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 EHT Overview: the instrument and science goals
* Firstimaging results on M87: &

e 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

SMA/JCMT




Radio interferometers are not digital cameras
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A radio interferometer is a Fourier transform machine

Image ___2DFFT
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A radio interferometer is a Fourier transform machine

Image ~ _2DFFT
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* history of development of EHT array not covered in this talk

SMA/JCMT




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

* Earth-sized telescope operating at 230 & 345 GHz

* Achieves an angular resolution of ~20 pas
(~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-tfield regime and constrain accretion flow / jet-
launch physics

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

@}3 Event Horizon Telescope



The troublesome (and turbulent) troposphere
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The Event Horizon Telescope

The Global mm-VLBI Array
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A Boeing 747's bandwidth

* Data recorded independently at different sites at very
nigh time and frequency resolution and precision

* Disks brought together at supercomputers at MIT and
MPI{R to correlate the signals and form visibilities
(fundamental measurement of an interferometer)

 ~4 PB required for entire EHT 2017 observing run
« ~0.5PBonM87 alone

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

MIT/Haystack

@}. Event Horizon Telescope



A Boeing 747's bandwidth

* Data recorded independently at different sites at very
nigh time and frequency resolution and precision

* Disks brought together at supercomputers at MIT and
MPI{R to correlate the signals and form visibilities

(fundamental measurement «

Final image size ~few kiloBytes N
e ~4 PBrequired for entire EH’ : S ’

e ~0.5PBonMS87 alone

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

MIT/Haystack

@}. Event Horizon Telescope



Primary science goal:

Spatially-resolve event horizon scales of
nearby supermassive black holes









A black hole shadow?

Luminet (1979)



A black hole shadow?

Photographic plate

Luminet (1979)



Black hole “shadow” history

Von Laue

Geodesics 343 GM/c?
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Von Laue (1921) based on Hilbert (1916)
Lights paths that form perfect circles
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Cunningham & Baarden (1983)

Stellar orbit around a black hole _ ~ Falcke et al. (2000)
also, Baarden (1973) lensed star Optically thin emission, including inside ISCO

Predicted mm-VLBI

" Thorne, Nolan et al. (2014)

Lumlnet (1 979)
Optlcally thm accretlon disk beyond the ISCO Hollywood blockbuster



A black hole shadow?

Two key concepts:
1. Light bending around a black hole

2. Light captured by a black hole










M87 Black Hole — Event Horizon Telescope

e . ) .f."
"¢ Supermassive biag

-

g / e  the Solar System

1500 light years

0.01 light years

40 microarcseconds

—

R S—

6 arcseconds

Photon ring

Goddi et al. (2019)



for a Schwarzschild metric, ~10% change for spin



/ooming into the Event Horizon

Using this: To image this:

Apparent size of a

Global array of antennas
doughnut on the moon

Orthographic Map Centered on Lon=88, Lat=-29.007811

Laura Vertatschitsch

credit: Jordy Davelaar & Thomas Bronzwaer
BlackHoleCam
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Using this: To image this:

Apparent size of a

Global array of antennas
doughnut on the moon

Orthographic Map Centered on Lon=88, Lat=-29.007811

Laura Vertatschitsch

credit: Jordy Davelaar & Thomas Bronzwaer
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EHT's two primary targets

Sgr A*

’ |V||3|-| ~4 x 106 M@

* Predicted photon ring ~50 pas

e Shortest orbital timescale: ~minutes




EHT's two primary targets

Sgr A*

’ |V||3|-| ~4 x 106 M@
* Predicted photon ring ~50 pas

e Shortest orbital timescale: ~minutes

‘ |V||3|-| ~6 x 109 M@

@ Anglo-Australian Observatory

* Predicted photon ring ~20-40 pas

e Shortest orbital timescale: ~weeks

VLA Radio

@}. Event Horizon Telescope
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 EHT Overview: the instrument and science goals
* Firstimaging results on M87: &

e 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




MeerKAT image of the centre of our Galaxy

Image credits: SARAO



MeerKAT image of the centre of our Galaxy

Image credits: SARAO
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Inflation of 430-parsec bipolar radio s |
bubbles in the Galactic Centre by an 8 el
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EHT has it easy and hard

time-variable source, gains, propagation effects, but just ~1 source

versus
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...and six peer-reviewed journal articles

First M8 7 Event Horizon Telescope Results. |. The Shadow of the Supermassive Black Hole
The Event Horizon Telescope Collaboration et al. 2019 ApJL 875 L1

First M8 7 Event Horizon Telescope Results. Il. Array and Instrumentation
The Event Horizon Telescope Collaboration et al. 2019 ApJL 875 L2

First M87 Event Horizon Telescope Results. lll. Data Processing and Calibration
The Event Horizon Telescope Collaboration et al. 2019 ApJL 875 L3

First M87 Event Horizon Telescope Results. IV. Imaging the Central Supermassive Black Hole
The Event Horizon Telescope Collaboration et al. 2019 ApJL 875 L4

First M87 Event Horizon Telescope Results. V. Physical Origin of the Asymmetric Ring
The Event Horizon Telescope Collaboration et al. 2019 ApJL 875 L5

First M87 Event Horizon Telescope Results. VI. The Shadow and Mass of the Central Black Hole
The Event Horizon Telescope Collaboration et al. 2019 ApJL 875 L6

Event Horizon Telescope
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MS8T* April 11, 2017

Not just T image!

* Average of three different imaging

algorithms = consensus image
e Convolved with a 20 uas beam

» Consistent structure over four days,
although some super-resolved structure O

be real

April 5 April 6 April 10
» A next step is to compare static versus U v v
dynamic source structure models ‘ ® ® * ®
1 )

3 al D
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| Brightness Temperature (10” K)
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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

DIFMAP eht-imaging SMILI

-

50 pas O O O

1 2 3 4 O 6 0

. (
Brightness Temperature (10” K)
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Imaging tests
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Full Array
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Comparison with simulation

SANE, a, = -0.94, Rhigh — &80 SANE, a, = 0, Rhigh — 10 MAD, a, = 0.94, Rhigh — 10

GRMHD simulations
generally consistent with

image (despite wide

range of BH spin, T/Tp

Brightness Temperature (10° K)

ratio, magn field model)

50 pas

Simulated EHT observations

Passed through

instrument simulator

official EHT calibration v
and imaging pipeline O
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Brightness Temperature (10° K)
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Suite of new tools tor VLBI
(not just tfor EHT)



Understanding instrumental and
propagation transfer functions

Credit;: Bronzwaer, Moscibrodzka, Davelaar & Falcke



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 MeqgSilhouette development for use in the EHT Consortium

input theoretical model simulated observation

( i | S |
5 Rsch, 50 p-arcsec St ‘beam convolution 5 Rsch, 50 p-arcsec
Y S 7

y N |  Antenna Visibilities generated b
-_»__ISIVI scatter? —> Create MS —%> peorlrlzat;gg == Yy sampling
y ‘ n L Y N . g / n

- Mean ) . Turbulent " instrumental
 Troposphere? — A" Troposphere? AP Noise?
’ + | Y i y *
«  Attenuation ¢ )
«  Sky noise Delay Noise based
~+  Delay ’ quctuatlons‘ on SEFD
Meq Blecher, Deane et al. (2017)

Si lhOUEtte Natarajan, Deane et al. (in prep.)



Turpbulent troposphere
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—— SMT
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— JCMT
— SPT
O —— APEX
ot
(@)
L , N
T 2000 NN
@
wv
[4+]
-
o
e
c
O
2
S 0
—2000
0 5 10 15 20 25

relative time / hr

Viscous

N
(V _~7 dissipation
/

Event Horizon Telescope

/L 11 U,

Inertial subrange



Antenna pointing error

-
@, Scan 3
S —
S Scan b
o —
@) Scan 4
Scan | Scan /
- —_
= — —
- Scan 2 Scan 6
o — —
o
time
* [ime-variable, station-dependent amplitude errors - Do
* Worst off for LMT (biggest dish) - S - > =
* Introduction of systematics that must be .
understood g
* Using realistic parameter enables feedback into .
potential array improvements

) 0.0 0.5 1.0 1.5 2.0 2.5
.*, ) pointing offset / arcsec
> 23 Event Horizon Telescope



MeqgSilhouette + rPICARD = SYMBA

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

Calibrated
gi All corruptions
Model image (Davelaar et al. in prep.) | M87 MJD 57849 227.98 GHz
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Roelofs, Janssen, Natarajan, Deane et al. (2020)
Natarajan, Deane, et al. (in prep.)



Model Comparison: which is most consistent with the data”
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EHT Collaboration (2019), Paper VI



image-based fitting results

correlated noise | | - |
50.0 | |
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EHT Collaboration (2019), Paper IV



Visibility-based fitting results

uncorrelated noise

Consistency across parameter estimation
algorithms, frequency bands, observing days

Angular gravitational radius 6, (uas)
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EHT Collaboration (2019), Paper VI



Model Comparison: which is most consistent with the data”
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g (9) top-hat crescent
h (6) top-hat crescent 4 emission floor
i (7) blurred crescent + emission floor
j (8) blurred+slashed crescent
k (10) — blurred+slashed crescent + large-scale Gaussian (LSG)
1 (16) blurred+slashed crescent + elliptical Gaussian + LSG
m (22) — blurred+slashed crescent + 2 elliptical Gaussians + LSG
n (26) — blurred+slashed crescent 4+ emission floor 4 2 elliptical Gaussians + LSG

EHT Collaboration (2019), Paper VI



Two primary geometric models used

XS-ring XS-ringauss

Event Horizon Telescope

EHT Collaboration (2019), Paper VI
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Bayesian model fitting and comparison
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M3/ consistency with
other observations



Inferred spin vector consistent with jet axis and ionised gas rotation

ﬂ(a*>0i>900 ”
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N MB7 VLBA 43 GHz i -9 gies
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. accretion flow
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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

e Black hole shadow consistent wit
larger mass suggested by stellar

N the

KInematics

e Assumes 230 GHz emission is not well

beyond the shadow radius

e Allthree methods of black hole mass

estimation with EHT data (images and

visibility data) are consistent

=
o
-
-
0
0
@
s
=
Q
=
—4
Q
o
an

Stellar

Geometric crescent
model fitting

GRMHD Image domain
model fitting feature extraction
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EHT Collaboration (2019), Paper VI



What's next for the EHT?

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

* Make an #mage movie of Sgr A*

Polarimetry to probe magnetic field structure
* "non-Horizon"” science targets (e.g. 3C279 recently published)

* Telescope array expansion

@}. Event Horizon Telescope



Resolving Sgr A* with the EHT

First polarimetric VLBI at 230 GHz
First resolved polarization of Sgr A* at any wavelength
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lmaging polarimetry of M87 (in progress)

2017

E ol b A A A 4

2016

Smooth Model

Model

GRMHD simulations

Imaging
Chael+2016

Jason Dexter
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Multi-wavelength coverage (April, 2017)

| I I I . I I | I | I B EHT+ALMA (230GHz)
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OJd 287 - binary SMBH candidate

Pl: J.L. Gomez

OJ287 is one of the best candidates for hosting a
supermassive binary black hole system (i.e., Valtonen+2016)

iIn an eccentric (€=0.7) orbit with a major axis of 0.1 pc (~26 z
year

uas), which could be spatially resolved by the EHT. precessing orbit
16
14 .2 billion solar mass
\ 140 million sola primary black hole
v mass secondary BP0 P72
12 black hole

Science goals:
e Confirmation of binary BH system
e Determine magnetic field 3D structure to
test jet formation models
e Study collimation profile
e Probe accretion flow

Flux density (mJy)

14

2000 2005 2010 2015
Julian Year (J2000.0)

@}- Event Horizon Telescope
| Slide courtesy: T. Krichbaum for non-Horizon/AGN WG



cHT array expansion



The case for expanding the EHT into Atfrica

SMAJCMT
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Lo-band eht-imaging on April 11: slowly building up data
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Co-led by Radboud and University of Namibia

Radboud University § %g

et

Faculty of Science Contact # Nederlands
Search Q

Africa Millimetre Telescope

HOME BLACKHOLES IMAGINGA BLACKHOLE ABOUT THE TELESCOPE SUPPORTING THEAMT THESCIENTIFICTEAM MEDIA

-
|
|
|

Africa Millimetre Telescope » About the telescope » Construction

>Bléck Holes n m u
> Imaging a black hole Construction

;’ v About the telescope

-

» Construction

)
|
A

> The AMT and African science

B

» Science with the AMT

> Supporting the AMT

R NSNS

» The scientific team

¢
/

- > Media

The AMT is designed as a 15-meter single-dish telescope that will operate at
millimeter/submillimeter radio wavelengths. Observations in this regime require a high altitude
and extremely dry atmospheric conditions. It would be built in the GamsbergMountain in
Namibia.

Leading Scientist Managing director Rad- Department of

Ser M5 Rl boud Radio Lab Astrophysics

h.falcke@astro.ru.nl Dr. Marc Klein Wolt Research Institute for
M.KleinWolt@astro.ru.nl Mathematics, Astrophysics and
+31 (0)6 44130582 Particle Physics

Radboud University Nijmegen
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Prospective site for the Atrican Millimetre Telescope
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Proposed site for AMT project

Courtesy: Heino Falcke
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Next-generation R |

(as SKA-VLBI is to SKA, ngEHT is to ngVLA)
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Next-generation ER|

Polarimetric imaging capability
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Next-generation ER|

Imaging orbiting hotspots around Sgr A*
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To space!
ESA-Radboud study:Event Horizon Imager (EHI)

Radboud University Nijmegen
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The enormous potential of mm-space VLBI
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The enormous potential of mm-space VLBI
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The enormous potential of mm-space VLBI

S;

(@)
(@\|
S -l
—
o \
]
0.4 0.47 0.5 0.40
@)
[L]
gr
S - -
@\
- 1)
(@\|
2
[] 0.35 0.33

+ @ ¢+
m
<
()
—~t
L
_l

©

Johnson et al. (2019, 2020)




SARAO

Simulation Standard w/ Dynamic Regularizer
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summary

 The EHT has a strong record of high impact science built on engineering excellence

e 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

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

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

@}. Event Horizon Telescope



