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QCT group
Laboratory space: Dilution refrigerators

•Installed 2 dilution refrigerators, both functional attaining 
temperatures in the 10-20mK range.  
•All laboratory infrastructure is in place, including storage 
shelves, workstations, instrument racks 
•Engine room in upper floor containing compressors and 
storage 
•1 DR financed by IFAE, 1DR financed by Qilimanjaro 
•1 more DR financed by Qilimanjaro at new UAB lab 
•Necessary instrumentation and components to control up to 
5 qubit devices.



QCT group

Plassys metal evaporator,

“qubit foundry”

Fumehood for lift-off Space for microscope

•Installed metal deposition facility inside IFAE’s 
cleanroom for qubit device production. 
•First device prototypes evaporated in April-May 2021. 
•Evaporator financed by Qilimanjaro 
•Upcoming wet bench will complement QCT’s group 
fabrication infrastructure. 
•Combined with CNM’s cleanroom facilities, evaporator 
enables QCT group for own device production.

IFAE cleanroom space

https://www.qilimanjaro.tech/
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• Digital vs Adiabatic Quantum Computers

• Adiabatic Quantum Computation

• Quantum Annealing

• Superconducting circuits with Josephson junctions

• Commercial (incoherent) Quantum Annealers

• Coherent Quantum Annealing

OUTLOOK

break



Û

Processing 2N

states simultaneously

Nielsen and Chuang, Quantum computation and Quantum information

Universal Quantum Computer| (0)i
<latexit sha1_base64="LDd5XnxYDm1Yh2Vvz5rnpMauyE4="></latexit>

| (t)i
<latexit sha1_base64="bEAdCGlQILV8snhBbIqNtBiUt7c="></latexit>

CONS:
Requires quantum 
error correction: ~106 

Long-term

PROS:
Applicable to any 
quantum algorithm

Quantum gates circuit

DIGITAL VS ANALOG QC
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Operation decomposed in 1-, 2-qubit gates

Examples 4/5, qubit sequences from D. Alsina, J.I. 
Latorre. Physical Review A 94 (1), 012314 (2016)



Û

Nielsen and Chuang, Quantum computation and Quantum Information Processing

Universal Quantum Computer| (0)i
<latexit sha1_base64="LDd5XnxYDm1Yh2Vvz5rnpMauyE4="></latexit>

| (t)i
<latexit sha1_base64="bEAdCGlQILV8snhBbIqNtBiUt7c="></latexit>

Operation decomposed in 1-, 2-qubit gates

If error occurs, algorithm fails

Unless Quantum Error Correction is 
implemented, approach is unreliable

DIGITAL VS ANALOG QC
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| (0)i
<latexit sha1_base64="LDd5XnxYDm1Yh2Vvz5rnpMauyE4="></latexit>

| (t)i
<latexit sha1_base64="bEAdCGlQILV8snhBbIqNtBiUt7c="></latexit>

<latexit sha1_base64="ouCH3Lvj4Em9oVLj2wiZDWJSVj4=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0GveQYwTwwWcLsZJIMmZ1dZnqFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7glgKg6777eTW1jc2t/LbhZ3dvf2D4uFR00SJZrzBIhnpdkANl0LxBgqUvB1rTsNA8lYwvpv5rSeujYjUA05i7od0qMRAMIpWeuyOKKa1aRnPe8WSW3HnIKvEy0gJMtR7xa9uP2JJyBUySY3peG6Mfko1Cib5tNBNDI8pG9Mh71iqaMiNn84vnpIzq/TJINK2FJK5+nsipaExkzCwnSHFkVn2ZuJ/XifBwY2fChUnyBVbLBokkmBEZu+TvtCcoZxYQpkW9lbCRlRThjakgg3BW355lTQvKt5Vxbu/LFVvszjycAKnUAYPrqEKNahDAxgoeIZXeHOM8+K8Ox+L1pyTzRzDHzifPwwbkII=</latexit>

Ĥ(t)
<latexit sha1_base64="Kbxki+863yuuAQAfKWq9S6UHbLw=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0Wol5KIqMeiBz1WsB/QhLDZbtulm03Y3Sgl7U/x4kERr/4Sb/4bt20O2vpg4PHeDDPzwoQzpR3n21pZXVvf2CxsFbd3dvf27dJBU8WpJLRBYh7LdogV5UzQhmaa03YiKY5CTlvh8Gbqtx6pVCwWD3qUUD/CfcF6jGBtpMAujb26YsFtxTn1JBZ9TgO77FSdGdAycXNShhz1wP7yujFJIyo04Vipjusk2s+w1IxwOil6qaIJJkPcpx1DBY6o8rPZ6RN0YpQu6sXSlNBopv6eyHCk1CgKTWeE9UAtelPxP6+T6t6VnzGRpJoKMl/USznSMZrmgLpMUqL5yBBMJDO3IjLAEhNt0iqaENzFl5dJ86zqXlTd+/Ny7TqPowBHcAwVcOESanAHdWgAgSd4hld4s8bWi/VufcxbV6x85hD+wPr8AUG7k1s=</latexit>

| G(0)i
<latexit sha1_base64="fdKgtIcKpvXS0knivFvjTbmTXhE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRahXkoioh6LHvRYoV/QhLDZTtqlm03Y3Sgl7U/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoRRqWz72yisrW9sbhW3Szu7e/sHZvmwLeNUEGiRmMWiG2AJjHJoKaoYdBMBOAoYdILR7czvPIKQNOZNNU7Ai/CA05ASrLTkm+WJ25DUv6s2z1yB+YCBb1bsmj2HtUqcnFRQjoZvfrn9mKQRcEUYlrLn2InyMiwUJQymJTeVkGAywgPoacpxBNLL5qdPrVOt9K0wFrq4subq74kMR1KOo0B3RlgN5bI3E//zeqkKr72M8iRVwMliUZgyS8XWLAerTwUQxcaaYCKovtUiQywwUTqtkg7BWX55lbTPa85lzXm4qNRv8jiK6BidoCpy0BWqo3vUQC1E0BN6Rq/ozZgYL8a78bFoLRj5zBH6A+PzB3lrk38=</latexit>

| G(T )i

Analogue: Evolution of quantum state by change of H. Also known as AQC.

<latexit sha1_base64="oVZ7K/dDtbqRJlPAwzVWQ7F04/s=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPRi8cKpi22oWy223bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEhh0HW/nZXVtfWNzcJWcXtnd2+/dHDYMHGqGfdZLGPdCqnhUijuo0DJW4nmNAolb4aj26nffOLaiFg94DjhQUQHSvQFo2ilx86QYuZPKnjWLZXdqjsDWSZeTsqQo94tfXV6MUsjrpBJakzbcxMMMqpRMMknxU5qeELZiA5421JFI26CbHbxhJxapUf6sbalkMzU3xMZjYwZR6HtjCgOzaI3Ff/z2in2r4NMqCRFrth8UT+VBGMyfZ/0hOYM5dgSyrSwtxI2pJoytCEVbQje4svLpHFe9S6r3v1FuXaTx1GAYziBCnhwBTW4gzr4wEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5AyADkI8=</latexit>

Û(t)

Digital: Evolution of quantum state by change of state:

Digital quantum computers are most well-known. Alternative approach is by using analog 
quantum processors, also known as quantum annealers.

DIGITAL VS ANALOG QC
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Excited state!

New ground state!



<latexit sha1_base64="ouCH3Lvj4Em9oVLj2wiZDWJSVj4=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0GveQYwTwwWcLsZJIMmZ1dZnqFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7glgKg6777eTW1jc2t/LbhZ3dvf2D4uFR00SJZrzBIhnpdkANl0LxBgqUvB1rTsNA8lYwvpv5rSeujYjUA05i7od0qMRAMIpWeuyOKKa1aRnPe8WSW3HnIKvEy0gJMtR7xa9uP2JJyBUySY3peG6Mfko1Cib5tNBNDI8pG9Mh71iqaMiNn84vnpIzq/TJINK2FJK5+nsipaExkzCwnSHFkVn2ZuJ/XifBwY2fChUnyBVbLBokkmBEZu+TvtCcoZxYQpkW9lbCRlRThjakgg3BW355lTQvKt5Vxbu/LFVvszjycAKnUAYPrqEKNahDAxgoeIZXeHOM8+K8Ox+L1pyTzRzDHzifPwwbkII=</latexit>

Ĥ(t)
<latexit sha1_base64="Kbxki+863yuuAQAfKWq9S6UHbLw=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0Wol5KIqMeiBz1WsB/QhLDZbtulm03Y3Sgl7U/x4kERr/4Sb/4bt20O2vpg4PHeDDPzwoQzpR3n21pZXVvf2CxsFbd3dvf27dJBU8WpJLRBYh7LdogV5UzQhmaa03YiKY5CTlvh8Gbqtx6pVCwWD3qUUD/CfcF6jGBtpMAujb26YsFtxTn1JBZ9TgO77FSdGdAycXNShhz1wP7yujFJIyo04Vipjusk2s+w1IxwOil6qaIJJkPcpx1DBY6o8rPZ6RN0YpQu6sXSlNBopv6eyHCk1CgKTWeE9UAtelPxP6+T6t6VnzGRpJoKMl/USznSMZrmgLpMUqL5yBBMJDO3IjLAEhNt0iqaENzFl5dJ86zqXlTd+/Ny7TqPowBHcAwVcOESanAHdWgAgSd4hld4s8bWi/VufcxbV6x85hD+wPr8AUG7k1s=</latexit>

| G(0)i
<latexit sha1_base64="fdKgtIcKpvXS0knivFvjTbmTXhE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRahXkoioh6LHvRYoV/QhLDZTtqlm03Y3Sgl7U/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoRRqWz72yisrW9sbhW3Szu7e/sHZvmwLeNUEGiRmMWiG2AJjHJoKaoYdBMBOAoYdILR7czvPIKQNOZNNU7Ai/CA05ASrLTkm+WJ25DUv6s2z1yB+YCBb1bsmj2HtUqcnFRQjoZvfrn9mKQRcEUYlrLn2InyMiwUJQymJTeVkGAywgPoacpxBNLL5qdPrVOt9K0wFrq4subq74kMR1KOo0B3RlgN5bI3E//zeqkKr72M8iRVwMliUZgyS8XWLAerTwUQxcaaYCKovtUiQywwUTqtkg7BWX55lbTPa85lzXm4qNRv8jiK6BidoCpy0BWqo3vUQC1E0BN6Rq/ozZgYL8a78bFoLRj5zBH6A+PzB3lrk38=</latexit>

| G(T )i

We know how to realize discrete sets of gate sets in digital QC. 
How do we implement analog quantum computing protocols in practice? 

DIGITAL VS ANALOG QC
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Adiabatic Quantum Computation is Equivalent to Standard Quantum Computation
Dorit Aharonov, Wim van Dam, Julia Kempe, Zeph Landau, Seth Lloyd, Oded Regev

SIAM Journal of Computing, Vol. 37, Issue 1, p. 166-194 (2007)
arXiv:quant-ph/0405098



ADIABATIC QUANTUM 
COMPUTATION
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The adiabatic theorem

ADIABATIC QUANTUM COMPUTATION (AQC)
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Blackboard
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Equivalent picture: Landau-Zener tunneling
<latexit sha1_base64="ITVQf/IqKHVUa0eUwMASF5krL+M=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgxpKUom6EooIuK9gHNDFMppN26MwkzEyEEgr+ihsXirj1O9z5N07bLLT1wIXDOfdy7z1hwqjSjvNtLSwuLa+sFtaK6xubW9v2zm5TxanEpIFjFst2iBRhVJCGppqRdiIJ4iEjrXBwNfZbj0QqGot7PUyIz1FP0IhipI0U2Pv14BpeQPKQnVS8hHo3iHM0CuySU3YmgPPEzUkJ5KgH9pfXjXHKidCYIaU6rpNoP0NSU8zIqOiliiQID1CPdAwViBPlZ5PzR/DIKF0YxdKU0HCi/p7IEFdqyEPTyZHuq1lvLP7ndVIdnfsZFUmqicDTRVHKoI7hOAvYpZJgzYaGICypuRXiPpIIa5NY0YTgzr48T5qVsntart5VS7XLPI4COACH4Bi44AzUwC2ogwbAIAPP4BW8WU/Wi/VufUxbF6x8Zg/8gfX5A2fQlIQ=</latexit>

PD = e�2⇡�

<latexit sha1_base64="Fm4BW9YtwnJMyIVgl2dm8a3qEOE=">AAACEXicbVDLSgNBEJz1GeMr6tHLYBByCrshqBchqKDHCOYB2Rh6J7PZITO7y8ysEDb5BS/+ihcPinj15s2/cfI4aGJBQ1HVTXeXF3OmtG1/W0vLK6tr65mN7ObW9s5ubm+/rqJEElojEY9k0wNFOQtpTTPNaTOWFITHacPrX479xgOVikXhnR7EtC2gFzKfEdBG6uQK7jUIAfgcu74EkrpXlGu4L43Ssht4IIcu8DiA4aiTy9tFewK8SJwZyaMZqp3cl9uNSCJoqAkHpVqOHet2ClIzwuko6yaKxkD60KMtQ0MQVLXTyUcjfGyULvYjaSrUeKL+nkhBKDUQnukUoAM1743F/7xWov2zdsrCONE0JNNFfsKxjvA4HtxlkhLNB4YAkczcikkAJhltQsyaEJz5lxdJvVR0Torl23K+cjGLI4MO0REqIAedogq6QVVUQwQ9omf0it6sJ+vFerc+pq1L1mzmAP2B9fkDJxedRQ==</latexit>

� =
�2

4~|↵|

<latexit sha1_base64="mui7oYwH2YZORuSwqp3uO9876Lw=">AAACGHicbVDLSgMxFM3UV62vUZdugkWoC+uMFHUjFKXgsoJ9QKcMd9JMG5p5kGSEMvQz3Pgrblwo4rY7/8ZMW0SrBwKHc+5Nco4XcyaVZX0auaXlldW1/HphY3Nre8fc3WvKKBGENkjEI9H2QFLOQtpQTHHajgWFwOO05Q1vMr/1QIVkUXivRjHtBtAPmc8IKC255qkDPB4AvsKOL4CkTgxCMeDjb4bVuFRzbXyCa6517JpFq2xNgf8Se06KaI66a06cXkSSgIaKcJCyY1ux6qbZ3YTTccFJJI2BDKFPO5qGEFDZTafBxvhIKz3sR0KfUOGp+nMjhUDKUeDpyQDUQC56mfif10mUf9lNWRgnioZk9pCf6KwRzlrCPSYoUXykCRDB9F8xGYAuSOkuC7oEezHyX9I8K9vn5cpdpVi9nteRRwfoEJWQjS5QFd2iOmoggh7RM3pFb8aT8WK8Gx+z0Zwx39lHv2BMvgCp/Z7e</latexit>

↵ =
@

@t
(E1 � E0)

W. D. Oliver et al. Science Vol. 310, Issue 5754, pp. 
1653-1657 (2005). Published online 10 November 2005

ADIABATIC QUANTUM COMPUTATION (AQC)



ADIABATIC QUANTUM COMPUTATION (AQC)
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Practical example: 2-SAT problem

A Tutorial on Formulating and Using QUBO Models
Fred Glover, Gary Kochenberger, Yu Du
arXiv:1811.11538

Blackboard

QUBO formulation

Blackboard

https://arxiv.org/search/cs?searchtype=author&query=Glover%2C+F
https://arxiv.org/search/cs?searchtype=author&query=Kochenberger%2C+G
https://arxiv.org/search/cs?searchtype=author&query=Du%2C+Y


ADIABATIC QUANTUM COMPUTATION (AQC)
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Quantum solution

<latexit sha1_base64="ddo+hiDmCoI/g344S4AJb999DJo=">AAACG3icbVDLSgMxFM3UV62vUZdugkVoQcpMKepGKHbTZQX7gLYMmTTTxmYyQ5KRlrH/4cZfceNCEVeCC//GtJ2Fbb0Q7uGcc7m5xw0ZlcqyfozU2vrG5lZ6O7Ozu7d/YB4eNWQQCUzqOGCBaLlIEkY5qSuqGGmFgiDfZaTpDitTvflAhKQBv1PjkHR91OfUoxgpTTlmserUco8jh3YE4n1G8vAaermRE1OnMjnX/V73/ILDMbNWwZoVXAV2ArIgqZpjfnV6AY58whVmSMq2bYWqGyOhKGZkkulEkoQID1GftDXkyCeyG89um8AzzfSgFwj9uIIz9u9EjHwpx76rnT5SA7msTcn/tHakvKtuTHkYKcLxfJEXMagCOA0K9qggWLGxBggLqv8K8QAJhJWOM6NDsJdPXgWNYsG+KJRuS9nyTRJHGpyAU5ADNrgEZVAFNVAHGDyBF/AG3o1n49X4MD7n1pSRzByDhTK+fwF3ZaB4</latexit>

HP (|xii) = f(xiC , xjC )(|xii)

Quantum solution: build Hamiltonian whose ground state energy is the minimum of f:

equivalence only in ground state 
<latexit sha1_base64="+oBQ+4IjXQvmXHWoPNF6f1pYYoY=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPSUDbbTbt0swm7E7HU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmFldW19o7hZ2tre2d0r7x80TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4XDm6nfeuDaiETd4yjlQUz7SkSCUbSS//TYFR1NVV/ybrniVt0ZyDLxclKBHPVu+avTS1gWc4VMUmN8z00xGFONgkk+KXUyw1PKhrTPfUsVjbkJxrOTJ+TEKj0SJdqWQjJTf0+MaWzMKA5tZ0xxYBa9qfif52cYXQVjodIMuWLzRVEmCSZk+j/pCc0ZypEllGlhbyVsQDVlaFMq2RC8xZeXSfOs6l1Uz+/OK7XrPI4iHMExnIIHl1CDW6hDAxgk8Ayv8Oag8+K8Ox/z1oKTzxzCHzifP6gWkYI=</latexit>

|xii

Finds equivalence between mathematical formulation of real problem with physics from a physical system.

Which physical system is suitable for QUBO problems?



ADIABATIC QUANTUM COMPUTATION (AQC)
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Replace bits xi by spin1/2 qubits eigenstates of �z
i

<latexit sha1_base64="IFxBg4F17tMt6Qw1EFk8lQWAJaU="></latexit>

�z
i =

✓
1 0
0 �1

◆

<latexit sha1_base64="tp2DKQNYLwQ6p8k5TJPA0Hr9lYA="></latexit>

The problem Hamiltonian

|zii
<latexit sha1_base64="AkSoNvN4ZTr/b5Eb8airvytjT24="></latexit>

1

2
(1� �z

i )|zii = zi|zii
<latexit sha1_base64="Zq70I7uUC6YHL2y95dP+G4azMqM="></latexit>

<latexit sha1_base64="BdOG0tEK9IP03U8m9LLAmH8S0VU=">AAACF3icbVDLSgMxFM3UV62vUZdugkWoKGVGiroRSrtxWcE+oB2GTJpp02YeJBlpGeYv3Pgrblwo4lZ3/o2ZdhbaeiDk5Jx7ubnHCRkV0jC+tdzK6tr6Rn6zsLW9s7un7x+0RBBxTJo4YAHvOEgQRn3SlFQy0gk5QZ7DSNsZ11O//UC4oIF/L6chsTw08KlLMZJKsvWyW5rY9BTewJ6IPDum56Okrq5RouSJPYJnc4PW0ie19aJRNmaAy8TMSBFkaNj6V68f4MgjvsQMCdE1jVBaMeKSYkaSQi8SJER4jAakq6iPPCKseLZXAk+U0oduwNXxJZypvzti5Akx9RxV6SE5FIteKv7ndSPpXlsx9cNIEh/PB7kRgzKAaUiwTznBkk0VQZhT9VeIh4gjLFWUBRWCubjyMmldlM3LcuWuUqzWsjjy4AgcgxIwwRWoglvQAE2AwSN4Bq/gTXvSXrR37WNemtOynkPwB9rnD8Lcnxc=</latexit>

f(xi) =
X

i,j

Cijxixj +
X

i

BixiStart with cost function

<latexit sha1_base64="7eNuUUWPDgF8dPMUcIXkFafPPDM="></latexit>

HP (|zii) =
X

ij

Jij�zi�zj +
X

i

hi�zi

Corresponds to the Ising model of interacting spins with on-site magnetic field

One-to-one correspondence with cost function f



ADIABATIC QUANTUM COMPUTATION (AQC)
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Clause C now associated with operator

The problem Hamiltonian

HP,C
<latexit sha1_base64="VKqhMFdS5SdVdwTKD3f2ye+jntA="></latexit>

Hamiltonian associated with all clauses, HP =
X

C

HP,C

<latexit sha1_base64="Szu5CxG3+58h7npROIJBQ52ALvc="></latexit>

HP,C(|z1i|z2i . . . |zN i) = f(ziC , zj,C)|z1i|z2i . . . |zN i
<latexit sha1_base64="jXSTSARK0Eoe89B3F+eMeSJHwTg="></latexit>

E. Farhi et al., arxiv:quant-ph/0001106

Minimum of Hamiltonian eigenvalue corresponds to optimal configuration to 
minimize cost function

if and only ifHP | i = 0
<latexit sha1_base64="Q6VWmGyPa+LlgXYQ221i22+VcEk="></latexit>

| i
<latexit sha1_base64="9W4/YJJPYIGCcSHcClSDoUwhVvE="></latexit>

is a superposition of states of the form  
satisfy all clauses.where|z1i|z2i . . . |zN i

<latexit sha1_base64="MT8UU5BodSO35WOGe1y5XjqkVGo="></latexit>

<latexit sha1_base64="b6DnMkmhqBKppgsLctDYMvxlbNA=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFclDJTfC2LblxJBfuAdhgyaaYNzWSG5I7Ylv6KGxeKuPVH3Pk3pu0stPVA4HDOPdybEySCa3Ccb2tldW19YzO3ld/e2d3btw8KDR2nirI6jUWsWgHRTHDJ6sBBsFaiGIkCwZrB4GbqNx+Z0jyWDzBMmBeRnuQhpwSM5NuFke+W8MivlDrdGLRhd75ddMrODHiZuBkpogw13/4yWZpGTAIVROu26yTgjYkCTgWb5DupZgmhA9JjbUMliZj2xrPbJ/jEKF0cxso8CXim/k6MSaT1MArMZESgrxe9qfif104hvPLGXCYpMEnni8JUYIjxtAjc5YpREENDCFXc3IppnyhCwdSVNyW4i19eJo1K2b0on9+fFavXWR05dISO0Sly0SWqoltUQ3VE0RN6Rq/ozZpYL9a79TEfXbGyzCH6A+vzB0dyk1M=</latexit>z1, z2, . . . zN
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T. Albash and D. Lidar, Rev. Mod. Phys. 90, 015002 (2018)

E. Farhi et al., arxiv:quant-ph/0001106

E. Farhi et al., Science 292, 472 (2001)

<latexit sha1_base64="ouCH3Lvj4Em9oVLj2wiZDWJSVj4=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0GveQYwTwwWcLsZJIMmZ1dZnqFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7glgKg6777eTW1jc2t/LbhZ3dvf2D4uFR00SJZrzBIhnpdkANl0LxBgqUvB1rTsNA8lYwvpv5rSeujYjUA05i7od0qMRAMIpWeuyOKKa1aRnPe8WSW3HnIKvEy0gJMtR7xa9uP2JJyBUySY3peG6Mfko1Cib5tNBNDI8pG9Mh71iqaMiNn84vnpIzq/TJINK2FJK5+nsipaExkzCwnSHFkVn2ZuJ/XifBwY2fChUnyBVbLBokkmBEZu+TvtCcoZxYQpkW9lbCRlRThjakgg3BW355lTQvKt5Vxbu/LFVvszjycAKnUAYPrqEKNahDAxgoeIZXeHOM8+K8Ox+L1pyTzRzDHzifPwwbkII=</latexit>

Ĥ(t)
<latexit sha1_base64="Kbxki+863yuuAQAfKWq9S6UHbLw=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0Wol5KIqMeiBz1WsB/QhLDZbtulm03Y3Sgl7U/x4kERr/4Sb/4bt20O2vpg4PHeDDPzwoQzpR3n21pZXVvf2CxsFbd3dvf27dJBU8WpJLRBYh7LdogV5UzQhmaa03YiKY5CTlvh8Gbqtx6pVCwWD3qUUD/CfcF6jGBtpMAujb26YsFtxTn1JBZ9TgO77FSdGdAycXNShhz1wP7yujFJIyo04Vipjusk2s+w1IxwOil6qaIJJkPcpx1DBY6o8rPZ6RN0YpQu6sXSlNBopv6eyHCk1CgKTWeE9UAtelPxP6+T6t6VnzGRpJoKMl/USznSMZrmgLpMUqL5yBBMJDO3IjLAEhNt0iqaENzFl5dJ86zqXlTd+/Ny7TqPowBHcAwVcOESanAHdWgAgSd4hld4s8bWi/VufcxbV6x85hD+wPr8AUG7k1s=</latexit>

| G(0)i
<latexit sha1_base64="fdKgtIcKpvXS0knivFvjTbmTXhE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRahXkoioh6LHvRYoV/QhLDZTtqlm03Y3Sgl7U/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoRRqWz72yisrW9sbhW3Szu7e/sHZvmwLeNUEGiRmMWiG2AJjHJoKaoYdBMBOAoYdILR7czvPIKQNOZNNU7Ai/CA05ASrLTkm+WJ25DUv6s2z1yB+YCBb1bsmj2HtUqcnFRQjoZvfrn9mKQRcEUYlrLn2InyMiwUJQymJTeVkGAywgPoacpxBNLL5qdPrVOt9K0wFrq4subq74kMR1KOo0B3RlgN5bI3E//zeqkKr72M8iRVwMliUZgyS8XWLAerTwUQxcaaYCKovtUiQywwUTqtkg7BWX55lbTPa85lzXm4qNRv8jiK6BidoCpy0BWqo3vUQC1E0BN6Rq/ozZgYL8a78bFoLRj5zBH6A+PzB3lrk38=</latexit>

| G(T )i
Energy of ground state wave function 
maps to minimum of cost function f

Recalling adiabatic evolution…
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The initial/driving Hamiltonian

Ground state is easy to find. 

HDi =
1

2
(1� �

x
i )

<latexit sha1_base64="cn88Cq0D7htBi6ug4kX/v56mR7s="></latexit>

HD =
X

i

HDi

<latexit sha1_base64="9/bx717nPnxzYTLIjSvNGlDZgkM="></latexit>

Ground state is |x1 = 0i|x2 = 0i . . . |xN = 0i
<latexit sha1_base64="yIhz9c3v/D3s4Wyb7MQMiPWOobQ="></latexit>

|x1 = 0i|x2 = 0i . . . |xN = 0i = 1

2n/2

X

z1

X

z2

· · ·
X

zn

|z1i|z2i . . . |zN i
<latexit sha1_base64="k8AEiIzAsQ0Y2h7W3jUiyNb9ohc="></latexit>

E. Farhi et al., arxiv:quant-ph/0001106

No interaction between qubits:
preparing ground state is equivalent to 
individual qubit ground state

In x-basis, initial state becomes a superposition of states in z-basis, known as the 
computational basis. Samples all classical possibilities at once. 

|0i
<latexit sha1_base64="N+RWs/yMRNxatCVzpPk65DglVn8=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYhA8hV0f6DHoxWME85BkCbOT3mTIzOwyMyuENV/hxYMiXv0cb/6Nk2QPmljQUFR1090VJpxp43nfztLyyuraemGjuLm1vbNb2ttv6DhVFOs05rFqhUQjZxLrhhmOrUQhESHHZji8mfjNR1SaxfLejBIMBOlLFjFKjJUenryOIrLPsVsqexVvCneR+DkpQ45at/TV6cU0FSgN5UTrtu8lJsiIMoxyHBc7qcaE0CHpY9tSSQTqIJsePHaPrdJzo1jZksadqr8nMiK0HonQdgpiBnrem4j/ee3URFdBxmSSGpR0tihKuWtid/K922MKqeEjSwhVzN7q0gFRhBqbUdGG4M+/vEgapxX/rHJxd16uXudxFOAQjuAEfLiEKtxCDepAQcAzvMKbo5wX5935mLUuOfnMAfyB8/kDt22QXA==</latexit>

|1i
<latexit sha1_base64="4PldlYNozrnHgLayRk9dF5U5a6k=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYhA8hV0f6DHoxWME85BkCbOT3mTIzOwyMyuENV/hxYMiXv0cb/6Nk2QPmljQUFR1090VJpxp43nfztLyyuraemGjuLm1vbNb2ttv6DhVFOs05rFqhUQjZxLrhhmOrUQhESHHZji8mfjNR1SaxfLejBIMBOlLFjFKjJUenvyOIrLPsVsqexVvCneR+DkpQ45at/TV6cU0FSgN5UTrtu8lJsiIMoxyHBc7qcaE0CHpY9tSSQTqIJsePHaPrdJzo1jZksadqr8nMiK0HonQdgpiBnrem4j/ee3URFdBxmSSGpR0tihKuWtid/K922MKqeEjSwhVzN7q0gFRhBqbUdGG4M+/vEgapxX/rHJxd16uXudxFOAQjuAEfLiEKtxCDepAQcAzvMKbo5wX5935mLUuOfnMAfyB8/kDuPiQXQ==</latexit>

Preparation easy by 
decay, measurement, etc.

| GS(0)i
<latexit sha1_base64="LG9fdnto0V7U5HHtcZunGYpvo0Y="></latexit>

<latexit sha1_base64="8LVrqJucQl9xNwsjgr7UF8xAfX0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP4+7jMo=</latexit>=



Adiabatic evolution

HC(t/T ) = (1� t/T )HD,C + (t/T )HP,C
<latexit sha1_base64="ci9Q4NDdJo1FDwzNDA9AOEmmqZE="></latexit>

H(t/T ) =
X

C

HC(t/T )
<latexit sha1_base64="+TUXkDfmEovNH8dbde4Netrt5Fg="></latexit>
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So far, only considered unitary evolution of closed system. In the real world: finite temperature, finite times.
Need open-system framework: Quantum Annealing

Simplest approach: linear interpolation:

For a single clause:

Total Hamiltonian = sum of clause Hamiltonians

H(t) = Q(t)HD + C(t)HP
<latexit sha1_base64="2vLw1XqhaetG6gygbzJ/JLuVwX4="></latexit>

Trivial Problem

In general, nonlinear time evolution

Quantum Search by local adiabatic evolution
J. Roland, N. J. Cerf, Phys. Rev. A 65, 042308 (2002)

Grover’s algorithm in AQC:
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WHERE IT ALL STARTED: MAGNETISM

23
Brooke et al., Nature 284, 779 (1999)

Cooling a disordered ferromagnet in two paths: open system

Magnetic susceptibility
shows signatures of 
cooling system to a 
different state

Guided phase transition between two ground states!

Motivated the idea to reach arbitrary ground states…
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Kirkpatrick, Gelatt, Vecchi, Science 220, 671 (1983).

Simulated annealing

Connection between statistical mechanics and combinatorial optimization

f(xi)
<latexit sha1_base64="SPV2jyrYKw+VD1jGpjLbTc1CzTM="></latexit>

Cost function:
Thermal fluctuations help 
escape from local minima 
under annealing schedule by 
decreasing 
temperature
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Quantum annealing
Kadowaki, Nishimori, Phys. Rev. E 58, 5355 (1998).

Many classical optimization problems can be cast into the classical Ising model

Ising model in a transverse magnet

HIT = �

NX

i,j

Jij�
z
i �

z
j � h

X

i

�z
i � �(t)

NX

i

�x
i

<latexit sha1_base64="+ZbE7jt6j5RHsH3EA46Bj2tUd3Y="></latexit>

�z
i

<latexit sha1_base64="IFxBg4F17tMt6Qw1EFk8lQWAJaU="></latexit>

is not a conserved quantity, it fluctuates

controls effective precession rate of spins!�
<latexit sha1_base64="b0fABsJB3+VAJ9j3438xu1rsHOg="></latexit>

� 6= 0 ) [HIT ,�
z
i ] 6= 0

<latexit sha1_base64="BeJP1viwWaVlOSTV0wrCQtSL/hI="></latexit>

HIT (|x1i|x2i . . . |xN i) = f(xiC , xjC )(|x1i|x2i . . . |xN i)
<latexit sha1_base64="LdfI6s+SykyPF1dNZzIw8mQW+6A="></latexit>

Example of 2-SAT problem:
Quantum

We need spin1/2-like 
particles to implement 

algorithm!
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Quantum 
Annealer

Gate-based 
Quantum 
processor

Not universal* Universal**

Does not require 
QEC Requires QEC

Scalable in the  
mid-term Scalable in the 

long term

* Ideas exist to make it universal 
** There exist non-universal versions 
(NISQ), not clear they may show advantage 

H(t) = Q(t)HD + C(t)HP
<latexit sha1_base64="2vLw1XqhaetG6gygbzJ/JLuVwX4="></latexit>

Trivial Problem 

E. Farhi et al., arxiv:quant-ph/0001106 
T. Albash and D. Lidar, Rev. Mod. Phys. 90, 015002 (2018) 

QUANTUM ANNEALING
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Why do we care about small Quantum Annealers?
• Applications where small-sized quantum processors can outperform classical computers

1. Optimization: traffic, navigation, scheduling, machine learning, etc.

QUANTUM ANNEALING
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R. P. Feynman, Simulating physics with computers, Int. J. Theor. Phys. 21, 467 (1982)

Using intrinsic properties of 
quantum systems can we map

and compute complex 
problems?

QUANTUM ANNEALING
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Final state contains the 
Hamiltonian of 
molecule/reaction in 
question. May not be 
ground state.

R. Babbush, et al., Scientific Reports volume 4, Article number: 6603 (2014)

Adiabatic Quantum Simulator

H(t)
<latexit sha1_base64="vrHmLKBmmPdQiZJ57ygfIj60CPY="></latexit>

H(t) = Q(t)HD + C(t)HP
<latexit sha1_base64="2vLw1XqhaetG6gygbzJ/JLuVwX4="></latexit>

Trivial Problem

<latexit sha1_base64="t//rX9dT6cFL/H6Ru1riQGMeTRs=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISKeqx6MVjBfsBTSib7aRdutmE3Y1QY3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnkkKLxjyW3YAo4ExASzPNoZtIIFHAoROMb2Z+5wGkYrG415ME/IgMBQsZJdpIfbv85DUVqzpnniRiyKFvV5yaMwdeJW5OKihHs29/eYOYphEITTlRquc6ifYzIjWjHKYlL1WQEDomQ+gZKkgEys/mh0/xqVEGOIylKaHxXP09kZFIqUkUmM6I6JFa9mbif14v1eGVnzGRpBoEXSwKU451jGcp4AGTQDWfGEKoZOZWTEdEEqpNViUTgrv88ippn9fci1r9rl5pXOdxFNExOkFV5KJL1EC3qIlaiKIUPaNX9GY9Wi/Wu/WxaC1Y+cwR+gPr8wfx2JKk</latexit>

| (0)i
<latexit sha1_base64="I7M9fmk7XY5duyefPa39TceBCmI=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISKeqx6MVjBfsBTSib7aZdutmE3YlQY3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFySCa3Ccb6uwtr6xuVXcLu3s7u2X7YPDto5TRVmLxiJW3YBoJrhkLeAgWDdRjESBYJ1gfDPzOw9MaR7Le5gkzI/IUPKQUwJG6tvlJ6+peRXOPEXkULC+XXFqzhx4lbg5qaAczb795Q1imkZMAhVE657rJOBnRAGngk1LXqpZQuiYDFnPUEkipv1sfvgUnxplgMNYmZKA5+rviYxEWk+iwHRGBEZ62ZuJ/3m9FMIrP+MySYFJulgUpgJDjGcp4AFXjIKYGEKo4uZWTEdEEQomq5IJwV1+eZW0z2vuRa1+V680rvM4iugYnaAqctElaqBb1EQtRFGKntErerMerRfr3fpYtBasfOYI/YH1+QNbF5Lo</latexit>

| (t)i

Initial state may be a 
superposition of each 
qubit’s eigenstates

Requires system to hold quantum coherence throughout evolution. Must contain 
complex qubit-qubit interactions (beyond Ising): Coherent Quantum Annealer.

QUANTUM ANNEALING
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All very nice, but….

QUANTUM ANNEALING

•The gap problem: 
•Gap size + gap position (NP hard)
•Thermal noise / decoherence
•Quantum Monte Carlo
•…

<latexit sha1_base64="yS5KcDwI+DqBN8D8QN7Otu8CS1I=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgxpJIUZdFXbisYB/QxDKZ3rRDJ5MwMxFLyK+4caGIW3/EnX/j9LHQ1gMXDufcy733BAlnSjvOt1VYWV1b3yhulra2d3b37P1yS8WppNCkMY9lJyAKOBPQ1Exz6CQSSBRwaAej64nffgSpWCzu9TgBPyIDwUJGiTZSzy57N8A18RSLMDxkpyOR9+yKU3WmwMvEnZMKmqPRs7+8fkzTCISmnCjVdZ1E+xmRmlEOeclLFSSEjsgAuoYKEoHys+ntOT42Sh+HsTQlNJ6qvycyEik1jgLTGRE9VIveRPzP66Y6vPQzJpJUg6CzRWHKsY7xJAjcZxKo5mNDCJXM3IrpkEhCtYmrZEJwF19eJq2zqnterd3VKvWreRxFdIiO0Aly0QWqo1vUQE1E0RN6Rq/ozcqtF+vd+pi1Fqz5zAH6A+vzB6Z1lDQ=</latexit>

� ⇠ e�kn

Some solutions exist, no general prescription:
•Reverse annealing: partial knowledge of solution
•Non-homogeneous annealing: qubit-specific schedule
•Non-stoquastic terms

Perspectives of quantum annealing: Methods and implementations 
P. Hauke, H. G. Katzgraber, W. Lechner, H. Nishimori, W. D. Oliver 
Reports on Progress in Physics 83, 054401 (2020) | arXiv:1903.06559 (2019)

H(t) = (1� t/T )HD + (t/T )HP + (t/T )(1� t/T )HNS
<latexit sha1_base64="BsiMDeH9V+CwadW8d5Sf66IUsa8="></latexit>

Much more work needed!
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EXPERIMENTAL QA

32

Ingredients to build a quantum annealer :

Spin-1/2-like Qubits Qubit-qubit couplers

Readout
Individual qubit control

Qubit connectivity map

Classical control

�1 �2

f =
�

�0

�3



SUPERCONDUCTING QUBITS 
WITH JOSEPHSON JUNCTIONS

33



CIRCUIT QUANTIZATION

~F = m~a
<latexit sha1_base64="ive3PIRggjVuEVJaQCbNsEAqSQg="></latexit><latexit sha1_base64="ive3PIRggjVuEVJaQCbNsEAqSQg="></latexit><latexit sha1_base64="ive3PIRggjVuEVJaQCbNsEAqSQg="></latexit><latexit sha1_base64="ive3PIRggjVuEVJaQCbNsEAqSQg="></latexit>

Microscopic Macroscopic

i~@ (~r, t)
@t

= H(~r, t) (~r, t)
<latexit sha1_base64="/9IoKYYVnzqzBZXbAoqxMc64KFk="></latexit><latexit sha1_base64="/9IoKYYVnzqzBZXbAoqxMc64KFk="></latexit><latexit sha1_base64="/9IoKYYVnzqzBZXbAoqxMc64KFk="></latexit><latexit sha1_base64="/9IoKYYVnzqzBZXbAoqxMc64KFk="></latexit>

Large number of particles
Artificial, man-made

Quantum collective degrees of freedom

Mesoscopic



CIRCUIT QUANTIZATION
What corresponds to these collective degrees of freedom?

Q
<latexit sha1_base64="Ny4VgIFNFx07T4HSDwweE3yEU0w=">AAACJnicbZDNSgMxFIUz9a+OP2116WawCCJYZkSwy6Ibly3YWuiUksnctqFJZkgyShnmCdzqO/g07kTc+Sim7SDaeiBw+O69yc0JYkaVdt1Pq7C2vrG5Vdy2d3b39kvlykFHRYkk0CYRi2Q3wAoYFdDWVDPoxhIwDxjcB5ObWf3+AaSikbjT0xj6HI8EHVKCtUGt1qBcdWvuXM6q8XJTRbmag4pV8sOIJByEJgwr1fPcWPdTLDUlDDLbTxTEmEzwCHrGCsxB9dP5pplzYkjoDCNpjtDOnP6eSDFXasoD08mxHqvl2gz+V+sleljvp1TEiQZBFg8NE+boyJl92wmpBKLZ1BhMJDW7OmSMJSbahGP7Ah5JxDkWYeqHAZZZGvpjZS6Hs/TcxFEHnvmGp9kPdmuegZltmwi95cBWTeei5pmR1mW1cZ2HWURH6BidIg9doQa6RU3URgQBekLP6MV6td6sd+tj0Vqw8plD9EfW1zc+uqO/</latexit><latexit sha1_base64="Ny4VgIFNFx07T4HSDwweE3yEU0w=">AAACJnicbZDNSgMxFIUz9a+OP2116WawCCJYZkSwy6Ibly3YWuiUksnctqFJZkgyShnmCdzqO/g07kTc+Sim7SDaeiBw+O69yc0JYkaVdt1Pq7C2vrG5Vdy2d3b39kvlykFHRYkk0CYRi2Q3wAoYFdDWVDPoxhIwDxjcB5ObWf3+AaSikbjT0xj6HI8EHVKCtUGt1qBcdWvuXM6q8XJTRbmag4pV8sOIJByEJgwr1fPcWPdTLDUlDDLbTxTEmEzwCHrGCsxB9dP5pplzYkjoDCNpjtDOnP6eSDFXasoD08mxHqvl2gz+V+sleljvp1TEiQZBFg8NE+boyJl92wmpBKLZ1BhMJDW7OmSMJSbahGP7Ah5JxDkWYeqHAZZZGvpjZS6Hs/TcxFEHnvmGp9kPdmuegZltmwi95cBWTeei5pmR1mW1cZ2HWURH6BidIg9doQa6RU3URgQBekLP6MV6td6sd+tj0Vqw8plD9EfW1zc+uqO/</latexit><latexit sha1_base64="Ny4VgIFNFx07T4HSDwweE3yEU0w=">AAACJnicbZDNSgMxFIUz9a+OP2116WawCCJYZkSwy6Ibly3YWuiUksnctqFJZkgyShnmCdzqO/g07kTc+Sim7SDaeiBw+O69yc0JYkaVdt1Pq7C2vrG5Vdy2d3b39kvlykFHRYkk0CYRi2Q3wAoYFdDWVDPoxhIwDxjcB5ObWf3+AaSikbjT0xj6HI8EHVKCtUGt1qBcdWvuXM6q8XJTRbmag4pV8sOIJByEJgwr1fPcWPdTLDUlDDLbTxTEmEzwCHrGCsxB9dP5pplzYkjoDCNpjtDOnP6eSDFXasoD08mxHqvl2gz+V+sleljvp1TEiQZBFg8NE+boyJl92wmpBKLZ1BhMJDW7OmSMJSbahGP7Ah5JxDkWYeqHAZZZGvpjZS6Hs/TcxFEHnvmGp9kPdmuegZltmwi95cBWTeei5pmR1mW1cZ2HWURH6BidIg9doQa6RU3URgQBekLP6MV6td6sd+tj0Vqw8plD9EfW1zc+uqO/</latexit><latexit sha1_base64="Ny4VgIFNFx07T4HSDwweE3yEU0w=">AAACJnicbZDNSgMxFIUz9a+OP2116WawCCJYZkSwy6Ibly3YWuiUksnctqFJZkgyShnmCdzqO/g07kTc+Sim7SDaeiBw+O69yc0JYkaVdt1Pq7C2vrG5Vdy2d3b39kvlykFHRYkk0CYRi2Q3wAoYFdDWVDPoxhIwDxjcB5ObWf3+AaSikbjT0xj6HI8EHVKCtUGt1qBcdWvuXM6q8XJTRbmag4pV8sOIJByEJgwr1fPcWPdTLDUlDDLbTxTEmEzwCHrGCsxB9dP5pplzYkjoDCNpjtDOnP6eSDFXasoD08mxHqvl2gz+V+sleljvp1TEiQZBFg8NE+boyJl92wmpBKLZ1BhMJDW7OmSMJSbahGP7Ah5JxDkWYeqHAZZZGvpjZS6Hs/TcxFEHnvmGp9kPdmuegZltmwi95cBWTeei5pmR1mW1cZ2HWURH6BidIg9doQa6RU3URgQBekLP6MV6td6sd+tj0Vqw8plD9EfW1zc+uqO/</latexit>

�
<latexit sha1_base64="A5YVONacfS53ZtTFa2CS/M1nf5I=">AAACKXicbZDLSgMxFIYz9VbHS1tduhksggiWGRHssujGZQV7gU4pmcxpJzTJDElGKcO8glt9B5/Gnbr1RUwviLb+EPj5zjnJyR8kjCrtuh9WYW19Y3OruG3v7O7tl8qVg7aKU0mgRWIWy26AFTAqoKWpZtBNJGAeMOgE45tpvfMAUtFY3OtJAn2OR4IOKcF6ivxmRAflqltzZ3JWjbcwVbRQc1CxSn4Yk5SD0IRhpXqem+h+hqWmhEFu+6mCBJMxHkHPWIE5qH42WzZ3TgwJnWEszRHamdHfExnmSk14YDo51pFark3hf7Veqof1fkZFkmoQZP7QMGWOjp3pz52QSiCaTYzBRFKzq0MiLDHRJh/bF/BIYs6xCDM/DLDMs9CPlLkczrJzE0cdeO4bnuU/2K15Bua2bSL0lgNbNe2LmmdG7i6rjetFmEV0hI7RKfLQFWqgW9RELURQhJ7QM3qxXq036936nLcWrMXMIfoj6+sbv7ilCQ==</latexit><latexit sha1_base64="A5YVONacfS53ZtTFa2CS/M1nf5I=">AAACKXicbZDLSgMxFIYz9VbHS1tduhksggiWGRHssujGZQV7gU4pmcxpJzTJDElGKcO8glt9B5/Gnbr1RUwviLb+EPj5zjnJyR8kjCrtuh9WYW19Y3OruG3v7O7tl8qVg7aKU0mgRWIWy26AFTAqoKWpZtBNJGAeMOgE45tpvfMAUtFY3OtJAn2OR4IOKcF6ivxmRAflqltzZ3JWjbcwVbRQc1CxSn4Yk5SD0IRhpXqem+h+hqWmhEFu+6mCBJMxHkHPWIE5qH42WzZ3TgwJnWEszRHamdHfExnmSk14YDo51pFark3hf7Veqof1fkZFkmoQZP7QMGWOjp3pz52QSiCaTYzBRFKzq0MiLDHRJh/bF/BIYs6xCDM/DLDMs9CPlLkczrJzE0cdeO4bnuU/2K15Bua2bSL0lgNbNe2LmmdG7i6rjetFmEV0hI7RKfLQFWqgW9RELURQhJ7QM3qxXq036936nLcWrMXMIfoj6+sbv7ilCQ==</latexit><latexit sha1_base64="A5YVONacfS53ZtTFa2CS/M1nf5I=">AAACKXicbZDLSgMxFIYz9VbHS1tduhksggiWGRHssujGZQV7gU4pmcxpJzTJDElGKcO8glt9B5/Gnbr1RUwviLb+EPj5zjnJyR8kjCrtuh9WYW19Y3OruG3v7O7tl8qVg7aKU0mgRWIWy26AFTAqoKWpZtBNJGAeMOgE45tpvfMAUtFY3OtJAn2OR4IOKcF6ivxmRAflqltzZ3JWjbcwVbRQc1CxSn4Yk5SD0IRhpXqem+h+hqWmhEFu+6mCBJMxHkHPWIE5qH42WzZ3TgwJnWEszRHamdHfExnmSk14YDo51pFark3hf7Veqof1fkZFkmoQZP7QMGWOjp3pz52QSiCaTYzBRFKzq0MiLDHRJh/bF/BIYs6xCDM/DLDMs9CPlLkczrJzE0cdeO4bnuU/2K15Bua2bSL0lgNbNe2LmmdG7i6rjetFmEV0hI7RKfLQFWqgW9RELURQhJ7QM3qxXq036936nLcWrMXMIfoj6+sbv7ilCQ==</latexit><latexit sha1_base64="A5YVONacfS53ZtTFa2CS/M1nf5I=">AAACKXicbZDLSgMxFIYz9VbHS1tduhksggiWGRHssujGZQV7gU4pmcxpJzTJDElGKcO8glt9B5/Gnbr1RUwviLb+EPj5zjnJyR8kjCrtuh9WYW19Y3OruG3v7O7tl8qVg7aKU0mgRWIWy26AFTAqoKWpZtBNJGAeMOgE45tpvfMAUtFY3OtJAn2OR4IOKcF6ivxmRAflqltzZ3JWjbcwVbRQc1CxSn4Yk5SD0IRhpXqem+h+hqWmhEFu+6mCBJMxHkHPWIE5qH42WzZ3TgwJnWEszRHamdHfExnmSk14YDo51pFark3hf7Veqof1fkZFkmoQZP7QMGWOjp3pz52QSiCaTYzBRFKzq0MiLDHRJh/bF/BIYs6xCDM/DLDMs9CPlLkczrJzE0cdeO4bnuU/2K15Bua2bSL0lgNbNe2LmmdG7i6rjetFmEV0hI7RKfLQFWqgW9RELURQhJ7QM3qxXq036936nLcWrMXMIfoj6+sbv7ilCQ==</latexit>

H =
Q2

2C
+

�2

2L
<latexit sha1_base64="NcrseEGThLGYvGJSantb18MPG70="></latexit><latexit sha1_base64="NcrseEGThLGYvGJSantb18MPG70="></latexit><latexit sha1_base64="NcrseEGThLGYvGJSantb18MPG70="></latexit><latexit sha1_base64="NcrseEGThLGYvGJSantb18MPG70="></latexit>

kBT ⌧ !LC
<latexit sha1_base64="apLaK45QKIik8kJw95Lp82bxvcM="></latexit><latexit sha1_base64="apLaK45QKIik8kJw95Lp82bxvcM="></latexit><latexit sha1_base64="apLaK45QKIik8kJw95Lp82bxvcM="></latexit><latexit sha1_base64="apLaK45QKIik8kJw95Lp82bxvcM="></latexit>

!LC =
1p
LC

<latexit sha1_base64="UbFh0Y+juqWCW1SbCczRM2EC068="></latexit><latexit sha1_base64="UbFh0Y+juqWCW1SbCczRM2EC068="></latexit><latexit sha1_base64="UbFh0Y+juqWCW1SbCczRM2EC068="></latexit><latexit sha1_base64="UbFh0Y+juqWCW1SbCczRM2EC068="></latexit>

Pe = e
~!LC
kBT

<latexit sha1_base64="zezxAsiK7weV/axhYOHq58euvf0="></latexit><latexit sha1_base64="zezxAsiK7weV/axhYOHq58euvf0="></latexit><latexit sha1_base64="zezxAsiK7weV/axhYOHq58euvf0="></latexit><latexit sha1_base64="zezxAsiK7weV/axhYOHq58euvf0="></latexit>

⇡ 6⇥ 10�6
<latexit sha1_base64="daSpLNQ12GpWiGeqTa9MheJGb48="></latexit><latexit sha1_base64="daSpLNQ12GpWiGeqTa9MheJGb48="></latexit><latexit sha1_base64="daSpLNQ12GpWiGeqTa9MheJGb48="></latexit><latexit sha1_base64="daSpLNQ12GpWiGeqTa9MheJGb48="></latexit>

Q
<latexit sha1_base64="Ny4VgIFNFx07T4HSDwweE3yEU0w=">AAACJnicbZDNSgMxFIUz9a+OP2116WawCCJYZkSwy6Ibly3YWuiUksnctqFJZkgyShnmCdzqO/g07kTc+Sim7SDaeiBw+O69yc0JYkaVdt1Pq7C2vrG5Vdy2d3b39kvlykFHRYkk0CYRi2Q3wAoYFdDWVDPoxhIwDxjcB5ObWf3+AaSikbjT0xj6HI8EHVKCtUGt1qBcdWvuXM6q8XJTRbmag4pV8sOIJByEJgwr1fPcWPdTLDUlDDLbTxTEmEzwCHrGCsxB9dP5pplzYkjoDCNpjtDOnP6eSDFXasoD08mxHqvl2gz+V+sleljvp1TEiQZBFg8NE+boyJl92wmpBKLZ1BhMJDW7OmSMJSbahGP7Ah5JxDkWYeqHAZZZGvpjZS6Hs/TcxFEHnvmGp9kPdmuegZltmwi95cBWTeei5pmR1mW1cZ2HWURH6BidIg9doQa6RU3URgQBekLP6MV6td6sd+tj0Vqw8plD9EfW1zc+uqO/</latexit><latexit sha1_base64="Ny4VgIFNFx07T4HSDwweE3yEU0w=">AAACJnicbZDNSgMxFIUz9a+OP2116WawCCJYZkSwy6Ibly3YWuiUksnctqFJZkgyShnmCdzqO/g07kTc+Sim7SDaeiBw+O69yc0JYkaVdt1Pq7C2vrG5Vdy2d3b39kvlykFHRYkk0CYRi2Q3wAoYFdDWVDPoxhIwDxjcB5ObWf3+AaSikbjT0xj6HI8EHVKCtUGt1qBcdWvuXM6q8XJTRbmag4pV8sOIJByEJgwr1fPcWPdTLDUlDDLbTxTEmEzwCHrGCsxB9dP5pplzYkjoDCNpjtDOnP6eSDFXasoD08mxHqvl2gz+V+sleljvp1TEiQZBFg8NE+boyJl92wmpBKLZ1BhMJDW7OmSMJSbahGP7Ah5JxDkWYeqHAZZZGvpjZS6Hs/TcxFEHnvmGp9kPdmuegZltmwi95cBWTeei5pmR1mW1cZ2HWURH6BidIg9doQa6RU3URgQBekLP6MV6td6sd+tj0Vqw8plD9EfW1zc+uqO/</latexit><latexit sha1_base64="Ny4VgIFNFx07T4HSDwweE3yEU0w=">AAACJnicbZDNSgMxFIUz9a+OP2116WawCCJYZkSwy6Ibly3YWuiUksnctqFJZkgyShnmCdzqO/g07kTc+Sim7SDaeiBw+O69yc0JYkaVdt1Pq7C2vrG5Vdy2d3b39kvlykFHRYkk0CYRi2Q3wAoYFdDWVDPoxhIwDxjcB5ObWf3+AaSikbjT0xj6HI8EHVKCtUGt1qBcdWvuXM6q8XJTRbmag4pV8sOIJByEJgwr1fPcWPdTLDUlDDLbTxTEmEzwCHrGCsxB9dP5pplzYkjoDCNpjtDOnP6eSDFXasoD08mxHqvl2gz+V+sleljvp1TEiQZBFg8NE+boyJl92wmpBKLZ1BhMJDW7OmSMJSbahGP7Ah5JxDkWYeqHAZZZGvpjZS6Hs/TcxFEHnvmGp9kPdmuegZltmwi95cBWTeei5pmR1mW1cZ2HWURH6BidIg9doQa6RU3URgQBekLP6MV6td6sd+tj0Vqw8plD9EfW1zc+uqO/</latexit><latexit sha1_base64="Ny4VgIFNFx07T4HSDwweE3yEU0w=">AAACJnicbZDNSgMxFIUz9a+OP2116WawCCJYZkSwy6Ibly3YWuiUksnctqFJZkgyShnmCdzqO/g07kTc+Sim7SDaeiBw+O69yc0JYkaVdt1Pq7C2vrG5Vdy2d3b39kvlykFHRYkk0CYRi2Q3wAoYFdDWVDPoxhIwDxjcB5ObWf3+AaSikbjT0xj6HI8EHVKCtUGt1qBcdWvuXM6q8XJTRbmag4pV8sOIJByEJgwr1fPcWPdTLDUlDDLbTxTEmEzwCHrGCsxB9dP5pplzYkjoDCNpjtDOnP6eSDFXasoD08mxHqvl2gz+V+sleljvp1TEiQZBFg8NE+boyJl92wmpBKLZ1BhMJDW7OmSMJSbahGP7Ah5JxDkWYeqHAZZZGvpjZS6Hs/TcxFEHnvmGp9kPdmuegZltmwi95cBWTeei5pmR1mW1cZ2HWURH6BidIg9doQa6RU3URgQBekLP6MV6td6sd+tj0Vqw8plD9EfW1zc+uqO/</latexit>

�
<latexit sha1_base64="A5YVONacfS53ZtTFa2CS/M1nf5I=">AAACKXicbZDLSgMxFIYz9VbHS1tduhksggiWGRHssujGZQV7gU4pmcxpJzTJDElGKcO8glt9B5/Gnbr1RUwviLb+EPj5zjnJyR8kjCrtuh9WYW19Y3OruG3v7O7tl8qVg7aKU0mgRWIWy26AFTAqoKWpZtBNJGAeMOgE45tpvfMAUtFY3OtJAn2OR4IOKcF6ivxmRAflqltzZ3JWjbcwVbRQc1CxSn4Yk5SD0IRhpXqem+h+hqWmhEFu+6mCBJMxHkHPWIE5qH42WzZ3TgwJnWEszRHamdHfExnmSk14YDo51pFark3hf7Veqof1fkZFkmoQZP7QMGWOjp3pz52QSiCaTYzBRFKzq0MiLDHRJh/bF/BIYs6xCDM/DLDMs9CPlLkczrJzE0cdeO4bnuU/2K15Bua2bSL0lgNbNe2LmmdG7i6rjetFmEV0hI7RKfLQFWqgW9RELURQhJ7QM3qxXq036936nLcWrMXMIfoj6+sbv7ilCQ==</latexit><latexit sha1_base64="A5YVONacfS53ZtTFa2CS/M1nf5I=">AAACKXicbZDLSgMxFIYz9VbHS1tduhksggiWGRHssujGZQV7gU4pmcxpJzTJDElGKcO8glt9B5/Gnbr1RUwviLb+EPj5zjnJyR8kjCrtuh9WYW19Y3OruG3v7O7tl8qVg7aKU0mgRWIWy26AFTAqoKWpZtBNJGAeMOgE45tpvfMAUtFY3OtJAn2OR4IOKcF6ivxmRAflqltzZ3JWjbcwVbRQc1CxSn4Yk5SD0IRhpXqem+h+hqWmhEFu+6mCBJMxHkHPWIE5qH42WzZ3TgwJnWEszRHamdHfExnmSk14YDo51pFark3hf7Veqof1fkZFkmoQZP7QMGWOjp3pz52QSiCaTYzBRFKzq0MiLDHRJh/bF/BIYs6xCDM/DLDMs9CPlLkczrJzE0cdeO4bnuU/2K15Bua2bSL0lgNbNe2LmmdG7i6rjetFmEV0hI7RKfLQFWqgW9RELURQhJ7QM3qxXq036936nLcWrMXMIfoj6+sbv7ilCQ==</latexit><latexit sha1_base64="A5YVONacfS53ZtTFa2CS/M1nf5I=">AAACKXicbZDLSgMxFIYz9VbHS1tduhksggiWGRHssujGZQV7gU4pmcxpJzTJDElGKcO8glt9B5/Gnbr1RUwviLb+EPj5zjnJyR8kjCrtuh9WYW19Y3OruG3v7O7tl8qVg7aKU0mgRWIWy26AFTAqoKWpZtBNJGAeMOgE45tpvfMAUtFY3OtJAn2OR4IOKcF6ivxmRAflqltzZ3JWjbcwVbRQc1CxSn4Yk5SD0IRhpXqem+h+hqWmhEFu+6mCBJMxHkHPWIE5qH42WzZ3TgwJnWEszRHamdHfExnmSk14YDo51pFark3hf7Veqof1fkZFkmoQZP7QMGWOjp3pz52QSiCaTYzBRFKzq0MiLDHRJh/bF/BIYs6xCDM/DLDMs9CPlLkczrJzE0cdeO4bnuU/2K15Bua2bSL0lgNbNe2LmmdG7i6rjetFmEV0hI7RKfLQFWqgW9RELURQhJ7QM3qxXq036936nLcWrMXMIfoj6+sbv7ilCQ==</latexit><latexit sha1_base64="A5YVONacfS53ZtTFa2CS/M1nf5I=">AAACKXicbZDLSgMxFIYz9VbHS1tduhksggiWGRHssujGZQV7gU4pmcxpJzTJDElGKcO8glt9B5/Gnbr1RUwviLb+EPj5zjnJyR8kjCrtuh9WYW19Y3OruG3v7O7tl8qVg7aKU0mgRWIWy26AFTAqoKWpZtBNJGAeMOgE45tpvfMAUtFY3OtJAn2OR4IOKcF6ivxmRAflqltzZ3JWjbcwVbRQc1CxSn4Yk5SD0IRhpXqem+h+hqWmhEFu+6mCBJMxHkHPWIE5qH42WzZ3TgwJnWEszRHamdHfExnmSk14YDo51pFark3hf7Veqof1fkZFkmoQZP7QMGWOjp3pz52QSiCaTYzBRFKzq0MiLDHRJh/bF/BIYs6xCDM/DLDMs9CPlLkczrJzE0cdeO4bnuU/2K15Bua2bSL0lgNbNe2LmmdG7i6rjetFmEV0hI7RKfLQFWqgW9RELURQhJ7QM3qxXq036936nLcWrMXMIfoj6+sbv7ilCQ==</latexit>

�̂
<latexit sha1_base64="Xx5uXYO/KXZ8vTwogfl2mJ6wRH4="></latexit><latexit sha1_base64="Xx5uXYO/KXZ8vTwogfl2mJ6wRH4="></latexit><latexit sha1_base64="Xx5uXYO/KXZ8vTwogfl2mJ6wRH4="></latexit><latexit sha1_base64="Xx5uXYO/KXZ8vTwogfl2mJ6wRH4="></latexit>

Q̂
<latexit sha1_base64="Ciaae+uLzuOgfEeSkyCgwkfAHsY="></latexit><latexit sha1_base64="Ciaae+uLzuOgfEeSkyCgwkfAHsY="></latexit><latexit sha1_base64="Ciaae+uLzuOgfEeSkyCgwkfAHsY="></latexit><latexit sha1_base64="Ciaae+uLzuOgfEeSkyCgwkfAHsY="></latexit>

[�̂, Q̂] = i~
<latexit sha1_base64="R1Xgrn3yrsETLoWtabfnYDkJGlI="></latexit><latexit sha1_base64="R1Xgrn3yrsETLoWtabfnYDkJGlI="></latexit><latexit sha1_base64="R1Xgrn3yrsETLoWtabfnYDkJGlI="></latexit><latexit sha1_base64="R1Xgrn3yrsETLoWtabfnYDkJGlI="></latexit>

h�̂2i = ~Z0

2
coth

✓
~!LC

2kBT

◆

<latexit sha1_base64="pcl/5QFEvgO1xYgQpT5Mvf3iHcM="></latexit><latexit sha1_base64="pcl/5QFEvgO1xYgQpT5Mvf3iHcM="></latexit><latexit sha1_base64="pcl/5QFEvgO1xYgQpT5Mvf3iHcM="></latexit><latexit sha1_base64="pcl/5QFEvgO1xYgQpT5Mvf3iHcM="></latexit>

Quantum fluctuations of collective d.o.f.!

Vool, Devoret, IJCTA - Special Issue on Quantum Circuits



CIRCUIT QUANTIZATION

• Macroscopic quantum system with collective wave function
• No dissipation by charge transport
• Charge and phase conjugate variables:

 = | (nCP )|ei'
<latexit sha1_base64="aKEQylgLvZxnkVvXjeH8uzUOFuc="></latexit><latexit sha1_base64="aKEQylgLvZxnkVvXjeH8uzUOFuc="></latexit><latexit sha1_base64="aKEQylgLvZxnkVvXjeH8uzUOFuc="></latexit>

T < TC
<latexit sha1_base64="Q0ulKGlY6Wn1XO1stMX72zf0k0g="></latexit><latexit sha1_base64="Q0ulKGlY6Wn1XO1stMX72zf0k0g="></latexit><latexit sha1_base64="Q0ulKGlY6Wn1XO1stMX72zf0k0g="></latexit><latexit sha1_base64="Q0ulKGlY6Wn1XO1stMX72zf0k0g="></latexit>

['̂, n̂] = i
<latexit sha1_base64="OEJtJJim+O5EklH70ZzWA6Nd0DI="></latexit><latexit sha1_base64="OEJtJJim+O5EklH70ZzWA6Nd0DI="></latexit><latexit sha1_base64="OEJtJJim+O5EklH70ZzWA6Nd0DI="></latexit><latexit sha1_base64="OEJtJJim+O5EklH70ZzWA6Nd0DI="></latexit>

[x̂, p̂] = i~
<latexit sha1_base64="NK1WzWndkmtpl1md0oM/8BkCeEE="></latexit><latexit sha1_base64="NK1WzWndkmtpl1md0oM/8BkCeEE="></latexit><latexit sha1_base64="NK1WzWndkmtpl1md0oM/8BkCeEE="></latexit><latexit sha1_base64="NK1WzWndkmtpl1md0oM/8BkCeEE="></latexit>

Superconductivity for qubits 101



CIRCUIT QUANTIZATION

 L = | L|ei'L
<latexit sha1_base64="g6j0OsrUYrm8L03LdX5p8HWUb1w="></latexit><latexit sha1_base64="g6j0OsrUYrm8L03LdX5p8HWUb1w="></latexit><latexit sha1_base64="g6j0OsrUYrm8L03LdX5p8HWUb1w="></latexit>

 R = | R|ei'R
<latexit sha1_base64="1Tbu1W+9bXqS3UMRr1H1KZep+xI="></latexit><latexit sha1_base64="1Tbu1W+9bXqS3UMRr1H1KZep+xI="></latexit><latexit sha1_base64="1Tbu1W+9bXqS3UMRr1H1KZep+xI="></latexit>

• Each block has its own wavefunction
• Perfectly isolated systems
• Insulating layer separates superconducting blocks
• Quantum tunneling is established between both sides leading to 

SUPERCURRENTS. It’s a Josephson tunnel junction.

The Feynman lectures, vol. III

Superconductivity for qubits 101



CIRCUIT QUANTIZATION

 L = | L|ei'L
<latexit sha1_base64="g6j0OsrUYrm8L03LdX5p8HWUb1w="></latexit><latexit sha1_base64="g6j0OsrUYrm8L03LdX5p8HWUb1w="></latexit><latexit sha1_base64="g6j0OsrUYrm8L03LdX5p8HWUb1w="></latexit>

 R = | R|ei'R
<latexit sha1_base64="1Tbu1W+9bXqS3UMRr1H1KZep+xI="></latexit><latexit sha1_base64="1Tbu1W+9bXqS3UMRr1H1KZep+xI="></latexit><latexit sha1_base64="1Tbu1W+9bXqS3UMRr1H1KZep+xI="></latexit>

First Josephson relation:

Second Josephson relation:

Flux quantum:

Energy stored:

Josephson energy:

Critical 
current

IL!R = IC sin('L � 'R)
<latexit sha1_base64="OUFS2XPbmy9zS4iBFn9bxqBBBpE="></latexit><latexit sha1_base64="OUFS2XPbmy9zS4iBFn9bxqBBBpE="></latexit><latexit sha1_base64="OUFS2XPbmy9zS4iBFn9bxqBBBpE="></latexit><latexit sha1_base64="OUFS2XPbmy9zS4iBFn9bxqBBBpE="></latexit>

V =
�0

2⇡

d('L � 'R)

dt
<latexit sha1_base64="urVaT49NcjocepfxUkIB7SVQh0c="></latexit><latexit sha1_base64="urVaT49NcjocepfxUkIB7SVQh0c="></latexit><latexit sha1_base64="urVaT49NcjocepfxUkIB7SVQh0c="></latexit><latexit sha1_base64="urVaT49NcjocepfxUkIB7SVQh0c="></latexit>

�0 =
h

2e
⇠ 2.07⇥ 10�15 Wb

<latexit sha1_base64="TF4AOehu9XqkzRHzuDqhFkQpyro="></latexit><latexit sha1_base64="TF4AOehu9XqkzRHzuDqhFkQpyro="></latexit><latexit sha1_base64="TF4AOehu9XqkzRHzuDqhFkQpyro="></latexit><latexit sha1_base64="TF4AOehu9XqkzRHzuDqhFkQpyro="></latexit>

U = �EJ cos('L � 'R)
<latexit sha1_base64="k37UQyI9mcmbxiaUTbdwPuvFslw="></latexit><latexit sha1_base64="k37UQyI9mcmbxiaUTbdwPuvFslw="></latexit><latexit sha1_base64="k37UQyI9mcmbxiaUTbdwPuvFslw="></latexit><latexit sha1_base64="k37UQyI9mcmbxiaUTbdwPuvFslw="></latexit>

EJ = IC�0/2⇡
<latexit sha1_base64="22dHKH0ZFX2oZJbAuzr72RXVg7c="></latexit><latexit sha1_base64="22dHKH0ZFX2oZJbAuzr72RXVg7c="></latexit><latexit sha1_base64="22dHKH0ZFX2oZJbAuzr72RXVg7c="></latexit><latexit sha1_base64="22dHKH0ZFX2oZJbAuzr72RXVg7c="></latexit>

Superconductivity for qubits 101



CIRCUIT QUANTIZATION

▸ Nonlinear circuit element 

▸ Lossless

 L = | L|ei'L
<latexit sha1_base64="g6j0OsrUYrm8L03LdX5p8HWUb1w="></latexit><latexit sha1_base64="g6j0OsrUYrm8L03LdX5p8HWUb1w="></latexit><latexit sha1_base64="g6j0OsrUYrm8L03LdX5p8HWUb1w="></latexit>

 R = | R|ei'R
<latexit sha1_base64="1Tbu1W+9bXqS3UMRr1H1KZep+xI="></latexit><latexit sha1_base64="1Tbu1W+9bXqS3UMRr1H1KZep+xI="></latexit><latexit sha1_base64="1Tbu1W+9bXqS3UMRr1H1KZep+xI="></latexit>

Constituent relation: Electrical circuits symbol

SEM micrograph

400 nm
dI

dt
= V

2⇡IC
�0

cos'
<latexit sha1_base64="hhJ5BOwV77Max9yXIhmTx6D1b44="></latexit><latexit sha1_base64="hhJ5BOwV77Max9yXIhmTx6D1b44="></latexit><latexit sha1_base64="hhJ5BOwV77Max9yXIhmTx6D1b44="></latexit><latexit sha1_base64="hhJ5BOwV77Max9yXIhmTx6D1b44="></latexit>

⌘ 1/LJ(')
<latexit sha1_base64="2lz75I8eZWt0e/RzTIxCKcucOnA="></latexit><latexit sha1_base64="2lz75I8eZWt0e/RzTIxCKcucOnA="></latexit><latexit sha1_base64="2lz75I8eZWt0e/RzTIxCKcucOnA="></latexit><latexit sha1_base64="2lz75I8eZWt0e/RzTIxCKcucOnA="></latexit>

Josephson inductance

Superconductivity for qubits 101

Orlando, Delin. 
Foundation of applied superconductivity



SUPERCONDUCTING QUBITS
Can we use transmon qubits for annealing?
Directly, no. Hamiltonian does not map well into spin 1/2-like particle. It has no Zeeman-like splitting

'̂
<latexit sha1_base64="ece5IApw74vDvfiKZyDrYEgRLkI="></latexit><latexit sha1_base64="ece5IApw74vDvfiKZyDrYEgRLkI="></latexit><latexit sha1_base64="ece5IApw74vDvfiKZyDrYEgRLkI="></latexit><latexit sha1_base64="ece5IApw74vDvfiKZyDrYEgRLkI="></latexit>

N̂
<latexit sha1_base64="erRT7yWA+gR8tolV0kC76+Pt/ck="></latexit><latexit sha1_base64="erRT7yWA+gR8tolV0kC76+Pt/ck="></latexit><latexit sha1_base64="erRT7yWA+gR8tolV0kC76+Pt/ck="></latexit><latexit sha1_base64="erRT7yWA+gR8tolV0kC76+Pt/ck="></latexit>

Ĥ = ECN̂
2
� EJ cos('̂)

<latexit sha1_base64="kW7/eGdhyf6qdEQPN/NuGVsdAZw="></latexit><latexit sha1_base64="kW7/eGdhyf6qdEQPN/NuGVsdAZw="></latexit><latexit sha1_base64="kW7/eGdhyf6qdEQPN/NuGVsdAZw="></latexit><latexit sha1_base64="kW7/eGdhyf6qdEQPN/NuGVsdAZw="></latexit>

Phase

Harmonic-like potential energy: ground state is the vacuum state
Need more sophisticated qubit…

Hydrogen atom of superconducting qubits



SUPERCONDUCTING QUBITS
Superconducting ring

�<latexit sha1_base64="l66LprTAygKO/0Ha9X3cuKQb+CM="></latexit><latexit sha1_base64="l66LprTAygKO/0Ha9X3cuKQb+CM="></latexit><latexit sha1_base64="l66LprTAygKO/0Ha9X3cuKQb+CM="></latexit><latexit sha1_base64="l66LprTAygKO/0Ha9X3cuKQb+CM="></latexit>

M. Tinkham, Introduction to Superconductivity

fixed upon cooldown:
Number of flux quanta trapped

 = | (nCP)|ei'
<latexit sha1_base64="bXapgetctWWpTmwJDOevYoRC9YU="></latexit><latexit sha1_base64="bXapgetctWWpTmwJDOevYoRC9YU="></latexit><latexit sha1_base64="bXapgetctWWpTmwJDOevYoRC9YU="></latexit><latexit sha1_base64="bXapgetctWWpTmwJDOevYoRC9YU="></latexit>

�' = '+ 2⇡N
<latexit sha1_base64="+AlB5huO0UXa+VWP4efwO/d6kFQ="></latexit><latexit sha1_base64="+AlB5huO0UXa+VWP4efwO/d6kFQ="></latexit><latexit sha1_base64="+AlB5huO0UXa+VWP4efwO/d6kFQ="></latexit><latexit sha1_base64="+AlB5huO0UXa+VWP4efwO/d6kFQ="></latexit>

If ring is very thick, supercurrent only runs on the surface, and the 
magnetic flux becomes quantized to a flux quantum:

<latexit sha1_base64="lASsYo3Rw+v2O4p1jPHcGpOXHYw=">AAAB9XicbVDLSgMxFL2pr1pfVZdugkVwVWZE1I1QdONKKtgHtGPJpJk2NJMZkoxShv6HGxeKuPVf3Pk3ZtpZaOuByz2ccy+5OX4suDaO840KS8srq2vF9dLG5tb2Tnl3r6mjRFHWoJGIVNsnmgkuWcNwI1g7VoyEvmAtf3Sd+a1HpjSP5L0Zx8wLyUDygFNirPTQrQ85vsS3We85vXLFqTpT4EXi5qQCOeq98le3H9EkZNJQQbTuuE5svJQow6lgk1I30SwmdEQGrGOpJCHTXjq9eoKPrNLHQaRsSYOn6u+NlIRaj0PfTobEDPW8l4n/eZ3EBBdeymWcGCbp7KEgEdhEOIsA97li1IixJYQqbm/FdEgUocYGVbIhuPNfXiTNk6p7Vj29O63UrvI4inAAh3AMLpxDDW6gDg2goOAZXuENPaEX9I4+ZqMFlO/swx+gzx+/bpFj</latexit>

� = N�0

<latexit sha1_base64="a00pNQ5rx7knOf+UfjV5iMgLnQQ="></latexit>

�0 =
h

2e
= 2.07⇥ 10�15 Wb

Earth’s field: Check phone

Area for 1 flux quantum?



SUPERCONDUCTING QUBITS
Hydrogen atom Flux qubit: rf-SQUID

Flux quanta enter the ring to prevent 
exceeding the critical current

Classically degenerate

�<latexit sha1_base64="l66LprTAygKO/0Ha9X3cuKQb+CM="></latexit><latexit sha1_base64="l66LprTAygKO/0Ha9X3cuKQb+CM="></latexit><latexit sha1_base64="l66LprTAygKO/0Ha9X3cuKQb+CM="></latexit><latexit sha1_base64="l66LprTAygKO/0Ha9X3cuKQb+CM="></latexit>

Single-junction loop

�<latexit sha1_base64="l66LprTAygKO/0Ha9X3cuKQb+CM="></latexit><latexit sha1_base64="l66LprTAygKO/0Ha9X3cuKQb+CM="></latexit><latexit sha1_base64="l66LprTAygKO/0Ha9X3cuKQb+CM="></latexit><latexit sha1_base64="l66LprTAygKO/0Ha9X3cuKQb+CM="></latexit>

IC
<latexit sha1_base64="VzQtftcTj5O4jwAISRHzWQ0uZRQ="></latexit><latexit sha1_base64="VzQtftcTj5O4jwAISRHzWQ0uZRQ="></latexit><latexit sha1_base64="VzQtftcTj5O4jwAISRHzWQ0uZRQ="></latexit><latexit sha1_base64="VzQtftcTj5O4jwAISRHzWQ0uZRQ="></latexit>

�IC
<latexit sha1_base64="fqcOIA0Ob4mNKdbYCY0hklYGAH0="></latexit><latexit sha1_base64="fqcOIA0Ob4mNKdbYCY0hklYGAH0="></latexit><latexit sha1_base64="fqcOIA0Ob4mNKdbYCY0hklYGAH0="></latexit><latexit sha1_base64="fqcOIA0Ob4mNKdbYCY0hklYGAH0="></latexit>

�0
<latexit sha1_base64="u8ihpxgFPsSw3+ZTwt3OCjCPCc8="></latexit><latexit sha1_base64="u8ihpxgFPsSw3+ZTwt3OCjCPCc8="></latexit><latexit sha1_base64="u8ihpxgFPsSw3+ZTwt3OCjCPCc8="></latexit><latexit sha1_base64="u8ihpxgFPsSw3+ZTwt3OCjCPCc8="></latexit>

2�0
<latexit sha1_base64="ZhQGGHAcUwDtYTiRWIIPbC5nNow="></latexit><latexit sha1_base64="ZhQGGHAcUwDtYTiRWIIPbC5nNow="></latexit><latexit sha1_base64="ZhQGGHAcUwDtYTiRWIIPbC5nNow="></latexit><latexit sha1_base64="ZhQGGHAcUwDtYTiRWIIPbC5nNow="></latexit>

Icirc
<latexit sha1_base64="COm6gAoQPJ7YCMsiT6UDboLaCiw="></latexit><latexit sha1_base64="COm6gAoQPJ7YCMsiT6UDboLaCiw="></latexit><latexit sha1_base64="COm6gAoQPJ7YCMsiT6UDboLaCiw="></latexit><latexit sha1_base64="COm6gAoQPJ7YCMsiT6UDboLaCiw="></latexit>

Usually, large inductance implies large loops, too sensitive to flux noise…

Bistable, good qubit regime. Condition 
requires large loop inductance.

<latexit sha1_base64="5woa2AhwFXqrkL5bju3TM2iWDCI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NGxHbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnvNeuOhUWvdFnGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPlp44o</latexit>

�

<latexit sha1_base64="kUYQJaalxgxmFbcteERDHKdfOto=">AAACFHicbVBNS8MwGE79nPOr6tFLcAiCMFoZ6kUZiiCywwT3AWspaZZuYWlaklQYpT/Ci3/FiwdFvHrw5r8x24ro5gN5efI870vyPn7MqFSW9WXMzS8sLi0XVoqra+sbm+bWdlNGicCkgSMWibaPJGGUk4aiipF2LAgKfUZa/uBy5LfuiZA04ndqGBM3RD1OA4qR0pJnHjo+UQieQScQCKc1r5fpcpP9KFf6okstO7c9s2SVrTHgLLFzUgI56p756XQjnISEK8yQlB3bipWbIqEoZiQrOokkMcID1CMdTTkKiXTT8VIZ3NdKFwaR0IcrOFZ/T6QolHIY+rozRKovp72R+J/XSVRw6qaUx4kiHE8eChIGVQRHCcEuFQQrNtQEYUH1XyHuI52F0jkWdQj29MqzpHlUto/LldtKqXqRx1EAu2APHAAbnIAquAZ10AAYPIAn8AJejUfj2Xgz3ietc0Y+swP+wPj4Bt9HnXg=</latexit>

� =
Lg

LJ
=

EJ

EL
> 1

(Qubit on blackboard)

<latexit sha1_base64="LGbSyuNCqRtOCt9LNDG1mB6ZS+M=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU90tfl2EohePFdy20C4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjuFldW19Y3iZmlre2d3r7x/0NRxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKR3dTv/VElWaxfDTjhAYCDySLGMHGSn50453VeuWKW3VnQMvEy0kFcjR65a9uPyapoNIQjrXueG5iggwrwwink1I31TTBZIQHtGOpxILqIJsdO0EnVumjKFa2pEEz9fdEhoXWYxHaToHNUC96U/E/r5Oa6DrImExSQyWZL4pSjkyMpp+jPlOUGD62BBPF7K2IDLHCxNh8SjYEb/HlZdKsVb3L6sXDeaV+m8dRhCM4hlPw4ArqcA8N8IEAg2d4hTdHOi/Ou/Mxby04+cwh/IHz+QOeh43r</latexit>

f = 1/2

Qubit potential energy
<latexit sha1_base64="QDXGvXTxiR0tafdUL+Pd5ohGdrM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVzWRom6EohuXFewD2hAm00k7dDIJMxOhhn6JGxeKuPVT3Pk3TtostHrgXg7n3MvcOUHCmdKO82WVVlbX1jfKm5Wt7Z3dqr2331FxKgltk5jHshdgRTkTtK2Z5rSXSIqjgNNuMLnJ/e4DlYrF4l5PE+pFeCRYyAjWRvLtaoiu0KA1Zqd58x3frjl1Zw70l7gFqUGBlm9/DoYxSSMqNOFYqb7rJNrLsNSMcDqrDFJFE0wmeET7hgocUeVl88Nn6NgoQxTG0pTQaK7+3MhwpNQ0CsxkhPVYLXu5+J/XT3V46WVMJKmmgiweClOOdIzyFNCQSUo0nxqCiWTmVkTGWGKiTVYVE4K7/OW/pHNWd8/rjbtGrXldxFGGQziCE3DhAppwCy1oA4EUnuAFXq1H69l6s94XoyWr2DmAX7A+vgHKI5Hl</latexit>

f = �/�0

<latexit sha1_base64="eUJVMAwXwLlZIW61K2sJMveqvXg=">AAACGHicbVBdSwJBFJ21L7Mvq8dehiRQQt2Vvl4CKYSIHgxaFdxtmR1ndXD2g5lZQcSf0Ut/pZceiujVt/5No+5DWQcuHM65l3vvcSNGhdT1Ly21tLyyupZez2xsbm3vZHf3GiKMOSYmDlnIWy4ShNGAmJJKRloRJ8h3GWm6/eup3xwQLmgYPMhhRGwfdQPqUYykkpxs2YSXsFhzbi0cCmuAeNSjx/mac1euFPIVK6LQg0WYGIXHipPN6SV9BviXGAnJgQR1JzuxOiGOfRJIzJAQbUOPpD1CXFLMyDhjxYJECPdRl7QVDZBPhD2aPTaGR0rpQC/kqgIJZ+rPiRHyhRj6rur0keyJRW8q/ue1Y+ld2CMaRLEkAZ4v8mIGZQinKcEO5QRLNlQEYU7VrRD3EEdYqiwzKgRj8eW/pFEpGWel0/uTXPUqiSMNDsAhyAMDnIMquAF1YAIMnsALeAPv2rP2qn1on/PWlJbM7INf0CbfbqGc7Q==</latexit>

U = �EJ cos'+ (EL/2)(2⇡f � ')2

<latexit sha1_base64="+dhUSAUA/JOAndBA/ckVi2kVEYc="></latexit>

EL =
1

L

✓
�0

2⇡

◆2

<latexit sha1_base64="QWnNEOdKKj0G/b83y+IwY1+IreQ=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUmKr41QLIK6qmAf0IQwmU7aoZNJmJkIJWTjxl9x40IRt/6DO//GaZuFth64cDjnXu69x48Zlcqyvo3CwuLS8kpxtbS2vrG5ZW7vtGSUCEyaOGKR6PhIEkY5aSqqGOnEgqDQZ6TtD+tjv/1AhKQRv1ejmLgh6nMaUIyUljxz/8q7hRfQCQTC6Y1XdxoD6llZWnVimnlm2apYE8B5YuekDHI0PPPL6UU4CQlXmCEpu7YVKzdFQlHMSFZyEklihIeoT7qachQS6aaTLzJ4qJUeDCKhiys4UX9PpCiUchT6ujNEaiBnvbH4n9dNVHDuppTHiSIcTxcFCYMqguNIYI8KghUbaYKwoPpWiAdIB6J0cCUdgj378jxpVSv2aeXk7rhcu8zjKII9cACOgA3OQA1cgwZoAgwewTN4BW/Gk/FivBsf09aCkc/sgj8wPn8AvqCXfg==</latexit>

EJ =
IC�0

2⇡



SUPERCONDUCTING QUBITS
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Circuit Hamiltonian:

HPCQ =
EC
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n2
1 � 2↵n1n2 + (1 + ↵)n2

2

⇤
+

EJ [cos'1 + cos'2 + ↵ cos('1 + '2 + 2⇡�/�0)]
<latexit sha1_base64="geK6oFUynu47YCtr6BJEHyQIXQQ="></latexit><latexit sha1_base64="geK6oFUynu47YCtr6BJEHyQIXQQ="></latexit><latexit sha1_base64="geK6oFUynu47YCtr6BJEHyQIXQQ="></latexit><latexit sha1_base64="geK6oFUynu47YCtr6BJEHyQIXQQ="></latexit>

Persistent current qubit: multiple junctions to reduce loop size

T. P. Orlando, et al. PRB 60 15398 (1999)

J. E. Mooij, et al. Science 285 1036 (1998)

� = �0/2

The tunneling through or over the barrier couples states 
into superposition of phase, hence current states

Circuit diagram:

Aluminum loop with 3 Josephson junctions

↵
<latexit sha1_base64="ciGApVFABhO8nJRKAp6a6tYcFKw="></latexit><latexit sha1_base64="ciGApVFABhO8nJRKAp6a6tYcFKw="></latexit><latexit sha1_base64="ciGApVFABhO8nJRKAp6a6tYcFKw="></latexit><latexit sha1_base64="ciGApVFABhO8nJRKAp6a6tYcFKw="></latexit> '<latexit sha1_base64="F1I55jcT28vIFh6ttucCYihZ3qE="></latexit><latexit sha1_base64="F1I55jcT28vIFh6ttucCYihZ3qE="></latexit><latexit sha1_base64="F1I55jcT28vIFh6ttucCYihZ3qE="></latexit><latexit sha1_base64="F1I55jcT28vIFh6ttucCYihZ3qE="></latexit>

SEM image of qubit junctions on measured 
JS=1.55 chip. Although no qubit signatures 
observed, junctions do not have any obvious 
flaws.



SUPERCONDUCTING QUBITS
Persistent current qubit
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Qubit energy levels

Ground state energy changes slope: persistent current flip

Symmetry point

Qubit spectrum resembles that of a 
spin-1/2 particle in a magnetic field!

<latexit sha1_base64="6BzTIyzS4uMENXxUgkPrMUhPEkg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOpF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZfVZv1xxq+4CZJ14OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4K/VSjQllYzrErqWSRqj9bHHujFxYZUDCWNmShizU3xMZjbSeRoHtjKgZ6VVvLv7ndVMT3vkZl0lqULLlojAVxMRk/jsZcIXMiKkllClubyVsRBVlxiZUsiF4qy+vk9ZV1bupXj9eV2r1PI4inME5XIIHt1CDB2hAExiM4Rle4c1JnBfn3flYthacfOYU/sD5/AFiw4+d</latexit>

~B
<latexit sha1_base64="6BzTIyzS4uMENXxUgkPrMUhPEkg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOpF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZfVZv1xxq+4CZJ14OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4K/VSjQllYzrErqWSRqj9bHHujFxYZUDCWNmShizU3xMZjbSeRoHtjKgZ6VVvLv7ndVMT3vkZl0lqULLlojAVxMRk/jsZcIXMiKkllClubyVsRBVlxiZUsiF4qy+vk9ZV1bupXj9eV2r1PI4inME5XIIHt1CDB2hAExiM4Rle4c1JnBfn3flYthacfOYU/sD5/AFiw4+d</latexit>

~B

Ground state Excited state

<latexit sha1_base64="5L5KeNY4myYEWJ2jvEDZgu8oh34=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcGNJpKgbodSNy4qmLTYhTCbTdujkwsykUELAja/ixoUibn0Jd76N0zQLbf1h4OM/53Dm/F7MqJCG8a2VlpZXVtfK65WNza3tHX13ry2ihGNi4YhFvOshQRgNiSWpZKQbc4ICj5GON7qe1jtjwgWNwns5iYkToEFI+xQjqSxXP7DcB3gFT+0xwWkzs7EfyZzvMlevGjUjF1wEs4AqKNRy9S/bj3ASkFBihoTomUYsnRRxSTEjWcVOBIkRHqEB6SkMUUCEk+Y3ZPBYOT7sR1y9UMLc/T2RokCISeCpzgDJoZivTc3/ar1E9i+dlIZxIkmIZ4v6CYMygtNAoE85wZJNFCDMqforxEPEEZYqtooKwZw/eRHaZzXzvFa/rVcbzSKOMjgER+AEmOACNMANaAELYPAInsEreNOetBftXfuYtZa0YmYf/JH2+QMOGpcv</latexit>

UZ = � ~B · ~S
Zeeman energy:

Zero-field splitting (could be from spin-orbit coupling effects)

Flux qubit is a good emulator of spin-1/2 particle!

External field determines current orientation in ground state!



SUPERCONDUCTING QUBITS

Flux qubit spectrum
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Qubit spectrum

High sens i t i v i t y to 
magnetic flux*

*M. Bal, et al., Nat. Comm. 3, 1324 (2012)

Experimental verification at IFAE lab



QUBIT-QUBIT COUPLING
<latexit sha1_base64="ASjT2Yz2xOq/AqQ2C1DRg1v6y+8=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6f7jNo=</latexit>

M
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Circuit susceptibility / Effective inductance

rf-SQUID inductive coupler



QUBIT-QUBIT COUPLING

S. J. Weber et al., PHYSICAL REVIEW APPLIED 8, 014004 (2017)



FLUX BIASING

J. Orgiazzi et al. Phys. Rev. B 93, 104518 (2016)

Single qubit flux control Multi-qubit flux control



QUBIT STATE READOUT
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Dispersive limit:

Stark shift

g ⌧ � ⌘ !q � !r
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•Resonator frequency depends on qubit state
•Nondestructive readout, as operators commute

R. Barends et al., Nature 508, 500 (2014)
A. Blais et al., PRA 69, 062320 (2004) 

Lamb shift

•As there is no energy exchange: dispersive readout

(Flux readout on blackboard)



EXPERIMENTAL QA
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Ingredients to build a quantum annealer :

Spin-1/2-like Qubits Couplers

Readout
Flux bias

Connectivity map

Classical control

�1 �2

f =
�

�0

�3
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