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• equilibrium dynamics of isolated systems

• unitary evolution

• energy conserved

• quantum ground states

• area-law entanglement structures

• macroscopic entanglement (spin liquids)

monitored dynamics

• out-of-equilibrium dynamics of open systems

• non-unitary evolution

• energy not conserved

• long-time steady states 
• plethora of entanglement structures

• macroscopic entanglement (spin liquids)

Hamiltonian dynamics measurement dynamics
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entanglement phase transitions

paradigmatic example: many-body localised (MBL) to chaos transition 
                                        logarithmic vs. algebraic entanglement growth in time

S ∝ V S ∝ ∂V

volume law  
entanglement

area law  
entanglement

p

quantum critical point 
(d+1)-dimensional 

M. Fisher, V. Khemani, A. Nahum & S. Vijay, Ann. Rev. Cond. Matt. Phys.14, 335 (2023)

“entangling” phase “disentangling” phase

non-equilibrium 
statistical physics

non-unitary CFTs 
loop models
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• competition between scrambling (unitary) 
and disentangling (measurement) dynamics


• entanglement dynamics along  
single quantum trajectories  

• entanglement phase transition 
as function of measurement rate

entanglement phase transitions

hybrid unitary/projective dynamics

M. Fisher, V. Khemani, A. Nahum & S. Vijay, Ann. Rev. Cond. Matt. Phys.14, 335 (2023)

gates 
(unitary)

measurements 
(non-unitary)

volume-law phase is unexpected

• quantum coherence is a delicate resource 

building up entanglement takes long O(N) 
• unitary dynamics hides quantum info in nonlocal  

correlations inaccessible to local measurements 

• quantum error correcting code

http://www.thp.uni-koeln.de/trebst/
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entanglement phase transitions

• scrambling and unscrambling effects  
are fundamentally intertwined


• frustration by non-commuting  
measurements is key ingredient


• local operators alone can induce  
volume-law entanglement


measurement-only dynamics

M. Ippoliti et al., PRX 11, 011030 (2021) ; A. Lavasani et al., Nature Physics 17, 342 (2021); S. Sang & T.H. Hsieh, Phys. Rev. Research 3, 023200 (2021)

measurements 
(non-unitary)

volume-law phase is unexpected


• two-qubit measurements cannot induce volume-law 
entanglement, but multi-qubit measurements can


• structured volume-law phases can appear

• quantum error correcting codes
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measurement-only Kitaev circuits
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• non-commuting two-qubit measurements

• completely stochastic, i.e. no spatial or 

temporal patterns (such as Floquet)

measurement-only dynamics

A. Lavasani, Z.-X. Luo, and S. Vijay, arXiv:2207.02877

A. Sriram, T. Rakovszky, V. Khemani, and M. Ippoliti, arXiv:2207.07096

area-law phase

toric code

L ln L entanglement

Fermi liquid
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gapped spin liquid

Z2 topological order

gapless spin liquid

w/ Majorana fermion excitations


2 Dirac cones

Jx + Jy + Jz = const.
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measurement-only Kitaev circuits
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Y Y

• non-commuting two-qubit and  
six-qubit measurements


• completely stochastic, i.e. no spatial or 
temporal patterns (such as Floquet)

measurement-only dynamics

<latexit sha1_base64="puXgr6pE0xTBIN+fKlB6ztKAMy4=">AAACAHicdVDLSgMxFM3UV62vqgsXboJFcDVk+pjWXdGNywr2YdthyKSZNjTzIMkIZejGX3HjQhG3foY7/8b0IajogQOHc+4luceLOZMKoQ8js7K6tr6R3cxtbe/s7uX3D1oySgShTRLxSHQ8LClnIW0qpjjtxILiwOO07Y0vZ3n7jgrJovBGTWLqBHgYMp8RrLTl5o+6rgW7bhF23JJmGd66FU3bzReQeW5bqFyDyLSr1SJCWqBSpVRG0DLRHAWwRMPNv/cHEUkCGirCsZQ9C8XKSbFQjHA6zfUTSWNMxnhIe1qGOKDSSecHTOGpdgbQj4RmqODc/b6R4kDKSeDpyQCrkfydzcy/sl6i/JqTsjBOFA3J4iE/4VBFcNYGHDBBieITLTARTP8VkhEWmCjdWU6X8HUp/F+0iqZlm5XrcqF+sawjC47BCTgDFqiCOrgCDdAEBEzBA3gCz8a98Wi8GK+L0Yyx3DkEP2C8fQLNbpQB</latexit>

Z1Z2X3X4Y5Y6 py = 1
px = 1

pz = 1

p = 1
color code

toric code

Majorana
liquid

not (commuting)

plaquette flux

http://www.thp.uni-koeln.de/trebst/
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mid-circuit measurements

e−i π
4 (1−ZA(B))(1−X)

e−i π
4 (1−XA(B))(1−X)e−i π

4 (1−YA(B))(1−X)

<latexit sha1_base64="rTQUr/Rkll52wx82jfAEXraDAdI=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgadnVJBtvQS8eo5gHSZYwO5lNhszOLjOzQgj5Ay8eFPHqH3nzb5w8BBUtaCiquunuChLOlHacDyuzsrq2vpHdzG1t7+zu5fcPGipOJaF1EvNYtgKsKGeC1jXTnLYSSXEUcNoMRlczv3lPpWKxuNPjhPoRHggWMoK1kW7b7V6+4NhFr+y4F8ixyyWv5LiGVAzxzpFrO3MUYIlaL//e7cckjajQhGOlOq6TaH+CpWaE02mumyqaYDLCA9oxVOCIKn8yv3SKTozSR2EsTQmN5ur3iQmOlBpHgemMsB6q395M/MvrpDqs+BMmklRTQRaLwpQjHaPZ26jPJCWajw3BRDJzKyJDLDHRJpycCeHrU/Q/aZzZbtku3RQL1ctlHFk4gmM4BRc8qMI11KAOBEJ4gCd4tkbWo/VivS5aM9Zy5hB+wHr7BOYEjaI=</latexit>

ZZ

<latexit sha1_base64="WCGuWJa1atRL+SlezZz1t/sQ2eY=">AAAB6XicdZDLSgMxFIbP1Futt6pLN8EiuBoyxbYui25cVrF2oB1KJs20oZkLSUYoQ9/AjQtF3PpG7nwbM+0IKvpD4PD955Bzfj8RXGmMP6zSyura+kZ5s7K1vbO7V90/uFNxKinr0ljE0vWJYoJHrKu5FsxNJCOhL1jPn17mfu+eScXj6FbPEuaFZBzxgFOiDbpx3WG1hu0GduotjLCNF0I5qTcbGDkFqUGhzrD6PhjFNA1ZpKkgSvUdnGgvI1JzKti8MkgVSwidkjHrmzIiIVNetth0jk4MGaEgluZFGi3o94mMhErNQt90hkRP1G8vh395/VQH517GoyTVLKLLj4JUIB2j/Gw04pJRLWamIFRysyuiEyIJ1Sacignh61L0f3FXt52m3bg+q7UvijjKcATHcAoOtKANV9CBLlAI4AGe4NmaWo/Wi/W6bC1Zxcwh/JD19gmTUI1p</latexit>

XX
<latexit sha1_base64="GlC3nqec8+6J5ITpmqTrB8Ap1fA=">AAAB6XicdVDLSgMxFM34rPVVdekmWARXQ6bttLorunFZxb5oh5JJM21oJjMkGaEM/QM3LhRx6x+5829MpxVU9MCFwzn3cu89fsyZ0gh9WCura+sbm7mt/PbO7t5+4eCwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/cjX32/dUKhaJOz2NqRfikWABI1gb6bbbHRSKyEbuRRW5ENkuKlUq5YygGipDx0YZimCJxqDw3h9GJAmp0IRjpXoOirWXYqkZ4XSW7yeKxphM8Ij2DBU4pMpLs0tn8NQoQxhE0pTQMFO/T6Q4VGoa+qYzxHqsfntz8S+vl+jg3EuZiBNNBVksChIOdQTnb8Mhk5RoPjUEE8nMrZCMscREm3DyJoSvT+H/pFWynart3lSK9ctlHDlwDE7AGXBADdTBNWiAJiAgAA/gCTxbE+vRerFeF60r1nLmCPyA9fYJuvSNhA==</latexit>

Y Y Monitored random unitary circuit implementation


• randomly couple physical to ancillae qubits  
by (rotation x CNOT gate)


• measure ancillae qubits in Z basis


Realizations 

• transmon processors 
    large number of qubits, mid-circuit measurements,  
     close to IBM’s heavy-hexagon geometry,  
     deep circuits?


• Rydberg atoms  
    measurement hard?


• trapped ions  
    small system sizes?

ancillae 
qubits

http://www.thp.uni-koeln.de/trebst/
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mid-circuit measurements

Monitored random unitary circuit implementation


• randomly couple physical to ancillae qubits  
by (rotation x CNOT gate)


• measure ancillae qubits in Z basis


Realizations 

• transmon processors 
    large number of qubits, mid-circuit measurements,  
     close to IBM’s heavy-hexagon geometry,  
     deep circuits?


• Rydberg atoms  
    measurement hard?


• trapped ions  
    small system sizes?
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Majorana models (Hamiltonian)

X

Y

Z

X

Y

Z

W
Z

Z

Y

Y

X

X

V

c

c c

c
c

c

u

u

u

H = (1 − p)(ZZ + XX + YY) + pV

H = (1 − p)(iucc) + p(iuuucccccc)u

u u

u

uu
c

c
u

c
c

u

c
c

u

Vijay, Hsieh, Fu 2015

<latexit sha1_base64="rTQUr/Rkll52wx82jfAEXraDAdI=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgadnVJBtvQS8eo5gHSZYwO5lNhszOLjOzQgj5Ay8eFPHqH3nzb5w8BBUtaCiquunuChLOlHacDyuzsrq2vpHdzG1t7+zu5fcPGipOJaF1EvNYtgKsKGeC1jXTnLYSSXEUcNoMRlczv3lPpWKxuNPjhPoRHggWMoK1kW7b7V6+4NhFr+y4F8ixyyWv5LiGVAzxzpFrO3MUYIlaL//e7cckjajQhGOlOq6TaH+CpWaE02mumyqaYDLCA9oxVOCIKn8yv3SKTozSR2EsTQmN5ur3iQmOlBpHgemMsB6q395M/MvrpDqs+BMmklRTQRaLwpQjHaPZ26jPJCWajw3BRDJzKyJDLDHRJpycCeHrU/Q/aZzZbtku3RQL1ctlHFk4gmM4BRc8qMI11KAOBEJ4gCd4tkbWo/VivS5aM9Zy5hB+wHr7BOYEjaI=</latexit>

ZZ

<latexit sha1_base64="WCGuWJa1atRL+SlezZz1t/sQ2eY=">AAAB6XicdZDLSgMxFIbP1Futt6pLN8EiuBoyxbYui25cVrF2oB1KJs20oZkLSUYoQ9/AjQtF3PpG7nwbM+0IKvpD4PD955Bzfj8RXGmMP6zSyura+kZ5s7K1vbO7V90/uFNxKinr0ljE0vWJYoJHrKu5FsxNJCOhL1jPn17mfu+eScXj6FbPEuaFZBzxgFOiDbpx3WG1hu0GduotjLCNF0I5qTcbGDkFqUGhzrD6PhjFNA1ZpKkgSvUdnGgvI1JzKti8MkgVSwidkjHrmzIiIVNetth0jk4MGaEgluZFGi3o94mMhErNQt90hkRP1G8vh395/VQH517GoyTVLKLLj4JUIB2j/Gw04pJRLWamIFRysyuiEyIJ1Sacignh61L0f3FXt52m3bg+q7UvijjKcATHcAoOtKANV9CBLlAI4AGe4NmaWo/Wi/W6bC1Zxcwh/JD19gmTUI1p</latexit>

XX
<latexit sha1_base64="GlC3nqec8+6J5ITpmqTrB8Ap1fA=">AAAB6XicdVDLSgMxFM34rPVVdekmWARXQ6bttLorunFZxb5oh5JJM21oJjMkGaEM/QM3LhRx6x+5829MpxVU9MCFwzn3cu89fsyZ0gh9WCura+sbm7mt/PbO7t5+4eCwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/cjX32/dUKhaJOz2NqRfikWABI1gb6bbbHRSKyEbuRRW5ENkuKlUq5YygGipDx0YZimCJxqDw3h9GJAmp0IRjpXoOirWXYqkZ4XSW7yeKxphM8Ij2DBU4pMpLs0tn8NQoQxhE0pTQMFO/T6Q4VGoa+qYzxHqsfntz8S+vl+jg3EuZiBNNBVksChIOdQTnb8Mhk5RoPjUEE8nMrZCMscREm3DyJoSvT+H/pFWynart3lSK9ctlHDlwDE7AGXBADdTBNWiAJiAgAA/gCTxbE+vRerFeF60r1nLmCPyA9fYJuvSNhA==</latexit>

Y Y

fermionize flux plaquette termsix-Majorana  
interaction

p
0 1

gapless Majorana 
spin liquid

gapped Majorana 
surface code?

both phases are long-range entangled 

<latexit sha1_base64="xugL9EQVF//18zGuQqPlVuwiczw=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GmZqp9Nl0U2XFewDpkPJpJk2NJMMSUYoQz/DjQtF3Po17vwb04egogcCh3PuJeeeKGVUacf5sAobm1vbO8Xd0t7+weFR+fikq0QmMelgwYTsR0gRRjnpaKoZ6aeSoCRipBdNbxZ+755IRQW/07OUhAkacxpTjLSRgkGC9AQjlrfmw3LFseu+X3cb0LEbjuv5NUOqjudd1aBrO0tUwBrtYfl9MBI4SwjXmCGlAtdJdZgjqSlmZF4aZIqkCE/RmASGcpQQFebLyHN4YZQRjIU0j2u4VL9v5ChRapZEZnIRUf32FuJfXpDpuBHmlKeZJhyvPoozBrWAi/vhiEqCNZsZgrCkJivEEyQR1qalkinh61L4P+lWbbdue7e1SvN6XUcRnIFzcAlc4IMmaIE26AAMBHgAT+DZ0taj9WK9rkYL1nrnFPyA9fYJ8Q+Rtw==</latexit>

H

Kitaev 2006

http://www.thp.uni-koeln.de/trebst/
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dynamically long-range entangled phases

conventional  
toric code

u
c

c
=

<latexit sha1_base64="F/4uHdiFI6AJezl6PxzGwPdPsk8=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4Gno0ycRb0IvHBMyCyRB6OpWkTc9Cd48QhnyBFw+KePWTvPk3dhZBRR8UPN6roqqeHwuuNCEfVmZldW19I7uZ29re2d3L7x80VZRIBg0WiUi2fapA8BAammsB7VgCDXwBLX98NfNb9yAVj8IbPYnBC+gw5APOqDZS/baXLxC76JaJc4GJXS65JeIYUjHEPceOTeYooCVqvfx7tx+xJIBQM0GV6jgk1l5KpeZMwDTXTRTElI3pEDqGhjQA5aXzQ6f4xCh9PIikqVDjufp9IqWBUpPAN50B1SP125uJf3mdRA8qXsrDONEQssWiQSKwjvDsa9znEpgWE0Mok9zcitmISsq0ySZnQvj6FP9Pmme2U7ZL9WKhermMI4uO0DE6RQ5yURVdoxpqIIYAPaAn9GzdWY/Wi/W6aM1Yy5lD9APW2yc4Xo0+</latexit>

Z

<latexit sha1_base64="F/4uHdiFI6AJezl6PxzGwPdPsk8=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4Gno0ycRb0IvHBMyCyRB6OpWkTc9Cd48QhnyBFw+KePWTvPk3dhZBRR8UPN6roqqeHwuuNCEfVmZldW19I7uZ29re2d3L7x80VZRIBg0WiUi2fapA8BAammsB7VgCDXwBLX98NfNb9yAVj8IbPYnBC+gw5APOqDZS/baXLxC76JaJc4GJXS65JeIYUjHEPceOTeYooCVqvfx7tx+xJIBQM0GV6jgk1l5KpeZMwDTXTRTElI3pEDqGhjQA5aXzQ6f4xCh9PIikqVDjufp9IqWBUpPAN50B1SP125uJf3mdRA8qXsrDONEQssWiQSKwjvDsa9znEpgWE0Mok9zcitmISsq0ySZnQvj6FP9Pmme2U7ZL9WKhermMI4uO0DE6RQ5yURVdoxpqIIYAPaAn9GzdWY/Wi/W6aM1Yy5lD9APW2yc4Xo0+</latexit>

Z

short-ranged 
Majorana dimer

color 
code

V =
c
c

c c
c

u
u

uc
<latexit sha1_base64="F/4uHdiFI6AJezl6PxzGwPdPsk8=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4Gno0ycRb0IvHBMyCyRB6OpWkTc9Cd48QhnyBFw+KePWTvPk3dhZBRR8UPN6roqqeHwuuNCEfVmZldW19I7uZ29re2d3L7x80VZRIBg0WiUi2fapA8BAammsB7VgCDXwBLX98NfNb9yAVj8IbPYnBC+gw5APOqDZS/baXLxC76JaJc4GJXS65JeIYUjHEPceOTeYooCVqvfx7tx+xJIBQM0GV6jgk1l5KpeZMwDTXTRTElI3pEDqGhjQA5aXzQ6f4xCh9PIikqVDjufp9IqWBUpPAN50B1SP125uJf3mdRA8qXsrDONEQssWiQSKwjvDsa9znEpgWE0Mok9zcitmISsq0ySZnQvj6FP9Pmme2U7ZL9WKhermMI4uO0DE6RQ5yURVdoxpqIIYAPaAn9GzdWY/Wi/W6aM1Yy5lD9APW2yc4Xo0+</latexit>

Z

<latexit sha1_base64="F/4uHdiFI6AJezl6PxzGwPdPsk8=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4Gno0ycRb0IvHBMyCyRB6OpWkTc9Cd48QhnyBFw+KePWTvPk3dhZBRR8UPN6roqqeHwuuNCEfVmZldW19I7uZ29re2d3L7x80VZRIBg0WiUi2fapA8BAammsB7VgCDXwBLX98NfNb9yAVj8IbPYnBC+gw5APOqDZS/baXLxC76JaJc4GJXS65JeIYUjHEPceOTeYooCVqvfx7tx+xJIBQM0GV6jgk1l5KpeZMwDTXTRTElI3pEDqGhjQA5aXzQ6f4xCh9PIikqVDjufp9IqWBUpPAN50B1SP125uJf3mdRA8qXsrDONEQssWiQSKwjvDsa9znEpgWE0Mok9zcitmISsq0ySZnQvj6FP9Pmme2U7ZL9WKhermMI4uO0DE6RQ5yURVdoxpqIIYAPaAn9GzdWY/Wi/W6aM1Yy5lD9APW2yc4Xo0+</latexit>

Z

<latexit sha1_base64="vMgb7F791ZMpIZoOFXv7ASThHBk=">AAAB6HicdZDLSgMxFIYz9VbrrerSTbAIroZMsa3LohuXLdgLtEPJpGfa2MyFJCOUoU/gxoUibn0kd76NmXYEFf0hcPj+c8g5vxcLrjQhH1ZhbX1jc6u4XdrZ3ds/KB8edVWUSAYdFolI9j2qQPAQOpprAf1YAg08AT1vdp35vXuQikfhrZ7H4AZ0EnKfM6oNavdH5Qqxa8SpNggmNlkKZ6RarxHs5KSCcrVG5ffhOGJJAKFmgio1cEis3ZRKzZmARWmYKIgpm9EJDEwZ0gCUmy4XXeAzQ8bYj6R5ocZL+n0ipYFS88AznQHVU/Xby+Bf3iDR/qWb8jBONIRs9ZGfCKwjnF2Nx1wC02JuCsokN7tiNqWSMm2yKZkQvi7F/xfdqu3U7Vr7otK8yuMoohN0is6RgxqoiW5QC3UQQ4Ae0BN6tu6sR+vFel21Fqx85hj9kPX2CeiljQc=</latexit>

X

<latexit sha1_base64="dMG+qhX3KvOl4PSPP4Cc2kqJeos=">AAAB6HicdVDLSgMxFM34rPVVdekmWARXQ6bttLorunHZgn1IO5RMmmljM5khyQhl6Be4caGIWz/JnX9jOq2gogcuHM65l3vv8WPOlEbow1pZXVvf2Mxt5bd3dvf2CweHbRUlktAWiXgkuz5WlDNBW5ppTruxpDj0Oe34k6u537mnUrFI3OhpTL0QjwQLGMHaSM3bQaGIbOReVJELke2iUqVSzgiqoTJ0bJShCJZoDArv/WFEkpAKTThWquegWHsplpoRTmf5fqJojMkEj2jPUIFDqrw0O3QGT40yhEEkTQkNM/X7RIpDpaahbzpDrMfqtzcX//J6iQ7OvZSJONFUkMWiIOFQR3D+NRwySYnmU0MwkczcCskYS0y0ySZvQvj6FP5P2iXbqdpus1KsXy7jyIFjcALOgANqoA6uQQO0AAEUPIAn8GzdWY/Wi/W6aF2xljNH4Aest08O040h</latexit>

Y

<latexit sha1_base64="dMG+qhX3KvOl4PSPP4Cc2kqJeos=">AAAB6HicdVDLSgMxFM34rPVVdekmWARXQ6bttLorunHZgn1IO5RMmmljM5khyQhl6Be4caGIWz/JnX9jOq2gogcuHM65l3vv8WPOlEbow1pZXVvf2Mxt5bd3dvf2CweHbRUlktAWiXgkuz5WlDNBW5ppTruxpDj0Oe34k6u537mnUrFI3OhpTL0QjwQLGMHaSM3bQaGIbOReVJELke2iUqVSzgiqoTJ0bJShCJZoDArv/WFEkpAKTThWquegWHsplpoRTmf5fqJojMkEj2jPUIFDqrw0O3QGT40yhEEkTQkNM/X7RIpDpaahbzpDrMfqtzcX//J6iQ7OvZSJONFUkMWiIOFQR3D+NRwySYnmU0MwkczcCskYS0y0ySZvQvj6FP5P2iXbqdpus1KsXy7jyIFjcALOgANqoA6uQQO0AAEUPIAn8GzdWY/Wi/W6aF2xljNH4Aest08O040h</latexit>

Y

<latexit sha1_base64="vMgb7F791ZMpIZoOFXv7ASThHBk=">AAAB6HicdZDLSgMxFIYz9VbrrerSTbAIroZMsa3LohuXLdgLtEPJpGfa2MyFJCOUoU/gxoUibn0kd76NmXYEFf0hcPj+c8g5vxcLrjQhH1ZhbX1jc6u4XdrZ3ds/KB8edVWUSAYdFolI9j2qQPAQOpprAf1YAg08AT1vdp35vXuQikfhrZ7H4AZ0EnKfM6oNavdH5Qqxa8SpNggmNlkKZ6RarxHs5KSCcrVG5ffhOGJJAKFmgio1cEis3ZRKzZmARWmYKIgpm9EJDEwZ0gCUmy4XXeAzQ8bYj6R5ocZL+n0ipYFS88AznQHVU/Xby+Bf3iDR/qWb8jBONIRs9ZGfCKwjnF2Nx1wC02JuCsokN7tiNqWSMm2yKZkQvi7F/xfdqu3U7Vr7otK8yuMoohN0is6RgxqoiW5QC3UQQ4Ae0BN6tu6sR+vFel21Fqx85hj9kPX2CeiljQc=</latexit>

X

Majorana  
surface code

W u
u

u

u
u

u
=

<latexit sha1_base64="F/4uHdiFI6AJezl6PxzGwPdPsk8=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4Gno0ycRb0IvHBMyCyRB6OpWkTc9Cd48QhnyBFw+KePWTvPk3dhZBRR8UPN6roqqeHwuuNCEfVmZldW19I7uZ29re2d3L7x80VZRIBg0WiUi2fapA8BAammsB7VgCDXwBLX98NfNb9yAVj8IbPYnBC+gw5APOqDZS/baXLxC76JaJc4GJXS65JeIYUjHEPceOTeYooCVqvfx7tx+xJIBQM0GV6jgk1l5KpeZMwDTXTRTElI3pEDqGhjQA5aXzQ6f4xCh9PIikqVDjufp9IqWBUpPAN50B1SP125uJf3mdRA8qXsrDONEQssWiQSKwjvDsa9znEpgWE0Mok9zcitmISsq0ySZnQvj6FP9Pmme2U7ZL9WKhermMI4uO0DE6RQ5yURVdoxpqIIYAPaAn9GzdWY/Wi/W6aM1Yy5lD9APW2yc4Xo0+</latexit>

Z

<latexit sha1_base64="F/4uHdiFI6AJezl6PxzGwPdPsk8=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4Gno0ycRb0IvHBMyCyRB6OpWkTc9Cd48QhnyBFw+KePWTvPk3dhZBRR8UPN6roqqeHwuuNCEfVmZldW19I7uZ29re2d3L7x80VZRIBg0WiUi2fapA8BAammsB7VgCDXwBLX98NfNb9yAVj8IbPYnBC+gw5APOqDZS/baXLxC76JaJc4GJXS65JeIYUjHEPceOTeYooCVqvfx7tx+xJIBQM0GV6jgk1l5KpeZMwDTXTRTElI3pEDqGhjQA5aXzQ6f4xCh9PIikqVDjufp9IqWBUpPAN50B1SP125uJf3mdRA8qXsrDONEQssWiQSKwjvDsa9znEpgWE0Mok9zcitmISsq0ySZnQvj6FP9Pmme2U7ZL9WKhermMI4uO0DE6RQ5yURVdoxpqIIYAPaAn9GzdWY/Wi/W6aM1Yy5lD9APW2yc4Xo0+</latexit>
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X
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X
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Y
Z2 gauge field
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purification dynamics

exponentially long-lived  
topological quantum memory

initial

mixed state

to
po

 e
nt

an
gl

em
en

t e
nt

ro
py

   
S

time   t

 
color code 
toric code

free Majorana 
volume-law liquid 
quantum Lifshitz

http://www.thp.uni-koeln.de/trebst/
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long-range entangled phases

1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0

1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0

γ/ln 2

px = 1pz = 1px = py = 1/2

p = 1 p = 1
color code

toric code

pz = 1

Majorana  
surface code

four logical qubits

two logical qubits

conventional  
toric code

short-ranged 
Majorana dimer

color 
code

topological entanglement entropy A

B

C

http://www.thp.uni-koeln.de/trebst/
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error thresholds

A

B

C

A
B

C
D

p = 0

p = 0.15

A CB

I(A : B : C) = SA + SB + SC − SAB − SAC − SBC + SABC

tripartite mutual information

error

threshold

threshold for projective bond errors 

+ stochastic syndrome measurements

http://www.thp.uni-koeln.de/trebst/
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frustration graph

• node = measurement operator


• link = anti-commutation (frustration)


• stabilizer = product of certain nodes 


• probability of measurement = fugacity

On tetrahedron edges


• some frustration lifted


• stacked 1+1D chains


• self-duality 

• 2D square lattice percolation

duality
duality

duality

http://www.thp.uni-koeln.de/trebst/
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L

self-dual points

X
X

Y
Y

Z

Z

l

Z

Z

2D percolation

c =
3 3
2π

ln 2

• stacked 1+1D chains (percolation)


• self-dual point: stacked quasi-1D critical

SvN(l, L) =
cL
3

ln ( L
π

sin
πl
L ) + ⋯

Calabrese & Cardy 2004

http://www.thp.uni-koeln.de/trebst/
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entanglement phase diagram

py = 1
px = 1

pz = 1

p = 1
color code

toric code

Majorana
liquid

L

varying the relative probabilities of measurements 
yields a rich entanglement phase diagram

(1+1)D CFT 
entanglement

volume-law 
entanglement

quantum 
Lifshitz

l
entanglement


bipartition

http://www.thp.uni-koeln.de/trebst/
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Fermi-surface scaling

free Majorana liquid

L

c ≈ 0.75 ln 2

SvN(l, L) =
cL
3

ln ( L
π

sin
πl
L ) + ⋯

l

A. Lavasani, Z.-X. Luo, and S. Vijay, arXiv:2207.02877

A. Sriram, T. Rakovszky, V. Khemani, and M. Ippoliti, arXiv:2207.07096

• dynamics: compact loop model  
in stacked honeycomb 2+1D lattice


• steady state: long-range Majorana dimer state 
• entanglement entropy: 1+1D CFT scaling ( )L ln L

Majorana  
loop model

density matrix analogue  
of RVB state

http://www.thp.uni-koeln.de/trebst/
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volume-law with 

Page correction

interacting Majorana liquid

vol(l, L) = 2Ll ln 2 − 24Ll−N−1

SvN(l, L) = v ⋅ vol(l, L) +
cL + c′￼

3
ln ( L

π
sin

πl
L ) + aL − γ

v = 0.00951(7)ln 2

weak scrambling

c = 0.642(7)ln 2

L

gapless mode 
~ 1+1D CFT

area-law with 

topological correction

single-fit for all system sizes

http://www.thp.uni-koeln.de/trebst/
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structured volume-law phase

SvN(l, L) = v ⋅ vol(l, L) +
cL + c′￼

3
ln ( L

π
sin

πl
L ) + aL − γ

volume-law

liquid L ln L

ln L

area-law

topological

http://www.thp.uni-koeln.de/trebst/
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entanglement phase diagram

py = 1
px = 1

pz = 1

p = 1
color code

toric code

Majorana
liquid

px = 1pz = 1px = py = 1/2

p = 1 p = 1(a) (b)

color code

toric code

duality

Majorana
liquid

interacting volume law
+ L ln L

• What gives rise to spherical symmetry? 

 statistical symmetry, not model-specific

phase boundaries via 
finite-size scaling of tripartite mutual information

http://www.thp.uni-koeln.de/trebst/
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entanglement transition

SvN = aL + βJ(l/L)

J(x) = − ln
θ3(iλx)θ3(iλ(1 − x))
η(2ix)η(2i(1 − x))

∼ −
π

24x
, x ≪ 1

Swingle 2010; Melko 2012, 2013;  Fradkin 2015; Lavasani 2021

quantum Lifshitz scaling  

• 2+0D gapless dimer RVB (quantum Lifshitz model)  
(conformal quantum critical state) 

• 2+1D relativistic Dirac fermions


• 2+1D transverse field Ising model


• 2+1D monitored Ising model  
(Z-monitored toric code)

spherical 
surface

Jacobi theta function

Dedekind eta function

http://www.thp.uni-koeln.de/trebst/
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computational complexity

<latexit sha1_base64="xugL9EQVF//18zGuQqPlVuwiczw=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GmZqp9Nl0U2XFewDpkPJpJk2NJMMSUYoQz/DjQtF3Po17vwb04egogcCh3PuJeeeKGVUacf5sAobm1vbO8Xd0t7+weFR+fikq0QmMelgwYTsR0gRRjnpaKoZ6aeSoCRipBdNbxZ+755IRQW/07OUhAkacxpTjLSRgkGC9AQjlrfmw3LFseu+X3cb0LEbjuv5NUOqjudd1aBrO0tUwBrtYfl9MBI4SwjXmCGlAtdJdZgjqSlmZF4aZIqkCE/RmASGcpQQFebLyHN4YZQRjIU0j2u4VL9v5ChRapZEZnIRUf32FuJfXpDpuBHmlKeZJhyvPoozBrWAi/vhiEqCNZsZgrCkJivEEyQR1qalkinh61L4P+lWbbdue7e1SvN6XUcRnIFzcAlc4IMmaIE26AAMBHgAT+DZ0taj9WK9rkYL1nrnFPyA9fYJ8Q+Rtw==</latexit>

H

dynamics free Majorana fermions interacting Majorana fermions

py = 1
px = 1

pz = 1

p = 1
color code

toric code

Majorana
liquid

<latexit sha1_base64="clZgfafcvWqJhakke1kllJ5fpfY=">AAAB6nicdVDLSsNAFL2pr1pfUZduBovgKiTF+tgV3bisaB/QhjKZTtqhk0mYmYgl9BPcuFDErV/kzr9x0geo6IELh3Pu5d57goQzpV330yosLa+srhXXSxubW9s79u5eU8WpJLRBYh7LdoAV5UzQhmaa03YiKY4CTlvB6Cr3W/dUKhaLOz1OqB/hgWAhI1gb6TbpPfTssut4FzmQ61Rcg+qCVJDnuFOUYY56z/7o9mOSRlRowrFSHc9NtJ9hqRnhdFLqpoommIzwgHYMFTiiys+mp07QkVH6KIylKaHRVP0+keFIqXEUmM4I66H67eXiX14n1eG5nzGRpJoKMlsUphzpGOV/oz6TlGg+NgQTycytiAyxxESbdEomhMWn6H/SrDjeqVO9OSnXLudxFOEADuEYPDiDGlxDHRpAYACP8AwvFreerFfrbdZasOYz+/AD1vsXwjmOIg==</latexit>px

<latexit sha1_base64="CBlCsXE0Q/zCiozbPVhUVirm6g0=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiTFVt0V3bisaB/QhjKZTtqhk0mYmQgh9BPcuFDErV/kzr9x0geo6IELh3Pu5d57/JgzpR3n0yqsrK6tbxQ3S1vbO7t75f2DtooSSWiLRDySXR8rypmgLc00p91YUhz6nHb8yXXudx6oVCwS9zqNqRfikWABI1gb6S4epINyxbHdyxzIsauOQW1Jqsi1nRkqsEBzUP7oDyOShFRowrFSPdeJtZdhqRnhdFrqJ4rGmEzwiPYMFTikystmp07RiVGGKIikKaHRTP0+keFQqTT0TWeI9Vj99nLxL6+X6ODCy5iIE00FmS8KEo50hPK/0ZBJSjRPDcFEMnMrImMsMdEmnZIJYfkp+p+0q7Zbt2u3Z5XG1SKOIhzBMZyCC+fQgBtoQgsIjOARnuHF4taT9Wq9zVsL1mLmEH7Aev8Cw72OIw==</latexit>py

<latexit sha1_base64="Jvx2fq7CW40YtRtQJF09uqxFRac=">AAAB6nicdVDLSsNAFL2pr1pfUZduBovgKiTF+tgV3bisaB/QhjKZTtqhk0mYmQg19BPcuFDErV/kzr9x0geo6IELh3Pu5d57goQzpV330yosLa+srhXXSxubW9s79u5eU8WpJLRBYh7LdoAV5UzQhmaa03YiKY4CTlvB6Cr3W/dUKhaLOz1OqB/hgWAhI1gb6TbpPfTssut4FzmQ61Rcg+qCVJDnuFOUYY56z/7o9mOSRlRowrFSHc9NtJ9hqRnhdFLqpoommIzwgHYMFTiiys+mp07QkVH6KIylKaHRVP0+keFIqXEUmM4I66H67eXiX14n1eG5nzGRpJoKMlsUphzpGOV/oz6TlGg+NgQTycytiAyxxESbdEomhMWn6H/SrDjeqVO9OSnXLudxFOEADuEYPDiDGlxDHRpAYACP8AwvFreerFfrbdZasOYz+/AD1vsXxUGOJA==</latexit>pz

Jz

Jx

Jy

?
sign problem

Clifford 
circuits

Gottesman-Knill theorem, quant-ph/9807006

http://www.thp.uni-koeln.de/trebst/
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beyond Clifford — weak measurements

e−i π
4 (1−ZA(B))(1−X)

e−i π
4 (1−XA(B))(1−X)e−i π

4 (1−YA(B))(1−X)
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ZZ
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XX
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Y Y

vary coupling  
to ancillae qubits

turn strong/projective into 
weak measurements

Nishimori’s cat

SRE LRE
βmeasurement

finite stability threshold

weak 
measurements

strong 
measurements

t = 0 t = π/4

measurements only
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ZZ

ancillae qubits
G. Zhu et al. 

arXiv:2208.11136

E. Chen et al. 
forthcoming preprint

http://www.thp.uni-koeln.de/trebst/
https://arxiv.org/abs/2208.11136
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Hastings-Haah Floquet code
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Hastings & Haah, Quantum 5, 564 (2021)
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Hastings-Haah Floquet code
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Hastings-Haah Floquet code

Hastings & Haah, Quantum 5, 564 (2021)
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dynamically generated logical qubits
• Floquet dynamics

• two-qubit Pauli operators

• quantum error correcting code

• two logical qubits

What happens when you turn stabilizers  
from projective measurements into weak measurements?
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• finite error “threshold” 
• two crossovers

• fractionalization crossover

• intermediate “metallic” phase

Hastings-Haah Floquet code

timeround 1 round 2 round 3

What happens when you turn stabilizers  
from projective measurements 
 into weak measurements?

strength of measurement

error

“threshold”

Zhu & Trebst, forthcoming preprint (2023)

Ed
w

ar
ds

-A
nd

er
so

n

http://www.thp.uni-koeln.de/trebst/


©  Simon Trebst

• finite error “threshold” 
• two crossovers

• fractionalization crossover

• intermediate “metallic” phase

Hastings-Haah Floquet code

timeround 1 round 2 round 3

What happens when you turn stabilizers  
from projective measurements 
 into weak measurements?

fractionalization gauge field stabilized 

Majorana 

+


random-flux

Majorana 

+


flux-free
PM
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Zhu & Trebst, forthcoming preprint (2023)
strength of measurement
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Hastings-Haah Floquet code

timeround 1 round 2 round 3

What happens when you turn stabilizers  
from projective measurements 
 into weak measurements?

en
ta

ng
le

m
en

t n
eg

at
iv

ity

scaling ℰ ∼ L ln L

ℰ = 2L/3 ⋅ ln 2/2
• finite error “threshold” 
• two crossovers

• fractionalization crossover

• intermediate “metallic” phase

Fermi-surface scaling

Zhu & Trebst, forthcoming preprint (2023)
strength of measurement

only quantum 
correlations
Ryu, 2017
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What can we learn from monitored (Clifford) circuits

about quantum magnetism?

Can we engineer spin liquid phenomenology 
on current quantum computing platforms?

summary
G. Zhu et al. arXiv:2208.11136

G. Zhu, N. Tantivasadakarn, ST arXiv:2303.17627

• frustration by non-commuting  
measurements is key ingredient


• rich entanglement phase diagram 
• 6-qubit operators can induce  

structured volume-law entanglement


monitored Kitaev dynamics

• error threshold for Hastings-Haah code

• measurement strength  

= effective temperature

• signature of fractionalization 
• intermediate “metallic” phase

weak Floquet dynamics

G. Zhu & ST, forthcoming preprint

py = 1
px = 1

pz = 1

p = 1
color code

toric code

Majorana
liquid
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https://arxiv.org/abs/2208.11136
https://arxiv.org/abs/2303.17627
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