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1.  The Errors Causing Infidelity

Fidelity: 𝐹 ≡ ⟨𝜓ideal|𝜌actual|𝜓ideal⟩

Infidelity: 𝐼 = 1 − 𝐹

Incoherent Errors

Coherent Errors

Errors



1.1 Coherent Errors 



1.2 Incoherent Errors 



2.1 The Conventional Mølmer-Sørensen Gate[1]

• Cirac-Zoller gate ~ resonant
blue: 𝜔 = 𝜔𝑒𝑔 + 𝜈

red:   𝜔 = 𝜔𝑒𝑔 − 𝜈

• Mølmer-Sørensen (MS) gate 

~ off-resonant

𝜔1 = 𝜔𝑒𝑔 + 𝛿

𝜔2 = 𝜔𝑒𝑔 − 𝛿

𝐻0 = ℏ𝜈 𝑎†𝑎 + 1/2 + ℏ𝜔𝑒𝑔

𝑖

𝜎𝑧𝑖/2

• Trapped-Ion Hamiltonian

𝐻int =

𝑖

ℏΩ𝑖

2
(𝜎+𝑖𝑒

i 𝜂𝑖 𝑎+𝑎
† −𝜔𝑖𝑡 + ℎ. 𝑐. )

[1] 10.1103/PhysRevLett.82.1971
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• Second order perturbation theory 

෩Ω = −
Ω𝜂 2

2 𝜈 − 𝛿

𝑚 = 𝑒𝑔𝑛 + 1 , 𝑔𝑒𝑛 − 1

[1] 10.1103/PhysRevLett.82.1971
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2.2 The Polychromatic Mølmer-Sørensen Gate[2]

𝐻 𝑡 = Υ 𝑡 𝑎 + Υ∗ 𝑡 𝑎† 𝑆𝑥 ,

• MS Hamiltonian

𝑈𝐾 = exp(−i((𝑓 𝑡 𝑎 + 𝑓∗ 𝑡 𝑎†)𝑆𝑥 − 𝑔 𝑡 𝑆𝑥
2))

𝑆𝑥 =
𝑗
𝜎𝑥
(𝑗)

, Υ 𝑡 = 𝜂Ωexp(i𝛿𝑡)

𝑓 𝑡 = න
0

𝑡

𝑑𝑡′Υ t′ , 𝑔 𝑡 = Im[න
0

𝑡

𝑑𝑡′Υ t′ 𝑓∗(𝑡′)]

• Propagator

ℒ ∘ = −i 𝐻 𝑡 ,∘ + 

𝑗=+,−,𝑑

𝛾𝑗(𝐸𝑗 ∘ 𝐸𝑗
† −

1

2
{𝐸𝑗

†𝐸𝑗 ,∘})

• Lindblad master equation

𝐸+ = 𝑎†

𝐸− = 𝑎
𝐸𝑑 = 𝑎†𝑎

෨𝐸+ = 𝑎† + 𝑖𝑓 𝑡 𝑆𝑥
෨𝐸− = 𝑎 − 𝑖𝑓∗ 𝑡 𝑆𝑥

෨𝐸𝑑 = 𝑎†𝑎 + 𝑖 𝑓 𝑡 𝑎 − 𝑓∗ 𝑡 𝑎† 𝑆𝑥 + 𝑓 𝑡 2𝑆𝑥
2

Interaction picture

[2] 10.1088/1367-2630/18/12/123007
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• Optimization

Υp =
𝑗=1

𝑚

𝑐𝑗𝜔exp(i𝑗𝜔𝑡)
constrain  𝑓 = 0
minimize  ⟨| |𝑓 2⟩

optimal coefficient 𝑐𝑗
opt

maximally 

entangling unitary

𝐻poly = ℏ𝛿𝑆𝑥

𝑗=1

𝑁

𝑐𝑗(𝑎
†𝑒𝑖𝑗𝛿𝑡 + 𝑎𝑒−𝑖𝑗𝛿𝑡)

• Polychromatic MS Hamiltonian

• motional heating

• motional dephasing

protect against

[2] 10.1088/1367-2630/18/12/123007
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2.3 Generally Noise-resilient Entangling Gates[3]

𝐻0 =

𝑗=1

𝑁
𝜔𝑗
2
𝜎𝑧

𝑗
+

𝑙=1

𝑀

𝜈𝑙𝑎𝑙
†𝑎𝑙

• Many-ion system with multi-mode structure

𝐻 𝑡 =

𝑗=1

𝑁

Υ𝑗 𝑡 𝜎+
𝑗
ෑ

𝑙=1

𝑀

𝑒
𝑖𝜂𝑗𝑙 𝑎𝑙+𝑎𝑙

†

+ ℎ. 𝑐.

𝐻 𝑡 =

𝑗=1

𝑁

𝜎𝑦
𝑗



𝑙,𝑘>0

𝐹𝑙,𝑘
𝑗

𝑡

𝜂𝑗𝑙
𝐷𝑙,𝑘ෑ

𝑙′≠𝑙

𝐷𝑙′,0 + ℎ. 𝑐.

• Operators 𝐷𝑙,𝑘 capture the 𝑘-th order 

sideband transitions of the motional mode 𝑙.

• Driving patterns 𝐹𝑙,𝑘
𝑗

𝑡 account for finite 

detuning and temporal modulation that can 

be used to achieve the desired robustness

• the entanglement is achieved via 

the exchange of virtual phonons

• interaction picture

• RWA

[3] arXiv: 2404.12961



𝐻𝑐 𝑡 =

𝑗=1

𝑁

𝜎𝑦
𝑗 𝐹1,1

𝑗
𝑡

𝜂𝑗1
𝐷1,1𝐷1 +

𝑙=1

𝑀
𝐹𝑙,2

𝑗
𝑡

𝜂𝑗𝑙
𝐷𝑙,2𝐷𝑙 + ℎ. 𝑐.

• higher-order phonon processes

• the phonon exchange processes in 

the non-addressed vibrational modes

• 1st-order sideband (𝑘 = 1)

2nd-order sidebands (𝑘 = 2)

• simultaneously drive all modes

beyond the 

Lamb-Dicke 

regime

𝐹1,1
1
= 𝐹1,1

2
= Ω 𝑒2i𝛿𝑡 −

3

2
𝑒3i𝛿𝑡

𝐹𝑙,2
1
= sign 𝜂1𝑙 Ω

𝜂𝑙
𝜂1𝑙

𝑒i𝛿𝑡

𝐹𝑙,2
2
= sign(𝜂2𝑙)Ω

𝜂𝑙
𝜂2𝑙

𝑒i𝛿𝑡

~ bichromatic modulation ~ against motional heating

[3] arXiv: 2404.12961
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2.4 Amplitude-noise-resilient Entangling Gates[4]

• The sensitivity to amplitude in harmonic trap

Φ𝑅 = Ω𝑅
2 Im න

0

𝑇

𝑑𝜏෩Υ 𝜏 න
0

𝜏

𝑑𝜏′෩Υ∗ 𝜏′

𝑑Φ𝑅

Φ𝑅
~
𝑑Ω𝑅

Ω𝑅

For the MS Hamiltonian of a pair of trapped ions and an ideal harmonic bus mode: 

• the gate dynamics corresponds to a phase-space trajectory, which is a closed loop 

with length proportional to Ω𝑅

• the Rabi-angle Φ𝑅 of the effective 𝑆𝑥
2-interaction in this dynamics is proportional 

to the area enclosed by the loop

no choice of modulation 

Υ(𝑡) can alter this quadratic 

dependence on ΩR

[4] arXiv: 2407.03047



• The sensitivity to amplitude in weak anharmonic trap

• design Υ(𝑡) to make the correction terms induced by the quartic potential to 

compensate for phase variations induced by fluctuations in Ω𝑅

quartic potential:   
1

2
𝑚𝜔2(𝑧2 + 𝑧4/𝜉2)

• trap geometry: DC control electrodes are placed directly underneath the ions

𝑑Φ𝑅

Φ𝑅
~

𝑑Ω𝑅

Ω𝑅

2

[4] arXiv: 2407.03047
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3. Summary

• The conventional MS gate: independent of the initial motional quantum number

• The polychromatic MS gate: against motional heating and motional dephasing

• Generally noise-resilient entangling gate scheme: against motional heating in hot

trapped ion chain with complex multi-mode structure

• Amplitude-noise-resilient gate scheme: against the random amplitude fluctuation



Thank you!
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