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Motivation
● Self-contained model 
● Thermodynamic cost of measurement and erasure
● Origin of quantum heat
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Model
● Unitary component:
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● Measurement cost from work 
required to shift the pointer:

● Ideal pointer = small ω, large 𝑥0



Model
● Unitary component:
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â+

1

2

◆
+ ~!x0�̂z
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Model
● Cold bath:

● Hot bath:

à For clearly separated states (large 𝑥0)
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1. Direct measure + feedback
● Continuous incoherent process at a rate
○ Simplest scenario: dichotomic projective 

measurement given by P (left) and 1-P (right)
○ Conditional spin-flip if we measure left 
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● Steady state deviates more from        for high 
measurement rates
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1. Direct measure + feedback
● Two energy terms due to measurement channel:
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Work extracted + shift pointer

Backaction noise/dispersion
“Quantum heat”
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1. Direct measure + feedback
● Ideal efficiency:
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<latexit sha1_base64="eqbXMOqGa/vFJSX71kFbNofg63o="></latexit><latexit sha1_base64="eqbXMOqGa/vFJSX71kFbNofg63o="></latexit><latexit sha1_base64="eqbXMOqGa/vFJSX71kFbNofg63o="></latexit><latexit sha1_base64="eqbXMOqGa/vFJSX71kFbNofg63o="></latexit>

Large γ

High Tc Low Tc



1. Direct measure + feedback
● But… larger operation window and no tradeoff between 

work and efficiency

10

n̄c > n̄h
<latexit sha1_base64="zWHVZE7fRCgUNPPxNktRZKjblqg=">AAAB/HicbZDLSsNAFIZP6q3WW7RLN4NFcFUSEepCpODGZQV7gTaEyXTSDp1MwsxECKG+ihsXirj1Qdz5Nk7bCNr6w8DHf87hnPmDhDOlHefLKq2tb2xulbcrO7t7+wf24VFHxakktE1iHstegBXlTNC2ZprTXiIpjgJOu8HkZlbvPlCpWCzudZZQL8IjwUJGsDaWb1cHAZa5mPrk+ofGvl1z6s5caBXcAmpQqOXbn4NhTNKICk04VqrvOon2ciw1I5xOK4NU0QSTCR7RvkGBI6q8fH78FJ0aZ4jCWJonNJq7vydyHCmVRYHpjLAeq+XazPyv1k91eOnlTCSppoIsFoUpRzpGsyTQkElKNM8MYCKZuRWRMZaYaJNXxYTgLn95FTrnddepu3cXteZVEUcZjuEEzsCFBjThFlrQBgIZPMELvFqP1rP1Zr0vWktWMVOFP7I+vgEzzZUY</latexit><latexit sha1_base64="zWHVZE7fRCgUNPPxNktRZKjblqg=">AAAB/HicbZDLSsNAFIZP6q3WW7RLN4NFcFUSEepCpODGZQV7gTaEyXTSDp1MwsxECKG+ihsXirj1Qdz5Nk7bCNr6w8DHf87hnPmDhDOlHefLKq2tb2xulbcrO7t7+wf24VFHxakktE1iHstegBXlTNC2ZprTXiIpjgJOu8HkZlbvPlCpWCzudZZQL8IjwUJGsDaWb1cHAZa5mPrk+ofGvl1z6s5caBXcAmpQqOXbn4NhTNKICk04VqrvOon2ciw1I5xOK4NU0QSTCR7RvkGBI6q8fH78FJ0aZ4jCWJonNJq7vydyHCmVRYHpjLAeq+XazPyv1k91eOnlTCSppoIsFoUpRzpGsyTQkElKNM8MYCKZuRWRMZaYaJNXxYTgLn95FTrnddepu3cXteZVEUcZjuEEzsCFBjThFlrQBgIZPMELvFqP1rP1Zr0vWktWMVOFP7I+vgEzzZUY</latexit><latexit sha1_base64="zWHVZE7fRCgUNPPxNktRZKjblqg=">AAAB/HicbZDLSsNAFIZP6q3WW7RLN4NFcFUSEepCpODGZQV7gTaEyXTSDp1MwsxECKG+ihsXirj1Qdz5Nk7bCNr6w8DHf87hnPmDhDOlHefLKq2tb2xulbcrO7t7+wf24VFHxakktE1iHstegBXlTNC2ZprTXiIpjgJOu8HkZlbvPlCpWCzudZZQL8IjwUJGsDaWb1cHAZa5mPrk+ofGvl1z6s5caBXcAmpQqOXbn4NhTNKICk04VqrvOon2ciw1I5xOK4NU0QSTCR7RvkGBI6q8fH78FJ0aZ4jCWJonNJq7vydyHCmVRYHpjLAeq+XazPyv1k91eOnlTCSppoIsFoUpRzpGsyTQkElKNM8MYCKZuRWRMZaYaJNXxYTgLn95FTrnddepu3cXteZVEUcZjuEEzsCFBjThFlrQBgIZPMELvFqP1rP1Zr0vWktWMVOFP7I+vgEzzZUY</latexit><latexit sha1_base64="zWHVZE7fRCgUNPPxNktRZKjblqg=">AAAB/HicbZDLSsNAFIZP6q3WW7RLN4NFcFUSEepCpODGZQV7gTaEyXTSDp1MwsxECKG+ihsXirj1Qdz5Nk7bCNr6w8DHf87hnPmDhDOlHefLKq2tb2xulbcrO7t7+wf24VFHxakktE1iHstegBXlTNC2ZprTXiIpjgJOu8HkZlbvPlCpWCzudZZQL8IjwUJGsDaWb1cHAZa5mPrk+ofGvl1z6s5caBXcAmpQqOXbn4NhTNKICk04VqrvOon2ciw1I5xOK4NU0QSTCR7RvkGBI6q8fH78FJ0aZ4jCWJonNJq7vydyHCmVRYHpjLAeq+XazPyv1k91eOnlTCSppoIsFoUpRzpGsyTQkElKNM8MYCKZuRWRMZaYaJNXxYTgLn95FTrnddepu3cXteZVEUcZjuEEzsCFBjThFlrQBgIZPMELvFqP1rP1Zr0vWktWMVOFP7I+vgEzzZUY</latexit>

Large γ



2. Non-invasive probing
● Apply position-dependent driving field:

● No ambiguity of work
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V̂ (t) = ~⇣f(x̂)e�i(⌦��)t|eihg|+ h.c.
<latexit sha1_base64="5j62IIIKMQmx2m/quZgdOGCO20Y="></latexit><latexit sha1_base64="5j62IIIKMQmx2m/quZgdOGCO20Y="></latexit><latexit sha1_base64="5j62IIIKMQmx2m/quZgdOGCO20Y="></latexit><latexit sha1_base64="5j62IIIKMQmx2m/quZgdOGCO20Y="></latexit>

Ẇ = �Tr
n
⇢1(t)@tV̂ (t)

o

<latexit sha1_base64="bSoqByKnsDLX152PIAsc9ESCkrA="></latexit><latexit sha1_base64="bSoqByKnsDLX152PIAsc9ESCkrA="></latexit><latexit sha1_base64="bSoqByKnsDLX152PIAsc9ESCkrA="></latexit><latexit sha1_base64="bSoqByKnsDLX152PIAsc9ESCkrA="></latexit>



2. Non-invasive probing
● Poorer than incoherent measurement
○ Finite feedback time and interaction strength

12



2. Non-invasive probing
● High power & efficiencies for 

= shift in qubit frequency when pointer is on left

13

� = 2!x2
0

<latexit sha1_base64="xorHbHdVp2WUEGKhrxEJ0x0ewPY=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSFEEPCgU9eKxgP6CJYbOdtks32bC7EUvoxb/ixYMiXv0Z3vw3btsctPXBwOO9GWbmhQlnSjvOt1VYWl5ZXSuulzY2t7Z37N29phKppNCgggvZDokCzmJoaKY5tBMJJAo5tMLh1cRvPYBUTMR3epSAH5F+zHqMEm2kwD7wroFrgi9xFXsigj7Bj4FzXw3sslNxpsCLxM1JGeWoB/aX1xU0jSDWlBOlOq6TaD8jUjPKYVzyUgUJoUPSh46hMYlA+dn0gTE+NkoX94Q0FWs8VX9PZCRSahSFpjMieqDmvYn4n9dJde/cz1icpBpiOlvUSznWAk/SwF0mgWo+MoRQycytmA6IJFSbzEomBHf+5UXSrFZcp+LenpZrF3kcRXSIjtAJctEZqqEbVEcNRNEYPaNX9GY9WS/Wu/Uxay1Y+cw++gPr8wcL1pS8</latexit><latexit sha1_base64="xorHbHdVp2WUEGKhrxEJ0x0ewPY=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSFEEPCgU9eKxgP6CJYbOdtks32bC7EUvoxb/ixYMiXv0Z3vw3btsctPXBwOO9GWbmhQlnSjvOt1VYWl5ZXSuulzY2t7Z37N29phKppNCgggvZDokCzmJoaKY5tBMJJAo5tMLh1cRvPYBUTMR3epSAH5F+zHqMEm2kwD7wroFrgi9xFXsigj7Bj4FzXw3sslNxpsCLxM1JGeWoB/aX1xU0jSDWlBOlOq6TaD8jUjPKYVzyUgUJoUPSh46hMYlA+dn0gTE+NkoX94Q0FWs8VX9PZCRSahSFpjMieqDmvYn4n9dJde/cz1icpBpiOlvUSznWAk/SwF0mgWo+MoRQycytmA6IJFSbzEomBHf+5UXSrFZcp+LenpZrF3kcRXSIjtAJctEZqqEbVEcNRNEYPaNX9GY9WS/Wu/Uxay1Y+cw++gPr8wcL1pS8</latexit><latexit sha1_base64="xorHbHdVp2WUEGKhrxEJ0x0ewPY=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSFEEPCgU9eKxgP6CJYbOdtks32bC7EUvoxb/ixYMiXv0Z3vw3btsctPXBwOO9GWbmhQlnSjvOt1VYWl5ZXSuulzY2t7Z37N29phKppNCgggvZDokCzmJoaKY5tBMJJAo5tMLh1cRvPYBUTMR3epSAH5F+zHqMEm2kwD7wroFrgi9xFXsigj7Bj4FzXw3sslNxpsCLxM1JGeWoB/aX1xU0jSDWlBOlOq6TaD8jUjPKYVzyUgUJoUPSh46hMYlA+dn0gTE+NkoX94Q0FWs8VX9PZCRSahSFpjMieqDmvYn4n9dJde/cz1icpBpiOlvUSznWAk/SwF0mgWo+MoRQycytmA6IJFSbzEomBHf+5UXSrFZcp+LenpZrF3kcRXSIjtAJctEZqqEbVEcNRNEYPaNX9GY9WS/Wu/Uxay1Y+cw++gPr8wcL1pS8</latexit><latexit sha1_base64="xorHbHdVp2WUEGKhrxEJ0x0ewPY=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSFEEPCgU9eKxgP6CJYbOdtks32bC7EUvoxb/ixYMiXv0Z3vw3btsctPXBwOO9GWbmhQlnSjvOt1VYWl5ZXSuulzY2t7Z37N29phKppNCgggvZDokCzmJoaKY5tBMJJAo5tMLh1cRvPYBUTMR3epSAH5F+zHqMEm2kwD7wroFrgi9xFXsigj7Bj4FzXw3sslNxpsCLxM1JGeWoB/aX1xU0jSDWlBOlOq6TaD8jUjPKYVzyUgUJoUPSh46hMYlA+dn0gTE+NkoX94Q0FWs8VX9PZCRSahSFpjMieqDmvYn4n9dJde/cz1icpBpiOlvUSznWAk/SwF0mgWo+MoRQycytmA6IJFSbzEomBHf+5UXSrFZcp+LenpZrF3kcRXSIjtAJctEZqqEbVEcNRNEYPaNX9GY9WS/Wu/Uxay1Y+cw++gPr8wcL1pS8</latexit>



Alternative:
● Probing through red-detuned fields that address qubit 

only when on left without position dependence
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Conclusions
● (1) incoherent and (2) coherent
○ Also indirect measurement through frequency

● Simultaneous high work power and efficiencies
● Bigger operation window than Otto 
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