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• EHT Overview: the instrument and science goals 

• First imaging results on M87: 

• The future: upcoming results and array expansion 
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Radio interferometry 101



* history of development of EHT array not covered in this talk



Radio interferometers are not digital cameras
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N(N-1)/2 baselines 
for N antennas:

351 for VLA (N=27)
2016 for MeerKAT (N=64)

19 306 for SKA1-MID (N=197)
3.1 million for SKA (N=2500)

15 for EHT2017 (N=6 [8])
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[…]
[…]

each antenna pair cross-correlated = 
1 sample of 2D Fourier Transform of 

sky brightness distribution

Largest separation determines angular resolution



A radio interferometer is a  Fourier transform machine

2D FFTImage



A radio interferometer is a  Fourier transform machine

2D FFTImage

Partially-sampled FFTReconstructed Image
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The EHT array
• Earth-sized telescope operating at 230 & 345 GHz 

• Achieves an angular resolution of ~20 µas                      
(~1000 times finer than Hubble Space Telescope) 

• Primary science goal: spatially resolve event-horizon-scale 
emission towards Sgr A* and M87  

• Test Kerr metric hypothesis (or other theories of gravity) in 
the strong-field regime and constrain accretion flow / jet-
launch physics 

• “extreme interferometry” — requires an intense engineering, 
data processing, calibration, theoretical, and modeling effort 



The troublesome (and turbulent) troposphere

The radio sky

NASA
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To image an extreme of physics (black hole shadows), we 
must go to the extremes of the Earth



A Boeing 747’s bandwidth

• Data recorded independently at different sites at very 
high time and frequency resolution and precision 

• Disks brought together at supercomputers at MIT and 
MPIfR to correlate the signals and form visibilities 
(fundamental measurement of an interferometer) 

• ~4 PB required for entire EHT 2017 observing run 

• ~0.5 PB on M87 alone 

• This will increase by a factors of a few in the coming 
years

MIT/Haystack
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high time and frequency resolution and precision 

• Disks brought together at supercomputers at MIT and 
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Final image size ~few kiloBytes



Primary science goal: 

Spatially-resolve event horizon scales of 
nearby supermassive black holes



Davelaar et al. (2019)
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A black hole shadow? 

Luminet (1979)



A black hole shadow? 

6 CHAPTER 1. INTRODUCTION

tracing combined with an early calculation of the ray-traced image of a thin

accretion disc around a BH [Luminet, 1979]. The circular shadow is apparent

as the silhouette of the lensed emission originating from the far side of the

disc.

Figure 1.1: (Image credit : Shep Doeleman) Cartoon image (left) combined
with the ray-tracing of a thin accretion disc surrounding a BH, first calculated
by Luminet [1979]. The cartoon image shows that both the bottom and
top of the far side of the accretion disc is lensed by the black hole and is
superimposed on the image of the near side of the accretion disc. The dark
area in the centre, known as the black hole shadow is the lensed image of
the photon ring orbiting the BH. A measurement of its precise shape is a
test of general relativity in the strong field regime. Note that the left-right
asymmetry in the image is due to Doppler boosting.

Gravity as described by General Relativity (GR) is consistent with all

observational experiments thus far [e.g. Kramer et al., 2006, and references

therein], however GR has conceptual weaknesses, especially as it is not com-

patible with the quantum description of reality. Various alternatives to GR

have been theorised which do not assume a purely classical description of

matter. To compare GR with the alternatives, we have to compare its pre-

dictions in the strong, non-linear field regime where the largest deviations

from GR would occur if it were an approximate theory.

The space-time within severalRg around a SMBH provides such an oppor-

Luminet (1979)



Black hole “shadow” history
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Figure	2.	Apparent	positions	of	the	two	brightest	images	of	a	point	like	star	in	circular	orbit	as	
functions	 of	 time,	 for	 two	 orbital	 radii	 and	 an	 observer	 at	 a	 polar	 angle	 84°.024.	 The	 small,	
dashed	circle	in	each	plot	gives	the	scale	of	the	plot	in	units	of	GM/c2.	The	direct	image	moves	
along	the	solid	line,	the	secondary	image	along	the	dashed	line.	Ticks	mark	the	positions	of	the	
images	at	10	equally	spaced	times	(from	Cunningham	&	Bardeen	1973).	

	
In	 the	 upper	 diagram	 showing	 the	 distorted	 image	 of	 a	 circle	 of	 radius	 20M,	 we	

clearly	 see	 that,	whatever	 the	observer’s	 inclination	angle,	 the	black	hole	cannot	mask	
any	part	of	 the	 circle	behind.	We	also	 see	 that	 the	black	hole’s	 spin	hardly	 affects	 the	
symmetry	of	the	primary	image	(although	the	asymmetry	is	stronger	for	the	secondary	
image).	
In	1975,	Cunningham	completed	his	PhD	thesis	by	calculating	the	effects	of	redshifts	

and	focusing	on	the	spectrum	of	a	thin	accretion	disk	around	a	Kerr	black	hole.	He	gave	
formulas	and	drew	graphics	but	no	image	(Cunningham	1975).	
The	first	visualization	of	the	gravitational	 lensing	produced	by	a	non-spinning	black	

hole	on	a	background	star	field	was	carried	out	in	1978	by	Leigh	Palmer,	Maurice	Pryce	
and	William	Unruh,	using	an	Edwards	and	Sutherland	Vector	graphics	display	at	Simon	
Fraser	University	(Palmer	et	al.	1978).	They	showed	a	film	clip	in	a	number	of	lectures	in	
that	period	(including	the	9th	Texas	Symposium	on	Relativistic	Astrophysics),	but	they	
did	not	publish	their	simulation,	so	that	I	can’t	reproduce	any	of	their	images.	

First	imaging	of	a	black	hole	accretion	disk	

The	same	year	1978	but	quite	independently,	as	a	young	researcher	at	Paris-Meudon	
Observatory	 specialized	 in	 the	 mathematics	 of	 general	 relativity	 and	 following	 a	
suggestion	from	my	former	PhD	advisor	Brandon	Carter,	I	wondered	what	could	be	the	
aspect	of	a	Schwarzschild	black	hole	surrounded	by	a	luminous	accretion	disk.		

Luminet (1979)
Optically thin accretion disk beyond the ISCO

Cunningham & Baarden (1983)
Stellar orbit around a black hole
also, Baarden (1973) lensed star
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Figure	 22.	 Images	 of	 an	 optically	 thin	 emission	 region	 surrounding	 the	 galactic	 black	 hole	
SgrA*.	The	black	hole	is	maximally	rotating	(a	=	0.998)	in	the	top	row	and	non-rotating	in	the	
bottom	row.	The	emitting	gas	is	assumed	to	be	in	free	fall	(top)	or	on	Keplerian	shells	(bottom)	
with	 	 a	 viewing	 angle	 45°.	 The	 left	 column	 shows	 the	 ray-tracing	 calculations	 in	 general	
relativity,	the	other	columns	are	the	images	seen	by	an	idealized	VLBI	array	at	0.6	mm	and	1.3	
mm	wavelengths,	taking	account	of	the	interstellar	scattering	(from	Falcke	et	al.	2000).	
	

	

	
Figure	23.	Polarization maps at three wavelengths (1.5 mm, 1 mm, 0.67 mm from top row 
to bottom row) calculated for the galactic	black	hole	candidate	SgrA*.	The	left	most	column	
shows	how	 the	 radio	maps	might	 look	 seen	 from	a	 close	 observer,	 the	 other	 columns	 show	
how	the	map	might	look	from	Earth	with	our	vision	blurred	by	gas	in	interstellar	space	(from	
Bromley	et	al.	2001).	 

	
	

Falcke et al. (2000)
Optically thin emission, including inside ISCO

Predicted mm-VLBI 

Thorne, Nolan et al. (2014)
Hollywood blockbuster

Von Laue (1921) based on Hilbert (1916)
Lights paths that form perfect circles



A black hole shadow? 

Two key concepts:  

1. Light bending around a black hole 

2. Light captured by a black hole







Goddi et al. (2019)



In Section 6 we combine EHT data with other constraints on the
radiative ef!ciency, X-ray luminosity, and jet power and show
that the latter constraint eliminates all a 0* � models. In
Section 7 we discuss limitations of our models and also brie"y
discuss alternatives to Kerr black hole models. In Section 8 we
summarize our results and discuss how further analysis of existing
EHT data, future EHT data, and multiwavelength companion
observations will sharpen constraints on the models.

2. Review and Estimates

In EHT Collaboration et al. (2019d; hereafter Paper IV) we
present images generated from EHT2017 data (for details on
the array, 2017 observing campaign, correlation, and calibra-
tion, see Paper II and Paper III). A representative image is
reproduced in the left panel of Figure 1.

Four features of the image in the left panel of Figure 1 play
an important role in our analysis: (1) the ring-like geometry, (2)
the peak brightness temperature, (3) the total "ux density, and
(4) the asymmetry of the ring. We now consider each in turn.

(1) The compact source shows a bright ring with a central
dark area without signi!cant extended components. This bears
a remarkable similarity to the long-predicted structure for
optically thin emission from a hot plasma surrounding a black
hole (Falcke et al. 2000). The central hole surrounded by a
bright ring arises because of strong gravitational lensing (e.g.,
Hilbert 1917; von Laue 1921; Bardeen 1973; Luminet 1979).
The so-called “photon ring” corresponds to lines of sight that
pass close to (unstable) photon orbits (see Teo 2003), linger
near the photon orbit, and therefore have a long path length
through the emitting plasma. These lines of sight will appear
comparatively bright if the emitting plasma is optically thin.
The central "ux depression is the so-called black hole
“shadow” (Falcke et al. 2000), and corresponds to lines of
sight that terminate on the event horizon. The shadow could be
seen in contrast to surrounding emission from the accretion
"ow or lensed counter-jet in M87 (Broderick & Loeb 2009).

The photon ring is nearly circular for all black hole spins and
all inclinations of the black hole spin axis to the line of sight

(e.g., Johannsen & Psaltis 2010). For an a 0* � black hole
of mass M and distance D, the photon ring angular radius on
the sky is

GM
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where we have scaled to the most likely mass from Gebhardt et al.
(2011) and a distance of 16.9 Mpc (see also EHT Collaboration
et al. 2019e, (hereafter Paper VI; Blakeslee et al. 2009; Bird et al.
2010; Cantiello et al. 2018). The photon ring angular radius for
other inclinations and values of a* differs by at most 13% from
Equation (1), and most of this variation occurs at a1 1*� �! !
(e.g., Takahashi 2004; Younsi et al. 2016). Evidently the angular
radius of the observed photon ring is approximately 20 asN_
(Figure 1 and Paper IV), which is close to the prediction of the
black hole model given in Equation (1).
(2) The observed peak brightness temperature of the ring in

Figure 1 isT 6 10 Kb pk,
9_ q , which is consistent with past EHT

mm-VLBI measurements at 230 GHz (Doeleman et al. 2012;
Akiyama et al. 2015), and GMVA 3 mm-VLBI measurements of
the core region (Kim et al. 2018). Expressed in electron rest-mass
(me) units, k T m c 1b pk b pk e, B ,

22 w �( ) , where kB is Boltzmann’s
constant. The true peak brightness temperature of the source is
higher if the ring is unresolved by EHT, as is the case for the
model image in the center panel of Figure 1.
The 1.3 mm emission from M87 shown in Figure 1 is

expected to be generated by the synchrotron process (see Yuan
& Narayan 2014, and references therein) and thus depends on
the electron distribution function (eDF). If the emitting plasma
has a thermal eDF, then it is characterized by an electron
temperature T Te b. , or k T m c 1e e eB

22 w �( ) , because
e b pk,2 � 2 if the ring is unresolved or optically thin.
Is the observed brightness temperature consistent with what

one would expect from phenomenological models of the
source? Radiatively inef!cient accretion "ow models of M87

Figure 1. Left panel: an EHT2017 image of M87 from Paper IV of this series (see their Figure 15). Middle panel: a simulated image based on a GRMHD model. Right
panel: the model image convolved with a 20 asN FWHM Gaussian beam. Although the most evident features of the model and data are similar, !ne features in the
model are not resolved by EHT.
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for a Schwarzschild metric, ~10% change for spin



Zooming into the Event Horizon

credit: Jordy Davelaar & Thomas Bronzwaer
BlackHoleCam

Using this: To image this:
Apparent size of a 

doughnut on the moonGlobal array of antennas

Laura Vertatschitsch
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EHT’s two primary targets

M87

Sgr A*
• MBH ~4 x 106 M⊙ 

• Predicted photon ring ~50 µas 

• Shortest orbital timescale: ~minutes

• MBH ~6 x 109 M⊙ 

• Predicted photon ring ~20-40 µas 

• Shortest orbital timescale: ~weeks
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• EHT Overview: the instrument and science goals 

• First imaging results on M87: 

• The future: upcoming results and array expansion 
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First imaging results on M87: 



But first some contrast of the 
imaging challenges with MeerKAT



Image credits: SARAO

MeerKAT image of the centre of our Galaxy
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MeerKAT COSMOS  
Single pointing 

~3 uJy/beam; > 1 deg2 
~5000 sources; ~16 hours

Im
ag

e 
co

ur
te

sy
: I

an
 H

ey
w

oo
d 

& 
M

IG
H

TE
E 

te
am

A more typical MeerKAT map:
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EHT has it easy and hard  
(time-variable source, gains, propagation effects, but just ~1 source)

versus



credit:  Chris Mihos (Case Western Reserve University)/ESO

Very Large Telescope

First imaging results on M87 



credit:  NASA, ESA and the Hubble Heritage Team (STScI/AURA); Acknowledgment: P. Cote (Herzberg Institute of Astrophysics) and E. Baltz (Stanford University)

Hubble Space Telescope





MeerKAT 0.9-1.7 GHz maps coming 
soon! (Mtshweni et al., in prep.)







Internet memes…
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…and six peer-reviewed journal articles









Not just 1 image!

• Average of three different imaging 
algorithms = consensus image 

• Convolved with a 20 uas beam 

• Consistent structure over four days, 
although some super-resolved structure 
be real 

• A next step is to compare static versus 
dynamic source structure models

maximum likelihood (RML; e.g., Narayan & Nityananda 1986;
Wiaux et al. 2009; Thiébaut 2013). RML is a forward-modeling
approach that searches for an image that is not only consistent with
the observed data but also favors speci!ed image properties (e.g.,
smoothness or compactness). As with CLEAN, RML methods
typically iterate between imaging and self-calibration, although
they can also be used to image directly on robust closure quantities
immune to station-based calibration errors. RMLmethods have been
extensively developed for the EHT (e.g., Honma et al. 2014;
Bouman et al. 2016; Akiyama et al. 2017; Chael et al. 2018b; see
also Paper IV).

Every imaging algorithm has a variety of free parameters
that can signi!cantly affect the !nal image. We adopted a two-
stage imaging approach to control and evaluate biases in the
reconstructions from our choices of these parameters. In
the !rst stage, four teams worked independently to reconstruct
the !rst EHT images of M87* using an early engineering data
release. The teams worked without interaction to minimize
shared bias, yet each produced an image with a similar
prominent feature: a ring of diameter !38–44 !as with
enhanced brightness to the south (see Figure 4 in Paper IV).

In the second imaging stage, we developed three imaging
pipelines, each using a different software package and
associated methodology. Each pipeline surveyed a range of
imaging parameters, producing between !103 and 104 images
from different parameter combinations. We determined a “Top-
Set” of parameter combinations that both produced images of
M87* that were consistent with the observed data and that
reconstructed accurate images from synthetic data sets
corresponding to four known geometric models (ring, crescent,
!lled disk, and asymmetric double source). For all pipelines,
the Top-Set images showed an asymmetric ring with a diameter
of !40 !as, with differences arising primarily in the effective
angular resolutions achieved by different methods.

For each pipeline, we determined the single combination of
!ducial imaging parameters out of the Top-Set that performed
best across all the synthetic data sets and for each associated
imaging methodology (see Figure 11 in Paper IV). Because the
angular resolutions of the reconstructed images vary among the
pipelines, we blurred each image with a circular Gaussian to a
common, conservative angular resolution of 20 !as. The top part
of Figure 3 shows an image of M87* on April!11 obtained by
averaging the three pipelines’ blurred !ducial images. The image
is dominated by a ring with an asymmetric azimuthal pro!le that
is oriented at a position angle !170° east of north. Although the
measured position angle increases by !20° between the !rst two
days and the last two days, the image features are broadly
consistent across the different imaging methods and across all
four observing days. This is shown in the bottom part of Figure 3,
which reports the images on different days (see also Figure 15 in
Paper IV). These results are also consistent with those obtained
from visibility-domain !tting of geometric and general-relativistic
magnetohydrodynamics (GRMHD) models (Paper VI).

6. Theoretical Modeling

The appearance of M87* has been modeled successfully using
GRMHD simulations, which describe a turbulent, hot, magnetized
disk orbiting a Kerr black hole. They naturally produce a powerful
jet and can explain the broadband spectral energy distribution
observed in LLAGNs. At a wavelength of 1.3 mm, and as
observed here, the simulations also predict a shadow and an
asymmetric emission ring. The latter does not necessarily coincide

with the innermost stable circular orbit, or ISCO, and is instead
related to the lensed photon ring. To explore this scenario in great
detail, we have built a library of synthetic images (Image Library)
describing magnetized accretion "ows onto black holes in GR145

(Paper V). The images themselves are produced from a library
of simulations (Simulation Library) collecting the results of
four codes solving the equations of GRMHD (Gammie et al.
2003; Sa !dowski et al. 2014; Porth et al. 2017; Liska et al.
2018). The elements of the Simulation Library have been
coupled to three different general-relativistic ray-tracing and
radiative-transfer codes (GRRT, Bronzwaer et al. 2018;
Mo!cibrodzka & Gammie 2018; Z. Younsi et al. 2019, in
preparation). We limit ourselves to providing here a brief
description of the initial setups and the physical scenarios
explored in the simulations; see Paper V for details on both the
GRMHD and GRRT codes, which have been cross-validated

Figure 3. Top: EHT image of M87* from observations on 2017 April 11 as a
representative example of the images collected in the 2017 campaign. The
image is the average of three different imaging methods after convolving each
with a circular Gaussian kernel to give matched resolutions. The largest of the
three kernels (20 !as FWHM) is shown in the lower right. The image is shown
in units of brightness temperature, T S k2b

2
BM� 8, where S is the "ux density,

" is the observing wavelength, kB is the Boltzmann constant, and ! is the solid
angle of the resolution element. Bottom: similar images taken over different
days showing the stability of the basic image structure and the equivalence
among different days. North is up and east is to the left.

145 More exotic spacetimes, such as dilaton black holes, boson stars, and
gravastars, have also been considered (Paper V).
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Agreement with a trio of imaging algorithms
Fiducial images of M87 for April 11 restored to an 

equivalent resolution show remarkably similar structure



Imaging tests

calibration, a random station phase is adopted for each scan.
Independent station-based gains were applied to each visiblity,
with two components of each gain factor drawn from normal
distributions: one term that was constant over the observation,
and one that varied randomly among scans. We captured the
increased uncertainty and variability in station gains at the
LMT (Section 4.1) by giving these gain terms larger variances.
Time-independent polarimetric leakage terms were drawn from
a complex Gaussian distribution with 5% standard deviation,
motivated by previous estimates of the polarization leakage at
EHT sites (Johnson et al. 2015). Identical gain, phase, and
leakage contamination was applied to the high- and low-band
data. Figure 5 shows four examples of visibility amplitudes
generated using this procedure. Appendix C.2 provides full
details about the synthetic data generation procedure.

Furthermore, to test whether or not our results are sensitive
to speci!c choices made in the synthetic data generation, we
compared our generated synthetic data and reconstructed
images to results from another VLBI data simulator, Meq-
Silhouette+rPICARD (Blecher et al. 2017; Janssen et al.
2019). MeqSilhouette+rPICARD takes a more physical
approach to mm-VLBI synthetic data generation (with added
corruption based on, e.g., measured weather parameters and

antenna pointing offsets) and it uses the full CASA-based EHT
reduction pipeline for calibration. Despite the differences in
approach, both synthetic data pipelines yield comparable
results (see Appendix C.3 and Figure 31). We use eht-
imaging for all further synthetic data in this Letter.

6.2. Imaging Pipelines and Parameter Survey Space

To survey the space of imaging parameters relevant to each
imaging software package and to test their effects on
reconstructions of simulated data, we designed scripted
imaging pipelines in three software packages: DIFMAP,
eht-imaging, and SMILI. Each pipeline has some choices
that are !xed (e.g., the convergence criterion, the pixel size,
etc.) but takes additional parameters (e.g., the regularizer
weights, the total compact "ux density) as arguments. We then
reconstructed images from all M87 and synthetic data sets
using all possible parameter combinations on a coarse grid in
the space of these parameters. We chose large ranges for each
parameter, deliberately including values that we expected to
produce poor reconstructions.
The parameter choices and the values surveyed vary among the

three pipelines, and the pipelines also differ in which frequency

Figure 5. The four simple geometric models and synthetic data sets used in the parameter surveys (see Appendix C for details). Top: linear scale images, highlighting
the compact structure of the models. Middle: logarithmic scale images, highlighting the larger-scale jet added to each model image. Bottom: one realization of
simulated visibility amplitudes corresponding to the April!11 observations of M87. We indicate the conventions for cardinal direction and position angle used
throughout this Letter on the upper-right panel. Note that east is oriented to the left, and position angles are de!ned east of north.
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relative to the April!6 image is still prominent in the
overlapping coverage reconstructions. This test shows that
the reconstructed evolution is not due, at least solely, to the
changes in (u, v) coverage between days, although each image
is still affected by the limited (u, v) coverage. The bottom
panels of Figure 23 show selected closure phases on April!6
and 11 that are signi!cantly different; reconstructed images
with both the full and overlapping data sets recover this
signi!cant evolution of closure phases. We discuss the
observed time variability further in Appendix E.

9. Image Analysis

To assess the consistency of our images with each other and
determine which speci!c image features are most reliable, we
de!ne and measure several properties that characterize
asymmetric rings: the diameter d, width w, orientation angle
!, azimuthal brightness asymmetry A, and fractional central
brightness fC. This approach is also motivated by GRMHD
simulations of M87, which predict an image dominated by a
bright and nearly circular ring morphology across a large range
of parameters (Paper V). In Section 9.1, we de!ne these
quantities, explain how they are measured, and give procedures
to estimate their uncertainties. In Section 9.2, we evaluate
biases and systematic errors in these measurements using tests
with synthetic data. In Section 9.3, we apply our results to
estimate properties of the !ducial images of M87 presented in
Section 7. In Paper VI, we explore model !tting in more detail,
both through visibility-domain !ts of geometrical models and
through image-domain analysis of the reconstructions from
each imaging pipeline.

9.1. Ring Parameter De!nitions

To identify a ring in a given reconstructed image, we search
for the central point from which radial pro!les are peaked at a
similar distance. From a candidate ring center position (x, y),
we sample the linearly interpolated image equally in azimuthal
angle " between 0° and 360° and in radius r between 0 and
50 #as to obtain a transformed image: I(r, "; x, y).118 Then, for
each radial pro!le at !xed ", we identify the distance rpk at
which the angular pro!le assumes its peak brightness. We
de!ne the ring radius at a given position, r x y,pk¯ ( ) as the mean
of these peak distances:

r x y I r x y

r x y r x y

; , argmax , ; , ,

, ; , . 16
rpk

pk pk 0,2

R R
R

�

�� §R Q�

( ) [ ( )]
¯ ( ) ( ) ( )[ ]

To estimate an associated uncertainty, we use the standard
deviation x y,rT ( )¯ of the rpk("; x, y) values. For a similar

Figure 22. Example reconstructions of M87 on April!11 after omitting visibilities to each geographical site. The top row shows reconstructions that exclude all
baselines to the indicated site (i.e., mimicking an observation without that site); the bottom row shows reconstructions that exclude all visibility amplitudes on
baselines to the indicated site, while still including closure phases and closure amplitudes (i.e., exploring the limit of arbitrarily poor amplitude calibration). The lower-
left panel shows an image reconstructed after excluding visibility amplitudes to all sites (i.e., using only closure quantities). These images were reconstructed using the
eht-imaging pipeline with its !ducial parameters (see Section 6.3.3). The ellipse in each panel shows the corresponding synthesized beam with uniform weighting,
but the image is not convolved with this beam. While the !ducial parameters used are not necessarily optimal for imaging these modi!ed data sets, the reconstructed
images of M87 are rather resilient to the loss of most sites, especially if the closure information is preserved, demonstrating that our results are insensitive to calibration
assumptions. Figure 32 in Appendix D shows corresponding results for the DIFMAP and SMILI pipelines.

Figure 23. Validating the observed variation in the reconstructed images
between April 6 and 11. Top-left panels: !ducial eht-imaging image
reconstructions from observations on April 6 and 11 (Section 7.1). Top-right
panels: reconstructions using the same !ducial script and parameters, but using
data only on the (u, v) points which overlap on April 6 and 11. The
reconstructions using only the overlapping (u, v) coverage show similar time
evolution (a shift in brightness to the southwest; see Appendix E) to the
reconstructions from the original data sets, indicating that the observed
variation in images is intrinsic. Bottom panels: plots of two selected closure
phases (LMT–SMA–SMT and ALMA–LMT–SMA) that clearly identify
intrinsic structural evolution between April 6 and 11. The colored points
identify the closure phases of the scan-averaged data, and the phases shown as
solid and dotted colored lines are taken from the reconstructions of full and
overlapping coverage data, respectively.

118 We sample angles every 1° and radii every 0.5 #as between 0 and 50 #as.
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Comparison with simulation 

spin energy through mechanisms akin to the Blandford–Znajek
process.

7. Model Comparison and Parameter Estimation

In Paper VI, the black hole mass is derived from !tting to the
visibility data of geometric and GRMHD models, as well as
from measurements of the ring diameter in the image domain.
Our measurements remain consistent across methodologies,
algorithms, data representations, and observed data sets.

Motivated by the asymmetric emission ring structures seen in
the reconstructed images (Section 5) and the similar emission
structures seen in the images from GRMHD simulations
(Section 6), we developed a family of geometric crescent
models!(see, e.g., Kamruddin & Dexter 2013) to compare directly
to the visibility data. We used two distinct Bayesian-inference
algorithms and demonstrate that such crescent models are
statistically preferred over other comparably complex geometric
models that we have explored. We !nd that the crescent models
provide !ts to the data that are statistically comparable to those of
the reconstructed images presented in Section 5, allowing us to
determine the basic parameters of the crescents. The best-!t
models for the asymmetric emission ring have diameters of
43!±!0.9 !as and fractional widths relative to the diameter of
<0.5. The emission drops sharply interior to the asymmetric
emission ring with the central depression having a brightness
<10% of the average brightness in the ring.

The diameters of the geometric crescent models measure the
characteristic sizes of the emitting regions that surround the
shadows and not the sizes of the shadows themselves (see, e.g.,
Psaltis et al. 2015; Johannsen et al. 2016; Kuramochi et al.
2018, for potential biases).
We model the crescent angular diameter d in terms of the

gravitational radius and distance, GM c Dg
2R w , as d!=!"#g,

where " is a function of spin, inclination, and Rhigh ("!;!9.6–10.4
corresponds to emission from the lensed photon ring only). We
calibrate " by !tting the geometric crescent models to a large
number of visibility data generated from the Image Library. We
can also !t the model visibilities generated from the Image Library
to the M87* data, which allows us to measure #g directly.
However, such a procedure is complicated by the stochastic nature
of the emission in the accretion "ow!(see, e.g., Kim et al. 2016).
To account for this turbulent structure, we developed a formalism
and multiple algorithms that estimate the statistics of the stochastic
components using ensembles of images from individual GRMHD
simulations. We !nd that the visibility data are not inconsistent
with being a realization of many of the GRMHD simulations. We
conclude that the recovered model parameters are consistent
across algorithms.
Finally, we extract ring diameter, width, and shape directly

from reconstructed images (see Section 5). The results are
consistent with the parameter estimates from geometric
crescent models. Following the same GRMHD calibration

Figure 4. Top: three example models of some of the best-!tting snapshots from the image library of GRMHD simulations for April 11 corresponding to different spin
parameters and accretion "ows. Bottom: the same theoretical models, processed through a VLBI simulation pipeline with the same schedule, telescope characteristics,
and weather parameters as in the April 11 run and imaged in the same way as Figure 3. Note that although the !t to the observations is equally good in the three cases,
they refer to radically different physical scenarios; this highlights that a single good !t does not imply that a model is preferred over others (see Paper V).
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MeqSilhouette : A mm-VLBI simulator 3

[!ht]

Figure 1. Flow diagram showing basic sequence of the MeqSilhouette simulation pipeline. The sky model could include (a) a time-
ordered list of fits images or (b) parametric source model consisting of Gaussians or point sources. The details of the station information,
observation strategy, tropospheric and ISM conditions are specified in a user-defined input configuration file. The pipeline is flexible,
allowing any additional, arbitrary Jones matrices to be incorporated. Further details in text.

of the turbulent layer Coulman (1985). The specifics of the
tropospheric model will be explored further in later sections.

The two length scales, rF and r0, define the nature
of the scattering which is split into the strong and weak
regimes. In weak scattering, r0 � rF and hence by equa-
tion 3, D�(rF) ⌧ 1. This implies that most of the radiative
power measured on a point X will originate from a screen
area Aweak ⇡ ⇡r2F. Whereas in the regime of strong scatter-
ing, r0 ⌧ rF yielding D�(rF) � 1. This results in coherent
signal propagation onto the point X from multiple discon-
nected zones each of area Astrong ⇡ ⇡r20 (Narayan 1992).
Scattering in the troposphere and ISM fall into the regimes
of weak and strong scattering respectively.

To evolve the screen in time, we assume a frozen screen
i.e. that the velocity of the individual turbulent eddies is
dominated by the bulk motion of scattering medium (e.g.
Lay 1997). This allows us to treat the screen as frozen but
advected over the observer by a constant motion. Hence time
variability can be easily incorporated by the relative motion
between source, scattering screen and observer.

3 CENTRAL COMPONENTS AND LAYOUT
OF THE SIMULATOR

MeqSilhouette is an observation and signal corruption
simulator written in Python and MeqTrees using the
measurement set2 data format. A flow diagram of the
simulator is shown in Fig. 1. Input to the simulator is a sky
model and configuration file. The former is typically a time-
ordered list of fits images, where each image represents the
source total intensity3 over a time interval �tsrc = tobs/Nsrc,

2 https://casa.nrao.edu/Memos/229.html
3 Later versions of MeqSilhouette will enable the full Stokes
cubes as input.

where tobs is the observation length and Nsrc is the num-
ber of source images. The configuration file specifies all pa-
rameters needed by the pipeline to determine the particu-
lar observation configuration (array, frequency, bandwidth,
start time, etc) and which signal corruption implementation
should be employed. The primary outputs of the pipeline
are an interferometric dataset in measurement set format
along with the closure phases and uncertainties and a dirty
and/or cleaned image. The modular structure of the pipeline
allows for multiple imaging and deconvolution algorithms to
be employed. The rest of this section is devoted to describing
the implementation of each signal corruption module.

3.1 Interstellar medium

Scattering in the ISM at millimetre wavelengths falls into the
strong scattering regime, which has been quantitatively de-
scribed in the literature (Narayan & Goodman 1989; Good-
man & Narayan 1989) and implemented in the Python-
based Scatterbrane4 package, based on Johnson & Gwinn
(2015). This approach extends the turbulent model de-
scribed in section 2 to regimes where the inner and outer
turbulent scales as well as the anisotropy of scattering ker-
nel are considered. The distance to the screen is taken from
the best-fit solution from Bower et al. (2013) and is located,
not at the Galactic Centre, but rather in the Scutum spiral
arm at a distance Dos = 5.8± 0.3 kpc.

The turbulent phase screen �(x) is generated from the
phase spatial power spectrum (see Appendix C Johnson &
Gwinn (2015)) and the scattered image Iss is approximated
by ’reshu✏ing’ of the source image Isrc

Iss(x) ⇡ Isrc
�
x+ r2Fr�(x)

�
, (4)

where r is the directional derivative. Even though �(x) is

4 http://krosenfeld.github.io/scatterbrane/current
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Blecher, Deane et al. (2017) 
Natarajan, Deane et al. (in prep.)
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EHT synthetic data
• Given the wide range of stations, propagation effects, calibration 

uncertainties, and complex source structure, sophisticated synthetic data 
is a critical resource for testing purposes 

• These same synthetic data engines are used in probabilistic modeling of 
physical parameters from observables 

• My group leads MeqSilhouette development for use in the EHT Consortium



Turbulent troposphere



• Time-variable, station-dependent amplitude errors 

• Worst off for LMT (biggest dish) 

• Introduction of systematics that must be 
understood 

• Using realistic parameter enables feedback into 
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MeqSilhouette + rPICARD = SYMBA

Our synthetic data fed through the real EHT post-processing pipeline

Model image (Davelaar et al. in prep.) 

 
 
Visibility phases before and after calibration in rPICARD 
 
Thermal noise only (no atmosphere, no pointing offsets) 

All corruption effects 
 
 

Model image (Davelaar et al. in prep.) 

 
 
Visibility phases before and after calibration in rPICARD 
 
Thermal noise only (no atmosphere, no pointing offsets) 

All corruption effects 
 
 

The calibrated phases for the full corruption simulation are different than the ones for the 
thermal noise only simulation because absolute phase information is lost in the turbulent 
atmosphere. For the thermal noise only simulation, the calibration just consists of averaging in 
frequency (32 channels across 2 GHz) and time (correlator output integration time of 1 second 
averaged to 10 seconds). For the full corruption simulation, a fringe-fit is performed. 
 
Visibility amplitudes before and after calibration in rPICARD 
 
Thermal noise only (no atmosphere, no pointing offsets) 

All corruption effects 

 
The calibrated amplitudes for the full corruption simulation are different than the ones for the 
thermal noise only simulation because several effects cannot be corrected for in the calibration. 
There is no way to correct for pointing offsets a-priori, and atmospheric opacity measurements 
are only done before each scan and at a single frequency. Opacity changes across frequency 

and within scans can thus not be calibrated for. For the thermal noise only simulation, the 
calibration again just consists of averaging in frequency and time. 
 
Images reconstructed with only closure quantities using eht-imaging 
 
Thermal noise only All corruptions 

 
The closure only images are similar, but they show small differences. The thermal noise only 
image (left) shows a slightly larger part of the faint part of the ring, outlining the shadow more 
sharply. Also, it is smoother and less noisy overall. The images were generated using the same 
eht-imaging script, with Gull-Skilling entropy and squared total variation regularizers. 
 
Images reconstructed with visibility amplitudes and closure phases using eht-imaging 
 
Thermal noise only All corruptions 

 

Roelofs, Janssen, Natarajan, Deane et al. (2020)
Natarajan, Deane, et al. (in prep.)



where ! !Vij and G � ( )Vargij ij are the measured visibility
amplitude and phase. Measured visibility amplitudes are biased
upward by thermal noise, so we use Aij to denote debiased
visibility amplitude measurements (see TMS).

All noise sources in Equation (2) are functions of time and
frequency, but the gain phase variations are particularly
important for EHT data. Characteristic atmospheric timescales
at 230!GHz are on the order of seconds, rendering visibility
phase calibration unfeasible (Paper II; Paper III). We instead
recover source phase information via the construction of
closure phases !C, given by the argument of a product of
visibilities around a triangle of baselines,

Z G G G� � � �( ) ( )V V Varg . 3ijk ij jk ki ij jk kiC,

Because each gain term in the triple product gets multiplied by
its complex conjugate, closure phases are immune to gain
phase corruptions (Rogers et al. 1974).

Visibility amplitudes suffer less severely than visibility
phases from station gain noise but the use of gain-free
amplitude quantities can still aid modeling efforts. Closure
amplitudes AC are constructed from four visibilities on a
quadrangle of baselines,

� ( )A
A A

A A
. 4ijk!

ij k!

ik j!
C,

The appearance of each station in both the numerator and
denominator of this expression causes the station gain
amplitudes to cancel out. Because the closure amplitude is
constructed from products and ratios of visibility amplitudes, it
is often convenient to work instead with the logarithm of the
closure amplitude,

� � � � ( )A A A A Aln ln ln ln ln . 5ijk! ij k! ik j!C,

2.2. Data Selection and Preparation

From the scan-averaged visibility data, we increase the
uncertainty associated with the debiased visibility amplitudes,

A, by adding a 1% systematic uncertainty component in
quadrature to the thermal noise (Paper III; Paper IV); we refer
to this increased uncertainty as the “observational error.” These
debiased visibility amplitudes are then used to construct a set of
logarithmic closure amplitudes, Aln C, per Equation (5).
Closure amplitude measurements are generally not independent
because a pair of quadrangles may have up to two baselines in
common, and a choice must be made regarding which minimal
(or “non-redundant”) subset of closure amplitudes to use. We
select the elements of our minimal set by starting with a
maximal (i.e., redundant) set, from which we systematically
remove the lowest-S/N quadrangles until the size of the
reduced set is equal to the rank of the covariance matrix of the
full set (see L. Blackburn et al. 2019, in preparation). This
construction procedure serves to maximize the !nal S/N of the
resulting closure amplitudes.
We construct closure phases, !C, from the visibilities using

Equation (3), after !rst removing visibilities on the short intra-
site baselines (James Clerk Maxwell Telescope–Submillimeter
Array (JCMT–SMA), Atacama Large Millimeter/submillimeter
Array–Atacama Path!nder Experiment (ALMA–APEX)) which
produce only “trivial” closure phases ;0° (Paper III; Paper IV).
As with closure amplitudes, closure phase measurements are
in general not independent of one another because a pair of
triangles may share a baseline. However, a suitable choice of
non-redundant closure phase subset can minimize the covar-
iance between measurements. We select our subset such that
the highest-S/N baselines are the most frequently shared
across triangles. Such a subset can be obtained by selecting
one station to be the reference and then choosing all triangles
containing that station (TMS). Because ALMA is so much more
sensitive than the other stations in the EHT 2017 array, this
construction procedure using ALMA as a reference station
ensures the near-diagonality of the closure phase covariance
matrix (see Section 4.1).
We list the number of data products in each class, along with

the number of station gains, in Table 1 for each observing day
and band. Information about accessing SR1 data and the

Figure 1. (u, v)-coverage (left panel) and visibility amplitudes (right panel) of M87 for the high-band April 11 data. The (u, v)-coverage has two primary orientations,
east–west in blue and north–south in red, with two diagonal !llers at large baselines in green and black. Note that the Large Millimeter Telescope (LMT) and the
Submillimeter Telescope (SMT) participate in both orientations, and that the LMT amplitudes are subject to signi!cant gain errors. There is evidence for substantial
depressions in the visibility amplitudes at !3.4 G" and !8.3 G". The various lines in the right panel show the expected behavior of (dotted line) a Gaussian, (dashed
line) a !lled disk, and (green area) a crescent shape along different orientations. The image of M87 does not appear to be consistent with a !lled disk or a Gaussian.
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SMILI; Akiyama et al. 2017a, 2017b) and one CLEAN
method (DIFMAP; Shepherd 1997). Here we present a !rst
analysis of ring properties seen in reconstructed M87 images.
We describe the method used to extract parameters
(Section 7.1). We then show that the extracted ring diameter
is consistent across imaging methods and compare the ring
diameter and width with that measured from geometric
modeling (Section 7.2). We convert the diameter measurements
to the physical scale around the black hole, !g, by calibrating
with GRMHD simulations (Section 7.3). Finally, we measure
the image circularity (Section 7.4).

7.1. Measuring the Parameters of Image Features

We describe the M87 image morphology using !ve quantities
that are similar in spirit but not identical to those introduced in
Equations (20)–(23) in Section 5.1: the diameter d of the ring/
crescent, its fractional width fw, the relative brightness fc of its
center with respect to its rim, and the PA f. Figure 14 shows a
schematic diagram of these parameters. Here we focus on the
!rst two parameters. Measurements of the remaining parameters
in the various image reconstructions and more details on the
method can be found in Paper IV.

The reconstructions obtained in Paper IV use a pixel size of
2 "as (;1/10 of the EHT 2017 beam), but the GC image
models considered below often show narrower structures. We
interpolate both the GC models and image reconstructions onto
a grid with pixel size of 0.5 "as before applying the feature
extraction methods. When necessary, we use a 2D linear
interpolation between adjacent pixels for !ner sampling.

The radial brightness pro!le is characterized by a peaked
distribution that declines toward the center. We !rst locate the
(arbitrary) center of the ring. We measure the position of the
radial brightness pro!le maximum along different azimuthal
angles. For a trial center position, we calculate the dispersion of
the radii de!ned by these maxima. The center is then chosen
iteratively as the location that minimizes this dispersion. Once a
center position is chosen, the mean diameter d of the image is
de!ned as twice the distance to the peak, averaged over
azimuth.

We de!ne the ring width to be the FWHM of the bright
region along each radial pro!le. The fractional width fw of the
image is the average of the FWHM over azimuthal directions
divided by its mean diameter. In the following we !rst smooth
the image with a 2!"as Gaussian. In Appendix H we show that
variations on this method produce small (sub-pixel) differences
in the results.

7.2. M87 Image Ring Diameters and Widths

Figure 15 shows the mean diameters of images reconstructed
using the low-band data during all four days of M87
observations with three image reconstruction methods (eht-
imaging, SMILI, DIFMAP; see Paper IV). Image samples
are reconstructed for each data set and for a wide range of
weights of the regularizers (!2000 images for eht-imaging
and SMILI and !30 for DIFMAP, see Paper IV). Diameters
measured from the full set of images that produce acceptable
!ts to the visibility data (the “Top Set”) are shown here. The
diameters of the ring features found across all methods and all
days span the narrow range !38–44 "as.
Figure 16 shows the fractional width versus mean diameter

for the Top Set images from eht-imaging and SMILI
compared with those from geometric models for the low-band
M87 data of April 6 (Section 5). For the two visibility domain
methods, the points correspond to the diameters and widths
obtained from a sample of 100 images from the xs!ring and xs!
ringauss model, chosen randomly from their posteriors. Those
model images have been analyzed in the same way as the
reconstructed ones.
The fractional widths for the reconstructed images are !0.5,

which are consistent with the results of geometric crescent
models in Section 5. While both the image reconstructions and
model !ts show a large uncertainty in fractional width, the
widths measured from the image reconstructions in the Top
Sets are "10 "as. Images of rings with narrower widths are
consistent with the data and can be produced by the imaging
algorithms; however, the parameters in the imaging algorithms
(e.g., regularizer weights) that determine the Top Set images
were trained on synthetic data from sources smoothed with a
10 "as beam (Paper IV, their Section 6.1). This may help
explain the differences in the fractional widths measured with
the different techniques.
An anti-correlation between diameter and fractional width

for these image domain results is clearly present in three of the
four days, but is less clear in the data of April 11. We consider
two manifestations for this anti-correlation, based on the
location of the !rst visibility amplitude minimum in simple ring
models. First, we use the geometric crescent model of
Kamruddin & Dexter (2013), and derive the following
approximate !tting formula to the exact expression relating
the mean ring diameter d and #:

Z
Z Z
�

� �
� ( )d d

1 2
1 0.48 0.11

, 290 5

where d0 is the diameter of an in!nitesimally thin ring that
produces a null at baseline length b1 (Equation (6)). The
fractional width is Z Z� �ˆ ( )f 2w . The blue shaded region
in Figure 16 shows the expected diameter and fractional
width anti-correlation for a visibility minimum occurring at a
range of baseline lengths 3.5–4.0 G$, similar to that seen in

Figure 15. Image domain measurements of the ring diameter of M87 over all
observing days comparing three image reconstruction methods. The error bars
show the full range of results for the Top Set images using low-band data. The
gray dashed line and band show the weighted average and uncertainty across
methods and observing days.
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Visibility-based fitting results 
its size should obey a similar scaling with !g,

BR�ˆ ( )d . 27g

For emission at the photon ring, "!;!9.6–10.4 depending on
the black hole spin parameter. For a realistic source model, the
emission is not restricted to lie exactly at the photon ring. The
value of this scaling factor " and its uncertainty are therefore
unknown a priori.

We have measured " and its uncertainty for both GC models
using a suite of synthetic data sets generated from snapshots of
GRMHD simulations from the GRMHD image library
(Paper V). The full calibration procedure, including properties
of the selected GRMHD simulations, the synthetic data
generation process, and the calibration uncertainty quanti!ca-
tion, is detailed in Appendix D. By !tting each calibration
image with a GC model, and then comparing the corresponding
d̂ measurement to the input value of !g for the simulation that
produced the image, we determine the value of " for that
image. Combining the results of such !ts from a large number
of GRMHD simulations yields a calibration (and uncertainty)
for ". For the xs!ring model we !nd a mean value of
B � 11.55, while for the xs!ringauss model we !nd a nearly
identical B � 11.50. Both of these values are somewhat larger
than the B x 10 expected for the photon ring itself, indicating
that the GC models are accounting for emission in the GRMHD
model images that preferentially falls outside of the
photon ring.

Figure 8 shows the !g values obtained as a result of applying
our calibrated scaling factor to the crescent diameter values
measured for each day and band, and Table 4 lists the results
from combining the measurements from all data sets. There is
excellent agreement between the two GC models, resulting in
an averaged value of R N� �

�3.77 asg 0.40
0.45 . We note that the 12%

uncertainty in the !g measurement is dominated by the diversity
of GRMHD models used in the primary calibration; the
quanti!cation of this “theoretical” uncertainty component from
the GRMHD simulations is described in Appendix D.2.

6. Direct Comparison with GRMHD Models

EHT data have the power to directly constrain GRMHD
simulation based models of M87 and to estimate the physical
properties of the black hole and emitting plasma. Such a direct
comparison is challenging due to stochastic structure in the
models.

The EHT 2017 data span a very short time frame for the M87
source structure. Its characteristic variability timescale at
230 GHz is ;50 days (Bower et al. 2015), much longer than
our observing run. Thus, although the entire ensemble of model
snapshots taken from a given simulation captures both the
persistent structure as well as the statistics of the stochastic
components, we do not yet have enough time coverage for M87
itself to measure its structural variations.
Model images from GRMHD simulations show a dominant,

compact, asymmetric ring structure resulting from strong
gravitational lensing and relativistic gas motions (Paper V).
Hence, they capture the qualitative features found by image
reconstructions in Paper IV and by geometric crescent models
in Section 5. This motivates a direct comparison of the
GRMHD model images with the EHT data.
In this section we summarize the GRMHD image library

(Section 6.1) and !t individual simulation snapshot images
(Sections 6.2 and 6.3) in a similar fashion to past work on

Figure 8. Constraints on !g arising from the GRMHD simulation calibrated GC
model !ts, by day and band. Solid error bars indicate 68% con!dence intervals,
while dashed error bars indicate the systematic uncertainty in the calibration
procedure. Circular blue points indicate independent analyses for each band
and on each day in the context of the xs!ring GC model !t using the dynesty-
based method. Square points indicate independent analyses for each band (red)
and band-combined analyses (orange) for each day using the xs!ringauss GC
model with THEMIS. Colored bands around dashed lines (right) indicate the
combined constraint across both bands and all days, neglecting the systematic
uncertainty in the calibration procedure.

Table 4
Calibrated Scaling Factors, ", and Corresponding !g Measurements

Model d̂ (#as) Calibration " !g (#as) Tstat (#as) Tobs (#as) Tthy (#as)

xs!ring 43.2 MAD+SANE 11.56 3.74 (+0.064, !0.063) (+0.064, !0.069) (+0.42, !0.43)
MAD only 11.13 3.88 (+0.057, !0.055) (+0.050, !0.060) (+0.32, !0.25)
SANE only 12.06 3.58 (+0.073, !0.073) (+0.089, !0.096) (+0.44, !0.51)

xs!ringauss 43.4 MAD+SANE 11.35 3.82 (+0.038, !0.038) (+0.078, !0.077) (+0.44, !0.36)
MAD only 11.01 3.94 (+0.040, !0.039) (+0.092, !0.10) (+0.25, !0.20)
SANE only 11.93 3.64 (+0.036, !0.036) (+0.061, !0.050) (+0.54, !0.55)

Note. We use the angular diameter measurements (d̂ ) from Section 5.2 and combine them with the calibrated scaling factors (") from Section 5.3 to arrive at our
measurements of !g. We list scaling factors calibrated using both magnetically arrested disks (MAD) and standard and normal evolution (SANE) GRMHD simulations
(see Section 6.1), as well as ones calibrated using only MAD and only SANE simulations; for the !nal measurement presented in the text we have used the MAD
+SANE calibration. The various uncertainty components are described in Appendix D.2. We quote median values for all measurements and the associated 68%
con!dence intervals for the different categories of uncertainty.
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THEMIS is written in C++ and parallelized via the Message
Passing Interface (MPI) standard. THEMIS implements a
differential evolution MCMC algorithm, and it utilizes parallel
tempering based on the algorithm described in Nelson et al.
(2014) and Braak (2006). In particular, THEMIS uses the
adaptive temperature ladder prescription from Vousden et al.
(2016). All sampling techniques, validation tests, and imple-
mentation details for THEMIS are described in detail in A. E.
Broderick et al. (2019, in preparation).

In Sections 5 and 6, we use THEMIS to model the visibility
amplitude and closure phase data, using the corresponding
likelihood functions given in Equations (10) and (19),
respectively. Gain amplitude terms are incorporated as model
parameters (see Equation (9)) and are marginalized as
described in Appendix A.

4.2.2. dynesty

In Section 5, we also use an NS technique, developed by
Skilling (2006) primarily to evaluate Bayesian evidence integrals.
We use the Python code dynesty (Speagle & Barbary 2018) as
a sampler for the NS analyses presented in this Letter. The NS
algorithm estimates the Bayesian evidence, 2 , by replacing the
multidimensional integral over 2 (see Equation (8)) with a 1D
integral over the prior mass contained within nested isolikelihood
contours. We permit dynesty to run until it estimates that less
than 1% of the evidence is left unaccounted for.

Our NS analyses employ a likelihood function constructed
exclusively from closure quantities; we account for data
covariances in the likelihood function using Equation (16) for

closure phases and Equation (13) for logarithmic closure
amplitudes. Additionally, the use of logarithmic closure
amplitudes in our NS !ts removes information about the total
"ux density.

4.2.3. GENA

In addition to the above sampling algorithms, which seek to
reconstruct a posterior distribution, we also employ an
optimization procedure for comparing GRMHD simulations
to data in Section 6. The optimization code, GENA (Fromm
et al. 2019), is a genetic algorithm written in Python and
parallelized using MPI. GENA minimizes a !2 statistic on
visibility amplitudes and closure phases, using the gain
calibration procedures in the eht-imaging (Chael et al.
2016, 2018, 2019a) Python package to solve for the gain
amplitudes. GENA implements the Non-dominated Sorting
Genetic Algorithm II (NSGA-II; Deb et al. 2002) for
parameter exploration and the differential evolution algorithm
from Storn & Price (1997) for constrained optimization.

5. Geometric Modeling

As detailed in Paper IV, images reconstructed from the M87
data show a prominent and asymmetric ring (“crescent”)
structure. In this section we use the techniques described in
Section 4 to !t the M87 data sets with a speci!c class of
geometric crescent models.
We !rst quantify the preference for crescent structure in

Figure 2, which summarizes the results of !tting a series of
increasingly complex geometric models to the M87 data. We

Figure 2. Relative log-likelihood values for different geometric models !t to the M87 data as a function of nominal model complexity; the number of parameters is
given in parenthesis for each model. April 5 is shown here, and all days and bands show the same trend. The models shown in this !gure are strict subsets of the
“generalized crescent model” (labeled here as model “n”; see Section 5.1), and they have been normalized such that the generalized crescent model has a value of
$ � 1; the reduced-!2 for the generalized crescent !t is 1.24 (see Table 2). We !nd that the data overwhelmingly prefer crescent models over, e.g., symmetric disk
and ring models, and that additional Gaussian components lead to further substantial improvement. Note that a difference of !5 on the vertical axis in this plot is
statistically signi!cant.
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Two primary geometric models used

see that simple azimuthally symmetric models (e.g., uniform
disks, rings) do a poor job of !tting the data; indeed, the strong
detection of nonzero closure phases alone precludes such
models. Models that allow for a central "ux depression and a
degree of asymmetry (e.g., double Gaussians or crescents)
show signi!cantly better performance. The most substantial
gain in !t quality occurs for the crescent family of models. A
top-hat crescent model (the difference of two uniform disks
with the inner disk shifted, described by !ve parameters; see
Kamruddin & Dexter 2013, Appendix B) performs vastly better
than a top-hat ring model (three parameters). It also
signi!cantly outperforms the sum of two circular Gaussians
(six parameters) and even the sum of two elliptical Gaussians
(10 parameters). Adding parameters to the simplest crescent
model continues to result in statistically signi!cant, but
comparatively modest, improvements.

5.1. Generalized Crescent Models

Among the large number of potential crescent-like models,
we aim for one having the simplest geometry that is capable of
both adequately !tting the M87 data and constraining several
key observables. The geometric parameters of interest are the
crescent diameter, its width and orientation, the sharpness of
the inner edge, and the depth of any "ux depression interior to
the crescent.

With these key features in mind, we use an augmented
version of the “slashed crescent” construction from Benkevitch
et al. (2016) to provide the basis for a family of “generalized
crescent” (GC) models. We refer to the two variants of the GC
model that we use to !t the M87 data as xs!ring and xs!
ringauss. Both GC models can be constructed in the image
domain using the following procedure (see Figure 3).

1. Starting with a uniform circular disk of emission with
radius Rout, we subtract a smaller uniform disk with
radius Rin that is offset from the !rst by an amount r0. The
resulting geometry is that of a “top-hat crescent.”

2. We apply a “slash” operation to the top-hat crescent,
which imposes a linear brightness gradient along the
symmetry axis. The brightness reaches a minimum of h1
and a maximum of h2.

3. We add a “"oor” of brightness K to the central region of
the crescent. For the xs!ring model this "oor takes the
form of a circular disk, while for the xs!ringauss model
we use a circular Gaussian with "ux density VF and width
TF . The total "ux density of the crescent plus "oor
component for the xs!ring model is denoted as V0.

4. For the xs!ringauss model, we add an elliptical Gaussian
component with "ux density V1 whose center is !xed to
the inner edge of the crescent at the point where its width
is largest (see the right panel of Figure 3), and whose
orientation is set to align with that of the crescent. This
!xed Gaussian component is inspired by the “xringaus”
model from Benkevitch et al. (2016), which in turn
sought to reproduce image structure seen in simulations
from Broderick et al. (2014).

5. The image is smoothed by a Gaussian kernel of
FWHM !*.

6. The image is rotated such that the widest section of the
crescent is oriented at an angle f in the counterclockwise
direction (i.e., east of north).

The xs!ring model is described by eight parameters, while the
xs!ringauss model is described by 11 parameters.
Though it is useful to conceptualize the GC models via their

image domain construction, in practice we !t the models using
their analytic Fourier domain representations. The Fourier
domain construction of both models is described in
Appendix B, along with a table of priors used for the model
parameters. Throughout this Letter we !t the xs!ring model
using the dynesty sampling code, while the xs!ringauss
model is implemented as part of THEMIS. Below, we de!ne the
various desired key quantities within the context of this GC
model parameterization.

Figure 3. Schematic diagrams illustrating the crescent components of the xs!ring (left panel) and xs!ringauss (right panel) models. Dashed lines outline the inner and
outer circular disk components that are differenced to produce the crescent models, and for the xs!ringauss model the FWHM of the !xed Gaussian component is
additionally traced as a dotted line. The red and green curves above and to the right of each panel show cross-sectional plots of the intensity through the corresponding
horizontal and vertical slices overlaid on the images. The circular and square markers indicate the centers of the outer and inner disks, respectively. The labeled
parameters correspond to those described in Section 5.1. Both crescents are shown at an orientation of G G� � nˆ 90 .
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amounts to a difference of !20–50 degrees between the two
pairs of days. The direction of this shift is consistent with
structural changes seen in the images from Paper IV, though
the magnitude is a factor of !2 larger.

The xs!ringauss model !ts !nd a typical compact "ux
density value of xĈF 0.75 Jy. The inter-day measurement
scatter is at the !50% level, which is consistent with the
expected magnitude of the observational uncertainties as
predicted by synthetic data in Appendix D.3. We !nd that
the modeled ĈF value is less well-constrained than, but in good

agreement with, the �
�0.66 Jy0.10

0.16 determined in Paper IV from
consideration of both EHT and multi-wavelength constraints.

5.3. Calibrating the Crescent Diameter to a Physical Scale
Using GRMHD Simulations

Though the GC models have been constructed to !t the M87
data well, the geometric parameters describing these models do
not directly correspond to any physical quantities governing the
underlying emission. Our primary physical parameter of interest is

Figure 6. Joint posteriors for the key physical parameters derived from GC model !ts to the April 5, high-band data set. Blue contours (upper-right triangle) show xs!
ring posteriors obtained from the dynesty-based !tting scheme, while red contours (lower-left triangle) show xs!ringauss posteriors obtained using THEMIS.
Contours enclose 68% and 95% of the posterior probability. Note that recovery of the total compact "ux density ĈF is not possible for the dynesty-based !ts, which
only make use of closure quantities.
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M87 consistency with 
other observations



Inferred spin vector consistent with jet axis and ionised gas rotation

give each image every opportunity to !t the data. The best-!t
parameters M D F, , PAO( ) for each snapshot are found by two
pipelines independently: the THEMIS!pipeline using a Markov
chain Monte Carlo method (A. E. Broderick et al. 2019a, in
preparation), and the GENA !pipeline using an evolutionary
algorithm for multidimensional minimization (Fromm et al.
2019a; C. Fromm et al. 2019b, in preparation; see also
Section 4 of Paper VI for details). The best-!t parameters
contain information about the source and we use the
distribution of best-!t parameters to test the model by asking
whether or not they are consistent with existing measurements
of M/D and estimates of the jet PA on larger scales.

The 2DO comparison alone does not provide a sharp test of the
models. Fluctuations in the underlying GRMHD model, com-
bined with the high signal-to-noise ratio for EHT2017 data, imply
that individual snapshots are highly unlikely to provide a formally
acceptable !t with 12DO � . This is borne out in practice with the
minimum 1.792D �O over the entire set of the more than 60,000
individual images in the Image Library. Nevertheless, it is
possible to test if the 2DO from the !t to the data is consistent with
the underlying model, using “Average Image Scoring” with
THEMIS!(THEMIS-AIS), as described in detail in Appendix F of
Paper VI). THEMIS-AIS measures a 2DO distance (on the space of
visibility amplitudes and closure phases) between a trial image
and the data. In practice we use the average of the images from a
given model as the trial image (hence THEMIS-AIS), but other
choices are possible. We compute the 2DO distance between the
trial image and synthetic data produced from each snapshot. The
model can then be tested by asking whether the data’s 2DO is likely
to have been drawn from the model’s distribution of 2DO . In

particular, we can assign a probability p that the data is drawn
from a speci!c model’s distribution.
In this Letter we focus on comparisons with a single data set,

the 2017 April 6 high-band data (Paper III). The eight
EHT2017 data sets, spanning four days with two bands on
each day, are highly correlated. Assessing what correlation is
expected in the models is a complicated task that we defer to
later publications. The 2017 April 6 data set has the largest
number of scans, 284 detections in 25 scans (see Paper III) and
is therefore expected to be the most constraining.116

5. Model Constraints: EHT2017 Alone

The resolved ring-like structure obtained from the EHT2017
data provides an estimate ofM/D (discussed in detail in Paper VI)
and the jet PA from the immediate environment of the central
black hole. As a !rst test of the models we can ask whether or not
these are consistent with what is known from other mass
measurements and from the orientation of the large-scale jet.
Figure 7 shows the distributions of best-!t values ofM/D for

a subset of the models for which spectra and jet power
estimates are available (see below). The three lines show the
M/D distribution for all snapshots (dotted lines), the best-!t
10% of snapshots (dashed lines), and the best-!t 1% of
snapshots (solid lines) within each model. Evidently, as better
!ts are required, the distribution narrows and peaks close to
M D 3.6 asN_ with a width of about 0.5 asN .
The distribution of M/D for the best-!t 10%� of snapshots

is qualitatively similar if we include only MAD or SANE
models, only models produced by individual codes (BHAC,

Figure 5. Illustration of the effect of black hole and disk angular momentum on ring asymmetry. The asymmetry is produced primarily by Doppler beaming: the bright
region corresponds to the approaching side. In GRMHD models that !t the data comparatively well, the asymmetry arises in emission generated in the funnel wall.
The sense of rotation of both the jet and funnel wall are controlled by the black hole spin. If the black hole spin axis is aligned with the large-scale jet, which points to
the right, then the asymmetry implies that the black hole spin is pointing away from Earth (rotation of the black hole is clockwise as viewed from Earth). The blue
ribbon arrow shows the sense of disk rotation, and the black ribbon arrow shows black hole spin. Inclination i is de!ned as the angle between the disk angular
momentum vector and the line of sight.

116 Paper I and Paper IV focus instead on the April 11 data set.
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Consistency with black hole mass estimates

• Factor of ~2 discrepancy between M87 
black hole mass estimates based on stellar 
velocity dispersion and gas dynamics 

• Black hole shadow consistent with the 
larger mass suggested by stellar kinematics 

• Assumes 230 GHz emission is not well 
beyond the shadow radius  

• All three methods of black hole mass 
estimation with EHT data (images and 
visibility data) are consistent

of ;0.7 Jy, which is !50% of the total at arcsecond scale (see
also Paper III and Paper IV); (ii) a mean emission diameter of
!42!±!3 !as; (iii) a fractional width of "0.5; (iv) a deep
central brightness depression with a brightness contrast ratio of
!10; and (v) a persistent asymmetry with the brightest region
to the South (PA of 150°–200°).

All of these features support the interpretation that we are
seeing emission from near the event horizon that is grav-
itationally lensed into a crescent shape near the photon ring.
The central !ux depression is the result of photons captured by
the black hole: the black hole shadow (Falcke et al. 2000). The
asymmetry is a result of Doppler beaming due to the rotation of
plasma at relativistic speeds. The peak brightness location is
expected to be oriented ;90° away from the jet PA (Dexter
et al. 2012; Mo!cibrodzka et al. 2016; Ryan et al. 2018; Chael
et al. 2019b, see Paper V), roughly north–south as we "nd here.

In many active galactic nuclei, the radio VLBI jet core on
parsecs and larger scales is inferred to be signi"cantly offset
from the black hole itself!(e.g., Marscher et al. 2008). For M87,
this is disfavored by past VLBI observations. The jet and
counter-jet angular separation inferred by VLBA observations
(Ly et al. 2004, 2007; Kovalev et al. 2007) locates the radio
core close to the black hole. VLBA astrometric observations
further tightly constrain the jet apex to be ;41!±!12 !as
upstream of the VLBI core at 43 GHz (Hada et al. 2011, 2013;
Nakamura & Asada 2013), suggesting that the mm emission
originates very close to the black hole.

The observed EHT image morphology also disfavors an
origin offset from the black hole. Models of M87 where the
emission predominantly arises in the forward jet have found a
larger size and blob-like Gaussian structure (e.g., Broderick &
Loeb 2009) due to Doppler beaming resulting from the
acceleration of the jet along the line of sight. Additionally,
the stable source size over several years of mm-VLBI
(Doeleman et al. 2012; Akiyama et al. 2015), despite changes
in compact !ux density by factors of ;2–3 (Paper IV), favors
the extreme gravitational lensing scenario. Future EHT
observations will provide a sensitive additional test of this
paradigm by measuring the source morphology on year
timescales.

9.2. The Black Hole Mass and Comparison
to Prior Dynamical Measurements

We have used several techniques to arrive at "g estimates
from the EHT 2017 M87 data, and in Table 7 we list the result
for each technique after averaging over observing days and
bands (see also Figure 19). We "nd a striking level of
consistency across all measurement methods, with GC
modeling, direct GRMHD "tting, and image domain feature
extraction procedures converging on a characteristic value of
"g!=!3.8!±!0.4 !as as the angular size subtended by one
gravitational radius. The measurement techniques themselves
are entirely independent of one another. The mutual agreement
that we see among the multiple measurements indicates that the
"g value we have converged upon is robust to the many
different choices that can be made regarding data products,
model speci"cations, and parameter space exploration
algorithms.

All of the individual "g estimates use the GRMHD
simulation library, either through directly "tting GRMHD
snapshots to the data (Section 6) or through calibration of
diameters resulting from geometric models or reconstructed

images (Sections 5 and 7). A degree of caution is therefore
warranted. The measurements rely on images generated from
GRMHD simulations and should be understood within that
context (see also Paper V). We have also used only a small
subset of 100 such randomly chosen frames (with randomly
assigned SSM parameters) out of a much larger library. A
simple (but poorly motivated) alternative to the full calibration
presented here would be to assign the mean emission diameter
to the size of the photon ring itself (#!;!9.6–10.4 for all
methods). That would give a nearly identical "g result for the
image domain estimates and only a ;10% increase for the
geometric models, within its current systematic uncertainty.
The mass measurements that we have carried out with EHT

data show a high level of consistency, converging to an average
value ofM!=!6.5!!!109Me. All measurement techniques share a
large source of systematic uncertainty arising from the GRMHD
calibration, with an average value of $sys!=!0.7!!!109Me. The
geometric crescent modeling and image domain measurements
further enable an estimate of the systematic uncertainty associated

Table 7
Summary of "g and M Measurements

Measurement Method "g (!as) M (109 Me)

GC model "tting �
�3.77 0.40

0.45
�
�6.42 0.71

0.82

GRMHD model "tting �
�3.80 0.31

0.39
�
�6.48 0.61

0.73

Image domain feature extraction �
�3.83 0.36

0.42
�
�6.51 0.71

0.78

Gas dynamics (Walsh et al. 2013) �
�2.05 0.16

0.48
�
�3.45 0.26

0.85

Stellar dynamics (Gebhardt et al. 2011) �
�3.62 0.34

0.60
�
�6.14 0.62

1.07

Combined measurements from this work 3.8!±!0.4 6.5!±!0.7

Note. Measurements made in this work (top) and from the literature (middle)
are quoted as median values with 68% con"dence intervals. The "nal
combined measurements from this work are listed in bottom row of the table,
rounded to two signi"cant "gures. The distance used to compute M from "g is

o16.8 0.8 Mpc (see Section 8).

Figure 19. Estimates of the mass of the central black hole in M87 for the three
different measurement techniques employed in this Letter (see also Table 7).
Gray horizontal bands around dashed lines correspond to the 68% con"dence
levels for the stellar (top) and gas (bottom) dynamical mass measurements (see
Table 9).
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What's next for the EHT?

• Repeat experiment to test if ring stable on ~1 year timescales 

• Make an image movie of Sgr A*  

• Polarimetry to probe magnetic field structure  

• “non-Horizon” science targets (e.g. 3C279 recently published) 

• Telescope array expansion



Michale johnson 
Mag fieldsResolving Sgr A* with the EHT

Time

Pol. Direction

First polarimetric VLBI at 230 GHz
First resolved polarization of Sgr A* at any wavelength

Johnson et al. (2015)



Imaging polarimetry of M87 (in progress)

Texas 2017 - Cape Town

MEM Polarimetric Imaging
Distinguishing field structure

Chael et al (2016) Simulation:  Jason DexterImaging: 
Chael+2016

GRMHD simulations: 
Jason Dexter



Multi-wavelength coverage (April, 2017)
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EHT array expansion



The case for expanding the EHT into Africa



Lo-band eht-imaging on April 11: slowly building up data



Lo-band eht-imaging on April 11: slowly building up data



Co-led by Radboud and University of Namibia



Prospective site for the African Millimetre Telescope
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monitoring campaigns 

Proposed site for AMT project
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Figure 5: Distribution of stations around the globe. Stations that participated in the
EHT2017 observing campaign are labeled in yellow, while the additional stations that will
be present in the EHT2020 array are labeled in orange. Several possible new site locations
for the ngEHT are labeled in cyan. Current EHT2017 baselines are shown in magenta.

have been successfully used for sub-mm class antennas for the SMA and ALMA [29, 28].
Candidate locations for newly designed dishes will be selected based on weather for sub-

mm observing, existing infrastructure, and improvement to the spatial frequency coverage
of the array [30, 27]. Small dishes are particularly effective close to major ngEHT anchor
sites. An example of an expanded ngEHT array, feasible by 2027, is shown in Figure 5.
Corresponding improvements in the (u, v)-coverage for the EHT science targets are shown
in Figure 6.

3.2 Receiver and VLBI back end
The EHT presently samples 4 GHz bandwidth in dual polarization and two sidebands for a
total of 16 GHz. This corresponds to 64 Gbps for two-bit recording and Nyquist sampling.
This matches ALMA’s current bandwidth, though efforts are underway to double the ALMA
bandwidth in each sideband over the next decade. The majority of the other EHT sites
already employ receivers with 8 GHz sidebands, and those that do not are typically in the
process of upgrading. A doubling of bandwidth per sideband for the EHT would result in a
record rate of 128 Gbps.

The ability to simultaneously observe the 1.3 mm (230 GHz) and 0.87 mm (345 GHz)
EHT observing bands dramatically improves imaging and movie rendering capability of
the EHT (Figures 2, 4) as well as polarization observations of, for example, Faraday rota-
tion. The ngEHT with 8 GHz per sideband, dual polarization, and simultaneous dual band
230/345 GHz capability requires a recording rate of 256 Gbps. A dual-band EHT receiver

6
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Next-generation EHT 
(as SKA-VLBI is to SKA, ngEHT is to ngVLA)

provide a unique opportunity to study jet launching, collimation, and acceleration at the
base in the immediate vicinity of the black hole.

Figure 4 shows reconstructed 3D GRMHD simulations of the jet launching region in M87
with current and sample ngEHT arrays. The addition of short baselines anchored to existing
large apertures, combined with observations at progressively higher frequencies will improve
both the imaging dynamic range and angular resolution to study formation, collimation and
acceleration of relativistic jets, not only in M87 but also in other nearby AGN [7]. This
opens new possibilities for linking jet power to black hole spin, accretion rate, and disk
magnetization through direct comparison of observation and simulations on scales down to
the event horizon. Triggered observations and centralized data processing will increase the
cadence of the observations, allowing the study of time variable jet ejections first near the
black hole, and subsequently as they emerge from the AGN core.

4 

the EHT-II reconstructions, which include empirically verified error budgets and estimated performance 
of future sites, demonstrates that connecting the horizon-scale structure and dynamics near the black hole 
to the emergence and launch of the M87 jet is achievable. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: EHT baseline coverage for M87 (left) and SgrA* (right). Each point shows the April 2017 1.3mm 
EHT coverage (black), the 1.3mm coverage anticipated for EHT-II (black and red), and the added coverage 
at 0.87mm (blue).   

EHT-II images of M87 will open new avenues to understand how black holes launch and power 
relativistic jets. For instance, if the jet is powered by the spinning black hole, then magnetic fields 
threading the horizon are predicted to rotate at approximately half the angular frequency of the black hole 
(e.g., Blandford & Znajek 1977; Macdonald & Thorne 1982). With EHT-II observations of M87 over 
several weeks, this effect will be directly observable via polarimetric movie reconstructions. In addition, 
measurements of the magnetic field strength via Faraday rotation from joint 230+345 GHz observations 
will test reveal whether the jet power corresponds to predictions from the Blandford-Znajek mechanism.  

Figure 4: Left: GRMHD snapshot from a simulation of M87 (Chael et al. 2019). Main panel is log scale; 
inset is linear scale. Middle: Reconstruction using EHT2017, revealing the circular ~ 40 µas ring surrounding 
the black hole shadow but no jet. Right: Reconstruction using EHT-II, including both 230 and 345 GHz, 
revealing both the black hole and its jet. 
 
 
 

ngEHT

Figure 4: GRMHD snapshot from a simulation of M87 (Chael et al. 2019). Main panel is
log scale; inset is linear scale. Middle: Reconstruction using EHT2017, revealing the circular
⇠ 40 µas ring surrounding the black hole shadow but no jet. Right: Reconstruction using
ngEHT, including both 230 and 345 GHz, revealing both the black hole and its jet.

2.4 Objectives and requirements

The quality of ngEHT images/movies and their corresponding traction on key science ques-
tions depend on the baseline coverage of the array as well as overall sensitivity, observing
frequency, bandwidth, and observing/scheduling constraints. Additional improvements in
imaging and analysis algorithms will further drive design requirements and trade-offs in
defining the ngEHT instrument systems and array architecture. We advocate a formal sys-
tem engineering approach, in which key science questions are used to define and select across
technical elements for the array. In Table 1 we outline an abbreviated science traceability
matrix for the ngEHT. The full array design must be explored using system engineering
driven simulation and science optimization process resulting in an expanded STM to define
a phase of ngEHT design, followed by a phase of implementation, both timed to deliver a
functional ngEHT array by the end of the coming decade.
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Next-generation EHT 
Polarimetric imaging capability 

Blackburn et al. (2019)

Higher angular resolution allows more precise measurements of the shadow size and shape,
while increased dynamic range improves image fidelity and allows us to extract the thin,
bright photon ring feature from the more diffuse surrounding emission. Snapshot imaging
of Sgr A⇤ on timescales of minutes is required to track relativistic motions around the black
hole.

2.2 The role of magnetic fields in black hole accretion
Magnetic fields play an outsized role in accretion and jet formation. The magnetorotational
instability [MRI, 2] is thought to transport angular momentum and drive accretion onto
the central black hole. Dynamically important magnetic fields can cause instabilities and
flaring on horizon scales [34]. The polarized synchrotron radiation observed by the ngEHT
traces magnetic field geometry (Fig. 3), while its time variability encodes the dynamics of
spiral waves driven by the MRI and magnetic flux eruption events associated with strong
magnetic fields. Triggered multi-wavelength campaigns are needed to fully take advantage of
ngEHT’s capability to spatially resolve structures associated with the energetic, high energy
flares from Sgr A⇤. The X-ray radiation in Sgr A⇤ flares suggests that particles can be
accelerated to high energy even around a quiescent black hole [13]. Spatially resolving their
radio counterparts will provide new constraints on the acceleration mechanism.

Blurred Sim     ngEHT Image  Figure 3: Comparison of po-
larization map of a simulation
of M87 [11] blurred to half the
nominal resolution of ngEHT
(left), and a polarimetric re-
construction of synthetic ngEHT
data generated by the simula-
tion (right). ngEHT enables
high fidelity polarimetric re-
constructions, revealing the or-
dered, horizon-scale fields in this
simulation of a “magnetically-
arrested” disk.

Snapshot polarimetric imaging with the future EHT can reveal the structure and dynam-
ics of magnetic fields. Simultaneous polarimetric observations at 230 and 345 GHz will allow
probing the magnetic field degree of ordering, orientation, and strength through Faraday
rotation studies. Spectral index analyses will probe other plasma properties, such as the
electron density and temperature.

2.3 Jet formation
The processes that govern the formation, acceleration and collimation of powerful relativistic
jets in active galactic nuclei (AGN) and X-ray binaries are a half-century-long mystery in
black hole physics. The leading scenarios rely on magnetic fields to extract rotational energy,
either from orbiting material [4] or from the black hole itself [5]. Magnetic fields downstream
further collimate and accelerate the jet to relativistic speeds. EHT observations of M87
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Imaging orbiting hotspots around Sgr A*
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Figure 2: Reconstructing movies
of flares from Sgr A⇤ with the EHT.
Bottom row: Simulated images of
a “hot spot” orbiting Sgr A⇤ with
a period of ⇠30 minutes (Model
B from [9, 14]). Upper rows:
Corresponding reconstructions of
the model with the EHT2017 and
ngEHT arrays merging 230 and
345 GHz, demonstrating the po-
tential to study the evolution of
flares in Sgr A⇤ on timescales of
minutes [26, 8]. Reconstructions
are performed with visibility am-
plitudes and closure phases, reflect-
ing calibration similar to that of the
EHT2017 data.

expansion of the EHT array by augmenting existing stations, as well as developing new sites,
can greatly increase the scope of EHT core science over the next decade. We refer to the
expanded array as the next-generation EHT, or ngEHT. A separate white paper is dedicated
to a complementary expansion of the EHT array by deployment of a radio telescope in orbit
around the Earth.

2 Key science goals and requirements

The detection of the black hole shadow in M87 [17] has opened up the opportunity for
repeated experimental studies of strong gravity and horizon scale accretion and jet launching
with ngEHT. Future observations will measure the detailed shape and size of the black hole
shadow and surrounding photon ring, allowing direct tests of the Kerr metric describing
black holes in general relativity. An ngEHT will also address fundamental questions about
the role of magnetic fields in the accretion and jet launching process as traced by the observed
time-variable, polarized synchrotron radiation.

2.1 Testing General Relativity
Measuring the shape and size of the shadow and surrounding lensed photon ring provides a
null hypothesis test of General Relativity [24]. The mass and distance of Sgr A⇤ are known
to ⇠1% [21], so the precision of GR tests for this source will be limited primarily by the
fidelity of EHT data and the ability to extract the emission corresponding to the black hole
circular photon orbit and interior shadow. Positional measurements of luminous matter (“hot
spots”) orbiting near the event horizon, as shown in Fig. 2, can be used to map the spacetime
metric near the black hole and constrain the black hole spin. Combining one or more such
EHT measurement of Sgr A⇤ with other observations [e.g., 20] allows a test of the “no hair”
theorem [22, 10, 31].
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The enormous potential of mm-space VLBI

Figure 3: 345 GHz Starwarps reconstructions of an ensemble-average scattered [22] GRMHD
simulation [8] of SgrA* with the EHT2020 and EHT2020+LEO arrays (matching the sim-
ulation in in Figure 2). The normalized root-mean-square error relative to the blurred true
image is quoted at the bottom of each panel, showing pixel-wise accuracy for each recon-
struction. Frames from the reconstruction are shown every 250 M, where M is the black hole
mass expressed as unit of time via tM = GM/c3. The improved baseline coverage of the
expanded and space-enabled array yield a sharp reconstruction of the black hole shadow, as
well as diffuse extended plasma features, while the current ground array produces images
dominated by artifacts that do not accurately localize the peak of emission. For additional
details, see Palumbo et al. [27].

In addition, with a LEO station operating at very high frequencies and able to perform ob-
servations across a wide range of baseline lengths, we expect to sample the power spectrum
of the turbulent accretion flow on very fine spatial scales, for the first time observation-
ally testing our understanding of the magnetorotational instability and angular momentum
transport in the inner part of the accretion disks [1, 20, 38].

Finer angular resolution also provides access to additional targets with spatially resolved
black hole shadows. Given a uniform distribution of SMBHs in flat space, we expect the
number of sources that can be resolved (N) to increase roughly as the cube of the maximum
(u, v)-distance. At ⇠7µas angular resolution, the number of known SMBHs that are expected
to have resolvable black hole shadows will increase from N ⇡ 2 (Sgr A⇤ and M87) to N & 20
(see right panel of Figure 4).† Each spatially resolved shadow provides a corresponding black
†
This number accounts only for those SMBHs with well-measured masses from [36], and so represents a rough

lower limit on the number of sources with spatially resolvable black hole shadows. Synchrotron opacity will
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Figure 4: Left : Sgr A⇤ baseline coverage of the ALMA-SPT-LEO subarray at 690 GHz, with
points shown every minute over the course of 24 hours. Right : 230–690 GHz flux versus
black hole shadow size for SMBHs with known masses; fluxes have been taken from the
NASA/IPAC Extragalactic Database, and masses were tabulated by [36]. Minimum fringe
spacings at different observing frequencies are shown as vertical dashed lines.

hole mass-to-distance ratio estimate, a constraint on the black hole spin, and an additional
opportunity to study SMBH accretion flow and jet physics on horizon scales.

3 Technical Overview

The sensitivity of an interferometric baseline depends on the geometric mean of the two
telescope sensitivities, the recorded bandwidth, and the coherent integration time. The first
property allows small telescopes (e.g., an orbiter) to form sensitive baselines when paired
with a large telescope (e.g., ALMA). The second allows digital enhancements (e.g., wider
recorded bandwidths) to offset limitations in telescope sensitivity. The third ties sensitivity
to phase stability, which is limited by the atmosphere and reference frequency.

The RMS noise on a VLBI baseline is �RMS = ⌘�1
Q

p
(SEFD1 ⇥ SEFD2)/(2 �⌫ T ), where

SEFD1 and SEFD1 are the system-equivalent flux densities (system noise in units of effective
flux above the atmosphere) of each antenna, �⌫ and T are the integration bandwidth and
time respectively, and ⌘Q ⇡ 0.88 is a loss factor for 2-bit quantization.

For Sgr A⇤, the flux density currently seen on the longest EHT baselines is ⇠100 mJy
[23], guiding sensitivity requirements for an orbiter. To maintain a S/N of 4 over 32 GHz
(averaging two polarizations) and 5-seconds of integration (sufficient to track rapid atmo-
spheric phase at 230 GHz), an orbiter–anchor station baseline would require an orbiter SEFD
less than 6.2 ⇥ 106 (ALMA), 1.7 ⇥ 106 (NOEMA), 3.3 ⇥ 105 (IRAM30m), 5.8 ⇥ 105 (LMT),
and 1.6 ⇥ 105 (SMA) to connect successfully to one of the anchor stations in Table 1. Once

preclude horizon-scale observations for some sources, but the opacity decreases with increasing frequency.
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ulation in in Figure 2). The normalized root-mean-square error relative to the blurred true
image is quoted at the bottom of each panel, showing pixel-wise accuracy for each recon-
struction. Frames from the reconstruction are shown every 250 M, where M is the black hole
mass expressed as unit of time via tM = GM/c3. The improved baseline coverage of the
expanded and space-enabled array yield a sharp reconstruction of the black hole shadow, as
well as diffuse extended plasma features, while the current ground array produces images
dominated by artifacts that do not accurately localize the peak of emission. For additional
details, see Palumbo et al. [27].

In addition, with a LEO station operating at very high frequencies and able to perform ob-
servations across a wide range of baseline lengths, we expect to sample the power spectrum
of the turbulent accretion flow on very fine spatial scales, for the first time observation-
ally testing our understanding of the magnetorotational instability and angular momentum
transport in the inner part of the accretion disks [1, 20, 38].

Finer angular resolution also provides access to additional targets with spatially resolved
black hole shadows. Given a uniform distribution of SMBHs in flat space, we expect the
number of sources that can be resolved (N) to increase roughly as the cube of the maximum
(u, v)-distance. At ⇠7µas angular resolution, the number of known SMBHs that are expected
to have resolvable black hole shadows will increase from N ⇡ 2 (Sgr A⇤ and M87) to N & 20
(see right panel of Figure 4).† Each spatially resolved shadow provides a corresponding black
†
This number accounts only for those SMBHs with well-measured masses from [36], and so represents a rough
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black hole shadow size for SMBHs with known masses; fluxes have been taken from the
NASA/IPAC Extragalactic Database, and masses were tabulated by [36]. Minimum fringe
spacings at different observing frequencies are shown as vertical dashed lines.
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telescope sensitivities, the recorded bandwidth, and the coherent integration time. The first
property allows small telescopes (e.g., an orbiter) to form sensitive baselines when paired
with a large telescope (e.g., ALMA). The second allows digital enhancements (e.g., wider
recorded bandwidths) to offset limitations in telescope sensitivity. The third ties sensitivity
to phase stability, which is limited by the atmosphere and reference frequency.
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simulation [8] of SgrA* with the EHT2020 and EHT2020+LEO arrays (matching the sim-
ulation in in Figure 2). The normalized root-mean-square error relative to the blurred true
image is quoted at the bottom of each panel, showing pixel-wise accuracy for each recon-
struction. Frames from the reconstruction are shown every 250 M, where M is the black hole
mass expressed as unit of time via tM = GM/c3. The improved baseline coverage of the
expanded and space-enabled array yield a sharp reconstruction of the black hole shadow, as
well as diffuse extended plasma features, while the current ground array produces images
dominated by artifacts that do not accurately localize the peak of emission. For additional
details, see Palumbo et al. [27].

In addition, with a LEO station operating at very high frequencies and able to perform ob-
servations across a wide range of baseline lengths, we expect to sample the power spectrum
of the turbulent accretion flow on very fine spatial scales, for the first time observation-
ally testing our understanding of the magnetorotational instability and angular momentum
transport in the inner part of the accretion disks [1, 20, 38].

Finer angular resolution also provides access to additional targets with spatially resolved
black hole shadows. Given a uniform distribution of SMBHs in flat space, we expect the
number of sources that can be resolved (N) to increase roughly as the cube of the maximum
(u, v)-distance. At ⇠7µas angular resolution, the number of known SMBHs that are expected
to have resolvable black hole shadows will increase from N ⇡ 2 (Sgr A⇤ and M87) to N & 20
(see right panel of Figure 4).† Each spatially resolved shadow provides a corresponding black
†
This number accounts only for those SMBHs with well-measured masses from [36], and so represents a rough
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summary
• The EHT has a strong record of high impact science built on engineering excellence  

• Achieved its primary goal: captured the first image of a black hole!                                           
But much more to come… 

• With current imaging quality, black hole mass consistent with stellar kinematics; and the 
shape is consistent with GR 

• Experiment mode for now (shadow imaging), but large range of unique science on many 
sources possible, especially as array expands 

• The tools and techniques developed with the EHT project will have have had a much 
broader impact on VLBI 

• EHT expansion (including in Africa and space-VLBI) will significantly sharpen tests of gravity


