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✴ The first image of a black hole: M87*

✴ How do you take a picture of a BH: observations?

✴ How do you take a picture of a BH: theory? 

✴ Alternatives to Einstein and to black holes

Plan of the talk

✴ Properties of binary neutron stars



M87, center of the Virgo cluster

ESO





The first image of a black hole

How was this accomplished?
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          telescope size

VLBI:  Very Long Baseline Interferometry



EHT

smaller wavelengths (higher frequencies)
technology progress (GHz → THz)

mas = milli-arcsecond = 5 ×10-9  rad                                                                    µas = micro-arcsecond = 5 ×10-12  rad

wavelength

angular size

GRMHD ray-
traced simulation

•The shorter the wavelength, the smaller the emitting source
•At 1.3 mm the source becomes of the size of the horizon



CARMA

SMA

SMT

ALMA

SPT

IRAM PdB 
(NOEMA) Create a virtual radio 

telescope the size of 
the Earth sensitive to 

mm wavelengths.

LMT

Pico Veleta

The Event Horizon Telescope

                wavelength (1.3 mm)          
resolution = ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯——————

          telescope size (separation?)

VLBI:  Very Long Baseline Interferometry



Mexico 
(LMT)

Arizona  
(SMT)

Spain 
(IRAM 30m, 
Pico Veleta)

Chile 
(ALMA/APEX)

South Pole 
(SPT)

Hawaii  
(SMA/JCMT)



The Black Hole Shadow in M 87
Cover Pages

The image 
has soon 
gone around 
the world… 



becoming a great resource for social media…



image in the optical

There is evidence for a central dark mass of  3-6×109 Msun

Elliptical galaxy in center of Virgo cluster 50 Million lightyears away 



Large-scale radio map             
(few cm wavelengths)

There is evidence for a central dark mass of  3-6×109 Msun

Elliptical galaxy in center of Virgo cluster 50 Million lightyears away 



small-scale radio map of 
the core (cm wavelength)

There is evidence for a central dark mass of  3-6×109 Msun

Elliptical galaxy in center of Virgo cluster 50 Million lightyears away 



de Gasperin et al. (LOFAR), 2012
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There is evidence for a central dark mass of  3-6×109 Msun

Elliptical galaxy in center of Virgo cluster 50 Million lightyears away 



de Gasperin et al. (LOFAR), 2012
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There is evidence for a central dark mass of  3-6×109 Msun

Elliptical galaxy in center of Virgo cluster 50 Million lightyears away 



de Gasperin et al. (LOFAR), 2012
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3 light years

shadow’s size

There is evidence for a central dark mass of  3-6×109 Msun

Elliptical galaxy in center of Virgo cluster 50 Million lightyears away 



https://xkcd.com/2135/

… to have an idea of 
the scales…



How do we do this in practice?
Observations
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How do we do this in practice?
Observations

V(u, v) : complex visibilities

V(u, v) =
Z Z

e�2⇡i(ux+vy)I(x, y)dxdy

(x, y) : angular coordinates on the sky

(u, v) : projected baseline coordinates on the sky

I(x, y) : brigthness distribution
<latexit sha1_base64="I0lo77lLwpVrf7fM800v2buh11M="></latexit>

V(f) =
Z

e�2⇡iftI(t)dt
<latexit sha1_base64="wRPHc9w8niOkaH9jhAVMPoEpjqU="></latexit>



How do we do this in practice?
ObservationsV(u, v) : complex visibilities

V(u, v) =
Z Z

e�2⇡i(ux+vy)I(x, y)dxdy

(x, y) : angular coordinates on the sky

(u, v) : projected baseline coordinates on the sky

I(x, y) : brigthness distribution
<latexit sha1_base64="I0lo77lLwpVrf7fM800v2buh11M="></latexit>



How do we do this in practice?
Observations



The four teams used 
multiple software packages 
and were set to work 
blindly from each other.

All of the teams recovered 
a very similar images: 
asymmetric ring is a robust 
feature of the image 

As the data was collected, 
converted and calibrated 
four different imaging teams 
were set with the task of 
computing an image



M87 was observed 
for several days 
(eight) and lead to 
four distinct images.

The images are 
slightly different but 
show again that the 
asymmetric ring 
emission is stable, as 
expected on these 
timescales.



(1) GRMHD simulations in arbitrary spacetimes
(2) ray-traced, radiative-transfer, deconvolved images
(3) comparison with observations.

BHAC/BHOSS/GENA

To do this in BlackHoleCam, a complex and complete 
computational infrastructure was developed:

Three basic steps are needed:

C. Fromm Y. Mizuno H. Olivares O. Porth Z. Younsi

now UA now UCL

R. Gold



BlackHoleCam:           
Bonn (Kramer), Frankfurt 
(LR), Nijmegen (Falcke)

• Frankfurt concerned with theoretical modelling of 
accretion flows in strong gravity (GR and alternative 
theories) and corresponding electromagnetic emission.

• Use observations and a complex theoretical pipeline of 
numerical codes (BHAC/BHOSS/GENA) to reveal 
properties of the spacetime. 

• These codes are written to solve different sets of PDEs 
depending on the task considered (1, 2, 3 ).



(cons. rest mass)
<latexit sha1_base64="BGxWPTfAoDF00fajThjmDnnFRpg=">AAACA3icdVDLSgMxFM3UV62vUXe6CRahboaZKmh3RTcuK9gHdIaSSTNtaJIZkoxQhoIbf8WNC0Xc+hPu/BszbQWfBy4czrk3ufeECaNKu+67VVhYXFpeKa6W1tY3Nrfs7Z2WilOJSRPHLJadECnCqCBNTTUjnUQSxENG2uHoIvfbN0QqGotrPU5IwNFA0IhipI3Us/cqmS85xLFQjg8lUdqHHCk1OSr17LLr1GquAfxNPMedogzmaPTsN78f45QToTEzb3Q9N9FBhqSmmJFJyU8VSRAeoQHpGioQJyrIpjdM4KFR+jCKpSmh4VT9OpEhrtSYh6aTIz1UP71c/Mvrpjo6CzIqklQTgWcfRSmDOoZ5ILBPJcGajQ1BWFKzK8RDJBHWJrY8hM9L4f+kVXW8Y6d6dVKun8/jKIJ9cAAqwAOnoA4uQQM0AQa34B48gifrznqwnq2XWWvBms/sgm+wXj8Aov6W4g==</latexit>

rµ(⇢u
µ) = 0 ,

<latexit sha1_base64="tfSt22L5p8qwn5exRwOx1vmmViA=">AAACCnicdVDLSsNAFJ3UV62vqEs3o0WoUEpSBe1CKLpxWcE+oIlhMp20QyeTMDMRSujajb/ixoUibv0Cd/6N07SCzwMXzpxzL3Pv8WNGpbKsdyM3N7+wuJRfLqysrq1vmJtbLRklApMmjlgkOj6ShFFOmooqRjqxICj0GWn7w/OJ374hQtKIX6lRTNwQ9TkNKEZKS56563DkM+SlTpiMYckRgwgm19nr4BRaTrnsmUWrUqtZGvA3sStWhiKYoeGZb04vwklIuMIMSdm1rVi5KRKKYkbGBSeRJEZ4iPqkqylHIZFump0yhvta6cEgErq4gpn6dSJFoZSj0NedIVID+dObiH953UQFJ25KeZwowvH0oyBhUEVwkgvsUUGwYiNNEBZU7wrxAAmElU6voEP4vBT+T1rVin1YqV4eFetnszjyYAfsgRKwwTGogwvQAE2AwS24B4/gybgzHoxn42XamjNmM9vgG4zXD7ZKmZ4=</latexit>

(cons. energy/momentum)
<latexit sha1_base64="PUM4+xN/biMl3vp4x4kGtIksGT4=">AAACCHicdVC7SgNBFJ2NrxhfUUsLB4MQm3UTBU0XtLGMYBIhCWF2cpMMmccyMyuEJaWNv2JjoYitn2Dn3zh5CD4PXDicc+/MvSeMODM2CN691Nz8wuJSejmzsrq2vpHd3KoZFWsKVaq40tchMcCZhKpllsN1pIGIkEM9HJyP/foNaMOUvLLDCFqC9CTrMkqsk9rZ3XzS1AJTJY3fxCBB94aHQgmQNhajA9zO5gK/VAoc8G9S8IMJcmiGSjv71uwoGo8foJwY0ygEkW0lRFtGOYwyzdhAROiA9KDhqCQCTCuZHDLC+07p4K7SrqTFE/XrREKEMUMRuk5BbN/89MbiX14jtt3TVsJkFFuQdPpRN+bYKjxOBXeYBmr50BFCNXO7YtonmlDrssu4ED4vxf+TWtEvHPnFy+Nc+WwWRxrtoD2URwV0gsroAlVQFVF0i+7RI3ry7rwH79l7mbamvNnMNvoG7/UDGE+ZZw==</latexit>

rµT
µ⌫ = 0 ,

<latexit sha1_base64="iX8sE7/2FLY87/SBpAI6SAhBpho=">AAACB3icdVDLSsNAFJ34rPUVdSnIYBFclJBUQbsQim5cVugLmhgm00k7dDIJMxOhhO7c+CtuXCji1l9w5984aSv4PHC5h3PuZeaeIGFUKtt+N+bmFxaXlgsrxdW19Y1Nc2u7JeNUYNLEMYtFJ0CSMMpJU1HFSCcRBEUBI+1geJH77RsiJI15Q40S4kWoz2lIMVJa8s09l6OAIT9zo3QMG9d5d3k6PoO2Wy5D3yzZVrVqa8DfxLHsCUpghrpvvrm9GKcR4QozJGXXsRPlZUgoihkZF91UkgThIeqTrqYcRUR62eSOMTzQSg+GsdDFFZyoXzcyFEk5igI9GSE1kD+9XPzL66YqPPUyypNUEY6nD4UpgyqGeSiwRwXBio00QVhQ/VeIB0ggrHR0RR3C56Xwf9KqWM6RVbk6LtXOZ3EUwC7YB4fAASegBi5BHTQBBrfgHjyCJ+POeDCejZfp6Jwx29kB32C8fgDhHJio</latexit>

(equation of state)
<latexit sha1_base64="0UoUPSsKl0T/If4yOibccCd8QZE=">AAACBXicdVDJSgNBEO1xjXEb9aiHxiDES5hEQXMLevEYwSyQCaGnU5M06VnsrhHCkIsXf8WLB0W8+g/e/Bs7i+D6oODxXhVV9bxYCo2O827NzS8sLi1nVrKra+sbm/bWdl1HieJQ45GMVNNjGqQIoYYCJTRjBSzwJDS8wfnYb9yA0iIKr3AYQztgvVD4gjM0Usfey6euCihcJxPBpZHvUo0MYXRIO3bOKZTLjgH9TYoFZ4IcmaHasd/cbsSTAELkkmndKjoxtlOmUHAJo6ybaIgZH7AetAwNWQC6nU6+GNEDo3SpHylTIdKJ+nUiZYHWw8AznQHDvv7pjcW/vFaC/mk7FWGcIIR8ushPJMWIjiOhXaGAoxwawrgS5lbK+0wxjia4rAnh81P6P6mXCsWjQunyOFc5m8WRIbtkn+RJkZyQCrkgVVIjnNySe/JInqw768F6tl6mrXPWbGaHfIP1+gG5OZgV</latexit>

p = p(⇢, ✏, Ye, . . .) ,
<latexit sha1_base64="aa/BR20WNad7FAK0MvUVAOm6yD8=">AAACCnicdVDLSgMxFM3UV62vqks30SIoDGWqgnYhFN24rGBbpVNKJr1tg5kkJBmhlK7d+CtuXCji1i9w59+YPgSfBy4czrmXe++JFGfGBsG7l5qanpmdS89nFhaXlleyq2tVIxNNoUIll/oyIgY4E1CxzHK4VBpIHHGoRdenQ792A9owKS5sT0EjJh3B2owS66RmdlMdq51Qd6UfgjKMS+FfNcEPeUtas4tD329mc0G+WAwc8G9SyAcj5NAE5Wb2LWxJmsQgLOXEmHohULbRJ9oyymGQCRMDitBr0oG6o4LEYBr90SsDvO2UFm5L7UpYPFK/TvRJbEwvjlxnTGzX/PSG4l9ePbHto0afCZVYEHS8qJ1wbCUe5oJbTAO1vOcIoZq5WzHtEk2odellXAifn+L/SXUvX9jP750f5EonkzjSaANtoR1UQIeohM5QGVUQRbfoHj2iJ+/Oe/CevZdxa8qbzKyjb/BePwCYD5mP</latexit>

(Maxwell equations)
<latexit sha1_base64="gL8fpB67xsmvM2XRl+NlOi30rZk=">AAACBHicdVDJSgNBEO2JW4zbqMdcGoMQL2EmCppb0IsXIYJZIBlCT6eSNOmeGbt71DDk4MVf8eJBEa9+hDf/xs4iuD4oeLxXRVU9P+JMacd5t1Jz8wuLS+nlzMrq2vqGvblVU2EsKVRpyEPZ8IkCzgKoaqY5NCIJRPgc6v7gZOzXr0AqFgYXehiBJ0gvYF1GiTZS287mk5YU+IzcXAPnLQyX8cRRoz3ctnNOoVRyDPBv4hacCXJohkrbfmt1QhoLCDTlRKmm60TaS4jUjHIYZVqxgojQAelB09CACFBeMnlihHeN0sHdUJoKNJ6oXycSIpQaCt90CqL76qc3Fv/ymrHuHnkJC6JYQ0Cni7oxxzrE40Rwh0mgmg8NIVQycyumfSIJ1Sa3jAnh81P8P6kVC+5+oXh+kCsfz+JIoyzaQXnkokNURqeogqqIolt0jx7Rk3VnPVjP1su0NWXNZrbRN1ivH1Gpl+Y=</latexit>

r⌫F
µ⌫ = Iµ , r⇤

⌫F
µ⌫ = 0 ,

<latexit sha1_base64="/hh/rI/QBitOzpwmF3/gUYnW6kw=">AAACNXicdVDJSgNBFOxxjXGLevTSGAQRCZMoqAchKIiChwgmCpkY3nQ6SZOenrEXIQzzU178D0968KCIV3/BziLEraChqKrH61d+xJnSrvvkjI1PTE5Np2bSs3PzC4uZpeWKCo0ktExCHsorHxTlTNCyZprTq0hSCHxOL/3OUc+/vKVSsVBc6G5EawG0BGsyAtpK9cyZJ8DnUI89YRJ8fB17genRA3za54m3tYW9mxsDjfS36H W8mYzGXRusZ7Jubn/ftcC/ST7n9pFFQ5TqmQevERITUKEJB6WqeTfStRikZoTTJO0ZRSMgHWjRqqUCAqpqcf/qBK9bpYGbobRPaNxXRydiCJTqBr5NBqDb6qfXE//yqkY392oxE5HRVJDBoqbhWIe4VyFuMEmJ5l1LgEhm/4pJGyQQbYtO2xK+LsX/k0ohl9/OFc53ssXDYR0ptIrW0AbKo11URCeohMqIoDv0iF7Qq3PvPDtvzvsgOuYMZ1bQNzgfn/Tkq4A=</latexit>

Tµ⌫ = T fluid
µ⌫ + T

EM

µ⌫ + . . .
<latexit sha1_base64="dkySTvkj4OCr/C3HLqg35UPHRfk=">AAACLHicdZDLSgMxGIUz3q23qks3wSIIQpmqoF0IRRHcCAq9QaeWTCbThiaZIRehDPNAbnwVQVwo4tbnMNNWqbcDgcN3/pD8x48ZVdp1X5yp6ZnZufmFxdzS8srqWn59o64iIzGp4YhFsukjRRgVpKapZqQZS4K4z0jD759leeOWSEUjUdWDmLQ56goaUoy0RZ38WbWTeNx4wqQnMFe9STzJYcgMDdKvYC/jo+T8Mp3gHgsirXKdfMEtlsuuFfxtSkV3qAIY66qTf/SCCBtOhMYMKdUqubFuJ0hqihlJc55RJEa4j7qkZa1AnKh2Mlw2hTuWBDCMpD1CwyGdvJEgrtSA+3aSI91TP7MM/pW1jA6P2wkVsdFE4NFDoWFQRzBrDgZUEqzZwBqEJbV/hbiHJMLa9puV8Lkp/N/U94ulg+L+9WGhcjquYwFsgW2wC0rgCFTABbgCNYDBHXgAz+DFuXeenFfnbTQ65YzvbIJvct4/APK6qKw=</latexit>

(energy �momentum tensor)
<latexit sha1_base64="pKrARcXNkEDA07xKVWr9GdIcbYo=">AAACCXicdVDLSgMxFM3UV62vUZdugkWoC8u0Ctpd0Y3LCvYBbSmZ9LYNzWNIMkIZunXjr7hxoYhb/8Cdf2P6EHweCBzOuTfJOWHEmbFB8O6lFhaXllfSq5m19Y3NLX97p2ZUrClUqeJKN0JigDMJVcssh0akgYiQQz0cXkz8+g1ow5S8tqMI2oL0JesxSqyTOj7OJS0tMEjQ/dGRUAKkjUULW5BG6fEh7vjZIF8qBQ74NynkgymyaI5Kx39rdRWNJxdRToxpFoLIthOiLaMcxplWbCAidEj60HRUEgGmnUyTjPGBU7q4p7Q70uKp+nUjIcKYkQjdpCB2YH56E/Evrxnb3lk7YTKKXTI6e6gXc2wVntSCu0wDtXzkCKGaub9iOiCaUOvKy7gSPpPi/0mtmC8c54tXJ9ny+byONNpD+yiHCugUldElqqAqougW3aNH9OTdeQ/es/cyG015851d9A3e6wdn3Zop</latexit>

These GRMHD equations are solved using finite-volume 
methods with a variety of algorithms in 2D and 3D.

System of equations to solve…



In addition…

I := I⌫/⌫
3

<latexit sha1_base64="IbM0ppHHcGist7clLLi7nQ2LVNo=">AAACBnicdVDLSsNAFJ34rPUVdSnCYBFcxbQVtIJQdGN3FewDmhgm02k7dDIJMxOhhKzc+CtuXCji1m9w5984aSv4PDDD4Zx7ufceP2JUKtt+N2Zm5+YXFnNL+eWV1bV1c2OzKcNYYNLAIQtF20eSMMpJQ1HFSDsSBAU+Iy1/eJ75rRsiJA35lRpFxA1Qn9MexUhpyTN3nACpAUYsqaUnp7DmJQ6P0wP9XSfl1DMLtlWp2BrwNyla9hgFMEXdM9+cbojjgHCFGZKyU7Qj5SZIKIoZSfNOLEmE8BD1SUdTjgIi3WR8Rgr3tNKFvVDoxxUcq187EhRIOQp8XZktLX96mfiX14lV79hNKI9iRTieDOrFDKoQZpnALhUEKzbSBGFB9a4QD5BAWOnk8jqEz0vh/6RZsoplq3R5WKieTePIgW2wC/ZBERyBKrgAddAAGNyCe/AInow748F4Nl4mpTPGtGcLfIPx+gEg1pjr</latexit>

⌧⌫ (�) = �
Z �

�0

↵⌫,0 (�
0) kµu

µ d�0

<latexit sha1_base64="pyMbjuUahe0HX8QtXFwvwgRkYjE="></latexit>

dI
d�

= �kµu
µ

✓
�↵⌫,0 I +

j⌫,0
⌫30

◆

<latexit sha1_base64="yfr3/g/xBo7bqVZVKP9sBJvnCVo="></latexit>

(radiative�transfer eq.)
<latexit sha1_base64="Fxk3clPtM4JTJY+8WQsK9W+/S3Y=">AAACE3icdZDLSgMxFIYz9VbrrerSTWoRquAwrYJ2V3TjsoK9QKeUTHqmhmYyY5IplKHv4MZXceNCEbdu3Pk2phfB6w+Bn++cw8n5vYgzpR3n3UrNzS8sLqWXMyura+sb2c2tugpjSaFGQx7KpkcUcCagppnm0IwkkMDj0PD65+N6YwBSsVBc6WEE7YD0BPMZJdqgTvagkLgywJJ0mSEDGLm5Qzc3YVoSoXyQLoYbe7SPO9m8Y5fLjhH+bYq2M1EezVTtZN/cbkjjAISmnCjVKjqRbidEakY5jDJurCAitE960DJWkABUO5ncNMJ7hnSxH0rzhMYT+nUiIYFSw8AznQHR1+pnbQz/qrVi7Z+2EyaiWIOg00V+zLEO8Tgg3GUSqOZDYwiVzPwV02siCdUmxowJ4fNS/L+pl+zikV26PM5XzmZxpNEO2kUFVEQnqIIuUBXVEEW36B49oifrznqwnq2XaWvKms1so2+yXj8Aql6dZQ==</latexit>

(cons. rest mass)
<latexit sha1_base64="BGxWPTfAoDF00fajThjmDnnFRpg=">AAACA3icdVDLSgMxFM3UV62vUXe6CRahboaZKmh3RTcuK9gHdIaSSTNtaJIZkoxQhoIbf8WNC0Xc+hPu/BszbQWfBy4czrk3ufeECaNKu+67VVhYXFpeKa6W1tY3Nrfs7Z2WilOJSRPHLJadECnCqCBNTTUjnUQSxENG2uHoIvfbN0QqGotrPU5IwNFA0IhipI3Us/cqmS85xLFQjg8lUdqHHCk1OSr17LLr1GquAfxNPMedogzmaPTsN78f45QToTEzb3Q9N9FBhqSmmJFJyU8VSRAeoQHpGioQJyrIpjdM4KFR+jCKpSmh4VT9OpEhrtSYh6aTIz1UP71c/Mvrpjo6CzIqklQTgWcfRSmDOoZ5ILBPJcGajQ1BWFKzK8RDJBHWJrY8hM9L4f+kVXW8Y6d6dVKun8/jKIJ9cAAqwAOnoA4uQQM0AQa34B48gifrznqwnq2XWWvBms/sgm+wXj8Aov6W4g==</latexit>

rµ(⇢u
µ) = 0 ,

<latexit sha1_base64="tfSt22L5p8qwn5exRwOx1vmmViA=">AAACCnicdVDLSsNAFJ3UV62vqEs3o0WoUEpSBe1CKLpxWcE+oIlhMp20QyeTMDMRSujajb/ixoUibv0Cd/6N07SCzwMXzpxzL3Pv8WNGpbKsdyM3N7+wuJRfLqysrq1vmJtbLRklApMmjlgkOj6ShFFOmooqRjqxICj0GWn7w/OJ374hQtKIX6lRTNwQ9TkNKEZKS56563DkM+SlTpiMYckRgwgm19nr4BRaTrnsmUWrUqtZGvA3sStWhiKYoeGZb04vwklIuMIMSdm1rVi5KRKKYkbGBSeRJEZ4iPqkqylHIZFump0yhvta6cEgErq4gpn6dSJFoZSj0NedIVID+dObiH953UQFJ25KeZwowvH0oyBhUEVwkgvsUUGwYiNNEBZU7wrxAAmElU6voEP4vBT+T1rVin1YqV4eFetnszjyYAfsgRKwwTGogwvQAE2AwS24B4/gybgzHoxn42XamjNmM9vgG4zXD7ZKmZ4=</latexit>

(cons. energy/momentum)
<latexit sha1_base64="PUM4+xN/biMl3vp4x4kGtIksGT4=">AAACCHicdVC7SgNBFJ2NrxhfUUsLB4MQm3UTBU0XtLGMYBIhCWF2cpMMmccyMyuEJaWNv2JjoYitn2Dn3zh5CD4PXDicc+/MvSeMODM2CN691Nz8wuJSejmzsrq2vpHd3KoZFWsKVaq40tchMcCZhKpllsN1pIGIkEM9HJyP/foNaMOUvLLDCFqC9CTrMkqsk9rZ3XzS1AJTJY3fxCBB94aHQgmQNhajA9zO5gK/VAoc8G9S8IMJcmiGSjv71uwoGo8foJwY0ygEkW0lRFtGOYwyzdhAROiA9KDhqCQCTCuZHDLC+07p4K7SrqTFE/XrREKEMUMRuk5BbN/89MbiX14jtt3TVsJkFFuQdPpRN+bYKjxOBXeYBmr50BFCNXO7YtonmlDrssu4ED4vxf+TWtEvHPnFy+Nc+WwWRxrtoD2URwV0gsroAlVQFVF0i+7RI3ry7rwH79l7mbamvNnMNvoG7/UDGE+ZZw==</latexit>

rµT
µ⌫ = 0 ,

<latexit sha1_base64="iX8sE7/2FLY87/SBpAI6SAhBpho=">AAACB3icdVDLSsNAFJ34rPUVdSnIYBFclJBUQbsQim5cVugLmhgm00k7dDIJMxOhhO7c+CtuXCji1l9w5984aSv4PHC5h3PuZeaeIGFUKtt+N+bmFxaXlgsrxdW19Y1Nc2u7JeNUYNLEMYtFJ0CSMMpJU1HFSCcRBEUBI+1geJH77RsiJI15Q40S4kWoz2lIMVJa8s09l6OAIT9zo3QMG9d5d3k6PoO2Wy5D3yzZVrVqa8DfxLHsCUpghrpvvrm9GKcR4QozJGXXsRPlZUgoihkZF91UkgThIeqTrqYcRUR62eSOMTzQSg+GsdDFFZyoXzcyFEk5igI9GSE1kD+9XPzL66YqPPUyypNUEY6nD4UpgyqGeSiwRwXBio00QVhQ/VeIB0ggrHR0RR3C56Xwf9KqWM6RVbk6LtXOZ3EUwC7YB4fAASegBi5BHTQBBrfgHjyCJ+POeDCejZfp6Jwx29kB32C8fgDhHJio</latexit>

(equation of state)
<latexit sha1_base64="0UoUPSsKl0T/If4yOibccCd8QZE=">AAACBXicdVDJSgNBEO1xjXEb9aiHxiDES5hEQXMLevEYwSyQCaGnU5M06VnsrhHCkIsXf8WLB0W8+g/e/Bs7i+D6oODxXhVV9bxYCo2O827NzS8sLi1nVrKra+sbm/bWdl1HieJQ45GMVNNjGqQIoYYCJTRjBSzwJDS8wfnYb9yA0iIKr3AYQztgvVD4gjM0Usfey6euCihcJxPBpZHvUo0MYXRIO3bOKZTLjgH9TYoFZ4IcmaHasd/cbsSTAELkkmndKjoxtlOmUHAJo6ybaIgZH7AetAwNWQC6nU6+GNEDo3SpHylTIdKJ+nUiZYHWw8AznQHDvv7pjcW/vFaC/mk7FWGcIIR8ushPJMWIjiOhXaGAoxwawrgS5lbK+0wxjia4rAnh81P6P6mXCsWjQunyOFc5m8WRIbtkn+RJkZyQCrkgVVIjnNySe/JInqw768F6tl6mrXPWbGaHfIP1+gG5OZgV</latexit>

p = p(⇢, ✏, Ye, . . .) ,
<latexit sha1_base64="aa/BR20WNad7FAK0MvUVAOm6yD8=">AAACCnicdVDLSgMxFM3UV62vqks30SIoDGWqgnYhFN24rGBbpVNKJr1tg5kkJBmhlK7d+CtuXCji1i9w59+YPgSfBy4czrmXe++JFGfGBsG7l5qanpmdS89nFhaXlleyq2tVIxNNoUIll/oyIgY4E1CxzHK4VBpIHHGoRdenQ792A9owKS5sT0EjJh3B2owS66RmdlMdq51Qd6UfgjKMS+FfNcEPeUtas4tD329mc0G+WAwc8G9SyAcj5NAE5Wb2LWxJmsQgLOXEmHohULbRJ9oyymGQCRMDitBr0oG6o4LEYBr90SsDvO2UFm5L7UpYPFK/TvRJbEwvjlxnTGzX/PSG4l9ePbHto0afCZVYEHS8qJ1wbCUe5oJbTAO1vOcIoZq5WzHtEk2odellXAifn+L/SXUvX9jP750f5EonkzjSaANtoR1UQIeohM5QGVUQRbfoHj2iJ+/Oe/CevZdxa8qbzKyjb/BePwCYD5mP</latexit>

(Maxwell equations)
<latexit sha1_base64="gL8fpB67xsmvM2XRl+NlOi30rZk=">AAACBHicdVDJSgNBEO2JW4zbqMdcGoMQL2EmCppb0IsXIYJZIBlCT6eSNOmeGbt71DDk4MVf8eJBEa9+hDf/xs4iuD4oeLxXRVU9P+JMacd5t1Jz8wuLS+nlzMrq2vqGvblVU2EsKVRpyEPZ8IkCzgKoaqY5NCIJRPgc6v7gZOzXr0AqFgYXehiBJ0gvYF1GiTZS287mk5YU+IzcXAPnLQyX8cRRoz3ctnNOoVRyDPBv4hacCXJohkrbfmt1QhoLCDTlRKmm60TaS4jUjHIYZVqxgojQAelB09CACFBeMnlihHeN0sHdUJoKNJ6oXycSIpQaCt90CqL76qc3Fv/ymrHuHnkJC6JYQ0Cni7oxxzrE40Rwh0mgmg8NIVQycyumfSIJ1Sa3jAnh81P8P6kVC+5+oXh+kCsfz+JIoyzaQXnkokNURqeogqqIolt0jx7Rk3VnPVjP1su0NWXNZrbRN1ivH1Gpl+Y=</latexit>

r⌫F
µ⌫ = Iµ , r⇤

⌫F
µ⌫ = 0 ,

<latexit sha1_base64="/hh/rI/QBitOzpwmF3/gUYnW6kw="></latexit>

Tµ⌫ = T fluid
µ⌫ + T

EM

µ⌫ + . . .
<latexit sha1_base64="dkySTvkj4OCr/C3HLqg35UPHRfk=">AAACLHicdZDLSgMxGIUz3q23qks3wSIIQpmqoF0IRRHcCAq9QaeWTCbThiaZIRehDPNAbnwVQVwo4tbnMNNWqbcDgcN3/pD8x48ZVdp1X5yp6ZnZufmFxdzS8srqWn59o64iIzGp4YhFsukjRRgVpKapZqQZS4K4z0jD759leeOWSEUjUdWDmLQ56goaUoy0RZ38WbWTeNx4wqQnMFe9STzJYcgMDdKvYC/jo+T8Mp3gHgsirXKdfMEtlsuuFfxtSkV3qAIY66qTf/SCCBtOhMYMKdUqubFuJ0hqihlJc55RJEa4j7qkZa1AnKh2Mlw2hTuWBDCMpD1CwyGdvJEgrtSA+3aSI91TP7MM/pW1jA6P2wkVsdFE4NFDoWFQRzBrDgZUEqzZwBqEJbV/hbiHJMLa9puV8Lkp/N/U94ulg+L+9WGhcjquYwFsgW2wC0rgCFTABbgCNYDBHXgAz+DFuXeenFfnbTQ65YzvbIJvct4/APK6qKw=</latexit>

(energy �momentum tensor)
<latexit sha1_base64="pKrARcXNkEDA07xKVWr9GdIcbYo=">AAACCXicdVDLSgMxFM3UV62vUZdugkWoC8u0Ctpd0Y3LCvYBbSmZ9LYNzWNIMkIZunXjr7hxoYhb/8Cdf2P6EHweCBzOuTfJOWHEmbFB8O6lFhaXllfSq5m19Y3NLX97p2ZUrClUqeJKN0JigDMJVcssh0akgYiQQz0cXkz8+g1ow5S8tqMI2oL0JesxSqyTOj7OJS0tMEjQ/dGRUAKkjUULW5BG6fEh7vjZIF8qBQ74NynkgymyaI5Kx39rdRWNJxdRToxpFoLIthOiLaMcxplWbCAidEj60HRUEgGmnUyTjPGBU7q4p7Q70uKp+nUjIcKYkQjdpCB2YH56E/Evrxnb3lk7YTKKXTI6e6gXc2wVntSCu0wDtXzkCKGaub9iOiCaUOvKy7gSPpPi/0mtmC8c54tXJ9ny+byONNpD+yiHCugUldElqqAqougW3aNH9OTdeQ/es/cyG015851d9A3e6wdn3Zop</latexit>

Th the equations of general-relativistic radiative transfer 
(GRRT) need to be solved in the background spacetime.



•Opted for agnostic approach and built a description able 
to describe all theories: gµ⌫(x↵) ! gµ⌫(x

↵, ai, bi)
<latexit sha1_base64="58VjKFqV8kTjQ51IzP7ZC0yKVtQ="></latexit>

•Previous eqs. require background spacetime metric: gµ⌫(x↵)
<latexit sha1_base64="g1XuirqlnPq5+eMnCBq4mNtguao=">AAACAHicdVDLSsNAFJ34rPVVdeHCzWAR6qYkaWnrrujGZQX7gCaGyXTaDp1MwsxELCEbf8WNC0Xc+hnu/BsnbQUVPXDhcM693HuPHzEqlWl+GEvLK6tr67mN/ObW9s5uYW+/I8NYYNLGIQtFz0eSMMpJW1HFSC8SBAU+I11/cpH53VsiJA35tZpGxA3QiNMhxUhpySscjrzECWKHx2np7iZxEIvGKD2FXqFols8aNbtag2bZNOuWbWXErlcrVWhpJUMRLNDyCu/OIMRxQLjCDEnZt8xIuQkSimJG0rwTSxIhPEEj0teUo4BIN5k9kMITrQzgMBS6uIIz9ftEggIpp4GvOwOkxvK3l4l/ef1YDRtuQnkUK8LxfNEwZlCFMEsDDqggWLGpJggLqm+FeIwEwkpnltchfH0K/ycdu2xVyvZVtdg8X8SRA0fgGJSABeqgCS5BC7QBBil4AE/g2bg3Ho0X43XeumQsZg7ADxhvnwzolrM=</latexit>

Which gravity?…

•Field equations are not necessary as we are exploiting 
equivalence principle: test-particle motion

•Testing theory of gravity not trivial if hundreds available!

•Derive generic expansion exploiting conformal mapping 
and rapidly converging Pade’ expansion

gµ⌫(x
↵, ai = 0 = bi)

<latexit sha1_base64="QbYL9V3+SI1EC3A5fNRKidOThVM="></latexit>

•GR seen as a possible, reference case:
LR, Zhidenko, 2014; Konoplya, LR, Zhidenko, 2016



Younsi et al. 2019
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Müller, Pössel, Weih, LR

source of light

event horizon

r
EH

=
2GM

c2
<latexit sha1_base64="aVYsSo1ZFbRfjXq6TFVfEuirfIc=">AAACBnicjZBNS8MwHMbT+TbnW9WjCMEheBrtFPQiDEXcRZjgNmGtJc3SLSxNS5IKI/Tkxa/ixYMiXv0M3vw2Zi8HFQUfCDw8z/9Pkl+YMiqV43xYhZnZufmF4mJpaXlldc1e32jJJBOYNHHCEnEdIkkY5aSpqGLkOhUExSEj7XBwOurbt0RImvArNUyJH6MepxHFSJkosLdFoAPtiRie1fP82IsEwrp6fpFrfFPNA7vsVpyx4N+mDKZqBPa7101wFhOuMENSdlwnVb5GQlHMSF7yMklShAeoRzrGchQT6evxN3K4a5IujBJhDldwnH7d0CiWchiHZjJGqi9/dqPwt66TqejI15SnmSIcTy6KMgZVAkdMYJcKghUbGoOwoOatEPeRIaEMudL/ILSqFXe/Ur08KNdOpjiKYAvsgD3ggkNQA3XQAE2AwR14AE/g2bq3Hq0X63UyWrCmO5vgm6y3T9wBmLo=</latexit>

“shadow”

rco =
3GM

c2
; rc := bc|rco =

p
27

✓
GM

c2

◆

<latexit sha1_base64="oDRlL9U+itUbD4x2hHes7otnUok="></latexit>

photon
circular orbit

rco =
3GM

c2
; rc := bc|rco =

p
27

✓
GM

c2

◆

<latexit sha1_base64="oDRlL9U+itUbD4x2hHes7otnUok="></latexit>

photon
circular orbit



shadow’s size depends also on the inclination

Müller, Pössel, Weih, LR



In reality, the disk is not geometrically thin 
but geometrically thick, optically thin…





Plasma dynamics:                         
a typical GRMHD simulation…

A three-dimensional simulation of a Kerr black hole 
(a=0.9375) in Kerr-Schild coordinates and an MRI 
unstable torus would produce results of this type…



L. Weih, LR



✴Light dynamics and properties
• black-hole mass (sets size of the shadow)

• accretion rate

• microphysics of emission (synchrotron emission, disk/jet component)

• orientation wrt to observer (two free angles)

Space of parameters

• black-hole spin (plasma dynamics depends on it): 

• accretion type as regulated by magnetic field (SANE o MAD) 

✴Plasma dynamics and properties
�1 < a⇤ < 1

<latexit sha1_base64="XfUTzJuXuTOWtdsJoR12Nr58ECw=">AAAB73icjVDLSgNBEOz1GeMr6tHLYBBEMOxGQQ85BL14jGAekCyhdzKbDJmdXWdmhbDkJ7x4UMSrv+PNv3HyOKgoWNBQVHXT3RUkgmvjuh/OwuLS8spqbi2/vrG5tV3Y2W3oOFWU1WksYtUKUDPBJasbbgRrJYphFAjWDIZXE795z5Tmsbw1o4T5EfYlDzlFY6XWiVfB7nHF6xaKXsmdgvxNijBHrVt47/RimkZMGipQ67bnJsbPUBlOBRvnO6lmCdIh9lnbUokR0342vXdMDq3SI2GsbElDpurXiQwjrUdRYDsjNAP905uIv3nt1IQXfsZlkhom6WxRmApiYjJ5nvS4YtSIkSVIFbe3EjpAhdTYiPL/C6FRLnmnpfLNWbF6OY8jB/twAEfgwTlU4RpqUAcKAh7gCZ6dO+fReXFeZ60LznxmD77BefsEMLCOwg==</latexit>

✴Information from previous observations
• black-hole mass:                       (stars) or                       (gas) 

• inclination: 17º or 163º , with “position angle” 288º 

• X-ray luminosity:

• jet power: 

6.2⇥ 109 M�
<latexit sha1_base64="7GZ+kTFObtDJMJN9ylHZU/n2hE0=">AAACBHicjVDLSsNAFJ3UV62vqMtuBovgQkpSxceu6MaNUME+oIllMp22QyeZMHMjlJCFG3/FjQtF3PoR7vwbp4+FioIHLhzOuZd77wliwTU4zoeVm5tfWFzKLxdWVtfWN+zNrYaWiaKsTqWQqhUQzQSPWB04CNaKFSNhIFgzGJ6P/eYtU5rL6BpGMfND0o94j1MCRurYxaNyxQMeMo1d5yY9zbz9y07qya6ErGOX3LIzAf6blNAMtY797nUlTUIWARVE67brxOCnRAGngmUFL9EsJnRI+qxtaETMWj+dPJHhXaN0cU8qUxHgifp1IiWh1qMwMJ0hgYH+6Y3F37x2Ar0TP+VRnACL6HRRLxEYJB4ngrtcMQpiZAihiptbMR0QRSiY3Ar/C6FRKbsH5crVYal6Nosjj4poB+0hFx2jKrpANVRHFN2hB/SEnq1769F6sV6nrTlrNrONvsF6+wQao5ci</latexit>

3.5⇥ 109 M�
<latexit sha1_base64="dTBCj69u7ZyAxNwMKzN75roSd/Y=">AAACBHicjVDLSsNAFJ34rPUVddnNYBFcSElaRd0V3bgRKtgHNLFMptN26CQTZm6EErJw46+4caGIWz/CnX/j9LFQUfDAhcM593LvPUEsuAbH+bDm5hcWl5ZzK/nVtfWNTXtru6FloiirUymkagVEM8EjVgcOgrVixUgYCNYMhudjv3nLlOYyuoZRzPyQ9CPe45SAkTp2oVI68oCHTGPXuUlPM+/gspN6sish69hFt+RMgP8mRTRDrWO/e11Jk5BFQAXRuu06MfgpUcCpYFneSzSLCR2SPmsbGhGz1k8nT2R4zyhd3JPKVAR4on6dSEmo9SgMTGdIYKB/emPxN6+dQO/ET3kUJ8AiOl3USwQGiceJ4C5XjIIYGUKo4uZWTAdEEQomt/z/QmiUS26lVL46LFbPZnHkUAHton3komNURReohuqIojv0gJ7Qs3VvPVov1uu0dc6azeygb7DePgEanZci</latexit>

4.4⇥ 1040 erg/s
<latexit sha1_base64="lhPPn5w7lItPGLB0oragx3dxt14=">AAACB3icjVDLSsNAFJ3UV62vqEtBBovgQmJSA7osunFZwT6giWUynbRDZyZhZiKUkJ0bf8WNC0Xc+gvu/BuntQsVBQ9cOJxzL/feE6WMKu2671Zpbn5hcam8XFlZXVvfsDe3WirJJCZNnLBEdiKkCKOCNDXVjHRSSRCPGGlHo/OJ374hUtFEXOlxSkKOBoLGFCNtpJ696zt+oCknCnrude67RXCYB5JDIgdHqujZVc9xp4B/kyqYodGz34J+gjNOhMYMKdX13FSHOZKaYkaKSpApkiI8QgPSNVQgsznMp38UcN8ofRgn0pTQcKp+ncgRV2rMI9PJkR6qn95E/M3rZjo+DXMq0kwTgT8XxRmDOoGTUGCfSoI1GxuCsKTmVoiHSCKsTXSV/4XQqjnesVO79Kv1s1kcZbAD9sAB8MAJqIML0ABNgMEtuAeP4Mm6sx6sZ+vls7VkzWa2wTdYrx+igJfo</latexit>

1.0⇥ 1042 erg/s
<latexit sha1_base64="sjZeVjHkNylkeY40vwtjFsuEtM0=">AAACB3icjVDLSsNAFJ3UV62vqEtBBovgQmpSC7osunFZwT6giWUynbRDJ5MwcyOUkJ0bf8WNC0Xc+gvu/BuntQsVBQ8MHM45l3vnBIngGhzn3SrMzS8sLhWXSyura+sb9uZWS8epoqxJYxGrTkA0E1yyJnAQrJMoRqJAsHYwOp/47RumNI/lFYwT5kdkIHnIKQEj9exdt+J4wCOmsetcZ7Vq7h1mnoowU4MjnffssglMgf8mZTRDo2e/ef2YphGTQAXRuus6CfgZUcCpYHnJSzVLCB2RAesaKonZ7GfTf+R43yh9HMbKPAl4qn6dyEik9TgKTDIiMNQ/vYn4m9dNITz1My6TFJikn4vCVGCI8aQU3OeKURBjQwhV3NyK6ZAoQsFUV/pfCa1qxT2uVC9r5frZrI4i2kF76AC56ATV0QVqoCai6Bbdo0f0ZN1ZD9az9fIZLVizmW30DdbrB5pFl+M=</latexit>



Electron thermodynamics
•Emission of mm-long radiation is expected to be produced 

from synchrotron radiation processes.
•Simulations evolve temperature of bulk of fluid (ions); 

electron temperature undetermined. 
•Thermal temperature distribution is reasonable approximation.
•     deduced from     via “plasma parameter”:

Ti

Te
= Rhigh

�2
p

1 + �2
p

+
1

1 + �2
p

<latexit sha1_base64="FgZNSgFFgofsHHrmRpdSynsISpM="></latexit>

�p := pgas/pmag
<latexit sha1_base64="ZNqD5uDDgyoGIDD7as6j3w3vycU=">AAACCnicdVDLSsNAFJ34rPUVdelmtAiuYlIFrSAU3bisYB/QhDCZTtqhk0mYmQglZO3GX3HjQhG3foE7/8ZpG8HngYHDOedy554gYVQq2343Zmbn5hcWS0vl5ZXVtXVzY7Ml41Rg0sQxi0UnQJIwyklTUcVIJxEERQEj7WB4MfbbN0RIGvNrNUqIF6E+pyHFSGnJN3fcgCjkJ6dnMPEzV0Swj2R+UHAdzn2zYlu1mq0BfxPHsieogAIN33xzezFOI8IVZkjKrmMnysuQUBQzkpfdVJIE4SHqk66mHEVEetnklBzuaaUHw1joxxWcqF8nMhRJOYoCnYyQGsif3lj8y+umKjzxMsqTVBGOp4vClEEVw3EvsEcFwYqNNEFYUP1XiAdIIKx0e2Vdwuel8H/SqlrOoVW9OqrUz4s6SmAb7IJ94IBjUAeXoAGaAINbcA8ewZNxZzwYz8bLNDpjFDNb4BuM1w/u/5pw</latexit>

•Electrons colder at high plasma beta (i.e., disk), warmer  at 
low plasma beta (i.e., jet).

•                                         : free parameterRhigh = [1, 10, 20, 40, 80, 160]
<latexit sha1_base64="dnjPTcXUxeQY24l47Z9cbythnbM=">AAACDnicdVDLSgMxFM3UV62vUZdugqXgogyZWrRdCEU3LqvYVpgOQybNtKGZB0lGKEO/wI2/4saFIm5du/NvTB+CzwMHDufcS3KPn3AmFULvRm5hcWl5Jb9aWFvf2Nwyt3faMk4FoS0S81hc+1hSziLaUkxxep0IikOf044/PJvknRsqJIujKzVKqBvifsQCRrDSlmeWLr2sK0I4YP3B+MSxy9BGZVjRrGrWUNk+QtD1zCKy6nWkAX8L20JTFMEcTc986/ZikoY0UoRjKR0bJcrNsFCMcDoudFNJE0yGuE8dLSMcUulm03PGsKSdHgxioRkpOHW/bmQ4lHIU+noyxGogf2YT86/MSVVQczMWJamiEZk9FKQcqhhOuoE9JihRfKQFJoLpv0IywAITpRss6BI+L4X/i3bFsg+tykW12Did15EHe2AfHAAbHIMGOAdN0AIE3IJ78AiejDvjwXg2XmajOWO+swu+wXj9AD7Sl8M=</latexit>

Mościbrodzka+ 2016

Ti
<latexit sha1_base64="6Cy5Qsj7YnPPaR0Z3VByd7wD6Tc=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPw0wUNLegF48Rs0EyhJ5OTdKkp2fo7hFCyCd48aCIV7/Im39jZxFcHxQ83quiql6YCq6N5707S8srq2vruY385tb2zm5hb7+hk0wxrLNEJKoVUo2CS6wbbgS2UoU0DgU2w+HV1G/eodI8kTUzSjGIaV/yiDNqrHRb6/Juoei55bJnQX4T3/VmKMIC1W7hrdNLWBajNExQrdu+l5pgTJXhTOAk38k0ppQNaR/blkoaow7Gs1Mn5NgqPRIlypY0ZKZ+nRjTWOtRHNrOmJqB/ulNxb+8dmaii2DMZZoZlGy+KMoEMQmZ/k16XCEzYmQJZYrbWwkbUEWZsenkbQifn5L/SaPk+qdu6easWLlcxJGDQziCE/DhHCpwDVWoA4M+3MMjPDnCeXCenZd565KzmDmAb3BePwB5mY3u</latexit>

Te
<latexit sha1_base64="zHxZIgNdCS58K7JBLkj+qK3vTm4=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPw0wUNLegF48Rs0EyhJ5OTdKkp2fo7hFCyCd48aCIV7/Im39jZxFcHxQ83quiql6YCq6N5707S8srq2vruY385tb2zm5hb7+hk0wxrLNEJKoVUo2CS6wbbgS2UoU0DgU2w+HV1G/eodI8kTUzSjGIaV/yiDNqrHRb62K3UPTcctmzIL+J73ozFGGBarfw1uklLItRGiao1m3fS00wpspwJnCS72QaU8qGtI9tSyWNUQfj2akTcmyVHokSZUsaMlO/ToxprPUoDm1nTM1A//Sm4l9eOzPRRTDmMs0MSjZfFGWCmIRM/yY9rpAZMbKEMsXtrYQNqKLM2HTyNoTPT8n/pFFy/VO3dHNWrFwu4sjBIRzBCfhwDhW4hirUgUEf7uERnhzhPDjPzsu8dclZzBzANzivH3OJjeo=</latexit>



•Given physical assumptions (spin, magnetisation), 3D 
GRMHD simulations were made: ~ 50 high-res simulations.

•From each simulation several scenarios are constructed by 
changing the thermodynamics of the electrons: ~ 400 scenarios.



Simulation library (an example…)



Simulation library (an example…)



•Given physical assumptions (spin, magnetisation), 3D 
GRMHD simulations were made: ~ 50 high-res simulations.

•From each simulation several scenarios are constructed by 
changing the thermodynamics of the electrons: ~ 400 scenarios.

SANE models MAD models
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MAD: mostly from 
the equatorial plane

SANE: can switch 
from equatorial 
plane to funnel wall 
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locus of photon 
orbits

Where do      
mm-long photons 

originate? 

Kerr black hole,          
a⇤ = �0.94
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MAD: mostly but 
not only from the 
equatorial plane

SANE: equatorial 
plane is essentially 
depleted



• Image decomposed in: 
midplane, nearside, and 
farside
•MAD: midplane emission 
always dominates
•SANE with low Rhigh: 
midplane emission 
dominates
•SANE with high Rhigh: 
farside emission 
dominates

Image is combination of emissions…



•Given physical assumptions (spin, magnetisation), 3D 
GRMHD simulations were made: ~ 50 high-res simulations.

•From each simulation several scenarios are constructed by 
changing the thermodynamics of the electrons: ~ 400 scenarios.

SANE models MAD models
•From each scenario synthetic images are constructed after 
radiative transfer and light bending: ~ 60,000 images.

•Genetic algorithms and MCMC pipelines find best match.
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Note that the match is found in the visibility space.

In the image space this would correspond to 
searching a face in a stadium full of people…



The match is found in the visibility space, but can 
also be found in image space.

In the image space this would correspond to 
searching a face in a stadium full of people…



OBSERVATIONS THEORETICAL MODEL



•Degeneracies present in physical conditions and scenarios.
Good: robustness of conclusions (BHs produce ring)  
Bad: more accurate observations to determine BH spin 



approaching jet

accretion flow

a⇤ > 0, i > 90�
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Ring Asymmetry and Black Hole Spin
Conclusions on the spin can still be drawn if one combines 
“other” information on jet power and orientation



Ring Asymmetry and Black Hole Spin

approaching jet
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procedure, we infer values of θg and α for regularized
maximum likelihood and CLEAN reconstructed images.

Combining results from all methods, we measure emission
region diameters of 42± 3 μas, angular sizes of the gravita-
tional radius θg= 3.8± 0.4 μas, and scaling factors in the
range α= 10.7–11.5, with associated errors of ∼10%. For the
distance of 16.8± 0.8 Mpc adopted here, the black hole mass
is M= (6.5± 0.7)×109Me; the systematic error refers to
the 68% confidence level and is much larger than the statistical
error of 0.2×109Me. Moreover, by tracing the peak of the
emission in the ring we can determine the shape of the image
and obtain a ratio between major and minor axis of the ring that
is 4:3; this corresponds to a 10% deviation from circularity
in terms of root-mean-square distance from an average radius.

Table 1 summarizes the measured parameters of the image
features and the inferred black hole properties based on data
from all bands and all days combined. The inferred black hole
mass strongly favors the measurement based on stellar
dynamics(Gebhardt et al. 2011). The size, asymmetry, bright-
ness contrast, and circularity of the reconstructed images and
geometric models, as well as the success of the GRMHD
simulations in describing the interferometric data, are consis-
tent with the EHT images of M87* being associated with
strongly lensed emission from the vicinity of a Kerr black hole.

8. Discussion

A number of elements reinforce the robustness of our image
and the conclusion that it is consistent with the shadow of a
black hole as predicted by GR. First, our analysis has used
multiple independent calibration and imaging techniques, as
well as four independent data sets taken on four different days
in two separate frequency bands. Second, the image structure
matches previous predictions well (Dexter et al. 2012;
Mościbrodzka et al. 2016) and is well reproduced by our
extensive modeling effort presented in Section 6. Third, because

our measurement of the black hole mass in M87* is not
inconsistent with all of the prior mass measurements, this allows
us to conclude that the null hypothesis of the Kerr metric
(Psaltis et al. 2015; Johannsen et al. 2016), namely, the
assumption that the black hole is described by the Kerr metric,
has not been violated. Fourth, the observed emission ring
reconstructed in our images is close to circular with an axial
ratio 4:3; similarly, the time average images from our
GRMHD simulations also show a circular shape. After
associating to the shape of the shadow a deviation from the
circularity—measured in terms of root-mean-square distance
from an average radius in the image—that is 10%, we can set
an initial limit of order four on relative deviations of the
quadrupole moment from the Kerr value (Johannsen & Psaltis
2010). Stated differently, if Q is the quadrupole moment of a
Kerr black hole and ΔQ the deviation as deduced from
circularity, our measurement—and the fact that the inclination
angle is assumed to be small—implies that ΔQ/Q4
(ΔQ/Q= ε in Johannsen & Psaltis 2010).
Finally, when comparing the visibility amplitudes of M87*

with 2009 and 2012 data(Doeleman et al. 2012; Akiyama et al.
2015), the overall radio core size at a wavelength of 1.3 mm
has not changed appreciably, despite variability in total flux
density. This stability is consistent with the expectation that the
size of the shadow is a feature tied to the mass of the black hole
and not to properties of a variable plasma flow.
It is also straightforward to reject some alternative astrophysical

interpretations. For instance, the image is unlikely to be produced
by a jet-feature as multi-epoch VLBI observations of the plasma
jet in M87 (Walker et al. 2018) on scales outside the horizon do
not show circular rings. The same is typically true for AGN jets in
large VLBI surveys (Lister et al. 2018). Similarly, were the
apparent ring a random alignment of emission blobs, they should
also have moved away at relativistic speeds, i.e., at ∼5μas day−1

(Kim et al. 2018b), leading to measurable structural changes and
sizes. GRMHD models of hollow jet cones could show under
extreme conditions stable ring features (Pu et al. 2017), but this
effect is included to a certain extent in our Simulation Library for
models with Rhigh> 10. Finally, an Einstein ring formed by
gravitational lensing of a bright region in the counter-jet would
require a fine-tuned alignment and a size larger than that measured
in 2012 and 2009.
At the same time, it is more difficult to rule out alternatives

to black holes in GR, because a shadow can be produced by
any compact object with a spacetime characterized by unstable
circular photon orbits(Mizuno et al. 2018). Indeed, while the
Kerr metric remains a solution in some alternative theories of
gravity (Barausse & Sotiriou 2008; Psaltis et al. 2008), non-
Kerr black hole solutions do exist in a variety of such modified
theories (Berti et al. 2015). Furthermore, exotic alternatives to
black holes, such as naked singularities(Shaikh et al. 2019),
boson stars (Kaup 1968; Liebling & Palenzuela 2012), and
gravastars (Mazur & Mottola 2004; Chirenti & Rezzolla 2007),
are admissible solutions within GR and provide concrete, albeit
contrived, models. Some of such exotic compact objects can
already be shown to be incompatible with our observations
given our maximum mass prior. For example, the shadows of
naked singularities associated with Kerr spacetimes with
a 1* >∣ ∣ are substantially smaller and very asymmetric
compared to those of Kerr black holes(Bambi & Freese 2009).
Also, some commonly used types of wormholes (Bambi 2013)
predict much smaller shadows than we have measured.

Table 1
Parameters of M87*

Parameter Estimate

Ring diameter a d 42± 3 μas
Ring width a 20 asm<
Crescent contrast b > 10:1
Axial ratio a < 4:3
Orientation PA 150°–200° east of north

GM Dcg
2q = c 3.8± 0.4 μas

d ga q= d 11 0.3
0.5

-
+

Mc (6.5± 0.7)×109 Me

Parameter Prior Estimate

D e (16.8± 0.8) Mpc
M(stars) e 6.2 100.6

1.1 9´-
+ Me

M(gas) e 3.5 100.3
0.9 9´-

+ Me

Notes.
a Derived from the image domain.
b Derived from crescent model fitting.
c The mass and systematic errors are averages of the three methods (geometric
models, GRMHD models, and image domain ring extraction).
d The exact value depends on the method used to extract d, which is reflected
in the range given.
e Rederived from likelihood distributions (Paper VI).
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Moving away from Kerr black holes: 
accretion onto a dilaton black hole

Mizuno+ 2018



•Fair comparison requires that basic 
features of the flow are matched. 

•Three most important are: horizon 
radius, photon orbit, ISCO

•In general, larger dilaton parameter 
reduces horizon radius, photon 
orbit, and ISCO (cf. spin in Kerr). 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
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•Different matches possible but ISCO is most critical since most 
of the emission comes from around ISCO. 

Dilaton vs Kerr black hole



3D GRMHD simulations of magnetized torus with a weak poloidal magnetic field 
loop accreting onto Kerr BH (a=0.6) and ISCO-matched dilaton BH (b=0.5)

GRMHD simulations



magnetization

Dilaton Kerr KerrDilaton

density

Azimuthal and time (1,000 M) averages

•Overall plasma behaviour is very similar. 

•Main difference is in the high magnetization region (funnel) 
but not easy to deduce from observations



convolved GRRT 
images; emission 
features smeared by 
beam; crescent reveals 
presence of BH.

Kerr

dilaton

Overall, at present not possible to distinguish the two BHs

with scatter

BSMEM 
reconstructed image 
with scattering; again, 
presence of a 
crescent reveals BH.

cf. Sgr A*



Moving away from Kerr black holes: 
accretion onto a boson star

Olivares+ 2019



Accretion onto a boson star
‣ Self-gravitating horizonless compact objects composed of 
scalar field (boson stars) have long since been considered 
potential candidates for Sgr A* (dark-matter cusp).

‣ Previous work has considered whether emission from boson 
stars can be distinguished from that of a black hole.

✴Using spectral features: not possible to distinguish 
(Guzman+ 2010)
✴Using shadow image of a boson star surrounded by torus: 
not possible to distinguish  (Vincent+ 2016).

‣These works did not consider effects of accretion.
‣ We performed first GRMHD simulations of accreting 
nonrotating boson stars.



L. Weih, H. Olivares, LR



‣Simulations show considerable differences in the dynamics of 
the accretion flow.
‣In the case of the boson star, matter reaches very close to 
the origin, forming a stalled accretion torus (MRI is quenched).

density (x,z)

side view top view

density (x,y)
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Ṁ

a

0 2000 4000 6000 8000 10000

t [M ]

0.0

0.2

0.4

0.6

0.8

1.0

�̇

b Boson star

Kerr BH, a = 0.9375

8950 9000 9050
�0.2
�0.1

0.0
0.1
0.2
0.3

�50 �40 �30 �20 �10 0

x [M ]

�50

�40

�30

�20

�10

0

10

20

30

40

50

z
[M

]

Kerr BH

t = 9500 M

c

10 20 30 40 50

Boson stard

�8 �6 �4 �2 0
�4

�2

0

2

4

0 2 4 6 8
�4

�2

0

2

4

�6 �5 �4 �3 �2 �1 0 1

log10 ⇢

�50 �40 �30 �20 �10 0

x [M ]

Kerr BH

t = 9500 M

e

10 20 30 40 50

Boson starf

�8 �6 �4 �2 0
�4

�2

0

2

4

0 2 4 6 8
�4

�2

0

2

4

�6 �5 �4 �3 �2 �1 0 1

log10 �

✴Mass-accretion rate: positive for black hole but oscillating  for boson star.
✴Oscillations produced by stalled torus; correspond to epicyclic frequency.
✴No evacuated funnel in polar region in the case of boson star.
✴Slow wind flowing from hot and dense interior :  no jet from boson star.

magnetic flux

accretion rate

✴compactness is quite high: C95 := M95/R95 = 0.11
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•Left: GRRT images; 
sharp emission from 
photon ring visible 
for BH.

Overall, from images alone it is possible to distinguish them

Reconstructed images shows differences, both in size and structure
BH image exhibits crescent; boson star emission from inner regions.
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•Right: reconstructed 
image with scattering 
and conditions of EHT 
2017 campaign.



Conclusions
✴BlackHoleCam covers all aspects of these observations, has 

played a major role in the EHT campaign and analysis.

✴Accretion onto Kerr black holes has been explored 
extensively in various physical and thermodynamical regimes.

✴Exploration of accretion onto alternatives to Kerr BHs has 
started: boson stars can be distinguished, other BHs cannot.

✴EHT results have provided first evidence existence of SMBHs 
and boosted our understanding of accretion in strong gravity.

The ability to perform VLBI observations of SMBHs has 
opened new era of astrophysics. Much more to come!


