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The central parsec – Sgr A West 

Genzel, Gillessen, Eisenhauer 
See also Ghez + 

Zhao & Morris 

Kassim+ 



How a black hole looks like 

Cunningham & Bardeen (1973) “Image of a star orbiting a black hole” 



Light  
Rays 

Photon 
Orbit 

“Photos” of a black hole 
Circular photon orbit: Bardeen (1973) 

“star behind black hole” 



Photos of a black hole 

Luminet (1979) 

Luminet (1979, A&A) 

Viergutz (1993, A&A) 



Sgr A*: submm-bump  
& black hole shadow  

radio             |  submm |  far & near-infrared 

Jet: Falcke, Mannheim, Biermann (1993) 

RIAF/ADAF 
(Narayan+) 

~ Rs 

Falcke, Melia, Agol (2000) 

Predicted size of shadow today: ~50 µas +/- 10% for all spins, larger 
than ISM blurring and resolvable by global VLBI at 230 GHz! 



Different Theories of Gravity 
Different Shadows 

Falcke & Markoff, Class. & Quant. Gravity (2013, review) 



Silhouette vs Shadow 

Silhouette Shadow 
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The radio jet in M87 (Virgo A) 

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

Elliptical galaxy in center of Virgo cluster at d=17 Mpc, with 6×109 M☉ black hole 

BH shadow 
size 



Davelaar, Bronzwaer, Moscibrodzka, et al.  ... 

General Relativistic Magnetohydrodynamic simulations with GR ray tracing  

BHAC Code (AMRVAC heritage): 
•  ideal (soon non-ideal) MHD 
•  2&3D 
•  Multiple coordinate systems 
•  Adaptive GRID 
•  Arbitrary space times 
RAPTOR: 
•  Ray tracing, GPU-enabled 
•  Arbitrary space times 
•  Synchrotron abs/emission 
•  Thermal & non-thermal particles 
•  Polarization to come 
IPOLE: 
•  Polarization 
•  Faraday rotation and conversion 
KappaMonty: 
•  Inverse Compton  
 
More codes in EHT: code-comparison  
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Jet Models with scattering 

λ3.5 mm λ7 mm λ1.3 mm 

scatter broadened  
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VLBI beam 

Moscibrodzka et al. (2014) 

spin a=0.95 
inclination θ=60º 

Fits sizes and SED 
at all λs 



Black Hole Simluations of M87 
GRMHD Simulation  

Moscibrodzka, Falcke, Shiokawa (2016, A&A) 

VLBI Observations 

(Using Harm3D  - Gammie et al.) 
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Sgr A*: Jet-model SED 

Davelaar, Moscibrodzka, Bronzwaer, Falcke A&A (2018), in press 

size vs. wavelength 

Inclusion of 1-10% of 
non-thermal particles 
can explain NIR-flares 

2D jet-model with a mix of thermal particle distribution 
and non-thermal particles (kappa-distribution) 
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Kerr

a Smax = 0.97 mJy

GRRT (convolved)
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Kerr

b Smax = 0.94 mJy

DSSIM = 0.315

BSMEM (convolved, EHT2017 6h)
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Kerr

c Smax = 1.05 mJy

DSSIM = 0.160

BSMEM (convolved, EHT2017 + AMT12h)
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Dilaton

d Smax = 0.77 mJy

GRRT (convolved)
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Dilaton

e Smax = 0.94 mJy

DSSIM = 0.351

BSMEM (convolved, EHT2017 6h)
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Dilaton

f Smax = 0.86 mJy

DSSIM = 0.173

BSMEM (convolved, EHT2017 + AMT12h)

0 0.2 0.4 0.6 0.8 1
S/Smax

Non-standard spacetimes 

BHAC code 

      EHT 2017 

Kerr BH 

Dilaton BH 

GRMHD+Scattering 

Mizuno et al. (2018, Nature Astronomy) 
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GRMHD with isothermal jet 

Moscibrodzka & Falcke (2013, A&AL) 
Moscibrodzka et al. (2014) 

43 GHz 
60° 

43 GHz 
60° 

Jet: Tp/Te=1, Te~const 
Disk: “classical” 2-temperature 
ADAF (Tp/Te~25 ) 

Jet: Tp/Te=1, Te~const 
Disk: hot ADAF (Tp/Te~5) 

Depending on 
electron heating 
prescription jet can 
be brighter or 
dimmer than disk! 
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Sgr A* 3DGRMHD jet model 

Moscibrodzka & Falcke (2013, A&A) 
Moscibrodzka et al. (2014, A&A) 

43 GHz 
60° 

230 GHz 
60° 

Three-dimensional general relativistic magneto-hydrodynamic fluid calculations 
with radiation transport  
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230 GHz Predictions 

Moscibrodzka et al. (2014) 

edge-on 

face-on 

Te/Tp(jet) 

Goal:  
constrain spin and 
orientation of black 
hole from shadow 
image! 
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Next step: Large scale 3D 

Davelaar, Porth, BHAC code (density is shown) 

Supercomputer simulations out to 2000 M using adaptive mesh 
refinement and Cartesian Kerr-Schwarzschild coordinates  

(to avoid polar axis singularity) 
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The path towards event horizon imaging 

VLBI from 3 cm to 3 mm 

VLBA 
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CARMA 

JCMT 
SMA 

SMTO 

IRAM Plateau de Bure 
(NOEMA) 

Pico Veleta 

1st detection 

Krichbaum+ (1998) 

Very Long Baseline Intererometry at 230 GHz, 
i.e., 1.3 mm waves (mmVLBI) 

APEX 

The path towards event horizon imaging 
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Full Non-GR MHD Simulations 

Mizuno et al. (2018, Nature Astronomy, subm.) 

Dilaton Black Holes 
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Full Non-GR MHD Simulations 

Mizuno et al. (2018, Nature Astronomy, subm.) 

Dilaton Black Holes 



The submm-Bump: Event 
Horizon-Scale Emission 

Multi-wavelength campaign: 
Four Telescopes simultaneously … 



Modeling Sgr A*: 
Black Hole Jet & Shadow 

Jet Model for Sgr A* predictions: 

Model: Falcke, Mannheim, Biermann (1993) 

BH Shadow: Falcke, Melia, Agol (2000) 

wavelength-dependent size & low accretion rate 

⇒ Black Hole Shadow 

Predicted size of shadow today: ~50 µas +/- 10% for all spins 
resolvable by global VLBI at 230 GHz! 

see also Falcke & Markoff (2000) 
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VLBI Images of Sgr A* (to 
scale) 

•  The shorter the wavelength, the smaller the radio source. 
•  At low frequencies the structure is blurred by scattering with λ2-law. 
•  At λ7 mm the radio source becomes slightly larger than the scattering. 

← wavelength 

angular size 

 8 GHz                                     frequency →                15 GHz                           21 GHz       43 GHz    89 GHz  230 GHz 

φ∝
λ2

 

GC magnetar: scattering region is ~3.5 kpc 
from Earth (Bower et al. 2014) 
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VLBI Images of Sgr A* (to scale) 

•  The shorter the wavelength, the smaller the radio source. 
•  At low frequencies the structure is blurred by scattering with λ2-law. 
•  At λ7 mm the radio source becomes slightly larger than the scattering. 

← wavelength 

angular size 

 8 GHz                                     frequency →                15 GHz                           21 GHz       43 GHz    89 GHz  230 GHz 



Radboud University Nijmegen 
Scattering  

Johnson & Gwinn (2015) 
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Measured Size of Sgr A* 

observing wavelength 
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22 GHz 
(λ=1.3 cm) 
 

89 GHz 
(λ=3 mm) 
 

 3 Rs 

30 Rs 

300 Rs 
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Falcke & Markoff, (2013, Class. & Quant. Gravity) 

1 mm 10 mm 0.1 mm 3 cm 
log wavelength λ 

Doeleman et al. (2008) 

Shen et al. (2006) 
(see also Rogers et al. 1994 

Ortiz-Leon et al. 2016)  

Bower et al. (2004) 

Shadow of event horizon 

43 GHz 
(λ=7 mm) 

220 GHz 
(λ=1.3 mm) 

Krichbaum  
et al. (1998) 

Intrinsic Radio Size of Sgr A* 
The higher the radio frequency – the closer to the black hole.  
At 230 GHz the emission comes from the event horizon scale.  
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Observed slope: size ∝λ1.3 (Ortiz-Leon et al 2016) 
Prediction: size ∝λ1.1  (Falcke 1996)  
  22 GHz 

(λ=1.3 cm) 
 

89 GHz 
(λ=3 mm) 
 

 3 Rs 
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Falcke & Markoff, (2013, Class. & Quant. Gravity) 

1 mm 10 mm 0.1 mm 3 cm 
log wavelength λ 

Doeleman et al. (2008) 

Shen et al. (2006) 
(see also Rogers et al. 1994 

Ortiz-Leon et al. 2016)  

Bower et al. (2004) 

Shadow of event horizon 

43 GHz 
(λ=7 mm) 

220 GHz 
(λ=1.3 mm) 

Krichbaum  
et al. (1998) 

Intrinsic Radio Size of Sgr A* 
The higher the radio frequency – the closer to the black hole.  
At 230 GHz the emission comes from the event horizon scale.  



Radio Lags  
measured with ALMA & VLA 

Brinkerink et al. (2015, A&A) 
See also Yusef-Zadeh et al. (2009) 

 

Higher frequencies, lead lower frequencies 
delay is 30 – 90 min, size is ~1 light hour 

⇒ relativistic outflow 
 

Flux evolution at different frequencies 

  hour lag  
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 86 GHz         43 GHz       22 GHz 

positive lag = outflow 

negative lag = inflow 

zero lag 



Asymmetric source structure 
at λ3mm (VLBA+LMT+GBT) 

📡

📡

📡 📡 
📡 📡 

Brinkerink, Müller et al. (2016, MNRAS) 

First indication of asymmetric source structure at 3m 

Non-zero 
closure phases 

~50 µarcsecond (5 Rs) 



Asymmetric source structure: 
non-zero closure phases  

all-years closure phases - 
Median cl.-phase: +6° 

Fish et al. (2015, ApJ) 
Brinkerink et al. (2016, MNRAS) 

Ortiz-Leon et al. (2016) 
 

3mm-VLBI 
 
VLBA 
+LMT 
+GBT 

1 mm VLBI: 
 
JCMT 
+SMTO 
+CARMA 

Both consistent 
with E-W extension 

 
Scattering 

or intrinsic? 

Doeleman et al. (2008) 



The Shadow of a Black Hole 

GR Model λ0.6mm VLBI λ1.3mm VLBI 

a=0.998 

I=r-2 

a=0 

I=const 

(Falcke, Melia, Agol 2000, ApJL) 



Predictions - Tucson 1998 



Simulating and quantifying 
non-Einstein gravity 

•  Example: Non-Einstein gravity with „Dilaton parameter“ b: 

Rezzolla & Zhidenko (2014) 
metric expansion: 

yields high accuracy approximation  
e.g. error of 1e-4 in gµν with seven 
expansion parameters 

Schwarzschild, 
b=0 

Einstein-Dilaton, 
b=0.1 

General axisymmetric spacetime also 
available: Konoplya et al. (2016) Simulation credit: Yosuke Mizuno 

•  New 3DGRMHD code BHAC (U. Frankfurt, Rezzolla) 
•  Adaptive mesh and arbitrary space times 

b4 ¼
1
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where we have indicated with a prime 0 the radial
derivative. Clearly, expressions (27) can be easily extended
to higher orders if necessary.
A few remarks are worth doing. First, because of

cancellations, the terms a1; a2; a3… do not depend on ϵ1
and ϵ2; similarly, the terms b1; b2; b3… do not depend on
ϵ1, but they do depend on ϵ2. Second, in the simplest case
and the one considered in Ref. [10], i.e., when only ϵ3 ≠ 0,
the coefficient a2 vanishes and our approximant for the
function N reproduces it exactly. Finally, and more impor-
tantly, expressions (27) clearly show the rapid-convergence
properties of the expansions (19). It is in fact remarkable
that a few coefficients only are sufficient to capture the
infinite series of coefficients needed instead in the JP
approach [cf., for instance, expressions (27b) for the
coefficients a1 and b1].

IV. PARAMETRIZATION FOR DILATON
BLACK HOLES

As another test of the convergence properties of our
metric parametrization we next consider a dilaton-axion
black hole [14]. When both the axion field and the spin
vanish, such a black hole is described by a spherically
symmetric metric with line element

ds2 ¼ −
"
ρ − 2μ
ρ þ 2b

#
dt2 þ

"
ρ þ 2b
ρ − 2μ

#
dρ2 þ ðρ2 þ 2bρÞdΩ2:

ð28Þ

The radial coordinate r and the ADM mass M are
expressed, respectively, as

r2 ¼ ρ2 þ 2bρ; M ¼ μþ b; ð29Þ

where b is the dilaton parameter.
By comparing now the expansions of (1) and (28) at

spatial infinity, we find that
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Similarly, by comparing the near-horizon expansions we
find the other coefficients, which also depend on b=μ only
and are given by
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It is clear that a1 and b1 vanish if b ¼ 0, in which case we
reproduce the line element of the Schwarzschild black hole
exactly. If b > 0, on the other hand, we could in principle
calculate as many coefficients of the continued fractions
(19) as needed; in practice already the very first ones
suffice. For example, for b=μ ¼ 1 and setting a3 ¼ 0, the
maximum relative difference between the exact and the
expanded expression for the metric function gtt is
≲3 × 10−4. This relative difference becomes ≲3 × 10−6

if the order is increased of one, i.e., if a4 ¼ 0 (see also the
discussion below on Fig. 1).

V. OBSERVABLE QUANTITIES WITHIN THE
PARAMETRIZATION FRAMEWORK

A high precision in the mapping of the metric functions
does not necessarily translate in an equivalent accurate
measure of near-horizon phenomena. Hence, to further test
the reliability of our continued-fraction expansions (19), we
next compare a number of potentially observable quantities
for a spherically symmetric dilaton black hole and for a
black hole in Einstein-aether theory, respectively. More
specifically, we calculate: the impact parameter for the
photon circular orbit, the orbital frequency for the inner-
most stable circular orbit, and the quasinormal ringing of a
massless scalar field. For all of these quantities, the metric
is either expressed analytically [i.e., Eq. (28) for a dilation
black hole] or numerically [i.e., for a black hole in Einstein-
aether theory], or in its parametrized form [i.e., via the
coefficients (30)–(31) for a dilation black hole].

A. Photon circular orbit and the innermost
stable circular orbit

In a spherically symmetric spacetime, a photon circular
orbit is defined as the null geodesic at radial position
r ¼ rph for which the following equations are satisfied,
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V. OBSERVABLE QUANTITIES WITHIN THE
PARAMETRIZATION FRAMEWORK

A high precision in the mapping of the metric functions
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measure of near-horizon phenomena. Hence, to further test
the reliability of our continued-fraction expansions (19), we
next compare a number of potentially observable quantities
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of the first coefficients of the expansion can be easily
constrained in terms of PPN-like parameters, an infinite
number remains to be determined from observations near
the event horizon [10]. This approach was recently gen-
eralized by relaxing the area-mass relation for non-Kerr
black holes and introducing two independent modifications
of the metric functions gtt and grr [11]. Unfortunately, as
discussed in [11], this approach can face some difficulties:
(1) The proposed metric is described by an infinite

number of parameters, which are roughly equally
important in the strong-field regime, making it
difficult to isolate the dominant terms.

(2) The parametrization can be specialized to reproduce
a spherically symmetric black hole metric in alter-
native theories only in the case in which the
deviation from the general relativity is small. This
was checked for the black holes in dilatonic
Einstein-Gauss-Bonnet gravity [12], for which the
corresponding parameters were calculated only in
the regime of small coupling.

(3) At first order in the spin, the parametrization cannot
reproduce deviations from the Kerr metric arising in
alternative theories of gravity.As an example, it cannot
reproduce the modifications arising for a slowly
rotating black hole in Chern-Simonsmodified gravity.

In this paper we propose a solution to these issues and
take another step in the direction of deriving a general
parametrization for objects in metric theories of gravity.
More precisely, we propose a parametrization for spheri-
cally symmetric and slowly rotating black hole geometries
which can mimic black holes with a high accuracy and with
a small number of free coefficients. This is achieved by
expressing the deviations from general relativity in terms of
a continued-fraction expansion via a compactified radial
coordinate defined between the event horizon and spatial
infinity. The superior convergence properties of this expan-
sion effectively reduces to a few the number of coefficients
necessary to approximate such spherically symmetric metric
to the precision that can be in principle probed with near-
future observations. While phenomenologically effective,
the approach we suggest has also an obvious drawback.
Because the metric expression we propose is not the
consistent result of any alternative theory of gravity, it does
not have any guarantee of being physically relevant or
nothing more than a mathematical exercise.
The paper is organized as follows. In Sec. II we describe

the proposed parametrization method. Section III is devoted
to the relation between the proposed parameters and the
parameters of the Johannsen-Psaltis spherically symmetric
black hole. In Sec. IVwe obtain values of the parameters that
approximate a dilatonblackhole,while inSec.Vwecompare
the photon circular orbit, the innermost stable circular orbit,
and the quasinormal ringing predicted within our approxi-
mation with the corresponding quantities obtained for the
exact solution of a dilaton black hole. In Sec. VIwe apply our

approach to slowly rotating black holes and, in the con-
clusions, we discuss applications for our framework and its
possible generalization for the axisymmetric case. Finally,
Appendix A is dedicated to a comparison of our para-
metrization framework with the alternative parametrization
of a spherically symmetric black hole proposed in Ref. [11].

II. PARAMETRIZATION OF SPHERICALLY
SYMMETRIC BLACK HOLES

The line element of any spherically symmetric stationary
configuration in a spherical polar coordinate system
ðt; r; θ;ϕÞ can be written as

ds2 ¼ −N2ðrÞdt2 þ B2ðrÞ
N2ðrÞ

dr2 þ r2dΩ2; ð1Þ

where dΩ2 ≡ dθ2 þ sin2θdϕ2, and N and B are functions
of the radial coordinate r only.
For any metric theory of gravity whose line element can

be expressed as (1), we will next require that it could
contain a spherically symmetric black hole.1 By this we
mean that the spacetime could contain a surface where the
expansion of radially outgoing photons is zero, and define
this surface as the event horizon. We mark its radial
position as r ¼ r0 > 0 and this definition implies that

Nðr0Þ ¼ 0: ð2Þ

Furthermore, we will neglect any cosmological effect, so
that the asymptotic properties of the line element (1) will be
those of an asymptotically flat spacetime. Differently from
previous approaches, we find it convenient to compactify the
radial coordinate and introduce the dimensionless variable

x≡ 1 −
r0
r
; ð3Þ

so that x ¼ 0 corresponds to the location of the event
horizon, while x ¼ 1 corresponds to spatial infinity. In
addition, we rewrite the metric function N as

N2 ¼ xAðxÞ; ð4Þ

where

AðxÞ > 0 for 0 ≤ x ≤ 1: ð5Þ

We further express the functions A and B after introducing
three additional terms, ϵ, a0, and b0, so that

AðxÞ ¼ 1 − ϵð1 − xÞ þ ða0 − ϵÞð1 − xÞ2 þ ~AðxÞð1 − xÞ3;

ð6Þ

1Much of what discussed here for a black hole can be
employed also for the spacetime of a compact star. In this case,
however, suitable boundary conditions for the metric will need to
be imposed at the stellar surface x ¼ 0 [cf., Eq. (2)].
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Radboud University Nijmegen 
Importance of electron heating 

Moscibrodzka & Falcke (2013, A&A) & Moscibrodzka et al. (2014, A&A) 

3D GRMHD density regions: 
 
Red: low density,  
high magnetization 
 
Blue: high density, 
low magnetization 

!M jet ≪ !Mdisk

Te, jet ≫ Te,disk
Accretion flow: 

two-temperature plasma 
Telectron ≪ Tproton 

Jet: 
single-temperature plasma: 

Telectron ~ Tproton 

Jet is lower 
density than disk 

Hence, needs to 
be hotter to 
radiate 
significantly: 



Sgr A* radio size 

Scattering ∝ 1.322 mas  λ2

Size ∝ 0.58 mas λ1.4  

Brinkerink et al. (in prep) 



Two-dimensional structure of 
Sgr A*: fairly elongated 

•  Accurate closure 
amplitude 
measurements of 
2D-size of Sgr A* 
with the VLBA. 

•   Size at 43 GHz:  
(35.4 ±0.4) Rs × 
(12.6±5.5) Rs  
at PA (95±4)° 

Bower et al. (2014, ApJ) 

3σ 
2σ 
1σ 
 

elliptical  
structure  

spherically symmetric structure  



VLBI – Very Long Baseline Interferometry 
Resolution: smallest angular scale: ~λ/D 



Interferometer Principle 

- Each antenna-antenna baseline “draws” a ring on the sky 
- Interference between signals produces interferometry fringes  
- The superposition of the information of many baselines 
(fringes) “draws” the image. 

Distance between 
antenna 

Slide: C. Tasse 
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Interferometer Principle 

Distance between 
antenna 

Slide: C. Tasse 

- Each antenna-antenna baseline “draws” a ring on the sky 
- Interference between signals produces interferometry fringes  
- The superposition of the information of many baselines 
(fringes) “draws” the image. 

With 100 % baseline coverage, the 
image would be perfect. Gaps will 
produce image artifacts. These gaps/
artifacts are well-defined and can be 
“cleaned” from the final image. 

 



Radboud University Nijmegen 
First VLBI-Results from Apex 

Lu et al. 2018, subm. 

Too high for refractive noise 
from scattering 



Radboud University Nijmegen 
230 GHz VLBI with APEX  

Lu et al. 2018, subm. 

Correlated flux 

Closure phases 



Radboud University Nijmegen 
230 GHz VLBI with APEX  

Lu et al. 2018, ApJ, subm. 

Correlated flux Closure phases 



Radboud University Nijmegen 
EHT Closure phases at 1 mm 

all-years closure phases - 
Median cl.-phase: +6° 

Hawaii-California-Arizona 

allowed point 
source offsets 

Shadow  
size Fish et al. (2015, ApJ subm.) 

See also “Polarization on EH scales”: 
Johnston et al. (2015, Science, in press) 
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•  Amsterdam: Multi-
wavelength observations 

•  Bonn VLBI: Data 
correlation, APEX 
telescope 

•  ESO: ALMA telescope 
•  IRAM: Pico Veleta & 

NOEMA telescopes 
•  JIVE: Open Science – 

VLBI analysis software 
•  Rhodes Univ.: VLBI 

Simulations  
•  Sweden: Polarisation 

calibration 

BHC Partners in Europe & 
Africa 

Radboud (Nijmegen) 

JIVE 

MPIfR Bonn 

IRAM Grenoble 

ESO & MPE 

Frankfurt 

Amsterdam 

Rhodes Univ. 
South Africa 
& U. Namibia 

Onsla Space 
Observatory 
(Sweden) 

L. Rezzolla 
• Numerical 
Relativity 

M. Kramer 
• Pulsars &  
test of GR 

H. Falcke 
• Black Hole 
Astrophysics 
& VLBI 

R
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io 
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Event Horizon Telescope Consortium  

Science&Council&

EHTC&Board&
Execu3ve&Group&

Director&

Project&Scien3st& Project&Manager&

Science&Working&
Groups&

Technical&Working&
Groups&

26&Sept&2015&

Chair: H.Falcke 
Co-chair: G. Bower 

S. Doeleman 

A. Zensus (chair) 
C. Lonsdale (vice-chair) 

13 EHT Stakeholders 
 

•  Harvard/SAO (USA) 
•  MIT Haystack Obs. (USA) 
•  Univ. Arizona (USA) 
•  Univ. Chicago (USA) 
•  Perimeter (Canada) 
•  INAOE (Mexico) 
•  MPIFR Bonn (Germany) 
•  IRAM  (D/F/E) 
•  Radboud Uni. (Netherlands) 
•  Univ. Frankfurt (Germany) 
•  EACOA (East Asia) 
•  NOAJ (Japan) 
•  ASIAA (Taiwan) 

About 150 individual EHT members … 

D. Psaltis R. Tilanus 

Event Horizon Telescope 

Main EU Contributions: 
•  BlackHoleCam/ERC 
•  MPG/IRAM  
•  ESO (ALMA) 
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Science&Council&

EHTC&Board&
Execu3ve&Group&

Director&

Project&Scien3st& Project&Manager&

Science&Working&
Groups&

Technical&Working&
Groups&

26&Sept&2015&

Chair: H.Falcke 
Co-chair: G. Bower 

S. Doeleman 

A. Zensus (chair) 
C. Lonsdale (vice-chair) 

13 EHT Stakeholders 
 

•  Harvard/SAO (USA) 
•  MIT Haystack Obs. (USA) 
•  Univ. Arizona (USA) 
•  Univ. Chicago (USA) 
•  Perimeter (Canada) 
•  INAOE (Mexico) 
•  MPIFR Bonn (Germany) 
•  IRAM  (D/F/E) 
•  Radboud Uni. (Netherlands) 
•  Univ. Frankfurt (Germany) 
•  EACOA (East Asia) 
•  NOAJ (Japan) 
•  ASIAA (Taiwan) 

About 150 individual EHT members … 

D. Psaltis R. Tilanus 

Event Horizon Telescope 
Event Horizon Telescope Consortium  
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EU Players & Partners 
•  BlackHoleCam PIs: 

–  Falcke (Radboud Nijmegen) 
–  Rezolla (Frankfurt) 
–  Kramer (MPIfR Bonn) 

•  BHC Partners 
–  Zensus (MPIfR Bonn) 
–  Markoff (Amsterdam) 
–  ESO: ALMA telescope 
–  IRAM: Pico Veleta & NOEMA 

telescopes 
–  JIVE: CASA 
–  Rhodes Univ: VLBI 

Simulations  
–  Bologna: CASA 

14 M€ ERC Synergy Grant BlackHoleCam  
& EU partners 

Radboud (Nijmegen) 

JIVE 

MPIfR Bonn 

IRAM Grenoble 

ESO & MPE 

Frankfurt 

Amsterdam 

Rhodes Univ. 
South Africa 
& U. Namibia 

Onsla Space 
Observatory 
(Sweden) 

L. Rezzolla 
• Numerical 
Relativity 

M. Kramer 
• Pulsars &  
test of GR 

H. Falcke 
• Black Hole 
Astrophysics 
& VLBI 

R
ad

io 
A

stron
om

y 

BlackHoleCam 

BlackHoleCam 
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VLBI hardware contributions  

0%	

10%	

20%	

30%	

40%	

50%	

60%	

70%	

80%	

90%	

100%	

Atomic	
Clocks	

Frequency	
Converter	

Digital	
Backend*	

Clock	Unit	 Calibration	
Unit	

Recorders	 Harddisk	
Modules**	

Phased	
Array	

Inventory	VLBI	Station	Backend	Equipment	

SAO	&	Other	 BHC	 MPIfR	IRAM	APEX	

2017 

Note: not all columns are the same price … 

Event Horizon Telescope 
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SMA & 
JCMT 

SMT 

ALMA & 
APEX 

SPT 

LMT 

2017 global EHTC Campaign  
Event Horizon Telescope 

Red=new 
observatories 

•  April 5-11 2017 
•  8 telescopes, 6 mountains 

(Largest 1mm VLBI  
experiment ever tried) 

•  4 new stations, one dropped 
•  6 observing nights in 10 day 

period (used all allocated time 
at ALMA) 

•  ~4 PB data raw data 
•  Overall good weather  
•  Only minor technical hiccups 
•  All data arrived safely at 

correlation centers & is being 
processed 

•  High SNR data and 
„fringes“ to all stations! 

Haystack 
Bonn 

Correlation  
centers 



H. Falcke, AMT,  Slide Nr.  55  

Mexico Arizona 

Spain Chile 

South Pole 



Mark 6 Recording: 
 
2017: 32 Gbit/sec  
2018: 64 Gbit/sec 
 
0.5-1 Pbyte/Telescope 

EHT VLBI equipment at 
IRAM 30m Pico Veleta 
(2017)  

DownConverter 
+ R2DBE 

DBBC3 (parallel 
recording) 

2018: Control 
Computer added 
 
2019: Automatic 
upload of schedules 
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VLBI Real Time Monitor 

Daily weather forecast from Dutch meterorological servce (KNMI) for all sites 



Radboud University Nijmegen 
VLBI Monitor Realtime Display 

2019: logging of all metadata in one database 
•  Weather (tau, Temp, Wind, ..) 
•  Telescope: Tsys, Pointing, … 
•  VLBI equip: memory, recording, gain control, 

maser parameters 



Radboud University Nijmegen 
EHT 2017 – Data Quality 

ALMA - Pico Veleta 
calibrator fringes: 

SNR ~700 (and more) 

ALMA - Pico Veleta - SMTO EHT Calibrator 

Comparison of different calibration software (AIPS/HOPS) 

1mm closure phases 

Multiple imaging & 
calibration teams 
(AIPS/HOPS/CASA) 



Radboud University Nijmegen 

•  01/2017: EHT Dress Rehearsal 
•  03/2017: Operation Readiness Review 
•  04/2017: observing run 6/10 days 
•  06-07/2017: 1st Correlation pass 
•  10/2017: 1st Engineering data release (Calibrators 

only) & Data issues review 
•  12/2017: SPT data arrives 
•  01-02/2018: 2nd Engineering data release 

(Calibrators only) & Data issues review 
•  04/2018: Engineering data release 3: calibrators 

only for imaging and science analysis 
•  05/2018: Earliest time to start imaging of Sgr A* 

and M87 with 2017 data 

EHT Data Analysis 
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• Broad-band (AIPS/HOPS) 
• New CASA VLBI (JIVE/BlackHoleCam) 

– fringe fitter  
– various scripts 

• CASA/HOPS/AIPS cross-comparison 
• Multiple … 

– imaging algorithms 
– imaging challenges 
– imaging teams 

 

VLBI Software  Developments 
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Picard: CASA VLBI Pipeline  

M. Janssen (Radboud Univ)  



Radboud University Nijmegen 
Heuristic parameters 

M. Janssen (Radboud Univ)  
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•  MeqSilhouette + CASA 
Pipeline + Metadata from 
VLBI Monitor 
(F. Roelofs) 

•  Compare synthetic data to 
actual EHT data ⇒ quantify 
black hole parameter 
uncertainties 

•  New synthetic VLBI data generator 
based on MeqTrees  
(R. Deane, I. Natarajan, T. 
Blecher)  

•  Utilizes atm software to corrupt 
visibilities with atmospheric effects: 
–  Turbulence 
–  Attenuation 
–  sky noise 
based on station weather 
–  temperature 
–  ground pressure 
–  Water Vapor 
–  coherence time) 

•  antenna pointing errors and 
bandpass effects 

•  full Stokes soon 
 

MeqSilhouette + CASA Pipeline 
Modelled Tropospheric Phase 

Corruption per Telescope 

Current development  



Radboud University Nijmegen 
What we might see 

Lu, Roelofs et al. (2016, ApJ) 

original image          scattered                  deblurred            incl. variability 

Multiple epochs! Single epoch 

Johnson & Gwinn 
(2015) 

Challenges: troposphere (10 sec), sparse array (max 5 stations), 
refractive scattering substructures (days), source variability (hours) 

Averaging, scaling and smoothing of 
complex visibilities 



First VLBI with ALMA in April 2017 

ALMA 

VLBA 
GBT 

Effelsberg 
Yebes 

IRAM 30m 

Issaoun, Brinkerink, Johnson et al.  (in prep.) 



The first image from VLBI with ALMA 

Closure imaging using MEM with the EHT-
imaging library (Chael et al. 2018) 

BU Blazar monitoring at 43 GHz with the 
VLBA (Jorstad & Marscher 2016) 

03 Apr 2017 

Issaoun, Brinkerink, Johnson et al.  (in prep.) 



Current solid detections of Sgr A* 

Issaoun, Brinkerink, Johnson et al.  (in prep.) 



Significant non-Gaussian flux detected 
C

or
re

la
te

d 
flu

x 
de

ns
ity

 (J
y)

 

u,v-distance (G𝝺) 

ALMA - GBT baseline on Sagittarius A* 

Maximum flux from standard Gaussian model 

Big question: Intrinsic source detection 
or scattering screen sub-structure? 

Issaoun, Brinkerink, Johnson et al.  (in prep.) 



Radboud University Nijmegen 

Observations:  
Black   Hole @ IRAM 30 m Telescope 

Scientists stunned by first image of black hole  

Theory: 
Black Hole @ Interstellar 

Observations: 
Brown Hole @ IRAM 30 m Telescope 

Ignacio Ruiz 
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Scattering  

Johnson & Gwinn (2015) 



Fitting optimal shadow 
model to get BH parameters 

Broderick et al. (2016) 

Best Fit: 
Spin: a = 0.10-0.1

+0.3    
Inclination θ = 60º±3º 
Orientation:  ξ= 156º±15º 

7 years of data from 
3 baselines only Spin 
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•  Shadow alone may not 
be enough 

•  Black-hole spin and 
quadrupole moment 
are ambiguous 

•  Add orthogonal 
constraint from orbits 
of stars and pulsars 

•  May allow tests of GR 
in strongly curved 
static space time.  

Multimessengers: Stars, Pulsars, EHT 

Psaltis, Wex, Kramer (2016) 



EHT and LIGO 

Baker, Psaltis, Skordis (2015) 
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GLT 

SMA/JCMT 

SMT 

APEX/
ALMA 

SPT 

IRAM PdB 
(NOEMA) 

 
Next run:  
•  April 16-30 
•  Double Bandwidth  
•  (8 GHz, 2 pol) 
New Telescopes: 
•  Greenland 

Telescope (2018) 
•  Kit Peak (2019) 
•  NOEMA (2020) 

10x15m dishes! 
345 GHz 

LMT 

Pico Veleta 

Very Long Baseline Intererometry at mm-waves (mmVLBI) 

Kit Peak 

LLAMA 

Event Horizon Telescope 
Event Horizon Telescope Upgrades 



African mm-wave Telescope: 
Move SEST telescope to Namibia 

Earth seen from Sgr A* 

A dedicated African mm-VLBI telescope for EHT, GMVA. 
investment cost: ~5 M€ + operations … 

SEST (Chile) 

Gamsberg 
 (Namibia) 



Gamsberg – 2347 m 

Mountain owned by Max-Planck Gesellschaft 



Gamsberg – Weather 
•  ESO site survey: 

– Benign weather 
– Water vapor 

comparable to 
Paranal in dry 
season. 

– Temp: 0-25° 
– Wind: 5.6m/s avg 

(no major storms) 
– Hardly any snow or 

icing 
– Wet season: Jan-

March 
F. Roeolfs based on model from S. Paine (SAO) 

Sarazin (1994) 

1mm VLBI weather ~ 50% of the year 



GAMSBERG 



SEST 15m at La Silla in Chile 
Owners: ESO & Sweden (Onsala) 
Move to Africa and refurbish ... 





“Infrastructure” 





Image reconstruction 

Freek Roelofs (based on Lu, Roelofs et al. 2015, ApJ)  

No AMT 

No ALMA No AMT, No ALMA 

Full array 

Input Image 

•  Includes source variability 
•  Multiple days of observing 
•  Averaging, smoothing, scaling of 

visibilities 
•  De-blurring of scattering 
 



Imaging with the AMT 

No AMT 

No ALMA 

Full array 

No AMT, No ALMA 

•  Includes source variability 
•  8 epochs 
•  Averaging, smoothing, 

scaling of visibilities 
•  De-blurring of scattering 
•  EHT imaging library 
 F. Roelofs 
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S/Smax

Non-standard BHs 

C. Fromm 
Y. Mizuno 
L. Rezolla 
(BHAC) 

      EHT 2017             EHT 2018+AMT 

Kerr BH 

Dilaton BH 

GRMHD+Scattering 

Mizuno et al. (2018, Nature Astronomy) 





Black Hole Shadow 
Simulations at 690 GHz (!) 

Moscibrodzka et al. (Radoud Univ) 

Optical depth included 
Shadow size = 45 µas 
Resolution at 10000 km baseline = 8.9 µas 
Scattering blur kernel size = 2.5 µas  

105 µas 



ESA-Radboud study: 
Event Horizon Imager (EHI) 

F. Roelofs et al. (2018, subm.) 

15,000 km 

Martin-Neira, V.Kudriashov (ESA) 

Reconstructed Space-VLBI image 
Includes variability due to scattering and source 

variations 



ESA-Radboud study: 
Event Horizon Imager (EHI) 

F. Roelofs et al. (2018, subm.) Martin-Neira, V.Kudriashov (ESA) 

Reconstructed Space-VLBI image 
Includes variability due to scattering and source 

variations 

15,000 km 



Radboud University Nijmegen BlackHoleCam 
Conclusion 

•  Images of the shadow of black holes will come 
sooner or later 

•  Images will look crappy at first, but they will become 
sharper with time 

•  As part of the EHT and BlackHoleCam a number of 
new VLBI capabilities are being developed: 

•  Advanced GRMHD simulations (!) 
•  Realtime Monitoring & Control 
•  CASA VLBI + Picard VLBI pipeline 
•  VLBI Simulators  
•  Imaging  

•  Future: more sites, space VLBI 



@hfalcke 

h.falcke@astro.ru.nl 

We will see .. 
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Gamsberg – Weather 
•  ESO site survey: 

– Benign weather 
– Water vapor 

comparable to 
Paranal in dry 
season. 

– Temp: 0-25° 
– Wind: 5.6m/s avg 

(no major storms) 
– Hardly any snow or 

icing 
– Wet season: Jan-

March F. Roeolfs based on model 
from S. Paine 

Sarazin (1994) 

1mm VLBI weather ~ 50% of the year 
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Gamsberg – Annual 
Variation 

January 

March 

April 

July 

F. Roeolfs based on model from S. Paine 
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Visibility for African sites: 
Sgr A* 

Europe 

AFRICA 

Americas 
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M87 visibility for African 
sites 



AFRICA
MILLIMETER
TELESCOPE

AFRICA
MILLIMETER
TELESCOPE

AFRICA
MILLIMETER
TELESCOPE

AFRICA
MILLIMETER
TELESCOPE

AFRICA
MILLIMETER
TELESCOPE

African mm-Wave Telescope 

H. Falcke, AMT,  Slide Nr.  99  

Gamsberg in-situ 
measurement 

Sarazin (1994) 

Windhoek 
scaled 

�Gamsberg 


