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Outline
• Motivation

• Fast, high-fidelity qubit reset

• Numerically exact method for dissipation 

• Qubit dynamics under strong bath-coupling
• Early time: universal decoherence
• Steady state: entanglement & Lamb shift

• Conclusions



Motivation: Engineered 
environments for qubit initialization

Quantum-circuit refrigerator
K.Y. Tan et al. Nat. Commun. ! , 15189 (2017).
M. Silveri et al. PRB "# , 094524 (2017).
S. Masuda et al. Sci. Rep. ! , 3966 (2018).

Tunable heat sink
JT et al. npj Quant. Inf. $, 27 (2017).
M. Partanen et al. Sci. Rep. ! , 6325 (2018).

On-demand dissipation: switching between 
quantum-operation mode and reset mode



Motivation: Relaxation and steady 
state beyond weak coupling
• Relaxation dynamics

• Exponential decay with rate

• Steady state 
• Boltzmann distribution

• Neglects quantum correlations 
• Universal decoherence, entanglement, Lamb 

shift
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Strong coupling with the bath
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⌦kâ†
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Numerically exact dissipation
• Exact dynamics of the 

qubit: Feynman-Vernon 
path-integral formalism

• Ohmic bath with high 
cut-off: stochastic 
Liouville equation with 
dissipation (SLED)
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dissipation rate

J. Stockburger et al. PRL !! , 170407 (2002).
J. Stockburger et al. J. Chem. Phys. %%&, 4983 (1999).
JT et al. arXiv:1901.06209



Strong coupling with the bath

� = 5/(~!q)
<latexit sha1_base64="2dALKbFntjrHLvNme8VOGJ/wusU="></latexit><latexit sha1_base64="L9sozVzaNout/lBQIQdnTq5PHGU="></latexit><latexit sha1_base64="f+uZdA1uNo89/kD8iySnhqXS2p0=">AAACCHicdZBNSwMxEIazflu/qh49GCxCvdSsUFoPgujFo4K1QreU2XTaBpPdNckKZenRi3/FiwdFvPoTvPlvTGsRFX0hMDzvDJN5w0QKYxl79yYmp6ZnZufmcwuLS8sr+dW1CxOnmmONxzLWlyEYlCLCmhVW4mWiEVQosR5eHQ/9+g1qI+Lo3PYTbCroRqIjOFiHWvnNIEQL9ICWd4tBLwQdxAq70MoCrej1YKeVL7DSfrVSYWXql9hI1BGnCvsiBTLWaSv/FrRjniqMLJdgTMNniW1moK3gEge5IDWYAL+CLjZcGYFC08xGhwzotiNt2om1e5GlI/p9IgNlTF+FrlOB7Znf3hD+5TVS26k2MxElqcWIfy7qpJLamA5ToW2hkVvZdwVwLdxfKe+BBm5ddjkXwtft/xcXeyWflfwzVjg8GscxRzbIFikSn1TIITkhp6RGOLkl9+SRPHl33oP37L18tk5445l18kPe6wc4b5jY</latexit>

 = 0.2⇥ !q
<latexit sha1_base64="Pzs1UAggO2szppkk/HB3YuiZG2I=">AAACCnicdVC7SgNBFL3rM8ZX1NJmfIHVMitItBBEG0sFo0I2hLuTSRwys7vOzAphSW3jr9hYRMTGwi+w80PsnSQiKnpg4HDOudy5J0qlMJbSN29kdGx8YrIwVZyemZ2bLy0snpkk04xXWCITfRGh4VLEvGKFlfwi1RxVJPl51D7s++fXXBuRxKe2k/KawlYsmoKhdVK9tBK2MU2R7BHqb4VWKG5ImCjewnoeakWuuvXSGvV3d8pluk0Cnw7gwrsOZfqlrO2vv/eeAeC4XnoNGwnLFI8tk2hMNaCpreWorWCSd4thZniKrI0tXnU0Rrezlg9O6ZINpzRIM9HuxZYM1O8TOSpjOipySYX20vz2+uJfXjWzzZ1aLuI0szxmw0XNTBKbkH4vpCE0Z1Z2HEGmhfsrYZeokVnXXtGV8HX7/+Rsyw+oH5y4Ng5giAIswypsQgBl2IcjOIYKMLiBO+jBg3fr3XuP3tMwOuJ9zizBD3gvH9JKnKw=</latexit><latexit sha1_base64="/ZOvJU/XqCrO/6X56TbX1BKFcgw="></latexit><latexit sha1_base64="3Jv40Hi5SCeviAvOfcgb+oLGiic=">AAACCnicdVDLSgMxFM3UV62vqks30SK4GjIFabsQim5cVrAP6JRyJ03b0GRmTDJCGbp246+4caGIW7/AnX9j+kBU9EDgcM653NwTxIJrQ8iHk1laXlldy67nNja3tnfyu3sNHSWKsjqNRKRaAWgmeMjqhhvBWrFiIAPBmsHoYuo3b5nSPAqvzThmHQmDkPc5BWOlbv7QH0EcAz7DxC36hkumsR9JNoBu6iuJbybdfIG4lXKpRE6x55IZbLhiUSJfSgEtUOvm3/1eRBPJQkMFaN32SGw6KSjDqWCTnJ9oFgMdwYC1LQ3B7uyks1Mm+NgqPdyPlH2hwTP1+0QKUuuxDGxSghnq395U/MtrJ6Zf7qQ8jBPDQjpf1E8ENhGe9oJ7XDFqxNgSoIrbv2I6BAXU2PZytoSv2/8njaLrEde7IoXq+aKOLDpAR+gEeaiEqugS1VAdUXSHHtATenbunUfnxXmdRzPOYmYf/YDz9gkH6Znd</latexit>

! c = 50 ⇥ ! q
<latexit sha1_base64="r0mofr45irK3yuy5N+YRzuGFxqw=">AAACEXicdZDNSgMxFIXv+G/9G3XpJlgFVyUjlKkLQXTjsoJthU4ZMmlag8nMmGSEMvQV3PgqIrhQilt37nwQ96atSBU9ELh8515u7olSwbXB+N2Zmp6ZnZtfWCwsLa+srrnrG3WdZIqyGk1Eoi4iopngMasZbgS7SBUjMhKsEV2dDP3GDVOaJ/G56aWsJUk35h1OibEodPeCRLIuCfNASUT76BCVcWC4ZBpNOtf90C3i0kHF93EZeSU8ErLEysffpHi08/EwAIBq6L4F7YRmksWGCqJ108OpaeVEGU4F6xeCTLOU0CvSZU1bxsTubOWji/po15I26iTKvtigEZ2cyInUuicj2ymJudS/vSH8y2tmplNp5TxOM8NiOl7UyQQyCRrGg9pcMWpEzxaEKm7/iuglUYQaG2LBhvB9+/9Ffb/k4ZJ3ZtM4hrEWYAu2YQ888OEITqEKNaBwC/fwBM/OnfPoDJyXceuU8zWzCT/kvH4Co2Wf2A==</latexit><latexit sha1_base64="y8Tle2rjfggk0m5wtJMZ37tt+Tw="></latexit><latexit sha1_base64="XTIqSwleEUYDwE2/iSSNwReoqdg=">AAACEXicdZDLSgMxFIYz9VbrrerSTbAIXQ0ZoUxdCEU3LivYC3TKkEnTNjSZjElGKENfwY2v4saFIm7dufNtTC8UFf0hcPj+czg5f5Rwpg1Cn05uZXVtfSO/Wdja3tndK+4fNLVMFaENIrlU7QhryllMG4YZTtuJolhEnLai0eXUb91RpZmMb8w4oV2BBzHrM4KNRWGxHEhBBzjMAiUgmcBzWEGBYYJq+N25nYTFEnLPqr6PKtBz0UzQEisfLUkJLFQPix9BT5JU0NgQjrXueCgx3Qwrwwink0KQappgMsID2rFljO3Obja7aAJPLOnBvlT2xQbO6PeJDAutxyKynQKbof7tTeFfXic1/Wo3Y3GSGhqT+aJ+yqGRcBoP7DFFieFjW2CimP0rJEOsMDE2xIINYXn7/0Xz1PWQ612jUu1iEUceHIFjUAYe8EENXIE6aAAC7sEjeAYvzoPz5Lw6b/PWnLOYOQQ/5Lx/Adj1nQk=</latexit>
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JT et al, arXiv:1901.06209

⇢g = h0|⇢̂|0i
<latexit sha1_base64="2o54eXl5lUN5hUpjQ0TEaDLp6W0="></latexit><latexit sha1_base64="h529wL2DUUrlBXXfZoDY8hmX37s="></latexit><latexit sha1_base64="l0XB9lxoxj/ULlKTt2Mp3SxUhDY="></latexit>



Early times: Universal decoherence

D. Braun et al. PRL !# , 2913 (2001).

! qt ⌧ 1
<latexit sha1_base64="h6BzgKaSMOlrEzb3kme1rg2OmRI=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCq5CEqnVXdOOygn1AE8JkOmmHziRxZiLUUPwVNy4Ucet/uPNvnLQVVPTAhcM593LvPWHKqFS2/WGUFhaXllfKq5W19Y3NLXN7py2TTGDSwglLRDdEkjAak5aiipFuKgjiISOdcHRR+J1bIiRN4ms1TonP0SCmEcVIaSkw97yEkwEKck9weDNRHmPQCcyqbZ3VXfe4Bgty4rpOQTRqDnQse4oqmKMZmO9eP8EZJ7HCDEnZc+xU+TkSimJGJhUvkyRFeIQGpKdpjDiRfj69fgIPtdKHUSJ0xQpO1e8TOeJSjnmoOzlSQ/nbK8S/vF6morqf0zjNFInxbFGUMagSWEQB+1QQrNhYE4QF1bdCPEQCYaUDq+gQvj6F/5O2azm25VzVqo3zeRxlsA8OwBFwwClogEvQBC2AwR14AE/g2bg3Ho0X43XWWjLmM7vgB4y3T6HPlVc=</latexit><latexit sha1_base64="h6BzgKaSMOlrEzb3kme1rg2OmRI=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCq5CEqnVXdOOygn1AE8JkOmmHziRxZiLUUPwVNy4Ucet/uPNvnLQVVPTAhcM593LvPWHKqFS2/WGUFhaXllfKq5W19Y3NLXN7py2TTGDSwglLRDdEkjAak5aiipFuKgjiISOdcHRR+J1bIiRN4ms1TonP0SCmEcVIaSkw97yEkwEKck9weDNRHmPQCcyqbZ3VXfe4Bgty4rpOQTRqDnQse4oqmKMZmO9eP8EZJ7HCDEnZc+xU+TkSimJGJhUvkyRFeIQGpKdpjDiRfj69fgIPtdKHUSJ0xQpO1e8TOeJSjnmoOzlSQ/nbK8S/vF6morqf0zjNFInxbFGUMagSWEQB+1QQrNhYE4QF1bdCPEQCYaUDq+gQvj6F/5O2azm25VzVqo3zeRxlsA8OwBFwwClogEvQBC2AwR14AE/g2bg3Ho0X43XWWjLmM7vgB4y3T6HPlVc=</latexit><latexit sha1_base64="h6BzgKaSMOlrEzb3kme1rg2OmRI=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCq5CEqnVXdOOygn1AE8JkOmmHziRxZiLUUPwVNy4Ucet/uPNvnLQVVPTAhcM593LvPWHKqFS2/WGUFhaXllfKq5W19Y3NLXN7py2TTGDSwglLRDdEkjAak5aiipFuKgjiISOdcHRR+J1bIiRN4ms1TonP0SCmEcVIaSkw97yEkwEKck9weDNRHmPQCcyqbZ3VXfe4Bgty4rpOQTRqDnQse4oqmKMZmO9eP8EZJ7HCDEnZc+xU+TkSimJGJhUvkyRFeIQGpKdpjDiRfj69fgIPtdKHUSJ0xQpO1e8TOeJSjnmoOzlSQ/nbK8S/vF6morqf0zjNFInxbFGUMagSWEQB+1QQrNhYE4QF1bdCPEQCYaUDq+gQvj6F/5O2azm25VzVqo3zeRxlsA8OwBFwwClogEvQBC2AwR14AE/g2bg3Ho0X43XWWjLmM7vgB4y3T6HPlVc=</latexit>

• : neglect system dynamics 
• : superexponential decay!ct ! 1

<latexit sha1_base64="zYp3UhG+WZ0K5z0oOJoCWc6L4UI=">AAAB/XicdVDLSsNAFJ34rPUVHzs3g0VwFTKhat0V3bisYB/QhDCZTtuhM0mYmQg1FH/FjQtF3Pof7vwbJ20FFT1w4XDOvdx7T5RyprTrflgLi0vLK6ultfL6xubWtr2z21JJJgltkoQnshNhRTmLaVMzzWknlRSLiNN2NLos/PYtlYol8Y0epzQQeBCzPiNYGym09/1E0AEOc18KSCba5xyi0K64znnN806qsCCnnocKYlBFEDnuFBUwRyO03/1eQjJBY004VqqL3FQHOZaaEU4nZT9TNMVkhAe0a2iMBVVBPr1+Ao+M0oP9RJqKNZyq3ydyLJQai8h0CqyH6rdXiH953Uz3a0HO4jTTNCazRf2MQ53AIgrYY5ISzceGYCKZuRWSIZaYaBNY2YTw9Sn8n7Q8B7kOuq5W6hfzOErgAByCY4DAGaiDK9AATUDAHXgAT+DZurcerRfrdda6YM1n9sAPWG+fjDWVSQ==</latexit><latexit sha1_base64="zYp3UhG+WZ0K5z0oOJoCWc6L4UI=">AAAB/XicdVDLSsNAFJ34rPUVHzs3g0VwFTKhat0V3bisYB/QhDCZTtuhM0mYmQg1FH/FjQtF3Pof7vwbJ20FFT1w4XDOvdx7T5RyprTrflgLi0vLK6ultfL6xubWtr2z21JJJgltkoQnshNhRTmLaVMzzWknlRSLiNN2NLos/PYtlYol8Y0epzQQeBCzPiNYGym09/1E0AEOc18KSCba5xyi0K64znnN806qsCCnnocKYlBFEDnuFBUwRyO03/1eQjJBY004VqqL3FQHOZaaEU4nZT9TNMVkhAe0a2iMBVVBPr1+Ao+M0oP9RJqKNZyq3ydyLJQai8h0CqyH6rdXiH953Uz3a0HO4jTTNCazRf2MQ53AIgrYY5ISzceGYCKZuRWSIZaYaBNY2YTw9Sn8n7Q8B7kOuq5W6hfzOErgAByCY4DAGaiDK9AATUDAHXgAT+DZurcerRfrdda6YM1n9sAPWG+fjDWVSQ==</latexit><latexit sha1_base64="zYp3UhG+WZ0K5z0oOJoCWc6L4UI=">AAAB/XicdVDLSsNAFJ34rPUVHzs3g0VwFTKhat0V3bisYB/QhDCZTtuhM0mYmQg1FH/FjQtF3Pof7vwbJ20FFT1w4XDOvdx7T5RyprTrflgLi0vLK6ultfL6xubWtr2z21JJJgltkoQnshNhRTmLaVMzzWknlRSLiNN2NLos/PYtlYol8Y0epzQQeBCzPiNYGym09/1E0AEOc18KSCba5xyi0K64znnN806qsCCnnocKYlBFEDnuFBUwRyO03/1eQjJBY004VqqL3FQHOZaaEU4nZT9TNMVkhAe0a2iMBVVBPr1+Ao+M0oP9RJqKNZyq3ydyLJQai8h0CqyH6rdXiH953Uz3a0HO4jTTNCazRf2MQ53AIgrYY5ISzceGYCKZuRWSIZaYaBNY2YTw9Sn8n7Q8B7kOuq5W6hfzOErgAByCY4DAGaiDK9AATUDAHXgAT+DZurcerRfrdda6YM1n9sAPWG+fjDWVSQ==</latexit>
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JT et al, arXiv:1901.06209

1� ⇢g(t) = {1 + exp[�!2
c t

2/(2⇡!q)]}/2
<latexit sha1_base64="lEhisJ34RN3EcqcWu83f9hs3FcU="></latexit><latexit sha1_base64="AS/Lm554xi1vKQ0HRlpFFR2FA/E="></latexit><latexit sha1_base64="1nKroJIQZjPhSvkp4kiJ4sWowm0="></latexit>



Steady state

! c = 50 ⇥ ! q
<latexit sha1_base64="r0mofr45irK3yuy5N+YRzuGFxqw=">AAACEXicdZDNSgMxFIXv+G/9G3XpJlgFVyUjlKkLQXTjsoJthU4ZMmlag8nMmGSEMvQV3PgqIrhQilt37nwQ96atSBU9ELh8515u7olSwbXB+N2Zmp6ZnZtfWCwsLa+srrnrG3WdZIqyGk1Eoi4iopngMasZbgS7SBUjMhKsEV2dDP3GDVOaJ/G56aWsJUk35h1OibEodPeCRLIuCfNASUT76BCVcWC4ZBpNOtf90C3i0kHF93EZeSU8ErLEysffpHi08/EwAIBq6L4F7YRmksWGCqJ108OpaeVEGU4F6xeCTLOU0CvSZU1bxsTubOWji/po15I26iTKvtigEZ2cyInUuicj2ymJudS/vSH8y2tmplNp5TxOM8NiOl7UyQQyCRrGg9pcMWpEzxaEKm7/iuglUYQaG2LBhvB9+/9Ffb/k4ZJ3ZtM4hrEWYAu2YQ888OEITqEKNaBwC/fwBM/OnfPoDJyXceuU8zWzCT/kvH4Co2Wf2A==</latexit><latexit sha1_base64="y8Tle2rjfggk0m5wtJMZ37tt+Tw="></latexit><latexit sha1_base64="XTIqSwleEUYDwE2/iSSNwReoqdg=">AAACEXicdZDLSgMxFIYz9VbrrerSTbAIXQ0ZoUxdCEU3LivYC3TKkEnTNjSZjElGKENfwY2v4saFIm7dufNtTC8UFf0hcPj+czg5f5Rwpg1Cn05uZXVtfSO/Wdja3tndK+4fNLVMFaENIrlU7QhryllMG4YZTtuJolhEnLai0eXUb91RpZmMb8w4oV2BBzHrM4KNRWGxHEhBBzjMAiUgmcBzWEGBYYJq+N25nYTFEnLPqr6PKtBz0UzQEisfLUkJLFQPix9BT5JU0NgQjrXueCgx3Qwrwwink0KQappgMsID2rFljO3Obja7aAJPLOnBvlT2xQbO6PeJDAutxyKynQKbof7tTeFfXic1/Wo3Y3GSGhqT+aJ+yqGRcBoP7DFFieFjW2CimP0rJEOsMDE2xIINYXn7/0Xz1PWQ612jUu1iEUceHIFjUAYe8EENXIE6aAAC7sEjeAYvzoPz5Lw6b/PWnLOYOQQ/5Lx/Adj1nQk=</latexit>

! = 1 / (! " q)
<latexit sha1_base64="5Usy1TRVPV3GBK9Si+aHBbHymT4="></latexit><latexit sha1_base64="PXOsoafgVW0Yi2BdT8PsLSIzxdg="></latexit><latexit sha1_base64="FCnO31CV1TeYi10fr1wZdBAHauk=">AAACCXicdZBNSwMxEIazflu/qh69BIugl5oVpPUgiF48Klhb6JYym07bYLK7JlmhLL168a948aCIV/+BN/+N6QdFRV8IDM87w2TeMJHCWMY+vanpmdm5+YXF3NLyyupafn3j2sSp5ljhsYx1LQSDUkRYscJKrCUaQYUSq+HN2cCv3qE2Io6ubC/BhoJOJNqCg3WomadBiBboMfX3d4NuCJoGscIONLNAK3rb32vmC6x4VC6V2CH1i2wo6ohTiU1IgYx10cx/BK2YpwojyyUYU/dZYhsZaCu4xH4uSA0mwG+gg3VXRqDQNLLhJX2640iLtmPtXmTpkH6fyEAZ01Oh61Rgu+a3N4B/efXUtsuNTERJajHio0XtVFIb00EstCU0cit7rgCuhfsr5V3QwK0LL+dCmNz+f3F9UPRZ0b9khZPTcRwLZItsk13ikxI5IefkglQIJ/fkkTyTF+/Be/JevbdR65Q3ntkkP+S9fwGOnJj+</latexit>

! T = ! coth(! "# q/ 2)
<latexit sha1_base64="LI+d4H77sRxe9bc+4G9rmLObNXE="></latexit><latexit sha1_base64="Niu6H7Gx850k+3zdXDhYg7Y2GvM="></latexit><latexit sha1_base64="dcjibRpvZ4V+YkC1neiRqQpdwPA="></latexit>

N = 2
<latexit sha1_base64="OnRovXMF5RYrjDAnDZXCci23XH8=">AAAB6nicbZC7SgNBFIbPxluMt6ilzWAQrMJuELQRAzZWEtFcIFnC7GSSDJmdXWbOCmHJI9hYKMHGwpfwNex8GyeXQhN/GPj4/3OYc04QS2HQdb+dzMrq2vpGdjO3tb2zu5ffP6iZKNGMV1kkI90IqOFSKF5FgZI3Ys1pGEheDwbXk7z+yLURkXrAYcz9kPaU6ApG0Vr3t5eldr7gFt2pyDJ4cyhcfY7H7wBQaee/Wp2IJSFXyCQ1pum5Mfop1SiY5KNcKzE8pmxAe7xpUdGQGz+djjoiJ9bpkG6k7VNIpu7vjpSGxgzDwFaGFPtmMZuY/2XNBLsXfipUnCBXbPZRN5EEIzLZm3SE5gzl0AJlWthZCetTTRna6+TsEbzFlZehVip6btG7cwvlM5gpC0dwDKfgwTmU4QYqUAUGPXiCF3h1pPPsjJ23WWnGmfccwh85Hz9Yp5AN</latexit><latexit sha1_base64="Obf4SJn3ChR+PVHCmP099ftaLmk=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozRdCNWHDjSiraC7RDyaSZNjSTDElGKEMfwY0Lpbr1JXwNd76NmbYLbf0h8PH/55BzThBzpo3rfju5ldW19Y38ZmFre2d3r7h/0NAyUYTWieRStQKsKWeC1g0znLZiRXEUcNoMhtdZ3nykSjMpHswopn6E+4KFjGBjrfvby0q3WHLL7lRoGbw5lK4+J5neat3iV6cnSRJRYQjHWrc9NzZ+ipVhhNNxoZNoGmMyxH3atihwRLWfTkcdoxPr9FAolX3CoKn7uyPFkdajKLCVETYDvZhl5n9ZOzHhhZ8yESeGCjL7KEw4MhJle6MeU5QYPrKAiWJ2VkQGWGFi7HUK9gje4srL0KiUPbfs3bml6hnMlIcjOIZT8OAcqnADNagDgT48wQu8Otx5dibO+6w058x7DuGPnI8fteSR0g==</latexit><latexit sha1_base64="3/+8TZHduLr4ZeM95B7C+QQFvJk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoBeh4MWTVLQf0Iay2U7apZtN2N0IJfQnePGgiFd/kTf/jds2B219MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH45uZ335CpXksH80kQT+iQ8lDzqix0sPdda1frrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3VKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mwy4QmbExBLKFLe3EjaiijJj0ynZELzll1dJq1b13Kp371bqF3kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBlAmNQw==</latexit>

R
e(
⇢ 0

1
)

<latexit sha1_base64="sa5DZHaWts9WT8ZJPyJrHZyQ21g=">AAAB/3icbVDJSgNBEK1xjXGLC168DAYhXsKMCHoMePEYxSyQhNjTqUma9Cx014hhzMFf8eJBEa/+hjf/xs5y0MQHBY/3qqiq58VSaHKcb2thcWl5ZTWzll3f2Nzazu3sVnWUKI4VHslI1T2mUYoQKyRIYj1WyAJPYs3rX4782j0qLaLwlgYxtgLWDYUvOCMjtXMHTcIHUkF6g8NCU/Widuq4w5N2Lu8UnTHseeJOSb607/t3AFBu576anYgnAYbEJdO64ToxtVKmSHCJw2wz0Rgz3mddbBgasgB1Kx3fP7SPjdKx/UiZCskeq78nUhZoPQg80xkw6ulZbyT+5zUS8i9aqQjjhDDkk0V+Im2K7FEYdkco5CQHhjCuhLnV5j2mGCcTWdaE4M6+PE+qp0XXKbrXJo0zmCADh3AEBXDhHEpwBWWoAIdHeIZXeLOerBfr3fqYtC5Y05k9+APr8we9/pdS</latexit><latexit sha1_base64="rDaSmVnzlltY42fEoQTdtVI3smM=">AAAB/3icbVBNS8NAEN3Ur1q/6gdevASLUC8lEUGPBS8eq9gPaEvYbCft0t0k7E7EEnvwr3jxoIhX/4Y3/43btAdtfTDweG+GmXl+LLhGx/m2ckvLK6tr+fXCxubW9k5xd6+ho0QxqLNIRKrlUw2Ch1BHjgJasQIqfQFNf3g18Zv3oDSPwjscxdCVtB/ygDOKRvKKhx2EB1QyvYVxuaMGkZc67vjUK5acipPBXiTujJSqB0GGmlf86vQilkgIkQmqddt1YuymVCFnAsaFTqIhpmxI+9A2NKQSdDfN7h/bJ0bp2UGkTIVoZ+rviZRKrUfSN52S4kDPexPxP6+dYHDZTXkYJwghmy4KEmFjZE/CsHtcAUMxMoQyxc2tNhtQRRmayAomBHf+5UXSOKu4TsW9MWmckyny5IgckzJxyQWpkmtSI3XCyCN5Jq/kzXqyXqx362PamrNmM/vkD6zPH174mIo=</latexit><latexit sha1_base64="lQSuTRzoOHVrOmZ0ogvQjC3Q3J8=">AAAB/3icbVBNS8NAEN34WetXVPDiJViEeimJCHosePFYxX5AG8JmO2mXbj7YnYgl5uBf8eJBEa/+DW/+G7dtDtr6YODx3gwz8/xEcIW2/W0sLa+srq2XNsqbW9s7u+befkvFqWTQZLGIZcenCgSPoIkcBXQSCTT0BbT90dXEb9+DVDyO7nCcgBvSQcQDzihqyTMPewgPKMPsFvJqTw5jL7Od/NQzK3bNnsJaJE5BKqRAwzO/ev2YpSFEyARVquvYCboZlciZgLzcSxUklI3oALqaRjQE5WbT+3PrRCt9K4ilrgitqfp7IqOhUuPQ150hxaGa9ybif143xeDSzXiUpAgRmy0KUmFhbE3CsPpcAkMx1oQyyfWtFhtSSRnqyMo6BGf+5UXSOqs5ds25sSv18yKOEjkix6RKHHJB6uSaNEiTMPJInskreTOejBfj3fiYtS4ZxcwB+QPj8we3cpXS</latexit>1
!

! g
<latexit sha1_base64="8sZHiCKJ9VAuMmaAkCquIuk2G8c=">AAAB9XicbVC7SgNBFL0bXzG+ohYWNoNBsDHsiqBlwEa7COYB2TXMTibJkHksM7NKWPIfNhaK2PovdnZWfoeTxEITD1w4nHMv994TJ5wZ6/sfXm5hcWl5Jb9aWFvf2Nwqbu/UjUo1oTWiuNLNGBvKmaQ1yyynzURTLGJOG/HgYuw37qg2TMkbO0xoJHBPsi4j2DrpNjgOdV+1s1AL1Bu1iyW/7E+A5knwQ0qVvauvTwCotovvYUeRVFBpCcfGtAI/sVGGtWWE01EhTA1NMBngHm05KrGgJsomV4/QoVM6qKu0K2nRRP09kWFhzFDErlNg2zez3lj8z2ultnseZUwmqaWSTBd1U46sQuMIUIdpSiwfOoKJZu5WRPpYY2JdUAUXQjD78jypn5QDvxxcuzROYYo87MMBHEEAZ1CBS6hCDQhoeIAnePbuvUfvxXudtua8n5ld+APv7RslMZR2</latexit><latexit sha1_base64="s5NhtO8+wxsInDBzJXRS8lcoxiQ=">AAAB9XicbVC7SgNBFL0bXzG+ohYWNoNBsDHsiqBlwEa7COYB2TXOTmaTwZnZZWZWCUv+w8ZCEVtL/8POH7D0G5w8Ck08cOFwzr3ce0+YcKaN6346ubn5hcWl/HJhZXVtfaO4uVXXcaoIrZGYx6oZYk05k7RmmOG0mSiKRchpI7w9G/qNO6o0i+WV6Sc0ELgrWcQINla69g591Yvbma8E6g7axZJbdkdAs8SbkFJl5+Lr+z13U20XP/xOTFJBpSEca93y3MQEGVaGEU4HBT/VNMHkFndpy1KJBdVBNrp6gPat0kFRrGxJg0bq74kMC637IrSdApuenvaG4n9eKzXRaZAxmaSGSjJeFKUcmRgNI0AdpigxvG8JJorZWxHpYYWJsUEVbAje9MuzpH5U9tyyd2nTOIYx8rALe3AAHpxABc6hCjUgoOABnuDZuXcenRfnddyacyYz2/AHztsPr82VnQ==</latexit><latexit sha1_base64="fnxx+q375rSnlaUe9C9qoy9ynQc=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBC8GHZF0GPAi8cI5gHZNcxOZpMh81hmZpWw5D+8eFDEq//izb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4ctozJNaJMornQnxoZyJmnTMstpJ9UUi5jTdjy6mfrtR6oNU/LejlMaCTyQLGEEWyc9BOehHqpeHmqBBpNeperX/BnQMgkKUoUCjV7lK+wrkgkqLeHYmG7gpzbKsbaMcDoph5mhKSYjPKBdRyUW1ET57OoJOnVKHyVKu5IWzdTfEzkWxoxF7DoFtkOz6E3F/7xuZpPrKGcyzSyVZL4oyTiyCk0jQH2mKbF87AgmmrlbERlijYl1QZVdCMHiy8ukdVEL/Fpw51frl0UcJTiGEziDAK6gDrfQgCYQ0PAMr/DmPXkv3rv3MW9d8YqZI/gD7/MH6SiSEA==</latexit>



Lamb shift and entanglement

• Start from pointer state 
• Larmor frequency decreased 

Lamb shift 
• Deviation from analytic weak 

damping result ≈ 2%

! = 1 / (! " q)
<latexit sha1_base64="5Usy1TRVPV3GBK9Si+aHBbHymT4="></latexit><latexit sha1_base64="PXOsoafgVW0Yi2BdT8PsLSIzxdg="></latexit><latexit sha1_base64="FCnO31CV1TeYi10fr1wZdBAHauk=">AAACCXicdZBNSwMxEIazflu/qh69BIugl5oVpPUgiF48Klhb6JYym07bYLK7JlmhLL168a948aCIV/+BN/+N6QdFRV8IDM87w2TeMJHCWMY+vanpmdm5+YXF3NLyyupafn3j2sSp5ljhsYx1LQSDUkRYscJKrCUaQYUSq+HN2cCv3qE2Io6ubC/BhoJOJNqCg3WomadBiBboMfX3d4NuCJoGscIONLNAK3rb32vmC6x4VC6V2CH1i2wo6ohTiU1IgYx10cx/BK2YpwojyyUYU/dZYhsZaCu4xH4uSA0mwG+gg3VXRqDQNLLhJX2640iLtmPtXmTpkH6fyEAZ01Oh61Rgu+a3N4B/efXUtsuNTERJajHio0XtVFIb00EstCU0cit7rgCuhfsr5V3QwK0LL+dCmNz+f3F9UPRZ0b9khZPTcRwLZItsk13ikxI5IefkglQIJ/fkkTyTF+/Be/JevbdR65Q3ntkkP+S9fwGOnJj+</latexit>

U. Weiss: Quantum dissipative systems
Recent exp.: M. Silveri et al. Nat. Phys. %', 533 (2019)

! c = 50 ⇥ ! q
<latexit sha1_base64="r0mofr45irK3yuy5N+YRzuGFxqw=">AAACEXicdZDNSgMxFIXv+G/9G3XpJlgFVyUjlKkLQXTjsoJthU4ZMmlag8nMmGSEMvQV3PgqIrhQilt37nwQ96atSBU9ELh8515u7olSwbXB+N2Zmp6ZnZtfWCwsLa+srrnrG3WdZIqyGk1Eoi4iopngMasZbgS7SBUjMhKsEV2dDP3GDVOaJ/G56aWsJUk35h1OibEodPeCRLIuCfNASUT76BCVcWC4ZBpNOtf90C3i0kHF93EZeSU8ErLEysffpHi08/EwAIBq6L4F7YRmksWGCqJ108OpaeVEGU4F6xeCTLOU0CvSZU1bxsTubOWji/po15I26iTKvtigEZ2cyInUuicj2ymJudS/vSH8y2tmplNp5TxOM8NiOl7UyQQyCRrGg9pcMWpEzxaEKm7/iuglUYQaG2LBhvB9+/9Ffb/k4ZJ3ZtM4hrEWYAu2YQ888OEITqEKNaBwC/fwBM/OnfPoDJyXceuU8zWzCT/kvH4Co2Wf2A==</latexit><latexit sha1_base64="y8Tle2rjfggk0m5wtJMZ37tt+Tw="></latexit><latexit sha1_base64="XTIqSwleEUYDwE2/iSSNwReoqdg=">AAACEXicdZDLSgMxFIYz9VbrrerSTbAIXQ0ZoUxdCEU3LivYC3TKkEnTNjSZjElGKENfwY2v4saFIm7dufNtTC8UFf0hcPj+czg5f5Rwpg1Cn05uZXVtfSO/Wdja3tndK+4fNLVMFaENIrlU7QhryllMG4YZTtuJolhEnLai0eXUb91RpZmMb8w4oV2BBzHrM4KNRWGxHEhBBzjMAiUgmcBzWEGBYYJq+N25nYTFEnLPqr6PKtBz0UzQEisfLUkJLFQPix9BT5JU0NgQjrXueCgx3Qwrwwink0KQappgMsID2rFljO3Obja7aAJPLOnBvlT2xQbO6PeJDAutxyKynQKbof7tTeFfXic1/Wo3Y3GSGhqT+aJ+yqGRcBoP7DFFieFjW2CimP0rJEOsMDE2xIINYXn7/0Xz1PWQ612jUu1iEUceHIFjUAYe8EENXIE6aAAC7sEjeAYvzoPz5Lw6b/PWnLOYOQQ/5Lx/Adj1nQk=</latexit>

h�̂
x

i = 1
<latexit sha1_base64="W8/OjdPzm8FCW4L2MMyeKsm/e9Q=">AAACD3icdVDLSgNBEJz1bXxFPXoZDIqnsLvE10EIevEYwTwgG0LvZJIMmZldZmbFsOQPvPgrXjwo4tWrN//G2SSCihY0FFXddHeFMWfauO6HMzM7N7+wuLScW1ldW9/Ib27VdJQoQqsk4pFqhKApZ5JWDTOcNmJFQYSc1sPBRebXb6jSLJLXZhjTloCeZF1GwFipnd8POMgepzjog8GBZj0B7TRQAt+OAjWxzrDXzhfc4umJ7x+WcEaOfN/LiEXJw17RHaOApqi08+9BJyKJoNIQDlo3PTc2rRSUYYTTUS5INI2BDKBHm5ZKEFS30vE/I7xnlQ7uRsqWNHisfp9IQWg9FKHtFGD6+reXiX95zcR0T1opk3FiqCSTRd2EYxPhLBzcYYoSw4eWAFHM3opJHxQQYyPM2RC+PsX/k5pf9Nyid1UqlM+ncSyhHbSLDpCHjlEZXaIKqiKC7tADekLPzr3z6Lw4r5PWGWc6s41+wHn7BHignEw=</latexit><latexit sha1_base64="W8/OjdPzm8FCW4L2MMyeKsm/e9Q=">AAACD3icdVDLSgNBEJz1bXxFPXoZDIqnsLvE10EIevEYwTwgG0LvZJIMmZldZmbFsOQPvPgrXjwo4tWrN//G2SSCihY0FFXddHeFMWfauO6HMzM7N7+wuLScW1ldW9/Ib27VdJQoQqsk4pFqhKApZ5JWDTOcNmJFQYSc1sPBRebXb6jSLJLXZhjTloCeZF1GwFipnd8POMgepzjog8GBZj0B7TRQAt+OAjWxzrDXzhfc4umJ7x+WcEaOfN/LiEXJw17RHaOApqi08+9BJyKJoNIQDlo3PTc2rRSUYYTTUS5INI2BDKBHm5ZKEFS30vE/I7xnlQ7uRsqWNHisfp9IQWg9FKHtFGD6+reXiX95zcR0T1opk3FiqCSTRd2EYxPhLBzcYYoSw4eWAFHM3opJHxQQYyPM2RC+PsX/k5pf9Nyid1UqlM+ncSyhHbSLDpCHjlEZXaIKqiKC7tADekLPzr3z6Lw4r5PWGWc6s41+wHn7BHignEw=</latexit><latexit sha1_base64="W8/OjdPzm8FCW4L2MMyeKsm/e9Q=">AAACD3icdVDLSgNBEJz1bXxFPXoZDIqnsLvE10EIevEYwTwgG0LvZJIMmZldZmbFsOQPvPgrXjwo4tWrN//G2SSCihY0FFXddHeFMWfauO6HMzM7N7+wuLScW1ldW9/Ib27VdJQoQqsk4pFqhKApZ5JWDTOcNmJFQYSc1sPBRebXb6jSLJLXZhjTloCeZF1GwFipnd8POMgepzjog8GBZj0B7TRQAt+OAjWxzrDXzhfc4umJ7x+WcEaOfN/LiEXJw17RHaOApqi08+9BJyKJoNIQDlo3PTc2rRSUYYTTUS5INI2BDKBHm5ZKEFS30vE/I7xnlQ7uRsqWNHisfp9IQWg9FKHtFGD6+reXiX95zcR0T1opk3FiqCSTRd2EYxPhLBzcYYoSw4eWAFHM3opJHxQQYyPM2RC+PsX/k5pf9Nyid1UqlM+ncSyhHbSLDpCHjlEZXaIKqiKC7tADekLPzr3z6Lw4r5PWGWc6s41+wHn7BHignEw=</latexit>

+

R
e(
⇢ 0

1
)

<latexit sha1_base64="sa5DZHaWts9WT8ZJPyJrHZyQ21g=">AAAB/3icbVDJSgNBEK1xjXGLC168DAYhXsKMCHoMePEYxSyQhNjTqUma9Cx014hhzMFf8eJBEa/+hjf/xs5y0MQHBY/3qqiq58VSaHKcb2thcWl5ZTWzll3f2Nzazu3sVnWUKI4VHslI1T2mUYoQKyRIYj1WyAJPYs3rX4782j0qLaLwlgYxtgLWDYUvOCMjtXMHTcIHUkF6g8NCU/Widuq4w5N2Lu8UnTHseeJOSb607/t3AFBu576anYgnAYbEJdO64ToxtVKmSHCJw2wz0Rgz3mddbBgasgB1Kx3fP7SPjdKx/UiZCskeq78nUhZoPQg80xkw6ulZbyT+5zUS8i9aqQjjhDDkk0V+Im2K7FEYdkco5CQHhjCuhLnV5j2mGCcTWdaE4M6+PE+qp0XXKbrXJo0zmCADh3AEBXDhHEpwBWWoAIdHeIZXeLOerBfr3fqYtC5Y05k9+APr8we9/pdS</latexit><latexit sha1_base64="rDaSmVnzlltY42fEoQTdtVI3smM=">AAAB/3icbVBNS8NAEN3Ur1q/6gdevASLUC8lEUGPBS8eq9gPaEvYbCft0t0k7E7EEnvwr3jxoIhX/4Y3/43btAdtfTDweG+GmXl+LLhGx/m2ckvLK6tr+fXCxubW9k5xd6+ho0QxqLNIRKrlUw2Ch1BHjgJasQIqfQFNf3g18Zv3oDSPwjscxdCVtB/ygDOKRvKKhx2EB1QyvYVxuaMGkZc67vjUK5acipPBXiTujJSqB0GGmlf86vQilkgIkQmqddt1YuymVCFnAsaFTqIhpmxI+9A2NKQSdDfN7h/bJ0bp2UGkTIVoZ+rviZRKrUfSN52S4kDPexPxP6+dYHDZTXkYJwghmy4KEmFjZE/CsHtcAUMxMoQyxc2tNhtQRRmayAomBHf+5UXSOKu4TsW9MWmckyny5IgckzJxyQWpkmtSI3XCyCN5Jq/kzXqyXqx362PamrNmM/vkD6zPH174mIo=</latexit><latexit sha1_base64="lQSuTRzoOHVrOmZ0ogvQjC3Q3J8=">AAAB/3icbVBNS8NAEN34WetXVPDiJViEeimJCHosePFYxX5AG8JmO2mXbj7YnYgl5uBf8eJBEa/+DW/+G7dtDtr6YODx3gwz8/xEcIW2/W0sLa+srq2XNsqbW9s7u+befkvFqWTQZLGIZcenCgSPoIkcBXQSCTT0BbT90dXEb9+DVDyO7nCcgBvSQcQDzihqyTMPewgPKMPsFvJqTw5jL7Od/NQzK3bNnsJaJE5BKqRAwzO/ev2YpSFEyARVquvYCboZlciZgLzcSxUklI3oALqaRjQE5WbT+3PrRCt9K4ilrgitqfp7IqOhUuPQ150hxaGa9ybif143xeDSzXiUpAgRmy0KUmFhbE3CsPpcAkMx1oQyyfWtFhtSSRnqyMo6BGf+5UXSOqs5ds25sSv18yKOEjkix6RKHHJB6uSaNEiTMPJInskreTOejBfj3fiYtS4ZxcwB+QPj8we3cpXS</latexit>



Lamb shift and entanglement

• Deviation from bare Boltzmann distribution not 
explained solely by Lamb shift! entanglement

! = 1 / (! " q)
<latexit sha1_base64="5Usy1TRVPV3GBK9Si+aHBbHymT4="></latexit><latexit sha1_base64="PXOsoafgVW0Yi2BdT8PsLSIzxdg="></latexit><latexit sha1_base64="FCnO31CV1TeYi10fr1wZdBAHauk=">AAACCXicdZBNSwMxEIazflu/qh69BIugl5oVpPUgiF48Klhb6JYym07bYLK7JlmhLL168a948aCIV/+BN/+N6QdFRV8IDM87w2TeMJHCWMY+vanpmdm5+YXF3NLyyupafn3j2sSp5ljhsYx1LQSDUkRYscJKrCUaQYUSq+HN2cCv3qE2Io6ubC/BhoJOJNqCg3WomadBiBboMfX3d4NuCJoGscIONLNAK3rb32vmC6x4VC6V2CH1i2wo6ohTiU1IgYx10cx/BK2YpwojyyUYU/dZYhsZaCu4xH4uSA0mwG+gg3VXRqDQNLLhJX2640iLtmPtXmTpkH6fyEAZ01Oh61Rgu+a3N4B/efXUtsuNTERJajHio0XtVFIb00EstCU0cit7rgCuhfsr5V3QwK0LL+dCmNz+f3F9UPRZ0b9khZPTcRwLZItsk13ikxI5IefkglQIJ/fkkTyTF+/Be/JevbdR65Q3ntkkP+S9fwGOnJj+</latexit>

! !
g = ! g(t ! " )

<latexit sha1_base64="Urh/YEu3Ax5pv1qd7VtU/qPpGYU="></latexit><latexit sha1_base64="QozSdnRlmIXLnvI+EtqOEmNGaPI="></latexit><latexit sha1_base64="MjZdV7d8UfK2sihsE5MFjUg5p7s="></latexit>

JT et al, arXiv:1901.06209



• Zero-T reset error:
Entanglement in the uncoupled basis

• Trade-off between fidelity and speed!

Lamb shift and entanglement

� = 10/ (! !q)
<latexit sha1_base64="tEVU6+wXdNRaPzCFzob8gKj9+cQ="></latexit><latexit sha1_base64="pTJ+bgbdMNLi1A9IKkQS/SV7Eiw="></latexit><latexit sha1_base64="kLun4T5FBzCKKHUxKD9d+gGyxQY=">AAACCnicdZBNSwMxEIazflu/qh69RIugl5oVpHoQil48VrAqdEuZTadtMNldk6xQlp69+Fe8eFDEq7/Am//G9IOioi8EhuedYTJvmEhhLGOf3sTk1PTM7Nx8bmFxaXklv7p2aeJUc6zyWMb6OgSDUkRYtcJKvE40ggolXoU3p33/6g61EXF0YbsJ1hW0I9ESHKxDjfxmEKIFekx9trcTdELQNIgVtqGRBVrR295uI19gxaPDUokdUL/IBqKOOJXYmBTISJVG/iNoxjxVGFkuwZiazxJbz0BbwSX2ckFqMAF+A22suTIChaaeDU7p0W1HmrQVa/ciSwf0+0QGypiuCl2nAtsxv70+/MurpbZ1WM9ElKQWIz5c1EoltTHt50KbQiO3susK4Fq4v1LeAQ3cuvRyLoTx7f8Xl/tFnxX9c1Yon4zimCMbZIvsEJ+USJmckQqpEk7uySN5Ji/eg/fkvXpvw9YJbzSzTn7Ie/8CA6KZOA==</latexit>

1 ! ! 1
g =

"
2#$q


!

3
2

+ ln( $c/$q)
�

<latexit sha1_base64="s71lIrGN1vny6OkDjGGDPWTaNQo="></latexit><latexit sha1_base64="d7DM/BzqrN5b9QTJ5PZEFbF2ZM0="></latexit><latexit sha1_base64="cXQXgIufFVKf6KscHrbADlQBSuw="></latexit>

JT et al, arXiv:1901.06209



Conclusions
• Numerically exact open quantum system 

dynamics can be calculated with stochastic 
Liouville equation with dissipation (SLED).

• Strong coupling affects the relaxation dynamics 
(universal decoherence) and steady state (Lamb 
shift and entanglement) of a qubit.

• Future: Quantitative validity regions for BM 
master equations for one and two qubit systems.


