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My background 

http://journal.frontiersin.org/jour
nal/ict/section/quantum-
computing 



• The fabrication and control of macroscopic artificial 
quantum structures, such as qubits, qubit arrays, 
quantum annealers and, recently, quantum 
metamaterials, have witnessed significant progress 
over the last 15 years. This was a surprisingly quick 
evolution from theoretical musings to what can now 
be called quantum engineering [the observation of 
such phenomena even in a single superconducting 
device was considered a truly challenging task as 
late as in 1980]. Today, we stand at the point where 
existing theoretical and computational tools become 
inadequate for predicting, analysing, and simulating 
the behaviour of such structures, in which quantum 
superposition and entanglement are essential.  



Quantum revolution 2.0 

• Use of essentially quantum properties of 
macroscopic quantum coherent devices 
▫ But: 
▫ ONE CANNOT EFFICIENTLY MODEL 

QUANTUM SYSTEMS BY CLASSICAL MEANS! 
▫ Ergo: 
▫ BUILD QUANTUM COMUTERS! 
▫ But… 

 



Richard Feynman (1918 – 1988) 

• Path integral formulation: relates quantum to 
classical mechanics via variational principle 
 Heron – Fermat – Lagrange – Hamilton – Dirac   
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Philosophy of quantum mechanics 
• Copenhagen interpretation 
• Many worlds 
• Environmental decoherence 
▫ Quantum Darwinism 

• Consistent histories 
• Pilot wave 
• ? 
• “Shut up and calculate!” 



Philosophy:  
baggage train of science 
• …which is indispensable, but should never ever 

be in the lead 
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Copenhagen vs. Schengen  
quantum-classical boundary 



“Standard” quantum computing 

• Precise single and two-qubit quantum 
manipulations 

• Qubit lifetime much shorter than the 
computational run 

•  Ergo: 
▫ Quantum error correction 
▫ Ancilla qubits, additional operations 
▫ More noise, shorter lifetime 
▫ Topological protection etc promising, but…  





Quantum Slide Rules: 
Adiabatic quantum computing 

𝐻 𝜆 = 𝐻𝑖 1 − 𝜆 + 𝐻𝑓 𝜆 



 





Approximate AQC – a possible 
application? 





How far do we get from the initial 
state? 
• “LZ diffusion” 

 
 

 
 

 N – number of anticrossings  
 per energy level 

   



Qubits for quantum computing and 
much, much more 

Charge qubits: Yamamoto 
et al., 2003 

Phase qubit: Allman et al., 2010 

Flux qubits: Grajcar et al.,  
2006 





Why now? 
• Fabrication of multiqubit arrays with controlled macroscopic 

quantum coherence now possible 
 

• Current theoretical methods at their limit and new 
approaches are urgently needed 
 

• Applications (part of “quantum technologies 2.0”): 
 
▫ Integrated quantum limited detection and image processing 
▫ Quantum optimization  
▫ Quantum simulation 
▫ Quantum communication 

  



D-Wave controversy 
• World’s biggest collection of qubits  
▫ Current version of D-Wave 2X had 1152 qubits, 1097 operational 

• Quantum operation confirmed for 8-qubit register 
• Operation consistent with both quantum and classical models 
• Decoherence time of a qubit much shorter than the adiabatic 

evolution time 
• How to tell whether it is quantum, and if so, is it quantum 

enough? 
• 3000× SNAFU 
• Recent data (C. Williams at Oxford): N-qubit system with E 

couplers stays within 𝑁 + 𝐸 from the ground state – 
consistent with the LZ diffusion picture 

• Latest: King et al., “TTT-benchmarking” – faster than 
conventional algorithms on classical computers 
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“Time-To-Target” – essentially the 
same approach as AAQC 
• How fast another algorithm can produce the 

same degree of accuracy (King et al. arxiv 
1508.05087) 

• BUT:  
▫ DOES IT REALLY MATTER? 
▫ “Speed-up” is – scientifically – a minor and ill-

defined question compared to the one of “degree 
of quantumness” 

 





Wang L, Roennow T, Boixo S, Isakov S, 
Wang Z, Wecker D, et al. Comment on: 
“Classical signature of quantum 
annealing.” arXiv:1305.5837 (2013). 



Shin S, Smith G, Smolin J, Vazirani U. How 
“Quantum” is the D-Wave machine? 
arXiv:1401.7087 (2014). 
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Quantum engineering for QT2.0 
• Accommodating incompatible requirements 
• Using “rule-of-thumb” estimates for 

characterizing and predicting the system’s 
performance and reliability 

• Heuristics 
• Scaling 
• “Engineering is about building reliable 

structures using non-reliable components” 



Bridging the quantum gap 

• Develop efficient methods of predicting 
behaviour of large quantum systems using 
classical means – without violating Feynman’s 
dictum  
▫ Statistical predictions – for classes of systems, 

valid on average 
▫ Extension of methods of quantum many-body 

theory and quantum statistics 
▫ How to do this? 

 



For example… 

• Pechukas-Yukawa (generalized Calogero-
Sutherland) 

Zagoskin, Savel’ev and Nori, PRL 98, 057004 (2007) 



• and  the corresponding BBGKY chain: 

Zagoskin, Savel’ev and Nori, PRL 98, 057004 (2007) 



Or: scaling approach 

•  and the use of scale models based, e.g., on 
quantum metamaterials 

  

 

 



Quantum metamaterials: 

• Artificial optical media that have the following 
properties: 
▫ They are composed of quantum coherent unit 

elements with engineered parameters  
▫ Quantum states of these elements can be 

controlled  
▫ The whole structure can maintain global 

quantum coherence for longer than the traversal 
time of a relevant electromagnetic signal  

 
Rakhmanov, Zagoskin, Saveliev & Nori, Phys. Rev. B 77, 144507 (2008) 



• Quantum metamaterials can be realized using 
different technologies 

• They are generally easier to realize than 
quantum computers 
▫ An (adiabatic) quantum computer can be 

considered a special, complex case of a quantum 
metamaterial 

• They can provide a good testing ground for the 
investigation of “quantumness” in macroscopic 
systems 



QMMs from 2008 to 2014 

• Experimental prototype: Macha et al. (2013) 

 

 

•Theoretical proposal:  
•Rakhmanov, Zagoskin, Saveliev & Nori, Phys. Rev. B 77, 144507 (2008) 

•Zagoskin, Rakhmanov, Saveliev & Nori, Phys. Stat. Solidi B 246, 955 (2009) 

• Proof of principle: Astafiev, Zagoskin et al., 
Science (2010) 
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Conclusions 
• Quantum revolution 2.0 has the potential for both 

fundamental breakthroughs and developing disruptive new 
technologies, new IP and business opportunities 
 

• This potential cannot be realized if the “capacity gap” is not 
bridged – i.e. if a way is not found to efficiently characterize 
and predict the essential features of large quantum systems 
including quantum coherences and entanglement 
 

• The methods for achieving this goal can be developed by 
generalizing methods of quantum many-body physics and 
quantum statistics 
 

• This goal can be only achieved in a close collaboration 
between theory and experiment 
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