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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

2

[Dalal, MG, Gammie, Gralla, Murray, Phys. Rev. D 109, 123029/arXiv:2403.15903]



Application 1: AGN disks

3



<latexit sha1_base64="Jh9dpBjsuyHH9U6iRLH5/HcfiTo="></latexit>

T ⇠ T0

✓
R0

R

◆ 3
4

"
1�

✓
RISCO

R

◆ 1
2

# 1
4Toy example: Shakura-Sunyaev 4

[Dalal, MG, Gammie, Gralla, Murray, Phys. Rev. D 109, 123029/arXiv:2403.15903]



sin i = 0.50+0.01
°0.01

2.9
0

2.9
5

3.0
0

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=2000

[Dalal, MG, Gammie, Gralla, Murray, Phys. Rev. D 109, 123029/arXiv:2403.15903]

5



sin i = 0.50+0.01
°0.01

2.9
0

2.9
5

3.0
0

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=2000

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

13�

[Dalal, MG, Gammie, Gralla, Murray, Phys. Rev. D 109, 123029/arXiv:2403.15903]

5



sin i = 0.50+0.01
°0.01

2.9
0

2.9
5

3.0
0

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=2000

<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 �

[Dalal, MG, Gammie, Gralla, Murray, Phys. Rev. D 109, 123029/arXiv:2403.15903]

5



sin i = 0.50+0.01
°0.01

2.9
0

2.9
5

3.0
0

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=2000

<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 �

[Dalal, MG, Gammie, Gralla, Murray, Phys. Rev. D 109, 123029/arXiv:2403.15903]

5



sin i = 0.50+0.01
°0.01

2.9
0

2.9
5

3.0
0

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=2000

<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 �

[Dalal, MG, Gammie, Gralla, Murray, Phys. Rev. D 109, 123029/arXiv:2403.15903]

5

2 x 10m telescopes

30ps time-jitter


16 spectral channels

24 hrs

SNR=7



Principal component analysis
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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?

No other way to do this!

[Dalal, MG, Gammie, Gralla, Murray, Phys. Rev. D 109, 123029/arXiv:2403.15903]
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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

[Dalal, MG, Gammie, Gralla, Murray, Phys. Rev. D 109, 123029/arXiv:2403.15903]

8Application 2: Hubble constant



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

[Dalal, MG, Gammie, Gralla, Murray, Phys. Rev. D 109, 123029/arXiv:2403.15903]

8Application 2: Hubble constant



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

[Dalal, MG, Gammie, Gralla, Murray, Phys. Rev. D 109, 123029/arXiv:2403.15903]

8Application 2: Hubble constant



Video credit: Wikipedia

Reverberation Mapping

[Blandford, McKee ’82]

9



Video credit: Wikipedia

Reverberation Mapping

[Blandford, McKee ’82]

9



Video credit: Wikipedia

Reverberation Mapping

[Blandford, McKee ’82]

9



Video credit: Wikipedia

Reverberation Mapping

[Blandford, McKee ’82]

9



Video credit: Wikipedia

Reverberation Mapping

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

9



10Broad Line Region



Reverberation Mapping

[SDSS RM Project, arXiv:2305.0101]

11



Reverberation Mapping

[SDSS RM Project, arXiv:2305.0101]

11



Reverberation Mapping

[SDSS RM Project, arXiv:2305.0101]

11



Reverberation Mapping

[SDSS RM Project, arXiv:2305.0101]

11



We need: 1. One angular size
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3. A redshift
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3.4% 

Distance error!
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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

<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

[Dalal, MG, Gammie, Gralla, Murray, Phys. Rev. D 109, 123029/arXiv:2403.15903]
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Distance error per AGN - one pixel

[Dalal, MG, Gammie, Gralla, Murray, Phys. Rev. D 109, 123029/arXiv:2403.15903]

IRAS 09149-6206, z=0.057

NGC 7469, z=0.016


3C 273, z=0.158

<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
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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
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Start with small arrays and short baselines and expand outwards

Study AGN at cosmological distances

Broad line region physics

Reverberation mapping  Hubble constant→

Thank you!



Thank you!



AGN Extras



Sample variance on H0

[Riess et al. 2022]
[Planck 2018]

<latexit sha1_base64="3VLQ9dnUelwD/6PqC6YJ1k5yXQY="></latexit>

�2
H

= �2
CV +

v2

R2
max

1

Nobj
, v ⇡ 630 km/s



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


