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Example: Google’s fidelity for their 2019 quantum advantage 
demonstration was just 0.002. 

Noise is the defining characteristic 
of NISQ computation!

Can we compute with noisy 
devices? 
= can we extract any signal 
from quantum noise?
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Example: Google’s fidelity for their 2019 quantum advantage 
demonstration was just 0.002. 

Noise is the defining characteristic 
of NISQ computation!

Can we compute with noisy 
devices? 
= can we extract any signal 
from quantum noise?

This talk is about going beyond conventional wisdom regarding this 
question. 
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Conventional wisdom
Can quantum computation be made robust against errors?

~1999 [Shor, Aharonov, Ben-Or ++]: YES, in theory – can do quantum 
error correction if noise is low enough!

~2015 – NISQ era: MAYBE – We don’t have enough qubits for quantum 
error correction and we also can’t make measurements in the middle of 
a computation.

~2020 [Some people including me]: In that case, NO (see next slide)

~ 2024 [This talk]: But what about NISQ+?
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Conventional wisdom
Can quantum computation be made robust against errors?

~1999 [Shor, Aharonov, Ben-Or ++]: YES, in theory – can do quantum 
error correction if noise is low enough!

~2015 – NISQ era: MAYBE – We don’t have enough qubits for quantum 
error correction and we also can’t make measurements in the middle of 
a computation.

~2020 [Some people including me]: In that case, NO (see next slide)

~ 2024/2025 [This talk]: But what about NISQ+?
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Depolarizing noise is certifiably bad news
(if you cannot error correct)
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Depolarizing noise is certifiably bad news
(if you cannot error correct)
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Depolarizing noise is certifiably bad news

And all because of this 
one weird fact!

(if you cannot error correct)
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Depolarizing noise increases entropy!
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Depolarizing noise increases entropy!
Depolarizing noise 
acts on each qubit 
as: 

12

Maximally-mixed state    ~ uniform distribution on a single bit. 
Contains no information; maximally entropic!
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Depolarizing noise increases entropy rapidly!
Depolarizing noise 
acts on each qubit 
as: 

depth(    )

(n qubits)

What state does 
this circuit output?

13

Maximally-mixed state    ~ uniform distribution on a single bit. 
Contains no information, maximally entropic!

‘Gate-based’ noise in a circuit: noise acts after every gate!

= single-qubit 
noise
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As circuit depth increases:

14

depth(    )

(n qubits)

A state that contains 
no information and 
can’t be used for 
computation

Noisy circuit’s 
output state
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As circuit depth increases, depolarizing noisy 
circuit eventually outputs maximally-mixed state

15

depth(    )

(n qubits)

A state that contains 
no information and 
can’t be used for 
computation

Noisy circuit’s 
output state

How fast do they converge?

Trace norm – measures how ‘far apart’ 
states are. 

?
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As circuit depth increases, depolarizing noisy 
circuit eventually outputs maximally-mixed state

16

depth(    )

(n qubits)

A state that contains 
no information and 
can’t be used for 
computation

Noisy circuit’s 
output state

How fast do they converge?

for any       , any     , c<1

Convergence in log depth for all circuits :( 
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As circuit depth increases, depolarizing noisy 
circuit eventually outputs maximally-mixed state

17

depth(    )

(n qubits)

A state that contains 
no information and 
can’t be used for 
computation

Noisy circuit’s 
output state

How fast do they converge?

for any       , any     , c<1

Huge problem for quantum advantage!
Convergence in log depth for all circuits :( 
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What is error mitigation?

In a world with noiseless quantum computers:

Quantum circuit 
running 
algorithm of 
interest
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A proposed solution:

Circuit layers interspersed with noise

Quantum circuit 
running 
algorithm of 
interest

In the real world, C is noisy:

- qubit decoherence
- gate errors 

Circuit layers interspersed with noise

Noisy

What is error mitigation?
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A proposed solution:

Circuit layers interspersed with noise

In the real world, C is noisy: 
Circuit layers interspersed with noise

Error mitigation 
algorithm 
(classical)

Almost noiseless 
expectation values or 

samples 

Noisy
Proposal: revert the 
effect of noise on the 
computation result, with 
classical 
post-processing.

What is error mitigation?
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Example of error mitigation protocol
Zero-noise extrapolation: 

1) Run the circuit of interest at amplified 
noise level λ (call this ).

2) Measure 

Plot taken from Giurgica-Tiron et al, 
2020 IEEE International Conference on 
Quantum Computing and Engineering 
(QCE)
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Example of error mitigation protocol
Zero-noise extrapolation: 

1) Run the circuit of interest at amplified 
noise level λ (call this ).

2) Measure 

3) Repeat steps 1, 2 for different λ.
Plot taken from Giurgica-Tiron et al, 
2020 IEEE International Conference on 
Quantum Computing and Engineering 
(QCE)
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Example of error mitigation protocol
Zero-noise extrapolation: 

1) Run the circuit of interest at amplified 
noise level λ (call this ).

2) Measure 

3) Repeat steps 1, 2 for different λ.
4) Output the extrapolated value

.
Plot taken from Giurgica-Tiron et al, 
2020 IEEE International Conference on 
Quantum Computing and Engineering 
(QCE)
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Quantum circuit 
running 
algorithm of 
interest

Our model of error mitigation

In a world with noiseless 
quantum computers:

= error mitigation 
algorithm

QFKME’24
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Quantum circuit 
running 
algorithm of 
interest

In a world with noiseless 
quantum computers:

Quantum circuits: 
n qubits, depth D

D circuit layers

Our model of error mitigation
QFKME’24
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Quantum circuit 
running 
algorithm of 
interest

In a world with noiseless 
quantum computers:

Noise model: 
local depolarizing noise of strength p after each 
layer

Quantum circuits: 
n qubits, depth D

D circuit layers

Our model of error mitigation
QFKME’24
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Quantum circuit 
running 
algorithm of 
interest

In a world with noiseless 
quantum computers:

Input to 

Input: 
Copies of 
output by 
circuits with 
depolarizing 
noise of 
strength p

QFKME’24
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Quantum circuit 
running 
algorithm of 
interest

Output of 

In a world with noiseless 
quantum computers:

(weak error mitigation → e.g. VQE)(weak error mitigation → e.g. VQE)

Output:

QFKME’24
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Quantum circuit 
running 
algorithm of 
interest

Output of 

In a world with noiseless 
quantum computers:

(weak error mitigation → e.g. VQE)(weak error mitigation → e.g. VQE)

Output:
= noisy circuit 
output state

= noiseless 
circuit output 
state

QFKME’24
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Quantum circuit 
running 
algorithm of 
interest

In a world with noiseless 
quantum computers:

Our question: sample complexity of 
error mitigation?

How many 
copies of       
does       need…

QFKME’24
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Quantum circuit 
running 
algorithm of 
interest

In a world with noiseless 
quantum computers:

Our question: sample complexity of 
error mitigation?

How many 
copies of       
does       need…

… to estimate

to     precision with probability
  ?

QFKME’24
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Quantum circuit 
running 
algorithm of 
interest

In a world with noiseless 
quantum computers:

Our question: sample complexity of 
error mitigation?

How many 
copies of       
does       need…

… to estimate

to     precision with probability
  ?

Relevant params:   
n, D (circuit width 
and depth)
p (noise strength)

QFKME’24
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Thm 1:   if circuit outputting   has depolarizing
noise and is of depth .

Our lower bounds
How many 
copies of       
does       need…

… to estimate

?

Relevant parameters: 
n, D (circuit width/depth); 
p (depolarizing noise 
strength)

QFKME’24
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How to interpret our results

We show:             runs of a depolarizing-noisy circuit 
are required for good error mitigation.

QFKME’24
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How to interpret our results

We show:             runs of a depolarizing-noisy circuit 
are required for good error mitigation.

● Previous belief:    copies required. 

QFKME’24
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How to interpret our results

We show:             runs of a depolarizing-noisy circuit 
are required for good error mitigation.

● Previous belief:    copies required. 
● But NISQ circuits are depth         : our result is 

exponentially stronger.

QFKME’24
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How to interpret our results

● Previous belief:    copies required. 
● But NISQ circuits are depth         : our result is 

exponentially stronger.
● Loss of quantum advantage for error-mitigated algorithms may 

occur earlier than expected in the presence of noise

We show:             runs of a depolarizing-noisy circuit 
are required for good error mitigation.

QFKME’24
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Question: How many copies of      are needed for EM?

Proof intuition
QFKME’24
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Question: How many copies of      are needed for EM?

Proof intuition

We construct such circuits:

Extremely rapidly scrambling Clifford circuits
→ quick convergence to m.m. state

Depolarizing noise (also causes rapid convergence to 
m.m. state)

QFKME’24



Yihui Quek | MIT→EPFL | Noise vs quantum algorithms | Werqshop

Question: How many copies of      are needed for EM?

Proof intuition

We construct such circuits:

Extremely rapidly scrambling Clifford circuits
→ quick convergence to m.m. state

Depolarizing noise (also causes rapid convergence to 
m.m. state)

What this captures: 
depolarizing noise and the 
circuits ‘conspire’ to push the 
state toward maximally mixed. 
With no intermediate 
measurements, you are at the 
mercy of entropy generation.

QFKME’24
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What about…non-unital noise?

Superconducting qubits (Google, 
IBM, Rigetti)

Neutral atom arrays (e.g. Lukin 
group/QuEra)

41

Not all noise is depolarizing!

See: T1 decay, 
atom loss, photon loss. 
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Superconducting qubits Neutral atom arrays 

42

Not all noise is depolarizing!

See: T1 decay, 
atom loss, photon loss. 

From High-fidelity parallel entangling gates on a neutral-atom quantum computer

What about…non-unital noise?

https://www.nature.com/articles/s41586-023-06481-y
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Superconducting qubits (Google, 
IBM, Rigetti)

Neutral atom arrays (e.g. Lukin 
group/QuEra)

Definition of non-unital quantum channel: doesn’t preserve the m.m. state.

Canonical example: amplitude damping noise! ~ partial reset-to-|0>

43

Not all noise is depolarizing!

See: T1 decay, 
atom loss, photon loss. 

What about…non-unital noise?
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Superconducting qubits (Google, 
IBM, Rigetti)

Neutral atom arrays (e.g. Lukin 
group/QuEra)

Non-unital noise: physically important yet shockingly understudied!

44

Definition of non-unital quantum channel: doesn’t preserve the m.m. state.

Canonical example: amplitude damping noise! ~ partial reset-to-|0>

Not all noise is depolarizing!

See: T1 decay, 
atom loss, photon loss. 

What about…non-unital noise?
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Fantastic features of 
non-unital noise and 
where to find them:
I will use amplitude-damping noise as a concrete example; behaviors hold for 
general non-unital noise.

45
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1. Amplitude-damping and depolarizing noise 
have different fixed points

Depolarizing noise tends to “scramble” 
the distribution by increasing 
entropy. 

Fixed point: maximally-mixed state

46
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1. Amplitude-damping and depolarizing noise 
have different fixed points

Amplitude damping noise tries to 
“unscramble” the distribution by 
decreasing entropy!

Fixed point: |0> 

Depolarizing noise tends to “scramble” 
the distribution by increasing 
entropy. 

Fixed point: maximally-mixed state

47
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1. Amplitude-damping and depolarizing noise 
have different fixed points

Amplitude damping noise tries to 
“unscramble” the distribution by 
decreasing entropy!

Fixed point: |0> 

Depolarizing noise tends to “scramble” 
the distribution by increasing 
entropy. 

Fixed point: maximally-mixed state

Consequence: The same circuit, with depolarizing noise and with amplitude 
damping noise, acts very differently on the Bloch sphere!

48
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1. Amplitude-damping and depolarizing noise 
have different fixed points

Noise drives input towards the center 
of Bloch sphere.

denotes noise fixed 
point

Circuit with depolarizing 
noise

49
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Noise drives input towards the north pole 
of Bloch sphere.

1. Amplitude-damping and depolarizing noise 
have different fixed points

Noise drives input towards the center 
of Bloch sphere.

denotes noise fixed 
point

Circuit with depolarizing 
noise

Circuit with amplitude 
damping noise

50
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Consequence: No barren plateaus
Circuits used for quantum machine 
learning often display barren plateaus, 
making them hard to optimize.

51

Barren plateau
(flat landscape)

MAEGKFQ’24
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Circuits used for quantum machine 
learning often display barren plateaus, 
making them hard to optimize.

52

Barren plateau
(flat landscape)

We show: optimization landscape 
under non-unital noise is not 
barren.

MAEGKFQ’24

Consequence: No barren plateaus
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Circuits used for quantum machine 
learning often display barren plateaus, 
making them hard to optimize.

53

Barren plateau
(flat landscape)

We show: optimization landscape 
under non-unital noise is not 
barren.

MAEGKFQ’24

Consequence: No barren plateaus

Important limitation: we don’t show that the resulting peak is at 
the location of minimum energy, but others have tackled this.
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2. The miracle of non-unital noise: 
fault-tolerance “for free”?

With no error correction, 
depolarizing noise erases all 
information within a circuit after 
log(n) depth.

54

(n qubits)

log(n) 
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2. The miracle of non-unital noise: 
fault-tolerance “for free”?

With no error correction, 
depolarizing noise erases all 
information within a circuit after 
log(n) depth.

55

(n qubits)

log(n) 

Quantum refrigerator proposal: 
Even with no error correction, 
non-unital noise can be 
leveraged to compute for exp(n) 
depth!

exp(n) 

(n qubits)
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Key idea [Aharonov/Ben-Or 1999]: it’s possible to do fault-tolerant quantum 
computation without intermediate measurements if one supplies fresh 
auxiliary qubits in the state |0>.

Quantum refrigerator: Let’s use non-unital noise to supply us with qubits in 
the state |0>!

2. The miracle of non-unital noise: 
fault-tolerance “for free”?
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Key idea [Aharonov/Ben-Or 1999]: it’s possible to do fault-tolerant quantum 
computation without intermediate measurements if one supplies fresh 
auxiliary qubits in the state |0>.

Quantum refrigerator [Gottesman, Ben-Or 2013]: Let’s use non-unital noise 
to supply us with qubits in the state |0>!

Remember: Amplitude-damping noise ~ reset-to-all-0s

2. The miracle of non-unital noise: 
fault-tolerance “for free”?
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Quantum refrigerator, Ben-Or, Gottesman, Hassidim (arXiv 1301.1995)

Amplitude-damping noise ~ reset-to-all-0s

2. The miracle of non-unital noise: 
fault-tolerance “for free”?
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Quantum refrigerator, Ben-Or, Gottesman, Hassidim (arXiv 1301.1995)

Implemented by 
non-unital noise 
(drives towards     )

Amplitude-damping noise ~ reset-to-all-0s

2. The miracle of non-unital noise: 
fault-tolerance “for free”?
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Quantum refrigerator, Ben-Or, Gottesman, Hassidim (arXiv 1301.1995)

Implemented by 
non-unital noise 
(drives towards     )

Amplitude-damping noise ~ reset-to-all-0s

2. The miracle of non-unital noise: 
fault-tolerance “for free”?

No intermediate 
measurements or 
fresh qubits are 
necessary!
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Application: Error recovery beyond error 
mitigation?

61

Error mitigation

Few quantum resources but 
high sample complexity

Error correction

Sample-efficient but large 
quantum resource burden
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Error mitigation

Few quantum resources but 
high sample complexity

Error correction

Sample-efficient but large 
quantum resource burden

Goldilocks zone?

Few measurements; no/few ancillas; 
some encoded gates
“Best of both worlds”!

Is the “quantum refrigerator” exactly what we need?

Application: Error recovery beyond error 
mitigation?
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A limitation to bear in mind

For a circuit with random gates, non-unital noise (like depolarizing 
noise) also creates effectively shallow circuits.

MAEGKFQ’24
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A limitation to bear in mind

For a circuit with random gates, non-unital noise (like depolarizing 
noise) also creates effectively shallow circuits.

(n qubits)

:

log(n) 
layers 

Single-qubit nonunital 
noise

All gates more than log(n) layers from the last layer cannot influence 
expectation values by much!

MAEGKFQ’24
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MAEGKFQ’24

Million-dollar question: Can you still get quantum 
advantage via nonunital noise for a sampling task?
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(n qubits)

log(n) 
layers : nonunital noise

Effective shallow depth picture 
only holds for local expectation 
values.

MAEGKFQ’24

Million-dollar question: Can you still get quantum 
advantage via nonunital noise for a sampling task?
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(n qubits)

log(n) 
layers : nonunital noise

Effective shallow depth picture 
only holds for local expectation 
values.

MAEGKFQ’24

Million-dollar question: Can you still get quantum 
advantage via nonunital noise for a sampling task?

Can non-unital noise help you to hide 
a peak in a shallow depth circuit? 
Hide = classical computer cannot tell 
from circuit description if peaked or 
random.
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Postdoc, visitor 
and maybe PhD 
positions 
available!


