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Introduction



Synthetic quantum systems

Ultracold atoms Design dimensionality, lattice,interactions,…

image: Munich group

Unlike “conventional” materials

A platform to study non-equilibrium phenomena in interacting quantum systems

⇠ 10�3s vs 10�12s
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• Isolated (no phonon/heat bath)

• Long time scales
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Experiments

• Quantum quench

• Periodic driving (Floquet)



Non-equilibrium quantum matter in synthetic systems

Cold atoms

Figure: Bloch group (Munich) Figure: Bernien et al’17 (Harvard-MIT)

Superconducting

qubits

Figure: Google Quantum

Rydberg atoms

Trapped ions

Figure: Innsbruck group

Typically,  highly non-equilibrium (e.g. infinite temperature) dynamics



Dynamics, entanglement, and computational complexity
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Generally, computationally hard problems



Dynamics, entanglement, and computational complexity
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Generally, computationally hard problems

“Corners” of solvability/efficient description? 
Natural task for quantum computers — useful quantum advantage?



Correlated materials out-of-equilibrium

Photo-induced charge and spin phase transitions


Control superconductivity?


Figure: Cavalleri group

Cavalleri et al’01, Iwai et al’03, Zong et al’19,…

Fausti et al’11, Mitrano et al’16,..

Ultra-fast dynamics of electrons and phonons (hard)

Quantum impurity problems

-Transport in mesoscopic devices


-Model correlated materials (embedding methods)

Review: Georges et al’96, Aoki et al’14 

Many-body dynamics at low temperature



Time evolution of a many-body state
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Generally, high complexity



Complexity and entanglement

Naively              parameters           How difficult to represent?  

Weakly entangled states can be 
efficiently “compressed”
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“area-law”

Highly entangled states “hard”
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Ground states, “easy”
Tensor networks methods

Non-equilibrium states, “hard”
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| (0)i

Time

Space

<latexit sha1_base64="sQpupmZBWnuzHtolZTA0h50+uMY=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISFfVY9OKxgv2AJpTNdtIu3WzC7kaosb/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMCxLOlHacb6uwsrq2vlHcLG1t7+yW7b39lopTSaFJYx7LTkAUcCagqZnm0EkkkCjg0A5GN1O//QBSsVjc63ECfkQGgoWMEm2knl1+8hLFqvrEk0QMOPTsilNzZsDLxM1JBeVo9Owvrx/TNAKhKSdKdV0n0X5GpGaUw6TkpQoSQkdkAF1DBYlA+dns8Ak+Nkofh7E0JTSeqb8nMhIpNY4C0xkRPVSL3lT8z+umOrzyMyaSVIOg80VhyrGO8TQF3GcSqOZjQwiVzNyK6ZBIQrXJqmRCcBdfXiat05p7UTu7O6/Ur/M4iugQHaEqctElqqNb1EBNRFGKntErerMerRfr3fqYtxasfOYA/YH1+QOMxZMH</latexit>

| (t)i

Spin j: 

“system”“Environment”

From spatial to temporal entanglement



From spatial to temporal entanglement

Dynamics of local observables: view part of system as environment

-New efficient methods based on low temporal entanglement
-Quantum control of many-body systems…

<latexit sha1_base64="HSWji8Q9lUpjV2IdwfAj8whB+gs=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VISFfVY9OKxgv2AJpTNdtMu3WzC7kaosb/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMCxLOlHacb6uwsrq2vlHcLG1t7+yW7b39lopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD0c3Ubz9QqVgs7vU4oX6EB4KFjGBtpJ5dfvISxarOiSexGHDasytOzZkBLRM3JxXI0ejZX14/JmlEhSYcK9V1nUT7GZaaEU4nJS9VNMFkhAe0a6jAEVV+Njt8go6N0kdhLE0JjWbq74kMR0qNo8B0RlgP1aI3Ff/zuqkOr/yMiSTVVJD5ojDlSMdomgLqM0mJ5mNDMJHM3IrIEEtMtMmqZEJwF19eJq3TmntRO7s7r9Sv8ziKcAhHUAUXLqEOt9CAJhBI4Rle4c16tF6sd+tj3lqw8pkD+APr8wcjlZLD</latexit>

| (0)i

Time

Space

<latexit sha1_base64="sQpupmZBWnuzHtolZTA0h50+uMY=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISFfVY9OKxgv2AJpTNdtIu3WzC7kaosb/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMCxLOlHacb6uwsrq2vlHcLG1t7+yW7b39lopTSaFJYx7LTkAUcCagqZnm0EkkkCjg0A5GN1O//QBSsVjc63ECfkQGgoWMEm2knl1+8hLFqvrEk0QMOPTsilNzZsDLxM1JBeVo9Owvrx/TNAKhKSdKdV0n0X5GpGaUw6TkpQoSQkdkAF1DBYlA+dns8Ak+Nkofh7E0JTSeqb8nMhIpNY4C0xkRPVSL3lT8z+umOrzyMyaSVIOg80VhyrGO8TQF3GcSqOZjQwiVzNyK6ZBIQrXJqmRCcBdfXiat05p7UTu7O6/Ur/M4iugQHaEqctElqqNb1EBNRFGKntErerMerRfr3fqYtxasfOYA/YH1+QOMxZMH</latexit>

| (t)i

Spin j: 

“system”

<latexit sha1_base64="/Zjbku1CcZVb+iEJqo7nfTQJicc=">AAAB8HicbVDJSgNBEK2JW4xb1KOXxiDES5hRUY9BLx4jmEWSIfR0epI2vQzdPUIY8hVePCji1c/x5t/YWQ4afVDweK+KqnpRwpmxvv/l5ZaWV1bX8uuFjc2t7Z3i7l7DqFQTWieKK92KsKGcSVq3zHLaSjTFIuK0GQ2vJ37zkWrDlLyzo4SGAvclixnB1kn3HT1Q3Yeyf9wtlvyKPwX6S4I5KcEctW7xs9NTJBVUWsKxMe3AT2yYYW0Z4XRc6KSGJpgMcZ+2HZVYUBNm04PH6MgpPRQr7UpaNFV/TmRYGDMSkesU2A7MojcR//PaqY0vw4zJJLVUktmiOOXIKjT5HvWYpsTykSOYaOZuRWSANSbWZVRwIQSLL/8ljZNKcF45vT0rVa/mceThAA6hDAFcQBVuoAZ1ICDgCV7g1dPes/fmvc9ac958Zh9+wfv4Btqnj8s=</latexit>

⇢j(0)

<latexit sha1_base64="d9Xd1WBrzd6ZxtFCyIphUeouyJQ=">AAAB8HicbVDJSgNBEO2JW4xb1KOXxiDES5hRUY9BLx4jmEWSIfR0epI2vQzdNUIY8hVePCji1c/x5t/YWQ4afVDweK+KqnpRIrgF3//yckvLK6tr+fXCxubW9k5xd69hdWooq1MttGlFxDLBFasDB8FaiWFERoI1o+H1xG8+MmO5VncwSlgoSV/xmFMCTrrvmIHuPpThuFss+RV/CvyXBHNSQnPUusXPTk/TVDIFVBBr24GfQJgRA5wKNi50UssSQoekz9qOKiKZDbPpwWN85JQejrVxpQBP1Z8TGZHWjmTkOiWBgV30JuJ/XjuF+DLMuEpSYIrOFsWpwKDx5Hvc44ZRECNHCDXc3YrpgBhCwWVUcCEEiy//JY2TSnBeOb09K1Wv5nHk0QE6RGUUoAtURTeohuqIIome0At69Yz37L1577PWnDef2Ue/4H18A0IKkA8=</latexit>

⇢j(t)

“Environment”

-Exact solutions



Thermalisation and mechanisms to avoid it



-Quantum-ergodic Hamiltonian      

Eigenstate 


-System acts as a “good thermal bath” for its subsystems

A
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

H
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Quantum ergodicity and eigenstate thermalisation 
hypothesis (ETH)

|ni
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Deutch’91, Srednicki’94,..

-Eigenstates have thermal observables, are highly entangled

<latexit sha1_base64="q16kN2qtOd033BX0n8M6iU5xwmY=">AAACCnicbVC7TsMwFHV4lvIKMLIYKqSyVAmqgLHAwlikvqQmqhzXaa3asWU7iCrqzMKvsDCAECtfwMbf4D4GaDnSlY7PuVe+90SSUW0879tZWl5ZXVvPbeQ3t7Z3dt29/YYWqcKkjgUTqhUhTRhNSN1Qw0hLKoJ4xEgzGtyM/eY9UZqKpGaGkoQc9RIaU4yMlTruUaD6onh1GiAplXiA42cnCxSHtT5RHLFRxy14JW8CuEj8GSmAGaod9yvoCpxykhjMkNZt35MmzJAyFDMyygepJhLhAeqRtqUJ4kSH2eSUETyxShfGQtlKDJyovycyxLUe8sh2cmT6et4bi/957dTEl2FGE5kakuDpR3HKoBFwnAvsUkWwYUNLEFbU7gpxHymEjU0vb0Pw509eJI2zkn9eKt+VC5XrWRw5cAiOQRH44AJUwC2ogjrA4BE8g1fw5jw5L8678zFtXXJmMwfgD5zPH+rKmm8=</latexit>

⇢(A) ⇡ ⇢Thermal
<latexit sha1_base64="QRS2L3OSdspCFIfScNhw46Wh1qI=">AAACJXicbZDLSgMxFIYz9VbrbdSlm2AR6qbMSFEXLqpuXFbsDdpSMmnahiaTkGTEMvRl3PgqblxYRHDlq5hOZ6GtBwI/338OJ+cPJKPaeN6Xk1lZXVvfyG7mtrZ3dvfc/YO6FpHCpIYFE6oZIE0YDUnNUMNIUyqCeMBIIxjdzvzGI1GairBqxpJ0OBqEtE8xMhZ13auHbtxWHJLQTArXp20kpRJPMKXVIVEcscSxXBoBE14XCeu6ea/oJQWXhZ+KPEir0nWn7Z7AEbfbMENat3xPmk6MlKGYkUmuHWkiER6hAWlZGSJOdCdOrpzAE0t6sC+UfaGBCf09ESOu9ZgHtpMjM9SL3gz+57Ui07/sxDSUkSEhni/qRwzaa2eRwR5VBBs2tgJhRe1fIR4ihbCxweZsCP7iycuiflb0z4ul+1K+fJPGkQVH4BgUgA8uQBncgQqoAQyewSt4B1PnxXlzPpzPeWvGSWcOwZ9yvn8Acl+kmg==</latexit>

Sent(A) ⇡ SThermal(A) / Vol(A)



Many-body localization: integrability and entanglement 

Quantum quench

(a) (b)

(c)

xent(t) ⇠ log t
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

[⌧̂zi , Ĥ] = 0
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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Û (2)
i,i+1

<latexit sha1_base64="86KPoWniWl+dVcCO8F1/8cI+FK8=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRKkpJiqDHohePFUxbaGPYbDft4mYTdjdCWQL+FS8eFPHq7/Dmv3Hb5qCtDwYe780wMy9MGZXKcb6t0tLyyupaeb2ysbm1vWPv7rVlkglMPJywRHRDJAmjnHiKKka6qSAoDhnphA/XE7/zSISkCb9T45T4MRpyGlGMlJEC+6A/Qkp7eaDpGT1183tda5zkgV116s4UcJG4BamCAq3A/uoPEpzFhCvMkJQ910mVr5FQFDOSV/qZJCnCD2hIeoZyFBPp6+n5OTw2ygBGiTDFFZyqvyc0iqUcx6HpjJEayXlvIv7n9TIVXfqa8jRThOPZoihjUCVwkgUcUEGwYmNDEBbU3ArxCAmElUmsYkJw519eJO1G3XXq7u15tXlVxFEGh+AI1IALLkAT3IAW8AAGGjyDV/BmPVkv1rv1MWstWcXMPvgD6/MHIouU7Q==</latexit><latexit sha1_base64="86KPoWniWl+dVcCO8F1/8cI+FK8=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRKkpJiqDHohePFUxbaGPYbDft4mYTdjdCWQL+FS8eFPHq7/Dmv3Hb5qCtDwYe780wMy9MGZXKcb6t0tLyyupaeb2ysbm1vWPv7rVlkglMPJywRHRDJAmjnHiKKka6qSAoDhnphA/XE7/zSISkCb9T45T4MRpyGlGMlJEC+6A/Qkp7eaDpGT1183tda5zkgV116s4UcJG4BamCAq3A/uoPEpzFhCvMkJQ910mVr5FQFDOSV/qZJCnCD2hIeoZyFBPp6+n5OTw2ygBGiTDFFZyqvyc0iqUcx6HpjJEayXlvIv7n9TIVXfqa8jRThOPZoihjUCVwkgUcUEGwYmNDEBbU3ArxCAmElUmsYkJw519eJO1G3XXq7u15tXlVxFEGh+AI1IALLkAT3IAW8AAGGjyDV/BmPVkv1rv1MWstWcXMPvgD6/MHIouU7Q==</latexit><latexit sha1_base64="86KPoWniWl+dVcCO8F1/8cI+FK8=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRKkpJiqDHohePFUxbaGPYbDft4mYTdjdCWQL+FS8eFPHq7/Dmv3Hb5qCtDwYe780wMy9MGZXKcb6t0tLyyupaeb2ysbm1vWPv7rVlkglMPJywRHRDJAmjnHiKKka6qSAoDhnphA/XE7/zSISkCb9T45T4MRpyGlGMlJEC+6A/Qkp7eaDpGT1183tda5zkgV116s4UcJG4BamCAq3A/uoPEpzFhCvMkJQ910mVr5FQFDOSV/qZJCnCD2hIeoZyFBPp6+n5OTw2ygBGiTDFFZyqvyc0iqUcx6HpjJEayXlvIv7n9TIVXfqa8jRThOPZoihjUCVwkgUcUEGwYmNDEBbU3ArxCAmElUmsYkJw519eJO1G3XXq7u15tXlVxFEGh+AI1IALLkAT3IAW8AAGGjyDV/BmPVkv1rv1MWstWcXMPvgD6/MHIouU7Q==</latexit><latexit sha1_base64="86KPoWniWl+dVcCO8F1/8cI+FK8=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRKkpJiqDHohePFUxbaGPYbDft4mYTdjdCWQL+FS8eFPHq7/Dmv3Hb5qCtDwYe780wMy9MGZXKcb6t0tLyyupaeb2ysbm1vWPv7rVlkglMPJywRHRDJAmjnHiKKka6qSAoDhnphA/XE7/zSISkCb9T45T4MRpyGlGMlJEC+6A/Qkp7eaDpGT1183tda5zkgV116s4UcJG4BamCAq3A/uoPEpzFhCvMkJQ910mVr5FQFDOSV/qZJCnCD2hIeoZyFBPp6+n5OTw2ygBGiTDFFZyqvyc0iqUcx6HpjJEayXlvIv7n9TIVXfqa8jRThOPZoihjUCVwkgUcUEGwYmNDEBbU3ArxCAmElUmsYkJw519eJO1G3XXq7u15tXlVxFEGh+AI1IALLkAT3IAW8AAGGjyDV/BmPVkv1rv1MWstWcXMPvgD6/MHIouU7Q==</latexit>

Û (3)
i,i+1,i+2

<latexit sha1_base64="+LxdXEw7uHkolxa23nWWsqHj/w8=">AAACAnicbVBNS8NAEN34WetX1JN4CRahopSkCnosevFYwX5AG8Nmu2mXbjZhdyKUELz4V7x4UMSrv8Kb/8Ztm4O2Phh4vDfDzDw/5kyBbX8bC4tLyyurhbXi+sbm1ra5s9tUUSIJbZCIR7LtY0U5E7QBDDhtx5Li0Oe05Q+vx37rgUrFInEHo5i6Ie4LFjCCQUueud8dYEgbmZeyU3bi6Kpm92n57DjzzJJdsSew5omTkxLKUffMr24vIklIBRCOleo4dgxuiiUwwmlW7CaKxpgMcZ92NBU4pMpNJy9k1pFWelYQSV0CrIn6eyLFoVKj0NedIYaBmvXG4n9eJ4Hg0k2ZiBOggkwXBQm3ILLGeVg9JikBPtIEE8n0rRYZYIkJ6NSKOgRn9uV50qxWHLvi3J6Xald5HAV0gA5RGTnoAtXQDaqjBiLoET2jV/RmPBkvxrvxMW1dMPKZPfQHxucPRDaWCA==</latexit><latexit sha1_base64="+LxdXEw7uHkolxa23nWWsqHj/w8=">AAACAnicbVBNS8NAEN34WetX1JN4CRahopSkCnosevFYwX5AG8Nmu2mXbjZhdyKUELz4V7x4UMSrv8Kb/8Ztm4O2Phh4vDfDzDw/5kyBbX8bC4tLyyurhbXi+sbm1ra5s9tUUSIJbZCIR7LtY0U5E7QBDDhtx5Li0Oe05Q+vx37rgUrFInEHo5i6Ie4LFjCCQUueud8dYEgbmZeyU3bi6Kpm92n57DjzzJJdsSew5omTkxLKUffMr24vIklIBRCOleo4dgxuiiUwwmlW7CaKxpgMcZ92NBU4pMpNJy9k1pFWelYQSV0CrIn6eyLFoVKj0NedIYaBmvXG4n9eJ4Hg0k2ZiBOggkwXBQm3ILLGeVg9JikBPtIEE8n0rRYZYIkJ6NSKOgRn9uV50qxWHLvi3J6Xald5HAV0gA5RGTnoAtXQDaqjBiLoET2jV/RmPBkvxrvxMW1dMPKZPfQHxucPRDaWCA==</latexit><latexit sha1_base64="+LxdXEw7uHkolxa23nWWsqHj/w8=">AAACAnicbVBNS8NAEN34WetX1JN4CRahopSkCnosevFYwX5AG8Nmu2mXbjZhdyKUELz4V7x4UMSrv8Kb/8Ztm4O2Phh4vDfDzDw/5kyBbX8bC4tLyyurhbXi+sbm1ra5s9tUUSIJbZCIR7LtY0U5E7QBDDhtx5Li0Oe05Q+vx37rgUrFInEHo5i6Ie4LFjCCQUueud8dYEgbmZeyU3bi6Kpm92n57DjzzJJdsSew5omTkxLKUffMr24vIklIBRCOleo4dgxuiiUwwmlW7CaKxpgMcZ92NBU4pMpNJy9k1pFWelYQSV0CrIn6eyLFoVKj0NedIYaBmvXG4n9eJ4Hg0k2ZiBOggkwXBQm3ILLGeVg9JikBPtIEE8n0rRYZYIkJ6NSKOgRn9uV50qxWHLvi3J6Xald5HAV0gA5RGTnoAtXQDaqjBiLoET2jV/RmPBkvxrvxMW1dMPKZPfQHxucPRDaWCA==</latexit><latexit sha1_base64="+LxdXEw7uHkolxa23nWWsqHj/w8=">AAACAnicbVBNS8NAEN34WetX1JN4CRahopSkCnosevFYwX5AG8Nmu2mXbjZhdyKUELz4V7x4UMSrv8Kb/8Ztm4O2Phh4vDfDzDw/5kyBbX8bC4tLyyurhbXi+sbm1ra5s9tUUSIJbZCIR7LtY0U5E7QBDDhtx5Li0Oe05Q+vx37rgUrFInEHo5i6Ie4LFjCCQUueud8dYEgbmZeyU3bi6Kpm92n57DjzzJJdsSew5omTkxLKUffMr24vIklIBRCOleo4dgxuiiUwwmlW7CaKxpgMcZ92NBU4pMpNJy9k1pFWelYQSV0CrIn6eyLFoVKj0NedIYaBmvXG4n9eJ4Hg0k2ZiBOggkwXBQm3ILLGeVg9JikBPtIEE8n0rRYZYIkJ6NSKOgRn9uV50qxWHLvi3J6Xald5HAV0gA5RGTnoAtXQDaqjBiLoET2jV/RmPBkvxrvxMW1dMPKZPfQHxucPRDaWCA==</latexit>
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ˆ̃ni

⌧̂zi

�̂z
i

Û (2)
i,i+1

<latexit sha1_base64="86KPoWniWl+dVcCO8F1/8cI+FK8=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRKkpJiqDHohePFUxbaGPYbDft4mYTdjdCWQL+FS8eFPHq7/Dmv3Hb5qCtDwYe780wMy9MGZXKcb6t0tLyyupaeb2ysbm1vWPv7rVlkglMPJywRHRDJAmjnHiKKka6qSAoDhnphA/XE7/zSISkCb9T45T4MRpyGlGMlJEC+6A/Qkp7eaDpGT1183tda5zkgV116s4UcJG4BamCAq3A/uoPEpzFhCvMkJQ910mVr5FQFDOSV/qZJCnCD2hIeoZyFBPp6+n5OTw2ygBGiTDFFZyqvyc0iqUcx6HpjJEayXlvIv7n9TIVXfqa8jRThOPZoihjUCVwkgUcUEGwYmNDEBbU3ArxCAmElUmsYkJw519eJO1G3XXq7u15tXlVxFEGh+AI1IALLkAT3IAW8AAGGjyDV/BmPVkv1rv1MWstWcXMPvgD6/MHIouU7Q==</latexit><latexit sha1_base64="86KPoWniWl+dVcCO8F1/8cI+FK8=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRKkpJiqDHohePFUxbaGPYbDft4mYTdjdCWQL+FS8eFPHq7/Dmv3Hb5qCtDwYe780wMy9MGZXKcb6t0tLyyupaeb2ysbm1vWPv7rVlkglMPJywRHRDJAmjnHiKKka6qSAoDhnphA/XE7/zSISkCb9T45T4MRpyGlGMlJEC+6A/Qkp7eaDpGT1183tda5zkgV116s4UcJG4BamCAq3A/uoPEpzFhCvMkJQ910mVr5FQFDOSV/qZJCnCD2hIeoZyFBPp6+n5OTw2ygBGiTDFFZyqvyc0iqUcx6HpjJEayXlvIv7n9TIVXfqa8jRThOPZoihjUCVwkgUcUEGwYmNDEBbU3ArxCAmElUmsYkJw519eJO1G3XXq7u15tXlVxFEGh+AI1IALLkAT3IAW8AAGGjyDV/BmPVkv1rv1MWstWcXMPvgD6/MHIouU7Q==</latexit><latexit sha1_base64="86KPoWniWl+dVcCO8F1/8cI+FK8=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRKkpJiqDHohePFUxbaGPYbDft4mYTdjdCWQL+FS8eFPHq7/Dmv3Hb5qCtDwYe780wMy9MGZXKcb6t0tLyyupaeb2ysbm1vWPv7rVlkglMPJywRHRDJAmjnHiKKka6qSAoDhnphA/XE7/zSISkCb9T45T4MRpyGlGMlJEC+6A/Qkp7eaDpGT1183tda5zkgV116s4UcJG4BamCAq3A/uoPEpzFhCvMkJQ910mVr5FQFDOSV/qZJCnCD2hIeoZyFBPp6+n5OTw2ygBGiTDFFZyqvyc0iqUcx6HpjJEayXlvIv7n9TIVXfqa8jRThOPZoihjUCVwkgUcUEGwYmNDEBbU3ArxCAmElUmsYkJw519eJO1G3XXq7u15tXlVxFEGh+AI1IALLkAT3IAW8AAGGjyDV/BmPVkv1rv1MWstWcXMPvgD6/MHIouU7Q==</latexit><latexit sha1_base64="86KPoWniWl+dVcCO8F1/8cI+FK8=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRKkpJiqDHohePFUxbaGPYbDft4mYTdjdCWQL+FS8eFPHq7/Dmv3Hb5qCtDwYe780wMy9MGZXKcb6t0tLyyupaeb2ysbm1vWPv7rVlkglMPJywRHRDJAmjnHiKKka6qSAoDhnphA/XE7/zSISkCb9T45T4MRpyGlGMlJEC+6A/Qkp7eaDpGT1183tda5zkgV116s4UcJG4BamCAq3A/uoPEpzFhCvMkJQ910mVr5FQFDOSV/qZJCnCD2hIeoZyFBPp6+n5OTw2ygBGiTDFFZyqvyc0iqUcx6HpjJEayXlvIv7n9TIVXfqa8jRThOPZoihjUCVwkgUcUEGwYmNDEBbU3ArxCAmElUmsYkJw519eJO1G3XXq7u15tXlVxFEGh+AI1IALLkAT3IAW8AAGGjyDV/BmPVkv1rv1MWstWcXMPvgD6/MHIouU7Q==</latexit>

Û (3)
i,i+1,i+2

<latexit sha1_base64="+LxdXEw7uHkolxa23nWWsqHj/w8=">AAACAnicbVBNS8NAEN34WetX1JN4CRahopSkCnosevFYwX5AG8Nmu2mXbjZhdyKUELz4V7x4UMSrv8Kb/8Ztm4O2Phh4vDfDzDw/5kyBbX8bC4tLyyurhbXi+sbm1ra5s9tUUSIJbZCIR7LtY0U5E7QBDDhtx5Li0Oe05Q+vx37rgUrFInEHo5i6Ie4LFjCCQUueud8dYEgbmZeyU3bi6Kpm92n57DjzzJJdsSew5omTkxLKUffMr24vIklIBRCOleo4dgxuiiUwwmlW7CaKxpgMcZ92NBU4pMpNJy9k1pFWelYQSV0CrIn6eyLFoVKj0NedIYaBmvXG4n9eJ4Hg0k2ZiBOggkwXBQm3ILLGeVg9JikBPtIEE8n0rRYZYIkJ6NSKOgRn9uV50qxWHLvi3J6Xald5HAV0gA5RGTnoAtXQDaqjBiLoET2jV/RmPBkvxrvxMW1dMPKZPfQHxucPRDaWCA==</latexit><latexit sha1_base64="+LxdXEw7uHkolxa23nWWsqHj/w8=">AAACAnicbVBNS8NAEN34WetX1JN4CRahopSkCnosevFYwX5AG8Nmu2mXbjZhdyKUELz4V7x4UMSrv8Kb/8Ztm4O2Phh4vDfDzDw/5kyBbX8bC4tLyyurhbXi+sbm1ra5s9tUUSIJbZCIR7LtY0U5E7QBDDhtx5Li0Oe05Q+vx37rgUrFInEHo5i6Ie4LFjCCQUueud8dYEgbmZeyU3bi6Kpm92n57DjzzJJdsSew5omTkxLKUffMr24vIklIBRCOleo4dgxuiiUwwmlW7CaKxpgMcZ92NBU4pMpNJy9k1pFWelYQSV0CrIn6eyLFoVKj0NedIYaBmvXG4n9eJ4Hg0k2ZiBOggkwXBQm3ILLGeVg9JikBPtIEE8n0rRYZYIkJ6NSKOgRn9uV50qxWHLvi3J6Xald5HAV0gA5RGTnoAtXQDaqjBiLoET2jV/RmPBkvxrvxMW1dMPKZPfQHxucPRDaWCA==</latexit><latexit sha1_base64="+LxdXEw7uHkolxa23nWWsqHj/w8=">AAACAnicbVBNS8NAEN34WetX1JN4CRahopSkCnosevFYwX5AG8Nmu2mXbjZhdyKUELz4V7x4UMSrv8Kb/8Ztm4O2Phh4vDfDzDw/5kyBbX8bC4tLyyurhbXi+sbm1ra5s9tUUSIJbZCIR7LtY0U5E7QBDDhtx5Li0Oe05Q+vx37rgUrFInEHo5i6Ie4LFjCCQUueud8dYEgbmZeyU3bi6Kpm92n57DjzzJJdsSew5omTkxLKUffMr24vIklIBRCOleo4dgxuiiUwwmlW7CaKxpgMcZ92NBU4pMpNJy9k1pFWelYQSV0CrIn6eyLFoVKj0NedIYaBmvXG4n9eJ4Hg0k2ZiBOggkwXBQm3ILLGeVg9JikBPtIEE8n0rRYZYIkJ6NSKOgRn9uV50qxWHLvi3J6Xald5HAV0gA5RGTnoAtXQDaqjBiLoET2jV/RmPBkvxrvxMW1dMPKZPfQHxucPRDaWCA==</latexit><latexit sha1_base64="+LxdXEw7uHkolxa23nWWsqHj/w8=">AAACAnicbVBNS8NAEN34WetX1JN4CRahopSkCnosevFYwX5AG8Nmu2mXbjZhdyKUELz4V7x4UMSrv8Kb/8Ztm4O2Phh4vDfDzDw/5kyBbX8bC4tLyyurhbXi+sbm1ra5s9tUUSIJbZCIR7LtY0U5E7QBDDhtx5Li0Oe05Q+vx37rgUrFInEHo5i6Ie4LFjCCQUueud8dYEgbmZeyU3bi6Kpm92n57DjzzJJdsSew5omTkxLKUffMr24vIklIBRCOleo4dgxuiiUwwmlW7CaKxpgMcZ92NBU4pMpNJy9k1pFWelYQSV0CrIn6eyLFoVKj0NedIYaBmvXG4n9eJ4Hg0k2ZiBOggkwXBQm3ILLGeVg9JikBPtIEE8n0rRYZYIkJ6NSKOgRn9uV50qxWHLvi3J6Xald5HAV0gA5RGTnoAtXQDaqjBiLoET2jV/RmPBkvxrvxMW1dMPKZPfQHxucPRDaWCA==</latexit>

n̂i

ˆ̃ni

⌧̂zi

�̂z
i

⌧̂zj
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�̂z
j

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Jij ⇠ e�x/⇠
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Quasi-local integrals of motion

Sent(t) ⇠ log(t)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Eigenstates: area-law entangled
Tensor-network algorithms

Serbyn, Papic, DA’13; Oganesyan, Huse’13 Imbrie’16

Chandran et al’15, Serbyn et al’16, 
Khemani et al’16, Wahl et al’17,’19,…

a

b

c
Avoiding thermalisation by disorder (spins, 
fermions) Anderson’58, Altshuler et al’97, Gornyi et al’05, Basko et al’05, 

Oganesyan, Huse’07
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thermal states
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-Parameterically slow thermalisation


-Approximate integrals of motion


-High-frequency driving



-Forget initial state

Many-body localisationThermalisation  

a

b

c

a

b

c

-Quantum information scrambled

-Memory of initial state preserved
-Quantum coherence protected

Weak ergodicity breaking

-Quantum scars: special non-
thermal states


-Fracturing..

“Good thermal bath” “Bad bath”

Prethermalization

-Parameterically slow thermalisation


-Approximate integrals of motion


-High-frequency driving

Describe quantum-bath properties of         
a many-body system?



Influence matrix and temporal entanglement:    

A connection with open quantum systems



Characterising a quantum bath by influence functional

Integrate out bath     influence functional  

System
<latexit sha1_base64="eYznUKXIMs/kBp/YXS/e+yvyD9I=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8cK9gPaUDbbTbt0N4m7E6GU/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUkS8gQIlbyeaUxVI3gpGt5nfeuLaiDh6wHHCfUUHkQgFo5hJjxU865XKbtWdgSwTLydlyFHvlb66/ZilikfIJDWm47kJ+hOqUTDJp8VuanhC2YgOeMfSiCpu/Mns1ik5tUqfhLG2FSGZqb8nJlQZM1aB7VQUh2bRy8T/vE6K4bU/EVGSIo/YfFGYSoIxyR4nfaE5Qzm2hDIt7K2EDammDG08RRuCt/jyMmmeV73Lqnt/Ua7d5HEU4BhOoAIeXEEN7qAODWAwhGd4hTdHOS/Ou/Mxb11x8pkj+APn8wd4ao3c</latexit>

q(t)

<latexit sha1_base64="iB1mmv6jeQFQV+iKvAjwFFN28Ag=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8cW7Ae0oWy2m3bpbhJ2J0Ip/QtePCji1T/kzX/jps1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M7zO//cS1EXH0iJOE+4oOIxEKRjGTGhW86JfKbtWdg6wSLydlyFHvl756g5ilikfIJDWm67kJ+lOqUTDJZ8VeanhC2ZgOedfSiCpu/On81hk5t8qAhLG2FSGZq78nplQZM1GB7VQUR2bZy8T/vG6K4a0/FVGSIo/YYlGYSoIxyR4nA6E5QzmxhDIt7K2EjaimDG08RRuCt/zyKmldVr3rqtu4Ktfu8jgKcApnUAEPbqAGD1CHJjAYwTO8wpujnBfn3flYtK45+cwJ/IHz+QNHio28</latexit>

Q(t)

Bath

forward trajectory

<latexit sha1_base64="01Qp9q+XiCWK94KU8GXJaKYz0pU="></latexit>

I[q(t), q̄(t)] =
Z

eiSE [Q(t)]�iSE [Q̄(t)]eiSSE [q(t),Q(t)]�iSSE [q̄(t),Q̄(t)]DQ(t)DQ̄(t)

backward trajectory

<latexit sha1_base64="LDPK6VLOU4FRKAgjy4EPqZqWZ8o=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsyoqMuiG5cV7QOmQ8mkmTY0kwxJRihDP8ONC0Xc+jXu/Bsz7Sy09UDgcM695NwTJpxp47rfTmlldW19o7xZ2dre2d2r7h+0tUwVoS0iuVTdEGvKmaAtwwyn3URRHIecdsLxbe53nqjSTIpHM0loEOOhYBEj2FjJ78XYjAjm2cO0X625dXcGtEy8gtSgQLNf/eoNJEljKgzhWGvfcxMTZFgZRjidVnqppgkmYzykvqUCx1QH2SzyFJ1YZYAiqewTBs3U3xsZjrWexKGdzCPqRS8X//P81ETXQcZEkhoqyPyjKOXISJTfjwZMUWL4xBJMFLNZERlhhYmxLVVsCd7iycukfVb3Luvn9xe1xk1RRxmO4BhOwYMraMAdNKEFBCQ8wyu8OcZ5cd6dj/loySl2DuEPnM8fjkSRcQ==</latexit>

S

<latexit sha1_base64="xdoN0n9JzBCQetGhBMxAW9IKVlc=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMq6rIogssK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZP3+4qDVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eP6RYw==</latexit>

E

Nonlocal in time functional of system trajectory 

Encodes memory of the bath



Previous work: bath — many independent oscillators

system:spin

interaction 

This talk: many-body system itself viewed as bath

bath: oscillators 



Influence functional (IF): intuition

h⇠(t)⇠(t0)i / F (t� t0)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

I(�(t), �̄(t0)) = e�
R
dtdt0(�(t)��̄(t))G(t�t0)(�(t0)��̄(t0))

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�(t)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

t
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Example: Interaction with a classical noise

�H = ⇠(t)�z(t)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Influence functional:

“Measurement” (by classical noise, or q-bath) suppresses quantum trajectories 

Classical trajectories: 

�̄(t)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�(t) = �̄(t)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Quantum trajectories (interference contributions) �(t) 6= �̄(t)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Keldysh: forward,  
backward trajectories



Influence matrix: tensor-network representation
Floquet spin chain

<latexit sha1_base64="I921Dpfr67Syyq1gH/6660eRnRQ="></latexit>

ÛF = eiJ
P

i ZiZi+1eih
P

i Zieig
P

i Xi“Environment” “System”

<latexit sha1_base64="rzlTeTFFD0JAJCWgPpZ6C+9qccQ=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqeyqqMeiIB4ruG2hu5Zsmm1Dk+ySzCpl6f/w4kERr/4Xb/4b04+Dtj4YeLw3w8y8KBXcgOt+O4Wl5ZXVteJ6aWNza3unvLvXMEmmKfNpIhLdiohhgivmAwfBWqlmREaCNaPB9dhvPjJteKLuYZiyUJKe4jGnBKz0EPQJYL+TB1rim1GnXHGr7gR4kXgzUkEz1Dvlr6Cb0EwyBVQQY9qem0KYEw2cCjYqBZlhKaED0mNtSxWRzIT55OoRPrJKF8eJtqUAT9TfEzmRxgxlZDslgb6Z98bif147g/gyzLlKM2CKThfFmcCQ4HEEuMs1oyCGlhCqub0V0z7RhIINqmRD8OZfXiSNk6p3Xj29O6vUrmZxFNEBOkTHyEMXqIZuUR35iCKNntErenOenBfn3fmYthac2cw++gPn8wfRp5IU</latexit>

ÛF

Keldysh evolution 
tensor-network

Lerose, Sonner, DA, PRX’21

<latexit sha1_base64="3ln0+as/Eueq85tuqiR6uRABPkc=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwYWUREVdFt24rGAf0MQwmU7asZNJmJkIJXTjr7hxoYhbP8Odf+P0IWj1wIUz59zL3HvClDOlHefTKszNLywuFZdLK6tr6xv25lZDJZkktE4SnshWiBXlTNC6ZprTViopjkNOm2H/cuQ376lULBE3epBSP8ZdwSJGsDZSYO+o4O7W0zg7RF6IJfp+BnbZqThjoL/EnZIyTFEL7A+vk5AspkITjpVqu06q/RxLzQinw5KXKZpi0sdd2jZU4JgqPx8fMET7RumgKJGmhEZj9edEjmOlBnFoOmOse2rWG4n/ee1MR+d+zkSaaSrI5KMo40gnaJQG6jBJieYDQzCRzOyKSA9LTLTJrGRCcGdP/ksaRxX3tHJ8fVKuXkzjKMIu7MEBuHAGVbiCGtSBwBAe4RlerAfryXq13iatBWs6sw2/YL1/ARQhlhY=</latexit>

s⌧j , s̄
⌧
j

Transverse TN contraction: Banuls et al’10



Influence matrix: tensor-network representation
Floquet spin chain

<latexit sha1_base64="I921Dpfr67Syyq1gH/6660eRnRQ="></latexit>

ÛF = eiJ
P

i ZiZi+1eih
P

i Zieig
P

i Xi“Environment”

<latexit sha1_base64="rzlTeTFFD0JAJCWgPpZ6C+9qccQ=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqeyqqMeiIB4ruG2hu5Zsmm1Dk+ySzCpl6f/w4kERr/4Xb/4b04+Dtj4YeLw3w8y8KBXcgOt+O4Wl5ZXVteJ6aWNza3unvLvXMEmmKfNpIhLdiohhgivmAwfBWqlmREaCNaPB9dhvPjJteKLuYZiyUJKe4jGnBKz0EPQJYL+TB1rim1GnXHGr7gR4kXgzUkEz1Dvlr6Cb0EwyBVQQY9qem0KYEw2cCjYqBZlhKaED0mNtSxWRzIT55OoRPrJKF8eJtqUAT9TfEzmRxgxlZDslgb6Z98bif147g/gyzLlKM2CKThfFmcCQ4HEEuMs1oyCGlhCqub0V0z7RhIINqmRD8OZfXiSNk6p3Xj29O6vUrmZxFNEBOkTHyEMXqIZuUR35iCKNntErenOenBfn3fmYthac2cw++gPn8wfRp5IU</latexit>

ÛF

Keldysh evolution 
tensor-network

Influence matrix is an eigenvector of 
a dual transfer matrix

Lerose, Sonner, DA, PRX’21

“wave function” of a 
temporal spin chain

<latexit sha1_base64="3ln0+as/Eueq85tuqiR6uRABPkc=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwYWUREVdFt24rGAf0MQwmU7asZNJmJkIJXTjr7hxoYhbP8Odf+P0IWj1wIUz59zL3HvClDOlHefTKszNLywuFZdLK6tr6xv25lZDJZkktE4SnshWiBXlTNC6ZprTViopjkNOm2H/cuQ376lULBE3epBSP8ZdwSJGsDZSYO+o4O7W0zg7RF6IJfp+BnbZqThjoL/EnZIyTFEL7A+vk5AspkITjpVqu06q/RxLzQinw5KXKZpi0sdd2jZU4JgqPx8fMET7RumgKJGmhEZj9edEjmOlBnFoOmOse2rWG4n/ee1MR+d+zkSaaSrI5KMo40gnaJQG6jBJieYDQzCRzOyKSA9LTLTJrGRCcGdP/ksaRxX3tHJ8fVKuXkzjKMIu7MEBuHAGVbiCGtSBwBAe4RlerAfryXq13iatBWs6sw2/YL1/ARQhlhY=</latexit>

s⌧j , s̄
⌧
j

<latexit sha1_base64="8DBkUdU+T1yQhb/qE4CNFJR56HI="></latexit>

|Ii =
X

{s⌧ ,s̄⌧}

I(s1, s̄1, ..., st, s̄t)|s1, s̄1, ...st, s̄ti

<latexit sha1_base64="fuDKh1hhBbTnkkDW0XgJPqN82YI=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSElU1GXRjcsK9gFNLJPppB06mYSZGyGE+ituXCji1g9x5984bbPQ1gMXzpxzL3PvCRLBNTjOt7W0vLK6tl7aKG9ube/s2nv7LR2nirImjUWsOgHRTHDJmsBBsE6iGIkCwdrB6Gbitx+Z0jyW95AlzI/IQPKQUwJG6tkV/eABSU+wFxCFZ4+eXXVqzhR4kbgFqaICjZ795fVjmkZMAhVE667rJODnRAGngo3LXqpZQuiIDFjXUEkipv18uvwYHxmlj8NYmZKAp+rviZxEWmdRYDojAkM9703E/7xuCuGVn3OZpMAknX0UpgJDjCdJ4D5XjILIDCFUcbMrpkOiCAWTV9mE4M6fvEhapzX3onZ2d16tXxdxlNABOkTHyEWXqI5uUQM1EUUZekav6M16sl6sd+tj1rpkFTMV9AfW5w/+4pRc</latexit>

s⌧ , s̄⌧
<latexit sha1_base64="/RmztdWtGB5pcF/76dY2/csBsv4=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyoqMuiG91VsA9sh3InzbShmcyQZIRS+hduXCji1r9x59+YaWeh1QOBwzn3knNPkAiujet+OYWl5ZXVteJ6aWNza3unvLvX1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMrjO/9ciU5rG8N+OE+REOJA85RWOlh26EZkhRkNteueJW3RnIX+LlpAI56r3yZ7cf0zRi0lCBWnc8NzH+BJXhVLBpqZtqliAd4YB1LJUYMe1PZomn5MgqfRLGyj5pyEz9uTHBSOtxFNjJLKFe9DLxP6+TmvDSn3CZpIZJOv8oTAUxMcnOJ32uGDVibAlSxW1WQoeokBpbUsmW4C2e/Jc0T6reefX07qxSu8rrKMIBHMIxeHABNbiBOjSAgoQneIFXRzvPzpvzPh8tOPnOPvyC8/ENDliQhQ==</latexit>I <latexit sha1_base64="/RmztdWtGB5pcF/76dY2/csBsv4=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyoqMuiG91VsA9sh3InzbShmcyQZIRS+hduXCji1r9x59+YaWeh1QOBwzn3knNPkAiujet+OYWl5ZXVteJ6aWNza3unvLvX1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMrjO/9ciU5rG8N+OE+REOJA85RWOlh26EZkhRkNteueJW3RnIX+LlpAI56r3yZ7cf0zRi0lCBWnc8NzH+BJXhVLBpqZtqliAd4YB1LJUYMe1PZomn5MgqfRLGyj5pyEz9uTHBSOtxFNjJLKFe9DLxP6+TmvDSn3CZpIZJOv8oTAUxMcnOJ32uGDVibAlSxW1WQoeokBpbUsmW4C2e/Jc0T6reefX07qxSu8rrKMIBHMIxeHABNbiBOjSAgoQneIFXRzvPzpvzPh8tOPnOPvyC8/ENDliQhQ==</latexit>I

Transverse TN contraction: Banuls et al’10

“System”
<latexit sha1_base64="mL1mJhA/wRSCfBI59PkGqntAo9g=">AAAB9HicbVDLTsMwENyUVymvAkcuFhUSB1QlgIBjBReORaIPaKPIcZ3WquME26lURf0OLhxAiCsfw42/wWlzgJaRdjWa2ZXX48ecKW3b31ZhaXllda24XtrY3NreKe/uNVWUSEIbJOKRbPtYUc4EbWimOW3HkuLQ57TlD28yvzWiUrFI3OtxTN0Q9wULGMHaSG7bYyfoIWuPHvPKFbtqT4EWiZOTCuSoe+Wvbi8iSUiFJhwr1XHsWLsplpoRTielbqJojMkQ92nHUIFDqtx0evQEHRmlh4JImhIaTdXfGykOlRqHvpkMsR6oeS8T//M6iQ6u3JSJONFUkNlDQcKRjlCWAOoxSYnmY0MwkczcisgAS0y0yalkQnDmv7xImqdV56J6dndeqV3ncRThAA7hGBy4hBrcQh0aQOAJnuEV3qyR9WK9Wx+z0YKV7+zDH1ifPw7BkP8=</latexit>

Xi, Yi, Zi Pauli matrices for spin i



Complexity of the influence matrix and temporal 
entanglement

Influence matrix is a “wave function” (in time)                  


<latexit sha1_base64="WV0eENrw1yd3s+oMRxdmnrWMcz4=">AAAB/XicbVDJSgNBEK1xjXEbl5uXxiB4kDAjih6DXjxGMAtkxlDT6Uma9Cx09whxCP6KFw+KePU/vPk3dpaDJj4oeP1eFV31glRwpR3n21pYXFpeWS2sFdc3Nre27Z3dukoySVmNJiKRzQAVEzxmNc21YM1UMowCwRpB/3rkNx6YVDyJ7/QgZX6E3ZiHnKI2UtveV/eexuyEeAFKMnmQtl1yys4YZJ64U1KCKapt+8vrJDSLWKypQKVarpNqP0epORVsWPQyxVKkfeyylqExRkz5+Xj7ITkySoeEiTQVazJWf0/kGCk1iALTGaHuqVlvJP7ntTIdXvo5j9NMs5hOPgozQXRCRlGQDpeMajEwBKnkZldCeyiRahNY0YTgzp48T+qnZfe87NyelSpX0zgKcACHcAwuXEAFbqAKNaDwCM/wCm/Wk/VivVsfk9YFazqzB39gff4AWjmUgg==</latexit>

s⌧ , s̄⌧

<latexit sha1_base64="wCeQuv8n7JHeQZCN/iRpyb9Q3PY=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5KoqAcPxV48VrQf0Iaw2W7bpbtJ2J0oJfanePGgiFd/iTf/jds2B219MPB4b4aZeUEsuAbH+baWlldW19ZzG/nNre2dXbuw19BRoiir00hEqhUQzQQPWR04CNaKFSMyEKwZDKsTv/nAlOZReA+jmHmS9EPe45SAkXy7cOenHSUxMBmPS3B8VfXtolN2psCLxM1IEWWo+fZXpxvRRLIQqCBat10nBi8lCjgVbJzvJJrFhA5Jn7UNDYlk2kunp4/xkVG6uBcpUyHgqfp7IiVS65EMTKckMNDz3kT8z2sn0Lv0Uh7GCbCQzhb1EoEhwpMccJcrRkGMDCFUcXMrpgOiCAWTVt6E4M6/vEgaJ2X3vHx6e1asXGdx5NABOkQl5KILVEE3qIbqiKJH9Ixe0Zv1ZL1Y79bHrHXJymb20R9Ynz9EiJNc</latexit>

Stemp(t) < C

Temporal entanglement structure and scaling with t ?

If area law, describe efficiently with tensor-networks

Minimal complexity for computing dynamics of local observables
*can be smaller than full wave function complexity 

<latexit sha1_base64="/RmztdWtGB5pcF/76dY2/csBsv4=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyoqMuiG91VsA9sh3InzbShmcyQZIRS+hduXCji1r9x59+YaWeh1QOBwzn3knNPkAiujet+OYWl5ZXVteJ6aWNza3unvLvX1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMrjO/9ciU5rG8N+OE+REOJA85RWOlh26EZkhRkNteueJW3RnIX+LlpAI56r3yZ7cf0zRi0lCBWnc8NzH+BJXhVLBpqZtqliAd4YB1LJUYMe1PZomn5MgqfRLGyj5pyEz9uTHBSOtxFNjJLKFe9DLxP6+TmvDSn3CZpIZJOv8oTAUxMcnOJ32uGDVibAlSxW1WQoeokBpbUsmW4C2e/Jc0T6reefX07qxSu8rrKMIBHMIxeHABNbiBOjSAgoQneIFXRzvPzpvzPh8tOPnOPvyC8/ENDliQhQ==</latexit>I



Exact solutions



Perfect dephaser: exactly solvable chaotic dynamics

I({s, s̄}) =
T�1Y

⌧=1

�s⌧ s̄⌧
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

For                                           , solve eigenvalue eqn exactly

“Perfect dephaser” influence matrix

This model is chaotic if               (level repulsion)

Relation to dual-unitary circuits Akila et al’16; Bertini et al’19; Piroli et al’20

Lerose, Sonner, DA, PRX’21

A difficult problem (chaotic dynamics, high entanglement) becomes easy

<latexit sha1_base64="I921Dpfr67Syyq1gH/6660eRnRQ="></latexit>

ÛF = eiJ
P

i ZiZi+1eih
P

i Zieig
P

i Xi

<latexit sha1_base64="fuDKh1hhBbTnkkDW0XgJPqN82YI=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSElU1GXRjcsK9gFNLJPppB06mYSZGyGE+ituXCji1g9x5984bbPQ1gMXzpxzL3PvCRLBNTjOt7W0vLK6tl7aKG9ube/s2nv7LR2nirImjUWsOgHRTHDJmsBBsE6iGIkCwdrB6Gbitx+Z0jyW95AlzI/IQPKQUwJG6tkV/eABSU+wFxCFZ4+eXXVqzhR4kbgFqaICjZ795fVjmkZMAhVE667rJODnRAGngo3LXqpZQuiIDFjXUEkipv18uvwYHxmlj8NYmZKAp+rviZxEWmdRYDojAkM9703E/7xuCuGVn3OZpMAknX0UpgJDjCdJ4D5XjILIDCFUcbMrpkOiCAWTV9mE4M6fvEhapzX3onZ2d16tXxdxlNABOkTHyEWXqI5uUQM1EUUZekav6M16sl6sd+tj1rpkFTMV9AfW5w/+4pRc</latexit>

s⌧ , s̄⌧
<latexit sha1_base64="/RmztdWtGB5pcF/76dY2/csBsv4=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyoqMuiG91VsA9sh3InzbShmcyQZIRS+hduXCji1r9x59+YaWeh1QOBwzn3knNPkAiujet+OYWl5ZXVteJ6aWNza3unvLvX1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMrjO/9ciU5rG8N+OE+REOJA85RWOlh26EZkhRkNteueJW3RnIX+LlpAI56r3yZ7cf0zRi0lCBWnc8NzH+BJXhVLBpqZtqliAd4YB1LJUYMe1PZomn5MgqfRLGyj5pyEz9uTHBSOtxFNjJLKFe9DLxP6+TmvDSn3CZpIZJOv8oTAUxMcnOJ32uGDVibAlSxW1WQoeokBpbUsmW4C2e/Jc0T6reefX07qxSu8rrKMIBHMIxeHABNbiBOjSAgoQneIFXRzvPzpvzPh8tOPnOPvyC8/ENDliQhQ==</latexit>I <latexit sha1_base64="/RmztdWtGB5pcF/76dY2/csBsv4=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyoqMuiG91VsA9sh3InzbShmcyQZIRS+hduXCji1r9x59+YaWeh1QOBwzn3knNPkAiujet+OYWl5ZXVteJ6aWNza3unvLvX1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMrjO/9ciU5rG8N+OE+REOJA85RWOlh26EZkhRkNteueJW3RnIX+LlpAI56r3yZ7cf0zRi0lCBWnc8NzH+BJXhVLBpqZtqliAd4YB1LJUYMe1PZomn5MgqfRLGyj5pyEz9uTHBSOtxFNjJLKFe9DLxP6+TmvDSn3CZpIZJOv8oTAUxMcnOJ32uGDVibAlSxW1WQoeokBpbUsmW4C2e/Jc0T6reefX07qxSu8rrKMIBHMIxeHABNbiBOjSAgoQneIFXRzvPzpvzPh8tOPnOPvyC8/ENDliQhQ==</latexit>I

<latexit sha1_base64="J3brMt+9RgBiXILzk44KgkkoVWg=">AAACB3icbZDLSsNAFIYnXmu9RV0KMlgEF6UmWtRNoehGXFWwF2hCmUwn7dDJJMxMhJJ258ZXceNCEbe+gjvfxkmbhbb+MPDxn3M4c34vYlQqy/o2FhaXlldWc2v59Y3NrW1zZ7chw1hgUschC0XLQ5IwykldUcVIKxIEBR4jTW9wndabD0RIGvJ7NYyIG6Aepz7FSGmrYx6MeqPK6HZUcSJ6Ui5Cp+j4oUCMaYL9fMcsWCVrIjgPdgYFkKnWMb+cbojjgHCFGZKybVuRchMkFMWMjPNOLEmE8AD1SFsjRwGRbjK5YwyPtNOFer9+XMGJ+3siQYGUw8DTnQFSfTlbS83/au1Y+ZduQnkUK8LxdJEfM6hCmIYCu1QQrNhQA8KC6r9C3EcCYaWjS0OwZ0+eh8ZpyT4vnd2VC9WrLI4c2AeH4BjY4AJUwQ2ogTrA4BE8g1fwZjwZL8a78TFtXTCymT3wR8bnDwgml3w=</latexit>

|g| = |J | = ⇡/4, 8h

<latexit sha1_base64="OB0+xYJNgkbX2FOCqnrIwx8OmlE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8cK9gPaUDbbSbt0s4m7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WDGSfoR3QgecgZNVZqDbsSH4nbK1fcqjsDWSZeTiqQo94rf3X7MUsjlIYJqnXHcxPjZ1QZzgROSt1UY0LZiA6wY6mkEWo/m507ISdW6ZMwVrakITP190RGI63HUWA7I2qGetGbiv95ndSE137GZZIalGy+KEwFMTGZ/k76XCEzYmwJZYrbWwkbUkWZsQmVbAje4svLpHlW9S6r5/cXldpNHkcRjuAYTsGDK6jBHdShAQxG8Ayv8OYkzovz7nzMWwtOPnMIf+B8/gCmLI8g</latexit>

h 6= 0

<latexit sha1_base64="YltUvlyqaRI238o5tWBdBevktIA=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkqiol6EoggeK/YL2hA22227dDcJuxOhhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL4gF1+A439bS8srq2npuI7+5tb1TsHf3GjpKFGV1GolItQKimeAhqwMHwVqxYkQGgjWD4c3Ebz4ypXkU1mAUM0+Sfsh7nBIwkm8XHvy0oySu3Y5LcHzl+HbRKTtT4EXiZqSIMlR9+6vTjWgiWQhUEK3brhODlxIFnAo2zncSzWJCh6TP2oaGRDLtpdPDx/jIKF3ci5SpEPBU/T2REqn1SAamUxIY6HlvIv7ntRPoXXopD+MEWEhni3qJwBDhSQq4yxWjIEaGEKq4uRXTAVGEgskqb0Jw519eJI2TsntePr0/K1auszhy6AAdohJy0QWqoDtURXVEUYKe0St6s56sF+vd+pi1LlnZzD76A+vzByDykhk=</latexit>

STE(t) = 0



Influence matrix (IM) of an integrable model

Influence matrix — BCS-like wave function 
(in the space of trajectories)

Solve by mapping to free fermions

Pairing term depends on the spectral properties of quasiparticles
      

<latexit sha1_base64="VGInCdlS579jhoPwO6BJYshc03s="></latexit>

ÛF,0 = eiJ
P

i ZiZi+1eig
P

i Xi

     

<latexit sha1_base64="2SBgD24iBBUDo8jK69GGS8bUP5A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1Wz+8vKrWbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBSWY3V</latexit>⇡

<latexit sha1_base64="I/uCZcQBBCkZsEKkJxHeoB5de9Y=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9lVUY9FLx4rWFtol5JNs21okg1JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvUpwZ6/vfXmlldW19o7xZ2dre2d2r7h88miTVhLZIwhPdibChnEnassxy2lGaYhFx2o7Gt7nffqLasEQ+2ImiocBDyWJGsM0lv6dYv1rz6/4MaJkEBalBgWa/+tUbJCQVVFrCsTHdwFc2zLC2jHA6rfRSQxUmYzykXUclFtSE2ezWKTpxygDFiXYlLZqpvycyLIyZiMh1CmxHZtHLxf+8bmrj6zBjUqWWSjJfFKcc2QTlj6MB05RYPnEEE83crYiMsMbEungqLoRg8eVl8nhWDy7r5/cXtcZNEUcZjuAYTiGAK2jAHTShBQRG8Ayv8OYJ78V79z7mrSWvmDmEP/A+fwDAkY4P</latexit>

0⇡

<latexit sha1_base64="Kdj814l/Ick/QGmXevCRJk0MIAc=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU92toh6LXjxWsB+wXUo2zbah2WRNskJZ+ie8eFDEq3/Hm//GtN2Dtj4YeLw3w8y8MOFMG9f9dgorq2vrG8XN0tb2zu5eef+gpWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2Obqd++4kqzaR4MOOEBjEeCBYxgo2VOgO/m7CzWtArV9yqOwNaJl5OKpCj0St/dfuSpDEVhnCste+5iQkyrAwjnE5K3VTTBJMRHlDfUoFjqoNsdu8EnViljyKpbAmDZurviQzHWo/j0HbG2Az1ojcV//P81ETXQcZEkhoqyHxRlHJkJJo+j/pMUWL42BJMFLO3IjLEChNjIyrZELzFl5dJq1b1Lqvn9xeV+k0eRxGO4BhOwYMrqMMdNKAJBDg8wyu8OY/Oi/PufMxbC04+cwh/4Hz+AFpEj4c=</latexit>

g[⇡/2]

<latexit sha1_base64="7wvOVYlBx1/p0CthRN19UGGL6bU=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4qrtV1GPRi3iqYD9gu5Rsmm1Ds9mYZIWy9E948aCIV/+ON/+NabsHbX0w8Hhvhpl5oeRMG9f9dpaWV1bX1gsbxc2t7Z3d0t5+UyepIrRBEp6odog15UzQhmGG07ZUFMchp61weDPxW09UaZaIBzOSNIhxX7CIEWys1L7zO5KdVoNuqexW3CnQIvFyUoYc9W7pq9NLSBpTYQjHWvueK02QYWUY4XRc7KSaSkyGuE99SwWOqQ6y6b1jdGyVHooSZUsYNFV/T2Q41noUh7Yzxmag572J+J/npya6CjImZGqoILNFUcqRSdDkedRjihLDR5Zgopi9FZEBVpgYG1HRhuDNv7xImtWKd1E5uz8v167zOApwCEdwAh5cQg1uoQ4NIMDhGV7hzXl0Xpx352PWuuTkMwfwB87nDy2Fj2o=</latexit>

J [⇡/2]
<latexit sha1_base64="mINfg+aHheM79HZECEqXxvUGVvY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVvV6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmoX5art3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDfTmMvQ==</latexit>

1

<latexit sha1_base64="mINfg+aHheM79HZECEqXxvUGVvY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVvV6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmoX5art3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDfTmMvQ==</latexit>

1

<latexit sha1_base64="TpN6sRMdEhkCqnjWyIQJr5WE10I=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivV3V6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmoX5art3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDe7WMvA==</latexit>

0
<latexit sha1_base64="TpN6sRMdEhkCqnjWyIQJr5WE10I=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivV3V6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmoX5art3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDe7WMvA==</latexit>

0 Majorana

Majorana<latexit sha1_base64="2SBgD24iBBUDo8jK69GGS8bUP5A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1Wz+8vKrWbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBSWY3V</latexit>⇡

<latexit sha1_base64="TpN6sRMdEhkCqnjWyIQJr5WE10I=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivV3V6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmoX5art3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDe7WMvA==</latexit>

0

Lerose, Sonner, DA, arXiv:2104.07607

Thakurathi et al’13,  
Yates et al’19



Area-law temporal entanglement of influence matrix “wave 
function”

Additionally, IM detects phase transitions, edge modes

Interactions in the temporal chain decay as 
<latexit sha1_base64="VQy494v0cTHh8KA9E9FUwtXrmlU=">AAACCnicbVC7TsMwFHV4lvIKMLIEKqQyUJIWAWMFC2OR6ENqSnXjuq1VJ7FsB6lKO7PwKywMIMTKF7DxNzhtBmg5kqXjc+6VfY7HGZXKtr+NhcWl5ZXVzFp2fWNza9vc2a3JMBKYVHHIQtHwQBJGA1JVVDHS4IKA7zFS9wbXiV9/IELSMLhTQ05aPvQC2qUYlJba5oE7AM4h7yqIjl0uQq5Ca5TcRvfxSem0OG6bObtgT2DNEyclOZSi0ja/3E6II58ECjOQsunYXLViEIpiRsZZN5KEAx5AjzQ1DcAnshVPooytI610rG4o9AmUNVF/b8TgSzn0PT3pg+rLWS8R//OakepetmIa8EiRAE8f6kbM0nGTXqwOFQQrNtQEsKD6rxbugwCsdHtZXYIzG3me1IoF57xQuj3Lla/SOjJoHx2iPHLQBSqjG1RBVYTRI3pGr+jNeDJejHfjYzq6YKQ7e+gPjM8fl5qaMg==</latexit>

(⌧) / |⌧ |�3/2

Implies area-law



Temporal entanglement of a discretised XXZ chain

Floquet operator (integrable by Bethe ansatz)
<latexit sha1_base64="fOaiNbcoySccBhh+fhkc/7akK9A=">AAACGnicbZDLSgMxFIYz9VbrbdSlm2ARK4Uyo6JuhKIg0lUFe28dMmmmDc1khiQjlGGew42v4saFIu7EjW9jello9YfAx3/O4eT8bsioVJb1ZaTm5hcWl9LLmZXVtfUNc3OrKoNIYFLBAQtE3UWSMMpJRVHFSD0UBPkuIzV3cDmq1+6JkDTgt2oYko6Pepx6FCOlLce0r87JXUxLubpDYd2Jad5O8g3NjQkf5GlpHza10ZwYiWNmrYI1FvwL9hSyYKqyY360uwGOfMIVZkjKlm2FqhMjoShmJMm0I0lChAeoR1oaOfKJ7MTj0xK4p50u9AKhH1dw7P6ciJEv5dB3daePVF/O1kbmf7VWpLyzTkx5GCnC8WSRFzGoAjjKCXapIFixoQaEBdV/hbiPBMJKp5nRIdizJ/+F6mHBPikc3RxnixfTONJgB+yCHLDBKSiCa1AGFYDBA3gCL+DVeDSejTfjfdKaMqYz2+CXjM9v6rSeUQ==</latexit>

F = eiJ(XiXi+1+YiYi+1)+iJ 0ZiZi+1

Infinite-T initial state

Temporal entanglement scaling
<latexit sha1_base64="DR5TU1KBTIeOuJZjhPP0qxjau/8=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzKjoi6LIris2Bd0hiGTpm1oHkOSEcpQN/6KGxeKuPUv3Pk3pu0stPVA4HDOvdycEyeMauN5387C4tLyymphrbi+sbm17e7sNrRMFSZ1LJlUrRhpwqggdUMNI61EEcRjRprx4HrsNx+I0lSKmhkmJOSoJ2iXYmSsFLn791EWKA5rN6MgUTIxEgZM9qCJ3JJX9iaA88TPSQnkqEbuV9CROOVEGMyQ1m3fS0yYIWUoZmRUDFJNEoQHqEfalgrEiQ6zSYIRPLJKB3alsk8YOFF/b2SIaz3ksZ3kyPT1rDcW//PaqelehhkVSWqIwNND3ZRBm3NcB+xQRbBhQ0sQVtT+FeI+UggbW1rRluDPRp4njZOyf14+vTsrVa7yOgrgAByCY+CDC1ABt6AK6gCDR/AMXsGb8+S8OO/Ox3R0wcl39sAfOJ8/8nWWkw==</latexit>

STE / log t

Ballistic quasiparticles         low temporal entanglement

New exact solutions

Collaboration with Piroli, Giudice, Giudici, arXiv:2112.14264, PRL’22

<latexit sha1_base64="7oUz7bVkW0VeC+Z5zTxWeaO5ojs=">AAAB/XicbZDLSgMxFIbPeK31Nl52boJFFJQ6o0XdCEU3UjcV7AXaoWTSTBuauZBkhDoUX8WNC0Xc+h7ufBvTdhba+kPg4z/ncE5+N+JMKsv6NmZm5+YXFjNL2eWV1bV1c2OzKsNYEFohIQ9F3cWSchbQimKK03okKPZdTmtu73pYrz1QIVkY3Kt+RB0fdwLmMYKVtlrmdumyGbHjwhFCpf0xHt62zJyVt0ZC02CnkINU5Zb51WyHJPZpoAjHUjZsK1JOgoVihNNBthlLGmHSwx3a0Bhgn0onGV0/QHvaaSMvFPoFCo3c3xMJ9qXs+67u9LHqysna0Pyv1oiVd+EkLIhiRQMyXuTFHKkQDaNAbSYoUbyvARPB9K2IdLHAROnAsjoEe/LL01A9ydtn+dO7Qq54lcaRgR3YhQOw4RyKcANlqACBR3iGV3gznowX4934GLfOGOnMFvyR8fkDnVKSwg==</latexit>

J = ⇡/4, J 0 = ⇡/4 +K

Product initial state
<latexit sha1_base64="UaIbsGx91QrRVh91lQBMSrYPu40=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCIJRERT0WvXisYD+gKWGz3bTbbjZhdyKUWPCvePGgiFd/hzf/jds2B219MPB4b4aZeUEiuAbH+bYWFpeWV1YLa8X1jc2tbXtnt67jVFFWo7GIVTMgmgkuWQ04CNZMFCNRIFgjGNyM/cYDU5rH8h6GCWtHpCt5yCkBI/n2vhcDj5jGfv/xxFNEdgXz+75dcsrOBHieuDkpoRxV3/7yOjFNIyaBCqJ1y3USaGdEAaeCjYpeqllC6IB0WctQSczKdjY5f4SPjNLBYaxMScAT9fdERiKth1FgOiMCPT3rjcX/vFYK4VU74zJJgUk6XRSmAkOMx1ngDleMghgaQqji5lZMe0QRCiaxognBnX15ntRPy+5F+ezuvFS5zuMooAN0iI6Riy5RBd2iKqohijL0jF7Rm/VkvVjv1se0dcHKZ/bQH1ifPymPlaA=</latexit>

⌦j |+ij

Exact MPS



Thermalisation and transport



Temporal entanglement in thermalising systems

Low temporal entanglement — efficient algorithms for broken integrability
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<latexit sha1_base64="NmFgvXy6Fm4QZgeZh+Gojc5zcFw=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgKiRVtBuh6MZlBfuANpTJdNIOnUzizKRQQr/DjQtF3Pox7vwbJ20W2nrgwplz7mXuPX7MmdKO820V1tY3NreK26Wd3b39g/LhUUtFiSS0SSIeyY6PFeVM0KZmmtNOLCkOfU7b/vgu89sTKhWLxKOextQL8VCwgBGsjeSNbhzbqdq27dhurV+umNccaJW4OalAjka//NUbRCQJqdCEY6W6rhNrL8VSM8LprNRLFI0xGeMh7RoqcEiVl86XnqEzowxQEElTQqO5+nsixaFS09A3nSHWI7XsZeJ/XjfRQc1LmYgTTQVZfBQkHOkIZQmgAZOUaD41BBPJzK6IjLDERJucSiYEd/nkVdKq2u6VffFwWanf5nEU4QRO4RxcuIY63EMDmkDgCZ7hFd6sifVivVsfi9aClc8cwx9Ynz8cBY+6</latexit>

h = 0.02...0.18Different curves:

<latexit sha1_base64="pCCrgRATBQug7+SL6rtqFBsvnQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBg8TEFvVSKHoRTxXsB7SxbLbbdulmE3Y3Sgn9H148KOLV/+LNf+O2zUFbHww83pthZp4fcaa043xbmaXlldW17HpuY3Nreye/u1dXYSwJrZGQh7LpY0U5E7Smmea0GUmKA5/Thj+8nviNRyoVC8W9HkXUC3BfsB4jWBvp4bbs2EX3pF9uR+y01MkXHNuZAi0SNyUFSFHt5L/a3ZDEARWacKxUy3Ui7SVYakY4HefasaIRJkPcpy1DBQ6o8pLp1WN0ZJQu6oXSlNBoqv6eSHCg1CjwTWeA9UDNexPxP68V696llzARxZoKMlvUiznSIZpEgLpMUqL5yBBMJDO3IjLAEhNtgsqZENz5lxdJ/cx2z+3iXalQuUrjyMIBHMIxuHABFbiBKtSAgIRneIU368l6sd6tj1lrxkpn9uEPrM8fwi+Qvw==</latexit>

J = 0.31, g = ⇡/4
<latexit sha1_base64="Ju5gl+QKGAeFgynqA6lcH9NK1yE=">AAAB9HicbVDLSsNAFL3xWeur6tLNYBFcSEisqBuh6EZcVbAPaEOZTCft0MkkzkwKJfQ73LhQxK0f486/cZpmoa0HLvdwzr3MnePHnCntON/W0vLK6tp6YaO4ubW9s1va22+oKJGE1knEI9nysaKcCVrXTHPaiiXFoc9p0x/eTv3miErFIvGoxzH1QtwXLGAEayN599eOXXFP+1nrlsqO7WRAi8TNSRly1Lqlr04vIklIhSYcK9V2nVh7KZaaEU4nxU6iaIzJEPdp21CBQ6q8NDt6go6N0kNBJE0JjTL190aKQ6XGoW8mQ6wHat6biv957UQHV17KRJxoKsjsoSDhSEdomgDqMUmJ5mNDMJHM3IrIAEtMtMmpaEJw57+8SBpntnthVx7Oy9WbPI4CHMIRnIALl1CFO6hBHQg8wTO8wps1sl6sd+tjNrpk5TsH8AfW5w9UEY/f</latexit>

J = 0.31, g = 0.31
<latexit sha1_base64="nzVjKlwEkjQU99Jis5X3QchjBrQ=">AAAB83icbVDLSsNAFL2pr1pfUZduBovgQkJifW2EohtxVcE+oA1lMp20QyeTMDMRSuhvuHGhiFt/xp1/47TNQlsPXO7hnHuZOydIOFPadb+twtLyyupacb20sbm1vWPv7jVUnEpC6yTmsWwFWFHOBK1rpjltJZLiKOC0GQxvJ37ziUrFYvGoRwn1I9wXLGQEayN17q9dp+Kd9E0779pl13GnQIvEy0kZctS69lenF5M0okITjpVqe26i/QxLzQin41InVTTBZIj7tG2owBFVfja9eYyOjNJDYSxNCY2m6u+NDEdKjaLATEZYD9S8NxH/89qpDq/8jIkk1VSQ2UNhypGO0SQA1GOSEs1HhmAimbkVkQGWmGgTU8mE4M1/eZE0Th3vwqk8nJWrN3kcRTiAQzgGDy6hCndQgzoQSOAZXuHNSq0X6936mI0WrHxnH/7A+vwB5SKPpg==</latexit>

J = 0.31, g = 0.5
<latexit sha1_base64="zL2ejujHTmH8vzPUVVYMBVBJL6M=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBg8TEFvVSKHoRTxXsB7SxbLbbdulmE3Y3Sgn9H148KOLV/+LNf+O2zUFbHww83pthZp4fcaa043xbmaXlldW17HpuY3Nreye/u1dXYSwJrZGQh7LpY0U5E7Smmea0GUmKA5/Thj+8nviNRyoVC8W9HkXUC3BfsB4jWBvp4bbcjthp6aRfduyi28kXHNuZAi0SNyUFSFHt5L/a3ZDEARWacKxUy3Ui7SVYakY4HefasaIRJkPcpy1DBQ6o8pLp1WN0ZJQu6oXSlNBoqv6eSHCg1CjwTWeA9UDNexPxP68V696llzARxZoKMlvUiznSIZpEgLpMUqL5yBBMJDO3IjLAEhNtgsqZENz5lxdJ/cx2z+3iXalQuUrjyMIBHMIxuHABFbiBKtSAgIRneIU368l6sd6tj1lrxkpn9uEPrM8fxneQvw==</latexit>

J = ⇡/4, g = 0.31

<latexit sha1_base64="/eLdG4JhmFnnjb5/LPCR5dCbj7k=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hd0omosQ9OIxgnlAsoTZyWwyZHZ2nekVQshPePGgiFd/x5t/4yTZgyYWNBRV3XR3BYkUBl3321lZXVvf2Mxt5bd3dvf2CweHDROnmvE6i2WsWwE1XArF6yhQ8laiOY0CyZvB8HbqN5+4NiJWDzhKuB/RvhKhYBSt1Oqwgbj2ypVuoeiW3BnIMvEyUoQMtW7hq9OLWRpxhUxSY9qem6A/phoFk3yS76SGJ5QNaZ+3LVU04sYfz+6dkFOr9EgYa1sKyUz9PTGmkTGjKLCdEcWBWfSm4n9eO8Ww4o+FSlLkis0XhakkGJPp86QnNGcoR5ZQpoW9lbAB1ZShjShvQ/AWX14mjXLJuyyd318UqzdZHDk4hhM4Aw+uoAp3UIM6MJDwDK/w5jw6L8678zFvXXGymSP4A+fzB+UEjzo=</latexit>

� = 128
<latexit sha1_base64="Sd6Aaj5AHZcDPB/cYngT2MIIsKo=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexqiF6EoBePEcwDkiXMTibJkNnZZaZXCEs+wosHRbz6Pd78GyfJHjSxoKGo6qa7K4ilMOi6305ubX1jcyu/XdjZ3ds/KB4eNU2UaMYbLJKRbgfUcCkUb6BAydux5jQMJG8F47uZ33ri2ohIPeIk5n5Ih0oMBKNopVaXjcRNtdIrltyyOwdZJV5GSpCh3it+dfsRS0KukElqTMdzY/RTqlEwyaeFbmJ4TNmYDnnHUkVDbvx0fu6UnFmlTwaRtqWQzNXfEykNjZmEge0MKY7MsjcT//M6CQ6u/VSoOEGu2GLRIJEEIzL7nfSF5gzlxBLKtLC3EjaimjK0CRVsCN7yy6ukeVH2quXLh0qpdpvFkYcTOIVz8OAKanAPdWgAgzE8wyu8ObHz4rw7H4vWnJPNHMMfOJ8/c6WO/w==</latexit>

� = 64

<latexit sha1_base64="I921Dpfr67Syyq1gH/6660eRnRQ="></latexit>

ÛF = eiJ
P

i ZiZi+1eih
P

i Zieig
P

i Xi

MPS algorithms for IM Lerose, Sonner, DA, arXiv:2103.13741, 2201.04150; Frias-Perez, Banuls, arXiv:2201.08402

Intuitively, fast thermalisation       short memory time of the bath



Thermalisation and transport via influence matrix

<latexit sha1_base64="pZox7DRx1yxi6Dop85csAtFwJTw=">AAACC3icbZDLSgMxFIYz9VbrbdSlm9AiVAplRkXdCEU3xVUFe8F2GDJppg1NMkOSEcrQvRtfxY0LRdz6Au58G9PLQlsPJHz8/zkk5w9iRpV2nG8rs7S8srqWXc9tbG5t79i7ew0VJRKTOo5YJFsBUoRRQeqaakZasSSIB4w0g8H12G8+EKloJO70MCYeRz1BQ4qRNpJv56uXHZVwWOzBlk9hqQ/vfVq6MZeBlJbc0ZFvF5yyMym4CO4MCmBWNd/+6nQjnHAiNGZIqbbrxNpLkdQUMzLKdRJFYoQHqEfaBgXiRHnpZJcRPDRKF4aRNEdoOFF/T6SIKzXkgenkSPfVvDcW//PaiQ4vvJSKONFE4OlDYcKgjuA4GNilkmDNhgYQltT8FeI+kghrE1/OhODOr7wIjeOye1Y+uT0tVK5mcWTBAciDInDBOaiAKqiBOsDgETyDV/BmPVkv1rv1MW3NWLOZffCnrM8f8W6Ydw==</latexit>

H =
X

(gXi + hZi + JZiZi+1)

Energy transport in a thermalising model

<latexit sha1_base64="PvzIjuTSTyTwJ9i1PbUaS024UaQ=">AAACBnicbVDLSgMxFM3UV62vqksRgkVooQwZrdouhKIbcVXBPqAdSiZN29BMZkgyQhm6cuOvuHGhiFu/wZ1/Y/pYaOuBC4dz7uXee7yQM6UR+rYSS8srq2vJ9dTG5tb2Tnp3r6aCSBJaJQEPZMPDinImaFUzzWkjlBT7Hqd1b3A99usPVCoWiHs9DKnr455gXUawNlI7fZjt5WE/D29zl1lkl1DhLA+RXUQllIdOrp3OIBtNABeJMyMZMEOlnf5qdQIS+VRowrFSTQeF2o2x1IxwOkq1IkVDTAa4R5uGCuxT5caTN0bw2Cgd2A2kKaHhRP09EWNfqaHvmU4f676a98bif14z0t2iGzMRRpoKMl3UjTjUARxnAjtMUqL50BBMJDO3QtLHEhNtkkuZEJz5lxdJ7cR2zu3Tu0KmfDWLIwkOwBHIAgdcgDK4ARVQBQQ8gmfwCt6sJ+vFerc+pq0JazazD/7A+vwBuK6TjQ==</latexit>

(g, h, J) = (0.9045, 0.8090, 1) Kim, Ikeda, Huse’14

<latexit sha1_base64="Jyf6JfrG7pqGLBqM/sU1jOzNhRE=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqpXaoEEDBWsDAWiT5EE0WO67RWHSeyHaQq6sjCr7AwgBArn8DG3+CkGaDlSFf36Jx7Zd/jx4xKZVnfRmlpeWV1rbxe2djc2t4xd/c6MkoEJm0csUj0fCQJo5y0FVWM9GJBUOgz0vXH15nffSBC0ojfqUlM3BANOQ0oRkpLnnnoMMSHjMB7j9ZUPWuwZtUhdESue2bValg54CKxC1IFBVqe+eUMIpyEhCvMkJR924qVmyKhKGZkWnESSWKEx2hI+ppyFBLppvkhU3islQEMIqGLK5irvzdSFEo5CX09GSI1kvNeJv7n9RMVXLop5XGiCMezh4KEQRXBLBU4oIJgxSaaICyo/ivEIyQQVjq7ig7Bnj95kXROGvZ54/T2rNq8KuIogwNwBGrABhegCW5AC7QBBo/gGbyCN+PJeDHejY/ZaMkodvbBHxifP3bkl7c=</latexit>

hZi(t)Zi(0)i

Number of cycles
<latexit sha1_base64="HW/qejwDaBKjGH5ILbZpJSFAaVU=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKe6qqBchqAdPEsE8ILuE2clsMmT2wUyvEJb8hhcPinj1Z7z5N06SPWi0oKGo6qa7y0+k0GjbX1ZhYXFpeaW4Wlpb39jcKm/vNHWcKsYbLJaxavtUcyki3kCBkrcTxWnoS97yh9cTv/XIlRZx9ICjhHsh7UciEIyikdy7Szxyb7hESrBbrthVewrylzg5qUCOerf86fZiloY8Qiap1h3HTtDLqELBJB+X3FTzhLIh7fOOoRENufay6c1jcmCUHgliZSpCMlV/TmQ01HoU+qYzpDjQ895E/M/rpBhceJmIkhR5xGaLglQSjMkkANITijOUI0MoU8LcStiAKsrQxFQyITjzL/8lzeOqc1Y9uT+t1K7yOIqwB/twCA6cQw1uoQ4NYJDAE7zAq5Vaz9ab9T5rLVj5zC78gvXxDfsDkQI=</latexit>

N = t/�t

<latexit sha1_base64="Jyf6JfrG7pqGLBqM/sU1jOzNhRE=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqpXaoEEDBWsDAWiT5EE0WO67RWHSeyHaQq6sjCr7AwgBArn8DG3+CkGaDlSFf36Jx7Zd/jx4xKZVnfRmlpeWV1rbxe2djc2t4xd/c6MkoEJm0csUj0fCQJo5y0FVWM9GJBUOgz0vXH15nffSBC0ojfqUlM3BANOQ0oRkpLnnnoMMSHjMB7j9ZUPWuwZtUhdESue2bValg54CKxC1IFBVqe+eUMIpyEhCvMkJR924qVmyKhKGZkWnESSWKEx2hI+ppyFBLppvkhU3islQEMIqGLK5irvzdSFEo5CX09GSI1kvNeJv7n9RMVXLop5XGiCMezh4KEQRXBLBU4oIJgxSaaICyo/ivEIyQQVjq7ig7Bnj95kXROGvZ54/T2rNq8KuIogwNwBGrABhegCW5AC7QBBo/gGbyCN+PJeDHejY/ZaMkodvbBHxifP3bkl7c=</latexit>

hZi(t)Zi(0)i

Evolution time 

Energy diffusion

Sonner et al., in preparation



 Modeling quantum circuits with dissipation:

Application in a recent Google experiment




Observation of Majorana edge modes with superconducting 
qubits Xiao Mi, M. Sonner et al., Science’22

Experimental quantum circuit

Long-lived edge correlators signal robust edge modes



Observation of Majorana edge modes with superconducting 
qubits

Influence matrix to describe edge modes with weak dissipation (ask for more)

Experimental quantum circuit

Long-lived edge correlators signal robust edge modes

Xiao Mi, M. Sonner et al., Science’22



Efficient method for quantum impurity problems



Non-equilibrium quantum impurity problems
Thoenniss, Lerose, DA,arXiv:2205.04995

Grassman path integral

Extend Fishman-White 
algorithm (2015) to convert 

Gaussian IM to MPS

Time



Quench in an Anderson impurity model

For               Fermi-sea initial states
Thoenniss, Sonner, Lerose, DA,arXiv:2205.04995+2211.10272

1d nearest-neighbour fermions, 
Fermi sea state

<latexit sha1_base64="eLcRghfTTVq0f+LUnYTiFn/3rH0=">AAAB63icbVBNSwMxEJ31s9avqkcvwSLUS9lVUY9FLx4r9gvapWTTbBuaZJckK5Slf8GLB0W8+oe8+W/MtnvQ1gcDj/dmmJkXxJxp47rfzsrq2vrGZmGruL2zu7dfOjhs6ShRhDZJxCPVCbCmnEnaNMxw2okVxSLgtB2M7zK//USVZpFsmElMfYGHkoWMYJNJj5XGWb9UdqvuDGiZeDkpQ456v/TVG0QkEVQawrHWXc+NjZ9iZRjhdFrsJZrGmIzxkHYtlVhQ7aezW6fo1CoDFEbKljRopv6eSLHQeiIC2ymwGelFLxP/87qJCW/8lMk4MVSS+aIw4chEKHscDZiixPCJJZgoZm9FZIQVJsbGU7QheIsvL5PWedW7ql48XJZrt3kcBTiGE6iAB9dQg3uoQxMIjOAZXuHNEc6L8+58zFtXnHzmCP7A+fwBG0KNog==</latexit>
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(Most) non-equilibrium impurity problems can be efficiently solved

For finite-temperature initial states

Temporal correlations of influence matrix
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Quench in an Anderson impurity model
Thoenniss, Sonner, Lerose, DA,arXiv:2205.04995+2211.10272

1d nearest-neighbour fermions, 
Fermi sea state
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(Most) non-equilibrium impurity problems can be efficiently solved

For finite-temperature initial states

Benchmark: quench in Anderson model


Slow dynamics — Kondo singlet formation

Temporal correlations of influence matrix
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For               Fermi-sea initial states
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Current in an Anderson impurity model

Steady state current at large voltage bias

Approach to steady state

Low bond dimension sufficient

Next: modeling correlated materials by non-equilibrium DMFT



Disorder-averaged influence matrix and many-body 
localization 



Exact disorder averaging
arXiv:2012.00777, PRB’21

Disorder-averaged transfer matrix: 
couples forward&backward trajectory
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Self-consistency equation for 
disorder-averaged influence matrix≡
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nonlocal constraint

Includes all rare-region effects

<latexit sha1_base64="mqD01np2mj8XbkSFWdp1AZAm1U0=">AAACC3icbVC7SgNBFJ31GeNr1dJmSBBiYdgVRcugjWUE84DsZrk7mSSTzD6YmRXCkt7GX7GxUMTWH7Dzb5wki2jigQtnzrmXuff4MWdSWdaXsbS8srq2ntvIb25t7+yae/t1GSWC0BqJeCSaPkjKWUhriilOm7GgEPicNvzh9cRv3FMhWRTeqVFM3QB6IesyAkpLnlmg7ZT1vQEuYekN2o6C5MTxQfy8jseeWbTK1hR4kdgZKaIMVc/8dDoRSQIaKsJBypZtxcpNQShGOB3nnUTSGMgQerSlaQgBlW46vWWMj7TSwd1I6AoVnqq/J1IIpBwFvu4MQPXlvDcR//NaiepeuikL40TRkMw+6iYcqwhPgsEdJihRfKQJEMH0rpj0QQBROr68DsGeP3mR1E/L9nnZuj0rVq6yOHLoEBVQCdnoAlXQDaqiGiLoAT2hF/RqPBrPxpvxPmtdMrKZA/QHxsc30a+aRw==</latexit>

eihj(s
⌧
j �s̄⌧j )

<latexit sha1_base64="OAHgG+5A6v4tb9L62VRIGdf7C/M=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIeilJURS8FL14rGA/IClls920azebsLsRaugv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KEM6Ud59sqrKyurW8UN0tb2zu7ZXtvv6XiVBLaJDGPZSfAinImaFMzzWknkRRHAaftYHQz9duPVCoWi3s9Tmg3wgPBQkawNlLPLg97Dz4TyHOuan7CTnt2xak6M6Bl4uakAjkaPfvL78ckjajQhGOlPNdJdDfDUjPC6aTkp4ommIzwgHqGChxR1c1mh0/QsVH6KIylKaHRTP09keFIqXEUmM4I66Fa9Kbif56X6vCymzGRpJoKMl8UphzpGE1TQH0mKdF8bAgmkplbERliiYk2WZVMCO7iy8ukVau651Xn7qxSv87jKMIhHMEJuHABdbiFBjSBQArP8Apv1pP1Yr1bH/PWgpXPHMAfWJ8/LdySHw==</latexit>

hj 2 [0; 2⇡)



Temporal entanglement in the MBL phase

Phase diagram

Temporal ent. (MPS+exact diag.)

≡

≡

≡

eihσα δαβγδ
α β

δ

γ
α β

δ

γ

eiJσασβ

cos g δσγ,σδ
+ i sin g δσγ,−σδ

$̂

⟨ℐ⟩ = ⟨ℐ⟩

p

ℐL,p ℐR,p=}̂F

space}ρ0

̂Tp+2time

⋯ +p 2p−p 1 ⋯+p 1

a)

b) c)

d)

e)

0 50 100
t

0.00

0.25

0.50

0.75

S

0.0 0.1 0.2 0.3
g

10

20

30

t

0.98 0.99 1.00

MBL Thermal

0
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0.4

Strongly sub-linear growth 

MBL 

contrast to ergodic phase (linear growth)

Note: ent. of an unfolded influence matrix also low

arXiv:2012.00777, PRB’21



Disorder-averaged correlation functions

Influence matrix —> all temporal correlators
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Magnetisation decay


Access to longer times in MBL phase


Disorder averaging accounted for exactly

arXiv:2012.00777, PRB’21



Structure of the non-ergodic influence matrix

Blip interactions are non-local, non-decaying (interfence persists)                                     
[vs weakly interacting blip gas in ergodic phase]

Influence matrix linked to temporal long-range order
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Structure of the non-ergodic influence matrix

Blip interactions are non-local, non-decaying (interfence persists)                                     
[vs weakly interacting blip gas in ergodic phase]

Influence matrix linked to temporal long-range order
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MBL Transition Ergodic
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P (M) Contribution of sector with 
“magnetisation” M
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Summary

Influence matrix: many-body system as a bath

Low temporal entanglement       efficient tensor-network algorithms

Versatile approach for quantum dynamics, simulation & control

Applications: dynamics, transport, impurity models, noisy 
circuits, q-control,…

-Generally, lower complexity than full wave function



Further steps/questions

Theory:

-Scaling of                     for thermalising dynamics?


-Structure of IM in the MBL phase?


-Approximate truncation schemes for 2d 


-Renormalization on the influence functional? Route to universality classes?


Experiments:

-Measure IM via multi-time correlation functions? 


-Construct effective representation of (noisy) environment       quantum control


-Realistic models of noise, dissipation

<latexit sha1_base64="JkmvV9X9bkO8MGArBilMs5XpoeM=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISFfVY9OKxov2ANoTNdtMu3U3C7kSoob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMCxLBNTjOt1VYWV1b3yhulra2d3bL9t5+S8epoqxJYxGrTkA0EzxiTeAgWCdRjMhAsHYwupn67UemNI+jBxgnzJNkEPGQUwJG8u3yvZ/1lMTAZDKpwolvV5yaMwNeJm5OKihHw7e/ev2YppJFQAXRuus6CXgZUcCpYJNSL9UsIXREBqxraEQk0142O3yCj43Sx2GsTEWAZ+rviYxIrccyMJ2SwFAvelPxP6+bQnjlZTxKUmARnS8KU4EhxtMUcJ8rRkGMDSFUcXMrpkOiCAWTVcmE4C6+vExapzX3onZ2d16pX+dxFNEhOkJV5KJLVEe3qIGaiKIUPaNX9GY9WS/Wu/Uxby1Y+cwB+gPr8wcugZLJ</latexit>

Stemp(t)



Acknowledgements

L. Piroli (ENS), G. Giudice (Muinch), P. Roushan (Google), Vadim Smelyanskiy (Google)

Michael SonnerAlessio Lerose Julian Thoenniss Xiao Mi


