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Summary:
“Over the next decade, existing and planned mm/submm 
facilities can be combined into a high sensitivity, high 
angular resolution "Event Horizon Telescope", capable of 
imaging a black hole.”
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Event Horizon Telescope: the Team

Nijmegen, Netherlands, November 2018

 over 200 scientists

 contributors from 18 countries

 over 60 institutions
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Shadow imaging story 

Bardeen 1973

“It is conceptually interesting, if not 
astrophysically very important, to calculate the 

precise apparent shape of the black hole… 
Unfortunately, there seems to be no hope of 

observing this effect.”

Wikipedia
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Shadow imaging story 

Luminet 1978 
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Luminet 1978

“Hence, there exists a realistic expectation of 
imaging the event horizon of a black hole within 

the next few years.”
Falcke+ 1999

Historia obrazów czarnej dziury 
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Luminet 1978

“Hence, there exists a realistic expectation of 
imaging the event horizon of a black hole within 

the next few years.”
Falcke+ 1999

Historia obrazów czarnej dziury 

Interstellar 2014
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Luminet 1978

“Hence, there exists a realistic expectation of 
imaging the event horizon of a black hole within 

the next few years.”
Falcke+ 1999

Bronzwaer+ 2018
Historia obrazów czarnej dziury 



Bologna, 9 May 2019

Very Long Baseline Interferometry 
Mark6 Recorder

R2DBE Backend
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Very Long Baseline Interferometry 
1	mm

10,000	km
20	μas

Mark6 Recorder

R2DBE Backend

EHT Resolution: ~20 µas

230 GHz ↔ 1.3 mm
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Very Long Baseline Interferometry 

D. Palumbo & M. Wielgus
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Happy cosmic coincidences
 Earth diameter over 10 000 km
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Happy cosmic coincidences
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Happy cosmic coincidences
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 Earth diameter over 10 000 km

 Earth atmosphere transparent in 1mm / 200-300 GHz

 max of the synchrotron emission in 1 mm

 accretion flow transparent for 1mm wavelength

 speed of electronics, HDD volume only recently 
became sufficient

 shadow feature is lensed by a factor of about 250%

 M87 central black hole is really humongous

Genzel et al (2010)
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Event Horizon Telescope

EHT 2019. Paper II. Instrument



1200 pc

Image Credits: NASA/HST (optical), NRAO (VLA), 
Craig Walker (7mm VLBA), Kazuhiro Hada (VLBA+GBT 3mm), 
EHT Collaboration (1.3 mm) 

0.01 pc ~ 0.1mas

7	mm

3.5	mm

1.3	mm

20	cm

1.3	mm

~ 500 AU
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Images and mass of M87

Measuring	the	mass	of	the	black	hole

We	find	consistent	mass	measurements	
using	all	three	techniques

Our	mass	measurement	agrees	with	that	
made	using	the	orbits	of	stars	in	M87

M	=	(6.5	± 0.7)	× 109 M�
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Spin of M87

It is the BH angular momentum, not the disk angular momentum 
that determines the image orientation 

Clockwise, 
into the screen

Counterclockwise, out 
of  the screen
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It is the BH angular momentum, not the disk angular momentum 
that determines the image orientation 

BH	spin-away	(clockwise	rotation)	is	strongly	favored	

Clockwise, 
into the screen

Counterclockwise, out 
of  the screen

Spin of M87
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Variability of M87: closure phases
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Figure 14. A selection of M87 closure phases (left and central columns) and log closure amplitudes (right column) as a function

of Greenwich Mean Sidereal Time (GMST) for all four observed nights from the HOPS data set. Plotted uncertainties denote

±1� ranges from thermal noise in the fully-averaged data.

show broad consistency over di↵erent days, and are con-
sistent between pipelines (Section 8.5). The majority of
notable low-amplitude outliers across days are due to
reduced e�ciency of the JCMT or the LMT on a select
number of scans (caused by, e.g., telescope pointing is-
sues or surface instability). Although the amplitudes of
these data points are low, closure information remains
stable and is una↵ected by station gain. This is shown
by comparing the erratic amplitudes on the LMT–SMT
baseline in Figure 13 (cluster of points at about 1 G�)
with the smooth trends in closure phase for the ALMA–
LMT–SMT triangle (Figure 14, top left) and in closure
amplitude for the ALMA–LMT–APEX–SMT quadran-
gle (Figure 14, top right).

The secondary peak in amplitude and the location of
the two nulls are persistent for all four days. These
signatures in the visibility amplitudes suggest that the
source is not changing dramatically over several days, is
compact with a characteristic spatial scale of . 50µas,
and exhibits similar structure over a range of baseline
position angle. Long baselines with various orientations
lie in a stable trend along the second peak, and a min-
imum in amplitude at 3.4 G� is seen on both the east-
west and north-south oriented baselines.

While the overall trend may indicate a compact and
nearly circularly symmetric structure stable in time,
a more detailed inspection of the data set suggests the
presence of a slight anisotropy, also made evident by
multiple measurements of non-zero closure phase. This
can be seen comparing the ALMA/APEX–LMT and
SMA/JCMT–LMT amplitudes in Figure 10 (bottom

left). Both baselines probe a (u, v) distance of about
3.4 G�, but they have a very di↵erent, nearly perpendic-
ular orientation (Figure 12). Flux density measured on
the north-south oriented ALMA–LMT baseline is a few
times larger than that for the east-west oriented SMA–
LMT. These properties translate to striking source fea-
tures in imaging and model fitting, presented in Pa-
per IV and Paper VI respectively.

7.3.2. Time Variability

M87 was observed on the two consecutive nights of
April 5/6 and again four nights later for the two con-
secutive nights of April 10/11. We observe clear indica-
tions of modest source evolution between the two pairs
of nights, and broad consistency within each pair. The
evolution can be seen particularly well in the behavior
of robust closure quantities.

Across the full set of closure quantities, some closure
phases formed by wide and open triangles (e.g., ALMA–
LMT–SMA, Figure 14 bottom left) show di↵erent clo-
sure phase trends between the first pair of days and the
second pair. Additionally, the east-west oriented LMT–
SMA–SMT triangle shows di↵erent closure phase trends
between the two pairs of days (Figure 14 bottom cen-
ter), but the equivalent triangle in the opposite orien-
tation, LMT–PV–SMT, shows no such trend (Figure 14
top center).

Strong night-to-night variability of closure phases is
associated with baselines probing (u, v) components
close to the first visibility amplitude null, where visibil-
ity phases are particularly sensitive to small structural
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ferent than the condition for self-noise (signal power > noise
power). We use the common VLBI case of visibility SNR >
1, but signal power < noise power.

Add section on confusion in the literature about closure

quantities (include counting problems, noise/covariance
problems)

Add material on network calibration?

Calibration and use of closure in radio interferometry.

Specific examples of closure techniques in recent work.

Lannes (1990): In the literature related to phase closure
imaging, this identity is implicitly assumed true. For ex-
ample, in the words of Thompson et al (see [E], p 357),
the number of independent phase closure relationships âĂŸis
equal toâĂŹ the number of correlator-output phases less the
number of unknown instrumental phases. When one only
refers to the trivial inclusion B, F C ker C, , one should then
say âĂŸis at most equal to.âĂŹ The number of independent
phase closure relationships can also be obtained by using a
combinational argument (see, for example, Thompson et al
in the same context). The identity B, F = kerC, was therefore
indirectly proved.

Kulkarni (1989) statement: “we resolve some of the con-
ceptual difficulties associated with the hybrid mapping pro-
cedure and suggest contrary to the established procedure that
all closure phases carry information and there are no âĂIJba-
sicâĂİ closure phases. In particular, we suggest that at low
signal levels, characteristic of infrared interferometers, it is
best to fit the model to all the closure phases and fringe am-
plitudes.”

Kulkarni: The general behavior is that all the normalized
covar- iances tend to zero in the weak-source limit, which
is not surprising. In the strong-source limit, the usual situa-
tion, pi n) and Âąi ini) are both essentially zero but 1/3. This
shows that while all triangles provide information, the effec-
tive number of bispectrum phasors is less than n t âĂŤan im-
portant conclusion of this paper.

With these results at hand we are now in a position to
tackle the question raised at the beginning of this section,
viz., âĂIJHow do we reconcile the much larger number of
bi- spectrum phasors (n t ) with the number of baselines (n
h ) or the so called âĂŸuniqueâĂŹ phases (n c )?âĂİ Our
analysis shows that in fact all the bispectrum phasors, i.e.,
all triangles do pro- vide information. The fact that n t > n h
should be of no great concern. In the limit of low 5/Ã§ the n t
bispectrum phasors provide essentially independent informa-
tion and thus using only a fraction of the bispectrum phasors
is equivalent to throwing away valuable data. In the limit of
high S/Q the situation is more complex: pairs of bispectrum
phasors that share a common side are correlated with 1/3 and
any other pair is essentially uncorrelated.

Law and Bower 2012: However, the bispectrum is sub-
ject to differentcorrelated noise properties, since it is formed

by multi-plying complex visibilities rather than summing
scalarphases. As a result, in the limit of smalls, allntrtriple-
sare independent (Kulkarni 1989) and can be coherently-
combined to improve SNR.

LB: random equations and notes below
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Things to talk about: importance for high frequency VLBI,
Bower stuff, Gisela, model fitting (Pearson), Readhead arti-
cle, history and current usage, Christiaan, many efforts. Hy-
brid mapping. Time variability; OI stuff and bispectrum.

Limitations of closure quantities; non-Gaussian and biased
(cl amp)

—————————
Generic discussion and properties of closure phases and

amplitudes
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Variability of M87: images
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3C279 images
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Sgr A* in 2017 data
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Sgr A* in 2017 data
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Other potentially interesting sources observed in 2017

 Centaurus A (1 night)

 3C279 (4 nights)


 OJ287 (2 nights)

 J1924 (5 nights)


 3C273 (1 night)
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Multiwavelength campaign in 2017: M87
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EHT+ALMA (230GHz)

VERITAS (TeV)

MAGIC (TeV)

Fermi (GeV)

NuSTAR (X-ray)

Chandra (X-ray)

SWIFT (X-ray)

HSA (8,15,22GHz)

EAVN (43GHz)

EAVN (22GHz)
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Multiwavelength campaign in 2017: Sgr A*

Apr 04 Apr 06 Apr 08 Apr 10 Apr 12

EHT+ALMA (230GHz)

MAGIC (TeV)

HESS (TeV)

NuSTAR (X-ray)

Chandra (X-ray)

SWIFT (X-ray)

VLT (IR)

GMVA+ALMA (86GHz)

EAVN (43GHz)

EAVN (22GHz)
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Upgrades for 2020s

 more stations (+2 in 2020)

 increased bandwidth (to 128 GBps)


 some more medium length baselines (~100 km)

 technical upgrades at telescopes (LMT)


 low orbit space VLBI for fast aperture synthesis


 small custom built radio telescopes

 MEO/GEO orbiter to increase the resolution





“Over the coming year, the first EHT results will clarify the state of the art in 
black hole imaging on horizon scales, bringing into focus the full science 
potential of this new field. Expected enhancements to the EHT would enable 
time-resolved videos of black hole jet launching and accretion, with potential 
significant expansion of black hole physics in Sgr A*, M87 and other sources 
that require high angular resolution.”



