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1
vlbi-resolve, [AFH+22], day 0.



Idea

Product Rule of Probabilities
aka Bayes’ theorem

P(s|d) = P(d|s)P(s)
P(d)

P(A|B): conditional probability,
s: parameters, d: data.

(Some) assumptions
X The brightness is strictly positive.
X The source features correlation in
spatial, temporal and frequency
direction.

=⇒ Encoded in P(s).

In our case

X Correlation structure→ full 4d-movie: sky brightness has shape (2, 28, 256, 256).
X The posterior P(s|d) is a ridiculously high-dimensional function:{

R7.500.000 → R≥0

s 7→ P(s|d)

X This function encodes our knowledge on M87* including uncertainties.
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vlbi-resolve, [AFH+22], day 0.



4
ehtimaging, [AAA+19], day 0.



vlbi-resolve, [AFH+22], posterior mean.



vlbi-resolve, [AFH+22], 16 posterior samples.



Data consistency

Figure 1: Three closure phases for triples of antennas as a function of time.
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Setup



The Event Horizon Telescope (EHT)

[AAA+19]
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Likelihood

⇒ Imaging using only closure quantities (phases φd and logarithmic amplitudes ρd)

φdclos = Mφd ρdclos = Lρd
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Prior - Correlations
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Prior - Correlations
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Prior - Correlations
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vlbi-resolve, [AFH+22], 16 posterior samples.



Validation



Validation

X Synthetic source
X Generate data according to EHT
observation

X Reconstruct
X Compare to truth
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Validation
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Hyperparameter Validation - The Good, the Bad and the Ugly

M87* Crescent
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Conclusion

Figure 2: M87* on day 0 imaged with
vlbi-resolve [AFH+22]. Saturated
color bar.

Key aspects
X Four-dimensional (time, frequency, space)
resonstruction of M87*

X Correlation kernel is non-parametrically learned
from the data

X Bayesian treatment despite huge problem size (107

dofs)
X Intrinsic uncertainty quantification
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Ring fitting (see [AAA+19, Table 7])

d (µas) w (µas) η (◦) A fC

eht-imaging [AAA+19]
April 5 39.3± 1.6 16.2± 2.0 148.3± 4.8 0.25± 0.02 0.08
April 6 39.6± 1.8 16.2± 1.7 151.1± 8.6 0.25± 0.02 0.06
April 10 40.7± 1.6 15.7± 2.0 171.2± 6.9 0.23± 0.03 0.04
April 11 41.0± 1.4 15.5± 1.8 168.0± 6.9 0.20± 0.02 0.04

Our method
Uncertainty as per [AAA+19, Table 7])

April 5 44.4± 3.4 23.2± 5.2 164.9± 9.5 0.26± 0.04 0.365
April 6 44.4± 2.9 23.3± 5.4 161.7± 5.6 0.24± 0.04 0.374
April 10 44.8± 2.8 23.0± 5.0 176.7± 9.8 0.22± 0.03 0.374
April 11 44.6± 2.8 22.8± 4.8 180.1± 10.4 0.22± 0.03 0.372
Sample uncertainty

April 5 44.1± 1.2 23.1± 2.4 163.9± 5.0 0.25± 0.03 0.377± 0.081
April 6 44.0± 1.2 22.9± 2.4 161.9± 6.0 0.24± 0.03 0.385± 0.085
April 10 44.6± 1.2 22.9± 2.5 176.2± 6.5 0.22± 0.03 0.383± 0.089
April 11 44.6± 1.2 23.0± 2.6 179.8± 6.2 0.22± 0.03 0.383± 0.090



Ring Parameters

µ µ

η



Spectral dependency

50 µas
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Figure 3: The relative spectral index and the pixel-wise uncertainty, as calculated from the
227–229 GHz channels.



Reduced χ2

April 5 April 6 April 10 April 11

Simulation 1.2, 1.0 1.3, 1.2 1.4, 1.3 1.1, 1.1
Disk 1.6, 1.2 1.4, 1.3 1.5, 1.4 1.3, 1.2
Double Sources 1.2, 1.1 1.2, 1.1 1.3, 1.3 1.4, 1.1
Crescent 1.2, 1.0 1.3, 0.9 1.0, 0.9 1.4, 1.1
M87* 1.1, 0.9 1.1, 0.8 1.1, 0.9 1.1, 0.9

Table 1: The χ2 of the reconstruction for closure (phase, amplitude).



Prior - Correlations



Prior - Correlations
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ehtimaging, [AAA+19], day 6.



ehtimaging, [AAA+19], day 5.



ehtimaging, [AAA+19], day 1.



Hyperparameter Validation

X In total 15 hyperparameters
X Specifying mean and variance
X Draw mean hyperparameters within a
uniform 3σ interval

X Perform 100 reconstructions



Static Source: Simulation



Static Source: Simulation



Static Source: Disk



Dynamic Source: Gaussian Shapes



Dynamic Source: Crescent



Validation

X Reconstruction works on various
sources

X We recover dynamics
X Results are widely insensitive to
hyperparameters

X Room for improvement in the inference
heuristic
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