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Second Law 

Second law of thermodynamics: the entropy of a closed system 
can never decrease

Necessary condition for any state 
transformation
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Second law of black hole mechanics

SBH =
A

4GN

horizon area is a non-decreasing 
function of time in any classical process

[Bekenstein; Hawking]
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Second Law

Provides additional constraints on equilibration 
processes for quantum systems and for macroscopic 
systems with long range correlations

Q: is there more?

Quantum Thermodynamics applies perspective 
and tools of information theory to examine 
thermodynamics 

⇢
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[Horodecki, Oppenheim ’11]
[Brandao, Horodecki, Ng, Oppenheim, Wehner ’13]
…



Second Law

Q: is there more?

Quantum Thermodynamics applies perspective 
and tools of information theory to examine 
thermodynamics
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➡Relevant for quantum field theory and gravity!

Provides additional constraints on equilibration 
processes for quantum systems and for macroscopic 
systems with long range correlations

[Horodecki, Oppenheim ’11]
[Brandao, Horodecki, Ng, Oppenheim, Wehner ’13]
…



Rényi Divergences

Notion of distance between states

reference thermal state

Ex: Relative entropy distance from the thermal state
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second law in a closed system                  is equivalent to 
the statement that the relative entropy does not increase

F (⇢) � F (⇢0)

[Petz ’86]



Additional Second Laws

One-parameter family of necessary conditions for the equilibration 
dynamics

Monotonicity of Rényi Divergences generalizes the second law

D↵(⇢||⇢�) � D↵(⇢
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[Brandao, Horodecki, Ng, Oppenheim, Wehner ’13]
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Additional Second Laws

One-parameter family of necessary conditions for the equilibration 
dynamics
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➡ They may provide additional constraints for allowed transitions!

Monotonicity of Rényi Divergences generalizes the second law



Additional Second Laws

[Bernamonti, FG, Myers, Oppenheim ’18]AdS/CFT framework:

AdS3 black holes 
with scalar excitations

Does monotonicity of Rényi divergences imply new constraints for 
quantum field theory and black holes, beyond the second law?

Class of CFT2 
excited states



Path Integral Approach

Euclidean path integral construction for                    in 2d CFT  tr(⇢↵⇢1�↵
� )

<latexit sha1_base64="eSnhatYKMleZESlmgdpqAgR/Lqg=">AAACFXicbZA9SwNBEIb3/IzxK2ppsxgELQx3IqhdwMYygjGBXBLmNhOzuPfB7pwYjvwKG/+KjYWKrWDnv3HzUWjiCwsP78wwO2+QKGnIdb+dufmFxaXl3Ep+dW19Y7OwtX1j4lQLrIpYxboegEElI6ySJIX1RCOEgcJacHcxrNfuURsZR9fUT7AZwm0ku1IAWatdOPIJHygjPeAHvu7FLR9U0gM+5LYfIEEr847G5uCwXSi6JXckPgveBIpsokq78OV3YpGGGJFQYEzDcxNqZqBJCoWDvJ8aTEDcwS02LEYQomlmo7MGfN86Hd6NtX0R8ZH7eyKD0Jh+GNjOEKhnpmtD879aI6XuWTOTUZISRmK8qJsqTjEfZsQ7UqMg1bcAQkv7Vy56oEGQTTJvQ/CmT56F6nHpvORdnRTL5UkaObbL9tgB89gpK7NLVmFVJtgje2av7M15cl6cd+dj3DrnTGZ22B85nz+3Q59G</latexit><latexit sha1_base64="eSnhatYKMleZESlmgdpqAgR/Lqg=">AAACFXicbZA9SwNBEIb3/IzxK2ppsxgELQx3IqhdwMYygjGBXBLmNhOzuPfB7pwYjvwKG/+KjYWKrWDnv3HzUWjiCwsP78wwO2+QKGnIdb+dufmFxaXl3Ep+dW19Y7OwtX1j4lQLrIpYxboegEElI6ySJIX1RCOEgcJacHcxrNfuURsZR9fUT7AZwm0ku1IAWatdOPIJHygjPeAHvu7FLR9U0gM+5LYfIEEr847G5uCwXSi6JXckPgveBIpsokq78OV3YpGGGJFQYEzDcxNqZqBJCoWDvJ8aTEDcwS02LEYQomlmo7MGfN86Hd6NtX0R8ZH7eyKD0Jh+GNjOEKhnpmtD879aI6XuWTOTUZISRmK8qJsqTjEfZsQ7UqMg1bcAQkv7Vy56oEGQTTJvQ/CmT56F6nHpvORdnRTL5UkaObbL9tgB89gpK7NLVmFVJtgje2av7M15cl6cd+dj3DrnTGZ22B85nz+3Q59G</latexit><latexit sha1_base64="eSnhatYKMleZESlmgdpqAgR/Lqg=">AAACFXicbZA9SwNBEIb3/IzxK2ppsxgELQx3IqhdwMYygjGBXBLmNhOzuPfB7pwYjvwKG/+KjYWKrWDnv3HzUWjiCwsP78wwO2+QKGnIdb+dufmFxaXl3Ep+dW19Y7OwtX1j4lQLrIpYxboegEElI6ySJIX1RCOEgcJacHcxrNfuURsZR9fUT7AZwm0ku1IAWatdOPIJHygjPeAHvu7FLR9U0gM+5LYfIEEr847G5uCwXSi6JXckPgveBIpsokq78OV3YpGGGJFQYEzDcxNqZqBJCoWDvJ8aTEDcwS02LEYQomlmo7MGfN86Hd6NtX0R8ZH7eyKD0Jh+GNjOEKhnpmtD879aI6XuWTOTUZISRmK8qJsqTjEfZsQ7UqMg1bcAQkv7Vy56oEGQTTJvQ/CmT56F6nHpvORdnRTL5UkaObbL9tgB89gpK7NLVmFVJtgje2av7M15cl6cd+dj3DrnTGZ22B85nz+3Q59G</latexit><latexit sha1_base64="eSnhatYKMleZESlmgdpqAgR/Lqg=">AAACFXicbZA9SwNBEIb3/IzxK2ppsxgELQx3IqhdwMYygjGBXBLmNhOzuPfB7pwYjvwKG/+KjYWKrWDnv3HzUWjiCwsP78wwO2+QKGnIdb+dufmFxaXl3Ep+dW19Y7OwtX1j4lQLrIpYxboegEElI6ySJIX1RCOEgcJacHcxrNfuURsZR9fUT7AZwm0ku1IAWatdOPIJHygjPeAHvu7FLR9U0gM+5LYfIEEr847G5uCwXSi6JXckPgveBIpsokq78OV3YpGGGJFQYEzDcxNqZqBJCoWDvJ8aTEDcwS02LEYQomlmo7MGfN86Hd6NtX0R8ZH7eyKD0Jh+GNjOEKhnpmtD879aI6XuWTOTUZISRmK8qJsqTjEfZsQ7UqMg1bcAQkv7Vy56oEGQTTJvQ/CmT56F6nHpvORdnRTL5UkaObbL9tgB89gpK7NLVmFVJtgje2av7M15cl6cd+dj3DrnTGZ22B85nz+3Q59G</latexit>

�
<latexit sha1_base64="HnypbAiGB6Fgha4vlwHeTS0VB0g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2k3bpZhN2J0Ip/Q1ePKh49Q9589+4bXPQ6oOBx3szzMyLMikMed6XU1pZXVvfKG9WtrZ3dveq+wcPJs01x4CnMtXtiBmUQmFAgiS2M40siSS2otHNzG89ojYiVfc0zjBM2ECJWHBGVgq6ERLrVWte3ZvD/Uv8gtSgQLNX/ez2U54nqIhLZkzH9zIKJ0yT4BKnlW5uMGN8xAbYsVSxBE04mR87dU+s0nfjVNtS5M7VnxMTlhgzTiLbmTAammVvJv7ndXKKL8OJUFlOqPhiUZxLl1J39rnbFxo5ybEljGthb3X5kGnGyeZTsSH4yy//JcFZ/aru353XGtdFGmU4gmM4BR8uoAG30IQAOAh4ghd4dZTz7Lw574vWklPMHMIvOB/fMLiOeA==</latexit><latexit sha1_base64="HnypbAiGB6Fgha4vlwHeTS0VB0g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2k3bpZhN2J0Ip/Q1ePKh49Q9589+4bXPQ6oOBx3szzMyLMikMed6XU1pZXVvfKG9WtrZ3dveq+wcPJs01x4CnMtXtiBmUQmFAgiS2M40siSS2otHNzG89ojYiVfc0zjBM2ECJWHBGVgq6ERLrVWte3ZvD/Uv8gtSgQLNX/ez2U54nqIhLZkzH9zIKJ0yT4BKnlW5uMGN8xAbYsVSxBE04mR87dU+s0nfjVNtS5M7VnxMTlhgzTiLbmTAammVvJv7ndXKKL8OJUFlOqPhiUZxLl1J39rnbFxo5ybEljGthb3X5kGnGyeZTsSH4yy//JcFZ/aru353XGtdFGmU4gmM4BR8uoAG30IQAOAh4ghd4dZTz7Lw574vWklPMHMIvOB/fMLiOeA==</latexit><latexit sha1_base64="HnypbAiGB6Fgha4vlwHeTS0VB0g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2k3bpZhN2J0Ip/Q1ePKh49Q9589+4bXPQ6oOBx3szzMyLMikMed6XU1pZXVvfKG9WtrZ3dveq+wcPJs01x4CnMtXtiBmUQmFAgiS2M40siSS2otHNzG89ojYiVfc0zjBM2ECJWHBGVgq6ERLrVWte3ZvD/Uv8gtSgQLNX/ez2U54nqIhLZkzH9zIKJ0yT4BKnlW5uMGN8xAbYsVSxBE04mR87dU+s0nfjVNtS5M7VnxMTlhgzTiLbmTAammVvJv7ndXKKL8OJUFlOqPhiUZxLl1J39rnbFxo5ybEljGthb3X5kGnGyeZTsSH4yy//JcFZ/aru353XGtdFGmU4gmM4BR8uoAG30IQAOAh4ghd4dZTz7Lw574vWklPMHMIvOB/fMLiOeA==</latexit><latexit sha1_base64="HnypbAiGB6Fgha4vlwHeTS0VB0g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2k3bpZhN2J0Ip/Q1ePKh49Q9589+4bXPQ6oOBx3szzMyLMikMed6XU1pZXVvfKG9WtrZ3dveq+wcPJs01x4CnMtXtiBmUQmFAgiS2M40siSS2otHNzG89ojYiVfc0zjBM2ECJWHBGVgq6ERLrVWte3ZvD/Uv8gtSgQLNX/ez2U54nqIhLZkzH9zIKJ0yT4BKnlW5uMGN8xAbYsVSxBE04mR87dU+s0nfjVNtS5M7VnxMTlhgzTiLbmTAammVvJv7ndXKKL8OJUFlOqPhiUZxLl1J39rnbFxo5ybEljGthb3X5kGnGyeZTsSH4yy//JcFZ/aru353XGtdFGmU4gmM4BR8uoAG30IQAOAh4ghd4dZTz7Lw574vWklPMHMIvOB/fMLiOeA==</latexit>

⇢� = e��HCFT =
<latexit sha1_base64="CW+/uKDrspM2FigUSyjNnBbsl+w=">AAACDHicbZDLSsNAFIYn9VbrLerSzWAV3FgSEdRFoViQLis0ttDUMJmetkMnF2YmQgl5ATe+ihsXKm59AHe+jdPLQlt/GPj4zzmcOb8fcyaVZX0buaXlldW1/HphY3Nre8fc3buTUSIoODTikWj5RAJnITiKKQ6tWAAJfA5Nf1gd15sPICSLwoYaxdAJSD9kPUaJ0pZnHrliEHmuD4rgMob79HTKNS91RYCrN40sK3tm0SpZE+FFsGdQRDPVPfPL7UY0CSBUlBMp27YVq05KhGKUQ1ZwEwkxoUPSh7bGkAQgO+nkmgwfa6eLe5HQL1R44v6eSEkg5SjwdWdA1EDO18bmf7V2onqXnZSFcaIgpNNFvYRjFeFxNLjLBFDFRxoIFUz/FdMBEYQqHWBBh2DPn7wIzlnpqmTfnhcr17M08ugAHaITZKMLVEE1VEcOougRPaNX9GY8GS/Gu/Exbc0Zs5l99EfG5w8C4Zp0</latexit><latexit sha1_base64="CW+/uKDrspM2FigUSyjNnBbsl+w=">AAACDHicbZDLSsNAFIYn9VbrLerSzWAV3FgSEdRFoViQLis0ttDUMJmetkMnF2YmQgl5ATe+ihsXKm59AHe+jdPLQlt/GPj4zzmcOb8fcyaVZX0buaXlldW1/HphY3Nre8fc3buTUSIoODTikWj5RAJnITiKKQ6tWAAJfA5Nf1gd15sPICSLwoYaxdAJSD9kPUaJ0pZnHrliEHmuD4rgMob79HTKNS91RYCrN40sK3tm0SpZE+FFsGdQRDPVPfPL7UY0CSBUlBMp27YVq05KhGKUQ1ZwEwkxoUPSh7bGkAQgO+nkmgwfa6eLe5HQL1R44v6eSEkg5SjwdWdA1EDO18bmf7V2onqXnZSFcaIgpNNFvYRjFeFxNLjLBFDFRxoIFUz/FdMBEYQqHWBBh2DPn7wIzlnpqmTfnhcr17M08ugAHaITZKMLVEE1VEcOougRPaNX9GY8GS/Gu/Exbc0Zs5l99EfG5w8C4Zp0</latexit><latexit sha1_base64="CW+/uKDrspM2FigUSyjNnBbsl+w=">AAACDHicbZDLSsNAFIYn9VbrLerSzWAV3FgSEdRFoViQLis0ttDUMJmetkMnF2YmQgl5ATe+ihsXKm59AHe+jdPLQlt/GPj4zzmcOb8fcyaVZX0buaXlldW1/HphY3Nre8fc3buTUSIoODTikWj5RAJnITiKKQ6tWAAJfA5Nf1gd15sPICSLwoYaxdAJSD9kPUaJ0pZnHrliEHmuD4rgMob79HTKNS91RYCrN40sK3tm0SpZE+FFsGdQRDPVPfPL7UY0CSBUlBMp27YVq05KhGKUQ1ZwEwkxoUPSh7bGkAQgO+nkmgwfa6eLe5HQL1R44v6eSEkg5SjwdWdA1EDO18bmf7V2onqXnZSFcaIgpNNFvYRjFeFxNLjLBFDFRxoIFUz/FdMBEYQqHWBBh2DPn7wIzlnpqmTfnhcr17M08ugAHaITZKMLVEE1VEcOougRPaNX9GY8GS/Gu/Exbc0Zs5l99EfG5w8C4Zp0</latexit><latexit sha1_base64="CW+/uKDrspM2FigUSyjNnBbsl+w=">AAACDHicbZDLSsNAFIYn9VbrLerSzWAV3FgSEdRFoViQLis0ttDUMJmetkMnF2YmQgl5ATe+ihsXKm59AHe+jdPLQlt/GPj4zzmcOb8fcyaVZX0buaXlldW1/HphY3Nre8fc3buTUSIoODTikWj5RAJnITiKKQ6tWAAJfA5Nf1gd15sPICSLwoYaxdAJSD9kPUaJ0pZnHrliEHmuD4rgMob79HTKNS91RYCrN40sK3tm0SpZE+FFsGdQRDPVPfPL7UY0CSBUlBMp27YVq05KhGKUQ1ZwEwkxoUPSh7bGkAQgO+nkmgwfa6eLe5HQL1R44v6eSEkg5SjwdWdA1EDO18bmf7V2onqXnZSFcaIgpNNFvYRjFeFxNLjLBFDFRxoIFUz/FdMBEYQqHWBBh2DPn7wIzlnpqmTfnhcr17M08ugAHaITZKMLVEE1VEcOougRPaNX9GY8GS/Gu/Exbc0Zs5l99EfG5w8C4Zp0</latexit>

⇢ = e��H� =
<latexit sha1_base64="7gnx7vgUF4qfVa0qSYnITLcve6Q=">AAACB3icbVA9SwNBEN2LXzF+RS0tXAyCjeFOBLUIBLVIGcGYQC6Gvc0kWbL3we6cEI4rbfwrNhYqtv4FO/+Nm49CEx8MPN6bYWaeF0mh0ba/rczC4tLySnY1t7a+sbmV396502GsONR4KEPV8JgGKQKooUAJjUgB8z0JdW9wNfLrD6C0CINbHEbQ8lkvEF3BGRqpnd93VT+ktEThPjl2PUBGK+3EvQaJLE1pqZ0v2EV7DDpPnCkpkCmq7fyX2wl57EOAXDKtm44dYSthCgWXkObcWEPE+ID1oGlowHzQrWT8SEoPjdKh3VCZCpCO1d8TCfO1Hvqe6fQZ9vWsNxL/85oxds9biQiiGCHgk0XdWFIM6SgV2hEKOMqhIYwrYW6lvM8U42iyy5kQnNmX50ntpHhRdG5OC+XLaRpZskcOyBFxyBkpkwqpkhrh5JE8k1fyZj1ZL9a79TFpzVjTmV3yB9bnD+7SmDk=</latexit><latexit sha1_base64="7gnx7vgUF4qfVa0qSYnITLcve6Q=">AAACB3icbVA9SwNBEN2LXzF+RS0tXAyCjeFOBLUIBLVIGcGYQC6Gvc0kWbL3we6cEI4rbfwrNhYqtv4FO/+Nm49CEx8MPN6bYWaeF0mh0ba/rczC4tLySnY1t7a+sbmV396502GsONR4KEPV8JgGKQKooUAJjUgB8z0JdW9wNfLrD6C0CINbHEbQ8lkvEF3BGRqpnd93VT+ktEThPjl2PUBGK+3EvQaJLE1pqZ0v2EV7DDpPnCkpkCmq7fyX2wl57EOAXDKtm44dYSthCgWXkObcWEPE+ID1oGlowHzQrWT8SEoPjdKh3VCZCpCO1d8TCfO1Hvqe6fQZ9vWsNxL/85oxds9biQiiGCHgk0XdWFIM6SgV2hEKOMqhIYwrYW6lvM8U42iyy5kQnNmX50ntpHhRdG5OC+XLaRpZskcOyBFxyBkpkwqpkhrh5JE8k1fyZj1ZL9a79TFpzVjTmV3yB9bnD+7SmDk=</latexit><latexit sha1_base64="7gnx7vgUF4qfVa0qSYnITLcve6Q=">AAACB3icbVA9SwNBEN2LXzF+RS0tXAyCjeFOBLUIBLVIGcGYQC6Gvc0kWbL3we6cEI4rbfwrNhYqtv4FO/+Nm49CEx8MPN6bYWaeF0mh0ba/rczC4tLySnY1t7a+sbmV396502GsONR4KEPV8JgGKQKooUAJjUgB8z0JdW9wNfLrD6C0CINbHEbQ8lkvEF3BGRqpnd93VT+ktEThPjl2PUBGK+3EvQaJLE1pqZ0v2EV7DDpPnCkpkCmq7fyX2wl57EOAXDKtm44dYSthCgWXkObcWEPE+ID1oGlowHzQrWT8SEoPjdKh3VCZCpCO1d8TCfO1Hvqe6fQZ9vWsNxL/85oxds9biQiiGCHgk0XdWFIM6SgV2hEKOMqhIYwrYW6lvM8U42iyy5kQnNmX50ntpHhRdG5OC+XLaRpZskcOyBFxyBkpkwqpkhrh5JE8k1fyZj1ZL9a79TFpzVjTmV3yB9bnD+7SmDk=</latexit><latexit sha1_base64="7gnx7vgUF4qfVa0qSYnITLcve6Q=">AAACB3icbVA9SwNBEN2LXzF+RS0tXAyCjeFOBLUIBLVIGcGYQC6Gvc0kWbL3we6cEI4rbfwrNhYqtv4FO/+Nm49CEx8MPN6bYWaeF0mh0ba/rczC4tLySnY1t7a+sbmV396502GsONR4KEPV8JgGKQKooUAJjUgB8z0JdW9wNfLrD6C0CINbHEbQ8lkvEF3BGRqpnd93VT+ktEThPjl2PUBGK+3EvQaJLE1pqZ0v2EV7DDpPnCkpkCmq7fyX2wl57EOAXDKtm44dYSthCgWXkObcWEPE+ID1oGlowHzQrWT8SEoPjdKh3VCZCpCO1d8TCfO1Hvqe6fQZ9vWsNxL/85oxds9biQiiGCHgk0XdWFIM6SgV2hEKOMqhIYwrYW6lvM8U42iyy5kQnNmX50ntpHhRdG5OC+XLaRpZskcOyBFxyBkpkwqpkhrh5JE8k1fyZj1ZL9a79TFpzVjTmV3yB9bnD+7SmDk=</latexit>

�
<latexit sha1_base64="HnypbAiGB6Fgha4vlwHeTS0VB0g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2k3bpZhN2J0Ip/Q1ePKh49Q9589+4bXPQ6oOBx3szzMyLMikMed6XU1pZXVvfKG9WtrZ3dveq+wcPJs01x4CnMtXtiBmUQmFAgiS2M40siSS2otHNzG89ojYiVfc0zjBM2ECJWHBGVgq6ERLrVWte3ZvD/Uv8gtSgQLNX/ez2U54nqIhLZkzH9zIKJ0yT4BKnlW5uMGN8xAbYsVSxBE04mR87dU+s0nfjVNtS5M7VnxMTlhgzTiLbmTAammVvJv7ndXKKL8OJUFlOqPhiUZxLl1J39rnbFxo5ybEljGthb3X5kGnGyeZTsSH4yy//JcFZ/aru353XGtdFGmU4gmM4BR8uoAG30IQAOAh4ghd4dZTz7Lw574vWklPMHMIvOB/fMLiOeA==</latexit><latexit sha1_base64="HnypbAiGB6Fgha4vlwHeTS0VB0g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2k3bpZhN2J0Ip/Q1ePKh49Q9589+4bXPQ6oOBx3szzMyLMikMed6XU1pZXVvfKG9WtrZ3dveq+wcPJs01x4CnMtXtiBmUQmFAgiS2M40siSS2otHNzG89ojYiVfc0zjBM2ECJWHBGVgq6ERLrVWte3ZvD/Uv8gtSgQLNX/ez2U54nqIhLZkzH9zIKJ0yT4BKnlW5uMGN8xAbYsVSxBE04mR87dU+s0nfjVNtS5M7VnxMTlhgzTiLbmTAammVvJv7ndXKKL8OJUFlOqPhiUZxLl1J39rnbFxo5ybEljGthb3X5kGnGyeZTsSH4yy//JcFZ/aru353XGtdFGmU4gmM4BR8uoAG30IQAOAh4ghd4dZTz7Lw574vWklPMHMIvOB/fMLiOeA==</latexit><latexit sha1_base64="HnypbAiGB6Fgha4vlwHeTS0VB0g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2k3bpZhN2J0Ip/Q1ePKh49Q9589+4bXPQ6oOBx3szzMyLMikMed6XU1pZXVvfKG9WtrZ3dveq+wcPJs01x4CnMtXtiBmUQmFAgiS2M40siSS2otHNzG89ojYiVfc0zjBM2ECJWHBGVgq6ERLrVWte3ZvD/Uv8gtSgQLNX/ez2U54nqIhLZkzH9zIKJ0yT4BKnlW5uMGN8xAbYsVSxBE04mR87dU+s0nfjVNtS5M7VnxMTlhgzTiLbmTAammVvJv7ndXKKL8OJUFlOqPhiUZxLl1J39rnbFxo5ybEljGthb3X5kGnGyeZTsSH4yy//JcFZ/aru353XGtdFGmU4gmM4BR8uoAG30IQAOAh4ghd4dZTz7Lw574vWklPMHMIvOB/fMLiOeA==</latexit><latexit sha1_base64="HnypbAiGB6Fgha4vlwHeTS0VB0g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2k3bpZhN2J0Ip/Q1ePKh49Q9589+4bXPQ6oOBx3szzMyLMikMed6XU1pZXVvfKG9WtrZ3dveq+wcPJs01x4CnMtXtiBmUQmFAgiS2M40siSS2otHNzG89ojYiVfc0zjBM2ECJWHBGVgq6ERLrVWte3ZvD/Uv8gtSgQLNX/ez2U54nqIhLZkzH9zIKJ0yT4BKnlW5uMGN8xAbYsVSxBE04mR87dU+s0nfjVNtS5M7VnxMTlhgzTiLbmTAammVvJv7ndXKKL8OJUFlOqPhiUZxLl1J39rnbFxo5ybEljGthb3X5kGnGyeZTsSH4yy//JcFZ/aru353XGtdFGmU4gmM4BR8uoAG30IQAOAh4ghd4dZTz7Lw574vWklPMHMIvOB/fMLiOeA==</latexit>

Excited state          : relevant deformation of the thermal state

H� = HCFT + �

Z
dxO�

<latexit sha1_base64="OTauuhNNQ7vHZRfN3pnM/MtoBwo="></latexit><latexit sha1_base64="OTauuhNNQ7vHZRfN3pnM/MtoBwo="></latexit><latexit sha1_base64="OTauuhNNQ7vHZRfN3pnM/MtoBwo="></latexit><latexit sha1_base64="OTauuhNNQ7vHZRfN3pnM/MtoBwo="></latexit>

relevant operator
0 < � < 2

<latexit sha1_base64="NESivyYeVLGemuyz8Dg1SQkSPZ4=">AAAB9HicbZA9SwNBEIb34leMX1FLm8UgWIW7IBjBIqCFZQTPBJIz7G3mkiV7H+zOKeHI/7CxULH1x9j5b9wkV2jiCwsP78wws6+fSKHRtr+twsrq2vpGcbO0tb2zu1feP7jXcao4uDyWsWr7TIMUEbgoUEI7UcBCX0LLH11N661HUFrE0R2OE/BCNohEIDhDYz3Y9JJ2r0EiM1DrlSt21Z6JLoOTQ4XkavbKX91+zNMQIuSSad1x7AS9jCkUXMKk1E01JIyP2AA6BiMWgvay2dUTemKcPg1iZV6EdOb+nshYqPU49E1nyHCoF2tT879aJ8Wg7mUiSlKEiM8XBamkGNNpBLQvFHCUYwOMK2FupXzIFONogiqZEJzFLy+DW6teVJ3bs0qjnqdRJEfkmJwSh5yTBrkhTeISThR5Jq/kzXqyXqx362PeWrDymUPyR9bnDw7MkHA=</latexit><latexit sha1_base64="NESivyYeVLGemuyz8Dg1SQkSPZ4=">AAAB9HicbZA9SwNBEIb34leMX1FLm8UgWIW7IBjBIqCFZQTPBJIz7G3mkiV7H+zOKeHI/7CxULH1x9j5b9wkV2jiCwsP78wws6+fSKHRtr+twsrq2vpGcbO0tb2zu1feP7jXcao4uDyWsWr7TIMUEbgoUEI7UcBCX0LLH11N661HUFrE0R2OE/BCNohEIDhDYz3Y9JJ2r0EiM1DrlSt21Z6JLoOTQ4XkavbKX91+zNMQIuSSad1x7AS9jCkUXMKk1E01JIyP2AA6BiMWgvay2dUTemKcPg1iZV6EdOb+nshYqPU49E1nyHCoF2tT879aJ8Wg7mUiSlKEiM8XBamkGNNpBLQvFHCUYwOMK2FupXzIFONogiqZEJzFLy+DW6teVJ3bs0qjnqdRJEfkmJwSh5yTBrkhTeISThR5Jq/kzXqyXqx362PeWrDymUPyR9bnDw7MkHA=</latexit><latexit sha1_base64="NESivyYeVLGemuyz8Dg1SQkSPZ4=">AAAB9HicbZA9SwNBEIb34leMX1FLm8UgWIW7IBjBIqCFZQTPBJIz7G3mkiV7H+zOKeHI/7CxULH1x9j5b9wkV2jiCwsP78wws6+fSKHRtr+twsrq2vpGcbO0tb2zu1feP7jXcao4uDyWsWr7TIMUEbgoUEI7UcBCX0LLH11N661HUFrE0R2OE/BCNohEIDhDYz3Y9JJ2r0EiM1DrlSt21Z6JLoOTQ4XkavbKX91+zNMQIuSSad1x7AS9jCkUXMKk1E01JIyP2AA6BiMWgvay2dUTemKcPg1iZV6EdOb+nshYqPU49E1nyHCoF2tT879aJ8Wg7mUiSlKEiM8XBamkGNNpBLQvFHCUYwOMK2FupXzIFONogiqZEJzFLy+DW6teVJ3bs0qjnqdRJEfkmJwSh5yTBrkhTeISThR5Jq/kzXqyXqx362PeWrDymUPyR9bnDw7MkHA=</latexit>

amplitude

excited state for the theory 
governed by HCFT

Thermal state

{�,�}



Path Integral Approach

ZCFT = tr(⇢↵⇢1�↵
� ) =

<latexit sha1_base64="PtWp5IW5V0YuzL/Ma4x9uLA9W9c="></latexit><latexit sha1_base64="PtWp5IW5V0YuzL/Ma4x9uLA9W9c="></latexit><latexit sha1_base64="PtWp5IW5V0YuzL/Ma4x9uLA9W9c="></latexit><latexit sha1_base64="PtWp5IW5V0YuzL/Ma4x9uLA9W9c="></latexit>

relevant deformation         turned 
on and off along the Euclidean time
“Euclidean quantum quench”

O�
<latexit sha1_base64="QVnqUWlo754y3/d/l7Q1RkXcLRI=">AAAB+nicbVDLSsNAFJ34rPUV69LNYBFclUQE666gC3dWMLbQhDCZ3rRDJw9mJmIJ+RU3LlTc+iXu/BsnbRbaemDgcM693DMnSDmTyrK+jZXVtfWNzdpWfXtnd2/fPGg8yCQTFBya8ET0AyKBsxgcxRSHfiqARAGHXjC5Kv3eIwjJkvheTVPwIjKKWcgoUVryzYYbETWmhOe3he9eA1fEN5tWy5oBLxO7Ik1UoeubX+4woVkEsaKcSDmwrVR5ORGKUQ5F3c0kpIROyAgGmsYkAunls+wFPtHKEIeJ0C9WeKb+3shJJOU0CvRkmVQueqX4nzfIVNj2chanmYKYzg+FGccqwWUReMgEUMWnmhAqmM6K6ZgIQpWuq65LsBe/vEycs9Zly747b3baVRs1dISO0Smy0QXqoBvURQ6i6Ak9o1f0ZhTGi/FufMxHV4xq5xD9gfH5A459lEs=</latexit><latexit sha1_base64="QVnqUWlo754y3/d/l7Q1RkXcLRI=">AAAB+nicbVDLSsNAFJ34rPUV69LNYBFclUQE666gC3dWMLbQhDCZ3rRDJw9mJmIJ+RU3LlTc+iXu/BsnbRbaemDgcM693DMnSDmTyrK+jZXVtfWNzdpWfXtnd2/fPGg8yCQTFBya8ET0AyKBsxgcxRSHfiqARAGHXjC5Kv3eIwjJkvheTVPwIjKKWcgoUVryzYYbETWmhOe3he9eA1fEN5tWy5oBLxO7Ik1UoeubX+4woVkEsaKcSDmwrVR5ORGKUQ5F3c0kpIROyAgGmsYkAunls+wFPtHKEIeJ0C9WeKb+3shJJOU0CvRkmVQueqX4nzfIVNj2chanmYKYzg+FGccqwWUReMgEUMWnmhAqmM6K6ZgIQpWuq65LsBe/vEycs9Zly747b3baVRs1dISO0Smy0QXqoBvURQ6i6Ak9o1f0ZhTGi/FufMxHV4xq5xD9gfH5A459lEs=</latexit><latexit sha1_base64="QVnqUWlo754y3/d/l7Q1RkXcLRI=">AAAB+nicbVDLSsNAFJ34rPUV69LNYBFclUQE666gC3dWMLbQhDCZ3rRDJw9mJmIJ+RU3LlTc+iXu/BsnbRbaemDgcM693DMnSDmTyrK+jZXVtfWNzdpWfXtnd2/fPGg8yCQTFBya8ET0AyKBsxgcxRSHfiqARAGHXjC5Kv3eIwjJkvheTVPwIjKKWcgoUVryzYYbETWmhOe3he9eA1fEN5tWy5oBLxO7Ik1UoeubX+4woVkEsaKcSDmwrVR5ORGKUQ5F3c0kpIROyAgGmsYkAunls+wFPtHKEIeJ0C9WeKb+3shJJOU0CvRkmVQueqX4nzfIVNj2chanmYKYzg+FGccqwWUReMgEUMWnmhAqmM6K6ZgIQpWuq65LsBe/vEycs9Zly747b3baVRs1dISO0Smy0QXqoBvURQ6i6Ak9o1f0ZhTGi/FufMxHV4xq5xD9gfH5A459lEs=</latexit><latexit sha1_base64="QVnqUWlo754y3/d/l7Q1RkXcLRI=">AAAB+nicbVDLSsNAFJ34rPUV69LNYBFclUQE666gC3dWMLbQhDCZ3rRDJw9mJmIJ+RU3LlTc+iXu/BsnbRbaemDgcM693DMnSDmTyrK+jZXVtfWNzdpWfXtnd2/fPGg8yCQTFBya8ET0AyKBsxgcxRSHfiqARAGHXjC5Kv3eIwjJkvheTVPwIjKKWcgoUVryzYYbETWmhOe3he9eA1fEN5tWy5oBLxO7Ik1UoeubX+4woVkEsaKcSDmwrVR5ORGKUQ5F3c0kpIROyAgGmsYkAunls+wFPtHKEIeJ0C9WeKb+3shJJOU0CvRkmVQueqX4nzfIVNj2chanmYKYzg+FGccqwWUReMgEUMWnmhAqmM6K6ZgIQpWuq65LsBe/vEycs9Zly747b3baVRs1dISO0Smy0QXqoBvURQ6i6Ak9o1f0ZhTGi/FufMxHV4xq5xD9gfH5A459lEs=</latexit>

Rényi Divergences trace function

Notice : 0  ↵  1
<latexit sha1_base64="qd8dXG4tTbr+V4UhHmRuQgXHMJA=">AAAB/HicbZDLSsNAFIYn9VbrLV52bgaL4KokIlh3BTcuKxgrNKGcTE/aoZOLMxOhluKruHGh4tYHcefbOG2z0NYfBj7+cw7nzB9mgivtON9WaWl5ZXWtvF7Z2Nza3rF3925VmkuGHktFKu9CUCh4gp7mWuBdJhHiUGArHFxO6q0HlIqnyY0eZhjE0Et4xBloY3XsA4f6Au+pDyLrw4zdjl11as5UdBHcAqqkULNjf/ndlOUxJpoJUKrtOpkORiA1ZwLHFT9XmAEbQA/bBhOIUQWj6fVjemycLo1SaV6i6dT9PTGCWKlhHJrOGHRfzdcm5n+1dq6jejDiSZZrTNhsUZQLqlM6iYJ2uUSmxdAAMMnNrZT1QQLTJrCKCcGd//IieKe1i5p7fVZt1Is0yuSQHJET4pJz0iBXpEk8wsgjeSav5M16sl6sd+tj1lqyipl98kfW5w/iopO8</latexit><latexit sha1_base64="qd8dXG4tTbr+V4UhHmRuQgXHMJA=">AAAB/HicbZDLSsNAFIYn9VbrLV52bgaL4KokIlh3BTcuKxgrNKGcTE/aoZOLMxOhluKruHGh4tYHcefbOG2z0NYfBj7+cw7nzB9mgivtON9WaWl5ZXWtvF7Z2Nza3rF3925VmkuGHktFKu9CUCh4gp7mWuBdJhHiUGArHFxO6q0HlIqnyY0eZhjE0Et4xBloY3XsA4f6Au+pDyLrw4zdjl11as5UdBHcAqqkULNjf/ndlOUxJpoJUKrtOpkORiA1ZwLHFT9XmAEbQA/bBhOIUQWj6fVjemycLo1SaV6i6dT9PTGCWKlhHJrOGHRfzdcm5n+1dq6jejDiSZZrTNhsUZQLqlM6iYJ2uUSmxdAAMMnNrZT1QQLTJrCKCcGd//IieKe1i5p7fVZt1Is0yuSQHJET4pJz0iBXpEk8wsgjeSav5M16sl6sd+tj1lqyipl98kfW5w/iopO8</latexit><latexit sha1_base64="qd8dXG4tTbr+V4UhHmRuQgXHMJA=">AAAB/HicbZDLSsNAFIYn9VbrLV52bgaL4KokIlh3BTcuKxgrNKGcTE/aoZOLMxOhluKruHGh4tYHcefbOG2z0NYfBj7+cw7nzB9mgivtON9WaWl5ZXWtvF7Z2Nza3rF3925VmkuGHktFKu9CUCh4gp7mWuBdJhHiUGArHFxO6q0HlIqnyY0eZhjE0Et4xBloY3XsA4f6Au+pDyLrw4zdjl11as5UdBHcAqqkULNjf/ndlOUxJpoJUKrtOpkORiA1ZwLHFT9XmAEbQA/bBhOIUQWj6fVjemycLo1SaV6i6dT9PTGCWKlhHJrOGHRfzdcm5n+1dq6jejDiSZZrTNhsUZQLqlM6iYJ2uUSmxdAAMMnNrZT1QQLTJrCKCcGd//IieKe1i5p7fVZt1Is0yuSQHJET4pJz0iBXpEk8wsgjeSav5M16sl6sd+tj1lqyipl98kfW5w/iopO8</latexit><latexit sha1_base64="qd8dXG4tTbr+V4UhHmRuQgXHMJA=">AAAB/HicbZDLSsNAFIYn9VbrLV52bgaL4KokIlh3BTcuKxgrNKGcTE/aoZOLMxOhluKruHGh4tYHcefbOG2z0NYfBj7+cw7nzB9mgivtON9WaWl5ZXWtvF7Z2Nza3rF3925VmkuGHktFKu9CUCh4gp7mWuBdJhHiUGArHFxO6q0HlIqnyY0eZhjE0Et4xBloY3XsA4f6Au+pDyLrw4zdjl11as5UdBHcAqqkULNjf/ndlOUxJpoJUKrtOpkORiA1ZwLHFT9XmAEbQA/bBhOIUQWj6fVjemycLo1SaV6i6dT9PTGCWKlhHJrOGHRfzdcm5n+1dq6jejDiSZZrTNhsUZQLqlM6iYJ2uUSmxdAAMMnNrZT1QQLTJrCKCcGd//IieKe1i5p7fVZt1Is0yuSQHJET4pJz0iBXpEk8wsgjeSav5M16sl6sd+tj1lqyipl98kfW5w/iopO8</latexit>
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AdS Euclidean BH + bulk scalar
time dependent b.dary conditions

Euclidean quantum quench

ZCFT = tr(⇢↵⇢1�↵
� ) = ZGravity = e�SE(g,�)
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Two scalar fields in AdS black hole

D↵(⇢1||⇢�) � D↵(⇢2||⇢�)
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Conclusions & Outlook

Quantum thermodynamics provides new constraints for field 
theory and gravitational dynamics

Additional constraints come from varying the reference state
[Bernamonti, FG, Myers, Oppenheim ’18]

More general states and larger range of 

Compute       directly in gravity ? 
Additional laws for asymptotically flat black holes ?
Geometric interpretation ?
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[in progress]

D↵(⇢||�)
any equilibrium state
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