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How Big Must Our Telescope Be? Earth Sized
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The Event Horizon Telescope (EHT)

Very Long Baseline Interferometry




Very Long Baseline Interferometry (VLBI)

Black Hole Image Frequency Measurements
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Very Long Baseline Interferometry (VLBI)

Frequency Measurements
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Very Long Baseline Interferometry (VLBI)

Frequency Measurements
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Very Long Baseline Interferometry (VLBI)

Frequency Measurements
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True Image

Reconstruction

Unconventional Imaging: The EHT
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True Image

Reconstruction

Inverting the EHT Imaging System
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’ Inverting the Imaging System: Ambiguity
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True Image

Reconstruction

Unconventional Imaging: The VLA
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’ Traditional Approach: CLEAN
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Systematic Gain Error Thermal Noise

Atmospheric Error

Quantization Error
\ / Scattering

Noise we Experience
in ~1 mm VLBI Data




Atmospheric Error: The Effect
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Bayesian Model Inversion
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Simulated EHT Image Reconstruction

Emission Blurred £ Reconstruction Blurred

Emission Reconstruction

Data courtesy of Jason Dexter, Monika Moscibrodzka, Hotaka Shiokawa and Kazunori Akiyama



Calibration-Free Imaging

“Interferometric Imaging Directly with Closure Phases and Closure Amplitudes”



Atmospheric Phase Error

Atmospheric Noise »
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Systematic Gain Error
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Atmospheric + Systematic Gain Error

Vmeas

Vis™ G Gy exp(¢1 — ¢2)

Amplitude Errors Phase Error



Atmospheric + Systematic Gain Error

Amplitude Errors Phase Error



I Atmospheric Phase Error: Phase Closure




Systematic Gain Error: Closure Amplitude
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Joint Work with Andrew Chael and Michael Johnson

’Cdlibrq’rion Free Imaging
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'The EHT’s Black Hole Targets

230 GHz flux density (Jy)
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Testing General Relativity



The “No Hair” Theorem

The spacetime surrounding a black hole can be fully characterized by three numbers:

Mass Angular Momentum (spin) CM

Constant Mass

«

Spin O

Spin changes shadow size by +/- 4%



| The InfOI"mCIﬁOn PCII'CICIOX (don’t ask me too much ©)

Information

Can Disappear!




Measuring the Black Hole Spin to Probe Spacetime

Spin Changes a shadow by +/- 4% .... Which is only 2 microarcseconds
(the highest spatial frequency we measure corresponds to 25 microarcseconds)

Constant Mass

«

Spin O

The Black Hole Spin Has a Much Bigger Effect on the Rotation of Gas Around the Back Hole
Spin changes shadow size by +/- 4%




Observing an Evolving Source

Sampled Frequency Coverage

North-South Frequency (v)
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Observing an Evolving Source

Static

1SS
[6)]

o

|
'S
(6)}

|
O
o

|
N
N
w

Closure Phase (Degrees)

0 0-3 Time (Hours) 2 2

Every 1 second in this simulation

corresponds to 3 minutes

Dynamic



Imaging a Time-Varying Source as a Static Image
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' Imaging a Time-Varying Source as Snapshots

Measurements \

Courtesy of Hotaka Shiokawa
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Time-Variable Imaging

“Reconstructing Video of Time-Varying Sources from Radio Interferometric Measurements ”



Different Images Over Time




New Observation at Each Time
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Small Appearance Change Over Time
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Reconstructing Each Snapshot
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Solving for the Video




Solving for the Video: Data Consistency

N N N
p(X7 Y) X H Spytlxt H SOXt H prt‘xt—l
t=2

t=1 t=1

DATA CONSISTENCY:

Each video frame should be consistent
with the data taken at it’s

corresponding time




Solving for the Video: Image Prior

N N N
p(X,Y) o< | [y | | ox ] o
t—=1 t=1 t=2

IMAGE PRIOR:
Each video frame should look like

how we expect images to look



Solving for the Video: Frame Similarity

N N N
p(X7 Y) X H SOYt|Xt H Pxy H ¢Xt|xt—1
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g

FRAME SIMILARITY:

Each video frame should look similar
to its adjacent video frames



Solving for the Video




Solving for the Video




' Video Reconstruction: EHT 2017 Array
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Video Reconstruction: EHT 2017 Array
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' Video Reconstruction: EHT 201/7++ Array
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Simultaneously Solve for Motion Transformation
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Latent Images: X]_ | X2 ) XS XN
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Learning the Approximate Persistent Motion
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Generating Movies from Real Radio Data

01/27/07
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Forward-Backward Optimization
to Find Most Likely Image Given All Measurements

Image Prior Image Prior Image Prior Imqge Prior

Non Linear Non Linear Non Linear Non Linear




Solving for the Video: Optimization

Pixel Pixel Pixel Pixel
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Solving for the Video: Optimization

Pixel Pixel Pixel Pixel
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Solving for the Video: Optimization
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Propagating Uncertainty

“ | €

Ground Truth Video No Propagation Our Method
of Uncertainty



Propagating Uncertainty: More Realistic Data

Ground Truth Video No Propagation Our Method
of Uncertainty



Can We Easily Add Other Telescopes?

SIMULATION SCATTERED

VLBA +

Shortest Wavelength of 3 mm (

M. Moscibrodzka M. D. Johnson

UNSCATTERED

GMVA+ALMA observations | S. Issaoun GMVA+ALMA observations

Issoun et al. 2019 “The Size, Shape, and Scattering of Sagittarius A* at 86 GHz: First VLBl with ALMA*



Can We Egiily Add Other Telescopes?

Option 1: Build/Equip New Ground Sites

There are a limited number of high-altitude locations suitable for siting
antennas that observe at ~ 1 mm

Option 2: Go to Space! Build/Launch Low-Earth Orbiters




Expanding the EHT to Space

“Metrics and Motivations for Earth-Space VLBI: Time-Resolving Sgr A* with the Event Horizon Telescope” (in submission)



'A Brief History of Space-VLBI

1986-1988 1997-2003 ~2011-2019

Tracking and Data Relay Satellite (TDRSS)  VLBI Space Observatory Program (VSOP)

RadioAstron
e Shortest wavelength of 2 cm * Shortest wavelength of 6 cm *  Shortest wavelength of 1.3 cm
* Baseline of 2.2 Earth Diameters * Baseline of 3 Earth Diameters e Baseline of 28 Earth Diameters
* 24 hour period * 6.3 hour period « 8.5 dayperiod
* 5.8 mdish * 8.8 mdish

* 10 mdish

Angular resolution of ~10 vas....
but at 1.3 CENTIMETERS...NOT MILLIMETERS



Adding Face-On Low Earth Orbiters

* Observes at 0.8-1.3 mm wavelength

* Baseline of ~ 1 Earth Diameter

* Has a Fast Period of ~90 minutes

* Always in the line of sight of the black hole




i Low Earth Orbiters: 20 minute period

Frequency Measurements Frequency Measurements
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i Low Earth Orbiters: 20 minute period

Frequency Measurements Frequency Measurements
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Fourier Coverage Within 30 minutes
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Reconstructions: Face on Turbulence

Truth Video EHT Ground Sites + 1 Orbiter + 4 Orbiters




Reconstructions: Hot Spot

Truth Video EHT Ground Sites + 1 Orbiter + 4 Orbiters




North-South Baseline (GA)

| Merging the 0.8 and 1.3 mm Coverage
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Hardware Needs/Limitations

Goal: Thermal Noise should be < 20 mJy

lonitoring
| Event

* Averaging Time (coherence time)
* Ground sites are limited by the atmosphere
* Space orbiters are limited by how much you
can average in an image’s frequency space
without encountering phase wraps (more

compact images allow longer averaging)
* Bandwidth around observed light frequency
* Dish and Receiver Quality (SEFD)
* Dish Size

. . h A“"]:‘
* 4 meter can fit in Space X Falcon 9 ot

pPa 1 un]bo

* Dish Efficiency
* Receiver Temperature Daniel Palumbo



Hardware Needs/Limitations

Goal: Thermal Noise should be < 20 mJy

* Averaging Time (coherence time)
* Ground sites are limited by the atmosphere
* Space orbiters are limited by how much you
can average in an image’s frequency space
without encountering phase wraps (more
compact images allow longer averaging)
* Bandwidth around observed light frequency
* Dish and Receiver Quality (SEFD)
* Dish Size
* 4 meter can fit in Space X Falcon 9
* Dish Efficiency
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Optimizing the Hardware with the Orbit Pattern

How to best optimize for all the observed sources?

0

AAAAAAAA

Orbit Pattern 1 Orbit Pattern 2



What Other BHs Become Visible with Space-VLBI?
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Simulated Image Courtesy of Hotaka Shiokawa






