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Abstract

We present measurements of the properties of the central radio source in M87 using Event Horizon Telescope data
obtained during the 2017 campaign. We develop and fit geometric crescent models (asymmetric rings with interior
brightness depressions) using two independent sampling algorithms that consider distinct representations of the
visibility data. We show that the crescent family of models is statistically preferred over other comparably complex
geometric models that we explore. We calibrate the geometric model parameters using general relativistic
magnetohydrodynamic (GRMHD) models of the emission region and estimate physical properties of the source. We
further fit images generated from GRMHD models directly to the data. We compare the derived emission region and
black hole parameters from these analyses with those recovered from reconstructed images. There is a remarkable
consistency among all methods and data sets. We find that >50% of the total flux at arcsecond scales comes from
near the horizon, and that the emission is dramatically suppressed interior to this region by a factor >10, providing
direct evidence of the predicted shadow of a black hole. Across all methods, we measure a crescent diameter of
42±3 μas and constrain its fractional width to be <0.5. Associating the crescent feature with the emission
surrounding the black hole shadow, we infer an angular gravitational radius of GM/Dc2=3.8±0.4 μas. Folding in
a distance measurement of -

+16.8 Mpc0.7
0.8 gives a black hole mass of =   ´ ∣ ∣M M6.5 0.2 0.7 10stat sys

9 . This
measurement from lensed emission near the event horizon is consistent with the presence of a central Kerr black hole,
as predicted by the general theory of relativity.
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1. Introduction

Einstein’s general theory of relativity not only predicts the
existence of black holes, but also provides a means to directly
observe them. Photons can escape from near the event horizon via
an unstable circular orbit(von Laue 1921; Bardeen 1973), whose
observational manifestation would be a bright ring of emission
surrounding a dark interior black hole “shadow” (Luminet 1979;
Falcke et al. 2000). The diameter of the shadow for a black hole of
mass M as seen by a distant observer is predicted to be
;9.6–10.4GM/c2, which is larger than twice the coordinate
radius of the event horizon due to light-bending effects (Takahashi
2004; Johannsen & Psaltis 2010). The range results from different
values of black hole spin and observer inclination angle. The black
hole shadow can only be seen if (i) there are a sufficient number of
emitted photons to illuminate the black hole, (ii) the emission
comes from close enough to the black hole to be gravitationally
lensed around it, and (iii) the surrounding plasma is sufficiently
transparent at the observed wavelength. For nearby low-luminosity
black holes accreting via a radiatively inefficient flow, these
conditions can be met at millimeter wavelengths(e.g., Özel et al.
2000; Ho 2008; Yuan & Narayan 2014).

The nearby massive elliptical galaxy M87 provides an ideal
laboratory to search for such a black hole shadow. It is relatively
nearby ( D 16.8 Mpc) and has long been known to host a
bright, compact radio source at its center (Cohen et al. 1969).
Starting with Young et al. (1978) and Sargent et al. (1978), several

attempts have been made to “weigh” the supermassive black hole
(SMBH) hypothesized to power the radio source. Recent stellar-
dynamics observations by Gebhardt et al. (2011) found M=
(6.6 ± 0.4)×109Me, while the latest gas dynamics observations
by Walsh et al. (2013) yielded a more modest = ´-

+( )M 3.5 0.7
0.9

M10 .9 Both values assumed a distance D=17.9 Mpc. Strictly
interpreted within the predictions of the general theory of relativity,
these measurements make a strong case that M87 does harbor
some sort of compact massive dark object at its center, but they
have insufficient resolution to formally demonstrate that it is
indeed an SMBH. For M87 the expected shadow angular diameter
is ; 20 or ; 38μ as, which is now accessible using global very
long baseline interferometry (VLBI) at millimeter wavelengths
(EHT Collaboration et al. 2019a, hereafter Paper II).

Accreting black holes are powered by matter flowing in via an
accretion disk that in many cases launches a powerful jet of
magnetized, relativistic plasma (e.g., Blandford & Znajek 1977;
Blandford & Payne 1982). M87 exhibits the characteristic flat-to-
inverted radio/millimeter (mm) synchrotron spectrum considered
to be a hallmark of the compact innermost jet core in low-
luminosity active galactic nuclei (AGNs; e.g., Blandford & Königl
1979; Ho 1999). In this picture, the jet photosphere moves inward
with increasing frequency up to the spectral break, at which point
the entire jet becomes optically thin. The average broadband
spectrum of M87 (Reynolds et al. 1996; Di Matteo et al. 2003;
Prieto et al. 2016) indicates that the mm-band should straddle this
transition. While images at longer radio wavelengths reveal
extended jet structure (e.g., Asada & Nakamura 2012; Hada et al.
2016; Mertens et al. 2016; Kim et al. 2018; Walker et al. 2018),
both the observed core shift (Hada et al. 2011) and compact
size of ;40 μas from past mm-VLBI (Doeleman et al. 2012;
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