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When surrounded by a transparent emission region, black 
holes are expected to reveal a dark shadow caused by 
gravitational light bending and photon capture at the event 
horizon. To image and study this phenomenon, in April 
2019, the Event Horizon Telescope (EHT) Collaboration re-
ported the first observations of a global very long baseline 
interferometry (VLBI) array observing at a wavelength of 
1.3 mm. These observations have allowed us to reconstruct 
event-horizon-scale images of the supermassive black hole 
candidate in the center of the giant elliptical galaxy M87.

We have resolved the central compact radio source as an 
asymmetric bright emission ring with a diameter of 42 ± 3 µas, 
which is circular and encompasses a central depression in 
brightness with a flux ratio L 10 : 1 (see Fig. 1). The emis-
sion ring is recovered using different calibration and imag-
ing schemes, with its diameter and width remaining stable 
over four different observations carried out in different days. 
Overall, the observed image is consistent with expectations 
for the shadow of a Kerr black hole as predicted by general 
relativity. The asymmetry in brightness in the ring can be 
explained in terms of relativistic beaming of the emission 
from a plasma rotating close to the speed of light around a 
black hole. By comparing the EHT observed images to an 
extensive library of ray-traced general-relativistic magneto-
hydrodynamic (GRMHD) simulations of black holes, it was 
possible to derive a central mass of M = (6.5 ± 0.7) × 109 M

☉
.

While the capability of the Event Horizon Telescope (EHT) 
to image the nearest supermassive black hole candidates 
at horizon-scale resolutions offers a novel means to study 
gravity in its strongest regimes and to test different models 
for these objects, it is not always simple to rule out alterna-
tives to black holes in general relativity. Indeed, while the 
Kerr metric remains a solution in some alternative theories 
of gravity, non-Kerr black hole solutions do exist in a variety 
of such modified theories. This is because a shadow can be 
produced by any compact object with a spacetime charac-
terized by unstable circular photon orbits [2]. Furthermore, 
exotic alternatives to black holes, such as naked singulari-
ties [3] and gravastars [4, 5], are admissible solutions with-
in general relativity 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 na-
ked singularities associated with Kerr spacetimes with |a

)
| 

> 1 are substantially smaller and very asymmetric compared 
to those of Kerr black holes [6].

In order to assess our present ability to use EHT images to 
determine if they correspond to a Kerr black hole as pre-
dicted by Einstein’s theory of general relativity or to a black 
hole in alternative theories of gravity. To this end, we have 
performed (GRMHD) simulations and use general-relativis-
tic radiative transfer (GRRT) calculations to generate syn-
thetic shadow images of a magnetised accretion flow onto 
a Kerr black hole. In addition, and for the first time, we have 

performed GRMHD simulations and GRRT calculations for 
a dilaton black hole, which we take as a representative solu-
tion of an alternative theory of gravity. Adopting the VLBI 
configuration from the 2017 EHTC campaign, we find that 
it could be extremely difficult to distinguish between black 
holes from different theories of gravity [2] (see Fig. 2). These 
results highlight that great caution is needed when interpret-
ing black hole images as tests of general relativity.

Finally, when interpreting the EHT images it can be instruc-
tive to other compact-object candidates – such as boson 
stars – which possess an unstable circular photon orbit but 
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FIG. 1. Top: EHT image of M87* from observations on April 11, 
2017 as a representative example of the images collected in the 
2017 campaign. The image is the average of three different imag-
ing methods after convolving each with a circular Gaussian ker-
nel to give matched resolutions. The largest of the three kernels 
(20 μas FWHM) is shown in the lower right. The image is shown 
in units of brightness temperature, Tb = Sm2/2kBΩ, where S is the 
flux density, m is the observing wavelength, kB is the Boltzmann 
constant, and Ω is the solid angle of the resolution element. Bot-
tom: Similar images taken over different days showing the stability 
of the basic image structure and the equivalence among different 
days.
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are without a surface or an event horizon [7, 8]. In such 
spacetimes, null geodesics are redirected outwards towards 
distant observers [9], so that the shadow can in principle 
be filled with emission from lensed images of distant radio 
sources generating a complex mirror image of the sky.

Also in this case, we have performed GRMHD simulations 
of accretion flows in the boson-star spacetime, followed 
by GRRT calculations. The synthetic reconstructed imag-
es considering realistic astronomical observing conditions 
show that, despite qualitative similarities, the differences in 
the appearance of a black hole – either rotating or not – and 
a boson star are large enough to be detectable [10] (see 
Fig. 3). The origin of this difference is to be found in the 
fact that accretion flows onto boson stars behave differently 
from the corresponding flows onto black holes. These dif-
ferences arise from dynamical effects directly related to the 
absence of an event horizon, in particular, the accumulation 
of matter in the form of a small torus or a spheroidal cloud in 
the interior of the boson star, and the absence of an evac-

uated high-magnetisation funnel in the polar regions. The 
mechanism behind these effects is general enough to apply 
to other horizonless and surfaceless black hole mimickers, 
strengthening confidence in the ability of the EHT to identify 
such objects via radio observations.
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FIG. 2. Synthetic BH shadow images of Sgr A* for the Kerr BH 
using two different image reconstruction algorithms. From left to 
right: GRRT image convolved with 50% (red shading) of the nomi-
nal beam size (light grey shading), the contour levels start at 5% of 
the peak value and increase by 2 . The red cross in the images 
marks the position of the flux density maximum (panel a), recon-
structed image without interstellar scattering convolved with 50% 
(red shading) of the nominal beam size (light grey shading, panel 
b), and reconstructed image without interstellar scattering using 
BSMEM (panel c). All images are based on visibilities which take 
into account a possible VLBI antenna configuration and schedule 
for the EHTC April 2017 observations. The convolving beam is plot-
ted in the lower left corner of each panel (see Ref. [2] for details).
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FIG. 3. From top to bottom: ray-traced and synthetic images at 
230 GHz and inclination angle of θobs = 60° of the Schwarzschild 
black hole (first row), the Kerr black hole (second row), and bos-
on-star models A (third row). From left to right, first column: ray-
traced images averaged over the interval t/M d [8900, 10000], 
second column: ray-traced images convolved with 50% (red shad-
ed ellipse) of the EHTC beam (grey shaded ellipse), third column: 
reconstructed images including interstellar scattering, convolved 
with 50% (red shaded ellipse) of the EHTC beam (grey shaded 
ellipse) and indicating the value of the DSSIM metric (see Ref. [10] 
for details).


