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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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Small quantum systems: Measurements

• two types of quantum dynamics

stochastic measurement  
evolution

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

• 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

• 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

• 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>
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• model and key ingredients:

• randomly chosen local entangling unitary 
gates

• projective local measurement of non-
commuting observables

• Physical pictures
Choi, Bao, Qi, Altman, PRL (2020); Fan et al. arxiv (2020); 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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chaotic dynamics product state
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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

• projective local measurement of non-
commuting observables

• Physical pictures
Choi, Bao, Qi, Altman, PRL (2020); Fan et al. arxiv (2020); 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

•Model: locally monitored fermion chain
•New entanglement transition: from critical scaling to area law
•Physical understanding: Effective field theory for measured 
Dirac fermions

•Outlook



Entanglement Phase Transition in a 
Monitored Fermion Chain

O. Alberton, M. Buchhold, SD, 
PRL 126, 170602 (2021)
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J(c†l+1cl + c†l cl+1)

i�c†l cl

entanglement growth

entanglement saturation

Hamiltonian:

Monitoring:

model: see also  
Cao, Tilloy, DeLuca SciPost (2019) 



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

• Weak continuous measurements: Quantum state diffusion Belavkin, Phys. Lett A (1989); Gisin, Percival, JPA (1993)

related formulations:  
Gardiner, Parkins, Zoller, PRA (1992) 
Dalibard, Castin, Mølmer, PRL (1992) 

Gardiner, Zoller, Quantum Noise 
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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

• Weak continuous measurements: Quantum state diffusion

• unitary dynamics: hopping 

H = �J

X

l

⇣
c
†
l cl+1 + c

†
l+1cl

⌘

➡ volume law entanglement entropy

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

related formulations:  
Gardiner, Parkins, Zoller, PRA (1992) 
Dalibard, Castin, Mølmer, PRL (1992) 

Gardiner, Zoller, Quantum Noise 
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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

• Weak continuous measurements: Quantum state diffusion

• 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:  
Gardiner, Parkins, Zoller, PRA (1992) 
Dalibard, Castin, Mølmer, PRL (1992) 

Gardiner, Zoller, Quantum Noise 
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➡ 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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M̂l| ti = 0 for
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Jacobs, Steck, Contemp. Phys. (2006)



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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➡ 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:  
Gardiner, Parkins, Zoller, PRA (1992) 
Dalibard, Castin, Mølmer, PRL (1992) 

Gardiner, Zoller, Quantum Noise 
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➡ 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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M̂l = n̂l � hn̂lit
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Jacobs, Steck, Contemp. Phys. (2006)



initial state: Néel product state

Bessel function

Ref Keyserlingk

Monitored Fermion Dynamics: Extracting Information
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g = �/J

• usual observables: 

<latexit sha1_base64="6zgx199NWF9cY9AFqgXoOUS1cig=">AAACFnicbZDLSgMxFIYz9VbrbdSlm2AR3FhmRNGNUHTjsoK9QKcMmTRtQzOZITkjlLZP4cZXceNCEbfizrcxM52Fth4I+fn+c0jOH8SCa3Ccb6uwtLyyulZcL21sbm3v2Lt7DR0lirI6jUSkWgHRTHDJ6sBBsFasGAkDwZrB8Cb1mw9MaR7JexjFrBOSvuQ9TgkY5Nsn3oAA9tQg8gFf4YkXa+6ngMi+YNgT2Z3TiW+XnYqTFV4Ubi7KKK+ab3953YgmIZNABdG67ToxdMZEAaeCTUteollM6JD0WdtISUKmO+NsrSk+MqSLe5EyRwLO6O+JMQm1HoWB6QwJDPS8l8L/vHYCvcvOmMs4ASbp7KFeIjBEOM0Id7liFMTICEIVN3/FdEAUoWCSLJkQ3PmVF0XjtOKeV5y7s3L1Oo+jiA7QITpGLrpAVXSLaqiOKHpEz+gVvVlP1ov1bn3MWgtWPrOP/pT1+QOm9J8R</latexit>

⇢̂t = | tih t|

<latexit sha1_base64="1kpEi0svZqa++PKc+5brIeZkweo=">AAACD3icbVDLSgMxFM34rPU16tJNsCiuyowouiy6cVnBPqBTSibNtKHJZEjuCGXoH7jxV9y4UMStW3f+jZl2Ftp6IHA45x5y7wkTwQ143reztLyyurZe2ihvbm3v7Lp7+02jUk1ZgyqhdDskhgkeswZwEKydaEZkKFgrHN3kfuuBacNVfA/jhHUlGcQ84pSAlXruSaCsnaezYEgAB3qoeoAngeESB5LAMIwyf9JzK17VmwIvEr8gFVSg3nO/gr6iqWQxUEGM6fheAt2MaOBUsEk5SA1LCB2RAetYGhPJTDeb3jPBx1bp40hp+2LAU/V3IiPSmLEM7WS+oZn3cvE/r5NCdNXNeJykwGI6+yhKBQaF83Jwn2tGQYwtIVRzuyumQ6IJBVth2Zbgz5+8SJpnVf+i6t2dV2rXRR0ldIiO0Cny0SWqoVtURw1E0SN6Rq/ozXlyXpx352M2uuQUmQP0B87nD4A1nPA=</latexit>

⇢̂t ⇠ 1

statistical average

e.g. trajectories

• problem: Hermitian measurement operators =>

quantum average state projector

<latexit sha1_base64="WQkLriUDCKxXnvxexXhL+Jvez3k="></latexit>

hÂi = h t|Â| ti = tr[Â⇢̂t]
<latexit sha1_base64="XD6MIVZjLAxM0l7WZi8WgIptNds="></latexit>

hÂi = tr[Â⇢̂t]



initial state: Néel product state

Bessel function

Ref Keyserlingk

Monitored Fermion Dynamics: Extracting Information

<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

• usual observables: 

<latexit sha1_base64="6zgx199NWF9cY9AFqgXoOUS1cig=">AAACFnicbZDLSgMxFIYz9VbrbdSlm2AR3FhmRNGNUHTjsoK9QKcMmTRtQzOZITkjlLZP4cZXceNCEbfizrcxM52Fth4I+fn+c0jOH8SCa3Ccb6uwtLyyulZcL21sbm3v2Lt7DR0lirI6jUSkWgHRTHDJ6sBBsFasGAkDwZrB8Cb1mw9MaR7JexjFrBOSvuQ9TgkY5Nsn3oAA9tQg8gFf4YkXa+6ngMi+YNgT2Z3TiW+XnYqTFV4Ubi7KKK+ab3953YgmIZNABdG67ToxdMZEAaeCTUteollM6JD0WdtISUKmO+NsrSk+MqSLe5EyRwLO6O+JMQm1HoWB6QwJDPS8l8L/vHYCvcvOmMs4ASbp7KFeIjBEOM0Id7liFMTICEIVN3/FdEAUoWCSLJkQ3PmVF0XjtOKeV5y7s3L1Oo+jiA7QITpGLrpAVXSLaqiOKHpEz+gVvVlP1ov1bn3MWgtWPrOP/pT1+QOm9J8R</latexit>

⇢̂t = | tih t|

<latexit sha1_base64="1kpEi0svZqa++PKc+5brIeZkweo=">AAACD3icbVDLSgMxFM34rPU16tJNsCiuyowouiy6cVnBPqBTSibNtKHJZEjuCGXoH7jxV9y4UMStW3f+jZl2Ftp6IHA45x5y7wkTwQ143reztLyyurZe2ihvbm3v7Lp7+02jUk1ZgyqhdDskhgkeswZwEKydaEZkKFgrHN3kfuuBacNVfA/jhHUlGcQ84pSAlXruSaCsnaezYEgAB3qoeoAngeESB5LAMIwyf9JzK17VmwIvEr8gFVSg3nO/gr6iqWQxUEGM6fheAt2MaOBUsEk5SA1LCB2RAetYGhPJTDeb3jPBx1bp40hp+2LAU/V3IiPSmLEM7WS+oZn3cvE/r5NCdNXNeJykwGI6+yhKBQaF83Jwn2tGQYwtIVRzuyumQ6IJBVth2Zbgz5+8SJpnVf+i6t2dV2rXRR0ldIiO0Cny0SWqoVtURw1E0SN6Rq/ozXlyXpx352M2uuQUmQP0B87nD4A1nPA=</latexit>

⇢̂t ⇠ 1

statistical average

e.g. trajectories

• problem: Hermitian measurement operators =>

➡ use state-dependent observables

more promising, because in general

<latexit sha1_base64="YJU5BJ9oDIH3yaqKTbwVTsTJEXE="></latexit>

hÂ(| i)i = trÂ(⇢̂)⇢̂

<latexit sha1_base64="z/NwyWUdxRrpjnyUbNy/65HGNVw=">AAACHnicbVBLSwMxGMzWV62vVY9egkWol7IrFj0WheKxgn1AdynZNNsNzSZrkhXK0l/ixb/ixYMigif9N6YPpLYOBIaZ+ZJ8EySMKu0431ZuZXVtfSO/Wdja3tnds/cPmkqkEpMGFkzIdoAUYZSThqaakXYiCYoDRlrB4Hrstx6IVFTwOz1MiB+jPqchxUgbqWtXaiXoCZMYX5B5EdLQk5EYnUKPk/s5q9b5Nf1R1y46ZWcCuEzcGSmCGepd+9PrCZzGhGvMkFId10m0nyGpKWZkVPBSRRKEB6hPOoZyFBPlZ5P1RvDEKD0YCmkO13Cizk9kKFZqGAcmGSMdqUVvLP7ndVIdXvoZ5UmqCcfTh8KUQS3guCvYo5JgzYaGICyp+SvEEZIIa9NowZTgLq68TJpnZbdSdm7Pi9WrWR15cASOQQm44AJUwQ2ogwbA4BE8g1fwZj1ZL9a79TGN5qzZzCH4A+vrBx99ooI=</latexit>

F (⇢̂) 6= F [⇢̂]

quantum average state projector

<latexit sha1_base64="WQkLriUDCKxXnvxexXhL+Jvez3k="></latexit>

hÂi = h t|Â| ti = tr[Â⇢̂t]
<latexit sha1_base64="XD6MIVZjLAxM0l7WZi8WgIptNds="></latexit>

hÂi = tr[Â⇢̂t]



initial state: Néel product state

Bessel function

Ref Keyserlingk

Monitored Fermion Dynamics: Extracting Information

<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

• usual observables: 

<latexit sha1_base64="6zgx199NWF9cY9AFqgXoOUS1cig=">AAACFnicbZDLSgMxFIYz9VbrbdSlm2AR3FhmRNGNUHTjsoK9QKcMmTRtQzOZITkjlLZP4cZXceNCEbfizrcxM52Fth4I+fn+c0jOH8SCa3Ccb6uwtLyyulZcL21sbm3v2Lt7DR0lirI6jUSkWgHRTHDJ6sBBsFasGAkDwZrB8Cb1mw9MaR7JexjFrBOSvuQ9TgkY5Nsn3oAA9tQg8gFf4YkXa+6ngMi+YNgT2Z3TiW+XnYqTFV4Ubi7KKK+ab3953YgmIZNABdG67ToxdMZEAaeCTUteollM6JD0WdtISUKmO+NsrSk+MqSLe5EyRwLO6O+JMQm1HoWB6QwJDPS8l8L/vHYCvcvOmMs4ASbp7KFeIjBEOM0Id7liFMTICEIVN3/FdEAUoWCSLJkQ3PmVF0XjtOKeV5y7s3L1Oo+jiA7QITpGLrpAVXSLaqiOKHpEz+gVvVlP1ov1bn3MWgtWPrOP/pT1+QOm9J8R</latexit>

⇢̂t = | tih t|

<latexit sha1_base64="1kpEi0svZqa++PKc+5brIeZkweo=">AAACD3icbVDLSgMxFM34rPU16tJNsCiuyowouiy6cVnBPqBTSibNtKHJZEjuCGXoH7jxV9y4UMStW3f+jZl2Ftp6IHA45x5y7wkTwQ143reztLyyurZe2ihvbm3v7Lp7+02jUk1ZgyqhdDskhgkeswZwEKydaEZkKFgrHN3kfuuBacNVfA/jhHUlGcQ84pSAlXruSaCsnaezYEgAB3qoeoAngeESB5LAMIwyf9JzK17VmwIvEr8gFVSg3nO/gr6iqWQxUEGM6fheAt2MaOBUsEk5SA1LCB2RAetYGhPJTDeb3jPBx1bp40hp+2LAU/V3IiPSmLEM7WS+oZn3cvE/r5NCdNXNeJykwGI6+yhKBQaF83Jwn2tGQYwtIVRzuyumQ6IJBVth2Zbgz5+8SJpnVf+i6t2dV2rXRR0ldIiO0Cny0SWqoVtURw1E0SN6Rq/ozXlyXpx352M2uuQUmQP0B87nD4A1nPA=</latexit>

⇢̂t ⇠ 1

statistical average

e.g. trajectories

• problem: Hermitian measurement operators =>

➡ use state-dependent observables

more promising, because in general

<latexit sha1_base64="YJU5BJ9oDIH3yaqKTbwVTsTJEXE="></latexit>

hÂ(| i)i = trÂ(⇢̂)⇢̂

<latexit sha1_base64="z/NwyWUdxRrpjnyUbNy/65HGNVw=">AAACHnicbVBLSwMxGMzWV62vVY9egkWol7IrFj0WheKxgn1AdynZNNsNzSZrkhXK0l/ixb/ixYMigif9N6YPpLYOBIaZ+ZJ8EySMKu0431ZuZXVtfSO/Wdja3tnds/cPmkqkEpMGFkzIdoAUYZSThqaakXYiCYoDRlrB4Hrstx6IVFTwOz1MiB+jPqchxUgbqWtXaiXoCZMYX5B5EdLQk5EYnUKPk/s5q9b5Nf1R1y46ZWcCuEzcGSmCGepd+9PrCZzGhGvMkFId10m0nyGpKWZkVPBSRRKEB6hPOoZyFBPlZ5P1RvDEKD0YCmkO13Cizk9kKFZqGAcmGSMdqUVvLP7ndVIdXvoZ5UmqCcfTh8KUQS3guCvYo5JgzYaGICyp+SvEEZIIa9NowZTgLq68TJpnZbdSdm7Pi9WrWR15cASOQQm44AJUwQ2ogwbA4BE8g1fwZj1ZL9a79TGN5qzZzCH4A+vrBx99ooI=</latexit>

F (⇢̂) 6= F [⇢̂]

• examples:

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

• correlation function quadratic in state projector

arbitrarily high power of state projector

<latexit sha1_base64="HQqgMYjJOaoRZPCg0pTzsaLDTDM=">AAACJnicbVDLSgMxFM3UV62vUZdugkVwVWZE0Y1QdOOygn1AZxgyadrGZjJDckcoQ7/Gjb/ixkVFxJ2fYqadhbZeCJycc89N7gkTwTU4zpdVWlldW98ob1a2tnd29+z9g5aOU0VZk8YiVp2QaCa4ZE3gIFgnUYxEoWDtcHSb6+0npjSP5QOME+ZHZCB5n1MChgrsa+zFRs/tmSeIHAiGvSEBLAPuqeI+5ws6e5wUwgQHdtWpObPCy8AtQBUV1QjsqdeLaRoxCVQQrbuuk4CfEQWcmoEVL9UsIXREBqxroCQR0342W3OCTwzTw/1YmSMBz9jfjoxEWo+j0HRGBIZ6UcvJ/7RuCv0rP+MySYFJOn+onwoMMc4zwz2uGAUxNoBQxc1fMR0SRSiYZCsmBHdx5WXQOqu5FzXn/rxavyniKKMjdIxOkYsuUR3doQZqIoqe0SuaonfrxXqzPqzPeWvJKjyH6E9Z3z9/EaZo</latexit>

hn̂iihn̂ji

quantum average state projector

<latexit sha1_base64="WQkLriUDCKxXnvxexXhL+Jvez3k="></latexit>

hÂi = h t|Â| ti = tr[Â⇢̂t]
<latexit sha1_base64="XD6MIVZjLAxM0l7WZi8WgIptNds="></latexit>

hÂi = tr[Â⇢̂t]
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• weak monitoring
<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

• strong monitoring

➡extended subextensive, critical phase at intermediate monitoring 
no volume to area law transition: Cao, 

Tilloy, DeLuca SciPost (2019) 
critical phase but no transition for non-
unitary circuits: Chen, Li, Fisher, Lucas 

PRR (2020)



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

• weak monitoring
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Characterizing the Weak Monitoring Phase & Phase Transition
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• extended criticality: Connected 
correlation function
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Effective Replica Field Theory
for 

Measurement Induced Phase Transitions
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• toy model: trajectory evolution of single fermion on two sites

Pinning picture: Toy model
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<latexit sha1_base64="bXJ/FOoaDnEB3uoMronQiomtFCo="></latexit>

| t+dti = | ti � idtĤe↵| ti+
2X

l=1

dWl (n̂l � hn̂lit) | ti

<latexit sha1_base64="F3o8gMRrVTaxcS1333mdN3q/VU4=">AAACEXicbZC7SgNBFIZn4y3GW9TSZjAIaQy7omgjBG0CNhHMBZIQZidnkyGzF2bOimHJK9j4KjYWitja2fk2TpItNPGHgY//nMOZ87uRFBpt+9vKLC2vrK5l13Mbm1vbO/ndvboOY8WhxkMZqqbLNEgRQA0FSmhGCpjvSmi4w+tJvXEPSoswuMNRBB2f9QPhCc7QWN18kbYHDGmlm7QRHjABzxuP6WXq0mMqZnjTzRfskj0VXQQnhQJJVe3mv9q9kMc+BMgl07rl2BF2EqZQcAnjXDvWEDE+ZH1oGQyYD7qTTC8a0yPj9KgXKvMCpFP390TCfK1Hvms6fYYDPV+bmP/VWjF6F51EBFGMEPDZIi+WFEM6iYf2hAKOcmSAcSXMXykfMMU4mhBzJgRn/uRFqJ+UnLOSfXtaKF+lcWTJATkkReKQc1ImFVIlNcLJI3kmr+TNerJerHfrY9aasdKZffJH1ucPbhSbeQ==</latexit>

Ĥe↵ = Ĥ � iK̂

<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



• toy model: trajectory evolution of single fermion on two sites

Pinning picture: Toy model
<latexit sha1_base64="LaiPe5Cph4m7/l9DxW2hBXqhn8M=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix6EU8t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/odOM0g==</latexit>

J

<latexit sha1_base64="wgpImE/yctzE0fAVvgVvEgdieOU=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhN7JbDJmZnaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJsk0ZXWaiES3IjRMcMXqllvBWqlmKCPBmtHwduo3n5g2PFEPdpSyUGJf8ZhTtE5qdPooJXZLZb/iz0CWSZCTMuSodUtfnV5CM8mUpQKNaQd+asMxasupYJNiJzMsRTrEPms7qlAyE45n107IqVN6JE60K2XJTP09MUZpzEhGrlOiHZhFbyr+57UzG1+HY67SzDJF54viTBCbkOnrpMc1o1aMHEGqubuV0AFqpNYFVHQhBIsvL5PGeSW4rPj3F+XqTR5HAY7hBM4ggCuowh3UoA4UHuEZXuHNS7wX7937mLeuePnMEfyB9/kDiD2PGQ==</latexit>�

• strong monitoring 
<latexit sha1_base64="7x7qeERSNWThPowbD6FNd15gj70=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqe6KoseiF/FUwX5Ady2zabYNTbJLklXK0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmhQln2rjut1NYWl5ZXSuulzY2t7Z3yrt7TR2nitAGiXms2iFoypmkDcMMp+1EURAhp61weD3xW49UaRbLezNKaCCgL1nECBgrPdye+H0QArDPOfa65YpbdafAi8TLSQXlqHfLX34vJqmg0hAOWnc8NzFBBsowwum45KeaJkCG0KcdSyUIqoNsevUYH1mlh6NY2ZIGT9XfExkIrUcitJ0CzEDPexPxP6+TmugyyJhMUkMlmS2KUo5NjCcR4B5TlBg+sgSIYvZWTAaggBgbVMmG4M2/vEiap1XvvOrenVVqV3kcRXSADtEx8tAFqqEbVEcNRJBCz+gVvTlPzovz7nzMWgtOPrOP/sD5/AH+FZGH</latexit>

J/� ⌧ 1
<latexit sha1_base64="brl0cdJtnW2NvZ7a3h1TUD7UxTU=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKe6KosegF/EUwTwgu4beyexmyMzsMjOrhCX/4cWDIl79F2/+jZPHQRMLGoqqbrq7wpQzbVz32yksLa+srhXXSxubW9s75d29pk4yRWiDJDxR7RA05UzShmGG03aqKIiQ01Y4uB77rUeqNEvkvRmmNBAQSxYxAsZKD7cnfgxCAPbjGHvdcsWtuhPgReLNSAXNUO+Wv/xeQjJBpSEctO54bmqCHJRhhNNRyc80TYEMIKYdSyUIqoN8cvUIH1mlh6NE2ZIGT9TfEzkIrYcitJ0CTF/Pe2PxP6+TmegyyJlMM0MlmS6KMo5NgscR4B5TlBg+tASIYvZWTPqggBgbVMmG4M2/vEiap1XvvOrenVVqV7M4iugAHaJj5KELVEM3qI4aiCCFntErenOenBfn3fmYthac2cw++gPn8wfu1JF9</latexit>

J/� � 1• weak monitoring 

➡pinning to measurement eigenstate ➡vanishing time spent in eigenstate
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➡  H=0: collapse into dark state at long times
<latexit sha1_base64="0IWyJNoLmT+gGq+olhY7t9dMWQI="></latexit>
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• invisible in linear averages • seen in averaged trajectory covariance matrix

<latexit sha1_base64="bXJ/FOoaDnEB3uoMronQiomtFCo="></latexit>

| t+dti = | ti � idtĤe↵| ti+
2X

l=1

dWl (n̂l � hn̂lit) | ti

<latexit sha1_base64="F3o8gMRrVTaxcS1333mdN3q/VU4=">AAACEXicbZC7SgNBFIZn4y3GW9TSZjAIaQy7omgjBG0CNhHMBZIQZidnkyGzF2bOimHJK9j4KjYWitja2fk2TpItNPGHgY//nMOZ87uRFBpt+9vKLC2vrK5l13Mbm1vbO/ndvboOY8WhxkMZqqbLNEgRQA0FSmhGCpjvSmi4w+tJvXEPSoswuMNRBB2f9QPhCc7QWN18kbYHDGmlm7QRHjABzxuP6WXq0mMqZnjTzRfskj0VXQQnhQJJVe3mv9q9kMc+BMgl07rl2BF2EqZQcAnjXDvWEDE+ZH1oGQyYD7qTTC8a0yPj9KgXKvMCpFP390TCfK1Hvms6fYYDPV+bmP/VWjF6F51EBFGMEPDZIi+WFEM6iYf2hAKOcmSAcSXMXykfMMU4mhBzJgRn/uRFqJ+UnLOSfXtaKF+lcWTJATkkReKQc1ImFVIlNcLJI3kmr+TNerJerHfrY9aasdKZffJH1ucPbhSbeQ==</latexit>

Ĥe↵ = Ĥ � iK̂

<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



• toy model: trajectory evolution of single fermion on two sites

Pinning picture: Toy model
<latexit sha1_base64="LaiPe5Cph4m7/l9DxW2hBXqhn8M=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix6EU8t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/odOM0g==</latexit>

J

<latexit sha1_base64="wgpImE/yctzE0fAVvgVvEgdieOU=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhN7JbDJmZnaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJsk0ZXWaiES3IjRMcMXqllvBWqlmKCPBmtHwduo3n5g2PFEPdpSyUGJf8ZhTtE5qdPooJXZLZb/iz0CWSZCTMuSodUtfnV5CM8mUpQKNaQd+asMxasupYJNiJzMsRTrEPms7qlAyE45n107IqVN6JE60K2XJTP09MUZpzEhGrlOiHZhFbyr+57UzG1+HY67SzDJF54viTBCbkOnrpMc1o1aMHEGqubuV0AFqpNYFVHQhBIsvL5PGeSW4rPj3F+XqTR5HAY7hBM4ggCuowh3UoA4UHuEZXuHNS7wX7937mLeuePnMEfyB9/kDiD2PGQ==</latexit>�

• strong monitoring 
<latexit sha1_base64="7x7qeERSNWThPowbD6FNd15gj70=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqe6KoseiF/FUwX5Ady2zabYNTbJLklXK0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmhQln2rjut1NYWl5ZXSuulzY2t7Z3yrt7TR2nitAGiXms2iFoypmkDcMMp+1EURAhp61weD3xW49UaRbLezNKaCCgL1nECBgrPdye+H0QArDPOfa65YpbdafAi8TLSQXlqHfLX34vJqmg0hAOWnc8NzFBBsowwum45KeaJkCG0KcdSyUIqoNsevUYH1mlh6NY2ZIGT9XfExkIrUcitJ0CzEDPexPxP6+TmugyyJhMUkMlmS2KUo5NjCcR4B5TlBg+sgSIYvZWTAaggBgbVMmG4M2/vEiap1XvvOrenVVqV3kcRXSADtEx8tAFqqEbVEcNRJBCz+gVvTlPzovz7nzMWgtOPrOP/sD5/AH+FZGH</latexit>

J/� ⌧ 1
<latexit sha1_base64="brl0cdJtnW2NvZ7a3h1TUD7UxTU=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKe6KosegF/EUwTwgu4beyexmyMzsMjOrhCX/4cWDIl79F2/+jZPHQRMLGoqqbrq7wpQzbVz32yksLa+srhXXSxubW9s75d29pk4yRWiDJDxR7RA05UzShmGG03aqKIiQ01Y4uB77rUeqNEvkvRmmNBAQSxYxAsZKD7cnfgxCAPbjGHvdcsWtuhPgReLNSAXNUO+Wv/xeQjJBpSEctO54bmqCHJRhhNNRyc80TYEMIKYdSyUIqoN8cvUIH1mlh6NE2ZIGT9TfEzkIrYcitJ0CTF/Pe2PxP6+TmegyyJlMM0MlmS6KMo5NgscR4B5TlBg+tASIYvZWTPqggBgbVMmG4M2/vEiap1XvvOrenVVqV7M4iugAHaJj5KELVEM3qI4aiCCFntErenOenBfn3fmYthac2cw++gPn8wfu1JF9</latexit>

J/� � 1• weak monitoring 

➡pinning to measurement eigenstate ➡vanishing time spent in eigenstate

shelving

1

0

nt

t

1

0

nt

t

➡  H=0: collapse into dark state at long times
<latexit sha1_base64="0IWyJNoLmT+gGq+olhY7t9dMWQI="></latexit>
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• invisible in linear averages • seen in averaged trajectory covariance matrix

<latexit sha1_base64="bXJ/FOoaDnEB3uoMronQiomtFCo="></latexit>

| t+dti = | ti � idtĤe↵| ti+
2X

l=1

dWl (n̂l � hn̂lit) | ti

<latexit sha1_base64="F3o8gMRrVTaxcS1333mdN3q/VU4=">AAACEXicbZC7SgNBFIZn4y3GW9TSZjAIaQy7omgjBG0CNhHMBZIQZidnkyGzF2bOimHJK9j4KjYWitja2fk2TpItNPGHgY//nMOZ87uRFBpt+9vKLC2vrK5l13Mbm1vbO/ndvboOY8WhxkMZqqbLNEgRQA0FSmhGCpjvSmi4w+tJvXEPSoswuMNRBB2f9QPhCc7QWN18kbYHDGmlm7QRHjABzxuP6WXq0mMqZnjTzRfskj0VXQQnhQJJVe3mv9q9kMc+BMgl07rl2BF2EqZQcAnjXDvWEDE+ZH1oGQyYD7qTTC8a0yPj9KgXKvMCpFP390TCfK1Hvms6fYYDPV+bmP/VWjF6F51EBFGMEPDZIi+WFEM6iYf2hAKOcmSAcSXMXykfMMU4mhBzJgRn/uRFqJ+UnLOSfXtaKF+lcWTJATkkReKQc1ImFVIlNcLJI3kmr+TNerJerHfrY9aasdKZffJH1ucPbhSbeQ==</latexit>

Ĥe↵ = Ĥ � iK̂

<latexit sha1_base64="x83Bwmc1vIChqnWtj6mZIy8aYfY="></latexit>

Ĥ = �J

⇣
c
†
1c2 + h.c.

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

K̂ =
�

2

2X

l=1

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

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

➡ Minimal continuum model in (1+1) dimensions)

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

➡ Replica construction

main insight:
➡ Replica degrees of freedom host non-Hermitian Sine-Gordon model => Pinning transition in 

BKT universality class



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

• preface: model obtains from naive continuum limit and bosonization of lattice fermion model



Continuum (1+1) dimensional Model

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

Ĥ = iv
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x
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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>
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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>
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x
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Ô2,x =  †
x�x x
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⇡
@x�̂x
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Ô2,x = m cos(2�̂x)

common eigenstates:
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�̂x| Di = �x| Di

• preface: model obtains from naive continuum limit and bosonization of lattice fermion model



• 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
<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
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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
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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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⇢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        )

� = �̂(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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⌘

• Average coordinate: heating to infinite temperature

only jump term!

no jump term!
<latexit sha1_base64="cUUuUCbjXvo5A8pyJNb3y+omhGU="></latexit>
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• 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 
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(a) � h@x�̂(a)i
⌘
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⇣
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⌘

• Average coordinate: heating to infinite temperature

only jump term!

no jump term!
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⇡
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• Relative coordinate: cooling/damping into dark state

He↵ =
⌫

2⇡

Z

x
(@x✓̂)

2 + (1� i⌘
2)(@x�̂)

2

➡  cooling into dark state

• Non-Hermitian Schrödinger equation for relative coordinate

pinning: effect of non-linearity

@t| (r)
t i = �iHe↵| (r)

t i

➡non-Hermitian Sine-Gordon model
➡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



Phase diagram
➡  Sine-Gordon action with complex coefficients 
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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
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<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



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

replica space picture reciprocal replica space picture



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

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>



Other directions
T. Mueller, SD, M. Buchhold arxiv:2105.08076 

• different entropy scaling?
see also Minato et al, arXiv:2104.09118; Block et al. arxiv:2104.13372 

Buchhold et al. 
prev. work

�

1/p

2/3

0

<latexit sha1_base64="5V5qpIFhM82yb/g6P4F8BIsesuo="></latexit>

CFT

<latexit sha1_base64="GQWUse8V3HVhL1iJz4gZt3yt1Q0="></latexit>

potential tricritical

<latexit sha1_base64="E27MLCjAHBcHaw9Vj37VBlfKAP4="></latexit>

algebraic scaling

<latexit sha1_base64="Qg2wNUJ88Lcppsu7LKJIpw8tzaU="></latexit>

area law

<latexit sha1_base64="NB0GlGuQ64jCgFttX8y2T9ha7ik="></latexit>

regime

<latexit sha1_base64="VUHV0T2Hf4espyyUOAazeZQDU9E="></latexit>

BKT

• measurement induced phase transitions with 
many-body chaotic Hamiltonians

➡ordering principle due to strong decoherence

• robustness of measurement induced phases 
in the presence of decoherence

measurement strength

ba
th

 co
up

lin
g

scale 
free 

gapped

➡gapless phase stable against e.g. 
imperfect measurements

with A. Altland, M. Buchhold, D. Huse, T. Micklitz

with M. Buchhold, B. Ladewig
Buchhold et al. 

prev. work

• different competition patterns?

➡dual log-to-area transition: 

• critical phase stabilized by engineered dissipation

• area law phase stabilized by Hamiltonian

Botzung, SD, Mueller arxiv 2106.10092

see also Y. Li, M.P.A. 
Fisher, arxiv:
2108.04274  

talk by E. Altman

effective central 
charge

➡new phase transition to algebraic subvolume 
scaling in long range models

range exponent



Conclusions & Outlook

• monitored fermions: new type of measurement induced phase transition 
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sub-volume entropy scaling
gapless phase 

non-Hermitian CFT

• observability for many-body experiments?

• area-to-volume law transitions as incomplete decoupling of ‘hot’ and ‘cold’ modes?

• relation to no-click evolutions? 

• quantum phase transition in trajectory wavefunction witnessed by state-dependent ‘observables’ beyond 
entanglement entropy

• ‘hot’ and ‘cold’ modes as relevant degrees of freedom for the transition

• physical picture: transition induced by pinning/localization into measurement operator eigenstates

critical point in 
BKT universality class

area law entropy scaling
gapped phase
massive boson

Directions: 
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M. Buchhold, Y. Minoguchi, A. Altland, SD, arXiv:2102.08381, PRX in press

integrability vs. non-integrability: 
O. Lunt, A. Pal, PRR (2020)

Biella, Schiro, arxiv:2011.11620 (2020); Gopalakrishnan Gullans, PRL (2021) 
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