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Development Roadmap | gy @ IBM Quantum

2019 @ 2020 @ 2021 @ 2022 @ 2023 2024 2025 2026+

Run quantum circuits Demacnstrate and Run quantum Bring dynamic circuits to Cnnancing applicaticns Improve accuracy of Scalz quantum applica Increase accuracy and

on the IBM cloud prototype gquantum programs 100x faster Qiskit Runtime to unlock with elast'c computing Qiskit Runtime with Lions with circuit knitting speed of quantum
algorithmes anc with Qisxit Runtime maore computaticns and parallelization of scalable error mitigation too box contralling warkflows with integration
applications Qiskit Runtime Qis«it Runtime of error correction into

Qiskit Runtime

Mocdel Prototype quantum software applications @ — Quantum software applications
Developers
Machine learning | Natural science | Optimization

Algorithm Quantum algorithm and application madules . Quantum Serverless 3J)
Developers

Machine learning | Natural science | Optimization

Kernel
Developers

Dynamic circuits (2 Threaded primitives @ Error suppression and mitigation Error correction
System Falcon 3 Hummingbird € Eagle Osprey ; Condor Flamingo Kookaburra Scaling to
Modularity 27 qubits 65 qubits 127 qubits 433 qubits 1,121 qubits 1,386+ qubits 4,158+ qubits 10K-100K qubits

with classical
and quantum
communication

Heron @ Crossbill
133 qubits x p 408 qubits




Prerequisite
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state 2 — (0,0, 0) 2



Prerequisite

Schrodinger’s equation  H |W(t)) = Zh |¢( )

$
(1) =[e (o)}

U (t)




Quantum computing
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Superconducting quantum processor
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Quantum
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Operation principles of
superconducting qubits
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LC circuit
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LC circuit

T Faraday’s law
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LC circuit

Charge energy  Flux energy
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LC circuit

Charge energy  Flux energy

Hg Hg
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LC circuit

Energy conservation
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Classic regime



LC circuit

Energy conservation
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Quantum regime
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LC circuit
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LC circuit
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Dilution refrigerator

3He pumpand pur ification
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LC circuit

= Vo cosw,t
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LC circuit

= Vo cosw,t

— [gcosw,t \ .[
Poisson distribution

As all transitions are degenerate, one cannot steer the system to an arbitrary state

We need a non-linear circuit element!!



Josephson Junction
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Quantum processors: IBM vs Google

433-qubit Osprey processor (IBM) /2-qubit Sycamore processor (Google)



Quantum processors: IBM vs Google

8

(@)

-

Frequency [GHZz]

N

-TT -70/2 0 /2 T
Magnetic flux bias, @,

mA
-

Coherence time (T7) : >400 ys Coherence time (T7) : ~20 ps

arXiv:2106.00675 Nature 614, 676 (2023)




Initialize Interact Measure Initialize Interact Measure
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Frequency-tunable architecture
has more interaction types

Quantum processors: IBM vs Google

Topologically

ordered states .

Multi-photon
bound states

0.01%"

U,|E) = €'"|E)

PN -0.5

1.9
4

0.9

1.3

Quasi-energy, o / m (cycle-1)

0.8}

0.3 0.0
-1.0 -05 0.0 0.5 1.0
Momentum, k / &t (site-")

arXiv:2206.05254

Science 374, 1237 (2021)

Information scrambling

CZ CZ (G,)
. - u i
oo 4 B

: |+ X)

::+X)

: 0

Science 374, 1479 (2021)




Challenges in superconducting devices

1. Trade-off between robustness and tunability

-> Lack of versatile, high-coherence interactions

2. Limited range of interactions

=> Lack of efficient multi-qubit interactions




High-fidelity three-qubit iToffoli gate
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Y. Kim et al., Nat. Phys. 124, 210401 (2020)

Programmable Heisenberg interactions
between Floquet qubits

L. B. Nyguen?*, Y. Kim* et al., Nat. Phys. (2024)




Programmable Heisenberg interactions
for fixed-frequency qubits




XXZ Heisenberg model



XXZ Heisenberg model

Hxxz = Z JXY(Xin + YL}A/}) + JZZZiZj

]

Spin-spin
Interaction




XXZ Heisenberg model

Phase transition Phase transition .
. Anomalous spin transport
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Spin-exchange interaction
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Quantum processors: IBM vs Google

S |
Fixed-frequency qubit

Coherenc Coherence time (T7) : ~20 ps

arXi Nature 614, 676 (2023)




Frequency tuning of fixed-frequency qubits

Schrodinger Equation
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Synthesizing Floquet qubit

A qu
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Adiabatic Adiabatic
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Adiabatic transition to Floquet qubit
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Shortcuts to adiabaticity (STA)

Derivative removal by adiabatic gate (DRAG)

A diabatic

Energy /
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value value




Shortcuts to adiabaticity (STA)

e, A diabatic PI 1>0.00 0.05 0.10
0.0 ' z i
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Ramp time, 7, (ns)

Ramp time is reduced from 60 ns to 30 ns



Programmable
Heisenberg interactions




XXZ Heisenberg interactions between Floquet qubits

Z JXY(Xin + YJAG) + JZZZiZj
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XXZ Heisenberg interactions between Floquet qubits

Z JXY(Xin + YJAG) + JZZZiZj
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Conclusion

» Fast Floguet qubit synthesis using an STA technique

Programmable interactions for high-coherence devices
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