Experiments on quantum heat transport through
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. Heat in circuits: measurement and control

. Thermometry

. Single-electron transistor: heat transport and

thermopower

4. Circuit quantum thermodynamics (cQTD): quantum
of heat conductance, quantum heat valve, local and
global picture, rectification of heat current

5. Fast thermometry, calorimetry
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Measuring heat currents

Measurement of temperature by a (fast) thermometer
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Single-electron transistor
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Heat through a single-electron transistor —
deviation from Wiedemann-Franz law
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Qubit as an open quantum system

Superconducting qubits Hq = —FEo(Ao, +qo-)
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Refrigerator and heat engine
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Quantum Otto refrigerator

Otto cycle
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Heat transported between two resistors

Johnson, Nyquist 1928
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Experimental realization of photonic heat transport
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Classical or guantum heat transport?
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Measurements of guantum of heat conductance by
photons

0.6 |
- I
< 04}
h(.'\.I o
< 02k

0.0 b 7y . 7T

0.1 02 03 04 05
T, (K)

Timofeev et al., PRL 102, 200801 Partanen et al., Nature Phys. 12, 460

(2009) (2016)



Quantum heat valve

A. Ronzani, B. Karimi, J. Senior, Y.-C. Chang, J. Peltonen,
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Temperature of a qubit?
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Experimental realization of the heat valve
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A/ 4 resonators terminated by heat bath R
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Low-Q regime

Q=3
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Intermediate-Q regime
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Current experiment: asymmetric device

3 GHz

1 GHz

Estimated AT (mK)

S o o o
-I>O-I>OO

b
oo

I I 4 I I 4 I
100 aW m m )
— TS ~ 200 mK
i ~100 mK |
:,’Vv v v A VR RSN 2w ¥ A o~ A T A IR O VRS SV WSS

T bath=140 mK

400

200
coiI (“A)

200

400



Forward and reverse powers
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Rectification ratio from measurement
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Rectification of photonic heat current by a qubit
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n-level system

Equidistant levels
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What next?

Quantum Otto refrigerator

Time-domain measurements of temperature:
temperature fluctuations, single microwave photon detection

temperature
readout electronics

absorber

photon source
“artificial atom”
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Quantum Otto refrigerator
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Fast NIS thermometry on electrons

Read-out at 600 MHz of a NIS

. . : S. Gasparinetti et al.,
junction, 10 MHz bandwidth Phys. Rev. Applied 3, 014007 (2015).
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/BA based thermometry

non-invasive, operates at low temperature
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Time-resolved measurements by fast thermometer
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Noise of heat current and
equilibrium temperature _
fluctuations

Noise of electrical current S;(0) = 2kgT'G , i.e. Johnson-Nyquist noise (61%) = dkpTGAf

Fluctuation-dissipation theorem for heat current

Low frequency noise: Finite frequencies (classical):
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Preliminary results on temperature fluctuations

DC | IREE .. . .
ABSORBER, T+3T ; B. Karimi et al., in preparation

;'ﬁl"*f&#ﬁii‘?it}!‘

Equilibrium noise: S7 = 2kpT? /G |
100} o
Gy, = 5XVT + agT Yol .
phonons  photons, tunneling E 8o @ ° o T
2]@]3 . . d: 60-— ®
VST = 5ZVT (high T') 27 ¢
40 -
2kp 1/2 0 25 50 75 100 125 150
VST = T (low T') T (mK)

CKGQ



Non-equilirium temperature noise
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Requirements for single microwave photon detection

Detector noise bounded from below by effective
temperature fluctuations of the absorber coupled to the Standard copper absorber
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Summary

Discussed:

measurement of heat in circuits, thermometry

Heat transport and thermo-electricity of a single-electron transistor

open quantum systems based on superconducting qubits

photonic heat transport, guantum of heat conductance

guantum heat valve, local and global picture, rectification of heat current
calorimetry, temperature fluctuations
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