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• Device is exponentially complicated

Large: Factor
small

Is nature exponential?  
(Do n qubits give 2n dimensions?)

Does entanglement break down?

Locality: Are errors independent?

Does God play dice?  
(Is there an underlying classical model?) 

- Even supercomputers can’t check the answer



Dimension test
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Is nature exponential?
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reported capacity: 
64GB

actual: 8GB

Memory test:  
1. Store n random bits
2. Retrieve a random index 

& check it’s correct



Quantum systems are continuous,  
so can cheat in more interesting ways…

These qubits slightly overlap.

Apply U, qubit 2, U-1
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Theorem 1:
n overlapping qubits can fit in poly(n) dimensions

𝜀 overlap
n1/𝜀2 dimensions⇒

overlap 𝜀 means that an 
operation on one qubit 
can change any other 

qubit by at most 𝜀
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Dimension test
1. Store n random qubits
2. Retrieve a random index & check it’s correct

Pr[pass test]≥1- ẟ  ⇒  dimension ≥ (1- n2 ẟ) 2n

c.f. Nayak (FOCS ’99)

Theorem 2: 

|0i, |1i, |+i, |�ieither
sequentially, each0

@

0

@

The conclusion is actually stronger: Sequences of qubit operators are 
close to tensor-product operators, in their effects on a random state. 

Roughly, the qubit operators are close to being in tensor product, 



Entanglement test

Dimension test



Measure Z⊗Z
Measure X⊗X

How to verify entanglement?
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Answer:



Goal: Generate shared secret key,  

measure in basis 

or

exchange measurement bases — each pair measured 

measure in basis 

or

same basis ⇒ one key bit

Quantum key distribution

Alice Bob
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measure in basis 

or

Scheme is insecure if 
photons are 4D:

Alice Bob

Eve

photon

measure in basis 

or



answers should 
be the 

same

same
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Bob question: 

X

Z

Z X

different!

Classical devices win with probability ≤ 75%

Entangled quantum devices can win with probability 85%

same

(just like in the QKD protocol, 
same question ⇒ same answer)



Theorem:  

Pr[win] ≥ 85%-ε State and measurements are √ε-close  
to above strategy (up to local isometries)

This is the only way of winning 
with 85% probability.   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Alice measures

or 

Bob measures

or 

Optimal quantum strategy 



Referee

BobAlice

Blank slideTo establish many qubits of entanglement, 
consider many CHSH games

Main Theorem:  
If 

W.h.p. for a random set of n1/c sequential games, 

Devices’ strategy Ideal strategy



crypto device
“Alice”

crypto device
“Bob”

A Secure channel B
Device-Independent QKD

• Assumptions: 

1. Authenticated classical communication

2. Random bits can be generated locally

3. Isolated laboratories

4. Quantum theory is correct

Computational 
assumptions

Trusted devices

Made in China Made in China



quantum computer

How do you know it works?

• For some problems, you can check the answer

3 x 5 = 15

• But not always!  (e.g., quantum simulation)



ask Bob to prepare resource 
states on Alice’s side by 

collapsing EPR pairs
(Alice can’t tell the difference)

(a) CHSH games
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desired resource states: 

ask Alice to apply Bell 
measurements 

(Bob can’t tell the difference)

Delegated quantum computation
Run one of four protocols, at random: 

Theorem: If tests a-c pass w.h.p., then protocol d’s output is correct.

EP
R 

pa
ir 

(b) State tomography (c) Process tomography

by teleportation

(d) Computation

Secure delegated quantum computation

With two quantum computers  
(Alice and Bob),  

you can certify the dynamics

Theorem:

Untrusted quantum systems can be controlled 
much better than untrusted classical systems!



Entanglement test

Nonlocality test

Dimension test



Does God play dice?
(Is the universe random or deterministic?)

Local hidden variable model



Models for the universe
Einstein-Podolsky-Rosen

Quantum
Local  
realist

What about a local randomized classical model?

game with 

    Local realist = 75%
       Quantum ≈ 85%



Popescu-Rohrlich nonlocal box



Models for the universe

Einstein-Podolsky-Rosen

Quantum
Local  
realist

“Nonsignaling”
(local randomized) Popescu-Rohrlich

game with 

    Local realist = 75%
       Quantum ≈ 85%
                 NS = 100%



Models with 3 parties

c

Quantum

3-party nonsignaling

2-party 
nonsignaling

Local  
realist

Theorem:
There exists a 3-party game with 

  Quantum ≥ 92.6%
2-party NS ≤ 87.5%



Theorem:
There exists a 3-party game with 

  Quantum ≥ 92.6%
2-party NS ≤ 87.5%

Alice Bob

Charlie



Models with k+1 parties

Quantum

k-party 
nonsignaling

Local  
realist

Theorem:
There exists a (k+1)-party game with 

(Quantum - k-party NS) > ε

k+1
3
4
5
6
7
8
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Bob

Charlie

2-party nonsignaling resource
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Main proof difficulty: 
Upper-bounding success  

probability for k-party nonsignaling 

Adaptive strategies

(k+1)-party game with 

Quantum > k-party NS



Alice

Bob
a

<latexit sha1_base64="Gqootk1Na0oA3VnAvPzu0/wIcLk=">AAAB6XicbVDLSgMxFL1TX7W+6mPnJlgEV2VGBF24KLhxWcE+oFNKJpNpQzMzIbkjlKEf4UbEjYI/4y/4N6bTbtp6IHA45yQ35wZKCoOu++uUNja3tnfKu5W9/YPDo+rxSdukmWa8xVKZ6m5ADZci4S0UKHlXaU7jQPJOMH6Y+Z0Xro1Ik2ecKN6P6TARkWAUreT7xQu55uGUDqo1t+4WIOvEW5Ba4wwKNAfVHz9MWRbzBJmkxvQ8V2E/pxoFk3xa8TPDFWVjOuR5MWdKLq0UkijV9iRICnUpR2NjJnFgkzHFkVn1ZuJ/Xi/D6K6fi0RlyBM2HxRlkmBKZrVJKDRnKCeWUKaF/SFhI6opQ7uciq3urRZdJ+3ruufWvaebWuN+vgMowzlcwBV4cAsNeIQmtICBgjf4hC9n7Lw6787HPFpyFndOYQnO9x/BBI36</latexit><latexit sha1_base64="Gqootk1Na0oA3VnAvPzu0/wIcLk=">AAAB6XicbVDLSgMxFL1TX7W+6mPnJlgEV2VGBF24KLhxWcE+oFNKJpNpQzMzIbkjlKEf4UbEjYI/4y/4N6bTbtp6IHA45yQ35wZKCoOu++uUNja3tnfKu5W9/YPDo+rxSdukmWa8xVKZ6m5ADZci4S0UKHlXaU7jQPJOMH6Y+Z0Xro1Ik2ecKN6P6TARkWAUreT7xQu55uGUDqo1t+4WIOvEW5Ba4wwKNAfVHz9MWRbzBJmkxvQ8V2E/pxoFk3xa8TPDFWVjOuR5MWdKLq0UkijV9iRICnUpR2NjJnFgkzHFkVn1ZuJ/Xi/D6K6fi0RlyBM2HxRlkmBKZrVJKDRnKCeWUKaF/SFhI6opQ7uciq3urRZdJ+3ruufWvaebWuN+vgMowzlcwBV4cAsNeIQmtICBgjf4hC9n7Lw6787HPFpyFndOYQnO9x/BBI36</latexit><latexit sha1_base64="Gqootk1Na0oA3VnAvPzu0/wIcLk=">AAAB6XicbVDLSgMxFL1TX7W+6mPnJlgEV2VGBF24KLhxWcE+oFNKJpNpQzMzIbkjlKEf4UbEjYI/4y/4N6bTbtp6IHA45yQ35wZKCoOu++uUNja3tnfKu5W9/YPDo+rxSdukmWa8xVKZ6m5ADZci4S0UKHlXaU7jQPJOMH6Y+Z0Xro1Ik2ecKN6P6TARkWAUreT7xQu55uGUDqo1t+4WIOvEW5Ba4wwKNAfVHz9MWRbzBJmkxvQ8V2E/pxoFk3xa8TPDFWVjOuR5MWdKLq0UkijV9iRICnUpR2NjJnFgkzHFkVn1ZuJ/Xi/D6K6fi0RlyBM2HxRlkmBKZrVJKDRnKCeWUKaF/SFhI6opQ7uciq3urRZdJ+3ruufWvaebWuN+vgMowzlcwBV4cAsNeIQmtICBgjf4hC9n7Lw6787HPFpyFndOYQnO9x/BBI36</latexit><latexit sha1_base64="4xGSl8QcGONZ82cw8phUTHoF2w4=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoAsXBTcuK9gHdErJZO60oZnJkGSEMvQj3Ii4UfBn/AX/xnQ6m1YPBA7nnOTm3CAVXBvX/XEqG5tb2zvV3dre/sHhUf34pKtlphh2mBRS9QOqUfAEO4Ybgf1UIY0Dgb1ger/we8+oNJfJk5mlOIzpOOERZ9RYyfeLF3KF4ZyO6g236RYgf4lXkgaUaI/q334oWRZjYpigWg88NzXDnCrDmcB5zc80ppRN6RjzYs6cXFgpJJFU9iSGFOpKjsZaz+LAJmNqJnrdW4j/eYPMRLfDnCdpZjBhy0FRJoiRZFGbhFwhM2JmCWWK2x8SNqGKMmOXU7PVvfWif0n3qum5Te/xutG6K5dQhTM4h0vw4AZa8ABt6ACDFF7hAz6dqfPivDnvy2jFKe+cwgqcr19SMI2m</latexit>

b
<latexit sha1_base64="e1uK2Gy+tDGTcyVZzy73Efc2l9k=">AAAB6nicbVDLSgMxFL1TX7W+6mPnJlgEF1JmRNBlwY3LCvYB7VAy6Z02NPMwuSOU0p9wI+JGwY/xF/wb06mbth4IHM45yc25QaqkIdf9cQpr6xubW8Xt0s7u3v5B+fCoaZJMC2yIRCW6HXCDSsbYIEkK26lGHgUKW8Hobua3nlEbmcSPNE7Rj/gglqEUnKzkd/MXJoHKcBr0yhW36uZgq8T7I5XaCeSo98rf3X4isghjEoob0/HclPwJ1ySFwmmpmxlMuRjxAU7yQVN2bqU+CxNtT0wsVxdyPDJmHAU2GXEammVvJv7ndTIKb/2JjNOMMBbzQWGmGCVs1pv1pUZBamwJF1raHzIx5JoLstsp2erectFV0ryqem7Ve7iu1C7nO4AinMIZXIAHN1CDe6hDAwQ8wSt8wKejnBfnzXmfRwvO351jWIDz9QuImY5i</latexit><latexit sha1_base64="e1uK2Gy+tDGTcyVZzy73Efc2l9k=">AAAB6nicbVDLSgMxFL1TX7W+6mPnJlgEF1JmRNBlwY3LCvYB7VAy6Z02NPMwuSOU0p9wI+JGwY/xF/wb06mbth4IHM45yc25QaqkIdf9cQpr6xubW8Xt0s7u3v5B+fCoaZJMC2yIRCW6HXCDSsbYIEkK26lGHgUKW8Hobua3nlEbmcSPNE7Rj/gglqEUnKzkd/MXJoHKcBr0yhW36uZgq8T7I5XaCeSo98rf3X4isghjEoob0/HclPwJ1ySFwmmpmxlMuRjxAU7yQVN2bqU+CxNtT0wsVxdyPDJmHAU2GXEammVvJv7ndTIKb/2JjNOMMBbzQWGmGCVs1pv1pUZBamwJF1raHzIx5JoLstsp2erectFV0ryqem7Ve7iu1C7nO4AinMIZXIAHN1CDe6hDAwQ8wSt8wKejnBfnzXmfRwvO351jWIDz9QuImY5i</latexit><latexit sha1_base64="e1uK2Gy+tDGTcyVZzy73Efc2l9k=">AAAB6nicbVDLSgMxFL1TX7W+6mPnJlgEF1JmRNBlwY3LCvYB7VAy6Z02NPMwuSOU0p9wI+JGwY/xF/wb06mbth4IHM45yc25QaqkIdf9cQpr6xubW8Xt0s7u3v5B+fCoaZJMC2yIRCW6HXCDSsbYIEkK26lGHgUKW8Hobua3nlEbmcSPNE7Rj/gglqEUnKzkd/MXJoHKcBr0yhW36uZgq8T7I5XaCeSo98rf3X4isghjEoob0/HclPwJ1ySFwmmpmxlMuRjxAU7yQVN2bqU+CxNtT0wsVxdyPDJmHAU2GXEammVvJv7ndTIKb/2JjNOMMBbzQWGmGCVs1pv1pUZBamwJF1raHzIx5JoLstsp2erectFV0ryqem7Ve7iu1C7nO4AinMIZXIAHN1CDe6hDAwQ8wSt8wKejnBfnzXmfRwvO351jWIDz9QuImY5i</latexit><latexit sha1_base64="dlo28frBrnQS1G+9+O/531Rc8zY=">AAAB6nicbVDLSgMxFL2pr1pfVZdugkVwIWVGBF0W3LisYB/QDiWTZtrQzMPkjlCG/oQbETcKfoy/4N+YTmfT1gOBwzknuTnXT5Q06Di/pLSxubW9U96t7O0fHB5Vj0/aJk41Fy0eq1h3fWaEkpFooUQluokWLPSV6PiT+7nfeRHayDh6wmkivJCNIhlIztBKXj9/IfNVKmb+oFpz6k4Ouk7cgtSgQHNQ/ekPY56GIkKumDE910nQy5hGyZWYVfqpEQnjEzYSWT5oRi+sNKRBrO2JkObqUo6FxkxD3yZDhmOz6s3F/7xeisGdl8koSVFEfDEoSBXFmM5706HUgqOaWsK4lvaHlI+ZZhztdiq2urtadJ20r+uuU3cfb2qNq2IJZTiDc7gEF26hAQ/QhBZweIY3+IQvosgreScfi2iJFHdOYQnk+w8ZxY4O</latexit>

2-party nonsignaling resource

Charlie

c
<latexit sha1_base64="gAQD0Z0KwGlNimc60mOm6iePEXA="></latexit><latexit sha1_base64="gAQD0Z0KwGlNimc60mOm6iePEXA="></latexit><latexit sha1_base64="gAQD0Z0KwGlNimc60mOm6iePEXA="></latexit><latexit sha1_base64="9oS3ZNkr63AE8qTGCIfsKN33a9Y="></latexit>

Main proof difficulty: 
Upper-bounding success  

probability for k-party nonsignaling 

Adaptive strategies

(k+1)-party game with 

Quantum > k-party NS



Entanglement test

Fault-tolerance test

Dimension test

Nonlocality test



Fault tolerance is amazing!

But typical noise rates are 10-2 to 10-4 per gate



Will fault tolerance work?
Threshold theorems are for ideal models, might not apply to real noise

1. Noise might be correlated

2. Coherent noise might have quadratically lower tolerable noise rates

ei✓ ⇥ ei✓ ⇥ · · ·⇥ ei✓ = eni✓
<latexit sha1_base64="l8b8c9b0CfkjbKH19JnS1WzsG94=">AAACMnicbVDJSkMxFL3PsdapDjs3wSK4Ku+JoAuFghuXFe0AbS156W0bmjeQ3CeU0r9y4x/4C7oRcaPgR5gOCB0uhJycc0Jyjh8rach135yl5ZXVtfXURnpza3tnN7O3XzJRogUWRaQiXfG5QSVDLJIkhZVYIw98hWW/ezPUy0+ojYzCB+rFWA94O5QtKThZqpG5x8e+ZDXqIPGB3WWAhi3iaqIZkVnouB4eQ/ZPNDJZN+eOhs0DbwKy+UMYTaGRea01I5EEGJJQ3Jiq58ZU73NNUigcpGuJwZiLLm9jfxR5wE4s1WStSNsVEhuxUz4eGNMLfOsMOHXMrDYkF2nVhFqX9b4M44QwFOOHWoliFLFhf6wpNQpSPQu40NL+kIkO11yQbTlto3uzQedB6SznuTnv7jybvxp3ACk4gmM4BQ8uIA+3UIAiCHiBD/iGH+fZeXc+na+xdcmZ3DmAqXF+/wAcvqp4</latexit><latexit sha1_base64="l8b8c9b0CfkjbKH19JnS1WzsG94=">AAACMnicbVDJSkMxFL3PsdapDjs3wSK4Ku+JoAuFghuXFe0AbS156W0bmjeQ3CeU0r9y4x/4C7oRcaPgR5gOCB0uhJycc0Jyjh8rach135yl5ZXVtfXURnpza3tnN7O3XzJRogUWRaQiXfG5QSVDLJIkhZVYIw98hWW/ezPUy0+ojYzCB+rFWA94O5QtKThZqpG5x8e+ZDXqIPGB3WWAhi3iaqIZkVnouB4eQ/ZPNDJZN+eOhs0DbwKy+UMYTaGRea01I5EEGJJQ3Jiq58ZU73NNUigcpGuJwZiLLm9jfxR5wE4s1WStSNsVEhuxUz4eGNMLfOsMOHXMrDYkF2nVhFqX9b4M44QwFOOHWoliFLFhf6wpNQpSPQu40NL+kIkO11yQbTlto3uzQedB6SznuTnv7jybvxp3ACk4gmM4BQ8uIA+3UIAiCHiBD/iGH+fZeXc+na+xdcmZ3DmAqXF+/wAcvqp4</latexit><latexit sha1_base64="l8b8c9b0CfkjbKH19JnS1WzsG94=">AAACMnicbVDJSkMxFL3PsdapDjs3wSK4Ku+JoAuFghuXFe0AbS156W0bmjeQ3CeU0r9y4x/4C7oRcaPgR5gOCB0uhJycc0Jyjh8rach135yl5ZXVtfXURnpza3tnN7O3XzJRogUWRaQiXfG5QSVDLJIkhZVYIw98hWW/ezPUy0+ojYzCB+rFWA94O5QtKThZqpG5x8e+ZDXqIPGB3WWAhi3iaqIZkVnouB4eQ/ZPNDJZN+eOhs0DbwKy+UMYTaGRea01I5EEGJJQ3Jiq58ZU73NNUigcpGuJwZiLLm9jfxR5wE4s1WStSNsVEhuxUz4eGNMLfOsMOHXMrDYkF2nVhFqX9b4M44QwFOOHWoliFLFhf6wpNQpSPQu40NL+kIkO11yQbTlto3uzQedB6SznuTnv7jybvxp3ACk4gmM4BQ8uIA+3UIAiCHiBD/iGH+fZeXc+na+xdcmZ3DmAqXF+/wAcvqp4</latexit><latexit sha1_base64="XozkEVlS5qisUBXq/dX7BHQZf8I=">AAACMnicbVDLSgMxFM3UV62vUZdugkVwVWZE0IVCwY3LivYBbS2ZzG0bmnmQ3BFK6V+58Q/8Bd2IuFHwI8y0g9DHhZCTc05IzvFiKTQ6zpuVW1ldW9/Ibxa2tnd29+z9g5qOEsWhyiMZqYbHNEgRQhUFSmjECljgSah7g5tUrz+B0iIKH3AYQztgvVB0BWdoqI59D48jQVvYB2Rjs4sANF3GtbgfoV7quE6PIf0nOnbRKTmToYvAzUCRZFPp2K8tP+JJACFyybRuuk6M7RFTKLiEcaGVaIgZH7AejCaRx/TEUD7tRsqsEOmEnfGxQOth4BlnwLCv57WUXKY1E+xetkcijBOEkE8f6iaSYkTT/qgvFHCUQwMYV8L8kPI+U4yjablgorvzQRdB7azkOiX37rxYvspKyJMjckxOiUsuSJnckgqpEk5eyAf5Jj/Ws/VufVpfU2vOyu4ckpmxfv8ArduqJA==</latexit>

p+ p+ · · ·+ p = np
<latexit sha1_base64="5aHMDjH6M/VpSnhjfnlehiGVogw=">AAAB93icbVDLSgMxFL1TX7W+xsdCcBMsgiCUGRF0oVBw47KCfUBbSiaTaUMzk5BkhFLqr7gRcaPgX/gL/o2ZaTdtPXDh5Jx7yb0nkJxp43m/TmFldW19o7hZ2tre2d1z9w8aWqSK0DoRXKhWgDXlLKF1wwynLakojgNOm8HwPvObz1RpJpInM5K0G+N+wiJGsLFSzz2W6AJl1SGhMDp/3KEEyZ5b9ipeDrRM/BkpV48gR63n/nRCQdKYJoZwrHXb96TpjrEyjHA6KXVSTSUmQ9yn43zvCTqzUogioWwlBuXqXB+OtR7Fge2MsRnoRS8T//PaqYluumOWyNTQhEw/ilKOjEBZCChkihLDR5ZgopjdEJEBVpgYG1XJnu4vHrpMGpcV36v4j1fl6u00AyjCCZzCOfhwDVV4gBrUgcALvMEnfDkj59V5dz6mrQVnNnMIc3C+/wBLLpAZ</latexit><latexit sha1_base64="5aHMDjH6M/VpSnhjfnlehiGVogw=">AAAB93icbVDLSgMxFL1TX7W+xsdCcBMsgiCUGRF0oVBw47KCfUBbSiaTaUMzk5BkhFLqr7gRcaPgX/gL/o2ZaTdtPXDh5Jx7yb0nkJxp43m/TmFldW19o7hZ2tre2d1z9w8aWqSK0DoRXKhWgDXlLKF1wwynLakojgNOm8HwPvObz1RpJpInM5K0G+N+wiJGsLFSzz2W6AJl1SGhMDp/3KEEyZ5b9ipeDrRM/BkpV48gR63n/nRCQdKYJoZwrHXb96TpjrEyjHA6KXVSTSUmQ9yn43zvCTqzUogioWwlBuXqXB+OtR7Fge2MsRnoRS8T//PaqYluumOWyNTQhEw/ilKOjEBZCChkihLDR5ZgopjdEJEBVpgYG1XJnu4vHrpMGpcV36v4j1fl6u00AyjCCZzCOfhwDVV4gBrUgcALvMEnfDkj59V5dz6mrQVnNnMIc3C+/wBLLpAZ</latexit><latexit sha1_base64="5aHMDjH6M/VpSnhjfnlehiGVogw=">AAAB93icbVDLSgMxFL1TX7W+xsdCcBMsgiCUGRF0oVBw47KCfUBbSiaTaUMzk5BkhFLqr7gRcaPgX/gL/o2ZaTdtPXDh5Jx7yb0nkJxp43m/TmFldW19o7hZ2tre2d1z9w8aWqSK0DoRXKhWgDXlLKF1wwynLakojgNOm8HwPvObz1RpJpInM5K0G+N+wiJGsLFSzz2W6AJl1SGhMDp/3KEEyZ5b9ipeDrRM/BkpV48gR63n/nRCQdKYJoZwrHXb96TpjrEyjHA6KXVSTSUmQ9yn43zvCTqzUogioWwlBuXqXB+OtR7Fge2MsRnoRS8T//PaqYluumOWyNTQhEw/ilKOjEBZCChkihLDR5ZgopjdEJEBVpgYG1XJnu4vHrpMGpcV36v4j1fl6u00AyjCCZzCOfhwDVV4gBrUgcALvMEnfDkj59V5dz6mrQVnNnMIc3C+/wBLLpAZ</latexit><latexit sha1_base64="iuWI0ldOXv71iMFNtJKVIL1NViI=">AAAB93icbVDLSgMxFL3js9bXqBvBTbAIglBmRNCFQsGNywr2AW0pmUymDc0kIckIpdRfcSPiRsG/8Bf8G2ems2nrgQsn59xL7j2B4sxYz/t1VlbX1jc2S1vl7Z3dvX334LBpZKIJbRDJpW4H2FDOBG1YZjltK01xHHDaCkb3md96ptowKZ7sWNFejAeCRYxgm0p991ihC5RVl4TSmvxxhwRSfbfiVb0caJn4BalAgXrf/emGkiQxFZZwbEzH95TtTbC2jHA6LXcTQxUmIzygk3zvKTpLpRBFUqclLMrVuT4cGzOOg7QzxnZoFr1M/M/rJDa66U2YUImlgsw+ihKOrERZCChkmhLLxynBRLN0Q0SGWGNi06jK6en+4qHLpHlZ9b2q/3hVqd0WIZTgBE7hHHy4hho8QB0aQOAF3uATvpyx8+q8Ox+z1hWnmDmCOTjff9xLj8U=</latexit>

Stochastic noise: 

Coherent noise: 

error probabilityn2✓2
<latexit sha1_base64="gMtjiAo1shm2iVevcsMBAS+jnmA=">AAAB6XicbVDLagIxFL1jX9a+7GPXTagUupIZEdpFF0I3XVqoD3BUMjGjwUxmSO4URPyIbkrppoX+TH+hf9M4ulF7IHA454R7zw0SKQy67q+T29re2d3L7xcODo+OT4qnZ00Tp5rxBotlrNsBNVwKxRsoUPJ2ojmNAslbwfhh7rdeuDYiVs84SXg3okMlQsEoWslXvQrxccSR9ir9YsktuxnIJvGWpFS7gAz1fvHHH8QsjbhCJqkxHc9NsDulGgWTfFbwU8MTysZ0yKfZpjNybaUBCWNtn0KSqSs5GhkziQKbjCiOzLo3F//zOimGd92pUEmKXLHFoDCVBGMyr00GQnOGcmIJZVrYDQkbUU0Z2uMUbHVvvegmaVbKnlv2nqql2v3iBpCHS7iCG/DgFmrwCHVoAIME3uATvpyx8+q8Ox+LaM5Z/jmHFTjff1sajQs=</latexit><latexit sha1_base64="gMtjiAo1shm2iVevcsMBAS+jnmA=">AAAB6XicbVDLagIxFL1jX9a+7GPXTagUupIZEdpFF0I3XVqoD3BUMjGjwUxmSO4URPyIbkrppoX+TH+hf9M4ulF7IHA454R7zw0SKQy67q+T29re2d3L7xcODo+OT4qnZ00Tp5rxBotlrNsBNVwKxRsoUPJ2ojmNAslbwfhh7rdeuDYiVs84SXg3okMlQsEoWslXvQrxccSR9ir9YsktuxnIJvGWpFS7gAz1fvHHH8QsjbhCJqkxHc9NsDulGgWTfFbwU8MTysZ0yKfZpjNybaUBCWNtn0KSqSs5GhkziQKbjCiOzLo3F//zOimGd92pUEmKXLHFoDCVBGMyr00GQnOGcmIJZVrYDQkbUU0Z2uMUbHVvvegmaVbKnlv2nqql2v3iBpCHS7iCG/DgFmrwCHVoAIME3uATvpyx8+q8Ox+LaM5Z/jmHFTjff1sajQs=</latexit><latexit sha1_base64="gMtjiAo1shm2iVevcsMBAS+jnmA=">AAAB6XicbVDLagIxFL1jX9a+7GPXTagUupIZEdpFF0I3XVqoD3BUMjGjwUxmSO4URPyIbkrppoX+TH+hf9M4ulF7IHA454R7zw0SKQy67q+T29re2d3L7xcODo+OT4qnZ00Tp5rxBotlrNsBNVwKxRsoUPJ2ojmNAslbwfhh7rdeuDYiVs84SXg3okMlQsEoWslXvQrxccSR9ir9YsktuxnIJvGWpFS7gAz1fvHHH8QsjbhCJqkxHc9NsDulGgWTfFbwU8MTysZ0yKfZpjNybaUBCWNtn0KSqSs5GhkziQKbjCiOzLo3F//zOimGd92pUEmKXLHFoDCVBGMyr00GQnOGcmIJZVrYDQkbUU0Z2uMUbHVvvegmaVbKnlv2nqql2v3iBpCHS7iCG/DgFmrwCHVoAIME3uATvpyx8+q8Ox+LaM5Z/jmHFTjff1sajQs=</latexit><latexit sha1_base64="JYYQ0rhvjjiz4o0syvuYhuK+d20=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqswUQRcuCm5cVrAP6LQlk2ba0ExmSO4IpfQj3Ii4UfBn/AX/xnQ6m7YeCBzOOeHec4NECoOu++sUtrZ3dveK+6WDw6Pjk/LpWcvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2MHlY+O0Xro2I1TNOE96L6EiJUDCKVvJVv0Z8HHOk/dqgXHGrbgaySbycVCBHY1D+8YcxSyOukElqTNdzE+zNqEbBJJ+X/NTwhLIJHfFZtumcXFlpSMJY26eQZOpKjkbGTKPAJiOKY7PuLcT/vG6K4V1vJlSSIldsOShMJcGYLGqTodCcoZxaQpkWdkPCxlRThvY4JVvdWy+6SVq1qudWvaebSv0+P0IRLuASrsGDW6jDIzSgCQwSeINP+HImzqvz7nwsowUn/3MOK3C+/wDsN4y3</latexit>

�!
<latexit sha1_base64="n18Y/Bt0bp+RCB0N/VO+A3z5wUc=">AAAB7nicbVDLSgMxFL1TX7U+Oj52boJFcFVmRNCFi4IblxXsA9pSMmlmGpqZDMkdpZT+hhsRNwp+ir/g35hOu2nrgcDhnBPuPTdIpTDoeb9OYWNza3unuFva2z84LLtHx02jMs14gympdDughkuR8AYKlLydak7jQPJWMLqf+a1nro1QyROOU96LaZSIUDCKVuq75a5USaRFNESqtXrpuxWv6uUg68RfkErtFHLU++5Pd6BYFvMEmaTGdHwvxd6EahRM8mmpmxmeUjaiEZ/k607JhZUGJFTavgRJri7laGzMOA5sMqY4NKveTPzP62QY3vYmIkkz5AmbDwozSVCRWXcyEJozlGNLKNPCbkjYkGrK0F6oZKv7q0XXSfOq6ntV//G6Urub3wCKcAbncAk+3EANHqAODWCQwRt8wpeTOq/Ou/MxjxacxZ8TWILz/QeX5Y+P</latexit><latexit sha1_base64="n18Y/Bt0bp+RCB0N/VO+A3z5wUc=">AAAB7nicbVDLSgMxFL1TX7U+Oj52boJFcFVmRNCFi4IblxXsA9pSMmlmGpqZDMkdpZT+hhsRNwp+ir/g35hOu2nrgcDhnBPuPTdIpTDoeb9OYWNza3unuFva2z84LLtHx02jMs14gympdDughkuR8AYKlLydak7jQPJWMLqf+a1nro1QyROOU96LaZSIUDCKVuq75a5USaRFNESqtXrpuxWv6uUg68RfkErtFHLU++5Pd6BYFvMEmaTGdHwvxd6EahRM8mmpmxmeUjaiEZ/k607JhZUGJFTavgRJri7laGzMOA5sMqY4NKveTPzP62QY3vYmIkkz5AmbDwozSVCRWXcyEJozlGNLKNPCbkjYkGrK0F6oZKv7q0XXSfOq6ntV//G6Urub3wCKcAbncAk+3EANHqAODWCQwRt8wpeTOq/Ou/MxjxacxZ8TWILz/QeX5Y+P</latexit><latexit sha1_base64="n18Y/Bt0bp+RCB0N/VO+A3z5wUc=">AAAB7nicbVDLSgMxFL1TX7U+Oj52boJFcFVmRNCFi4IblxXsA9pSMmlmGpqZDMkdpZT+hhsRNwp+ir/g35hOu2nrgcDhnBPuPTdIpTDoeb9OYWNza3unuFva2z84LLtHx02jMs14gympdDughkuR8AYKlLydak7jQPJWMLqf+a1nro1QyROOU96LaZSIUDCKVuq75a5USaRFNESqtXrpuxWv6uUg68RfkErtFHLU++5Pd6BYFvMEmaTGdHwvxd6EahRM8mmpmxmeUjaiEZ/k607JhZUGJFTavgRJri7laGzMOA5sMqY4NKveTPzP62QY3vYmIkkz5AmbDwozSVCRWXcyEJozlGNLKNPCbkjYkGrK0F6oZKv7q0XXSfOq6ntV//G6Urub3wCKcAbncAk+3EANHqAODWCQwRt8wpeTOq/Ou/MxjxacxZ8TWILz/QeX5Y+P</latexit><latexit sha1_base64="VWRwur066fK3Ug36V+9jXa0nauA=">AAAB7nicbVDLSgMxFL3js9ZHR126CRbBVZkRQRcuCm5cVrAPaEvJpJlpaCYZkjtKKf0NNyJuFPwUf8G/MX1s2nogcDjnhHvPjTIpLAbBr7exubW9s1vYK+4fHB6V/OOThtW5YbzOtNSmFVHLpVC8jgIlb2WG0zSSvBkN76d+85kbK7R6wlHGuylNlIgFo+iknl/qSK0SI5IBUmP0S88vB5VgBrJOwgUpwwK1nv/T6WuWp1whk9Tadhhk2B1Tg4JJPil2csszyoY04ePZuhNy4aQ+ibVxTyGZqUs5mlo7SiOXTCkO7Ko3Ff/z2jnGt92xUFmOXLH5oDiXBDWZdid9YThDOXKEMiPchoQNqKEM3YWKrnq4WnSdNK4qYVAJH6/L1bvFEQpwBudwCSHcQBUeoAZ1YJDDG3zCl5d5r9679zGPbniLP6ewBO/7DykRjzs=</latexit>



Will fault tolerance work?
Threshold theorems are for ideal models, might not apply to real noise

1. Noise might be correlated
2. Coherent noise might have quadratically lower tolerable noise rates

How will fault tolerance work?

There are many options…

Concatenated codes
Good for low noise rates

Surface codes
Good with limited (2D) 

qubit connections



Will fault tolerance work?
Threshold theorems are for ideal models, might not apply to real noise

1. Noise might be correlated
2. Coherent noise might have quadratically lower tolerable noise rates

How will fault tolerance work?
Regimes: 
Local vs. ranged gates
Fast vs. slow measurements
Good vs. bad memory
High vs. low errors

Many codes, 
many ways of using each code,
and they can all be combined

Options: 

But simulations are difficult & bounds are too conservative







Main problem: Errors can spread

Previous approaches: 
Try to avoid this

Our idea: 
Catch the errors that spread



Blank slide

Thank you!
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Bell inequalities and the CHSH game

Classical devices ⇒ Pr[win]≤75%

Quantum devices can win with prob. up to ≈85%

Alice Bob

Referee

Play game 106 times.  If the devices win ≥800,000, say they’re quantum.   

Test for “quantum-ness”


