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motivation

quantum control of quantum system
quantum technologies

transformations need to be
• high fidelity≳ 1 − 10−4 ⟶QEC

• fast

• robust



outline

• system: 2 qubits coupled to a resonatormode

• coupling regimes: Strong Coupling (SC) and Ultra SC (USC)

• adiabatic protocol for state transfer in USC

• numerical results

• conclusion and outlook



system

resonatorwith frequency𝜔c ≈ 𝜖1, 𝜖2

qubit 1

𝜆1

𝜖1

qubit 2

𝜆2

𝜖2

resonator as quantum bus [1]→ scalable

example of quantum operation: state transfer

|0⟩c ⊗ |𝑔⟩2 ⊗ [ a |𝑔⟩ + b |𝑒⟩]
1
→ |0⟩c ⊗ [ a |𝑔⟩ + b |𝑒⟩]

2
⊗ |𝑔⟩1

[1] F. Plastina and G. Falci. Phys. Rev. B 67, 224514 (2003), I. J. Cirac and P. Zoller. Phys.
Rev. Lett. 74, 4091–4094 (1995)
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Strong Coupling (SC): 𝜅, 𝛾 ≪ 𝜆 ≪ 𝜔c, 𝜖𝑖

Hamiltonian

𝐻RW = 𝜔c𝑎†𝑎 −
1
2

2
∑
𝑖=1

𝜖𝑖(𝑡)𝜎𝑧𝑖 +
2
∑
𝑖=1

𝜆𝑖(𝑡) (𝑎†𝜎−𝑖 + 𝑎𝜎+𝑖 )

• 𝐻RW conserves the number of excitations 𝑁̂
• the evolution remains in the subspacewith one excitation

|0𝑒𝑔⟩

|0𝑔𝑒⟩
|1𝑔𝑔⟩

𝜆1

𝜆2

• fidelity∝ 𝜆𝑇, 𝑇 is the timescale of the transformation

same fidelity + faster transfer⇒ larger 𝜆

Ultra Strong Coupling (USC) is a natural candidate for
implementation of faster quantum operations
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Ultra Strong Coupling (USC): 𝜆 ≃ 𝜔c, 𝜖𝑖

Hamiltonian

𝐻Rabi = 𝐻RW +
2
∑
𝑖=1

𝜆𝑖(𝑡) (𝑎𝜎−𝑖 + 𝑎†𝜎+𝑖 )

• RWA does not hold in this regime
• 𝑁̂ is not conserved, but parity is conserved
• newphysical effects of great fundamental interest but
detrimental for quantum state processing

problems
• the resonatormayprovidemany (virtual) photons

• Dynamical Casimir Effect (DCE) limits the fidelity [2]

[2] G. Benenti, A. D’Arrigo, S. Siccardi, and G. Strini, Phys. Rev. A 90, 052313 (2014)
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proposed solution
resonator as a virtual

quantum bus [3]
adiabatic protocol

similar to STIRAP [4]

resonatormode never populated→DCE suppressed

STIRAP performs population transfer in 3-level systems
→𝐻RW with𝑁 = 1 implements the ideal protocol

evolution in𝑁 = 1 subspace

|0𝑒𝑔⟩

|0𝑔𝑒⟩
|1𝑔𝑔⟩

𝜆1

𝜆2
−50 0 50

time (arbitrary units)

0.0

0.1

0.2

0.3

pu
lse

s
(a

rb
itr

ar
y

un
its

)

𝜆1(𝑡)
𝜆2(𝑡)

[3] M. Stramacchia, et al., Proceedings 12, Iss. 1, p.35 (2019)
[4] N. V. Vitanov, et al., Rev. Mod. Phys. 89, 015006 (2017)
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𝐻Rabi = 𝐻RW +∑2
𝑖=1 𝜆𝑖(𝑡) (𝑎𝜎

−
𝑖 + 𝑎†𝜎+𝑖 )

low energy
Hamiltonian

𝐻̃ = (𝑃0 + 𝑃1)𝐻Rabi(𝑃0 + 𝑃1) + 𝛿𝐻

𝐻̃ describes aΔ system

|0𝑔𝑔⟩

|0𝑒𝑔⟩

|0𝑔𝑒⟩

|0𝑒𝑒⟩

|1𝑔𝑔⟩

|1𝑒𝑔⟩

|1𝑔𝑒⟩

|1𝑒𝑒⟩

|2𝑔𝑔⟩

|2𝑒𝑔⟩

|2𝑔𝑒⟩

|2𝑒𝑒⟩

new solution for dark-state
detuningmodulated [5]

𝜖2(𝑡) − 𝜖1(𝑡) =
𝜆1(𝑡)2−𝜆2(𝑡)2

𝜔c

𝜖1(𝑡) = 𝜔c −
2𝜆1(𝑡)2+𝜆2(𝑡)2

2𝜔c

[5] T.J. Pope, et al., Jour. Stat. Mech. (2019)
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𝐻Rabi = 𝐻RW +∑2
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−
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infidelity vs decay rate of the cavity
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• USC allows for faster state transfer, but limited byDCE

• STIRAP-like protocolwithmodulated detunings gives very
high fidelities in short time

• Optimal Control Theory increases even further the fidelity

• robust against cavity noise
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• Theorem: state transfer= final rotation ∘ population
transfer

• entanglement generation inmultiqubit systems

• two-qubits gate?
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