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Entanglement Frontier: Quantum Computing

A universal quantum computer can significantly advance many fields of 
science and engineering

Alexeev et al., arXiv:1912.07577

Building a quantum computer requires 
innovation at every level of the “stack”

- Quantum error correction thresholds 
- Measurement-induced transition
- Quasirandom stabilizer codes

Experimental and theoretical 
quantum error correction}
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- Silicon-spin qubits

Quantum engineering of 
qubit platforms }
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Overview
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Measurement-induced transitions Quasirandom stabilizer codes
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Entanglement Frontier: Nonequilibrium Quantum Dynamics

Many-body Hilbert space

Short-range entangled, 
low-complexity states

Long-range entangled, 
high-complexity states

Unitary evolution
| (t)i = e�iHt| (0)i
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Open system 
dynamics

Unitary dynamics in closed systems 
- Frontier across physics

- CM/AMO physics - quantum 
simulation, quantum chaos, many-
body localization, …

- Quantum information - 
quantum complexity, speedup …

- High-energy physics - quantum 
gravity, black holes, cosmology, …



Entanglement Frontier: Error Correction and Fault-Tolerance

Classical computation 

- Data storage

- Crucial application: 
Wireless data transmission 

Similar results for neutral atoms, 
spin qubits, and photons

Topological qubits -  99.9999 % (???)

Gate fidelities
Quantum computing platforms

Single-qubit gates
- Trapped ions < 99.998 %

- Superconducting qubits < 99.9 %

Two-qubit gates
- Trapped ions < 99.92 %

- Superconducting qubits < 99.5 %

Brown et al., PRA (2011).

Barends et al., Nature (2014).

Gaebler et al., PRL (2016).

Barends et al., Nature (2014).

- Error correction is 
irrelevant for transistors 

Error rate     1/109 year⌧
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Error correction is fundamental to quantum computing 



Devoret and Schoelkopf, Science (2013).

- Random quantum 
dynamics on logical qubits

Today’s talk:

- Statistical physics of 
fault-tolerant operation

Error Correction and Fault-Tolerance



Fault-Tolerant Threshold as a Phase Transition

Points to inherent robustness of quantum computing in many-
body systems

Error rate

ec
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Reversible quantum 
dynamics

Classical dynamics

What is the nature of this phase transition?
How general is this phenomena?



Outline

Unitary-measurement dynamics in open systems

- Measurement-induced entanglement transition [2,3]

- Purification or memory transition [4]

- Quantum error correction thresholds [4,5]

0
<latexit sha1_base64="EBsDC7Ff85i616MWa3p6kkD+78o=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UsPulsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4FkjOM7A==</latexit> 1

<latexit sha1_base64="XqVPoidRYTXElumbXwY7402eQXU=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUSLH7eiF48t2A9oQ9lsp+3azSbsboQS+gu8eFDEqz/Jm//GTRpErQ8GHu/NMDPPjzhT2nE+raXlldW19cJGcXNre2e3tLffUmEsKTZpyEPZ8YlCzgQ2NdMcO5FEEvgc2/7kJvXbDygVC8WdnkboBWQk2JBRoo3UcPulslNxMtiLxM1JGXLU+6WP3iCkcYBCU06U6rpOpL2ESM0ox1mxFyuMCJ2QEXYNFSRA5SXZoTP72CgDexhKU0LbmfpzIiGBUtPAN50B0WP110vF/7xurIeXXsJEFGsUdL5oGHNbh3b6tT1gEqnmU0MIlczcatMxkYRqk00xC+Eqxfn3y4ukdVpxzyrVRrVcu87jKMAhHMEJuHABNbiFOjSBAsIjPMOLdW89Wa/W27x1ycpnDuAXrPcvk7eM7Q==</latexit>

pc
<latexit sha1_base64="SGjjpHuXJNtDmYIKCE+NM2sfuO4=">AAAB6nicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayNdBcPyMCuOjUnB1okbkGqUKA5sD/6w4gkIRWacKxUz3Vi7aVYakY4nVX6iaIxJhM8oj1DBQ6p8tL81Bk6MsoQBZE0JTTK1Z8TKQ6Vmoa+6QyxHqu/Xib+5/USHVx4KRNxoqkg80VBwpGOUPY3GjJJieZTQzCRzNyKyBhLTLRJp5KHcJnh7PvlRdI+qbmntfptvdq4KuIowwEcwjG4cA4NuIEmtIDACB7hGV4sbj1Zr9bbvLVkFTP78AvW+xdkYo4C</latexit>

0
<latexit sha1_base64="EBsDC7Ff85i616MWa3p6kkD+78o=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UsPulsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4FkjOM7A==</latexit>

Encoded Inf. Density

p
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Reversible 
dynamics

Irreversible 
dynamics

Channel 
capacity

Defining a local order parameter

Scalable probes of the “ordered” phase
t
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- Superconducting qubit example [1]

[5] Choi, Bao, Qi, Altman, arxiv:1903.05124
[4] Gullans and Huse, arxiv:1905.05195 

Gullans and Huse, arxiv:1910.00020

[2] Li, Chen, Fisher, PRB (2018/19).
[3] Skinner, Ruhman, Nahum, PRX (2019).

[1] Minev et al., Nature (2019).

Quasirandom stabilizer codes



Unitary-Measurement Dynamics

“Informationally efficient environment” 

S

E

M M

. . .
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Delayed 
feedback

Generic open system dynamics with a monitored environment

- Less control required than full error correction

- Discrete time version:

- Continuous time version: Stochastic master equation

Gardiner and Zoller, Quantum Noise (2004).
Carmichael, An Open Systems Approach to Quantum Optics (1991).



Quantum Channel Description of Dynamics

N (⇢) =
X

~m

K~m⇢K†
~m
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Quantum channel:

Kraus operator

~m = (0, 1, 1, 0, . . .)
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Measurement record:

Unitary-measurement dynamics:

K~m = Pmt
t Ut · · ·Pm1

1 U1
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Example: single qubit

Pmt
t = |mtihmt|
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Quantum trajectory: Quantum 
state conditioned on measurements

⇢ ! K~m⇢K†
~m/p~m
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p~m = Tr[K†
~mK~m⇢]
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Probability:

Nonunitary and nonlinear dynamics

Delayed 
feedback



Experimental Realization of Unitary-Measurement Dynamics

Minev et al., Nature (2019).
0+1 dimensional system

Three-level system formed 
from two transmon qubits

Continuous time version:



The Measurement-Induced Transition

System - S
T

im
e

Space

Measurement
      - M/E 

Unitary

Random two-site gate

Measurement rate p  
- Coupling to environment

See also Aharanov, PRA (2000).

1+1 dimensions

Li, Chen, Fisher, PRB (2018/19).
Skinner, Ruhman, Nahum, PRX (2019).

0
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<latexit sha1_base64="XqVPoidRYTXElumbXwY7402eQXU=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUSLH7eiF48t2A9oQ9lsp+3azSbsboQS+gu8eFDEqz/Jm//GTRpErQ8GHu/NMDPPjzhT2nE+raXlldW19cJGcXNre2e3tLffUmEsKTZpyEPZ8YlCzgQ2NdMcO5FEEvgc2/7kJvXbDygVC8WdnkboBWQk2JBRoo3UcPulslNxMtiLxM1JGXLU+6WP3iCkcYBCU06U6rpOpL2ESM0ox1mxFyuMCJ2QEXYNFSRA5SXZoTP72CgDexhKU0LbmfpzIiGBUtPAN50B0WP110vF/7xurIeXXsJEFGsUdL5oGHNbh3b6tT1gEqnmU0MIlczcatMxkYRqk00xC+Eqxfn3y4ukdVpxzyrVRrVcu87jKMAhHMEJuHABNbiFOjSBAsIjPMOLdW89Wa/W27x1ycpnDuAXrPcvk7eM7Q==</latexit>

pc
<latexit sha1_base64="SGjjpHuXJNtDmYIKCE+NM2sfuO4=">AAAB6nicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayNdBcPyMCuOjUnB1okbkGqUKA5sD/6w4gkIRWacKxUz3Vi7aVYakY4nVX6iaIxJhM8oj1DBQ6p8tL81Bk6MsoQBZE0JTTK1Z8TKQ6Vmoa+6QyxHqu/Xib+5/USHVx4KRNxoqkg80VBwpGOUPY3GjJJieZTQzCRzNyKyBhLTLRJp5KHcJnh7PvlRdI+qbmntfptvdq4KuIowwEcwjG4cA4NuIEmtIDACB7hGV4sbj1Zr9bbvLVkFTP78AvW+xdkYo4C</latexit>

Measurement rate p

Long-range 
entanglement - 
“Volume-law”

Short-range 
entanglement - 

“Area-law”

Reversible 
dynamics

Irreversible 
dynamics

Gullans and Huse, arxiv:1905.05195 

Limiting cases: p = 1 - Random product state
p = 0 - Random unitary dynamics



Start in a mixed state:

Do the measurements collapse the system to a pure state?
Equivalent: Does the system forget initial conditions?

Limiting cases: p = 1 -  state evolves to a random pure product state

p infinitesimal compared to system scrambling time ~ L  
- not until times exp(L)

Purification or Memory Transition

⇢ ! K~m⇢K†
~m/p~m

<latexit sha1_base64="NstKzHO6lSeF3n238X1cWlOf9Fw=">AAACMXicbZDLSsNAFIYn9VbrrerSzWARXNVEi9Zd0Y3gpoK9QBPLZDpph84kYWZSKCGv4kv4Cm51351060s4TYO26g8DP985h3Pmd0NGpTLNiZFbWV1b38hvFra2d3b3ivsHTRlEApMGDlgg2i6ShFGfNBRVjLRDQRB3GWm5w9tZvTUiQtLAf1TjkDgc9X3qUYyURt1i1RaDANoqgPfd2B4RHPMkgSlcAE92D/XhGQx/ULdYMstmKvjXWJkpgUz1bnFq9wIcceIrzJCUHcsMlRMjoShmJCnYkSQhwkPUJx1tfcSJdOL0hwk80aQHvUDo5yuY0sWJGHEpx9zVnRypgfxdm8H/ap1IeVUnpn4YKeLj+SIvYlAHMosL9qggWLGxNggLqm+FeIAEwkqHurTF5UkhDeV6psvvCP6a5nnZuihXHiql2k0WTx4cgWNwCixwBWrgDtRBA2DwDF7BG3g3XoyJ8WFM5605I5s5BEsyPr8A9aSrHw==</latexit>

Gullans and Huse, arxiv:1905.05195 
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encoding
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<latexit sha1_base64="pkMRPtDNO3la5NqKC01+sUE7f5g=">AAAB7XicbVDLSsNAFL2pr1pfVZdugkVwVRItPnZFNy4r2Ae0oUwmk3bsZCbMTIQS+g9uXCji1v9x5984SYOo9cCFwzn3cu89fsyo0o7zaZWWlldW18rrlY3Nre2d6u5eR4lEYtLGggnZ85EijHLS1lQz0oslQZHPSNefXGd+94FIRQW/09OYeBEacRpSjLSROgMWCK2G1ZpTd3LYi8QtSA0KtIbVj0EgcBIRrjFDSvVdJ9ZeiqSmmJFZZZAoEiM8QSPSN5SjiCgvza+d2UdGCexQSFNc27n6cyJFkVLTyDedEdJj9dfLxP+8fqLDCy+lPE404Xi+KEyYrYWdvW4HVBKs2dQQhCU1t9p4jCTC2gRUyUO4zHD2/fIi6ZzU3dN647ZRa14VcZThAA7hGFw4hybcQAvagOEeHuEZXixhPVmv1tu8tWQVM/vwC9b7F9U5j3A=</latexit>
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<latexit sha1_base64="KEtYih+vS1mN7DLMqOcjtGowor8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUSPrlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreZdVrXFVqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB2xWM9w==</latexit>

Pure phase

/ (pc � p)⌫
<latexit sha1_base64="3p7MEQXqNisi8+EuehljV3NoJjA=">AAAB/nicbVDLSgMxFM3UV62vUXHlJliEurDMqKDLohuXFewDOuOQSTNtaCYJSUYoQ8FfceNCEbd+hzv/xvSx0NYDFw7n3Mu998SSUW0879spLC2vrK4V10sbm1vbO+7uXlOLTGHSwIIJ1Y6RJoxy0jDUMNKWiqA0ZqQVD27GfuuRKE0FvzdDScIU9ThNKEbGSpF7EEglpBGwIiMMT6E8eQh4Frllr+pNABeJPyNlMEM9cr+CrsBZSrjBDGnd8T1pwhwpQzEjo1KQaSIRHqAe6VjKUUp0mE/OH8Fjq3RhIpQtbuBE/T2Ro1TrYRrbzhSZvp73xuJ/XiczyVWYUy4zQzieLkoyBu274yxglyqCDRtagrCi9laI+0ghbGxiJRuCP//yImmeVf3zqn93Ua5dz+IogkNwBCrAB5egBm5BHTQABjl4Bq/gzXlyXpx352PaWnBmM/vgD5zPH6AnlJ0=</latexit>

L = 256
<latexit sha1_base64="gERYUhdo2bBrQ+3gkNkgSMxF7nE=">AAAB7nicbVDJSgNBEK1xjXGLevTSGARPYSauFyHoxYOHCGaBZAg9nZ6kSU/P0F0jhCEf4cWDIl79Hm/+jZ3loIkPCh7vVVFVL0ikMOi6387S8srq2npuI7+5tb2zW9jbr5s41YzXWCxj3Qyo4VIoXkOBkjcTzWkUSN4IBrdjv/HEtRGxesRhwv2I9pQIBaNopcY9uSbl84tOoeiW3AnIIvFmpAgzVDuFr3Y3ZmnEFTJJjWl5boJ+RjUKJvko304NTygb0B5vWapoxI2fTc4dkWOrdEkYa1sKyUT9PZHRyJhhFNjOiGLfzHtj8T+vlWJ45WdCJSlyxaaLwlQSjMn4d9IVmjOUQ0so08LeSlifasrQJpS3IXjzLy+SernknZa8h7Ni5WYWRw4O4QhOwINLqMAdVKEGDAbwDK/w5iTOi/PufExbl5zZzAH8gfP5AzHljik=</latexit>

L = 512
<latexit sha1_base64="CpNmYtbBhK6EPYSmf4vLoxY8RIs=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioo0QtLGwiGA+IDnC3maSLNnbO3b3hHDkR9hYKGLr77Hz37hJrtDEBwOP92aYmRfEgmvjut9ObmV1bX0jv1nY2t7Z3SvuHzR0lCiGdRaJSLUCqlFwiXXDjcBWrJCGgcBmMLqd+s0nVJpH8tGMY/RDOpC8zxk1Vmrek2ty4VW6xZJbdmcgy8TLSAky1LrFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns3Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9Kz/lMk4MSjZf1E8EMRGZ/k56XCEzYmwJZYrbWwkbUkWZsQkVbAje4svLpFEpe2dl7+G8VL3J4sjDERzDKXhwCVW4gxrUgcEInuEV3pzYeXHenY95a87JZg7hD5zPHypTjiQ=</latexit>

Mixed and Pure Phase
Stabilizer circuits

Gullans and Huse, arxiv:1905.05195 
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<latexit sha1_base64="36obGKki4IG4DXNtVtnQiv5/9ww=">AAAB8HicbVDJSgNBEO1xjXGLevTSGIR4iTMaXG5BLx48RDSLJEPo6fQkTXoZunuEMOQrvHhQxKuf482/sWcSRI0PCh7vVVFVL4gY1cZ1P525+YXFpeXcSn51bX1js7C13dAyVpjUsWRStQKkCaOC1A01jLQiRRAPGGkGw8vUbz4QpakUd2YUEZ+jvqAhxchY6f621FEDeXB43S0U3bKbAc4Sb0qKYIpat/DR6UkccyIMZkjrtudGxk+QMhQzMs53Yk0ihIeoT9qWCsSJ9pPs4DHct0oPhlLZEgZm6s+JBHGtRzywnRyZgf7rpeJ/Xjs24ZmfUBHFhgg8WRTGDBoJ0+9hjyqCDRtZgrCi9laIB0ghbGxG+SyE8xQn3y/PksZR2TsuV24qxerFNI4c2AV7oAQ8cAqq4ArUQB1gwMEjeAYvjnKenFfnbdI650xndsAvOO9fraaP0A==</latexit>

Information stored and 
protected from  
measurements

Simulations using Gottesman-Knill theorem
Aaronson, Gottesman, PRA (2004).

- Initial state⇢ =
1

2L
I

<latexit sha1_base64="0sgAP/dOv+2fUfN+gnP8DQdIBQs=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4KkktPhZC0Y2Ciwr2AU0sk+mkHTqZhJmJUEKWbvwVNy4UcesnuPNvnKRF1HrgwuGce7n3Hi9iVCrL+jRmZufmFxYLS8XlldW1dXNjsynDWGDSwCELRdtDkjDKSUNRxUg7EgQFHiMtb3ie+a07IiQN+Y0aRcQNUJ9Tn2KktNQ1dxwxCOEpdHyBcGKnSeX2KoVOgNTA85LLtGuWrLKVA04Te0JKYIJ61/xweiGOA8IVZkjKjm1Fyk2QUBQzkhadWJII4SHqk46mHAVEukn+SAr3tNKDfih0cQVz9edEggIpR4GnO7ML5V8vE//zOrHyj92E8ihWhOPxIj9mUIUwSwX2qCBYsZEmCAuqb4V4gHQkSmdXzEM4yXD4/fI0aVbK9kG5el0t1c4mcRTANtgF+8AGR6AGLkAdNAAG9+ARPIMX48F4Ml6Nt3HrjDGZ2QK/YLx/Ac1omVs=</latexit>

L
<latexit sha1_base64="QIiLk3WOabW7IAKbD83Z8C5Oa+U=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0VL0VvXjwUMV+QBvKZrtpl242YXcjlNB/4MWDIl79R978N27SIGp9MPB4b4aZeV7EmdK2/WkVlpZXVteK66WNza3tnfLuXluFsSS0RUIeyq6HFeVM0JZmmtNuJCkOPE473uQq9TsPVCoWins9jagb4JFgPiNYG+nuBg3KFbtqZ0CLxMlJBXI0B+WP/jAkcUCFJhwr1XPsSLsJlpoRTmelfqxohMkEj2jPUIEDqtwku3SGjowyRH4oTQmNMvXnRIIDpaaBZzoDrMfqr5eK/3m9WPvnbsJEFGsqyHyRH3OkQ5S+jYZMUqL51BBMJDO3IjLGEhNtwillIVykqH+/vEjaJ1XntFq7rVUal3kcRTiAQzgGB86gAdfQhBYQ8OERnuHFmlhP1qv1Nm8tWPnMPvyC9f4FEmKNMg==</latexit> - Number of qubits in 1D chain



Purification Dynamics

t ⇠ 1
<latexit sha1_base64="DFlJsrsgqpGujHT5rBtJrEIIWdk=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexq8HELevEYwTwgWcLsZJIMmZldZ2aFsOQnvHhQxKu/482/cXaziBoLGoqqbrq7gogzbVz30yksLa+srhXXSxubW9s75d29lg5jRWiThDxUnQBrypmkTcMMp51IUSwCTtvB5Dr12w9UaRbKOzONqC/wSLIhI9hYqWNQTzOBvH654lbdDGiReDmpQI5Gv/zRG4QkFlQawrHWXc+NjJ9gZRjhdFbqxZpGmEzwiHYtlVhQ7SfZvTN0ZJUBGobKljQoU39OJFhoPRWB7RTYjPVfLxX/87qxGV74CZNRbKgk80XDmCMTovR5NGCKEsOnlmCimL0VkTFWmBgbUSkL4TLF2ffLi6R1UvVOq7XbWqV+lcdRhAM4hGPw4BzqcAMNaAIBDo/wDC/OvfPkvDpv89aCk8/swy84718vBY+M</latexit>

L
<latexit sha1_base64="jbut92mtknMFxHFxizAKNu1DUsQ=">AAAB6HicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy5ctGAf0IYymd60YyeTMDMRSugXuHGhiFs/yZ1/4yQNotYDFw7n3Mu993gRZ0rb9qdVWFpeWV0rrpc2Nre2d8q7e20VxpJCi4Y8lF2PKOBMQEszzaEbSSCBx6HjTa5Tv/MAUrFQ3OlpBG5ARoL5jBJtpObtoFyxq3YGvEicnFRQjsag/NEfhjQOQGjKiVI9x460mxCpGeUwK/VjBRGhEzKCnqGCBKDcJDt0ho+MMsR+KE0JjTP150RCAqWmgWc6A6LH6q+Xiv95vVj7F27CRBRrEHS+yI851iFOv8ZDJoFqPjWEUMnMrZiOiSRUm2xKWQiXKc6+X14k7ZOqc1qtNWuV+lUeRxEdoEN0jBx0juroBjVQC1EE6BE9oxfr3nqyXq23eWvBymf20S9Y71+8o40I</latexit>

t ⇠ L
<latexit sha1_base64="MYcmqrtWzrHSA2jhnySZSTVr8pU=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0NPm5BLx48RDAPSJYwO5lNhszMrjOzQljyE148KOLV3/Hm3zjZLKLGgoaiqpvuriDmTBvX/XQWFpeWV1YLa8X1jc2t7dLOblNHiSK0QSIeqXaANeVM0oZhhtN2rCgWAaetYHQ19VsPVGkWyTszjqkv8ECykBFsrNQ2qKuZQDe9UtmtuBnQPPFyUoYc9V7po9uPSCKoNIRjrTueGxs/xcowwumk2E00jTEZ4QHtWCqxoNpPs3sn6NAqfRRGypY0KFN/TqRYaD0Wge0U2Az1X28q/ud1EhOe+ymTcWKoJLNFYcKRidD0edRnihLDx5Zgopi9FZEhVpgYG1ExC+FiitPvl+dJ87jinVSqt9Vy7TKPowD7cABH4MEZ1OAa6tAAAhwe4RlenHvnyXl13matC04+swe/4Lx/AVfxj6c=</latexit>

⇠ L/t
<latexit sha1_base64="qqic6PJ0v3+7TMFOYZjDkc9xXGY=">AAAB73icbVDLSsNAFL2pr1pfVZduBovgqiZafOyKbly4qGAf0IYymU7aoZNJnJkIJfQn3LhQxK2/486/cZIGUeuBC4dz7uXee7yIM6Vt+9MqLCwuLa8UV0tr6xubW+XtnZYKY0lok4Q8lB0PK8qZoE3NNKedSFIceJy2vfFV6rcfqFQsFHd6ElE3wEPBfEawNlKnp1iAbo50v1yxq3YGNE+cnFQgR6Nf/ugNQhIHVGjCsVJdx460m2CpGeF0WurFikaYjPGQdg0VOKDKTbJ7p+jAKAPkh9KU0ChTf04kOFBqEnimM8B6pP56qfif1421f+4mTESxpoLMFvkxRzpE6fNowCQlmk8MwUQycysiIywx0SaiUhbCRYrT75fnSeu46pxUa7e1Sv0yj6MIe7APh+DAGdThGhrQBAIcHuEZXqx768l6td5mrQUrn9mFX7DevwBvEo+2</latexit>

p = pc
<latexit sha1_base64="bDLvEHycgHUrMJDUYPQNM8KOJX8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSRa/DgIRS8eK5i20Iay2W7apZvNsrsRSuhv8OJBEa/+IG/+GzdpELU+GHi8N8PMvEAwqrTjfFqlpeWV1bXyemVjc2t7p7q711ZxIjHxcMxi2Q2QIoxy4mmqGekKSVAUMNIJJjeZ33kgUtGY3+upIH6ERpyGFCNtJE9ciQEeVGtO3clhLxK3IDUo0BpUP/rDGCcR4RozpFTPdYT2UyQ1xYzMKv1EEYHwBI1Iz1COIqL8ND92Zh8ZZWiHsTTFtZ2rPydSFCk1jQLTGSE9Vn+9TPzP6yU6vPBTykWiCcfzRWHCbB3b2ef2kEqCNZsagrCk5lYbj5FEWJt8KnkIlxnOvl9eJO2Tuntab9w1as3rIo4yHMAhHIML59CEW2iBBxgoPMIzvFjcerJerbd5a8kqZvbhF6z3L7bujsM=</latexit>

- Density of logical qubitsS0/L
<latexit sha1_base64="IGSzsKu3kg6JfWbFT9BdVao67Zo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU021+HErevHgoaJpC20om+2mXbrZhN2NUEJ/gxcPinj1B3nz37hJg6j1wcDjvRlm5nkRZ0rb9qdVWFhcWl4prpbW1jc2t8rbOy0VxpJQh4Q8lB0PK8qZoI5mmtNOJCkOPE7b3vgq9dsPVCoWins9iagb4KFgPiNYG8m569tHN/1yxa7aGdA8qeWkAjma/fJHbxCSOKBCE46V6tbsSLsJlpoRTqelXqxohMkYD2nXUIEDqtwkO3aKDowyQH4oTQmNMvXnRIIDpSaBZzoDrEfqr5eK/3ndWPvnbsJEFGsqyGyRH3OkQ5R+jgZMUqL5xBBMJDO3IjLCEhNt8illIVykOP1+eZ60jqu1k2r9tl5pXOZxFGEP9uEQanAGDbiGJjhAgMEjPMOLJawn69V6m7UWrHxmF37Bev8C8RmOQQ==</latexit>

t ⇠ exp(L)
<latexit sha1_base64="0s1FYF+qk9GwwMMFgL6QUCq9BPY=">AAAB9XicbVDLSsNAFJ34rPVVdelmsAh1UxItPnZFNy5cVLAPaGKZTCft0JlJmJmoJfQ/3LhQxK3/4s6/cZIGUeuBC4dz7uXee/yIUaVt+9Oam19YXFourBRX19Y3Nktb2y0VxhKTJg5ZKDs+UoRRQZqaakY6kSSI+4y0/dFF6rfviFQ0FDd6HBGPo4GgAcVIG+lWQ1dRDl3yEFWuDnqlsl21M8BZ4uSkDHI0eqUPtx/imBOhMUNKdR070l6CpKaYkUnRjRWJEB6hAekaKhAnykuyqydw3yh9GITSlNAwU39OJIgrNea+6eRID9VfLxX/87qxDk69hIoo1kTg6aIgZlCHMI0A9qkkWLOxIQhLam6FeIgkwtoEVcxCOEtx/P3yLGkdVp2jau26Vq6f53EUwC7YAxXggBNQB5egAZoAAwkewTN4se6tJ+vVepu2zln5zA74Bev9C0rikd0=</latexit>

S0
<latexit sha1_base64="yQ06Oqh2SVRSlU046X/HjJPpKcA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0VL0VvXis1H5AG8pmu2mXbjZhdyOU0J/gxYMiXv1F3vw3btIgan0w8Hhvhpl5XsSZ0rb9aRVWVtfWN4qbpa3tnd298v5BR4WxJLRNQh7KnocV5UzQtmaa014kKQ48Trve9Cb1uw9UKhaKez2LqBvgsWA+I1gbqdUa2sNyxa7aGdAycXJSgRzNYfljMApJHFChCcdK9R070m6CpWaE03lpECsaYTLFY9o3VOCAKjfJTp2jE6OMkB9KU0KjTP05keBAqVngmc4A64n666Xif14/1v6lmzARxZoKsljkxxzpEKV/oxGTlGg+MwQTycytiEywxESbdEpZCFcp6t8vL5POWdU5r9buapXGdR5HEY7gGE7BgQtowC00oQ0ExvAIz/BicevJerXeFq0FK585hF+w3r8A6tmNsg==</latexit>

p < pc
<latexit sha1_base64="kBBoC6hImMvzWWFEBHIo3XgIU5s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSRa/AAPRS8eK5i20Iay2W7apZvNsrsRSuhv8OJBEa/+IG/+GzdpELU+GHi8N8PMvEAwqrTjfFqlpeWV1bXyemVjc2t7p7q711ZxIjHxcMxi2Q2QIoxy4mmqGekKSVAUMNIJJjeZ33kgUtGY3+upIH6ERpyGFCNtJE9ciQEeVGtO3clhLxK3IDUo0BpUP/rDGCcR4RozpFTPdYT2UyQ1xYzMKv1EEYHwBI1Iz1COIqL8ND92Zh8ZZWiHsTTFtZ2rPydSFCk1jQLTGSE9Vn+9TPzP6yU6vPBTykWiCcfzRWHCbB3b2ef2kEqCNZsagrCk5lYbj5FEWJt8KnkIlxnOvl9eJO2Tuntab9w1as3rIo4yHMAhHIML59CEW2iBBxgoPMIzvFjcerJerbd5a8kqZvbhF6z3L7VnjsI=</latexit>

⇠ S0 + (L� S0)e
�t/⌧ 0

<latexit sha1_base64="nj2Ace4uA7VpeHmGpGk475iKYdo=">AAACCnicbZC7SgNBFIZn4y3GW9TSZjSIEUncaPDSBW0sLCKaCyTrMjuZJENmL8ycFcKS2sZXsbFQxNYnsPNt3N0sosYfBj7+cw5nzm95givQ9U8tNTU9MzuXns8sLC4tr2RX1+rK9SVlNeoKVzYtopjgDqsBB8GanmTEtgRrWIPzqN64Y1Jx17mBoccMm/Qc3uWUQGiZ2c224ja+NnW8h/OXuBDhLma3QQH220D8nZGZzelFPRaehFICOZSoamY/2h2X+jZzgAqiVKuke2AERAKngo0ybV8xj9AB6bFWiA6xmTKC+JQR3g6dDu66MnwO4Nj9OREQW6mhbYWdNoG++luLzP9qLR+6J0bAHc8H5tDxoq4vMLg4ygV3uGQUxDAEQiUP/4ppn0hCIUwvE4dwGuno++RJqB8US4fF8lU5VzlL4kijDbSF8qiEjlEFXaAqqiGK7tEjekYv2oP2pL1qb+PWlJbMrKNf0t6/AEuul6M=</latexit>

- Correlation time⌧ / 1

|p� pc|⌫
<latexit sha1_base64="/52rlw+1Oqnm7+i0nZgrlHzkC4c=">AAACC3icbVDLSgMxFM3UV62vUZduQovgxjKjxceu6MZlBfuATi2ZNNOGZjIhyQhlOns3/oobF4q49Qfc+Tem0yJqPRA4nHMvN+f4glGlHefTyi0sLi2v5FcLa+sbm1v29k5DRbHEpI4jFsmWjxRhlJO6ppqRlpAEhT4jTX94OfGbd0QqGvEbPRKkE6I+pwHFSBupaxc9jWLoCRkJHUEvkAgnbpqMxaHo4vGtx+O0a5ecspMBzhN3RkpghlrX/vB6EY5DwjVmSKm26wjdSZDUFDOSFrxYEYHwEPVJ21COQqI6SZYlhftG6cEgkuZxDTP150aCQqVGoW8mQ6QH6q83Ef/z2rEOzjoJ5SLWhOPpoSBm0MSeFAN7VBKs2cgQhCU1f4V4gEwf2tRXyEo4n+DkO/I8aRyV3eNy5bpSql7M6siDPVAEB8AFp6AKrkAN1AEG9+ARPIMX68F6sl6tt+lozprt7IJfsN6/AKzBm5o=</latexit>

p > pc
<latexit sha1_base64="OiRidoN1XnQJdbguRpENGVgQzRA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSRa/LhI0YvHCqYttKFstpt26Waz7G6EEvobvHhQxKs/yJv/xk0aRK0PBh7vzTAzLxCMKu04n1ZpaXllda28XtnY3Nreqe7utVWcSEw8HLNYdgOkCKOceJpqRrpCEhQFjHSCyU3mdx6IVDTm93oqiB+hEachxUgbyRNXYoAH1ZpTd3LYi8QtSA0KtAbVj/4wxklEuMYMKdVzHaH9FElNMSOzSj9RRCA8QSPSM5SjiCg/zY+d2UdGGdphLE1xbefqz4kURUpNo8B0RkiP1V8vE//zeokOL/yUcpFowvF8UZgwW8d29rk9pJJgzaaGICypudXGYyQR1iafSh7CZYaz75cXSfuk7p7WG3eNWvO6iKMMB3AIx+DCOTThFlrgAQYKj/AMLxa3nqxX623eWrKKmX34Bev9C7h1jsQ=</latexit>

⇠ Le�t/⌧
<latexit sha1_base64="1KQ7bKU0jwnnPAYTMly3lP/lgMo=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHcWBMtPnZFNy5cVLAPaGKZTCft0MmDmRuxhPyKGxeKuPVH3Pk3JmkQtR64cDjnXu69xwkFV2AYn9rc/MLi0nJppby6tr6xqW9V2iqIJGUtGohAdh2imOA+awEHwbqhZMRzBOs448vM79wzqXjg38IkZLZHhj53OSWQSn29Yinu4WvM7uIDOLSARElfrxo1IweeJWZBqqhAs69/WIOARh7zgQqiVM80QrBjIoFTwZKyFSkWEjomQ9ZLqU88puw4vz3Be6kywG4g0/IB5+rPiZh4Sk08J+30CIzUXy8T//N6Ebhndsz9MALm0+kiNxIYApwFgQdcMgpikhJCJU9vxXREJKGQxlXOQzjPcPL98ixpH9XM41r9pl5tXBRxlNAO2kX7yESnqIGuUBO1EEUP6BE9oxct0Z60V+1t2jqnFTPb6Be09y8W9pP5</latexit>

0
<latexit sha1_base64="EBsDC7Ff85i616MWa3p6kkD+78o=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UsPulsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4FkjOM7A==</latexit>
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Gullans and Huse, arxiv:1905.05195 



Quantum Channel Capacity

Shannon channel capacity - maximum amount of information that can 
be sent down a noisy channel

Schumacher, Nielsen, PRA (1996), Lloyd, PRA (1997).

S

E

USE
<latexit sha1_base64="EMb0mlkL4kbWP/dPROP6aacEWIU=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokWP25FETxWNG2hDWWz3bRLN5uwuxFK6I/w4kERr/4eb/4bN2kQtT4YeLw3w8w8P+ZMadv+tBYWl5ZXVktr5fWNza3tys5uS0WJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vsr89gOVikXiXk9i6oV4KFjACNZGaiO3n95dT/uVql2zc6B54hSkCgWa/cpHbxCRJKRCE46V6jp2rL0US80Ip9NyL1E0xmSMh7RrqMAhVV6anztFh0YZoCCSpoRGufpzIsWhUpPQN50h1iP118vE/7xuooNzL2UiTjQVZLYoSDjSEcp+RwMmKdF8YggmkplbERlhiYk2CZXzEC4ynH6/PE9axzXnpFa/rVcbl0UcJdiHAzgCB86gATfQBBcIjOERnuHFiq0n69V6m7UuWMXMHvyC9f4FzPaPXA==</latexit>

R

| SRi
<latexit sha1_base64="u1aTk5K8dH9qZrF2sZnP3f0Z6bY=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRafOyKblzWRx/QhDCZTtqhk0mYmYgl5lfcuFDErT/izr9xmgZR64ELh3Pu5d57/JhRqSzr0ygtLC4tr5RXK2vrG5tb5na1I6NEYNLGEYtEz0eSMMpJW1HFSC8WBIU+I11/fDH1u3dESBrxWzWJiRuiIacBxUhpyTOrD04sqZfeXGfQEYgPGfHMmlW3csB5YhekBgq0PPPDGUQ4CQlXmCEp+7YVKzdFQlHMSFZxEklihMdoSPqachQS6ab57Rnc18oABpHQxRXM1Z8TKQqlnIS+7gyRGsm/3lT8z+snKjh1U8rjRBGOZ4uChEEVwWkQcEAFwYpNNEFYUH0rxCMkEFY6rkoewtkUx98vz5POYd0+qjeuGrXmeRFHGeyCPXAAbHACmuAStEAbYHAPHsEzeDEy48l4Nd5mrSWjmNkBv2C8fwEvmZSs</latexit>

N(⇢S) =
X

~m

K~m⇢SK
†
~m ! USE | SRi ⌦ |0Ei

<latexit sha1_base64="KIIcVyf8OrGZpR23YqnZE7F7ziE="></latexit> ⇢S = TrR(| SEih SE |)
<latexit sha1_base64="m2c7DHYPe3z5bxfJGZhnZ/8b+IM="></latexit>

Purify the quantum channel

Recover | SRi
<latexit sha1_base64="u1aTk5K8dH9qZrF2sZnP3f0Z6bY=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRafOyKblzWRx/QhDCZTtqhk0mYmYgl5lfcuFDErT/izr9xmgZR64ELh3Pu5d57/JhRqSzr0ygtLC4tr5RXK2vrG5tb5na1I6NEYNLGEYtEz0eSMMpJW1HFSC8WBIU+I11/fDH1u3dESBrxWzWJiRuiIacBxUhpyTOrD04sqZfeXGfQEYgPGfHMmlW3csB5YhekBgq0PPPDGUQ4CQlXmCEp+7YVKzdFQlHMSFZxEklihMdoSPqachQS6ab57Rnc18oABpHQxRXM1Z8TKQqlnIS+7gyRGsm/3lT8z+snKjh1U8rjRBGOZ4uChEEVwWkQcEAFwYpNNEFYUH0rxCMkEFY6rkoewtkUx98vz5POYd0+qjeuGrXmeRFHGeyCPXAAbHACmuAStEAbYHAPHsEzeDEy48l4Nd5mrSWjmNkBv2C8fwEvmZSs</latexit>

Quantum channel capacity - maximum 
number of recoverable qubits in R

M



Purification Transition as a Quantum Error Correction Threshold

 Gullans and Huse, arxiv:1905.05195 

Entropy of the mixed state measures the number of “recoverable” 
qubits in the reference system - lower bound on the channel capacity

0
<latexit sha1_base64="EBsDC7Ff85i616MWa3p6kkD+78o=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UsPulsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4FkjOM7A==</latexit> 1

<latexit sha1_base64="XqVPoidRYTXElumbXwY7402eQXU=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUSLH7eiF48t2A9oQ9lsp+3azSbsboQS+gu8eFDEqz/Jm//GTRpErQ8GHu/NMDPPjzhT2nE+raXlldW19cJGcXNre2e3tLffUmEsKTZpyEPZ8YlCzgQ2NdMcO5FEEvgc2/7kJvXbDygVC8WdnkboBWQk2JBRoo3UcPulslNxMtiLxM1JGXLU+6WP3iCkcYBCU06U6rpOpL2ESM0ox1mxFyuMCJ2QEXYNFSRA5SXZoTP72CgDexhKU0LbmfpzIiGBUtPAN50B0WP110vF/7xurIeXXsJEFGsUdL5oGHNbh3b6tT1gEqnmU0MIlczcatMxkYRqk00xC+Eqxfn3y4ukdVpxzyrVRrVcu87jKMAhHMEJuHABNbiFOjSBAsIjPMOLdW89Wa/W27x1ycpnDuAXrPcvk7eM7Q==</latexit>

pc
<latexit sha1_base64="SGjjpHuXJNtDmYIKCE+NM2sfuO4=">AAAB6nicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayNdBcPyMCuOjUnB1okbkGqUKA5sD/6w4gkIRWacKxUz3Vi7aVYakY4nVX6iaIxJhM8oj1DBQ6p8tL81Bk6MsoQBZE0JTTK1Z8TKQ6Vmoa+6QyxHqu/Xib+5/USHVx4KRNxoqkg80VBwpGOUPY3GjJJieZTQzCRzNyKyBhLTLRJp5KHcJnh7PvlRdI+qbmntfptvdq4KuIowwEcwjG4cA4NuIEmtIDACB7hGV4sbj1Zr9bbvLVkFTP78AvW+xdkYo4C</latexit>

0
<latexit sha1_base64="EBsDC7Ff85i616MWa3p6kkD+78o=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UsPulsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4FkjOM7A==</latexit>

Encoded Inf. Density

Channel capacity
p

<latexit sha1_base64="RgcwqcDU8r8C1JotkeXPclUsAZA=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UiPqlsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4F8zONLA==</latexit>

Reversible 
dynamics - 
channel works

Irreversible dynamics - 
channel fails

Full phase diagram

See also Choi, Bao, Qi, Altman, arxiv:1903.05124

Corollary: The mixed phase naturally generates finite-rate quantum 
error correcting codes.  Found entirely new class of QEC codes!



Outline

Unitary-measurement dynamics in open systems

- Measurement-induced entanglement transition

- Purification or memory transition

- Quantum error correction thresholds
0

<latexit sha1_base64="EBsDC7Ff85i616MWa3p6kkD+78o=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UsPulsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4FkjOM7A==</latexit> 1
<latexit sha1_base64="XqVPoidRYTXElumbXwY7402eQXU=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUSLH7eiF48t2A9oQ9lsp+3azSbsboQS+gu8eFDEqz/Jm//GTRpErQ8GHu/NMDPPjzhT2nE+raXlldW19cJGcXNre2e3tLffUmEsKTZpyEPZ8YlCzgQ2NdMcO5FEEvgc2/7kJvXbDygVC8WdnkboBWQk2JBRoo3UcPulslNxMtiLxM1JGXLU+6WP3iCkcYBCU06U6rpOpL2ESM0ox1mxFyuMCJ2QEXYNFSRA5SXZoTP72CgDexhKU0LbmfpzIiGBUtPAN50B0WP110vF/7xurIeXXsJEFGsUdL5oGHNbh3b6tT1gEqnmU0MIlczcatMxkYRqk00xC+Eqxfn3y4ukdVpxzyrVRrVcu87jKMAhHMEJuHABNbiFOjSBAsIjPMOLdW89Wa/W27x1ycpnDuAXrPcvk7eM7Q==</latexit>

pc
<latexit sha1_base64="SGjjpHuXJNtDmYIKCE+NM2sfuO4=">AAAB6nicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayNdBcPyMCuOjUnB1okbkGqUKA5sD/6w4gkIRWacKxUz3Vi7aVYakY4nVX6iaIxJhM8oj1DBQ6p8tL81Bk6MsoQBZE0JTTK1Z8TKQ6Vmoa+6QyxHqu/Xib+5/USHVx4KRNxoqkg80VBwpGOUPY3GjJJieZTQzCRzNyKyBhLTLRJp5KHcJnh7PvlRdI+qbmntfptvdq4KuIowwEcwjG4cA4NuIEmtIDACB7hGV4sbj1Zr9bbvLVkFTP78AvW+xdkYo4C</latexit>

0
<latexit sha1_base64="EBsDC7Ff85i616MWa3p6kkD+78o=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UsPulsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4FkjOM7A==</latexit>

Encoded Inf. Density

p
<latexit sha1_base64="RgcwqcDU8r8C1JotkeXPclUsAZA=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UiPqlsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4F8zONLA==</latexit>

Channel capacity

Defining a local order parameter 

Scalable probes of the “ordered” phase t
<latexit sha1_base64="rizPrGMjwW5f18gvDYpD1CMUPyI=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3U0P1S2a7YGcgicXJShhz1fumjNwhZ7GOgmaBKdR070m5CpeZM4KzYixVGlE3oCLuGBtRH5SbZoTNybJQBGYbSVKBJpv6cSKiv1NT3TKdP9Vj99VLxP68b6+Glm/AgijUGbL5oGAuiQ5J+TQZcItNiaghlkptbCRtTSZk22RSzEK5SnH+/vEhapxXnrFJtVMu16zyOAhzCEZyAAxdQg1uoQxMYIDzCM7xY99aT9Wq9zVuXrHzmAH7Bev8C+UONMA==</latexit>

- Superconducting qubit example

Gullans and Huse, arxiv:1910.00020

Quasirandom stabilizer codes



Defining a Local Order Parameter

System - S

Unitary

T
im

e

Space

Measurement
         - M + E

Reference - R

- Difficult to measure
- May not be a reliable diagnosis for the ordered phase (e.g., all-to-all models)

Gullans and Huse, arxiv:1910.00020

Entanglement and entropy are often highly non-local observables 

Mixed phase is defined by the ability to store and protect local 
quantum information 

- Use this to define an order parameter

Order parameter definition:

hSQi =
X

~m

p~mS(⇢R~m)
<latexit sha1_base64="EWs5js6KtSRn3BiC4t2Bz/PZshU="></latexit>

⇢R~m =

✓
p1~m O~m

O
⇤
~m p0~m

◆

<latexit sha1_base64="2N+7rjEIu6HQI4Gwfgb8++/P5/M="></latexit>

Density matrix of reference qubit:

Probability of measurement record:
p~m

<latexit sha1_base64="9OqbaBeKfhWJZxGuETJWQgzvCT8=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVVItPnZFNy4r2AekoUymk3boPMLMpFBCPsONC0Xc+jXu/BsnaRC1HrhwOOde7r0niBjVxnU/ndLK6tr6RnmzsrW9s7tX3T/oahkrTDpYMqn6AdKEUUE6hhpG+pEiiAeM9ILpbeb3ZkRpKsWDmUfE52gsaEgxMlbyomEymBGc8DQdVmtu3c0Bl0mjIDVQoD2sfgxGEsecCIMZ0tpruJHxE6QMxYyklUGsSYTwFI2JZ6lAnGg/yU9O4YlVRjCUypYwMFd/TiSIaz3nge3kyEz0Xy8T//O82IRXfkJFFBsi8GJRGDNoJMz+hyOqCDZsbgnCitpbIZ4ghbCxKVXyEK4zXHy/vEy6Z/XGeb1536y1boo4yuAIHINT0ACXoAXuQBt0AAYSPIJn8OIY58l5dd4WrSWnmDkEv+C8fwEOeJHm</latexit>



Results for Stabilizer Circuits
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<latexit sha1_base64="KEtYih+vS1mN7DLMqOcjtGowor8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUSPrlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreZdVrXFVqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB2xWM9w==</latexit>

hSQi
<latexit sha1_base64="vyY38fRadLA/ovu7BbJkr89cuQw=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCqJCrosunHZor1AU8pketIOnUzCzEQIob6KGxeKuPVB3Pk2TtMstPWHgY//nMM58/sxZ0o7zrdVWlvf2Nwqb1d2dvf2D+zDo46KEkmhTSMeyZ5PFHAmoK2Z5tCLJZDQ59D1p7fzevcRpGKReNBpDIOQjAULGCXaWEO76nEixhzw/bCFPZnz0K45dScXXgW3gBoq1BzaX94ookkIQlNOlOq7TqwHGZGaUQ6zipcoiAmdkjH0DQoSghpk+fEzfGqcEQ4iaZ7QOHd/T2QkVCoNfdMZEj1Ry7W5+V+tn+jgepAxEScaBF0sChKOdYTnSeARk0A1Tw0QKpm5FdMJkYRqk1fFhOAuf3kVOud196Luti5rjZsijjI6RifoDLnoCjXQHWqiNqIoRc/oFb1ZT9aL9W59LFpLVjFTRX9kff4A92aUUw==</latexit>
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<latexit sha1_base64="vyY38fRadLA/ovu7BbJkr89cuQw=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCqJCrosunHZor1AU8pketIOnUzCzEQIob6KGxeKuPVB3Pk2TtMstPWHgY//nMM58/sxZ0o7zrdVWlvf2Nwqb1d2dvf2D+zDo46KEkmhTSMeyZ5PFHAmoK2Z5tCLJZDQ59D1p7fzevcRpGKReNBpDIOQjAULGCXaWEO76nEixhzw/bCFPZnz0K45dScXXgW3gBoq1BzaX94ookkIQlNOlOq7TqwHGZGaUQ6zipcoiAmdkjH0DQoSghpk+fEzfGqcEQ4iaZ7QOHd/T2QkVCoNfdMZEj1Ry7W5+V+tn+jgepAxEScaBF0sChKOdYTnSeARk0A1Tw0QKpm5FdMJkYRqk1fFhOAuf3kVOud196Luti5rjZsijjI6RifoDLnoCjXQHWqiNqIoRc/oFb1ZT9aL9W59LFpLVjFTRX9kff4A92aUUw==</latexit>

(p� pc)L
1/⌫

<latexit sha1_base64="6i35vUuQnwdembTqCk2SNmY1iFw=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BItQD9ZEBT0WvXjwUMF+QBvDZrtpl242y+6mUEL/iRcPinj1n3jz37htc9Dqg4HHezPMzAsFo0q77pdVWFpeWV0rrpc2Nre2d+zdvaZKUolJAycske0QKcIoJw1NNSNtIQmKQ0Za4fBm6rdGRCqa8Ac9FsSPUZ/TiGKkjRTYdkWciAAf3z1m3mmXp5PALrtVdwbnL/FyUoYc9cD+7PYSnMaEa8yQUh3PFdrPkNQUMzIpdVNFBMJD1CcdQzmKifKz2eUT58goPSdKpCmunZn6cyJDsVLjODSdMdIDtehNxf+8TqqjKz+jXKSacDxfFKXM0YkzjcHpUUmwZmNDEJbU3OrgAZIIaxNWyYTgLb78lzTPqt551bu/KNeu8ziKcACHUAEPLqEGt1CHBmAYwRO8wKuVWc/Wm/U+by1Y+cw+/IL18Q0gT5Kv</latexit>

Initial state - pseudorandom 
stabilizer state

Works on small systems
100 102

10-1

100
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t
<latexit sha1_base64="YbRK9qpW6HMRbU6qqXzQmlQfri0=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2J0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzfz2E2gjYvWAkwT8iA2VCAVnaKUG9ssVt+rOQVeJl5MKyVHvl796g5inESjkkhnT9dwE/YxpFFzCtNRLDSSMj9kQupYqFoHxs/mhU3pmlQENY21LIZ2rvycyFhkziQLbGTEcmWVvJv7ndVMMb/xMqCRFUHyxKEwlxZjOvqYDoYGjnFjCuBb2VspHTDOONpuSDcFbfnmVtC6q3mXVa1xVard5HEVyQk7JOfHINamRe1InTcIJkGfySt6cR+fFeXc+Fq0FJ585Jn/gfP4A4SWM+w==</latexit>

hSQi
<latexit sha1_base64="vyY38fRadLA/ovu7BbJkr89cuQw=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCqJCrosunHZor1AU8pketIOnUzCzEQIob6KGxeKuPVB3Pk2TtMstPWHgY//nMM58/sxZ0o7zrdVWlvf2Nwqb1d2dvf2D+zDo46KEkmhTSMeyZ5PFHAmoK2Z5tCLJZDQ59D1p7fzevcRpGKReNBpDIOQjAULGCXaWEO76nEixhzw/bCFPZnz0K45dScXXgW3gBoq1BzaX94ookkIQlNOlOq7TqwHGZGaUQ6zipcoiAmdkjH0DQoSghpk+fEzfGqcEQ4iaZ7QOHd/T2QkVCoNfdMZEj1Ry7W5+V+tn+jgepAxEScaBF0sChKOdYTnSeARk0A1Tw0QKpm5FdMJkYRqk1fFhOAuf3kVOud196Luti5rjZsijjI6RifoDLnoCjXQHWqiNqIoRc/oFb1ZT9aL9W59LFpLVjFTRX9kff4A92aUUw==</latexit>

t�⌘k/2
<latexit sha1_base64="cEXlVFhT7BuLfKO3v9CvdwWko28=">AAACAHicbVA9SwNBEN2LXzF+nVpY2BwGwcZ4FwUtgzaWEcwH5GLY28wlS/Y+2J0TwnGNf8XGQhFbf4ad/8ZNcoUmPhh4vDfDzDwvFlyhbX8bhaXlldW14nppY3Nre8fc3WuqKJEMGiwSkWx7VIHgITSQo4B2LIEGnoCWN7qZ+K1HkIpH4T2OY+gGdBBynzOKWuqZB/iQnrqAtJe6MZVUCBDZWTXrmWW7Yk9hLRInJ2WSo94zv9x+xJIAQmSCKtVx7Bi7KZXImYCs5CYKYspGdAAdTUMagOqm0wcy61grfcuPpK4Qran6eyKlgVLjwNOdAcWhmvcm4n9eJ0H/qpvyME4QQjZb5CfCwsiapGH1uQSGYqwJZZLrWy021DEw1JmVdAjO/MuLpFmtOOcV5+6iXLvO4yiSQ3JETohDLkmN3JI6aRBGMvJMXsmb8WS8GO/Gx6y1YOQz++QPjM8fxG2Wgg==</latexit>

100
<latexit sha1_base64="Ad04qVeScfw9inUw4XlHmkoj15U=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU8mqoMeiF48V7Ae0a8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIbi/G3V1hZXVvfKG6WtrZ3dvfK+wdNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0M/VbT0wbruS9HScsiMlA8ohTYp3U9PFDhie9cgVX8Qxomfg5qUCOeq/81e0rmsZMWiqIMR0fJzbIiLacCjYpdVPDEkJHZMA6jkoSMxNks2sn6MQpfRQp7UpaNFN/T2QkNmYch64zJnZoFr2p+J/XSW10FWRcJqllks4XRalAVqHp66jPNaNWjB0hVHN3K6JDogm1LqCSC8FffHmZNM+q/nnVv7uo1K7zOIpwBMdwCj5cQg1uoQ4NoPAIz/AKb57yXrx372PeWvDymUP4A+/zB9AbjqA=</latexit>

10�1
<latexit sha1_base64="eIMHASRkCsgZmNKSwt20QyiAh08=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBi2Wjgh6LXjxWsB/QriWbZtvQbDYkWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZeqAQ31ve/vcLK6tr6RnGztLW9s7tX3j9omiTVlDVoIhLdDolhgkvWsNwK1laakTgUrBWObqd+64lpwxP5YMeKBTEZSB5xSqyTWth/zM7wpFeu+FV/BrRMcE4qkKPeK391+wlNYyYtFcSYDvaVDTKiLaeCTUrd1DBF6IgMWMdRSWJmgmx27gSdOKWPokS7khbN1N8TGYmNGceh64yJHZpFbyr+53VSG10HGZcqtUzS+aIoFcgmaPo76nPNqBVjRwjV3N2K6JBoQq1LqORCwIsvL5PmeRVfVPH9ZaV2k8dRhCM4hlPAcAU1uIM6NIDCCJ7hFd485b14797HvLXg5TOH8Afe5w88ZY7Y</latexit>

Initial state - product state at pc

At critical point pc: Power-law decay 
of order parameter

Gullans and Huse, arxiv:1910.00020

Works for generic/nonstabilizer dynamics: 
Zabalo et al. (MJG), arxiv:1911.00008



Experimental Challenges

Main challenge - exponentially large number of trajectories - difficult to 
prepare many copies of a given trajectory - hidden information

hSQi =
X

~m

p~mS(⇢R~m)
<latexit sha1_base64="EWs5js6KtSRn3BiC4t2Bz/PZshU="></latexit>

Analyzing the data requires finding the “decoding function” 

~m ! (p0~m, O~m)
<latexit sha1_base64="Aq84ARGLrOS75twybz0yLa3j0VY=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0WooCXR4mNXdOPOCvYBTQiT6aQdOnkwMymUkK9w46+4caGIW3Hn3zhpU/F14MKZc+5l7j1uxKiQhvGhFebmFxaXisulldW19Q19c6slwphj0sQhC3nHRYIwGpCmpJKRTsQJ8l1G2u7wMvPbI8IFDYNbOY6I7aN+QD2KkVSSox9CaI0ITvwUWjKElSRKncSYaekBvHaS2WO/5Ohlo2pMAP8SMydlkKPh6O9WL8SxTwKJGRKiaxqRtBPEJcWMpCUrFiRCeIj6pKtogHwi7GRyVgr3lNKDXshVBRJO1O8TCfKFGPuu6vSRHIjfXib+53Vj6Z3ZCQ2iWJIATz/yYgZVAFlGsEc5wZKNFUGYU7UrxAPEEZYqyWkI5xlOvk7+S1pHVfO4WruplesXeRxFsAN2QQWY4BTUwRVogCbA4A48gCfwrN1rj9qL9jptLWj5zDb4Ae3tE+aBnr0=</latexit>

⇢R~m =

✓
p1~m O~m

O
⇤
~m p0~m

◆

<latexit sha1_base64="2N+7rjEIu6HQI4Gwfgb8++/P5/M="></latexit>

Measurement and control errors - in progress
- Uncorrected errors eventually wash out the transition
- Intermediate measurements can be used to help detect/correct errors

Potential built-in fault-tolerance to the dynamics



Finding the Decoding Function in Experiment 

Three basic approaches:
(I) Experimentally sample each quantum trajectory within the lightcone

- Efficient for constant depth circuits - poly(exp(td+1)) 

Product state

Causal lightcone of 
decoding function

t
<latexit sha1_base64="rizPrGMjwW5f18gvDYpD1CMUPyI=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3U0P1S2a7YGcgicXJShhz1fumjNwhZ7GOgmaBKdR070m5CpeZM4KzYixVGlE3oCLuGBtRH5SbZoTNybJQBGYbSVKBJpv6cSKiv1NT3TKdP9Vj99VLxP68b6+Glm/AgijUGbL5oGAuiQ5J+TQZcItNiaghlkptbCRtTSZk22RSzEK5SnH+/vEhapxXnrFJtVMu16zyOAhzCEZyAAxdQg1uoQxMYIDzCM7xY99aT9Wq9zVuXrHzmAH7Bev8C+UONMA==</latexit>

Reference

Measurements

- Works in the ordered phase -  decoding function saturates after time ⇠ ⌧
<latexit sha1_base64="KaemUoZBG15iu1A1QaaqFtB/S6o=">AAAB8HicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy4r2Ic0oUymk3boTBJmboQS+hVuXCji1s9x5984SYOo9cCFwzn3cu89fiy4Btv+tEpLyyura+X1ysbm1vZOdXevo6NEUdamkYhUzyeaCR6yNnAQrBcrRqQvWNefXGd+94EpzaPwDqYx8yQZhTzglICR7l3NJXaBJINqza7bOfAicQpSQwVag+qHO4xoIlkIVBCt+44dg5cSBZwKNqu4iWYxoRMyYn1DQyKZ9tL84Bk+MsoQB5EyFQLO1Z8TKZFaT6VvOiWBsf7rZeJ/Xj+B4MJLeRgnwEI6XxQkAkOEs+/xkCtGQUwNIVRxcyumY6IIBZNRJQ/hMsPZ98uLpHNSd07rjdtGrXlVxFFGB+gQHSMHnaMmukEt1EYUSfSIntGLpawn69V6m7eWrGJmH/2C9f4FrMqQdw==</latexit>

Gullans and Huse, arxiv:1910.00020

(III) Hybrid algorithms - use experimental data to learn classical model

(II) Classical models - stabilizer circuits, 1D matrix-product states, 
effective statistical mechanics description - max-likelihood decoding, …



Outline

Unitary-measurement dynamics in open systems

- Measurement-induced entanglement transition

- Purification or memory transition

- Quantum error correction thresholds
0

<latexit sha1_base64="EBsDC7Ff85i616MWa3p6kkD+78o=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UsPulsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4FkjOM7A==</latexit> 1
<latexit sha1_base64="XqVPoidRYTXElumbXwY7402eQXU=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUSLH7eiF48t2A9oQ9lsp+3azSbsboQS+gu8eFDEqz/Jm//GTRpErQ8GHu/NMDPPjzhT2nE+raXlldW19cJGcXNre2e3tLffUmEsKTZpyEPZ8YlCzgQ2NdMcO5FEEvgc2/7kJvXbDygVC8WdnkboBWQk2JBRoo3UcPulslNxMtiLxM1JGXLU+6WP3iCkcYBCU06U6rpOpL2ESM0ox1mxFyuMCJ2QEXYNFSRA5SXZoTP72CgDexhKU0LbmfpzIiGBUtPAN50B0WP110vF/7xurIeXXsJEFGsUdL5oGHNbh3b6tT1gEqnmU0MIlczcatMxkYRqk00xC+Eqxfn3y4ukdVpxzyrVRrVcu87jKMAhHMEJuHABNbiFOjSBAsIjPMOLdW89Wa/W27x1ycpnDuAXrPcvk7eM7Q==</latexit>

pc
<latexit sha1_base64="SGjjpHuXJNtDmYIKCE+NM2sfuO4=">AAAB6nicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayNdBcPyMCuOjUnB1okbkGqUKA5sD/6w4gkIRWacKxUz3Vi7aVYakY4nVX6iaIxJhM8oj1DBQ6p8tL81Bk6MsoQBZE0JTTK1Z8TKQ6Vmoa+6QyxHqu/Xib+5/USHVx4KRNxoqkg80VBwpGOUPY3GjJJieZTQzCRzNyKyBhLTLRJp5KHcJnh7PvlRdI+qbmntfptvdq4KuIowwEcwjG4cA4NuIEmtIDACB7hGV4sbj1Zr9bbvLVkFTP78AvW+xdkYo4C</latexit>

0
<latexit sha1_base64="EBsDC7Ff85i616MWa3p6kkD+78o=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UsPulsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4FkjOM7A==</latexit>

Encoded Inf. Density

p
<latexit sha1_base64="RgcwqcDU8r8C1JotkeXPclUsAZA=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UiPqlsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4F8zONLA==</latexit>

Channel capacity

Defining a local order parameter 

Scalable probes of the “ordered” phase t
<latexit sha1_base64="rizPrGMjwW5f18gvDYpD1CMUPyI=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3U0P1S2a7YGcgicXJShhz1fumjNwhZ7GOgmaBKdR070m5CpeZM4KzYixVGlE3oCLuGBtRH5SbZoTNybJQBGYbSVKBJpv6cSKiv1NT3TKdP9Vj99VLxP68b6+Glm/AgijUGbL5oGAuiQ5J+TQZcItNiaghlkptbCRtTSZk22RSzEK5SnH+/vEhapxXnrFJtVMu16zyOAhzCEZyAAxdQg1uoQxMYIDzCM7xY99aT9Wq9zVuXrHzmAH7Bev8C+UONMA==</latexit>

- Superconducting qubit example

Quasirandom stabilizer codes



Stabilizer States, Mixed States, and Stabilizer Codes

Pauli group element on n-qubits - tensor product of single-site Paulis

Z ⌦X ⌦ · · ·⌦ I⌦ Z
<latexit sha1_base64="gLvvpC8oFZtIXL7UqlBttwDpicg=">AAACIHicbVDLSgMxFM34rPVVdekmWARXZarF6q7oRncV7IN2SsmkmTY0MxmSO0IZ+ilu/BU3LhTRnX6NmWmpj3ogcHLOvdx7jxsKrsG2P6yFxaXlldXMWnZ9Y3NrO7ezW9cyUpTVqBRSNV2imeABqwEHwZqhYsR3BWu4w8vEb9wxpbkMbmEUso5P+gH3OCVgpG6u3MKOBO4zjZsz5tCeBP399QkMXDe+Hs+kVjeXtwt2CjxPilOSR1NUu7l3pydp5LMAqCBat4t2CJ2YKOBUsHHWiTQLCR2SPmsbGhAzphOnB47xoVF62JPKvABwqv7siImv9ch3TWWyq/7rJeJ/XjsC76wT8yCMgAV0MsiLBAaJk7RwjytGQYwMIVRxsyumA6IIBZNpNg3hPMHp7OR5Uj8uFE8KpZtSvnIxjSOD9tEBOkJFVEYVdIWqqIYoukeP6Bm9WA/Wk/VqvU1KF6xpzx76BevzC2+zo00=</latexit> { <latexit sha1_base64="jFxfkYKM5kcyxNvNY2VKKDK+F7k=">AAAB6XicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWsQ9oQ5lMJ+3QySTMTIQS+gduXCji1j9y5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayNdNdPB3bVqTk50CJxC1KFAs2B/dEfRiQJqdCEY6V6rhNrL8VSM8LprNJPFI0xmeAR7RkqcEiVl+aXztCRUYYoiKQpoVGu/pxIcajUNPRNZ4j1WP31MvE/r5fo4MJLmYgTTQWZLwoSjnSEsrfRkElKNJ8agolk5lZExlhiok04lTyEywxn3y8vkvZJzT2t1W/r1cZVEUcZDuAQjsGFc2jADTShBQQCeIRneLEm1pP1ar3NW0tWMbMPv2C9fwG0no2d</latexit>

n
<latexit sha1_base64="lziy57cWHINJWFI9iAg2wnQeODI=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUSLH7eiF48t2A9oQ9lsp+3azSbsboQS+gu8eFDEqz/Jm//GTRpErQ8GHu/NMDPPjzhT2nE+raXlldW19cJGcXNre2e3tLffUmEsKTZpyEPZ8YlCzgQ2NdMcO5FEEvgc2/7kJvXbDygVC8WdnkboBWQk2JBRoo3UEP1S2ak4GexF4uakDDnq/dJHbxDSOEChKSdKdV0n0l5CpGaU46zYixVGhE7ICLuGChKg8pLs0Jl9bJSBPQylKaHtTP05kZBAqWngm86A6LH666Xif1431sNLL2EiijUKOl80jLmtQzv92h4wiVTzqSGESmZutemYSEK1yaaYhXCV4vz75UXSOq24Z5Vqo1quXedxFOAQjuAEXLiAGtxCHZpAAeERnuHFureerFfrbd66ZOUzB/AL1vsX8CuNKg==</latexit>

g =
<latexit sha1_base64="C5p/XL8GpMEcfD0C9CyvIfqHQnY=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiRafCyEohuXFe0D2lAm00k6dDIJMxOhhH6CGxeKuPWL3Pk3TtIgvg5cOJxzL/fe48WcKW3bH1ZpYXFpeaW8Wllb39jcqm7vdFSUSELbJOKR7HlYUc4EbWumOe3FkuLQ47TrTa4yv3tPpWKRuNPTmLohDgTzGcHaSLcBuhhWa3bdzoH+EqcgNSjQGlbfB6OIJCEVmnCsVN+xY+2mWGpGOJ1VBomiMSYTHNC+oQKHVLlpfuoMHRhlhPxImhIa5er3iRSHSk1Dz3SGWI/Vby8T//P6ifbP3JSJONFUkPkiP+FIRyj7G42YpETzqSGYSGZuRWSMJSbapFPJQzjPcPL18l/SOao7x/XGTaPWvCziKMMe7MMhOHAKTbiGFrSBQAAP8ATPFrcerRfrdd5asoqZXfgB6+0TvUqNlA==</latexit>

|Si
<latexit sha1_base64="sxNEqKGvXV4MP96iRixIrb8SRic=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy4r2gekoUymN+3QySTMTIQS+xluXCji1q9x5984SYP4OnDhcM693HuPH3OmtG1/WKWFxaXllfJqZW19Y3Orur3TUVEiKbRpxCPZ84kCzgS0NdMcerEEEvocuv7kMvO7dyAVi8StnsbghWQkWMAo0UZy7/EN7ksiRhwG1Zpdt3Pgv8QpSA0VaA2q7/1hRJMQhKacKOU6dqy9lEjNKIdZpZ8oiAmdkBG4hgoSgvLS/OQZPjDKEAeRNCU0ztXvEykJlZqGvukMiR6r314m/ue5iQ7OvJSJONEg6HxRkHCsI5z9j4dMAtV8agihkplbMR0TSag2KVXyEM4znHy9/Jd0jurOcb1x3ag1L4o4ymgP7aND5KBT1ERXqIXaiKIIPaAn9Gxp69F6sV7nrSWrmNlFP2C9fQKyiJEE</latexit>

S is a commutative subgroup of Pauli group of dimension 2n 

- stabilizer state g 2 S
<latexit sha1_base64="Liw0zToUidDK5Swz0VwZ+1bwhEU=">AAAB7nicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIQS+hFuXCji1u9x5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayN1BmhPhPobmBXnZqTAy0StyBVKNAc2B/9YUSSkApNOFaq5zqx9lIsNSOczir9RNEYkwke0Z6hAodUeWl+7gwdGWWIgkiaEhrl6s+JFIdKTUPfdIZYj9VfLxP/83qJDi68lIk40VSQ+aIg4UhHKPsdDZmkRPOpIZhIZm5FZIwlJtokVMlDuMxw9v3yImmf1NzTWv22Xm1cFXGU4QAO4RhcOIcG3EATWkBgAo/wDC9WbD1Zr9bbvLVkFTP78AvW+xd6Co8l</latexit>

g|Si = |Si
<latexit sha1_base64="bqUkrfBHzjG/L+z2WOnvKGgaXYs=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiRafCyEohuXFe0D2lAm00k6dDIJMxOhxC7c+CtuXCji1o9w5984SYNU64ELZ865l7n3uBGjUlnWl1FYWFxaXimultbWNza3zO2dlgxjgUkThywUHRdJwignTUUVI51IEBS4jLTd0WXqt++IkDTkt2ocESdAPqcexUhpqW+WfXgPb2BPIO4zAs9nX32zYlWtDHCe2DmpgByNvvnZG4Q4DghXmCEpu7YVKSdBQlHMyKTUiyWJEB4hn3Q15Sgg0kmyIyZwXysD6IVCF1cwU2cnEhRIOQ5c3RkgNZR/vVT8z+vGyjt1EsqjWBGOpx95MYMqhGkicEAFwYqNNUFYUL0rxEMkEFY6t1IWwlmK45+T50nrsGofVWvXtUr9Io+jCMpgDxwAG5yAOrgCDdAEGDyAJ/ACXo1H49l4M96nrQUjn9kFv2B8fANIKpa9</latexit>

Minimal generating set is of size n: {gi}ni=1
<latexit sha1_base64="R/e9SuEWI3JBCeTzPAjCm4vfLzQ=">AAAB+nicbVDLSsNAFJ3UV62vVpduBovgqiRafCyEohuXFewDmhgm00k7dDIJMxOlxHyKGxeKuPVL3Pk3TtIgaj1w4XDOvdx7jxcxKpVpfhqlhcWl5ZXyamVtfWNzq1rb7sowFph0cMhC0feQJIxy0lFUMdKPBEGBx0jPm1xmfu+OCElDfqOmEXECNOLUpxgpLbnVmp3AkUuhnboJPbfSW63VzYaZA84TqyB1UKDtVj/sYYjjgHCFGZJyYJmRchIkFMWMpBU7liRCeIJGZKApRwGRTpKfnsJ9rQyhHwpdXMFc/TmRoEDKaeDpzgCpsfzrZeJ/3iBW/qmTUB7FinA8W+THDKoQZjnAIRUEKzbVBGFB9a0Qj5FAWOm0KnkIZxmOv1+eJ93DhnXUaF43662LIo4y2AV74ABY4AS0wBVogw7A4B48gmfwYjwYT8ar8TZrLRnFzA74BeP9C37gk6Y=</latexit>

|SihS| = 1

2n

nY

i=1

(I+ gi)
<latexit sha1_base64="4O2lfMMXB9WkJJRPYS9pk7suHuA="></latexit>

Mixed stabilizer state - projector onto a subspace of dimension 2k:

The density matrix defines an [n,k] stabilizer code⇢ =
1

2n

n�kY

i=1

(I+ gi)
<latexit sha1_base64="wWILc6S10S230Xe1mqOWC+xwh/c="></latexit>

At p = 0 dynamics generates a random code

For 0<p<pc the codes have good QEC properties 
- High threshold (perfect QEC), large contiguous distance ~ L1/3, and finite rate 
- Degenerate and highly structured



Dynamically Generated Codes at p = 0

Classical error correction: Random code constructions saturate channel 
capacity bound for the binary symmetric channel (independent bit flip errors)

Quantum error correction: Random stabilizer codes saturate quantum 
channel capacity bound for erasure channel

R  1� 2e
<latexit sha1_base64="ngQHQ3tRyC/7+V1dbXa26ceuoOQ=">AAAB9XicbVDLSsNAFJ3UV62vqks3g0VwY0lq8bErunFZxT6gjWUyvWmHTiZhZqKU0P9w40IRt/6LO//GaRpErQcuHM65l3vv8SLOlLbtTyu3sLi0vJJfLaytb2xuFbd3miqMJYUGDXko2x5RwJmAhmaaQzuSQAKPQ8sbXU791j1IxUJxq8cRuAEZCOYzSrSR7m4w7nLADj7CFQy9Ysku2ynwPHEyUkIZ6r3iR7cf0jgAoSknSnUcO9JuQqRmlMOk0I0VRISOyAA6hgoSgHKT9OoJPjBKH/uhNCU0TtWfEwkJlBoHnukMiB6qv95U/M/rxNo/cxMmoliDoLNFfsyxDvE0AtxnEqjmY0MIlczciumQSEK1CaqQhnA+xcn3y/OkWSk7x+XqdbVUu8jiyKM9tI8OkYNOUQ1doTpqIIokekTP6MV6sJ6sV+tt1pqzspld9AvW+xcasJBy</latexit>

ec = (1�R)/2
<latexit sha1_base64="+g3COp9uXshAvImwC/Gvi5a7Oic=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQF9akFh8LoejGZRX7gDaEyXRqh04mYWZSKKF/4saFIm79E3f+jUkbRK0HLhzOuZd77/FCzpS2rE8jt7C4tLySXy2srW9sbpnbO00VRJLQBgl4INseVpQzQRuaaU7boaTY9zhtecPr1G+NqFQsEPd6HFLHxw+C9RnBOpFc06QuQZeoZKMjdHd4XCm4ZtEqW1OgeWJnpAgZ6q750e0FJPKp0IRjpTq2FWonxlIzwumk0I0UDTEZ4gfaSajAPlVOPL18gg4SpYf6gUxKaDRVf07E2Fdq7HtJp4/1QP31UvE/rxPp/rkTMxFGmgoyW9SPONIBSmNAPSYp0XycEEwkS25FZIAlJjoJaxbCRYrT75fnSbNStk/K1dtqsXaVxZGHPdiHEthwBjW4gTo0gMAIHuEZXozYeDJejbdZa87IZnbhF4z3Lw6BkNM=</latexit>

Code rate:

Random code critical erasure rate (a.s.):

T
im

e

Space

Encoding: R = 1/2

Random Clifford

Logical qubit

At what depth do we converge to random code behavior?



Stabilizer Codes Generated by Random Circuits

All-to-all model with random 2-qubit Clifford gates

arXiv:1312.7646 - Proceedings of ISIT 2013

Distance converges to random code behavior in depth ~ log3(N)

Our result: Critical properties (including ec) converge much 
more rapidly than scrambling time 



T
im

e

Space

Random Clifford

Logical qubit

Encoding: R = 1/2
QEC Model:

Erase Measure 
Syndrome

Pure 
state

Mixed 
state

Compute 
entropy

Encode 
for time t

Look at 2-local random Clifford circuits in 1D, 2D and all-to-all

ec
<latexit sha1_base64="Qvxnxj5X6VPSvP8WFezrNZnSaAM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69BIvgqaRa/LgVvXisaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bN2kQtT4YeLw3w8w8L+JMacf5tApLyyura8X10sbm1vZOeXevrcJYUmzRkIey6xGFnAlsaaY5diOJJPA4drzJdep3HlAqFop7PY3QDchIMJ9Roo10hwM6KFecqpPBXiS1nFQgR3NQ/ugPQxoHKDTlRKlezYm0mxCpGeU4K/VjhRGhEzLCnqGCBKjcJDt1Zh8ZZWj7oTQltJ2pPycSEig1DTzTGRA9Vn+9VPzP68Xav3ATJqJYo6DzRX7MbR3a6d/2kEmkmk8NIVQyc6tNx0QSqk06pSyEyxRn3y8vkvZJtXZard/WK42rPI4iHMAhHEMNzqEBN9CEFlAYwSM8w4vFrSfr1XqbtxasfGYffsF6/wJToI33</latexit>

0
<latexit sha1_base64="EBsDC7Ff85i616MWa3p6kkD+78o=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UsPulsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4FkjOM7A==</latexit>

Zero 
entropy

Finite entropy 
density

Entropy density - Order parameter for phase above threshold

Dynamically Generated Stabilizer Codes at p = 0



Convergence to Critical Properties of Random Code in 1D

Converges to random code 
behavior at ec at depth ~ L1/2

Critical region - continuous 
phase transition



- Measurement-induced transitions are a generic property of open 
quantum system dynamics 

Overview

0
<latexit sha1_base64="EBsDC7Ff85i616MWa3p6kkD+78o=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UsPulsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4FkjOM7A==</latexit> 1

<latexit sha1_base64="XqVPoidRYTXElumbXwY7402eQXU=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUSLH7eiF48t2A9oQ9lsp+3azSbsboQS+gu8eFDEqz/Jm//GTRpErQ8GHu/NMDPPjzhT2nE+raXlldW19cJGcXNre2e3tLffUmEsKTZpyEPZ8YlCzgQ2NdMcO5FEEvgc2/7kJvXbDygVC8WdnkboBWQk2JBRoo3UcPulslNxMtiLxM1JGXLU+6WP3iCkcYBCU06U6rpOpL2ESM0ox1mxFyuMCJ2QEXYNFSRA5SXZoTP72CgDexhKU0LbmfpzIiGBUtPAN50B0WP110vF/7xurIeXXsJEFGsUdL5oGHNbh3b6tT1gEqnmU0MIlczcatMxkYRqk00xC+Eqxfn3y4ukdVpxzyrVRrVcu87jKMAhHMEJuHABNbiFOjSBAsIjPMOLdW89Wa/W27x1ycpnDuAXrPcvk7eM7Q==</latexit>

pc
<latexit sha1_base64="SGjjpHuXJNtDmYIKCE+NM2sfuO4=">AAAB6nicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayNdBcPyMCuOjUnB1okbkGqUKA5sD/6w4gkIRWacKxUz3Vi7aVYakY4nVX6iaIxJhM8oj1DBQ6p8tL81Bk6MsoQBZE0JTTK1Z8TKQ6Vmoa+6QyxHqu/Xib+5/USHVx4KRNxoqkg80VBwpGOUPY3GjJJieZTQzCRzNyKyBhLTLRJp5KHcJnh7PvlRdI+qbmntfptvdq4KuIowwEcwjG4cA4NuIEmtIDACB7hGV4sbj1Zr9bbvLVkFTP78AvW+xdkYo4C</latexit>

0
<latexit sha1_base64="EBsDC7Ff85i616MWa3p6kkD+78o=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UsPulsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4FkjOM7A==</latexit>

Encoded Inf. Density

p
<latexit sha1_base64="RgcwqcDU8r8C1JotkeXPclUsAZA=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UiPqlsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4F8zONLA==</latexit>

Reversible 
dynamics

Irreversible 
dynamics- Established precise connections between 

these phase transitions and quantum error 
correction thresholds 

Gullans and Huse, arxiv:1905.05195 

- Random code behavior is achieved much more quickly than the 
scrambling time - in progress

- Introduced a local order parameter that points towards scalable 
experimental probes

t
<latexit sha1_base64="rizPrGMjwW5f18gvDYpD1CMUPyI=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3U0P1S2a7YGcgicXJShhz1fumjNwhZ7GOgmaBKdR070m5CpeZM4KzYixVGlE3oCLuGBtRH5SbZoTNybJQBGYbSVKBJpv6cSKiv1NT3TKdP9Vj99VLxP68b6+Glm/AgijUGbL5oGAuiQ5J+TQZcItNiaghlkptbCRtTSZk22RSzEK5SnH+/vEhapxXnrFJtVMu16zyOAhzCEZyAAxdQg1uoQxMYIDzCM7xY99aT9Wq9zVuXrHzmAH7Bev8C+UONMA==</latexit>

. . . 01100100 . . .
<latexit sha1_base64="8jxs4puWYbdiPNQbpWALREmm9Vs=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2ARXJWMCrosunFZwT6gHUomk2lDM5MhyQhlKPgrblwo4tbvcOffmLaz0NZDAifn3Mu9OUEquDYYfzulldW19Y3yZmVre2d3z90/aGmZKcqaVAqpOgHRTPCENQ03gnVSxUgcCNYORrdTv/3IlOYyeTDjlPkxGSQ84pQYK/Xdo54IpdEIex7G9syffbeKa3gGtEy8glShQKPvfvVCSbOYJYYKonXXw6nxc6IMp4JNKr1Ms5TQERmwrqUJiZn289n6E3RqlRBFUtmbGDRTf3fkJNZ6HAe2MiZmqBe9qfif181MdO3nPEkzwxI6HxRlAhmJplmgkCtGjRhbQqjidldEh0QRamxiFRuCt/jlZdI6r3kXNXx/Wa3fFHGU4RhO4Aw8uII63EEDmkAhh2d4hTfnyXlx3p2PeWnJKXoO4Q+czx/kTpQm</latexit>

Gullans and Huse, arxiv:1910.00020

Nature may be pointing us to new approaches to fault-tolerant 
quantum computing



David Huse   Jason Petta

Thanks for your attention!
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