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研究成果の概要（和文）：当チームは優れた物理学雑誌に掲載された非常に多くの研究成果を上げており、それ
らは世界中の専門的なレフェリーによって評価されてきた。研究結果はWeb サイトに於いて公開されており、一
般の人々がこれらの研究結果にアクセスできるようにするために重要なことである。PIは2017年から2022年まで
6年連続でClarivateの「Highly Cited Researcher」に掲載されている（物理学者の選出率は0.1％未満、割合は
全国で10人未満）。PIは今回の科研費の研究テーマである量子光学および量子エレクトロニクスに関する研究で
ヨーロッパアカデミア会員に選出され、W. ラムメダルを受賞した。

研究成果の概要（英文）：We have obtained very many research achievements published in excellent 
physics journals, which were evaluated by many expert referees from all over the world. These 
research results are available to all in the ArXiv, and also in our web site, with the PDF files of 
all our publications. This is important for the public to freely access these research results. We 
have also made many research presentations to audiences. The PI has been listed as a Clarivate "
Highly Cited Researcher” for the past six consecutive years: from 2017 to 2022 (less than 0.1% of 
physicists are selected, and less than ten in Physics in all of Japan). In 2023, the PI was elected 
Member of the Academia Europaea, and won the W. Lamb Medal, for research on Quantum Optics & Quantum
 electronics, the topics of this Kakenhi grant proposal.

研究分野： Theoretical Quantum Optics

キーワード： Quantum physics　Quantum optics　Quantum open systems　Quantum information　Quantum hybrid sy
stems　Quantum circuits　Josephson qubits　Photonics

  ４版

令和

研究成果の学術的意義や社会的意義
Significant scientific results attract the attention of the research community, are evaluated by top
 referees from all over the world and are published in top journals. Top quality science is the only
 one that will have social impact. 

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。



様 式 Ｃ－１９、Ｆ－１９－１、Ｚ－１９（共通） 
 
１．研究開始当初の背景 
 
General Background: Superconducting (SC) quantum circuits can act as artificial 
atoms made from electrical circuit elements. At very low temperatures, these 
circuits have quantized energy levels. Transitions between levels are induced by 
applying pulsed microwave radiation to the circuit, revealing quantum coherent 
phenomena analogous to (and in certain cases beyond) those observed with 
coherent atomic systems. SC quantum nano-devices are attracting growing 
interest worldwide and are being extensively studied for both basic science and 
future applications. These new SC quantum circuits are very promising, because 
they can be integrated into a chip with controllable macroscopic quantum 
properties.  
 
２．研究の目的 
 
The main purpose of this proposal is to study (superconducting and 
semiconducting) quantum devices as “Artificial Atoms”, and elucidate how these 
“giant atoms” interact with light, transmission lines, (electro-magnetic or 
mechanical) resonators, and to use the gained knowledge for designing on-chip 
hybrid quantum processors, quantum controllers and quantum sensors. 
Particular emphasis was made on optomechanics and the ultra-strong coupling 
limit of cavity QED. We did this through theoretical and computational methods 
and in close collaboration with various experimentalists. We have tested the 
developed models and the performance of our designed quantum devices 
through our existing collaborations with several experimental groups with whom 
we have already published together. With these devices it is possible to create 
circuit analogues and simulations of many quantum phenomena. 
 
３．研究の方法 
 
(*) N-bundle photon emissions via the anti-Stokes process. We studied the 
bundle emission of N strongly correlated phonons in an acoustic cavity QED 
system. The mechanism relies on anti-Stokes resonances that generate super-
Rabi oscillations between states with a large difference in their number of 
excitations, which, combined with dissipation, coherently transfer pure N-phonon 
states outside of the cavity. This broadens the realm of quantum phononics, with 
potential applications for on-chip quantum information processing, quantum 
metrology, and engineering of new types of quantum devices, such as optically 
heralded N-phonon guns. 
                                                                            
(*) Virtual excitations in the ultra-strongly-coupled spin-boson model. We showed 
how, in the ultra-strongly-coupled spin-boson model, apparently unphysical 



"Matsubara modes" are required not only to regulate detailed balance, but also 
to arrive at a correct and physical description of the non-perturbative dynamics 
and steady-state. In particular, in the zero-temperature limit, that neglecting the 
Matsubara modes results in an erroneous emission of virtual photons from the 
collective ground state. To explore this difficult-to-model regime we will use non-
perturbative hierarchical equations of motion (HEOM), based on a partial fitting 
of the bath correlation-function, which takes into account the infinite sum of 
Matsubara frequencies using only a biexponential function. We compared the 
HEOM method to both a pseudo-mode model, and the reaction coordinate (RC) 
mapping, which help explain the nature of the aberrations observed when 
Matsubara frequencies are neglected.  
 
(*) Frequency conversion in ultrastrong cavity QED: We studied a new method 
for frequency conversion of photons which is both versatile and deterministic. We 
have recently shown that a system with two resonators ultrastrongly coupled to a 
single qubit can be used to realize both single- and multiphoton frequency-
conversion processes. The conversion can be controlled by tuning the qubit 
frequency to bring the desired frequency-conversion transitions on or off 
resonance. We significantly extended these studies and, over the next three 
years, find specific ways to implement these using various types of 
superconducting circuits.  
 
４．研究成果 
 
We have obtained very many research achievements published in excellent 
physics journals, which were evaluated by many expert referees from all over the 
world. The examples below are from Science and Nature journals, but we have 
also many published in PRL and other top journals. The results are summarized 
in the title and these are all easily available in our web site. Experimental 
investigation of wave particle duality relations in asymmetric beam interference, 
npj Quantum Information 8, 101 (2022); Dynamical control of quantum heat 
engines using exceptional points, Nature Comm. 13, 6225 (2022); Stable optical 
lateral forces from inhomogeneities of the spin angular momentum, Science Adv. 
8, eabn2291 (2022). Nonlinear multi-frequency phonon lasers with active 
levitated optomechanics, Nature Physics 19, pp. 414-419 (2023); NonAbelian 
effects in dissipative photonic topological lattices, Nature Comm. 14, 1440 (2023). 
Dynamically crossing diabolic points while encircling exceptional curves: A 
programmable symmetric-asymmetric multimode switch, Nature Comm. 14, 2076 
(2023). We also published seven papers in Physical Review Letters, during FY 
2022, and in other top journals. These works have been very well received by the 
research community around the world, and our publications are well cited. 
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