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ARE WE ALONE IN THE UNIVERSE
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WHERE DO WE STAND TODAY











https://courses.lumenlearning.com/astronomy/chapter/exoplanets-everywhere-what-we-are-learning/; image credit: modification of work by NASA/Kepler

https://courses.lumenlearning.com/astronomy/chapter/exoplanets-everywhere-what-we-are-learning/
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….but its difficult - well, impossible - 
to get information about atmospheric  
composition for Earth-analogs with these 
techniques… 

We need to image (small) planets directly 
 



Credit: Jason Wang



Stolker, Quanz et al. 2020
Cheetham et al. 2019



MAIN CHALLENGES



Hab
ita

ble
 zo

ne
(s)

•…high spatial 
resolution:    
the planet-star 
separation is 
extremely small

1

Image credits: R. Ramirez, Carl Sagan Institute, Cornell

Spatial resolution limit of 30-40 m ELTs
for stars at 10 pc distance

# of stars
within 10 pc

64

283

  = 1 mλ μ   = 10 mλ μ

M

K

G



•…high spatial 
resolution:   
the planet-star 
separation is 
extremely small

1

•…high  
contrast 
performance: 
the planet is 
orders of magni-
tude fainter than 
the star
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THE EXTREMELY LARGE TELESCOPES

Image credit: ESO

ESO’s ELT  
39-m primary mirror 

The world’s largest optical / IR telescope ever built



Reflected light
(M-stars within 6-7 pc)

  The direct detection of terrestrial exoplanets from the ground

What are the Capabilities of JWST & the ELTs for Directly Imaging 
Rocky Exoplanets?

Expected METIS 
Discovery Space• All stars within 10pc, with an 

Earth-sized HZ planet inserted.
• Larger circles: brighter planets 

Figure: Markus Kasper

Thermal emission
(AFG-stars within 4 pc)

What are the Capabilities of JWST & the ELTs for Directly Imaging 
Rocky Exoplanets?

Expected PCS 
Discovery Space• All stars within 10pc, with an 

Earth-sized HZ planet inserted.
• Larger circles: brighter planets 

Figure: Markus Kasper

1st gen. instrument:
METIS (~2027)

2nd gen. instrument:
PCS (~2035)



  The direct detection of terrestrial exoplanets from the ground

2 Earth-sized planets     
(0.55 AU and 1.1 AU) 

1 night of telescope time 

Do these planets exist?  

cf. Quanz et a.l. 2015



  The direct detection of terrestrial exoplanets from the ground

cf. Glauser et al. 2018



Reflected light
(M-stars within 6-7 pc)

  The direct detection of terrestrial exoplanets from the ground

What are the Capabilities of JWST & the ELTs for Directly Imaging 
Rocky Exoplanets?

Expected METIS 
Discovery Space• All stars within 10pc, with an 

Earth-sized HZ planet inserted.
• Larger circles: brighter planets 

Figure: Markus Kasper

Thermal emission
(AFG-stars within 4 pc)

What are the Capabilities of JWST & the ELTs for Directly Imaging 
Rocky Exoplanets?

Expected PCS 
Discovery Space• All stars within 10pc, with an 

Earth-sized HZ planet inserted.
• Larger circles: brighter planets 

Figure: Markus Kasper

1st gen. instrument:
METIS (~2027)

2nd gen. instrument:
PCS (~2035)
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Problem: Measurements are lagging behind the turbulence evolution
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Correction

eXtreme Adaptive Optics

1 sec. - 1000 frames

Loop speed ~ 4kHz 
~ 120x120 actuators

Credit: Markus Bonse



Temporal error in XAO

Credit: Markus Bonse



Open-loop prediction task:

…
?
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<latexit sha1_base64="uwNoUq09dszo4cw5p+Z0sMUWsJc=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFEISSFMEeC148VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B219YeHhnRl25g0SKQy67rdT2Njc2t4p7pb29g8Oj8rHJ20Tp5rxFotlrLsBNVwKxVsoUPJuojmNAsk7weR2Xu88cW1ErB5wmnA/oiMlQsEoWuuxn4zFIJtc1WaDcsWtuguRdfByqECu5qD81R/GLI24QiapMT3PTdDPqEbBJJ+V+qnhCWUTOuI9i4pG3PjZYuMZubDOkISxtk8hWbi/JzIaGTONAtsZURyb1drc/K/WSzGs+5lQSYpcseVHYSoJxmR+PhkKzRnKqQXKtLC7EjammjK0IZVsCN7qyevQrlU9y/fXlUY9j6MIZ3AOl+DBDTTgDprQAgYKnuEV3hzjvDjvzseyteDkM6fwR87nDzSYkJA=</latexit><latexit sha1_base64="uwNoUq09dszo4cw5p+Z0sMUWsJc=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFEISSFMEeC148VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B219YeHhnRl25g0SKQy67rdT2Njc2t4p7pb29g8Oj8rHJ20Tp5rxFotlrLsBNVwKxVsoUPJuojmNAsk7weR2Xu88cW1ErB5wmnA/oiMlQsEoWuuxn4zFIJtc1WaDcsWtuguRdfByqECu5qD81R/GLI24QiapMT3PTdDPqEbBJJ+V+qnhCWUTOuI9i4pG3PjZYuMZubDOkISxtk8hWbi/JzIaGTONAtsZURyb1drc/K/WSzGs+5lQSYpcseVHYSoJxmR+PhkKzRnKqQXKtLC7EjammjK0IZVsCN7qyevQrlU9y/fXlUY9j6MIZ3AOl+DBDTTgDprQAgYKnuEV3hzjvDjvzseyteDkM6fwR87nDzSYkJA=</latexit><latexit sha1_base64="uwNoUq09dszo4cw5p+Z0sMUWsJc=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFEISSFMEeC148VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B219YeHhnRl25g0SKQy67rdT2Njc2t4p7pb29g8Oj8rHJ20Tp5rxFotlrLsBNVwKxVsoUPJuojmNAsk7weR2Xu88cW1ErB5wmnA/oiMlQsEoWuuxn4zFIJtc1WaDcsWtuguRdfByqECu5qD81R/GLI24QiapMT3PTdDPqEbBJJ+V+qnhCWUTOuI9i4pG3PjZYuMZubDOkISxtk8hWbi/JzIaGTONAtsZURyb1drc/K/WSzGs+5lQSYpcseVHYSoJxmR+PhkKzRnKqQXKtLC7EjammjK0IZVsCN7qyevQrlU9y/fXlUY9j6MIZ3AOl+DBDTTgDprQAgYKnuEV3hzjvDjvzseyteDkM6fwR87nDzSYkJA=</latexit><latexit sha1_base64="uwNoUq09dszo4cw5p+Z0sMUWsJc=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFEISSFMEeC148VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B219YeHhnRl25g0SKQy67rdT2Njc2t4p7pb29g8Oj8rHJ20Tp5rxFotlrLsBNVwKxVsoUPJuojmNAsk7weR2Xu88cW1ErB5wmnA/oiMlQsEoWuuxn4zFIJtc1WaDcsWtuguRdfByqECu5qD81R/GLI24QiapMT3PTdDPqEbBJJ+V+qnhCWUTOuI9i4pG3PjZYuMZubDOkISxtk8hWbi/JzIaGTONAtsZURyb1drc/K/WSzGs+5lQSYpcseVHYSoJxmR+PhkKzRnKqQXKtLC7EjammjK0IZVsCN7qyevQrlU9y/fXlUY9j6MIZ3AOl+DBDTTgDprQAgYKnuEV3hzjvDjvzseyteDkM6fwR87nDzSYkJA=</latexit>

�k
<latexit sha1_base64="GvbGxywbC3TM2MoMYTwEPrdbbrI=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuE1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG8X9e4T10bE6gFnCfcjOlYiFIyitXqDZCKG2XQ+rNbcupuLrINXQA0KtYbVr8EoZmnEFTJJjel7boJ+RjUKJvm8MkgNTyib0jHvW1Q04sbP8n3n5MI6IxLG2j6FJHd/T2Q0MmYWBbYzojgxq7WF+V+tn2LY8DOhkhS5YsuPwlQSjMnieDISmjOUMwuUaWF3JWxCNWVoI6rYELzVk9ehc1X3LN9f15qNIo4ynME5XIIHN9CEO2hBGxhIeIZXeHMenRfn3flYtpacYuYU/sj5/AFXY5Af</latexit><latexit sha1_base64="GvbGxywbC3TM2MoMYTwEPrdbbrI=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuE1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG8X9e4T10bE6gFnCfcjOlYiFIyitXqDZCKG2XQ+rNbcupuLrINXQA0KtYbVr8EoZmnEFTJJjel7boJ+RjUKJvm8MkgNTyib0jHvW1Q04sbP8n3n5MI6IxLG2j6FJHd/T2Q0MmYWBbYzojgxq7WF+V+tn2LY8DOhkhS5YsuPwlQSjMnieDISmjOUMwuUaWF3JWxCNWVoI6rYELzVk9ehc1X3LN9f15qNIo4ynME5XIIHN9CEO2hBGxhIeIZXeHMenRfn3flYtpacYuYU/sj5/AFXY5Af</latexit><latexit sha1_base64="GvbGxywbC3TM2MoMYTwEPrdbbrI=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuE1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG8X9e4T10bE6gFnCfcjOlYiFIyitXqDZCKG2XQ+rNbcupuLrINXQA0KtYbVr8EoZmnEFTJJjel7boJ+RjUKJvm8MkgNTyib0jHvW1Q04sbP8n3n5MI6IxLG2j6FJHd/T2Q0MmYWBbYzojgxq7WF+V+tn2LY8DOhkhS5YsuPwlQSjMnieDISmjOUMwuUaWF3JWxCNWVoI6rYELzVk9ehc1X3LN9f15qNIo4ynME5XIIHN9CEO2hBGxhIeIZXeHMenRfn3flYtpacYuYU/sj5/AFXY5Af</latexit><latexit sha1_base64="GvbGxywbC3TM2MoMYTwEPrdbbrI=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuE1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG8X9e4T10bE6gFnCfcjOlYiFIyitXqDZCKG2XQ+rNbcupuLrINXQA0KtYbVr8EoZmnEFTJJjel7boJ+RjUKJvm8MkgNTyib0jHvW1Q04sbP8n3n5MI6IxLG2j6FJHd/T2Q0MmYWBbYzojgxq7WF+V+tn2LY8DOhkhS5YsuPwlQSjMnieDISmjOUMwuUaWF3JWxCNWVoI6rYELzVk9ehc1X3LN9f15qNIo4ynME5XIIHN9CEO2hBGxhIeIZXeHMenRfn3flYtpacYuYU/sj5/AFXY5Af</latexit>

�k�1
<latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit><latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit><latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit><latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit>

�k�2
<latexit sha1_base64="2BZ8tVW67CZD9+X0e7kosDz7pHw=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJimCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uarNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVo16qe5fvrSqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzekkJI=</latexit><latexit sha1_base64="2BZ8tVW67CZD9+X0e7kosDz7pHw=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJimCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uarNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVo16qe5fvrSqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzekkJI=</latexit><latexit sha1_base64="2BZ8tVW67CZD9+X0e7kosDz7pHw=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJimCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uarNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVo16qe5fvrSqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzekkJI=</latexit><latexit sha1_base64="2BZ8tVW67CZD9+X0e7kosDz7pHw=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJimCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uarNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVo16qe5fvrSqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzekkJI=</latexit>

Goal: Find a model             which predicts the future ˆ�k+d
<latexit sha1_base64="jSbm7ZersXvRRoNzXHck91FlQgU=">AAAB+XicbZDNSsNAFIUn9a/Wv6hLN4NFEISSiGCXBTcuK9haaEKYTCbt0MkkzNwUSsibuHGhiFvfxJ1v47TNQlsPDHycey/3zgkzwTU4zrdV29jc2t6p7zb29g8Oj+zjk75Oc0VZj6YiVYOQaCa4ZD3gINggU4wkoWBP4eRuXn+aMqV5Kh9hljE/ISPJY04JGCuwbW9MoPCyMQ+KyVVUloHddFrOQngd3AqaqFI3sL+8KKV5wiRQQbQeuk4GfkEUcCpY2fByzTJCJ2TEhgYlSZj2i8XlJb4wToTjVJknAS/c3xMFSbSeJaHpTAiM9Wptbv5XG+YQt/2CyywHJulyUZwLDCmex4AjrhgFMTNAqOLmVkzHRBEKJqyGCcFd/fI69K9bruGHm2anXcVRR2foHF0iF92iDrpHXdRDFE3RM3pFb1ZhvVjv1seytWZVM6foj6zPH9j/k8A=</latexit><latexit sha1_base64="jSbm7ZersXvRRoNzXHck91FlQgU=">AAAB+XicbZDNSsNAFIUn9a/Wv6hLN4NFEISSiGCXBTcuK9haaEKYTCbt0MkkzNwUSsibuHGhiFvfxJ1v47TNQlsPDHycey/3zgkzwTU4zrdV29jc2t6p7zb29g8Oj+zjk75Oc0VZj6YiVYOQaCa4ZD3gINggU4wkoWBP4eRuXn+aMqV5Kh9hljE/ISPJY04JGCuwbW9MoPCyMQ+KyVVUloHddFrOQngd3AqaqFI3sL+8KKV5wiRQQbQeuk4GfkEUcCpY2fByzTJCJ2TEhgYlSZj2i8XlJb4wToTjVJknAS/c3xMFSbSeJaHpTAiM9Wptbv5XG+YQt/2CyywHJulyUZwLDCmex4AjrhgFMTNAqOLmVkzHRBEKJqyGCcFd/fI69K9bruGHm2anXcVRR2foHF0iF92iDrpHXdRDFE3RM3pFb1ZhvVjv1seytWZVM6foj6zPH9j/k8A=</latexit><latexit sha1_base64="jSbm7ZersXvRRoNzXHck91FlQgU=">AAAB+XicbZDNSsNAFIUn9a/Wv6hLN4NFEISSiGCXBTcuK9haaEKYTCbt0MkkzNwUSsibuHGhiFvfxJ1v47TNQlsPDHycey/3zgkzwTU4zrdV29jc2t6p7zb29g8Oj+zjk75Oc0VZj6YiVYOQaCa4ZD3gINggU4wkoWBP4eRuXn+aMqV5Kh9hljE/ISPJY04JGCuwbW9MoPCyMQ+KyVVUloHddFrOQngd3AqaqFI3sL+8KKV5wiRQQbQeuk4GfkEUcCpY2fByzTJCJ2TEhgYlSZj2i8XlJb4wToTjVJknAS/c3xMFSbSeJaHpTAiM9Wptbv5XG+YQt/2CyywHJulyUZwLDCmex4AjrhgFMTNAqOLmVkzHRBEKJqyGCcFd/fI69K9bruGHm2anXcVRR2foHF0iF92iDrpHXdRDFE3RM3pFb1ZhvVjv1seytWZVM6foj6zPH9j/k8A=</latexit><latexit sha1_base64="jSbm7ZersXvRRoNzXHck91FlQgU=">AAAB+XicbZDNSsNAFIUn9a/Wv6hLN4NFEISSiGCXBTcuK9haaEKYTCbt0MkkzNwUSsibuHGhiFvfxJ1v47TNQlsPDHycey/3zgkzwTU4zrdV29jc2t6p7zb29g8Oj+zjk75Oc0VZj6YiVYOQaCa4ZD3gINggU4wkoWBP4eRuXn+aMqV5Kh9hljE/ISPJY04JGCuwbW9MoPCyMQ+KyVVUloHddFrOQngd3AqaqFI3sL+8KKV5wiRQQbQeuk4GfkEUcCpY2fByzTJCJ2TEhgYlSZj2i8XlJb4wToTjVJknAS/c3xMFSbSeJaHpTAiM9Wptbv5XG+YQt/2CyywHJulyUZwLDCmex4AjrhgFMTNAqOLmVkzHRBEKJqyGCcFd/fI69K9bruGHm2anXcVRR2foHF0iF92iDrpHXdRDFE3RM3pFb1ZhvVjv1seytWZVM6foj6zPH9j/k8A=</latexit>

f✓(...)
<latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit><latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit><latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit><latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit>
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Convolutional Long Short Term 
Memory Networks

Combine CNNs with Long Short Term Memory Networks

Credit: Markus Bonse

Implement at ESO AO-testbench 
in 2021/2022 

Implement at Subaru Telescope 
in 2023
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  Space mission to the rescue

Image credit: NASA/NOAA; NASA/NOAA GOES Project; NASA; LIFE initiative

Reflected light (UV - NIR) Thermal emission (MIR)



 Direct detection and characterization in reflected light

Image credit: LUVOIR / HabEx definition team; NASA

LUVOIR

HabEx

Much bigger mirrors than Hubble Space Telescope

Star-shade to suppress stellar light



 Direct detection and characterization in reflected light

Image credit: LUVOIR / HabEx definition team



 Direct detection and characterization in thermal emission

Image credit: LIFE initiative

@LIFE_Telescope

www.life-space-mission.com

4 collector 
telescopes 
(w/ 2-3 m mirrors)

1 beam combiner
spacecraft

1
2

3

4

http://www.life-space-mission.com


         Nulling interferometry in a nutshell
Exoplanet imaging today
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Exoplanet imaging today
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Planet Detection Testbed at JPL



Direct detection and characterization in thermal emission

Total planet yield

Quanz et al. in prep.; cf. Kammerer & Quanz 2018; Quanz et al 2018
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Based on models from Rugheimer & Kaltenegger 2018, Rugheimer et al. 2015; Planet images from LUVOIR Final Study Report (2019) 

Earth through tim
e

Direct detection and characterization in thermal emission
Exoplanet imaging today
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• (Better) access to radius 
and temperature-pressure 
profile

•Access to ground 
temperature (if atmospheric 
windows exist)

•Access to O3, CO2, H2O, 
CO, N2O, PH3, CH4, (N2)2



   Take away messages

We have detected thousands of exoplanets via indirect techniques; rocky / 
terrestrial exoplanets are common

A direct imaging approach is needed to investigate the atmospheres of these 
objects

The primary challenges are the large contrast difference between 
star+planet and the spatial resolution to separate the two signals 

Planets can be imaged in reflected light or via their intrinsic thermal 
emission; each regime offers specific diagnostic power

A few nearby rocky exoplanets can be imaged from the ground with the 
ELTs; in-depth atmospheric characterization of dozens of Earth-like 
exoplanets requires optimized space missions

Image credit:NASA Ames/JPL-Caltech/T. Pyle


