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HOW OUR WORK BEGAN: A PROPOSAL FOR AN EXPERIMENT
TESTING THE FOUNDATIONS OF QUANTUM MECHANICS

DO MACRO-VARIABLES OBEY
QUANTUM MECHANICS?
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The late Sir Anthony Leggett, with permission of the University of lllinois

(Laureate of the 2003 Physics Nobel Prize for theory of He3 superfluidity).



MACROSCOPIC MANIFESTATIONS OF QUANTUM
MECHANICS CAN OCCUR AT TWO LEVELS
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of center-of-mass



A MACROSCOPIC DEGREE eggett, 1960;

OF FREEDOM THAT IS QUANTUM? Leggett, 1982

SIMPLEST EXAMPLE: LC OSCILLATOR CIRCUIT

« ~ 1mm >
MICROFABRICATION ®=m) | ~3nH, C ~ 1pF, o, /2n ~ 6GHz

CELL PHONE FREQUENCY, OPTIMAL ELECTRONICS CONTROL

CHARGE MOVES BACK AND FORTH BETWEEN THE TWO PLATES

ALL THE ELECTRONS BEHAVE AS A SINGLE CHARGE CARRIER!



MICROSCOPIC ATOM vs MACROSCOPIC CIRCUIT

Superconducting
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MICROSCOPIC ATOM vs MACROSCOPIC CIRCUIT

Superconducting

Hydrogen atom LC oscillator

unique electron  — whole superconducting condensate
velocity of electron — current through inductor
force on electron — voltage across capacitor



MICROSCOPIC ATOM vs MACROSCOPIC CIRCUIT

Superconducting

Hydrogen atom LC oscillator

0.1nm
Tmm

CAN ATTACH WIRES!

unique electron  — whole superconducting condensate
velocity of electron — current through inductor
force on electron — voltage across capacitor



SUPERCONDUCTING LC CIRCUIT
AS A QUANTUM HARMONIC OSCILLATOR




COMMUTATOR OF ELECTROMAGNETIC FIELDS OPERATORS
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and similar relations for other field components
obtained by permutation of x, y and z.



WAVEFUNCTIONS OF LC CIRCUIT
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In every energy eigenstate,
(standing photon number state)
current flows in opposite

directions simultaneously!




EFFECT OF DAMPING
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RESET: PLACE CIRCUIT IN ITS GROUND STATE

E
\ /
O / \ /
< \ /
> \\ //
\ \ / I h(l)LC —
(I)>
some cold dissipation is thC > kBT
tuall ded! ™
actually neede 510 GHz/ 10mK

h is not small for microwave circuits at dilution refrigerator temperature!



CAVEAT: THE QUANTUM STATES OF A
PURELY LINEAR CIRCUIT
CANNOT BE FULLY CONTROLLED!
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NO STEERING TO AN ARBITRARY STATE
IF SYSTEM PERFECTLY LINEAR



NEED NON-LINEARITY TO FULLY REVEAL QUANTUM MECHANICS
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NEED NON-LINEARITY TO FULLY REVEAL QUANTUM MECHANICS
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A NON-LINEAR INDUCTANCE WITH NO FUNDAMENTAL DISSIPATION:
THE JOSEPHSON TUNNEL ELEMENT

S superconductor- L; C,
I insulator- - x I
superconductor E——

tunnel junction

‘ . Josephson tunnel element
X 0 =f V(tHdt
— 00

generalized flux




A NON-LINEAR INDUCTANCE WITH NO FUNDAMENTAL DISSIPATION:

THE JOSEPHSON TUNNEL ELEMENT

S superconductor- L, C,

I insulator- ~ x I
superconductor E——

S : .
tunnel junction 2
‘ [ = ®o
j =
E
| , U= —Ejcos(¢p/do)
1 |
A t ,’
X = f V(tHdt ¢ X
—eo / \ .
generalized flux v = —
bare Josephson potential 2e



A NON-LINEAR INDUCTANCE WITH NO FUNDAMENTAL DISSIPATION:

THE JOSEPHSON TUNNEL ELEMENT
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THE TILTED COSINE POTENTIAL

energy

— generalized flux
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At T=0, situation
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MACROSCOPIC QUANTUM
TUNNELING
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MACROSCOPIC QUANTUM
TUNNELING (MQT)

V+0

ZERO-VOLTAGE VOLTAGE
STATE STATE

attention, this tunneling is
emergent, not to be confused
with Cooper pair tunneling

energy | O | energy

generalized flux \/\ generalized flux




EXPERIMENTAL SETUP
OF THE 1985 BERKELEY
EXPERIMENT
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Devoret, Esteve, RESONANT ACTIVATION IN THE

varine and Clarke CLASSICAL REGIME
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DETERMINATION OF CRITICAL CURRENT AND ENERGY BARRIER
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QUANTUM REGIME: MEASUREMENTS OF SUPERCONDUCTING
ARTIFICIAL ATOM ‘SELF-IONIZATION’ (MQT) AND ENERGY LEVELS

VOLUME 55, NUMBER 18 PHYSICAL REVIEW LETTERS 28 OCTOBER 1985 VOLUME 55, NUMBER 15 PHYSICAL REVIEW LETTERS HOCTOBER 1985
Measurements of Macroscopic Quantum Tunneling out of the Zero-Voltage State Energy-Level Quanti?utiun in the ZET“'FDIEEEE State
of a Current-Biased Josephson Junction of a Current-Biased Josephson Junction
]GGD ~ ; T T T TTT -E T r ;r T T T T T i T T T T T
[ : a \ .
& % Q/2n = 2GHz : .
. ] g -
[
i =
5 2 _—
= 2 i 4 Lu"
_ « Quantum Junction &
:'E IO =g-489 ‘uﬂ E = __'-_'.
=, 100 o ~ Nb-NbOx-Pb
I N B . .
B ' A ¢ : junction,
~ 3 - current-bias 2o
= H +++ + o . . —_
MQT x il g configuration ¥
e .%, o Classical Junction’ 1 )
i I, 1383 uA £ 20
g
] W
0 ] AT WY 1 P T B W | 18 b |
ID IGD [D{x} ) i 1 i H 1 1 i L L 1
T{mK) 30.35 30.46

I{uA)



MACROSCOPIC QUANTUM RABI OSCILLATIONS AND RAMSEY
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Pulse-induced current (pA)

Nakamura, Pashkin and Tsai, Nature (1999)
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BASIC ELEMENTS OF QUANTUM
SUPERCONDUCTING CIRCUITS

1l
X
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CAPACITANCE INDUCTANCE

AVERY SIMPLE LEGO-LIKE SET!

WITH IT, WE CAN CONSTRUCT COMPLEX ARTIFICIAL QUANTUM SYSTEMS.



MENDELEEV-LIKE CLASSIFICATION OF SUPERCONDUCTING
ARTIFICIAL ATOMS
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MENDELEEV-LIKE CLASSIFICATION OF SUPERCONDUCTING
ARTIFICIAL ATOMS
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MENDELEEV-LIKE CLASSIFICATION OF SUPERCONDUCTING

ARTIFICIAL ATOMS
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THE TRANSMON ARTIFICIAL ATOM

Koch et al. PRA 2007
Schreier et al. PRB 2008
Paik et al. PRL 2011

capacitor

)

tunnel junction

Tmm image credit: Kyle Serniak
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QUANTUM OPTICS <4 QUANTUM MICROWAVE OPTICS

FIBERS, BEAMS (00 | a > TRANSM. LINES, WIRES
BEAM-SPLITTERS > DIR. COUPLERS
MIRRORS —}-- —J |- CAPACITORS

LASERS -~ | —()—  GENERATORS

PHOTODETECTORS ~ —{) | —{>>- QUANTUM LIMITED AMPLIFIERS

ELECTRONS IN ATOMS @ v JOSEPHSON ELEMENT

See review by Blais, Grimsmo, Girvin and Wallraff, Rev. Mod. Phys. 93, 025005, 2021



READOUT: CAVITY QED vs CIRCUIT QED &P=

Quantum ElectroDynamics
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Resonator acts as bandpass filter
and diminishes coupling between
synthetic atom and electromagnetic field

a)atom < a)cavity
Al2>d lumped element,

near-field regime



WHAT CAN YOU DO WITH ARTIFICIAL ATOMS THAT YOU
CANNOT DO WITH NATURAL ATOMS (YET)?

measure the traversal time of tunneling (Saclay, 1988)

prepare a Schroedinger Cat state living in two boxes (Yale, 2016)

observe the finite duration of quantum jumps and reverse them (Yale, 2018)
perform random circuit sampling beyond classical regime (Google, 2019)

do quantum error correction beyond break-even (Yale, 2023; Google, 2025)
employ as detectors to perform NMR experiments on single nuclei (Saclay, 2025)

run verifiable quantum echoes algorithm with practical advantage (Google, 2025)



READOUT OF QUBITS: CRUCIAL FOR QUANTUM ERROR CORRECTION

SURFACE CODE (KITAEV 1997) GOTTESMANN-KITAEV-PRESKILL CODE (2001)
quantum memory auxiliary
(GKP transmon
storage) qubit
memory

readout and
control port

control port

Leakage
removal 5
readout resonator

qubit 0.5mm |
— (evacuates entropy)
both expts
Google QAI, Nature 638, 920 (2025) achieve beyond Sivak et al., Nature 616, 50 (2023)

break-even QEC!



PROBLEM:
TOO MANY WIRES!

credit: Google Quantum Al, Santa-Barbara



CONCLUSIONS AND PERSPECTIVES

EMERGENT COLLECTIVE VARIABLES LIKE ELECTRICAL CURRENTS AND VOLTAGES CAN
BE CONTROLLED THROUGH THE TRANSITION FROM THE CLASSICAL TO THE QUANTUM REGIME

FRICTION AFFECTING THESE VARIABLES CAN BE MANIPULATED TO THE POINT AT WHICH
ENTROPY IS REMOVED FASTER THAN THE ERROR-CORRECTION THRESHOLD

THE NEW FIELD OF ARTIFICIAL ATOMIC PHYSICS AND MICROWAVE QUANTUM OPTICS IS
BEING APPLIED TO QUANTUM INFORMATION PROCESSING AND QUANTUM SENSING

HOW FAR IN SCALE CAN WE EXTEND THE SUCCESS OF STANDARD QUANTUM MECHANICS?
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THE END
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