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

Answer: depends on the noise!

Noise is the defining characteristic of 
NISQ computation!

Can we compute with noisy 
devices 
= can we extract any signal 
from the noise?
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A popular noise model

Depolarizing noise: 

Noisy circuit: Every gate is followed by 

Depolarizing noise increases entropy → drives towards m.m. state

But what about other sources (T1, decay, readout error etc) that 
can decrease entropy? → drives towards non m.m. state
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Depolarizing noise is usually bad news
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Can noise be mitigated?
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arXiv: 2210.11505

Vignette I: Error mitigation can fail badly
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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

Solution 1: fault-tolerance (requires lots of machinery – mid-circuit 
measurements, auxiliary qubits, pumping out entropy)

In the real world, C is noisy:

- qubit decoherence
- gate errors 

Circuit layers interspersed with noise

Almost-noiseless

What is error mitigation?
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A proposed solution:

Circuit layers interspersed with noise

Solution 1: fault-tolerance 
Solution 2: error mitigation
(near-term alternative)

In the real world, C is noisy:

- qubit decoherence
- gate errors 

Circuit layers interspersed with noise

Noisy

What is error mitigation?

Error mitigation 
algorithm 
(mostly 
classical)

Almost noiseless 
expectation values or 

samples 
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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 ).

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

In a world with noiseless 
quantum computers:

Our question: sample complexity of 
error mitigation?
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copies of       
does       need…
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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)
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 For depolarizing noise:
     

Our lower bounds
How many 
copies of       
does       need…

… to estimate

?

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

copies for
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 For depolarizing noise:
     

For non-unital noise (toy model): 

Our lower bounds
How many 
copies of       
does       need…

… to estimate

?

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

copies for

copies 
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Previously proven: 

Our result:       → Exponentially stronger

Our lower bounds
How many 
copies of       
does       need…

… to estimate

?

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

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

Proof intuition:
1. Depolarizing noise + rapidly mixing circuit drives every 

input state towards the maximally-mixed state
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Intuition

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

Proof intuition:
1. Depolarizing noise + rapidly mixing circuit drives every 

input state towards the maximally-mixed state
2. This makes circuit output states non-distinguishable
3. All information lost after circuit → cannot error mitigate
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The wrong conclusion:
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The wrong conclusion:

Let’s now look at 
a different type of 
noise.



Yihui Quek | MIT | The signal and the noise | QTML

What about…non-unital noise?

Canonical example: amplitude damping noise!



Yihui Quek | MIT | The signal and the noise | QTML

What about…non-unital noise?

Canonical example: amplitude damping noise!



Yihui Quek | MIT | The signal and the noise | QTML

What about…non-unital noise?

Canonical example: amplitude damping noise!

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



Yihui Quek | MIT | The signal and the noise | QTML

What about…non-unital noise?

Canonical example: amplitude damping noise!

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

Example of amplitude damping: T1 decay, readout error etc. Dominant source of noise 
in superconducting qubits.
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Non-unital noise: fault-tolerance “for free”?

Quantum refrigerator, Ben-Or, Gottesman, Hassidim (arXiv 1301.1995)

Amplitude-damping noise ~ reset-to-all-0s
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Non-unital noise: fault-tolerance “for free”?

Quantum refrigerator, Ben-Or, Gottesman, Hassidim (arXiv 1301.1995)

Implemented by 
non-unital noise 
(drives towards     )

Amplitude-damping noise ~ reset-to-all-0s
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What happens when both amplitude-damping and 
depolarizing noise are present?

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

A layer of random gates also tries 
to“scramble” the distribution!
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What happens when both amplitude-damping and 
depolarizing noise are present?

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

A layer of random gates also tries 
to“scramble” the distribution!

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

Who wins this fight?!
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Vignette II: Non-unital noise induces 
absence of barren plateaus

With Antonio Mele, Armando 
Angrisani, Soumik Ghosh, Daniel 
Stilck Franca, Jens Eisert
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Barren plateaus are bad for variational algorithms

https://www.eurekalert.org/multimedia/739167

Gradient vanishes in all 
directions; can’t figure out 
where to go!
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Barren plateaus make optimization hard

n

d

Math translation of ‘vanishing gradient’:

C = gradient of cost function
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Barren plateaus make optimization hard

n

d

Recall: We are optimizing over 

Math translation of ‘vanishing gradient’:

C = gradient of cost function
BP implies: if we initialize the 
optimization randomly, gradient 
looks the same in all directions.
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What if the circuit is affected by noise     ?

Type of noise Depth at which 
BP happen

Cause of BP

Noiseless [1] Linear (in n) [BHH’13] Circuit converges to 
Haar-random at linear depth

[1] Barren plateaus in quantum neural 
network training landscapes. J. R. 

McClean et al. Nature Comm. (2018).

BP:
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Type of noise Depth at which 
BP happen

Cause of BP

Noiseless [1] Linear (in n) [BHH’13] Circuit converges to 
Haar-random at linear depth

Depolarizing 
noise [2]

Linear Depolarizing noise drives output 
state towards identity.

[1] Barren plateaus in quantum neural 
network training landscapes. J. R. 

McClean et al. Nature Comm. (2018).
[2] Noise-induced barren plateaus in 

variational quantum  algorithms. S. Wang 
et al. Nature Comm. (2021).  

What if the circuit is affected by noise     ?
BP:
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Type of noise Depth at which 
BP happen

Cause of BP

Noiseless [1] Linear (in n) [BHH’13] Circuit converges to 
Haar-random at linear depth

Depolarizing 
noise [2]

Linear Depolarizing noise drives output 
state towards identity.

Non-unital 
noise (Our 

work)

Never 
(Var(C) = 𝝮(1), 

all depths)

Non-unital noise acts like mini 
‘reset’.[1] Barren plateaus in quantum neural 

network training landscapes. J. R. 
McClean et al. Nature Comm. (2018).
[2] Noise-induced barren plateaus in 

variational quantum  algorithms. S. Wang 
et al. Nature Comm. (2021).  

I.e. we show noise-induced absence of barren plateaus! (No guarantees that 
the minimum is still in the right place, though…)

What if the circuit is affected by noise     ?
BP:
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Intuition Think about

Will show this is at least some constant.
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Intuition Claim:

1. In Heisenberg picture:
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1. In Heisenberg picture:

2. After constant # layers:
- noise resets entire lightcone of Z1 to 
some fixed state with constant 
probability

Claim:
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Intuition

1. In Heisenberg picture:

2. After constant # layers:
- noise resets entire lightcone of Z1 to 
some fixed state with constant 
probability
- equivalent to running a 
constant-depth circuit

3. Constant depth circuits have no 
barren plateaus (not enough 
randomness)

Claim:
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Error mitigation may be hopeless on 
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Error mitigation may be hopeless on 
circuits that scramble information 
rapidly (increase entropy fast)

BUT: Non-unital noise decreases 
entropy. Can we take advantage of 
this in the intermediate term?

Who wins this fight: us (with some thought)


