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Throughout the ages, the stars have taught us about the 
fundamental constituents of the universe and our place in it

Laboratories in the Sky: New Physics from the Stars
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Hipparchus: cataloged hundreds of stars to     
1° precision (angular size of the moon) 
Discovered Earth’s precession

Laboratories in the Sky: New Physics from the Stars
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Hipparchus: cataloged hundreds of stars to     
1° precision (angular size of the moon) 
Discovered Earth’s precession

Laboratories in the Sky: New Physics from the Stars

Tycho Brahe: cataloged a thousand stars to 
1’ precision (size of  Venus)
Kepler : Established laws of planetary motion
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Hipparchus: cataloged hundreds of stars to     
1° precision (angular size of the moon) 
Discovered Earth’s precession

Laboratories in the Sky: New Physics from the Stars

Tycho Brahe: cataloged a thousand stars to 
1’ precision (size of  Venus)
Kepler : Established laws of planetary motion

Friedrich Wilhelm Bessel: few stars measured to 
1’’ precision
First reliable measurement of parallax of 61 
Cygni at10.4 light-years: revised the scale of the 
universe by ~ a million
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A billion stellar motions as precise 
as 10-100 micro-as, pinning down 
the history of the Milky Way and 
nearby cosmic distances

Today

Laboratories in the Sky: New Physics from the Stars

Discovery of supermassive black 
hole Sag A* and tests of GR
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Outline: 

• Coherence in the sky: interfering 
intensities

• EPIC: extended path intensity 
correlation

• Measurements with precision 
relative astrometry
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Intensity Interferometry Science Reach

Gaia, EHT

CHARA, Keck+AO, 
GRAVITY@VLTI, …

[Marios Galanis, Ken Van Tilburg,  MB, Neal Weiner, 2307.03221]
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How do we push the precision beyond the current 
techniques? 

σδθ ≃ max{
σθres

SNR
, σθnoise

}



10-1 100 101 102

10-12

10-11

10-10

10-9

10-1

100

101

102

WD
MS

BG

RG
quasar

10-1 100 101 102

10-12

10-11

10-10

10-9

10-1

100

101

102

WD
MS

BG

RG
quasar

5 kpc

100 pc

5 kpc

10 pc

9

Intensity Interferometry Science Reach

Gaia, EHT

CHARA, Keck+AO, 
GRAVITY@VLTI, …

 3 hr observation

[Marios Galanis, Ken Van Tilburg,  MB, Neal Weiner, 2307.03221]
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Narrabri HBT II 
1965-74 



nlm = 211

433 ↑ μ < 3 ΩBH
↑
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Record photon counts, not electric fields: no need to physically recombine light

Resolution set by telescope separation: can be 10 m to 1000 km

Hanburry Brown and Twiss, 1965-74 

Intensity Interferometry

HBT made some of the most precise measurements of stellar diameters, comparable to 
modern optical interferometers,  EHT resolution, end of mission Gaia centroiding precision

1/(kθ)



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

E2 = Ese
i�s2

<latexit sha1_base64="NBR9RHjmKKgQmXYgKh342hFgUxU="></latexit>

�sj(t) = �!t+ krsj + �em
s (t� rsj)

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

E1 = Ese
i�s1

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="q2BzIJQiyhN/fZSR0vh77mh6sb0="></latexit>

C ⌘ hI1(t)I2(t+ ⌧)i
hI1i hI2i

� 1

=
hE1(t)E⇤

1 (t)E2(t+ ⌧)E⇤
2 (t+ ⌧)i

hE1E⇤
1 i hE2E⇤

2 i
� 1

' 1p
2�k�t

cos [k(ra1 + rb2 � ra2 � rb1)]

' 1p
2�k�t

cos
h
k~d · ~✓ba

i

Crossed paths longer by a relative phase

Intensity Interferometry
Second Order Correlations of Light

Classical wave interference:

[Hanburry-Brown & Twiss ’54,’56; Purcell ’56] 11



Immediate and prolonged controversy

M.A. Lisa -Coloquio - Instituto de Física Teórica (IFT), Universidade Estadual Paulista (UNESP), Sāo Paulo, Brasil

While HBT interferometry was not controversial when applied to radio wavelengths, light in the 
optical spectrum was considered in terms of photons, and it seemed that “photons were interfering”

P.A.M. Dirac, in his 1930 textbook: “Each photon interferes only with itself.  
An interference between two different photons never occurs.”P.A.M. Dirac

Nobel Prize 1933

B.S. Radio engineering

“The existence of a correlation between photons has been denied by some authors... who 
have stated... that it is contrary to the laws of quantum mechanics.  The error appears to 
have arisen because of a too literal reliance on the corpuscular picture of light....
In practice, the corpuscular picture is more of a hindrance than a help.”
-- (Proc. Roy. Soc. London (1957))

“The Brown-Twiss effect, far from requiring a revision of quantum mechanics, 
is an instructive illustration of its elementary principles.”
-- Nature 178 (1956)

Edward Purcell
1952 Nobel Prize

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

E2 = Ese
i�s2

<latexit sha1_base64="NBR9RHjmKKgQmXYgKh342hFgUxU="></latexit>

�sj(t) = �!t+ krsj + �em
s (t� rsj)

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

E1 = Ese
i�s1

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
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Intensity Interferometry
Second Order Correlations of Light

[Hanburry-Brown & Twiss ’54,’56; Purcell ’56]

Crossed paths longer by a relative phase

Quantum mechanical constructive interference:
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Random fluctuations in intensities

Result in correlations in photon counts

Intensity Interferometry

2
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[Galanis, Van Tilburg,  MB, Weiner, 2307.06989]
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2

Intensity Interferometry

Need fast enough photon counter to prevent 
averaging over too many independent 
coherence times of the radiation

<latexit sha1_base64="tJFiIyoLMHYYEgarxy73fYo/BwY="></latexit>

C /
���Fourier transform at angular wavenumber k~d

���
2

<latexit sha1_base64="q2BzIJQiyhN/fZSR0vh77mh6sb0="></latexit>

C ⌘ hI1(t)I2(t+ ⌧)i
hI1i hI2i

� 1

=
hE1(t)E⇤

1 (t)E2(t+ ⌧)E⇤
2 (t+ ⌧)i

hE1E⇤
1 i hE2E⇤

2 i
� 1

' 1p
2�k�t

cos [k(ra1 + rb2 � ra2 � rb1)]

' 1p
2�k�t

cos
h
k~d · ~✓ba

i<latexit sha1_base64="vP6YEf06m80boGs5OHFFVUGBpXk="></latexit>

C =
hI1(t)I2(t+ ⌧)i

hI1i hI2i
� 1 ' ⌧c

�t
|V|2

<latexit sha1_base64="vP6YEf06m80boGs5OHFFVUGBpXk="></latexit>

C =
hI1(t)I2(t+ ⌧)i

hI1i hI2i
� 1 ' ⌧c

�t
|V|2

<latexit sha1_base64="vP6YEf06m80boGs5OHFFVUGBpXk="></latexit>

C =
hI1(t)I2(t+ ⌧)i

hI1i hI2i
� 1 ' ⌧c

�t
|V|2

<latexit sha1_base64="q2BzIJQiyhN/fZSR0vh77mh6sb0="></latexit>

C ⌘ hI1(t)I2(t+ ⌧)i
hI1i hI2i

� 1

=
hE1(t)E⇤

1 (t)E2(t+ ⌧)E⇤
2 (t+ ⌧)i

hE1E⇤
1 i hE2E⇤

2 i
� 1

' 1p
2�k�t

cos [k(ra1 + rb2 � ra2 � rb1)]

' 1p
2�k�t

cos
h
k~d · ~✓ba

i

<latexit sha1_base64="VgLglY5xDr0zJM/f5IxLCewG94Q=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KIVC9C0YvHCvYDmlA2m227dLMJuxMhhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMvCARXIPjfFultfWNza3ydmVnd2//wD486ug4VZS1aSxi1QuIZoJL1gYOgvUSxUgUCNYNJrczv/vIlOaxfIAsYX5ERpIPOSVgpIFdDbGnufRgzIDga+wBSQd2zak7c+BV4hakhgq0BvaXF8Y0jZgEKojWfddJwM+JAk4Fm1a8VLOE0AkZsb6hkkRM+/n8+Ck+NUqIh7EyJQHP1d8TOYm0zqLAdEYExnrZm4n/ef0Uhld+zmWSApN0sWiYCgwxniWBQ64YBZEZQqji5lZMx0QRCiavignBXX55lXTO626j3ri/qDVvijjK6BidoDPkokvURHeohdqIogw9o1f0Zj1ZL9a79bFoLVnFTBX9gfX5A7yMlDM=</latexit>

d sin ✓ = ⌧

[Galanis, Van Tilburg,  MB, Weiner, 2307.06989]
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Outline: 

• Coherence in the sky: interfering 
intensities

• EPIC: extended path intensity 
correlation

• Measurements with precision 
relative astrometry
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Extended Path Intensity Correlation

 Ken Van Tilburg          Marios Galanis                   Neal Weiner 

Increase field of view of intensity 
interferometry


Measure motion of bright, closely separated 
sources to unprecedented precision


Robust to atmospheric and telescope 
distortions

[Van Tilburg,  MB, Galanis,  Weiner, 2307.03221]
[Galanis,  Van Tilburg,  MB, Weiner, 2307.06989]
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Overcoming Limitations: Tiny Field of View
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Oscillatory term characteristic of the angular 
separation  of the two stars, modulated by 
a broader Gaussian of the spectral width 

1/(kd)
1/(σkd)

18

10-13 10-12 10-11 10-10 10-9 10-8 10-7 10-6 10-5
0.00

0.02

0.04

0.06

0.08

0.10

<latexit sha1_base64="iyxXKfGA5bp65wwib1v0ih1fJBU="></latexit>

C =
hI1(t)I2(t+ ⌧)i

hI1i hI2i
� 1

=
1

�k�t
cos(kd · ✓ab) exp


� (�kd · ✓ab)2

4

�

1/(kd)

sinθn =
nλ
b

M.A. Lisa -Coloquio - Instituto de Física Teórica (IFT), Universidade Estadual Paulista (UNESP), Sāo Paulo, Brasil

“Overhead” point source through 2 slits:
Dark fringes on the viewing screen

Point source “at an angle” through 2 slits:
Dark fringes on the viewing screen (shifted over)

sinθn =
nλ
b

− sinη

Michelson Interferometry 101

sinθn =
nλ
b

M.A. Lisa -Coloquio - Instituto de Física Teórica (IFT), Universidade Estadual Paulista (UNESP), Sāo Paulo, Brasil

“Overhead” point source through 2 slits:
Dark fringes on the viewing screen

Point source “at an angle” through 2 slits:
Dark fringes on the viewing screen (shifted over)

sinθn =
nλ
b

− sinη

Michelson Interferometry 101

1/(σkd)

Overcoming Limitations: Tiny Field of View
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Overcoming Limitations: Extended Path
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M.A. Lisa -Coloquio - Instituto de Física Teórica (IFT), Universidade Estadual Paulista (UNESP), Sāo Paulo, Brasil

“Overhead” point source through 2 slits:
Dark fringes on the viewing screen

Point source “at an angle” through 2 slits:
Dark fringes on the viewing screen (shifted over)
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Michelson Interferometry 101
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M.A. Lisa -Coloquio - Instituto de Física Teórica (IFT), Universidade Estadual Paulista (UNESP), Sāo Paulo, Brasil

“Overhead” point source through 2 slits:
Dark fringes on the viewing screen

Point source “at an angle” through 2 slits:
Dark fringes on the viewing screen (shifted over)
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Michelson Interferometry 101
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Simply add an optical path extension!
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Overcoming Limitations: Extended Path
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EPIC
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Overcoming Limitations: Extended Path



Multi-Channel Spectroscopy Ultra-Fast Single-Photon Detection

Large Collecting Areas

Technological advances allow for fainter sources:

U. Abeysekara et al., Nature Astronomy 4, 1164 (2020)
L. Zampieri et al MNRAS 506, 1585 (2021)

Kim, Jae-Young et al. (2014) JKAS.2014.47.6.235.

Overcoming Limitations: Signal to Noise Ratio

Korzh, B., Zhao, QY., Allmaras, J.P. et al. Nat. Photonics 14, 250–255 (2020)
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Atmospheric Effects

Scale on which turbulent fluctuations are correlated
Seeing angle: 
scale of turbulent fluctuations
Limits resolution of ground based telescopes Limits effective field of view (also for adaptive optics systems)
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Outline: 

• Coherence in the sky: interfering 
intensities

• EPIC: extended path intensity 
correlation

• Measurements with precision 
relative astrometry1 2
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“Let us then consider some of the immediate programmes which a more sensitive intensity 
interferometer might tackle, bearing in mind that the most important results of research may 
well prove to be those which one cannot foresee.” 

— Hanbury Brown, 1974
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Intensity Interferometry Science Reach

• Exoplanet detection

• Binary orbit characterization

• Stellar and black hole microlensing

• Galactic accelerations

• Spin and quadrupole moments of the 
central Milky Way black hole

• …

Measure motion of bright, closely separated (up to several 
arcsec) sources to unprecedented precision; 

Robust to atmospheric and telescope distortions



From paper to parking lot… to telescopes?
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Nick Konidaris
Carnegie Observatories  

Test bed for detector, optics and timing setup

Set the stage for a telescope prototype

Benchmark parameters for science cases:

tobs = 104 s for a pair of Sun- like stars at 100pc 



RV
imaging
TV

transit
astrometry
pulsar

microlensing

Exoplanet Detection
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• Look for stellar wobble 
induced by exoplanet

• EPIC could detect Earth-
like planets around Sun-
like stars where other 
techniques are limited

• Most stars in binaries: 
automatically good 
targets for intensity 
interferometry

[Van Tilburg,  MB, Galanis,  Weiner, 2307.03221]



Applications: Stellar Microlensing
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STELLAR MASS

• Determine poorly known stellar separations 10μas within only two observing nights 
and two baselines. 

• Assuming 6 relative separation measurements over a year around closest approach, 
determine mass to per mil precision: compare to 15% for Gaia end-of mission



Applications: Dark Microlensing

• Mock data set of six relative separation measurements over two years during the closes 
approach of the two images of MOA-2011-BLG-191/OGLE-2011-BLG-0462 

• Determine black hole mass to 1.7%  precision: compare to 18% using HST astrometry
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29[Galanis,  Van Tilburg,  MB, Weiner, 2307.06989]

BLACK HOLE MASS
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• Map relative transverse 
accelerations of 
accidentally close (in 
angle) stars 

• EPIC Phase III could 
reach 0.2 nas/yr2 for 
monthly observations 
over 30 yrs

[Galanis,  Van Tilburg,  MB, Weiner, 2307.06989]

Applications: Galactic Accelerations



Precession due to Schwarzschild: 
~24 as/yr

Lense-Thirring Precession             
~0.2 as/yr

Quadrupole Induced Precession 
~0.002 as/yr

μ

μ

μ

Future measurements of our Black Hole? 
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[MB, J. Crawford, N. Dalal, M. Galanis, in prep]

 Jacob Crawford

Ghez UCLA Galactic Center Group,  
Keck Observatory Laser Team.

GRAVITY Collaboration A&A 636, L5 (2020) ⋆
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EPIC Phase III 2035?

Enhanced quadrupole e.g. due to superradiance may also be 
observable

https://www.aanda.org/articles/aa/full_html/2020/04/aa37813-20/aa37813-20.html#FN1


• Intensity Interferometry provides unprecedented relative 
astrometry measurements for specific narrow angle targets

• Technological improvements in fast multiplexed single photon 
detectors will give parametrically higher SNR enabling a range 
of new science applications

• Extended Path Intensity Correlation (EPIC) concept increases 
field of view to greatly extend capabilities without losing 

EPIC: Laboratories in the Sky

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

Throughout the ages, the stars have taught us about the 
fundamental constituents of the universe and our place in it


