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<latexit sha1_base64="1R4swx241FHdzzJka5UI6gDEdYw=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGfC1L3bisYB/QGUomzbShmWRIMmIZBjf+ihsXirj1K9z5N2baWWjrgcDhnHu4uSeIGVXacb6t0tLyyupaeb2ysbm1vWPv7rWVSCQmLSyYkN0AKcIoJy1NNSPdWBIUBYx0gvF17nfuiVRU8Ds9iYkfoSGnIcVIG6lvH3gojqV48EKJcOoxkxygLG1klb5ddWrOFHCRuAWpggLNvv3lDQROIsI1ZkipnuvE2k+R1BQzklW8RJEY4TEakp6hHEVE+en0hAweG2UAQyHN4xpO1d+JFEVKTaLATEZIj9S8l4v/eb1Eh1d+SnmcaMLxbFGYMKgFzPuAAyoJ1mxiCMKSmr9CPEKmDG1ay0tw509eJO3TmntRO789q9YbRR1lcAiOwAlwwSWogxvQBC2AwSN4Bq/gzXqyXqx362M2WrKKzD74A+vzB6KSl5Y=</latexit>

⇡ �

B

Visibility ~ ~⟨E1E⋆
2 ⟩ FT[ ]

Van Cittert-Zernike Theorem

<latexit sha1_base64="27aF9gcNyV8Ah3PdmkHdxk/9Dsc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPBi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/aKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/QmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+S5kXZuy5f1S9LlWoWRx5O4BTOwYMbqMA91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AJehjNA=</latexit>

B

<latexit sha1_base64="eOLms7LgAGLFRjFhnKtAo3tDc/A=">AAACC3icbZDLSsNAFIYnXmu9RV26CS2CCylJteqy6MZlBXuBJpTJdNIOnUnCzIlYQvZufBU3LhRx6wu4822ctllo6w8DP985hzPn92POFNj2t7G0vLK6tl7YKG5ube/smnv7LRUlktAmiXgkOz5WlLOQNoEBp51YUix8Ttv+6HpSb99TqVgU3sE4pp7Ag5AFjGDQqGeW3EBikp66QB8gFSLL0mrtxLbtGRhp0DPLdsWeylo0Tm7KKFejZ365/YgkgoZAOFaq69gxeCmWwAinWdFNFI0xGeEB7WobYkGVl05vyawjTfpWEEn9QrCm9PdEioVSY+HrToFhqOZrE/hfrZtAcOmlLIwToCGZLQoSbkFkTYKx+kxSAnysDSaS6b9aZIh1OKDjK+oQnPmTF02rWnHOK7Xbs3L9Ko+jgA5RCR0jB12gOrpBDdREBD2iZ/SK3own48V4Nz5mrUtGPnOA/sj4/AEz1Zsr</latexit>

3mm

25, 000km



<latexit sha1_base64="sqn3qXM3tZbTJJ2ggrX+VPOPXtA=">AAACE3icbVDLSsNAFJ34rPUVdekmWARxURK16rLoxmUF+4AmlMl00g6dScLMjbSE/oMbf8WNC0XcunHn3zhpg2jrgQtnzrmXuff4MWcKbPvLWFhcWl5ZLawV1zc2t7bNnd2GihJJaJ1EPJItHyvKWUjrwIDTViwpFj6nTX9wnfnNeyoVi8I7GMXUE7gXsoARDFrqmMcujmMZDd1AYpLa5YorEhfoEFIxHqentv3zKHbMkl22J7DmiZOTEspR65ifbjciiaAhEI6Vajt2DF6KJTDC6bjoJorGmAxwj7Y1DbGgyksnN42tQ610rSCSukKwJurviRQLpUbC150CQ1/Nepn4n9dOILj0UhbGCdCQTD8KEm5BZGUBWV0mKQE+0gQTyfSuFuljnQ7oGLMQnNmT50njpOyclyu3Z6XqVR5HAe2jA3SEHHSBqugG1VAdEfSAntALejUejWfjzXifti4Y+cwe+gPj4xu2Xp6x</latexit>

⇡ 0.5µm

300m

<latexit sha1_base64="/aJPg5o2ouIesghRoicAY6Vp9Ow="></latexit>

�✓res ⇡ 30µas
Event Horizon Telescope

Michelson Interferometry

<latexit sha1_base64="pV1uCDQAQHFOWEZVtC1044aw/ck="></latexit>

�✓res ⇡ 200µas

CHARA array
M87 BH Credit: EHT Collaboration
2

Resolution
<latexit sha1_base64="1R4swx241FHdzzJka5UI6gDEdYw=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGfC1L3bisYB/QGUomzbShmWRIMmIZBjf+ihsXirj1K9z5N2baWWjrgcDhnHu4uSeIGVXacb6t0tLyyupaeb2ysbm1vWPv7rWVSCQmLSyYkN0AKcIoJy1NNSPdWBIUBYx0gvF17nfuiVRU8Ds9iYkfoSGnIcVIG6lvH3gojqV48EKJcOoxkxygLG1klb5ddWrOFHCRuAWpggLNvv3lDQROIsI1ZkipnuvE2k+R1BQzklW8RJEY4TEakp6hHEVE+en0hAweG2UAQyHN4xpO1d+JFEVKTaLATEZIj9S8l4v/eb1Eh1d+SnmcaMLxbFGYMKgFzPuAAyoJ1mxiCMKSmr9CPEKmDG1ay0tw509eJO3TmntRO789q9YbRR1lcAiOwAlwwSWogxvQBC2AwSN4Bq/gzXqyXqx362M2WrKKzD74A+vzB6KSl5Y=</latexit>

⇡ �

B

Visibility ~ ~⟨E1E⋆
2 ⟩ FT[ ]

Van Cittert-Zernike Theorem

<latexit sha1_base64="27aF9gcNyV8Ah3PdmkHdxk/9Dsc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPBi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/aKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/QmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+S5kXZuy5f1S9LlWoWRx5O4BTOwYMbqMA91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AJehjNA=</latexit>

B



<latexit sha1_base64="sqn3qXM3tZbTJJ2ggrX+VPOPXtA=">AAACE3icbVDLSsNAFJ34rPUVdekmWARxURK16rLoxmUF+4AmlMl00g6dScLMjbSE/oMbf8WNC0XcunHn3zhpg2jrgQtnzrmXuff4MWcKbPvLWFhcWl5ZLawV1zc2t7bNnd2GihJJaJ1EPJItHyvKWUjrwIDTViwpFj6nTX9wnfnNeyoVi8I7GMXUE7gXsoARDFrqmMcujmMZDd1AYpLa5YorEhfoEFIxHqentv3zKHbMkl22J7DmiZOTEspR65ifbjciiaAhEI6Vajt2DF6KJTDC6bjoJorGmAxwj7Y1DbGgyksnN42tQ610rSCSukKwJurviRQLpUbC150CQ1/Nepn4n9dOILj0UhbGCdCQTD8KEm5BZGUBWV0mKQE+0gQTyfSuFuljnQ7oGLMQnNmT50njpOyclyu3Z6XqVR5HAe2jA3SEHHSBqugG1VAdEfSAntALejUejWfjzXifti4Y+cwe+gPj4xu2Xp6x</latexit>

⇡ 0.5µm

300m

<latexit sha1_base64="/aJPg5o2ouIesghRoicAY6Vp9Ow="></latexit>

�✓res ⇡ 30µas
Event Horizon Telescope

Michelson Interferometry

<latexit sha1_base64="pV1uCDQAQHFOWEZVtC1044aw/ck="></latexit>

�✓res ⇡ 200µas

CHARA array

Betelgeuse image credit: Andrea Dupree (Harvard-Smithsonian CfA), Ronald Gilliland (STScI), NASA and ESA

M87 BH Credit: EHT Collaboration
2

Resolution
<latexit sha1_base64="1R4swx241FHdzzJka5UI6gDEdYw=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGfC1L3bisYB/QGUomzbShmWRIMmIZBjf+ihsXirj1K9z5N2baWWjrgcDhnHu4uSeIGVXacb6t0tLyyupaeb2ysbm1vWPv7rWVSCQmLSyYkN0AKcIoJy1NNSPdWBIUBYx0gvF17nfuiVRU8Ds9iYkfoSGnIcVIG6lvH3gojqV48EKJcOoxkxygLG1klb5ddWrOFHCRuAWpggLNvv3lDQROIsI1ZkipnuvE2k+R1BQzklW8RJEY4TEakp6hHEVE+en0hAweG2UAQyHN4xpO1d+JFEVKTaLATEZIj9S8l4v/eb1Eh1d+SnmcaMLxbFGYMKgFzPuAAyoJ1mxiCMKSmr9CPEKmDG1ay0tw509eJO3TmntRO789q9YbRR1lcAiOwAlwwSWogxvQBC2AwSN4Bq/gzXqyXqx362M2WrKKzD74A+vzB6KSl5Y=</latexit>

⇡ �

B

Visibility ~ ~⟨E1E⋆
2 ⟩ FT[ ]

Van Cittert-Zernike Theorem

<latexit sha1_base64="27aF9gcNyV8Ah3PdmkHdxk/9Dsc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPBi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/aKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/QmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+S5kXZuy5f1S9LlWoWRx5O4BTOwYMbqMA91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AJehjNA=</latexit>

B

http://www.stsci.edu/
http://www.nasa.gov/
http://www.esa.int/


<latexit sha1_base64="sqn3qXM3tZbTJJ2ggrX+VPOPXtA=">AAACE3icbVDLSsNAFJ34rPUVdekmWARxURK16rLoxmUF+4AmlMl00g6dScLMjbSE/oMbf8WNC0XcunHn3zhpg2jrgQtnzrmXuff4MWcKbPvLWFhcWl5ZLawV1zc2t7bNnd2GihJJaJ1EPJItHyvKWUjrwIDTViwpFj6nTX9wnfnNeyoVi8I7GMXUE7gXsoARDFrqmMcujmMZDd1AYpLa5YorEhfoEFIxHqentv3zKHbMkl22J7DmiZOTEspR65ifbjciiaAhEI6Vajt2DF6KJTDC6bjoJorGmAxwj7Y1DbGgyksnN42tQ610rSCSukKwJurviRQLpUbC150CQ1/Nepn4n9dOILj0UhbGCdCQTD8KEm5BZGUBWV0mKQE+0gQTyfSuFuljnQ7oGLMQnNmT50njpOyclyu3Z6XqVR5HAe2jA3SEHHSBqugG1VAdEfSAntALejUejWfjzXifti4Y+cwe+gPj4xu2Xp6x</latexit>

⇡ 0.5µm

300m

<latexit sha1_base64="GhAKmpewmNSoQ6cei24B1i0zs6U=">AAACF3icbZDLSgMxFIYz9VbrrerSzWARXMiQKVbdWXTjsoK9QKeUTJppQ5OZITkjlmHewo2v4saFIm5159uYXhba+kPgy3/OITm/HwuuAeNvK7e0vLK6ll8vbGxube8Ud/caOkoUZXUaiUi1fKKZ4CGrAwfBWrFiRPqCNf3h9bjevGdK8yi8g1HMOpL0Qx5wSsBY3aLjBYrQFDsVTyYesAdIZZal5coJxnh6HxpjSpdZt1jCDp7IXgR3BiU0U61b/PJ6EU0kC4EKonXbxTF0UqKAU8GygpdoFhM6JH3WNhgSyXQnneyV2UfG6dlBpMwJwZ64vydSIrUeSd90SgIDPV8bm//V2gkEF52Uh3ECLKTTh4JE2BDZ45DsHleMghgZIFRx81ebDogJCkyUBROCO7/yIjTKjnvmVG5PS9WrWRx5dIAO0TFy0TmqohtUQ3VE0SN6Rq/ozXqyXqx362PamrNmM/voj6zPH33voCw=</latexit>

0.5µm

25, 000km
?

<latexit sha1_base64="/aJPg5o2ouIesghRoicAY6Vp9Ow="></latexit>

�✓res ⇡ 30µas
Event Horizon Telescope

Michelson Interferometry

<latexit sha1_base64="pV1uCDQAQHFOWEZVtC1044aw/ck="></latexit>

�✓res ⇡ 200µas

CHARA array

Betelgeuse image credit: Andrea Dupree (Harvard-Smithsonian CfA), Ronald Gilliland (STScI), NASA and ESA

M87 BH Credit: EHT Collaboration
2

Resolution
<latexit sha1_base64="1R4swx241FHdzzJka5UI6gDEdYw=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGfC1L3bisYB/QGUomzbShmWRIMmIZBjf+ihsXirj1K9z5N2baWWjrgcDhnHu4uSeIGVXacb6t0tLyyupaeb2ysbm1vWPv7rWVSCQmLSyYkN0AKcIoJy1NNSPdWBIUBYx0gvF17nfuiVRU8Ds9iYkfoSGnIcVIG6lvH3gojqV48EKJcOoxkxygLG1klb5ddWrOFHCRuAWpggLNvv3lDQROIsI1ZkipnuvE2k+R1BQzklW8RJEY4TEakp6hHEVE+en0hAweG2UAQyHN4xpO1d+JFEVKTaLATEZIj9S8l4v/eb1Eh1d+SnmcaMLxbFGYMKgFzPuAAyoJ1mxiCMKSmr9CPEKmDG1ay0tw509eJO3TmntRO789q9YbRR1lcAiOwAlwwSWogxvQBC2AwSN4Bq/gzXqyXqx362M2WrKKzD74A+vzB6KSl5Y=</latexit>

⇡ �

B

Visibility ~ ~⟨E1E⋆
2 ⟩ FT[ ]

Van Cittert-Zernike Theorem

<latexit sha1_base64="27aF9gcNyV8Ah3PdmkHdxk/9Dsc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPBi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/aKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/QmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+S5kXZuy5f1S9LlWoWRx5O4BTOwYMbqMA91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AJehjNA=</latexit>

B

http://www.stsci.edu/
http://www.nasa.gov/
http://www.esa.int/


3

Hanbury Brown and Twiss effect

A



3

Hanbury Brown and Twiss effect

A



4

Two sine waves, slightly detuned

A A♯

Hanbury Brown and Twiss effect



4

Two sine waves, slightly detuned

A A♯

Hanbury Brown and Twiss effect



5 A A♯

Hanbury Brown and Twiss effect



5 A A♯

And all frequencies

in between

Hanbury Brown and Twiss effect



5

Many sine waves

A A♯

And all frequencies

in between

Hanbury Brown and Twiss effect



5

Many sine waves

A A♯

And all frequencies

in between

Hanbury Brown and Twiss effect



5

Many sine waves

A A♯

And all frequencies

in between

<latexit sha1_base64="DIrIyBdVA4VN3HEt+t2eeTEXe00="></latexit>

E =
X

i

exp[i(! + �!)t+ i�i],
�!

!
< 1

Hanbury Brown and Twiss effect



6

Many sine waves

Hanbury Brown and Twiss effect



7

Many sine waves

Hanbury Brown and Twiss effect



7

<latexit sha1_base64="DIrIyBdVA4VN3HEt+t2eeTEXe00="></latexit>

E =
X

i

exp[i(! + �!)t+ i�i],
�!

!
< 1

Hanbury Brown and Twiss effect



7

Hanbury Brown and Twiss effect



7

Hanbury Brown and Twiss effect



<latexit sha1_base64="+J0bEJUhwaze6ynllDk+/S0n26w=">AAACFXicbVDLSsNAFJ3UV62vqks3wSJU1JIUXwuVohuXFewDmrZMppN26GQSZm6EEvoTbvwVNy4UcSu482+ctllo64HLPZxzLzP3uCFnCizr20jNzS8sLqWXMyura+sb2c2tqgoiSWiFBDyQdRcrypmgFWDAaT2UFPsupzW3fzPyaw9UKhaIexiEtOnjrmAeIxi01M4eOpx6cJEXR46LZSyG+62iI1m3B1eXiXKQ9Faxnc1ZBWsMc5bYCcmhBOV29svpBCTyqQDCsVIN2wqhGWMJjHA6zDiRoiEmfdylDU0F9qlqxuOrhuaeVjqmF0hdAsyx+nsjxr5SA9/Vkz6Gnpr2RuJ/XiMC77wZMxFGQAWZPORF3ITAHEVkdpikBPhAE0wk0381SQ9LTEAHmdEh2NMnz5JqsWCfFk7ujnOl6ySONNpBuyiPbHSGSugWlVEFEfSIntErejOejBfj3fiYjKaMZGcb/YHx+QMCVJ7B</latexit>⌦
(n� n̄)2

↵
= n̄+ n̄2

7

Hanbury Brown and Twiss effect



<latexit sha1_base64="+J0bEJUhwaze6ynllDk+/S0n26w=">AAACFXicbVDLSsNAFJ3UV62vqks3wSJU1JIUXwuVohuXFewDmrZMppN26GQSZm6EEvoTbvwVNy4UcSu482+ctllo64HLPZxzLzP3uCFnCizr20jNzS8sLqWXMyura+sb2c2tqgoiSWiFBDyQdRcrypmgFWDAaT2UFPsupzW3fzPyaw9UKhaIexiEtOnjrmAeIxi01M4eOpx6cJEXR46LZSyG+62iI1m3B1eXiXKQ9Faxnc1ZBWsMc5bYCcmhBOV29svpBCTyqQDCsVIN2wqhGWMJjHA6zDiRoiEmfdylDU0F9qlqxuOrhuaeVjqmF0hdAsyx+nsjxr5SA9/Vkz6Gnpr2RuJ/XiMC77wZMxFGQAWZPORF3ITAHEVkdpikBPhAE0wk0381SQ9LTEAHmdEh2NMnz5JqsWCfFk7ujnOl6ySONNpBuyiPbHSGSugWlVEFEfSIntErejOejBfj3fiYjKaMZGcb/YHx+QMCVJ7B</latexit>⌦
(n� n̄)2

↵
= n̄+ n̄2

7

Hanbury Brown and Twiss effect



Image credit: NASA/ESA/H. Bond (STScI) and M. Barstow (Univ. Leicester)

<latexit sha1_base64="+J0bEJUhwaze6ynllDk+/S0n26w=">AAACFXicbVDLSsNAFJ3UV62vqks3wSJU1JIUXwuVohuXFewDmrZMppN26GQSZm6EEvoTbvwVNy4UcSu482+ctllo64HLPZxzLzP3uCFnCizr20jNzS8sLqWXMyura+sb2c2tqgoiSWiFBDyQdRcrypmgFWDAaT2UFPsupzW3fzPyaw9UKhaIexiEtOnjrmAeIxi01M4eOpx6cJEXR46LZSyG+62iI1m3B1eXiXKQ9Faxnc1ZBWsMc5bYCcmhBOV29svpBCTyqQDCsVIN2wqhGWMJjHA6zDiRoiEmfdylDU0F9qlqxuOrhuaeVjqmF0hdAsyx+nsjxr5SA9/Vkz6Gnpr2RuJ/XiMC77wZMxFGQAWZPORF3ITAHEVkdpikBPhAE0wk0381SQ9LTEAHmdEh2NMnz5JqsWCfFk7ujnOl6ySONNpBuyiPbHSGSugWlVEFEfSIntErejOejBfj3fiYjKaMZGcb/YHx+QMCVJ7B</latexit>⌦
(n� n̄)2

↵
= n̄+ n̄2

7

<latexit sha1_base64="27aF9gcNyV8Ah3PdmkHdxk/9Dsc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPBi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/aKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/QmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+S5kXZuy5f1S9LlWoWRx5O4BTOwYMbqMA91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AJehjNA=</latexit>

B

Hanbury Brown and Twiss effect



Image credit: NASA/ESA/H. Bond (STScI) and M. Barstow (Univ. Leicester)

<latexit sha1_base64="+J0bEJUhwaze6ynllDk+/S0n26w=">AAACFXicbVDLSsNAFJ3UV62vqks3wSJU1JIUXwuVohuXFewDmrZMppN26GQSZm6EEvoTbvwVNy4UcSu482+ctllo64HLPZxzLzP3uCFnCizr20jNzS8sLqWXMyura+sb2c2tqgoiSWiFBDyQdRcrypmgFWDAaT2UFPsupzW3fzPyaw9UKhaIexiEtOnjrmAeIxi01M4eOpx6cJEXR46LZSyG+62iI1m3B1eXiXKQ9Faxnc1ZBWsMc5bYCcmhBOV29svpBCTyqQDCsVIN2wqhGWMJjHA6zDiRoiEmfdylDU0F9qlqxuOrhuaeVjqmF0hdAsyx+nsjxr5SA9/Vkz6Gnpr2RuJ/XiMC77wZMxFGQAWZPORF3ITAHEVkdpikBPhAE0wk0381SQ9LTEAHmdEh2NMnz5JqsWCfFk7ujnOl6ySONNpBuyiPbHSGSugWlVEFEfSIntErejOejBfj3fiYjKaMZGcb/YHx+QMCVJ7B</latexit>⌦
(n� n̄)2

↵
= n̄+ n̄2

7

<latexit sha1_base64="27aF9gcNyV8Ah3PdmkHdxk/9Dsc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPBi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/aKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/QmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+S5kXZuy5f1S9LlWoWRx5O4BTOwYMbqMA91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AJehjNA=</latexit>

B

Tune time delay

Hanbury Brown and Twiss effect



Image credit: NASA/ESA/H. Bond (STScI) and M. Barstow (Univ. Leicester)

<latexit sha1_base64="It0pCVA0yhfa733TxfTiNAJL4Q4=">AAACInicbVDLSgMxFM3UV62vqks3g0WoiGWm+ASVohuXFewDOrVk0kwbmskMyR2hDP0WN/6KGxeKuhL8GNN2EG09EHLOufeS3OOGnCmwrE8jNTM7N7+QXswsLa+srmXXN6oqiCShFRLwQNZdrChnglaAAaf1UFLsu5zW3N7VsF67p1KxQNxCP6RNH3cE8xjBoK1W9tTh1IOzvGjZ+46LZSwGu1oUf4QjWacLF+eJ3kvuu2Irm7MK1gjmNLETkkMJyq3su9MOSORTAYRjpRq2FUIzxhIY4XSQcSJFQ0x6uEMbmgrsU9WMRysOzB3ttE0vkPoIMEfu74kY+0r1fVd3+hi6arI2NP+rNSLwTpoxE2EEVJDxQ17ETQjMYV5mm0lKgPc1wUQy/VeTdLHEBHSqGR2CPbnyNKkWC/ZR4fDmIFe6TOJIoy20jfLIRseohK5RGVUQQQ/oCb2gV+PReDbejI9xa8pIZjbRHxhf34aWo7c=</latexit>

h(n1 � n̄)(n2 � n̄)i = n̄+ n̄2

7

<latexit sha1_base64="27aF9gcNyV8Ah3PdmkHdxk/9Dsc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPBi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/aKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/QmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+S5kXZuy5f1S9LlWoWRx5O4BTOwYMbqMA91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AJehjNA=</latexit>

B

Tune time delay

Hanbury Brown and Twiss effect



Image credit: NASA/ESA/H. Bond (STScI) and M. Barstow (Univ. Leicester)

<latexit sha1_base64="It0pCVA0yhfa733TxfTiNAJL4Q4=">AAACInicbVDLSgMxFM3UV62vqks3g0WoiGWm+ASVohuXFewDOrVk0kwbmskMyR2hDP0WN/6KGxeKuhL8GNN2EG09EHLOufeS3OOGnCmwrE8jNTM7N7+QXswsLa+srmXXN6oqiCShFRLwQNZdrChnglaAAaf1UFLsu5zW3N7VsF67p1KxQNxCP6RNH3cE8xjBoK1W9tTh1IOzvGjZ+46LZSwGu1oUf4QjWacLF+eJ3kvuu2Irm7MK1gjmNLETkkMJyq3su9MOSORTAYRjpRq2FUIzxhIY4XSQcSJFQ0x6uEMbmgrsU9WMRysOzB3ttE0vkPoIMEfu74kY+0r1fVd3+hi6arI2NP+rNSLwTpoxE2EEVJDxQ17ETQjMYV5mm0lKgPc1wUQy/VeTdLHEBHSqGR2CPbnyNKkWC/ZR4fDmIFe6TOJIoy20jfLIRseohK5RGVUQQQ/oCb2gV+PReDbejI9xa8pIZjbRHxhf34aWo7c=</latexit>

h(n1 � n̄)(n2 � n̄)i = n̄+ n̄2

7

<latexit sha1_base64="27aF9gcNyV8Ah3PdmkHdxk/9Dsc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPBi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/aKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/QmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+S5kXZuy5f1S9LlWoWRx5O4BTOwYMbqMA91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AJehjNA=</latexit>

B

Tune time delay

Hanbury Brown and Twiss effect
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Image credit: NASA/ESA/H. Bond (STScI) and M. Barstow (Univ. Leicester)

<latexit sha1_base64="It0pCVA0yhfa733TxfTiNAJL4Q4=">AAACInicbVDLSgMxFM3UV62vqks3g0WoiGWm+ASVohuXFewDOrVk0kwbmskMyR2hDP0WN/6KGxeKuhL8GNN2EG09EHLOufeS3OOGnCmwrE8jNTM7N7+QXswsLa+srmXXN6oqiCShFRLwQNZdrChnglaAAaf1UFLsu5zW3N7VsF67p1KxQNxCP6RNH3cE8xjBoK1W9tTh1IOzvGjZ+46LZSwGu1oUf4QjWacLF+eJ3kvuu2Irm7MK1gjmNLETkkMJyq3su9MOSORTAYRjpRq2FUIzxhIY4XSQcSJFQ0x6uEMbmgrsU9WMRysOzB3ttE0vkPoIMEfu74kY+0r1fVd3+hi6arI2NP+rNSLwTpoxE2EEVJDxQ17ETQjMYV5mm0lKgPc1wUQy/VeTdLHEBHSqGR2CPbnyNKkWC/ZR4fDmIFe6TOJIoy20jfLIRseohK5RGVUQQQ/oCb2gV+PReDbejI9xa8pIZjbRHxhf34aWo7c=</latexit>

h(n1 � n̄)(n2 � n̄)i = n̄+ n̄2

7

<latexit sha1_base64="27aF9gcNyV8Ah3PdmkHdxk/9Dsc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPBi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/aKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/QmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+S5kXZuy5f1S9LlWoWRx5O4BTOwYMbqMA91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AJehjNA=</latexit>

B

Tune time delay

Hanbury Brown and Twiss effect



Image credit: NASA/ESA/H. Bond (STScI) and M. Barstow (Univ. Leicester)

<latexit sha1_base64="It0pCVA0yhfa733TxfTiNAJL4Q4=">AAACInicbVDLSgMxFM3UV62vqks3g0WoiGWm+ASVohuXFewDOrVk0kwbmskMyR2hDP0WN/6KGxeKuhL8GNN2EG09EHLOufeS3OOGnCmwrE8jNTM7N7+QXswsLa+srmXXN6oqiCShFRLwQNZdrChnglaAAaf1UFLsu5zW3N7VsF67p1KxQNxCP6RNH3cE8xjBoK1W9tTh1IOzvGjZ+46LZSwGu1oUf4QjWacLF+eJ3kvuu2Irm7MK1gjmNLETkkMJyq3su9MOSORTAYRjpRq2FUIzxhIY4XSQcSJFQ0x6uEMbmgrsU9WMRysOzB3ttE0vkPoIMEfu74kY+0r1fVd3+hi6arI2NP+rNSLwTpoxE2EEVJDxQ17ETQjMYV5mm0lKgPc1wUQy/VeTdLHEBHSqGR2CPbnyNKkWC/ZR4fDmIFe6TOJIoy20jfLIRseohK5RGVUQQQ/oCb2gV+PReDbejI9xa8pIZjbRHxhf34aWo7c=</latexit>

h(n1 � n̄)(n2 � n̄)i = n̄+ n̄2

7

<latexit sha1_base64="27aF9gcNyV8Ah3PdmkHdxk/9Dsc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPBi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/aKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/QmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+S5kXZuy5f1S9LlWoWRx5O4BTOwYMbqMA91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AJehjNA=</latexit>

B

Detune time delay

Hanbury Brown and Twiss effect



Image credit: NASA/ESA/H. Bond (STScI) and M. Barstow (Univ. Leicester)

<latexit sha1_base64="It0pCVA0yhfa733TxfTiNAJL4Q4=">AAACInicbVDLSgMxFM3UV62vqks3g0WoiGWm+ASVohuXFewDOrVk0kwbmskMyR2hDP0WN/6KGxeKuhL8GNN2EG09EHLOufeS3OOGnCmwrE8jNTM7N7+QXswsLa+srmXXN6oqiCShFRLwQNZdrChnglaAAaf1UFLsu5zW3N7VsF67p1KxQNxCP6RNH3cE8xjBoK1W9tTh1IOzvGjZ+46LZSwGu1oUf4QjWacLF+eJ3kvuu2Irm7MK1gjmNLETkkMJyq3su9MOSORTAYRjpRq2FUIzxhIY4XSQcSJFQ0x6uEMbmgrsU9WMRysOzB3ttE0vkPoIMEfu74kY+0r1fVd3+hi6arI2NP+rNSLwTpoxE2EEVJDxQ17ETQjMYV5mm0lKgPc1wUQy/VeTdLHEBHSqGR2CPbnyNKkWC/ZR4fDmIFe6TOJIoy20jfLIRseohK5RGVUQQQ/oCb2gV+PReDbejI9xa8pIZjbRHxhf34aWo7c=</latexit>

h(n1 � n̄)(n2 � n̄)i = n̄+ n̄2

7

<latexit sha1_base64="27aF9gcNyV8Ah3PdmkHdxk/9Dsc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPBi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/aKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/QmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+S5kXZuy5f1S9LlWoWRx5O4BTOwYMbqMA91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AJehjNA=</latexit>

B

Tune time delay

Hanbury Brown and Twiss effect



Image credit: NASA/ESA/H. Bond (STScI) and M. Barstow (Univ. Leicester)

<latexit sha1_base64="It0pCVA0yhfa733TxfTiNAJL4Q4=">AAACInicbVDLSgMxFM3UV62vqks3g0WoiGWm+ASVohuXFewDOrVk0kwbmskMyR2hDP0WN/6KGxeKuhL8GNN2EG09EHLOufeS3OOGnCmwrE8jNTM7N7+QXswsLa+srmXXN6oqiCShFRLwQNZdrChnglaAAaf1UFLsu5zW3N7VsF67p1KxQNxCP6RNH3cE8xjBoK1W9tTh1IOzvGjZ+46LZSwGu1oUf4QjWacLF+eJ3kvuu2Irm7MK1gjmNLETkkMJyq3su9MOSORTAYRjpRq2FUIzxhIY4XSQcSJFQ0x6uEMbmgrsU9WMRysOzB3ttE0vkPoIMEfu74kY+0r1fVd3+hi6arI2NP+rNSLwTpoxE2EEVJDxQ17ETQjMYV5mm0lKgPc1wUQy/VeTdLHEBHSqGR2CPbnyNKkWC/ZR4fDmIFe6TOJIoy20jfLIRseohK5RGVUQQQ/oCb2gV+PReDbejI9xa8pIZjbRHxhf34aWo7c=</latexit>

h(n1 � n̄)(n2 � n̄)i = n̄+ n̄2

7

<latexit sha1_base64="27aF9gcNyV8Ah3PdmkHdxk/9Dsc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPBi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/aKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/QmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+S5kXZuy5f1S9LlWoWRx5O4BTOwYMbqMA91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AJehjNA=</latexit>

B

Tune time delay?

Hanbury Brown and Twiss effect



Image credit: NASA/ESA/H. Bond (STScI) and M. Barstow (Univ. Leicester)

<latexit sha1_base64="pGmSfiTXxmxP19s3WOhsQFt/ZVI="></latexit>

h(n1 � n̄)(n2 � n̄)i = n̄+ n̄2 ⌧c
�t

7

<latexit sha1_base64="27aF9gcNyV8Ah3PdmkHdxk/9Dsc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPBi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/aKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/QmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+S5kXZuy5f1S9LlWoWRx5O4BTOwYMbqMA91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AJehjNA=</latexit>

B

Tune time delay?

Hanbury Brown and Twiss effect



Observable

8

<latexit sha1_base64="EofUo85uGotrBQG5n1UuHBnrV1k=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiTia1lQxGWFviAJZTKdtEMnD2ZuxBIL/oobF4q49Tvc+TdO0yy09cCFM+fcy9x7/ERwBZb1bSwsLi2vrJbWyusbm1vb5s5uS8WppKxJYxHLjk8UEzxiTeAgWCeRjIS+YG1/eDXx2/dMKh5HDRglzAtJP+IBpwS01DX3XZ/3+48usAfIbhrj/Ol0zYpVtXLgeWIXpIIK1Lvml9uLaRqyCKggSjm2lYCXEQmcCjYuu6liCaFD0meOphEJmfKyfP0xPtJKDwex1BUBztXfExkJlRqFvu4MCQzUrDcR//OcFIJLL+NRkgKL6PSjIBUYYjzJAve4ZBTESBNCJde7YjogklDQiZV1CPbsyfOkdVK1z6tnd6eV2nURRwkdoEN0jGx0gWroFtVRE1GUoWf0it6MJ+PFeDc+pq0LRjGzh/7A+PwBteqV/Q==</latexit>����FT
 <latexit sha1_base64="QpmaZPZH+6NBzhWUhik8mVZbWRo=">AAAB9XicbVDLTsMwENyUVymvAkcuFhUSpyqpeB0rwYFjkehDatPKcZ3UquNEtgOqQv+DCwcQ4sq/cONvcNMcoGWkXY1mduX1eDFnStv2t1VYWV1b3yhulra2d3b3yvsHLRUlktAmiXgkOx5WlDNBm5ppTjuxpDj0OG174+uZ336gUrFI3OtJTN0QB4L5jGBtpH7PY0HgZv2pXxuUK3bVzoCWiZOTCuRoDMpfvWFEkpAKTThWquvYsXZTLDUjnE5LvUTRGJMxDmjXUIFDqtw0u3qKTowyRH4kTQmNMvX3RopDpSahZyZDrEdq0ZuJ/3ndRPtXbspEnGgqyPwhP+FIR2gWARoySYnmE0MwkczcisgIS0y0CapkQnAWv7xMWrWqc1E9vzur1G/yOIpwBMdwCg5cQh1uoQFNICDhGV7hzXq0Xqx362M+WrDynUP4A+vzB0odkmU=</latexit>�����

2
<latexit sha1_base64="8AWB9/2KXPNtgTcgGC9ZqNFq7Po="></latexit>

hI1I2i ⇠ hE1E
?
1E2E

?
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Observable

8

<latexit sha1_base64="EofUo85uGotrBQG5n1UuHBnrV1k=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiTia1lQxGWFviAJZTKdtEMnD2ZuxBIL/oobF4q49Tvc+TdO0yy09cCFM+fcy9x7/ERwBZb1bSwsLi2vrJbWyusbm1vb5s5uS8WppKxJYxHLjk8UEzxiTeAgWCeRjIS+YG1/eDXx2/dMKh5HDRglzAtJP+IBpwS01DX3XZ/3+48usAfIbhrj/Ol0zYpVtXLgeWIXpIIK1Lvml9uLaRqyCKggSjm2lYCXEQmcCjYuu6liCaFD0meOphEJmfKyfP0xPtJKDwex1BUBztXfExkJlRqFvu4MCQzUrDcR//OcFIJLL+NRkgKL6PSjIBUYYjzJAve4ZBTESBNCJde7YjogklDQiZV1CPbsyfOkdVK1z6tnd6eV2nURRwkdoEN0jGx0gWroFtVRE1GUoWf0it6MJ+PFeDc+pq0LRjGzh/7A+PwBteqV/Q==</latexit>����FT
 <latexit sha1_base64="QpmaZPZH+6NBzhWUhik8mVZbWRo=">AAAB9XicbVDLTsMwENyUVymvAkcuFhUSpyqpeB0rwYFjkehDatPKcZ3UquNEtgOqQv+DCwcQ4sq/cONvcNMcoGWkXY1mduX1eDFnStv2t1VYWV1b3yhulra2d3b3yvsHLRUlktAmiXgkOx5WlDNBm5ppTjuxpDj0OG174+uZ336gUrFI3OtJTN0QB4L5jGBtpH7PY0HgZv2pXxuUK3bVzoCWiZOTCuRoDMpfvWFEkpAKTThWquvYsXZTLDUjnE5LvUTRGJMxDmjXUIFDqtw0u3qKTowyRH4kTQmNMvX3RopDpSahZyZDrEdq0ZuJ/3ndRPtXbspEnGgqyPwhP+FIR2gWARoySYnmE0MwkczcisgIS0y0CapkQnAWv7xMWrWqc1E9vzur1G/yOIpwBMdwCg5cQh1uoQFNICDhGV7hzXq0Xqx362M+WrDynUP4A+vzB0odkmU=</latexit>�����

2
<latexit sha1_base64="8AWB9/2KXPNtgTcgGC9ZqNFq7Po="></latexit>

hI1I2i ⇠ hE1E
?
1E2E

?
2 i ⇠ |Visibility|2 ⇠



Image credit: NASA/ESA/H. Bond (STScI) and M. Barstow (Univ. Leicester)

Observable

8

<latexit sha1_base64="EofUo85uGotrBQG5n1UuHBnrV1k=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiTia1lQxGWFviAJZTKdtEMnD2ZuxBIL/oobF4q49Tvc+TdO0yy09cCFM+fcy9x7/ERwBZb1bSwsLi2vrJbWyusbm1vb5s5uS8WppKxJYxHLjk8UEzxiTeAgWCeRjIS+YG1/eDXx2/dMKh5HDRglzAtJP+IBpwS01DX3XZ/3+48usAfIbhrj/Ol0zYpVtXLgeWIXpIIK1Lvml9uLaRqyCKggSjm2lYCXEQmcCjYuu6liCaFD0meOphEJmfKyfP0xPtJKDwex1BUBztXfExkJlRqFvu4MCQzUrDcR//OcFIJLL+NRkgKL6PSjIBUYYjzJAve4ZBTESBNCJde7YjogklDQiZV1CPbsyfOkdVK1z6tnd6eV2nURRwkdoEN0jGx0gWroFtVRE1GUoWf0it6MJ+PFeDc+pq0LRjGzh/7A+PwBteqV/Q==</latexit>����FT
 <latexit sha1_base64="QpmaZPZH+6NBzhWUhik8mVZbWRo=">AAAB9XicbVDLTsMwENyUVymvAkcuFhUSpyqpeB0rwYFjkehDatPKcZ3UquNEtgOqQv+DCwcQ4sq/cONvcNMcoGWkXY1mduX1eDFnStv2t1VYWV1b3yhulra2d3b3yvsHLRUlktAmiXgkOx5WlDNBm5ppTjuxpDj0OG174+uZ336gUrFI3OtJTN0QB4L5jGBtpH7PY0HgZv2pXxuUK3bVzoCWiZOTCuRoDMpfvWFEkpAKTThWquvYsXZTLDUjnE5LvUTRGJMxDmjXUIFDqtw0u3qKTowyRH4kTQmNMvX3RopDpSahZyZDrEdq0ZuJ/3ndRPtXbspEnGgqyPwhP+FIR2gWARoySYnmE0MwkczcisgIS0y0CapkQnAWv7xMWrWqc1E9vzur1G/yOIpwBMdwCg5cQh1uoQFNICDhGV7hzXq0Xqx362M+WrDynUP4A+vzB0odkmU=</latexit>�����

2
<latexit sha1_base64="8AWB9/2KXPNtgTcgGC9ZqNFq7Po="></latexit>

hI1I2i ⇠ hE1E
?
1E2E

?
2 i ⇠ |Visibility|2 ⇠



Image credit: NASA/ESA/H. Bond (STScI) and M. Barstow (Univ. Leicester)

Observable

8

<latexit sha1_base64="EofUo85uGotrBQG5n1UuHBnrV1k=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiTia1lQxGWFviAJZTKdtEMnD2ZuxBIL/oobF4q49Tvc+TdO0yy09cCFM+fcy9x7/ERwBZb1bSwsLi2vrJbWyusbm1vb5s5uS8WppKxJYxHLjk8UEzxiTeAgWCeRjIS+YG1/eDXx2/dMKh5HDRglzAtJP+IBpwS01DX3XZ/3+48usAfIbhrj/Ol0zYpVtXLgeWIXpIIK1Lvml9uLaRqyCKggSjm2lYCXEQmcCjYuu6liCaFD0meOphEJmfKyfP0xPtJKDwex1BUBztXfExkJlRqFvu4MCQzUrDcR//OcFIJLL+NRkgKL6PSjIBUYYjzJAve4ZBTESBNCJde7YjogklDQiZV1CPbsyfOkdVK1z6tnd6eV2nURRwkdoEN0jGx0gWroFtVRE1GUoWf0it6MJ+PFeDc+pq0LRjGzh/7A+PwBteqV/Q==</latexit>����FT
 <latexit sha1_base64="QpmaZPZH+6NBzhWUhik8mVZbWRo=">AAAB9XicbVDLTsMwENyUVymvAkcuFhUSpyqpeB0rwYFjkehDatPKcZ3UquNEtgOqQv+DCwcQ4sq/cONvcNMcoGWkXY1mduX1eDFnStv2t1VYWV1b3yhulra2d3b3yvsHLRUlktAmiXgkOx5WlDNBm5ppTjuxpDj0OG174+uZ336gUrFI3OtJTN0QB4L5jGBtpH7PY0HgZv2pXxuUK3bVzoCWiZOTCuRoDMpfvWFEkpAKTThWquvYsXZTLDUjnE5LvUTRGJMxDmjXUIFDqtw0u3qKTowyRH4kTQmNMvX3RopDpSahZyZDrEdq0ZuJ/3ndRPtXbspEnGgqyPwhP+FIR2gWARoySYnmE0MwkczcisgIS0y0CapkQnAWv7xMWrWqc1E9vzur1G/yOIpwBMdwCg5cQh1uoQFNICDhGV7hzXq0Xqx362M+WrDynUP4A+vzB0odkmU=</latexit>�����

2
<latexit sha1_base64="8AWB9/2KXPNtgTcgGC9ZqNFq7Po="></latexit>

hI1I2i ⇠ hE1E
?
1E2E

?
2 i ⇠ |Visibility|2 ⇠

<latexit sha1_base64="79TYOP9erybvZxeU0FjL3mxeytA="></latexit>

Signal ⇠ N2
photon|V(B, sky)|2

⌧c
�t



Image credit: NASA/ESA/H. Bond (STScI) and M. Barstow (Univ. Leicester)

Observable

8

<latexit sha1_base64="EofUo85uGotrBQG5n1UuHBnrV1k=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiTia1lQxGWFviAJZTKdtEMnD2ZuxBIL/oobF4q49Tvc+TdO0yy09cCFM+fcy9x7/ERwBZb1bSwsLi2vrJbWyusbm1vb5s5uS8WppKxJYxHLjk8UEzxiTeAgWCeRjIS+YG1/eDXx2/dMKh5HDRglzAtJP+IBpwS01DX3XZ/3+48usAfIbhrj/Ol0zYpVtXLgeWIXpIIK1Lvml9uLaRqyCKggSjm2lYCXEQmcCjYuu6liCaFD0meOphEJmfKyfP0xPtJKDwex1BUBztXfExkJlRqFvu4MCQzUrDcR//OcFIJLL+NRkgKL6PSjIBUYYjzJAve4ZBTESBNCJde7YjogklDQiZV1CPbsyfOkdVK1z6tnd6eV2nURRwkdoEN0jGx0gWroFtVRE1GUoWf0it6MJ+PFeDc+pq0LRjGzh/7A+PwBteqV/Q==</latexit>����FT
 <latexit sha1_base64="QpmaZPZH+6NBzhWUhik8mVZbWRo=">AAAB9XicbVDLTsMwENyUVymvAkcuFhUSpyqpeB0rwYFjkehDatPKcZ3UquNEtgOqQv+DCwcQ4sq/cONvcNMcoGWkXY1mduX1eDFnStv2t1VYWV1b3yhulra2d3b3yvsHLRUlktAmiXgkOx5WlDNBm5ppTjuxpDj0OG174+uZ336gUrFI3OtJTN0QB4L5jGBtpH7PY0HgZv2pXxuUK3bVzoCWiZOTCuRoDMpfvWFEkpAKTThWquvYsXZTLDUjnE5LvUTRGJMxDmjXUIFDqtw0u3qKTowyRH4kTQmNMvX3RopDpSahZyZDrEdq0ZuJ/3ndRPtXbspEnGgqyPwhP+FIR2gWARoySYnmE0MwkczcisgIS0y0CapkQnAWv7xMWrWqc1E9vzur1G/yOIpwBMdwCg5cQh1uoQFNICDhGV7hzXq0Xqx362M+WrDynUP4A+vzB0odkmU=</latexit>�����

2
<latexit sha1_base64="8AWB9/2KXPNtgTcgGC9ZqNFq7Po="></latexit>

hI1I2i ⇠ hE1E
?
1E2E

?
2 i ⇠ |Visibility|2 ⇠

<latexit sha1_base64="79TYOP9erybvZxeU0FjL3mxeytA="></latexit>

Signal ⇠ N2
photon|V(B, sky)|2

⌧c
�t



Image credit: NASA/ESA/H. Bond (STScI) and M. Barstow (Univ. Leicester)

Observable

8

<latexit sha1_base64="EofUo85uGotrBQG5n1UuHBnrV1k=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiTia1lQxGWFviAJZTKdtEMnD2ZuxBIL/oobF4q49Tvc+TdO0yy09cCFM+fcy9x7/ERwBZb1bSwsLi2vrJbWyusbm1vb5s5uS8WppKxJYxHLjk8UEzxiTeAgWCeRjIS+YG1/eDXx2/dMKh5HDRglzAtJP+IBpwS01DX3XZ/3+48usAfIbhrj/Ol0zYpVtXLgeWIXpIIK1Lvml9uLaRqyCKggSjm2lYCXEQmcCjYuu6liCaFD0meOphEJmfKyfP0xPtJKDwex1BUBztXfExkJlRqFvu4MCQzUrDcR//OcFIJLL+NRkgKL6PSjIBUYYjzJAve4ZBTESBNCJde7YjogklDQiZV1CPbsyfOkdVK1z6tnd6eV2nURRwkdoEN0jGx0gWroFtVRE1GUoWf0it6MJ+PFeDc+pq0LRjGzh/7A+PwBteqV/Q==</latexit>����FT
 <latexit sha1_base64="QpmaZPZH+6NBzhWUhik8mVZbWRo=">AAAB9XicbVDLTsMwENyUVymvAkcuFhUSpyqpeB0rwYFjkehDatPKcZ3UquNEtgOqQv+DCwcQ4sq/cONvcNMcoGWkXY1mduX1eDFnStv2t1VYWV1b3yhulra2d3b3yvsHLRUlktAmiXgkOx5WlDNBm5ppTjuxpDj0OG174+uZ336gUrFI3OtJTN0QB4L5jGBtpH7PY0HgZv2pXxuUK3bVzoCWiZOTCuRoDMpfvWFEkpAKTThWquvYsXZTLDUjnE5LvUTRGJMxDmjXUIFDqtw0u3qKTowyRH4kTQmNMvX3RopDpSahZyZDrEdq0ZuJ/3ndRPtXbspEnGgqyPwhP+FIR2gWARoySYnmE0MwkczcisgIS0y0CapkQnAWv7xMWrWqc1E9vzur1G/yOIpwBMdwCg5cQh1uoQFNICDhGV7hzXq0Xqx362M+WrDynUP4A+vzB0odkmU=</latexit>�����

2
<latexit sha1_base64="8AWB9/2KXPNtgTcgGC9ZqNFq7Po="></latexit>

hI1I2i ⇠ hE1E
?
1E2E

?
2 i ⇠ |Visibility|2 ⇠

<latexit sha1_base64="79TYOP9erybvZxeU0FjL3mxeytA="></latexit>

Signal ⇠ N2
photon|V(B, sky)|2

⌧c
�t



Image credit: NASA/ESA/H. Bond (STScI) and M. Barstow (Univ. Leicester)

Observable

8

<latexit sha1_base64="EofUo85uGotrBQG5n1UuHBnrV1k=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiTia1lQxGWFviAJZTKdtEMnD2ZuxBIL/oobF4q49Tvc+TdO0yy09cCFM+fcy9x7/ERwBZb1bSwsLi2vrJbWyusbm1vb5s5uS8WppKxJYxHLjk8UEzxiTeAgWCeRjIS+YG1/eDXx2/dMKh5HDRglzAtJP+IBpwS01DX3XZ/3+48usAfIbhrj/Ol0zYpVtXLgeWIXpIIK1Lvml9uLaRqyCKggSjm2lYCXEQmcCjYuu6liCaFD0meOphEJmfKyfP0xPtJKDwex1BUBztXfExkJlRqFvu4MCQzUrDcR//OcFIJLL+NRkgKL6PSjIBUYYjzJAve4ZBTESBNCJde7YjogklDQiZV1CPbsyfOkdVK1z6tnd6eV2nURRwkdoEN0jGx0gWroFtVRE1GUoWf0it6MJ+PFeDc+pq0LRjGzh/7A+PwBteqV/Q==</latexit>����FT
 <latexit sha1_base64="QpmaZPZH+6NBzhWUhik8mVZbWRo=">AAAB9XicbVDLTsMwENyUVymvAkcuFhUSpyqpeB0rwYFjkehDatPKcZ3UquNEtgOqQv+DCwcQ4sq/cONvcNMcoGWkXY1mduX1eDFnStv2t1VYWV1b3yhulra2d3b3yvsHLRUlktAmiXgkOx5WlDNBm5ppTjuxpDj0OG174+uZ336gUrFI3OtJTN0QB4L5jGBtpH7PY0HgZv2pXxuUK3bVzoCWiZOTCuRoDMpfvWFEkpAKTThWquvYsXZTLDUjnE5LvUTRGJMxDmjXUIFDqtw0u3qKTowyRH4kTQmNMvX3RopDpSahZyZDrEdq0ZuJ/3ndRPtXbspEnGgqyPwhP+FIR2gWARoySYnmE0MwkczcisgIS0y0CapkQnAWv7xMWrWqc1E9vzur1G/yOIpwBMdwCg5cQh1uoQFNICDhGV7hzXq0Xqx362M+WrDynUP4A+vzB0odkmU=</latexit>�����

2
<latexit sha1_base64="8AWB9/2KXPNtgTcgGC9ZqNFq7Po="></latexit>

hI1I2i ⇠ hE1E
?
1E2E

?
2 i ⇠ |Visibility|2 ⇠

<latexit sha1_base64="5qOhpg8moHjKpYRfnBFPKWz1vGI=">AAACCXicbVDJSgNBEO1xjXGLevTSGARPYUbcjkEvnkTBaCAzhJ5OJWns6R66a8QwzNWLv+LFgyJe/QNv/o2d5eD2oODxXhVV9eJUCou+/+lNTc/Mzs2XFsqLS8srq5W19SurM8OhwbXUphkzC1IoaKBACc3UAEtiCdfxzcnQv74FY4VWlzhIIUpYT4mu4Ayd1K7QEOEO8zMtLBShFQk9a4+ltK9Rq6Jdqfo1fwT6lwQTUiUTnLcrH2FH8ywBhVwya1uBn2KUM4OCSyjKYWYhZfyG9aDlqGIJ2CgffVLQbad0aFcbVwrpSP0+kbPE2kESu86EYd/+9obif14rw+5RlAuVZgiKjxd1M0lR02EstCMMcJQDRxg3wt1KeZ8ZxtGFV3YhBL9f/kuudmvBQW3/Yq9aP57EUSKbZIvskIAckjo5JeekQTi5J4/kmbx4D96T9+q9jVunvMnMBvkB7/0LAJ2bLw==</latexit>

Noise ⇠ Nphoton

<latexit sha1_base64="79TYOP9erybvZxeU0FjL3mxeytA="></latexit>

Signal ⇠ N2
photon|V(B, sky)|2

⌧c
�t



Image credit: NASA/ESA/H. Bond (STScI) and M. Barstow (Univ. Leicester)

Observable

Stars are bright and have real visibilities:

8

<latexit sha1_base64="EofUo85uGotrBQG5n1UuHBnrV1k=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiTia1lQxGWFviAJZTKdtEMnD2ZuxBIL/oobF4q49Tvc+TdO0yy09cCFM+fcy9x7/ERwBZb1bSwsLi2vrJbWyusbm1vb5s5uS8WppKxJYxHLjk8UEzxiTeAgWCeRjIS+YG1/eDXx2/dMKh5HDRglzAtJP+IBpwS01DX3XZ/3+48usAfIbhrj/Ol0zYpVtXLgeWIXpIIK1Lvml9uLaRqyCKggSjm2lYCXEQmcCjYuu6liCaFD0meOphEJmfKyfP0xPtJKDwex1BUBztXfExkJlRqFvu4MCQzUrDcR//OcFIJLL+NRkgKL6PSjIBUYYjzJAve4ZBTESBNCJde7YjogklDQiZV1CPbsyfOkdVK1z6tnd6eV2nURRwkdoEN0jGx0gWroFtVRE1GUoWf0it6MJ+PFeDc+pq0LRjGzh/7A+PwBteqV/Q==</latexit>����FT
 <latexit sha1_base64="QpmaZPZH+6NBzhWUhik8mVZbWRo=">AAAB9XicbVDLTsMwENyUVymvAkcuFhUSpyqpeB0rwYFjkehDatPKcZ3UquNEtgOqQv+DCwcQ4sq/cONvcNMcoGWkXY1mduX1eDFnStv2t1VYWV1b3yhulra2d3b3yvsHLRUlktAmiXgkOx5WlDNBm5ppTjuxpDj0OG174+uZ336gUrFI3OtJTN0QB4L5jGBtpH7PY0HgZv2pXxuUK3bVzoCWiZOTCuRoDMpfvWFEkpAKTThWquvYsXZTLDUjnE5LvUTRGJMxDmjXUIFDqtw0u3qKTowyRH4kTQmNMvX3RopDpSahZyZDrEdq0ZuJ/3ndRPtXbspEnGgqyPwhP+FIR2gWARoySYnmE0MwkczcisgIS0y0CapkQnAWv7xMWrWqc1E9vzur1G/yOIpwBMdwCg5cQh1uoQFNICDhGV7hzXq0Xqx362M+WrDynUP4A+vzB0odkmU=</latexit>�����

2
<latexit sha1_base64="8AWB9/2KXPNtgTcgGC9ZqNFq7Po="></latexit>

hI1I2i ⇠ hE1E
?
1E2E

?
2 i ⇠ |Visibility|2 ⇠

<latexit sha1_base64="5qOhpg8moHjKpYRfnBFPKWz1vGI=">AAACCXicbVDJSgNBEO1xjXGLevTSGARPYUbcjkEvnkTBaCAzhJ5OJWns6R66a8QwzNWLv+LFgyJe/QNv/o2d5eD2oODxXhVV9eJUCou+/+lNTc/Mzs2XFsqLS8srq5W19SurM8OhwbXUphkzC1IoaKBACc3UAEtiCdfxzcnQv74FY4VWlzhIIUpYT4mu4Ayd1K7QEOEO8zMtLBShFQk9a4+ltK9Rq6Jdqfo1fwT6lwQTUiUTnLcrH2FH8ywBhVwya1uBn2KUM4OCSyjKYWYhZfyG9aDlqGIJ2CgffVLQbad0aFcbVwrpSP0+kbPE2kESu86EYd/+9obif14rw+5RlAuVZgiKjxd1M0lR02EstCMMcJQDRxg3wt1KeZ8ZxtGFV3YhBL9f/kuudmvBQW3/Yq9aP57EUSKbZIvskIAckjo5JeekQTi5J4/kmbx4D96T9+q9jVunvMnMBvkB7/0LAJ2bLw==</latexit>

Noise ⇠ Nphoton

<latexit sha1_base64="79TYOP9erybvZxeU0FjL3mxeytA="></latexit>

Signal ⇠ N2
photon|V(B, sky)|2

⌧c
�t



Image credit: NASA/ESA/H. Bond (STScI) and M. Barstow (Univ. Leicester)

Observable

Stars are bright and have real visibilities:

8

<latexit sha1_base64="EofUo85uGotrBQG5n1UuHBnrV1k=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiTia1lQxGWFviAJZTKdtEMnD2ZuxBIL/oobF4q49Tvc+TdO0yy09cCFM+fcy9x7/ERwBZb1bSwsLi2vrJbWyusbm1vb5s5uS8WppKxJYxHLjk8UEzxiTeAgWCeRjIS+YG1/eDXx2/dMKh5HDRglzAtJP+IBpwS01DX3XZ/3+48usAfIbhrj/Ol0zYpVtXLgeWIXpIIK1Lvml9uLaRqyCKggSjm2lYCXEQmcCjYuu6liCaFD0meOphEJmfKyfP0xPtJKDwex1BUBztXfExkJlRqFvu4MCQzUrDcR//OcFIJLL+NRkgKL6PSjIBUYYjzJAve4ZBTESBNCJde7YjogklDQiZV1CPbsyfOkdVK1z6tnd6eV2nURRwkdoEN0jGx0gWroFtVRE1GUoWf0it6MJ+PFeDc+pq0LRjGzh/7A+PwBteqV/Q==</latexit>����FT
 <latexit sha1_base64="QpmaZPZH+6NBzhWUhik8mVZbWRo=">AAAB9XicbVDLTsMwENyUVymvAkcuFhUSpyqpeB0rwYFjkehDatPKcZ3UquNEtgOqQv+DCwcQ4sq/cONvcNMcoGWkXY1mduX1eDFnStv2t1VYWV1b3yhulra2d3b3yvsHLRUlktAmiXgkOx5WlDNBm5ppTjuxpDj0OG174+uZ336gUrFI3OtJTN0QB4L5jGBtpH7PY0HgZv2pXxuUK3bVzoCWiZOTCuRoDMpfvWFEkpAKTThWquvYsXZTLDUjnE5LvUTRGJMxDmjXUIFDqtw0u3qKTowyRH4kTQmNMvX3RopDpSahZyZDrEdq0ZuJ/3ndRPtXbspEnGgqyPwhP+FIR2gWARoySYnmE0MwkczcisgIS0y0CapkQnAWv7xMWrWqc1E9vzur1G/yOIpwBMdwCg5cQh1uoQFNICDhGV7hzXq0Xqx362M+WrDynUP4A+vzB0odkmU=</latexit>�����

2

<latexit sha1_base64="0GpS3VcUqsMvroIzl5W8VJr5oq0=">AAACB3icbZDLSsNAFIYnXmu9RV0KEixCXViT4nUhFNzYXYXeoAlhMp22QycXZk6EErpz46u4caGIW1/BnW/jpM1CWw8M8/H/5zBzfi/iTIJpfmsLi0vLK6u5tfz6xubWtr6z25RhLAhtkJCHou1hSTkLaAMYcNqOBMW+x2nLG96mfuuBCsnCoA6jiDo+7gesxwgGJbn6QfWm6pp2fUABF21IL1eelk+meOzqBbNkTsqYByuDAsqq5upfdjcksU8DIBxL2bHMCJwEC2CE03HejiWNMBniPu0oDLBPpZNM9hgbR0rpGr1QqBOAMVF/TyTYl3Lke6rTxzCQs14q/ud1YuhdOQkLohhoQKYP9WJuQGikoRhdJigBPlKAiWDqrwYZYIEJqOjyKgRrduV5aJZL1kXp/P6sULnO4sihfXSIishCl6iC7lANNRBBj+gZvaI37Ul70d61j2nrgpbN7KE/pX3+AP+PmB0=</latexit>

I = I0⇥(✓s/2� ✓)

<latexit sha1_base64="oJxD87xeaSM5tYZTLi8nVFYYPGI=">AAACHHicbVDLSsNAFJ34rPUVdekmWIS6qUl9L4SCG3FVwT6gKWEynbRDJw9mboQS8iFu/BU3LhRx40Lwb5y0WdTWAwNnzrmXmXPciDMJpvmjLSwuLa+sFtaK6xubW9v6zm5ThrEgtEFCHoq2iyXlLKANYMBpOxIU+y6nLXd4k/mtRyokC4MHGEW06+N+wDxGMCjJ0U9sH8OAYJ4002vbE5gk1TvHKg97NgwoYEceV4/SZPqaOnrJrJhjGPPEykkJ5ag7+pfdC0ns0wAIx1J2LDOCboIFMMJpWrRjSSNMhrhPO4oG2Keym4zDpcahUnqGFwp1AjDG6vRGgn0pR76rJrMoctbLxP+8TgzeZTdhQRQDDcjkIS/mBoRG1pTRY4IS4CNFMBFM/dUgA6waAtVnUZVgzUaeJ81qxTqvnN2flmpXeR0FtI8OUBlZ6ALV0C2qowYi6Am9oDf0rj1rr9qH9jkZXdDynT30B9r3L31BoZg=</latexit>

V =
2J1(kd✓s/2)

kd✓s/2

<latexit sha1_base64="ITbDuoRdr+AwPoRiZa8b60Pwv/g=">AAACBXicbVC7SgNREL3rM8ZX1FKLi0GwCrui0TJoYxnBPCAbwuzNJLnk7oN7ZyVhSWPjr9hYKGLrP9j5N24ehSYeGDicM8PMHC9S0pBtf1tLyyura+uZjezm1vbObm5vv2rCWAusiFCFuu6BQSUDrJAkhfVII/iewprXvxn7tQfURobBPQ0jbPrQDWRHCqBUauWOXOohQcu4EEU6HPCiSzigxAczyrZyebtgT8AXiTMjeTZDuZX7ctuhiH0MSCgwpuHYETUT0CSFwlHWjQ1GIPrQxUZKA/DRNJPJFyN+kipt3gl1WgHxifp7IgHfmKHvpZ0+UM/Me2PxP68RU+eqmcggigkDMV3UiRWnkI8j4W2pUZAapgSElumtXPRAg6A0uHEIzvzLi6R6VnCKhYu783zpehZHhh2yY3bKHHbJSuyWlVmFCfbIntkre7OerBfr3fqYti5Zs5kD9gfW5w/FkJjB</latexit>

✓s ⇡ 6mas

<latexit sha1_base64="8AWB9/2KXPNtgTcgGC9ZqNFq7Po="></latexit>

hI1I2i ⇠ hE1E
?
1E2E

?
2 i ⇠ |Visibility|2 ⇠

<latexit sha1_base64="5qOhpg8moHjKpYRfnBFPKWz1vGI=">AAACCXicbVDJSgNBEO1xjXGLevTSGARPYUbcjkEvnkTBaCAzhJ5OJWns6R66a8QwzNWLv+LFgyJe/QNv/o2d5eD2oODxXhVV9eJUCou+/+lNTc/Mzs2XFsqLS8srq5W19SurM8OhwbXUphkzC1IoaKBACc3UAEtiCdfxzcnQv74FY4VWlzhIIUpYT4mu4Ayd1K7QEOEO8zMtLBShFQk9a4+ltK9Rq6Jdqfo1fwT6lwQTUiUTnLcrH2FH8ywBhVwya1uBn2KUM4OCSyjKYWYhZfyG9aDlqGIJ2CgffVLQbad0aFcbVwrpSP0+kbPE2kESu86EYd/+9obif14rw+5RlAuVZgiKjxd1M0lR02EstCMMcJQDRxg3wt1KeZ8ZxtGFV3YhBL9f/kuudmvBQW3/Yq9aP57EUSKbZIvskIAckjo5JeekQTi5J4/kmbx4D96T9+q9jVunvMnMBvkB7/0LAJ2bLw==</latexit>

Noise ⇠ Nphoton

<latexit sha1_base64="79TYOP9erybvZxeU0FjL3mxeytA="></latexit>

Signal ⇠ N2
photon|V(B, sky)|2

⌧c
�t



<latexit sha1_base64="5qOhpg8moHjKpYRfnBFPKWz1vGI=">AAACCXicbVDJSgNBEO1xjXGLevTSGARPYUbcjkEvnkTBaCAzhJ5OJWns6R66a8QwzNWLv+LFgyJe/QNv/o2d5eD2oODxXhVV9eJUCou+/+lNTc/Mzs2XFsqLS8srq5W19SurM8OhwbXUphkzC1IoaKBACc3UAEtiCdfxzcnQv74FY4VWlzhIIUpYT4mu4Ayd1K7QEOEO8zMtLBShFQk9a4+ltK9Rq6Jdqfo1fwT6lwQTUiUTnL crH2FH8ywBhVwya1uBn2KUM4OCSyjKYWYhZfyG9aDlqGIJ2CgffVLQbad0aFcbVwrpSP0+kbPE2kESu86EYd/+9obif14rw+5RlAuVZgiKjxd1M0lR02EstCMMcJQDRxg3wt1KeZ8ZxtGFV3YhBL9f/kuudmvBQW3/Yq9aP57EUSKbZIvskIAckjo5JeekQTi5J4/kmbx4D96T9+q9jVunvMnMBvkB7/0LAJ2bLw==</latexit>

Noise ⇠ Nphoton

Traditional Approach
<latexit sha1_base64="79TYOP9erybvZxeU0FjL3mxeytA=">AAACQXicbZBLbxMxFIU95VXCK8CSjUWEVCQUzUSFsqzaDStUBEkjZdLRHceTWPFjZN+piFz/NTb9B+zYs2FBVbFlg/NYQMuVLB2dc++1/ZW1FA7T9FuydePmrdt3tu+27t1/8PBR+/GTgTONZbzPjDR2WILjUmjeR4GSD2vLQZWSH5fzw2V+fMqtE0Z/wkXNxwqmWlSCAUaraA9z5J/RfxRTDTLkTij6vlh79cyg0eGkd5YzkH 4QdnKr/EF4tY7dfBFenp308soC8zlCU7Dg44apggJD0e6k3XRV9LrINqJDNnVUtL/mE8MaxTUyCc6NsrTGsQeLgkkeWnnjeA1sDlM+ilKD4m7sVwQCfRGdCa2MjUcjXbl/T3hQzi1UGTsV4MxdzZbm/7JRg9XbsRe6bpBrtr6oaiRFQ5c46URYzlAuogBmRXwrZTOIRDBCb0UI2dUvXxeDXjd70339Ybezf7DBsU2ekedkh2Rkj+yTd+SI9AkjX8h38pNcJOfJj+Qy+bVu3Uo2M0/JP5X8/gMuHLOj</latexit>

Signal ⇠ N2
photon|V(B, sky)|2

⌧c
�t



Limitations

<latexit sha1_base64="5qOhpg8moHjKpYRfnBFPKWz1vGI=">AAACCXicbVDJSgNBEO1xjXGLevTSGARPYUbcjkEvnkTBaCAzhJ5OJWns6R66a8QwzNWLv+LFgyJe/QNv/o2d5eD2oODxXhVV9eJUCou+/+lNTc/Mzs2XFsqLS8srq5W19SurM8OhwbXUphkzC1IoaKBACc3UAEtiCdfxzcnQv74FY4VWlzhIIUpYT4mu4Ayd1K7QEOEO8zMtLBShFQk9a4+ltK9Rq6Jdqfo1fwT6lwQTUiUTnL crH2FH8ywBhVwya1uBn2KUM4OCSyjKYWYhZfyG9aDlqGIJ2CgffVLQbad0aFcbVwrpSP0+kbPE2kESu86EYd/+9obif14rw+5RlAuVZgiKjxd1M0lR02EstCMMcJQDRxg3wt1KeZ8ZxtGFV3YhBL9f/kuudmvBQW3/Yq9aP57EUSKbZIvskIAckjo5JeekQTi5J4/kmbx4D96T9+q9jVunvMnMBvkB7/0LAJ2bLw==</latexit>

Noise ⇠ Nphoton

Traditional Solution

Traditional Approach
<latexit sha1_base64="79TYOP9erybvZxeU0FjL3mxeytA=">AAACQXicbZBLbxMxFIU95VXCK8CSjUWEVCQUzUSFsqzaDStUBEkjZdLRHceTWPFjZN+piFz/NTb9B+zYs2FBVbFlg/NYQMuVLB2dc++1/ZW1FA7T9FuydePmrdt3tu+27t1/8PBR+/GTgTONZbzPjDR2WILjUmjeR4GSD2vLQZWSH5fzw2V+fMqtE0Z/wkXNxwqmWlSCAUaraA9z5J/RfxRTDTLkTij6vlh79cyg0eGkd5YzkH 4QdnKr/EF4tY7dfBFenp308soC8zlCU7Dg44apggJD0e6k3XRV9LrINqJDNnVUtL/mE8MaxTUyCc6NsrTGsQeLgkkeWnnjeA1sDlM+ilKD4m7sVwQCfRGdCa2MjUcjXbl/T3hQzi1UGTsV4MxdzZbm/7JRg9XbsRe6bpBrtr6oaiRFQ5c46URYzlAuogBmRXwrZTOIRDBCb0UI2dUvXxeDXjd70339Ybezf7DBsU2ekedkh2Rkj+yTd+SI9AkjX8h38pNcJOfJj+Qy+bVu3Uo2M0/JP5X8/gMuHLOj</latexit>

Signal ⇠ N2
photon|V(B, sky)|2

⌧c
�t



Limitations

<latexit sha1_base64="5qOhpg8moHjKpYRfnBFPKWz1vGI=">AAACCXicbVDJSgNBEO1xjXGLevTSGARPYUbcjkEvnkTBaCAzhJ5OJWns6R66a8QwzNWLv+LFgyJe/QNv/o2d5eD2oODxXhVV9eJUCou+/+lNTc/Mzs2XFsqLS8srq5W19SurM8OhwbXUphkzC1IoaKBACc3UAEtiCdfxzcnQv74FY4VWlzhIIUpYT4mu4Ayd1K7QEOEO8zMtLBShFQk9a4+ltK9Rq6Jdqfo1fwT6lwQTUiUTnL crH2FH8ywBhVwya1uBn2KUM4OCSyjKYWYhZfyG9aDlqGIJ2CgffVLQbad0aFcbVwrpSP0+kbPE2kESu86EYd/+9obif14rw+5RlAuVZgiKjxd1M0lR02EstCMMcJQDRxg3wt1KeZ8ZxtGFV3YhBL9f/kuudmvBQW3/Yq9aP57EUSKbZIvskIAckjo5JeekQTi5J4/kmbx4D96T9+q9jVunvMnMBvkB7/0LAJ2bLw==</latexit>

Noise ⇠ Nphoton

Coherence time of light 
<latexit sha1_base64="GqMB6HIuxursFyJ460pi3/NVius=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkVwVRLxuSu4cVnBPqAJYTKdtENnJmHmRimxn+LGhSJu/RJ3/o3TNgttPXDhcM693HtPlHKmwXW/rdLK6tr6RnmzsrW9s7tnV/fbOskUoS2S8ER1I6wpZ5K2gAGn3VRRLCJOO9HoZup3HqjSLJH3ME5pIPBAspgRDEYK7aoPOAuJz7mv2UDgEEK75tbdGZxl4hWkhgo0Q/vL7yckE1QC4VjrnuemEORYASOcTip+pmmKyQgPaM9QiQXVQT47feIcG6XvxIkyJcGZqb8nciy0HovIdAoMQ73oTcX/vF4G8VWQM5lmQCWZL4oz7kDiTHNw+kxRAnxsCCaKmVsdMsQKEzBpVUwI3uLLy6R9Wvcu6ud3Z7XGdRFHGR2iI3SCPHSJGugWNVELEfSIntErerOerBfr3fqYt5asYuYA/YH1+QOUxZQy</latexit>

⌧c ⌧ �t

Traditional Solution

Traditional Approach
<latexit sha1_base64="79TYOP9erybvZxeU0FjL3mxeytA=">AAACQXicbZBLbxMxFIU95VXCK8CSjUWEVCQUzUSFsqzaDStUBEkjZdLRHceTWPFjZN+piFz/NTb9B+zYs2FBVbFlg/NYQMuVLB2dc++1/ZW1FA7T9FuydePmrdt3tu+27t1/8PBR+/GTgTONZbzPjDR2WILjUmjeR4GSD2vLQZWSH5fzw2V+fMqtE0Z/wkXNxwqmWlSCAUaraA9z5J/RfxRTDTLkTij6vlh79cyg0eGkd5YzkH 4QdnKr/EF4tY7dfBFenp308soC8zlCU7Dg44apggJD0e6k3XRV9LrINqJDNnVUtL/mE8MaxTUyCc6NsrTGsQeLgkkeWnnjeA1sDlM+ilKD4m7sVwQCfRGdCa2MjUcjXbl/T3hQzi1UGTsV4MxdzZbm/7JRg9XbsRe6bpBrtr6oaiRFQ5c46URYzlAuogBmRXwrZTOIRDBCb0UI2dUvXxeDXjd70339Ybezf7DBsU2ekedkh2Rkj+yTd+SI9AkjX8h38pNcJOfJj+Qy+bVu3Uo2M0/JP5X8/gMuHLOj</latexit>

Signal ⇠ N2
photon|V(B, sky)|2

⌧c
�t



Limitations

<latexit sha1_base64="5qOhpg8moHjKpYRfnBFPKWz1vGI=">AAACCXicbVDJSgNBEO1xjXGLevTSGARPYUbcjkEvnkTBaCAzhJ5OJWns6R66a8QwzNWLv+LFgyJe/QNv/o2d5eD2oODxXhVV9eJUCou+/+lNTc/Mzs2XFsqLS8srq5W19SurM8OhwbXUphkzC1IoaKBACc3UAEtiCdfxzcnQv74FY4VWlzhIIUpYT4mu4Ayd1K7QEOEO8zMtLBShFQk9a4+ltK9Rq6Jdqfo1fwT6lwQTUiUTnL crH2FH8ywBhVwya1uBn2KUM4OCSyjKYWYhZfyG9aDlqGIJ2CgffVLQbad0aFcbVwrpSP0+kbPE2kESu86EYd/+9obif14rw+5RlAuVZgiKjxd1M0lR02EstCMMcJQDRxg3wt1KeZ8ZxtGFV3YhBL9f/kuudmvBQW3/Yq9aP57EUSKbZIvskIAckjo5JeekQTi5J4/kmbx4D96T9+q9jVunvMnMBvkB7/0LAJ2bLw==</latexit>

Noise ⇠ Nphoton

Coherence time of light 
<latexit sha1_base64="GqMB6HIuxursFyJ460pi3/NVius=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkVwVRLxuSu4cVnBPqAJYTKdtENnJmHmRimxn+LGhSJu/RJ3/o3TNgttPXDhcM693HtPlHKmwXW/rdLK6tr6RnmzsrW9s7tnV/fbOskUoS2S8ER1I6wpZ5K2gAGn3VRRLCJOO9HoZup3HqjSLJH3ME5pIPBAspgRDEYK7aoPOAuJz7mv2UDgEEK75tbdGZxl4hWkhgo0Q/vL7yckE1QC4VjrnuemEORYASOcTip+pmmKyQgPaM9QiQXVQT47feIcG6XvxIkyJcGZqb8nciy0HovIdAoMQ73oTcX/vF4G8VWQM5lmQCWZL4oz7kDiTHNw+kxRAnxsCCaKmVsdMsQKEzBpVUwI3uLLy6R9Wvcu6ud3Z7XGdRFHGR2iI3SCPHSJGugWNVELEfSIntErerOerBfr3fqYt5asYuYA/YH1+QOUxZQy</latexit>

⌧c ⌧ �t

Traditional Solution

Traditional Approach

<latexit sha1_base64="nbzXUFNTpjjmQ4SedotxJ0A4keA=">AAACD3icbVC7TsNAEDzzDOFloKSxiEBUkY14lRE0lEEiDym2rPPlnJxyPlt3a0Rk+Q9o+BUaChCipaXjb7g4LiBhpJVGM7va3QkSzhTY9rexsLi0vLJaWauub2xubZs7u20Vp5LQFol5LLsBVpQzQVvAgNNuIimOAk47weh64nfuqVQsFncwTqgX4YFgISMYtOSbRy7g1CeuYpEbSkwyJ89ckfp2XkhAHyALVe6bNbtuF7DmiVOSGirR9M0vtx+TNKICCMdK9Rw7AS/DEhjhNK+6qaIJJiM8oD1NBY6o8rLin9w61ErfCmOpS4BVqL8nMhwpNY4C3RlhGKpZbyL+5/VSCC+9jIkkBSrIdFGYcgtiaxKO1WeSEuBjTTCRTN9qkSHWsYCOsKpDcGZfniftk7pzXj+7Pa01rso4KmgfHaBj5KAL1EA3qIlaiKBH9Ixe0ZvxZLwY78bHtHXBKGf20B8Ynz+y4Z28</latexit>

⌧c ⇠
1

⌫0
⇠ fs

<latexit sha1_base64="79TYOP9erybvZxeU0FjL3mxeytA=">AAACQXicbZBLbxMxFIU95VXCK8CSjUWEVCQUzUSFsqzaDStUBEkjZdLRHceTWPFjZN+piFz/NTb9B+zYs2FBVbFlg/NYQMuVLB2dc++1/ZW1FA7T9FuydePmrdt3tu+27t1/8PBR+/GTgTONZbzPjDR2WILjUmjeR4GSD2vLQZWSH5fzw2V+fMqtE0Z/wkXNxwqmWlSCAUaraA9z5J/RfxRTDTLkTij6vlh79cyg0eGkd5YzkH 4QdnKr/EF4tY7dfBFenp308soC8zlCU7Dg44apggJD0e6k3XRV9LrINqJDNnVUtL/mE8MaxTUyCc6NsrTGsQeLgkkeWnnjeA1sDlM+ilKD4m7sVwQCfRGdCa2MjUcjXbl/T3hQzi1UGTsV4MxdzZbm/7JRg9XbsRe6bpBrtr6oaiRFQ5c46URYzlAuogBmRXwrZTOIRDBCb0UI2dUvXxeDXjd70339Ybezf7DBsU2ekedkh2Rkj+yTd+SI9AkjX8h38pNcJOfJj+Qy+bVu3Uo2M0/JP5X8/gMuHLOj</latexit>

Signal ⇠ N2
photon|V(B, sky)|2

⌧c
�t



Limitations

<latexit sha1_base64="5qOhpg8moHjKpYRfnBFPKWz1vGI=">AAACCXicbVDJSgNBEO1xjXGLevTSGARPYUbcjkEvnkTBaCAzhJ5OJWns6R66a8QwzNWLv+LFgyJe/QNv/o2d5eD2oODxXhVV9eJUCou+/+lNTc/Mzs2XFsqLS8srq5W19SurM8OhwbXUphkzC1IoaKBACc3UAEtiCdfxzcnQv74FY4VWlzhIIUpYT4mu4Ayd1K7QEOEO8zMtLBShFQk9a4+ltK9Rq6Jdqfo1fwT6lwQTUiUTnL crH2FH8ywBhVwya1uBn2KUM4OCSyjKYWYhZfyG9aDlqGIJ2CgffVLQbad0aFcbVwrpSP0+kbPE2kESu86EYd/+9obif14rw+5RlAuVZgiKjxd1M0lR02EstCMMcJQDRxg3wt1KeZ8ZxtGFV3YhBL9f/kuudmvBQW3/Yq9aP57EUSKbZIvskIAckjo5JeekQTi5J4/kmbx4D96T9+q9jVunvMnMBvkB7/0LAJ2bLw==</latexit>

Noise ⇠ Nphoton

Coherence time of light 
<latexit sha1_base64="GqMB6HIuxursFyJ460pi3/NVius=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkVwVRLxuSu4cVnBPqAJYTKdtENnJmHmRimxn+LGhSJu/RJ3/o3TNgttPXDhcM693HtPlHKmwXW/rdLK6tr6RnmzsrW9s7tnV/fbOskUoS2S8ER1I6wpZ5K2gAGn3VRRLCJOO9HoZup3HqjSLJH3ME5pIPBAspgRDEYK7aoPOAuJz7mv2UDgEEK75tbdGZxl4hWkhgo0Q/vL7yckE1QC4VjrnuemEORYASOcTip+pmmKyQgPaM9QiQXVQT47feIcG6XvxIkyJcGZqb8nciy0HovIdAoMQ73oTcX/vF4G8VWQM5lmQCWZL4oz7kDiTHNw+kxRAnxsCCaKmVsdMsQKEzBpVUwI3uLLy6R9Wvcu6ud3Z7XGdRFHGR2iI3SCPHSJGugWNVELEfSIntErerOerBfr3fqYt5asYuYA/YH1+QOUxZQy</latexit>

⌧c ⌧ �t

Traditional Solution

Traditional Approach

<latexit sha1_base64="nbzXUFNTpjjmQ4SedotxJ0A4keA=">AAACD3icbVC7TsNAEDzzDOFloKSxiEBUkY14lRE0lEEiDym2rPPlnJxyPlt3a0Rk+Q9o+BUaChCipaXjb7g4LiBhpJVGM7va3QkSzhTY9rexsLi0vLJaWauub2xubZs7u20Vp5LQFol5LLsBVpQzQVvAgNNuIimOAk47weh64nfuqVQsFncwTqgX4YFgISMYtOSbRy7g1CeuYpEbSkwyJ89ckfp2XkhAHyALVe6bNbtuF7DmiVOSGirR9M0vtx+TNKICCMdK9Rw7AS/DEhjhNK+6qaIJJiM8oD1NBY6o8rLin9w61ErfCmOpS4BVqL8nMhwpNY4C3RlhGKpZbyL+5/VSCC+9jIkkBSrIdFGYcgtiaxKO1WeSEuBjTTCRTN9qkSHWsYCOsKpDcGZfniftk7pzXj+7Pa01rso4KmgfHaBj5KAL1EA3qIlaiKBH9Ixe0ZvxZLwY78bHtHXBKGf20B8Ynz+y4Z28</latexit>

⌧c ⇠
1

⌫0
⇠ fs

Filter:

<latexit sha1_base64="79TYOP9erybvZxeU0FjL3mxeytA=">AAACQXicbZBLbxMxFIU95VXCK8CSjUWEVCQUzUSFsqzaDStUBEkjZdLRHceTWPFjZN+piFz/NTb9B+zYs2FBVbFlg/NYQMuVLB2dc++1/ZW1FA7T9FuydePmrdt3tu+27t1/8PBR+/GTgTONZbzPjDR2WILjUmjeR4GSD2vLQZWSH5fzw2V+fMqtE0Z/wkXNxwqmWlSCAUaraA9z5J/RfxRTDTLkTij6vlh79cyg0eGkd5YzkH 4QdnKr/EF4tY7dfBFenp308soC8zlCU7Dg44apggJD0e6k3XRV9LrINqJDNnVUtL/mE8MaxTUyCc6NsrTGsQeLgkkeWnnjeA1sDlM+ilKD4m7sVwQCfRGdCa2MjUcjXbl/T3hQzi1UGTsV4MxdzZbm/7JRg9XbsRe6bpBrtr6oaiRFQ5c46URYzlAuogBmRXwrZTOIRDBCb0UI2dUvXxeDXjd70339Ybezf7DBsU2ekedkh2Rkj+yTd+SI9AkjX8h38pNcJOfJj+Qy+bVu3Uo2M0/JP5X8/gMuHLOj</latexit>

Signal ⇠ N2
photon|V(B, sky)|2

⌧c
�t



Limitations

<latexit sha1_base64="5qOhpg8moHjKpYRfnBFPKWz1vGI=">AAACCXicbVDJSgNBEO1xjXGLevTSGARPYUbcjkEvnkTBaCAzhJ5OJWns6R66a8QwzNWLv+LFgyJe/QNv/o2d5eD2oODxXhVV9eJUCou+/+lNTc/Mzs2XFsqLS8srq5W19SurM8OhwbXUphkzC1IoaKBACc3UAEtiCdfxzcnQv74FY4VWlzhIIUpYT4mu4Ayd1K7QEOEO8zMtLBShFQk9a4+ltK9Rq6Jdqfo1fwT6lwQTUiUTnL crH2FH8ywBhVwya1uBn2KUM4OCSyjKYWYhZfyG9aDlqGIJ2CgffVLQbad0aFcbVwrpSP0+kbPE2kESu86EYd/+9obif14rw+5RlAuVZgiKjxd1M0lR02EstCMMcJQDRxg3wt1KeZ8ZxtGFV3YhBL9f/kuudmvBQW3/Yq9aP57EUSKbZIvskIAckjo5JeekQTi5J4/kmbx4D96T9+q9jVunvMnMBvkB7/0LAJ2bLw==</latexit>

Noise ⇠ Nphoton

Coherence time of light 
<latexit sha1_base64="GqMB6HIuxursFyJ460pi3/NVius=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkVwVRLxuSu4cVnBPqAJYTKdtENnJmHmRimxn+LGhSJu/RJ3/o3TNgttPXDhcM693HtPlHKmwXW/rdLK6tr6RnmzsrW9s7tnV/fbOskUoS2S8ER1I6wpZ5K2gAGn3VRRLCJOO9HoZup3HqjSLJH3ME5pIPBAspgRDEYK7aoPOAuJz7mv2UDgEEK75tbdGZxl4hWkhgo0Q/vL7yckE1QC4VjrnuemEORYASOcTip+pmmKyQgPaM9QiQXVQT47feIcG6XvxIkyJcGZqb8nciy0HovIdAoMQ73oTcX/vF4G8VWQM5lmQCWZL4oz7kDiTHNw+kxRAnxsCCaKmVsdMsQKEzBpVUwI3uLLy6R9Wvcu6ud3Z7XGdRFHGR2iI3SCPHSJGugWNVELEfSIntErerOerBfr3fqYt5asYuYA/YH1+QOUxZQy</latexit>

⌧c ⌧ �t

Traditional Solution

Traditional Approach

<latexit sha1_base64="nbzXUFNTpjjmQ4SedotxJ0A4keA=">AAACD3icbVC7TsNAEDzzDOFloKSxiEBUkY14lRE0lEEiDym2rPPlnJxyPlt3a0Rk+Q9o+BUaChCipaXjb7g4LiBhpJVGM7va3QkSzhTY9rexsLi0vLJaWauub2xubZs7u20Vp5LQFol5LLsBVpQzQVvAgNNuIimOAk47weh64nfuqVQsFncwTqgX4YFgISMYtOSbRy7g1CeuYpEbSkwyJ89ckfp2XkhAHyALVe6bNbtuF7DmiVOSGirR9M0vtx+TNKICCMdK9Rw7AS/DEhjhNK+6qaIJJiM8oD1NBY6o8rLin9w61ErfCmOpS4BVqL8nMhwpNY4C3RlhGKpZbyL+5/VSCC+9jIkkBSrIdFGYcgtiaxKO1WeSEuBjTTCRTN9qkSHWsYCOsKpDcGZfniftk7pzXj+7Pa01rso4KmgfHaBj5KAL1EA3qIlaiKBH9Ixe0ZvxZLwY78bHtHXBKGf20B8Ynz+y4Z28</latexit>
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Filter:
<latexit sha1_base64="LslCIW+uAXQY0B4cOb077cD3/7U=">AAACFHicbZDLSgMxFIYzXmu9VV26CRZBEMqMeFsWdeGyglWhKSWTnmmDmcyQnBHLMA/hxldx40IRty7c+TamtQtvPwR+/nMOJ+cLUyUt+v6HNzE5NT0zW5orzy8sLi1XVlYvbJIZAU2RqMRchdyCkhqaKFHBVWqAx6GCy/D6eFi/vAFjZaLPcZBCO+Y9LSMpOLqoU9lmyLOOYJhQFhku8qDI2Qko5ExnBbMypgzhFvPUFp1K1a/5I9G/JhibKhmr0am8s24ishg0CsWtbQV+iu2cG5RCQVFmmYWUi2veg5azmsdg2/noqIJuuqRLo8S4p5GO0u8TOY+tHcSh64w59u3v2jD8r9bKMDps51KnGYIWX4uiTFGHYEiIdqUBgWrgDBdGur9S0eeODTqOZQch+H3yX3OxUwv2a3tnu9X60RhHiayTDbJFAnJA6uSUNEiTCHJHHsgTefbuvUfvxXv9ap3wxjNr5Ie8t08iFp+J</latexit>

⌧c !
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<latexit sha1_base64="79TYOP9erybvZxeU0FjL3mxeytA=">AAACQXicbZBLbxMxFIU95VXCK8CSjUWEVCQUzUSFsqzaDStUBEkjZdLRHceTWPFjZN+piFz/NTb9B+zYs2FBVbFlg/NYQMuVLB2dc++1/ZW1FA7T9FuydePmrdt3tu+27t1/8PBR+/GTgTONZbzPjDR2WILjUmjeR4GSD2vLQZWSH5fzw2V+fMqtE0Z/wkXNxwqmWlSCAUaraA9z5J/RfxRTDTLkTij6vlh79cyg0eGkd5YzkH 4QdnKr/EF4tY7dfBFenp308soC8zlCU7Dg44apggJD0e6k3XRV9LrINqJDNnVUtL/mE8MaxTUyCc6NsrTGsQeLgkkeWnnjeA1sDlM+ilKD4m7sVwQCfRGdCa2MjUcjXbl/T3hQzi1UGTsV4MxdzZbm/7JRg9XbsRe6bpBrtr6oaiRFQ5c46URYzlAuogBmRXwrZTOIRDBCb0UI2dUvXxeDXjd70339Ybezf7DBsU2ekedkh2Rkj+yTd+SI9AkjX8h38pNcJOfJj+Qy+bVu3Uo2M0/JP5X8/gMuHLOj</latexit>

Signal ⇠ N2
photon|V(B, sky)|2

⌧c
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Limitations

<latexit sha1_base64="5qOhpg8moHjKpYRfnBFPKWz1vGI=">AAACCXicbVDJSgNBEO1xjXGLevTSGARPYUbcjkEvnkTBaCAzhJ5OJWns6R66a8QwzNWLv+LFgyJe/QNv/o2d5eD2oODxXhVV9eJUCou+/+lNTc/Mzs2XFsqLS8srq5W19SurM8OhwbXUphkzC1IoaKBACc3UAEtiCdfxzcnQv74FY4VWlzhIIUpYT4mu4Ayd1K7QEOEO8zMtLBShFQk9a4+ltK9Rq6Jdqfo1fwT6lwQTUiUTnL crH2FH8ywBhVwya1uBn2KUM4OCSyjKYWYhZfyG9aDlqGIJ2CgffVLQbad0aFcbVwrpSP0+kbPE2kESu86EYd/+9obif14rw+5RlAuVZgiKjxd1M0lR02EstCMMcJQDRxg3wt1KeZ8ZxtGFV3YhBL9f/kuudmvBQW3/Yq9aP57EUSKbZIvskIAckjo5JeekQTi5J4/kmbx4D96T9+q9jVunvMnMBvkB7/0LAJ2bLw==</latexit>

Noise ⇠ Nphoton

Coherence time of light 
<latexit sha1_base64="GqMB6HIuxursFyJ460pi3/NVius=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkVwVRLxuSu4cVnBPqAJYTKdtENnJmHmRimxn+LGhSJu/RJ3/o3TNgttPXDhcM693HtPlHKmwXW/rdLK6tr6RnmzsrW9s7tnV/fbOskUoS2S8ER1I6wpZ5K2gAGn3VRRLCJOO9HoZup3HqjSLJH3ME5pIPBAspgRDEYK7aoPOAuJz7mv2UDgEEK75tbdGZxl4hWkhgo0Q/vL7yckE1QC4VjrnuemEORYASOcTip+pmmKyQgPaM9QiQXVQT47feIcG6XvxIkyJcGZqb8nciy0HovIdAoMQ73oTcX/vF4G8VWQM5lmQCWZL4oz7kDiTHNw+kxRAnxsCCaKmVsdMsQKEzBpVUwI3uLLy6R9Wvcu6ud3Z7XGdRFHGR2iI3SCPHSJGugWNVELEfSIntErerOerBfr3fqYt5asYuYA/YH1+QOUxZQy</latexit>

⌧c ⌧ �t

Traditional Solution

Traditional Approach

<latexit sha1_base64="nbzXUFNTpjjmQ4SedotxJ0A4keA=">AAACD3icbVC7TsNAEDzzDOFloKSxiEBUkY14lRE0lEEiDym2rPPlnJxyPlt3a0Rk+Q9o+BUaChCipaXjb7g4LiBhpJVGM7va3QkSzhTY9rexsLi0vLJaWauub2xubZs7u20Vp5LQFol5LLsBVpQzQVvAgNNuIimOAk47weh64nfuqVQsFncwTqgX4YFgISMYtOSbRy7g1CeuYpEbSkwyJ89ckfp2XkhAHyALVe6bNbtuF7DmiVOSGirR9M0vtx+TNKICCMdK9Rw7AS/DEhjhNK+6qaIJJiM8oD1NBY6o8rLin9w61ErfCmOpS4BVqL8nMhwpNY4C3RlhGKpZbyL+5/VSCC+9jIkkBSrIdFGYcgtiaxKO1WeSEuBjTTCRTN9qkSHWsYCOsKpDcGZfniftk7pzXj+7Pa01rso4KmgfHaBj5KAL1EA3qIlaiKBH9Ixe0ZvxZLwY78bHtHXBKGf20B8Ynz+y4Z28</latexit>

⌧c ⇠
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Filter:
<latexit sha1_base64="LslCIW+uAXQY0B4cOb077cD3/7U=">AAACFHicbZDLSgMxFIYzXmu9VV26CRZBEMqMeFsWdeGyglWhKSWTnmmDmcyQnBHLMA/hxldx40IRty7c+TamtQtvPwR+/nMOJ+cLUyUt+v6HNzE5NT0zW5orzy8sLi1XVlYvbJIZAU2RqMRchdyCkhqaKFHBVWqAx6GCy/D6eFi/vAFjZaLPcZBCO+Y9LSMpOLqoU9lmyLOOYJhQFhku8qDI2Qko5ExnBbMypgzhFvPUFp1K1a/5I9G/JhibKhmr0am8s24ishg0CsWtbQV+iu2cG5RCQVFmmYWUi2veg5azmsdg2/noqIJuuqRLo8S4p5GO0u8TOY+tHcSh64w59u3v2jD8r9bKMDps51KnGYIWX4uiTFGHYEiIdqUBgWrgDBdGur9S0eeODTqOZQch+H3yX3OxUwv2a3tnu9X60RhHiayTDbJFAnJA6uSUNEiTCHJHHsgTefbuvUfvxXv9ap3wxjNr5Ie8t08iFp+J</latexit>

⌧c !
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PMTs:

<latexit sha1_base64="79TYOP9erybvZxeU0FjL3mxeytA=">AAACQXicbZBLbxMxFIU95VXCK8CSjUWEVCQUzUSFsqzaDStUBEkjZdLRHceTWPFjZN+piFz/NTb9B+zYs2FBVbFlg/NYQMuVLB2dc++1/ZW1FA7T9FuydePmrdt3tu+27t1/8PBR+/GTgTONZbzPjDR2WILjUmjeR4GSD2vLQZWSH5fzw2V+fMqtE0Z/wkXNxwqmWlSCAUaraA9z5J/RfxRTDTLkTij6vlh79cyg0eGkd5YzkH 4QdnKr/EF4tY7dfBFenp308soC8zlCU7Dg44apggJD0e6k3XRV9LrINqJDNnVUtL/mE8MaxTUyCc6NsrTGsQeLgkkeWnnjeA1sDlM+ilKD4m7sVwQCfRGdCa2MjUcjXbl/T3hQzi1UGTsV4MxdzZbm/7JRg9XbsRe6bpBrtr6oaiRFQ5c46URYzlAuogBmRXwrZTOIRDBCb0UI2dUvXxeDXjd70339Ybezf7DBsU2ekedkh2Rkj+yTd+SI9AkjX8h38pNcJOfJj+Qy+bVu3Uo2M0/JP5X8/gMuHLOj</latexit>

Signal ⇠ N2
photon|V(B, sky)|2

⌧c
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Limitations

<latexit sha1_base64="5qOhpg8moHjKpYRfnBFPKWz1vGI=">AAACCXicbVDJSgNBEO1xjXGLevTSGARPYUbcjkEvnkTBaCAzhJ5OJWns6R66a8QwzNWLv+LFgyJe/QNv/o2d5eD2oODxXhVV9eJUCou+/+lNTc/Mzs2XFsqLS8srq5W19SurM8OhwbXUphkzC1IoaKBACc3UAEtiCdfxzcnQv74FY4VWlzhIIUpYT4mu4Ayd1K7QEOEO8zMtLBShFQk9a4+ltK9Rq6Jdqfo1fwT6lwQTUiUTnL crH2FH8ywBhVwya1uBn2KUM4OCSyjKYWYhZfyG9aDlqGIJ2CgffVLQbad0aFcbVwrpSP0+kbPE2kESu86EYd/+9obif14rw+5RlAuVZgiKjxd1M0lR02EstCMMcJQDRxg3wt1KeZ8ZxtGFV3YhBL9f/kuudmvBQW3/Yq9aP57EUSKbZIvskIAckjo5JeekQTi5J4/kmbx4D96T9+q9jVunvMnMBvkB7/0LAJ2bLw==</latexit>

Noise ⇠ Nphoton

Coherence time of light 
<latexit sha1_base64="GqMB6HIuxursFyJ460pi3/NVius=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkVwVRLxuSu4cVnBPqAJYTKdtENnJmHmRimxn+LGhSJu/RJ3/o3TNgttPXDhcM693HtPlHKmwXW/rdLK6tr6RnmzsrW9s7tnV/fbOskUoS2S8ER1I6wpZ5K2gAGn3VRRLCJOO9HoZup3HqjSLJH3ME5pIPBAspgRDEYK7aoPOAuJz7mv2UDgEEK75tbdGZxl4hWkhgo0Q/vL7yckE1QC4VjrnuemEORYASOcTip+pmmKyQgPaM9QiQXVQT47feIcG6XvxIkyJcGZqb8nciy0HovIdAoMQ73oTcX/vF4G8VWQM5lmQCWZL4oz7kDiTHNw+kxRAnxsCCaKmVsdMsQKEzBpVUwI3uLLy6R9Wvcu6ud3Z7XGdRFHGR2iI3SCPHSJGugWNVELEfSIntErerOerBfr3fqYt5asYuYA/YH1+QOUxZQy</latexit>

⌧c ⌧ �t

Traditional Solution

Traditional Approach

<latexit sha1_base64="nbzXUFNTpjjmQ4SedotxJ0A4keA=">AAACD3icbVC7TsNAEDzzDOFloKSxiEBUkY14lRE0lEEiDym2rPPlnJxyPlt3a0Rk+Q9o+BUaChCipaXjb7g4LiBhpJVGM7va3QkSzhTY9rexsLi0vLJaWauub2xubZs7u20Vp5LQFol5LLsBVpQzQVvAgNNuIimOAk47weh64nfuqVQsFncwTqgX4YFgISMYtOSbRy7g1CeuYpEbSkwyJ89ckfp2XkhAHyALVe6bNbtuF7DmiVOSGirR9M0vtx+TNKICCMdK9Rw7AS/DEhjhNK+6qaIJJiM8oD1NBY6o8rLin9w61ErfCmOpS4BVqL8nMhwpNY4C3RlhGKpZbyL+5/VSCC+9jIkkBSrIdFGYcgtiaxKO1WeSEuBjTTCRTN9qkSHWsYCOsKpDcGZfniftk7pzXj+7Pa01rso4KmgfHaBj5KAL1EA3qIlaiKBH9Ixe0ZvxZLwY78bHtHXBKGf20B8Ynz+y4Z28</latexit>
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Filter:
<latexit sha1_base64="LslCIW+uAXQY0B4cOb077cD3/7U=">AAACFHicbZDLSgMxFIYzXmu9VV26CRZBEMqMeFsWdeGyglWhKSWTnmmDmcyQnBHLMA/hxldx40IRty7c+TamtQtvPwR+/nMOJ+cLUyUt+v6HNzE5NT0zW5orzy8sLi1XVlYvbJIZAU2RqMRchdyCkhqaKFHBVWqAx6GCy/D6eFi/vAFjZaLPcZBCO+Y9LSMpOLqoU9lmyLOOYJhQFhku8qDI2Qko5ExnBbMypgzhFvPUFp1K1a/5I9G/JhibKhmr0am8s24ishg0CsWtbQV+iu2cG5RCQVFmmYWUi2veg5azmsdg2/noqIJuuqRLo8S4p5GO0u8TOY+tHcSh64w59u3v2jD8r9bKMDps51KnGYIWX4uiTFGHYEiIdqUBgWrgDBdGur9S0eeODTqOZQch+H3yX3OxUwv2a3tnu9X60RhHiayTDbJFAnJA6uSUNEiTCHJHHsgTefbuvUfvxXv9ap3wxjNr5Ie8t08iFp+J</latexit>

⌧c !
1

�⌫
⇠ ps

PMTs:
<latexit sha1_base64="P5SmckiIIik/iDYcQEHVIi+0R4Q=">AAACAXicbVDLSgMxFM34rPVVdSO4CRbBVZkRX8uiG5cV7AM6w5BJM21okhmSO2IZ6sZfceNCEbf+hTv/xvSx0NYDl3s4516Se6JUcAOu++0sLC4tr6wW1orrG5tb26Wd3YZJMk1ZnSYi0a2IGCa4YnXgIFgr1YzISLBm1L8e+c17pg1P1B0MUhZI0lU85pSAlcLSvm94V5IQbJfYc31gD5ArMwxLZbfijoHniTclZTRFLSx9+Z2EZpIpoIIY0/bcFIKcaOBUsGHRzwxLCe2TLmtbqohkJsjHFwzxkVU6OE60LQV4rP7eyIk0ZiAjOykJ9MysNxL/89oZxJdBzlWaAVN08lCcCQwJHsWBO1wzCmJgCaGa279i2iOaULChFW0I3uzJ86RxUvHOK2e3p+Xq1TSOAjpAh+gYeegCVdENqqE6ougRPaNX9OY8OS/Ou/MxGV1wpjt76A+czx+fG5cF</latexit>

�t ⇠ 10ns

<latexit sha1_base64="79TYOP9erybvZxeU0FjL3mxeytA=">AAACQXicbZBLbxMxFIU95VXCK8CSjUWEVCQUzUSFsqzaDStUBEkjZdLRHceTWPFjZN+piFz/NTb9B+zYs2FBVbFlg/NYQMuVLB2dc++1/ZW1FA7T9FuydePmrdt3tu+27t1/8PBR+/GTgTONZbzPjDR2WILjUmjeR4GSD2vLQZWSH5fzw2V+fMqtE0Z/wkXNxwqmWlSCAUaraA9z5J/RfxRTDTLkTij6vlh79cyg0eGkd5YzkH 4QdnKr/EF4tY7dfBFenp308soC8zlCU7Dg44apggJD0e6k3XRV9LrINqJDNnVUtL/mE8MaxTUyCc6NsrTGsQeLgkkeWnnjeA1sDlM+ilKD4m7sVwQCfRGdCa2MjUcjXbl/T3hQzi1UGTsV4MxdzZbm/7JRg9XbsRe6bpBrtr6oaiRFQ5c46URYzlAuogBmRXwrZTOIRDBCb0UI2dUvXxeDXjd70339Ybezf7DBsU2ekedkh2Rkj+yTd+SI9AkjX8h38pNcJOfJj+Qy+bVu3Uo2M0/JP5X8/gMuHLOj</latexit>

Signal ⇠ N2
photon|V(B, sky)|2
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Limitations

<latexit sha1_base64="5qOhpg8moHjKpYRfnBFPKWz1vGI=">AAACCXicbVDJSgNBEO1xjXGLevTSGARPYUbcjkEvnkTBaCAzhJ5OJWns6R66a8QwzNWLv+LFgyJe/QNv/o2d5eD2oODxXhVV9eJUCou+/+lNTc/Mzs2XFsqLS8srq5W19SurM8OhwbXUphkzC1IoaKBACc3UAEtiCdfxzcnQv74FY4VWlzhIIUpYT4mu4Ayd1K7QEOEO8zMtLBShFQk9a4+ltK9Rq6Jdqfo1fwT6lwQTUiUTnL crH2FH8ywBhVwya1uBn2KUM4OCSyjKYWYhZfyG9aDlqGIJ2CgffVLQbad0aFcbVwrpSP0+kbPE2kESu86EYd/+9obif14rw+5RlAuVZgiKjxd1M0lR02EstCMMcJQDRxg3wt1KeZ8ZxtGFV3YhBL9f/kuudmvBQW3/Yq9aP57EUSKbZIvskIAckjo5JeekQTi5J4/kmbx4D96T9+q9jVunvMnMBvkB7/0LAJ2bLw==</latexit>

Noise ⇠ Nphoton

Coherence time of light 
<latexit sha1_base64="GqMB6HIuxursFyJ460pi3/NVius=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkVwVRLxuSu4cVnBPqAJYTKdtENnJmHmRimxn+LGhSJu/RJ3/o3TNgttPXDhcM693HtPlHKmwXW/rdLK6tr6RnmzsrW9s7tnV/fbOskUoS2S8ER1I6wpZ5K2gAGn3VRRLCJOO9HoZup3HqjSLJH3ME5pIPBAspgRDEYK7aoPOAuJz7mv2UDgEEK75tbdGZxl4hWkhgo0Q/vL7yckE1QC4VjrnuemEORYASOcTip+pmmKyQgPaM9QiQXVQT47feIcG6XvxIkyJcGZqb8nciy0HovIdAoMQ73oTcX/vF4G8VWQM5lmQCWZL4oz7kDiTHNw+kxRAnxsCCaKmVsdMsQKEzBpVUwI3uLLy6R9Wvcu6ud3Z7XGdRFHGR2iI3SCPHSJGugWNVELEfSIntErerOerBfr3fqYt5asYuYA/YH1+QOUxZQy</latexit>

⌧c ⌧ �t

Traditional Solution

Traditional Approach

<latexit sha1_base64="nbzXUFNTpjjmQ4SedotxJ0A4keA=">AAACD3icbVC7TsNAEDzzDOFloKSxiEBUkY14lRE0lEEiDym2rPPlnJxyPlt3a0Rk+Q9o+BUaChCipaXjb7g4LiBhpJVGM7va3QkSzhTY9rexsLi0vLJaWauub2xubZs7u20Vp5LQFol5LLsBVpQzQVvAgNNuIimOAk47weh64nfuqVQsFncwTqgX4YFgISMYtOSbRy7g1CeuYpEbSkwyJ89ckfp2XkhAHyALVe6bNbtuF7DmiVOSGirR9M0vtx+TNKICCMdK9Rw7AS/DEhjhNK+6qaIJJiM8oD1NBY6o8rLin9w61ErfCmOpS4BVqL8nMhwpNY4C3RlhGKpZbyL+5/VSCC+9jIkkBSrIdFGYcgtiaxKO1WeSEuBjTTCRTN9qkSHWsYCOsKpDcGZfniftk7pzXj+7Pa01rso4KmgfHaBj5KAL1EA3qIlaiKBH9Ixe0ZvxZLwY78bHtHXBKGf20B8Ynz+y4Z28</latexit>
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Filter:
<latexit sha1_base64="LslCIW+uAXQY0B4cOb077cD3/7U=">AAACFHicbZDLSgMxFIYzXmu9VV26CRZBEMqMeFsWdeGyglWhKSWTnmmDmcyQnBHLMA/hxldx40IRty7c+TamtQtvPwR+/nMOJ+cLUyUt+v6HNzE5NT0zW5orzy8sLi1XVlYvbJIZAU2RqMRchdyCkhqaKFHBVWqAx6GCy/D6eFi/vAFjZaLPcZBCO+Y9LSMpOLqoU9lmyLOOYJhQFhku8qDI2Qko5ExnBbMypgzhFvPUFp1K1a/5I9G/JhibKhmr0am8s24ishg0CsWtbQV+iu2cG5RCQVFmmYWUi2veg5azmsdg2/noqIJuuqRLo8S4p5GO0u8TOY+tHcSh64w59u3v2jD8r9bKMDps51KnGYIWX4uiTFGHYEiIdqUBgWrgDBdGur9S0eeODTqOZQch+H3yX3OxUwv2a3tnu9X60RhHiayTDbJFAnJA6uSUNEiTCHJHHsgTefbuvUfvxXv9ap3wxjNr5Ie8t08iFp+J</latexit>

⌧c !
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⇠ ps

PMTs:
<latexit sha1_base64="P5SmckiIIik/iDYcQEHVIi+0R4Q=">AAACAXicbVDLSgMxFM34rPVVdSO4CRbBVZkRX8uiG5cV7AM6w5BJM21okhmSO2IZ6sZfceNCEbf+hTv/xvSx0NYDl3s4516Se6JUcAOu++0sLC4tr6wW1orrG5tb26Wd3YZJMk1ZnSYi0a2IGCa4YnXgIFgr1YzISLBm1L8e+c17pg1P1B0MUhZI0lU85pSAlcLSvm94V5IQbJfYc31gD5ArMwxLZbfijoHniTclZTRFLSx9+Z2EZpIpoIIY0/bcFIKcaOBUsGHRzwxLCe2TLmtbqohkJsjHFwzxkVU6OE60LQV4rP7eyIk0ZiAjOykJ9MysNxL/89oZxJdBzlWaAVN08lCcCQwJHsWBO1wzCmJgCaGa279i2iOaULChFW0I3uzJ86RxUvHOK2e3p+Xq1TSOAjpAh+gYeegCVdENqqE6ougRPaNX9OY8OS/Ou/MxGV1wpjt76A+czx+fG5cF</latexit>

�t ⇠ 10ns

Shot noise limited

<latexit sha1_base64="79TYOP9erybvZxeU0FjL3mxeytA=">AAACQXicbZBLbxMxFIU95VXCK8CSjUWEVCQUzUSFsqzaDStUBEkjZdLRHceTWPFjZN+piFz/NTb9B+zYs2FBVbFlg/NYQMuVLB2dc++1/ZW1FA7T9FuydePmrdt3tu+27t1/8PBR+/GTgTONZbzPjDR2WILjUmjeR4GSD2vLQZWSH5fzw2V+fMqtE0Z/wkXNxwqmWlSCAUaraA9z5J/RfxRTDTLkTij6vlh79cyg0eGkd5YzkH 4QdnKr/EF4tY7dfBFenp308soC8zlCU7Dg44apggJD0e6k3XRV9LrINqJDNnVUtL/mE8MaxTUyCc6NsrTGsQeLgkkeWnnjeA1sDlM+ilKD4m7sVwQCfRGdCa2MjUcjXbl/T3hQzi1UGTsV4MxdzZbm/7JRg9XbsRe6bpBrtr6oaiRFQ5c46URYzlAuogBmRXwrZTOIRDBCb0UI2dUvXxeDXjd70339Ybezf7DBsU2ekedkh2Rkj+yTd+SI9AkjX8h38pNcJOfJj+Qy+bVu3Uo2M0/JP5X8/gMuHLOj</latexit>

Signal ⇠ N2
photon|V(B, sky)|2

⌧c
�t



Limitations

<latexit sha1_base64="5qOhpg8moHjKpYRfnBFPKWz1vGI=">AAACCXicbVDJSgNBEO1xjXGLevTSGARPYUbcjkEvnkTBaCAzhJ5OJWns6R66a8QwzNWLv+LFgyJe/QNv/o2d5eD2oODxXhVV9eJUCou+/+lNTc/Mzs2XFsqLS8srq5W19SurM8OhwbXUphkzC1IoaKBACc3UAEtiCdfxzcnQv74FY4VWlzhIIUpYT4mu4Ayd1K7QEOEO8zMtLBShFQk9a4+ltK9Rq6Jdqfo1fwT6lwQTUiUTnL crH2FH8ywBhVwya1uBn2KUM4OCSyjKYWYhZfyG9aDlqGIJ2CgffVLQbad0aFcbVwrpSP0+kbPE2kESu86EYd/+9obif14rw+5RlAuVZgiKjxd1M0lR02EstCMMcJQDRxg3wt1KeZ8ZxtGFV3YhBL9f/kuudmvBQW3/Yq9aP57EUSKbZIvskIAckjo5JeekQTi5J4/kmbx4D96T9+q9jVunvMnMBvkB7/0LAJ2bLw==</latexit>

Noise ⇠ Nphoton

Coherence time of light 
<latexit sha1_base64="GqMB6HIuxursFyJ460pi3/NVius=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkVwVRLxuSu4cVnBPqAJYTKdtENnJmHmRimxn+LGhSJu/RJ3/o3TNgttPXDhcM693HtPlHKmwXW/rdLK6tr6RnmzsrW9s7tnV/fbOskUoS2S8ER1I6wpZ5K2gAGn3VRRLCJOO9HoZup3HqjSLJH3ME5pIPBAspgRDEYK7aoPOAuJz7mv2UDgEEK75tbdGZxl4hWkhgo0Q/vL7yckE1QC4VjrnuemEORYASOcTip+pmmKyQgPaM9QiQXVQT47feIcG6XvxIkyJcGZqb8nciy0HovIdAoMQ73oTcX/vF4G8VWQM5lmQCWZL4oz7kDiTHNw+kxRAnxsCCaKmVsdMsQKEzBpVUwI3uLLy6R9Wvcu6ud3Z7XGdRFHGR2iI3SCPHSJGugWNVELEfSIntErerOerBfr3fqYt5asYuYA/YH1+QOUxZQy</latexit>

⌧c ⌧ �t

Traditional Solution

Traditional Approach

<latexit sha1_base64="nbzXUFNTpjjmQ4SedotxJ0A4keA=">AAACD3icbVC7TsNAEDzzDOFloKSxiEBUkY14lRE0lEEiDym2rPPlnJxyPlt3a0Rk+Q9o+BUaChCipaXjb7g4LiBhpJVGM7va3QkSzhTY9rexsLi0vLJaWauub2xubZs7u20Vp5LQFol5LLsBVpQzQVvAgNNuIimOAk47weh64nfuqVQsFncwTqgX4YFgISMYtOSbRy7g1CeuYpEbSkwyJ89ckfp2XkhAHyALVe6bNbtuF7DmiVOSGirR9M0vtx+TNKICCMdK9Rw7AS/DEhjhNK+6qaIJJiM8oD1NBY6o8rLin9w61ErfCmOpS4BVqL8nMhwpNY4C3RlhGKpZbyL+5/VSCC+9jIkkBSrIdFGYcgtiaxKO1WeSEuBjTTCRTN9qkSHWsYCOsKpDcGZfniftk7pzXj+7Pa01rso4KmgfHaBj5KAL1EA3qIlaiKBH9Ixe0ZvxZLwY78bHtHXBKGf20B8Ynz+y4Z28</latexit>

⌧c ⇠
1

⌫0
⇠ fs

Filter:
<latexit sha1_base64="LslCIW+uAXQY0B4cOb077cD3/7U=">AAACFHicbZDLSgMxFIYzXmu9VV26CRZBEMqMeFsWdeGyglWhKSWTnmmDmcyQnBHLMA/hxldx40IRty7c+TamtQtvPwR+/nMOJ+cLUyUt+v6HNzE5NT0zW5orzy8sLi1XVlYvbJIZAU2RqMRchdyCkhqaKFHBVWqAx6GCy/D6eFi/vAFjZaLPcZBCO+Y9LSMpOLqoU9lmyLOOYJhQFhku8qDI2Qko5ExnBbMypgzhFvPUFp1K1a/5I9G/JhibKhmr0am8s24ishg0CsWtbQV+iu2cG5RCQVFmmYWUi2veg5azmsdg2/noqIJuuqRLo8S4p5GO0u8TOY+tHcSh64w59u3v2jD8r9bKMDps51KnGYIWX4uiTFGHYEiIdqUBgWrgDBdGur9S0eeODTqOZQch+H3yX3OxUwv2a3tnu9X60RhHiayTDbJFAnJA6uSUNEiTCHJHHsgTefbuvUfvxXv9ap3wxjNr5Ie8t08iFp+J</latexit>

⌧c !
1

�⌫
⇠ ps

PMTs:
<latexit sha1_base64="P5SmckiIIik/iDYcQEHVIi+0R4Q=">AAACAXicbVDLSgMxFM34rPVVdSO4CRbBVZkRX8uiG5cV7AM6w5BJM21okhmSO2IZ6sZfceNCEbf+hTv/xvSx0NYDl3s4516Se6JUcAOu++0sLC4tr6wW1orrG5tb26Wd3YZJMk1ZnSYi0a2IGCa4YnXgIFgr1YzISLBm1L8e+c17pg1P1B0MUhZI0lU85pSAlcLSvm94V5IQbJfYc31gD5ArMwxLZbfijoHniTclZTRFLSx9+Z2EZpIpoIIY0/bcFIKcaOBUsGHRzwxLCe2TLmtbqohkJsjHFwzxkVU6OE60LQV4rP7eyIk0ZiAjOykJ9MysNxL/89oZxJdBzlWaAVN08lCcCQwJHsWBO1wzCmJgCaGa279i2iOaULChFW0I3uzJ86RxUvHOK2e3p+Xq1TSOAjpAh+gYeegCVdENqqE6ougRPaNX9OY8OS/Ou/MxGV1wpjt76A+czx+fG5cF</latexit>

�t ⇠ 10ns

Large mirrorsShot noise limited

<latexit sha1_base64="79TYOP9erybvZxeU0FjL3mxeytA=">AAACQXicbZBLbxMxFIU95VXCK8CSjUWEVCQUzUSFsqzaDStUBEkjZdLRHceTWPFjZN+piFz/NTb9B+zYs2FBVbFlg/NYQMuVLB2dc++1/ZW1FA7T9FuydePmrdt3tu+27t1/8PBR+/GTgTONZbzPjDR2WILjUmjeR4GSD2vLQZWSH5fzw2V+fMqtE0Z/wkXNxwqmWlSCAUaraA9z5J/RfxRTDTLkTij6vlh79cyg0eGkd5YzkH 4QdnKr/EF4tY7dfBFenp308soC8zlCU7Dg44apggJD0e6k3XRV9LrINqJDNnVUtL/mE8MaxTUyCc6NsrTGsQeLgkkeWnnjeA1sDlM+ilKD4m7sVwQCfRGdCa2MjUcjXbl/T3hQzi1UGTsV4MxdzZbm/7JRg9XbsRe6bpBrtr6oaiRFQ5c46URYzlAuogBmRXwrZTOIRDBCb0UI2dUvXxeDXjd70339Ybezf7DBsU2ekedkh2Rkj+yTd+SI9AkjX8h38pNcJOfJj+Qy+bVu3Uo2M0/JP5X8/gMuHLOj</latexit>

Signal ⇠ N2
photon|V(B, sky)|2

⌧c
�t



Limitations

<latexit sha1_base64="5qOhpg8moHjKpYRfnBFPKWz1vGI=">AAACCXicbVDJSgNBEO1xjXGLevTSGARPYUbcjkEvnkTBaCAzhJ5OJWns6R66a8QwzNWLv+LFgyJe/QNv/o2d5eD2oODxXhVV9eJUCou+/+lNTc/Mzs2XFsqLS8srq5W19SurM8OhwbXUphkzC1IoaKBACc3UAEtiCdfxzcnQv74FY4VWlzhIIUpYT4mu4Ayd1K7QEOEO8zMtLBShFQk9a4+ltK9Rq6Jdqfo1fwT6lwQTUiUTnL crH2FH8ywBhVwya1uBn2KUM4OCSyjKYWYhZfyG9aDlqGIJ2CgffVLQbad0aFcbVwrpSP0+kbPE2kESu86EYd/+9obif14rw+5RlAuVZgiKjxd1M0lR02EstCMMcJQDRxg3wt1KeZ8ZxtGFV3YhBL9f/kuudmvBQW3/Yq9aP57EUSKbZIvskIAckjo5JeekQTi5J4/kmbx4D96T9+q9jVunvMnMBvkB7/0LAJ2bLw==</latexit>

Noise ⇠ Nphoton

Coherence time of light 
<latexit sha1_base64="GqMB6HIuxursFyJ460pi3/NVius=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkVwVRLxuSu4cVnBPqAJYTKdtENnJmHmRimxn+LGhSJu/RJ3/o3TNgttPXDhcM693HtPlHKmwXW/rdLK6tr6RnmzsrW9s7tnV/fbOskUoS2S8ER1I6wpZ5K2gAGn3VRRLCJOO9HoZup3HqjSLJH3ME5pIPBAspgRDEYK7aoPOAuJz7mv2UDgEEK75tbdGZxl4hWkhgo0Q/vL7yckE1QC4VjrnuemEORYASOcTip+pmmKyQgPaM9QiQXVQT47feIcG6XvxIkyJcGZqb8nciy0HovIdAoMQ73oTcX/vF4G8VWQM5lmQCWZL4oz7kDiTHNw+kxRAnxsCCaKmVsdMsQKEzBpVUwI3uLLy6R9Wvcu6ud3Z7XGdRFHGR2iI3SCPHSJGugWNVELEfSIntErerOerBfr3fqYt5asYuYA/YH1+QOUxZQy</latexit>

⌧c ⌧ �t

Traditional Solution

Traditional Approach

<latexit sha1_base64="nbzXUFNTpjjmQ4SedotxJ0A4keA=">AAACD3icbVC7TsNAEDzzDOFloKSxiEBUkY14lRE0lEEiDym2rPPlnJxyPlt3a0Rk+Q9o+BUaChCipaXjb7g4LiBhpJVGM7va3QkSzhTY9rexsLi0vLJaWauub2xubZs7u20Vp5LQFol5LLsBVpQzQVvAgNNuIimOAk47weh64nfuqVQsFncwTqgX4YFgISMYtOSbRy7g1CeuYpEbSkwyJ89ckfp2XkhAHyALVe6bNbtuF7DmiVOSGirR9M0vtx+TNKICCMdK9Rw7AS/DEhjhNK+6qaIJJiM8oD1NBY6o8rLin9w61ErfCmOpS4BVqL8nMhwpNY4C3RlhGKpZbyL+5/VSCC+9jIkkBSrIdFGYcgtiaxKO1WeSEuBjTTCRTN9qkSHWsYCOsKpDcGZfniftk7pzXj+7Pa01rso4KmgfHaBj5KAL1EA3qIlaiKBH9Ixe0ZvxZLwY78bHtHXBKGf20B8Ynz+y4Z28</latexit>

⌧c ⇠
1

⌫0
⇠ fs

Filter:
<latexit sha1_base64="LslCIW+uAXQY0B4cOb077cD3/7U=">AAACFHicbZDLSgMxFIYzXmu9VV26CRZBEMqMeFsWdeGyglWhKSWTnmmDmcyQnBHLMA/hxldx40IRty7c+TamtQtvPwR+/nMOJ+cLUyUt+v6HNzE5NT0zW5orzy8sLi1XVlYvbJIZAU2RqMRchdyCkhqaKFHBVWqAx6GCy/D6eFi/vAFjZaLPcZBCO+Y9LSMpOLqoU9lmyLOOYJhQFhku8qDI2Qko5ExnBbMypgzhFvPUFp1K1a/5I9G/JhibKhmr0am8s24ishg0CsWtbQV+iu2cG5RCQVFmmYWUi2veg5azmsdg2/noqIJuuqRLo8S4p5GO0u8TOY+tHcSh64w59u3v2jD8r9bKMDps51KnGYIWX4uiTFGHYEiIdqUBgWrgDBdGur9S0eeODTqOZQch+H3yX3OxUwv2a3tnu9X60RhHiayTDbJFAnJA6uSUNEiTCHJHHsgTefbuvUfvxXv9ap3wxjNr5Ie8t08iFp+J</latexit>

⌧c !
1

�⌫
⇠ ps

PMTs:
<latexit sha1_base64="P5SmckiIIik/iDYcQEHVIi+0R4Q=">AAACAXicbVDLSgMxFM34rPVVdSO4CRbBVZkRX8uiG5cV7AM6w5BJM21okhmSO2IZ6sZfceNCEbf+hTv/xvSx0NYDl3s4516Se6JUcAOu++0sLC4tr6wW1orrG5tb26Wd3YZJMk1ZnSYi0a2IGCa4YnXgIFgr1YzISLBm1L8e+c17pg1P1B0MUhZI0lU85pSAlcLSvm94V5IQbJfYc31gD5ArMwxLZbfijoHniTclZTRFLSx9+Z2EZpIpoIIY0/bcFIKcaOBUsGHRzwxLCe2TLmtbqohkJsjHFwzxkVU6OE60LQV4rP7eyIk0ZiAjOykJ9MysNxL/89oZxJdBzlWaAVN08lCcCQwJHsWBO1wzCmJgCaGa279i2iOaULChFW0I3uzJ86RxUvHOK2e3p+Xq1TSOAjpAh+gYeegCVdENqqE6ougRPaNX9OY8OS/Ou/MxGV1wpjt76A+czx+fG5cF</latexit>

�t ⇠ 10ns

Large mirrors
Nearby sources

Shot noise limited

<latexit sha1_base64="79TYOP9erybvZxeU0FjL3mxeytA=">AAACQXicbZBLbxMxFIU95VXCK8CSjUWEVCQUzUSFsqzaDStUBEkjZdLRHceTWPFjZN+piFz/NTb9B+zYs2FBVbFlg/NYQMuVLB2dc++1/ZW1FA7T9FuydePmrdt3tu+27t1/8PBR+/GTgTONZbzPjDR2WILjUmjeR4GSD2vLQZWSH5fzw2V+fMqtE0Z/wkXNxwqmWlSCAUaraA9z5J/RfxRTDTLkTij6vlh79cyg0eGkd5YzkH 4QdnKr/EF4tY7dfBFenp308soC8zlCU7Dg44apggJD0e6k3XRV9LrINqJDNnVUtL/mE8MaxTUyCc6NsrTGsQeLgkkeWnnjeA1sDlM+ilKD4m7sVwQCfRGdCa2MjUcjXbl/T3hQzi1UGTsV4MxdzZbm/7JRg9XbsRe6bpBrtr6oaiRFQ5c46URYzlAuogBmRXwrZTOIRDBCb0UI2dUvXxeDXjd70339Ybezf7DBsU2ekedkh2Rkj+yTd+SI9AkjX8h38pNcJOfJj+Qy+bVu3Uo2M0/JP5X8/gMuHLOj</latexit>

Signal ⇠ N2
photon|V(B, sky)|2

⌧c
�t



Limitations

<latexit sha1_base64="5qOhpg8moHjKpYRfnBFPKWz1vGI=">AAACCXicbVDJSgNBEO1xjXGLevTSGARPYUbcjkEvnkTBaCAzhJ5OJWns6R66a8QwzNWLv+LFgyJe/QNv/o2d5eD2oODxXhVV9eJUCou+/+lNTc/Mzs2XFsqLS8srq5W19SurM8OhwbXUphkzC1IoaKBACc3UAEtiCdfxzcnQv74FY4VWlzhIIUpYT4mu4Ayd1K7QEOEO8zMtLBShFQk9a4+ltK9Rq6Jdqfo1fwT6lwQTUiUTnL crH2FH8ywBhVwya1uBn2KUM4OCSyjKYWYhZfyG9aDlqGIJ2CgffVLQbad0aFcbVwrpSP0+kbPE2kESu86EYd/+9obif14rw+5RlAuVZgiKjxd1M0lR02EstCMMcJQDRxg3wt1KeZ8ZxtGFV3YhBL9f/kuudmvBQW3/Yq9aP57EUSKbZIvskIAckjo5JeekQTi5J4/kmbx4D96T9+q9jVunvMnMBvkB7/0LAJ2bLw==</latexit>

Noise ⇠ Nphoton

Coherence time of light 
<latexit sha1_base64="GqMB6HIuxursFyJ460pi3/NVius=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkVwVRLxuSu4cVnBPqAJYTKdtENnJmHmRimxn+LGhSJu/RJ3/o3TNgttPXDhcM693HtPlHKmwXW/rdLK6tr6RnmzsrW9s7tnV/fbOskUoS2S8ER1I6wpZ5K2gAGn3VRRLCJOO9HoZup3HqjSLJH3ME5pIPBAspgRDEYK7aoPOAuJz7mv2UDgEEK75tbdGZxl4hWkhgo0Q/vL7yckE1QC4VjrnuemEORYASOcTip+pmmKyQgPaM9QiQXVQT47feIcG6XvxIkyJcGZqb8nciy0HovIdAoMQ73oTcX/vF4G8VWQM5lmQCWZL4oz7kDiTHNw+kxRAnxsCCaKmVsdMsQKEzBpVUwI3uLLy6R9Wvcu6ud3Z7XGdRFHGR2iI3SCPHSJGugWNVELEfSIntErerOerBfr3fqYt5asYuYA/YH1+QOUxZQy</latexit>

⌧c ⌧ �t

Traditional Solution

Traditional Approach

<latexit sha1_base64="nbzXUFNTpjjmQ4SedotxJ0A4keA=">AAACD3icbVC7TsNAEDzzDOFloKSxiEBUkY14lRE0lEEiDym2rPPlnJxyPlt3a0Rk+Q9o+BUaChCipaXjb7g4LiBhpJVGM7va3QkSzhTY9rexsLi0vLJaWauub2xubZs7u20Vp5LQFol5LLsBVpQzQVvAgNNuIimOAk47weh64nfuqVQsFncwTqgX4YFgISMYtOSbRy7g1CeuYpEbSkwyJ89ckfp2XkhAHyALVe6bNbtuF7DmiVOSGirR9M0vtx+TNKICCMdK9Rw7AS/DEhjhNK+6qaIJJiM8oD1NBY6o8rLin9w61ErfCmOpS4BVqL8nMhwpNY4C3RlhGKpZbyL+5/VSCC+9jIkkBSrIdFGYcgtiaxKO1WeSEuBjTTCRTN9qkSHWsYCOsKpDcGZfniftk7pzXj+7Pa01rso4KmgfHaBj5KAL1EA3qIlaiKBH9Ixe0ZvxZLwY78bHtHXBKGf20B8Ynz+y4Z28</latexit>

⌧c ⇠
1

⌫0
⇠ fs

Filter:
<latexit sha1_base64="LslCIW+uAXQY0B4cOb077cD3/7U=">AAACFHicbZDLSgMxFIYzXmu9VV26CRZBEMqMeFsWdeGyglWhKSWTnmmDmcyQnBHLMA/hxldx40IRty7c+TamtQtvPwR+/nMOJ+cLUyUt+v6HNzE5NT0zW5orzy8sLi1XVlYvbJIZAU2RqMRchdyCkhqaKFHBVWqAx6GCy/D6eFi/vAFjZaLPcZBCO+Y9LSMpOLqoU9lmyLOOYJhQFhku8qDI2Qko5ExnBbMypgzhFvPUFp1K1a/5I9G/JhibKhmr0am8s24ishg0CsWtbQV+iu2cG5RCQVFmmYWUi2veg5azmsdg2/noqIJuuqRLo8S4p5GO0u8TOY+tHcSh64w59u3v2jD8r9bKMDps51KnGYIWX4uiTFGHYEiIdqUBgWrgDBdGur9S0eeODTqOZQch+H3yX3OxUwv2a3tnu9X60RhHiayTDbJFAnJA6uSUNEiTCHJHHsgTefbuvUfvxXv9ap3wxjNr5Ie8t08iFp+J</latexit>

⌧c !
1

�⌫
⇠ ps

PMTs:
<latexit sha1_base64="P5SmckiIIik/iDYcQEHVIi+0R4Q=">AAACAXicbVDLSgMxFM34rPVVdSO4CRbBVZkRX8uiG5cV7AM6w5BJM21okhmSO2IZ6sZfceNCEbf+hTv/xvSx0NYDl3s4516Se6JUcAOu++0sLC4tr6wW1orrG5tb26Wd3YZJMk1ZnSYi0a2IGCa4YnXgIFgr1YzISLBm1L8e+c17pg1P1B0MUhZI0lU85pSAlcLSvm94V5IQbJfYc31gD5ArMwxLZbfijoHniTclZTRFLSx9+Z2EZpIpoIIY0/bcFIKcaOBUsGHRzwxLCe2TLmtbqohkJsjHFwzxkVU6OE60LQV4rP7eyIk0ZiAjOykJ9MysNxL/89oZxJdBzlWaAVN08lCcCQwJHsWBO1wzCmJgCaGa279i2iOaULChFW0I3uzJ86RxUvHOK2e3p+Xq1TSOAjpAh+gYeegCVdENqqE6ougRPaNX9OY8OS/Ou/MxGV1wpjt76A+czx+fG5cF</latexit>

�t ⇠ 10ns

Large mirrors
Nearby sources

<latexit sha1_base64="1fuvU2XCc7ho3f3dBGGSJqVw4YU=">AAAB8nicbVDJSgNBEK2JW4xb1KOXxiB4CjPB7Rj04jGCWWAyhJ5OT9Kkl6G7Rwghn+HFgyJe/Rpv/o2dZA6a+KDg8V4VVfXilDNjff/bK6ytb2xuFbdLO7t7+wflw6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7dzfz2E9WGKfloxymNBB5IljCCrZNC0eXUGMMEqvXKFb/qz4FWSZCTCuRo9Mpf3b4imaDSEo6NCQM/tdEEa8sIp9NSNzM0xWSEBzR0VGJBTTSZnzxFZ07po0RpV9Kiufp7YoKFMWMRu06B7dAsezPxPy/MbHITTZhMM0slWSxKMo6sQrP/UZ9pSiwfO4KJZu5WRIZYY2JdSiUXQrD88ipp1arBVfXy4aJSv83jKMIJnMI5BHANdbiHBjSBgIJneIU3z3ov3rv3sWgtePnMMfyB9/kD9MORDQ==</latexit>

m . 2

Shot noise limited
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Coherence time of light 
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New Technologies

Shot noise limited

Chereknov Telescope Array
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Active Galactic Nuclei
Supermassive Black Holes accreting gas

Centaurus A

Composite image credit: ESO/WFI (Optical); MPIfR/ESO/APEX/A.Weiss et al. (Submillimetre); NASA/CXC/CfA/R.Kraft et al. (X-ray)]
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Centaurus A

Composite image credit: ESO/WFI (Optical); MPIfR/ESO/APEX/A.Weiss et al. (Submillimetre); NASA/CXC/CfA/R.Kraft et al. (X-ray)]
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✓ISCO ⇠ 0.02� 0.2µas

Baseline ~ 20km

Baseline ~ 460 - 4000km

Centaurus A

Composite image credit: ESO/WFI (Optical); MPIfR/ESO/APEX/A.Weiss et al. (Submillimetre); NASA/CXC/CfA/R.Kraft et al. (X-ray)]
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✓ISCO ⇠ 0.02� 0.2µas

Baseline ~ 20km

Baseline ~ 460 - 4000km

Centaurus A

Composite image credit: ESO/WFI (Optical); MPIfR/ESO/APEX/A.Weiss et al. (Submillimetre); NASA/CXC/CfA/R.Kraft et al. (X-ray)]

Two applications:

[N. Dalal, MG, C. Gammie, S. Gralla, N. Murray, 2024]
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<latexit sha1_base64="w5rRD9yZ/9wg2swlKUkRyIteStc=">AAACFHicbVDLSgNBEJz1bXxFPXoZDIIght3g6yRCLnoyokmEbAizk04yZGZ3mekVw5KP8OKvePGgiFcP3vwbJ4+DGgsaiqpuuruCWAqDrvvlTE3PzM7NLyxmlpZXVtey6xsVEyWaQ5lHMtK3ATMgRQhlFCjhNtbAVCChGnSLA796B9qIKLzBXgx1xdqhaAnO0EqN7J6PHUDW8BHuMb24Ll72fSMUdfNuYd/NF3yVjCxm+o1szspD0EnijUmOjFFqZD/9ZsQTBSFyyYypeW6M9ZRpFFxCP+MnBmLGu6wNNUtDpsDU0+FTfbpjlSZtRdpWiHSo/pxImTKmpwLbqRh2zF9vIP7n1RJsndRTEcYJQshHi1qJpBjRQUK0KTRwlD1LGNfC3kp5h2nG0eaYsSF4f1+eJJVC3jvKH14d5M5Ox3EskC2yTXaJR47JGTknJVImnDyQJ/JCXp1H59l5c95HrVPOeGaT/ILz8Q2SDZ3k</latexit>

✓ISCO ⇠ 0.02� 0.2µas

Baseline ~ 20km

Baseline ~ 460 - 4000km

Centaurus A

Composite image credit: ESO/WFI (Optical); MPIfR/ESO/APEX/A.Weiss et al. (Submillimetre); NASA/CXC/CfA/R.Kraft et al. (X-ray)]

Two applications:

1. Resolve accretion disks of nearby AGNs and study their physics

[N. Dalal, MG, C. Gammie, S. Gralla, N. Murray, 2024]
11



Active Galactic Nuclei
Supermassive Black Holes accreting gas

<latexit sha1_base64="3yOiCWcan3G6XFvIC/TWSgI/Fog=">AAACDXicbVDJSgNBEO1xN25Rj14ao+ApzIjbSQQvHhWMCpkQajoV09jdM3TXiGHID3jxV7x4UMSrd2/+jZ3l4Pag4PFeFVX1kkxJR2H4GYyNT0xOTc/MlubmFxaXyssrFy7NrcCaSFVqrxJwqKTBGklSeJVZBJ0ovExujvv+5S1aJ1NzTt0MGxqujWxLAeSlZnkjpg4SNGPCOyo0gunFTmq+G+t8qIHrNcuVsBoOwP+SaEQqbITTZvkjbqUi12hIKHCuHoUZNQqwJIXCXinOHWYgbuAa654a0OgaxeCbHt/0Sou3U+vLEB+o3ycK0M51deI7NVDH/fb64n9ePaf2QaOQJssJjRguaueKU8r70fCWtChIdT0BYaW/lYsOWBDkAyz5EKLfL/8lF9vVaK+6e7ZTOTocxTHD1tg622IR22dH7ISdshoT7J49smf2EjwET8Fr8DZsHQtGM6vsB4L3LwCNnMk=</latexit>

✓mean ⇠ 5µas

<latexit sha1_base64="w5rRD9yZ/9wg2swlKUkRyIteStc=">AAACFHicbVDLSgNBEJz1bXxFPXoZDIIght3g6yRCLnoyokmEbAizk04yZGZ3mekVw5KP8OKvePGgiFcP3vwbJ4+DGgsaiqpuuruCWAqDrvvlTE3PzM7NLyxmlpZXVtey6xsVEyWaQ5lHMtK3ATMgRQhlFCjhNtbAVCChGnSLA796B9qIKLzBXgx1xdqhaAnO0EqN7J6PHUDW8BHuMb24Ll72fSMUdfNuYd/NF3yVjCxm+o1szspD0EnijUmOjFFqZD/9ZsQTBSFyyYypeW6M9ZRpFFxCP+MnBmLGu6wNNUtDpsDU0+FTfbpjlSZtRdpWiHSo/pxImTKmpwLbqRh2zF9vIP7n1RJsndRTEcYJQshHi1qJpBjRQUK0KTRwlD1LGNfC3kp5h2nG0eaYsSF4f1+eJJVC3jvKH14d5M5Ox3EskC2yTXaJR47JGTknJVImnDyQJ/JCXp1H59l5c95HrVPOeGaT/ILz8Q2SDZ3k</latexit>

✓ISCO ⇠ 0.02� 0.2µas

Baseline ~ 20km

Baseline ~ 460 - 4000km

Centaurus A

Composite image credit: ESO/WFI (Optical); MPIfR/ESO/APEX/A.Weiss et al. (Submillimetre); NASA/CXC/CfA/R.Kraft et al. (X-ray)]

Two applications:

1. Resolve accretion disks of nearby AGNs and study their physics

2. Resolve the Broad Line Region of distant AGN and probe H0
[N. Dalal, MG, C. Gammie, S. Gralla, N. Murray, 2024]

11



Application 1: AGN disks



Toy example: Shakura-Sunyaev

13 [N. Dalal, MG, C. Gammie, S. Gralla, N. Murray, 2024]

<latexit sha1_base64="qBgksgUhJDBWcAwIa0Um4I/fWR8="></latexit>

→
[
1↑

(
RISCO

R

) 1
2

] 1
4<latexit sha1_base64="DClP1NOky7QCJckMYvgjOmJ4OSc=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCITdgVn13AxjKGvCC7htnJbDJk9sHMXSEs+wU2/oqNhSK21nb+jZNkC008MHA451zu3ONGgiswzW8jt7K6tr6R3yxsbe/s7hX3D9oqjCVlLRqKUHZdopjgAWsBB8G6kWTEdwXruOObqd95YFLxMGjCJGKOT4YB9zgloKV+sdy0Ffdxs2/agnlQsT1JaNLom2nSSG3JhyM4ude5klk1Z8DLxMpICWWo94tf9iCksc8CoIIo1bPMCJyESOBUsLRgx4pFhI7JkPU0DYjPlJPMzklxWSsD7IVSvwDwTP09kRBfqYnv6qRPYKQWvan4n9eLwbtyEh5EMbCAzhd5scAQ4mk3eMAloyAmmhAquf4rpiOiCwHdYEGXYC2evEzap1Xronp+d1aqXWd15NEROkYVZKFLVEO3qI5aiKJH9Ixe0ZvxZLwY78bHPJozsplD9AfG5w+ZC5vT</latexit>

T → T0

(
R0

R

)n



Toy example: Shakura-Sunyaev

13 [N. Dalal, MG, C. Gammie, S. Gralla, N. Murray, 2024]

<latexit sha1_base64="qBgksgUhJDBWcAwIa0Um4I/fWR8="></latexit>

→
[
1↑

(
RISCO

R

) 1
2

] 1
4<latexit sha1_base64="DClP1NOky7QCJckMYvgjOmJ4OSc=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCITdgVn13AxjKGvCC7htnJbDJk9sHMXSEs+wU2/oqNhSK21nb+jZNkC008MHA451zu3ONGgiswzW8jt7K6tr6R3yxsbe/s7hX3D9oqjCVlLRqKUHZdopjgAWsBB8G6kWTEdwXruOObqd95YFLxMGjCJGKOT4YB9zgloKV+sdy0Ffdxs2/agnlQsT1JaNLom2nSSG3JhyM4ude5klk1Z8DLxMpICWWo94tf9iCksc8CoIIo1bPMCJyESOBUsLRgx4pFhI7JkPU0DYjPlJPMzklxWSsD7IVSvwDwTP09kRBfqYnv6qRPYKQWvan4n9eLwbtyEh5EMbCAzhd5scAQ4mk3eMAloyAmmhAquf4rpiOiCwHdYEGXYC2evEzap1Xronp+d1aqXWd15NEROkYVZKFLVEO3qI5aiKJH9Ixe0ZvxZLwY78bHPJozsplD9AfG5w+ZC5vT</latexit>

T → T0

(
R0

R

)n



Toy example: Shakura-Sunyaev

13 [N. Dalal, MG, C. Gammie, S. Gralla, N. Murray, 2024]

<latexit sha1_base64="qBgksgUhJDBWcAwIa0Um4I/fWR8="></latexit>

→
[
1↑

(
RISCO

R

) 1
2

] 1
4<latexit sha1_base64="DClP1NOky7QCJckMYvgjOmJ4OSc=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCITdgVn13AxjKGvCC7htnJbDJk9sHMXSEs+wU2/oqNhSK21nb+jZNkC008MHA451zu3ONGgiswzW8jt7K6tr6R3yxsbe/s7hX3D9oqjCVlLRqKUHZdopjgAWsBB8G6kWTEdwXruOObqd95YFLxMGjCJGKOT4YB9zgloKV+sdy0Ffdxs2/agnlQsT1JaNLom2nSSG3JhyM4ude5klk1Z8DLxMpICWWo94tf9iCksc8CoIIo1bPMCJyESOBUsLRgx4pFhI7JkPU0DYjPlJPMzklxWSsD7IVSvwDwTP09kRBfqYnv6qRPYKQWvan4n9eLwbtyEh5EMbCAzhd5scAQ4mk3eMAloyAmmhAquf4rpiOiCwHdYEGXYC2evEzap1Xronp+d1aqXWd15NEROkYVZKFLVEO3qI5aiKJH9Ixe0ZvxZLwY78bHPJozsplD9AfG5w+ZC5vT</latexit>

T → T0
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R

)n
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CTA array

30ps time-jitter


5000 spectral channels

24 hrs


SNR=2750
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[N. Dalal, MG,

C. Gammie, S. Gralla, N. Murray, 

2024]<latexit sha1_base64="qBgksgUhJDBWcAwIa0Um4I/fWR8=">AAACP3icbVA9TxtBEN3jI4BJggMlzQoLiRSx7hAfoUOigYpPGyTfYe2t5+wVex/anUNYq/1nNPwFOto0KYgi2nRZ21cQyJNW+/TejGbmxYUUGn3/yZuanpn9MDe/UFv8+OnzUv3LclvnpeLQ4rnM1VXMNEiRQQsFSrgqFLA0lnAZ3xyM/MtbUFrk2QUOC4hS1s9EIjhDJ3Xr7RBFCpqGEhLsBN/G/0aYKMbNWTdEuENzdH5wbK 05s6ES/QF+vTYTP7Bm01Zi9ErcsrZbb/hNfwz6ngQVaZAKJ936Y9jLeZlChlwyrTuBX2BkmELBJdhaWGooGL9hfeg4mjG3dGTG91u67pQeTXLlXoZ0rL7uMCzVepjGrjJlONBvvZH4P69TYvI9MiIrSoSMTwYlpaSY01GYtCcUcJRDRxhXwu1K+YC5GNBFXnMhBG9Pfk/am81gp7l9utXY36vimCerZI1skIDskn1ySE5Ii3ByT36QZ/LLe/B+er+9l0nplFf1rJB/4P35C0X2sYU=</latexit>

→
[
1↑

(
RISCO

R

) 1
2

] 1
4

<latexit sha1_base64="DClP1NOky7QCJckMYvgjOmJ4OSc=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCITdgVn13AxjKGvCC7htnJbDJk9sHMXSEs+wU2/oqNhSK21nb+jZNkC008MHA451zu3ONGgiswzW8jt7K6tr6R3yxsbe/s7hX3D9oqjCVlLRqKUHZdopjgAWsBB8G6kWTEdwXruOObqd95YFLxMGjCJGKOT4YB9zgloKV+sdy0Ffdxs2/agnlQsT1JaNLom2nSSG3JhyM4ude5klk1Z8 DLxMpICWWo94tf9iCksc8CoIIo1bPMCJyESOBUsLRgx4pFhI7JkPU0DYjPlJPMzklxWSsD7IVSvwDwTP09kRBfqYnv6qRPYKQWvan4n9eLwbtyEh5EMbCAzhd5scAQ4mk3eMAloyAmmhAquf4rpiOiCwHdYEGXYC2evEzap1Xronp+d1aqXWd15NEROkYVZKFLVEO3qI5aiKJH9Ixe0ZvxZLwY78bHPJozsplD9AfG5w+ZC5vT</latexit>
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Shakura-Sunyaev Fisher

CTA array

30ps time-jitter


5000 spectral channels

24 hrs


SNR=2750
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<latexit sha1_base64="tPH9TTqjqqJv8CMiaBt6WWcf2S8=">AAAB73icbVDLSgMxFL3xWeur6tJNsAiuyozvZdGNywr2Ae1QMmmmDU0yY5IRytCfcONCEbf+jjv/xrSdhbYeuHA4517uvSdMBDfW877R0vLK6tp6YaO4ubW9s1va22+YONWU1WksYt0KiWGCK1a33ArWSjQjMhSsGQ5vJ37ziWnDY/VgRwkLJOkrHnFKrJNa/lnH8L4k3VLZq3hT4EXi56QMOWrd0lenF9NUMmWpIMa0fS+xQUa05VSwcbGTGpYQOiR91nZUEclMkE3vHeNjp/RwFGtXyuKp+nsiI9KYkQxdpyR2YOa9ifif105tdB1kXCWpZYrOFkWpwDbGk+dxj2tGrRg5Qqjm7lZMB0QTal1ERReCP//yImmcVvzLysX9ebl6k8dRgEM4ghPw4QqqcAc1qAMFAc/wCm/oEb2gd/Qxa11C+cwB/AH6/AGDpY+l</latexit>

13�

[N. Dalal, MG,

C. Gammie, S. Gralla, N. Murray, 

2024]<latexit sha1_base64="qBgksgUhJDBWcAwIa0Um4I/fWR8=">AAACP3icbVA9TxtBEN3jI4BJggMlzQoLiRSx7hAfoUOigYpPGyTfYe2t5+wVex/anUNYq/1nNPwFOto0KYgi2nRZ21cQyJNW+/TejGbmxYUUGn3/yZuanpn9MDe/UFv8+OnzUv3LclvnpeLQ4rnM1VXMNEiRQQsFSrgqFLA0lnAZ3xyM/MtbUFrk2QUOC4hS1s9EIjhDJ3Xr7RBFCpqGEhLsBN/G/0aYKMbNWTdEuENzdH5wbK 05s6ES/QF+vTYTP7Bm01Zi9ErcsrZbb/hNfwz6ngQVaZAKJ936Y9jLeZlChlwyrTuBX2BkmELBJdhaWGooGL9hfeg4mjG3dGTG91u67pQeTXLlXoZ0rL7uMCzVepjGrjJlONBvvZH4P69TYvI9MiIrSoSMTwYlpaSY01GYtCcUcJRDRxhXwu1K+YC5GNBFXnMhBG9Pfk/am81gp7l9utXY36vimCerZI1skIDskn1ySE5Ii3ByT36QZ/LLe/B+er+9l0nplFf1rJB/4P35C0X2sYU=</latexit>

→
[
1↑

(
RISCO

R

) 1
2

] 1
4

<latexit sha1_base64="DClP1NOky7QCJckMYvgjOmJ4OSc=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCITdgVn13AxjKGvCC7htnJbDJk9sHMXSEs+wU2/oqNhSK21nb+jZNkC008MHA451zu3ONGgiswzW8jt7K6tr6R3yxsbe/s7hX3D9oqjCVlLRqKUHZdopjgAWsBB8G6kWTEdwXruOObqd95YFLxMGjCJGKOT4YB9zgloKV+sdy0Ffdxs2/agnlQsT1JaNLom2nSSG3JhyM4ude5klk1Z8 DLxMpICWWo94tf9iCksc8CoIIo1bPMCJyESOBUsLRgx4pFhI7JkPU0DYjPlJPMzklxWSsD7IVSvwDwTP09kRBfqYnv6qRPYKQWvan4n9eLwbtyEh5EMbCAzhd5scAQ4mk3eMAloyAmmhAquf4rpiOiCwHdYEGXYC2evEzap1Xronp+d1aqXWd15NEROkYVZKFLVEO3qI5aiKJH9Ixe0ZvxZLwY78bHPJozsplD9AfG5w+ZC5vT</latexit>

T → T0

(
R0

R

)n
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<latexit sha1_base64="tPH9TTqjqqJv8CMiaBt6WWcf2S8=">AAAB73icbVDLSgMxFL3xWeur6tJNsAiuyozvZdGNywr2Ae1QMmmmDU0yY5IRytCfcONCEbf+jjv/xrSdhbYeuHA4517uvSdMBDfW877R0vLK6tp6YaO4ubW9s1va22+YONWU1WksYt0KiWGCK1a33ArWSjQjMhSsGQ5vJ37ziWnDY/VgRwkLJOkrHnFKrJNa/lnH8L4k3VLZq3hT4EXi56QMOWrd0lenF9NUMmWpIMa0fS+xQUa05VSwcbGTGpYQOiR91nZUEclMkE3vHeNjp/RwFGtXyuKp+nsiI9KYkQxdpyR2YOa9ifif105tdB1kXCWpZYrOFkWpwDbGk+dxj2tGrRg5Qqjm7lZMB0QTal1ERReCP//yImmcVvzLysX9ebl6k8dRgEM4ghPw4QqqcAc1qAMFAc/wCm/oEb2gd/Qxa11C+cwB/AH6/AGDpY+l</latexit>

13�

<latexit sha1_base64="wNq6sMCCXfCbmbAJxIqyUL0pIKQ=">AAAB+3icbVDJSgNBEO2JW4xbjEcvjUHwFGbE7Rj04jGCWSAzhJ5OJ2nS3TN010iGYX7FiwdFvPoj3vwbO8tBEx8UPN6roqpeGAtuwHW/ncLa+sbmVnG7tLO7t39QPqy0TJRoypo0EpHuhMQwwRVrAgfBOrFmRIaCtcPx3dRvPzFteKQeIY1ZIMlQ8QGnBKzUK1d8YBPIJFEpzn3Dh5L0ylW35s6AV4m3IFW0QKNX/vL7EU0kU0AFMabruTEEGdHAqWB5yU8MiwkdkyHrWqqIZCbIZrfn+NQqfTyItC0FeKb+nsiINCaVoe2UBEZm2ZuK/3ndBAY3QcZVnABTdL5okAgMEZ4GgftcMwoitYRQze2tmI6IJhRsXCUbgrf88ippnde8q9rlw0W1fruIo4iO0Qk6Qx66RnV0jxqoiSiaoGf0it6c3Hlx3p2PeWvBWcwcoT9wPn8AhheUxA==</latexit>many �

[N. Dalal, MG,

C. Gammie, S. Gralla, N. Murray, 

2024]<latexit sha1_base64="qBgksgUhJDBWcAwIa0Um4I/fWR8=">AAACP3icbVA9TxtBEN3jI4BJggMlzQoLiRSx7hAfoUOigYpPGyTfYe2t5+wVex/anUNYq/1nNPwFOto0KYgi2nRZ21cQyJNW+/TejGbmxYUUGn3/yZuanpn9MDe/UFv8+OnzUv3LclvnpeLQ4rnM1VXMNEiRQQsFSrgqFLA0lnAZ3xyM/MtbUFrk2QUOC4hS1s9EIjhDJ3Xr7RBFCpqGEhLsBN/G/0aYKMbNWTdEuENzdH5wbK 05s6ES/QF+vTYTP7Bm01Zi9ErcsrZbb/hNfwz6ngQVaZAKJ936Y9jLeZlChlwyrTuBX2BkmELBJdhaWGooGL9hfeg4mjG3dGTG91u67pQeTXLlXoZ0rL7uMCzVepjGrjJlONBvvZH4P69TYvI9MiIrSoSMTwYlpaSY01GYtCcUcJRDRxhXwu1K+YC5GNBFXnMhBG9Pfk/am81gp7l9utXY36vimCerZI1skIDskn1ySE5Ii3ByT36QZ/LLe/B+er+9l0nplFf1rJB/4P35C0X2sYU=</latexit>

→
[
1↑

(
RISCO

R

) 1
2

] 1
4

<latexit sha1_base64="DClP1NOky7QCJckMYvgjOmJ4OSc=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCITdgVn13AxjKGvCC7htnJbDJk9sHMXSEs+wU2/oqNhSK21nb+jZNkC008MHA451zu3ONGgiswzW8jt7K6tr6R3yxsbe/s7hX3D9oqjCVlLRqKUHZdopjgAWsBB8G6kWTEdwXruOObqd95YFLxMGjCJGKOT4YB9zgloKV+sdy0Ffdxs2/agnlQsT1JaNLom2nSSG3JhyM4ude5klk1Z8 DLxMpICWWo94tf9iCksc8CoIIo1bPMCJyESOBUsLRgx4pFhI7JkPU0DYjPlJPMzklxWSsD7IVSvwDwTP09kRBfqYnv6qRPYKQWvan4n9eLwbtyEh5EMbCAzhd5scAQ4mk3eMAloyAmmhAquf4rpiOiCwHdYEGXYC2evEzap1Xronp+d1aqXWd15NEROkYVZKFLVEO3qI5aiKJH9Ixe0ZvxZLwY78bHPJozsplD9AfG5w+ZC5vT</latexit>
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3.0
5

3.1
0

n

n = 3.00+0.02
°0.02

45
48
51
54

µ 0
£ G

M D

§

µ0

£
GM
D

§
= 49.24+1.34

°1.34

0.4
6

0.4
8

0.5
0

0.5
2

0.5
4

sin i

4

5

6

7

8

µ i
n

£ G
M D

§

2.9
0

2.9
5

3.0
0

3.0
5

3.1
0

n

45 48 51 54

µ0

£
GM
D

§
4 5 6 7 8

µin

£
GM
D

§

µin

£
GM
D

§
= 6.00+0.47

°0.47

Shakura-Sunyaev Fisher

CTA array

30ps time-jitter


5000 spectral channels

24 hrs


SNR=2750

14

<latexit sha1_base64="tPH9TTqjqqJv8CMiaBt6WWcf2S8=">AAAB73icbVDLSgMxFL3xWeur6tJNsAiuyozvZdGNywr2Ae1QMmmmDU0yY5IRytCfcONCEbf+jjv/xrSdhbYeuHA4517uvSdMBDfW877R0vLK6tp6YaO4ubW9s1va22+YONWU1WksYt0KiWGCK1a33ArWSjQjMhSsGQ5vJ37ziWnDY/VgRwkLJOkrHnFKrJNa/lnH8L4k3VLZq3hT4EXi56QMOWrd0lenF9NUMmWpIMa0fS+xQUa05VSwcbGTGpYQOiR91nZUEclMkE3vHeNjp/RwFGtXyuKp+nsiI9KYkQxdpyR2YOa9ifif105tdB1kXCWpZYrOFkWpwDbGk+dxj2tGrRg5Qqjm7lZMB0QTal1ERReCP//yImmcVvzLysX9ebl6k8dRgEM4ghPw4QqqcAc1qAMFAc/wCm/oEb2gd/Qxa11C+cwB/AH6/AGDpY+l</latexit>

13�

<latexit sha1_base64="wNq6sMCCXfCbmbAJxIqyUL0pIKQ=">AAAB+3icbVDJSgNBEO2JW4xbjEcvjUHwFGbE7Rj04jGCWSAzhJ5OJ2nS3TN010iGYX7FiwdFvPoj3vwbO8tBEx8UPN6roqpeGAtuwHW/ncLa+sbmVnG7tLO7t39QPqy0TJRoypo0EpHuhMQwwRVrAgfBOrFmRIaCtcPx3dRvPzFteKQeIY1ZIMlQ8QGnBKzUK1d8YBPIJFEpzn3Dh5L0ylW35s6AV4m3IFW0QKNX/vL7EU0kU0AFMabruTEEGdHAqWB5yU8MiwkdkyHrWqqIZCbIZrfn+NQqfTyItC0FeKb+nsiINCaVoe2UBEZm2ZuK/3ndBAY3QcZVnABTdL5okAgMEZ4GgftcMwoitYRQze2tmI6IJhRsXCUbgrf88ippnde8q9rlw0W1fruIo4iO0Qk6Qx66RnV0jxqoiSiaoGf0it6c3Hlx3p2PeWvBWcwcoT9wPn8AhheUxA==</latexit>many �

<latexit sha1_base64="wNq6sMCCXfCbmbAJxIqyUL0pIKQ=">AAAB+3icbVDJSgNBEO2JW4xbjEcvjUHwFGbE7Rj04jGCWSAzhJ5OJ2nS3TN010iGYX7FiwdFvPoj3vwbO8tBEx8UPN6roqpeGAtuwHW/ncLa+sbmVnG7tLO7t39QPqy0TJRoypo0EpHuhMQwwRVrAgfBOrFmRIaCtcPx3dRvPzFteKQeIY1ZIMlQ8QGnBKzUK1d8YBPIJFEpzn3Dh5L0ylW35s6AV4m3IFW0QKNX/vL7EU0kU0AFMabruTEEGdHAqWB5yU8MiwkdkyHrWqqIZCbIZrfn+NQqfTyItC0FeKb+nsiINCaVoe2UBEZm2ZuK/3ndBAY3QcZVnABTdL5okAgMEZ4GgftcMwoitYRQze2tmI6IJhRsXCUbgrf88ippnde8q9rlw0W1fruIo4iO0Qk6Qx66RnV0jxqoiSiaoGf0it6c3Hlx3p2PeWvBWcwcoT9wPn8AhheUxA==</latexit>many � [N. Dalal, MG,

C. Gammie, S. Gralla, N. Murray, 

2024]<latexit sha1_base64="qBgksgUhJDBWcAwIa0Um4I/fWR8=">AAACP3icbVA9TxtBEN3jI4BJggMlzQoLiRSx7hAfoUOigYpPGyTfYe2t5+wVex/anUNYq/1nNPwFOto0KYgi2nRZ21cQyJNW+/TejGbmxYUUGn3/yZuanpn9MDe/UFv8+OnzUv3LclvnpeLQ4rnM1VXMNEiRQQsFSrgqFLA0lnAZ3xyM/MtbUFrk2QUOC4hS1s9EIjhDJ3Xr7RBFCpqGEhLsBN/G/0aYKMbNWTdEuENzdH5wbK 05s6ES/QF+vTYTP7Bm01Zi9ErcsrZbb/hNfwz6ngQVaZAKJ936Y9jLeZlChlwyrTuBX2BkmELBJdhaWGooGL9hfeg4mjG3dGTG91u67pQeTXLlXoZ0rL7uMCzVepjGrjJlONBvvZH4P69TYvI9MiIrSoSMTwYlpaSY01GYtCcUcJRDRxhXwu1K+YC5GNBFXnMhBG9Pfk/am81gp7l9utXY36vimCerZI1skIDskn1ySE5Ii3ByT36QZ/LLe/B+er+9l0nplFf1rJB/4P35C0X2sYU=</latexit>

→
[
1↑

(
RISCO

R

) 1
2

] 1
4

<latexit sha1_base64="DClP1NOky7QCJckMYvgjOmJ4OSc=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCITdgVn13AxjKGvCC7htnJbDJk9sHMXSEs+wU2/oqNhSK21nb+jZNkC008MHA451zu3ONGgiswzW8jt7K6tr6R3yxsbe/s7hX3D9oqjCVlLRqKUHZdopjgAWsBB8G6kWTEdwXruOObqd95YFLxMGjCJGKOT4YB9zgloKV+sdy0Ffdxs2/agnlQsT1JaNLom2nSSG3JhyM4ude5klk1Z8 DLxMpICWWo94tf9iCksc8CoIIo1bPMCJyESOBUsLRgx4pFhI7JkPU0DYjPlJPMzklxWSsD7IVSvwDwTP09kRBfqYnv6qRPYKQWvan4n9eLwbtyEh5EMbCAzhd5scAQ4mk3eMAloyAmmhAquf4rpiOiCwHdYEGXYC2evEzap1Xronp+d1aqXWd15NEROkYVZKFLVEO3qI5aiKJH9Ixe0ZvxZLwY78bHPJozsplD9AfG5w+ZC5vT</latexit>

T → T0

(
R0

R

)n



Why is this useful?
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Why is this useful?

Inclination: Probes unification model of AGNs

Slope: Probes departure from classical thin disk theory

Inner structure: Can measure environment at the BH, 
spin?



Why is this useful?

Inclination: Probes unification model of AGNs

Slope: Probes departure from classical thin disk theory

Inner structure: Can measure environment at the BH, 
spin?

No other way to do this!
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Application 2: H0

We need: 1. One angular size
<latexit sha1_base64="/vGNnz7074cq3GPtpkTH5r054fM=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkVwVRLxtSzqwoWLCvYBTSiT6aQdOjMJMzdCCQF/xY0LRdz6He78G6dtFtp64MLhnHu5954w4UyD635bC4tLyyurpbXy+sbm1ra9s9vUcaoIbZCYx6odYk05k7QBDDhtJ4piEXLaCofXY7/1SJVmsXyAUUIDgfuSRYxgMFLX3vdhQAH7mgk/Uphkd3l2k3ftilt1J3DmiVeQCipQ79pffi8mqaASCMdadzw3gSDDChjhNC/7qaYJJkPcpx1DJRZUB9nk/Nw5MkrPiWJlSoIzUX9PZFhoPRKh6RQYBnrWG4v/eZ0UossgYzJJgUoyXRSl3IHYGWfh9JiiBPjIEEwUM7c6ZIBNCmASK5sQvNmX50nzpOqdV8/uTyu1qyKOEjpAh+gYeegC1dAtqqMGIihDz+gVvVlP1ov1bn1MWxesYmYP/YH1+QPeOZYW</latexit>

✓ ⇠ L

D
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Application 2: H0

We need: 1. One angular size
 Intensity Interferometry→

<latexit sha1_base64="/vGNnz7074cq3GPtpkTH5r054fM=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkVwVRLxtSzqwoWLCvYBTSiT6aQdOjMJMzdCCQF/xY0LRdz6He78G6dtFtp64MLhnHu5954w4UyD635bC4tLyyurpbXy+sbm1ra9s9vUcaoIbZCYx6odYk05k7QBDDhtJ4piEXLaCofXY7/1SJVmsXyAUUIDgfuSRYxgMFLX3vdhQAH7mgk/Uphkd3l2k3ftilt1J3DmiVeQCipQ79pffi8mqaASCMdadzw3gSDDChjhNC/7qaYJJkPcpx1DJRZUB9nk/Nw5MkrPiWJlSoIzUX9PZFhoPRKh6RQYBnrWG4v/eZ0UossgYzJJgUoyXRSl3IHYGWfh9JiiBPjIEEwUM7c6ZIBNCmASK5sQvNmX50nzpOqdV8/uTyu1qyKOEjpAh+gYeegC1dAtqqMGIihDz+gVvVlP1ov1bn1MWxesYmYP/YH1+QPeOZYW</latexit>

✓ ⇠ L

D
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Application 2: H0

We need: 1. One angular size

2. The dimensionful size

 Intensity Interferometry→

<latexit sha1_base64="/vGNnz7074cq3GPtpkTH5r054fM=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkVwVRLxtSzqwoWLCvYBTSiT6aQdOjMJMzdCCQF/xY0LRdz6He78G6dtFtp64MLhnHu5954w4UyD635bC4tLyyurpbXy+sbm1ra9s9vUcaoIbZCYx6odYk05k7QBDDhtJ4piEXLaCofXY7/1SJVmsXyAUUIDgfuSRYxgMFLX3vdhQAH7mgk/Uphkd3l2k3ftilt1J3DmiVeQCipQ79pffi8mqaASCMdadzw3gSDDChjhNC/7qaYJJkPcpx1DJRZUB9nk/Nw5MkrPiWJlSoIzUX9PZFhoPRKh6RQYBnrWG4v/eZ0UossgYzJJgUoyXRSl3IHYGWfh9JiiBPjIEEwUM7c6ZIBNCmASK5sQvNmX50nzpOqdV8/uTyu1qyKOEjpAh+gYeegC1dAtqqMGIihDz+gVvVlP1ov1bn1MWxesYmYP/YH1+QPeOZYW</latexit>

✓ ⇠ L

D

<latexit sha1_base64="viCRXy55h2nEktluWGshw92wsvU=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHjxEMAskQ+jp9CRtehm6e4Qw5B+8eFDEq//jzb+xk8xBEx8UPN6roqpelHBmrO9/e0vLK6tr64WN4ubW9s5uaW+/YVSqCa0TxZVuRdhQziStW2Y5bSWaYhFx2oyGNxO/+US1YUo+2FFCQ4H7ksWMYOukRscwge66pbJf8adAiyTISRly1Lqlr05PkVRQaQnHxrQDP7FhhrVlhNNxsZMammAyxH3adlRiQU2YTa8do2On9FCstCtp0VT9PZFhYcxIRK5TYDsw895E/M9rpza+CjMmk9RSSWaL4pQjq9DkddRjmhLLR45gopm7FZEB1phYF1DRhRDMv7xIGqeV4KJyfn9Wrl7ncRTgEI7gBAK4hCrcQg3qQOARnuEV3jzlvXjv3sesdcnLZw7gD7zPHxPujtE=</latexit>⇠ L
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Application 2: H0

We need: 1. One angular size

2. The dimensionful size

 Intensity Interferometry→

 Reverberation Mapping→

<latexit sha1_base64="/vGNnz7074cq3GPtpkTH5r054fM=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkVwVRLxtSzqwoWLCvYBTSiT6aQdOjMJMzdCCQF/xY0LRdz6He78G6dtFtp64MLhnHu5954w4UyD635bC4tLyyurpbXy+sbm1ra9s9vUcaoIbZCYx6odYk05k7QBDDhtJ4piEXLaCofXY7/1SJVmsXyAUUIDgfuSRYxgMFLX3vdhQAH7mgk/Uphkd3l2k3ftilt1J3DmiVeQCipQ79pffi8mqaASCMdadzw3gSDDChjhNC/7qaYJJkPcpx1DJRZUB9nk/Nw5MkrPiWJlSoIzUX9PZFhoPRKh6RQYBnrWG4v/eZ0UossgYzJJgUoyXRSl3IHYGWfh9JiiBPjIEEwUM7c6ZIBNCmASK5sQvNmX50nzpOqdV8/uTyu1qyKOEjpAh+gYeegC1dAtqqMGIihDz+gVvVlP1ov1bn1MWxesYmYP/YH1+QPeOZYW</latexit>

✓ ⇠ L

D

<latexit sha1_base64="viCRXy55h2nEktluWGshw92wsvU=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHjxEMAskQ+jp9CRtehm6e4Qw5B+8eFDEq//jzb+xk8xBEx8UPN6roqpelHBmrO9/e0vLK6tr64WN4ubW9s5uaW+/YVSqCa0TxZVuRdhQziStW2Y5bSWaYhFx2oyGNxO/+US1YUo+2FFCQ4H7ksWMYOukRscwge66pbJf8adAiyTISRly1Lqlr05PkVRQaQnHxrQDP7FhhrVlhNNxsZMammAyxH3adlRiQU2YTa8do2On9FCstCtp0VT9PZFhYcxIRK5TYDsw895E/M9rpza+CjMmk9RSSWaL4pQjq9DkddRjmhLLR45gopm7FZEB1phYF1DRhRDMv7xIGqeV4KJyfn9Wrl7ncRTgEI7gBAK4hCrcQg3qQOARnuEV3jzlvXjv3sesdcnLZw7gD7zPHxPujtE=</latexit>⇠ L
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Application 2: H0

We need: 1. One angular size

2. The dimensionful size

 Intensity Interferometry→

 Reverberation Mapping→

3. A redshift

<latexit sha1_base64="/vGNnz7074cq3GPtpkTH5r054fM=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkVwVRLxtSzqwoWLCvYBTSiT6aQdOjMJMzdCCQF/xY0LRdz6He78G6dtFtp64MLhnHu5954w4UyD635bC4tLyyurpbXy+sbm1ra9s9vUcaoIbZCYx6odYk05k7QBDDhtJ4piEXLaCofXY7/1SJVmsXyAUUIDgfuSRYxgMFLX3vdhQAH7mgk/Uphkd3l2k3ftilt1J3DmiVeQCipQ79pffi8mqaASCMdadzw3gSDDChjhNC/7qaYJJkPcpx1DJRZUB9nk/Nw5MkrPiWJlSoIzUX9PZFhoPRKh6RQYBnrWG4v/eZ0UossgYzJJgUoyXRSl3IHYGWfh9JiiBPjIEEwUM7c6ZIBNCmASK5sQvNmX50nzpOqdV8/uTyu1qyKOEjpAh+gYeegC1dAtqqMGIihDz+gVvVlP1ov1bn1MWxesYmYP/YH1+QPeOZYW</latexit>

✓ ⇠ L

D

<latexit sha1_base64="viCRXy55h2nEktluWGshw92wsvU=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHjxEMAskQ+jp9CRtehm6e4Qw5B+8eFDEq//jzb+xk8xBEx8UPN6roqpelHBmrO9/e0vLK6tr64WN4ubW9s5uaW+/YVSqCa0TxZVuRdhQziStW2Y5bSWaYhFx2oyGNxO/+US1YUo+2FFCQ4H7ksWMYOukRscwge66pbJf8adAiyTISRly1Lqlr05PkVRQaQnHxrQDP7FhhrVlhNNxsZMammAyxH3adlRiQU2YTa8do2On9FCstCtp0VT9PZFhYcxIRK5TYDsw895E/M9rpza+CjMmk9RSSWaL4pQjq9DkddRjmhLLR45gopm7FZEB1phYF1DRhRDMv7xIGqeV4KJyfn9Wrl7ncRTgEI7gBAK4hCrcQg3qQOARnuEV3jzlvXjv3sesdcnLZw7gD7zPHxPujtE=</latexit>⇠ L

<latexit sha1_base64="pb49M5UaG8VdYeo0KIltHHwj6pM=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTia1nURZcV7AOaECbTSTt0ZhJmJkIN8VfcuFDErR/izr9x2mahrQcuHM65l3vvCRNGlXacb6u0srq2vlHerGxt7+zu2fsHHRWnEpM2jlkseyFShFFB2ppqRnqJJIiHjHTD8c3U7z4QqWgs7vUkIT5HQ0EjipE2UmBXm4HjKcqhF0mEs8c8u80Du+bUnRngMnELUgMFWoH95Q1inHIiNGZIqb7rJNrPkNQUM5JXvFSRBOExGpK+oQJxovxsdnwOj40ygFEsTQkNZ+rviQxxpSY8NJ0c6ZFa9Kbif14/1dGVn1GRpJoIPF8UpQzqGE6TgAMqCdZsYgjCkppbIR4hk4I2eVVMCO7iy8ukc1p3L+rnd2e1xnURRxkcgiNwAlxwCRqgCVqgDTCYgGfwCt6sJ+vFerc+5q0lq5ipgj+wPn8AgnOUtQ==</latexit>

H0 ⇠ z

D
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Application 2: H0

We need: 1. One angular size

2. The dimensionful size

 Intensity Interferometry→

 Reverberation Mapping→

3. A redshift
 Line emission→

<latexit sha1_base64="/vGNnz7074cq3GPtpkTH5r054fM=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkVwVRLxtSzqwoWLCvYBTSiT6aQdOjMJMzdCCQF/xY0LRdz6He78G6dtFtp64MLhnHu5954w4UyD635bC4tLyyurpbXy+sbm1ra9s9vUcaoIbZCYx6odYk05k7QBDDhtJ4piEXLaCofXY7/1SJVmsXyAUUIDgfuSRYxgMFLX3vdhQAH7mgk/Uphkd3l2k3ftilt1J3DmiVeQCipQ79pffi8mqaASCMdadzw3gSDDChjhNC/7qaYJJkPcpx1DJRZUB9nk/Nw5MkrPiWJlSoIzUX9PZFhoPRKh6RQYBnrWG4v/eZ0UossgYzJJgUoyXRSl3IHYGWfh9JiiBPjIEEwUM7c6ZIBNCmASK5sQvNmX50nzpOqdV8/uTyu1qyKOEjpAh+gYeegC1dAtqqMGIihDz+gVvVlP1ov1bn1MWxesYmYP/YH1+QPeOZYW</latexit>

✓ ⇠ L

D

<latexit sha1_base64="viCRXy55h2nEktluWGshw92wsvU=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHjxEMAskQ+jp9CRtehm6e4Qw5B+8eFDEq//jzb+xk8xBEx8UPN6roqpelHBmrO9/e0vLK6tr64WN4ubW9s5uaW+/YVSqCa0TxZVuRdhQziStW2Y5bSWaYhFx2oyGNxO/+US1YUo+2FFCQ4H7ksWMYOukRscwge66pbJf8adAiyTISRly1Lqlr05PkVRQaQnHxrQDP7FhhrVlhNNxsZMammAyxH3adlRiQU2YTa8do2On9FCstCtp0VT9PZFhYcxIRK5TYDsw895E/M9rpza+CjMmk9RSSWaL4pQjq9DkddRjmhLLR45gopm7FZEB1phYF1DRhRDMv7xIGqeV4KJyfn9Wrl7ncRTgEI7gBAK4hCrcQg3qQOARnuEV3jzlvXjv3sesdcnLZw7gD7zPHxPujtE=</latexit>⇠ L

<latexit sha1_base64="pb49M5UaG8VdYeo0KIltHHwj6pM=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTia1nURZcV7AOaECbTSTt0ZhJmJkIN8VfcuFDErR/izr9x2mahrQcuHM65l3vvCRNGlXacb6u0srq2vlHerGxt7+zu2fsHHRWnEpM2jlkseyFShFFB2ppqRnqJJIiHjHTD8c3U7z4QqWgs7vUkIT5HQ0EjipE2UmBXm4HjKcqhF0mEs8c8u80Du+bUnRngMnELUgMFWoH95Q1inHIiNGZIqb7rJNrPkNQUM5JXvFSRBOExGpK+oQJxovxsdnwOj40ygFEsTQkNZ+rviQxxpSY8NJ0c6ZFa9Kbif14/1dGVn1GRpJoIPF8UpQzqGE6TgAMqCdZsYgjCkppbIR4hk4I2eVVMCO7iy8ukc1p3L+rnd2e1xnURRxkcgiNwAlxwCRqgCVqgDTCYgGfwCt6sJ+vFerc+5q0lq5ipgj+wPn8AgnOUtQ==</latexit>

H0 ⇠ z

D
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Application 2: H0

We need: 1. One angular size

2. The dimensionful size

 Intensity Interferometry→

 Reverberation Mapping→

3. A redshift
 Line emission→

<latexit sha1_base64="/vGNnz7074cq3GPtpkTH5r054fM=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkVwVRLxtSzqwoWLCvYBTSiT6aQdOjMJMzdCCQF/xY0LRdz6He78G6dtFtp64MLhnHu5954w4UyD635bC4tLyyurpbXy+sbm1ra9s9vUcaoIbZCYx6odYk05k7QBDDhtJ4piEXLaCofXY7/1SJVmsXyAUUIDgfuSRYxgMFLX3vdhQAH7mgk/Uphkd3l2k3ftilt1J3DmiVeQCipQ79pffi8mqaASCMdadzw3gSDDChjhNC/7qaYJJkPcpx1DJRZUB9nk/Nw5MkrPiWJlSoIzUX9PZFhoPRKh6RQYBnrWG4v/eZ0UossgYzJJgUoyXRSl3IHYGWfh9JiiBPjIEEwUM7c6ZIBNCmASK5sQvNmX50nzpOqdV8/uTyu1qyKOEjpAh+gYeegC1dAtqqMGIihDz+gVvVlP1ov1bn1MWxesYmYP/YH1+QPeOZYW</latexit>

✓ ⇠ L

D

<latexit sha1_base64="viCRXy55h2nEktluWGshw92wsvU=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHjxEMAskQ+jp9CRtehm6e4Qw5B+8eFDEq//jzb+xk8xBEx8UPN6roqpelHBmrO9/e0vLK6tr64WN4ubW9s5uaW+/YVSqCa0TxZVuRdhQziStW2Y5bSWaYhFx2oyGNxO/+US1YUo+2FFCQ4H7ksWMYOukRscwge66pbJf8adAiyTISRly1Lqlr05PkVRQaQnHxrQDP7FhhrVlhNNxsZMammAyxH3adlRiQU2YTa8do2On9FCstCtp0VT9PZFhYcxIRK5TYDsw895E/M9rpza+CjMmk9RSSWaL4pQjq9DkddRjmhLLR45gopm7FZEB1phYF1DRhRDMv7xIGqeV4KJyfn9Wrl7ncRTgEI7gBAK4hCrcQg3qQOARnuEV3jzlvXjv3sesdcnLZw7gD7zPHxPujtE=</latexit>⇠ L

<latexit sha1_base64="pb49M5UaG8VdYeo0KIltHHwj6pM=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTia1nURZcV7AOaECbTSTt0ZhJmJkIN8VfcuFDErR/izr9x2mahrQcuHM65l3vvCRNGlXacb6u0srq2vlHerGxt7+zu2fsHHRWnEpM2jlkseyFShFFB2ppqRnqJJIiHjHTD8c3U7z4QqWgs7vUkIT5HQ0EjipE2UmBXm4HjKcqhF0mEs8c8u80Du+bUnRngMnELUgMFWoH95Q1inHIiNGZIqb7rJNrPkNQUM5JXvFSRBOExGpK+oQJxovxsdnwOj40ygFEsTQkNZ+rviQxxpSY8NJ0c6ZFa9Kbif14/1dGVn1GRpJoIPF8UpQzqGE6TgAMqCdZsYgjCkppbIR4hk4I2eVVMCO7iy8ukc1p3L+rnd2e1xnURRxkcgiNwAlxwCRqgCVqgDTCYgGfwCt6sJ+vFerc+5q0lq5ipgj+wPn8AgnOUtQ==</latexit>

H0 ⇠ z

D



Video credit: Wikipedia

Reverberation Mapping

[Blandford, McKee ’82]17



Video credit: Wikipedia

Reverberation Mapping

[Blandford, McKee ’82]17



Video credit: Wikipedia

Reverberation Mapping

[Blandford, McKee ’82]17



Video credit: Wikipedia

Reverberation Mapping

Time-delay gives physical size
[Blandford, McKee ’82]17



Reverberation Mapping

[SDSS RM Project, arXiv:2305.0101]18



Reverberation Mapping

[SDSS RM Project, arXiv:2305.0101]18



Reverberation Mapping

[SDSS RM Project, arXiv:2305.0101]18



Reverberation Mapping

[SDSS RM Project, arXiv:2305.0101]18
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Application 2: H0

We need: 1. One angular size

2. The dimensionful size

 Intensity Interferometry→

 Reverberation Mapping→

3. A redshift
 Line emission→

<latexit sha1_base64="/vGNnz7074cq3GPtpkTH5r054fM=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkVwVRLxtSzqwoWLCvYBTSiT6aQdOjMJMzdCCQF/xY0LRdz6He78G6dtFtp64MLhnHu5954w4UyD635bC4tLyyurpbXy+sbm1ra9s9vUcaoIbZCYx6odYk05k7QBDDhtJ4piEXLaCofXY7/1SJVmsXyAUUIDgfuSRYxgMFLX3vdhQAH7mgk/Uphkd3l2k3ftilt1J3DmiVeQCipQ79pffi8mqaASCMdadzw3gSDDChjhNC/7qaYJJkPcpx1DJRZUB9nk/Nw5MkrPiWJlSoIzUX9PZFhoPRKh6RQYBnrWG4v/eZ0UossgYzJJgUoyXRSl3IHYGWfh9JiiBPjIEEwUM7c6ZIBNCmASK5sQvNmX50nzpOqdV8/uTyu1qyKOEjpAh+gYeegC1dAtqqMGIihDz+gVvVlP1ov1bn1MWxesYmYP/YH1+QPeOZYW</latexit>

✓ ⇠ L

D

<latexit sha1_base64="viCRXy55h2nEktluWGshw92wsvU=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHjxEMAskQ+jp9CRtehm6e4Qw5B+8eFDEq//jzb+xk8xBEx8UPN6roqpelHBmrO9/e0vLK6tr64WN4ubW9s5uaW+/YVSqCa0TxZVuRdhQziStW2Y5bSWaYhFx2oyGNxO/+US1YUo+2FFCQ4H7ksWMYOukRscwge66pbJf8adAiyTISRly1Lqlr05PkVRQaQnHxrQDP7FhhrVlhNNxsZMammAyxH3adlRiQU2YTa8do2On9FCstCtp0VT9PZFhYcxIRK5TYDsw895E/M9rpza+CjMmk9RSSWaL4pQjq9DkddRjmhLLR45gopm7FZEB1phYF1DRhRDMv7xIGqeV4KJyfn9Wrl7ncRTgEI7gBAK4hCrcQg3qQOARnuEV3jzlvXjv3sesdcnLZw7gD7zPHxPujtE=</latexit>⇠ L

<latexit sha1_base64="pb49M5UaG8VdYeo0KIltHHwj6pM=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTia1nURZcV7AOaECbTSTt0ZhJmJkIN8VfcuFDErR/izr9x2mahrQcuHM65l3vvCRNGlXacb6u0srq2vlHerGxt7+zu2fsHHRWnEpM2jlkseyFShFFB2ppqRnqJJIiHjHTD8c3U7z4QqWgs7vUkIT5HQ0EjipE2UmBXm4HjKcqhF0mEs8c8u80Du+bUnRngMnELUgMFWoH95Q1inHIiNGZIqb7rJNrPkNQUM5JXvFSRBOExGpK+oQJxovxsdnwOj40ygFEsTQkNZ+rviQxxpSY8NJ0c6ZFa9Kbif14/1dGVn1GRpJoIPF8UpQzqGE6TgAMqCdZsYgjCkppbIR4hk4I2eVVMCO7iy8ukc1p3L+rnd2e1xnURRxkcgiNwAlxwCRqgCVqgDTCYgGfwCt6sJ+vFerc+5q0lq5ipgj+wPn8AgnOUtQ==</latexit>

H0 ⇠ z

D

[N. Dalal, MG, C. Gammie, S. Gralla, N. Murray, 2024]
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Application 2: H0

We need: 1. One angular size

2. The dimensionful size

 Intensity Interferometry→

 Reverberation Mapping→

3. A redshift
 Line emission→

<latexit sha1_base64="/vGNnz7074cq3GPtpkTH5r054fM=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkVwVRLxtSzqwoWLCvYBTSiT6aQdOjMJMzdCCQF/xY0LRdz6He78G6dtFtp64MLhnHu5954w4UyD635bC4tLyyurpbXy+sbm1ra9s9vUcaoIbZCYx6odYk05k7QBDDhtJ4piEXLaCofXY7/1SJVmsXyAUUIDgfuSRYxgMFLX3vdhQAH7mgk/Uphkd3l2k3ftilt1J3DmiVeQCipQ79pffi8mqaASCMdadzw3gSDDChjhNC/7qaYJJkPcpx1DJRZUB9nk/Nw5MkrPiWJlSoIzUX9PZFhoPRKh6RQYBnrWG4v/eZ0UossgYzJJgUoyXRSl3IHYGWfh9JiiBPjIEEwUM7c6ZIBNCmASK5sQvNmX50nzpOqdV8/uTyu1qyKOEjpAh+gYeegC1dAtqqMGIihDz+gVvVlP1ov1bn1MWxesYmYP/YH1+QPeOZYW</latexit>

✓ ⇠ L

D

<latexit sha1_base64="viCRXy55h2nEktluWGshw92wsvU=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHjxEMAskQ+jp9CRtehm6e4Qw5B+8eFDEq//jzb+xk8xBEx8UPN6roqpelHBmrO9/e0vLK6tr64WN4ubW9s5uaW+/YVSqCa0TxZVuRdhQziStW2Y5bSWaYhFx2oyGNxO/+US1YUo+2FFCQ4H7ksWMYOukRscwge66pbJf8adAiyTISRly1Lqlr05PkVRQaQnHxrQDP7FhhrVlhNNxsZMammAyxH3adlRiQU2YTa8do2On9FCstCtp0VT9PZFhYcxIRK5TYDsw895E/M9rpza+CjMmk9RSSWaL4pQjq9DkddRjmhLLR45gopm7FZEB1phYF1DRhRDMv7xIGqeV4KJyfn9Wrl7ncRTgEI7gBAK4hCrcQg3qQOARnuEV3jzlvXjv3sesdcnLZw7gD7zPHxPujtE=</latexit>⇠ L

<latexit sha1_base64="pb49M5UaG8VdYeo0KIltHHwj6pM=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTia1nURZcV7AOaECbTSTt0ZhJmJkIN8VfcuFDErR/izr9x2mahrQcuHM65l3vvCRNGlXacb6u0srq2vlHerGxt7+zu2fsHHRWnEpM2jlkseyFShFFB2ppqRnqJJIiHjHTD8c3U7z4QqWgs7vUkIT5HQ0EjipE2UmBXm4HjKcqhF0mEs8c8u80Du+bUnRngMnELUgMFWoH95Q1inHIiNGZIqb7rJNrPkNQUM5JXvFSRBOExGpK+oQJxovxsdnwOj40ygFEsTQkNZ+rviQxxpSY8NJ0c6ZFa9Kbif14/1dGVn1GRpJoIPF8UpQzqGE6TgAMqCdZsYgjCkppbIR4hk4I2eVVMCO7iy8ukc1p3L+rnd2e1xnURRxkcgiNwAlxwCRqgCVqgDTCYgGfwCt6sJ+vFerc+5q0lq5ipgj+wPn8AgnOUtQ==</latexit>

H0 ⇠ z

D

[N. Dalal, MG, C. Gammie, S. Gralla, N. Murray, 2024]



Video credit: Wikipedia

Intensity Interferometry

20 [N. Dalal, MG, C. Gammie, S. Gralla, N. Murray, 2024]



Video credit: Wikipedia

Intensity Interferometry

20 [N. Dalal, MG, C. Gammie, S. Gralla, N. Murray, 2024]



Video credit: Wikipedia

Intensity Interferometry

20
Intensity Interferometry gives angular size

[N. Dalal, MG, C. Gammie, S. Gralla, N. Murray, 2024]
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Application 2: H0

We need: 1. One angular size

2. The dimensionful size

 Intensity Interferometry→

 Reverberation Mapping→

3. A redshift
 Line emission→

<latexit sha1_base64="/vGNnz7074cq3GPtpkTH5r054fM=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkVwVRLxtSzqwoWLCvYBTSiT6aQdOjMJMzdCCQF/xY0LRdz6He78G6dtFtp64MLhnHu5954w4UyD635bC4tLyyurpbXy+sbm1ra9s9vUcaoIbZCYx6odYk05k7QBDDhtJ4piEXLaCofXY7/1SJVmsXyAUUIDgfuSRYxgMFLX3vdhQAH7mgk/Uphkd3l2k3ftilt1J3DmiVeQCipQ79pffi8mqaASCMdadzw3gSDDChjhNC/7qaYJJkPcpx1DJRZUB9nk/Nw5MkrPiWJlSoIzUX9PZFhoPRKh6RQYBnrWG4v/eZ0UossgYzJJgUoyXRSl3IHYGWfh9JiiBPjIEEwUM7c6ZIBNCmASK5sQvNmX50nzpOqdV8/uTyu1qyKOEjpAh+gYeegC1dAtqqMGIihDz+gVvVlP1ov1bn1MWxesYmYP/YH1+QPeOZYW</latexit>

✓ ⇠ L

D

<latexit sha1_base64="viCRXy55h2nEktluWGshw92wsvU=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHjxEMAskQ+jp9CRtehm6e4Qw5B+8eFDEq//jzb+xk8xBEx8UPN6roqpelHBmrO9/e0vLK6tr64WN4ubW9s5uaW+/YVSqCa0TxZVuRdhQziStW2Y5bSWaYhFx2oyGNxO/+US1YUo+2FFCQ4H7ksWMYOukRscwge66pbJf8adAiyTISRly1Lqlr05PkVRQaQnHxrQDP7FhhrVlhNNxsZMammAyxH3adlRiQU2YTa8do2On9FCstCtp0VT9PZFhYcxIRK5TYDsw895E/M9rpza+CjMmk9RSSWaL4pQjq9DkddRjmhLLR45gopm7FZEB1phYF1DRhRDMv7xIGqeV4KJyfn9Wrl7ncRTgEI7gBAK4hCrcQg3qQOARnuEV3jzlvXjv3sesdcnLZw7gD7zPHxPujtE=</latexit>⇠ L

<latexit sha1_base64="pb49M5UaG8VdYeo0KIltHHwj6pM=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTia1nURZcV7AOaECbTSTt0ZhJmJkIN8VfcuFDErR/izr9x2mahrQcuHM65l3vvCRNGlXacb6u0srq2vlHerGxt7+zu2fsHHRWnEpM2jlkseyFShFFB2ppqRnqJJIiHjHTD8c3U7z4QqWgs7vUkIT5HQ0EjipE2UmBXm4HjKcqhF0mEs8c8u80Du+bUnRngMnELUgMFWoH95Q1inHIiNGZIqb7rJNrPkNQUM5JXvFSRBOExGpK+oQJxovxsdnwOj40ygFEsTQkNZ+rviQxxpSY8NJ0c6ZFa9Kbif14/1dGVn1GRpJoIPF8UpQzqGE6TgAMqCdZsYgjCkppbIR4hk4I2eVVMCO7iy8ukc1p3L+rnd2e1xnURRxkcgiNwAlxwCRqgCVqgDTCYgGfwCt6sJ+vFerc+5q0lq5ipgj+wPn8AgnOUtQ==</latexit>

H0 ⇠ z

D

[N. Dalal, MG, C. Gammie, S. Gralla, N. Murray, 2024]
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Application 2: H0

We need: 1. One angular size

2. The dimensionful size

 Intensity Interferometry→

 Reverberation Mapping→

3. A redshift
 Line emission→

<latexit sha1_base64="/vGNnz7074cq3GPtpkTH5r054fM=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkVwVRLxtSzqwoWLCvYBTSiT6aQdOjMJMzdCCQF/xY0LRdz6He78G6dtFtp64MLhnHu5954w4UyD635bC4tLyyurpbXy+sbm1ra9s9vUcaoIbZCYx6odYk05k7QBDDhtJ4piEXLaCofXY7/1SJVmsXyAUUIDgfuSRYxgMFLX3vdhQAH7mgk/Uphkd3l2k3ftilt1J3DmiVeQCipQ79pffi8mqaASCMdadzw3gSDDChjhNC/7qaYJJkPcpx1DJRZUB9nk/Nw5MkrPiWJlSoIzUX9PZFhoPRKh6RQYBnrWG4v/eZ0UossgYzJJgUoyXRSl3IHYGWfh9JiiBPjIEEwUM7c6ZIBNCmASK5sQvNmX50nzpOqdV8/uTyu1qyKOEjpAh+gYeegC1dAtqqMGIihDz+gVvVlP1ov1bn1MWxesYmYP/YH1+QPeOZYW</latexit>

✓ ⇠ L

D

<latexit sha1_base64="viCRXy55h2nEktluWGshw92wsvU=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHjxEMAskQ+jp9CRtehm6e4Qw5B+8eFDEq//jzb+xk8xBEx8UPN6roqpelHBmrO9/e0vLK6tr64WN4ubW9s5uaW+/YVSqCa0TxZVuRdhQziStW2Y5bSWaYhFx2oyGNxO/+US1YUo+2FFCQ4H7ksWMYOukRscwge66pbJf8adAiyTISRly1Lqlr05PkVRQaQnHxrQDP7FhhrVlhNNxsZMammAyxH3adlRiQU2YTa8do2On9FCstCtp0VT9PZFhYcxIRK5TYDsw895E/M9rpza+CjMmk9RSSWaL4pQjq9DkddRjmhLLR45gopm7FZEB1phYF1DRhRDMv7xIGqeV4KJyfn9Wrl7ncRTgEI7gBAK4hCrcQg3qQOARnuEV3jzlvXjv3sesdcnLZw7gD7zPHxPujtE=</latexit>⇠ L

<latexit sha1_base64="pb49M5UaG8VdYeo0KIltHHwj6pM=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTia1nURZcV7AOaECbTSTt0ZhJmJkIN8VfcuFDErR/izr9x2mahrQcuHM65l3vvCRNGlXacb6u0srq2vlHerGxt7+zu2fsHHRWnEpM2jlkseyFShFFB2ppqRnqJJIiHjHTD8c3U7z4QqWgs7vUkIT5HQ0EjipE2UmBXm4HjKcqhF0mEs8c8u80Du+bUnRngMnELUgMFWoH95Q1inHIiNGZIqb7rJNrPkNQUM5JXvFSRBOExGpK+oQJxovxsdnwOj40ygFEsTQkNZ+rviQxxpSY8NJ0c6ZFa9Kbif14/1dGVn1GRpJoIPF8UpQzqGE6TgAMqCdZsYgjCkppbIR4hk4I2eVVMCO7iy8ukc1p3L+rnd2e1xnURRxkcgiNwAlxwCRqgCVqgDTCYgGfwCt6sJ+vFerc+5q0lq5ipgj+wPn8AgnOUtQ==</latexit>

H0 ⇠ z

D

[N. Dalal, MG, C. Gammie, S. Gralla, N. Murray, 2024]



CTA-like array









<latexit sha1_base64="dkYR3TqqB5QVk0hVDUxFHTSB510=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqs6Ir2XFjcsK9gGdoWTSTBuaZIYkUyhDwa9w40IRt/6MO//GdNqFth643MM595KbEyacaeO6305hZXVtfaO4Wdra3tndK+8fNHWcKkIbJOaxaodYU84kbRhmOG0nimIRctoKh3dTvzWiSrNYPppxQgOB+5JFjGBjJX90RnzNBHKrrtctV2zLgZaJNycVmKPeLX/5vZikgkpDONa647mJCTKsDCOcTkp+qmmCyRD3acdSiQXVQZbfPEEnVumhKFa2pEG5+nsjw0LrsQjtpMBmoBe9qfif10lNdBNkTCapoZLMHopSjkyMpgGgHlOUGD62BBPF7K2IDLDCxNiYSjYEb/HLy6R5XvWuqpcPF5Xa7dMsjiIcwTGcggfXUIN7qEMDCCTwDK/w5qTOi/PufMxGC848wkP4A+fzB2a6kQc=</latexit>

v/c ⇠ 0.01
<latexit sha1_base64="ofMzpXpOEMx+lC51APQUffFCwy4=">AAACAHicbVDJSgNBEO2JW4zbqAcPXhqD4MUw434MevEYwSyQDKGnU0na9Cx014hhmIu/4sWDIl79DG/+jZ3loNEHBY/3qqiq58dSaHScLys3N7+wuJRfLqysrq1v2JtbNR0likOVRzJSDZ9pkCKEKgqU0IgVsMCXUPcHVyO/fg9Kiyi8xWEMXsB6oegKztBIbXvn2GkhPGAaa4oigMM7gQgqa9tFp+SMQf8Sd0qKZIpK2/5sdSKeBBAil0zrpuvE6KVMoeASskIr0RAzPmA9aBoasgC0l44fyOi+UTq0GylTIdKx+nMiZYHWw8A3nQHDvp71RuJ/XjPB7oWXijBOEEI+WdRNJMWIjtKgHaGAoxwawrgS5lbK+0wxbjLQBROCO/vyX1I7KrlnpdObk2L5chpHnuySPXJAXHJOyuSaVEiVcJKRJ/JCXq1H69l6s94nrTlrOrNNfsH6+Aa/OpaI</latexit>

30ps time-jitter
<latexit sha1_base64="1T84aO9DCdMuavcclZOemL9o+KA=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyyCq5KU+tgIFTcuK/QFbQiT6bQdOsmEmRuxhKALf8WNC0Xc+hXu/BunTRfaeuDCmXPuZe49fsSZAtv+NnJLyyura/n1wsbm1vaOubvXVCKWhDaI4EK2fawoZyFtAANO25GkOPA5bfmj64nfuqNSMRHWYRxRN8CDkPUZwaAlzzyoe12g95AIX6WX5Ur2GEqVembRLtlTWIvEmZEimqHmmV/dniBxQEMgHCvVcewI3ARLYITTtNCNFY0wGeEB7Wga4oAqN5mekFrHWulZfSF1hWBN1d8TCQ6UGge+7gwwDNW8NxH/8zox9C/chIVRDDQk2Uf9mFsgrEkeVo9JSoCPNcFEMr2rRYZYYgI6tYIOwZk/eZE0yyXnrHR6WylWrx6zOPLoEB2hE+Sgc1RFN6iGGoigB/SMXtGb8WS8GO/GR9aaM2YR7qM/MD5/AA9MmEc=</latexit>

Tobs = 24hrs
<latexit sha1_base64="ETX1BU0Nw7csx9YYtJu9HE29/do=">AAACEXicbZA9SwNBEIb3/DZ+RS1tDoNgIWFPjNoIio1lFBMDuRD2NpO4uLd37s6J4Qj4C2z8KzYWitja2flv3EtSaOILCy/vzDIzTxBLYZDSb2dicmp6ZnZuPrewuLS8kl9dq5oo0RwqPJKRrgXMgBQKKihQQi3WwMJAwlVwc5rVr+5AGxGpS+zG0AhZR4m24Axt1Mxv+yHDa85ketE7KlFKd/zbhLV8hHtMS9Tl10wpkKbXzBdokfbljhtvaApkqHIz/+W3Ip6EoJBLZkzdozE2UqZRcAm9nJ8YiBm/YR2oW6tYCKaR9i/quVs2abntSNun0O2nv3+kLDSmGwa2M9vfjNay8L9aPcH2YSMVKk4QFB8MaifSxcjN8LgtoYGj7FrDuBZ21wyBZhwtxJyF4I2ePG6qu0Vvv1g63yscnzwMcMyRDbJJtolHDsgxOSNlUiGcPJJn8krenCfnxXl3PgatE84Q4Tr5I+fzB7v0nWM=</latexit>

R = 5000, 50 channels

IRAS 09149-6206, z=0.057

NGC 7469, z=0.016


3C 273, z=0.158

22

Distance error per AGN - spectroscopy

<latexit sha1_base64="i1pRSArZYm6C3fey2SZEZ5Ji37A=">AAACEXicbVC5TsNAEF2HK4QrQEmzIkKiimyuUCJoqFA4ApFiK1pvJrDKer3aHSMiK79Aw6/QUIAQLR0df4OdpOB60khP781oZl6opbDoup9OYWJyanqmOFuam19YXCovr1zaODEcGjyWsWmGzIIUChooUEJTG2BRKOEq7B3l/tUtGCtidYF9DUHErpXoCs4wk9rlTR/hDtPzk7OBz7Q28R2tbY80qsFQfsOUAjkotcsVt+oOQf8Sb0wqZIx6u/zhd2KeRKCQS2Zty3M1BikzKLiEQclPLGjGe+waWhlVLAIbpMOPBnQjUzq0G5usFNKh+n0iZZG1/SjMOiOGN/a3l4v/ea0Eu/tBKpROEBQfLeomkmJM83hoRxjgKPsZYdyI7NY8AsM4ZiHmIXi/X/5LLreq3l5193SncnA4jqNI1sg62SQeqZEDckzqpEE4uSeP5Jm8OA/Ok/PqvI1aC854ZpX8gPP+BVUqnVQ=</latexit>

SNR ⇡ 73 per channel

[N. Dalal, MG, C. Gammie, S. Gralla, N. Murray, 2024]



Conclusions

23



Conclusions

23

Long Baseline Intensity Interferometry: optical interferometry over arbitrary 
baselines



Conclusions

New technologies allow us to resolve bright AGNs

23

Long Baseline Intensity Interferometry: optical interferometry over arbitrary 
baselines



Conclusions

New technologies allow us to resolve bright AGNs

• Large and cheap photon buckets +

23

Long Baseline Intensity Interferometry: optical interferometry over arbitrary 
baselines



Conclusions

New technologies allow us to resolve bright AGNs

• Large and cheap photon buckets +

• Modern ultrafast photodetection +

23

Long Baseline Intensity Interferometry: optical interferometry over arbitrary 
baselines



Conclusions

New technologies allow us to resolve bright AGNs

• Large and cheap photon buckets +

• Modern ultrafast photodetection +

• Spectroscopy

23

Long Baseline Intensity Interferometry: optical interferometry over arbitrary 
baselines



Conclusions

New technologies allow us to resolve bright AGNs

• Large and cheap photon buckets +

• Modern ultrafast photodetection +

• Spectroscopy

23

Long Baseline Intensity Interferometry: optical interferometry over arbitrary 
baselines

Applications:



Conclusions

New technologies allow us to resolve bright AGNs

• Large and cheap photon buckets +

• Modern ultrafast photodetection +

• Spectroscopy

‣ Geometric measurement of the Hubble constant 
•  enough to resolve tension

23

Long Baseline Intensity Interferometry: optical interferometry over arbitrary 
baselines

Applications:



Conclusions

New technologies allow us to resolve bright AGNs

• Large and cheap photon buckets +

‣ Detailed properties of AGN accretion disks

• Modern ultrafast photodetection +

• Spectroscopy

‣ Geometric measurement of the Hubble constant 
•  enough to resolve tension

23

Long Baseline Intensity Interferometry: optical interferometry over arbitrary 
baselines

Applications:



Conclusions

New technologies allow us to resolve bright AGNs

• Large and cheap photon buckets +

‣ Detailed properties of AGN accretion disks

• Modern ultrafast photodetection +

• Spectroscopy

‣ Sensitivity to the innermost part of the disk and the hole

‣ Geometric measurement of the Hubble constant 
•  enough to resolve tension
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Long Baseline Intensity Interferometry: optical interferometry over arbitrary 
baselines

Applications:
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Sample variance on H0
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[Riess et al. 2022]
[Planck 2018]
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Sharp hole profile



Wide hole profile



SNe Ia Riess: 0.023 < z < 0.15

Just Cepheids, z<0.011

H0LiCOW: z=0.41, HE 0435-1223

H0 redshifts
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Video credit: NASA’s Goddard Space Flight Center/Chris Smith (USRA/GESTAR)
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Fainter, magnitude 16, SNR ~ 30 in 24hrs

Video credit: NASA’s Goddard Space Flight Center/Chris Smith (USRA/GESTAR)
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Fainter, magnitude 16
Last weeks to months

, SNR ~ 30 in 24hrs

Physics poorly understood
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Future
Tidal Disruption Events

Fainter, magnitude 16
Last weeks to months

, SNR ~ 30 in 24hrs

Physics poorly understood
Measures BH spin

Video credit: NASA’s Goddard Space Flight Center/Chris Smith (USRA/GESTAR)
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Photon Rings

Image credit: arXiv:1906.00873 [Gralla, Holz, Wald]
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5 month total exposure time

Square-km of glass!

Strong gravitational lensing

Only way to do this

Probes strong-field GR

People have been as crazy: LFAST, 20.000 , $60M, $8000 per telescopem2
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Narrabri Stellar Intensity Interferometer

1965–1974M87 BH Credit: EHT Collaboration
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Photon buckets work and are cheap

1,200 m2

$60M

Uses Chereknov array

Uses modern photodetectors



SPADs can be bought commercially


