latexit sha1_base64="FVqtUirBoFwqZr9LG/ijMcX0nzI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GNRBI8V7Ac0oWy203bpZhN3N0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqlGwSU2DDcC24lCGoUCW+HoZuq3nlBpHssHM04wiOhA8j5n1FjJv+1mckL8AT4St1uuuFV3BrJMvJxUIEe9W/7yezFLI5SGCap1x3MTE2RUGc4ETkp+qjGhbEQH2LFU0gh1kM1unpATq/RIP1a2pCEz9fdERiOtx1FoOyNqhnrRm4r/eZ3U9K+CjMskNSjZfFE/FcTEZBoA6XGFzIixJZQpbm8lbEgVZcbGVLIheIsvL5PmWdU7r7r3F5XadR5HEY7gGE7Bg0uowR3UoQEMEniGV3hzUufFeXc+5q0FJ585hD9wPn8ADLWRBw==</latexit>

ground state: | i =
X

D

|Di
<latexit sha1_base64="4/sLj8QExiCKlh6JPMfHoFctKA0=">AAACCXicbVBNS8NAEJ34WetX1KOXxSJ4KokKehGK9uCxgv2AJoTNdtsu3WzC7kYoaa9e/CtePCji1X/gzX/jts1BWx8MPN6bYWZemHCmtON8W0vLK6tr64WN4ubW9s6uvbffUHEqCa2TmMeyFWJFORO0rpnmtJVIiqOQ02Y4uJn4zQcqFYvFvR4m1I9wT7AuI1gbKbDRyKsp5kksepyiK+SpNAqy6nhUzbXALjllZwq0SNyclCBHLbC/vE5M0ogKTThWqu06ifYzLDUjnI6LXqpogskA92jbUIEjqvxs+skYHRulg7qxNCU0mqq/JzIcKTWMQtMZYd1X895E/M9rp7p76WdMJKmmgswWdVOOdIwmsaAOk5RoPjQEE8nMrYj0scREm/CKJgR3/uVF0jgtu2dl5+68VLnO4yjAIRzBCbhwARW4hRrUgcAjPMMrvFlP1ov1bn3MWpesfOYA/sD6/AFmgJok</latexit>

SA ⇠ LA
<latexit sha1_base64="xLHFXTrCrhUGslXBa/8qh084j9s=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkqigh5bvXjwUNF+QBvCZrttl242YXcj1NBf4sWDIl79Kd78N27aHLT1wcDjvRlm5gUxZ0o7zrdVWFldW98obpa2tnd2y/befktFiSS0SSIeyU6AFeVM0KZmmtNOLCkOA07bwfg689uPVCoWiQc9iakX4qFgA0awNpJvl+/9OuopFqJbP61PS75dcarODGiZuDmpQI6Gb3/1+hFJQio04VipruvE2kux1IxwOi31EkVjTMZ4SLuGChxS5aWzw6fo2Ch9NIikKaHRTP09keJQqUkYmM4Q65Fa9DLxP6+b6MGllzIRJ5oKMl80SDjSEcpSQH0mKdF8YggmkplbERlhiYk2WWUhuIsvL5PWadU9qzp355XaVR5HEQ7hCE7AhQuowQ00oAkEEniGV3iznqwX6936mLcWrHzmAP7A+vwBDGuSCQ==</latexit>

sub-volume

quantum dimer model on square lattice with ground states in critical U(1) spin liquid phase

<latexit sha1_base64="cFJsFUpIbnfdZtzOrwi091nq6lo=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCG0siUt0IRTeupIJ9QFvCZHrTDp1kwsxEKCFu/BU3LhRx61+482+ctllo64F7OZxzLzP3+DFnSjvOt7WwuLS8slpYK65vbG5t2zu7DSUSSaFOBRey5RMFnEVQ10xzaMUSSOhzaPrD67HffACpmIju9SiGbkj6EQsYJdpInr3f9NIO4fGAZPgS33qpyE5Mh8yzS07ZmQDPEzcnJZSj5tlfnZ6gSQiRppwo1XadWHdTIjWjHLJiJ1EQEzokfWgbGpEQVDedXJDhI6P0cCCkqUjjifp7IyWhUqPQN5Mh0QM1643F/7x2ooOLbsqiONEQ0elDQcKxFngcB+4xCVTzkSGESmb+iumASEK1Ca1oQnBnT54njdOyWylX7s5K1as8jgI6QIfoGLnoHFXRDaqhOqLoET2jV/RmPVkv1rv1MR1dsPKdPfQH1ucPzK2Wfg==</latexit>

W↵ = No �Newinding numbers
<latexit sha1_base64="8xKm8K+Say9diqcyci+JPZ/PbXY=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4kDAjEr0IQS8eI5gFkjHUdHqSJj0L3T3qMOQ/vHhQxKv/4s2/sbMcNPFBweO9KqrqebHgStv2t5VbWl5ZXcuvFzY2t7Z3irt7DRUlkrI6jUQkWx4qJnjI6pprwVqxZBh4gjW94fXYbz4wqXgU3uk0Zm6A/ZD7nKI20n3WQREPcEQuydNJ2i2W7LI9AVkkzoyUYIZat/jV6UU0CVioqUCl2o4dazdDqTkVbFToJIrFSIfYZ21DQwyYcrPJ1SNyZJQe8SNpKtRkov6eyDBQKg080xmgHqh5byz+57UT7V+4GQ/jRLOQThf5iSA6IuMISI9LRrVIDUEqubmV0AFKpNoEVTAhOPMvL5LGadmplCu3Z6Xq1SyOPBzAIRyDA+dQhRuoQR0oSHiGV3izHq0X6936mLbmrNnMPvyB9fkDuTmSBQ==</latexit>↵ = x, y

ground state degeneracy depends on lattice dimensions (Lx,Ly:
<latexit sha1_base64="O6kV8LS3CBr0YNqNePsiVmwYsA4=">AAACJnicbVBLSwMxGMzWV62vqkcvwSJUxLJbpHoRil48eKhgH9BdlmyabUOzD5OsuCz7a7z4V7x4qIh486eYtito24HAZGY+km+ckFEhdf1Lyy0tr6yu5dcLG5tb2zvF3b2WCCKOSRMHLOAdBwnCqE+akkpGOiEnyHMYaTvD67HffiRc0MC/l3FILA/1fepSjKSS7OLlqelyhJNbO3mC5fg4TZNqCk1GHmD7V5peTxYE7WJJr+gTwHliZKQEMjTs4sjsBTjyiC8xQ0J0DT2UVoK4pJiRtGBGgoQID1GfdBX1kUeElUzWTOGRUnrQDbg6voQT9e9EgjwhYs9RSQ/JgZj1xuIirxtJ98JKqB9Gkvh4+pAbMSgDOO4M9ignWLJYEYQ5VX+FeIBUG1I1W1AlGLMrz5NWtWLUKrW7s1L9KqsjDw7AISgDA5yDOrgBDdAEGDyDVzAC79qL9qZ9aJ/TaE7LZvbBP2jfP06ypHo=</latexit>

�
Lx(y)

2
 Wx(y)  +

Lx(y)

2

<latexit sha1_base64="onW0EMb6zMxu2Ciiz8FS8W2X3G0=">AAACFXicbVDLSgMxFM3UV62vUZdugkWoKGVGpLoRim5ciFSwD2jrkElv29DMwyQjlmF+wo2/4saFIm4Fd/6NmbYLrR4InHvOvdzc44acSWVZX0ZmZnZufiG7mFtaXlldM9c3ajKIBIUqDXggGi6RwJkPVcUUh0YogHguh7o7OEv9+h0IyQL/Wg1DaHuk57Muo0RpyTH3c5dOLIEmN3FL3kZEQIJPcOHCie+TPXu3RTuBSqthWjlm3ipaI+C/xJ6QPJqg4pifrU5AIw98RTmRsmlboWrHRChGOSS5ViQhJHRAetDU1CceyHY8uirBO1rp4G4g9PMVHqk/J2LiSTn0XN3pEdWX014q/uc1I9U9bsfMDyMFPh0v6kYcqwCnEeEOE0AVH2pCqGD6r5j2iSBU6SBzOgR7+uS/pHZQtEvF0tVhvnw6iSOLttA2KiAbHaEyOkcVVEUUPaAn9IJejUfj2Xgz3setGWMys4l+wfj4BlwYna8=</latexit>

N⇤
sec = (Lx + 1) · (Ly + 1)

=)
<latexit sha1_base64="und7lpwWbUjwai3HUHLawFG+QK8=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5L4dld048JFBfuANpTJdJIOncyEmRulhn6JGxeKuPVT3Pk3pg+xih64cDjnXu7h+LHgBhznw8rNzS8sLuWXCyura+tFe2OzblSiKatRJZRu+sQwwSWrAQfBmrFmJPIFa/j9i5HfuGXacCVvYBAzLyKh5AGnBDKpYxfbV0qGmoc9IFqru45dcsvOGNj5JkeOe3bs4i+rhKaoduz3dlfRJGISqCDGtFwnBi8lGjgVbFhoJ4bFhPZJyFoZlSRixkvHwYd4N1O6OFA6Gwl4rM5epCQyZhD52WZEoGd+eyPxL6+VQHDqpVzGCTBJJ4+CRGBQeNQC7nLNKIhBRgjVPMuKaY9oQiHrqjBbwv+kvl92D8rO9WGpcj6tI4+20Q7aQy46QRV0iaqohihK0AN6Qs/WvfVovVivk9WcNb3ZQj9gvX0CYVCTjw==</latexit>

=)
<latexit sha1_base64="und7lpwWbUjwai3HUHLawFG+QK8=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5L4dld048JFBfuANpTJdJIOncyEmRulhn6JGxeKuPVT3Pk3pg+xih64cDjnXu7h+LHgBhznw8rNzS8sLuWXCyura+tFe2OzblSiKatRJZRu+sQwwSWrAQfBmrFmJPIFa/j9i5HfuGXacCVvYBAzLyKh5AGnBDKpYxfbV0qGmoc9IFqru45dcsvOGNj5JkeOe3bs4i+rhKaoduz3dlfRJGISqCDGtFwnBi8lGjgVbFhoJ4bFhPZJyFoZlSRixkvHwYd4N1O6OFA6Gwl4rM5epCQyZhD52WZEoGd+eyPxL6+VQHDqpVzGCTBJJ4+CRGBQeNQC7nLNKIhBRgjVPMuKaY9oQiHrqjBbwv+kvl92D8rO9WGpcj6tI4+20Q7aQy46QRV0iaqohihK0AN6Qs/WvfVovVivk9WcNb3ZQj9gvX0CYVCTjw==</latexit>

H2 = �H1

<latexit sha1_base64="9O1URJPyGC/Jg/Km8GCMeKwMJTc="></latexit>

square lattice bilayer

<latexit sha1_base64="C4pMGc7am9hUIJK1S7DHzR4JlvA="></latexit>

H12

Einstein-Podolsky-Rosen (EPR) scar states

perfectly correlated: dimer 
configurations identical in both 

layers

<latexit sha1_base64="TDJuN7I4fskBNevxXzQh1KhqB60="></latexit>

=) <latexit sha1_base64="5BM5eRT8Njq6tcafmOO+i2HEHcw=">AAACP3icbVBLS8NAEN74rPUV9ehlsQiCUJIi1YtQ9FJvFewDmhA22227dLMJuxuhhPwzL/4Fb169eFDEqzc3bYQ+HNjlm++bYWY+P2JUKst6NVZW19Y3Ngtbxe2d3b198+CwJcNYYNLEIQtFx0eSMMpJU1HFSCcSBAU+I21/dJvp7UciJA35gxpHxA3QgNM+xUhpyjNbToDUECOW1FN4DWcyL7FTJ1Q0IBLeQXiuv790rqqSam2+r5J6ZskqW5OAy8DOQQnk0fDMF6cX4jggXGGGpOzaVqTcBAlFMSNp0YkliRAeoQHpasiR3sNNJven8FQzPdgPhX5cwQk725GgQMpx4OvKbE+5qGXkf1o3Vv0rN6E8ihXheDqoHzOoQpiZCXtUEKzYWAOEBdW7QjxEAmGlLS9qE+zFk5dBq1K2q+Xq/UWpdpPbUQDH4AScARtcghqogwZoAgyewBv4AJ/Gs/FufBnf09IVI+85AnNh/PwCCUKu9A==</latexit>

H = H1 ⌦ I + I ⌦H2 +H12
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Quantum dimer model with interlayer coupling  

=)=)
observable symmetry broken

1. energy gap

2. ground state degeneracy on
topologically nontrivial surfaces

3. fractionalized quasiparticle
excitations with exotic statistics:
Abelian, non-Abelian

I

some experimental candidates:  no smoking gun measurement

very few theoretical models:
 i) RVB quantum spin liquid

ii) FQH lattice quantum spin liquid

I

I

I excitations: anyonsI

Many-body physics with Rydberg atoms

are Pauli operators 

creates or removes an excitation at site i 

effective model for 1d chain of Rydberg atoms: spin-1/2 model=)
<latexit sha1_base64="G87v39aguGUKUFQJ8zTzrDYSSGw="></latexit>

|Z2i = | • � • � • � . . .i
<latexit sha1_base64="HRtmPVkpmFshPCnGaSCTUu7lPyA="></latexit>

H =
LX

i=1

PiXi+1Pi+2

<latexit sha1_base64="sa1fXrGM2HuQCbX0WgHq4PJeD+M=">AAACenicfVFNT9wwEHUCbSH92tIjqmSxWtoKaZVskegFCZULBw6L1IUVm2008XqzFo4d2ROqVZofwV/j1l/CpYc6Sw4tVB3J8pv3ZjyembSQwmIY/vT8tfUnT59tbAbPX7x89brzZuvc6tIwPmJaajNOwXIpFB+hQMnHheGQp5JfpFfHjX5xzY0VWn3FZcGnOWRKzAUDdFTSuen9iHPARZpWl3UyiA2oTHJ6SAMnpKWUHGnMhG H0v56cabRtctCLT7XKjMgWCMbo78GqAgNZndTu5diWeVKJw6j+dkqHiaBj5+1F9bC5BnXS6Yb9cGX0MYha0CWtDZPObTzTrMy5QibB2kkUFjitwKBgktdBXFpeALuCjE8cVJBzO61Wo6tpzzEzOtfGHYV0xf6ZUUFu7TJPXWTThH2oNeS/tEmJ88/TSqiiRK7YfaF5KSlq2uyBzoThDOXSAWBGuL9StgADDN22AjeE6GHLj8H5oB996odn+92jL+04Nsg22SEfSEQOyBE5IUMyIozcee+8Xe+998vf8T/6e/ehvtfmvCV/mb//G7h+v4Y=</latexit>

Zi
<latexit sha1_base64="s7Obtvn6luEdn5R5Ws9DtrndnJ8="></latexit>

Xi = |�ih•|+ |•ih�|
<latexit sha1_base64="hHdMyepvGaRf8jqTo6bG7WXji9M="></latexit>

Zi = |•ih•|� |�ih�|
<latexit sha1_base64="w7rAxN5TWR6SSBfeYMaTlXtNfQ4="></latexit>

Pi = |�ih�| = (1� Zi)/2
<latexit sha1_base64="qAuW5lTcqfAQFTMlnEcNW17dHsE="></latexit>

P1X2P3| � ��i = | � •�i
<latexit sha1_base64="TEOoxxBE4F2vvKNCPErJbM9Gwes="></latexit>

P1X2P3| • ��i = 0
<latexit sha1_base64="YR3KMHRD5l/8bbDfjMJDTPFUh6g="></latexit>

P1X2P3| � �•i = 0
<latexit sha1_base64="uz3NFzb/GAjF64DjtliS+9b7nVU="></latexit>

P1X2P3| • �•i = 0
<latexit sha1_base64="d2t1KRweye+KjTLX7Br44YtAdGY="></latexit>

Xi,
<latexit sha1_base64="QVFGnP61lJnBhAB4DxkwqtaaLDM="></latexit>

Yi,
<latexit sha1_base64="ISAFJloD/bLepu+3uWIxoCXttJs="></latexit>

projectors ensure that the nearby atoms are not simultaneously 
in the excited state  

I

I

local basis states at site i: |•i = | "i
<latexit sha1_base64="jyzbeexYkU5beWmsPgsAhGL1lG4="></latexit>

|�i = | #i
<latexit sha1_base64="YFY96DmcokJ/E3ScWNpkq2/Ok3I="></latexit>

This model:

able to describe unexpected revivals in certain states

identifies special states responsible: 
quantum many-body scar states

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

thermo-field double scar states

square lattice bilayer

2D bilayer system

quantum dimer model on the square lattice

H1 =
X

hi,ji

�tij
⇣
b†i bj + h.c.

⌘
+ U

X

i

ni (ni � 1)

<latexit sha1_base64="ElPiid9Uzp5evvHAVJo04Gu9RHc="></latexit>

bosonic occupation operators

H2 = �H1

<latexit sha1_base64="9O1URJPyGC/Jg/Km8GCMeKwMJTc="></latexit>

H12 = �
X

i

(ni � nĩ)
2

<latexit sha1_base64="Fuu/h89qcqjsFWz9xraGgmeFiAk="></latexit>

=)
<latexit sha1_base64="vL+aoy03TDP9e7YkUApPFmr1dQ4=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqyHj213RjQsXFewD2qFk0kwbmkmGJKPUoV/ixoUibv0Ud/6N6QvUeuDC4Zx7ufeeMOFMG4S+nNzC4tLySn61sLa+sVl0t7ZrWqaK0CqRXKpGiDXlTNCqYYbTRqIojkNO62H/auTX76nSTIo7M0hoEOOuYBEj2Fip7RZbN1J0Fev2DFZKPrTdEvLQGBB5J8i/OPWhP1NmpASmqLTdz1ZHkjSmwhCOtW76KDFBhpVhhNNhoZVqmmDSx13atFTgmOogGx8+hPtW6cBIKlvCwLH6cyLDsdaDOLSdMTY9/dcbif95zdRE50HGRJIaKshkUZRyaCQcpQA7TFFi+MASTBSzt0LSwwoTY7Mq2BDmXp4ntUPPP/LQ7XGpfDmNIw92wR44AD44A2VwDSqgCghIwRN4Aa/Oo/PsvDnvk9acM53ZAb/gfHwDYgSTjw==</latexit>

|TFDi =
MmaxX

M=0

cM |TFDiM

<latexit sha1_base64="NpwX6JZIQu4IxVgwgPZyYpBGZMU="></latexit>

|TFDiM = PM

2
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O

iN
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↵BH

MX

n=0

|n, ni
!

i,̃i

3

5

<latexit sha1_base64="n4Axum1gcCCHGfLREQJM2YH9a0w="></latexit>

sector M bosons

“bosonic configurations 
identical in both layers”

work at Rokhsar-Kivelson (RK) point: t = v

<latexit sha1_base64="x7/OLEg0mhqoV03YxP0vJy1eqBY="></latexit>

I

I

spectrum is positive-semidefinite: H| i = En| i
<latexit sha1_base64="8iy+OWxHIqFvjIquU+9TuNaOKYY=">AAACEXicbVBNS8NAEN3Ur1q/oh69LBahp5KooBehKEKPFewHNKFMttt26WYTdjdCif0LXvwrXjwo4tWbN/+N2zYH2/pg4PHeDDPzgpgzpR3nx8qtrK6tb+Q3C1vbO7t79v5BQ0WJJLROIh7JVgCKciZoXTPNaSuWFMKA02YwvJn4zQcqFYvEvR7F1A+hL1iPEdBG6til1CPAcXX86NUU8ySIPqf4Ct92UjGndeyiU3amwMvEzUgRZah17G+vG5EkpEITDkq1XSfWfgpSM8LpuOAlisZAhtCnbUMFhFT56fSjMT4xShf3ImlKaDxV/06kECo1CgPTGYIeqEVvIv7ntRPdu/RTJuJEU0Fmi3oJxzrCk3hwl0lKNB8ZAkQycysmA5BAtAmxYEJwF19eJo3TsntWdu7Oi5XrLI48OkLHqIRcdIEqqIpqqI4IekIv6A29W8/Wq/Vhfc5ac1Y2c4jmYH39AmlknWI=</latexit>

En � 0
<latexit sha1_base64="FVqtUirBoFwqZr9LG/ijMcX0nzI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GNRBI8V7Ac0oWy203bpZhN3N0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqlGwSU2DDcC24lCGoUCW+HoZuq3nlBpHssHM04wiOhA8j5n1FjJv+1mckL8AT4St1uuuFV3BrJMvJxUIEe9W/7yezFLI5SGCap1x3MTE2RUGc4ETkp+qjGhbEQH2LFU0gh1kM1unpATq/RIP1a2pCEz9fdERiOtx1FoOyNqhnrRm4r/eZ3U9K+CjMskNSjZfFE/FcTEZBoA6XGFzIixJZQpbm8lbEgVZcbGVLIheIsvL5PmWdU7r7r3F5XadR5HEY7gGE7Bg0uowR3UoQEMEniGV3hzUufFeXc+5q0FJ585hD9wPn8ADLWRBw==</latexit>

ground state: | i =
X

D

|Di
<latexit sha1_base64="4/sLj8QExiCKlh6JPMfHoFctKA0=">AAACCXicbVBNS8NAEJ34WetX1KOXxSJ4KokKehGK9uCxgv2AJoTNdtsu3WzC7kYoaa9e/CtePCji1X/gzX/jts1BWx8MPN6bYWZemHCmtON8W0vLK6tr64WN4ubW9s6uvbffUHEqCa2TmMeyFWJFORO0rpnmtJVIiqOQ02Y4uJn4zQcqFYvFvR4m1I9wT7AuI1gbKbDRyKsp5kksepyiK+SpNAqy6nhUzbXALjllZwq0SNyclCBHLbC/vE5M0ogKTThWqu06ifYzLDUjnI6LXqpogskA92jbUIEjqvxs+skYHRulg7qxNCU0mqq/JzIcKTWMQtMZYd1X895E/M9rp7p76WdMJKmmgswWdVOOdIwmsaAOk5RoPjQEE8nMrYj0scREm/CKJgR3/uVF0jgtu2dl5+68VLnO4yjAIRzBCbhwARW4hRrUgcAjPMMrvFlP1ov1bn3MWpesfOYA/sD6/AFmgJok</latexit>

SA ⇠ LA
<latexit sha1_base64="xLHFXTrCrhUGslXBa/8qh084j9s=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkqigh5bvXjwUNF+QBvCZrttl242YXcj1NBf4sWDIl79Kd78N27aHLT1wcDjvRlm5gUxZ0o7zrdVWFldW98obpa2tnd2y/befktFiSS0SSIeyU6AFeVM0KZmmtNOLCkOA07bwfg689uPVCoWiQc9iakX4qFgA0awNpJvl+/9OuopFqJbP61PS75dcarODGiZuDmpQI6Gb3/1+hFJQio04VipruvE2kux1IxwOi31EkVjTMZ4SLuGChxS5aWzw6fo2Ch9NIikKaHRTP09keJQqUkYmM4Q65Fa9DLxP6+b6MGllzIRJ5oKMl80SDjSEcpSQH0mKdF8YggmkplbERlhiYk2WWUhuIsvL5PWadU9qzp355XaVR5HEQ7hCE7AhQuowQ00oAkEEniGV3iznqwX6936mLcWrHzmAP7A+vwBDGuSCQ==</latexit>

sub-volume

quantum dimer model on square lattice with ground states in critical U(1) spin liquid phase

<latexit sha1_base64="cFJsFUpIbnfdZtzOrwi091nq6lo=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCG0siUt0IRTeupIJ9QFvCZHrTDp1kwsxEKCFu/BU3LhRx61+482+ctllo64F7OZxzLzP3+DFnSjvOt7WwuLS8slpYK65vbG5t2zu7DSUSSaFOBRey5RMFnEVQ10xzaMUSSOhzaPrD67HffACpmIju9SiGbkj6EQsYJdpInr3f9NIO4fGAZPgS33qpyE5Mh8yzS07ZmQDPEzcnJZSj5tlfnZ6gSQiRppwo1XadWHdTIjWjHLJiJ1EQEzokfWgbGpEQVDedXJDhI6P0cCCkqUjjifp7IyWhUqPQN5Mh0QM1643F/7x2ooOLbsqiONEQ0elDQcKxFngcB+4xCVTzkSGESmb+iumASEK1Ca1oQnBnT54njdOyWylX7s5K1as8jgI6QIfoGLnoHFXRDaqhOqLoET2jV/RmPVkv1rv1MR1dsPKdPfQH1ucPzK2Wfg==</latexit>

W↵ = No �Newinding numbers
<latexit sha1_base64="8xKm8K+Say9diqcyci+JPZ/PbXY=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4kDAjEr0IQS8eI5gFkjHUdHqSJj0L3T3qMOQ/vHhQxKv/4s2/sbMcNPFBweO9KqrqebHgStv2t5VbWl5ZXcuvFzY2t7Z3irt7DRUlkrI6jUQkWx4qJnjI6pprwVqxZBh4gjW94fXYbz4wqXgU3uk0Zm6A/ZD7nKI20n3WQREPcEQuydNJ2i2W7LI9AVkkzoyUYIZat/jV6UU0CVioqUCl2o4dazdDqTkVbFToJIrFSIfYZ21DQwyYcrPJ1SNyZJQe8SNpKtRkov6eyDBQKg080xmgHqh5byz+57UT7V+4GQ/jRLOQThf5iSA6IuMISI9LRrVIDUEqubmV0AFKpNoEVTAhOPMvL5LGadmplCu3Z6Xq1SyOPBzAIRyDA+dQhRuoQR0oSHiGV3izHq0X6936mLbmrNnMPvyB9fkDuTmSBQ==</latexit>↵ = x, y

ground state degeneracy depends on lattice dimensions (Lx,Ly:
<latexit sha1_base64="O6kV8LS3CBr0YNqNePsiVmwYsA4=">AAACJnicbVBLSwMxGMzWV62vqkcvwSJUxLJbpHoRil48eKhgH9BdlmyabUOzD5OsuCz7a7z4V7x4qIh486eYtito24HAZGY+km+ckFEhdf1Lyy0tr6yu5dcLG5tb2zvF3b2WCCKOSRMHLOAdBwnCqE+akkpGOiEnyHMYaTvD67HffiRc0MC/l3FILA/1fepSjKSS7OLlqelyhJNbO3mC5fg4TZNqCk1GHmD7V5peTxYE7WJJr+gTwHliZKQEMjTs4sjsBTjyiC8xQ0J0DT2UVoK4pJiRtGBGgoQID1GfdBX1kUeElUzWTOGRUnrQDbg6voQT9e9EgjwhYs9RSQ/JgZj1xuIirxtJ98JKqB9Gkvh4+pAbMSgDOO4M9ignWLJYEYQ5VX+FeIBUG1I1W1AlGLMrz5NWtWLUKrW7s1L9KqsjDw7AISgDA5yDOrgBDdAEGDyDVzAC79qL9qZ9aJ/TaE7LZvbBP2jfP06ypHo=</latexit>

�
Lx(y)

2
 Wx(y)  +

Lx(y)

2

<latexit sha1_base64="onW0EMb6zMxu2Ciiz8FS8W2X3G0=">AAACFXicbVDLSgMxFM3UV62vUZdugkWoKGVGpLoRim5ciFSwD2jrkElv29DMwyQjlmF+wo2/4saFIm4Fd/6NmbYLrR4InHvOvdzc44acSWVZX0ZmZnZufiG7mFtaXlldM9c3ajKIBIUqDXggGi6RwJkPVcUUh0YogHguh7o7OEv9+h0IyQL/Wg1DaHuk57Muo0RpyTH3c5dOLIEmN3FL3kZEQIJPcOHCie+TPXu3RTuBSqthWjlm3ipaI+C/xJ6QPJqg4pifrU5AIw98RTmRsmlboWrHRChGOSS5ViQhJHRAetDU1CceyHY8uirBO1rp4G4g9PMVHqk/J2LiSTn0XN3pEdWX014q/uc1I9U9bsfMDyMFPh0v6kYcqwCnEeEOE0AVH2pCqGD6r5j2iSBU6SBzOgR7+uS/pHZQtEvF0tVhvnw6iSOLttA2KiAbHaEyOkcVVEUUPaAn9IJejUfj2Xgz3setGWMys4l+wfj4BlwYna8=</latexit>

N⇤
sec = (Lx + 1) · (Ly + 1)

=)
<latexit sha1_base64="und7lpwWbUjwai3HUHLawFG+QK8=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5L4dld048JFBfuANpTJdJIOncyEmRulhn6JGxeKuPVT3Pk3pg+xih64cDjnXu7h+LHgBhznw8rNzS8sLuWXCyura+tFe2OzblSiKatRJZRu+sQwwSWrAQfBmrFmJPIFa/j9i5HfuGXacCVvYBAzLyKh5AGnBDKpYxfbV0qGmoc9IFqru45dcsvOGNj5JkeOe3bs4i+rhKaoduz3dlfRJGISqCDGtFwnBi8lGjgVbFhoJ4bFhPZJyFoZlSRixkvHwYd4N1O6OFA6Gwl4rM5epCQyZhD52WZEoGd+eyPxL6+VQHDqpVzGCTBJJ4+CRGBQeNQC7nLNKIhBRgjVPMuKaY9oQiHrqjBbwv+kvl92D8rO9WGpcj6tI4+20Q7aQy46QRV0iaqohihK0AN6Qs/WvfVovVivk9WcNb3ZQj9gvX0CYVCTjw==</latexit>

=)
<latexit sha1_base64="und7lpwWbUjwai3HUHLawFG+QK8=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5L4dld048JFBfuANpTJdJIOncyEmRulhn6JGxeKuPVT3Pk3pg+xih64cDjnXu7h+LHgBhznw8rNzS8sLuWXCyura+tFe2OzblSiKatRJZRu+sQwwSWrAQfBmrFmJPIFa/j9i5HfuGXacCVvYBAzLyKh5AGnBDKpYxfbV0qGmoc9IFqru45dcsvOGNj5JkeOe3bs4i+rhKaoduz3dlfRJGISqCDGtFwnBi8lGjgVbFhoJ4bFhPZJyFoZlSRixkvHwYd4N1O6OFA6Gwl4rM5epCQyZhD52WZEoGd+eyPxL6+VQHDqpVzGCTBJJ4+CRGBQeNQC7nLNKIhBRgjVPMuKaY9oQiHrqjBbwv+kvl92D8rO9WGpcj6tI4+20Q7aQy46QRV0iaqohihK0AN6Qs/WvfVovVivk9WcNb3ZQj9gvX0CYVCTjw==</latexit>

H2 = �H1

<latexit sha1_base64="9O1URJPyGC/Jg/Km8GCMeKwMJTc="></latexit>

square lattice bilayer

<latexit sha1_base64="C4pMGc7am9hUIJK1S7DHzR4JlvA="></latexit>

H12

Einstein-Podolsky-Rosen (EPR) scar states

perfectly correlated: dimer 
configurations identical in both 

layers

<latexit sha1_base64="TDJuN7I4fskBNevxXzQh1KhqB60="></latexit>

=) <latexit sha1_base64="5BM5eRT8Njq6tcafmOO+i2HEHcw=">AAACP3icbVBLS8NAEN74rPUV9ehlsQiCUJIi1YtQ9FJvFewDmhA22227dLMJuxuhhPwzL/4Fb169eFDEqzc3bYQ+HNjlm++bYWY+P2JUKst6NVZW19Y3Ngtbxe2d3b198+CwJcNYYNLEIQtFx0eSMMpJU1HFSCcSBAU+I21/dJvp7UciJA35gxpHxA3QgNM+xUhpyjNbToDUECOW1FN4DWcyL7FTJ1Q0IBLeQXiuv790rqqSam2+r5J6ZskqW5OAy8DOQQnk0fDMF6cX4jggXGGGpOzaVqTcBAlFMSNp0YkliRAeoQHpasiR3sNNJven8FQzPdgPhX5cwQk725GgQMpx4OvKbE+5qGXkf1o3Vv0rN6E8ihXheDqoHzOoQpiZCXtUEKzYWAOEBdW7QjxEAmGlLS9qE+zFk5dBq1K2q+Xq/UWpdpPbUQDH4AScARtcghqogwZoAgyewBv4AJ/Gs/FufBnf09IVI+85AnNh/PwCCUKu9A==</latexit>

H = H1 ⌦ I + I ⌦H2 +H12

Einstein-Podolsky-Rosen (EPR) scar states

tower of 2 critical U(1) 
scar states

<latexit sha1_base64="onW0EMb6zMxu2Ciiz8FS8W2X3G0=">AAACFXicbVDLSgMxFM3UV62vUZdugkWoKGVGpLoRim5ciFSwD2jrkElv29DMwyQjlmF+wo2/4saFIm4Fd/6NmbYLrR4InHvOvdzc44acSWVZX0ZmZnZufiG7mFtaXlldM9c3ajKIBIUqDXggGi6RwJkPVcUUh0YogHguh7o7OEv9+h0IyQL/Wg1DaHuk57Muo0RpyTH3c5dOLIEmN3FL3kZEQIJPcOHCie+TPXu3RTuBSqthWjlm3ipaI+C/xJ6QPJqg4pifrU5AIw98RTmRsmlboWrHRChGOSS5ViQhJHRAetDU1CceyHY8uirBO1rp4G4g9PMVHqk/J2LiSTn0XN3pEdWX014q/uc1I9U9bsfMDyMFPh0v6kYcqwCnEeEOE0AVH2pCqGD6r5j2iSBU6SBzOgR7+uS/pHZQtEvF0tVhvnw6iSOLttA2KiAbHaEyOkcVVEUUPaAn9IJejUfj2Xgz3setGWMys4l+wfj4BlwYna8=</latexit>

N⇤
sec = (Lx + 1) · (Ly + 1)

in general tower of 

scar states
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Quantum dimer model with interlayer coupling  

=)=)
observable symmetry broken

1. energy gap

2. ground state degeneracy on
topologically nontrivial surfaces

3. fractionalized quasiparticle
excitations with exotic statistics:
Abelian, non-Abelian

I

some experimental candidates:  no smoking gun measurement

very few theoretical models:
 i) RVB quantum spin liquid

ii) FQH lattice quantum spin liquid

I

I

I excitations: anyonsI

Many-body physics with Rydberg atoms

are Pauli operators 

creates or removes an excitation at site i 

effective model for 1d chain of Rydberg atoms: spin-1/2 model=)
<latexit sha1_base64="G87v39aguGUKUFQJ8zTzrDYSSGw="></latexit>
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P1X2P3| � ��i = | � •�i
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projectors ensure that the nearby atoms are not simultaneously 
in the excited state  

I

I

local basis states at site i: |•i = | "i
<latexit sha1_base64="jyzbeexYkU5beWmsPgsAhGL1lG4="></latexit>
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This model:

able to describe unexpected revivals in certain states

identifies special states responsible: 
quantum many-body scar states

=)
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thermo-field double scar states

square lattice bilayer

2D bilayer system

quantum dimer model on the square lattice
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bosonic occupation operators
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<latexit sha1_base64="n4Axum1gcCCHGfLREQJM2YH9a0w="></latexit>

sector M bosons

“bosonic configurations 
identical in both layers”

work at Rokhsar-Kivelson (RK) point: t = v

<latexit sha1_base64="x7/OLEg0mhqoV03YxP0vJy1eqBY="></latexit>
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spectrum is positive-semidefinite: H| i = En| i
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ground state: | i =
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sub-volume

quantum dimer model on square lattice with ground states in critical U(1) spin liquid phase
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ground state degeneracy depends on lattice dimensions (Lx,Ly:
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sec = (Lx + 1) · (Ly + 1)
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square lattice bilayer
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Einstein-Podolsky-Rosen (EPR) scar states

perfectly correlated: dimer 
configurations identical in both 

layers
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H = H1 ⌦ I + I ⌦H2 +H12

Einstein-Podolsky-Rosen (EPR) scar states

tower of 2 critical U(1) scar states 
with simple entanglement 

structure
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in general tower of 
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Quantum dimer model with interlayer coupling  

=)=)
observable symmetry broken

1. energy gap

2. ground state degeneracy on
topologically nontrivial surfaces

3. fractionalized quasiparticle
excitations with exotic statistics:
Abelian, non-Abelian

I

some experimental candidates:  no smoking gun measurement

very few theoretical models:
 i) RVB quantum spin liquid

ii) FQH lattice quantum spin liquid

I

I

I excitations: anyonsI

Many-body physics with Rydberg atoms

are Pauli operators 

creates or removes an excitation at site i 

effective model for 1d chain of Rydberg atoms: spin-1/2 model=)
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<latexit sha1_base64="hHdMyepvGaRf8jqTo6bG7WXji9M="></latexit>

Zi = |•ih•|� |�ih�|
<latexit sha1_base64="w7rAxN5TWR6SSBfeYMaTlXtNfQ4="></latexit>

Pi = |�ih�| = (1� Zi)/2
<latexit sha1_base64="qAuW5lTcqfAQFTMlnEcNW17dHsE="></latexit>

P1X2P3| � ��i = | � •�i
<latexit sha1_base64="TEOoxxBE4F2vvKNCPErJbM9Gwes="></latexit>

P1X2P3| • ��i = 0
<latexit sha1_base64="YR3KMHRD5l/8bbDfjMJDTPFUh6g="></latexit>

P1X2P3| � �•i = 0
<latexit sha1_base64="uz3NFzb/GAjF64DjtliS+9b7nVU="></latexit>

P1X2P3| • �•i = 0
<latexit sha1_base64="d2t1KRweye+KjTLX7Br44YtAdGY="></latexit>

Xi,
<latexit sha1_base64="QVFGnP61lJnBhAB4DxkwqtaaLDM="></latexit>

Yi,
<latexit sha1_base64="ISAFJloD/bLepu+3uWIxoCXttJs="></latexit>

projectors ensure that the nearby atoms are not simultaneously 
in the excited state  

I

I

local basis states at site i: |•i = | "i
<latexit sha1_base64="jyzbeexYkU5beWmsPgsAhGL1lG4="></latexit>

|�i = | #i
<latexit sha1_base64="YFY96DmcokJ/E3ScWNpkq2/Ok3I="></latexit>

This model:

able to describe unexpected revivals in certain states

identifies special states responsible: 
quantum many-body scar states

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

thermo-field double scar states

square lattice bilayer

2D bilayer system

quantum dimer model on the square lattice

H1 =
X

hi,ji

�tij
⇣
b†i bj + h.c.

⌘
+ U

X

i

ni (ni � 1)

<latexit sha1_base64="ElPiid9Uzp5evvHAVJo04Gu9RHc="></latexit>

bosonic occupation operators

H2 = �H1

<latexit sha1_base64="9O1URJPyGC/Jg/Km8GCMeKwMJTc="></latexit>

H12 = �
X

i

(ni � nĩ)
2

<latexit sha1_base64="Fuu/h89qcqjsFWz9xraGgmeFiAk="></latexit>

=)
<latexit sha1_base64="vL+aoy03TDP9e7YkUApPFmr1dQ4=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqyHj213RjQsXFewD2qFk0kwbmkmGJKPUoV/ixoUibv0Ud/6N6QvUeuDC4Zx7ufeeMOFMG4S+nNzC4tLySn61sLa+sVl0t7ZrWqaK0CqRXKpGiDXlTNCqYYbTRqIojkNO62H/auTX76nSTIo7M0hoEOOuYBEj2Fip7RZbN1J0Fev2DFZKPrTdEvLQGBB5J8i/OPWhP1NmpASmqLTdz1ZHkjSmwhCOtW76KDFBhpVhhNNhoZVqmmDSx13atFTgmOogGx8+hPtW6cBIKlvCwLH6cyLDsdaDOLSdMTY9/dcbif95zdRE50HGRJIaKshkUZRyaCQcpQA7TFFi+MASTBSzt0LSwwoTY7Mq2BDmXp4ntUPPP/LQ7XGpfDmNIw92wR44AD44A2VwDSqgCghIwRN4Aa/Oo/PsvDnvk9acM53ZAb/gfHwDYgSTjw==</latexit>

|TFDi =
MmaxX

M=0

cM |TFDiM

<latexit sha1_base64="NpwX6JZIQu4IxVgwgPZyYpBGZMU="></latexit>

|TFDiM = PM

2

4
O

iN

 
1

p
↵BH

MX

n=0

|n, ni
!

i,̃i

3

5

<latexit sha1_base64="n4Axum1gcCCHGfLREQJM2YH9a0w="></latexit>

sector M bosons

“bosonic configurations 
identical in both layers”

work at Rokhsar-Kivelson (RK) point: t = v

<latexit sha1_base64="x7/OLEg0mhqoV03YxP0vJy1eqBY="></latexit>

I

I

spectrum is positive-semidefinite: H| i = En| i
<latexit sha1_base64="8iy+OWxHIqFvjIquU+9TuNaOKYY=">AAACEXicbVBNS8NAEN3Ur1q/oh69LBahp5KooBehKEKPFewHNKFMttt26WYTdjdCif0LXvwrXjwo4tWbN/+N2zYH2/pg4PHeDDPzgpgzpR3nx8qtrK6tb+Q3C1vbO7t79v5BQ0WJJLROIh7JVgCKciZoXTPNaSuWFMKA02YwvJn4zQcqFYvEvR7F1A+hL1iPEdBG6til1CPAcXX86NUU8ySIPqf4Ct92UjGndeyiU3amwMvEzUgRZah17G+vG5EkpEITDkq1XSfWfgpSM8LpuOAlisZAhtCnbUMFhFT56fSjMT4xShf3ImlKaDxV/06kECo1CgPTGYIeqEVvIv7ntRPdu/RTJuJEU0Fmi3oJxzrCk3hwl0lKNB8ZAkQycysmA5BAtAmxYEJwF19eJo3TsntWdu7Oi5XrLI48OkLHqIRcdIEqqIpqqI4IekIv6A29W8/Wq/Vhfc5ac1Y2c4jmYH39AmlknWI=</latexit>

En � 0
<latexit sha1_base64="FVqtUirBoFwqZr9LG/ijMcX0nzI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GNRBI8V7Ac0oWy203bpZhN3N0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqlGwSU2DDcC24lCGoUCW+HoZuq3nlBpHssHM04wiOhA8j5n1FjJv+1mckL8AT4St1uuuFV3BrJMvJxUIEe9W/7yezFLI5SGCap1x3MTE2RUGc4ETkp+qjGhbEQH2LFU0gh1kM1unpATq/RIP1a2pCEz9fdERiOtx1FoOyNqhnrRm4r/eZ3U9K+CjMskNSjZfFE/FcTEZBoA6XGFzIixJZQpbm8lbEgVZcbGVLIheIsvL5PmWdU7r7r3F5XadR5HEY7gGE7Bg0uowR3UoQEMEniGV3hzUufFeXc+5q0FJ585hD9wPn8ADLWRBw==</latexit>

ground state: | i =
X

D

|Di
<latexit sha1_base64="4/sLj8QExiCKlh6JPMfHoFctKA0=">AAACCXicbVBNS8NAEJ34WetX1KOXxSJ4KokKehGK9uCxgv2AJoTNdtsu3WzC7kYoaa9e/CtePCji1X/gzX/jts1BWx8MPN6bYWZemHCmtON8W0vLK6tr64WN4ubW9s6uvbffUHEqCa2TmMeyFWJFORO0rpnmtJVIiqOQ02Y4uJn4zQcqFYvFvR4m1I9wT7AuI1gbKbDRyKsp5kksepyiK+SpNAqy6nhUzbXALjllZwq0SNyclCBHLbC/vE5M0ogKTThWqu06ifYzLDUjnI6LXqpogskA92jbUIEjqvxs+skYHRulg7qxNCU0mqq/JzIcKTWMQtMZYd1X895E/M9rp7p76WdMJKmmgswWdVOOdIwmsaAOk5RoPjQEE8nMrYj0scREm/CKJgR3/uVF0jgtu2dl5+68VLnO4yjAIRzBCbhwARW4hRrUgcAjPMMrvFlP1ov1bn3MWpesfOYA/sD6/AFmgJok</latexit>

SA ⇠ LA
<latexit sha1_base64="xLHFXTrCrhUGslXBa/8qh084j9s=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkqigh5bvXjwUNF+QBvCZrttl242YXcj1NBf4sWDIl79Kd78N27aHLT1wcDjvRlm5gUxZ0o7zrdVWFldW98obpa2tnd2y/befktFiSS0SSIeyU6AFeVM0KZmmtNOLCkOA07bwfg689uPVCoWiQc9iakX4qFgA0awNpJvl+/9OuopFqJbP61PS75dcarODGiZuDmpQI6Gb3/1+hFJQio04VipruvE2kux1IxwOi31EkVjTMZ4SLuGChxS5aWzw6fo2Ch9NIikKaHRTP09keJQqUkYmM4Q65Fa9DLxP6+b6MGllzIRJ5oKMl80SDjSEcpSQH0mKdF8YggmkplbERlhiYk2WWUhuIsvL5PWadU9qzp355XaVR5HEQ7hCE7AhQuowQ00oAkEEniGV3iznqwX6936mLcWrHzmAP7A+vwBDGuSCQ==</latexit>

sub-volume

quantum dimer model on square lattice with ground states in critical U(1) spin liquid phase

<latexit sha1_base64="cFJsFUpIbnfdZtzOrwi091nq6lo=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCG0siUt0IRTeupIJ9QFvCZHrTDp1kwsxEKCFu/BU3LhRx61+482+ctllo64F7OZxzLzP3+DFnSjvOt7WwuLS8slpYK65vbG5t2zu7DSUSSaFOBRey5RMFnEVQ10xzaMUSSOhzaPrD67HffACpmIju9SiGbkj6EQsYJdpInr3f9NIO4fGAZPgS33qpyE5Mh8yzS07ZmQDPEzcnJZSj5tlfnZ6gSQiRppwo1XadWHdTIjWjHLJiJ1EQEzokfWgbGpEQVDedXJDhI6P0cCCkqUjjifp7IyWhUqPQN5Mh0QM1643F/7x2ooOLbsqiONEQ0elDQcKxFngcB+4xCVTzkSGESmb+iumASEK1Ca1oQnBnT54njdOyWylX7s5K1as8jgI6QIfoGLnoHFXRDaqhOqLoET2jV/RmPVkv1rv1MR1dsPKdPfQH1ucPzK2Wfg==</latexit>

W↵ = No �Newinding numbers
<latexit sha1_base64="8xKm8K+Say9diqcyci+JPZ/PbXY=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4kDAjEr0IQS8eI5gFkjHUdHqSJj0L3T3qMOQ/vHhQxKv/4s2/sbMcNPFBweO9KqrqebHgStv2t5VbWl5ZXcuvFzY2t7Z3irt7DRUlkrI6jUQkWx4qJnjI6pprwVqxZBh4gjW94fXYbz4wqXgU3uk0Zm6A/ZD7nKI20n3WQREPcEQuydNJ2i2W7LI9AVkkzoyUYIZat/jV6UU0CVioqUCl2o4dazdDqTkVbFToJIrFSIfYZ21DQwyYcrPJ1SNyZJQe8SNpKtRkov6eyDBQKg080xmgHqh5byz+57UT7V+4GQ/jRLOQThf5iSA6IuMISI9LRrVIDUEqubmV0AFKpNoEVTAhOPMvL5LGadmplCu3Z6Xq1SyOPBzAIRyDA+dQhRuoQR0oSHiGV3izHq0X6936mLbmrNnMPvyB9fkDuTmSBQ==</latexit>↵ = x, y

ground state degeneracy depends on lattice dimensions (Lx,Ly:
<latexit sha1_base64="O6kV8LS3CBr0YNqNePsiVmwYsA4=">AAACJnicbVBLSwMxGMzWV62vqkcvwSJUxLJbpHoRil48eKhgH9BdlmyabUOzD5OsuCz7a7z4V7x4qIh486eYtito24HAZGY+km+ckFEhdf1Lyy0tr6yu5dcLG5tb2zvF3b2WCCKOSRMHLOAdBwnCqE+akkpGOiEnyHMYaTvD67HffiRc0MC/l3FILA/1fepSjKSS7OLlqelyhJNbO3mC5fg4TZNqCk1GHmD7V5peTxYE7WJJr+gTwHliZKQEMjTs4sjsBTjyiC8xQ0J0DT2UVoK4pJiRtGBGgoQID1GfdBX1kUeElUzWTOGRUnrQDbg6voQT9e9EgjwhYs9RSQ/JgZj1xuIirxtJ98JKqB9Gkvh4+pAbMSgDOO4M9ignWLJYEYQ5VX+FeIBUG1I1W1AlGLMrz5NWtWLUKrW7s1L9KqsjDw7AISgDA5yDOrgBDdAEGDyDVzAC79qL9qZ9aJ/TaE7LZvbBP2jfP06ypHo=</latexit>

�
Lx(y)

2
 Wx(y)  +

Lx(y)

2

<latexit sha1_base64="onW0EMb6zMxu2Ciiz8FS8W2X3G0=">AAACFXicbVDLSgMxFM3UV62vUZdugkWoKGVGpLoRim5ciFSwD2jrkElv29DMwyQjlmF+wo2/4saFIm4Fd/6NmbYLrR4InHvOvdzc44acSWVZX0ZmZnZufiG7mFtaXlldM9c3ajKIBIUqDXggGi6RwJkPVcUUh0YogHguh7o7OEv9+h0IyQL/Wg1DaHuk57Muo0RpyTH3c5dOLIEmN3FL3kZEQIJPcOHCie+TPXu3RTuBSqthWjlm3ipaI+C/xJ6QPJqg4pifrU5AIw98RTmRsmlboWrHRChGOSS5ViQhJHRAetDU1CceyHY8uirBO1rp4G4g9PMVHqk/J2LiSTn0XN3pEdWX014q/uc1I9U9bsfMDyMFPh0v6kYcqwCnEeEOE0AVH2pCqGD6r5j2iSBU6SBzOgR7+uS/pHZQtEvF0tVhvnw6iSOLttA2KiAbHaEyOkcVVEUUPaAn9IJejUfj2Xgz3setGWMys4l+wfj4BlwYna8=</latexit>

N⇤
sec = (Lx + 1) · (Ly + 1)

=)
<latexit sha1_base64="und7lpwWbUjwai3HUHLawFG+QK8=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5L4dld048JFBfuANpTJdJIOncyEmRulhn6JGxeKuPVT3Pk3pg+xih64cDjnXu7h+LHgBhznw8rNzS8sLuWXCyura+tFe2OzblSiKatRJZRu+sQwwSWrAQfBmrFmJPIFa/j9i5HfuGXacCVvYBAzLyKh5AGnBDKpYxfbV0qGmoc9IFqru45dcsvOGNj5JkeOe3bs4i+rhKaoduz3dlfRJGISqCDGtFwnBi8lGjgVbFhoJ4bFhPZJyFoZlSRixkvHwYd4N1O6OFA6Gwl4rM5epCQyZhD52WZEoGd+eyPxL6+VQHDqpVzGCTBJJ4+CRGBQeNQC7nLNKIhBRgjVPMuKaY9oQiHrqjBbwv+kvl92D8rO9WGpcj6tI4+20Q7aQy46QRV0iaqohihK0AN6Qs/WvfVovVivk9WcNb3ZQj9gvX0CYVCTjw==</latexit>

=)
<latexit sha1_base64="und7lpwWbUjwai3HUHLawFG+QK8=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5L4dld048JFBfuANpTJdJIOncyEmRulhn6JGxeKuPVT3Pk3pg+xih64cDjnXu7h+LHgBhznw8rNzS8sLuWXCyura+tFe2OzblSiKatRJZRu+sQwwSWrAQfBmrFmJPIFa/j9i5HfuGXacCVvYBAzLyKh5AGnBDKpYxfbV0qGmoc9IFqru45dcsvOGNj5JkeOe3bs4i+rhKaoduz3dlfRJGISqCDGtFwnBi8lGjgVbFhoJ4bFhPZJyFoZlSRixkvHwYd4N1O6OFA6Gwl4rM5epCQyZhD52WZEoGd+eyPxL6+VQHDqpVzGCTBJJ4+CRGBQeNQC7nLNKIhBRgjVPMuKaY9oQiHrqjBbwv+kvl92D8rO9WGpcj6tI4+20Q7aQy46QRV0iaqohihK0AN6Qs/WvfVovVivk9WcNb3ZQj9gvX0CYVCTjw==</latexit>

H2 = �H1

<latexit sha1_base64="9O1URJPyGC/Jg/Km8GCMeKwMJTc="></latexit>

square lattice bilayer

<latexit sha1_base64="C4pMGc7am9hUIJK1S7DHzR4JlvA="></latexit>

H12

Einstein-Podolsky-Rosen (EPR) scar states

perfectly correlated: dimer 
configurations identical in both 

layers

<latexit sha1_base64="TDJuN7I4fskBNevxXzQh1KhqB60="></latexit>

=) <latexit sha1_base64="5BM5eRT8Njq6tcafmOO+i2HEHcw=">AAACP3icbVBLS8NAEN74rPUV9ehlsQiCUJIi1YtQ9FJvFewDmhA22227dLMJuxuhhPwzL/4Fb169eFDEqzc3bYQ+HNjlm++bYWY+P2JUKst6NVZW19Y3Ngtbxe2d3b198+CwJcNYYNLEIQtFx0eSMMpJU1HFSCcSBAU+I21/dJvp7UciJA35gxpHxA3QgNM+xUhpyjNbToDUECOW1FN4DWcyL7FTJ1Q0IBLeQXiuv790rqqSam2+r5J6ZskqW5OAy8DOQQnk0fDMF6cX4jggXGGGpOzaVqTcBAlFMSNp0YkliRAeoQHpasiR3sNNJven8FQzPdgPhX5cwQk725GgQMpx4OvKbE+5qGXkf1o3Vv0rN6E8ihXheDqoHzOoQpiZCXtUEKzYWAOEBdW7QjxEAmGlLS9qE+zFk5dBq1K2q+Xq/UWpdpPbUQDH4AScARtcghqogwZoAgyewBv4AJ/Gs/FufBnf09IVI+85AnNh/PwCCUKu9A==</latexit>

H = H1 ⌦ I + I ⌦H2 +H12

Einstein-Podolsky-Rosen (EPR) scar states

tower of 2 critical U(1) scar states 
with simple entanglement 

structure

<latexit sha1_base64="onW0EMb6zMxu2Ciiz8FS8W2X3G0=">AAACFXicbVDLSgMxFM3UV62vUZdugkWoKGVGpLoRim5ciFSwD2jrkElv29DMwyQjlmF+wo2/4saFIm4Fd/6NmbYLrR4InHvOvdzc44acSWVZX0ZmZnZufiG7mFtaXlldM9c3ajKIBIUqDXggGi6RwJkPVcUUh0YogHguh7o7OEv9+h0IyQL/Wg1DaHuk57Muo0RpyTH3c5dOLIEmN3FL3kZEQIJPcOHCie+TPXu3RTuBSqthWjlm3ipaI+C/xJ6QPJqg4pifrU5AIw98RTmRsmlboWrHRChGOSS5ViQhJHRAetDU1CceyHY8uirBO1rp4G4g9PMVHqk/J2LiSTn0XN3pEdWX014q/uc1I9U9bsfMDyMFPh0v6kYcqwCnEeEOE0AVH2pCqGD6r5j2iSBU6SBzOgR7+uS/pHZQtEvF0tVhvnw6iSOLttA2KiAbHaEyOkcVVEUUPaAn9IJejUfj2Xgz3setGWMys4l+wfj4BlwYna8=</latexit>

N⇤
sec = (Lx + 1) · (Ly + 1)

in general tower of 

scar states

note that entanglement 
depends on choice of 

bipartition 



———————————————————————————————————————-
Quantum dimer model with interlayer coupling  

=)=)
observable symmetry broken

1. energy gap

2. ground state degeneracy on
topologically nontrivial surfaces

3. fractionalized quasiparticle
excitations with exotic statistics:
Abelian, non-Abelian

I

some experimental candidates:  no smoking gun measurement

very few theoretical models:
 i) RVB quantum spin liquid

ii) FQH lattice quantum spin liquid

I

I

I excitations: anyonsI

Many-body physics with Rydberg atoms

are Pauli operators 

creates or removes an excitation at site i 

effective model for 1d chain of Rydberg atoms: spin-1/2 model=)
<latexit sha1_base64="G87v39aguGUKUFQJ8zTzrDYSSGw="></latexit>

|Z2i = | • � • � • � . . .i
<latexit sha1_base64="HRtmPVkpmFshPCnGaSCTUu7lPyA="></latexit>

H =
LX

i=1

PiXi+1Pi+2

<latexit sha1_base64="sa1fXrGM2HuQCbX0WgHq4PJeD+M=">AAACenicfVFNT9wwEHUCbSH92tIjqmSxWtoKaZVskegFCZULBw6L1IUVm2008XqzFo4d2ROqVZofwV/j1l/CpYc6Sw4tVB3J8pv3ZjyembSQwmIY/vT8tfUnT59tbAbPX7x89brzZuvc6tIwPmJaajNOwXIpFB+hQMnHheGQp5JfpFfHjX5xzY0VWn3FZcGnOWRKzAUDdFTSuen9iHPARZpWl3UyiA2oTHJ6SAMnpKWUHGnMhG H0v56cabRtctCLT7XKjMgWCMbo78GqAgNZndTu5diWeVKJw6j+dkqHiaBj5+1F9bC5BnXS6Yb9cGX0MYha0CWtDZPObTzTrMy5QibB2kkUFjitwKBgktdBXFpeALuCjE8cVJBzO61Wo6tpzzEzOtfGHYV0xf6ZUUFu7TJPXWTThH2oNeS/tEmJ88/TSqiiRK7YfaF5KSlq2uyBzoThDOXSAWBGuL9StgADDN22AjeE6GHLj8H5oB996odn+92jL+04Nsg22SEfSEQOyBE5IUMyIozcee+8Xe+998vf8T/6e/ehvtfmvCV/mb//G7h+v4Y=</latexit>

Zi
<latexit sha1_base64="s7Obtvn6luEdn5R5Ws9DtrndnJ8="></latexit>

Xi = |�ih•|+ |•ih�|
<latexit sha1_base64="hHdMyepvGaRf8jqTo6bG7WXji9M="></latexit>

Zi = |•ih•|� |�ih�|
<latexit sha1_base64="w7rAxN5TWR6SSBfeYMaTlXtNfQ4="></latexit>

Pi = |�ih�| = (1� Zi)/2
<latexit sha1_base64="qAuW5lTcqfAQFTMlnEcNW17dHsE="></latexit>

P1X2P3| � ��i = | � •�i
<latexit sha1_base64="TEOoxxBE4F2vvKNCPErJbM9Gwes="></latexit>

P1X2P3| • ��i = 0
<latexit sha1_base64="YR3KMHRD5l/8bbDfjMJDTPFUh6g="></latexit>

P1X2P3| � �•i = 0
<latexit sha1_base64="uz3NFzb/GAjF64DjtliS+9b7nVU="></latexit>

P1X2P3| • �•i = 0
<latexit sha1_base64="d2t1KRweye+KjTLX7Br44YtAdGY="></latexit>

Xi,
<latexit sha1_base64="QVFGnP61lJnBhAB4DxkwqtaaLDM="></latexit>

Yi,
<latexit sha1_base64="ISAFJloD/bLepu+3uWIxoCXttJs="></latexit>

projectors ensure that the nearby atoms are not simultaneously 
in the excited state  

I

I

local basis states at site i: |•i = | "i
<latexit sha1_base64="jyzbeexYkU5beWmsPgsAhGL1lG4="></latexit>

|�i = | #i
<latexit sha1_base64="YFY96DmcokJ/E3ScWNpkq2/Ok3I="></latexit>

This model:

able to describe unexpected revivals in certain states

identifies special states responsible: 
quantum many-body scar states

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

thermo-field double scar states

square lattice bilayer

2D bilayer system

quantum dimer model on the square lattice

H1 =
X

hi,ji

�tij
⇣
b†i bj + h.c.

⌘
+ U

X

i

ni (ni � 1)

<latexit sha1_base64="ElPiid9Uzp5evvHAVJo04Gu9RHc="></latexit>

bosonic occupation operators

H2 = �H1

<latexit sha1_base64="9O1URJPyGC/Jg/Km8GCMeKwMJTc="></latexit>

H12 = �
X

i

(ni � nĩ)
2

<latexit sha1_base64="Fuu/h89qcqjsFWz9xraGgmeFiAk="></latexit>

=)
<latexit sha1_base64="vL+aoy03TDP9e7YkUApPFmr1dQ4=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqyHj213RjQsXFewD2qFk0kwbmkmGJKPUoV/ixoUibv0Ud/6N6QvUeuDC4Zx7ufeeMOFMG4S+nNzC4tLySn61sLa+sVl0t7ZrWqaK0CqRXKpGiDXlTNCqYYbTRqIojkNO62H/auTX76nSTIo7M0hoEOOuYBEj2Fip7RZbN1J0Fev2DFZKPrTdEvLQGBB5J8i/OPWhP1NmpASmqLTdz1ZHkjSmwhCOtW76KDFBhpVhhNNhoZVqmmDSx13atFTgmOogGx8+hPtW6cBIKlvCwLH6cyLDsdaDOLSdMTY9/dcbif95zdRE50HGRJIaKshkUZRyaCQcpQA7TFFi+MASTBSzt0LSwwoTY7Mq2BDmXp4ntUPPP/LQ7XGpfDmNIw92wR44AD44A2VwDSqgCghIwRN4Aa/Oo/PsvDnvk9acM53ZAb/gfHwDYgSTjw==</latexit>

|TFDi =
MmaxX

M=0

cM |TFDiM

<latexit sha1_base64="NpwX6JZIQu4IxVgwgPZyYpBGZMU="></latexit>

|TFDiM = PM

2

4
O

iN

 
1

p
↵BH

MX

n=0

|n, ni
!

i,̃i

3

5

<latexit sha1_base64="n4Axum1gcCCHGfLREQJM2YH9a0w="></latexit>

sector M bosons

“bosonic configurations 
identical in both layers”

work at Rokhsar-Kivelson (RK) point: t = v

<latexit sha1_base64="x7/OLEg0mhqoV03YxP0vJy1eqBY="></latexit>

I

I

spectrum is positive-semidefinite: H| i = En| i
<latexit sha1_base64="8iy+OWxHIqFvjIquU+9TuNaOKYY=">AAACEXicbVBNS8NAEN3Ur1q/oh69LBahp5KooBehKEKPFewHNKFMttt26WYTdjdCif0LXvwrXjwo4tWbN/+N2zYH2/pg4PHeDDPzgpgzpR3nx8qtrK6tb+Q3C1vbO7t79v5BQ0WJJLROIh7JVgCKciZoXTPNaSuWFMKA02YwvJn4zQcqFYvEvR7F1A+hL1iPEdBG6til1CPAcXX86NUU8ySIPqf4Ct92UjGndeyiU3amwMvEzUgRZah17G+vG5EkpEITDkq1XSfWfgpSM8LpuOAlisZAhtCnbUMFhFT56fSjMT4xShf3ImlKaDxV/06kECo1CgPTGYIeqEVvIv7ntRPdu/RTJuJEU0Fmi3oJxzrCk3hwl0lKNB8ZAkQycysmA5BAtAmxYEJwF19eJo3TsntWdu7Oi5XrLI48OkLHqIRcdIEqqIpqqI4IekIv6A29W8/Wq/Vhfc5ac1Y2c4jmYH39AmlknWI=</latexit>

En � 0
<latexit sha1_base64="FVqtUirBoFwqZr9LG/ijMcX0nzI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GNRBI8V7Ac0oWy203bpZhN3N0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqlGwSU2DDcC24lCGoUCW+HoZuq3nlBpHssHM04wiOhA8j5n1FjJv+1mckL8AT4St1uuuFV3BrJMvJxUIEe9W/7yezFLI5SGCap1x3MTE2RUGc4ETkp+qjGhbEQH2LFU0gh1kM1unpATq/RIP1a2pCEz9fdERiOtx1FoOyNqhnrRm4r/eZ3U9K+CjMskNSjZfFE/FcTEZBoA6XGFzIixJZQpbm8lbEgVZcbGVLIheIsvL5PmWdU7r7r3F5XadR5HEY7gGE7Bg0uowR3UoQEMEniGV3hzUufFeXc+5q0FJ585hD9wPn8ADLWRBw==</latexit>

ground state: | i =
X

D

|Di
<latexit sha1_base64="4/sLj8QExiCKlh6JPMfHoFctKA0=">AAACCXicbVBNS8NAEJ34WetX1KOXxSJ4KokKehGK9uCxgv2AJoTNdtsu3WzC7kYoaa9e/CtePCji1X/gzX/jts1BWx8MPN6bYWZemHCmtON8W0vLK6tr64WN4ubW9s6uvbffUHEqCa2TmMeyFWJFORO0rpnmtJVIiqOQ02Y4uJn4zQcqFYvFvR4m1I9wT7AuI1gbKbDRyKsp5kksepyiK+SpNAqy6nhUzbXALjllZwq0SNyclCBHLbC/vE5M0ogKTThWqu06ifYzLDUjnI6LXqpogskA92jbUIEjqvxs+skYHRulg7qxNCU0mqq/JzIcKTWMQtMZYd1X895E/M9rp7p76WdMJKmmgswWdVOOdIwmsaAOk5RoPjQEE8nMrYj0scREm/CKJgR3/uVF0jgtu2dl5+68VLnO4yjAIRzBCbhwARW4hRrUgcAjPMMrvFlP1ov1bn3MWpesfOYA/sD6/AFmgJok</latexit>

SA ⇠ LA
<latexit sha1_base64="xLHFXTrCrhUGslXBa/8qh084j9s=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkqigh5bvXjwUNF+QBvCZrttl242YXcj1NBf4sWDIl79Kd78N27aHLT1wcDjvRlm5gUxZ0o7zrdVWFldW98obpa2tnd2y/befktFiSS0SSIeyU6AFeVM0KZmmtNOLCkOA07bwfg689uPVCoWiQc9iakX4qFgA0awNpJvl+/9OuopFqJbP61PS75dcarODGiZuDmpQI6Gb3/1+hFJQio04VipruvE2kux1IxwOi31EkVjTMZ4SLuGChxS5aWzw6fo2Ch9NIikKaHRTP09keJQqUkYmM4Q65Fa9DLxP6+b6MGllzIRJ5oKMl80SDjSEcpSQH0mKdF8YggmkplbERlhiYk2WWUhuIsvL5PWadU9qzp355XaVR5HEQ7hCE7AhQuowQ00oAkEEniGV3iznqwX6936mLcWrHzmAP7A+vwBDGuSCQ==</latexit>

sub-volume

quantum dimer model on square lattice with ground states in critical U(1) spin liquid phase

<latexit sha1_base64="cFJsFUpIbnfdZtzOrwi091nq6lo=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCG0siUt0IRTeupIJ9QFvCZHrTDp1kwsxEKCFu/BU3LhRx61+482+ctllo64F7OZxzLzP3+DFnSjvOt7WwuLS8slpYK65vbG5t2zu7DSUSSaFOBRey5RMFnEVQ10xzaMUSSOhzaPrD67HffACpmIju9SiGbkj6EQsYJdpInr3f9NIO4fGAZPgS33qpyE5Mh8yzS07ZmQDPEzcnJZSj5tlfnZ6gSQiRppwo1XadWHdTIjWjHLJiJ1EQEzokfWgbGpEQVDedXJDhI6P0cCCkqUjjifp7IyWhUqPQN5Mh0QM1643F/7x2ooOLbsqiONEQ0elDQcKxFngcB+4xCVTzkSGESmb+iumASEK1Ca1oQnBnT54njdOyWylX7s5K1as8jgI6QIfoGLnoHFXRDaqhOqLoET2jV/RmPVkv1rv1MR1dsPKdPfQH1ucPzK2Wfg==</latexit>

W↵ = No �Newinding numbers
<latexit sha1_base64="8xKm8K+Say9diqcyci+JPZ/PbXY=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4kDAjEr0IQS8eI5gFkjHUdHqSJj0L3T3qMOQ/vHhQxKv/4s2/sbMcNPFBweO9KqrqebHgStv2t5VbWl5ZXcuvFzY2t7Z3irt7DRUlkrI6jUQkWx4qJnjI6pprwVqxZBh4gjW94fXYbz4wqXgU3uk0Zm6A/ZD7nKI20n3WQREPcEQuydNJ2i2W7LI9AVkkzoyUYIZat/jV6UU0CVioqUCl2o4dazdDqTkVbFToJIrFSIfYZ21DQwyYcrPJ1SNyZJQe8SNpKtRkov6eyDBQKg080xmgHqh5byz+57UT7V+4GQ/jRLOQThf5iSA6IuMISI9LRrVIDUEqubmV0AFKpNoEVTAhOPMvL5LGadmplCu3Z6Xq1SyOPBzAIRyDA+dQhRuoQR0oSHiGV3izHq0X6936mLbmrNnMPvyB9fkDuTmSBQ==</latexit>↵ = x, y

ground state degeneracy depends on lattice dimensions (Lx,Ly:
<latexit sha1_base64="O6kV8LS3CBr0YNqNePsiVmwYsA4=">AAACJnicbVBLSwMxGMzWV62vqkcvwSJUxLJbpHoRil48eKhgH9BdlmyabUOzD5OsuCz7a7z4V7x4qIh486eYtito24HAZGY+km+ckFEhdf1Lyy0tr6yu5dcLG5tb2zvF3b2WCCKOSRMHLOAdBwnCqE+akkpGOiEnyHMYaTvD67HffiRc0MC/l3FILA/1fepSjKSS7OLlqelyhJNbO3mC5fg4TZNqCk1GHmD7V5peTxYE7WJJr+gTwHliZKQEMjTs4sjsBTjyiC8xQ0J0DT2UVoK4pJiRtGBGgoQID1GfdBX1kUeElUzWTOGRUnrQDbg6voQT9e9EgjwhYs9RSQ/JgZj1xuIirxtJ98JKqB9Gkvh4+pAbMSgDOO4M9ignWLJYEYQ5VX+FeIBUG1I1W1AlGLMrz5NWtWLUKrW7s1L9KqsjDw7AISgDA5yDOrgBDdAEGDyDVzAC79qL9qZ9aJ/TaE7LZvbBP2jfP06ypHo=</latexit>

�
Lx(y)

2
 Wx(y)  +

Lx(y)

2

<latexit sha1_base64="onW0EMb6zMxu2Ciiz8FS8W2X3G0=">AAACFXicbVDLSgMxFM3UV62vUZdugkWoKGVGpLoRim5ciFSwD2jrkElv29DMwyQjlmF+wo2/4saFIm4Fd/6NmbYLrR4InHvOvdzc44acSWVZX0ZmZnZufiG7mFtaXlldM9c3ajKIBIUqDXggGi6RwJkPVcUUh0YogHguh7o7OEv9+h0IyQL/Wg1DaHuk57Muo0RpyTH3c5dOLIEmN3FL3kZEQIJPcOHCie+TPXu3RTuBSqthWjlm3ipaI+C/xJ6QPJqg4pifrU5AIw98RTmRsmlboWrHRChGOSS5ViQhJHRAetDU1CceyHY8uirBO1rp4G4g9PMVHqk/J2LiSTn0XN3pEdWX014q/uc1I9U9bsfMDyMFPh0v6kYcqwCnEeEOE0AVH2pCqGD6r5j2iSBU6SBzOgR7+uS/pHZQtEvF0tVhvnw6iSOLttA2KiAbHaEyOkcVVEUUPaAn9IJejUfj2Xgz3setGWMys4l+wfj4BlwYna8=</latexit>

N⇤
sec = (Lx + 1) · (Ly + 1)

=)
<latexit sha1_base64="und7lpwWbUjwai3HUHLawFG+QK8=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5L4dld048JFBfuANpTJdJIOncyEmRulhn6JGxeKuPVT3Pk3pg+xih64cDjnXu7h+LHgBhznw8rNzS8sLuWXCyura+tFe2OzblSiKatRJZRu+sQwwSWrAQfBmrFmJPIFa/j9i5HfuGXacCVvYBAzLyKh5AGnBDKpYxfbV0qGmoc9IFqru45dcsvOGNj5JkeOe3bs4i+rhKaoduz3dlfRJGISqCDGtFwnBi8lGjgVbFhoJ4bFhPZJyFoZlSRixkvHwYd4N1O6OFA6Gwl4rM5epCQyZhD52WZEoGd+eyPxL6+VQHDqpVzGCTBJJ4+CRGBQeNQC7nLNKIhBRgjVPMuKaY9oQiHrqjBbwv+kvl92D8rO9WGpcj6tI4+20Q7aQy46QRV0iaqohihK0AN6Qs/WvfVovVivk9WcNb3ZQj9gvX0CYVCTjw==</latexit>

=)
<latexit sha1_base64="und7lpwWbUjwai3HUHLawFG+QK8=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5L4dld048JFBfuANpTJdJIOncyEmRulhn6JGxeKuPVT3Pk3pg+xih64cDjnXu7h+LHgBhznw8rNzS8sLuWXCyura+tFe2OzblSiKatRJZRu+sQwwSWrAQfBmrFmJPIFa/j9i5HfuGXacCVvYBAzLyKh5AGnBDKpYxfbV0qGmoc9IFqru45dcsvOGNj5JkeOe3bs4i+rhKaoduz3dlfRJGISqCDGtFwnBi8lGjgVbFhoJ4bFhPZJyFoZlSRixkvHwYd4N1O6OFA6Gwl4rM5epCQyZhD52WZEoGd+eyPxL6+VQHDqpVzGCTBJJ4+CRGBQeNQC7nLNKIhBRgjVPMuKaY9oQiHrqjBbwv+kvl92D8rO9WGpcj6tI4+20Q7aQy46QRV0iaqohihK0AN6Qs/WvfVovVivk9WcNb3ZQj9gvX0CYVCTjw==</latexit>

H2 = �H1

<latexit sha1_base64="9O1URJPyGC/Jg/Km8GCMeKwMJTc="></latexit>

square lattice bilayer

<latexit sha1_base64="C4pMGc7am9hUIJK1S7DHzR4JlvA="></latexit>

H12

Einstein-Podolsky-Rosen (EPR) scar states

perfectly correlated: dimer 
configurations identical in both 

layers

<latexit sha1_base64="TDJuN7I4fskBNevxXzQh1KhqB60="></latexit>

=) <latexit sha1_base64="5BM5eRT8Njq6tcafmOO+i2HEHcw=">AAACP3icbVBLS8NAEN74rPUV9ehlsQiCUJIi1YtQ9FJvFewDmhA22227dLMJuxuhhPwzL/4Fb169eFDEqzc3bYQ+HNjlm++bYWY+P2JUKst6NVZW19Y3Ngtbxe2d3b198+CwJcNYYNLEIQtFx0eSMMpJU1HFSCcSBAU+I21/dJvp7UciJA35gxpHxA3QgNM+xUhpyjNbToDUECOW1FN4DWcyL7FTJ1Q0IBLeQXiuv790rqqSam2+r5J6ZskqW5OAy8DOQQnk0fDMF6cX4jggXGGGpOzaVqTcBAlFMSNp0YkliRAeoQHpasiR3sNNJven8FQzPdgPhX5cwQk725GgQMpx4OvKbE+5qGXkf1o3Vv0rN6E8ihXheDqoHzOoQpiZCXtUEKzYWAOEBdW7QjxEAmGlLS9qE+zFk5dBq1K2q+Xq/UWpdpPbUQDH4AScARtcghqogwZoAgyewBv4AJ/Gs/FufBnf09IVI+85AnNh/PwCCUKu9A==</latexit>

H = H1 ⌦ I + I ⌦H2 +H12

Einstein-Podolsky-Rosen (EPR) scar states

tower of 2 critical U(1) scar states 
with simple entanglement 

structure

<latexit sha1_base64="onW0EMb6zMxu2Ciiz8FS8W2X3G0=">AAACFXicbVDLSgMxFM3UV62vUZdugkWoKGVGpLoRim5ciFSwD2jrkElv29DMwyQjlmF+wo2/4saFIm4Fd/6NmbYLrR4InHvOvdzc44acSWVZX0ZmZnZufiG7mFtaXlldM9c3ajKIBIUqDXggGi6RwJkPVcUUh0YogHguh7o7OEv9+h0IyQL/Wg1DaHuk57Muo0RpyTH3c5dOLIEmN3FL3kZEQIJPcOHCie+TPXu3RTuBSqthWjlm3ipaI+C/xJ6QPJqg4pifrU5AIw98RTmRsmlboWrHRChGOSS5ViQhJHRAetDU1CceyHY8uirBO1rp4G4g9PMVHqk/J2LiSTn0XN3pEdWX014q/uc1I9U9bsfMDyMFPh0v6kYcqwCnEeEOE0AVH2pCqGD6r5j2iSBU6SBzOgR7+uS/pHZQtEvF0tVhvnw6iSOLttA2KiAbHaEyOkcVVEUUPaAn9IJejUfj2Xgz3setGWMys4l+wfj4BlwYna8=</latexit>

N⇤
sec = (Lx + 1) · (Ly + 1)

in general tower of 

scar states

note that entanglement 
depends on choice of 

bipartition 

note that entanglement 
depends on choice of 

bipartition 



———————————————————————————————————————-
Bose-Hubbard model with interlayer coupling  

=)=)
observable symmetry broken

1. energy gap

2. ground state degeneracy on
topologically nontrivial surfaces

3. fractionalized quasiparticle
excitations with exotic statistics:
Abelian, non-Abelian

I

some experimental candidates:  no smoking gun measurement

very few theoretical models:
 i) RVB quantum spin liquid

ii) FQH lattice quantum spin liquid

I

I

I excitations: anyonsI

Many-body physics with Rydberg atoms

are Pauli operators 

creates or removes an excitation at site i 

effective model for 1d chain of Rydberg atoms: spin-1/2 model=)
<latexit sha1_base64="G87v39aguGUKUFQJ8zTzrDYSSGw="></latexit>

|Z2i = | • � • � • � . . .i
<latexit sha1_base64="HRtmPVkpmFshPCnGaSCTUu7lPyA="></latexit>

H =
LX

i=1

PiXi+1Pi+2

<latexit sha1_base64="sa1fXrGM2HuQCbX0WgHq4PJeD+M=">AAACenicfVFNT9wwEHUCbSH92tIjqmSxWtoKaZVskegFCZULBw6L1IUVm2008XqzFo4d2ROqVZofwV/j1l/CpYc6Sw4tVB3J8pv3ZjyembSQwmIY/vT8tfUnT59tbAbPX7x89brzZuvc6tIwPmJaajNOwXIpFB+hQMnHheGQp5JfpFfHjX5xzY0VWn3FZcGnOWRKzAUDdFTSuen9iHPARZpWl3UyiA2oTHJ6SAMnpKWUHGnMhG H0v56cabRtctCLT7XKjMgWCMbo78GqAgNZndTu5diWeVKJw6j+dkqHiaBj5+1F9bC5BnXS6Yb9cGX0MYha0CWtDZPObTzTrMy5QibB2kkUFjitwKBgktdBXFpeALuCjE8cVJBzO61Wo6tpzzEzOtfGHYV0xf6ZUUFu7TJPXWTThH2oNeS/tEmJ88/TSqiiRK7YfaF5KSlq2uyBzoThDOXSAWBGuL9StgADDN22AjeE6GHLj8H5oB996odn+92jL+04Nsg22SEfSEQOyBE5IUMyIozcee+8Xe+998vf8T/6e/ehvtfmvCV/mb//G7h+v4Y=</latexit>

Zi
<latexit sha1_base64="s7Obtvn6luEdn5R5Ws9DtrndnJ8="></latexit>

Xi = |�ih•|+ |•ih�|
<latexit sha1_base64="hHdMyepvGaRf8jqTo6bG7WXji9M="></latexit>

Zi = |•ih•|� |�ih�|
<latexit sha1_base64="w7rAxN5TWR6SSBfeYMaTlXtNfQ4="></latexit>

Pi = |�ih�| = (1� Zi)/2
<latexit sha1_base64="qAuW5lTcqfAQFTMlnEcNW17dHsE="></latexit>

P1X2P3| � ��i = | � •�i
<latexit sha1_base64="TEOoxxBE4F2vvKNCPErJbM9Gwes="></latexit>

P1X2P3| • ��i = 0
<latexit sha1_base64="YR3KMHRD5l/8bbDfjMJDTPFUh6g="></latexit>

P1X2P3| � �•i = 0
<latexit sha1_base64="uz3NFzb/GAjF64DjtliS+9b7nVU="></latexit>

P1X2P3| • �•i = 0
<latexit sha1_base64="d2t1KRweye+KjTLX7Br44YtAdGY="></latexit>

Xi,
<latexit sha1_base64="QVFGnP61lJnBhAB4DxkwqtaaLDM="></latexit>

Yi,
<latexit sha1_base64="ISAFJloD/bLepu+3uWIxoCXttJs="></latexit>

projectors ensure that the nearby atoms are not simultaneously 
in the excited state  

I

I

local basis states at site i: |•i = | "i
<latexit sha1_base64="jyzbeexYkU5beWmsPgsAhGL1lG4="></latexit>

|�i = | #i
<latexit sha1_base64="YFY96DmcokJ/E3ScWNpkq2/Ok3I="></latexit>

This model:

able to describe unexpected revivals in certain states

identifies special states responsible: 
quantum many-body scar states

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

=)
<latexit sha1_base64="W3Gz3gKFXrzwS+sE3RCsQTwR/KA="></latexit>

thermo-field double scar states

square lattice bilayer

2D bilayer system

Bose-Hubbard model

H1 =
X

hi,ji

�tij
⇣
b†i bj + h.c.

⌘
+ U

X

i

ni (ni � 1)

<latexit sha1_base64="ElPiid9Uzp5evvHAVJo04Gu9RHc="></latexit>

[H, ni] = 0

<latexit sha1_base64="tXOMab+XagA6fa46Pt9ne5jvVBI="></latexit>

ni = 0, 1, 2, 3, . . .

<latexit sha1_base64="gUxPBKRMKBPFDp6BcbeRUXWVuC8="></latexit>

H =
X

hi,ji

�tij
⇣
b†i bj + h.c.

⌘
+ U

X

i

ni (ni � 1)

<latexit sha1_base64="U0ZvWjpEhjQVxn8VVwWJ9oMtYhs="></latexit>

bosonic occupation operators

H2 = �H1

<latexit sha1_base64="9O1URJPyGC/Jg/Km8GCMeKwMJTc="></latexit>

H12 = �
X

i
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Summary 

=)=)
observable symmetry broken

1. energy gap

2. ground state degeneracy on
topologically nontrivial surfaces

3. fractionalized quasiparticle
excitations with exotic statistics:
Abelian, non-Abelian

I

some experimental candidates:  no smoking gun measurement

very few theoretical models:
 i) RVB quantum spin liquid

ii) FQH lattice quantum spin liquid

I

I

I excitations: anyonsI

Many-body physics with Rydberg atoms

are Pauli operators 

creates or removes an excitation at site i 

effective model for 1d chain of Rydberg atoms: spin-1/2 model=)
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projectors ensure that the nearby atoms are not simultaneously 
in the excited state  
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local basis states at site i: |•i = | "i
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This model:

able to describe unexpected revivals in certain states

identifies special states responsible: 
quantum many-body scar states
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2d models?

2d topological models?

Challenge of the day: find those 2d topological  
quantum many-body scar models

Wildeboer et al., PRB 106 (2022)

(a)                                                   (b)

future

2D bilayer system
2D bilayer systems of various degrees of freedom:

spins, bosons, fermions, quantum dimers, … 

background on quantum many-body scars

billiard Bunimovich stadium, Rydberg experiment at Harvard 

PXP model and its experimental realization

I

I

mechanism for scar existence?

How far are the applications for quantum many-body scars (quantum information)?

quantum many-body scars in an actual compound <—> theory & experiment collaboration in the 
CMPMSD at BNL
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I

I

Quantum many-body scar states
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attention!

Quantum many-body scar states


