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Classical bit — unit of information:   or 0 1

Data stream  …0010110101…

Qubits and Entanglement

Entangled pair of qubits             “Bell pair”α |01⟩ + β |10⟩ |α | = |β | :

α

Quantum bit (“qubit”) — can be in a superposition  α |0⟩ + β |1⟩

|0⟩

|1⟩
Spin:  α | ↓ ⟩ + β | ↑ ⟩

Lattice site:  α | ⟩ + β | ⟩

Measurement gives:

 : probability |0⟩ |α |2

 : probability |1⟩ |β |2
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Classical bit — unit of information:   or 0 1

Data stream  …0010110101…

Qubits and Entanglement

Entangled pair of qubits             “Bell pair”α |01⟩ + β |10⟩ |α | = |β | :

Hard to prepare in a generic many-body environment

Long-range entanglement

Quantum bit (“qubit”) — can be in a superposition  α |0⟩ + β |1⟩

|0⟩

|1⟩
Spin:  α | ↓ ⟩ + β | ↑ ⟩

Lattice site:  α | ⟩ + β | ⟩

Measurement gives:

 : probability |0⟩ |α |2

 : probability |1⟩ |β |2



Harness symmetry to generate long-range entanglement

…

<latexit sha1_base64="ZuyRwR9nZB06vCys0phzHNAqEqs=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRlRdFl047KifUA7lEyatqGZzJjcKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYikMuu63s7K6tr6xWdgqbu/s7u2XDg4bJko043UWyUi3Amq4FIrXUaDkrVhzGgaSN4PRbeY3x1wbEalHnMTcD+lAib5gFK3kd0KKQ0Zl+jDtet1S2a24M5Bl4uWkDDlq3dJXpxexJOQKmaTGtD03Rj+lGgWTfFrsJIbHlI3ogLctVTTkxk9noafk1Co90o+0fQrJTP29kdLQmEkY2MkspFn0MvE/r51g/9pPhYoT5IrND/UTSTAiWQOkJzRnKCeWUKaFzUrYkGrK0PZUtCV4i19eJo3zindZce8vytWbvI4CHMMJnIEHV1CFO6hBHRg8wTO8wpszdl6cd+djPrri5DtH8AfO5w+6nJIR</latexit>

S1
<latexit sha1_base64="lu10O1Rzj1+pqb8zabBCWRqJXOs=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqswURZdFNy4r2ge0Q8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqaZkoQptEcqk6AdaUM0GbhhlOO7GiOAo4bQfj28xvT6jSTIpHM42pH+GhYCEj2FjJ70XYjAjm6cOsX+uXK27VnQOtEi8nFcjR6Je/egNJkogKQzjWuuu5sfFTrAwjnM5KvUTTGJMxHtKupQJHVPvpPPQMnVllgEKp7BMGzdXfGymOtJ5GgZ3MQuplLxP/87qJCa/9lIk4MVSQxaEw4chIlDWABkxRYvjUEkwUs1kRGWGFibE9lWwJ3vKXV0mrVvUuq+79RaV+k9dRhBM4hXPw4ArqcAcNaAKBJ3iGV3hzJs6L8+58LEYLTr5zDH/gfP4AvCCSEg==</latexit>

S2

<latexit sha1_base64="55K7gyE/BxUhce9lMkA4klDZK1s=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWZU1GXRjcuK9gHtUDJppg3NZMYkUyhDv8ONC0Xc+jHu/Bsz7Sy09UDgcM693JPjx4Jr4zjfqLCyura+UdwsbW3v7O6V9w+aOkoUZQ0aiUi1faKZ4JI1DDeCtWPFSOgL1vJHt5nfGjOleSQfzSRmXkgGkgecEmMlrxsSM6REpA/TntMrV5yqMwNeJm5OKpCj3it/dfsRTUImDRVE647rxMZLiTKcCjYtdRPNYkJHZMA6lkoSMu2ls9BTfGKVPg4iZZ80eKb+3khJqPUk9O1kFlIvepn4n9dJTHDtpVzGiWGSzg8FicAmwlkDuM8Vo0ZMLCFUcZsV0yFRhBrbU8mW4C5+eZk0z6ruZfX8/qJSu8nrKMIRHMMpuHAFNbiDOjSAwhM8wyu8oTF6Qe/oYz5aQPnOIfwB+vwBumKSFA==</latexit>

S0

<latexit sha1_base64="9S9QgIhvr7E/mVChVKa1zyR0RF8=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBHERZlRUZdFNy4r2ge0Q8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/naXlldW19cJGcXNre2e3tLff0DJRhNaJ5FK1AqwpZ4LWDTOctmJFcRRw2gyGt5nfHFGlmRSPZhxTP8J9wUJGsLGS34mwGRDM04dJ97RbKrsVdwq0SLyclCFHrVv66vQkSSIqDOFY67bnxsZPsTKMcDopdhJNY0yGuE/blgocUe2n09ATdGyVHgqlsk8YNFV/b6Q40nocBXYyC6nnvUz8z2snJrz2UybixFBBZofChCMjUdYA6jFFieFjSzBRzGZFZIAVJsb2VLQlePNfXiSNs4p3WTm/vyhXb/I6CnAIR3ACHlxBFe6gBnUg8ATP8Apvzsh5cd6dj9nokpPvHMAfOJ8/sUqSDg==</latexit>

S⇤

<latexit sha1_base64="66loTG/B8KHjS6CZo487+6hpEqU=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyVRUY9FLx4r2g9oQ9lsp+3S3STsTsQY+ku8eFDEqz/Fm//GbZuDVh8MPN6bYWZeEAuu0XW/rMLS8srqWnG9tLG5tV22d3abOkoUgwaLRKTaAdUgeAgN5CigHSugMhDQCsZXU791D0rzKLzDNAZf0mHIB5xRNFLPLncRHjC7TaUEVOmkZ1fcqjuD85d4OamQHPWe/dntRyyRECITVOuO58boZ1QhZwImpW6iIaZsTIfQMTSkErSfzQ6fOIdG6TuDSJkK0ZmpPycyKrVOZWA6JcWRXvSm4n9eJ8HBhZ/xME4QQjZfNEiEg5EzTcHpcwUMRWoIZYqbWx02oooyNFmVTAje4st/SfO46p1VT25OK7XLPI4i2ScH5Ih45JzUyDWpkwZhJCFP5IW8Wo/Ws/Vmvc9bC1Y+s0d+wfr4Brumk8w=</latexit>

Symmetry
<latexit sha1_base64="x/jtrk1Edxy4WnRuN3wYv7oP4zQ=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMegF48RzAOSNcxOepMhs7PLTK8alvyHFw+KePVfvPk3Th4HTSxoKKq66e4KEikMuu63k1taXlldy68XNja3tneKu3t1E6eaQ43HMtbNgBmQQkENBUpoJhpYFEhoBIPrsd94AG1ErO5wmIAfsZ4SoeAMrXTfRnjCzADHWJtRp1hyy+4EdJF4M1IiM1Q7xa92N+ZpBAq5ZMa0PDdBP2MaBZcwKrRTAwnjA9aDlqWKRWD8bHL1iB5ZpUvDWNtSSCfq74mMRcYMo8B2Rgz7Zt4bi/95rRTDSz8TKkkRFJ8uClNJMabjCGhXaPuwHFrCuBb2Vsr7TDOONqiCDcGbf3mR1E/K3nn59PasVLmaxZEnB+SQHBOPXJAKuSFVUiOcaPJMXsmb8+i8OO/Ox7Q158xm9skfOJ8/fS+TKg==</latexit>

sectors

Low
entanglement

High
entanglement

Principle



Harness symmetry to generate long-range entanglement

…

<latexit sha1_base64="ZuyRwR9nZB06vCys0phzHNAqEqs=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRlRdFl047KifUA7lEyatqGZzJjcKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYikMuu63s7K6tr6xWdgqbu/s7u2XDg4bJko043UWyUi3Amq4FIrXUaDkrVhzGgaSN4PRbeY3x1wbEalHnMTcD+lAib5gFK3kd0KKQ0Zl+jDtet1S2a24M5Bl4uWkDDlq3dJXpxexJOQKmaTGtD03Rj+lGgWTfFrsJIbHlI3ogLctVTTkxk9noafk1Co90o+0fQrJTP29kdLQmEkY2MkspFn0MvE/r51g/9pPhYoT5IrND/UTSTAiWQOkJzRnKCeWUKaFzUrYkGrK0PZUtCV4i19eJo3zindZce8vytWbvI4CHMMJnIEHV1CFO6hBHRg8wTO8wpszdl6cd+djPrri5DtH8AfO5w+6nJIR</latexit>

S1
<latexit sha1_base64="lu10O1Rzj1+pqb8zabBCWRqJXOs=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqswURZdFNy4r2ge0Q8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqaZkoQptEcqk6AdaUM0GbhhlOO7GiOAo4bQfj28xvT6jSTIpHM42pH+GhYCEj2FjJ70XYjAjm6cOsX+uXK27VnQOtEi8nFcjR6Je/egNJkogKQzjWuuu5sfFTrAwjnM5KvUTTGJMxHtKupQJHVPvpPPQMnVllgEKp7BMGzdXfGymOtJ5GgZ3MQuplLxP/87qJCa/9lIk4MVSQxaEw4chIlDWABkxRYvjUEkwUs1kRGWGFibE9lWwJ3vKXV0mrVvUuq+79RaV+k9dRhBM4hXPw4ArqcAcNaAKBJ3iGV3hzJs6L8+58LEYLTr5zDH/gfP4AvCCSEg==</latexit>

S2

<latexit sha1_base64="55K7gyE/BxUhce9lMkA4klDZK1s=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWZU1GXRjcuK9gHtUDJppg3NZMYkUyhDv8ONC0Xc+jHu/Bsz7Sy09UDgcM693JPjx4Jr4zjfqLCyura+UdwsbW3v7O6V9w+aOkoUZQ0aiUi1faKZ4JI1DDeCtWPFSOgL1vJHt5nfGjOleSQfzSRmXkgGkgecEmMlrxsSM6REpA/TntMrV5yqMwNeJm5OKpCj3it/dfsRTUImDRVE647rxMZLiTKcCjYtdRPNYkJHZMA6lkoSMu2ls9BTfGKVPg4iZZ80eKb+3khJqPUk9O1kFlIvepn4n9dJTHDtpVzGiWGSzg8FicAmwlkDuM8Vo0ZMLCFUcZsV0yFRhBrbU8mW4C5+eZk0z6ruZfX8/qJSu8nrKMIRHMMpuHAFNbiDOjSAwhM8wyu8oTF6Qe/oYz5aQPnOIfwB+vwBumKSFA==</latexit>

S0

<latexit sha1_base64="9S9QgIhvr7E/mVChVKa1zyR0RF8=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBHERZlRUZdFNy4r2ge0Q8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/naXlldW19cJGcXNre2e3tLff0DJRhNaJ5FK1AqwpZ4LWDTOctmJFcRRw2gyGt5nfHFGlmRSPZhxTP8J9wUJGsLGS34mwGRDM04dJ97RbKrsVdwq0SLyclCFHrVv66vQkSSIqDOFY67bnxsZPsTKMcDopdhJNY0yGuE/blgocUe2n09ATdGyVHgqlsk8YNFV/b6Q40nocBXYyC6nnvUz8z2snJrz2UybixFBBZofChCMjUdYA6jFFieFjSzBRzGZFZIAVJsb2VLQlePNfXiSNs4p3WTm/vyhXb/I6CnAIR3ACHlxBFe6gBnUg8ATP8Apvzsh5cd6dj9nokpPvHMAfOJ8/sUqSDg==</latexit>

S⇤

<latexit sha1_base64="66loTG/B8KHjS6CZo487+6hpEqU=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyVRUY9FLx4r2g9oQ9lsp+3S3STsTsQY+ku8eFDEqz/Fm//GbZuDVh8MPN6bYWZeEAuu0XW/rMLS8srqWnG9tLG5tV22d3abOkoUgwaLRKTaAdUgeAgN5CigHSugMhDQCsZXU791D0rzKLzDNAZf0mHIB5xRNFLPLncRHjC7TaUEVOmkZ1fcqjuD85d4OamQHPWe/dntRyyRECITVOuO58boZ1QhZwImpW6iIaZsTIfQMTSkErSfzQ6fOIdG6TuDSJkK0ZmpPycyKrVOZWA6JcWRXvSm4n9eJ8HBhZ/xME4QQjZfNEiEg5EzTcHpcwUMRWoIZYqbWx02oooyNFmVTAje4st/SfO46p1VT25OK7XLPI4i2ScH5Ih45JzUyDWpkwZhJCFP5IW8Wo/Ws/Vmvc9bC1Y+s0d+wfr4Brumk8w=</latexit>

Symmetry
<latexit sha1_base64="x/jtrk1Edxy4WnRuN3wYv7oP4zQ=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMegF48RzAOSNcxOepMhs7PLTK8alvyHFw+KePVfvPk3Th4HTSxoKKq66e4KEikMuu63k1taXlldy68XNja3tneKu3t1E6eaQ43HMtbNgBmQQkENBUpoJhpYFEhoBIPrsd94AG1ErO5wmIAfsZ4SoeAMrXTfRnjCzADHWJtRp1hyy+4EdJF4M1IiM1Q7xa92N+ZpBAq5ZMa0PDdBP2MaBZcwKrRTAwnjA9aDlqWKRWD8bHL1iB5ZpUvDWNtSSCfq74mMRcYMo8B2Rgz7Zt4bi/95rRTDSz8TKkkRFJ8uClNJMabjCGhXaPuwHFrCuBb2Vsr7TDOONqiCDcGbf3mR1E/K3nn59PasVLmaxZEnB+SQHBOPXJAKuSFVUiOcaPJMXsmb8+i8OO/Ox7Q158xm9skfOJ8/fS+TKg==</latexit>

sectors

<latexit sha1_base64="UgLHzPwgdhFI3nHU6cfflvIRt9A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSA/a8XrniVt0ZyDLxclKBHPVe+avbj1kacYVMUmM6npugn1GNgkk+KXVTwxPKRnTAO5YqGnHjZ7NTJ+TEKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZUEmKXLH5ojCVBGMy/Zv0heYM5dgSyrSwtxI2pJoytOmUbAje4svLpHlW9S6r5/cXldpNHkcRjuAYTsGDK6jBHdShAQwG8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwAINI2k</latexit>

t1
Low

entanglement

High
entanglement

Principle



Harness symmetry to generate long-range entanglement

…

<latexit sha1_base64="ZuyRwR9nZB06vCys0phzHNAqEqs=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRlRdFl047KifUA7lEyatqGZzJjcKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYikMuu63s7K6tr6xWdgqbu/s7u2XDg4bJko043UWyUi3Amq4FIrXUaDkrVhzGgaSN4PRbeY3x1wbEalHnMTcD+lAib5gFK3kd0KKQ0Zl+jDtet1S2a24M5Bl4uWkDDlq3dJXpxexJOQKmaTGtD03Rj+lGgWTfFrsJIbHlI3ogLctVTTkxk9noafk1Co90o+0fQrJTP29kdLQmEkY2MkspFn0MvE/r51g/9pPhYoT5IrND/UTSTAiWQOkJzRnKCeWUKaFzUrYkGrK0PZUtCV4i19eJo3zindZce8vytWbvI4CHMMJnIEHV1CFO6hBHRg8wTO8wpszdl6cd+djPrri5DtH8AfO5w+6nJIR</latexit>

S1
<latexit sha1_base64="lu10O1Rzj1+pqb8zabBCWRqJXOs=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqswURZdFNy4r2ge0Q8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqaZkoQptEcqk6AdaUM0GbhhlOO7GiOAo4bQfj28xvT6jSTIpHM42pH+GhYCEj2FjJ70XYjAjm6cOsX+uXK27VnQOtEi8nFcjR6Je/egNJkogKQzjWuuu5sfFTrAwjnM5KvUTTGJMxHtKupQJHVPvpPPQMnVllgEKp7BMGzdXfGymOtJ5GgZ3MQuplLxP/87qJCa/9lIk4MVSQxaEw4chIlDWABkxRYvjUEkwUs1kRGWGFibE9lWwJ3vKXV0mrVvUuq+79RaV+k9dRhBM4hXPw4ArqcAcNaAKBJ3iGV3hzJs6L8+58LEYLTr5zDH/gfP4AvCCSEg==</latexit>

S2

<latexit sha1_base64="55K7gyE/BxUhce9lMkA4klDZK1s=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWZU1GXRjcuK9gHtUDJppg3NZMYkUyhDv8ONC0Xc+jHu/Bsz7Sy09UDgcM693JPjx4Jr4zjfqLCyura+UdwsbW3v7O6V9w+aOkoUZQ0aiUi1faKZ4JI1DDeCtWPFSOgL1vJHt5nfGjOleSQfzSRmXkgGkgecEmMlrxsSM6REpA/TntMrV5yqMwNeJm5OKpCj3it/dfsRTUImDRVE647rxMZLiTKcCjYtdRPNYkJHZMA6lkoSMu2ls9BTfGKVPg4iZZ80eKb+3khJqPUk9O1kFlIvepn4n9dJTHDtpVzGiWGSzg8FicAmwlkDuM8Vo0ZMLCFUcZsV0yFRhBrbU8mW4C5+eZk0z6ruZfX8/qJSu8nrKMIRHMMpuHAFNbiDOjSAwhM8wyu8oTF6Qe/oYz5aQPnOIfwB+vwBumKSFA==</latexit>

S0

<latexit sha1_base64="9S9QgIhvr7E/mVChVKa1zyR0RF8=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBHERZlRUZdFNy4r2ge0Q8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/naXlldW19cJGcXNre2e3tLff0DJRhNaJ5FK1AqwpZ4LWDTOctmJFcRRw2gyGt5nfHFGlmRSPZhxTP8J9wUJGsLGS34mwGRDM04dJ97RbKrsVdwq0SLyclCFHrVv66vQkSSIqDOFY67bnxsZPsTKMcDopdhJNY0yGuE/blgocUe2n09ATdGyVHgqlsk8YNFV/b6Q40nocBXYyC6nnvUz8z2snJrz2UybixFBBZofChCMjUdYA6jFFieFjSzBRzGZFZIAVJsb2VLQlePNfXiSNs4p3WTm/vyhXb/I6CnAIR3ACHlxBFe6gBnUg8ATP8Apvzsh5cd6dj9nokpPvHMAfOJ8/sUqSDg==</latexit>

S⇤

<latexit sha1_base64="66loTG/B8KHjS6CZo487+6hpEqU=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyVRUY9FLx4r2g9oQ9lsp+3S3STsTsQY+ku8eFDEqz/Fm//GbZuDVh8MPN6bYWZeEAuu0XW/rMLS8srqWnG9tLG5tV22d3abOkoUgwaLRKTaAdUgeAgN5CigHSugMhDQCsZXU791D0rzKLzDNAZf0mHIB5xRNFLPLncRHjC7TaUEVOmkZ1fcqjuD85d4OamQHPWe/dntRyyRECITVOuO58boZ1QhZwImpW6iIaZsTIfQMTSkErSfzQ6fOIdG6TuDSJkK0ZmpPycyKrVOZWA6JcWRXvSm4n9eJ8HBhZ/xME4QQjZfNEiEg5EzTcHpcwUMRWoIZYqbWx02oooyNFmVTAje4st/SfO46p1VT25OK7XLPI4i2ScH5Ih45JzUyDWpkwZhJCFP5IW8Wo/Ws/Vmvc9bC1Y+s0d+wfr4Brumk8w=</latexit>

Symmetry
<latexit sha1_base64="x/jtrk1Edxy4WnRuN3wYv7oP4zQ=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMegF48RzAOSNcxOepMhs7PLTK8alvyHFw+KePVfvPk3Th4HTSxoKKq66e4KEikMuu63k1taXlldy68XNja3tneKu3t1E6eaQ43HMtbNgBmQQkENBUpoJhpYFEhoBIPrsd94AG1ErO5wmIAfsZ4SoeAMrXTfRnjCzADHWJtRp1hyy+4EdJF4M1IiM1Q7xa92N+ZpBAq5ZMa0PDdBP2MaBZcwKrRTAwnjA9aDlqWKRWD8bHL1iB5ZpUvDWNtSSCfq74mMRcYMo8B2Rgz7Zt4bi/95rRTDSz8TKkkRFJ8uClNJMabjCGhXaPuwHFrCuBb2Vsr7TDOONqiCDcGbf3mR1E/K3nn59PasVLmaxZEnB+SQHBOPXJAKuSFVUiOcaPJMXsmb8+i8OO/Ox7Q158xm9skfOJ8/fS+TKg==</latexit>

sectors

<latexit sha1_base64="UgLHzPwgdhFI3nHU6cfflvIRt9A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSA/a8XrniVt0ZyDLxclKBHPVe+avbj1kacYVMUmM6npugn1GNgkk+KXVTwxPKRnTAO5YqGnHjZ7NTJ+TEKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZUEmKXLH5ojCVBGMy/Zv0heYM5dgSyrSwtxI2pJoytOmUbAje4svLpHlW9S6r5/cXldpNHkcRjuAYTsGDK6jBHdShAQwG8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwAINI2k</latexit>

t1
<latexit sha1_base64="j9ebr9sZ/dcxq6WnsP4YZFzrOvY=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Vj04rGi/YA2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecZxwP6IDJULBKFrpAXvVXqnsVtwZyDLxclKGHPVe6avbj1kacYVMUmM6npugn1GNgkk+KXZTwxPKRnTAO5YqGnHjZ7NTJ+TUKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZUEmKXLH5ojCVBGMy/Zv0heYM5dgSyrSwtxI2pJoytOkUbQje4svLpFmteJeV8/uLcu0mj6MAx3ACZ+DBFdTgDurQAAYDeIZXeHOk8+K8Ox/z1hUnnzmCP3A+fwAJuI2l</latexit>

t2
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Harness symmetry to generate long-range entanglement

…

<latexit sha1_base64="ZuyRwR9nZB06vCys0phzHNAqEqs=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRlRdFl047KifUA7lEyatqGZzJjcKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYikMuu63s7K6tr6xWdgqbu/s7u2XDg4bJko043UWyUi3Amq4FIrXUaDkrVhzGgaSN4PRbeY3x1wbEalHnMTcD+lAib5gFK3kd0KKQ0Zl+jDtet1S2a24M5Bl4uWkDDlq3dJXpxexJOQKmaTGtD03Rj+lGgWTfFrsJIbHlI3ogLctVTTkxk9noafk1Co90o+0fQrJTP29kdLQmEkY2MkspFn0MvE/r51g/9pPhYoT5IrND/UTSTAiWQOkJzRnKCeWUKaFzUrYkGrK0PZUtCV4i19eJo3zindZce8vytWbvI4CHMMJnIEHV1CFO6hBHRg8wTO8wpszdl6cd+djPrri5DtH8AfO5w+6nJIR</latexit>

S1
<latexit sha1_base64="lu10O1Rzj1+pqb8zabBCWRqJXOs=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqswURZdFNy4r2ge0Q8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqaZkoQptEcqk6AdaUM0GbhhlOO7GiOAo4bQfj28xvT6jSTIpHM42pH+GhYCEj2FjJ70XYjAjm6cOsX+uXK27VnQOtEi8nFcjR6Je/egNJkogKQzjWuuu5sfFTrAwjnM5KvUTTGJMxHtKupQJHVPvpPPQMnVllgEKp7BMGzdXfGymOtJ5GgZ3MQuplLxP/87qJCa/9lIk4MVSQxaEw4chIlDWABkxRYvjUEkwUs1kRGWGFibE9lWwJ3vKXV0mrVvUuq+79RaV+k9dRhBM4hXPw4ArqcAcNaAKBJ3iGV3hzJs6L8+58LEYLTr5zDH/gfP4AvCCSEg==</latexit>

S2

<latexit sha1_base64="55K7gyE/BxUhce9lMkA4klDZK1s=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWZU1GXRjcuK9gHtUDJppg3NZMYkUyhDv8ONC0Xc+jHu/Bsz7Sy09UDgcM693JPjx4Jr4zjfqLCyura+UdwsbW3v7O6V9w+aOkoUZQ0aiUi1faKZ4JI1DDeCtWPFSOgL1vJHt5nfGjOleSQfzSRmXkgGkgecEmMlrxsSM6REpA/TntMrV5yqMwNeJm5OKpCj3it/dfsRTUImDRVE647rxMZLiTKcCjYtdRPNYkJHZMA6lkoSMu2ls9BTfGKVPg4iZZ80eKb+3khJqPUk9O1kFlIvepn4n9dJTHDtpVzGiWGSzg8FicAmwlkDuM8Vo0ZMLCFUcZsV0yFRhBrbU8mW4C5+eZk0z6ruZfX8/qJSu8nrKMIRHMMpuHAFNbiDOjSAwhM8wyu8oTF6Qe/oYz5aQPnOIfwB+vwBumKSFA==</latexit>

S0

<latexit sha1_base64="9S9QgIhvr7E/mVChVKa1zyR0RF8=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBHERZlRUZdFNy4r2ge0Q8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/naXlldW19cJGcXNre2e3tLff0DJRhNaJ5FK1AqwpZ4LWDTOctmJFcRRw2gyGt5nfHFGlmRSPZhxTP8J9wUJGsLGS34mwGRDM04dJ97RbKrsVdwq0SLyclCFHrVv66vQkSSIqDOFY67bnxsZPsTKMcDopdhJNY0yGuE/blgocUe2n09ATdGyVHgqlsk8YNFV/b6Q40nocBXYyC6nnvUz8z2snJrz2UybixFBBZofChCMjUdYA6jFFieFjSzBRzGZFZIAVJsb2VLQlePNfXiSNs4p3WTm/vyhXb/I6CnAIR3ACHlxBFe6gBnUg8ATP8Apvzsh5cd6dj9nokpPvHMAfOJ8/sUqSDg==</latexit>

S⇤

<latexit sha1_base64="66loTG/B8KHjS6CZo487+6hpEqU=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyVRUY9FLx4r2g9oQ9lsp+3S3STsTsQY+ku8eFDEqz/Fm//GbZuDVh8MPN6bYWZeEAuu0XW/rMLS8srqWnG9tLG5tV22d3abOkoUgwaLRKTaAdUgeAgN5CigHSugMhDQCsZXU791D0rzKLzDNAZf0mHIB5xRNFLPLncRHjC7TaUEVOmkZ1fcqjuD85d4OamQHPWe/dntRyyRECITVOuO58boZ1QhZwImpW6iIaZsTIfQMTSkErSfzQ6fOIdG6TuDSJkK0ZmpPycyKrVOZWA6JcWRXvSm4n9eJ8HBhZ/xME4QQjZfNEiEg5EzTcHpcwUMRWoIZYqbWx02oooyNFmVTAje4st/SfO46p1VT25OK7XLPI4i2ScH5Ih45JzUyDWpkwZhJCFP5IW8Wo/Ws/Vmvc9bC1Y+s0d+wfr4Brumk8w=</latexit>

Symmetry
<latexit sha1_base64="x/jtrk1Edxy4WnRuN3wYv7oP4zQ=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMegF48RzAOSNcxOepMhs7PLTK8alvyHFw+KePVfvPk3Th4HTSxoKKq66e4KEikMuu63k1taXlldy68XNja3tneKu3t1E6eaQ43HMtbNgBmQQkENBUpoJhpYFEhoBIPrsd94AG1ErO5wmIAfsZ4SoeAMrXTfRnjCzADHWJtRp1hyy+4EdJF4M1IiM1Q7xa92N+ZpBAq5ZMa0PDdBP2MaBZcwKrRTAwnjA9aDlqWKRWD8bHL1iB5ZpUvDWNtSSCfq74mMRcYMo8B2Rgz7Zt4bi/95rRTDSz8TKkkRFJ8uClNJMabjCGhXaPuwHFrCuBb2Vsr7TDOONqiCDcGbf3mR1E/K3nn59PasVLmaxZEnB+SQHBOPXJAKuSFVUiOcaPJMXsmb8+i8OO/Ox7Q158xm9skfOJ8/fS+TKg==</latexit>

sectors

<latexit sha1_base64="UgLHzPwgdhFI3nHU6cfflvIRt9A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSA/a8XrniVt0ZyDLxclKBHPVe+avbj1kacYVMUmM6npugn1GNgkk+KXVTwxPKRnTAO5YqGnHjZ7NTJ+TEKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZUEmKXLH5ojCVBGMy/Zv0heYM5dgSyrSwtxI2pJoytOmUbAje4svLpHlW9S6r5/cXldpNHkcRjuAYTsGDK6jBHdShAQwG8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwAINI2k</latexit>

t1
<latexit sha1_base64="j9ebr9sZ/dcxq6WnsP4YZFzrOvY=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Vj04rGi/YA2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecZxwP6IDJULBKFrpAXvVXqnsVtwZyDLxclKGHPVe6avbj1kacYVMUmM6npugn1GNgkk+KXZTwxPKRnTAO5YqGnHjZ7NTJ+TUKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZUEmKXLH5ojCVBGMy/Zv0heYM5dgSyrSwtxI2pJoytOkUbQje4svLpFmteJeV8/uLcu0mj6MAx3ACZ+DBFdTgDurQAAYDeIZXeHOk8+K8Ox/z1hUnnzmCP3A+fwAJuI2l</latexit>

t2

Low
entanglement

High
entanglement

Principle

⇒ On-demand generation of entanglement and quantum correlations



Qubit array

Spin-1/2 XX chain Ĥ = − J∑i ̂σx
i ̂σx

i+1 + ̂σy
i ̂σy

i+1 Cold atoms/ions, 
superconducting circuits…



Qubit array

Spin-1/2 XX chain Ĥ = − J∑i ̂σx
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Symmetry that counts Bell pairs between sites {i, − i} PRL 125, 240404 (2020)

+l−l

[Ĥ, Ĉ] = 0



Qubit array

Strategy:  Produce  Bell pairs by pumping l C

Spin-1/2 XX chain Ĥ = − J∑i ̂σx
i ̂σx

i+1 + ̂σy
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i+1 Cold atoms/ions, 
superconducting circuits…

̂fi := ̂σ−
i ∏j<i ̂σz

jĈ = ̂σz
0/2 + ∑i≠0

̂f †
i

̂f−i

Symmetry that counts Bell pairs between sites {i, − i} PRL 125, 240404 (2020)

+l−l

[Ĥ, Ĉ] = 0



Procedure

C = − 1/2

Time
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Procedure
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C = − 1/2
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Time
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pulse
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pulse
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Result — Exact diagonalisation
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Result — Exact diagonalisation
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For large l — number of Bell pairs grows linearly,  

— preparation time grows linearly,  

⟨Ĉ⟩ ∼ 0.6l + 1
Δt ∼ 2l/J
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Fermi-Hubbard model —  pairsη

Ĥ = ∑s=↑,↓ ∑l−1
i=−l (− J ̂c†

i,s ̂ci+1,s + h.c.) + U∑l
i=−l ̂ni,↑ ̂ni,↓

SU(2) symmetry:  ,   ,   ̂η− = ∑i (−1)i ̂ci,↑ ̂ci,↓ ̂η+ = ̂η−† ̂ηz = ∑i ( ̂ni,↑ + ̂ni,↓ − 1)/2

Hamiltonian

• vac  — doublon w/ quasimomentum  (  pair) — long-range coherence

• At half filling,   counts  pairs — eigenvals ,  

• Neighbouring sectors coupled by current operator  (imaginary tunnelling)

̂η+ | ⟩ π η

̂η2 = ̂η+ ̂η− η Nη(Nη + 1) Nη = 0,1,…, l

𝒥̂



Fermi-Hubbard model —  pairsη

Ĥ = ∑s=↑,↓ ∑l−1
i=−l (− J ̂c†

i,s ̂ci+1,s + h.c.) + U∑l
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SU(2) symmetry:  ,   ,   ̂η− = ∑i (−1)i ̂ci,↑ ̂ci,↓ ̂η+ = ̂η−† ̂ηz = ∑i ( ̂ni,↑ + ̂ni,↓ − 1)/2

Hamiltonian

• vac  — doublon w/ quasimomentum  (  pair) — long-range coherence

• At half filling,   counts  pairs — eigenvals ,  

• Neighbouring sectors coupled by current operator  (imaginary tunnelling)

̂η+ | ⟩ π η

̂η2 = ̂η+ ̂η− η Nη(Nη + 1) Nη = 0,1,…, l

𝒥̂

Starting from ground state ,  apply  when it will increase  the most(Nη = 0) 𝒥̂ ⟨ ̂η2⟩
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