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new common interest

Thermodynamics with mesoscopic circuits

[J. Koski, V. Maisi, J. Pekola, D. Averin, PNAS 2014]
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Thermodynamics with thermal baths
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thermal noise

U(t) — <Hsys>p(t) U(t) — U(O) =W — () 1stlaw

Thermodynamics with quantum measurements
(no thermal bath required)

@
detector

random outcomes

U(t) — U(O) # W the system energy can vary by measurement backaction
oW =Tr(pdH) O0FE,, = Tr(Hdp)

random energy change L., because outcomes are stochastic « quantum heat »

[Alonso, Lutz and Romito, PRL (2016); Elouard, Clusel and Aufféves, npj Ql (2017)]
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does it obey a second law?

yes, fluctuation theorems can be extended with this work and « heat »

[Manzano, Horowitz and Parrondo, PRE 2015] [Alonso, Lutz and Romito, PRL (2016)]
[Elouard, Aufféves and Clusel, npj QI (2017)] [Naghiloo et al., PRL (2018)] [Manikandan, Elouard, Jordan, arxiv 2018]

can it fuel an engine?

yes, repeatedly measuring 0, on a qubit can provide work on a cycle

[Yi, Talkner, Kim, PRE 2017] [Elouard, Herrera-Marti, Huard, Aufféves, PRL (2017)]
[Elouard, Jordan, PRL (2018)] [Ding, Yi, Kim, Talkner, arxiv 2018]

what provides this energy?

can it be measured directly and not just inferred?
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can it fuel an engine?

yes, repeatedly measuring 0, on a qubit can provide work on a cycle
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what provides this energy?

can it be measured directly and not just inferred?



3D transmon

In cavity, f, = 6.3 GHz

M= (4.2 ps)”




Dispersive Measurement
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Dispersive Measurement

-Fh(fe — gaz)aTa

Josephson amplifier

Classically V' (t) = I(t) cos(2m f.t) + Q(t) sin(27 f.t)
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Dispersive Measurement

Josephson

amplifier I

0 akirnrwin W Josephson unctions

[Bergeal et al., Nature 2010]
[Roch et al., PRL 2012]
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the phase changes depending on qubit state [Campagne-Ibarcq et al., PRX 2013]



Dispersive Measurement

only the phase changes
not the field amplitude

e

no matter what the qubit state is,

9) +e) P, = P,

so, where does the « quantum heat » comes from?



Thermodynamics of preparing a quantum superposition




Thermodynamics of preparing a quantum superposition

more accurate description
) @ |g) g) @ |g) + [tbe) @ |€)
V2

where (a'a)jy,) =1+ (a'a)y,)

superposition of two cases
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Thermodynamics of preparing a quantum superposition

—INW—

more accurate description
) ® |g) g) ® |g) + [e) @ le)
V2

where <aTa>|¢g> =1+ <GTCL>|¢6>

note that the qubit-field interaction barely modifies the field state if o > 1

(g|tbe) — 1 does not prevent (¢y|a’aliby) — (elalalipe) =1

Vg) @ |g) + |tbe) ® |e) o) & g) + |e) almost zero correlations
V2

V2 yet, a measurable energy difference!



can one measure it in single shot?
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in one shot, no measurement can tell with high fidelity whether one state of the other

energy difference can be measured on average only



where does the « quantum heat » comes from?

measurement reveals what amount of work has been transferred
from the drive to the qubit

can we measure this energy difference in the drive?



« quantum heat »

« quantum heat »
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does it obey a second law?
yes, fluctuation theorems can be extended with this work and « heat »

can it fuel an engine?

yes, repeatedly measuring 0, on a qubit can provide work on a cycle

what provides this energy?
the work used to prepare the system state

can it be measured directly and not just inferred?



What do the output lines contain?

iInput-output theory
+

adiabatic elimination of the cavity
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Amplitude of fluorescence

e Ry _NWWW
f-—‘
S -5 D_@V
t (us) <bout> X VR@ + ZVIm
<bout> — <bout>0 — Vb <U—>p(t)
1 _
i M""'-—N-—:
ot Vi ‘: o2 . o)
> [ o o
g 30¢ . <bout> — <b0ut>0 — Vb - b—y
= large background when reflected 2 2
= 20t a )
s (v
O i _‘ VE&e(t
£ 10, B e S —%(
Ok
....................... \_ J
0 1 2 3 4



Amplitude of fluorescence and Rabi oscillations
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How many photons exit into the output lines?

G ¢ g E =

iInput-output theory
+

adiabatic elimination of the cavity

<aout> — <aout>0 — \/%<O-—>p(t)

<aiuta0ut> = <a1utaout>0 * Ya 9 + 7<0$>p(t)
spontaneous stimulated
emission emission
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How many photons exit into the output lines”?

9000f
< 8500) -
> g
5180003
§;7soo§
7000

oscillations when reflected

almost flat when transmitted

<b0ut> X VR@ + ZWm
(b} yebout) < [VI2 =VZ, + V2,

( ANA R ARA \
Kag ™ e 7 Bh\ i Vie(t)
{a_0-
o o tg g 2: VI/\/VVV\/V\/\/\/\/VV\/V\(/\/} Vim(t)
_ Y,

Power density measured in [Astafiev et al., Science 2010]



How many photons exit into the output lines”?
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Measuring the outgoing energy
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[Cottet et al., PNAS 2017]

How to extract and observe a quantum of work out of a qubit?



Pulse sequence
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[Cottet et al., PNAS 2017]



extracted work post selected on demon’s memory

hi, demon’s memory
9  allows work extraction
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measuring the « qguantum heat »
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but each signal are unexpected => need to reproduce
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Particular case of fluorescence measurement

WA\,
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detector

the detector can also get heat from system

[Elouard, Herrera-Marti, Aufféves, Esposito, in prep.]



Fluorescence Measurement

Josephson
amplifier
Aout (t) [Bergeal ot al., Nature 2010]
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Fluorescence Measurement

Josephson
amplifier

0O alurmwm W Joseplson

Aout (t) [Bergeal et al., Nature 2010]
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noise
average outcome (Wiener)

d d stochastic master equation B [Campagne-Ibarcq et al., PRX 2016]
{ Ut Ut} > Pt [Naghiloo et al., Nat. Comm. 2016]
[Ficheux et al., Nat. Comm. 2017]




Statistics of trajectories

10 ps

2 us 7 us

[Campagne-lbarcq et al., PRX 2016]
[Jordan, Chantasri, Rouchon, BH., arxiv:1511:06677]



Counterintuitive trajectories

Energy expectation can increase due to the backaction
of measuring spontaneously emitted photons

[Bolund and Molmer, PRA 2014]

[Campagne-lbarcq et al., PRX 2016]
[Jordan, Chantasri, Rouchon, BH., arxiv:1511:06677]



Conclusion

Measurement backaction leads to changes in expected energy

This back action energy variation (« quantum heat ») can be

® inferred from reconstructed quantum trajectory

[Campagne-lbarcq et al., PRX 2016]
[Ficheux et al., Nat. Comm. 2018]

on average only

~104 !

-100 -50 0 50 100 150 200
t(ns)

It can be used as a fuel to power up measurement based engines
[e.g. Elouard et al., PRL 2017]
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