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Measurement induced phase transitions: 



Motivation
Quantum devices / NISQ (noisy intermediate scale quantum) platforms

superconducting circuits

K. Satzinger et al., 
Science (2021)

trapped ions

C. Noel et al., 
Nature Physics (2022)

G. Semeghini et al., 
Science (2021)

Rydberg tweezers

➡ realize many-body driven open quantum dynamics: interplay of unitary evolution, 
decoherence/dissipation, measurements

➡ require concepts and tools from (quantum) non-equilibrium statistical mechanics



Measurements in many-body systems
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• dynamics non-trivial (eigenstates not shared) once

deterministic 
Schrödinger evolution

for measurement observable
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Small quantum systems: Measurements

• two types of quantum dynamics

stochastic measurement  
evolution
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• dynamics non-trivial (eigenstates not shared) once

deterministic 
Schrödinger evolution
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e.g. Mott-insulator to superfluid 
transition in cold atoms

• non-commuting operators lead to (quantum) phase transitions

➡  combine measurement and many particles: similar scenario?
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Many-body systems: Phase transitions
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Entanglement Phase Transitions in Random Circuits
Skinner, Ruhman, Nahum 

PRX (2019)
Li, Chen, Fisher, PRB 

(2018, 2019)

• model and key ingredients:

• randomly chosen local entangling unitary 
gates (random circuit)

• projective local measurement of non-
commuting observables



Entanglement Phase Transitions in Random Circuits
Skinner, Ruhman, Nahum 

PRX (2019)
Li, Chen, Fisher, PRB 

(2018, 2019)

• basic picture: competition in many-body context (measure       )

# unitaries/time

# measurements/time
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<latexit sha1_base64="U4q14OtK38I+QXvR5XILVj/Akaw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgrGFNpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NaWV1b3yhvVra2d3b3qvsHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDv1W09cG5GoBxynPIjpQIlIMIpW8gfkmri9as2tuzOQZeIVpAYFmr3qV7efsCzmCpmkxnQ8N8UgpxoFk3xS6WaGp5SN6IB3LFU05ibIZ8dOyIlV+iRKtC2FZKb+nshpbMw4Dm1nTHFoFr2p+J/XyTC6CnKh0gy5YvNFUSYJJmT6OekLzRnKsSWUaWFvJWxINWVo86nYELzFl5fJ41ndu6i79+e1xk0RRxmO4BhOwYNLaMAdNMEHBgKe4RXeHOW8OO/Ox7y15BQzh/AHzucPakuNxA==</latexit>

g = 0
<latexit sha1_base64="G4WuepvoTXJQvzq9vjmUBaXQnQI=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgxbAril6EoBePEcwDkzXMTjrJkNnZZWZWCEv+wosHRbz6N978GyfJHjSxoKGo6qa7K4gF18Z1v53c0vLK6lp+vbCxubW9U9zdq+soUQxrLBKRagZUo+ASa4Ybgc1YIQ0DgY1geDPxG0+oNI/kvRnF6Ie0L3mPM2qs9NB/TE+8MbkibqdYcsvuFGSReBkpQYZqp/jV7kYsCVEaJqjWLc+NjZ9SZTgTOC60E40xZUPax5alkoao/XR68ZgcWaVLepGyJQ2Zqr8nUhpqPQoD2xlSM9Dz3kT8z2slpnfpp1zGiUHJZot6iSAmIpP3SZcrZEaMLKFMcXsrYQOqKDM2pIINwZt/eZHUT8veedm9OytVrrM48nAAh3AMHlxABW6hCjVgIOEZXuHN0c6L8+58zFpzTjazD3/gfP4AxD+Pqg==</latexit>

g�1 = 0

chaotic dynamics product state

<latexit sha1_base64="0IK0BDR2PGwK11MiRRX0tZoMJaw=">AAAB8XicbVBNSwMxEJ34WetX1aOXYBE8lV1R9Fj04rGC/cB2Ldk024Ym2SXJCnXpv/DiQRGv/htv/hvTdg/a+mDg8d4MM/PCRHBjPe8bLS2vrK6tFzaKm1vbO7ulvf2GiVNNWZ3GItatkBgmuGJ1y61grUQzIkPBmuHweuI3H5k2PFZ3dpSwQJK+4hGnxDrpvmN4X5Iuf3jqlspexZsCLxI/J2XIUeuWvjq9mKaSKUsFMabte4kNMqItp4KNi53UsITQIemztqOKSGaCbHrxGB87pYejWLtSFk/V3xMZkcaMZOg6JbEDM+9NxP+8dmqjyyDjKkktU3S2KEoFtjGevI97XDNqxcgRQjV3t2I6IJpQ60IquhD8+ZcXSeO04p9XvNuzcvUqj6MAh3AEJ+DDBVThBmpQBwoKnuEV3pBBL+gdfcxal1A+cwB/gD5/ALQjkO8=</latexit>

�z
i

➡volume law entanglement growth ➡area law entanglement growth

<latexit sha1_base64="BrxENt5dkK+F4RHBC8Q5dzR722o=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4Kokouiy6MZlBVsLTQiTySQdOo8wMxFK7cZfceNCEbd+hjv/xmmbhbYeuHA4517uvSfOGdXG876dytLyyupadb22sbm1vePu7nW0LBQmbSyZVN0YacKoIG1DDSPdXBHEY0bu48H1xL9/IEpTKe7MMCchR5mgKcXIWClyD4JcySSij4GmGUcRDRQSGSORW/ca3hRwkfglqYMSrcj9ChKJC06EwQxp3fO93IQjpAzFjIxrQaFJjvAAZaRnqUCc6HA0fWAMj62SwFQqW8LAqfp7YoS41kMe206OTF/PexPxP69XmPQyHFGRF4YIPFuUFgwaCSdpwIQqgg0bWoKwovZWiPtIIWxsZjUbgj//8iLpnDb884Z3e1ZvXpVxVMEhOAInwAcXoAluQAu0AQZj8AxewZvz5Lw4787HrLXilDP74A+czx90VJb0</latexit>Y

i

|�ii
<latexit sha1_base64="QE9fPY8jyGZHJV6/OPfUY4kUUHQ=">AAACCHicbVDLSgMxFM34rPU16tKFwSK4kDIjim6EohuXFewDOsOQSTNtaCYZkoylDF268VfcuFDErZ/gzr8xnc5CWw8EDufcw809YcKo0o7zbS0sLi2vrJbWyusbm1vb9s5uU4lUYtLAggnZDpEijHLS0FQz0k4kQXHISCsc3Ez81gORigp+r0cJ8WPU4zSiGGkjBfaBp2gvRgGFV9BLEySlGJ5AryuGPOeBXXGqTg44T9yCVECBemB/mTBOY8I1Zkipjusk2s+Q1BQzMi57qSIJwgPUIx1DOYqJ8rP8kDE8MkoXRkKaxzXM1d+JDMVKjeLQTMZI99WsNxH/8zqpji79jPIk1YTj6aIoZVALOGkFdqkkWLORIQhLav4KcR9JhLXprmxKcGdPnifN06p7XnXuziq166KOEtgHh+AYuOAC1MAtqIMGwOARPINX8GY9WS/Wu/UxHV2wiswe+APr8wdYi5mO</latexit>

�i =", #

• model and key ingredients:

• randomly chosen local entangling unitary 
gates (random circuit)

• projective local measurement of non-
commuting observables



Entanglement Phase Transitions in Random Circuits
Skinner, Ruhman, Nahum 

PRX (2019)
Li, Chen, Fisher, PRB 

(2018, 2019)

➡Phase transition in entanglement growth at finite competition ratio g

<latexit sha1_base64="D/65IpAnMePmuv/FarEdLDTa3kA=">AAAB73icbVBNSwMxEJ34WetX1aOXYBE8lV1R9Fj04sFDRfsB7VKyabYNTbJrkhXK0j/hxYMiXv073vw3pu0etPXBwOO9GWbmhYngxnreN1paXlldWy9sFDe3tnd2S3v7DROnmrI6jUWsWyExTHDF6pZbwVqJZkSGgjXD4fXEbz4xbXisHuwoYYEkfcUjTol1UusedwyX+LZbKnsVbwq8SPyclCFHrVv66vRimkqmLBXEmLbvJTbIiLacCjYudlLDEkKHpM/ajioimQmy6b1jfOyUHo5i7UpZPFV/T2REGjOSoeuUxA7MvDcR//PaqY0ug4yrJLVM0dmiKBXYxnjyPO5xzagVI0cI1dzdiumAaEKti6joQvDnX14kjdOKf17x7s7K1as8jgIcwhGcgA8XUIUbqEEdKAh4hld4Q4/oBb2jj1nrEspnDuAP0OcPDT6PUg==</latexit>

S ⇠ L
<latexit sha1_base64="Zmv0G3rDGzb/uVCrDzha6Liq1uQ=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwFRJRdFl047KifUATymQ6aYdOJmHmRqyh+CtuXCji1v9w5984bbPQ1gMXDufcy733hKngGlz321pYXFpeWS2tldc3Nre27Z3dhk4yRVmdJiJRrZBoJrhkdeAgWCtVjMShYM1wcDX2m/dMaZ7IOximLIhJT/KIUwJG6tj7t9jXPMY+sAfIaSI1OKOOXXEddwI8T7yCVFCBWsf+8rsJzWImgQqiddtzUwhyooBTwUZlP9MsJXRAeqxtqCQx00E+uX6Ej4zSxVGiTEnAE/X3RE5irYdxaDpjAn09643F/7x2BtFFkHOZZsAknS6KMoEhweMocJcrRkEMDSFUcXMrpn2iCAUTWNmE4M2+PE8aJ4535rg3p5XqZRFHCR2gQ3SMPHSOquga1VAdUfSIntErerOerBfr3fqYti5Yxcwe+gPr8wdFP5Ud</latexit>

S ⇠ const.

<latexit sha1_base64="JKp0g3S1jsYP3z98hzyy0HsEKjU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDbbSbp0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGLZYIhLVCahGwSW2DDcCO6lCGgcC28HoZuq3n1BpnsgHM07Rj2kkecgZNVa6j/qsX625dXcGsky8gtSgQLNf/eoNEpbFKA0TVOuu56bGz6kynAmcVHqZxpSyEY2wa6mkMWo/n506ISdWGZAwUbakITP190ROY63HcWA7Y2qGetGbiv953cyEV37OZZoZlGy+KMwEMQmZ/k0GXCEzYmwJZYrbWwkbUkWZselUbAje4svL5PGs7l3U3bvzWuO6iKMMR3AMp+DBJTTgFprQAgYRPMMrvDnCeXHenY95a8kpZg7hD5zPHz7kjcU=</latexit>gc

• basic picture: competition in many-body context (measure       )

# unitaries/time

# measurements/time
<latexit sha1_base64="WhlJqAkaDFG5YOwxaw4JZQaW4bY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxiv2ANpTNdtIu3WzC7kYoof/AiwdFvPqPvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5aMYJ+hEdSB5yRo2VHgbXvXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mlE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6dukzxUyI8aWUKa4vZWwIVWUGRtOyYbgLb68TJpnVe+i6t6fV2o3eRxFOIJjOAUPLqEGd1CHBjAI4Rle4c0ZOS/Ou/Mxby04+cwh/IHz+QNPlY02</latexit>g =

<latexit sha1_base64="U4q14OtK38I+QXvR5XILVj/Akaw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgrGFNpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NaWV1b3yhvVra2d3b3qvsHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDv1W09cG5GoBxynPIjpQIlIMIpW8gfkmri9as2tuzOQZeIVpAYFmr3qV7efsCzmCpmkxnQ8N8UgpxoFk3xS6WaGp5SN6IB3LFU05ibIZ8dOyIlV+iRKtC2FZKb+nshpbMw4Dm1nTHFoFr2p+J/XyTC6CnKh0gy5YvNFUSYJJmT6OekLzRnKsSWUaWFvJWxINWVo86nYELzFl5fJ41ndu6i79+e1xk0RRxmO4BhOwYNLaMAdNMEHBgKe4RXeHOW8OO/Ox7y15BQzh/AHzucPakuNxA==</latexit>

g = 0
<latexit sha1_base64="G4WuepvoTXJQvzq9vjmUBaXQnQI=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgxbAril6EoBePEcwDkzXMTjrJkNnZZWZWCEv+wosHRbz6N978GyfJHjSxoKGo6qa7K4gF18Z1v53c0vLK6lp+vbCxubW9U9zdq+soUQxrLBKRagZUo+ASa4Ybgc1YIQ0DgY1geDPxG0+oNI/kvRnF6Ie0L3mPM2qs9NB/TE+8MbkibqdYcsvuFGSReBkpQYZqp/jV7kYsCVEaJqjWLc+NjZ9SZTgTOC60E40xZUPax5alkoao/XR68ZgcWaVLepGyJQ2Zqr8nUhpqPQoD2xlSM9Dz3kT8z2slpnfpp1zGiUHJZot6iSAmIpP3SZcrZEaMLKFMcXsrYQOqKDM2pIINwZt/eZHUT8veedm9OytVrrM48nAAh3AMHlxABW6hCjVgIOEZXuHN0c6L8+58zFpzTjazD3/gfP4AxD+Pqg==</latexit>

g�1 = 0

chaotic dynamics product state

<latexit sha1_base64="0IK0BDR2PGwK11MiRRX0tZoMJaw=">AAAB8XicbVBNSwMxEJ34WetX1aOXYBE8lV1R9Fj04rGC/cB2Ldk024Ym2SXJCnXpv/DiQRGv/htv/hvTdg/a+mDg8d4MM/PCRHBjPe8bLS2vrK6tFzaKm1vbO7ulvf2GiVNNWZ3GItatkBgmuGJ1y61grUQzIkPBmuHweuI3H5k2PFZ3dpSwQJK+4hGnxDrpvmN4X5Iuf3jqlspexZsCLxI/J2XIUeuWvjq9mKaSKUsFMabte4kNMqItp4KNi53UsITQIemztqOKSGaCbHrxGB87pYejWLtSFk/V3xMZkcaMZOg6JbEDM+9NxP+8dmqjyyDjKkktU3S2KEoFtjGevI97XDNqxcgRQjV3t2I6IJpQ60IquhD8+ZcXSeO04p9XvNuzcvUqj6MAh3AEJ+DDBVThBmpQBwoKnuEV3pBBL+gdfcxal1A+cwB/gD5/ALQjkO8=</latexit>

�z
i

➡volume law entanglement growth ➡area law entanglement growth

<latexit sha1_base64="BrxENt5dkK+F4RHBC8Q5dzR722o=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4Kokouiy6MZlBVsLTQiTySQdOo8wMxFK7cZfceNCEbd+hjv/xmmbhbYeuHA4517uvSfOGdXG876dytLyyupadb22sbm1vePu7nW0LBQmbSyZVN0YacKoIG1DDSPdXBHEY0bu48H1xL9/IEpTKe7MMCchR5mgKcXIWClyD4JcySSij4GmGUcRDRQSGSORW/ca3hRwkfglqYMSrcj9ChKJC06EwQxp3fO93IQjpAzFjIxrQaFJjvAAZaRnqUCc6HA0fWAMj62SwFQqW8LAqfp7YoS41kMe206OTF/PexPxP69XmPQyHFGRF4YIPFuUFgwaCSdpwIQqgg0bWoKwovZWiPtIIWxsZjUbgj//8iLpnDb884Z3e1ZvXpVxVMEhOAInwAcXoAluQAu0AQZj8AxewZvz5Lw4787HrLXilDP74A+czx90VJb0</latexit>Y

i

|�ii
<latexit sha1_base64="QE9fPY8jyGZHJV6/OPfUY4kUUHQ=">AAACCHicbVDLSgMxFM34rPU16tKFwSK4kDIjim6EohuXFewDOsOQSTNtaCYZkoylDF268VfcuFDErZ/gzr8xnc5CWw8EDufcw809YcKo0o7zbS0sLi2vrJbWyusbm1vb9s5uU4lUYtLAggnZDpEijHLS0FQz0k4kQXHISCsc3Ez81gORigp+r0cJ8WPU4zSiGGkjBfaBp2gvRgGFV9BLEySlGJ5AryuGPOeBXXGqTg44T9yCVECBemB/mTBOY8I1Zkipjusk2s+Q1BQzMi57qSIJwgPUIx1DOYqJ8rP8kDE8MkoXRkKaxzXM1d+JDMVKjeLQTMZI99WsNxH/8zqpji79jPIk1YTj6aIoZVALOGkFdqkkWLORIQhLav4KcR9JhLXprmxKcGdPnifN06p7XnXuziq166KOEtgHh+AYuOAC1MAtqIMGwOARPINX8GY9WS/Wu/UxHV2wiswe+APr8wdYi5mO</latexit>

�i =", #

• model and key ingredients:

• randomly chosen local entangling unitary 
gates (random circuit)

• projective local measurement of non-
commuting observables



Entanglement Phase Transitions in Random Circuits
Skinner, Ruhman, Nahum 

PRX (2019)
Li, Chen, Fisher, PRB 

(2018, 2019)

➡Phase transition in entanglement growth at finite competition ratio g

<latexit sha1_base64="D/65IpAnMePmuv/FarEdLDTa3kA=">AAAB73icbVBNSwMxEJ34WetX1aOXYBE8lV1R9Fj04sFDRfsB7VKyabYNTbJrkhXK0j/hxYMiXv073vw3pu0etPXBwOO9GWbmhYngxnreN1paXlldWy9sFDe3tnd2S3v7DROnmrI6jUWsWyExTHDF6pZbwVqJZkSGgjXD4fXEbz4xbXisHuwoYYEkfcUjTol1UusedwyX+LZbKnsVbwq8SPyclCFHrVv66vRimkqmLBXEmLbvJTbIiLacCjYudlLDEkKHpM/ajioimQmy6b1jfOyUHo5i7UpZPFV/T2REGjOSoeuUxA7MvDcR//PaqY0ug4yrJLVM0dmiKBXYxnjyPO5xzagVI0cI1dzdiumAaEKti6joQvDnX14kjdOKf17x7s7K1as8jgIcwhGcgA8XUIUbqEEdKAh4hld4Q4/oBb2jj1nrEspnDuAP0OcPDT6PUg==</latexit>

S ⇠ L
<latexit sha1_base64="Zmv0G3rDGzb/uVCrDzha6Liq1uQ=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwFRJRdFl047KifUATymQ6aYdOJmHmRqyh+CtuXCji1v9w5984bbPQ1gMXDufcy733hKngGlz321pYXFpeWS2tldc3Nre27Z3dhk4yRVmdJiJRrZBoJrhkdeAgWCtVjMShYM1wcDX2m/dMaZ7IOximLIhJT/KIUwJG6tj7t9jXPMY+sAfIaSI1OKOOXXEddwI8T7yCVFCBWsf+8rsJzWImgQqiddtzUwhyooBTwUZlP9MsJXRAeqxtqCQx00E+uX6Ej4zSxVGiTEnAE/X3RE5irYdxaDpjAn09643F/7x2BtFFkHOZZsAknS6KMoEhweMocJcrRkEMDSFUcXMrpn2iCAUTWNmE4M2+PE8aJ4535rg3p5XqZRFHCR2gQ3SMPHSOquga1VAdUfSIntErerOerBfr3fqYti5Yxcwe+gPr8wdFP5Ud</latexit>

S ⇠ const.

<latexit sha1_base64="JKp0g3S1jsYP3z98hzyy0HsEKjU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDbbSbp0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGLZYIhLVCahGwSW2DDcCO6lCGgcC28HoZuq3n1BpnsgHM07Rj2kkecgZNVa6j/qsX625dXcGsky8gtSgQLNf/eoNEpbFKA0TVOuu56bGz6kynAmcVHqZxpSyEY2wa6mkMWo/n506ISdWGZAwUbakITP190ROY63HcWA7Y2qGetGbiv953cyEV37OZZoZlGy+KMwEMQmZ/k0GXCEzYmwJZYrbWwkbUkWZselUbAje4svL5PGs7l3U3bvzWuO6iKMMR3AMp+DBJTTgFprQAgYRPMMrvDnCeXHenY95a8kpZg7hD5zPHz7kjcU=</latexit>gc

• basic picture: competition in many-body context (measure       )

# unitaries/time

# measurements/time
<latexit sha1_base64="WhlJqAkaDFG5YOwxaw4JZQaW4bY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxiv2ANpTNdtIu3WzC7kYoof/AiwdFvPqPvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5aMYJ+hEdSB5yRo2VHgbXvXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mlE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6dukzxUyI8aWUKa4vZWwIVWUGRtOyYbgLb68TJpnVe+i6t6fV2o3eRxFOIJjOAUPLqEGd1CHBjAI4Rle4c0ZOS/Ou/Mxby04+cwh/IHz+QNPlY02</latexit>g =

<latexit sha1_base64="U4q14OtK38I+QXvR5XILVj/Akaw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgrGFNpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NaWV1b3yhvVra2d3b3qvsHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDv1W09cG5GoBxynPIjpQIlIMIpW8gfkmri9as2tuzOQZeIVpAYFmr3qV7efsCzmCpmkxnQ8N8UgpxoFk3xS6WaGp5SN6IB3LFU05ibIZ8dOyIlV+iRKtC2FZKb+nshpbMw4Dm1nTHFoFr2p+J/XyTC6CnKh0gy5YvNFUSYJJmT6OekLzRnKsSWUaWFvJWxINWVo86nYELzFl5fJ41ndu6i79+e1xk0RRxmO4BhOwYNLaMAdNMEHBgKe4RXeHOW8OO/Ox7y15BQzh/AHzucPakuNxA==</latexit>

g = 0
<latexit sha1_base64="G4WuepvoTXJQvzq9vjmUBaXQnQI=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgxbAril6EoBePEcwDkzXMTjrJkNnZZWZWCEv+wosHRbz6N978GyfJHjSxoKGo6qa7K4gF18Z1v53c0vLK6lp+vbCxubW9U9zdq+soUQxrLBKRagZUo+ASa4Ybgc1YIQ0DgY1geDPxG0+oNI/kvRnF6Ie0L3mPM2qs9NB/TE+8MbkibqdYcsvuFGSReBkpQYZqp/jV7kYsCVEaJqjWLc+NjZ9SZTgTOC60E40xZUPax5alkoao/XR68ZgcWaVLepGyJQ2Zqr8nUhpqPQoD2xlSM9Dz3kT8z2slpnfpp1zGiUHJZot6iSAmIpP3SZcrZEaMLKFMcXsrYQOqKDM2pIINwZt/eZHUT8veedm9OytVrrM48nAAh3AMHlxABW6hCjVgIOEZXuHN0c6L8+58zFpzTjazD3/gfP4AxD+Pqg==</latexit>

g�1 = 0

chaotic dynamics product state
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• model and key ingredients:

• randomly chosen local entangling unitary 
gates (random circuit)

• projective local measurement of non-
commuting observables

• Physical pictures
Choi, Bao, Qi, Altman, PRL (2020); Fan et al. PRB (2021); Li Fisher PRB (2021)

Jian, You, Vasseur, Ludwig, PRB (2020), Nahum et al., PRX Quantum (2021)

• quantum error correction
• purification transition
• mapping to stat mech models

Gullans, Huse, PRX (2020); Gopalakrishnan, Gullans PRL (2021)



Entanglement Phase Transitions in Random Circuits
Skinner, Ruhman, Nahum 

PRX (2019)
Li, Chen, Fisher, PRB 

(2018, 2019)

➡Phase transition in entanglement growth at finite competition ratio g
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• basic picture: competition in many-body context (measure       )

# unitaries/time
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➡volume law entanglement growth ➡area law entanglement growth
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• model and key ingredients:

• randomly chosen local entangling unitary 
gates (random circuit)

• projective local measurement of non-
commuting observables

• Physical pictures
Choi, Bao, Qi, Altman, PRL (2020); Fan et al. PRB (2021); Li Fisher PRB (2021)

Jian, You, Vasseur, Ludwig, PRB (2020), Nahum et al., PRX Quantum (2021)

• quantum error correction
• purification transition
• mapping to stat mech models

Gullans, Huse, PRX (2020); Gopalakrishnan, Gullans PRL (2021)

Outline
•Entanglement transition: from critical phase to area law
•Physical understanding: mapping to field theory 
•Observability: Pre-selection & connection to absorbing states



Entanglement Phase Transition in a 
Monitored Free Fermion Chain

O. Alberton, M. Buchhold, SD, 
PRL 126, 170602 (2021)
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Gaussian white noise

initial state: Néel product state

Monitored Fermion Dynamics
c†l+1cl + c†l cl+1

Bessel function

Ref Keyserlingk
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• Weak continuous measurements: Stochastic Schrödinger Eq.

• unitary dynamics: hopping 
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➡ volume law entanglement entropy
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⇢A = trB | tih t|

SvN (L/2, L) = tr⇢A log(⇢A)
t!1⇠ L
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Belavkin, Phys. Lett A (1989); Gisin, Percival, JPA (1993)

related formulations: 
Dalibard, Castin, Mølmer, PRL (1992) 
Carmichael, PRL (1993)

<latexit sha1_base64="vLczeYeZo39Y4BrSVWFPPxJPr54="></latexit>

d| ti = dt(�iĤ � �
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Gaussian white noise

initial state: Néel product state

Monitored Fermion Dynamics
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• Weak continuous measurements: Stochastic Schrödinger Eq.
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➡ volume law entanglement entropy
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Belavkin, Phys. Lett A (1989); Gisin, Percival, JPA (1993)

related formulations: 
Dalibard, Castin, Mølmer, PRL (1992) 
Carmichael, PRL (1993)

➡ area law entanglement entropy

SvN (L/2, L) = s0

eigenstate of measurement operator

• H = 0: continuous collapse into dark state

• measurement operators
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Gaussian white noise

initial state: Néel product state

Monitored Fermion Dynamics
c†l+1cl + c†l cl+1

Bessel function

Ref Keyserlingk

i�c†l cl

• caveat:               is a random variable 

➡ consider trajectory ensemble to extract information
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| t!1i

• Weak continuous measurements: Stochastic Schrödinger Eq.

• unitary dynamics: hopping 

H = �J

X

l

⇣
c
†
l cl+1 + c

†
l+1cl

⌘

➡ volume law entanglement entropy

A
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⇢A = trB | tih t|

SvN (L/2, L) = tr⇢A log(⇢A)
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Belavkin, Phys. Lett A (1989); Gisin, Percival, JPA (1993)

related formulations: 
Dalibard, Castin, Mølmer, PRL (1992) 
Carmichael, PRL (1993)

➡ area law entanglement entropy

SvN (L/2, L) = s0

eigenstate of measurement operator

• H = 0: continuous collapse into dark state

• measurement operators
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Bessel function

Ref Keyserlingk

Monitored Fermion Dynamics: Extracting Information

state projector
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X

l

[n̂l, [n̂l, ⇢̂t]]

• each wave function is a random object —> ensemble average trivial in stationary state 

Lindblad quantum master equationmaximally mixed / infinite temperature (configuration entropy)
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trajectories

| tih t| ⇠ 1
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Belavkin, Phys. Lett A (1989); Gisin, Percival, JPA (1993)

• standard quantum mechanical observable do not yield information
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hÂi = h t|Â| ti = tr[Â⇢̂t]

related formulations: 
Dalibard, Castin, Mølmer, PRL (1992) 
Carmichael, PRL (1993)

• Weak continuous measurements: Stochastic Schrödinger Eq.



Bessel function

Ref Keyserlingk

Monitored Fermion Dynamics: Extracting Information

state projector
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[n̂l, [n̂l, ⇢̂t]]

• each wave function is a random object —> ensemble average trivial in stationary state 

Lindblad quantum master equationmaximally mixed / infinite temperature (configuration entropy)

initial state: Néel product state• examples:

SvN (l, L) = hlog(⇢A)i• von Neumann entropy

• correlation function quadratic in state projector

arbitrarily high power of state projector
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F (⇢̂) 6= F [⇢̂]

• use state dependent observables instead:
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Belavkin, Phys. Lett A (1989); Gisin, Percival, JPA (1993)

• standard quantum mechanical observable do not yield information
<latexit sha1_base64="Ch+efR391WKaloUSi8VwDaZ7AXA="></latexit>

hÂi = h t|Â| ti = tr[Â⇢̂t]

related formulations: 
Dalibard, Castin, Mølmer, PRL (1992) 
Carmichael, PRL (1993)

• Weak continuous measurements: Stochastic Schrödinger Eq.



volume law

subextensive, 
critical

area law 

�/J measurement/hopping

SvN (L/2, L) ⇠ log2 L

1

L

SvN (L/2, L) ⇠ s0

SvN (L/2, L) ⇠ L

�c/Jc

Trajectory Ensemble Phase Diagram

➡extended critical phase at intermediate monitoring 
critical phase but no transition 
for non-unitary circuits: Chen, 
Li, Fisher, Lucas PRR (2020)
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Characterizing the Weak Monitoring Phase & Phase Transition
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➡sudden jump reminiscent of BKT

parameter dependent c 
random systems: Cardy Jacobsen PRL (1997); 

Refael, Moore PRL (2004)

measurement-induced BKT: 
Bao, Choi, Altman, Annals of Physics (2021) 
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• toy model: trajectory evolution of single fermion on two sites

Pinning picture: Toy model
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• invisible in linear averages • seen in averaged trajectory covariance matrix
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<latexit sha1_base64="x83Bwmc1vIChqnWtj6mZIy8aYfY="></latexit>

Ĥ = �J

⇣
c
†
1c2 + h.c.

⌘ <latexit sha1_base64="4/6c3m46FJWEfx8SeX2r3kbeZw0="></latexit>

K̂ =
�

2

2X

l=1

(n̂l � hn̂lit)2
guiding picture and practical approach:

• thermodynamic limit: pinning quantum phase transition at sharply defined point 

➡ minimal continuum model in (1+1) dimensions

• signalled in state dependent ‘observables’, like the covariance matrix

➡ replica construction

main insight:
➡ pinning transition in replica degrees of freedom in BKT universality class



left mover right mover 

 ̂R,x
<latexit sha1_base64="8DYUIhxzSSVUXPpDGreFunictDg=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4kDDjgh6DXjxGMQtkxtDT6Uma9Cx016hhyH948aCIV//Fm39jZzlo4oOCx3tVVNXzEyk02va3lVtYXFpeya8W1tY3NreK2zt1HaeK8RqLZayaPtVciojXUKDkzURxGvqSN/z+1chvPHClRRzd4SDhXki7kQgEo2ike7dH0U20aGe3R0/DdrFkl+0xyDxxpqQEU1TbxS+3E7M05BEySbVuOXaCXkYVCib5sOCmmieU9WmXtwyNaMi1l42vHpIDo3RIECtTEZKx+nsio6HWg9A3nSHFnp71RuJ/XivF4MLLRJSkyCM2WRSkkmBMRhGQjlCcoRwYQpkS5lbCelRRhiaoggnBmX15ntSPy85J+ezmtFS5nMaRhz3Yh0Nw4BwqcA1VqAEDBc/wCm/Wo/VivVsfk9acNZ3ZhT+wPn8Aor6Smw==</latexit>

 ̂L,x
<latexit sha1_base64="Me2g0xv8F7skI/GCb4S+z7uhScQ=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4kDDjgh6DXjx4iGAWyIyhp9OTNOlZ6K5Rw5D/8OJBEa/+izf/xs5y0MQHBY/3qqiq5ydSaLTtbyu3sLi0vJJfLaytb2xuFbd36jpOFeM1FstYNX2quRQRr6FAyZuJ4jT0JW/4/auR33jgSos4usNBwr2QdiMRCEbRSPduj6KbaNHObo6ehu1iyS7bY5B54kxJCaaototfbidmacgjZJJq3XLsBL2MKhRM8mHBTTVPKOvTLm8ZGtGQay8bXz0kB0bpkCBWpiIkY/X3REZDrQehbzpDij09643E/7xWisGFl4koSZFHbLIoSCXBmIwiIB2hOEM5MIQyJcythPWoogxNUAUTgjP78jypH5edk/LZ7WmpcjmNIw97sA+H4MA5VOAaqlADBgqe4RXerEfrxXq3PiatOWs6swt/YH3+AJmUkpU=</latexit>

Continuum (1+1) dimensional Model

<latexit sha1_base64="uZmtvioiB07S2NLIhur0N8fLW0c="></latexit>

Ĥ = iv

Z

x
 ̂†

x�z@x ̂x

<latexit sha1_base64="dQPmbO63EvZH700Rkia42rT5geQ=">AAACFnicbZBLS8NAEMc3Pmt9RT16WSxChVoSUfQiFL148FClL2hi2Gw37dLNg92NtIR+Ci9+FS8eFPEq3vw2btOA2jqw8Jv/zDA7fzdiVEjD+NLm5hcWl5ZzK/nVtfWNTX1ruyHCmGNSxyELectFgjAakLqkkpFWxAnyXUaabv9yXG/eEy5oGNTkMCK2j7oB9ShGUkmOfmj1kLSqgjqD82LKkeLktjQYleBPfq3yg7uaoxeMspEGnAUzgwLIouron1YnxLFPAokZEqJtGpG0E8QlxYyM8lYsSIRwH3VJW2GAfCLsJD1rBPeV0oFeyNULJEzV3xMJ8oUY+q7q9JHsienaWPyv1o6ld2YnNIhiSQI8WeTFDMoQjj2CHcoJlmyoAGFO1V8h7iGOsFRO5pUJ5vTJs9A4KpsnZePmuFC5yOzIgV2wB4rABKegAq5AFdQBBg/gCbyAV+1Re9betPdJ65yWzeyAP6F9fAOoxp8L</latexit>

 ̂x = ( ̂R,x,  ̂L,x)
T• Hamiltonian: massless Dirac fermions

fermionic variant bosonized variant

<latexit sha1_base64="yW98d2DQpfn156DoQMhAc0t6SWI="></latexit>

Ĥ =
v

2⇡

Z

x
[(@x✓̂x)

2 + (@x�̂x)
2]

Luttinger liquid

densityphase

• model: phenomenologically motivated continuum limit for 

lattice fermions (weak measurement regime)

�/J = 0.01
<latexit sha1_base64="pAbDb/VRVpneBUh3ECJFaVJhu7k=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzrjA90IRTfiqoJ9QDuUO2nahiaZIckIdeiXuHGhiFs/xZ1/Y9rOQlsPXO7hnHvJzQljzrTxvG8nt7S8srqWXy9sbG5tF92d3bqOEkVojUQ8Us0QNOVM0pphhtNmrCiIkNNGOLyZ+I1HqjSL5IMZxTQQ0JesxwgYK3XcYrsPQsDxHb7CXtnzO27JtinwIvEzUkIZqh33q92NSCKoNISD1i3fi02QgjKMcDoutBNNYyBD6NOWpRIE1UE6PXyMD63Sxb1I2ZIGT9XfGykIrUcitJMCzEDPexPxP6+VmN5lkDIZJ4ZKMnuol3BsIjxJAXeZosTwkSVAFLO3YjIABcTYrAo2BH/+y4ukflL2T8vn92elynUWRx7towN0hHx0gSroFlVRDRGUoGf0it6cJ+fFeXc+ZqM5J9vZQ3/gfP4AAIuRXA==</latexit>



left mover right mover 

 ̂R,x
<latexit sha1_base64="8DYUIhxzSSVUXPpDGreFunictDg=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4kDDjgh6DXjxGMQtkxtDT6Uma9Cx016hhyH948aCIV//Fm39jZzlo4oOCx3tVVNXzEyk02va3lVtYXFpeya8W1tY3NreK2zt1HaeK8RqLZayaPtVciojXUKDkzURxGvqSN/z+1chvPHClRRzd4SDhXki7kQgEo2ike7dH0U20aGe3R0/DdrFkl+0xyDxxpqQEU1TbxS+3E7M05BEySbVuOXaCXkYVCib5sOCmmieU9WmXtwyNaMi1l42vHpIDo3RIECtTEZKx+nsio6HWg9A3nSHFnp71RuJ/XivF4MLLRJSkyCM2WRSkkmBMRhGQjlCcoRwYQpkS5lbCelRRhiaoggnBmX15ntSPy85J+ezmtFS5nMaRhz3Yh0Nw4BwqcA1VqAEDBc/wCm/Wo/VivVsfk9acNZ3ZhT+wPn8Aor6Smw==</latexit>

 ̂L,x
<latexit sha1_base64="Me2g0xv8F7skI/GCb4S+z7uhScQ=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4kDDjgh6DXjx4iGAWyIyhp9OTNOlZ6K5Rw5D/8OJBEa/+izf/xs5y0MQHBY/3qqiq5ydSaLTtbyu3sLi0vJJfLaytb2xuFbd36jpOFeM1FstYNX2quRQRr6FAyZuJ4jT0JW/4/auR33jgSos4usNBwr2QdiMRCEbRSPduj6KbaNHObo6ehu1iyS7bY5B54kxJCaaototfbidmacgjZJJq3XLsBL2MKhRM8mHBTTVPKOvTLm8ZGtGQay8bXz0kB0bpkCBWpiIkY/X3REZDrQehbzpDij09643E/7xWisGFl4koSZFHbLIoSCXBmIwiIB2hOEM5MIQyJcythPWoogxNUAUTgjP78jypH5edk/LZ7WmpcjmNIw97sA+H4MA5VOAaqlADBgqe4RXerEfrxXq3PiatOWs6swt/YH3+AJmUkpU=</latexit>

Continuum (1+1) dimensional Model

<latexit sha1_base64="uZmtvioiB07S2NLIhur0N8fLW0c="></latexit>

Ĥ = iv

Z

x
 ̂†

x�z@x ̂x

<latexit sha1_base64="dQPmbO63EvZH700Rkia42rT5geQ=">AAACFnicbZBLS8NAEMc3Pmt9RT16WSxChVoSUfQiFL148FClL2hi2Gw37dLNg92NtIR+Ci9+FS8eFPEq3vw2btOA2jqw8Jv/zDA7fzdiVEjD+NLm5hcWl5ZzK/nVtfWNTX1ruyHCmGNSxyELectFgjAakLqkkpFWxAnyXUaabv9yXG/eEy5oGNTkMCK2j7oB9ShGUkmOfmj1kLSqgjqD82LKkeLktjQYleBPfq3yg7uaoxeMspEGnAUzgwLIouron1YnxLFPAokZEqJtGpG0E8QlxYyM8lYsSIRwH3VJW2GAfCLsJD1rBPeV0oFeyNULJEzV3xMJ8oUY+q7q9JHsienaWPyv1o6ld2YnNIhiSQI8WeTFDMoQjj2CHcoJlmyoAGFO1V8h7iGOsFRO5pUJ5vTJs9A4KpsnZePmuFC5yOzIgV2wB4rABKegAq5AFdQBBg/gCbyAV+1Re9betPdJ65yWzeyAP6F9fAOoxp8L</latexit>

 ̂x = ( ̂R,x,  ̂L,x)
T• Hamiltonian: massless Dirac fermions

fermionic variant bosonized variant

<latexit sha1_base64="yW98d2DQpfn156DoQMhAc0t6SWI="></latexit>

Ĥ =
v

2⇡

Z

x
[(@x✓̂x)

2 + (@x�̂x)
2]

Luttinger liquid

densityphase

<latexit sha1_base64="HUHkIQ0/PrFUO8EGnb4kfP/J+ao=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1iEuimJVHRZdOPOCvYBbSiT6aQdOpmEmYlQQ7/EjQtF3Pop7vwbJ20W2npg4HDOvdwzx485U9pxvq3C2vrG5lZxu7Szu7dftg8O2ypKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJzeZ33mkUrFIPOhpTL0QjwQLGMHaSAO73A+xHhPM07sZqrpnA7vi1Jw50Cpxc1KBHM2B/dUfRiQJqdCEY6V6rhNrL8VSM8LprNRPFI0xmeAR7RkqcEiVl86Dz9CpUYYoiKR5QqO5+nsjxaFS09A3k1lMtexl4n9eL9HBlZcyESeaCrI4FCQc6QhlLaAhk5RoPjUEE8lMVkTGWGKiTVclU4K7/OVV0j6vuRc1575eaVzndRThGE6gCi5cQgNuoQktIJDAM7zCm/VkvVjv1sditGDlO0fwB9bnD5sCkmQ=</latexit>

O(1)

linear gapless

nonlinear

rate <latexit sha1_base64="bVyZJBNsTKNv1x/tI2QQzUEnwt0=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSSiKJ6KXjxWsB/ShjLZbtqlu5uwuxFK6K/w4kERr/4cb/4bt20O2vpg4PHeDDPzwoQzbTzv2ymsrK6tbxQ3S1vbO7t75f2Dpo5TRWiDxDxW7RA15UzShmGG03aiKIqQ01Y4up36rSeqNIvlgxknNBA4kCxiBI2VHrsDFAJ7/nWvXPGq3gzuMvFzUoEc9V75q9uPSSqoNISj1h3fS0yQoTKMcDopdVNNEyQjHNCOpRIF1UE2O3jinlil70axsiWNO1N/T2QotB6L0HYKNEO96E3F/7xOaqKrIGMySQ2VZL4oSrlrYnf6vdtnihLDx5YgUcze6pIhKiTGZlSyIfiLLy+T5lnVv6h69+eV2k0eRxGO4BhOwYdLqMEd1KEBBAQ8wyu8Ocp5cd6dj3lrwclnDuEPnM8fMV+QAQ==</latexit>�1 :

<latexit sha1_base64="yChqhBn+AB6rjQxatVJKZLsDApM=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8laQoiqeiF48V7Ie0oUy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8MOFMG8/7dlZW19Y3Ngtbxe2d3b390sFhU8epIrRBYh6rdoiaciZpwzDDaTtRFEXIaSsc3U791hNVmsXywYwTGggcSBYxgsZKj90BCoG96nWvVPYq3gzuMvFzUoYc9V7pq9uPSSqoNISj1h3fS0yQoTKMcDopdlNNEyQjHNCOpRIF1UE2O3jinlql70axsiWNO1N/T2QotB6L0HYKNEO96E3F/7xOaqKrIGMySQ2VZL4oSrlrYnf6vdtnihLDx5YgUcze6pIhKiTGZlS0IfiLLy+TZrXiX1S8+/Ny7SaPowDHcAJn4MMl1OAO6tAAAgKe4RXeHOW8OO/Ox7x1xclnjuAPnM8fMuSQAg==</latexit>�2 :rate 

• stabilize product dark states: exactly local 

• realize competition: do not commute with H (phase fluctuations)

• measurement operators: current and vertex operators 
<latexit sha1_base64="Ou3oTRKSF1AgkVOtetS8nV0wfCg="></latexit>

Ô1,x =  †
x x = Ĵ

(0)
x

<latexit sha1_base64="MlMYplOJR5VyaBelDxwbdLW7c3I=">AAACE3icbVC7SgNBFJ2Nrxhfq5Y2g0EQkbAbFG2EoI2dEcwDsnG5O5lshsw+mJmVhCX/YOOv2FgoYmtj5984SbbQxAOXezjnXmbu8WLOpLKsbyO3sLi0vJJfLaytb2xumds7dRklgtAaiXgkmh5IyllIa4opTpuxoBB4nDa8/tXYbzxQIVkU3qlhTNsB+CHrMgJKS6555PRA4Rs3LR8PRvjCqUp273TA96lwB45kfgC6a9UduGbRKlkT4HliZ6SIMlRd88vpRCQJaKgIBylbthWrdgpCMcLpqOAkksZA+uDTlqYhBFS208lNI3yglQ7uRkJXqPBE/b2RQiDlMPD0ZACqJ2e9sfif10pU97ydsjBOFA3J9KFuwrGK8Dgg3GGCEsWHmgARTP8Vkx4IIErHWNAh2LMnz5N6uWSflqzbk2LlMosjj/bQPjpENjpDFXSNqqiGCHpEz+gVvRlPxovxbnxMR3NGtrOL/sD4/AGkD54L</latexit>

Ô2,x =  †
x�x x

<latexit sha1_base64="A6uU/t0jfJc/Ye3bn9yve/Qq6D4=">AAACHXicbVDNS8MwHE39nPNr6tFLcAgedLQy0Ysw9OLNCe4D1lLSLN3C0jYkqWyU/iNe/Fe8eFDEgxfxvzHtetDNB4HHe++X5Pc8zqhUpvltLCwuLa+sltbK6xubW9uVnd22jGKBSQtHLBJdD0nCaEhaiipGulwQFHiMdLzRdeZ3HoiQNArv1YQTJ0CDkPoUI6Ult1KH0B4iBW/dxDoep5cnti8QTqw0sTlNbY6Eooi54zxk8yF1k3HqVqpmzcwB54lVkCoo0HQrn3Y/wnFAQoUZkrJnmVw5SXY5ZiQt27EkHOERGpCepiEKiHSSfLsUHmqlD/1I6BMqmKu/JxIUSDkJPJ0MkBrKWS8T//N6sfIvnISGPFYkxNOH/JhBFcGsKtingmDFJpogLKj+K8RDpOtRutCyLsGaXXmetE9r1lnNvKtXG1dFHSWwDw7AEbDAOWiAG9AELYDBI3gGr+DNeDJejHfjYxpdMIqZPfAHxtcPWxCiKA==</latexit>

Ô1,x = � 1

⇡
@x�̂x

<latexit sha1_base64="bEy7R/hhzWWbtAk6opTpyA7eTpQ=">AAACC3icbVDLSsNAFJ34rPUVdelmaBEqSEmKohuh6MadFewDmhAm00kzdPJgZiItIXs3/oobF4q49Qfc+TdO2iy09cCFwzn3cu89bsyokIbxrS0tr6yurZc2yptb2zu7+t5+R0QJx6SNIxbxnosEYTQkbUklI72YExS4jHTd0XXudx8IFzQK7+UkJnaAhiH1KEZSSY5esXwk4a2TNk7G2SUMLByJWiMXrdinTjrOjh29atSNKeAiMQtSBQVajv5lDSKcBCSUmCEh+qYRSztFXFLMSFa2EkFihEdoSPqKhiggwk6nv2TwSCkD6EVcVSjhVP09kaJAiEngqs4ASV/Me7n4n9dPpHdhpzSME0lCPFvkJQzKCObBwAHlBEs2UQRhTtWtEPuIIyxVfGUVgjn/8iLpNOrmWd24O602r4o4SuAQVEANmOAcNMENaIE2wOARPINX8KY9aS/au/Yxa13SipkD8Afa5w+hMpor</latexit>

Ô2,x = m cos(2�̂x)

common eigenstates:
<latexit sha1_base64="/DduCH13hhokNGkLq69oha1pjJs=">AAACFnicbVDLSsNAFJ3UV62vqEs3wSK4sSSi6EYo6sJlBfuAJoSb6aQZOpmEmYlYYr/Cjb/ixoUibsWdf+P0sdC2By4czrmXe+8JUkalsu0fo7CwuLS8Ulwtra1vbG6Z2zsNmWQCkzpOWCJaAUjCKCd1RRUjrVQQiANGmkHvaug374mQNOF3qp8SL4YupyHFoLTkm0duBMpNI+o/PLo1Sf1rVwDvMnIxT/TNsl2xR7BmiTMhZTRBzTe/3U6Cs5hwhRlI2XbsVHk5CEUxI4OSm0mSAu5Bl7Q15RAT6eWjtwbWgVY6VpgIXVxZI/XvRA6xlP040J0xqEhOe0NxntfOVHju5ZSnmSIcjxeFGbNUYg0zsjpUEKxYXxPAgupbLRyBAKx0kiUdgjP98ixpHFec04p9e1KuXk7iKKI9tI8OkYPOUBXdoBqqI4ye0At6Q+/Gs/FqfBif49aCMZnZRf9gfP0CbEGgJw==</latexit>

�̂x| Di = �x| Di

• model: phenomenologically motivated continuum limit for 

lattice fermions (weak measurement regime)

�/J = 0.01
<latexit sha1_base64="pAbDb/VRVpneBUh3ECJFaVJhu7k=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzrjA90IRTfiqoJ9QDuUO2nahiaZIckIdeiXuHGhiFs/xZ1/Y9rOQlsPXO7hnHvJzQljzrTxvG8nt7S8srqWXy9sbG5tF92d3bqOEkVojUQ8Us0QNOVM0pphhtNmrCiIkNNGOLyZ+I1HqjSL5IMZxTQQ0JesxwgYK3XcYrsPQsDxHb7CXtnzO27JtinwIvEzUkIZqh33q92NSCKoNISD1i3fi02QgjKMcDoutBNNYyBD6NOWpRIE1UE6PXyMD63Sxb1I2ZIGT9XfGykIrUcitJMCzEDPexPxP6+VmN5lkDIZJ4ZKMnuol3BsIjxJAXeZosTwkSVAFLO3YjIABcTYrAo2BH/+y4ukflL2T8vn92elynUWRx7towN0hHx0gSroFlVRDRGUoGf0it6cJ+fFeXc+ZqM5J9vZQ3/gfP4AAIuRXA==</latexit>



• Access state-dependent observables, e.g. covariance matrix

<latexit sha1_base64="AOZOTkYl4wmd7wLKph4oRROthaU=">AAACJ3icbVDLSsNAFJ3UV62vqEs3wSLUTUmKohul6MZlBfuAJpbJdNoOnUzCzI1Q0v6NG3/FjaAiuvRPnLbBR+uBgXPPuZc79/gRZwps+8PILCwuLa9kV3Nr6xubW+b2Tk2FsSS0SkIeyoaPFeVM0Cow4LQRSYoDn9O6378c+/U7KhULxQ0MIuoFuCtYhxEMWmqZ50O3olgLXIlFl9OzoRuNy9uk4ByOUtENgQVU/Vilb6tl5u2iPYE1T5yU5FGKSst8dtshiQMqgHCsVNOxI/ASLIERTkc5N1Y0wqSPu7SpqcB6sZdM7hxZB1ppW51Q6ifAmqi/JxIcKDUIfN0ZYOipWW8s/uc1Y+icegkTUQxUkOmiTswtCK1xaFabSUqADzTBRDL9V4v0sMQEdLQ5HYIze/I8qZWKznHRvj7Kly/SOLJoD+2jAnLQCSqjK1RBVUTQPXpEL+jVeDCejDfjfdqaMdKZXfQHxucX/m+nOg==</latexit>

| ti = | (1)
t i ⌦ | (2)

t i• Introduce replicas in Hilbert space ⌦=

Cxy = hn̂xn̂yi � hn̂xihn̂yi

➡  linear statistical average of replica density matrix
<latexit sha1_base64="5zDQrRDnwNDkxcXxuDtAQg00LkI=">AAACIXicbVDLSgMxFM34rPVVdelmsAiuyowodiMU3bisYluhU0smvW2DmWRI7ohlOr/ixl9x40KR7sSfMX0sfB0IOZxz703uCWPBDXrehzM3v7C4tJxbya+urW9sFra260YlmkGNKaH0TUgNCC6hhhwF3MQaaBQKaIR352O/cQ/acCWvcRBDK6I9ybucUbRSu1AOdF/dpocBwgOmV1l2GihbPx6XDoOq4W0MNJU9AYGYXhNtmLULRa/kTeD+Jf6MFMkM1XZhFHQUSyKQyAQ1pul7MbZSqpEzAVk+SAzElN3RHjQtlTQC00onG2buvlU6bldpeyS6E/V7R0ojYwZRaCsjin3z2xuL/3nNBLvlVsplnCBINn2omwgXlTuOy+1wDQzFwBLKNLd/dVmfasrQhpq3Ifi/V/5L6ocl/7jkXR4VK2ezOHJkl+yRA+KTE1IhF6RKaoSRR/JMXsmb8+S8OO/OaFo658x6dsgPOJ9fxTulvg==</latexit>

⇢2R = | tih t|

Replica Approach (n=2)

• All quadratic-in-state observables encoded in



• Access state-dependent observables, e.g. covariance matrix

<latexit sha1_base64="AOZOTkYl4wmd7wLKph4oRROthaU=">AAACJ3icbVDLSsNAFJ3UV62vqEs3wSLUTUmKohul6MZlBfuAJpbJdNoOnUzCzI1Q0v6NG3/FjaAiuvRPnLbBR+uBgXPPuZc79/gRZwps+8PILCwuLa9kV3Nr6xubW+b2Tk2FsSS0SkIeyoaPFeVM0Cow4LQRSYoDn9O6378c+/U7KhULxQ0MIuoFuCtYhxEMWmqZ50O3olgLXIlFl9OzoRuNy9uk4ByOUtENgQVU/Vilb6tl5u2iPYE1T5yU5FGKSst8dtshiQMqgHCsVNOxI/ASLIERTkc5N1Y0wqSPu7SpqcB6sZdM7hxZB1ppW51Q6ifAmqi/JxIcKDUIfN0ZYOipWW8s/uc1Y+icegkTUQxUkOmiTswtCK1xaFabSUqADzTBRDL9V4v0sMQEdLQ5HYIze/I8qZWKznHRvj7Kly/SOLJoD+2jAnLQCSqjK1RBVUTQPXpEL+jVeDCejDfjfdqaMdKZXfQHxucX/m+nOg==</latexit>

| ti = | (1)
t i ⌦ | (2)

t i• Introduce replicas in Hilbert space ⌦=

Cxy = hn̂xn̂yi � hn̂xihn̂yi

➡  linear statistical average of replica density matrix
<latexit sha1_base64="5zDQrRDnwNDkxcXxuDtAQg00LkI=">AAACIXicbVDLSgMxFM34rPVVdelmsAiuyowodiMU3bisYluhU0smvW2DmWRI7ohlOr/ixl9x40KR7sSfMX0sfB0IOZxz703uCWPBDXrehzM3v7C4tJxbya+urW9sFra260YlmkGNKaH0TUgNCC6hhhwF3MQaaBQKaIR352O/cQ/acCWvcRBDK6I9ybucUbRSu1AOdF/dpocBwgOmV1l2GihbPx6XDoOq4W0MNJU9AYGYXhNtmLULRa/kTeD+Jf6MFMkM1XZhFHQUSyKQyAQ1pul7MbZSqpEzAVk+SAzElN3RHjQtlTQC00onG2buvlU6bldpeyS6E/V7R0ojYwZRaCsjin3z2xuL/3nNBLvlVsplnCBINn2omwgXlTuOy+1wDQzFwBLKNLd/dVmfasrQhpq3Ifi/V/5L6ocl/7jkXR4VK2ezOHJkl+yRA+KTE1IhF6RKaoSRR/JMXsmb8+S8OO/OaFo658x6dsgPOJ9fxTulvg==</latexit>

⇢2R = | tih t|

Replica Approach (n=2)

• All quadratic-in-state observables encoded in

@t⇢
2R = ⌦ ⌦ ⌦+ +

individual heating Lindbladians replica coupling
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⇢3R• Quantum master equation (truncate coupling to        )



• Access state-dependent observables, e.g. covariance matrix
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| ti = | (1)
t i ⌦ | (2)

t i• Introduce replicas in Hilbert space ⌦=

Cxy = hn̂xn̂yi � hn̂xihn̂yi

➡  linear statistical average of replica density matrix
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⇢2R = | tih t|

Replica Approach (n=2)

• All quadratic-in-state observables encoded in

@t⇢
2R = ⌦ ⌦ ⌦+ +

individual heating Lindbladians replica coupling

�{M̂ (1)
x , {M̂ (2)
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2
[M̂ (↵)

x , [M̂ (↵)
x , ⇢

2R]]
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⇢3R• Quantum master equation (truncate coupling to        )

� = �̂(a) = �̂(1) + �̂(2) average coordinate

� : �̂(r) = �̂(1) � �̂(2) replica fluctuations
• New degrees of freedom 



Boson Replica Quantum Master Equation

➡ Master equation becomes separable (exact for Gaussian dynamics, useful more generally)

� = �̂(a) = �̂(1) + �̂(2) average coordinate

� : �̂(r) = �̂(1) � �̂(2) replica fluctuations
• New degrees of freedom 

<latexit sha1_base64="LuBKSX3QJMkN28ytaQ3FqP17w0E="></latexit>
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X

l

⇣
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(a) � h@x�̂(a)i
⌘
⇢
(a)

⇣
@x�̂

(a) � h@x�̂(a)i
⌘

• Average coordinate: heating to infinite temperature

only jump term!

no jump term!
<latexit sha1_base64="cUUuUCbjXvo5A8pyJNb3y+omhGU="></latexit>
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⇡

X

l

n
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(r))2, ⇢(r)
o

• Relative coordinate: cooling/damping into dark state



Boson Replica Quantum Master Equation

➡ Master equation becomes separable (exact for Gaussian dynamics, useful more generally)

� = �̂(a) = �̂(1) + �̂(2) average coordinate

� : �̂(r) = �̂(1) � �̂(2) replica fluctuations
• New degrees of freedom 

<latexit sha1_base64="LuBKSX3QJMkN28ytaQ3FqP17w0E="></latexit>

@t⇢
(a) = i[⇢(a), H(a)] +

2�

⇡

X

l

⇣
@x�̂

(a) � h@x�̂(a)i
⌘
⇢
(a)

⇣
@x�̂

(a) � h@x�̂(a)i
⌘

• Average coordinate: heating to infinite temperature

only jump term!

no jump term!
<latexit sha1_base64="cUUuUCbjXvo5A8pyJNb3y+omhGU="></latexit>

@t⇢
(r) = i[⇢(r), H(r)]� �

⇡

X

l

n
(@x�̂

(r))2, ⇢(r)
o

• Relative coordinate: cooling/damping into dark state

He↵ =
⌫

2⇡

Z

x
(@x✓̂)

2 + (1� i⌘
2)(@x�̂)

2

➡  cooling into dark state

• Present model: non-Hermitian Schrödinger equation for relative coordinate

effect of non-linearity

@t| (r)
t i = �iHe↵| (r)

t i

➡non-Hermitian Sine-Gordon: pinning via cos term, depinning via theta term
➡extract physics in path integral approach

<latexit sha1_base64="s2Q4cc2IOaOtaupLy8YGNxAzt2s="></latexit>
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Phase diagram
➡  Sine-Gordon action with complex coefficients 

<latexit sha1_base64="Z9RHfpgqiXdjDkhxsyXabCNbRC0="></latexit>
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�

➡RG flow: standard KT flow with complex
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K,�

Fendley, Saleur, Zamolodchikov,  
International Journal of Modern Physics (1993)

• flow modified at short distance

➡  shift of phase border
• standard BKT flow at long distance

➡ same long wavelength properties

• main ingredients: 



Phase diagram
➡  Sine-Gordon action with complex coefficients 

<latexit sha1_base64="Z9RHfpgqiXdjDkhxsyXabCNbRC0="></latexit>
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➡RG flow: standard KT flow with complex
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K,�

Fendley, Saleur, Zamolodchikov,  
International Journal of Modern Physics (1993)

• flow modified at short distance

➡  shift of phase border
• standard BKT flow at long distance

➡ same long wavelength properties

➡phase transition in the BKT universality class

➡all in line with numerics for lattice fermions

<latexit sha1_base64="JKp0g3S1jsYP3z98hzyy0HsEKjU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDbbSbp0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGLZYIhLVCahGwSW2DDcCO6lCGgcC28HoZuq3n1BpnsgHM07Rj2kkecgZNVa6j/qsX625dXcGsky8gtSgQLNf/eoNEpbFKA0TVOuu56bGz6kynAmcVHqZxpSyEY2wa6mkMWo/n506ISdWGZAwUbakITP190ROY63HcWA7Y2qGetGbiv953cyEV37OZZoZlGy+KMwEMQmZ/k0GXCEzYmwJZYrbWwkbUkWZselUbAje4svL5PGs7l3U3bvzWuO6iKMMR3AMp+DBJTTgFprQAgYRPMMrvDnCeXHenY95a8kpZg7hD5zPHz7kjcU=</latexit>gc

<latexit sha1_base64="Myj/G2cUnBoaH4Fmn6qaTu4yxCU=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU01E0YtQ9CKeKtgPaEKZbDfp0t1N2N0IJfRvePGgiFf/jDf/jds2B60+GHi8N8PMvDDlTBvX/XJKS8srq2vl9crG5tb2TnV3r62TTBHaIglPVDcETTmTtGWY4bSbKgoi5LQTjm6mfueRKs0S+WDGKQ0ExJJFjICxkh/jK+zHIASc3PWrNbfuzoD/Eq8gNVSg2a9++oOEZIJKQzho3fPc1AQ5KMMIp5OKn2maAhlBTHuWShBUB/ns5gk+ssoAR4myJQ2eqT8nchBaj0VoOwWYoV70puJ/Xi8z0WWQM5lmhkoyXxRlHJsETwPAA6YoMXxsCRDF7K2YDEEBMTamig3BW3z5L2mf1r3zunt/VmtcF3GU0QE6RMfIQxeogW5RE7UQQSl6Qi/o1cmcZ+fNeZ+3lpxiZh/9gvPxDYTPkLI=</latexit>

g = �/J• resulting phase diagram:

<latexit sha1_base64="+Y4kwwl2//Ou6kNFeQlpNxH+eKE=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQF5akKLoRit24rGAf0MYymU7aoTNJmJlIQ5q9G3/FjQtF3PoD7vwbp4+Fth64cDjnXu69xw0Zlcqyvo3Myura+kZ2M7e1vbO7Z+4fNGQQCUzqOGCBaLlIEkZ9UldUMdIKBUHcZaTpDqsTv/lAhKSBf6fikDgc9X3qUYyUlrpmHsJqNxnF6VXHEwgn1WKnjzhHJ2kyHp3G4/ty2jULVsmaAi4Te04KYI5a1/zq9AIcceIrzJCUbdsKlZMgoShmJM11IklChIeoT9qa+ogT6STTX1J4rJUe9AKhy1dwqv6eSBCXMuau7uRIDeSiNxH/89qR8i6dhPphpIiPZ4u8iEEVwEkwsEcFwYrFmiAsqL4V4gHSmSgdX06HYC++vEwa5ZJ9XrJuzwqV63kcWXAE8qAIbHABKuAG1EAdYPAInsEreDOejBfj3fiYtWaM+cwh+APj8wc5A5qM</latexit>

Cxy =
C(�)

|x� y|2

➡  algebraic decay (generalized CFT) 
➡  depinned phase

➡exponential decay
➡  pinned phase 

<latexit sha1_base64="LYh7arDUtoylg9M+nYuRXNzht9w=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSWVgkCwVjRhbFI9CE1IXJcp7XqPGQ7qJGbmYVfYWEAIVa+gI2/wX0M0HKkKx2dc6/uvcdPGBXSsr6NpeWV1bX1wkZxc2t7Z9fc22+KOOWYNHDMYt72kSCMRqQhqWSknXCCQp+Rlj+ojf3WA+GCxtGdzBLihqgX0YBiJLXkmUc1Tw2z3BE0hORelZ2AI6xGw3I2ypUzpHnumSWrYk0AF4k9IyUwQ90zv5xujNOQRBIzJETHthLpKsQlxYzkRScVJEF4gHqko2mEQiJcNXklhyda6cIg5roiCSfq7wmFQiGy0NedIZJ9Me+Nxf+8TiqDK1fRKEklifB0UZAyKGM4zgV2KSdYskwThDnVt0LcRzoMqdMr6hDs+ZcXSfOsYl9UrNvzUvV6FkcBHIJjcApscAmq4AbUQQNg8AiewSt4M56MF+Pd+Ji2LhmzmQPwB8bnD4B0m2w=</latexit>

Cxy ⇠ e�
|x�y|

⇠

<latexit sha1_base64="jQwM3aYYh0XN714J7/0G98qtvwc=">AAACBHicbVDLSsNAFJ3UV62vqMtugkWoC2tSFN0IRTcuK9gHNLFMppN06MwkzEyKJXThxl9x40IRt36EO//GaZuFth64cDjnXu69x48pkcq2v43c0vLK6lp+vbCxubW9Y+7uNWWUCIQbKKKRaPtQYko4biiiKG7HAkPmU9zyB9cTvzXEQpKI36lRjD0GQ04CgqDSUtcsug/kPj12xpcujcJy1Y2JG0LG4MnwqGuW7Io9hbVInIyUQIZ61/xyexFKGOYKUShlx7Fj5aVQKIIoHhfcROIYogEMcUdTDhmWXjp9YmwdaqVnBZHQxZU1VX9PpJBJOWK+7mRQ9eW8NxH/8zqJCi68lPA4UZij2aIgoZaKrEkiVo8IjBQdaQKRIPpWC/WhgEjp3Ao6BGf+5UXSrFacs4p9e1qqXWVx5EERHIAycMA5qIEbUAcNgMAjeAav4M14Ml6Md+Nj1pozspl98AfG5w9d7JdF</latexit>

⇠�1 = log(2⇡�/v)

scaling collapse of c

• main ingredients: 



Entanglement Entropies: n-Replica Keldysh approach

• Rényi entropy
traced out

<latexit sha1_base64="fLBAq4QNHt6x49astMKifX19cb0=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68diC/YA2lM120q7dbMLuRiyhv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGivVn3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD54uNAA==</latexit>x
Calabrese, Cardy, JPA (2009) 

<latexit sha1_base64="ulKX5yAUmpUQzOGLq08kSRX4vrw="></latexit>

Sn(L) =
1

1� n
logZA(n, {dW}), ZA(n, {dW}) ⌘ tr[(⇢̂(c)A )n]

traced out

<latexit sha1_base64="pDJKOJAVIcI8DMbdWeCuU6T3/Yk=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeqx68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVb3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5Srt3kcBTiGEzgDD66gCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDlC+MyQ==</latexit>

A
• von Neumann entropy: 

<latexit sha1_base64="qd/pK9FYOmn8CeJUduyya8R5tk0=">AAAB7XicbVDLSgMxFL3js9ZX1aWbYBFclRlRdFl047KCfUA7lEx6p43NJEOSEUrpP7hxoYhb/8edf2PazkJbDwQO59xL7jlRKrixvv/trayurW9sFraK2zu7e/ulg8OGUZlmWGdKKN2KqEHBJdYttwJbqUaaRAKb0fB26jefUBuu5IMdpRgmtC95zBm1TmrIjlUk6JbKfsWfgSyTICdlyFHrlr46PcWyBKVlghrTDvzUhmOqLWcCJ8VOZjClbEj72HZU0gRNOJ5dOyGnTumRWGn3pCUz9ffGmCbGjJLITSbUDsyiNxX/89qZja/DMZdpZlGy+UdxJoiLOI1Oelwjs2LkCGWau1sJG1BNmXUFFV0JwWLkZdI4rwSXFf/+oly9yesowDGcwBkEcAVVuIMa1IHBIzzDK7x5ynvx3r2P+eiKl+8cwR94nz/1SI64</latexit>

n ! 1



Entanglement Entropies: n-Replica Keldysh approach

• Rényi entropy
traced out

<latexit sha1_base64="fLBAq4QNHt6x49astMKifX19cb0=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68diC/YA2lM120q7dbMLuRiyhv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGivVn3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD54uNAA==</latexit>x
Calabrese, Cardy, JPA (2009) 

<latexit sha1_base64="ulKX5yAUmpUQzOGLq08kSRX4vrw="></latexit>

Sn(L) =
1

1� n
logZA(n, {dW}), ZA(n, {dW}) ⌘ tr[(⇢̂(c)A )n]

traced out

<latexit sha1_base64="pDJKOJAVIcI8DMbdWeCuU6T3/Yk=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeqx68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVb3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5Srt3kcBTiGEzgDD66gCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDlC+MyQ==</latexit>

A
• von Neumann entropy: 

<latexit sha1_base64="qd/pK9FYOmn8CeJUduyya8R5tk0=">AAAB7XicbVDLSgMxFL3js9ZX1aWbYBFclRlRdFl047KCfUA7lEx6p43NJEOSEUrpP7hxoYhb/8edf2PazkJbDwQO59xL7jlRKrixvv/trayurW9sFraK2zu7e/ulg8OGUZlmWGdKKN2KqEHBJdYttwJbqUaaRAKb0fB26jefUBuu5IMdpRgmtC95zBm1TmrIjlUk6JbKfsWfgSyTICdlyFHrlr46PcWyBKVlghrTDvzUhmOqLWcCJ8VOZjClbEj72HZU0gRNOJ5dOyGnTumRWGn3pCUz9ffGmCbGjJLITSbUDsyiNxX/89qZja/DMZdpZlGy+UdxJoiLOI1Oelwjs2LkCGWau1sJG1BNmXUFFV0JwWLkZdI4rwSXFf/+oly9yesowDGcwBkEcAVVuIMa1IHBIzzDK7x5ynvx3r2P+eiKl+8cwR94nz/1SI64</latexit>

n ! 1

• approach: Keldysh replica field theory for n replicas (entropies via modified boundary conditions)

• 1 mode heats up (noisy)
• n-1 modes cool down (noiseless) • all A dependence in noiseless modes!

• noisy contribution A independent

ground states: Casini, Fosco, Huerta, J. Stat. Mech. (2005)

• decoupling of center-of-mass and relative modes (exact for Gaussian states -> good away from transition)

replica space picture reciprocal replica space picture
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<latexit sha1_base64="qd/pK9FYOmn8CeJUduyya8R5tk0=">AAAB7XicbVDLSgMxFL3js9ZX1aWbYBFclRlRdFl047KCfUA7lEx6p43NJEOSEUrpP7hxoYhb/8edf2PazkJbDwQO59xL7jlRKrixvv/trayurW9sFraK2zu7e/ulg8OGUZlmWGdKKN2KqEHBJdYttwJbqUaaRAKb0fB26jefUBuu5IMdpRgmtC95zBm1TmrIjlUk6JbKfsWfgSyTICdlyFHrlr46PcWyBKVlghrTDvzUhmOqLWcCJ8VOZjClbEj72HZU0gRNOJ5dOyGnTumRWGn3pCUz9ffGmCbGjJLITSbUDsyiNxX/89qZja/DMZdpZlGy+UdxJoiLOI1Oelwjs2LkCGWau1sJG1BNmXUFFV0JwWLkZdI4rwSXFf/+oly9yesowDGcwBkEcAVVuIMa1IHBIzzDK7x5ynvx3r2P+eiKl+8cwR94nz/1SI64</latexit>

n ! 1

• approach: Keldysh replica field theory for n replicas (entropies via modified boundary conditions)

• 1 mode heats up (noisy)
• n-1 modes cool down (noiseless) • all A dependence in noiseless modes!

• noisy contribution A independent

ground states: Casini, Fosco, Huerta, J. Stat. Mech. (2005)

• decoupling of center-of-mass and relative modes (exact for Gaussian states -> good away from transition)

replica space picture reciprocal replica space picture

➡Rényi entropy calculation as for ground states

➡ results in line with numerics

massive

<latexit sha1_base64="JKp0g3S1jsYP3z98hzyy0HsEKjU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDbbSbp0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGLZYIhLVCahGwSW2DDcCO6lCGgcC28HoZuq3n1BpnsgHM07Rj2kkecgZNVa6j/qsX625dXcGsky8gtSgQLNf/eoNEpbFKA0TVOuu56bGz6kynAmcVHqZxpSyEY2wa6mkMWo/n506ISdWGZAwUbakITP190ROY63HcWA7Y2qGetGbiv953cyEV37OZZoZlGy+KMwEMQmZ/k0GXCEzYmwJZYrbWwkbUkWZselUbAje4svL5PGs7l3U3bvzWuO6iKMMR3AMp+DBJTTgFprQAgYRPMMrvDnCeXHenY95a8kpZg7hD5zPHz7kjcU=</latexit>gc
<latexit sha1_base64="WDCR4eo3IfJs8QLPR2m6IER0gVU=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU01E0YtQ9OKxgv2AJpTJdpMu3d2E3U2hhP4NLx4U8eqf8ea/cdvmoNUHA4/3ZpiZF6acaeO6X05pZXVtfaO8Wdna3tndq+4ftHWSKUJbJOGJ6oagKWeStgwznHZTRUGEnHbC0d3M74yp0iyRj2aS0kBALFnECBgr+TG+wX4MQsDZuF+tuXV3DvyXeAWpoQLNfvXTHyQkE1QawkHrnuemJshBGUY4nVb8TNMUyAhi2rNUgqA6yOc3T/GJVQY4SpQtafBc/TmRg9B6IkLbKcAM9bI3E//zepmJroOcyTQzVJLFoijj2CR4FgAeMEWJ4RNLgChmb8VkCAqIsTFVbAje8st/Sfu87l3W3YeLWuO2iKOMjtAxOkUeukINdI+aqIUIStETekGvTuY8O2/O+6K15BQzh+gXnI9vx3+Q3g==</latexit>

g = �/v

massless
<latexit sha1_base64="S3U6o0m7Fx+UtUggFbqtjSz8cq8=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVoNyXxgW6EohsXLiraBzShTKaTdOhMJsxMhBKycuOvuHGhiFu/wZ1/47TNQlsPXDiccy/33uPHlEhl299GYWFxaXmluFpaW9/Y3DK3d1qSJwLhJuKUi44PJaYkwk1FFMWdWGDIfIrb/vBq7LcfsJCER/dqFGOPwTAiAUFQaaln7t9duIGAKHWy9DhDFTeEjMGqS3lYuan2zLJdsyew5omTkzLI0eiZX26fo4ThSCEKpew6dqy8FApFEMVZyU0kjiEawhB3NY0gw9JLJ29k1qFW+lbAha5IWRP190QKmZQj5utOBtVAznpj8T+vm6jg3EtJFCcKR2i6KEiopbg1zsTqE4GRoiNNIBJE32qhAdSpKJ1cSYfgzL48T1pHNee0Zt+elOuXeRxFsAcOQAU44AzUwTVogCZA4BE8g1fwZjwZL8a78TFtLRj5zC74A+PzB7NGl/s=</latexit>

S =
1

3
c(�) log(L) S ⇠ L0

<latexit sha1_base64="k6wh9ifByct7en0eHfX6p2WNhCM=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe40omXQxsIiovnA5Ax7m71kye7esbsnhCP/wsZCEVv/jZ3/xk1yhSY+GHi8N8PMvCDmTBvX/XZyS8srq2v59cLG5tb2TnF3r6GjRBFaJxGPVCvAmnImad0ww2krVhSLgNNmMLya+M0nqjSL5L0ZxdQXuC9ZyAg2Vnq4Qx3NBLp5dLvFklt2p0CLxMtICTLUusWvTi8iiaDSEI61bntubPwUK8MIp+NCJ9E0xmSI+7RtqcSCaj+dXjxGR1bpoTBStqRBU/X3RIqF1iMR2E6BzUDPexPxP6+dmPDCT5mME0MlmS0KE45MhCbvox5TlBg+sgQTxeytiAywwsTYkAo2BG/+5UXSOCl7p+Wz20qpepnFkYcDOIRj8OAcqnANNagDAQnP8ApvjnZenHfnY9aac7KZffgD5/MHNMOP9w==</latexit>
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Observability of the transition?

• Standard quantum mechanical observables: need to reproduce identical state
• Randomness of measurements outcomes masks transition in qm observables

time



Observability of the transition?

• Standard quantum mechanical observables: need to reproduce identical state
• Randomness of measurements outcomes masks transition in qm observables

time

➡ number of outcomes (single site)

• Post-selection problem: way out for Cliffords: Gullans, Huse, PRL (2020); 
exp: C. Noel et al. Nat Phys. (2021)

• Select one string of measurement outcomes (trajectory)
• build an ensemble of identical states with same trajectory

2#of measurements
<latexit sha1_base64="xeJ8e4WVLEe87aGfHg8xRcmEG1M=">AAACCHicbVC7SgNBFJ2NrxhfUUsLB4NgIWE3KloGbSwjmAdkY5id3E2GzD6YuSuGJaWNv2JjoYitn2Dn3zh5FJp4YOBwzj3cuceLpdBo299WZmFxaXklu5pbW9/Y3Mpv79R0lCgOVR7JSDU8pkGKEKooUEIjVsACT0Ld61+N/Po9KC2i8BYHMbQC1g2FLzhDI7Xz+6W71C1Q99hFeMA08mkATCcKAghRD4ftfMEu2mPQeeJMSYFMUWnnv9xOxJNRnEumddOxY2ylTKHgEoY5N9EQM95nXWgaGrIAdCsdHzKkh0bpUD9S5oVIx+rvRMoCrQeBZyYDhj09643E/7xmgv5FKxVhnCCEfLLITyTFiI5aoR2hgKMcGMK4EuavlPeYYhxNdzlTgjN78jyplYrOSfHs5rRQvpzWkSV75IAcEYeckzK5JhVSJZw8kmfySt6sJ+vFerc+JqMZa5rZJX9gff4Alo6Zvg==</latexit>

time

➡ post-selection exponentially costly
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time
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• Select one string of measurement outcomes (trajectory)
• build an ensemble of identical states with same trajectory

2#of measurements
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time

➡ post-selection exponentially costly

• break randomness in measurement outcomes
• steer system into unique representative state in Hilbert space 

(dark state)

• Pre-selection solution:

➡ can be done gently: no modification of entanglement structure & 
universal properties (as post-selection)

➡ no exponential overhead: observable by standard means in 
NISQ platforms

M. Buchhold, T. Müller, SD, arxiv:2208.10506 (2022)



Pre-selection concept

• pull MIPT to observable level <—> study measurement averaged density matrix

e.g. temporal continuum limt X̂ [⇢̂] = �i[Ĥ, ⇢̂] +
X

l

L̂l⇢̂L̂
†
l �

1
2{L̂

†
l L̂l, ⇢̂}

<latexit sha1_base64="SnGWUU8V1BzVq6X2XjTSmcFOADY="></latexit>

⇢̂t+�t = X̂ [⇢̂t]�t
<latexit sha1_base64="6/HB4fTtomkjBYsjHm20S0IK/qI=">AAACK3icbVDJSgNBFOyJW4xb1KOXxiAIQphxQS9CiBePEcwCmSG86XSSJj0L3W+EMOR/vPgrHvTgglf/w86CS2JBQ1FVj36v/FgKjbb9ZmUWFpeWV7KrubX1jc2t/PZOTUeJYrzKIhmphg+aSxHyKgqUvBErDoEved3vX438+h1XWkThLQ5i7gXQDUVHMEAjtfJl6vYAqat6USvFI+q2uUSgOKSXYyd1A8AeA0kbQ9r8yaL3HW3lC3bRHoPOE2dKCmSKSiv/5LYjlgQ8RCZB66Zjx+iloFAwyYc5N9E8BtaHLm8aGkLAtZeObx3SA6O0aSdS5oVIx+rviRQCrQeBb5KjzfWsNxL/85oJdi68VIRxgjxkk486iaQY0VFxtC0UZygHhgBTwuxKWQ8UMDT15kwJzuzJ86R2XHROimc3p4VSeVpHluyRfXJIHHJOSuSaVEiVMHJPHskLebUerGfr3fqYRDPWdGaX/IH1+QWT6Kaz</latexit>
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• pull MIPT to observable level <—> study measurement averaged density matrix

e.g. temporal continuum limt X̂ [⇢̂] = �i[Ĥ, ⇢̂] +
X

l

L̂l⇢̂L̂
†
l �

1
2{L̂

†
l L̂l, ⇢̂}

<latexit sha1_base64="SnGWUU8V1BzVq6X2XjTSmcFOADY="></latexit>

• unmodified dynamics w/o preselection: 

X̂ (0)
<latexit sha1_base64="2OX+ZC0+j0l/a/7SDR6yMyouJIQ=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxC3ZTEB7osunFZwT6giWUynbRDJw9mboQSs/BX3LhQxK2/4c6/cdJmoa0HBg7n3Ms9c7xYcAWW9W0sLC4tr6yW1srrG5tb2+bObktFiaSsSSMRyY5HFBM8ZE3gIFgnlowEnmBtb3Sd++0HJhWPwjsYx8wNyCDkPqcEtNQz950hgdQJCAwpEbiT3adV6zjrmRWrZk2A54ldkAoq0OiZX04/oknAQqCCKNW1rRjclEjgVLCs7CSKxYSOyIB1NQ1JwJSbTvJn+EgrfexHUr8Q8ET9vZGSQKlx4OnJPKia9XLxP6+bgH/ppjyME2AhnR7yE4EhwnkZuM8loyDGmhAquc6K6ZBIQkFXVtYl2LNfnietk5p9Wju/PavUr4o6SugAHaIqstEFqqMb1EBNRNEjekav6M14Ml6Md+NjOrpgFDt76A+Mzx9QIpWk</latexit>

with hermitian

=) X̂ (0)[1̂] = 0
<latexit sha1_base64="GnsRxqGenoBSogDkcYY9kZrwyoM=">AAACHnicbVDLSsNAFJ34rPUVdelmsAh1UxK16EYounFZwT4giWUynbRDZ5IwMxFKyJe48VfcuFBEcKV/46QNqK0HLhzOuZd77/FjRqWyrC9jYXFpeWW1tFZe39jc2jZ3dtsySgQmLRyxSHR9JAmjIWkpqhjpxoIg7jPS8UdXud+5J0LSKLxV45h4HA1CGlCMlJZ6Zt2lXO8hErpDpFKXIzXEiMFudpdWraMMOj+6H6R2lnnwwuqZFatmTQDniV2QCijQ7Jkfbj/CCSehwgxJ6dhWrLwUCUUxI1nZTSSJER6hAXE0DREn0ksn72XwUCt9GERCV6jgRP09kSIu5Zj7ujM/U856ufif5yQqOPdSGsaJIiGeLgoSBlUE86xgnwqCFRtrgrCg+laIh0ggrHSiZR2CPfvyPGkf1+yTWv3mtNK4LOIogX1wAKrABmegAa5BE7QABg/gCbyAV+PReDbejPdp64JRzOyBPzA+vwG6qqI2</latexit>

fully mixed stationary state

Ĥ
(0)

,
<latexit sha1_base64="MXU/o+twnnbD5EtTvx6JUSBnMrs=">AAAB9HicbVDJSgNBEK2JW4xb1KOXxiBEkDDjgh6DXnKMYBZIxtDT6Uma9Cx21wTCkO/w4kERr36MN//GznLQxAcFj/eqqKrnxVJotO1vK7Oyura+kd3MbW3v7O7l9w/qOkoU4zUWyUg1Paq5FCGvoUDJm7HiNPAkb3iDu4nfGHKlRRQ+4CjmbkB7ofAFo2gkt92nSCqPadE+HZ918gW7ZE9BlokzJwWYo9rJf7W7EUsCHiKTVOuWY8foplShYJKPc+1E85iyAe3xlqEhDbh20+nRY3JilC7xI2UqRDJVf0+kNNB6FHimM6DY14veRPzPayXo37ipCOMEechmi/xEEozIJAHSFYozlCNDKFPC3EpYnyrK0OSUMyE4iy8vk/p5ybkoXd1fFsq38ziycATHUAQHrqEMFahCDRg8wTO8wps1tF6sd+tj1pqx5jOH8AfW5w8ekZEH</latexit>

L̂(0)
l = (L̂(0)

l )†
<latexit sha1_base64="QMhxPHQtx1qvYcmN5bFhhJatLYg=">AAACEHicbVDLSsNAFJ3UV42vqEs3g0VsNyXxgW6EohsXLirYBzRpmEwm7dDJg5mJUEI/wY2/4saFIm5duvNvnLZZ2NYDFw7n3Mu993gJo0Ka5o9WWFpeWV0rrusbm1vbO8buXlPEKcekgWMW87aHBGE0Ig1JJSPthBMUeoy0vMHN2G89Ei5oHD3IYUKcEPUiGlCMpJJc41i3+0jCO5d1s7JZGcErWJ5VKl3bRz3XKJlVcwK4SKyclECOumt8236M05BEEjMkRMcyE+lkiEuKGRnpdipIgvAA9UhH0QiFRDjZ5KERPFKKD4OYq4oknKh/JzIUCjEMPdUZItkX895Y/M/rpDK4dDIaJakkEZ4uClIGZQzH6UCfcoIlGyqCMKfqVoj7iCMsVYa6CsGaf3mRNE+q1mn1/P6sVLvO4yiCA3AIysACF6AGbkEdNAAGT+AFvIF37Vl71T60z2lrQctn9sEMtK9fTuuaRA==</latexit>

ex.: monitored fermions

c†l+1cl + c†l cl+1

i�c†l cl

⇢̂t+�t = X̂ [⇢̂t]�t
<latexit sha1_base64="6/HB4fTtomkjBYsjHm20S0IK/qI=">AAACK3icbVDJSgNBFOyJW4xb1KOXxiAIQphxQS9CiBePEcwCmSG86XSSJj0L3W+EMOR/vPgrHvTgglf/w86CS2JBQ1FVj36v/FgKjbb9ZmUWFpeWV7KrubX1jc2t/PZOTUeJYrzKIhmphg+aSxHyKgqUvBErDoEved3vX438+h1XWkThLQ5i7gXQDUVHMEAjtfJl6vYAqat6USvFI+q2uUSgOKSXYyd1A8AeA0kbQ9r8yaL3HW3lC3bRHoPOE2dKCmSKSiv/5LYjlgQ8RCZB66Zjx+iloFAwyYc5N9E8BtaHLm8aGkLAtZeObx3SA6O0aSdS5oVIx+rviRQCrQeBb5KjzfWsNxL/85oJdi68VIRxgjxkk486iaQY0VFxtC0UZygHhgBTwuxKWQ8UMDT15kwJzuzJ86R2XHROimc3p4VSeVpHluyRfXJIHHJOSuSaVEiVMHJPHskLebUerGfr3fqYRDPWdGaX/IH1+QWT6Kaz</latexit>



Pre-selection concept

• pull MIPT to observable level <—> study measurement averaged density matrix

e.g. temporal continuum limt X̂ [⇢̂] = �i[Ĥ, ⇢̂] +
X
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<latexit sha1_base64="SnGWUU8V1BzVq6X2XjTSmcFOADY="></latexit>

• modified dynamics with pre-selection: 

Ĥ
(0)

, L̂
(0) ! Ĥ, L̂

<latexit sha1_base64="8PIZzaJ2zGmuzOjZgwxt3VLZqko=">AAACHXicbVDLSgMxFM3UV62vUZdugkWoIGVGK7osuunCRQX7gLaWTJp2QjMPkjtKGfojbvwVNy4UceFG/BvTzgjaeiBw7jn3cnOPEwquwLK+jMzC4tLySnY1t7a+sbllbu/UVRBJymo0EIFsOkQxwX1WAw6CNUPJiOcI1nCGlxO/ccek4oF/A6OQdTwy8HmfUwJa6pqltksAV27jgnU4PsLT6iqp2pIPXCBSBveJXvnxu2beKlpT4HlipySPUlS75ke7F9DIYz5QQZRq2VYInZhI4FSwca4dKRYSOiQD1tLUJx5TnXh63RgfaKWH+4HUzwc8VX9PxMRTauQ5utMj4KpZbyL+57Ui6J93Yu6HETCfJov6kcAQ4ElUuMcloyBGmhAquf4rpi6RhIIONKdDsGdPnif146J9Ujy9LuXLF2kcWbSH9lEB2egMlVEFVVENUfSAntALejUejWfjzXhPWjNGOrOL/sD4/AaspZ/R</latexit>

such, that

• unmodified dynamics w/o preselection: 

X̂ (0)
<latexit sha1_base64="2OX+ZC0+j0l/a/7SDR6yMyouJIQ=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxC3ZTEB7osunFZwT6giWUynbRDJw9mboQSs/BX3LhQxK2/4c6/cdJmoa0HBg7n3Ms9c7xYcAWW9W0sLC4tr6yW1srrG5tb2+bObktFiaSsSSMRyY5HFBM8ZE3gIFgnlowEnmBtb3Sd++0HJhWPwjsYx8wNyCDkPqcEtNQz950hgdQJCAwpEbiT3adV6zjrmRWrZk2A54ldkAoq0OiZX04/oknAQqCCKNW1rRjclEjgVLCs7CSKxYSOyIB1NQ1JwJSbTvJn+EgrfexHUr8Q8ET9vZGSQKlx4OnJPKia9XLxP6+bgH/ppjyME2AhnR7yE4EhwnkZuM8loyDGmhAquc6K6ZBIQkFXVtYl2LNfnietk5p9Wju/PavUr4o6SugAHaIqstEFqqMb1EBNRNEjekav6M14Ml6Md+NjOrpgFDt76A+Mzx9QIpWk</latexit>

with hermitian

=) X̂ (0)[1̂] = 0
<latexit sha1_base64="GnsRxqGenoBSogDkcYY9kZrwyoM=">AAACHnicbVDLSsNAFJ34rPUVdelmsAh1UxK16EYounFZwT4giWUynbRDZ5IwMxFKyJe48VfcuFBEcKV/46QNqK0HLhzOuZd77/FjRqWyrC9jYXFpeWW1tFZe39jc2jZ3dtsySgQmLRyxSHR9JAmjIWkpqhjpxoIg7jPS8UdXud+5J0LSKLxV45h4HA1CGlCMlJZ6Zt2lXO8hErpDpFKXIzXEiMFudpdWraMMOj+6H6R2lnnwwuqZFatmTQDniV2QCijQ7Jkfbj/CCSehwgxJ6dhWrLwUCUUxI1nZTSSJER6hAXE0DREn0ksn72XwUCt9GERCV6jgRP09kSIu5Zj7ujM/U856ufif5yQqOPdSGsaJIiGeLgoSBlUE86xgnwqCFRtrgrCg+laIh0ggrHSiZR2CPfvyPGkf1+yTWv3mtNK4LOIogX1wAKrABmegAa5BE7QABg/gCbyAV+PReDbejPdp64JRzOyBPzA+vwG6qqI2</latexit>

fully mixed stationary state

Ĥ
(0)

,
<latexit sha1_base64="MXU/o+twnnbD5EtTvx6JUSBnMrs=">AAAB9HicbVDJSgNBEK2JW4xb1KOXxiBEkDDjgh6DXnKMYBZIxtDT6Uma9Cx21wTCkO/w4kERr36MN//GznLQxAcFj/eqqKrnxVJotO1vK7Oyura+kd3MbW3v7O7l9w/qOkoU4zUWyUg1Paq5FCGvoUDJm7HiNPAkb3iDu4nfGHKlRRQ+4CjmbkB7ofAFo2gkt92nSCqPadE+HZ918gW7ZE9BlokzJwWYo9rJf7W7EUsCHiKTVOuWY8foplShYJKPc+1E85iyAe3xlqEhDbh20+nRY3JilC7xI2UqRDJVf0+kNNB6FHimM6DY14veRPzPayXo37ipCOMEechmi/xEEozIJAHSFYozlCNDKFPC3EpYnyrK0OSUMyE4iy8vk/p5ybkoXd1fFsq38ziycATHUAQHrqEMFahCDRg8wTO8wps1tF6sd+tj1pqx5jOH8AfW5w8ekZEH</latexit>

L̂(0)
l = (L̂(0)

l )†
<latexit sha1_base64="QMhxPHQtx1qvYcmN5bFhhJatLYg=">AAACEHicbVDLSsNAFJ3UV42vqEs3g0VsNyXxgW6EohsXLirYBzRpmEwm7dDJg5mJUEI/wY2/4saFIm5duvNvnLZZ2NYDFw7n3Mu993gJo0Ka5o9WWFpeWV0rrusbm1vbO8buXlPEKcekgWMW87aHBGE0Ig1JJSPthBMUeoy0vMHN2G89Ei5oHD3IYUKcEPUiGlCMpJJc41i3+0jCO5d1s7JZGcErWJ5VKl3bRz3XKJlVcwK4SKyclECOumt8236M05BEEjMkRMcyE+lkiEuKGRnpdipIgvAA9UhH0QiFRDjZ5KERPFKKD4OYq4oknKh/JzIUCjEMPdUZItkX895Y/M/rpDK4dDIaJakkEZ4uClIGZQzH6UCfcoIlGyqCMKfqVoj7iCMsVYa6CsGaf3mRNE+q1mn1/P6sVLvO4yiCA3AIysACF6AGbkEdNAAGT+AFvIF37Vl71T60z2lrQctn9sEMtK9fTuuaRA==</latexit>

ex.: monitored fermions

c†l+1cl + c†l cl+1

i�c†l cl

⇢̂t+�t = X̂ [⇢̂t]�t
<latexit sha1_base64="6/HB4fTtomkjBYsjHm20S0IK/qI=">AAACK3icbVDJSgNBFOyJW4xb1KOXxiAIQphxQS9CiBePEcwCmSG86XSSJj0L3W+EMOR/vPgrHvTgglf/w86CS2JBQ1FVj36v/FgKjbb9ZmUWFpeWV7KrubX1jc2t/PZOTUeJYrzKIhmphg+aSxHyKgqUvBErDoEved3vX438+h1XWkThLQ5i7gXQDUVHMEAjtfJl6vYAqat6USvFI+q2uUSgOKSXYyd1A8AeA0kbQ9r8yaL3HW3lC3bRHoPOE2dKCmSKSiv/5LYjlgQ8RCZB66Zjx+iloFAwyYc5N9E8BtaHLm8aGkLAtZeObx3SA6O0aSdS5oVIx+rviRQCrQeBb5KjzfWsNxL/85oJdi68VIRxgjxkk486iaQY0VFxtC0UZygHhgBTwuxKWQ8UMDT15kwJzuzJ86R2XHROimc3p4VSeVpHluyRfXJIHHJOSuSaVEiVMHJPHskLebUerGfr3fqYRDPWdGaX/IH1+QWT6Kaz</latexit>



Pre-selection concept

• pull MIPT to observable level <—> study measurement averaged density matrix

e.g. temporal continuum limt X̂ [⇢̂] = �i[Ĥ, ⇢̂] +
X
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<latexit sha1_base64="SnGWUU8V1BzVq6X2XjTSmcFOADY="></latexit>

• modified dynamics with pre-selection: 

Ĥ
(0)

, L̂
(0) ! Ĥ, L̂

<latexit sha1_base64="8PIZzaJ2zGmuzOjZgwxt3VLZqko=">AAACHXicbVDLSgMxFM3UV62vUZdugkWoIGVGK7osuunCRQX7gLaWTJp2QjMPkjtKGfojbvwVNy4UceFG/BvTzgjaeiBw7jn3cnOPEwquwLK+jMzC4tLySnY1t7a+sbllbu/UVRBJymo0EIFsOkQxwX1WAw6CNUPJiOcI1nCGlxO/ccek4oF/A6OQdTwy8HmfUwJa6pqltksAV27jgnU4PsLT6iqp2pIPXCBSBveJXvnxu2beKlpT4HlipySPUlS75ke7F9DIYz5QQZRq2VYInZhI4FSwca4dKRYSOiQD1tLUJx5TnXh63RgfaKWH+4HUzwc8VX9PxMRTauQ5utMj4KpZbyL+57Ui6J93Yu6HETCfJov6kcAQ4ElUuMcloyBGmhAquf4rpi6RhIIONKdDsGdPnif146J9Ujy9LuXLF2kcWbSH9lEB2egMlVEFVVENUfSAntALejUejWfjzXhPWjNGOrOL/sD4/AaspZ/R</latexit>

such, that

1. There exists a pure dark state representing 
one possible measurement outcome,

X̂ [⇢̂D] = 0
<latexit sha1_base64="F2pWqGmc/AQF/CzV2G+sRzgJDUc=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQ+0I1Q1IXLCvYBSQiT6aQZOpmEmYlQQvdu/BU3LhRx6w+482+ctFlo64ELh3Pu5d57gpRRqSzr26gsLa+srlXXaxubW9s75u5eVyaZwKSDE5aIfoAkYZSTjqKKkX4qCIoDRnrB6Lrwew9ESJrwezVOiRejIachxUhpyTfrboRU7sZIRRgx2J84hQBdESX+DfTgJbR8s2E1rSngIrFL0gAl2r755Q4SnMWEK8yQlI5tpcrLkVAUMzKpuZkkKcIjNCSOphzFRHr59JcJPNTKAIaJ0MUVnKq/J3IUSzmOA91ZHC3nvUL8z3MyFV54OeVppgjHs0VhxqBKYBEMHFBBsGJjTRAWVN8KcYQEwkrHV9Mh2PMvL5LucdM+aZ7dnTZaV2UcVXAA6uAI2OActMAtaIMOwOARPINX8GY8GS/Gu/Exa60Y5cw++APj8wcgA5nL</latexit>

⇢̂D = |DihD|
<latexit sha1_base64="Wz+nnq+KafZMo5gIupm4KrHGK3E=">AAACCHicbVC7TsMwFHV4lvIKMDJgUSExVQkPwYJUQQfGItGH1ESR4zqNVceJbAepSjuy8CssDCDEyiew8Te4aQZoOdLVPTrnXtn3+AmjUlnWt7GwuLS8slpaK69vbG5tmzu7LRmnApMmjlksOj6ShFFOmooqRjqJICjyGWn7g5uJ334gQtKY36thQtwI9TkNKEZKS5554IRIQUeEsVe/GtUdgXifEYflDdZHnlmxqlYOOE/sglRAgYZnfjm9GKcR4QozJGXXthLlZkgoihkZl51UkgThAeqTrqYcRUS6WX7IGB5ppQeDWOjiCubq740MRVIOI19PRkiFctabiP953VQFl25GeZIqwvH0oSBlUMVwkgrsUUGwYkNNEBZU/xXiEAmElc6urEOwZ0+eJ62Tqn1aPb87q9SuizhKYB8cgmNggwtQA7egAZoAg0fwDF7Bm/FkvBjvxsd0dMEodvbAHxifPyDOmWo=</latexit>

s.t.

➡ pre-select representative state (e.g. with 
order parameter)

• unmodified dynamics w/o preselection: 

X̂ (0)
<latexit sha1_base64="2OX+ZC0+j0l/a/7SDR6yMyouJIQ=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxC3ZTEB7osunFZwT6giWUynbRDJw9mboQSs/BX3LhQxK2/4c6/cdJmoa0HBg7n3Ms9c7xYcAWW9W0sLC4tr6yW1srrG5tb2+bObktFiaSsSSMRyY5HFBM8ZE3gIFgnlowEnmBtb3Sd++0HJhWPwjsYx8wNyCDkPqcEtNQz950hgdQJCAwpEbiT3adV6zjrmRWrZk2A54ldkAoq0OiZX04/oknAQqCCKNW1rRjclEjgVLCs7CSKxYSOyIB1NQ1JwJSbTvJn+EgrfexHUr8Q8ET9vZGSQKlx4OnJPKia9XLxP6+bgH/ppjyME2AhnR7yE4EhwnkZuM8loyDGmhAquc6K6ZBIQkFXVtYl2LNfnietk5p9Wju/PavUr4o6SugAHaIqstEFqqMb1EBNRNEjekav6M14Ml6Md+NjOrpgFDt76A+Mzx9QIpWk</latexit>

with hermitian

=) X̂ (0)[1̂] = 0
<latexit sha1_base64="GnsRxqGenoBSogDkcYY9kZrwyoM=">AAACHnicbVDLSsNAFJ34rPUVdelmsAh1UxK16EYounFZwT4giWUynbRDZ5IwMxFKyJe48VfcuFBEcKV/46QNqK0HLhzOuZd77/FjRqWyrC9jYXFpeWW1tFZe39jc2jZ3dtsySgQmLRyxSHR9JAmjIWkpqhjpxoIg7jPS8UdXud+5J0LSKLxV45h4HA1CGlCMlJZ6Zt2lXO8hErpDpFKXIzXEiMFudpdWraMMOj+6H6R2lnnwwuqZFatmTQDniV2QCijQ7Jkfbj/CCSehwgxJ6dhWrLwUCUUxI1nZTSSJER6hAXE0DREn0ksn72XwUCt9GERCV6jgRP09kSIu5Zj7ujM/U856ufif5yQqOPdSGsaJIiGeLgoSBlUE86xgnwqCFRtrgrCg+laIh0ggrHSiZR2CPfvyPGkf1+yTWv3mtNK4LOIogX1wAKrABmegAa5BE7QABg/gCbyAV+PReDbejPdp64JRzOyBPzA+vwG6qqI2</latexit>

fully mixed stationary state

Ĥ
(0)

,
<latexit sha1_base64="MXU/o+twnnbD5EtTvx6JUSBnMrs=">AAAB9HicbVDJSgNBEK2JW4xb1KOXxiBEkDDjgh6DXnKMYBZIxtDT6Uma9Cx21wTCkO/w4kERr36MN//GznLQxAcFj/eqqKrnxVJotO1vK7Oyura+kd3MbW3v7O7l9w/qOkoU4zUWyUg1Paq5FCGvoUDJm7HiNPAkb3iDu4nfGHKlRRQ+4CjmbkB7ofAFo2gkt92nSCqPadE+HZ918gW7ZE9BlokzJwWYo9rJf7W7EUsCHiKTVOuWY8foplShYJKPc+1E85iyAe3xlqEhDbh20+nRY3JilC7xI2UqRDJVf0+kNNB6FHimM6DY14veRPzPayXo37ipCOMEechmi/xEEozIJAHSFYozlCNDKFPC3EpYnyrK0OSUMyE4iy8vk/p5ybkoXd1fFsq38ziycATHUAQHrqEMFahCDRg8wTO8wps1tF6sd+tj1pqx5jOH8AfW5w8ekZEH</latexit>

L̂(0)
l = (L̂(0)

l )†
<latexit sha1_base64="QMhxPHQtx1qvYcmN5bFhhJatLYg=">AAACEHicbVDLSsNAFJ3UV42vqEs3g0VsNyXxgW6EohsXLirYBzRpmEwm7dDJg5mJUEI/wY2/4saFIm5duvNvnLZZ2NYDFw7n3Mu993gJo0Ka5o9WWFpeWV0rrusbm1vbO8buXlPEKcekgWMW87aHBGE0Ig1JJSPthBMUeoy0vMHN2G89Ei5oHD3IYUKcEPUiGlCMpJJc41i3+0jCO5d1s7JZGcErWJ5VKl3bRz3XKJlVcwK4SKyclECOumt8236M05BEEjMkRMcyE+lkiEuKGRnpdipIgvAA9UhH0QiFRDjZ5KERPFKKD4OYq4oknKh/JzIUCjEMPdUZItkX895Y/M/rpDK4dDIaJakkEZ4uClIGZQzH6UCfcoIlGyqCMKfqVoj7iCMsVYa6CsGaf3mRNE+q1mn1/P6sVLvO4yiCA3AIysACF6AGbkEdNAAGT+AFvIF37Vl71T60z2lrQctn9sEMtK9fTuuaRA==</latexit>

ex.: monitored fermions

c†l+1cl + c†l cl+1

i�c†l cl

⇢̂t+�t = X̂ [⇢̂t]�t
<latexit sha1_base64="6/HB4fTtomkjBYsjHm20S0IK/qI=">AAACK3icbVDJSgNBFOyJW4xb1KOXxiAIQphxQS9CiBePEcwCmSG86XSSJj0L3W+EMOR/vPgrHvTgglf/w86CS2JBQ1FVj36v/FgKjbb9ZmUWFpeWV7KrubX1jc2t/PZOTUeJYrzKIhmphg+aSxHyKgqUvBErDoEved3vX438+h1XWkThLQ5i7gXQDUVHMEAjtfJl6vYAqat6USvFI+q2uUSgOKSXYyd1A8AeA0kbQ9r8yaL3HW3lC3bRHoPOE2dKCmSKSiv/5LYjlgQ8RCZB66Zjx+iloFAwyYc5N9E8BtaHLm8aGkLAtZeObx3SA6O0aSdS5oVIx+rviRQCrQeBb5KjzfWsNxL/85oJdi68VIRxgjxkk486iaQY0VFxtC0UZygHhgBTwuxKWQ8UMDT15kwJzuzJ86R2XHROimc3p4VSeVpHluyRfXJIHHJOSuSaVEiVMHJPHskLebUerGfr3fqYRDPWdGaX/IH1+QWT6Kaz</latexit>



Pre-selection concept

• pull MIPT to observable level <—> study measurement averaged density matrix

e.g. temporal continuum limt X̂ [⇢̂] = �i[Ĥ, ⇢̂] +
X
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<latexit sha1_base64="SnGWUU8V1BzVq6X2XjTSmcFOADY="></latexit>

• modified dynamics with pre-selection: 

Ĥ
(0)

, L̂
(0) ! Ĥ, L̂

<latexit sha1_base64="8PIZzaJ2zGmuzOjZgwxt3VLZqko=">AAACHXicbVDLSgMxFM3UV62vUZdugkWoIGVGK7osuunCRQX7gLaWTJp2QjMPkjtKGfojbvwVNy4UceFG/BvTzgjaeiBw7jn3cnOPEwquwLK+jMzC4tLySnY1t7a+sbllbu/UVRBJymo0EIFsOkQxwX1WAw6CNUPJiOcI1nCGlxO/ccek4oF/A6OQdTwy8HmfUwJa6pqltksAV27jgnU4PsLT6iqp2pIPXCBSBveJXvnxu2beKlpT4HlipySPUlS75ke7F9DIYz5QQZRq2VYInZhI4FSwca4dKRYSOiQD1tLUJx5TnXh63RgfaKWH+4HUzwc8VX9PxMRTauQ5utMj4KpZbyL+57Ui6J93Yu6HETCfJov6kcAQ4ElUuMcloyBGmhAquf4rpi6RhIIONKdDsGdPnif146J9Ujy9LuXLF2kcWbSH9lEB2egMlVEFVVENUfSAntALejUejWfjzXhPWjNGOrOL/sD4/AaspZ/R</latexit>

such, that

1. There exists a pure dark state representing 
one possible measurement outcome,

X̂ [⇢̂D] = 0
<latexit sha1_base64="F2pWqGmc/AQF/CzV2G+sRzgJDUc=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQ+0I1Q1IXLCvYBSQiT6aQZOpmEmYlQQvdu/BU3LhRx6w+482+ctFlo64ELh3Pu5d57gpRRqSzr26gsLa+srlXXaxubW9s75u5eVyaZwKSDE5aIfoAkYZSTjqKKkX4qCIoDRnrB6Lrwew9ESJrwezVOiRejIachxUhpyTfrboRU7sZIRRgx2J84hQBdESX+DfTgJbR8s2E1rSngIrFL0gAl2r755Q4SnMWEK8yQlI5tpcrLkVAUMzKpuZkkKcIjNCSOphzFRHr59JcJPNTKAIaJ0MUVnKq/J3IUSzmOA91ZHC3nvUL8z3MyFV54OeVppgjHs0VhxqBKYBEMHFBBsGJjTRAWVN8KcYQEwkrHV9Mh2PMvL5LucdM+aZ7dnTZaV2UcVXAA6uAI2OActMAtaIMOwOARPINX8GY8GS/Gu/Exa60Y5cw++APj8wcgA5nL</latexit>

⇢̂D = |DihD|
<latexit sha1_base64="Wz+nnq+KafZMo5gIupm4KrHGK3E=">AAACCHicbVC7TsMwFHV4lvIKMDJgUSExVQkPwYJUQQfGItGH1ESR4zqNVceJbAepSjuy8CssDCDEyiew8Te4aQZoOdLVPTrnXtn3+AmjUlnWt7GwuLS8slpaK69vbG5tmzu7LRmnApMmjlksOj6ShFFOmooqRjqJICjyGWn7g5uJ334gQtKY36thQtwI9TkNKEZKS5554IRIQUeEsVe/GtUdgXifEYflDdZHnlmxqlYOOE/sglRAgYZnfjm9GKcR4QozJGXXthLlZkgoihkZl51UkgThAeqTrqYcRUS6WX7IGB5ppQeDWOjiCubq740MRVIOI19PRkiFctabiP953VQFl25GeZIqwvH0oSBlUMVwkgrsUUGwYkNNEBZU/xXiEAmElc6urEOwZ0+eJ62Tqn1aPb87q9SuizhKYB8cgmNggwtQA7egAZoAg0fwDF7Bm/FkvBjvxsd0dMEodvbAHxifPyDOmWo=</latexit>

s.t.

➡ pre-select representative state (e.g. with 
order parameter)

• unmodified dynamics w/o preselection: 

X̂ (0)
<latexit sha1_base64="2OX+ZC0+j0l/a/7SDR6yMyouJIQ=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxC3ZTEB7osunFZwT6giWUynbRDJw9mboQSs/BX3LhQxK2/4c6/cdJmoa0HBg7n3Ms9c7xYcAWW9W0sLC4tr6yW1srrG5tb2+bObktFiaSsSSMRyY5HFBM8ZE3gIFgnlowEnmBtb3Sd++0HJhWPwjsYx8wNyCDkPqcEtNQz950hgdQJCAwpEbiT3adV6zjrmRWrZk2A54ldkAoq0OiZX04/oknAQqCCKNW1rRjclEjgVLCs7CSKxYSOyIB1NQ1JwJSbTvJn+EgrfexHUr8Q8ET9vZGSQKlx4OnJPKia9XLxP6+bgH/ppjyME2AhnR7yE4EhwnkZuM8loyDGmhAquc6K6ZBIQkFXVtYl2LNfnietk5p9Wju/PavUr4o6SugAHaIqstEFqqMb1EBNRNEjekav6M14Ml6Md+NjOrpgFDt76A+Mzx9QIpWk</latexit>

with hermitian

=) X̂ (0)[1̂] = 0
<latexit sha1_base64="GnsRxqGenoBSogDkcYY9kZrwyoM=">AAACHnicbVDLSsNAFJ34rPUVdelmsAh1UxK16EYounFZwT4giWUynbRDZ5IwMxFKyJe48VfcuFBEcKV/46QNqK0HLhzOuZd77/FjRqWyrC9jYXFpeWW1tFZe39jc2jZ3dtsySgQmLRyxSHR9JAmjIWkpqhjpxoIg7jPS8UdXud+5J0LSKLxV45h4HA1CGlCMlJZ6Zt2lXO8hErpDpFKXIzXEiMFudpdWraMMOj+6H6R2lnnwwuqZFatmTQDniV2QCijQ7Jkfbj/CCSehwgxJ6dhWrLwUCUUxI1nZTSSJER6hAXE0DREn0ksn72XwUCt9GERCV6jgRP09kSIu5Zj7ujM/U856ufif5yQqOPdSGsaJIiGeLgoSBlUE86xgnwqCFRtrgrCg+laIh0ggrHSiZR2CPfvyPGkf1+yTWv3mtNK4LOIogX1wAKrABmegAa5BE7QABg/gCbyAV+PReDbejPdp64JRzOyBPzA+vwG6qqI2</latexit>

fully mixed stationary state

Ĥ
(0)

,
<latexit sha1_base64="MXU/o+twnnbD5EtTvx6JUSBnMrs=">AAAB9HicbVDJSgNBEK2JW4xb1KOXxiBEkDDjgh6DXnKMYBZIxtDT6Uma9Cx21wTCkO/w4kERr36MN//GznLQxAcFj/eqqKrnxVJotO1vK7Oyura+kd3MbW3v7O7l9w/qOkoU4zUWyUg1Paq5FCGvoUDJm7HiNPAkb3iDu4nfGHKlRRQ+4CjmbkB7ofAFo2gkt92nSCqPadE+HZ918gW7ZE9BlokzJwWYo9rJf7W7EUsCHiKTVOuWY8foplShYJKPc+1E85iyAe3xlqEhDbh20+nRY3JilC7xI2UqRDJVf0+kNNB6FHimM6DY14veRPzPayXo37ipCOMEechmi/xEEozIJAHSFYozlCNDKFPC3EpYnyrK0OSUMyE4iy8vk/p5ybkoXd1fFsq38ziycATHUAQHrqEMFahCDRg8wTO8wps1tF6sd+tj1pqx5jOH8AfW5w8ekZEH</latexit>

L̂(0)
l = (L̂(0)

l )†
<latexit sha1_base64="QMhxPHQtx1qvYcmN5bFhhJatLYg=">AAACEHicbVDLSsNAFJ3UV42vqEs3g0VsNyXxgW6EohsXLirYBzRpmEwm7dDJg5mJUEI/wY2/4saFIm5duvNvnLZZ2NYDFw7n3Mu993gJo0Ka5o9WWFpeWV0rrusbm1vbO8buXlPEKcekgWMW87aHBGE0Ig1JJSPthBMUeoy0vMHN2G89Ei5oHD3IYUKcEPUiGlCMpJJc41i3+0jCO5d1s7JZGcErWJ5VKl3bRz3XKJlVcwK4SKyclECOumt8236M05BEEjMkRMcyE+lkiEuKGRnpdipIgvAA9UhH0QiFRDjZ5KERPFKKD4OYq4oknKh/JzIUCjEMPdUZItkX895Y/M/rpDK4dDIaJakkEZ4uClIGZQzH6UCfcoIlGyqCMKfqVoj7iCMsVYa6CsGaf3mRNE+q1mn1/P6sVLvO4yiCA3AIysACF6AGbkEdNAAGT+AFvIF37Vl71T60z2lrQctn9sEMtK9fTuuaRA==</latexit>

ex.: monitored fermions

c†l+1cl + c†l cl+1

i�c†l cl

⇢̂t+�t = X̂ [⇢̂t]�t
<latexit sha1_base64="6/HB4fTtomkjBYsjHm20S0IK/qI=">AAACK3icbVDJSgNBFOyJW4xb1KOXxiAIQphxQS9CiBePEcwCmSG86XSSJj0L3W+EMOR/vPgrHvTgglf/w86CS2JBQ1FVj36v/FgKjbb9ZmUWFpeWV7KrubX1jc2t/PZOTUeJYrzKIhmphg+aSxHyKgqUvBErDoEved3vX438+h1XWkThLQ5i7gXQDUVHMEAjtfJl6vYAqat6USvFI+q2uUSgOKSXYyd1A8AeA0kbQ9r8yaL3HW3lC3bRHoPOE2dKCmSKSiv/5LYjlgQ8RCZB66Zjx+iloFAwyYc5N9E8BtaHLm8aGkLAtZeObx3SA6O0aSdS5oVIx+rviRQCrQeBb5KjzfWsNxL/85oJdi68VIRxgjxkk486iaQY0VFxtC0UZygHhgBTwuxKWQ8UMDT15kwJzuzJ86R2XHROimc3p4VSeVpHluyRfXJIHHJOSuSaVEiVMHJPHskLebUerGfr3fqYRDPWdGaX/IH1+QWT6Kaz</latexit>

➡ directionality in Hilbert space2. The dark state is unique



Pre-selection concept

• pull MIPT to observable level <—> study measurement averaged density matrix

e.g. temporal continuum limt X̂ [⇢̂] = �i[Ĥ, ⇢̂] +
X

l

L̂l⇢̂L̂
†
l �

1
2{L̂

†
l L̂l, ⇢̂}

<latexit sha1_base64="SnGWUU8V1BzVq6X2XjTSmcFOADY="></latexit>

• modified dynamics with pre-selection: 

Ĥ
(0)

, L̂
(0) ! Ĥ, L̂

<latexit sha1_base64="8PIZzaJ2zGmuzOjZgwxt3VLZqko=">AAACHXicbVDLSgMxFM3UV62vUZdugkWoIGVGK7osuunCRQX7gLaWTJp2QjMPkjtKGfojbvwVNy4UceFG/BvTzgjaeiBw7jn3cnOPEwquwLK+jMzC4tLySnY1t7a+sbllbu/UVRBJymo0EIFsOkQxwX1WAw6CNUPJiOcI1nCGlxO/ccek4oF/A6OQdTwy8HmfUwJa6pqltksAV27jgnU4PsLT6iqp2pIPXCBSBveJXvnxu2beKlpT4HlipySPUlS75ke7F9DIYz5QQZRq2VYInZhI4FSwca4dKRYSOiQD1tLUJx5TnXh63RgfaKWH+4HUzwc8VX9PxMRTauQ5utMj4KpZbyL+57Ui6J93Yu6HETCfJov6kcAQ4ElUuMcloyBGmhAquf4rpi6RhIIONKdDsGdPnif146J9Ujy9LuXLF2kcWbSH9lEB2egMlVEFVVENUfSAntALejUejWfjzXhPWjNGOrOL/sD4/AaspZ/R</latexit>

such, that

1. There exists a pure dark state representing 
one possible measurement outcome,

X̂ [⇢̂D] = 0
<latexit sha1_base64="F2pWqGmc/AQF/CzV2G+sRzgJDUc=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQ+0I1Q1IXLCvYBSQiT6aQZOpmEmYlQQvdu/BU3LhRx6w+482+ctFlo64ELh3Pu5d57gpRRqSzr26gsLa+srlXXaxubW9s75u5eVyaZwKSDE5aIfoAkYZSTjqKKkX4qCIoDRnrB6Lrwew9ESJrwezVOiRejIachxUhpyTfrboRU7sZIRRgx2J84hQBdESX+DfTgJbR8s2E1rSngIrFL0gAl2r755Q4SnMWEK8yQlI5tpcrLkVAUMzKpuZkkKcIjNCSOphzFRHr59JcJPNTKAIaJ0MUVnKq/J3IUSzmOA91ZHC3nvUL8z3MyFV54OeVppgjHs0VhxqBKYBEMHFBBsGJjTRAWVN8KcYQEwkrHV9Mh2PMvL5LucdM+aZ7dnTZaV2UcVXAA6uAI2OActMAtaIMOwOARPINX8GY8GS/Gu/Exa60Y5cw++APj8wcgA5nL</latexit>

⇢̂D = |DihD|
<latexit sha1_base64="Wz+nnq+KafZMo5gIupm4KrHGK3E=">AAACCHicbVC7TsMwFHV4lvIKMDJgUSExVQkPwYJUQQfGItGH1ESR4zqNVceJbAepSjuy8CssDCDEyiew8Te4aQZoOdLVPTrnXtn3+AmjUlnWt7GwuLS8slpaK69vbG5tmzu7LRmnApMmjlksOj6ShFFOmooqRjqJICjyGWn7g5uJ334gQtKY36thQtwI9TkNKEZKS5554IRIQUeEsVe/GtUdgXifEYflDdZHnlmxqlYOOE/sglRAgYZnfjm9GKcR4QozJGXXthLlZkgoihkZl51UkgThAeqTrqYcRUS6WX7IGB5ppQeDWOjiCubq740MRVIOI19PRkiFctabiP953VQFl25GeZIqwvH0oSBlUMVwkgrsUUGwYkNNEBZU/xXiEAmElc6urEOwZ0+eJ62Tqn1aPb87q9SuizhKYB8cgmNggwtQA7egAZoAg0fwDF7Bm/FkvBjvxsd0dMEodvbAHxifPyDOmWo=</latexit>

s.t.

➡ pre-select representative state (e.g. with 
order parameter)

3. Modifications preserve symmetries and are 
irrelevant in the RG sense

➡phases and phase transitions unmodified

• unmodified dynamics w/o preselection: 

X̂ (0)
<latexit sha1_base64="2OX+ZC0+j0l/a/7SDR6yMyouJIQ=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxC3ZTEB7osunFZwT6giWUynbRDJw9mboQSs/BX3LhQxK2/4c6/cdJmoa0HBg7n3Ms9c7xYcAWW9W0sLC4tr6yW1srrG5tb2+bObktFiaSsSSMRyY5HFBM8ZE3gIFgnlowEnmBtb3Sd++0HJhWPwjsYx8wNyCDkPqcEtNQz950hgdQJCAwpEbiT3adV6zjrmRWrZk2A54ldkAoq0OiZX04/oknAQqCCKNW1rRjclEjgVLCs7CSKxYSOyIB1NQ1JwJSbTvJn+EgrfexHUr8Q8ET9vZGSQKlx4OnJPKia9XLxP6+bgH/ppjyME2AhnR7yE4EhwnkZuM8loyDGmhAquc6K6ZBIQkFXVtYl2LNfnietk5p9Wju/PavUr4o6SugAHaIqstEFqqMb1EBNRNEjekav6M14Ml6Md+NjOrpgFDt76A+Mzx9QIpWk</latexit>

with hermitian

=) X̂ (0)[1̂] = 0
<latexit sha1_base64="GnsRxqGenoBSogDkcYY9kZrwyoM=">AAACHnicbVDLSsNAFJ34rPUVdelmsAh1UxK16EYounFZwT4giWUynbRDZ5IwMxFKyJe48VfcuFBEcKV/46QNqK0HLhzOuZd77/FjRqWyrC9jYXFpeWW1tFZe39jc2jZ3dtsySgQmLRyxSHR9JAmjIWkpqhjpxoIg7jPS8UdXud+5J0LSKLxV45h4HA1CGlCMlJZ6Zt2lXO8hErpDpFKXIzXEiMFudpdWraMMOj+6H6R2lnnwwuqZFatmTQDniV2QCijQ7Jkfbj/CCSehwgxJ6dhWrLwUCUUxI1nZTSSJER6hAXE0DREn0ksn72XwUCt9GERCV6jgRP09kSIu5Zj7ujM/U856ufif5yQqOPdSGsaJIiGeLgoSBlUE86xgnwqCFRtrgrCg+laIh0ggrHSiZR2CPfvyPGkf1+yTWv3mtNK4LOIogX1wAKrABmegAa5BE7QABg/gCbyAV+PReDbejPdp64JRzOyBPzA+vwG6qqI2</latexit>

fully mixed stationary state

Ĥ
(0)

,
<latexit sha1_base64="MXU/o+twnnbD5EtTvx6JUSBnMrs=">AAAB9HicbVDJSgNBEK2JW4xb1KOXxiBEkDDjgh6DXnKMYBZIxtDT6Uma9Cx21wTCkO/w4kERr36MN//GznLQxAcFj/eqqKrnxVJotO1vK7Oyura+kd3MbW3v7O7l9w/qOkoU4zUWyUg1Paq5FCGvoUDJm7HiNPAkb3iDu4nfGHKlRRQ+4CjmbkB7ofAFo2gkt92nSCqPadE+HZ918gW7ZE9BlokzJwWYo9rJf7W7EUsCHiKTVOuWY8foplShYJKPc+1E85iyAe3xlqEhDbh20+nRY3JilC7xI2UqRDJVf0+kNNB6FHimM6DY14veRPzPayXo37ipCOMEechmi/xEEozIJAHSFYozlCNDKFPC3EpYnyrK0OSUMyE4iy8vk/p5ybkoXd1fFsq38ziycATHUAQHrqEMFahCDRg8wTO8wps1tF6sd+tj1pqx5jOH8AfW5w8ekZEH</latexit>

L̂(0)
l = (L̂(0)

l )†
<latexit sha1_base64="QMhxPHQtx1qvYcmN5bFhhJatLYg=">AAACEHicbVDLSsNAFJ3UV42vqEs3g0VsNyXxgW6EohsXLirYBzRpmEwm7dDJg5mJUEI/wY2/4saFIm5duvNvnLZZ2NYDFw7n3Mu993gJo0Ka5o9WWFpeWV0rrusbm1vbO8buXlPEKcekgWMW87aHBGE0Ig1JJSPthBMUeoy0vMHN2G89Ei5oHD3IYUKcEPUiGlCMpJJc41i3+0jCO5d1s7JZGcErWJ5VKl3bRz3XKJlVcwK4SKyclECOumt8236M05BEEjMkRMcyE+lkiEuKGRnpdipIgvAA9UhH0QiFRDjZ5KERPFKKD4OYq4oknKh/JzIUCjEMPdUZItkX895Y/M/rpDK4dDIaJakkEZ4uClIGZQzH6UCfcoIlGyqCMKfqVoj7iCMsVYa6CsGaf3mRNE+q1mn1/P6sVLvO4yiCA3AIysACF6AGbkEdNAAGT+AFvIF37Vl71T60z2lrQctn9sEMtK9fTuuaRA==</latexit>

ex.: monitored fermions

c†l+1cl + c†l cl+1

i�c†l cl

⇢̂t+�t = X̂ [⇢̂t]�t
<latexit sha1_base64="6/HB4fTtomkjBYsjHm20S0IK/qI=">AAACK3icbVDJSgNBFOyJW4xb1KOXxiAIQphxQS9CiBePEcwCmSG86XSSJj0L3W+EMOR/vPgrHvTgglf/w86CS2JBQ1FVj36v/FgKjbb9ZmUWFpeWV7KrubX1jc2t/PZOTUeJYrzKIhmphg+aSxHyKgqUvBErDoEved3vX438+h1XWkThLQ5i7gXQDUVHMEAjtfJl6vYAqat6USvFI+q2uUSgOKSXYyd1A8AeA0kbQ9r8yaL3HW3lC3bRHoPOE2dKCmSKSiv/5LYjlgQ8RCZB66Zjx+iloFAwyYc5N9E8BtaHLm8aGkLAtZeObx3SA6O0aSdS5oVIx+rviRQCrQeBb5KjzfWsNxL/85oJdi68VIRxgjxkk486iaQY0VFxtC0UZygHhgBTwuxKWQ8UMDT15kwJzuzJ86R2XHROimc3p4VSeVpHluyRfXJIHHJOSuSaVEiVMHJPHskLebUerGfr3fqYRDPWdGaX/IH1+QWT6Kaz</latexit>

➡ directionality in Hilbert space2. The dark state is unique



Pre-selection: connection to absorbing state transitions
• dynamics

unitary non-unitary
<latexit sha1_base64="FVDg6OvOT7eGSRDOYWFcm0JmHzk="></latexit>

X1(⇢̂) :
<latexit sha1_base64="sxON1Eqhl4k5bNqkeQIK1xnOoYQ="></latexit>

X2(⇢̂) :

entangled 
states

product 
states

prefers 
entangled

prefers 
product

<latexit sha1_base64="Ex109L6cYIC5p+iqAe4ieA20kVM="></latexit>

S(⇢̂A) ⇠ |A|0 for � � �c
<latexit sha1_base64="QxSI+czcVt89f1SqPx2QYFMIJ2E="></latexit>

S(⇢̂A) ⇠ |A|, log(|A|) for � < �c
• unmodified 

measurement 
dynamics:

<latexit sha1_base64="CNHvQSVYri6gl4KHM8BeYF4jwqM="></latexit>

� � �c :

<latexit sha1_base64="bkfUMFzZa7RxCvEl56wyc7VU+98="></latexit>

� < �c :

but: extensive configuration entropy

trajectory entanglement entropy:

• alternative viewpoint: testing success vs. failure of single round of error correction

@t⇢̂ = X (⇢̂) = X1(⇢̂) + �X2(⇢̂)
<latexit sha1_base64="81Mvo/95YgSAbRI+hlOdGIa+maU="></latexit>



• dynamics

<latexit sha1_base64="FVDg6OvOT7eGSRDOYWFcm0JmHzk="></latexit>

X1(⇢̂) :
<latexit sha1_base64="sxON1Eqhl4k5bNqkeQIK1xnOoYQ="></latexit>

X2(⇢̂) :

entangled 
states

product 
states

prefers 
entangled

prefers 
product

<latexit sha1_base64="Ex109L6cYIC5p+iqAe4ieA20kVM="></latexit>

S(⇢̂A) ⇠ |A|0 for � � �c
<latexit sha1_base64="QxSI+czcVt89f1SqPx2QYFMIJ2E="></latexit>

S(⇢̂A) ⇠ |A|, log(|A|) for � < �c
• unmodified 

measurement 
dynamics:

<latexit sha1_base64="CNHvQSVYri6gl4KHM8BeYF4jwqM="></latexit>

� � �c :

<latexit sha1_base64="bkfUMFzZa7RxCvEl56wyc7VU+98="></latexit>

� < �c :

but: extensive configuration entropy

trajectory entanglement entropy:

• alternative viewpoint: testing success vs. failure of single round of error correction

• pre-selected 
dynamics w/ 
dark state:

<latexit sha1_base64="3SJeYcrNVAuNrVB/AY04UJf6wdY="></latexit>

⇢̂ ! ⇢̂D for � � �c
<latexit sha1_base64="3QPM+lTVlaqi9G+pApqrD5qLGF8="></latexit>

⇢̂ 6! ⇢̂D for � < �c
<latexit sha1_base64="CNHvQSVYri6gl4KHM8BeYF4jwqM="></latexit>

� � �c :
<latexit sha1_base64="bkfUMFzZa7RxCvEl56wyc7VU+98="></latexit>

� < �c :

<latexit sha1_base64="dDklsLgViAM+HtGa58T9kOG4LjI="></latexit>

⇢̂D

configuration entropy removed!

pre-selection succeedspre-selection fails

dynamically 
unstable

dynamically 
stable 

unitary non-unitary

@t⇢̂ = X (⇢̂) = X1(⇢̂) + �X2(⇢̂)
<latexit sha1_base64="81Mvo/95YgSAbRI+hlOdGIa+maU="></latexit>

Pre-selection: connection to absorbing state transitions

phase transition:



Pre-selection: connection to (quantum) absorbing state transitions
• dynamics

<latexit sha1_base64="FVDg6OvOT7eGSRDOYWFcm0JmHzk="></latexit>

X1(⇢̂) :
<latexit sha1_base64="sxON1Eqhl4k5bNqkeQIK1xnOoYQ="></latexit>

X2(⇢̂) :

entangled 
states

product 
states

prefers 
entangled

prefers 
product

<latexit sha1_base64="Ex109L6cYIC5p+iqAe4ieA20kVM="></latexit>

S(⇢̂A) ⇠ |A|0 for � � �c
<latexit sha1_base64="QxSI+czcVt89f1SqPx2QYFMIJ2E="></latexit>

S(⇢̂A) ⇠ |A|, log(|A|) for � < �c
• unmodified 

measurement 
dynamics:

<latexit sha1_base64="CNHvQSVYri6gl4KHM8BeYF4jwqM="></latexit>

� � �c :

<latexit sha1_base64="bkfUMFzZa7RxCvEl56wyc7VU+98="></latexit>

� < �c :

but: extensive configuration entropy

trajectory entanglement entropy:

• alternative viewpoint: testing success vs. failure of single round of error correction

• pre-selected 
dynamics w/ 
dark state:

<latexit sha1_base64="3SJeYcrNVAuNrVB/AY04UJf6wdY="></latexit>

⇢̂ ! ⇢̂D for � � �c

<latexit sha1_base64="3QPM+lTVlaqi9G+pApqrD5qLGF8="></latexit>

⇢̂ 6! ⇢̂D for � < �c

<latexit sha1_base64="CNHvQSVYri6gl4KHM8BeYF4jwqM="></latexit>

� � �c :

<latexit sha1_base64="bkfUMFzZa7RxCvEl56wyc7VU+98="></latexit>

� < �c :

dynamicallyy 
stable 

<latexit sha1_base64="dDklsLgViAM+HtGa58T9kOG4LjI="></latexit>

⇢̂D

dynamically 
unstable

➡ transition in the dynamics 

➡ structure of absorbing state 
transition in Hilbert space!
H. Hinrichsen, Adv. Phys. (2000); 
G. Odor, RMP (2004) 

(up to time scale exp in system size)

time

tim
e 
t

position i

pcpcc p p> p= p<

Fig.12:Directedbondpercolationin1+1dimensionsstartingfromrandominitialconditions(top)and
fromasingleactiveseed(bottom).Eachhorizontalrowofpixelsrepresentsfourupdates.Ascanbeseen,
criticalDPisareaction-limitedprocess.

AssociatingactivesiteswithparticlesAandinactivesiteswithvacanciesØ,aDPprocess
correspondstothereaction-diffusionscheme

self-destruction:A→Ø,
diffusion:Ø+A→A+Ø,
offspringproduction:A→2A,
coagulation:2A→A.

(81)

Tounderstandthisreaction-diffusionscheme,letusagainconsidertheexampleofdirected
bondpercolation.Dependingontheconfigurationofthebonds,eachactivesite(particle)
mayactivatetwoneighboringsitesofthesubsequentrow(nexttimestep).Ifbothbonds
areclosed,theparticleself-destructs.Ifonlyonebondisopen,theparticlewilldiffuse
totheleftortotherightwithequalprobability,whereasanoffspringisproducedwhen
bothbondsareopen.Ontheotherhand,iftwoparticlesreachthesametargetsite,they
coalesceintoasingleparticle,givingrisetothereaction2A→A.Thisprocesslimitsthe
maximaldensityofactivesites.Infact,aswillbeshownbelow,thecoagulationprocessis
theessentialnonlinearingredientofDP.In‘fermionic’modelswithanexclusionprinciple
itisautomaticallyincluded.However,in‘bosonic’modelsallowingforaninfinitenumber
ofparticlespersiteonewouldhavetoaddthisprocessexplicitly.

3.2Latticemodelsfordirectedpercolation

IntheliteraturethereisavastvarietyofDPmodelsfollowingthespiritoftheabove
reaction-diffusionscheme.Aswewillseebelow,theyallexhibitthesametypeofcritical
behavioratthetransition.Thecommonfeatureofallthesemodelsistheexistenceofan
absorbingstate,i.e.,aconfigurationthatthemodelcanreachbutfromwhereitcannot
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⇢̂D = |101010...ih101010...|• choice of representative dark state:

• modify generator of dynamics: condition hopping on state (non-linear in state):

Wiseman, Milburn, PRL (1993)
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• dark state phase transition: BKT

➡ entanglement entropies coincide: phases / phase transition unmodified
➡ but there exist standard qm observables witnessing it
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Example: ‘quantum’ preselection

• modify operators: linear in state

• measurement  
preselection:

<latexit sha1_base64="n4gbwKTMUo568sa5IUxUqocPqn8="></latexit>

@t⇢ = i[⇢, H]� �

X

l

{L†
lLl, ⇢}� 2Ll⇢L

†
l

• non-Gaussian 
evolution

L̂l = Ûln̂l
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operators
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• detect transition

(@2
t � @2

x)�̂x + � cos �̂x + � sin �̂x(@t�̂x + sin �̂x) = ⇠̂x
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• field theory

• Heisenberg-Langevin theory (or equivalent Keldysh)
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@x�̂x + cos(�̂s) ! @x�̂x + cos(�̂s) + i@x✓̂x

➡ irrelevant in weak measurement regime: infinite T state
➡ becomes relevant at transition: pinning

L̂l = n̂l ! exp[i⇡(c†l cm + c†mcl)] n̂l
<latexit sha1_base64="fyAxc3qoa/KtggxeFhGGtazaPlc="></latexit>
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<latexit sha1_base64="1xSIk9Eh88hxVk1vg7uS1ncx9Lw=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXEhJfKAboaiLLivYByQhTKaTZuhkEmYmQgnd+CtuXCji1s9w5984TbPQ1gOXezjnXmbuCVJGpbKsb2NhcWl5ZbWyVl3f2NzaNnd2OzLJBCZtnLBE9AIkCaOctBVVjPRSQVAcMNINhrcTv/tIhKQJf1CjlHgxGnAaUoyUlnxz33EjpGDzpGiuiBL/zru2oG/WrLpVAM4TuyQ1UKLlm19uP8FZTLjCDEnp2FaqvBwJRTEj46qbSZIiPEQD4mjKUUyklxcHjOGRVvowTIQurmCh/t7IUSzlKA70ZIxUJGe9ifif52QqvPJyytNMEY6nD4UZgyqBkzRgnwqCFRtpgrCg+q8QR0ggrHRmVR2CPXvyPOmc1u2z+sX9ea1xU8ZRAQfgEBwDG1yCBmiCFmgDDMbgGbyCN+PJeDHejY/p6IJR7uyBPzA+fwB57JUL</latexit>

modified measurement 
operators

L̂l⇢̂D = 0
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Outlook: Quantum absorbing transitions beyond directed percolation?

• Grassberger-Janssen conjecture: No!
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Janssen, Z. Phys. B (1981); Grassberger, Z. Phys. B (1982)
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• possible pure state scenarios:
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L̂i|Di = 0 8i

dark/absorbing state

• general quantum dynamics w/ dark/absorbing state (or equivalent Keldysh)

attractive fixed pointrepulsive fixed point

Sieberer, Buchhold, SD, ROPP (2016)

Janssen, Z. Phys. B (1981); Grassberger, Z. Phys. B (1982)
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@t⇢̂ = �i[Ĥ, ⇢̂] + �

X

i

L̂i⇢̂L̂
†
i � 1

2{L̂
†
i L̂i, ⇢̂}

<latexit sha1_base64="f5FzAeOLXuJahlCKwExUjtgLXhA="></latexit>
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State

Dynamics

w/ conservation law

w/o conservation law

product (w/o entanglement) entangled (‘non-trivial vacua’)

directed percolation

1+1: present problem, BKT

d+1, d > 1: tbd
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L̂i|Di = 0 8i dark/absorbing state

• general quantum dynamics w/ dark/absorbing state (or equivalent Lindblad-Keldysh functional integral)
Sieberer, Buchhold, Diehl ROPP (2016)

Outlook: Quantum absorbing transitions beyond directed percolation?

• Grassberger-Janssen conjecture: No! Janssen, Z. Phys. B (1981); Grassberger, Z. Phys. B (1982)



Summary

• here: critical to area law entanglement phase transition

• BKT transition revealed by Keldysh replica field theory

Observability via pre-selection

General non-unitary quantum dynamics hosts new types of phases and phase transitions

• like post-selection, but no exponential overhead

• various strategies for NISQ platforms

• link to quantum absorbing state transitions 

Outlook

• general principles for observability?

• higher dimensions: novel quantum absorbing state transitions beyond directed percolation?

• relation of measurement vs. disorder problems? role of conservation laws? symmetry 
classification?

• emergent CFT behavior?

Poboiko, Pöpperl, Gornyi, Mirlin, arXiv:2304.03138 (2023)                  


