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• Current quantum hardware experiences significant levels of noise
– How can we mitigate the effects of noise on quantum computations?
– Can we exploit the presence of noise when simulating open (ie noisy) quantum systems?

• Quasiprobability methods are systematic approach of removing noise induced bias
– Probabilistic Error Cancellation (PEC) [1] trades bias reduction for increased variance
– Incurs exponentially large classical sampling overhead ∝ noise strength, circuit depth
– Probabilistic Error Reduction (PER) [2] alleviates sampling overhead by reducing noise 

only partially → combined with extrapolation can yield results comparable to PEC
• Inherent device noise can act as resource in simulations of open quantum systems
– Device noise can reduce the sampling overhead if somewhat close to what you want to 

simulate [3]
– Only some type of noise acts as a resource (e.g. non-unital noise)

Motivation and Take-Home Messages

[1] Temme et al. (2017); Endo et al. (2017); [2] Mari et el. (2021); McDonough, PPO et al. (2022); [3] Aftergood, PPO et al. (to be 
submitted); Guimarães et al. (2023) 
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Probabilistic Error Cancellation (PEC) [1] 
• Removes noise induced bias on expectation value 
• Learn noise channels Λ! using noise tomography 
– Can be done efficiently for Pauli noise channels [2]:
– Use Gate Set Tomography for general noise models 

• Apply channel inverse Λ"# (on average) using classical postprocessing
• Cancels physical noise and recovers the ideal noiseless result

Quasiprobabilistic approach to quantum error mitigation

<latexit sha1_base64="+SnZqSnBoXJtQr1R4Utgt7kS1jU=">AAACFXicbVC7SgNBFJ31GeMramkzGAIRJOwKPhohaGNhEcE8ILuGu7OTZMjsg5lZISz5CRsr/8PGQhFbwUb9EHtnkxSaeODA4Zx7mbnHjTiTyjS/jJnZufmFxcxSdnlldW09t7FZk2EsCK2SkIei4YKknAW0qpjitBEJCr7Lad3tnaV5/YYKycLgSvUj6vjQCVibEVDaauX27As97EHRFt1wF59gW8Z+CzDRrGimdiqubQ86rVzeLJlD4GlhjUW+XPj+/LjPdiqt3LvthST2aaAIBymblhkpJwGhGOF0kLVjSSMgPejQppYB+FQ6yfCqAS5ox8PtUGgGCg/d3xsJ+FL2fVdP+qC6cjJLzf+yZqzax07CgihWNCCjh9oxxyrEaUXYY4ISxftaABFM/xWTLgggSheZ1SVYkydPi9p+yTosHVxa+fIpGiGDttEOKiILHaEyOkcVVEUE3aIH9ISejTvj0XgxXkejM8Z4Zwv9gfH2Axg/oVA=</latexit>

⇤(⇢) =
P

a caPa⇢P †
a

[1] Temme et al. (2017); Endo et 
al. (2018); Cai et al. (2023); [2] 
van den Berg et al. (2023); 
Flammia, Wallmann (2019)

Noisy superoperator of 
quantum circuit

From van den Berg et al. (2023). 
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• Applicable to algorithms in which the figure of merit is an expectation value averaged over 
many shots of a unitary circuit

Ideal circuit evaluation of expectation value

Ideal circuit
Input state is 
prepared

A unitary circuit is run

One or more expectation 
values are obtained

[1] Temme et al. (2017); Endo et al. (2018); [2] van den Berg et al. (2023); Cai et al. (2023).
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U(⇢0) = (Ul � . . . � U1)(⇢0)
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• Noise introduces bias into the estimator of this expectation value.

Noisy expectation value from noisy quantum circuit

Noisy circuit
State preparation error 
affects input state

Circuit is non-unitary

Measurement error also adds to 
noise in final expectation value
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⇢̃0
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From van den Berg et al. (2023). 
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• After characterizing the noisy operations {𝐺$}, the ideal circuit is decomposed into 
𝒰 𝜌 = ∑$ 𝜂$𝐺$ 𝜌  with real coefficients 𝜂$.

• Linearity of the expectation value allows writing the ideal value as 𝑂 !%&'( = ∑$ 𝜂$ 𝑂 $

Ideal expectation value as linear combination of noisy circuits

=

Real, possibly negative coefficientsNoisy circuits
Ideal (noiseless) 
circuit layer
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Gm
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Ul = ⇤�1
l � Ũl =

X

k

⌘l,kGk
Inverse channel is not physical. 
Thus implemented on average by classical 
postprocessing. 
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• Number of terms grows exponentially with circuit depth 𝑙

• The linear combination is converted to a quasiprobability distribution (QPD) and sampled

Exponential sampling overhead due to negativity

Sample 𝐺!,#!
with probability 

|*!,#!|

+!
Then, scale expectation value by 
𝛾! sgn 𝜂!,-!  with

<latexit sha1_base64="KaWLDp/lvqvwc9+Rjk5cwz2TzJo="></latexit>

Tr[O(Ul � . . . � U1)(⇢0)] =
X

k1,...,kl

⌘1,k1 · · · ⌘l,klTr[O(Gl,kl � . . . �G1,k1)(⇢0)]
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Tr[O(Ul � . . . � U1)(⇢0)] = �1 · · · �l
X

k1,...,kl

sgn(⌘1,k1) · · · sgn(⌘l,kl)
|⌘1,k1 |

�1
· · ·

|⌘l,kl |

�l
Tr[O(Gl,kl � . . . �G1,k1)(⇢0)]

<latexit sha1_base64="vQpazS6UzDKmaLTqw6+yxT1d9MY=">AAACFHicbVDLSsNAFJ34tr6qLt0MFkFQSiK+NoLgxqWCfUATws30pg6dSeLMRCixH+HGX3HjQhG3Ltz5N05rF2o9cOHMOfcy954oE1wb1/10Jianpmdm5+ZLC4tLyyvl1bW6TnPFsMZSkapmBBoFT7BmuBHYzBSCjAQ2ou7ZwG/cotI8Ta5ML8NAQifhMWdgrBSWd/wOSAkhpyfU17kMi27I+/TORwNhwXcHrzvqd/CGemG54lbdIeg48UakQka4CMsffjtlucTEMAFatzw3M0EBynAmsF/yc40ZsC50sGVpAhJ1UAyP6tMtq7RpnCpbiaFD9edEAVLrnoxspwRzrf96A/E/r5Wb+DgoeJLlBhP2/VGcC2pSOkiItrlCZkTPEmCK210puwYFzNgcSzYE7+/J46S+V/UOqweX+5XT/VEcc2SDbJJt4pEjckrOyQWpEUbuySN5Ji/Og/PkvDpv360TzmhmnfyC8/4F3tWeCw==</latexit>

�i =
X

ki

|⌘i,ki | � 1

Obtain via Monte Carlo sampling
Increased range ☞ increased variance

<latexit sha1_base64="EvbShgSMK485Bo0SlNh3h6TwHBw=">AAACDnicbVC7TgJBFJ3FF+Jr1dJmIiGxIrsEHyWJFnZiImDCLuTuMMCEmd3NzKwJ2fAFNv6KjYXG2Frb+TcOsIWCJ5nk5Jx7M/ecIOZMacf5tnIrq2vrG/nNwtb2zu6evX/QVFEiCW2QiEfyPgBFOQtpQzPN6X0sKYiA01Ywupz6rQcqFYvCOz2OqS9gELI+I6CN1LVL3hXlGrAnQA8J8PRm0qlgL5ZRrCPsDUAI6FS6dtEpOzPgZeJmpIgy1Lv2l9eLSCJoqAkHpdquE2s/BakZ4XRS8BJFYyAjGNC2oSEIqvx0FmeCS0bp4X4kzQs1nqm/N1IQSo1FYCanV6tFbyr+57UT3b/wUxbGiaYhmX/UTzg2Safd4B6TlGg+NgSIZOZWTIYggWjTYMGU4C5GXibNStk9K5/eVou1alZHHh2hY3SCXHSOauga1VEDEfSIntErerOerBfr3fqYj+asbOcQ/YH1+QOAXZu7</latexit>

�O
2
/ �2

Sampling overhead due 
to negative volume of 
QPD ∝ noise strength
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• Transform hardware noise to Pauli noise by Pauli twirling
– Works only for layers composed of Clifford gates 
– Assumes dominant noise source are CNOT gates

Example: Pauli noise

Randomly sampled Pauli gates

Noise associated with layer Clifford layer

Conjugate Pauli operators

<latexit sha1_base64="Y3HAVeysZGnbd7RgUR4jIMbTT+I="></latexit>

⇤P =
1

|P|
X

a

Pa⇤Pa

Dressing noise by 
random Paulis 
diagonalizes Λ in 
the Pauli basis

<latexit sha1_base64="lu6mgSaaUq7hcZOd5xxtVvq/KV0=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIfWyEQjYuK9gHtGmYTCbt0MkkzEyEGoq/4saFIm79D3f+jZM2C209cOHMOfcy9x4/YVQqy/o2Siura+sb5c3K1vbO7p65f9CWcSowaeGYxaLrI0kY5aSlqGKkmwiCIp+Rjj92cr/zQISkMb9Xk4S4ERpyGlKMlJY888iBTQ9BZ9AP0BDe5I+B45lVq2bNAJeJXZAqKND0zK9+EOM0IlxhhqTs2Vai3AwJRTEj00o/lSRBeIyGpKcpRxGRbjbbfgpPtRLAMBa6uIIz9fdEhiIpJ5GvOyOkRnLRy8X/vF6qwms3ozxJFeF4/lGYMqhimEcBAyoIVmyiCcKC6l0hHiGBsNKBVXQI9uLJy6R9XrMvaxd39WqjXsRRBsfgBJwBG1yBBrgFTdACGDyCZ/AK3own48V4Nz7mrSWjmDkEf2B8/gCT8JNZ</latexit>

CPaC
† = PC

a

<latexit sha1_base64="o7IhSV3DetzR17fH9QQb2l0g3r0=">AAACE3icbVDLSsNAFJ34rPUVdelmsAiti5JIfWyEQjcuXFSwD2hCmEwm7dDJg5mJUEL+wY2/4saFIm7duPNvnLRBtPXAwJlz7uXee9yYUSEN40tbWl5ZXVsvbZQ3t7Z3dvW9/a6IEo5JB0cs4n0XCcJoSDqSSkb6MScocBnpueNW7vfuCRc0Cu/kJCZ2gIYh9SlGUkmOfnJVtW5UuYec1AqQHGHE0naWwZ9PK6tVLT6Kao5eMerGFHCRmAWpgAJtR/+0vAgnAQklZkiIgWnE0k4RlxQzkpWtRJAY4TEakoGiIQqIsNPpTRk8VooH/YirF0o4VX93pCgQYhK4qjLfVMx7ufifN0ikf2mnNIwTSUI8G+QnDMoI5gFBj3KCJZsogjCnaleIR4gjLFWMZRWCOX/yIume1s3z+tlto9JsFHGUwCE4AlVgggvQBNegDToAgwfwBF7Aq/aoPWtv2vusdEkreg7AH2gf32KcndI=</latexit>

= (⇤PC)(⇢)
<latexit sha1_base64="l5gX4yUUp+p0gSoRlUWF8dXlETs="></latexit>X

a

(PC
a C⇤Pa)(⇢) =

X

a,⌫

PC
a CM⌫Pa⇢P

†
aM

†
⌫C

†(PC
a )†

<latexit sha1_base64="iHYm8vZg11oZ5i4w3G9jSS3SGaw=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8SNgVXxchkIvHCOYByRJmJ73JkNnZZWZWCEs+wosHRbz6Pd78GyfJHjSxoKGo6qa7K0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvBqDb1W0+oNI/loxkn6Ed0IHnIGTVWat2RGqn3aK9UdivuDGSZeDkpQ456r/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx27oScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE976GZdJalCy+aIwFcTEZPo76XOFzIixJZQpbm8lbEgVZcYmVLQheIsvL5PmRcW7rlw9XJar53kcBTiGEzgDD26gCvdQhwYwGMEzvMKbkzgvzrvzMW9dcfKZI/gD5/MHzleOhA==</latexit>

= CPa

[1] van den Berg et al. (2023); Flammia, Wallmann (2019)
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• Sparse Pauli noise model parameters 𝜆- of a given layer can be efficiently learned 
[1,2]

Sparse Pauli-Lindblad noise model

[1] van den Berg et al. (2023); Flammia, Wallmann (2019)

<latexit sha1_base64="udxf9T8rCijy0jjxalXlyJDgH1Q="></latexit>

L(⇢) =
X

k

�k(Pk⇢Pk � ⇢)Lindbladian

<latexit sha1_base64="L9YU4Ko2OWQhXWtOsEw1gEnAiWw="></latexit>

⇤(⇢) = eL(⇢) =
Y

k

[wk(·) + (1� wk)Pk(·)Pk](⇢)Pauli noise channel
<latexit sha1_base64="UialfmazhsJMwRef/VZVo33PeZ4="></latexit>

wk =
1

2
(1 + e�2�k) ⇡ 1� 2�kNoise coefficients

From van den Berg et al. (2023)
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• Sparse Pauli noise model parameters 𝜆- of a given layer 𝑖 can be efficiently 
learned [1,2]

Sparse Pauli-Lindblad noise model

[1] van den Berg et al. (2023); Flammia, Wallmann (2019)

<latexit sha1_base64="udxf9T8rCijy0jjxalXlyJDgH1Q="></latexit>

L(⇢) =
X

k

�k(Pk⇢Pk � ⇢)Lindbladian

<latexit sha1_base64="L9YU4Ko2OWQhXWtOsEw1gEnAiWw="></latexit>

⇤(⇢) = eL(⇢) =
Y

k

[wk(·) + (1� wk)Pk(·)Pk](⇢)Pauli noise channel

Inverse map

<latexit sha1_base64="iBVlkgWHrbCRFRPopm40hheawr8=">AAACEXicbVDLSsNAFJ3Ud31VXboZLIKrkkh9bATBjUsFawtNDDeT2zp0JokzE6GE/oIbf8WNC0XcunPn3zh9LLR64MLhnHtn7j1RJrg2rvvllGZm5+YXFpfKyyura+uVjc1rneaKYYOlIlWtCDQKnmDDcCOwlSkEGQlsRr2zod+8R6V5mlyZfoaBhG7CO5yBsVJY2fO7ICWEnJ5QvCn2qa9zGfaoL+wbMYS9AfW7eEe9sFJ1a+4I9C/xJqRKJrgIK59+nLJcYmKYAK3bnpuZoABlOBM4KPu5xgxYD7rYtjQBiTooRhcN6K5VYtpJla3E0JH6c6IAqXVfRrZTgrnV095Q/M9r56ZzHBQ8yXKDCRt/1MkFNSkdxkNjrpAZ0bcEmOJ2V8puQQEzNsSyDcGbPvkvud6veYe1g8t69bQ+iWORbJMdskc8ckROyTm5IA3CyAN5Ii/k1Xl0np03533cWnImM1vkF5yPb2QKnBQ=</latexit>

�i = e2
P

k �k � 1

<latexit sha1_base64="nzTr6NhOMYs2x99EFpg5nWbMMsE="></latexit>

⇤�1(⇢) = e�L(⇢) = �i
Y

k

[wk(·)� (1� wk)Pk(·)Pk](⇢)
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PEC at work: Trotterized time evolution

Inverse map
<latexit sha1_base64="nzTr6NhOMYs2x99EFpg5nWbMMsE="></latexit>

⇤�1(⇢) = e�L(⇢) = �i
Y

k

[wk(·)� (1� wk)Pk(·)Pk](⇢)

McDonough, PPO et al, IEEE (2022). 
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• PEC sampling overhead increases exponentially 
with noise strength x depth

• Remove noise only partially to reduce overhead

• Combine with virtual zero-noise extrapolation 
(vZNE) to recover the ideal result

Probabilistic Error Reduction (PER)

Example: error mitigation on single X gate on 
Rigetti hardware. Obtained noise model using  
Gate Set Tomography (GST): 𝛾" = 1.73

<latexit sha1_base64="FM3PjIucA/Y2wU2qs5NNQ2EHqgg=">AAAB/nicbZDLSsNAFIYnXmu9RcWVm8Ei1E1JpF42QsGNywr2Am0MJ9NJO3QmCTMToYSCr+LGhSJufQ53vo3TNgtt/WHg4z/ncM78QcKZ0o7zbS0tr6yurRc2iptb2zu79t5+U8WpJLRBYh7LdgCKchbRhmaa03YiKYiA01YwvJnUW49UKhZH93qUUE9AP2IhI6CN5duH3T4IAfgal2fkO6cP3LdLTsWZCi+Cm0MJ5ar79le3F5NU0EgTDkp1XCfRXgZSM8LpuNhNFU2ADKFPOwYjEFR52fT8MT4xTg+HsTQv0njq/p7IQCg1EoHpFKAHar42Mf+rdVIdXnkZi5JU04jMFoUpxzrGkyxwj0lKNB8ZACKZuRWTAUgg2iRWNCG4819ehOZZxb2onN9VS7VqHkcBHaFjVEYuukQ1dIvqqIEIytAzekVv1pP1Yr1bH7PWJSufOUB/ZH3+AEThlF4=</latexit>

� = (�0)
l

Mari et al. (2021); McDonough, PPO et al, IEEE (2022). 
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PER + vZNE reduces sampling overhead
McDonough, PPO et al, IEEE (2022). 

Scaling up noise using this method has been 
used in recent IBM “quantum utility” work: Kim 
et al. Nature (2023). 
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Open source software for automated QEM

• Open source software package that implements Pauli noise tomography and PER 
+ vZNE quantum error mitigation
– https://github.com/benmcdonough20/AutomatedPERTools

• Similar method has been implemented by IBM in Qiskit, but source code is not 
openly accessible
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• Can arbitrarily scale different Pauli noise parameters 𝜆-
• Go from a given (device) Pauli noise model {𝜆-} to another one  {𝜙-}:

QPD noise scaling for open system dynamics simulations

“Partial” inverse 
<latexit sha1_base64="ePaZA1o/yS2chM9511999FD+OR0="></latexit>

⇤�1
�!� = �

Y

k2K
[!kI � sgn(�k � �k)(1� !k)Pk]

<latexit sha1_base64="mLN3a5sSfzyBdegsvP7GyQoQXMQ=">AAACGnicbVDJSgNBEO1xjXGLevTSGISIJMyEuFyEgBePEcwCmTj0dGqSZnoWunuEMMl3ePFXvHhQxJt48W/sLAdNfFDweK+qu+q5MWdSmea3sbS8srq2ntnIbm5t7+zm9vYbMkoEhTqNeCRaLpHAWQh1xRSHViyABC6Hputfj/3mAwjJovBODWLoBKQXMo9RorTk5Cw7CqBHHB9fYdsThFplXLDwKYb7tFge2lw/1dV20Y77zPGHoxMnlzdL5gR4kVgzkkcz1Jzcp92NaBJAqCgnUrYtM1adlAjFKIdR1k4kxIT6pAdtTUMSgOykk9NG+FgrXexFQleo8ET9PZGSQMpB4OrOgKi+nPfG4n9eO1HeZSdlYZwoCOn0Iy/hWEV4nBPuMgFU8YEmhAqmd8W0T3RASqeZ1SFY8ycvkka5ZJ2Xzm4r+WplFkcGHaIjVEAWukBVdINqqI4oekTP6BW9GU/Gi/FufExbl4zZzAH6A+PrB7xWntI=</latexit>

!k =
1

2
(1 + e�2|�k��k|)with coefficients 

<latexit sha1_base64="PqVazHUoZuQ6y+elbsI0hAdIHQg="></latexit>

� = exp(
X

k|�k>�k

2|�k � �k|)Sampling overhead

Scaling up Pauli noise does not 
cost overhead!
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• Simulate dynamics of transverse-field Ising model (TFIM) with Pauli noise

Example: noisy transverse-field Ising model dynamics

Hamiltonian

Dissipative dynamics described by Lindblad equation of motion 

Desired Pauli noise described 
by model parameters {𝜙#}

Assume hardware experiences Pauli noise described 
by parameters {𝜆#} (after Pauli twirling)

<latexit sha1_base64="R/TGRfpapHRDMMK6VkGnuTWoU0M=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQxJIUX8uCGxcuKtgHNDFMJpNmyOTBzEQpIR/hxl9x40IRty7c+TdO2yy09cDA4ZxzuXOPmzIqpGF8a5WFxaXllepqbW19Y3NL397piiTjmHRwwhLed5EgjMakI6lkpJ9ygiKXkZ4bXo793j3hgibxrRylxI7QMKY+xUgqydGPrGsV9pCTW2xKQmhxOgwk4jx5gFYaUCcs7vJjs3D0utEwJoDzxCxJHZRoO/qX5SU4i0gsMUNCDEwjlXaOuKSYkaJmZYKkCIdoSAaKxigiws4nRxXwQCke9BOuXizhRP09kaNIiFHkqmSEZCBmvbH4nzfIpH9h5zROM0liPF3kZwzKBI4bgh7lBEs2UgRhTtVfIQ4QR1iqHmuqBHP25HnSbTbMs8bpzUm91SzrqII9sA8OgQnOQQtcgTboAAwewTN4BW/ak/aivWsf02hFK2d2wR9onz8VVZ7O</latexit>

⇤�1
�k!�k

Device and target noise models

Difference of Pauli expectation 
values after 10 Trotter steps

After QPD sampling, the 
difference is much reduced
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• Most general single qubit noise model described by Kraus operators [1]

Simulating dynamics with general 1-qubit noise models

• Cannot express nonunital noise by unitary gates only [2]
• Include RESET gate                        into noisy gate set 𝐺- ≡ {𝐵-}
– We use the IBM native gateset 

• Construct noise channel from IBM basis gates using QPD approach

[1] Verstraete (2000; [2] Temme et al. (2017); Endo et al. (2018)

<latexit sha1_base64="1xtHIUaIm2MjzKkHl/vgGOukQGc=">AAACG3icbVDLSgMxFM34rPVVdekmWARXZab4WgoiuKyP2kKnlEx62wYzmSG5o5ax/+HGX3HjQhFXggv/xrSdhVoPBA7nnMvNPUEshUHX/XKmpmdm5+ZzC/nFpeWV1cLa+pWJEs2hyiMZ6XrADEihoIoCJdRjDSwMJNSC6+OhX7sBbUSkLrEfQzNkXSU6gjO0UqtQvvdjI6ivmepKoP6dFt0eMq2j29RHuMP0/OTi5HIwoPduFmoVim7JHYFOEi8jRZKh0ip8+O2IJyEo5JIZ0/DcGJsp0yi4hEHeTwzEjF+zLjQsVSwE00xHtw3otlXatBNp+xTSkfpzImWhMf0wsMmQYc/89Ybif14jwc5hMxUqThAUHy/qJJJiRIdF0bbQwFH2LWFcC/tXyntMM462zrwtwft78iS5Kpe8/dLe2W7xqJzVkSObZIvsEI8ckCNySiqkSjh5IE/khbw6j86z8+a8j6NTTjazQX7B+fwGRnOiJA==</latexit>

| i RESET�����! |0i
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• We compare the sampling overhead for constructing general 1-qubit channel using 
noiseless and noisy basis sets

• Exact solution for noiseless basis set:

Construct general 1-qubit channel using QPD approach

Pauli noise: no overhead
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Comparing noiseless and depolarizing noisy gate sets

• Gate set experiencing depolarizing noise (symmetric Pauli noise) has always larger 
overhead
– Depolarizing channel
– We use noise strength 𝑝 = 10$% here

• Pauli noise does not act as a resource
• Increasing Pauli noise is “free”, removing it costs nonzero overhead

<latexit sha1_base64="VY7PVFd8KoEvKsZoY7N6hIAV9vk=">AAACNXicbVDLSgMxFM3UV62vqks3wSJUxDJTnxuh6Eahiwr2oZ0yZNJMG5qZCUlGKEN/yo3/4UoXLhRx6y+YtrNoqxcC555zLrn3uJxRqUzzzUjNzS8sLqWXMyura+sb2c2tmgwjgUkVhywUDRdJwmhAqooqRhpcEOS7jNTd3tVQrz8SIWkY3Kk+Jy0fdQLqUYyUppxs2S5rcxs5HF7AvHV4xPdtH6kuRiy+HDg3B3yybUy399Ptg5PNmQVzVPAvsBKQA0lVnOyL3Q5x5JNAYYakbFomV60YCUUxI4OMHUnCEe6hDmlqGCCfyFY8unoA9zTThl4o9AsUHLGTEzHypez7rnYOl5Sz2pD8T2tGyjtvxTTgkSIBHn/kRQyqEA4jhG0qCFasrwHCgupdIe4igbDSQWd0CNbsyX9BrViwTgsnt8e5UjGJIw12wC7IAwucgRK4BhVQBRg8gVfwAT6NZ+Pd+DK+x9aUkcxsg6kyfn4BTUurOQ==</latexit>

⇤p = (1� 3p)BI + pBX + pBY + pBZ
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Nonunital device noise is a resource

• Gate set with amplitude + phase damping, taken from FakeArmonkV2 backend
• Slightly boost noise strength to be comparable to 𝑝 = 10". depolarizing channel
• Nonunital noise reduces overhead compared to noiseless case 
– ☞ Noise acts as a resource
– May seem small quantitatively for a single application of channel, but it exponentially 

increases with gate depth
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• Quasiprobability methods can scale effective noise affecting expectation values
– Systematic scaling of noise that requires noise tomography
– Sampling overhead increases exponentially with noise strength and circuit depth
– Probabilistic Error Reduction combined with zero-noise extrapolation reduces overhead

• QPD scaling of noise can be used for open system dynamics simulations
– Nonunital noise acts as a resource by reducing overhead compared to noiseless gate set

Summary

References: 
• McDonough et al., 2022 IEEE/ACM Third International Workshop on 

Quantum Computing Software (QCS), Dallas, TX, USA, 2022, pp. 83-93.
See also: arXiv:2210.08611 (2022). 

• Aftergood et al. (in preparation).
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Backup Slides
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Trotter dynamics of 127 qubit transverse-field Ising model

• Trotter circuit contains 
three layers

• Pauli twirling transforms 
the noise to Pauli noise

• Efficient noise tomography 
using a sparse Pauli noise 
model ansatz

• Can precisely tune the 
noise for ZNE since noise 
is well characterized 
(probabilistic noise 
amplification)
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Trotter dynamics of 127 qubit transverse-field Ising model
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Classically verifiable regime
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Classically “challenging” regime

Classical simulations 
using sparse Pauli 
dynamics method 
(Begusic, Chan, arXiv 
(2023). 

Even if this work is not yet beyond 
classical capabilities, it is clear 
that Trotter dynamics is a leading 
candidate for quantum advantage


