Noise-assisted digital quantum
simulation of open systems

José D. Guimaraes, James Lim, Mikhail I. Vasilevskiy, Susana F. Huelga, Martin B. Plenio | 2022

universitat

SITA
\3?.?‘ T
D <
> %
Oo [ < ”’5
= X 3B B
A | > =
o O
2 O
9 ()
Ogn32©



Overview - Part |

e Use the intrinsic noise of NISQ devices as a resource for guantum computation.
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Overview - Part |

e Use the intrinsic noise of NISQ devices as a resource for guantum computation.
 Quantum simulation of Markovian dynamics of open quantum systems;

* The quantum hardware does not need to be changed in order to tune the
decoherence rates;
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Time-evolution via product formulas

 [ime-evolution in the quantum computer,

N
Noiseless quantum computer: e H | P(0)) ~ Hi,):l (A]k(At) | P(0)), (A]l(At) = He_iHJ'N, At =t/D.
j=1
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Time-evolution via product formulas

 [ime-evolution in the quantum computer,

N
Noiseless quantum computer: e H | P(0)) ~ Hiz):l lA]k(At) | P(0)), (A]l(At) = He_iHJ'N, At =t/D.
j=1
. _ dp(t) A Yy A A
Noisy quantum computer: = ZLIp®)] =—ilH, p(1)] + @intrinsic[p(t)]

e Markovian noise.
e Weak noise over a Trotter iteration.
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Noise characterization C s ph >

C B + E R Erhard, Alexander, et al. Nature communications 10.1 (2019): 1-7.

Flammia, Steven T., and Joel J. Wallman. ACM
Transactions on Quantum Computing 1.1 (2020): 1-32.

K-qubit stochastic Pauli channel: &(p) = Zk e.P.pP,
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Noise characterization C s ph >
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K-qubit stochastic Pauli channel: &(p) = Zk e.P.pP,
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Noise characterization C s ph >
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K-qubit stochastic Pauli channel: &(p) = Zk e.P.pP,
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Noise characterization
CB + ER

K-qubit stochastic Pauli channel: &(p) = Zk e.P.pP,

K=1: %;(qu(ﬁ) — 60:5 T GXXmﬁXm T GY?mﬁ?m T EZZmﬁZm

K2 82,,() = EDG) + B, ()

+€XXX Xm+1ﬁX Xm+19 + GXYX Ym+1ﬁXmi\7m+1 —|— cee

No need to characterize errors acting on
more than K=2 nearest-neighbour qubits.
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Time-evolution via product formulas

 [ime-evolution in the quantum computer,

N
Noiseless quantum computer: e H | P(0)) ~ Hi,):l lA]k(At) | P(0)), (A]l(At) = He_iHJ'N, At =t/D.
j=1
. | dp(t) A Ay A \
Noisy quantum computer: = = ZLp®)] = — i[H, p(t)] + Do chastic P(D)]

e Markovian noise.
e \Weak noise over a Trotter iteration.
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Time-evolution via product formulas

* Time-evolution in the quantum computer, j=t7 e T T
I A A N e
Noiseless quantum computer: e | P(0)) ~ Hi,):l U,(Ar) | ¥(0)), U,(Af) = He_’HJ'N, At =t/D.
i=1
| | dp(1) . fy A .
Noisy quantum computer: = = ZLp®)] = — i[H, p(t)] + Do chastic P(D)]

e Markovian noise. n 451 A A n
Dol P01 = Z55 1 (P 0Py = p0). = ol
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Time-evolution via product formulas
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Time-evolution via product formulas
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Error probabilities
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Control of noise

Noise characterization
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Control of noise

dp(1)

dt - g[ﬁ(t)] - l[ﬁ’ﬁ(t)] A gZstochastic[ﬁ(t)]

A 451 5 AL A
@stochastic[p(t)] — Zkz() Yk (Pkp(t)Pk o p(t)>a Vi = ek/At

How can we control 7, in the digital simulation without changing the hardware components?
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Control of noise

dp(1)

dt - g[ﬁ(t)] - l[ﬁ’ﬁ(t)] A gZstochastic[ﬁ(t)]

A 451 5 AL A
@stochastic[p(t)] — Zkz() Yk (Pkp(t)Pk o p(t)>a Vi = ek/At

* Target decoherence rates I

nir R 4K_1 AL R
DD (0] = Tt T (PpP = p0)), Ty=e At

* r, € [0,1]

Probabilistic Error Cancelation

Endo, Suguru, Simon C. Benjamin, and Ying Li. Physical Review X 8.3 (2018): 031027.
Sun, Jinzhao, et al. Physical Review Applied 15.3 (2021): 034026.
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Probabilistic Error Cancelation

Overview

* Probabillistically cancels Markovian noise to first order by inverting the noise

channel.

Characterization of the noise channel acting in the circuit:

Inversion of the characterized stochastic Pauli channel:
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E(p) = €yp + Z e.P.pP,
k=1

&\ (p) = €yp — Z e LrpPy
k=1

CPTP map

Non-CP map

/ —_
€i>0 = TkCk

19



Probabilistic Error Cancelation

Overview

* Probabillistically cancels Markovian noise to first order by inverting the noise

channel.

Characterization of the noise channel acting in the circuit: E(p) = €yp + Z e.P.pP,
k=1

Inversion of the characterized stochastic Pauli channel: %‘1(p) = €yp — Z €. PrpP;
k=1

For each Trotter
iteration apply
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k=0 k=0
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Probabilistic Error Cancelation

Overview

* Probabillistically cancels Markovian noise to first order by inverting the noise

channel.

Characterization of the noise channel acting in the circuit: E(p) = €yp + Z e.P.pP,
k=1

Inversion of the characterized stochastic Pauli channel: %‘1(p) = €yp — Z €. PrpP;
k=1
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Probabilistic Error Cancelation

Overview

* Probabillistically cancels Markovian noise to first order by inverting the noise

channel.
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Probabilistic Error Cancelation

Overview
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Partial Probabilistic Error Cancelation
Mitigation Cost

&' =C ) psign(g) P,
k=0
pr=¢€/C

C=Y lgl » Mitigation cost
k=0
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Partial Probabilistic Error Cancelation
Mitigation Cost

& chkSIgmqk)%

pr=¢€/C
Variance of the
C= Z | G| I\/I|t|gat|on cost measured observable

IS Increased
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Partial Probabilistic Error Cancelation
Mitigation Cost

&' =C ) psign(g) P,

pr=¢€/C

m *  Mitigation cost *
k=0

For a Trotter-type circuit:

Variance of the
measured observable
IS Increased
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Decoherence rate control scheme

How can we control y,, in the digital simulation without changing the hardware components?

. 4K_] NoA
Target decoherence rates I : peontroied 5(1)] = 2o Lk (P WPOP;, — P(t)>
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Decoherence rate control scheme

How can we control y,, in the digital simulation without changing the hardware components?

Target decoherence rates | , :
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Decoherence rate control scheme

How can we control y,, in the digital simulation without changing the hardware components?

(controlled) 4 —
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Limitations of the technique

---------------------

Target decoherence rates I'y: + I, = €,(1 — r,)/ At E

----------------------

Ct%)t o e/InDe,, 5 M(NISQ)

max
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Limitations of the technique

---------------------

Target decoherence rates |, :

---------------------

Ct%)t o e/InDe,, 5 M(NISQ)

max

max

hl( M(NISQ))
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Limitations of the technique

---------------------

Target decoherence rates I'y: + I, = €,(1 — r,)/ At E

---------------------

Ct%)t o e/InDe,, 5 M(NISQ)

max

In M(NISQ)
< H + ( max )
~ D 2.nD?

How does D scale”?

€

€ = Zkzl €k r — Zk=1 Fk

José D. Guimaraes | 2023

34



Limitations of the technique _ =~ _
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---------------------
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Limitations of the technique
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Limitations of the technique
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Conclusion

Noise-assisted simulation

* Applications: NISQ computers and quantum analog simulations.
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Conclusion

Noise-assisted simulation

* Applications: NISQ computers and quantum analog simulations.

 [he quantum hardware does not need to be changed in order to tune the
noise rate;

 Open quantum systems coupled to Markovian environments via stochastic
Pauli noise channels with medium- or large-decoherence rates.

N()'te: Technique is not restricted only to stochastic Pauli channels
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Conclusion

Noise-assisted simulation

* Applications: NISQ computers and quantum analog simulations.

 [he quantum hardware does not need to be changed in order to tune the
noise rate;

 Open quantum systems coupled to Markovian environments via stochastic
Pauli noise channels with medium- or large-decoherence rates.

* Ongoing work: Generalization of this technique to simulate non-perturbative
dynamics of open quantum systems.
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Thank you for your attention!
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