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EHT imaging of the shadows 
of supermassive black holes. 
IV. Models for Interpretation
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Today
•Overall Objective

•Introduce the practices of our trade: what it takes to measure the shadow of supermassive black holes

•Today: Models for interpretation
•What are we looking at?
•Photon ring
•BH mass and distances
•Fitting models
•α calibration
•GRMHD models
•Constraints from GRMHD
•Spin, inclination
•Variability crises
•Future…
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How would a Black Hole look like

Bardeen 1973 Luminet 1979
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And could we ever observe?

Falcke, Melia, Agol 2000

𝜃shadow ~ 10 GM/Dc2 ~ 50 μas

max rotation

model 0.6mm 1.3mm
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Interpreting ring sizes
• Angular size  

of gravitational radius:

• Schwartzschild diameter: 

• ISCO diameter
• for non-rotating: 
• Innermost Stable Circular Orbit 
• ISCO diameter Kerr 

• Photon ring
• Non - rotating 
• Cross section for shadow 
• Kerr photon ring 

• Depending on orientation 

• From simulations
• Convolved with beam…

θg =
GM
c2D
4 θg

12 θg

2 27 θg = 10.4 θg

< 18 θg

9.6 − 10.4 θg

d = α θg

d

Max von Laue (1921): 
“Die Relativitätstheorie. Zweiter Band”, Vieweg, 1921



Image from gravitational lensing
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Photon rings
• Will deppend on spin… weakly
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General Relativistic Magneto Hydro Dynamic Models

• GRMHD models are really very important for EHT
• Test imaging and calibration 
• Explain what we look at 

• Calibrate  

• Interpret our images in physical parameters 

• Typical inputs
• spin 
• inclination 
• MAD vs SANE 

• Magnetically Arrested Disks 
• Standard and Normal Evolution 

• Different temperatures electrons/ions

d = α θg
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Go for SgrA* for best priors
• For M87 large difference between MBH from gas and stellar dynamics

• Results favour higher mass from stellar measurements 

• For SgrA* much more precise, M and D
• But some controversy Keck & GRAVITY 

• M87 inclination 14°
• SgrA* unconstrained

• Jet is missing… 

• Despite scattering
• Despite variability





Collaboration Meeting Dec 7 2021

Interstellar scattering
• Limits view on SgrA* at 

longer wavelengths
• Where it is optically thick anyway 

• Becomes sub-dominant at 
1mm

• Where it is optically thin 
• And global VLBI reaches 20μas

20 µas
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Prediction of scattering effects 
• diffractive part blurs, but can be 

corrected (but reduces SNR) 
• refractive part extra noise on long 

baselines

Doeleman et al. 2008
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Best SgrA* image published to date
•Global Millimeter VLBI Array (GMVA)

•At 7mm, including ALMA
•Favouring (extended) disk models over jet models 

140

Issaoun et al., 2019

Corrected for interstellar scattering
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Intrinsic variability is serious
• Visibility amplitudes have extra 

variance
• Power-law decline with baseline 

length 
• As expected from simulations 

• Fit to short stretches of data
• Then average 

• Fit with parameter of extra 
noise contribution
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Measure ring diameter
• Most convinced that it is a ring…

Bayesian evidence from closure fitting
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Ring properties
• Ring properties from 

• fitting to snapshots 
• fitting to full track 
• fitting to images 

• Properties are:
• ring diameter of 51.8 ± 2.3 μas
• thickness FWHM ~30-50% of 

diameter
• Not so well constrained:

• asymmetry, magnitude or orientation  
• central depression 

•
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Compare to previous results
• From GRAVITY (and Keck team) 

• Need to calibrate 

θg =
GM
c2D

d = α θg
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Checking against predictions
• θg estimates can be compared  

Remember it is basically M/D that is measured

• Can be compared in various ways
• Treat Genzel EHTC al., Ghez et al., separately 

• Result comfortably within errors
• Consistent with Einstein’s GR

Snapshot Comrade

VLTKECK

April 6+7 LO

Snapshot DPI
April 6+7 LO

Full-track Themis
April 6+7 LO

Imaging Themis
April 6+7 HI+LO

VIDA

REx
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April 7 HI+LO
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Also did tests against non-Kerr metrics
• Trying to constrain alternatives for Black Holes
• Consistent with GR over 3 orders of magnitude BH mass
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Enormous library of models
• Aprrox a PetaByte of 

GRMHD simulations
• images 
• Spectra Energy 

Distributions (SED) 
• Fiducial Models from 

KHARMA, BHAC, and 
H-AMR:

• MAD vs SANE 
• aspin=±0.94, ±0.5, 0 
• inclination =10, 30, …, 170 
• Rhigh=1, 10, 40, 160 

• Exploratory Models:
• Critical β, nonthermal, 

variable κ, tilted, stellar 
wind fed
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Constraints from other wavelengths

151
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Scoring different codes

•Data seems to have less variability than models 

•Otherwise, MAD models with high spin and low inclination preferred
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Results

• EHT image is a key constraint; none of the models pass all constraints! 
• Most models are too variable. A small reduction in variability would make many models pass 

• Setting aside variability, a region of best-bet models that satisfy all remaining constraints: 
MAD, prograde (a* > 0), low inclination (i < 70deg) and cool electrons (Rhigh = 160) 

• Strongly disfavored: single-temperature (Rhigh = 1); edge-on; retrograde
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Low inclination is intriguing
• Means rotation axis not aligned (at all) with 

Galaxy disk
• If there is a jet at all, could be pointed towards us 

• Consistent with shifting IR position during flare
• As observed with GRAVITY

Motions of IR flares at ISCO 
Gravity collaboration 2018
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<2017 2017 2018 2019/ 
2020

2021 2022 2023

Stations SMT, 
CARMA, 

SMA, JCMT 
APEX

SPT, ALMA, 
APEX, SMA, 
JCMT, LMT, 

SMT, PV

SPT, ALMA, 
APEX, SMA, 
JCMT, LMT, 

SMT, PV, GLT

SPT, ALMA, 
APEX, SMA, 
JCMT, SMT, 
PV, GLT, KP, 

NOEMA

SPT, ALMA, 
APEX, SMA, 
JCMT, LMT, 

SMT, PV, 
GLT, KP, 
NOEMA

SPT, ALMA, 
APEX, SMA, 
JCMT, LMT, 
SMT, GLT, 
KP, NOEMA 

Bandwidth 32 Gbps 64 Gbps 64 Gbps 64 Gbps 64 Gbps

345 GHz

Spring 
2024!

The EHT campaigns
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What we would like to know…

•What are the variability 
characteristics  
•And how does it relate to jet episodes? 

•What is the origin of flares? 
•How important are magnetic fields? 
•What are the space time properties?  

•Can we measure spin 

•Can we address this with current 
array 
•Improve are observing strategy 

•And calibration and analyse techniques 

•Before we add many more telescopes 
•Or have a space mission
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Variability

•Sub-Keplerian variability could be dus to in-spiral of matter 

•Keplerian Velocity Ω_K >  Plasma Velocity  >  Pattern Speed Ω_p 
•Likely ingoing spiral shocks excited by turbulence from r ≈ 15 GM/c2

159
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Flares 

•Related to magnetic phenomena? 
•Link IR and radio motions?

160
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Measuring BH spin
• Various approaches
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Multiple order rings…



SIGRAV Vietri sul Mare 19-23 Feb 2024

Concluding
• Probed Gravity at extreme 

conditions
• Nothing indicates that Einstein 

was not wrong…
• Confident we did everything right 
• Important to repeat and refine 

experiments 

• Learning a lot about how AGN 
operate

• Important force in shaping the Universe 

• Many improvements still coming It is a team effort…
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End of lecture IV


