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• 850 stars 
• ~one degree precision (size of full moon)
• Comparing with data from his predecessors, 
Timocharis and Aristillus, discovered the 
precession of the Earth
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• 1000 stars 
• ~one arcminute 
precision (size of  
Venus)

• Led Kepler to planetary 
laws of motion and 
heliocentric system

3



4

• Few stars measured to arcsecond precision
• First reliable measurement of parallax, of 61 Cygni at 
10.4 light-years.
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• parallax of thousands of 
stars, limited by 
atmosphere and 
telescopes 
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nlm = 211

322

433

↑ μ <
Ω BH

↑

↑ μ < 2 Ω BH
↑

↑ μ < 3 ΩBH
↑

6

• Constant-amplitude, long-
lasting signals, emitted 
over ~thousand - billion 
years

• Signal amplitude does not 
decouple with f in lab 
experiments!

• 105 stars 
with mas 
precision

• 109 stars 
down to 
10-100 asμ
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Astrometry
promises 

to

• Discover exoplanets 

• Measure microlensing of stars to measure stellar masses and find dark structures 

• Map stellar accelerations and the gravitational potential of the galaxy

• Reveal the history of the Milky Way

• Measure stellar orbits around our galactic black hole

• Provide new rungs in the cosmic distance ladder

• …. 7
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• Precision Astrometry

• Intensity interferometry

• Science cases

Outline
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Measuring angles on the sky
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Direct Imaging

322

↑ μ <
Ω BH

↑

<latexit sha1_base64="yhgxjxYlWaI3mGRiReef2x3w650=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCHjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmrf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9VoeRxFO4BTOwYMrqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AJYhjMM=</latexit>

D

<latexit sha1_base64="36t4rX9P3VSMi9/8/sfJWyyAiTU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6redbXWrFXqtTyOIpzBOVyCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AwhWM4A==</latexit>a
<latexit sha1_base64="Vci1MZoL+Pl542EylJ65epqPQSI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W962qtWavUa3kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBw5mM4Q==</latexit>

b

<latexit sha1_base64="fzteT97yQBrc3ZQXKQHM4ufmujc=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6jHgxWME84BkCbOTSTJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2RC2XQvEGCpS8nRhO40jyVjS+nfmtJ26s0OoBJwkPYzpUYiAYRSc1uzjiSHulsl/x5yCrJMhJGXLUe6Wvbl+zNOYKmaTWdgI/wTCjBgWTfFrsppYnlI3pkHccVTTmNszm107JuVP6ZKCNK4Vkrv6eyGhs7SSOXGdMcWSXvZn4n9dJcXATZkIlKXLFFosGqSSoyex10heGM5QTRygzwt1K2IgaytAFVHQhBMsvr5LmZSW4qlTvq+VaNY+jAKdwBhcQwDXU4A7q0AAGj/AMr/Dmae/Fe/c+Fq1rXj5zAn/gff4Aoq+PIw==</latexit>

✓

<latexit sha1_base64="sPlMa8vRvkzOdBAgAJTsl+WAW/k="></latexit>
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<latexit sha1_base64="MD+8cQsUFtp67QidBwCXWn6h3eE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiRS1GXBjcsK9gFtKJPJTTt0MgkzE6GEfoQbF4q49Xvc+TdO2yy09cDA4ZxzmXtPkAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmGLZZIhLVC6hGwSW2DTcCe6lCGgcCu8Hkbu53n1BpnshHM03Rj+lI8ogzaqzUHQgbDemwWnPr7gJknXgFqUGB1rD6NQgTlsUoDRNU677npsbPqTKcCZxVBpnGlLIJHWHfUklj1H6+WHdGLqwSkihR9klDFurviZzGWk/jwCZjasZ61ZuL/3n9zES3fs5lmhmUbPlRlAliEjK/nYRcITNiagllittdCRtTRZmxDVVsCd7qyeukc1X3ruuNh0at2SjqKMMZnMMleHADTbiHFrSBwQSe4RXenNR5cd6dj2W05BQzp/AHzucPO32PeA==</latexit>

�

Angular resolution limited by atmosphere, 
telescope size

<latexit sha1_base64="hGwTqlHY4/usNPy/sBwODgf+opA="></latexit>

�Gaia
✓res ⇠ �

D
⇡ 0.4 arcsec ⇡ 10�6 rad

<latexit sha1_base64="x+X5/WJi2T2DCkEE70pzVMx1r50="></latexit>

��✓ ' 1
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Measuring angles on the sky

322

433 ↑ μ < 3 ΩBH
↑
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Amplitude interferometry

Angular resolution limited by ability to 
record amplitude: long wavelengths

↑ μ < 2 Ω BH
↑

<latexit sha1_base64="yhgxjxYlWaI3mGRiReef2x3w650=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCHjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmrf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9VoeRxFO4BTOwYMrqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AJYhjMM=</latexit>

D

<latexit sha1_base64="fzteT97yQBrc3ZQXKQHM4ufmujc=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6jHgxWME84BkCbOTSTJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2RC2XQvEGCpS8nRhO40jyVjS+nfmtJ26s0OoBJwkPYzpUYiAYRSc1uzjiSHulsl/x5yCrJMhJGXLUe6Wvbl+zNOYKmaTWdgI/wTCjBgWTfFrsppYnlI3pkHccVTTmNszm107JuVP6ZKCNK4Vkrv6eyGhs7SSOXGdMcWSXvZn4n9dJcXATZkIlKXLFFosGqSSoyex10heGM5QTRygzwt1K2IgaytAFVHQhBMsvr5LmZSW4qlTvq+VaNY+jAKdwBhcQwDXU4A7q0AAGj/AMr/Dmae/Fe/c+Fq1rXj5zAn/gff4Aoq+PIw==</latexit>

✓

<latexit sha1_base64="yhgxjxYlWaI3mGRiReef2x3w650=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCHjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmrf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9VoeRxFO4BTOwYMrqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AJYhjMM=</latexit>

D

<latexit sha1_base64="2pzl+/pjLPN/o8P5/eQdVUQsKEg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lspu3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5EPOqLFSMxyUK27VXYCsEy8nFcjRGJS/+mHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVVCMoyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNcNbP+MySQ1Ktlw0TAUxMZl/TUKukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp619Vas1ap1/I4inAG53AJHtxAHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDxqGM4w==</latexit>

d

<latexit sha1_base64="x+X5/WJi2T2DCkEE70pzVMx1r50="></latexit>

��✓ ' 1
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<latexit sha1_base64="7vNQ2Q2zT9ALsV0LOJnqAFMexAI=">AAACGnicbVA9T+NAEF3DHXCBgwAlzeoiJKrIRnyVETSUIBFAiiNrvB4nK3Zta3eMiCz/Dhr+Cg0FCNEhGv4Nm5DiDu5JIz29N7M78+JCSUu+/+7NzP74OTe/8KuxuPR7eaW5unZu89II7Ipc5eYyBotKZtglSQovC4OgY4UX8dXR2L+4RmNlnp3RqMC+hkEmUymAnBQ1g9DKgYaoCmmIBFFIeEOVQVvX3Fmah6kBUYXKPZlAXSV11Gz5bX8C/p0EU9JiU5xEzdcwyUWpMSOhwNpe4BfUr8CQFArrRlhaLEBcwQB7jmag0faryWk133RKwtPcuMqIT9S/JyrQ1o507Do10NB+9cbi/7xeSelBv5JZURJm4vOjtFSccj7OiSfSoCA1cgSEkW5XLobgsiCXZsOFEHw9+Ts5324He+3d051W53AaxwLbYH/YFgvYPuuwY3bCukywW3bPHtmTd+c9eM/ey2frjDedWWf/wHv7AKsnooU=</latexit>

�✓res ⇠
�

d

<latexit sha1_base64="HTNLi41Soo0WQ4BtiJq76q7QqYs=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUnE10YoSsFlBfuANobJ9KYdOnkwMxFKyMaNv+LGhSJu/Qd3/o3TNgttPXDhcM693HuPF3MmlWV9G4WFxaXlleJqaW19Y3PL3N5pyigRFBo04pFoe0QCZyE0FFMc2rEAEngcWt7weuy3HkBIFoV3ahSDE5B+yHxGidKSa+7XXBtf4porMdynDHfjAXNTie0MZ9g1y1bFmgDPEzsnZZSj7ppf3V5EkwBCRTmRsmNbsXJSIhSjHLJSN5EQEzokfehoGpIApJNOvsjwoVZ62I+ErlDhifp7IiWBlKPA050BUQM5643F/7xOovwLJ2VhnCgI6XSRn3CsIjyOBPeYAKr4SBNCBdO3YjogglClgyvpEOzZl+dJ87hin1VOb0/K1as8jiLaQwfoCNnoHFXRDaqjBqLoET2jV/RmPBkvxrvxMW0tGPnMLvoD4/MHUMSWkg==</latexit>

E1 = Ese
i�s1

<latexit sha1_base64="h2ixNP4NxUKX3CRoMqHtInopdNw=">AAACBXicbVDLSsNAFL2pr1pfUZe6GCyCq5IUXxuhKAWXFWwrtDFMppN26OTBzEQoIRs3/oobF4q49R/c+TdO2yy09cCFwzn3cu89XsyZVJb1bRQWFpeWV4qrpbX1jc0tc3unJaNEENokEY/EnYcl5SykTcUUp3exoDjwOG17w6ux336gQrIovFWjmDoB7ofMZwQrLbnmft2togtUdyWi9ylD3XjA3FSiaoYy5Jplq2JNgOaJnZMy5Gi45le3F5EkoKEiHEvZsa1YOSkWihFOs1I3kTTGZIj7tKNpiAMqnXTyRYYOtdJDfiR0hQpN1N8TKQ6kHAWe7gywGshZbyz+53US5Z87KQvjRNGQTBf5CUcqQuNIUI8JShQfaYKJYPpWRAZYYKJ0cCUdgj378jxpVSv2aeXk5rhcu8zjKMIeHMAR2HAGNbiGBjSBwCM8wyu8GU/Gi/FufExbC0Y+swt/YHz+AFPplpQ=</latexit>

E2 = Ese
i�s2

<latexit sha1_base64="wxV2TEDNtNSZxXPFTwuoD060tdo=">AAACHnicbZDLSsNAFIYnXmu9VV26GSyCG0siVl2KblxWsK3QhDCZnNrBycWZE6GEPIkbX8WNC0UEV/o2TtsstPrDwDf/OYeZ8wepFBpt+8uamZ2bX1isLFWXV1bX1msbmx2dZIpDmycyUdcB0yBFDG0UKOE6VcCiQEI3uD0f1bv3oLRI4iscpuBF7CYWfcEZGsuvNZWfa6eg+3QEBwV1tYjgztzdAcPcxQEgK3xNXR4mSN174HlY+LW63bDHon/BKaFOSrX82ocbJjyLIEYumdY9x07Ry5lCwSUUVTfTkDJ+y26gZzBmEWgvH69X0F3jhLSfKHNipGP350TOIq2HUWA6I4YDPV0bmf/Vehn2T7xcxGmGEPPJQ/1MUkzoKCsaCgUc5dAA40qYv1I+YIpxNIlWTQjO9Mp/oXPQcI4azcvD+ulZGUeFbJMdskccckxOyQVpkTbh5IE8kRfyaj1az9ab9T5pnbHKmS3yS9bnN4HUoig=</latexit>

rs1 � rs2 ' �✓̂s · ~d

<latexit sha1_base64="NNhp4HiCDIt6HWe1guuCXXVMPqg=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVda9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB4eWNAQ==</latexit>s

1 2<latexit sha1_base64="i6bXCPOFNhKAb5j7kUf2UsgJpgQ=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmZnO8mQ2dllZjYQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hofua3xqg0j+WTmSToR3QgeZ8zaqzU6o6RZeG0V664VXcOskq8nFQgR71X/uqGMUsjlIYJqnXHcxPjZ1QZzgROS91UY0LZiA6wY6mkEWo/m587JWdWCUk/VrakIXP190RGI60nUWA7I2qGetmbif95ndT0b/2MyyQ1KNliUT8VxMRk9jsJuUJmxMQSyhS3txI2pIoyYxMq2RC85ZdXSfOi6l1Xrx4vK7W7PI4inMApnIMHN1CDB6hDAxiM4Ble4c1JnBfn3flYtBacfOYY/sD5/AGWv4/A</latexit>

~d

<latexit sha1_base64="Ny4YaKiqijlKdsdEM/ieWkfzdgM=">AAAB9XicbVBNS8NAEN34WetX1aOXYBE8lUT8Oha9eKxgP6CJZbLdNEs3m7A7UUro//DiQRGv/hdv/hu3bQ7a+mDg8d4MM/OCVHCNjvNtLS2vrK6tlzbKm1vbO7uVvf2WTjJFWZMmIlGdADQTXLImchSskyoGcSBYOxjeTPz2I1OaJ/IeRynzYxhIHnIKaKQHLwLMPYwYwrine5WqU3OmsBeJW5AqKdDoVb68fkKzmEmkArTuuk6Kfg4KORVsXPYyzVKgQxiwrqESYqb9fHr12D42St8OE2VKoj1Vf0/kEGs9igPTGQNGet6biP953QzDKz/nMs2QSTpbFGbCxsSeRGD3uWIUxcgQoIqbW20agQKKJqiyCcGdf3mRtE5r7kXt/O6sWr8u4iiRQ3JETohLLkmd3JIGaRJKFHkmr+TNerJerHfrY9a6ZBUzB+QPrM8fEJWS5Q==</latexit>

✓̂s

<latexit sha1_base64="QlxJIycPTKifQnks+r9SnIQdld0=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqpqXuZ8Se9csWrejPgZeLnpAI56r3yV7evaBozaakgxnR8L7FBRrTlVLBJqZsalhA6IgPWcVSSmJkgm107wSdO6eNIaVfS4pn6eyIjsTHjOHSdMbFDs+hNxf+8Tmqj6yDjMkktk3S+KEoFtgpPX8d9rhm1YuwIoZq7WzEdEk2odQGVXAj+4svLpHlW9S+rF/fnldpNHkcRjuAYTsGHK6jBHdShARQe4Rle4Q0p9ILe0ce8tYDymUP4A/T5A5/Pjy0=</latexit>rs1
<latexit sha1_base64="LyxStRRrFODvvkYs4R/Sgov9yLg=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66Sm7mWmOumVyn7FnwEtkyAnZchR75W+un1FUkGlJRwb0wn8xIYZ1pYRTifFbmpogskID2jHUYkFNWE2u3aCTp3SR7HSrqRFM/X3RIaFMWMRuU6B7dAselPxP6+T2vg6zJhMUkslmS+KU46sQtPXUZ9pSiwfO4KJZu5WRIZYY2JdQEUXQrD48jJpVivBZeXi/rxcu8njKMAxnMAZBHAFNbiDOjSAwCM8wyu8ecp78d69j3nripfPHMEfeJ8/oVSPLg==</latexit>rs2

EHT
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Measuring angles on the sky

433 ↑ μ < 3 ΩBH
↑

11

Intensity Interferometry

Record photon counts, not electric fields

Baseline set by telescope separation: can be 
100s of meters to 1000s of km <latexit sha1_base64="yhgxjxYlWaI3mGRiReef2x3w650=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCHjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmrf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9VoeRxFO4BTOwYMrqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AJYhjMM=</latexit>

D

<latexit sha1_base64="36t4rX9P3VSMi9/8/sfJWyyAiTU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6redbXWrFXqtTyOIpzBOVyCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AwhWM4A==</latexit>a
<latexit sha1_base64="Vci1MZoL+Pl542EylJ65epqPQSI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W962qtWavUa3kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBw5mM4Q==</latexit>

b

<latexit sha1_base64="fzteT97yQBrc3ZQXKQHM4ufmujc=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6jHgxWME84BkCbOTSTJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2RC2XQvEGCpS8nRhO40jyVjS+nfmtJ26s0OoBJwkPYzpUYiAYRSc1uzjiSHulsl/x5yCrJMhJGXLUe6Wvbl+zNOYKmaTWdgI/wTCjBgWTfFrsppYnlI3pkHccVTTmNszm107JuVP6ZKCNK4Vkrv6eyGhs7SSOXGdMcWSXvZn4n9dJcXATZkIlKXLFFosGqSSoyex10heGM5QTRygzwt1K2IgaytAFVHQhBMsvr5LmZSW4qlTvq+VaNY+jAKdwBhcQwDXU4A7q0AAGj/AMr/Dmae/Fe/c+Fq1rXj5zAn/gff4Aoq+PIw==</latexit>

✓

<latexit sha1_base64="yhgxjxYlWaI3mGRiReef2x3w650=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCHjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmrf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9VoeRxFO4BTOwYMrqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AJYhjMM=</latexit>

D

<latexit sha1_base64="2pzl+/pjLPN/o8P5/eQdVUQsKEg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lspu3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5EPOqLFSMxyUK27VXYCsEy8nFcjRGJS/+mHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVVCMoyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNcNbP+MySQ1Ktlw0TAUxMZl/TUKukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp619Vas1ap1/I4inAG53AJHtxAHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDxqGM4w==</latexit>

d

<latexit sha1_base64="+rp0FyjI8jgnc+0dNt2LftPOp28=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6jHgxWME84BkCb2TSTJmdmaZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03jUo1ZQ2qhNLtCA0TXLKG5VawdqIZxpFgrWh8O/NbT0wbruSDnSQsjHEo+YBTtE5q6l6GwbRXKvsVfw6ySoKclCFHvVf66vYVTWMmLRVoTCfwExtmqC2ngk2L3dSwBOkYh6zjqMSYmTCbXzsl507pk4HSrqQlc/X3RIaxMZM4cp0x2pFZ9mbif14ntYObMOMySS2TdLFokApiFZm9TvpcM2rFxBGkmrtbCR2hRmpdQEUXQrD88ippXlaCq0r1vlquVfM4CnAKZ3ABAVxDDe6gDg2g8AjP8ApvnvJevHfvY9G65uUzJ/AH3ucPf9uPDA==</latexit>ra1
<latexit sha1_base64="qjQKuD9x4l4ACISQGtOtJvVTAzQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyWoh4LXjxWsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukth5kYW02KFe8qrcAXid+TiqQozkof/WHiqYxk5YKYkzP9xIbZERbTgWblfqpYQmhEzJiPUcliZkJssW1M3zhlCGOlHYlLV6ovycyEhszjUPXGRM7NqveXPzP66U2ugkyLpPUMkmXi6JUYKvw/HU85JpRK6aOEKq5uxXTMdGEWhdQyYXgr768Ttq1qn9Vrd/XK416HkcRzuAcLsGHa2jAHTShBRQe4Rle4Q0p9ILe0ceytYDymVP4A/T5A4Lmjw4=</latexit>rb2

<latexit sha1_base64="xA/5YfZW7k10jYD/2uwh04OvhZo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyWoh4LXjxWsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukth5kpDYblCte1VsArxM/JxXI0RyUv/pDRdOYSUsFMabne4kNMqItp4LNSv3UsITQCRmxnqOSxMwE2eLaGb5wyhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QQZl0lqmaTLRVEqsFV4/joecs2oFVNHCNXc3YrpmGhCrQuo5ELwV19eJ+1a1b+q1u/rlUY9j6MIZ3AOl+DDNTTgDprQAgqP8Ayv8IYUekHv6GPZWkD5zCn8Afr8AYFgjw0=</latexit>ra2
<latexit sha1_base64="XhNYdsTS5QOq6dp9qR0gLcNIosg=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6jHgxWME84BkCbOTSTJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2RC2XQvEGCpS8nRhO40jyVjS+nfmtJ26s0OoBJwkPYzpUYiAYRSc1TS+LgmmvVPYr/hxklQQ5KUOOeq/01e1rlsZcIZPU2k7gJxhm1KBgkk+L3dTyhLIxHfKOo4rG3IbZ/NopOXdKnwy0caWQzNXfExmNrZ3EkeuMKY7ssjcT//M6KQ5uwkyoJEWu2GLRIJUENZm9TvrCcIZy4ghlRrhbCRtRQxm6gIouhGD55VXSvKwEV5XqfbVcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fgWGPDQ==</latexit>rb1

<latexit sha1_base64="nYk8QKus9KKikx0jlsRoz8ACoWE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W962qtWavUa3kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBeVWMsA==</latexit>

1
<latexit sha1_base64="46DBnhVwhqSoBOpi9CXwLf5t7gU=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUrA5KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppVyvedaXWrJXrtTyOApzDBVyBBzdQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBetmMsQ==</latexit>

2

<latexit sha1_base64="+eCPaPxnnQw7xAkk1ABV7eSMLpg=">AAACK3icbVDLSsNAFJ34tr6qLt0MFsFVSaSoy6IbV+KrVWhKuZlM2sGZJMzcCCXkf9z4Ky504QO3/ofTNgtfFwbOnHOfJ0ilMOi6b87U9Mzs3PzCYmVpeWV1rbq+0TZJphlvsUQm+iYAw6WIeQsFSn6Tag4qkPw6uD0e6dd3XBuRxFc4THlXQT8WkWCAlupVj3wj+gp6Pg44ArU/Rf1IA8t9abuEUORhQX0UiptS8IrcV4ADrfLL04ui6FVrbt0dB/0LvBLUSBlnveqTHyYsUzxGJsGYjuem2M1Bo2CSFxU/MzwFdgt93rEwBju7m49vLeiOZUIaJdq+GOmY/V6RgzJmqAKbOVrS/NZG5H9aJ8PosJuLOM2Qx2wyKMokxYSOjKOh0JyhHFoATAu7K2UDsIagtbdiTfB+n/wXtPfq3n69cd6oNRulHQtki2yTXeKRA9IkJ+SMtAgj9+SRvJBX58F5dt6dj0nqlFPWbJIf4Xx+AYD5qQ0=</latexit>

�✓ ⇠ �

d
⇥ 1

SNR



nlm = 211

Intensity interferometry: history
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Narrabri II 1965–1974

EHT

Measuring angles on the sky
Intensity Interferometry
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• Precision Astrometry

• Intensity interferometry

• Science cases

Outline
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Intensity Interferometry

0 200 400 600 800 1000
0.0
0.5
1.0
1.5
2.0

0 200 400 600 800 1000
0.0
0.5
1.0
1.5
2.0

0 200 400 600 800 1000
0
1
2
3
4
5
6

0 200 400 600 800 1000
0
1
2
3
4
5
6

-400 -200 0 200 400
-1.0
-0.5
0.0
0.5
1.0

-400 -200 0 200 400
-0.05

0.00

0.05

0.10

2

Mar ́ıa J. Rioja1,2,3 • Richard Dodson2 

Constant intensity (laser) and/or unresolved phase fluctuations

Second Order Correlations of Light
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Intensity Interferometry
Second Order Correlations of Light
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Constant intensity (laser) and/or unresolved phase fluctuations

Produce random photon counts in two detectors



no intensity correlation

Produce random photon counts in two detectors
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Intensity Interferometry
Second Order Correlations of Light
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Intensity Interferometry
Second Order Correlations of Light
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Resolving phase fluctuations (multiple frequencies/thermal source)
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Intensity Interferometry
Second Order Correlations of Light
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Produces interference between photon counts
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Intensity Interferometry
Second Order Correlations of Light
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WHY NOW?

New technology



nlm = 211

22

Benbow, W., Bird, R., Brill, A. et al. Nat Astron 3, 511–516 (2019)

Direct measurement of stellar 
angular diameters

• Need high statistics of coincident photons, not 
total photons

Intensity Interferometry

<latexit sha1_base64="eEx9D6sNAKkOTXvS8U0Q05BEIVk="></latexit>
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• Best sensitivity for bright stars



nlm = 211

23

Intensity Interferometry

“more precise angular diameter measurements than the NSII, in less 
than  one tenth of the observation time”

• Large dishes allow for fainter sources
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Intensity Interferometry

Fast Single-Photon Detection Multi-Channel Spectroscopy

=

• Fast, efficient detectors allow for fainter sources

<latexit sha1_base64="eEx9D6sNAKkOTXvS8U0Q05BEIVk="></latexit>
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e.g.
3ps

 28 ps 



25

WHY NOW?

Extended path idea expands field of view 
and applications
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Intensity Interferometry: Field of  View

Oscillatory term characteristic of the angular separation  of the two stars, 
modulated by a broader Gaussian of the spectral width 

1/(kd)
1/(σkd)
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~d

<latexit sha1_base64="KWzY2bLzO31lK/gWLvxnXW12sCk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVaa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwBxp2M7w==</latexit>a

<latexit sha1_base64="bbrELoht5uMno9hBEnJStGf6XVw=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqpqXsZ8Se9csWrejPgZeLnpAI56r3yV7evaBozaakgxnR8L7FBRrTlVLBJqZsalhA6IgPWcVSSmJkgm107wSdO6eNIaVfS4pn6eyIjsTHjOHSdMbFDs+hNxf+8Tmqj6yDjMkktk3S+KEoFtgpPX8d9rhm1YuwIoZq7WzEdEk2odQGVXAj+4svLpHlW9S+rF/fnldpNHkcRjuAYTsGHK6jBHdShARQe4Rle4Q0p9ILe0ce8tYDymUP4A/T5A4Rjjxs=</latexit>ra1

<latexit sha1_base64="y2NniiSDcO4HsAcwNaX/0MzGvN8=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqpqXtZ6E965YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzB4Xpjxw=</latexit>rb1
<latexit sha1_base64="YXbqVPgoKRUZX7WNQrA8npJKNNw=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66Sm7mW4OumVyn7FnwEtkyAnZchR75W+un1FUkGlJRwb0wn8xIYZ1pYRTifFbmpogskID2jHUYkFNWE2u3aCTp3SR7HSrqRFM/X3RIaFMWMRuU6B7dAselPxP6+T2vg6zJhMUkslmS+KU46sQtPXUZ9pSiwfO4KJZu5WRIZYY2JdQEUXQrD48jJpVivBZeXi/rxcu8njKMAxnMAZBHAFNbiDOjSAwCM8wyu8ecp78d69j3nripfPHMEfeJ8/heiPHA==</latexit>ra2

<latexit sha1_base64="8X8IvN8hPFNj8zVzrtBrBh27A3s=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66Sm7mVRddIrlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/AIdujx0=</latexit>rb2

<latexit sha1_base64="adOIQCTI0OqwoYiop2oX+Oy/oE0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVg16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDyCGM8A==</latexit>

b

<latexit sha1_base64="pPAvOVmjr1Kldg4Oaa4JXdhmBRw=">AAAB+nicbVDJSgNBEO1xjXGb6NFLYxA8hRlxOwa9eIxgFsgMoadTSZr0LHTXRMKYT/HiQRGvfok3/8ZOMgdNfFDF470quvoFiRQaHefbWlldW9/YLGwVt3d29/bt0kFDx6niUOexjFUrYBqkiKCOAiW0EgUsDCQ0g+Ht1G+OQGkRRw84TsAPWT8SPcEZGqljl7wR8MzDASCbdLLANLvsVJwZ6DJxc1ImOWod+8vrxjwNIUIumdZt10nQz5hCwSVMil6qIWF8yPrQNjRiIWg/m50+oSdG6dJerExFSGfq742MhVqPw8BMhgwHetGbiv957RR7134moiRFiPj8oV4qKcZ0mgPtCgUc5dgQxpUwt1I+YIpxNGkVTQju4peXSeOs4l5WLu7Py9WbPI4COSLH5JS45IpUyR2pkTrh5JE8k1fyZj1ZL9a79TEfXbHynUPyB9bnD/0zlH0=</latexit>

~✓ba



-500 0 500
0.00

0.02

0.04

0.06

0.08

0.10

<latexit sha1_base64="NNhp4HiCDIt6HWe1guuCXXVMPqg=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVda9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB4eWNAQ==</latexit>s

1 2<latexit sha1_base64="i6bXCPOFNhKAb5j7kUf2UsgJpgQ=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmZnO8mQ2dllZjYQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hofua3xqg0j+WTmSToR3QgeZ8zaqzU6o6RZeG0V664VXcOskq8nFQgR71X/uqGMUsjlIYJqnXHcxPjZ1QZzgROS91UY0LZiA6wY6mkEWo/m587JWdWCUk/VrakIXP190RGI60nUWA7I2qGetmbif95ndT0b/2MyyQ1KNliUT8VxMRk9jsJuUJmxMQSyhS3txI2pIoyYxMq2RC85ZdXSfOi6l1Xrx4vK7W7PI4inMApnIMHN1CDB6hDAxiM4Ble4c1JnBfn3flYtBacfOYY/sD5/AGWv4/A</latexit>

~d

<latexit sha1_base64="Ny4YaKiqijlKdsdEM/ieWkfzdgM=">AAAB9XicbVBNS8NAEN34WetX1aOXYBE8lUT8Oha9eKxgP6CJZbLdNEs3m7A7UUro//DiQRGv/hdv/hu3bQ7a+mDg8d4MM/OCVHCNjvNtLS2vrK6tlzbKm1vbO7uVvf2WTjJFWZMmIlGdADQTXLImchSskyoGcSBYOxjeTPz2I1OaJ/IeRynzYxhIHnIKaKQHLwLMPYwYwrine5WqU3OmsBeJW5AqKdDoVb68fkKzmEmkArTuuk6Kfg4KORVsXPYyzVKgQxiwrqESYqb9fHr12D42St8OE2VKoj1Vf0/kEGs9igPTGQNGet6biP953QzDKz/nMs2QSTpbFGbCxsSeRGD3uWIUxcgQoIqbW20agQKKJqiyCcGdf3mRtE5r7kXt/O6sWr8u4iiRQ3JETohLLkmd3JIGaRJKFHkmr+TNerJerHfrY9a6ZBUzB+QPrM8fEJWS5Q==</latexit>

✓̂s

<latexit sha1_base64="QlxJIycPTKifQnks+r9SnIQdld0=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqpqXuZ8Se9csWrejPgZeLnpAI56r3yV7evaBozaakgxnR8L7FBRrTlVLBJqZsalhA6IgPWcVSSmJkgm107wSdO6eNIaVfS4pn6eyIjsTHjOHSdMbFDs+hNxf+8Tmqj6yDjMkktk3S+KEoFtgpPX8d9rhm1YuwIoZq7WzEdEk2odQGVXAj+4svLpHlW9S+rF/fnldpNHkcRjuAYTsGHK6jBHdShARQe4Rle4Q0p9ILe0ce8tYDymUP4A/T5A5/Pjy0=</latexit>rs1
<latexit sha1_base64="LyxStRRrFODvvkYs4R/Sgov9yLg=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66Sm7mWmOumVyn7FnwEtkyAnZchR75W+un1FUkGlJRwb0wn8xIYZ1pYRTifFbmpogskID2jHUYkFNWE2u3aCTp3SR7HSrqRFM/X3RIaFMWMRuU6B7dAselPxP6+T2vg6zJhMUkslmS+KU46sQtPXUZ9pSiwfO4KJZu5WRIZYY2JdQEUXQrD48jJpVivBZeXi/rxcu8njKMAxnMAZBHAFNbiDOjSAwCM8wyu8ecp78d69j3nripfPHMEfeJ8/oVSPLg==</latexit>rs2

Intensity Interferometry: Extended Path
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1 2<latexit sha1_base64="i6bXCPOFNhKAb5j7kUf2UsgJpgQ=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmZnO8mQ2dllZjYQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hofua3xqg0j+WTmSToR3QgeZ8zaqzU6o6RZeG0V664VXcOskq8nFQgR71X/uqGMUsjlIYJqnXHcxPjZ1QZzgROS91UY0LZiA6wY6mkEWo/m587JWdWCUk/VrakIXP190RGI60nUWA7I2qGetmbif95ndT0b/2MyyQ1KNliUT8VxMRk9jsJuUJmxMQSyhS3txI2pIoyYxMq2RC85ZdXSfOi6l1Xrx4vK7W7PI4inMApnIMHN1CDB6hDAxiM4Ble4c1JnBfn3flYtBacfOYY/sD5/AGWv4/A</latexit>

~d

<latexit sha1_base64="KWzY2bLzO31lK/gWLvxnXW12sCk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVaa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwBxp2M7w==</latexit>a

<latexit sha1_base64="bbrELoht5uMno9hBEnJStGf6XVw=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqpqXsZ8Se9csWrejPgZeLnpAI56r3yV7evaBozaakgxnR8L7FBRrTlVLBJqZsalhA6IgPWcVSSmJkgm107wSdO6eNIaVfS4pn6eyIjsTHjOHSdMbFDs+hNxf+8Tmqj6yDjMkktk3S+KEoFtgpPX8d9rhm1YuwIoZq7WzEdEk2odQGVXAj+4svLpHlW9S+rF/fnldpNHkcRjuAYTsGHK6jBHdShARQe4Rle4Q0p9ILe0ce8tYDymUP4A/T5A4Rjjxs=</latexit>ra1

<latexit sha1_base64="y2NniiSDcO4HsAcwNaX/0MzGvN8=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqpqXtZ6E965YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzB4Xpjxw=</latexit>rb1
<latexit sha1_base64="YXbqVPgoKRUZX7WNQrA8npJKNNw=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66Sm7mW4OumVyn7FnwEtkyAnZchR75W+un1FUkGlJRwb0wn8xIYZ1pYRTifFbmpogskID2jHUYkFNWE2u3aCTp3SR7HSrqRFM/X3RIaFMWMRuU6B7dAselPxP6+T2vg6zJhMUkslmS+KU46sQtPXUZ9pSiwfO4KJZu5WRIZYY2JdQEUXQrD48jJpVivBZeXi/rxcu8njKMAxnMAZBHAFNbiDOjSAwCM8wyu8ecp78d69j3nripfPHMEfeJ8/heiPHA==</latexit>ra2

<latexit sha1_base64="8X8IvN8hPFNj8zVzrtBrBh27A3s=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66Sm7mVRddIrlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/AIdujx0=</latexit>rb2

<latexit sha1_base64="adOIQCTI0OqwoYiop2oX+Oy/oE0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVg16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDyCGM8A==</latexit>

b

<latexit sha1_base64="pPAvOVmjr1Kldg4Oaa4JXdhmBRw=">AAAB+nicbVDJSgNBEO1xjXGb6NFLYxA8hRlxOwa9eIxgFsgMoadTSZr0LHTXRMKYT/HiQRGvfok3/8ZOMgdNfFDF470quvoFiRQaHefbWlldW9/YLGwVt3d29/bt0kFDx6niUOexjFUrYBqkiKCOAiW0EgUsDCQ0g+Ht1G+OQGkRRw84TsAPWT8SPcEZGqljl7wR8MzDASCbdLLANLvsVJwZ6DJxc1ImOWod+8vrxjwNIUIumdZt10nQz5hCwSVMil6qIWF8yPrQNjRiIWg/m50+oSdG6dJerExFSGfq742MhVqPw8BMhgwHetGbiv957RR7134moiRFiPj8oV4qKcZ0mgPtCgUc5dgQxpUwt1I+YIpxNGkVTQju4peXSeOs4l5WLu7Py9WbPI4COSLH5JS45IpUyR2pkTrh5JE8k1fyZj1ZL9a79TEfXbHynUPyB9bnD/0zlH0=</latexit>

~✓ba
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<latexit sha1_base64="y7rIZop+GdEWE6XTZjjr5FVJa7I="></latexit>
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Intensity Interferometry: Field of  View
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Intensity Interferometry

Measure separation of bright, closely separated*

 sources to unprecedented precision
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Sun-like MS @ 100 pc

RG/BG @ 5 kpc

bright quasar

WD @ 10 pc
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• Precision Astrometry

• Intensity interferometry

• Science cases

Outline



Applications: Stellar Microlensing
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Applications: Stellar Microlensing

34

• determine poorly known stellar separations of the order of 620μas 
to10μas within only two observing nights and two baselines. 

• assuming 6 relative separation measurements with 11μas precision 
over a year around the closest approach of the two stars, determine 
mass to sub percent precision

•

(compare to 15% for Gaia projections)
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Applications: Exoplanets
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Applications: Binary Orbits

36

• . An astrometric precision per observation epoch of 3 × 10−13 achievable on bright binaries yielding 
component masses with a fractional precision at the 10−4 level 

• Conceivably start to measure the mass loss rate a WR star at 10−4 M⊙/yr!



Applications: Galactic Accelerations

37
• For a futuristic EPIC intensity interferometer, could reach nas/yr2 for monthly observations over 30 yrs
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• Intensity Interferometry provides unprecedented relative 
astrometry measurements

• Technological improvements (fast single photon detectors) 
mean that we can measure sources many orders of magnitude 
fainter

• Simple but EPIC idea increases field of view to greatly extend 
capabilities without losing precision

Conclusions
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<latexit sha1_base64="y2NniiSDcO4HsAcwNaX/0MzGvN8=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqpqXtZ6E965YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzB4Xpjxw=</latexit>rb1
<latexit sha1_base64="YXbqVPgoKRUZX7WNQrA8npJKNNw=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66Sm7mW4OumVyn7FnwEtkyAnZchR75W+un1FUkGlJRwb0wn8xIYZ1pYRTifFbmpogskID2jHUYkFNWE2u3aCTp3SR7HSrqRFM/X3RIaFMWMRuU6B7dAselPxP6+T2vg6zJhMUkslmS+KU46sQtPXUZ9pSiwfO4KJZu5WRIZYY2JdQEUXQrD48jJpVivBZeXi/rxcu8njKMAxnMAZBHAFNbiDOjSAwCM8wyu8ecp78d69j3nripfPHMEfeJ8/heiPHA==</latexit>ra2

<latexit sha1_base64="8X8IvN8hPFNj8zVzrtBrBh27A3s=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66Sm7mVRddIrlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/AIdujx0=</latexit>rb2

<latexit sha1_base64="adOIQCTI0OqwoYiop2oX+Oy/oE0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVg16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDyCGM8A==</latexit>

b

<latexit sha1_base64="pPAvOVmjr1Kldg4Oaa4JXdhmBRw=">AAAB+nicbVDJSgNBEO1xjXGb6NFLYxA8hRlxOwa9eIxgFsgMoadTSZr0LHTXRMKYT/HiQRGvfok3/8ZOMgdNfFDF470quvoFiRQaHefbWlldW9/YLGwVt3d29/bt0kFDx6niUOexjFUrYBqkiKCOAiW0EgUsDCQ0g+Ht1G+OQGkRRw84TsAPWT8SPcEZGqljl7wR8MzDASCbdLLANLvsVJwZ6DJxc1ImOWod+8vrxjwNIUIumdZt10nQz5hCwSVMil6qIWF8yPrQNjRiIWg/m50+oSdG6dJerExFSGfq742MhVqPw8BMhgwHetGbiv957RR7134moiRFiPj8oV4qKcZ0mgPtCgUc5dgQxpUwt1I+YIpxNGkVTQju4peXSeOs4l5WLu7Py9WbPI4COSLH5JS45IpUyR2pkTrh5JE8k1fyZj1ZL9a79TEfXbHynUPyB9bnD/0zlH0=</latexit>

~✓ba


